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i<V, l'Il.UACI: 

A computer .y~ICR' I,~c any '~'t"m. con,,>1\ (Or ~n ,merrdatcd.." ,,[ CIo ~l1po
nem •. l 'h" "y"'em I. he', eh. ,ac' rltz ... " on I<:rn" "r ' ''''<"lure-the ""Y III ",h,d. 
r<m'pon cnh arc ,,' lcrconncctcd--,ond fUI1Ch <)R_1 he opera",," 01 th e ind;, idual 
"''''1'''''''''':'' rur the,more, ,. compule,', "'gaui,,,,,,,",, 'no.arrhical. Each "'''I''' 
comronen. ca n be furthe r <.I"",:"[>,,.! b)' dc<t>"'r<""" ~ It in 1<' i" m:tl'"" 'ul>o:ompo
ncnlO :Iud dc"'nbon ~ th e ir '1fuct "'~ "nd IUIl C'''''', I o r cl,,,it y and C",e of und er. 
'I,,,,d ill ~, Ill; , h'er ar<'hica l ()'g" n;rA"''' "Je .. ,iI"",1 i 11 ,I", bu"k from th e lop d""n: 

• C"nlpuler S).,,,,,,: M "I"r """"p""em, arc r'''cc"", mem"" .. anoJ 110 
• 1"0<el<".r: Ma" x c,)m[lOflCnl' uc con"'" unl!. rc{:.i,'e,,", A l.l '. and instrue_ 

I,on "~",,ullon un" 
• C .. n ..... U.i l: \I ~J'" oomponem, ..... conll'" ",,,m0J)', mi"wmSlruc""" ""

quenemg log"'- and ,ep'le"" 

I h~ objec""" ,! lu pr~",nl Ihe r""I~"al in I' fl"h,vn 111 .. 1 l eeps new 1l""",,,,1 
m a d~ar come <I r h i, ,11OlIld " .. nim;,,, Ihe chl,nee I h"l I he reade, wi II gel 1",1 lilld 
' hmdd pro\;de he 'l e' l 1""lI\"lion Ih an a txollollHl1' "I'I'O'oo , h, 

Ilm""~hvulll' e d l~u",vn, "'1>C<:1' of Ih e ')"I ~m ." e \.;"",<O<J hom the 1"""1' 
o r ,'jew of bolh "rchilerl"'" (lit""" allt,bulc, of to ,)" Ie n' ,,,,ble 10" madm'" Inn' 
gO'lte prog.rammerllOlld ,1Og.1nizalion (Ihe '"""r~I ",""1 umU and Ihei' mlcreOllne" 
toVIIS Ihal ",.1".(: ' he a,chllcel ure) 

EXAMPLE SYSTEMS 

'1')" , h{)ol usc. exam ples fm m .' l1umb,er of diffcr~ tll "'ach,"", 10 da,if)' ,,,,,I ,e ' 
mforce Ihe conce rt< h""'~ PH''''''I,'.!, Ma n)', bll ' hy 110 "I ~an' all, of Ihe ",a tllpk; 
:" e d",,'m from I"'" ':'>I"I'"le< families: I hc' 1,11 01 I','nl",m 4, "nJ I he 1A\l/\ lOI"rnb 
1'" ... ",,1'(', 11,,,,,,, 1"'0 Wile"" t(»:d hel enrompa!O; n.osl o j Ille Ulrr ~"1 ~On' r"l"r d,' , 
',~n ".-nd •. 11><: I'~n""m J •• """"n liall y a rompk', ""I r llelioo "",I rom l"" cr (CiSCI 
.. 'Ih """'" It ISC fc;" ",~'- " h,lc Ihe 1'o"e , I'( ' ,~ t-.sem'311~ a redur:e" m~l rlltl ion 61:1 
rompulC' ( H ISC). BOlh ,)'.IC,"" m"~ c u,"" ,,' ~uptl:l(';l I ; II """"!(h I",ncil)I .. , ~nd bolh 
.ul'1'0n multiple "")C,,,,,.,,. wnfi~u,al'om, 

PLAN OF THE TEXT 

T he bool i. o,g"nlled 01110 fj\,~ pariS: 

I'~" 0....-0 . ..... ;c." Thl> """ pro\'i<!c' a P'C\ OC"" and ronl,;" r<lr Ihe re"'J,n
der of Ihe h.:,ok 

"~r1 T 'n >-TIM' <-·"n'I'"I,''' S,-Sft,n: A COII' PUI<" "t"cm ron"SI. of P'''':':'"v" 
memorv, a"d [10 II,,,dlll.:, ph" I he inlclco>,mc.:llOn. amvn~ Ihe"" o'"to' won, 
I",nc"'" W,lh lhe txccpl 'on " f lhe 1'''''-'">'''', ,, 1I,,:h 's ' utfic;" ... I~' complex h) 
he ~x1'lor"d on P.,n Three . Ih i. l",n ,'<amon,', c"d, ,,[ the", clement, ill 111m 

• 



p~" Thr~e_Th. C~lItrall'rorc";ng Unit: The CI'U con,;,h of a control un it . 
rcgi,tcrs. tile "rilll1n~lic "nJ logic uni t. the instruct ion c,ccut iun unit. and tho 
interoonn~cl;ans among {he", ,·oIlLI" "'CIIIS. An:h ,t Od ,,,,,I ""uc'. ,u<:h a, lIl'truc" 
tion sct de;;gn "nd data typ"s, are co'",ed, Part Thre<' also look> at orgatlin. 
t iOIl " I I"ue" ,u,h '" r'l';:lining. 
I'art t'o",- The Conlrol Unit' nw con{ ro l un il i, th"l pa't of !h~ pro<:~",)t II"" 
act,,'ak, 1 h~ "a,ious component, of the procc.>or, Thi. pan lool, at the func
{[o,,,ng of tite COllt rol ullit "nd its impicmentation ",ing micropwgrmnming, 
I'art ~l .... - I'.raJlci Or~3niJJuio ", n,i, fin al part looks al .",nle of the i,s ue, 
1(\ "" I"ed In mu l{ iplc p""'~''''' "nd 'ector processi ng argo nizot;ons, 

Tho book al"" ,,,cluJe'"" "' {C'n,i,·~ ~lo,,"ry . a I" , of rrC(IUcnti}' I"cd "~ro· 

nym,. " nd " bi~liograph)' . Each cll.ptc, inc ludes I[(, mewor l pIc,blem,. re" iew 
queS!"""." I,,{ of kc~' "oHi,. , ugg~'tion' for fun her r""ding. "nd rccomln<'nd"d 
Web,;{e,. 

,\ more dotoikJ. ,hapta-by-chopt,r , umm"ry of ~JCh po,! "pP""" "t the 
hcgHlTlTng of {I", l pan. 

INTENDED AUDIENCE 

'I'lle I"" 'k i, i," ~nueJ for \>oth on academic and" pmk,;,ional audience . A,,, to,{
bool. it i,; imended a, a one· or {wo,sc llw,lcr lJn(krgr"dU;l1C £our'C for COmr 'l1 cr 
;.cience. comp uter engineer i" g. ""d dcdr'lGlI cngi lle~rlll)l "'''i'''' ' II COYC" "Ii {he 
!Opl~' in (·S 221) CompmU' A'chiln'/" rc, ",hich is one of {he cor" subject area, in {he 
1 EED A eM e"'''I!'''l'r emr;",I« 2()()1 [J TFO I [. 

I'm the prof"s.,io"a lll\1 ~t<·,t ~J in {hi, fie ld. Ih e I~",~ '~1'\'e' "'" h,,,ic refer· 
en,,,, ,·olulnG "nd is ,u it"bk fo, "df-,tud}', 

INTERNET SERVICES FOR INST.RUCTORS AND STUDENTS 

There i, a Weh site fot {hi,; I,,>o~ ti,", pr<wlde, ,ul'l~'r{ for <!u(knt, al1(1 in" rud"", 
rhe ,i'e incl"J~, links to olh~r rete,'an! ,i!es. cop ies of {he figure. and tahle, fmm 

{hc hook III I'DI' (Adnl>c /\,,,,b"t) h.>rm;\l. ;\]1U sign-up infor n,,,jio n for { h ~ book', 
Interne! ma ilin g Ii". The Wel> p"ge " ~I WI Ih,nnSfall"'g, .c0IniCOf\t>e .h\mL '"C 
Ihe ,ect ion . "Weh Site for Con lpu{e l Q,ga.l"alioll ,, "d A,dll{octurc. SIX th Edi· 
h,," preced 'ng Ih l> I'rd"cc. h.>r more information . An In{ernd mailing li sl ha, 
b;,,,,, se t up w tho ' illO " '''{O'' "sin g !hi, boo' can e<~h"ngc in formation, '''g' 
gestions, anJ 'Iues{;O'" wl{h coch ()t lw, " nJ ",ith th c author. ,\, ",on ,,, typo, 
or othcr ~ rrors "r~ di,w"ered. an errota list f()f th is I>oo l ,,· ill be .,·ailable a{ 
WiliiamS{"lImg".i:om. In addition. I he Comput ~r Science Stud~nt R.,OUTCC , il c. "I 
Willi.mS{alling,.collLiS!udcnISul'l"Jtt. hi ml. pr"yidc, d'><LHT1enl '. 1I,r"rm"lIo". "lid 
"scful links for compute r ,,-'i once stud" n{, a rid plOfe"k,"a'" 



XVIII l 'IlU "rF 

PROJECTS FOR TEACHING COMPUTER ORGANlZATlON 
AND ARCHITECTURE 

I,,, m,my IIl IirUC' "", aD ""I)<)rlan' '-'''''I)()''""' of a e."nputcT oT~.,,,, r.;HII"\ alld 
,,, ,",,iteclurc .(,,",";S. p'''i ec, '" ,;c, of P"'I~"" b)' wl1 iol1l l1 e "ud,' II ' ~c" h""d,,· 
'~I C<fl"'rlcnee III ,ei"foru ""IC~I'I> from Ihc (ext. ThIS hook pro>'io.k. ,," u"paral 
Iclnl deg,~c 01 supporl (<lr ,ncludi ng a p"'Jccb ,,'ml""nCnl m .hc rou",c. lbe 
""ilUC\Of'. manual nol only "",lutlcS guid;tOCC "n 100 ... 10 a'''gn and M"'c1 .. ..., Ihe 
pr<>jccts, b"l ,,1,,1 ",elude, a ",I or suuc'l~d 1'1Oj~cl' lh:u ell"' '' a bm ..... lang" 01 
101''''' lro", Ih o Ie," 

• W"""~ ... '. I' .... j .... .,.: T he man ual ilK"llOtk. a "",',e. of n""!l',,,,,,n" II"" " oslrucl 
Ihe .. u,Jcm 10 rnca,,'h . I",ni<:ular " 1'1C on Ihe Wcll or in Ihe '" c""lure, and 
... ,,1< a 'cPO", 

• S;",nl"tlo" ~roj .. ,IS: '11,~ ""'rlual p",,,;,k! ' UPI"'tl h" (h~ use "f I i1 ~ 1""" sim· 
llla lo"n pachg"': Si,,,pkScal,, ClO" 00 II"nJ to e ' l,h ore computer 0' g,,,;,. t;,,,, 
and archlltcturc dC"II" ,Mile', "'If'C'ache rr"'-,,Jc, a flO"en .. 1 C<Jllc~I ,,,,,al 
1001 '''' ~ •• ""'''ng c3chc d,,"gn ,,,,u(~ I"r 'yn,mc"", ",ull,pr.,...,:t\Ot~. 

• W ... dinw...,p<H1 ."i,n n,~",,: '-"" m,,,,,,,,1 ,ndud"." Ii>! 01 pa.,..,,,, '" lhe lile.
: , ' ur~_ oHe or "W'C lUI e,1c h char( e' r, that can 1>.: a"'gncd f"r Ih.: ' tudeD' 10 
,cad ""d Ih"n ,,',,!e a .h"" rcpo(1 

WHAT'S NEW IN THE SIXTH EDITION 

In the three yeats " nee Ihe lifth cd,Ii"" " I IhlS bool ",t< l'ubli,h",J, 'he ficloJ ha. 
:jO.',' n coa{,nucd "",,-,,'.100",, :, ,,0,1 ""I"'-"'",,,cnt' , In Ihi ' new edi(oon, I " )"'" ,';<P(UfC 
th~", ch.n~e' ,,'h;k mainl."''''II'' broad a,,<i co"'rr~ h ""''''C cm-erag" " f I he entire 
fid<i To hell'" IhlS [,roc.:,,, ,,( .~> i,ion. !he 1,llh e<iition "I II" , bool. ,..~ uten,i'cI)' 
rCHc .. ed by a numl'l"r of l" olt!'SOP> "h" leach .he ~uhJCC' In add' ''''''" a ," 'm"'" 01 
!,,,,'e,,ion"b ..-", k "'I: in the held ," ," .. ,..ed 1(1,1" ,dual e"~plc"" 'I'he re,uil " thai_ in 
"'any rl~"e" Ihc narral iw I"" !,,' cn clanlkd a"d ( i ~ht"ncd, " 'ld ilh"'rIIlion. h"" C 
b;:~n imp'''' ~<i, AI",," n",,,t,,,, of n,'w '"fkIJ"tostcxl"- rr"hl ~m' h: ... c /x-en add",1. 

Ue}""d lhe"" ,d lILcmcnh I" ,n,pro,c pcdal">j<~' and II,cr In~ndh"~,,," lh"rc 
ha,'c been ~u""lanl"" chanj(c, Ihroughoul Ihe hool" R,-, .. ~hl)' th~ ""me chap'e, 
o,~:'n"",,(),, hal I>cc n 'elalncd, hUI much " I lhe ma ier;,.' ha. been " " ,sed and nc" 
"' ;'I~"a l h" I>ccn added . S"me of Ill" 111, ,,1 'lotcwl),'h)' elw ll gc, "r~ (he foll"w,n g; 

• 1'\ ·M/J'u"i",. ~r"';' ~ft"n": Thi' ne .. a,ehilecture ,,,dude. such ' '''flOrlanl 
C'(HICt"J>" ~~ pred,caled t~eculioo and "pc<:ulal"" I' ... d,"~ 1 h" e<l,hon /c.,u,c.; 
a Ch"pk' . I~"~t h d~'I<r'I"'OO and a,,~J)",,~, 



• CMrhc mc"",,}, ('ach" "'cn""y j, " cent,;<1 clemenl in the J"sign of high. 
performa nce proce, sors. "nJ cache Je"l'-" h", become increasingly comple> , 
An en l,," ch"rl~r is dC"Ol"d to this i"ue in the "ew ~ J'lion_ 

• Oplical ",en",,}, ' I h ~ rn mcri,,1 011 optica l memor), has been e'p"nJtJ all d 
updateJ, 

• Ad,'.nced tlltAM .'chitc<ln,c, "lor~ moto rial has t",en "Jd~d to ,'''''cr Ih" 
topic. induJ"'g an urxi<l1ed di,cm,ion of SDRAM anJ RDR A M, 

• S111'., ,'J ","'''. ""d NU MA .y'I<"'" The ch"p t~r On p"ml lei org,mizat ion has 
been e"panded :tnd updat eJ , 

• t~~I,anMd inM,"el'" ' ''pp'',1: A, m~nlio n oo r,;;viou,I)" th e book no"l p,o· 
,',J~, nle",ivo ! upp<Jrt for project,_ Support provideJ b)' rh e boo~ Web , ile ha, 
al,o bee" np'lTldcd, 
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Overview 

The purpO-e ,,( I'M! One i, 1<) provide. l'llcl v"und and conlcxl for (he 
. cmain.kr ol lhis INok. 'I'h" fWllithlcolal CUIICCpb of <mopule. OTjUOniuliOl'l 
and at(h'leClIII" arc pre""nted. 

Chapter I Introduction 

Chapler I lIuroducc5 II><: concepl of I!>C "',mpu'e'., I h,erMchical 'Yllcm 
A romputer can be "'''''cd as a >lru~l",e 01 componem< and ill funclion 
d<:ocribctll11 terms o f lhe rolkel;,·" f" ncllo" of II. COOfl'CrlIling componenb 
liacb compon,,"' . In lurn, can t>e dc::!aibctl in temt$ 0( ,ts mlcmal Itruc:tu.e 
and fUIK:lioo The major 1.",,1lI of lhis h,er.",h",,,1 _i/:w are mUodlKCd 'nc 
remainde. of the hook " or'/!ani.ed lOp .10"'0. u~'"!llhese Ie,-ell. 

Chapter 2 Computer Evolution ami Per(ommncc 

Ch&pl~r 2 ,.e"Q tWO pn'JX'l><'s, H.,;!. H di,ocu."on of the bistory of COnll)"IC' 
technolO!!y i~ An "a~~ "od inl~,c~lmg w.y uf beIng int.oouc«lto (he basIC 
CQIlCCpb uf collll'ule. organizalion and a.tbiICclure. lbe chaplel alw 
add.e...,~ Ihe IC"hnology I.end~ Ihal haye made pe.formaJlC<' Ihe. f .... ·u, of 
compulel ~) \lem dc$ign and p.e~IC"''' Ihe v,"iou, lechn,'iOJel> .00 >lnUtglei 
thai arc used 10 achle.c lllliaoced. efT"",nl l",.forma""", 
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1.2 St .. clu ....... d "_eli" .. 

Function 
Strudurc 
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1.4 Outll""." th~ Hook 
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4 CHA!'..,:\<. 1 I l'HROI)UCllO'l 

T h" boo~ il "h"ut th e ,,,u, ,,,,c a"J I,,,,,,,,,,,, 01 con'pUkf'. II' purpo..e i, 10 
pre.nt. a\ dead)' "nd completel )' U' I",,,,,ble , Ill e "'" ul'e all d " h:""I~l efi'li c.. 
of modern·J ay coml'lll"". 11", la, k" 8 ehalkll~'"11 Olle for "'.0 reM<.m,_ 

Fil'l. , hole ;, a Ifcmend",,~ " " iely of I"roduc' ''' f.om '1IIttk<h,p .. " "",com· 
pule" ro:sling • few doll'" II> ,up".eoflll..,IC.S ""'l ing I<n, " I ",, 1110'" o f do lla", 
thlll c. n righ ll ~ cI"'lII thc nalll e "'''''1'''1'''. V"n" I~' i, c~h, 1lI1 " J nol olll~' in ~""I. but "I", m ",..:, pCrf"UlWIICC, an,) "P)));'" t<01l !kcolld !he ,~ !"J p,*"c " f change Ih"t ha' 
II .. ,,)', cha,aCl( II'.ed <~m,puIC' Icoh "'»)(~ 0001 ,nue> ,.,l iI 1\" klup, TlI""" changes 
eo,cr 811 ""peel! of romp ul e. lechnolog). rrl>m .he und"rl~lnB inlegr.led c;,cu ,' 
ledlllology usc,l IV con,1 ruel toml,ule. coml",."on" 10 I he ,nc.ea,ing u SC of !""
alk! "tg~ III/,' Il('" e.m<'"!,I, In eo nlhllli ng thr....: eon'I","c"I •. 

In ,p il e 01 Ih ~ ,.,iely arid p."" ,)1 charlt\C HI I he COnlPLlic' f,eld. cena;" f und" 
nletllal ron""ph apl,ly COflSi'I~ ''' I~ Ihrough",,1 To oc 'me . • he a rrliea lton of lhese 
COncepl. depend, on Ihe Cunclll . 'alc of Icch nol~ and Ihe p,ittlpcrfotmance 
o1>/tt'nc< of Ihc dc"gne,- -I'he ",'cnl " , lh., book ,, 10 I""' Id~ a Ihor""gh UIS<1l .... 
Mllll "f I h ~ l unJ .ltllCnlab of "'''''pul" r or~" "l/,'t"'" and I!fd,,' ~ctmc "nd 10 rclal~ 
I h,''''' 10 ron1~1Il1""" ' ~ oompulcr de, ign i"uc" rl1i , ch"I'ic" inuod",,,, , the J""'Tir 
'''c ~ rpr()""h I" he ta~~n and f"o'ide, " " mcr-'iew 01 the ,cm",nJ~J of Ihe I><Jok , 

t.1 ORGANIZATION AND ARCHITECTURE 

In de...,,,bing compUI""., 3 u"l1 nch"n i. of.en made hcll'l""n camIWI," ilrrhu«t"" 
and nmlpm," '''JI.,m;::u''YII Although II i, d,fficult 10 g"c I""";'" dcf""lion, f"r 
Ihe", lerm., ~ C"n",' n,us c""t •• boul lit" ItcIlcmJ "r~a" c"vcrcd by eaeh (c , ~-. "'e 
[VItA"XH)_ [Slb WX2 ), anu )llFLL7xall 

(' ompmu ~rehileC!llfe rcho'" 10 Ih~ "tl "hUle. 01 " '~'Iem vi>lbl~ to a pr<.>
gram nter or, !",l anolher "a) Ih""" aunbulc, Ihal ha"c ~ 01"""1 im!",cI ()fll he log· 
i~~1 c'teul~'''' of a pr<.>y;tn', Com pUleT '-"ganlLll,on Td~~ 10 'he OfJe' al ion,,1 unilS 
and I hen ,nlereonne"I;"", Iha, '<;11,," Ihe ," eh ,'eelural ~I",e,r ... , ~,,,,,,,, E """pies of 
ardI1I CCIUfalllll!1hLlIC' inciL"I" l h~ inmuc1i"" ,ct , the numl ... " of hil ' u>cd 10 rep-
Ic.en! "a,in", d:.I~ I)'re' fe,~" numbe", ~ h" r",,'e,,), 110 mccha" ""'!, ~nd K..:h 
"'que, for addre~III'" mem","" Org.m~.alTo""t .tl rohuICll ",dude Ihose hMd .. are 
de •• ,I, I,ansp,lrenl 10 Ihe prollrammu, sueh i" mnlrol ",n.I., .olc.f"""" ocI"'ecn 
,he compute, and peripheral., ""ulhe mcm", y leeh" ol"l!Y u<cd 

:\, "11 C'~ Hll'lc, il i'"1t "tehilectu,,,1 d",i gl1 iss,, " "'helher,, <~)",pLLl er Wli i ha,e 
a n'"ltlpl~' in, lr"<,t ,,,n _ II .. an "r~a"".alto"al is.ue ",h~lhe r th .. , in.ln'CIl"" "'ill be 
''''plc''teme<ll')' M 'l'cciallllLllt'llI)' u,ol or b,'. IIl~'Chani.m lhal ma kc. repealed u..: 
of Ihe a<kl UIIII or lhe .) ... tCIl1, Tbe o,&<'m,al"lIIal dcci>~)11 may I>c baocJ Oln Ihe 8nlie, 
il"'lcd frc 4ueney "I uo,c Olf lhe muh'l'l), ,n~'rllclt",,_ Ihe .eI"""" ' ,lecd "I Ihe I,.Ol 
"1'1",,,,,h,'" and Ih e cosl and I'h )'"cal ,ite "I a ' I",cial nHl lllpl)' unit. 

Hi" "nc""~, ~nd '1illl"d.1)" the di,(inCIl"" Ilc,wee'l Lor"llil"Clur~ ~ n<l or~ani_ 
1.a IoUD ha, I>ce" an ,mpor131l1 ,lIIc, \bn~ oon'l'ute, man"'~c' u,c'" of Ie. a I"n'il~ of 
compuier modd •• nil I'Illb Ihe I;"nc ard uI«:lure bUI "" Ih d,flcrenCCl,n organiza
nun ('onsc'lucnU~', Ihe d,ne .elll modeb mlhe fami ly ha'" J,ffcrc"l prICe and per_ 
furnta"ce ch",a etcmti~' , t'urthc rtl1l>Tc, a particu l;or arcll1' ect u," Ill" )' 'I';,n man)' 
yell" "nd en~"lIl r.'" " nUIll~cr lOr difle tcn , cumpuI"r ,,,,,,k l-. ih "r~" ";lalion 
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chanlting ";Ih chang"'!: Ic<hnolo~~' A plU",,,,cnl c.ample of 1>0111 lhe", p""""m_ 
ena j . Ihe IIJ\I '>y>looll)70 ~'~h"C<:lurc. Ttl", ftr(hncclurc " .. ", Ii .... ! mlfoouc<:d on 
1\170 3,,11 ,ndutk..J a num"'" of ",odek I he cu~w"'cr ""h D,,,de<1 "<lulrem"n" 
ooul<.l buy a d,e",),,,. ,I,,"'cr model and. if ,kh,,,,,d ,ner~a "--....l_ lai C. ujl~r.,dc 10 a 
"''''e ,'pensive. ('l51e. tll,IJd wi,hout "''''ing 10 ~":mJ"n ""('warc lha, h~d :,II'o<ly 
been dc"c loped, Ove r Ih e j_e"". 1Il\1 ha, "Iwf<iuced ""In)' ncw moocis "nil 
i"'pro"cd lec h ""I. '1')' to ,eplace ,) IJa II" oJd" "flcr "'~ 1he" "",tOlller ",~"I<"r \('CcJ. 
I",.e . "o>t. '" bulh I hc~ newer ",odd, "-,,,,",cll Ihe .ame archite,-lutc s<, till!! lh~ 

CU,"'",,, . , ""'[''''Me '''H'UIICDI ".,,' PW1CC1CIl. 1{C",,,,~.bly. ihe S}'.lcmi.nU ,.,ch, · 
!«lUre. "'Ih a Ie .. c "h ''''ttm~nl •. ":0, .,,"",cd 10 Ih .. dat 3, Ihe ar<hiICCI~'C <If 
1Il ~'-s mainbamc 1,,,od" ':1 line. 

In a cia .. of com!",",,, e;otted mi<".ocon't""c" ' he r<ta'OOfl,hip NI"ecil "",h,· 
,ce,ure a nd ".pm,~al 'o" is ,-en d..,..,. l ha"gcl on lechn"'og)" no' o nt}· mnUtAte 
.,.~a"i,alio" 001.(,,0 r;'lull in Ihe ,nlnodn"",,.. of noore powedul and mo", <:<'",pl~' 
~r~hllc",'ures. Ocncm lly. Ihere ;. 1<"" 01 a '"<'lUll ~",c,, ' 10' ~enc.aliOl"" .. ~cn"'." "Ill 
comN,io jli ty for ,he, .. """" ~c n""-hi,, .,. rhu,. lI, c· .e is ",o,e inlNpby oc\",,"n 
o'ga ni ' "';o"al ""d ;tr,'h ,l cclura l d""gl1 d~.i"Oll " An ""' ;guin.>: c.<a ,npk of 110 .. " 
the , ed uced ""It Uel ;'"' ><:1 comp ute, (RI SI .)_ "·h,,,h we clami"" '" (''';'1'1". 12, 

Thi, book exa"""c_ 1>o.)lh compute r OIM~"i''''i .... ' and romputer archll .":lu.e. 
'rhc eno"h",i. " jl<thal>' mOle .. " ' he ,ide of or~~"""'i"". 11"",c"c •• becau ... ~ , .. ",. 
pUle. o'Mani'~I"~' mu., bo: dnigned 10 ,",,,kmenl a part,cula. a.~h"cel u ... 1 'f)tti· 
fiealion. a IhOlUUgh ' ",al" ... nl of or~an'7a' , .. " , c'lu",,,, a detailed UHm,naU"n "f 
archncclure as "cli 

1.2 STRUCTURE AND FUNCTION 

A comput." ,,3 """'I)le_ •• )'.t.'m: "'''te'''I",,"r) c"mp"'~f> cunt, .. " ""II""" III cle. 
,"c n'aT)' ck et.omc COI" I""'""'" How, then. ""I> '''I<! d",,,'y des.;ribe Ihe m" 'n ,C leI' 
i.,u 'f'C,,~no,,- the hierarch",,,, n,.IUr< or mil'll COI" ple •• )'''t"n~ .... lochl<lonF-thc ':')1»)' 

pute'ISI!<o IOb'J1 A h,enu~h'cal ,),>,cn1 '-' ~ ~I "r ,nlcrrelaled .>ul"}"eno ... each of 
ihe la Ue •. In IU.-n. Incn .. ~h,cal in SlrOClu.c """ I ,,~ "'''''h ""me Jo"C" JC\cI u/ dc· 
m~nla')' ,u!:>s),>lem 

The h'''' arch'cal nalure of (omplc > "",(""" (<>0:,,1,,1 't> I) .. ,h 'hcir "e,,~n 
"oJ Ihci' d~sc"'l't;otl The dc"~ner need <>,, 1,' de,,1 .. ith a l'articul., k,d (If \h ~ 
'Y"cm al " Hme. A t ""'h Ic.'cl. Ih e 'y".'m Cot""" ,,( " ,," (If compol>cnl' "".I 
their "" crrd." j.m~h;ps. rhe I)d",,, jo, ", "adt I ~," ' de !,c "," 0111)' un a , ;mphflcd. 
"hmaCl.d d ,." aller;,"'i"" of the .y<lcm al Ih. n"" I" .. e, I.'.·d AI c"ch k. d. Ihe 
<k"j(n~. i, con"","e.! "'"h ,Imclure 3B.! luocll"'" 

• SINClU.'" Ihe "'a)" in .. hirh ' he cump"ne,'" D'e ,,,'e, relaled 

• t>.ncl''''''' 'Ihe upcr~" .. n tor c:oeh Indi, ,dual (umpoo cn' >b pan or the ",rUCIure 

In te.m. of """'''I't'''" "'" h."c t,,·., chOlC<.·" _""lOng allhe boItom "n.! "",Id· 
,ng up I" "<"<){))Plcl~ dese" pl"" ,. vr I:>i:ginnong .. "ii a ttll' ",ew .nJ dCCOfl1po;JIlg u.~ 
1)'>lem into ,1; '''''1';''1>, 12,' ,Jc""c frQ'" " nuonlw r " f field. 'US/,..-'l; lh"l Ihe '''I)' 
,,,,wn appro""h" t" e . Ic;" e't and mo.t clfect"'" [WI'.1l\·7~J. 



6 CIIAI'TER I I I" rIlOI)I.:rflO.'\ 

T~c al'pm""h I" l ~n In Ih" hool. loll.,,, ... IrOll' ' hi. '-;e",,,,,;nl. r he cOll'l'oler 
s~ .. ' (""' ",iI be dt:>enbo...J flom ' n~ (op down. We I>c~," w,' II In" "'"!or cX>"'I~ ,"CII !> 
of a C""'pOI~'. docnbll'g lhe" .ltuuu,e arid J" n< I,on. arid pturee<J 10 ,u""",,"j>cl)' 
lowe,-Ioy",' of lhe hierarchy. '11, e rem",nJcr lIr thi> "",cl ion I'"""J~, a vcrI' bnef 
,"C" ,ew of Ih .. plan of anac~ 

FU UCI;o" 

Both the ,t'oClor" imJ funch"'"n~ "f a cumpu 'cr arc, m CW;m""e. "m" le I·,gu." 
I ,I Ucl,ict, Ihc ha,ic {uoct'''''' th.l • wmJ'Ul er can I",.fo,m. IlIlIene", l lor"", there 
aTC .)nl~ f"u l. 

• Oau 1"0005""& 
• Dala Sloragc 

• Data "lOWmcnt 

• Conl .o. 

O ....... ti, .... "iru,,,, .. ,,1 
'''''' . ......... .... 01 ... 1"'" 01Il00'01 
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Th~ CUI"I'U[e •• "f '-OOnlC must I>e a"'e ,,, I""'~« "/IrQ. The d"l~ rna) tah
• ",de ,'ariet~ of 101m., an<lthc r~llgc of p,occ;. .. njl . e<lullemcn" I> hm;ot,I I I"., .. • 
C'-"' . "'C shall "'" lh~1 Ihe. c alC .. nl~ a fe .. · fundamcnlal '""lho'h or 1)1"" tor d.,. 
p,oec""n".-

It is al>o """",,,.,1111111 ;, computer "'Ire d",,, h'cn If \h~ ",mrl"C"i rIO_ 
cC" il1 g data o n lh ~ fly (I.e., .law c"me in and get pu";:c,,,,·J. and the r c,ull ,~""u l 

lII"ncJ",(d),l. th e cun'pu lel ''' "'It,mpvT,,.i l, , [ut e al Ica,l those picce ... 1 Jat;> 
tital a.e ',,,,ng .. ",ked un at an)' ¥,,'en mum,,", 'I1"".lhc.c". ' k",I" ''''''Herm 
,bl~ 'torage funcli"" L'Iu.11i¥ ",,[>Vrlant Ihe cumpult . I",.fm m. a lon)<-Ie"" ,1.Ita 
'1013~C hmchon hie. ,,' data au, "",cd ""lhe <<'nll,uler for subsequent , clfic"" 
and ulXlale. 

The rom" ..... ",,,,I ",. "Me 10 """" </(1'" hc,,,,,,,n 11<elf and Ihe ,"u,,,de "orl" 
lb~ ~"nt(l"l cr'~ o(ICral"'lI ~h""'nmcn' ',''>h'''15 o f dc' ices Ihal <er'c a, <OI he. 
ooutee, u r "'''',n''''oh' of d" a Whe" ".," at<· rcc",,'cd from or deli'ctcd 1<) 

" dc,ice ,hal i, due""I), ""M,'<:lc'<Ilo Ik cuml',,' cr, Ihc 1''''':<'''''' ~n''''n a~ "'P"'~ 
""'I"" (J.'O)_ a nd Ih~ dC" lCC "rd~rr"d I" a~" P~"I""'mr Wk" d", a, " m"'-cd 
0'"'" ""'get d"'ance" I" or f'"," a "' ''''''C dc"ioe, lh e p"",ess i, k"o"'tl ," '/"w 
tv!!'" I"" i",,1i om, 

l'm"II~-. lh,' , . Ill"" I>e • "1m", or , h.", Ihrcc lunc""'''. I h"":I'ci)- ,h., u .""rol 
"C.,e. <i",d tn- Ihe .ndn idual(,) "h" (I"nlde~ Ihe rompuler "ilh 'n",ucln"'~. 
\\ "hin ' he c"'"I,ul< . , a oonllol unil ", .. nag,." lhe ",~"pu'cr, .<'SO'" .... " a .... orches· 
'rale. 'he pt.fomM''''c "r n, funclional pan, In re'f!<)" '" 'n 'h"'" ""ltuCllOn~. 

A, Ih .. gc,,~rdl !c,c! or d .... ·u .. "'un tbc numhe' " I I"'''$ihlc Uf!<""""'" , ha, '"dn 
hc pe,lu,mCtl "k .. ' I"II-ute 1.2 dCI'"''' .he I"", I" ... "" hl~ ')'P'" of Ope"'IIOII'- I h~ 
COmp"l~r can fU'KI"M' .' " .Iata mo'-emcltt dc' icc II ,~"rc 1.20). ""'(lly Ir.n,I'c"'n~ 
.1.,1" ff(\m one p"riph~r.1 '" e"", " lUn;';,,' ion. l", ~ tl> """I her. II can . 1" .. fun", ,,.,, '" 
a data ' Illra !!.c dc'-' cc ( h ~urc I.2 b). ",,,b .1;"" it,,", /C " CJ fro ", ,ite ex,ern,,1 "",i· 
'onmcnl '0 '''''''pule' """'ge (fead) onJ ,- j,"e H "a ("-,,te). The fin"' 'wo Ji"gram~ 
,how ope.a'i!)", i"'ol""~ ,Ia,a processmg, on dal. e.' h ~ 1 "' "<lfa~e (I'ir.u,c I.k) 
"' tn ",ule t>c'''-cen "<)r~~( ~nd Iht nle'n,,1 en' "o",ncn! IFigUf~ 1.2.11 

'r he I"",,,,d.ng d,ocussion m3~ ... em ab>u,J ly ~cncr;'It",d I, is cerlain)), f'O'5,. 
blc, e'en al a 'ot' !cod of con,p"''-' "'ru<1 ur~. 10 d,fferc",,"'C a ',.flely or run<1k.>n~ 
h,,, '0 '1uote (<;IEWK!(. 

TIle", " "'m.,~.hl)' "uk .h'I'I!'~ ,,( "~,,,,~, <t "''''',Uf<' '0 fir ,he f~""'~,,, ,,, h., 
l",d'~T""~, A' ,iI<." ,,~~ "f Ih" ho, 'h~ ~",,~,.I I'U'I'''.'' n.'u,,, of rompu" -,,, in 
",fl"h . 111 ik; h '""'\I",,,,1 ,,,,,,,,a i,,,,, ""' ."",,ti,' " 'I" \I"'" "I' r",!!r;mm ihg ,nJ "'" 
a' 'ho ,;"'" ,,( ""'1'" 

S,ruc,ure 

h~ure I.J i. ,be 'In,plal ,-"hle ..... pl<11011 of ~ ....... ' pu'er, I-he compul~r In,e.",,'. 
In iOnrc r",hK}d "-"h '" t"C' nal en~"on"," ", . " II-c"".~I. ,. 11 of i .. linka,eo 1(> Ihe 
,,"ernal cn' i' OIlrncn' call "" d ,""ficd "" pe"rhcrnl ok"lCe' III COnrn'unICaho" "nc'. 
\\ c ",I! ha'e ""me"lIl1lllu >~)' ahou, "", h h"p<."> of ""kagn 

liu( "f ~"' .' er ~onCern in 'h'" hook ",h~ ,,"ern,,1 ~1r"ClUrc of Ihc OOI~I""c' 
"",If. "h,d, is ,ho\\'n ", II ,op le,-,'I in F;gur,' 1,4, 'j j,~rc ;" c four main ,(ruNuII,1 
~'.mp'-'nCm!: 
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\to.· ........ 

" 

,-"" 
'\, 

;' /' 
S'<>r.~. 1'""""""", 

,., '" 

r ..... ·oi • • 

1,'1 
,., 



. ');"""~ UI ·U0I1~'"JlU.}IJlU' J'~u/","',Y",d,,,),,,, 8" UOI" 'U.>.:> 1""lU ~41 Inq .. "n JOJI 
·UOO ~41 JO UOII ~lu~lU~ldm' ->41 01 '''430'wd,'c I~''' ,''''':>J~ ~J~4 1 "11""'" 'unb'U4)~1 
Icuol)~"udJo p"u'pd,d pUR 1.}1I~,rd JO ",n ~'II ~4 P~I'I"'" ; lOX"!",U,,", IE'll "'" Ii'" 
~ .. '}'~4·'" '~:>J'l.J. UCd 01' 1'~I"P .}W". ,II p.:>U'W"'" "'Iii'· ... Slu.}"".llUOO :w.:>ql,., """::I 

... .} .. ';i~J pur ' "l"lV 'lIun In .. ,,,,),) "'11 i .OOlU. 
UO'IC""UOlUlUOO 10J ~.}p"o,d le'l' ,u""~.p~'" ~UJ()S "'''!I)~''''''~'~I''! n .. :J • 

I ldJ ~ql '>lI~UJ"I'" .Hif.J')IS '''I'' "''<. '<.odj ' !1Idli • 
,,""punJ 

;iu",."_", ,,,1 "IEP <,J.}lnd,um ~4 1 ' WJ"" .},j "n'IVI '!"" )!~n'l"'. 3,,~"'q,pV • 

','I n,h"o) "'II ~~"·'4 P"~ 11,1.) ~4 1 J" ""IIU ' ,l<l<., "41 ~ln'lU'\) '*!"" ""'''''::1 • 
"""11"1 ," ~,~ '1""uOO(u()l 

l"mpn'I' ,,,relU 'II '1."1 "m~I,1 w r~lJ"llr" .""""'1' 'I" '1.1.) .}41" I" '",,,huo; 
'''Id,u,,", 1'01" ~4 1 '.'e ,,, .,,""" u, pue ~lIn"""IU' I"""" "'I! ·n .. "lmd !nO JOJ 'J.''''' 
. "0 I I ·'H'.I lJ "d " ' I' ~I "" .'IU'" In r,' u, '" "." '""I II' 'I "" ~ ,,,,,I "'o.' "" ~4 I I" 'I ""] 

· ... 'lndlUo' 'I-'n . uo 
""n." 'J .,,'~ ll~,l "p~"""d lUI .l~l ,~ f''l>''')S 'r ~J " 1"11' ,In d,lj~ "(",~,,,))d ' I,hl lmu 
('I ~ "IJ"I"J ,on", U"IS"P ' "'''S ·,'·'mdu"" 'f~ ''' ''' "! """'."X>Jd J ld<lI""')O "' '' oiu , 
""")'" "~.'hl ""I "'~'I I ·'<lU'.' 11l~)~" "I '.1,1.) " I ~I' ! ' ~ I, ,,e " ,',"1 ":4 ~)"'II "'11""0'1'1' 
" ".1 -, 1,,·'''0\1'''0' 1""11>'111·)\11 .>10.1" nil 1 J" 'p"J .I" ~.I"'" ;n ," '" '''1 1i,'lU ')~ 'I I 

Oil PU t '.'''''''''''' "!'"'' ' '-'d,l1i,,,,,,, ~ 
w" W" 'mlUlUO~ -'''.I '~p"o,d 1"41 ''''!"U4)JlU ''' ''''S '"UIIU"""'JJIU! ''''>I'.'S • 

1",)\""01,,,".' I~'''~I_'J 'I'P""' '~lnJlU".' " II "'.''11.'''1 ""'r '~,'Ol~ :011 • 

"!"I' '""'IS :UOl"~'" ~!MI" • 
"",,",.><,,<1 '" 01 f>.'J.l~PJ '1.1", .. UJlJ" :'uo''''''''' 1i"'S"')')(IId "I"r S!I SIWOp;x! 

I'UI' ' .}lndn'OJ ~4 1 .1" U< "1" ",.10 ~4! 'I'''!U''J '4 n .DI I!U~ 1"t'i'.U< lJd lo.JI"~;J • 

JJ,M,,",.) ·'4.L \""I ~Jnli!.l 

~.......u.J' 
.>ll~S • 

ll :U ' l.lI\O;) 

6 NOI_LJi'-:n,1 (lN~' l'llfU .. "lfUII.S f n 
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a ",inof>logran", ... "<.1 co"'ml 111,,1 <>peralo. " )' e~ccull"g nHCTO",,,,uC\;()n. Ihal ""fmc 
Ihe I uI><honahly "r I h~ "onl ,oIunll . W,lh 'his ~I'pro;orh. the .11 ""tur~ of Ihe ("< ~'trol 
"no l "an he dep,,,teu;,, In h g"'" 1.6. Th;, mUclUre ,,"'11I1>c examined III 1',,,. Four. 

1.3 WHY STUDY COMPUTER ORGANIZATION 
AND ARCHITECTUR.E~ 

I"hc 1 EEl-J ACM ell"'l"'''' Cr"rit:lll~ 200l II-nOli. prcl",red to} Ihe Jmm Tp, k 
I""'IT on Compullnlt ( 'utrI""l~ 01 the I U , I' (Insto,," c of Iclccl"t31 and [ Icclto""", 
[ nginee,,) Con,pul« Sociclt .nd ACM (A<""":13I iun r." (""",puling M."'h",cr~ I. 
Ii,., ",mll'uler " " 'h'l cclurc~' Bile ,,[ th~ ro.e 'Uh,"ch thai sh"uld t>c m Ihe (umeu
lum "r.1I ,tudenl' in C .. ""p,lle' sci" nce and "" '''I''lIe. < ngince''''~ The '~1"" 1 ,"I)" 

Ih,- lull""''''g: 



• 

• 

'.J I W I lY qUI, .,. ,", lM ,'ln Eil ORr.""'ZA nt '''! ANI> ARCHlTI:L-n':RH II 

The 00'"1''"''' I" ... al II>< ~.ar1 of «~"I"'''"' '" uh,,,,, ,, m"".j( ,1>0 {'f.nrUhn~ 
d""'phnh h.ooJ.~· ....... k1 ht a I>n ...... of 11"' .... ""0'" ..... 'he .... ' ..... T" I>c ~ 1",01,,>_ 
"" ... , In an}' r,d.J <or "omr""n~ ' , ..... y. n'''' .""uk] "''' rc~"'" ,he romp~lcr "' I"" 
• Iliad "'" .h., " . «ul," I""~lr.m' h) "'.~'c. All ""Jen" uf ""n'putmr "",,,Id 
'''lui, ... "'''' ""J<r"~nJjn~ "oJ '1'1'<<<"""" ,.1 • «'"'1."<' ,,-,!em', f"IK,.,",1 
comro"."". ,h e1l ch,,,,,,,'c, i"In. ,h,,;, r,,,I, ,""""o< . • nJ ,h,iT ;nl,,,:1<1,,,'" 
The'e or< p'M', O'" ''''!""·.Ii",, , "' "dl. SlY",-"" ",'<.1 I " ,,,,,k"',nd ' "Pllll"" " 
. ... :h ioecl",. In ,,,,In II' " r "cl UTC " F""gram .,. 'h,,' ,. lU ll ' rn'" " dr."i,"' ]' po " 
.e.' moch i,,<_ 111 « 1.:<l in~ . ,QlCm 10 _ .. It", . ,"", Id 1" ,"Ie tn u",j,,,,,,,,J " I< 

',a.I<"n a"",,,o v.,."o< <""\I~"'<nl>. '""h . , CPI , ok", . <r«J" """,0" ,,," 

IC'LE~UX)I ~" c. I h~ follo,";ng ndmpk.;" r~."'ns for sl u.I)· mg CO"'I,ulcr 
Uc .... cClur'" 

'-..,f-;'~"' "r""1 u'\j·· .... 't-~' 
i n I."" "'''''0' Ion 

1;",,,,,,, onl. 
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COj\,"TROL 
UNIT 

I 'i~ .. I .~ 110<: ( tmiroi llmi 

I. SUPI"»"" gn,du;tlc cnl ers th" ind",lr} "nd" a'ked 10 ,eI ~CI Ih e 11",,1 (,,,1-
dh."l i\'~ c"m puter for " .... Ihrou~h()UI " iarg.· "r~;",,~a tlun. An IIlId~"t~n ~i ng 
(Or the Implication. of '11C1"Jm~ mOle for \ """,,; ~lte,nati\c •. ,uch KS a larger 
cache 01 • higher I'rOCCil.01 dock rale,,, e-..c,mallo ma ~1IL& Ihe dcr",,", 

1. \lany 1'''''''',"0''' 3'~ no, used in I'C~ '" '<"-tIS I>ul In cmbcJtkd ~r'tcm'. A 
""'Sl~ n". "'~~ progmm " Pf""'"'''''' in C that ;. ~ml ... -.Jd"d in """'" ",ai-li me or 
I."gc. '~'t.>m, suo" '''~" ""dligcll1 aUlOm(~',lc cl~'-1ronic> <onlwll.:l _ I)d'u~. 

~.0~ '"' 'y"~m n".~' requIre til e uSC 01" " >j;te ~ n"')-",,r th,,( <li'pl")-I (h ~ .cla_ 
tivn:;h lf' """",Til ,ntc,-,ul'! r"~lu,,," frolll cJ\giL\~ ",n",,, a"d ","chi ll<:-k,'cl .. '<XIe, 

3. CO""-'I''' u...,.j ," oompu(el "I'<;h'(~<:lurc fi"d (11'1, h.:" (,,,,, in uthcr C<.." SC-_. In 
I"'U"'ulaL Ihe "'3\ In .. hl~h Ihe rompul~r I'""odc> archile<:' ur,.1 SUppvrl for 
prugnmmms lansu~~"" ,,,,.I operaling 'l,(cm ("",lin"" ",mfnllX' C(ln'Tp" 
from lh ...... · arCd'_ 



A, call he ""Cn by p<',u>mll lb. l~bJc of rolllenl, of Ih,s book nnnpul~r "'p' 
niJ.ahon and 3 • .,h,l«1uo>o enn)ml"'''''~ • 1m-' .an):" of """"",n ,.,.."" Mnd con""J~'. 
A g!lo,J ,,,crall Ulld~'M"nd,n8 of Ihew ct'''CCpl' ",II he ,,'<Crul hrl1h in <>Iher a,c", "I 
,{ udy allJ ,n I'ulure work afler ~raJ""I"'n 

1.4 OUTLINE OF THE BOOK 

.[be hr,,,," ~ o'j:anll",d 111'0 ro"c I"'rt>: 

I'art (Ill ': 1',,,, ,de. "" ,,,'"'YleW of ,·""'p\lter "'Il"nizal '<l11 ;ond ardUleClurc "nd 
!.>oks ~I b"w .·"mpule, dc<rgn loa. cwl, "d. 

I·art · .... " : r-xam.ne, Ihe maJu. compO:lncnI. <or a com!'UIC. and Ihe,r Inle,e"n· 
,,"Cllnn>. hr'll> ",U, "ach "'he. and the oul,ide world, Tho> p"n al", 
inciud .·, " del ",led di",,,.,;,,,,, "I inl,·",,1 "nd c~lcrn"l n'cl\\<O,y. "nd "f 
110 hm,lly.lhe ,cialio",hip b;,l"c~n a con'pule'·' arch.ICCI".c ~nd 
'be ol"''''"nll <~-" .. :m runn"'g on Ih.n .",bil""lurc i. e~an"ned 

1' ... Th,,'.: E,""'m~. the ,"Iernal "rch,tcCl lJ rc ;,nd orga" , ~ .I ion of the 1'f(lttM\>f. 

1' .. 1 1'<HIr: 

Thi. pan begin, ,,·,Ih "" c'lcndcd d,,,,",,,i,,,, or romputc r til "hnoc\,c, 
Then "'e loJO~ 311he iru;l rucllOn ... l arehileClIl,e, I he ... n'~lDdcroflhc 
lJa. I <kal • • "t 10 .hc ,lruClu.c ~n<J f"n,IIe,n of Ihe P''''''''''''' '"dudm~ 
" di,~u"ion of H I SC and " 'I"",c;,iar UPl'm"chc._ ;" wdl a. a ,kt.,kd 
look"' Lt.e IAoN Mehil""I",e, 

D, ... "", ... Ibe ,nle rn .• 1 'UuctUIC of ,he l)focc:<!oO./ '. ""fIlml unol and Ihe 
use <If nli"'''1",~ramrn'hll' 
lle. l. w,lh p"", lkl o'gan iliuion in cl udmg .),"''''ClTi<: mult'l'rOCe,,,nll 
and du"e ..... 

1.5 lNTERNET AND WED RESOURCES 

Thne "'t a number "r ",,",,urce', ",",""le on the Inlcrnet "",l lhe Wd. 10 ' "1'1)(>'1 
,hi. I~~,k ~ nd it) help on" kecp up ,,·,11i dcvclopmcm. in Ihi. lldd, 

Web Sil"~ for This nt,,)k 

A special Web I'''~c lo", I><:en SC, "I' for th ,. b,~,k "t \I- JII'''mSI''lli'' ~'-cum' COAl""h!",1 
See Ihe I""-page 1~)'0"1 al !he begin"",!! t}f Ihi' book lor a detD.led dest'''loI,,,,,...r 
{hal ' tie. 

An c.ml. I .. , lur 'h" t'ook ,,·,11 be llIarn ,"meJ a. the We" ,lie "nd upJotcd ai 
nccded, P l c.,,~ c-",ai l an}' c,,,, r, thai )." .. sl~ '1 to mc. I mi1l' , he el< for n,)' uther 
boob ale a' V..'illi~,,,SI~llins' cum. 

I al ... mamla'" Ihe Con>I"'! er Scie" ", Sludcnl Re.oUlce Silc. al 
WilliamSlalhngo,eomiS!u<JentSuPI'"",hlln!: th" purp''''" u( th" <He" tu p,o'ide 
d....,,,,,,",,I,. info, "':01 , .. m, and ,,'<Cfull i,,~ < for "'lnpmer "",""ee ' {Ud""I ' .no.! prof"". 
~ional~. Lmb a.e otSa"ilcd ,"10 four e:I1",,,,ie,, 



• \1 ,,,11: Include, " ba.ic "," ,II rd.cshe r. " 4 .. ellit1~ "" ,1 1),,;, pm,," •. a nll",I", . 
' f"em pri mer. un<.l link.!O .. ",ful mal ll Web .ile. 

• " ,," _1 .. , A<.I.",c , ... .1 gu.,janee for .oh·'n~ hu rne"'OI'k pwbl("" . "'''lIng I~h 

" ,.al !cporl '. a"J p, cI"'''n~ ,<c lln ka! p.&""nIO!iO'" 

• It" ... ~.d, .",nu"..,,, Llil h t.l ,01porl< .. \1 rolJccli"", "f parers . tec hnic," I '~r<" h . 
"lkl h'hliognapt""" 

• .\Ii>(d'~ ......... ,, " 'ariclr "r useful documenu a nd II,, ~. 

Oth~r W eb Sitc~ 

,'''''..., ~rc n umc",~ Web ~il~'" 111 .. , prO\'I(1/: ",fornu"ioo related 10 I he IOpic-. ul lh" 
bool , In . uh""luenl chaplCr~. pointeI'> I" 'pc<:ific Web ~ilc. CalL b.: fOllnJ ,n Iht 
" Re,...,,,,,,, "nJed R~ .. JIIl~ anJ W~h Silo, ' >CWon. Dera" ,," the C Ru I", ""'e h ' '' ~. 

knJ It, c)l.1 ngc f. c,! ucnli)'. I h,,, " no l inclndcd , .. , ..... in IIw hook . 1'01' " II of th ,- Well 
" '<'$ 1I>I~d In Ibc book Ihe " rt"orr ia lc IInl c~n be f",,"J al Ihi' h<l"~ ·. Wcl> " ' e 
Otber link. " 'ill be ad.kJ '" he" .pf'l"I'",ne 

lbe foil" .. ·."!! ar~ W~b •• K .. of general ,nl~'~" rebled 10 (wnpUI Cf 0.1t" 
,,;zallo n ;.n.! a.rbil~cLU,e: 

• WWWC",nvulc'l'A.chil •• ,u •• 'I",,, . I'.~r; A "''''I prehcn''''e ;1I (k . "'"1fo' · 
nM .... n ",Ie"am 10 rompul., "rehi'Mure ... ".earcher.,.. ,,,,,Iud,,,!! 31<'hi,eCI u,e 
~r"u1" .n<.! prt.,e<:l>. ,echlllcal organi7al"_ hl~,al "' c. employ .. ",,,,. an<.l ." n.· 
me",,,I, .. I,)<",,,'ioo 

• fI'U Info C~nl"r: Inform ~ lIo" on ~p<:~ ,ne 1""'"''''''''''. inc'mj",& ",,,h .. i, al 
paper. prodUCI ",fo.mal ,on. an<.! Lllc,1 1,,,nou",,,,, ,,,.,OII. 

• o\t:.\I Special hUne,1 G.",.p O. C ......... '". A'rhll~ .... ",,,, Inf .. rnldl;on on 
~t (lA RCH ~ClI' 01, e, an.! puhllca.ioll' 

• n; F.~: Tn-IInk.1 Con llo;II"" 'Ill Co"'pute, A,,·I!II .rtn,e: ("" pic. "f TeAA 
nc,,·,lcller 

USENET N~w.groul''' 

A nu mt>cr of L' SEl\ 10
- I "e,,".~rO IlI" arC devOl" .! '0 '>On", " ' I",et of ",,"'pu'er or~ • • 

n'III""n an<.l a«h ,' ce.u.e. A. "'Jl I! "nu~lIy all CSLNV[ g'oup' . Ihere i. II h,gh 
nO;", 10 " i:T'al rul ,O. I>ul il " ,"" Ih e"penmcnhn~ '0""" ,I any meel )0 ... ncc..J. I'he 
n",,' rele", nl are"' loll .. ",", 

• ro"'p.ar~k. : A ile ne"') n" ,",lg'o"p III, <.I",eu"i"" of compu'e. ar<:hi'<xlure 
Oflcn qu ,l" 800<1 

• """'p .• r<h .• ri'h",.Ii<, 1), .... ·U'5CS rom",, '" , a rll hmd ,e algor;lhm, and SlalllLl rd<. 

• ... 'n'JI."rd',,'''r~k~' D i,eu '! 'OT1 "mgc' I'(lm product, 10 tcd'no l ,,~y '" pr"oli. 
C'~I usage i.""" 

• .",n p.,,,,,,,,,. I: I)c", .. =~ I"" allcl " ""['Ule", and apr'"'''' '''''' 



CHAPTER 2 
COMPUTER EVOLUTION 
AND PERFORMANCE 

2.1 A Brid II;, ,""'J or C,.mp.le .. 

The FirSI Genela,ion Varo .. m Tlloo 
The ~<Vnd Genel'llll",,: rran~'bh)~ 
1 he. l bird G~neralOnn Imcg,mcd C,rcuit. 
Ulcr Genom.;on. 

2.2 1J",I~l\in~ for 1·~rf<H"",anct· 

M.icroprO<:ebi<Jr Speed 
r'crf{mn"n~e Halanct 

2.J I'Cnlil/AI .,,01 PUK .. I'C F."'11I11,," 

i'cn, ;um 
Pm.'erl,(, 

U Ih:ru",nltnded Read; ... ~nd \\ cb Sile. 

2.5 ":C,. T e ...... tt .. ,..., .. · Qut. ,i .. ,.,;. nd ".,JbIotto .. 
Key Te lD,. 
lte,'ie'" Que"iom 
l'rublenlS 
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h. £ l' POI.'lTS 

• The evolUlion of computers hu ""~n chamcleri~c<l b~ increasing prOXCS><J1 
spew. uecrca,ing romp'",cnt >lie. incrcJol,ing memory ;i,". and i.J\crca.in~ liO 
capaC'I)' and spoed. 

• One facio, n:~~b'" for the jtR:al,rn:reasc in procc»ur~d i~ the ~hllnk' 
in~ .IZC of mo<"fop"",,",Uor romp(",ent.: I bi~ red"",,, the distance he!>"ecn 
oomponent\ and hence ,JlCIU)e$ 'pc:t"d. However the Itue pi~ on .peed io 
r«enl yeal"\ h,'C come from the Ofl.lam!.a\lO'1 of the procclwr, ;nduding 
heavy u>c of pipdlning ~nu Illirallci execution t~"h,,;q,,~~ an<llhe ~ of .pec. 
"I,<\i, e execution tochni'l tiel. whkh le,u h. in th e tenlhlive exec"li"n of (u lure 
;n,lructionl thai mighl N neeJe.J. All of Iht~c I cchnique~ ore des'gncd 1(, 
keep Ihe 1'«'«'''''''' bus)' a! much of Ihc lime as P<JII"bl<,> 

• A enhcal '$SUC 10 com.!'utcr 'Y)lcn. de,isn ill balancong Ihe pcrform~n« 0( Ihe 
,· .. "ou, elements. "" Iha. I"'''' on pe. rorm~n("(: in One a .~ .. a'~ nOI hanO, 
""l'P"d by • laB ,n o.he. Slca~. In pIIrt,,''''a', PlO«'twI" !.peed hao 11lC~.oed 
mOfe r,'pI<lly lhan rncnlOl"y ~""i:~'" Itm • . A "a,iety of tech"Kju", it; u""d to Com' 
pc"II.,le (or thi, mi$ffi., ch, mdu<ling .acbe" ,.ide, data path, from memory 10 

p'o«l""', ~nu more Intclh~c," ",c(nory chip". 
1 

W
e I>c,," om "' u<.l~.,r c ..... "pu.e .... ilh ~ I>ricf hlSlory. TJII' h"">J) IS Ihelr 
'OI~r(.IIll~ flll<l ab" ,;";1'·C5 11>" rurposc of pro, i,hn~ an ",e,vicw vf ""111_ 
pute, lIruclure anJ [""<·t ,,,,,. Next. we "JJr~s.' Ihe ",uc of f"'rfu,",,,,,,cc, 

A "omide, "ti"" uf the nee,1 r"r h.I bm..,d uliliz;nion uf C"tnrUI~r ,ew,,'CcS 1"0' ide
"COt"ex, Ihal .... 'OCfu l ln'O<IghOUI th e book. l"in'Uy. "·c loo~ brtdl)' 31 thc c,·.,lu
li()f\ 0( Ihe '''''0 ",,,lcl1l< .hal ""~e a, Ley cxanlpl"" lh,,,ujl.huul Ihe booL l'"nlllll1l 
an<.l 1'0,,,,,1-'(" 

2.1 A BRIEF HISTORY OF COMPUTERS 

The firsl Gcnenlion: Vac uUIll Tu ...... 

ENIAC 

l"hc 1 MAC (Elccnonic ~ul1lerlCal Integralor AII<l ('ompul~rJ. <.lc~I~"ed by 
anJ C01l>trucre<.l und~r Ih~ ,ufIC""ion of Juhn Ma ueh l)' M<I Juhn !"Clp<:r I dert 
. t the U ni"eNt)' of Pc",,,yl,,, ,,i l'. ,"" Ille wo, IJ\ fi "I ~~lW' al .pUfpmc deet" ,,,,e 
digll,,1 '''''nl'ut~', 

Thc proJ~el '"'-',"' re'!"''' ''' loll,S. warlin,,: needs <lurin~ Wurld Wal II Thc 
Arrnfo Ballo .. l""" R~",arch Lab<llal()f~ (IIK L). an as~".,~ rc,pon,ihle for <I~'dop-
ins ranotc on<l '<aleel0f)' labLe, fOl nc .. ,",capon .... as ha, ,ng <liffK"u\1y wl'1'I~,"g 
Ihc>c lal>lc' ac.:u"licly ;onoJ "'I,hin a realonalilc 'line r,ame, W,lh.,U' I h(~ fi"n~ 

table,. the "C" "<;'r"n. on<l a,"lk,y werc lL",!e1lS 10 ~unnc",. I he BRL cml'lv)"'<l 
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nl(>re Ihan 2(10 ['Corle ",ho. u"l0~ ~a.'>1' cak"I .I<>Il'. wi, eJ Ihe """''''''1' hall "I"" 
«juall"n •. Plcpa '~I"m or 'he lahl~~ r". a "n~k "'c3f"'n ",ouM 'ake "ne po.: ..... n 
ma ny ho ..... e'en Ja)''-

\huchly .• I'rofc~'"r "f dcc,,;';al cngincc"ng al Ihe 11m""""" of I'cnn,' I· 
\ " ,,,a .• nd "dcrl. <mC of 1". jU1ld ua\c ,[ uJcnlS.l'ro('O!!':<J 10 bUlI<J a ~en,,'al-I''''1'''''' 
eompul~' 0''''): """"'''''' tub;:. rm Ihe HR.!:, "ppitc","on. 111 194.1, 1100 ,\tn,)' 
~ ,·\" pl ed Ih is 1""1""'''1. ~ n<J wo,. hel'>1n on Ih~ LN I,\C, The .", ,,llong m",'hin ~ "':!, 
<norm"" •. weighin g .JII'''',.. Occ"p)'ing 15()() .q ,,~rc re.;! of flo", 'P''''c, ,,,,J COD' 

""'''''g more ,han lIUJlJO "~cuum ,ul",,_ When o!'.: rat"'8. it ron,ume<J (41) ~,lo"'''Il; 

of f"'wer. It ,,'d' .11,;" ,ut>.olan l," IL), fa. lcl ,h~n '''I )' clcc"om~ch"nical compute,. 
hc",~ capable of.'i(O] "<J<J,tlon. 1"" >coon<J 

1"e F ' IAC .... a .J«,maJ ralher lhan" bmary OIachll'~. -r hal ,,- nun,br: ... 
'"~..., , .. p'''''''nl~d ," dcc,mal fo,OI and a n lhnocl,e '"", po;rfortn.-.! in .he <J""" nal 
1)"lcm, It< n,em"'~ C<~''','<'<.1 of 20 '"acculllul .IOI •. " ""'h <'''1~1blc of holding a 1(kJ,gll 
dec' ma! nllmber. A 'm~ "r III '· ... uum IUbc' ,.·preoemed c. ch d'g". AI any " me. 
on l ~ "lOt ,'''"Ulln, I""" "'iI~ In Ih , O N " alc. reI'Te,;c "l on~ On~ of Ihe 11) <J 1 ~11 ', n, c 
majol d,awhack ,>r Ih e F' lAC w~, Ihat il h"d,,, he l)[ o~""nme<J ma"uai iy hy ", I· 
li" ~ ,wilehe. ",,01 l' i LJ AA;" ~ ,,,,d LJnpl,,~gin g cab"", 

I he t:-"-I ,\C "'~s compieled in 1')4(1. 100 laIC IU be .. ",d '" Ihe ,"',,, eff"rt 
In.lud. ,I, r,,.,, la,l "'~s III P;:' r",,,, a ""fle, nf "'''''J,I<, calculations thaI "'eiC "",d 
III help determine Ihe fe"~ll>ll ll)' of Ihe h~d,ogc" "'''nl> 11,,· u;c of Ihe l: NI,\(" f", 
~ I'ulJ'O"C other Ihan Ih." fur "'hl"h " ... "" Iouih ' .... nW"'".lICtl ," ~cnCJal'rurP'JSC 
nalU",. The E ..... IAC ron hnued I" "p,:rale u"okr IlRI. OInnagen",nl u""J 1'6.'_ ... hen 
II .... d,sa""",,,,"I~<J. 

,..~ "o~ Nellm"",, Muh;".' 

I'he las l nf <' "Ic""g and "I l er itl~ pfOgT'''"' [," 111<' 1",,' I,\C "'a< ""'",,,ely 
lcd ,,, ,,, , Thc P'ClgJ''' '''''' i,, ~ I'r<!<c," coul d be r~ClIiI"led if ,10,; I'",~r"m "oul<J I'<: rep
rCj,(; nlcd in a fOlm ,u,,"hlll '0' s'''rlng in memo!), ~ lon!\"Jc ,be Jal"_ 'I ·h~n. "<'<J"" 

I)Uler could ge l ,I. ,n~lruc"<)n' 1»' .~ad'n8 Ihem f."", m""M.>I)'. "nd" 1" "8'"m C<)ulJ 
be: !Ie' or alie.Ctl hy ""II"'I!- Ihe "alues of a f"'111O" ,,' mcm", )" 

I"i, i<Jca. kno"-n a'l Ihc ""'~,I·prog,,,,,, c<m. el'l. ,~ u.ually allnb"I<:<! lo rhe 
[' lAC' dcs'~nc[';. m",,' n",~I>Jv Ihe mal hemallcwn J"hn ,on Ne uma nn ... h" ,"a. a 
C()fI~Ulia"l on Ihe J. NI,\<." .... "J""I Alan T ur' ''it <Je\clopo;<J Ihe i<k-a al alr"'''' Ihe 
"''''Ie lime, The fl ' ", PII"II<""1<1n of Ihe idea "" ill " I 'I~~ 1""fl'O"-ll h)· "on Ncum"n" 
f'lI a ne .... com[llli cr. Ihe I'DV AC' (Flccl rnnic D iscrete Vari.hk Comp,,'er) 

]ll 1~4f>_ YUll NCll """'" ",, 01 10" ""lI,''' ~'' c' I"'g"" Ih e Jc~; ~n of a new ,1m"" · 
I'" .. ~,am compUlet. rdCI'Te,] II, 'IS I he lAS cll n,!'ul .' •. :ll I he Prinre"'n ]1"litule for 
AJ";tnec" Smelie,.1hc It\S <' ''''rulc r all"o"~h nol cOlllpk'cJ unl " I~S2." Ihe 
J" OI<>lype 01 "1I."b;o;<;quC"1 ~c "~.al-I'url",;.c c'Om[lUIC.S_ 

IIgure 2.1 .h"",,, 'h" !lcn • • al struelure of Ihe lAS <'Om",lIer. It ron~i". of Ihe 
follo"-m):: 

• A main mcmOl) " I''''h ~Ior", booh <Jala .n<J "" I. ucl"" .. 
• An ""lh,,,el'" ~,,<J Io~te unll (A U ) caJ><oI>I" or u,,,,,,"ing on bin.T)' dala 
• A con\'ol "nil ..... !Iie!' "Hcrprcl' the in",ue,io." ,n mcn"'l)' " no.! C.U,eS lite'" 

'0 be ex""utc<1 
• Inp ut 1lnJ OUIP"' (1/0) " '1"II'", ent o>",nOlco 1»' ,he ,,, n,,,,I II,,il 



Moln -. 
'" 

t " n' n l p~ uni, (Cl'n ,--- .. _- ..... 

.... 
• ~I( (CA) 

t11'n z. . Slru<turc of ltoe: . AS Comp.Ucr 

"" .... ;po -H.O) 

l 'hij ," u(lure "''', oulh~c J '" \'0" "~um3n~', carli~, I"OP"'""" which " " 'Qnb 
'luoling" ' lI, i, PO'''IIVONr-: ~51: 

2_2 t,,,,~ ,,,,,,,",,,,,, ,ho> del'icc" r"maril~. rompul<r.,' .. ill hal< to J'<'lf'''m 1Il00 
den".'.'" """'.'~"'" '" .",hmelte In,,,,' IT.",,,,,nl lY l ·hc .. an- .~~II'''n ,ubtl"""",n, 
ntUl ll pl","un "" .1 di"i'lUll I,,, Ihc"I"," Ic." "lOhlc ,",' " 'h,-",kl '''"'a,,, ' 1"".hwJ 
U<~"' I"r i"" 'h""" '-'I",r.,,,,",. 

II m",' be oh<cned ""-",cr. Ilia, .. h,l. th" JKinc'rl.: "' """h "[,<oWN, "'"""
'ho 'f'CCIr,c ""r in "h"'h " If IT,l"cd t<4ui,e' ""'*' ",,"ltn" .\1 an, r~'. I rm,..,1 
",illl"'</1(','/ P"" tor ,ho Jo,",'c ,"',II p,,, llabh' h.,," \() ",," ""J ,h .. ,,,,,,II'li«' Ih. "'" 
"wifk ",m; ( " 

2. ~ Se<","t The 10' .... ' roolir,,1 "r , toe: d.,,'''~ Ihot n, Ihe P" ..... ' .. q .... " "ng <>I 
," '",,"'Mi,,"" •• n "" n''''' ' dfic;cn,ly c.,,,.d ""t try • ""n".1 «>n',,~ ""an If ,h. 
dovi", j, 10 "" ,Ia""', th.t i,.", "o,r l)' ", 1"" ,,1,1, " II I""PU'C, th on " ~.,'inct"'" mw' 
lie n,.de ""'''.,'n ''''' "1'<""(,< 10'''"<'<'''.' !:>".n jo' .~ ~ dcl,mn~. ""n;"ul., I"'"b 
!em. an~ 'he go"".-.I co"",,1 "'la"< .. h"h ><0 10" ,h .. 'hoo< ,,,,"uCO,on, no mo' 
'cr "h., ,hoy oro- .re <"","oj QUI. The l,-,rm;;1 mu" "" ""'0.1 in '''Ine '".~, 1"" "'''e, 
arc TCI" ,,,,ntcJ h) <ldintl c "porall " ~ 1'_"" "I 'h " <K"'i<o_ U) the "" 'Jlral ,.",,,,,1 ''-0 
meao ,I". laU« lunction ""I" ~oo' h. '''-g.'', "'~I<h I", ,<>rm i, I,,,,,, ,/" """,,1,1" 
€Jfi, PI"'- CC 

2.4 l'IIird: I\n, <I,', .... , "'huh" 10 """y w' ~m~ _00 romph.,,!<cl ",""lOtn=- ,,/ 
op''''''.'''' ('r<",r".II,' uf "" Iru lari" ",) mu,! h"'e " ",.n; iJ,·, _,No 01 ' "'''''' 

.1>1 Tit< ,,,"ue,i<> ... ,,·h.c/t ",.em a ""011""""" I",,~k", no.)' ron" .,,,,.0 ron
'I<k",hlc ",'''cllal. """ .. ul~lly >0 ,f 'he <<HI. ,. CI",u""'an, j.1 (",h .. h " ",n m",' 
""""t"" .... n'.). 1'11" m.ler",1 mu" I>e ','mcn,'",«d 

1\ 1 .nj' r:M, Ihe 1Ot,,1 memof> ",,,,,,il u,,. II" Ihi,,! 'Wn!" fI"'" "i'n, ,1.·,,,,.- !,/_ 
2(> Tt>.: ,lIn:e 'P<-'<"'" p..ollS ('A_ CC (,,,t • .-Illel 0, "oJ M .. ...-e"~M'" (" (h" It<l<,. 

~"""'" "",Umo>' ia 'be human ner ___ .... ,.n' II rCI1I->,n,." Joooo" (h. "'Iu".kn'" <>I 
' he "'''''''y or "ff"In' anJ "'" nH)"" <I, cjl'-I't'm neulon .. ','h."..- .t< , "" ;"1"" and "'" 
pili ur!",", " I the' ok,"," 



" II 
Jhl. 

• 
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no. Joe,,,,, ",",'ho cn.Jo .. od ..... 'h Ih. al>ol'" ". r"'''''~ln inpulancl ""'pu""". 
""'" aoo mOlo, I "'In"" .. "h ..,m" "1"-",11"", "",--..hum "r ,h .. " '1'" TIle .... :dlum .'111 toe 
coli,"] , 1>0 ,,,,,,,Jr ''''''''''''It 1I~lIIm "f 1M II,,", 1/ 

2.7 .'a."~: I,.,. "",,'" mu,' ..... " 01","' '" ,,,.,,.,, Informa,i,,,, .rom It. ,n", 
it> 'I"'oifio 1',,,,,( • .,J \ ' "[k",or~. n' lorm ", "'INo!, 'h "f"''''~ '1>«'~" I"'''' I I, ""II 
be .,:cn th" t1 """.1 ,,, ",.k< . 11 tr.",fe" IT"", It. U" I) 1111 (1 M .nd ""'01 J".,<lh' 
I",," C 

2,~ l'iflh,Thc "'.ic" nn,,' h." "'~" 'C, In lO"n.,.. """ L" 'p<Clti< 1'<",,( ""J 
M ,"'" K, 'f"'·"· "'t ;ln, ,,,,,,, ,,, '",'pm, I)" ,,{lh 'P" ,j), P<"'- 0, II ",III", ",,"n 'h,' i, 
i, ~gain boo", ,,, n" l ,· .,. lid"'''' ''' hom M II-)' ( I) ,n,,, It. a"d '.n .... dir«1lv frO"' ( 

\\ ilb ra.e 0«"'1"""'-' all or loda} 's ""mllUl,·" h," c Ihi. ""me g~ncral SUlK' 

lure ~"d fU"~l lon and arc ,hu •• derred 10 H' 10" :>Ieum~nn rn ""bine ... l 11us. II " 
,,,,,,h .. h,lc al ,hi. 1'<"'" I" de>cnl>c t>rlen~· Ihe "I>eral .. ", or the lAS comI'UI~' 
(Ill R K46I. n ,II" " 'I"jl. [I r A YE'Itl I, ,h~ '~r"""'~,,~)' ~"d "ol.,ion of "0" :>-leu"",,," 
".e <·h, ng.ed 11\ 'he roll"" ''' ~ 10 conform more cr,,,,,,)' I" modern usag.e: the c.~~" '· 

ph;, "no ilhlSt ,", io,,' "~C""'l"In)'ln!( ,hi, <I; ""o" i"" :ne ha",,j (I" ,b"1 I,"' er ' COt. 
Th~ "'~III"ty ,,1' 'he lAS Co".'",, "r II~~J ,""lilt" 1')Ci, tio ,,, . "" lleo "'''f,/'' 0f ¥J 

hi"",), <Iigit> (1"1') o" d" 1I<1lh d"la an d i" ,nud''''' , "re ""rcd the," , rk",·c. nom· 
tI"." n""l I-.,; .ep,e"", ,,'ctl i" "" ,ary form, and ca,'h L"'" "'1 ~'" a l" , has (0) t..; a hlO~r)' 
C<Xle, f 'lIU'" 2.2 ,n",l •• ,C' Ih<1o(: roo m~"'. r.,,,,h nom"" . ... ep.c"''''cd hy • >lr" I", 
,'"03 .l9·bi( 'aloe, A "or,j mal al'" oonl .. ", 1" '0 21),1>11 in."uelio" .... "i,b cach 
on,lJ\(cl1on con,i""'1( "r ,II' H·t-II ope, .'ion cook (''1 ... ~>o.lc) ,pcclr~on!! Ihe 0[,,,".1100 
'" he ""rformed and a 12,1", Jd<l""" dc.igna li"~ oOe "r Ille ,,'onJ, on "OCm,,'" (nun,. 
1>,: •• "(1 from 0 '" 'I'I'J). 

The cO"lrolu"" <1"""'~' the lAS I>y f~ lch" '~ i"'ifU.I",", from mem".-y a"d 
c,c';'!llillg Ihe m on~ al " lillie. I" c~pl:ojn Ihi ,." more dCI. ,kd ,'ruelUrc ,h"!'lln,,; , 
" ceded. '" ""he"'eu '" I L~ ""C 2,1. I hi' rL~"r~ r~ , ~" I , Ihllll'''lh Ihc ","'ml W1II I,"J 
lhe ALU C\J nt ";" 'l"'''~C i<X" l1on" calleJ r<"l(I,''''''' , Jdl"c" '" fo lio",,, 

." 

I..rt in.'cu"'oll Ni~hll""","";"" 
• 

• ." 
I . . • • 

tlJ"'" Z.l IA!> \Ic",,,,; F(Or"," " 
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Arilhmelil- IORic mlil {\l Ll - - - , 
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" ~IQ 
, 
, 

j 1 I I , 
, lopul-

Arllhm.Ii,,.lot!<' 
, 

d",~11S 
, ouipul , C<J u i p "'" nl , , 
, 

I MBR I 
, 
, 
, 
, 

- - - - - - - - - -- --- - -
I n"'",,' 
","I dal • 

- - - -- - - ------- - -- -, 
I 

, 
, 

I rn. I I 
, 

" 
, 
, 
, 

, I , 
, .\Iain 

I I I MAR 
, m"mor)' .. , , :\1 
, 
, 
, 

Conlrol ~C("'lruI 
, 
, 

T ,,,,,.It> , 
. ,i~n.I' Add"",,,,, 

, 
I'rngra m conlrol u"ill ,\LL' 1 

Fi~",< 203 Exran<kd ShU",U« of I.'\S Com!,"'o! 

• .\1<'''1(''~ buffer regi't~. (\IIIK): ('ontain, a word 10 I", ,loJed in m~T1l<)ry_ (), 
1S "<;cd to re,,~i"e" ",o rd from mcmo!)', 

• Mcn"'r~ addre,. rc~i't~r (.\1 A It): Sl"-,,ifie, th e aJ<lr~" '" ",,,mory of I h ~ ",,",d 
to I", wrillen from <)r Tc;!d ",10 the MBR. 

• " ""uction r~gis' .. II M ,: Contains I b ~ ~_bi, (>prude in"Tucti"" l>cin g t'xc<;uk,i. 

• Imlrudi"" buffer rt'gi,lcr (1IIIU, E",pl<»)' ~<1 t<) hold tempor",ii )' lite rJgh t
ha nd inSlruction fro", a word in memory 

• I'ro~.mll C"u rllcr (I' e I: Co"j""" the ,ddress of th~ next iMtruct irm'p"ir '0 he 
retched from memor)' 



• 
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• ,\cc.", ... lal ... (AC, ~, ... ", .. ll ipl~. " ... 'i .... ' (~".I): L",ploy~d lu hold I~m· 
porarjl~' opcrdntl> ~nd ""'01" of AUJ "I""al,,,'" h,,. .. ~anlple. Ihe ,,,,,ull "f 
,n"lliplrin~ ,"'.., 4()..bn no",hoe", i. an m-t>0l nom!>.:.: Ille ",,,,I ';~n,r1C.nl -I(l hili 

"rc """,,j in Ihe A(' """I Ihe k"" "~nir.~~n' ,n Ihe MO. 

The lAS 0)><,,,,10' hy rCIl<.'lilh'ciy p<.'tfofm it1 g~" ",,,,,,oi,,,, node. '" , 11OW" In 
I "~ur~ 2 .~_ 1:0",11 mltTlIC1i"" c}dc ,0"",1< of ,"'" ,ul":lc!Ci. Durin ~ the Ield, ,'\TI,. 
lhe opeod~ ()f Ihe ",c>"nstruct;on tS 1""Jed ,,110 rhe I I{ and Ihe "dd.e," por,,,,,, 
" I""dcd In'O rile M,\H I hi' ;",[r uction m~y I>c 'liken from rhe IBR. Of ;1 cim 
I:>c: ut"~mc-.J hum mcnl(,' y I')' ~",d'n~ ~ wool ,m" rhe Mil le and ,hen do".., '0 lhi; IIIR. 
IR.8mJMAR 

( ~" 
, 

-r 
,- .. nut ~ 

"'AM _ 1'(' I ... ,""""" ~....., ",11IIt -~- I "'lilt _ MIM"K~ -,>"< , ~A~ IBR , MHR (2(}'~j IR ._ IRR ((!-1) ". MaR (2(1;27) ",.It""'~'" IR .... MWi: (0;7) 
MAR <- IBK Ig;l~1 MAR . ).I8R (2fLl\I) 

~"'?V M"~""M~R(819) 

I ~ 

I pco-rc_1 ) 

.-".., "'"""""'" '" II! ----
AC .... M(Xf 

, , ._"""" 
"" 

G:o '" "'lit (U~I "~ .. ~~."'" ~Q '" 1.1(1<. 0 ", 

Y .. IS"C~Ol 

iMBIt <-.'>IIM"R)1 J reo-MAR 

I "c .... "'Wi: I 
----

MIX) • rono.n .. ut """"""'Y 10< ... ,,,,, ..-add.- .. X 
IX YJ . 1>; .. X 'hroug~ Y 

~ I MaR ... ).\IM"R) I 

I.u: ...... c.MBitI 



Wh )' Ihe inJo reCI",n -> ' I hesc of'Crl> lou"~ are com.o lltJ b~ ciccl"'""c " ir,·"olry 
an J ",.ull III Ih e u'"" of J "I" palh, . To .impM)' the ciect",,, i,,,. Ihc r~ ,. on l)' "n~ rcg.
"ter lhal '" u,~J 10 "fl"-'C,f~ Ihe aJJrc>, "' memo'}' f{l, a leatl 01 ""te. lIntl onl~ on.: 
.e¥i",cr ,,, be used rm lhe lIOurre '" tlc'I ",,,I ,,,"_ 

Once Ih~ "pewe is '" Ih" IR. I"" ,'r,",'me n'd~ ~ I'crlormcJ . C"mrol CH(llil'), 
"'I~rpr~ts I he "peotl" "",I c,~c u!es Ihc ill,l, uCI;on b~' ""IJIIlg Oul Ihe opp r"p""tc ('-"'
lrol ,i~na l>. I" Cau>c ,bola (0., I'>c m,,,~J 0, .tt upcrM Kln 1<1 he ,,,,,forn ... ,,1 h) the A I 1 . 

f lo" lAS romp" '''' h~J ~ 10lal of 21 i",l rucli""", .. hoch are li'I~..:I ,n 'f;ol:>k 2.1 
l'h~'!C can be It'0~ptd •• r"II" .... " 

• I lalu 1"""f,·" ~I"" " d"la t>CI"'"~n me n""y and A LU r~~i'I".S lO' h"t"'c~ n I ",'<I 

ALl ' c~,,\C"'_ 

• U" ..... "lili""al b ... " .... ' No,mall)', Ih~ <.'Ont.-o! ,,,,II CX~'C'UC' " .. ~ ruel lOn. " ' "". 
'1uencc from mc"",ry. Ini. """I" cnce can be ch~nl!cd b~ a h. ~,,~h ""UuC1 io" 
T)", f"",I"~lc' reptli1,,'c """""ion, 

• Co"Jillu"al br",,~h: '1 h ~ hranch c;, n he madu d ~TI<: "Jc nl on " t .mdil ",n. Ihus 
.110" "', Jc<;i,ion p.",\U 

• Arilb"'~Iic: O peral,Qn, rcrfOTm~d b)' Ihe AU I. 

• Add,,,,,' "'udir~' : 1'.:rn" I' addr.:~\IC' lu be cuml,uled on Ihe A LV and .hen 
;n"'rI.:d iOl\u i", 1rndl<' '' ' sto. ed '" memo,y.·1 hi ~ allo"" a 1"'llII'"'' coll, ider 
"I'k , .. Jdrc,, 'ng n~" bilit )' . 

T3bk: l_1 I""'~nl' in,u1IeliOll> in a 'ynobohc_ Ca~)·-h,...ea.J form. ,\clUa llv. ca,-h 
mstrunion must ronfo. m wlhe form,,1 "f ligUle 2.2h . T he o" • .-"de [>011 10 11 (1i .. 1 

~ b"s) ,!,cc,lic' ",hich uf Ihe 21 ,",hueli"n, i, '" IJ.>: C~Cl'uTCd, ' I'he adJ."", pofl;"" 
('cma in"o g 12 b,h) ,!",c;fie< w)""h of Ihe 1111) me'nor)' I,"'" tio",,, 10 I:>< invoh'cJ 
,n the e,ccnhon uf the i".Ull<:lion 

Fi!'-urc 2.4 . 110"' .... !IC,cr~ 1 c_1anlpk"i of m.~ ru<h.m ne<:llll"" b)' Ihe ""nlt,,1 un" 
Nole [hal uch UJ'Cration ''''1u".,... "",en.1 'Ieps.. Some 01 Ihese arc ' I'''IC elaboral e_ 
The m"I\lI,l ie_ loull OI"',""lOun ' cq u;,~' W ,ul>opo.',an,,,,,. one 10' e"ell h'l """lion 
,' ,eopl lhal "f Ih,' ,ign bit! 

Cu .. ale,rial (; ......... 1~ ... 

l 'hc I'!~), ",,,. lh.: ho' llI of the <~'ml'u'e r mJu~lI)' "-lih ',.-0 l'"i)Il.""",~s. SI"' ''r 
""~ Ill),! . d')nl in"tm~ lh( nwrke' l'kl<'c, 

In 1~~7, I eken and ~IH\lchl )' fo''''ed the Edc rl ~hu<hl}' ("'''''pul e' ("orp,,_ 
,aliOll 10 m.", uf:OClure "'''''I,ul e", romme.c,ally, I'h,;i, r;,,( ~"C\."C<>(ul m"dome wa. 
the U NI\' AC I (Uno.e .... ,1 AUI""",I,e (',-"""uI~'), "' hK:h .. as ron",,,,,,oncd to)' Ihe 
\lurc au of Ihe Cen,u, for lhe 1950 c8kuI31k)"'. Th( [ den_ \I"""hl~ ( ompule. { <lr
I~orati"" "",'"me I",n of I he l 'Nt\' ,\(' ,",,,'i,,,,n of ~I""'}-R " nJ C",poTalo..,n. ,,·h,eh 
"en! on 1<1 huild J ><,.," "f ' uccc~'''' ",.t lli,, ",_ 

The liN I v A(" I ,,~, the fiN _'U<Xts.ful .~,"'mer",,1 "",opllie r It was inlcnJ~,j 

a. the "ame ''''1'1''-.... for bol h ",,,,ntif'" a"d <",,,,,,,,mal al'llIic3UOn' I he r,,,1 l,apt. 
de"'ri bm~ Ih~ ') .... Iem INed malri~ al)lel:>raic rompu.a uon'_ ,lal>'lIc~1 l>roble", •• 
prem,um b,l hng' fOf a hie ,"",mncc ct)m l~,ny. ~nd 10~" I,,--.. I1"""Lcn" as a ,"~mplc 
,)1 Th~ la, k, it cr)ulJ p"ffofm. 
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'rahl" 2.1 [I" lAS h"trLJCti"n~t 
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r"n<f" """"g,, ,,( "·~i",', \to L" 
til< """om" I .. ,,, At" 

I'r,""kr """,,'Lll' Ilf "",.""" h'.,;", 
X ""tl) 

[,,,," <I,, "'''co" ,,' "" um "I"", <0 

m..'ffi<~' I" .. ",,", \ 
T " ",fe, M< XI I" Lh " , ."u",,,I .. ,,,,, 
1 ,.""k, \ii),., , ,, 'he ",,,,, ,,,,1 .. ,\0, 
Tm .. for 01"",,,,, ',"'" ,,' \I, X I lv 

Lhe' .. ·.·um,I,,"w 
T,,",(O, l\lr X) ",L h" .·",,, ,, ,, ,,, 

T,le ,,,,, , '" '''''''''' Iro"' Id , ", It· o' 
~"X " 

T.l, """ "',""""" j",m nY,' h"1t " I 
\1( .\) 

If "" m,,", m ,f,;, ,,,",,,,,, ,, 1,,,,,,,, 

"" ''''', .. '' "", to,.' ''',,' "''', .. ,,''" 
I",," I"," h.oll "I \trl\) 

II "" ,,,I ~' , ," I"" ."" ... m' I." ,,,,, 
"""" '!" ; •. , . o.k. ",,>I m~ ,", .. ,,, .. 

I,,"" ri~lrt 1,,11 ,,/ M, XI 

,\.JJ MIX) Lo .·\C pol ' f>< '''" " 10 'W 
,\uel IM( ~~ I" A(; 1"" If,;· ".",', '" rV · 
S, '".cL MIXI ,,",,' At PU' ,he "~,,II 

;" AC 
S". ,,,;:, MI X ,I r"." ,\C 1"" I"" 

,e",."\J,, ,n At" 
\1" ,,; ,,1) MiX> h, \to, I"" ""~L 

,,!" ,f~'"'' h!1' 0{ " ·,,,It." AC I'"' 
""II ",,,,,, 1i<'01 hi" ," MQ 

I )" " I< ,\ l' 'y \11.\ I, r"' tt..' 4""'''"' '" '''J ,mel ' t.. ,,,,,,,, <>.lO, ;" Al 
" ul " ply "·CU""' ''''' 0) 2 • i.e" ,!lit, 

k·" "''''"'' !,, "''' ''ol 
D ,,'Kk ,,, ... "' ,,' ,,",, ") 0 • ,.<' , ,M, 

, ;,h l "''' I"~" '"') 

Ro~I .,,,, lei, """ 'C" j ,dJ ,,' '1(Xl b)o 

I , n ,j1 1 "",' "tt, 0' .. \C 
Repl"'" n~", ",Id"·,, 1',01,< .. M(X) h;' 

12 , ;!"h l.", ,,, "", ,, ' A" 

I'h e L·", IV AC II. wh ich I",d £'C"I~' ""' t1lOry ca pac,t y anJ hlgbe, perfvrrll "ncc 
'ilon the ll:-lIVAC L "OS Jeh"~rcd 111 l il ~ I"k 1'1';(" ""J illu>{ratc; ,e"era l 'relld, 
Ih,{ h,,·o re lllaincd ,·har;iCleri-ti<' of Ih,' w"'putc, i"du,"y. I 'i,<t. "J,'" Il ees in ,"'eli· 
nolog~' "liow CO"'I",,,ie' t" c()ntin "C 10 builJ I. rger, ",ure po",' rful '''""PUI'''' . Scc· 
onJ . c".h ,"Ol1'pany nics '0 "" l e II, !l eW rTl "chinc, "1""Il,,1 collllillrih/,' w,t h the ()IJe, 



m""hm~'. Th IS n'~~", . h~1 the 1''Up;n". "'''iten rur Ihe "lcJcr m"chm~ ,-all be exC' 

cutcd un Ih e nc'" mach ine, T11I\ 'tmic.I).Y;' atiopt ~d ,11 the h()pc' of re{,,,n.,,~ the 
eu,'omer 00"'" thai i., .. hen a ~u.'lomer <.Ie,:ide. W t>u~'" n~ .. er machm.,. he or .he 
" Ii~ely 10 gel ,I r"'m the fame COIllf"'n) W a ... )io.ll,"ill~ the ,"'",'mcn! In I>JOgr"m' 

rhe LJ\' IV 1\(' UIVI<,U" "I>Q I"'gal\ d~"d"]lmcm ,,/ 'he ll fM) ;.,;rics ur cumpu!. 
(,,- .... h,eh ""d' h) II<: it. m~Jor ",,,,Ce of rc'~n"". Tb" ..,ric. ,il u,!r"'c, a d"'''''l;on 
Lhal u'slcd at one l,me. l'he lin,. model. Ihe L J\ IVAC L 10J. and ,,_ ... "",,-so'" for 
many )'""" "~r" pto",."ll mlC,\(bl ror «.:., ,,,,f,, arrlio;"'on>, m>\ll" in g long ""J 
<:<>m[>kx ""kul.IIOIl5. Oll,er coIIIl'ani". C<.lnccnln,lcd "" I>u,;"c", "pr1k"' io",, 
,..hoeh ,n" ,¥ed p'<JCc,"",ng large Omm"''' of lexl dam. Tl". sphl hd. largcl)' di .... 
"1'r<'.lrco..l. hUI II w"' e v;d ~n l for ~ T1\1ml>er uf y~a's. 

111M . wh Ich wa, Ihen Ih~ ",a,oo· ","nufa", urer of 1'''n''hN.l",,~rJ pf{O'-'~" "\!!. 

Ctjulp",ent Ikh.crc ,J il. fir-! "",nronie ~I.)",d-p'""ra", C<)n'l'ulcr. ' he 7lI1. It, 1953 
T il e 7UI was intCrlJcd 1'"",,,"ly r", ",cnt i/ic appl loa' .. )", [11A'>lHH[. In 1~5.<. 

1Il\1 in'lO.Juceo..l Ihe oon'I"",;on 7(12 l\ladu"I. ",hkh had" oumbe, of hard"' il(C k,· 
IUfes Ihal >ulle.J " 10 bu,,_ apl'licalio ..... The", '"~r~ Ih~ liosl of. long ",,,e. of 
7(1(V7lJOO l'Ompu,cr. that c,t"hhsilco..l I I! M as the o.-crwhd,,"ngly o..Io", ;n"". com· 
puter manufacturcl 

T he Sct:ond Generation: Tran,i.to," 

f hc fin. major ehan!e on .he eltt,n",ie <UI"I'Uler C~n'" "ilh . he rerl;,c~l"e", uf ll.e 
'·a"ml'" lube ~ Ihe Ir'n'" ."r. ' r he l,alN'''''' is ,,,,.llIe,. rh~" .. cr. ~nd di",;p."c", 1,'"" 
heat Ih,,,, " ,·acuulIIlul", ""t " :1 111,;; u<.<;d ,n ,h~ ,arlle way:" a vaCUUm lui", I""", 
S" "'" c"mpul~". Unlik" lhe 'aeuum luhe. ",I'och t~'tjUI"~S ","e., mci al l'l. , ,,,. a 
~I~", capsll k. .nd a ~acuLt1Ll. Ihe inln';Slor "a ,utld-" .. ,~ d .... 'u. m:oJc hom .,hron, 

1 hc tran,i.lor ... ,,, ""'on,"" '" Bel l 1." 1,, in 11)47 a nd hy Ih~ I~.~ haJ I "Ll nch~d 
an e1e<:In)nic <C"uiulion II Wa, n~ ,,"111 IlL" Ia,e 1'J5(1)c. lro,"c,c'. , I'a. (ull)' """""'" 
mcJ ,",mp"lo'" "ele rotl "'l<:,c;"lly a'aiI3t>1,,_ IIlM ,,~ain "". nol Ihe I",. wlttl'any 
t" Jdi""r lir" IIC'" tcchrl(,I<>gy. NCR " no..l. mo,e .ucccs,lull),. O<l i\ "·",c th,· fro .ILI-,",,_ 
"COS ""h ""IIC ..... lIltan<i11o.- mllChlne .... lUM (<lUu","" , hurlly wilh ,he 7f~ II .... ri.;s. 

'll'e "'" of lite Iran""I~ deline, lhe ..... ·.Hllt t:'-'''''''"HHI 01 '"""'llII.e .... 1l 1ta~ 1:>croJ,~ 
WIdely accepted I,) d""lf)' ,")mp'Ll~" in.(\ ~~ ",',"I IU'" I"""J (m the fIUlU"",,'''t ,,1 h,"0..1_ 
,".3J~ t""h",-,k~' en'pk'}'N ( ralll.: 2.2). bldl "C,,"' ,t:<:'t~,a. ion is ch . r.o<:.crilcd I'}I pealer 
I"OCCS>-tng r<"{o"",,,,,,,,, L"~~r ",cn1<)1) rnpac:I.~·. anu :;m~ller",.c Ihan lhe PI1;""""'onr;. 
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L1ut the.e ~,e ,,'he. c ... m~~. 3' "ell The ...,<~md general"'" "'" Ihc IOI.odoc
h(Nt of mo.e c .. mplo arilhnleilC and 10i:><' u"''' and w"' rul unth. loc u,"", uf hlgh-I'''cl 
rro~, ''' t1min~ 1,,1t~'IJ~~'. ant.! the' pl'""i"o" of .\ \,,',,'m wfi",,,,r wit h the W"' I'ute" 

' I he ,,",'Ollt.! ~cn~ ,ali"" is nOI.-",,,h)' "bl.> (""he 'PIJea"mce ,'f the I)itilal 
equipment CO' J'Of~l>(Nt (01 n, I)EC .. ~, fl.>ulloktl In I\lH all.1. 10 Ihal )car. ,1..:1,,· 
e.~d 11> fim wml""er. Ih~ 1'1)1'-1 n", compute, and Ih" wnlpany hc!«1n the n"n,· 
cumpuI"r ph"I"\,,, ""on Ih" II'oul d h<.'e<m' ~ s<, 1"<lminC nl '" I he Ih ird K"nc-'al ioll 

l'he 111M 7ifI.I 

rro", I he ;IIl."duel ion <of d,e 71(1 ilene< in 1'1'02 I" I he "'''''''uet''''' uf I"~ ",,1 
mem lk;' "f Ibe 7(0) sc'ri ~! i" 1964, ,ni. lllM p.o;JUCI I",c ""derv.·cotl an e,'o l"""ot 
lhal i. typical 01 ronipull" l"oduCi •. S,""CC>,i, e rnembe" of the produCl line '>110'" 
'ncrca",d rcrfonomnce, llK",e.>cd "'I"lell) a",lio. 11I ... ~r ~t 

I:,!>k 2) illu"""e. Ihl> !rent.! . The "'-" lit main m~n"'ry il' mUII ,I'\O, of 2'" 
Jb-b it wo.d" ~ .. ",. from 21-: ( I to: - 2 ') Il' J2K ,.",<1<. " '"Ie Ihe lillie 10 ,,"ceSs ,,<Ie 
word nl nlemO' ), the ""'Itt,," n~'I,' "mr. rell f .... ", ·101.'' to 1.4 ""'_ Tile numher 01 
orood~ grew f.om a mode<l 24 lu I !!~ 

'I he filla l ,'()lumn 'T"he"le, Ihe ,dal i,·" "'"~U1 io " ;pecd of I ii" c~nm, 1 1"0. 
eo" i "~ unit (Cl' t ), Spee,", "" pro.'ernc"" a.c ~ch;"""d by ""pro'cd cled,unie, 
(qt_. a Ir;>,,,i,,o. i"'l'lcmenl~t")n " faslc. Ih~n " ,,,eUum luhe ""I'lcmcnl.[ion) ~ nd 
mOre <:I.>ml'k~ "",un,)'_ h"o('um"I~, Ihc ][1M 7U'J.I indud~, nil In,,,u<;u{I[l Bad "I' 
Reg','I,'r. ".ed t .. huff~r tlw ,,",I i",It·uelto n. The <"'-'n!rul UIIII kren"' IWII adj.,"" ,,1 
""nI.l 110 '" memo.y I". all i"'tl u<Ii"" fel"h. " ' CC I" f", I he ,)o.:CU""nct of a Inaneh. 
Ing Instru<:llun, "hieh " 1 ~T"eall) mfre'lUenl . Ill", ",c~n. I h'" the control unil ha' to 
llCre>' mcmo,)' ru, an ;n,It"won 0" "nl)' half t!,,: ""mrel,,,n ,)'cie., I h" p.dekh
"'g ,i~ ," flC"nl l } ,ed,,""s II", ,,,·crage ill , 'rue' i"" ~)·,' I ~ tim e, 

I lie .cm< ... >Je, 01 Ihe ewumns 01 I ahl~ 23 "',11 hecom.: dCM as Ihe I,~I pron",d ... 
J"ltu,~ 2_~ <ho"" 3 J."8~ (nlan} j'Il,.,pheul.) cunfigu"";",, 10. 3n IB M 7O\IJ 

\\hi~h" rcprc'em,u,,'c of >ccond-gene,,";on Co" lpule,.; lU I 1.1.71"1_ Several d ,(· 
fcr"nce, ja m' , he I ,\S ""n 'l' ukr <ore "·,,,·th nol i " ~. The 1ll",,1 Iml'''rt;1m of tnt", ;1 
Ihe u'" 01 ,Jal~ chm""h, A <.I.rla d'~"nd ;, an ",d"p"ndcnl 1.10 rnoJulc "'nh its . ",'n 
p,occ,,,,,, and I," U" Il in,t ,uclton ... 1. In a computer "}"Iem '"" h ,u"h dc' iceo. thc 
CI'L' doc' nol e.c~,,(e ,",elailed " 0 i"",uelio"" Such ;n,l1u,',.,,,, "re ,1"'",-, in" 
"' ,,,n mc ""'r~' tn be C'e<; ul cd h)· a '1"" i" I. l' u'I)V>c PI'''''',,,,,, .. , Ihc d:lt" ,hannci 
il",11 I he CPlt milia I", "" liD tran,'". by ..,ndong a m"lml .igll .• 1 lu t h,> ,",~Ia 

chanllel. ons~ruc1'n~ it 10 e~ceute a ""'lucnce of lll""",ho,,~ II, mcmo.~ The datil 
~h,,""d perfurm' II. ""k ll1dcrcn<1~ml} ,,{ 'k U'L' aT,,1 "~nal' the (' I'll" hc" th" 
oJ"'ra ,ion,, w "'plc!c_ '1'1", !"1'3J1 gcmc'" lehnc' the CI' II "f a cul1,',krable pro 
cc",ing burdoll. 

"""ther nc'"' tcalu.c IS .he m"J/lI,I~.mr. whl,h "Ihe ccn u~ltcrn,".alJon I""nt 
f01 tI,,'a ch'" "el>. th" Cl' l , " "d me"",r} . The mui llpl e"" sched ule; "<"ceSS to I h~ 

m<"'~"y rm", [10,' <. I'll and d"t" ,h.,mel,. "1I0"''''~ 11K..., "",'il"" 1<> oct ;''''''Jk;micnlly, 

The Third Gcm'rnlion: I lll~gra1I'tf C irc" ilS 

A "n~ lc, 'lCU-c<>ntaincd 1.",,, iSlor i, e" II"J a ,/i,,.. "'Ie cUI/'I"",rm. Th ruughO\l! Ill" 
I\I~ ~nd c. , ly I ,)f,t"-. elect ."nie e'l"'I",,, nl "30 c" nopooed la.):ciy 01 d'!lCrele.-om· 
l,onen"_"_'.m"~I"", "";"0'''' ca,,~mOI>_ anti 'u (In, D''I<"'NC component' ",',e 



, -
- I" 

~~::: -, Ii!! r. - " • > "'!2 - -
~ t-! 
~ ;; ~ i 0 i i , , 
~-6 0 

, 

0.2'1 
, 0 • i , , , ; -cg 

1 ... :d ~ .~ o , _ 

; -~ I' ~ ,3. .1! i , • ~, e'e t • L~ • 
_. _ t. ,-

--~ ~ 
y 1 ~ 
1~ l 0 - .. -, .. , 

> i - , , • - • p " , 
, 

F - " 
" 

, 
" " " ~~ "' ~ .. .. .. 

"'''' , . , 
o -

, -, :' ~ • c " " 
, -

i 
< • 

F 

i~r 
, 

~} 

.H , , , 0 , 
'" , ! • " , .. 0 0 

" , , , , , c'i • te , J I J . , 11 q 0 u" , 0 I o _ o _ 

< 
• , 
! 
0 

, 
11 • - • , ! , 

" -~ 

" " 

~ 
""i - , , , , I I , i ! I _ 0 0, 

26 



l.1 / A BlUE'.! 1II ,'rOItY 01· cO.\\P UTffi, 27 

CPU 

~ -, 
\\o.lli· -, I:;:,., I pbot 

, L!:;:,., I I 
Me",o')' 0 •• 

~-, B 
lII"[lufaci LLTC'J '"p,,,,,l d)'. p""k" g~d in Ih~ir tlW" "tlnl~ iTl ~". "nd "Ad~r,d or ".",.1 
IOg~lhcr o nto ma>onilC· lil" c,rmil I,,,,,d,. ,,·llId, ",cr~ I lit" u"la ll ~d u\ ,"'"'pulcr,. 
"",ill"",,Of'Cs, nnd other eiC.HOt> ie equipm ent, Wh,'ne,"", an ,,!em "ni< dc\'icc ca lled 
for" 1r''''''' lor.'' li l1 l ~ tLJbe 01 rn ~t,,1 "o", ,,inin g a pinh~"d-, i ,~d P'"~" uf sili con had 
10 be ,oIJer"J 10 " ciro Lnl l~,"rd_ 1l1 ~ ~n l i r" TT"'nu fa~1 Lln[l ~ )'''''-'c ''_ iTOlII IT" ", i,I," 
10 circ uit oo"rd . ,,·as c' xl"'n,i ve and cuml"",,,mc 

Th"", (act> of lif, were begi nning to """te rm~ lem' itl the com puler inJuqry . 
Eo rl)· 'ccoj]d .)\~n" ", I ion com)'lIkrs "onWined at",,,,1 I O.lK)) I ,,'n, i, lor, . Thi, fi£ur~ 
gr" '" to lhe h unJreJ, of thoo.,ouJ,_ ,,", klllg IIl~ ,,,all ufaclure "I """'"r. morc IX)W,'!
lui ma chm"' in,,~",sing ly difficu lt , 

In ] ~)~ ,-" me I he aeh i c"cm~nl th"1 r"vo l ut j(,"iz~d CkClm t1 ieo and 'I"n~d I he 
em "I mic,,-,,, I,,clron,">: Ihe in wn l'''n ,..r Ihe 1Il1~~r:tk,1 ,-rrC Lli\. IL is the in lc~r.I~J 
circuit thai define' Ihe third gcn,'ral io" ()f COlI'p ute rs, In Ihi, ~ecli"n W'~ p",,,; Je a 
brjd i" lrooLlc1 ion to the te chn ology of intcgr<l1ed circu its. Then wc look al perhal" 
III . t",,, """I ,mp'"",,,1 "' ,Ill !>" )', " f I h ~ I hird ~~n"", I iut1 , I~. I h "r WhK;h were i "tro· 
du,ed at th~ oegin nin g ,,/ Ih" l ~",- The 111M Sy'1cmG(') and Ilw D e C PI1I'· ~ 

~1 krod.l'lron;" 

M i"<>eicctronics meJn,. lite'ra ll y. ",mJII ciCCl"",ic,. '" Siue" the I><:g in ninj\S "f 
d'gi l"] clc~tr"nic, " nd the compute r ind umy, there has been" I"'fSistent . IlJ con
s'Slenl 1,,,,,J I""·,,r.l Ihc ! C(i<l<;\ hJ[l in , itc 01 J igit:o I ~ I ~"tronic CiTC\II " . Before cu", 



28 C.ll.~I' ITR II U'MI'Un :R l iVOI m l o,," " r--Il I'rRHlI<.MAN Cb 

,n,ng ' he inol'ioc.lion. and I>cnefil. of IIIIS lr~n.J, .. " " ..... -..1 hI "'~. _oclh '"1 aoo", lh" 
nal m .: " r d.lt" al ck<:i lO."c<.. A murt lklailco.l ,hse" " ,,, .. "(OIond '" A[>pCn,l,. A 

rhe b,,, "e clcm c nl ~ of a uigit "1 computer, ~s ,,,' I.n" ,," , mU '] p~ r r",m <lO' :'~c_ 

m<weme nt . pnxc"';ng. and 00111 [(11 f" "d ion" ( )"I y ]1"" (" "damon , II I i,. pc. of p m,
pon~nl' are rcquirN CI I~Urc: 2_6): JIIIlc. anti mcmOf)' ceit •. A piC i. a o.k,-ice lluu 
impl""'" III' 3 SI"'l'l~ Hookan u r logICal ' unCI ion .• ueh ,... II· II A NI) Ii A He TRUI 
TI II, N C IS TH l iE (,\ N I) ~.1 tC j . Slid, Jc,' ic~, ''' ~ calieJ ~.'I c' b;"-,, u," the)' r"", m l 
<lat. flu ,", ,n mudll hc ,ame " 'a)' Ih~1 can.I,,, ,c, 00. The mcmor~ cdl is" ,.Ie " ice 
lha] Can ,lore Qlle b,t of dal ~, lhal is. Ihe dc> itt Can he m One of 1,.0 Sl ablc .[ale-. .' 
any Ilme. Il)' "'lcrronn~<I>"~ Jar!!" " um""r. or I II~,"" rU"Il."n"nlalll~,,=. we <~" 
en" ' lrucl" ~"'''rut c r . We Can relal e thLS I" ()UI" four "",Ie function,., f"Hows: 

• "ala .... "'~~: 1'1"", ,<kt] tt}, men",,} eeH. 
o I)~ta ~"'cc",,; ng: !>r'Wlded b )" .alc •. 

o U~la "'''''''IMcnl: The pa th, t>.;twttn comp .. ",cnl> a rc ... ",J to m<lve J"ta fro 1111 
memory to mem"'y and from n",mo r)' II"ougil gate, '0 mem"r)' 

• C ... trol: The 1"'lh~ btl,,"C"" ,,'ornpuneIllS (:In ~-'" r)' conl",1 "!l"~I •. I or c~~m 
pIe ." gat ~ " iH h" ,·c " t1 ~ or Iw" da ta Input' plus a ru nl",1 , ign,llmput Ih"1 "ct, · 
,al~> the go tc. When Ihe " "''''01 ' ig", I " O N. Ih,' 1\<1tC rer("",,, ih h", ct ion 
u n lhe d~ t . InpuI' .nd proJuc;,1 a da la outrml. "mll larly. lhe ".emo,y· edl 
" '111 ,I"", the I>il Ih~1 " un i1> inpul l~aJ " lien ,h~ WIU IT COIli",1 "~"31 is ( IN 
anJ wIll pl ace th e ~II thaI i, in ,hcnll ()"," OUlpUIIc.d ",·hen Ih ~ REAl) ",n
Ir<~ 'ignal ,~ ON. 

·Illu •. ~ c"l1\pul~r '~ 'f" iSl' of ~"Ie,. mc n."r)" <"ell<. ~"tI ",'c roo"" ool oo". '''''''''g 
'he~ c brlenl,. The ~aI C' and mc"" ' r)' odh aTc. III Ill"' . co tl " wr.le·,j ()f ; imil ic dig
ilal cl«lrooic """'I'onento-. 

1 he inlc~.ated cir~u' t CX1'loil~ Ihe facI th~1 ,ueh W"'I"".e n" ,,' lIall>;""''' 
fC>I! I IJH . a"d cond uCto " can !>o: fabricatcd hum. ",ml"""Jllolo, '"eh a, "licon 
II i~ ""',ely"" "",~ " ' Illn " r Ihe ,,,lj,j .,lal c " 'I to fahn",n c an ent i re ci rCUIt In a 
l'ny I"eee or ,iitco" ral h~,. 'han ""loCnlhk di"'~le components made fmrn scp:,r"k 
I"C"",,' or " I ... ~'n into lhc """", circuli, \j 3n)' 1r8""stO,," <:0" he produced .. I the ... ," '" 

1"1,"' _ _ ->1 f--. (~'tl"" 

",,' ==:::J ! \1'<11. 

1 
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,i,,><: (m" sin gle ",·,fer of ' ili con. Eq", lI y Important, IlIe,", 1"""i, lot> ca ll he COI1-
"""'ted wll h a pr(JC~" of mcl" lli zati(}n 10 form circuih. 

Figule 2,7 dq,icts II'~ k~y colI~cl'l' ill "" inT" ~"'lcJ circuli ,\ 1hi" wof,-r "h,1 
icon is J i\'ided into a matrix of "'>all oreas, each' few millimetc'fS ,yuare . Th~ iJ~n
[kal circuil p~lt"rn i> fabricaWJ in ",ch "ro", ,nJ the wale, i> brok~n up into c/lrl'> 

Each chip co",,,I. of m'ln )' g"T", :>ndim mem'IT)' ""II , ph"" "umber of Inl,ul and 
OUTPUI all,chmcnl pllill" , Thi, ~hjp" Ih"l1 l'"dxyc· J in h()",,,\~ ,il", I'",\c'ct> il 
"nd proviJes rin . for allachmenl III d,'> ice, he)'ond Ihe chip, A numbc'r of the,", 
p,C"bg~' c'all 'hen he i'n~re0nnc"lcd on a pTinkd ciTclIit board to PTOO"c~ I"rgcr 
"nd mOl'<' colI,p le, circuII,_ 

I nilioll)" o nly il Ie,," g"l~' or me mo,-\' cc"lIs could he reli"bl, manufac,ureJ and 
p"d"g~d togclhcT. Tho,e "arly int~g'"tod circuit, are referred 10 a, ,'IIIall-,mh' m/{'
"raliuI! (SSI). A, li", ~ w~,,1 '''' . il I"","",c f""",il,k to pad In"r~ ,m" """~ e(lllll"" 
nen!< on Ihe <ame ch ip. Th" growlh ill de n,ily i, dlu'll ar~d in figure 2_~:,1 is one" 
of the moq '~morkah," Icc hno)ogical trend, G\"l'f fecoHkJ. Thi. figure refk,l> Ihe 
f"mOLl, M,,,,,~., bw. which W.1S pTO[>0l1ndc'<.l by Uordon Moore, cofOll nd e, of In kl. 
in 1%5 1:"100R65 1_ M(~"e "".(;r>'~J Ihat lI,e 1lL1<"I"" of 1""""1",, [h", <:ould I"" 
PUI 0 11 a ,il1gle ch ir wa, douhling e"e f~ year and co , ,ccl ly preJicled Ih,l Ih i' pace 
"ould conlin<JC into Ih e ncar futllre, To Ihe ""I'ri", of man ~'. including Moo,e. 
Ihc' pac~ c"nllnucti year afta year and det"dc "ftc'r d""ad~_ rh e P"c-c S l (),,~d 1<) " 
doub li nge\'efY 18 monlh, in 'he 1 ~7r" . bUll"" <u,lai""J Ihot ,ale nOI since, 
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I. Tl1ccOOl u( a dill' Jla, ,cm"mxl ,,,!uall ~' unch'''\gc~1 dU ''''1l Ih i' pcrlo<l "I ,,,, ,,i oJ 
~", .. {h III de"<I')' 1 h" mcans lhal Ihe C<)" "I clI",pmer lo~;"; a",J ",cm"')' 
circuil,) ha~ ("lien al a dramatic rd'~ 

!. l:kcau>.c I'')lle and memo.-}" dcmcnlS ale ,,1.,,-.,,0.1 d"""" togelher un mule 
Je"""I), pa<k~d ch'i" the d""'riral pach ICn&I" i. "borlcnc". oncr.:a"ng opo:r· 
along spcc", 

.1. I hc '-'In'l'"I<:1 become_ ,",,,lieT. "'liking " "",'c "",,,"enien! 1<> p)",." '" a >.n,· 
el)' vI cm'n.>"mc!lh. 

4. I"ere ,,; • , cduel ,,'" III I)()WCT ""d """Iin~ rc~ ";,cmenl,, 
S. The iute''''' ''" ''c l,,,,, , ,," the jntc gr~l cd "i,.,' II;1 al e much m"rc rchahlc 1""" 

",Ider ",,,,,,C<:"""' \\Iuh mure ci",u,'J'y on c:'ch ch ,p. Ihere ace few .... 111(,'" 

ch,p <~'nI""<' ''>ns 

IIlM S!<lc""f.I6IJ 

Ih 196-1 111M h~<l a r,rm ~"P "" Ihc cumpu le , ma. lei ,.." h il" 71n) "" flC. of 
",a<h ,,,~,_ I D Ih"l )~a' _ 111\1 a"""ullccd Ihe ~l.'c",l.l6O. a "C '" fam,I)' of "'-''''11"'''''' 
r,oduct'_ A llh .. up.h the .", .. ""nc"",",,1 ,t,..,lf w,,' n" s'''p''''' . ;1 <"nl~",cd """,e 
"nric",",,1 nc',,-, fo r c"rrcll 1 IBM c .. ,tomer.: The lh1 l l'1<>dU,1 line ",~, '''"'''''1'<11' 
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("h;IrKkm'" ~I<><kl JU \h"ld -1<1 \ 1,oJd <0 \ 1....Jci M M",Jd 7~ 

M"', ...... m<nKw)' "'<; (1..'<11 "' 1,,·1( ,., " : ~ '11K 
0". "'_ horn m<.~ .... "' 'I~ " "' ""J 

I~II""'",I 
I~,><",~ . t <r"''' Lim" j"" 1.<1 U.'~1 11, - (n' ", 
~< I ;,"" 'l"'oJ , 

" '" " 
, 

M.",mum ""O\I~' ,~, ill, . ,'.,M, • , , , 
M,."""m d ... ,." "" ,,'''' ,""",,,,1 '" ~, .. I!..'<l I."') 

I~~J"'''',''! 

.blc ",nh ol.kr I UM m",h'lIc" TI,w.. 110" IJ~"S'''O<O 10 Ih" .v.o would he d,rrocu!i for 
lhe ~"fTcnt cu<lo",~, hOI'"", '1";, ,,'a, a bold "~I' 1». mM bm o,,~ IIlM fell "," "c-':_ 
es"."~' 1<> hreak oUi "f .... ""e' of the conSlra;nt' of the 10QI "rch;le<:ture and (0 p, .... 
duce" ' )"km C"I\~lIk o[ ~,"h lTl g ",ith th ~ ti c"" "'t~wa[cJ ,·irc\Jit l "d'nolo~) 
[1'1\DEllI. G llTM7[. I 'h~ "rM"¥), palJ ,,rr ho lh finano iall)' and [~d"'i ""lIy. The 
)61) ""' I h ~ 'u,<"c'" of 1 he decade and cemc",«l JB M as Ihc o,·cr,.helmingll- J."n 
'"301 C"l1lpulcr vcndol "'nil ~ ,n,,,k~1 ,ha,e abo,'~ 70ll(,. A lid. with ",me mod,fi, ... , 
"Qf" and ~'''~,,,,()n,, Ih~ ardulec' ure of Ihe ."160 'em;"n ~ IQ 11,,,, da} th~ arch,lc..,lure 
of IIn1', mainfra,n,,' compute,"_ L.raml,le, u.,n/t Ih .. D,,"hilenur~ can br, [<lund 
lh",u~houl Ihi, 'e,1 

The S~-"lcml."I6O .. ;u, lloe ondu, •• y', fim pla,ul~d r~nlll}' of compu,cls. " he 
f"m'l~ eo,'"",d a ... «k .~nj:c of I"'r/orm,ono; ~nd CO'ot, T~hlc 2.4 'Mical", W,IOC uf 
'ho: kc)' ohara,",e,,, ' '"' vf Ihe ,'ariou. mood, n' I 'Xl~ ("oct> memb<-r Qf 'he [,,,,,,1)' i, 
J .. t, ng ui,hcJ l'~ " ", (kid IItlml",,), 'j"e mood, ... ere comp""hlc in H, e ",nOC IIwt 
II progra m wriTlcll lur O"C moJd , 1",,,ld Ix c" p;obk "f llC in g e'e~uted lI~ ,, "Ol her 
nll".ld in the 'Nic,. ""tit u"l~ ~ differe"ce '" III" I"n~ II I" l c, l"exeCule . 

I he' coRecl>! ur a ("mily of compalthll' CUIIII,ul"" "a; bolh IOo,d ~nJ '" 
trcmely ,u<"l-'''',,(ulo A cu 'IOll1<:1 " ,I I> modeslle'luIlC"lCnlO ~nd. ""d~et 10 ma,d) 
eou'" .lar ... -,tlo Ihe rcia",dt inc~JlCn,,'-e \lodd )0. laic •. ,f Ihe cu.[,,",e" need> 
,.rc ... , n was """,,,hie 10 u~rade 10 a f"le, mac h,ne ,,'uh mor~ memor) ""houi 
u,c,,[,,:ong Ihe io'·c'lmc'" on ;'lread~-de'elOf",d >011 .. "re. -l"~ charaete"."c, of a 
fam,ly are~, foil ..... " 

• Simibr o. idcnli,"1 i",m,eli"" ,el: I" "",,n)' """"'. Ihe exact ,"n,,' ,cI "I 
It\;,c hm c instruel iu"." ' ''Ilport"d on all ""::111"",, or th e f;,mil y, 'J"U!." rr,;. 
gra m Ih"l ~'e,'"t~l.,n one ,,, a" hill ~ "',11 a l;., c'ccu[e 0" any "the" In ""me 
ca<e" lhe lo"'cr e" J ,,[ the lamil)' lIa., "n ""Irue"o., "'I lhal I> a >~h""l of 
,h,,, of . he lop cnd or .he family, Thi. mcan' 11",[ I'JO~mm. can mo.e ~p 001 
nol do.." 

'-Ik .. ,,. ... "';, ........ ".~ I,,, ,~, I"." ""~, 1', ... ".1 """'I'."" "'h« 'h," '"I"''''''"ru'''' 
1'<1"",[ ,." .... <~"L<"\ ,( • """.1 , """, Of,- ,~" " ,","""h 01"\1< ill"",,,', " .. owro",. fiO h.otJ~',,". 
"d" u .. J in. ,",,",,',,1 ~ " " I'n",",,,"~ ,,,' ,],,,, 



32 {;IIAl'n I< lIt ·" MPU ITR EVOLUnON ANI' l~oK-l ( I ll. \'ANC F. 

• Sirnilar tor i<l<-lIll",,1 "p" .. "lInlS,-' "" " I he Arne b.,.,,, "I"" ."ng &l<lem io . ".;1_ 
ahlc for all rOnHly mc ... he ..... In <on'e cases. add"'(N.al feal ure~ a.e a<klcd 10 
Ih( h'Vo(r-end ....,m~flI. 

• 1 .... ,,""illJ ....,ed: Th .. ral .. of ;",1 .urUon c1« uloon i ... reases in going f.om 
I"" ,-, 10 hi[thel family mcml>cn;. 

• 11I"", ... i"ll IInnobe. of I/O 1""1" In ''''''~ rrom lower II.> hlghel bmll)' mcmt." ... 

• In,-... "'n~ ....,"'''.~. ",.: In ~"lnl\ ho", 1",,'c I 10 highCl ra,,,,I~' membel!>' 

• 11K" .... ';n~ «",: In gu'"g fro", In"e' '0 hlghe, r:>" "ly ",c",be .. , 

II "w wuld ,uch a fa", il y OOI1.Cpt he i"'l'lc .\\ ~ nt cd,! Diffc,"nc", ",e,c achie,cd 
1',,;.cJ o n ,hTee fael ",s: basic 'I>(;cd. ,i,e, ,,,,d dey"" "r ,im uha""ily [STE VM [. F .... 
C101l1pie. gTe ", CC 'I"'ed In Ihe e.<!Culio" 0 1 a ~iw" ""lIu,liolt rould be gain c ~ b)' 
I he u-.c .. f "''''''' complex circuill)' in I he ALl J. alh,,,in g . ubopclalion' 10 he ,~rriw 
n u, i" pa,allel. Anolher "'-"Y of ,"c. e:O' '''11 , .. <"ed ".~ to incn::o&<: 'he ,,·,J,h of 11'1 .. 
dJIU 1'<11 11 belween main n",mOl')' and lire ("I'U O n thc MtJ<ld :Ill. onl)" I byle (II !Jo,,) 
eoul<ll>c f<:lchcd fron' mall' ,nemory al a lime. "hcrea& II b)·le. roul<ll>c rctch(t) 
II ~ IInIC "n Ihe :\100.-1 70. 

I he SIstem·J60 nol only <I,elol,,0.1 the r"lu,e cou""" " r IBM bUI al'" had a 
prof"utwJ ''''p.:o'' on Ihe .. n,i, .. io<lu'll)'. \Inny o f I" (cal ur..". h.,.., become .",...utlll 
",n "'hcr 1"It" compul ...... 

Ott.: I'IJI'_S 

In Ihe 'im", ycar Ih,,' IBM . hipp-eJ il \ liN S)"'C111!:l/iO, altolhel mome"h,,,, 
fiN ,1"pmCI11 ,,,,. urred: PDI'·~ from Il'git nl E""'I'I1\Cnl Corpo,"lio" (DEC), AI 
a I .. " " ",lion til e "VClag" compu"" ley"ir~ J a rl ,,;r-con,lil,oncd mom. Ihe rDI'-~ 
((I"b\>cJ" "IlnICOmpu'Cr h)' the ,ndu,")'. afic. Ihe mln,,""1 or Ihe da)') ","' ,,,,,11 
"""I'~h Ihal 01 ""uIJ be placed on lOp of. 1,,1\ h" "cir '" he buill inlO ol he< c"'lu op
",,,nl II cou ld no1 doe"elylhm ~ Ihe "",inf,.me rould ~ut :o1$ln.(Ol " wa. ch cop 
<" ""gh for each lah technic,"" I" h .. c "Ole, In <:onI , ",I. Ihe S)·,km!360 ",_n"" of 
ma.nfrJme « .... pulers .nlr<xl"""d J"" a re ... · monlh~ hcr .. re 00'1 hu""re," o r Ihou· 
"",.I, " f dolla" 

1 he 10'" co" and .",all OIL<: of the I'[)fl-ll enabled ono,he, ma nUr3(I UrCI 
In pure-ha"" a PD P-H and 'n'et '~IC ,I ""0 ~ 101P) 'y'lem r". , .. ",I ... The ... othe, 
n. :m"lacl urcl'> cam .. 10 ~ knOll< n 8. o.;,."sl "'lu 'l,oncnl ",anufacl"'~rs (01 M~) 
:on<l ,Ire O L \I "'athl bc.'ca n. e an d lem~ "'~ a ",aJ'" "'gmenl "r 'he co"'pu, .. , 
m:.rkC1 1)1acc, 

T he f>D I'_~ ".IS ." """,edial" hil Il n<l nr.,d" Ill-:(", forlun •. Tlti, mllchonc .r.J 
,olher member, o( Ihe 1'1)1'·8 fam il )" lhat '"lIowed ;1 (sec Table 2.5) ""h'c'cd. pro
,Iuct,un 'Ialu, fOlmelly le,cn'cli fo, 111M """'puter •. wilh "houl ;11.(0) ",achine l 
.old ",'Cf lh" nc .,t d,,,cn ~'c,"" As D LC", 011"·.,, I h"I"'~ p uIS 'I. Ihe PD I'-~ ··e""~
li .llcd Ill e "","el'l of minicompulers . Ic~d in ~ Ill " "'")' "''' mullibillion doll"r ,,,dUi-
11)'''· II .. Ii<' cS1ablishcd DEC '" Ihe nLt",I",,' .lIIe m",icompu ter w ndor, "nJ. b)' Ihe 
Hme lhe f'(J I '-~ h"J Tc.chculhc end " r II , u", I"l lI f" UhC Wa, Ih e numb;:r 1"0 
coml,"ler mun .. fa<·lurer. b;: hin<l I B \\ 
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(, .. , 01 Pr" .. ,~"" " 1)>1;. R"," ,,,.n 
1';", 1l."" """",,,,~ 1<.,,,",,,,, ~bt\"1)' \I"I Ll mc IIl11<m,""" "oJ 

Mod.! S/l 'I'I,,'J ,~I(m,) ,,,,,,,J,J,,'I (""hie'"", 1"'/'1"." ..... 
~. .~ I . ~ ,. '" "' .. ,-..'.e ... , .,-

"' .. ,""'." 
PD¥ ,,' ,~ '" ". .1) ,"""I,",,,,,,' ,,,, 

, ... """","-,, • 
pupld OM .. U< ", \I,"' .... .. -.tc _.I, d 

",,,",. 
PIIP n lI."" 7'< I.~' '" <"" I ... , . .."."" 
PI) P ,",'I' ."" ' '" 

,,, I> ,,,," ,, 

P[)'~'\I .''1 '. " 
,. 1t.'J~,"" .... * .-

PD~ ~'A 

....... , ..... .. , 
1 .. ,_' .. '" " l . mooooO,."w,.,,,, ..... '<) 

~''''''\! I' ""' I' " ~ . .",,.~ 

In "<l ,ma,1 10 Ih e ~"nl""I ·.witd,eJ "fch i,","urc (Figur~ 2.5) u,..;,1 h)' IBM on 
,1> 70017tro and J~\O .ylilcm •• I~lcf mO<kb ",llhe 1'01'·11 ~«,d a 'IrUCIUt~ Ihnl j. no" 
""Wlily un"c~II", m'mromI'UI~'" "od mocmcontpUleN: Ihe hu. '''UCI"re, Thlol 
"Lllu,,,"\~J ,,' h~urc 2,9_ n,c I'DP·~ Inl!. calleJ 'h~ Omnihu>. "Om;'i' "f % "p~. 
f.le " 1I.n,,1 path •. u-.;tI Ii} cat r~ "" ""01. RJd,"". and ,i;ota ,ign:<I •. Il~..,au<c .11 '),' I"m 
com pono ms ohare a c<'mmon"'::l ol.ignall'~lh,.lhcir Ii><-' mu" be conlfolkd I>~ Ihe 
("PITh .. an:h'lcdurc " h'):hl)' n""hk .• lIo"'II,g mOOules to "" ['IuggeJ Int" 'he buj; 
10 ere., C "JI iou, " "'~ gur.I" ''' 1, 

b.ter G,· .. era lionJ 

l,I.eyor,J Ih~ third ~"ncr.lti",'ttocrc is I,,~, ~~ncml "~rc"'", cn \ <>" Jcfining genu.!'I)'" 
of c""'pLller;. T"hle 2.2 ' ''S!I~, t, lhat thcf, h",· c be~ II " fourth .IId a M!h ~e "c, ~
l'on. l>a~d on a,,h-a,,e~ .... in mlC,I(rak.,j oircull 1<'chltvlogy. W"to Ih~ inll" .. luClion 01 
larg" ·,,,,~1c ,nlcv~, ,un (L<;I). n""c lhan 1000 co"'I","cm. can "" pL1..-aJ ,m • "n~1c 
,"'cg,,'"J circu; , d ,ip, Ve'~ ·I"rge...,cal" 11l1 cgr"W'" (VLSJ) ~,'h i c"cd m"re lhatl 
111.1..'0) c"m)x>ncn' ; pcr chip, a lld "Llrr~nl V LS I ,hip. C'1Il """ lain mOre' iI .• n 100,(01 
('omp<mems 

~ 
I~ - ''0 , .. ,,0 

"'''\mllo, ~ 
_., ~., 

I i I I J I I I I I 
~. 

fi~",c 1.9 I'))I'-~ Uu, Stille'"," 
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\\' " h 'he ",,>oJ pace of Itch,,,,I,'l.v_ Ihe hIgh '~Ic "r ""rodu.:."", "f new prod. 
uCI •• nd lhe ""porlancc of .... n,.."" and commumcahon.", "'ell ", h~rd"'arc lhe 
cI",,;I;<o1I iOtl b) jl.cncTation 1'<.'C,lrtle< Ie ,," clear and Ie'~ m<llnlngf .. 1. I I C\:m ld 1>0.' ,.id 
Ih.! the commc t"i~1 apr"""tlon "I new dnciopm('nl> te,ullcd in a lila),,, change 
in !he ~~'I)' 1\171).. a"d thai Ihe 1't!1~ 11. of th."" mantIC' "f~ 'till !>e;ng "''''k«l out In 
'hi' "'-"'''"n. "'e memion ''''"9 of Ihe mO!o' imporT.nl of ,h.".., ",.uU._ 

S<-tlliC'f ..... u<1 ... M~1IK1rJ 

The h,,1 al>plica.ion of inlcg,a,cd ci,cun .cd",,,loU'o compo.e" "'." ron· 
"ruUlon 01 .he 1"""c~""Jr ('he con",,) unil ~"d 1)le ~,,!hmct lC "nd logic "ml) uuT of 
int egr"ted Ctr~11I1 dlll"_ But il W"~ "1,,, round Ihat Ihi' "me tcchnol()~~ ""uld he 
used t() «"" It'OC! memorie,. 

In Ihe I\lSOs and I%(Is. m"'1 comruler menwry wa, ~"()n'lrue. ed fron, I;n)' 
nng' of fenoolagnclic noat~"al. e...:11 at,,,ul " "ueenl h ul on Inch in d,amcier. T he", 
,ingo; ,.~re "tUng "I' on gn.J. of f,ne WIf"" . " 'pcndcd on ,mall ",rccn' m .. dc Ihc 
COIllpultr, \jagnctiz«l one "'.y. a ''''g (",,11«1 a em,,) rcprc'lCn'c.J ~ nnc magnCI" n) 
Ille ulher .. a~. il . !ood lur a 'cr<). Mngnchc",,"'c ""c,nuIY .. ,," ,.ther fa,,: i. I<~'" a. 
little •• a n"lI ionlh or a ..-cond It) rc..J a I)lt >lOr"<.I "' "'"mury. BUI il "''', "'IICnSl¥c. 
bu lky, ",al '''cd dc,tru,livc ,c.d"uI: Tlle , imrl e "", of read ing a c"t'~ cra.;cu Ihe 
dal" . 'OfCd ,n it,ll "'", lhercf",~ ncccs"1f~' ", ,..s!~11 C'rt lH1 . 10 restole the <1;11 . as 
....... n I" " had been ,,-,Iracled 

Then. III 1971.1. Fairchild I'ro .. h •• :cd Ihc rom ",lalO\'"" caf"lciou. ",nlloonduc'or 
memory. 111" ch'll. about Ihe SI'" of a 'ingle ro,e, rould hold 2.'16 !>us " I memof}'_ 
11 ""'. n,,"dc'lruch'~ and mu~h fa'lcr lh'''' C"'C, II look onl~' 70 b,lhun. h, uf a 
"",<ol\d.,, rcad a hn, ]-h""C"(I. Ihe CO.I 1><' hr! ,.,"~ hl¥hcr Ih.n lor Ihal of (I"C, 

In lY74, a s-cm i" . l event ''''~tJrtcu: Th. prico= PCl hu of ",miconducwr memo 
or)' dropll"d helow th ~ prkc 1"" hit of core n'""''''Y , Following II" ,. thc.e I"" 
been a '~'n li"uing "nd fl lpid dc<:lme i~ mcnl"'~' <:051 ~C\. ..... mp"nied b)', wrrc'Jlon<l
Ing incrca~ In rh)'"callncmory den,, ' )'. Tbi, ha~ led Ihe wa)'.o ~m"lIer. rasler 
machi"". ,"'uh ",c,nor)' .ize>. of IUI/c, and more ~" I'<.·"';"c machine, " d h a I.me lag 
or jusl a fc,. )ca". l)e'elopmclll~ in memory 1«III\QIOjl~, ''-'Belhe ... uh dc.d"". 
mcnlo in pf('l(c"",,r leehn()lol!Y 10 be d,>cu_d nc~1 rI.an~ed Ihe nato," " I Com
I',Hers in Ics> I 11;'n a decade, A Itho,,~h h\JI~)' eXI"'n't>'c m ml,ule r. rcn""" ~ f"IrT of 
lhe laml""''' IIC. Ihe computer h", "I,,, heet! broughl ""I til Ih e "end ,,'Cr." wltb (1Irl<c 
m:",hll, es a'ld persomll <"""'pulc,", 

Since 1\170. ""mi<"Onduc' ''' me ll"'!)' ha, I>o....,n .hrnu~h II ge""",'",,," I K, ~I(. 
]6K. 6-l K. 256K, t M 4M. 16\i. 64M 2."6M. and. a~"f ,hi. "'riting. IG hll' on a "n· 
glc chiI' ( I " 2' •. I M ~ 2 '. 1 (; ! "1. Each ~enc'''I I"n has ".'" idcd four 11m .. 
Ihc ,wra8e dcn"ly or lhe ",e>I"". ,.:ncraIIDn. at'l.~,m".,nIL..J b~' ded,mnll «"I pcr 
hil anJ dechnll'~ aceC,"" lim~, 

~ I k'''1 "''''c .... o" 
lu.1 ", Ihe densily of clemenl. on mem ory dllJl' has eonl mu~d to rille,"" 

has Ihe dcn'"~ of d~mem' "n IlfOCC,,"OT chi!", A. lime wcn' on. noore and n,ore 
elcmc"l~ "'(Fe rI<t<"Cd on each ChIP, ..., . hal f.we, " ,,,I rc,. •• ""ips ,"'~'" nceded .o 
ronsIT",,' a "nSlc """,puler I"<..-c.", .. 
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A hl~"k!l'r"u~h 1'0',,, ;t<hicv~u in 1971, whon 1 nte1 .. kwl[)p.:J '" 41Xo<, I h, ~I~" 
1'0'"' the li"l cllip 10 conla in "II uf Ihe ""mpuneat, uf a CPC on " , in gle c!lip: 1 he 
micmpn.>Ce,sor "'a, born. 

I'ile 41):)4 ,iln odd two 4-bil numbers and ,'an multll'l~' 0,,1)' by rq>e<Oted add i· 
tion, By (oda)", ,t"ml'<nf<., t hc 4()()4 is hupelessly primi(i .'e , but it mor ked I he ocgm _ 
n in g of 0 cont inuing evol u( io" of mi,'mpro<c,"or c"p"~i lit y ond puwel . 

Thi, c,'olution ('an be !lCC tl "' '''I c""I~' '" Ihe .nlmber of bits thot the p""""_ 
SOt Je"b "'Ilil "t " lime. There i, D" dear_cut I1wa,ur~ or lh", bLJ' l>erhal" 'h~ l>t:<t 
mea,ure is the data hu, \\Idlh; thu numhcr of ~it' of data tha, can be ;,rought into 
or!lCnt um uf the P{O«""" a' " lim~, t\ n"th~r mC~,urc i, the number of bits in Ihe 
accu",ul:.,OT ur in the set of gc' neral.purpo;.c re~,,(crs, Often, I he,.: mc".u"" ,oin
cide, hut nol "IW;lY', rOf ~'"m pie. a number of ",icropl'oc",,01>- were cie,doT>cd tb'" 
operotc on 16-bit numb<-'" 111 regi,ler, but can only mod "nd wr it e ~ bit ' at a (i"'e 

The next major , top ," th,' e,,,ILlti<m of the mi,r"pro<""or "'," the introouc
tlon in 1 ~n ,,/ the Intel S()(),',I. Thi, "'a, the fir" ~ _hi, n"er"I'''"-'",,,,r MU was alnlO-t 
twice a< complex '" [he 40~. 

Neither of the se , tel" "'", t" h:"," til<' impact "f the n~xI major ,,"cnt: the 
Introduction in In4 of Ihe Intel ~Oi\tl. ' I hi, "'"' the first g"ne", I-purpow micro· 
proce"<>r, Wh"TC;lS the ~004 and the H()()H had hee" dl"ign"J f." '[>Celfi, ~I'r 'i ,,,

!i"m;. the 80&1 wa, J~,igTlcd to be the CPU of 0 gcneral-I'urpow microcomputer. 
Like the &OS. the 8O&l i,"u ~_I"I ",i"r"I'''>e~''''T. The :;0:;0, h"w,'.-"r, is fa'ler, h"' 
"rl(:hCT in,I'ucti"n ""'1. and ha," large adJre",n~ ,'ap"hilily 

About Ih~ ,~me lime. In-bit microproccssor; begart (0 he de>'l'loT>eU, H"", _ 

ever, il wa, tlOI UT\lilthc cnd of til" 1~7(k thM puwcrfuL gem'ral-purpo,c l"·bil 
nlicropro<c,>o" appe,ucd , One " f Ihe,,· w," the SO-';6, The " ext ,wp in thi' trend 
oceurled in I~gl. when both Be'li Labs ""U 1!.:wicn. P"d,,,d dn~lu!>ed n -bit. 
,ingle-ch ip micror"O"""""', Inlel introduced it s own 32-b it microp","e,,,,,, Ihe 
&JJS6, in !%~ (Tallie 2,6), 

101 1~7"" 1'" ..... "....-, 

~, ~~ .,., ... ,~ 

In",,(">,<,' II.'! ~',I -I/(.'7l " 1.')-1 01".-" (,,'1,79 

(locI. 'fled, HJ>< ~)I, 100 KI{, ,Mlr" '\U!l,!Mlh 
'u '>HI, 'M H',oM H, 

n" ~<lth . "", ~ to;" 8 0 ;1, I ~ hil' ~ "", 
"",ot"" ." tr'"' '" ,~, H Xl 

'" 
"'0») z..HO~f 2~,(W 

I"~"'''I HO) ", PI (') 

""<I"",,N, "lCn",,) MrJ 0",,, Ih t..B)'!" ~, Kf!)'", I M~ I \(8 

\'",",.1 memo<) I 
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In ,'::,L,ode" ' 4' pOllin'I',,"b ""I "'I' ',,1 ' 4~ ""lU."U UI ""'l'''U"'' ("'!Il' '" 'OU"l 
... n,,) 4)""-''''"~' ~~'41 .('~,\J <Jnl')" UO"UJJllJ~ ,"ou " 4'~~1"n uu, 'D~"'Udl4' 
"1'104 '''"I '''Il ,~ iUO I OS '" l' noL' ~'(\ P,'UO!HPUJ """I ',,,,oo l~ )nO J~"'l 01 " "Ull"m 
"""'P"'U "'''II J" U'" I" I'>,'"' "4,1. ·".1"'I'''J''U''LU J!4,1 """,:",,0.1 "'I j1J'({' J" l!n""J 
"' l lu~P'" ~ 41 " ,"",oJ juq.r.loq-pu I W 4"" .1dn"od .'41 JO (UnLIUOd '4) ,~.,,~ 1"4 .. \\ 

I'~~"S JOSS""".lo.lo~:>!I-'J 

-""U"W_lI'V:><i 10J u~""P 0) P"~U ~4) pUL4"'l "OP"l ;luL\!l!, '4) J" ~wo, 14" !14"!4 
J."II 'U01)J,,~ ~ Illl JO j·'P\"~UJ.1J "'ll "I '''U~\''JOJ,~d WnW!XSW J,'~14 '~ ~l p~"nb~' 

,~nb""p" , "''' 'll '""" I,k, ~o'''1 "ll 'pU(»)~' I'U" '''O!)",~p!'''m ','1''''' "~'" 'po, 
O1! ,(I!I "U" ' l'lIrLJ ILnu~lw'pllnJ ~4 ' 'U"'I<h, ~()(>q ~4 ' 'l"!d 'P""""J .1J" ,.1A ,p.1 Iqo 
O,"l "" 'tLdwo," jO <IUJuod,,,o.J rUll "u~!UJ I.1 ,nD"".' 04) 4'iinm ll l '''ll~O,J 0." 'V 
1"'-"l "~l U' ''''! '"'\J~,,,,,I .lOll 10.1 ~ Id,_,,,,-,,I limp!n.i " '" '.'."'" "n ile,' ''''<In "lI.1 
-P''''"'1''4tl", "I~UI"','''','u , owo""'l ~,":4 l'u"4 I" '1""W'w "4 1 JO LTL<) ~"U F ' 01U"J",d 
.1 0 "'O! ""I ~41 ~UlZOOIlb< 10..1 'JnbIU4,),'l ~lll '1'''''4 "'4l0 a ll) uo ~ 1'4·" 'O;lll SJW},( 0, 
"'-\0 WDJJ .<,llnJwo, SVI "'P)O "'otll '" ~\U"' J4 l '(lIenu!, OJ" '~P"J!'" l~lnd!Uo, 
' .. '~pol!OJ 'vol'! ji"'P llnq """I ~l[l 'P"'''I ~ ,,() .111L un ','1111 '! ~'tlD~l"I_').!" pue 110" 
"",! ,w;il<) """J,u"" J" ~-' I p.-.J",d '4' WOJI ' !LIIII" In,,'1" ;iun""!"'"J" 1"'1,\\ 

'1"'."0)<'_' 
JO "J lU ~' PlnJwo, ~ '''UlJu'ew o~nll ~'I l P~'" l d~! '''"lIle'll '1,1O·").'U JJ''';>SfI''J!I' 
',"""'" ""ddm 01 1''''' j1u ",~", ),,1 "'TI'I"I"P I'U~ LlI'!""""", "11''''''1 III "~."J' 
In.l-1O."od "Iilu ,,'''''UI "" ;)UI' I" ,,~ ,,,,,.1u,,nq 'u,lI11 I'P" II) ''''Olj"~'IJJ" D0l'!--' pu" 
J~"\U< UOOJIl' 01 " ll)!q~ ~lll .'·\U lI PU" -'W~l'" UOllC[n",,< '" II~," '" 'SIIO""" '1dJ" JIJI! 
""~,_" P'w iluu~~""i",, jl~I""" 1'''1.1,,, "1 'Ili ! 'I p.~l<1", '''''U ,,,,,, ,,.1, U"! "'l'V",\\ 

~",ppo\U UO ll qlllU IS • 

'Ol'} J" ,"" IF!I"""" mp'" P'H' ""!"A • 
;iuuO~ln" "'p"\Ulllnl" • 

"U!,'U~-'~J"":)""P''\ • 

l!O,,!"""~~l 4'~'-.JS • 

;lU"~''''HJ ''''''''11 • 

OP" I·'01! "lJ~I"" p;"~q·,,-,,.,~XJ,'''O ,''!\U < .. iepol)D 
Do"",1 "'"_'~ .111\ ""nil~, 1'''11 <01'''1'',1'1<1<1" dD\~'~1' '"IJ 01"" ~ ,,).j -n,,,,>(] P'''' "1""1<1 
"w", ~U'I'''nol'" JO 'U011"~IIJJ ")0 lu~,uJol '_'~P ~~ , p~lq"UJ <ll4 UOL["ID.-\O' I ',"[~Ol 
--oU4'"1 ~UII\"'IUO' '141 P"V '-,o.,,00 ,olnd,uo~ ,,~~'J .. " II~ nlJl .\ '·\U4 ,'." ·'1\4.L 

-In)'~II S U"4' ~"H " W" PITH >," ,,,,1,,,1,01'''' J" ".'~ll' " ""'" l~lIL 
.11\"1 ,,, l!'J ~' I~ :JUlIO.("" JO UOlII'W ml ,(nq )()UU".1 110,\ ',101",ue'l jD 'UD)II 'W I" 
"Olll~;l no, 'sd'~J '~ll lO pUll ,UD,,"" lli P"" ;o"~:X>JdOJ"'" ~ll l ~ Ul pn l"u[ '1~\nJluD3 

1"''''''''(\ W'1l ,'P''''I -o~u ""'",( 0 I "I'Uj ~"""J'''"U' ["HI "" J" dOlI"-" "'II 'V"d 1"41 
(K~) 1 ~ w"l1 "~I ,oJ "~I"Jw'''' [!tu'''l.xl " d" ~,!J u ," no,( ''In I' ~' tL04""·" 1"""1 R 1 V 
. ,' II "OllllWUJp _' Il~nb, Y<U 01 ~nU llum 'w~"", ""'4lJu ,()["cdR' ru~ ~'" ~'W"J,:>J '41 
' 1'4" '·'II"""~"'~'P dUJr 01 9n"" ,,,,, "U~l"" ','lndlUO~)O l'O~"'11 'J".),( ~(I ,~oA 

IJNVW1IOtf}J3"d lIOd DNINDlsaO n 

Lf '1:1)o/"I'"1I0JlI],11I0J "Nl"C>l,'1<1 I n: 
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d},namlc randoon_aIXC'<! memo>,}' (f)I{A~I). $lIll l h~ I:>a~", .cchnolog~ for conI pUle, 
main mernorv, e'cr~ Ihr~~ ~ca,.,.. In mi~ror""",.,. .. "'.'h~ addilion of nc" CttcuU •. 
"nd I h ~ ,,,,,cd 1><><)<. Ihal come. fr"'" rcduclng ,he di.13n~' I>ch.~en .hem, ha, 
''''I"",'eJ p<:rfurman(<: fw,- OJ fiwfolJ n<' . y • hlce yea •• '" '" SII\CC 10'c l l"uu<hcJ 
," xl'\6 family in 1'I7~, 

Bu •• hc , a'" 'I",cd ,,( 'he mie."p'''''''''''! ",II mll ,,~hieve iIS pole "l,al lInle" 
it i, fe d a c","lall l "rUm "r "'ork to dO;1I ,h" ("rm ()f "o"'ru,cr ;",\ruc.ion,. Any_ 
,lung thaT ge', In the w.y of th" '1\\(>0,1, now undcrnll"~' Ihe 11O"'e. of the p"",c.,. 
-.0., ACCQrd in ~I)', "h,le 'he ~hipm"le .. h"' ~ I>cen hus)' le.min~ ho'" '" lilb, K-alC 
<h,ps of gre"cl ""d lI.eale. dcn.ily. the 1"".'''''''' Je,"gnc .. nlu.>l Clime ul' ",Ih c~cr 
"""c ciaool'3'c Icchnlll""' fUl f<:edln!l, 11Ot: m""SIC' Am"ltg .he 'Mm'l~ hu,11 ,OlIo 
comempo ..... 'Y I'",e""" .. ~, e .he (ollo"'lnl:' 

• 1I.~nd, p ,~dlt1io .. , I he p"'. __ "" ..... , lool . :.hc..J ,n ' he 1",11uoiOl' ~oo~ f" '~h~d 

from menw,y HilI! p,eJK-.s ,,11K-II hraoche,. ," ~'("'fl> of ,"Slruelion'. arc Illdy 
I" he pr()e",,,,d 11",1 If . hc p'''''c,", ,, I'ue".,. roghl m",1 ,,( Ihc tlllle.;t C'III 
I'rde lCh the correct il1SIIUclllll" alld huffer Ih em .u 1 h,,' , Ile proce.wr i, kcp' 
b\l,)', Tn" "",re ",pl",I",.led e,"mple~ "I' tI,,, .lr"lcg~ predict n,,1 jt'" th e " 0,1 
""""h b,,\ ",ult'l'lc ~ •• n<, he. ""c;od, Th,,'. b •• "ch predie!ill" ",(rel'Se' Ill e 
"muunl of "".k a'",ll""k fllr lhe ,,,,,,-'<:>"" 10 uc,-ule 

• Lla.M "" .. Mul! >;'" -ille I'rooos"". anal",,<-- "hieh in<lrue. ion. "re dcrcndcm 
UD """h OIhe. '. rC'IlI •• , 0. data. to crc~lc alt opl,m,zed ..,hcduic of Ins.tU<'1i0rt3. 
l it faCI. ' ''''''I><''ton. arC ",h~.,,]ukd 1<> be exetu1cd ",hen rcady _ indercnlklt l "r 
Ih. or;g,"~1 I'''~'"''' ",der, l 'hi, I'.~"~n" U"""""",,,'y delay. 

• Sp"' .I~' i.,c e~~(,, ! i., It , Ihing ".arlch prc,,,clion and d" t" n"", all;,I)',,,, ,..)mc 
proco,s"" ,pce"I,,1 "'e ly execute inmu,1 io", "I,,,,,d "f Iheir aCi ual UPI"",1:lI\ce 
in 'he I''')~nll '' o,""ul i"n. holding Ih e .c,,, II; III le mllOfor), I"","i .. ," ,. Tl1i, 
"n,lble. the 1'''''''Wl ' to ~c~p ,,, exc..;uI"", eng,ncs '" ""'Y '" 1",,,, , "1~ Ilr C' C' 
eut lng in,nUC!lOO1i 1h", an.: h\;d~',,, b~ nceded 

11Ic", .nJ '~ he, ~1'1",'ic'~led techn"!",.,. arc ,na<k nc"",""" hy lhe ,hecr I"",<:r 
or lhe 1'10CC>:S0t'. They m~~c II I">'>"lhl<- .0 e" I>I<>I' . he no .. ,,,,,c.,,] of the 1''''''''' .... " . 

Pcr(om,,,,, .. e Ib lance 

While I'" .. c ... ,,,r I",..c r ha.,a<cd ahc~d "I I"C. ~'lC,<k 'pceJ. o,hor ""'Ol';tl ('omru
lI~ nl' "r 'he ~o"'puter h~,'~ nut ~~P' up, I he rc~,,1t is " nced I" hl~ for ['C.rv,m",,,·c 
hal"nce: an adj\",;"~ "j thl' organizal ion and 1I rdll te"I",e to ~ompcn'''I'' ("" Ih e 
",i'malch amul1~ the " ;Ipah ilil ies of the ,.rW", ""ml~ ~.~n", 

;o..;"..-hue i, Ihe prul>lcm e.c,,,~d 1»' sudl n",,,,,,'ches mllre ~",,,,"I than il1 lite 
"nell""e be,,,,«n I't))(:e","" anJ main memo»'. {'o""d~, Ihe hislor~ dCI',,,'ed '" 
Figu", 1.10. Wh,le 1"')C""u"p<"<'d and n.em,,'}· ,'al'aen r haw gro"'n .al',<lly. lhe 
'['Ce,1 ""h "hlCh dam c;'" be ' 131t,fem," \>c''''''Clt mailt memo», ,IDol .IIc 1"0.:0."" 
h .. , laUL.,,] haJI)' '''c ;nlcfratt I>ch.e~It 1"')CC"'Of and m,un mcn.Of~ i, . he n.",.. 
nu<;al p"lh .. ay III Ihe "nl>rc eu'''pu.e •. l>ttau,c il "'c'I,on,ihk fOf car.~'inlt ~ Con
,' ;om n"w "f I"''l\'~m 1116' .uc1,on. and dOl':! I""",ccn memo.y chip' anJ lhc pr<xc<.
,ur. If n'"rnor~' ", Ihe pathway fail. ,,, kecp p;'cc ",th ,he prorc,>'Q'" >n'", c ,"1 
dcm"nd'.lhe pr))Cc, .. " ,1,,11, '" a wa il , ta(e , ~ nJ ,':.ILJ"hlc proccs>inJ!"i","" 1.,,1 
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The effect, (}f The,," Irc'nd, a,~ ,11Own ,-i,-idly '" Fi gure 2.11. The "TllOuill ()f 
m~in nlc"[l1''':>' Heeded i, going "p. bul DRAM density is going up f",[<'r. The net 
,e,ul! is tita!. on '''',·rag~. lb~ llu",I"'T or [)){Ar-h r~r ,y,' c'm j, ~oi"g down. The 
.olid ~lack linc, in the figur~ silow th~t. In, , fjxcd-,j,~ "''''''''''y_ Ib" nUTll!>cT "f 
DRI\M, nccd~J is Jcdining. !luI Ihi' lw; oil effect onlram,/cr ,,,1,-'. l>ec"u," with 
le,,-e, DRA!l.b. 1I1~ '" i, k" OI'I"muTlil,' for pHn'llcltrao'fc' of Jaw. Il\~ 'haded 
hand, 'how th"l rm " p"rtic-u la' In'" or 'y<lcm. ""'Ill memory '''C I"" ,Iowl)' 111_ 
.rc"",d while (he number of DRAM, has declined. 

rhcr~ <lre" tHmll>cr of way' thai a s),skm a,chitect can ottacK Ihis I' robl"m. 
oil of which at~ reflect,'] it1 COfll,mp;!rar)' ,-omp"I", u",igll', Icx:""ric' im'lud o 
the following: 

• IrKre""" ,b" "u",be, "r h,b 110,,1 a" ,d,i~wd;lt <)Tle lim" h)' m:tkillg LlR;\M, 
""'iua- ,ather 110,,, '"de~p"r" arlJ h)' u,i,,~ ""de hu' dOla palh,_ 

• Ch"ngc lil" DHAM onkda"~ t" m"h it mo,~ dfj"i~nl h)' includ in g a cache 
or Olh"r buffering ,ct."",e on the DRA\l ~h, 1' 

• R/"d L!"" til e frequcncy of nWOlOf)' "cce>s h)' incDr poro( in g incre",ingly co",
pl~x ""J efficicTlt <-~ch ~ '('''eIL!'e, b"""een t il " pnx""or "nd "'''in memor),. 
Thi, include , the H,corporal"'" of Olle or ",,)t" "achn on 1I1~ I'T<)CC,¥" ,-hLp 
"' ,,·ell ~s on nn off-chip cache dose to the rroce,~or ,h,p. 

• In crc",e tlw intcr<:OrlHcc' [,')Tldwiulh hd"'"~Tl I'T<XC~"''' "",I memo'y b)' 
using higher-sPeed bU>e' a fld by u,i"g a hier""hy "f hu,", [0 !lufkr and 
, t,,,ctu'e d~w !luw. 
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Ano'he' .rC~ ,,{ .le'ign rocu; i~ Ihc I"",d",,~ of 110 dc'·,IT,. As c"mpu'er. 
bc<:om~ f"!k' and more ""I'" hk. more Wpl"'lical"d "1'1'1 i,';, uon, "r~ d""",<11><<1 Ih ,jl 
'Upp"'l 1i1 ~ use of !"'''piler.l. ",ilh II\l e1l,j\·c 1,10 """."d,. Tahl~ 2.7 ~J\'C' w n,e 
c . amplcl of I)"pi~'" II(:"ph"r~1 dcnc(s 11\ " '" On pc<,nnol c""'I'Ulu, ,,,,,I I'ork 
"alum, ll1c<c d."c<:~ (tcal~ " ~nl~nd<.>w; dala Ihroughl'"' deman<ls. While Ihc 
currenl il~ner3'ion or pr~'" can han<llc l h~ <lal ~ pumped ou' by lhcst dnlcc>. 
IheTe remain. Ihe pruhle'" oll!dlon~ Ih~1 d.'I~ mo>cd bcl"'C" It P")'''c~"" "nd 
l'e"l'hcral. StrJt"~' ~, hue ondmlc ~~chi"g ,mJ hulfc"n~ ","em", phil the use 01 
hi~hcr" llCcJ ,"Ie,ron tlcel;"" hu,;c, and ""lfC C l" l>oml~ . 11 u,Wre, <.>f h)t "'~ I" adJi . 
"on. d,e u"" of mul"pic ·I'me.,,,,,,,, co"f.,u .. ,,"'''' c~n oi<l in >;Ili,f)"in~ 1.'0 <lcn\;",J, 

. 
I 1I.~"i .. d " • ."h.ld,1> 

l' .... it>l><'.1 ·f t ...... o~,1J 1\lh,lO';"'1 -("."""" ~J "', ,.....", • -;-~ .. ...., ...... oo. tOO B"SI \,~ rom " 
""'i);,. <-"'''01':, f'I~!",P"~' '" -

rul l ft. ,,,,," , .• " ... , , I"" .: 161'4- ~l tl~ ," 
I '0 !",,,,,,,,, >l- I til h" """'"11,,,,,,,,,,, " I 
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The ley in all , hi, j, b"bncc lk"gr,~" ~o,,""nlly ,[m-" I., Idonee Iht 
throughput and p,,,,:e><;tlg Je martJs of the pm""',,,,. c{)mponents_ """" memor)' . 
1,/0 device', ,mJ Ihc intcrconncctian slructure,. Thi, design mu,1 con"a" tl), b;: 

rdlluu ghl to wJX' with Iwo ,nmnonl ly ~\'oh·;ng r""loro; 

• I h ~ ",Ie ;n which performance js changing in the ,,",iou, wchnology area, 
(jlj()(~,,()r. IlL"~'. "'~n\Or)'. pcril'h~r"I') diffe" grc" lI )' tWill one Lyl''' ,,/ 01,,· 
mcnt to anmiler. 

• :-'"" "rrho;nion. and new p"riphc,al device, con,tal1H), change Ihe ""I<He 
of 'he J,'T1laTlJ ()I\ Ihe 'y'km in lem" of tYP","1 j,,"ructi,)Il pmt',lc and Ihe <i.t" 
access pal1ern,. 

Thu_, COlllpLlte' J~'igll i,,, ",,,,,'a rn1)' c"" lvin g arl fonn . '11", I>(~)k "nempl, 
1" prCSfnl the funJ,,,,ento Is on whleh Ih;s "r I for III ;, h,,,,d "nd 10 pre,,·"t a ,Uf\ 0)' 
of the cu"em 'tate of thm art. 

2.3 PENTIUM AND POWERPC EVOLUTlON 

Throughout I hi, b<~',. "'~ rei)' UT1 111" fl )' Nncretc c,,,ml'b oj' ""Illpukr dC<lgn "",I 
impklllentati<ln to illu,u ,,1<; e" fl eept, "nt.! to i Il umLnal" tr adc·()ffs. Mm ' of tile "Ille. 
the bvok rdies on example, from t""O computer f,milies: Ihe Intd Pent ium "nd the 
l'uwcrPC. The P~nlillm ruprcsen!> the re,ult, of d~~~dc, ol de,ign eftort on cOm' 
pie, 1II,trudlOn ,el eOmpLJl~" (elSe,), II IIlwq><,,,,k, Ille "'plll'l IC"lcd U~" ~IL 

principles OIL("O f"urld only "n m"iJlfr.mc> "nd >upercomputt'fS and se,Yc, .' an 
cwdkot "'ample of ClSC d~sign. The I'",,'",I'C is "direct dc"," nt.1ant nr the finl 
RiSe ,},Iem, II'e 111M 1!lIL "",1 "OflC of Ihe mo'i powerful "nd 1""I .d~"V,,'d 

RISe·based s}',tem, on tht' mar let 
I n this ,"ct ion, we pro\'ide " brief ()\',,,,'icw of !>oth 'ySl~m'. 

Pent,,,,,, 

In T"rms of market sharc, Intd has rankcd 'IS th~ number one mah' of micro
r'<xcs.w" fur <.1"",,<10'. " [".'S-il ion il """rn' "n likel), 10 yield. rh~ ~\'olu';on of i1' Ihg
'hip m;ooprocc,,,,,, product "'''"' as " gvoJ rndi"" lor of Illc e,'o l ul i"rI "f computer 
lochnology in general. 

T"hk Vi ,ho"" That ",·olu,ioo. Int erestingly. a, ",i"fOrn"..·",,,,," ha w gro"'n 
f"'ter and much more ~omp l c'. I r"~ 1 h,,, "clu"II,' picked u[' 'he pac< . I "I~ I u,,·d 
to dew lop microproxesSll" "ne "fte, an,,1 hcr. c,'cr} f"ur years. IJUI lllld loLl!><"> to 
keep ,i"als al bay by trinHning J yea, or two off thi' devciopment Time, a nd h,,' do<\. 
'"' with Ih~ m"'t rcc~n' I'~"t i urn g~ncntlion'. 

It i, wMtl",hi lc to li 'l ""nG of Ih e h,~h l i~ I'" of <lw c,· " lulio" "f Ill" Int el 
producl line; 

• ~0811 : I hc world', fiN g" n"r:tl .pLLrl~'''' microp'",,",,"" '1'1", was an ~·b it 

mach ine . with <tIL 8-hil Jata palh to "ren",,)'. The H.()."oI.(J "''' u,-<J in the first 
f"'twn,,1 cOl11p"l~r. lhe ,\ !tair. 
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• 8OIUi: A fa. "I<"~ p<)\'e,ful. H'-bil ma~hlnc, In ....... uion 103 ",ode. '.lnla p"' h 
and large. ~II.'SU"' • • he ~ "po,'~d an ,n,mocl ion c""h~_ or '1 uc ue. Ihal 
p.d~rche, a few in" . .. ,lio'" ~Io.e Ihcy arc uccuI~d. A 'all"m ,,' III .. 
l"oc ..... '.)I. Ih" I';I)K!;, ,,'a, u;ed in m\1·, 1i .... ll""""n.1 comp"'c., ",~u"n~ Ihe 
"":"~,, or "l1d 

• 80286: Thi, c",cl1sion of the ~1JNIi c lwblcJ xddrcssin g. " 1/i . MllyIC 'n ~ "'",y 
in,l"a,1 'If jU'1 I \lIlylc, 

• !IO.1S6: Ilncl", fjm n·hn moeh",,,. :",J a m:.jo. O",rha ul of Ih~ 1',,,",,,·1 Wu i1 
a n·h" aIC"uOXIUte. Ih" lI(HS6 ,i,'akd Ihc C<.,ml,luily ~nd PO"""' <If m",,· 
compul"" "nJ ",",nftamc! inlrod"""d JU<I a Ic .... )'cars callie. TI", "a, Ihe 
Ii ... Imel p,oces..,r .o suppot1 mull,'ajk,"~. mcaning •• could ,un mul lll,l" 
propa"" al Ihe ~amc I.me 

• ~1Ih: The 1104116 mtroduced Ihe uoe " ' muCh n .... ,.., sophMimlrd "nJ l'",.e. · 
ful cache Icch,,,,I"IIY and ""phistic.led u"UuC)",n pipelining, I' he );I).IS6 al5<> 

otfe,eJ a hmll u. "'''til cop,oces"", •. nfflnadms co",pk~ m,,!h "rc'~ IL"n. fmln 
Ih~ma lll (· f'IJ, 

• I',' n. iu",: W,th the Pcnl i ~m . Inl d ,"""duc.:J Ih e ,"~ " f , upe,sca ]", lech· 
"L~UC', "h"" "Ik, ... mull ,ple ;nmlletiOl'~ 10 e ,,,",,,Ie '" para llel, 

• I'c.I; .. III I'"'' -I h~ l'cnllUm "", conllnucJ Ihe nu,,'c inll1 'UI),,, .. ''''I~' mg."i· 
""lion hegun ",uh Ihe I·~"lillm . "·,,h af.ll.,.."",'e u"" of . el!"le, . cnanllng 
b,anch I'rclllCl ."n. d.la""", analr"o. lmd 'p«IlI.I"e c~e""li"n 

· I't"""" II : I'he I'cnllum II inro.por.,cll l",cI M:\IX Icehn .. I, ')tY ... h,eh " 
dc",~ncd 'I",c,rimll}' IU proecSll ,oJC<I, aud,o. anJ palm"'" daM effir;e" . I. 

• I'rnli .. ", I II: l ite 1',·"lillm III i""''''I""" IC' .JJih,,",,1 rlo..I IIl~·"o'nl '",Irue 
Ii,,,,, In ,u!')lon :11) ~rap lll '" ""flwarc, 

• I'c nl iu", 4, T il e Penl lUlll 4 ill ciuJc' adJ I\lon:,1 n "r, \" ' g- poinl a nd ",hc. e ll · 
lIaJ\ccm"nl~ fur'" "l ll med la ,' 

• Ih."iu,. , nUl new ll~n~'"I,oJ\ of lnld 1'."""" .... , m"l~' u'"" of" f>.I h'I ",g"ni· 
""lion .. "h Ihe IA _1:>1 a,ct"Ieclu.e "hoch,~ d,ocu""d in okl.,1 In Chaplet I' 

Powe rPC 

I" 1975. Ihe ~I m,,, .,;,'tlll,,lIN pfOject al Ill \! I'."nccreJ m~ny or II..: " . cI"lceturc 
concep" "",J til IU<;(· 'y'lc",,,_ l 'he );10]. I,~clhel wilh Ihe Hc, lelcy RI ~C I 1'",. 
,·e,w. lau",,'hed Ihe RiSe ,,\I,,'e"' '' ''1. The III,ll. huwc,~1. ",as ' impl)'" 1',,,lolyi>" 
,"'cnJ~d 10 den",,,,, 'Hte Je, ign concept', l1,c ' 1!CCC'> 01 th o XU I l' ''' J~CI le(1 I II M 
to dc,-dop. ,·""""e"~i~1 RiSe WO"il;O ' iol\ I'.oduel. the HT PC I he RT 1'(·. inl""· 
duc-..:d til 1'11>6. ud~plcd 'he "n·h,Ie<:I ~ra l con~cl'I' of ,h~ Iofl l 10 on acr"all'tllduCI 
n.c RT PC "a. n,,1 .• "'''lUnc",ial ,ucre"". and il hod n'~IIy ri'-al, ",,,II c\~'Ip"rnbk 
0. belle. pen"'Dlan<'c, In 1990. IBM p.ooJuced a Ihud ')-,;~cm ..... ,Io.elo h."h on lhe 
1e"",,,,, .. 1 the 1101 anJ Ihe RT PC Tbe IBM RISe !»·,lcm.'6(XXJ """ • IH~{ !ole 
,uI",,,,,,.la . .. ,,,,h,nc nla.kelcJ .I' a h,gh·p<:,'ormanc"" ,..",bl.llon; 'hoJi ly " lie, n. 
", .. oJ .... ioll. I II \1 ""_~" I" ,de. to Ih.s a, 11M: pOWER archil""lun:_ 
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for it, nex , '1c'p. 1Il\1 crttNed into on aliia<lcc with "·10h)wla, d~HI()p<r of 
th e ~8!.KXJ s~ri e, of microproc<·"OT'. and ,\ pple, wh ich u",d the Motorola ch ip in 
i1> .\bcmto,h computers. Th~ re, ,,it is " ,~r i" s of m"~hinc, that im plement the 
PowerPC archilecture. Til" archlleLi LITe is derived from I he POW 1-:1{ "Tcn it e~1 "re. 
Change. "'ere made I" add h)' mlS;ing I" atur~< and to ~nahle more eHic;e"t int· 
rkm~lIt" t i"n b)' eliminating some in st ru ction< " nd rel"xing Ihe specif ication \0 

ciimi[\a lC ",,"~ troub le",,,,c 'l'"ci,, 1 "a,,,,. I he r~,"1'mg Pow",PC ,"chit"c''''c i, 
"super"",j,,, RISe ,~"em. I he Powcrl'C i, u'<Od III million' "f '\1'1'''' Mau[l1<»n 
"w,'h inc, <Inri in numerous embe dded d lip " rrlicati" n" An example of th e lot· 
ler" j lJ~·n fa mily of n ~twork manag.'l11 cn t chip., which ca n he embedd ed ill n"l' 
work eq uipment 10 prov ide ,'"",mOll IIl 'Hla!'~TTleTlI a"c'c~, for u,e" ",II, lIlult"'( [ldo r 
platform" 

Th~ r"llo" 'i ng ar~ the prineip" 1 member:; of the PO"'erPC fom il )' (Table 2,g): 

• 601: TI1C pu rp .. s" "fthe W I wa, ", hrin g 'he l'"wcrl'C oTchitCd llrc l" I h~ ma'_ 
kelplace '" qU;dl)' 0' I){»,s ibl~. TIle 6(Jj "a 32-bi l machi ne, 

• 6IlJ: jnlcllded for j"w -<;nd d",kI"p "nd por' "b l ~ oompnl~T". It i, " Iso" ~2-b i l 
mach ine. wmparable 1[\ performa","e ",nh the' 60 j. h"1 ",II h lo"·,, r cosl ltrLJ a 
nlOTe cfficient imple ment"1 ion. 

• 60~: I"k "ded for dc ,klOP t""'PLl lc" alld 1 ,,"' ·~nJ 'Crwrs . Again. Ihi, i, a 
.12 · hit machine . but it usc< much mnre advanted ,uI",r"," l"r de,i¥" tct hniyue, 
to "chic"" gr." ""' p<.'flor m"nce . 

• 62ft: I nt,'mbi fur hlgh·cnd """'~". '1 'h~ fi,,1 m~",b~r of l h ~ 1'0w~rPC hmil)' to 
implem~n t " full M _bll architect ure. i"cl u J,,\~ (H' bit register< ond Jat a p"tll" 

• 740nSt~ A Iso known as The GJ proces'>Of. Th i, proce,""r integra te, t",o le"cls 
01 cac he in lh~ main 1"""~'M" Chi p. pm\'iding 'i gnifi"anl porr"rm,,,,,,,, 
improvement ",'C ' a wmparohle machine wilh "ff_chip cache " rga ltilatiOl\, 

• (;4: Thi, p'<)Cc,,,,r incrca"" th e p"",lleli ,", and intern" 1 s['<'o J of 'he pro· 
ce,"Dr d ill'. 

hhl.· !,~ l'u wcrPC Pr",,"s>m Summar), 

'" _k 604l6fl4. 740/7~O 1(;3) (;4 

hn' ""P dJ« 1993 ,~ ,- ,m ,m 
0 0'"', ~,."'" 

'< ~ I;:<I I") '<AI 160 J'U ~~ ~ I \lH,) 

1.1 ""h, I ~ ~ toy" ",,' :<1 KO; Ic ''''' 12 Kh)'" In.',, Jl Khl"< ,"'" 

' ~Hy"o " ' " '~ Kh)to ", ,, "~~)'« " " " '2 ~ h)'< ,''', 

H,,,,,,I.: Dc,","" L<i> Kh",' , Z"", H)" , 
-

'"PP"" MoW Mo,1< 

Nom "" ,,' 
,,,",,,,,,,, I H') Vi Lb-2.<i .1.6_.'.1 

I ' .J~ 
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1.4 RECOMMENDED READING AND WEB SITES 

,\ dnc"pl.<m of 11>0 III \1 1tQ) ""nos can .,. In~"" In IIIELl 11_1, "'hol, .. g"'''' """'.~' ,~ 
'ho 1Il\1 Jt.() in IS ll'''' ~~I .. n~ "I ,~" J>llp·~ .nd " ,he, OF(' """""no< ," IIIELI.n.I, '1 1>o~ 
'hr« 1>,,,,1;, ,1", .... n'.H" 1\"11"''''''' <Io,ailod "'''1>1.:, "r vII", oompu'"" 'l"' nnin_ 11..: hi. 
'Of), of wmpu", ... 'h'v"~" 'h " , <tly 1 9f1.(~ , An",," IC",,,, I'~'. Ih., ;,,,,luJ ,, on "",'e lkn' 
",j of c .... ' "uJio. "I h",,,rk.,1 ",,,,hi "'" i, I BLAA~71, A ~."oJ h,,,o')' of 'h e 01":"'1""'''' 
"Jf i' IB ETK'I7I. 

Ono of I", 1><1' ,,,,.Imo"" o( 'be p,'"""'" "'lSI (,\10'1>11, n, 'old d .... "n""'n'~'n "",' I 
.. ako goo.J [1'" HI! I, [UKI< ~"IIO[ P""';J"" ~ g ....... ",,,,c, ,,( II>< 'n,d m",wr"""""" hn" 
"'ilh omr'"''' (In 'h~ 12 hll mxtIioc>. 

I1t1M9.lJ '" a Ih"",urh 1Ioalmenl "f 'he ,'""",1'(' .t<h,I"",U.O, IS II AN951 r ..... 
"de. "'m'I~' e<w,nr-, IWEIS9.II'",." toooh 11>0 100\\ Ell. .od ....... ,,1'(' ."'h; .... "~,<"1 

Fot '"'01"'Un~ J,,,,~,,,O'" of M"",.', la ... onJ it> run"''IU."'"'' ..,. [11\ "H.'%I. 
I~Hi\97J. aoo 11l0llKII!11 
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• 
l.S I KhY '!~RMS. IU,v llW (}U~~T I U"~ . • \NI) 1'1'.'»" .1' \\ , 4.'\ 

• Int.1 n .. dop<'"' I'.~c: in 'ol\ \I,'d, f"g< I", ucvd0l'-"" pHwidc" ""rtin~ poin' fo, 
"",0""'& I'cnnu"" ;"("",,",,,"1. AI~' i,,,,I<,,1.:; tno 1"' 01 T «hllcq)' In,,,,ml. 

• P",,,·,Pt.:: Two Wol, ,iLO>. uno bv Mul",,,], "nJ one ~)' m\\. h (h e l'u",o,I'('. 

• TopSOIl S"p~,,'omput"r Site: 1'r"viJn brief d",":ripL ;oo uf .r<hi'c"<:llITc a r><i oTg" "i,.
,i,,,, of current <up<rcnmrLHor 1'''><.1"",". ri Ll< "''''pari,o", 

• nlO,I., II.I'I'"K~ I"";'u,<, )',,,, oJc_ I",., '0 . oOJonl", "f Woh ,,,e, J<"l in g with tho 
hi>l,"y uf ('om pukr>. 

2.5 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Term. 

"""urn.,)",'" {AC) in"fUcti"~ ,egi! ... , fIR) ""'"" oritnp!e!k aM l"/lic in,(f",-tion >-o! (Mi~","J "'lu'l'mon' 
unit (ALU) inlOs ra!ed cicc'llil (le) mM"hC1Ur~r (OEM) 

'hip "' ~in me"""y Pf<>£ram contml un" 
da .. ch'n]l<:1 ,"omo<)' .ddte» p'''tram <ounto! (PC) 
='ocyrle reSi"« (.\JAR) >tQ,,,d ptog'_m ""mputCf 
klcll ""de mcm<>l)' buffe, upwa,d oom(>atibie 
In!'o'it>tJtI'UI (!lO) ttgi,IO, ("IBR) 'ou ~eu"""'" ~\",hUle 
in"ru<lK.1n hoff"T 1ruCJ\lp">C~W>< wafn 
re~j"c,{lnR) multipl,"o. ",'o,d 

in!1ructi()f1 "yde 

Rev iew Questio"s 
2.1 IVh . , ,,. ,"'red progfOm compotcr" 

:,2 ..... h"t ",0 Ihe fOUT ,", in ,"nll"-,,,cnh "f ""y ge""",I-pur I' ''~ """PU'o,: 
L1 M '"" i"'og""ocl C<rc~i, ">'0 1. "h,t "' 0 ' ho 'hrce 1";""'1',, 1 o<>o,,,t" ,n' , "t • comp<J'" 

,)',"cO\ ' 

2A E.pl.l in M(~"c', I." 
1..< Li,r ,,,d ex),l,;" 11," I.e)' chaT .>Clcr i'h," uf " """'l'''t" ' (,,,,, ii-', 
1.6 What" ,ho ko)' .h"i" ~ "i,t,,ng f",'ur~ "I, "''''''>Pr0O"'''''') 

P rob lem. 
1.1 lei ,\ - A l I I. AU!' . . A(I,tO.Il""J II B( I I, B(2), ,B(I I( II)II>< '''''' ,..,,,,, 

(o)"c-~i ,,," ,,'i on ,,1 ,,,,,, ,) con'l'ri ' i,," 1(11;<1 """,\'1<;,, ""d, H,." "'0 lu \'I<; "~{I ,d to 
form ,,0 a" a,' C ,,"'0 'h ,,, cm - ,\(1) t B(Ii /u' I _ 1, 2. _,. 1000, 1)""g tho lAS 
,n<l nK""" ,.;,. "' ,, '" , P"'''g''''' 1m ,t", pr"I~" m_ 

2.2 In ' hc IB.\! 300 Modd, 05 anJ 75 . • dJ,cssc, "T,' ,t'~""' d '" , ... U ,epa,. ' e """n 
memuT), units (e ,g .. al l C""~ numbcrc·J ""nlo in 0"'-' "n il and all udJ'D"ml>crc'{j "'0'''' 
in ,nullt"r), W)"l rnighl I", [h e purp.",< uf lhi> (c,-hni~ud 



The Computer System 

: 
A wmpUIN .}'Sle!ll (<;m,ist, of a proceWlr, memor),. 1/0. "ooJ the inte""",,,
nec(iom an.()ng thew major <X)mponents. With the exceptio" of the p'()Ccs 
wr. which j, sufficiemly oompl~~ In devote P,m TlJree ti) i\.S \Wd)\ Part TWQ 
c,amin~ <'ach of tiles<: c<J<"p"ncn(, in de1"il. 

Chapter 3 A Top-l.e,·el View o(Computer FUllction 
and Interconnection 

At a lop level, a comput~r comi.IS of a pr(J<:cswr. memol)'- and liO comp"
nents, The functional behavior of the sy.!c", ~"",im at the cxdu.nge of data 
~nd conI"" .,guah; aOl(o!\g these c'ompone<llS. T" SUPf>'l11 th~ ex'hange. the .. 
(;<)nljl<>l10"1< mu,1 bI: ;nltrC(mneocd. Chapter 3 bc~I" with a brief examina
hon of tbe CQmpute,', oomponents and th eir inpUl-oUlput tC4uirc!nl:n1), 1 he 
ch.apter then 1<><As at key is,uC$ that affect 'nlcl"i:onncctHm OO';1;n, tspeci"lIy 
the need to IUppot! i1l1errupl~, The t)ulk of th" ch"pter is devoted to" study 
of the mOlt oommon approach to interconnoction: the uSC of a structure of 
bUies. 

Chapter 4 Cache Memory 

Computer mcm<>ry ",hibi t& a wide range of typ". tech "o!~" organitation. 
pcrf"'''''H\ce. "nd Oil,t The l~pi~al computer system i~ equ ipped ",ith a 
hierarchy of memory , ubrystems. >orne internal (directly acce""il>1c by (he 
pro<'"i"IIOT) ~ nd sorne e,{ern.1 {.tte"~;hle by (he rr()CeW)r ,'ia &1\ 110 mod· 
ule). Chapter 4 lx:gin, with .n o,'cn'iew of thi~ hierarchy. Next. the mapte, 
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deals in detail ' .... i'h the de.i8Jl of c&the memory. itlcludong >l:para1e c'Qdc and d~ta 
cacI!eI and l 'm-le~c1 eachei. 

C hapter 5 Internal Memory 

'fhe de'ign of a main memory ~y'lem is • never-e od1 ng hatt ie ,mlmg 1hree (:<"11-
p<':11O& de"g" ""'I",rcmcnl,;; 1111" "ora&c ClIpat:ily. rapId aox~~ lirll(. and low co.l 
A. menlQfY l«'hool..., ..... vlvt'. uth ollbt"e threc ~har"'l .. risliN i, thdl\g1l1~. IKl 
Ihat thc de'ign dec l,IOlIS in <lrgBn;'_'"i main mcnlOl)' mUSI be re ,·isl!cJ anew "·,Ih 
each ne" implementa tion . Ch~pt ~r S fOCUloCl On dc,i8" i!SM' rc l ~ t "d 10 inl em al 
memOl). h~. lite ""lure a nd (}f&iUl".I;o.I o f kmican<Juclor ma.tI memol)· i. U.l.", · 
Ined . Thcn. recenl ad' . .... ""«1 Oil ... \ . Q)(:rut)ry urpnizallOllS .re UpIOTN. 

Chapter 6 Ext~\'11al Memory 

f or lrul~ large olorage Orl'acil y and (or more p<:nnanenl siorage th~n i, a~-ai l ~blc 
'nlb ma,n mclllQl'y. In CJ.lemai me mory OIj(.ioI1lUIiOO '*' needed. The IIl(lI;t ..-Idely 
u":d type of exlernal memory IS nl"gnetic ullol . and mu<h of Ch~f'1eI6 COI'\ttnt nues 
00 th is 101m::. Fil i i. we)ooI; at trugnctk d <>k rCci)lWlogy .rld dc.iS" CQn"de rali..,., ~. 
TheIL ,"'I' lool at th~ u.e (}f RA il) ()tganiao hon to imrr('le disk memol)' pc:rfur· 
mantt. ("hapler 6 abo examines optlcal .nd tape ~rol1lge_ 

Chal,ter 7 Input/Output 

110 module. are imerconneerN .. n h rhe 1'"x:..I!oOr . nJ main mtluQry • • nJ ueh 
tonllol\ VIle (>T morc txle m lll de .. ,c,",- ClIaplcr 7 ilr de\"Utcu 10 Ihe ''J.rio~ uptcl$ 
or I!O u'g~nizaaon oJ his is. complex alea. and less "eli unde .. lo",d Ihan o lbe r 
area. Ilf cllmpUlcr ~)~rcm dc, i~ " in lelms 01 nleer;ng pe rlo/man"" de ma nd!. C'h~I'
Icr 7 examines the "oe.;~anim1' by .... h.id' an 110 module ;meraC'l~ WIth Ihc rcst of 
Ihe computer '~Slem_ Il\ing lhe Icchni~u", or PlOll"8mmed 1-'0. inltrrUf'1 110. Ind 
dlre<;1 memOJ) ~ (D MA) The Inlerface bet" een an 110 mo..I ule and external 
device, j, al~ d.:..:rlbed , 

Chaptn 8 Op~uljng Syslem Support 

A derarled exammMion or opCfanng syllcn\> (OS.) r. be)"nd the $Col>C of ,his book 
I l0wevCf. ,t j~ im pon uilt H, unden.tanJ the b~.i<: functiOIl! ,>f an opc ," trnS ly<let" 
and ho..- thc as upiui\> hanlwal<' 10 pro .. ;d~ the dQircd I'crform~"te, Ch.ptcr 8 
descri~ Ihc bas.ic f'!1.ncipb of opcra lil'lll)"\lcms and dl'SCu~ Ihe lpecifoc design 
k~I~ 'e. in Ihe computer hard,,"~Ic inlend.,... 10 ",,,,"Ide support for Ihe vpe-ra linJ 
sYllem Tbe chapl er bellins " ilh ~ brief h ~to ry: "' hoch ",,<\-Cl iO i""ntof)' the rna" " 
ty pc~ uf <>jlcratinillyllem, and 10 mUliv . te the ll Ufoil. Nc. t. mulltp, ugramn"ng 
is uplatne.t by cumining the long-tcon anJ .toorH erm scl:oed ulrn,. fUncliQ,'" 
I'mally. an to..",in"" on or m.:mo.v mM~,.cn'tl'l .ncl~, dW:USl'ion of ~grnen
tarioo p~Bm8. anu vinual memory 



CHAPTER 3 
A TOP-LEVEL VIEW 

OF COMPUTER FUNCTION 
AND I NTERCONNECTION 

.1.1 C".puler Compon~nl' 

J.l C .. ml",tcr f'.lJIctlt.o. 

Instruction f etch an<.ll.~eculc 
lnl~r'upts 
va Functio" 

J~' In'~rronnccIlIJn Struct",e • 

.I." Hus Inl",oolUlecfiu" 

8u$ SltuCIU..e 

~lulliple.8u> l-licr.lr~hiC$ 
ElelJlt'nls of Bus (X,Jgn 

IlllS Structure 
I'{'I Commands 
Oala T'8~~fel"'i 
A.\)lIM'on 

3.~ KCl"""""od~'" Readin~ ~lId Web Sitt< 

J. 7 ,,~)' Term., He,'le .. Questl",,!, Mild J'",hle"'~ 

Key Term, 
Re\'ifW OUC>li(HI~ 
l'toble_ 

Appudu .M ll ..... g Oi:o"-n,,, 



"'F.'t' t'OL.'\'TS 

• An inSlruclilm cycle con, iSIs ,,( an IJ\SIII/C!oon felch, (ollo"cd I>y lO.O {)f more 
()p<:uIt,d I~\ch~s, lol\(",",cd I>y lem or more op<!."nd ,10'.', follQwed hy Hn 
lOlCnupl c/tc'Ck (if lOlcr,ul'l ~ a.c enatkd). 

• The majN C<)nlpUI~t '~"I~m ~oo'poneo" (pnX<'!oilUr. maio mentOr). I/O mod· 
ul~.) need 10 be inle.""'n«tro in orde. 10 ex<;han~e data and wlllrol ~'lInals, 
The ",,,,I poI/pia. meanS of ,nlertOOnecl1OQ IS the u.e of a sharcd ~l~tcm bus 
cons"I"'~ of mulhpl~ hn~l. In oontcmpoury 1~le ..... Ihere Iyptclilly IS a h,el_ 
• • clty of 1>\1...,.10 in,p'o"o f1'Crf("m~n"". 

• Key Jc~,gn clements fo, bu""" include a,hil r'~I"'n ("'het lt~. pcrm,,,lon to s.cnJ 
,ignnli U" 1>", hnc' 's c()I1lrolled centrally or in a d LSltil!uled f~.h'()n); lin ,,,,!!; 
(whelhel "'t"ah /)lItbe bus ar~ .,ynch,ollllO(j to a ~emral ciQ<;k o. are.em 
~~)'DCh.<)fIOu.<l)· baxU 01, Ihe n~1 receD1lran.m~~ion ~; and ",dth (nunlboe. 
01 a4Jrc<os lines and numbe. of ilina liD~). 

A
t ~ 101' k"ci. ~ <"''''puler con, i, l, "f ("1'1) (CCOI ral rrll'.'c" i ri g un'I) . ",~ ", ,,, y 
and I 10 "~"r<",en". "'l1n one 0' n,ore mOOule. " I e,,,,h t YI"', 'I"h"""xm,
ponenl> are mlelCOm'c'i"'lc'<i '" some fa.h,on 10 ach,e'e the ba>", (""clton of 

thc roml,utc., .. hich i. 10 e,c~ule I"ovam, Thu,," at a tOp Ie_d. "c can describe 
a compU'cr Iy""m l>y (I) dc,<:"bin jollhc c.lconal b<:ha~,or or oath oomponcnl Ihat 
is, lhe datil .nd control .ignal$ 'h31 ,I nchange' ,,"'l h "lher compvn~n"; 8"d (2) 
dcsc,ihlTlg lh,· ITIte.conncctiv" ,lfuclurc and Ihe c"<Jmn>l, .c<jui.",! 10 manage the 
uSC "f Ihe "lI~rc()n1"""t i ,,n ,nuClure, 

111L~ t(}p.k,·ci ,',ew of Slrt'Clur~ "nd fUI1~t,,", L> lTT'l'",I",,1 hcc,w,"" of il' 
expl.,n",of)' I''''''c, in uodc"'t"od,nll I he n.ture of • c"\)"'l'uta, EqU.,I1)' ''''I",,,·tanl j, 
nS usc 10 unde .. tand the in;;reM"'~I~ comple, i ... ,uc' vI performance e, ~luJt,on. A 
grasp of the top-ie>cI "mel." e and function uflcrs ,n~'J!hl int" S}",lem bolllcncch. 
allNnale p.llh ... a}·, . Ihc n .... n'lude of ,}SICm lailure. ,f a oon'pvn~nt 1.,10<. a".! the 
oa"" of addmg IlC1'fom,ano;e cnlt.mccmcms. In n'~ny C~"". 1'04ui.cm<:nl, fOI greater 
')"!Cll\ p<',,'cr .nd lail·s"rc c.'I'.,I"lit;o, arc l>l;mg md ~~ <hongmg the des ,,.., T.' he' 
Ihan me'ely Ih~r~"''''g llo e 'Il<:cd ,,,,,I r~li "h,hly of InJi,',Ju,, 1 coml'011cnt,. 

Thi , ch"l'le, ftlCUSC. on Ih~ h",j, Slru,turel used for compule. co"'ponent 
wICT>XlnnC<."1ion. A, bac~gm""J. Ihe ch"p.~r t>cg'"' "l1h a brief cumm .. "on or 'h~ 
hru.io;- oon'pon<:nl\ and thc'r ,ntorface rc'luirclrl(nIS. Then a funchonal o,·o .... "cw is 
pro'·idcd. We a,~ then prepared In e.ammc tho u"" of 00"'" 10 imon:onn~'Ct ,~ .. tcm 
componcnts. 

3.1 COI't\.PUTER COMPONENTS 

". ","",,",-cd In OIaple.l. 'i'lu~lI~ ,II oonton'px-dr~ oon'I)Oler d""ign~ ~. e oo9Cd on 
C.,nc~pI' dc, eloped by Joh" ,on Neumann at Ihe InSI11ulc for Ad.anced ~t ud,o,. 
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Princeton. Soch a d""gn i, rck"ed to as Ih e "un .v,·""wn" a,ciriln/",e ,m,1 i, ha",d 
on three key ronccpt>: 

• D .. ta "nJ instructions are stored ill a ,inglc r<, .. tl 'Hit" m~nlOry. 

• rh ~ contents of thi, mcmo!)' a,~ "ddressal:>le by location. without r~~Md I" 
Ih~ ty!'<' of da w contai [\cd thcre . 

• E~ecUlion occur; m " '"'luc'nl,,1 fashion (unless explicil ly ""xllfied) f rom 'm~ 
""truclion to th e next. 

The rC",uning I:>ch ind th,'''' conce pls ", .• l> Jiscu,""'cti in ('h"Pl"' 2 hUI is worth 
,ummarizing her", Th~ru i, a ,ma ll ,d of bo'ic. logic roml'(jile Il I, nwt C"n Ix ,'om
hmed in ,'ar ious W"y' In ,Ior~ hin"r)' data and 10 perform ""ithmelic a nd lo~ic"t 
0tlCr.l iom on Ihat data, If there is. p.nicu"'r ,'umpu taliun to I:>e performed . a con. 
figuration of logK' cumpunent' designctl spee'fica ll}' for "",t "<Jmp ut ali<Jn wuld he 
c<Jnstruetcd , We ca~ 'hlll~ uf Ille proce" <Jf con necting 'h~ various <:Onll'0 n ~nts 
in thu dc,ired configura Ii Ott .. , a form elf rrogqmming. The resulling "'program"'" ,n 
Ihe form ()f h",dw"re and is tc'rmed a Iwei/wi",,1 I'ro~""", 

l'-:o'" (()n"ti~r 0)", " lt~ rnm i " ". Suppuse we ,Ol\>iruct a ~~nn"I - llurpu,e c""n
figuration of "rithmet ic ;,nd logic fu nctions, Thi, sc i of hardware ... ill flCrforn, ,'ari _ 
OUI funcoion, un dma depeuJing On contr,,1 " ~n " l s ~ppl i"d 10 the hardware, I" the 
origin"1 ca,c of c<"lomizcd hardware, th e ,y<lcm aC"~r' ~ .law and prodoce, r<'sult , 
(Figure< 3.1 a 1. With g~ll ~ral-r" rpo", hardware, the s)"t"n, accepts tlaw and c'ontrol 
'igo"ls and produce, r",u ll , . Th,,>, instead of re"ir in g Ihe hard ... "r~ for coc'h new 
pr"l\"1I11, the progmmmer m~rely n~cd, ,,, ,uppl)' a new sd of e<>ntro l 'ign,b. 

110 .... h,,11 control 'ignab be , uppl ied" Th~ amwer i, ,imple I:>ut , ,,btle . The 
"mire progrom is actua ll y" 'iC~u ~ncc of steps. At each ,tcp, ""me arithmctK or lug
ieal o!,<,ral ion is performed " " ""IIlC tl"la . r"r c"ch qep , a new set of conl",1 "gnal, 
i, "c"d"d. Let uS rru\,wc a uniqu~ code fn ' e .. ch p<""blc '~I "f wn1ro l signab. ond 
Ie! us aJd to the gc ncml·purpo,c hmdware " ,e~'ncnt IIl "t Call "<'Ccpt " cme "nd 
gener"te control sign_ Is (rigur~ 3. 1 b j, 

Progqmming is now much ~a"cr, In"CHd of rewiring Ihe ha rdware fot eac h 
""" p'()gra m, "II we need to do is pro\' iJ t, " ,ww ""luencc of C{>d~" Each coJe is. 
,n effec!..n in, ",uell(", . ""d part of the hard"""c intcrpret> ~ach insorHC1 ion "nd 
g~n e'a l e, control , ign" '" Tu J"ling"i,h Ihi, new me th od of progro JUrni"g " 
"'quenc~ " f codes or in'i,-uctioos " ca ll ed ,,,,!tw,,,, 

Fi gure 3,lb in J ic"k' Iwo major compo"e ,, " of t he 'y.icm: an in,l ruction 
interpreler and a mod ule of ~cnuml -purro'" arit hmetic and logic funol('TlS . I hc", 
Iwo c<ln,ti lut~ the CPU. Sevetal nlher coml'un~111S arc needed to yield a function _ 
i"g computer . Dal" 'lll d inSTructions must be put ,nl" the '),"Gm, For th is "·e need 
",me ",n of input ",,,duk. Th is module comains oa,ic compone nl, fur "c't'"pting 
d" t" "n,1 in mucl i on~ in some f"nn and ~om'crti n g them into an interna l form o(,'g_ 
nab u,~hk h)' th,' s)" tcm, A mean, <If fqx >rlm g n.-",II, i, nc~d~d. and Ihi' is in Ihe 
form of an OUlpu' mf>Juk. Taken togcther, th" '" a"" rdcrr~tl t() ,,, 110 component •. 

One more cumpo"cnl j, n~c, .. kd, An in put dovice "i ll l:>, ing in . trocli f>n' and 
d'I' ,n s(qHcmiall)', But a prog,am i, uol jn"""" bl}' ","cu 'ed sc,! uonl ioll)', it 01')' 
jump .round (e .g" Ih" lAS jump instruction), Simi larly, Up"mliom on dat . rna}' 
rC'lu irc ,cce" to more Ih"n j'''t unc d~ment at" time in. predelcrminetl s"'luenc~ 
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Ibla ----~1 
S«jut""" <of -. .... 1Oti< 
(~ ......... 

1 ... I ...... ioo ____ ~1:,~·;"~~~,;,~·~, .. 
......... ~ \III..,. ..... 

IM .. ----~1 
~"-.l 

----'" 

____ . 11"'"11; 

Ib, """"",,wni, ... """ ...... 

n.,,, •. 1. 1 H""I .. "," "nJ "",(I",,," '\ I~)f"","", 

Tl>u," Ihere muSI be a pia,.., 1o .tor" Icmpolnil)' bolh In",ue,io"' a",J ,Jala_ ""31 

",w~l~ i, calk<.l m~m"'J. ul m~i" m~m"" 10 <.I""nsuosh II from eXlcrn;,1 ~IOtasc or 
I"" Ipheral dc, ICe" V"" N~IJtJt""" IlOjlllC<.I 'Jut Ihal the S<lnlC "'''mDr)' "" .. 1<.1 be ~,,'Il 
I" &IDrC bolh i,,,,, uctioos 11 11 11 "Jla, 

bj:urc :1.2 illu"ral<:.' 'bes.: 1Of/·!c,'d ' .... "'IX'nenlS .n<.l ,unc'" I h~ ,nlcr.. e",,,'" 
."'01" Ih~",. I1le CI'll ud,anj:c, ,.tau "'II> memory_ I'ur Ih", purp<»e." Iypically 
make!; uoe: of 1"'0 ,nler"~1 (In Ihe CJ'U) .eg .. ,e,.: a ",emory .J.oJ,~ •• ,~~"cr 
l~!i\H). ,.",eh 'pecific~ Ihe ~,J",e., in memory for Ihe nexl rcad.or "file, and a 
'''''m", y buffc' Teg"wr (.\1 1m,), which ~"", ,, in , Iho dalU '" hc ",roB,' 11 ,,\1<> ,,,,'mory 
,,' tc-.:ei,·es It..: <.Iat" ,~ad fru'" me ,,,ory, Similarly. an L'O "<.I<.Ir~", r~gi"e .. \ IfOA R) 
"1"'cific. a p,uucular 110 ,k.',ce All I/O b .. ffer retNC r I,IOUR)" used ror H,e 
t~chan~~ of d~la bch.ccn an I/O moo.lulc and Ihe ("I'l -. 

A memury moJulc ""n",'~ " f a "'I of I", .. ",,,,,. <.Icfi"od b)' ""Oju<:""ally num
''''rcd addr"~'"', Eac h I,,,,,,,,,,,, c<')","in' u h,,,,., y "uml", .II,;,1 ca n b<> i"l "rp,e1"" ", 
c,'ioer "n 'mtrU~lion or d,,'a, An 1.10 m,><.Iulo lran,krs data fmOl e"e,.,,~1 de"Ie'c' h> 
O'U an<.l men ... !)'. an<.l "'C~ «lVI, h wn, .. n1 In1~rnal buffe .... fm l~mpono .. ,y hold· 
Ing Ihe"" oJa'a unl,l lhey <::Ill t>c ..,m Oil 

l la .... >~ 100l<e<.l briefly al Ihe"" m~J'" Cnmponcn, •. ,..., no,. lurn h' ~n o,'cn >C'" 

of I""., the oe comp' '''c" .. fUnCI'Ull I"~CI he ' '" UCCU' C l)fU~r"n". 



CPU 

I/O module 
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SYSll' lll 

bus 

I'e 

" .''''It 
\ 181t 
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).'IHin memory ,.:=:..:;::. ="--, • 
• , 

~': 1~"'U<tion 

'''''rue'''''' 
' ..... '"'·1;.... - : 

1M. 

1M. 

",. 
11.._ 

. -, 
L-__ .- . 

~ I'TOg .... '" """Iller 
~ Instr uctioll rcgl<t.r 
z Memor} ~ dd n"" re~ i'(er 

= Memory hu rfer r"l(i",e r 
110 AI{ .. 
110 nR • 

III~ul/"ulpu( add,,,,,, r.l( j't~r 

Inrll l/nllll'''' b"fl'<'r r "l;:islrr 

The basic fu"dlem pt;,iormcd by" computer is ~xccut",n of" p"'g'''1l1, which ,,,n_ 
siSlS of" set of in,truction, 'lUTed in mcnw,y. The processor doe, lhe actual work 
by ",coming inslruction, specifie d III Ih" progn,m. Tni , '"~lion pro.'ide, an 
ovc"'icw of the k 0)' clement' of program e'''" Ll! ;''']. I nit' ,""pk" f",m . instruction 
proc""ing """"IS ,.>I Iwo stcps: The processor rcads (fi'ICilc,,) 1I\,tr~"t;on~ fro'" 
memoT)' one at a time aIBJ e,,,,, ,,te, "",n ill,lmction . Progra m execution consi st' of 
rqlCalmg th e proce" of instrucl ion felch and ",qruet i"" ~ xccul ion. ·In c imtrudion 
execut ion ma y in,,,lvc 'Cwwl opaation~ and Mpends 0" the nature of tile instruc· 
lion (",c. for example. the 1",,"<", portion "I Fi gure 2.4). 
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l 

Th~ r'OC<'>'1Il1!1. le<J.urr~-.J fOI a ",,,,w in>l rucllO" •• call~d an ",,,me/,,,,, n'cI~ 
II"m~ Ihe 'implir..:.! ''' ..... ''''1' .!escnphon ",'cn p.~~" ... 'ly. Ihe u" I.uction cye'" i, 
d~piet"(1 ,n f'i)'urc ,1.~ . I he I"" 'Iq'~ "'C refc"".! 10 ns Ihe /,'1. /, 'J'<I< '''''' Ihe 
~r<'cule n.I~. P'''Il,a", ex«ut,on h.!lt ""I. if Ihe """hi"" i, lumc.! off, "'HI'" ",rl 
"f unrccu'erablc enor occur ... or a l".:>gram Inilrucliun th~1 halls Ihe cuml''''el'' 
co<o u,HercJ. 

Imfnoc lion FelCh and Ex<'culI' 

AI tnc I>i;~,nnin~ of c och "' sTruclion <)de Ihe procc."" Ielche, an in.' , uchun 
(rom mem"r)" In a t~pic.'p,uce'>SOr " rel!i>1el nlkd Ihe pr<>gr:"" Cu unl ~r (PC) 
hol,J;. the add,e,"' of Ihe m'1Iuc1iun to be fclChed nCiI. Lnk.-M luld uthe""-"",, Ihe 
p",ce>sor .1",")" 'ntrcm"nl~ Ih~ I'C afte r earh 'n~l n"lIun frleh..., lhal il ",II fClc~ 
I lie ""xl It"lnKli()ll ilt ""que"'''' ( .. e .. I h ~ i"'truel"''' localed allhe ne", hi gher mcOl
Qr~ addrc'>l So, r"r example. eon, .. L<:r a compu ler in ,..bich c~d' m'\ruc~i(ln ocr'" 
I"e. onC 1(,-bil ",),d of nw;m",y, A..,;umc th .• 1 Ihe l"uJ!.ram counler "",I 10 Loxalion 
11K!. The P""""II'r woll n "~ l [deh Ih ~ In<trud ll''' "' ),,,,,, ,,on 11KI. On ",ccceding 
In,trucllol! qclc., II "'ill feld, '" ",,,,1onn, frum IOCaliu.".I01 1(12 .. 10.1. ,,,,oJ;u on. 
111l~ "''l" enec mar ~ altered. a' c~plamed l"cKmly. 

The fctch~d ,",trueliun" loaded ,"I"" r~gt"er '" Ihe p"Xc,'>Or kn""n~' 
I he in.!rll.uno reg,,'e, (I R) , I he in" ruction ounillins hit ' (hat 'peeif)' I h ~ HOl ion Ihe 
procc.,,;..,. i. 10 '"~c. T he pruce'<lOr inlerp.-"," III" ilL>I ruo.1ion and perfom" the...,· 
quire'" aCliun. I n g~ner.'I . llt.e-c aCh onl fall '"to fuur e~Lt~unc>-: 

• I· ........ ''' ... ''''' '' .. >r~: DaH' ma)' he It an>f<orr~d from I'rucc.,o,' 10 m~",or)' '" 
f"'m memory 10 proo."""" 

• l·ro,,~, .... _IIO: lJal a m:,y be lran,(crreJ ,<> '" If"", a pe ripheral dc"cc hy 
Ir"n,ferrin~ N:,,,,ee" Ihe prucc" ... " ."d on liO m""lolc 

• 1). 1,. p",~i.J' 'l'lte proce,,'or may ""rfonn ,,,me 1"'lhm~1 ie or logi~ , ~",ra· 
liun ... " dala, 

• ('""Irol: An inmu<lim. may 'petify Ih :" Ihe "'''lu,·'1<:<: of execul;o" h-c ail er,," , 
f'or t!",,"'pk, Ihe p'",-""s,,-,r may ftl~h an in'l,uclion fr"", k",~,i"" 14'), "hich 
.pc<ift~' thai 'he ne>! ""h ueli ... " b~ f' um locali ... " lit!, Thc p,occ'-.or will 
r" "'~moc, IlIi , fOCI h)' !k:l1ing Ihe pr~f"tll CUUT1I~r IU IK2, Ilt",. "" II' ~ "e'l 
felch ",dc. the 'R-"ru("llOn ""II he felche.! f,um fu.:au"n 1M2 mllier Ihan I SO. 

I 
~l '.\WT 

~<rlrh 'w" K,,-n"~ Il.lUr _ru.,1oot 1,,,,ruC1i<>oo 

, 



, , 

rr"",,,m ,'oon1<, (PC . - 1141",,, ot ,",,,",,, j,,,, 
I,,,,,oc",,,, "'g ;'ler (IR ) ~ h"'~"" ;n" ",-- in, ",,,,uled 
A," ","n);"", (.~C) . Tcmpomry ",,..age 

lOll ~ 1"",1 At ' In.,, "",n""y 
(~I l 0 ~ SI,"< AC '" m.om",}' 
UIOI ~ Add to AC from ""'""")' 

<t.) lnte rn;1 CPU reg"""" 

" 

" 

{",,,ider " 'implc example u<ing a hYl'Olh"l i,-,,1 ""chine- lh at induJo' th e 
charac1c'IIQic, h'iG.i in Fig"'~ },4. The procc"of com"in," single Jota ,cgi,lcr. 
,albl an accumulator (AC), BOlh ,,,Q"'tl;o,,, ,,,,J d"t" [l'G I~ hilS l<lng. Th",. il i, 
<'''nvcn;~nl 10 organize mcmor~' u,ing 16-bit wo"h. The j",true!", ,, f()t "' . ! I'""',,k, 
4 bll' for th~ op"wc, ,,, Ih;tl Ih~rc' c"n t>c as ",ony a; 2' - 16 different 0JX",Ic,. "'HI 
up (0 2" - 41)911 (4K) w"rd'ofrn~nH"'" can ~ dire ctly aJd,",,"d. 

figure ) .5 iliu, [rote," p.1r{tal prop,,, ,, ~'~m l;C>n. , h"", ;nj\ lhe ,d""lInl ro' · 
,i,m' of menlOf)' and proceswf fcgi,tet., The prog ... am fragn,cnt ,I""", odd, the 
content, of thG memo')' word "' aJJrc ss ~~O 10 Ih~ con lon!, of the momot)' word at 
add'e ss 'MI and storeS Ihc re,u iL in the I:on~r I""",i,,,,_ Th,"c i" 'lrU"li,,",, which c"n 
1,,-, dCM:,iocd a, th,,,,, felch and three execute cyclc,. are "equ,red, 

I, The PC contain, _'\«), t h~ add,c~' "f t h~ [i", in '1rUC1io" . I'hi , imtfuction (th~ 
""Iue 1'140 in hcnJccimail is lo"<l~oJ ",10 Ih,' ","meti"" r~gi,wr m " " oJ The 
PC i, incrcmentcd. l\,,'c Ihat (hi, proccs< in""lh-' the usc of a mcmor}' 
aJJre" rcgi,t~r 1_\I;\I{} "nd" mem",), I:>ufkr Tcg i,lcr (MBR), For , implicit)-. 
Ihe", in1<'rmcJia tc regi"",." Mc i gnor~J_ 

'H"""", ;""I ,,,.,, ,",",, " <';'1. ' " ~'" k h ,,,,,h "" .)1 ,,,v,..',, n" 4 "m Pm " the n>.:>M ,on ,','n"o! "",., 'on 
Tm "r,c«nti"~ 'h' "' .. "',," d """"''- .oJ ,e~,"'«, ~'h," Lh,' ~'",rll'" "th '" m"hor'" "I. S« 
'\1'1"-00 ;' B t,w, ""', ""cc""', "" "u rn"",, ')',"m, !LI<cim. l, ll<",,), h«;JooorruJ) 
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~-, ( 'I" "'I:i>'"" M..,""1 n" "'I:i>t<n 
.lOO[Di~ :l )~ 1iH~9 ~ " " , ~ 
.lOf~Y4 , " \(IfS9 ~ , , 0003"'<.' 
")~ 2 .. 1 f9 4 01R "'1294' 1 9 4 U W 

, ' > 

~\'@ ,,> , "'In ~ II 'ii'""'J.r' 
~'" " iI 

, 'M I " II I) l 

~I'r I SlCp! 

Mr,......,. CI'l ....,.;. ...... M .. ...,.., 

Jfijk .'l)nI9~ PGII'C _~~I 9~ 
lOI ,5 q 4.J... 0·0 Ztl~C _\(115941 o'u.o.s AC 
J02L: 9.:!....l. \ . ~-9 41 IR )().! " l 9 • 1 ' ~l , 

~(\H8l u ~ \I.IlJiITr 
, ., , ,--'" 

'14)00(12 '»100;) , ---,,' 
Ster 1 ~''1' ,I 

\1<11\9') 1'1'(' r.~i>l<" ~kr""c) Cl'li ,,"~i'l'" }(IJIlj 4 " TIf1l PC lO, l Y' :1 ' J U JIf'(" 
.1U1 .1 ~ 4 > OOOS'AC ~JI ' ~~. , OOO"i\I 
"'~ !-9 4 , 0>j 294 I " "J! ::2"'i''',,- , , , 2 9 4 I IR , , 
941)~o ' Ojl 
9-tIOQ02 ~~ua' 9HO\lns .J 

S"-'P 1 S,c!, 6 

FI~ ... , ,U h.n\l~c " I I'r()~, .. m L ,"""II"n \,,""<nl< .. I mc"",,)' .nJ 
reg""'" "' h"""lct"""I) 

2. The fI"l J 1>01' (fi,,1 hex~d«Jnl,,1 J.t.\) in the Il{ "IJ,eale (hal (he A(' " 10 Ix 
1oaJc<J . • he ,en.aontnll 12 1>, .... (lhree h~uJeci"'dl Jigib ~ 'p ... cif~ Ihe adJr~," 
(940) r,om .. hlCh ""l~ a,e 10 be Ioa ..... J 

.\. Ibe ",,_,I "",IrUC1k,., \59-11) is f~lchc<l from 1"'~11on :101 alld lhe PC " mc<ctncnlcd. 

4. -. he "IJ conlcnl' of lhe A C an.J lhe conic,'" o( localion 9-l1 a'~ a.J.J • .J "n.J (h~ 
.",u ll ,; 'lO,e,. '" 1he AC 

5. Th~ n",t ",,!fud,O" (;N41) " ktch" J I,on, h"lk~1 102 anJ thc p(' .. ;.\"<:"",,t ,·.J. 

~. The ~""t""l' "r ,he AC arc ;Ior"d ill I.x;"""" Y-I I. 

In ,b" ",,"\\pk 'h.~c "l",uei;on c)'cle" c"d, c.,";i'Ti n~ of a (,,(ch cyo;ic .n.J 
an necu(~ C)-ck no<" ""e<I"J 10 ad.J (h~ c"menl.' " r 1,,,,,lIi' ''' 9-W 10 (he c.~lI cm~ or 
""' I. Wilh a more ,",,"'pin sci of in,~ ,U(1""I<. fc ... 'c. < ... "k.,. "oul.J he neeo.lc<J ~m~ 
oI.Jcf "rocc.",,' r", """'!,ie. 1Ddu.J~.J in'lru~Il"h< lha( comain n,,"C Ihan "n<." 
mcmo.~ a.J.Jrc<.\. Ill", Ihe neculion "d~ f", " paJ1i~ula. ,nsh uction " " ,uch 
I" '""'S><'" roulJ "" o" 'c ""'fe lhan one Tc(efen" hI mcnl<"} _ Al<o. in>l",.d "r ",cm' 
<H~' re ferencc'. "" i'''lIu';li,m "'''Y 'l>< .if)' .11' 110 '1", . allon 

I'or """"I"e. th ~ I'DI' It ",,(,uction ~' l'f""~.J ;), mt><)hc'a lly " ' ADD B. t\ 
, 1,,,,,, lhe ' u'" of IIw """Ie,n. 01 memory IC ""'''' 'ls B (111<1 A JllIo memo,)' h.c lliion 
,\, A 'i"gl ~ il,,1 ""'\lUTI c}'de wit h the (" Il ,m JIll'- ~I "l~' , ,,,eUfS: 
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• Fct,,~ t~c ADD irlSlrUcliorL 

• l<eoJ Ihe '",>okn\> of memory location A tnte} Ihe proce<>OL 

• Read the conlon!> of me"lOr), loca,io" B into the I'''''''",'OL In ord~r Ih", In" 
eonlent> of 1\ ar~ not lost. the )lroc6so1 mmt ba'" ",Ica,t t,..o r~g" lc", [or 
'Io'i" ~ rn~TTlory v" l"es, rother than" single accumulator, 

• I\dd the two ,'alues. 
• Writc' 'he r~,uli from Ih" proco",,, to mc-nll'ry location A. 

Thu" the ","cu,ion c)'cle for "parl icui", i",uuetio" TTl")' i",'"I,'c more tlwn 
onc ,cfc'~nce <0, m,mOT)', 1\lso. in,teati of memory rdcr~nc~,. an instructi"n ma)' 
spec ify an 110 ofl<'ratioTl. Wi'h 'hes<; "ddit;on"l oon,iJcrat ions in mind, Figuft' j,6 
provide, a more dClaileJ 1,1Ol at tiw ba'K i" ,truchon cyck of Figure 3.3. Th~ 
(i~ urc;,;n Ih e form of a 'tat~ Jiagram. For a"y givcn inslrucli"n cycle. ")111~ ,talc, 
may he <lull ant! "11l~" ma)' h.: ,·;,;teJ lll0re than "n<'e . Tne , tatc' can lx' describeu 
a, foiiows: 

• "Mmel;"n udd"·,, <'~h""lation (;~r): Odormine 'he adJr"" of Ihe next 
instruction lu he <:'tc·ulcJ . I ' ,wH II ),. ,hi, invo"'<" ~dd ;ng" f;,ed "u",ber 10 the 
"dllre,.,; of the previous in<tnKt iOll, Fu, cX""'I'I~. if ~ach i,,,true' "iTt " I h h'l' 
i<)Ilg and mcm{)ry j, org;miled inlo lb·bit "·orJ,. then aJJ 1 to the previou, 
adJrc". If. in'I~"d. m~m,-,r .. ;, org"n izeti as indiviJu"lI), nddrc<sal:>le g-bit 
b)'tes. thcn aJd 2]() Ih~ pre,' i,-"" "ddrc" 

• In,trll<1ion r.t<·h (if): Road inslruction from ib memory local ion i",,) Ihe 
proce,,,". 

• In , j" .. 1ion op~r~1i<'" de....,din~ (Jod): A"al~le ;n,uuctioll to d"Term;ne t)'I'" 
of 01",,,1;0,, to I", l'~rform"J ;",d or~r"nti(' ) to be u'Od . 

• Op"r~nd ~dd,e" ~"kula1io" (oa~): If the ,'pc,-"ti()1\ in,'ohe ' ,derence to 

a" "(,,,rand in memory or a"ailJblc "i" I/O. then delermi"e the ,JJre" of Ihe 
op~,a"J. 

I I 
1",,1'11<1100 ""'- h ""~ h ,- f .. ,b "-

Mu"I('>' Mu:"pt< 

... ".',"""' ,,,"',, 
'-

r0~::;' lM'Il<~ '(>pt,OIlII '\ 
"~ )-+ 

,,"0--- .,..~I .. ~"'d""" opt"""'" -,-
~ ... '''''' _11Il: <akuI.lI .. <.1<\01, ..... 

j"',,,,,,ioo ,.""~.,,,. \ """m b ~"" l' 
1«,." "''' '''''""-,,,n ,~ ,,,,,w du, 
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• O,"'. 'K' f"I~" .,,1): 'el<h .he OJ'C.and from me"",." ," Tead'l in f.,~" liD 
• I)al ~ "''''mli,," if"'): Perr"rn, Ihe opcrallon ",tllC~led m Ih. tn"I ... ",I,on 

• Oll"w"d 'Ior~ (0') : Wme Ihe r~,u ll inlo mem,'ry (It ",,' 10 I/o. 

~1"le\ '" I he up!',,, pari or h ):u'" 3.1, i""ol"e au c,ch ,,"!c he, w~ .... n Ihe r'(>t."'· 
50r and ,'othe, memory or an 110 llIodule. Sl'''~ ,,' d'e lo"'~' I,art of lhe d"'~rlIm 
m",.h·c only mlemalpr<>CC»"" (~ICI~I '0 ...... T he 03" . I.le "I'pca" I" icc. ~CJU'" an 
.n>llucllon ",ay onwl,e a .ead. a ""1<. o. hOlh, 11""',,,,·r. lhe aehO" I",'fu. med 
dur;n~ Ih"l >IDle i. fuooalllcnlally Ihe ""me m bolh C-J"'S. t",d .. , unl)' a ,i"~k " .. Ic 
i<kn likr I> "ecded, 

A I,,, n"l e 110;01 Ihe di ~gfam 1,11<,,,,, I", multil' l ~ """.and, and mu ll'pl e r(",h~, 
r..'<Cau"," ",me ""I rucliom 0" """,., "tadli"e, ''''I '''r~ II",. For "''' '''pic. Ihe I'DI'll 
inm"~li"n A[)[) A B ""Ull, on Ihe followin~ "-"-lu~ '1tt or 'I"'~" ,a<". if iod. ,,,!C. of. 
0"". "f do. (I;a~, '-"-

nn~II .... on .ome m3~hln~ •• ~ . mgJe 'n,[,u"I ,,,,, ~,m ~pc"ify ~n 01"''''lIon 10 
be "".fu. ",ed on a ,'ccl", ("ne·tllmen~;on,,' a n a}) of num""" or a '''1111: lon~· 
dimc,,,,')"~l aHa)-) or char""I"". A, h~u,,' J.b ,nd,eale". It", would in><>1>,' . epcl· 
il,,'o ol",,,,nd feld, a"d/or "to'~ "1"".l io"" 

lnterrupt '! 

Virtuall, ~II <.,,"p ut e •• pro'lde a ",<..,I,ani,m l>y .. htCh ol her rn<.>tlulc< ( lJO "'~,,' . 
o.y) nla) ,,"e •• upl the normal,,,,,.:o:;.n!1-of Ihe p")C,,,.sor. I ~hle 3.L "~I' Ihe n,,,,,1 
comn,,,n dai"'~ of 'nlenul'''. l"he _pc<.'ific nalU'~ of Ihe",", ,nlen UP"" cu",,,,cd 
I.'N in Ih" huok, ""pe riall), in (h.'pl"I> 7 and 11, 11,,"e'e •. we need I" ,nllodue"" 
Ihe ronC" pl "0'" 10 unde"w nd "' '''c clearly I h~ "HI u'c of the on<trucli"" ",de and 
th,- i,,,p heal i'''I' 01 inlcrruph I'"~ Ih e in lcrCo"rl" Cl io n ~1 .. uctUf" . "["he r~,,"el noed 
,,(>1 be ro"~crnctl "I II", 't.l~~ ab"ut th~ t!ela!l~ ot II'e ~cnc.alio" antl t'"",c'""n~ 
of inlerrupt-. hut o"'~ foeu. "n Ihe co",,,,unical in" t"'twcen mntluk< 11t~1 roult. 
from ",lerrul'" 

Lnl~"uph a.e pn)\"ktJ I" ,,,,a,,l, 'I' ~ '" a~' 10 imp""" I'rore .. ,,,,,>{ df..:.c""Y' 
1',,, ~xampk. ",,-,,I cXI<fl1al d~'ic~ .... te ",u~h ,I"",e. 11"," lhe I'''xc'''''' SUPf'<"" 
lhat Ihe P""''''''''' "rramfcHlng tl~la 10 a I'.in le t ''''''~ I he i""moli"" c~d" ""he",,: 
of f'lgure .1.J. Af1ef e"ch ",rue Open'llon. Ih< P'''''CI''-'' n'u,T pau;.o .nd f~"'."" iJlc 
unl"lh ~ P' ,"Ie' ""Ie'h,,, up, '1'," b'glh "r Thi ' P'"U'"' ""') I", on Ih ~ ""ler "f " ""')' 
hundred, <,,. e"',, Ihou'and, or '''SI,u''lion C)'de, th :" tlo n"t "'H"'~ men",,) 
Clea.t, ,hl~ is. 'cr>' .. '",tcful u~ of Ihe p"ICC, • .""" 

r, ... _ ~ I» ".,," <I.,,,,,,,,,, , .... ortun .... ",.... <01 "" ;".."""", .~ 
""" .r ""'h"'''''' """ floo<'. <10. ... ".'" toy '" '" .", "'P' ,,, .,«"Ill. ", ill".1 
",,,,,no,, i .. """.".,. '" ,./" """ (>tl"'" .... ,' 1 "Jlo",,~ ""''''''') 'r"" , 

1'1 ..... ' G<n ... "~ t.,. • "'""' ~,,!un , ... "" __ n .. iIl l ",,~ ,~" "1'<""'" 'j'''"''' 
<0 P<'_ """"'" , ... , .... , "" ... , ... , t>oot • 

.... , &cn< .. «oJ ..... l~ ) """',""'.r_ '" ~ "' ......... """pitt.,. 0/ .. «pCf''''''' 
'" "' ....... , ..... y "'."'" ~ 
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~'U) I 'I"LfolI' Id nJJJIU'"" In """ J'J,d ~41 ,\q I'J I~JlpUI ' I'~un;);" ",'"4 wlnJJ.' lu l 
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1O""oJ "'''~ ... J il l I~ 
l ' fUIIU"'~J UJ41 pu~ u"uliOJd .",-" "'I ' -.l'u' pu;)<I," , jllJ IN,,uo.k:u :Uc WJI,<il fUll_ 
·. :><10 "'I' I'UI\ ..... """'"d J Il l '>ldn1J~'1II "lcpowwn".:M! "' "roo lell"" ~U" U'~ltJ('" 01 

""~ 4 IOU <OXlf' ,u,u~"J<1 "'S" '''II ""'ll ,(~'f O,";lU ) '~"'"'" U"'m~JU 'p.1I"ld wo.' 
" ~ ,,! ,,.lXljd ,dn."" u, " 'll U " ~!I\ 'u"1]"'"' ~ )() JJUJ"b:t« I'''"'''U ~'1l) 0 uO!ld n. 
"'1'" LJ" ',"'pl<n[ ' ! IJn-'j ~ I'" "" ' '' ' "J~''Jd ,.-"m .>tll J" " ' r' JO IU!oo ~~j lumJ 

'4L' f ." " ~ L 'l"' ~" ' ~lW ue " "I p~ I ""'I'"' 
,," J""'" < ld"Jj~ I U L 4"'1' 4~"!" I" ' 1"'00 ~'I.l 'P"'''-,:>S ~, a:><,,",1' ~'I I J~IJ. """ ru~.~ 
I"" '~"O ~'l l ~u! "'n.'" pu~ 'JJIPu ~4 Id"H~IU' un ,e U, .. -'U ~ ';).)I •• ~p Oil "'In", ,, . d I. ~l 
J"'_"'~ <>l wtt_11i'o.ml • "I JJ" 8u'4;o.",--,'1 ' ,u"-,",,OJd IU;oJJn~ ~41 JO uOII I<Jado 1Iu'l,u:><I' ''1 
.<q I'fluodu , -""""",.Jd ;O'lL ,,,,,,,,,,,,,,,! "'I I OI I"u8,~ /$J"IJ.lJ ,d"uJ/ul U~ "pU.)I: ;).)1" ,,1' 
l"u ' ~lx;o I~qj .oj Jlnpom 0 11 "4' -",,,,,,,,, .. d J 'l ' ,uOJ) "I"P :UOW ld ",,;oc 0 1 ~pc~. 

" " u'''l " '\, '"q' 'pJ"' '' ''"' "'I 'll ·\ 1'"·" ,~w'~l;><1 ;>"""1' IOU ' ;O j,a ~'I I u ~'1 t'<\ 
,u .~~OJd ''''It ~'II ," ""'<P ItJI>U< JO UOl ,IlJ,n a~ I 4"" "l lU ~JJIl'UOJ I'" ""pu<o,, 

" uOIJ "Jado Oil "4.1. '" liu",,,,,! PU " ,\JotU ' W j" ,nd,"(IJ ,u<)JI ''I"P ~\",dJ""" '(' '' q " 
'''',' '' 1' I"U "lX' '4' "I!q "U"'I \ '"",,;;-oJd " ,,, " II (\1 ~ 'JlnlJ) 10;IUC'-' 'I''''''J'~ UJ."! 
' '''14 ,,10'1' " 'I"" ,"'J '»" 11 Jl lJV '('" "W'UO,, Oil I ~ " pit " 'II Po" ' 1"" uo, ",,"dJ ,<I J LII 
)0 ' 100 U'''''O"' "'"" " 4) W I'" ~".""" l"'ll ,u"J~o.d Oil aLI I, 'lie", : u ,n IJ\'I • JO lUjOJ 
'111'" ll"" "'>lS-"" •. ~~ "'" I' 4.>14 " I" lU .. )d ~ 'J'P"JJ w .... 11<-.'d . ;,.n ~4' ·,,,OJ:><.j SV 
'lL'f '/In:!''~ UI II>'H'Q.J JO .. o u J'II j"f'!<uo.) ,,,,,:,,11,,,,1 U' " ""ll ~J.>do 0-'1 U~ "(t4" 
~UOlPru l'U' j~4 10 i UI]n:).)," UI I'~ilriu~ J<[ U"~ ""<: .. ,, ,,<1 "41 '<ldnJJJIUI 4)'.\\ 

~p ':) _',!Il'U''''1 >q, 110. " d,u . .. )_ . 

'W ' I JO pou:.J "14lU"f"~""" "" ...... .01 no, 3 J.nlM ~'I I JO """ d ~'1 ' le "",IdOl," 
lUe, \kuJ , ,,,,n ' <[1 '~~u ' 4 "PI,h,,,,,, "I ''''!IRI ;xio JI!1 JOJ ~ "'I"i'" dn ~ un)! <! we ,\l'o.d 
Oil ~ '11 '~I"I<h"<,,, 01 JU"1 ~ u OI ,(P ,'!l"I:U " 'l'" "",,, "''')1'' '''!0 0 11 ' 41 "'ll"',)!l 

·1I<., qr ... "'~' " 'll JO "ml'") Ii> <~.',,,,)n' ~41 ~ UlI'''"PUl h u U ~1J'I I"" "P"pu •. (~ ,u "'lL 
"'~' I"'.>do, "'I I ~Pldul().) 01 -lJ n~ !I ~41 " ' ~ 1'''I'''l"1 ""Oil"''' I"" JO """,nb", V • 

~U"(l " U"" lcJ;><i" 0 .-1 "41 J' .)IIIlUJ~I'p 01 ool]"j.><lo , 1<.11 ~ i " nuJOjj:><l ,(II''' 
· I~""'" ,(Id w.dq l!"-" u(.lnu "" 'J~",d J4L ("""Jp JIl l 1lOt! (ll~"'I"" .Jtl 101 U<H I 
-'''' " J p.11<>nb.,. Jql WJ0J-l.)() 01 :l,lI '''I' Oil "'I' lUJ "UI I<OW ,U'";I,,,d "'II ·p.1n'<'l' 
" pur.w w<u <I'l l ."'''1> ' ,,<In OJ .,,u, JO :o<n "'I I !''''41' ..... 'puelU'UOl Oillenp., "'ll • 

I'U""lI"OJ ~~, '"I' " JOJ <J~I"'-" ' ''t'<.l ' 'I I ~'" ,,,,I,,d pU" InJJ" '1 
Iv,»<h e 01U< ,nd,no:>q '" '''''I' " 11 ~", ,\doJ ;>pnl"'" ,('ll" " 'I I """l"';xio Oil 
1 ':t ' P~ " !I .oj 'lN~ld 0 , ',,,,\l'!J " 4L "' t P"I"'!Ci "\lO'I, nJISU, )O '.,u'nh", V • 

:"""1;).)', JJjjll JO ' I' ''U')'' \DR,80 ,d Oil 
)'1.1 ,,,,,, ,,,,:><10 Oillenp~ ~\II lW0J-l"" ll ". " ''l l IW~ ' 111'1n I"~ I'«' e .. I"'l l U!1"~.,,d 
0:] He 01 ~J" ' II""' ' 11 1l'] \\ "4.1. 'Oi l ~,'''' 'u, IOU " I' 1"41 "~ "I~ltJl>U' JO """u:m])", 
01 ' JpJ f P""·1 I 'Iuaw~.", ~I"'_ ) ·i UlS'<.,=,d 41'." p.1'"~IJ~IU' 'll ~;o 3JJH \\ 10 
.." "" ~ "" IOJ-''''' lUcJiI'O.<l )""n "'1.1. ..... '~JJc )n ~I"" "41 QI"'15nll' "Cf :un~lol 

6S "'OI,l.")"'(l~ 'In .! n~\~t .:) I n- .. 
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• 
• 
• 

• It >L!,p~nJ, e'c~"tjon of the curren! program being c~ecUl~d "nd ,ave, ib 
contC\t, Thi, mea", ,nving Ihe "dd'"," or Ihe llext ;'''',uc'ion!o tJ,; exc~ukd 

(current content, of the pmg,,,m ,""unle,) .",J an)' mhe' dot" r~k''''''t() Ihe 
pToe,,,,or', <'mfcnl actJ\'l1y, 

• It M,'t, the pr"gram coullwr I" I he """Ulg "Jure," of ,1n iJ!l"m'I" /",,,dIN ro"'in,, 

I h(' I''''<c''''' now pmc~"d, 10 Ihc fetch c)'de ;lnd felche, Ihe fi,,( insnuc' 
tiO" in Ihe interrupl handler p"'r.mr", "'I",,h wl ll ,e,,'lcT Ihe ml~rr"l'L rhc'ill1,r_ 
rupt hondl"r progra", i, g<'nc'ally pan of the upemting 'y>tem , Typic"II,. thi' 
program J,lcrnllne, Ihe n"'lIre of the jnt~rrupt and perform' whate"a "cti()n< 
"'C IIccJeJ, til Ih,' ",,""pk w, h"v~ be"n ,,,ing, th~ lriioJkr ddcrmil1~' which 

. Interrup' ~yd< 

I'~"""P" .. ,.", .... 
F ... ·h .... ' -" ,,_r ... 

( "'lAW"' 
~,- ,- ~ ......... 

'ot" .. ,., ,.......-""" .. ,"". 

( "M.T :I 
.. . 
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liD mwulc gencr;OIcd Ihe i,ucrrupt. and "'n)""""')' I"" prog""" th"l ,,·i ll "rite 
more data oul h' Ih~t 1'0 ,,'oduk When Ihe ,nlerrupl handh; r ",mine" com
pIcWJ. Ihc pToceswr un resume execution or Ihe ~"'r pTO!!-Tam al Ihe po,nl of 
Intc, '''phon. 

II " c l ~ar Ih." IIl ere i, ,,,,,'e o,-c. hcad im''''''~d in Ih" P'oc"". E. t,,, in , true
lion. mu,1 be c",cuI~d (in . he ,"I~rrupl hm,dle" 10 delermine Ihe n.ture Of lh c 
,nle"" pl and '" <k"Co..k <Ml lhe "1'I'IOp,i'Ic aCl ion. N.:'crlhclch. bcc~""" of Ihe fel· 
at"'d~ ""Me amounl ,,' lime I h~I ,",oulJ he "'~'IcoJ 1»' »nIl", ""ail in ~ on an 1.10 "I>o!t
at ion. Ih e r'OC~",)r ,,'n he " '''rio)'eJ m"d, ",or~ c lr.dc nt ly "''',1 lh~ U'C of 
i"lcrr~I)IS. 

I <> ~I",,,,,cialc Ihe gain III dfocicncy. tllflsider I ',~urc ,1.10. " In"h '" a lImin~ oJ, .-
8.am b;!""d OfIlhc Ou," of "<>.,,rol in I;'gules 1.7a and .1.7h. Figure, J,7b and.1 10 
a",umC Ihal I he I "" e rC4uiT~oJ for I ~c ].10 op<;tation is ,clal iH ly , I,,)rl: Ie", lh.,n Ihe 
lim~ 1<> Wnop ldc' lh~ c,~culion " I' i" 'truel i .. "" betweel1 "r ile oJ"''''' ,on, ," the ",e , 
I'ro~"'m 1 he mo,~ I",ica' caM.'. c.pecially for a .Iow oJe' K"o: .,uch ~. " l"ml~'. ;. IIlal 

I',"~. 

I 0) 0) 

0 0 
-~~ 1";'0" @ I JIll 

'.' <"f'<I"., .... 

0 0 

0) ® 
0 

0 @ I "' ,>""' .. ,"" 
I~>,,-,," I "' 0 ...... , ore""'''· 

0 @ 
,b) \11,010 in"''''''''' 

0 

,., \\'HI","' '=1''' 
. " .. ,,~ 3. 111 1''',!lam Tim,nl(. ~""'I I.-() "'a,1 
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t he I/O "p£.al i,," ,..ill la,,, muoh more time than exceUl irl g a ""Iucnce of ",cr 
in<truet;,,,,,_ f igure ~_7,· illd ieme, this .tale of affa irs. In this C"'"'. !he user pto~t"T11 
rcaches the ",conti WRI TE "" II bdOfC Ihe I/O <'I'"r",ion sp,,"'-ncd by the fi"t ca ll 
i, complew. The f<',ult is tho! tbe user I'tog'"TTl i, Inmg "1'"' that p<Jint. \,'hcn the 
p,ee~di,,)\ I/O "".""tion i, ,ompINed, thi' new WR ITE call "'")' I", l"'';n",J. "l1d 
a new I/O ol""al;cm fll "Y I>.; ,tart",L Figure J.! I sho"." the tim ing for tili, , ituatlon 
wil h and ",itil()ut the u,", of interrup" _ We Can " 'C Ih"' there i, qill "gain in effi
cienc), """''''SC p:on of the time Juring which the I/O "pCr"lit'" i, "lUkrw"~' ow'
!al'" ,..-" h the £x<X Llti<)l1 "f Ll,"r instructions. 

To"", 

j 
CD CD 
0 0 

""".~ I '''' CD ,.,~ "I"'""on ,~ 

oprm lon 

(}) I'roct>,,-~ 
...-oj, 

CD (}) 

0 
0 

(}) 
liO 

Proce'W I '" 01""""" ,,-.i, "1"',," ;0" !'rocc,,,,, 

"'" 
(}) 

0) 

(}) {bl Wah intfrrup" 



1"1:"'" .1,12 ,00"'-' a rcv,'>Cd ,n<l"I(" Qn ehk ,":,'e diagram 'h'" ",dudc. imcf' 
fUP' elide rrocc"'"I:. 

M"lIil,lr In'enllp" 

' rhe d'KUM'QP .... fa. ha, focused onll on ,he oc<:uncne'" "f a "ngJe inlerrul". 
">uf'\'OK. h,-""c'~r .• hal mulll ple mte"" I''' e~" \lttul. I·,,, ,,~ample, a P'''lIn'm m~r 
b<: fL'<'I:"''''~ dala from a co",mlln ... ,,"O'" h"c " ..... I""'''''g . esulu, ' I'he plII'ICI ""II 
genelOl'c ~n inlerrupl c'~'y I""" .hal ,t "'-''''I,lele," p.inl ope.ation. The oomm"ni· 
c~I""t Ime cvnlf<)l l.;r ""II ~cnc"tc an iPtcm'l't ">'cl)' ',me " '''lit or data ani.-c,. Ihe 
ut"l ,,<>uld e, th cI I", a single Ch:lfIlC'er "r a b loc~, dq", ,,J,"g on th e nat"", "I the 
,'"III''' """'"t i("I' di sci pli ne . In 'H'Y e""!, ,t i, I'"", ihl c fm n ",,,,m,, ,,i c;l lio'" " ,knurt 
to ,," \I, ' "'IHle" prink' IIIkrrUI'I;S ocing I'n)C<:"cd 

'I "'0 "ppr<>a<'he, Can he taken t" dellil ng ",·"b m"ltlPk IIIl e nupl ;, The li", " 
IQ d,,,,,h!.: inl""uph Yo hile an int<:rrI'l" '. oc;ng I'«\e""",d. A ,It",l>/e" inlcrm{!t . im · 
pi,· mca,,~ ,h~t lhe processo, can and ""II '~lIo'" Ihat inlcrNp' r~'I"c" ,igno!. I f an 
,merrup' occurll dunn~ 'h" '"'''' . il ~ncr:'JI)' r""''''1Ii pend",!: an.! " ill b< "h~",h'" 
by ,he p'''''''"''''' after ' he p.OCC5>Of h'" ,,".hl«i imerrup .... rh"s. ",h"n " u,," pru. 
/trun' "neeutlng and an inleIfuI,1 oceufll. ,n." rrup" are d,,,,,blw IRIII,eJ"I~ly, 
Allc. the "'terrupt handle, ,oul.n~ ron,pktc., ",Ic.ruph arc enabled hefo." ",. 
~untlng . he U$(;I p' og.a",. and 'he pn":C~'''' thcd. 10 ~ce ,r a.J.i,ti<mal "'terrop" 
ha.c oceull1,d. I h .. approach i. "'''c and ,m'pie. U IO len ul'" ale handled In " flC1 
""1,,,,," •• ,1 ",der (fi~urc J.I ,,, ) 

I lie df.",'ood 10 the preced,ng al'P ..... 'oll i. th." il """6 nOilal c ,n,o aerolll1l 
rei,,,,, ,, prio"t} or '"lIe--<,i,ical "eeoJ •. Fur e,~",plc, ",hen "'1'''' a"i,'", " ,,'" Ihe 
comn",n lt'I,IK"" hne, it may pc"" t" I", al>w,b<J ra p,dly 1<> m.ke mOIll /" . ",o'e 
i11I'LI' If Ihc fi .. t ba,,,b "I illl'"1 h.1> no, t-t:"" I'HlI:"'O:CoJ I><lor" th~ ,cconJ ba"h 
,uTi.cs, d:,," "''')' he I'"L 

1\ 'cw"d app.oach is 10 ddine l',i""\'CI fOf illl","UPIS and lu " 11" ... " n ,n · 
tcrr u pt "I h;~her p,ior il ), 10 C:I 0," a I"",,,._p' i", ,t Y ,me. mpt h ."dle. 111 b" Ll sclf 
"nen up\"d (I'i~ure ~ . t 1h,. A. an cxam ple <..1 I h" ;,eco"d "1'l',oach, ""nsider • • )" 
It III ",i,h ,hr"e 110 Iie,·iec.: a [lrintcr." d"k .ltd a eO"'lIIunKation. line. ""i,h 
"'crCa~'hj: IIr,ollt,c, of 2. 4, and ' . • e'r..::eh ,'d~ "i~urc 1.14 illu"ralc. 3 1'"""l>k 
""Iu~ncc, A lI,""r I"og""" I>o~In' " t, O. A. I 10, a printer i,"errul" occu": 
u.". ", f<l.ma h on i~ p la~cd on 'he 'r"~m ,lid arI d c , ecu"on ron"nll~' at ,h~ 
prin'er in'cuu[l t .c"ic~ rou, ine (I~~), While Ih" ' ou t'""" "i ll e~ ecutlnl!l.~' 
, I~, • comm .. nic • .,oo, inlerrup' oceun.. Ike ...... • the rommunie",i",,! hn, ha~ 
h'~hcr priorn)' Ihan the pnnk •.• he inlerrul" "ho"ored. The pnnl'" ISR i. i"t~r· 
• uple d, It, "aIc ,~ pu,hed OlllO the sllId ,,,, .. execu"on ,,,n,," ,,e> at the co"""u
nkllt,u,,, I~K. While thi ' mUl inc i. ",ccu"n~." 'h'k "'IC ffUI'I OCCU" (I 20) 
Bee"u"", ,his inl e rrup' i, "f I""',,, p.;"rit~ , 11 i, , ,,,,p i)· held, and the communi ,a. 
I' L)'I> I~R ru,,' to """'Pic lioll , 

When the """" "u"ications 1$1< " "' '''' Ilk ," (1 2~), the pre\·ious pr",,",;;or 
" lite i, le., ",cd. which i, Ihc ~"(: LlL i"" ,)f th, pl1111e. I ~ R. Ill}wcvc ,. hel""" ~\'CII 
" M,,~Je i"'lrueli ,,,, In tlLa, roUlin c can 1", c""' u, cd, Ihe [In"",,,,,, honors tILe 
hi~hc. r"'"'t)' dISk ,111e"up' and c"nl ",I lr.""f,,," I" Ihe d"l I SR, O nly ,,·hen Ih~t 
"""itlc " complete (I ~ :<,)" Ihe I)"n'er ISIt I~,un,ed, When lil," "'u,"n" com· 
rlele'il 4(1), ron l,,,1 fin~Il)' feturn, tu 'he u""'. I"O/lmm 
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1'h". far, "'c h,,, c .... '>Cu ... " ... the <>l'crallon ,,' the COnll'''t'', a. conln>lIco.l hy the 
pm"'t"""' . "ntl We h~,.., I",," . J prim",il), ;,1 the "n.'raclioo ". P""'" .... " al,,1 1rICn.· 
ory. The di",u~,i,,,, h". only alluded 10 <he w le of the I/O UJmJ")nenl T)", ...,1" i. 
d"""I~'cJ '" ,k lai i ,n CII"ptc' 7. hut a brief i UI1"";"V; , It, oro.ler he ' ,' 
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I'nnt.r lSK 

Ili,~ ISR 

An liO In(,.iul~ (~ . ~ ., ,, J", ,wllroll ~r) c" n exc h'lllgc dat" dire,t ll' " il h the 
procc''KIr, JUq "' {ite pl(xe,sof co n Illi{,,'k" T~ad or ",rik wi{n m~1T1"'y. d~'ig n ,,{ . 

ing Ih ~ "dJr~ss of a 'p'cifi c location . lile proce ,wl can a ls" read dala from ()I' ",,,le 

Jala to an liO TII()dul~_ III Lh" I"L k r e"'C. Ih u proc,,,,or idcnt ifie, a ' peeifi c device 
th"i is conlmllcJ 1>)' " pa lticular 110 moJulc, ' I bu,. an iml,u"ipn ""'luCTl cC 'imila r 
in form to I h'H of Figure J,~ co uld occur. with I/O in"ruc{ions ,ath e, Ihan memo,)," 
rdcrC"L iT1 ~ IIlSI ruction, . 

In ",me ca,",. It "Jc"ral,lo h' "II"", 110 e,c han g~' Ip ocCur d irccl ly with 
memor)', In such" case . Ihe paxe,,,or gra ... , (o ,," 110 ",,~iu l ~ th e aU lho,il), h' rCod 
f 'urn <)T wril e W memor~'. 'KI thai the liO-m,'m",y Iran,fer c:" , ()CCU' without ly ing 
up Ine 1"')c~'''lT . During such " Iransf" ,. Th e I/O modu le i, we , read ur ""ile rom 
m"nd~ (o m,'mory. ,elie' Jj,g tite P"""" "" 01 '"'I~lI"ihllil y 1m Ihc ",ch"n gc, n ,i , 
Op'falion is knp"'n" direct memor), ac-c,' ," (D.\1A) and j, exo ll.incJ ('""PIe. 7. 

3.3 INTERCQNNECfION STRUCTURES 

A computer cOT" i", of " "-'I pf "Pml"ln,nl> or module, of TnrOC h,,,;c Iypc~ (pnxe,
'KIr. memory. 110) Ihat c.lmmu" ic"IC with e""h 01 ha _ I" dIce!. " C,)T1'I,,"cr " " n~l · 
work of b,,~ic moduks. Thus. {h~re must be IMlitS 101 con"cci"'g Ihe mc,,]u]e,_ 

The "" I1 <:~, i()n " f p:uh' cu nn e<:';ng I he " ",io,, ~ modu I", is ca lled the im<'fca,,
'WUI"" "",,'II"" The' d c,igll "lilli, 'tru~lur~ will depe nd Oil 'hc' c'C h""gc' ,n"1 
mu,1 t>c ",,,de "dwcen modul.'s, 

Figure ~.I 5 .u~e'I' 'h e In'''' (\1' c,ch"ng.' Ihot are needed b)' ind icaT ing Ihc 
major forms of in pul an J "L!lput fM ,'"ch moJu le L),I";: 
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• Mr""..-~' : T~'Picall~ _ a m~mo" mod ule ,.ill co"'i'l of ',,' ,.'or,!- of "'lual kn~1 h 
"ltCh ,"'O.d i:i a-.;i!!"N a um'lu<' nume,ieal a<Jd."". (IJ. I. • N I). A \" ' Id 
"f <.I"a ca n t>c rca<.l fro ... '" .. nll~n ' nio 'he .. "''''0')'_ The ""ure of lh~ "per· 
all" .... ,n<.loca,etl hy .rad and ... · rj.~ c<m .. ,,1 "goal>. llr~ Iocal i .... for 'he oper · 
"'''NI'. 'I",cificd by an add."" 

• IJO ",,,dule: h .. ", a" ".lrrnal flO Ihe < .... n.,'ute. ,}-,;Icm) poinl .. f He ... 1/0 .. 
fu,><., .. "all)" Slmila •• 0 mcmo. y, The ." ~.o hH' Of"'Talj"",,, rcad an<.l ..... iIO, hu 
Ihc •. all 1i0 module m. )" ,· .. ,,11<,1 "Ii,"e ' hW' one ", Ie .nol dc \, j""" We can .dc,' 
tv each ol l h~ ",,", face, Ii' al\ c<tem,,1 <.Iel'icc ,,;" p()" and tWO ""en" u'''(ju,' 
"d<.lre~, (e ,g_.Il . I.." . M I ). 1t1 It<.lJ 't lOt1. the.e it'" nl.rna l da, a p"th, il ... 
Ihe "'put " nd OUlpul (\f<.l,\1;1 w'lh ,"I ,,",ern,,1 dCI"cc_ Fin"II)' .• nlIO t1,,>Ju le 
m"y be ahk 10 ,,-,, <.I mWr'I Ut,1 ,,~n " I' 1o Ihc PH"''''''' '. 
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.~. -

MrOlory 

N ",-:. ;, ;''''' '" ~~ .. ,,".c::) 
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" 
AI 1"'l1' 

CPU 
","" ,j ) -

lJota '> 
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• I",",~.sor: The 1""t~'I<" read' '" ,",audi",,, and daw ",ite' oot d~t~ ~fle, 
I''' .... c,' ing. and u",' """tw) ~i gnJh to c''''',ol the o"~"<l 1 Ol>c,"tion 0/ t he Iy" 
um. h "I", re ce i,," ""Ier.ol'! ,ignJI, 

1 ''''' pn.-ced mg li>t ...,r;""" the dala It, \tc C1challged. ' I' h~ >nlerconllection 'U"~· 
~ U'" mu~1 ,upf'oo1 thc ("tI"" Ing Iyr'" of lnan.fel'l-

• ,\It' lIl ory TO proc~""r: The proce",,, r ca ds an ;nWLlCli.n, tiT a u ... 1 (Of dato 
from memory, 

• 1',,,,,,,._ t .. I ... · ..... ,.: 'lh~ prorc","," "rile'S a unil "f d.'I~ 10 mernul)' 

• 110 I" .............,. 'Il,e ,,"ICC""" ,cad:; ""I~ from an I'() Jnux ,'" "n I'() nlOJuk_ 

• 1' , ....... , .... I" 110: The 1'1'<""",,,0< """J, .1013 10 the 110 "",-iC<'. 
• I/O I" or frol1l nIO"""): Fl>r Ihc," I". , ca", •. "" 110 I,,<}du le ;, ~ Il owed I" ~" 

ch""gc "ala ""cell}' wllh "'e"'Of)' wlth'''H goin~ Ih'(OI'~h the p"'n~,,-,,". ",in~ 
d"cci m~m"'y a"c".~ (DMAJ. 

<.her 'he )ca"" a numhe. "f Inkm. ... nCcllon '11",:10"'" ho'" be~n wcd Ily far 
the nk",1 ron""on" ' he htt' and ,ar,,,u, "" uluple ·bu. ,tru<Hlfeo, The rem:!",,,c,,,f 
Ihi ' eh~ I" Cf i~ devOled ,,, ,," """"m~nt ,,( '>I" 'truclu,c •. 

l.4 BUS lNTERCONNECTJON 

Abu, i; ~ c~'",m" nK-alion p"n,,,,"V eon neel ms I"·,, 0' nJore deVjC~._ A lc)' char. ,. 
leri, he ITf" bu' ;, I I",! il " ~ , Il,,,d Imnsn"~s ;o" medn" n ,\1ull iple .I", i c~, ""nneel 
10 'he I,u •. ~"d a si~"a l u~,,.n,itl"ol b)- ,my unc de\·ic. is ",',,, ',,blc fo, ,,,,"cI'I"''' I')' 
all OIhe. "c~iC<'S all~chcol 10 lhe bu •. 1 f I"" <k,'",<,,- 1 ran.",11 <luIl"g Ihe ..arne I llne 
['ClloJ. lhc", .. gnal. ",ll o,c. lap .'nd heoomc ~aJhkd_ -I bu •. only one J,;''''c at a 
lime ( an s"""",,fully lra,,<nlll 

'I ) I'",all)'. a hu, c"n",1> of mull,ple ,~",utl"tlicati"" 1'''th ... '">",, or [j'l e,. Lach 
line i, '-" I''' hie ot tran"tlill "' ~ ,ill""ls rCl'r"<e"lln~ "inary I "Old I", ... ,y II . 0,·", 111""_ 
a ""'1" cncc of "",ary d;!lll~ can h.; In,mnull cd arr< .. , a ' Ingle lin". To l en lo~eth" •. 
..,,'cr.llmes of a bu, <>In he U<col lu 1 .. ,n.",,1 ~inary oligo .... n,ullaneoYsly (m p." 
alkl). r or c'~mplc. 3n H·hlt u"'" of dala C~II he Iran'mlUeJ ooc. Clpol ..... llOtti. 

{'<m'l,ulcr ~)'''cm. c.'m 'ln a "",,,her or Jlff"",,"1 h..,.." ,ha' pro,'''''' l"lh"a~-. 
he,,,'cen roml)(H'C!O I' .1 "."i",,, le~eI, " r Ihc com pu,e! ')''i" IlI h",ra",h y. A hus Ihal 
connerIS """J'" compu!c! c"ml",ncn\, (prcJCc'<W, . memory. 110) ;, ca lled a 'Y"~'" 
t", • . Thc m.,,1 evnmlUn C"IllIHJtc , imcrcOt\lI"~"'m 'lrucl" rC~ arc 1 ... ",.1 on Inc u'"' 
of (),,~ or 'n,'''' <plcm h....c, 

But Sl ru"' ''' r" 

A 'y,lent hm con"." . IYI>lca ll)'_ of t""" "huut 50 10 1""'''l'cd, of ""parM~ Inle' _ 
Each I",,, ;, "'>Ig,,<'d " 1''' t' iell I", me" njng 01 r,,"clion, Althoujlh there arc "",n)' d if. 
kren, h", dc"",,'" on any bus Ihe Ii"c< can he da.>s,fitJ InIO Ihree funrt ,onal ~'''''''' 
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• nus V"~t, I nd icate, that a r,'q ~~"i~g modu Ie ha~ been granted conlml of I ftc bu" 

• Inl~rrupl re'l"e,j: J ndica le, thal ,n inte rrup l " I'c' nd ill g_ 
• Interr1lpt ACK, Ac~uowl cd~" Ihal I h~ pend in g inte,rupt ha< ""ell rccog"'h;J 
• l.1ock: lhod lu ,)'ncllro nilc opc,atiom 

• R~",,!; Initialize, " II modulo,_ 

The OJlC,at,,, ,, or Ih e bus is '" foliow,. If ol\e l1Iodu le wi ,h" '0 wnd Jato 10 
",")II' ~r, il nl ust do lwo Ihi" g" (I I Ob, ,, in th e u.e ['If the nus. and (2) tTaTd~r d"t" 
"ia Ill" bu~ , If <me mOodul e wi,he, {o re~ ue,{ d"l" fr"m onolhor module , it mlL,1 (I ) 
oblo in the u,"", of , h ~ b<Js. ;",.1 (2) tran,fer a tcque't E" Ih~ 0\11", module (We r the 
appropriHte control a" J ,ddre" linc •. It mu"t th,'n wait for tll"l ",-,wnd moduk 10 
,e~J Ih~ JMa . 

PhyslCa ll),. Ih e '}',«'m bu, i, "c{u~lIy" numhe, of p"ril lkl electrical CO <lJ uc-
10". In the classic hL" ."''''gemcnt . these conJuct"', ar~ me\,,1 lin", etched in a 
carJ Of b<'''rd (pri nt ed cireuiE hoa rd ). Ill~ b", e,"cnd , ac,,,,,, all of {he ,y,km c"m. 
ponent'. c.d, of whieh tap' into ",me Of all of lhe bus line,. Tne class ic ploy, ieal 
"rr.ngcment j , dep,ckJ III Fi~ ur" 3, I 7. In lhi ' "xampl~ , Ihe I"" cu", i,\, uf t\H> "or
(ical co lumn' of conJuc{o ,." At regular inEervals along th e columll>. th",c "'e 
al1ad"nenl puint; 'n the form of ,lui, th"t " tend 'Jut hurizunta ll ~ to ,up»o" a 
prinled circuit l~,",d_ l.·:"ch of the major ,y,,{em enr" r~"' CT11' ,""cupi", one or more 
",)ards and plug, into th e hu, at IIl ~'~ ' lOots. The ent ire "I'T"ngc [1 WllE "IIo u,~d in a 
eh"" i" rI,i , ",heme can st ill I", ",,,J fvr ,omc Oof lh e bm •. " ""ocia{cJ wilh" C<lm . 
puter 'Y'{CnL ll ()w~v~r. ll100ern systems l~rlJ t<> Iww " II <>f lh e mojor compon('m, 
Oon lho ,ame ooal'd "itl, lIlore dem" nt s on the " me chip '" Ih~ p","eS"Jf, Th us, an 
on.c lllp h"s lIl" y connect the pl'Oce""" "nJ ,'''''k me mory. ,,'herea< a rl 011 I)(,",J bu, 
ma), co ,,~ect IIw rr,",,~"Of 10 ma in memol), anu Ool h ~r w mpo nc nt', 

vo 

fi~",.J.l7 T,'p><. ll' hy",,1 " o,h" . "o" 
<,[. Bu, .'\,,·h'E,'CEure 
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lh" arrangem .. nl i> ",,,,,I <vn'c"oc", A small co"'puler s~ .. lcm ma~ I>e 
acq"ore<l and ,hcn <":<panded I:Ller (n~"c menlO')". 010'" I/O) b} adding """e boold. 
If a <·om"..,nenl on a board f~,ls. , hal hoord can c~"I} be remo,·e<I and ,cplace<l 

M"hil'l .. -B". Hierarchies 

If a ~rodl number of Ik>lcc' ar~ "",neeltd h) Ihe I>u" pcTf."n'~n"" ",n ,,,flc'. 
I ~CIC ale 1,.,,-, mam c~".~\ 

I. I" g,·m·ral.l hc mon° d~Yi(C' au"dwd ' " th e bu,. Ihe ~,c"ler Ihe bus k"~l h 
'"1<.1 h"m;~ Ihe ~r"" ler the prop"~" hOtl dd~y. Th" dda~ deter",on .. , Ihl" I,me 
,t I"kes for Je,',ce, to coo"hnuL c Ihc u..: of th e \>u,. Whc n co nl ro l of 'he 1)\1, 

P""'" from one dC"i"e tu ., noth e. h'~(IU""II)'. Ihc", rropa g" t",,, dclil~' ca n 
'1011<."",hl)' .ffecl pcrfor"'knc" 

l. The bu, m")' herom~ a bo1tl .. ned a, Ih" a Ul,eg"le da .. Iran.fer Jc,"a"J 
al'l'...,,,~h.,, lit" capa~ily "I lI,e hu •. 'I h" I'",hlem can be counlc' ..... 1(1 WmC 
,,"enl It}· increasing 'hc da, a "Ie Ih01 .he h ... , can earrv and b~ n"ng " 'Ilk' 
hu"," (c.g" increa"ng I h~ dala 1:>". hom ~llo (>.11:>,1'), II"we,·"r. becaU$c ' he 
dala ral", ~~nemled by alla,hcd Je\l""" (c ,g .. ,.,.. ... ",,0. and >ideo w"lIollc'I, 
nCI"Otl Imerfa"",) arc gJ""'''g I.p,dly. Ih" i< a race Ihal a ',,'gle bu, II ulli 
malo Iy deshned 10 In", 

i\~L'n,d"'&I)'. """I OOIllp'''er ,~,.!~no, U&C ",,,II ,plc bu ..... g~nc,.II)' la,d OUI on 
"h,,· , a,ehy, A 1),'pi""IITad,,,onal struelLlf"" ,I"" .. " ,n fig1JT" 3.1 l(a, There i,. 1'>0::.1 
I"" Ilint cnnneel, 'he proc",,,,r I"" c.,d,,, tIIcm(l')' and Ihal ma}' ,upp",t one ~I 
tn'''e " ",,, I de,'icc". The cache "'Clll" ')' contr" lIc, "",,,,ec" the each" not onl}' I" I h" 
1"",, 1 II"" 1:>,,1 10.' ')'lcm b",I" which "'" .. Uached nil "f Ihe ",ain ",e",ory n,,>d · 
,M~. A, .. ill be d,,,, ,,,,,,d ,n Ch"plcr 4. Ih,' ,,;C of " ,, "d,e , truelure ill","'l l'" Ihe 
pr<"",.,,)T Jr,,,,, ~ requiremen ' In aC<'e_i mt"n memory frequenll)'. Ikrlec. ","on 
"'cn" ... ~ ca" I>c nlO,",'.;I uff uf Ihe ."",al bu, onlO a i)"lem bu,. In 1/", .. a~. 110 Ira"" 
fe" 10 and from Ihe rna", m~n>of)' acn"" Ihe ')"I<:m "," J., ,,01 ,merferc wtth Ih,' 
p'"e~""r·. acll" Tl y. 

It .. .. 0",,"le 10 connecl 1.'0 <V"l roliet'l .;1" .... 11' onlo Ihe ,)",leRT IIU$, A m(lrc 
dr.,",c,", ",Iullon i. 10 m •• ~<" 0 '" (If one or n","e e~pa",;on "usc. fOt Ihi. purl''' .... 
An e~pan.lOn II", ",Ie, fa"" buffe" JHI;! I .. n.le" be'"cen Ihe ", .. Iem 1:>". ;",0.1 Ihe 
1.'0 c"nlfullcr~ on the expan",," h~ I'h" arr.,n~" ,,"·nl ano""S Ihe 'rslcm 10 WI' 
I'"'' ~ .. ioJc "ariel), uf liO dev''''''' and al Ihe '''Ille lime insul'tI" ",cmo'~.lo-p".,"\'''' 
"n Iraffir f,om 1'0 Iraffie. 

h~urc .l , l~a ,huw. ",me IH"cal """"pic, "I liO oJ cv;cc; thaI ""ghl "" 
:'Uachcd '" th e expa"si"n h, .. , 'icl""l,k conn c.li(),,, include I<x;<1 .,ca nct .. ",ks 
( I .i\ N') "Kh a, a Ill-\lbl" EII'c ,nel anJ cU""ccli"n' 10 wide n,ea ne",'o.l. s (W ,\ N, I 
,uell ,,~ II pachl""".eh",!: nelwork, SCSI 1 "tl,, 11 co mp'''cr 'Y""Ill Ln, erh",, ) " itself 
to t)'PC "f \>", u,ed 10 supporl 1"", ,,1 d"l J",". ,,,,,1 0110"1 l",rirh .",I, . A """ ," I p<lrt 

c"tllJ he "»cd lu ,upport • p"n te, or "'anne,. 
Th" !,ad,I",,,.1 h"s arch"cclUrc" '''",''nabl)' eff,"",,," IoUI hc~;,,; ", "",,.k 

J",," as h,ghe' an.;l higher pcrf"rman<x l> ","en ,n Ihe 1.'0 J~~i ....... , In ,'"SP"''''''' '" 
Ihe", ~IU" Ing demand •. a "",unon app"w,eh I "k~n 1:». indu,jl)' .. 10 hulk! 3 I"~h 
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"peed 1>0' .hal "cI'-"'Cl~ "'1~lvaled " .[h the re~l or ' he .y .. en •. re'lu"" "11 only a 
b"d~c ho;hoccn the ",,,(,,, .... ,,-, I>u, and .he hlgh"pccd bus. -r hi~ ;"'''n~cmcnl ;s 
<omc"mc! kn"",,, a; a mcu~" i" c ,,,.ilile'lure. 

I· i ~m~ .1.I~h sho .... , a lyl'''''' ] , ,,,,1 itati<:m of til j, "Pl>rvach. Aga in . lh~, C I~:' 1",,,1 
b,,, I hal .:<mne<:l' the pm,:';;""''' to a """he u'''trolkr. "h..,10 " '" lurn ,<)",,,·,,k<l to 
a ~y'{~m bu, 'hal '''pports ma,n "'~m"r~. The each" ",.mt()lier ., inlc): .. ~lc,J onto " 
bridge. or I>ulfc,m! ok,-j"", Ih .• 1 001,"«:1. 10 thc h'gh·"""cd lou...,,- Th;, I>us '''''1'",1' 
conn~..,hon"u hl~h·spccd LAN., .""" as hs, !:: lhcl ntl 81 HIO Mbp,;. ,"deo and 
I''''I.h,,'!> "u,hl.!"", ronlrolkrs .• , ""II a. mten,,,,,,, cunHolle" 10 local IJeriphc",1 
b""". including SCSI and l'feW"e. 'The lallOT i. a lugh-speed 1m. a"~n~cm,nt 
'I"'cifocoll)' de, igned 1() ,ul'l"m iligIH"pa<:it)' 110 <Ie"ICC'. wwcr·'pced ucvi"~, ~r. 
,"II,ul'l"Jlt ~J off an "'1"""i.)I\ bu" w<! h"n lJOtc , f"cc huff",ing If"ff ic 1><:11"0'" the 
<"pan,ion hI" :,nd the 11Igh •• p.."W hu,_ 

T he ~'ham.~c of lhi< n""n~em .. m i> Ih~1 the hig/!"fI'X'J I·u> b""ll.< h'rh . 
dc"MR(] dc"IC~' imo closer ,mcgnlioo .. -;I h lhe pr, .. "C>wr and al (h~ ",,"'~ " m" i. 
,nu~pc"u~,,' of . h~ l}"x~'<SQr T hu;. d}rf~ .. e"cn '" I'""","",r and high·~pctd bu. 
,,,,,.ds and "8'ldlline dclinrlio", arc (oler"t~d. ("Jmll8c, in r"occ,-''-'' arrh"cc' u", 
J.o TlO' afkcl1h. high·'I"'e<l bul. an t.! "we ,'C,,", 

EJell"' IIU of Uus De.ign 

Allh"uj(h a 'Mict)' "f ddfercnl hus ,mpkmc,.,lalm"\ C"". lhere ar~" kw basie 
p"ran,ciCI'l> or ~~ ~"''''enl, . hal "",..~ to d ... "ly and d.f(er~ntialc t...",~, Tallie 
3.2 Ii", key d e",,,nl,, 

lit", TjI"" 

Ih" Ionc. call be o.op"r;O\oJ Imo two g~ncnc 'Yl"": dedi"" led ",,,1 muil lple, ,'d, 
,\ Jcui,atcd lou> line is I><:rnu, IIelli I)' "~"ll."eo.t eilher h) "lIC fUllct,on or tn " ph)',kai 
. U]""" of rocnpulcr .. '''mponcn(~ 

An ~'''''']'Ie of fuoo,onal J cJ,eatioo i, lhe ......, <If ""p~f ;,Ie ded"~lcd ... Wrc,"" 
and wt~ Imes ... hictl i. 00" .. " .. " on many 110",., 1I0"'c'cr, ii'S nOl c • .,.,nual. I'ur 
e ... mple. addre,", and d~.a ."Ior"""ion m~y he . .... " ' '''' l1ed '-" c, (h~ .ame ... t ...r Ii ..... 
U>l"J!,"n AUJre'-' ValoJ w""o] "nc. Allht ""glmlln~ "r ~ Wla tran~lc •. Ihe "JJrc .. 
is pi",-"d "" Ihe bu, and lhe ,\ddr c;" VaiiJ li ne is acli",'ed, AI Ih" 1"'"" ~"ch "1<1J. 
uk ho,,, 'I>c~ ,ficd pcri (~1 ,,{ Il mc 10 .OPY ' he addr." ''''U Uderm;n" illl "tho 

'--'" "'o".""""d 
~_ of """,~'" 

C •• .,ol",,1 
(""no.l«I ,-
S)-Ddo~_ 

A>.radr'-

_ ...... 
'~M 
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0 ••• '1..-., "1'1" 
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addre,,,,d moJuk, I h~ "dJr~," i, Ihen r~nl<)v~J frOlll Ih~ Ill,", ""ti Ib~ 'i<m~ bLl' 
c' )[H"-,,,ium arc u,ed for 'he ,ul",e'lu~1l1 r,,"d or wriw ,!HIe Iran,f~r. Thi! ,,\elhod 01 
using Ihe ,a rne linc., lor mu ll iple pU'I'o,c, i, I.lllw,·n as ",,,,' 1II,,'rrp"'xlIl~ 

The "dvanloge of I i me muhiplc,ing i, Ihe u".; of fewer line'. ,,·hich ,""e, 'p"ce 
al1(l. "'Llall),. "'''', Inc 'h""h'''f1I")(~ i, Ih"'lll or~ "O"'piex Ci,n"'t)' i, needeJ "lIh,,\ 
each m(>ciulc . AI,o. lI,ct~" a ""ICT","I ,,,Juclion in IlCrfo'lHan,c lx'cau,e e,·rI.in 
~wnl s Ihol ,har,' Ihe ,.m~ lin'" ,.nnol take I, la c,· in r~r"lId. 

l'IJy,iC<11 ,1",li""if", rd~TS to I he "'" uf IlHJ II il'ic I>u,~" each of "h,cl\ con necl, 
"nlya ,ulo,el of mWulc>. A IYPIC',I nampk "Ihe use "f on I/O bu, to mler,onnen 
"II llO module;; Ihi, hll'" Ih~n connecled 10 Ihe ",,,in lou, Ihrollgh >O"\{' Iype of 
I/O ;!dapTer ,,, ,oJU,", The pokmial "J";mwg~ "I pl1 y,i"al dcdic;!j,un i, high Ihrou~h _ 

1',,1 , I",cau," Lh erG" I~" bu, c<)1l\"nll(m. A d""J",ml"IIC" Ihe morea,eJ ,i/e "nd 
c,,,1 of Ihe ')',Ie,"" 

\ ktl",d "r ,\ rl>il,alio" 

In all hUllhe , imrleq 'yslems. moYe than onc moduk may l1ced "onlro l or Ihe 
1>,,<, I'or exampk. an ]/0 moduk 01:0)' ''''cd to ro,,(1 ur ,,,,il~ d,,~e' l )' 1<, memory. 

wilhoul ,~nJin~ 'h" d"la I" II," pH>l'e,,,,r, Because only llne Ullil JI a lim" ""n SII,

l'cssfully {f~ns ",it ""e, Ihe hu,. ,",-,me melhoJ of arhi"al ion is n"~JcJ. Th~ voriou, 
mdh",h can be rough l)' cla""ific-d '" being either c"nl",]i/.ed or d'<lribuled . In" c~,, _ 

Ira li,,,<1 scheme. " 'ingk h:"dw,,,~ d",'i"~. r~krr"d 10 a' " hu.' wll/ruller or' ",hiter, 
is r",p.:m>llolc for "II'>lating lorrw on Ihe lou" Th" Je"i<:~ ,na,' Ix'" "'poral,' modul~ 
or ran of Ih" proc,,>sof. Irt a Ji,lrihUied scheme. Iher., is no oemrol oOl1iro lkr. 
Ral h~r. ~"ch n"xI u k conl"i", """"" conlro l logic a nJ I he' Illodule, <lei logClhcr 10 
,har~ the Il,,,- Wilh 1>0110 rTl~th,oJ, of arh,lr;lIlo". Ih" purpo",,, 10 J""gnale one 
de"icc, eilher Ih" I"oc,',>or or an I/O JllLlduk a, Jll",lcf. The m;"ter 01:0)' Ihen in i· 
ti",~ a daw Iran'fer k ,g .. ro"d or "'r i'e) willt ,ome 01 kr d~\'''·e. wbid, at"' OJ, ,I","" 
fo' Ihi, I'".-I,eul", ,,,ch,,"~c. 

Tj"'in~ 

Tim'nlt ,-d~" to Ihe "'")' '" whid, ,"'enl> are ""orJi",MJ ()n Ihe bus, Buses 
u'" "illwr ,y rtch rollo", li""rt~ or '"y"ch"'''()lJ, limin g. 

Wilh '~nrh rono", li"';"~ , Ihe "",,,""enee of eve,," on the l:>u, i, J~l~rmin,,1 
by" d"d;, The b", inc l "J~,,, ci(}Ck lin" "p<J" whi~h" ebel ""nsrnil", ,,,gula r 
,e~ue "c.' of ,,11,,"'al "'g Is and lis of "4U") du,,""on. A "in gl ~ 1-0 Imnsmission is 
rekrred 10 as " dod. eycl,' or bu>' ,""ele and Jdine, " Ii",,, slol. All ulher <ini"e, 
Ull Ihe ~'" ""n rc"J Ihe do", lin ~. ,,,,J "II ",'enl< sl"" "L th e I><;gim"ng "f" clOCK 
~ydc . H~ur~ 3.1 ~ ,ho"" " 1),[,,,,,, I. hut , i rTll'hfieJ. Ii m"'g diag,,,,n for synchronou, 
read "lid wrile o!",mlion, (",e AppenJi, 3A for a Jescriplion of lim ing di"gr"m,). 
lllh"r ~u, ,ignals 010)' ch"ng" allhc I~"ding edge oflho dock ,igm,t (w'lh a 'I i ~hl 
reacllOn Jela)'). M"" even l, '>lCUP)' a ,ingk d,,,:k "ydc I" II" , MmpJc example. 
Ih~ p"",c"or p i",,·, " Tll emo,)' "JJr~" on Ihe add,~" )",e. during Ihe fi"l dock 
(')'d~. "nJ may asserl "arillu> .1" lu, line" O llce Ihe "Jdress lin es have 't"bililCd. 
Ihe p"...-e,"or iSSUe' on "dd.c" ""ohle si."-""I, For" T~"d opemlion, Ih~ pf(Ke,,,,, 
,,'U~, a t~ad uJIlornanJ at Ihe ,Iarl of Ihc ",,,,, ,,d qcle, A m~mor)' module rec()g
nizes Ih~ addre>5 ""d. aft,,! a Jda)' of one cycle. pla""s Ihe Jala on Ihe d,,,,, hn~' 
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FOf" w"l~ ol"'raloo '1. the p"'''c." ,,' PUh Ihe uata on Ih~ data line> IIllhe ' Iart ()f 
,he ",,~')nd C)'de. ~nd j'Suc, a "dIe romm,m,j "fl~r lhe data line' lone ""h,b,-c<L 
Th~ Inc"",,), m<>cJulc ""p'C' Ihe ,"form~lion from I he <lalo lin~ dun ng 'he Ih,rd 
clock C\"'~. 

Will! "'ln~h"'''''''' t;"'in~. tht occurren,,,, 01 one e.en! 011 abu, follo,", ,,"oj 

tiq>cn,j, on l~C ''''currenCC of" p,e,'lou, "I'e t1! . In th e ,otl,p]C fc;.d c.ampk "I' Fi~· 
ure 3.lOa. lh~ p'",""ssor pla<c. a<.ld r~.,;,; ~nd Ma1U. MS" "" Ofl (he l>u§. Anc. pa .... n!l 
for I h~,., "gnal. II) .I~hllil~. ,I ~u~" a read ""mmanoJ ,noJ,callnj( . hc I" .. ",enc" uf 
""loJ :o..kJ,c," anoJ cO)n1r01 , ign"I>. The app'\~" ,ale mem",), oJccode' I he aoJoJ,~~' anoJ 
,c-ro",I , h)' pil<'; " l\ , hc J ... a on Ihe d,,';1 hne, O nce the J,,'" Il nc, h",'c "ahl ll~cd, 

Ihc mcm" .. ~ module a""rl< Ihe acho"'k,I~"d line. ,. ,, ~nallhe I',occ,""or Ih '" 
Ihc oJata a,c a~ .. I.,"lc. One<: the ma""r hM> leaoJ Ihe oJ~la from .11" oJala IInc~. il 
oJea.sert_ Ihc read <I~n"l. I h" cau>cs l" e memo,), module 10 ..... p ," e "~la anoJ 
acl"ow l ~,l gc II ne~. "'""iI),. ')n<'" rhe ackn(Jw ledge line" druppe", ,h" maSl". r~_ 

mo' c, Ih e add,,,,", ,,,{,,,malion 
I .gur" 3.2Oh 'ho"'"5 a ~.nlple a,ynch runou, \\"i,e " "c ra,;on In Ihi' ea>". Ihe 

JJu,IC' pl .. c"," Ihe t.1ala on ' he oJala linc al ' he "'me "me ,hat;. I'u", . ipoal, on the 
,'aWs and add,.u line;, The memory n",d"le ,e'pond; II) ,hc w" ' e conun""d 
1» ""P)'''' g the (I",,, I.om th e ,li,la line, ,,,,oJ Ihen ",,,,,nil'S th e acl . w"I"(lg~ li,' e, 
The Ina"et ,he" d.ops ~he ","te "gn.1 anil th~ mem"rr mod ule drops t ~e .cl nowl· 
ed~e "'tlnal. 
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Stahl., odd,."" > 

\ I~--

( Valid d.,a > 
\~ __ ~I 

Slot", ,ilR." > 
SI.bI" .dd .... " > 

V"';'l,la l. ) 

\ I 

\ I 
,bl S),>"' ,,' 10", ,,,,It<, <)'<k 

SYTlchr""",,, tll1""~ i, , ,,,' pier 10 ,mplcrt1ent "nd te st. HolO'C'-cf. il is ks< ~~x · 
ihle than a'l'lIch,onou , timing, Because "II de"ice, on" s),nch",nou, ~'" "r~ I ,~d t,) 
a fj,cJ oIo-ck raW. tho ,)'skm connol wk~ "U\-'1nI"!\~ of "d"""ce, ill uc"cc' perfor
m" n,-"" Wilh ",yndlrOllO"< li rTlin ~." ",,, ' ure of ,low ""J f"st dev ices, u,ing o ld er 
""d ""wer wdlTl"lo~)' _ Cart ,hare" bu •. 

HilS Widlh 

Vie 10 , ," "iI'cady ,Jdrcs>eJ the cOllcept of hu, "idlh. The widlh ()f Ihe dal a 
hus has all imp""'t on 'y,wm pcrform"nec; The ",i(k, Ih" dOl" bus, tile Sf<'ater Iho 
nUl lll", "f hil, 1"''''k rreJ al ",," lime. I1w width of the "JJress bu. ha, ,on imp"d 
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''', ')"(cm t"p.u,), The "',d~, Ih~ ",!dre,s hu,. Ih~ ll'cal ~r Ihe ranj:c "f localiu,,~ 
(ha' can t.: rd~rellITd 

nK'~ T",",r.·, '1) I'" 
h,wll)'. a tr", '''ppM!> \.,,,,,,~, dOl" I ,"",fer \ yf"C.' . • < ill",! "ncd in I " ~ure 

.'.!L All hu..." .upI'"n bolh "rile (rna,tcr 10 ~Iaw ) and read ( ,Ia,·c 1<> masl cr) 
'ransfc". In Ih~ U$t or a ."uh'I'Ic.cd addru"da' " hu~. Ihe hus ;, fi •• , u",d ('" 
'f"'c if)'''' g Ihe "d dr~" "lid Ihcn r", Ifa",k""'g (he dolla, For" re"d Op",.tlon. 
Ihefe " 1}'pic.II)':t " 'iu l "'I!ile Ih e Jal. i< "" 111 ~ fctc hed f '<lIn Ihe ,I,,, c to " e 1'''1 On 
Ille bu<. I 'or c,I IICf a read o . . .... flle. Iherc ,,'ay al'" he ~ dcl,,~ if il b n~"Ce",arv 10 
go throullh a,b,IIa".:.n '" gaiR wnlwl of Ihe "u, (or the remainder or . he opera
,ion (i,e ..... · iL~ , lie 1m, 10 rrque"" . cad '" "rllC. Illen ...,IIC Ihe bu. again'" I",r· 
form" rcad or ",i lel. 

'·h, .. _ 
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Tim. 

I),,~ ond .. ~l,..,.. 

...... b) ........ . 
in ..... <,,, .... .... 
... '1 ....... b., lin .. . 

\\ ..... "_.,, · •• ~IIl ........ , ' ..... ~Iioo" 
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I" Ihe ca>e of dc,.hc~l"d add, .,,;s and dala 11,,,,,, llle addK",,' " I,ul un Ihe 
..wr"",,, "'" and renl"In' lhere ",hM Ihe dal., arc I"" on Ihe dala 1>0 .... FOf I ",'niC 

"pe.alioll , Ihe nl~.lcr puh Ihe dala onlu Ihe tlala h" , .. ~ s""" a.lh. addr~," h." 
'l"h,l m; d "ntllhe . Ia,'e ha. had Ihe "Pl'mlu",,,y 10 'CCO~""C II. addre." h ... , rcad 
op"ral ,()n. Ihe .I~,'~ puh Ille d.la ""'0 Ih. dal " h,,, ". M>On a.;1 h,,, .ecug"'LCd ' I~ 
.,Jd. es> ~ nd has relch"d II, ,, d .• I., 

Th~re arC "I", ,"' c,al comhi"" I ion C>(, e.atluns lit,,, "",," hu",. allow, A rer,d· 
n"~ll fy w.i le " I"''' ILO]) JS , ""ply " ,cad foliO\wd immc,halei), by " ,,'rik 10 Ihe '(II\1 C 
"d<hc", The add .""" ,mly h.o~dca'i """";01 111 0 1"'~ J n ",n g of Ihe "I""alion ..,,~ 
whule operalion i. 1 YI,,,,,,II)' ",d" i,ible l" P''''''' ''' ""}" "IXc,. 10 n,~ dala elcnl~nl hl' 
olhc, polen"al hu. m(lSlers, ' he p"ncipal purpo<><: of Ih,~ capahil'I )· i. 10 p",lecl 
,ha'L..J meBIOr}' .<'SOUrtt. In 8 nlUli'I"ugrnmm.ng ""em tlCe Chap.c. R). 

Read '3fl~'·" We " an ,ud" ",.lIk opemlton C<>tI"sltng of ~ "'nl~ follo,,'w im 
med,alely 1» ' a read f",", I he .... me addre',- 'l b c rcail "per"I,,," "'3)' t>;, pe rforR",d 
fN ch""k !ll ~ pUIl_C., 

Some bu, ')'ICm, "I,,, ,ul'l~ )n " block d"l a I.;""f~" In Il1i ' ca'.'. (HIe aJd,el' 
c)'c le i, fo ll o,,""<1 bv IJ ".11" e)e lc" The j'j,,1 ,kola ,I C])' is tr;H"krrcd 10 0. from Ill.' 
~rceif i ed "".Jro,"" Ihe lem" i "iT1 ~ <1,,1« "em, arc m""f"n~d 10 or from ' ''"'''<.J ue ''l 
,,,W'e""'" 

3.5 PCI 

I hf pcnphcml ",,,n,OOncnl !Ille'''''''",CCI ,I'C'I) " a '~'I'ub . high·b'lIld ,,",dlh 
1"""",,,,,'·;ndcllCntl""1 b", 11. .. 1 ca n functron '" a ,,,e",,n,"" 0' I"" ipheml bu ', 
(''' '''pored with " I her e .. "",ron bu , 'r«·ifie,, ' ''''''' 1' ( I dChwrs h<'11cr »'>lem pc . · 
forman~" r", h' gh·,peed 110 , ,,I"l,l,m, (e.g .. g. aphk di,ploy "daplc .~. ,,", w". , 
Hltcrfat"e CX>IIII'OIiN'. d,,~ <:< 'tll mllc" . • "d '" on'l '11,,· ," " "'nl '10~da.d " II"" , Ih e 
~'" "f up 10 ~ dal~ Itn~'I al M M Ill. for a .aw I,"""n,fe •• ~tc of ~2X M flyl eJ •. or 4,22~ 
Ghps, flul it i. nO! Ju,1 a h'!(/l .peed Ih'" n"'h~ 1'("1 all r~CI"C . 1'("1 ;, 'l"'~irlC~II)' 
de,,!,-ncd '0 mecl CC<1Il"'UlC~Jly Ihe 110 rc<.ju""mcll1. of n,""",,, .~·'Icms; " re<.Junes 
'cry few ch,p> 10 ,mpkmen, 3nd 'U,'I""I' ",he. bu"" all~ehcd 10 Ihe PCI hus 

I nt~1 !>ega\1 ",o.l on 1'("1 lt1 1'J90 for ,I. P~n"u",·ba"cd 'piC",,', Int.1 soon 
rcle.",d "n Ihe I"'lenh 10 Ihc pullli< dom ,,,n .nd l"o",,,letllhc crcalio n of an In.lu.· 
IIY "'"'tIL·jall"]). lhe PC! ~IG, 10 .l""dn!, further "nd m,,,ntain the comp"l,hdu), of 
Ihe 1'(""1 ,pce i!i"",i,,,,,. 1'I, e 1<',ull "Ihol 1'("11",\ he.'., ,,;.lcl)' a""pleJ and;' finJ 
lIl ~ incr"asing II'" in pc r""", I CO lllpUIc •. wm bla, i'm. ,,,,,I ",rYe. ,)"",n,,. As "I II", 
wriling. Ih" curr~nl "C"L\)11 ;, 1'( 1 1.2. [l""auK Ih e 'l><."<:ificalion is in Ihc puhhc 
d"n""n "lid i, ,upponcd hy" h,,~,d CfO\S se<:lion "r lite noiempro.,c"",, • • "d periph. 
eral ind\l>I" PCI p.odU~I' huill b~' difkrenl """dot1i ale <:<.on'p."hk 

1'<.:[ i. dc"~ne<.l 10 slll'pon • 'a""l} "r n"c,oproce-..,,,r·l>ased configura"",n, 
rndutllllll hOlh ""Sle· and muli'I,lc •• "oce'OSO. "Y'lICtn. ACCOldtngly .• ' p.o>odc •• 
~cner d[' PU'POOC ""I of func"",,, . I , mob:,. " '" "I-y",h."""", llIl,mg .,,<.1 a crnlral 
ilCd a.bll'alion "'hemc. 

I ; ,~ u,,, 3,n a ,how." I}(",~d uSC of 1'("1 in" 'm~lc·rrocc,",,' ,y,l,"". A com· 
!>.""d DRA"," ronl." II", ""<.Il>ridgc 10 lh" 1'("( hu, r"""de, t'ghl coupling "'tlh Ih ,' 
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'l~IIOjIUO' IJnlJ'IUI ue 01 '~UIII0 "uL[ IJ,Ul.'lul U·"" 'I' S"~ ,,>1,,"1' DJ 4,1IlJ 
'J"~IU"tI 'P"!I rJH~' I(>U 'J~ ""''II -<UlJ U"lI~'lfqJ~ '41 '11"" 'V 'a",-"" "'I 
'l,gnh", ~IC,l~U~~ I"HLJ ""II q",-",I' I.Jd 10j l'~I'I.,oJd ~l" .>S~'I.l ",,!d IdllJJJIUI • 

:<Kin"," I"UOIl'""-1 ~UL"nll()J ~LIl "Ill! r"r'·"p 
-(t.-~ ~I'IU.JJ '~Llllll~'~!' 1""o!ldo I~ >,1ll'pr UO!I~"J";xfs D.! ~lll 'Uolllppn"1 

'''QJl~ "410 pun .-\11Wd I-lOJ~l "I 1""'11 ",,!t! ~u!lJ"d.lJ ""H',~ • 
'101''11" <"<I DJ "'1101 "Il'·'''r 

I! P'ULi'" )lnll ,"uti UO!I,01I"!''' J" A",tI ,1.,," '" ""I '~""W 1.)<1 IP~~ 1Jlll""tI 
"OlL111"""4' j<1U ~J" "'~4)",1"'II"U~" 1.1,1 '~'ll" "41 ~1'ILJ(1 ",,!,l U"!Ir.'I!'IJV • 

·').)~1El pU~ ,101"'l!U1 iuolll~ U0I1UU 

.,1'.1"'" "I'L," "d I'"" ""'!P""'"" J" :ILl!""l ~'ll 1",'1"".) ,,"!d I"'III"~ ~~UjJ~I"1 • 
'"1"1' PUF S,,,S~Jpr" "~1 ,(jJ"~ 1"41 '~uLI l"ulll< 

0'11 ~II"I"I"A I'"" '~.ld.lO)Ul 0ll',,,n ",m dn",L); '!11l 'I' PU'I 1~4)0 .l(U. 'UlOr r"U 
""',"JI'I'" 10) 1'~'"ldLIII\lU ,1<u' 1 ~A" 1"41 '~ULI H 'p" I~LJ I ",,!d "1"1' rill' "JJI'I'V • 

'""d 1"'" r"" ~""IJ ''11 ~r"I"UI :slI!d ''','I''S • 

"d""l~ I~U"'PlLnj ;JUL.""II".1 Mil Olu' r"IlLALp ,,,,, ",1<1.1. -UJ ;elJ '~\lIII"\l~I' 

,il01~PU"'" (,t ~lll SOUlpp n: ol'lnl 'SllQ 11<I"M10 -2<"'" 1"",,1l!,1L10' ''I ''''lJ I.Jd 

"JlIPIlJ1S sng 

"'IPld"J "1"1' J~_"pr pun ~,'p>,1J 01 ,'1'l!'1" ~11l 
"1r!,,,,,J P' r,-'o.;!, ,o"~",,d 0111)0 1"~rlJ.-xbl"J! Dd ~\I) <Ki"-'~ .~iruq)" ~'" O~I 
'"!,n,v "~~ruq I Jd '41 I'll" --'JO<li~LlJ L!!"LlI ',,,u,, "I'R'lJO-.-q"",I(1 ~\Il ,'IUO suod<II" 
'"Q W"l"" "4.1. ''''c] W~I',-\' ,.,,,,,a:>OJJ ~'II 01 ~~;ipl1q ,(q p,'\~~(lLI('" "I .("Ul 'LJO<) 
-",n~I)\lOO U.! ~'OUl Jl' ~\l0 '(qZn: ,1J"~r,j) ''".'1','' J""J:>OJd'llntU "Ul ',(II[!,<".-I,," 
Oll ',l,""~"ud '4' J" ""II UHlJJ DJJ!l' ,(mIl ,nq I.)d ~'ll JO p~cxl, J~l ,"~1 ()\ 10J,I"Q 
01"1''' '" 'I,'" 01lPL14 ~LlI -'1'0",1, 45"1 I" '11"1' '~.-\ll~r "I ,i1'l"I~ ~'Ill'"" Jo,,~:>o,d 

[8 jJd I \'\. 
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. 

l),,,i!V'.lion I r~p" I l kM:rlplioR 

I"'~rrupl Pin, 

IKTA . ,,'d lI"" 1<1 ""l""M , n i,m""I" 

I~"'~' "'" l1",<1,,, "'I"''' '" i' ''''''' I" ",<I . n,,, ""-'''H''~ un' ,""Itil" .... ' io" ""'to< 
I1<TCI ",'4 U><~ to "Q"" '" ",,,'rrop' '''11) n," ""''' ' m~ "" ",ultifu,,,ti,,,, <l,-"" 
!'"TD' ,,'<l lI,,-,1 'u re~U'M" n in"''' "I'' 001) It., m'''o,"~ , ," ' ",ult""",'",," d,,',," 

C"'be S . p~"r1 Pin, 

S~OI , ,,"'0"' '"'''-'I' H,cko lf I .... ' '''''""",, " , ' ",,,"died I",,, 

S!}()"L ", .. """ "'''''I' [)("\(', I oJ"." .. , h ,- 'to IL~ ot ' hf '''''' 'r "" '" ' '" ""n' "'~"" L A>«",'J 
~It(' n , <lOOP h, .. "<, ,, """'1'1"'" 

64.[,11 Ko, hI"","", Pin, 

A l~"·' '' \) l t/, M"'''ri,,,,,1 Ii, ,, ","-,.I r", ,d,h,'''' .oJ J.,,, to C- ,,""J 1>", '" ,.j oi " 

C:BQ7, ,4]l L'; Mul,i r\"od h" ,0 n"ru1'.0 ,00 "l"t,· ,'''''' "go'''' n Un"S ,he ,.j~".,. ptI." 
'he' Ii "" p""id,' o.JJi""MI he< '0"" '"" "'10., J)",ing Lh,' d",; p~''''' 'h ,' Ii"," 
,oJ,,,,,, ~h,,'h ,{ ,>to '0 ,,, ",,",hi hy" I, ,,,", C'''') "." ,i"~r" ' Wt., 

"'~ " L.'. L""J Lo ,,~u,,' "p", , .. ",[," 
",,";"11 ,/t/, IOOi,-" o, ' ''~'' ;" willim' Ln I~'rr"", 64_"'1 [," ,)< 1,-, 

l'IIK64 ti' Pro" ,"'" "'" 1'''''' "'''''' ""OO,J AD ,,," ,iBE Ii"" "," .-Joc' ",,'" ,,"<" 
JTA(;II!".nd..-y ~ Pim; 

m " To, L fh~ , \ :>i:<l Lo d,~'k ,,", i"!"",,,'''''' ,,,, J "',, ~,," ,n'o . oJ "" "I Lhe 
""'icc d""n~ ", ",,,,I ,,), ,,:On 

T lli ," I'" , lor'" L'"J '0 "",, 'I)' ,h i" ,,,' wto . "J ins" L>ct''''' io w ,h e 1"'",,, 

= ., 'k ' U'lj'll!. U..xJ to " ' 0" ") "',ft I,,, ",," " J " " ,uc',,,,' " ut of ,1>0 ""-,,"" 

TMS '" To,' M,odo S<"" , l!",'d (u ""' Ln.>l ""f vito" """" 1"'" ",",,,",,, 

T~'T. '" To ' R,,,,l. I ),,1 to ," iLi>l;,o (,,"' .. WI> I'OIt coo"" I", 

10 I"put unl ,· ~I'J"I 

uut ()Y'l' ut-,,,iy,if n. 1 

'" H "Io'c<" " ,.1. "~,, ."". I/() "1"",1 
, :" , \.u,L"""d h; .",,< <i, ,, ,] "rI,,' Il "l' ' ''' 'y ,,"" ,n. ,",', " , . ""'" 
,,'J (")poen J" i", . 11"." ", ultiple "" ,ice, [" <h""", ~'"'' 01( 

• "1J''' I' , ,," "'0 " ,, " ",,,",, " I "'" " " I" ,'0 



84 ( II ",I'TER j I ... v lr w 01· L"OM I'UTER ~l,;MTION ANn IN 'I'1:I<.<.:O,NI C I"IO ' 

I<;,",,,C,,OO 111 ,,1 ""II ""cur nc," DUrin!'. tile ~J.J",,, ph.,,,, "llhe I"",,,"cli on, Ihe 
( 'il! E linci 1m, u' cJ 10 \ j ~""1 I he Ir an ,,,c li,,,, Iype. The c(,,,, ,,,and, "fC 

• InlcITYI" Adoo"k....J8c 
• Spe<',al ()d~ 

• liO Rc~d 

• liO Wri le 

• MenlOr)' Rc~d 

• :lM mof)' Itcad Line 

• .\I ~ n" >ry RcaJ Mult ,ple 

• Memm y Wr ile 

• Mem" ,y Wril~ and In,'a lldalc 

• Confij:um hon R~ad 

• l'''n r;R U'~lion ", nle 

• DUlI l Addrc<s C)'ck 

Inl enOI" Ac~no"k<i~e i •• rc~,1 ,'''mmamJ ,n le,l<k<J ror ' he de"I"" Ihal fune· 
"0 .... &, 8n 'nlen ul'l """"oller on lhe 1'('1 hu~. Th~ 8<1<1'~" lin~' DrC "" I u:;ed d uro 
"'~ Ihe adJ."" pha .. and Ihe b)' le ~nat>lc li ne, m,ho d'e I he.u~ "I Iht mler. upt 
,<lc [\lificr 10 h<: returned. 

The Special Cydc (."< >llI't,a nd i. used hy the ill ib,,11l( 1<1 bro~<k" 't " "'"'"'''ge 10 
' ''''' or mo,c la,~ch 

The I."{) Ik aJ and \\ nle ""'''m~nW. ,,, .. , "",,<I to fTlI'l>lN dal a bch.een lbe mi· 
lIa lor and a" 110 co"' rollcr, Each 110 <lCHCC h ' ,I' <>''-'' a<l<lTC'" ~P"'-": . and Ihe 
:rJdr~ ... , Irnel Me w;.::d 10 1I\(""al e ~ 1'''1'1" \,,,,, dc' ICC a",J to I I)< elfy Ihe d"t" to hoc I ,a ll" 
fcn ed to or I",,,, I hal clc,';cc. ' I he conee pl of liO addf"' '''''' i< explorc<llll (-""pt ~ r 7, 

The nrcmo.~ r~ad "".I ... ,ite com m."dl are ",,,,1 10 ' J"'cif)' Ihe Ir~ n,kr of a 
hu,-"I of dala. o.:<:upymlt .. n ... or more d uck ... yelc •. Th~ Interprelalion of Ihe .... com· 
man<h. d~pcnd~ on " 'hcllocl o. nol l h~ memo,), co ntrol1c. on lhe 1'('] b .. , S" ppo!" l~ 

Ilw I'CI I'roto".,1 fo ' lra n\lc rl ""I",,,,, ,, mc "''''~ a"d ,,", he If ro, the Ir,,,,,fc. 01 d,,!~ 
I" and I'm", Ih e me mOf)' " 1)'l'k"II)' in left". or clt<hc Ii " e" or hh...:b. ' rh c Ih r~c 
mcmor)' rcad eomnl;n,j, ha'· ... Ihc uSc' oUllinc<.l in '1 ah1c 15, The '\!c",,, .. y Wrile 
<~l",mand;" .. """, 10 lransler ilirla ,n one or more dal. C}dC>. to mem",y, T he \ k 'n' 
o f)' W,ilc and In,'alidate e"""nand Ira",fer. dala on one 0. mo.e c)dcs to me"'''f)'. 
In add,I,,,n , )1 gu"mnlcc, thaI "I \C"" (l1Ie c~e hc li ne i, "''' le n. ·1 hi~ Com "mId §up" 
rorl' Ih" eadl C funCl ion o( "'ntmg b"ck I' hne I" lIlemo')" 

The I ... " c< ~'figurali,,,, <'Om n.and. ",,,,hie a ,n,,'le. 10 rea ~ "",I ul",.,te c<,..,r. ~ . 
.. rallon I"',"mclerll in a <Ie., • .., COfl"""Ie..i 10 lhe 1'(,"1 Each rc] tic, ICe ma}' ondu<lc 
" 1' 102511 ,nlernal n;~"l~r' Ihm ,,,c .. ",<I ~uring .y~lcm ""ha1i,"'I;()n 10 c<>nf'gurc 
thaI .le .·ice, 

110< 1-.l . ...... '.II""""pI<. <>l ~...,h" ....... " ... dc"h~ '" {,."' .. 4; "'"' booo<d <11<1 .. , proI""' ...... 

~ ...... ""'" ,n .".,.. .. I ~ 



K,'." C""""."d 
' I ') P(' 

Men"" 110," 
I.,,,,, 
~knm) Ro,," 

Mol"I'" 

~o, ' -ach"bl< 

~h'''' ~t, 

f<""',i"~ " ",''',I! '" "" "I 
,a"h-", I i",' 

f<""';,.~ " .. " ,I"" ,,",_ li ,it' 
"'''''f>< Ii" " L" Lh", ""f>< I""" 

Il",,';"~ "'''''' LIi", Llir,,' 
,',d,' Ii"" 

,1_ 5 ,'PC! 8S 

F", r-o""""h"bl<, _\10"'0'), 

Th~ Du .. 1 AJJ,~" Cyd~ comm"nJ i, ","J to} on initi"lor 10 ;nJ i,a'" 1I",t Lt " 
u,ing M-hit aJJ ,c," in g, 

buy dat" t,a",k, "n t he 1'<.'1 ~'" " a ,i "gk t",mad L" " c''''',,' in g of one odd a's> 
I'h,,,c "nd ""~ or TT")T~ J .. I" plo"",,_ I" ' hi ' d,,,, ",, ion, Ih' illumah' "t)'rical ,caJ 
"ptT a' i",,: , w,,'~ oJ":' at io" ]lrc"-,,,~J, 'imil:i II!" 

Figure -'.23 ,how, the tim ill g of the rcaJ 1,,,o''',li,,,,_ ,\ 11 n~"h "1'<' 'ynehm· 
nil~~! 10 Ihe f" ll i",: Iran,;';on, 01 ' h ~ dod" whi~h ,)Co,,, ill 'h" ""dJIe uf eaeh dock 
~yd,_ Ilu, dc,',cc" "'IIlJlI~ tloe bu, lin~' nn the ri,i ng "Jg~ at Ih~ lxginn in ~ of" 11m 
cycle, T11C lollowing are ' h~ ;i~n il;c"nt e"~" I;, "'l>ekJ on IlTc di"~""n-

a. (),,~c ,J l1u, """t,', 10", g"' Llcd ~()ntrol of t h ~ bu" it may bc~ in Ih e ,,,''''
,ctin n h} "","ting FRAME, Thi s li nt' rem"i", ",,,,rlcd unl d I h~ "'; tia1m 
i, rcady '0 comple'~ I h ~ 1;1'1 .1" , ,, pi",,,,, The i"it, .. to' "I", put; the ,tart 
aJJ'e" U" 110, "Jdr"" bus. ""J IIw r~"d co",monJ on th,' C!IlE li ne', 

b. AI Ill" ,tart ul doc~ 2, t h ~ t~rgct device ",ill ,ccog nil~ ,I, :,d.1r~'", "" the 
,\D li ne,. 

c. T Il ~ "",,,,1<,, cc,,"" Jm''''g , h ~ AD hu>, A lu,""mund cy~k ( ind"'a led 
by th" t ""0 ei reu la r Mr.:>",,) i; fC<j uireJ 0 " "II 'i ~ , ,,d I", ~, I h"t "'~}' 1><0 J, i_ 
"en I>y 'n o'~ Ih,m 00, dev i,e, '" II",t the d'''pp;ng or ' h ~ aJJ,"" ,ig""1 
will I'rel'"r~ th~ bu, fm u«' b)' t hc torget de,'ice, Th,' ini li"tor ,h"n g~' 
the i ,,1m ma ll()" on th e C/BE line, to dc, ig""k wiT ich A Il II "CS "rc to he 
uscJ for translef for Ihe c"rre"t ly ,,,lJr~,,,,d d"," (ff()II' 1 t() 4 byt"'), 
Th ~ ini1i'il m "1,,, ""e'" ml)Y to ",J'C"IC th at it i, rcaJy for Ihc (i,,1 
d .. t" ",',,1. 

d. Th" SC I~,l,'J t",g~t oss.;rt' DIcVSFL 10 iodic"k Lh"t ll j"" ,eengtljz"J it ' 
"JJ"" "nd will f~'r","'L IL l'bc~, Ih~ ""<juc>tc- J J .. ta o n the ,\[) lincs and 
""el t, TRDY t ~ inJ i"tc that ,'~I id Jata i, prcs.;n' on ' he hll', 

t,. The in iti"wr fcad, th e d:tla at Lh " 1>C~ II",i"g of doc k 4 "oJ eho ngc; 1he 
b)"~ "T",hle III ' ~' '" ",cJ,'J L" pr~par"t i on lor Ill " nc,t rcad. 



1 

I cb -dy ' (1)- - - -
I 

'. - - ",J'U .... I "10(1- -• , 

r " • 

~ 
, < • 
" , 
• • , 0 • " - - - - -11",\\ 

, 
'. - ""'7'" T • < < , • • • < = i ~ • • • - < , 

o -. • "r. _ 

-~ 
- • I 

• • • 
'. - - '.]'''.' 1 ~1~(J-• ( T < · -• ..c ,;l 

< · -• ~ ," , - . ~ .. • Q -

-. - _11M ,- -

0 
, 

~ 
• 
~ 

., - C - - - - 1 I 
• , 
~ • • & = < 

• • -" 2 
" ~ Q • • • • ~ d < " - -- " Q 

~ " < 

" " 
, , - -" ~ •• • ~ Q '" • 



B/PCI 87 

r"- ur;- • • • 
~ ~ I'CI arbll"r 

, , , • , • 
" • o • 
I~ , I •. , '" •. , 
.~ •• ;c. ~~ ~~ 

f. In II", exam,'Ie. Ihe la~CI nee"'" .orne lime 10 l"cl"'re Ihe ..... 'Cond bl.)Cl 
01 dala for 1"""nll"".n_ I herd.,,'e. ,I dca~ns n{I)Y I" "~nallhe ,n,· 
lia1O' Ihal Ihere ",II ,,,,I he new dala dL""'~ Ihe c"""ng c)'de. '\l'C"rd 
Illgly_ lite 1"'1", .. " doe, nOI rcod 'he tf"I" III," ' ," Ih,' b;c~inning "f Il,e I,flh 
dock cI'cle ""d d. "" nol dw"gc !>}Ie e""blc duror,g III", cydc The 1. lock 
of <law is re;,d "I I"'~ i"'''ng of clock ~. 

~. Du""~ docl ". die 1.'l):el ph ...... I he Ih"d d;,," ;ICI11 nn Ihe hus , II. 'we' cr. 
in Ihis e<alnpk .he ,n",a""" not )d re~d)' 10 ' e"" Ihe dal. ,[em (e,g .. " 
ha, a lernl""'''' hulfer full runJillon), It Iherd"' e dca...,rt. l RDY I h" 
wdl ,'au", Ihe lar,cllo nMonta," Ihe Ih"'I"al~ lIem on the bu, for an e"ra 
dod cycle 

h. "h" ;lIiIl31'" l"",., Ih.,' Ihe Ihird dal" "a'lSl". " Ille I~,L and", II ,Ie 
","' • ., I'/{,\MI '0 "l'-n"lllIo t"'gel Ih'" Ihl'" Ih,' 1.'1 data I"""lel II 
a l,., '''''''[' I" I) Y '0 ~Igllal Ih,,[ ,I " rcad)' h' "0n>pkl~ ' ''at 1""" f", 

i. !'h" in ii i""" d"a"eli' IKD Y. ,.e[urnin~ In" hu, 10 lh~ ,die' ,[ate. "",ll he 
' arg'" de"~"'I!' rRDY ""d DEVSI,L. 

Arbitration 

PC I ma~c. u'" 01 a c ... nlr~h/C<J. <\"I1,'hronou. a,bll ral "'" ... heme in "hleh earh ma"
Ie' h." a umque "que" (KLOI alld g,an' ({ . NJ') .,!!!,al l hc,", ~ign~1 hnc. a,e 
all",,""d 10 a central ,u ~"c, (I·,~",c J.14) and a .iml'!c 'c4u~.' ~,a"l hand'hake is 
",,,,.I 10 ~""" a..:ce" '" Ihe I'u,. 

I he PCI 'I>CC,ri(~I"m d",," nol d'",at~" 1""'l\:ul,., 'lrb imlli"n ~ Ig"fi'hm. I he 
a t hile r ca n use" fif>I·,·om".fi'''·",''''cd "ppmach, a "" Llld·",\>oo "pp","ch, '" ""''''' 
,,"1 ,,{ prior ity "heme. t\ I'C I ",,,'ter mu>1 arb il ""'" fm ~'lCh lmllS"('ti<>n 1""1 II 
",,,he, I" pe,f",,,,. wh~r<' a ';"~Ie tr.nsac1i"n ",,,,"'1' "I "n a"'dr~'" ph"'" ("I1""e'" 
b~ "n~ ," ,ll"'" ",-.."igu'-III' dala ph"",,-

I 'g ... ~ 3.15 i. an e.~m,'le ,n .. h",h d~,icc. ,\ ~lId tI uc ",b,l<ahng forthe bu,. 
The follI"", ing. ;e4"e",· e """",., 

a. A I som~ po"'l I""" '" Ih~ "arl of dOoC'L I, t\ has a.",,,cd ,I~ REO \.i~;'1 
r h~ ,,,biler >.""ple_ II". ,j~nal .. Ihe I"'~"''''''~ of ckxk c)clo I . 

... Dur"' ~ d",:L c_wle 1. 11 '"'It!c''' u'" "I Ille b<Js h) a","';Tl m~ il< HI 0 s'g"~1 
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c. ,\, Ihe ""'me IIn>C, the a. bile. 3s>cn. GN I ·A 10 IlflInl b.,5 11«,," I., A 

d. Bus md,lc' A 6ll,nrln. liN ]'·A al ' he begin"inll ... r ck>ck 2 and I.,arn. Ihal 
il has be.n ~n,nl"d I'>u> """"" II also lind. IIH) ) amI TRD Y dc.""" led, 
i",h<ahn~ 'h~tlh" hu, i, Idle, Acco"li"~I), II a,,,,,,. FRt\~IE l.noJ pl.,,"' 
I h~ .oJoJrc" inl<}rn1.01,,,n QI) Ih" addr~"" hu, ""oj Ihe <0'11111:0",1,,11 Ih" nUl:: 
bus (not ,11Own) II " I", """ t,nuc. to "."''' RI'O· i\, I""au,e it h ... " '"C' 
""oJ 1","":Oct"", h \ 1",,-form lifter Ih" "nc', 

c. ll,e ~u, ",hile, !<Imrie, ,,11 Reo Ijnn al Ih e ''''Illllllllll\ of d<)<'l .\ and 
ma~~' an a,bl1,all<m deci,ion 10 granl Ihe 1>1" 10 1l fot Ihe ne~1 Irnn~· 

ael,o". It 'hen a. .... ' h GNT·I:\ and oJ~""",,,,, GN·I ·A. 1:\ "ill no' he ahle ,,, 
uSc ,h~ 1'>11> "n", ,I relu rn, 10 an ioJlc "ale 

r. A <Ioa....-,h H (A \ 11 lu ,"dicat~ Ihal Ihe 13~' '~noJ unly) dala lransf .. " ,n 
proW"'" It f'ul, Ihe .J~la on lh" data bu. :IIIoJ "g.t'~I" the ta.get ,," h m DY, 
Th" largd fC~(!' Ih~ oJ"", ,,\thc !"'gJlI" "\~ of Ihe ,,~~\ dud "~'dc 

~, ,\1 Ihe 1"'~ ''''1(1l1l or do". 5, Il finds IRDY ,,,,ol 1'j{AME de~''':r1ct! "",I 
'0 i, "hli: 1.' ,,,l c coni w i of I h ~ bu, hy ",se rilt\g I" R A ~1 L. II "b." d~,,,,cr!. 
lis REO lin e, be~""", " ""'y ,,·:1nl. 10 p • ."rorln O"C ",,,, ,.,,O,on, 

"u""'-!ucnll)'. m.,,'~' A "gr~meoJ 3cce>. '" .h" I>m r", II, ne~1 Ir""""'''on. 
Noli"" Iha. a,bll""'on Clln lol e f'lacc at 'h" -.aflle "me Ih"l Ihe CUJ r~nl bu,> 

"" .. ,Ier i. JlCrfo'ming _ .J.:,,~ t,..~, ... fc • . 'l' hcrefo,c. no 1'>0>1 < ... ~I.. .... are ""I ,n JIC,lort,,
mil ar""r~~lun. TIlL' " ,clcn cd Iu ... 1"Jdm "rom,,,;.,,, 

3.6 RECOMMENDED READING AND WED SrrES 

!k 1"<"l u,< on r-.",,, .n" ," he' .nlcrw"""c<",,, ,or",I",,', I'. ""l~"'''SI}·. ,' ''I VO" c .. ,,~ 
"". IALEX93J ;",,1 • .1<, an '"",kl'll< ""alm""1 ,,11'>., ",,"'IU,"' ""J 00< ",,,,fer ;"",'" 
'n<luJmg aoco. ..... " of ""<1&1 "'<"';11>(" ..... "' ... 

TI>o "kar<.">l bwk 1c"~lh <IL"<"f'loo,, of I'CI .. lSI I" "''''1- I AI\I\OOOI .,." ruortd"" a 
I,~ "r ><>IKI,.rorm.""" <>n 1'('1 

A IIII (N11 Abbol. I) 1'(1 H,,, Drm)tpJi~d, EaS'" Rocl. V A l U I T ""'''''''''' PuN .... 
jn~.l(nl. 

A 1,); X9J Al •• :onJ,k!, ... N ()"i~" ,,' Mi(mp""'·~"("·/j."'.1 S¥,,,,,, ... cogJ.wooJ CMI •. 
l'>J. !'<oo,iao Hall. IWJ. 

SllA "'~! Shanl.)', T .... nd ,\nd",,,,,.. D. rei S~,'''"' A"'h"'","~. RichM~ ""It, TX, 
\1md>b~tc Pro .. >, 1m. 

«" ., 
It,..,.",,,ncr><lod W<b S,t ..... 

• PO ~d.1 I ~I< •• " {",,"-p: lo'"m",,,,," al."" 1'''-'1 '1",<diC'".!~,," a'\<!I"..-l",,',.. 
• 1'(' 1 P. "OI .'" 1.11'.' ,., p('i wn.)",., 000 .~h", .... ,,,,,,, "I ,nr",mal iun, 
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3,,' KEY TERMS, REVIEW QUESTIONS. AND PROBLEMS 

Key T ... m s 

• ..w,. .. bu. 

""""......"",, .. ,;""'" 
~ 

1><1, .,~i".'i('" 
~u, w;~'h 

~ PlralLL<:<l ~,bn.al"'" 

~"a btl. 
diooblod Int<:rrupo 

Review Question! 

I 

I 
dimil>u\cd .I1';h.".,o 
,P>trucc;on <y<k 

" •• w •• """ t."""," 
111:1""""'>11 kid> 
""<'fUPI 
IP'CffUpI uf>dle, 
In'cnU(>lIt't.oce .00'; ... 

i 
nI"m(>f}' .<Id'CAA "8"'''' 

(MAR) 
fI'\t~ ~dffe, ",,"'<1 
~MBR) 

ro:fipil<,.1 ".PI"'''''"' 
illlrn:<)Mtci (1'("1) 

",,,,,1,,_ lImin.ll 
.y«cm l>u:< 

3.1 l\"t"" p' ..... , ""I.~"e, "f fuoo""'. a,~ >4"""( ... '1.l h}' (;<Imrul~' In,,, .. ,,,,,",1 
l.l I~,' .n~ ~I",n, ~,r,,,, ,t>< """,,1>10 ,'3'...,. Ih., Jer,,, •• n 'n",,""'''''' t.Orul ... " 
3.3 t", .lt~1 "fl<fly lic('"" ,,,,, "I~"''''''' "' 1" J..·" ' n~ "oth ","" ,plo inl", "P" 

i 

.lA W""I"I"'" (Of I .. n"'." m"", • """'I"<'~'" onl""""",-"'<1;"" ""."""< (".~ .. 1><1'1 "'I'I""H 
.\5 Wh." " the b<ndil o( ... ,n, a muillple bu, ol.hne<lu. " <ompo,,'1.l 10 d ""01< ~""' 

drd"","urc·) 
3.1> t", ",><I ['"dl), "c'fine 'he lunct~'M' Jf()ul" ,,' "~n.1 I" .. , fo, IOf 

!>.obl ... "", 
l. 1 "['''-, h'I"'\l><t~·" 1 ",,,h ,..., "I I i ~urc' ~ "I". ft'" \w" II() ;n ,"uN.'", 

tJlll I ..... d AC "om 110 
IJlII St"" At I" 1."0 

I" ,,,,, '" c."", ,ii, 11 hot ,,, 1.1 ,,,, ,J,,, " i~·, • pJ 'ti ,"tl'''' I/O .I"';,,,, , ~h", ... 11", r"'!!'.'" 
ex .. ~"",,,, 1 u,.,,~ lno (0'"'" "j F .. u,c ,.5) 10' ,I,,, (~I""",,,~ p'ogrum; 
I. I~ .. d At' )"' ... d."", ~ 
l. A<IJ <u"tc'''' ,,( "","0'" ~><a""""1eI. 
3. s",,," AC I" o.k,'"", /I 
"""Om< .bal I~ "c~1 , .. I,," "'Iri~,·<~ lrum ok,,,,,, S i> 1 and .h~1 I,,,,,,,,,,,, ~I «mi • • "" 
••• Iue of 1, 

J.l "Ill" I""g,am C><Otilic,"' ", I ,~u'" ' .. I " ",.",,""J ;., rh o I'" "" ')g ", ''"I''. 1'.,,,,,",1 
1m' d<""ipl~,n ',,';00'" Ih" u>c oj I~ MAR 000.1 MBI< 

LJ C" ... ,de. a h,,,,~oc' ;ul .12 ~i' m."opIOC\....,,,,, ho""/: '!!>il .... "~<I"'''' Nmpoo.cd 
"f I"" lidd,. l"he r"., h"" «>Ina ,,,, !f>< ('I""~oJ. "n" !he tcma,"d" , ' '''' "nn",~;".e 
op,:r,,"" u,"" "pc"n" ."~I,c,,, 
~, Wh., i> Ihe ma>lmuon t1itwil. ao.l~rc,,",hI. mcl'M~ ""I, .. i'" \1" h"".), 
I, ,,,",,,,,,, ,t.: lin""", on ,''' »"'"'' 'J'Cc~l .r ,''', n,,.,...'PI''''''''''' bu_ "'" 

1 •. \2·t>j, 1, ,,,. 1 ..,.1,.,,, I,", .,n"., ' h·t>jt ~",a' ";t .. ''"'. '" 
~ a I~·t.' ~",.I aJJn'" hus and. ib hi' h ·. , J.'a ~'" 

< II .... man) "' .. Or<" necokd for ' h~ P""Ir,.,on roonl« ar.d , 110.: """,,'Ii ..... "·!\IIle(' s,",,,, [,\U·\Q'I 



","'.'I"I'V 1'''"'1 '''''n I ""llll" f~ I't"f .J"~!' J 

f_,ow z' .... Vj I ""''''I~ 
(.(,uo)JJ "''''''ll (,(,,,"',,, '''''0'HI 
O~dU Nlida O~d~ ,~" OXda Nl\dH 

_~..J I I I I L ""..., 
.• w~" "\lllliO, 

"' •• 
A5F1A 

!" ~u '" "'~'4 ""I' I V "0" '1 (01"1.1\11 "'" "il"'''''} '""4 <) ' <)10". I ' " 'n~ "'~ , ~""" NU , ,>or 
'",", " 11.11 "'"~ "I L ,om,.,.., lu"j, i 1",)I,d J:,~;i ,~ "" '"~, ;iu"",,pu , I'Wi!, ( \lid H I 
".' ,{".emil <I/'i IU"I'UO> " '0,"',1'" W"""'r ,~, U! '""" '<ULU "'I"I "'II. '01'10 ,'" 
"j~ Lld '" .i ll '''''·'4,i r,'"'"~' """r OJ" "uo~V·) '''~'' I I\I~'' ""''''1 O '""~''' " "I 0' "1 
"''''1'' "" ~" ." r,"" ""1 u.o I"~' ""'4" u"n"",~," ~O""I"I"I" ,.'lO'!rU! ~""f ",n~"1 L'f 
Nel] ~U1.'''ldw o(''I" ,~ "I'""!'W' OJ" '" p" "''''I";,,1 '"'I Uln 001\""") ,"1' ·""'1 '''I L1.>'O(] "q 

:><1,\1,'[01 '4' ~1 L." 0/] '·',ll~'" 
"CO """f~',J "'Il ilL 1'''' '1 " ,'''':;,'' ,nOj )"') ,"1\ ~ u"n -l{"~"x,,d "~l "U~ O<1''''''''G ". 

I,~!w.i, ,'WLun"'4U I""o; "'''' PJ(J.\\ ,,~ ~ "" "1'0''' 1' r"C PH>." I"I-~ 
U" "1 1"qLll." m'wn",:~dl" uo "rO'"" 0 , '1'1"" od<"' I' I o~ r. " I""~'''J 0/1 ,~, .,'1 
P"II"""<" OJ" oJ""!O> o~, 0, ,nd",() JOI"!" I I'"o ""!.ino, ,~ , L",-".1 ,(I(h" ~~"JI"'~>I 

,,~ I 'o l~ "uJ ,dnllO," ] ,\J [ 
'''I I -:i,U ",Jlno 'OC> I 

'''1 I ""U 1",1") IDJ 
'I ' ~ ~ ''' ' ''~,'~ \ nd,n o ;~_L 10 
" '~ ~ '''''''0tl ,nJ"1 -tid '-i I 

""'I '"",''' '''1 ' ,,' ·\ IP""r 1'"'"'"'''''' 
P"" "",,,,,-uJ '~1 '" 1"""""'-" "" '"'''''' 'L"''' 'II'') "'1.1 ",i.\PI",I,1]" ud,'r"""1 
.;," 'Id",,, " ~" 'll uj)"o, " 1"1"-"" 0/) ". ''' !''Il'''' ' "'0 LU.W," ""]ndu,"'" ,,!OP!''''',) 9", 

lu,x,n V I __ '·""o~ 
-"WIJxo Po" "1"00 no" ",,,·.,,hH""" ,,~'O .'u, ""IS ,. """~"')Jd(),,,,,, 

0<1' u, r"' lddn, """ ,nh ,,) 1"'1 ' 1'" ' 01" " 'I' "l'I'''>f' 0, ,,, '1"1" "''I ","I' I""',')',' '" 
.""'" 01 JOll"'-l 0<1 " 1'1"0." ""'"W''-')J'''-' ," ,""""'"' ",L <,-U ',,!'"' u'" J(""1:,,,,do,,,," 
' !~' '"~,,,,, "J'"'''' ""P ,m\""'"'" .,~,,, 1"'1 ,,\\ ''" I>,'' pop ,"dOl , lnO) 'IRllOO U(~l 
-"'''I' ","HH'''LIl ''''''4·'' 01''-' 'nq. ,. ~ """o:>oldo,OIW ,,~, "~l "-un,,v '1"'--'10 lnd". 
'H \\ -H " " ,'q OJ "."'p ·,n<1 "WI' IC" 'O,XO )"1'9 [ >1 4'L'" " "''','O, d'' ':>1L" U~ -i:l ""P!,"oJ 5"1' 

1,6X,nv1 ',--"no,' 
u'"td'J 

;,,,,,~I Oi l "~-<j I ,\ u"u '"""I I ,', I,,~ld n' """o,1(udo,OIW "I ' u))o ,),,><1 Oil H~ '~ (""W 
""U~ ""'-1'""" It"d 0,"1 1"1->< " " '.I,")."I,"m "m)"",),", Iml,"o m POI" ,ndu,"" J[ "I' 

i .. , 00,<1, 0/1 
0)""10,,, ", ,,,," 01 ,("""o<udo,,,,,u "41 "ulI' 11'," ,"J "''''I I'!J n ''", !~''B ,,~ ,\\ 'J 

i .. ,'J(HUOUJ "(I-~ .. "" ,,' p.'lJ"U,m'" ".j' 
.' 1'>0111' ",,:>0" """ ''-''~''''JJ(! "II 1'41 ,,,~b ,'OJpr •. "'''''0 '01 "lnLUO<O'UJ "'II" ",~.'.i "'I 

i", ·''''Ul 0W ILq"'1I .. " '" PO):XlUUO" ")1) ' 

"["'""!' ,,=, "'0 "-"",,,,,<1 " 1' )'q L .,,,,,d, " ,1JI'l''' .''''illOLU WnLU!'.w "~I "l.~,\\ ". 

"'~ ''"P llq ~ l • ~"' 
-,,,~ I'u . {"I"" ''''I 91 0' " >I.ll":;," "o'l'l'" ,1<11 PU>1 Dluno" LU",",,,d '~l '"~, :,wn,," 
" I,It",<" "'Ii ''"'I'P' '''1 -')1 ';;"["""LJO~ ")S,,,,,,uJo'>lW I "O!,,~,,><I ,(~. "'1'''"'':;' n: 

1 6 SI~J1HO~J (I)./\! '>NOIl~,lnb /'-\"~ ' '' 'HI ',\\""H ' A:OI I n: 

~ 



a clock ~d", ."Y a",n, "',' <eq...," <"" , ,,,1 ,,' 'he 10 ... ",. lo"".in~ ", IU'KO Ion. 
This ..... <", 'he IWR N lone (of ,I>< •• ~ •• ""., 'n ,I>< chai._ .. hicb ",n lur. 'Ciju""..! 
'0 ""'''' ,IS OPII.O lone. Thm .. ,he "!!"II .. "'''I'''!l'''cd ,h. 10.,,10 of ,h. ch.," '\' ,be 
~.cl of ' hi< cha," re;><1,O", ''''re """uIJ boo (on" on~ .~c.' .. 10""" III'KN .. ~",:rl«l 
ancl .. hu4. IWI(O ... ", . ... h ... ~ ••• "'" I"""" r If.. ' ,100 be~tnmn, .or a ~ .. <.<10 ,h. h ... i, no' l><I<.y (III -S \ ,ox"'. I ,h. ""'"' ,10 .. 10 .. P"""" .... ) .. ,,~ .""nul 
,,( ,he ~u< hy ••• ,""., ,h_ BL'S\ b ..... 

], ' ale- a",,"., •• 11 • .,on' 'If " me I,~ ' he OPR .i~nal ,,, J'f'~"~". from ,be hod> 
«" P"""' )' a~n' '0 ,hoc "" . ... \to" ,10" It.1t be ]." ,10,10 ,100 ..... :l "dc" bpl.,n 

.U 'rhoc VAX SO ( 1><1, ""'. ~ """,ho'ed ""c",,,>IIo ... ad,,,,.,io. ""h,m,. I.><h SO l 
J •• i<. Ii <.. ]",-",<"'-'" """""'y, 110 ",vJ"I,- J ~ .. . unique pri"'i!>' ,mol " " ."I~n ed • 
"n,~,,", , .. fISk! '<4"'''' I"l K) lone . rl>< ~U I it:" Ih <lIeh line,-(TRO, '1'1( I. ' '1 It I ~). 
,,"h TRIJ h"",ng ,h. h'gl",' pri",i". Wh . .. " ok'· ... """" 10 u'" [i,e ~''','' 1""'''. 
'O"'-f".'i"" fUT" lu'u ," 'i",. , 101 ~)' ">",,'i,,~ it, 'J Il Ill'" du,ing lhoc ""ron, ',n'" ,I", 
At It...- c ..... "f ,,,< ,,",ren' ,il" " , , \~. < .c~ <Ie"", ""h. F"'0din. '0"" "" ,0" ",OJ"""" 
,hoc TR linci; ,he ~'V><" p'k"i')' """Ct: ""h. 'C\"'YlI'ion U"" [he "", h"," '"'' 

" n,",i~,um ,,( 17 J.;.-, . ,.,. ,dn he ."""10",, '" 1he ~u •. Th< cl~,· ,« ,,',,10 r,w"i')' 'b 
!\it, .. ,·1 R I"," . Wh ) noI" 

l.¥ P.r.do,i.all,·. ''''' I,,,,,,,,' fl'''''''' d,-"",~ U>UllII, .... ''''' I,,,,,,,,,, """.<:e .,.,' Itn", I or 

,h .. "", ....... . "" J'f"""-'" """""Ih Itt"''' ,h_ I"",." prion" (Of( lhoc Sill Wh, <It,.. 
,he: I""'nl, Ito do,· ... """"Ih' h .. < 'he I.,..·"" ncnp .... i , hme" l:nJo' .. ha' "" 
""m-.lan<:es ",,,,,lei ,h .. "01 I>< ,,"", 

.I.IU LJ, ... and ~''''''m a "m,.I' J'~!:I.m I", • 1'("1 .. n lc "J'Cr3lton l"m"~r W JI~b!< 1 n) 

APPENDIX lA TIMING DIAGRAMS 

III Ih" " h"p'c r. 'im"'g J"'g,"nl> a ,e UliCd I" illu'lrale scq u~"ce' "f e,en lS and 
d~l","d"ltcio, among even". rllr Ih e leader unfam ili ar ",,'h lLminB Jixg"""' , Ih; , 
~1'1"' nd;K pro"ide, ~ hrief u pl""a\;, In, 

("ommun; ,-"I'on amo"g dc"",,,,, Cu"""eleJ Itl " hu, I"h' pl"cc "',,,,~ • "..1 or 
Itn", ca l'"hk of ""ff)'ing .i~nals. T"" .. Mfe len ' .ign.1 Ie"d< (""Il,,~~ le"els)_ .... 'pre· 
"'tll 'n ~ h,n.ryO and binar)" L. rna)' be \Inn'ntll1e<1. A ''''" '' g diagram ,huw, The 'ig' 
, .. l ie' ~I 0" a line", " (UI\(:' ''''' of \",oe (l'il'urc _' .27a). 11 )· oon\e"lion. The h"'a!) I 
si~,,~IIc\d i, dcp;c'cd 3, 8 high~' le"d , h~" Ih .• ' "I h, .. a~· 0, lJ'u~II)'. htn3,Y (I i~ 'he 
Jdaull '''' 'oc_ I hal i,. ,f no dal l "r "'hel "l?'al '" ""i"~ 'r~"-",,,"ed .• he .. Ihe Ic'cj 
u" a Ion" " Thai "'hich rcprQC" h h,ml'Y lI. A ,,~n'" 'ta"",iOfl frum (I '" I " rre· 
quent ly rdcrre<l In .... he .. gnal'. ,..,.,I",~ ..,IXi'; " IIa"si.ion ffOOl I In 0 ... ,eferred 
'0;" " /rwl;"1-: "d):,,_ Soch Imn,illO'" arc " '" ,,,,lama,,eOl" hu. , hi. Ird",I1IO" 11m" 
... u.u"l1~ ,mall com pared " '11 10 .he dur..T I<," III 3 "~MI Ie,·el. For dafll y. Ihc ".n"· 
""n" u<.ually depicTed " ' a" a" glcd Itne Iha' C'a~~c l ales lbe rd~I"'c antuunl of 
' "ne \ha' III. 1r • .,,,lIon .ales, 0«"",,11,,11)'. Y<Ju "'ill sec d'"pam, ,hal u..., ""1"1<,,1 
hn." wil,eh ,n(orrenl), , uggc,l, Ih .1I I Io e Iran' ;too" i. inSlaTl'''"cou,. On a I imll\~ d in· 
~ r""' , ,I m"~' happen lha, a ",u l;,hk '" :, ' b,s ' "r~ I ~,"nl .",oum ollimc ,-lil p '>Cl 
!>i."wcen ~ .. cnl' "f infer,;,,- 'Th" to der ic lc,1 h)' ,,~"" in the lime lin ~. 

S'g"" " "re '"",clime, r"pr~." nlC'l on gro up. (F;gu,e ';_2711). r", c,"mplc, il 
d.,I" ",e Iro",lencd" h)"e a, ,,1,nIC. \h ~ o cigh ' l,nCi ;"c r""uir~J Ge ne ,;,ll )'. " i, 
no, '''' p<>,,;m l 10 .. nO,", the c~oc. "alue hc "' ~ ""It,ferre<l on 'u~h" ~m .. p hU I '1,lhe, 
whet her 'i~"al' are pre""m or n4Jl, 
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Alliin.., 

"'" 

< 
~""'h I;". ,nu) 

1 ~· l) or l 

) 

Tl" ... ..... 

,\11 II""" ... 

0;,;;;;::", ... ::;;;0,:;;, _ ~----~=q6l\-~-_ ~_\~1r---

. d I Ciock .... , .. ' 

I~.'" .1.27 I,m,"! Diagn .... 

'1"101 ... 

A ... t:" al mln,ilion on one line may l" AA"r an al1achc,j d;:,i<;e I" n,a~e 0;!':".1 
chan~. on OIhcr I,"~ ,""T example. ,r a mCn)oJf~ mooul( okl<""I< a reat! ronlrol.;g. 
nal (I) or 1 ''''''",1(m). ,1 " ',11 place da'a .ig,,;,h I)" 'he d31~ ""Moo Sucb c~u>c·~n,j 
erlcCI rcl""<.>",h'I" l'roJuc~ .cq""nl""C~ I)f e'cn'<, ""0""' arc UIoCJ .on 1"""'8 
diag, a",~ lO '"0,", thc", dq~nJ~"cic. (I "gurc ,l27c). 

In r.~urc .\27., Ihe O" crk" .,,'c, !he ,jgn~ I Il'''''c "td,ca'e.th't {he , ign"l" 
"Cl'\'~ I"", I e.aml'le . (omniand .. "cI"~. '" ",,,,nco.!. at () ,oil! . Ii". 
me" ,,, Ih ., ' " - () i, in!crrr~' c<1 ", le'lI,e"ll . <>, In' •. 

A ~I oc~ line i, ofl" n p" rl of. ,)·,t"'" I,u,. An deel rome d",l " con"ec,.d 11> 

lile ,'Ioo:k "u c· ""J p!u>·,Je, a '~I'c lili \'''. r~fL! I '" ""qu,'''''c of 'ransiti<>m (! 'gu'c 
~.!7d) Oll,e, e,'en!. "'"} be 'y"~h","i,.d I" the dO("~ .ism,l. 
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J.':EV l'OI:"It'TS 

• Computer memory IS organized iDlO a hie'Mthy. A.t lhe bighClllnei (cJ~1 
!Q lhe pr<xe~wt) are Ihe prt.>CeW>< reS"lcrs. l\U:I eonl¢S un" or more level. 
uf~ache. When mulhpJc levcls are u:.:ed. they arc ilenoted Ll. L2, CIC. Next 
comc! m~," mcnm.y. " llIclt is u,ual1y m~d~ OLl! of d)'namic rallu(,m·acce,.,; 
mcmor~' (DRAM ). A.ll of these ~rc ",,,,,dcreJ in tern"1 to lh~ computer ~)' I' 
l~m. 'fhe hierarth~ ront'"~C$ wilh U:lefn~1 memory. "illl tbe nexl level I)'PI· 
cally bein, a thed haro ui'k. and one o. mOte k"els b<-Io", that ron."II"!I of 
"" .... ,,-al>lc medIa \uch a~ ZlP car1ridge .. optical di~kt. alKllarc. 

• As I)1IC !I<Xs down the men.o,), hINar~hy, Onl> ri nJs. (kcreasinl: co>libll, 
increasl"1: capaclI)" .• nd 5k>"'cr ~$lo I"I~. II "'Quld be nICe 11,1 U,,", only the 
rasl~l memory. hUI t>c.ea u$e lhal;~ Ihe mllSl e.~pcnsi'e memory ... e lrade Qlf 
iIOCCC!IS ""If luI' OOI>t by u$m~ more /JI Ihe ~lo"cl nro::mOl:y. The trick i! IQ OI:g&' 
nile the ilala and prugr"m! in memory W lh"l the m(",ory "'Qf,b nced~J arc 
u,,,aU)' in lit e fMler memory. 

• In ~en~,al. it is li kely Ih~1 n!Oil fulu re ac~~~!I(!I. to main m~m()ry by the IlT<!Cel' 
""I' ""ill be. 10 Ioc:!lIQn1 ,ecently Ittt",""d. S<J the ca<;he automatically rctains a 
rop~' of wmc of the recemly u""" ,,"ril\ lrom Ulf DRAM. If Ihe cache is 
des®1ed pwp<:.ly, then mo!.! Qf IIIe I,me Ihe pl<lCCSWr ".0 rt<t1Jt>1 n~mQry 
"..".oh IhIIl are .lludy in 'he """he 

A
!\h"U~h iccn\L"~ ly <1"'p lc In ",)ne"l'l . c"lIIp,uer "Je ri,,")' e,hib i" perh",,; 
lhe w,d~.1 ",ngc ul l~pc. tcehn<>log)'. org" nm.llon. pe,Iorm,,,,,c. "nil ~'<lit 

of an)' fealure "r" C<l1llj>U ler ,)"cm. Nco "ne lechnology i, "pl"n,,1 11\ !al; " 
I~ing 'he nro::mory r«l"",emcn!> for a computer S)~I "m. ,\~ a CO""''!'''',,''', Ih,' 1)'1" 
",.1 ""mimiC, ,,~Icn' I> ('!" ' I'I'<'<I "," h a hler.rch)' uf memory ~uh<Y'lcm •. ""me 
,ntern31 10 lhe sY"cm Id,rc"II~ acre$Slble by Ihe pruc«>or) and >orne ,,\telnal 
(acre"iblc b)' Ihe P"'C.,"",,' "3 an 110 mooulc I 

l'hi. chplcr and Ihe nc~1 foc~ on ,nl""al men .... ry demen ..... hile (1Mpl~' 
6 .. Je"',led 10 c\lern.1 "",","')'. To beg;lI. the fi,,. ",<["-,,, ex"mine, Ley ch~I"'" 
teri' lics of compute , ",emmie" The r"m"inde' "I the chaptu ,,"m"tC' a" CUe '" 
t ".1 ~km~n l "f a II ",, ><Icrn com pulcr ')" I ~I"': cI'chc lIIe11101)', 

U COMPUTER MEMORY SYSTEM OVERVIEW 

C haraeleriuici o f M .. mory Sy<lem s 

Tho co ... pl~x .ubjtct "I computet m~m"'~ is "'3ilc more n.anageablc if 10. cia",,")' 
n",mo. y 'y",cm' .,,"C, "IlIll~ 10 Ih,' ir key d"'''.<tcn'llC~ ['he m",1 ImrOlla"t I,If Ihese 
Ilfc 1;,led on t al>le 4.1 
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• Un;. "llnon, ler: 1'0. n" .. n Olemo.) .. Ihi~ " Ihe n~l11l><;, 0( hils rc:od "ul 0101 
... mlen onlo memory ~I a lime, TIM: un,I 01 Iramle. need ""I cqll~1 a "..."d or an 
add'c"",ble unil h" c"~"'~1 mcmo'), oJ"l. arc of len tnln, ierre J in mud, 
larg'" uml, Ihan a woroJ, and I"""" ;>.e 'cf"rredlo a" blo<k~, 

A.lOlh". dl>I""'IlOn among mcmo,y Ill"" i. Ihe Ndb"d ol.~.i.g unils of 
dau, The,", induUc Ihe lollu,,","g: 

o s..'I,,,, ,,ti,,L "«~'" Mem"ry i, "'g""i>-"d "liO unilS "I oJ;>I" , c"lIed .ecoflh, 
,\0.'<'(:0\ muS' "" made ,n a ,[",,,rIC lone,,, ""'I"cnec "IO'~'tl addre><in,l\ Inlo. 
m, ho " .. "",d '0 ,;o;1'''':l lc reco.d, :ond ",!"I on Ihe .elrin,,1 p.occ." A .hared 
r~ad, ... ile Olcchan,,,,,, I~ u>cd, and 'h" mUSI be " ""cd f'o,n il> currenl l/",a_ 
Ii,," '" th e dc,i.ed 10<;,""", I'as>i"~ and .ejccl,,,g o;o<h ,me.mcd.ale .<.'COrd, 
'lb .... lbe I.me 10 a<XC>5 an afhi1r~r) .c,~,r<l is high l)" ... i"hle, T~l'c "mt" d;,
"u~d ,n ('h"pl~r h, a.c ",quenliaL ",-'''''le, 

o 1)1""-1 a«~"" A, ,,'ull sequent ial _"""M, dlt,":1 ac""" ,,,,,,,1>',,, a , haro ,1 
rc"d- wnte m~chan;'"" I - I,,"'e,'~., md;,i,!uJI bloch P ' .. " .. "ds h,,,e ~ uniqne 
;KkIrc'<l ba""d on I'hy~'C.lllo"'.liOlI ,\u;c .. is .e,<;oml'l"hc" by """el "etc" 1(' 

,~~ch • g<oneral ""'''''1)' pi ... "'<1""'" ",I «:.",h'DI-, coun"ng. or ",allmg '0 ",""h 
Ihe fi"al I""ation, Agai n, a"""" lime is ,',n iable, D;sk "";", <li"l",d ill (" hap_ 
Ie' h, arc d"c.:1 accc,", 

• Ma""' om """,,,,: Loch a<id.c,,,,bl,, h"",li"" in mcmo.)' ha' " unique, ph)" i", II )' 
>\-ire<l m a<ld'<"\.'IOI11' n,c<han"m_ I he ","e 10 a<xc .... It" COl " >Calion '$ indc, 
pendent (lr Ihe "-''1u.'n," "r 1'"0' ",n'",c, ""J" C<J ,,,I,,,l1 11IU" "h)' 1<x" lion 
can b< ""lcclcti al ran ...... m ond Jircclly ",kJrc...,d anol acct.."scd Main memo" 
."J " ''''C ,~c he .~,tc,," ,ore n mJ"'l1 a,.,;e"" 

• A"''''''li ... : 1'1", ,, a ra",~.m,atte .. ' ypc 01 mcn!<l'Y 'hal cnat>le, one 10 nlake 
a c<'~"l'a .i"", of J"ired lIiI1,,"-';, I;On . willi", a >\-orJ fo' " ,,,,,,:or,,'d malel" amt 
10 d" ' hi' 10. all " 'on" ~imuhancously Th"" a WON"' rcto'ie'cd ba""oJ on a 
!~,rt"'" "I ,IS ",,,,(cn" r"ther than ,t. add,,,,,, i\, "'" h ",<1 '''31)' , ,,nd,,m-a,..,-s 
"'~m" ... _ cnl"""!,,,,, h~, .(s ",,'n ac:kIre,",IIIt n,cchani'''1 ~nd r"tr""'a( I"ne 
".o"'lant ,,,Jcpcn<lenl ,,( toe;,I;Oll "r P"'" a«e..,; I"'ile, n., Cache mcmu.ic, 
m3}' employ """"';ali,,, ace",-' 

FroOl a ""'" 's flO<III of ,i~" 'he t "'0 hk,,1 i"'J'<,na lll ch •• ;,ue,i,t 0<:, ot mem_ 
o' y ure ca".cn) 8ml ""rfOftn.1R"" TI"cc "",.[o.m3n", p,,'amel"" arc u ... --.J: 

• '\c«,,, Ii",. (131""9 I: For random'"",,"<:'<l mcmol)', Ihi. I~ Ihe IImC ,t lakes 
10 p;:rform" r~"d <Of wnle opc ra(Jon , Ihal is, Ihc I""c InlO" Ih e ""1,,,11 Ih,,' 
an add •• ~, IS p.e",nlcoJ 10 Ihe m"mo'r 10 'he ",Sla,,1 Ih~1 dalH ha'e t ... en 
,(orcil or madu ,,,'a il "ble I." u.c, For TlVIl-r;m<lom .cce", men,.,,)', ~cec" 
1,",,, ,.lhe I,mc ;1 I "ke~ Iv """,hon Ihc Icad "ri! e ",,,,, han,,,,, al Ihe dc,i,ed 
l""" lion , 

• M"" .... ., c)d~ (;".,,: " his con«pl is p.imaroly al'fllicd 10 •• ndonHocec" mcm' 
"'~ ,,,,<I ,on",h "I ,h.; "eTC"' "me I'(US "")' ","" hl" ,n,,1 ""'e '''<lUi,cJ bef"re 
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" '~cond acC",\ can WIlI",cn,'c. Tlli, 'l<ld itionallimc may be required lor 
"''',,''~ ,, '' t() die ()ut ()n ,ignallinc, or I" rc~~ne""tc u"ta if the)' are read 
dc,a uctlye ll "!ow I h~1 memory cycle time is concerned wi In the ,)'<Icm bus. 
not (he proce""" . 

• Tta",I'~ •• ~t,,: Thi, " lht rate al "hkh d"t a ca" he Iran,krrcd into or ou t of a 
memory un L!. I'or rand"m-acce" memory, it i, equa l to Iii cyck lime) 

wher~ 

T,· = A"erage tilll" to read'" wnl C ... ' bi" 
T, - A"c"'gc access lim e 
N '\uml>cr of I:>il' 
H ~ Transfel latc . ,n hi" pc, 'c,()"d (hI") 

A "",ict)' of ph}'kaI IJ~~' 01 ""'m,,ry h"yc rn:cn cmrloy~d. The """" wm
mon t"Jay "r~ "'Tnic()nduCIOr memory. mag"ol ic ,urfacc mcmory. u'ed for d i,k and 
tare. and oplica l ""J 1Tl,, ~nct(l-{)ptical. 

Se"aal ph}.i,·aJ ,·h.'~"h'ri'lk" of data 'toragc u" import""!. In " ,·"bl,k 
"'cmor)'. information decay, nalur;lil~' or i, 10<'1 whcn dc('lrical power JS ,w itcheJ 
ofr. In a """,·,,lalil c· mcmol'y. i"fo,-,""Iion "m'c '""(lrd~u rem:!ins ",·ithoul d,'tel'io
ration until Jehl>crak l)' ch,.nged; no electrical 1"''''''1 i, ",eedcd I" '~1,,," tnform,, _ 
lion. Magn ,'lic-surfaCl' n"'rr"'ri~, ar~ n"nvoiatilc, Scmiconduclor tncm"ry may he 
ci{hcl' ",)bl lk or noo"olalile. Noncrasal:>k 11\~1l 1 ory C'lnnot be altercd. eX('Cpl by 
d,'s{ro),ing (he 'tora~~ Ilnit. Semiconductor momory "f 11", Iyp" i, known a, read
un/\' memon (RO)..-I), Of " ~"':''''~'." practical nonerasahle memmy muS! al", l>c 
"om'olal ik. 

ro, mnd"TTl -ac'cc", mcmor)'. (he o'~ani/~1ion i,,, k~y ue,ign i,,"c. lIy 0'8'111;
ZIIf;Ol! is mOa,,' Ih~ phy'ie~1 ""angem"nt 01 hit, I.) f"'lll worJ" The "b"i"us "r
rangcmont is not al"ay, u",d, '" will be nplained pre",mly, 

The Memory Hierarchy 

The dl'l ign cm"tr'",,, on" compuler', memory carl I", ,ulll",eJ up hy Ihrcc quos· 
I ion s: How much ? Ilow I~,, ' ) I J 0'" eXI'<'"'ive? 

rhe question of how nLuch "wme\\'h'H 01'<''' en ded. If the capacily i, {hero. 
applical,"'" wililikdy be dc,'eloped {o use ii, l1w Cju",'inn ()f how fa,t i,. in a sense , 
e", ier to a",we,. T() achicw great",1 I'<'rfmmallce, the r"c"'o'~' 11",,1 0.: able w 
kcep up with the pn-xc"or. 11"'1 i;.. as the processor is executi ng i"SHU,lions. we 
w"LJld 1101 want il 10 have 10 pau"" wailin g for i,,>lruetions or opera nd s, The final 
q "e'tion III u" " I", t>e C<lnsidcrcd . For a prac{ic,1 'l',wm, I he ",'" or memory 111u't 
t>c r~"sonable in r"bt"""h']l 10 "t her components, 

A, lTlight b" expec{eJ, there j,,, (mJ" _,,ff .mon~ lh~ three key characteristics 
of memory' name ly, " ,,,I. eHpacity. and ace"" lime. At 'III)' £",,,n lirnc. ~ "ariety of 
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IcchnoJol!l« a.( u"co.1lu ,mpkmcn' m~n'''.y ~}s'cm' ,\" ...... , 'h" 're<1rum or Icch· 
nologie,_ the follQ\'o '0lt ' cl3hOIl-,h'l" hold: 

• hlSleT _c.:c'" I"nc. grealcT ~1 pc , h,1 
• G,o,lo, '"'p .... ,!)' , ""alief C,,"I 11"" bi, 

• (; re'ler capa~it )" ""WeT "«'C~ lome 

I he J,lcn,ma raC"'~ ! he ,jc"~nn is d~"" I he dc.igl'n w"ulJ hk ~ to u"", "''''''' 
(J,)' technologic. ,It", f"'''''itlc I(J' 1",~e<al'"" ilV nlenl<"~' "0111 l>eC,1U,"" lite ""I,"ci' ~ 
" nceded and I><.'c."", 'I>e cos. rer bi, i. I",",' II ",",,,,,,. 10 mee. l1"'"r"'lI1.nCC 
fC'I UlfCmcn'. 'he tlc"l!Jlcr need, 10 <be c'po:n~"e, rela."ely Iov.cr<al>aell ~ men ..... 
ticS "'11" >hurt!WXCJ\ 1101"$_ 

The way OUI of 'h" tl,lcn'l11a i, nol 10 rely "" ~ .. nfle I11CI11O<) coml'on"n' 01 
lechnology, h'" ,,, <""1"")' ~ "'~mo .. y h;'-"''''hy, A lypical hierarchy;< ilh"I",'etl m 
I'il''''e 4. 1_ As ""e gOl!' <I""'n 'he hi"",,,,:h)'. Ihe f"II""'III~ I>I.-';Or: 

•. I lccre ~, i Ilg ':<'''1 pcr ~il 

h. InC!ca~"'1\ _"I'"CI', 
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" • " 
" 
• 
g , , , 
< 

, 

" ha",.., "I' oc""",,, "",oIv"'g '"'I)' 1,,0\ I (h" "hoi 

... Inc,ea,ing "cc~" time 
d. Dc~,ca''''g fr"'lUC fl C)' of """c" ()I ,Iw "'~m()ry by tlo,' jlroc",,;o, 

TI"l'. '111alle,. 111(),C ~'I"'n,i'-~. fa"e, m"ll\"ri~' "r~ 'Llrrlc "' ~Tl tcd b:>' h,,~cr. 
cheal''''. , I "w~r 111 errlO rJ c" The k ~} 10 I h ~ 'Uc'CC" 01 tl,,_ <lI'gn"j~"li()" is it"m (d): 
dccrea,ing frequency of acc~", We exam i n~ this con,epl in greme, dct.1i l when 
we di,eus> the cache. late, in this chapter, and ,-inual memo!)' in Chapt", H, A brief 
cxp lanat l(m i, provided ;ot Ihi, ]lOinl 

Sup!,"'" tha, ,lw p"l<:C~W' 11", """C'" \<) Iw" I",-d, "f m"mo , y. Lcvel Io.)n
w inl 1(0:) word, and has an acce;s time of 0,01 fix lewl 2 conta in, 1(Kl,COJ "-ord, 
ami ha, an access time of 11.1 f'!, A"lE"'~ th,t if" "'-ort! to \>c "ccc,,,,d is in k"d 1 
tho" Ille p"",cs"" ,,"'·c<'w' i, di'cct ly. tf il i, in k,-d 2. then 'he "-(),J ,, fi'" t,"",· 
[erreJ to leve l 1 "",I then a",e,,,,J by lhe prOCes.'-OL r,,, ,implic ity. we igno'G the 
,i1l1e '"4"i,"d for th~ procc>sor to dtctcrminc whdhc, the w()f(1 i, in level I '" le,", 
2_ hgur" 4.2 ,II""" Ille gcneral ,h"1'" ()f th~ Cury~ thai C"VCl" tl", "wath ,"" The 
figure ,how< the ",'.,age "CCnS tlllle t,," ,wo-Ie,-ol memory as" fUl\Clion of the hit 
ratio II. where 

/I - m,cllOn of "" "'~1I10'} aCC~"~' lilat arC found 
in the fasle, memOf)' (e.g. the cache) 

1', = ""cc,, time to le,eI I 
f, _ ate.;" t i rn~ to le,",,1 2 

A, can he ""en, f"r high rc"'-'CTl t"~"' "I b,ci 1 a~,'~". the a,'c'ag" lot"1 aC'Ccss time 
is much do"" to that of lcvel 1 tha" th"t of level 2, 



10l CHAPTER J I (,\on· \lr\lORV 

In our ""ample. suf'po'<' YS'lI. of . h~ menlo ry ~c.:".st,. a,e foun<l 'n I he cache_ 
Then 'he a.crn~c lime '0 ae .... """ a "'o,d can be n prc ..... ,d 3< 

((j,Y, ) {IUJI ~,) + (0.(1<;) (U,UI~, 0 .1 fl.') " II,IKI'I.~ - (), 005~ _ U,III.~ ~, 

III . h,s exampk, Ihc '" Cr.ll:~ ae<:c'" lim~ " much dO'<Cr 10 om fL' Ih"n Iu 41.1 
jlS .... ~iIW_ The u'" uf I"",, k"~" uf n",mo lY ." reduc" a' e'3~" acre .. I""c "'Ull
,n principle. hut only if ronlln ,OI" (I) . h,ough (d) "PI,ly, By emplo)'n~ a '3I1CI~ of 
Icch" .. I'~lc'" a _peel.um of memo,y ~y.lcm' ",i,l< Ihal 6ali,fi", condlll<>OS (a ) 
'hro,,~h Ie). l'ot\una'cI~·. C'(I,,J' I i,m (tI) i. al", ~ener" lI) ".,lid_ 

The h"", fur Ihe ""hd ll y of <·,md ,li,m (d) is" 1'""cil' lc l"ow" '" 1""Mllty or 
r~rc,,'n"" 11)1 N N(;i\I . Dur;,, ~ Il, e " ... "",e of cxeC LHi"" "I a program. mem,,, y rda
c ne,, ' h) Ille procc,,,,r. fo, "",it itlSlruelio", ,,,,,I data. tend.o d".,c, l' <o~r""" 
I H"cally con',, ;n a ",,,,,h,:,, " f l(crall"'! I""'f" arid . .. (>I\IUlln,,,. O""e a loop 0' ,uh
rouli"" i, enle red. Iher~ alC repe.I~'tl ,eference. to 3 "n~1I ",[ of iR,l ru.-IIom .. S,m
llarly, "I"'UIIORI 011 table, and a",.}, """" 'e an"., I" a cio,lc.ed "", "f oJa.a wonJ... 
o,·~. a lon~ pe. ioJ "r l11n~. the dU"e"" in us" ch,oHe. lIul ","," a , hor l 1)' ''''''-' or 
lim.,. the p'v<~"'" is I"inlari])' '"'' k"'l1 ",,111 r' _1~d dll,lel" "r Itl~m".y ,,·re"' II"", 

A"",,, ·dlll~I)' . it is f'O>, ibl c \0 "r~" "iz" data ;,e,, "" Ih" hiera,ch), ' liCit thai '"" 
I'erce,,\[.~e <>f ace""',,, '" ,'ad, . ucl. ... ·"i ',d~ Imw! Ie, d i ~ , uh",,,, ' ... lIy Ie .. th"" ,I", L 
of 'he 1",,<:1 "hovc. l'o n,;d", 'he (",,·level ",aml,k "Irc~I<J,' pre"",olod I.e . le,d-:!. 
",olttor)' conlnln "llprO!!ram "t .. trucl"'n' and d~,,1. Ihe ~urrenl dU,lel" "~n be 
lemromlll), pl~~w ;n le,d I. I .vltt Illne 1o lime. vnc .. f Ihe dU'I"" ,n Ic,eI I ,,-ill 
h.,>c '" he '''31'1'cll back ... I,,'cl 2'0 make I1M"" (.:.r a nc'" d u,le, ""minS ITt I" 
le,'eI 1_ On ~'·er;,Sc. h" .. ..,'·e'. mo'l .deren"'" ..-illbe '" .n ,ltucti.:."s and dal~ "'-',,
laiRed i"ic,d I. 

I Ill s p",,,ciplc ca n i),; ''I'p"ed "CIO" "''''" I han ,wo I""cl, of "'e"'ory. 018 ' " ~
ge'ted by the hi, .. m.·hy ,I",,,n in rig,,,e'U The fa"e'I, ,,,," 11 ,,,1. ",,0.1 1)1,11, "'llC n
,;'e I)l'" {If n'~n"'n- ron,;," of th~ "'1I"'en. int ern .1 h, 'he I"""""""r. 1'}'I'K:all.,·." 
JIloccs,u, ,,",II conlain a Ie'" d",,,,,, <uch re~i.~,,". although""",c m:"h"lc~ conl," n 
h"nd,~'tl~ ,,( re~j"'e". S"iPP'R~ ..... ".,'1 ... 0 Ic,'Cl\.. m'm memory i~ Ihe p",'ell",I''''<r. 
nal memory f .. ,lem of Ihe COfIlpUlcl. l:~ch 100000t,.,n .n m~1I1 m,,,nm), ha< " u""lue 
addle,,\.. M:"n ",e,,~,ry '" muatl)' c~ 'cnded "'111l a hj~h'" 'l,",ed. ,nlaller c:lche, The 
",,,,he i, ""I uwall y vi,iblc '0 Ihe plUg ramm cr or. indeed. 1'1 Ihe 1"""C;'<>f_ I, "a 
dni,'C for 'ta~tng the m,>\'''",e nl Ilf ,J",,, \>.:, we en m~ ilt mCT1">ry "ltd prv<c~<"r rc~
Me", 10 itllp,,",c performa""". 

Illc Ihree form,; of mcm""r jU" dc..,-ib<:d me. I }llicall)'. ,,,,1.1,10 m,d c.nplo)' 
scmlcondUC1Or tcchnulog). I he u<c of Ihree k,cI, nplo,l, . he f"'" lhal ;cn,,,,,,,
d ..... '" ",,,n'ury ""me< .n a ,arie')' of 'ypes ... IIIch ddTer ," <pc«l Bod «''', D,>la are 
•• o ,ed n,on' I""lttane nt l~' on ""ern,,1 rna", stor.lge tk'·lCe\.. of ... hich the "" ,,;. "'-'m
moo ~rc h~rJ d i,k and r<mo,· .. I'ic mc di •. ,ueh a, . cmo" "lIle di,k I"I>C. "nd optical 
,1<1r"~C, 1. . lern,,!. "o"yo"'"I" mc,\\()ry i, "I", refe rred 10'" "eo"d" ry Of " ""I",, ), 
mcm{IJ~ ' Ihe'" ,lfc useJ to 11<"" p",~,,,m anJ J "t:, fik , ",,0.1 .'0 ",,,,, ll y ",ihk \() 
the P"'~' .''''tller onl,· in te,,", "r r.1~'1I "lid r~'COrd" ,I< 0l'I'0.."d (0 ;"d""d u~1 h) 'e' or 
,,"ord,. D;,,~ .. ~"', u,..,d .o I"o',de "" n'cn<lon 10 ntain ,,'c,rI':'''' kno"n M' '''lu~1 
memory." hoch ;. d, .... u""w ,n ("~Itler M 
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Ulhcr form, of m"m,,,~· "''' )' he included ,n Ihe hicfarchy, For example. large 
IBM ",,';nlram~' include a fot '" "f inte",,,1 Tll~mor)' k nowo '" E'pnnded Storage, 
Thi, u,e; a >cmi,ooductof technology th at i. ,lower , nJ Ie" CX1,,-,Tlm' c Ih"n Ihat 
01 mnin ",,,m0l)'. Sl'iell~' 'I,,-,"~;ng. thi, mcmor)' doe, not fit int" the hie',,":i1~ hut 
i;" ,ide bcanch: Data can t>e ,,,,,,·cu hetwccn Tl1;lin mem Of)' and npal1ueJ .tor. 
age b~t nol I>c,we"n "xpanded storage a nd external m"",,"y. nlher 10r111' of '"C' 
ondary memory Lnclude "pl;,,"1 HnJ magneto-opti,"1 disls, Finally. "uditilln"1 
level, ";On he cffect i>'ely "Jdcd "J the hier"rchy in ,,,flware. A portion of main 
memory ,'an be u,~u "' a ~uffcr to holJ d"t" t~"'I'<Jr"r,l)' lh:ll i< to b~ rc",j out to 
di'k . Such a technique. """~Iime' ,eferrou to a, a ui,l cache.' iT11pr<J'·'·' I"·rl,,,. 
~1;lnce;n t .... o way" 

• D,,,k wnlcS "re cI\lSt~rcJ, Insteo d of """)' , rn"1l ira,dec' of u'l1a. "'e hove a 
few lorge tfOrde" "f J"'a. Thi, impro>'e, disk perfor",Jnce <lnd minimize' 
pn.><"<;,wf invol\'t'mcnL 

• So"'e dala dC'lined foc wri'e-out ma)' k rcfere"ceJ by" p"'gram h,'f" .. " <h, 
next dump to d;,k. In lila! u,,~. lhe uala i, r~1Tic""u r"pidly from the ><:>ftwarc 
cache r;Hher Ihan olo,,·I}' fmm the di,l, 

'\ llpt'n Jix 4A exurn",", Ihe I"'cform:on~c implications of multilc.'d ",e""'t)' 
, 'rue'"r." 

4.2 CACHE MEMOR Y PRINCIPLES 

Ca~hc memory i, intended to gi,'c "''''''oty 'pced appt""d,mg (h", "r Ihe bqc't 
mcmoric> ,,>a il "l>k. "ou "I Ihe ,arne lime provide" large m""",,'), "ze ,,' lh~ pc"--",, 
of I ~" ~xp""' ih' type, "f >Gmi,,,nU LJetor memo,ie" The concept" illu,t,atcd in r ig. 
urc 4.3. The,e is" reiati,,",)' I",~c ""J , I"" ",,,in memory togdhcr with a ,mallcr. 
fa,kr "",he m~",()ry, The cache l'OJl(a"" " cop)' of p"'l ,om of m"in memo,)', When 

~tock lea,,,!',, 
1\ ",d 'r""I' .. r ,-J-, 
,-J-, 

. I I I. . I I. (;I'U ,~- M.;" "' ......... Y 

.·i~ure "-I (',,,Il,' "nJ Main \krr.J1) 

'DibI. ,,,'h,';, g,", ,,,II)' . p " " t~ ~,f ' ~m 1<<110'<"," "xl ;,"", c',""",.," in 'hi ' b<"" ,,"c 1~.-r"-tJ>l 1 /"r • oJ,,,,,,,,,,,, 
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" 

• 
• 
• 

- ""'" ', ..... 
<'" ~h" "''' 'H) 

' h~ I'")c~''''''' all~mpl; 10 'C,ki ..... ort.! of mCQ"" Y.;' <h~d "made It, lk'c rnllnc.f 
Ihc word " ", Ih~ c.,,·he. If " ,. the .... o,J l> ddLwrcJ to th e p"",e,,,,,,. If no., a ~I()<l 
of 01,,," mCll"'.,. NII.i"'lIlt of ""Olle fi.\ cJ lI umbe, of ",,,,d •. i. rcad ill l. ' 'he e"dlt 
and then 'he ",,,,oJ,, lk ln ered 10 ' he p"l<:C'IoUI'. lJ«auie of the phenome""" of 
1",,"llIy of rde'ence ,,·h~ ,, :, hl ll<'l of J,"" " fdd, ~ J ",10 th~ cac he 10 '''I" f~' a i ,n · 
~k m~m"r) ,de,en,..,. il ii lildy Ilia, I hc,~ .... ill be fU!u,~ .dc'~n"es to ,hal ""me 
mc",,,,~ locat"", ()' I" "ther .... ""b in Ihe hloc~ 

FigUl ~ 4.4 dCI',eiS thc , lrue!ure of" ,·"che!m:,m.mc",,,,y ')S'~ "L \1 :m' mc m· 
ur) COII''''~ of up lu 2' ,,<kJ,eSloahle "ord~_ ,.ilh ~ach wurtl ha\'U'lt a un'que ,,·bil 
addf~" . 1'0' mal'l'mg I""I~''''''' ,II i. mc',,(,,}' i, ,"""idcred '0 ,,"n,;,. "I • lIumbe, 
of 1""d')enl'l h b)""h of k "",..J, (""h, II,", ;" Ihere 'If" M 3 2'iK hh !C ~ '. ('ache 
oonSc,', of C Ii..." of k ",()nl, each. 3nd Ihe nu",be. of Imc~ "ro",,'dc.ahl), Ie"," Ih.R 
'he numh", of n""" ",,_m",)' ~Iocl, (C « ..\I ). 1\1 . n)' Imle . ....,me >u h,.c, 01 the 
bloch of m"m<><~ ''''Ilk, ,n linc' in the c.ch". If. "'''' ... "'" hlock of "'''m''I')' i. 
rc,,"', ,ha' blt!Ck i, ""II.fN'C-.J '0 one of ,he '",e' of the """he. Ilee .. " ><: Ih",.., arc 
,,'Ole hl""ks lha" Im"s, an ",d i\ id""llInc ""1111(}1 t>e ""''! LJ ~ l r a,all", .. m,, """tl), !led. 
'''''ICo.I 10 a parlicular hl.l<.k Thll>, e~ch linc ,ncl",k .. a ,. ~ Iha! i.lent ifi'" which par· 
';cula, bl""l " "u""n'l~ b.;II'g \l()fc il. The lag "",u~II)' a porl 'on of Ihe ma,n 
me'''''r~ addro"",, u; d,,>cr ih .. J 10,", "' th " "' <"Ii oll 
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Figure 4,5 illuslrale, the reod op,,-ral ion. The processor gcnerolc, lhe "ddre,", 
HA. of" word 10 be rcad, If Ih ~ "'ord i, contoincd in the coche. it is deli"cred to the 
p"",c>sur, O lloerwi,e, [Ioe t>1D<;k ,'onla ;ning Ih"l wurJ;, 1""J"d i"", Ih e c"chc, "",I 
the word is delivered In Ihe P",""c","'. r;~ ure 4 . ~ ,ho,,", "'~," Ia,{ two 'Ipe"{;,,"' 
"ccurrin g in p~r" ll el and rctlcct~ Ihe organization ,hown in Figure ~.6, ,,·h ich i, t~p
ica l of ({)(\tc lllP() ,"T~' ('" d lC OTg,mi"nion., In Ihi, (-"£"n i,,,,ioo, 1 hc cac he con tl ~c1> 

to {he proc<'",or ,.j" data, CO,,{rol. and ,Jdrc" Ii "",, lltc J'{a " tId .dd .. "" Illl e, alw 
"II;iCh to Jal3 "nd aJdrc", buffers, ",hK-h att ach to a 'yste", bus from which ",,,io 
memory" r,'ached. Wilen" ""che hil occu".lnc Jala "nd addrc., buff~" arc Ji,· 
"hied ond commu"lc"lton" on l}' i>ttwctn 1"0"''-'"'' "nd cae ll <:, ",il h "0 , }" Icn, bu, 
(r;,ffi", V.,'hell a cache mi" occurs, the de' ired address i, loaded o nt G the 'y,ttm 
bu, :tnJ Ih~ Jala ,trC rClurned through the dala buffe r 10 bo{h th e cach" and the 
proc<'wlf. I" other mgan iDH il>I". [h~ ,'"~h~ i, phy,ically in lcq",,~d l:>ctwccn lh e pro
ce,,,,,r "nd the mau' memor), for a ll J,{a, "Jd .. ",,", ""U C<J(Htot I",,', . In li«, "'n~ r 

"'"'C' for a cache mi ss. th e d,',i r~J ",ord i, f im read imG lhe cach" a nd lhen lraos
ferreu fro«, cal'he {0 Pf",-"-""". 

R"",,, ",ldr,,,, 
R'-\ rM " CN ' 

Dc ,,,,,"A "',"'-' 
t" {'PIJ 
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A~'" 
ooff~r 

I'n",._r 
('ou,,,,1 CO.,"" Control 

Uat. 

I~r 

~ f.-
U~I. ~ 

• 
Ad",,,,,,;,,,, Ol Ihe 1""lun""",c" 1'''' Jlnel~'" ,d«'eJ to cach" u""' i, C')nUli ,,~J 

'" ,\pp.;nu ix ~A. 

.f.3 ELEMENTS OF CACHE DESIGN 

I II" "'~lion pro,' ide, an 0' Cc\ Ie"" "~I ~""hc d<-'''tt" p~ra"'''l~''' and rq,m" ... ~"e 
' \"p,cal re,uh •. We ott3$ionally rel~r ,<1 'he """ of <'ach~' in hi!,h-perfo,m3n"" c"!I1' 
p'lIIng ( I I PC). HI'C deah '" ,III SUfl'Crc .. mpul~" an<l _ul'"rcoll'pulcr <'o11'.,arc. <"<p<"

,,~lIy [or ",,;entlfie 31'I'h"allon' ,hal """h'c ''''¥c amounts 01 data. ,coor ~"d 
m.Ln.' """,pulal;",,_ and Ihe usc or pa.~lIcI ~I~orilh"'" Cach~ d,,,;p> [or 111'( III 
qUI[e ,j,lle.ent 'han for olher hanj"',,,c pl .• lforms ~"d appilcaliOll' lnlknl m~ny 
rc""",chcrs II;oH found Ih~l ~II>(' ;.pph~"'iOfl' perl"'", poorly..," comp,,,cr 3n:~' 
'c<'",c.l~'" cnll,loy <""h~' IIIA I L'J~I O,he r '''''''.n:~c''' haw",,,,, ,1100,n ,10,",. 
t,,,he hieT",ch~' can he usef,,1 ,n "nl"""I1\~ 1'" (",ma"C< if the' appl",,,!!"" ",(,,,'arc 
",""eu ,,,c'rloi! 'he ,ache IW,\N(,'i'J, PHLSiJ I I ' 

AI' hough !ht'~ arc" lar~e nu",rn:, "f "ache .llll'krncmal io,"" the , ,, .He " f~'" 
h,,,k <.Ic'i~n clemen,s ,it at ",no 'u cla",f)' ,,,,<.I JifkT~"tial ~ ,,"che 'Iro: llI! CC"" "', 

I aiM ~.2 I.;" key cicmen". 

r,~ • ",n,,,,' ",,,'U"_ ~f III"< .", (')('\\"""'1 
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Cache Size 

(00:11< Sil. 
11~ hft<1iO<o 

D"~ 
",-"",.1<"" 
~ ... ",,, .. ,,~ 

W<pb<:< ..... A!J<,.n .... 
I.e ... r"", "tly "",,<I (l.RU) 
F;",;" r,,,, ""'Iflro) 
uOS! jt"'1",n<l1 "1<<1 (Lfq 
R.tKl"", 

I' rU. PQIk) 
WfIt, 'h'OUg~ 
..... nte b0<. 
Wnt< <><ICe 

I ..... s;". 

Nu""'., <>f <atJo., 
.~,"gk .,.. ,~" Iovd 
lJm!ic.,lo'orb, 

The Iirst clement. cache ,jz~. ha, al .. "aJ), IlC~ l\ Ji'<Cu,seJ. We w"ulJ lih Ih" <il~ of 
tile "ache t<.> be ,,,," II enough '0 that th e o"crail ,l\'cr"gc cost 1"" hit is do,e t <.> that 
"f main me!llOTY "lor," ,mJ h!f~c "n"ugh '" Ihal Ihe "'cmll a"cn'gc "c<,.:', lim" i, 
d<.> ... • t" th at of the cache ~Iollc . TItcr.· a, c" 'n"r~1 mhtr mOli .'atiou, f,,' min imil.ing 
<·" "h ~ s;ze. Th . IHrger thc cache. the large" th e number of gate, in 'oiv'oJ;n address
" 'it th " c,,~h ~. ' Ih" r~,uli "thill large ~"ch~. lenu 10 be , Ii ghtl)' sl <.>"'~r Ih"n ' ''':011 
Ol\e»--,-',,,n whell hHilt wuh 'h" '"m~ ill t~gral~d C!feult t<:dmol o):." ,md pul In the 
",me pia"" o n chip anJ circu it ooorJ. The ",'."bblc chi p "nJ hoard area also limit s 
~""h~ ,;u;. Sec""", the l"'rformanc.' of the cache is "cry ",n, iti, " 1" the noW re of 
Ihc worll""J, " i, IIlll",,,ibk I" arriw at " " ngk ""ptl mUrTl . c""he ,i,c. '1 al,1e 4.3 
Ii,t; (he cache ,il.'" of ",me CU"~I" and I'",t 1''''<:<''"'0'', 

Mapping Fu.lt'lion 

Ikcau"" thNe are fcwer cachc li ne, Ihan main mcmory block<. an olgorithm is needed 
for mappll1): m"n m~nu,,)' hloch into """he lin" •. Fun her. " m~"n. i, nccJ~u f"r 
Jet"",,,iu"'g wll ieh lI1~m InGTnory hl<xk c"'r~nliy o,:""!"",,, cach~ lin c. '11w d,olce 
of {he mappitl g Iunction dic{~IC' how the c~ehe i, "'Ranil.oJ . nll'"O {c.h"iquc, can 
be "'cd: J irect a,sociat i'· e. and sel ,,,socidt i\· • . We examine each of th.se ;n turn . 
I" ""oh c~"" "C louk ,,1 Ih c g~n<:f"1 <I ru<:turc and thcn" 'I"'cii'ic c,,,mpic. h" " II 
three ca"". (h~ "xampl~ I "cluJ," the folio" mg dcment" 

o ThG cac he call hold M KHyl"" 

o 0"(;1 i, 1,,'o,!'cfrOU Ixlwccn n,"in memo,)' and lh~ c",he in bloch of ~ b)'k' 
"ach. '1'1", "'0'111' Ih" t (he ~""h" i, "rg,mi,cd '" I ~K - 2" li o,·, of 4 h}t"' cach. 

o The main memory con,;'t' of 16 Mbl't"~, wit h each byte d;rectl), addrc,,,,ble 
h}' a 24· hit adure," (2" ~ I ~M), Th",. fo r nl"ppin): PUT!,,"'''. we CM co nsidcr 
mai " ,"~m"r)' I" """ " I of 4M blu<; ks "f 4 h)'le' ,·"ch . 

Th~ , imrlc,' tcchnique . kllown "< rli,,·.1 m~l'l'ing, "'"r' """h blod "r m"in 
memory Lnt o ()"l~ ' )ne jl<,,",jhl~ each" li11e. h gure 4.7 Il lu,1 r"le, {he gene, ,, ] mceha_ 
n"m. The mapping i~ ~X I)fe"cd as 
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• Addre>s l en~lh - (, + w) bi" 

• J\uml><.'! "I adJrc"abk unit' ~ 2'''' word, or bylo' 

• Blocl ,i1." - li ne ,ize - 2" words or b)'I'" 

• Kuml>cf of blocks in main memOf)' 

• Ku ml>cr of lin~s in C"c h" ~ m · :Z" 
• Sizcoflag = (' r)b'h 

fhe' efte' CI of Ih is moppi ng i' 1h,,1 bl<.>C~ , of "';lin me"""y ",e ""igncd 10 linc, 
of the ca,'he ", follow" 

1 ", + '.,,,, + 1. , . • ,,' 

'" '" lim .w, I . ... 

Thu, . Ihe u,~ ()I a r<lrIiotl of Ihe address", a li ne nUIIIl>cr' l"ov ld", " uni'lUC 
",apping of each block of main "'CillO'" ;010 Ihe cache . Whe" , block is ",l";llly 
read into its ""igncd li ne, it " occ-c"a,), h! I"g [he J'ta [0 di't in guish ;1 i,om ot he, 
hh:h Iha[ cOIn fit ''"0 lI,at IH'c, The most significan t s r bit, """'C dllS purpose , 

figurc 4.8 , hOI" o ur example 'y'1 ~111 ,,,ing JLrcct m"ppi[\g,' In the example. 
m n 16K _ 2" "nd i _ i 010<1\')02 " I h~ "'''pp ln g hewme, a, folio"": 

C .. 'h.· li"c Starll,,~ Illelll"'.' .dd",,, "I blo"k 

" ''-'-'-''' Ul t< .... .FFOW 

, ,oom . oI Wt>l. • FFiOJ.I 

, 

, , OO ITFC.u II'Ffl" HIITC 

NOIC that no two hlocb that ""'I' m[() tlo~ ",me line number ha w \h , ",," ~ tag 
"H",I",r, TllIL'. bloch with ; tatti "g addres"", OID)J, 01 lX.O.l. ' ... FH~O:) h",·c tag num-
I",,, Ill'!. Ill.. IT, rcspccli\'C ly. 

Rdcrring back [() Fi guT~ 4,5." r~" d "I": .. "t,,,,, worb a, folio"',. The ";lch ~ 'y'. 
tcon ;, pfc'-Cntcd ""I ll ,, 24·1!t[ add,,',s, The \~-~it Ii"" numl:><;r i, H",d ,", ,," ", Jex 
''' (0 the cache to acc",," porticular lin e , If lou K· bn I"g [1"",h l" "",(che , t h~ tog 

1" lht. "nJ \" ""~lI< IH Ii!",">, .... ,,,.,, "'" "" "'''')' ""I,,·, "" "1","'n,.'J ;" h..·,:>.k<,m,1 ", ,,'m ~'" 
APr" """ A I, ~ .1",,,· d,,"hc, '" " ",,, I,,, " .",,'" (~<, "" I . blOO"', ""-'''''''''",,",1) 
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num l'IC' current ]\, 'h1t~J ,n (ilat li"c . Ihen the 2-bit word numt>Cr; , u",d \0 SCk£l 
one of the four h)'ICS in th at line . Otherwise. the 22-l>il l"g.plu'·I;n~ tOdd;, \,,~d 10 
klC'h " bloc\; from main memm)' Th~ ,,"\1:,1 "dd,~" lil"1 is u,eu lor tI'" re tch is (h~ 
22·1>;{ log_plu;_line corlca1c'",{ed w;lh (WO [) bit" '0 that.j bytes arc fotd ed ,ta rtin g 
on" block tx"",,J"ry . 

I he J"~cl mappmg Icchni'IUC i, 'imple "nJ inc'pc)!,i,'" \n imple",c"t . lt s 
main d".J,'anlage is lhat there ;s a fixed cache location for any given ~Ioc~. Thus. 
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if a PffiV"nl ~apl>O:lI' h' rekrc""" "",d, '"I","tc<l l,· from t "'0 ,11IIercI" hl oc~' lh .li 
mat' ,"10 (he .... me hlle, Ihen tile bk'ch ",,11 be "mlmually ~"ap[lCd ill Ihe cache. 
and Ih& hil t.lio "'111 1", I"", (" phe"("""nO" knOW" a, ,11'''''/''''8), 

,\ "".riM'i>·~ "'~I'I';1tJI OH r~o,"". Ihe dl>ad'·an, .!<, or dir",,' m~IlI"nl!' hy per· 
nu llIng cad' l11"ul n\~rn,'ry hl."k w "" loaded into 'my I",e of Ihe caohc. In Ih,,; ca,"", 
(he c'Kh~ "',"Im.lo~ic "uc'prc' s a mC'II,,')' adoj",,,,, ,impl)'",. "'~ .",.1.1 ",ord f; d J, 
The ' <IS fidd oll i'l"d)" Id"",;fi", a bl""k uf mall' n'" mory. 10 d,,'elmlne "h,,'her a 
hl"c~ j, '" Ihc c",he. 'h~ ""ehe c()nlwl lolt'" n" ,,' >;m"ll. n ~o"sl)' ">a",;ne e,'c" 
IInc'\ t.l~ for ~ maleh. I"~urc 4.Q In",trnla< Ihe 1<.»:,,· ~o(e (hal nt) field In 'heaJ"",,, 
~()rr"'I)()nJ, w Ii,, " I\uml", ... '" Ihal Ihe 1\uml>,·, "r hllc' III (he ~"d,c" IWI ,k'",· 
m;lIcJ by (hc add,,,,,, [orn\dl "["" ,un,nta,iLe, 

• ,\<W,c"! leng(h - h ' ".) bi!> 

• Num"", or uJd'''S\;II>I" UI\I), ~ 2' • ",,,,J, or 1»'Iei 

• Ulocl MLe line ,,,"., 2" .... ords ur byk' , 
2' 

• 

• Numt>cr of 110£, ,,' cache _ ufld.;'cTlntt'cd 

• :>ize ut lag, ,h;!> 

2 

I'i~ure ~.JO .• how, <lur c,,,mplc u'in~ ;"""",al,"", " ,,,ppi" ~, A",,,,,, ","mory 
~ddrc" roI" .... oh LH.u (a~ and a 2 ·b;, byte number. -111C 22·' ''' (all mu", t>c ,(o",oj 
.. ;Ii, Ihe 32·h,1 bh)<'l of 0.1"'" fo' ""ch l m~ ,n Ihe ~ilc1te. ~ule Ih;'I ;I" Ih~ lefl"''''( 
(mos( ~;~lIrlCanl 122 bit- ,>( (h~ addr""" (ha' form Ihe • ..,. "[1",-. Ihe 2-I·hi( hcude<:
final ~JJr"o;s 1 ~_,3,)(' h", Ihe n·h il);l~ 05[«("1.7, Tn" i, ca'II)·"'"" III hllla,~ n<)(aljon; 

mo"",,) ~d",,,,, "''' 0110 00" "''' '"'' "00 (h,nary) , , ; 
" 

., c- (t,,',) 

1.18 (Iefl"'''''' 221",s) '" nilll 1I ~){) , Il~) 1110 111 1 1 (""wry) 
0 , , (' ,. , (hc') 

W,lh n",ocia",,, mapp;n~. ,hc,e u; Ik,ih,l;'l' a .. to \I'lud, hl<x~ «, ,ep(,',x W" "n 
~ ""'" bloc~ " rc,,,1 '''10 Ihe ..... '·hc. Rq,la,..,,,,cnl algo, 'Ih",s, d,,,"uSSNi lal'" ,n .h;, 
",ClIO<!. Me Jc'i~I"'J 10 n,aximi,e Ihe h;1 ral ''', Tl1c pr;n.,pa l d i,,, J ""ttl"g" "f as",· 
cia'"c mal>P'n~ i. 'he C'I""plcx c;r~uury rc'lU;rc" (0 uam;nc (he la~ of.1I cach~ 
lin"' ,,, p"" lk L 

Sci ~", •• tial;'·r ""I'I'i"~ " a c"'''I''''"'''''' (h~( e~h,hl(" (he "rc"l'(1u; of I>o(h 
Ik J I';;CI and ",,,x,ial i.c apl''''''~hc' while rcJ"""'g Ihol! d" .. J,·all1~g.,. In Ihl' 
cast. Ih" cache is d,,-idM inl .. "...,1" each of .... hi,·h "",,, .. ish .. f k hne •. (he reb. 
lioJ1l,h'I" arc 

'In t"",. ~ lU ,t.,,!: ".I '4 ~ "'1"''''.'00 ........... "" .c"'<l,~"'" ..-(." 1 1>< ""'" ''P''~''"''''''' 
"' .......... 1 -"i" In I",' ~ unh' Z "", ," I.'"~'h 
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'" " A 
! <1.",jul,," 

, cache ",I ""mh~. 
m"'" m""wl)' hlock "umt",r 

'" _ num"'" "r lone, '" til" caeh.: 

nil, i, ,eferreJ to as ;, .wa)' ",I ~"""'UlII\'e n"'PI"n~_ With ,,-! ",,,-",-'mllve "'''P\"n~, 
bl",,' IJ. '"" be nl"Pr<J Ill'" '''')' (,f th e In'''' "f >c ! ;, In IIoi. c""" ,he ,-",he """Irul 
I()j('" intc'p'd'" ",c"wT)' " JJr~" ~ 'oL\pl ) '" three fi ~IJs: t,,~, ",L "nJ """,I. The ,/ 
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",I bilS 'I"'cif~' onc 01 ,. - 1" ",Is, The ,. hIlS of Ihe lag anJ scI !idd, 'peci!)' ,"lC of 
Ih" 2' hloch of n",in mCmOT)', Figur,· 4,11 dlu,I'''[G' Ihe e,,,,he control logic. With 
full)' aswei,Ti\,e m'pp,ng. Ihe lag in a memofY aJJre>s" 4ulk I:"g~ ~nd must he 
,'o"'p,,,,,d to Ihe (ag of "'cry line i" Ih~ ""che, With I.-way ><:t a'''Ki"l,,'C "'"pring. 
The tag in • "'~"'''ry ~ddr~" is much ,,,,.lIc, "lid" only compared to lhe k l"p 
",;tll ;11 a 'ingl~ se1. Tn ,ulII",,,,i/.". 

• Addre" kngth = (, + wI bit' 

• Numbernf aJd,e""ble units _ 2' .' "",ds or l1yk' 

• 1l 1[)C~ sizc - h"e ,,,c = 2" "'ords Or bytcs , 
• Xumb", of bloch in m.1 in mcmor,' - E 2' ,. 
• '1ulllkr of linc> in ",{ - ~ 

• 'Iumh"r of >ch ,. = 1"' 

• Numhcl ()f li nc' in "ach~ ~ /..,. _ I. X r 
• Sizeoftag - (,· d) bit, 

Fi~ur'" 4. 12 ,how, our ~xampl" u''''g <e{ ""ocl,,(i\'~ mapping with (",o I",e, in 
~"ch ,<0(. ,efened to"S Iwo.",,,)' SCt a."",iali\'c .' Tlw 1)·1,,1 sct number idemi!i.,,; J 

unI'Iue set of 1\010 lin'" ",,,hin Ille cache . I{ "Iso give< the IIUIIII"'T of (h~ block in 
",,'" "'"m",y. modulo 2" , This Jet"t",in~' the mappillg of blocb int" I", ~, . I hus. 
hlocb r:OXO).I)WW,., . . R'8OC(j of mai" m~II"")' map into cache ~CI (I, Any of 
11I",c block, can he I()ad~d illio either of the {"." lines ill Ihe ",t. No{~ lha( no two 
Ill",:., tn,,{ "'ap into the "me c"dw >«:1 h,,,'~ Ihe ",me tag numbel, Fm" rt"d 01"'" 
a(ion . (he l3 · h,( ,~t number is used (0 delenllm~ ,,·h i,h sd of two Ii,,", i, {o he 
c~ami,,"d, Iloth linc_ ill lht <e' Hr" "~"mined for" ",,,(ch WII" ' h~ tag nUI11bn 01 the 
addtn, \() k o""",,-'d . 

I" lhe "xtr~m" case ()f" - m, ~ _ I . [he' ",t ,"weiari"e te,hniquc leJun', 1" 
dir~C1 mapp;"g. "lid f,,,,, c I. " - m, it .. "duc", {"","oci,!{iw mapping, The use of 
Iwo line, rer ,<'I (,. - 111/2. ~ 2) is the mo't COmmOn '''( ,,,,,,,'i,,tiw orgalli,,! ion, 
It _iglllfi,,,"tl)' impro,'c, (Iw JII( r,,1 io 0""' Jir~C! mapping. Four. ,,·")' MO{ ",,,,,,,i,,(i,," 
tV - '" /4 . k r 4) makc' a moo,·,( aJJ,llOn,,1 iml'rovcment for" rci.(i,'dy "",II 
:tdditional cost I MA YllK4. II I LUN] . Funhcl i"cre 'lSe, '" the' number of linc. per 
",{ hHC lill ie effcct. 

R "plac .. n,e n t A ljI;o rithm. 

Wlw" " n,w hlock i, broughl ""0 Ihe c"chc. 0"" of the eX i,(i,,!! 1110..-)" IIIU" be 
fcpbced. F", dlfcc( ",,,pring. (here i, "nl)' 'me 1X)~_iblc Ii nc f", any part icular hloc ' . 
and no choice" po,sink, For the ass.ocbli,·c and >«:1 "",,,,i.1ti,·c Techniquc,. a 
rel'lac~mcnt "Igori{hm" n,,~""d . 1"0 achie'·c high speed . _uc h "" " Ig()"tllm IIIUS( be 
implclIlcnlcd in h",J"'afc, A "u",l-.,r o f algorithm' h~,'c beon tried: We mcrlli<m 
four of the m(),t CO",mon, I'rob"bly the m",t effect ,vc " Ic~,t ,,)ceml)' u",d (LRU): 
Kepb,'C (h,n block ;n the ,c(H",t h,,, I","n in the cache lortge,( ",ilt. "" ,cfe'enc~ to 

10, f 'g"'" H 2, "< 9 " , ' '''-'' "'r<"",,",J h" .1~h~" "",' oc<'m,' numb" , n t, n,,~t ,;~oif",,, ' h,,,,· 
,1.0<,""" d,." ," r"", ~ on'" I ~ " '" '",,!,h 
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,t. For (w<>_w"y ""I """"i"I,,'" Ill i, " <'. ,i l), impie,"enwJ. E.ch line includes J LSE 
I"t. Whe" " lille i, rd~rom:d , It, l;SE hil i, ,<"I to 1 anJ the USE bit of Ihe other 
line in that ",t i, ""I toO, When" hlock is to be r~"d into the set, Ihe line W",,'" L'SE 
bit i, U is "scJ, Ikc""w "·c are ~'SUnl; n!\ th"l more r<xcntl)' u,eJ lI1emory l<>eations 
arc "'Me likel), (0 he referellced, LR(J ,houlJ give the OC'l hit ratio. Another 1""
, ibility is first-in-fifSl-out (FIFO): Replac~ tha( bk",k in the sellh,,! 11", h.:cn in 'he 
,'". he longe,l, FIFO j, e",i l)' impkmC fll cd "'" mum[_,ohin (lr cir,ubr buffer tech
OI~ ue. St,li """,her po,""hil ily i, 1,,",( fr.,quenl ly used (LFU): Rep lace 111.11 blod in 
the ",t that has eXp"'ricnceJ tile fewest rekren""" LFL could ~~ ;mpklllcnl~d h)' 
a""-,,,iating" coul11~r with oac h li "o . A I~chn i 'l uc n011",,~,1 <>" us"ge" t" pic k a line 
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31 random from .rn""lt Ille ","d,d3Ie hn~, S,mulalion \I .. d,o; ha'" oJ,OW" 11",1 .an
do", '''pla'''n",m pro, 'lk, unly sh.hlly infe. "., I .... fo. n""'.," 10 an al~o.il hm oo<ed 
,," U"'~~ iSMITK2j. 

W r;l" P o licy 

Ikfme" bl"d Ihal" .""dOni m Iho oach~ ,'"" be .el'.Jaeed, il" necessa.y h) ron
"Je. whe ' )'", " h'" heel) ,,1I"oJ '" lhe c""he h", nol ,n ""' ;" "'e m"'l If it h,,, n(>l, 
'hen the old hlock ,n the ~"d", rn",' t", u,·er .. "UCn. If illl x,. d,at nle,,,,, Ihal :01 Ica,l 
ono .,.ile ol"'",'ion h;" he,'n ""r f", ... M1 on I .,ON ,n , lIal linc "f Ihe e~che, and 
"'~In mc"''',) must h" "1>dalc,1 a.;ro.dill~ly. A ".'icly of ,.."Ie Il'I.>hcie, "",II ""'
for " ," n<-.; ,,,,J CC< Hlo,nic tn"k "ff<. "p"~,,blc, I h"rc "tC tWI) problem' 10 c<" , lcnJ 
,,"10_ II,,, . mu'e Ihan " " e ,k"K-e "",y ha'o "",\:,;, 10 m,,, ,, mem""y. For "',""ple. 
an 110 module may be "bl" 10 rc~d,,,,.ile d"~<lly .0 m"mory. If ~ ,",o.d h"" been 
"Ilc'ed 1),,1), ,n .hc c .. ehe, Ihen .he ~or'c'I'. ,,'d;ng mcmory "",.I ,s ,n,·alod. l'Iorlhe •. 
iftlw 1.10 de";,'e ha, a l.etcd no"," "' ~mot} Ih ~11 the cach c' 1",,,-.1 ' j ;",·;, Ii ... A mo •• 
,~ ~"plcx p.oblem <ICC,," "hen mul"pl .. p.occ-SOf1l arc ""acflcd '" ,h( ",m~ bu, ond 
c~th p,o,;e>w, ha, ", "" n local <ache. ' 1 hen ,r a word .. ~1I~red ,n ""e ~a"h~ " 
cou ld concc i"" bl) In'· ah","e .. ,,,,).d,n (J.hl" ,ache,. 

Th~ 'impk~I '",'h""IU'" i, c"" "d .,·m" '/'''",g/'' U''''~ thi ' tec hniq uc'. all .... il" 
' '1",.ali"", a.e made 10 main memof)- a. ,.ell ~. I" 'he each<:. (n~" "nllll'~, n'a,n 
mc n"'I)' i. alwa)"' valo<.l. ,\n~ "'hel pro.>cc~"--<:""he n."duic can monol<H "~Ir.< 10 
"' ,, '" mcn",,)' ,0 "" in""" con, i,lcncy ",,'hin II> ow" "a,he. -Inc m,"11 Jisad""".ge 
,,"his ledin',!"" i. ,ha(" ~c""."te' , uhs'.nl,.1 ""'mor)' I,;offic and "W)' Cfea\C a 00\
lleneck. All ahcrnaln'C .tthniquc_ known .. , ,,''IIe hod m,n mll'-e, mcmor~ .. -u\,-" . 

..... ,h " nee b; .. l. up<lnl'" ~t" m.oJ.: ""I)' '" Ih" earhe. Whcn an ul><la,c oce","_ an 
l ll'DATE hLi "'s<}Cia!cJ Wilh th e IlI\e is ,d, Tht'n. "he n a bl"d; is "p"",cd." i~ 
"',,"en t>~~~ hi m" m memol)' if "nd o"I~ ;f ille U PI),\'!"F bit" "!I . Th" pruh lc'", 
.. lIh "-,,Ie b.o~~ " Ih~1 po"""'" of m~m "'''nlOry .,.., in~ahd_ ~nd hu",", acre",,. ,,~. 
ll() ,,,ooulc, "~IL bc all""ed 0"1~ Ihrouy, Ihe """he. 1 h,; male. rm comple. oir
""") and :t I'Llle", i,,1 hLLI1 I ~" ec~ . [;' pe.i"""c ha, <hr."" tn,,, lite pcrcc""'gc "f 
mel11O,,' "fer~"",,' ,h." arc ""ites IS (Of! 'h~ <lfoJ.:r of 15% {S \ II 'I)Qj. I (""e'"' . 1m 
IH'C "I'I.h(-allon ... II", numh", ",~ ... "pproach H% ('('C' '''-'-ffio' ",ulliplie~IIon) 
",,,I can ~" '" high '" ~()'\. (ma lli . u :mSf'O'il ,, ~, l. 

In. ilu ' "rg_ni',"ILlln in ", I" ch Ill,,'e I h ~ " "" ~ J "V"-C (tYl',(,,, ll y " l"OC~''' '') 
ha,,, c-..che anJ n,a,n rn~",,,r~ '" .h"rcd, a ne" I""blom 'j "' I,,:,du~~'<.1_ If dOla '" OIle 
c~<he dJ~ altered_lh,. ",'aIiJ~.~~ nol o"ly 'he corre'I .. ~,d",~ ""." in m,,' n mem
ory. l'ul "I", ,Ito. sam" II'".d '" "Iitef ca<hc, Iii "n~' " ' he. c; • .-!,c h"pl"'''' 10 ha,'e 
tn ,1I 'am~ "'".J). h',," ,f" wfllc_th,.,"gh I",li cy i, u""J. Ih" ot l",. c" ,'h,' , m:,v ",,"_ 
,",n ,n,'ali<! da'a. A '~~.~m lloal p.c.cnl- Ihi> pml~em i~ ""d lo rnam"in c"d,e co
IIe' ''nCJ, p.,...,ble aw"-,,,cht'l 10 • .n:h~ cobc"'nc~ induoJ.: 'he foll".,,,,g: 

• 11m "'uUhi"~ "ill, w, il,' Ih"'''~ h' E"d, c,,~hc """ ,,,lIer n""",,,,, Ihe "d(irc," 
h,,~> (0 deled w"'~ "I",ra"on~ 10 ",~n'",)' b\' Olhe. b~, ml"'~". If ~n". he. 

ma"Cf "role, •• , a localion", 'hared n,,,mory ,ha, also "·,,deo in Ihe c""h~ 
OlC"''' ')', 'he e"~h~ .0"1,,,lIe, ;",,,,,<.1,,",,, 'h;>t c :.ch~ enlr)'. Ihl> 'lr"'c~) 
Jqlends "n .he ~'e " (,, " 'Iite_through 1",1,,'), by :, 11 """h" """Ir<l llN', 

• Ila.d ...... r . """ "","''''')'' AdJ ,honaL hartl .. arc ., ...... '<.110 "n,me Iha' all up
d~lc, '0 mam mc",,,,,y \ ia e",'he a.e .cn~'CI.,d in ;, 11 .""he," Th"" ,f (mC PHX-C'f-



p,,,"dwoo ',o<,~""d ~41 0) 1'''JJJ1UI <41~d "lOP )J04' ~11l)0 JSn"J~g 'P"I"U!W ! I~ '! 
"'~:"'" '1"1 ~\Il -J4JUJ d)4~UO n41 U! punOJ '! "I"P JO un"J"J)'U! p"l>~nboJ "41 u04i.\ 
'.lO""LLJJOJ",,-i W.JlS,(' II~'""O ,~,"a'.'UI pLL" '~Ull) UOTln"' ~ dll >I'~.x!, JWP'"41 
P''" AI""!"" ""-I I"UJ~I' J ",os'~X>ld ~41 ".'''p'' '4"''' d'4J---U(\ ~ 41 " "'I I'''JJ~''~ UR 
RO,' ~1'I"'p.~l ' 4'R'" 4) 1." p~,,:JU10J ' ~'P"' d'4"U" "4) :"",,,,,,,,d 04) '" J14~ ."U"' 
~41 "<> nLI"'" "~" "'1 (») J[4(Ssod ~,uo"'"-l 'mIl I' p", •. 'JOw ' ''4 '(I ""OP J!~OI 'V 

'~4~C:) iJ '" I!II"I~ 

' ,o4~"~ 1! ld, 
,n":J,' P"!J!"n J" O'n J41 puo "'4""' JO ' I ~'~ I In ''"-lmn" "4\ U.PJ""J ~ns" U~!'"I' 
"41 )0 ,p"'-.l", n.",J. '""''" ~\Il ~wm"'l '''4 ,n4",'J ~ 1 'hl[nlU J() :>s" ~41 ','"UJ'~' ~JOI~ 
'~4J~J OIOUl' " 1'~4 w~"", I"Jld ·(l ~41 '1'~'npoJlul A II ",,!~IJO .1lg,\\ '~4"'-' "~4 ," 

03'1""::»)0 H'I'UIl N 

'1'''''' A I IU,,,h~,) IWlU ''In ,~'"" ~Ull 
"4'"' ~1'('1 ~ll PU" I"J ' sm~I"" .1.111 lO.-l I~I'(I NVI! '06),2)1,1 '~~A7~J · LS.1I1~<;1 
wnwlldo "1 ~O l " ,( 1'l"U"'"~' ,m,' .'" '~ l,\q <t "I ~ W10'1 J" "'!' V 'PU""J "J"'I '~4 
~nl"" wnw!)do ,·\lllULPP OU I'U" ',"~nlO1d '"' ''''!l"d "J" '"!I""'pRJ"4' "111',"°1 
"41 u() ~u l l'uJd.,p 'X~ldwo,,, OlI"J 1!'1 I'"" ~I.!' ~""[q ua~,"I."l J"I'''O ll"Pl '4. 1. 

',11nln) ","ll n41 U! P·JIP~lI Jq 01 "1"1L[ "'I 'J('P"41 pur 'P'o,,, 
1'01<onbOJ "II UlOJJ JJ'IlJq" P1O," I"U"!I!PP" 'p~~ ""~J"I '~ w<>''''11''''lq u sV • 

-POL!,PJ J," ,'~ LIl J"H" AI!-Jot;' U'llOJ ,"'.) ·'O ~U<"'1 ")"1' LJO 
'IIn,~-, ' l :''' IQ JO J,"lUlnu lI"W'" "IU'lUO~ ~'P"J ""Plo ''' IU .''JO'''' 'Pl"J ~"'Iq 
40" ' ~~ " """H -'4'''''" O)ll! IlJ 1U41'~""14 J" P'l"m" "41 ~"np" '~:)()1 4 J ~\1w, • 

:'("1.1 OIU! .' uHn 'lJ~JjJ ~IJ'";xJ, O'\\.L -P~"" ldJJ "'l 01 ,u4 1"41 UOllHUUO)UI 041 
ffll!'n ~J )0 ,(lI[TqRqoJd "41 ,wLIl "~ I '''\110~:>q lIolj"WJ"IL1! rJ4Jl~J .'[ .... "u ~4 1 """" JO 
"I !l UI'''IOJd ~lll I'u" -,,,~;j"-l Uo'" qL LJ OJ"'1 ~"" Iq "41 '" ·-'~.-\J '''OlI '~"'JJ"'p 01 " '"""1 
111-" 011':-' 1"1 0'1 1 ' ~4J~J " 'II OIUI 14;Jn<>-" 1 ~'" "1~P In)",,, "JOlU '''' '',nul ;>'lI' 'I"'lq 
041 "V ',m)"J '""w ~ ql il L p"JL'~l~jJJ:>q 0) -'1"1!1 ~J" I'm·" I'J"U"~P-' " J" "I'U!",,' ~4 1 
U! ~I"P lRql ''' I"I ' 4"4."\ 'AI!I":'''I JO JldlJUud ~41 J" " n"J Jq "'~~J~U! l'-'!) I" II! ," 
'''1"-' IL4 J ill "~l" JO"HI o lll>:'u, ,(-'~-' \IIOJJ 'J<n~"UI ,~" 1""1'1 ~\Il 'V ·po."UI--'-' 
JJ" ' 1'.10.'<'1 IU~.;dp" JO J"'-I'"nu .m,,,,, "" I" ,n~ I'm" I'~-'''JP ~41 ,{IUO 1"" ""P"J J41 u, 
P~'"ld run P~"~UI~-''' "1"1' JO 1""['1 "U,lll" "Z", M il ~'Il" llJ,1Ll'~P U"""P '~IIIOUV 

;nfS "lin 

'~I J"dH~J II! 
"'41''') l'''Old<"" "dOl SLLn '4""~'~J JO I'PI) ~'''PR"'''' '(:"""~\I"~ "4"".1 

'11'1 "JJPP"-4~ ' 4 JO ~ L~OI 1""1",·.1'4' ~u"n 
P"J'IU'I" '"-l """ ,("'W~LU "[<lO"4""'""U ~ L I I -J'P"J ~41 0IU! P~!c!"" J~,q" '1 
,(j"'U~W P~J"4' ~4j " """"1 " ",' !LU J4'"~ ~'" ,'lOW~'" r~'~4' 01 ''''''~''''" I I ~ 
'WO I""" 'pn, ul '~I<I"J4""'u(Ju '" P"I""~!'~P Sl <l41 I'U" '"",, __ ,o,J ~uo u"41 
OlOlU A<j 1''''''1''' ·\J"w ~UJ W"'U JO uo!pod ~ ,'1"0 :;:JOIU ~'U ~ 1'1 "~q'~~U lI ,\! • 

'p""pJn ' IJ"I"lI!> ~J~ "' 4~"~ J~41" LlL 'PJ<'" ~"' 4JlRW ,(u>: 'UOll ll'l'" 
"l ',';1OLU~W UL OW 01 U ~ IIU."" ~,"pJn "41 'n 4~'" 'I! \II PJO," ~ ,aLJlI'''w ,n, 

6 11 "'H':~<;j HIJ:JV:J.!O S_L"~ l\TH / ,- . 
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""lit h,I' kngl 11 " (,,, ·,'h ip ""d,e aCCC""' wi II COmrlel~ "l'P,ce i" hi)' f", te, th:tn wou lJ 
C'~" 1ero-",'.n "~Ie hu, "ld~s , Funhe"liore. d"''''11 th;, I',,,,,,.J Ih~ b", " fr~e '0 
'UflPOli ,,'h~. 113".lc",-

1 he inch'"'''' of an un "'''I' cache I~~,'es ol"<-'n the '1uel"O" of ,,"hclh~' an 
nihhLp , 0' C'1C"wl e"d,e" .lt ll dc",,,!> le. '1)'pi",, 'ly, th o amwcr IS ye'. ""J ",,-,,I 
rol\! ~n'lkJrai Y d~"g'" IIldu<k (>ot h <~, ... J"p "Old ntc,,,,,1 cau,,, •. The 'c,ult ing "'!"I' 
nll_IItun "' ~no"" a, a ",'o-l~'cI cache ... tlh Ihe inlem,,1 cache u..""I!'.a.~d '" k"el I 
(\. I ) and I he ""emal eIKhe <lc>.pt",~d ." k>d ~ (12), TlIe re''''on fo, indud'n~ an 
12 r~d)~" ' Il e folf""'IIl~, If tllere i, no 1..2 cache .. nJ Ihe p"",,".....,r mah. an UC"'C" 
rC'Iue,' fot a "''''''(''~' Iocatj"" "ot i" tlte I 1 ,'ache, 11K" 'Ile 1"0,:<""" mu , 1 ace"" 
DHAM or HO\j m"mot}' a~n .... the b",,- l)u~ 10 Ihe 1)'I'ic3I1)' .Iow bu.< '1'",,:<1 and 
.1"", memo", acre", I,me , Ih .. re,ulh In 1""" p<"f",".ance. On lhe olhe, h~"d. ,f ao 
12 !>Hi\M Hal'e 1{;\ \1) cad,c '" ,,,,,tl. 'hen (JC'Iu~"'ly Ihe n,,""n~ ",ron"".;"" r~lI "" 
~LJ,d.l )' ,elfic>'c,1 If t il e SHi\ \1 i, ra't cn()" ~1t to ",,,tc ll , Iw bu, ' l,"e,1. tll en tll c d~w 
call !'Ie ~C<'C,,,..:r u'inS ~ ,."0·,,,,,1 sl~.e "a"'aclion Ihc' fa'te" 1)'1'" 01' bu, II a ,\~fer 

'1''''0 f~atun" uf cOd '~mpu""')' cache <Ie"!:,, for muh,le.d e""he. are d",e· 
""mlh) F;"., fo, a" "ff-<-h,p 1.2 eacb~, m,,,,y d~"g,," do no. usc Ih" <)'SI~m bu. as 
lhe path f,, ' t"""fcr be, ween the L1 "act,e "nd Ihe I'roce;,,,,, hUI USC" "'1",r.1< 
dala l~lIh "' .> I" reduce U'e l>mJcn 0" 1it~ ')'''~m hu" s,;cm,d. "'lIh the ,x,nl' ''" cd 
'h'inka~e of P'(OC""""" ro"'pun~"ts. a num"", of P'o"t:~"'J> nil"" ttlCOrpornle Ihe 
L2 cltCh~ on the l>ru,:es\oO, ~h'I', ,n'pr","'n~ 1)(', forman, ..... 

The PO'c"""' ",.-i"p due 10 Ihe tJ,~ of an 1.2 caChe dq>enJ' on Ihe ht! fale> 

in ","h ' he U "nd l.Z cache" Sc,'",,, 1 "udic, h,,,,, ,how" , hat .• " 1', ,,c-.-,, I. Ih ~ u« 
01 a Sc'OJu<l -le''CI ~.~hc <loe' ,ml)J",'e p",(u'Ulan"" (",I( .. "'" 1-' II M~21. I '"(IV 19.11, 
(II A 'ID9lIIJ_ II<»<e, e" rhe u<e of m" llibei cache' d,.." cornpllCllc all of Ihe des'gn 
;""uo, ,d"lcd 10 ""ehc" _ ,,'dud,n~ "'"_ 'cplacemen, 31~oTl'hm. 3"d ,H,le pol",)': "'. 
II li\ N IW~ I and 11'1 I R')')I f", d ,,,,,,,,;;o,,,. 

U"i!ic'1l ' ..... " '-;plll Car-l.,.. 

When' he ')I,-chil' c""lIc Ii"t mad" ,u, apP""Ji""'C' many "r Ihe dc"Il'" ron· 
",'ed cor a <mglc ~"d' e ,,,cd ,,, <tore ,ek.e ncc, 10 ""tit data "",I tIl.t ,uet""" . \1 0'" 
"'''''''' I)'. ,I ha, be«~l'" o:"nm"" 10 ,phi lh~ c;Khc ,,,to ,Wn: m,e de<h"" ,,--..i to in"""". 
t;""" alld one dt.-..i,caled to d",,, 

I he'e a,c ''''0 [104'"'' ".1 ad' .. nl"~c, "r a " n,lied ""chc: 

• h)I • gi"e" ,,,c h~ , iie, " ulli ti"" ,,~c),~ I"". hlg.hc'r hit fale Ih '''' splil ,'ad,e, 
hecau,", " h"hllre. Ihe ',~,<I b<1"'~"" ''',!rUd'"" "",I <la la (c'ld,", allH,mali 
ClIliv. Th,II ,'.. if an c<c,'uUon paUe", ""okc, m."~ m",e ""'rueti,,,, fetche, 
Ih,,,, Jaw kICh,\. lhen lh~ c;,,:he ""III"n-' I" fill up "' Ih """uel,,,,, •. and ,r~n 
c,,", ution pa, I ~ rn ",,"01,", rdal,,' ol)' n"'r~ dat" (etc'l,",_ Ih ~ ')I'I~ " ite ",;11 ,,", U! . 

• 001,' on.; (ad,,, need' I" '''' <lc.i~lIe.J "tId iml'k",em~d. 

1)c,,"t~ thc.t: "d'3nt3~C', .he h end ,~ 'o .. a,,1 ,pin cachefi, " • • ,ieu' • • 'y ('" 
' ''1'':'''''''''' m;'eh,,,". ,"eh ," the Pe nr;u", "rlJ rowerl'(', which "tll l'ha,rI.c p",,, '!cl 
""ttuetion ne<;UI;on "nU Ihc r,efc'd"n~ IIf p,<.XIidcd fut\l'~ i" 't ruc, ion', ' I h ~ h)' 
ad,"nla~" of Ih" '1"" cache dc,,~n .. ,it" ,I d",,,,,alc. c",,,,,nt;,," for , h~ c;u'he 
bel"""" Ihe in'lJu~",,,, (clch __ u....:o.k- un" and the ~xccuhon mill. Ih", .. ,mpulladl 
In any do, ign Ih,!t ,~lic> on the pipdi""'~ "I in'in'..- ",,,,.. TYP"';,lIy, lhe 1''''''''.''''' 
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will felch in 'truction; .he.d " f lime ,md fit l " t", ff"," or pi!",lin". I<"ilh instruct ions 
10 l>o; executed. Suppose 1101<" tlo"1 wc hove a ""ificd in<IT"Clion/dat:l cache. Wh,; n 
Ihe txe" LJIIOfl unil pcrfoml>" memory "cc~s> to lnad allJ , lore J"t •. the "e 4u~'1 " 
"ubmiucd w th~ unified cachc . If. ,01 the " 1me time. the inst ruction prdclcher i>sue, 
" rc"J r"4"e 't 10 the cache I", on ,,',lructllln. lil"1 r~ (l"e " wi ll be tC"'p<J"nily 
hloch"d "" tha I I he e"che ca n se rvice th e ~xec utj,'n ullit first. e na!)I",!? II 10 «"npICk 
thc curre", ly execul i" ~ "'''Twelion, Thh cac he wntention (""n degrade pe rformance 
by in le rfer in g with effieie ul u,"" of Ih e imiTLluion pipd i tl ~ I'h c 'plil ,"" che ,I ""'I ure 
,,,'eroomC, Ihi, difficu lt y. 

4.4 PENTWM 4 AND POWERPC CACHE ORGANIZATIONS 

Penti"", 4 Cad,,, Organiz,uion 

The evolut ion of c~ch" "rgalll,,,t;oll is ,ccn ek ,ul ), in the ,;,'o iu,ion of Int el micn>
I'r(",",w", The tl03t!6 docs not indude .1n on_eh 11' cadlC, The S04k~ i n" l ud~, " ,in · 
gle "n. clll l' <'''ch~ <If ~ K llytcs. " , ing" line ,ize of 16 h)"t'" anJ a Illul -wa~' sel 
a"oci at i '~ org",,,alion, A ll of the P~ntiunl pr(}C~"ors induJe two o n--chip L1 
,achc~. 0 1'" for J.ta and on~ fm i",lr uCli""" h" lhe l'~nt "1111 4. th e Lt (hw e"c he 
i, R K B~'t ~'. usin .... a lin~· size of 64 hyte' al1d a lour. way se. a''')(;~I i vc org"ni,_"l inn, 
The Pe'nl ;U lll 4 ""t",,·tion cac he is descriheJ ouh,e 4uemly The i'en ti uI" 4 "Iso 
induJe, all L2 c"d'e lh"l fC<"'h I>olh Of lk L1 c;t"he,. The L2 cache i, e ight -"'· ,,), set 
"""<0<; i,,l i,'c wi th a sizc of 2'i6KIl " lid a line' ,i/~ of 12:--: h,'ie', 

Fig ure 4 ,1 3 rrovides " simplified vie",' of the Pe ntJum 4 organizal ion high
Ii .... ht in .... th~ piaccme llt "f Ihe I hrc~ """he"' , ' I"h" p"><;e,,'" COTe con, i, ts of four majoT 
"omroncnh; 

• FelCh/decode I1l1il: Fdche; progr"m ,,,,,,uctio,,, in order from th e U cacht'. 
dcco<ic, thes~ into a ,cri~" of miC"""p<; r"li<>m, ",\oj "0'<', Ihe re, ull ' in the 
Ll instructio ll cachc , 

• Oul·of·md,·, "x,·~"tion lo~ir: s.:heJu i~, execuliclIl of the micro·oJ"-'",lLo", ,ub_ 
iect 10 J .. l" dq><;ndcn cie, :mJ rewurce "\'''il''~i li t }': thu" miero-o!"'rat ion" may 
l>c sc hed uleJ f(" ~x~Cul"''' in " Jlfler~nl ()rd~T lh,m the)' were fetched from the 
imt"' e'ion m,'"m. As time permits , this unit ""'hcdu te, ' t",cuta""o e"eml"m 01 
micm-nper"li",,, lh,," rn a)' t>,; required in the future . 

• £~cc utloll UI,il" T hew [J "ih nccule. mi oro-opcwtion,. fct("hing I1w req uired 
dala from the Ll dat a cache and tempor"rily ''''' ill ~ r~,uth III rqu,ler" 

• M"l11ur~' ."bs~"cm: Thi, unit ,,,dudes lh<' L2 c"che and Ihe ,}",km hu,. ,..hidl 
"u' cd 10 ~,·cc" nlain l11emory ,..·hen the Ll and L2 cache, ha,'e" c"che ",i". 
and to """ ."c<._ the ')'",m I/O re'KIurcc,. 

Unl ih the or .... anization used il\ al l pre" iou; l'~"t l um mo,kk and II' m",l ol her 
p"""'-'>O". Ih~ PenllUm 0\ in'ln,e\ ion c..:; he , it' t>ctwe~1l the instruction dem,k logic 
and th e executioll ("me, rhe rea",,,, iug ",,,hind Ihi, 'bign ,Ie"i,ion i, ;tS fo ll ow,. A, di,· 
eu"",d "'we fu ll)' ill l1wp1er 14, the Pent iulll prOCe'<S decode ' . '" tramble". Pe ntium 
machi ll e ""lTuction, IIlt o ,i l11r l ~ RISl"-l ik~ instructio'l> ",Ik"{] micro-Ofl<'rations. The 
use of si mp le. fi ,~d . l e " ~lh IIli~TO·OI"-·,"Ii.Jm en" ole, tn,; u,,' of ,uI"'"""I,,r pipclining 
",,(1 '<Chcdllling tL"Chni4ue, that cul," uc~ I"' Tfon"an"~, j j"",ncr. lh e l'~nllUm machI ne 
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C""""I R;" 0p'·f.liul M",k 

U) I\'W Ca,'h" Fill> \\ rile Tkf"u~l" In,·otid.le. 

" " ~ 1l '~1N E!,,,N,'J E".hlo.~ 

" J)~,N " j '·,,,N ,,,, " .",'N<~ 
j)u,.bic'J Didjd ]),,,t.bl 

mO!ru<.1;on , are cumber":>rll~ to decrxle: the." haw a ,·,,,,,hle ",umb"r of byle;, , ,,J "'"r\)' 

differ,'ll l oplio", . I t ,urn, (HJt Ih", p;:rfoml"nce i, enhanced if Ihi ' decrxling is done inde
pendeml), ()f the ""h eJulH\~ "",J pip;:I"' ing l<>gi<;, We rC!<Jfn 10 th i, 1<>pi<: i" Ch"pkr 14, 

The d"'a cache employ, a "rile_back polLc)': Ual . ore ",,,lI,,n to "'",,, me,""",), 
o"ly ",h"l1 th9'"'~ removed from tho cac he and Ihert' has been an updaw. The Pen
tiUJll 4 rroce>sof e,,, be JynctnllG.lly con rigUf~d 10 'UPl~'rL "'file . 'hro ugh cach mg, 

The LI data cache i, co"trolled h)' Iw o bLl, '" on" of Ihe c,"'frol f,,~i,lc". 

lab"b! I h ~ ("I) (c"eh ~ di,,"hk) and NW (not wrile-through I bit' (T"hle ~.4 ) . There 
"I'e "Iso Iwn P~nllum 4 in,lf,,",io", tll"t ""0 he ",cd 10 contmlthc data c""he: 
INVD i",,"lid"t., (flu,he<) tIL e irlte rn« 1 \-,<"he memor)' "",! 'igllal' Ihe "xtern:.1 
c"ch~ (if any) 1() invalidate, \>"IlI"VD ",ik' h,<-k ""J in"QIIJ at~' IIlkmai each". 
lh,," "",it ,, , h""" ,mJ inv"lid"t" , "~t crnal cache, 

l'o werl'C Cad", Organ iza tion 

Th~ 1''''''"fI'C c,,"hu org,miz.11ion h"' e'ol\'cJ ",il h til e o"c rall arch itectut~ "f the 
PO,,",'I PC fami ly, tdlcCl in g Ihe "'knlkss p"rs"it "f peltormance th"' i, the dti"ing 
f"fce for all micmpfOCeW)T t!e"gn~" 

Tabl e~.5 sh"w, this ,,,,,Iut ion. The ""gin a l modd. Ih e 60 1. ",dude," ",,~Ic 
",Kieft];'l" 32·K B)'I" each" thai i, eight -"' ay set ","ociJtivc , n ,C 60.1 emplo)- , a morc 
sopiti ,t, e,,1c"J HI SC deSi g" bill h ~, " ' n!O Ikr c""he: 16 KByl~s d i"ided into sepa rate 
imtruction "nd dat" <'ach",_ I~ >lh u~i" g I",,,_wa}' ,d ,,,,,>(;iali vc Ofg,mi"ni()n, The 
fc,nil i, Ih.1tlh,' W3 gi,'cs approximate ly the "'mC pcrforTlt""cc "' Ih e hI) l "t l"wer 
co,!. The hI>t anJ 112\1 ~"" h doubled lh ~ ,i,c "fthe caches from tile prcceding mood 
The G3 a nJ G4 modds h", 'he' ,,, me ,i" Ll C·" d1G' a, Ihc ~2tl 

Fi ~Uf~ 4.1 4 prov ide, a , impl ifi"d "iew of the P""' el PC G4 orga n i,ati nn. Iligh. 
lighllllg th" pl"c.;mc '" of th e two cache" The ,ore ex,~ uti()n un it ' "re t",o intcgcr 

T.h le 4.~ P"W"fPC IIl,.;m;,1 ('""ho' 

Moo,1 Si,c H~I ""'U n " Of~i •• 1iu" 

P,,~(' d'C;<l 1 l.'2. K~)''' " s_w", ,c\ .,,""'u l; 'c 

P"~'"K' "'I) 1 '·Kl>y1.· " 1 ~")' ,0( ",,,,,,,,;,." 

I'o~ '" I'C t<J.I 1 1O-Kb)t< " ' ·w,y,'" ",.oe,,,h'< 
Po~,,)'{: 6.."0 2 :-l_Kb"e " ~.~ .,. "" ..... ",<l;.< 
pu,",,,!-,('OJ 2 .'2 KoW " 8. ~.) k l ....... -"' ;"0 
1'"",","'-' f ; , 2:'l Kh)' , " ,; .... ). "" _ ",,, ,, "c 
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alll ' ... ""ic and logic u,mi. "hl<h c;ln c1CcUlc on iKI,~lIcI. ~nd a r ..... llII~ p"ml un,1 
" ,I io u, """ ,e!';"I,," and ,I_ o,.-n mull 'ply. add. a nd d"·"",, ("''''ponenl,. I'h~ da'3 
(""eh" f~<"<.b b"lh In( cger and 110alool)q >o;nl "1""""011, "i" a lood;,;tor~ un", l he 
",,1111("00"" cache. "hklo " ,cad only. fceJs in'" ... ;n'u"tu"" unil. ,,·ho .. : 01"',.11 IOn 
i, d"cu~,d;n Cha plcr 14. 

I he Ll cad,~, ar~ c l ~ h H'''Y ,cl """"""".". I"h c' Ll cac he is" I,,·u ·wa;. ,<" 
",,,,,,i,,li,-c cache "nil 2.'>(,K, .~ 1 2K, Of I MB of mom,,,,)' 

4.5 RECOMMENDED READING 

A ''''~oup. 'rcat"",,,. of 'M"" Jc'''~. i, 10 be kluoo on IItA '1)<.rII1 A J""u'""n of P~n"um 
~ <ne"" ~n""'i",, CO" "" 100000 in Illlvr011 . "d "I I'" .. ,,,I~· (;~ ,.ache ur9n"~,,,,n ,n 
IM(11 0(11]. Ad.,,,,, I"'t'e' Iho, ... ,,11 ,,,,II .. ",110 ",.d,n~ _I ,\1 I'1XlI. " ... ,,,e)~ ,,'" , .• ",,,,, 
010"""" " f <:/KI><.' oc"~n ,"d , ~."''''' \h~ ,~'u l l> ,,( on Ule"'''· •• '" "r ",,.1) ""_ (A u A I(~"I 
rro"",," " Jel,ilc~ ,·",,11 ",,,",,, "I • ""' ;" ' )' • ,I ,,",he d," ; ~n "'".". 'CbkJ to "''''''1''' 'W ,<t" 
"' ''' ~ Hnd m" "'I""" ,,,,," g, IHI01\',I('1 p,m' ;,!o,,, " t "I "mpk 1,."""1,, ' h,,' ,,'" I", " .. J In 
,,' ;m,,'" <,,,,he I"" fu. '1] ,,,"''' .s " fu"ct;o" "r ,.tH "" ,"",,, I""'""""'"' 
AGAII~ At_.,- A """',..;, of ( tKh, 1'"1",,,,,".,,, I'" 0"..,,,,,,,, S • ..,.",,, ~"d .\I~IIi· 

p,<),,_;"~ . 1:1c"' (>R; KJIIW< . A""dclOl<' ".bhs/l,,, •. 1969 

11,\,"11)l1li Handy. I 1M ('"",", .v ... wry 8.H>l.. San 1l,.,It<). Aco<kmj(" rr-. I'l9J. 
"'GMt Higtw. L. "QUI<~ aoo ~ ('odtc P"ofornlanct An. I, ..... " O>mp~"" ;1..-11, 

f.'''",,, N~ ... " June 1M 
lllNTt l H,"'(oo>. (, , •• ~I. ~l'he MI<'f(Oa,~b,,«'Uf~ "r , he P,n""m 4 I'r~_, _ /""/ 

T r<:hn<Jtuil)' J",(m~l. Ol ZOOl hUj»'idc,'clol"" In« 1 rom.lt«hnu!<:>tl),·iIj.' 

''')TOOl M","'<1I~. I",'. p,,~'''I'C !of 1'(:7410 Rf~C M""'f"":C<"'''' lIo"J~w,. ~ilu'fi~~' 
,~"" Den't!, CO, 2001 , "''''''" ,m<>lO",) • . i:Qm 

SMrnu 

4.6 KEY TERMS, REVlEW QVESTIONS, ANO PROBLEMS 

Key Ten,,. 

~lirn. 

a,,""'.';>C marr~"t 
.... che hit 
<';>the lino 

" .. he """""")' 
C'1Ich6 mill _., 
~J'" cadoe 
Jl,,~ """so 
<1"C<:I .... ~ 
h,~h perf.,..-m.""" 

""",puti~~ HU'l) 

nu ..,,,io 
;nmU<'I;un ,,,,,Ire 
Ll ,"che 
U" .. hc 
U~OC 

"""'hl~ 
moll\lll)' !Ueranb. 
m~J"I.,·d __ be 

"""'" ~ 
repl"""'me~t a!go",10", 

"'<I",,~".lllCC"'" 
"'!·~'>io(;.'i,'r ""'ppi~ 
'I"'\;~llo<al"} 
spi lt <..,be .. , 
10"""""I Io<:IoJ;,)' 
rmlfr.d cadre 

""", load 
.. ,,,t~ ""'" 
""'~ ,~,,,,,gh 
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Rev; ~w Que~tions 

.a.1 \1, h., .,. ,t..: dilfe",,,,,,,,, ""'<Ins ""I",'o tial .<n ... _ J,,,..,, .n" .... 000 ",,,do,,, ,,,,,' .. " 

4.1 I\~ .. ", 'be ,."", •• 1 ,ol."",,>h,p .""'"~ """* "mt ""'mo,y "" .. and "'J"'<1') -' 
4 •• 1 11"", ""'" ,It< p, in,ipic uf 1,,,,. ln )· " '1,,,< to th o ''''' 0/ ""u l"rlc "",,,,,,,,. 10,-01.'1 
.u Wh.1 OIe . 1t<: diffe,.""", a""'n~ d,,,..,, m~rl""l .• ",,,,i .. i,'" ""rrin~ . • nd >C. _~ 

ClJI"" n"Wing? 
4.! r,,,,. d i,C(" "'"PI"',I cod e . • , .. , .. " " ,"",ory ".t,lto~'" ,..,,,ed .. <,,., , .. t , n~ of 'hlO£ 

(.dol. ... Lb, and ocr."" .he ' h,,,,, field, 
~.(I r", .n _-.: .. " •• <;I<be .• "lam mem,..,· a.J.i,c" " 'I< .. ~J .. "" ... ""n~ ,..- , .. -0 r,<lJ>

I;., "nJ ,10(,"0 1"0 '''0 lieht, 
4.7 P",. "" .. "",iam" ~"",hc • n,.in m.'m..., oJd,." " "ic,,·ed .. OOII""lon~ (lr ,h,,:c 

f~'Id<_ Li" anJ deli""."" ,h ,,,., field ... 
4.M ..... 1'" ' " ,he J,,,i,,,,,, .. " ""',,"cn '1'""" hoa l,,) "nJ ""' I~""I I" ... ht)- 'I 
4.9 In S<"",31 .... 1», .. ~ 'he .,"',.,.," ('" up .... lon' >!'" ,,,I I,,,,,",,. 000 "''''I''mll''''''IIl),,1 

Prubl" "l. 

~. I ,\ "" ",., .. ",.>1". """he " ' '''''''.0.-64 hn ... Of >I,~ .. di,1O.-.lm' " I"". I .n~"' ... MaUl n"' .... 
of)' <'Onto"" .I ii: blork, "r 12l\ .,,,,<.Is . ""h SIl, '''' .h<' h~,nal 01 . " ,. mcrn(~v >hlll,c_~ 

4.2 roo I"" "".....r.oc.m.1 " .. ,n 'n,"""'· Ildd.<"". 111111 ~ IIHIJ UBIi . , .... '" ,"" f,'
"""'"I inf."m'''''", '" l>endoto",,,,1 ' '''"'''', 
o. 'r"g, L,"e, 000 W",J ,"Iu~, for " dll<C" ""'1'1",,1 rI.,h<. "" n~ tf>< /", ",.t 0/ h J(llr< 

'A 
b. r.~ ..... \\ ",J ... Iue, for ~n .""""ahve"",h" u,.n~ I .... fu,mdl "f l '~b'~ 4 1(1 
c. T~ •. S<:t •• oo W."J ,·,1" " fo" , wo "",',.,, .,,,,,,i,,,,, ... c",',,",. "MII~< /''''"., of 

r;,Uf<.j 12_ 

.u I~" I .... ful~'''ID~ ,,,Iu,,o; 
• . I, ,, Ihe d ,,,C1 ,.d", "' '''''ric of I ,so,e 4,~ .JJ""" le ng'h. " um,,", ,,f,,,,)lloo".tic 

un'"~ "Iud .i",. num .... "r hk>d' 'n main "'<n'"r.. non,,,", "Iii,.." In _""h e _it< 
,,( 'a, 

h, 1o, th o ", .... ,.,,,,,I'C cod,. c,"ml'lo 01 I" RUT<' -I IOc .dd,,,, Icn~' h. numt>.c, 01 
;W,j"""","k ""'''. Noc'k \V.I:. nun, II< , oIl~,..,h ift n''' In "'C"li,.-Y, nu",lx" 01 I",,, 
,n <;IetH:, .. '" "r la, 

c. h " ttH: ''' ''_'''')' ,.....;or"''''e co.::h e ", .. mp lo or • '~uro 4_ ' Z: •• .Id,"" i.;n.,h. nu,"he, 
of .d<l, e'", t>I.: """ ,. r.lod ''''', numh" , "I h~'lCb in ",. in "K""")'_ "",,,Ix, "I I""" 
,n ... :1 num,,", "I "'I>. nUn,he, "f hnc> ,n ...... 11<>. ",c "I t:q: 

4A n" .. .J;:, 8 .I! "', n'~'TI ~"-"',"'\'" .h:u fl. .. an ""-<~.p Ib KIJJ"c fw .... .,., "" •• """""" .. 
"ache. A." ..,,,, 1M' 'he cad ", h,," I", " " '.C lOt fou, _12· hi, ... ."J,_ Dra" ~ hkd ,I,. 
"am of ,b .. cach~ .ho,,·,"~ ," OI","UalK1n ~nd 00 .. lhe d,fk'cnl adJ,.,." fie ..... a,e 
"",J to d<lcll""'" • ""'hc h"/m' .... Whcoc ,n ,I>; <Xhc 0<."" """J fmm mcmory lo"a 
LoM ABClJl -"F8 m"f'pCd'1 
So.;,,,: [AU ,,\9J[ 

4.~ 0"<11 ,~. ' , ~I"","It ,,,,,,ifie~,,,, ... fo, On eX'<ln,,1 """"" noe,"",) I"UT-"'" ",I • ....-.cia
'," c: hno ,,' " "f ,,,., I ~·hi t "., ,,,",, .). Ie ,,, "t~,,,,,",,_ .. M " " 1.".1 ,,/41i: J2-"" ,."''''' 'Will 
""u" m.m<lO): ", .. ,J "" h. Ib·bill""("'''-'' ,h., ... ..." lH~' .<1<1", • .., •. f)«'gn 'h e 
"a"", .. "":.u,~ ,,,' h .11 pcn' ""n, ,"Iur" "',""' ..... ,h .... t.,,,,,, ,nlc'l"o," II>; P"""" 
",,,', a.JJrc"",' 
S""H~: r AIXX~·\r 

of.(> I ..... In'cllJ'l.I86 h •• Rn on"'~'1'- uRlfi.d cache It ron",m 1I 1-.11)"t<>~"" h .... ("<>T

,,"'a I' "", ",,,,,,i.t i,·c '''~"ni''' tK'n . nJ. I~"ck \c ll ~'h " I I,, ", 3l-~" " .. ",,,," 'Ill< ,·""he" 
"'~' "'''"'' ,"'" I:!II «". ll><re i> • "nric ··hne .-.l;d ),,, " .00 II"ce t"". n u IJ I. "0" 
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B2 (tl" -' "LRI T" bit< I, P'" 1",,,_ On " ,,,,,he mi<;, 'h" I:llJ.lHO ,",<Is, 1 "-1»'" Ii,," fWIn 
main memo,), in a h", momM)' ,",J """t, DT"W , Sln ,pl, fi eJ dia)'.! ,, '" (If The """he 
anJ <h"" "')W t il< dilk,e", fi old, ,,; t l><O " I,he" aTC i'''OT!,," ''" , 
.\"",u.- IAL F:WJ i 

ol.7 Cop, ici eT" mlKh ine with a b)'te "J JTc"ahk rna", n"-'mm)' of 2' h)'k< .od hl"d ",,. 
"t" ~ h)""" A"u",c 'h 'l' diTect m.p!"'d coche co"" i"",£ of 32 lin", is _ J wll h ,hi.< 

""IC""' "_ 
•. II "", i, a 16_oi , m,'m uT)' ,Jd"',, di,-iJc-.1 ",to t.'g, lioe nLlnlh<r, ,,,,,I h)'k nurn ",,-' 

h. l,lto what I."" wou ld h" os ""I> "",10 ut" ' he l...t l o""i"~ "JJ"""" I,,' >lU1CJ '! 
OO)lliXl tlOOllll l l 
IIl11 W I I 001 I 0100 
I l lli rOO) rOOl 1101 
lUlU 10lU 10tH l UtO 

<. Sup!""" tile ~)'t" ~'ilh ,JJn',> 00)1 tolO lnl l 1010 i , ""red on th<' cach,' IVh at "rc' 
t l><O " 1,10 <",,, ut 1 he nih", b"'e, "<ircd "kmg wi lh it ' 

d. llu" ",etn)' lut"1 b"te" ul memory O"n b<c ,""cd in th e c.<ho' 
, '. \I'hy i, th o "'~ . 1,,\ ,tme,l ,,' 11>c e,ch.-· 

4.11 Fm "'<1n_,hq) ,,, 11 •• lho l "tel 1:IIJ.I&1 u'e, , ''' pl, ccn\cn' . Igorith m rckrrcJ to., 
p«uJ" k~,' ""'''nUl .,,..,1. ,\ , ,,,,,i"tc,1 ..-i,h ea<'h "I tl>< 128 "'ts of four linc" (1.l>ekJ 
Ul, L I 1..2, U J .1,. ')1". !"" l!ll. lit. .,,<3 lJ2, n" T"1'l, ",'""o' .lg<irithrn w~Tb ., ful_ 
l""" When.1 I"", "",,' be fop l, ,,od. fhe "ad TC wi ll liT>! Jctcrrnm, wh"lh e, the n",, ' 
Tccont u'c W,,", 1m", l JJ ;,nd LI ,,' L2 " 'KI L), Th on 'h e , 'o<he wiU J ' ''"'tmin c whil'h of 
'ho p. ir 01 ~Iocl< w." ""'''f "c<" ,l;- "",J ,n J m,,,, ;1 fUl rq~"""nll'nl ri~uTc 4,1 S ill ",
IT . te' lh" l"I' ie 
' . Sp<",I) 1>"" 'he bi t> BU, B l . ,nJ 0:'"," ,," . oJ then J"""Tih< in ",,,,,d, how lhe), 

,ro "'0<1 i" 'ho "' I~"""OCn l.lg,-",ithm <kpiclcd in Figur;; ~,1 5 

~. S l~)w ,hat til< 304&1 ' lgorithm "pp""imat"' " ITuo LK I I ~lgoo thm , IIi",: (~""kh 
,I,.. ,it'o" in wilir h the mo" ,,'cenl onkr 01 lL"~" i, UI. 1..2 , U , L L 

,', D"nlOn,IT." th", true LRI. " I ~mithm " ,< .uIJ ",<[U lf " /. ~. " fH" , .. " 
4.9 A ,,,,, .,,,,,,,at,,. <;)01><0 I", " ),j,d ,vc uf l"lL ) I (>-l>i1 w",d> ""J , 'el ,ize '" 2, Thc 

cach" can '","~lllll,"j,tc , f,',t" 1 "t .j(>I~ "'o"Is, 'n,,' ",,,in me m''>T'' , i ,~ lh, ' i< ".clte
ahle i, M f.. 32 I",,", 1.J. 'i~ " th o c"" h{' ,f , ,,,,lure on J ,huw 1>" ... 110 , I'T(X"''''''·' 
addT«"'-' •• f< ;n'<rprO'e<L 
S,,"'«: IAU,X9J i 

1'.,. 1.0 or Lf 

HI ~ O? 

"~'" 
I/<j'l.r.:' ) "P lon 

UI L I 
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.&. 10 Coo...J. , . mcn""~ ') " om !ha, u ..... 32-1," .<1<1, .... 10 .o,I.J""".1 ' he 10.,< 1<,,,1 1'1 ... 
• "oc~.' !ha' """ • • boI-h},., 1m" "',< . 
•. A""me ~ Ji"", ""l'Ioc~ c.<he "'U, ... ~ locld in 'he .dd,,,,,,.A 2U 1~1I, Show Ih< 

aoJ,J . .... ro,""" and dOlc"",ne 'he (oIl",,',"Il p.nm~len.' number "I .dJn..",,",,~lc 
~nL", numhoc, or hI.och ,n m>ln n,em,,, ... numoc, or Itn .. ,n <".och< .,..~ of I., 

b. AiSumc ," .,"><i,ti ,'~ o,,~e. Sh" ... the .o,I.J ".,. f"r"", ,,,J do!ero,,"" 'he ("(I,,,,· 
,n, r«,am~'.'" num" .. r 0( .dd,,,,,,,,,ble un",- """,he, 0( ..... "'L, ,n m.i" ""''''''f'<, 
~u'nl><' ot I""" in each" •• it< of , •• , 

<. A"\lm~. 4 ... ), '0' ,.""";,,, ,'C """hO w"h" 'ag r,,' kl,n ,..., .JJ,,,.. ()r~ h~" ~h",.. 

Ii><.' odd,,,,,,, fu""., . fl/J Jo ' O'"' '' 'C ,1>0 f"lIo"' ; R~ I"" "me,,·,,: numl"" 01 .dd,c" 
abk ~n,", numbe, of hIod. ,n moio memOf). numlx' of lin .. in..,' nurnl><, of 
"' .. in <a<tto, number of I.no. in <""he. >riO "r ,~~ 

,U I Ik""" I", •• im1'1 0 tcchni4L1" fUf ''''l'km"nl'n ~ on LJI.lI ,cp l.«mcnt 11ll1nTi,hm in , 
four'''~'' >ellt.>OO<U,i,'< """,,,c. 

ot!: C.m.'OiI« IIx f'~~)",,,,, rod,,: 

tor It - 0, ; < 20, ,- , .) 
(O~ Ij :, j < ~O, j •• ~ 

ftl_1 _ "I.I • 

a. G;" . {)"" c •• mpl< ol th e 'pal,.i k",.lit\' in the ccxl" 
.... Gil ~ on< cn",pk ur '~e 'cml~ ... 1 kontlll) In 'h~ ",'<I< 

ot lJ G"n",. I". E4~.1''''''' (4,1) [.nJ (4.2), 10 AI"P"OO" 4 ". ,u ,~. b~'1 ""''''''''l' b.emrrn ... 
4.14 A run,!,,,tor '),"0", ",nl.Jn." m.i" mo"",,) of 321( I ~ ' NI "',,,d,, It "I", ha. " 41( 

• .-on! ""<he di",d.J ,nlo f"ur li"" "," ,,,,~ !)4 ,.on!, 1""" line Alotumc ,~., lite ",ell< 
"' ,ntl,.lIv cmpl. 'Tbe pr~ Ie" .... "or"" r. om I ..... ~loon > U, I. 1. . 43SJ "11\01 
mdc, II 'k" ' 01'< '" 'hI> M oh ""' I'IL'leC nil' . ""'T<' """'. Tho ""'he IS II') limo. '."or ,It." ,"''" rn~,nol)' E' ([,,"I< lb " '01I"""",," "n' ",," llIn~ j",,,, th~ u'"" "I Ihe <a<h,' 
A<>un,c an l ll ' I poli<)·j", blo,:\ '~plac<''''.nl 

4.1 ! I.'"""de • • ",cn",,~ 'Y'l<nt " ','h 'he f"'I~ .. ,,, ~ I"".rno'o''<. 
r. lOOn' C, Il,m qi~il 
T~ I..!OO... c. nnOld", 

•• \\'h;il i, 1I>c: " .... "I I \1~)'lc "f n~lln .... "'''rv' 
b. Wit,t i, t~O " .. t co( I Mlh'l . "f n"i" 01 ' "'''" ""in ~ ,,,,,,I>< n,"n",,)' IC"htl< ,I,'I!'," 

e. If lltt .rr~<1"'" """""" ' "'''' j, 10"0 &1<3'., , han lltt ~aclte aoc<"' ,U-. ,.h.1 Ii III< 
htl •• 1> .. In 

~. I ~ A ('on'll\Jlc, h" • c ... he. main "''' '''''')' , .",1 " d'" "",J fu, ",,",1 ,,"""un', If. rd 
~ ... n""d .. ",J .. m II>< ,"""",c. 20 n< ....... ~","'d l<, .on ... ,t. 1/;1 i_ ,0 "",io m<n~,,,' 
bu, ~.~ m 'he ".'1><.60 .... '" n.w.:d '0 I<>aJ ,I m'" I"" n.:h. Ind ' k" Ihe rek ... n« 
"":,,,<J a.",n, If TI>< ~n"l" n", i" ""IOn memo". I~ no. art ,e4",,,J.o f'l<b II>< 
,.wJ ffUm -dl<l, 1,,11,,"cJ ~)' (i) n, h' 00\"') " lu '"" '''''''', ;,nd 'holl th o ,dcrc"oo i. 
".ned .~ • • n. Tit<: ""Itt h .. ,.,.., .. 0.<1 and , he n","n "",rum)' I,., ra,i" .. ijA WIu, " 
'he .,"' .. ,.. ""'" in n' "4uued '" O<re'« •• clercn""d .mrJ on Ih" ."Iom' 

APPENOlX -4A PERFORMANCE CHARACTERISTICS 
OF TWO-LEVEL MEMORIES 

In lh" ~haplc,. ,eiCTcnre i. maJ~ 10 a ~a~h~ Ihal a~I •• , a !>ulfe r bcl"een ",3in 
memo,}, ;i,,,1 l'''lCc''.,r. c'~"tmg a h",· lcvcl ",le'n,,1 n,e mo'y, Th" l" o·lc~d 3,,-h,· 
kel ure pr'" ,dc, " "PWH"(\ IleffurmanN o,'er a oornp.1! alll" onc·Ie",1 11\(·mo l)'. 1»' 
~~plu,'rn~ a r'''II<'''Y Lno,",-n H~ locahly. '"' hi~h " cxpl".cd in Ih" aPf'Coo,x. 
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\" i,I.,.1 M OIll "!)' 

-;;=--"CC;C',',':" ';;;;;C;;--~;;;,'"',"~','",':';;:;;:-"[~I_ ... , ... -:-,1010 ","I (,-,,_d l;p Co<l\c t" w.rU kl ("";11 m.:ffiOf) 

,,'"" mo.il1 tn«l»/)l 1 .... <I"kl 

""I ."If"' ,p ' '''' "'' to 

M ,",'~)' .... ,"'"'. " ' 
,-,,""or 

111"'''' hi", • • ;,~ 

,\<"." of pr"(>«"'" ,,, ,."on" ,,",<I 

m" " ">cn .. "" 

["'1""""'"1<" "" 'p.".,,1 h ... ", • ...," 
"0 I,> "w. 
U"',",,, .. ,'N" 

Co",o" "'''n ". h"·,,, .. ,C 
""I 'y",m ~,ft~",," 

~"".jI""'hy'" 
IIH1"" " ,<x," 

1'1.1 00'1 i""in ""'OJ"'} 
' " Ju) 

'" 'n ·'iM; "",,, 
1r>J"w .,,,,,, 

T il e ",a;a rn~n"'ry c"he ",oc il u[\;,m ;, pa ll of (he compu te, ",ch;{ecture, 
implemented in harJ"'are m,d typic" ll), inv i,ible to the operat ing ,),,,cm, There arc 
tw" uth~r in,ta n ~~, of" h'·o·lcvd memur)' approach that ""0 c'pioil I;x::tl it y " "d 
that "'~ . al le",t partd ly. ,mplcm~nlcd ; ll lhe ,,»Crat;ng 'y,t""" ,·;,tua l ",en",,), 
and the disk cache- (Tahle 4,6)_ Virtu,,1 "ocmor;' i, explored Ln Chapter~: disk cache 
i, hey(\nd the scope of thi' book bu t is examinod in [STALOlj, In Ih i' "ppcndi,. "'e 
look ,,' some uf thc INrfunnonce ("haracteri,t ;cs of twu·k,'d memorie' I h"t "re c"m
mOn to "II thrc~ aI'THua cilc'_ 

Local i{y 

I b ~ I",,;, for Ihc perfo" " a"c" """<imagc of" 1",,,·1,,,,,,1 ","mory ;, a prrnclpic 
kno",,, "' /o,-",,{ily of "jamer 1 DE' ,,(~ I. Til ;, pr;nc iple- ,late, (il at memory refer
ence, wnd to clU,ler. Over a long per iod of lime, the elUSIon; in u>c cir,mge. bll1 ovcr 
" , bon p<r iod of time, the process", is primari ly ",ork ing with fixed cl u't~" of mem o 
o'y,dcre",-" 

Fro m a" ;nl LI; t",,, po;"t of ,',el\' _ the pr;n,-, pk of I,,,,,, I;t )' nrak~, ,,;r,SC. (',,,,,ide, 
the follol\'itlS line of rca><!IIing: 

l . E"c~p{ for bra ncil and Ca II ""lrLl cti"n,_ "I\l cli co",l it ute O<lly a >mall f'a<lion of 
all program imtfUctiom. p"'gra", e,ccu t;nn is S(·qucnt ial. Hence, in ",,,,,1 ca"",. 
Ihe " e't ""tructiun 10 be fetched ; mm~d; "lcly f"I1""" the I"" in,lruN;on fw:hcd_ 

2. It ;, nnc t" I",w a long L",rnlcrTUpkd wquc" cc "f p",c~du'~ ""I I, follo"ed 
by the. corl'e,po",j;,,& ",,~u~ n cc of ,eluru" R"th~r. " program remains con
fineJ to a rather narrow ,,·induw of pnx:~dure- i""OC"l i on dql1h, Thu" over.' 
,hurl period of time rdacnccs 10 ins lructio n, lemi to be h)(:alrzcd tu " few 
pr<",cdu'e, 

] . M""t itetat ive construct, con,i" <If'' rdoti,'el), "",II number of instruction, 
'cpeated man)' tim"s, For the durJlion of the iteration. computation i, there· 
f",~ co" fined to" ,mall c01l1iguoH> ",)r! iun "f a p'ogram 

4. I" man)' pmg,e",; . ",uch of (il e l'omputatio" ;""o l,'c, proccssing data 'truc· 
tUf~S, such as arro)" or "'quen"", of record,. Tn m" ny ca,",. 'ue<:~"i"~ refer
enCe, lu th~w data 'tn'"t ',,~, I\'il l t>c to dosd)' lucalcd J"I. ;k",s, 
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T"~~"'1 Rd."," Up""". Frcqu<1K1 of ' 10", .I..<:,d I ..... "' ... '" Open,,,",' 

s. .... ~ 1m CK8J1 [KMrT711 IPATner ITANE7~1 

~~. I'~"'al FORTRAN r. .. ul C ~Al 
"o, kkNOO! s..;,""hr" S,...Jon, S, ... C"' S)","cm S)~ICm 

"""~n " 0; " " " L,,,p • , , , 
C.II , , 

" " " " • " " " • =0 , • , 
~~ , • • 

TIl;, li""..,r ,~~,.,""'~ h~; betn confirmed ,n "'~n~ o,udie •. Wnh ,dere",," 10 
poi"1 I." '",oely ollOluJie. ha'~ "naiF"''' Ihe h<l,anOT of high -Inc! langu"~c 1'",. 
g,"m, _ I "ble 4./ ind,,(k, Key 'c,uhs. measuring. the "rl"" ,at\ce of ""';"u' ,1"le
mcnll)'pes durin~ c.c~U II()" It"", the h>ll vw ;1\)( .. Ioci;,'s. The "", Ii",! 'Iudy 01 
pmsramm ing 1.n~u:'llc beha> ;(}r. performc,' by Knul h I K:"I U171j. ex"milled • wi· 
I«, ;un of I'OKTRAN pro,.-"m, used '" Stu.J.nl e xerc;,e'_ T,mcnh'mm ("I AN I·71I1 
!'ullh .. hed mu,urCQ'Cnh rollc~letl Imm mer 100 pruttdures u,,"d in "I"'ral,ng
,~."Mm p'ogram' a t>d "Hillen In a languag< that ~UrP<"I~ si roctnrcd pro~um"'tn~ 

(SA L). I·alle ...... " and So,que,n IPA lTl!.la I .""I)/",d a set of mca,u 'CmC,n~ I.ken 
from comp,le" a"d pt"ogram. for IYI"'.ctlOII&. compvler-aod<:<l desl,n rCA D). IIQrt
"'g. and file cQlnpan'lOo. !"he p'og.a",,,,, ng languages C 8nd I'"""al '"'We .,ud,cd 
llocllllUCldG) ~"~I)leJ fuur p'Of:,"n" i,nendeJ ,<> r.p,c_se,,1 " nit, "r !!cneml
pmrosc !!C,etl n/ie ~oll,puli "g. inci"Ji" , ('''I ruurier 1n ... ,lorm ,,"d Ihe inlcg'alHm 
of .y,IC"" of dIfferential e'I",,,ium_ I here il ~,~>d ""cement ill thc •• >ul" of Ihi, 
rn ixtur~ or la n,uugCI , ... J "I'plicat ion, that hranc h"" ,""l call in,truction, 'CP'C,,"' 01 
only a fracliOfl of 'llIlerncn" eXe<:tlI<XI dmin, Ihe Mel "'Ie of a program Thu<. I he,. 
'ludic> """firm a .. ,crtinn 1 

\\ Ilh rcspect 10 aS6C"iotl 2 .• Iudlc' reportcd In [PA'I I lt~al p,mlJc COIIfim .... 
IIIIIL l -h" i. "1,,.11111<:<1 In hgurc 4_16. "IIIch ,ho".,. ~all-fClu'n Ix-ha'-Iur_ clK"h call io 
repr"",nled hy I h~ hne mo"n~ down "nJ 10 Ihe "~hl. and each relurn h)" !he Itn~ 
m"'-in~ Ul'and 10 Ihe 'i~h'. In Ihe fi!<un:. a 11,,,,,1,,,, wllh ,Jeplh equal 10 ~,~ lIcfined. 
O"ly a "'4uence of calli anJ ,etu,n, " ilh a nel mO'e",.nt of 6 in cil~"' dn",-uon 
<au"" Ihe "'",duw 10 m"'c, AI can be ,""en, I~C execuling pmg'''''' ea .. femain 
wilhin" ""''''''''r)" window for long p.:ri,xh ,,( lil lie, ,\ ' Iuo)' by the . iI"' C ;H1iI 1 )" ' ~ 
of C ~n" l'aSo(;al pm!;r,,,,, . howeJ Ih"1 a ", i"dow of deplh R ,,-i ll neeJ 10 , IIIf, 'm ly 
Oil less Ih,n I % of Ih e cal1~ or relurn.ITA),t IHJI 

The princip le of I""altl~' of refere""" coni Ill""" 10 be "aliJ,ue<l III mOr~ recenl 
,,""icl. I"or exam pic . !'"igure 4_17 ill .. ,l ral, ... the ,coull, of a lu.dy of Weh paj:c ac<>:", 

pall"nt< 8t, smglc "It_ 
A dhl incllon '" made ,n Ihe lileralun: h<:1"ccn 'I>a, ial localtly and ' eml>Ol<l1 

k>ealil)' Sp~I;" 1" .... li .)" refers 10 Ihe lendency 0/ ,,"ccul,on 10 low.l>e ~ number of 
.nomOI)' l(>eation~ Ihal ate du~le ,<:d_ ThIS renec" Ihe lendency of a p' ''''c,''''' 10 
acre,", .nsl ruci ion\ 'C'l"enl ,a lly. Sp"liaIIOC~"oTl "I.", r.nec" th e lendc,,~y I)f n pr.,. 
gra m to ,,"c~, d:,1;1 h)Calions sequentiall)' . ", o1l~' ,",'hen pr<xc« itl g a table of 0"'. 
Tempo"' l III .... lil} rde", 10 1 he tendc,,")' for ~ rroc.:""r 10 ;ICC .. ", memo')' 1",,,II,,,nj 
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~",';n~ 

dep'h 

Time 
I in w,H< "r oo ll""lu""'i 

I .. .1.1 

• 

that have been u<ed recently. For ",""'pIe. ,,·hc',,"n iteration loop is eXe'cutcd. Ih" 
proce"or e,ecUles the ",me ",t of instructions ,e(>C"loJly. 

Tradil;"nall),. Ic'mpora l localit), i, e, ploil "o.1 by k ce rin~ rC" ~ntl )' "'ed on" TLI~_ 
Ii"" ,,,,0.1 0.1"1,, ,' ," 1 ,,~, i" c·,,~h" memory "nd hy ex ploitmg a C'aciw h, erarch y. Spat,a l 
locality is gene, ail), e xpl"i1cJ loy u,in g large , c~ch" hl ocks tlnJ by inC() rpo,a ling 
prdctching mech~ni'm' (fetch ing ite m, of "ntic i p~ted usc) into I h~ c"d,~ "onl r,,1 
I"gic 1{ ~"<'nH~'. 'h~rc h", \><:en ""n,idcr:obk rc'~"r~h "n rdinin g IlLe", led""4uc, 
to ach;ch' ~r"akr performance . but the l>a,ic , 1Ialegie, r~mait\ the ,amo. 

Operation of Two-Level MemQry 

The locolily property can b" ex ploited in th e formation of" h",,_I ~,· ,, 1 nl;;morV_ i'h" 
" l'l'<' r-k,'d n)~mol)' (MI) is ' nwlkr. f"'t~r, "nd m('r~ C" I><:mi,'C (p~r bit) lha" lhe 
lo"cr· lcyd mC'n)ory (M2)_ M I ",,,~d a, a lcml'omry , lore for p" rl "I I b" COlLI e"'" 

I I I I I 
- r - T ~ -, ~ "'--I- -r-- - r -

I 1 I ! I I I 
-!- - + - -+ - "'--I-- f---I--

I 1 I ! I I I 
_I- _ ... _..j _ -" __ 1 __ 1-_1.._ 

I ! I I I I I 
_ L _ .1 _.J _ ... L _L_L_L_ 

I I 1 I I I I 

\t" -+ - ~ - -:- -:--:--r--
u lU 100 150 IDl 251 1 1m J!U 1(0) 
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.' , 
'00 1 (1(1 

){o .. "" ,i,~ "-''''0 kveJ, 1.\' 1.1, I 

To get allILl'. ,,,)n , id,,[ lht, ~Ll","ity 1',/1'. . which " ,cf~rrc<1 10 as th,' U{H,'\ I ,,/f;
e;.""'\,, It is a ",,'''''I,C of how close "y~n'g~ _ccc>s time ( '0 i, w M 1 access tj",~ 
("!) , hom Eq""tion (4,1). 

T. 
(I - II) 

T, 

(4,}) 

In Fig ure 4,IY. we plol 1', n, '" a function Oflhe' h,t ""i" II. "' ith the ~u"nl i l)-' 
I, l"l', ~,a raro"'dcr. T}pic" II),. '''H:hip c",'he acre" ,ime i, ;ohmJ1 2~ to ~O lim," 
t."~r than main melTH)'Y access lime (t.c __ r, iT, i, 5 10 IO). off __ dlljl cache ace"" 
tjm~ is "OO "I .~ or L~ I"Tl~' f""c' th_n "'"'ll "'~mo,y "CCC," timc ("c_ 1, fT is 5 to 
15),' a nd m" i" "'~mo",' ace,'" IlTn e i, "hout lin) I, m~' f",wr lhm' d i,k "tee" lim, 
U; /1', ~ IlOI)_ 'rh",. a hit Jalio In Ihe range of nc o, () , ~ w""ld ",em to be "ceJeJ 
10 ,ali,fy the l",rfonnall<;C r"4uirCIU~nL 

h" c''''''p l" ,,' 'h , ,I,,,,, " ~I ,I", W"L,"~. '''' ,h" 1',""""'. """"'P c,,,· .... • ,"",", ,i",",;' I '" I", .I,,,, 
c",h", . ", I"f ",," UC''' ,," <>d" , on" -, __ , '" ,,,' L~ ','C."", Ill"" ""'",,~, .,""" Lm..., ,, ~l ,1< Fot t l>.' 
It,",",,,, <on ch cr ",eoc " 'c'." Lim, " ~ "' fo r L 1 «"I" , ,, d,, "' ,,,' I .. ' ,,,b,: '{f_rt"!' .c'"" "n", ,,~ 1 , 
"<I,,, ,, 2 1 ",,' "" in m,o""") "".,,' ,i"" ;, ' n "'_ 
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We can now phrn..e the ques' ,on phou! rda'"'' memory ,,«" mvte <nelly. " 
" 1\11 ",10" llf. "'I'. ().~ or hcttcr r"."on a l>l~ for S, «S·? Th" ",II d."".oJ 011 anum
I>cr of f~ct""' includ ing the n.lure of I he ...,/1 "',,,e be;nll "x~«;III"d ,,,,.I the JCl~ i l , vi 
. he de"/IJ1 of . he h.~ ... Ic, c1 mCI1\Ory_ "' he n,,"n lktcrr"manl IS. of cou,,,,,. the dc):,ee 
"f loca l;I )' Fi~ur" 4.2D."uc,!> Ih," cffccl 1ha. loealit), to", on the hiT ralio. ( "Ica,])", 
If M I " the ",nlC size 8. "1 2. Ihe" the lin ralio ", II be I (~,\Jj <)f the " em, In "12 are 
"hn)"llmcti ~L>o m MI I"ow '11"",)'>'; thaI ,hen: .. II., k>cai"y; ,hal 15. rekrcnttS 
ate oon11' ldei), ,,, ,,dom I" that c .. '" the In' ratio ,lIllU i,j be" ,1ticll~ ""car (""'-'1 ;011 
of the rclat in, " ... mor)' ,iLe. h,,-"""ml,lc. i f \11 i. 1",lf the ,,,.c of M2. locn at .n~ 
ILm e ha lf of 'he IIem' from M2 are aL"" In M I "".I ,he hIt ,allO ",II he 0,5_ In pr,oe. 
'''"'c. however. there i. SOme Uellfcc of l o~:" ht)· in 'be , dcfC nc~~. The dfcCh of moo_ 
e'dle and _uon!: Iocal"~ a,~ indk-dled ,n Ih~ Ii!: .. ",. 

So ,f th ~J'e i, St,,,"& Io<"h,)". it ,'p("SI~lc 1o "chie,'e I"~h ,""lues of loU ralio 
e'en w,th rdau"d)' ,m:,11 upper·lnc! lllemO! y ,i,,,,_ I ur e~"m l)lc. numemu' S'IlJ,,,, 
ha.e sho,,'" Ih'" ralhe, ""all mehe s,~c, will ),eld a lilt rallo ahm ... 0. 7~ r~t'''''I~JJ 

0/11", ,ile ,,/ ""'''' "".""',,. (~'II .. [AG,\ R!l'JI. II'RZ YM.III . ISTR C~3 I. ~nJ IS:\11 nUl) 
A cache .n thc r~n!l~ of I K lu I:!XI< ,,"o.ds is Itcnc,.lly adc'lu.lc. wl,erc~' ma in memo 
my I> tlO" Iyp,cally ,n .he nlUl h l'le.nl(gab) ,c la nge When we ev",ideT , ,, tual 
lIIemo.) a"d di , l cache. we ""II cile utl,er ~! Lldics th at e<>nfi.m th e '~mc phem," 
",enon . namel) lha. a relal ,,'d}' sm,,11 MI )iclJ. a ("til ,'"IU~ of hll .".i" I'<'ta u"" 
of lorahl) 
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CHAPTER 5 
INTERNAL MEMOR. Y 

s'l S~tnirootd"<1 .. r M"n M~III\1fl 

Orl!'anizalioll 
ORA.\I and S,RA M 
1'ypc;. of ROM 
O"P Logit 
Chip PacLavul 
Module Organi;:.l;on 

.s.l Ii,.,.o. Curreri;,," 

5.3 Ad.'an...,d DRAM Or~a"II .• IIoJII 

S~nchronoul ORA),l 
Ram!!u; DRAM 
Cache DRAM 

5.<1 Ref<.m, .. c~dcd R~""",g .. ot W~b Sil~' 

5.S Kry Tcr • •• Re> ic .. Q._io ...... 01 ."'obI",,,' 
K~y Ter"" 
Rc~ie"" O~lioru; 

,-~ 
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Kf!:\' I'or:vrs 

The lWO ba,ic form\ of semiwnduclor tanJ<.mHl<:C:cloS ,",,",Ot~ arc d)'namic 
KA;\' (l)RJ\\t) and Itall(" RA:'l If-RAM) SRA \1 ,~fUIC" mOl<, cxpen,,,"'. 
and k>lfknse Ih~n I)RAM.and ,~ u~d for c""he memOl). DRAM ~u9Cd for 
mnln memory • 

• r,nw cOHc<;tion Iccknl(iue, ale oomm<.>nly uocd ,1\ memory ,)', toml. Thc).C 
in"ol'C addin! re<lund~nl bil' thai *r~ I fUD<1iQn uf tbe dala b,t. 10 form an 
error-cor • ..ain! code 11. bil errol 0I:nIJ>.. Ihe code "''ill delta and. lIliIIally. 

f 

correct Ihe eTl'Of 

• To romll"n,$IC for Ih~ relab,d)' Ilow Ipced of ORA M, B D""'\J,:, of a<J>'an«'d 
DRAM '''pnizatiuns ha,'c been lIl"ooucci.l. The IwO m%1 conlm",h are IY'" 
cl:l.onou~ DRA."t and Ram» ... ORAM BOlh 01 '"eo<: ,owl,c u,inl! Ihe l) ... · 
lem cl....:k 10 pro.,d" for lbe traMfcr of block. of d~l. 

• 6 , 

T lu. chapler ~m' "lib a ,u"c~ of ""mleu",.lu'10r ma, n men...,')" 'U"'}<len., 
",dud,"~ ROM. I)RA M, and SRAM nlCn""IC~ Then ,'" IO\'~ a1 ~rror con
tmlle.h" i4ues u,;cJ 10> enll,n,'C memory .di"!>,h'~', Follol<'It'8 Ihis. "c Iw' 

. 1 more "J",n'ceJ DRA \1 ."hilecture,. 

5.1 SEMICONDUCTOR MAIN t\1EMORY 

In carloer (Om pule ... Ihe m<><'1 ""''''''00 (orm or t.odom-~"'e" ~'''' ate for com· 
puter ma,n mcmOl), tllll,loycJ an arra), of doughnu, ~haped fcn"ma~nclic loopo. 
tdnre.J 10 ", w,~ .. ~Icnc<:_ main mcn\Or~ .. as of len rden"" t" a'(,,,~. ~ lcn n th:ot 
Il"rs;". '" tI", day. I he ~J"en l of. H!ld ad'"nla~C' of. m",">eicClron,,,, ha, l on~ 
"m'c nnqu"hcJ 'he mn!(lIetic .,Me m~m"ry _ Tooay. I he u,,' of 5Cmic""JuclOT chip! 
h)r main "'cn.Of}' ;., aln"",' u,m'crsal Kc)' a.t><'C1> "f 11m 1.'Chn<>lo,->' ~rc cxpl,,",d 
In Ih .. >cc"on 

Org,,"iOlalion 

The b,,,,,, ckmcnt "f • ",,,.iconJu"',,, IlIemory " d'e "'cnl<"~' cell A I, h<lugh a ","i· 
e'Y of dCClf<)me Icehno~ics arC used_ all ""n,;condu,'"" memory cells sharc ccr' 
la", proP""'~" 

• '[1\ey c~ h,blll"'o Slnhk (or "'''"S13hk) ,I"IC'. ",I"d, ran be "",J 10 f~rfc...:nl 
binar)' I "nJ 0, 

• They a.c <,ap.1h1e of hcin~ .. "'len .n", (ai le." "ncc)_ 1o ,.:1 the "Iale. 

• " 'he)' ate capable ofhci"g read I" ... noe Ihe "ale, 



~ I I ~n'I <":O t'<IlUCl'l)R MAl" ,\1Ji.'..10IlY IJ'I 

C"n' ",I 

"",. I" 
CtU 

(oj Writ< 

~;~.'" 5.1 \l cHl ,m Cdl 0l'''r. '~," 

Fj~ur~ ~ .I dcpj~" ' he "I'e",tion of" mcmOT)' "eIL Moo;' commonl y. 'he ceil " '" 
thrcc fUnCliorla l Icrn "n~l > co poble "r co, fylng 0 n deW iCol ,ignaL 11\C ,elect It"mi
,wI. 'OJ Ihe ""me suggc,I" ",1e" tS " mc tll0T)' cell for" r" ,d or wriw operat ion, TIl<' 
",:)[\1",1 le,.,,,,,,,,1 iQ,lic aIG' rca" '" wrilG , For ,,'rilint, I he 01 he' lerminal pr"';d~' a" 
electrical signal Iha' ",'1, IIl~ 'laW of Ihe ce ll", I ,1r O. h" rcad Lfl S. Ihol Icn"L[\~1 i, 
u,ed for oUlput of th e cell', qat~, The det ail, of the int ernal organizalion, fu nc
tionin g, "nd tim ing of th~ tll emoT)' co ll depend On the .peci fic i nt cgr",~d circlIil ted
,,,,10\1)' u,,,d a"d "r~ oc)'otl(i tile "'''pc of I hi, Ixx,k , ~'C" rl for " brjc! "!Tum",)'. h ,' 
OUt purl''''''"'. "" will t"~C" '" ~"'~ n 11",1 jnd"'idlmi CG II , C"" b~ -.cltctcd fu' r" "d· 
in g "nd writing opetation< , 

DRAM and SRAM 

A ll of tlw me'mOl)' tYI"" Ihat w" ",,11 ex pl"rt· ,n llli , d,apl"! arC raHdono occe",;, 
Tha t is. indi,'i dual words of m~mory are Jir~ct l )' acce,"e J th rough wired -in ad 
dr~,,, nt loti~. 

1 "ble $ ,1 1,,1, th e m"Jo r ' ),pe , o r scmi cond"ctor memory. Th~ m",' COTllmOn 
is ",ferred to as "",,/r,m'lu:,,,',,-\, m emll'} (RA M 1. Th" 1< . of <;<lur",. a ",j"u-.c of the 
term. bi>cause "II of the Iyp'" li w,d ;n the lahle are ,""dom acce", O ne di stin 
guish ing cl1'''" ''teri' tic 01' RA M i, that it i, poss ible bo th to rcad d"w from the mem
ory ""d to W, il ~ !l eW dal" inl" Ihc Ol em"r)' ~ ,,';I y ~ n , i ,,'pldt}', Both ,he r~a"i!l g "",] 
wri ti ng are accompli , heJ th roug h th e u,,-' of elect rical , igna k 

Tn~ o lncr di,tinguish in g ,-h"racte,istic of RAjI.'1 is th at it i, "" latik. 1\ RAM 
rnu<1 I", provided Wll b a COIl'I ,,,,1 !~,"' cr <upp l)' Ir Ibe p .. w~'" ITl krfuplCd. lI,en 
the data are loq. Thus. RAM co" be u""d on l}' '" t"",p" ""y , IO'" go, n ,e two tra· 
dit ional form, of RAM "sed;n comp uters "'" DRAM and SRA)"l, 

IJ)'nmllir ItA]'.1 

RA.\l l"dlr"'I"~)' is dj,'iJ ~ d 11110 Lwo I c" "nol,,~ ,,·,, Jy,," rllIc anJ ,laliL A 
dynam ic RAM (DRA.\11" mad ,' w;l h cdl' th aI ,lore J at a '" charge Oil capacitors, 
t he l'r~",n cc or at>-,cncc of cl10rge Oil a copacitor is intcrrrckd H~ a t>in'HY I or 0. 
llccau<t C""a~llor' ha,' ~ a nOlm31 teTlde ncy 10 d l -.c h ar~" . dyn"", ic RAM, ""q" lfe 
periodic charge refreshing 10 maint"i" data slorage , The ter m "'''limk refers to ! hj s 
icndeTl cy of !he ,"'r<oil chargc to leak ;owa)', c"en with pow~r con linuuu,ly "l'l' li cd. 

, 
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"......,.Tl'" C.k-.. ..,. [ ....... ~ \h~" ~ I.,..... . ..... ".~ .. I~I} 

R • ..oom·k .. .,.. 
Ik"<l ~,," m, .. ",y 

FIo<t." .. II) £10. ... ",-.11, V.~,"I< 
""""., (RAM) by" )",1 

-
R".J",",I, 

"""'k'tI' (ROMI 
\1 , ... , 

~ ~.·,,~ ...... Iy _ .. , ""' fO< .... ;t •• 
I~"". "",,",No 
R(;\. (PROM) 

-
l' ... ~ rRotd 1''' iopI" 'I, .. " .... " .. 
IHRO~I) <!up 1<-><1 

1"I .. ",,,..a. r .... ,""". [,_ 
R.",,·~. "'"""Y 

F.1«1 n,·.II., 
PRO\IIEEPROVl) 1»« Ie>d 

n.<.~ ""'""'" 
f-,«,n,,,,,,, 

", ... ,"", 
Figure ~.2a ,. ~ 1)'l'lcol Dj{,\M ,I rucl urC (Of ~ n tt1d i"iJ ual ce ll 1hal ~(ur", ,,,,e 

hi1 The addrc<li line 11 "Cti".'cd .. hen Ihe h'l ,alue from 1hi. ""II ,,1" he ,eiMJ Of 

.... rillen lhc Ira""" '"r ~cl' a, a S" ilch 111.11 is clu&cd (~lIo"","g cur"'nl It> now) if • 
,,,Il~ge is a[l[llicd 10 Ihe ..wress line and Of"'n (nu curn;nl n""-,,.) If no ""hagc " 
JH"""nl u" 'he ad.lr,,'1 line, 

For 1he "·,,Ie "[lCn.I ,,,n, ~ ,·,,11 agc "H"al" awhc.J 10 Ihe bll li nc; a I"~h .011' 
~~e TC [l'e",nl' I. ;IIld a low voltage .el" .. cnh lJ, A i 'p,al ,s Ihen af'phed I" Ih< 
addrc", h"e . all,~",on8 ;' charge w be 1wn, fCrfcd Ii} I he eapaciw •. 

Fur the rcad Opcr~lion, wh~n Ihe "",l rc,s Ii"e i, <e lec ted. th c If"",;,,,,, IUln > 
On ;o nd 1he ch" r~c ",Jlc-J ,," Ihe capacilor; , fed o ut un10;' hi( line a rid 10 a ",nS<: 
amplifier. Illc ~"...: '''' I, lifi e. CO<llpare, the '~P;lc'tOt ,·.,Ilage to. ref~IeMc .. aluc 
an<l dClermon~< if Ihe cell oont~in. a lo~i~ I or " I,,~ic 0, The lead oul f",,,, Ih" cdl 
discharge, the t'apac1l0r. ",hich mu,l he rC>' ''fe<l lo CO<lll'lete Ihe ope"li,", 

Allhough the [)~AM cell is used 10 <lore a ~Indc bu (0 or I). " I~ e>.~nhall)' 

. n anal,,!,- <lc' ,ceo n,e eal""ilOr can "ore Bny rharge val"" "',Ih, n 8 range: a Ihresh
old 'alue de1e"n'~ .. helher Ihc ch.,,~c "","C'I"olcd a. I or O. 

SM i<- ~ ,\M 

In conlr"", a .1(,loe ~ ,\ M (SRA \1)"" d i~ i1 :o1 dc,·icc . u'ing th" ,,, me l< 'IIIC cle
mcnt , "",d In 1he I'nJec""r. In a SRAM. b,nary ," Illes arc ,wrcd ", irl g IraJ,I ,on,1 
fl ip_n0l' "'glC·~aIC .. ~)"figul a 1ions (,""c Append" A I"r" J"'iCriptron uf fhp.flopo), 
A stalic RA_\I ""II hold in dala a' Ion!!.", [lOwe. "iupplied 10 it. 

Figu,e 5,lb i. a 1>'1'",,,1 SR,\.\\ Sf rOCl ure f, ,, an mdi' idual cell. ~our I f~n"jl"" 

IT,. T,. "]". '1',) a.e c.,-",>ronn~C1~d in an armnJ"mcnl ,hal [lrO<lu('<,:, a <tabl~ logicol 
. Iale. In Iog,c OI31C I f>OOnt C , ;, hi~h afkl potnl (. 1>10"'. ,n Ihi' stale. r , "1Ml I .r~ 

orf and T and T , I"e on. In lugie .181" 0, [><»,,1 C, i.lo". and I'OIni C " high' In 
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1hi' 'tak. I "nJ T, "r~ 011 and I', ami T, "r~ "ff. Bmh ,lales arc 'Ioble 0' Il' ng a, 
lhe di,"~l cunellt (Je) \l)llagc i< applied, l :nlike the DRAM. no rdr"sh i, n~c,kJ 
to ,eta,,, Jata, 

As in th e DRAS1, th e addTc," line is ",cd 10 open or do", a ,,,iICh. The "d
drn' line COl1tro], Iw o Ir",,,,,t o" (T, "nu ] ,,). Whc" a , ignal ;, appl ied r(> l hi , line, 
d,e two I,""s i, h'" are >w ,t ch on. allowing" read or "',i1~ op<:raliol1, Fo' " write 
operation. the d",ir~d hil "olue;, aprlicu 10 lin e 11, whik it< complement i, applied 
10 ]ioe!l Th is force' Ihe four"', n,i""" {T ,. '1" I " r. ! into the proper state. Fora 
r~"d Ol',"" tl(l", ,"" ]"1 va lue" ,eaJ from li,w 1l, 

SRA.\l """IS DRAM 

lh>1h ,(alic "nJ Jynamic HA.\J< a,e H,iatilc; that is, pO"'cr mu,1 l><: ""11 1m_ 
uou, ly supplied to (he memo,), 10 p,eM:TVe Ihe bit "al,,",. ,\ d)'n"mic memory cell 
i, ' impler "nd 'nl" ll cr Ihan a . !" Ii" m~mm)' (·~ Il. I I!u" " DRA~l is more dense 
(,m"llor cdl, _ mQre ,'el l, 1'<" ur,il "re") and Ie" e'p.,,,,i"" lhan" corr~,po ,,<li n~ 
SRA'\l. 0" lhe olher hand, a ORA M re<juire, th e ,upport inl\ rd re, 1! cir culi'), . ror 
largeT memorie,. tho fixed ,<JISt of the rcfr~,h ci,"ui lf~' i, ",o re lh,n compen,ated 
for hy lh ~ 'rt",lkr .'ari"l~c <:,,,1 of DRA,\l ce ll-. Thu,. DRAM, lend 10 be fa.'orcd for 
brg" ",emor". re~ui,c",e"l', A final point i, lh :>I SR,\M, are generall), >0m~w h al 
faste, than DRAM" Becau,e of Ihese rdat ivc cn,,,,,cl eri,li~,, SHAM i< u,~J for 
~ache memory (both on "nd offonip), and llHA'\l i, "",<I for ",,,n ",emmy. 

Type. of ROM 

As lhe "arne ,ugge,t" a r~Md-Olll) " ... nlo,)' (HO M) wnwin' a l>cr",ancnl pa11ern 
o(d"l" IhaL ",mno' I><: chan~~J, ,\ ROM" no"",,[a,iic : Ihal i" no p"".", 'o"",c " 
,equlrcd 10 m" ill lOi" lhe bil va lue, ,n ","",or".. While it i, pos,;ihlc 10 re"d" ROM . 
il is not possible to \Hit~ new uala into it. An imporlanl app li cal io " of HO~h i, 
microprogramming, Ji'KUSSCU in P"n Fou,. Other p0'~n tl,,1 app li ral;(ln, include 

• L<br"ry 'LlbtOLJli"cs rM f'c~ue"11y wanted function, 

• Sys<em pmg'~m, 
• FOTtc!ion lable, 

j 'OT a moUe'Hi/cu r<;4"ir<;mCll', IIl~ '''h'a''ta~c of HO~'l i, lhal the dal" 0' rrogw m 
;, pcrmanemly ,n main m~mory ""d need "ever be loaded [TOm " "-,,,olld "r~' ,1"'_ 
age device, 

t\ 1\0\·1 is <'rc'Hed li k" on)' olher inlcgn,l"d eireu" chip, Wilh lhe data a~luall )' 

". ,,~<J 11\'0 11 1 ~ "h ip '" 1':,,1 <,f lh~ f"hri,'at"'n proce" . nt" p,esent' lwo rrohknlS: 

• The dala in",nion 'IeI' include , 0 rdatively lar~c fj,cd ""'I. whC1h~ 1 ,,,tc 01' 

thousand, of c"ric' of" p"n icuiaT l<O~t "'~ f,,!>ri~~wd, 

• Th"" i, no room for ecru' If one bil i, ,,·"'ng. the whol" balch of ROM s must 
be lh"''''n oul. 

Whell onl~' " ,mati numlx;r or HOM, Wilh a p"l1i(ubr memory conknl i, 
ntl'deu,,, Ie'> expen,,,·. "hemat i,,, i, lhe pro~rMmmHhlc HOM (P HO.\l ). Lih lhe 
RO.\\' the PROM is nonvolatile and ,na~' be writl en int" "nl~' "''"c. For the PROh·1. 
the w,iting procc" i, perfoTm ed ckc lricall), ,md ""'y Ix; ptrform~d by" ,uppli e, or 



.",I<)llle, ,,, " ti"" bte, til"" tht ,,,i~in.1 d,ip bb",'atio". Sp.or;al cqu;pmeltt i, 
req uired for the wrili"g Of "pmgr ammillg" proce>s, PRO)l.I, proyiJe ncxibility and 
com'eniellce. The RO\l remains atlractjvc for high-\'olume pro<luction ,un', 

I\~other variat i"n on r~ad...,nl)' memor)' i, Ih. ,~.d_!l"-"ll)' m~rn"fy. "Iudt i, 
u",ful for "pplicati,,,,, in which r~ad "l'<'r,tions are far mOle fr~~u"nt tha" "'rite 
()pemtio", hUI tor which norwolatile storage i, requir~d. There a<u lhrc'c common 
forms of r~ad-most l )' mcmory: EI'Il OM. EEPROM .• nJ n",h rncnlO ry _ 

The optica ll )' .ru,abl,· 1""granLlllable r~od."nJ)' ,"em"r~' (EPROM) i, r~aJ 
,,,d wrinen dectric,II}'. a, wilh PIlOM, Il()we\'"'' hefore " ,,·rite operat ion, " II the 
'torage c"lI, mu,t be cra,ed (o thc "tnlC ini{ial otal~ ~)' "'r"'surc of the pacbgc'l 
chi p 10 ult",,"iulet mdim i()n, Ewwfc is performed hy 'himng all inte,,," "luHiolct 
ti~h{ Ihro"git " window that" dc,ign"d i11tO Ih~ TT1~TT10'y d"r, Tili, era'ure proce" 
"an he performed rq",,,t,,dl),, each e'a'Uf" can loke a, much a, 20 minute, to per· 
form . Thus. {he E PRO\·1 can tx: altered muili llic timc' alld. like th. HOM :tnd 
I'HO M. hol<1, ih <lata \'if1""lIy inJdiTlit d}' Fo, co",p"rabl~ amOurns "f ""'age, thc 
EPHOM i, TT1<>re eXI>cn,i,'c {hall PROM. but il 10", (he ad\'amagc of lh. multipic 
update c"pJhilil),. 

,\ more amacti \'u form of r~ad·mo'II)' nwmor)' i, ~t.<lric.tty era,"ht~ pro· 
graollllohte ••• d.oot} memll~' (j'Ff'HOM )_ TI", " a ,ead.m"st ly l1\emor~ lhat can 
he wnncn Illtn al on)' tH,",' ""lhiJut era,ing prior content': onl)' the bytc or byt"' 
addrcs>eJ J1e updated, The write ope,at ion take. cOllSiJerabJ)' long"T lh'tn t h. r"aJ 
operatioll. on the order of ",wral hundred mi"roo,;;conJ, pee ~)'Ie . t h~ LLI'ROM 
,·nmbille. lhe "u"ant"ge of oonvol,nilit), ","b {ile f1"xil"IiI~' of being upd'tabl~ in 
place, u,,"og ()rdinar), bu. control. adJ,,,,,_ "nJ J"{a lill~. EEPROM is m",r~ expen
,ive than EPRO\·1 "nd a l'" io 10" dense. supporting fcw~r ~ih peT ~h'l' 

A no{ hee form of ,~mic"ndlldo, JII,"'o,y " na,I, m.",otV ('0 flamed ix'cau,e 
of {h" 'I",ed "'''h which it c"n I>e f"progr ammeJ}. Fir<t iml'lx]uced in the miJ- J y:,;o,;. 
fla,h memory is ill1~rmeJi"1c' hctwecn EPROM and EEPROM io both ~"" "nJ 
functi()Mlity. Like EEPROM. fI"'h m~ml'r)' US"' "n ~kdri,,, 1 cr",in ~ i,cimoi<)gy, 
,\Il ,Ol ir~ Il"'h m.nlOry ca n he era,~,lm Olle or a few ,~C()"d>. "IIIch is much faster 
(ban Ef'HOM til aJd it,, 'n. ,I i, p,-""il)l< t() """e .lust blocl, of memor), rathef than 
an emire ,hip, Flo,h memory get ~ its name because the micr()<=hip is o'g,.nw;d "-' 
th'il a ",c!ion of memo,), ",lis ore ",a'ed in ".ingle ,,",ion or "fla,h_" I{"W""Cf. 
fla,h ""'fII"'~' J,,,,, no{ pr",·iJc byk. lcvcl e,,,'urC. L,~c EPROM, fb,h memof), 
u""" only "I.e !lan,i'tm pe' hi!. and so ach ie,'e, lh,· high denoily (eomp,oreJ wlth 
EEI'HOM) "f EI'RO.M. 

Chip Logic 

A, w,lh olhcr in tegrated c'ircu" product' . "",mico,,duc{or memory come' in pack· 
aged ch ips (Figure 2.7). Each ch ip comai""n array 01 memory cell<. 

In the mcmory hierarch)'"' a ,,·hole. we "OW thnt lira, ~Te ".J~.()ff, allwng 
'l",,,J. c.p.~'{)'. ,,,,J C,,,I t iw,c t,aJe ·off, al>o "",1 when we consider th~ ofg"n i
z"tion of memory c<'lls and f unctionall"gic on a "hip, For ,cmicood"ctor ",.",onC, 
on. oi the key dc,ign i'Sues i, {h~ numbce or bit, "f ,!.t" Ih"llI\aY I", read/wrilten 
a{ " tunc_ A{ ,'"'' ex lr" ",,, i, .11 Mg"ni,.al"''' iI' ",hich the' ph~'ical arrangement "j' 
cdl' in {h" a,,~y i, the ,"me as {it~ logical arrangement (a' percci\'~d b)' (he 1"0',"" 
Wf) of word, in memo,)'. Thc array i, ofga ni zed into IV wont' of IJ bil, ~"dl ro r 



c"''''pk, a 1f>.-'lb'l ch,p wu lJ \)c organ i ~cd ., 1M l ~·b,t " 'O,d" Attho o lhe, c.· 
u .. "' ..... ,he ">-C~lIcJ one-bil.p<.:r.dllp QIs.n"aliQn. in "hK-h iliua" rc,,,Jiw" Hen 
Qnc t>11 al a lime \\- c ""II ,IIU"lmle mem",)' ch,p Ofsanll~'io" "'Ih ~ IJRAM.ItOM 
"'K"ml.allon i~ """I'lf. 'I",u~h l ""pJcr 

h~'Jfe 5.3 ,ho"~ a Iypical or~.niz" li o" of" I ~'--'ll'i' I) RAM, I" thi' e",,-,. 4 b,lj 
arc r<;1<1 "r ",rillen .1 • tim". L"wcall}'. lho: memO<}' arrn~ i. orVn'.<ed "' (OUI >qUI'''' 
ammi of 2tW8 t".. 2(Wj elcnoenll.. Various phpical arranllCmcnl. ~r .. I""'", bk- In Mlly 
ruse. Ihe clemen" <.:A ,he anay are ronntl'lcd by bolh hanlOn lal (row) and '~rI",allcol· 
umnjl"," " Eoch hurlll"'lallLn~ CC>I1"ect, to the Selecl le",u"al of cac h cclt '" li S W" ; 
cacl! "c'lieal linc ~' "\t,ect' 10 'he Data-ln iScn..., ,er",i,, "1 ,If caeh ~",II ,n ", "" lum n. 

Addr",." line' suppl)' Ihe add",,,, " f Ihe ""cd tQ t>c ~I""'ed A t01a1 Qr I'>g, II' 
lone< a'e n",--.Jed, In "ur e"""'plc. I I add,(O' lone. are n~",--.Jed 10 ""leel one "r 10.11\ 
,0W~. Ib,'''' 11 li,,~, ar~ fed "Ilu" ro" dtcudcr. ,..h ,eh ha, II Ton c. Qf inp ut a~d 
2().i~ 1m", for oulput. "lbe logi. ,,( 'he ,kcIJJe, ,1Ct i""'es " ' ingk o nc "f the 2().i~ I)"t · 
pUIS okp<.:nd"'lt<>o Ihe b,1 pattern on Ihe II '''I'UI line. (2' - 104h). 

A n 8dd'lional 11 ..w,~ j,oes ",Iecl .. ne of lfI.lH "olum ns or ~ I",. 1"" <.'Ulumn. 
Four ...tala line. ;" " u>eLl for the "'put ~mJ outpUI o r 41>01,10 ;mJ from a dal8 buffe', 
On '''PUI (w.,le). tll e bi, dm' c r 01' .ach hil hne" "Cliy" ,",! for" 1 '" 0 accc",htl g 
to tllto ",luc of lhe ~"'rre,;p<lndi~ data linc. On o utpul (,,,ad). Ihe ,. lue of c;ld, ~it 
line i. , ...... -.ed th"""lIh a ",n", amphfier 3ud l',~",me" 10 the da,~ 11,,'-"1, The 1m. I"oe 
",lee," "" hieh 1m.' of cells ;'; u-.ed for read IUS or wril "'~. 

!le."" •• onl y 4 bit- are .c"dlw"l1e" 1<> thi' DR ,\ \1. t h er~ ,",u,t Ix: ",,,lul'le 
IJ RA"" wnne<.:!ed 10 'he men",,), "'''''oller III ,,, adl"' II1 <.· a ",orJ "f Jala 1l> I iI~ 1> ... , 

Nme that thele are Qnl~' II addrc .. JIIle. ( ,\ O-AIO ). half lhe numbe, )'00 
would upect ro. a 2O-IS 2CJ.IlIarra)" Ib" i. done 10 Q'-'; 00 the n" ",be, of p,n .. 
'- he 22 '"'Iuored addres' lon e! I"e pa .. "," Ih tIJ"gh ..,Icel h>j!ic exlcrn~11U I" e ch,p 
and multiple.ed 0"1" 'he II .,IJ,c" lin c~. hr.,. II acl J, c", signal- arc pa"",d 10 Ill e 
rni p \<, okfin" 'he ru...- addre .... of the .rrl)". aGd th en 'he o,her 11 adJ,~. ,ign.b 
arc I" .. senled f", lhe coIun'n ~dd,,,,,,, The"" "gnat, 8« ioe' .. O"'f",,1ed Io}' "'''' add,e" 
<jCk-ct I ItA~) antj column ,..Jd,,~. '>C1L'tl (CASt ,i~"a'" Lo I"""ide u'mn~ to t"" elo,p 

Tl,~ wrote c n"bl c (wt:) ""J ()utpul . " "ble (("jl:) pi", determin e \d'Clh cr . 
"'role ",. read ope,.ilon i. pc,-r,lImed, I W<l nt he, 1'''''' nOl ,h",..n in Fi$urc ~.J. ale 
grotond (\'6» and 8 .'olo.ltC "',uree (V<x!. 

As~" "'-'de. mulh plcud doJdressing. ph" the u'" or sq""«' al ray' 'e.ult In • 

qu ,oJ.-"pfing of n,cmor}' ,ile w'lh each neW ge nerlll,,,,, of memn, y ch,p'" One mor. 
p;n dc'''leJ 10 . Ildrc,.,;ing dou!)I •• Ihe nuno l>o:r "f 'ow~ lI "J column,. "nJ so Ill e ,ilc 
of Ihe chip ' '''''''O<V It""'" by a factor Qf 4 

1·'I(",e 5.3 alw ,ndicale, I he ",du""" of ,d,c-'h eneui t')·. AI1 I)RA]',h reqUItC 
a .d,c, h Qpemh"", t\ .irnplc lechnique fur rchc.,h",~ ". in elk.1 I" dis.abk lh. 
DRA \1 Ch ip w!o,l e all d"ta "e ll , life ,drc.hcJ , I he , dfC~h wunter 'lUI'" throu~ h "II 
of tllc "'W ,'al,,<'$. /'ur each r..,,,, lhe QUl pUI Iones ("'''' Ihe rcire,h ""unler "fC su p· 
pl,ed W Ih .. row de""""r and Ihe RAS lone" ""' ".ted. "["he dala 8.-e r~ad out ~1Ml 
" .. Ill en h""k '"'0 Ihe ",me local",n, Th,. cause. cae" <:eli In Ih~ ."'" 10 be- .d,~"'hed. 

Chill Packaging 

As ",as men.jone<./ in Ch~ple, 2.~" '''tegl~t<:d eircun " IlIounled "', . paekal(c ,hat 
contRIIl~ P"" (or ",-,,"'CeIlQn 10 Ihe <>lll"dc "",Id. 
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., 
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" "' " " 

, n 

"' " 
" " ttd!(J -!d'n- 6 " .. ' , w rr • " 

" OIV , , 
" 

" " co • W 

JO SVII " , ,. 
SV,} " '1,\\ " 

, m 

'" " '" "V 
~ a '" ," It ~~I~I 

, 'II V 

"" " .,.'.~ ,"A " '" 
"l x , Z) 'uou~u,~'uo~ Ulun!o:Il"UI I~ " '''II "J"":X!' 01 p_'ru~u ~1U .md ''''''ppM II 

,'IUU "p""'ldnlm" ", S\~IPpC ~~I 1''''' 'UlUlIlo:I p"a " ' " ""I P'''~''''~'' 1\ VM(' '~I 
.... n~~'11 '''0'1''.1:><10 pe" ro ",U,",,, .. ~'4 1 '~41~~," "~"P'" o .. ,d (ao ) ~Iq~ .. ~ ,nd,"" 
pu. t iM) 'Iq~ .. " ~IW,\ " 'IJ. -,"d",o,~"d", ;oJ. <",d UI~P '41 'p'lepdn "'I u~, I~VM 
t OS""'''II 'd'4" I ~O~ r. wrnJ ....., .. ~'''JJ'P I~'''A~ "e ""4 1 ' f' X I '\t'~ ~,,,dlO 
d'4' "'U,\-<li t 00) 'qt- ~ ",nj'l '" """4' " IIOIl.mil!)"'" IUd ~"v~a I."d 'I V 

(,U(",.,;oo.ko 3lu"j \lulwlueli<.uollluunf' P;)IldiI".~ IC'1j1 (1Id,\) "j~I"" wlUtoJd V • 

-"IIU,,""1<1 1"1" Ii,nll' .' luu(l" "41 JO """ "4.1 -(61 V ''''><I" 
' 1"1 hJ'pJW "-;.-0) '"<j ""11'1'" "4) JII suq "I' ""'~4~I4 "41 01 INI"""u,,, ",jot ,(4 
p~I"'''P~'' ",d 3J "'e l -,10 4" "'0 J()J P! I"' lIi,;)JPr" "1) ,,)U -'0 "ql~~" ~lC~ 
,11'''' "1 I""n " U!U '1.) ~41 ""'1 ''''''1'1'" ~""'Ii a,!, Uj P'P'"'''''''' ~,!~,,, J" 'P"'" 
'd !,p !(JOwo", ."' ll U"41 010 W "'-I ,(" ", .l j ~41 ,"""_'011 ' uLd (;]J) JI 'I"'" ,104' V • 

'(''''i\.) u,d pUII01~ V • 
-PJi\.) ,inp '41 01 ,'I<kin, ,,,,,,,,I ' '1 1 • 

'11.(1 un ) ~U ll M JO 9u, ,,"UOJ ",no 1'.'" "'l 01 ~l~" J4L • 

161 V-{)V' INI'''''u ;)J~ "",d 
( I~ 1 1I 0, J" 1"101 e "'1'''''' L'j L '0,1 'p;l>'<.X).>' am",! "10.,, '41 JO '~"'PJ>I!;HtL • 

"'U"I~uj,. jUI,u'IIoJ J41 I-'oddn. ~,d "4 1 . ..,~" 
~.,JVd dHP p"'pU~IS ' 41 JO ,u,,;n 4"4'" '~uld n '~I"'I"" "i1r~'w "ilL -~n:pw 
dl4>I~d·pJ","·~uo ~ SB I"'IR""" UOllellul!ll-,,, ~41 "~.e, "'II UI 'W • 1\:1"" p"-"U 
.1'11,,, dill" "~K'H ue " q""." .. ~1i~'''''' ' I-\OM.I'I ~Id,u"¥, ue ~,u"l< "t ~ "'n~'· 1 

AlIOI'-:1I' lYKlIll"J! \ >f1l.,lVIO "~ I 
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2" ~ 4),,1), The fun,lions of the roW ;"Jdr~" ,d"Cl (RAS) an d col umn "dJres, ",leet 
(CAS) pin. were J isc\l,,"d previousl}' Finall), . the no conned (" Cj pin i, prm'iJeJ 
w Ihat IIl ~r" "r~"n C"~n "umber of pi,,", 

Modu le Organization 

If" HAM cllip comai". onlv 1 hit 1"'[ word. Ih~n "lc"rI)' ,'" will neeJ allea'l" num _ 
h,' r "f chip' equal to lhe num ber of bil, per worJ . A, an exam ple. Fig\"e 5.5 ,bo,,", 
how" mcmor), moJ ule .on,iSI i " ~ of 2'\6K 8-bil ,,·ords cou lJ be "r~"" i ,~J, For 256K 
worJ' ,"n I~-bil ,,<1<1,,:,< i, nee'JeJ ""d i, , uppli " J 10 lhe TTl<xlule from ,ome "xlcr
na l <Ollfe, (c_~ __ Ihe "Jdre" line, of a bus to "hie'), Ihe m"Jule i, mta"h"d) . The 
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A,I ,h,p> 51: w""J. by 
51210<". 2-0. ..... ",&1 «U. 

",khe'" i, prc!cn l ~t! '0 ~ 29,1( X 1_1111 d" poi, c,,~h of wll)d, pT <I,'i J ~ , ll,c "' (1 '11 / 
<>u. pu( o( I hi., 

I'h,s 0Ig.1mza. lon "orks~, I''''I!- as The "le of memory c'Iu,.l, .he nu".hcr of 
[1,11 )).,r eh ,)), In .hc ('as<: ,n wh,ch Imgcr mCJlIo,y" rC<ju,reJ, all "rr~y or d"p'l 's 
nccJc..l, FigUf~ _~,6 sho,,', I he IlO>,;bk <l<'g"lllW I ,,,n "r a ",~ rn ofy Co,, ; iSl in g <If I M 
"",t! b~ 11 bu. I)('r wort! I" .hi. C3..., "" ha,'c rour rolu",,,,, of ~hll"" each c"l"m" 
">nl;"","~ 2"i6K .. 'O.d. ammget! a_ In Figure ~"t For 1M "Olt!, 211 adJrc", hn¢. ale 
ne~ d c,L The IH k'''1 "gnlftc"nl I",,, arc THUle" 10 all 32 n",du k's, I he h, ~jH"deT 
1 bil, ~,e i~pul I" a gro"p -elect Iot:j~ n'''''"k \h,'1 "'ndlll clup enahle , igno i lO ,,!I" 
or Ihe fOUT columll' of mooule" 

3_2 ERROR CORRECTION 

,\ 1<:1Il 'CllnJUCt", nlcu,<)ry ,)', 1, ,,, ,, suhjcC((O c rro", I hc"" can l>e c"tc~" ' J<cd ," 
h .. -J r~llure, and soft ~"""'. A lI~td f. ilut1.· .. ~ I""m"n~nl phy,;cal <le(""1 >0 lhal 
lhe mcrnOf)' cdl or ccll~ affected .:annot .-.:Ii:.hl)' 'tor~ d~13. I.>ut hc<OlII" . , uck at 0 
or I .. " """.h C""",",II) ""I..-een 0 and I, l la," CHOr< c'l'n t>c ,'au~d hy haTlih ell"'
ronlllcnt .1 "hUM'. lIIanuf"CI Utong t!ded;, and wear, ,\ 'of( <rror; ~:, r""t!om, nun
desmlcti,c c,cm Ihal a Ile", Ihc .... nlcnl> (lr ,)lIe 0' ",,,,e mem",), cell" ""IIi..,,,( 
dama!u'g (he mc",or~, Sofl enol), c~n toe cauoed I:>y I""'c' .up .. I}' proI>km. or alpha 
.. ,,,tlcie,, Th~;c 1""licl~, 'e,ull f'olll faJioath~c """")' ~n" ar~ d'llre",ingl., wm
","n l><:<;a usc radio.,,1 "'C nucki are fuu nd ;n ,,,,a ll q"""IJIlO' in ncar Iy all ", al cna" , 



'rUIl"! "I""J '! If ' ( ~'~ J",1iu) ')Lq "WI' "'11 Jt> ~ n o ,~1iu,',p I<Uj" "" J' ""')N 'I '" 
P' I! ~p .. m "'~I '" )"1 "lU~<l,l'11 "I "1"1' ~~"41 '"P" IJU1 V JI;).I \~ ""n~"''''l ' 'n'U '('l>?'~ 
Jln~!J ) U,,".3 " "PJl~ ", n. I I J" J"'Ilunu 1~ 101 "4' )1'4 ' "" U=>lO'I~ ' ! "<1 A HJ~d 'IJe3 
'm'l '/JJ~tI I'''II~J ""u )~'I." 'I " , .. I"'II~ :,,~ 'lU~wUedWo:.lIUlU'~W"l "'U '( "8'~ :un 
,lIU) <lU:MUucdw", J~UU' ~'I I Q) ~1I'1 ~Utp t ;')4 ' u'I,~q ~A\ ·~lU:MU I .~dwo.J u~,'.>10 :> •• 

~'J'I ' ""p"J jUl""""~IUl ""''1' 4)1 \\ (t _ J\ ' ) <[Uo." I"I-r "0 "flO" "''I I JO 'bn ~I 
~IU'l'n ll' 01 .... ''''S~,p ulI,)A ~>I'n ~., ;).InS\:.[ ~'JOI~Joq""l IPH I~ j " "lllUgl l Pl~4J'N 
,('I p;Kl.'JI' ~I'''~ )1"""""'11 ~II I" "'poJ j "' '''''";)-,,,l JJ 0111 JO l~"I<hu" ~'lL 

p~pr plI~ 

""U'" n~J )l1~4)I'JO," II nt """" 1''1 JO l "'l IUIl U '''II ,(<lI'JIU01JUl"4' '! nl~'J V 
'S" I"' ) ,VU!I.'''," IJ_,'''''''' W Il) P''''''J'' ,1J" "Olll'"! '!'I) "' ~ I"""J,, 1"'1) '''POJ 

'r~)l"d~l " OO'IlPUO:"I4. L ' Il 1:>''U'''' 0) "I'1rs>'<l<l IOU " II \Ikl 'P"PJl.>p" lOJJ~ u V • 

' Ir>O 'U;>S "'l 01 '1''1 W JO 
1"" r~).)~JJOJ ~ '''''''I)()Jd 'I~I'l.<oI J",J.) JJOJ ~ 0 ,111 I'~J ~JU ~ll<l UOIIJ"-'-'O.:> JOJJ~ 
snl<l "''I ~1"1' "'lL 'JOJJJ ~'I I IJ.)JJ'" <>, ~N''>iOd'' 11 pUll 'V~P~PP" 'OJJa " V • 

'ino III""' "n >It<l ~,cV P"'I"~J "'ll, ·"",:>:>,31' 3U "'0lI~ "N • 

"'11",,>1 
"~l\ll )0 ~uo ' PI~I .' uo"",,<i lll"J J 4,1. "I!'I ~PO' 1''''IJI''J ~\II 41'" 1,:>,,,d Ll!oJ puu <114 
~\VI' N 04\ lUOll p" I"Jo u,lI" ' It 'I '['OJ )i JO I'" ,,>,U V '"OJJ,' pJHO' ,( rq!,..-"I PlJ V 
IJ,'PI' " I 1" '" '" 01'0" ~ 4) ' \l'" 1'"," " 1'.10" P"'(1)' "I' ''''' ·\J,d '41 u"4 .... , 

'1' '1 Y , It''' 1'''''' p~'OI' " 'I) JO ;)'/" 
lenl"" ~'I ' U~'II '~Il'l )i 'I I~""I)"" ~poo "'I11>tJ ~ 'p..1J<Jl~ Joj 01" "1"1' J" pm·" )''1'1\' 
Uti J' '.D4.L '1''''015 "'. UllIp "'I) pUll ,'pro~ , 41011 '''1'''' v ;>:)IlpoJd 01 ~,er "'I I no 
pJWJ<>P.>d ~, J u" ' pO'"J ~,~ p"l-J!d~p ' ''''"el''''!'''' U -'('0111"'" <>IUI p~"J "'l 01 "''' ~I"I' 
"~'IM 'Ino p;}UleJ" """",.<1 "'II MO'I SllLJ~1 1"':>U"iI ", '~I"-'I'l\II' L-o; Jmj,:! 

"""JJ ~ ~UHJ.)JJro pu~ jUl,J.)' ''' 41("1 JOI J!'iol ""np"' "UJl~' 

~'OllIJ'" "'~lU n','po"l I""'" I"'" '"I'I~""'J"'n .iIJ~ap "'" ",u" 1)"" pu~ 1'''''1 'I I"U 

w~pun J '1>".) ~1 1l 1"JJ''.) '<"J] L', "",Ill 

f .. "" .... ,) • ......, •• 
f 

•• II- " U!~~, 

JO"'''''·,l 

" 100 "I I«] 

- -
",blI" ''''''I 

6tl !<.:OIJJnl'llOl1101lWI I ~'~ 
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By d,. d ,ing the parity I", ; . J,,"'r~ r'''\O IC' "'" I(",nd Ln ci'd~ A "",I cird e t h Llt n<)l 
In ,,"de Il. Only onc of 'he ",'en comp;"unenl, " ,n A ""J C bu, ,wi 11 ' I he errOt 

can l hcrdot~ he """,elect ~ chang1D1t thai bu. 
'I" clarify Ihe CU tl t q>t, m\,,, lwd. we " ,II d~vdf>,,;' eWe Ih,,' ,a" deled and 

ron-~":l .in~Ic-I"1 error> '" g-bil "o.d. 
To .,~" lei USUclcrnunc h,," 1""1t Ihe cooJc ",us, be. Rdc"m& to h j:ure 5.7. 

the c<!"'l',nL><l n lug1c ,e<;civc':" In r '" h'" 1\·1l1' ,'.tue •. A bit· hy ·b il cu mpa,;",,,,, 
Uone b, laking the e>clu,,,·c.or of ,he 1,,"0 Input •. The .. e.uil is c" lkd Ihe nHd",n,,· 
"""I rh us. calh bi, of the '~nd,om~" 0 or I ~«.",tl"'~ '0 if ,here L> o. I> nOC" 
111,,'d\ in ,11", bit p'-""iun for Ihe '1'.'0 in pul •. 

Thcs)'ndrome ",'ord" therdorc K hi,., "" • .Ie and h~,,, ''' ''ge hel"c"" II and 
2' I Th" ,,,Iue 0 '''''OC.les Ih,., no e. ror .... "d~"'e".1~3,-.n!12· - 1 ,-,,1""'10 
",J ,e,,'c. if 'hcrc i, an er.or. ",Inch b" I>a, in enor. 1'01>. ""~."'" an "nor coul" 
".:cur on an)' of Ihe M "~I ~ b,1> or K dlcc~ b'l_ ...... e n1"" h',,"" 

2'-I> M I ~ 

Th;, mcqualu)' S"·CS .h~ numb .... ufbit. ncc·ticJ.o ")4"""'" "n~lc b, . error ;"" word 
....... Ianlms ."f ,,",I. !>il" I Or e~,.mJlle. for a "'"'' of II <lala ,,, .. (M II). "" h,,,.., 

I <~ , 
4: 2' 1>814 

Thus. ",~11l d"ta b't< re,! Ul1 C lour , heck hll' . The Il"l th,ee col umn, "I Table 
~ll, .. s Ihe num"", of chec~ h,l. ,e'l"ned for ,-~,iou, "ala .. ord len)',th, 
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Tabl< 5.1 Ir ... ·'o"'" in WnrJ long!h wilh E,Tc>' COffeerh", 

Sin gle. F",,, ('o"",,ion' 
Sin glc·ElTUT Curreerio" 1 )""hle·Error lktcction 

' Da" Il,t' Check Bil, , 1 "<,,o"'c' l l1cck Ili" % In"",,,· 
0 , 

" 
, 6! .. 1 

'" 
, 

'I.Z~ , 3' .~ 

" 
, IS.7' , 2I.S)~ 

" , ID.'H , 
I ~.j 

'" , 62, , 
"" 

'" 
, 

J.~2 '" ~.9 1 J 

For convcnitnc'C. wc " 'ould like 10 g"nC'H ' C" 4-bit ,ynd,omc fo, an K· h i, ,1;'10 
woru with the follow in g d,a'''ctcr;qics: 

• If the ,ynd,omc eonlain, all 0,;, rH) ~,ror ha' heen uetected. 

• If th o s)' "d,o",~ ennla;", one " ttU only onc hit M;I W I. th."n an .,m, 10", 
occurred ;n one of the .. d'~ck bit,. 1\'0 rorrecl ion "nc~J"d. 

• Iflhe '}'nufl)m~ ""nlains more th '" otiC h'l '~I 10 I, Ihenlne "umt"roe,1 ,'al", 
of lhe ,yndromc ittJic"tc, lh~ I""ition of tlte J " t" 1)]1 '" error I'hi ' Jata b it" 
invencu ['" corrC~lion. 

'1'0 "chi eve lhc"", ch''';lct c ri'tie" lhc' Jal" 'nJ ched I>ib are a, ra'tgt"u "",," 
12· l>il "·,,,d", depictcu ill J I ~LJT~ S.Y, The hit J"",i lion, "'" numt>ercu f,om 1 EO 12. 
Tho"" hil jx,,,lion, wh",;e po,ilion nL>mhcrs a,~ powers of 2 "re d~,ignaku", ch~ck 
hit,. The check b", ;lre c"lcu iatcu", r"l lo"", wh ere th,- ;yllti>oi $ u~,ign"le, the 
e,du'i"c-Dr ope ration: 

CO - ))1 $ 0,. [)4 <$ D5 Gl m 
U mo DJ<ll D·! e ",. 0' 
C, D2$ J):;e 0' . 0< 

" - D5 <ll "'. 1)7 (j) '" 

1" , , , , , I ' I 
tit. ) OllD "'00 00" 

!l.t. bit "' 
" <o " I'j '"~' ';; ''''' ''''' 01 D6 . I)'! [).It- D} ,,:,,' I 

In 

1 '" 
{)OIO (0)1 1 

I . . --. -
Cho<k bit '" (:4 " " 

t1~ur< ;.9 IA)'''", of D",,, B,,, ,nd Check Bit . 
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o I I U 
1" 0 0 I~ 
I 1 0 

[_) <J to) R) 

I'JWJOJ "pm" 
~W"JpU_'" ~41 ""q ~~~4~ 1'10 "41 'II'" 1'""!tIw",, ~u ""I ~~J ~" ,,~u .>41 UJ~ \\ 
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Cl 11 1110$161 1 10 
I O!ll190$O-tJ 

1 ~() III I$I @OIJI D 
1 11 III 10 I I!lOIll I I,) 

' ·'I\OII'-'J " , ;)J" 

"~,,,c!"-'IeJ ~'LI. oOI)."~II""'l)qiu ·'~I d. 10 I!q ~I"P 41'-''' -IOOIIU)] ,. 1""-" 1I"IUl 
ILq-~ ~'II 11'41 "OU""\' -'I,rwn" u" 'lit " '~ .• ",,, 310"'1'" "4' '"'I' ,'JUl,' ,n "'1 
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11'1"'." "'4'ou. I~ 1"'<'>01 ·u'-' '" pu~ '<:'} ,""p.e '",,,,,..ad l"ll""~''''' " 41 u, I e 
U'~IU'Y.> 110 11 I'u~ '01 'L '\I'~ ."Oll'..ad 11<1 : I,) """I' W ;,"IlDn" u",,, • ..ad ""'I' J" 1' 4 
W"J'.!'u"!' '>"'1 " 41 u, I "u,",tlOO II~ ILO -.0 ' t o 'le i '10) 1 I I'U" " 'L \ 'i ,UO., 
"",01 llq "1"1' '<noll -l"l ~",,,p I~\I' J" J"'I,"n" ""!Il>,)(1 " '11 '" tlOll !"",I I"1 ,1IU", '41 '" 
I e ,,,.",,,,~, '34wnu uO'I,,,,.d ""'-'4·\\ WI "1"1' u~,'~ yo "",-,:>do JI'I V'4J ~""3 
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Figure 5,11 illu 'lrak, how ,uch ",,><k worb. a~~i" with a 4-bil data worJ, 
The ,C~ U~llCC , I""", Ihal If I wn errors occur (Fig ure 5,1 k), Ihe checkin g p",,,~durc 
g''''s astray (J) "nu worsens the problem b)' crc"ting " Ihiru em" (c ). To O',cw"me 
th e prohlem."n eighth ~it i, "ddcu Ih"l i, ",1 ", Ihal the lot ,l number of Is in Ihe 
di"gr"m i, even, The ,,1m p:trit)' I", calc hes Ih" "rr", (fj. 

A" errM.cmrecti ng w ue enhance, the reliabilit y of the memvry "llh~ cosl 
of "Jucu comple,it)', With a one-bit- pcr -chip organi,,,!;,," . "n !'>l, C . D CD rode ;s 
genera lly con,iJn~u '''-kquak For c'umpk. thc Ill :"l .lOx< im plementat ion' "'C 
~n ~·bll SEC· DED co<k for eac h 64 bits of J"t" In main memory, Thn,. ,h~ , i,,, "r 
main memor), is actually abom 12% largcr 'h'''' i, "I'P,,,cnt 1<, Ih e u,cl'. The "t'AX 
computers u;c a 7-hil SI>C· I)FI) for ~,,, h 32 bil, nf memory. for a 22% " ""rhoaJ, 
A """,ber of ~"n1Cr"lx) ,.a,~· DRAMs u,,-' 9 cheel hit' for eaoh IU hil, of dat a. fm 
~ 7% ,,,,,,heau I SHAR~71 . 

,., ., ,,' 
/ 1\ 1\ If l{0 " " " , , , 

/ , o!!" 1\ t~O , " 
0 " D" / [i] [i] 

'" 'd m 
A / , ~ ,'" / ;; '" 
~ 

, , 
1"00 / 1\ '>C , 

0 " 
[i] [i] IT] / 

~1~.", 5.11 Hanuning SEC DlC C".Jo 



154 CIIAI'Il]\. 5 I .NH,JO.NAl MEMl)1I. Y 

S. l ADVANCED DRAM ORGANIZATION 

A. "'a, d,>cu.",d in C'hap. ~, 2. one of Ihe m ..... erilic~1 .~-"cm "''''lcncch " ben 
"'~In! hith-perfonnan<e P"""'''''O''' .. Ib" Inlo , la"" '0 maIn i"'~mal memol}, Ib" 
lII.c.be" ... I"" .... "'1 ''''porranl ll.1t b",ay '" the enllre rompu,cT ,}-,;ten" 'lb e I>:l'lC 
1>ulld",& bloxk of main momory 'em3lM Ih~ nitA \' chlp>~' II h~, fm .k(:;~ ul>111 
.e« nl k Ihere had bc~n no 'i~"inca ... d'."j("~ '" DltA'\1 "rehi' r<wre since 'he 
e.,,'~ 19711<, 'l1,e tradl""n;,1 DRA M .-Ill!> I. <on. I"" nod bolh b)' ils intern,,1 ;lfd" 
tCCIL",- and by ii' itlled"co to the pr\>Cc.iW,·' m~""'ry bus. 

We h""c scc n that one ,,11,,01: on the l",rfOTrT"Hl '-e pr"hkHl of DRA.\ I In,"" 
me"""}' h", hec n 10 in",n olle or 111" r~ Ic,d> of hl~ IH1"'ed SRA),1 cache betwee n 
lI,e UK,\\1 man' r"~m ()r)' " "d Ih~ I,,,,ce.,,,,, Bul SKA M is much c<Nl; ~r th an 
[) RAM. "nil .'.panding c""he ,j,e hey,,"" i' ecr!" In 1'".""' viclJ , ,iim"m"ing fe' '" ">. 

In ,,-';cn' }C<I"- a nllm!>.;r 01 e"I"",,,,,,,,",,,> I" Ihe h.,ie DRAM afch"C~IUn: 
h.I>c N:C" c.<plmc<l. and ""'m~ "f Ihc~ a,~ '''".' on .he IllMkct. The tw" "-hc",,"" 
Ihal curreml)' dO",,"'"I~ the Illarl~t "'e SI)KAM and R[) R,\M CORAM ""> abo 
r('\.'>!" cd oon'oid;:r~ble atlenl ,on. We co;"'""n~ c;loth "f I h,-~ app,ooch~' in Ih .. .5<'ClI{'" 

Sync hronou. DRAM 

Onc of the mosl "itlel} """d 10m,. or OIt,\M .. the ~)·"chrono .. ~ DRAM (~DR ,\ \l) 

I VOGL<J.1I. l:nhh the I ",oJ",on,,1 J )R,\ M. 1'1'111.1, I~ a,ynchr"nou., the SI) ItA \' 
e.d"",~c, d~l~ w,lh the I",,,,n,,," .)'llchrutllzeJ to an u te,""! dod 'ign~1 "",) rUIl
'Ilng ,II the full 'peed of 'he proc.""", .'".emor)" '-'us "'" 11"", iml"""'g .. ,Ilt .t"'C" 

In" Ivpi<al DRAM . Ihe P""'''''Of 1"'c>c11I; addre,,,,, and contro l Ie'cl, 10 
the nwm,"'y _ indLc;!llltg ,hal a ","'I "f d"'a al a I~~ rti <u"" ioc"' ion in m~mor)' ,h"" ld 
l~ either ,e"d from 0' W,;lk" lIliu \h ~ DRAM At'l er" deJoy. Ih e """"'s II ", C. Ih e 
D K,\ ~1 , ilher "Til,·, or rcad, til" d."" I) UlllI~ lhe "Cec"" Il"'" dda)' _ Ih e DHA " IX'" 
I,onn, "'lfi,~" in'em:!i h,neli"n •. '"eh '" "(I .. ,, t 'n ~ I hc- 1"p,J, capaci •• """ 01 the row "nJ 
e"'wu,, Ion.:.;, "'''''''g Ihe .L'{~ .• n<l '''''u,,~ {h~ <1 .1" oul Ihrough the ""'po' buff",,,
nlC I'roc","",,' m,.,,' 'impl~ .... il ""'lugh Ih" det,,- .""",nll. ,)'>'Iem pc,f". m""cc 

W,'h <ynchronow. """"s>, I he OR,\ \I lIIO"~", .1.1;1 III .IId oul und", (onltol uf 
Ihe ",Ielll do':k. The pmc,,,',,," (I' OIloer II,","~' .. 'u ... 'he iru;1ruction .nd adJ.""" 
",r",m"'Oll, ,,-hoch IS '"'eh~d hy Ihe ORAM 'Ibc ORA \! lhcn ' ''''f'OnoJ, .fle •• 
~, number of dock cycle,. M~an"hile. Ihe ma,'~' <"dll .atel} do olhe • • a.h ,.,h,jc 
Ih~ ~J) ItA \1 "I''''''''''''n~ Ihe "''1u<>I. 

Ii"ute _~.11 ,ho" •• he " "c,"al l')81C of 11l \! . M M" SORAM 111l""'1 ,,'h,,'h 
i" 1}'I',eal or ~DRAM o.~anil.alion. ant.! T"t>ic ~,~ ,k lin", Ihe ,';",ou, 1'''' :""~n· 
men!<. l 'he SD RA M emplo)~" lIu,.. mwe ,,, cI""'''"ll' Ihe addre" >ctup '''''" ant.! 
fl'''' " nd <olllnm lone pr~<harj(e III"e al!c, I he r, r.t ,,"CS>. In bursl ",oJ~. a se ri l'l of 
<"at" I> it; " ", I", doded o ut r" l',d l ~ Micr Ihe fi ... bil ha' been "cc~",e J , T I", ",,~Ie 
i~ u!eful "''' 0'' a ll Ihe b it s 10 he "cce"I'd "t~ '" ,e'l LJ ~""~ ""d '" (he .. ""e , oW of I he 
"'''' )' '" "' ~ ""1,,,1 ace,,"_ In "dol"",,,. !he \j)KAM h'" a multirle-b""k ;nt e"'" ' 
., dul.",' ",e thai ""l'ro,'C' 0Pj>Ort U"" Le. lor o"~hip p;or;olldism. 

!'he mode ret;,'e. and a>.od"t~d "'-'''''ol'''l'K ".n"the, l e)' IC alo re dlrf~r. 
enl"" mg SDRA \ 1< rron. e,,,,'-cnilon.1 OItA \1 <, [I pro, i<lc< a ",,,,h~ni'm 10 en,· 
lomv.c loc SURAM '" ,ul l ~pCClllc ,~s.ent neahi. The mode rc£,i"er 'pee,lie, Ihe 
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. 

"",,,"u A,IJ"" ;'1"" 

("~K Ood , '"['", 

eKE l1 oc~ ," .• h i< 

( S Ch,p ><Iocl 

jf;i;l; Row .do,"" ,Iou!", 

C A, C" Iumn " kl"" "",be 

we Wj;," "",!>I f 
,,,», ,,, ])<}7 D,,, "I"\'''' 'P"' 
,}\H' D", "'~,. 

hurst klll.ll h, ,,·hich ., lhe number of "'parOle unil' of d"l" 'y"cilrM,,",I,' fed onlo 
the ~u,. The regi,ter alw allow> Ihe I'fogr;""TllCr 10 aJiu<t the lat"nc)' ~ct""c~n 
rcccipt of" ,c"d fC'ILl"'i "nJ Ibe bcg"' rlm g "fJai' tr",,,fcr. 

The SDRAM 1""fo,n1> be" when it i, Iran,forcing large I:>h)<~' "i Jala "'ri
a ll )" ;lIch a, fOf applications I ike ""(\rd pr<lC£"ing. 'pr"ad,heel '. "nJ mull i media . 

Fig ure 5,13 ,ho",; "" c,ampic "I SI)I{A \l "r>Cm!""" In this C""'. Inu burst 
Icnglh i, ~ an d Ih, bk"q "2. t 10" hUhl leaJ command is inili," ~d h)' h"" "'g 
{<; a nJ CAS 10" ",hd~ loulJittg RAS a nd WE high ," th ~ ri sin g ,dg" of the dod. 
The addrc" inpu1' d~lCrmin" lhc 'la'l;n~ ,·"lulIln add.-"" for lhe bursl, and 'he 
rn()d~ '"g"k' "'" lh c IYllC "I hur,t ('"quent;ai 0' ;oterlc",'c ) amlth" hurst 1~11 g1h 
(1. 2. 4. 8. lull p"ge) . nlC J .'lay ffom the ,tart of Ihe <om rr""1<11 " when the J"la 
flom the fi"t cell "pre"" on th,· out p" h i, "'I"" t 10 Ill e ,'"I uc of Ihe CAS lawnc)' 
Ih"I i, sCI ;n Ihe m<xk r~gi""', 

rhere" nl)W an c'nh"",:cJ ,'c,,;on of SD RAM , lnown as Jo"bk J"I" ,ale 
SDRA.\l (DDR-SDRAMlthat o\·ercomc, the om;c ·pc r,£),de limitation, DDI{
SDRAM ca" ",,,0.1 Jala to tll" proce."" lW;"~ PCf doc~ C)'de' 

Ra",hus DRAM 

RDI{A.\l. dC"eloped b)' Ramb", [FA R.MY2, CR 1S\l7I. h,,, he"" aJopl~J by ln lcl 
for it' Pentium ,rnd twn;\Jnl P'<X·C''' ' ''. tl 11:," bcc,,,,,~ Ih~ m"in ~on1p"Ii t(), 10 
SD I{ ,\M. I{DRAM chips ar~ ve llkal p"clages, ,,·ith oU rin s on OnC ,ide. The chip 
",cha"gc; d;\1,. with Ih.' proc~=f o"cr 2~ wife. no ""ore II"", 12 <:"nli metel ' lon g. 
The b u, ca n odJre"" up t032U RDI{A.\1 "hil" anJ is n""J al 1.6C,Bps, 

I'h e 'pe"i,,1 RDI{AM bH' dd;y~c, "JJr~" "Hd co!!lrol informot ion ", in g an 
"'ync'hronou, hl"..:K '",ncnt l'J I'r""",oi. AfiN an initiol 4W n, "00,",,;$ time . Ih" pro· 
Juee; the 1,6 G!lp> data ralc. What make, Ihi' 'peed po",,;bk;, Ih~ bus , .. elf. which 
defines iml',,,J3nces. clocking. ""d ,i;'J", I, \ "ry 1""·,,,,,ly 1{",h.'1 Ih '''' be ing controlkd 
hy Ibc e.'ph", RAS. CAS. RM'. arld CL , ig".ls used in co l1 wnlional DI{,\~h , n 
RDRA\·1 g~" a m"",or), re4""" m'er 1 he 11 igh -specd b",. '1'hi, f"'luc<t co"t.,,,, the 
d" if,d "dJr"". Ihe l)'pe of opera ' ;011 . <md th~ nur"lwr of h)'t.;> on th ~ opermion. 

J-i g'''" ~, t4 ill,,,lraw, IIlC Rf)l{AM layout. Th" configuration com;,\< "I a 
contr" lle' ""J a nu mber "I I{DRA.\\ module, conn",·tcd IOg" lhCf vi" "c"",,,,on 
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bu, Th ~ controllc"r" alone end of Ihe ,"<:Inrig"",I'on, ""J Ihe f.1 end of Ihe ~u, i, 
11 parallellerminalion of t~c bu. line" rh~ hI!' i"clude, 1 ~ da," li n"' (16 acw"' 
dala. two parit y) cyc lin g HI twic~ lhe doc\: '"Ie: thot is. on" bit i, '""l al the lead· 
ing "nd follo"l11~ eJgc of each clock signll. This r"SUII~ in H " ~,,al ,"te on e.ch 
data lill" of ~ "'bps. Thcr~ is a '~p""'I~ ,~l of ~ linc, (Re) used for aJJr~" and 
control 'igna" , There i, "I", a dod "gllal thnt ,t.rts at the far end from Ihe ,'<In . 

tro ller prol~'gal~' I., Ihe wntroller end ond then IO<JI" b"ck. A HDHA)..! module 
>.<::nJ, d.la 10 Ihe wl\troller '~nchronou'ly t" Ih~ ,'10<;' !o "''''Ie,. al\J th e c"n' 
troller ,end, data 10 an RDRI\M ,ynchrunou, ly with the clock ,igna l in Ih~ "PI"'
site direct ion, The r"",:lining hu' I""" illc1ud~ a rderence voi1ag". gro unJ. allJ 
JX!wcr ,ourc~ 

Cache DRAM 

Caell c DRAM (CDRA~!). developed ~)' Mil,,,bi,hi [HIIM90, Z IlANOlI. intc· 
~,ates a s",all SRAM eache (16 Kb) onto a gc"cn~ DRAM chip. 

The SRAM on the CD){AM Call l>c useJ in 11"0 ",aI's. First, it ,'<on he u,~J as 
" tnl c cach~. comi'lin g "f 3 lIU1n!>"r of &i -bit line •. The cache m()de of I he CDRA-'-l 
"efkC!ivc fm orJi""y ranJo", access t" mentory, 

The SRA M ()Il the CDRAl"'1 can ,,1,,-, be u,cd .s a huffer 10 support t h~ ..:ri" I 
access of 0 block ()f Jata, r()r c," '''plc, !" ,ef,e<h" bil-",aprcu screen, th~ CDHAM 
can rrd~lch Ih~ <I"", fmm the DRAM into the SRA\1 butkr. Suh'"4uc ll t acee"e, 
tu Ihc ,hip rcsu lt 11\ ace",,", solely I()the SRA)"l . 

5.4 RECOMMENDED READING AND WJiB SITES 

]I'RIN91] pw,;,k, a comprchen' ;" o "";0''''"''' of ""m;oonJocloc memo,), tcdllwl"g'." 
ine l "J i n ~ SRAM. DRA \ 1. ""d tl",h I11C""" ie" [SIIII ){9'11 cm·"" 'he ."me m",~T i " l . ,,·i,h 
more ompha,;, on !">ling .nJ cdiob ili'y ''<>''<'', [I'KI ~'I'l] locu"",, 0" ad,'all red DKAM and 
SRII\l arch it,,-~urc,. rm an ill-oJel'!h I. ~ " " j)){!\ \1, """ ]KEETn lj, 

A ~'-""-' "'1'1, ,,",lOll •• 1 "ff"'_O<lH<c''" g ",d,'. i, runla;""d ;Il [Mn,~5], p,,, a okoper 
>lu<l). wmlhwl'ik ",,,,,- Iellglh Iro.1Imo"" arc 1.·\DA.\lQI] and ]BLlI lIS3], [SlI1IR97i con 
'"n, ,, g,~ "j '''''·0)' of c<)oc, u,,-'J in r~nl"mpo.),"r)' ",. in mc.,,,,,,., 

AO"'{\l~ l Ad.mek. J. l--o""II/Jlif"" of Codml(, No,," Y ""~: W,le)'. 1991. 
fU ,AIH13 fllah~', R. Th",,1') untI Pr.u.',,,. or ErrIJr C"",,,,/ (6de<. R".di,>;£. MA: A<kli\«>· 

W.,le)'.I983. 
".:.:l'Bl K~ .. 'h , B. and Bakor, R, DRAM G«uir {}f.jig",,-I 7i'IOI1al. f"i\<.!"wa)·. NJ, 

IEEE J>re>s. 2001, 
MCU.8S M"EtieC<:, R. '"'I'M Rdi.bil i!j' VC C=rUler Memork •. " SC<eI1ri/k A~ ... ri<,an, 

Jan"",)' 10)85, 
PR1MOl Prill ... .". S . . "'rnicQ~rl",.,,,, Me"""'". Kc .. · \ '",k: Wiley. 1991. 
PII1NW Prill"". B. /ligh P"fr;rm""c~ MmwriN: N~", A,chime,,,, .. DRAM, ",,01 SRAMj, 

fvrildi9n oM Fu"C/~",. Nt'" York: W;k~. 199<;, 
SIl"' loI97 Sharma, A. S<,micvl1rluctor Mmk";'" .,-"'hMlog.,, r,,n;',g. II"'; R,lj~!,il;'J. 

1'0", Yorl: IEEE Pr",1, 1m. 
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• 'rh~ IL\" (:~ __ G ....... " .. ,.' ... 01 11. 1\ \1 '"h .... I''I!r pi", a no",,'"'' o("",r,,1 link. 

• 11_ . ....... " .: l.d,,1 "oUcrlo"" or d""",,,,,",' "no! P'~'''"'' ,,, 11.011. 1\ \ 1 h"J"" 
• II.I , K I\J',1: ,\n",h" "",lui .. ,. ,u, 11.1)11. 1\ " inl.>rmo'~." 

5.S KEY TERMS, REVlEW QUESTIONS , AND PROBLEMS 

ndlc DRAM (COltA \I ) 
d)urruc RA.\! (()RA~l) 
.1e<:1fl(l1l1)' erMabie 

prup1o"",,~bIe Rm! 
((URO;>.! ) 

"",,,,~Ie Pf<>l!>" ....... I>1e 
IEPROM) .,,()f __ li~! «>do 
(n '(") 

.,,,,. (""tel"," 

"".h ""'ro",)' 

Il,'v;~w Qu ~stiOti . 

Ham",,'\!. coJc 
h",d IJ,Iur<: 

""nOQb"I~ ""'''''''Y 
~3b1~ROM 

(PROM) 
It.mll". DRAM 

(RI) II.MI) 

'c.d m".,1r ~""""1' 
reod-<>"lr """"()f)' 

( RO \1 ) 
",miwl,duClor nlOnI<I') 

.u.p,"'lTor <One<:1 i"l 
(SEC) cod< 

~'lltle"'lT{I( -w<f\'"tI "" 
<lQu~IT'Ot-dc1e<hng 

I 
(SEC- DEOJ oodt 

""'~ .... he k AM (SAAM) 
.)",~DRAM 

(SD RA M) 
,)'",If""", 

,'.ll" ile memC>f} 

!. I Wha"", ,nc k.) 1'<01"''''''' or ",ro,,,,,,",,,·". mc"~ ... ,r 
!.2: Wh ... ", , .. " ,",,,I.,,, in ,,'horh II><: I~"" rn"./""' .... c .... ,,'"'',..-,''' ",,,,,1 
~ \\.ILa,,, II>c d,rfe",,,,,,, Ioch,,,O" IlRAM .. d ~RAM, ,n ,e,m. of 'pl'l"","oo ' 
M \\.'hal" Ihc d,ne,,,noc "", .... :," !)RAM .n,j !iRA \ 1. ,n ,,""" ,of rn''''''''cro'''''' "orh 

•• ..,.",d, """. and "",',' 
s..~ bpi.," ... hr 0"" Irpc: "f RAM .. ",-,,,,,,,jcrW ", I>< ana"-'!. and ,I>< o'hn tI,! "al. 
!.6 1\ b., .'" """" .Wl ...... 'i...,. for ROM' 
$.1 1\ to.~, .'c II>c dlff.",OCClI .n""'~ I 1'11.0\1 "': I'RO~I ano! ",>-11 "'""'Off' 
~ E.'rla,n'he fu""",,, 01 <om pi" in I ,~u, . q~ 

!.~ Wh,'" a pa,it), bit' 
!. IO I I"", i. 1~ » 'oo ,on,o r,,, I .. 11",n . ' '''' ~ e.o.Io '''1<'1''010.1'' 
.'. 11 II "", u."" Sll RAM d inc, to"m ",tI",", )' D R ,\;>.\" 

Pro blems 
S. I Su!!.'\c>1 '0""""" ,.'h)' RAM, 'f'OJ""""") h.,"""",o o,s.n",.:tI '" ""It one ~" 1"" <h,p 

"'he,,, .. 11.0\1< a,c """")' ("~.n,"",,j .."Ih "'ul"l~C "'" f'.T Chip. 
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~.2 CO",j,kT a dynamic RA)'I Lhol ","'" be I',I¥"" • ,cfre,h cycle M Lim",p'" m" E""h 
rc/,,'h operatiun rC4uirn 150 nS;. rrt<'ntu,l' <},ck require, 25!1 n., Wh,t I",,,,,ntago 
of tI", mem"r,,', wtal op<mtin~ ti"", nw,t!>e g;,'on to rdre',he,'! 

~.J [)c,i~n' 16-bH ,,'ernu,), of t"",1 ,"p.ooty s i n bit; u";ng SRA.\l d,il'''' "I ,,"" M x 1 
hit , Gi,'" lh " """~ ro"li ~"ration of tho chip" un lhe' mcmu,)' i>uml '"""" '"S "I I 
"4";'0,1 "'ru, and OUlput "gn.l, for a"ignin~ Llli, men"", 10 1he 1""'0" addrc" 
'r'"'" , Tho d,sogn ,",lU ld ,,110'" I,,... ooth b),te "nJ 16-bj, ,,"ord >coc'"" . 
.\'I""",: [ALEXY3 [ 

S.4 FnT the Ibmmin ~ ""de , IK)"TI in ri~"re 5.10, ,I ,,,,, wh,,, ""PF"'n, when" cI",{'l "" 
rather th"" a Jot. ~it i. in erwr, 

s.! Supf"-'M' ,n S-~i L d." wurJ <tored ," ,,,on,,,,)' i, 11 como. U>ing \oc I !"mrnmg " Ign. 
r'llm" Jctt,mine "h,r ,hod "'t> would t>e ;to,cd in m{'mor)' wnh the d."" "",d. 
Shu" ... ,,' )'(J" ~u ' ),010' "",wct, 

5.6 i'ut the X·"" wo,,1 WI I IWI. the coc,\; bit, .tored wilh it "",d,\ bo 0111 Supro"-' 
"hon roo word" rcaJ fmm mon""". the ehed oil> "c ,,\<"I,to<l'~ bo 1111\ What 
",he J,t.1 word that wa> roaJ from lllcm"'fl 

!.7 Ih,,, m.n\" rhee\; bib arc ,,"eJed if lh o Hamm,ng ,,,,,.r correctiun ",de i> u'oJ to 
dete{'t ,ingk),it err"" ill" 1024-hi' (I,'" ".-<ltd " 

5)1 [)n'd~l' on ~ toC co..10 (Of" 16 ·~" J"," ",ord. Gencralc the cooo fu, 'he ,I,," ",ord 
UIOI Ijl)(IOO I I I 1101 ShQ" ,hat roo ,,>do ",II "mcc\I)' idc',uir) <In e, '0' ,,' <I.,., hit.1 
""unc [ .. \ U'XQ31 



CHAPTER 6 
EXTERNAL MEMORY 

6.1 M~,""'k: 0; . .. 

Abgnctic Read antl Write Me..'h~nlliml 
()at~ O".tn'1a"on an<l l'ommu",& 
Ph) ....... ! Cha'acleri~lks 
Dill Perform8n~ Pa ramelN$ 

6.2 It,Uf) 

RAID Le~el () 
KA1D Levell 
RAID !..e,'e12 
RAID u\cl 3 
HAlD !.e, eI 4 
RAm 1-<"eI ~ 
RAID i.,e,el6 

6.1 Opt""] Me ... ",,. 

Compact D,;k 
Dllila! Versal iioe D;;k 

6.01 Mag .... lic Tape 

6.6 Key T~r""'. Re.'kw QU~tJ ... fU. and !'ruhle",! 

KcyTcrms 
Rc,'i~w OUC.(i(]fU 
Problems 



KEV I'OIVTS 

• Mlj(nctic d .. h ~m.in the ",o~t ,mportnnt component of external memon. 
BOll> rerrtO\ able- and Ii~ed. or h~rd. di\k, are u'>lld in $~"Stctn> rang'", from po!:r. 
MIMI cornp ll1 en; I\) n, "infr-. DlC~ "nd ,uflC",oml'ut e~. 

• To ach",,.., ,~&I"r performan« and higher a ,·adabihty. ~ pupular -IoChemc (lfl 
'C"'~n an..! IU&"T systeQ1s" the RA ID d,.k technology. RA ID ~fel"S to a 
fanul)' of tcthn'4uC, for " Ii "8 mulhplc di,h as ,) PJf~ lIcl «rray (If dala Slora~e 
dc'->«S, .... ilh re</undanC) hU1 1l in tu rompenr.a tc for di.k f" ,lur~. I 

• O plical .wrage tet;hnoiogy h~ ~to1l\C l ...... CI .... ngll 'nlp<)flant In all t)JlCl of 
comp uttr 'ystem" While <I)·ROM ha. l>;:c n widel)" med for man y ye , ,". 
Q11"'~ recent, tcchnolo,i4. "uch 11$ "'rit~ble CD and 0\,1). are ~omltJ.g I 
,ocrc."ngly ,mpt>J1~nl. 

'" ' 

T h", chal>t~r e",,"me> a ""'i<' uf e~lernal n":mol)' dc, icc. ~"d ')"I~"'<. We 
be,n '" 'Ih the mO'1 ,mportant .Ie, tee. the magnehO: di.k. \Iagnelic dl>h a~ 
the fo" "da l, on uf uwrnal memv .. y un '''\ua ll )" "II computer ,)"tcm" The 

nul <.«tion e'amine' Ih,' u"" of d" l am.)', to ach,ne I\ru'~r perf",,,,an,,,, . lool· 
"'1\ "f'C<'d",~II,· al the f6n.il~ of ,,', terns ~no"'n as MAI D (Hcdund.IOIl Arr~y of Inde· 
jI'''n..!~ n t Disk,). A ll "'0,,,,,, ,,, &1), "" port"'\l <, )I"I)On"'" of many W!l>putN ~Y' lc"" 
'j cx.cmlll up"cal mem<>,y. an<l U", i. eXllm",~d '" l h~ Ihir..! >ecli"", r ina ll y, ma~. 
neli<" tape 'S d~,.;"be<l. 

6.1 MAGNETIC DISK 

A ..!isll> ~ c,rcular planer rons"ucted of ""nn,a.",,,elic m" lelial. c.lied lhe ~uh>tra(e, 
coaled" ,I II a ma~nclit.al>lc n'3tt(i,,1 I "'~d!l ion tlUy. the ,ub,lwle h~. been an al,.. 
nllTlUlll VI' al u'"' num all"y " '" t"r", I. .\lor~ !'c,eml)'. ~ I """ . ut",( r" tcI I"" c bi>~ " mHo· 
dllCed The glass , .. ho.lr.lIC h3S a number of bencfou. incl ud'''g Ihe fOlio"'."" 

• Im pro\' ~" , cm '" The un ifurm a )' of the magnellc f,lm ,u,farc tn ;oc,c~.., dil-k 
rd •• o,h l,· 

• A 'i[U1ific;ml .OOu,-II"" in 0''''311 surf""" d~f","h to help .... '<.lncc f~3d_ .. -rile e,,..,,. 
• Ab ilit )' 10 "' I'porl I"w~r n, he Ight' (Jc..c,ibed , ubsc4 uc llt))") 

• Belier '''ffnes,; to r<:<luce di~k d)'''''''''''' 
• Oreat~f ah'''I)' to ",th,talld ,h.,\:l an.1 da"'''~e 

Mal. ... Nic Read and Wrile t .. l "d"",isIl" 

Daw 'ire recQrded on and late . rclr ,e--cd fron> I~e d"k "" " eondlJChn~ ,'oil 
named the head: Ihere ;o1'C on man~ »'<lcrn, 1"'0 !tead,." re'" head "nd" write he . d, 
I)U""R. rcad "" "-nle "penltlon, the hcad is 'la ltonary .. hile the 1, la ue . IOlalc. 
'""u'",,, It 
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Tn" wril" !l1"chani,," i, ba,ed on the f"~llhat dectr icity tlowing th rough a coil 
produces a rtl'gndic fidd, Pulse' "r" ","1 to th" wrik h~"d. ,,"d magndic p"Uerns 
are ,,' corded on the ,urfare helow. wilh (ilffercnipalwn" for l'(",it"·,, and ne~ati,'c 
c·II"en". (,h ~ wril~ head itself i, mode of easily magnct izab le material "nd is iw the 
,h"pc [)f a '''''langubr d"",.:hnu' wilh " g"p "l"ng one 'ide and a few lurn, of con· 
ducting wire along I h~ oppo,ite >ide (I' igurc 6.1). An deetHe cm renl I r\ Ihe wire 
indLlce," n"'gnctic held across the gnp. "hieh in lurn magnet ize, a ,m,1I "ea of the 
recotding m<'drum. K~,·c"ing lhe ,I ircdion of th~ current re"erse' the dir"ction [)!' 
lh" magnelilatio" ()~ Ihe r~c'''''liTl g m~d"Jm. 

The Iraditi[)n"1 rcaJ med""i"",,, ba,eJ "" Ihe fact IIr.d a ttLa£rlet,c fielJ "",,'. 
iTl~ rd.liw 10 a coil produce, an clc,tricai cmrcnl in the coil, Wh,'" the >url""" of 
th" db. po,,,,, Ul,d~r Ihe he"d. il gcnnatc'" cum'"1 of the "m1e poh"il~' a' Ihe on~ 
iilread)' ,ecorJed, Tire ;lfuc.lure ,,( Ihe h~ad for T~adiTl~ i, in 11", ca", C><C Tllr:.ll)' Ihe 
,"mc '" (or writing and the,efore the ",me he,d can be uscd for ooth . Such sing l~ 
hoods af~ u,ed tt' Itopp)' <1". ,)'>I"n" and in "ldcr r i ~id <li, 1; 'y,tcm, 

Contemporary rigid di<k ,y,t",n" u,,",," dif{",.crlt ,.,,"d "'cd,"n,,!". requirrng" 
,cr;"~t " rcad h"ad, positioned for convenience cil\SC 10 Ih" ",ile he,d, The read head 
consi,l, "r" parti:tlly' ,h ielded magnctore,isti"e ()"11{) ",n;oT. The M R mawri"1 has 
an electric"! re">I"nC~ Ihat <I,p"nd, on Ih~ ,lir"£tion of Ih c magncti,;oti('In of the 
medium moving unJ~r it. By IM"i"g" curr,'nl IitfougJ, Ihe \11{ ,~,,,,,r. ,",,,tance 
ch"ngc' aTC detec!cd;os ,'oltagc signa l,. The ),,11{ design allow> highe)-frc4uellcy 
"1'"' ali"". ",hid, ~'Iua'c, I" grc"tcr "",ag~ den,;ti", and Op","l ing 'p""d" 

Data Organization and Formatting 

The he;od is a reiati "ely ,mali d~,' "e capahl" ofrt a d",~ fr"", "r wr iting 10 a l""tion 
of Inc pl"ll ~r rotating b.cnealh it. This give> ri'" t" lhc org,nizalion of dOla on lhe 
plaller In " CO'''X"ITi~ scI of ring' , called lr.ck" Each track i, lhc same ",·idlh as lhe 
head, There are Ii,()u,"!,,!. of l,.ek, rer , urf~. 
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rigure h,2 depi,'!' Ihi, d"ta Ia),out. Adjaccnt tracks "'C "'poralcd by ~"P>. Thi, 
prc'·enb. or at lea,l n"nimi,c>, ~rro" duc to mi'''lignmc nt of Ihe hc"d or 'imrl)' 
interfere nce o( magnetic fie ld" 

i),,'" '''" tr,nsfc"ed to ,nJ from Ihc dbk ill '~Ch." (rigure 6,2), There "rc 
typio" ll y h\mdrcd, or '~"lo'" per track. and thew ma)' ~e of either fi xc'{] or "ari
able Icnglh, In ",,'" "onlel1ll'orar~' '~'''cm>. fi,~d · lcngth ,e"to" "r~ u"-'<l. wilh 
512 b)-'t~' b.'ing lhc ne"'I~ uttiversal scc1(JI "i,c . T" "".lIJ i1llpn,iTlg unre", ,, ,,,,I, le 
prcc"inTl r~'1 "ir~mcn l' on l he 'y,!em, adjacent ""cw" are ,ep""'lcd b)' int ratr"ck 
(inlerj.C(tor) gal"', 

,\ bil n~ar the centcr of a rotoling Ji,k lIa,'ci> pas, a r,xeJ »01111 (>ueil as a 
rc"d wri1e head) slower than a bit on the outsiJe, Th"rdorc, some "" ay must be 
founJ to coml"'''Sa[c for Ihe ,·"i"tioo in 're'-'<i '" that th.' heaJ c"n rcaJ . lIlhe bit, 
at the ,",nc ra1e . Tili, c'" he done b)' ,ner;;",ing th~ 'pHeing betwe;;n bit< of InfOf' 
Illation fcrorueJ in "'pn~n t s of tile J"l. Tht' i"I",,""ti01' e,,,, the" 1:>< "'a "ned at 
lhe '"m~ mlc by wlating the di,k at " fixed 'reed, kttowll as lhe co",talll all~"Jar 
,docil,l' (CAV) , I 'i gur~ Ii.'" ,ho", til e 1,,)'0\11 of" di,k ,,,iog CAV. !'I'e dis, is 
di"iJiXl into" number of pie-;h"pd sed"" ,,"d illl" a ""ric, "f wIKelllri" Imcb. 
I h ~ ",h'anlag;; of ",ing CA V is that indi,';Ju"1 hlocks of dat~ can be directly aJ 
dr",..,J II)' track" "d ,eel"r. 1'" TlH'VC 'he he,,,) fron> it, £u ,,;;nt local ion to" 're~i fic 

aJdr~", it only tak", " shon mo"e,,'~ "t "j' 11le ilea,! w" 'l,ecO/ic 1rack and a ,hofl 
",,,I for the proper sco1(}r to spin unde' the head. 'Ille d"advantoge of CA V is th't 
the ar",)wl1 "fdnt" th'lI ,',m be . !ored on th~ long o ut", trach i, the ,"me a" what 
can be stored on 'h" ,)o",t "m~r <rack" 



',9OdmJ "~l JOJ p.1)J~UJJ JO p~1'''O''.1 .'Xl U"., LUJ" '4 1 ·~~'u 1 ,{U" ~"')<l~ P~uO L\"od 

"'lOj ' lQ" "'l ISmll l'"~'1 J41 ""n""~!l ' LIlJ" U" uo 1'~IU""'U '! 1'""4 .141 ' um~y 'p~~~ 
J ll ""-P"~J ~L10 ·<1"" '! ~..L~41 '~<!r' pC~4 ·J r'ru.."", "Ur 'Acpo, ~ ' "J ow ""'l",i, 'pn< 
"Vg,) rr" ',",..L'" 'pu~,, ~ 1"41 lUJ~ P!~fJ " ,H, pOlllno", ~J" 'P"~'I "II J" rrv -V"..L I 
J:>J r~~4 ~11J,"-P"." JUO" ~J" '11 ·"!I' pR·'q·P"'!I " ul 'J~ll"IJ ~ 41 JO lJOLIY.l"P 1"'1"" 
~~ l 0, )J.-"isJ,' 'II'" ~14"""W.lO P~x'J '<llJqll~ ,'~\U P~~~ ~~I ',s"3 "~<'p )\lJlI~ClU JO 
,,,,1.'1 'nOIl"_. ~41 ~uow~ ~le\lUOJ "WP '"'11 ~)!l"'~IJC'"'1-' ,,,1m,, '''11 ""I I -Y "1'10;,1. 

""!I'!JJI"8JE'lJ le"!""'l" 

'Jp'>J jjU!P~pp-'OlJ~ w, "'")UO' ~)"J 'P[O IJ "lUP pu~ U I ~'n '( '[l,,,',~,J PJU!~ld"') 
,;,.'''pn< "IJ'lrnou "'4 ~"'P "'11 """~""l 'P~~4 ~ ',,!J!IU~f>' J:I<[ll",'" P""4 ~'<l. ' '''''}lto" " '10 
~"'ll " 'O IJ'IUOP' ""1m"" V'''1 ~'LJ. -rl~!J '''11 J<> l1U LLlL'!""'l '41 '1!'U L[ .'p 1"41 Lllnll"J 
I'q 1""J.d, ~" 01,''1 IIJ."'-AS ~ '1I '.lOp,. J"ln'Lj..LW ~ " I"XlI 01 P"''' "O'Pp" jO JJ1J'1 
-""P' Oil h"," " '! PP!) ([ I '4,1. ""[ IOllUO' ~"r O~ l 01 InJ"'" U01I"W '''J''! [OlIUm 'n[,1 
"1"1' J" "~j .(q Z[., 'P104 JOI).'" 4)~::J "~pee '~l.{ '[ iXI'! JO ",01'-'0' ~1~U.11 ·r·"!J 11£ 'UL"ILlO' 
pRl1 ~-'"~ ' ,,, "~ SI'II " I -t·~ ~ln;l!J U! u,,,o~;,, "ULII"IUJ"J ~"P J" JldL!w'~ uy 

'j",n "41 01 ~ I'[ '''~J_'~ W" puP ~''''P 
1'!P '4)·(q ,'IUO p",n "I"P ~' IXO ''''0' LI"'" P"ll"UU"J '! ~'!I' ~41 " "4-'. '~"r ~ 41 UO 
p~PJ(););}l Ul~P 10JIU"" JO '<1",,11 ~q p ~l ru"4 ~J" 'lu",u~Jmb" :""4.1. 'JOD"" ~~"~ JO 
PlI" pu~ l'~l' " 4) ~ Ll" 'Jllu~l'! JO ,'"," " pu" ~~"JI .'41 lIO H"od ~\J!ln" ~wO'< "'Il'n", 
~'" 'Il .'1'""[.) -V"J I " III '11'-" 'U<Jll1Sod 101';)5 ~1~)Ol 01 P"I','O" '! '''",'''' JUJOS 

'~P!'" V~l) ~1"U"" AI"" '! :)U01 4."'~ 'UO!jIUj'''1II''41 
UL ,SU'rJ"'~' JU07. "IJ! lln", J" ~..Lnl"" "1\ 'j,~tin, qPi ~..Ln;lu "~11J," pu" ~P"~l J<)J 
"'''W!I "'II U! J~""4"" ilul<n", '9~"U" ~) 'l'q I"np' ·"pul JO (~)UJI ~'[l ~LJOW) \[l~UOl 
~\I~ 'D410UC OJ ,unz ~uo wO.'J 'o,\ow P~"'[ ~'!r ~'Il 'y ·.',,!noJlo "IJw"~ ~"'W 
1"4"J"'O' JO ,,",uo<lp ~'Il lR ,'I!_,"J"., ~""l"" II "10.'" J~I""-'3 JOJ ,."oll~ "4.1. ""IU~,' 
~~l 01 •. 'S"I" ,ou'" ""~L ('J<)p~ ~JOw) sHq ~'OLU U'"IUO) !J1UOJ ~ '11 ""HJ 1"'111~J 
,~u"7 'IU"I~U""" ~""jJ ,.xl <1'4 J" ""I""lU ~\II ' ~UO"" L1\\II',\\ ·(I,,~!J .(I "! 'II) '~ LlOI 
JO J"'llunu " "II" r~p!·\lp '! ~JgJ'n, ~ '1 ' 4"!'JA' u, ''iU!pJo.>.>J ~IW' ,'rJ!II"'U <" lJ,"OU~ 
onb'U~)"1 ~ ~'n ,mOl.'" 1'!P )lln4 UWp.-JlU ',(II>U"P ","'J) U< ".I. 'V~Jl l"'UUOUU< 
~'II ''0 P~,"!~O".>q u".11"41 ,{wu~r ~Ulr'OJ'" wnw!,"", ~'Il " 'I r~"""I" W"l'," 
,\ V:J P,","JOjI4"'"11' • '" ,( IIJ~(!~) J~~''''l' ~"P ~~'''l I'OUIDUU< ~41 "I ~"u I I'IOW 
·J~lnO ~~l wOj J ",,,·'O,,, \l! """,>J,' U! '4,'U! J,,~u!l J:>J '1!4 lJl ',(l!SUJV "~I "'''"''OEI 

'I''''''''I·~ ,"0)'\''11''0)0 UOI,""JWOJ '·9·>.I"t!d 

;"!I"W .... 1>'''''' "oI!lln,~ Iq) .'11"01 •. ' "~In~"~ 'u~1!"w,) (01 

L91 lISI(] Jl.L~~~)~"" I ,"J 



'" 

• 
I 
l 

· 
I 
I 

• 
I 
I 
t 

o 

-

, 
0_ 

IT , 
o ~ • 

!"'~ ;;; I 
OM • • , , 

e ~ 1. .. • 
L , 

f=/ 
• -/ C-.. • .. - • 
, 
J ... • ~ , 
8.!!~ 

, 

, 
C-

, 
• , ,. 

!lo V , ,. 
, , 

9.!!Q 

• 

i\ c_ 

• O 

! 
it 

5 
l. 
L 
• , , . 
11. 

• 

" • 

• 

• 

-
-

, 
• 1 
! 



II .... ~1"'kHo 
1'1<<<1 bo.~ (00'" 1'<' "'><tl 
Mo",t>to""Ooj 1_ P'" "'''''"'') 

Ih'" Pon .... ~1y 

SM!<, 
R<"",,'.No. Jal. 

' ;"011' -.J 
0",,1)/, .. OOJ 

.... " ... 
S<"Ii<~'i", ' 
Mylh(ll . ~"'" 

11<"' ,\1,,_ 

C""''''' (fupp)'l 
Fi,,-,J ~,p 
Aeroo),"'mk 8"1' (Wmche.>t"j 

llw d isk itse lf is mounl~"<I in" disk dr ive. ""hi,h ro",i,h of Ih~ "'m. a ,11"11 lil,l 
fOWl,', Ihe disk , and Ih e ~k~l ro"i", nccucd for illl",1 and !)LJII' UL of l"rLar), J~la, A 
non",mn..ahl e lli,~ i, l'''rrn'"~I'' I }' mou<tted in the d isl dri\'~: Ih o hord d i,l in a per· 
""nal ,,,mpukr i~ " nOllfemovablc di,k, A "'n"",~bh' rli,k "an be '~n",,'~d "nJ 
r~pl ,,("cd with "nother disk, lil e "d\'"n l "g~ "t Ihe lalT cr lype i. th at unlimited 
:"ll' "ml, "r (Me< ar~ ",',,,bbk wi, h " 1"" it eJ <tumbe, of J i,k ')' <1"m,. Furth"rmor~. 

,uch "di,l moy he mO'cJ frum one comput" r 'y,km W a""lh~r. Floppy .I,,", "nd 
Z IP conridgc dish ar~ ex"ml'lc, "f r"m",'a bk d;,k" 

For moO! d i, h . Ihc Ol"~ncl i,,,bk """I Ln g i, "pplicd to both ,id." "f the r lat
ler. whi "h "I hell rden,'J w '" ~"ublc ,idcd. S"nw Ie" expe""i"" d isk ,)"Ic"" u,,· 
'i"~I •. sid.d d isks_ 

Sonl~ di,k dr ivc, accomm()d",~ nmlliplc plallc" ,tad,'J ,'crtic"ll)," lra,ljon 
"I' " n ,nth ap",L Mullipl~ ", .. " al'C 1"""ide J (Fi gure 6,5). Mullirlo ·pialicT d"" 

11" .. I_"r'''· I><-.rl ,I 1"" '"'~'''',,"=i'''~'';.;"~"~'_-f' " " 
~rf..,.Y 

Su .. fin','H 
~lLrf"«7 

Surb,,<4 
Sur!'",,< J 

Sur!'.<l' Z 
Surf'..,. I 



ell\p loy " m''''"l>k h~aJ. wlll\ ,mc r~ "J wrik hc"J l",r pl"tt a ,u['f,cc. A ll of lhe 
heaJ, are mechanically fixeJ <0 {hat . 11 are a{ the "" li e J i, {ance from {h~ ce,llcr of 
th e di,k anJ m,we together. Thus, at any t ime. all of the heads",~ po,il ioncJ O,'CT 

{n,,·k> t h" t arc of c'lu al di,tance fTOm th e ccnter O( lh" di,\;. I'h ~ ",t of " II the {r""b 
in {he ""-,,,C relative po,it;(", on {Iw plal1e, "rderreJ (II"'" "~lirrJ ... Fo, en",pl ._ 
all of lhe 'haded tra,ks in Fi gure 6.6 are part of one cylinder, 

I 'low II )'. the heaJ mc.h,mi,m pTOviJe, a cl"" ific"t ion of di,", in{" (hre" t} l>CS. 
TraJ it iona ll y [J, e r'eod·"" itc head I,,~, l'Cen 1"",, tinneJ " fixeJ d i,{.nce aoove the 
platter. allowing an air gap, At the other extreme is a head mechanism lhat ad""I I), 
,'omc, into ph)"ical contact with I he mcdl urn (luring a re'ad '" writc opc",,{i,,". -)1", 
m,chani"n" us<;J "'\lh {Il~ n"pl-'} disk . whid,,,,, ,,,,,, II, n""bk plancr and the least 
c' l",nsi.'e type of d"l 

To understand the thirJ t~pc of di ,k, wc need (o comment on the rda1i"""hip 
bct"' "~n ,J",,, de",il), .nd the ,i~c "r the ai, ;t"p , The head mu,t ~cncrate "r "",,,,;; an 
d~""tmm"g" e{ iL fielJ " r , ut'ficicn{ "'''gnituili; t,) wrik a\tJ rcaJ 1''''1'''.-1)'. The nar· 
rower the head is. the ci",e, it mu,t be to the platter surface {o fuoction _ ,\ narro"'", 
be"d mcan, n"rr"wcr {rach ,.oJ {herd"" gr~"t~r <I"w ,kmit},. whi ch i, Jc,.i"hl" 
Howe,·" . the cios<; , {it e heaJ '.' {o {it e J i,~ _ 'he gl'C" tc" {Iw ,i,~ of ""0f from im
purities or imperfections. To push the {echn ology further, {he Winche'ter d i,k woo 
,lc,·doI"'J. Winoh~'lcr ho"<.b "re us<;d in s<;~ leJ drive w;sc",blic, th"t " re "10",,,, free 
of co,,{ammant,. nlCY "'C de,ign .... 1 {o 0f"'ntl~ d'-"'Cf to I he di,k ', ,urf"cc tit;,n cor' · 
,'c"tion,1 rigiJ Ji,' ite .J", (itu., a ll o,,",,'g great" r Jat" Jen,;{y. The he.d i,; actua ll), an 
aerod),namic foilth" rcs{s lightly on (h" planer's , urf"", ,,·hen the Jisk is mot i"",Ie", 
The "ir I'rc,,"u,c g~n~"' tc,j b)' " spi nning Ji" i, enough to m"k c th ~ foil 'is..: "I~"" 
{ite , urf""" . The ,e,ult "'g noneon{",'t ')" {~m c"n he ~ngmeercJ to u.'" llanO",," 
head, tita{ operMe do",r to (he planer, surfa"" thalt convent ional rigid di,k hcaJ" 

A" m,Ho' ,,; """",<,1 >0'''''''. t .... "em W·"."I0<"" ~.", ""1.' "" " )' ",e<J h,' '" '' " , ,,,I<- n,,,,,, ,," ,be 
JJ.I<JdO" """""11""" 'u ",. , ,,,","n", __ "","'- 1'11< .'.1--I(l ~'" • """,.1;, ow. P-"" ~' ilh tbe 10(,.<1< ",,1<oJ withll 
'k pod. Ihc "rot j.""",' ' I'I,I>.'J to ,,)' .<>lw· uM"'" "'"'0 w,Lh .. 'OO)-ID noc .... aJ ,;."'" {Il< "', ,,,10«<,, 
.look ~ "' .. ." .. , ,,,,,,,I "" ilt on , ,, 1"""-'",1 wmpu'm ,,-,d w,~."" • .". ~·"'-~o ,L ~ "km'" t" "'" I"," doli, 
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l'M"r1~.h .k, s.,"P
" 

So· ...... l .... d .. ' 'i<-apI .. "~,, .. " ... ' I ,.,.bib. III ~I I 
" ",,,.,,,,,,," l!!1l X,S,36 U ' 3(. 1..:, 'IIJ'Jll~1 M'n,><Iri,.. 

- .1.,,,-< .. ,,,,,,, II, 1ft I'" ,f," """'" Eotf}' I""" r,."' .... ,· II''>J~,',' I A i'f'I><" , ,,' 
"""" "'''''j ,,<,, Lu p J",,',', 

( 'l"< '" 1'1 H ;K 107(; 11 I'H;!! \(;H , (;ij 

"'"'"'"'" ,.,d~"·,, ... i. OS ... " ,~ L" .. , '"-... ~, .... 
A, < .. ,. O<'<l u"'" 7 l "'" ,,* ~< .. , 1< ... I ~ ... 

~l ,,,,,,.., nD' 'I"" 1<1- 'm' "RI" .:-OO.pm ~.~ -
A'~""" k<.h,m" • 11 m. -' "~ • 17 .. , 1,1 ..... "-" .... -, 
M"",,"", ,,.,,.;,, 

''') "H/, JlI ,,, 7", \'B', 2.' \IH', ,., Mil/, I),' "H', ",,-
H" .. p'" "",,' \12 'I ~ \11 ", 51~ 

f i"",~ 1"" " ... ~ '9~ •• "" ••• 
~~""<ll"""'''f -
I.-'~ pl." ... I" , , , , . 
.. " ... ,(0) 

1(::; 1Io.l.: •• In ... '''. - , 

.. ",," "" ,,"" lU.; " .... 7'1 ~"~" 1n.J") 

~J< '"1"'''''' 

I able 6,2 r i.-c. d"k pa'~I1.ele .... for. H"cal W"'~I1lPOf"" hl~h_pcrr"nm"lX 
d .. ~$.. 

I) i, k I'.,.rorn.an"e l'a . arllClnS 

Tile ',,-'Iu,,' dd",I, of d"l 110 opcr.,iOll ,,"pend on Ih~ W"' I'U IC r .y<l~m. lh" "I"" 
,II Itl ~ ')',ICm, anti the ""11m" of the 110 chan Fl ~1 "TlJ J"k C<lllirolicf h"rtiwar,' A ~,-o· 
emi tllning Jiagnln1lJfdi" 110 ,,,,,,,fc;t ",h",<" in rigur~ ('.7, 

Whe n the di," dfi>'c" operating. the di,k i, """I"'~", ~"n,\an! 'peed I" 
".,,0.1 "r w"'~. th~ t'~ad ""u.l he ,,,,,,\ion"" ,,1 110" ,k,,,e"\! Irn,'l and atlhc h;;~;n"", g 
"r Ihe dc"r~d ,;eclo. on Ihal1r,,,,,k. l",ck ",Ie,,,,,,,. "'H,he, mo>'m~ Ihe h~ad In a 
nlo,,,ble·head 'y,"cm ,,, ckel ... n",all)" . clOCII"g one he:od " .. ~ fix""-head ')"I~m 
On ~ m"ul>'c·hca..J Sy"cl11, Ihc lin'~ il lake. 10 l""II""'lhc h~ad al Ille Imek I. 
~"'J\'" a., "".., 1; Ii""" In ell hcr<'i"". once [he Irack ,. $eleeled. lhc ..J"k ",mlro)lkr 
"' ~II' Untll lhc appropro.ll c ""~1'" ,,~ale> 10 lin~ up ""Ih Ih,' h~"d. "h~ lime illake, 
r", th~ t>.;~"""n~ of Ihe "::(lor h> re",,)' Ih~ h~. J " l"""" a. ,u'a ""n~' d~ '~y, o. 
,,, ,al;,,,.,,llatenq Th~ ~um "r I he "'~. lim~, if "roy. and I he .",., ,,,n '" deby ~4ual' 
III~ H"r~" li",~ , ,,' hi~h j, lh~ "I1l~ " 1 "~C" [0 gel jl1lo ,)USil;"", to r~ad or write. Once 
,iI~ h""J is in po'illo~ Ih c r~"J '" "',,'~ opel'ation i, !lIe" r,."fo.-","" as Ihe ~Clur 
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J h~<c I",d, <lu nul impl)' a hi<-rarehi<-"I rd~l ~ ln'I"I' hill <.Ie.ignale <.Iiffcr~nl dc"~n 
ar'hU~Clurcs Ihal .har .. Ih r"" rommun char.tclC,,<uCOi; 

I. RAJ J) '" a ",I of phy.ical drJ: dr"e, ,"e","Cd hy lhe o!",ralil18 ~Y'lem a, a "ngl<: 
lo!,ocal d n ,·c. 

l. Ihl3 3re di.lrit>UlCd across l h~ ph~·, ... ~.1 <.I,,'c' or an a rray, 

.\ It c<.lun<.l .• m <.I"L cap,",cily as used 10 ,lore I"""l~ ",r""nallUII. whict> guar",ncc' 
<.I~ I . fce""crahilily in ca;e of. di,k ""lone 

The ,Io.-l"i l, of lhe ,e",,,J . ,,<.1 Ihi r<.l cha,aclC"lilC' d,rk, f"r lhe different RA Il) Ic" 
d,. RAID () Joe. nol support Ih e thnd d,ar""lc ,",t lC. 

n\~ term HAil) W;t, origin,,")' """"'d '" " p~l",r b)'., gro up "f cc'",ard,e" at 
lhc L "" eN ly " f <,. Iif"ulla al Ik' I.dc~' [I> /1'1 TK~I.' I he p"pcl' out lined \· a ri ou, 
R,\ I!) ,·.,,,nVum, iu" s anJ aprli,al iun' "",I It,I, •• 10"..,<.1 the <.Icfinilion s of the a,\ III 
Icvel, th~1 arc SI,II u,ed , Thc I{,\ I I) SIr "' ~~" ,q.lac.:s I~r g~""'r,,~it ~ d,,~ dri, '" ", th 
m"lt,pl.· ,n."lIcr,(·apaC,I)' dm'~> a,,<.1 d"lnhute, <.I"la on 'u~h a way a , (0 ~nabk 
""",Il~nc"" •• cre~. 10 dala from mulliple <.I.",~,. (hctch~ ,,,,proving 1'0 perfur 
,"arlCC and 3110"on~ """ier incrcmcnl~1 ,nc.e,"",' in ~3pacily 

The um'luc ronl .. huh un or the RAI \) prnP'J'l'1 II> W add"", ~ffecl " ... ly l h~ 
necd for t(dundan"Y. Allhough all"""ng nlull'I,le he~d. ",,<.I ""luBlol>Olo oprralc 
"",ul1ancously ach,e,'cs hi~h~r ItO an<.lu-"" ,fcf f~les. Ihe u,"" of mulliple dc~,,:,,> 
"'Cre'''''' I hc pJObahilily of failure. To COlol"' ''''uC (0. Ihi' deere"""d .ch~I>,I" ~ 
RA II) m~kc, u;.; o r , 10,,,-,.1 p.,n'y i"(",,,' ;'IIOII 111;' , c" .• bla. l~ rc,:",·e .~ of <.Ia13 1"'1 
d ue lu" d"l f",IUle 

We no\\' .'.amine c,...h of Ihe HAIl> ," ,,"1<. T" hlc 6,3 ,ummarilC< Ih e ""Cn 
le\'C II. Of lil "".; . lewh 2 a" J 4 ,ore "01 co"""c r"L;!l ly (\ffcrc d 'HId arc ,tot lik el y 10 

"c il ic\ c indLl, ,,), ;"·,ept:,,,C<.·, Neve, thd ~ss. a .k""r ipi ",,' "f I he,e le,'ci, helps 10 (·la,· 
il )' Ih e ,,",igt1 dlUi ce, in ",me of th e "I he' le,'d •. 

I ' i~urc 6,1( i. an exam ple Ih.t ilin 'tT:Il "" Ihe u-.c or th,' sc"e n RAJ n «:hc"'", 10 
'U llporl a <.Ial. capac,')' rC'Iuoring fou r d"l. IIu. N unli ng rcdundanc~. Thc figure 
I"g,hhj:hh the I;,)"out uf u...:r d .la an,j r~d undanl <.1"1" ,,,,J ",d'C"IC' Ih~ ,etali,c !lor· 
Me rC'lunc",enl> of lhe \ariou. Ic\do, We refer I" lh" liJ!ure Ihroughuul Ihe f,,1 
.... "'.,'" d,;cu»iUQ 

RAID Le, .. l 0 

R,\ I [) Ie' dO " nol " lrue me mber of 110. R,\ II) [an,,". b<:"~u,,, ,I <.I()C~ nOl indooe 
rcdunll""~y h) ''''I''''''' I,.,rformanc~, lI"",~"". Ihere Ue ~ fe ... awlicalion •. ,u,h 
.!< <O"'~ o n , ul}t l<omruI"", in "hi,'h ""riort"."lCe an<.l "31'""ci l)" are I'rtmmy COn · 

ccrn~ and low COSI i, mo,c imp'-'rl""l th ... ' "',prO\cd rcli"h, hly, 

In 11", P' !'-". ,n" ' e" ,"", RAID "",\oJ tu, K,dutIJ, ,,, "'''~ " , I " " ,"m"~ 0; .... The !efi" '""P'''' 
""~ ...... 'oJ '" ,"n',." ,h' ,m,1I r,k",,'o" '" ''l''"'''~ "'''', '" ,I\< NAIll .rr.), " , ' "" . He,",""·"" 
",,~. t,,,P' '·.re ..... '",' (SLEIlI· n" ' U .1l .. <"""'u ll •• ,n'"1 ,,' ,II<- r"'. ~.,u. ';"I ;t., d"t t;"<"~ . 
.... ,.,.. "",,'" ",,4 ('" ".", ..... IU ."" .... ·RAln ",.1,,", " ... , A"".0-4,~' '''< ,tIJ~"r. ~ .. ~~, ... 
,.., "..-m """"'- '"w.' ""- u'a' ,/1< RAID "") ,~._ .. wpr~· .• ", P<"1onnan.--...,.. """""h,, """" 
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II.", 
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Er I 

(l<eodl\l.iI" , (1I •• dI\\rI.e) "'p,~<.tio" 

I 
Af'I'I"",,_ ,,"",._ .. , I.up' ""po. s ..... ''1'" ' ..... " .. , IMp 

... "",n.nl EA<d~ n, r<<f<~"~ r", 
"_",..->1 d.,. 

M,r<M"I. , M", ... "" 
. S)~.n' ~r""" 

(" ... 1.'1,,, F"~ .. ,,~.I hl« 

, Medon,!"., 'i. 
~. +'''"' f •• r" II , ' H.mm,,"~.'>k .. ,"" , .. ,,., I <) "~'''''' , 1I' ... n<CI""~ k; b,~ "" .. 'plf<.("",~ 

~" ...rn",,,ap~. 
('AI) 

, Bi<u ., nt C' t , .. ,.xl 

'"'''.'1"''' ~ b.c<lk'., I,,, 

I, P"'''' 
, ... ",...:1 •• , IU.o<l .... 1\<.,.«1 lI,iII' ",~ .... , .. ", 

b«II •• ,l." h" . ..,.,... ''',06 ........ ''''_ ,,-, .. , di""~",,d I"n') .!at_ k",up 

I I- RI"..; ....... rI .. ¥<d d .. 1 Apfl!""""" 
di>ltibu.N pan .. I ~-"",II<tI'-)'koo~ 

p,,,,f'O(K I " ..... " '"' '"',,"""'.,. 
to ....... '.Hoi' , 

r or ItAI D 0, I h~ uSCr an<l ~}Slem <la'" me d;"rii:>uleU aero:;' all of .he di,~, on 
[he array. Th ill ha. a nOlable 3d>an' .l-c mcr111c we of a 'lOglc large do>l; ; If 1>,0 dlf· 
ferent 110 reque.t. arc pend,,,s for IWO differenl !>loch ofd" la, t~n there is a SOQll 
eh""ec thnl Ihc ,e'loc.led bhJC~ ' u,e on diffc,e nt dish, Tlm"thc I"", '"4ue,I' c;on 
he i .. ucd on [""allcl, re<lucing .he 110 'l,,"uing lime, 

HUI itA ID O. a, ",Ih all of Ihe KA t D I~,d •. g""~ fU. lhe . ' han ''''' ply dosl.il;>. 
u" n~ ' hc dala aero", a disk ana)': The dala .fC .IrIJH'/ ac.oss ' h~ .'allablc dls~, 
11t i, is be.1 \lnd<;f>I (JoC>d by " ''''',de ,ing Fi~urc ~,9, A ll "r Ihc ,,"e' lU\d ~) 'Icm d~1a 
~fe ,'icwcd a. !>ring ~1 0rcd on a logi,'a ' <,l"k , The d"l is ulviued in10 'ltips: lhcK 
'lrill" n'3~ be ph),~;.;.1 hloch, ~elors. or wme olher unll T he ",il'" au nlapped 
fOund roh," 10 coruccumc anay n.en,!>rfl.. It. ""I of Ioj!lcall~ COlI><:cul ,,'c st rips Ihal 
111'1" e~aclly 'me . 1f1p 10 each array mcmf>cr i. ,eferred II, a. " ""I"" In an ,, · dLS~ 
arra~, the fif>l "Iogkll' , ttlp, orc I'h)"."II)' , lored", the fi"l <!rip Oil ""cit ()f Ihe" 
di,k~. (orming Ihc fil'il .. ripc; Ihe 'OCCOIId n 'lfll'" ",e di,ln hulcd a. Ihe .... 'Cond ~1n1" 
un each dl~k: anol >10 On. The a.hamage of IhlS la~oul .. Ihal if a ""glc 1/0 ''''IUC,I 
com;," o( ",uh iplc JI)~lCa ll)' COl" '~U"'" .trip'. Ih<n up 10" 'I"P" (1)1' Ihal reque,1 
C"n f>c Iw'tdjod in 1'''11,1101, g,eHl ly ,eJ \lcin ~ t i1 ~ 110 Iran,fef t i",e. 

FigUN; 6.9 IndlCa lc' lhe U'oC of "'U~ m~n .gcmc nl ."f! ,.-.rc lO "'''P ""l"cc~ 
logical an" ph}',ieal dl~k 'P"C(' Th" ,,,r,ware m"y c .. « Ule cil he. in Ihe d"L suI;>. 
'y>1em W In a b"'l cumpule" 

I,m "w"" ... , ,," p..p /l1li1 
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R,\ II) /I ro. lIi~h HM'K l"rMnsr"r l'~"Md'y 

The l"'rf"nllao." of an y of Ihe RAID Incl< J cp,,;nu, crili,ally I." .he '"4u,'1 
p,aUem, of the h""l 'y">lcm 8111.1 on Ihe la),,,,' 01 Ihe da .a The"" "".c< can he rnO>( 
deaf ly atJd.cO!<Ou in RAI l) O. where Ihe ""1'''''' u f .cuulldancy .loe. nu' 1,,'c,I ... 
,.."h lire an31),s", I'irs'. Itl u. """"UN Ihe "*- or RAID ".o arhie." D high ual. 
,."nsf". nil e, I "r appl;';"",,,,, '" see n h'~h , ... nsfer miC. No '"4ui re me"" mu,1 ~ 
mel First. ~ IIIgh t,ansfer ,;ip", i'),' ","'1 e, iq "I"ng Ihe e nlire 1'",h be l"'cc" h()<1 
nh;rnury an,) Ih" in<li\'lJual .li.k Un'c~. Tho> indu.le\ inlcrna l conlroller bu .. " 
hoo' s~ .. ~nl 1.'0 by"",,, 110 a.l~p.crs. and hus' memory bu""" 

Th~ """onu requrrcmcn. IS thaI .he al'l,hcailon "'U" make 110 re4UCl;!. I h~l 
d,i ve the <Ii.k ~rra)" err""" nlly, Thi. r"'I,me","n' i. nle. if the lyp.,';,1 re4"""" \ r", 
,.rrge amoun lS "I' l"glcall)' eOI"lguo u, J", •. ""llparCUlv Ihe , ile "(,, ''''1', In Ih" 
c"",,,. a s ingle 110 ' e<j.u ... , in"ol,'c, Ihe par"lId lran,fe. "r Jal a from multiple <Ii,k, 
mct<:a,in!: Ihe d fceli'e u--;m~fer rale cumpmoo to a ",.,gIc...Ji.k Ir~nsjer 

RA II) II f"r Ili~I' 110 Re41 ..... ' R,,'e 

In a m"\~"cl;,,n-<-"'C"'cJ e m'iro"," cnl. lh" u",r i$ I)'p"'a lly """~ c-pnccmt<l 
"',Ih .e'JIOfL<;e li me .han wllh m " l>le. ' '3le, I'u, a n indi\'"j",,1 1.'0 re4",,'l fo, a ,n,.11 
dlnOUn' of u~" •• ' hc I/O IIn,e "' .lumjll"'~-..I b)' tbe muu"n of .he .l"k hcad. (\ttl 
li me, and ' he ",,,'cmem " r ' he ui,k I m "" Oonal la.cm1') 

In "tran,,,,,!i,,n cnv .r.mm"n!. Ihere molY t..; h"<lUreu. "r IlO 'e4"''''' I~r ~· 
" nd, ,\ d"l "rray e.n prO"I<le hlKh I/O ","cuI"", 'a'C' try habndng Ihe IlO ]""d 
!lCr"", mulul>lc (Ii,k" Effccl"'C loa.l b;,I.,n.mg is achie\{xl only if .he,e.r<: 1)'1',,,,,11)' 
mul" plc 110 '<'que", uul'lantlmS- l b L'- m lurn. iml'hc, .11", ,he,e arc muhlple in<le_ 
I"'nu~nl al'phc~ •• "n< 0. a ~mgk rranS.3crrun,,,,,,· " tcU ~1'1'1"."ion Iha, I> c .. pablc" 
mulliple awnd""""", 110 req"c,,,. The 1""lor monee", dl 31", t... ",flucncc<l by Ihe 
I. rir size. If lI, e ' Irip , ile ;, re l~ t;"d)' lar~", su Ihal " '''' ~k IlO cC'luC>1 un ly in",,"',. 
a 'ing)c .l"k accCM. thc n multtple .... " rng I/O ""luC,I' ca n I:>c tr.nUlcd In raral~L 
r;:u""rnS Ihe <jucu",!' Inne for e~ch re4uc.lI 

RA ID Levell 

RAil) I d,ffer. fro.., RA ID Ie,'d, l llrr<l ugh Ii in lio e w~y in "hId, rcdunJanC)'" 
""h,c,"Ctl. I" Ihe"" other itA II) .chc,,1Clo. OWm" f"rm of p.tll), ealcul,""" " tt<etl to 
"",uti""" r<:JunJ3t"1'- "he.ca, In RAI Il 1 rcuuntlane)" a.hie'eu by ' he ";mrlc 
expe.licnl "r Juplicalrng .,II .he dala, ". h gure b.,sb ,how •. d:ow s"'rmg i, ..... -..1 ••• 
,n KAII) I), But in thi, ca.e. cacl1log,c.1 .mp" ""pred In , ... " <ep;".lc ph)-.k.l 
J,,", "" 110;11 C"C!)' Ji,~ in Ih e . IT. Y' h.~ a mi,ror dl>~ .h ll l conta ins Ih" "" "e d,la, 

T here •• e a nunlber ,,( 1"",I;,e ~pcc" 10 the RA I I) I ort,,,,;,,,,oon: 

I. A rc~,) 't,!U"'1 C;'" h<: Icryiced 1»' e'lher of '" t 1" '0 di.k, I h~, oon's.n$'~ 
.eque$lcJ J"la. "'Ir.ch,,,'a un c i"" oll'o ' Ihe """,mum ,cck I1mc !,Im 101 .. 
lionall.llcncy, 

l.. A "'''Ie ''-"<jue" req ult<:.l ha. hoth ..... "r"~f'<H"ljnll ,t"I" he upd",,,d, but llul 
can be dune ill pa.slld , Thus. the "'fit" penormane<: j , dic1Mled by the .10,",,' 
of .he "'0 , ... i.eo (i,e .. Ihe on~ ,h .I' ""01,'.,.. ' he larller >cck h nle plus .otI· 
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tional blell(,),), How~\'" r. Iherc i, no "w,ik I"'nally' will, RAID I, RAID Ie,·cls 
2 thro"gh h io,"ol,'£ lil e <l Ie of p:mt)' ~'I"_ ThcrefOlc . "'hen "5in~l" strip is 
upd"led, ' he array n"""gement ,oftwa,c mu, t li"l compu!" and ,,[,<b,le' the 
rarily bit ' a, well a, lqxl oti ng th e ac(",,1 ' Ifir i" '1 ",,11011 

.1. Kcwwr)' f",,,, "f;,i ILl rc ",,"'pic, When" dri"" fai l" lil e d,ot" m" )' ,ti ll be 
acc~=d from th e ,""cond dri" e. 

The p''''''ip,, 1 d":,,k,ntag~ of RAID I j , the cmt; it re'l"i,,, twi,,~ Ihe d,,' 
'pace of the logical disk lilat it support< , IJ.;.",""", of ,10",," RA ID I """figuratio n 
is likel~' 10 be limitc>J 10 drive' Ih.1t StOTC S)"tG fll ",!'twa,,, a"d data and ot h", high ly 
,'rol ic,,1 file, . I" Ih"w ~"'~', RAID I pnwide, ,,'al-time bac'kup 01 «11 d;ow ' 0 110,,1 
'" ' he eve,,, "f a di,l faLiure, all of the " ilica l dat a "f" still imm"di,otdy ''''oiL,hle_ 

In a tran'act ion -or ien!cd c n"ironme nt . RAIl) I ";011 xcill """ IH gh I/O Icquc"t 
" 'k, if t h ~ hulk of Ih<: "'4LL"'" "re Tca,k I" tloi. , it uation, the pe,formance of R A I]) 
I ~on al'P'Dach J ouble of Ihal of RA ID 0, How~\'",. if a ",h,;I,,,,l i,,1 rr;oc\i<)n "fltw 110 
fCqUC>l, am writ e roque,ls, Ihcn Ihere m;o y he no ' i ~nir"""'l pe rform ance ga in m 'er 
RA il) 1)_ RAil) I n"'~' al", p1'O" '<l~ ,,,,proved IlC,fo rmall (,c m'e, RAID n lu, d;o(" 
tn""fer i 'I1~", iv" "pp li ,.1lio", with a hi gh I"'f('c lllagc 01 ' e" U', T "'pTO""m~111 ",-" ur, 
if tk application con ' r li t ,,"ch 'e~J f<'quesl '<O lh,,1 bolh di, . ",,,,,,be,, pa'ticip3tc, 

RAID Level 2 

RAID Icyei, 2 and 3 "",ke u," of a pamlld acc>o" Ic"hn iqu ~. In" p;o,,, lkl aCcess 
array. :I ll ", embcr di"h r''''iciral e in I he ~ , ~c,Jtion or ~"C1'}' UO r c~ ue,l, Typi('ally. 
lhe' 'l'mdk, of ,11" md,,',dual ur,,'c', ,ore 'y"ch ron iled so Ihat <'"c h di,k he,,,1 i, '" ,~'" 
""me »O,i1<o" ,m each di, l al any ~i\'cn lime. 

A, in the othe, )\ ,\ ID ",h ~m ~'. J"I" , ITOp'''g'' LL,eJ . In the ca,e of RAID 2 
",,,1 3, thc , <ri p' ,or" ,-cr), 'Tll ~ 11. "I<en '" ,,,,.11 ,,, " ., ingit' oyk 0' "·",,d. With HAID 
2, an ~r""·,,'''rc'cti '' g cn,k " Co kuL,teJ ""0" ('orrespond ing bib on """h data d" k 
"nd the bils of t he coJe 0'" 'tm~d in th e corrc'pondin g \>it I~"iti(),,' OIL rnu fi ipk 
por it )' di,ks, Typicall), ." H""'ming "od~ i, """.!. wlm'h i< "hl~ to cn"ect singlo-bit 
~rro" "",I (klc'cl douhk ·h,l <'''''I'' 

Althou~h ]{AII) 2 ,cqu;,~s (,'wee disk, tha n R,\ ][) I, it is ,Iill ", ' he r ",,,tly, 
Thc numher of ,"d1l"Jan! d i", is proportion" l I" 110" l"g ()f !he "umbe, of da ta 
di,k, . O n a "ngk r",,<I , all ,ti,b ,or" ,imulla"eously acassed, The ,equ",,"u d,, ':o 
and the ""oci:n"J t'"or-c",reCi ing ",de a,,' deli \'~",d to Ih" "'''' l' w 11I,,,flu . If 
th ere is " ,ingle-bit Nrcr. The contro1l ,·, c,, " rc"og "" .~ ""J wrrect t he "rror 
imwn lly, '" th ai I he r"ad """~" Un", i, nol ,I"w~,i. On a '; ngk wf ite, all Jato di,ks 
;onu p,orily di,", mu,ll", ~ccc"c,t f." Ih~ w"t~ op,,,"l ion . 

RAID 2 wo uld on ly be an d fect;,· c cho;c" in an ~ 1l \'iTo"' n" '" in whidl "'"")' 
Ji,l eHOts OCClLr. G;\'e" Ihe high rclia bilitv of ond""du ,,1 d i, l; ""J disk dr iw,. 
I< A II) 2 is o'·"" ill and i, ""I iml'icmeILlCd_ 

RAID Level 3 

HA Il) 3 i; o'ga ni ,,,u in ;o ,imi l", h,hio" t() RA Il) 2, I'h e difference i. Ih"l I<A II) 
_, ''''1,,",e ' ,m l),,, " "gle ",Jur,d .m! d i,k. "0 maU", ho", large tl,,· di,k ""ay_ R,\ II)-, 
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""'P"->)"' p","lId """" ......... ilh dala di\tti!>u lcJ in """II 'Iril"'. I " , Ieitd or"n ~frof.ruf· 
rx:C1 'n,. code .• "m[lle pamy bil i, oom,,"I~d (Ol ' Ihe ",t of ",d .. id,,~1 hll' in Ihe "'"'" 
posil ,vn on all uflhe dal. <.I"ks. 

Me<lIIIKI.",·) 

In Ihe cwnl (.f a <.I,,>c bllmc. Ihe P;""~ dn"e i_ !ttt<:s",d ~n<.l dolo i. ,(coo" 
stfuclc<.I from Ih< ,ema ln lll~ <.Ic,·ic~. Once Ihe f. ,,1eo1 d,;,·"" ,<[11.......:<.1. Ihe muo;,n~ 
d"l" Can t>c f"'tofed on Ihe lIew dri.'c a tld OJ"'''OI lo n fe,umed. 

r h" dala ,eoon"ruction iI. 'IUOle simple. ('ons;de'f nn afrav "f fiv" drives in 
.. "",h XU Ihrouf-h X) ronlPIn rn.13 and X4" Ihe parlly di,k_ "Ib" palily rm Ihe ilh 
hll I' <.,lculateci a, fo tkwo,,: 

X4('1 XJ(')@X2(')$X I(l)EII:'I:O(') 

Sup I""" thai .In. c XI ha, f",hl. I f we ~d<.l X~IJ) 11) X I (J > I .. boIh ~~ "f Ihe rro
ced i"S e4u;ll;olO. we get 

Xle,) X4(,)$.X3(i> $ X21i) mXI ~') 

Thus. Ih~ COlllCut, "f c.wl! ""I' "I dal:1 un X I CO lO I>c fe~e'ne'"teJ f,om the ,'ontenl! 
of the oorre'I">I1d ,n& ,tn('li ,.n Ihe ","""nll'& disk, III the an a)' n,;s r""riple i> Ifu, 
f"r R,\I D k.cI~ J Ihrou~h 6. 

In the e,'cnt "f a J,," lailmc. ~1I vf Iht dm~ arC .Iill a"a,I~t>lc 'n "hal .. 
fdeneJ to a. teduce d n,,~k, III Ih., ",,,,Je, lu, 'C"d,. Ihe m"" "8 data a" r,'gc"..· 
atw Oft the fly ... ing lhe exdu''''c-OR eakul"uon. When dala ",e wriUen to. 
rcd"""d MAID.1 ~na~.~'lcncy uflhe p .... ty must he maintained Ivr I""" .ege ... 
CfaU"". Return 11, lull o""r •• t,on ' C'ltll,e, lh.,1 the fa,l ed d"k t>e replace d aoo tb. 
ellt II'C ron tc", I. "flhe f" i leJ d"k be fC'~cneratcJ 0" I he llew di>k . 

\!,',au", dala",e " " r)C d ,n .'ery >111,11 ,Inp". [<{ All) 1 "an ""h" ,,·,· ,or)' "'Ib 
data t,ansfer ra"'" An)' (/0 I'c'4uc.t ,,,II in,'o"'c Ihe p"," " ~ I 1r"n,fcl of Jal" {,,"" 
all of Ihe tia •• diSk!;. hlf la. go: tno,,-,fe ••. the "".formancc 'mpro~"mcnt .. esp«illl~ 
nOlocuhle. O n Ihe ()lhe. h"nd. only one 1'0 .C'lIM. ... I can b(- eXIT.ncd al a hmc. 1·11 .... 
in a tWn,actlo.",,,icnle,! "I",ironmc1II, perform.II'" ,ulfc,~ 

RAIl) .... vel 4 

RA 11) leve), 4 th",ugh 6 rna"e u,", ,)I "n tlld""eo.lcnl act:~,.. tc.;hniquc. In.n ,nd.:. 
""nJcm ,,",,~, alTay. each m.mber d,," opcra lc. II\J"I)<:n,lc IOIly, "". Ihat "" r." . I. 
110 rCtjuc", ('all be "Ii,fied on I"'.Kllci Sec"dU'" of thi., " IJcpendem aCCCMt ani). 
are n",rc < .. "all'" fut applical km' Ihal .CtlUItC hl~h 110 ,C(j,,,,,,1 talc~ ~nd ~re rei. 
li"e ly Ie," ""I~d lor "pp lic;,I",,,< th'" r~q .. "e h,~h dato I .. ,n,fer "ltS 

A. III II' e (Jther R,\lO ",hen,,:, .lat . )I,iping is """"". In lhe c .... of HAlO 4 
Ihruullh 6. lh~ . Inps arc rcl~",cly lafj!.~. Wi,h RAID ~_ a b'l·h)·.hll pa"'y ~tnl' "c~~ 
tulal~J an"," t", .esponJIIl~ <lfIps "n c~ch dal~ d"l. and Ihe paril)' hus are iii"'''' 
,II lhe .0rrC'I',"IJlI\g "'II' " n th e p:tf;l~ di,k, 



~_l / I<..~ IIJ I til 

RA ID ~ onwl,-"" ~ ",rile pen.Uy "hCII 30 110 "'tile r~~ue'l of s",all 'uc l> per· 
f ... rm~d. Lach I,me Iha, a",,,,,, ocrur<. Ihe .n~~ "'M~!tcm"nl ""fl"'are nlU,1 uptlale 
",,' ""I)' Ihe u,,",r ddta bUI al"" Ihc corre'I'""d,ng pa"ly bit> Con,ide. on arr~y tOr 
fi,e d",es on "h,eh XO I hrou~h X.l ,~~"~on d;ol. and X4 II> Ihc p;>nly d,,~ Su,.""", 
Ihal a .mle ,~"",f"'!I.ed l hal only .n,,,I,<:>:. '!rip ,,,, d,,~ Xl. Inllially. for ~ach btl 
i. "c h."c Ihe follo"'IIlB r~laliOll'hip' 

X4(,) - X ~(i) W X:!ri) e X I (I I $ 'XO( i) 

X4'fil X.l(<IffiX21/J0X I' (i1 0 XII!)) 
- X3UI (!: X1(/) (iI X I 'ill (iI X II(I) ill XlIII e X I (I) 

X~fiJ (f) XI 101 e XI 'U) 

To ,ak,,(alc .he IIoCW p'm')·. 'hc ana,- m,,,,.,cmclIl ,.0(1"",<: hi"" readlhe old """" 
''''I' ~Ildlhc oW ,'a"l~ ,If'". Theil il {"allupdale Ih""", I"" .<ltil" ,.nh Ihe nc,., d~w anol 
Ihe ne,," ealculaled p.1Iil'· Thu., c~eh >1111' ""Ic """I'e, 1"''0 reads and I ... " " .. 1<:> 

111 Ihe c""" of a la'ger 'Jl,C II() ",-"IC lhal """I .. ~ :;.1"1"> "" all d,,J, dm",,- ranl~ 
.. ,,,,,I,· <'Om[1ulC<i h~ cakul"I,,," u'""g on" I he ne'"' daH, h,l ... Thll>-.. lhe pari .. dr ... e 
c.,n he ulotldl,'Il '" para lid "nh Ihe dala d .. ,~, ."dllle'" arc 110 exira read. or "",e" 

III any ~lI>C. ,"~'" "Tile o""ml'''n IllU" """he 'he f"Inl)' d"k, "IIIch lhe.c· 
fore c,.n oc,ome" I>u"km'c-l 

RAID l. .. vcl 5 

I{AII) ~ I< "r~,"",.ed ,,' a sim il m fa,)""" h' HAIl) 4 Ilw u ilfer~nce is thai HAil) 
~ dl<,"h ", o' til e parit )' strips at"''' " II d"h. A 1)'p't,,1 alk",otion i,,, fOLln,l ·mil ", 
.ch~me. '" ,lIu,traled in Figure h.~{, ,",II "" ,,·u,,~ "m,),. I he p,,,,ty ""I' i, "n a 0.1,1-
fC,""1 uis~ (Of Ihe fiN" ,In[,c" and Ihc palle'., Ihcn rep'''' ''_ 

'I h" ,J"I "huI"," of paril}- .trip;. .nO\li "II 01",'", '" ",d, {he p"{enti"1 1.'0 h"l 
Ikll<",,~ ("und on RAIO ~. 

RAID l..e>'cI 6 

RAil) b ",,, nlirodtlCetl in a ,ubs..'l""n' I~'I)C' h) Ihe IlCJlcley rc;.ca!cl1c,,; IKAT"L.Wj 
In rhe RA III b _",he mc. I''', ;], ffe,enl pa, ,')" ..... kulal'on. arc ..... "'cd oul and s'orcd 
on ><, p""' le .. I, ... ·h on difft'r~nl d"l •. Thu •.• RA II) to 3"ay "' h",,~ u ... r dala re'lu,,~ 
'" d"k$ c",n,"" uf .. \ -I- 2 d;>1., 

!' igure r,'sg i)lust'aIe, Ihe ""hemc. I' 'HId 0 U~ 11>0 diffefCnl d:.la ch",'k al· 
Jl.O"lhms. One of the 1"'0" 'he cwl"",'c·OR c~";ul""ol\ ""';] III RA ID 4 ""d5, UUI 
Iile ulh", i. 'Ill "tdq)C"J~"1 uala ch<d u l ~(" ilh'" I h" ",,,k~s it f1OS,;bl< 10 f"~Cn

~r"l ~ J"la "'"n if two Ji,k. ,on\",nll'g ,, 'cr J al a f:1I1 
The au'""""'gc or ){A I D ~ " ,hal" pro' "Ie. c~ trenwl l h,~h uat ~ ",·aibb iill y. 

I hrcc u,,~, ",,~IJ ha'~ 10 fa,l "ilhill Ih" M 1'1 R (m"""li"," 10 repair) jnl~f,"" I I" 
,-,,,,'Ie J.t~ t" /Ie 1",(. On Inc Ulhcr h,,,,,( RA II) " ",cur< " >ub;I"mi~1 wn'e P<'n.Jt)'. 
h.:c~o<c c.ch ", .. ile "ffc.;" 1 "'0 I~" "Y hklCh 
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6.3 OPTICAL MEMORY 

In 1910. olle of the " lOS. ,uoxa..ful ,XOn.um~' I'rod,o.;b o f all time ..... inlruduood 
the CI ''''P"CI d"l (CD) .Jlg;1,,1 aud,o S)"lcn" ' he CI) '" a n"ncr~",blc dISk Ihat ",0 
"ore mOre Iha" 60 n"nute , of "uJ;" ;n(ormal"", on (\n~ 'ide. ' I he huge co",,,,.,,ia l 
~" of Ihe CD cn~t>lcd the dc>clopmem of IO"'-<:os1 0[>IIC31 -<h,i. •• or~!:c [eell · 
nol"l:Y I hat h," rcv"hn",,\llcd cm",>U(CT dllia 'lor.18c. A v~"c il of !)l'tlc~l-d"k 'j'''' 
lem" !la'-", been Inl ' ..... lu,eJ (I'"ble 6.4) We ~fldly rC'-lew cilch ()f the"'_ 

CO"'I""" Disk 
en·xu'\! 
]jo(h Ih" aud io CD am] I h" CD· RO M (C()IIlI"'Cl d"k 'c~d-()nl) nh,mOr)') ohare 

a .;mil", l~chnol~ . Th~ nmli ,jiffcr~ nce i.lb~! CI) . I(OM pl"y~" M~ more ,ugged 
and h'" c enor ro"""I,uo dC~llXs ]" enSure ,hal dala are properly lr~tJ>Ofcnc.J from 
di,~ 1(, .oml'''I '''. ll"lh Iyl"'! "f <I i'l rnc m:,<Ic Ih" ""lie ""Y' The <I,!~ i. f".med 
from a re''''- $uch "" 1>Oi)"C",uhonalc Dlgitall) rcro"Jc<.l inforlll:,li"n (either lIIu,i, Ql" 

COftl[,Ule. <.lO la) " im[,rlnlc<.l a~ ~ :;.cIlC~ of m..:.ooco['ic ['ii' Oft Ihe .urface of Ihe poly. 
,,,,,IJ;,naIC. Thi, i, d"nc. fif'1 of a ll . w,l h a fine ly f""u&i: J. h'l\h-mlcn", I)' la,er 10 "'c· 
ule .. nlaSlcr .. h.:.l -Ille ma.lc. ,'u..,.], "' lurn I" ma l " ~ uie 10 \lamp "ul "",,'C' 0010 
l'oI)'ca,l)onalc, The p"I C.1 '''t f,....., i, Ihcn co;olcd ""h ~ higlll)" ,dkcl"c ,u rf~"", u, ... 
ally .Iunlinu", '" gol<.l, I 'h i •• hlllY ,urfa<c i, prulox'c<.I alll""' 1 dl"! ,,,,<.I ",n,tche, ~. 
a lop ro<>l .. f clcar ,oe.)li<:, Finally . • label l<ln he ~, II.:",...,enC<.l onlO lhe It<'t\'h~ 

"' '<>RIpOn I ... k, ... _, ............ Il1:0, .. """ ... ",...-.1. -., ...t_,_ TIlt " ...... ard 
....... . It< 1:k",d"u .. dWO __ 'h ... W_' .. "' .... _d rI>~",' __ 0).1",,, 
C-' 1;Io.k a.,,,,, 0nIy~, A _, .. _ J;"r,; _100 -.'" ..... 1"" .. ..u,&. 
11,. ","'01 .. 4 'l"" __ 11 .. ",,111110 N>d _ ....... ..,... '110& 6SO "'I»~. 

(II·M 

CD _",<41>1<, ........... '0 • (1) !l.(>\l 'I1\< ~IC' U/) "'U' ~, ,"" ....... 001)" _ 

l.'''_" 
(0 R;,w",.bk, 51",,1>< '" ~ O)·ROM ,"lit u,<' <>~ « • .., ."" "",,1\,. '0 ''''' """ ... 1" ..... ,-

0\"11 
1>.p • ., "ole(, P"l "l«iIA<>I<>n "" P'''-'''<inJ "' .. .....t, __ repono .... ,_ '" 
'liIN ,"f~'m._ ... ~".. .. ""t<- "01"","" <>I ,,,bt, ~; I<' .. I 0"', 11<0<. ~ ... ~ 12" ... '",m",," 
I« -.;l .. "h. __ <i<I<d uro<i<~ 0( "fI <0 I) 010)'" T~ .... UIID " ... 0<1--< .. 1,' 
(P\T .. RO"'l 

IlVI).I1 

1)\'11 llrt.",J"hIo SO",,"'~" OVU ROM 1"\1< ... , """ .'",,- '" ,b •• uk ,",I~ ""'" Onl. · ......... _._bc .... 
IlH)· ItW 

()VlJ M<~,"_ ',mil .. 'v , UVlJ,ROM 1"0 , ".' ,,~ ~"it< '" ,I .. ~,;I: ","I"r<~ "n"" o..r,. __ ...w _. <.00 t<- __ 



:;PI~LJ ~UL"OIlOJ '41 JO ,1'''''''" II '\ \'9 ~m~!01 "! \J''''''I' " I"'" "'J 
~"')I'I\"."J·'I V '~vol'l)O ~,u~nh~, ~"~ pozlU"fun .'"" I~O~·(I.) ~lll lJ" ""'0 

'f{", 11!N 1"0<["" l"IOll-(j.)" JOJ A\l,~d~" ~I"P 
'4 L '~"p "41 J" ~~I'" JOlno '41 DJ"JU <UOIlI"-'<l JOJ "'"JJJUI 'llo<:[ ,{UI~r 1""0l1"I01 '''11 
puo V"Jj. JO .{lD~d~) 041 "n\1.1 'JJHJ~J J'll "'~u ~""Jl "'J w"il ~~p., P)fH) 041 ""JU 
,a"'~J" 10J "1,"01' J"'"U "I",OJ ~"r .'4.1. '(AT)) .i"1!.)"I~_' J.,'U!IIU"I'1I0l " 10' 
lJ"'1 '''1' "4 P"~' U~'11 ~'" <lid ''I,!' 'r~;,d, "14"U",' ~ I" 1'!P ~'Il "Ull~IOJ ,\q JI"1 JL"'" 
"41 1<; I)""U"~S~"" ""~41 puc ~ll' ~""" ~'11 JO ')l!~LLdo< U! ~"P ~LI' ',().J~" ·'IL!g·" 
roved '1 UO'leW'O)I" ',n4J. '''1'''''' ~'11 "'"u """41 '" 41;lu~1 ~W"' "41 ~J" ~'!r n41.10 
~P"')nO 041 I""" "010"'0' -~"I\ ~41)0 n~p~ J~lnO '41 01 lno ~uL[~"d, pue lJ1U~~ ~~l 
'"~" SL"U'H:bq '~""I le1[d, 'I~U" u SUlUlum ~<IP Jql 'P~~l'ul "V~ll JLJlU.'JUOJ uo 
U()Ij"lillOJU, '71U"~JO IOU 01' ''''O~'OJ r"" '([.J ,'llJMd", nIP,;! 0 '"!'lJ~ "J, 

'1,,,uLiJn 10" II!I'" I! ',{ll,,,d,,,, '"'"~J.'UI 
JnhLLJlp"1 '! 'li 4jnOLlIIY ',",ua, 'ql Oll",,-'P 'OUOI U"q \ 'llq ~JOUJ ~ulUn'IUOJ J~IUOJ 
~q I LuoJjla41JOj ,~uoz ~ll" 'PUOI J" J"'I"IOU " 01'" I'~P!·'!I' '! ~0".1 1m "'II ll'! L\," '" 
'~UlpJl»JI p.,u,', ~Id'llm" 4"," P~"~'4"': '! ","u~p UL .',"'l'"L uY 'IU"I'UO' <I ~""Jl 
"",I '1!'1 J" ''''llunu "11 'w,,,,,< 1..-\ V.)) .-\Il:>OP,' .I"1ldu" lU~I'UO) l'"IJlU" 041 qll,,\\ 
-'l,'"_LI '!Jjuo.,uo, UI 1"'1'JOO'l " "O!W"UOJ"! '1<11' ."puffs,,' ""0 I'''llll'''''~ 

'r~p10)JJ" 0" '>I~,\J~H" LJ~~'''l'''l 'Jn~"" U"!lM-'~I~ UI ~~LH)lp ,l[, "~4·" 'I " 
slu",~,d~ll,J ~ 1" ru~ ,L" tiLJlUUI~"'! '4.1, -'I""",ul J"lnil~ll~ ~""JJn, '41 '1"1 10,U,", 
J'LL 'I~Hff" lUl'~'r" "lUI r'U~'LL'" puu 1,,",UJ<;(>I04J ",(q pOn"l"p" ,pun[ pue Slid 
u~"''''4 "~Ue4' ~IU ','I"U"IUl1~ll"'4 l~ V~q 'IJOll~J 'P!ll'" '"",')10< 'llo"uN " '! pH"! 
V ',!mnl P~ll~" ,"" 'I,d U~~'''''''! '''~J'' "'l-I. '","TlL" ·'41 '" V"q r~I'.'U~"" .-\I"u~,UI 
'''01'' rIT" ""I""" "lj'l "4' ·~'P.jJn' l[olnOJ W~,,,,,lU'\'" '~\l 4J1q·" 'lld" uo 'll~J UI"",! 
.1~"'1 ~41 JL "'II"~'J";,dS '11d "»,'IUnO)U,' I! '" S~~U"'P J'>S~l ~q, JO 14~'1 P~P~U~j 
"~l JO ,'li<UJlUl "'I.L -(Ol-Y ",n:l!J 1 " I,,,d ~"r '41 .,,!d, JO)(>lU " ~I L4," ~1"U'''-lJL''''loJ 
J"~P ~\ll l!ffno"ll """'I' .1"'''i ~4.1. 'jLUrl ~,"'p 10 'J~_(UIJ ~<lP-I"~l)Jo ue UI r""no~ 
.1"'''1 pOJ,.,wJ .. 'tI01 u ,(q l"O~I·(j.)10 OJ r. ",o!J P~''''!''I~I'' U()!l1'LU'oJ"I 

"'""I"'"I\' 

£8 I A '!IO\\"]I~ lV:)[JAO I ,"9 

'''p.,,,-, 

IHU"'''''''''.'.' 

110,,",.'1<100.) un' '''"~,j 

>i1'"I~ 
.j"""'I'.,J 1<'.1 

··'!',"I'''.I 
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• s,'.('; I'he 'l}llC r.doJ .,Jenlif~ the bcl',nn,ngof a t>1",,~ . II CO''''~I~ or 8 bj.le oJ 
all 0,. 10 blles of all l~ ""oj" b)·I" of all 0". 

• !lcud,'r: The hc"dcr ""nwi n, the blud, aoJoJrc"", mal Ihe ",We h )'le, \h>Jc 0 
'I"'clf,,·,,, bl"n~ data fidd: moJe I ,!'ColfL"' Ihe ,,:.e of an crrof·cm,ccting 
code and w.m b)'u'S or dala, moJ c 2 'p,."cific' 2.1.\tl byte, "f ,,>01:. Jal. ",ull no 
ell\1' <uf,e<1;"g ~"""'e. 

• Ih'II! Ul<:t dala. 
• ,\ .. ,'iI~~rl: A<kIll in",1 " ",r dala '" mode 2. In ,,1O<lc I. Ih ...... a 2AA.h)·lc "",,,. 

corrcWnll ",>ok 

WII II til e u,;c of CL V , ,",,,I,,,,, acre,,, I><c"me, mMe difficult . l.,nca linS a 'pc. 
cific "dd,c', ,",'" I"e, mo"ill H lil e head tn Ih e ~" " cr:.1 "fC". "tlj"",ing Ih e tul ""n" 
'f'~cd "nd readinglhe addrc. •. ;,"d Ihe" m,k;"1l ""nor ad)">tmen', w f1nJ and 
<KCe .. Ihe 'p"ciftc <eelo, 

("I) KOJo I i. appr01'''''' e for Ihe d"",hulion of b rllC amou"b or oj.,,, I". 
large numocr "f u"" .... Bccaw.c "r 'hc C~I"""'" or . h~ """al "·, il inM pro,:" ...... " i, nOi 
app"'proalc ror ",d""id,,ali:(~d "I",hcal io)n~ Co)nll""~" ""Ih 1Jadi'..,n~1 hard di~ .. 
the (1)·I{()~1 ha, 1"'0 a">'","a~c" 

• 'I he opt;c"1 d,,~ l"Ilelh c. " ,th the ",f"nn." on ~, ,,rcJ "" it CO" be "H'~' ,ep li· 
'.'(oJ I nc~pcn",·dy_unh l c ~ m.~nclic di>l The d,"arose on" nlJ~n oli c disl; 
ha~ '0 he I~produocd 1». COI,)·.ng one di>/.. al a"",.. u,inM '''''' 0.1,"", d,."'t~. 

• Ilit "r>1 .... ~1 d"k '" rc"'o>~l>lc, allo .. ·,,,! Ihe oJ'sl I .. dr 10 I>e u'>Cd rOf archi>al 
.h,ra~e MOM magnc"c d"h arc non,em",al>lc, ·llIe info,,,,allO" "n n",,· 
,en"" .. !>le ma~nc l ic ,),,1, my>! r .. " 1>c "'>pled 1(> tape: "d.>TC Ihe oJ"k oj,,, cAJ .. ~ 
can oc u"w I" ,lore new ,n/urm,.I,,,". 

• II " ,ead"'<lflly and ,.,,,,,,,,1 he updated. 
• It h;.~ an a<>;:c'" lime much I""gcr Ihan III:" or a "'"g"die d ... ~ dn>·~. a. much 

•• hair a ""cond. 

0,. 

t lll'''' li.1I ("I) ROM Bk>cl F"""", 

I ... ), ...... 
f CC 
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(;I) II:<-... ~ ... dal~" 

To accommodate ~PI'h"' ""'l> in " hich onlv o ne '" ~ ",,,.11 number of rup,e' 
"I ~...,I vf ,bl~ .. n",(le(l. Ihe" rile·once rc,,(l·m'tny CI). lno " 'n a. Ihe CD ,ero.(l
~I>k (CD_It), h~s M( n (le'clop c,j, tv' CD- It. a disk j, prcl"'rc J on ,u< h a ,,',)' Ihal 
,t Ca n I>c , u!>sequ"nl l), ",TIIle n ,m,e ""th a I""" bean! "r """j,· ,t un. mil)' , Thus. "ilh 
a ,orncwl,", mor~ c~l"" ''' ''c d i, k controlk , II," " r<)t, C I)-RO\l . the c"stomer C,U, 

", ile' ,, "ee a, w,,11 a' 'cad the d ,sk, 
n,e ("D ·R medium " .,,, ,,1.., h . hOI ' nO! iJe nl",.I I" th " , "f" CD o r CD_ROM , 

For co. and C I) · ROM .. ,,,f" l ma U"n i. recorded hy I h~ pOi ""g o f Ihe surface .. f Ihe 
" .«hum. " 'hich <·h~ngc. rcn«l l~ny 1'", ~ c n ·R. , ..... 1I1C<.i lUm inciuJ c, a d)'" I,,)'c, 
I he dr. '" ",cd 1o ehan,c rcOcc""ly .n(l " 3ell\.IN hr ~ hlllh'lnlcn"ly lase •. The 
.", .. Iunll dl>k can b<- read "n ~ ("I)·R d",-e or a Cl). llO\1 d",,,_ 

The C I)· R "plical d" l ,. &lIfacti,c fOl arch,,',,1 'IOw,,!:e of dtxumcm. alkl f,le., 
II p,,,,,d •• a ]",,,"an<nl r,'cord 01 lar~c , ,,Iu,,,e. "I u"" d"m. 

eu Kc"ri tablc 

I h ~ C I) · R W "I',ica l J;, k " m Ix: '" I'"" 'ed l1' ,,·' i\l ~ n ,,"J ''''" ''''Jlto ~,,- . ' w,th " 
t1 ,"~ " ctic J"l. Allhou~h I' nu",!",. "f "I'p,oach e< h~ ' ~ )..,en tr,"d. the onl y POl " 
Oplic"dl approach tkat h'" I'ro,","<1 au rooi,'e is called 1'1>,,><" lim,1t"' The r/>a", cha"." 
d",l U"OC$. ma'enal ' hat Ita. t .. o ~ignifican"Y d ,fferenl ,eOcct" II"" in , ,,~, ,j,frc. cnl 
r h3>'C , la'c>. T he re .. an amorphou, 'la ic. on "h'eh 'he m ... lcrul". c , hll' " a rand ... ", 
oflcntallo n and " 'hi<h " Oee,. h!lhl poorl}: and a ""·,1 ,,110 ,,. ,Iale . "'hir h hb " 
<mooth .u rface ' hal ", fleel' hgll1 " 'ell A Ix:am " I lase. h!(l'1 can change Ihc ",ale. 
,,,I ' m", un. ph .. ", 10) Ihe olher_ rhe p",nar)' ,j "ad"~nl"~c " f pka..., change Of'l ~al 
<I"., i; that the n"" e. i" ' c' e11l uall), a"J pcon!anenoly 1"""s ,,. J ,:",.I,le prope.{ic; 
( ' urrenl ma ter ia l, "an I", "",J /", h,'t"'c~n 5OJ.l1OJ and 1.IKIO.I»l e ra,e e),ek ., 

I k ('D·H IV to • • Ih e .) I",i,, " . auv" n'''ge m~r ( ·I) ·RO M and CD-R ,h", " ,'~ " 
1", r,,\\''''t~ n "nd ,lou . u,.;:J a~ a t", c ",,,md,,,} .I"' a~c, As ,,,d, . ,I (o"'J"'IC' "· ,Ih 
",~gnchc d",l. A k"~ ad' "nl "~C ,,1 ' he ' 1 ,,,eat di,J,. i, Ih" Ihe ""g,nc,, , ing tole",,,,,,,, 
f", optical di,L; arc: mlJch Ie\., ",,'ere than fo r h,gh-<"~.,.leity magnd ir di,k •. '1'1",<. 
'hey c.h,hi' h'~"< rchah,ltty and long,,-" hk 

1);gi t~1 V"rsa(il" Oi, l.: 

With the caracio ll' ,hg,(.ll ,er.a1i)e d isk (OVI) . Ihe eleeH"n;co illu,,,lry h.,.t 
1 ... 1 f"und "" acce pt abl e 'c p l;\,'e m ~" t fOT ' he an~ log V I! ~ ""ko 1,,1'"_ IllC D VD \\·,11 
, ep l",·c th. ,·ideo tapc 11 ,.,,1 ;n ,·"k" . ","e l1 c recorders (VCI{; ) :,n J . morr imporl;onl 
lor l11i , di'ICu" ioll . ' cpl.,,·c II," (" l) . I{ O:\l in re" o na l " ""pul e r, and serwrs , The 
DVD 10k"", video i", ,, Ih~ d'lIlla l a~e. II <kl i"e" " " ' ''C' ",i lh impress;,·c p'CIU'C 
qu;o IOl )'_ ."d i, ca n I>c ' unJo''''~ ae<:c .... -.J hk~ a ud.o C D'. "'hlch I ) YD machine. can 
.liO pla~ Va" _oIum"" of <1.113 can he c",,,,mC<.i o nl" 'he (l"l . curren l1y ..,~en lit,,".,. 
ali much b. ("I) ·ROM \\lI h l)\' I) ', huge "tor"~c capa" t} and " j"jd '1ualtl).I,(· 
_~"o<", ,,-,II beeom e "'ore ,ul",he ~nd <--.J""al,on31 .o11,..:" c " ,]1 ",",u'po rale nunc 
,·,dco. r oll"'" ing in the ,,· .• l e " r lhe'l<" dc'c1op"'~n1> ",II Ix: a now ne,( of I,./fie .,,·cr 
Ihe In{ernet ,,,,.I ,~"p<"alc "1I ranel'. as Ih" m"le"al .' ,nC<)JJlO'~le d inlo W~I> "IC'. 

11'e DVD', g'e .,ter cn p:>Cll y j, d ,," t" three d,fference' I",,,, CD, (Fi gu'e 6. 12) 
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L,,[ .. I 

[ ...... th~ IoJ .... ,_J .... ) 
lI" nroll .. I.)'.c 
I 01 "",I"u," I 

,~. 

1'<>1) "". _ . ........... ... , . I .. ,.., I ........ "n poOl''''' ...... , .... 
Ipbs,I.) pi'" I ........ ..r _h'. I~) 'or. 

,~~,,'~:,.~~~ ,.;~:: .... IoJ • • 
• n "". >1010 .1 • U ...... 1_ ,.~" 

"" n;~p«I '" ,-.".d oIh.r ,Hlo. 

", 

I"_~ '-12 U)- IW\I."" DV[) ROM 

I. Bit ' arc rad~u "' '''C close ly OTt ~ J)\'D. Th" ' I,ac in g t>.;lwc cn I""T" of. 'pi' 
r.1 on. ("D .. 1.61'"' ",,<I Ihe m",,","m <Ii<!an~ he,we..,,, l"li "" '''K the 'pi,,1 
,",01!..\4 I'm, The 1)\'0 "\C. a la)e ... nh sh""er "'lI"eI~nglh al\<l aeh,e"ct I 
Ioop;;p""mg ofO,7~ I'm and ~ ""nm)pm <Ii"a ncc OCl"-crn p.lS ... fO ~ I' m. 'Tht 
fe.uh vI ,he'" lwv mtp,,,.'''",t'''' •• ! :, 1>0"1 ~ "'.'cn-fold ""rea"" In C~l'aC;I)', 10 
""""I ~.7 GB. 

l. l'll c OVO emplo)" " :lCCOOtu la)'e' "f pilS and I"n<l' "n lop ,,( 1 he fim lay~r, A 
<Iual.laycr [)V[) h~; ""mll-dled,,'c b yer "n wr of Ihe .-dlecl n-e laye,_ and 
b)' adJ",ung forn,. ' he I."".s ,n OVJ) .In.-~. Can . ca<l ~ach layer "-1"'r8t~1y 
'n" Icch mquc aim, .. ! ooubl., th" cal'"",il)" 01 11," J"'k. 10 ah"UI R5 (iB, Tht 
lo"' cr ,cfk,!;,',l y "f Ihe '~""l<j I")' ~r limil' ,I , 't,m'gc ""r~c'ty '" ,I",t a ful l 
<IO<1bhng" not ""hi,,"c<l. 

3. 110" J)\'O·ROM CIIn I>e t"'o ,i<led " he...,,,,, d."a i •• ceonk:U <In unl)" one ,ide 
of ~ CI) 11oi, h""1I> 101al c~p;>e'ty up 10 17 GR. 

,'\s w\th II", CD. DVlh e"" lC in ",ril~"bk ~ ,,'ell n, ,""ol.only '--e1"lil)l" ('"roWe 6,4), 
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6 •• MAGNETIC TAPE 

r .. pe '~~ltmS II'"" 1he ""InC rc~.r.ng and rCOO'dong Icchh'~U~" "" di,~ .~"'Iem. I he 
n""dmm 1$ Ik ... bl., pul~'''''" ( . .. nilu 10 Ihal ...... '1.l ,n ..,me dOlhin~1 tape ",,,,Iro ",Ih 
magnelll •• hle mal." ial. The roaltng may"'''''''' of 1~'t1icle. of pu • ., ",Clal in ,pee •• 1 
hllrd"r~ or .... por·pl"lcd melal film, 11,. lal'" and Ihe lape d ... 'c arc analogo." '0 a 
hom~ I~PC r~<:tJ!dcT 'prem. T~pc "idrhs ury rr"", IU~ ,m (0,15 ;ltCh ) 10 1.27 ,m 
(O,~ inch). r "1":< u,",'J Iv"" "ochged . > "f'Cn red, III:u have I" be Ihreaded ,hrollgh 
" ",coml 'p",dle 1m u<c , T oJa),. virlllall\' all lar"" I"e hop",d In c","lriJg"', 

»,,1:1 on Ih< '" f'C "re ,t rutturcJ "'" rlu",I"" of 1''''" ll c l I". d" running kngl h· 
WISe, Llrrhcf 1" f'C '} 'Ic'''' 'yplca ll } u",J n,,," I",d ,;, I 11;, mad.' il ro>, ;blc I" , I"re 
d,II" " t1 C h)'le:'1 a tunc , "ilh an addil ,,,,,,, l p""I ), I'll ~' Ih e ninth 'meL Th is w,,' 
(" I1",",'"d b)' lape 'YSltn" "'ing IH or _1(, 1<''''·~ s. C(lf1'C'i"',"dmg 10" Jigilal worJ or 
doo~k w,,'d, The !\:co"jirlg (If d"la in 'hi' fOfn! 1S I'dcttcd 10 "" pa .. II~1 ru "rdil1l. 
M .... I mo.I.,." '1';lc"" il,,!~adll>C ",-n wl rn",oI i" l , ", "hieh d~, " arc laId oul a •• 
""'1uenee ,,( 11m along e~eh Irac~. a. I~ done ""Ih mOl'n(l" d"ks. A~ ",," Ihe d"k, 
dat3 arC f(~d and ,..-rulcn In <:tmllguou> hlock., callcdl",,~K"1 rffOrd" on a t"pe. 
lUockl on Ihe 'arc "'~ "'f'1,aled h)' g~p" rd~,!\:d 1" ~~ "",,",·,mll"'p:I. As ... " h Ihe 
d"l. Ih" lape " 1m nldlledlo "","sl in loc"""IlI>llY'i"al re<:ord. 

Th e l)I>ocal recording lechniqlle u<c,1 ,n $e"al l~pcl " ,dcrre<llo '" , • .' ..... ... 
Ii"" . f r'lfd' ''l In Ihi, lcchnt~u~_ "hen dala a.~ "",nil ",(, ,,oIctJ.lhe firM...,1 01 h,h 
"'~c,"'kd alo,,~ the "'hole len~l h ollhe 1"1"". When Ihe cnd ol lhe 1"1"" L' ,,·ached. 
thc h""d, ,lie Il'I>osuio ocJ 10 ro"o,d" He" 11",,1, a t,J Ih~ ta1"" 1\ •• ga", roro,Jed "n 
;1\ "!t,,le leng lh , ' hi. lime in Ihe 0rr"".I ,' J"CC11l1n. Th"ll'''lCO''' comin"", h"~k 
and ("n it . un III I he t" I": " 1"" (Figure 6.1' ;1). T() lIIe"'"",, '1'<'eJ, lhe ,~"d· w,i! e he.J 
i, c"pa il le "I t ""Jlllg and,", rit ing a Iltll"ber 01 n dJ.lC~n l Imch , imllha nc(lu,ly (l)'1'i . 
e. lly 2 I" ~ nack,j. D"ra "r~ ' 011 r""",JeJ >o<:' i:III)' a l~" g i'l(h"Ju" l ttacK<, bul t>1",,~, 
,,' "'4 u ~n(c Me ' I or~d (m ,, <lp_""1 tl a('h, a, \"~C""..J hy Hg"rc 6. 13b, Table' n.S 
.how, p"""n<;,cI"l< 1m oOe ,y,!em, l nown a, DI '1'1 "I"'" 

'!o'k' '-~ OlTl~rc 0 ",,,", 

UI. f '- lII. f lllJl. SIJI.T !!o 

'-_h, ,''") " ., "" 
1> ... no. I~nll< , " .. "" 
Ilk ... .,.,l . "''''<w, . '! .. ' .. " . 
r ... -Io tk'"'II) n/ .... ) H" ,. m -M.~lo ", • • • h ''''' 'N ',f, '. 
\I,'dl. "iod . ~ ,m" 1.11 1.21 I .Z' 

\ ........ r" ..... ' I :.~ M '" 
,'"", I .. " .f " .... ' , , , 
..... ~ri ... ~_._1· 
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,- ,111111111111111111111111 -
'",,, 111111111111111111111111 -
'"''' 111111111111111111111111 -

/ 

r.....,~ 1 CD CD []j] [ill [ill 

T ..... :k 1 OJ IT] DO [ill [ill 

T""k I CD CO [ill [ill [ill 

l ...... k . CO OJ CO [IT] []j] 
1);<e<tiQn of - lof'< ,"<~I"" 

Ib ) n ...... k 10),*' f .... . y . .... 'tHol ... :ocI_~ ';1'" f",or ,""I<> o.Inlulla_'<>Ia'.I, 

11J..,,· 6..13 '11f"",,1 \ 1"l",,11(" Tape I'<atu .. , 

/I. lapc Ut .... .;" " '·~If"""III"·o('CeI·\· J ~,i (c. If lhc 11'1'" he~u " f'OI', II(," "u.1 
'"""'U 1. l il en h' reau reco rd ,'i, ,I" ncccs.",!}, 10 rcau I'il~',,~al record, I Ihmugh 
.",. _ \. """ al a lime, If Ihe hc.u" cu,,,,m ly r<>",I"meJ I>i:)'onu lhe U~,,,"J rel·()ru. 
II ;. necc"ary 10 .e"',,,J Ihe lape a C't . 'ain disl~""" and begin .cadmg f,,,,,a.d. 
Unli\ e 'he do,,", ' he ta""" ill 1ll00Ioon only Jun,,! a read o. "',;Ie 0lle,dllOfl 

In ",,"l"''' '0 the t3l"'. Ihe J,<L do "C os refenw 10 H' a ",,",-<leU" tic, ,CC, A 
d",L d"", nc(d nlll ","J .1I11,c <eew", Of! ~ d i,l ,c'Iucn llally 1 0~' lu Ibc dcJ;ored 
one . h mo,1 ,,"ly wa,t for the inl("~nlng <,c<:w'" "' Ih m ,~'" ,r""k ""U can nwke ",c· 
cc",,'c "CC~~SC' 10 an)' Iracl . 

,\ l a~"e l ;c 'are '"'' the fir,t kind of seconu:,,)' m~tnur)', It is , ,, II widely u>cJ 
as the 1,,,,,",,-<:, .. 1 .• lowe.Hpecd mcmoc' Ollh .. memu!}' I"",ard ,y 
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6.S RECOMMENDED READING AND WEB SITES 

I'" " %0 ll"0'd. ... ,"'-'<l "un'c> "r , he und<TI"m~ ":<:",,,.n~ ,«h, • .,,, .. )· .~ d.,~ and 1~"" ... 
'""'~ 1 \1 [E96bl locu" ... "" ,h,' ,~". ". ".~ ,«'hn'4u,'" I". ~"l "00 ",,,, " " ,""". 1("'()\tt:OIl I 
~ • -tin" "-'I ;"",,",1;, < a. h<le <I" 'u',"o' Irt'\<'" ,n m.K ...... < UI>l '''~'J:< I« hrwklf" 

An ,·,,·,'Ilcnl ,,,,,'C) "f RA I I) ' " """ ""t). ,,',,""n h' 11", i",'"""'" nf the RA ID ,'M 
"'r' i, IC" HLN 'J41, A",,,," "",. iled d,,,,, ,,,,,,n,, rui>l"hed h. Ih " ~AIIJ Ad,isOT" B"a"l, 
jO n "",,,i'OIio" uf ,ul'PI •• ," ",,<I ,'nn'",""," cot K)\ 1l} "'I",,,,, r""""" 1 \ I ASS~71 A ~,""I 
,,'<C' nt P"p'''' "I I ~ 11:'lhl . 

IMA Rl WI ~"."" . n ".<dlen' 0,<,,',0'" of .he "rhc.1 .I,,,a~~ field. A g"'-'<l ,,,,,,e)' "I' 
,h" undcth,ng ,,,,,,,.<I'ng and ,.0d"'11 '",h'~lk'!)' ,. IMA 'lS'I11 

IlIoscYll ptOl'iJco a cumptcl"',... .... ' o,"",ie .. · 01 aU '1'1"" ,,' <.I~, ... I ",,:roo,) ,,,",,,,,, 
'''Ih • moo,L:" .moun' "r 'c<hft ,,~1 .... ,." OR <acto_ [Kil L ROt] ... "",tk:. ,.,.,...,."". 

c,,'- ,,'~ ChcD > Po. t to . E_, ,-.. I>&"n. <0.; K •• 2. R.; an,l ".Ut .. nn. D . - RAUl: H'Sh 
P",/..".."",,_ RcliaJ)lc ~Vfld~ry S,,,,,,!!", - A C\f C (}/np"M~ s.,""'t#. Juno 19\101 

CCJ.\\~.OO C""""fo<d. R. " \l aln'lli. St~'ag.: The M~illut\l .h •• "',," Iun', D ; ~ , ' IFIit; 
Sp<""m •. Decem"". 2000 

1'1(1[\16 rriedl~.n. M. "RAIl) Ko<p> (\<,;ns .nd a"'ng 0",1 " IF tf.: Sp<"~l7um . Apr,1 

"". KtlUM.' Kh.",hudo,·. A ., ~ 1:,,,,.,,,,1 e"id;- OIl C ""'P~"" 0.."" .Vd"'I!'" Uppe' SaM .. 
R"" •. N" fu,...,. Ibll. 2001 

M.\NS'17 Manrunpw-, M and S" ..... boJ<,G_ - Pnoopl ... odTccboKj=(>fOplocal Oat. 
S"'r~g<. I'roaYdm>r> 0/ ,Iu- /I rF._ N"""rnbc, 1\197 

~I 0\ 11(:<111 MaKhan •• A OpllC~1 Hh..,.d,no. R<>d~ MA; A<k!, ..... w .... ,· 19'10. 

M,\SS't7 \1 .... 1;)"'. " (IIr 11" I/) /Jvnk, A S,,,,ror<' S,',"m .,,,-hhCW,V 1!~",I""',k SI 
1'",. •. />1,,," "11>0 lI.id Ad.'oW<} Uua,d, lm, 

~H; I('I6or )'-Icc. C . '''d I)"oiel, E, <us, M~S".lic R"'~"I'''H 'i"tl'hrlolo$Y' New y"., 
).-lcGr.w- lhU tw.;, 

"~.~.%b MIT _ C .. ~OO 1),"",1. 1', oJ ... ,\f~t'''''i<- sw,..~< 11",,<I"'ook. ,,"co, York: MeG •• " 
11011.1996.. 

IInS(.'" 1(<>«'" W, ","" f. /I"",,, fI~rn .. It'~ Bibit' 100, .. ..,Jl'~, .. r,," s..m .. 1m 

,h,.;" Ui'---I Roc"",,,," "",,,, Wch Si",,, 

• 1I,\l1l "d.-j,,,'J' C.",up' RAID in"u,")' g'"'"r In fu.m .. I"'" "I~." RAID t" ,I''', >i<>r) 
,00 1",>o.Iocts 

• 11, , ;".1 Sh ..... ~ 'I"...mo ... ~ ... , "" ...... , ;" .. , Good ,,,.,,«. {)' ,,,(,,,m.hon .1:><,"1 .... " .... 1 
>I"'~!!, .c-d1nulo!:' .~~ "en"',,,, pili> ."~~"\e I ... "r ",Ie,· •• lI I,,,k. 

• Il l. 1'1",,,,, (",0.>0.1 ,,,II,-c'" .. of iccbftICal ,nlorm.""" and I .n~. ,,, "c""""., 

• " "'_ So''"Il< ~ " l",i"," floc "'.~ .. " ne·, We" .". «"'I~" .. eJUcn,,'-e mr""" ."",, "n 
d.,. ",,,ore p,otlOCI> ~ftJ .<ftd",,-

I 



6.6 KEY TERMS, REVIEW QUESTIONS. AND PROBLEMS 

K~)' T~rms 

-"~ 

'" C'!)-RO\l 
CO R 
CD RW 
(\ .. "'.nl.nyd~f 

... k>ctIy leA V) 
<01l0I ..... , 1 • ..-... 

... 1oc11,' 1\1.\') 
C) hnde, 
OYO 
OVI)'1I.0~1 
l)vOR 

R ..... i .. w Queslions 

I 

OVORW 
fi.cd-hocad d,>I; 
n"l>!')' ,.10$\ 

'" .~ 

"'" mli£l'elle d"k 
map<IIC lapt 

""'@"""If'" bu ~ 
1\!""N.,.tw..J uo<\ 
mul"rle ,,,,,,,,j 

",«.><d,nl 
_",,,,,,,.-.bk- d .. k 

I oplic:ol """'><1'1 
e' 
platl., 
><Am 
'.'"Mahle J .. ~ 
""",.,,,,,1 dclo~ 
~~ 

_k,ime 
""penll..- ... ~"d1", 
""""J <1:1 .. 
IUm<""'C 
Ir«¢k 
,,~ ... fcr Ii"", 

~, . w~,' arc 'ho .J"""I'~« of u,,"~ a ~ I "" ."0.".," '''' , "' "!'I,e ' ''' .1,,1. ' 
b.l II,",,' ore J.au "'''ten on'" • "'.,"""" d,..t·, 
I>.J II"",' are d.", ,.~ horn ~ HUlK"""" d, .... ·' 
.... I"plain Ihe d,rk,.noc be,,,,,,," " ."npl< C A \' ""'<In ~Iod • mul"rI" ,,,,""<I "TIOrd-

'"S ,)"S'cm 
i\..~ Ikfonc ,"" 1.",,,, """k. c. londer, "tI<I ""'w, 
b.6 WhO!" Ih e I)'rio.,' ""k «<lu' ",.1 
6.7 Ikfioc Ihe 'crul< , .... k M'~, ml.l/",""/ ,I<I~" ""~" "'''''. ""J "amf~' /"''', 

;;./1 \\'hal WIn""'" "h." ..... ~rn."'" ar. "'.r<:\! 1».'.11 RAil) k,d.1 
'-, 0,,011>- <1.:(,,,,, ,hoc """,n RA(f) k:.0I, 

'-16 1"rI .. ,n ,''' 'Urn ",,~,I oM"" 
fl.11 fl u" i, ,.,1"",1,"," ""h ,",'cJ i". RA il) 'pte"," 

~.U I" Iho W lltC" ,,( RA ID, "h,' i, th e <I"'1I",ti,," 11<1"'Oc" 1",,,,1101 ~"" . , ~I ",.1"1><" 
'-'<no """",",'I 

6.1J Wha, i, ,''' d,lIe,ence 1>.:1 .. =n ( 'A V and CLV' 

ft. 1 ~ Whaldolldc,"""" bo''''<<:a a CD.nd. I)VD .: •• >un' /'" Ih. 130~' <OI*""'~ II>< lalla"' 

1t.1! b,~a'ft "''PCn''n. ,e<",din~ 

Pr"bl~II1 ' 

ft.! ('O,..oler • d,,~ "'"h \ ,rack, nurn~r<d lrom 0 '" ( .... ' I) " nd """"me Ihlol '<quc>lol 
...... <m. ~IT d,,,,,hul<d .. nduml, ond .,,,llIy """ II>.,; d,.... \\e Wan' II, <:o,,,,'.'e lb. 
a,'cTa!" nomt>t, (Or It...-... ".,.c""d h. a ""'~ 
•• Fi'>t, ",,1,~lal,' Ihe I"ohah,,,w ,,{ • ",ok of 1<"~lh i " he" II><- h.;.d " ""'<rilly pooo 

""nod ",'e' \'""'~ " Iii"" thi'", "'_ttCf "I <klorn"ni"~ Ihe 1"",1 ""'''" • .-, ,,( ''''''
l>in .. ",n" "~,,,nit,ng Ihal . 11 II""," po.il i,,,,, I,,, Ihe ""tin"' ,,," "f "'" "-,,, j;.re 
<41L1.11)' H oi,' 
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h. Nl'\t. <"icul«10 tile proo.hili", of. ",c k 01 length K. lit",. Ih" in..c .. lv« the ,u m 
min~ Me,.11 f"-", ihlc <~ml>in",im .. of mo"emen" of K tm<k< 

c. L. lcu l,te til •• "o,",~. number or tn .. b lra'u,ed h)'. >cek , "sing tlK' furmula fur 
o' I'.""od " I". , 

El xj ~> x I't x 

~(II ~ II'± i ' , n(II - Ie", li 

• 
d. Show th,,' for larKe ,· "It." "I N. lb. ",'cr:.~o ".""1,,, 0/ trach "",'crse" 1,)" «l'k 

arrm.che, .\'/0,. 

6.Z I.kfill' Ihe fulluwing for a di,' "',km: 

""'k t in .... , .,w'"go "me ,,, I""itinn "'ad met ",,0\: 
".tat ion 'I"'C'J of 'ho "i,'. In fOmluth ,", r<' ,""cond 

II number of ~i" p''' ' .... ·dor 
N ""I'a,"it}, of a t,,,d. in I~" 
'. time to "'U',," " 'ctur 

[><';"01"1'" I""""". lur" .s. f"oct iun ur Ihe othn p",amctet> 
6.3 A"ume., 1 t, dn ve RA Il> ""Olt'i"uMiu" . I ill ,,, 'he fc>l lu"iog m.lrix. which cump,r", 

'h o ,'ar;o,,, RAil) I.voi<' -

KAli l 1. • • 01 S" ..... )t<· lI.nd,,;d,h T",.,.";,,,, 
[J.n";') r"r"" •• m'. I'.rl".m."<. 

0 , , 
, 
, 
, , 
, 
, 

Each I'"ramekr " nurmoli,,'J to tbe R .. \ II) kwl thot Jd,,'oT< the be" r<rf()fm.,occ" 
Ihcrcfurc. the rem,io i n ~ nu mbe" in the mW" ,11OUId ha\'L. ,'.Iuo I><',,"" n O.nJ I. 
Sou'"~e Jcns it), rdo" W the lra"t iun of "i ,~ "orage ."" ilable fm u"" Jato. B;ndwidth 
l>Otlo,""a 'l<o reTkct, I ",,~' I"" "',ta ,"n lx' ITan d effed "'" of an alTa,'. Tm o'OC"Iiun per· 
form.""" mea",,", h"", ""1'), liO """,.Iion, pcr ',,'unJ ,n "IT"} mn I":rform, 

~.4 It ,Io<, ul" 0..' cloar ,hat d,,' ", ' I''''~ '"" ""1''''''0 ~"" ,,,,,,leo, ,Ie "hc" '" e >11'1' ,,;lo 
i, ,m,11 c""'pared to the I/O '"'IUN si,c, II ,~o"kl 81,,-, 1>0 ,1o., Ihal RA ID U pru· 
vi do, impr",'o d pe r/orm,""" rcl", i"e w a "ngl" 1" , "0 J i'l. he"",,, ," " lliplo 1''0 
"' 4ucst, ",n oc h,ndl,d ,,' rata lld , 11 """o,,",. '" t I" , la"" ,,~'". is .!o,' 'Inpi" g n,'V 
"''''T)'? Thot i •. d,." dd st ri PIng im rrMo liO "'~ u"" ",'0 r<,/n, mane.o ,omp."o" to 
"c"Omp"rahlc ~ i .k aff')' withoul striping? 
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l. KEY I'(II NTS 

l be CQroPUIC, !i}~I~m'~ I/O ~rcl"IC<:lUlC ,$ 11' ,nt~rf~ce \() Ih. ou~idt wu.W 
Th,\ archilecture" Ik",ned 10 (l'o'id~ a ')"temalic meanl of conlrollin~ 
inlcraClion with !he oulside workl and'" provide Ihe <.>perating 5)'>lem ";II! 
!hC info'mJI"J" ,I need> to m~nfigc liO' aCl i.'lly dfcct,,'cly, 

1 

• The are Ihree princ'pal 110 technique.' 1"OIt'M"""cd 110. in whi<;~ 1/0 ,""cu'! 
uu.kr the direcl "nJ oon!;lIlIo", OOIllfol of Ihe l"OI.lram re<.jue",ng 'hc 110 
operation; inttrr_I"-d,;"cn 110. in ... 1",11 a I'rosram i1oS~ an 110 <'OfIlmanJ 
and UI~P coptonun to uteut._ until il" ,nlerrUl'led by the 1,'0 hu,j,,'a.t 
to ~gnal the cnJ or the 1.'0 opcr;]\ioo' and dlr~ .... t .01""1) """"" (OM"). on 
",-hich a "fl'C<";ah~cd i/O processor lal c~ 0" •• conllol of an 110 oper&toon I" 
"""·c ~ large bloo;\;, or data. 

• 1'",,, impon~lu t,aml~es of cXlellLllllIO intc.f:toee> arC fir~wrr~ ~nJ lufin~",,,d. 

I
n ad<.l,t;o" I" Ihe pr<JCI:"''' ~nd a ",I 01 memo!)' n".oJ~l c,. Ih~ Ih ird "")' clemen, 
of a oomputc' s)·~tem " " ",I of 110 module" I:.ell ",ooul .. intcrloee< to ,h~ 
~)Y"m bus or ""nl r~' '''',Ich and romroh ""e 0 .. more ""npheral Je' ,<:c>-. I\n 

1·0 moduk is ""t "011,1)' a "," of """,h~nlC"~1 e""R«t",-. Illat w,'" 3 d~,,«, illiu II,~ 
.y.tem bus. 1( •• lh(l. the 1,0 mwule conla"" WOIt -,,"d"gcnce~; Ihdl ,,..,, ron· 
lam' log,c fOJ l'''rf ... rnHn~ II c""'Rounicalion f"n~to"" l"'I,,~en the J>Cfll'htwl aod 
Ihe bu •. 

-Ibc rca""r ma)' "onJcr why ,me do.;:, not ,""Oe,1 ",'''phcra), d;fect\} 10 I),e 
,)"t<'rn hu,_ l1te fC"",'" IITc a. f" II ""',, 

• There ;ore. ",de'. ridy of p.;riphcr"j, ,","110 '~nO"' nwl hDds of "1"'''01'(''' It 
",,...Id!,,, ""PlftClle.l to m""p'''.le 'he ~ecc'~,"" lo~i<; ",;thin til;: I"''''"el_ 
10 mnlr<,1 a range ,,( ,k"ice •. 

• The dal~ lun~fcr rate of rcriphcral, 's of len m"ch ,lowe. th~n thaI "r Ihe. 
memory Or procnwr_ 1 bus_ ,I i. ,mprnc\iral l" u\c II ... h,gh-Sf'Ccd »<icon t.u. 
to commUnicate dtrt<lly "ith a j>Criphc'~1 

• On Ihe "Ih~r hand, I),e d.", lfan,I~. rale of ""me """I,herals i. faSlcr th."1 Ihal 
01 th" mcm"'~ ". I'''>C" ....... ". Again, the nl''',",OI.-\' woukl ic;oJ '0 illclf,e><,ne,e' 
if nol m"n,,~cJ l''''I'''ri), 

• Pcn,,"cr"" "fte', u>c difl'crcnt .lat. l""nH.11 ~ ,,(I worJ length, Ih:", IIlL' cum· 
pu,t, t() ".,h,dl IhC)' Me "I ",died. 

1 hu •. an [10 module .. "''1u;",d Thi> mwutc hd' I"'u ,natof [0""' .. "" ( ... ~. 
urc7.ll: 

• hliNfac~ tu t h~ .. """", .. , and ""'nIOJ~' ,',a Ihe Io}SlCm bu.~ or ",nual ~"'leh 

• Inlerlace to one Or nlOle j>C'il'hcT~1 Je' ,ees by la,I"'eJ dala linla 

'I'.'e begin th,~ eh"I'ICr "'i'h a bn", d''''u~",)R of exlCrn;!1 Jc,icc" lullu"oo.l 
b)' an uyeT",e" (If Ihe ,m,elore and fUT'<''',,'' ,,( an liO rn "Ju l", Then we I .... " al 
Inc "aTiou, way. iT! ,,'I\Ocll Ihe liO fUTlct"'fl c;o n be pctf",meJ ,n cO<Jpcml"'" "'In 
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d." ... f'S 

Fi~. re 7.1 GeneTic MoJd of"D I/O MOOule 

the proce"or "nJ memory: lh ~ inlernol 110 intcrfa,,". Fj"all}'. w~ C'"mmC Ihe exler· 
nalllO int",facc, belwc'cn th~ LlO rnodlJl~ "",1 the out,ide wolld. 

7.1 EXTERNAL DEVICES 

110 ol'",,,,ion, ,"" accmnph,heJ through" wiJe as."I.ortmenl of extern" I de"iN' that 
1" o"ide a means of exchanging data betw.,,'n the extern" I cn,'i'o"m~T1! and lhc com· 
p"ter. An ex le rn,,1 d.,·ice att"~h~' to lh~ ~oml'ut"' by" link to an I/O module (Fig
ur~ 7.1). Th~ link" used to c,changc control. 'latus. and data betwcen lhe 110 
module ""d the c~{crnal de,'ice, An cXlC,"al d~vi ce conne<:tcd 10 "n 110 module is 
of len referred to a, a peril,/jerul del icc or. ,impl}'. " ""iflll"mi. 

We ~'rn broadl}' d""ify ex tern"' dC\'lCe, into three categOl ics: 

• 1111"' . " r~"dal>l o: SlIilahlc for ~ommUni""ling with I he computer user 
• Maohin e ,~ad ahl ", SUllal>k for cOlnmunkating with equipment 
• Co mn"II1 k.tio": Suitable for communicating ,,·,th r~mote devices 

Ex",nplc. of hum~n-re~dahlc devicc, "'c ,'id~o di'pl,,}' 1" ",,,na l, (YDT,) "nd 
prink", b"mpies "f nl " chin~·r~ adab l ~ device, are magnetic di,k a nd t'I'<' ')" t."". 
and sensor! and act~a{<lf' . ,uch as ore used in a rohot0; application. 'ote th"II';C 
are ,·ic,,·ing disl and tap" S)" to"" as 1,10 dc"ic~s in lhi' ~h"pkr. ",herea' in Chap
ter 6 we "ic"'cd them ~s memor), dc" ic~" horn" IUIlChOt,al point of ,·jew, these 
device, arc part 01 Ih~ memory hicrardl}', and lh,' 11 u"" i, appropriately discll'scd 



It, ('hal'le' fl. I'rom a .n"",o",1 I""m of, iew, Ihe."., d",-i ..... ", a", ",,"Irolled by 1,0 
moouk. and a,e he""", '0 ~ COfI"d~.cd ,II 'h" dlal'lc, 

('ommume3lion de,icc- ailo,", • ((>n'pule. 10 c.chang.e d~la "'Ih n .cn1<M 
.Jc:, ICe, which may be a human- Ic~d~hk dc~icc, 'IU<h "" a le mo,nal. a nlachlne·read· 
ahle d,,~,cc_ or e,'en ~n,,'her COfII[>ule. 

I .. ''''ry genclal [ellllS, Ihe nal urc ,>f~" n lNnal "",'oce i. ilkiicalcd in I',~u,e 
1,2. The inlerf,,,.., \0 Ihe 1.'0 m,>iluk ;. in Ihe fOlm of "onuo), d;,,~. and "alus 'i~ab. 
emilio/ .• il'"aL, dde.min" Ihe fun<IlOn Ihal Ihe d~, "'" ,,;11 "".folm. such '" ..e"d "~Ia 
to Ihe 110 module ( INPUT 0 ' RI ,AD), ~epl d"", [,om Ihe I/O mooule lovn 't" r 
or W KITE), '"1''''' <IaUt;, '" I",.f",,,, >il!m~ em"'ol f"",;h,)1\ parhcu l'\r '0 Ih ~ d~,'ic~ 
(" ,~ " rosilion "di"l head), O",a arc III III ., rO' 1I1 of a sc t of 1\]1, '0 be ",,,1 10 or 
rccc i" cd f.om The [iO moJuk S,,,,,,,' ,"~""I,' inJit'a l ~ The state of Ihe <k,.;':c, L~'''npkl 
are 1{f, A DYiNOT,I{I,A DY '0 'h,,'" ",neT her lh~ d~\'i"c " rcady for II,,!. !fan,fe" 

C,)IliT(>//IJllic awx;;,led ",·,Ih !he <ll,,,cc Con!""" Ihe de,·ice·' OI"'f"II<'" W 
l.,;,pQnoc 10 Joreclion f,om Ine 110 ",,,dule. 'I), ,, ,,,,,,,{I,,c~' """"'ens d"l~ hom dtc. 
In~.1 ' " olhe, for"" "f cnerjU' d"n"~ ou'PUI and lrom ",her for,"s I" dCCll;cal du,· 
In\!. "11,m T)l'i""U,·. a buffer t; """-'CUt led ,",'Ih lbe I'~n"'u""r ,,, 1~",por,lfIl)' hold 
dal& bem!, Ir~nsferred bc, ,,,~~n 'he 1'0 module anJ Ihe e~1"mal en'Ir<>nn'em; . 
buffer !l7C "f 8 10 [6 bu. '" ('"OlllnlO" 

' Ihe Imertace tlCl", ,,,,n 'he lit) ",ooul~ ,,,oJ Ihe "'Iernal <\e'-Iee ""II be ~um
Incd III SccUOfl 7.7.1 he ,,"erf~cc h~l wccn Ihe cXl etn~1 d.c.·ice and Ihe e,mmn",,,nl 
'" I>c)'ond Ihc scope of In" j-.o"k bUI ""'em1 l>ricf c,"",p1e. aTe g""" h~,c_ 

K~rb"ardl Moni1or 

1),c m,,,( ~<l"''''<ln n1 ""n, of O<llnpUI~r .. ,,<.Cr i"'"'aCli"n i,,, k"yboa,Jim"", lo ' or, 
n,n~"mem. -I he u,Cr (,.",.;0.1", Inl"') Th'ou~h Ih,' •• 'ytx""J_ Thi, inr'"'' Ihen It"oN' 

C ...... n~ .... ,.' IM .. bI" 
.,~ ... k r""" "~".hi. ,. ood r"M~ 
1M .. O(ldMIr 1/(1 .~.IMIr 110 modul. 

(" ... ~roI 1l~1f ... - Tnm"'I~' ... 

IM .. (d<-' ...... m'''-l . , 
I" . ,," r""" 
... ,.;""'q .... ~ 
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" DEL I 

rnit1~d 10 Ihe co mpuler and tnoJ' a ls" be di,p laycd on Ih~ J!"lnlinr, In "ddili()n. Ihe 
mor"lo' J"rla~', <1:01" provideJ h)' I he compuler. 

The basic url it of ~xd"'Tlgc rS Ih~ ch"",ct cr. A,:;ocialcJ with ca.h .har",!ef i< 
a coo~, I~'p i call )' 7 or H hits on lenglh. ' I he J!"',] comrrH)nly u",'d kX I ""de" thc Int cr
"ational I{d~ r~n c~ Alphabet ( I itA), I Ea.h characte, in tlrb code is rcp,c"" rlt oJ h" 
a uni'lu~ 7-b il binar)' "'~k : Ill"" 12H d itkr~nl "har"clcrs can he represented, Table 
7,1 Ib1s all of Ihe code' ,'a lues, In ' he I"hle, Ih" hih of c"ch "harade, arc hbckd 
fr<Jm 1> " which i, Ihe most significant il iL to h . the 1"",1 ,il'nrlic"nl l,iL' Ch,,,,,c-
1e" are of 1"'0 I)'res: primahl" and co ntrol (Table 7.2), Print ab le clr"rac't~rs 
arc !he alplrJhdi,. "um~ri", and 'r~ci"l ch .. ac1ers that can be printed on pal",r 
<Jr di'played on a screen. For e"HTlr le. Ihc I>il r~pr~'~IlI"ti<Jn of th~ """'a,,lo, 
"K" I> h,h,b,h,b ,b,b , ~ 10010 11. Some of the con lrol cha,"cter, I"",e to do wrlh 

'I KA "J"fi,,'J In ITIJ_T R"".""",,,,ht;'., ' I ,'ll "," " . ' ,<>"" .,,1), '...,W" ." ,""""" ,,,",1 Air'''''''' 
)o/u",I .. , 5 (IA j). Th,' IJ", "",ono l """'" '" IR,\ ~ "f.'",'J ,,, ., '" A,,,,,I ,',,,, S"r\d"J c,.Je I", 
InfOfrru , loo lo,,'rclt,"!>' (ASr- Ill, 

lRA _, ,,',,",rl """"'''' '''' ;.1 """, ,I,. "),, ,""oJ '''" """"n,tt,J "I" i\ g i>;l> 1"" "h.,,,,t<, , Th,' 
,"~h'h hiL'" I'""t) M uk" 'oo ""'''' JeLe" .. " Th,' r,n l), 0., l\ the"""" ",-" II",", ~lI .fKI ,' ,h"" 
I",,, I>f.o"'l he 
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<"OOlrolhog Ihe 1"",llnll O. d ... platmg of characl~n.; an eun'plc ;., carriage rei urn. 
Olher rontrol mara.::I",," ~r., wn""rned ... -jlh com munlcal"m' procedure_. 

'·0' ~e~bo.1N inpul .... h"" Ih., "o;c, depre...:' • kc~ Ihlli ~c nuatc' an d • ..,· 
IrQl"" "gn~1 Ih.t " IOlcqlfelc,J hy Ihe lran"", ,,.:<:. In the Lc)hoard and tramlatc,J ""0 
Ihe bit pallern of the ",n~'l"Jn,hnl\ IRA code. n,i, hit 1'~IlCrTl i, Ihen t,a",nlltled 
h' liou 1/0 module in Ill e .,)IlII'"lcr. AI Ihe compul er.the te,t C~ " hi; ,tor~d in th e 
I"mc IRA coJe. 0" OUlpul . I RA code char.ekr, "'c Iran~mitt"J to an ".Iemal 
tIc,·icc from the 110 " .. I<.lulc. Ihc tra,,><lucel at the d.,;,c imerp.el' Ihis code "nd 
",,"d, Ihe require J clecl",,,ic .""",Ib 10 Ihe oUlput .:len"':: cnh~r 10 Ji,play It..: 10,11. 
calcJ char...:lc' Of pcrfo.111 the rcquc~lcd comrol hIOCI,Ol. 

' )i5k On'·., 
A Jo>k Jri''CCOfIla",' elCCI"''''e< for e'''hangill~ <la13. ronl ... I. "nd <la.u, "gnat. .... "h 
a" lIO ",odule plu, Ihe electro",c, 1M w~'r" lhl\!, Ihe , 11~l rc.di",r;I" mcch.""", 
In a 1"~d.heaJ J,,'. Ih e u""WUCCI i, capable of "''',"Clt'''l\ I>clw'·~n the magncIIC 
p:lll~rn' on the m"'·lIlg dl" ,,,, h("~ "nd bit' in the dc"c~·, ~Llflcr (Figmc 7.2). i\ 
1I1, ,,· i "g. hc,," ui" "'USI ~Is<) be "h ie t" <"uS<; I he d;,~ ~"" tl! m",·c ,aJi,II)· III "rid oLJI 
"""""S .he dL'~·' ,u,f",,, 

7.2 I/O MODULES 

Module Fun.;t;OIl 

• Control and timlll~ 
• P'o<c,so. commun""U"", 
• Dc, ,''''' mmmunical;On 

• I)a'~ h"frcnnl' 
• Error dete<:lIun 

During an~ I'cnuJ of I "'>C the I"OC''''SOI "'"). ",,,,n ... mea.,, "uh OIl<" or more 
C>lcm .. 1 <I«,i= in unl"cd ,clllt.le p:llIcrn •. <k"pcnding on Ihe 1'" '1\' am·, nccd (," 11f). 
I he "t'~rr,,,1 .esou,ce •.• uch a. "'II In ",emory :md Ih e 'yS lcm bu>. must I"" ,h,,, .. oJ 

(I mun g I' n"ml",. "r "ct,,·ui e,. I"cludlng J ~ l a 110. 11"". th~ 1/0 function include. a 
,·,, " lru l . lId . in.i" ~ ""~UlrclII~lIl. 10 coordinate thc· rl"", "f tralfi e belween int cfll~1 
IC,,")fee, anJ external J",.",~, For ",,,mplc. Ihe wlll",I,,! .he I",n,(cr "I d.,;> (' om 
"n ,,<Iernal o.I.; ... cc 10 'h~ ph.,,:e,"" Illl~h. 1m 01H the l<lll"'" Illg "'que"ce of •• el'" 

I . I he I" oces.>o. imerr"!VIlc' 1I1e 1'0 module to ch«l lhe "al..,. .>f the .ttached 
Je~I'::c 

l. Th~ 110 "lOI.Iule "'tu,"~ the <Ie,ire ~tatw; 
.I. II the d",'ice ;~ ",,,,,.all,,,,.1 "n.1 rc~Jy 10 "an'''III. the p">C¢o",r «"<lues" Ihc 

I"""fe. of data. tI)· ",cal" "I ~ com n,.nd to tne 110 .",>dute. 
~. The 110 m,l<.lut<: .,blalt's" Ull'! ".( "aL;> (e .g .. X.,r I~ tllll) he,,,, th" extcma l ric,;",·. 
S. The da'" are t",",fcrrcJ I"MII Ihe 1.10 muUul c 10 the processor 



202 CIII\P1Ul 1 I J~ I't-T lour lUI 

II 1 h~ $)"ICIII C"'fll"I' a hu" ' ''CO cafh 01 Ihe ",."rde""".' heh.,e~" Ihe pro.;e., 
sur and Ihe 110 module ,",'ol,'~~ one ur mQr~ hu~ MhnTa. ,on< 

T he p,,,,,,,ding .i"'plor.cd "","an" aiM ' IIIU,I ,a'"" . hat the 1·'0 module nlU>\ 
rom"'un,cale .. ,., h Ihe I'm .. ." .... " . ""d ""h Ihe utcmal dc,ie>: . .... '~'.r _" • ••• ~ 
all,,,,, '"'ul'c$ Ihe folIo," ;n~ 

• c:: .. ",rna_d M ... di_1r. The I!O II,,)(iuic ~C'CpIS ,'''''II11and, fro"" lh~ procnwo, 
'Yl'lcalil ",,,t as >ig".,I, on the Nlllr,,1 hu" h" c<"""plc , an liO "",>dui< I",. 
u;,. d,;'-e might a<:ecrt the foil"" In ~ ,~ ''''ma l\os: REA D SECt 01{, WR I rt.l 
Sn -I'OK SI+K 'Tad "u",hcr, ""d SeA'I record If). Ille laller t"" HI""· 
", .. "0, each u\duJe" P,,,",,,ctcr that i, .C IlI nn Ihe J.ta hu<. 

• UK" : Data "rc exch~l\gc J h"t"''''' 1\ III" 1'''",,''''01 "nJ th e 110 "",,1<, 1. v"or 
th~ dala bus, 

• S'~III' "'p'".ing: llc,'.u.c 1"'"l'her.b are"", ,I''''',;r" ''''p""."II" l""" ,he 
" Iatu. or the 110 mooule, IOu. c~3 '''plc. if an 110 m,>dul"" a,ked .o ",nd d~l. 
to the I'roc,",..,r (rcad ~ , ;1 rna,' nO, be ,cad, I" do so be""u ... il i, "111 "'-'flInt 
on lhe I"C"i"", 110 comm., .. ,1 'Ill .. flK1 can he repon ed ",'uh a , 1",u' "pul 
(''''''mon "31", "'i:" .• l, a.e [Il ',," Y alhl IU A DY The,e may ai,,, be ~igJUlk 10 
"'I"''' ,'a, IOU>. e, rur rorlli,"o~ 

• Addr" .... ' ''''''J:lli';dll: Just a. farh "".d or mcmulY h .... an add res', '" doc. 
cIICh 1-'0 dc_icc , I'hu,,;on I/O ", • .Juk: muSl r~ize one umque addreSi roo 
";o,-'h p""ph~r"l "nm, r,''''-

On Ih c "Iher "dc, 'he IlO ""lduic n"'~t tIC "hie ", rcrl",m d.,, ;{'c "~, ,,lIma, 

" k~Il"" , Thi, rommunicalion ;" _,, I" es '-" ''''''''''1<1" .". tu, inlmmali" n, ",,,I Jal" 
(H~ ure 7,2~, 

A n c""n ti"1 I",. "f '''' I/O 'm~lulc " da ln '",n,·rin l[. The necd f"r ,h .. fu"c· 
til'n " "Pl'a re"! I" .. ", I', ~ure 7,J. Wh c rcafo Il1c Ir~,,,fcr rak "'''' .nd oul ,,( m~;" 
",em,,,,' or the proce~<or l> qui." hij:h , the r:,le;, order< t>r ma!""ud,' lo"e. ro' 
m~I" peripheral de"ice. and ""'c,, a ",ode ""'!'" Data romin!! frum m";,, 1IIemol) 
• ..., ""n' I" an 1-'0 m,>duk '" • ral',d hur;! T he d.lla arc buffered '" Ihe 1'0 moduk 
and then "'nl to the pe"flhe,,,j de,'ICC 31 ,b d .... talc. In IIle UPJlO'ile dircctitm. duo 
arc buffe.ed.., as nol 10 tie up the mCflM")' on ..... 0'" ' mn,fer ope,a"o .. Ihu ... Ih. 
1'0 n,uduic mus' be ahle u, "I", . 3Ie al 1>o.),h d~, ICC .nd memory .r<-........ """,,,b.I). 
Ir I he 110 dc,,,,,, 0l'",ales al B ....... e h'Sl>cr 11>." ' he mcrn". y """"'I> ra'~, l h~n ' he ~'O 
module per'Ofm. the "«ded hufft.i"lt "f'CWlIO" 

I,nally, an].lO m<><lulc" Ofl~n rC>I'OI",hle '0' ~ .. o r dtlccti<Hl ,,,,d rot ,,,,,,,,,. 
'luelllly 'ep"rling e rr"" 10 Ihe I'"-'''~''''''' One da", of erw" ",dude, mcd,."",,' 
"no declI,,',,1 ,n.trUnCl'''''' r~po"cd by Ihe tlc""e (e.~ __ 1M]"" 1""', bad di>k ,,~cl: f, 
Anolher cI",. ,..,nsim 01 uninl e,n ;o"III d, ., n~c, 10 th., I>il pane ,"", il i, IT;U"'",, 
le(1 f'om ,lnice 10 110 "I! >d"k _ S'''"C ,,,ttl1 "f Crr<lNiclc,'hng cc><k " "rtc n , , ~J w 
Jelect 11'""""",;(", err"l>. A ,""pic cx,",plc ;, I he ,,,c of " pat tty '''1 0" ~"eh eh" 
,""Ie, or data ror ,-'xam pl<' , lhc tl{" d",,-acl<', ",..k o<xupin 7 bit' "f:t h),IC, ll.c 
c l~h'h hit ;, "" '" Ih"1 Ihe "" ,,1 nun 'hcr of Is;n the b"'e;, nen (c"ell "~"' } ' OO 
"dd (.>dd I'",'I~'). When" h)IC .. "xe"cd Ihe ' /0 m.>duic c~ ecl , III~ paril) IQ 
de' "' """e .. helher an error ha. ocrurr('<) 
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i::lh"",,1 

0 1'1;...1 disk 

Scan" .. 

L""" Wh" •• 

\ 1",1.", 

I 
110' '"' ," ' ,"' ," ' ,. ,"' ,. 

1M. "" (bp>.l 

[10 Module Str uctuTc 

110 modules ,·ar.\' co",id~tahl} III compicxil)' anu Ihe nUlllhN or cxlc'na l ue"Ie'o, 
Ih"l Ih9' ~onlrol , We will "ltempl only a \'ery g~ n~r"1 desuiption h ~fe , (One '1"'
cifie dc,·iee . lil e Inlel ~2C'i5A. is dc,"",ib<d in Section 7.4.) I~g",e 7,4 p,ov ide," 
ge neral hl'lel: d l a~"H" or on 110 moduk_ rhe !nod"k wn ll cel, 10 Ih~ rcst or Ih e 
rom pUicr Ihfough a sci of "glial bne, kg_, ,),,,cm bu, bneq_ Dala Ir,,"<f~ rrc,! 10 

and from Ihe mooul e ~re buffe,ed in one Of more daw 'egi sters, There may also be 
One '" mor~ ,Iat '" TC'I,;'kr< Ih"l provide cu,rent ,Wlu, inrnrT!1,otion, 1\ sl;<1 U' , egi" 
l~r mol' ,Iso fUllcti"" a, a conanl ,e~ i'lc ,_ I" "ccept dc<;,ile<l will ",I info,m"lu)n 
fTom the p"xe,sor. The logic within Ihe module inter.clS ""ilh the processof ,-ia a 
set of cont",1 hrlc,_ Th" Ph)'':''''OT usc, tk "omrol lines 10 issue COO101ilnd, to Ih e 
I/O module, S[)me of the c<>"rroIILTlcs (((a), be u""d hy Ih~ I/O ««><iuk (q!.-_ for orbi_ 
ITmion ,md ,tatu, signa ls) . The module mu,t a lw he able to fecognize ,nd generate 
"dUT"""" ~"t>Cj'i1ed with the de"ice, il co nt rol" Eac h I/O module h .. " unique 
addre" (Jr, if <I c'ontro!, mo," than on~ externa l dC"icc." unique "" I of ~ddrc,,,",,, 
Fina lly. the I/O module cont'm' logic ,p"cifi~ '" th" inlcr face w,lil cach de"",,, lhat 
it control" 

An I/O (j«Klulc fun<',ion, to "Ilow Ihe 1"t>C~'M>r to "iew " wide f"ng" of 
de,-ice, 'Il a .irnple_«l'rldcd W;'} _ -I here i, " 'I\<;el rU((( of ""pahlhtic, I hot ""')' he 1'",. 
vid",l, Tit" I/O module O1J y hide Ihe detail> of I'ming. (ormals. a nd Ihe electro 
mechanic> of an "'l~'Tl<,1 'k"icc w Ih;+t Ihe p,ocessof ""n f"nctiotl in 1",,,,, of simpk 
fead and "'file command" "nd j",,,,bly "1"'" "nd cl"", file command" In lh ,;;'''_ 
pk,1 form. lhe liO module "',)' .t' III""·,, much [)f th e w",k of c[)ntm llin g , de"i,e 
(e .g .. ,"wind" wpo;) "i,iblc to the p,oxe.",r, 
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An ],"0 .... ><lul~ 'hal 1;lk~ .. on m''''' of lhe tlctailed I",,,e:;,;ng hUlocn. pr«en'· 
in~ a '''~''_Incllnlt, r",-'C 10 lh~ I'n..-cSSOT i< ",uall)" ,del Icd hI." an I (J chlll",,1 Of 

/10 Im~ 0, 'm. An liO ",,,du le Ih.,' i, qUI, ': prinHli,c and rc q"Lre' dc" " )"J connol 
.. ("u.'I1 ~ retc-rred 1<>.' an fII) coil/mil ... "r d~,'iu' ",,,,,., ,IIer. lill cunn(llk" ~rc 
romm""I), ...... " "" nllcrocll'''pUltn ... -herta, 110 channd, arc ".co.! "n n,~,,,fr ama. 

In "h", r"II'Wo'!. we ... ill " '" the ~"nc"c le, m /. (' ",,,,1,,1 .. "hen n" wn/u,"", 
''''U ll, ""<l will u,,' "h"e <pecillc le .m, whele nC"1;c''''''Y_ 

7.J PROGRAMMED 110 

Three Ic'Chniquc, lIIe possihle (or 110 "rc,,'ho,", Wi,1> I""Xr~iH"'riIIIU. J~\ a arc 
c~ch .'n ~cd bc'''ccn ' he ['''Jee ..... ' and ,h( 110 module The I'r<",-':'so' cwcutc •• 
1"""''''''' 111,11 S',·c~ ,1 d".:cr <'Onl",1 of 111~ I· () "perlin"". mcludll'M 5C" "ng dc' oce 
,Iatll,. ,""<.I II\g a ,";oJ or wrole m mnMII<.I. ~ ",I I"""f~",n g Ih ~ <.1.,10 . Wh,," the 
prOC<!'"" '''lie. a e"", ,,,and It, Ill e li() ",,,duie. Jl 11\\1 , 1 ,,,,,1 unl ill he liO "pcra l, ,,,, 
is "''''''I,lclc . If ll1e pro';c~r i. [ .. ler Ihan the If 0 moc.l"lc. lh;, ... w""l~ful of 1"(0<"" 
>Of I1M1' \\, 'Ih IIJI'·""I,,·<lm .... , /.'0. the I","'C!>"'" i",w:.. ~n 1.-'0 command_ conllnu .. 
I" "'c('"I< O1 " e, m'l ,uel 'om. and " ,nleHUI)I"d by Ihe 110 ",ooule "heft Ihe lalte, 
"'" co'''l' lctcJ '" ,,'or~ W,lh 1>.,\111 p,"gmmmcd "nd inl e nupt liC). the pnlC~'j"'" 
r\"llOn"hl~ for ... tno<I II't data (him m;',,1 men"," for 'JU il'ul and , luring ,I;'t~ In 

mam mcll~ for 'npuI, The allcrnahw " ~"""' ... as 11"('("1111""10" "(C~ (U\l ,\ I. 
In Ih" mode. Ih~ liO .. "-"'ule and mall' men,,,, ), " >ch.",)!,c dal~ d,rccllr. "-,,hOllI 
p"""c,,,,' im'"h'C"Wrl1. 
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THb1<7.3 liOTechni~ue. 

/Ii" Inlorrup" the "r hl1or,"p" 

IIU'.,""",m,"Y " .. ,I,,, P~'!l"mm,d flO I, ,,""pt_dnoon 1.0'0 
'hru..p P""~"""" 
1l;,,<1 UO.I".n"'m~ ",,," "".,,,,,), "'X"" 
" .. ,I .. (I )\H) 

Table 7.3 indicat~' th~ rtlal",,,,'up "n1()ng th~", Ihr"~ k~hmyu~, . I" [hi, 
,""tion , we ~xplore programmed I/O, Inteffupl I/O and DMA .re explored in the 
followillg 'wo "'~Iion'. r.'l"'oli"o1),. 

O" .. rview of Programmed I/O 

Whe" Ihe 1"'''-'Cs..'N i, cx~",!1in)(" progr"m and ~n~"" nte" "n inmuolion ,ci;ning 
to I/O, it oxc,ute> Ih" imlruClio" by k, ui"g" tOTlu"""d to Ihe app"'p""le 1.'0 
module. Wilh programmed JiO, Ihe liD module will pe,form th e r~qu~sled aClion 
"nJ Ih"n ""t Ihe appropriate bit' in lho I/O ,Wlu, "'gi'ter (Figure 7,4). The I/O mod
ule t"l~., "0 furlh~r 'lclio" W "krl the processor. In pmticul"r. il Joe. nol inl ern'pl 
the pmc.sso l. Thus. il i, the rnp(m,ih,liIY of Ihe 1'r<I"e'>(I[ I",,,,,di,," Ily t() ched Ihe 
SlaW, of the I/O module until it find, th" t the ol"" ation is complele, 

T" ~'plaio Ih e pmgr;lnlmcd I/O tcchniyu c. we "icw il first fmm the point of 
,jew of Ihe l iD comm.""h i",u,'J h~' t h ~ p""c.;,,,,, 10 Ihe 110 nloJuic, ,md Ih en .from 
the point of ,'iew of lhe 110 in>truclio", exc,ut"d hy the Pl'llccss"". 

I/O Connl1Hnd. 

To execute an liO-relalcJ inslrucl iotl Ihe p"lee"", i"ue, on .Jd",ss , ,pecif~'i ng 
Ih e pMti"ul"r I/O module Jnd oxternal de"ice, and on I/O command. Thore are 
fOllr I}'I'C' of 110 cO nlln 'Hld, Ih" ' "n LlO module nl"}, rc"ciw "' h~n il i> "dd,c>scu 
by a proc",,,,r: 

• COIII",I: ll,..,... to "cliv,nc a I"',iph"ra l "nJ Idl il ,,·hal 10 do . For ","mple." 
mal'-"ctic-Iape unit may t>< ill.'" ~cled 10 re"",,,J or 1() move forward one record. 
\11 ~", c'<Jmm"nds",~ tailoreJ to the parlicular lyP<' o f I"'riphe,al dovic~, 

• T"'I' Used 10 te,1 ",,,i,,u.' ,,," u, Wndit;"n, a'''lei",",1 wil h "n 110 ",'''luic and 
it, pcriphNab. The proct'''-'or ",ill ,,"" ,,110 lnow Ihat the periphe,al of inler· 
cst is powered on and a"a il able for use, It "'ill also want to know if the mosl 
,cc,'nl liO "pcr;ltion is compickd and if an}' erm" occllncJ, 

• Kcod: C"uses Ih~ I/O moJul~ to obt ai n an item of dala f,om th e peripheral 
,,,,d pl"cc it in "n inl ~rnal b<l[fer (o.!epicTeJ", a dOTa ,cgislOf in Figuro 7.4), The 
p!<lee"", Can [hen oblall\ Ih~ J:lI" item h)' rcquc,'ing thai Ihe I/O modu le 
pbce il on Ihe dala bus, 

• Wril~: C"LJ'CS the IiI) module 10 wh all ilem of <law (b)·l e or ",wdj I'mm Ihe 
dala bus and .'UI""'yUelllly hansmil (h at Jata il e", to Ihe periphe,al. 

Figu'~ 7 __ ~ " giws "" "~"Olpk "f the llSC ()f p,ogr"mm~d I/O to ,""J in" block 
"f dala from" pairh","' de"i", __ (e. g .. a rccord from t"pel inl,) m~TTl"'y . Ihla "r~ 
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, ~"d '" On~ wwd (c . ~_, Iii btt"~ ' "I""e' I'm e'Kh w'Ofd ,h", i, ,." ad in.lhc 1',,-.c<:I
"" ",,,SI re ma", itl a 'ta1UH'h"d",~ c)' d e "nti l ,I dd erm;ne, th~1 Ih ~ word II 
;,,,,,I abk in Ihe 110 moollk'. d'''a ' ~~III~r. nil, fl,,"chan highh';''' Ihe ",.,n (Ii, 
"'.han.a~c of .h" '~"'hm'l~e 'I'~ a Ilm~"""n,u"''''g ["OCC,," thaI l eel'" Ih .. I'«'ICC'''''' 
bu" ncedle..,;I)_ 

I/ O I"_<u,,clion. 

W,lh ['r<,.:,.mmed 1. 0_ I hc .~ .. ad"", cone'romJence IH-.we~n Ihe II().rd~lrd 
."_,11 ~cllon; .hal .he ['Ioct.">-"" iclChc, from ",cn.ury and .he liO romma"d. Ihal , b. 
!"'"'''''''''' ",",U<'J lo ;on 110 mod ule '0 C1~'<."UIC the ",.I,uchons_ Tha' j" 1"" in,lrut
thms ~rc C." ly mapped ,nto 110 cOI" ",;",d •• nd the ' e " oflCll a s;mpl~ nne ·Io-one 
rc!" I)(,",hq'. I he form (\f Ihe ""IIuctl<m J ~ pc nd, ,,,' Ihe way in "·I,,ch C~ l crn.1 

lic' i,-,·s "'" aJJr""~'l. 
'1}'pi,,,. ll y, 'h~ ,.c ",til Dc "'''"V liO d " "lc~' oon ne<t~1i through 1/0 "",Jub 10 

I he ,,;Ie"', Each device" g",'c ll " ~"'4uC ,J~nl tt' e' ell adliro",. When 'he pro<'c>'iO' 
", ~e. an liO oommand , Iho CDmm"nd cu",,"n, Ih e add,"" of Ih e de , ired d""i,~, 
r hus, each I/O moJule mu,1 inlerprcl !h,' .ddrcs, line, 1<> dclernllnc if Ill e C<lm-
01;111<1 .. (," ,I>df 

Wilen Ihe I',occs""r, n" .. n men'o'\'. ",.d 1.-0 , I,a,e a C<lmmoo' t'u<, 1"0 n."""," 
"r M1Jrc""in", arc ",,,-,,Ilk' ".emory m'P1"'d and ~Ialcd_ W,lh _e"Of)" ''''~11t<I 
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110, Ihere is a 'ingle addr.ss 'pncc tor memory lo;:,lI im" and ]10 device', The 
processor (rc"h (h e ,(,,(u. "nd <1;<1<1 r~gi' l~r, of I/O ",,>dule, a> "'e",or), locations 
and W''-'' the ,am" "",chine i""ruuio", to access both m"mof)' and I/() devices. So. 
ror exam pIc. ,,·ith 10 address lin",," comhined 101.,1 of 2'" ~ 1024 Ill~mory location, 
and I/Q addres'.,,, can bo '''PIX)rt~d, in an)' comhin ,t ion. 

With memory-mapped I/O. a "n~lc rcoJ line and a single write line arc nc"<led 
on the bu . ..... he'nati'·dy. th" bus may l>c equipped with memOr)' rcaJ ,lI"j ""ik 
plu> input and output command line,. Now. the ~~lmm"nJ lille 'l>cc,fic> whether 
the addrc", rd~,-" 10 a memory I"",,,ion or an I/O Je--icc. ntc fu ll range of addre,s,,, 
rna)' be av"ilable for hoth ..... ~a i n . with III ,ddre", li nes, the 'ystem m"), now ,up
port both 1024 memo, y location, "nd 1024 I/O ,oJJrc,,,,,. B~'C",,,c tile add,c", 'pace 
for IlO is isolated from tllat for memo,)', this i, rdcncd to ", i"Jlal~d 1/0. 

Fig\Jfc 7.6 cont""t, the", t "''' !''''gr"mm~J I/O techni,! ues. Figure 7.6a ,ho'", 
how the "'terrae. I", a , i"'ple inp ut JC"icc such a, • terminal h)'bo;<rJ might "p' 
pear to" prugrammer using mcmor)'·m"pp~d UQ, ",,,,,me ~ lIl· bit addrc". with a 

'" "--------' 

I 1\<),00."" inp.t , MH' 

'" t,C-----------,-' .,kI con'roI ""~"'c 

LI K,..ad) Ls"twlto 

AIJl)KK~S 

,"' 

AlIll KESS 

'00 
WI 

Fi~"r" 7,~ 

u,. too", ".11 .... d 
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St ....... ,\C 517 
lA.d ,\ C 57 1 
II ... n<hlf~ l~n K ' 2Ql 
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IN~TKlICTlO." ()['KRA . ...-ll 
I,.ad I/O , 
T;'1 1fO , 
Bnm<h Not R.ad~ !RI 

'" ; 

(b) I"'~.I"III() 

\1c n""y \1,ppoJ ,rt<.i I,,,I,,, . J J..'O 

CO\I\IU~T 

Load ,,,,·"mul.Wr 
Inltiat .. k<)'t.o.rd .. ..J 

a'l ".'.' b~" 
Loop un'~ .... 01,' 
Lo.d d.t. b~t. 

CO~I\Ir.NT 

Initi.t. ~.)'tJwrd ".d 
C_k to.. <ompl.tion 
1.""1' unlH 'O"\I~N' 
I .... ..! dat. loyt' 
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~ 12 -bil m~mol)' (l<)Calion. I)-~ I I) and ul' 10 ~ 12 1'0 a<ki n" •• " ( l<)Ca llOn, 512 W23). 
I ".., ,..J"Jr~\sc!' an: d~dical~-.J 10 kc}hoa,d inpul from a particulal le. min ;,1 Addra:i 
~ I r; ,efer< h} I he ,fa", re.o;"ler aflll ;,dd,c~, 517 I"I: fe" I" the .talu' 'C~'tc '. " 'hieh "bo 
functions", a e"n"ul regi, I", fo , r ecci"l!1 ~ 1'''''''"'''''' ,'u""";" ,J,, Th~ I''''p.m 
olio"'" ",II .ead I I»'te of data f",m I he l e)"hoard .nto an ""um,,!.n,,, . "gi_Iel in Ihe 
p'o<:~", ... r, "ule Ihal lhe pr<>CI.''''''' " "'I" unl ,l Ihe dala 1»1e is a.a,lablc. 

With ;S! ,I.1t cd IIU (I'i~ urc 7,nh). th e 110 rom"," ucec.sihk only h) >pc~ ,"II/O 

' .... mmand,. " 'hieh actl\ate Ih" 1.'0 command h,,~, orl llle hu, 
,"ur mosl tyflCS of pr<X"C.'<SOIs. Ihele ;, a rd."" d~ la'Re set "r llIffe.enl '"'Ifl>("· 

I,,,n, f," refe ,e"""g mem", )' , II ,,,,bled 110 " u;cd. there .," only ~ rc" 110 
,",lruction,. Thu ., :,n ad"."t uge "f rnC!I",,)'·mal'f'Cd 110 " Ihat ,I", "',.g~ fcrertoi" 
of ins"""uons C3n he usc.J allm<;ng n",.e err ""en. p"'IV~m"'in~ A di,;,d, ~nlag~ 
" thai ,·.Iuable mc",ort ,>tl<l"". 'p"cc "u""d ul' Bu ll' mo m0'Y·maprc<l ~n<l 1..0-
l"led 110 "re "' U:''''''''''' U,"", 

7.4 (NTERRUPT ·DRlVEN 110 

ril e problem ,,,, 11 !"og'" rnnlc<l 1.'0 " Illat Ihe P'OCC",'" h~, 1" "~,, a I""g li me 1m 
the JlO '1)(>(luk "f C<.mcCrn t(, be ,c;ody for ~ lIh ~r r~'''l'lj"" or t' ':1 m",;'';'''' of d'ia 
' I'he p,occ~r_ '" h,le ""aill"g. "'IJ>I rorc~ledl)' Interrogate th~ .. ~t u, uf lite II(J n1O</. 
ule, ,\, ~ ,,",ull. thc l<I'd of thc perlOTm.me. of the entlrc .)"tom I, """erel} dc~radnJ. 

A" a ll cr".I"'~ " fornr e pTocc .. or tu i""e an)in C\m'm~"oJ to" m,,.j,,k "nJ 
then p> "" to do $Umc Olhe. u",ful work 111e 1'0 module , .. lIth~n inlerrllpt the 
I" OCI:S>OI h) .oque't S<"", Icc " hen " ,~,cady to c,,,ha"ge data " " h Ihe prOCC>oiO! 
rh e p"",""or then ",,,cu le, the <.1"1,, t, amlcr. as belof<·. and th~n ,esume' ItS I .... 

""e' I''''''c","~ 
Ltt u~ conSIder hn,", th,s .. '{)tk<, fir,t ffOllI IIIe poinl "f "~ .. 01 tbe 110 mudule 

r", inpu t. the I/O ",oJul~ r~<'Ci.cs D I{I :AD conllnaml r",m Ihe I""""''''' The ll() 
mwuk t hen pmC<'~d ' tIl leau Jaw", fro", "" :1'ISOeial cJ p" ril'h c! " I On"c the ,!aI. 
h'~ in Ihe 1lI,><Iuk', <lata '0$"'0' . • he moduk s.g"~ls an intcrnopt " . the 1>r()CdOO1 
'" c. a conn oll",,, I he moJulc then "·~,lS un,,1 , I> <lata ar" r"'lu~st~'tl by the !,roce>
sor. Wlt"n the r~'I,, ".t is "",J", th~ m.>dule pl",e& its rIat" o n the ,J"I:I h'" ,,,,oj,, t~" 
read)' for .n{)lher 110 ol""a,k ... 

F,om Ihe prucc.",r·, pollll of >Ie,",. t h~ hClion fur ,nput .... ~s fon"", lb. 
l"O<c,,,,,, ' ''U~' LI R [A D com",anJ, It then ~"'" off ,mel J o.'S '''m~l h'''~ ci..., (e,~ .. 
the 11""''''''"''' m"~ he "'or~ "'1\ on ;c"~," l dil'f~, "", p"'~ram' "I t II<' sa me tim e I. AI 
Ihe end "f ea<-h tn"""",OI' ")-.:1.,. the pJUC<.'S ..... , ch~<:l' (or mk rrupl> (Fig.utc 3.9) 
When the rlllerrupl from the 1!0 modu k O«u"'_ the p.vccssor ",,'cs Ih" CU!llext 
(c.g .. program ~()"nlc' " lid r".x:~'''''r re~ i'l e" J "I th ~ curre"t r"' ~r~ ", "oJ 
1"""""'''-'; the inleffuJ,L I .. , h .. ~a",. the 1''''''('''''' ,,,ad, th~ ",'<>,d "f d~," I,,,,,, II!.r 
110 module aflll '«>Ie. II ,n memol)' It Ihen I~."tore. lhe rontcM "f Ihe prugJam ~ 
" '" w("~ing on (,)r sume .)thcr pr"~," ,,,) and ,e'urn"' e"",,, ,i()n 

Figu.c 7.51> . how, the u-e "f IIller,u!'t 110 fo' re:l(h ,, ~ '" a hl,"'l of J aill. COOl · 
I""~ th" ""h Figure 7.53, Intc rr upt 110 i, n""" efficient than p,ogram",<>d 1.'0 
hee""", It ciinH natc. needlc", "aillnll' Il o"~',,,. in!crrul't 1.'0 ,t ,1I con,,,mcs • 101 
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of pro"c"or lim", !>co;Hl' C evCT)' "'WU "f d;<t" tI", I g"<" f TOm mem oTl 1<) liO m<>d · 
ule or from liO m,><lu l" 10 ",,,"'0'), mu,1 po'" IImmg h lhe p1'(","ss<Jt. 

Interrnpt Processing 

Let us consider Ihe role of the pr"","""" irl interru pl_J,ivcn 1i0 in more delai\' The 
OC<:\l rr~n"" of an interrupt trlgge,", a number of ""em •. both in th e proc<'.sor hord
",are a rl d in ,oflware. h~ur~ 7.7 ,how,,, t)'pical '"4ucncc , Wh~n an liO J~"icc ~'Qm· 
pletes an liO oller"I1<1[1. I he fo ll owing "-"l""n<'c of h,,,dware ",~"IS ()C<",," 

I. Thc d~\'i cc iss,,", ,on im"rrupl signal to th e processor. 
2. TIte procnsor flni,hc, n~cu, i ()n of I he "Llrr~nl j"" ruci l()n !>cfmc rC'I',,mding 

to Ihe ;mcrr upl. as indicated in Fig ure 3,~. 

Hardware Suftware 

, , , , 

" , j 
• 

j , . , 
".",cutlou ofcurn m j , 

"""-"",, lnlerrupl ,. 

~''''''f''"' j 
R~~tor. pr"re.~ <t.t~ 

Informal;"" 

:J 1-" • " j 
R<Ston old l OS \\' 
~nd PC ,. . 

~'C nlu~' b:.~';; (lP 
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1. lbc P""""'_ '''''Ii for ~n inlelTu!" dclcroo"nel lhal I hen; " o" e, and ~nw II 
.cknO\>kd~mcnl .. ~nallo Ihe dc"c~ Ibal ''>Sued Ihe IIlICHUP" I-he .c~n""~ 
<'tl~menl allow~ Ihe de'...-c 10 '~mo"e ," ,nlC""I" "~,,al. 

~. The ph'ec"'" n"w need. 10 pr~p"re 1" I';lmler ronl",ll" Ih~ ,n1ern,I" ' ..... -
llIlc_ To ~~in. ,I ",ced, '0 ",,-t ",I"''''"I' ()II ncedcJ 10 fe,ume Ihe ClIffcnl 
program "' Ihe ""i,1l of ,nlerrup" 111<' ""'''''IL'''' i,,(orm,l io" r~'I''''cd i, (aJ 
the ""Ius "r Ih~ l'",ee,'O),. ,,-hi,h i, " .nl:,incd il1 "rc~'lc' "~lIeJ the pr~"m 
""lU' WUfO.! (J'''W) .• "J (b) I he 1"""1"',, ,,( I1lc nnl ,m!meli"" 1" be ~x",ulcd . 
... h,ch i. ,nn!a'ne<l in !he p"'lltam mUlllcr_ 'I he",", C"n he pu'hed onl" Ihc i~i-
1em eonllQI ""ok 

~. llte p",,""',"")f ... ",. luad> Ihe P"'!''''''' ,-"u'ller , ... ,h Ihe en"), lOI,'3l1Qn Qf lh. 
onl~nupl.bandl.n~ rrng""" Ihal ",II K.jX .... I I., II", IIIlerrupl. [)..:pc",lon~ oa 
Ihe rorllpnle, "."h"~'C1u,c and OJ"'mton~ ",Iem dc,ign. llIen; "M)'I", a sonde 
prQg'.'"- "ne I',,)g.am 1m c~~h "'1'" "f ,ntCHurt. Of "nc f>ru~mm r", ,·"h 
Jni,e anJ ,'ach I~PO; of mlen"",- 1 (Ihere i, ~""e I h,.n ulI" imern,pl ha"JIIn~ 
fOuline. 'he p. u<;~w" IlIu,1 J"I~n"in" "llIch ""~ 10 itlvoke . Il, i, ,,,r""II't ioo 
may h' .... ' been i"duJe-J in the Qrigi",,1 inlen "PI ,i~m'l <" th~ I,,(><:~<.<>r n,,, 
",,'-c to iNJO a l~quc'l !o the <,k"i<::c Il'at ""ucJ the inknupt IQ ~et it f~'I"""~ 
,hat c<""a",~ th~ "C<:<1cd on("mw,,,,, 

Oncc lhe I''''rr"," countcr ha, been I" ....... -J. Ihe I'rOCC'o"" P'oc~ru,. 10 'he nc\l 
inSlmet,on 'rei(_ "hoch bc~ I"' ",Ib an 'nSlrUClion 'deb. lI""a"", Ihe m,lfu(:11OII 
[deh ;, tJetem,incJ by lhe ro,Ilen" 01 I h~ pn'jtf3m "ounl~'_ lhe 1~.",,11 "' Ihat ron· 
Ifol i, lJansfcfTcd to the in1CTJUI'I·h~nJlc, 1"","1<(1 l hc Cw<ul"", 0' Ih,s p'Qg.am 
Ic,,,ll, on Ihe 1,,11')\<>n~ "1'<'"li""I: 

(~ A l thi, 1)(>1111 . thc I'",&.-a", oounle, ;""j I'SW ,,'Ialong I" tI'" ,nterrupl"" I"'" 
gr."" 11 ,,,",, t"",,, "'1\"J un the ,,-,kill ,t,,"~_ I ru"'~,-cr. Ihac ;, oth.," int",..n"I,,," 
,h,11> ""n",k,cd p" .... 01 \h~ --,tate" or the c,cculn'K pmge"",_ In I,,",,<.-ul.u 
the rontcnl> ullh<: pru<;o;"o. reg;"I,,-., need I .. I,,· .a,'Cd. bcc;ou," Ihe..: re~il<n 
rna) be u,"",1 by Ihe Inle<fUpt handle. 'i<,. all o( Ih".., \alue'_ pllU any "Ihet 
,tale ",fom", .. "". nCC<l m be .a,-""_ l YpICally. lhe ,,,Iell upt h.ndle. "" II ~n 
1»- .,,, ;nM lbe e',"I~"I' ,,( all.e~,Sl~'" "n Ihe '1.ld lI~ure 7.K.~ ,ho", a ,,",pI~ 
e~ample_ In Ih,. """,. a u..,r I" "V''''' '" mle,ruptcd .ftCf the m" , "'lIQf1 '" 1"",,
hem N T!o.c ""nlcnt, of "n "llhc '''s"tu, pi'" tile aJd,c" Ql 'he "exl ''''11 ... · 
I,,~\ (N ~ I) arc pu,"eJ ,,,\t,, the ,tack l1,c .taCk I",in"" is "I"I"!"J I" I"'ml 
to the tl ,·w lUI' "f ,I.,,-k. 3tlJ Ih. rro~r:"" ""IU,le, i, ,,[xI,,lc" ", po int 10 tl\;; 
b,:gjnn;n~ "f lite ",1",lupt ",,,-icc f('1II1"~. 

7. The inle"upt hundk. nexl prOC<"-",c. the ""e,,uI>!. Tllj, jnd"dc> all " .. ,m· 
inaliQn Qf $I~I u, ",/",,,,al ion ,eI.ling hI dIe 1'0 ope,all"n "e Olloe' ewnl 
Ihal c.w..:d an tnl""upl. I . ma~ a"" "",,1>( scn,hn~ adJitiQnal ""n,m."lw 
or ac~n""'lcdt:"'<'nl' 10 Ih~ IlO de\-ic~. 

II. When onler.upl r,occ",in£ IS ""ml'klt _ Ihc sa"cJ .eg"'ler ,-alue, are ,""""cd 
from ,h. Mack :on..! rc,t",eJ 10 'h~ ro~'I~fli (c-r;.- "'c n~ure 7.l\b) 
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9. The final ,,<I " '" ,"" m e 'h" I'S \II 00.11"'-'1'-1 ~'" C,-,u tllcr 'al"". from the . Iacl 
A, a ,(,uti. thc nexi ,,"icue ll,," 10 be ",~'CUI C<J ""II l>c from the p.c>'iou,' )' 
ink rr ul'1C d program. 

Note th", ,I " ""ronan! to sa\'e , 1I the . t"I C ",f,,,,,,,,,;,,,, ,,1~JLjl lh~ ml"TrIl I"" <I 
prugr:III> f,) , lal~' re_urn!'I;"", Thi , i~ be-c"u;e th e int errupt" nol a lOut;",. ca ll ed 
f,o", the p"'g.r am. Rathe , _ Iho ;"k reul" c;on OCCUI " ' "ny ti me "oJ therefore at on)' 
polin In the "''X'II liUfl of • u ... r program. Its <>ocunc"fc "unl"c<hclablc. I nJcc.,j. "' 
... ~ ""II ,",C In the nc" eh.plcr. Ih" ,"'" prog", mb m~~ nUl to.,-" a")lh ,,'~ '" c..,n"nO<l 
~nd may IIdonji. '0 ' ''''' dIfferent u""",. 
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DeJign Is~u ... 

I "'" deSIgn "'. u~. a,..., "' IInplcm~IIIIItg Inlc" upl [10, 111>1. be"au", Ihc", _Ill 
.1"'0,1 in"MHlbl ) be ",,,lllplc [iO ",,,Jules. how J"", II", I"O<~"'" Jctofmmc whicb 
<k\'KC ~"u~d Ihe mlenupt'! And '«<lnJ. If "'"h;pl~ IIl\ err"p" h." t ,,,,,-'ti l ,e .... h..,.. 
d"", Ihc 1" ' ''''''>01 dec,de ,, [ucb Qne I" 1"""''''"'''' 

lei u' cII",id~f d"vice ,dcnllf",at,"n flf" tOIl! ,cn • • ~1 c.llcgofic' of leth· 
""I""' ,1I'C ,,' C"nl m(m ""CO 

• Mullll'le inlerrupl 1m". 

• ~)flw",c 1',,11 
• Dal>Y eh,1I1l (h'I'd".lTe poll. 'cct<>rc-.j) 

• Ilu. ""Olmlion ('~~I",etl) 

The n"~'1 'lIai~h'f"l'"ard "I'pmach HI Ihe jlf(Jllklll ;s h> [11'I)\'iJe ",.iliplt 
j~I"rnlpl Ij,,~. bc''''~cn U,c rro .. ..:o.o • • nd Ihc 110 m<ldul" •. H"W'c,",,,. it;, 11"1""'· 
Ilcall., (kd'CalC mmt Ih.n a reI> hus linc' " , procc,.,." pms t" illle.rup' hncs (:un. 
"'ljuc lIIl~· , <>cn If mull'l'lc 111'''0 a.c u"" d. il i, II~cI~' Ihal each IIIte WIll ha,·~ n,plll.,.' 
110 mooll l", "11;,,,h"d IlO 1t Thu,. lOlle "I Ihc ulloc!' three t edtni4u~, ",mt t>. ,,,,,,J 00 
cad. hnc_ 

One ah~tnalne II; Ihe ..... Ih.'» ... • p,,1l When Ihe pr""'<!'«<>r tle,~"C .. ~n "" crtupo. 
,I hmn.he, 1<' "" inl<nul' ..... ' ,,·icc ",ulIne " h<"" job .. 'j lu poll c"'-h 110 Itlwule l<> 
J~I~rmm" whi"h m"duk <""",II Ill e i,nc",,'p!. The 1, .. 11 e'}(I11I h~ in the IIl.m 011 
... ·p . .,ale eOlnm".lIlline (e,g_. TI...s I 110 )_ In II"Ha"', (h~ 1,,, ~!'M)r "",," II ~'["L<'O 

~Ild ['lace. Ih,' aJd.e", 01 a IKHlin" ... 110 nt"lIul~ 01' Ihe ~dd,,,,,, Ion"" The [,() moo. 
ule r"I>on(! .. l)OSih"cI~' ,( It loCI rhe Inle""I'!. ,\llcrnaIlHly. e"ch 110 module rould 
"",""", an "ddrc,,,,hle '1;O tu, le~l>ter, The PI'''cc",,'']' tlte n rc"d, lll ' ,""u, rcg;,to! 
,,( ~"ch 110 nt(oJule h' identIfy Ihc ,n'c"u""n" nlloJuic, On.:;e (he <;orr""l ,Ok.><l~le" 
....... n1tli~d, Ihc I'roct:w,r hlanch,·, h) 3 de~icc-",,, ice n~Ullte sp"."r", 10 lhal dc"""" 

l'he J"aJ,·"nl"~e of the ",'(N.He [X'II" !hm it" tltne ""n,,,mlllg. A "">rC df~ 
c,""t techni4u" " (o U,,;: II dai,)' .·It~l n , ,dllch r""'lde" III d'fcd .• 1t""I",. rc ro ll, An 
cAaltl['le of ~ dais~'''''ha,,, runfigur.u"," is ~h<.l"'l1 in Fi~u,c 3.2~, Illr imerrupt" aU 
1,/0 n",duLes 'harc a ,~ .. nm"" on'c"up! "'4u",;, hnc. Th.· imcrru", ac~n",,·lcd~ Ii"" 
"d.",y eha;""d <hrou¥h the ",,><.Iule'_ Wlten the !,"lI'C,""" ,en,,;:, an n'{e rru!,{. il 
,ends 001 .n ,nterrupl :k:lnowk"<i~c_ Th", ,i~''''II''OI'''~;II~' thf()u ~h • ",ric. IIf b'O 
module. unlll II get' l" a ",q"c"l il1~ modulc_ The "~'<Iuolin~ mod ple 1)'I,i<;ally 
.t'I'''...b b)' [)bcln~ a ",,'rd OIl 'he data lin""'. llt", ,,',.,d IS .eferTcJ 10 a .. a '·""'rand 
' \ cuher lh" ",Id,e" 01 Ihe I/O "h)Juk Ilr s<"t!c "'ltcr ""'4U~ identlne!'. In eIther 
..aM:. (he P""~"'or u,~, tlte '"cl",. as a poinl~' to the "Pl'f()p.;"t~ d<·~icc-"""i«: 
roU"nc, Tl", a'o;d. thc necd h. ">«ule a Jcneral Inlcrrupl·""".,ec JOuhne Ii,,!. 
·n", techn,'l" " ".allcd a ,· ... -"'TI~J Inlnml" 

The.e" ,,,,other tcd,nique thai lTt,h \ LISe IIr ,·ecl"re" II\WHUpIO. a,,,llhat is 
I" ... rlHlr~li"" With bus a. ~'''allotl an JiO 1110,ju'" "\\lSI r;", pill conlml of Ihe bu\ 
t.cfll'~ I{ can ,.,"" 1I,~ ,,"cnupl rc-quo>l ",,~, Thu,_ ""I)" on" moJ"k can r."", Ih~ 
""" al a lime, When lh" I"''''''''''''' delcCg I he ml"HUI". II ,.",[>On<[, "" lh" imcnupl 
ad nowkugc [jtlc. Inc fC~ "",1 ;tl!! ""Kluie I h,· .. place, iI, "colO. <0" I hc d"t" I in C., 

The ~1"""ntCn""I1t<1 I""hnllj~'" "'''c W i<knl,h' lhc ,clj uc,(ing 1:'0 "l""uk 
llt~y dlso I'ro,-,d" 8 ,,~)' "I a'Mllnm" p" ... "llc, wh"n n",'" Ihan one de' ICC I> 
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'''4ue,'ing inle,rupl "'''''c, Wilh mulliplc line" Ihe procc"or JU" pick~ (h~ imer
'Upl line ",ilh Ihe i1ighcSl priorit~', Wilh sofl,,",e poll in g, the l>rdc, in "·h,,,h I1l(KI · 
uk, ,<TO polkd dC1crm ine' their pril>rity , Simi l"rly. the ()Tdcr of n\oJulc, on " dai,,. 
choin dcttrmu\C, Ihe" prioflty Fin,lly, bu, "b(ttation can employ" priority ""heme. 
"' di>cusscd in Section -',4. 

W~ nul\' I "rn W two c"1ll1pk, of inkTTup' 'tr (lel (lTC" 

Intel 82CS9A Intenupt Contron~r 

Thc IntellSO.>&i pW"ide, a 'inglo Int errupt Ikquc" (I"\TR) ,,, ,,,I,, "n~le Interrupt 
,\c k no"'kdg~ (I;\TA) Imc . ' I U "II"", 1 ne 1!<T1KIi to h,nJ le a 'ariet)' ()f dc,'iccs "nd pri
urit)' , t ructure', it " usuolly configured with on external interrupt mbit,-r. Iho ~2C.WA. 
E"e,""l d.',vic", me connocled to thi' ~2e59A. which in turn ,,-,Tlned, It} lhe &I3~6 

Figure 7.'1 ,huw, th~ U," of Ih~ !CCWA to con nect multiple 1/0 modules for 
th. 80,18b. A si"glc 82C'S<JA Can handle up to ~ module" If con1fol for m(}fC 'h~n ~ 
module, i, required." cH>c"de "fr"ng~mcnl e'ln l>c """I to handk up t" M TTloJub 

I' hc ~2C:i~A', sole rc'pomibilit )· i, Ih ~ n"j(l "~eTTleu t of interrupts. It ",ccpts 
",tenupl rcqu~'t' 1"",( alt achod uHlduk, . Jete,mine, wllich interrupt has Ihc 
highe" prio,il)'. and then ,ign" l, the' p,,,,,,,,,>or by raising the INTR lin~, 'rh~ pro
ec,"or adnl>wlcdge, "i" the I"\' IA line, Thi, prompt' th~ ~2C59A 10 p lace lhe 
"prT(\pr"'t~ Y~ct0f inlor",,,t ,,,n 0« lhe Jata hu" The processor can the n proceed 
to p,oce" the interrupl and to communicate directly wi th Ihe 1.'0 nl <><lu k tl> rc,«! 
or write "at". 

rite K2C5'1A i, progr"mmohlc. I he M3~(' Jete, mille, tne priorit y S!.'h~n'" to 
l>c useJ by ""lting" control word in the 82CWA. The follo"'ing imcrr\lpl modc. 
arc po"iblc: 

o .' ully ".'ted: The in1c'rlupt ,eque>ts are (}fJcrcJ in priority lrom U ( IlW) 
through 7 (IR7), 

o RoMing: In ,orne "pplicat ion> " nurn t><;r of irMrrupl]((l\ Un,,'''' arc of cq ",,1 
p"OT!I)', 1n II", mode" Jc,'(~c. ,dtcr hci(\g ...,,, iceJ, rccei"e, the lowe" prior
il)' in the g'oup, 

o Sr~dal ma,.!;: ·I ·hi," Ilow, the proc"",<.>T tu i"hihit in lerr upt, f",m c<'rta in d,'vice" 

Tbe Intel 82CS5A Pto~ta1nmable Peripheral In terface 

A, an example 01 on I/O module u",J for progn(mmcJ liO and iTlt crr~pl..J",·en 

1"-0, "·e eun,ilkr the 1 ntel S2eS~A l'rog,amm;ll>k I'criphcr" I I nt erf"ce, n ,e ~2r:55A 
;"" ,ingle-chip, ge'"era l-I'urposc I/O moJule designed fur u,e with Ihe 1ntcl lS03&l 
processor. Figure 7.11l ,how, a gene'r"1 block Jiagram plus the pin ,,~' i gnmcnt for 
tn~4\J.pin p:tcbge in wnieh il i, hu"",J 

The right side of Ih" hlo,k d("g""" i. Ihe e'tc",al !llte,face of the g2C55A. 
The 24 I/O line, Ole rrogram",a~le b)' Ihe lS03~ by me,"" of tk co"t ro] rcgi,tcL 
Th" X03~h ca n ",t I he V" I\le of lhe cont rol rcgi"cr t" 'l,""cify " "aricty "f '>PC' ating 
modes ""d configural,,)('" The 24 line; are J i, id"d into three' ~- b i t group, (A. H. 
C). Each group can functiotl as on ~-hjt liO pon. In add iti on. group e i, '!IWi,ided 
into 4-bil groups (C., anJ e,), "hich may Ix; uwd in conjunclio" ""th Ihc A 'nJ B 
110 pOTt<. Cunfi ~\JTcJ in th i, mann", they CH"y control and "otu> 'igoal<. 
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The lefl ,id,- of Ille I'I,>C~ diag'am" tile in' cl'",,1 illl ~,fae " I" ,'' " ~)"M bUI, 

Il mclude.~" ~·hil hid ,reCI;ona l lbl" j'Ui (~) Ihrou~h DiJ. u,<"J '0 Ir;"dcr Jai, 
'0 and front Ihe 1/0 pon. and 10 1ran"~r ",nllol ,"fo,m,.lion 10 ' I,,· ""n,roi reg .. · 
Ie,. rile II" , addre .. line. ,,,,,,,if. one llf ,he Ihrcc H) IlOf" or Ihe com '01 r<'g"k' 
,\ I rdn,le l l~~ C' pl~,"C ,,·hcn Ihe 0 11 1' ~ 1,lLCI hne i, cn~blcd lo~c l hc' ",'h .illl<, 
Ihe REAl) 01 WRITE line, ' Ill e RESE t' '''' e ,,' ",;..,d Ie> ""I"li,,, Ihe modulo 

The ",,,,ltol regislc' i, I, ,ad,'J h)' Ill e I',oce, ..... r I" com,ol I hc "",J~ of ,~<C". 
tion and'" deflnc ,ignah. if an}', In Mode 0 ope,.""n, Ihe , h",~ V""I'" of ~ighl 
e~'cTn~lline~ fum'hon ... Ih'"e 11-'", 110 po' l, Lach porI Can I", de",nal"d a, input 
"' OUlpul. (Jlhe,,..i,,,, !lUII'1'" 1\ and II f"n<lIull a, I!O l~lJ1>. and Ihe Ionc, of In"", 
C "" vc ~, ~O"' ,(l i line, f"r /\ and B. The <omro i "_un,,1> "'TV" 1"" prrnc,pa l ru'· 
1"-""''' "h;wJ,h:, klllg" ."J ;llterr"I" rc~ u "~' I l a"J,h ~" i "~,, " ,,,npk I B,,;ng mecli· 
."",m. On~ <'Qfllrolline i. usc"" h)' Ihe ",ndc" a. a DA l'A READY IIIIe, 10 in<lIcl"" 
"hen I"" data ue l',e,;cn' "n the I/O.I~'~ IIIIe,. An,,' he, line " uo;e.J l'o} ' he n:U,.-c' 
"' ,ID ACKNOWI .I _DGc. 'ndio:;'IIn~ Ihal 'he 0.1;,1 .• !t3"C " een ",ad and fhe dal. 1iIl.. .. 
ma,' be ci.'1f"J A nothcr I", " mal' b" lk"~n.,!cd a, "" 1 YITR R l· 1'! R EQUIcS f 
Ime "mll; e<1 h~cll" Ihc '}" ' Cm bu" 

Ii,"(:au..: Ihe Xzeu/\" p,ot'",m"'ahlc ,-ia Ihe conl . ,,1 ,erlSler.,' C'''' he " .. d 
10 conlJOI 3 '''''ely of ""'pic penpheral dc. ",.:,,_ l'i&IlfC i_II ,llu.trale' ,I, use locoa-
1101 a ke,'bo;l,didi'play '",",,,nal, The lc~ board p"" ,de\ 8 " ;h "r IIlput. "1'"" 0( 

I h",,, t"", SI ll F rand COr-"fROL h'" e 'pc<i"l me,III' rIg to 'he kcyl)(~".l.h ,ndl;"~ 
p"'~tam eX""ul lH" 11\ Ihe proce" "'. Il owe.'Ct_ Ilt i, inl c tprct" 'ioo is a;""l'arenl to 
Ibe ~20<;1\ ... t"eh ,imply ",:.:cpt< Ihe ~ ",,< of data II"d ["c.em, IIiem on Ihe ",. 
Itm dal~ hu. • .... .-0 handshal '"~ conl roll",e, a", P"'''oktJ rUf u'>(: ,,·,'h 'he kC)'boonl 

"I he di,pI,,}" " al .... I",l cd b)' an l\·h,1 Jala !""'- Ag:u". 1"-" of fhc "'1> ha,.., ""'" 
clJl Illeanin~, Ihal "'C lran'I'", ,,nllu the 1Q(,~5A In "dJ' lioo 10 t \Oo'" hand,hak'~t 
line., ''''0 li",~. !)Jo" ide aJdni " nol cont,,,l fu rt Cl ion<, 

7.S DlRECT M.EMORY ACCESS 

Dr"whackl< "fProgrammed and Inlerrupl _O ri"en 110 

InlclTup ..... h,,·,," 1/0_ Ihou)!:h mOfe eff,c,enl , han "ml,1e pr<>g,a," n'ctJ 1.'0. 'IIU 
"''lu''''' lhe arl,,·c ""~"'cnl'"'' of Ih~ 1"""-.. .......... 10 I .... " ,fo ' dala b.1,,"""" men,O<} 
,,,,d an liO "" ,Ju lc. and ony Jala Iranlle' ",u,1 Ira,'e,,,,, " l"'lh th,,,u~h the 1', .... .., .. 
",r, Thu" I",til lh"'" fo",,, (If liO ,,,ff", f,om IWO ",h",ent dr""·I",,,b 

1. l1>c I '0 II dO",r". f31C " IonHled h)' I he .peed "'l it ... llIeh Ihe I'n>c<:S!oQr OIn IC>I 
and «:r, ,re a de"KC_ 

2. "I he prt..:c"",-" i, I,ed up 'n n"'n"K"\~ ,m tiO ,,,,,,,,fef:", numhc. or ""trucli""" 
Illus> be e,e.·uled ro, e" ,," liO 1Ian,fer Ie_I< .. F; ~U1 e i,~) , 

l1>c1 '~ .~ ""me" h .. , of, I,~dc·off hcllwcn Ih~"" 1"'0 dra"barh . ( ·oo.idc, tht 
1I",,,rer of. hlvel of d~la. t · ''''g .imple pmprnmmed M ). the pro,:c~" IS <kd,c-61<>l 
10 lhe 1 .. \ of 110 and can ",ove daM al a " " her h'-"'" '~I~, al Ihe c . .. 1 "~f doing nolh. 
BI g e lK !,"crr ul'l liO Ir"cs up th~ 1'''''''''''''-'' 10 " "ne C~ ' ~1l1 ,,1 Ihe C'(,en"" of 'he 
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I/O l,ard~T raIL'. NC"ctlh~ l c", hoth melhod, h""c ;in " (h~r<c i"'pae1 Oil oot h 
I'",ccs.,,,, aeti\';ly a nd I/O tnln<tcr ralc 

When l;,rge "olu",,,, of Jala "re It, he m,wcd. a nlLlrc efficienl l ~ch "i ' I U" <> 
fC'I,,"c,i: tli,,'c( mommy "ece" (DMA), 

D M A F unction 

D\11\ im()h'c" an add"iorl al module on th e ')'S10", t"t<. 11K I) .\IA ",oduic (Figure 
7.1 2) "capable "f mimick ing the processor and, indeed. or !.king m'cr <"<l mTOI of 



2 18 CHAPTER 7IlJ\" PUT I OUTl'UT 

t h~ ')" l ~n\ f 'Om t be p,uce,,,,,, It need, t(} do lhi' 10 1ran,kr data to and f,non mon
or)' ov~r the 'y<tem hus. For thi' pUTpo,e.lh~ DIVIA mo<iuk m t"t uSC the heLl "":) 
when the proce,sor d"", n(}1 n"~J i1, or;1 mu,1 force lhe pmCe,l<:)f to ,uslx:nd """,. 
"l ion lcmpOT~Tily 'fho l"l1~r ",c'h"'4ue is more common and is rekTT~d to aHp 
"kali,,:,;. l>ecausc the DMA modu le in cHen ,te"h" t>u, cyc le 

Whenthc procc.sor wi,he, 10 ,"ml or "'r i t~" t> locl of data, it ;,;sue, a c(}mTl1l"" 
to the DM,\ mWuk. h)' ", nd i T1~ 10 t h ~ 1))"IA module lhe foll(}wing inf(}rm"tioo; 

• Whether" road or wr it~ is rC'luc,kd . mi T1~ Ihe ,c"J 0' write control lire 
i>ct"'een the p"",;c""',,r "nJ the l) \lA modu le 

• The adJre" of the 110 Je,'ie.: invoh· ed. oommu ni c"wd "" the dala line, 
• l'he ""ning lo""tio" i" meT" ""Y to read fmm (}r " 'f ite tn. commu ni ,·"todoo 

the date. line. "nJ ,{oroJ by The DMA mod ul ~ in its ad<lr~" r~gi,1c" 

• [lw number of w()r(l, {O be fe'ad or "'t i {(~ ( \. agai(\ comm unic01ed "i" the wtl 
li nc, "nJ ,h}teJ ;n the Jdla count regi' ter 

Inc pTooc>, .. r lh,n ""Tl t",u~< wilh nthe, work, It ha, Jeieg" ,ed 'hi' 110 '>p«' 
"«on (o the 1))"IA ,noJule, n\~ DMA moo ule transfer.; the cnt i,c b lu,; k 01 data. "'" 
worJ at J time, directly to Of fmm nwmor)'. " ·itllo ,, t ~()in~ through the proce!Sa, 
Whcn the tran,fer i, complete. Ih e j)MA n".Ju l~ se nd, an intorrupl lig n"lto li>l 
P""Too;Or. 'r'hus. th~ pre)«'"'''' i., i',,"<Jlvcd on ly at the beg inniog ~nd ~nd of {he lr81\1· 
I~r (Figure 7.5c). 

i)ata li nt" 

LJ:'oJ..\ rt:que-1 
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,,,l .,rupl 
Re.d 

Wrl l. 
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Add re~, 
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C'mlro~ 

logk 
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Figure 7,13 'hows wlo~r~ in 'h~ i,,,auction C)'ck the rlOce""" ,nay b~\",_ 
1''-'Tld,'J . In each case, the P'OC"''''''' ' Ll'I>cn,kd j Ll,t ~dorc it n"cdl!O u"'" lbe bus, 
The DMA """ho le Ihen tfansfers nllc word "Old ,durm cnnlro l lo Ihe pr~=', 
Note lhallh"" ""t an ""~rr"pl : the pfoces'>Or d,,,,, ,wt ""c a conte" "Tid dn ,,'mc' 
thong d'>C, Rathe! the proce"u' pa'",", lor one hm, c)'cle. The ,,\'t,," " dfed is to 
cau", lh~ pn",","or!O ","cute ,nurt ,lowly, N~wrth~lc~,. for a mu lt iple-word liO 
tro",f,-r, [),.-!A" rar more dficiclH Ih,n orl1c-Tf"pl-Jr iwTl '>r prn~r:tmm"<i 110, 

Th" 0"·1 A ",od"",,,,,, ean oc configu rcJ in a "ar iet)' of '''')-' . S"nw IX"" I"h · 
{ie, "TC , hown in Figure 7,1~. III tho fir, [ ,,,'mpk. " II Illooule. , hare t h~ ,'""'" ,ys_ 
lem hus. The IJMA muduie. acting a, a , ur"'g~{c P"""'c"" " u,.:, progr;mmlc<i liO 
III ",chan ge da{d I""".,-eell Tl1 ,mury ;onJ an liO moouk thmugh (he [).\V\ mooule 
ThIS c'onligur"tjun. whik it lila,' be or""I"'n,,,'~ . i, de"rl), inefficient. As "'ilh p""'o'. 
"",·n",' rol leu programmeJ liO, e"ell 1t"n,f~r <)1" w"f(1 "on""TI"! Two bu, .wle •. 

The I1uml"," of r~'lui fc<i bu, c)-Ties ",n he cUi ,uh,'a"""II), b}' int egr"t;ng Th e 
ilMA "nJ liO fUnCli"",_ A, Figu r~ 7,j4~ inJ " a{c", thi, means [h ot IIWr<"'" 1'""1 
i>el""',n Ihe PM,\ moouk and 'm,' "r mOTe I/O moduk' Iho! JOCl nol induJ~ lhe 
system DU" I he IJMA logic ma)' actually I", a p"t .. 1 all I/O m",luk, or it may he 
" '~r"r~'e moou le , ho i ""n'mt, une or more 110 moou]e" This CO""cpt .an he 
lakell ulle >1CP further by connc(·tmg liO Hlo<lub 10 l h ~ DMA moo"le using al1 I/O 
~u, (Figure 7_ l4~). Thi, r"Juc'c, the nurnl,,--, of I/O ink,j'ac'~' in th~ DMA l1100Uie 
'u onc an<i provide" I.,,· ,HI ","i l)' c'p"nJubk configuration. Jr, .11 of tI"", c,"'" (i· i ~. 
u,o, 7.14h anJ c), the ,ys{c rn bu, ,,"', th e DMA module ,har~' wit h lhe procc,~"r 
and m~TI1ory i, ",,<i by !he 0,\11\ rnoJul~ "ni,' to ~"hange dat" witli memOf)', The 
exc h,n ge of ,L,L, hc'w~~n lhc DMA anJ 1,/0 ",,)(]uk, troles rla~ oft' t il " ')',ktll bu.,. 
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IlM,\ 

thl Sin~I._ hll'. i"te~ra t.d 1l.\H_UO 

(ci llO bu. 

7.6 UO CHANNELS AND PROCESSORS 

The E"olulio n of the I/O func tio n 

A, cnmpHtCT 'l,tc"" h",e cv() IYcJ. the,~ has been a pii11~," of inC',-c"" " 'g <om
plex it)' and sophist icat ion "f individual componen t', N,m-here " lhi, mo,,' "" iden! 
than in the liD funclion. We h"vc "Ircod)' ,""cn I""t of Ihal ",-"I"lion, The "'01,
tionar}' stcps ""n be ,,'nHn,mz.;J '" t" 11 ",,,, 
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'Jln~"J ru" "~'PJ J ...... J"',,<I Oil ''1.1 ·.(1< "I.l'W U! 1U~,~<",j O il "" "In,."" 
<J1 """"-'OJ.1 Oil ~41 '13""1 ' 1.1. ) ~4.L 'Oil J('J """ 'lwl , '" u,MI3tU"II' P~"I~'3 
-.-..1. G 41'" '14l1"u u_"" 'I' U' J .... '<.).J(lJd ~ "'uo""'! 01 l''''''U"4U~ Sf ~lnflOlU Oil "4 1 OS 

J~J'""'I J41 I" I'u, I'm. :iUluuIlbq 
~4 1 I~ I,b~~,,· 1.1.) ~II I fu",,),UI )nO'll'·" "Ol"~IU W"'I >0 , 01 ~I"f' JO l XlI<l ~ 
~.'OlU .. OU "r.;> II VI'l(1 ~" .\JOlIl.,W "I ''';'>.:)''0: "''''''P ",.,oj" ~lnflO''' Oil '4 1, ·t 

!bu,,,,,)!" ~U""~J:>U' 
'p",u,oJJ;x/ "'l (\IIlOII "J,,,kl 011 U~ ,oJ ~"'IL ~" ~ "!lII' U;>(]< jOu I'~~U ndJ "4.1, 
'PJ"" ld\ll ~ "'" 'Id"",,,,,, ""'u ""I -p,,,n '! t J ' l' WI "l lI "!I"Jn~!J "<l' '""''' '''1.1. 'f 

""""JJ~IU' ~""P 1""" 1',1 )0 '1'"1'1' ' !J' ) 
-.xl, '41 ",n'J 1"'''''''1' I"~"""u"" '~W'";''' , ),1.) ~'II '<I,,, "41 41',\\ ·'Id"-" "". 
In'-"ll'_" Oil P:>WIU.J'i"Jd ,;>on ' I.D ~4J. I"ppe .. "1"1""'" 0 11 J(> PII""uo., V .. 

"~"'.,~, I'~IIOJ I UO.>-,,,,,,,,,",,,,,I 
-oJ""" ""dw" U' U . ..,.. '! "'1L . ~""'''f' 1~'~'1.J u"" • ~I"J]UO.> ~1l~J"1' 1M .) "4 ' ' I 

III <;)IO'is:rxntd 0 "" S F''-NVII:l O1l/9'! 
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• 
, ",", In,1 .i~".1 
po'h '"'"I'I ' 

[Ja" ",., 
.~d,,,,, ,h.nnt'l 

'<I I, 

l ... """ >lto .. 1 
1 .. ,. 10 Cl'l 

"'l"~!. 

I"""'" < ........ 

,b, .\I"lIipl.,., 

.l~" .. 7.15 110 Ch,n""1 Arch",",u,. 

... 

dl>Cu,""ing -Illu" the 1.'0 ~ha nnd "",,""~ ,n 1.lace of Ille CI'U in """IIOII,n, lhc~ I."() 
conlrolie,.". ,\ IIII1I11I'/"'"r rh"",rrl can handle 110 ",111 mullIpl<: de,'~. hi Ihe "'lilt 
l'me_ 1·0. 1'''''·' I>I:<d dCI i=. a b)'u "'''IIiI'/~ "". arcep" o. Iransmll. eharacl"", II 
rasl "" I""",blt 1<> ,,,,,I uple dc, iocc', to" u."'I'Ic. the .c.ull,.m eh:lm<lcl _" <am f.OlII 
Ih.ee de';';' , Wil l> dirfe,,·tIl ral<\, and 'm/inJunl s" cam, A,A.A,A, .... B 1lII,B, 
." .. ""J C,CC,C, .. " ""~hl be A,Il ,L ,A,C,A,B (",A,. and so on. I'or h'~ h ';l'~td 
de"Ie""s. " I!/o<:k ",,,llip l~, ur inlerkave, h lod' ',f d"," from seven, I ,k'Ie"". 



7.7 THE EXTERNAL INTERFACE: FIREWIRE AND INFINIBAND 

Type~ or IntertHce. 

I he inkrhcc 10" peripheral from"" 1/0 !lllxluic mu,t he t,,,loreJ to th" ""ILlTe "",I 
"I", .. "t,on of the per;pheraL One ",ajor ,haracte,;,t;, of tht' ;n!erfac~ is "..I,eth,'! ,t 
;, ""r ;al or p""lId (FigurG 7,16) , In" p",plll'l i "I~,f .... " Iher" "'" mu Itirl" line, wn· 
nectittg the I/O mDduk ""J 'h" I)<;riphc",l, 'lnd mu llip'" hil' nrc tr;lllskrrcd ,inllll· 
laneuu, ly. ju,t as all uf the h it < of a "'()I'd are lmn,ferreJ ,inHlhane" ,,,I}, "''"' Ih~ 
data hu" In a ,o,bl iI1INr~<~, there i, onl)' one lin e used to tran,mit J",,,. and hit> 
mu,l be tran,,,,ittc'J on~ ,,' " limo. 1\ parallel ;nlnf,,"" h"' 1raditionally 1:><"n used 
I'm highe'·'l"'cd p"'iph~r"k suc h '" (al'" a",1 d,,', while 'he ";r,,,llIltcrf,,,,,, h", 'm· 
J II,nna ll), h.;~n uscJ fur prinle" and term inals. With a new gene,"lio" of hi glo·<pccd 
"-'ria l ink .. !"""" pa" lle l ""crf"cc, arc \>o;coming much less rommon. 

In either ca,e, tlo~].IO module rnu" Cllg"g~ in" ui"lo~lJ" ""Ih Ih~ l",riphcr"1 
111 !l~nCTallcr"". tho Jialogl'" for" "'r it e Ol",,"ion j, as foil""''' 

I. Th~ I/O moouie ",,,J, a co ,nml , ig,,,,j r~~u~"l11~ I'<:nlll.""'" to '",,,i Jnl,,
l. n,~ periphe,a l acknowil'dge, the roque.,!. 
3. I he I/O ",,,dille "ansfc" Jata (one word or a h locl J~pe"Jjng on the' 

p"!,pher:. I). 
4. 1 h~ I""iphcr-" I ,"cknm"kJg<:' reec"pl uf lh" ":Wi . 

A .. ~ad ope,at,on pHKecd, """I"rI)'. 
Key to Ihe operat ion of an liO ""oJul~ i, "n ",ken,,1 huff" I 11 " I can 'ic,," J"I" 

I"'m~ pa,wu ~''''"cn Ihe perirheral JnJ lh,' re,t of {h~ ')"km. This hufft" al low, 

To 'plt'llI . -
ltU ",,,d"k' 

mIl l 
Ilorr ... 

(.) P.",lki un 

ll( 1'" 'HI"I., 

illl S..-J.t lifo 

Fi~"", 7.1~ 1'",lId ,"J &,;,1 1/0 

'" 
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Ihe 110 ,,>O<Iul~ 10 C<""I"'n<a,~ for Ihe d,(rcreo>cc, ,n """cd i:>c,,,ecn Ihe <)ISI~m I:¥ 
and II, eXlernal lines. 

Point- to-PoilU and Muhi" ui ... Confi g uratio ... 

Thc OO".....,lIon bet"'cen an 110 module in .• ooml",'er 'y<lcm and eXlern~1 <Ic ..... 
can be ~,' hcr l"'inH .... pu'nl or mlOlI'I'''"H. A l"'inH o-l"'inl inlc.f~cc 
dcdk~'Cd lone belween 'he 110 ,,~ldulc and Ihc ulernal Je"icc 
(1'(";. "".blat,,,ns). typkal pl)lIlI ·,o_po.>;nl li"k. ",dude Ih""e 10lhe 
I""H,· " and exlernal modem, A I)"p"'al exa mple of ;ueh an inle!face i, Ihe 
~pce,ficm i"n ("-'C [ ~-r"Ll X I[ r<lr" de'c"p""n). 

Of IIlcrc'''lIlg irnporlanc'c orc "'UII ;P""'1 e.tcto,,1 inkrfacc' , .. <cd lu , uPP'X' 
e",e",~lm "<.' storage de"ice. (di,k " li d '"1''' d"y~,) ""d ",ultim~Jia dC"i"" (O). 
~OM'. ,ideo. audio\. These "",'III"-'illi lI1letl"ce, afC in effect exlernal \>u<c<, an.:: 
Ihc~ c .h,l1,t I he ""ne I H~ of 1"lI'C a< tlte bu'oCS d,scu"",,, ,n ('I'"pler 3. In .h" ~. 
I«MI, "" look al 'WO ke)' e~ampk.: " .eW,," and l nfinill~,>J 

FireWire Seri~l Bus 

Wllh ')fOC~""" ,peed>. rcach ing; Glh TIInj:C .. nd "UI· ... ge """ 'ien hold,n, "'.'IIpi: 
[tlgabll" Ihe 110 d~mands for 1"''''0'' ,' ' CO"'P" ' " ' ''" "lUrl". ,ion" and "" .. erJ art 
form,dable. VCI Ihe hi""·'JlCe,j 1'0 ch.mnel technologic"ha, ha"c t.ccn de"eioptol 
Ivr ",."nh~",c and s"]""eump"'cr ')'!ilcnl5 nrc 100 c .. pcn,,, e and bul ky for u:Ie 01 
the,"" "nailer systems. Acron]ingl),< ,hcfe h,.j been gr"a, in,ere" in dc,clop'"I' 
h.gh"l"'ed altem.I,,'c ' 0 SCSI and ut her ,;m"II·'~'.lcm 1'0 i"'crface'. 'I'he result. 
Ih c I E I I, """,lard 13<l4. fM ~ ''' gll·pc, rMmlnCC 'oCri.1 bu •. cOml11"1I Iy kno"" .. 
l ire W;, e, 

I· ; fC W;r~ has a numhe. of ad"",",,~~, ,"~, "Ide , 110 ;nle,faces, It i, "cr)' h''''' 
specd. low ,,,,,1. and ca,)' lu IInpkm~ nl In (ad, l'ire Wire i, finding i'a\'()I' not OQ I) 
rUt ",,-,mp"ler ,y"cms. hu, . 1", tn CO""""" ' "kcl,onlC' producl'. ,uch ,,, dignal carn
e''''. \ 'CR,. ~nd leie"i,ions. In !hc," prOO"c1~. 1;",\\I"c " us.xl 10 ''"'''''I'ort >i<!cQ 
,",oge •. "hieh are increa. ingly comlllX (ru," d 'W,I/"'" ""UfCC'. 

One of the .. ren~"hs or Ihe ' · " c Wi re mte.face i, i h~' " u,..;< scJlal " .... Ql ... 

~'on (h., '" a I,me) ra,he. Ihan pa, .lIeI I' arallel in lerfaces .• ...,It al; SCS' . • eqUlU 
mo re "'ir~., ... hich meal1ll wider. nlOle ~'.'''n''\'C cahl"" and "'ider. more "'lit" 
~i'c connecto", ... il h mOle 1''''' '" l>i;nd III brea~ A ca\>le "" h mOTe "'"e> ' ~qulm 
oIl"''''',n/llo pre,·cn. cicelT,cal,nlC. (c,ellec b.:1,,'een lhe """', Abo. " '"b 8 parallfl 
,nlerface. ,),nch.on''''''011 bel"""n ""n be~ ..... " C' a ' "'1"nelllen!. a p.oblem ,"", 
~IS "or", ,,"h incre3",d ca\>le lenglh , 

In ad,hlion. ~vmrulc" "rC 8c1111l8 1''')'Ioi''all) ,mJlk, c ,'cn '''111<')' e'l)and ,. 
'''''''I''!I'''~ P""'" a" J l iO nee"". 1l '''HJhdd :lIId ro':h' ·"~" c"IIIpute" h",'c Imle 
toJom lor con neeton)et need hi gh d"", ''''e, 10 h,,,,d le image, an d ",d~u. 

The inl ~1T1 of FircWire" ' (' pr(J\',de a single 110 intorf,,",c ""II a '" III)le wn
lt ecl"r ,11., c;", handle numero ... dev,ce' Ih""Jgn. "ngk I,orl.,;o Ih atthe "lOU,.. 
b'e. I'Jll1l ef. externa l di, " Jr; .'c. ~lJ"" , ,,,,d ), ,,,,,1 .rea netwo," hookup> <in tlO 
lepl""-",, wilh 1 h" single cOnnCCtor. I he Cll!lnecW, is insp""'" by Ihe "nc u,ed 'n 1i1e 
I'.',nlcndo GamcOOy. I, "", "on,'c."enl l h~1 Ihe u'"'" ""n ,c;K·h ""'lind I h~ m..,hme 
and "IUIl II in ""hoUI lool,,,! 



Sl ...... C"' \ 1_1t 
,,,10<1 .... d;,~ , , , , 

UJ· kOM 
m~,,(o! s.:-.. ",,., ~n.~ .... 
0;1 ....... 

I I I 

t"j"'\\'irc COl1fi~'''.'i'J1I ' 

ri,eWi,e ","" • oJ"")'<'''''" <"nr. gur",i(m. ",'h Up w 6..\ o.k"",'" con neCted, .f!" 
a ~'"Illc [IOn Moreo.cr. UI' lu IU22 rire\\ .. jre Im'e' c.n "" inlc'wnncCl~d ""nil 
h"d~c,. "n.hhng 3 ')'<lcm h. sup[lOn a. m~ny peri[,hcr.I' "-, K"<I"U<'<I. 

,.",.\\ ,re prn~iJc,. ror wh., ;, ~no"" as h<>1 I""AA'''~' "hieh ma~e! il ['O">.hlc 
10 rotl"«1 and di'!Conn~cl .... " '1>11<""< ,.·"hoU! Ioa"n, 10 ",,"ct Ihc ...... ml'U[Cr "~ 
lcm (10"" or wconfigu, c ' hc ','.'e,,", AI,.,. Fire W;.~ P"" "I .. " r ... aUh>n131ic ".""fi~. 
ma l"m, .1 .. not nc(-c"' ... ")" manu.,I1 )· 10 ""[ <.Ic:,'lCC hL, Hr [0 I>c roncc rned ""h [he 
,clam '" I"",,'ion of dc' icc" I i~urc 7, 17 ,huws a ""'pic Fil c W, rc configurat''''', v. ,,10 
J 'ore Wire, there "r<' "0 klt"'''''[ .n";, ""d Ihe 'ys,cm "ut"",,, lio;, II ) perlor "" a co,,· 
fig"",,,,,,, fu"diu" I" "";P' nd Jre • ..e" Also "ute Ihal " 1 ia' Wore bu, neeJ "ot he 
""rict J:" ,) d'""L I{ath ~!. n l r~e·"ruc!U r~d cunli," ,,,,, 'iu,, i, j'o"ible, 

A" ""portant fealure ufthc hre W"e ,'anda,d i, [h;1( il <poxirie, a ",I ,,( norte 
la~cn. of prolorob W '[and ... d,(C Ihe "3~ i" "'hieh [hc hu" ~~<lc'" "lIer.e'" ",'h 
Ihe I",,,,,her-dl dc~lC"" ''''c, the ""rialh,,!. Figu", 7.1l! ,lIu~tr ale. Ihi. "ocL The [ h re~ 
la)cr, or Ihe 'toc~ a.~ as follow, 

• I'h,. ,;""1 13)'" Define. [he t"","m,,,,;on ",~d," Ih.OI a,,' pcrmis:sil>k und~r 
l"ir~ Wife and the ek'<:l ric;,1 amI "~n"ling cha,",·tcr"lic">' of c",:h 

• Un~ I. ) t',", 1)';'<:lil,(" I he 1"""mi"joo of dal" in the p;,,'kct, 

• Tra",>K1im, 1~~w: Define':, '"'I""t ''''I'''''''C 1" """,,,1 th"[ hide, th ~ I""cr ' 
layer detail, of FireW"e f"'''' application, 

/'h"icall-,,}cr 

The ['h~'inl la}cr ,,( I or cWorc specifie, sCH"ral ~1[Crnal,,'e Iran,m...,.;on 
mcdOd d"oJ Ihe", COI'''''~[o'', w,' h oJ,fferenl php,cal alloJ <.1'''3 "~n"mi'>Sion [,,,,['C,. 
lIC', Data r. les from z.~ ' 0 4011 Mhp, ar c dcfi,,~<.I, The ph)·","a l 13le, ronH'b 
bonary ,tala in lo elce"'cal"l.ln~l> lor variou, ph)~iul mc.!ia. This l~)'e •• 1", 
l',[),i<.lc' Ihe arh"",tio,, "! "'i~e th,t guaronlcc. [h'1[ "nl )' ,,",e oJ,·, i.e "' a time" i II 
mu",,,i, Jata. 
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I ""U funn< "f arb,tr"t."" ~rc pruv ided 1»' hr~W"e. The "mpic, ' I"rm" b~!oCII 
on lite 'r<:c·~truc'ur<:d "'Tangcmcn' uf the n<Jo(k, on a I .r", Wire 00,. mentioned ,fII· 

lier. A special ca.,., of Ih" sl ru~ture is a linea, d~"y charn Tlte ph~slC3l laycr 00II. 
tain, ~ •• Ihal allnw. ali lhe all3.hcd dc, ices 10 c<mflgurc I h~nl.,d\"C, ," Iltal".... 
l\I>de I~ ,1c~Lg " al~d "I the root of Ihe tree lI"d ,,, her nom', "'" orgiuu,.ed in IIpll' 
en tl,'hild r,.-latiuml1Lp I("min~ the "e<: lUJlul(>j(Y. Oncc II,;, confi~", r, 'ion i, emb
li.he<J. !h~ r~ node act. """ ~I1ITaI a,l>lle. and pro..:ei.~ '~"<Iu~SIS lur bu.< IIoC«!\ 

rn a fir~l-<:omc-fir<.l·6CT'-ed fa. h,on. In ,h~ ca ... uf ~11"uhanc.,.." rcq"c"'_ I'" nodi: 
,,·ith the high,'>! natut~ll'"o"t)' II ~ra" ted "'""c"'_ The n~1 "",I Priority is detcmunod 
b)' ",hid, comp" til1 ~ m>de isci<>-,,,-,t In the ,,~1t and , """mB thO><) "rc<jual (h'l a"~ 
from Ihe ' 001 wl"dl une h," the I_'cr 10 numlocr_ 

The afurcn'cnhone.J a' '',t<ahnD method ~~ ,uppkOlcnlcd h)' I ..... adelui ....... 
(uDClio"" lair a, bur-Ilton ~nd u'~cnl a,"ur"l;on, \\·"h failll"," ","uranun, ,,Il'10 
on H' e hu, i, or~""l1e d into 1,,,,,,,·« ;""''1'"1,, AI Ihe hcgin n"' ~ of 3D II11C"'I:. 
each node >c1' ~D arhitrali,-",_cnablc flag Durmg 'he inIC"·,,1. cach "",Ie may""'" 
p",e lor .... ' """":os. Once a node ha, gai"ed "'-"reS' 10 the hu •• It rc",," it. .rlollll
lion cnal>le nag a",1 n"')' nOi a~aon compete lor fai' .,,,:,,_ durin~ Ih" InleT'-'" Tbil 
"'heme make, I he :"b i1rali ~11 more fair. on I h~t " pTC\' cnlO (me ," more hu.y hLgl> 
p"orjty devicc' I',m. m"n(,!,oh/Jn,~ the hu., 

Tra~lion I"~'tr 
(1't'1Id, wrile, lock) 

Unk lar tr 
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I" "dJilion to lhe_ fail'll"" ",heme. Sume ')c'vi"", Ttla)' Do.; con figureJ a, h",'ing 
UfKrtrl pri"ril ),. Such nooc. mo )' ga i" con'l'O l of Ilw I' ll' mulE ipl " tmlC' Jurill g a fair
ness int c,vaL In c"encc." cu"nler is useJ at c"ch high-p,io, it )' tlooe tha, e nahlc, 
Ih" hi gh-priorily nOOn'" conlrol 75% of th e ",'ailabk hu< tim e. For each pac~,,' 
th,1 i, lran'Ttl itte') a. nonurgett t, lhree pat' kct, rn" y 1><: I"""milt,d a, "rgent, 

L",k Lay", 

The lin k byer udinc' Ih e lransmi .,ion of dato in th e form of P01Ckd' _ Two 
tn'''' of tramm i" ion ar,- ,upporkd' 

• A'l".'/t<o""u", A ",,,i"bl c amount o f Jata and 'cve,al b)"k< of tran",cI" ,,, 
layer informalio" "," Iran,krr~J '" a p"ch-t to all expl icit aJJ,ess anJ a" 
"e'nowkd~nwnt is re rumeJ. 

• I'o.-hronous: A va riahle a,,"'unl of .law i, In' n, fcrrcJ in a "'qu"n~c of fixeJ
'''.e p",'ht, 1"""mi11ed al regul.u iutel',-"I , _ I'lli, f,mn "f t"o""""ion "'~, 
'ittl1'lif i~J xdJr~"i n~ a"J no acknowledg mc'nt, 

A ')'lK'hrono", transmisl ion i., u""J by dala tha, I"we "" fi,cd Jat" ,a te re'l ui re'· 
ments, !loll! Ilw fa ir arhot Ta lion ,mJ urgent arbilration ,chern", rn a)' be u,eJ for ",),,, . 
"h rnllOUS t,a",m;"io 'L 'll1~ <1d"OlI, 'n~t hod i, f"ir aroitration, De,- ices Ihat J e,ir" " 
,ul>-Iant ia I fr .1Cti on of the bu. C" I",c,t,'-or Iww ",.-~r, lalenc'y rC<llli'enlcm, uS(' th e 
urge rtt o,hil ral ion melhod, For cxo ml,lc, 0 high.'jlCed f~" I_I ,me <1"la co l",,,ti,,,, node 
rna)' uS(' urge nt ,,,bit '" li,,,, "h~n crilical data buffers arc more than half full. 

Figu,e 7, 19a depict> • typicat a,y",hronOllS m'nsacl ion, I'h ~ pr""ess of Jc'li,-er
i"l1 a ""gle packet i, ~allcd" ,ubanion, 'Il,e suhad ,on wT" i", (>f nw lim. pcri""-": 

• Arhitrulion "'qu~"r~' Tim i, the <,;wh,onge Ot ,ignals ,,'quir~d to giH> one 
,k.-icc .ont,ol of rh., bu" 

• I'~ckd lran,,,,i,,io,,, E,'Ny I""'hl ''' cl ,,,ks " he"Ue ' conta ini ng th c source and 
J~'lm"tion Id •. The h"aJer al" , c"nt"i", p"dd I)'PC mfOl-m"tioo, ,, e Re 
(cyclic fedu ,,,b,,~)' d 'od) th~cks u m, and pa,.1 metr, infofmat ioll for Ihe 'iX'
cifi c packet ly1'OO, A packet rna)' ,lis" include a dala hlock con,i'lin g of UScr 
(\ala ""d anolher e Re. 

• ,\Ckno,,'Jcd~"'cnl R~P' I hi , i, th e time dday for the destination 10 recti,-" ,,,J 
"eclod<: a pocket anJ genCtalC ,," ac knowkdgment. 

• Ack"o .. lcdg"'~nl: The rc~;pie nt of the paclct ,eturns att acknow ledgmenl 
packel with a code ",Ji~ali" g Ihe ~" Iion tak,' n h)' 110 " recip ie nt. 

• S .. h"olion ~'I" Th" i, an e nforced id le f'Clioo to <"I"ure that olher ""dt, on 
Ihe bu, Jo not I"'gm "rbnr"ling i:><:t'ore Ihe "ckllowledgment pader hos ke" 
Ir.",miu"J, 

AI Ihe timc tha t the ackm",k<l~mc nt ,,"-'nt, the "dn""lcdging nooe i, in 
con u o l of Ih . hu~. "h~rdore, it' the exc hartgc " " '~(I U~,.tlr~,p.",,~ inl .,.ct,on 
bd"'tcn Iwo noJl" _ th,'n Ih e ,e'ponding node co n immeJi'teiy tra",,,,il the re
'PO"'" p"dcl witho ut goi rt g through an "rl,it",ti ,'n ""I u~ncc (Fig ure 7,1 9tt). 

r"r ,Ic,- i<-.;, t hat ,"gularl~ gener"tc or ""m,'LUue J"La, 'lJch ", d' gital "-lUnJ or 
"ideo, i"",ltrnnou, "cco" is p,o" ided , This ntditoo guarontoc-' Iltal data ,,"n be 
deli '-GreJ with in a specified lalGTt cy with a guaranleeJ data ralC, 
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SoIl>- • 
..,,~ .. ". 

"0 "CCOnIm".Ja,,, a nuxw lrn ffk loa..l of 1 ... ctllOllOUS and ",)'nchr()"ou~ d.ota 
6OUmo1. unc node j,j de"gnaled •• n'(/( ",,,'Ur. I'<:,iodically. lhe "1"'ie ",ruMr ",II<) 
a q'dcJotarl pack~l. n." slgn~l~ all "lhe. node. Ihal an .. o<J"onouo cycle bll 
bellun. During lh .. cyck- o .. ly ;"ochronoo~ p.!OCkCh may be ""m (Fi,un, 7. IQc). I-Id! 
'!IlOChrun"u~ dala source a,bilf3lC' roo hu~ .. ct:c:! .. The ' .. "ning n.xJe IInnl~di'lt~ 
Inruml1, a l>3Ckel. The.c i. n" adn .. "lcdgmcnl 10 lh" p~r~eL and", otber 
,,,,,,,h.onOll' data ""'fCC> n"n,e dLllciy 8Ih,l . alc f"r Ibe 1m, after lb. pre,·IOu\ ~ 
chronl)u' pa<kc\ i. Irdn"",ncd. ' r he rc<ui1 II Ih"l l h ~,c is a "mall ~'P !>clwecn Ihe 
lr."sm,,,,,on ... r one packet and (he ~rbll r:'h"n 1'" .. 0<1 lor Ibe nt., psokel. tlictaled 
1»' <k'la)'> on !he bu,. Thi. Jday, rclcrr~oJ h} a~ Ihe j"",h,u""u> g:lp.;, I",,,ll or Ih .. 
I, , ubac, ;on ga p, 

Af1~t all ;""hro""u. ,()utC~, h~" e 1",,,,,,,il1oJ, Ih e bus ,,·ill f~"' ,ml idle lon~ 
c",,"~h ro, " ,ubanion gap to occu,. '11 .. , " I h~ ';l'-n,,1 to the ",ynchrono u. "'" .... 
llta! they m")' now comp"'c f"r hu' IIC<:C •• , A,)'nchr< Hl<"" source, may Ill en Wi" II.: 
~us un!;llh;; Ngmmnll nf Ihe n~ x, lW('h'on(J<J' c)"CI~ 

1"""II",nOll' packc t< orc laOclco.l ",nit !I-hi' ~h""nd numOcr< ,h .. ar~ I"~"~ 
..... ,Iy u.'igned h)' a dialogue be.",",",," , he '"'' "o.k • • h., ~rc In e~ch3llge i_h,<)
nOU' d~'a . The header. whoch '" ~hOr1Cf .han ,h:11 r". 3'r"chronou. p."kc". al", 
md udG a d;ll~ 1cng.h r",1t] and 8 hcaJcr t ItC 

• rI"," 

(al ~,:,.""", ",) ,,,.~,,,,,,.,, ."""." ..... 

-..,d rh.n .... 

" 
I""'~.. I 1<"P 

,~. .-
.~ 7.1' F .... : \\"c S"~".'" 



I" fi ll il);,,,t! 

lohllllJaod i. a rcecAl ['0 ,[",,,,I"'a ll"" .,med a •• he h'Rh·,·"d loner rnar~el' 'I'he 
Ii ..... \ c .... ion ol .he 'I""·,r".' ,,.n .. ~s rcle;w;d in ca,I)' 2001 ~"d ha. allr.t<lc.J numer_ 
pu , ,,,,,,It,, •. The .. anda.J dC~"hc. an a,dn,<c,urc and spcco li.,,,,,,,,, I", da.u 
n",. I'CI ... """ proc~"o" '''''' ,,,.clloll<·nt 1,/0 do~icc" I"r."ill .. ",", i, ;"tcodc,1 'u 
Icp ll'e< I he PC! hL" on ,cr,,;rs. lOp',\> iJc gTC '''~' ''''l'aCIl) . ,,,crc";.c J " 'p;o ndab dl l)'. 
"ml " ,1I", ,, cc.l nnLb ililY ,,' ;.c,,'c' Jc,illn, I" c"e"ce. Inl il1i LhllJ cn"hk , ,",',,'cr •. 
,en",' e ",,,age. and olhe, "" w,,,. dc,""'" 10 he nlh,ehcd lI, """,,"al fah,ic tl l' 
s" l1 ehcs and Ionl. ' . The M' ,I,'h [,,",cd .rchilc<1u re ""n c"",,~":, "I' 10 (W,OOO "''''C''' . 
• 1"""lle ,)'~I"n"_ """ nc'''u' L"'@"e'i<:<:>.-

Inli"ih".d A .. hi' rt' u,-, 

All huu~ ['1.'1 ... ,d,;.hle "Uc,oonnccl mc.h, wl ""d Co nllnue.'o prm,de 
"":rc.,,,,d 'I,"ed<, up I() I (a'f><," is" Ioml'C'" a,d"ICClu rC CPOlp<"cJ to Inlin,I .. ,,,J 
Wnl1l"/i",lJa,,d. il i, no, nccc~'",y 1<> hay~ the Ix"ic 110 ''''c,I .. ,," [""J"are ins'd~ 
l it e 'C"~ f cha" is, \\', I I1I" fi ",I !'",,",, re mole 'Iora~c . 'lU ' ''' ''k i ''~. and C<1" n ~Cl i , ,, ,, 
hC I,,'c ~ Tt ,~ "'~" arc aCc<""ph,hcd by "l1"ch;n~ " II ,k" ICCi 10 """" 1",1 r.h. ic "r 
,witch". and hnb. Ro",o' ;,,~ [10 Iro m Ihe ser, e, elo,,,,i, ,,110"'" grc"kr ""vcr Jen· 
SU~ and .110"'-' ltor a ",un: ne'"hlc ,,,,d <ealable J"l a cen'e". n. "kk-p"'nJenl noek . 
ma\' t>c adJcJ '" nceJ e,1 

L Inll l.e [ ,(,I. "hi<-h I"ca'ule, d"la""", 1m'" a CI't I nlOlh<"rho~.d In cenllnle· 
.er,_ InlimB" .... ·• rnan"el de"gn co, .• l>k", 1'0 ok,·ice •• o be pl......,d up 10 17 m a"'"~ 
ffl)nI Ihe ""''' CT uSIng e"I'IIe' ul"O 'OJ m u"ng mul. '"~""e ' ~'heal lil>cr , an.J ul' ~ o 
]I) ~'" ",'h 'mglc_"lUdc " I,(jc"l liber, T,a"'IIIL,,,o,, ,,"C' h;" hl~h '" _'II) G bp< ,'an 
I", acl1 ,"",J. 

ri ~u,c 7,20 il l"'''at", 110" Inrmi lJ" nJ archi .ecture, T h" key clements ,,,c ,,, 
foil"",,: 

• 11"'1 chnRd .dOI>! '" (IICA): " hka'" of a numh<:r "r PCI SIOI',' 1)'pic,,1 
OC ,,'er ncC>.b ~ "n~k ",Ie, f.,,,,, 10 an ~IC,\ Ih,u hnh Ihe ",,",er'o.n Inf"" 
lIand ,,,,.~h The II('A puachcs '0 .he ".,r~". al a "'(lI1o,~ ~vn"()II,, •. "hl~h 
hu acress 10 .hc ')<l~m h ... an'" ron.",I. I,affic he'''een .he I"o,,,,.sor and 
memorv "nd hel"ecn .he IlC'A am' memof)'_ The ileA u""" di"'CI·mclTT()'~ 
"",,",,, !DMA).o .cad :", ..... 'n 'e mem',,)'_ 

• Tar~~. ~hannd :><lap"" (TCA): " T('A is u",J I" ,·",,,,eC ••• ","g~ 'y,lcm •. 
rou lers, "n" o 'her peril'lo",;, 1 d,"""o ' 10"n lnfi nilt,,,,d ' .... il,h . 

• 1"Ii"i lland ,"'ilc'h: A s"'lld, I'f\1" iU"' po; nl-I<) T~'''\l ph)'"",,1 C()l1 nc~Il()Tl' '0" 
,"",.,~ of """ice, ""J ",',.d,,,, haffl" fro", one lin~ tl' """,her. s,'I\'c'-'; an" 
,le"i<-.:-comnH'nic,ue Ihm .. ~h . hc" adapl ~"', "i, II,,, , ... ,Id, Thc '" ilch ', inld 
101:"""'-': mana"C>. .h" "nkage ""i thou' ,nt"rTuplln9 Ihe 'o<""C" ' "!'CIallOn. 

• I""L" llIe [",k """'",<:n ~ '" Ilch 3nd a channel adap.er, or he'""cn ... ." .... '.che'-

"nl,",I,,"J ~ 'h, ,,',uh "r ,]>., ".,,'" .>1 ,.", """'I't""g p,,,,.~,,, P.,"" 1,1) I h.- . ,J b) r,,,,, Ill' 
("""'1''' _ .nJ )B~T) ."J 'I"" (;,-""",,," 1-") l .h,'Ic'f"~ ." )n ld "",I ,",,,1,' ,1 ~" , "","h" 0/ o<~" 
< .. "~'"~'" 
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II"", ..... r 

B I 
j 

ileA h"", <h. lIt .... . 01 . ~"' r 

TeA l>I<lt<'t "",,,,,0<1 .d~p!<'r 

' 't,: . ... ,.~ lul1",II:,,1\I s .. ';l<" r.t>. ... 

• • 

~""" ...... 
'" .-- :,- -

• • 

• = 

---- -

. [[;;] " l' no,.. 
III IIPIc " (; ... .... · , 

• 

• 
• 

/1 -"'--1 Ul tl .... ,' ...... ~ 

• S"hMI: A . .. hnc' ron.i .. ~ .)( One or n'OIe inlcr~~ .""cCI"" .",'ch"5I'h", til< 
link, thai <ol1nc(\ otheT <.lc~ica; 10 Ih. ><\.C .,,';Ioheo r,~u,c 7.20 ~ho"'" ~ Mlbrxl 
wilh " ""~ I c ;WiICh, hut nw." Wlll pl", , ,,"nd ' ft'e required when a ''''I' 
m,mt.cr "( <Ie";,",,, arc to be lIu c,COflnN' c-.J. Sub""" .1i"I<' "<In ,u,i''rlItQ'' to 
COflfinc hroa.lea,' aoo m .. I"c~~' ,rRo"''''''O", ,,·,11,," the ,,,,",el 

• H"M'. r: ( '"""eel! r" r,,,, BanJ .ulmel<. or runneth on tnfin,hanoJ~" 11,,10 to a II<\

wor' . <,"ell ,to ,1 1< .. ,,,,1 arc. nCl",)l '~ . wille" lea "" tIHII •. '" 'lOr"~c "'~" ne'''''''. 

The <""nnci ada!,",,, are imdhg"'" <k.,n.,. lhal h~"dlc . 11 1/0 runctiom .. "II
oUI the need 10 intc Il ul't the ..,'vc" 1"""",,'1)1 Fo, c~"ml'le , Ihe,e .. a conlrol 1"'" 
Ioxo l b)' which" ,,,,ilch disc'o,er! "II I'('A, "nJ I'('A, in Ih e lahric ""J 8"" igm 
logical adJ ,,,,,,,,,,, 10 earn I hi. is done w,lhoul pn ... """" in.'oh'cment 

T" e Infimband ,,, " ch leml'outll), """"~ ul' channel, bet" ... ..,n the p"'c~ 
:",J ,Inlcc, "'Ih wh'ch ,I i. com ''''IIl",al in~, The dev,ce, do 1Il'l ha.'c 10 'h .... 
eI", ,,,,,, I'! C"p:I<:II)' as i. lhe ",,><0 Wil h" b l!., ha~d 'Ic'ign , "ch ", I'CL ",h ,<:11 ' eq ulTe! 
' h~1 device. a,bll ra!C fll' acres, h> Ihe proce"",., AdJII"'nal dc.icc> Me .<kiN til 
Ihe w nfigu'IOIIOfl by hO()km8 up each devitt', Te/\ 10 Ihe ""ilch 

tnfinillHnd UI,eml l,," 

Lach ph}'.ical link hel""cn a ''''',Ieh ,"J an altochcd mkrf""c (I K'A or U 'AI 
C"n I>c ,uJlIkl,1 up 10 lfl lo8ICai ch""nci!;, cal10J . jrl" all ~nn, 0 "" I"nc j, "''''" ..... 
fQr ["hroe """",~e1ll ""1 "nd the nlher lane;. I,), dat" Ira ll 'llOn, Dala arc ",n' m I~ 



(om. "f ~ ",~."" ,,( l'''''l~I' _ ""h ,,~ch 1""k~1 wn""",n): ,,,"'~ IKH "on of Ih~ ,o,al 
,)a,a hI ~ l r.ln.'f~He"', plu! aUd'''''ing ,,00 ""ntr<~ Inr", nl.lllon, r hu •. a set of rom 
nlUlHcaUou>; ,,'<Aorob 3le """d 1<, ma n">:c 110" oran.fer 01 do.,,_ A nr1ual lane" lenl' 
po, ,,.iI)' dcd,c~lcd 'u . he " and ". of d3. a hUin one e nd n"d~ lu .. nolhe, ow. Ihe 
In flm ll;on.l '"I'"e, f hc Infint Uand "".eh m~1'"' .",If,,' fro", an Incom"'g lane 10 ,' n 
" uIII"ing !;one 10 1000le Ihe d,"a I:>ch.CCTI rhe dc'''c.l end pomK 

h~u . c 7,21 l"dlCd.e, . he logical .1luc' urc u,-<,d ." ,uI'I"'" ~.d' ~ng". o'er 
In~ ",U ."d, To an~"'nl fo. the Ian .ha. ""n e tk"icc> can ",nd dala 13S1cr than "em· 
I'O'a"l), buffen. Uee," outooumJ and i"hollnd "',,, a, Il,. queue. can t>o; 10.:;I'cJ m 
.he ch'''lltd :.d"p'c' u' III .hc all'lC il cJ .!c"IC"' , "'e"'(")" i\ ""1" "'''< P"" ,,[ qucue. 
i, uled I. " c"d, yin u",1 lane. The ho" "se, 1hc", ""c ue', it1 Ih e /ullow it1 g la,hion, 
'I'll " I">hl I'h.eCI a tra"'"ction , call "" " "'CI" 'I,," ue enlt )' (WOEI inlO ci lhe, th c 
..,nd n, 'cCel\'~ ,!uc u ~ o ll h ~ ~ ""u c 1''''', The 1".)",,,,1 ""1">11;0 111 WQI', "tC SI: ND 
"nd RH l' IVI r o, a SEl\lJ ope.alion, the WQ I 'pcclne,,, hind of data ,n Ihc 
dnlce', men",, ), '1'"'''' for the hard",,,." 10 M:nd W 'he d"'llIIalion A Rl::U, IV I 
WOi:: .pccifie . .... here I he h.1 r.Jw,,,c " I" pi""" data ,(~ci~e<I from 'In<.>lher dc, "" 
"hen Ihal <'<.In, u,,,,,. ~,ccul~< a SEl\ D opera llon The ~ h;onnd • .lal,.e, p.oce,"e' 
cach p'''Ic.J \\ 0 1 In Ihe "'ope' p.ioriIlZc.J o.ok. and I!~,,~,alc' a romplclion qunlC 
c n. ry (COE) 10 ,"dic~lc lloc oomplchon <tall" . 

I"j:ur~ 7 .21 ~bo Ind""IC' .hal 3 lay~.~d 1"<.>Iocol arch"c~lu"" " uON!_ con,,,'· 
in~ or rou. la~c., 

• )'h ) ,k,.I, I he phy,ie"I , Ia~'c. 'I", ... fieo" "H' def,n~. Ih lec Iml 'po:<'J., (I X. 4X. 
and 12X) ~i" , "g I.~",mi"io" ,aI,'; 01 L~, II ., ",,,I ,~I C:I~", I ~'lleCli'" I)' ~Tahl" 
7.4 1, I he l'l')' i.'~II"~'Cf al'" ddin ~' Ih~ ph)""'''1 meJ , .• , in cluJmg ,OP[lCl ,,"J 
<>I'l l ~:' 1 fiber, 

• l.in~' I II i" la)'." Jdinc, Ihe basic pack eT <I,,,,'IL)) " u,,' J 1<> ,·x.hang" J", ,", 
", ~ILJdirl g a" adJ.c"in g ",he me Ilwl "" i ~ '"'' '))liIIUe lilll. aud,e" to c\C'Y 
Je."..., ,n " <ubnd, '1'1", k,'d incluue. Ih~ l(Jgi~ ror SC "1n ~ "1' ,'i,'u" IIa,,~, ."J 
I", ""lldOl ll): 1.1",,, Ihwug!t ,,,,j,che' f.onl 'Our'e 10 d~.,on" '"," ",,,!t,n " ,uhne" 
I he l'add . lnKlu", ind ud"" .n e.w. ddc~II"n ,~l<lc '<l pro, ide .d;"bili()' 

• "1 ..... , .... , '1,.., no l"..,.-l b)"e' ,,, .. Ie,, I>ad<el< t>c'''~n dlUc",n' 1r,r.nTlla"d "'00,," 

• 1 <11''''1'''''' Tile '''''''por' la)e. P""'1<.10 ."',al>,I .. \ mech"ni.m for cnd -I"...,nu 
Iransfcr of p;odc'~ acT"'" .,n e fl' TlII"e ,u hn~ .. 

'1'0101.7.4 1""", Il.>nJ I."k •• nJ I)"," I'h"",~loru' Ihk' 

Silt'" r~'< 
Lln~ "'" 101 I "'." "" ,.11 , .," !,' U I.", 

~ ~'j,J, lU('1'r 
I~ _oJ.: ~" '1'r 

lJ\.abIc "'P"";'Y ,/If 
or"'~n.l,.t"f 

,o.,...a"-' 'HII~I 
~Ch!"(1 (,II,,, , 

!' GI,.. <-' ('''I''! 

---roc:-c:-% E.",<.I", d ... 'h.o.~hl)Ut 
',~.01 + "",d,'.) 

II t II(,B,,, 

(,I , 't <,t,... 
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7.8 R£COr.IMENDED READING AND WEB SITES 

i\ ~ ..... J*'<u,...,-,n "Ilu,d liO ",,"'u)..:. ,,"J .,,·h"'<lu,e. "lClu,j",~ 'he >C("~A .",1 >I2C<.~.". 
'"' " I", r .. ,,, ... in ! 1l 1l.~\·I)()1 

!'i,e """,,_ i, eo,'o"'o in ~"JI ,10,.,1 ,n 1i\" IJ F<n<! .I I,I-'I( 1o.,~71.""II"1 I!OM '~11 p"" ..... " 
,',""i", "w,.,,''''' ,,/ ri ,cW,,", 

Infin ;B"nJ ;, ""...-,eO ill ~11'" L oei ,,,1 ," I Fl n IHil !. I KA(,,\OI I 1'"""Ic, , ",,"e;',,-' "",'"",,,,,, 

... . 'IU·'I\I Arode""". I) . I; .... "·,,~ S.,,'''' A,~h;In"'_. Rc.d,,,~. MA AJd_ W.o.k,' 

"" KKI''''" B,ey. B. Th~ 1m.' N~.op_~, ___ ' ~ SOIN0i80IAA aruM. SO.I&. 
I/tU86. P~miwn, P,~"u," I'", and 1'.",_ II P_~~ 111'1'<" S.dJ]e Ri¥~,. ),IJ 
Pt<n,K'< Hall. zoro 

n ':l'MOI Fu,r.l. W l~fimHa",J ,I "hi'rl:'~r'"-" D ... ~,,,, (>luI {"'ph"",,,,,. HilJ>I>oru, 
O R; In,d Pr~\ .. 2001 

"AGAIII K.pn. M. "lnt,ndl. ,.J; ThUlkioS Out.;u< II", I}.,~ I)<"go." C"mmuni<"";"'" 
S,'I/<m l)"i~" . S,p«">".r 2001. ("ww ... "'>1ln"~.<<lm) 

1'1 JO~1011 11"",,1W"". O. "j) liE 139~; ChOI1~inS tho: W')' W" IN M ul"mcJi. C<>mnn,ni 
«'1;""'<." iI-:t:..t:.. ,I/"IMI<'dla. Arril Juoe rol. 

1,1'1<:10:97 1,1 ICk~It,cn , I. "The 1 ""'hi "'100", F;,~\\" ... - IFf!: Sp«m<m. April 19117 

• 'rIU Ihm~' I'.~ •. , I II . "'" .-,eh"ie.l ('"mm"'," " i1 1l , ". ,1""",1 ("oHn11> ;11Cl' "" I,,(u, 
,n.,i,., T,'ch""h~" ~," nJ,,,,h< . ,,,1,, w'I,().,-ihk r". h"." b','1 m'e,fa"-', , I" 1'111'''' 
pat "()It" ,be ~m,1I (',""1'"'<' ~".c'n I ,,'~ri.re (SCSI) 

• I .m ·I .. ~~ .1..""" .. ,1 • • : I~,h ... k' ,,,,,h .. ,(""dl ,nfof n"",,,, ""<.I "~'''I''r ro,mer:> "n 
I "" \\",,~ 

• I.lini_l" ... ~ A_",i. ,iu. : Indude> ,,,,bn • .-aI ",(.-.-ma"". ~r>d " ~J,,, 1_""1«" ".' 
Infin,bonJ. 

1.9 KEY TERMS, REVIEW QUESTIONS, AND l'ROBLEMS 

Key T~rms 

...,1< 11.~J,"I 

dorm ""''''Of), a«eoo (llM"') 
h,ell". 
Inlin,B.or>d 

",t·""I>! 
int.""rt_d'i,·tn [/0 

1<0 cbonno:l mul. ,rk_ channd 
lfOromrnanJ ",,1111101 UO 
' 0 module p"iphtr.ol d~ 
liO ('wet""""'" I"'",~m""'d L:O 
[><>loW l,"O .... Im'" cI>a~tI<l 

momt>ry· n\OpPtJ I,:? _"-_,_,',i':' ,"""-__ _ 

, 
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Review Que~,io"" 

7.1 L", '~'<C h",,,,1 d ... ,I ",",,,,n, «r dlC"~,1 or I"nrh", oj. dc,·i,·<,. 
7.1 Who, i, ,tot Inl<m3,,,,,,.1 Refc •• • "" Alrhatotl" 

7J Wh., ••• ,h. mal'" fu,""""" .,fan 1.'0 mw ..... 
7.4 I.,,, ".J IHi ,' n), Jeh. e Ihre< ' cchnHI'"'' f,,, l"',f(>,,,,,"S liU. 
7.5 \\ hat .. ' i>c J ,fforeoc;: bc(",<cn mem,,') m"pp<J 1,'0 .nJ i,,~.,, <d I/O'! 

7.6 Wh •• a <k' "'" ,n'errupt (l("CU"'. h"", """. 'he p"..., .... " "<,<>,",,"< •• "" •• " I 
""000 ' ho '"'<""",, 

7.1 Whon. OM" "' .... Iulo ",ke, ,,,",,,,1 "f . 1M". anJ ,,1,,10 i • • c1~,"~ «mimi 0/ III.: "'" 
,..hal d,,.,. Ih e P""'c",,' ",,'I 

Problems 

1,(, i\ 32·bi, <>""pUI<f ha. , .. " "' .... ""'''' ct .. ,me" and 0,"" rnol"pI<~"r .ho"",,1. F-,,<~ .. I« 
,,,. <hannd , ,,pron. I" " ">a~",,'i< J,,~ 1100 I ..... n>aq"<11C '"1'0 un". l"he fRO'"P!< ... 
<h ,"ncl It,,, t~,,, Im{' r""' c,", ,WO> _co rd .utl<;", . ",1 10 V() ,. ',,'m""'" m""<c"J. 
I,. A ,,,,,",,, In. fulkJ ~ ,ng ".,"(c, 1".'".; 

D,,~ d",.., 
Ma~."e lal'" d"," 
L .... P""IC' 
l",,,! " "J", 
V!lr 

!jIJ) KB"c>-'\ 
.'00 KB)I""'" 
~.~ KB)lc,,"'" 
1.2 Kll)"tc~" 

I KIIII""''' 
1 ",m.'e ,'''' mu,mum '1I$'~gal~ I U , .. ,,,fer ... ," ,n ,hi'''',,"n, 

1.7 I j) ronn,,'I.d '0 
T ho,: I 

" 

I """ 1"0"""" 
, " >cd I" trall,l", '"" I.,~" 

10. If 1',,'V""'moo l·-o i. u><:d 01><1 . ..... "1><· .. ,,,4 1:0 ,,~, .. f<r rCtju".'1i ' he po_ 
lu • • C"<"tI'C I .. u .n",IICI""", e<Iom." ,ho ",.,unum to .la •• 1.-.",1« "" •. '" ~ 
I"" .......... ... J, I"-",,Ilk IhruuPl IJ 

h. F" im . tc the ," me ""e ,I D\-IA i, ,,,,,,d. 
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7J! .0.<1;",. ",.,<0 1"000;,"<, 7oN' 1I<.A """,."cr,-." "xh ol ... h"·h,, ~1'I"'~d.-d """") 
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... :v POL.VfS 

• The "reraling ~yStWl (OS) lithe whwa~ that roIllrul$lhe e~~cu1ion 01 pro
gram! on " prOl':Cs-W' and Ih.1 mn""ges lhe prvec.90r·. rcS<Jurtt~. A "umbe, 
of Ihc (un<;1ionsperlormcd by th~ OS. including procc~ scheduling ."d mem
ory mana,ement . .an only be perf<'lrmc,j cff.dently ~"d rapidly if the p'_" 
""" ba,d .. are includc\ capab'hho'S 10 ... ppon Ihe OS VirlUall)' all proccs:!ON 
,ndude such o:.lIp;!bd.lIa. 1<.\" gu:~ler or leI;.,.,r u,cm including '·,rHllIl ""' .... 
ory manag¢,nfnl hardwllrc ""t! proce'll; mana~emcnt hardware, The ha,d",,,,. 
includes 'pecial·purpvse .eliIlCr5 and bufrtr\.,~, well al circuitry 1" perlom 
hali" rcaourco l\>"n~8e"'en\ la.h. 

• One of the m",,1 inlpoM~11l functions of the OS i~ the «;bcdu ling of prV«''<! t. 
{)f I.S~ '. The OS dctemlinel which proct .. shou ld run 01 any I!.i",n time, Tn:'" 
ieall). Ihc harth.ar" ",,[I'nlerrupl a runnina process from hlnc: 10 lime t<> 
elUlb1e the OS to make a new ",hdlullIlJ. de.:;,,;1OfI 00 a, to .... are f'!V'X>!WI' "me 
'auly am<ll:lg. Dumber of j)'-':'«u"s. 

• AnothCf unportant OS funClion .s nll:mOfY "'an~i<'menl. ),10\101 oonlcmp.>utl 
operal LD !! sy\l~ms incllld~ a ,';,'lu&1 memory capabilily. whic" "" twO} ~".. 
filS: (t) A process can run in main mem(>ry wLthvut .Ii vf the inl'rUCli(>1IS bnd 
data for Ih~t pt~r~m being. pre",nt in "";" mCnl!!fY alone 'i 01C. and (2) Ihe 
tOlal memory "Pate a.ailablc: to . p.ogram may far ucecd Ihe aclual m .. " 
nl¢mwy On Ihe i)~em. Allhuu,h memo!)' mana,cmcnt 1$ per'ormed In $Oft
IO'arc. lhe OS relics: on bard"'an support ,n ,he procc'lSO<. ' .. dud.na pagi", 
and .l<:gmemalion ha,d"llrc_ -
A

hhVU~h 'he focIIsof II", Ie" i, compul~r h"rJware. lh~re j, 0"" lire. of,oo
war" ,I,at need. ' v be .Jdre.",d: the wmpulct\ "pera!ln~ 'y"cm. The 
operaung ~)"Iem .. It l>rogr~nl ,h .. , m~nai!c, 'h" computer', .cwurcu. P'<>

,-ides sc",cc. fm p,ogoamme",. and ",ltcdllic. Ihe CI"""lion of o, loe' pr'-'!(u .... 
!>om~ unrk"land, n~ of Opcrallna.y'l~ms "~"""nliallo aI'lJT""Oa{c Ihe """,ham..." 
by .. h,.h 'he CI'L' conlr"l~ Ihe compu1 eT '),Mcm, I" l'~rljcuI3 r. c> planalion' '" 
'h" erfecl of ,nlCTmp1' nnd of Ihe manas,'mcn' ,,'1he memory hJerarch)' '''t be~ 
",plaincd in II .. , context. 

The chapler begin. "'l1h arl o,·en·jew and brrd h",oty of o!,<,r;'III\~ 'y'!cm~ 
l'be bulk or lit" ch .pter Io<,ks ~I the Ow .. "I"'"",n, ~~'Ienl [unci ion' Ih~t ~re mllJl 
.-.:;lnaQ' In ,he ~oud~ o' (ompUler ur~aQ,zalion alit! ulchile<o\ln e ..... hed"l,n' 011<1 
m~mory mana~ment 

8.1 OPERATING SYSTEM OVERVIEW 

Ol'l'nling Sy,tem Objeclh'''' and P"n.:I;om 

An ,'!\tullng 6y •• em .. " p'olr~m Ihal colllrul~ 'h" e"""ullon of al,!' locah01t pro. 
grs"" and IK''' '"" sn "'I~rf""c hel .. ....,n the ""'. <If a computer "nd Ihe WII'P"t .. 
hardwue_ It """ be 1hoUBh, of a~ ha~ing I"..., .. b)ecli"c" 
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'00 
u .. , 

Pr<:>i:""'. R'" 

i\I'pllcalio" pr"gra"" Op<r.,i n, 
,,'!Iem 
cl<sl~"<r 

Utili1i .. 

=i'I 
Op" .... t1ng ')'SI~m 

Comp"tt'r h~Nlu"r" 

t'I~,,,< H.l 1.a),"11< aod Vi,'w, "f " Compu'e, S"'\~n' 

• ConWhi",u·.: An "I><;,"lillg ')" t,1II 'Hakes" compute, mOf~ conY~n ;"," to u-c . 

• Ellid<'"<~, , An operating s)" tem olio"" th~ cumruT" 'y,km ,,, ,ourCe' to be 
used in an offieicn\ m"nn"" 

[.'" u; n.nn",c the'" tv. o ",pccts of an opcral ing 'y,kTT1 '" L"TIl 

Th~ Op"nLling S~·'t'·m us u U'crICO"'IIU'.' IlItc,r .. 'c 

The haal"'are a nd ,oftv.occ u;ed in pro"idin~ "pp iic" llc"" 10 a uscr con be 
,'iewed in.1 Ia )'c r~d or hic'rafch i ~a l f, ,,l>ion, ", depicteJ in Figure g.l . J'h e U,"' o f 
tho,~ ~rrlication" Ih e end L"Or. ~"ncmlly ;, noT concern ~d with Ihe compLJter ', 
,rd"kcturc, Thu, Ihe end U.CI vie,,', a compul~r ,)'stem in \~rn" (l1"tt application, 
ThaI applic"ion can be cxpro""d in a r'ogra nlnlm)\ iUllguogc' and IS <k,'clop"d hy 
an appl icmion progranHnGL If Ol\~ w~re I" de"ciop"n application pm..,."nn '" a ,Cl 
of pmc~"or i1l> lruct ions Ihat " complete ly r"'ponsihk f<.>r cOl1l rollllLg Ibe computer 
harJ"'ar~. on~ would be face d with an "" "n"h ~ ITl"n!tI)' r"'np l~x tasl, To oa", Ihi, 
ta,k, a scI of 'y,lcm, programs is p,,,,·;(kd . S<>me of Ihese pmgranl' a'c rcf"rr~J 1<> 
", IIlilitieo. I he", ;mplemcl\t freque ntly used funCTion' Ih.lt ""i,l;n p rogf"m "e
al iott. lhe management of file ,. and Ihe cun lrol of 1/0 dc,·; cc<. A prog"'mm~r w;1I 
mak~ u;e of the", f~cil i lic, in d~"dOl';n g "" "l'pIiC"lioo . a nd th e "ppl ical ;on. wh,k 
i' i, running. will Hlyoke Ihe uldh,c, In J><: rform cenain fun ction,. 1l1~ m",1 tllllhlf
I""t ' ySiem p'''gram " the opera tin g ,)"tcm, The "I,<,,,,tj"g ,),,1 ,.", ma,k" (he J etai l, 
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of . he h.rd".,.,c fro"" Ihe I''',&,.",''",r a' .... 1''')' ide. Ihe program ..... ,. wi. h a "or,,~· 
nient Imerface for using .he s)"lellI. II aelS ~ mediator. mak;n!, it ea.ier for , be p'\> 
IWallImer and for appjjcalion prOj:ram, 10 ~1Xn. ~nd u""" 1""- faeihllC~ and ",,,1M 

IJncOy. ' he <JfICra""l! ')"i.em l}!loca lly P"" ,d" ""t~'C"" ,n II", foll"""n& alta 

• 1' ."V"m ~'cati" .. : ,'he ope.alln, "yMclll I"'" ,des a "a"CiY of r8~ilrlieJ ud 
sr: .~,ce •.• ""h a. ed.I"" ""d del>u~c,~ .0 "",,,, .he p,~.amlllc, in .. calla! 
p."!!.am., Typically. Ihcoe SC" i.ee. arc rn Ihe form of ulilily f"ogmms .h ••• ro 
no' ac.oall)' part of Ihe opcr"lIn~ 5)'\I"m hul a.c ,,, .. ,:,,,,,il:>l,, IhJllug,h Ihe "tIC.' 
"',n~ ")"t"m, 

• !'rUV.m n~elltioll: Anum!>.;. of talks need to h<: performed 10 cw."lu" 1"" 
g.an., In"'UClions and da la 1111'" b~ lo"deli 11110 "laI" III CIIIOfy. 110 dev itt! 
"nd fil"> no "'I he illliiali ,cd. a",11I1 hc r ",'iiOU ree, ",ust be prepa l cd. The 0f!C" 
"ling ')'Mem handle. nil of liIi. (0' the u>cr, 

• AI"<'e'" til VO de. ice . ..: I:ach 110 dc' icc "c'lUl .. e, ," "" n I",culi., ""' of ,nwu<· 
lion. or ronltol "IInal< for ope",,,on, The <'1"'.8""8 ,)"Slelll lake. care 011. 
dela," "" Ihalthe progralllme' can Ihrnk '" 'e rm, of simple re~d. and ... nlet 

• Cool1r .. '1NI ~ 1<. rd~ ... : In . he ea", .. f file;.. control Illusl indude an undtr· 
l1and",,- of not on ly the nal u re of .he 110 de. i<"<' (di.k d,,~c. lape d,,' .. 1 
bul "I ... Ihe file forma' on . he "o' ~g:e mcd,um. Ag.ain. 'he orcr~h .. ~ .)'101.:.1 
" '0""" ~bou, ' he do,a,I<, l·uJlh". III Ihe <d""" or a ")"",n, ",I" muh,pic ~111uJ. 
lancou, u"""'- Ihe 0l'c'3"n& ')'<Iem C.n prov,de proleel;"" meehani!JIli 10 

<onnol aoccess 10 the file. 

• S), '~'" acee .. " In the ,',"""" of a sh"red '" publre ')"'t"n" the ",,,,ral,ng ')'llc. 
connob aece", tn the sy"en , a~" who le amI 10 ,[>Ceili<" 'y't~m WS<lurce •. Th. 
"c~c" function mUSI p'",'kic pr",cc,iol\ of 'CWIl'.C. and d",. f'om "n""lho
m .cd '''~" "nd musl ."",1,," mnnic" fo r fe_oU'ce c" n' en,ioll . 

• E"o,. dNcctio" ~nd ,,,."u,, .... : A "ariel)' of crTo" can occur while a con,P"'" 
I)"'em i. TUn"ing. The ... i""lude in,c,,,,,1 ,,"d nt~rnal hard",,,.c em)I •. ...:b 
••• n,,,n'ol)' ertor. '" • o.k,·icc failu.e or ",.lfu"eI,on: and "aliou, <o11"'m 
eno .. , .uch .. a,ilhrnetic o,'el flo",. auemp. '0 acce .. forbidden memory Ioc.r. 
Uon. a nd inabilit)· of Ihe ope •• 1I11g »1;tem '0 gr~n' 'he re<fue .. or an apr""" 
Ikln, In c.3ch cru;c. Ihe o[>Cr..tmg .y~lem mUSI Ill~L e ' he response lholt dea ... tbt 
enor rond,t,on ",ill, Ihe lea .. iml,acI on run""'l! applicali"",. The "'!f'I'II" 
may rn nl!e from end'n~ I h~ p'OfI,ram Ihal (au,ed Ihe error. , .. "'lfym~ "'" 
'>IlC,alion, 10 simply ,epo"III,''''' e""" I ... Ihe ~I'ph ... al.on. 

• ,\ <"""m;n~: A good O!)e . ahd, J)"!olCm "ill rollcn usage ~1a, .. 1i", f ... r " •• ~ 
'""",,,",cc. and monilOf j><',fom'a""c I~~ramcte .. '"ch a, .e,p''''''' ,m"" On ~m 
.y,lcrn, Ihi, inr".malron " u",ful '" a"trelp.'IF'~ th ... ,,~~r.l 101' luw. ~ cnhanoce· 
",enl. and ill tU"'"~ the syslem 10 nnl\(o,'c p".f"'m"ne~. On a mnllll"'" I)'" 
Icm.thc info.mation can b<: n"",oj f"r bi llr n~ r"rpo.cs 

'l1,e OfX',.alin~ S~" 'C'" as Itc.ouree ~"n.~'" 

A CIlllll'urc. is " ":1 of •• "'11""" fur Ihe 1110""11>""'. s'o,age. and " rocc,j'"1 of 
da.a and for I he conlrol 01 Ihe!oC lun""oll~. T" e ope,a,ing 'y.,em i. ""p<lfl>lble for 
n'."ng"'!,- . he"" ",,,,,,,res. 
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Can we say lh"1 il i, lhe 01"" aling 'y,ICrTl Ih"1 ,'onlrol, the m,,""mel11, 't<>rage. 
am] f)fOCc"ing "f data'! Fwm "nc point of ,·ie,,'. Ihe "",we'" ~'~" By managing thc 
compuler'> ,e")l"C~'. Ih~ "p"'ating ,y.tcm is in control of the computer', h",ic 
function" But thi! e""t1"] i, e.erti",,! in a curious W"~', N"rrTlally, we thin k "f a con
tml rTlc t"ani'm "' wmdhin~ eMem ,,] I" that wh,,,h " coni rolled, 0' at lea" a, wme
thing th~t is" d i,li ll,1 ml(] "'pilfme part of that which i, controlled , (FOT CHmplc. U 

re,iJential heating 'ptem i, c,ln l ",Ikd b~' a thcrmOl>tal . "hieh is rompletely J i'"hct 
from the hem -generation "nJ h~ut .Ji,tri\>ul ion "pp"r~t us,) This i, not th e ca><> with 
Ihe "pcr"ling '~'&!cm, which as " rontrol meehani"" i, Ull um" I in two '~'pcct" 

• The "I'",,,ting 'y,tcm functions in thc same way a, orJ",u,y <'e>ml' ,n ~r ,of!· 
ware: that is. il i, a pr"w"m executod by tho processor, 

• The op"rating ,~skm frequentl~' rdill'lui,he' cont ",I ,,,,d must tlep"ntl e>n the 
pf(>te,wr t" "n"w it to r~ga in cont'ol. 

The "p"rating s)"tem i,. in fac'- ne>thing """C than" romputer program, Like 
01 h ~, ,,,mruter program" it "",vide, i~,truct;('n, f"r I he proc~s"'r , The key tlilIer
"!ICC i< ,tt thc inlcnl e>f the progr"m. The op"ratjng ,~'t~ ((( di,c"\, Ih~ I'roc~,,,-,r in th~ 
u'" of the mhor 'yslcm rc,o"fCC' Md in the timing of ils execution "f "Ihe, pm)l'ams, 
But in order for the p,oce»or t" do "ny of Ihe'<C thongs, it mU" cea'<C executi tl g {he 
operat in g 'y,t~m progrom and ~xecu t " "th'" program,. rhll S, the opcr"ting ,}"tem 
re linquishes w!llrol for Ihe rmce,,,,r to tlo ""mc "u,,-'fu l" "''''~ "nd (hCll "",urn" 
comrollong ettougb to pr~p'lTC I he llToc~"-")r to do tite next piece of wor~. Thc rtlcdt_ 
"ni,~" in,'olvctl in all this ,hou]J I",co,ne ckar '" the ,h"plcr proceed,. 

rigu'" ~ . 2 ,ugg~'" the main rcsources thaI Orc n'"nu~ed hy lhe <OJlCwting sy" 
tem, A portion of th~ <operat in g ,)"tem i, in main memo,)' . Thi, mduJes IIw k~rnd_ 
<or n"d~u " "hich oo«loi", the' m<}l;l f'eq (Jentl~' u",d functions in lhe 0p",ali<lg sys· 
tern "nd. m a giv~n tim~. other pollion. nf Ihc op~rat in g 'l',tcm curr~ntly in u", . 
l1\e ,c",a"l<kr of n,,,in memo,)' contain, othel u><:r p'o~T~m, xlld d"la. The "II,,· 
cmi"n of this lesourCe (mnin n'~n 'ory) is oontroil cd jo intl)' hy the operating ,)"t,,,, 
and mcmof)'-manageme(\t hartl",,",e ill lI,c p"><-",-,,,;or. as we shail see, The Ope'Ol
in~ '),\1om <k<itle, when on I/O de"ice can I", u'<CJ hy " rmgram in c,c, ,,, ion, and 
conlrols ace"" 10 anti "'C of files, The proc"sso, it self is " rc,ource . anJ Ihe "1',.,. 
ating system mu>t tletelmine how much proce,wf time is to be de"OIed to the exe· 
cUl ion "f a r"rticular us", program. In the case of" multirk ' prQC"S>OT 'ystem. th i' 
d~ci,io(\ mu,l ']I,m all of th e prQC""o,.". 

Types ufOp~rntjng Sy<1en,. 

Ccr(~in key charaCleri,{i", "" ,·c (o tliff",~nl'''k ",,,iom \YP'" of operal ing systems, 
The charact" ,i'lie, fall along two indep'-'ndem J,mcn,ion'_ ' Ihe firsl dimCll,ion 
specifies whether Ihe 'y,tcm is b.1Ch or imoracti"e , In an ""emui,,, ,)"tCTl1 . lhe 
~""r/programmer interact, tI"~ctl)' w,lh lh~ <"<Jmputcr. u,,,ally throu~h a Kcy 
oo",Jid"piay lerm in al. t" request the e,eeUl i"n of" jon or 10 perform" tran,"C
tion, Furthermore, Ihe "'~r ",a),. dej><Jnding on the na tur e of th e applic"I'<) 'L 
communicate wit h {ile cnmputGr J uring Ihe ","cut ion of the joh. A barch system i> 
the Oppo<il" 01 interactive, The use,', p"'t'"m i, b"lchctl together ",ith pmgrams 
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c ... np" or _'I' • ''"'' 
Memory 

O~n&II"~ j ill) "H""~k-, I-
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IIO , _lroII • • 
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1'roIIn"" 0 

a.d d"l. 
0 

Ilfl,· ... ' ...... 

1 ............. .,- I • • • I I·"....,..,. I , 

I/O 

0 o 
0 o 

• 
• 
• 

0 , o , , , , , , , , 
St,,,. 

" ,. 
I'n ... ,n,-

I"I~ 

, 
, , 

I'ri"" .. , 

~')'-"" 
dilO'~I .......... 
.1<, 

, , 

hor" 01 he, "",,-s ""d SUb",H leJ ~y It C< "l\pUI ~ ' "1'"r310r, "ftc! the pto~, am i. ,'...". 
plelcd, rc,ull. arc !,rinlc,J oul for Ihe u;c, I'" ,e ba'ch '~'Icm. ar;: r~.e looa}'. "0'" 
<"~', II ,,-,II Ix u,dullo Ih" d"",rillItOn "r ronlemp"nry opcrJltng ~y",cn>1 ro 
"'.'''It ''~ balch ')"l"m~ h!t dl)" 

"" ;!1dq"'n<.l~'" ,hme",io tt 'I,,·.-ifi,·, "hether Ihe ,}'>wm ""'1'10),' ",,,lli
prr.'j;""""''''~ Qr nuL \\',110 mUI"l'fQ[UamnHn8. 'he ""em!,1 i>; m~,Jc '0 ~ ccp III< 
1""':"''>01' as bu,y 8. po;>.blc. ",' ha, ,ng" ,,,,,lOll mOl~ lhan on~ l""~ram al a Ulllt 
Se"~r:ol pr"gra m, arc 1<1",Jed ittl" mem()f),. a"d the p">Le,"or ,",t .he, r~ptdl) 
am..,n): Inem, ' he "lIc.-n"tj~e i, a ''''il''''~''''''''''''~ '~S1cm Ihat wo,.~, " ,,1 1' one pri> 
gram al a'ime. 

t:arly s) ,I""" 

\\lIh Ill e ,'MIt",1 compu'er>, '''"'' Ille I" ' e 1'14&. lu Ihe ",jd-I~."'''_ th e pro. 
g.ammer ,nl".~e'c,J ,"reedy ".-i,h Ihe COmPUle, h3.d" "re, I her~ ,,~. n.., <'f'C.a .. ", 
'Y'lcm. T""", I)fUCC"""5 "'cr~ rml from " ~""<o,Ic, CO!l"""~8 01 d"l)I~y II~hls. h~ 
,wil chc •. ""me (",m of ;nl'''! dC"i,,,. ""u " pfint ~ •. I'r"~ra ",, '" pmcc"or ("O<ie "<1< 
1,,'*<lc<:I " ia I"" onp"t dcncc (c ,8 .. a c,,, d .. ~adc. ). I{ all ~m" ha ll eJ I/o" r'<>gf"dm. IIIr 
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~rr()f oondition was indica\cd by the hgtl1', t h" p"'graTllm" ""uld proceed to exam· 
inc r~~i,tn' and main memory to determine the C"U>c of thc cm)t. If the program 
proceeded](>" "ormal compiel ion . the output "ppear~d on the printer, 

Th~,e early ,y<tems I'r"","I"<1 'wo main probl~ms: 

• Sch~'hlilng: Moot installations u",d a ,iRn.up ,heet 1., rOsen, pro,:c""" tim". 
Typic;!lly." USCr could ,ign up for" block oft imc in multiple' of" balf hour 
or so. A U'''r ",ighl 'ign "I' for an hour "nd finish in 45 minute': Ihis would 
result in "'a'ted C<lml'ut~ t rd le t i",~ On th c ollle< hand. the "",r might run into 
I'",blcm,. not fini'h in the "liotteJ timc. and I", (orccd to '1<)p I",f()f~ r",ol,,· 
ing the pr"I'I~"L 

• S.'fup time: A single progra m. to lled a jot.. ,·oul,] u"'olvc loading the ~ompile, 
plu, Ihc hrgh . lcYd bnguage program (source program) Hlto memo')' ,""rng 
the compi led program (ot.je<:t p"'~"'m). "nd then loading "nJ linking together 
the objccl program at\d commOn function< , E"th of lhose SiC!" "ould in'·olw 
mounting or dismounting tape' , or ,enlllg up card dcc",. I ( HI1 ~rror ", .. "crred. 
the baplc" Ilwr t)'pic«lI}' h"d to go bJd to the bcginning of the ",tup 'c· 
quence . Thu, a c",,,iJa,,hlc am,,,rnl of time """ '1"' "1 just ill sc.ttillg up the 
program to run . 

['I,,, m,~k of operation could be te rmeJ ,e,ial l"')C~"; " g. ,cfl~ctmg tile fa~r 
that me,." have "'"t~" ,,, th e comp"ler in "'fie •. Over time, "ariou, s)" telll <oftware 
t""ls were dU"ciop"J to otte"'l't 10 rr"" ,' ,~,i,ilproc""ing more efficient. The", 
iTlclude lihrarie' of common funclion" linhrs. lo"dt". d,·h u~~c" . and I/O <lri" cr 
routine, that wcr~ a,',o labk as common software for "II users, 

Sintl.le lIat~h S.I'slcll'" 

Ear ly proce'sors ",erc ,'or)' eXl'tn,iw. Hnd thcrdor" it wa, impoT1,ml to max· 
inti,.~ p'oce,sor utilization, Thc w"sted hrnc duc t" ""hcdul;ng "n<1 '~lUr tim e W"' 
unaccep(able. 

To impro"c utiliati(}n. 'impic h'l1ch op;,:raling '~"tcms were de,'dored . With 
,uch a .yskm. abo called a lllOlIIIOr, the u,cr nO longer ila, <li,c", "cC~" t<> Ihc 
procc"",,,1. Kath e<. th e OJ"" , ubmil' the job on card. or (ap" to a wmputcr "I""a
tor, who barch~j th c jot>, togclher ,o'l ucnliall), and pbc~, the' entire balch on an 
input ,kvice, for use b)' thc mn~itnr. 

To unde"wnd how thi ' ,cheme worl<. let u, look at II from two pOi11t' of 
,'iew: that of the monitor "nd Ihol <If Ihe proce,sor, From the point of vi,'w of the 
monitor. it is (he monitor lh"! cunlrol< tl\, se'luence of event'. ro, (hi, to be so, 
","c·h of the m"nilm m",t a lway, I", rn 01"'" ",c"'or~' "n<1 """i1"hk lOT c.«..,ut;on 
(Figure S.J). Th", portion is referred 10 a, thr ,..,sidell1 IIIon;10r. The re,t "flhe m",, · 
itor consists of utilit;", "nd comrnOl' funClion, Ih',t MC load"'d "' subroulines (0 (he 
"se r progmm"t the beginning of "")' job Ih"t require, them, 111c nwni1<>r fc;!d, in 
jot>. "rlC at a Irmc f'''nJ th~ input device (typically a card read", Of m"gnctic ("I'" 
Jfive) , A~ it i, ,ead in. ll" ~urre nl job i, pbc"d in the u",r program arco, and con· 
t'ol i, pa,sed to thi~ job, Whe" the .ioh" rompkt~d. it return' ,"nlrolto lh" moni · 
to r. whrch immcdi"td)' ,eaJs in thc next joh Thc re,ull, "f CHcl, Jot> arc pront,d "ur 
for ddi\"er~' 10 !h~ Llser. 
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I'M""",,, 

""""~ n •• ;... 
d.I ..... 

M,,"it.-.r .. 
JOO .......... 

C,,"'roIlan~".~. 
n~ ... 

• 

1 '",'r .'-,,-
' 0,:.", IlJ \kmul' 1"")"0' lot. 

Ro,i<kOl! \lolli.,,, 

,",ow w,,,idc •• his ""'1u~",c fro", 'he I'"in' of ,';ew of 'he 1""':"""'-". ,\. , «" 
ta,,. polnl on lime. lh~ prvo.""""" neculmg in.u'Udion., from Ihc potUon of ....... 
memu.) c(\"w imlll\ the ""mi"". I he," in.ltucti"". "au"" lhe nc.<! job h, be: ,caJ. 
1o anolher rorhon <>( rna", "'~I"'''')' Once ~ io!> has bc~n rc. d m. 1 h ~ l'f<"'~)( ~\J 
cnc<>ume. on I h~ n."",lo. a I>,an,h ,n,uu<" .. n Ihal ,nSl"",,, Ih( 1" """""''' 10 MI· 
lill" " c,",,,I,,,n '" the Slaft 01 the' ''''., p,,'~ram. '1')," p.<Xc"", " otT then c..cul" "" 
in" .uclion in Ihe u'c'-' pr."r~'" un,;1 " (nooull'e .... an cnding t>r crr<" con<!i,;OIl 
En he. e'enL cau"" , h .. p,.-.cc'>SQr I" felch 11< nc. ' ",>ltu~"on f",m ,h~ n,ooUor 
I'm~'"m. Thu'- Ih c ph",,,-, ", ... ml",I" p",,,,d t ()" i"h" s; "'pTy me,"" Ihalll'" prootl. 
so, i, n"", felch,og and (.(eeul"'g ;n,lnlCh on, " 1 a u-cr p''-'I''''m. ~n<j "cont,<lI" 
relu .... ed '" Ihe m,,'''IUI" m~ans Ibll lle "'-''''''!60' '' IIOw fcUhm~ and c,c"OIl"t 
;,,,Iructio,,' from lto e mo"II," pro~",m. 

II .hould he "Iur IIIaL Ih" momlor h~"dk", Ihe sch"duling problem A Midi 
01 )oh'" queued up. ~nd rot>. arC e.ccolcd", ",p,.lIy ,n. I_"hle. ,.-ilh II" ;olenm
;n~ ,die lime. 

H"" aboul lhe job ""lUI' "'"c~ 111e monn", handle, Ih", a. "''''1. Y,--uh u:b 
iob. ",,11 00.",,,, ~rc inciu(lcJ in " JOh cunl . ,,1 I~nl,,"ge (JeLl. I h,. i •• 1[><",,1 Iy", 
of l"Ovamn,;ng bngu'f.e .. ,ed I., 1"0\';<1" ,,"" UCI,OllS H, Ihe n'oni"'r. A ,impk 
c '~mplc '~Ihal "r a uOCr .ubm"""!: a p"'gram "Jlllen III FORTRA'Ioi plu' .... 
datu t" he u<;:J h)' the pro~r"m. Ea~h f'( JRTRAN "" t'II(;1lOn <I"J cach "COl ol-»t. 
i, "n a "'p"">le punclled c-d,d 01 a "'par"lc recorn on I"I'~ In "Jd,t ion lu FOR· 
I RA K alld J.ta lonc~. Ihe I"b ;ndude, )01> ronlro1 ""irU(;iIOll" .. hoc" ale d~nuret 
h~ the l",~lnni " ~ "~". The oven,1I form,,1 " f the j(J1l look ' l ik~ II"" 
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R..-...! ""e "'",,'nl [n",' hk 
E.=U'~ I(~) ,""'"", ..... 

'" nK'" """ =,"" .... [, I< 

tOTAL 

mlQlS """....t, 
n,(lO:1I ,<, .. ,,,.1. 
(I I~II S """"'" 

(I1l1J1~ 

1'"",""", lim" "IWrnaiCo l'OC lw"e tl e,cC Ul i,\n " r u,;c r progr:."" "ml C\O<:IJlioo 
" r Ill e ",onitor. Ill er" l1ave l'OC en I"" ,,, ~ri" cc" S",,"" main IT\em ofY i, 110'" gM~ 
,"'tt to I he I1Oon;lOr and "'oIC pr, ,,,~ ,,,,, tome ;, ''UI",,",c,j b~ the monilo" Bo)lh r/. 
Ihc .... " r~ f, ,,,,,, of o, ·c rhe.J. E"en wLlIl 111 1> (,,"rh ~;,,1. the 'imp," halch 1"1." 

""P"""'" III ili l ali <>n of 11I~ eoml'"I ~' 

\hlllip",,,,,,,,,,..,d Ihlm Sl ·'I~IM' 

~,'cn " 'I h Ihe autom.lIc I',h "'IIUC"""Ij1. I'"'' idcd hy ~ "mpic halch "f'I'fIl"'4 
S)'<tcnL Ihe I"""""""r i. often ,.J I~. 'llIc l" oOIc m i, Ihat [/0 de~lCC» are 0["'" a.D' 

pal~-.J 10 Ihe [>ro,:o:"''''- figure K.~ ,Jc1~,I, ~ rc pl'Cll<'nlali"e ca1cui3hon, lloe cah:lll
lion concern. a p'ogfarn IhaL pnlCc<.&C'O. fi[e of . ccon,ls and ....,. fo. m •. "" a"", 
11)() pr<>e<:."" ,nS! rucllo n. pe r IccOJd, In I h'''' cumplc Ih~ .-omp"le' 'I"'o>d~ ...... 
'>'6'" " f ,IS time wall ing 1M I f 0 d~~i"", ,0 fi n,sh I" ""rcn ing .hl ~ ' 1-,~u,~ Il.~. ,II .. 
11 alo' Ihi, silUalhln. f he I" """"''' 'Ilen"', a cc . I", ,, ~",oon l " r I""" nCClIII"g .... U 
il leaches 1m 110 inm uel ion. Il mu<t Ihe" ".,il un lillh:tl I/O ,n' truell"" condudtl 
I,;"f."c p'oc-ecJing. 

[hi , indjic icn~)''' nOi nc"'c"""y. We k no" Ih.,llhcrc mu,t he e nuu~ h nkln· 
u rI' to holJ Ihe "I'",alil\g ' 1' , lcn, (rc"deni ", ,, ,,,1"') and one II'"' pmgr;<l11 . Su f'll"lt( 
!ilallhe'e" ".>0'" for Ihe opcra '''' g '),SIC'" ,,,,J Iwo u'<Cr prngram', Now. "hen ~ 
j(oI:t ", ... -../, 10 wail (OT l iO, the l'fOCC,"",I can '"i 'ch I" rh~ o lhoT ioh. ",'hich l'hl;' L> 

"<~ .. ,, " ,ng for 1.'0 (Figure 8.5b). hlfthcflllO''', we "" !',ht cXp""d m~mol)' I" IIok: 
three. four. ," mo ,e p rogram. ~ I\d ,w,l ch ,,",ong"1I of 'hem (Figurc H,~c), Tbt 
prllCC"i" knol' '' as IIIwllipr"tn""''';.g ," ' "ouUil~'king. [I is Ihe cen ll'3[ Ihe .... (II' 
" ,,><Ie," opo.al ing s}"I~"", 

To illustrat<' Ihe bencfi t of nlull'I" "It,a",,,,,ng. lei us lal e an e , ample C~ 
.,.Jer a ~o"'lltiler ",;Ih 2.~('K "",ds of 3' ",l,.hle mem"'} (nol ,,'-Cd hy ,h~ oprr>llll 
'l"ICnl J. a di.l . a lenn," ~l •• nd .. prinl"' 'llI. ec progum,. JOB L JOIl2. and JOII.' 
"" >" h",illc.J fur e>L'CUlion at Ihe ' .• " ,e l"nc, w,lb Ihe ~11Jiboll<'" l"l~d in l'abk it!, 
We ~s'umc minimal proccswr rc qulT cmcn" ,,,,, JOB2 ~I\d JOB) and e.mlln"I"" 
do<k ~nJ l,,.,,ncr use toy JOn), For a ,,'I'p ic ltalch " ""TUnme nt . these jol>s ,,', II t>t 
~ ,"~ utcd i" "'qllenc~ , ' [ hu" JOB I cu ,nl'lCICi 11\ ~ """uto'. JOBZ ,",">1 "Oil ",,(,Ithe 
.~ minule, i, m er. anJ Ihen clln'I'ICle. 15 mit1"tc, "ftcr that. JOBJ beg"" .Im aJ 
"l1nIl I~' " tid complete'"1 ~O ",,,,ule. fn>lIIlll c li"' e ;1 wa, inijj"lly , ,, h,n illcd. 'I'M 

Ill< t~'" """'"""'m( i, """,,"mo "".,,'" ,~",·.n "'""If'k , ... ... "h," 'h' """" 1""11'- 1It ,, ~ .. 
",. h."",." ,..-..",,",1,' to. "'" """ .. ,'". ,)'~<m ,n ,,,.,,,,,, ,,, ....J<,_"""''''"~. ~h~'h ~,,"~I "'"'' 
m""'~k P'"'''''''' {,,, .. ",,,1"1"<' 1"''''' ...... 11,....",«." ,. """" ,,,,,,mo. I" <Qu,"< 'h< I<",h_'
....w.< ."" "">IIi!""""",,,,,,,,,,., i. "'_ In ....... 'lOndo,d. "", .... ,,"" 1<-1. IEEE Sod 1()J.1Il'I!. '10 
'· .... ,n:~ ~ O"'.~-"'O(t.I-."k.oM 11-.",_. /",.,,1 
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R Wail R Wait 

Tim e 

(a) Unlpro~r.lIllllln~ 

I· ... ,~"',," ,\ R Wait R Waif 

rro~rum II w altR \\'~It R \\'a il 

CombIned I R,~n I RI~n I Wait I R~n I R~n I Wait 

Tion" 

,h) Mnllipcoogramming uith '>1'<> I,cooj(r .. m, 

PrORr.on A R Wail R 
1 .... >I(r.m II W.,tR Walt R Wail 

1· ... '1:"'"" C Wail Wail W.il 

I R~n R~n~ W.il 
Run 
A 

Run tR~n: 
, C Wait 

Time • 
(e ) ~l uU(l'ro;:r. 'nt" I,,~ "lth lhr .. ' p",>!r. ",s 

"verag~ rc ,,;)urcc u1il".0(,o'L lhroughpul. ,md fC'POln", limc' afC ,hOlW11 in th e uni_ 
prOlgr"mm i11g col umn nf Tab le 11.2. Devoc~.hy.J~"icc ul,li£alLnn "i ll u,lr"lCJ in 
F;gur~ ~ . ~'- It i, e , ; J~nt th,,1 th ere ;, gross unJerul ili zal ion Inr all rC>OUfC"' ",·hen 
",'crage d ewer llw rC'luif~d :leI-minut e tim c [l<'r ioJ, 

Now >uPP<),,;' lhal Ihe i"t" arc rUn concurrentl y w\(kr" mul.iprogr<Hlm" ng 
Oll",,,uing ,)',1Om, n~C"\lse thert' i, lillie resou",,, conte nt ion belwe~n lhe jobs, all 
ll"ee can run in n"'" ly minimlln1 tinl ~ while ""nist;n .... "'ilh the mho" in lhe ""m
pUler (","uUling (hot JOll2 an d JO ll3 "r~ allol t"d ~noug/1 rr"':~"nr li rn ~ '" . c~p 
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"" .. <.I,,,,,,,[) "nh [II<: "'''''fIU",r, Intlcetl. for .. ""c jot>-.. .""h 3' lr.ln<,;lCliOll [K\>ee .... 

mg, H",nt~n .. :"'·" mode ,~e,-""n,ial 
I way. Ih e '"q""o",ent fo, a" hOlc)',c!lW l'(l!llPlLtll\~ r,..:,iLt )' can I",. 'ntl oil .. 

". mel by 'he u>e of. de<.llCatcd mi cwcomp" lcr. ['h a, or 'i(ll\ wa, no, a,·,ibbk i,'lbe 
1%fIo.,. "hen IIIU'[ "' ''''PU[c~ we"" h', and l~ .. 'ly [n"call lIl\\C .hallng "'.0\ o,k,dol!'.:1i 

J ",1 ." mulllprogmn''''1118 all"", Ihe pr<"' ...... "" 10 h""t1lc ","llIpk balch " .... 
,,' " t"" •. mull 'l"ugram'"lllt "<In ~ u,,"'u 1() 1);1I1<1lc mull 'ple i nte';[""'" iobl, In I~i, 
[aile' ~~'" lite techm'lue " ref;:nc .... 1() '" [ i",. ~ban nit. [«aus<: 'he (1)''''''''''''' hill( 
i. >to.,ell 31llOIIjI. ", ,,h 'plc u.",,,, In a hml~.ha"n~ .)''''''''. ",,,it'l>1<: Ute'" "IIl~I ... ",· 

o'''I~ ".:c~" Ihe ")"Iom 11",,"gh I",",,,,,al., "'Ih [he "",,'"1"'8 '~'SI<'m ;",<;.103"" 
'he C'"c ull "" "f c"d, u""r I"o~ra" , In" ,h,,)'1 hurl l 0, 'Iuan'"", ,)1 cnmpulali m:.. 
Thu~. if there an: " .. "" ... ~,,'d)' ,c<.[uc" In!: sen ,~..., a, "ne 'inK:. eac" ,,"', "ill UrlI) 
occ "n Ih" a'-e, aB<' I!" o f Ihe eft""I" c com pul'" .peetl 1101 counl inl( ,,,,,,III in, ~>
lem ,,,'c ,h~a<.l. Fl o\\,,'-" ' . ,i'-en Ihe .eia!,,'ciy '>lo'" human rcacllon I,me, lilt 
'0'1><>"'" Ii", " on " 1""1", 11 )' <kMllncd ')"km "Ioull 1d t,,-, ,'Oll'I",,,I, le to ""'1 ,1" a ow. 
ic-~IC"" romp"I~' 

BOlh h.ltth mul"p'''l'ramnllng "ntl lime , h"Tlng u'"" m"I"pmjl.",mnllng. 1\.: 
key ,loffCf~'''CI "'C lo,t ,' J in -['aille ~ . .1 

8.2 SCHEDULING 

The l c, to mulhpfO~rdmn""1' is "hctlul,,'g. In [,"'[ four "'I"" of ,..11 ...... ul"'& arc I}P
,,-all) 'n"ol,ed (hbl~ K4), v,'-e ",II ul,lo,e Ihe ... p,e",nlly BUI roN. " 'e inl '"""",,, 
the <~'n<cpt of I''''cn.'. TI", term was fir<! u'cu by 1he dC<Lgne., (If lhe Mulh('O lJfI<" 
aUII~ ')'''em in Ihe 19t6;. II "a 'o",~\\'h" , ,nun: gc" c""I ICl'm Ih 'II I"" Manl dcl~ 
mill,,,,, h.,·" t-.:CII gi"en [0' III<: te,m 1"'!'Cr. ... i "duJin~ 

......... 'm "h<;lul •• , 

M,,," u,,, """ ><I><II"IH\$ 

Tho d>«i..,.. ,., Io<Id ,,, .... ,..,.,. '" pr\ ..... ...,. '0 be .",.,«1 
'I he <IOO,~", ,~ • .J.l I" '1'10 ""mb<! of r<O<' ..... '. ,~" ... f'"ni.II , .. 
f"II~'" IB.,n ......... 
no. 4«...,. • '" .. ""'~ .. oiI __ .,11 ... <"ull«ll')' ,"" 

"~-
T .... <I<"""","r '" ~.hj<lll'" """'" 1'<"'""a I.lO ' '''" .. "'>I) '" h" 
""'~ b)'" ",',J""" "0 d<"n 
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• A prow" m m execullOn 
• The "animated 'pir it" of" program 
• ' I hal ,'TII ,I,' 10 ,,)odl' pm,,,, ,,,,,, i, a"igneJ 

This <'onc~pt , hou ld bc~TTl~ ck'''cr", we prnceed, 

Long_Term Sd'eduling 

The long-te rm ""h~d"kr delermlne< whi ch program, arc admillcd to I h ~ 'y 'lcm f", 
pm<;'''''''g . '11,u" II "," lml, the d"grec of multipmy"nun ing (",,,nbcr ()j' proce,,,,, 
in memory). Once admitt e<l," job '" "",r progc.TTl I><:co",,,," p,ocess and is «Jued 
10 th e 4"~ uc for the ,hon· term ",hctiLJitr. I" ,ome 'y'tems, a newl y creakd pc"""" 
hcg"" il1 a ,wal'pcd.ou, condili",\. In which ca .... il i, «JJ~J It, a 'luCUC for the 
medium_telm .cheJuler. 

In a b'i1ch ,,,,tom, or for lil e haleh I)mtio" uf a gencr" l- purpo,~ 0l,,-,nllmg 
,y,krn, newl} su l",,,neJ J"I)O; ar" routed 10 Ji ,~ and hdd in " h"tch ,!ucue. I he' )ong
lerm ",heduler clcat" , Pf()Cc",,,, from the qU~lLe "'hen ,( Cil TL Th"re ,,~lwo J eci
, ion' in" olvcd here, First, the "'h"Juicr TTlu, 1 dc", Jc lh at lht' ol"'rat ing ,y,lcm ,',on 
ti1k~ on on ~ or TTlme "ddi'i"n,,1 P"KC"~'. SeconJ. th" schedulcr TTl",1 decide wl"ch 
J',b " r job> lO accepl ,nd turn into proce<se" The criteri" u,~d rna} LncluJe prior
it)', c'pecteJ necut iotl time, "nd I/O r"'I",,~menls 

For int cnoct ivc p"',>gr"m, in ",imc., h"r in g sy,tem, a proce" ' " '1"c,1 i, gellCf' 
aled ,,·he" " user ,lIe"'pl, t<l COllneetto lhe >)"to111. Tinl~ ·,h,,,ing ""or, are not . im
I'll' queued up anJ kCpl waiting 1mtil th e ,), ,(cm "an "ceq)t them, Rathc,r, lhu 
operaling ')"tom will :oe<;~pl a ll ,ml hori,cd tOm~I" UIIl Ll lhc 'y,tem i, sal ""'led. usmg 
,OTTle p",d"r.n~ti meaSu re "f "'luratiun, At lhat po int." COTlnccl,,,n rC 4u~'I " mel 
with a me"ag~ indical ing lhat the 'y,W111 is full "nd the ",er ,huulJ I,), aga in lale" 

Meuium_Term Schedu ling 

~kJmm_\ctTl' "'heJuhn~ i, parI oj' the ,wapping fun"tion . de",rot",tl '" ~ction 8._1. 
Typically. th e ,,,,apping-in decision is based on Ih " llL",J 10 ,nanage the dog"'" of 
multiprogra mming, On a ')"I~m 'h ,,1 doe, nol U<,C "irtu,1 memory , menlOr, ' ""," 
"g~m"nl is nl,o:t n ""j~ . n,u" Ihe '","pr,ng-in deci, ion will con"dcr Ihc ,ncmory 
req uire mcnb of the ,wapred-out proce,,,,,, 

Short_Term Scheduling 

rhe high ' )c,'d 'ch~J"kr ~x~"uk' rdal"' ely infro4uCml}' and m:th, th ~ ~(t."e
gr.",~J Je",""" of .,.!,ether 01 not to tak e "n" ncw pr",,,,,, , "nJ which one to lilko, 
The ' hort-te rm ><:hedlLkr. abo known ,,,' lh ~ di.ll!utci!tr, exccute. frcqu"nt ly and 
make' the ti nc ·gc:oi ncd ti<;<;isi"" "f which job 10 ox,'cut o ne,l, 

1"0""" Slal~s 
I () under"land Ihe " I",,,,tion of the ,hort-term sched <Jkr, wc need 1" co,,,iJer 

the "'"'''pI of" process 't "l~. During the lifeti me "f" pro,;.",_ it, , tolm ",·ill chang~ 
~ numt>er of l ime,. It , stat u, 1i1 "n)' p<Jint in In"c i, rderreJ to OS " "",,', The leml 
sWie is u-.cd bc~'Hl'" ,I COTm"l~' 110'1 "" ,t.'" informalion ~xist , thaI Jcr.n~' the ,t.
It" ,,1 111"1 JK,inl. Al ""n"num_ there arc fi.'c Jcfin ;x! 'tale, for. 1"0""" (Figutc 8.7): 
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• "e .. ' A p"'~ram "adllliUcd b~ . he h'l:h-k,·cL ",hcdulc. l1uI i. no' y(1 .~..t)' 
10 c,~culc, T he 0l"'r~lInl' .~"Icn. ",II i",Ii~III-" Ihe P' <J<'CS" mo. ,ng " 10 III.: 
,~ad) , ' .Ic, 

• R .. ad" The pro<-"""" is ,~a<l~ III ('~~U1C " , .... """""ing access 10 I h~ P"""""" 

• "".ninJ' I he procc"''' be,,,!: eitCCUlI,"<.l hy Ihe !,,,,,,,,,,,or 
• \\ :oili"~: I'he JI,oce .. " ,,,spcnde,1 [r"", e'c~UlIon ""3,Ilng rOt ",me ,)-..1"' 

te",,"","'. ,,,eh as I!O. 
• Ib lt~d: Th~ pr...:..'" has lemllll,,,,,tI "III) "'III he Ilcsno)"d by Ih~ ''IJC'~I" 

')"'0111 

1'0 ' ",eb pn,,",e" III the '),'IC lll. Ih ~ "I "'''\I'''~ ')- ,km mll,t lIl"irl1 ~ '" <"/"flN
tion lI,dkatin~ t h ~ , talc of 'he 1" ,-",cS' ,,,,J ot he, 11lform:11io" "ec~',,, , } for pr...-:tI' 
C'"C" t ion 1'<." Ihis p".po'''. ~"ch I'H"-""S' " '~)1, e"""lctl ITt lb.' Of,,,,"ling ,)'slcm "' 
a I''''''~''' rimrrol bio;" (rigure ~,Sl. "h,ch IWic"lI~ "''' Iaim Ih" fo!l()win~ ' 

o IMnl""''' Each eurrenl pr\l<~'" II"" ~ ' ''''quc I<lcn.,r",r, 

• ~I .I.' 'fhe cur",nl , 1.le "f .he "n."",-, (ne" .""tI~. "",.I so on), 

o !'.iuri'}' Relali", p"ollly k>d. 
• ""'!U"'" .u ... lt,, 1be ,kkJ,e>-s of Ihe "c,' ,,,,,,ru<:II('" in ,h~ prOf!T~'" 10 be .... 

cUlcd, 
• "~"'''') I",in '~"" n.e ~1;uI.n~ an,1 <ntl,ng locallO'" of ,h~ I""""'" ,,' """~ 
• C"Rlc~1 dala: The", a,e L1.II .• Iha l a,c I"e.c nl ,n rcgisl~" ,n the p"OCCI>!t'I 

... hdc Ihe I"oc,,'," cu~"to,,~. a"d Ih"~ ",, 11 he J,,;.( .. ,,,,<I,,, I'a. l 11" •• "'" 
,"," it is <n,,"t h to ,a)' Iha'lh~.., d"I:. rcpre","tthc "cunt"xl" "r Ihe I'.o<c~ 
Till' C(>nlnl data 1'1", lite I'fugmm "",, "I ~r Me ""'cd "hell th" proccS-'l Ie.\-() 
Ihe TC"tI)' "o te. Th ey ore fetTie,'cd h)' IIie l"O<c"'" ",·hen il re',u """ Clef\/' 
Ii,,,, of Ih~ p""",c,,. 

o 110 _1o(a, jnl'u,mali"n: IlId",..." o",,,,,,,"lot'g liO rC"""'h , I/O ok"j"", (c., .. t~ 
Jr,,'c') ~"ig"cd 10 ,hi. proc.,,,. a 10$1 "I' rol, .. ~""'!t"cxlIO lhe pfO<"C ». a,l(! 10\10 

• ,\ '''Olllliing inr .. n,,~'i<M" '.lay incluLic I he ,,,no .. m "f r"oce"",' ""'" onJ do,t 
"nle u..,d . lime lim,t<. acc<.u ,,1 n",",be .... ""d '" un, 
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\JO " . ... . 
lAr.m .... ;.-", 

When lli e ...: hcdLJ k r aecepls " new juh , ,,. '''~ I re'l "e,' lUI t'.ocution. it crc :,,~' 
• hlank pnxc" ""n!lol block and P"',"c. the aH .. cial~d pm.:c'oS in Ihe neW ,Ialt', 

A fI~r Ille ,)"IOm has properly lil kJ in U", l'({)<1:\i ,..,,,Uul hlod. \bc pn"-",," i, Iran'· 
fcrred h> the re,lIy 'laic 

Sd'I.-.I"li"~ T lI'<:hniqu"' 

To undc"nalKl h"'" the op;:r~unl\ 'ySlcn, m~nai!c, Ihe ><-l>e.Juling "f.he "3rOOU, 
JObo ,n mcmory.let u. bej!in by ",,"i<k.i~ Ihe " "'pic cumple in ... gurc ll9.lbe lig· 
ure ~hOVl" h_ m," n mcRM.>ty IS parmionl.'tl " t ~ III.cn po,nt In lIme, 1be kernel of 'h~ 
ore""ng 5y~lcm ". uf rou"". al""},, '~",Ide'" In add,.,<)n. there are a numbe r of 
lICti~~ P''-'''''''''''!' induding A and II. each of .. h,oh .. ~lIoca'cd a por',on <>f ",.mory 

We ""gin a. a po'''' in "m~ "hen prore.\ A ,. runnmg. I he l"occ'-'O, i, exe
out ln8 ,n!t'"""",,, f,u'" the l"ogram oun"",, ~J "' A', mcn'",)' partition . AI '''m~ 
lalcr pui", '" lime. the rroc..ssor CC~"" 1\' C'CCIJlc ",,'roclions in A and begin' 
c.c~"'1Il1l in'truct;on< ", Ih e "1'01"'11111 'Y'TC," .n.';, Th" WI ll h~l'l"'n 1m OIlC of 
three rca''' '' s; 

I. 1'""", ... A "'U~, a """ ice call (e.g .. an 110 rC'I,,", ' 1 to The orcr"ling ,)',t~'" 
I . "cu"o~ of A ".u'p<:n<kd unlil (hi, ,-" II " "I\"fi~d ~)' Ihe ' ~)Cfa{.ng 'ys'.nl. 

2. l'r"""", A cauICS all IIIle""I". An ,nlerr upt "" hatd"a,c·[!.ellemtc~l " gnal to 
the proCCMO. When t hl~ ~lgn31 ,,<le.«tcd. the IHocc'I.or lXa"-"l; to n ...... u' e 
A an<l m.n,fc~ '" Ihe Inl~nupt handler In t h~ operaton[!. ")"t~ "' . A '"anc"" "I 
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-"'" !Iuo. ' I I I \" ......... !Iuo. 

-U"""~." ~ ./OJ ,.:>Jo ,,1 c ~Jld 0 1 1'.>,0_"" " J"I"p~,,'" ulJ~I-1104~ .'41 'p~II'b"4 
I! Ilu.l ~.'!'''.'' jl) ldnlJ~I"! ~41 "'''0 '"n''''' IIUJ ~~IMJ' "J! JJlpu"4 I!~~ .. '.",\J'" 
"OIIC pu~ !Un>.", ,<In"",,, lIe" ' ~IPll"4 Id"jj~I"! ~41 ." "'''3:>0,<1 ~4' J" I~jl\"'" 
<:I,"~"'" w~'s,\s "8"" .1-).10 "4.1 .~ ... 'x .. d J" lIu'l"p.>,,'" "U~ ~UIW'UI'JlIOJdlunw 
' 4'"' jl~"IO,'UI IU ~I" (' ~" !\~,,,,-lo ~'II)O S"'~"'~ I J )01",,, .>4' '''''4' Ol'~ ~m~' I 1~ln 
~"'" WPI 1"'''_ ~41 JO ~u!"(>I'JunJ ,,~t'l " II "4;i!14~'" Jlihu"~J 'I<i ,u,s " 4,1 

JJo 'PI ""-'~4" g JO U"' I""~~~ ~4' 'I"" p»:><JJd,...,c ~I~p 
,\>,UOJ '.\1 J", ,'J! 0, JOS'~"()l<1 .1 '1' 'P'U",,! 'U~I'" ~U!I"l"'lu ~ II L 'U"'''4~<! II ·' IJ 
·w.~~ "''II ul ',.Ju p~ln~~~ "'l 1'1''''4' ss;>.)OJd '1"'4" 'i..lf!',,:>t' w.",,,, lIu"~, ,,,I,, "41 
jQ ""!I'o<l J~lnr""~ttI)~ I -1J04' ~4' u~4J. ""!'~I:>tIo Oil ue jU' ,eu,m ~~ 4-"'~ ., 1'-'''' 
>IIl-O'; ,u'''J,,,,1 ,(,~w ,u.'l ... is ~l""u.x1() '4.1. ''''~'','' ~U'WJ.--..JQ"II UI ~"')"."" """"'l 
.,ql puu ~->OI(J 1""'\10.) ',,,'->Old ,_ '<' UI V ,oJ J~",n'l.l w<:J;k"d ~4' I"U~ ClEf' 1>0, 
-IIU-l \Un"'~ ~'II "",w .. , ""~:>.:IOJd ~4.1 ~ul'''OlloJ "41" I)"'''' ~'I I ."'~J 'u. ul 

UOOleJ.xlo 0 11 u~,I<' U""~I(huro ~'I I" 'Id"",.~ u'<' 
)<.In''''lu , ,n' <:,,,nr,, U"'I"~"~ ~~Hnb.~, 1~4' V ~'JJ<ud '" r~lul~'"n lU~,'~ ~'uOS "f 

'~\U" U Ie (lOu:J<i uml' " '0) "", .... ,,"'J ~lll P.'",,·JlI ,il "" 
• Ii~.xud 4~~~ ' ...... "-'OJd ~'I llIu"'lodou"w lUQ.lJ S'>3.>UJd ~uo .(U~ lU~~J,d 0, 
100'''''1 " .. "Idl\"'x~ '"'IIOUV ·""'I'Il11'U! P~~~I"lJd ~ """"XJ "lliulld\U~\ln 
'" '!l"S 'OJ'~ "" ... ll,h".u '''0 ·"I"u~IU' ",. ""n~J It'" V <II P~l"I" 'IUH.l 

.lll'->'M"\\ '~l.I.SA~ ·)"IH·1:I·~< I () , ~ lHI.dVIU tSr 



OPt'rcaling system 
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from proc,,, ,-all 
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",h.dul" 

(00<1<) 

r." ,'On< rId 

to p'''''''' 
.'~urc 8.UI K~)' !Jon'""" or .n ()p<rahl1g ~~>lcm ru, Mullip'''gramming 

To do its job, the optraling 'y,lem mainlain, a n "",her "I 4ueue._ Each queue" 
i, "mply a ",aiting list of processe, "ailing fm some r~,ource. The io"g-It'"" ,/"me 
i. a li sl "f j()b, wa i1ing 10 '''~ Ihc s)"tem, ,\, conditions permit. lhe hith-k\·el sched
uler wi ll alloc,(e I1lcj))m)' ami ,'rc'"k a PrlJ<.'C" for one 01 Ih , ","iling ikm,. The 
.-1'ocHe'", '1r1CU" consis!> of a ll rroc~><es in Ihe lead}' sle le. A [\y one ()f (he,e 
p"'cn'", c""ld "'" Ihc process,,, nexl . It is up to lhc ,hort-Ierm sched ul er to pick 
one. Generally, Ih" " donc wi Ih " ro"nd_robin "Igomnm. ;;l \'ln g ""ch 1'r,-"",,, ,,,me 
time in turn. Prioril), le"el, may "I", be u",J _ I' ina ll y, Ih"" "an 110 'I'''''''' ror each 
I/O J",',,-"~_ More (han one proc~ss ma)' r"4Ue'lthe u'"' of Ihe same riO de"ice . All 
ptoce"es """I ill g 10 u"-' cach dcvice ;if" lined up in lh:01 device', 'I "cuc_ 

Figure 8,11 ,ugge,l, I",,,, I"<X~'''-'' [""PC'" I hrough lhe c'o""1'"I" undcr I he 
control of the operat ing system, Each pmce" '''que.1 (balch job, "scr-Jefi[\eJ imet
"cli,,~ job) i. p lac"d in the long-Ierm '1ueue. As resource, become a,'ailable, a 
p,oce .. rcque,1 bcco!T1~'. p"J<.'~" "nd i, Ihen placed in Ih ~ ready ,1"lc and pUI in 
the 'hon -Ie rm queue, llle proc<"Mlt " Ilemal," between executing operaling 'yslcm 
""I",cl ion, lW<l ew~uling u,er proce • ..,s. While the operaling system is in conlrol. 
il decide, "Inch 1"<Xc" in Ih~ ,hurt · tcrm 'IOLCUC 'hOOL ld be ~~c~u ( ed "",!, Wh<'n Ihe 
operating system hM fi "ished iI' Lmrll"d,&le 1.,X<, " lurns Ihe proc"<>OI' <wcr t<> lhe 
c'hown p,occ,.,;. 

A, w,L< "'~nli'm~d ~"rti er. a proc~" being e'eclJted ma)' be ""pended ror '" 
"ariCI)' of ,easons. If il" ,ml",ndcd I",c,"u," Ihc l'r,,,,~,, rC4u",I, IlO . II l ~n 11 L' 
placcd in (he appropr ial e ],10 queue, If il ;, >usjJe"ded becaus.e of" lim e()U I or 
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h,.'";,,,~ the """mllng 'ystcm mu,' a u ~nd '" p.c"in~ bU "T1~". th,' n ••• ' plau'\! in 
.l.e rc lOd)' ~' a'e "nd pu. ;nlo 'he "1<)".""'" ~"~,,e. 

I-on.,tt)' ... e menli.,n ' ''.t,he "pcr"' '''8 '~~""" ,,1-0 ","n")!.," the '10 'lOCU(1. 
When an liO o['Crallon j , romplde ... . ' he "'['Cr"dl "'~ sy.,em remo"", ' he ,a,;,r..d 
,"'OCt'!! ( .... m 'hal 110 qucue a",J ,.13,"", II ,n Ihe sh ... ,,·lerm quellc_ II I h~n ""'''."11 
U" olhcr ,,-a,II"!, procc", or 8n~) and "~,,al' fur the ,/0 dc~ire 10 .. " ,fy Ihal 
........ ..,"'., r'"'luc", 

8.3 ,\\EMORY MANAGEMENT 

Itl "lII tll" ogrammin~ ,)·'t~m. """" me",u')'" .h.dod Ifl!<J t"·,, ... r1>: one p." 101' 
Ih" <J[1eral ing ')',,~m (,,,,;deo' """"t(l') "",I """ [,a" I." lh" program ,ur,.n, I\· 
IIC i" ~ c'ccutl'd In" mull il'rogI """""'11 'y,lcm. the "u'~r" pan of ",,-nwr), " 'u!). 
d" ,J"d,n o<xommoo"k multiple p" ... ·c.>,(;~, The ',"k of M,b<l ,,,,,ion is carried O~I 

d)"wlIllcall)' by lh~ up",atm g ')'.Ic'" "nd " ~ ''')\'''' as me"'''''' """'''~C''''''' ' 
Effe~t"'" ",~",ol)' "'"n"~CnlC'" i\ '"al '" • nllll"I''''ltrarnm;o): ,)"!~m If MI)' 

a f~'" p"ICC"'~' arc In m~,,"'r)'. then (0. lIIuch ... r I h~ lime all ,,( ' h~ procc,",c. ""U 



t>c wa'iing for [/0 and Ihc I'rucc'<Wr ,,·,11 h<: ,die, Thu,. memory n~e<l, 10 be " Ill>
""'cd dfi~ient[)' 10 pack a, """'}' I'roces.,", inlo memory a, l"",iblu, 

Swapping 

Referring I,,,ck In Pigure H.l l. we h'"'' discussed thr~e In"" of q"~Il~" Ihe long_ 
I~rm queue of reque,t; for new proce,,,,,, Ihe 'hort-term 'lIlCIlC of p'oce,ses r"ody 
10 me the processl>r, and the "arioll' [/0 'lUCile, of [""""'''''' thai "", net ready to 
"'C Ih~ proec"or. Recall til,,1 Ihc rca,on fot tlti; elaho rate machin~ry i, Ih,,[ 
[lO ad"'itio, "'C n,uel, ,[o"'cr lltan co,nplltatioll and thador~ Ih~ I'r<'><'e"or ill a 
ullip,ogr~mming '~'t"m i, idle mo,t of the time. 

But the arrang~n1enl in FigHr~~. [I d"", not clIlII'ely ,olve lite p,"blem, Iii, 
lruc t l"'t, ill ,hi, Ca", . mcmor), holJ, mulliplc procc.ses ,nd Ih"llh~ pr""""'IT call 
m,we 10 "nothe, proc"" when one proce" b waiting. Hili Ih~ 1''''''''''01 is so 
much fa,t", than ].10 Ihat it will ~"el>mmo" Il>r "II tht procc",", in memory tl> be 
w" il in~ on UO. Th us. c,'Cn w,ll1 mu l,ipruW" mming. a processor could be idle 01",1 
of Ihe lim e 

What to do? Mam memory could ~e c,p'md~d. a,"1 '" he "hie to accommo' 
dale mme p,oo;cs"",. But Ihere arc tWI) flaw, ", Ih" appr""ch, Pir<t. main mCmOf)' 
i, c'l'c"ji,·c. evcn to.da), . Se"o"d. Ihe "Pl>ctile of program, for m~01l)r)' "", grown 
as fast a, lhe em;! of "'emory ha, dropped. So large, nwml>ry re,u ll> in I",ger 1'",. 
C~'''''. n01 more processe, . 

I\nulh~r ",1"lion i, SW"PP'"I{. dq"cled H' Figu'e 8.12, We have a long-Ierm 
~ucuc "I P""''''"' rC4uc,I,. lypically ,h}lcJ on di.k, The", ~rc brollgllt in, <HIe "L " 
time. as 'pace hec\lme, ",'ailable, A, processes "r~ C\JmplctcJ. th")' Ole mo.'cd out 
of main memo'}', :-low lhe "iwalion will ari,,", II",t ~Orl" 01 Ih" pr"""<.",, in memo,}' 
arc in Ihc re"dy "laiC (c.g" "II ,lee wOlillllg nil "" IlO operation). Ralher than rem"m 
iJle. the pr(",c~'or .'''''111'' on" 01 the", proo;c""s back u,,1 IU di,k il1 II' all '"Ia",,'.ii· 
al< q'w.e. This i." queue 01 existing p,oces"", th"l h:",c h~~n tellll~""'il)' kichd 
Ollt of memory. The Of'CWl in g ,)"1 ~m I hen Ilti"~, 11' an"lher proccss from lhc intn
meJiat~ 4u~uc. or ,I hili"'" a n~w p"",e" reques! from the long·term 'l""ue, Exe 
cution then continue. " 'ilh thc newly arrivod proc~", 

Swapp in g. ho"'c"Cf. is an IlO operation, ,md therdore Ihere i. the potential 
for making Ih~ prl)hkm w''''~. no' hOller, BUl because di,k 110 i, ge ,, ~r" ll ~' Ihc 
fa,l"" I/O on " ,)"tem (c.B .• compared willt tape or printer IlO), ,wal'l''''£ wlil 
u,ually enhance pe,formance. A mOTe "'phi,ticaK"<.i ",.-henlc. ",,'nlving , irtual memo 
OT)', improve, pcrformance o"cr , imp ic ,w"pping. rhi, wi ll be Jiscusse<i ,honl)', !Jill 
fi"l , "', muSI pTCj",rc Ihc £TUu1ld h)' ~xp lai ning partitioning and pHging. 

Partitioning 

The ,impkst scheme lor part itioning.. ,,'ailablo m"mory ;, '" uw fi.,~d· ,'iu IIa,,"iofl>', 
"' ,hown in Figure KlJ, ,,"otc Ihal , although th~ p"rli,i01l; ore of fixed ,ize, Ihe)' 
nced nol be <Jf cqu,,1 ,i,,,. When a procc,,; is brought into memo,y, il is pia,,,,1 ill the 
'lII,llC,1 availabl" part ,li"" lhat wi]] hold i1. 

Even w;lh the use of unequal fixcd·,ize pMlili,,",. Ihere w,ll be wasted memo 
ory. In mosl cases, a P'''''''''' will 1Il>1 reqUIre c.aLlly a, much memOT)' as provided 
by lhc I''''tition. For example. a process lhat rcquir~' 3",1 b}'te. 01 mem,"), w"ulJ 
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be pl""coJ in li1<' 41\1 paflil ;on of hgurc ~. 1 1t>, wa,I'''G I ~11 h"l """i ,1 be ""d b! 
a no,h~T 1"<lC<:"" 

A noore drlCi~ ... 8Pf'wach is 10 " '"' 'rmlrble-Ji~e ,"'rttli,,/IS. When a r ,,><n< is 
blOughl tn10 mcmo,~, " .. aIlO<"~'cd c,atlly a. much menlO,)'." ,[ ''''t""",.nd .. 
Illo,e, I'\n CX:"llptc, ""n~ b4 Mb}'1'" nf main """nmy, ,! 'ho"" III h~". c ~,H.l" .. 
Iiall y. "'Ot" "' ~ mor)' " ~ml\"· . ",cep' fw Ihe "1"'mlit1 ~ ')"Iem (al . lile fi"r lh rt'! 
I'"'''''''''' .,,' ~",deoJ in 'I","ng ,,·here Ihe up'~,aling '~"em en'" and oc:cup)';ngJUOI 
enough 01'1'« fOJ e",,11 P'oc~ (h. c. d). Thi, lca~c< a ~h"lc-- al the end of me...,.., 
,h~t " (01) 'm~1I rur ~ rourth rrott'" A t ",-,""e poilll, nu nc of Ihe proo."C'IISC:l in IIItII
'>I')' j, ,cady. 111e "iX'," Hr' ~ .y'lcm ""'I'" ou1 ]»O<"c," 2 Ie), "'h"h Ie.vc. ,ofrocinl 
",om 10 1""(\,, ne...- pr",:",", P"'CC<s 4 rf), IJcca",", rr,x'~"" 4" ,,,,allc . Ih an pr.,.,." 
2. anolhe r ~m"1I hok ;. ( ICOkU. LaiC', 0 I!<'''u j~ rc",'h"oJ at wh ic h none ot" til: 
p""'~>s." II' nlam m~rnorv "",ad~. bUI I"occ"; 2, '" Ihe Re~dr-S"'>iX'noJ 'tak., 
M,'ailablc. ~e<:a"", Ihere" ",.ufflcient 100m in m~nlOI)' for ]»OC~~ 2, th~ opelllu., 
'l.!cm """1)6 procc", I oul (~) and 'w~Pb pr()tcs~ 2 b;oc~ ,n (h). 1\, Ihi ••• am".. 
jl"",·, . lh" rn C lh,~i 'larl~ UU' "ell. bUl c"<ntually il I ~nd , 10. "I ""lion in ... h~:, 
Ihe 'e m~ a h'l " f ,m,1I huk, It, memor)·. A.lime ~"c" on. ",~m"')' I",,,,,nt' n"", 



.\lOUf',\ "'(~I~ t'J')O ~"'OO!"jJe.l 1'"",1)0 'IJLU""I [I'~ .""~~~ 

SlIO!IIlJud "~'·l~"h'Ul ('II 'Uflll!J.fed ;Y'!'" lenh: .. I" I 

'" 
I"; 91 

'" 

l~ 8 
1\1:1 

'" 
I~ 8 

''" 
I~ H 

". 
1'1 9 

I~ t ". 
'" 
". 1\' !I 

lU.I~.;:' 1I0!IUJ.xIO ums",s ~UII~.<><IO 

,,'P""H " UOL),,,dlUO~ J' '~lOIUJ~4I.!n.:l ' W poddR,'I\S '! )' OW!1 4J~' ,VOlU~'" U!"lU u, 
~'" IJ ""'us "41 01U1 r~p~ol "'I 0) "Pl'lIOU" ";,,,,,,.1 U W'1l ,no!'''lo "UlO~"'1 P lnt>~' 
1! 'IUOWt>'" U "oJ tl'S ~"n~H '"'~I'!'u"., J~P"1" ~ 41 JI ·pu.' :>son] ouo dOL '"'P l"\W 
~." '~U! LJ'" I!u"d In ",iu!wOO\l04' '41 4ll!" ""'I"OP JO 'A~," JOp"uo:> 0·" J,JojJfl 

'~"'!l ,,,,,~,.,.,d JO I" Pl'~'" '",np''''f.>ld ~u""n'"oJ-~\U') • 
" "41. '~"'I ' I .'"'0 "! ,,.p~il"l Am 'jj~'" ;"" J ."11 II" ','>lId Ol AJOu!.>tU U! ''''',''(lld '41 
'lJ'~' lll " l"'" ~uq"l"'io a~1 ' ~Wll 0) ~1U 11 wO'd :"()!p,,,lwnJ '! w~lqOJJ "41 ~UI"''''' 
"".W JOJ o nhlu4~~1 JUO ',~ ull'JP UO'I"'l]!ln .VOUl~\U pu~ 'PJ1U"W~~'J "'0111 p". 

6S'(: .I.i" J'~J:JVNVW A"'Oi'<"'~ I , •. ~ 



2(,0 (IIAPTIR S I orrll.A 11'-.{; \yUDI SUPI ~ "1."1 

'"' 

........ ,.~ ,,-
--, 

1'_' 

(.,) 

fl~" .. X.14 

'" 

!!Jlll 

Inl 

IX', 

'" 

.. , 
• •• 

,., 

I ~~q .,' ....... 

-~ , 

Pro,,.,, 4 

1' .....-.1 

'0 

~\I 

!U~l 

~M 

I,M 

IX\! 

'" 

11", HI,,,, "I 1)'0;'""" I''' ' ''.,,' m~ 

Pr ..... , I 

1 '~2 

''!'::~ 

pC'",." 4 

,-, 

'" 

':.or., ... 
.'" ... 

I'n><.,. I '" 
'-, , 

....... , , .. 
, 

,,, 

. ~:"" '"" " ..... , --, " !IIM 

'" 
'" l'm«'O' 4 "" 
hM " 
I~\\ """_ J '" 

'" " ,., 

I"''''~'' n,")· he >h'(I~<.I ",h'k on ,,'",~ menH)')', A p'",,,,,, ,n memoC" ,~,,,,,,,,01 

,n,uueliOft> plu. <.Ialu Tb~ '"'iruelion> "ill coni,,,,, 3dd, ·~S>e~ for mcm()f~ IOC~I_ 
or , ... ., "'P'''' 

• AikI"''''''' ...... d31,' OIc"" 
, ,\ddrc,"..;s "r "'~lruc"<>n •. "",d fm h, :.nch,n~ ""Hucl,O'" 

Bul Ihe", "JJ.e,"c' ~rc nol ",",I. n,ey " iii "h~n~c each , ,,"c a I'"'''''' iI 
'''''' PfX',1 on. I" , ,,I'e I.", rToh l ~m . " d"tu,c!"", JS <\wk k Twc en log ica l "J.hs.e. 



~,}! Mb\10!tY _\1.~NA(;EMENT 261 

atld ph~'ic"1 add,esses, A lo~k~J addrc". io cxprc,"cd as" I"""ti<.m fe l"t"", t<J tile 
beginning <Jllhe program, Instructi<Jn, in tho program "<Jota", (111)' logic"1 ad· 
ur~"c,_;\ I,h.l',kal uddre" is an ""t"al l",," tlOll '" "'"'" ,"emory, When the proxes
S<Jf ",e~u tc, a pmcc"." automa ticall), converts from logical 10 physical "ddre," hy 
adding the current 'tMting loxation of lhe rnxcss. calkd it. b~", "ddr~". to eac h 
l<Jgic,'1 HUUfCSS , 'Ini, ij "nothef """mrle of" !"I)C~""r hardware feature designed 
to ",eel an opcratlng ,y,lem '.'lu i '"me"L The exact nalure ollh i' hard"'ar~ t""lure 
depelld. Oil the memory management 'trale]), in use, W~ ",ill "cc ",,'cra l ",ample, 
late, in Ihi, chapteT. 

P~g:ing 

Both un~<juol fixed-,ile "nJ " "rial:>k·,i/,~ p"rtit,om a'c IneffiClenl lit Ih~ usc of 
rn~m<Jry_ SLJPP'''"' I",w"wr. th"l "'C"'()'Y i, partilio"cJ into equal fixcd-,ize chunk, 
thO! are reimi"ely small. "nd Ihat ea,h proc,"ss i, a lso di"ided inlO ,rn,, 11 fi,,,d ·,;,,· 
chunh of so",e sile, Then th" chunks of" prograOl, ~nown '" P"!I~"'. "'JUld he 
a" igncd to ",,,,ilab lc chunks of olC"'Of~'. k T1 0Wll "' Ira",,,,,. Of page Irame" AI moSl, 
then. the wa,ted 'pau' In me",,,,), I", Ihat proces< is a tracl ion of the 1,"1 page. 

Figure 8.15 show, on .'xamplc of Ih e usc ot page, and frame>_ AI a g"'~n I~"nt 
in limo. 'OmO ot the In''''o, in nwmory "r~ in L"~ "nJ ,,,me ",e fre"_ The liS! of free 
frame, is malnlaineJ h)' t he opera l i "g ')-,km. PI ()C~" A, stored on di,k, consi,t; of 
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'<>u . pa2-~'" \\ hen it come. lil11e '" hld Ihi' 1'1<)<","_ the "1"-"31;01\ '~'Icn' I,nd, fool 
free (rd""'" and load, IIIe four I)a~c' of the 1"00;: .... A 'nlO 'he fuur fl1' mc::s. 

'low 'Ullpl~. 8. in I II" uanol,le . • hal ,,,,,Ie ale nol ,uff",;cnl ""u""d C<.>fIl1p
''''~ frame, '" hold th u Ph"''''", Il ,,,-, lhi' prc""'lllthc ('I' ",al;n~ 'y,lcl11 lTOm I ~· 
log A"/ The ans .. cr" "0. bccau'>C we carl "no: ~l'''m u<,c the Nn",p' or lOf.o<.iJ 
a<kln:..s. A ""'pic ha", 8' .... "'''' " ,ll no longer ,phlC'<', I(a,hcr. rhe ol"'t3ti"~ ~.~"'" 
"",,,110 im " ''''~' ",blr r", """" P' Vl'C", l 'he l)a~c table ,I",,,,s the Ir..",,, localn",l" 
caelt r"l'~ of the 1''''':'''';' Wi,h", 1)0,- prog'"" ', cach I"~;ca l add,c" cur,, ;," "r ~ p ... 
n .. mhc. and a rcla"'" 3dJr~"" "'111m Ihe I,a~e_ Ik<;aU d,nt in the c<uc "f ""'pk pu. 
lu"~"ng, a '''I:Ieal add",s> " the 1()C~110i1 of a "",d rei.,,, c 10 Ihe ""&J" nlnR or ~ 
]l'v!;r, ,,,; \he pn"",",,,,-,r (""")'1"' Ill al inle> a 1'11l",ical "ddrcss, W ,,1, f1<!ging. III<: I~ 
,eai_lu_I,hy,ieal .ddre ... ('" " ,I", i"" i~ , \,11 J,,,,c by r"','~"(lr h."o,!"'MC. I he rr(u~ 
"'. nllN l no .. · h",. 10 ""~..,'" the f1<!~~ table of lh~ CUfr~nt I'''''''' .... I',esented ""m 
a I~,cal ~dd ,e", fl"'gc numbe • • rclat;>c •• ddre .. ). Ihe I""""""" n.e. the f!a~ 
ta hle ", pmJucc" ph)" ic«l "u<il e,s (("nTl e 'lUm ber . .-d.H,ve "JJ"'''J, All c~,'mpl: 
i, ,huw" in F;",nc S.ll., 
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Thi, approach wi,", the pro!:>km; rai",<l earlier , M"in Tn,IIII,")' i, di"iJcJ intu 
mun)' ,mall ~qu"hilC fr"mes, Each rr""~,, i, divi,kJ ,,110 f"'mc-,i/c pag,": Smaller 
procc" ." re~LII,e f"wer pagc" "' .. ge r proce""" ,equire more. Wh en a p",.:c" i, 
brought Ln. its pages "fe' 10adcJ into available fr"me" "".1" r"~e I .. blc i, ,<'I up 

Virt ,, ~l Memory 

Uc m3"d )'agitLj!. 

With the U'iC of pap,mg. Irul), eifecti,'c multiprogromming system. came in1l> 
bei"g. Furthermore, the simple lactic of !:>r~aking a procc," ur into page, ltd to the 
d~vel orment of "noth~r import,mt conccpt: virtLJ" I mc",,,,)'. 

I" u"deM"nJ "irlual memmy. we mu,t aJd" refinemenl to Ih e p"gin~ 
",heme just di",;u"ed . ntat refinemcttt i, de",,,,,,} paring. which 'i",pl~' Tn~"n' n"'l 
e~ch poge of" p,occ" is brought in only whcn il i, "ceJ,d. thO! 1<. un d~m""d, 

Comi<.!cr" borgc procc';, wn,,"i,,~ of" long pr()~,"", plus a numlx'r of ,rray. 
of dOl", 0"", "")' shon perioo of time, ~xecution may be confined to 0 ,," ,,11 secli"" 
of the progr"m (e,g .. " subroutine). and P<'rh"p' onl)' on~ or I",,, "rray> of Jot" are 
bein~ ",cJ, Thi; i, the rrinc'irl~ "f I"""hly- whien wc mlmJueeJ in Appen<lix 4A. 
It would dearl), be w,"ldult" loaJ 11\ Jozcn< of page . for that process when oo ly" 
few p~gc, will be used before Ihe pmgram is ,u;pcnJc'd. We <a n ",,,kc hl' lier u"" 01 
memory by 10Hding in ju,1 a kw p"£c,, Th,n. if Ihc pr<'~r"'" l>1a[\chc. to k" instruc
li"n (Ill" page nell in main me"'ory. or if Ihe program ,,'ference. d"w on a page not 
in mc'm"I'Y. 'f!~!!" Jm", is tr iggereJ, Thi' tells the ope," ling ,)'Slem to hrin~ III I ~'C 
<le;ired page, 

lou" al 'Illy on, tm,e. "HI)' a r"" i'''ge< of "ny given PH"',,,, "re in mcmOT~'. 
""d tho,do,e ",ore p,oc~,.",j call be moinlainiXl in memory. Funhcnnnrc. Hme', 
,""cd becauS<) unu",d page, aTe ttot """pped in ~nJ "ul of rnemOl)' I !o",~,'e r. the 
oper"'ing ,ystem mu;1 be Cic"CT "boul h"", il m''''''g~' tlti, scheme, When it brings 
m\c page i1\. 11 mu,t Ihrow a1\Ollwr page out. If if throws out, page j"'t beforc il is 
"boUI to be u",J, then it " 'illju,t have to go gel Ih"t page "gain " I"""t ,mmeJ,"lcly, 
Too nw"h (If this ,""d, 10 a <OnJ ilion known '" tlrntL'hi"l(: I he I', occ,wr spends 
nt<'" of it, tim, """pping p"ge, rather Iha1\ cxeclll ing instrunions. The al'oid"nc" 
oflhr.,hing "'"'" major research ",~a in Ihc 197()s "nJ k<l to" "ariel~' "f ~o"tpl ", 
but cffecti"c algorithms, In esse nce, th e op""nin~ s),"cm Inc, 10 !\UC". ha,ed on 
re<:ent hi,I"r)'. which r"g':' ~tc lea&! likd)' I" he u-..cJ,n the ncar future, 

With dc",""d p;<gi1\g, Lt is ,wt ttecc,,",y l<lload an enl ire pn,,'e,~ inlo m"in 
memory. This lact h"' a remarkable cott"''luence: II i, po;-sih/,' F"" pmce,I',,' ", I,e 
Imt'" 1/"'" "II uf "'(Ii" fIl<'llwry, On~ of Ihc moSt fu" Jo""'nla l re,ltLcti"lL> in PfO
gr""""ing h" hee" hfled . Wilhout JcmartJ I'dging . a programmer muq N "cLltd), 
""''''' 01 how much memory;" a",ibhle, If the prog,om I;>o.;;ng ,,,,itk,, is ltH' lorge. 
lhc programmer must dC"i", W,, )', 10 "'uclurc Ihe progra m i1\IO pi~ce, Ihat can bc 
I"",led "n~ "I" tim~. Wilh J~rnanJ p"gml!. til"1 loll i, kflto the operating 'y't cm 
and Ihe hardware, As far as the programmer is con""rned. he or , he i, Jc" I"'lI wil lo 
a hugc memor)'. the ,i,.., a"ocial cJ with di,k 'Iora~". 

BCC"LlM:" P""'c" e,""ul," oul}' in ",,,in memory. Ih"t memo,), is rd"rr~J \0 

," n'~l ", ~m",~ . But a progranHner or u",r IlCrcei_es " much )",g~r nten"'r~' Ihal 
"hich is allocated on thc Ji'k . Thi, latter is therefore rci"rred I,,", "i rlual ",~",or}. 



\ ,rlual mcmory allo"'> (Of '''ry cfl~":;II'c Oluh'p,,,,n .. ,,,,,ing and ,ch~,~. Ihe I ... " <i 
lhe un...,.,,,,, •• ,il)· IIghl con,ln""'" o( ,na.o ",~"""}. 

I'''!('' T."'~ Slrud ... e 

I hc ~ meehamsm ' OT ,(,.,j"'g .• """I r .... m mem"ry ,nmhe. Ihe ll11nlQ. 
""n of a "'r11.al. OT logical. add.~,". co"";lm~ of r~~c numbe, and 01' ><:1. ,nIO' 
ph)'"\ical add" ... ,. con,i,ling of frame "uml>cr :' 0..1 <>rr~l. u.'"~ " I",~e .. hie 1kn~!C 
IIIe 1'.'~" I .• hle " of "a,ia!>," Icnglh. olepo.: IIJ ,n)!. "" the .izc ", Ihe l'roce,"" W" c.nn~ 
~'I"'d h' hold it in ,~~ " ,"rs_ In'lead. il l11 u,t t'C in ""n" "",mOl}' 10 be ac<c,...;;d. V'I' 
urc H.l ~ ' "~~''' " hardware imr icmc!! lul' 0n "r II, ;, ,,·he me. Wil en a parliculJl 
pfl)<.'"~'" ru n" i"g, a rogi " "T 11"ld , Ihe "utlm ~ "JJr e<s of Ih e p"ge la ~ l" fur th;,t 
P",,,,,,", III<> pogu nnmb", ,,(" ,'i, lual "Jdr~~, ; ' u"" J ' u inJn Ih , l ",ble ,mJ 1001: 
up the COTrc'\)<>nd Ln g f'a ,ne numnc,. '1 h" I. comt>,neJ I' ,I h Ihe off"'" p"ro ,on of Iho 
',,'uat ;odd,c,", '0 produce 'h~ d~"rcd teal "JoI,"". 

In ' ..... 1 ')'1ICm5. lhen: l> OTIC p. ~c I"hle I"" r""""- lI ul ~a~h rroc.:," ca~ 
O<:\:upy hu¥" ~m .. un1> o( "inual ",c",w'Y, rOf t~amf'k, ,n . h~ VAX '' 'Ch''eclur, 
~ach 1''''''''"<1 c~n ha"c up '0 2' 2 Gllylc'of '·'r1""llll.,mo,~, U,m#. 2' ~12.b)1< 
I"'!!ClI. Ihal mean. lhal as n''''')' ''' ! . po'!!" lable em ric. a,e ,c"uir~d ~r p"~'" 
nea, Iy. Ihe arnot'"' "I """"orr dCVOl~J to I"'!!O: '''''Ie'> ~I<>ne could be unacttp1ablt 
I"~h. '1'oJ 0' c.wm~ Ihi' f'"," lem. m("" ' " lual IIIC" "-"Y .ehem", ",OTe l'ilge labk. _ 
';' lu,,1 n'cnlu,)' r.ll heT Ih;o", ,c~1 n,"mory. I h,; mea", Ihal pa¥" lab1~. a,~ ,ut,ccl 
10) ""~JIIR jusl a, olheT page. are_ WhCfl ~ I''''''''''' i. run","g. al 1e><>1 ~ P'''' of ,I) 

1>a~C la!>k mu" I",.n main mem",y. ",d~don~ lhe P;'~c lable e"' ry of Ihc CUrr(nl~ 
nCCul m!\ I",~e, wille p,,,,"c...;ur' "'~ ' c U,", " , ,, Iwo· le,·cI sche me 10 organi,c 1M&< 
I'''~C lahle •. In Ihi' .eheme. lhNC"" p., ~c d" celOr)" In " hKh each Cn lf)' 1~ ""l~10 
" I',,~e mble, Tl"". ,I Ihc' lenglh " f th e I''' ~" Jlfcet.)l Y;1 X. aml il Ihc m"~ , rn u'" 
kngth "I' " p ,~c lable ;1 y , Ihen" \" OCC'S Cl'" c"""" " f"1' 10 X X Y pagcs, T)'I';
.'»II)',lhe m.",,,um lenglh uf .l'a~e I"hle ;; f<" lti cle<llo I:>c e'l ua l lO one P"!'t. \\'e 
",1\ ...., an c , amp k of n", Iwo-le,'d "l'l"""eh I'hen we m ,,,;der Inc 1 '~1I\,um U 
laIC. to lhi, chl'ler 

An .1Iem",;,'e applOltch It, Ih( u!>c " I uIIC- '" N...,..Ie,'cI f'a~e ,abl., i. Ihe U!ot 

uf Mn ,,,,e'lNipa!!,c la"k "rUC1ure (I' 'lime S.17) 1 '11 •• af'proach is used on 111\1"1 
,,"' .. I)) and n .. . U 01 IB M • RI~C p,n.lu<ls. ,nd ud,n" Ille 1'"",c,I'C. 

In Ihl> ~1>t"03ch. Ihc ",'gc numlK'l VO' IO()n " , a "rlu.1 add"'"' I> m3J1Ped InIO 
a h'''h lahle u •• ng a "mplc haslun! fuoclO()n, 11.( ha,h I"ble """13in. a p"onlc. ,ft 

Ihc ",'crle<l I"'~C ,,,10k. " hodt """,au,. lhe 1'"'" '~bk cnl"""- Wilh Ih" ,l ruC1U'<. 
Ihef. IS'm< cnl'~ ,n Ihe ha.h Mhle alld ""'Cfl<d I>'>/:" lal>le [OJ c;lch .cal ..... n\()l} 
f>"~c rmhc. Ili a" Oil<! pc . , ,, Iu.ol I,age. 1 'hll', ~ r,,"d p'''f'O,ll>m "I . ~al mo"".')''' 
rC'IuorcJ rv, Ihe whk, regalJI"", Ollh" numl>CT of pm""".,,, or "im",l f'''~~. wp. 

" h"'" I""", .. ""I~ n,,"OC" ill ,, ' ""I< \! ' h " ," ~ , '" "",, ""01'''" in ' "'- "n~' lJ L I",,"~h~' . 1 .. , 
'I .,' '1'11<' "" I'"' '" '"' I<>, h rw"';',, j , .... , " " '" ih J<, .0' " ,~, h"", ,,11k ,.."". ,n"" L"'" .... 
'"!"" ..... f'> '" tl1< .. me ''''4"''. j, " 1'"-"',,,", ,,,' "" '"I'" 'Ie"' ,,, m'l' ", • ""h ,;,,,",' <'n", ,,,,-, • "",0:1, 
"·'·"I"N. 10 ,1»« ...... u", ",.' "<rn ~u". ,., o,q"" '"'" '''''.~" ""h ,,,No I,~·.,ioo l\'r",.II,.'O<_ 
.,<",,, plJ,'" '" ,too '''''' ,,",,,-.. do.~ empty 'r""'. ,oJ , ,~"",,., I,,'m ,too '''' .. MI ~ .... ,,," .1"'ft'IOkd " 
<h.," ,Ito.. <"'n." "",,11>« '« 1'\1 AIDII ~~ • "" •• "",.,I<d do.<' .... ""'~ haoJo uN"" 
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po.tnl Because mOl~ 'han ,~'c .. nual add."". "'''l "'~p ,AIo Ihc ""me ha,h I.t>ic 
en,,, ~ ~h~mmg lechni'luc i~ uled for n"tn.~11'~ Ihe o,'e.fk>",_ I he h."h.n~ l;;do, 
"i~uc .e>l.I" JJl dta"" th" arc Iypica ll }' 'hort--c ithc' OnC orr lwo <nll ie', 

Translation Lookasidt· U"ff~r 

In p.inc.ple. ,hen. e'e.} .... ,,,;.1 m<'n,OI)- reference ,'a" ca~ '''0 ph~-,.rc~1 mcmoo 
''':e~: OOe'O felch the al'l"Of'"ate page ,.!>ic en"l. and one I" felch .ht dt>ut'ol 
data, ThOll- U ,' .a.~hlforwJfd ",,' ual "",,,,or)' sch~mc ,,"vuld ha.c Ihe dk'ci 01 iJou. 
blin~ the ",cmo.) acc •• ~ tunc, 1' .. ",'ermmc .,'" "",blem, mOIl ,im.,.1 mcfOOl) 
",'h~",(.,. "", '" u'-C of " 'I"'C."I e"ch ~ for pa~" W hie CnOrte., u".ally call ed a tran,il
Ii"" 100,k",iJc huller 1'1 1.11). I I,i, c'"che fUrlct.on! in th e ," "'~ "ay '"'' mcnKl<)' 
m{'he and «ont""" In""" P"gc ,,,hk ell";"; ,hat h;"" ",",ell m",' ,,,,,,,nlly U<c<I ""
ure >I_I H ,~ a Oo,wha.l ,h." 'hCWo" the "'" of the n.1l IJ ) the pnn(;'I'1e of Iocah'" 
most .",tual melROfY ",ference, ""II be 10 ">C3lionl ,n .~"CcnIJy usnJ pal~" lb ...... 
fore, n,...,.t .d",e,,= ... ill ;n,,,I.c ... ~e tablc cnln~' ,n Ihe cache, \Iu<.l,el oltk 
VAX 11.11 hnc .ho"'n 110 ... '10" ."heme can "~,,,r;cantl)' imp..,'" JOCflo.rnaoc: 
ICLAK~~. SATY~II 

)lule IIwlliw "i llU,1 mcm., r~ ",~cha nj 'm mU"l"I~';'C1 wilh the ,'ache ')'.,," 
(not I be 11.11 cache. bUI I he mam m"mory ('a"he), . nil' i, illum.,,"d ort 1 'gure 1l.19 
,\ ,'o'lual a<klre ... ",;11 gcn.r~lIy I>e in Ihc furm or a p~gc num~c. , ofr,et l 'if5t.11ot 
", .. mor) '~~tem """",Its lhe "l'Lll to ".-e.f II ... n,alch"'II"'ge ,able ent.)·" I'''''''at 
If il i._ Ihe .ul (Jlh Y'ic.aJ) ad.lre ..... gen.raled hy .... "".''' ''''& 'he frame num ...... .. db 
'hc ofr"". If nol •• he cnl .y" lI«\:"""d f.om a ... ~e table, 0",-"" the real add'N;, 
gene,al.,J, "'hoch '" m the lo.m of a ta~ and a rem,IInde. (""c hgure 4,17), 'he <adoI 
is Wn~l1 ll e<lI') ,""e if Ih~ blud cOnl",ning thai ",u,d i. JI,e",-'nt, If >0. " " .elu,~N 

10 tI," 1''''':",-.01. If nO\. lhe ",,,,,oJ,, ,ell ie,""d from mai" me mo.)', 
I he rcaJcr ,huuld he able 10 app""'i:"~ th e cumpk,;I)' of the p' orxi""lur~. 

"' a, e ,,,,',,I,,,d ,n a ''"Sic memory .dercnce, The ,.,.,u,,1 ~dtJre~ LS'.an,I;,cJ mlol 
real ad<l,C!;, I hi. ;n~ol'e. ,dc'en ..... to a pagc t"hle , "hoch may he on t il<: rLa. ia 
nUon me"",f)'. o. on d"l. Ibe .de.enced ",m<l m~y be;n c"ohe. ,n ma,n memOl}_ 
Of OIl d' \k_ In the laner ('a,;e, Ihe pa~c .;-m"aini"~ Ihe "I),d n'lL,1 ..... 1000dcd onlO....u. 
memol")' .",d." bloclloade<l ,"h, the cache, In add"'"n, 'he P"t" ",hie cnll")' f .. 
Ih'" l'''~~ must be upd,n,,<I, 

S"gm~nIHI;O" 

Thcr~ i. another .. ~y on "hoch a<ld,,,,,,,,,hle mC" "'1") can be ,ubdi~,dcd. ln010n _ 
'~!JIIIelll""'HI, Whereas p"g"'~ I< "', ",blc to 'he P'ow""""e. and """C' I he pu • ..,.. 
of pr" .. <lms the p'~r""'n'c. ",, 10 a 'a'ge. ~,Id.c'" ~I':.ce. ""yncnlahflO" 1o:I..,JIy 
,,,, hie ,,, Ihe r"'parmnc, arlJ " I'TO"idcd '" a e,m,'C,\lcnCc f(). u.g'''i~'''8 I"O~""" 
and dala. ""oJ a, a men", fo' I"""""'''g pri"ik~c "nd I',."tecri"n "1Il'1hu l e~ ",itb 
i",true!,,'n, ~ n<l <lal., 

!kgmcnlalion allo..-, I he 11f~"",rncr lu "OCW memory"" c'Onm,ing "f mlll,~ 
pic add....,,., '1"'C1."lor scgmen", SC{:n .... nl' arc of 'nn.blc. ",deed d}'ua",IC, we, T YI" 
ically, Ihe l'fOs,."",mer or Ihe ol"''''I;''S ,}.,cm ,,,II " .. iYl p.og .. m~ ,,, ... da.a 10 
d, frc. enl "'glllem., 'Ibere m~)' he a nu mbe, of pru~mm "'gJ1lentS 1m "'riuUII)"/lt$ 



II«urn to 

" 

I'.~. ~·" "It 

h"n<Hin~ routin. 

110 h.nll""no 

•• 

of program' "' wd l "," [1"IllI",r of dal" '"gnlett", Each "'gmenl In" y l:>c ,,"'gn"d 
aCe'"," "11<1 u"'iI~ "gin" .\le",ot)' rdc'ence" consi,t of" (scglll ~!ll """,I>cr. n(f;et) 
[or", ,,[ aJJ .. c'"" 

rh i, organ ization ha , a numb", or "d"""iag"' In tlo e progrJlllmcr o"cr" non _ 
wgmenlw add'e" ' I'ecc' 



T 

I~ 
" , 

tnt \'. 

" a~ ,lOb" 

I . 11 ,, "'ph fio' the h"ntll;n~ of ~()I''''g. (.h'l~ 'Iru"!Ur~'_ If \I". pru~mmn .. r @ 

"'" l"" ... ' ahc~,j oj " me h"" larit" ~ p",,.cular dOi a m oourc ",II b;:oomt, ~ 
"nolnccc,-,at)' 10 gue..,. " he (I"," .UIICIU,C u n ho> a,"i~ , •• 0 .... " llC~'" 
,,"<I the "rem1in! ,)",I"m .. ·,11 e'p .• n.J 01 .... n .. llhe ..,gmen! as ....... ..Jo:d 

!. U ,lIows program, 10 be .he. col and rc""mprl<:tl ",dependcnl l) ..,lIbo11 
n:" lu, n ,,! Iha' an entire "", of pr"g.",m, be rc]ink..-d and rclo...Jffi. Aga,n.lhoI 
.. acromphshctl u.in! n.u llipk: "".,.'Omi. 

3. II IcnJs ,'>clf 10 ,ha" ng a",on~ ,',,>Ce.""'_ 1\ !'fOgram .. ,e. can 1'1.-......:. "uld~ 
p '()gram or ~ " ",[ul lable "r d~ I . 1 in " ,c81ll"n' ,ltal can l>< addrc,...,.j II! 
",her P'l><C,,'''. 

~. IT knd, ir,clf ' " proton ion. IIcc~ use " '<C~ ",cn t ,,<o n he constructed 10 C\lI\u il 
" "oIl.dc!lIlul ,"I of I'",£'am" or da, [t. th e p'<>jI.I am",c. ur " ""em .. Im,,,,>
Irato. ,-.,,, ,,,,ign ""<x" pl"', lc~c, III a C01WC1",-nl fa, hioll . 

I' • .,,,,, a",'an.ages ar~ "01 a,'.,labh, wllh 1 '.!1! " ~' whieh i, in,,,, ble 1(' the pro
~ra n\mcr . Un d,e o lhe r hond , we h'''' ~cn th"! I'a ~ing pn,,;J," for .n cffl<itlll 
f,mn of me nlory nlan.gemelll , '1'0 <~,",h,nc the a<.I'-an1al"'S of bolh, """., »'\IMII 
are C'lU'I~",d .. -it h the h3f<h'"rc amI """nll "'~ ~y'h;m .oft"'-"re 101m .. id;: !lolh, 



... PENTIUM U AND POWERPC MEMORY MANAGEMENT 

1'<'lII iu", II Memo r y M a n a!;:"",,,nl H ardwa re 

~Inc~ the ,"t",Juclo,," of th e 12·~ il ,,,chltoct~l e _ mie"'I"""c~"", h~,'e ~ .. ul,~d 
,, 'pl" 'I ' ,Med memory m"""~c "'C "1 ",he",e, til at I>uo ld "" lil e Ie,,,,", k"m~u " ,til 
I"e,hum· and iJrgc·",,, lu ')',I~n". In ",any case,. Ihe '''kr,~mlCC"."r ve"i,"" ~ rc 
'''red", 10 'he" Iar~~r.')' l e'" "nl ,"",,<.1<:" l,. Bccau,", lh~ "" hc'nl~' we"e dc"cioI'"J 
h)' Ihe ","e'''pm" "",or h"rd"~rc "en<.lor "nd may I>c "nlrl,,)·~d "ilh a "a riel), Itf 
"1'"' allnl.l')"lem>. l he~ IcnJ 10 "" "Iunc gcncrall'u'l">'oC. A repr.::'OC"I~lr\'e c,a"'I'ic 
"Ihe <.Cherne u-.cd nn 'hc I '~""u", II The I','nllum II mcm"" n, ;",arenl~"l hard· 
"all' '~~s",nl ldll)' Ihe ",n'e ~' l hal u",J "' Ihc Inlel t>(1lM> ~"d ~8t. proceWJr>;. 
"'lh '"me .dillcme"l< 

Add'e" Sp""'" 

The Penl ium II includc' hal",,·:.,-e for both MOg!l1crll;lIM"1 ;",.1 l'aglOg. Il,~h ",edl. 
'''''''II' C,lO I>c ,h",bkd, "Ik'" "'S IIl e U"'" to ,-1>..,,,, f"MIl f(nJl dlStlil t l "C'"" of mentc>r~: 

• Un ... ·~m'· "I e<1 u nl'~ ~~d "K' ''''''',': J n lhi, case. I he "11 lu,,1 aJd rc" " . he ' ."'c as 
I he I'hs,ea l .'ldJ'e .... l 'h,. ... u ... ful. f", e""mple. in I"" 'CU"'I'I~"tI)·. hij!h·I"'" 
f,,'m~ I"'" rool roller "I'pircall"n_ 

• U.,~It",c ... ~d 1'''1:<'.1 "' •. "'''' )': I le r~ mem",) c~ "o"cd a' a I"',,~J hnear 
addr",,' "I"'ce. 1'r"I~"CI I"" ~.'" m~na,,"cm~n' "r " W:"'''I~ I. do"~ "I~ I'ag"'!t- ' I'h ~< 
" f. ",,'nl l»- ",,,,e opc-'~lrll~ ')'''cn" (C·Il .. 8 erkdn t lNI '\ ). 

• SCIl",~ ... cd URI'Ug" rl "'~ Il''''')': Il ore mcmor~' is " c"~,1 II, "wlk~ti()11 of t,)):,. 
~" I ",Idrc" '1'"';"', I1IC "J":"l1"gc of Ih" "icw "" Or" r"gc d "1'1'",,,,,10 i, Ihal 
II "fford, l' '''l~ell()n d""" «) Ihe Ie"c l of" "nglc h)'I ~. if "e,"',-, ,)', Funhc" 
"",,','. unti l . I"'ging . ,I ~"'''''Tl k<-' 1Io.allilc Iran\t:. I"on I;,hk n"eJo:d (Ihe ""~ 
menl lable , i. o,, ·ch'I' "hen the 'cgmcnl " ill m~"Mr)' lI "n~c. ""-,,mcnl~d 
unpa~w m~"IOI)' 'e>uh, in prcJlc,,,hlc att<"" lime> 

• $o.1;"" ' ''1<..t pa~ ",r OIl"" , S"llmcnlalion i, ~""d 10 ,Id i"e IOl'i<"al mCII'uoy 
I"'flIl ioM subJeel I" ~<"Cc ... ,..,,,1101. an-oJ l'a!Unlt " ",,,,,oJ 10 man."" lh" .. 110.:3· 
,ion of memory" ,II"" the P:ll lil l"n., Opr:ra"11~ 'yslcn" ,u,-h ", IINIX ,,~·s. 
Ie'" V fa"'" 1111>' 'e" 

S~ ~''''ntllt;OII 

Wh~ " segnwnt" I""'" " "" I C.lc h , iTtu.,1 add"" 1,';,lIcd:t logic:.1 odd,."" HI 
the I ·~~""m II ,j,>Curlt crt IOl'on ) Nfl,i'IS "f. \;'·1", ><:gmcnt rdacncc anJ a .12·hi l 
otr"'l T"" hll> of (he seglll"n! ref",,,,,,"C deal ",ilb Ihe 1'1OIe",,,,,, mcehani'm. ic" 
Inlt 14 btl' (urspccif~rng a I'ml"'ul~r ""gnK'm. TI",,- "'lh un"'ltl11enleJ memul)'. lhe 
u)(:r'l Imual nw:"",r)' .. 2" "(.lhlc •. W,lh ,"""mcnlcd m~morv. I he 101al ,inual 
""'mOf, 'JMc"C~. seen h) 8 Uo,c, ;. 2 • t).llcr abyl~' fl l.l),l<" I The ph,'Sira1 addrc,.. 
'1"":" cmpl~-. a 32·bil addre,"", I,., 3 ma.,"num of 4 (JHyt"", 

The amounl 01 ,tn, ... 1 mc",o)(y can ach'"II~' I>C 'a, ~c,. III "" the M I'H)'I'-". Th" 
" h"call'c the pr".,c,""·s i"t errrc t""U" "f a Virtu,,1 :,ddr"., .]"perl J> un "lIicli 
I""""" " "U I rc"t ly a,l t\'\', Virl "" I .. ']J,c,-, ' pa,e is d i, itied ",t. \ t"" pans, Oll~·h.,lf 
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of IIIe ,"" , uat add"'$> ~p"ce (HI' ""'I:",elllli)( ~ G llt1eq ~ glob<oL ,haTed tty.1I "'''" 
"""se.; Ihe ,c n""ndc. i. loc~1 and .. d;';lin,,' for cach PfO""''', 

A\>It>ciall' J wilh c,"c ll "'8mC"1 aTe two for n" of prol<'clio,,: pflH I,,~e Ic>cI "n, 
:oe,,,," allnhol c. TkTe " ' C fou , r"Yl lc~c le"oI , /",,,, """, I l'rOlOcleJ I b·d (II to I". 
l'role'h,'d (k ,d 3). The r ri "lk ~c Ie.'ct as"",i"l"d "l tl, a dal:' "" ~,,,e nl ;S lh ··cI .... 
fical ion"; Ihe I"i\'ilege Ie,·ct u,..xi.lcd wil li a I"'>gr.", ""p"ent i, ii, "dear. "",,: 
An e.c£ullng program ",sy "nly ~«C'" Jal • ..ego,,,,nl' fur " hieh iI' cical a""" k,d 
'" I""'e' Ihan (mv," pm 'ksw I or "'1 UaIIO ( .. me I""llc~c) Ihe I'n"lcge 1c.c1 '" tho 
da l8 ",sn,,,nl. 

I he ha lJ"·,,," doc, ""I .. hl:' ,",e h"w lhesc 1"i\ ,Ic ~" I" , d, a.e 10 h" II",J; 19 
J " l'c rld , on th e opcral,ng '),lIe m deSIgn and impkmcnl31ion, II wa, '''l c nJc~ I,"" 
P' i, it e!:" le\'e l t would be u""J (u, mosI of th e " I"" all ng ')" '~11\ . and t ~"cllI ",oo)J 
be u!oC<l ("r Ih. t , matt 1""""'" of th e UI"".'"lg 'ystcnt Jnoled 10 n, e"""'l m .... 
• gemcnl p.Ol",,!,un. and :ICtt'-!o cunl"'l. T hi, ~""'" I ,,<) 1c'~I. for ~1 ~'I >callo"" I. 
ma ny ')'~IC""'" "!'Id,eauon, "I II ",,,de al le~,,1 .1. " l1 h tc~cI 2 be, ng unU><d, Special
IZed 3pt>loc.,uun ,ul>,}'Slcm. Ih31 must be f>',)lcclcd I\«au<t" \ I>ey lmplc menl I .... 
o" 'n """,um y ",c"h a",>"~' ale JooJ candldal'" rOf It>d 2. Som" c~a",pl ... arc data
l.., ,,, "'a na~emcnl ,),,\cm, . orr",,, aUlomation ",I"", •. and ,,,It,,,arc tn~ l ncC"'J 

'"'' ,,()nmelll,. 
In HdJ it ion 10 rcg"bl'ng act<; ... to , dat" "'g"'c"'" Ill " I" i v i k ~c ",cel"",;,", li m· 

its tI'e u><: u f "",ta", "'''''U~I''Jn~ . ~,mc Il,s"'o",i"", .• uch as II""", dc;, "n~ " ill 
mcntor..",",n~gc nlem reg"I~'~. can onl)' be C."CUl e.J '" ~>..,I O. 110 'n ...... d 'O"' GIll 
onl~ be e ,~'Culcd up ,,, a eerlaln 1",-.,1 Ih .• 1 .. dC"ln~lcd loy Ihe oreml"', ')'11..
' yp,cally, Ihi'''ill be 1",eI L 

" I>c nOXe", "(IT,bul~ 0'" d" ... ""[m'~IH '!""" Iio .. hcl he. Tcad-"r" ~ ur ,.>d
onl )' H,ce,,,, , arc permli led. r ill p.~ram ,"~", c "ls.lI.c ""'C" amihmc '1",,,6 .. 
rc"J/c ' CC UI C ", , ead' on ly "~cc ,, , 

'1 li e adJ,c", t '"n<t .t ;~ n mo:d, alli,,,, for sc~mcm" t; "" in"""'"' n lil )~'''' g a .ir· 
, ual add'e" ,n l" whal i, .cku cd 10"' a 1;n"a, a<ld,c,", ( rij\u r~ 8.201'0). A ,'illu.li 
adoJ"", "'"", .. of Ih" ~2·hit off5c1 ~nd a Il>-h'l segmenl ",1«lor (Figu.e lI.2(L, I,"" 
",,~mc,,' !lCIc<:lO' oon,,,I, of Ihe (ull,,,,, "'II Iield, 

• 'hl,w IIKI ;""t" . r U I: 1 n;J ":~le. """elhe' I h~ ~I"b.:ol $C~ncnl l"ble Of ~ local ..,.· 
mCnl ' ''Ilk , hou lJ IIC u\.Cd I" , IramI31;"". 

• S"~",c", Nu",b • .-" T he H"", b\: r of Ih e ""£" ,,·nl. "1"), ;, ,U,·es as "n mJ ox inlG 
Ihe "':~ment labk. 

• lI:"'Iue.-I.-d I'ri"ik-w I .... 'd t II: I' U : '!"he 1"[\ llcltC 1e>'eI 1'C'I"""",d lor III" ~ 

ElICh cnl l)" in :l $Cgonenl II,hl<- <"OIl,,,I, o( t.l 1> .... "'" , 00"'"" ,n .·'gule lI.2Oc, TIt. 
fj~kh an: ""li ned in Table 1\.5. 

I'>l~;n~ 

Sc~"' c nl a t io" i, an "I" ,,,"wi fea ture" ri d lI' a), bi: di, ,, blcd. Whe" '''~ "" ~ n l,'i",, 
is In U'>C. adJ, .,.",. "",d '" pl"gr.ms arC ,'"'1,,.1 (ldd," ,,,,, .nd arc Cltn ' cneti int~ 
Ii"ear .. dJrc .............. 1,,,1 <k>,c"bl:d. When "".!'mcn lulluo, " nOi in usc . ""car ao.W .. """ 
are u>C<lln plOI', a ..... III ell he, c~ .... (he follo" "'g "cp" lCO oon' c" Ihallin ... 
add,~.,,> "u" a rcal 32-bll "dJ.c .... 
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T.ble 8.~ Pcnloum II \klll"'" ~t.Jla~cn'cnl I' ... m<l"" 

.-l><CU. " ,h .... ,j,", od~f<" Of I ll ... ~""''' ' ."'~;,, ' M HHl) •• _~, ,<lOr ... """,. 
IJillIMo 

In 0""" ........... ,ho. iI <IN> I) "" IoId -...,. ......... <0('<'- ...cI iIdd< __ 0 ... 1.", 
:Q boI, 

u.~" ~Ilt .. t ... J I[)P~) 

~j>K,f"", "e fI''''"'F 0".<1 0' '"' .. ~mc" ' "'!,"W '" ~' ,.'" "'~",on' """"V'''' 
(l..-;ry bill «(.j 

I""""' ... "'11I<t 1100 ~ /10,1<1 .. to b< -'1""«<1 ill ...... t.. _ ..,. ... "" 41Ut)' ... ,-
[><cr."".,,,,, MI' <>f ,I)< "'pt><nj n..",_ ", .. pn:t. ,o. )'0'" 1i<1J ,~ .... <)/ ''''' •• " • .l<p<"a.os '" 
til< V .. ul.",y "" ,. !l1IK, 01_ h7'~, "I' !t, • I<p"" .. ~ ~",i1 <A I \11l ..... ~,;. OM . ~14 KIl)'I<> 
op tb. __ I _lioo, of HHhWO. 

, ~ 

lko ................... , • p .... ..""..,.. It. 'Y"'" ..,....ft, '" • ro.i< '" ot.., _, 
Sop>t.' P,,,,," trIO ,r) 

"" 
U .. ~ Ivt _f'iIOd ."......... I, "",",-,I<> .. /It'Il<, ,I>< ....... , .. pto't<"n' '" ",oj" """""-j """ I»~ 
'1".-. ..... loot .... ~." .. , ~, I 

lh<tinJtl""'"' 1><, ......... , ..... ' \ ,"'" '" _"""", • ..., ,.<1>..., .. 11,. """ .. ",U"",,",, 

"''''-IoI«AI 
n.. btt .... 1<. I ... ,110 """""",,,," ""'b .... " of JIO$t ,._ ....... ,..~ (It .... "" optnl><lll "'Ill< 
-'~ F"," 0«.,,, 

1>In) bill])) 

n... boO .... ' ... , !>t" .... "'._ ,."' ••• "If ~""' .... 10 ~ """'"1"'""",3 _ "","r< 

r ... r_ .\""'_ 
1'1_ ''''' ph_ tdd, ....... ,11< p.o,. .. III<II>OJ'!' If'loo J>'e'Cf" 10' " .... fM __ I' .... " •• f< 

'1i1n<4 "" ,~ ....... ""'''' •. >I, .... ~t"'" U .. ,' OIl 0, "oJ ""') ,I>< "'" 1(1 ~" ... , Oacl...l«l •• , .. <nl')' 
II" ~ cI~ """"" lit< oJ.!, ... ;, ,bal ,,' • f>tla' ,,1'>10 

r ... COl_ '_101< (I'Cm 
I~ .I><,boo dolO _ """...,. ... ~ 

r ... ""'. boil ' .... f 
IOdie" .. "o..~" 1"" '''' ", ~/j)", ", . M~)"\ .. 

r ... "",,"1~"" fl'Wn 
I""""""" .b<1ber _~""""" or -.-to ....... ""'"'" .. '" 100 '*" ('" dot .... '''' <d''''''''''''''~ .... 

, .. "' ...... (PI 

]0_ whotl"" , .. p4,. "b" ,)f r41< " "' ""''" "'""")', 
N<o4_".to<-Wt 'N,,'I 

""" ....... _ ""'"" _ ..... bet"'" ''''' I"fIO .. KlOd·""'. _'" , .. "I ""'k _ "" .... _, 

" ...... 
U .. ~~.·b .. 1Ht (US, 

10"""'0' .. hot"" t"' l"~ 10 •• ~\W>k 0011 ,,, ''''' """ .. " ... ')"'"' if\O~"' '''''' 1<",1) ", i ..... Io~ tu 
... ~~ _ ..... .,.. .... "" >wi".,,,;,,.. ( ..... 100001) 



~." Il'iNl"IU," II ANI) I~)WEI<I~ MI:J>'OIlY MANA(,L\lFl'-1 273 

T() unJ",",lanJ Ihc . "oclun: Itllhe linea, aJ<h", •. ~1tU II .. eJ 10 ~ ... , .. Ihdl.h. 
P~nliu", II p.~ing meeh:"",m 'i, ac«wl ly" 1I'.'" ·kvc l l,,blc loo lup ol""all"", Th o 
[ina Ic\'CII~ a I"~e d,n;c]vry. " Iueh con""n< u!' to IU24 enlli",- TlilJ srli's Ihe 4· 
Gil),] " IHte'" memo')' '1''''''' H't O 11)24 r"~c gwul" . "OI"h "nli ih ""'n ""ge 1~l>k, 
mid c;lcli J \, IIII"" In leng,h. E""h pag;: ,.ble ,"~>1 ";n' up I" W24 cnlllcs: each enlr)' 
<O"'''I><>n<l, 10 a ""~Ic 4 .. tlyle 1~1~e_ \kmory ",;ondgcn"."nl h;" the <~,"on of u''''!l 
One page Jir"~t ol y for all p,",cc!>lje,. Olle pag" .!,,~cto ,y for ,,~~h l'f<lCC". of ",-Ime 
<01"bll1~I;"" 1)( lhe 1>00. Th~ pa~c J .. ecl",y fol' the curr .. n] task i, a f .... y' "' main 
ll1~m"'). !,,, ~c la~le, m")' I", in ""tu"1 me mory. 

I'i!lur~ 11.211 ,h(>",~ Ihe fo<m~" o( c.nr;c, in p. ge J""C' Qrics ""U I'ag~ I~bk' . 
• nd Ihe r.dJs ar~ Jchnr d .n Table 1\.5. J\,~~ 111 .• 1 3«""'" ronl",f m<:eham""" ~~n b.e 
f"o"iJe.! on "page "r P"gc groul' t""i" 

T he I'enl; .. m IJ abo ma1 ~, " '" or a lI-..n,I<>IIOn look ... "'" buffe" 11,,· buffer 
,',HI hold 32 P"~c 'ul>lc cnlnes. EI.eh tllll.· thai t b~ P'fc uin:cIOJ), .. ~hangcu, Ibe 
huffc, "clea ' ed. 

I "gmc IU I illu.t,alel Ih~ C\)m b,"~llon nf Iq:IIlCnlallon .nd p~ging meeha
""m" For da.it". I he l"'Il, lal i"n iu<,ka .. dc huller atld mcmu.'l' cache mecham,"'s 
.'" nol ,h"",n. 

"'"an). Ihe I'"mium If induucs a nc .. u ten""" nol 10unJ on Ihe 80,l!\6 OJ 

1!I).l8b, Ihe f" O'-i,i,," for 11'.'0 p"I\C "'"'. II the PSI. (j'.~e ,il.l) ", Ien,""t) Pit III con· 
Irol lc!l"lcr 4 '" ""I 10 1. Ihen Ih ~ pa~ "'1t unll I,ermil' ,h .. '-'1"'r~ h"g ~y>lem pro
~rom"'ci toudi,, " II page ",eilhe r 4 "B)'1<> Of 4 ~ltl)'le in " ,c, 

When 4 _ \\Byle pag;. .. are u",J, II>;;.\) ;,; o"I~' 0"" lewf (If ';I!,k i<>ot.up t4.>r pag,s, 
Whe.II"" h-rJ",,," ~ Ihe lX'~eJ"crlo.~. Ihe page J nec1Of) emry (Filturc 1\.,;!OtJ) 
!la, 'he I'S b,l "" to I fn Ihi \ case, hi" 9 tlmJUgIt 21 a,e ignored ~ rKl hll' 21 ,hrOllgh _, t 
defJIlC Ihe ""'" addrcM for a 4-:\\IJ)'1C pa~c In "",n\Ory_ ·n.u,- Iherc ;.. a "npc rat:" Labic, 

The "'" of 4·M [lyle p:'g~' re,lucc' I~ C n w:mm), ."''' ''''~~'''C ''1 \I",a~e r~qu' n:· 
menl, for laf~~ malQ m~ll1O"C', W,lh ~. "Il)" e 1"'l!~S." full J-GB)'lc m"in JOiemor), 
''''lui'~, aboul 4 M fI)"I"" 01 n'~mo.y just fOf I hc paltc lat>k"f>. \\ lib .... \lllyl e pa~ 
a single tat>k. ~ KIt ), le, in length . i, ,ufficicn' lor page memory m"n;,~em " "' . 

P(lw .. rPC M"tl1ory~Mana~e"'~nl H ardware 

T he l'o,,'e ll'(' p."~,Jc< a ,om""h"ns;,'c "', o f ,I<IJre","! mechon""" ['or 31·l> it 
impf(menl",o'" ollhc ar~h "ecl uIC. a ",,~in8 ,,'hcme ,,;Ih Q &,mple ",gmcnla,ion 
Rlcctoani,m "impkmcnl~,1 For M ·bil i"l pkmcnti" ,on, . l"tgJl'~ ;mJ" more 1'0"'" ' 
hlf -cgmenl alion n.tth .• n" ", a,e ~u l'I""lcJ. In addi,io .. , for l><l,h ,~!·b" and (\4."" 
pl'OC"""" th ere is an allern' ti, c harJ ... "c meehan,sm. ~"Q"n a, bf""k I.JJrC>:I 
u'an,fallon II, iefl)'. Ihe t>f"cl auJlcs,injt ""heme i, de~i)lned IQ oJJ,"", onc' uraw 
ooc1 of pa~",~ mc(h" ",sn,~, Wlih l"'glng. 8 fa,"):" numbel' of pallC' m.) he frc· 
~ue nll)' rdercnceJ 11)' a p'ogra m For ,,<amp le. p"'II,a m, ,hal u>C OS t:'hic, or 
,raphi", framc buffe •• ma~ .. xlii!>11 Ill" beha~i", The fe,oll may be lh31 fr"'luenU\ 
",cd l'"g~' arc c""""ml~ I,"gcd 'n and utJ', Illvd aJ,J ", .. ,;nl\ enable, 'he p,o<:c,,"" 
'" "'~f1 four I ; I I'):~ hlock> "I inmuel;"n ","mory ' '''u fUll' lar~, t>loch of U.I '" mem· 
"'Y in a "3Y Ih.1 bH 'aloSe, Ihe 1X'~"'g mechamsm 

A Ji;,c ,,,,ion (>f bh:~ ;IJ<iTc,;,ing ' \ hey""') Ihe "" 'jlC "I 'his ch" rt c, In Ih,; 
. ul>5(-(1",n_ "C "",.o;-enlraIC on lhe I'agin,. .nJ ""jI:"'~nl "lion meeh;'''ilIm' nf Ih~ 32· 
".1 r"wcr l'( rhe M·hil ""hcm~" .",,,f,,, 
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'" ' /~ 'f' " 

, , , 
, , 

" , Vi"",,1 "'t"""" m , V.<iI O, , API 

Me.1 P"~< m,ml><, 

" , \ • h,!), ,, ),,) M 
II ,, 11.l.>h I .. """,," odeotitk< 
API • Ai>bK, .. <d pop: ,norx 

(' 

R • kd",,,,,~ h" 
C • Cto:", ~<~ I", 

" , , 

WI MG 1'1' 

"-.. 
WIMG • C .. iI<' ... "' " ..... ,< ",."C., C<l",M bit. 
PP • P'i< r""""on h'" 

The n'hi l l'o""rI'C ",ok", ",,' of a n-~il dfccti\~ :oddfC" (Figu "~ K22.1. 
The addr~»i includu a 12·i)il h~ l e <elector a nd a 16-l>'1 p")te ".knllficr_ Tlou'. 
2" 4 K Byl~ pagel ~,.~ used. I II' 1<> 2" - /i4 K I"'~c, ''''. >\!~menl ~,.~ all<>,,~d, 1'0111 
bil, of the ,,<.Idrc~' "re ",cd lu dC'iJ(nJtc u",e uf 16 ... ,~",m ,e~~lc", The cun tc nt ' 
or l he~ "','Slcl'> are e<.>nl l\.I1"" hy Ihc ''I>ernhnlt ,y.ICnl. "'ach ",,~n l rcgi"cr 
mdud~, accc," wmr"II,,!> ""oj d 24.~ " i<lenl , r. c'. >II Ih,,' lhe ,12." ,1 Clkdivt ao.l<l,~, 
map' 1810 a n·bit .'mua] ad,he", (I ,,,lire ~.2-' I. 

Inc I\)\lcrl'( mak< .. UK of " . IIlg'" " " <.1«1 IMge ",ble. Tile • "'u~1 add",,,, 
"u",Ii '(j ,nde' ' !110 Ihe P:I~C I;.blc in lhe full""m g man" er. rirs1." h"l> ,, ~lc ,< 
OOmptlled 8) fdllo .. "" 

t !(u. __ lHI = SIi)(5 ... 23)@VP"' (II , 1~) 

I hc \'I'lual pa~e n"mt~r in Iht "in ual a<kJ",~ i~ P'''1o.J,ed on thc lefl (m'-"l " 'j;:' 
mflCanT end) " 'lh lhree bin ,,,)" Zero.>' 10 Iv,m a 1').1>" num" "'. !' hen a t>,t .b~·bll 

udu'i"e-<>. ;. cak"I,"ed of that ouml-...·r and I he I Y ';~hl-m,c'l bih vf Ihe w i ual so.:~
menl II) ," form a 19·bu h. ,h coo.Ic l ne lat>Jc i, u' sanilcd D'" ~")ul'" "f 1I Cn"'~ 
I'm", 1010 IY h'l' "I Ihe h,,,,, .o.:k (dcrcnd , n~ n" 'he 'LIe " I lhe pa~;: 1I1t>le) arc 
u ... -.J to ..,Iccl one of II.e grou,,, in Ihe taNc The mcmo.-) ma""~~,,,cnl h",-dll.',uc 
Ihc n Kan, Ihe ci~hl cnl . ic. of Ihe group to le,t for " maleh " 'uh Ihe • inu." addrc ... 

To do Ihe "'OIch. caeh I''' gc I"h{c "nlry mdlldcs lhc , irlu.,1 <.cgmcnl If) and 
Ihe IcfH,,"'1 fo bill; vf (h~ "orl"al P.lj!C numl:<ct_ callcd Ihe ;,hb,e\i"kd f"I~c j"dc , 



276 {;HA I'IU<" / OPDtAn:-;G SYSTE.\\ ~U),l'OI< ' J 

(because allea" 10 bit, "r Ih e H, ·bit ",ttual page numbe, Hlw"l' participate in II>< 
hash 10 ,ciCCI H r~gc lahle c[\try grou p, only an abbrcvialed lonn of th e "irt".1 riW 
numl>cr neeu he carrjcu in the )lag" table enl')' \() 'llaich 1he \-irlu,,1 "<lure,,"). If 
I here" " "'''Ich. then the 20-bit rc" 1 r"gc nurTl her fro", the " dJr~" " concatenated 
",·ith the lower 12 hilS uf ,he effect;"e addre ss to fOfm Ih e n ·b,[ phy', icai aJdrelS 10 
he accc"cu. 

If (he,o \S no match . th~n the h"'h "we ., cnmplcm~nt"d 10 proJuCt a "'~ 
page table inJox thnt is in Ih~ ,;,"11 e , olm;,'". 1'0"li on a l tk opp",,\e e nJ of tile 
t,bl", Thi, troup" Ih e n "'"nn~J fOi " mat ch . If no match" fuunJ," pog" [, uk 
inl~ rrupt <'ccu'"_ 

12 bi T ",,' ,,'c ",>.lee .. '" , P.jtC I 11)'\0 I 

~ " " 16 S'g"'"n' reg ;""'> 

~ 
5Hi, 

"i,,",1 ;oUd"" 
I V,rt"'" "'*""-~~ 10 I V'r1~pa .. _ Bytt 

" 

t 
, 5 ;' I 

~ 

l ~( , 
~ 

( Ib,h '\ 
P."" ,"01. -

( \]",M ) ~ ~I 

V,rtw l "'~ I"""' ID I ·\)'1 

~""''''l'< numt>cr I 

.l2_hl[ N 

",", ... \"" 

Jj,o! pqt """,bt. I '''' I 
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Se-ptc •• T .. "" . ' •• 1')' 
I.f'tt-.h .~ III 

I.wK .... .,.., 01 64() .n...."." .. ~ •.• '<II.u .Je •• """", .....,- ... _ ,"""'-

t;.1ry \ .... I' ") Ioit 
10;.1.; .... W\>n~'" lItn " • ....-y '" l'O ~'" St_ .. ·I, .... r)bio 

10.1"", .. ~I'I<I~., ,~" ". "'''''''1' '" 1Ii, .. ",_t 
S.,. .. _ 1«1 (".) 

!.o«J "'i1~ , .. ,,,,, .. I jUl' ~.,"be, 'n 4<,.",,,..., ' " try i" I"'''' " ... , 

, "or) '''"'' (", hI1 
1ntli<.' <1 ~h<'be' ,_ .. y.l.., <1.:;" in _ .. ",.., 

1100" .. 10"""'" 101<",,_ ( II I 
I_~'" ."", .... , ,II .. ;.. pti .... ,)' 0' oe<uo.Jaf)' II .... '"''Y, 

""",._<4,..,.110<1" I"'ll 
l!,N to> .... "'h • " .. oIaI oddo." ....... ""1)' 

N<f> ....... ,N, '"' 
n. ... " ... 1 10 1 b> lit. I"~ .. ~ ...... <oJ '" "",e "f'<"'_ to> .... "..uspootkoJ -,-

C"-<l ,0 loll 
TIm ...... IIQ J 1>1 til< p<~ ~II ...... ,.< op<'''_", lilt ................. !'If< 

""'." 
""~l\ :Wo. 

W o\T ... ,,,,,.~ f'OI".., IV J .It W"'HI",,"p J">bcr 
I «Mh.,.. ..... i"ruru1<d; I· I: """~i'. "'h'''''''' 
M 0, 11< " .... 'od "'''''''Y; M ! ; sIo.,,~ .,. ...... Y, 
(1.(1' "'~ Ju" ... J """"Q!)" (j~ !, ."",JO<l ""'''''''1' 

r.t" , . .."..", ""' 1 P r I t>ilo 
M« .. ",,,,"~l ~. toO«l ""<h " tot" r"",,~, ...p~ .. '" "8""'.' ,,,,,< •• ,'" W 
""ho< iI«<>I "p,", 

I ,.me H.ll >1' 0,,"" Ihe Io~ ", of the adJre", ' ",n,lall"n mc~han .. m. an.J Figure 
IUJ ~hO\O~ lh~ forma .. of Ihe cffccti<e a.J.J,~.,.,. I'ag~ l~hlc ~ml)'. an<l ,~"I a..kl,,,,,. 
FIlially. 'hblc 11..6 .Jdi,..,., the l"',am<:I~'" III 'he P~l't 'able cnt l)'. 

rhe M ·Itlt ",emOf~ managem'''l scheme <Ii dC"ltnc.J , ... be ul",a,.JI} rompat. 
,Itle ".' h the .l2·hn ,mpicmcntalioo In <»ene,'. all crr,'ct,,·~ a.J.JrCMC!;. g~nc'~1 I~g
",te". an,! branch a.Jdrc" TCgJ'lc", ale nlc"Je.J "" the lcfll0 (,.l bit'. 

8.5 RECOMMENDED READING AND WEB SITES 

S'fA"'l <'''lI l n~'. W OrH",nng S,·sl<!m. /",,,,"1# ~n,1 /J"Jon l'rm,'P'o. 4,h odition, 
l :pp<r li.addle Ri"«. NI' ""'al~ I b ll 1001 
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• o,..n.lin~ S, ,,~ .. I'.ooj_ laf •• ..,.,;...,. L,,'k< ", OS "'''1''<1' ~od ,,,,,,,uch 

• U ' " SpeNI [,.,,,"',, G ••• , ... "pt·""i •• !oJ"..... 1"1",,,,"',,," on SIGOPS f'II"Ioca 
,~, .... nd "",fe,...""" 

• It n : T«iIoinoI ( .. ",~.," ... on 0"'· •• ' ..... ~)" ..... .... ,\f>PIinl ..... "" ".d..Jc, an vol ... 
""",Ie".", anJ link_ 10 "'he, ,,'e, 

• 1(,." .... "r 01""OIinl S~'I<n" ("""rrd"'n,,," r",~w 01 commercial. fro. , 'c<".,d.. 
" "~ 1",1,1>, ()~, 

8.6 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Terms 

b,,,ch ""c ... 
Jtmand pap,,!! 
'J1I~ra<I,"" <>pe"f~'ing 

.... 'em 
'~""~P' 
",b co,"'oIlang.",~ 

(J( I.) 
'«Hoel 
I<>ilealad(l,,,,,, 
1.)1\1.10.'" ",I><duling 
",C",",u·'e.m >.chl:dulon, 

me",ol":' m.na~n'~n' 

Review QUM{ion. 

""''''''''Y prolt<tivn 
mpl'i~",mlO' 

mplt ..... i'" 
~ .. clc .. 
"l",,3l1"g ,,..Ie," (OS) 

""'". Jl'lio ,.bk 
I'M''''vn'"$ 
rhy~<.1 .t1d,~" 
jl1" i"ilegod ,n_" PCli,~' 

"''''''' .. 
p<{)«'\10 001""" Nod 

II.! Wha, i. an ,.""alon, "<tem'l 

pr<><n>SI.'e 
~al mtmo/")' 

~""''" "",,,II.,.. 
"'k"'cD •• '~m 

""'" "'"" ",bc<!~'''', 
~"'I'I',n~ 
(h"",hi"i 
'""".>h Ofin g I)'" on, 
,r.ruo l.ti,,,, loob,;de /luI'" 

(TLB) 
utj~ly 

""wi """no.)' 

ILl 1.,<.1 anoll>rioO • ... c. ... .... l •• "'.v .... ' ,,,,,,,0;1....! I>y on "P"'~,;", »"'em. 

U l,<.I a,w ",,,,II> ""Ii"" ,I>< Ol",.,.. ')' ....... .,( O~ "'","d"hq~ 
.... \\'h • • " tho difference "",,,.cn. pr~ .'W. fI«'V.m? 
II.! Wh.'" tho p~'","'" of "' .I'I',n~'1 

II.~ If a fit""'''''' "I'" "" .!yn.micoli, .... 'o"<d '0> ,lIfj<1cn(I .... ·,'~"., ,n m,m mcn'I>'y " • 
.. (he "nl~i'.'" 'II f,,, 'he ~JJ.""n~ ",,,han",n', 

~.7 I, " no<<<"'.~' for .U of 'Ot l"'~c, of • I""'''''' '0 I>c in m.in mm''''J ",h, 'e (he prOCCl< 
i< "","" in!? 

H.M \\"" ,.., rage, of • 1""'<" "' "''' ,'' " .. ,,""')' I", ,'",,, , ~'" " ,,'I 

8.~ I,,, 11",,""""" 1m 'he 1";00' "f, I''' ''''''' In '"."" ""''''''')' '" lx' in ",,,,,,,n'i,,1 ",""," 
H.W wt." i, (he I'url"'" "I • Ifan>i.,ion h'~"""" 1,"1",<,' 
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PrQbl~ IIU 

J!. J .WI"f"I'"'" ,ha, .. c h,< a mul"I"",,"lamm.:~ ron'ru'~1 III .. hrch <odr job h" ,<kn'rcal 
<"""<1",,,,00>. In Oil< ruml"'lau,,,, ",,,'..J. r f .. r a 1.0/"0, h.lf 'he ,,"'" "'PO:Rl ,n liO 
.n~ lbc "I"" I>aIf in I"<~ 0<1,' "l I och)l'" ru .. r", • 101*1 "r "pc,too.I>.- ' \""'MC ,ha, • "mrk ",,,n.l·,oto;n pr,""" ....... d •• ~ ,I>..I 1·"0 ""'''~''''''' can ",,,,I.p ,,,'h 
rn""'''''' """'~I"". I).flne ,~. fflll,"'mg .. ":>n,,, .... 

• '1" I ••• " ,,,,k! ",,'" "'" ""I "me 10 """"", . ~ !'~' 
• '1 h",,,,-,,p,,1 a><lagc n"m"'" or io"- C1.mri<,,"<lI"" ".'" p<T~><I T 
• I .. ".,,,,,,,,, "I II,,-, .. ~," p<rc<n!.~'C or ,ime ,I"" 'ho J'I""" .... , ",""love (D'" "",',,'~ I 

( .. onP"I< Ihe"" ~ u"nl i ' "" to, '-'Co, ''' ''. "",I I,.,,, "nwll1."",u, 1',1" ,,""n , n~ 'ha' ,ho 
!"', ,, ><l1' i, ~i ,"i h u"'{) ,n '"Ch "I '''' 1~ 1 ~ ' ~ ' n~ ... ,., 
~. 110 [,,,, 1",It . I" """""" ,c",on~ h" '1 
h. 110 III ,I "oJ ,,,u n h q""""". I"""c,,,,, .... "<',"hl [,nJ 1 hi Id 'I u"",-" 

H,: "" 1-'0 toouoo rr"t"" '" i~ uoc ",,,I ,I ,,'" . I" n,'. w, ,,, IJ "",00 m"ro "m" , .. i,"'g [n, 
1.'0 ,h.n u'm~ 'he \"".;" .... 'T A 1""'''''''''' "' "'" ~ P"'!l-""" " ' hl' "1'1."". ' ~ufll""" • 
• 1><,,, ,e,", "'Il<:d"l"'~ .l",,, ' hln f.""" 'h,,,,, r'''It,.n" U .. I ~"'~ " ",---.I link 1""'"«'''' 
.'" "m~ ," Ill<: 'oXen' I"" , . '1'1 ... ,,'h\ 'h" .I~,,"~ hm Ia,'"'' I_O_oouoo ro<'g"m • 
• nd '<I d.,..., ",., 1""rna",,",I, d,e", p.-""',-""''' u,u~ h' 1'''"«''''"'' t-.,uoo p",!ram" 

11..\ "P""''''" coml"""" ,he..,.. .um' 

Or". an .. " ,h.1 IS 100 ~ II~) A",umo ,h.1 'he """'I"""' """ o.\.;m.oo fI>~",g ,.."h 
• rag- 'lie ,,f It .... ",,,d, .• nd ,ha' ,h. ~m' ... n1 "r "",n 'ne'""'l allo,,<" r,,,. ,,~, ... 
fI'e p>~e h,"'e," I. Ih"" an) "ilro,cn« on Ihe I'.~" r.u)' ,al. , j A ",ere <1Of"" ,. ,·i, 
' u.,1 ,nc,n.,,) h' " ... ~ <01 column<' fupl. ," , 

'''I'!""'''' 'h.l"~ I~"k fOI Ihe 1"'<"<" wilen,,, ',"O" " n~.m I ... · pIOCC.".,T 10<, •• h(" 
10.: 1"11 .. ", ,ng. ,\ 11 n u",I",,, . ,e Jo6m J!. "'c"""n ~ " nu m",,«J ,I" " lng Irom ,or", 
' ,, ~ I " II . "d"·,.,,, or" mm~)" 1,),," "JJ ,",..", I h.,; !"~< '>I." " 1()2~ )".,", . 

\ 'l<luo l p.~.: 
" ~Hd hi. II"r",,·. ,~· hi' M,,.. lf) hi, 

I'.~,. r",,,><, 
nu"" I><, nun"", r 

" 
, , 0 , 

r- , - , , , , 
.-, " " 0 

, , • t- O , 
, • • " , , " , .-

... 1>,:.,,,,1,< ,- .. cr" ho,.. in gc", ... 1 ""rlu.1 ."~Io<" ~.neT."'J ",. the CPU i_ ",,"" 
I,,,J inl"" r h,<ic-,l n,ain m'"~'" il<l<I«" 

h. \I I"" r"l~i '"1 , ddre-s>, if "" )', " " ,,\.1 • • oh "I ' h< 1"11 " ",,, .• ' ·'TW. I ,-.l<l ,"",,-'. «"'" 
' I~ ."d 10" I D,. nut Ir) I" 1,,,,el l< ;i"' l' ; ' ~" 1.",1" . ,I T< "" I 
(,I il ll~ 

I", 2n t 
(n'l '-4'''1 
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11.5 (,,'" ... ,,""' ... thai (h< I"'"",.u.: '0 • ,,",u.' ... mol)' ,,"'em .oo.kI be 1I<'(hc, "'1) ..,.... 
11<>, '''''' lo'l'" 

IU TIt< lull ..... io! >eq""""" "r , ,,(,,., ..... '" nwn"'", I> "nroun' <r".j '" (he rou,,", vi 0"" 
<o,hon "". <umpu'~, "."" ,,,,,,,,I "",mo" 

.14l~~7IH~lSI2' 

A ...... "", 'ha> • Ie." '=n") .... "tl1"'1C' .q>Lumcn, I'0loey i. adopt<d 1",",1. ,,,pit 01 
".1\0 hIt ,.,., III><1ion '" f'I'~c ,d<r<~ ,n ... h"'h ' he ~ i, ,n m.,n .'"n~>ryl'" 
IUI",h"" "I mo,,, mcmor. f'l'r<' c~I''''') " fn, I " o' /!.. A»um. ,h.> " .. ,n me""")' .. 
Imll.lI)' cmpl)" 

11.7 In Ih,' VAX "omp"'«, ",.;r r'~" ,"hi,', "'" ""''''ed ,I ,,,,,,,,1 .dJfo~"" in ,b;.' .... ",m 
' I""C. WI"" i< 'ho ..J;'""'go ()I h"VI"~ ""'" I':i~e ,"l"~, ,n "rtu,1 ",he, 'han .... to 
,n "rt'"'fl WI" " "thc d i"d.,.,,,,.tc·/ 

II.M ( ·"" ,wle. a "'.mp"to. ,),"cm y,,,h I~"h "'::~t1 .. ,,"'i'\Il {,nJ p.'~"'g. WII<t1. ",,~",,'nl'o 
In mem",,'. ",mo .. onh >Te ,,',"cJ on Lh e I." ".~ . I" ,JJi,Km. fUf" "'!:Ill"nt N'" 
,no ., r.'~c ';'zc p. ,n"", '1< "I' r"~c uill., <n",,'. Tho "".lIe. the' (>";00 ",e, ,I>< "" 
U"e," ,n" I .. , P"!jC ut .h" "'WI"''''' ~"' ,he t1f,~. In" pa,o< , .Ple. Wh" 1"''''''''' 
""n,m,,, .. 'be toul O"<I~""'" 

11.9 A «>mpu'" ha' a <0<1><. m~'n me..,'",. "n" . "',k ""' .. f, . ""' .... 1 mem" .... If ..... · 
".,,,,,,,,d "'0'" IS.., 'h< c.a<1><. 21, n, •• e ""<lUll'"" '" 00CC'C" ,'. If"" In m~tn ""'..,.., 
,,"1 1101 ,n ,It" ",<h •• (i) '" .'" n""d ... 10> k,. .. " ,n,Il ,lie each<. and ,hen 'he .de •• "", 
..... ","" .U'~. II , ... "",d " no, 'n nlO'n n'"tn'~'. I Z "'" are r<qu'ITd ' 0 re,eII , .. 
",,,,d I."", ""l loll",,~d by 0)0) n, ' 0 «)p) " '" ,h. cae .... an" 'h~" 'be .d<l."" 
""~" ... "P'". "Tho ca<h. hi' ... ,'" ,,1).9.00 ,ho """n mom" ... bi, .~ti" i< UiL lit .... , • 
,II< » .. ,.ge "me ,n no "qm,ed '" ."co",,, roI<"n<~d ... ",d"" ,h .. ,,>I<..,'{ 

11... A!I>umc. 'a>~ i. di,tdcd i.,o roo. '4u~1 ",cd xJHl<nl •. and lh~' ,ho ,)'S'<m b.w.lt 

~. 11 

." 

an .i~ h' cnhl f'I'~c J""Tip1n, ,aMe f,,, .... h «8mon' Tb .... ,he ,)"em ...... "'""'" 
'",'~'n "I "'~n"' n1",iun "oJ ,..~"'8. A,,"",< "I." ,b.II"" .... ~< "'~ i, 2 KR)I.,., 
•• Wh.11S ,he ,,",,.,mu", ""0 .. 1 " "'~ "'1""",,,'1 
b. Wh., ",he "",,,,,um I,,~i<.! .,\J,c" 'I"'" I", th o t"k? 
<. ""unle ,ha' an ,,"'mcnL III ph)·''''." I.",.", i"n fO lliAIlC", "'«'"oJ~)' 'h" .. ,I 

\~h.t i, .h<' 1"lTllat uf Ihc I<>j:i<'" ,JO'o" Ih." Ihe , .. ~ ~<nor.\l" \'0';0'1 \\'h" il lito 
"' .. ,mum ph,,".",,1 ;odJ.C$; 'I"'" I." I hc .)~t<",1 

" .. um~ " "'i<:r"'~t"","""l "'1"'!>Ic "I •• """"'"~ up ,,, 2" ~"" .. "I phl"",.1 m,," "" ... 
"" It ;mplern"n" ,,,,," ..,ttn",,,<~ In~"'"' 0<iJ",,, "",,,,;"r m."mum .u.!: t' ,",'In 

laclt ,"''''''''lOn "~"a",, '~e "ho", h'", """ .dd ... .,.,.. (o".,oal memon. man'~<1'><" 
,,",10 (M \1 U.) .,~ ~ .... I. "'h''''' m.n.scm,'n, •• :"",,'< ."'~ ... oon"guou. tokrl> <II 
1,1""",1 n",n,or} of li",d "Le 2'· ,"""" '" "'~""'''' .... lhe "a.",,~ pbuX"dl ;odJ,cooof • 
... "..,.n' "oh"js "" ... bIc h. IOU SIt,,,,,' ,1>0 .Jc,~,"'d ",'ctrun",,"iotI ut lb~ ."tI· 
n6' ftlO1'I~~g n,.chan"m ,ho, .""h'" ivII",al add,,,,,,,", '0 ph""",] o<kl,_ ""'" 
, ... al'l'''',lIIote nurn"". 01 M\H I •.• ,td "'.,... ,.., d.to,kd ,n'e.".1 >!nle"'''' of .. 
~ I MI ( ... "rnm, ,h" eo<h MM I ' .""" .. ",. 1211-<n'",' <I"",,"v roal'l"'d "8"'<" 
""'""'f'lor <ae",) aoo h ..... · ~acIt MM I '" ",,1""'0", 
( . on,,.)« a ".~cd 1"'l';",1 ...JJ,<~; 'I'''''' lc, ..... f"."<'d "I '2 "'""' "I ~ '(11)1", .ao:~) 
""f'I"'J on'''' ]·Mlly« ...... )"".1 "'C"""" '",,"C, 
•. W"", " ,"< (,((ma' oj 'ho P'''''.',",'', "'IIIC," •• I.I'"~" 
h. Wh,,' i, thc length "oJ wiJ,h ullh, I"~c "hi. (Jr<rcgOfJ;ng tht, "".",so; "J"'" 

h".),! 
•. Wh"" th, effecl on 'he f"~' 'M~" ,I ,he I'I!>',;",I ", • ."mOll' 'p,<~" ,"J",<" II> 

halt" 



The Central 
Processing Unit 

Up to .hl.> poom, .. .., h .. .., >iewed the C I'U """",,, .. allv..,, a Mblack box~ and 
hue ron,;dcred U~ ,mcrae,;o" "'lh 1,0 Ind mcnulI~. Part 1brec cxamlllc' 
thQ 'nltlnaI5l ...... ·turc and lunc'"," of lhe t.1'U. The U'C consisli of a con· 
lrol uno, ""g .. te . ... Ih~ 3. ithmelk and 1Qaic un,t. the ;nSLrI><lion execuu ... " 
un,t Ind the inlen:onneC1;O\lS aJnOn81h.....e coo'l'on<nll. Arc:hitecilluJ i""""" 
weh a. ,nM.uChon "', d~-sigt .nd d~l~ I)-po:", arc revered. The p.art abo Iuok! 
at "",anil"li()l,al is! .. "". mch ~s pipl':lining. • 

ROAD MAP FOR PART TH 

Ch~I""r 9 Computer Arithmetic 

Cha(>lcr 9 uaminc:s.1Ie fUO(IIOI'8Iily o/thc ALU and rocusc~ on the '''PIT
"'".&u ..... of n "m~~ &nd Icd.niqUCll IQ' implc ...... nlm& uith""" ic ope.allQll< 
'''<X:eS!oOn l)T'ic&II)" support ,,,"0 I~l"" uf arllhl1lCIlC: onte~r. or rl'<ed point 
and 11031108 pom! For both 1:lI~ lh.c chi piC. tim examines tile rel'r~n' ""QIl of numbo:-n and Ihen d,'IoC:us>c. anlhmellc o ... n~l;on .. l'he "nf'O' t.nt 
IEm: 7~ fk>ating.poont stand~rd ;$ u.min~d In ,lct~ll . 

Chapler 10 I",tru"ion Seb: C harac1eriJ1 ;'" and FUllc1ions 

Fr,)m a projtr~mnler" p<>int of "iew. the ['II:.t wa) 10 ~lIde .. tand the opera. 
lion or a procc.wr i. to learn th e machllle in,tl uelion 0(:1 thaI ;1 {XcCllIC' 
The com ple, t0pk "I ;n,truct ic", ~ct dCI lgn lX'(;up ics Ch"ptcrs I (l and 11. 
Chap1er 10 (OCll,",' on th e lunctiooal a>P"cll ,,( ,n\\ruc1ion ..,t desig.n The 
chapler examine. Ihe types of funct;,,,,, !h~l are il'ecified b~' C<lmp"t~r 
i"struc' ,un •. ~nd thcn kl<.*HflIXirr<:ally at the I) (l<:. of \Jfl<'u."h ( .. hlcll 'pee
Ify the d.ta t<.> II<! Qopetat"<l (0) and the t}'llCi Qf operat",n, ("hieh .pt:cify the 
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opc:lallOn, 10 be pc:rf';>nnetl) commonly found In onmuchon $CIS Th~n . he n:II 
hO",;h,p of p!'f/CClIWt mS'ruct'(>M 10 """m\)lr bnguagt '" hricny e~pl .. ncd 

Chapl.,r 11 [nstnH;ti()n Set,: Addressing M<1d .. , and FOttm,tI 

v,'h",U\ ell"ptc! 10 C8n be vit,.~ ~ dc.al ing wilb Ih .. • ",mJmiol uf ;,," .,,':11on ~'" 
<.ltaptcr 11 ;, nlore con""rned ",ilh Ihe ~)ntax uf in.HuellOn ..:ts. Spe.:,rICally n,,1' 
ler II look. al lhe Wlly III ,.h.eh nlenlooy .ddresscs are ill«,.ic<! 8nd al the 0",,011 
fO'''''1 uf ronlpu[Cr In",,,,,,,,)", 

Chapler 12 CPU Structure a nd fun cl ion 

Chapter 12 ;j JC>'OI~d 10 a JI~u~io" of the ;nlcrnal !Iruc turc ami (""clion f1f Il>: 
proce\wr. The chapter de$clili<:lllhe u~of r~&i>lc" o. the CPU', "'Iemal mc .... 1I")" 

.nJ lllen pun. hl!\clher all..,f the nlllenal C<;l."c.cd SO far h' provide an (1'",,"'''''' 01 
CPU Siructure and fu,"",uon T hll. ..,.enoll (l'l"niuu{)!1 (ALt.:. conlr()1 uml ,c"'ler 
file) ill .e'· ...... ·cd, Then ' he ()'g:lnIl.&INm of lhe re8,~.er file ,I di~,;ed. Ilte rernUI 
de. ()f 11>11. chapler de<cnbef. Ihe functionin5 ... f Iht P'\>CeSWI" [n t.ecu"n~ milo-til"," 
,",Imclion •. The in.llu,,,,,n cycle ;~ c.~tllined I" Iho ... · Ihe fu",Iion "nd 01101-
,eiativn,h ip orlelch. iodi,ctt. ~~~CUlC. and interrUl'1 cydc" FUl~II)' . th ~ \t'le o-f ripe
lini ng to imrIO\'C pcrfonn3n.:ll. il explo'ed in depth. 

Chapler IJ Reduced lnSII"l.cuon S ... C()mp"ten 

rhe 'emamdc. of Pan Ilt~ kl<.>kl in more delail 61 Ihe h)" . rends in CI'U <hlp. 
Chaplo' 13 Jt:scribelo lhe af'f""WCh a~led '" 'Ih tl>c roncccl>l of a ,e(l...,..d im.mo;
lion $CI COI"I)IMr (RISC). whioh i~ t.>I\e of Ih. mOl,t ligni(,caol mnov,,"OIIS in tall· 

p~ICT or,.[\it. ti on and ~,~~iloclu,e in , ,,,,CD! years. RISe archilcC\."e" a dlllOll1>;: 
deP,1f\u ,t from Ih ~ hi\lOnc ol trenJ in pr~r arcl"I c",,1U'~, An an"I)" ;; of tlUl 
.ppr~h brinp inlo f(leu, many of the ,mportonl i~~ue$ in OOOlfM'I'" <)ft.8nl1~li<. .. 
aoo arch,[«.uu=, n.e dupler eunlOne. lhe mol;"II"''' fo, lhe use of HI'\(' do:S!~ aN 
lhen loob at ,he delails of IUSC ;mtrUCIioo see destin QIId RISC CI'U arctultCIlIft 
and rornpare\ RISC ... ilh Iho: OOOlpk~ ' ''"''tructlOn .col e<.>n' I,ulcr (CiSe) af>PJOKb 

Chapter 14 l"uructiol\~Leve l Paralleli.", and S"perscalar 
Proceu ... r~ 

C1!apler 14 tumines a~ nen mofe rCC<'nl and ""111,, 11)' imf>Vflant de.i,n [M",'" 
lion; Ihe 'upencala.- proce$Wf, Ahlw"&h ,upc:,oc81,r .e<:hrKllog~" can be w.ed 011 ... " 
pr<)Ct"!i>.()f, [t is especially .. .::11 ~U"C<!.I'" a RISe a' chllec1u,e. l"hll. elt3pler l"" 10<" 
al lhe geM",1 o;so~ of in'eruc. [011· ... " .. t pa,alkllsm. 

Chapl~r I.'i T he IA.64 Ar<:hitecture 

The IA..()4 inslt""Iioo "" "lchite"Iure il a new aprl,,~eh It! I'ro"idi!1g hH,d ... ale 1II1r
port fOi ;nllrlK'lioo-le~d paralleli,m and i. ~ignir"'anlly different from the .ppro.><lJ 
taken III iopcncalar archile<:' urfi. ClutplCt 15 begin~ '" [t it . dJ;CUf;\ioo' of Ihe mob· 
~.IIn .. rllCI""~ f<x lhe n~ ... architecture. Nt~l. lhe ~lutpt~f Ioo~S.I lhe 11<',"",.81 "'P" 
nizl.lllQllIU .... rp<><1 the prehitc(IU'C. ~ d.aplcr th .. n <"Online. in 00In~ citla[1 tl>< 
~cy fe~tu.ei of the IA-64 ;\r,hilt(lu ,c Iha! P'O!llO!C 'mlructi ..... ·lcvellKUalithun 



CHAPTER 9 
COMPUTER ARITHMETIC 

9.1 I.'~,." K~'''';("' 

S'p'-.\1agnilUde RCl're~nt81;un 
1\\0!0 Compkmcnl Repre:ICnlalll)n 
("00''<'11'0$ oc'''"".n Differen' Un lengthl 
Fixed·Point RepfQCnlauon 

~.J In'e,tr A.ith"",tk 

NCl!.a l'O/l 
,\tidi';on and Sublr~lion 
Mol1iph,:ation 
DivisH)n 

~.4 ~'oalln •. I',,;nl KepfO"!ot:ntaliOn 

I'nociples 
ILLE Slandanl r", U,na!) ~l(!~lm,-roinl Repr...scnlaljoo 

905 H.OIo'ln,. . .. "inl Aril" .. ~lIt 

Adcl,lIon Bod SublraCl;on 
\lult.plication and D .. ·'~ion 
Preei-.ion Considcraliv'l> 
I LH'O SI~nd.rd for Hm~ry J lootmg- I'mnt Artllunctic 

9.6 Mc<o"'meoocd Rud,nlt and Wd. Site 

9. 7 K~l Terms, Jtc~"'w Qut. lloll", ,,,,d I'.uhk'm, 

Key Terms 
!l.e,- jew Quc51inn' 
Proll~m. 

• 



KL \' l'OII\'TS 

• The '"'' rrincipal ooncem$ fQr comptl,er aru h"""ic rue ,be "'''y in .. h,d, ~WlI
ben art .epr~""n'cd (Jill: honary forma'l and ,he algoritbm$ """d rm Ihe ~, 
a"thmehe Of>C'ral~ (aoJIJ. ~ubll~ mult' ply. di' ,<It). The$<: tWQ C91IZIIder 
,;""~ ' I'ply both to ;nlOttC. and noolln"poon, .mhruetic, 

• !'lootmg-poinl numbers are c~l'r.s!o<:d as I number (siSni6cand) muhil'lied i>!' 
• eon,lanl (ba""l .a,~ 10 "',me mleger po"",,r (n., • .,.,.,,,,,t). Flo.o'ing-po.>I.1 
n"II)I>"'$ can be u,..'"<Ilo r~pro~11l vuy lurl. a"d >elY small numbel'). 

• \l ""t P'''<;C<'NI unpleme nl Ihe 11, 1..£ 7s.1 !1~ n dar? '~?r I" i 
><!" ta,i"n and floating.poin, "rot hlHc lk. I , • i n 
M-billonnal. 

W: 
begm (1(1' c ... m,n .• I, .. n (If the p..."....,..oor ""th an o'emew of Ih. an,/;· 

mt,:to., and Iogoc on,t (AU J), -, he .hal'lc' Ihen roc:u= on ,h. ~t a.
.,lex 3'JlCct of 'he ALU. ""," puler a,,1 10",,,,,,,. The Io~ ,e lullCl,,,,,. lhaillt 

parI of Ihe ALU afe de-<cribed in (""I>le. '0. and imr lementallOn. o(-.mpk lop 
and 1,,"hmClic funcli"", m .1'8"111 lOS'" arc ~nbed ill/\llJ1Cnd.~ A 01 th,~ book 

e"'''I''''er aro ,hmehc "com,nonly pc. fornlcd un ''''0 \-e.y differenl I~.,.. 01 
numl>cr.: ill1c~c, and Ilool;n~ poInl. In '" .Ih <~""< , ,"" fcrrc"'ntation eh""' " or a m.. 
cwl de,ign ;"uc and is Ife"I'o.I r,,,,. r"lIowed hy " d i<cu"ion of arilhmcto<: (lpera .. "", 

' Il,,~ Ch"pl"r me'lude." "umi>c, of c,"mple'. ",,,I> ,,/ wbich JS bighlighted", I 
,11:Oti"J box. 

9.1 THE ARITHMETIC AND LOGIC UNIT 

11", A U J i. thai 1M" of Ihe com putcI IhJI !l('lu.rr~ I"'tfu.m. arit hmetic and Ioftnf 
opc.311on. on dala. All of the other clemen .. o f the compul cr '~-'lem---ro"I'oI 
unil. re!ti.le",. mCIllOI), 110· ~re the.e ",allll~' to b.in tt dala 'nlo Ihe ALL rOf ~ 
10 procc..,; 3".:1 Ihcn to laLe the 'nllll, ba.k oul. We ha,e.ln a .en",. 'UrltN I. 
COl<' " ... "",nee of a <o.npuI~' .. hen ... ( wnskk. Ihe A U ). 

An ALU and. indeed. all ciecl.o"''' componen" in Ihe comp"'u Ire ha«d 
on Ihe "'" ,,r "mrle digilal l"!lle dc"ICeo I h~1 eM blc>.e b",~.y J'Il'" and perfOl1ll 
"",,,Ie fJc>ok"n logic ofJ"fJlions, 1'0' Ihe HIIC'rc;tcd rcader, ApJICndi~ ,\ ~,pk>l .. 
digila l l<>gic implemenlation. 

Figure ~. l indi ,,,tc', III ~c ncn'l lerr"" h.)", lite ,\ Lli ;, inlC'rc"""CCkd wjlh 1M 
.~,t ,,[ the I''''''''SSOt. Dat" arc prcicntcd to Ih~ A Lli HI regJ,tel<. "nd the resuit, Qf 
.n opcrolio" ale "o.cJ in reW_te ••. The", ,."~"t"r' are te mror_ . y ,Iorngc 1<)tI;l i(ll, 
"' Ih", I he p<uocc"". thai "'c e<)<H1C":lcJ h) "~nal palh, 10 I ne ,\ LU (c ,g __ S(t I 'illlt 
2-l), 'J he AU, nlay aJso ,," n"~j as the resull uf I,n 0flC .... "". 1'01 example. on "'~.
flo .... flag "..,1 to , jf 'he re.ult of . conl,""""on exceed.. the len~'h or the .egill.,-

, 
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('-"'I"'~ ----0, ••• 

R"",kI, ... ___ +I 
ALU 

tipn- ' . 1 A LI I Inpuh ...... OUlflU" 

in,n which 11 "," be ,tot (·,.1. I he n" g ,'"Iuc. arc " I", ,t"rcd '" 'c ~"k" "'ilhin ' he 
I"oce", .. ,.. Il, e c,," itol unit pro' ;d~. <ignals Ih"' ",,11.01 th e "I""'" io~ of I h ~ ALl 
and Ihe mO,·ement of Ihe oJ.II IIno and 0111 of Ihe A LU 

9.2 lNTEGER REPRESENTATION 

In the h" .. r~ Qumt.:r ,yslem. "rbll"'ry IIumh<:", ~'"1 he rel" ""C"'~..J "jlh ju.llhc 
d,!it. z .. ro a,,<1 ,me. llie min'" <I~n. all<l Ihe 1"""",1. 01' .... eI:;. I".inl 

11OUJlI)I," 13.)!25J~ 

l'ul Purl~ of colI'pu,el ,!or11IlC .n<l proc..-''''''ll. h" .. "'~r . ... " <I<.> 1101 h.a,,,, !he ...,,,. 
d .! of mmu. "I:''' and """,0<.1< (Jnl~' bmary <1' >:,;1" \0 and 1) may he u,,-,I 10 .epre· 
K", nUl1lt>cr< If "e " .~ hnme<l 10 nonncg;oll\e mlc~~"'. Ihe Icp' c""nl&l ;on I~ 
Slr ",ghll,,,,.~'d 

An $-hil word ca n represen' the num~u from I) to 255. IIlCluding -. 0 

"""'" -00101001 ... .. 
l (JnQ.XXl '" '" Illlllll " 2$~ 

III gcneraL ,r an II·b, ! sequent" or binar)' <I'~II' a •. Id. 
a< an un';~ctl mlello . A . ," .alu~;< 

"0 is ;ntcrprclcd 

,~ AI'J"'D-l .. 11 (,,,.. "-< ,.1.«"" ,., puml-.,. "~,.,,, ... (",,,,,, ... 1. b ...... 1-.""""" ... ,, 
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A ~ 2Q, , 

Sign-Magui tude Rcpreseula li()n 

There are ...,ver~1 ahNnali"e .. "n,cn'Ton, u..,ol 10 rCpIC.Cnl negath'c a, .,(D. 
pt'»il]\'c ,"Ieger.. all of which In,·olvt I' CUlInM Ihe mo.l ~.g.niflCanl (ldl"'",,!) bn. 
' he wmol a. a "sn bil, If Ihe .... g" b., il 0, 11M: numhcr'~ po<im'e: if 'he "go bn. 1. 11M 
,,,,,,,I,,,. i. oegmive. 

The ,i"'p ic,t form of r~pTc",nll'liu" II" .. e "'ploy' a sign b,t i, Ihe l ip 
maS",1 ude rq>rc,,", nlalion, I n a" II·b; l "'onl, Ill e rig llt,,,, .. t " - I bil, hold lhe m"t 
nituJc "I Ih e inleger_ 

r-----~ 
IS" OCKJIOOIO 

-III~ 1001((110 (~isn mall";lll<le) 

The &encrnl C3"" can be e~l'rc...::d a~ foU"",~ 
, , 
~ 2'u, if II. 0 

Sill' Ma~"il"'" ., . 1-~>" if " • . , 
, 

(91\ 

The'" arC ",,," ral d",,,backs Iv I'~ " "'~~nllude ttp,e",nlalloD_ O"e i, thll 
add ni" " alld >ubltacllun ,, ~u i'c a eUll"dcn,I, ,,n 01 both the "g'" ollhe nuon!)(l1 
" 'Id Iheir rdative mag"ituJe. III C'lrfY "ul t he rC'lui'eJ op.: rat ;,,,,, 'I'hi. , hould l>e. 
",l Oll " clc"r i" 1 he di",u",ioo i" Sectiun '1.3, 1\ 'luthe r dr"wback is th:ll lhe , e are t_,., 
(cprcl\Col"lI01l> of 0: 

+ 0", - l)t'frO(l(l(l(l 
IJ," ~ IOIJO(l!))J ('Ig" ma~D'I..uc) 

Th" II ,ncon,-c",cn'. be""u .... n ;" ~hg.hl l}" n",,,, d,lCkult lu K"»I. for 0 {an open ...... 
IICIfurn>ed f.-.. .... "".,. I}' on comp,,' en) ' h~n illhelc ",'Cre a "ngle r~pr""""'311o •. 

II.,... .. " "'" of Ihe..: duwb,ack •• ~'ltn·nlllg.l1It""'" '~l're"'n'ah')D '" rarely UiW III 
,n'plcmcnlmg the in'~ll~' po .. ioo " f ' he A LU, 1ru,10"". Ihc m<.»1 common och(1Dt i. 
twoo rompkmcnl '~prc..,nla hun • 

Twos Coml>lcmem R el'rc.enu,lioll 

I.ih ~ig" ""'gn ituJ.:. I ... "" C'()"'p i,' m",,1 '"I1I'<,.., "t"\ ,,-,,, uses th e m",l signifocl, nl hot 
nj a ,i~ " bit. ","I;ing il ca,y tu te-t "'hel lo er;on ;nlc ~er is posilive or negal" 'c, It di!· 

In ,he I".""uo<. u,< """" "",.-"" .. "..._ of 1 "",",~",,,",,, .< ,."'" """J H.'<c ,",c' loU,-" ,1>0 r<1<' 
'''''"oN ,. , .. 0<l,,4> d<>;-u"","u .0<1 ""'" ,~< '1"~1r"!'lo.!<.f Ir[1: s,~ lOO-I""~ . '''' ~'", /1 n lioo 
JM.Ilho ......... or 1'Jn,...-./ """ 1./1,-""""" 1 ........ 1 
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W .. ,. , ,h"'''gh;" , , 

'",.",,,'" 0", N'I"'''"''''.'''' "I 1 .• ", 
'T'",< ''''' I,,,, ,"" ''''''1''''''''"' of ''''h "u 01 ,n, "~''''p' ... I," , 

:--'I·~(" P''''' '''' ,uml>"" Lhe'".Jd I 'v LOO «>uI ' i"~ "" IW'e' m ""-'~',J " 
,n """t ..... ,' m'ol!'" d 

t:,p." ..... ,,' B;, U"llh ,'Jd . ,,'" "",,,I "" ,..,,"',on, '" Ihe I"" ;oJ toll ,n with ' ''' ,,' , .. ' "r 
'",' ""g," ,,1 ,,~" hi ' 

."«11,,,. Wuk 
!f '''0 nUln",, " "''' h th, ~'m' "g" <l,~h pO~ti\'o 0 , ","th 'lC~' 
Li,',,) "0 <><i,'.: o. ,"en ",<rl,,~' "'''"'' if . ."oJ ",I, if 'h , ""II n" 
,n< O!,!,,"'''< ".:0 

~"'t"""i,,. R"'. T<> ..,.''''~ H In"" A uk' ,h.o t",,, wmpkm'Ol ,t /I .. "':>.>J ~ ~l A 

for'> from thc lI,," o r lh~ ,ign _ m"g" it uJ~ rC)"e>c'll!.!ion in the ""ay that th~ "tha I"b 

arc inkrpr~t"J. I abl~ ~_ I hLgh light> key chara,teri 'l ic, of t w(>, complem"nt r~pre

""nlal ion ~nd atith"''''i" "hich arc "bho",ted in Ih" ""clio" "nd the n"xt. 
Most trcatmcm, 01 two, c" rTll'k1Tl~[lt re]lr~"'ntation foc u, on th~ rule, f." 

producing n cg~l i,' " nurni>"". with !to form"1 proof that th e ",hcrTl~ " ",o"~ '.'· 
I ""c"J. ",ur rr~,e",,,tin" nf twos compJ.·m~nt int~g~", il1 tim "-·ctio,, attd in Section 
~.3 is ba",d on [DATf93[, ,,·hich ,ugg~,t, th,,' 'w,,,; complemcnt reprc",ntation i, 
best undcrstood b)' ddining ,I in I~rn" of a weighleJ ,um oj' bit,. '" w~ d,J pT C
,·io,,'I~' for un,igned "rid " g" .magrlilude repr~,enta lion ' . I"it" a J"ol"ag~ "f thi' 
trc"tm~nt "tit" ,I Jo", ,,,,t leave any lin~~ring d"uh, Ihe" Ihe rule, for aril hm d ic 
operation, in tl'.'O' complemc nt no'ah"" "'el)' "01 WOl" fm ",me 'I"'ci,,1 C''',"', _ 

Con,iJ e , "n " . hil i"'e g~r . A. it\ tl'.'O' complement 'el'r~'G"'''tl(''L If A i, 
l'",uiv~_ then Ihe "g" htL II" "b zero. Th~ re m"ining hit- 'q"~>tnl thc magn itude' 
ofth" numher in Ih~ ,ame fa,hion a, for "£n "'''gtlituJe' 

forA ", 0 

Thc numt>cr ,c ro i, iJ"ntifi"d '" I"'"t,,'" "uJ ,he.rcfore ha,,, 0 'ig~ bit "no! a "'''g
n il Old~ ,,( "III);, W" C"" "'c Ih"t Illc ronge of ro'itivc i ntcg~" tlt .• 1 uta), b..' r"pr~
"'T" eJ " from 0 (all of Ihe magn itude I:>its <lre 0) Ihr"ugh 2" I (all of th e 
magnilliJe hi" ar" I j, A ny lorge ' mu"ix;r "'<lu ld te<j uirc morc bit,. 

N",,·, 1m" ',"g",iv~ n"",her A (A < ()) , the ,ign hil . Il, ,i, unc_ Thc ,."",ain
,ng" - I hu, ean "~c 0[\ anyone of:r ' ,·"1,,",, Th~rd"rc. the tange of neg_ ti"" 
integers that can 00 rcprc",nted i< f,,,m - I '0 -2' t_ We would like to a"ig!l the b,t 
"alu~, to noplivc int"g~" itl ,uch ~ way Ihat .uithmctic c"" be ham!kd "''' ",aighl
forwa,d f",hion. """I,,, to uIISigned integer ~rith~l d,,·_ I" LLrL"gned tnt eg"r r"pre
S<'nt"' ion. 10 com pute Ihe v~luc ot an inl~~~r f",,,, ,lie hlt rq)fCoe ntalion. th~ w,'igllt 
of thc 1ll000t ,ignificHnt btt i, + 2" _ I'or Q representation ,,·jth " , ign bu . tt lum, out 
tI,,,1 th~ Jc,,,~d anlht"",ic prope l1ie, are a"h ic",,,i, a, w~ ",II ,-"c il1 Seclion 9.3. il 
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Ihe ,,",)(hl "llhe m<lSl "gnilie"nl ',,1 is 2" '. This is 110,' COn>cnlL"" "<cd m ... 0; 

complcnoe011 ,ep,e«:nlalion. )'lclJillg I he (u IlO,,"' ; n ~ £'1',,,,,i(l" for n cg~ Ti,' c "umOCl> 

'1'"" (;"' ''I' 'enlt'm A - 2' '"" 
.... ~'., 
~ - . (9,21 

III the caSC of p""""'e i011e~ .... II. - O. '" Ihc lerno ·2' 'll., 0, Thcrd.we. 
l'<luahim (9.2) dclines the ,,,"'" Com "Ie","'" '£prc.cn'alion I", bo,,, ",."'''C oDd 
",egaT;" C nurnh" ... 

T"~k 'i.2 oomp;oT<" the ' i.:n ·",agniTud e "lid I"", """'plem" nl ,eptc",nl ;,h()tll 
for 4_h,' IIllege ... "hhO<lgh ,,,,,. oom pkmcIII i. all ""~""ard r£prC'>Clllali"" 1'<l1li 
Ihc human poonl "I',e" " '" ",II IoCC Iha'" lac,IIIaTC' Ihe m".1 ,mpo"anl ~".hmtlr 
"I"".' LO'''. "J.d,T;oll a"d . ul"'ftCh"", r", ' his t~ ... " ". i, "al",ost uni>cN'II), u'>Cd .. 
the p, ..... ·c,"" [cp,c""n:nion !'"r IIll egcr;. 

A "<cful illu.lr.lhun of Ih£ nature of Iw, ... <:ompknoe"1 ,c",,,,"ellla,,on IS' HIli<: 
hox. ,II "hich Ihe '31"" on 'he far nghl ... Ihe hox i~ I (2") . "d e~ch .ucrud."! 
posiu"" (u ,he Icfl ;j duuhlc In ,·"Iue . un,il,h<' lellmo>, p".u,on. "'h,d, '" nCgIIlod 
", )''''' Can sec In l'1 ~ urc ~.2a . t il e moq n<."~:t t i \·c two" c<1 mpkntcnt rlumi'><ol Ihll 
Can h" 'cprc,,,", e<l ,s 2" I, if any of Ihe h," olhe . Ih,,", Ihe "g" hu """ c. it ad}. 
~ posil;'" Imounl '0 ,'''' number. AM. it i. d eu Ihat 3 n~j::Il "C "umoc, muS! ha.., I 
I al i" Id" "O'lI posu",,, ~nd a PO" " "c numbe r mu~, have a 0 in Ih'" .""'i" on. 'Thill. 
th e Ltrge~ l l""iti"c ""moor is "!I foil"","" ,,). ~ II I,. wh,~h cq,,;ol, 2'" 1. 

The rc.1 of rij!.urc ~ . 2 ; Il u,!! ~I", Ihe usc of I h~ ,·alue hox w ron\wl 1m", ''''-'' 
rolllplen1Cnl 10 drc,mal and from deci mal 10 Iw, .. compkmcn l 

... "'*' U AI' ''">I''~ Rep"" ""''',I"." In. 4 Illi I m"so" 

,,,·n .... 1 S .... ~b .. ,;' •• ~ 1'"',, ('.-pI<_., II ........ 
R.·pr.,"n .. t~'n 1I.1""' .. ·.t .. k'" 1I,."""".t. t~'" R"pr'''ntllti,,,, 

" Ill ' ., 0111 filII 111<1 

• nllu Ulin 11m 

" nWI 0101 "'" .. Olll) "'00 WII 

" 00" (J I l l I" I ~ , 001" 00,. '00' ., ~" ~, ,,~ ,,, 
'"' ~ 0111 

" I(J'(j , 1f); 11 I II 1 UL Ii) , "no ,,10 111(11 , IQIl IIUI (11"1 

" ". ". ,," I , 11O! lOll rO'1O ., 1110) 11>10 l U ll , 1111 '00' ,,"'. 
• ,~ 



p:lnf bl o< 1l~1618 : ·4 
,., A~ ,"'" 1""""" I""" ,,,,,,,plnn,., ,.,'" ,-" 

"'f~ · / J2 : ,< 8 [4 12 :n 
I lloool ll l 
le~ 12" Ie' 

(~, c,," .. ~ "'"'I) l(~nJOII ~. <1<>;" .. , 

[',21 
-1111 - 12~ 

M=;;J "/':'['i, 1 oli1ulot) 

-, 
h:1 C,,,,.<,, "''''''''''' ,;>I,", h"",y 

t1~"r< ~.2 u .. · ,,' " V" lu. 11 ,,_, [,,,- C"",'m .• '", I""w,,"" Tv,,,,, 
C •• "rIC","'" H""",' "nd l),'{'jm.] 

Con verting between Differe nt Dit Length~ 

I, " ",,",el imes de,ir~ble I" '''~C all ,,·Im imeger and ~I"rc" In", b,l'<.. "here", "' '' 
In s'gn'm;op'uudc n"'." ,,-,,,. I I,,~ " ea,ily accompll<hcoJ ';'"nply mme 'he ,,~n 1'>,1 10 
Ihc ne .... Ldl"~"s, I"""'on and fill ill ", i.h ,cr",_ 

+1~ .. 
.. LS ,. 
-IS .. 
-18 ... 

11m Cl()1 0 
(~ll OCllCl 

10010010 
1~IOO10 

($IIV' m~gniluoJc. ~ bit ') 
(~gn m.gnll lld<-. 16 bitj) 
( .. ~ magm luUc. g bus) 
(~m~,n,tudc. 16 tI,IS) 

rhl~ pJOccd,,,c " ,II n')I "''''k fOf ''''.,. oomp1cmcnl flCgil"'C intc~c .... l l"n~ ' he 
sam" c 'aml'lL-. 

+Ig .. 
" 18 .. 
" . 

-32.658 .. 

OO'lH)I.IllI 
~W)I.IIOOIO 

11101110 
100000000000lIOJ 110 

((wO'; ooOlplcmcn!. 8 bi lg) 
(110'"," complement. 16 bilil ) 
(I,,<IS oo01plcmenl.1I mIg) 
(1"'<>'1 ,omplCln(;n,. 16 1>1\>') 

Thc nUl '0 las' line ~ u';ly 'oeCn u..wg the 'JI~c box of fisu"" 'n. The I." 
line CIIu be "~rifjed u~,nl Equ~"(on (92) Of a i(>..bl' ~.Iu~ bolt. 

1""c:,<1. , Joe rule ror lwO' compkmcnl in1ew:" lS 1\, m,,,'c the "gn b" ,o llie 
tl cW ldtm". ! po:>i(ion "ntl 11 11 ,n "" lh ""pi '~ or ,h~ "gn h,! hOI posniw numb;.'~. 
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fiU ," " .. ub I.cr"', and fot net~I "'o "um!>"" rou ,n .. "h OflC •. n", i. c.llo<.l "i" 
~~I(n""n 

I' " . 
11101110 

1111111111101110 

(l_complcmenl ,8 bus) 
(I"os. oo""pkOlcnl, 16 bilSj 

To 1<:( wh} Ihi' 10k wo>rks, Ie, u, ,." u n con"Ik, an ,,·1,,1 ""quem", "r hin.~ dlt
,,- If" '''e " ""'"'' on'crprc'c<.l "S" 'I\'''' " .. "'pic men, "'Ieger A so> lila1 il> ". Iue_ 

, 
A N 2" '''''' I L 2'a , 

If , I ,," pooil"" numhcr, Inc rule ,lc;"I ~ '"J''' """", if A "ne~a'i~c "nJ We ... n' 
'<1 e..,n,nuc' "n ",-bil reprc",,,," ,ion, wnh '" " rhen 

" 
A 2" "- , , L ~" 

" 
, " 

• L 2'11, '" , Y2'a - " " , " 
-2" , ~ 2'11, '" , , 

" 
, 

2' , I ~ 2" ", '" , 

" " 
~ 2',., , , '5' 2' -, , " " 

"" " 
" !'~, " '" - -• , • , 

>,,~,_._ II, •• 
In ~ing from 'he fi,-.", '" ,he 0«0fI<.I "" ... ""n ... e requ,re ,hal,hc 1(:0,1 wpti', 

'<~n' nib,,; <.I" nol ch"" gI' be",een ,h.' II,,, ,el,,=nl,,""'''' Then Yoe ,d 'Olhe 
nC", 10 la,l <'lual ion . "horh;' on\)" ""e ,f ~II ,,/ Ihe bit' ,,' "",ilio"'" IlhrllUgb 
'" 2 a, ~ I. Thu, Ille sign·ul"",,o<m rule wo,k" 

Fix('d- l' oi1l1 Re presenta!ion 

1"",11)" we men,,,,n Ihalth, r"pre>-:nl;u iO 'I' d,:><:u'<SoCd in Inis ,ecli,,)1 aI', ,,,mclOm(1 
,cfe"eJ III a, fi,ed pom' Thi, i, b<:C" "~ Ille , ,,<.Iix poi nl (hina,y [,,,in!) i~ fIXcd ."~ 
a~,umeo.l'" I>e I" ,he "gh, oflho "gh 'm"'1 dig,'. The 1""l!r"nlTnercan "'" Ihe .. m~ 
'~p,,,,em3!ion t,,, binary (,aclion< h,· ",along 1 he "~mber~ '" Ihal Ihe bina!)' pliM 
"''''plo,,'ly I"".tiOllc<.I ., ",me OIhc, 1<lC~Il"n 
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9.3 INTEGER ARITHMETIC 

T!", ,~cli"n ~ "'mill~' common arithmcl ic function, on nllmber, in Iw", cnnlpk · 
men! ft' p, e,enlatio<\, 

Neg"tion 

In sign-magnitude repre,;c " latiolL. !I.e ,uk for (0'''''''11 Ih.' [\eg~lio" of a n integer h 
,impie: I n" crt the sign bil, In two, comple ment "ma1io", the negation of a n imc'ger 
<an he formc'd with the fo ll ()win ~ nJk<: 

I. Take (h e Doo lean compicmcnl ()f ""ch hit [)f the intege' ( inciuJi ng the sign 
1>;1) , rh;n is, w I ~>lCh I 10 () and each 0 to I , 

2. Trcat itl g l h~ fc, ult ", '''' u""I:."~u hi",,,~' i "k~a, Hud L 

Tlti, I "'o-,tcp P"":c", i, r<"ierrcd to '" th e twos cO "'I'I~n"'nt o",·r~ti"n . or the taki ng 
of 'h" (",n, cOl1lpkm~'" of an illt eger 

+18 .. UOOIOOlil (twusoomplcment) 
bitwio;ecomplcmem .. 1111JIIOI . , 

11101110 " - U, 

- VI "'- j 11011!o (tw~ complement) 
h;t "';W ~\llllplcmeTlt .. {l001 (1001 , 

0001 0010 .. +18 

• 

We ran tiemon,Uat" the va li Jit~· of the OI"'To tIOTl j u,t J",,-,r.rn:ti u,in g the' dd· 
in it ion of the t",m comple me" t leprcscnt"tion in Equat ion (9.21. Aga in . Itltcrpret 
~ n n_hit "'4"c ncc of binary tiigit' lie ,a, ." II" as a t"",.;;ompkmcni int~gcr A. 
so that Its ,·"ILl~ i, 

/1 - Z' '"' ' t ~2''', , , 
"ow f,,,,,, lh~ bit",;"" compkmcnt . a, a,_ ' . " ". and. tre at ing this is "" unsign<:<1 
il\lCgCL aJJ I. Fi na lly. II\wrl"~' the T<"u l t i n ~ n_hit '"4UCII<:C "f t""'tTy Ji git, OS" 
t",os-complemcnt in1c'ger B. <0 lh,t its ," luc i, 

B - -2" '''., ... I ... ::S 2'u 
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2' - (2' I 

2' 2" (I 

Tb e 1' '':''''U''ll1 okn"a"..,n l>\um~' 11l.11 we ~~n f in. ItcOi Ih ~ hil l<'i", CX)mp l ~m."' ~ 
A a, all u""~ncd ""C~<."r rOl the purro""..,r adtl "" I. anu then Ileal Ibe rc>uI,. 
a ,w", comple ment in le~" .. ThcI~ " tC Iw" "",<;" , Ca;.c, II > ro n"Jc r. !'".I. e<on,,<!.:r 
A II. In Iha. <3"'. for an H·bil rCI"e,en. ation . 

, . 
hitwl5<' ""mplcmc'" 

00..-01OOOlJ (tV«)'> complement) 
11111111 . , 
'''''''''''' , 

r hNe "mr" "u' of ' he 111<)1;' "gJI,ficdnt bil p<>'lilion. ,,·hid, i, igll'" cd Tb e ",>1.111 ~ 
Ihal tl, e nell;,lion "f ll is O, '" il sho"kl be. 

Ib e '>C<:ond .'lloCCial calC i, marc af a prohlem_ If we " ,ke Ihe nog" ',,,n 011110 
1>" p<ollcm of 1 l" llo,"cJ by n - l 1(,..",. we ~Cl bacl . he >.m oe number. I ar eUm
pk f", 8-hll word,. 

12' 
b,t,,· i~ <;XImpkmc n. 

ltn.ro:x.l ( tW(ll[ <;XImpl~mc lIl ) 
Olllllil . , 

llU)X(X(I .. - 12i1 

S"me ,",.1> anom,,'~ II IL" u"otU "l>lc, I hc numh,: , a f d,lfercm h' l p;Hlcm, ,n ... 
,,·bll w",d j, 2". wh,,:h i, an e,'en nu mber. We wi , h to ,cprc<.e nl pos il l" e "nd n, ,,,
li,c Inlege" a nd O. If an e'lual nu,ubcr of p<>'lIl"~ ~nd nc,"'''c inkg<-n ~,~ repr<' 
"' '' ted ("gn m"~"""J " ) . th en theN arc tw,-, re prc"" ntaH"n' for lI. If Ih",e i, o>/I~ 
ane ,cpr ... <.en l"!'011 "r 0 (h",,,, mmr lcmcnt ~ . lhc n Ihere n,u<l be "n un~<j "" ' n unohtf 
of nc,.ti'c , ... d I'"" tow numhe", ,cl" """mcJ. In Ihe """" of , .. "" (m"plcnl~nt for 
;o n n·b" k"~III_ , lt erc ;'" rc pr~,cnl:l ""'I I"r 1" bLlt not I,,,, +2" , 

Ad.titian and Sub trac tion 

Add,I ,an in II<'" " .mplefllClU i, ,llu>I , .,ed in l'IIU1 C ~ .. ' The f,r, ' f<ou r e.ampl.:, 
,lI uslrale ' "=ful apcra toon'-. If Ihe «'suh of .h( opc,s""n j , ('<"iti"c . ... ~ ,« I 
p,,, i,,,·c "'''nIIC r ,n ,-,rd," ~ ry hin ,,, y "o, ,, t,,' ", II the 'e, ult of t he ol'e,a tion Ii 
negot"e. "c ~ct • "ega!i''-'' "umbcr in ... ~ .. m ml'lcme n' 10m, NOle I hat, on ""'" 



: D: 1 ~ ; ~ l 0'; · , 
• C 1 ; 1 · , 

-~-
, 

~LO · ., 1:00: · 0 

(,j \ 7)+(.5. ,h.i -ol •• , ... I) 

<) 0 _ I · ; _ 1(.; · , 
'01; 11 · , +&lL · ., 
';Ll • ; l ~ ·J 1 • , 

i,II "'}); (H) 1(1) 1--4 1 ' (_I) 

.J 1 ; 1 · , : '10 _ ; 
.0 11 0 · , _101 : · ., 
l~ :l • :lverf . c;,; PO;) · Ov"~c )o'"' 

1<11 ... 11 ... (H) ifll-71"~) 

";~urc 11.3 ,\ddiLi,," uf r-, "mix" on -r".", l-'.Hr iOmO"' 
fl.c lprc"cnt"'iun 

imtalll·e, . thcre I> a carry bil ilC)'nnd Ihe end "r Ihe word (indicated b)' ;h.d in g). 
which i, ig"ored. 

On any addition. the r",ult may 00 larger Ih;<" c,m be held in lil~ "ord ,i/e 
ffi:mg u'od. Thi, condil ion i, ".,lIed "" ~rfl , ... _ Wile" oyerflow ,lcrUlS, the A, LU muS! 
, ign" llhi s foct '0 lilal ,,,' altc'mrt" ,,,,d,, to u""' the re. uil, To delec1 o"crflo,,".lh ~ 
f"lIo"ing rule i, "bserved: 1ft"" numhe" are added . m,d I h~y '''~ hool h ["",I.W '" 
1x>1h n~g;nivo. Ihen "verflow '-><"""; if ;!1ld on ly if 1I 1 ~ r~,ull ha, the oppo,it~ ,ign, 
rig~re, ~_:k anJ f ,how c',ample< ,,1' ""c'rno,," _ N()t~ Ihat overflow ~"n occur whet hcr 
or not therc' is a carry. 

Subtraction i, ,,1'0 c"' il )' handled with the fl>IJl>win g ru l ~; 1'" ,uillr"Cl one 
numh<:r ('uhlr"h~nd) from "n()lh~r (m inu,nJJ _ take the Iwo, comp i~m"nt (ll~ga

Ii""I of Ih e ,ubtrahend arid add it 10 the minu~"J, Thus. ,ubtrach,," i, "chi~"cd 
u,ing "Mition, as illustrated in Figur e~.4. The la,l two n""'pk, dcmon<tra,e 111"1 
Ih c o'~fflo", ruk ,till appli e" 

Somo 'mighl ""0 1 "'" ~omp l cmt"l addil'''rI and ,ubtracti"n ,an be gained by 
looking at" geometric derichon [BE,\,H92 j. a, ,h"wn in Figure ~.5, The tir~k in 
Ihe "pper half "r each part ,,( Ihc figure i, formcd hy "'koling 'be appropr,ate "'g
mc"1 of 1I1G n LJmh~r lin ~ "nd joining lht "nJ[~>inh , r-,' ote Ihat when the numbers are 
laid oUl on a ('rel.,_ the Iw", comple ment of an)' numher i, horizonta lly opp",it" 
Ihm nllmber (indicated b~' d3>hcd horiLl>nl,, 1 l in~,)_ SI;<rling at "11y m""il"r 0" the 
C"irdc. ""~ c~n "<hI po,il,,'c k (m ,,,hlmd "cgati'" k) to th,t <lumber by mo,·ing 10. 

positi"n, docl ,,·ise . and w~ can ,ul>tract p",iti"o 10. ("r add "ogati"e k) from th,,1 
numffi:r by mO"ing k jXl,i tion, <'QUnt ~rclock " 'i"",, If "n arithmetic operation ro.ult, 
on t r""~"al "f the point wherc Ilt~ cnd!,,,n'" ar~ ioinc·J. aTt iTt "'" fect on,wer i, gi,'cn 
f,werflow) , 

All o(the e~amples of Figurc$ 9.3 and 9.4 arc ~~'ily tra~e<l in the circle of Fi!(UTe 9.5 
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I"~"re \1.6 <,,"eM' lhe dma pall>' "nd hard"Mc dcm~nl~ n=led 10 ~crom
ph'h addll lon and 'Uhlr~Cllon I hc cenlr,,1 d~mcn' .. a hinary aUdcr. ",I>leh 1$ plf
",nlcd 1""0 lIumbe .. fo' add,l"'" and produ,"", a OUIll and an ""~rn"" ""11,,,._ 
I'he loinal) adde, lIca" lh.· I,,·.., numbe", a, ",,,.ttIlcd mleg""', (A logic in. plemc .. 
1~liun of an addc r "Il"'cn tn fI """nd .. A.) 1'0' ad,11I ,,,n. Ihe 1""0 num""'" afe Jlft
", ,,,,'d '0 'he addc . frQ'" 'I<'" rc~,,"'''. design" ,",1 ItO II", ca,e as ,\ and l! rct,1li1'" 
Ilw I",ull may he , 1. ",cd ,t1 ,,"0 of Ihe><o fI'gi,ler, ,lI' III a thord. The <we, tlo" ,ndi· 
('Ilion i, 'Iored '" " l ·h,1 ( .... crfl,,'" nag (II ~ n" ",crll"", : I - ",'c,flo"' ). j.", 'U~ 
I <;,eHon. Ihe '''hit ahcnd (II tcg;,kr) ,. pa .... "<llh'on~h " I "'". oomrkm~n'cr "'"' (til l 
,I, I"", co,"pl~",enl i. prc""nlcd '0 I h~ adocr 

Multiplication 

CoHllpalct! ""h ~dd,l'''n alld . ubll1K"1 iun. mull'phcali"" L' •• "om pic_ 01'''''''_ 
"bclbcr [>C, ronncd III h:" dware or ""r" •• tre. A ,,',de '~"Cl)' of al~o"lhm' hat e Itmr 
"",J ,n "am""", compul~"', Inc " "rp",e of Ihi, IU""'U lI m '" 10 gi"~ Ihe ,~,,,Ic, ;om, 
I,'d [u, I h~ 1)'1'" of "1'1"'~"'h "V1Call~' lake n We hc~", wah Ihe ,iml'k. l"ot-iem PI 
mullipl)'ing 1"'0 ,,,,,,)(ncd (n"nnegalivel ;nl ~g~", lind lhe n "'e 10..,. a' 0"" of th e ,,\\>'It 
COl"''''''' !c\:h,,;quc, f(" "wh'rli,,, ,;,,,, "f """,I"", in I '''' os ""!"ple"'''''' rcprc",,,lalion, 

Unsl~ncd I~I' ''''' 

~,g .. n:: <l.7 IIIU"'UICS lhe m .. I" phc31 IOn of .. n".:IIct! h",a'1' integen;. a' m'lhl 
he carn~d oul u"ng pal"" Mild I",nctl. Se,~ ... ,,1 ,mpon am obsc" aliol1> call II( "'* 

,{)IO , 0.01 - , 
1:0 ~, ·1 I' , 
1 : 11 " 40:l11 , 

,., , , :010 'hi , ; ~'1 0: , , "I L , , 001; , 
IOO~ 

, , , ~ 
101. :10_ , 

-III·' , ."01' , 
11 :0 , • U , 

'0 : " ."~ :V·. , ·,d, " 
, C I: I , , co.o , ~, u. 

. , • u • , ; 0 I a 

"I 11 , . 0 j 0 • -;l.l , , ... , 
111 ; Cvut;."", J :11 - Cv~~,l""" 

, ~ ~ " 
, • '" " I';I~ , 1·;0. , O_O~ , 0_ I 1 , LO~ 

Filr;"'" ,... ~1I1"r""")n '" r.. umb,,,, ,n I ... ". ''''''I,lemC"! 
Repro""",,,I,,", ( M Sl 



!y • 
• 

I~' • 
-

•• 
· · · , 

• , • • , · • · · • ! • • , • 
• 

f' -, 
, E • • • , , 

• , 
• 

• " , c 
• , •. ~ 
• , • • • • • , ; • ~ • • • i a 

• • • , , 
! • 0 

" • ; 
• • 



2\16 ' H~I · I"J<." I '. "MI'l!"'1:\' ,.\RI 'H\ll,"!' IC 

,\dder 

OF ~ (h<nl",. I«L 
~\\ ~ S .. ,o..-t. u,""~ ..J..[""", '" "',.. .... 1 ... ' 

I. Muh,phc,, " on ",,,,I'~ •• he gC"~fall"" of p.mial prod"" ,,- one fv, e .... h ~ 
" ' lI, e ''''' ' Iipl"" The,e 1"""01 p",Jll ct, arc th ,,!\ , "",,,, e<l h' l'",dtl<.'C Ih. 
finall'r .. d u,' 

2. 111" parHa l P1<><I ,,"" are .'a,il,· dr fi n~d When Ihe mull 'phel lo,' I> 0, Lh. p>11ra1 
I'mdUCL ,,0, When 'he nr lll llr,hcr i. 1. lhe 1""".1 proo ucI " Ille ,",,,hipl ,,," o.!. 

J. I he 'o."II"odll" ,. pr"duced h~ '""\n"n~ Ihe pal lIal produc" f·Of IhlSUJI'r
. "on. ca,' 11 ""'<:'-'S,iw 1''' rl '" I rr.,.juct I. ,lt ih cd ,me I"" il ion I() the left rd~ ",.. 
10 I he preceding par l,all'foJur' 

4. The mu ll ,plrcaILu ", " f Iw" ,,·bn h,narv IIH~~C'" ' '''UllS in " proJuci of up 10 1< 
~'t'inlcnl!.. hlcg .. 11 X 11 1001 1 

• 0 I I \ l uH,p .... Aod (11) 
,I I U I Mul~ l'h.· t (1)1 

1 0 I I 

I POOO r.m.I1'<'\oI"'" 
I 0 1 1 

to!!..... 
IO~Oll1l l'rool"" (I ~l) 
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C()mparcJ wil h I he rcndl -,mJ-parcr app",,,eh, Ihere ~r" ","eml Ihing~ we ~"n 
J() t() mah computerizeJ mult,!,I,,,,.li()1l T1'O'" df",i~nL H"i, "'~ ",m pe'form "run_ 
ning ,,,Jd ition on the partial product> mth~, tha n "'",l ,ug unlillh~ "ud. This chill,,""", 
the TlO~J foc ,Io'age of al lT h~ portial product" kwcr registers arc lw<"<icd. ScronJ, w~ 
can '",'C .<l me time on Inc g~ "~r"I'''n of p"r1i,,1 prodllct', I'()r e,,,,h I on the muiliplier, 
an add "nd a 'hilt ()perath> are '''4u i r~d: hu, for e'ch O. on l}" ,hifl ""qLlir~d 

Hgur~ y,iS, ,ho"',,, l"''iSible impiemcnlatiott employ ing tho,e measures, The 
mu ltil' lrer am] n,ullipli",md a," i()"JcJ into lwo regisler< (Q and ),1), A third regi;
I"T, the A rcgis1<'r. i> abo rleedcJ arlJ i, ,nitlOlly "" To O. 11'er~ i, a l,,)" l _bil C reg
ister. in iT i"li,"J 10 0, wh ich holds a po1<'nl i"1 carry bit ,,,, ultlltg from add ,t; ()I\, 

The "p,'mliOTl of Ih ~ m<JITiplia is"' f()lIo"'s, Control logic rc"d, Ihe bih of 
The m"hipli~r()ne ,I a IIII\C, IfO" i, 1.lhe·n Ihe rnOlITiph""nd i, added!() Ihe ,\ reg-

" 

0 , 0 , 
0 ,,0:0 n" 1 'J 1 ) le.;t;") ,. u~s 
0 , , , , ,0 , ,~ } ?iuo 

; t ; t L l 0 _ O ~ I S:".i~t cyc~e 

} S~CQnd C~: C' , 
" O~ t S'.".i!t cycte 

' oo Ill! ~Oll "~d } T".".i,'d 

C Q U: 1111 :011 sh:H. c}'cle 

, o :'D_ iL l 10L MO } "o'crt" , 1:,0: ;'L1 l:L .ol,-H ~y"l~ 

'hi E'.'"IIi,' rn". f1~un' 9.7 Ipm"",", ;n ,\, 0\ 

t1~,,," ~.X Iloru",,,," Inll'icmcnlilliun of L:n,i~"cJ Bin,,,, Mu ITirii'''ion 
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~T" I<1' 

j 
~, . • M ... Muillplkll ... 
Q ... Muh;pIi • • 
C"".I .. n 

,,, 
Qi'"' I? 

h', 

I(', A ~ A"M' 

~ ~hin ri;:hl ('. A . Q C_,w _ t: ..... , _ I ~ 

'" <f.~'" I>~U ") 1' ...... ,," 
h. \ . 0 

"Ie' and (~~ fe,ul( i, ~t",ctl in Ihe ,\ '~8isl~'. w,lh lhe (' ton u>ctl ro, ,,"c,flooo 
TIl,'1l all of Ih~ hih of Ibc (. A. IHld 0 'C!!"I Cr< a'~ sh'hed \" Ih e "~h1 one hll, \(I 

lhal Ihe r "" s-oc' 11110 ,\. . A" ~,>e' inl" Q, ,ond Q" ,~I"" I r 0 .. " (0. Ilitn no 
~d<.lll'un j , ",,'for"'~<.I. )U'I Ihe . h,h I his p • ....,c.' is rcpc31etl fo, c~c" bil of tIr. 
"n~'nal mull'l'hc, The ""ul(ing -<II-h,( p",<.Iucll. ronl;,,,,,'<.1 ,n Ihe A .n<.l Q 'CP~ 
lC'-i, A iI",,·d' a' l of lh e "l'cr~l i"",, ,h..,,,n '" rijl.u'~ 9,'), and"" ex,""'p,"" ~"'" 
in I-,~ure 9.1!b. I"olc lh"l Un Ibe ,",cun<.l qd~ _ ",he ll Ihe n'ull'l' h~. b,l ,,0. lhc~ i, 
nn a,jd 0p,wduon, 

T,.-", C"'''plcmcnl M ,"Iiplio n;"" 

We h,,'e!ICCn lh'lI ,""klllion and ~Ublrdd"", can he l'e,(o,mc<.l un nUml~"_ 
h")' C<. .... l'icnlem nOlall"" by If~al "'~ Ihen> ", un';gDc" ulIcgcn.. ( "n.ide. 

~CJ 

. """ 
LJC 

If tht'''' "umi>cl'! are <on"d~rcJ to be u", ,~ncd mtt'S'-"_ 'h'"n ".~ •• ~ add,nl9 
(ill' i ) )JIm 1 ((ill I ) 10 ~d 12 (11 00). ", lw,," '''''' I'k '''t'''' 1TI1 C~C", w~ are "'kl"', 
- 1(IOOljh),'(OUlljl"llcl ~(IIHO), 



LO! 

~ LOI 
O:I):IO~ 1 

O;O~, ;O:O 

0: 10. 1:0 
01 -C;1 0 :· 0 
).0 ; 0 . 1 1 

l: llx l ~' 

l:ll~ O ,2 

l(':l~l~ ~ 

I L l 1 , ~ ' 

tl~lW' ~. I O \\"I1,p)'o."o" of Two l.n"~1><J 
4 II" In,,,,,,,,, hd.Jmg and ~·U" R,",,,iI 

lloro.lun~lcl}·. 11,,, ~'mrlc Io< h, n'" ,,',11 nol ,,'or~ ror muillph",,"on. I" "'" 
Ih" c<"""k , apin FigUf~ 9.7. We mulliplied 11 (1011) t>y I ,' (IIUII,,, ~Cl 14) 
(1!~_)1111). II we inlcrpfel ' hc~ a\ , .. ", ~",,,"plcl1l~"1 numOC ... "" h.we -5 (1011) 
1 "1\C~ J fl11l!) c4u" b - 113 (WOOl III) . ' I hi' example d""")"'1fal~' 1hat ,(mig!>' 
f(""'ard mu ltlpliedl ion ,,·,11 nol w'lrk if 1><>lh the mull ip llc" '".! an J mul1ipl ier "r~ "eg_ 
.1 ".~. In ract, il ",·ill n<}1 "'or k If ", Iiler 11> " "'U II ip lica"U "" Ihe "'" 11 il' li ~r ;~ nega!; .... , 
'1'" Ju,,,fy 111; , st"kmc" t, ,,·c nc~<J \() g" h"ck ]() Figu, ~ ~,7 "nd e'piam "hat;, bc;!1~ 
don", In l~r11l' "r "P'" a,ioll' ",nh I"''''c,", "r 2, Roca li lhal ""Y .""isncoJ bin"!), "u",· 
Ioc., ~an be exp.c....,oJ "~" ~u", "r 110"'''''' or 1. Tit"". 

1101 I 2 '+ 1 )( 1' - O)( I ' t l l' 
2 ' 2 ' ~ 1 

I'u. 111<: •. Ihe mu ll iplie"lIun "r " 1',n.lIy numl>o;, 1>)' 2" is >C('Qft11)I"hcoJ I>~ 'h ihing Ifl", 
nun ' locr ,,, 'he lef,,, h,ts. W"h lh" m ""nd. Figufe 9,W,ec:",' l'igUfC <),7 h) "",ke 
'he ~c " e r"'Ill" of partial p""IL"'1' h) ' ",,,it iplic"!ion nl' h(' it , Il,e on ly d,ffe rence in 
Hgu.c '1. 111 i, lhal il ,ecug""',"' Iii:" Ihe p'1I1 i" 1 proJUCts ,h" ul,1 he .. ie .. '~oJ as 2,,- ~i1 
numl>i:n gcn~r" ' cu rro", 'he ,,·bi' nlul"l'ilL""U, 

'''u" a_"" un'ign~d in'~Jc" 'h" 4-bi' muhil'lican,1 lIlll is "O'L-.J in .n ,s·" .l 
",,,d as ilX(HOII . Eaeh p'II" " 1''''',Ju~. (mher lhan . h~. for 2'" (,(III,,,,> 01 .hi, num· 
i>c, , h,fted .o .he left. "'Ih Ihe ulI()('(:"PoetI """'to"S Oil .he n~hl rolled \l i.h "leW' 

( e,~ . a 'h,ft '0 'he lell ol ." ... pI3c~, YlCld, 001011(0). 
'"w we c~n dem",," no. e .h~ . ".aighlfo",'ud muh'l)ileal,on ""II nl)[ "'Ofk if 

.he ",ult'plicand i, nC8~.i.c, I he probkm" ,hal each Cl'nrnh,.h O" of .he ncp.~· 

",c ",,,It 'pliea"J a, a 1''''1 i.1 PIt><l"Ci "'",. be a n "gati'~ ",,," I,,, , on a 2n-l>i! t'iclJ: 
.i1 ~ "~ 11 hi" "f .he partial proJ U"" 111,,<1 IlI,e up, Th i, i, dc",o""l<ltcJ m j' igur" 9.1', 

I :0 1 '" I :0 1 , " ~~ I , :,) .30~_ ! '" 
0;0~1t-')J I~O_ , " I: LI :'~I (- i; , , ! - 7) 

O'OlijO:O 1 :0_ , , l_I ~~~.O , , , , 
" , 

O;OIlO~ 1 (27 :, 1:,10_ 1 (-H) 

'" U,"'~".," 'oIlC,." (hi T .. "" <,,"~,I,""-'nt ",,<,0" 

.'~"f. Y. II (""'p'" .. " .. (Of \1",1,(,1" " " '" of I n"~ , ,,-'J . ,-.3 r '~", ( " lllriolllCn\ !tIlC~I·" 

-
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"h,eh .11"", lhal muIUl,b",uI<'" 01 1001 by IKII I If 11, e,", a,e "ca'C.!~' IIOs,p><d 
,"lege". lhe ",ull'rhc~I"," ,,( <) 3 - 27 1''')o.'cc''' .. mf'I~· 1 1()",~,"cr. 'f 1001" 
interp,eled ,,, Ihe lwos co",p l c"'~"1 ,'. Iu e -7. Ihen ~;iCh p,nial p' ..... lu c! mu,1 bo: 
" n ~g" ''''C 11'''11' w"' pie","n ' """,I"" of 2" I ~ J 1>,1\ , '" , 11<", n on Fi~"fe ~. II~ , Nut. 
Ih.1 Ihi. ,I a~c"mpl"hed h~' paddin g "ul c.d, J'"rli,,1 produ~1 to lh~ Ich ",i" 
bina,)' h. 

I I lhe mult,plie, ill nC!:"I,,·c .• u d.ghlforv.a,d n"ilUI,11C31 ion 31", "'Il n ..... "OIl 
I he TC''''''' Ii lhat Ihc bu, .. 1 lhe muhif'lie, no I"n~e, cor""!,,,nd II, lhe ,hdb '" 
",uh ,pl ... ~ .. ",n. Ihal mu,tlak( pliK'C. hIT ,,~aml'k. I"" ~,b'l d<"Cimal n"mlle, -1. 
"Ti!lcn IIlJI '" lwos rompkn,e"l. II "c .imply look p .• tliall"OOUC!> "',"eJ 0" .ocb 
hit 1""'1"",. "C w"uld h'''" !he r,)llowi ng C"fI~'I"""l~''''c: 

1101 .... (l x 2' 2'~ox2'+-lx2"J - \2 ' 2 t 'J 

In fad. ",hal II <k-.ir,"<l i. (2' t'). <;0 Ihis mu lurl",rca",,'" be u...;d dOl etll! on Ibe 
maTlne. we ha"e been ok.(Tlb"'lI. 

· I' h~.e arc a num"". of "';'V~ vul of ,hi, dolemOt •. O ne wuultl I>c IV C"B'rn 
bolh ,"ulup l,e r "nd mulliplica,,,) h' po:>iti,'e numl>-.:r<. I>c . lmm lhe m"!!'plll'al"",
"",1 lb~u !a~ c Ih e Iw,-", ""mpkmc nt oj' th e .e", ll ,r :",d onl)' if 'he "!l" "f th e Iwo 
origina l """,I",,, J,lfcreJ , I"'pk",enkr> ha,'e l"dcrrcJ 10 u,;c leeh"i~uc, Ih.l 00 
no' '"'Iu,rc ,h" fi"al l,an,fo''''"l",n .Iep, On~ of lhe tn,o<! con,mOn " r these i. 
""" ,h's al~(>lI!hm Thi. ah''''''ltm al'" ha" 'he hendil of ,pecJ,ng up 'he "lulhpJ;, 
calion I"OCC'>~ . clah,,, '0 8 m" rC ~1 .mghl f"T"'·"T d arrroaCh. 

B(lI)lh', .I~u"lh'" "Jcj)lClc tl TT' hgu.e '1. 12 ~"J c .. " be J c..-,it>cJ a, f,~I""J. 
A, !>cl",e, Ihe multiplier am) muh'l,licanJ a,e pl .• cctl on Ih~ ° and ~I re~"I.'\ 
.. ~,p<" I"·cly I hcre i' " I,,, a l_h" r"gi 'l~' pl" ced I ()~i.:al l y"'> Ihe "gh, of !he te"" "t 
"ilican l h'l (0,,) "I ' he 0 "·g»le. "",I de'"i(n,,,,'d 0 ,' 11< U'C" c'p l" incd ,h<>n l" 
'Inc ,~>u ll ' "f the muitipli,"I;"" ... ill .'Pf,e. , in 1 hc A :",d 0 't·giSl"". A ,,,,,lOaf< 
mi,uh,..:J 10 IJ A, bef".e. c< ,nlrullugic ""an' 'he .. ,I, "f 11..- n",I"III"" ,,,'C "I • I,,,,, 
:-'0,,"'. B' e",h"" " t~3mincJ. the h" ,,, TL. " 1111 '" abo c . anHnc,J If lhe ''''0 h,to ... 
Ihc $am~ (I I '" O-tl). Ihen all of ' he J",~ of Ih~ 1\. I..}. 8".1 0 ,regi"cn."", milled 
'" lhe ,,!:hl 1 hil If ' he '''1' hI!. J,flc', Ih~n Ihe mullll,h,'an,J is ;"Ide<l lo or ""[>. 

ITacled f")m Ih~ A Teg"l eo. dCI",n,hn~ on ,,'hel"e, Ihe 1"'0 b'l' Me ()"'I 0' 1..(1. Fo>J. 
lo,.. in g lhe .,dJ,I I"" or ,"!>tIl"""", Ihc ,, ~ ht , hift (JoCI''''' . I" ei the, ca,e. th e fight 
,hift i, ,,,d , lhal lh,' lellmo,' hi' "f A. n"mel~' A, J' ",,1 only is , hift "d i"l" " , 
.. "I .1,,, r~ma i ", in A. Th" " rcquired 1<> p",,,,('\'c Ihc 'i~" of lh~ uum!>cr on A 
anti 0 It i, kno,,'n 11> an anlh,ncii<-olTifl. l><."Cau>c II I"""""'~'" lite <t.¢n .. " 

1"!!Tl'" '1.13 ,1Kw. .. ' he ""''1ucncc of ~"cm' in U(~,. h·, :.Igorilhm rl" lhe mull;' 
rhca"'~' (>( 7 by J, Mo", """'1,",,'11)'. ' he ",me 01"" """" .. depicled on "'!lure '1.14-
'1 he ,c,1 vf h guTe 9. 14 ~,, ~~ <>, her n.,ml'lc, "I the ;.I~o,uhm. A< <~" "" .,.",n. n 
wo,~, w'th ,It')' «>"'»,,'.lioo "I 1'<>',1]\'" and ",'g"livc n"mh"", -";Ole "I,,, Ih., effi· 
ciency of Ihe a lgMithm, Block ~ ,,( I, .~, ()<. are ,~ipl""1 ,,"cr, ... ilh an ']\CTagc of oo ly 
onc .Jdil ",n 0' ,uh""o,i"" ref' l'I,,,.:k, 

Why <loc, Il""lh', al~o, 'lltm w,,,k" C"",,,kr fi,,, 'he C3", of a J'OO""'c ",Ill· 
' i['lier In I'," l",uld'" co,,,,<lcr aI''''''''" TUull irlier C<"'",l ll'g of OflC "10,,1 01 I; ..... ,. 
wundeJ 1»' (l< (for e.ampk. IOU 1110) A, ""C In ..... mull ir hea""" can"" a<it,c-N 
by odd'TIg ~I'f''''f'"a'cly .hilre<l t"","' or ,h~ n,uIt Tphe;'nd 
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.,~".t ~. I : 1I,"~h"' A I~(J,-;I h", t", r,,"~ ("'""1'1<"'"''' 
\\" III 1'1 ' 0;01 "'" 

M X (!ooll 1 10) " M X (2' t 2' + 2' I 2') 
M X(16+81~ 2) 

.. M x 30 

r + z"" '+ 

M X (0001 t t 10) \1 X (2' - 2') 
.. :-.{ X (31 1) 
- \ l x30 

(9.1) 



• 

'" C UAI'IHl Q I U)MPl.--r l'll "\O.ll1 l~lnlL 

, , 0 , , 
0') to.; 0"11 0 G _ 1 ) r,-;'_ial va.u'" 

1:01 :0. 1 , :LJ • e • , ! ri,~t 
11·;0 H(' , 'II: fh.:fl cy<':. 

! 5~"'''''<I 
.LeO 0.00 , 0: 1 J 3h i~, oycl .. 

0;0. ~ I :0 ,I _ I • - • "! 
-1,- ,<l 

• 
0: 10 ."' • :1.1 ~h.Cn 

~,. 

! Fou, , 
: 0: 1 v_OI • . , Shl~' cydo 

I';1t'I'" 9.13 h omp'" 0( lIo<~b ·. Alr""' hm (7 . " 
So the J"oJUCI ""It be gencral~J b)' one ildd,li on ,mJ " li e suolr"di"" " I Inc muhi
I'hcand. -. hi, ",heme ext,'nu. to a n}' lIumber "f hi""", or I. ,n 3 muh'l,hcr. i"",,",
m!l the ca...: '" ,,-hich a "ngl~ 1 j , IreaICl! '" a block 

M x (OI11101O) .. \1 X (2"- 2'+ t' 
. \ 1 )«(2' 2' 1 2'· 

2' t 2') 
"~I 

IlOOlh', "I ~o"' h", confo, ,,,' It, ,hi. sch.me 1')- pe , ro"'''n ~ ~ .ubu uclI"" "he. W 
f"'1 1 uf the block "~"':"unl c ,cd 11 II) " "d an add ;t, ,,,, wh en the c' no "/ 111< \'h:<l 
;! ~"wu"'cred (n J) . 

. , 
¢Q: 1 

I.lllO;' 
0; '·:0: 
%:1.1 
:O:lOW: 

: 0: I 

.l!.;Jl 
;0:0011_ 
:QOCO:O 
111 'Q 

1 I:IDli 

'" " " " I ;;: ) 

: . 1 
, ;; _ 1 

'<)1-71'«\'-' ~I, 

0: 1 
~lCI 

HI. I::~L 
O~O:II 

1-lQ_, 1 
1l:0_01~ 

1 ,-.; 1 

_L 1 . 
O:'CO;IU 
I L 1:'Ol 
::0:-11_ 
:OO~O_OI 

(.; ) 

'" " ,-
: ::: I! 

. . 
:-1 

"' (21 : 
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To . how . ha •• he ""mc " b .. m .. wo.k. for ~ ncIV""" mui llplie., we ne~.,j h ' 
ol:>:;.c,, ~ I" e folio" >n~, LeI X be: a nega' ;"e numl>c . '" ... ", wnlro1cmem nOI"" "" 

Hcp~""nl~II"n of X ~ 11<, oX, , •••• ,,',J 

x - 2'." 1' .. xl""" x ~"', " , "' . I IT x2 )1 (~"x2"i 19,~) 

1"11~ r<:ao.Icr",," \crify Ih" hy ~1'I'I)i"g Ih .. ~Igoril h>n lu Ihe numbc", in 'Iabk 9,2. 
I he leflm,,"1 hoI " f.\' I~ I bcC3U": X is n~gal"'C_ I\~'umc Ihal Ih,' kfl",~ 0 .. 

,n lloe A I" posilion. Thu._ X I~ of I he f"rrn 

Rel'rnoo lll alion "r.'( 1111 .. 10." ", r, ' ,J 

2"+2'" 2' " I (x, ,X2' ') - .. , I (\'"x2''} (9,(') 

2""+2' " 

-2"+2"12"1 I 2' I 2' ' , 1'1.1) 

x _ 2' Cr, xl' ' )+ . ! «"xt') (~ ,~ J 

A! 10,,1 .. c C3n .elUfO 10 Uoolh', algori! hm KcnlCrl1 bcrin~ lhe '-'::1"""""(3110n 
0' X II-'luahOn (9.~)1 , il .. dcar IhM all " r Ihe hi .. ' rom ,. " up I" lhe Idlm""'l 0 ar~ 
h"",ned p.ope.ly. Meau,,", Ihe)' I"od....., all of Ihe Ic.n,_, '" I; quallon (9.8) bUI 
( 2' ') ,,,,d Ihu, aTe 111 lll e 1""1"" fo ' m. A, Ihe " lg""I1,,,, ",.ns o"c, lhe 1c"mO,1 0 
,,,,,I encoutllers Ihe ""xl I (2' "j. a I "[" .mll'"'' occu r_ "n,1 a ,uM,aCI,,'" lale , 
\,I.K:~ ( 2' ' ). This is Ihe rc ma""t1~ Ie..,,, in Equ,rion (",~) 

A, an CX!lOll'le, ron~ide, (he mulhplicall"" ohom.: multIplicand by ( -6), 
In IWQI complement '''pre",n''l",n. us;ng an "il word , (- 6) " represenled u 
11111010. 6y Equahon (9 .), .. e Loo"·lhat 

- ,,.. -l'+2"+2"2' ~2' ~2' 

... 1"eh Ihe ,eadeT can e~i")' "c, ify. -I"IIus, 

1>1 )( (111111)11))" M x (-2' + 2'. 2' ~ 2' , 2' + 2') 
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lJSln~ Eq uatIon (9.7). 

M X (11111010) M X ( -2 ' + 2') 

wb",h Ihtc rea<kr CM ~efl(Y i!. ,lill \ 1 Y ( 6), I'jRaIl~'- (<>110"" "& (Iijr t ., I;", Ii .... 
..,I ,eaw,.,ng, 

M l( (fllllmO) " M l( ( -2'" 2: ~ 2') 

\\e can.U . hal Bomh', ~Igo ... hm ~""f"rn" w . h,s , .. ,heme_ I . I"'l fomu a 8ub"". 
1,0" .. hen .he fiN I l«nCQUnlc'cJ (I~). ;.11 "dtI,l;on .. hen (01) IS c' '''ounle,ed. 0DiI 
(", ally a nolilel' ,uba a'lioll when th e t]"1 I 0/ the n" XI hluek..,f),,, ~ n counl .m:l 
I hu;. 1I' ~l1h' l a lg..." it hm lle.!",m; fc",~, "dditiom and , ,,~tr'C IL'"'' Ih"" " nl Qf~ 
' . r"'glufu .... aro .Ig.,mlh", 

Ill";.i..,,, 

n,,'",]on i, ,()T11c wh"t m,"c w mrle- thell\ mlli lipli c" ti'>n hul " ha""d 0" th e !-lm, 

Fller.1 prillc.ple,. A, ~f(),". Ihe ha"1 (u, Ihe a l~ .. -,,;\hm;< the 1':tllCr·a nJ,~ncll 
apl',ooch. and . he ope,al '''A .n'ol'es rcl"'hl;'c shlfl"'~ ami ".kh hon vI' 'U~I,aCIlOOl-

h~u. c 9. 15 ,h""-,, an ","~mplc of lhe long d,,''''')11 of un"I:'.(J h,n~ry iOle~ .. ~ 
II IS In'lrU(II"c 10 d~sc"l>;.; lhc 1'''''''''' in detai!. firll. Ihe hi{, ollho di,iocnd ... 
exa min ed fro'" left lo "~ 10l. until II,,· ", I M hit , c~.""'n " J rcr' c'oC Il1 '" numoer 
~r<:" lcr Ihan 0' equal I" Ihe d.";",,, th,, ' s. referred t" a, Ihe 0.1",,,,, bi:;~g .hle ~ 
d,,-;de 'he number (in"llh,. c>'cnl "ttu ..... us ,Ole plact:d In Ih" qUO" ",,1 (rom I.~ 
I .. "~ht. When the e~ .. nl I:C'Un.. a I IS rl:occd "' . h~ quollent ~nd Ihe d" ''''' is lUI>
lra.-ted f,om I h ~ ranial J"l\knd, 'l lI e ,",uit is referred 10"' a 1"''''''/ "m~i~okr, 
'-rom 1111 , 1'\1i111 on. Ihe d l\'isio n f" llow~ ,i c}d iC 1"'lInn. ,\1 " ach c,'de. adJ,I '"",,1 
hll' from Ihc d"·,J,,nd arc ;ll'p.;nJe.J lO the parli,l r~n," i n d er un lll lhc , c,uit i, 
g.eale, Ihan "re<jijal {o {he J"isor, A, hd<.>re. Ihe 0.1",,,,, ; •• uhl'lICu,d f, ...... 'hI! 
oijmbc, I" prodijce a ne'" p.arnal rcm~",dr r Illc P"lCI;:", eon"nUC' Unl ol ail ihe boll 
of Ik d",dcnJ Me uhau'led 

1)1,·1 "," _ •• __ • !.Ii,io.l.nol 

/ 00: :::!1 
• 001111 ... . tial 



()o,.'i<1~ in Q 
Krnoai"d« in ,\ 

n~urc '1.16 >h",",» ",,,,,hm .. aigullthm 'hal "O,' c'rond, 10 the long .. 1i~iSlon 
I"~ ' I he d"ioo' i. pl<>eed in lh~ M '"8''''''' Ihe d""knd In Ihe Q ' ''8,<le •. Al 
cadI "cl'. 'he A and 0 '~g"Lc'" l<>g.'h~r are .h,hc<.i In the lef. I to.,. M;, , obtraded 
fro", A h.> dcl~"'H"C .... heth ... A <livide. the 1""'1.1 'e,Mln.,!",,' If It does. Ihen 0. 
~Cl! ~ 1 hll. Olhe',,"',>< .. 0." g~I' a 0 h" and M """.the :,dLkJ b"ck to ,\ 10 TC,I<~"C the 
prevj,,,,, ,·"Iuc. The ro onl i, lh~n ciencmemcd. LInd Ihe l'n.":"" c",, 'mue_ for" ""I", 
At Ih e cnd, lhe '1'",loe111 j, in the 0. regi.'er ~" J ,he (e"winder i, In the A ,eg;" el. 

Th, i . ..... ,,""' .. ,~ u ... ",oJ .. 0<1'<' .... A « .... " ,h .. '''I"''~' ' t..",,,,,,..., ,,' ,he .. «I' _,,,",", 1M, 
" .... ,.. .. vc "".10 

• 



>I,' < lI .. rtU<. I ( :O\lI'VH:R ... ... n liMfl .. 

Thi s P"'''''''' can , ,,·,11, ",,,n~ J iffocull). he ,"I""u<>U 10 neg"!"'" numt>cT'\.IIr, 
~ i"e here one "ppm",,!. f'JI I",,,, compkment numl",rs. Severa I uamplc' 01 the. 
approach Kre .. hown in h au,,, '} .1 7. '[ he algor;thm can tic sumrnariaJ a. foil"", 

,. Load the <,I""",. on" .. tbe ~t .eglSle , andlhe d.",J,cnd imo Ihe A o '<Ji"'rs. 
The d,,,,Jc,,J m\l,1 he U l"",,,"d ". ~ 211· hi l IwO" comrkm,'''l n"ml>o;>. Th", 
for e ~anlplc. Ihe ~· bit 01 \ I I>cC'Hnc~ (IO:~KIl I t . arl,j I (Xil I>cc<.)mc, I I t 1100:, 

L Shih A. 0 kft I bll p .. ,'1ion. 

, Q \I ..... 111 , Q M ~ 11"1 

n~o: ~11_ Im".I.,.I ... O~C~ 0111 to,,,al ,':I", 

I 00:0 I.H· >hif' ;Q~O L' 'h,I' 
~ 1: l ,""",,.<, .10: ~ 
; () ~O , ) 0 ''',u,,: u'; 0: < < .... ,', .. , 

I Q:O. llO: >h", O~'~l ll';O </o,f, 
1.10 .... 1>1""" ~ I _ 0 ~ 

CO:l L~(' - :0:)1 .1 : ",~ 

I :·01 : ~ :o ,non Ii'~ 1 _ l: 0:; "'It, 
O:G: "'"''''''' 0:00 ~ 
Q:ul 1-,0 _ <00 " Q: .. ;o 1(·-;1 o<' Q , .1 

0(" 'I O~H •• 11[' ;O~l .OH ,'" 
~L~ ,.1.,,,,-'1 _1I'~ ~ 

; 0 ~: co 0 "",>re o~o ~;l; IT" .... 

i.IOW,I, , " , l7Llj_ " , Q " 00" , Q " ~IIOI , 
_LI lO~l In" ... I,->l"" ~lL • co- Inn"I,.I .. 

le L : 'llQ , I .. " L1 L ": 1 ~ ,)"Ii 
0:' 1 . :oJJ Q;'IQ ,.,h""",, 
1.11 0:1: -,~ 11_1 00_0 ,-

LO 01-:0 ,hiI' 1 1 ~ : 10'~ "',[, 
: 0:· I ." :lcQ~ ,.i-on-.""1 
Hl: ; 1 ~O "",,'" < 1 :- O _ O~ "" I,,.. 

1.00 1 ;0: .,' II ;0 10:0 .~; f' 
11:1 ~ :1.1 '"~ 
~1.1 I~: 1 ""Q,,~ 1 ~1I1 0' • ~Q ., 
11 1. :0,0 \~,It Ll 0: ) . >lo ll! 
O:L ~ 0: 1 0 ""~1i"" 
1.11 Q: 1 ~ "'"~ 1l:1 ~O:O .'"" 

t.-J 1 7", 1. ,d) , ,. " 
fl~ •• ~"17 b ,n'I,Ie< ,>1 1'",-" ( -"" 'I"""""n, I)" C"'''' 
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... lbc prcC<!tlmg opel.'ion is ~""""",ful ,f Ihc "In or A "'hc ""me hefot" anti 
~fler I .... Opel~I' ..... _ 

a. I f Ihe opel.IIOI' .. successful 01 A _ 0. .hen ,,"I 0" .... 1. 

1>, If . hc ''I'''I1''oon;. un,ucre!i,(ul anti A"" O. Ihtn <0:1 0" .... 0 anti re,tore Ihe 
I' ,e' ")I,, 'alu" of A_ 

S. Hepc;,1 ~'cpo 2 I hrou~h 4", man)' "m". ~s Ihere arc "It "",il;om, in O. 
6. rhe ,e",~",lIer is in A If Ihc "g'" uf Ihe <I" ,sur ~ "III1"',lIcnrl "'eTC the ,,,",c. 

Ihen I he 4u'Hicnl i< in 0: othe, \\',,,-,, Ihe .... rrcci 'I u,)licni " the Iwo" wlllple· 
111""1 "r 0, 

I he rc~dc, ",II IIok from I'igure Y.17 tn,,1 ( 7) (1) and (7) 1 3 11',,,,1\1,-'; 
ditlercnl rcnwinJu;. n,is is hee,u.., thc ,,,,,,,,,"M.-,, Jcr."ctl h)' 

"he.e 

D--'QX~'IH 

D p till ,Jentl 
Q - qUot,~", 

V tI'~'''''r 
H ~ rem,nn,le. 

9.4 FLOATING_POINT REPRESENTATION 

Pr; "cil'l ('~ 

Wiln a rlJied'l'<lml nOlalion (e .g __ I",,,,, Ct'\I'l'kmenq;1 "I~""hlc I .. represC III • 
range of jkJ>1I,,·c ~nJ negal"'c intege.s cente,ed on il. III' ns;w","J1. a fi~ed binar}' 01 
rail" 1'<IInt, In", f". m~1 allo,,", Ihe rCI'.,..., nra tton of "umt>e~ wil h a fracliOllal ron,· 
pone"" as .. -ell 

Th" apl'road, has l,m'laItOn •. V~'Y la.ge numhc, . ~ann'" t....el',."..,,,lect .,," 
nn "c' Y .m~1I r''''' ' ,on •. !'" .. hermon:. Ihe rrar,oonal pan (Of lhe qllOl icIII in a d,,-,· 
""n of '"'' I,"~c num be .... <v"Jd be 1'-"". 

rQI dec"n,,1 numb" .. , 0" " ~el~ 3",,,"1111,,, '"",uII,,," hI' u"n~ sc;e rt "fic 
"01"11,-,,,. '11,,, ,, 1176.IX(l,OOO,OOO.OOO cart be ' q >fC,",,"'CIi '" 9.76 x 10", and 
O,fMU.~~~.)())r~1\I7f> ".n bc ,cp'cscnlcll ". ~.7b x 10 ' Wh~1 we h~H lIone. III 
effect, i, J)'IIami."lIy 10 , ]ide the tkel",,,1 I~'"'' I()" CO" ,'c"ient ","",t,,,,, ""d 11", the 
n p()t\cnt of III 10 keep track of Ihat Jec imal pOIIII, I I, i, all"", a )at\g~ "I wry large 
,on" "cry ,,,, ,, II "'J",ber, 10 he .epresen ted with on ly II few digit<, 

"l"h" 'a,,,,' " I'Proi,c h ,'.n b.: taken wllh ~it\ J(ry "umlrc", We ";on .cpre"",,t " 
numhe, ,n Ih e (,, '''' 

:'"S )( U ' 
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s" .... 
" l nol;''''''' 

",-;·"'~~~c~""""':==='·T·'==========" '~"'''''===========i I I II, ..... ~'...- S,pif"' • 

.. ,1',."", 

, I OlOJ U " , 1:(" :(., I 'l'l :~1 ~Q'C'Q:N'on~~rQ , Da_l~ , l' , , ,:U;OI , , •• • .~~~(-o:, .~I :O·I.OKQ :OO:(;<);U;; Q; , .6]~.;S , , 
1. .O I;~O • , " ~l~ t-l: ', l 10_ ~O .. I u : O ~( 0'; ~o : o.)" u) :' • , 6 , " ' ,,> • , 

-1.1~ . QO: l , " 
, , 

" 
, ' ~lCI , I ;lO : vl "oa:Q');'O:OO:O!'~O • , U6 1.\ • , 

11". numt..:. C~ n toe ,(u, cd II, a bi .. ".~ "u,t! ",(h Ih.cc fickh 

• ~,g ": plu , or """,,' 
• Sitnifkand S 
• l:'p,,"en, I , 

l'1lc b~.., Il i, ,mpl""1 ~ .. d ''''W ",,1 be Sh,red Ioe~"u"' '' "lhe ."mc fo, " II number< 
T~"",ally." i. a",u .. ",<1 lhal Ihe ,ad .. 1'0;nl i. 10 lhc TI~hl of (he leflm ...... or-.. 
,i~ "'flCa .. l. bll of Ihe "~n ;ric" .. <J, Th" , ". Ihe"" " one 1>11 10 Ihe 'dl of Il>e .~d" 1""01 

J he I" "\~'I'le, .. ",d ,n 'cl'rc,~n' '''Il '"""'" ilNlIl1l!l-p<);"1 numb;; ,-, arc btl: 
npl."ned ''''h dB e.,"",p(." I ' Il"re 'II/!;> .ho"'" a 1~'p"'''1 J2-bll nool; .. ~."oiR( /"" 
ma' I'hc lc/(mo', b" ,11"., Ihe 'i~n "r Ihe numl"" (0 ' l\o)\;l i,,". 1 - n"xah"cj, '!lit 
"~P'\.n~nl uluc i>~,,,,.cd i .. Ihe ncxl ~ bi t-, Il,e ,cpre"':"'. "Ol1 " ,..;J" kMwn ... 
10;"" .. 01 ,,,p''''''R,a,'''.' ,\ fi.tcd 'al"". c;.l1 • ...t Ihe b",,;.. ;. ~uh"' ... lcJ Iwm ' he (ltld '" 
gd Ille Iru~ "'peone,,' ,,,lu •. I )' p.ea llv, 'he 1>" .. e'l"als (2" I), .... he' .. k "Ilot 
",,,,,ho::ro/ 1>11 > in III,' hin"y ,'x Ix,"",, \. In 'h" casc. ' 11 0 ~·h;' f,dJ )' ,dJi lh e nun> 
be" 0 IhwuSh 2~~. W,lh a toM' ur 127, (he true ",pone .. 1 ,'alu,,~ .,'e ,n l!>crant< 

ITlII> ~12~ I" Ih., e"ample. 'he b;,,,,,, a» .. ",eJ 10 be 2, 
'hhle 9,2 , h",.', Ihe bi",~d rcpTc,,'I I"I;"" for ~ I'll i"'q:"r>. N", c Ih,,1 ,,"lit 

'hc bo" of 3 I>insc.l rcp'c,",nla"Ofl aTe Ireated as un"g" .. <1 ,"legen, Ihe rd,lI,e ""'~ 
mwd., of Ihe ,"umbe,.., J" ,"ul . hanlle. lor CU"'I)k III ool h 1>, .• ",,<1 a"J un.i~ 
rcr r"''''''''" li"," " the la,.~c't ",,,,,hc,,~ III1 and ' h ~ ,m"lkq "LJ"'''''' i, ro)). 11", ~ 
.. ul Irue <If "'gn'ma~nll "de • ., ("OS ,,"mpklllc,"1 ,C)"e:;.: nl ,,""n A .. ad'Mlag' 01 
1>,",,: ,1 ' cpr">-eh'alion IS Ih"l ~o,,"c~al"e fk"'ton~ ' po"'l numbc",,'an he 11 •• 10'11.01 
;nl~~cfS for ,,, ""pariw" purl''''''''. 

1 he /i .... l pol1,"n of ' h" ",ord (2) hilS in Ihl> ea",) i, Ihe ' ;",ifi .... 'd. al", C-/ollool 
Ihe "',m"';''';' . 

,\ " y n""I"'g-l'ollllnuml)C, can I", cxprc,,,,,d in n"",y way •. 
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The following ar~ cquj,'alem , where th,' ~ignili~"nd is exprcs<rtd on hinary fwm' 

0.I 1O x2' 
l1Ox2' 
O.O!lQ x 2" 

T" ,implo fy operat io,", on fl oati ng-poi nt number<, it i, lypi"" ll y rcqu,rc'J that the)' 
be normalized, A "orm~ li '/~d num"'" is oT1~ on wh,d, the most , ignifica nt d igit of 
Ihe 'igllific"nJ i, n"n'~m . h" ba>e 2 ,~p,e'''ntal ion, a normalized numbc, i, lh~r~· 
forc ()[\e in which th e mo, ! significant bit of Ihe ' ignifi ,anJ" o n ~, A> was men
Ijoned, th e t)'pical con\'ention is thai the're i, one h'l 10 IIw Idt of the rad ix point, 
Thus." norm alv."J non,cm THJ mt><;,,, on" 11\ the form 

~ Lhhh "b X 2 A c 

whcre b i, dlhcc \>lOary digil (I) or 1)_ Because Ihe moS! sign ifi cant bil "" Iw," y, on~. 
" is un"~L~''''r)' to ,t(}fC th i' hit : ,athol. il i" implicil , Thu" Ih~ 2~ ·hit rield i, "sed 
(o slore a 24-bit.igttilicand with a "aillc in the h"t f open i"t"""III. 2), Given a num
ber th"t is nol norm" li r.cJ. Ihe nllml>~r TTWy he r",,".alilCd by shifting the raJi" r"int 
tu th~ rrght of [hc' left""" t I b it and adjmting Ihe exponent "",m,J iTl gly_ 

F; gUl C 9. I ~b gives SO me ex. mrle. of nUl11t'<", '{(>rcd in I h" tot mat. Note (h~ 
tollo"'ing katuros: 

• The , ig" IS >lmM in the first bit uf 1 he wurJ. 
• Th~ lir" bit "I the tlLlC ' igmfic"nJ "al,,")'> I and need nol 1>" 'IOr~d III (he 

"gmlic""J fici d. 
• Thc \'Jluc 127 is aJJc<1 tu Ihc tr ll e C 'l~lIlcnt [() I)C , {oreJ in (h,' exponen l fi ~ l d, 

Wil h I his ruprc,,-,nlal ion. H~n"; ~_l <j ",d i cat~' {hc' range of numlxr, thai """ 
l>o; rc rrC'C ll l~J in " J2.hrl word, t Ising t"· ,,, compkmenl in lcgn r~!,Tu,cn(ation . a ll 
of {he int,'g"" from -2" to 2" - I ca n be r~prcscn l cd, for a Int ol of 2" d ifferent 
number .. With Ih~ ~Hmpk ~""1 in g'T'"",t r"rlTl"t of Figure 9, I ~, the following rang~' 

ot· nurn bcr> "T~ f",,,i htc 

• ;-,rcg~l i "e numbers bdwc~n (2 : " ) X 2 '" anJ - 2 ' '0 

• Po,it;,·c nurn lx" bClwet" 2 1.-' anJ (2 - 2 . ' ) X 2" 

Fi"c region, on Ihc ""mbcT l in~ arC "ill i"eludeJ in (h",,, '"nges: 

• .'<egativ" numboer> less Ih"n (2 2 ' -') X 2'''', c,lIed " c~" {i .'c o~crllo", 

• "~g,,'iw nurnbcr. gTcawr than 2 ., called u~~ative "nd<' rllo", 

• u'ro 
• I''''r'''~ nu",I", ,, Ie" II,,,,, 2 "'_ c"lied po,iti,," ,,,'dcrllo", 
• POSili"~ numlx" greater than (2 2 '-'j x 2' ''. called r>osi {i "~ owrllow 
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T he rc l" c", ,, ,,,, <1m as l', es.entco.l ""II no l a'C(I",,,,,,,I.,I C " v;,I u.' of O. I lowe,'er . 
;is we , hall ~c. actual fi o" ,i ng-point fCprt'WT1t :Hio", ind uJc" ' r<'ciall>il pa ll~rn 10 
J c, ignlOt c 'C f O_ C)" crTl()w OCCIl" when art " " ,hll'Cli e opcr"l;on 1\:,,,11> In " m.gr,, · 
Tude ~rc" \ "r II, "" ~" n t>c c 'pre" cti "il h "n expone nt uf 12~ (" .g .. 2 " X 2 "'" ~ 2"'"1-
I '00.:,11<,,, ,"''Curl> "hcn the frac!ional magni tud., ,,100 """ II (e.f\. . 2 ". x 2 ." - 2 "''). 
, 'n,k,no,",' il. leu ... riou. proble m hc~au'-C the ,c. ull elUl gcncr"lIy t>c "" "r. e
(oril~ al'1""''''M' • ..J hy U. 

II i. imp" n anl 10 n<Me Iha. "'C are noI rcprc..:nl " 'lt tIlote ind" i<l ual va lue. wOI h 
nrollng_pomt QOlalion n ", ma~ im"m nun,,,,,,, or dIfferent .alut. thaI can be rep
re""nled wllh ~2 h", " ~hll 2" Who , Yo'" h3' ~ done 1$ to ' prc;"] Iho • ., "umhe", out 
In '" 0 " "'lte," one l"", u'-e :and one n~~ar" c, 

AI",). "" Ie that the numbe .. . ~prc"" nl c,1 '" fh1lins-poinl no tatio n arc no t 
'f"'oxd evcnlv along ' he .. umtoer IIne,~. arc fixe" ·"".m " " mtoe1'- -I b e I" ",,,bk ,-al · 
u~' ~CI cit""". '<>ge lhc' nc~. Ihe U" glll and fa. , I>c. ~p.~" a~ )'I>U ",,,,,, ~".,,~' a •• how" 
In "'gu.e 9.2\), -r hi, '" on-c ofthe trade .. ,f/. of fTv;,tmg-I''''"1 ""Ih: \lany cakul:o"<}n ~ 
pr<>J uce re.o1" th"t '"''' nol ex"CI 'lnd h:l H t" I>c ",,, ndl.'<I l<} the n ~"rc" ":l lue tha' 
I he n(>i"I'Ul1 " ,, " rCp'nc ll l. 

In Ihe I)'pc M fO ,m ot l dcpicted in Fi ~mc 'I.1x. Ihe,.,, ;s, Hadc -off b;)tw~C t1 

ra t1 ~'1! a nd preti'; on The c",mpk , how, ~ hil' dC"01C d w th e c'ponem an d 2.' 10 
Ih e , ignifici, nd. If we inc"'"", Ihc nUIIII"" of h its HI Ihe c'p<}ncnl. wc " ' pand Ihe 
•• n~e or e'llIc·", ,"lc num~ ... . [jU I becau,," otll), ,, fI, ,,d lIulI,!>cr of di fkrcm ,·al ue. 
"an I>c exprc,-<cd . Yoe h .. .., redured Ihc dcn,il)' ,,( 1I""e lIum""" and I herefore Ih. 
1'1«",,<>n. I'he o nly"",)' '" inerea-e b.,Ih ,ante ~nd pr~(i"on to HI " '" 01"''' h.b ... 
-I hu •. 01 ... 1 c~ "" pUle'" " (fe,, al 1~3'1. '"Igle'prccl<'on numb ... r< ~nd d"uhle_plec;,ion 
nl""he .. . I " . e\aIllI,le. a .i"I'Le-pr",;"io n fo r",al ",I~hl "" .12 h",. and a double -
prt:<: ... ,)n forma. M toi.,-

So Ih",'e i~, IIade·.,ff he,wCO'n Ihe """,be l (If h,.~.n 'he '"I'Onenl and Ih~ 
n .. ","'" of hll. III Ihe ;rgnificaod But il i. c,'en n,, " e """I' hc~ led Ihan Ihal 'Ibe 
""phc'" rn.,., of Ihe uponool need not l>c 2. Thc 1 1l~1 SI39t) ~.ehilecl urc. 'v. C>a'D' 
pie. u..." " 1>"", " r 161 A ~ I l H,7hl_ '1 h~ .-",mal '''''SIS'S of II 7_1>'1 "pone"1 3nd 3 24-
bit ~i ~tlIn catlil. 

111 lli e IUM h....e_16 f" ' mat , 

1),nOI!)))! )( 2 ""' .. (l J IUlOOOI >< 16 'UI 

a nd the c~pimen l is ~'orcd 10 rcprf1t!nt' l alher Ih~" 2iJ. 
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The ad""l1a~c of u"ng a 13r$cr ..... l""'cn. " lha' a I:'~a.", rang~ ~a" be , .. 11 .. ,-..1 
10' 'he "' ,,'" numher 01 c' ponenl hn •. UUl remembe,.,, ~ h,,,"e ,,,.1 in<:r~a...,Jl"" 
numlx-r of Jif(cr~m "aluc, lhal can he "'I',.., ... nico.l Th"" (or a h.c-..l (","", .t .• Io'l" 
c<po"cnl N..: 1"""'" ~, calcr r~n~e ~"hc Uf'CnK of k ... I'I"I--.;,,,on 

IEEE S.andard for U;"3ry Flo 3t;"J.:-Po;nj R q.rc.enl ,I1 ;"" 

l"h~ r"')"Il ""1""1:rnl rh'l ,n~'I""''' rCI'. cscn'alio" '" ddine,l rn IEI'I S.anll.ltd~.\.l 
!lLE~~~I, I'hi, ,1""0.1,,,,1 "as d ~" doP<'d j(> f."i liuM the I'",Whdll y 01 "'''l'ra'''' 
f,om '~IC procc""",r 10 ",,,>I he, and 10 c,>C\",ral!c lite dc'ck'l'menl or ""I>IIr.l(oQn«l. 
""m",..:;oll)" " ncnlcd r.~."rn._ I he , .""da.d h~. ""~n " .. Id~ ad"l,.ed and .. ",.,; 
,m "irtu"")' "II ""Uk"'I"''''')' 1'''"",<'''0'' "OlJ "r ithmetic cuptoce~",,'" 

Illc lE U ' . landorJ .ldin .. ." both a .ll·bil ",,!Ie "nd a M hu double f","'l 
I h g\lfC <),21 ), .... "h ~·h'l _,,,d I I h'l cXI'"" cnlO. ""f'CC1" dy, The ""plrc-d 00'" ~ 2. Lr. 
,,,!Jrtion. the ,"n,l"rJ Jelinc' 1 'h, c, lcnd i; J r"rmaI S. >lngk anJ dc>ub lc. "'11(\'" ., ... , 
fo,mal """pl~me". ation Uef'Cndcm, The ~\le"dcJ (om,"," include addrl t<lIlll br" 
in lhc ~'I)(",cn ' (c~lcnJcJ r~"ge) and "llhc ",~n,rlC;",d (C~lcnJ.'" r,..,~"'''n)_ The 
".,ended Im"'"1> :lfe to h;; u,-<d (or l ntcr",~J i nt~ " "Ic"I ~ to"r\'. Wil h the" lI'eaw 
,lrec;"IOn . • h~ ~\lC,,<k-d f",m3" Ie,,,,," lhc <han", ,,( a 1i",,1 ,e.ull Ib,I1 h., t-.:cn __ 
laminalcd hl' cxc.,.,,," rounJoff c, ror, w,lh . herr veater r ~".c, ,het ~bo Ie""" 1110 
c h""c~ of;rn "'t c rm~J , aIC o,"c rflow a l",rtmg " cu mp ulat"''' .... h"' e ,esult ",ould 
I",.-e ""en ttl'",,,,,ntablc lit a ba"e formal An add rl ional nk)li'al,on for li,e .i!lli: 
c.,cnJcJ (onnal ".hal 01 afrom, "'me ,,( Ihe ""ncl1b "f a dout>le fOnnal ""'hood 
i ,tcu"'n ~ Ih~ l,, " e 1"'""llV ", u~ lI y ""'''' i''lcJ " ,1 10 h'glla prc,,>ton I "blo y" ,um
"'a'u", I he charJCl~II", i<:"» " r lhe tour (",mtll>.. 

"UI all hI! I",n~rn< ,n . he ILEE ("rma" arc mlCrl',etc.J "' Ih .... u.u.l ... } 
in"~"'1. ""mc hrl r"lt~"' ~ orc ",cd 10 I'"pre",n' "p;:ci"l l'a l "~, , T~ hl" ~A ,nJoc"", 
lhc ,'aluc~ a..si~ncd 10 "all,,,,' brt r'''t~'n., The e", ,,me c'I"',,ell! ,,,Iuc" of all .. ,," 
(0) and ~II on~' (25~ in "" ~k- formal.l().I7 m doul>lc (om,al) <k:11" c 'f"-'CIal 'al",,~ 
Illc rollo"'in~ ,' I,,,sc, oj' 'lUnlbc," ~rc "'I" ~"""1"d 

" 
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11 ....... ' 

1' ... ...... , Si .. " ,.. ~;"';" bl,·d." ')0,,,, ... n ... b .. t ".,....,. 

"',,,J ~ .. III'. I ,,,'\ " " .. ·N 

I"ro""'''' ~"II~ ",,, , , 
" " " bj~""~' ... ~, "7 "",",,,",,J " ;;' , ",,-,,fic-" 

~I"H""" "'1''"'"' '~7 • I(O~' ,,,', 1"_"" 
M",,",.", <>1"'"'<'" " "",1 !(~: ,<W 
" .... "', ,_ ,,-, lit) ,,, ", "," \ 'a,,,, '(' 'I<d In' , W" !in'l'-""r ><d 
.... n"~"'" ."lIh ("", ,' " " " ·M 

'"n"~" ~I .'I",n<n" '" \I" ....... ,r,," - , "'I"""",j 

'"""'<"~ II ... , •• " , "'" I"" ,r ~ d I "'f'«"~-.,j 

~"""'" "I ",",~ I.'" 00 \ ,»,,,,;r~-.J , IN <2 ' l. "",",,,,, •. J 

,,, ' .~," , ". ", . , • . , 1<1 

• I'M ~'I"lnC'" ,alues ,n Ihe '~n~~ 01 I IIIIuugh 2' .. 1 for 'H'~ I~ format ~nd I 
'''",ugh 2().1(, for do"lol~ f""m"., ",,,mali,.-,j n<.mfcr" Ik"''''!!-'poin\ numlocl'i 
arc rep.t"'oCntcd. The c'I"-'"cnt is " iased. '" ,h., .h~ range of c'ponenl> " 

Ill> throu!(h +127 for s,ngle r"nn~1 ~mJ -1022 . hr\lu~h 102l. A norm"l· 
,,,ell l1umlrr "'qui .... a I h,. 'u .h~ 1.-11 of Ih~ hlllar) 1"-"'''. II", hi. is ""pl,e,1 
¥"'IIlg a" . fkni,c 24-1101 ,'" ~.l-hOl 'ignificand (e~llcd Ineh .. n in I he 'l~nll.",V 

• An "'l~'''elll 01 '"N IO~Clh~r "'Ih ~ I,aclion 01 (cm I'ep''',,",'''< J"Y'ili'~ ' " 
"c~al i 'c I~ro, d"l'''n<lm~ "" Iil e "gil bil . ,\, """ "'cnl l"",-d. il" ,j,dul I.) haw 
:on e,,,c l \'"I" ~ of II 'Cl"""' JlI ~ J 

• An "xponcnl nf all 0" "' h')(cliler ",il h " Ir:tel" '" .,( ,eru h'p,"><:n l, I""i l, ,,
<I' nc~,"i'~ infi!lll~. dq"'''d'''~ <In \h~ ",'" h,,-!! .. abo u",fu l lo have a '''I'' 
,,,,,,,nl.,,,". of "'fi"il~' Th" Ie,,,,,. ,I u.' 10 Ih" u'<'r 10 demle "he.her 10 Irc~1 

",",flo" as an errOf """",,'"'' '" 10 ca,,~ .h" 'aluc ' .nllproceed ,,'i.h whal · 
e.er prol'mm" i>conl' c,,,,,ulcd 

• An e,p""' ''' 01 ,ero h'\tc.iocr VI,.h d nOl"""" f""" '"'' rop,e""n" a dcn"ml~l
lie" "umlrr. In thi' ea",. Ihe bil.o .he len .. I Ihe ",na,), I""nl ",aO and .he 
I rue "'Ix,,"enl is 126 0' 1022. The. numb," L' ",,,,n,,'", ," n<'V.'" e depend. 
"'~ "n . iI " sign hi . 

• ,\ n "' IX",,, "I of a ll II n," 1,,~c' iI " r "'" iI " "" " /-,, , 0 f, " "" " " ")(' Y~" Ihc' "al uc N,, " , 
"Ind, ",ca", N"I " iV/III,/'n. and" ,,<Cd I(} , ignal \'a,i"", e,,'cill ion condilio" ', 
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I ,,!ole 'I,' >u",,,,a,i,", th~ 1>;",,, '~"""I""" lor flo-",on~ 1"'"'' 0" 'lhmelir, Fill .dd,· 
I, ,,,, ~,\<I , ,, h,,",·I;on. il " necc",,,ry t" en,,, ,, ,h,H " .. Ill ()f'",,,nd, h ",,~ {h~ ,,,me 
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Ihe n.."" "'~-po,m ro, mal ,ndude, an i", pli~il ,;!:,,;ficdnd hOI . hd' hn "msl be made 
ex"Ii,-u rur 'he operalion. 

I'h_' . : Z~<" .... , .... . llccau.~ oil.II."," ,,"J ~u"u"'cl l"n are id"nl ieal",u,pl 
fm ".ij:n ch",,~e.l he "«Ott,, t>;,~"" h) d,angj n ~ U,e "ll" ,,[ 'he whlr~hcnd if II" 
.1 ,uhl r,"," opcration. "ex!. if ell her "pc f,md is O. Ihe <J,hol " ",w,,'"<1 'os , h" fe,,, II, 

I'h .. c Z: S i ~nifi .. ~"d ~ lj~ I"" c lIl . I he nex, ph"'" j, '0 ",,,n ipul.tlc the "um!>,,, 
, .. Ih"'lho two c"p""cTlh ;"C c,!u:" 

1"0 5« 1he nee d for align,"" uponenl$. COhSlOC' Ihe (,,1101' IIIIl d<:cimal ad .. hlion; 

( In)< It!') + (~56 x 10 ) 

Clearly. "'0 cannol jUf>\ add Ihe $.!>mroc:ands. The dlgns ", ,,,,1 iiI>.. he $e' "" 0 
C<lui~",c", po'iiliQII~. I h~1 ;1. the" or Ih" ><:rond numbe r "'01, be aligned v."h tht 
3 Ilf .he Ii,..". Under the,", "",ldnio ... , Ihe 110'0 c 'I'0" ... m, ""lib<: "'1ua'. whicll;, 
th~ nl"thcmahcal condition ""dcr ",hieh \,..0 number, ;" th;' loml ca ll be .ddcd 
l'h ul, 

(123)( 111') - (4$6)( II) ' ) (123)( at') ... (4 ,~6 >( III 'J 11756 X 111' 

A II!!"",enl may be ~chlc' ed b,' ,hifl",g ellhL'T Ihe >n'all~' numl><". 10 Ihe .i):lll 
( II"" U''''I: ilS e '[>OII .. III ) or >h'hlll!: I h~ 13'~'" num"", 1" Ihe left. tl;;;caw;e ell hel 
o]l»la""n '''''Y ,,,,,,,II in the I"", "I dlltll .... il i, Ihe ,mallcr nUlnher I h~l " .h.(led; an, 
<I11t'" Ihal Mc I •• " 3'C I he.don: "f «'I'II",I~' ,nooll "~nlllcan,e, 1 h<' alignmenl .. 
;ldIlO'C<l II)' .cl"'"Ic..JI,. ,hlflln~ Ihe ma~niluJe I"'" I " ,,' "f Il1e '1~"'fi,'""<I lighl I digil 
an J '''''' el" cnllng Ihe ex p"men l Lml ll I he I \\i" O'""LI C"I, al C ~q u,'1 (Nol" Ih al if the 
ImP],"J ha-.c i, l ~,,, , !l ill uf 1 J'~ II "" , !lifl of 4 I>ll s,) Ilt/1 i\ P""'"" 'c,uit, IlL a II 
,,,Iue fll' Iht' >;guili,aml, Ihc'n Ihe " Ihe, numhe,,, 'q~"I ClI 'I' 'lo t' result , 'Ih,, ', if 
I""'" mlln l",,, haH e 'I,,,,,,'n!, Ihal dlfre , ;ign if,ea nlly, the Ic>"" numhe'" 10'1 

I'~" .. J: ,\ddi li,,~ , "c,1 Ihe 1,." "jtIIl fieand. arC addeJ logdhel_ lal "'I' ",h. 
ac,'ouni lh"i, •• gll-.... B,-,c"u, .. , the "1'" moy d,rk,. I he . esult n •• y Ix 0_ The,c i< 31", 
Ih" IIO",iblhly of Slgnlf""md "H In"" h} I <Iigil [f Ol,_ Ihe .. ~",f ocand of Ihe ,,,,ull i. 
ShIfted Jllthl and Ihe ul"",,,m "mcrcn",m<>d. A" u[I,,"elli "'e,n"" coukl """". 
a< ~ r,,>u ll Ih" .... ",,1<1 t>c rc[lOr1cd ,,,d Ihe Of'C,"lion hailed 

I·h~,... 4: l'or-m~limli"n. fhe final ph,,,e "(0"""10,-,,, Ihe ,",uk I'o'cor", "lozall,," 
,'<>11" ,1, " f ,l\il'1in& , ign ifk."d 'h~'I' Id l tmlillhe ",,-,,I ';~"'f",al\l '1i~il (hit, '" ~ hit , 
IOf I""~· I ~ " 'r"ncnl) i< n",!le l", I', ;<, h ,hlh cau"" II dec",' ", c,,1 of Ih" C<1~H"; nl 
" '1<! 11m> could ca"," :in eX I",,, c n I undcrtlow_ h ":i ll y, 'he '''>lIlt mu,1 I>< fOunded "If 
,,,,d 'hen r"[IO'lcd, Vi" d"k, " <l i",,,,, iun of fOund i n ~ ""I Ii "fk, " d ;",,,,,;on .,r mul· 
1rphc;l,,"n ;on,1 di, i,ion 

l\1uh il, licM;on a nd Oi>' jsion 

110.111111 ... ·[IOInl m"lu[llicalio" ""d d .. ","" arc much ~""I'lcr I' '''';':s"",,,, Ihan add.l" ", 
~nd .uhtr ""lIo n, a. the 1"11",, [1''- d,,,,,,,,,,," ,",I'''''Ic.,;. 

We fim eonside r nn,1t ,pli,'IIilOn, illuMroled '" I "~II"') ~,2.1, !~f'1. if c il h or 
open,nJ" {I, II i< re[l<'rt "J a, I" C ,c,,,11 TIl<' ,,",1 . Iel' " I" "JJ Ih , '''I~'',"nl ', If 
Ih ~ "~ r<",,'n1< ,ire , lore" ,, ' h,."c J f" ' I1\ , Ih e "'I" "'C!11 ,,1t11 \N()" IJ haVe' d"uh lcd 

, 
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Jill \llA 1,,'Ul ~ I r:OM''lJll:1t. AIlI n I \H:"Tl C 

(\ llI.:rWU) 

,,, ~ ,., 
X .. O~ \' .. O~ .. ""' ...... 

Y .. ,,, 
, ,, , 

Subl.....c ~ia!l 

1I£I1II1S 
t:.puno.' ,- ..... 
",...n ... ! O,...n." 

,,, 

.:,P< .... ~, ,,, .. ,.,., 
""""/'" "",Iorl\o" 

" 
\h,'I~) 

.. 1V'1I1 ....... 

I ,.,"",11.., 

II"" ... llI:n " ' 

, j~ .... '.!J 11",,110, ' \"01 Muillphc""'" (Z<- X " 

" , 
\C ~ia,_ Ill,,, . Ih" hi,,, ", I,,~ ,"",1 he ,ubmK'~" I""" ,he ,UIll. The' 'c·,uit ,,,,u IJ h< 

ilber 3" e'l",ncol ",ern"" Of undcrn"" "'hid ",,,,,ltl ~e rep"rted. endin g ,I>< 
, I~,,'i\hlll 

If ,be n l'"ncn' "f I"" r ' od .. ,,' " " il hm Ihe 1""1"" .an~~, ,be nc" "el' i. IL' 
' '''"r1y . he >'~IrlCl'On'.h. •. Illng ,,>10 acroun' Ihelr .. ~n._ The muh'I,li"a'i"" " 1"'" 
rllled in Ihe !kOnl<' ... ~) ~s [01 inl~~el"S- ." Ih .. ca~e ... e are d~alin!l " .. Ih • \',Q' 

, 
'" '"!l""ud~ ,cr'~""'''\''''''''' hUI . he ddJ,I, arC ,,""I., I ... 110«' (Of ,w" •• n""r-IcmtDl " 
" 'prc.,;,;:.".I ,O". The 1''''<1"", .. ,II he dOflblc .he k"~lh of Ihe muh'I,he. and nl"lI~ 
,. hcal\J_ '(lie ex\[" \>,1, .. ,II he 1<><, durin" r,)\j"<l,"~ 

-
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Ar'e! the prO<lucl i, c"lculawd. the !esuli is th~n nonm lizcd and ,oun,kd.;o, 
was done l(}, aJJiljon and >ubtraClion, N(}tc thaI nOfm~lilalion c~"jld rei-uti in ~XI~l' 

ncnl unde,flow 
1-o""tI)'. lUI'" cu",,,le r Ibe flow"""'1 f"r di""i"" J"pic1c'J in Figure Y,24, 

Again. Ihe' iirsl ,tq' " t~qing for O. If Ihe' J i\j"j[ is 0, .on erro, fopml i, i,,"<:J . or 
th e f.-,u lt ;, ;d 10 inhnit}', dcp'-'nJ ing on I be imp lementat ion, i\ Ji"i(kn<i of I) r~'u l h 

in 0, Nc" . Ih~ d(v;,,,, ~'p,," cnl is 'uhtr"Cl~tI fro m <I , ~ tliVtJenJ expe"'''''', 'l'hi' 
r,'",<we, Ih~ h,,,,. whlC h Tllu,1 he "JJ~J hack in. Test' "'CO then m"d~ for eX!'><lncnt 
u ndeftlow or ovcrtlow, 

'" '" Snblnlct X DO? I' ,. 8? 

e~p"'O<"" 

\ ' .. h" 

z .... • Z ... ." Add bias 

( RlTt:R" 
K<p<>[It'nl I ' e> Il<p<>rt 
m-eri1o,."! "V<'rI1o,,' 

'" 
~e',"' ''on' '" It"!,,,,l 

"'krl~ """orllm.' 

'" 
DhHJe 

,i~nl1k."dl; 

j 
~o .. ",oI;" 

j 
I '0000 ~tTt:It' 

. 
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The 0,,'1 >kp" In ,h,-,de Ihe "gn,fi ... ;tmb. T~,,;, f<>I1",..~d WII~ Ih.' usual '101-
.""lif.a t,,,,, :, mJ rou ndin!:_ 

fO r .. ..-i .;.,,, COllsidcr .. t;a ,u 

CoM"'" lIit, 

We men ll(),,~d lita\. pr io, 10 a flU"1I!'g_p,,,nl 0l"""" ' ()". lite c' l'lJIlc nt and ~i-
nifieand,~ """h "P"mnd atc ~Jad~J ,a\o ,\UJ r~gj'lc",. In Ih c~ ;, '<! of the "gnif~ 
cando the Lc"~lh of the .c~i>tcr to .It""", al"" al" Il,eatcr 'h~n Ihc len!"h of lht 
"~nific~nd rlu. ~n lInplled I>,i The , eglslc r conl 'IIlS aoJ .. hli",,~I I>II ~ . called ,,,,rd 
1>\1-. ",hi~h lote u",d II) pad oul Ihc rillhl end or Ihe ~'I'.",ficand "'-lih I'" 

• The rcMon for thl) uO<) of guard N1S;S illum.led In Figure 9.25. C<;)<l$ilkr 
numbt'$ in tht: rEEl: formal, which hu ~ l-l-bit ti~n;rlC.Dd. induJmll an imr li<.! I 
I billl) the left of the I)"Uf}' poin1 T"o numbers 11111 are ,-cry d~ III .... 1~ 3rt I X - , 00 00 X 2' '"" - '" " xI'," " " m,"" "Om",,,,,.", w. 
1,""led f,ol]1 Iht large •. it ml"t!J<, sh, fte d r'i~1 I bit II) align Ihe "')looenll. Inil 
i •• ho .. n in F'llure 9,15 •. In Ihc p'('JCes'. Y \osc) I hll of l ipllfic.n<:e' Ihe ",wi!" I 
2 '-. I he same operal ,on II repealed on part b " ,, " III<: add,l ion of guard I:>i!>. 
N"" Ihe Ica~t .ignlrOCllnl hOI ,I n01 IOSI due 10 ahgnmcnl. &nd Ihe rCiuil '" 2 ".~ 
.!irrc r~ncc ()f 3 (,.."or of 2 fron, lbe p«"'oous ~n."c r Wh~n Ihe radix is 16. lhe 
lusl of l'rcru.ion ell" !J<, irea!c •. A~ h8ures 9.2~ anJ 0.1 Miow, Ihe d;(fcr~nlX .. n I 
!J<, • faclor of 16-

M,,"ndi,,~ 

A""lilcr tid",1 th'lI arkc1' the IU C<: I';on of th ~ rc, ,, lt "the ru ",,,jl1lg pol",), 
I II" ' e,,,lt of "n)' Ol,,-,'''t;'''' on the , ; ~''' Ii " ", d; i, gClocr. II}' slore.! ito • longer .egil· 
Ie, When 111,- ,,,",,iI i, 1'''' had in". Ihe nooling_","'" (0.m31. Ihe c xlr. b". m~jl 
!J<, 0.1;'1"""0.1 of, 

• , (0 l . . " 
, • • 10:010 • ", , • ", , , 
" .' . Ol'"f"'-P · ," --

" - 0.0;0 . . .. , .. , .. , 0 :(o~~ 1 • " , 0:'0. , ;{) • 2 ." 100;0,1 " 
, .. 

'oJ II; ... )· ' ''.,rlc ... ,;,,,, .. 1 P"onj """ "" 1"' ......... .-,",,1 ."011'10. ",·" n, ,,., r"W "'" 

• , .000. , 
I ' ''·O~ " " • I ~OO'IJ 0<: . " -, " 

, L. , .O~~ • • , or,rF" ,,:; .. 
• ,O~O . , " 10: 0 .. • • -:C 'o o ::, o ~ " .. " , :O~. .M OO~O • , " ~c··~ <)<lO 00 • ,,-

1M II,,,",} <urnplo. " .... 1".-.1 ~,,> Id) I"' ........ " .... ~umrl<, .. , ... ,_on! h'" 

. I~H" 9.2~ 11,. ( I", or (,Ud ,d II" , 

l 
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A numhcr of te~hnL'1 Lle, 10,,,,," h<'e n explored for pcrformi n ~ "'UIlJ11I~ III fact. 
Ihe I H ,I.' ,I "nd" rJ I i,[, f""1 "Itt" nati,'t' Jrpro"h~" 

• HOlllld {o llearl',I: The r~"'11 " TO "mJe.! to 'he ncart',t f<'rr~":n' ahle "LJ11I1"'1 
• Houod 1"" ,' .. <1 + "" Th<' ,,,,ult i, rounded "p to"·,,,d plus ,nfini[~' , 

• KOlllld lo"ard ~ "': The T~",I' i, rounded dowr1 to,,"ard negal iv~ i nfim[~' 

• H<Jullll 1<,"'3nll1: Tire ,,,,u lt i, fOundeJ loward {~f(' 

L.,t uscon,iuc, ~ac h uf I h ~," l''' li c i ~, 0\ tu"," ]{onnd 10 ",'arest i, 'he def"ult 
TO,mding m,~k li,'ctl '" 'h~ ,t,mJard and L, Jdin~J as fuil""·,, IllC 'q>Je"'lllable 
v;rILle r,,".,~,t (0 I h ~ infirtiteil' prcci<c re,ult 'h,,11 ~~ ,kllycreJ: if 'he t,,·o nc""",t 
rcprt';clllark "o lu <', ate c'lu~ ll l' nc"" 'he onc w,lh 'h lea<t ' ignitic"", bil II ,1",11 
t>e deli',",ell 

If tlo~ ~xtra b,,~, bqot\d the 13 bits that can 00 >1<"..,<.1, ore 10010, then the 
extra ~its amount to more than one-h"lf uf ,h~ 1.,,{ repre;cntable bit posit;,,m. In 
this ca:!C, the rorr~ct an,wer '" '" add hmar} I to thc I"'t repre:!Cntabk 1m, "'.H.d· 
illg up '0 the lle't repres;o,,{able nwnber. Now <"oo'idor thaI the ewa bit; arc 
Olll !. In this case, the extra hit$ amouOl tv Ie's th"~ (Jn~.h~l f of th~ last renrc, 
",mabie bi' posilion, Til<: CQrTod ,m,wcr is ,impl;' !(J drop thc extra hit, (t,~""atc). 
",hieh ha~ the effcct or rounding (!,)wn !o th" n~xt repre:!Cnt"OIc number. 

The , tonJorJ ,,]so add,c"c' Ihc 'peci,,1 Ca, ,, of extra bits "f I h ~ r" "l! 
l{O:)(), , , 1 krc the rc",11 j, ~"O<"!I~' )",Ifw,,)" I,,'.t,,·ocn th~ No p"'"ihic rqlfc,,,nl"blc 
,,,h,~," O ne l",,,,])le {~cI,n i q"l' ht're ,,"ould be 1(1 "b.v"y, I'unc"k, a, {h i, "'"uIJ be 
the , im l'le,t (~)Creti" ," II ,,"·e,'o ., th e uifficu ll )' "'Ih (hi, "ml'it' approa("h i, Th:ot il 
imroouc<'s a ,mall O\lt cum"l,niw »i", int(), ,c'lucnc~ "r comput"I,on,_ Wh,l1 i, 
rC'l uir"d;,;o n IInbia",u Ill "lhoJ ()f fOunJ irl g, 0,,<, pos,iblc "pp"",eh w()ulJ 1,,-, '0 
rO.Jnd up or Jown on the h",j, of" ,anJoJn "' LlLL IxT ") tll,,1. nn a,'crago.the r~,ult 
would k unl>ia'<'J. The argument "gaL",llh" "1'1'1'O"d." tllal it Jr"" not rroJm"~ 
pr~Jictabk, dcwrm ini st i" r~," II', 'I'll, applo"cll t"ke tl t>\' the IEEI- <t"",L"J L> to 
fo",,' Ihe r",oil tn be c"c"n: If II.e l'",u lt of a eomplltntion i" ~,,,ct l y ILLLJ",,,y hetw~~n 
'''0 rc'l'r""-,nt,,hlc numn..'r<" the v" lu ~ i, f(}ul1ued "l' ,f lI.~ I",{ rq»c,,-'ntabk bit i, 
cut,cntl), 1 and not roun<kJ up if it i, '""Tr,,,' ly li_ 

The "c.,1 two "pti"ns , ",,,,,,Ij"g ;" I'lu" and min'" intinit) . ar" u,du l Ln i ",pl~ · 
nwntil1)\" t'TIo,,,~u,, kTl,m" a, inter-·ol arithmetic. Inl er .. ,1 anll"ndic pfo'·iJ~' an 
dficien! method for monitoring anu ,"on'll'lIing em", ,n tlo,ting-point """ lp"t" . 
,ion, by producing twu .. " ILl~' for "",, 11 1,""LlI. The 'wo ,';d,,~, CO"'_" l,,'nd 10 [he 
lowcr ,,"d 111'1"" ~ndp<> int ' of "" intcr_al that ("ontain' ,h~ 'm" fl"'ol1. The wid th of 
[he LTlten'a!' whICh i, the Jiffcrence t>-'tw;;;;n Ihe Llppe, ""d 10"'0' enJlNi,i1S, ind, · 
c,tc~ the accurocy of the result. 1 f th~ entip"int- ()f on Hlt "r\"a l am nol r"prc",,"'" hk. 
then Ihe inter",,1 ~ndpo in t' "',, 'O LLlt d"J Jow" and up. ""pc<:ti'~ly_ Although the 
,,·j<ll h of I iL~ inle!'" ,,1 [1\",' ,.,,, ,. "ccC1rJing to impleme nt"I'''Tl_ rTt:o "Y algorithm' h~"e 
hct''' Je,igncJ 10 pTodu,,~ narrow intcn'"i<. If th<' ",ngc ~d"e"n the Llpp"r "nJ 
10,,'cc hound, is ,uffic'cnlly nam'w tite'tt a ,ufficieml), ,,,,\IT:ok Te'Lllt ha, been 
obl"itted . II "<JL" I,, "'t we kno,," titi' and can p;:rfOl"m adJ"ionel "nalysi" 
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I h" fi nal \CChn~i<'l~~·i""~':i<1'['~'~««~<!'i<!'§~~i:i~~~;«<i'i<~[:;j~:~~~~ fac!, MIIlPic lrunc;.un" 1 he ,,>lno h'IS me , 
n"l~c I ln"~"c" Ihe ,n.uh 'S Ihal Ihe 
Ihan o<e'luallO lhe, lIn 
l(',O on lhe op"no' ,on. 'I b~ '" a ). ,,10 
I h,~ h,a, "IT"",,, ncry """,allon In, "h,ch Iher. ,Ire n0]17C"" n l ra bu. 

IEEE Standard for Bina ry flo~ rinll· l·oinl Arid,melic 

Il,l':]" 7"4 ~o." 1Ie)"')I"l tite , ,,n plt definition ,,(,' lorTT>;!! 10 lay J,,,.n >I'«in, ~J'" 
, ,,,e, ,,,,J p.oet.-J u. e, ;0 tital fl oal i n ~'I"J i '" al i1 limet i. pmt.!uce, unifor m, pr.dlCtl~ 
.e,,,ll s mderend~m of Ih u hard"",," 1'1:111<11111 . On" a'reci of this h'" "lrei ciy N<1 
u ,,,'u,,,,d. ""mel)' f"'l1lui,,~. 'I'lL" ~ "l' ",e li" n l oo~,;o t IhrC<' <.>Ihu t"p,e" infJn~\ 
N" N,. "nt.! <icno,,,,,IL!cd " .. ",I>cr., 

Inllnil) 

I<Ifin,I)' alllh",elic Os truled ;u lhe hn"I"'~ Cd"" "r rcal afilh"'~li<, "'lib" 
Inflllllr ' al u"," given Ihe lolio"'1Il1t inle'l"elai inll 

_" < lew')' finlle numlle,) < -+x 

\\ Il h Ihe ewept '''" nl lite 'I'".tal ca'lCli d,,,,,,,,-..cd ,,,b"""l,,cJll ly. a,,)' anllll11f1if 
01"'".1 ,,,,, .n,ol, "'g mlloll!~ ri.lo.l, Ihe om JOn.' .e.lIh. 

Fot tum pie, 

S -+(+"') • " S+(-oo) • +, 
5_(1:<) • • (I "') _ (_"') • , . 
S t (-"'J • -. ( -'Xl - ('-"l • -. 
5 - (-"'J .. ( ,) ( -"'J • -. 
5 x (+"'1 • .. (t") - (-"") • .. 

QII,d all<! Sign.li"ll "I~ "1< 

AKaI': i. a '~mbollC enl ;l} e' '''' .... e .. '" Ik>allng-poim fOllllal of .'hoch Ibm
.. ~ I"" 1\'1"''' "pn~hnp an" 'IIIIel A "!n~I"'[{ "at" 'i~n"I' an "'.a .... opcraUOll 
c ..... "I"' .. " "hene,'cr ,I al'P""rli 8S an """,.ant.!. Slj:"~hng ~aN. 81ford .31 .... I .. 
unnuI ;al"cd ,ariabln ami "ril h mclle· "~c cnhan("Cmem. Ihal "'~ no! Ihe ",., .. 
of lhe ,(;>"da,d. ,\ 'Iuicl N"N propagate, Ihroup. 31m"'l n Cl)' amhmcloc ope .. 
I,,,,, ",lit<>,,1 "I'nallllg~" ~xCC I'I,,,n 'labl" 11.11 ond,.:;>I"; "1",'.l1"nl lhal ",II f'I(> 
,",uec a qUlcl NaN 

Nute (hat toolh 1)'1"" of """, h,," e l he 'ame go"oral form :ol (T"~l c 9A): III 
eXpon enl uf "II "nc, "rId " """'.Ch' ("'ChU n 'I he ,1el "a I ,,,, 1'"'(0'" uf Ihe tIOn,('f1J 
It a,'IILl" " implc mentation dCI", nd cnt: (he fr"Lll<.>n ,,, Iuc , can he u""J (0 di,ltn,u!lb 
4u,e( :-"" ", from ,igna li ng ""'1< ""d 1P '1""'il)' particular exception ,-... ",h(MJ~' 

1><:.Ol",oliiA'"d Nu"l11<" ... 

lknot",al""d "tlrnhersarc iIKIU<lc<.I,n II I I 7 ..... In handle "" .... 01 C.,.,. .. I 
"''''''0·110 .... When Ihe e\",,"cnl "r Ihe r">tI1l I>.:cum", 100 small la nega" '''' npo-



9.S / !'LOA Tlli:G.I'OIN r A IU ' "M" L Ir .123 

O"","ion Q.i<l ,'io" I'mdu,,,d h~ 

'"' 1\", "r"'''ioo OJ\ , ~,-"' ILn ~ ~," 

.~,IJ '-" ,""" .", ,I" ."",.,J,. ",b!,.",~", ut in rl" " I,',; 

H _ ) , ,-, 
, 

" ' (.-. 
\ .~ I ,·-l ,-, I ~) 

\l,lllr') ,, ~-

" " [)""~ "n " " , 
R,'n"',,,"" ,1<I::r .. l0 '" _ REM , 
s.,,,,, ru01 \-" wh.:rc, " 

n,n' with [,," l 'iI'~~" "'agrtituJe'). th e result is J ,> normaio/.cd b)' TI)(hl 'hifting the 
fr.,t;'", a"J i "cre"'~ rlting th~ eX I",,,",,1 [or cach '11ilt. LJ nti l 'he nl'''''"''t ""'ith in 
a rqlfc,entahle range. 

Fi gu r~ Y.26 ilh"tr;"" ' he cfl~<:t of 'he addit ion of dcnormali z~J n"Illlx" •.. I'he 
'~l'r'-"'l1t"hlc 11L,,,,h"f' C"11 he )!l'Ouped ,nto inwr\'a" of Ih ~ form 12\ 2" ' I. Within 
tac h suc h jnt~r\'''L the eX I",nenl pon ion oll h ~ nu",l",r fell""", con,tan! while 'he 
Irael ion varie,. producing" unifo,m 'p"ciJl g of repfc,enlahle numb-<1' ",ilh in '"" 

• 
'- ," 

I I • 
'" 2 '" 
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inw,-"al, A, we get ,' loser 10 zero. each .uc'ccssivc inkf\'al is h"lf the width of 1110 
prc"~ding inkr..-al but c(}ftlains the ,,,Ttl\! number of repre'entable numbe", H,,,,,, 
Ihe Jon'it )' or l'opt~",nIH hie nUn! l:>c,-... i"cr~,,"", ;0' we "pproach -'."",. I h,w",''', i 
only no,,,,,,II>.eo1 [luIIlhc" are u,,,d. Iht;r~ i, ~ ~HP I",twccn the ",,"II",t rr""m.lin( 
number and O. In the ca", of the 32-hit I EEL 754 format, the,c are 2" '-Cpr"",""b\: 
nunt!>.;" in c~,h inte,,·"I . "])01 the ,m"t l,',1 r~rr"sent"blc positi"e nllmhcr is 2 "' 
\\ill), tI,,, "Ju i! i, on or d"nomw Ir/."u n "rnl",,,. ,in "old it r"T1~1 2" nLlrnl",,-... ,He uniror"", 
aJdcol bet "ICC" U alld 2 I "', . 

The U'~ "r J,.;])ormali7.col nllmbe'I< is referred t(} as gr" d",,/ J",dath," [COO"~11 
\\i,thout J"norm" li /~d numlxr< , the g"P b~tw~cn Ihe 'ma llc,t r~pre,cnt.N. 

''''t1zero numrn." and ,nO i, muc h ""d~r lila" Ilw gap I",t"'ct"n the ,mall"" rep"" 
...., nt"blc nonuro numhe, and th e ,lext !.tr gel' nu ",rn.'t, Gradual u nJ"rflO\, fill ' io 
th"t gap "nd rc<iuce, the impocl of exponent undertlow to" le,'ci oompar"bk . 'itb 
roundofr am''''g th~ nomwlil~d numlxr<. 

9.6 RECOMMENDED READING AND WEB SITES 

[p ,\ R I1m l i, ,n ",«Ilcnl """'men' "I' e<l"'p'HO' "' ;, Il""' ,e «w"" IIg "II 01 tile l.>piqo in thiI 
ch"l"e, in deta il. [FI.YN lI l [i" 'I<ctul ,Ii",,,,,,,," Ih" jucus« '"' 1"",,><.,1 d« ign "nol im;* 
",cntal ion i"u". F,,, [he ,." in"' ,t"""" "f C<....,l~Ho' Of "h"",,><. , I' e,)' u""lul ,do""",,;; 
the' IWo· "" Ium" [S\V MNll . \'(.1"" .... I ~.", ""grn,lI), pLl!>1 "h e.1 ,n I Y~I and p'"" id", ~') 
P'p<T> (,ome ''Of)' doi'ocult to ,01>"", "th.'''MI 0" "'",put,,, .,i,hmctIC tunda",o",," . VO: 
ume II <ontain , mmo rerunt POI"'''. ,O\'c''' ' ~ tll<",eIIC.1. do"gn. ,nd imrkment"""n "'I""> 
or c-Qrnput<r ar ithroctic. 

Fur noating ['t>int "rithlllcti c. I GOLDQl [ i, we ll nmncd ''''''h" E",-rv C,'mp"'<' s.:,. 
<'n ti« Shou ld Kno" AI,.-,ut n"t ing Point Arilhmetic." Anoth", ",c-elic-nt treatmc" ' o! ,iIt ''-'I'" i, ",",t" in,J in [Kl'lJf%[. "hich "Is" ,'o,'cT> integer ,omf'l'tcr a,i tl1l 1l<tic. 11K !oIJuw· 
i n~ """" ill-Jep,h "e"tment' Hre .1", wurlh"hik ' 10VERUI . E\TNI(I. OBER9)~ 
(lBt,WJ7l •. ~(lDIo%[ 

I~U IW'i'I) d<,nrl><;, Ih< t it>! I l>.~·! SiJW I",-"e""",, to in!cg"tc 'oJ" I ~ ,nd IIoEE 754 
ilo", I "~-I' ,; ," ') "II,," c\ ; (' ill t h<.; '" "'" nOll t i n~ -poi n' u nit 

.;Vt;NOO I'ven. G., 3I1Ul'aul. W, 'On t~e Oo'i~n "I !l'U, C"mph"nt Fk>a"oJ'P"'"' 
I.'m!"" 1f;£E r'~n>""Ii""-' C" ("mp"",.. Mav 20JO 

rLYI'Ol Fl"nn, \1 .• an<l OI><Tman. S, ",h'dlt"<d ("~I"P'''"' Mllh"",'k lJ(>1gn N.~ 
y (orl: Wile)'. 2001 

GUUWl Goldberg. D. "Wh"t E,'ory Computer $cirnti.t Should Kno,,' Abu"t 
Ft<>"ting-P'~n\ ,\rilhmctic." ACM Compwil1~ S""., •. l>broh 1991 A .. n.bIo.1 
hnp~ I" ",,'. va)i<I~h. oom/ 

Kroil"l'9lI Knulh. D. '/1,0 Art~! ("w>r(!ut~r I'",,,,am,"m~. V,;I,m,,): Scm",,,,nm<'ul Ai"",. 
';1''''', ReM,"s. \tA, AddiWl1-\\·"''''')'. !'M!. 

ORIHn7a Ohctn,"n, $ ... "~ H~M, M "llO''l\<l h,UOf lit Uh·"ion .1Id O[h .r Fl<>atw,. 
I't>in, Op<mtj(,,,,," 1£££ T,,,,,_,;'-',,., "" Compl""'. Fot>r""} 1m. 

OR.~R'f7Ir O""r01"O. S .• n<l FI),"". \1. "Di .... \<'" Aig"rithm, #0.1 !mpkm<nt.'i<>U • .- lEU 
T,,,,,,,u'/t<)l" "" C vm""",,. Au~u,! 19<». 

OV[1I01 0,.""". \to ,~'" "",,-;,'#I CQ"'I''''inK "''-In U;1,~' fh",'i"$ l'o;~1 An·,IIm"i. 
l'I"I.dolpl"., l' A, s.oc;.,t} 1m' Inu.''''.11 and Applk<! M.\l.",,,,,,KS. ~fJl 
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r A RIIOU P.rhruni , B, Comp"lrr Arilhm"k: Algowhm' ",,,I II~,J"'"" ()"i8~, Oxford; 
Oxf",J Um"o,,,;ty Pre"" Z():JO: 

SC IIW\>9 Schw.c<. E .. . ad K.J-'!()w;ski, C. "The Si3W 05 FI..,.1ling·!'"inl I.-"M . 1/1.\.1 l,-,I"· 
,,"I of R,,'C"ITh ,,,,d D.,dapm,m. Scp,ombcr.'r;()v<ml",r 1m. (www,j 

S OlJ ~:% "'><k'qu", 1' .. 'od I.«!<er. M, "Are . "oJ PCTf,,,","nc-e Tc> dwff> in Flooting
I'oio' D,v"", . " d Squoro,R(1)l lmplemcntation, ," AC W Comp"'i"~ $ Uf>" Y,' . SOp
loM>c. 19%. 

SlY AIt90 S .. '"",,1,,,,,kr. 1'0 .. e<l. ('Off'I"'I" Arilimwuc, 1'oJ,,,"", I aNd /I 1..0< I\I.mit,,, , CA 
IEEE O>mputer "'''''''')' Pross , 19'1O, 

~
. 

" 

R C<'PTIHT",'",I, J Wol' ~ ,1c 

• IEEE 75-1: The I EEE 7'i~ Q,"':UEll cn" rel ",,-J l"iNi'''''')l~' "n J r' I':'" .nJ " ",dol "" 
"I I",., .eL,,.,,1 '0 ,0 m1HHcr ,," hmd ,e 

~.7 KEY TERJ¥IS, R EVIEW QUESTIONS, AND PROULEMS 

Key Ten ". 

,rilhmetic "oJ log'c un" 
fA Lt;) 

ari,hmotie , h, r .. .. ,~ 
bi"",J ,"pr.'"'nt "t i ~n 
""",)rma li,-"J n~mbcf 

~ i ,',.jC"J 

di"",,< 
uponcnt 
<,!"-,,,<m o"c,tI",,, 
np<>ntnl unacTfI",,' 
fi xed-I>''; nt ,cP'""""' .ti, on 
fl'-""io~-p',;nt r<pre;cnMHm 

Review Questions 

gU' nl!>il> 
minuend 
multiplicand 
mul1 ;pl ie' 
"'g.ti,," u,"cr""w 
negati,,, und<ffl"", 
norVt,h«,U "~mher 
U1><' e<>mplcn><:nl 

r~pTO""n,"I~'" 

''''crt\.", 
po"i.l p",,-IL"'I 
"""toY. "vcd1_ 

1""""" onmtil<)" 

prWLK! 
4",-,,,e,,, 
, a<li. ","n! 
",,,",odo, 

",und;,,~ 
.~n bit 
';gn,fkand 
;i~",fi(;.!>d ,-,,,e ,rl,,,,, 
' ;g"ifiClOnd u"Jerflo", 
"'I!"_""'>goit LJde "'I',"""n tat ion 
iubt> ah<:,,,j 
tw". "'''"plr"",nl 

'cr'"""''''~)(l 

'. 1 Br idh- e,pl;Hn the r .... I(J" "'" ' "1 '1 "":", ,,1"' 11 " ,,~n,""~" " ,,,-,,, ",", "" lllrlcmCIlt. I'oia.«-ci. 
~.l L'I' I" i" how to ,ktcrrni,, " if" ,wIllI",r" ' "~''';''' i" ' he 1<>11""" ''' r reprc""nt.""n>: 

, ; ~,,-""'~ ";, UOC , I ",,' "O 'HI'I;.:",,, ,,, , h",,,,,J 
~,.' WI",, ;, tlK' , i"n·<ox'cn,i"" T U ll- lu r' Iwo> C''''''I'I;.:,,,,, ,, , ,,,,m',,,,, " 

~.~ 11""" C'"" "(JU 1('1111 tlK' neg;(,i ,,,, "I "" "'t,, ~cr '" '''''('' OU ", ,~"nl" rH rop'-""'"'"tLon' 
~.S I" ~C Il CT"I 'crr ,,, , w'h"" ck"" Ih,- 'WO' w''' I,lo',,",, ' , ~ """ """ 'H' an " ,h" in tog". pm 

,1<,," I~ " ""''' ,,,,,·~,,,.r 
9.6 Wh;H" II" J i IIo, cn,,, b<:I"'''''1I the ""_,, '-""'1',""", ,,, "p"""nt",,,., ,.f " numh-r.'. an d 

'h o t "", oomr1,mo"' ,,/ " "um"".-! 
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~.7 If .. " ."0" Z '''''' cumrlcmcn' "~n'I>o,,~' u" .. , ... ~ '"I~!"," for PU'f""oOo'~ .dd!,. 
Iht re,ull" ""rM1 if in'<tr'<I"d .... a ''', .... «,mrk,lI("n' n~mt...r. Th"" .,~ ,rut'" 
moh'rl""I""" \\ h' 

~.11 \\"h..". Ih, f"u, ",""","Ioal d"ment. "I. nu,nhc, ,n t~".,,"g poin' ",,,.Mn' 
'.9 Wh, .. " Ihe I><ndH "t u'm~ l>i"""J "I""",n"""" I", ,h,- <xp",,"n, 1"""""."" 

f),)" in ~ ", '1"1 ,,"on l«,'! 
~.I<I Wh o' " r" ,h. J, II,'re "c<> "m()fi~ I~'" '' '''' "'·e ,ll ,,,... "'F',,"e"1 ""., tI" ",, ",><I , ;,,, IJ 

",no ,"<rll"",' 
~. Il \\,h>1"~ I~< t-.,,,, <",,,,,.,, ,, "r Il,,,"n~ l"""' "d,h l'''H '"~ '"~'''''''Kln' 
9.1: G .... f,'a"", h" Ihe:"", ,,/ ~"."'I h"~ 
'1.1.1 L", rO~f .I'<tft.",,, "".h",h of ,oundm~ 'I .... ,,·,ul, "I a "",,'in~·p .. m' ,,"' .. ,""" 

Problems 

~. I Ano,h"r "'I""",nb""n "I "''''''' in ... ~"" ,h .• ' " ")meHm" cn,""pn' .,"~ .. ..... ... 
pl.:,n ... 1 P'M ". "\l,-~'" .," "-p"",,:nlcd .n IiIC "m< "",. "' "I'" m"lW"oo.., A .,~ 
."" . '""K<" "«r,"""",,,d 1:" '''~'"~ , ~ " 11'''''',,0" t<lm l'icm,,'" <II ""'h "" <!II),; 
""'0_1" " .. I".~ 1""'"'''' "U mi>l'f 
•. I'"" "Ie " ,I", "'" io" of "nO' " ""rlon,, ", """,''',, "' '' 'g , ,..,igh',-J """ ,~ t.~ 

""" I,,, ,,' I,Y""'M'"" W 11," ,1 Wh 
~. \\'h., J> ,~< ,.".e,~ """.1>0 ... ,10:0' <ao i>l' ",,,,e,,,,,,_,,1 on ""'" '~.mrl.:"Ic"" 
<. I)"fin< an ~1,< .. ,'Io,n I", t"'ffann,,,~ .JJ""". '" 0' ''''' romplemen, '"lhlll<"IK 

~.! Add wi.""" ,,, .... hle 9.1 lOT .ig. ""'1\11""'1.: onJ "",", rompl<""'''' 
'J C<>n,kk. ,he t"I~.~ '''I '""",,,"ion.m a .... """ , .. "d, Sian ,""h ,~e Ie"" .. ,n,rlCHl bl. 0,,, .11 .... 18 ,h., a,~ 0 unlll'bc fi", ~"" h·""heJ.nd <''I'' Ih • • 1<0. II.,. Tho "I, 

.he ,·"lnpkm."" ,>/ <""b 1001 ,h<,o"!1,,,. Wh>l .. ,h. ,e",I," 
~.-I I" S<<I."" 9 .1. I"," ,w.". """'l~e,"o". '~"'F""'" " ~d",«t ., lol~"". To r.nd , ........ 

"'Horl,,,,,,", ,,( .1'. ", I " Ih. U,,,,,,'" ,""n'I""'""'" "r<ach i>l, "I x.oo ,I"'n II<IJ 1 
a. s.h"", 'h.u II", 1"1 1, ,,,,n~;,,n " Iui,'.len' <kI ,nn ,, "1. F,,, on" ~i' inle."" ,\ , liI< , ..... .., 

comrle""n' "I .\' "IMond t> ~' " '"" "' ~ .\ ' . ' . n ""';y.n,d i,",~" .",1 ,,,IN!> ,,,,* 
12.. .\1 

b. I)""~,,,,,,",~ I~'" ~,~ur< 9.! c.n I>< .,,"',j ,,, "'1'1'<'" ~"'phi<;l!I)' 'ho <I.,", ,n I"~ ~ 
10)' -II"" ,n~ 1>0,,' a <k,d~',>c """"",...n, ,,-.J 10 ad1;",~ ,uM,ac .. .,,, 

, .5 Find 'he r,~k"'."~ ~,flc",,,,,,,,, u .... ,~,. """'rk""'n' ."I~P1'''C: 
•. • 1110 

-llO;L. 
b. I:O:LO~ 

1;1.10 
c . 1111;0: .1.1. 

noQ "'Q;11 
II. !!:O::O,I 

II OlQ~Q 

..... I, .ho r"IIv",n, ~ ,.I,d "I.",,,,,,,,, d<r.n""", "r ",<I",,,, In rw ..... <,~nr"n"nl onri> 
me'",',' 

11,1", "xo l"".o·OR "r 110e ," ' rIo h." ill'" . IId ,OJ' " I '0" I.."lIn,,,,, ,,~ ""'" 
i, 1. I 0," II,,' ' " " "" ",. "M"" ""'""; <In I),,,,,,, '''''. ,hu" i . "''' 

9.7 c,omr". h~" .. , ~.9 "no 9.11. Wh, i , II", ( I~ ' MI . ... -d in ,h. I",c,' 
~.lI (;" .. n, (IIUI aoo " 1010 in I""" """,pk.'""1 "" .. i_'n (,"" .. X 4. • No cua-

1"'10 Ihe r'.-..tu<11' " ... ilh Il<~~h' alt<,mhm 
' .'1 I'm •• ' hal I"," ... " llIl'h<',II"" 01 "'0" ,j't" ftU"'"",,,' ,ft»a", B V'''''' 1",0<1"" of .. 

"",'" , han z,. Wr,t> 
9. 10 Vcoif. 'he ,.hd". "r ' he Dn"~n<d h,na,y ~" .. ">n AI~on'hm "t hgD" 91~bI 

'h""'n~ ,I><: <1'1" ,",",)Iy,d in eaicu,," .. ,.,; 'ho J" "'"'" de".""d ,n Fi~~'" 9 IS u... 
1>f.',,,",,I.,n ,,"",., to Ih," "I Fi~u, 0 ~. " 

~.II The '''''' """'ricmon' in'e~<, d"'osi,,,, . I ~,,, ,.hll' d""" il",d in "<".,," ~ .. \ " I",,.., 
"' Ihc '"""'''.~ II""h "<.l "", •• "><, Ihe " I". ,n Ihe ,<\ "'~i 'I'" ,,""I I", "."",,~ r .... 
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l<>w,"~ un,u<co,,!ul ' ""traw(," , A ,Ii~hth m"f~ "'mplc, 'rrw,,,,h. !.nown" no,,
Tc't<)ring .• 'oiJ, the unncc<",,,- ,,,h'm,,;.,n ,mo .dJili"n. PWf""<'.n .l~'"i l hrn ror 
I hi> htlcr ' pproach 

9. 12 IlnJer mmpLluf """g'" "'tilmotic. tho ~Llntion' ,1//\ " f two inkg"" ,I anJ K i, k" 
th., n or 04", 1 to ,h,- ",""1 ~ooti'-Ilt. True or 1.1,0'/ 

'. I_l I)"."" 14.\ h} I J ,n ~'"''') '"'''' '-""'I~'nl"nt ",,'" 1M. ""og 12 · ~i l worJ,_ I ;"" the 
a lgo ",hm .10<c"1>,,,1 ,, ' See' i"" ~ .. l_ 

~. I ~ i\"""'" 11"" ,he "_'1"'"'11 ' '' ;,c,,,,,,,, ,"",1 to Ii" H' 11'~ '""~O II < C -' .1, \\- "h. ~,.'. 
vi 'I. th,' rh o 1>,,,, i, O. ,,,,,1110,,, \I" ; ; ~"ih,,","J 0' I' d , ~_ " , i" I ,,,~'h, 

•. What "n' "ll" '"1~"" alld ,Ttl" Ib l 1>0>"i",- ",1"", I h," , '.n be '" ;11 " , ! 
h. WhO! arc the l,,~,-" "oJ ,m,lIe" p'" i",'c ",Iuo> that "'0" Ix: "ri""n .. "uTl",li,,'" 

"".lin" p',in , ""Illl>..'r',' 
9. 1; E,p"" Lh o 1"1 1",,,,"£ il um""" in I FFF _;2_~1l Iln"tin g' I~ 'i nl furm'" 

•. ,\ t. I.' " , 1/1(, 
h. 6 d. -"<4 I. 1 .. '31 

9. 16 Expr", the lo l l"win~ n"mh,,,, III lB \1', 32 h i' fI",'illg 'P'!lIlt fom " I. "hirh """ , 7-
~il "'p',nc", with "n imr lic'J h,",.' of 10' 

' . 1'i,1I •• ).(1 

b. IJ j 

,'. 1/'>1 
d. 0.0 f. ,.4 X HI 

9. 17 Wh,,' wou ld h, 'II, l""",,l"" r'H 
•. A b",,' 2 "'r"nenL \ II 2) in " I> t>i, fidJ ') 
b. ,\ h",,-',~c'fl'-'"C'Il' (fl ~I in" 7 t>i, fldJ'J 

~.7 2x IIl" 

~. I X tJ1aW" ,,,,,,,I",, 1,,,,-, "" ,il.,, I" ,1\", i" Fig,"" '1.1 % I", 'h, tl ' '''''''~'fl'-''n' 1m",., ~ f 
h gLJ rc ~,~ I h, 

9. IY (,,,,,, icier ,, [l"""',g-!,,,; '" rOTnl,1 wilh X hih r", [he' h i,,,," ")'0n"" ",,,12:' h," lu, 
'10" "gni fi,',, '" SI, '" '100 I' il r')ltc r" j'", Lh" lul l,,"i"g """,I", ,, ,I) rho< /orm"" 
•• 72(1 

h. O_MS 

~.lO Wh,,\ 1"'''1'10 'I"'''' "I"LIL '""'''''''0}' ," fl""",£_I''-''''' .' '''hll"ti, . 'h~)' 01'-'11 ""iI>..' 
error, to <"",,, lIa""1\ th,, ' ,,,cur, JUTl"~ ,I", ,uhtr,101<O" of no",ly ,~ua l ~"""tj Li ,, 
Ru, ",".on X ,1",1 Y ,,'e '1'1'[0, ,,,,,",,1;- "'ILl;,l . the d'ffo,,,,,,,,, X )' i, , "~" i ncJ c',,,"I)' 
","h n" error. Wh", d,) .ho", f'L'op lc ,,,,Ill' n",n" 

Y.l l '\"Y ,1,,01 , "g_lx",,1 '"I'T'''--''''''' il)" "",,<I ," " C"''' I''JlO ' 0.' " tOl""",,"L "" I) ,on"." co,1 
""ml"" ",".'\11. "I I ) IIhe" n\l,<1 I>c "I'P"" ,m,,''''1. If :\ ' " ,he "0,.',1 , ':.hlC .'rr"''' 
I\"""'~ 'h" ' 0,,1 ,,, I,,. ,1 ,I ",,, 'h~ " I ,,''''~ """'_ '. " "'pre"."I " 

,1 ,1' , 
" 

Rep',',,,n' 'he ''',im .. 1 ~LI"n"" t 0.4 ,n 'he Inlln,," "£- n""tlllg fl'-,iI1L form"' ~'''"__ 2, 
"P',.,CIlL hi .. 'IC". 4 ~lt" ,ignihcalkl. 7 t>it< . Wh" i, 'hc rel."j,·, orf<)r'! 

Y.n Numeric"j ",Iun A . ,Kl /J <ore ;"'red i" Ihe "m\ I,"LcT " 'rl'W\ i"''''M'''' II ' """ /1' _ 
,,'~Il-"i"g "n)' fUTlhcT lr """",io" "r [('Url,J,,ff e""". _",," lh,' 1 he le l,,\ i"e or" " "j' 
'he 1''' ,dUf l j; "l'r""im"kl)' 'he ' urn lil llll' le i" ,,,,, Cll"TS in ,h,' h,.,.,,, 

9.l.I 1111 1 .4~7, l'i".1 ,I ," 'e l, ' ,,', "., ,,, if ,\ i, Llu,,,,,,,,,1 ,,, 1.41 ""..-1 ,( ,' " ,,,uIld.'J t" 1.4.\ 
9.24 Olle "I thc' m.)" ""iou, ~Tf"" rn comrutcr ca lcu lotion, (>CCUT> "hcn (wo nem!), c~u"l 

,,"mOcr;,; "n, ,uh"""',,d . Con;ider II ()_1n~ "nd IJ {l.!:'21 1 The computeT Irun 
CltC' "II ,·,lLK'_ '0 four "", im"1 digit> , Th ,,, II' O.2!2ll "no /J' 1>.222l, 
•. IVIi"j ,>Ie Ihe rcl,li,'o ~TTU" l'''r.1 ' «nd /J'" 
h. \\!,,,, ,,'ho ,01",,, " ,,·n .. r",. ( ••• II'" 
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'I.!! Sh,,,,· J>ow Ihe r"I~,,,,ng fI<",'",~ ",,>n' aJ.Iili,,,,, ar,' I",,[or,"e.l " •• " ",. ",","o~:' 
.re Ifunc"",d '" 4 d<<1ma l di ~".r 
• . 11..15(>0 Ill' I 11 .7777 x III' h. 0,J:144)( Ill' IIW!77 x III 

~.u. Sh"w bo.". II>< f"'h, .. in~ t""""~ reon' suh""",i,,,,, "'0 pe,fo,m<d ( .. 'I>ore Lf 
>IT Iruncalcd I" 4 <1«1",.1 ~'SOhl 
'" o.77~ '" 10 066til\ X to ~. o.8.'I4~ 10 l).2:!J~)( 1(1' ., 

" 1i >'1 (11 ,11:14 1111 10)') (05.'\\ 

~,2M ['1"""'-' the f,"h,","~ ""' 01 """,I",,, in hn.<k""";,, "(~,l",n . 
.. L2 I •. <n~5 ~. L<";0l7~ ,I. 17)<'1S5 

' .l'I I'".,,, ,.,., c •• ,)' ,~.I nu""t..;, "',Lb a ,e.m,"''' •• bo..,,, ,cf>K"<n,al,,'" (I,n,'. 
bo" of .1,,,,'0 ,<> 'ho ,,~h1 ,,' , II<, bo""" I'".n') .1"" h" .. 'e,m"'''''''l dO(.mo' ~,;.;;;. 
Moo" (1,,,,," nun''''', ,,( J,t'" I" 11,< ,,~h' rn 'he .Im",,,r poi"') 
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• l'he ~"""lIal ~I~">cnt' of a ""nrute' ,,,.m,,:IIOn a,~ tlK opcode ... hich <p«. 
iflC; the ••• t;on 10 be perfonncd. Ih~ ..... ,~.., BOO tIc<,iruu;oo opcran.J rd
e'C~. "'hich >pe~;fy tht tnrul an.J otll PUI location\ fOT Ih~ operation; and. I 
neu ,nSlf1.lCl"'" ref~renct, .. h",h i. u~u;"I)' ImrhCI1 

• 0pc0.Je. o.pecify open,,;o,", in "ne of the ("n" .. io, gcrn:ral e>oIC!"'IC"S' .ntb
mel,., and lope <.>pcrfltLons: m(>\en>cnt o{ d~13 ~lwccn 1"0 regi.tefl'. t"eJlll<! 
~nd n,.,OI(1)". 0 ' two memor~ !ocallonl: 110; &nd C<)ntrul, 

• Opo:tand ,crne .... "C! spccif\' " ,cj\I,tc, ,,, memv,y IOCio1l<Jf1 of (>pe ran,! <1,1>, 
The type vr d"H, JIlay be adJrc"cs. nUlubt:r!. th ura~' cr~, Of I,,~i,a l d.l~, 

• A ,'O"""on architectural f<.turc i" I'roc.:~" j, 'h e ulioC of a _lock. ,,'Ilich (lIa~ 
(H may "vI be \'i,ihle H, lhe pr"Y;InJn>er. Sl a~k5 "'e u..cd 10 manage pr<.><e
dur<: taU~ and r,:turl\S Jind may be pro,'"kd", an altcmati\c fom, vf eoJdrc,,"
mil ,,'emory, The ba~ie stock "Ilel al,oo, Iorc 1'1 'S~1 1'01' , and OfJ('tal""" 001 
lilt lop one or I"", ,lad 1<)(1I. ,on~, Sta.;u I}'piea lly are implementcd 10 IJ\I'6 
frum h,ghe' add== 10 10 .. .., • • ddre'I.<C1 

• l'rocc'l5Of$ may be ealc,ori«<l1S hig-endian, huk",ndian, or tn·c ndl~~_" 
mull ,t>} le numerical ~aluc ~IQr cd "-llh ,he """I ~gro,fic:.nl b)'te on Ihe 10000" 
"u"'':'1Q1 a..ldrt~ I~ stru-cd in b"",nd,an ("h,,, .. , if II i~ Mored .. ilh Ilk: ""'" 
"It",flQD1 ~1e in Ih. hight'l numcntJI a.JJrc~, Ihat i, bIl1e-end'an fuluort 
A bi-endian proct'SSOrcan h~ndlc too,l, ,I)'k: ... 

M
ud, of whot i, dj-.c",,,,tI in '"l< 1~~Jk ",,,,1 "<',,J,I)' "PP"ront to Ihe "«I (ll 
progrO l11nte, 0(" "'''''1",1"" If" I'f(\Br~n""er ;, u';" g a IlLgh.I;:,c llan
gl'"ge. ,u,h ", I'a, .. ", I '" Ad •. ,-cry hll ic (,r lh~ "rcn il~dU' ~ vf the UII<I<,

I)'m~ ","d"n" i. ",,;bk 
On,· bound .. ~ "hel~ 'h" roml'ulel de"~"",, and .he rompU(er pr"!:ramm~' 

ean ,ic" Ihe ",me machine i, 'he m~,hll>e " ... 1, uclivn ""I. "'om 'he de"g"~r'. point 
,,( ,'ic .. '_ .he n"",hmc in,lrucllOn sel I"""~ 'he functIonal re<Julf~'nem. for lbe 
<- I't Imple",c"tin!!. lh~ C I'U is a la,k 'h3l III bllJe 1'3rt in'ol~e. implcmcnl'~, 
'he mdeh,ne in"'u<:tjoo "C' From . he .. ~ .. ~ "de. ,he uscr "hv ehor~ '0 J"'UI'IUI 
to ",.eh,nc lan~ua"" (a< lually_ In M...:mbly lanl'u;lge : "."e Wet im, ]0.6) h«:umc, 
." a.c of 'he 'c!:l,te. 8' >0.1 ' .... 01<><)· "fI"'I U'~, I h~ h IlC~ uf dala dire<"1I)' \uf'l'l'/lc.J " 
,h,' m3chinc, and Ihe funcliomng "r 'he AI.!), 

A dC'IC"pll'''' or " ,~'mI'U'C"_ I"~d, ,,, ~ ",'1 IU<li"" "" I ~'>e' a long .... ~ l""·"~ 
~'I'I" "'IIl~ .he COllljlUler', (,Pt . A",ord ln ~I)·. we r,)<u,. "n machine imlfucli",,'_ 
,iii; """pte'. and the ne,l. 

10, 1 MACHINE INSTRUCTION CHARACTERISTICS 

I h< "P< .... ,,"" "J ,h~ ('PI ,,<k'~rmlned It) 'he In,I'u{W~" " ex~cUle' .d"rr«i to 

'" """ /oW" """,,,('/10",< or c"'''plOln IIulm, '''''', '1 he colleclion of diff~n:nl 10,11\11:· 
'k)o" Ih.tl the Cpl - can e~e<;"lc i •• d~n~-.J I" as Ih~ C PU', u"""'rli",, wl_ 
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e.....: 10" rna)' he 'mph' " If "lOre thun "m' t~I\",er ~_",l'_ th,'" each reg ..... 
" ""gncd a unique number. and the "',' IY<'li",. m .. " conta;n Ihc number 01 
Ihe Jell.ed regi'ter . 

• VI) d".;.,." Th~ In~lJucllon mU>1 ."cc,f~ lI,e 110 modul .. and de'-icc fo.II,< 
Of""31ioD. If ....,mory·m~rpo.-.J 110 IS """d, I hi' .. I"" 3"olh". ",a,n or \'IlIuI 
memory ao.klrc," 

lun'U"I;"" Rep"",en lalion 

W,lilin Ihe computer, """h '"'''''''''''' i. rerr"""; "I ,,.! by a Sl''lue!\ce of bill. Tbe 
,n ,lrucuon" J",,,b.l min field" c"rrCSl'ond ln~ ,,, 'he """,I ,lUe nt demen",~ lbe 
""1IL,el,,,l\. A "mple """"pie of on 1I\, lrU CI,,,,, f",mat i, . ho"'n in Hgur~ 10.2. AI 
~ "'l\hct exa mple . Ihe [AS illStru<1 i'M) fom,:.' "~h()"'n in Figu,e Z.Z. W,I), ""»! ,"Wilt· 
liOn ",I,. more than one format ""1'<:<1. !)unng. i .. ,true'''''' c,<..::ution . an jn,trucl ... 
"'e;,,1 mh. an m,lru,(",n fel!J,("r (Iltl In Ihe (VI I',~ CPI mu,( be "bl ~ to c,(rICl 
Ihe <til" {tum (he "ariou. inSlmc(ion fiekl' I" ,,,,,J,,.,,, the requi .c<l op<'r:1liool. 

II i. <l,fflCUh for 00110 (hc 1' '''Il' IIIlImer al1<1lhc .c",Jer ,,{ 'c"h"ok, to <leal ,,,<II 
btnM" "'p<O:OI<On'''loon< "f D.adlLne ,n"lucu,>n'.l" "" il h.I' ""roo .... rommon prl<' 
lI~c to u<,c a $, mholi<' "'P"'J~IIId1/O" of n •. oeb",,, ,,,struet,,,,,,. An enm"'c of 110 .. _ 
.. ",<I for the lAS ID"mcl,on "'I. ,n Talole 2 I 
~ ".e repre",,,lw ~ a lol,. e, ,al"," '" ... 1 .... <1 ""'~"'mJin. Ihal in.localc tho: 

"pen' loon. ('''mmon exampi.c> ,nclu<le 

,\Oll 

SUB 
.\lI'Y 
DJV 

LOAD 
~'lOR 

'" Sublracl 
MLJi tol' ly 

Di"idc 

wad dal" (""" "," ,,,,,ry 
Store <lal a to mcnwr)' 

n ... · mcan a<l<l lhe ,r .. ]u" conla"O«l in ola'a 1"",,11<," Y to Ihe ro,"en" of .c."n., II. 
In 110 ... c~an.plc. Y ,ders 10 Ihe 1KkJ",,,, nr ~ I"calio" ,n memory. antI II. rcfcl'llOl 
part ICUlar .e~le •. :>Iole lhal I he upcralMm ,~ ".rfornow 011 Ihe <"<lO,le'''< of a lou· 
loon. nol on i i, a,Id", .... 

'1 hus. ,t .. po,,;blc 10 ",rile ~ m:.ch",c·I~,,~ua8c p.ogram in ,)'n,ooh< form 
'-~"h 'Yllloolic o""ooe loa. II r;"" j ""'''') 'cp.c'<''''al ion and Ihc p"'I:,"m"", r Ill«' 

• I~BI'" • 



1<1.1 I MACHI,E lNSTRUCT!().; CIIAnACTwtl>TIC> JJ3 

ifie. Ihe locotion of each ,ymt-.;llic operand, For e.",mpk Ih~ p"'gr"TlTllCr mi~ hl 

begi n with a li " of ddiniliom, 

x S J;s 

y 5 1-: 

and won, A ,i mrlc rrogn< m wo" IJ a,"~pl I hi, 'ymhohc "'put. con'en opc(\de< "nd 
"l",,'onJ rokeene", I" i1inar), f()rm, ""d mn,lTucl hi,,"r), m"chi " ,> in,uunion'. 

M,chine-larlguogc pwgrammers arC' rore 10 the l)Oinl of n,,"c,i<lcncc. ).-10" 

progr""" today aTC wril1e" ill a bigh-Ic"d bngu"!\~ or. failing 1hoC ",sem!>l), laLl_ 
p'''gc. which i, ,I i"-'u,,,,d "I [he end o f <l1i, chapwr, I!o"e'~r, symboli c machine 
language re"'ai,,, a u,eful tool I(), Je",ibing machine il1'lructions , "nd w~ will U'" 
it for that purpo'>C, 

I",truction Type. 

('o",id~f" high-Jc'cI bnguJgc il"tl'uction that cou lJ he exrre,,,,d in" lang«:tge 
such '" 1l,\SI( or FORTI(AK. For nOnlpic, 

x x ' ¥ 

This ,1aWment in'truet' ! h ~ C'Jn1pU! ~r 10 ;<du 1k ", luG 'h,,~d ill Y ,n the ",1"" 
"met! ill X "ml p(JT Ihe r~,ull in X. ) Inw ,,"~I" II", 1><· occompli"hed with machine 
ill'!' ud,cJ'" ~ Let u, ",'urne tha, th ~ ,· .. , i"b l ~s X arlJ Y corre,pond 10 local ions) 1.1 
and 514, If We' assume a ,i", pie sel of ",,,eil inc instruetion<. 1hi, ()r~"'1 '011 C' >ulu 1><: 
.ccomrlishcd wilh throe i"'lru01io"" 

I. Load a regi<1"T wit h Ihe content' of mcmOT~' h.-" ,io(\ -"n 
2. ,\d<l Ilw co"lc'nl< of mC<l\()1), loca! ion 514 !o th,> ,el'-i'teT, 

3. SlOTC tile cont . nh of the T~gi"cr ill memor), I<>;,,,' ioll ,I " 
A, con b~ s"on. the ,ingk B,\SIC in ,tr"dion ~"'Y rC'4u,,~ thr~e ""chine 

in" ",etion" Thi, is I)'rical of I h~ rclMioll, h ip het w~~(\ a h Igh . le,'e l bngual'-c "nd " 
T"""I«,,~ bn~u"gc' A ),,!\Il_lc,·d b,,~u"gc ~'pte,,,,, "I'",alio"" in " con~i", ;< Igchrai<
f",m, m i" g .'ar i .. bk" ,\ machine I"ngu"gc c'l're"e, ()I",rmion< ill " b,,'ic form 
in"oh'ing the' mO"omen! of Jata 10 or fTom r~g;'!~". 

\\,,11, thi, ' im plc c<,nllpk 10 ~ (J"k U'. let u, cO<\"Jcr the lype. of i n,1 ructions 
thot must I", Included irl , prclct;cal c"mput~r . A oomput eT ,hould h;<vc" '"' of 
imtructlOn. that a ll o,,"s the user to form ulat" an)' <law proc~"i Il g I",., Another ""~ 
!o Yi~w ,I i, I" cUll"dcr ! h ~ <\'p"b,l i Ii", 01 " )«gh_k,·e I p('()g'o <l\mi(\~ lanl'-ua~c, Any 
1''''1;'"''' w, ([t" " irl ' hlgh . k,·cl l arlgu,~e mU;II", l,a.,.lalcJ into machine I" n gu "~" 
to he exec uted, Thus, Ihe wt of ma('hine in,lructio", n1l1" b~ ,ufliciellt to np'''''-' 
;on)' of th" instruclions from a hi gil ·k,'d !angu,,!,., W'i'h 01", ((\ ",,,,<I we can ,'ak
gor in ' IT" 'THc!ion !~l""" lull"",' 

• tl~l" l"O<'~"i,,~: Al ([ hn','1 ic "rld h'j"c ""! I uct io", 
• tlala , ' or.tg~' M~n""} ""1"1,'11",,, 

• tlal" m"""m~ul: liO ""I'UClion' 
• C«nlwl; '1 c" ,md hranch """uc-t,on, 



Anr/,,,,~,,c "'>!'''''"on, p",,,Je romput8110llal c~pab,litoe, for P«JCC""'<II 
nun,cri<'" data Logi!' (11'Ol>i<-B" ) in,tru<:t;on. opc, .. tC On Ihe bll' of a ""rei U b,l! 
mlher lhan ... numbe, ,, Iho., Ihey p.""idc eapalotln'c~ lor p,oec,',ng an)' mhe' t)l" 
of d~", 'he u"",r ",a~ ",~h 10 emplny The,"" o"",allOll' PI~ V,,,f,,,",,ed p'i,"~nl)· .. 
d.,ta ,n CPL regi<!c,-" Thc'dorc. the,e mu" b< "'''''''''' ,n.{m nions lor "'Olin! 
d"la oct"·c"n m"",on' ""'Ilhe regi'le", !IO i"'trI,cti",,~ arc needed 10 tr;""rc, pr0-

gram' 1I n,1 data ."", mC 'lt llry "lid the rCSl!I' , of c" .tlpuwtio", ]'",'1 ou, to I he Ul<1 
·/e." ""trueti"", "re uJeoj Ii> le,l Ihe , ·a lue " I a d~ I " word "r 'he ,taw. of a """'1""1' 
ta lwn. Brmleh .n"""e',,,,,, ar., then llsed to bn" lCh In" d,ffere nl ",,1 of ""t'UC1l0lt> 

dercooing nn I he de,·i",," made, 
We ""II eU""nC lhe '·."0"-' ' )"P~' of i"s .. uct,on~ In grealer Je la.l lller il 

th,s ~ha"lel 

Numb", "f i\oor('nes 

O ne of the tmd";,,n,,1 "")' of dc"" ibing P' OI.'C'"'' ,,,clnt c"'tur~ is In 10"''' 1)1,il< 
"U", t>c, vf "Jdro'"'' c"'t13",,,d in ;;,,,,h ill,tru~t" ,,\, 111'~ dim"n""n it a, t>.;cnmc Ie", 
~ 'gllifka n. ",ilh the ,,\('r~" "T1 ~ ""mple,,,l' of C I' ll "c"~,, Nco'crthcleS>, 1I IS u..:lul 
"tliti, point to In,''' ,,,,,I "n"IY''' Ihi' di<tinctiot1 

What i, Ihe m", ,, ,,,",, m, mocr of adJ",."" ,)n~ ""ght ncc-..! m an ""truc" ".' 
b·iJcnll~. anllll"CUC anJ k",ic i .... ru~l kM" "ill rC<.lu.rc 'hc ok"t oP<'Iand:;. \ "Iuall)' 
" II 8nthmetic a'", lop< "pt;r"t" ~" a,e e,,"'" ~n"ry l""" n.,..ranJ) or b'nu~ (1..0 
npcral"',j. Thu~ "" """Id ,occd 8 maximum of I",. addr"""'. 10 ,de":,,.. npcraOOt 
1'1", resuh of an ,,,,,, .. n~,,, nll'" t>e "ored. "'AAC'I"'tt a ,1I",j !kIdrc'S- I indliy_ .1"" corti

plclion of an ,n,I""""" lbe 1lC.' .n>!rue',on om" bo: /elch,-d . and ,IS add,.".; '$ ",,,-..!cd. 
Tin, lo ne of lea~""n~ ,uj:Ilc>l< Ihat an i",,, lie,,,,,, could I'lau"bl~ b< "''1U''..! 

1,) .ont,in fou, ,,,lJre,-' ,clerc"lCe" 1"" "pcnon.!'. "ne le,ult . ~ nd th e "JJrc>s of !ht 
nex l in"'llet i" 'L In 1',;lCI,cc. fUllr-,,, ldr",, i," t,"CI'(>'I' ar~ cxtr~mcl)' ""c, \1 ,-", 
11"" uctio", ha\e One. 1"'0. lOr thr~c npc,"noj "JJre,,,,,,, with th e addre>\ of tho nCli 
,,,<uul'1;on Ix'ing iml'li~" (vl't;, ,,,od f,om the pro~r:ll n "'umer). 

Figure Ill..' ,~"nl'.1 1 c~ typical onc-, Iwo·. and Ihrce-.1<kl,c,," ""i<UC{i001 { h~1 

could be u.."J tn«""r utc Y _ (1\ H) (C'" I) • E). W,lh Ihree addr~""' ... cadi 
,,,-,Iruc1,on • .,.."lie. 1"-0 (Ir eland I"C8t;oru; and & r .... ~I{ l"nl1oon. Ikcau",", "'"C ...-ould 
I,~e 10 n01 alter I"" ,·.Iuc ur any of Ihe opcmlkl l".'alio"" a Il'ml"'r~rv lo,';}l,OO, T 
i. u'Cd 10 "ore """e rnle . me dia{c .<'Sults. '-"Ie Iha, I hele arc four """ue""'" ond 
,h., the ""'g,nal Ultrt-st<,n h,oJ Ii" o""mrlll>. 

Thr<t -~dd.~~ i" ,u II.:!,,,,, '",mal< "ro nol C\'''' ''km. h<:cau,;c th<.·~' re4ulfc a rtl· 
"1 i \·el~' long inst",",i"" 'Mm"' to ho ld the thr ~t ~dd"e", ,d<' rcllc ~" With 'WI)
addrc", ,nstruct ion,. IIn J for binary "1" ""' inn<. nne ~,Idr~" ",u,t do doub le JUI)' M 
h .. th an operanJ an d " ",>ul l Th u>. the in>lruel " m ~I I B Y. lJ ca rrie. out the C~I N' 

la{i"" Y H an" ,1"fC' the result in Y. TI,,' t,.-,,-add.c«s form:" rcdu,c' the 'I"'~ 
'C<.J " ,rcmen' hut ul>o .m,oduC<.:. rome ~,. k ,.anln~,. T c' ''''!)oJ alte.ing the 'aluc (O( 

an ,,,,,,,anJ. a .... OVL '"-'lI u~"on " u>.Cd 10 1I>0'e OIIe "f Ihe ,'.Iues to a '~"'uh or 
Icn'po' ;It)" loca"on bel",e performing lhe opc."" "n O ur ""mple P"W-am UfII'''''' 
10 .i~ instruelion, 

~ 1I1\ 1,lcr}d is Ihe ""'c·~JJ,c" ,n,troclt"n. h>f 'h" '0 "0,1. a ,",,"nnJ .dclrclt 
mu,t be impl icil n"., I"" "o,",,",on in carli e, tlm,;l""" •. ,.i 'lI th e imphoJ aod,(" 
t>.; ing " CPL rc~ i "cr "",,,,,", the ncr,mllll",,,,. " , I\C. The """u,nulal '" c"tI ,ains 
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uo!,.,,,d"'''1 """"u,,,.,,d.'lI '!l0'lw,S """'''PPV JO Joqwn," 

I " ,,,',,"J ""I iU'~,'Ul"q"')Ni """"f'PV uum""'"1 JO ""! '~"I ' " I 1'01 "1'1".1 

jlUl'4 1~ 41" .'41 "0 '41~"~ll~IJO\I' JO ,uo'pnJI'''' HL "I"'~' '''I'' II '(l,U '~Idum' 
''" I" ',11m hJJ 4"'4" ","o' IOn ' )",! ;,.",!LUlld ,"' HlJ U! )1""1 "O'pnAI'"! l~d '''',"lPpU 
J~",'ol ',"O"'~~jl LJ ~ !qjl "''''1 ~ " UOlpnll'UI nd '''''~lpP" jO l,14"mu ,'41. 

'P,lUU Ojl;xJ ,14 01" 1'''"'''''0 11"'," JII" 1"'" 'pu"""lo 
';W"" o."l 'II!," uOlwl",lo JUO 1"41 ru ~ 11~!ld",!" U"!PHJl'U! )'~U '~ l In "~Jrl''' 
~4 ) W41 rO<uns5~ <I II "I<l'" "'I I LH ~"n 4"'~ U[ " "';~lPP" ~~1~I I0 '0,", ',UO 'MOl 

'II ' " '"O' l~nll"" "0 p~" "Id "'I (») 'UO!I"Pldl~IUI ~~l '~llJ"lU "'m f'O [ "1<1".1. 
-I I ,.-,),h"i.) U! PIH' l",du~, "'II " ' J~l"l " 4 unJ P~ !OI(!'~ " ~,n ,"~'U 'Vil l "pu",!.!\, 
U! P"Y''''''P ~1" 'V"IS " lu~m~p V"I' n,,,, do) ~ 1l1 ""U:ll~Pl 1'1'''' ,'' '"'''pnl \'U! 
»"'pr"-On, ',mu "' ~I,d~, n,-l,) U! ~,,; "u~lun la <H'L ) dOl "4) IW~1 1~ 'u~l)() 'pue 

''''11"'''"1 U."" LJ1 " U!" 1,'"1' ~'lL '<U01WYlljO Ie>< In o-N'J-U!-I'q" ' ! lJ~I' V 'pl!l< 
" P.' II" ' ' UOII"'\u"~lO ,10m,,,, I",~~d'" 01 " 1'l "~'I.j,h, ,,-, ,' SLlO!P!'-'I<l'! ""-'I'I'" ' ''''Z 

-'UnL),"")'"' ""'0, Il'J '""~ 'Pjl" !) .l~' LII'-" 01' .,~"'U '" ~ [Q !"'xJ ' 1'"1 UL '" I[ 
' ~"'I ~4) 4"ldwoJJe ()l rop~"u ~l~ SUO') 

-,''''N'' 14~'o "I'!UJ",.1.!TW UI '1101','1 "41 ,'"0)' 0 ) p,,,n,, pue " p" "J:xI~ ~\Il J" .'U() 

1'1 x (] t ,)) '8 vl A ."no"il '" >I" O'St" .) \"01 ,lJn~!J 

" "" !)<"''''' " ,1Jl~" -< " •. l 1 ' I L 

,1 + "" .... ,\ I. 'A AI(I 

,J + J ' , H (J(JV 

3 ~ 1--+1 " "",m 
0-' (] '1 3(\OI~ 

"""I·~Uh"' ""-'I'PO' "''0 ' 'J 
, 

"" .... " II ' .\ A'lS 

~ - , V 'J. .JAOI~ 
,J\' - , A , 1I01S lu,Wti",,) "(~""jl'''1 

A + )V ----» Y " Aiel 

" ~V • JV " [LIS 

~ , ,J\' V UVO' j """ L,"'''' "' ""'1'1 "'-"" "11. I' I 
J\' ~ J. , 1I01S I.~A ., J. '" ' A AI(I 

) + )V--+)V , (l(IV ,)+1-->1 ,,)'1 '1 "" J ~ .')v • ,lV , '\JJ~ '] "<J --> 1 " '() '1 A,lI~ 

" ' ,)V (J lIvo-l \I r V---->A 8 'V ' A 81S 
I",m",,'.) u,~ I,ll" I'" I IU>HHUO;) U"!1>ru1>UI 

SEE S:ll .l\J'>!:U:W"fIVllJ NUI.lJnllil~ I·" "'''JV'~ / 1,(,1 



pr<>gmT'" COfl.u;n "'ure IUI;,I ""t,uu", n>, whid, ill ~en e". 1 r","II, in lo~gcr cxmo· 
liOfl II",,,,, aoo I",,~er . mo,e rom rlc, program' ALlo, Ihere i, an JO n ........ lanl tbm,," 
olJ N: ,"'cc n one·add."" an-d mult,plc·a.w,~" 'n.I . U~I,,,n,, Wi.h ""e-adJ, ... 
,,,,11 UCI ,on,. 'he p"'g'ammc, gc"erall )' h,,, a' ,,,I,,b'e ""I)' ,,,,e g.!nc,al'purpo<c ,.~. 

i'ter. IIIC accumulator. V.' ilh ,nuhiplc·aJdrc" i"' lru~l i""s. il is c, ,,nmnn 10 hal'( 
mull1l'k: f-cneml·pu'l""'<' ,cg"len<. Ill i. allm,,, ~noc "I'cIOII!}n< In bo: .,.,rformed 
, .. Idy On rCg>.lclS. Bc(";\u", 'c!t"lt r rcicrcnl.'("J r,rc la" .. , I h~n men.",~ ,er.r,ncer
Ih" 'I'""d, up c ,"ou l ,un, h" rca."", "I n".ib lb l)' a"d "h'll1) 10 '''~ mul.ip le fC~~ 
rcl"'. ttl"" oonlc'mpuraro ",""hinc' c mplo)' " m;xw<e or IW<J- and Ih,cc·oddrn
,nso ' uel ,,,n'. 

'Jne dc,,~n I"otlc·off' ,n""h'ed in cho..""ng .he num ber ,,( atkl""",. pc. , ... Irut"· 
ti"" ' '' '~ c""'pl"""l'J oJ oll, er lacIOl'. Inerc i, Ihl' i,,",· "r ,,·hcthc r 1m .1dd."", "f· 
e.cn,..,. am .. ",,,,,' i<x"al ,on Of a rel(,,\cr, Be,'au"", Ihe,e .ore re",,,r rcjtt'I~,",. Ie .. ;:\, 
h"~ arc nC<.-tlcJ for a ,e, .. tc r TdeTen,·c. AI" •. ~ .. e ,h~II .... .., ,n Ihe ne" chapl.". 
mach ,"c m. y offe' a 'ariel)" of add! C"I." " B m"J~,. and Ihe ,pe~iri,·.'I'OIl of mo.lt 
lah, "lie or m." e h,(,. ,,"c rC'UII i, , '' ,, ( mo" (" I'll d~".",,! ill""h·" ,) ":,,;"'~ "r,n
'ITU,I,on fom'; ....... 

1""'10<" ;"'" S~t Oe~ i g " 

One of The ",o,t m":re>llng. and ,,,,,,t analYA"1. "'11C<''' {Or coll1l1Uler Jc,,~n D 
on"IU",,,n II(:t tk"~n. The dc"sn of ;01 ' ,n'1rucl"~' scI i, '"'} roml'l<'1, be ........ d 
aff"~', >< ' ",all)' "'1""" uf Ihl' rom pUlc! '~;k"', I he in,trUCllun ", I Jcfme. man) 01 
.k f"ncliOfl'l'crformc,\ hy Ille ('1'11 Hnd '0" , !In, a ,;!(n;f;,';,nl effect "n Ihe im"k· 
n,"m~IIOfl of .h" ('PI I. 1 he on.,I,U<·I,,," .c' "thc prug,an",,",', n",.". of c""lro~ 
ling lho.' ( 'I'll. Thu •. I,mg.' ''''''''''' re"unc"",nl, "'''''. "" "<>n,kkrcd ,n dc".mnS ,h. 
inst,uClion "'(, 

II m.y ,urp'i"" "'!u lu kTl"" 'hut "",,~ "f Ihe "'0;1 (',,,,J.ml'nl;, 1 i" ue, ,,' 1,1' 
" ' s 10 . he Jcs'g.n ,,( ,""I<"'.'''n .... '' I< n,;"n in d"l,ule Indc.'d. in ,~·,:"nt )~a", tbt 
Incl "r d,sagr"cmcm c..,ncernlng . hc," fund.lI"cn'dh to ." .,cwally ~r"""T1 '1lI<".,.,. 
i m l~'rt"nt of Ih ,'~ fllnd'"''~I\''' I ,k"gn '''"C' ",dude the rolf"" ,ng' 

• Hp<'t'II" " " "'p"rI <>Irr: 110 .. mall' and .. h,,'h opcm' , .. n, 10 I""'ide. and b ... 
c"Omple~ "I'ernhon. ,""ufd be 

• fI . la Il l"": '1 he' n,i<,u, I W" , "r d"ia UI~'" ",Ilkh '~lC'"ti"'" "rc pe rr", r\lo!d 

• I I1,tru~l i"n r, .... ' •• : II1I''''''' ,on k"~(h I,n !>'h). nunot",r of adJ,,'''''''' "I<: of. 
'd' ''''''" field,. and 'I' ,~, 

• H .'~i ,. ",., Nun,l>e, (,f ( PI T 'r~"I~" .h", ,,'" be rdcrl' ""cd I>~ m'HUChilfl~ 
",,0.1 IhcIr u'" 

• ,\dd ...... ,i." Tb" lnode ". mode> hy .. ·h, ..... Ih .. ",lJr= Qf dn """rantl .. 
'J",,'ified 

In~'" "'WlI arc ]"ghlv mlerrd"lcd .nd nou,1 ]", con,i,k,cJ wj:c' lhcr in <Ie, ifl'l' 
Ing 80' " .... runlon ...... Th" hook of ~"ur"" n,,,,,' ron ... ,I.;. lhem in """e sctjuctn. 
1>,,1 an alt~mpl II made I" .h"", lhe mlc . rdd"OII,h'f'" 

11c~"u,e ,,( the ,mp"'t ,n,cc of Th" IOri o. much oll'~ '1 Three" d"""I Cd 10 
in,lru,'1 ion ,,:I 'k"~n. h,II.,,, 111& I hI> o'~I"" ,ew ..,<1 ion. I hi. ~h"pl~' """mrnef d.,", 
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Ilpe' "lid "p<;ral"", r~p"rlolle, eh"pl"' II eXami"", "JJ,cssing mode, (which 
irtcluJ", " ron"Jc, ation "r reg;,te,,) "nJ in,truction rmm"t'. Ch"pte' 13 c,"'mi"~, 
the ,oJuced instruction ",I comput"r (RISC), lUSt' Hr"nik~1 un' c"lI, ,n to qu~st ion 

mon y of tho instruction ",I Je,ign de<:;'ion. m,,,Ie;n ma ll Y Lol1te 'npurary co",me,· 
~,,,I wrnputcr>. 

10.2 TYPES OF OPERANDS 

'>hel",," lIl'l'uclL<~" 01'<'"1< ,~, data. "I he ",,,,,I important g"nera] cat~gori", of d;<l;< arc 

• t\dJr~''''' 
• Number< 

• Char .... 'lc" 

• Logical dma 

We will see. ;n J iS<'us>,ng "Jdre<>ing mode, in Chapkr I I • I ha' aJdr~"c, ",.~. 
in fiLel ," (m Ol of d,I", In manl c"'cs. ",m~ ,·"Iou"' I'0n I1lLJ" I", performed ()n the 
EJpnalld rekren,·c in an "'Sl,ud;'", 10 Jctenni"c Ih~ Ill"'"~ or "inual memory 
.dJr.". III Ih" rollle't. auJress." can be con,iuered to be u[lSigned intcger> 

Other common data t),pe. are number,. characters. anJ ]"l"~"1 uo l a. allu ~"ch 
of Ih ~,c i, briefl), e~"min~J in Ihi. ,"clion IkyonJ th:<l. ",m~ machlllc, uefine 'pe
"illI,,,d <I:<la ,vI"" or ,1:.1 a ,ITLlclur~,. I'", c<"mpic . there "'a), he I\\"chin~ ojxrm .. r. 
fhat "I",mlc u;rect l. "n" li'l or a Siring of cha,ac\,·"". 

Numb.,ts 

AlIl\\achin~ 1a1L~U"~C' ",duJ~ nUmerIC J ot" t)'pe,. Ewn in nonnunwric data pro· 
cessilLg. Iltere oS a n.'eJ for "uml"'r~ to acl a, count~r<. r i ~ l d ,,·iJt h,. ;<1ld '" rorliL. 
An important d i, 1 i ",tion hclw"~n numbers "",J in ord;naf)· Ill" il,cm," ;," ""J nwn
h~" slor~J;n a computcr;, lloal 'he lal1" "r~ Im"lcu. 'n,I'" Irue in 1"'0 ,ense" 
1"; .. ,1. Iher" " a h,ml \" Ihe lI'"jl.ni,uJe "f "uml",", represen table on " miK'hi ne "nJ 
""conJ. in Ihe ca;;c of floating-point numbers. J limilto Ihcir rrc",,;on, "t'hu,. Ihe 
programmer is f""cd with unJcr;wnding Ihc "'''''''''I,,"nce, of TO""d,ng "verflow. 
"nJ underflow 

Th,,,~ Iype' "f nUllleric,,1 Jota ore common ill computers; 

• ]nk~C' nr fi,~u p"utt 
• Fio>'l ing point 

• Decimal 

We """uuwu Ihe ~N t,.." III ,om~ ud,;1 '" rh"pter 9, It r.'mai,,, to '''y a few word, 
OhOlLt decimal number'>. 

,\ lth()\I~h " II illt"rn,, 1 comp"kr "p~r;" , OT" ;or~ h;lla'y ,,' rL alute, Ihe hum"n 
u",-,,, of 'he 'y,tcm Je,,] ",ith u~cim,1 r1umbers, Thus, thcre i, a ncc<ossity 10 ,'"m'nl 
from decimal to b i n,,,~' on input "nd from binar)' 10 de<:imat "n o"lp Ll I. h OI app li. 
""ti",,, in "hich th~,c is" grcat 'kat "I 110 ;onJ wmj>"rat;w ly IIl1k. c<)mparati"dy 



338 Cl IM' I bR 10' 1:--.IS"rRl;rl'lO'" ~~T\' ( H"RM"ITllJ\nC~ ANI) r UNt· nONS 

"'tlple ,On1put.,tlon ,1" prdcr"h," In ,tore ""d "'pc",I" ,,,, the numb"" '" <k;:;m.1 
r"'m. The m()<.1 comn,,", "'presema tlon ror 1hll P"'P'>S( ,; p,,,,Lcd decimal 

\\ ,til p.:lckcd .ke""al. each dec;mal dilt>l i. ,cl,rcso:nlcd II) 8 oj·b,t cod~.,n th. 
OIW'OL" "'''Y, Th"" U I~))!. 1 _ rOil, . .. , ~ II),)'), .. nd., - 11)1)1 ,"ote Ih.lthi> 
"" rather indlicienl code llCCau...: "" I)' 1(1 "r I~ po,,,!>k ~-bil \'a lue' "," u~, To 
r"'m numhcr-. 4·bil ,-~od", a", ""u,,~ IUgcll,cr. II>U"I(, ,n mulhpk~ ur ); h,I •. ThuL 
Ih~ cude rur ~4t> " CJOOjIOUUIIJlUOOllll. ' I'h" <"de ,. d c:.,I)' I~ C'''''P'',I Ihn I 
,I , a ' ~h l binar} tCl're ,"nl"T"",- ~ul 11 ,,,'o id> Ihe C","WI '"'' lwerhead, ""cgal,,,e num
he!" can he rcprc<cnlcd hy includ,ng" 4·hil 'ign di.il al eithcr lloe kfl or rigbl <lid 
"r • "nnM " r p""LiO<l dC"<',mal .l'MU' h" c~a",pk. 'he code I I I [ n"ghl "and ror 1k 

"''''''' "gn 
)'lon\' ",,,,,h in c; p,"w ide ""Lhlndie in,ltuct ;o,, ; rh ' p,,,I,, ,,,,il1g "1',-'r1U,oo> 

direclh on I~'cked <Ic<',mal n"'''hen.. 'I hc al~(lrilhn" ~re quile 'imib!' co lome 
de!;n,bcd in Section 9.3 hul mu", lah onlo ;oo.-"oon' Ihe dc"';m31 ro',}' "pC""'O" 

C hltT" Cleu 

A (Om"",n rurm of <I"la ,~ Icx' or Cllaf<lCICr >11 ,n"," Wh,1e le,lusl d~la a'" "'OO' ron' 
\ """,,,I ro, hun,.on ""," ,,"" Ihe)' can""I , '" char;w1cl r"fln, "" r a§lly 'I", ~d Wit, ..... 
",,"eJ by J .. I" pfoce,SL"~ .",d "" "",un i,3Ii,-"" '~'Ien". Sueh S)" L ~"" arc <I""gn,d 
j,,, l1inar)" d,,,~ Thu,,:, "umhcr "r ,~"'e, h",c ["",n <Ie, 'lied 11)' "h,~h d",r>Clcr •• f< 

.C!"",..,n,cd h~ • "'4u,'uce or hil~ I'e.hap' . hc euhc'l romlllO" exam pi" or lhl'!" 
Ihe M",-c roJe, I ,.,13)'. Ihe m,-",l ,'Qn>"""")' u"",1 ch.raet" , wd~ in Ihe Inlernoll()1lai 
Hdor~"cc ,\ Il'h"hd (1H i\). ) ef~rr~d 10 in Ih" I '''Icd SIl' L ~' as t ho i\ m" ,ic:", SI.n
dard Code ('"' Inlorm"IKM' Inle"'h~n,,"e (A~('II, .ec 'I .,hle 7.1), 11(,\ i. ~ I,,, ",dd~ 
,,'>Cd "ul"de Ihe Cjnlltd S'a'~ !:ach eha,aCle' ,n Ih,s ""de", rc"w",nltd h •• 
L1t"que 7 -btl 1"'11"' n, II" .. , 12); difle'c"l , h;""cle<> r~" I" rt·p.e...:nl~d, Tit," " • 
I", ~e, "Yn> I", I han i, """C,'''!), I., tcp resent I" inl abl ..: , h" '" CI"". "nJ ''' t'' ~ 01 Ill< 
pallcrn' "'1"C1Icm Hml",1 eh"r.'~I~rs, -""mc of th~-,;c ':<'l1lrol ch",1>Clc,-.; h.ve I" 011 
,,'Ih ~"n""'hng lh" I'"nlin): "f ch"r;>e'C'''' <.In ~ [>3ge. Olh,· ... arc '-~.ncc.ncd ",.LIt 
e"",,,,unical,,,,,, p,oc.du,." '1V\ -o.; 1Icoocd ,~:lfa<I~" arc al",,,,. "l"a~, ,lured .mI 
t r;""m il1 ~,1 ''''n ~ ~ bit< I'l:' charade, The cLg lnh biT nr:,)' I", ><: 1 to II n, u",d ,,, • par· 
" Y 11" ro, crr"r,Jclc~l",n In Ihe lal<<"fca...:. Ihe hi. "'iel <uch Ih~1 Ihe 1" .. 1 number 
" r 1I",~ry h ,n <ach OCICI "alw-"),, (odd (odd P.'nl~) 0' ah.'a~"S ~"cn Ic"~n panty) 

"'nl ~ ,tl '1 able 7,111>,'1 I", Ih e IR A b" p"nc,n OlIXXXX Ihe di~il'H Ih,oogh 
~ aR 'CpfC""'lt~d b) I h~" bin",), cq ";"" Ie<l\ •. OO~ I ,1I mu!,-h )I ~)I . in the, ighl'"W 
4 h'I,. Th;';' 'he .",,'" C\I!k a> packed d~dmal '11,,, (acd,lale, ronw ... ion llel","'" 
7·b'l IRA and 4·l1il p""Le.J de~""" I .epf~StTll~I"'n 

,\ nol he, "0"" 'N'J to c n "'~k ch"ract~" i, tk I ,tended IlLrIat')' C.~kJ lAx> 
im,,1 hlle."hanj:c ("<>de II HeDlCi EBCDIC;, "",J 0'" IBM S/3l,o(1 "",chin", h ;" 
an /1·11,1 code, A, "ilh II{,\. lollCDI{ "rompal ,hie ":'lh p,oded dccimal. In Iltt ta .. 

or I IJCDI{', Ih,' roJ", 1111000~J Illfough 1111111111 "'prClcm Ihe d'~tl' IIlh ... 'u~ 9. 

Logical D ;ua 

l\"'mall~, ./OCh "".0.1 or "Iher add",,,.,blr unrl (b)-Ie. halr"ord. ~nd "" on •• ' nealrd 
,,, a ' in ~lc un ,l of data. II i, ","'cl,me. u""rul. ho"c'~'. In com"kr ~n " .h ,1 un,,~, 
eons»I"'j\ of" ! 1,,1 Lt cn" of dat" . cad, " em " ,,"ng ,h~ "" Iue () or 1 Wh"n ,1;,11,." 
"",,,.-..1 1111> "a~. Ihe~ arc , ..... ,idc.~d 10 to" /"F:K'u/ dala. 
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"'h",~ arc 11'>"0 advanlages 10 Ihe bil·()"e",~J v,ew. !-iN. ",' may ,"'ncli mc' 
"ish In "ore ,rn "m.)· of Boolean or bin" ,y Jal" ilen". in ,,·hich each ;Iem can I"k~ 
on onl)' Ihe ,'a lue, I (lrue ] 'm el tl (hhc), With logical Jaw. memory can he u,eJ m",,' 
dficiemly for Ihi ' "mage. Sewnd. I h ~Tc aTC o<-""" ion, when we "'i,h 10 manipuhle 
the bit< of " d"1:l ilem, For ,-xample. if f1oatirtg_pn;rll oPe" "I,n", "'~ ""plc",c'" ted in 
softw,,, e_ we need III Ix "blu to shift sign ifica tll b its in some operati","" Anothe, 
"xample: To (onw,1 from II{ i\ to p"chd (kcill);'1. wc need to extra,1 th e rightmost 
4 bit< of each byte . 

N()I~ Lh .• ', In Ih~ prc,""ding exa",plc,. the ",me data arc IfOOlCd ,.,met"n", '" 
log ica l and ooh,,! li me' '" ""mcri<:al or lex!. The "Iyp<"" of a unil of dato "dt'kr
mio"J 1:>)' the operat ion being pcrfo"!1 cJ on il. Whi le tim is nol f1 oTTll" 'l y the C"'IC 

in l"l'-h-lc"cl languages, it i, " I",(~" alway, Ihe c~'" w"h """'h",~ "H1 ~""gc_ 

to.3 PENTIUM AND POWERPC DATA TYPES 

Penti"", Dala Types 

Th~ Pent ium carl d~"1 ,, ;Ih <1"\,, lyre ' of ~ (byte). 16 (worJ), 32 (doubkworJ) . "nd 
64 (qu"dword) bits jn I""glh, '1'0 "II()", m,,, ;mllm tlc.,ibility in dOl" Slructure , and 
dri,i , ,,t nl"mory' utili zation. word, "eed n(J1 1>.0 "hg n~d "' n~" · n "mbcr~<! "<ldr",,,',; 
J" uhk,.. "nh necd nol I>< a li gned at Jddre,,,,,. ~ "e " l~ J,,'i ,ibk hy 4: ""d 4uadworJ, 
neeJ nol he .hgn"d al "dJre .... " evenly d i, 'isil:>le by H, lio,,'''''''', when data arc 
''''Q"""d acr"", a 32-bit hu, . d"l. Ir"""k" W k" rl: oc~ ;n unil' of dou hlewonh, t>egin
mng., "dJres""s Jivi,;!>le hy' 4. The pr.-""" "" com'",', Ihe r"'lHC" ror mi"'l;gn ~d 

Tohl" Ifl.! Pon,iunl Dal, TW' 

C" "",, I Il),,'. ~'uHj (Ibh,h ' J(,"~lo~· ,,< ,I,.'2 ]'; 1, ) .00 ~w ,!-,,,.,, I (M M' i 
1""" ;00> ~ i(h " b; L, .,,· oj,,,,, ""'''"'' 

0."" , 1 

I 'Or,""" o,",!)' ,,,,LJ 

d" ,"" I I~(,D' 

P,,,',,J ~C[) 

A ~"" ,.J " ""''- ,.1"" ","",,,,," '" ' ""e. ~,,,,L,~ ,i<,""k~md 
", in" L~' '-'' '"mf" ""'''l "p,-'><n'",x", 
All or,, ;'''''" ;", o~<r « .. 1, ;" ," ,". ")'Le. ~"" l. '" d,,"N ,.,,~,1. 

,\ ,.'1""""'"';"" uf • BCD .liS;' ;" ' "' " ,"~' 0 ' h" ... ~h 'I. "' " h 00,' 

"'fO ' ;" "",h hot< 

P,,-k,J ~1" "r""'"''' '''" ,,' '''0 au) " , ~",' "J 'oc on t il< ,."~, iJ 
I" ." 

" .l2_I,,' ,r"" " '0 ",1.1."" <""t "P""'"" ,he ufl"" ~,"~'" , "'_'m 
l)"," 1<>1.11 f'''o'", '" ' """",~rn.-n"d ""'''''''Y '00 t'v< ,d",,,-," 
w;Lh ;" , ,,-,,'mo" ' '" . 'qrnon Le " "",n .. " 
A n.,,,~u,, ,,. ""l''''"'''' ,,' "", ;" w~" h th e 1"~11.," "j .. ",h "n; , 
,'u " ",k",d" ,n ,ml' l'" " deo' "',,'. A hIt " "OJ "'" "'gJ" ,,' ,m) 0., 
P'-"i""" uf . n , by".nd con ""' '''" "r ", ~ , ' I ,,," 

A (:<"'''~"'." "'~ueo<" ,,! ''' '"" """"'- 'K ,1..uNcw"" J •. ","I.,,","~ 
h ," "'" ,,,' ' _ I hot"_ 



,·"Iue. '"1<1 ~ "''1u ~ ncc of IC'I" ~'I ' for Ih e ~'" i!il,lSfc r, A; "nit "II ()f Ih~ Intel ~ 
mactunc,. IIIe Pcn l,um u~ UIC IIt1ie-<: n,j'"n ' I,k: th:1I '" d,e iea,~ "I!nofic.a n! !>jo!t • 
Slor~od '" Ihe 10 .. · ..... , ~,j,jre'" ("'~ "rl"'n,j, ~ lOll rUI ~ <l,<,Cu .. i<Jn nr cnli,anncss)_ 

r he I» 'Ie. ",,, 0.1. ,joubkw", ,j. a",j '1u",jwnr,j arc rdcTn:,j to a~ gcn~r.' d.,. 
!YP"" In "ddil""' , the l'entou,,, >t'PPO'" ,no Itnl"",,i' c ...-ray "f ' , ... ·colic dat" I ) I)<~ 
thaI ",e r~"..,gnih:d :",U uremiC<! un h,' r'~'t,cul"' in" , uc!ions_ "-"blc 10,2 """ rna
riz"," Ihcse t}JIC" 

h~u,e ,' )_4 ,lIu.".!"" Ihe l'e"l iu", nu",~,,(al .Jain It!'''' - r'h~ 'Ip'<od ",cege" 
are In I",,, """'Ilkme n! rcpr~.,;;: nMioo il'o.J ,nay oc 16, ~2, '" 64 hil' k"'l(, Tho.' n"",on ,-

" " 

~";==================,~, '-!w,l~ , .-~ """g"'.,J '"'I''' 

,., ... ,,~ I ........ 1 "IUIN ,_, 

I' " 

111..,,: lOA I\ -""U nl Numeric D"!" horma" 
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P<linlIH"-' aCluall y rd",. 1<> " <cl <If t)'1'<" that arc " ,cd 1>)' th e fioa!ing-p<lint unit 
"nd <l1'<'fa ted Ott by fioating_poin! u\,! n,cli<l"' The IhroX n",,1 ing-p<l, nt ' epresenta
Ii"" , confmm 10 lhe IEEE i54 ,wuda rd. 

PowerPC Data Trp,,, 

The 1'""wPC co n deal ,,·ith JJla lypcs llf ~ (bylc'). III ( I""fword) , 32 (w"rdl, "nd 
(,4 (Joublcw",u) b,h in lenglh, Some instruction, require th at ",<'mory llperand> 
be ali g,wd lln a 32-h'l I~l\lnd:,,)'. In gcn~""I , howeve r, ali:,'Jlmcni is nol re<ju ired , 
One interesting feature "f the I'[)we! I'C " [hot it ""n U'C Gil he< htlk -C11d",n or b'l(
c ndi"n ,ty lc; t11at i" th e leaq sign ifi canl h)' lO is , [()f~d ul {he l "w~,t m h,gl,,'" 
adJre" (",,~ Al'l","Jix Hill for a <liS('""ion of ~ndi"nnc,,). 

The by te , hajf"",rJ, WOTd. "TId "'-' ubk"" ,,<1 <lre general da l" lvpe', The proce,
Wr in terpret' th e co ntent, of a gi'en it "", of dlit" dq"'nd'" ~ " n 110, lmlrucl,on, I h ~ 
l",J -l~'inl proce',,,,r recognize, th e fo11 o"'in~ Jato {YI"''' 

• U n,igncd b,1 1c: C'an he "<cd for l<>g,,"1 ,n' inl c~cr "ril h1Tl~I'c op"",I,o'". II " 
h"kJ from memory inlO" gen eral r,'g i<lc'r by zero c'lcnding 0" the left {o 

(he full rq"la ,i,c 
• Un,ij(ncd h.lfword, A, f"r U<"'\')l~d 1>\'1" , bul for Ill_hI[ 'l""nlili~'. 
• Signcd halfword: L'scd for a, "hmct" oper"l i"m: I,,",kd 'nlo m,m,lt)' by , ig11 

~xlc ll <lin g on lhe' lef1 to full reg.iqe, size (i.e .. the sign hit is r~l'licalCd in ,,11 
"a~'nll>o,ilion ,). 

• Un ' i~,,~d w",d: l l '~<1 fOf log,,' al operal io11' and as"" aJdress p<li11ter. 
• Sij(ned .. ord: l ;",d for ", illmWlic opc",I,on,. 
• lin,jgm-d doulJl ... ord: Used",~" "ddr~" l",u"~r 
• 1I),t~ strin~' Fro m U to 128 hyte, in le ngth . 

I n addition. the I'<l"'e , PC SUPI" "ts {h~ 'i" ~lc _ ""d Jouhk_prc t i,,, IT1 n""lm g_ 
l,,,inl ,bla Iype' J di ned in IE EE 7.54, 

10.4 TYPES OF OPllRATJONS 

'f11C Ilum rn:r of J ifkron t opcoo~, "" ie, widely from m"hine' to machi"e'. llowcvcr, 
the ,"me ge n~"1 {H "" of "pe",lion, arc f<lund (m" 11 machine" A useful and t)'pi
co l cate gorizat ion i, the fo ll owiug: 

• Oat" """,fcr 
• Ari thme tic 

• LOl(ical 

• Co ",'-~",i on 

• JiO 

• Sy, {~m ton{rol 

• 'l'r;,nsfer of comro l 

Tab le 10,-' (b"eJ on Il lAYr':~HI) 10,1, « 'mTn"" in<lruc, i,, " I)'pc, ill ~ "dl 
C'" 'cgor)" This section pro,· iJe; a brief ,urv~y of Ihe".; "a"ou' Iype' of "p",,, I,,,,", 
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l',."~.", ,;,1._", ,n • "'''" .. "f m,",'~y ",,,,03 un • I.I~, .,( 
""""",00< """ 
Co"""" 'h' ~",,, · nt, "I" ~ "tJ rt ,,,,, , .. " (""' ,,, """ ", 
{< .. ~ .. p""k,,<1 ("-,,,,"», I" "" "" ) 
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1 .... ,1 ........ I~ .. ""'" ~~.~, .. ", . "",hor 

II ""'''''''." ,.,,~,,·,I 
lk«"""", _"'''N' oJ,J .... 

P"hm "~"I.,, ,.",,1 '"'''''''') ;oJJ,,,, """I,""","," 
C"'-~ .. ,',,'h, 
In;, .. '" ,,,,',",,,,. ,.".~,'", ,, ". 

---'.O,.C,-',"'~",', J",. ,,.,,,,,," "-,,,.,-. -~CC"CCC.",.C.,:--------------
1'<,1..0,",1."",,," ," All' 
\..., ~,," .. ,...r,~ .. d ~.~ 

S""'" •• '" oIhao<,,, 

I 1""'" r"''''''' """"" I ... ,"M."" .. ,,,,.,~',d"," "".'1" 1",."",,.,., r""~.' ,.d 'on,,,,,, 
I",.... ,'"",'',"''' Ie' liC) ",,"ul< 
I, n"",,,,, m'pJ><,1 1.'0 d,.,'",, ;., ,",'>RU""""I''',j ... Ij"." 

l<>gdhcr "'Ik d I;on.,r <h"u""on ur II", actio"" 131c" by Ihc ( I'll I" c.c<:ule ~ pllr· 
IKula. I ~p.: of """,ral,un (o" ",",3rilrcJ In Talile 10 4) Tile laue! h'p,e ... cunHnN 
>n nil",' oklail in Ch"ple! U . 

Data Tr~n,fcr 

I1l c II1",t fund"""nl,, 1 l"PC of nl flCh"ie ,,"lruction ,,'hc Jaw "'H"kr imln'''li"n , 
I II~ 0.1"1" I ran,rer ,,"lrUd'o11 mUll 'I",£ify ",,,'ral lhirlglj, J. ir'l. th~ 1""Ohm' "r lhc 
'um", and d",lillacion ,,."'Iand, n"N .,., spcciri~d. E;,ch h)C;.I ,,," could"" m,,,,,,,, ~, 
a r'I'J,le , . t>. Ihe tor> of lhc 't' .. ·~. <.cc""d, Ihe Icn~11I ,,[ .bl~ \<J"" Imll,foHN mu,1 
he ,,,d'c31~d 1't".-..t a..~ w,l h all ,n"'octio"" "-,III "I""a",1< lhe , ... >tIc .. f ad,lrC""'02 
f<lt uth """,and ",u,l I:>e 'I",c,[led r hi. laU n point" di-.nu;'oC<! ,n Chapler I I. 

I he choire " f daca tr~",rc. ,".m"," "n. 10 include In ~ n ,ru.l rUCIion seC e~e",· 
phf,e, Ihe kond ' of trad" .... rr' Ihe de~'l\ner ",,,,I "",le, I ". c ' ."'ple. 'he gene ,"1 
1.)Callon ( ,,,emory ,or ret""") "I "n OI",ra nJ can be ",di~"\cd on c, l1,cr lhe 'f":e,r.
,',Ii"'" <If the oprodc <If Ihe npef"" J T:th lc 10,$ ,how' cx,"" pic, of the n1O>' com· 
,1 1ll" JltM ~i.WO d:tla Ira n,fe. ", . lruc"o", . "''''t' 11"'1 I hc ,.~ are ,'""anl, 10 indi"" t" 
Ih" "",,,u,,t ,,/ dat a I" b.; Han,relled (~. 16, .12, m M " ,I' ). Ah". lh",c arc d,ffe r" ,,1 
"', I,uelio". fOf regi.le1 h' r,'~i, 'C ' , ,cl'i.rcr 10 mem.".". aad "' c n""~ 10 'e~" I'" 
Ir."" r~". In conl ra'i. Ihe \ A '\ h~, a ",,,'e ( \10V ) io,"OJ< C'OIl ""'III 'arianl> for Jif· 
ferem ~,,,"unh " f dala 10 he 111<>.cd. bUI Ll sp,:c,fic' ,,1 .. '1 he. an ,,,,,,rand is ' egi"er 
or n>emm)' ft, I"''' uf II .... "I'<"dnd l11e VA:'\. 3pl""3"h .' ""me" h~1 ea"er r"r lh~ 
pm ..... "nmer. " ho ha, f~,,~. n" ",m" ",,,,, to de~1 V.ilh I lo .. ~.cr. ,I "81"" su"''''' lI"c 
Ie.< <:<'"'P""" clian ' he IBM ~I ,\<)(I "" I'HhKh _ I>"<:<ou,,, 'he ""'3" "n (regisln ",,!'Su' 
m(mOI)') of earn '~"'r""d ",u,l be 1pceificd scparn'd)' on !hc ""tftlc1")n_ We ""II 
t'chu" 10 IhlS di,tiu<l!on wl1"" "'c d,,,,,,,, instruction r"nn"l s. 'u 'k uex! Ch .pl<t. 

In ' e rm, of CP L" .cti"'I. d,u" 'r"",f~ r "1'"'"''')1'' "roo 1"" )"'1" the , impk't t}'PC, 
If "olh " "'H'C "n li de,li"",,oo lore rC~"'N" th~" ,h~ (' PI j "mply "" """, data 10 "" 

, 
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,-,,,",1,,, (""II 1 ~'"'"'1>C;''' '"f '~ ''' ,,, ""''''''l 

!r;'n,k,,~<1 from o,,~ 'e~"ICf '0 anVl"." Ihi~ is a" ' ~""mi"" mle, n.1 'U 11>< r r u, I; 
'-m e' .... hnlh op.:."",I , arc ill "'C""")'. lh c" th~ ( I'll mU,ll'c ,form Sl"t1~ ,,' ~ I I Ollh, 
h'II ""in ~ actio"" 

I. (,.kul~t~ the n,<'nlo,y a<ldu,,,,. I"oa>e<l "n Ihe ad<lr~"", 1Lm.J~ «]o"" ... ,.d in 
('hapte. 11). 

2. I r lhe a<l",~" ,d"" 10 ,irlU.,1 memol)". n",,,bIC ('0'" "HlU3J lu ~dlr~J ...... 
'lfy ,"<1,,,"'. 

3. IklCrmi,," "h"tl,~, lhe "<1<11'"'''''' ,1.'111 i, ,n " :od, ~_ 

... I( nm ;"'''' " ,Xlmm"nJ 10 II,e mem"" ""..Juk 

Ar;,""'''';'''' 
M",>I ",,,d,,,,e, pm" ''' " Ihe basic "n!hmcl;, op..;r.,l",,,, 01 "d<l_ 'Uhl,,"'1 nml1;ply. 
,,,,,I <I" ide. rh ose' ;"" i,,,·,, i.,01), p",,,'!<led for "W,~d ;nl ~!l~r (fi,ed.""",!) numt>;", 
O ((CCl the)' :0,,, "1,,, pw",JcoJ fm n""1<n~-p",nl anJ I'aclc<l de"i",,,1 ",,, ,,ocrs. 

Olha po""~ I~ ',!",' allon, indlr<lc a "~"cl)' ,,( ~inJ!Ic·opc,a"d ;n~"ucllolI;: 
fo, c,.mplc_ 

• ,\ h."lutc, T;,lc the ahsoluw '., I",· uf Ihc """,,,,,d. 

• N~~~"': N" ~:'I " II, ~ OPCl'",,<I 

• 1"'Tenn-"I' Ao.l<ll I(J Ihe 01""""" 
• I ....... ~"~ ... ; <;ul>l(;)Cl I frum lilt "I",,"n<l _ 

I he ... e~u"on "I an a, il hmclo<' ",'I ruct'un "'~)' ,n, <,h'e <I~la 11'.",,10< op<:"
I"",,!o I"-"jj,,," "1X:,.,InJ, for i1\pUllU the ALl . ",," h . <lcliwr Ihc ""lpUl o/Ihr 
ALl!. F, ~ur" _" ~ ,II'''It" Ie, the mu\'c l1,",II , ;n\'oh'c,J III h"l h <1;,1" IT &11'kr ""Ll .riln· 
","1,~ "1",r"l ion,. In ;, dJllion. of "ou,"c.lhc ,\1 II I"'fl,.,,' of 110,' {I'l' !",(urm, lhe 
Jc'"e" Ol,,:r'l"'" 
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0 " 0JlnX d C) <10 ,I C)(]~V,I « I ()~ 0 " 

",,,,,OJ>du 1""""1 """II orOI "1'1".1 

'1'"' J~41" "4\ JJo P"IJ !LI' " 1"'11 'lo' ! I""JJ")" ! p~lU~""n 
~'~IJ,!P 1'10."" OlU l P"lJ"I' ,'I~ Wql '<J ~'ll. 'I'JOi"" "'41 '" <pplJ ;lU!I"I"'! ..t0J ,'11.1"''' 
."d In)",n JjR 'I)!'I' I"-"""'! 'U[ P"lJ!'I'" 0" 'r\l~ 'JIll" _' 'I I uO "\SOj <l )no paw,!, i!q 
"4\ ' pu~ ~U[) lIO '14~1J JO IPI P"lJI4~ ,-'. l)j"'" "J" '\!'I '41 "lJ!4' W..)!~"I "41!.\ ... TO! 
~Jnild u! rOIPH,nll' JH , "orlP,JJo 3"~q l<OlU ~ 4J ''''''!I'UT1J ;lUI,"I',", IlLW ~ 1l!I ,j"I' 
In ,p"e-," ~r!M"d """'1_"'''' 1'5<"" "" ()'I~J;,do 1~"~OI ""'''1[4 0) UOIl!I'!," ul 

'(l<)~lU~ldlU()' souo) pm" 
J~4 )O '41 "' ' 1l4 "<jIJO Ilu 'jl~,,", uOlI,u ~J<l ~IOX "41 -'I II" "I P' p.o." ~\l" '11',\\ 

• 

OWl 1Il1() - (nl! }I OX (\ }I) 

1lIll ll l * Inll 

IOl(~ 1l1)1 a (ill) 

\l~'ll 

"! "l""~ ,,,,,,l/OJ 0·"1)1 -" [duwx~ l'QIOU" <y ''1'4 ~"' 
· "!" LU~..L ~41 I''') "l..L~1 P"" pm"" til 'I"JIIL"""_' '''~ I _O\ lU4' Y""" ~ '" p~'n "'1 U"~ 
UO llI'JeJO (r.,V "41 -sn4J 'X UO')"""I JO 'lU'lUOO ~ 41 "W~lLJ (X) UO'I")"" ~'Il 'j~W" 

I IHI.~UI ~ (Zl-l) O\lV ( I}:I ) 

1111lH)) ~ (nil 
101l))101 K (I~) 

U~'1) 

"1"1' ~'Il "'~,,,o~ ",,),,;loJ 0·"1 Jl ''''4J_ 
',)m" ""'1' 1""~01 )[4-rI 01 "","114 1'''lull<, 'q u", ' LJ " !,,,p<io I'n [~"1 ""1.1. 

'I,al "j""'q I"p,n "" -'IVnO:1 
'I'"""d" ","I 'I"'" """punJ I'n!ffol uon''''''~ ""w 04) ow (}:lOX) l-lo- a''"'''1,w'l 
pu~ 'HO '(J NV 'I!q " ')..L,','UL ""!I"l",jO LO~ -'4.1, YO I ~I<J" L L!! u""'I' OJ" n"1' .\lUlU4 
JO U"JIG<>fl uo 1',1lUJO)PU "4 U~J 1~41 <UO I I"J~Jo 1"'!~OI '!'"4 nLII )" ~ 'jJ"S 

'( v "pueJdV ""'J 'UO"~JJdo U"~I()(){] woJ" P"'".q 
~J" ,b4,L .. '~U I IPpt.·" I 114 .. '" "I p_'Jj~p..L L!~IJ" "I"m ~ 1 (1""~jrp~ ','41" '" pm,,, H j() 
'1'4 I"npl."pul "U')"I ndm"lU 10) SUO!I"JeJ" J" ,{I' ll".' • ~p!"'Jld ''' I'' '~LJl\IJ\"" '''-'1'"\ 

r~"!~<Y1 

Stf S.'iUU.V'\Hd U 1U ~"1dA.l1 t- ~ I 



TTl 
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• • • TTl' 

• • • nf 
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• .;m 
oIl'sf, 'ub .. 

", .... C.a"'I'I~ .• UI'I'0"'" """ ""to 10 Ira .. 'mll cha,"ckr, of dala 10 an 1'0 
dCHO:C I cha,,,,,,cr al a lime. J r c.",1< ,,,cmo,~ "'"rJ " I b hll~ in ' ... glh and ">Illa,"" 
''''0 <h~r.lClc"'. we m",' ""I"k'~ Ihe <h.'fad~ .... l>d",c lhe)" can be "''''. ' "".:nd ,he 
' ''''' rI", ,,,",,,,, In " ,,'n,d 

I. L,,,,,, the word intu" ,e~i>kr, 
l. A \ I) " ';Iit the ,·"lue 11 11 1 11111 1) 110>. "flus """" ,,,,, ti,e "11",,,,-1 ,-1 , ,,, Ih~ ri~ hl 

J. ~ h ,fllo Ih.- right e ight lim",. Il1i , ' hlft , II' ~ rcn"'IIl"'~ d"""' ''I ~r to Ihc " ghl 
h;<l f of Ihe r,·~"Ic'-

4. Pc rf()fTn I!O . ".ltc 110 11l{'<I uic ."",1, Ih e 1""coI·order ~ bih f ro", ,I" J" ,a ~u,. 

I'he prCoXding '""pi> ,dull ,,' "'"d,n~ Ihe left hand charac{~r, I" '~nJ ,he us.hl. 
hand cha. acle, 
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I. Load the word "g~in int (}the r~gi,ter. 
Z. /\ ND with (onolJ lll t 1111. 
.1, Perform 1/0 _ 

I1w arilhl11~ti< ,hin (}pcrO luJh {re,,\< {be d:ot;< '" a , igneJ intcgcr and Jocs not 
shih the "gn hit, On " right arithmdic ,hi!!. {be 'igll h,{ i, r~rlicatcd into {he hit 
l'",ilion to its rig.hl. 0" a kf{ "rithmdic 'hift . a logicallelt ,Iuft "performed on all 
bit, but {h ~ 'ign bit . which I> rc1"l11cd. Th~sc ,-,p"raliolls can 'peed up cer{ai" "fl lh . 
m~tic "peratio", . Wilh Dumlx:r< in Iwo.' ~"n\p lem Clll n"1:l1ion. a righl arithm~tic 
,hilt correspolld, to a Ji,i,inn by 2, with trunc"tion for oJd number, . Hnlh "0 "rith· 
," c{ ic kft ohift and a logic,,1 leil ,bi f{ "orr"'I"",d IQ " multil'lical iOIl hI' 2 wilen tha~ 
i, 110 O\'~rflow_ If owrflow occur>. arilh meti c aod 10~ic"l Idl sh i!! operation, pro_ 
Ju,e diffc,cnt rC'IlIl<. ~llt the "ril hm eti, left ,h if{ re{"i", the , ign of Iho nu mbe r, 
1l",'"\lS~ of Ihe po{ent",1 flIT oY~rnow. many rr<xc""" J" nol ",dude th" imlru ("
{iorl. "lelLlding l>ow~rPC and It"IlIL1"'_ Other:,.. '"oh", th~ lUM sn'xl. In ()ff~r Ihe 
in'truc{iun. C UTi"",I),. t h" I'enl ium ard,,{edutl· in~1 LlJ" an ",ithlllelic left shift hut 
ddino, it to be idenl,,,,,I I"" logical kft 'hih. 

K"t~t", or cyclic ,hifL opc'ratium prc'crw all of the bits being operated on_ 
O"e ro",blc u<c "I'" ",t"le i, {o III i"g each 1>11 su"·",,ively intu the leftmost bit. 
where it can h<' iJcnl,r,~J hy' t",t in g the sign of {he J"la (Ireated '" a 'HJm h<'r), 

II, ,,·ith arithmetic "j><:raliuo', logi~al operal iollS ,n volvc AU) acl"'i\), and 
m"), in",h'c J,,,,, traosfer 01"'''11"",. Tahle 111,7 gi""' c"mpk-s of " II "I Ih" ,hit't 
"nJ rotate "p""OI'on, di«'u"cd in {hi, 'Uh",cli<>n 

Conv('rsion 

l'unwr,i"n ill'{ "'''1,,,,, \ arc I hose that cho"g" {he f'>I ,,, "I "r opc,-,'k "n the for"'"t 
"f (I;"a_ lin ~x",nplc i, wllvcrllllg from <icci","l l" hillary, A" exa mple "f" IllllTe 
""nplex ~dil ,"g in,tructiolt i, tbe Si.\\I(j I ,a,,<iak (TR) instruction, "lll i' in <truct;oll 
can~" used to co[lwrt from one ~ -hit <"O,k tn a,,,,{ha. ,md it ("h, lhr.e opc,"nd.: 

T KKI,K2.L 

I he ol',,,"oJ R2 collla"" lh,' ;<ddr~" of the , ta rt of" la~l e of ~ · hit CO(,k,_ I'h ~ L 
hyle; "orting ,it the add,e", 'iX"',fi~d III K I ar~ ,,;<",lakd. each oyte heing rcpla,cd 

I"p.' 1 
HI1 "'It') 

~I '-'JII(J 

j("(OlI IV 

lUl OO Il~ 

HlI(.O) tlH 

1,)1 00110 

01""";0" 

l,,,,i",1 ,iy, t , h, It (J 0."1 

1.,,,,,-, 1 len ,hilt i3 ti,,) 

A"thmch' ri.,'( ,I"" (J """I 

A''' ~""' ,, k'fl .M( t1 """J 
Ri~h( "",,_, (3 bi", 

Ldt ,,,1.<1.' ,., ~ ''' j 

"~I I H II ;< I 

(Jll lfkJ>J _ 

1 II WUJ\J 

101 It", , ) 

" 'H0 1"! 

00110101 I 



.14 B <) 1M' n'\I.. 110 I '''' TRUCllON ,1;"' S ,'!' ~ '<M ·' I,j{,~·! 'Ui /I" n FL:NCT!ON '> 

tw 'he '"(''''""'' of a tal>lc enlr)' m .. k<coJ by Ih~' 1»0'" h" ~xamplc, to Iran,lalt frw 
I'll( DI(' to IIV\ "c fi,,,, <:r\;al~ a 2~b,h)k I"hle in 'lOra!" locahon ... "'Y, 100001(fT 
hcu<.l .. drn"J. I he lahle ronla,lU Ihe cha"'"I"" of Ihe IRA cO<k ,n Ih,· "'"'I""nct~ 
Ihe h,na" 'q""'~nI3Iion oflhe 1,11("1)1(' c,,<.I.;; Ihal ", Ihe IRA ro<Ie i, I'lnNlt 
the Idl>lc at Ihe , elal;,'" 1or:~1""' c,!ual,o Ih .. I>,,,at~ ~aluc of Ihc }'1!( "lJIC oo..Icrlf 
the ,arne ehaTact .. T. fh us, I"",'iun, 101'1) th",ugh 10}'') w;1I "o"la in Ihe ,.Iu, 
,10 ,h"'''rlo ,W, because FO i, Ihe 1'1\("1)1(" .... )(1.; ro. the .J't,1 O. and ,'It)" Ihe IRA 
"o<.Ie lu, Ihe .Ji!il U. and", on tl"'iUi:l' .. h~'1 ~, No", ;ul'1"'''' "" ha'e Ihc [B('I)I{, 
for Ihc .Jig)" I 'J::<.l 'Iart'''~ ~I 1000,"'on 2100 "".J we ",i," 10) ,mn,b!c 10 IRA, ASI-llmt 
,he 1"1I,,,,,,, , ~, 

• Lo.,",;,'"' 2 11~1 2 10:1 ,,""la in 1,1 I'! I'~ 1"·1, 

• HI """," ,,,,2100, 

• IU e<>nl;r ;m 1101 

I h"'n, ,I we ext"""" 
1 R RI. R~,4 

1"I)m / O"lpm 

l"I'''I.I<'''ll'ul ,,"lru<lion, ",erc ,),,",,"c.J III ""me oJelall ,n ("h .. ple. 7, A •• , 
"'" Ihc'c;ore ~ 'a.iel' "f al'l'"...chc' ta~cn, ;n",uJ"'f ,>(>iale.J p"~r.,,m't~ ],'0 
",cll1"')'-"'"rr<',i rwyr;m"ncJ 110, DM,\, ",,,lll le u,"", of an 110 I''''cc,'''''' \1."" 
nlll''''''""''' ,"'", I'ro"ide [ln l y " k'" 110 "h\ I ""11\'"'. w;lh lhe" 'I",cifi<" ",I;OM ~ 
d ic'li 11)' 1"","nCI~", codcs. Of co ll""",,d wnr"~, 

S)'~IC Il1 Control 

'>',Iem C<~ll",1 i"'t.uelio"' ,ore Il'''''e ,hJI call h.: nc~uled onh' .... l1i!c \he p<om
Ml1 i, III a ceria;" pri"legcd «ale '" I~ C'~"'''''''t. I'mglam in " 'I",~;all''';'')<~ 
area of mem''')" , WlCal)~, II.e", in<trU<l",n~ ate re.crycd fOT 'he u ... "I I"" 1lP'"" 
,,"nil 'pIe,,' 

lOuo,oe example' 01 ')"'1"'" co"",,1 Of'C'''''"n, ."e as fol lo"-,.. A ,)"Iem 00II,,01 
,n'l r uct~'" " ... v ",~J '" aile. a nml 1\>1 "'!l"I~t, ",e du,cu,,-' ronlrol ,el",te« in (~ 
Ie' 12, An"t he, c~amr>le "an in'," .. < I~'" '" .ead ". m."h'y • ,Ioragc protcchon kl, 
'"eh "', ,. "",0.1 in Ihe Scl',ou ",c""")' 'piC"', ,\nmhe. e,\aml'lc ;., au • .;;,; t" p<<na 
coml . ,,1 l>lod. in " ",ulhl''''~,' a,mll,n~ ,)"'Iem 

Transfe r "fControl 

I'" , ~ II III th e ol"',"l ion 1)'!'~' d",' '' '!i-CJ !Ill '<iT , I h ~ n~" in'tru e';()n ,,, I", ""tr",mtIJ 
" 'he 0"" 1 h"1 m,,"eJ,"ldy fo il """, in ", ~"''' ' y, the currenl ;",1 n,e""n flo,",'"''',' 
"~'''~C''111 I"'~I ,011 of the i".,,,,,,,;, "" '" " '1)- p'''gr"m h;,,'~ '" l h~i. [unCI', on ch~!It 
"'~ Ille ",""utn", of ;"'tr"~"'H' ~~e~"l,un hit Ih",~ in<auetion', I he "1"''-.\I0Il p.:" 
rormc<.l b) 'he ('1'1 "'" U II,.bI~ Ih~ l'fI'j:J"'" ",unta 10 co,,",," Ih~ addre .. <If ~ 
""ltUcl,Utl ,n ",emory 
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The,e or" a number of reasor" why tran,fe,..,f",,,,,,",,1 op''"''ti,>n' "r~ r~_ 

~u"~,.L Among Ihe most impo,tant are the follo,,·ing: 

l. In the practical u""' ()f compulcr,. it "c,,,,", iut 10 be "hie t() C""Cut~ ""cn 
inSln,,·tio]1 more than one" and pel'itallS man~ th"u.ands of time', It may 
r~qu"c IhoL""nd, 0' pcrh"p' millions of imtructions t() implement an appli
cOLtion_ This w(JUld I", unl hinbbl~ if """h in" ,,,cl ion h.J '0 I>c wTi lien out '"I'" 
arOLtdy, If a lable or a liSi of ile""" tn be pl'Ot~,"'d .• [,"'gram h,p i, ncc,tcd 
On~ '~qLlCTlCC "I' ins t",,-!iOllS i ~ executed repeateJly 10 p,ocess alilhe dala, 

2. Virtually oil pJogr,,,,,, imoh·,' "'IllC d~~"ion mak'ng . We woulJ like the ~Dm
pLlt~T tD do one thing if one condition hold;. anJ an()ther tllll\~ if """,her ,<>n_ 
Jil",,, h()i<k ro, example, a "'4uen~e of in'tructions oompuks (he 'quare ,'()m 
of a numher_ AI lh~ ,wn or 'ilu ,e4uencc, th~ ,;gn of th,- number i, tem-d, If 
Ihe numhe, "",'ga\l"". 'b" ~"'"PLl',"i"n i, 110' pcrform~J, but "" error coo
diLil'O i, ,opmteJ, 

J_ T() wmp'-l>" ",,,redly " large'" <"'"n I1I c(liLlm-,ilc ~omp"t"r r,ogram is an 
cxccc'<i ingl y diff;cull,,,,k. It help, if ElwI''' "re ",.::d,ani,n" for hre"k'ng Ihc 
w,k up "'10 ,mallcr pieces lhal can h<' work~"iJ ()n OM at a time, 

w~ no'" turn 10 <\ Ji"'u,si",, of the "'0>' W",,,,Ol1 ,ran,f""of",ontrol 0l"''''
'LOT" found;n in,tr",·tiofl scts: branch, slip. aod procedure c"lI, 

IIrol1<h In,lrueli"n, 

A bran~h inst,uctiotl. "Iso called J jump i",u "ctlL'" ha,", ,,,te "f'" "f'C"""" 
'he adur~" of 'hc n~" ;n,t,uctiDn to be nccuteJ, Mo>t ()lien. the instrUCI;"" " " 
eN,d",,,,,,,II,,,,,,,,/r Ln", ULl LOn_ 'J n", is. 'he I>raneh i, made (ulXl"te r,ogr;l m c""nl~r 
H' c~ uol aJdrc" specified iIE opc,"IId) " IE Iy ,f " CerE"", ",,,,,hl,,,n " ll,cl_ (JE h~n''''e, 

EI," ne'l imtrLlcti()o in sc~ucnc" is exec utt'u (increm~nt prog,am wunlc'r a, u,ual)_ 
rhcr~ ~,~ 1>1'" ""mmon "'a)'" of g~l1"'''ting tho condition to bo kstcd itl a wOOi

t;onal b""eh i",11 uction, Fj"" ",,,,t lTI achlne' pro",de " I· hn or mllltiple-bit con· 
di'ioLl cooe lhat is set as the f,'>ult "f s"me "f'Cr"'LlIJO', '1'1", ,odc' ~"" I", 'houghl of 
,IS " ,hor) u";H·i,il>k ,egis\Cr. As on example .• n arilhmClic "rcr atiOl\ (ADD. SL ll· 
TRACT. ''''.] "" on) coulJ ""t" 2-bit ~onJ;tiol1 ,ooe wilh one of Ihe following f()u, 
.-al"",, 0, JXlSili'''_ nega'i,e. Lw~,flLJW On ,ueh" n""hine, 'h~rc ,'Olltt! be fo'" Jif· 
f"r~n' cOlldition"1 b,"nch i,,,uuction.: 

llRI'X 
llR;'~ X 
llR/, X 

llRO X 

Branch to IOCal i()n X if ,esult i, )(),it;,"e, 
Br~"oh to location X if ,esult i, neg.~ti,'e, 

Briln"h to I""ation X if result is zero, 
Bro,nch to locatioo X if o"Nflow occur<;, 

to att of the,c C,"'C', the ,",ult referred to is lhe ,esult of the n",,' ,,,cent ()tJer. 
alion lhat ",t Il'~ colIJlEion cod~ 

Another approach th,, ' Oan h~ us"J with " LJ"~c_,,,IJru" ""trucE;on forma' i, 
'0 l>trf"rm a <'(\ml'"r;,,'O "nJ , ,""~if)· a bfJoch in the ",me instruclio" FOI ","mpic. 

IlHt Ht,!~2,X [Jranc'h to X if com,'nt, of Rt - wnlent , of R2, 



h gurc 111./; _ho ..... eX:l mple_ of 'hc$C I)rct1ll r"n,- N()'~ , hal a br~n~h Cin II< 
~r' her fim"",' (,n In,UUclr,," "rlh 3 highef 3ddf~") tI, bud .. u,d (10"", a.Jdr ... ~ 
I'he ,,"ample . htl"." " " ... an .. nrondi,ional "",j a "md,u<mal branch ,'an I>t p>td 10 
<Tea,. ~ "'''''''''''1( loop uf in'''"e';on ... Thc ""I. "0' lon, In Joe"""n, 202 .hrou~h lW 
,..;11 1><: c'cc,,'('d 'cp;.;alc,II~' "",, ll he r«ull "r 'lJhl"'e' m ~ Y fm'" X i. I~ 

Skip 1""", .. 11"" , 

A"mher cu"' ''''''' f",,,, of Irjn>f~r." f":,,,,'r() 1 ,mtr"Clru" "'he > ~II' ""Ino;:· 
"0". The '~il' ,"_UII,''',,'' ",dud,., an implied "d,h~", 'I\pical',-. 'h~ ,k'I' ,ml'i'" 
Ihm one ,n'IT",'""" he ,~jl'flCd: Ihu., Ihe ,mpl,e..! ad,h~", <'I'''''' 'he adJ.ess uf 1M 
ncxl ,n" rucl,,," 1'1 .. , one "",lnoc1,,," Ic,,~'h, 

Bcr .... ..: ,..., ~k ip ""Ir""'km doe. n(l1 re'l,"rc ~ dc,una'",n addf~" rreid. il ;, 
ff'''' ' I) do other 'h"'~'. A '),pICal •.• ample i~ ' ho IIlCrC""Cm·and ·,kll'·,r"cJO (ISII 
on"",e'"," Con."de, 'he follo,..ing p,~rn", h~~",cnl 

• 
]O J T", " 
ll: P, .\ 

'" 
In .h;, fr".men'. ' he , ,,'I) lIan.kH)f·co",,,,1 ",.I'-""'lOn< are u..,<1,,, ""I,lemenl ao 
"~r~I"c \,><,1', 1( 1 "liel "" ' h ' be nc~al"e of . he numhcT "f ile,alion. I" Ix I"'" 
formed A I Ihe end "I 'he "><'1'. It l j, incrc"'cnl~d. If " is " ,,1 U. 110,' pU'P"" 
branche, h"d, '" lite hc~in nin g of Ihe I""p. Olll ."", i,,,. lI, e branch" "'I'p;.;(i .• nd 
, li e r"'g,a,rr ~o"' '' 'u ,,' w; Ih Ik n,," ,m, ,"., i,," ;,fl", th e cnJ "r ,II" h,p. 

~ 
M 

[l Sl!~ x, y 

U"""""" .",,1 "f' ''] r.-""," C..-.J ,'''-''''' I 
'T.net, 

eoM 

'" • 
• 

• = llR~R' ~lli~ • Cnnd".-...l 
lunch 

m • 

~I!I;",,' IU .~ Il .. ""h I",,,,,,,,,,,,,, 
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1', ... 'tdMrr Ca61 11l,1""'li'H" 

I·c,h.,p" the tn .... t ,m[>Ortanl ,nno,';I1''''' ,n the Uc",Lur>",,,m of r>ro.!'ran' '"'''l 
rang .. a~e, " Ihe I'''Knf'''~. A procedurc " a ",n <omalllcd oomp" le. p"'gram Ihal 
.. 'JIOOfpora'cd mlo a lafl',cr p"'gram. Al any [>O,nl In Ihe 1''''1'''''''' the pfOeedun: 
mar be tn'· ... ked. <>, n/ll~,I. I'he processo,;" in~lrOCICd I"~" and exC<"Ut~ Ihe enlore 
pr"".:.Jure and Ihcn retum 10 the [>Oin' 'rom ",'h'ch I ..... c"lI look place. 

' he 1"0 p,inclpal .e"""",' ror ,hc uSC "r p''''''cdure, arc c<~""''''Y and modu· 
la.il)' A r>'occdurc allv,,·, Ihe .. "''' l"eee of wJc 10 Pc .. -.cd n""'~ limes. l'hi,,, 
""port;"" rv, e",,,,,,,,,), ill p.ogramming cffvrt ""d lor Ttla~il1~ Ihe m061 dr'icicnl "'>C 

"r ,"'rage '1'IICC in thc ')"~m (Ihe prog""" '" ".1 1)<) ,I(>red). I'.""c.lurc, a i,,, all"", 
r..rgc p'ogno",,,, ing la'" 10 be ,"h;I"'idcd int ll "n~ l lct lIn l!>. I hi, U><: ()f m",I"I",· 
i,v grcally ,',,><:, Ih" p'''g",""ning ta, • . 

Tho p""",dUl~ ",,,ch,,nism in\'ol"c, II''''' h"",' "I,\ludio,, <: a call ;n'in/cll"n 
Ihal b( ,IIlChe. from the p.e,enll"""I;,,n I" Ihe l'rflCCdurc, lind a 'dum ,",Imcllon 
lha, rei urn. front 'he p",",cdun.: I" I he pbce frum "hoch " .... called. BOlh ()f Ihe", 
a.c form, of """ndu"g ,n<"uc, ion, 

I',~",e 1O.7a illu,,,ale. the .. se of p ...... oJ"''''' I .. con'lruel ~ program. In 'h" 
ex.anl,M. rhere i~ a mall1l"~r.' ... "a""'11 al local,on oIU)(1 '11 .. , 1""1'" 11,, ind udcs I 
call to proce dure I·IU)('I. SI"""'J at location 451)). \\ h"n th," caJi instrlKlion .. 
cnc()untcn.:d. I h~ ("1'1 su<p"0u.. nceution of 'he m3 '" l)fO~ r~m and be",n' C~· 
c."II,,,n "r I'IUX'I b~ klching I" e oe~1 ""ifUeh,)" from I""al,on ~5(JJ. W,I",,' 
1"ROf' I. ' here arc lw" ellll, I" PlUX"2 al 1".;aIoOn 4~), In e,,,,h ,.;.,..,. Ihe neeuti"" 
of F'ROC" ,s ,usp"nd~d and PROC2" "'"CUle.). The RFII R~ ,Ialcmcnt call .... 
the (. 1'1 I() ~,. h",'k 10 the calling p'''I:,a", ""d c( .,,1 "'"" .',e,;uli()n "I Ihe i",1 r~,'_ 
""" "fler I"~ c",re'pond ing C,\LL ,""r~,"'on Ih .. bch"""" iliu,,,atcd in 
Figure 1Il.7\> 

S<\·~",II~'''''' "f~ w()!liI nOlj,,~: 

I. A 1" .... ·e.Jmc can be called from "''''" Ih;"1 '''". I",;,a" vn. 
2. A pt<>e«lure ( 0111 ~'n ."!,,,ar ,II a pt<lC«lure, Thl! all, ... ~ !I,~ "~''''''I: of p.O«:

du.~_ Iv ~n at"'''".,' deplh . 

. l. FItch I't"cedur~ ~all i_ m.lehe.J by a '~""n "' the ",lied pro[l.T'1m. 

BccJ~", ... e ,,,lOki hl c t() be able w caJl" proo.·cdun: frun, a 'D, iely of poinl" 
,he ("I'U ",u.,1 ",,,,ch()w ... 'e the relurn add,c>, '"~ ,hal 'he relum can la~c pia • .., 
31'1",,,,, ,a,cly. I he.e . , e Ihree con'n,,'n pl""c' f() , <toling Ihe relurn adJT<.,,'" 

• II. c~"lc' 
• SI,,,, ... I e~ lk" p.ocedure 

• l op '>f Il"ck 

CO'I"Jcr" m.,d,,,," ·I"" g"ro8c i,,,auction CA li X, wh,ch ,1",,,..1. for clllip",..",I",!' 
ill /,...-,,""" ,\ If I he .egi'ler app.o"ch i, "",d. ('A Ll X cau"'. I he f"I1"",';" ~ acl i"n" 

RN.- I'l I ~ 
I't" <- X 



\dol ......... -
, 

, 
, 

, 'ALL " ,,, .. 1 

CA I l. ....... : 

C\I.I. ' · ... d 

lIt~rL H.N 

1I.Y.1'L1l.'1 

.al l "'" "nd ... Iu"," 

\,.1" 
I"''''·''' --!~ 

J 
i 
J 

~/ 
(10 , t ;:"cu,i.n "" 1'""'''' 

"here RN ".r ''"I:,,'el .ha. ;, ah,,"v, u",<.1 (<or (h" rurik'''' ,,(,, ,, ' h~ P"~'''' 
roum~r •• ",j . \ " d,,, ;,m,ochon len):'" The CJllcd 1"'oc~-.JutC C.1n no" .a'", ,"" CIW,. 

len" "f 11.:-. IU he used 10' Ihe Iale. relurn 
A ""vnd f'(O'"I>.,.1> '" h) ,10"' thr .en,," all.!""" at Ihe ,mn "I .he p.«cdllft_ 

lnlhi,ca..,. ( 'i\ ll , <~u.." 

x +- 1'(' tI 
1'( +-;\ I 

rh i, is qUl'c hi",eI )'. I h ~ tet u.n aJd ,"" h", I":ctl 'Ic.red ",rei)' a ... "~. 
H",II of the prC\X'<Ii l1 g appro",<'''''' "·,,r\; .nJ 10;" ~ 1><..,,, "",d. The 0111, hmi.alioo 

"r ,Ii<.-..., ~ 1""o.1ckc> IS Ih,,, Ihq I""',,m .he U'C uf 11""""""/ rrore<i"' c,," A r«mratll 
procedure ;"one In .. ,,"''' " '" flOS';hic 10 ha'·c..:,eral",lb opcn u, ,[ a' .he ""n1Cumt 
A .rrursl'C 1",.:.:<lmc (one Ihal ..-~II. " ""II) j, an c'~m[>lc of ,b" """ of Ih" leltwo. 

A nK"~ ,encl1" ~",II",,, .. ful 8ppr ... ad. i. Iv UM: a _lad ("'C Appen<l" IUA 
f .. , ~ <ldi."I .on "rlhe 'tad), \\'h oo Ihe ('I'l l "~nu'c. a c. 11. ,t pl.we, ,he 1<1"11 
a<lJIC" 00 111< .I M."~ When il <","ule' a Icwrn. ,I """ thc a<ldfc" "" Ihe IIad 
h gur< lII.~ ,))",,,;,. ,,, thc u ... · of Ihe "3,k 
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In ",Idll",n to rro"din~ ~ n.;IUJn a<kJIC"'~." i, . 1", ,,(IC" "e«."'r~ 10 1"" 
I"'ramc1c'" ""h a f'/""cduTe call I h.".e t3n he I'; .... 'c'tl ," regi>lcfS. Anulhel poW
I>Ihl~ '" 10 >lor( Ihe I'~ra"'ders ,,' m~mo'1' )'''1 "flel Ihe CAl.L in,IT,,(I;,)n, In 1M 
<a>c, Ihe ,el"rn m",1 he h) Ih. location r<>Il"""'E Ihe paramelc,,_ A",l ,n. bolh 01 
I he-.c app""",I\., 1\"'-0 dr."'~ach_ If ,C/,,.Ie,, ;or" ",",I. Ihe ,-"l ied I'n;,~",m ""J ,be 
e" lling!''''!!'''''' ""'" be ""ill~ " '() ,"S LLre Ih"llh,- rc!:"ic" a,e uscJ 1''''llC,ly, Tho 
,tOling of r'''''met~t' in memm), make, i' rlifricu lt t" exch"ngc" "",i"l>lc """'N' 
or p","melcr<, 1101 h "l'l'm.che, pre"en' I h ~ II.., or ,eenl ,,'nl p,,>c,-Jure, 

A n,,,r,, tk~,tlle app,,,,'e" I" p.""'oler plIS""g " I he s. aek IVh"n 110,' pH..".. 
>i<>' ",,,,ulos a call. ,t "", 0"1,, ,Iacb Ihe 'elurn "JJ,,,,-,, il Slacks p.oramele!> 10 N 
I"'s"-'<110 Ihe c"lbJ I'IOCOOUre, TIte called I'rottdurc can .CC<."'" Ihe I"'r"m(I<<1 
from Ihe ,I ... k • I',)n re lurn. relum p;rnmIClCr,ean abo I>c pb,-....,d 'Id .he ~I~cl, Tk 
enlln.; <e\ ,,( IM,amtler.. iJldudm~ ,Clur" adJr,,"_ Ih .. 1 IS ~IOf~d fOf a I'rocedu,. 
m"",a"o" .. ,cfcTfcd I" as" ,'wd JrllIlI' 

An "x;lml' l~" l'"".dcd in Figur" Itl.'I, I he <>ampl" ref,rs to l',,-.:tdu,r I' ,. 
"'hie" the 1"",,1 ""i"h," , rI "n" .-2 '''e dCdareJ. ,,",I p",, __ cdu,o 0, whi"h <"" r.. 
""lied hy I' and ,,' ",h-:h Ih" 1"",,1 "",iahlc,"1 ",,<1,1'2 ,He Jt'clar<'J, In tho! figure, 
Ihe ,eturn P\''''' (,,' cach 1'I'occJu,e j, Ih" n", il t", <wrcJ in 'h, ,-une'lx:md '"i 
'lack frame, 'c" "'1""'<1 a poinlcr tn 'he l>etint1tn~ "r 'he 1"'''''''10' fram" n", ~ 
nccJ"d i( Ihe numlxr Qr Icn~th "fl',,,,n'cle'11" toe ~I""lcd '" ,-anahk, 
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10.5 PENTIUM AND POWERPC OPERATION TYPES 

Pcmium Opcration Typ.,. 

The Pent,um pr<>v,Je, " <'"mpk, "rray of Opc,,{,on {ypo,,>_ ;nc l uJin~, " """,I><;, "r ,pt:_ 
ci"li/-'OJ inslruClions. n,C intern W ,", to p,ovi(k look for Iho compile, w,iter to pro_ 
duc~ ,,[,{,mll,oJ machine languag~ tra",I"{io" oi h'gh -Inc l hngu"ge protr"m,. Table 
IO.8Ii,{< the t)'I"" and ~i,'", e'Hmpie, of each. M"" of UtC," ar~ (he conwnlional 
i",1 ruel ions founJ i" ,,''',{ ma"hiTl~ in,1 n,el ion ,d,. but ,~,'e,al twe, of ,n slrLlci ",," 
arc lailored '0 'he SOx&i/l'cnt;um ".chik·cl urc ;ond ;ore of partie",,"r int"r~'I, 

CalUKelurn In,t,"rtio ,", 

t be Penlium pro,·id,', four ,,,,!rudoom 10 "Jpporl proccJure c, llirelurn: 
CALL. EJ\' I 10K I 1-:/\\'10. RETL'R:-'-, It "'ill be llIstnJc,i'e 10 look '" 'h~ "Jpporl 
provideJ hy Ihe," m,lrLJuio ,,,- R"c;ol] from Figu re 10,9 that a ""lllmO" m"In' 01 
,mplcmenling tho proceJure C"II;fdurn rn"dwni'm i, "i" tho "'" of qac~ fr"tlI~" 
When" ",'" p'''"c'dLJ'o i, called. the foll,,","g must I,.; perform,'" "f"'" "nt.)' W tho 
new pr""--edur,,, 

o Pmh the rdurn poin! "" Ihe ""ck 
o Pu,h the curr~nl fnmlc point,'r on thc ,tacl 

o Cop)' {he ,{ac~ j)(),nwr a, the fleW ""h'" of the frdmc poinl~r. 

• AJju,t the 'Iac'k pointer to ~lIocat" " f"",e 

I'he CALL in'tructiotl pu,Io~, 'be' curr~nt instruction poinl~r ,'"Iuc olllo Ih" ,(~d 
""d ce,U""" J"mp 10 Ihc ~n!ry I"',rlt of the p""',,dur~ 0)' p l;oeing 'he "dure", of thc 
entry poilU;" the ""t,ucl i"n pointer. 111 {h~ t{(.w; "nd SH~~ rr,"ch"w" Ihc typic" 1 
procedure bega" w,th Ihe ,cq"~TICC 

?U U B 7 

H~l U: , n p 

f, \CP LOP , ~Pdo e (en 10c",~" 

",h"rc HI!' i, the frame p"m(c' ;ol1d ESP is thl' ,tack poin!~r. In the &l2S6 and lale" 
mach",e,_ 'he FJ\- rE H inq,uct;on perfo"'" a ll th~ ;of".~menliol1ed ol"-'"al>on, in a 
,ingle inmucli"", 

Th~ ENTER ""iTUCli",, wa, ~dded 10 the instruction ,Clio pro, ide d"wt '"p_ 
porI ror I he <'-'mpile" The i,,,"uc!,o" "I", incl ",Ie,,, feature fOf support of whot "'0 
called "esl~<i pm.,,,durc, in bnguages ,uch a, l'~'caL ("( HlO I.. ,md Ad" (nOI found 
in C or FORTHA \l_ Ilium,,,,,! Ih"1 thNe are ~ue, ",":>',nllw"Jling n~,,,;d 1'",. 
c"Jure ca ll s for ilw,e I""g~"gc" hJrlb c rnJ ore. " lthough Ihe E'I'ITR i"'t.uet"", 
,aw<;o Ie,", bY'e' of n,.'mory co"'p~r"d w,lh Ih e I'USI!. "10V. SUB 'e4uence (4 
b)'l~s versu, ~ II;!,,). it actually t,les long~, to execute (10 ,' Ioc' ,'yolo' "cr"" ~ 
dock C)'cie'l, Thu" .lth"ug.h it mH~' hov" secmc'{] " gooJ iJea 10 lhe i""TUeli"" ",I 
Je,igHcr, to ",1<1 Ih i' feature, i{ compile",,,, 'he H"rkmonlalioo of the proc"ss", 
"'hil" providmg illik o. no benefit . Wc ",ill ""~ that, in ~oTltr,,,1 " I{lSC "pp'o,"ch 
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lobk' 10.8 m"',"~"~"~'~"~ ______________ _ 

~~~~ _____ ~~~~;"'"'''~'~':':':':':':':":"~'''~'.~'' S"""'"" ~':'"~:':"~':":"~"~';'~"~~~~~~~~~~~~~_ 
801-''01) n",<l mo>' 00,, '" Venli<' tn,t ' h< -.["" in ~I'<' .. "J 1 ;, ",tlei" lu"", .".1 "1'1"" lio"", 

Th, I"" " "''' ' ''' '' ,h')"""", m<n"" y ""''' ,'''''' ""'",,,,,,,,".,,. "1"''''''' 2. An i,,''', "p ' 
,," "" <I , he ",I"" " ""' uj " ,,,,,e!< l~" L"" '"""'" " _J , ~,,,,-'<I; "" """ irW.. , 

W~IT 

\(JIJ' I 

n.~ ennl",1 

Sc, C,n) ~"g 

LwJ A ''',o,t" hum ~ "g' CO"" sr, 71-. >,1 • fl . "oJ n M ' """ A "~'L" 

S.,nwnl 1'I.~i'l<r 

l~ I~'''''' ;"'" I) "'-' t " "'nL "!:W'" 
,~'"'''' "".h,,1 
lbl, 
A ",,~, , hc>/J 00 , har c'd ,",'". m "'-, 11,,, , "', P,'o" um h" "cI""" ~'" .,1 " .hm " ~ ,I>.
"'1!""K>Il In" illl"""'''''l)' tul10~, 11", LOCK 
p""",~" ,,""'>.>n """'1"', All ,"', ..., .-.....Ie ,iI" ;" <1<,,,,<> the '",n'"I,,~ " ~".,, ,"'" 
.,,, ,,, h<- , ,,,, ,,,,,1 "~ " nu" .. or", "iI'''ou','Ic, LhOl '"1'1''''' hi, h_p"' i,,un io "~" .n" 
' .... Img_"'. " 0" ,,,,1;<""1», 
W"t unl il IH W' ",~",,'1. ""pcn"' I'"", u", r<."" "n " XC'"'''''' " ,,' il LO;, I'''~' '''' • 
.!e'ec" L" ,, ' ,Ioc III ;;Y r "' " "',,"' ,," , , ,,, 1 ,,,, , "~ ,"" , th< " UlH"" ""I" '><~"'" h., 
r,,,i;tl,d ,,,~'u';"n 

P,,,IC<1io,, 

Stu,,' 1",h,1 "'''''p'''' ""k; 
l It. 
VE~K.'\'l~W 

U"" " ,<",,'nL li,,,,t, U", .. , "~'''''fk''' ,1" d ",~,,,.,, "'''~' '~"k'", I, mil 
v c' ri Iy "'~"""t I.. "."" l;i~ "L " " 

1~\1) 

"H I>;,'f) 
I~VLF'(] 

~l","'-', ' he in,",,,1 cod.., ""'''''''' 
F'O'"", 1"" ," to, 001 ,.me n"'''''-'', ,fI" w, i",,~ Ji", I"", ,,, "" "'''~) 
10,"[;""'" , " ",,1'""0 I""., i", ""fie, (TLlI) c' nI ' y_ 

10 processor J~,i)!n would ""oid c"mplcx in<truction, such a, E:-<IT R "nd ,night 
prn-ducc H l11"re dfic ient imp lcmc'IUOlt,on ",orM " ":q\l"nc'~ of ,inlpkr instruot i"n'. 

ft.l","n'y :\13"agc"'~"t 

A""lhc-r ",1of specialized m,truclic)n> de"" with Htcmor~' 'lCg",cn'a1ion, 
The", atc pr iviicged 'n,lruclion, tMat can o nl y he e,~cUleJ ftom 'he ()I'"ral,n~ ,~'s· 
lem. They allow 1",-, ,,1 "nd ~lob"J scgm~nt tobie, (C"II ~J J ~"'ri plOr tahle ,) to be 
1""Jed and rcad, a nd fOl Ihe p"',I "~~ level of" ,eg"'~"1 10 N ,'hc"ked and altered . 

'1 he 'l",ci,,1 ;n,truct;"",. fot dealirlg ""Ih 'he " ".<:1,,1' ~"ch~ "'"'~ discm,~J in 
Chapler 4 _ 

COlldilioll Cod~, 

We hOh' m~"lIc)(\cJ Ihal ,'onJition cooe, "fe bit' in ,p"~;a l reg;'t" r. Ihat "'''~ 
h.; sc1 by ,'"flain operation, anJ used in cond ,lion,1 hranch on,lructions, Thc,,", c'<.ln
Jilto,,< are 'Cl h)' ",ilhmdic and co mp"re o l)elatio"s, The """1'''''' "1><;'"I,u" in 



, 
• , 
• 

In'''' Ian~uaM'" ,ul'U'"cl, I .. " , .. ",rand" a, do<' • ,uh" ,,'" """rallOn. The d,ffuclI« 
.,. Iha. a comp'''~ ,,!,eral"'" ,,"I~ ",I, coodll ,on ,·. otIc •. "lInca. a ,,,h, rnC1 "fJ'l"~II01 
abo 'lore, lloc ,",ull "r Ihe .ubna<l;'''' In Ihe <k.'lIla,;on "[",,.nd. 

I .hle 1<1.9 II,,, 'he «md;II"" coJc-s used "11 ' hc I'~"',u",. I::ach cvnJ,hnn, or 
<'O",bmal'Onj ()llhe'" ~o""11 "It". can"" 1,,,It'J r." • ~""Jil;OIwl j"mp, Tah lc 10, W 
,1\0)"" th e ""mh",.,,,,,,,, II[ c,,"J iti ons f'" ", hi d, ~, ,,,J iti oo,, l J"ml' ')IX',»Je~ "", 
""en ddmc,L 

s.c,·cI.1 ,n!erell;nj: ,~""r' oliO'"' ca" "" n",J~ " I~,u' tn;' lisl . )·;,,1. w~ til.)· ~'lio\ 
!o ,~<, ''''0 OI'<',,,"J, 1(, J~'crm;n~ if one ''''"''''', .. h'Ue, Iha" """thel BUI lh" .. ill 
dep;;:nd on .. hcth~, .he l1um""", "n; "j:l1eJ ut '"1>isncJ lor example Ihe!-t>n 
nll"'Ioc, 11111111 I~ t>' i*cr ,h." OCIUOO(XXl If Ihc """ I1uml>ers arc mlc'l'rtl...!" 
UI1>1~"eJ i"'c~~", l:t~~ . II). hUI j, k'" ,f 'hey Mr~ l"", .. Jered u ~·hll , .... '" comrJ<· 
men! flumbe .. { I tI), Mall)" a'<Scmhly I.n¥u •• ~c. !h<ref",~ Inl",Juce tWI) ,<l, 
v, ,c.ms I" dl'h"~o"h Ihc "H) c~"''' If .. 'C Me WnllMnn8 1,.0 numbe" a, ."nN 
mlcfc'" "c u>c the 1<''''' I,,,· ,I",,, ""J Kr<,,"'" ,hun,- if "e afe coml~mn~ Ihem ill 

u"'ig"eJ in lete". we u'" the te,m, 1><'1"", "",1 "/,,.,',. 
,\ '''COll'' "I"cn,,,,jun CPIl",m I he cnml'k ~ " Y vr """'IW "'g ,i~ncJ in'ogc"rl, 

A "~,,eJ fe,uil II ~r~"kl Ih"" <11 e~U"I I" &'" ,I' (I) Ille ,ign bit is IC'" a"o tI'Clc il 
"0 ",,,,flol" (S " ,,1\ IJ 0 til. 0' (2) the "I:" hll ;S o"e and there" J" ,,'wO..,.. 
,\ ,wdy ,,( 1';l!ure ".J 'hool<l COII,-incc '''0 Ih:01 tile (>.",.1" .. ,", '",,'ed rur I h~ '"I""" 
,,!!nc<1 "I'<""lul!, are ~[,I"<JT'<;al~ (sc" I'mbkn! 111.14). 

"",,,,i .. ,,, \1MX ,.,or."";...." 
In 1'1')(,. lmel "11""10,,,,<1 ""M."" Inh""I(~. ml" Iii Pent,um I',,"'uet 1,n. 

M MX 1> "" ur h'8" I)· "1"111"/00 in" ruetiun' for ",,,1""'''0'. I,,'h . Ille',' "rc ~7 """ 
in","",""'" Ihallrca! J"", in" SI\11J (''''lde·''',I'''''''''' . mult'ple.Jala) (,,,",,,n 
which rna,," , II ",,,,,hie 10 I"--,. fon,, Ilw ,a l1\ ~ o l>;;'"liun, ,,,,- h a, aJ .h li,,,, 0, llIulti · 
p lle.tio". on 01,,1, iplc da '" dcm"m, at "'lee I"leh ",,' rueli"" 1 "I""all)' l"h' • "n' 
~Ic doc~ C)'de '" "",;;",e, 1'0' ,h(' pml'<" "I",he;";",,. !he,,", /",1 ""ralld "pcr "!'~ ... 
~a" ! idJ • "I,ee,Jup ,,( ''''0 10 C;Mhl IlIne, ""cr ,"l1lrm "hie al~orilhm. Ih., ,Jo I10l 
.. '" Ihe MM' mSHUC(IO<>, 1,\'1·"N61. 

I' obk W.'J P.' "",, '" ( ""d., " '0 (' ,,""'" 

~'aln' Hi, r-. •• ", D .... r\i .. I, .. 

(" " " 

" r."" 

" ".,,".on ,-m, 
, J..,,,, , '.' 
" '-,>"n,,.. 

,,, d:,C,:"C,C,C,,:,:,:; ":,C,C"-,,,.,, 'w." ~ :,,:,C .. C,;, ,:, ;",,:,,:,,;,:, 'e" r" ~ " " , ' , 
' '' H''~'''~ '" ",'hn,,"'" .'!'-',., ,,,, •. ""~. " ... M""<l ",' ~.,,,, "I 
,"" ," ," _nd ,,,' '" "f' • ,,1 ,,,", 

~"'''. "I ,I .. " . ..." '" .., ,"'h ..... "" ..,.,~. ''1'''''''''' I •• J~ .. n 
n •• 1"""" 0 ."" .... k . ,oJ.! 1""'" 
''-'",....,.1> <OIT""S'" "'.,,"',.< "-""'0. ~"'-h>"~ "I •• ~ "" 
."'h""' ..... ' ""'" '1""""" "~"' ..... AI «"",." 
Ind".,« llul I~< ,,,,,,,II ,~_" .",hm,", .... I""" "",,'''''''. ~ It 

'mh,.,,', ,r... ,,,.,~ Ih, r,' ... 11 "I ." ''''.'''''''' ,,' I,,.,. ''P''.'~'' 
I"~~-",,, In "",",,,~ ,~,.,n., •• Il" ,," .Jdou,,",. ."'~'''''"'' 
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c ",\ 'JD Z H AI,,,,, ,,,L bd u~' '" ,~", I I!<c"" LO'", " ,, ~~,, <"<ll 

C"" AO<."" '" ~"" I , "',. ",d,,~ I ~',"" tNn '" , """I 
U"'1E",," i ,," <'ff) 

B\AE, C 

~h, N,' 
C I Ikl,,~, ,,," '"'''''~ "4""l lk" 'h,,,, """!,,,,-,Ii' w')' "" 

C I Of( Z Ud,,~ '" <'j " " I ; "0' .Ix,," 1.,,,,, ,10,,, '" e~",I. " , ~", , <"<ll 

" G,\LE 

LE.NG 

H.~I 

'" ~'S 

" . f'<.) , , , 

7.0 ' Eq", 1. ""'" I~~l('d '" u"'W><d\ 
I" _L ""I> 0 · \)0f( I,,,, , (''''",'' , h" ,,; "',' ., " ,h,," '" "I ".I I"~""~J 
II'J!) 0 Gi l M<ll l l.--iJI 

I' I A 'JD () I I OR C; ,,,L,, ,I., ,, '" """,I, 'h~ I", Ln." I, "N"cl) 
IS ~,\'"])() Qi 

1'21 '\ ~D 0 OJ UR 
I,,,,,, ,, ~,,q 11 

I' I ,\"1) 0-01 Of( I"--i' 
;\ "[) () II OR jZ LI 
,~ 

0 "' 

" " 1'--;' 
0 01 

" , 
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Nut 'qu-", "", "'" I <;~",d u' " .... i~ ,, 'J) 

~ " ",..-,1].,., 

~, " " Y' I,,,, ""~""T) 
,"," 1""'''' p"; " odJ 
ow.-n,,,,' 
"",,,,,, p. m)' ,"',n 

S'3n ""S' '' ''1 

The f,,,-'u, " f M~lX" Tll"him e<iia proymnnll"g. Vi.1~11 "nd ""<I ;,, d"l" :t'e t)'p" 
icall)' composcd of large array' of """II d,,,,, Iyp" ' . ,ueh a, ~ 0' I /' bit" ",he'e" , C<l" .. 
,'emional in'iructi on> arc tail<lrcd to npera{e on _12- '" M-hi{ dal", I lere are ,nme 
c''''''pb: In grap hi " and vi,k()." , in gle ",cn~ ronsim of an array of pixcb. and 
{hefe "f<' S bit, for cOi "h plXd 0' S bit> fo ' ~,,"h piw l .010' C{)TT1p<HlC'1l1 ("d. ~rccn . 
blue) , T}picol aud io ,ampll" arC 4Uarlt,z.:d U""~ I Ii b,l " I 'or ""nc _~j) ."'''p hio< "Igo. 
, i!h"". 32 bit' ore common fl)! ba,ic dato 1}I'''S, Tn p' ''''ide Il" I,"ralle! nre ratin" 
"rl 'Ile," ,]",,, Ic ng'h, . th 'e£ new .1M" Iyl"'s "'" ddined in MMX, E",,11 'hi" t )'l'" i , 
64 bit' in length and con>ish (\f ",u ll 'pk ' ''' alk' .1,,,,, li d,]" ,,"el, oj' "I"ch h"ld, a 
fi",d ' p')in' i\l t~gcr, The Iyr<" are", f"lIows: 

• I'"d;.ct by'c: Eig'" hyt6 pac.eJ mt(\ ,JE1 C M .. I", ~U,tnlity 
• I'a<'~cd word: F",,, I("hi, w",Ii, paeh'<I i1\t" M h," 
• I'a<'~cd douhlcword: Two 32·b it douhlcwo,d, packed i",o M h,' , 

' I aiM 10, I I li ,t, '11~ M MX In ,' 'uct ion scl_ \1",t of lh" in't,"~t ion< ;m-ok~ 1'",. 
"1I~1 opefation 0[1 byte'_ word" or d"uhl~w",J,_ h" ~X:"Tll'k '11,' PSLI ,W i", 'ruct,nrl 

A r''' 1. '-" V"'''''' "'em""'.,, t~, ",,, II ,'," 'k'"""' of. J ;~,t, 1 imJ.~ t~" ,"" "" """~"'" ' ,ro) ""d 
futu ;,', I' "'t)'. " I,d ~ '" ,oJ"'",,1 "<>, '" • ,," "' ''''' "op"" n1.-";' ., (~ • P'" "" 



-". CJt ~ I' IUt '" 1"I'ITRLCTIOl'. ~U.., , HARACITII,I , flL' ",I) rtJ", -H( >,"" 

h ..... I 0.1 1 MM' ''''''''''''lOll S<-, 

C· '·P f) t.,,,~ct"~' n.,..-,I,,,;, '" 
~,<,IJlJ [I!. II " I !',,,,, lI d...!J <"I""'" '''' '>1 "~1 ". I",,, " "" ~" ,<h, 

>It l ~" '2 I", ""''' '''''<, ,''. ~ il h "'\o r"""'" 
r~ut" [II WI M,J ~ " " ~,'u",,,,,, 

~~ -

~ PM"'! ~ III WI ,\<1<1 ""'''' .... ~ ~,,~ ... ,",.,..,. 
~ ~ ----

P:;l'R I" " "I .... ~" .... ~,,~ ~ ',oj:.,,,,,,.j 
~ 

"'IIH~ ~H. ""I ",b,,.., ~"h "".",",. 
1I",h"",~ I'" ~ 01 , ~ [H wI ~"N"'-' " "C~" '" ~,.,~ ,,,~,.t. , " 

I'M I 'I. II \\' 1',,,,, lI d ", ul l'.p '" "/ 1",,, ."."" .1 ' 6_N I ~ ",J'. ~~ 
h'FIk~rl<, 10 "<"", ,!~," ",,,Il<+"--" 

!'\It'LL" r ""Ud "'''I''~' ., ,,,., N,'''''') I' ..... , •. ~J~ .. "h 
.... ..,.<1.-, Ih"'".,( ,~ "', """,II .IK...,.. 

~ ~ --. - ----
~\IA[)DWI) 1'> ... 1d m.h'I~' ,.1 "." ~"" ... 11>-1>o' ...... .t. ~ 

'"1''''''' ~ .. ,,,,, r-!O'''' '!-~;' ...... ,~. ~ 

I'( W'hQ I". '*. 1>1 P,,,)ld ".""',,, r,~ '4",11,)_ ",,,It ~ "'''',~ I, ,[ 
t"., ,, , <~,,,,,;,< 

'n'''IW'''''' 
1~'M I~.Tln.\\ "I ~;.", ll d "''''P'''' r", ",.,,,, ,I. ,," , ....... u ~ """" ,~ \' t 

r".,~, ,~ ,I I"N 
~ 

PA(Kl'S\\'B P.od. _'" .. ,,' ~"'" _,.h ""..,..,«1 <.I'.'""'~ , 
PI\< KSS IWI! ""'I r ..... 0.""." ,p ,,_, , .... '" .Jo!<lbI..>w<>n" ,.'" '""'~ .,~ 

.. """" """""" 
C"owr<.", l'lr~l~ KII IBW. \1'1) 1)0)) ~",Ik! ""1",'1'" ', ll · ,.,.~, t m",,,) ~ ' '';' ,.-.h """ 

~ u,J', "r d, ''''' ''~.,J> )" ,m MM.\ "11''''' 
\'I'''I~'KL!H\I' \\i).oul P,,,,II c'1 """'" Ii"' ,·,1""" """I''' 1"_,",,,,,·, !,\". 

""..-.l.. '" J..,"t~<~",~, ,,, .. ",M ~ ,~"" 

~ 
~ -

p,,'I" ...... " ~".,_. k"",,.. .''11' 

1;,,'1 
- -

~H" h,.,,,, 1."",·.1 ""I..> MTI 
,-.~ •• I ~ ~ 

I~ ,I< h,·h, h,~,,,, 1."..-..1 (II< 
- -I' \< , ~ " , ·1" I,'~ '" ~ ' $~·, rI XI ) ~ 

1"1.1 IW,I) . OI P ... lld IJn',1 ~'Il ,",,. "I I"'-I.,'~ .',"". ,I."' .;, •.•• "" I 
,~ q",.J~",J '" "", .. ,,", ,. .... """ ..... '" \lM.\ "W""'" 
, .. ""-do,,,, .. I ... 

-
5h,n 1">1<1·1'" l>.QI 1'.,.lId q,., .. ,,"", .r"" .~ fU'-"'co> "'''''' 

J.. ..... ,~'''~., .. , q ... .Jwvrd 

1"'1<.\ IW. I)) r-.c .... 1 .. "h" .. ,~ 'ttI'.1 '~iI' .)f ro<t<.j ~, ..... , 

""",,', '" "", ... , ~ 
0 .. , T,", ,!," \1< '" ID. 0j "", 'c' ~ ",, 1' 1 ,· .. , •• 1 ,. '1 " ", I ~,.d ,,-,,1, ,,,,, M \1 X t«;n'" 

~ ~ 

'i',1,· ,,~ L + M \1', I "'1") M ~I X ""k ~«"r" fr ,,*,~"n 'Of ~"" 

,'.,. v •• _ ........ _''' ...... ''' ...... ,~ _I.,,, IItl •.• d , ... ,. "~"'-~" ,'" ........ ~ ,<)'1 .... ~~. ''JV 
, ......... -d ... ' .. I". 

~ 
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p~rforn"" ldt 10gic,,1 ,hjh ,,-,pa"l1d), on ~"d, "flhe f()uI' w()rJs in the pachd word 
op<:",,,<1; lh~ 1',\ 1)1) Il 1ml rutl"", I"h, packeJ !lyle ope, a nds as inrut anJ I><rtorm, 
para llel ,Jdition, on <,ach hj-t~ pm iti on indepe nJ ently 10 proo"cc" p"ckeJ h}'l~ 
DutpU I. 

O ne unL"ual k"l ur~ "f Ih" ,,~w ""trueti,,,, ,el il lite introducl ion of lal u,,, 
h(", .,ilhmchc. With orJin..-)- u,,,igneJ .r ithmetic. when "n ol"',al inn overn",,", 
(i.e" a ca rT}' out of Ih~ mDSt , ignificol1l ~ it) . \hc ~'I '" bit i, IrUT1('"t,·d. Thi, i< referred 
t" '" "·"'p"fQ1md. h;;"" L"~ ' he dkcl oj' IIW lruoc""O<t can he. lo! exa mple. 10 pro-
Juc~ an ad J,lion t~,uh rhal " ;ma ller th an the Iwo inpul "pcr;md" l'on,id", IIlC 
ad dilion of the t,,·,) "'",ds. in he,ad"cim"!. nMJOh :tnd 3l01h. t I,C "1<11 ,,()uIJ I", 

"'p""",d a' 

FOO0h llL on,~ ,Je OO noo 
+;OOOh C~ll C ;)Q'o .~~ ;) llnQ 

10:110 C)C,~ G3C) ono - 208C:~ 

If 1 he' 1010 llurn b-e f> repre,enlC'J image inlemily, 1 hen 1 h" r~ 'LlIl "f Ih~ adJ"i(", is to 
make Ihe combination of 1""0 d",k , Iw ,k, ILlI'II uul 10)'" hghk'. Thi, is Iypica ll y nOI 
"1,,,1 i, mWTlded . Wilh ,,,lu,,,I,,,,, anlllTlldic. if "Jd"iotl re',ults in ove,Il"", 0' "Jh· 
U'actiotl ['e',ult, in unJc['flow lite re,u lt i, set to Ihe larg,·,t or 'mallc,1 ,' "IIl~ repl'e _ 
""ntohle , For Ih e p,ccedit1g ~x" ",pfc . wilh ", t"",\ioo "filhmel ic. w~ h,·" 

nco I-. ~ 111 030 O~CJ o~n 

+3JC'J~. Qnl C,~C :l QQ. :l Q"C :1 
l O:n~ C<Ic:) 08C8 O)c) 

. 1 Ll '" ~ l.11 ~111 - FFF,h 

To pm' iJe' " feci 101 Ihe use of !>l"-IX inslructions. "'e look ,,1 a n e,,, ,,,plc. 
I" kcll fmm I r ELE97]. A common "ideo apr1i c",;"n ,, 'h~ f,,,k--<>ul I"d~·ill <-ffect. 
in which one ,"ne grad,,"ll,' di,wh'c, inlo "o"lhn. ·t wu ,,,,,,~e, rorc combine J with 
" "' cighI CJ "vc'";re' 

fade) 

t hi , e"lcul"I"," i, P<'rfOTmeJ ,)n "oell pi,cf pos it ion in A "nd B, If a 'eric, of'"i<''' 
ftam es i, p,oduce d "bile graJually changing Ihe f"d~ \'" Iu u from I 100 (""alcd 
"ppropri"td)' for "" ~-b i t inl cg~f). Ih ~ r~"Jtl i, 10 f"'k fro", ,,"age A tn image Il. 

)'i gu rc 10.11' , h,,,," Ih" '~'ILl~ntc of ,wjl> rC4uireJ for nne s~1 Df rixd" The 
S· hil p i,el "nmpollt'nt' 'He con,erlcd 1o 16-hit ele me nts to "CCO lllm t>d,i{~ Ihc 
"·IMX 16·hil multiply cap"bilil y. If Ihe ,e im,,~e, u,~ 1l~1I X 4H\1 rc,,, lullOn. ""d 
th~ Ji"oh·c Ic choi (IU C u'c, " II 255 p""ih l" ,·"tu~, uf Ille froJe ", Iu c. Ihen th e 
tol"t llu", I"" of i " 'tru~II,"\S e' xeLuI~d u>Jj'g M MX is ~35 million . The ,"me C" leu· 
];ot;on . I"'rformed without Ihe M "1 X i notruct i"o' , fe'l LlirG' 1.4 hilli, 'T1 lml ruct ions 
I INTFY~], 
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Ilr.nch Ori,,",.d 

lI"""""",,,,1 ""t><+! 
H",," ,,, '''~<t ,ud,<" ",.I pi",," "[t,,,h'" .J~>c" uj ,,,-,, ,,," iull roll "" __ ",, t il< ~m;: h im" 
L"'-' L i"" lI.e~;~", 

1)",,'11 w nd,tiuMI "" c~u ", Ro,,;,tn "''''''' ' nn "" in ('",~"L"n ~<~"'" 
>)"«m <, II to ",,,*,' '" np''''' ''\~ ')'''''", "'''W' 
0""""0 t~'o "1""""' . nJ tn,,,,," ,-,',teo. '''I' h" ldk, d 'lX,,,,,,d "'"",,;""" ,," ""t 

l",J """J.nd MfO ,",' " ~ ,,, ld<: u,xI,,, OOOf« ,<~'"'' 
,_"d , .. ",h ",~'"", 

1." • .1 "' "It,p~' "'" ~; I,,,J "'",""'U';« ",,,,J, i"',, "'-''' ''1'''''''' "'.'!Me" IfOm I h< "'gO' 

"'f""'" LllIu",h """."j "" ''''''' rof-i ' '''! ) I 
lmJ . "M"~ " j ~)'''' inw '"i'J'"'''' \><1.''' "''' 1 "nh "'1'<" ,,~C, 'h),'" 1"" ,o~i" "; ~'''p 
",,, "'.I Im m ",,,",- , <1 '" "'gJ"" t) 

AJJ """,,," uf l~'u "'~,,,,'" Old plm' i" 11m" ,o~ i ",'r 

:;., ,,,,,,,t ,'~"'o"" ....- t~,-, "f~!C" ,"~ p';"" ,n th;,~ ,,~ , Ie ' 

M"'lir') ' n~""m" 1~, "" ,,,n'on" .. '''U ''' '''''"'' ,,,.I ph"< "'_~iL 1'"Id ,,, in ,I",J ,,,,"o. 
UmJ" &>_1" , """, ,-,,,,, o( "." "!""-'" , ,,J ), 1",,,, '" ""~tO<n\ ,n Lh;rJ "~L" ,'r 

Lo~k.[ ond Shih 

C,:,:,~----~" ":":,~,,,Oc '~'d "I"';"'''' "nd ,," (."" " "",,,, ,, ,,," i, ,j" ' I',-~',fi,u ""nUi",,, "',"'"'' r,d~ 
,,,,,,J (",'nU i,i", ,c~i",', A~ D, I~'" ft,,, of LI>< ( o,,~,'iun Rel'-i"" '" A~ ll<d JnJ ,"'-' TO"'" 

I~"',J i" ""' ,. ,he !~'u OiL 1,~ iL "" 

:t, 
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'-""1''' 

.,~ D ""'"" " ,, "I ,~U "~i"m _,Id ";><X ,, ' ,h lfJ "'~"'IOT 

CO"", "um"", "I ""',0.'" IW H "''' ",rtlng ,,' Oi , ,,;"" '" ''''''"" "~'>lO' .,Id r"'--" ,,,",,, i" 
.I'''' ,""ioo «"''''' 
1< ... ", lei, ,h,"',~",d "'!"'<" ,A~]) ~'" h '''" . , ",J ",'" in "",I"," iun "f""'f 

Shil! Iell I>i[> in .. "',,'" ,,'~i, '" ' ''J~","=''',",'~'',','",',','~'' ,':''':"=''= ___________ _ 
H"~lin ~ [ 'oinl 

I "",I '::' Oi t "", Ion J-!"- ' ,," ,um "", ("m', '''' '' "''-'':':)' ,-,',',":,',',:':",,:~CC'"',,:,:,,',:,".,.,:,:,:.CC •• ,'"',-,-,'"--
A'''' '''!'_I"i,'' "EN" 

AdJ ,'''''""" "r t~'u "'!'''' '' , ,,J 1,I, c, ill !n,,j "1'-i"" 1 

~lu ' '''') "",t,'"" "j , ~'" "'~""", .. ~1 I h, ",""nl , 0' , ,h"d, ,nJ pi """ "" ,IL i" h"Hlh 

"giR" 
('ump''' t-.." '''"'''"J"!''''"' .,,,,,"",~ , nO "-, <""d",", bil> 

U,,, ''''~' "" do nUlh, f'Ort'-""' kd lll' in ,',ffi< "" ""'<i fi'" '''.'' "" 1"" . nJ 1'."I.~m 

~"' h'"~ '-'.""""'" 
In"n"",;n "" "" h " ~" ,"", I, d,," 
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PowerPC Operation Type, 

The Pow,-,I'(' p"" "Ie, a la'ge coiled,,,,, of "P'" atio" tyre'. Table 10.12 li,1s tt.. 
tH"'" "nJ g"'c' ",,""pie, of e,ch. S",,,,al featur"., are "orth noting. 

I!r~nch_Or;~nle" 10.1.""1;"", 

' lll ~ P"",erP(' ,upp".-I, the u,ual unmnditio",1 and conditional branch ""1* 
bilities. Cond iti ona l branch instructions te,t a ' ingic bit of th" w "Jition register lor 
1rue. f"I"". or Jon't ""re "nd the C<Jnt~nl' of Ille count 'egi<lcr for zew. nonzero. or 
<i"n·I,·"'e . rhu,. Ih~rc arc nine "'p"r",e ""nJ ili"'l> th,t can be Jdinod f'>r the COl' 

J itlO<la l hranch in<t.-uct ;Oll . If the COUtU 'egister i, tested for lew or non"",. thon ,t 
is decremented ~)' I prior to the test. Thi, is c"n"""i ~nt for ,"IL ing up lt eration loop! 

Branch in-truc1ion, C<1n ""0 indic"le Ih"t Ih~ "ddre" of Ihe locat ion 101]0.,
irl g 1he b,!!nch is h) 1>< pJ.",,,J,II the link tcgi,tc,. dc>-c rit>eJ in C~apt" r 14 {'hi s f><il· 
ilate, ,all iretum proce" ing. 

1.,,~dlSt"n· IIIslrlll'tioll' 

In the Powe,-P(' archi lcclUre. only load and store in struc1ions """C" memOl') 
local ions: arithme1ic and logical in,tructions "re r<'TfOTlll ~d on ly 0" regi.te", . Tlm 
i, cha",cturi,ti<- of RiSe design. ~nd it" "' l'lor~J furt her in Chapter 13. 

Iltcr~ a,c two fealure, Ihat Char"Clcri"" Ihe Jifferent load .. \tore in"wctim)\-

• l>atK si,~: Dow "an 1:>;: !r;ln,rcrre<i in Llnil, "f hytc. h" lfworJ. ,,·ord. or dOl
hkwn"L I n,1 "Jtt,ons arc' a l", Ol""i lahle ("J load;ng or storing" sl ring of byte. 
in to Or from multiple ,egister,. 

• Sign e~t~",;"n: I'm half",,,rd "nd w"rJ load,. Ihe ~nu ",J bit s to the left in tl>< 
64_bil dest,nation t~~i'lCr are eit lwr filled with zeros or with Ih e ' ign h'l (>Ill\( 

10ad" J I.jUantily. 

10_6 ASSEMBLY LANGUAGE 

A eN " Ca" u"J~,.,t""J anJ 0 xecute llla.hitle instruction, . Suoh in ,mIC1i"n, arC ~im_ 
pl y binary numi:>c" stored ;n th e wmpll1cr. a a pfOg"mlln ~r ""heJ to progum 
direcll y in machin" language. Ihen it w"" ld l>c nc"~,,,:"l' to elllef the program .. 
b"""y <la1,L 

Co n,iJer th" , imple BASIC ,t "tem~ nt 

SUPI"'«' we wisheJ to program this ,tatemon! in machin e I'HlgU"g~ ""J t" n, itiali", 
I. J .• mi K 10 2. 3 . • mi 4. ""'recti,·eIl'. Thi , i, ,h"wn III Fi gur~ 1II.lla. The progrnn 
stall< irt lo('atlOn 10 I (h","JecHl,al). "'-1cmory is rc",,-veJ for 1 h ~ four "'!T ill hk, ,'.r!. 
jng all"'"t;on 201 . llte program consiMs of four imtrU C1 ic'n'O 



I. Lo",llIl~ COTlknl' "f 1"""ILo11 201 1111" lite AC. 
2. Add Ihe contents of location 202 to Ik AC'. 

3. Add th~ ""nent, nf i"cati"" 203 to th". Ar". 
4. Siore th" conlCtlts of th,- AC in location 1().1, 

Thi, ., dea, Iy a teJLou, and \'e, y error-peon" procc,", 
,\ 'light imprO"cment i, to write til c pro...,-um In h~,,,,Ic'ci m"l ,atlte!' th"n 

bi""ry !lot"tion (Ilgurc lIl.llh). \Vc wulJ ""Lk the p,ogram "a ,eric, of linc<, 
Eaclt ]iItC conto ins Ih~ ~ddr"" of" m~mory locati(}n ""d the hexaJccim,,1 coo~ of 
Ihe hin3ry \'"lu c to b-c qorcd in thai loc"lio~, Then "'e nc'ed a 1'''>!1,alTl thai will 
"",,~pllhi, illpul.lraml"tc c""h liT1~ inlo" b"",r), I1L1Tl,her. 311J sto,e it in the ,pcci
fi<'J lo.cat,on, 

For m(}f<' imp"" "men!. we can make use (}f the ,ymholi c name o.r nm~ITl"11i,· 
01 each in,lruction . rhi s rc,ull, in Ihe '> "'bo/ic 1"()~r"'!1 ,I",,"n m Figure ]lUlc, 
),,,d\ Ime uf ml'ut ,t ill '''l',,·'''"t, 0 me mou\or)' 1"",,1 ion. Each Ii",- consisls ~f thro e 
fielJ". sepamteJ by 'paces. The Ii"t field contain. Ihe odJre" of" I",,,,tion. h>r "" 
instrUClion.th. ",~onJ r i ~ l d ""nlain, Ih e three-ktlcr 'ymhol fm the optoJc. If it i, 
""WT1lOr}-rdcrcncing i"'lruCtlon; lite" u titird fie ld ,ontains the adJ,e", . To ,tor" 
arbitrary J ata LI' a location. we in\,.,nt a I'Uo"/(>III>II,,Clion ,,·itlt Ih~ ')'IllOO I OAT. 
Thi s is Illcrd), an inJi,ati,," thai the third ficld on Ihc linc ,:"","i11<" hL"'3d~c"na l 
"umboer 10 he ,wrcd in Ihe "",,,, lion ,pceifi~J in th e fir" field 

• 
.~dd"-,, CO " ,.',,", Add,." 1""'''<1ion 

'"' '~IlU liO lil ~, lU ll '" LIM '" '" oml r(J I" ~, 00 111 I II.~ ,\UU M 
W.l UlfJl (lOlu ,~, oml '"' "0 ," 
''" 00 .. IIOl 11 ~ "'00 I,)! HA '" 
M 0'. iool ~, ()ilil 201 C', , 
)P- om '00' ~, ()ll I tile IJAI , 
hl' ()((~ I lUX) «( JI)) <I II~J 20.1 DAT , 
~ ow = w. 00. '" IJAT , 

"" Il"",,)' I"r't'"'" (to, S)'mb"li, r<~gr",n 

,\dd,,~s CO"',.,,,, 1.,,1>\,1 O) ...... lioo O!",,"nd 

'"' 210 1 j ·O){MUL LDA , 
102 1102 APP , 
IOJ IN.' ,\DIJ , 
''" _120-1 '" 

, 
~ll (JOO2 [),\T,~ 

m, ~, O.-\T·\ , 
.!OJ IX~)'! , UAf,\ , 
,~ = , P,\T,\ , 

{Olllo,",I<-c ,,",,1 I,,,,!,,,n IJII\,«", hl, Pf''I'"m 

fl."", 10.11 CO,"'I'"I" ,i O" ,.(11, " 1'"m,"I"" - I " 
, , 
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h,r tlli, t)'pe ,-,f mput we n~~<l a 'lightly more ",-,"'pin prog""". I'h c I'fOg"ll 
accepl' "ach Im~ of inl'''{ ' ge nera{es" bin,,,!, n"",i'>cr b"",u on Ihe ,,,:,,,,nd ~nJ !"ltd 
(if pre,ent) field,. attd ,tore. it in (ile locat;"" 'I",dfied b)' {he first fiel<l, 

The u>c of a ,ymbolic program make, life ",uch easkr but i, '1i11 awkward, 
I" particular. we !!Imt ~"'o "n "b,,-, I LHe ~ddrc" f'-'r "ad, "''''<l, Thi, m~an' lhat {ne 
program and <lata (a" he loaJed Ln{Ll o"ly on" pla,,~ in memory_ an<l we m"'t 
kn ,-,w (hal place ahe"<l of time, Worse, ,uppose we "'i,h to change the pr08"" 
SOme J"l" hy adding '" J"kt i n~" linc. Thi, will ch"ng~ th " "<ldrc,,"' of "II ,ul:>l<· 
quem ,,'ord •. 

A much bc!!er system. "nd one commo"l)' u",J. is to us<' symbolic aJdre'le:\, 
rhi,,, il lu,tr'Hcd in Figure IIJ. II<l, lead lin~ 'lill consiQ' of Ihree fid<l,. '111" fir~ 
field" , till f", the addre;" but" ,)'",bol i, "",d 'ml~ad "I"n "I,'oluw numor.;1il 
"ddr"". Some line, have no addre". i",plying {hat {he odd .. "" of {hat li[l<' ;, one 
more {han the a<l<lr"ss '-'f I he prcvious line . For memof)'-rcfe,,'nce instructions, the 
thir<l fielJ "Is" cu"tain,,, 'ymhohc "<ldr~", 

\\lith (hi, last rcfi!lcn,e"t. we h",o."" a'\""'mbl), la,,!:ua!{~. I'rograms w,inen ill 
n"""",bly i;mguagc (as,"mhl)' program,l arc lranslated inlo machine languag~ b)' lJ] 

,,,,,",,,Mer. Th i, p"'gram mu" nut un ly du Ih ~ ,)'mholi c 1",n,I,,{ ion dis<;u,,,,J c~r· 
lier _ but als.o 3>s ign 'lome form nl !!\em", y addrn,e, {(, ,),mi>oiot odJ .. ",,,,s, 

Thc dc\'olorment of assembl), language was a mJjm mi le,lone in the c\'olu
Ti"n of e<.>mp"tCT tcohnolog)', It""" ' the fif't ,tep 1'-' the high·le,·d languages in ..... 
{(oJay, Although few l''''gT"mme" ".c "'.cmhly language. "!f,u" lI y all machine, 
pro"ide on,'. l1\e\, are u,eJ. if at "II. for ,),'{cm' pr"gr~n" ,uch ," compile rs and 
1.'0 ",,,{inc,, 

10.7 RECOMMENDED READING 

1\ """' l"" ur \L'''l~>OK; l"u"iJo g"'-'<l w,'er"~c uf Hw'h inc 1 " ,, ~u"~c "nd in,t",<'!iuo '" 
clc"!'J' "'<ludin~ [PATlVcl], rr A:>.T9'l] . ,,00 IJ {II YE98] _ The P,'n{jum in.!rue{j"n ",{ 0; .'oll 
<ov"re" h)' IBR!:Ytl'JI, The Pom'"I'C i,,,trudion "," i, ,'o"orod in IIllM'-/.I1 """ IWE IS'!>I 

HRn'OO flrey, Il_ Tk ,,,,,1 M"'fO""la"N":~, /ll}1i/6/MJ88. 80211<5. 11/),184-
/lV411l! , Pm,i,,, ... !'''!I,u,," PM Md P.~',,,,,) 1I1"'iC<>,,-,ni. 1;1'I)e' S.ddk R;vu. ),J' 

Pron!i<" Hall. 2O.lO 
HA V.;911 H.ye" J. ("""'PUW Ar(/,ire("u", W!(/ O~""iZ.Jho~, w(mil &,Iili",., "~,, y "'" 

Mct}no",-Il,I\. \998:, 
UI~I94 I n{em31~)nal B~"nc" Ma~h inc,. loc. n. !,,,,.,,,,pc Arthi""IU,..: A Sp«:ijk.>. 
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~'"r<ISofm'"ro Imer/a", S.n ~l.{o(>, CA; M.,..g.n Kaufmann. 1m. 
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10.8 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Trrms 

ll<OC"Umu!,,,,, 
.,dJre" 
aninIn elic ,h,(, 
bi·c nJi.n 
big ~ndj"n 
"ra",h 
oonJi,ionol bunch 
,",,,uclion "" 

R{',';{'w Questions 

jump 
linl o enJion 
Iogic.l 'hill 
machin e in,n""ti"" 
''I''',an,1 
(>pI:," 'i<ln 
packed d""imal 

"< 

10.1 WhO! a,o 'ho 'y pi ",,1 ok""," " "I a ,"",h ,no ,""'ocl io,'" 

pr'I)CWLUC ".n 
pr",,~Jw-c return 
1"'<1> 
rccn\<. ", pro"",,!"'. 
,~"« .. P,~; \h "",.,ion 
rmale 
, kip 

".ok 

111.1 WIl", ')'1"-" 01 locatio", ca ll hol,1 ,OUTeC " "0 d,',"inat io " '1""ctlkh' 
lU.3 If .,n i"" rueti,.n con'a in' lOUT ",1<l rc"',. wha, might be 'he PUTf'O><' or ,,"ch ,><kIrc'," 
In.4 Li,1 ,md "' idly "pl, in fi , 'c' imp"'tan ' in,l ruclkm , c'I oe.i~n i"uc. 
lU.s Wh,1 "'1''''' of o,!"'Ia 'His aTC l)'p ic,,1 OIl mach ine i'l>"''''Ii"" ",,,'I 
10.6 "',11,1 i. lhe r"""ion 'hip bct"ocn 11K' I R,'\ ,·h"",·t'" w J e "Kl II", p.c'k~ <.Ie",,,,,, I rop-

"",nt.l;"m" 
IU.7 WIl" , " [he U,n",",,,,," I",,'wcc'n "" '" ill,,"el i,- , n, h ",,,I .' "'gooa l ,hill " 
IO.M WII) "," 1"",1o, nf « ",1 ,,, I "",n ,,' ,""" ,,,,ou,d? 
18.~ U<l ., oJ hndly e' I~'<l" t"" e"Dn"""" "''''' of ge""",l lng the co"oLlion to t>c tc," ,'d in 

,conJ i" ,, ",1 ~ranclJ in,",uct,on 
10.10) WhO! i, Inc.1nl ~y tho term IJ' ,II"'~ of fI""" du ,.e.<'1 
10.11 Ij>l 'h roc I"",ih lo rI""'-" fo, ""rin g Ihe ,eturn .Jd""", fm" p,oc'cJu, c rei urn 
10.11 Wh,1 i," ,ccnlrallt p""."cdufc"! 
10.13 Wltal i> the Ji IT"ence bel"",,,'n "'"no hl), I""~"'gc "n u ","ch",,, 1, "~uJ~"? 
IO.I~ WI'"I i'TC"C' ''' Pol i,h "'''"Iicon'! 
IO_1 ~ WI,,,, i, lil e J iIT","nc" \,""wcen hi ~ C"nJ i," :lnu lill k c" • .I i",,' 

Probl~m. 

10.1 \1ony CI' II , rr"" ,J, l<\~ i , fo. ,,,,,/,or'"'''g ""thmet io " " r >chJ doc im al numlx'" 
A I 'hou~h til< ru le, 1m ,keirn.,1 ar" hrn<lo< .'0 ,i m,lar to Ih,»c fm !>ina" ol"-Talioo', 
the J ocim.,1 re,u ll< may r0'lU1re '''"\0 ,orrocti ;",< to th e ind i" idual digit> if hin"'" 
lc>:;k " u",J 
Con,i<kr 'he ,h'im,,1 .Jdilk)O or ,,.'0 un ,i""eJ nurnlx'", If "oKh "umh", (om"" n( 
N Ji~ib. ,hen ,h"" arc ~N bit, in ",,<h ",umlx'r, The Iwo n"'nlx'''' ",e tn II\; "JJc~ 
u ' i "~ " I>in,,,y oJJ"" S u"~,"" •• iml'1c rule fur c()fTc"l i" ~ n ", ro,"ll , Pc , (",m '&'t ,I;'", 
i" this f"'hi un '''' Ihe n"ml"", 16% ,nJ P&>. 

10.1 Til< to", oomr lom,," 01 tho ,Io"mol numbe, .v " "cfi 'led to lx' IO'I' y, ",he,,' N;, 
'he ,,"mix, of d,'c,ma l d ig'" ,n ,he oumh<" D,,,,r il>< the u'c IIf Ion", com plemenl 
"'pr,''''ntal~)O to pe,form <k<im,1 , uhtf.cli on. IIlu""",' Ih e' r'''''cJ",e h)' .,,)., roct
in~(m26h f",mI0736) , 



111.3 (\.mpare ,"re._, 0",' , 'w, ... ,,,,,I ,h ,""_oJdre,, m,,,,h ,,,,,, bywri'ing f""gnuTI> to comput' 

X - (A B XC)i(D E x r ) 

fur ",ell of ,ho fouT ",",h",,,, 'n1<' in'"",-'''''' ' '''"' 'au '. t", ""'"' .,,,.,1,,1 ,,,,,,"<: 

o Add", .. L ,\dd .. " 2 ,\ddr." 3 Add,e,~ 

I'CSII M WAIl M \ lOVE (X, " MUV£ (~ ~ V) 
1"01' '1 STORE '1 ADD(X,- X ' V) AIJI>tX ~ V, Z) 
,\DD AnDM SlIB IX <- X " 'U~(X~Y " SU~ ;;UH M \1 CL(.\~XXYJ MIJL{X~Y x Z) 

'll' L \lUL M IlIV (.\ <- X'V) IHV (X 0---- Y'Z) 
IliV llIV M 

16.4 Co ,,, iJef' l' yp,-,'he'",,1 '''rI 'I'u' er with ,,,' ""'''><100" <oJ nl ""'y tw" n_hll ' 0 ' 

'u ""ti "'''. 1"110 (,,,t !oi' specifics rile "pew •• " n~ ,he ,o""i ll;n£ I"" 'r<dty n ne 01 I", 
2' , n_1>o1 ","otd, ,,( ttl ,,," ,nom",y, 'I'll . t"o ,"'''H",,,,n, . re 

SUIlS X Sub".", 'ho eOll tent; uf loc"' ~," X from 'he .e-(' urn""'('t • • ,0<1 "ur< 
rhe ,,', uil in loca,ioo X anJ 'he "~' "",,,I"'o, . 

J t; ~'ll' X 1'1""" "J J ,e" X in Lh " plUgT""' C""",O,. 
A ~"",J '" ", . ,n m"n""y m,,) ""ot"o e,t h<r con ;""'octlOn or" ~in",y numl>n in ,~'''' 
c(lm f'M ome,,' n"'"Mfi_ IJe,,,,,",' rate 'h>1 thi' """u",,on ,op< ,,,,i,,, ;, fi" ... ",.i>ly com, 
f'MdO ~y 'pe"I), "t h<,W 'he !ollowmg "p,,,.t",", can he p"'!)fa mmed: 
•. D"., tmn,lor: L,.,a,i,," X to X'CLJ mul .t",_ .","",ul",o, to ""·",ioTI X 
b. A ddition: AJJ ("<,,>1 ont, "I ilK""'" X to "",u","lator 

", C",,~ i'i"""1 hT"nch 
d. L, 'tlka l 011. 
•. l':O Op'-"",,,,,,,, 

IU.~ .\h ,,), in,twcliur+ >e" ('u"'., i,, th" in<" " "ju" "001'. """" i,, t n" '1"'''' ;''" . ~'n,," 
I", ,H) ,nee! un 1 h~ C l'U ,'ole u,l,e, Iho" in,m"",,' I n~ 'h" ""w"m counter. Sugg<'f 
,,,mo u"" of ,hi, """"'liu ... 

LO.6 In S",,,.," lOA, ;' "'"' " ,,,od ' h" h",h all a ri,h"'etic loft , hift and. ~'g",alldt ,hilt 
w""'p""J to .1 mu l" pl'''"ti,," by 2 ",h , ,, '"" '~ " no ovafinw, .,kl if ""'TnOW "'''''''
anthm o,,,, and logicol loft ,hift ope,atio n, pwd"cc diffe,cnt ",,"II>, boJ, 'he aTiLhm't~ 
k it ,h if' ,e""", 'he ' ign "I tho "um"",- lkmon,".1t e 'hM th o" , tatemenl , an' I,uc 
10,5 bit ,"'''' compkm ont illt og<'" 

1~.7 In "ha( .... v a,c "umlx" ,o"",kd "'-'ng arithmetic ri ~ht ,hill (e.g .• wund loward ,,~ , 
,,,"r><i (o",.,d _0Cc. lOw",d ,cw. aw.)' Iwm Uj'I 

LM.H SuW''''''. ""cl, ,, ,,, b" ,,,,,.1 h)' '100 ("I' U ,,, ""'''go pm"" ,!ur o 0. 11, a nd m'urn,_ C .. 
the r'~gmm ", ' u"te, "" d lnlfo.1ted ~)' u"ng t lx t~r 01 to. stack .. a p'''Il,am coon,,,,? 

10.9 A pp<:n di, lOA I",in" ou' th" 'hero "no no ,,"d-<Jri,'n'cd imtru" Lio,,' in"n in",ue-
tiun ,ct if the ' ,"ck i, 1O Ix' "",d ooly b), ' he CPU 1,-" , "ch I'url"--""'"' (>ruc..,<lure 
hand l i,, ~ . How ca n the- C PU " '" a .tac k 10' an)' I>UTI""" ",itho"' ,t."k-<J'"otoJ 
ino'T "",iun,? 

10.10 CO' '''O'\ 1ft< loll"w i n~ 10'"""" f".m ,,,'0,,,,-, I'ol ;'h 'n in fo' 
•. ABC,D X 
b. A lliCD,' I 

c. }\Il CDE " X X i 
d. ,\IlCDE ~ Fi + G - I!.: X + 

to.l ( C"n", rt tlx l"l!o"' ,,, ~ I,+fmu la; from illli, '" re,'or« P(~ "h ' 

•. ,\ B IC D E 

b. (A Ilj X (CID)IE 



~.(A"IlJ + 1CXDJ E 
d. (A III ~ 1«1." II X",.. J. ( ' ) II 

10.12 ( ... n>ell.he 0'1""",,"/1 A II (" '" 1'".,/" "'''0110/1 u"ng DIJhl'~·' .I~,,,,' hlfl 
!>II"" .hoc 0101" Inl,-,I,.d. [. I~O ... ul, C<ju,,~lcn •• " (A I 8 ) C", A '(8 eJ' 
[)O"." mallcr" 

II.IJ Tho I'<nllurn >lehll«'u,o Indud", ~n In'''u<I"'" ... lkol lx..lIn~1 Ad."" .h., AdJl 
' hm (D"") I)AA [>Cd " TI'" . he 1011 .... ,"_ "'4u~1>CI: 01 '""'uCi"" .. , 

U (IAL "-TI n-,. p :.' I u,.., 
•• , " • " .. ~ 

. 1 .. .. ~ ; , 

..... if, 

" ,~ "" : • , , t~.n 

" ~ " 
, ".,. , 

" . , ,,-
" ~ (. , 

.... Ir. 

II ",d"",.~. hc .. d""m.1. AL "~n ~ bll r~",,'cr .1>:" 1><,101, .to.: .e",h "1.0101,,,,,,, ,,( 
, ... "un" !:J><d g 1Ir',n'e,c",_ AF;'. n.g I". 01.1><:' 0". < .. rr) I",,,, b, • . 1 [0 "" 41"''''' 
,c.uI. n/.n .dd,,,on CF;' • [lag"'t il.oc",,,. """. ("'m"'" 7." b" g . F.xpl .. n.oc 
("/leuOft [lCtiorr"ed by ,1>0 I)AA '""[Ud",,, 

16.1 4 T"" I'<:nll.m {"""'ra,e in,trueIlO" ( t MI', ",bor.oe ••• oc "JUIce O[><"nd hom the de< 
"""'M)n ")I<TMd; II .f"lio'"" ,I><' "., ... n,!C" (t' I' ,,\_ /, S, .)) bu. <10.. ... "'" al.a elloc, 
o( .he ' 1,"',;>J>\J; The t 'M P ,"""ochu" mal ,,< 1 ,~I" .. «l by a cond.""". 1 Jump (1«) 
.>f &0. ('",,,1,, . ," ISET<-c) 'n'''lOCh .. , . .. he," '"" ,d.,. ,,, <>fl. "I , ... 'I>condition, 1 .. ",,) 
in 'I ,hle II), II 0<""""",,,," fha' .1>00 """" ,"("" ,,,,,,d fo, " "gn.'d numl><, . omrJr· i,,,,, " e ,'" ,,«, 

1I1 . 1 ~ \/.". ""<"1"""""'" ",,,,,><,i ,)I) ",,, in"''''''' .tt in,It "''' ,vn 'h,Il t"", " , o nJ " "," .,.,,1 «" • Jc" in ati ,,,, ''P''ra nd if to. ,onJ ;';" n ;, IfU,'. I","mp.k, 100"1""" tI," SI: ('cc ,," tho 
1'0""""'. 'he Soc<: o n th o \10'0'01, MC'NO..iJ """ Ih e ~" ,,,I , ," Ih o ,"" , ;,,,,.1 "~_'21H) 
• . 111,'''''~' Ie .. , J,fk,cnc<O' "'l<."'~ th ,,,,, tn,It ,." " . " 

• SE'I',,<, ,nJ Se< "1"""'< onl, <1ft' h),C. "l\l:!"", s.o.",J ")I<<:ile. ,on "''to. "vnJ . 
,nd d,,,,t>k .. ,,n.[ 01"'","<1>, 

• SET<-.: .nJ Scond "'" ,h.· "I"" 3nd '" '"k~,,[ "ft~ ,I m [O and ,,, zelO ,f la k< Se< 
"' ... he t...'e'o.1I bi ... " one, If 'n'" and all ,"If" II I.k< 

Will" >Ie 'he ,.Ia"w .J""'[~.' ~,kl J".d'-anl',.' ,,1 t """,, d,lk",neo" 
I~ /-.""" of .hex ' .... truClIO ... ..,' .... 01 ."" <,,,,J,",,,, """" n."" .nd [h ... an e>pI"," 

, • ., ul ,he ,,",,.1. 0 111><: ,""'u<II"" i, ' C<jUlled " , <k .urn, ,,,, ,,. ,al",,_ I),S<'tI'" 
.. h.locr <Orkllll"" """"" "' ..... Id b< ", I ... [",ul. "r .h" ,o"[uCilOn. 

<. " .. on1'l. II' '''',men, ',,<h "' (( • . "'1 1. 1 N o.n "" ,mrlemc".<d u,;n~ • nome,· 
,,,,,J '<1"""'0"'''''' n .. ,hoJ. ' h~1 '" n .. ~,., .... ", ........ "aluc mon,r"" .. "I'J"-"Cd 
'u. f1"~' vI ,vn'"'' ,"o,bOO . .. hoc~ 'el"~""'." ,~" •• 1,,< roI • Ik'"kan <'PIC...,''''' ." 
• I~ ,m' ,"o<h.'J j .. Iho 1""V''',", ,\ ",""p ,I", ""ii1" ,n'rlm,,"n, [F . . b TilE" ~'Ifio 
111< r,~ I ,,, .. ,,~ !II))(st. '" ~I" , 

-= <,." .1 

} , C~ ,,~, ,·"tor' ", 
lUI , B " .. ,vo co'. ,. " .. , I' . , i 

,~, M , A ,,,ur.'. «"-."_ . ( ,""' AX n~ _cca' ;'o~" 
,. r,,,",, ,:-",,'i'A ~a 

,, ' ex , ~cl ~ t, ~oT_to<'. o r ,0-,_ ... , ex 

" "" 
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Tho re <u l, "f (1\ ;:.. B) i,. B,x)foan ".Iuo held in. T"~ i 'M ",,,1 ",", I "~1c 1,,,/ 
~", ,,,,,,,<I< 'Oo """"" of 'he flo,,' of m.le ju>l , hu"n . I, i . """,'oni " "' to U," "'! 
"teT ("X fOT 'hi'_ ""-",U,",, m.n), ()f 'he "",l<'h a[lJ Ic>o.'l' 01" :""'" h,,,'.,, 00,1, in t,~ 
for ("X 

Show . 11 .It,-mat i,'< impl"",,:nla'iun ", i n~ 110,' ~ I :r,c ",,"octio" that , .,,, 
memor), and c>cculiun ,im., (/lim- No .<k\ itioo,,1 """ HO,M ""rruclion, '" 
,""cded_ ,,,he, ,han 'he SET ,~' ,J 

d. Now "()n,id~T ,II" h i gh-b'cll" ,,~u.g. ,"'o"",nt ' 

,\ IB ;:.. CiORID Fl 
A ,,,mr 'lc, mLght ge ne"'< the [olio"illg '-(JJc; . ~ 

c~p 

>I0'j 

"CJ: 
' ,,"V 

IT1 M' W 

~ .. , 
~c-' 

""' v_c,' 
1(1 OR 

.M 
'M , , 
'" ~o , 

.~ 

~ 

b~, 

". 
b~. 

.c. 

• , , 

• , , 

ru 

,nvo oon'_.~'. c' ."".cien b 00 ,..,i. ~, SA' 

, 0'<"(>0'_ ",~".r_," 0 1 r""i",~" EM ~"_d .000' ;00 C 

, 0 err_"",_," hl •• 

, j '--"" " , " C 
, 1 Y"" r •• • ~ ," fal •• 

Sho,," an . Ilcr"",i,'o imricmcnl,, 'ion "''''~ lh " M' 1',,,, ,","ueto"" thM "",' , me""',), 
.nd « ,,,,,liun "me 

10.16 U.ing the' ,Ig,"i!hm fo, conven,ng inti, h) f>'-",r" de!in,J on '\[l"'ndi' lOA. ,hu" Ito<: 
,\cpo ill'c.,hod in ,-u",'eni,,~ lh e " pre ''',," "f F'gum 1<1_1" inlo p<»tfix. U'" a rr'
""n"' iun ,i,"; I"T to ri~,,," i G_ n _ 

10. 17 SI" ". 'h e ,.10,,1" '0" of too e'pre"ion in Fig"ro 10,17 ", int" pTese",,'i, on ,,,,,, I,,, to 
t"g"'" IO_i~ 

lO.lH Red"w th.' liltic-.'ndion I,,)'o"! in I i""," I(l.l~ "', Til" the h)'(O' 'rre.1f", numo<", 
in th<o big cndi.n I"you!. Th,i i,. ,i"",' "'Of,\<,t)' ," M_hi' fO""'. wi,h the h)'te, 1i,!oO 
kft lu right , top lu "",,10m, 

1O. 1~ fUT , IT<' fullu"'in~ d." ,hUNU'"' . dra" 'ho h , ~."ndi.'n and iittle- endi,n i,),uul', ""n~ 
'he tUfT"'" of ri g"'c 1(1,1' , ,,,J comm"n' on ,0< Te,"i,,_ 

• 'tn'c ~ 
, 

doub: .. " /IOxl_121]~4151f1"18 , L, 

•• "tr~ct 
i"L " //OxLl21L4 

i n t j . /1 0,,1 ,1617 " .2 ; 

'" ,tr o~~ , 
s ho,L ". i/':Ll12 

s hort j l!; x .; I' 

5hort ,. ,'J;~ .Sg 

~hor L " . l/:"171,, . }, 

1".20 Tho I'o",od>{, ",h"oc'",C 'f"--dfical ion doc> no! d icta'" ho" , I"""."''' ,hould 
,mric",.-nt linle·cn di, n n,,>d<, II 'pe (';fie> on ly ,h,- ,iew oj' ,,,omot)" 1"0<0'"'' mllO' 
h.ve when operating in liLtk",,,d i,," rn'","" Wh<" ","""T"ng' ,I,,,. ,auctu" fTom 
big cndi,n I" littlt' cndi"" , I'''><';"''''''",~ ftC " tn imp lo",e n' , !r"C hytc ",al~,i"! 



",ppuml x IO.~ / ST"'CKS m 

"" 
Littl • .." .lbOl add" .... ", .ppin ~ 

,.jJ",,, 

" U " " 00 ., 
" " "' " "' " "' " U " u " ,. 

" " " " 00 "' 00 OC 0, m " 
'U' : 'C' : 'fl' ;"A ' " " .U ~ 

'" I" ' " 
, ". " " " " " 
" " 'I: ' : 'F': ' ~ ' 

" ., " " '" " If) :J r,: 

" " C ~ ~ 

" " " " " " 
, " ,. 

FI~" ", I II. n !'o,,'~, I'e !-,1tl e_FOl d"", 
~tr"C(U ' O' ,n ~10"''''y 

"tc~' I."'1>", , ~ (0 lI>C >UIT"-' "'>([ 0/ ,lIT aJ JrO'" m".Jili,', I'm rnc~' I,."""" Cu"cn( 1'0""' PC 
r'o<o""" .Te ;, 11 Jd.ul( 1~~·enJi , n m"d,iITe, "oJ "'" .",-"",, m, ~hr; ".I;"" 1" 1 ," "I 
J "ia" lillie-COld i,,,, 

Cun'iJ<;, 'he ",u"lUre > dcr. 'K'J in Figu" IO.IH, '11'" 10)""" ," Ih" I"".-c,.·,.;~,hl rof
'"," "PI," t , ~u'o >h,,,,,, \I", "" .. 'Iu ,o,", >l'cro h)' ' hc P" "'~~"" t. I" fOCI, ,f "tu"u,e, 
is '''''''1,, 1",1 ,n lillie-enJi, ,, IT~JJ", il; 1, ),,,,,1 ," ,n,' O'O'y i, ,how" ,0 Fi~u,o 10,1 2-
Hpl, i" ,11 . Ol'rr '" ~ ,h;,' " ,,"'''I\'O<J. ,,,",,,,,,1'1) "" '''''Y ""}' 'co "" plo"""t ' Il e ""'p' 
f" "f' ,n,1 J,s<u" 1110 dkCl " 'cn,,, "f , 11" "1'1,,, ,,011 

lO.l l W,ilt' a ,ma ll pT"I'ram (0 detcTmin,' t hl', endi,"",'" of m"hio" "oJ "T'ol'1 Ihe' TO',ull,. 
Ruo (he p'''l'"m on" C()mpu,", ""i l.hle' 10 "ou ""d tum i" Ii" oulpu L. 

APPENDIX lOA STACKS 

S{a~k . 

A ,\lad,' i, "n orJacd "" "f ekm~"I'. on ly "n ~ "f ",h lC h e"n be """e"eJ ,,' a rune, 
The poin! of aCC"" is ca lled the I()p Df the 'lad. rhc n umbe, of c\<'m.'nts in the 
,I,'ok, or len~11t ofth" slack. is \'", iabk I '~ms ma~' only be added", or ddeted I",m 
[10,' 1,,1' "f ' he ,Ia~k , F", 1i1i , Tea,,,n.,, ,wek i, a l" , kn"w " '"'' {!/Ish"""," Ii.\'/ ()r" 
{II>I-i"-lir.l'l-,,.,I i U FO iii",. 

Fig ure W. lJ shows the ksi. stack ope,ation>. We bo.'~ i n at some point ,0 ,im" 
wh.n Ihe .tad ~onlains "-'m~ nUmOCf of ~km"n!" 1\ PUSH op,;ra lion "Pl",nd, une 
"c" itcm () lIoe 1,,1' ,,{ Ihe ,t", •. ,\ 1'01' opc," liun rCm" ,'." the h,1' ite ,n Imm the 
' tad. ] t1 hotlo C.1"" . the top of th~ 'Iacl m"";" "ccordingly, Ilin"r~ op'-"mtiom. 
wh ich 'e4uir" two op<:rand, (e.g" mU lti ply, divide, add. , ubtroCl), OJ",", th e '''P <I\-() 

,tack ,Iem, '" "1",,,,,,,,1<. P" P bu, 1l "~rn,. "nd pu,h otIC re",I[ b;.cl or,l() (ite 'tack. 
e na,y op<:raliom. "hich ,e<juire only one e>Jle"mJ (e .g" log ica l :>."UJ'). "s;.' Iho i t~nl 

on 'he lop "r [he ""ck. ,\ 11 of rhc'><) ope'otion. "'~ summarilcd in T"bk 11>.13. 
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f op 
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Mh', "' ... ~ .. , 

"1""""'" 
Fi~"rt, lO.U Ba,;" Stack Operal ion 

Stack Implementation 

The , t"cll< a useful ,tructure to pro,·ide", p"n of a CPU irnplemc rtt ation. One usc. 
d iS<"us ... d in Section IUA. i, I" m"nag" pro.:"dur~ call> and return, . St"ch ma)' atM> 
be u,dui to thc p"'gmmmcr. An nampie of Ihi' j, ,"xpre,"ion eVill\",ti011 JiS<"US>ed 
latcr in this section. 

The im plementation "f" ,wd dq><:n<ls in p~rl Or! ,,< p"t~ntial uses. If it i. 
Jc,ircd 10 make ' lad' "l',;ml i, ,11< "",iblol~ to the programmer. then Ihe imtru""on 
",I ,,·ill illclulk 'I"ck _oricnted operations. incluJing PLSH. 1'01'. ,mJ operation! 
litot US(" the top one or two ,tacK dem,'nb a, op"r"nd'. B~c:,u,", . l1 of Ih."se ope", 
tion, refer to a unique l()Cation . namely Ih~ lor or the 'lad: . lhe address of Ihe 
operand or operand, "iml'li~" a nd nced n'" I", i rtcludeJ in lho instwcl ion . rh o,,", 
Orc lhe ,~ro·a<ldrc" instruction. rcferr~J {o in S~ction 10. J . 

If the 'tack mcchani,m is to be ",cd nnl)' hy Ihc C PlJ . for >uch purpose, as 
pr",-" ,I\"c " "nJlill g. I hen I hCr<' will nol be ,"plicil 'lOck -Ori"nl~d instmcl inn' in lh' 

hbk IO.n Stacl._Or"'!l teJ 0l",,,,'ion< 

~,. 

AVP"".!' "'~. ,lome"' '''' 'he r"l' "j .h, " "" 

1),;1". ' I\e 'or , 'on,,", , ~ '0 ' ",," 

I'",r",", <II''''''''''"' "" L'~ ,I,m", " r """I. 
~ ' r<""< "'I' """""' w"h ,""I, 
r'",r",m ''I'< '"~''' "" '''I' 'w" d emen" of >I. d, 
I ,do'" "'I' two ,.,""'"" uI .,,,,, , , PI .. " ,esu" ",' 
01""""'" , .. ,,," uI ~ ,"" 
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Lnslrudion ,el. I" either ca,e, the jmpl~m"ntalion of a s,ad r~qu;rc, Ih"l there l:>c 
",me ",,1 olloc.11ions used lQ ,lore the ,jack demem" A Ivri"~l "1'1"0'''-" is ,I I" , · 
t"Hcd in Figu,,' 10.14'1, A con liguuu$ blot. of I,>(:a';on_ i, r~wn'NI ,,' til"'" "''''''. 
ory (or y irrual me",,"y) f'I! [he "", •. :\10" Oflh(" {;m~_ lhc" block is partially filled 
with <tad elements and th,' rema inder is a,'"i labk for 'tack growth 

rhr~" <odd,,,,,", ar~ n",ded for proper opu",ion. nnd liw>c' ar~ of",,, >Iured 
irl CPU l<:g"le,.,-

• S,."k 1".;II'.r. (\111I"il" 111<: add"", of Ih~ lop ()llhe ,lock. If all ilem i, 
~ppe"deo.ll() ')I JClclCd rmlll The 'lack. 'he poi",., j, incremented or .. k"," 
mentc.,] to contain the add,"", of the new top of the "ilek. 

• St~"k h.,c: Con\>';n, 1"" "ddTcs, "r Ihc b<JtlOrll k",,,lion in ,lot r"",n'cd block, 
Ifan 'liempi i, ",,,d,, 10 POP "h"" Ih~ <lac" is ~"'Pl} .. an cnor i, reported, 

• S",,'k limit Contai n. Ih~ add,",,, "f the other end of the r~scn'ed hlo.;k If "" 
,1I1~T11r' j, m",k to I'LSl l ",h~n 'h<' bl,,,,k i, full}' u<,liz~u for the ,tacl. an eHor 
" Iq>o,teu, 

I raJnj"""II),. and "" """t ",,,d,,,,~, t"uao. the ".'" "f th~ , t"cl is at the high
addre" end of th" ,e'~"'ed '1acl block. and the limi1 is al th e Ie",· "JJre,;, cnt!, 
TllU., th~ stack grow, from hither alkJre,,,,, t(\ low~r "ddr~"c' 

"1" ' 
, ... ~"" ,"",""., 

~ 
~ 

,-

'" -
~ 

""'k 
,~,,,'" 

f~ ..... 

,,,.,,,", 
."' "",_or 

«M" 
".,..", 

<"I" 
,."",,,, -_. • 

I I 

I I 

I 7j'" F .... 

~: 
In lr,.. 

I ---r 
I hi I '~'" h .. "Ie .... " i. -,,"'f> 
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To .po...,.) up "ack op<:ra!l<tn •. (he top ("0 stack d cmcnh art often slo",d .. 
...,g'~t e~ ...... lru,,· n on rigllI e 1O.l4b, In 110" c;o5c. 'h" ~Iack pointer oonta, n, (ht 
...w,.,., of Ihe third elemenl of Ihe >I""l. 

Expr'M, io n Eval"".ion 

\" ,. heno:,. ,o,,1 fo. nlUl"" are ,,,uall)" upro!ol<: d '0 "h" l lS knmon as ili/il notall(Jll. I. 
1111. [or",. a brnal)·.."..ulion appc'''' ""Iween Ihe "I"'.~nds le.g,. a b). h-" NnI· 

plc~ uprc",ion •. p;"~nthe",' ~.c u>cd II) dClerm,"e Ihe ",del or nalunhon of 
"~rrcSSkJn ,. r"'cxaFlll'ic. a - (1\ x c) ,,'iii )-,dJ " d;lfe," n' Ic; uli Ihan Is I b) x~, 
'1 " "'''' ""'I." Ihe u,", or parc nl hese •. <J1",.;r11l "" ha.'c all ,mpli ed pr.'<:edencc. (i". 
cI" " ~. rnu lliphcdlion luh, prcccdum'e m'c, add il i"". M) Ih"( a I b XC ;, ClIUlI'" 

le nl t<J" I (1\ X cJ. 
An "licrn"I,w tcd""4uC is ~l1 u" n ~. "'V(T'~ /-'o/i"II , o. postfix. nOlalion I, 

I hi' ""Ial""' . Ihe <Jper"lo, foll<J"~ II , IW<J "1"" a,ah, r <JT exa mple. .. , 
a t-(h c ) 
(3 -+ h) .~< 

I>o",.",e' 3 h ~ 
heoome. abc X 

",,"romcs ~ II c X 

NOl e Ihal . H'~rdk ... uf Ihe ro",ptc1ny (I[ an npre ... ion. no 1"'....,nl he!oC~ ale 
requrrcd ,,'hen " "ng ""W'"'" P"hsh 

1 he .d,'anlage of pusln .• ,"'I'",..," ;, Ihal "n "'I""",o n ,n Ih" form ".~,lll 
,,'-a lualed using a .tack, An npre"i'>t' III I""rr;, nola lloo is sconn« 1 [,,'m leillO 
" gh l, I·or each clem""' "r Ih" " 'I"""'"'''n, lhe jullowing rule, afC applied; 

I. If the C,"menl i," ,'an"ftlc (lr c~ nsl"r\l . pu,h rt »II'U lire 'lack 

Z. If th e clement i. an opennell. pup (il e t,'1' lwo lI e ms uf th~ , ("d. I'~rf,,'m th e 
ul"'rat;on. and I''''h lhe re, ,,It, 

Ah~I lhe emlre exple •• ion ha. ","cn >o(";IIl ncd . lire "",ull .. " " lhe 101' of Ihe mel 
The ,iml'licily of lhi. algurilh'" ",,,~<,, II a ron"cnie nl one [u. e'~lual,n, 

<.,,,.< .. ion,. Acconlingl~. m~ny c<""p,lc" ",II lake an exrr~ .. 'ioo on a h'lIh ·k,'ell..,. 
I-uage. con,·" .. ,I 10 f'O"lfi" IIOlallon, ~nd Ihen !'cnc.3Ie the machme in,lrUClIOIO 
[10", Ihal 1I01allon Fi~u re 1O.1~ ,h"" ... Ihe ,"quene< of machine m"rUelron, for 
c~al ual ong f ~ (a hJ/(c" d )( e) ,,"nItSI3ek-oo-,enled ;n,l,uCl;OO"-. 1 'he figure al!G 
sh",,'S Ihe " ..., or on". aJd'e~ ~nd "")-3dd.,-",. ,n"ruel'Oll'. 1'0Ie Ilr31 .• ~. n Ih""p 
Ihe .lack--on e"'e J rul .. "'eIe 1101 usc d in lhe 1 .. ,1 ' ''0 ea"". lhe poslfix nul.""" 
...: .. cd a. a ~uid,· for gcnem""8 I he ",aeh",e i",1 ruell""., The "'q''''''<c "r e.e~11 
fur the , ta<k p,~r"", ",1>>)",,, II, 1~'8urc to,16. 

I h ~ pro",·.,; uf 001l\'"rI"'1I an inr.~ C' I)'e'''U n I" " I""t(" npI~»ion i\ "~II 
"""I ""'i l)-' """""plisheJ using" M"cl. Thc r" II ,m ,ng algor ith", is ,hw '" 11'1,,1" 
IDIJK~.l I . The infix c'pr"",ul1" """",",1 j, u ll1lch (u right. "nd 'he p"'lfi ~ e~pm· 
,i" n l ~ dcw k>p<.:J ""J "ulpu, du, JU g lit e Ki,n , '1 he 'kl" atc a, follow>: 

1. Lx.",ine Ihe nexl clcmem on 'he ",put. 
2. It ,I .. ~n ol""and. oUlput ,I. 



St",'k t;<II<r~1 N<I(i.t<,.,; Sjn~k Nqti,t~r 

r~:~ ~ O,~;:,,~~~·· Suotr"" R L b ~lt:I:~I~ , 
Subtr,,, u,"" R", J Add, 
[\,,10 c Multiply 112. c SI ,"" t 
Pu,h d Add ~2 _ , U",", 
)\hh c l)I\'ioc RL R2 Subnc't b 

M"ILipl)' Sto,e R I. r Di,- i,k [ 
,~ 5 1"," I 

])i,-i<1o 
>" , 

Nu,,"ber or in, tr"",lo", >" , , 
Memory au"" W~ , '" 7ur ~ bd ~ ,~, , ,> 

3. Jf il i, an [)!,en ing !,,,re rn he.,,. pu,h it onto the <tack . 

4. If i, i, "11 op~r;'tor, t h ~n 

• If the ,op [)f the <tack ;s an l)1""n ill t pJrcntllC,j;. the n pu<h Ihe operator. 

• II II lo a. iligkf priorit~, than tile top of lh~ ,ta,'k (TllU lt lp ly "nJ di,- , J~ ha,'c 
h i ~ h "r P"()"t~' tIl,,,, .tld ,,,,d 'LJbtraot). then pu,h the "pe'" t",-

• EI".,. pop operatil)n from slack to J)ul l'UI. onJ ,cpeal ;kp ~ , 

" , , 

, , 
a _ b 

, 
, >, 

la _ bll 
rl X t+< 

fi~ur< lIl.l~ l,cofStock tn\OmroHLf (., h),'(d X ' <) 

, 
, " 
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I.,. .. (I.~ .. , ,-
0"1' • • <To" 

.... Il·"+m-"lx t ."ply ..... " 'fl"'11) "-J x I , <mpl. 
1l~("'Il) "-I x I , • 
" o '" 

"-I >< f " • , om EI >< r '" 0 

om El >< r " Il { n 
(D+[]><r " Il ( 

, • 
l)'E)xr " I' , , · , + r\X I' AIl('~ " ., 

I-I x F /1.1<1' ~ " , 
I x F A B( ' ~ Ill: , 

x F ABVX 1l " • , A II (' ~ , n j" • 
~mp<~ A!lCI< '" ,,0 • 
emp" A!I(')(.nl H cm!,l)' 

S. If i1 to a cl .... iD8 ""remhe",.. 1"'1' "' 1>Ct~Iu .. 10 Ihe OUl PUI unlll an ",,,,n,'II 
p."cnlhes;, i, cJ>CountcTcJ, I"~) auJ .. itsc:ard I h~ '-'p"mn); p"rtrlthc.k 

6, If Ihere "more i"put. ~o 10 ,I"p 1. 

7. 1 f IhcTC " n" rn',,~ lllpUl , un"ac~ the r~rn.ll n ' '' ~ "'per anJ" 

j""i~ur" 10,17 illustrm" , I he u'"" "f 1111' ;.Igllrl ill 01 . rhi , c,,,mpic , 11Ou1J give Ihe 
reader ,,,me feel for Ihe powcr of 'tac~·h"M:d "Igonlhm, 

APPENDIX 1 08 LITTLE--, BIG- AND BI·ENOIAN 

An """''t,ng an<.l curIOus ph~nOl'><:non rd,l"" I .. hew. ] h~ bylcs "ilhm ~ " ',>1.1 alld 
lh~ bIb " ''' hin 3 byle are bolh rdefenced a'id fCl\fcscntcd_ We loolli,,' 81 th~ probIt", of h)-Ie m<.lcring. ond Ihl:n ,nn"dt'r Ihal of h'IS. 

Uyt~ Ordering 

Ille wocerl of endianne", "'"' r, ... d l<cussed i" the 1 ,,~r"l ure b)' Cnhe" I COl t I~ II, 
Willi re'pcel 10 hl't"" ""dia ,,,, ... h~> 10 du wi lli the hyte ",dor ing of m,,"ill)'t~ 
"""I;lf ,'"I ue,. rhe i" ue i, h",t i 'II ",41 l,,'cd "'I I it an example. Suppmc ",e ha.,c lite 
J1·bil he""d""im;,1 value 123~~~7~ a"d Ih .• 1 it ".lon;<1 on a ~2·b i l "ord in b)'!o · 
,I<kl,-c.",blc """"or}' al b)-Ie Iocalion I HJ 'llIe .'. Iue co,,,;,!> of four b)'le., ""It, Iht 
lea.1 "8nllkant b)'le rontaining Ihe .';.,,'" 7So,,<.Ilho mO'lI signifiea nl h)'l~ " """' •. 
,~! 11t~ "aluc Il. 11oc"" aTI: h". way> 10 .Iore lit" "aluc-
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Addt<'" VaI.C Addrc" 

'" " '" 
'" " lSI ,. - , . . 4 

I:n L....2. 
,,, 

" 
lhc mopping on the left storeS tho most sign ificant b)'tc in tk [("',,"" num~rical hytc 
"Jdr~'" Il,i, is known"' big ~ndi'ln anJ i, C<I",,'"l cnl t<> Ihe kft _tO _Tight o"Jer of writ· 
i"g", We,tu" culturc bngu"sc" rh~ mapp"'g "" the .ight , to rts lhe least 'ignifi
cant b}'l,' in the lowesl numerical b),te add,e .. : this is lnown a, little cnJi"n a~d i, 
remimscent of the righl-to.-Idt order 01 arilhmctK: 0p"ra1io", in "Tith1ll~1 ie um" ,' For 
"giwn multihylc """I"r ",,1,,", big cndi,m "tld liltk cndi"" arc h)'tc_revcr""J ",ap
ping' of each other. 

The concopt of ond ia n" ess ",i,o, when it i, neco,,"ry to tr~"' " m"llipk _hytc 
ell!,t)' "'" ,mgk ,bta itcm w,th " <Ingle "ddT~". ~,~" lhough it i, (()mpo,~d of 
sma llcr adJre>s~bl~ ulli", So,,,e ","eh in~ '. ,uch as tho' I ntt! W"86, Pont ium, VAX. 
anJ Alpha, arc lil1lc-cndian machines, whercas other,. w<'h '" lhc IBM S~',,~m 
37O' ... N., Ih~ \loto",ia 6NJ"<:O, SU l1 SI'i\ RC. anJ 010, 1 R ISC m,,,·nlll~'. ar,' l1Lg ~IId"n 
I hi" pr~,c",s I'l'Ohk"" ",h~II daLo' "r~ tr",,,fc,rcJ fm'" a moeh,n" of one ""dian 
type to th" ol b"1 . ""J wb"" a I"'O%' all""e, "tlempt; to manipu lote inJ i, idual h}'IO' 
Of bit, within a multih)'te Ie""'" 

The l"OP'-'TiY of "nJi'lnn"" d"", n,,1 ""cnd heyond an i ndi , ,Jual data unit. III 
a,,), mach",e. aggregate, ' "eh a' filo,. Oat" slruc!lLre,. and "rr"y' afe compo\""J of 
011111 iple dOl" unils, each wil h enJianne,,", Thu,. convcl"'i,'n "I' " hlo"k of fT"",or), 
fro", 0 11 , ,tyle 01 cndi,m"c~, lU 'Ile ,,' her re'l""'" b",,,,leJg.e of I he JaJa <1J ucture. 

Figur., 10.1 ~ ,IILL"'''lC; how clLdi ""IL~" Jetermi no, "ddrl'"ing ~nd bylc oTJe,. 
The C mucture at the lop contain' a numhe, of d"ta typ"" n,c onemo,y 1:.)0"1 in 
tile lo"'~, kft ,,,,,,110 from .ompiialion of th"t q,"d '''C lor " h;~_ ond; "" Il"'th",c. al1d 
th,1t In the- I"W~T rlgh' fora litlI C_~"di"n Il\acllin~. III each ,a,e, ,,'~m()'y i, JopicteJ 
~s" ,erie, "f M _b.1 r.,,,,,. 1'0' th~ bIg o"d '"11 u ....... memory lypically is bid oul Idlto 
f ight. top to oottom, "ho,,,as for the iiul,,--enJian case. memory typica lly is I"id out 
Tighl to) left. top to \>otlOm. :-10k lh", I he...; la)'ouh ,HC "rbit,"T~'. Eilh"T ",heme c'ould 
U"" cllhe r left to right dr right 1(> left wilh". " row; th;, i., a maU,', of depiction, nO! nl<'m
or)' assignment, In fact, in I()()l illg at programme, m.n""I, for a ""ricly of n""hine,. 
a b;:wilu",ing co ll e<:tion of U~pi"lions is to b;: found. e,en ","10", th~ 'am~ ,,\anu,,1. 

Vie cu\ m"l~ "",,~,"I ol","""n;(>", "h"ul thi, Jala ,I ruclurc: 

o Each d"w item hu, the ,a,l1e "Jd,~" in b<J\h ,,·hcm~'. t·", c'Xomplc. Ihe 
"ddte'" 01 'he doubkword ",iln hc,"d~~;rnal ,,"Iu~ 21222.1242.'262728 i, ()8. 

o Within any given multih~te ",abr niue, the ordcrin g of h~'lc' in 'he lillle 
cndia" "ru.l\lrc' ;, tk 'C''C['~ of that for t he hi~·end; ,," ,t "'ct"r~. 

'Th, Le,"" h,~ ",dum ,"J hul, ""/" .. ,'"",,, I",", p"" I. Chopl,', 4 ,,! b,,,h,, '~' , Il' < (;,.Jii,,"', '1'>", 
'" I~') lefor '" , "'Ii ...... , ~" 0."",,,," ,~" Y""l~ ",,,'"M "'0'" <~'" ,,' t t;, h'J ""I .'nJ , .... "h" 
'0"' .TO"' "!W''' ,I>< htt l. <",-" 
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" 

"""CC' 
h ' 
h , 
",,, ,,,< 
n," 
c.»r 

" " " '" " " 
" U " , 

" '" 
" " " " " " , 'F : .(:-
", " ' ,. 
" " " 

".6 , , 
" d [ ' I, 

:: I " 0' .. 

" " " " 

ex' 12 '~'" '-" ;'''_''' ' 
" xl l "_,l,, 

Ox",,, 

·C~ "bl _6'" 

" " " 
" " 

, 
" " 

, 
" 
" ,'" 

, 
" " 

" 
" .' 

do·"bl ... .,," 

~ "",. ",! . ' ' ''Y 

, 

, I : ' o. 
.. <t' , ;> 

" " " " " " 

o. " " " " " " 
,. 

" '.\' : '~' : .(.w it>' 'D' :'C' :'~. ~.\. " " " " " ", , ' " ' ,,: ' , 
j(, ' " ' " " " " o. , 

" " " " 'I;' : ',- : 'I; ' 

" " " " " " " " " " '" " ' 
, 

" " " " " 

" 

" 

" " " " " " " " m . ' 

• EnJiannc>s Jocs not aff~Cl the "rJ~ .. ",)\ of .1"1:0 it e"" will,in " "ru<l Llrc . Thu; 
the fO\lf""h",acl~r ""md c c' xh ibil' by1c rc,'e r,.1. but th e ","cn-characlcf byt' 
am,), u dvc' nol . I·koee. the aJJfc" of each individual dement of J; , the 
,ame in both . Uucture" 

The effect of ""d"",w"" l',orl"'I" morG "k"d ,' tI~!l"m>tr"l cd "'h~" we ,.; "", 
memory a, a wniral .rray of byte" a' sho",n in f';gure 10.19. 

Th~,~;, no general ron",osus a, te} wh ich ;s the sUI",rior style of cnJ ial1oc,", ' 
Th~ followIn g point' fa"e}r the b;g--<:nJian "yle : 

• Ch.ractN·slring sorti"g: A b ig-e"dian procc,"or is f"IC' in comparing inte
ger"l;gn"d ,h,,'aclcr "riogs: the int cger ALU can "on)p"r~ mu ltiple b)·t"' in 
paralld . 

• [)ecim~I/IKA dump" All "a lue, can be prim.>J left 10 fight wilho\lt "" ",jng 
co"fu,ion . 

• Cou,ist~m ord~r: Big-codi.n proce,,,,,, ,lOre 1heir int egers a nd character 
,tring,;n Ih e ,"me orJ~r (moS! signifi ca nt b}'I., come' first). 

The follow in g po in t, [,..-or Ihe li n le-t"d ian 'lyle' 

• A big-tndiaOl proc.,,",or it", to I",rf","" addil '011 whe" ,I "",,,,~rt, a 32· l> it ;nto_ 
g~r adJr"~ '0" 16-bit im~g,'r adJre", to u,e thc' kos, ,ign ifican t by te,. 

'1'1>< P",,'''L ,,,,,,,,d b) I,"h ","""r' m Lh< rOO,, " W,,' •• () .. I!"",', r,,,A, h,d Lh" L" ")' "A ll "'" 
I"-'I,,,w, ,",II "rc" ,"w b"" "t ttl< ,,,,,,,,,,,.,,, uLd." :.". m..,h hc'lr' 
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"' '" 

• 

• • 

" " 

" " 

" " 

.c 3E " ~ • 

• " 
• • 

loIft; ..... i .. Ihll, ,,,,, ..... I... 

tltoKt 10." A", .. h .. \ ic,," 
oi "'!:~f' ]u.I~ 

• 11 ,. ca .... , 10 pe , rorm hi~he,-p,eri."m mOl hmctoc " ',Ih II ... I, n le-.,ndian ~1)"1c; 
) .... u don'l ha"c 10 find lhc Ic~"'$,grllficanl hy1c amI mO\ e b;>c~ ,,-•• .1. 

rho ,hffo .en",s ~." minot and I h~ chOICe "f ~od, ., n sl~le is "f1en mo.e " mal· 
Ie. of ~cc"nHno<lJti ng p.cviou, marhmc. lh"n I",ylh'n~ oJ<e, 

T he l'u" 'cr l'f" is a hi-cnJ"", I'HlCci,m . ha. surlXl rl ' bol h t>l~.~."h ."\ and 
lilll e·c nJ,.,,, """k •. Thl' i', ·enJian afChil cc rur~ eMblc~ ",fl .... ",," Je,·elop"" to 

d1<w)'>C t ilher ",ode .... hen migral ing [)pe.a ' lI\~ ' )"" """ ""J illlplicOliuns frum olhe. 
m .. chine., Th~ ope raling '}"I~m ~ 'I"h l "b c~ th e "!ld'",1 mooe in "'hi,"h pro",c""" 
~xc.·ut ~ , Once" mode" -elecled, all ' ub .... q~ e '" m ~ n"'r)' I""ds and Sl[)fe , .. c 
Je lc ."" "eJ \'>y the mcmory-.Jdrc"' in ~ m",ld ,,( 1)"'\ " H)'1e. To . upport 1hi' h:"d 
warc fca l Ute. 2 bns ;m: mmn1.incJ ,n Ihe ",acll"IC 't~ \ e rclti, \cr (M ,I{) "'""\I",neJ 
by \h e "1"" "' '''1' ')','e n! ali pari of thc procc>1 .. ale. O ne hll spee,fic. Ihe end i~ n 
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l1l!oJe in wilich [h" '~rnd run,: I he oliler 'JX",fic'., Ihc proc~"or's current OI>CfMin, 
mode, Thu,. ",o<k ran he changed on a per-process basi,. 

Bit Ordering 

In ordcring lh" hilS wit h;" a byte. we are immediately ["ocd wilh two qu~,ti"m: 

I . Do yo" ('oUnt the [i"l hil a, hIt nm or", hit one'! 
Z. Do you a"ign Ihc lowe't hit number 10 the b)'lc', k"" ,ignificaUi bit (littl' 

cnd"",! or 10 the hy\c' m"" ,igllific,tn' 1,,1 (big endi,n),! 

The", 4uc'tions are not ans"'cfcd in Ih~ ,,,mc way on all """,hi"" Ind"d.oo 
"-'m~ m;lch ine" Thc an,we" "rC difkrcnt in diff~rellt cirCU"l>I""Ce,. Furthcrmoro, 
lhe th(>ice of big. '" IIItl,, ·clldiall hit ordering with in" byte i, not alway, oons imot 
with big- or liltle-c<ldian orderin g of b}t'" within a multih}'lc ""kit, Ill e program. 
mer needs 10 bc wncern"J wilh the's<; i,su", "h,n m"nil'uialing individu,1 bit', 

ATl"lh~r "r~a "f conCern i, whell data a"~ t,a",,,,il1 ed O\'er a b;I-,,,,i., II;";', 
When ,n i"Jividu"1 byte i, trans"';l1cd. Joes lh~ 'y,tem lran'mil Ihe 111,,,1 ,ignif~ 
cam bit first or the le"st , ignificant bit first'! The u"igTlcr mu,t ma Ke Ct'tt,;n that 
incomin g bit, ,IT" h"TIukJ properl)' _ For a ,iI"',,,,i()1\ of lhis i>sue ",e iJAME90], 
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ll.~ RCfol1""~ndcd Rcadhl~ 
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KEY POI:"lT S 

• An operand reference in an ;n\lruclion cilhtf «>nlaiuS Ihe a.:wal ,'a lue 01 Ih< 
opcraod (,mmediate) or a rdetCl\C~ to the add,~ .. of the operand. A ,,'ld. 
"Jtie lyof addressln,i mooe! is used in varWu, insl1V(:lion 'klS. Th~. indud. 
dire<:1 (Oper~nd adJ re~ ;! ill "dd rc~' fJddJ. ;"J;r~~1 (~ddrej.S fiold p<lintl M ~ 
location lb~, ton!aill~ 1M (lflCrancl addre$i). regiSter ... egisl<'r ;ndirec l, and var .. 
~)US fornl,; of displacCl'UeIlL in which a r~giste, "~ I uc jj added hi an ~dd,e~ 
, aluc 10 proouce the operand address . 

• The ;1I\lrucl;oo fO'11I"t definCi the layout field! in Ih ~ iustru.lion . ImlfuCllO" 
formal dtsi~n i, a wmpltx undert"king. ind uding "u~h oo.uiueration\ 01 
' I1StJlJ<:lion length. fixed or variable leng.th. numl;lCt of bit, ,>signed to opco.U 
and each operand rderen.e, an(l how lI<lurc"ln~ n"xle is delermined. 

I
II Chaptcr 10. ,,·e focu,ed on "}",, an in,' ,uction ", t docs. Spc~ific" Ily, we exam
ined the t)'pe, of opcro nd , and ope '''l ion, lh" l Il\~)' Ix; specified b)' machine 
in}t>'Uclion" Thi, ch"p'"' lurn, tv l h ~ y,,"'l ioll of }1O~' 10 'pecif), Ih c ope,and, 

"nd operat;c,", of in,t ruel i",,,. '1",,, ,,,ue , ari,e, First. how is th e "d,h'cSS of an 
"I",,,,,,J 'l",cificJ. "nJ ,ewnd, no""' arc the bit. of an in>lw<lion ()rg;I1, ;,.ed 10 defin< 
the op"rand ad dre""" and op"rJlion of thai in'lmtl i'In') 

11.1 ADDRESSING 

The addrc" fidd Of fidd. in " ')'p i ~~1 ","met,,,1\ f""nal arc re!a(i>'d)' ,m"1 1. We 
wou ld l i ' ~ In t><: ~bk 10 rcftr~ncc" large r"n~e of location> in ",,,in m~m(")' 0' . foe 
."me ,y,tc m,. vil'tlJ"lmcmof}' . To ar hie,'e th is objce(i>'",,, v"r;tty of "ddlessing 
lechniques has been empl oyed . Thcy . 11 involve ",1llC trade .. off between .dd,." 
'""go andior addfc"ing fie, ibil;,y, '''' I hc ""~ hand. and the number of m~mury ,d .. 
,' ren.o."" and/or Ihe comple,it)' of addres> ,aicu"'tiun. on lhe ", h ~r. III thi. ,,",ct ion, 'Ii' 
examin e th e m",t common "ddrc"ing tcchni'l"e, 

• Immedi'te 

• Direcl 

• Indirect 

• Regi'ter 

• Rcyi,lcr ;IlUlreCl 

• Di'placement 

• Slack 

I h~", ",<><10' are , lluslrateJ ill FigllfC 11 .1. In th is jcction. "'~ II", th e f() l h)".n~ 

nmation: 



,,, 'om",I"" 

",,",,,,,",,J I 
1,_"",,,,,,, 

1 ",pI~·" 

L==, 
T',;,ul """. 

"'~;'"" 

1 L1 I .~D IlRl~>S I~G 383 

,", ", ~'-, 

I I 
~,~~,,, 

'0) ~,.~~" , 

,,"""', .. " 

A - content; of aI, ,JJre" field in the in,tructio ll 
H = .ontcm, of "" "dJrc>s field in the io"ruction th:tl rok .. , 1"" .. cg,,\Ct 

I:A _ "ctua l (dfcd i y~) .JJ .. c·" nf ,he' I "t~l i ()n wnla i"' ''g lhe ref",~"ced opcranJ 
IX) - contem, of memory location X or regi't'" X 

Table I Ll inJ i t"t~' the aJdr.," calculal ion performeJ for c"ch " d dT~"iTl ~ rn o"" 
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T.ble 11.1 Bask ,\dd,c"ing Mooc, 

~lod<' '\I~"rhb"' I'rilldp.J '\d"."I.~c Prilldp.J [)i>.d'·"n'.~< 

hllfl .... 'XIo". Op<" nd - ,\ '<0 """",,)' "/0,.",,,< t,m"pJ '1,,,,,"J m,V','""' 
1>""" IA _ A S,mpl, Limi" d oJ",,,,. '1'>« 

lodi,,,,' " '" L"'~ aJ~,o .. 'P'" ,lu" ,rI' n>, '"",r y "t',,,,,,,,, 
1<.'1">'<' ~ " '<0 """,,,,)' "-1,,<",,, '.,m",,! odJ .. " '1""< 
1<.,.;,." ,"<II"", EA _ 'I<.) I ... r~ od~",,, ' f'U0 b L" """""y ,..,f""1« 
D;,p ''''''''''' EA A , (R) fbiCi'i" Coml~" i') 

""'k EA H'I' u{"'''' ' ,<" ""'"", ... ). "[c""",, Lim",,' 'Pf'I",,' Ci ht)· 

Ileforc beginning 'his Ji>cus>ion. lWO comm ent, need to be made. Fir-t, "irtu· 
ally all compute, arch itect u,e, pro\'id" mo,e than one of th,'''' "Jd l't~,i ng ruoJe., 
fh e ~U~'I"m ",is", a, to how lhe "",mol wlit c3" ocIC,,,, i",, which adJ"", mooe is 
b"ing useJ It, a particula r ""lrucl ion, Se \' ~,al ' ppro"che , a,e !"ken, Often. Ji(· 
le,e nt opcooe, will u;.e d iffere nt addressing moo"" AI",. c'ne or more hilS in lh. 
io,truclion form'" c;m be u,"d as" I>wdp firld. The va lue of lite mod" field Jet.,· 
nlln~, ",h,ch adJr~"in g m",ic is to he u,eJ, 

The seconJ commenl (once"" the inlerpTe talio n of the dfcc!i"c aJJres. 
(EA) . In" ,)"Iem without \'inu,,1 memor),. the 'ifecr;veaddr(,5$ will he ~itha a n,,,in 
nl"moT)' add,c" or a regi, ter. I" "virlual memo,), , , ·, Iel!\. Ih" effecti ,'e aJd",,,, i,. 
vi rt u. 1 adJr"" or 3 '"g"leT. '1 he aClual mapping to" phy,ic"l . Jd,e" i," functioo 
01 the paging mechanism a nd is in"i,ibl e 10 the rwgramm~'. 

ImmediHte Addressing 

rh e ,im ple, t 1"'1ll of address ing i, immcJiaic aJdn""in g. m wllicll lh~ opera nd is 
",\\laU)' prc",nt in the iT" lru~li on : 

OPERAND = A 

This mooc Can he us"J to define a Fld Uk co",tam, or ",I initial va lu e, 01 ,'~ri"b1C!. 
T)'pica lly. lhe number wi ll be , 10red in N Q!; compkm~n l form, 'he Idlmo,t bLl of 
'he operant! tid.! i, u""d '" a ,ign nil. Whcn lll~ operand, ~ loaded imo a Jala reg· 
iSl~r. the sign bit is (" le FtJeJ 10 the left to the full dato wo,J , ize, 

The advantage o f immediate addressin g ;, tha t no memo'y rdc,cnce olher 
,h,m I h ~ in< I' UClioo tc,"h i, '~'I u i,~d to ohtai" lhe OI""·",,J. thu, sa"ing o ne n",m· 
my Or cach~ tycle ,n 11 1 ~ in,lcudi,,,, c~'de. The J ;,ad,antage i, that the size of!ho 
number i~ ,es lricted 10 lite ,ize of the addrc," field . which . in mo,1 im"UC1ion ><,10, 
i, ' mall comp",od "'i th the worJ length . 

Dir~CI i\ddr~ssing 

A ,cry ,irnpic form of "dd",",mg" <lIT""t "<ld 'c,,,,ng iu ,,·hid, Ihe adJ,es> field 001\. 

ta;n, the dfeCl iw add,e" of the operand : 

EA ~ A 
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The teeh",~ uc was common in earl icr ge nel'" lio,," of C()ml'ulcr, nul is nol common 
on contemporary aN;hil~clUrcs, It requir~' only one memory rcferc ,, ~c ;l!,J no '1"'_ 
~';a l cakulalion. Thc (>I,,-iou. hmila'ion is Ihm ill''''' ide, only a lim iled adJre" 'pace 

Indi rect Addressing 

Wilh <.li'~ct ad<.lr"~'ing, the lengtll of til,' "Jdrcs.' lidd is u,uall ), Ie" Ihall the wor<.l 
length, thu, limilmg Ihe addr~" range, One ",IUlio" is tl' h,"-~ Ihe "udr"" field 
rdcr to th e "Jdrc" of" word in m~mor)', which itl lum contai", a full _knglh 
"ddress of the operand. Thi, is known as ,,,,Iiral add""ing: 

EA - (AI 

A, dcfilwti ",,,Ii~r, lh~ p"renlh~,es are 10 he inlCTI"e'GU '" mc"ning comems '4 
The ob,'io u, aJ"'nlli gc ()f ,hi, ~rl'roach is Ihm for a "'orJ kn~lI' M /'i , en "dJrcs.< 
'P""C of 2'" is now ava ilable _ T hc Ji""h'a"1<>~C i , Ih"1 instruction executio" req uires 
tWO mcmory fcf~lcn"e, to fetch thc operand, o"e tt> ge l i1< "ddrc" and" ,"conJ to 
get its ,·, Iue. " 

Although the numb"r of woru, Ih,,1 ,'"n b-c "ddr",,,,d il now cquol tn 2 , the 
"unol",r "I ditlcrent effcct i,,, "dti['o"e, 11",1 11"'~' be lcf~rc'nctOd ,n "ny o n~ time is 
li mil~J to Z' _ ... here K i, the !cngln of tile atiJre ... , fielJ_ I),l'i," ily, this is not .1l:>ur
den",,,,e ,c,trodion, "nu it c"n 00 an asset. In" virluallucnoo,)' c""",,,,,,,enl, a ii the 
dfcctiYe address location, ~"n be ,'onlincu to I'"ge () of any proce,", Because Ihe 
iiJdrcs, fidu 01 an instruction is ,,,,,II . it ,,,II ,,,It,,,,, ll y proouCt) low-numbered dire.ct 
addresse,_ wlneh would appear in pag~ O. (The oul)' .. ""ritlion" thallhe l"igc sue 
must 00 grcater titan or e~ ua j 10 2" ,) Wh cn a proce," is acti,'e, tile, e wi II be rcpeakd 
refe rcncc, to page O. causing it to rcm, ,,, i" re',,1 rn~mor)', Thu" an indirect mem
ory rd,'rence will in""j,·c. "t mo,t . O!\C page fau lt '"ther Ih,,,' Iwo. 

A rare II' u",d , .• man\ 01 indircc1 audresling i, mult ile"e! or casc.dcJ inUlrecl 
"durc,"ing; 

EA - (",(A) ... j 

In thi ' c'a,e, <>n c ~it of a full-,,"ord addre" i, ,,, inJirecl l1 a~ (I) If Ih~ I ~il i, (I, then 
the word CO"""" tll~ b\, lf the I bil is I. th e n "notlle, le"cl of inJircc""" " 
im'<>'ed . Ther" doe, nO! apI''''' to I", "ny 1'",lic11I"1 "UVill1t"ge 1o this npproach. "nd 
it' di'atiY"!ltage i, Ihat t hrc~ or more memory referencc' c<>" ld ~ rC'lnir"d 10 felc h 
on operand, 

R egis ter Address ing 

Registe r "ddf~"in g i, ' in"lar 10 dir""t addre,,;ng. The ouly Jifference ;, lit"1 Ih~ 
"ddre" field refers 10" ,egi'lcr '''Ihn than" main memory addre,,: 

Typically, an add, "" fldd 110,,1 rdc r~ncc" registers will hJ\-c from 3 to 5 bi!>_ so tll"l 
a 101;<1 of from S to 32 ge neral -pUrl~ )'" rcgi'ICTs "an 00 rcfC1Cnccd, 
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The .,]> 'hla~es of regi~lc, ",ldr~-s'Ih' are Ihal (I) " .. I)' a ,ma ll .dd .. ", r.ckl il 
lIe~<.Ic<.l .1I Ihe ""Iruclion a ll<.l (2) " " memory rdcrcnc..,. a, .. requ,red. As "as oJi>. 
C\I''''<I In Chaple, -4. Ihe men'o!)' aIXcl<l U",., rn, a ,e~Mef i,,'emall<> lite cru .. 
much Ie ... than ,hat ror ~ main nlem",> a<.l<.l,e~. Tlte ",,.,,<.I,anlage of fell'lel 
addrc"'lhlt " Ihal Ih .. a<.l<.l,.,., 'P"~c .. 'cry Ii,mlc-<l 

If ICjI:o£tcr ad<.l'~ing " bed' .Iy .. lied In ~" ,n , " u<1 ion oct. Ihi. 'mph"" ,hal I"" 
(' I'U rc[U'lc,," ,,,11 he Iota, ,I)' u>c d. 11c,'''U>. or Ihe """crel)' IonHled numbe, of rol' 
'.Ie .... (enmpa. c<.l "'Ih main mCIIl"'Y I",;;,,,,,n~). I he;, U,"" m this fashion makc' ,;en\( 
only of Ihe)' arc ""'1'10),"<.1 crr,,' c· nlly. If c"e lY ' 1>< ""'<.1 " IHOUghl into " 'c~i .. cr I,om 
tllHitl mcmolY. opc,.le<.l un ""ec. a rid th en rell!1ne<.llu main mem". ),_ lloen a "a\le
ful mlermed"IIc ,Iq' h" b"cn alklcd, II. ""I c:< d. Ih ' ()f'C"mJ ,f) a r"~i'I"' le rn,,", 
)), I' ''' lur ml,II,,,lc operal i"ns. Ih ~ '1 , real ""' illS' i, a~h,e'·cd. An examp le i. lhe 
ml c' '''''' JI"k "',ult in" c;! kubl"\n , ]Il I''''ticu l,,, , '"PI''''''' Ihallhc " 1 ~"T!lbm f()f 
1",<,. ,:ompkmCnl lIluil'l'licauon "el,' 1<) I", lIllplem"med in sofl ","rC. The localioo 
bl:>clc<.l,\ m Ih~ now,han (Figure ,/.12),~ .dcrenccd ,,'an}, time, "n<.l ,h"uld be 
nnplcm"luoo II> a re&i'ter ,,' Ihe. ,h,n a Ill"." nlC"''''~ I"calioo 

It i. up 10 Ihe I'n~r.",,,,e. to deci<.lc "hKh ,·.Iues <hould ,cm~", In '~j!.t>le" 

an<.l " h""h shuul<.l he . tored in n.ain mc .... ,IJI. Moo;~ modern ("I'Us employ llIulul'l( 
~cn~nol -pu.~ .. c&isl~"'" P'''''lnlt a hunkn fur dr""'cnl ~,,,eulion on the ",-ocmbl}. 
IanJluage progtamlllCr (c-!t-. " "" p.tc, , ... ile. ,_ 

R~g is~ .. r Indirect Addre .. ing 

JU>I ;" ,ogi"" adJ.~"in~ is analo~ou~ I .. JlfCCI "<.I<.Ir""in~ . • ~~ i" CJ ",<.lilt<:! all
drc"rng i, "n"l()g"'" 10 in<.li.eCl "J<l'"."n~. In h,,~h 0""" Ihe o"ly <.I,fI.'c·ncc il 
,,'h~lh~t til e .JJr"" field ref"" ''' " ""'lIlory \0.;;>,,,,,, or" regISter, ·]lou, . fo< r~g.;tc! 
",di, ~-ci . dJ,,, ... 

I he ad, an!;Og'" ."'] )"n,la!iotl' of ,c~"le. ,mb f<>C! addrc'''''g "r~ ha,icall y Ihe '""'" 
lll; f," ,nd,,~-c, aJ<l. ",<in ll, In bo, h C~"·'. I he ~ddlc" 'pac" 1",,,lal;on (bmllod r.nft 
"r ~J<l,e,"e' l of Ihe add", ... foci" is ,""erWIIlt try h"""g Ihal ftcld ,de. '" a ",unl
lenSlh loca liun ronl,,;n;ng an adJ,c~. In a<.l<.ln" ,n. ,c&i'le, ind i,cc' a<.l<.l.=ln, u~, 
one Ie"" O\emol)' .de.en"" Ihan indneel ,,<.Id. cs.>mg. 

I)i ~plac .. m .. nl Addressing 

1\ 'wy I'o".."ful moJe of ad<.l'~",""~ oot\\hlllc> Ihe cap"i>,"" e>. of <.Ii.ecl add' cl""1 
and .eg"ler in<.l i,ec! ."",e,<>lII\l- II" kno"" "} a ,·.,rod)" of nan",,' dCJlC"d"'8 on lhe 
conlC~1 of ,,, "s<:. i>utlhc i>;"k ",cchani,,,,,, Ihc' ",me. We "',II ref~ . 10 Ih" ill; ,/i;
plllr,"'''''' "'/,/"",,,ng: 

1;1\ 1\ + (I{J 

l)i'I,I"",,,"c,,1 addr~" ,n!< rC4u"", Ih " lllt ~ 1Il,l1u,'''on h",·c I"·,, addre "," fieldl." 
le .. ,1 m,e "f "hieh i. e_'plieil The ,'" Iue "'111 I""l c-<l In one addl,'" fiel.! (,,;. I ~c AI 
" u,c',j di'C<:II~' , The 01 her a"J.c.', fid<.l. (.I, "n l1"I,lIc,1 ,c{~,cncc ha..;;J On opcoo:.lc. 
refer .. to a rc~;.Ic< wht"e conlent!.n: .<.I<.Ie<.llo A 10 pnxh.cc .he effect"" a<ldrc'" 
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• Mc1ali,'e lMl<l'''MinK 
• 113...,-.e~ .. lc, "<l<lr~""",g 

• lndexin ~ 

Mda' i.· .. i\ ,ktu " i"l: 

h..- .dJl"c a<ld .<S. ... "~. Ihe imlll,e,I ' l' refer<:n<."d regi<1e. " Ihe p">jI.r" n' oo\""~r 
(I'{'), Thai i,. 1)0 .' curre nt in".uctio" ndJ.o" is a<l'kd 10 th e "J<l.c", fidd to pro
du,'c Ihe LA, I ypiea ll~', Ihe a<ldrc~ lid<l '" ""~tcd .1~ a Iwoo compleme nt " um ber 
10. I h" opera"on. -I·hu., Ihe erkel, ... , aoJJre!lS '" a <l"placcmcnl .dati,· .. 10 Ihe ad
drcs> or Ihe i".I""'lion. 

Il. da li,·c addressing c~l'loi" the ",-","ept of 1,)(:" ,,, ), I hat w;" d,S<'u"""d '" ("har
te !> 4 ,,,,0.1 iI. If mO.1 mcmO I)' refe ren ce!; ;I.e .da", ely "car 10 Ihe ''''I ructi.,n t>,;;ng 
excculed. Ihen the u ... of tc1~"'e a<ld",,,mg ;.a.·c. add":· .... bit, m Ihe 1O,I ' uOllon. 

lIa'e- M~.i"~. Add'''''''ng 

10",. b.",,-rcgi.tcr add.e" ing. Ihc inlc.pre l:,hon is the loll owing: The .ekr
onecd reg .. lc' eo"la'n. a memory ad.he .... and Ihe addlc," field coma",. a di,
pl"""ment (usH., lly a" un~i&ncd In lcgcr rCI"C'lCn!,"0n) from Ihal adolrcs< The 
reg"le. rekre ll<." ma)' be ~'I'liei l or 'nll,lie,1 

lh',,-rcgl>tc . "ddrc" in g ,, 1'0 "'pr" i' , the loc" luy of "' ~mo.y rc{erenc"!, It i, 
a <un"",, ;enl mean, of implc".,; nl in~ """,,,,,,nlalion, "hiel> wa. di!'Cu.",d in ("hap1 <r 
8. In >orne iml''''menlal ,,,n~. a . ingle "'I'Olcnt-""lIC regi"'" II enll' Io),--.J "",j l~ u<,c<l 
'mpl,e"I)· , In olllc",- lbe Pf.:tgf:"',"le. may ehOO«" • "C~l",C' 10 h"I<llhe """" addre," 
of" ""gmcnl . ,,,,J Ihe in , lrueh"n mu sl ,eferencc 1\ explicitly, I" lI,i , Iall er e""". il 
Ihe I" n&th of th e addr",! r,eld i. K and lhe numf,;; , " f I""",hle Tel"ic" ;, , .... Ihen 
o ne ,.."Iwel ion c~n .~Iere,..-.: anyone "I IV a.e~, 012" ,,·o f(! ... 

Indnin~ 

r". in<le' '''g. the inte.p.etation i, lypieall~' the followi"~ ["he add,,·,j field 
,,· Ic.enee. a mam '''emory add.e .... a",j the relc,c' l<.">!d tc~i .. cr c .. nlain. a fl'''''''''e 
d,,,,,, . ..-.:ment from Ihat a<ldr~,.. ~Olc Ih:.1 Ih" u""l'c .. )U,t tl>c oPJ'O',tc or tl>c on le.· 
p"'Iall,'n (or """,, ·.ct;,ler .<ldrc,"ing. Of C<lU,"", . it " mo.e th an )U. I a maUc, of \l""r 
"nc rprelati"n , Bcca u,,", til e :,JJ.~,. fi elJ i, con,idere J 10 be a 'I' "",,-,ry add. e~ , m 
iml,""'g. ;1 80" ",,,lIy ronl:"", more b,,~ ' han an addle» licl<l on .. 4'O"'pa.at>k ""...,. 
leglsl". insl . UCilOn Also. " " ,""all <.ee 111:01 the.e are ..,nle .elinen .. "" to ",J"xlng 
Ih.1 ""ul.:l n<ll toe "' "",ru' '" Ihe ha",-.cg"ler come~1. :"e,'cllhe,"". the nlc lhod 
of c"kulalirlg 'he IJA ",he ,"me ror !xllh h" sc-rcju,tcr "d ,lr~~, ,,,g and irldo, in g. 
anJ '" both ca",. ' he '"8"1,, • • dc .en .... ' ,. som e' i.n" Ul,licil anJ ,;on'" lim" ,"'ph"It 
(fo. dlfl clent CPU Iy~) 

A" ,mporl3m U",", of ;n<k ' '''g i. 1<> pro>'ide an efficient "'«eh,ni,m f,,, per· 
lorn""g ;t.ra l,,·c opera t",,,>. ("<""iJe •. fur exa mple, :< list of numb.;-", ,Iored sta ,t · 
in~ al lo<"a, ion A Supf'O"C 11"'1 we ",ould lik e IO.J<l I 10 each cleme nt on the hst 
We " c"d 10 fCIc h each "aluc. add I 10 ,1 .nd '<Iote .1 moc k. 'I"he "''Iucnec 01 cffc<;· 
".c addr~""'lh.1 ..... n~ .... -.J I>i A. A -t I. ,\ -4- 2. .. up 10 II>c Ia~t loca hon on the 
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liM, Wilh ",dc ' mlt. IhlS ,~ca,iJ~ d"nc, The 'aluc ,\ i, ,wrcd in thc in"ructloo', 
add",., fi~ld •• nd Ihe chosen "" .. Icr. callc,J an i",I~~ ,r1/;Sla. " mUiali7cd 10 O. 
Af,e. each operntlon. Ihe ",dc, ,clt"'c ' i, ,nncmcn'"J t>y r 

Ekc," u>c ",Jex ," ~iSl "" arc cu",,,,onl)' u",J for , ucli itc"fatj"e la,';. il j, I)'pi. 
~allh ". Ihe/~" ~ n~~d 10 increme "l 0 1 dencmcn' Ihe ""Ie , Iclt"lcr "f"" ea~b 
.dcrcne., .0" Because Ih" '" • ...,h a <"Od'''''''' Of'C,al,on. """" o),!>IC",," w ,II aUlo
''''''~" II .. do thi. a, pilrt ,,( th e :lame i",trueti"" rycle, l'h,. i, kn"",,, as """,,il1l/o' 
"W If ~~"a i n rcgj"~,,, arc JC>"",~,I cxdu'i"d ~ It> inde ,,",s. then" ul\li"dc,,,'lI <an 
be in'ol ed imllhcilly and aUlomal"'~II)". If 8cncr~l-pu.l'o"" rq"'en mc u!.ed. 'h< 
auwondcx Opcr~I;On m"y need 10 be "&,,alcd tw a h" ,n ,he ;'bl""'I ,o". AUIQ,q· 
dC"' ''g U\ln g mer.m.", Ca n he dcp ict"d a, h,lI"ws: 

I'II - A'"(R ) 

(RIo-fRIll 

I n """ e ",a~~in"'. 1",111 ind ite":l ad dr" "i" ~ "nd ind ex,ng arc P'''' ideJ, I",J ,t 
i. I".~"',ble 10 cn'ploy too,h on . hc ""'lie in.lrucllon, "I'he,e are I\\'o 11< .. ~i bihllCi 1hc 
ondc, ,,,~ IS pcr'",",ed ct1h~. befOT( "r ~ltl" Ihe ondi",e"on . 

(f inlk"" g i, 1"'1('" 011 "0.1 "fter I he ,,,direcu,,,, ,I i, le,""cd I"'$/,,,,I~'''''I;: 

EA (A) I (R ) 

" "'I. Ille ""(""en" of Ihe add,e" ridJ arc u,cd 10 acre"" memUl)' I,,,,a.ion con· 
la;nlt\~ ~ Ji Ie," add."". 'n"s add.., ,,, i, th en ""le,,'J ~)' I li o rcg.i"cr'" luc . 'I'hi, 'och· 
",~ue i. u""ful (0' """"s~'nl( " " e of a n .. mhe. of hlo<~ ' of dal ;o ,,( a fi~e<! f"'rtt~l, For 
CX':lIl'r lc. j, '"a, deocribed til Chaple, II Iha. lhe (1'c.alin~ ~)",'etll need, 10 emploj a 
prorc" com.ol hlork 1M c",,1\ P"~"" r he op<: . alio "s I"'rform"d are Ihe-am. 
rcg" ldle" of "It"'h hlock "h<.''''g m"nip,ul"t " ..... TI\",. Ih e addrc"'CI in th" ,," Iro<' 
IIl>Ol Ihal rd~.cnce Ihe t>luek could PO"" 10 a localion (."Iue - II) con'ain,n!!, 
unable pnon'cr 10 'hc ,lRrI of a pmee ... <"Oft1",1 hlock, 'I'hc ",ou '"fI"'N ronl ...... 
• he ""piaceme " t ",nh ", lhe hl",,~, 

Wilh 1''''''''/e,'';IIg, !h~ md~xi" s i, "".i,mllcJ he'fore th e ;nol; rection , 

EA (A - (R)) 

A" ~l!dfC" " C"kulal ~,1 ", w"h , ;mplc ind,·x i" ~. In thi. e;,,,, howe' ~T. Ih e ,'" I,u· 
ialed add.~", conlains out Ihe o,)eland. bu' Ihe adJ.c" of Ihe "I',,,and, An .,. 
ample of Ihe " '" of lh" ' ,,<,hmque " 10 ,·"n~"u<l a n'ulhway t"a'.~h lable. AI I 
p.ullCubr 1"""1 tn a P'<.I):'''''' .• h •• e may be It b •• "ch .o une of" nurnher Qf I",.". 
tion! lkpcnJ"l g un cond il,on', A I "h ie co! "JJ,,",,"s can he "'1 up st" t ""& "t k>C"ll~" 
A II)' ",de~;ng inlu ,hi. lahle. Ihe .e~"irc,J locllion ca<t be (ound. 

I"ypically, on ,nSTrUChon ",I ""II no' ,nclude toolh p'C,ndcxln8 a' .... I'l"hnde~ing. 

Slac k Addru.ing 

Thc f,nal .dd.""'in~ mod~ IhaT W'c ... o."id~ . i ••• ack addre'<'.inJ, A, define<! .. 
Apl"'nJ" '1A. ~ 'lack .. ~ itnea, ",'a) of I,..;"lton5. II ... omci,mcs refC Hed 10 •• 
"I'II"/"/UI\''' lis/ 0' Ius/· ,Il·fin"','" q",""', T io c SI,,,,k "" rcsc,,'~ J hl ock of I""al"'"', 
ITem. are appended to Ihe lOp of . he ~I acl ... Iltal. al an, l',,'en lime. lhe blQd;" 
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parl,,, ll y filled. A"ocialcd with the stack i, a 1'0",1", who" ""Iuc i, 'he addre", 
of Ihe t0l' ()f Ihe &'...,k. A lt crnati"ei),. 'h~ top two ~l emenlS "f tlw ,tacl "'"~. 1><; in 
CPU regj,te". in wl,,~h CaSe th e 'lad poin1~r reference, the th ird dement of lhe 
'lack (Figure 1O.14b), "!l,e _,tad poir\t~r " ",,,inla incd in " n'gi""r. Thu,," rderences 
to 'l"~k IOC"li<.m, in memory are in fact regi,lcr i rtdir~Cl atiJrc"e,_ 

The >lOC~ Il, ,,,k of adJressing i,,, form "I implied addre" ing. n,e rn"chine 
imtructions nced nO! inciuJe a ""',,,ory rdcr~n~~ hLJ t implicill)' Op"'0110 on Ihe top 
of Ihe ,t"ck. 

11,2 PENTIUM AND POWERPC ADDRESSING MODES 

Pcntium Addr .. .,jng M o des 

Recall from Figure S.21 th"l 'he P"nlium atldre" tran,lalion mechan;,m proouce, 
~n ",Mr"". called a virtu"1 or cfkcl"'~ adJr~", tha' i, a n "(T'CI i11to" ,egmcn t. The 
,u,n ()f the ,wn in g address of the "-'gm" nt attd t he effecti,·c "J.!,.,'" p"Kluc-,;, " Itn · 
car aJtlrc", If l'"g"'ll i, king used. Ihi ' linea , odJre" musl P"" thf()ugh " page. 
1f.nslation mechon;,m tn pm..!L1"" a ph"'''.1 "ddrc", In wh"1 f(}IIOW', we ignore thi' 
la,l ,t"p, l>e<;au,c i1;' tran'parenlto lhe ir1"ruclion ",t an d In Ihe progr~mmer. 

' I he Pcnti"m i, equipped with a ,'orict)' ()f adtlr""iT\~ rrt"dc' rnkl1,lcd to al· 
low t he efficiertt ~'c'Cul i on of high-lc"ellangu"ge" Figure 11.2 ind icate, Ilw log ic 
i,,\· oJ-·cd. The "'gmC1tl reg"l ~r dctnm;n~' the M:gmont Ihal i, the suhie,t of the 
r~kr~nc", Th~re arc six segm" ttt res"u,,: lite onc lx;in g u'ed for" p"ni ' UlaT rd· 
erc rt cc depend, on the "',mk,1 of e,c~U1 ion and the instruclion_ Loach 'C~lllcnl r~g' 

iq"r holJ, the 'tarlin g oddre" of I he c'orre'l"md in g s;;gmcJ1\, A ,sociatod with each 
m~r · ";'ihlc .~gment regist"';s " ,egmelll tic,n'ptor r~gi'kr Inot prO£fi'mlllCr 
";Srhl~J, ,d,,,,h record' Ihc acce" rights fOl the- ""gmelll", ,,·ell", llw ,lartrr' g ",1_ 
dre<s on J Irrnit (1cI' ~ L h) of'h~ 'egm~nt . In "tldil ion, lhere are t",o "'gist"" that mol' 
be ",ed in con,tru,ting art aJdr~": lI,e hOI'" r~giqor "nJ Ih e indo' register, 

r"bk 11 .2 ji 't' the 12 P~'\liu", atldrc"i"g rno.,k" L~I '" con,ider eaoh of 
tht,~ in lurn 

F", the i"'n,~dj~le nr"d ~, Ih e oper"nd is induJed in th~ ;"'truct;o". The 
oper;md can be a bl'te, word_ <lI' d"uh lC:WOTd of d.n". 

ror .egi>t~r ul'~rand nroM, the operand is IO("kd;n a regi'kr_ ror g~n",a l 

instructions. such", d"t" lnHt<fcr. "r;lI'nlctic. and logical in'tfuction., the op<-'r"nJ 
e.m be one of th" J2-bit genera l rcg"kr< (loA X. UIX, LoCA. EDX. ESt ED I, ES P, 
EII I». one or I h~ lo-bit genera l '''giskrs I AX. 1lX. rx. nx. SI. IJ I. SI', HP). or (me 
of the S·bi, gc'nc", l r"gi'Wr< (AI-I. lJI·1. CI-!, DH. AL, ilL CL DL), For fio.t"'g_ 
point operation" (;.I·h;1 "1><;tnnJ, arc fOTm~d h)' u,ing 1"'''0 .12-hil Tcgi,lcrs a, a pair. 
Th",c ace "Iso some inslru~ti()n, lhat rd~rc-n"~ Ihe scgm~nt r~gi'le" (e'S, DS. ES. 
SS FS, COS) 

The rl'n'"'r\i~g addrcs'ing n"xk, rdc'rcn<-~ location> in memory, 111C memory 
i<x:"lion must be speci fied in t"f"" of tlw '~grncnt conl" ining the loc"lion and 
lhe "flsct t'mm the begin ning of th~ "'gment, In some CaSe •. a "'grnent "specifi"d 
c'pli eitll': in other<. I h ~ ",pn~"1 i, 'pecificd by , imple rulcs tho! ""ign" segment 
hy Jd~ul l. 
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Tobl< It! PCllliurn 1I ,\dJrn>i ng Mooe, 

Mod. 

R'~'''o, '1"mnd 
Il '<r i""mc", 
B,,,, 
~"" ~' , ' il J i>pl"'.,"",,,, 
",, ',J ,,,,I,,, ~'L1h J",,)''''In'''' 

fI,,,, ~" h ",d" , ,,I d,'I''-''<' ''''"' 
11.,., ~ ;,h ",.I,d "\J,, ",J J; ~,I,,"""'" t 

~.I>., ; ,. 

LA _ """, •••• "'~ 

r Xi ~ "_"' « X 

' " """",' ",~1< ' '" ,'''y"", .',,,,,,,, 
A " ' ~M" '" ' " ,,"",~ :~;J to Il,,, ",,'m:,., 
" "",", 
11 >'"'' " I'" '' 
r • ~"', ..... "", 
, · ~" ' ~t i .,,," 

OP<'"nd _ A 

~ " 
LA (,Ri' ,\ 
I,A _ (S R) '( H) 

LA (SR1'IBl _ A 

L\ (SRI ' ill x > A 
lA _ {~~! '(~J _ n) _ A 

LA ~ 1SRi ' {llxS _ IB), ,~ 

LA (PC)' A 

In lite di,pl.~~.,,~nl m"d~_ lil c "J",r"n" ', off",! (th" dt'c, Ii,'c ,.ddre" oi Fig
" rc 11 ,2) is containcd as p,n of lite i" , uucti oll a, an /(-. 16-, or J2-bi l J"pl . cc m"nt 
W,lh wgm~nlal i on, " II addresS<" in in str uct ioll' refe r mcre ly to an off"'t in a 
"'gme nt. The Ji>p l acem~[\1 addrc"ing "' od~ i, found on fcw Tllachm~' ooc:tu"c, 

'" menlion.'J e arlie r. il leaJ, to long instruCli"n" III Ih~ cose of th e 1'""liut", 'he 
J "pbct;TllcTlt ",tiuc c"n 00 '" long as 32 bits, making for" 6-b),tc instruction, Di,
placenwnt aJdr(''' '' g "an t>c " ",rul for rcfCr~T1"ing glob" 1 "miabl ~., 

The rema ining adJre""'1! mode, "TC iTlJ,,~ct, in thc <.t n"'; t h" t tI,~ add,,'" J~'" 
tion of 1he instructi"" lell' Ihe proc~>")r where to I (~)k 10 find Ilw addre,-,_ Th" h~St' 

n""le 'f"Xific. 1hal one of the 8-, 16--. or 32-bil regi'ters rontains the effecti,'c add r"", 
Th i, is cq ui vale nt 10 ",h," wc ha,'~ rcfc""d to as ,cgister indireC1 "ddrC",in!,-, 

In Ihe base ,,;lh di'VIa"~"'C"1 ,,,,,d., Ihc i",\ruct ion include< a J " piaco mcrlt 
to b,; ad,bJ 10 a ha", ,egi'1~r. "'hich ma~' be an)' of Ihe ge nc"l purposc reg"lc", 
Exa mple, "f u"'" of [h i, ,"''',k incl LJd e I he f"liowin g: 

• I h,,,<1 by a '''Illril ~r to p<Jint t" Ihc ,tan of a local ""iablc area, For example, 
Ih~ ha..: rcgi'l~f ,'oul<l p<Jin I to th e ooginning of a st"ck f,ame, whkh con t. ins 
the loco l " aI iahles f'" the ",m e'pontiiTl ll procedurc 

• Uscd 10 inJex inlo all array when thc dement , ize is nOlI. 2. 4, or 8 b)'lc> 
and wi"o), Ih~rdore ,,,nnol b.; indc,cu u,;ng;t" ; nJ~, regi'lcr. In Ih is case, 
lhe Ji'pl aceme[\t IlOint' t" lh<' bCIl",nH\g "I th e array, and lit~ h"'" r~gi ,wr 

1",ld, th e result s of a calcula ti on t(} determine th e offset to a spec ific elcm,"m 
"'''hin th e ar ,"~', 

• Used to access" fidd of cl ,ccol'd. The oa<.t reglSlcl' points to the beginn ing of 
lh ~ r~""nJ. " 'hi le Ik Jispla,'cmcnl i, an offse l to Ih~ field, 
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' n Ihe , u, .. d ,ndo', ",." d"p' .. c",,'nl 1lI,,,k Ihc inslruellon ,nclude,. 
d,.pl~cc"'cnl .0 be "" ,led 10 a rcg .. lc •. on ,h,. ca-.c "" li ed an ;ndc , rc~)! 'cr. 'J he 
1hd" ~ r~~ ;~ 'c r ma)' ]'" any of Ihe ~c nc ral .purp"", 'C~"l c r~ e xc.,p' 110" ' ''' " ra lld 
ESP wh,d, " ~c nera lly u,.d r"t , Iacl proc"" in ~. In ,,"lcubting III ~ d fecI;"c 
"ddr.,... Ill e ronlc nl' uf . he 'ndex re gis ter arc lIIull, plied t,,· " ' co ll ng faclor of 1 
2. 4. or II a nd . hen add~d 1<> a di~pl.~cn'Cnl. l"i, o'od~ .. ' ·u)- c<""~n,c" l fOf 
indu,o lt arr"y, A ",a ling (~chl' 01 2 can he u.cd lu r an a rra~ 01 II>-hil 'nl~~.r> 
A s<~h"l\ fa .. or of -t e'ln I>c ,,'cd for J2-bil ,o .el\e •• or noahn)!.-p""" nomhe,.. 
Finall)·. a >c~hn~ faCl." of ~ can k ,, -.cd rOT an a,,~y t.>f douhle-precl"on fI"~I ,n~-

1"''''1 nL""""" . 
t"e bn'~ .. i111 ind," 11 ,,(1 dl'I.lar .. mcnt mud., , umS Ihe ro nten" (lr th e has<: ,c~· 

"t "' . II" ,,,dex regi't er. anJ " J " p"',-" mcm 10 r""" th e cffcc. ;w aJd rc" . A ! ,"n, ,h, 
h.", regis ler ca n 1", an)· ge neral,pII"""'" reS" ler . n~ I he ",Jcx ,egi.te. C,'" he any 
ge neral·p"'I ..... r~!i"~r " ' '''1'1 I'SI' A, an <,:<aml, le, II". """",,"ing nH>d~ ,-oold be 
u;cd for actt ...... g a 10",,1 array "n a .~ ""~ fraOlc. n Il' mode can al"" he u-.cd 10 _up-
pori 8 '''o· ... II''I<:II.>:'''''al arra~: in 'h" <:3:;<:. III .. d"l'lao"mcnl ro"'" 10 Ihe bc~,nmD~ 
of Ihc ''''''y. and nch re~i"er h"ndle , ooe d imen,,,..., (If Ihe arr~y 

I he b ",~ d 'nl~d lndn "j,h di'pla<:cmc'" "I{"lt' ' om' Ih" cum. 'llS of Ito< 
,nd" , .. ·~"t " r nlll lt'l' tied h)' ;1 j,C" hn ~ r"c ',,' . ,h ~ c""tent- o f Ihe ha", rC~"kr. "nJ 
Ih o dlSp lllcemcIII f'hi. j , """rul Lf all aria" i, ".ored ,n a 'l ad, frame; in Ill" Ca,." Ih. 
array de mc,," " .. ould he 2, 4, ,,' II h)'le, each ,n 1co'~ l h Thi, mode 1,1-.0 pro~id<> 
eirl(:' cIII ,ndc"ng of a 1 .. "·d ""c,,sion.1 aTr~}' ",hen I he .IT.,· ck",c"'~ Mc 2. 4. 0' 
i! I>}.cs in knll'h 

~ on , . II~. ,cI~I;'C .dd .. ''' in~ can be used ", Ira",rer-of-ronlrol ""n "Clio ... 
A d" I'Ia.:Cnl< nl " added h ) Ihe ,aluc "f Ih c I"'o,:ra nl coun.eT. " h,d, l'IIIn" (Q Ito< 
nexl ;'1>lru,Ii>,)n. 11\ lh" ca,~, 110 " ' ''' P''",",,,",,I i, Ir~,"c'd a, " "g nc~ h)·te. W()fJ. '" 
do uhlc"",d ,'. iuc, a nd Ih"l ",ILle cil hc r in"ea;c, <I, dc"tca ,""s th e ;,ddr ~ '! in th. 
pn.>):T.'''' c ..... nl er 

Pow('rPC Addr<'u ing Mode, 

10 <vm",,,n ",, 10 m",1 RISC m~~h,,'~'. a"d unhk~ I h~ ')~nuu", and m,'" ("]SC 
m"dnnc>. Ihe 1'""c,pC u",~ " ""'pie ~"d .cI:U)\ dy ''''''ghl fo ..... a'd ",I " f alkl ,c,," 
ing ,,,, >de,>. A. Tahle I L ' ""b ~alcs. th"", l1" "k s a" conv ~m""ll} cla.~ ,r. ", 1 ", In 
'e"I"''' IU the LlI'" of ;",ifucl;')n 

' ... ",IISI,,'" Arm1 • ..,WI'<' 

The I'u"erl'l' pronde< 1"'0 alle rna' '''e ~ddrch,"g mode. lor lood','(>f( 
' ''''fUCI'''n~ (h~DJe 11.3). \\ II h 'Od,,'c<:1 add,c,,,"g. .hc ," ,I , u<1ion i"dud~ .. a Il'>-bol 
displ a...,nl"'u I" I", added In a 1M'" «gi<l ef . .. h",h nl~ )' "" an y of Ihe ~c"cral

purp<'''' 'c~ i. l c". In "d<lill"". III .· i"Sl 'UCI;Ol1 "'''Y 'I>cc'f~' Ihal Ihe newly COnlrul.d 
cffecI " e ~ ,IJ r~.~ " 10 he fed h~e~ tu 1" " b"", '~g"Itr. ''1><bti ll ~ <l". ~ u, rcnl ",,,"""",, 
'r"e up<la le "I" ",,' i< u""ful for p"'~r~ ~ ... ,,"c ind,' ,j n~ "I "ct"y, in 1",,1'" 

]1,e ",her add,e.,,'n~ l~ch"''1 ue f"r lood'<larc i,,,,r oct ion. i, ;lIl1 i"'<1 illl1~"'" 
a'k"t .. i"~ 10 'h" c'''''''. Ihe ,nSIr",," ,un rd~Tenc~ a ba.<l: rc)l"'er and an .nd.", re~
'Sler. bolh of ... h,eh may be Bny o f Ihe general.pur" "", rcgj"Cfs, '1 he cflCCl i.e 
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'0"'"",' 
InJi,,~, ;'""',," 

lk'~i"" 
ImOl,'"",,· 

, A ",',">C' ""XC" 
c" ,·c.""" ,,' X 
"R • "",. to,,,",,, 
'" "-",,,., .,,, 

EA IllR) D 
~A _ ()'~' _ IIKI 

~ , ... ,~ ,~o.ln·"";", 

IiA - I 

FA _ " ."(". - I 

EA ,L,,('RI 

thNl· l'oi"t O:""pu'.';O" 
rA E r."~ 

OJ"""" ~ I 
"0" .. " • .-.;., C"'''P"''t;oo 

[" _ FPR 

1.<" ,,, , "" "..." ~"""" ""K 0''''' '_,,"' ''''''' "" ,,,,, 
.n _ """'''''' .. ,'' "to,", " - "".." .. , ,, ~., ,, 

J ~~",,,." .• "" 

" """".m,,,,",, 

,,<ldrc,.,; is lhc ,um 01 thc COOLl ent, 01 Ihe"",, 1",,, r"gi, lcrs, Apin, Ihe "pdate opt ion 
C''' LJ'~' Ih~ ha'<C r<gi<1e. to be upd"l~d 10 Ihe ,,,'w dlcui,,, ,,,hl r,,,,_ 

IIronel, Addrc,,-,ing 

Inr,c branch "ddr~ssing mod",",c p,o.-idco! When ~ h,,,lul ~ uddf('''''ng i, 
u,,,d ",,(h ""condit ion"1 br;mch in '!nJCt ioll S. the dl~c("'e address "I the "",t 
i" ,nuction is der;vcd fr "", a 24 · h; ( immcdi ~ l e ,,"I,,~ with in the inslruclioll. T he 
24 · l>il ,'alue is extenJed to, 32-b;t va lue h)' aJJlHg Iwo ,er", to ii ' least ' ignifio;mt 
e nd (this" l>c rmi"iblc bc,"",e"" instruction, mus l occur 0 " _l2_bi l hound"ne'J 
a nd ,ign cXlcnJi"g_ For uJnd'l ion :.1 br"n ch in str uclion" the effccti>'c address ()f 
the n c~t in struclion is der;,'ed from" 16· bil im","di'H ~ "alue within I he in,lruction . 
Ilw I ~·bit ,'aluc is c. tcnd,'d 10" _~2 -bit va lu " by a Jd,n~ h",,~ro, to il,.lca,t " gn if. 
;cant e nd and ,ign c"lcl1ding, 

With rcla'; ... 3d"r~"ing. ' he 24· hit il11 "'ediale ,'a lue (unc()nd;t io nal branch 
,",'ruclions) ,n 14-bit immed iate ""Iue (c'ond il iUll" II"",,d, i'1Snuctions ) is exlended 
a, bod"r. _ The r~,ull in g ,," iue is then added to th e prog"", C()Unl Cf 10 define " 10.,,,. 
lion .eia ti,·" t() [he CUrren' in, trucOion _ ril e other cond;ti()nai hratlch addrc"in g 
mo,k;, indirC" j addr<'''in~ , This 1\lO,,]c ()hl",," \I". dfcd,,'C "udre," of Ih e nc>t 
' " ,[ructio" f", ,,, ~i[ h CT th e link register or the COUott regi, tcL '-iule thaI in lhi, caM: 
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the co unt regi>l.f i, u,oJ '" ho ltllhe ~dtlr"" for" branch inSiruclion . This regist'" 
ma)· a lw be used 10 holJ a count for h'p;ng. a, c'p la;n",l "aflier. 

For ;nt"!;"r arilhmctic. all opera nd; mu,t h.:: C(mt";",·(] e;thcr;n r~gj'k" or '" 
part of th e ;n>true,;o" With registeT add,ess;ng. a source or J" ' lll\~lion (Jj"JCra"J 
i, 'pecified a, one of lh,· gc"c ral . I' Ll'l"-,,e rc~i'lCfS. With imnwJiate aJd,e"ing.. a 
",u,,·~ opcranJ appear<; as a I ~-bi{ ,jg"ed ~u " "l i ' )' III 'l1e ;mtr LJ otion. 

For fi""lll\g-l~,jlll "ril hmdic." 11 operands are in flo~tll\g_poi[\t reg i'k": lhol 
is. only regi"., adJle""' g " u<etl. 

11,3 INSTRUCTION FORMATS 

An ;mlrL"ti()n formal defines I be bYllut " f the hit. of "" inS! rud ion. in tCTmS of it> 
con,tilu,"", p"rt, . An instruction formal mu,{ induJe an "I",nde ",,0.1. ""p il eitl), ()r 
~,plicitIY . 1.ero or more ol""""u,. Each c 'rli<·it opcrond is ,derenceJ using one 
of the "dJre"ing mode , desc"l",d '" SeCllOn 11.1, Til e formal mu,l , implicil ly or 
exp l icitly. 1",lic,,\" I he ndJrc",ing mod. for each opcr."J, I·or rn, '" ,,""uel,,'n <c" . 
more til"" one rn~trL,,'tj()n format i, u,><-"<I . 

Th~ Jesign of ~n ""lruC'\lo" forn"" i,,, comple x "rl. alld"lt amazing '·"id), 
of tlc';gn, hove tx'~n imple menleJ. We ,xaminG Ihc key 'k'ign i"ucs. l<JoOking 
bfiefly at ",,,, ,e J"igns 10 illuslrate point" and the" we e>arnrn e lhe Pe,,~unr ,mJ 
l'owcr l'C SOIUlio", i" detaiL 

Inn rll c {io n L"ng t.h 

The mO">t ha>ic Je"lI" ",ue 10 ~ ("ccd i, th e in"ruction format l~n gl h, n,;s d~",i
,ion ar'kcl'. and is affected hy, ",,' ''h ' '-), ,i,~. m ~m()rl' ()rganizuti()n. bu, structure. 
CPL· comple'ity. "nd CP U ,peed, ThL> Je~i"OTl Jden" "'", 'he n<h ll C>S "nd tkxi
bili ty of {he m.ehjn~ '" secn by the a,sembly-language' progra mmel 

ntC mo>t o;"ious t I aJ~· "ff h~rc is between the dc,ire for" f'O"'·orful ,,,, lrue· 
tlO" fcpcrtoi r~ and a nced to ,"".~ ' p"ce. 1-'r<'ll'"lllrrrCT> wa", rnorc upc<xIe,. more 
ope rand" "")Ie aJdr~"i ng modes. and greater aJdrc>s r."ge. Mor,' 01,,-'oJ," ""d 
more operand s makc li fe c",i~r f()f I he programmer. because shorter pmgr",'" can 
1><: "'l illcn to accomplish gi ,'"" ,a,b. SiTll; I " r l ~· ",,,rc add",,,ing "'<xlc, gi ' ·c Ihe 
p,ogt ",rlm~r greater Ikxibilil}' in implemellli"g ce lt"", funel lon,. , ,,eh '" '"b lc 
manipulaliorl' ~nd n", 'tlplc ·",ay ~r~nch i ng . AnJ. of co ur",. ",·ith th~ mer""," ,n 
I""in memQry , ize and the jncr~",ing " ""' "f virtua l ",emory, pmgramm"" want to 
h<' "hie 10 adJro," larger m"",,,,y "H'~~'. All "f Ihe ,,", Ihillg' (opcJJ<k,. operands, 
add , r ",in g m()(k, . "duress ran ge) require bit; and pu,h in lhe d"'c~tlon of I""gcr 
in,lruction I."gth,. But longer insl ructi on length ma)' be wa"dul, A &I-hit in' truc
,ion "';':)'pio, twice the space of a .12_],it "l'truci ,on bul i, proba~l)' k" than lwice 
a, UM'ful. 

Ilcyond thi, ba,ic 11 a<l ~·off, 1 here " re olh~r cO ll si Jc rmions. Eilher the in,{rue
I"," lcnglh ,hJ)uIJ be cqu,llo Ihe mcmor)' .tra",fc r k1lg ,h (in" h", s)"t"m, <lma · 
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])'" I"" gl h) or one ,houlJ he a multirk orlhe ,)the' . On'''1'''''''' . we ",·ill no' get:m 
L1negral numl>cr of inmuel ion' dUTin~" ku:h C)'ck. A reialed ron,ide",t,on i, lile 
memor), Ir"nsfcr ",tc. Thi, noW has nol kq)t up "ilh incrc,,'~' in pT"ce,"'" >1''''00, 
,\<:conj in ~ l y, m~T""ry elln become a bouleneck if Ih~ pn",,~"()' Ca<1 e,~cule ,",true
lions fa"~r Ih"n il can fdch Ihem, On, ",Iu,i,,,, 10 110 .. prohlcm is 10 use ca,'he rncm · 
01)' ('ee Scctioo 43); "nnth~r i, t" usc ,hOlle, in,truetions. Th"" Ill_I", ",,!runion, 
"'''' I"" fetc heJ "' t""Ce Ihc ,ale of 32-\>il in mucli"", hu' I'Tol>"hl)' con be rxeculcd 
I",~ than t",ee as fast . 

,\ ;;"emin gl)' "wnJ"Tlc IHJt n",'erlhd~" "nl)()r1ant 1""lur~ is Ih"l the ,,\Situ,· 
tion kn~'h :;h"uld I", " mu ltiple "f 'h" character kngth, whi,'h "u,~all)' S hilS , and 
of Ihe knglh of fixed-p<lint numb.'f'. To sec Ihi" "'c n e~d '0 ","I.e use of that u"· 
fO,-lunald)' ill-JefineJ ",,,,d, ""mil!' t< A IS3]. n,~ word I ~nglh of memor" i,. i" ,,,me 
sense, Ihe "nmural" unit of "rg" ""Mi,,,,, The ,iz" of" word u",,,II)' d~tc-rm,,\c> tile 
,i,~ of r,xe'd ' r"",1 "u",I",,., (usua lly the two ore c'l ,,"I). WorJ ,i/e" also IYricall), 
"gual to, 0' at leaS! integrally rclaw,! '0 , 'h~ mc"",'~ , ,.au,I,, , siJ£. Bcca"w" com· 
mon form of .1,<1" i, ch"racia J,,'a. we ",,)uIJ lile a ",ord to "or~ ,n, ",'~gr,1 nUn!
I",r of d"'ta('tef<. Olhe,,,,i'>C, there ar~ waq"J t>it< in ~"ch w,,,d when ,Ior in" 
multiple. choraeters, 0' a ehoract~r will h;!ve W ,traJJ I ~" word holt"Jory, Th~ im]"T' 
t"~ 01 thi' point is ,uch Ih:tI 1tl)'1 . ",·hen it illtmJuced the S)-'skm!360 "nJ wanle<l 
10 cn 'plo)' X·hi, c'h:lTadUs, ""Je the wrenching dec i,ion to ",,,vc fm", lhe 36-bit 
"rc'h,,~e1 "'~ of the' scientific mc'mbers of the 71'(VilXJJ w'i~, to " .'2-bit o"h it eC1uro, 

Allocation of Diu 

We 'w looked "' '''",~ "f the facIO" Ihat go into dC'<: iding 'h~ kr,~th of I hc' instruc
''''', f.w""u, A" ~'l uRll y d ifficult issue i, how to " II ,...-"tc 'he hilS in titot fo,m,,1. The 
trade-off, here are n>mpkx 

Fo,,, gi"'" ""lrLJclio" 1""W h. there' i" dearly" m,de-off l>etwc~" th" numb<, 
of ol""><ic' a"d th" po",'''" of the "ddr~ssing ,apahili'>' \loTc "I",,,de' o\>,'io",I)' 
onean more bilS in the opend" field, For "n imtrLlUi,,,, for",ot of a gi"en knglh, thi, 
reduce, the numkr of \>it, ",,;!il:tbic lor ,JJo-c"ing. There is l' ne i"'cre,t"'g reo 
fineme nt 10 ,hi, traJ~ ·"ff "nd th"t I' lhe u'"" of nriab!c·kng'h opcode" lu thi' 
"1'1,roach, Ehere is" mi"imullE ol",ooe kngth hUE, for M""e oprude,. add ition,' 
OI"'''lions m"~ be specified by using ;!dd,'ior",1 h,', 'n Iht' instruct ion . For a fixcJ · 
knglh imtnJCt ion, 'h" leave, k",('r hit, fm "dJrcssing, Thu" thO' tC"lu,,, is u,,,d for 
lh",,' i"" ruClio,,, that req uire feWer upe"",J, andim k" T",,,,",ful ,ddre"in£, 

The follo" ing interrcialed f;,~t"" go illto determining the usc of 'he ad· 
Jrc"ing hi": 

• N~",~cr uf ~ddrc .. ";ng morl." SOn1elimc- all adJres>iug moJe c:m ~ i"d"",tc'u 
implicitl~', Fo, c~"n1rk, <.:<;,I "in "])t,.J6 might al",ay" coli for in,k,x"'g I n other 
C'''~', 'h e addre'''''g ",,><It" mu>t ~ e'l'licil. and 011 ~ ')f n1"f~ rTl(xk bit> will 
he rwedcJ, 

• . ~«",hcr of opcn",ds: Wc h",'c ",",en ,hat kwcr addro"e, can make for lon ~cr, 

mo,e ""','ward prog,,,rll> (q:" Figure ](U). Typical inqr"c,ti"m "" toda)" 
""d"ne, p,,!',Jo for two opc,al1J;, Eocb op;;ntnd ,Jdr"'" in lhe inQ,uclioo 
""gilt ,equire it s own mooe indicato', or 'he u'~ of" moJo Lndi o"tor co" ld b< 
limited to iu,1 one of the aJdr~" fie IJ " 
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• u.cj!,is!~r ,'."lII< m~m"'~': A Ol"chln c n",,1 h",'c regis!c!" '" that data can be 
brought imo the CI'Il fo, p",,-'cs>ing. With" 'ingk mer·visible r~gi'(cr (u,u· 
"lly called Ihe ac~umulator), one "]>erand "dJI~" i, iOlp l i~il "nJ ""T"um", 
"" In'lr'',tion bit', Howc"er, ,ingle-rcgislcr programming i, awkwald anJ 
require, man~ in,tmctiom_ b'en wirh mullip lc rcgi,t"", ont}'" fcw bits "re 
nc cded to 'pecify !he rcgi,te,_ The mot',' thai rOlli.te" <"n lx' u""J fmOl"-"",,d 
rc-f~r~ nce', th~ fcv.u bih arc nceded, A number ofstuJic, indicate Iltat a tot .1 
of R!u 32 u'~,_vi,ihlc regiS1c!" i, dc,i",blc [LUND77, I-IUCKHJ[, I>IO'<t oon
tempor.,y archileClure, 10"·,, ,1 I~"'l 32 Tcg"kr< 

• NumhN of r~gjS!~, , CIs: Mo,t contemporary rtl" drine. h"ve Onc ,~t of 
genen'( · purposc rcgi,kr>, ,,·ith Iypically 32 or more reg i,tet< ;n the scT, Thc.e 
regi,t""' can I>~ u>cd to 'tor~ data and can be used to .to rc addrc,"e, for 
di'placemenl aJJrc"iTlg_ Some ;""l"k~tu'~" Including th:ot of Ihe Pentium, 
have" collc,t;on of 1"'0 or more 'tlCcralil~d ""IS (,uch", d"l& and <li,l'l.o<" . 
",ent)_ ()n~ "dv"ntage of this latter approach i, thaI. for a fixed number of 
regi'ters. a fu"ctlO"al 'I'til rcquiTe, f~w~, bi" to b<; ,,,"d in the inslruction , 
f-'o, c~~mrle, with two ,e ts of eighl register;, only 3 1:>,1, arc '~'Iuircd 10 
,J~nlify a rcgi'le" the opcooe implicitly ,,·ill deTermine which set of ,egisters 
i, king ,d~reT1ecd 

• Add", .. ra,,~~: For .dJ,c",", Ihal rd~r~nc~ m"nl<-'')', I h ~ ,,'oge of addresses 
that can be rdcrenceJ i. rdaled I" Ihe numll.;r of ,,,~lr~,, I:>il,;_ l3e,'"u>c ttri, 
""1"-"""" ""vcre limilation, JireCl adJ,essing is ra,.dy used, \','itll di,pla",,,,~nl 
addre"i "g, th~ range is opt;ncd up t(} Ihe icngth of the addr"" regiSler, Evert so, 
it is ,till rom'eniertt I" all"", fOlio", b'j\c di'pt",emcnt' from til.; rcgi"d "<Id,~"" 
whi~h '~'1u;r" s" relati,'ely large numbe, of acldr"", bit, irt lite "rmudion 

• Addre" gr~ n'''~r;t}: For addre"",, that rderence memory rat her Ihan reg
is!ers, another foc'wr is Ih~ gf~ llu l :<ril)' of :<Jdr""ing, In a '~.,;tom wilh 16- or 
32·bit word,. an ,JJres> c"n rdercnc" a " '0',] or" hyte ~I th" <ksignCf\ 
choice, Hyto addressing ;s con,·"ni.", for d"" acter manipulutio" hul ""quore,_ 
I"r a fi'col_,i,c memory. mor~ address bit s, 

rhus, the designer i, faced with a lIoS! of ("O"r<!,) c<m,id~r :lIlJ ~" I "nce_ 

t low cnlicat ' he V:lrio,", choice, "r~ i, nol de"r, As,n ,"x"mple, we cilt' one ,tudy 
[CRAG791 !ltat compa,e<l ,·"ri"u, inslTuclion form"t "pl'TO"ch~', including th~ usc 
"f " &1 "~k, gencral-purpose registe", art accumublnr, ""d onl)' memory . I". ,eg"t"r 
approache" lJ.ing" ,on,i,lent ",t of assuml'lion" no significant difference;n cOOe 
space or execul ,on lime W,IS oh,,,,vc''!' 

"-" t us briefly look"t how two hi''')Tlec,t machinc <lcsign' b" l"n,-.: the,..; , '" ri
"us f~clo!", 

"tW·K 

One' of lhe ,impic'l in'lrUCl ion design> for a general·rurpose co mputer w~, 
for t hc I'DI'·~ [BELL78b I, The PrJ I'·S u,e, 12· (0" i",truClio", allJ "perale, on t 2-
bit w",<I" 'I here i," singk general·purpo;c r"gister, the accumu lator, 

Despi!e the lim,lalion, of Ihi, d~, i gll. 'hc addr~"in g is '1UiIC flex iblc. E"~h 
me mory reference <Xlnsim of7 bit' plu, t",o l ·b it moJifi~,,_ ' I h~ Tllc",ory i, J,vided 
,,\10 li'cd_kT1glh pagu, of 2' ~ l2l:1 "'ord, eac h, AdJrc>s calcula!ion;s ba",d on 
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'efere",,,' 10 P"g~ (I or Ihe curr~n l I),'~e (Ilage fum;o;no ng 'hI> "", ' Ocl,"" I a~ deler. 
n"n~..J I>~ ' h" pall" h;t. n.e .erond mod,fic' h'l ""he.,,,,, ,,'!lei he, .hreel or "",Hr<'<i 
.ddl'e""'l! ,,10 be used The,"" IWO nloJe, c"n he ",cd ;11 rombi""I;"II , "" Ihal an 
ond,recl 1KId,.,., ;. a 12·b,1 ,..w,,,,,. cunm,"<:<l on a "-ON of page II 0' the eu,rem past 
In 1KM],100n_ 8 dedocal<:<l ",-or'" on page 0 ~rc aul",,,d,,. --,,,&,,Ien;_" When ~n ,n<lt· 
,,,,,1 ,de,ence is made 10 one of 1 he,"" kOCallOIl>-. p,el"dex;ng """.-... 

F,~u,e 11...1 .ho".-. lhe 1'1 >1'-11 ,,"I,u(lOOO fo, mal The,e arc a ,~·1>11 oproo.k ud 
three In).,, .. r in,lIuCI10"._ 1'01 0l"'od., II lhrou~h ~, Ihe ' .mnal .. a ,ing!e.iM!d''''' 
l11cn,o,) reference "'S1ruclioo includ"'~ " I~'~~ h,t ~"d an ,,,direct bil Thu'.lhe, • 
• ,~ "nl~' SIX basi<" "P",aliom, T" enl'nge Ihe smup 0/ ope,.I;O"', u-po:odc 7 defines 
• re~J'le, ,efe,ence '" mi('mi" .. m,.-ri"" 10, Ih" form"l. Ihe ,em""'m~ I> ih arc u>cd 
10 cn"",k "dJ,,,,,na l "I>eralio"" ]" jtcnCt~1. c"d, h,1 .Id ,nc' a specific OI",'i11;on 
(C.II .. 'k." "",umulato') ." Ol d The", 1>11' ,'" " I", ",,,,, hit1<d I" J s; ngle insl noel I"" I he 
"Heroin 'lruel ion 'lraleg)' """ u",,1 ns fnl h3Cl; n, 1ho 1'1)1' ·1 bl' 1)1,(, a"d"" ,n. 
!O<:t1,e." forc,u" ,,~ , of l<>Ja )", ,,,oc'op'o~r""''''c<J ","ch,ne" 10 he d;""""",d ;n 1',,\ 
rour Opcodc";, lhe I/O ope,.lIon; /) bil' :o,e u""'" 10 """"1 """ of M dc""",,,. and 
~ bl\5 'i'",,;fy. I"'rt;cub , 1'0 Ctln"nand. 
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The I'Dp·g instruction formal i, rc"'"rkabl~' cffi~ic1\'. It ,upfX'rt, indiTe," 
~dd,e"in g, di'p lacement "duressing, and inJe,i"g, Wilh [he ",c "r the "l>t,~k C'· 
ten,;[)n. it ,ul'l",rI, a 10,,,1 of ~pproxim"t"ly 35 in,tructi[)n" Gi"~n th" c[)nstraints 
[)f a 12·hit instructi"" length, th, dc,ign~" could h"rdly h,,'·~ d[)ne !:><otter, 

J'DI'·1II 

A ,ha,p cnntra.tl<) liw i""ruc'tH.>n '.<;, of lh~ I'DI'-S i, that of the I'DI'·1O, 
Th~ 1'1)1'·10 w~s de,igned 10 be a la rge.",,,k tm,~ ·, har"J 'y,tem, with an emph". 
,i. on m"kmg thc system c"s)' t[) program, e,'e" if addilion!!1 harJware ex!,,,,,,,,, 
""OS im'oh'eJ. 

Among the dc,ign p.i""irlo, th"l wcr~ cmploy.d in ,Jcsigning the in,truction 
",t Were [l3 ELL784 

o Orlho~on"lill: Ortl")g"""lit)' i, a pri"ciple by whi"h two variable, arc inde· 
p';nd~"t of e~ch other, I" the c"ntext of"n ""tfLJcticm "'-'t. lhe krm iTldi" atc~ 
th" l ,,(her d~mcn" of an in"ruction arc indep"ndentl1/ (not dCl~r",i"cJ hy) 
the [)prod". 111" 1'])1'_10 d~'ign~r' mc Ihc term to dcS<'r ibc th.' fact that an 
uJdrc", is always rompmed in the ,"me w"y, inJq>tndcn! of thc op<:ode, Thi, 
"m ~(>nlra't to ",an), machine" where th e "dJre" "'ode ,oml·t ime, Jcpcn'h 
implicitl)' 0" th~ operator t>cing ",",'d, 

o Complct~n.": Each at ithm eti<: d"t" I ypc (in l~gcr, fi>cd·point. "'~1J ,hould 
h,,,"c a compide and idenl ical sel of "pcr"tion, 

o Direct acldr~"i,,~: II ","" ptLl' di'placemont "ddr~"inl'-. ""hich place," mem[)t)' 
organization burden "" tht progr"mm~r . ..... ," """ide,1 in ("vor of '-"I reet 
aJdr~"ing 

Each "f the,"" principle. aJ'anc~s the "lOrn go"1 "f cas" of p'ogr:tmmin,>\ 
The PDP· tll h~,,, 3O-bit word length and a J6·bit ;mll union lenglh. The fixed 

in,tructio" fnr'r""t i, ,hown in Figur< 11.5, The opcoJ,' occupies 9 b;t<. a ll[)wing up 
10512 "p"mtions, I" fact . " t" t" 1 of 365 diffeTcnl in ,tnlCl ions are ddinc<L Mo't 
i",tructions ha"e Iwo addre,se>. OrlC "f w),,,·h i, m'c of 1 r. g"n~ml·pu rpo", r~J!.I'le", 
Tlou" Ihis "p"r"nJ rderence occurie, 4 bil" The oth"r opcranJ r'dcr~nce ,1art, 
with an 18·hit memory addrc" field, Thi , ('an be uscd as an immediak ope. and [)r 
" "'ernory address, III (he lone. u,agc. hOlil ind"ing ;lnd indiTe",t "ddressing are 
all""ed. n,C ",me ~~n cral·pmro'" register'",,~ ai,,, u,~d as inde x rcgistef'. 

A )(,·bi( ir"truction length" true l ,,~ury, Them i, no need to d[) cie"cr things 
10 g~t mOTe opcodes: a 9·b it "prode fi c ld r, more 'h,,,, "dc'lu,,1e, I\ddrc"ing i, al,o 
'(r"iglnf",waTd, An I~·bit addTc," f ield m, xe, dirc~t "dJT~,,"'g ,k,in,hlc. ..-,,' 
memory ,i,~, gTcak r lh" " 2", indirection i, pr""ided, ['or th e ea", of the pm· 

t . ,.J ,,,,-, h" 

Fi~"", t I.~ I'l)p·llt tn'tr "",j..,n l'cormat 
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I he PDP· I I m,lrud"", ,,'1 ""u "ddr~",,\g c..pJhilit)' are complex, Thi, in· 
C"""" h01h h"rdw,"~ "",I ",,,.I p"'R"I1lming comple,it)' . The ~dv"nt"g" i, [hIt 
mme efficient or compact program, con t>e developed, 

VAX 

Most archilc'<:tUfC' pro,·idc a relm;-'d), ,m,, 11 '"'''' kr of fi"'J i",t, uction for· 
ma" floi, can COl"'" two probkrTl< lor ' he l''''l'.ran''ncr, rirst. add ressing mo,k"oo 
"f",(><ic "T~ 1\01 ",[Ioog,)(1al. Fo r ",''''plc. 1m a gi.'c n o1"',alion. o n ~ opewnd m"'l 
come hom. reSi<kr and "'othe" from memo,)'. or ooth from rq ... ,'tc". ""d so on, 
ScwnJ. anl~' a limit ed numt>cr of operand, ",In t>;; "c-.;omm(><ieteJ: Iypically up to 
t"·,, or three, tke"u,~ ,ome "pcr;il lon, InloereTltl), re'luire mme Ol","",d,. ,,~riOO! 
"'a[C~lC' must be u'-CJ t" al·hi c\·c the de'ired re,ult u'ing two or more in,tructi""" 

To ,,"old the,," problem,. two erit,· ria "'em "sed in Je'ig nin g t he V A X inst'u,· 
tion l'orm'<1 [STRE7~1' 

1. 1\11 instruotions 'hou ld h",,~ Ih~ "natun,t .. IIL1111 I>C' of "I"",",d,. 

2. All ap"r'IIJ, ,hould 10"·,, the "mc generality in ' I>ecificmion, 

f'be ro,u It i, " highl~' ""riahle in,lru,·tion 'Llnl1M, All i,,,lruclion con,ist' of a 1· or 
2· hytc "1>(:'><.1" f"lI(m~d b~' f'um zero to >IX ol'",anJ ,pecifi"". depending on tbe 
()!>(:o,.k '11\c mi",mal imtruction len gl h is t h~tc. anJ in <truct ions up to 37 hyle' ~an 

lA' conmucted, Figure t 1.7 gi"c, a fe" ",,"mple., 
Th" VAX instfu"tion ocg;'" with" I. llyl" ol'c,~k, 't J", ,uffice, h) h,ndle mo:;! 

V AX "" I ruct,o",. t law,·"",, as 1 her c a' e ovcr 30) different instnlclion'. ~ bi\.$ arc 
[lol e rlOugh, Th e hexadecimal coo~s I'D "nJ FF indicmc "n e, t"l\d~u "p<X),k. w)th 
[h e actll" I opcoJu l:><;ing ,pccificd in I hu second hyte 

the ccmainJ", "f [hc i""rudio)1 CO",,,\> of up w ,ix opera>1d 'I",,,ifi" r!, All 
operand 'pecifier i,. at minimum. " I·h~te forma t in ,,·hieh th Idtm",1 4 blt~ are 
[he odd .. "" mooe '1"'cifio," The on ly ~xception 10 thi' ml~ i, Ih" hk.al'1I(xk "hich 
is ,ignaled by [he p"ucm 11J in [he leitl))o", 2 h,t ,. ka"lOj\ 'pace for a 6·bit literal. 
Hc',;;,u,e of Ihi< cxccpl ion." tol,, 1 of 12 Jirf~r,'m "Jdre"illg mMe, can he '1"'cif",d, 

An opela"J ,ptcifier ollen consi'ts of just one by1e. ",ith th~ righlmo't ~ hi" 
'pocify i>1g one of 16 g,·nerol·purposc rcgj>1C,". The lengtil "r Ih~ opera"J 'p'ccifier 
'''''' t>c cxkTld"d \Tl o"e "f t",,, way', "-;,,t. a C"",tal\[ ", Iue of one or more b)'t~ 
may immediately follaw Ih~ fim byt,' of Ihe operand '1"'cificr. An cx"mp l ~ "f tili, 
is the di'placem"nl moo" . in which an H·. 16·. or 32· hit J"l'bcUrTlcnl is u,ed, Soc...,· 
0nJ,"" lOdcx mooc of addru""'g T1l"y be u",<I. In lh" co", . Ihe fi"l byte oftn< 
"I',,,,, ,,J '1"'c,ficr CO"",,, or th e 4· )'il addre<>in g "",de COO" of 0100 and a 4·b,t 
index regi'te< identifi,' " Th~ remainder of the opera nd sf"'cificr "OT" i," of I he I",,", 
address specifier. which may it",lf be one or more b)'les '" l e " ~lh 

tl,c rC;lJt;r T1l"y be wvnJcring . '" the aul l" " J.d. ,,·hat k;'tJ of inmUC1ion rcqu ire\ 
.i, ope,and" SLupri,;'tgly the VAX has" number of , uch instructions, Om,idc, 

ADD1'6 01'1, 01'2. 01'3. 01'4. 01'5 . O f¥. 

This imtrtlCI iOll .Jd, t,,·., IMckeJ dccimal numbers, 01' I Hnd 01'2 ,peeif)' t ITe lcn~t" 
and ,tarting address of one decimal string; 01'3 "nd 01'4 'lK:cLfy a ,eco[[d suing, 



He",I(k,,' im,,1 
For'Tn"t 

8 h.!> 

o 5 

[[II] 
[III] 

n 0 
C 4 
6 4 
0 I 
A " I • 
C I 
0 5 
5 0 
4 2 
D F 

} 

} 

11.1/ INSTR!;CTIO'" r-ClRM!o.T" 403 

E~ pl,,",'lion 

Ol'roJc h J{SH 

OfK'»-' f .. Cl.RL 

~<g."'-"f IN 

01'<'" .. 1<; lor MOVW 
\\\~ .. I d i'pl;o.'o"",,,, m",," , 

Ro~i"('1 ~4 

J'" in ~""I""'m.J 

Byte d"rl'~Tm" .. nl<>,k, 
Regi,", R II 

:5 II' "" ,"""io",1 

Or" '>.10 f" ADD!..1 

Shoo 1" .. " ,1 1 

~ ,~" ... , "".k RU 

I",k, I""~' R2 
1110["'« wurd ",bt,,, 
HI"pI",,, ",,n' fnon re, 

A n","", uf d "pI""f ""'''' " "," 
PC ",1,,"'0 '0 1",,,,,;« , A 

A.'''''' ' bkr t\"~a'H'" 
" txi Description 

RSB 
Kflum frum "Oroo" ,,,, 

CLRL R9 

MOVW ,~"dIA~ 2." R t Ii 

M",~ . "Of 0 f">In '"" ">1 
,10" i, ,1 ';0 rl" ",,,, or , 
'" ~4 L" . do"" ,I"" " 
II I~"' Nnten" "'- ~ II 

ADDL1,,\ , RO, "' A IR,! 

.Ad~ j 10. -'lobi' intf~(" ," 

KU ,oJ "'~ .. tOf "", I, II' 
h '"i ... ,,~"" .url"", i, 
, "' " ,,1' '\ ' 00 ~ ,i"." rt." 
«"lI"," "t ~2 

FI~ur< 11 .7 ]'<''''1'1<; ot V AX I" ' "uniun> 

Th~se Iwo strings nrc "JJcd alld th..: rc,uit i, ""r,'d '" the d,cind 'Iring wh",~ 
lenglh "nd ; I"rling location are spe,ilied b)' OP5 a rld OP.,. 

Tho VAX in,tfLlC\o"" 'ct provi d~, for" wide '"ricl), of operations and ,,(I . 

dressing mooe" Thi, give, " pmgr""""cr, ,uoJ, ",,, c""' I"ln we.kr," ,'~ry I~'w~r· 

ful a"J fkxibk 1001 fm d~"doping program,. In th.'or)" thi' , hou lJ lead 10 efficient 
machine-I""g~~gc """,pil"[i",,, " f high ·le ,'d I"ngu"ge program, aoJ, in general, 
10 dlceli,·" and cfficie"l tl'" of CPL .. e,,,urce,. i'll e p"na lty I" I", pa id for the", 



, 

• 

1>rnefi.s '" Ih" Ine,ca""d C<.m'I>k-~'I~ o f Ihe CPU comf"'rC<.! " 'I h a plOtt""'" "'Ih I 
simplr, in""''-' I<-," ,," dOl<! IOIm31 

\\ " . N u. n hl Ih~ m311el> In l "~plcr J J. '" here "'C ""amine I he Ca>C ft)[ ,elY 
, ,,,,pte ""nueli"" "'-'", 

11 .• PENTIUM AND POWERPC INSTRUCTION FORMATS 

Pen t i"", InSirU"l i .. " 1'0""315 

-r he I'~"" um i~ cqu'l'rctl ""Ih a '8r"'l~ 01 in.or ueI .. ", fur mab . Of Ih" ci,'men" 
dc,""" bood )II Ih .. , "h",choo. only Ihe 0 [11.-...1,· frdJ ,~al "'ays r.CKot I 'l'u,e 11.8 
, l l u>t r~le •• he 8cncr~llIl.or""tion fo.m .• ' In" ,...: llOn, arc made UI' of fr"", ~cru 10 
fuur oplional iru,I"'W"" P1C Il ,",. a 1- ur 2·h\lc I)PCIIJ~ "" " p' i"nal ~dd r~~. 'p«i
fie. I"hich con",I, uf lit " \IOIlR'm ~)'1 '" and Ihe s..'"lc I"J.x b~'l ~) . an "phon:.1 d,,· 
pbc~",cn1. and an "pllona l 'mm~Ji"k r, e ld. 

Let u. Ii"" c"" "Jc r III ~ pTefi, hy.es: 

• I n><lmcti,," pr..rh~" The on , lrucl ''''' I'H"fi~. ,f pr",""nl . "'0"'"'' o f Ihe U)("I( 
p1"~fix 0' 0I1( of Ihe 'el"'al I'",fixe,. The I,(X 'I( p<cfi_' " u",tllo eru, .. ", ud ... 
Ii,,,, u"",, of .har.o<l memOlY ill "mlllp'on: .... '" "" ,·",,"I1IC" I<. The '~I"'''I I" cfi .... 
'pc<:,fr "'pcaled opcmlion of a 'Iring, "'hK:h enahle! Ihe Pentrum hI 1"0«8"1 
, I""r> much {""Ie, Ihan ,..ilh a 'etlula, w ftw:ore loor_ I here a,e Ih e tl,ITcrcnl 
repeal p,cfi"·,, I< I P Re l'l:. R['Pz.. Itt: I'NI .. ~"J II.EI' NZ. Whe n I he . 1 ........ 1. 
RFI' r,di. " " re<em Ihe o r,,,,, lion ' 1"'c' lned in Ih e in"rucih," .. ("., ecuted 
rcp" "Il"JI), "n , IJ,c""" C clc "' ~nl' "Ilhe ' '''''g: Ih, Ttutllhe. of 'qx l"i"Tt! '" 
'pecificJ III r"~I" '" ex. n ,c conJil ion,IIH '-P I'Tdh cause, Ih" in'1II"llon 10 

' "1"' ,,1 ""l1llho: Counl in ex g""" 1" ,,'n, '" IInlil lho ronJilio.:m "Tt,el. 
• S~~»~,n ".'~rrl,k: I ' I,hc,l l)' . "ecifie. "hid, ""r ,ne"l re~i>le, an in, ,,.cliOO 

.houkl fl \(:. o"c ttlJ"'g Ihe <lefau l1 ""'tlmcnl-rell"le, "",leelion gcner.ll.o<l by IhI: 
I'enll .. m fOl IIIal ,n<l . uclion 

• ,\dd . ..... ,i,,,, The p.oce~OT can adJ."" ",emo.y u.ing cil he. In· flO .'2·~" 
add . ... "' •. I'he ao.lJ rc •• ",c d" ."" ,,,,,<\ .he d"I'I~ccmc"' ,i,~ in insor""' ..... ' 
and the .,," "r "dd,~" oll.ees ~c no '''I"d 'Iu ",, ~ elfen i, c adJ.c>\ c~kul~l oo. 
On" " II hose '"e. " Jcs ignal cd as ' lcl"ul •. and Ih e adoJ,c" ,,'" preli ' '''' llclM:, 
1"'1",,"n 32·1>il ",,,I 16· bil "01,11'"" j\cne rall<.>n , 

• 0l.cralld ,f"c: Arl in ' llllclion h"' II ddaull oj1.: ranJ .i l e of l ~ '" .' 2 h,I S. ar;J 
Ih~ " Il<'mnd p,di . ' '''i lehe ' het""" ,, 32·1"\ (lnd I~-I,,' "J",rand, 

The In" . uCI''''1 ,1...:lf ondutle! Ihe foll'-'" I n~ r,clJ< 

• Op".d~: O ne· d, l"'o·h)IC opoode, Til,' , ~.,:udc m~)' a l.o Indude hll' 111.>1 
sT"'c,fy ,f tlal. a.e ~Ic· 0 ' full ·,,,-,, ( II> " 0 ,'~ I'oIiS dependmg "" ronle~1 J. tl",..,· 
lion 01 d".:! "1',,,.1 ,,," ('0 01 lrom m< mory )_ and .. hel he r an ,mmcJ ';'I" dall 
[idJ 1\\u,1 I>e >ljU. exlc n<led , 

• ,\lodHJn~ Th,! 1')' lc, "",I tll~ '''''1. l"""i tk add rc'''n~ ,,,r"" "al ion . Th ~ ~ lwRim 
1>yle ' 1""'lfie, ",hc lhc, "n operand is It, I' . t ~"I Cf '" in mCnW,)'; if II IS in 
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mc mory, Ilt<:n IicloJ, "llhm lhc h)IC >tleCif,' the adoJrc."mj: Inode to be u~, 
The ModR!m b)'e (,<m"", "f Ihree rldoJ~ : I h" M"oJ fi eld (2 bit.) ron,blnei 
" ,'h Ihe , 'm f,doJ to form 32 ~lhle .alun:1! rego"en and 24 indc~m~ model: 
. he RegiOpcode field I , "''' ) '(><!Cine. e,lher ~ le''''"r I\um"'" '" .hree mort 
... U~ of op<.-OOc lnf"nnallon; Ihe ('I" r",ki (.1 bll<) C~n 'peeif), a regJ<lcr a, lhe 
I()<",."", of 8n """"3nd. or il can fOlm p." " f 'he 8!1d rc""ing-mo.k cn,'()(]."l 
'" eumh.na,ion ,,;th Ihe Mod field, 

• SlH: COJ1 ain cncoo,ng 01 the M"d Wnl h)'le s!"",lf'e, Ihe ,ndus;on ul the SIU 
h)!c to spec ify full)' II'e aJd re"",,'~ m",\c. 'I he Slll l,)1< consi,1s of Ih ,c<' r,d~l: 
I h" Scale fi eld (2 hit» ' p"cifi"1 the """Ie faellll' for ..-"led in(k ' II\~ ' the lnJ« 
fidJ (.1 bil ') sp""ili" , the imlc , r~~ i ' l c " Ih ~ 13"", field (3 bi"j ' pe,ific' the 
ha,c r"~i't"r, 

• Il i'pi.celll . nt: I'..'hon the .ddre" "\g-"1L~1c ' !>.:<';lIe" indicale , lhal a 'Ii'pl~oo

",<',, , ;s used, an 8- 16-. Of 12_~' i l ' igncd BtI ,'ger di 'pl ac.;mC~1 field " added 

• 1""'K'<Ii .. ~: 1'r"" i,Jc, Ihe " ,Iue of 'Ill II·, 16-,01 32·/)11 """".nd. 

""'",al """,,,",,son, may be u", ful hele ." Ih~ I"'n\tum form~l.lhc "J,j,=,n. 
n,,1Ik II pm"ided as J"ln of Ihc opc<>dc <cX]ucm=" n .. her 'han ",11, each operand 
Ilccau"" o n'" one ope .. ~nrl can ha,c aJ,j rc .. -mudc mfonna. ,u n. only one IlK'IIlOfY 

OI.,,,, .nd ""n be ,cfc,~nct<l ,n an "" Ir""'Ii()l\ In ""nlra". II", \' AX , .omc' lhe ~d.J'M
n,,>d.: ,nf". n •• toon "ilh each opemnd_ 01l""''''1t tlK""''' t -to-mcmOlY ' 'I''' ral,,''''. '!'ht 
l'cnlOum inmUCl ions a.c lhe rdnre ",,,,e C'o ""fl'l'I. I lowe'"r, II a mcmory.UHnt tllOf) 
ope .alton " lequi •• 'd, lh" V AX .'an at.'l"l.>lllpl"h Ih,s on • ""~ ,n,a uct ion 

I'he Pentiu m fm mat allow, the usc u f ,,,,1 <)nly I- byte, b Ul .1", 2-h)IC ~"J 
4-hyte off..,,, for i ndc~ in~. Allhnu ~h the U,e of Ih c bf~C ' mue, off"d •• e.ul " on 
""'get i"'lw~t;on" It", IC ,IUfe I"",·;de. Ilcc,kd f1 ~, ihlh t), ["or exam pk, \1 " useful 
," ,,,Id'c,,ing brgc' "nay> or large . tael:. fra"'e',- I" CO rll! a.t. til e llJ\l ViiI> imlrU t_ 
1101\ f~'m ", allows olfsc t, nl> grc al ~f I h;", 4 K h), le, ( 12 I:>i«. of uff,,,, informa!i""' I, 
\mJ Ihe o((",t nuN l>o; ",,,ili , 'c Wh cn • tocalion i, ~ ", in .".,,10 of Ihi > ofllo"t. 11M: 
~on'p,lcr mu,1 !Cn"r.o\e ~"ra rode 10 ~enc' "'e .It" n~~d"" "<klres:;, Tlli, p,ot.ltm II 
"'1".-"".11) ~1'fl'lrelll In de,ling " lI h ,Iael r"" "c. I h.1 h. ' e local ""ri«hk< '>CCU')~lnJ 
In c , cc.." of 4K b)IC', A, IDI' WA'I(ll l'ul ' ii, ~gcnn"l tQg cud~ for Ihe 37(111 W 
I"'lnfut lUI a .. "ul' ollhal K.,.I"Chon that ,huc h",'c c • ....-n be"n ron,!,;Ic ... fur Ihe ~70 
Ihal ,..mpl~ ch""" 10 limit Ihe sUe of Ihe ,'.oel f",,,,~ to 4K byt",," 

As can It<: """n, the cllC<>dmg o f Ibe l'cnilUn. '"" lUclion "", " 'el)' """(>1.:,, 
Th" ha' 10 do pa,lI ), ... ,I h Ihc need (0 be h"ek"',m] """'paliblc ... il h . he KOSI! 
nI~chll\e ,,,,,,] l,atlly "i.h a dt,ire on 'he J"lrl "I Ih~ d,..,i811cJ. 1o plO~ldc ne.y pol>
"hie aSM, I,,,,,,, 10 . he rompile, " '" I,, , III 1,,,>ductll8 eff", ic nt ~",k. II ,, ~ ",alit. of 
,.",," ,Iehalc " 'hel 11 ", an in,I" ",'!",,,.d II< e .. mpln a~ (h" i' l'tcf<," l>le 10 Ihe "1'1"" 
" te ex tre me " f Ih e RI SC' 1mtrUClioo ~I;, 

!'OWI" P C h lSlruclion Format. 

All i" ' \ruclions in Ih c !'nwcrl'C' are n b it< I~ ng "nJ foll"w " ""gular IUI'I" "I '] "tIc 
fi" , ~ t"" of :on m, lructlon ,pee; f), thc or-:""'Pn 1<> h" perlormcoJ , In ")(lI e (C" S(' 

Ihe'le " a .. e, le",;on 10 ' he 01"-00.: cI",,, t"'le III , he inmu~, i()n lh '" ,!""'.fk •• pa, 
uculm .uoca"" of an Op,:r."' ~' I" I 'j:ure 11.9. u[lCOJc h,,", are repre""ntcoJ 10)' lhe 
,h~dcd porllOn of each fO"" 31 



_~"'''' __ ' I10", __ S''''' _ 

...... l,~.........J .... 

a.\;...w., ... ,.d """"'" 

lid .... IU~ .... I """"'" 

~jl :: ! D<o, b1t I ""'" ... , 

... 0 .......... I""~- ~- ~~- " 
, 

'"' • .. 
MJ. """ d< ,~ ....... S« "'Si"'" So,,;nrd ~ .;0]". 

L ..... ,>I s... ~'" ~~- So,' ~,- Or. x..>t, <'te, • 
..., •• 1.1)0,"" Sf< k'l<--' ~~- l~\It<>o<I ;,,,,,,,1 .. ,,, ,O/UO 

14., .. Srr~,,'f I~t "'l<""" 51"" OInt 1M ... "" ~ ~"',;I;<oo • 
It<'>!.>~, • \f .h, ,, "" "'~"'''' l .... ' "-'1<""" S« "",.,ttT if' 

"", ... ~ - L:'" "':I?>"., .... ~ .."ot -, 
lit .... • ;"0 ..,..,,, ... u..t "P"'" ~~- '"-

Stc "P"'" 0.....,... ... , SM .... , ... "~ 'r 

A ... t-o.,i"", ," rc Rd.,,,·,- • t>I."., ... r: .......... '._ ,",,, 
I. I "" ..,~")"'''''' 
o - 1Io~,.,.1 n., ..... '" i~ U~ 

M • M,~"'~ (,<>d "I<"" ;n ~~ l 

XU • Op(:.,"e h"'",i<., 
S I'." ,,( ""if, Am",,", F;.,t~ 

';\I'-~ • 
'0 , • 
'" • ,,- 'i'J 

• 

• • • 



i 
I 
j 

! 

l\Ole .he regular ,'ruel .... ; ,,( .he f"rnuh, "hieh case, 'he i<>f, of oI'c ,n1"\I<"' 
, ,00 dttodc uml •. For alll,,,,,hIGJC. a, l~hmcl 'c. an<.i I<J):I"~I ,,",lruCliom. {he 0[1<'0<1< 
" rvllu""d I>y two 5-b,[ ",,"In rtrc.~nc< .... cnahlm. 32 gcneral-llU'fl'O'C rcp.IC" 
10 he u<.ed 

Tile bnonch In,""'"'''''' IIldu<.lc a hn~ (L) bIt ' hal Inti" ... "" Ihal the cff.:<h'" 
a\lJrc'" " f . he ",,,ructIon 101l0"',n8 Ihe br,.n. h ," 'U unIon i. 10 be pl~cc.J In Ihe I ,"~ 
'~M'!lcr. l'A-o (OTm. of tile In,I,",<I;"" "1M, ... dude • hIt (A) Ih., Ind"'~le, .... hcthtt 
Ihe adoJ, ,,»;" ... mode" "" ,,,Jule ," 1'(" ,cidUH " OT 11>" ,'()nJ ,iJonall>,."d, in,,,,,,,
"''''', th~ ( 'R I)" fkld sper i(j ~. Ihe ~" I" I>.; 'e,to J ,,' Ihe cond ition ro~,,'cr, 'l he 
('Pi''''' ' fidd '1"'"ili", the contiill"n ; "'''kr "hid, Ihe hranch i. to t>.; I.ken. I h ~ fol. 
I. )" IIlg co nditions m"y t>.; ' p"" ,fied; 

0 Iltand, "''''Y<, 
0 Ilr,,,,ch if ","unl + () "noJ cu"d, tl"~ IS (~ I sc 

0 Ut."ch ifcounl ~ 0 and NlIlli'I<N'" Ulle, 
0 llran~h if count o and "",!d,U"" ;1 f"I.~, 
0 Branch if count ~ 0 ~nd "", .. Iu,,,,, .. moe 
0 UrAd,-h ,f ""u nt " 0 Hr. ... " b if count ~ O. 
0 13",,,,,1> ,f ",-",,)n ,OII " l3 loc. 
0 Branch If condit ion .. ,,,,c. 

"It"t ,,,,!ruel,o,,, Ihal """I, In I' """'P"'"lk''' (a, i1hllle1i •. 1100 "n~-I~ "n' anl~' 
IIlc li~, to~i<::al) i"duJ" " hit I)"" i n,h":1I1", ",hell,eJ Ihe re'u II "f Ihe oJ'" ""ion ,hoo),J 
I>c ,",,,,,ued ,n Ih~ «mdLt,,,,, ' cg i' t"r. fI, "i ll he , )",,,,,. Ih i' foature i, u"" fu l fm 
1>",,,.11 p,~Jictiu" procc>s in g. 

)'Ioalin!"point in'''"el,u,,' h." u fie lds lor Ihr"~ so'"cc T~gi .t~". In 111'" ) 
calle" o nl)' N'o """rce 'c",,'cr' .r~ ,, ~,J, A few ""trLlC\l I)'" lm'"I,'e multiplicalioo 
..,r '"'' i"~"--.; reg"t~ .. an,J the" a,J,J " • ..,,,..,, i"hltacljon of a 'hird """''"'' rc~"ler 
)1,.,.., <'<Mnp" <"e i,,,truc,ion. are indudc,J I ... ",au," uf 'he h<:queoC}' of ,hell u>e. I .1I 
"",mple, 'he inner produ<,l Ihal "I'"'' of m~ny n,alri. Of'C"" ",n, can he "npl~. 
menlC<i u'S;ng nou h'I',},..,<I,J, 

It.s RECOMMENDED READlNG 

1'10< ,do,on,", ",,<<I ", Ct.'p'., 11) . ,,' o<lu.llv ~I~",<.I>" '0 ' ho matcri~1 "f ,h;, , 'h.>pI" 
ILlt.ANI7I """","' . d.o,.ikJ J ...... u". "' .. 1 ""11,,,,,,,," [ .. m,"" . nd aJJ'< .. m~ ,nn.l<~ In 
.dd l' .'," , ,I>< "..J.or m.y wj,h ", """,ul, I' Lyr-;I\,II jOt" d""""""", . nd .n.I"", "t ,n"'''' 
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11.6 I KEY TER,\\';, ItEVlEW QUES nUNS." "I) "l<OIl I.F.W; 40 '1 

11.6 KEY TERMS. REVIEW QUESTIONS, AND PROBLEMS 

Key T erm s 

.,,,";~<k'h'tj; 
bIt$c''''gi,IC' _<!dressing 
d'r"<l adJrc~ng 
di'l)lOO:l1\cnt .dd,e~ing 
effective .dd",,, 

R ev ie w Que<tions 

immediate ~ddr"",ng 
indexing 
lnJ".", aildtt,";ng 
l~Sln.I"km f/)fro", 
I""',imicxu!¥ 

11. 1 Br;ony ""Iino i"""c,!i." c "MtO~'in g. 
11.1 BTK,n) ddiTK' Ji,,'," .dJ"',< ing, 
II .,' 11>;011" ""lin, " HI ;,OCO "ldto" , n~_ 

11.4 BTK'nv ddiI"-' "si.tcr .dJrc"" i n~ 

L I .~ Iltl<tly <1<;1"" !0S',tc, ",J"oc, ,dJTe"in ~_ 

L 1.6 Brien), <kr."" di'pio.,<'mcnt .dJrc"ing, 

'1 .7 B!dly ""Ii"" ro l"'i,'o "J<J'"'"n~ 
'U Wh" i, the "d,'an"~c "I .ut"indcxin~'! 

p'~i~d<'ri"ll 

tCg.o;tcf .J<:Ire'''"g 
roW'ICt indiJt<! .dJte,.;in~ 
rolative alld ... ,,jng 
W.N 

'1.9 \~l"I i, the J ifkrcm-c l""",oon )"'" i"(lC' '''~ "",I prein,10,i"g' 
LI. 1O II-"h", lam go In'O Jc'",mi"in~ 'ho u", of t1>< .JJn,.>ing bi" 01"10 ""'rocti...,'! 
11.11 Who' arc Ihc .J",nl,~e, ."d ,lis.J" , n" ge< ,,[ """~. ","ohk I,nglh in'truc'i~n 

[0"""('1 

Pro blem . 

11.1 lw"'fy t~ "",ertIO" 'hat a 32 hit in"fUction j. probahil much k» ,I,," ,,,"'" " """. 
lui", I~·hi' In<lm"",," 

IU G i,'cll 'he lolh,,,j"g "K'''''-'I)' ,'a l"e' " "" , ol",·,M,c" """,n ,n, with ,1n accumulator 
"hat ,'a l"" do the lolluw i n~ I",,,uctio", lu"J """ to. 1I<OCUnlu l"or" 
• Word 20 rontain, 40_ 

Word 30 conlain, 5~ 
• Word -1') ronta ,", w_ 
• Word 50 conla i", 70 . 
• . LOAD 1\1\-1EDI,\TE 20 

b. LOAD DIRECT20 
c. 1.0,\1) L,'I) IHECT20 
d. LOAD L\-1\1EDIATE](I 

•. LOAD DIRI.:Cr 30 
r. LOAf) L"l) LR[ -- C"I' )(l 

11 ..l u:, 'he adJTc>< >tOTed III tl>:: progra", ",,"nlcr be dc',i~n,,,"d b)' Ihe >yo,!>ol Xl _ 1"11< 
in;lructiu" '''!fed in XI ha"11 "Mre" p, n ("I",, "oJ tdo,",,,c) X2 , 'I"" "perand 
ncc<k'J 10 , _,,'cole II><: in«rl><l ion i, Sl"',~ 1" Ihe "'"""")' "',,,J ~" , h ,JJr<"" X3 , ,\n 
iml<:, re~i"'! cun' "in' W< ,'"1"0 X ~, \\'h>1" til< .claM,,,hir ixl",,'"n the,"" ,'"iuu< 
' I,," ,, ' il;'" if ,o. "I"' .',,"g """I< ",- the '''''rLJ<,ion "(" di«"" (b) inJir«tc Ie) PC 
,01"''''.1<1) """",,,1" 
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11.4 An .ddT'" field in"" ;n>lruel;o" cont.ins dccim,1 ,', luc 1. Wber< j , ,h e ""n.
'pooJ ing '>pCmikl k><.t<J ror 
•• im",,-.ji" • • JJr<:O; i" f' 
h. dirw .JJr«'ing" 
e. ,ndorect 'Jdro,,' ;" g'l 
d. ,os,,'or .JJ,essing" 

•. regiSln iJ,J i,c,'( .ddrc»jns7 

1 1 ~~ A PC-rd''''''" n,,~jc hcanch in",~ct ; ()11 i, ,wrC<! in memory at add"" 620". The 
r.ranch i, ma.Je In h:atooll SJO " Tho oJ.lrc" fiold 10 the inmu<t ion;, 10 bit;looJ. 
What ;, tho hon"y ,-oluo ,n tho in'truCtlon') 

11.6 ]!()w m.n), timc-' doc, Ihe CPU need tu ,dCT to memOf)' "hen it fetd.", . ,," eX",""" 
on indirect aJJrc,,-modc in.lrut1i<Jn i f the in,l r""(i",, i , I. ) " """I",,,,i,,,, "'I"";Jl;j 
a ,in~1c up' .. "od; (b). br,"ch'! 

11 .7 'I he IllM no ,Ino, rom pro"<i< ",,1" 0" ",khc,,,"l!. ,\«umo th., th o .ddTcs> of Ul 
"re .. nJ i< in main "'""''''Y. How " ,,"IJ )'()U ,O<c" tOe o!"-',,,od'> 

1l.8 Why "'", IBM ', occi,i,," to mo"" frum 3b l>il, Iu 32 hi" PCI ",uld w"-,,,,h,,'S • • n<.! to 
whum'.' 

11 .9 In !'OOKX21. the "uthm prop""'" Ih"t the 1>(" _fOb",·< adJlc"onS moJ", b< eli",,· 
n"toJ ," f",'Or of othN "mdo., ,,"'h " t he u'" "f • ",ck, ,Vh.,. i, the Ji,advan"g< <i 
th" p"'r<".11' 

11.10 As>umc on i'''Lrochon ",I lh. , u;c' • fi"'d I 6.1>il in' '''''',i oll k"~lh , 01'''1'''" I;f!«1-
I"'r> alc 6 l>i" in Icn~lh, The,e.rc K ,wo -upc,.nd inmocTi,,,,> ,lid L <e'''-<Jf'<'>Ad 
in>I,ocl~)jJ' , What i, loc m.xillwm nun'!>.:, of o"c-up" ro"d in'l, ,,,,, i,,,,, lh,' can "' 
; uPI'"",d'l 

1 L.11 DC"Y'.1 ""iat>k_kn~th opcOOo to . Ik)w al l "j til< j(~ I "",i l1g 10 oc <""oocd in, 36-bit 
in,I,uNk," 

• i"'''LJ<'; ,'''' wi(h ("'0 I ~_ h" "hit",,,,. ,,,<I ""e J·hit '.os"ter "UmOCT 

• in '''u< Liun> ", ilh ''''" l 5.hil .ddTo" "nJ uoc 3-bi L Tegi'IO, n"m ll<' 
• ,"",uction, with no addle,,,,, '" ro~ i "o" 

11.11 Con,;'kl (he le,"I" of P",hkm 10.3, ,\"umc lhat M i, 0 16 -hil memur)' aduI.""'''" 
'hal X. Y. a ,Kl Z a,e "iloc, 16·bil adJre>sc', OT 4·hi, legisl<'1 nUII1",,". Tho (H,,-oJd,e;s 
m""hi",' u,." an acc"mu lawL ,oJ lhe I",.,. onu lhree-.JJrc'" rn""hine, ila, " I~ ,</:
i'(cr> anu irJ> Lrocli,-,,,, '--'1>lTal ing 00 ,I I coml>inwiu ,» uI ITll'n~)'" Ic •. ",(j,"" "rtd reg'" 
(ef'. A»wning S-bi' upc<><lt, ,nJ in>Lrll..-! ioo lenglh> 1I"; l a,. mu l' ;rk ' of 4 1>0". 00.' 
"'.,," bi" doc, """h m,,,,,hi,, , ""cd (" """,pUl<' X'! 

11.13 I, tocle an, pa<,iNo )"'tifi",,(;on for ,n in,(fUOI~," ",jlh t~, ,, opcOO"'? 

LI .14 The Pcnlium incllKk, Ii>< tu l k)"' i n~ tn,l, ""Ii,"" 

1I1" L opl, """ h."diac. 

This in",uct ioo mu l(ip l;", op2. "hieh may I:>r e;, h" le~ i "", UI "'''''WI)'. Ill' 11" Imm, 
J i,,, "p',:ranu ,'a luc. and pi"' .... ttlt' ,,,,u ll;n ()pl. which ITlU" l>l' ",c~i >lc'. !'here ~ 
L>() o(he, ,hrco-op",and in>(funiun 0) thi. >OTI ill t il< ;", ""<'Iion >c( . Wh,t is the Jl<"
,ibk u..: "f ,och ,n in>(funiun',' /f,,,,, Conside, inocxillg. 
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4 1 2 CHAPTr.R 1/ I CP!; STR!;CTL'RE AND !'L'NCTION 

KEY POli'OTS 

• ,\ proc.:e$IO' indudes both ul<'r·Y"ib)~ registers and c.;mlrollstatus ffg)SW", 
Tbe former may be referenced, implicitly or explicil1y, in '\liKh;ne ifl>trucli;>m, 
lIseI-";<il1lo rcgislers may be g;cn~r~lllurv<)SC or have a special use, such ill 
fixed·p<.>i nt or nOMina·poi))! number.. "ddrcsses- ind~"e.s. ~nd segment pi.>in(. 
cr>, Comrol and !talUS regJ.ler~ atc lI!<i:d 10 COlltrQllhe operation of the (Pl), 
One o""iou! example i~ the PfOgrtlo;r cQU))tcr. Another ;mp.or1OnI exao;rple" 
a progrnm !1.tuJ. "'OTd (PSW) lhat e<>ntahlS a variety of natu. and conditi"n 
bits, The~ include b;!~!o tefi.,.;,t the re.ull of the most rettnt arithmetic ope" 
alioo, imerrupl eD~ble bilS. ~nd an indi,'ator of wh~th~r the CPU is execuhn! 
in IUl><,visQr 0, u"'r mode . 

• Proteoso,! make U!;C of instruction pipelining tl) spec,1 up cxecutil)n, In 
e • ..,rlCe, pipelining ;ll"elves l;frc"k.ing up the inmuction cycle into" nurn\)<, 
of "'p"rale !t~ge$ (hal <)(;(ur;n sequence. $u~h as fetch inmucti<)n , de(:OOe 
i1\SlrU{Otion. determine opd&nd ~<lJ,e."'" fetch vpcran<b, c"eCUle U1Sltucticm. 
and wrile operand ,e~uU. InstructiOn> ml),'c lhrouj;h the,., 'ta$e~, as on ~n 
"~mbly linc. w that ill prindplc, "~ch stage ean ~ working <:In a dilfe",o' 
in'!ructio;m 8\ lhe !lame time. The oe<:urrcnce of branches and dcpcndcnci<:\ 
bct"'een instru,tion$ complicales the ooign and uSC of lripdines, 

T lUI;, chapte' dis<:"''''' a,!",ct, of (he jlToo:;e"'" not yel covered in Pm' Thrc! 
and 'Ch 'he 'lage fm tlw d'M:U>"'''' nf RISC and supcr",ahr "r~hile"lu'" ,. 
Ch"l"en. 13 .II,d 14. 

Vie begin with a summa,)' of procesror OTg'In;"" ;011_ i{egl>lcrs, which form th, 
internal memoT)' of lhc procc"or. "rc lh cn "lIa ly,eu . \.I'e "I'C Ihc" in a JX"itioo to 
rdum'o Ihe di",,,,,ioll (hcglln in Section 3,2) ()f the instruction c)'~k. A J"",,,!," 
l;on "f th~ illslrucli"" cycle alld" common techni4uc known '" ""tfuction pipdin
in g complete our d~scrijltion, The ch~p'cT "ondud~, with "" examin'l ion of SOUl< 
~Jdilional "'pec" of 'he P~n'ium a" J POWCTPC mgan;,atio", 

t2.t PROCESSOR ORGANIZATION 

Tn Itndc"t,nu the org'lOi7,alion of I II ~ CPt J. let u, cOll,ider the rcq\liTCIll~nlS plactJ 
011 the CPU. (he thlllg' lilat ilmu,t do: 

• . ·.t,·h 'p,te" .-t'"n; Thc n'u "'"ds "" i"s(ruct,on f,om mcmo,~', 

• Int.'cpcet in, lru<tlIID' tllc ;",truction j, dc'coded to d eleT nl i n~ ", 11 "1 aCllO" " 
r~quircJ, 



• h'rrh dara, The execution of an i",trucrioll may ,~qui,e ,c"Jing d;<t" frnm 
memory or an liD module, 

• Prol'C>S dala: The execution of an in 'lrudion nla)' r~q"irc pcrf"rmi n ~ ,,,me 
mit hmd ic or logical opc"nion on Ja la 

• Wrile da1a: Tlw ,esult' of an ~xecution ma)' require "Titing ,1;<w '0 m~",,)r)' 

0,;", I/O moJuk. 

ro Jo lir,,,, thu'g'_ ,I >hou lJ be de., that th,- CPC necd' '" ,Wre ""me .I"", 
temporarily, It mu,t r~m"mb<'r the loc"til>n of I he )aq in>1 ",el lon 'I" lh," il ~"" lnow 
where 10 g~tlhc nc<t instructi"". II nccd, to ''''r~ i"'leudi"", allJ Jala tcmpom,
'I~' whik all jml'Ll"ion i, i>cjn~ executed _ In miler word" the CPU needs a ,m.,ll 
IIttc,naill1cmory, 

Figure 12.1 is a 'implificd \'i~w of" CPL.'. il1dic"ti ll ~ ii, conned,,,,, t., the ,eSI 
I)f th, ')','"m ,.j" the' ,}',klll nus_ ,\ ,ill"l,o IIllcrt1Cc "",uld be needed for all)' of Ihe 
IIlIerco,,,,ection s',uct" ,e< d",""ih"J in Chapter 3, The readcr will ,eca ll II,", 'he 
major compo"ent, of thc CPU aTC an ,,,il/)"'(',i(' ",,,lloKic ""il (AUI) ,,,,J a ,"(",!rut 
Imil leU). I h ~ ,\LU doc, 'h, "ct""l """'l'ula,ion 0' p,,)C,s.,ing of data, The con
(rol unll wnlrul> Ill" mo,em""l of dJI. and ,nstructions into and oul of Ibe CPU 
Jnd controls the operation of thc ALU. In addil ion . the figllre ,how,,, ",i"i",,,l 
internal mem0l)'. con,i,ting of ~ ""t of """'gC [("'''''0'''. ca ll ed re;;isla,,', 

Fig"r~ 12.2 i,,, , lighlly "'o'e ticl,o lcd vic,," of the CPU, Th~ dat~ transfe, 
and logic w rlho l path, ale Jndicaled. incluJing an e l ~ment b~dcd ''''erna' ('I't; 
bas, This e l ~m"m i, noeded to tran,fer d"la ""twc~o th ~ ,'aril)u, rcl""c,-, and, lhc 

I,\LU I 
EJ 

-

1 '::·1 
-

- -
- -

("<mImI Dala Addr." 
t>ol> hilS hilS , 

Y 
, 

S~.t.·", 

Ilu, 

H~u," t2.t The CPU wi lh 'he S)"tc'm n". 
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AU; , hc,'~u,c t he AU ; in f"Cl [)1"""te, only [)n data in the imern"l CPU mem· 
or)" Thc figure a),o ,h[)w. t),pical hasic clement' [)f 1 he 1\ LU _ Note the ,imil.,itl' 
t>et,,'een the internaf , tructurc of 1 he comp uter ~, " whole a"ti t he internal muc
lure of Ihc CI' U. In both ""'"S, the,e i, " ,m~1I coll eoi()n of maj[)r .lemenl' 
(<:O"'I"H~" CPli flO. ,,,emory: CPU: contro l unit. A LU , registers) connc,-te,1 ~y 
Jot. p"th •. 

12.2 REGISTER ORGANIZATION 

", wo ui>cusscti in CharleT 4." comp ut c, 'y<tCT!l emp toy' :lnlC"lOry hi erarch)" At 
higher k\'cl, of the hierarch),. m~rn"r)' i, f~,t~ t, ,,"""~r_ anti more expcnsi,'c {rer bit), 
Wit hin Ih~ CPU. there i s~ ",t of rCi\l,{Cr< th"t function ", a level of memo'y .l>o,'c 
","i" memo,)' .. " d cache in thc hierarchy. The registers in 1he CI'L I"'rf",m [w() nMs: 

• U",r·,isil>l. r~~l'l~rs: These enot>k the mach ine ' or "'-"'mhl~'. I 'Hlgu"ge pro· 
W""lIncr 10 mi nim i,,- rna", IIIc"""y "der,,",ce, by "I't imi,jng use of rCW'1"'S. 

• C"nt,,,t .nd 'talm "'gi,ler<: Thc,c """ u.eJ by the control unit to con trol the 
ol"" ,li()11 of the CPU and by I'ri"ilcgcd. operat in g '),'1"m r"'g"''''' tn control 
the execution [)f program,. 
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wi ll " I", Il",Jify lhc wtll~nlS of the Pc. The fetchod in st ruction i, loaded ,nto an 
I R. ,,'here {he opcode "nJ o"", ranJ speeifie" <Ire "n"IFeJ, U,,'a ,uc cxth ,,,,ycd with 
memory us in g the '\lAR ~nd MBH , In a l:>"'-<Jrg;lTli ~cJ '~"tel1l . (hc MAR connects 
,Iirccll)' to the "ddfCS> bu,. "nJ Ihe Milt.: connect, di,,,ct ly 10 lhe Jato bus, C"'f
,' iSl ble rcgi,ur>, in lurn. exchanse J",~ with the MB H. 

The four regi;teTS just mention~J ;orc "sed for th e mO"'me-nl of Jata bet"'een 
lhe CI'U and m~mor)', Will1in 111~ ('I-'L-, Jo," ",Ust be pre"'nl~J to lhe ALU for pro
""",in g. l'hc ALl! may h'''' e Ji'ect ace"" to th e MIl R anJ u,e r-vi,ible fe gNe". 
A lterno{ively. thc're mal' be adJit ional buffering reg;'te ,,"l the l~'ullJ ,,,~' to the 
A LU: th ese ,,-gi't~rs ",rve as in pul "nJ output r~gi" c" for lhe AU . a nd exchonge 
J;lW with th e \HlR "nd ustr-' i,ihk 'cgi,te", 

All CPU tie,i !;n' i"duJe a rcgislc, or sC{ 01 ,egisters. oftcn known a, Ihe 
pm!!',,'" ,ral"s word (PSW), thaI contain ,tat'" infomHltioli . Th ~ I'SW I ),pically eM 
t" in s condit ion code, p i u, olh~r !wtu, In f"'I1",I; ,,,1. C"mmo n fielJ, 0 , flag' ind ude 
IIw following: 

o Si~lI: C"nt""" Ihe SIgn bit nl th e resu lt or the last arithmetic OllCTHtion, 

• Zero: Si;t ,,·hen th e re,ult i, 0, 

o C~rry; Se t if " " op<:r"t;on rc, ull ,d ill" """y {.JJot;, ... ) itlto or oorro,," (,,,b
It,,,'1 "'11) out " r:, I"gh_o r<k r hiL \ ),cJ fOf mull iworJ arithmetic opef;lti011'. 

• Equal: Sct if a logical comp"re result i'~'lu;llit y. 

• 0 .... rl1."',: U",d 10 ;nJ iC;l lc "nl hm"I'~ ("'crfl",,,', 

• I"'~rrupl ~ "ablddi ,ablc: lhed 10 enable or Ji,,,bl~ int errupt', 

o Supc"·;. or. InJic;lte, whelhcf th e Cl'li ;, c'xecutong Ln ,upen'isor Of u,er 
m,xk Ccrlain pri"'kg~J i"",uct io", CO " be exec ut eJ only in ,upe"'i",r mode. 
anJ cert"", a r~"' of memory ,an I>e acce,,,,J only in <Ullef"i",r mWc. 

A "u", l",r 01 other reg i,{c" rel a{eJ \(} statu , anJ control might be rou"d '" a 
pJrticub, CPU Je<ign, In adJ il ion to the I'SW. l h"r~ ma~' I>e" p"inkr tn " hhoct of 
memo,)' c()ntaining ad dit ion,,1 , tatu, inf"rmat ion (c.g .. I'wcc" control ~Iocks) . III 
"H'~hmc, u,in g "'c'lored inte rrupt'. an ,nterrupl .eetor registef may be pro"i(kd. If 
a 'lack i, u""J to Lmplcme nt c~ rtain fu nct ions (e .g .. ,u bro,,'in~ e. II ). lI.~n a 'y,'em 
,wek p<J int er i, ne c d~J, 1\ page wl:>lc p<Jin tc-r " u""d ",nb" virtual me mor), s),stem, 
r;ldly. r~g; ,,~'" "'"y lie L!",J in the cor"wl of liO operations. 

,\ number of factors go int o lhe J",ign of the control and ,t"lu, T~gi'kr orga_ 
niza tion. On~ hI' i<sue i, op"mting 'y'tcm ,upport, C~fl<lin t~'pe, of oonlro l infor 
m"tion arc of 'pecific "tilil~' 10 Ihe ">,,, r"lin g ')'Slem, Ir the CPU de,igner has a 
functional un,k rs"",d"'g '>f Ihc opcral"'g ,ystc", h. I", u",J . then 1 he register "rga
nization can to ",me ext"m I>e wilored 10 the opefating 'Y"cm. 

Another key de,ign deci,ion i, th, "[lo<~l i,,n "f "ontro l ",101 m"twn bet"'een 
"'g"le,s "nJ "'~m ()'y, II" co",mon tn JeJ,eate th e li"'t (lo"'e'l) few hunJred (If 
th ou,anJ worJ, of "'emor)' for control purpo,e" The de,igne' mu,1 d~c.Je huw 
m"ch control in format ion 'h""IJ lie in T~~"W" anJ h()w much in memor)', Th~ 

","" I Ir"dc_"ff " f ~(,,' Y~T' ''' sl",cJ an,e, 
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F..~aml'lc Microl'roc:es • .,r RcgiHcr Organi>:ad .. "s 

It i, in,1 .""I, ve to cumin"~ " lid comp'trc Ihc .cgi 'I~' orl\:'I\; ,~ti"" nr rom l'arahle '''''" 
lem._ In th., <'celion, we look ~I I""x. 16-bll mlcrop""""c"",,'" thai .. e.e de.igned .. 
aboul Ihe """'" lIn,e: Ihe MoIu,oIa MCi>t«XIlISTRI'N1 ",1<1 the Int el IIIl!1.6IMORSi"1 
Figu,., 12_la amI b dcpo.;l lhc .cgr.t" ')' ganilah"n of each: purdy ,n'emal '''JIj. 
Ie"'. ,u,h,,~. memory add rc"" , egiSler, Me not ,110"". 

nte MC'6tlI OO part itio'" i" 32·bi l re):,,' c l'< illt o d)!ltt dat a . "Silt .... ami nil>: 
add .... , rC!!I"e". The eighl .!ala .eg;"lc" are u".,.,) ptlnla.ily for d:'l a Illanipulat"", 
and are aM """d in add..",ing "" irnlc •• egi.le",_ I he "1<I1h of lhc regr.lc~ allot:! 
11-. 16-. and )2·b,1 d.,a "pe,ahoo •. dClern""cd "', opcodc. I he add.e"" "',islen COl' 
II"" J2·bil (n" "'grnenlO ILon) "J"lrcs..,.: two "r Ihe", rCII"lcr> a.~ "I,,) u",d ... tm 
puimc"" ollC fn. liS" " "lid ,~\C lor Ihe upcr.ti ng .ySl~m, dC("lCnding "'I Ihe CUffent ti· 
ceulion nlUl.lc Bolh registen me nun,iJelcd 7, b<xaur..: only "nC CJn be U>N It. 
I,me_ ' ·he ~K'fflOOOal>o iDdudola J2·bol ptugmm rotlnlcraOO a It..bll " alus "',..... 

Thc Motu rola leDn, ..-~nled a "cry , esul • • insll ucllon ":1, "",, I, no 'peNl· 
purp"'" reg"''''', A conce rn for code d~<i"ncy leu th ~ ", 10 J",de the regi51t1l 
,nlo Iwu func,ional "''''' I)O,,~ nl', "' ''''g "tlC bit "n each reg"t"! >pecdicr. rhi , "",m, 
~ reasonable C<NupromiS(" bet "een ""uplctc ge ner.lIly a.l<l code C<' n,,'''''l ioo. 

The Inld ROb6lal .... H ",ller~nl approach 10 .eg .. te r organi'~IIOfi E,'c.,- It,· 
"Ie. is ' p.,.:i:ol pu."..,...., alt hough ""n", 'CIP,lcn; arc al<o usable as ~encl~1 pU'f'l"<, 
'lltel:i(M cOl)I:, im four l6-b;. ,b •• 'e~"t e ,s th,,1 arC ~ddrc""b le 00 ~ h)"lc or 160M 
b,,~l, _ and four I 6·1>it poinlcr 'lIld index 'eg"tc,", Th~ <1", ,, .-egist"" ,." t\ be USC<! " 
&enerall"" P'-""" in son .. , ""lIuctioo ... In Ollle.-•. Ihe rcg"lct'> arc u'<XI implici ll )'_ r \II" 
c.amplc. a multiply insl,uclloo alway' UK. Ihe ","'CUm"I",u •. f he lour 1""nl~r Itl
ISIc~ are pi,., """d "npht" ly In a n umber "f "I"'tal lt"'.: each c" .... ",. a "'gmcat 
"If"'t. The'" "re also four It>.bil ""gmenl ' egi'ten, T)lfee of the fOil, .. gmt"1 rtt 
i,lets arC lI '>Cd in a ded""" ... d. imrlicil fa~lIion. to 1''''1)110 the scim",,' of Ih. "",. 
.ent inm"':I,,,n (u",(ul for branch In.lruel ion~). a 'Cj:IllCnt ,--.;))uainlnj: data, and I 
""gmcnl COnl!lI mng a Slack rc,pccli~ely. I h""" oktJlc~lcd and implicil uses prO\-itle 
for com ..... " c"",>.:I, ng al Ihe CO:;I of re dllced ne~ibthl)" The Wl!6 ~IOIO iDdutkJ 811 
u"lruction I""me. and" scI of l-hit , I."", :.od eunl",1 n"~ •. 

The I",inl of !hi, """'P";""o 'h""ld h<: ck "r . 'l1'e re is." ' yet n" "l\i,,"nall} 
~crepted ph,I"",phy """"" ,n, ng tbe ~Sl wa~ 10 org.1nllc CPC .eg"lcnl"fCHJ 'SI I 
A . ... ;th o"Cull ins"uc""" <'c1 de,ign .nd so many ulhe. (1'U <ks'gn ~"C~_ n .. ~aII 
a m"IICT of Judgmenl and laSle 

A 'leeon,1 ,,,,I,""'I"'C po.>inl con<c"''''~ regi>ICT "'H"nizaliun deSIgn" illo .. 
""lcd in FiglJ!c 12,3<. Till> fi llur. sho .... ' I he usc, ·,'i>lblu rcgi.tGr "r~"nit,"ion for I~ 
Intel W.1Sf> II'I_A y.s~1 , wh,ch is a 32·h,1 microp,uccs"-Jr d.::';gned as :tn e ,len<>O. 01 
lhe~. ' T he 1lU.1Jitt u~ n·bil reg"tcrs. I-Io"·c..e,_ '0 pro>',d.:: up..-a.d rornpaubtl
'Iy (or I"og.~m, ,.."Uen on the earlier m;.d,,"c. Ihe tIl}11li> .elai". the on~lnal '0'' 
I>ler o' gam,.au"" <mbedded ,n the ne .... organization Co"'en Ihi, d.,,;.gn com"',M 
I hu ,,'chller,' of 1 he 12·h,t procc,"o" had Ii ",ited flcx i hiht~, m de~i~n ,"~ Ihe .tllf< 
k r "rganil.1I ion. 

'~...-."'" ,,,, . .. ("t"!(OIO).'re.,j, ."'. " 1>, "'l<'" . ..... he M.--...:m 1\1,,( " oit-II. ~h.m" • r.n J:-to. ...... 
,,,,,reo """-. ,,,-, ~'"" ,,~~ .. , ",,.. ""~M", 
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t11l"U 1U> o..'a F\o ... r<'<~("<lc 

IO pU' Vj>cr."J 1ft "'emOT)' .. Ihen lelcheJ pnd ,h" I"I)I.·C>< may ' e'luire ind"ccl 
aJJr""'"'~, Hcg"te ,-ba",d ope",",,,, need no' I", fetched, Once the "P,:I>Jc .. 0'0-
<utcd. a . imilar procc~' may he nee,led h) , tIl,C til e resutl in ma,,\ 1TI "",my. 

O,,(a Flow 

I' he "net .cqucnce of C"ent, d,mnK.1I in.tluction cyd~dcrend, on Ib e deliS" 
<If Ihe CPl.. We c~n. howe,·er. ",dlC~ l e In gencr"I 'crm, .. halmu't happen Lei u\ 
"hume Ih"l a CPU that empluys" mem<lt)· add,c" ,cg"te< (MAH)_ u nlCllklf'< 
hu ffcr rell"ter (MB H). a progrdm <:ounte. (I·C ). and an ,","vet,on rCIl,,'er (IH) 

During lhe f~/ch c ... ,I~_ an ,n'lruCllOfl " rcad from memory. IIgure I 2.6 ~u"l 
Ihe flow " I ddla dUllng thIS q 'clc. T ho 1'(- ron'''''''' Ihe address of the " cxl ,n,tTUC-
11'-'" to he fetched_ Thi. add.""." " ",,,,d to t h~ MAR and plllCO.-..J on the ad,Jr~ 
bUI. I"he ronlro1 u.", rcquCllh a ",e" II>,., re....! and Ihe rc.ult IS placed on the d.,. 
bUi a"" ~"PIC " Inlo thc MIl R "nd Ihel1 mo>cd to lb.- IR. ~Iean"·hik. the 1'( II 
"'Cfc",,-,nted by I preparatory for Ihc nex . leld •. 

Once Ihe fl'lCh cyd e ;,; o"c r. the ."-"'''01 un" c,"m"'~. the c,-,nlenl' " r Ihe lit 
I" de,erm ln . il il con lain' an Of><:r;",d SllCc,ficr u,ing ind"ec' aJJ'C," II\~ . If w. an 
""lir~cl ,wi, ,, pcrfOf11\cu. As , how1I "' Fig ure 12.7. Ih",," ' il1\pl c cyc le, rh e ri~llI_ 

",,,, I N h,t, "r the MilK wh ich «)"tain Ihe "dJre" tdercnc". arc "",,,fe n ed to tI~ 
MAH fh en Ihe con lml unil re'l"e'I'" ,,,em.-,r)' rcad. to g.·tlilc d~,;,.ed "ddrcSll of 
Ihe opc"mu ;11\<> Ih~ Mill{. 

The fetch and indireci cyde, nrc "mplc "nd 1', wict~bk . l"e PMn"~ n-ck 
la ~ c' ma ny 10m,,; 'he form dc!'<'nd. (~, "hich of Ihe "arioo' m""hlne In"'uction, 
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"in Ihe l it. I hi. q -de nlay in'"QI,'" I r~n.fcr"nltu..a "m()nl: rc~,,'c"', n:ad ." """,e 
frum nlCnl<l'~ ()I ' 1-'0. anti'(), I he """"'~IK'" of 1he AI II. 

I .. l " . he felch and ",.I"""" q"""" .• he ""~rn'III' .e/r i, ""'I,1e and prcdiel~bl" 
n~\!.u r~ 12,,11), The c urrelll wnlen!. of Ihe 1'<: mus( be .a,'cd "" Iho. the U " can 
r.""m,, ,,,,,,,,,,1 acli\ il)' "ncr Ihe ;n1c<'upl. I h.", I h~ ~","lcn" " r Ihe p(' ",,' If an,' 
feft".1 I" Ihe \1lI R I" he ",,,Uen mlo "'~l1k'l)', n,,· ~1>c<:", 1 ,,'emory location ' :'sc,-vcd 
10,' 111; ' purpose Illo .dcd imo thc MAR f,onl 11, " <oMlml ur,;1. 11 mighl, t'OT ~"""l'k 
Ix " , ,,,,k POll1lcf. Tk PC i> 10,,,kJ w,lI, 1b<' ,«t,tre'" "I 111 " m' e<'ul'[ "'"Iinc', A, a 
r~"L l t . Ill e ILC' " "''''UCl i"" c~'dc ,,,II hc ~it1 by fcldlil1 g LJo ~ appropriate in,auction, 
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12 ,4 iNSTRUCTION PlPELlNlNG 

,\s compUler '~"lems ~~ol,·~. greal~r "".formantt can ~ ~chl~"~d by 1"~.nB ••• .I\1In· 
I~MC o r .mp,O\emelllS '" Icchnv lollY ••• ..:h a< fa<ler CirCUIIT)'. In a.k] .lk,n. orpnou· 
I.ooal enhancrmenl" I" I he C PII can ,mpru,c [lC rfo rm .• nce. \~ e have aln:ad)' li-«n 
...."no; u~m"lc . of Ihl<. such as Ihe u:se v r nou lnl'll' , c~" le" "'Iher Ihan a s.nslc ar· 
"U"'UI31,,". a nd Ihe use of a cache ",en,,,,y. AnOlhc. or~an'z"l ,onal uw mach. " 'hum 
" qullc common. i. i,,"rucl'O" 1" l'c lL"'''g. 

Pip"liniJ'i; St"at~gy 

In, tru,·tio n pipclining is ~;n"lar 1(, Ih e u<.(; ,)f lin ",,~ mbll lone in "manufaclurml 
pl.ml . "n ""cm hi)· li ne lale. ad ,"m :, ~c o f Ill e /"". Ih at 3 product goe, IlIno"gb '· ~r· 
,ou' >I"~e > of proouClion. By I;.)' mg Ihc " ",duel ion prOOO.1 0411 '" an a,,,,,,,bly 1111<, 
prod utb a. ,·"rio .. , "age. Clln he wor l cd on Ilmulloneuu,l), . '''his I'roc-e~. i. alII<) 
rd~rrcd 10 a~ pif'di"j".~. because. a. in " l"I"'hn~. ne .. ml"''"' are I\CCCpl~d a( UIlt 
end bef,,,,, l"e",oltSl~' acctpl, .... mpul' "l'lk'a, "" OUl l"'b., Ihe mhe, end. 

'1 0 apply Ih;~ coneepl 10 m<"uCllo" nccul; ...... "" C mlL, 1 ,ecogm~e Ihal. ,n b ct. 
an mtlrucll ..... ha. a numbe. of 'hl~'. "'gulc 12.5. r." cIample. Irrcakti Ihe In'lnJC' 
(.un ~clc up onlo 10 la.h. " hich OC"Cur 111 ""4uc"ce (lcarly. lhere .huulil he wme 
Of'p ... tlUml) for ,,,.,,,lin;ng. 

A. a " mple appruac h, cun,idcr ~ ubJ" idin~ on ,lr""1I0" l"ace.Slng; i"lu ht .. 
Jla~c", fe lch ;"", uel;"" ~nd ex,culC .n.l<lI<lI"n. '1 he,,, arc lime. dUnl'M Ihe c, .,""· 
" ,," of arl "I>UI.'''''''' "hen main mcm.,,), '" nul be ing accc"",d , '1 h" l"'le could be 
U'lCd lO fe . .. h the ne" inSlTU<li.,,, "11',,,nlld ",til Ihc c ,ccutmn "flhe cUflcnl Qno, 

Fi gure l ! ,~" .lep iCI' 11", "I'I'Hl"eh. rhe I"p", irl c 10,,, 1"'0 independcm ""g" >, 'n lt 
firl l <I"j\c fcld,e, an inslrue,io" ,,,,,I 11" ITo" n . Wil e n the >cwnd ,t" ~c ,, free, th e 
fi '>1 >t "~e pas<e; illhe buffere u IIl>Huel"", Whik th e ",~onJ ,t"ge ' s exccu",, ~ 
Ihe ""tructi oo Ihe fi ,,1 ""l\" I.~ c. ad, ~ nl agc of ,'MY \lnu 'oC<l me moT)' <yell" tu felCh 
and I>uffe r (he n<,,1 on , 1 ruct.on. Th.~ i< calk .... ",SIm,"""" Jl'~ld€h or frr€h " .... rl~p 

II . h"uld be dear Ihal Ihi' prucC'>II " III .pl. ........ up in .. ruc~ ion c ,~""ul'''d If .ht 
felch and exeeule .. age. were u( ~"'Iwtl dU18l1oo.lhe ins,"",,,on cyd~ lime ,,'uuki be 
bah·ed. lio .. 'e~er. ;f\tc loro&. m" "': clnt.cly allh" I'.pdone (Figure 12.Qb) ... c "11I..ee 
Ih~1 I hl~ d" .. bhng of ~~""UI,on nile III unli kely fo' 1"0 rca"",,, 

I. Tb e execul;"" I.me will g~ncrally he lunge. Iban Ihe felch l 'me. I ~ecul lOn 

" .II ,n,·" h·c read.ng and slOrlng Of'C'~ nd. andlhc "". forman"" of ~omc """r· 
al"", . Tlous. lhe felch "~ge may h." c 10 " ail for ....,me Ion"" befo'e II c_" 
cml>ly i" buffcr. 

2. A W"d,I .. ", al I>ra"dl ;"' ''LIClOu n m ,, ~ e, ll1c addre ... of (he de,! 1n'lrLl~!,on 10 
t,,· fC1Chcu un l nown, ·ll1u, . Ih e fCICh «~ ~,. mu, 1 wil it unl;l" rece ,,·c, Ihe ne' l 
instruelion "ddTC," f'''''' Lhe exec ut e <t uge, The c~ecutc slage "lily lh"" Iw·e 
'u wait "h.1e the nexl imtr~cli ()" i~ fCloileJ . 

(Juc,,"m ... can 'c,! ~cc Ihe I"ne 10Sl0 from the """ '"u r"'''In. A ,im pie .\l1e ,. 111( fol· 
luw .n~ : Whed a w nd.l .o nal b.anch """ """ u,, I< l,a "",d on from Ihc felch () I h~ 
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pil",line hardware, lhe tim,ng;' 'et up assuming that each inslrud;"" require,.U 
,ix ,t"g"' . Also. th~ diagram ass ume , Ihat a ll 01 Ihe 'l"g~' t.", I", p~'form"d in par· 
allel , In particular. il;, """mcd 'hal Iller" "ct "0 j)]cmor~ confl;,t', For e.,"mpl" 
the 1'1, 1'0. ,,"<I WO s'age, i""<ll,'c" meln0l)' access, Thc di"gnlln imrlics thO!.U 
the," "t"CC>Se, ean occur ,imullancously. MO'1 memory ')"\CIII' wi II [\ot permil th'l1, 
flowe,'e r. the de<;red ,'al,," ma), he in cachc, or Ihc 1'0 or WO stage m"y I..: null 
Thu" mucll of Ih" lim", m~m"ry c·,,,,fliet' wi ll nOl ,low down the pipdlll~, 

Sc''C'f" 1 other faCl"" """'C to limit the perfor mance cn h"'Kcmen1. If the ' it 
'I"~"' arc nol of eCju,,1 duration , Iller. w;1I be ,,,me w",ling 'lI\·oh·~d at ,,",;ou, 
pipd;"" stage" as u;scu,,,,d bdorc for th~ tW'Ht"gc pil",line. Anotller diffi<ull)' .. 
the cond ition"1 branch in,'rudi,,,,, whie l' can ;II",lidatc se"en,1 in,l r" ot'Oll fetches. 
A , irnibr unpredict ablc C,'C IlI i, all interrupt, Figure 12. 11 illu'trol\e, tht dfect' of 
the condit;onal branch. using the ," me pro~"'m a' rigure 12.10. A"ume that 
instruct ion 3 ;'" ~tlndit;tlllal hr"m'h 10 iT""uction IS, Um;1 the imtruct;OIl i, ","
cuted. lilcre " no wa)' of kno"';ng which ;nmuot ion wi ll wrnC ncd. The p;pelino, m 
.hi, exomple . , imply load, th ,· no'! instruction ill "'qucnce (in'truct;on~) "nd pro-
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ccc,k]II ng ure 12.ln, the branch i, nol talcn, and,,~ get the full p"rform"nce ben
efi t of the ~" hJnct'ment . In Figure 12.11, the branch is taken, I'his i, ",,1 ,iut"rnH""d 
until the end of time unit 7. At this poinl, th e pipdinc mu,t be ole",.d of ,mITUC_ 
liun, lh., arC nul u",(ul. Outmg tim e uml H. in<lruLiion 15 enters the pip"lil\~. '10 
instruction, ",mplete Juring lime unit' ~ lhrough 12; this is the r<-rfo,maocc penalty 
in~u'r"d bc<-au"., we co uld nOl anticipm ~ the hran ch. Fi~'''~ 12.12 indic;!ie, ih ~ h,gic 
neeued fu, pipclining t" ~c ... 'uunl fur hnHl,'hc' a "d Hlwrrupl, . 

Olher prohlems ari,c Iltal <.lid nol appear in our simple t>,-o-siage organi,,"
tion. The CO slage rna)' dCp"nd on the contentS of a rcg;Sler thai could be . \t ercel 
b~'" previous instruction Ih"t i, ' till in the pipdin" . Olh"f ,",ch regi,t", ~nd mem· 
(lry C()nfhd, c,-"J1 d ",'cur. Th, ,y,,"m !TIu,1 ,'OIl"' ;" ]()gie 10 "c""u", for thi, type 
of con/ lie! 

To clarify pipeline operalion. il might be uw[ul to loo k al an aitcrnati,'c d~l'i c· 

lion. Figure, 12,10 and 12.1 1 show the l'rogr~"jon of tim e honwn!a l1 y a~ro" the 
figure, . wllh eaeh "'w ,howi"g the proW~" of"" ind"'ili ual ",,,true(io,,, Figure 12,13 
,hew,s SamC sequencc of C,'e"IS, w;lh lime progressing ,'ert ically down the figufe, 
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anJ ~"ch row ' howln!\ ,h,· "a,c of Ihe pIpeline "I a ~i,'c" fXl ilt' in l ime, In Fig ure 
12.133 (which corresp<>nJ, 10 f' ig L!rc 12. lO). the pipeli ne;" full at time O. with 6 Jil· 
feren! ;nsll'uC!ions in ,'arious 'tage, of ex<x: ution. anJ re",ain. full Ihrou~h lim~~; 

we aSS1Jm. thal inslructioll I~ is the la't imtruclion to I:><; c""'tuld, In Figure 12.131>. 
{w hich tIlrre'r>tJJ"I, t<l Fi~u,.e 12.111 . lhe pip<huc i. full., time" 6 and 7, At time 7, 

1 H I Dllcol~ol III Iwol 1 f'liOl icoiFOi 1ll 1wol 

IT;] GJ 
, , 
, , 
, t.lllJlu " I , 11~ lu 1121111 
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","."",II0n 3 .. on lhe ueculc "ap: ",Ill c~~ules a rnanch la ;n.truc"on I~ At lh .. 
I'",n' . ,n~lfucl ;a",i I~ lhtou!th 17 arc Oll!.hed from the ,,'pdine . .., Ih,,' a' lime'" onl) 
''''0 inSiJUClioru. a." '" 'he p.""li ne. /3 nnd II~. 

FlOm Ihe p.cce.!"'g d,:ICu,,;on.;1 ""gill app;.:ar Ih"llh~ g.eale. Ihe numher 
of "ag'" '" Ihe plpchnc. Ihe fa"ef Ihe nce"I"", rale. Same of III " 111M S/.\W 
Jesigner< l"' ,nt cLi ... ,n 1"," f"eiOrs that f,m","c Ihl' '<Cc mingly , ""plc I)~ !l crn fl)f 
hi gh·pcrfo.n", Il cc dc, ign iANDEn7al. ,,.,,, th ey rc m,, ;n clemen" th'" d~"gl\c, 

mll'l "ill ,,,n,iou' 

I. A. cacll ~llI$e or Ihe r'pd,ne. Ihere i~ ",mc o'e.hea.! in,'ol'cd '" "~ ,,,"gdata 
from bufkr 10 buffe, and in ""nomlln/: 'a,,,,u"preparalion ~nJ dcln'e,y fu",,· 
liono. Thi. a'-c."""" can ~pp,cclably IC" tt. hcn lhe: '01~1 cx~-':UIIO" " me of •• ,0· 
~k in,!r uCtlon. Th,, ;. ",gOl f;';anl .. hen ~'luCnll~',n.'mCiion. art: la[tlcall) 
del'c",lcnl. el' "er Ih"",~h heavy .. ", al b ... ",,"m!l or .hrough mcm".y aCtt'il 
depend""","" 

2. Th" a ll K)unl of co nlrol I"Hic r.;qun ed 10 h:, nolc "''' '''OJ)' and "·~I'le. depcn· 
dencies "nd '" ,'pll"'; /e lite use of Ih e pipe li ne i,,,.ease, en"nll"u.I)' "" th tt\;; 

number of ",,~c •. Thi, can leaJ 1" " , IluUIWIl " h~r~ 1h, I,,~ <:onlral lol1 ~ III< 
g"'m~ bet .. ~(n 'toge' i. morc ~Qmpk~ lh lln ,It.: 5Ia~c' bcing con .. ollcd. 

IQ,'rUCI,on p'pdonmg" a I"',,·crlllilechn.<tuc for en hancing pc.fu.mJn«. bUi 
'Ctjunes rn,~f .. 1 .!CSIJ.tl1 10 ""h",~e op. imum r<"> .. lto " ., h .eB"""ablc cumrlex,t)' 

Pipeline "ufor,"a nce 

In Ih" ,ub""'''on. we .!e,'dor ;om~ " mplc n)eaSUre" of 1'\1"' 1111 0 I'",f",,,,:,m-c and 
.clmivc ' l>ccJul'lba!cd un a J i""u"in" i" IHW/\"~) ])' The c)'cl~ , im" ~ "f ,1" 
in,\ru" inn pipeline;' Ih t t im ~ needed , .... d,':n,,·c a "'" o f inSlnlct,,,,,, """ s''' g~ 

Ih mugh 'he plpelin,,; each oo!umn in Figu.o:s 11.10 "nd n.11 "·I,,·~_..:nIS one ()dc 
l ime. n... C)dc I;OI~ ca ll I>e dctcrmillCd •• 

~~ - m;,x imum "age dcla~· (dd")' 'h'ou~h 'Ia~~ 
whi <h c'l",rocnce' lhe l~ ' ~c, \ Jda)') 

A' ntim,,,,, of stage , in 'he "hI mCi ion pipeli ne 
rI lime del")' a f " bleh. needed 10 "dv~nc<: "gn," 

~nd d.ta fwm on.: ~tag( 10 the n~~' 

In general . Ihe I ime delay d i. c'I .. ,~a""nl 10 ~ clock 1"'''-' and T .. > > ,I. N"", 
,uPP<"'" Ihal ll Iltilroel,un. ;IIC I'"",,, ... ed, " 'II h no b,an~he. lb~ 10.,,1 lime .e'lui. ed 
T. 10 "_,ecul" ~II" m,!toellons is 

il2.I) 
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A tOlal "f! cydel arc: .C'Iulfcd 10 COml'lelC thc ~.eeution 01 the fi .... ' m," ",,· 
loon, dnd th~ .emamml''' l IllWUCIion.. 'C<lui,c" I C)"Ie .... ' 'I'll .. equation "US 
II} ,·c' I r.~d [.om Figure 12.10. The n,nth m,,, .. cI ,on oonlrlelc~ at I,",c e)"cle 14 

14.[(, -( \1 III 

11,c 'l",~ dup fJCI,, 1' f", Ill e ;" , lfucti,)n ("I,,-" Iillu cOl1lf",reJ tt> c ' ~"uti on wi!l1 · 
1) ,,1 II", I"re li" e i, ddit1cd:" 

T, 
T. [A I Itl 1)1~ k " etl I) 

(IZ,2 ) 

I 'gur<> 12.14a rl, ~~ Ihe SI>eWuf' rae.or "" a fU lK1 lOn or Ihe number o f insnuc· 
, ,, .. ,,-' lha ."r-.: cxc~uted ,· .. ,1"'''" a I>,anch. A~ ",'~hl be c ~ po.::Clcd. al lhe " ", il In ... "I. 
"'C h"",,· ~ ~.fokl ' P<'coJUI'. I'igu,e 12'( ~b 'ho "'S tlle >1",,,<l uP focto< as a fmlclI<Jn of 
th,' ""mbe, of >!a!\~, m Ihe "\!.tr "~l , on pipeline ,' [n t),i ; ~" "', th e ' pcedup I'Cl,,' 
"p)lfo "che, Ih e numh.,t " f "1'lructi"n, Ih"t C""" 1,,-, f~,l UII» Ih e I',p~lin e witllOUI 
""",ell,", Th",," Ihe lurgol II, ~ ,,,,,,,Ix'. of pipelntc ' l . ' g~!, th ~ glC"ler tho pokntial 
10 •• pccd up. 1J("'nc •. a~ a prac tica l mauo •. the I~)l " nll al ~~ 'n ' of ~U<l'lI,,,,a l 
r 11",1",u ~l "g •• arc w un lc . c<l b)' ">e'e""," in COSl. dcl~), hel,,""en 'lag ••. ~,,<l thc 
faC! th~1 hra nches wIll he C"<"I)Ul\ltft<l f"'lulnn~ Ihe Ou.hllllt "II he rip"line. 

De aling wilh 8tanch .. s 

(Jne (If 'he "'",." I',ol>lcm~ '" <le"~n ll\g an in.truel,o n r 'peltoe "as.ullng a .tead', 
fI" ,," ur in.1 rucl",,,. h' I he lIlIl i.,1 'l ~g .. ' of Ih .. pipe!;"". 11, .. l"' n""~ imp<"<l llncnl. "' 
.. e 1I ~"c ",",c n, i. the C",,,hl'!)" ll l b' anch ,,,,I"'et i,,,,, tlm'llhe ;" '''''"lion is actual I)· 
execulcd, Ll " ;mpo:!'ihk 10) tlcl crn,jne wlwtlt e, Ihe hnllld l ",III", taken or nol 

A "arkl y of "ppro;>cho' h :,,'~ l"''i:n la~,'n for <Ie:. ling w' lll ('o n<lillo",,1 bran"h ~,: 

• \1ult '1'lc ' ''c~m' 
• J' rddth "ranch large1 

• LooI' "u rfer 
• Il l"~od! pre<l"'I"m 
• Delayed branch 

MlIl1jl'l~ Slrc~n" 

A , im pk p'I", li"c , uff,"; " !,,,,,,, It )' for a h"",d, ""irllCli(lr\ h,,"" u," il mUS! 
cit"""" on ~ of tw" ir"1r"Cl io "~ 10 fe lCh n c~l anu n".)' "' .,~ ~ Ihe wrong cli ,)",c . A 
bru lc·f",c~ ~ppfooch" h) rcrhca l~ the lIlIl ,.,1 porllOnl Oll hc I'l f>l.·hnc ~n<l ~ lIow Iii" 

"' c .,. lit," •• "', >1<'1'1'" "",~. lilt <)'<1< ""'" .. ,0 ... 1. <~ ... I , ••• "",010," .,1"" ,. , .. 1><" on III. 
-"S"' ... 1.11 A, 'h< 10<"""'"1- ,II. ,'"I< !<m< m.)' ho I«> {", II,., I,,,, " .. '" Ie .. ",1,,-.. 

'O r .. ,"'-, 'h' ,-.. ~ " "",,""""" '" f 'I."" I :.14 ,oJ Ii.", '" f 'I.'" I~ I<~ 
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12.-' I INS"TR UCTION PII'I-:tINI:m 4JJ 

plpdmc 10 felch bolh rn~trucIlO"s.. rn8 kmg U"" o f 1"'-0 ,I run ... Thne are two 1"0/). 
len" wIlli lh,s ~ppr..".cll : 

• Wit h nruill ple pIpeli ne' lhere are contentio n dcll\"~ for ac>X'" 10 lhe r"~,,.c~ 
."ur" memo ry . 

• Addit ional hra"cll i",I"""IIO'" 111:1)' enl c r rhe I'lpeiirlC (c uhcr ,rre"m) before 
1 1r~ "riginal ~"'n ch dcci. i""" r",ol'cd. E.e h such ""tru,ri"n need, ;", "JJi· 
li'mal'tre;l m. 

De.pile Ih~ d. a", ooe l •. • hi •• Ira legy can iml'''''"c flCrf .. rm~ncc F~"mple. o f rna
chme. wnh lwo or morc p'llChnc ~I r(;"n,. ~rC ' he IInl nWI bII and Ihe 111M 10U 

,..er~.~1t "no ...... TIII"J'" 
When a comlitooll.1 ~ r allch i. r~""ognilC<l . Ihe ta'gel of rI,,, hl .neh Ii I,rc · 

f( lehed. rn .dd1li00 10 Ihe ", ~r '~c. ion follo",i"g rhe hn,"<:h. This targel i.lhell , ;,\,0;,1 
Uluilrhe hrollch ,11'" IIel".'" ii ".~cc\J!cd, If Ihe bralld, i, laken. lir e targel has alrc ~dy 
I","n prdclCh"d. 

The IIlM :\Ii().''9 1 u'<C. this .PI'"",,,h . 

1 .. ,,'1' Korrn 

A loop boffe. is a .m~lI. 'cI )'.higb~ed memory ' ''''lnl'''''':.J by Ihe ,,,, I. oe· 
II",. fClch liIage of Ih. [,I.,dlne ~"d conlalnln~ Ihe" mos •• (",nl ly felch~d ,,,, II ItC· 
1I0IlS. In ""<.jUClleC, If a bro"ch .. to IIC 13 k~n. lhe hard ... 'a.c fi"" chech ,,~el hcr Ihe 
bn",ch la r~e l .. ,.,-ilh,n Ih~ huffa. If..,. Ihe "exi ",,"ucllon " fetched frQlIl Ille 
huffer , The loop buffer l"'i Il"c'c' h<:ndir,; 

J. W,lh Ih~ u,e of prdc lchirr g. lh~ 1"01' boffe r \\'ill co nlain <orne ,n.,Uucl"", 
,,;;: quenliall )' .hcad of Ihe COlfc"l ""l ruCI,,,,, fe lch addre,", Thus.. insrruclion' 
fClched ,n ""'lucncc "'ill bf, ~,'~ilable "',Ihool ' he u~o~1 menlOry """" .. tome 

2. " a braoch 00:01> 10, a ,arRel ,'''I a few locallOni ahead " f Ih" add",,,, of Ihe 
I>o-anch ;" "ruction . lhe la.gel " ,II al.cad)' be rn Ihe burre •. Thi< i, """ ful fOI 
Ihe "'Iher WIllmo n OCCOlreoce of tr _ T I t E' gnd r l '-T~r E"_EL<;E OC<[ueoccr.. 

.1. T hi. " "'Iegy .. I"'M ocolarly well . uil ed 10 dcalms ... ·l1 h 100f". or iler~l,onl: 
hence Ihe na me I""" ''''ff~' . If 'he JonI' b"ffe. ,~Iarge e"ou~h !O <"On l"", "I I 
Ih e [", 'rucl,,,,,, in II loop. Ih . " Iho", ,,"Uu~I"'''~ n ~cd 10 be felChed f.om 
memo!)' ""ly once. I'm lI, e fi'" ileraliot1 . jo(" "'I"c'I"~ rrt i(cHiti,," ,. all til e 
IIccucd in,(fu,ti"", f" ~ ulrc"uy in the buffer, 

rhe loop buffer j , >,,,,, I~. In prineil'l. 10 a cache dedlC'~'cd I<) ,"';llUelion.>- TIw: 
dl rrNe"e~~ arc Ihal Ihe loop hoffe. ( 111)" . cla",'i i"''' uel io:.",~ .n " <.joe""" and" n .. ",h 
. ma lte. in.ize and he .... ." lowe. '" ro". 

FIgure 12.I~ I!.",c. an c""mplc of . Ioofr buffer If Iii(: hoffer ro .. la"" 2';6 b)'Ie>-. 
and h)IC adJ"'"<>l ng i, uled . ~ hcn Ih" Ica.'1 s'gnificanl ~ hn, ale u"...o 10 ;"d ... Ihe 
ho ffcr, 'lbe re",a"""1l ",,-,,I 1'~IIifrca nl bili ~r c , heded I" okl"rm, nc if Ihe branch 
I"r~" t lies ,,-ilh;n Ih e CII '-I"'" "''' ''' c;opturcd b)' Ihc bu ffer, 
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Among Ihe ",,,,,,hllle. "-"lit- • Io.>of' hufkr are Wf\"" uf the CDC machine. (St",· 
'00. 6(0). 7no:J) and the eRA y.). A 'f'ttialr/.cd lo. m ul loop bulfer ~ ~,·."I"t.lc on 
'he Motmola 61:10111. fu. uc<utlng 3 .hr~c.'n.1rUCI IU" loop '''''ul~tn~ th~ [)lk< 
(deeretn' ''' an" "'~nlh "" cond,tion ) ms, ,,,,h,,,, rocc ,',ublem 12.6). A Ihrec· .. ·urd 
bulfe, is ",,,inl,,,"cd .• lld Ihe P'''''Cw" "'ttuteS th~..., ;m' ruel'o", repc.t~tll) unlll 
Th e iu< 'r condItion " """ried 

liram'h 1',Nil rl;,," 

V.r;ou"lXhnl(luCS ~an he used 10 predlCl .. hoth", a br~nch "ill he I~~CD 
Among the more ",mn .. ", ar" lhe follo"'1It 

• l'Tediel ne"" .. ken 
• I-'rcdlct al ..... y~ .:ol en 

• P,edict hy """ode 

• T"hnlnol."kcn ',,"ch 
• Ilrallch hl\'ory I"b l ~ 

'''" firsl three "rr,,,,lc-hc, are <Ial,e' rh~)- d" ""I de-pend on the c,ccuhon hOi' 
lor)' up 10 the lime "f Ihe wndit;on"1 br"",.~ 11,,1 rlletioo ·I"e fall". ".", appro_d • .,. 
are dynamIC: " ~cy dcp.,nd 00 I~C execu""n h.,IOI) 

The fi.--., '\\0 approache, arc Ihe ~1",ple>1 In""", ell her al..-a~. a~"m" Iha. lhe 
branch ",II nOO II< '8ke" :Ind co"l in u~ 10 (cI~h ",,,ruc.ions III OCljucnce. o •• heo 
al"·a~ .. aso;unle Iha'ihe ho an,h "'ill be bken andah.aH felch hom .he b".""h I •• 
ge l. ' ''e hi>0211 ~nd Ihe VAX ,,(;110 use .he p."hcl "cHHak~n apl"'''lCh Th. 
V,\X l l(7llO ul,u Indud~, a fc-.,u,c 10 mrnrmi/c lhe d feel of n ""on~ <k:cI>ion . If 
I he ktch of the inSlmcl ;'>" "her the b,all<"h w,1I ca uSe a p"ge !<o uh o f PfOt (·ct i,,,, ,i(~ 
]'I<on.lhc 1"0(;'''''''' hall! ii, prefc!<"hlllg ullt,1 ,II> sure Ih ,' llhe IIlSlfuetiOll , h"uid 
be felch",L 

',,"'u • Loop butrn ~"" I)(I"I 

(lM"~,,",,' 

\I,,,,h llnlllo"ar,, .dd~ 
<""" "." .. 1 '" ""'" ,nl, .. a 

<,ion 10 bo' 
III ra ... 01' hi, 
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; ,dd,~_" "bieb is an ""erand In Ibe c.mdlh onal b1"an<h In<lmelion. I~ decoded, 
Grc~lcr effieicnq ""u ld he achi<',~(l if tile inslruetHm «te il could t>c ""haled", 
")On ., lhe ~'"n"h de<:i.ion is m"k. 1 or thi' pU'I"'''', more info,m.'i (m mu'l r.c 
>.wcd. m wh.( " lLlu"'n ., a h"""ch la'l-c1 buffer. 0' • branch hL<lo,y I~hlc 

I he hranch h",o'y table i. a .mall cache m~n"'ty a»ociai ed " ', ,I, Ihe in· 
'UuWon fe'eh ~' ~Kc of the p'pcionc. b.eh entry in 'he ,able COIL"" • .,f three ck· 
mcnts: 'he a.:lJ,cs\ of a b,anch mqrUChOD. ""me numbe , of h,, 'o' Y hl'~ 'hal ,eco,d 
Ihe Slale of u"" of Ih., ,,,,'ruLl ion, "nd mf"rmolton ab<)ut I IL e ta, ge' "",ruCi LOn. 1" 
mO_l p,o[>O'al. anJ ""plc", •. ","' io" " 110" 1 hi rd field ""moo", th e add,e" ,,( the ",. 
,ct In!.lfuc, ion. "no,her JIO'Sibilit) "(0' the 'hinl field to aClually ~~,"IA '" the ,a<' 
gel ,",!rue""n llLc trade-off is d ear: Sloring Ille large, add,c» Held1 a ~malk' 
'~I:>I~ lito, a gre3lc, ,n_'rue' ,.-'" re,~h "me """'I,arw ,,"h ""nng lhe [. ' !tCI ,n ,uu<· 
[,on IRECH9KI, 

II"'" ..e>.' -~ ... , 
..... ,111 ...... ....... ~k>nal 
Ir ..... "'k ....... ~r .... ~ lru.l. 

) 
[',edict ul«a ... t'dlct "'" .. ken 

,', Ilranch ,. ,-" 
, ...... ? '.~."? 

'. ,', 
II,,,,, ... ,'" 1I.,ad .... , 

<" ,L<lIr;""., """,,1\10,,,,1 
br.och lo>tr ., .... h In<ll 

,.. ... k~ ...... "'edk, , .... UlLIn 

", .- ,,, " ,.-
,~ ..... ? , ...... ~ 

,-
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'.,.....;..1"'\\-__ "'"·,""···"',·_.,/ Pndkl"'\ 
lab_ I.kt" 

./ ./ 

; 
• 

/ '\ '" .... /r"",,~ 
I''''<l\el \---"'''''''''--., I'rwk! 

"'" Iwku \. ".>tIMkO-") 'J 
"./ Tah" "./"" 

.'1<>1 l.ke" 

I~j:u ,,, 12. 18 conU3'" Ih" ",heme wilh a preJict-ne'er 'la l~n ~1"'lc~)' ~'"h 
Ihe (,,'mcr ",.,egy. Ihe im,I ,u,lIon felch "a~e "h, .. y, fele hes Ij,~ neXi "''1uenual 
addrc,s, If. b,."ch" I"len, some logic ;" Ih e I""""'''''''' delcel' Ihi' and in,Hueh 
Ihallhe next inmUCilon I", fetched from Ih e Ia'gel . JJrc" (in "Jd lli l>n '(l Il" ' hing 
th e pipe li ne ). Tho b,a neh h»',lry ,,,h ie is Ir~a l cd as a c:..:hc. Lach prdclch In!\!ier; 
a I o<)~up m Ihe bra nch hi.lmy tahle. If no "," lelo is roulld. the ne ~t ""4uenli,,' 
addles> '1 ,,>cd 1m the 'etch. I' a match " fOll"d. a !,'cdiclinn i< made b.""d on Ihe 
~Iatc o f th~ IIU."UCllnn· hlhe l th~ nul ",quenl .. 1 add,e .. or Ihe "'~nch la,sel 
add", ... I> fn! to the ... Ieet lottie. 

Whcn Ihc branch iruil , uClion Ii uccUlcd. ,'''' UCClOlc Mage Ilgnal. Ihe btaneh 
h .. I,,!)' table logic " '.th I he le,UII '"he &Ial~ of the "", """,, ... " U[.";oleo.! to rcnCCi 
a c-",rrc"C1 or incorrect l"'edlCIIOn. If Ihe predi<rion i, in«orrcc!. the select I,ogoc " ..... <li
r~ctcd \c, Ihe COTfC'ct ""J ,~. for Ihe ne." fe lch. When ~ c<>ndillQnal branch i"",uc, 
tinn is cncou nl trcl1 l1, . i i~ nOI in the table. ,t is "J" "J 1<1 Ihc 1"~lc and nne of th~ 
exi"ing entries is d i""" ,dcd. uling on ~ nf Ihe cache r"l";lce lll ~ nl ;.Igorilhm' J i ~· 
cu_d m Chapte r 4. 

One cx"mplc of an InlplCU>Cnlah OIi of a b,all"h h", u.>ry table is Ihe Ad"~ncell 
~"c",> I)~~itt A:>.IIJ;N01,_, nllc'Of'H)ttMO' 

lido), ... 8n",eI. 

II i. "","ible 10 In'I'''''''' ,,,,,,,line perrorma"~ lly aUI<lm31 ... ""II)' ""'" angl ng 
'OSlruCIlon, withi n " progra,n. ", that b,. n~h InSIruc1I(lO' occur latu Ihan a<:tlO,II)' 
deSIred. n", ,nt"gumg ~ pproach IS c • • mined 11\ 0'''1'1"' 13. 
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In tel 80486 Pipclining 

The t!(»U implemtni'" flvc_""gc pipc 'i nu: 

• rNch: In''ruCli()n, arC fdchcd Irom ,hu c"chc ()r from eXicrnal mem()" anJ 
pla"~<i into one oflhe Iwo 16-bytc p,cidch bufk"'_ fh e objccliw of 'he f"I~h 
""ge i, t" fill 110 " peddcn buffers ",ilh new Jala as soon", 'he ()IJ d",. h""c 
I:>ccn oonslLmed by the n"lfuction decoder. B~'('"use in,tructi()n, ",e ()f ,-"riahk 
length {from I to 11 !lyte, lit" cn unlmg r",fj,~,), th~ ,tatu, of the prdclchcr 
reiatIVC 10 Iho 01he, pipelinc Slage, varie, fmm i,,,'rUC'lion 10 instruction. On 
",'e,age. aboul fi,-, in,'ructions are fetched "';Ih each l6--hyw \n.,J [<HA W~)l_ 
The fetch stage operate, in ,kpcn(kntl)' of the olkr st<lgcs 10 hep Ihe pre_ 
fetch buffers full. 

• Dc,"odc '1a~c I: All opc",1c and adJressing-mode i~formol'''n'' Je-c,,,kd in 
Ih~ DI stage. Th,' reqult"d informal i"n, '" w~ll a, instru~tion-Icnglh infofm,
l,on. i, inctud~d in at mo,t thc fi .. st) byw, "f Ih c i",'rtJ<;tion_ Hence, 3 byte' 
are p,,!cd h)lhe])J '1",>(c from the prdetch buffer.. The Dl JecoUcrc"n Ihen 
,iircct the 02 SI'ge [0 coplure Ihe rc,t of the instruclion (di'placement a"d 
in1"'edi'l1c dala). which is nO! in,-oiv,J ,n Ih~ I)t dec",iing, 

• Decode sta~" 2: Th, tn 'tage exp"nd, cac" opcode illlo c,," l'ol 'iW",I , for the 
ALU, It also control, ' he ~"mpu"" ion of the m()r~ comple~ "ddre,;s;ng ",oJ,,, 

• ICu'<Cuk: tni, 'lag~ in clude, ALL' oper ati",,,, Gt<.·OC "'''''''", ,ond r~gislcr up<lat c, 
• Wr,h' bock: This . t"ge. ,f nccd~d. urUm", reg i'ters and ,taW! fI.g, modifit·J 
dun"~ Ihc I'rc~cding ".o~Ulc ,tage, It' Ihe currenl on,1 ",,'Ii,m Ill"hk; m~m"'y. 
Ihe comput"d ""tile i, sent to 1he cache and 10 the hu,· inlerf"cc· ,,-nle hufk" 
al th~ same time, 

Wnh Ihe usc of tWG deco<k 't"ge,. lhe pipe li ne ,'an ,u,." in a throughput of 
close I" nne ,mlruct;on per dock cydc. Cn'''plex i",'mclion, "",1 conditi()nal 
branche, can , low do,,-n Lh i, ral~. 

Figure 12, \ ~ ,hows exampl", "I I hc upcrmion of the pipeline, Pari a ,h",,", 'h"' 
there i, n() .le la)' introduced i"to) Ihe p,pdme whe" " mem()r)' ",:<:t:ss " required. 
H()we,,",. a, part h ,how" tocre can be a delay for ,-alue' u",d [0 ""mrute memoT)' 
"dJre"",,s, Thai i,. if a ,'a lue i, h,"dc<i Imm m~nlOry int"" register and that r~gi"t'r 
"'hen UM:o] as" b"se register in Ihe nOxl imlTucli"n . Ih ~ rroc~"')f "ill st" 11 fo, one 
cycle. In thi.c"mple _ Ihe procc"or accesseS Ihe cache in Illc LX ,'age ()fl h ~ fi", 
in,tructio" and ,tort's Ihe ,'atuc retrieved in Ihe register duri"s Ihe WIl st"g~_ t I"w· 
e"cr. thc n~xt inmuCiion nee,h th" reg)'tcr in its 1)2 stage. Whe n the D2 ,t"go lino, 
up willo Ih~ WI-! stage of Ihe j>tc\'iou, in,lrutlion b),p"8' ,ign.1 poths .1 11 0w the D2 
stagc 10 have !wee" 10 Ihc sam~ Jata hdl)g u;eJ by lh~ WB ""ge fur w"ling, '"V_ 
ing one pipelinc ""!le 

Figur~ 11.J'k ;IIU'''OIC' the lu~in g "r" ilTanc" instruction. a,"uming that the 
branch js 'akcn Th,' cum pare in'truct;"" upJate' conJil,,,,, "od'" in th e WB stoge. 
"nJ byp"ss paths ",ole th" """ilable t() the EX >lagc of Iho jump i""ruc',,,,, "' Ihe 
,"me lim,'_ Tn po,al ld. Ihe proc,,,,,,, ru,"," 'l",c" l "ti"~ tdch cycle to thc largel of 
the jump du'mg lh~ EX "age "f th o jump in" rueli",,_ If 1 h~ rrt"'~S"Qf determine, 
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I \'m. '" m rx \\'8 

,-- "' "' K'I; '" I ' ... h '" "' 
,-, 

,.) " ., d"'a load "'Ia~ i . .... pip • ."' ;'''' 

'" "" 
"' '" 

\\"8 

\lOrlt<'l!-LM .... I 

\to\· It'1lL. lttV 

,,0\· _".",1. Itl"l\l 

MOV 11'21. ~l<ml 

\HWIt~.'ltl#I 

[!'-~~:'1~"~'~£l"~'=E'~-~'~~'!"~i~~[~JQ':':J CM"It '"JI I . " .", I"rid. Df IH r.oX j....- b,1l<"' 

f<l<lI 111 fU K'I; T' I"I\" 

I .. Hronch in,lI"Uctio" timl,,~ 

a f.l.e htanch <..,m.h,ioo." di""" ,,J. ,hi. prddch ",,<.I cOllli tlUes ~ ,~",,,,,,,,. "·,,h ll1e 
' ''''' s""u~""al itl'tructioo (ah~ady fC1Ch<-.J .tld decoded) 

11 .5 THE PENTIUM PROCESSOR 

Art ","';;,,,e,," of lhe I'ent ium ", PrI""c"u, uogaIH'3tion i. depiol;;d '" .... gu'e 4.13 In 
ItOl' '>Celion. we nanlln;; ",""e of Ihe Uclad!. 

Rcgiuer Organization 

The fCR" t,-, '" ga n; ,ati on in cl "dc, the full" " Itlg tH1'" uf ,"gj ,t ~n. (Tab le 12.1): 

• G<n~,~I: Tit;;", "rc c; ~ll t nob"~ gcnc,"i-I'url'<J'" r~g"k'~ (""e Figure ILk). 
1"lIe", may he I.l"-'<i lor all t)'Jl'.'S of I'c","o", ,,,,uonio",: the}' can at .. , hold 
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ope rands for addrc" calculauo n •. In ~ddilion. "'l11e o f Itl""" r.,~"t"r< a lso 
sen, .., 'po."<:ia! purl" ""'. For u am!Jle .• I"' ''g In,l ructiono. UU: the on"l ont, of I h~ 
ECX. 1_" 1. " nd c D! reg" lcr' a. opt'r and , ",thoul h:".ng 1(' reference 1he-o; 
registe"" " ' I'I ,cII ly in the in'truel i,,,,. As " result. " numl",r ()f inmuni",,, C"" 
be encoded mo re c' ''"p:,clly. 

• Mgmcm; The " . 16-[,11 "'gment rC~'le" ronl a ill "'pnenl .e lcclors. ,,'hid. 
,ndc" Into oc,menl lai>le" as dlocu<sed ,n Chapler g ' "hc cooe ""gmt;nt (<.:!~) 
rtglste. ,de.cn<'e~ lh ..... grnent < ...... tnm;ng Ihe '''''I. oct '' .... helng .. xeruted 'I he 
'lack ""gmcnl (SS) r~gi" er reference' Ihe ... gment .,..,lI l1l11 ng a u ... r-"i>.iblc 
'1"~k. Thc rcnw;n>"g scgmcn l rC~ "I~" (DS. Pi. FS . G S) cnahlc Inc u>cr I" 
refe,ence up to lou, "'p" 'alc dat il -o;gm ~ nl' "I " li me. 

• thg" The LH.AGS ' cgi'i c r c"I\1 ,,,,\, conuilion cOOe. a llt! ,,,r;ou, 11'''''1.
bit>. 

• l."t",<li'lR ., .. inte r. n ... t. ,,,,, !he ~,JJfC'" "f the eurrenl Instruct,on_ 

• l'o'umerk: Eac h rCI\I' le r hold , all ". \ ~mtcd-rr""i, i (}n til f·hn (1",n ;ng -",,'1I1 
numOCr. There Me e lghl rcgi'l~f~ litat fU ll ~l ;on a'" S l ac ~ . w;lh pu,h 'H1 d !'Or 
Ope.al;O", """lal>le ;1I Ihe ;"'''u':",,,, "-'I. 

• C"nt.oI: The 16·I>.t oonl .oI , cEl'lcr C",lI." n' hi" Ihat conl • .,1 thc "per.lion 01 
110" flOOI' ''Il-flO,nt uno!. ,nduoJrng Ihe ly~ o r ... u nd,ng cunl rol ... 1Ig!<-, double. ,,, 
e~t~ ndcd pre"" ...... nd bil' tu "nahle o r ui:;abk- " ",(00" c~cepl ion rond'I""'" 

'I"Mbl< 12.1 1'<"IWIn J>roc.~""" f{c~i<le" 

r~,. 

(;< .. .-.1 

""I"o<n' 
n .... 
I, "'".' ''on I' " ore' 

1>u"",,;c 

( "n ''' ' 
M" "' 
I .~ .", J 

... " ....... '" """"" 
I).,. 1"""'" 

N ....... 

• 
• 

/Io ••• 1on 

• 

1_) 1.1 .... ·' u.~ 

l."'ll'~ (bib) 1'.,,. ... 
" c",""'d--J-"'l"'" _, ,~,",,' ,. <:"" .. ," .. ~ ...... , ",1«< •• • 

" ",.1",. ' ''~ "'ntt. ~ ~ " . 

" I""IU",,,,, f""'" 

u..,.,b 111~ .j 1·...,,",_,=--_______ _ 
"'"' 1I,,1d a."""~'f'''"' "U"'''''' 
1~ (""''''" " " .' '',U. "," 

Sp"-,r"" ".010,"' ,~ ""m,,,~- ,«",ct. 

I~ .... '" ",,""""'" '"IOYNf'l,"4 1') ""'pI." 
P,.~" I~ "I'<""~ "'<""1"«1 .." "«I""'" 



• SI~I"" The I(,· b" .tatu' "'11"'0' com""" bi" 'h,,' , ~ncc,'I, ~ eurt cn! ,M e uI 
' he fIoo" n~·I>om. unll Indu<ling. J.hOl IlOinter h) 'he .op of the .t,ck; c""oJ;· 
toon Ctt<lc, rC[lOflmg Ih~ ou.comc or . he 1",1 nrer.> hon: "nd ~~'(ph()n f1aglo. 

• T.~ ... ",d, IIIIS 16·b,' ,e~i.\ c, conl "", \ a l· hl\ la~ for eaoh f1"a 1tn8-[IOInt 
IIUlIlcrlC regi,t,', ",hich ,n,l", .. 1c, lhe n","r" "f Ih" "<>,,I enl> of th e c" rre· 
'I"",<ling ,cgi'lcL The fom [lOISiblc ' ·,llu". ar., 'aItJ. LorO. 'I"'ciol ("'aN. In
fi",, )', <lcn" ' IIIJitzed l. and empt y. I he,"" tago cnahle proY.Ill' to ched 1M 
conien" of a ""m,lIe ' C!u"e, ",Iltout p" . folll1lng complex dc,-"OJlnS of 
th e .ctual <lal" '" the re~ "l er. ro, ex ample , ,,·hen il come .. ' '''Ilcil IS lI, aJ. 
Ihe I"""",,,,r nccJ .. "I .. " e ""~ f1O:I I"' ~ ·poinl 'Clt"IOIS th ai "re ~mp' )' , 

I he u>c of mo,t of Ihc af,"~mcmioncd reg .. te" i. ta .. ly u'1<lcr"ood. 1.1:1 lIS 
cla oom le b"efly o n ","e ral "f the reg'"'''' 

EHA GS K ~JCi'l~' 

I he EFl.J\G<.; re~",.cr ( I '~u re Il2I)) ",d,cate. the condillOfl 01 Ihe p.-ocalOOr 
.nd heirs to ", ,,,,rot It- "1'''.''''0, It ;ncl u.k, the '" c"ndlhun c<XIc. dd ined 111 
Table I O. K (carr~ . P;I"t ~ , auxihar), (e ro. ,ign IIwrnow ). " I"d, rq,,-, rl the ,",u ll> of 
a n 'ntclt~r Ofleralwn In addi liun_ Ih~ , e a,e hll' In the r~~"kr Ihal ntil~ he rdefled 
10,", com rol bt l" 

• T,"I' n.g (TF); When .e t. ca u,;c, an ",!errlll'! a ft e r Ih~ c , e~ uti un of ta( ~ 
i", lIlIClion. I'll i, ,s u""J lor <kbuggll'g. 

• I." ·".pl en .t~c flag .If): When ,<" th e proce'OlOr ""ill recognize cXlt,u1 
' "I",m!,!>. 

• 1I1,,·,1;on f1.~ III ~): Ikl ~ ' nti ne, ,,·he l he ' , I,ing I"""c"ing ,,"1, u.ti,,~ \ in"e' 
men l or J~~rClllen l the In·bi! hall rC&J'I~" SI ."oj L)I (for I(,·h il ope rallon' l 
0' .h" n·hiIIC~IS'C"" r_'\J and EIlI (for 32·bI1 "1>e,.""n'l_ 

• I/O p.i>ilo~c f1a~ (10f'1. ): WhCD 'CI. "au",," Ih~ 1""""'10' lu ge""rale'. 
e ' ~c r(IO " ,m . 11 ac"", sc, 10 1.10 dc"~", d uring l''''te.tcJ·m .. ~te Of'C."lton 

• We,,,,,,. f1a~ I fI.l i): Allows I he I'mgfA m", ct 10 J i", !)lc dd mg " , ccpllun, IiO Ih" 
Ihe ,",trucll"o can be ..,.ta lled afle •• dehug e \ ""I" iOll ", i. houl ImrneJi.ldr 
<'au' '''g anol ht . dchug t ~,cl'li""_ 

• "Ii~"",."t ~h,·.·~ (AO: A,H"'les i/ ;t ""',,,-t.! or JI ."h le" " rd "~Jdre,,,,d un ~ 
1100 ,,'oed or non<lo ublc ... ", d tJOund,")' , 

• IMllliioorli"" f1~" (10): [f Ih", b, t can be.", alld d~a'NL then Ih" proco."" 
'''I'I>ons Ihe ( 'l'll l D m<1ru~l l"n_ Th., "" " ucti"" p'o,·..Je,; inr",,,,a' ion .bout 
Ihe ,cn(l",. fan" I~'. and ",,,.Jel 

I" "dd,I IO .. . IheTe '''~ ~ I"" Ih.1 "l;ne lu 'If''', al Uig ",u.,k. '["he ne ,let.! tal. 
IN'I ) n~M mdieal ... Ih3tlh~ cur","1 ta,~ i. nO:SIL-..I "'ithin anOl her "",l In protect"'" 
mode ope .alion. The "lI1u,11 ",,,de (V M) loll allow. Ihe I'<og,-;,,,,,,,cr 10 enable or 
J,sable . trl"al ~()t!fI ""~k. "In"h dd""T1l1l eS " he!lIer tlle prox'""o. rtm,~, an ~ 
lIIach in.·, The ,'in" .11 ,mermpl fl ajl, (VIF) Llllt.! '· II'u.I1nI ~I-mpt pe llJ"' g (V IP) 11l~ 
a.e ,,\Cd on a muh,ta,k'"g eo,imnmenl 
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• I)~~u~~i"~ ~'tc",ion' (D EI: Enab le. I/O b'""kpoiTlI 'O Ih" all",,-, the pr~'
sor to in("nupl on 1,/0 r~au' ,,"<.1 wTil~', 

• I'~g~ ,j',~ ,-,(ensjuns ("Sf): En"b l ~, lh, ",e of ol-)..lbylc page. when ",I in the 
Penlium "r2\1. by'" P"lIc" when >ct in the Petltiutn Pro and Penl ium. 

• l'h),k.1 ~dd .. " nl~n,i"" (I'AE(: E,,'hles addrc", line, AJ5 through A32 
whc[wvcl' a ~l",c;al new addrc<sing mock conlrolkJ by Ihc 1'$[:., i, c[\ah lcd 
for the Pentium Pro and .ub,e<jucnl l'"nliutn ",,·ilitCClUres (l'ct\l;um II 
Ih'01'gh Pentium 4 ). 

• Mad,;"" ChCl'k e nable (Me!:: ]: Enabl<', the machine ched; ",krrurl. "h i'h 
occurs "'hen a data pari!)' "'ror ,,,,curS Juring a ,cau bus cycle or ",10,'11 " b"" 
cyck" nul ,u""~,,fu ll)' compldcd_ 

• ['oge glob~ 1 ~,,~blc (rGt: ); b",bk, Ihe u~ "f glohal pages. When I'GE E 1 
""d,, t,,'~ ,,,itch,, p"rf.mlled, ,,11 of the TLIl entric; orc ~u,h~d with the 
e.ccption of those marked global , 

• I'~rf",,""n <e C(mnlc r cllahlc (I'eEI: Enables the execulion of the RDPMC 
(read l"'rformance counter) inslructiun "t any pri'-ilege k,~ 1 T,,-o perfor
mance co un ters "r£ us<;d 1<.> m~",ur~ the durati',,\ "f a 'pecific e,'cnt t)'l'" and 
I he number of ().;,;"rrCn"", of ~ 'p"cir,c c,-ent t)1"" 

Jl .\lX lI: ~gi.'l '" 

Ree,, 11 fmm S"c1,on 1(I.~ Il ... t Lhe l'~nt(Urn MMX capabilit)' make, us<; "f",,'
cr,,1 ()4_hit J"l~ type<. The :V!l.-IX imlrU.,tiotl' make U><J oj' J·bil r~ gi'lcr aJd,,'" 
f ield" w that e ight M),lX rq~istc", arc ,upported. I" r",'\. the proce,sor Jo;,s not 
indudc ,peeific Ml>IX regi,'"r,;. HH'ilcr. lhe' pt<>cc<\or u,., an "liasing tochniqu< 
(ri~UTC 12_22) _ The ex ist ing ~oating-I)()iUl regist." arc useJ 10 'Ior~ \lMX ,-aiCie' 
Srccificall),. Ih,' !o\\ -ordcI 64 b its (m,nt i''''J of each tlo'!lin~_ I'"inl r~gi'kr are me" 
to form the eighl .\-I MX registers. Thus, Ihe ",i,t in g PcnliLm' ;,rchikcture i, c", ily 
c",cndeJ 10 "'ppon Ih" .\-1 M X ""pHllilit )' . S.orne ~q- c),,"acle,-i,tie, of the M M X us< 

of thcs~ r~£i'IC" "rc '" folio,,"" 

• Hc~"11 that Ih~ fllIating _poml r,,~i'kf< "r" lreated a, a 'toe l for lio"tiog · 
j)() in t operation., For MMX operation ,. these same r~gi'k';' arc acn'>soJ 
Jirectly, 

• The first lime thai an ~nlX in,(ruelion ""Xe~u L ~J "ftcr "n)' flo~ting-poin\ 
opcrat;lIn>, Ihe FP t,,£ word i, m,,,ked yalid, This ,eflec(, the change (rom 
'lack operalion to Jirect r~~ister addrc\<ing, 

• Th~ LM)'l~ (Empty ),t.\lX Slatc'j i"'truction se" bit' of the 1'1' wg worJ 10 
inJicJte that all regi<te" are empty. It i, imporlont Ih", II,C pr"gmmmcr in",,, 
t hi, in,!ru,tion al the "nd "I' ,In M \lX COtk hl()c' s" lhat ,ub,equent floating
p"",1 "1>C"'lion~ fund"'n properly, 

• When a '-Jlu" is wrinen to an )'-lMX regi,ter. bit- [7Y;64[ "r the eorr~,pond
ing 1'1' r~gi'l e r (sign and c'ponent hits) '''~ '~I I" all OrtC" Th i; ,ets the 
,'"ILl~ m I h ~ jof' r~gi'kr to l\-"", (n"t a number) Or infinity when vi ~wcd." 

/1""tHtg_po,nt ,'alue. This cmure, that an MMX d"ta v"lu~ will no' I (~ '~ hke. 
"alid tloating-point value. 
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ri~u ,,' 12..22 )"bpp in g 01 ~lMX Rc~i<lo" 10 Fl(>",,"~. l'o'"t Reg""" 

In terrupl I'roces£ ing: 

Irl t",rupl p,occ",ing ""ilhin a pmccss", is a facility proviued to support Ihe operal 
no.!! 'Y"cm. IL "li n"" an app li ca1 ion program to be ,mpendcd. in orde, Ihat a vari
ety of intermpl conJitiO)" Can I.e ",ni<-ed "nd l'ltCT rC'"TT1"", 

IntcrrDI>iS and Eucplion. 

T",o cia","" of e,'e<>ts C" U'"" lht Pl'n, iu", to ,u'p,;nJ cx~c ut i on of the turrenl 
in,ITUC,ion ,tro"m and res]Xlnd 10 the e,'ent: inlcrrupIS anu exceptions, In Mlh 
cas~,. th~ I'''","'&or ,,"'c& Ih e co nt "xl of Ih e current proc"", and transfer. Ie> " P'"' 
defined mUl ine In ",rvice the ,·""dlli<')I1 , An in/err"!,I;' gcn C"'I~d b)' a 'ignal from 
hMdw",e. and it may occur al random lime, Jur ing the e<cculion of" program_ An 
ncepriolt i, generated from .oft"'are. atld it l~ p",,,"oked by the execution of an 
""truchon. Therc arc 1"'0 ''''''ccs of interrupts a nd t"'o >our"cs of eMcptions: 

I. Imc"uplS 
• .\la,k~bJc int~rrl1pts: R~ceiy~d "n lh~ pro""_,,,,,', I N'I"R pill -I be pn"",,,,,, 

do,,, no' recognize" masbblc interrupt un less the interrupt ~nable flag (IF) 
i, ",I 

• ~ollllla,kabl . interrupt" Reech'cd on the proce"",', _\"\11 pin_ Recognil ioll 
of ,uch interrupts cannot be pre,'enteJ. 



./.. E<"'pl '<>n ' 
• I'"~",,,,·deln:lt:d u ..... pli' ''''' Result. " .. hen Ihe I'r~r CR(:OUnlcrs.~ 

errOr" hile aUem l'llll~ l<> nccUIC an intlrucl 'l>Il. 

• P"'J"'mmed nn,>ti""" ' I'hc~ are 'n'lfucl,on~ Ihal gencrat~ an c>cCf,I,OII 
(11,10. 1"-13. INT and BO I.: " I»), 

Inl"ITI'rl V.""r T.llk> 

Int e rrupt pr"""" ing un I he Pc nllu m U>lU Ih e 'nle rn,!,1 ,' ecto l tab le, c.·eI)' 

Iype ,,/ iFl1 Crrupl i , ,,~,ignc.1 a n"mller. I, nd Ini , ",,,"bc',, u",d 1<> inJ., in lO lhe 
illl ' ''''PI veelor table. Thi , ta bl e cQm"in , 2.~1> J2·h il intnrurl ""el"". whi ch 'I 
Ih c "Jd,~" lsegmc nt and off SCI ) of th e ink"'''!'t ,~" i ce ",",i"" for Ih atll"~"upt 
number 

Table 12.2 ,I""." the a"igl\m~ nl " f n"",h,,,~ III the iFl1errurt """I. 'r 1 . ~Ic' 

,h",I.-.1 em"e' ' ~pre..,nt inl crrupl" .. tllie 'I<)n,h,<.Icd "m r;c';lre exccpl,O",. The 
... . \ t I hard"'~r" interrupl i. IYpc 2, IN"I H /lard"'ore rnle<ruph a T<' a""l\Red n" mbe ... 
,n Ihe ra.."" <>f 32 hJ 2.55: " hen an IN 'I H inlerrUt" '"' j:cner "led i. mu .. be .<xom· 
p~nic<.l on Ihe bus ",.h Ihe ,mN ' up! ,'<'CI<>' numher f'" Ih;, inlerrupL 'I b e , cnoa,n· 
"'tt '-eel", numben. are "",,<.I ('" ucepl",n ... 

If more Ihan one e~ce "' lon Of In,cnUt)' ~ pending. 'he I" """"""" ... " ice, lhem 
In a predlClable <>.-deL ·I'he J()('a,ion of 'e~l<>T numhe .. "".hin . he lable d<>l. .. n01 
' ell<'C' r " Otl'Y. l ... lcad. P' i",ilt amo"~ C' Cct'''''''' and Inle rr upts i, o'g3nl1<:<.I ,oI0 
r,'c d.,,",,c,, In <.Iesce ",lin~ ",dc, o f I"" " "Y. Ihe,," arc 

• (.1a~, I: I "'I" On 'he pre>;nu, in >\t uc'i..>n (" ,,'1 01 numN'f 1) 

• Cia" 2, External interrupl!, (2, n-·2~~ ) 

• Cia" 3: Faull, from fdchi,, ~ " ",1 i,l m ucli on (3. I~) 

• l.:1a .. 4: 1'""1,, fron' d ~c",-"nll 'h e nC~1 ,, " tnJcl i,," (I>. 7) 

• Cl~,. S: Fou llS on cx"",,u ling an im"""II" n \0. 4. S. 8. W·--1 4. 16. 17) 

Inl .. rrupllh"dli.g 

Just a< " 'Ih ~ Iransfe, of C\ ccuUon u'""8 a CA LL in.truc li" n. a ,rande. 10 
an ,," e rrUI'I·han<.llin~ rouU ne u>c. lhc '~"cm ' lack '0 ,,<>cc Ihe pr()(' .. ~' "ale, 
When un mle"'"pl n<:t.,.'" an<.l,. reeo~,~w bv lhe P'''''c,",,' . a sequence o f c.enlJ 
la kc. pl;""c: 

I. If Ihe ,rdn,fe r ,n...,I"" .. ~ change of 1)("" Ic~c le,-cI Ihen Ihe curr~nl .Iad >CI' 
ment r~~ i.lcr and the cu rren. ,, ", clllk:<.I.' ac k f'Ol ntef (ES P) rcp,le' Me jl llOh.d 
onl t> Ihe 'lack. 

2. 'I'he' cur'e"t value of the EFLAUS f"~"t " ' I< pu ' ll cd onto Ih e ,Iac~ 
.1. Uolh Ih e ,..Icrrup\ ( II' ) arld Ilap (II, ) fl :' ~! "rc ell' aled, This di'abl"~ IN"JII 

Itll clrup" a"d Ihe Irap '" ' ''' gte.,lep fe" tu re , 
~. The curro lll coo.k ;eg.ment (C"S) 1~'1t"~f ~ tI <.I l hc cu rren l ""lruCl"'d pom«r (IP 

Ilr El l') arc pu,hctl <Jnl " lhe WIC~ 
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5. If the inierrUpl i, .ctolllpanied lll';in crrorc<><k. Ihen Ihe e rror code i~ pu,heo 
onto Ihe SlacL 

6. tnc i nl~rrur l vcclor conl cnls ",e fNCh,',j " nd lo ,,(kd mlo 'he' CS and II' or 
Ell' re.i;"t~". I;:.ccution conti nue, from the inkrru pl service rn utule 

ro return from"" interr upt , Ihe inl err upl ,e rvi"c routin e executes an IRET 
ill 'tru(:l i( Ill. Thi< cau,", a ll of the values "wed on , be ' lack '0 1><; r~ ' 1 oroo; uccution 
re,un(e, fm", ' he point of the inl crrupt. 

Tabte 12.2 I'on ' ",o> [xcopOi"" ."J tnkrr"]>' Veclor Tahi< 

\,.<1or 

"'umbe, U" MTiplion 

I 1)o,'N~ ""''1, i",,, "" Iu.k, V",,,,,,, "" I" """ "' r' " ' ''''' <0 ("'h"~1.in~ 
~ K M ! fM" ,"'",rup<; .. ",at~" I'MI ri" 
) """ p',nt; ""d hy r ~ T J ;05"'1<\;00, ~'h ~h i,. I b,·to in,,,,,,,,," ....,, " 1 h" 

d'""1J:'"' 
, IVfT}-''''''1<4 " .. "n,,~·, "" ,' '' ' *h, ,, ,h e' l~"'~"o, ,."" .,, ", I~TO ~·, 'h \ I>e or 

I J,.~"" , 

.1 HOt ~ I) "fl$< ",,',,"''<1, ,he BOL~D ;, ,""",,'" """P"'" , "~l>t"' ~·" h h<.,,,,~ 

"'''' ",,~,~ '0 m, IllU'Y ,,,d .0< "" "'0' 00 i, "" ,up' if 01., ,·"" t",,, " f tbe '"1-,",,0';' 
0"' " ",,,,",,,. 

6 """f,,,d "!'-'o-.k 

7 n,,, ,,,, "" ,, ;,il ,N e ",cm ,~ '0 " >< ESC", WA IT i""" ",,i,," 1,, 1> "ue " , h", "j 

""'0.,1 ,hi« 

~ 11c ,,", l.ulL . t~·" i" ,o,,"p" ",',", "",i" '''' " n,,' " ," ,,",,' '" " " "" ,,' lx, 
~"1(1"," ><f;, 11 1 

" ~o,<,,·," 

I') lo,,", id t"" ",," "'~""-',,' , "'gm,", " ,,,",, h" g , "'1" '""w ',,,, " flo( i""" I'""<l 0< 

not , . hd 

" 
" 
" 
" 
" 
" 
" 

>,~o" ,, ' no' 1''''''' "' ' ,,"u, rexi "'~""'"' "" P'''''''' 
S,,,'k bul" Ii .. ,;, or "'"k "'1""0' '''''''"," '" .,,',,' '<"g o",", '"~ pro", ", 

G,' no,,1 p,,,',,'xon, pH''''''' ''' ",,"""" ,"" "'''', ",It ,,,"" ,""tI"" """pt.", 
I<--~ .. ~n' i ,,~ ",. ,,'od--<m l, "'!:""'"') 
I',!" b ,l, 

R""",,,I 
n"" , "~ P<~O' mof: ~'"" .. "" h), 'lo"i"~1'''' "' ., il h ,",'l>, i, ",",-,,,",, 
A I'g" ' ,,", <11", •. >«", '" " ~"J ",,,,,,d " 'n ,ill b)'\e <Odd,"" '" • d"uNc~wd 
"""d" '" ,4,1"". Rut " mu l,i,;, "I t 

\ I"h" , 'h«I" 0,,-'-'< 1 'I'<'< i(" 

~<"'''''~ 
,:"" W~fllOjIt , .... ""'- p<M>d<tl ~._ I~R ,;~.u ~ ... "vottrl 

' ," ,f. ,,,,~ """''''''' 
» ..... " . ;f.t"'Up" 
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12.6 THE POWERPC PROCESSOR 

A" o\'"n',,,,,' " f Ihe 1'0W" rI,(' I'toce,sor organi,,, IIl)1\ " ,jcp;olcd '" rigu rc 4. 14, In 
Ihi~ ",d,ml. "'e exal11in " " ""e uf Ille del ",i, "r Ihe (,4·h'l implement"liu" 

Regi_~t er Organization 
F'gure 12,2] dcpi<"l" the u",r-"tib le reg,sl er~ for the 1,,,,,-,,,1"<:. T he f"cd-pOlnl 
un,l "ocl ~dc, 

• (;CII."t1: There af~ 1111,1), -1"'0 l)4-bit g" n t 'a l-p u'I~'''' '~gl>lc", rh ~,c may"" 
"",'0.1 lu h,.d .• Iure . :o nJ "' a llil'u l"l ~ ,jala open",J_ ",,0.1 III" )' a l ~o I ii: ",cd fOf 
.. :gislet ",,jm,,,' add'~~i "'J(. [{'-Sisler () i, 1r"" lo<l somcwha' d'ffe,,,nll~_ I'm 
load lind slore operal 'o", .,,<1 <.C'-"TO I of the a,jd ,""ruct,on •. ",,,,,Ie, 0 is 
I, caled all h.,-;ng ~ COO"lam ' -aluc ",,'0 reg,,,dle ... ,,' ,I> actual..-"lIlcnl,. 

• .;.~~ .. tI"n r~~;'ln (X"" ,: Indudc-, 3 b,,, , hal ,eport cwep" orn; ,n ,nl~ker 
~rtlhn.c"c operat i",,, I hIS , cgi'lcr al-.o i"cl ~dc, a b)-Ie ,ounl field IEt .• t ,. uK<! 
a, an \)p;;l~nd f,,, -or"c '(11"1'- in,I'uct,O"" (ligu,c 12.n,,). 

• C;<,n ~ .. I: I here are Ihirl )'-1 "-0 6-I -bil g,·ne. ;,I-pmpo.., reS"'c". u~d f(lr all 
n""ltnJ(-poinlope'"It"",-

• nnali.i"JK~nl .I~h,' . ,,,1 ...... 1 ... 1 "'~"('f (FI'..c"): -I-h;' 32-1>11 'Cju>l..-r COII
!a,n. hit , , hat ronlrul ' he ')j",rnlion of Ihe fI"ahn~·p\),"' u,ul and b,IS Ihat 
,ec",.! lhe slatus ,c,ull ll.g fmm f)""""g-poi nl 0fl'C"",o" , (T, hk 12,,1) 

• e n"";1;"" n:gi_.l~r. ('01ll; i51$ <>f <,ighl 4_b.1 c<>n<l;lion eode f,eld, ( I-,~u,t 
12.l~h)_ 

• Link '<')(i"cr: Th~ hill JC8is(er can be u"",,, m a ron,j,( ,on31 branch " ,;!rllC\iorr 
lor m,jrr«t ~,jtln: .. in8 of tht la'g~l add,e,._ 1'1", .e~ i'lcr is al>o u"",j I", 
e .. lliretu,,, beha,-ioT. If lhe I. K bit in """"oj,hOnJI b"mch IIb Uu.tton """I. 
I hOIl 111 0 "ddrc" f"l l ow in ~ Ih e bntllch ""I, u.tl'-'n " pbceJ in Ih" I it1~ ,eg;,tcf, 
and" C;I1' Ix used fot i, lale ' 'el~'n, 

• Cu,,"1: r he counl '~I:"I~' - ca n be used 10 cootlrol ;In n erat;on 1""1'. as ex
plained In (,llaptcr 10: ' he coun' rcg"'l er ,~ dC<'r<,m~nled eaeh I,,,,,,,, it 1..,1<:<1 
" ' a cond'honal hra n~h ,n"ru~I 'on _ A nOl he . u'" fll' lhi' r..-g'~ler IS rndirt'" 
addrc.."n, of the la.gel ",k.hc," ,n 3 b.anch ,,,".uelioo. 

-I ht r,ell.!. 0' ' he con,j'''o t> ,~~)"cr ha'c " n,,,,,I,,,, 0' u;cs_ l"h c r, m .j b,lO 
(CRI)) n, c sel fm all i"l c~~r nril h1lldie ins1fL!0I i",,, fllr which Ih" R, h'l ,,'c1. A. 
I "hie 12,4 ,110"", Ih e liek! ,,,J,ca lc, "hel her th~ 'COlli, "I' Ihe operal ion" I""ili", 
negat;'(_ or 'CT\)_ '["he fourlh h'l 'I • ropy of Ihe ,unum.)' 0,-", 110"- It" from Ih' 
XER Tile nell field (CR E) i~..:1 fOf aU nOOI'D~-poinl " , il hme.;c ;nmllC' ,Qru , .. 
" 'hich lhe Rc btl IS set_ In (h't case. the 4 bu. 3'e..,' C<[ual to th~ fi .. , rou. bil' of 
.he H 'S( [{ ("hblc 12_l1_ " n.lly, Ille ."~hl ron,jtloon r",l<ls (Cli.O I h,ough ( R71 r:an 
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Tobie I!.J I'" .. ", I·C I koa"og f"~"( ~I"("' "nJ ('''nlt'1l Kc~ .. '" 

g I.>cq>hOIl .,....,""'. S<1 ,I ... ~'<TP'." ' .. '"r<, " ..... , ...... ~ uonl =-01 lo> .a, .. , •• 
Ea.otok.I ""'<r<"'" "' ..... ".,.. ~ ,I ....... _ ."""f'1 ..... ho. """..,..-.1 

~ In .. hd "P<f1'boOl .-.cq>O." ' ..... ,'" <.0:, ,( In ,n,,11<1 " .... ,..,., <><q>I"'" .... ""' ... ">1 

.) o..rf1ooo <>"'1";"" M.,no"'" "I ,,,,,,,II , .... '<'<1. "h., ~." b< r,,,.,,,,""d 
l ,.j,',Il<_ ",,"",., R .... h ~ 'u .m.II." ... ",.""I~"·J 

I Z,,,, .J..Ml, c=\~ ... ", I)" ..... , " ,."0 """ ,",,"''Od " ,,",'" '"''''''''' 
" I" """, 0""'1'''''"_ R,,""J< ~ ,,, ,I , ""(0" I,,, ,, ,"",m.,,'''''" n'",11 "' "" ,,,",n..~ 0« ' " 

"',,h , .. " fl"" ""-" 1""'" ~~.o l ,'J 

', 1, ',,, loJ """,,"' " ,'<f";""- 7, " ... ,, "_ ~,'~ .~, I ' • i' 'J, ,-' '~I 10, ,U ~l. 

11 \ •• "i'tL" ... p., ..... ;" ' .. ' "' ~~,~ 

I , Ito<' , ,," ","..Jed . R"""<l,,, ~ vi U" ,.~u I, "",'"""",,"0 'h< r. ,.,("", 
II I "'''''''" '"<~,_ R..,"",kd ",,"i, "',,''''' II.,."" • • w ,n , .. ~,n" .. """" ~<lh 0'<""""" 

~""r'.'" """~b.l 
" ,~ It..",.h fLop- Fi<e-h, «"'" .".,."r"" ~ ',,"n " •• w ,han. "".". "",),,,,,,.,.,. ~" .. , '1.'_ 

; ,_ ·n" ..... Iurd_ 'okno""~hL"" 'U 

:,<, .. " ... ,,,<4 
~, !' 'n, .. ',.! """,,"'k'" ""n-r'""'.~' ...n~." " ..... ", ,. "1",10 U, • .,(. ""-"P'''' •• _, 

I" In''1O'-'' ""'''''''''" '" .. ~"n~. "'1< nu""" .. ,"h .. 'y_ ,~ , 'I"'" 
101 , ••• 10<1 _..,.. .'ctj>UOOI ..... "'" 
Z-< 0..«", .... <nqM"'" .noblo 

~ l'Odtt/l.,..· <>.<q')lW' .... hI< 

21 :& .. , ~"i<!< "'«p,~ .. "".IlI, 

28 '''''''''' e<"'p' io<o <",M. 
2'1 ""n·'[t;En><.oU 

.10..11 R""n~'O! ",",,01. TW·!!;, """" If'O<'~" ,,, ,.,"""'_ '''. ,,~ iI. ,,,,,, .. d .... 'Q~'Ofd 

, .......... ~,''' ... "" , ....... ""'"' '' ,, 

-

be u;.od "",II a compare ins,rucliOfl; m cae" case. llle idclI' "Y of ,he rocld ,s <pce>rocd 
ill ihe m" ' UCII"n "..,If. ,or hi"h fixe,J ·pom, an d nWl mg'P",n, coml,ar. in" ... <· 
loon, 'he fif>\ J bits of Ih .. d~~,gn~lcd wnd,lIon field . ecord ",helher 'he fi", 
"""milo.! .. Ie .. than. greater Ihan. (>r "qu"' I" Ihe .....-ond ope.and. ' I'he 10u",11 hoi" 
Ihe summary ",·crflo..- bil for a Ji,eo.! Ik'inl rolUpan:. ano.! on unmdcT("o.l ,ndicalor 101 
a n""'tn~·potnl <OfI'p"TC_ 

In t~rrul't Processing 

A; w1,11 "to)' l'TOCC"'Jr. Ill" 1'0w"I'(.: ",,' Illties II ,,,", ,i, y IIl "t enahle, lhe pro".,"""," 
1<>111\"nul't the currenti)' exccul;n~ pmt",,,,'0 deal ,,·i' ll an n cc plion c"uJ",,,n. 

'1) "." or I nlermph 

Jmerrupu on. POlO'crl'C arc cI~"" , r.,,<.1 a, lhO<o<' ","used by ""me ')'''cm C<II'IJ,. 
"on Of c,cnl "n<.llh""" ca u>c<.I h~' ,he execution of ~n m'truchon _ Tahle 12.j '''1> 
lh~ onrcrruph 'C~"O)ln,,",,<.1 h~' , he I'",.ed'(' 
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454- CHMYI'ER \2 / CI'U S' , RUt,;lURF ,\ND I'UN\:TIO,", 

CItO ('RI C it; C it; 

'0"'''·' 111·""0''''''''' tt"' -d·I~"'t ,1~ •• H".·f>O;"' 
nit .. """iN .. ia>"",""'" , .... p .. " ",",p.," 

P<~~"" "Hh II<- " ~-U~ No " ;."rurnonl """ .... ""'1 

' c 
,,,o IL " b"p''''" ",",m,,,, "p' c ",2 '" ' '>P~ 

, ,",u ll >" EIl,N".! ""''I'''''" "pt "> ,~'2 '"' ~, 

,"Ill""")' , ,""II -. 1,,,.liJ o/'"'~'" "p' ~, ~, "p2 

, ""1'''''" ""mo.", 
,um""",- O,,,t,,~ SUm"~"y 

, ".~,k,"J ,un< 

u"'lfloo~ '"'':r''''' ,,, ,,fl<)~- "",,,nd,,, ~,,).f, 

\10" of Ihe 1TlIc'r'Upl; liqed irl Ihe' lable' are "o,i ly "nu~"I<~><l_ A few warrant 
futlb" , comm,·"I . The ')"Iem msd in ten upt il appen' "I PO""" on onJ whcn the 
,esct bunon on lhe o)"tcm unit i, pr~s"'u_ ""J;l cause. the 'yst~m to feb0<.,L 1M 
",,,,:hone ched '" t~,rupt d,'"" with certain anumali e" such 'IS ""cil~ p"il;- e, ror and 
rd~r~n"" 10 a TwnC<i"Cnl mem"r~ location, ~nd m~)' ""U,,", Lh,' 'y,km to em", "hat 
i< knlll' -n a, a check,top ,tole, thi' -tate ""I",nu, l'""e>sor ~xecution "nd f,c",", 
the ro ntents 01 feW'!e" unli I a rd",,'L 'I'hc fhtli[\g-point ""iot cn;obk, I h~ 1'",,",. 
,or to invole ""fl","r~ touti"e, to compiete 0p"fation, that cannol be handleJ 
J"ectl~' 10)' lhe floal i" g-p<Jint uoit, ,uch a, thl>c"-' in"""-"'M Jenormalileu number> or 
unimplcmcnt~u noal in ~" p'-'int Ul>C',J", 

M~chine Slal e K~~i' l er 

Funu"m"nW I to t Il~ irolnrUl'l,orl "r " plOgram i, the" hilily to r~"m'cr th~ <Me 
of the pn><:c,,,,,r <It lhe 1",\c of lhe int errupt. This includ~, nol only the content, of 
th~ ,'"riou, ,~gi>ler< but al,o ,'",iou' rom.ol cund;l iu", rd;,I"'M to e_,c~ut ion . 'In"", 
cond ition, arc con"Gnicmly ,ummari,~u on the .\ISH (Table 12,6), !I.gain. 'C"c,,,1 of 
the bits in thi, 'cgi,tcr "nn-onl [",thcr wmmenl. 

Wh~n the pri_ilege mo,k bit (bit 4~) i, "'t. the p.o,:c,,-""" op"ral ing at" """ 
pri"ilegc k"eI, 01111'" ,ub'el of lh~ i '''I'u~t'''n '~l is a,,,il"hle. Whcn the bit" 
d,"reu. the prucc,"," "1>cr"I~' ,I ,upcnlSor pr i'- ilcge Ie,·"f. 'lnis ~n"b l~, "II of the 
in, lructio n, a ll d pto"iJ", a~ce" to cert"in 'l',tcnl r~gi'1Cr, (,ucit a, the MSH) flOt 

acce><ib le Irom tite user IlY i"ikg< level. 
The ,'"lues of the t,,-o nOi,ling"p',illt ""'cphon bilS (bilS 52 "nJ 55) ddine 1"

t~pe' or intC'TlLpt, lh"t lhc floc'l i1t g"I'" lTtt unil on,,)' genefate, lhe inlcrprct"l iott j, 

'" f"iI"",,, 

n :1) F[I I"le rr"pl> lh., ,,-ill I:>< m",~n;<cd 

" " )<,,"" 
, , Imp"" '", 0. """""-""" 
, 

" Illlp"",,,,, '''0''0''''1" 
, , 1'"",;." 



T.bl.12.S Po","e,PC InlefT"pl Tabk 

Ent<y l'fll ,,' 

~" 
00'''-

OO,~ 

00_ 

~, -
~ 

IlJiUHh 

- , 
"""" 
OOAlUI 

W Hi.>JI\ -OO,~ 
W~ro, 

00)[11>1> 'hwu~h 
OOITrh 

OIOOJh Lh ",ugh 
02ITn, 

h"~,,.pl '1)1'" 

R,,,",,,,,I 

Sy"'''\ tn<t 

M..::h;n< ,1>«< 

O<l. """,se 

I"" '".1 ;'''' "0.,11'" 

P.->""", I 

" I, ~n m<", 

I'",!!"m 

F1 '" L;" ~'I""" ' 
u,,,,,;J..blc 

D«t<"".,,, 
R,· ... ·m·J 

Ro .. med 

S)",'e",wll 
1-,.,,0 

rto>,,"~ r"'IO' ,,,I,, 

Ko,"" woJ 
ion'pi,m",,,,,,,I' 
"1",,-;1;", 

12.6 I THE P()W[RPC PROCL~SOR 4 .,5 

",..n"", of 'ho pr._. hoOf" <w • .,1, " •• " ;"f"'>' 
":~>lo by u!«",llot:"' 
", .. nM", <)/ I'E .... '" tlt. pr""' ... ~ ",II<" ;L ~ 
"".Ned '" ~ modli»< ,I>t<~. 

EJ['IllPt..·,, "",to r'~' (,ull. """" .. , ;!hl> ,·. ,1""," ,., 
~,."'''",c<e 

Uxk r'~' ('ul'. ,Lt''"r''d """udi,,,, 'etch I" ." [,"0 
"'I,m"". >me" "1ft" ,;ul" ,oo 
A_ti<>B of. 11>< 1"",.,....,. •• ",.,~a! in,«,.,!" ;'1"'1 
",n,1 by ,",,~~IIoj:", """'n "","'.] U,""'"P' 
,,,,,,,,,,iu,,,, '" 'no \lied 
'.",,,<"«,,f"1 ' U<Ol,", to ""~" mo",u" J"" I" m ;,· 
, 1,."".1,-,;" ,,,,,,, 
"""tJ"~ ""i lll in"","!,L. 1M, ''''"'I'' t" """ " ,,, 
p',,·,t'g.."<J 1","",'"". 'mp ;o>"uct ""L ",,'ul,d ~"" 
'!'<,, ~w "",""ion m<<: "I<pl ;oot u,·,i"" 

,, ",' '''P' '0 <" .«<ou L.' fl,"'Liut-t,,,,at ;o,,,"N,,,, ,, ;Lh 
n"" '"i P<' o' unil J;,",I>~"<J 

hhi."'"", 0/ III< <loXf<"".,« "tb1« \<I!>en ",<",,1 
'"''''fUj)! ""'W"ti<>o ;, .... _ 

b«u,.,n of , ' )",,<01\ ,', 11 ;o,',u",,," 
S."~l, ."er '" h" ",'h "'n' ;" Lmup ' 
AltomI" Lo o," u« ,", .. ;, 01)' '1"'''1"''"'' ""mp" 

''''''"~1''' nL ,~''''' ' .. " ,c.~ .. "P''''''' " "" ,,"om 
,":ili;~d " ""'I~',) 

, . "","'·d ; Ole""?" ,.,,,,,,.,, I., ..,." . " ,," ""Co"" 
"",,". ''''''''I'' "" """"'".., .. ,,,.,''''' '''''"''" 

Wlten lite ,;ngle.,lep trac'C hit (I>il 53 ) i, ,ct, Ihe processor ~ra nche, to the 
Ir ac~ ",tctcupl h"ndkr ~fter the , uITcss/ui c'oill pieli, '" of eac il inSlr uctjon . When the 
bratlclt trace bit (bll .q) i,;wl. th e processor branche, to the h,anch trace lIIkrrupl 

"""dler "fler th e ,uITe,,/ui compkli"n "f ""ch I:>,.,neh insl ruction . "·helh,,r or not 
thc hr""ch wa, laken . 

The instruction "Jdre" t'"n,lation (I:>jl 5~) and Jata adJ .. """ tralt,i.tlio" (hit 
59) dut",m jne whethCl" rca l addr~"i ll g i, """d or "·heth~f Ih e memory manag"mcltt 
unit p<:rforn" addrc" Im",lati" " . 



' I~H.I IdnlJOIUI 0'11 WI p~WI' ~l" "'~IPu"4 lJnllJ\U' "41 JO q"JJpp" "u 
'JOlpU"4 IdnJjJIU' " Ie",hudd" '41 0\ 10J)UO' SJJ)'\l~JI 110'11 Jt'''~)<ll(1 '4,1. 'f' 

· p·'lq~'!P 

,,~ "d,uj~IU' I"UJO)" P"" JJ" I'~U'" 1 " UO,,"I'U"JI "'JlWe '5:x1,'1 )dn j '~IU I I l~ 
JO~ ':xI'lldru'J)L!! ~4\ 01 ,!)!,:xI, "nw" PO\Jlpp-~j"'''I'J1'~ "i" ,,,,,, }ISI-\ "4.1. " 

'.xl.() ldru 'JIUI ~~ l 0) "!l!' 
.0<1, UO'!"lUJOJU! 'II"" 1'~1'''()1 ~J" III liS )0 ')'4 "UlU1~U1~' ~\U 'p~"I,)~ ."" ~·Z I 
'N~J, U! P"I''' 'I ,un '" PJI",J~p JW IC41 '1L<1 "4-1. '(nll-Isl 1 J~I"j~a ~JO\'"lI 
:~,es "II ()) lISIS "41 um,) UO'l"U1'"J''' ~ H'I' ~U!4~RlU ,oldoo 'O'<":>OJd .14.1 'z 

'''OljJ" ll'''! lU~""'~ '41 .I~I.I" 

rOln~J'J a4 01 ",,!prul'''! \xa u a41)0 """PP" "'I ' "! I' '''''''''~41() ,U()!P,Ul'ut 
I"~' " IH'.1>n ()I jdU1311U r O I ' ~1 ~ '('ll'.osn"" , ... " IdluJ~IUl n41 I' UOljJ"Jl'Ul ;J1l1 
"n,.'" ,(IIUJJjn, J41)0 "~Jrr" ~~I ' ! '!~J. '(OlillS) () 'JI,,\lJl:l J.jOl'~l:l/' ·"'S 
J~l U< I' J[j P~lM'" "'< 01 UOljJlul'U I a~ l JO ""PP" ~LII '~"'1J .I0""",jJ ' 4.1. 'I 

:~"'ld '~YI ~11l"·" JO ~,""n h" 
~UI."O[[oJ "'fl 'J(, ,,.,)<uJ ~4 \ ,'~ P.1Z1U~"~~'" P"R ''""'0 loI"J.J~)U! ue u,~ .. \\ 

~U!II'U " II Id'1JJ~IU I 

, ~"' •• i""';'" L"" .,,,,,, 'IS 

L ~"' ,~ p. " ." .,' '''''.,.u , 
'f'V'" U1'"lp " ""n' l"""p'"''~4 "''' ,,~,""' ... 

'W"'.""""""'/' I"'"'''''' ~ '"""""'I 
F"''''''~ 

JI" .. ~" '''''''1'''''' ""r>I'" ""<J 
JJ" .. "O "' '' ''''"''' '''''prl'' """""!>"I 

4..I±J/'l0Cl:1 "'''' Pf''< "O"~,,., JO u«l ,U,""! ", ,h 1"'V\ 

F"""'""~ 
"1""'" """,)"", 1"',.j·~ ,,,,,,,I.; 

1'-''1"''I' .. )'''N'"' ""''' ~ """n 
"",q"'PiV' N"" .,,",'" d,,.· .. ,u,> 
U "£"'HU ,.",1"", ,"" ,.j" """"d 

r'~1" ' 1' ·1"'14'"' "~OW,,"! v~,' :><JL~"~ 

"'"'1" "'"",""_'1"," " un L",oJ" ",l"1.~ 

'''''' f'O~"I' " ud '" "'P'~' I" ' ..... 
M 'I'''r .. T'''I'l'"' ld"",,", ,,,,,j,">C1 

*"" U<'!'0"">I"!I '" U"f"I"'~ Of ""' "'Il>"'~ ><I"U,,"1 j"'''~~ '''''')>(] 

,~ _""OOW>!""'I 
P"l'I<"P .. 'M'l'u, ,,.,.,,,io .. ,,, " ... .". 

1'''''''')1 
"IX"u I' ~ ' I') .. '"I'll ,n" """,~ud 

'lOlll"U" (1 

'"I"~'ll "'"IS OU1LP" I\ J,dJ,1,"Od 
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o. 

" i> ,. 
» 
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" 

I!>! 

9"11 "IQB.L 

KOI.l:JN"J UNV Jdfll ,:1n)1 [8 .'kD I ,I W,U.fliID 9St-



(Table 12,5), n,e I"", addr"" of that tab le" dct<'rmined by bit 57 of the 
:\1SR. 

'1'" rclur" from an il1lClTupl, Ih,· 11\lcrrul'l ,",,',ce 1<lul inc execute, on rli 
(,etum from interrupt) lI!>lrueti"",, Thi , c,u"" the bit ,·,Iues ,,",'cd in SRR I t" be 
'~'tor~d 10 the MSR, E,"cution re,umcs a'lh< I",,~,ion 'lured 11\ SKKO_ 

12.7 RECOMMENDED READING 

IP'\ lTIJl I ;,nJ I \10SllO l l pr""i de o,cc'II<", C()'·cm~.' 01 ,"'-, pipd,oing '''lie, J"":",,,-'J in Ihi, 
chapter. I HEN N91 1.,nJ I) IW ,\ N931 ",nla in Jdo ikJ Ui'-Clli,i<)l~' "r rip,: lin ing.ISO III'l()1 pT(~ 
"i<le', 0" ,' .cd le"' . J~'a i kd d,,;cu,,;()n or Ihe h"rJ~'"rc "'-',i~n i"uc> inv"I"d in ,n i[l>l".,;
,ion ri l>clinc. 

I [VERf)) I ,,"mine, Ihe ",,,Iu';,,n "f ~""1C1l pre'dinion """c~'c', ICR.-\(j~' 1 i , , 
dd" ikd ,,"d)' oj' !'nH",h p,,'Ji"l i"n in ill'tlm'Lion pi,",lin"" 11)( un I I 8n,1 III LJ>!if1 ""n>_ 
'''~ '· ''''ou, br"nch plcdi<'l ion 'Ir;,," ."i~, ,h.1t cJ" I", ,,,,d ,e, ,,,h",,co ,he ro ' /"""'''C" ,,1 
"""0('1;'," "p..; I ," , "~ . [KAFi)J II ","m",e, tf>;; uollie,,'" """><.1",,,,1 ,n'o oraoch pro,iiction 
h) i",tru"k'n, "h,,," I" ' ~", ,ddt"" i, ,·,,, ,, bl;; 

rh o 1 "",1 ~,).I,,(, ' n<t .-."tiM 1';1',,1,"0 " .I"", ,, I>cJ ,n I T\ \ B."'! II . [Bil Ii Yi")1 p"",iU"' 
W".i co,'or'~c 01 ,nto" upl 'H.",e","" ~ un , I>c 1'""" Uttl, ,,, ~("" lSI \ ,\ Nil_I I for Ihe l'owcrl,(, 

II~EYbQ lJ,e)" 11. (he /",,,1 Miaopr()(C""tJ; fWi6//JI)66, //;fi18.:.'lWJ8$. 8I)2~, &!3&>, 
fJIJ4&5. F'f~'i~"" !'tnti"", I'''~ oml I"n/;um 1/ !''''''''''N, UPror S.Mlo River. toOl_ 
"'enliC<l H.iT. ~»J 

C J.t,\(;91 Oa~~n. IT. Br"",h $I'''''g)' r~.<OI"'mj ,u,d l'c'fi"'''MCC !>Ind,/>- L", /\ 10"';· 
lO4. C A: lI;:I:£ Compute, S'!C1C'), Pte,,", 1m, • 

OUIIHI DutJoy. P , .nJ l1ynn. M ;. Bt" ,,~b Siralegie" ~'h*l i ng "nJ Opt im., .. "on:' 
It£/:.' Tra'",'""ri",,-, Of' C()",p",",s. Oct •• \>« 1\19], 

1C\ 'ERV I E'",", ~l. and Y ch, T. ·' Undc",.rI<ling Br.ocl><, .D<l lk'igni"g Ula""h I',e-
dictoT> f,,,- I liflt- Perform"oc,' Mi(n>pt""~'",,, .. " 1'")«,,,"il>8" Of 'he I f;t:E, r.;o\'~m
ber 2001 

1I~:"':O;9 1 Ilon~e",), _ J., .nd J<>~I'Pi. N. "Comp uf<r TcdulOl"1!Y.D<l Arohi!<owtc; An 
E"~\'ing InICn"'tion." Camp'''"', S<plemi-.o, 19'1!. 

IIW Ar.; ~3 Hwong. K_ !'"I"aw;;,,1 CompulCr J\/Chll'C4'''- ~< .... York: _\kGm' .. lIill. 1993 
K,\ FL91 K.<li, f)_ •• nJ Emm>, I' "Br~",h I ! i ""r~ TaN" ProJ,e'ioo ()/ Moving Target 

Brandl'" Doc 1<> Sub{(-.utmo RClUm,:' l'ro<;udmgs. I~,h Am",all",,,,,mitm,,1 ~\m· 

"",,"m o~ Cump"'" Arch">e''''' . . ~t;y t'l'il, 
lILJ!IIl J,;)j,. D, "IleJ"''' ''g !lIe Il'&nch I'ta.ll)' on P'pelinoJ !.."""'-'"',,,:. Cnmp"'"" 

J"ly'~ 
MO~llOl M,,,ho,,,~. A. "oJ Soh,. Co "Mbo~rchil~"'"'.1 IllOO'·.Mn'>= JJ.<:ocs', ng M,c,(\. 

I'roc~>>Ot Perrotn,."", 1k)'oD<l SomiC(",dlltlO, re<h [~)l"ll) s.t~l j ni." l'madi"8' of 
'he I f:H,. "-()V~mDe' ::oJ!. 

PATIOI PaIL , y, ··Rc'I"itcm<:nt •. Bolticnc",h. "oJ G<~>d FQrtu",,-, Agenl, for M;':",· 

pf( .. ~,Wt E"<>lUl ion " !'""-,,trling, vi 1M I fif"E:. "",,,'embe, 2001. 
SIl,\:o;<.I5 Shanley, T. !'oo.uf'(: 5"$"''' Arch",'''"r~, RcaJin g. MA: Ad<lis<,n-W.'\','. 1m. 
SOHl90 Sohi, G_ ''In,tru,,,itln b ,uc l<lSic r,,, fhgh Porformanc< Iflt~rrupl.bk Multi· 

pie fL10Ctiuna l Lnit. Pirclincd Compute!>," JEEE Tr,m,""';(!n. "" (''''''P''''''' 
M.roh 19'1O, 

TA8A91 TaNo k. D_ AdmllceJ Mim'lm)''''''m .. 1'0'" Y mk: ~·kOr" ... · Hill , l'Nl 



tU KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key T t' n lls 

hr~""h prtdinioR ",,,,d.,,,,,, rode 

J<1~l,d i>T.""h 

RHiew Que. tions 

"" ih\ ...... "on <)<1. 
In,,,,,''iot. p'l'cllno 

11. 1 Wh"l ~o""t.11 'nk< . '0 l"',f,,,",,J I" ( I' l l t <~"' Ct" , 

in""ld_ p«klch 
p<npam "~I .. " ,...,..d 11"\",) 

tU Wh" eateg",k. 0( do" "". """",,,,,,1) ,ul~~.",d I" =, ,';"blc «~;"l"'" 
IlJ W~'I is I~C f"",",ion uI "",M"," «wl.:,'! 

11 .. 01 Wh.I ... ""'gl.,n ".,'" .. md1 
tL< \\ h)'" a ''''0,''"", 'lL,lfueli<>ll 1',,,,,1,,,,, "nl.~d, I" <UI Ihe im"'.ct''''' ."do "mt_ 

hit e"mpared ",;Ih lho u>c,~ nu P'llCbnc' 

lUi 1-"1 >nJ bnen) explam ,~" ......... " n ... h,ch an "011""1",,, p'l"'b"" <.n Jeal .,,' 
rund."",,;oIi>Taoch 'n>IIu<1.,," 

11.' I I.,.. .te h"lo,y ."" "~I f,,' h,anch rn-do<l,,""> 

Problems 

Il.I .. If Ihe 10" """ .. 1;0" l"',f",.",'J ,"''' ' "'''1'"''' "Llh an 1I-" i' ",,'ll " .. an .»Ju"", t" .. hi,'h Ih. 1"0) (>f"',a ,~1; .. ,,, 2 ",,,I ' ... h,,1 "," ,Id 1>1.' I.'''' ,,, "'" of 'he ;()Ik , ,,i"~ fl.!', 
• Carr)' 
• z,,'" 
• O"fl1"", 
• Sil'" 
• h'.~ I'""')' 
• 11.lfea", 

h. Wr.., ,llho 01",...dOd ... ",,,, I (I",,, c<lml'kmenl) and • It 
IU Cu ... ,Je, U .. "R"ng d .. gnm 01 Pit"'" 1~.1I' A, .... mc Ih3' ,bOf<" """ a 1 ... >-.... 

l"l'd,ne (felch. e.eru.e,. R~d .. w Ih" "'-'P"'" .<> ,how h",,· many limo """I " .. _ 
n«dod I(~ fOD' ,,,,,"u<1i .. m 

IlJ (""",,,Jef an in""'<I1On """""n,,c "I kn~l h n IMI ... "camm, Ih,ou!!h 'he ,".ltu<1tot1 
p,,,,,hne. i..et p ..., Ihe I"obabthlr of c"wunl~''''5 • "",<lilion"" 0' urK»nd,,,,,,,"' 
~,an<h inmu<tion. ~nd k'" .... l ho I",oboh,h'r Ih.1 ««uli"" "f. h,.n<h ," ... , .. 1 .. 
t .... 0"'-"" lomp 10" nonco, •• "eD"'" .dJ, ... A .. ,unlc ltr.al each ,,,,,h )"'''P '«I""" 
Ih< pip"'in. Iu oc dr.rc<l. <Ie'I,,"·"'!! ntt "ns""'g in"'on"'. p,(>C.,"ng .... h,. J 
cm<1~<' ff"'" Ihc 1",1 "."., f{~",;c I"LI""I ,, ,"' 12.1 .nd 1l.2 1" 1ake ,ho,., p"obor..h 
I,,', inl0 ."'(J un' 

12.4 0"" I,,,,,,,, ,,,,, " I 'h o mu h irk -, ' ,,''' '' L "1'1" " '''' 11 ,, ' ,k . l,ng "itb 1"" neh", i. a 1" 1,,1, ... 
i, , II" _,J.!",,,".! ~," llC1o<. ,,';)1.,., '.«Jut",,",j 1"'(010 t ho fif>! braoc h i. fc""h'," 
SLJg~c" , ... ., . Jd;,;ono) limi .. ,;,,", ,,, J"", h",,~,. 

1l.5 '0""',"," 110< .Iato do,!"""" "I I ,~'''~ 12,2~ . 

.. Ot:sa,..., I~C ...,~."'" ,4 ""h, 
I •. ("""ra'" ,n."" ... "h ,I>< ~r .. ""h r,,-drc""" "M" d"glom ,n Secli,,,, 12.4 n...., ... 

'he fel .. ,,·. onen" of exlr of lho Ih,c< .11"'"" .... , '0 hfa""h p«dicliuo 
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I:.. The ~t<>l"rol. 1>80:.0 "",,-hono' i~<I~d< ,he """0<1,,,,, [),'('f<mcnl anclll .. ncb Arn~d 
'"g 10 C""ditiol\. .. hicb h .. lilt h~~,"'~ I",m 

LI<: .... ~,. ~I' ... ~" 

.. hue oc .. OfIC of ,he 1<"'a~lc """d,ll,"'''' I)n " • &<""",a l'lllIlJIO'" IT,,"<r _ and .a.. 
pla<clOCnl >pecinc> II>< I~'~<' ... kI'~,' " I"". '" I~e <;tI'ten' •• MIT». n..: ..... UUClIOO 
,'.n be: dcfi..oo as ''''I ..... " 

" :~C '. • 
,~. 
_ .. 

Col " 
" " • ,~. ~ .10. .C' ,. " , , , 

When the in>trudiun il ",",,,I,d. 11", ,~ ",III""'" j,r;! ,",(oJ to d,-te,m,"" ,,'he,l><. 
,I", 'mni",Ii,," """,Iil ;' " ' lu, II", I(~'l' " >_, 1 "I,od. II ",. r,,, op<,o 'i<m is 1"'" 1',,, ,,, ,d '"~ 
"""'"''''" cont inuo, " tilt ""xl "" trl>CI,,'" III ",-''!ueAc,_ If 11K' ,-"nd;""" " I'ko;. til< 
'1>« ir .. ,1 ,t.ta ' og" <o, i, &""m<""J "rl<l ,~,, '< d to '"'" i f it i, 1<" III,," J,"," IT "i. 
I"~, lh.n ,"ro" ,ho loop" le.m,nal<d at><! C,""ul ~)I\ WIl"""'" aliI><; no>l i. ,,,,,,,,; .. 
,~ "'4U<ftct_ 0Ih.c"",,,,. '00 "'''V.n, b'a,,,·b.,. ,,, ,"" .p«iroc ~ h'.r.,,, "" ... ronoo.l.:, 
Ih. r,~~) .. 'n~ __ mbly lan,,"~~. pw" ... n, rra.,.,.,nl 

" .... ~ IA"O,'AI 
ct> L l. .. .. ,M 

" , 
'I "" "n"1!" ...J.l,.""d bj AU and A I .'" ''''''(''Ired fu, o~u"I,'" ,hoc " fI"g """,,," 
are ".cr.m<n,cd "'I1h <act> «k'one. \)1 ,n;" .. II,' ",.'a; ",,'h~ """,he, 01 ~m,,"'O" 
(4 ""eo) 10 "" roml"'''-.,j 
•. 'Il,c m,h~1 ",,,,'~n ' , ul Ihe '~~"'C" .r<: AI) Silr~.).IfWOO. A I 'iOJOOO:<QOO. anoJ 

DI - $OOXII_IH' ('h< ~ ,ndIC"", hn",lc .. ,",,,1 ,,,".>Ok'" I. MOnK")' """"""" '>100.1 
"oJ 5«'1110 i, I,"""'d .. "h ",,,, .1$ SA,\ A,\ If' toe f()f<l" ,in ~ r',,!,'.Hl " ,Un. '1"".1> 
'lie ,"umh", col ,,,"." 'h o IlB "I 1<1<')1" ",,,," J1 oJ .nd 'he ronkn" "I', h. ,h,.., '<1-
i" "f< "h<n 'ho NO!' " .. , ,",cti,," i, ,0,, 10<". 

h. 11."1"'"' ,.). but nuw ""Un,,· 'h,,' " "' '''~' )' he ' ",'011 $_IIYKI ,n" \4FEE " '".",J " ilO 
VH:OO and I><'"""n S5ClXl 0"" ~~IJ '" I,,,, J,,J ~,' h SA A.'\_ 

U.7 R"d,." Fi~UT< I~, t9c • • ""n"n~ ,h., '"0 ,. ",J,ti ... ""II"",,,," " ", .. '"~"n, 
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KEY POIr-.".'/i 

• Smdie. of Ihe exc.uti<lfl behavior of high -b-cllanguage progflm' h""C pro;>
,ilkd ~u;dance ;n d¢~ig.oi1\g • "'W lYre of pre>oes><>t ar~h;leelurc: Ih~ rtdu.:t<l 
inslruCtion sel wm puter (RiSe). A5~ignmenl Slal~m"nts p'cdominaIC, sug· 
g«ting that the simple m{)Vem~nl of data shoijk!1'C optillli.l«l. The,e a,c all<! 
marlY W "nd LOOI' in;t,uclion'. wllich suggesb th~llhe undcrf}'ing Sl!il'xrn:t 
conlfol m""han,sm needs \() be "pt"i1i1.cd to permi l effj~jcnt pipel;tl ing , Stud
ie& of operand rder~o(c paUerns , uggest th ol il should be "",sible 10 c~han<:< 
l>erformapoe by keeping a moder~le number uf <;rperand, ill regisler<-, 

• The"" .tudits have motivated 'he kc)' e~ar-M:tcristi('S /of Rise tnath",e): II i a 
limited instruct ion ret wi th a fixed fo,mat. (2) a large number of ,egi,te" Q' 
the US<; of a rompilcr lhM optimize, ,~gi'ter lI.age. and (3) an ~ntp~a~ on 
optinti~jn8 the instruclion pireli nc. 

• The simple inslrucli(Jn se1 of" RISe lem!i itself to cffi.ient pipclinmg hc"au.t 
there ~rc fe"'~r and 1l1l'>re predictahle operM.oos P<'Tfom'~J pet 1O\1ru~'tion. A 
RISe initruction SCt architecture al~ lend. it,.,lf 1(> Ih~ def&)'ed branch te(h
~iq"e, in which branch i"structions are rearra nged with OthN instmo\i()ffi to 
improve pipclinc dficiency. 

S
in"" Ih c development of the ,to,cd- I,wg,am com put<', awund l~50, there 
h"" hccn r~mar."hly rew Ir,,~ inno""tion, in th~ "'~"' of coml'"kr or~an l 
2alion and arch ,ICClure. 11,c fo lj "wing arc "'mc o f lhe major "d ,·anc-c, s,n" 

the birth ,,11he compu1er: 

• The ramif } ~"n< ... pl' j"l ",ducc.J hy 111M ",,1h It, Sy'kmi,'()(1 ,n 1964, f"flo",J 
, honl y thcr"aft~r b~' DEC ,,·jth i1< PDl'-~. Thc f" mily COfl("t'pt d"w"pk, lh' 
:l'chit,.turc of a machine from ih imrkmeo t:olion. 1\ set of wmputc," is 
[)ff~,ed. "'tl h d,ffel'cnt prlCc/pcrf",mancc ch.r",t""" i", . that pre",nH tb. 
,ame a,chit ecture t" the usc,. n ,e differenco, in price and pe,f"rm."" •• re 
duc to d ifferenl impkmcntation, of I hc ,am~ areh;lc'<:IUfe, 

• M;cropro~ra"'m,'d ,"",Irut unil, Suggc,led h,' Wi I . ,,' in 1951 _ a lld Lnt roo uced 
h)' IBM on the Si360 li ne in I~M. Micropmg,amming ease, lhe task of de· 
'igning an d imriementing t h ~ control unit aod pro, ide, ourpo rt for the (,,,,. 
il)' ,oncept. 

• CM<hc m~mor~: Fi f>t introduced commerc ially on IBM S/3&O Model 85 in 
I%K 'l"c inse rl ion of thi, ~lcnwn1 i"to Ihe "'emory hkr"",hy dron' alJ<.II} 
impf{)ve'l",rlonn3llcc, 

• Pi ... tinin~: ,\ mC"n' of intrOllucing r""illel;"" into the ~~,e nli"ll)' ",quo"lil l 
nature "r a machillc_""tru,tj,,,, prog'.n\, [<amplc, "'C in S! ruct ion pireli,ill,! 
and '"ctor process ing. 

• Mutlil,t. p .... "'."',,: I"i, c"kgof)' W'·CT< a numb.:, o f d,ffcrcnt "rg"Hi"ali o"" 
"lLd "hJ~di v~,. 
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1 , 1* 1.1.1 (lIarack"'''cs!J'l s.,",~ Cbe .. I{I~C, dnoJ Supcr:ocal., I',,"" ....... , 

C"tupl., IIcd.<.od 

In 'I"'1~'" s.', 1,,',roK1inn So·, s. P'-'''''' 1o, 
I C I~l..l l ·ol"pu l" 111l~l") t:",npule r 

o.._""'it IB\\ \' ,\,'( In'" 
~MM(' 

~\lPS ....... d~' nb. Mn" 
_l1Uo""" 11''','1) ~. .- ~rAR{, RM,,, 

11.;;-........... ,m I~'i ,- ,~ 'w, ,~ ,- ,~ 

'_,..r 
~ .-.. " .... ~- B< • ., !.1< 

1 """<1~'" >I,. ,. , ., , 
" ,,,,,,., , , , , , 

" ........ , " " 
, , • , , -E~.of 

..-....... - " " • ~) <!II " U ..... ':'11 " -" I 
-t_roI .,,· .. ,~) 

~" ,u .... , '2\j , .. ~'6 

f ........ ,· 

I 
~ 

I 
.. • " 11» I I~" " ~ 

IUO)'", 

• 
T (> Ill" I", nlU , ' nol' h" aJd.,.-.1 uoc <If II,~ "" ... , ''''~tcSI '''1l a nd polcIIllaJI., """ 

<>f the mo.) imp'" W111 ",,,o"alio",, I~d"cc'<l ,n-true!;on ",'\ cum),,, ,,,, I RI SC) :"chl 
tCCl Llr ~_ n,c RI SC ~"'hil "cl ure j, " d I :""" I; , 'kr"rtur~ from I hu I"" oric,,1 I r~n,j ill 
proc~ ... ",,, ar"hitccwr~. An """I~"; ' of 111~ It I ~( a,cnil"du," bnnp ,1110 f,,":m 11\;' ")' 
"r Ih~ Impor'''"' '-;,un ,,' C()1111''''~ f ",~~ni/alio" ~",l .. "hIICC1U ' ~ 

Alt hough It 1')(' " .. , ems h~' ~ hu n tkfln~d and d~"p"cd In " ,a. iely or "~}' 
I>} dlrre.~m glou(l" the l ey .,k mcn,. sll, .. cd 1»' m(>';, dc"):,,. ~rc Ihcoe: 

• " largc nllrllher or ~~n~' al-I'''''~'''' t"~;>I~" atldlot ,lie u", of rompikt 'ct'h 

''''h '!(y '0 "" 'II" ",~ reg i"cr "'"pc 
• A limil.'J ""d , ltnpie i"' ltuet,,'n "" 

• An cml'ha,,~ ntt "I" ,,,,ilin g the " '" t ".', '<In pipdine 

T~I:>I" lJ.J coml""c, """"eral ItISC ami non-It IS(, '}'>Icm< 
\\ C be!tin Ihui chaplc, wilh a hner 'Uf'-C' of"""", . coult. on tn,tnll1ion SCt~. 

a nd then cumlnc (~<:h or 'he 'h ree 101"0;,; , .... , ",tw_ Th" .. f"l lowNI>} a dc"np. 
,i"n of ''''0 of 'he t"",·documen'cJ HI S(, de'ign>, 

13.1 INSTRUCTION EXECUTION CHARACTERISTICS 

O ne of the m(lSt ,,,,~Ic form, uf nolu, 'u" 3""",ialN ""h "'~npu'c .. i. Iha, of I'"'' 
pammmg languag~ .. _ ,\~ 'he cost of h.",J"u" ha, d roppc.J. ,lie .d., ",'e cosl of .....s,. 
,,-a rc h .. "'>Cn ,\lrlng ,..,, h Ihal. a ehr",,,~ 'h""~se of 1" ogr. .. "",,, ,," h" dn' ,, " lip 

, " 



''"!pOl> J" ''''<Willi'' IUOJ) "l'lSJ' ,iJ~ S~pnpll ! 't IJldelO '" pC>S'<n:,,,!1' Lt ' 1'1".1. 
'\'mJ~,ud 'T1H)0 JOl,W~"'I ~lll J"l" IWU" 01 ~1"'Ul "~"'1 ~A "q "!pnl'JO ,ip!WA V 

SUOP"H<iO 

'pOlnJJXJ '! lU~\U.'ICl' ~'''n .JWll)O ''''llllnu ''11 01 ""I~PJ pJl'l"!J," 1011 ~l~ ,iJlll 
""'"""I '",u",WJOJJO<I UO \lO,,~uuoJlIllnp'n OU ~" !~ k:>'l I 'II""~",,I" JO 1'"1 ',1.JT"" 
)~1 110 'luno~ "~~l ru1O)",,1 .'p",jj "u.llu ~l "'''",U "1"" ' I'Cll"O' U I ', nJ) 1'1"4 ,u4 
ipodo,d rqno!,,"d" '" p.11"O<IUO '"4 OJnl"") JIUO< 'Jlurl)O ''''Iwn" J41 ~U ! lll n OJ 
po. IUr'"OJJ ''II ~Ulln~JXJ ,"q I'JD"llo~ ~'" ~l ".",,~,n~"~ UJ "! "'4 1 "u~w~,n, 
·'~ill >I[U"U,"p U[' pJS"q JJg 'Jln'~, ,1~1 i" IIV "W"j~()JJ ~ff""ffu"I·!~,' ~I· q~L~)O '" 
'POl' JO j"'l lUTl\l "J(J '11,,,,11 "41 ~ZLJ"IUwns •. " '110"",, '!41 jO 'JrU ! ~IUJJ ~'Il ul 

'"OL)~lIuu~JO J lH]J(hd ru e 10.11<"" ~4 1 'J UIWJ~)Op "41. :~up u~OIb ... 1I0!IIUJ'3 • 

lU~L]l ~"!''''''''TI 
lDJ ,npow ;julS'~Jrr~ JIll PI'" lUJL]l jj,mol' "'J U"!l"l!"~"l0 IilOWOIU ~L] l ~U'W 
·mor:>sn J1~~1)0 ,'w~nb".JJ ~41 pue <PUIU.x!O)O "d,{l O~,L :PJsn SpUEJJ Ei O • 

. ,i.lO"'OOll 'II!" ""! P'''~lU' <I' 1'"" l""",,,,,,d 
'~l ,{q pOlUJo),od "'I "I ,u'" punJ ,~, 'tl(W,"l~P "" L],L ,p.",joJJJd "IO!I~J ~dO • 

".'.0110) ,. Jj~ I<J1.11UI 
JO UO!IUlndwo., J" '1'0<1,,, n41. '''1l'''JP~W4" uo"m.1XJ UO!I~nJI'U! JO ,"~'.\JJ P!"1 
'41!" <I!;"'q ~." "~ I":'O,'pC ::>S Il:l J~l JO SUO UO,"J' jO "U!I ~'II r""I"OPUn "I 

q IUWO,' ~JOw ""~I J~ql"' 'ln ld 
·UU' Tlll ' 41 >lJoddm Wljl ~lnp~I"'''" ~41 ~,"w 01 'A I~ wUU :~,uo1duu lUnJJJjll' 
, 10) ~OO [ 01 -..r" '1.""'~'~' ",u,"" r""J'UI 'OIp nlS .>SJ41 )0 Sllm~J ~ll.l ·,,,,",",>](1 1'111 
"'OJ) r,lIR.J~U~~ , uO ,,,nll'UL .1UT~,e\U)O u0!lnJ,"J In "U~ll~d POI" "!J'!10'"""'4" "'P 
'U "'ll~PP 01 "~J,' ~~l '~,'" ~u"r llO"'1 ~""4 "'pm, J" """lIUn" "'~1'4"uU' 1'~ 

''I, H r'l"~"'!'ldo' POI " '~I Jw' ',1 ~'Qw U ~,' ., 10J uoddns ~p!"n"l • 
'OPO"""!lU UI r'IU~lUJldlU! "'I 

"eo ,U"'I"",do J" .~,uonb ... XJ[dIUCO O'nR''''1 ' ,\JH~ !J!JP U"!ln,'.'>.? ~,'OjJwl • 
'J~IU," l~ [ !JW'-'" "41 jO ~'Ul J~ l "'"3 • 

OJ ror " ~I'" ~,~ <l"S UO!P,Ul'U! ,,,[dlU,,", L]~ns 'XV,\ ~~ l 
"0 UOTI,nJlSU! ~u!L].""u ' ISV,) ~ 4 1 ~' 1011"1 ' Ql)O JIJlU~XO uy 'J1U,"pJ"L] U! rJIU~'" 
.,~lun "U~Ul~l"I' ' IlH ,,,our,, pu~ "~POlU ~'''''~'rr~)O 'UJ'Op "I", u"!pn'l'''' 
;oi,"! 'P" l'u, ,Olnl""j AJ)J 'd"~ 'I'll ",,, p "I p,,!,u ~jU' ,~,np'''4'''' 41!,)\ P'[l"oJ'~l 
ll>U%lSOO 'AllXJldUl"" ,P[!UUl'" I'U" ',"LS lUIU~OJJ ~Ul~'UW a ·".-"xo ',\JUJ'~IJjJ 
·U! UO ! Jn",,~ ~l'np", 01 [l,~bll" "'~ d"~ "~l JO SlUOld""S 'J,np~I"p'" ,,,ndlU",1 
"' rJI'!W.JJ ~""41 pu~ S"l,H U! I'Jr ,·,o.Jd 'UO,,",O<lO " II U~"" l"'< ",uO.J~JJ'P ''II 
'd.8 ~.II'mU/,"· 3'l1 '" U'''''''1 ' ,u ~ l qmJ j~~IOU~ 01:1>11 ,,'"~ umlnlO< <I'll ""IV 

·IIS!'~r PJ1U""o-poiqo JO SU""lU~'~ 
. .(IJJ r~mlJTIJI' JO ."" ~ 41 ·(II"JOl"U voodn' "JljO rue ' I!~PP "'ll JO 'pnur JO J.J"J 
"~I 'iii"!'""" ~J()lU 'lU ~IUO;JI~ '"SJJdx~ "lloUl",e,1jO.l[! ~~, MOllu ("TIlll "~",,n~ 
' ""1 P" ~ [-4~'~ "" 41. · •• ,g"njjU"1 ~u!Ulw ,"ioJJ p,'J I ·~;ll~ XJ IJwo, pun [n)'o,,,od 
'lOW J~,'~ JOIJ ·,or "I "~"'l "'4 ,Ul<npUI puo "~~""J'JJ W01) J'Uod,~, ~41 

' u"!I",,,,k')o """i '~ IJ" '~"'! ,"~u I,,!!~q 01 
"'u'lun~ 01 'uoll~"ldJ~ P'lU \ll ~l"" q "~l ',w",ji<uJ wJ UOlUW'" " 11 :.-(1! 1'<I '''p1I1n JO 
1"'lUJjJ ~~l S\ ' ''~'' ''! UJ ''''''''t!' ~41 01 pU" '''0' '41 01 ;juoppy '~J""PJ"L] lOll' .'.0.'''1)'''' 
~ lUOl"i, ~)" ~p", ',1 '1 ~L] ) U! 1<0' "'["W "'II ·SIl41. "UUJI J lnlo'qg U! "'0.' ~J""lJ'''' 

'lIllf1dWOJ.u~ ,,"OIJ.J,'l lU,SNl <H:)r"I(Ul{ I n lRt~\fH:1 t 9t 
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There is 'luite good agreement in { h ~ ,esul" of thi' mixture of bnguagc. "nJ opr 'i
~ "{ ion" Assignment s{~W","nl' predominalc, suggc$ting 1 h"' the , imp k ,now"'e'" 
of lbit" i, o f high iml'.)rl "n"~ . Thcre i, ,,1'0 " I'rep<",.k,"n'~ of c""J Lt,,,,,.1 "etc· 
mem, (lr. LOOP). Th~'e ,{atcllwIlt, ,He Iln pl", ,, cnted HI mach i n~ bnguagc wil h 
oom~ ,,,,t of comp",e and hranch i"'tn'''lion, Th i, ,ugge", Ihat I il ~ '~'1u~ n c~ ,on 
t ro l me<·hani. ", of til e in'true, ion ",I is imrorw Ill . 

riwsc rc,ull , arc Lfl" 'ucl,,·~ 10 IIw ",,,cI,,ne ""U-ucl",n set designer. indicat
Ing which 1)'1"" of ,t,tcme[\h ,XC UI' m,lSt uft"" ""J Iherdorc ,hould be supported 
in on "optim ai" fa, hion . Howc"c , . th~se fe, ul lS do no, T""O,<I which ,Wtemcfll, 
u'" Ihe nlml lime i" the ,,~cu li on of" I)'pica l program, I'll ,,, i, . gi"Cfl a c'om pilcd 
mach i"c ·Ia " gu,,~~ prog"" ". ,,·hLeh 't"'c'm~TlI' m lhe ,""urc~ langLlage cau..c the ~xo 

cUlioll of {he lne" t mach in c'-bllguagc i""I uCl ions'! 
['0 ~~t 111 I h i, u ndeTlying phenom~non. the P"licrson progr"n" II'AT I ~2" I, 

lk",,,»cd il1 i\rl' endlX 4A, "·~rc' C'om pikJ 011 Ih~ V AX . I'DI' . II. ""d MlllOrob 
M(OJ t<l determine (Il e "vel ag~ llumhc'I of ","chine inmuction, a nJ m~mofy fdef
cnc~, IX" ,t,kment I}'pc . The ,",cand a nd third columns in Tohie 1.1 .2 , how Ihe 
rd"l i ,,~ fr~<!uc n .;)' of o<" urr~nc~ of ":,, iou, HLL ""'ruclion, il1 , ,'".-icty of p,o· 
gl"m" Ihe da la were Obl"iTlcJ hy ol"""'l fl g Ihe ,"'Curre nCe, 'fl fULLLLing p,og,ams, 
ral hor Ih~n ju,t Ihe numl" 'f of tim ~s Iho' ,t"{~mc'nl> ocrUf in the "'UfOt' cooe, Henct' 
the", ~fe d)'namic freq uc ncy ' tati'ti", To ob{~ill Ihe dat a in ,oILLmn, lour and 
fi", (nn,enm,-IO"rllni(}n w~igh l cJ). e,,,,h "al"e ill lh~ '~<'OllJ and lhird column, 
" IIluh il'lieJ b)' Ilw Tlumkr "I' ",,,cllIne ",,"'uctlUl" produc~d hy the' compiler. 
The", r"sult , ore Ih"" normali zeJ >0 th'l colull"ts fuur a nd fi '·~ 'ho I\' the rdati" c 
Ir~,! u,n,), of oe<;,,,rcncc. w~ighl ed ~)' 1 he nllnlOcr of )l","h i n ~ i 11,1 n,el i, "" I",r I I LL 
,I "km~n!. Sir",,",!},, I h~ ,i 'I h 'H1d 'e' ~n l b c'nluHl '" ,,'~ oblain~J hy "tul! iply ing the 
frc'luell C)' of occurre"ce of ""eh st",emCrlt lYI'" h} th e rebti"c tlumher of mem",), 
fekrence, cau",J by cach st"' ~m<nl. Th ~ J:otJ in colu",", four Ihrough ,"-,Wn pm· 
,'id~ ' urr"g'" ~ me~""c, of Ih e a,Walt ime 'pcnl ~,~euli " g Ihe ",,"ou, , 1;,k lTl tn! 
'l'J"'" 1l1~ ",ult, ,"~gc" t 1"" I b ~ r"":,,Ju'~ ~"II/"IlIrn i, lll~ ",,,,I lir"c -cn,,,u"'"1g 
op"ralion Lt, 1 ),pical I I LL Ilf()~' a"", 

Th~ reodcf should be clear on the ,ignifica nce of T"hlc 13.2, Thi, tah ic indio 
,elk,; Ihe "b';,'<' , i gnili~a ncc of ,·",io,,' ,t"knwnt l}'p'" in On I fLl" wh~Tllhal ) ILL 
is c<lmpilcJ for" lyp'cal w "lc'm lx,I''''')' ifl,trucl;,," ,~, ",chilectyr e , s.om~ o,her 
"rchileclure coulJ conce i' ably produce diff~rent rc,u lt s, How"vcr, Ihi' ' tud}' pro
d L"'~' ,,,,,, It , I h'i1 ;lre ,~pr""'nt:Oliw fOf ~ont~mp<J'''T)' compln i,,,l ructiol1 ,el "om· 

.\1 ",'hi" c·I,,,,,, ... 1i IO" .\1 ,. '" "'.". 11 ,. r"n" ,.,., 
n) ."'Rk Ol~·Uffor,,·. \\'d~ht<d \\'d~hl"~ 

~" .. ,.-" I , 1'""", , 1,.,,,'1 , 
.. \SS IU"" 41 % 380;, I, '~ 1l% 14'. I"', -

I.OO P I~', ""' .:'1; 'I"~, .'.'"" .'.,,~ 

CA LL "'" l1~w "'" 3.l ' .~ ->4 '1. .,'" 
W "' 4)% I I " .'.1% 7"0 n'\, 
<;C1JU " OTIU'K " .- '";' I'" " 1"" 
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puter (( [SC) .reh;l celu", •. Thu •. they ean pro",1Ie guidance h' 111<»-< Iool,ng for 
mo,,, cfr",;ent .. "~-,, 10 ,ul'l"'" 1[1-1 '. 

O., .. ra nd . 

Much k'" "-ork hal been done on the oCCunenCC of Iyf"<'" of Of'C. ands. dCl>pilC 1bot 
,mpo""nce of th •• l"I"c_ Th e.e a'e >-(, elal a'pttls I h~t 'lie Slgnir,canl 

The ['aue".o" "udy a[ .. ady Ick,on""d 1",\ [TII23] also loo\ed lit thc Jl' 
"3n1ic f,cque,u-y of occu rrence of cI~"c' of "~ ""h[ c. (Table [J.~l. The "'0111-, 
C"",i'lent bel,,"e n " .",al and C pmp.ra,,,,. ,ho .... thaI the majontl "r referc"ce, arc 
to ,im ple """Iar "."i"!>le ,_ I'unher. m"re than 00% "f the ,"'al3" ",ere loca l (tu I .. 
l',vccdlJrc) \'"" "h les_ [n addition. rokrenee, t" ,,' ",).~I" meWrcs require" pre"i"." 
,dc. "nee 10 Iheir index or poi nkr ..... hic h 11&" '" j , "'ua ll y " loca l ",,, I;i r. '1 h '''. ,here 
;, a prcponder,""", of ,deten,..:, h • ..:~ I;",. :l1ld the", arc highly io.;" lw:d 

[ he 1'.1 tN,,,n 'tud~' exami ned Ihc d~'namk hen,,,';,,, "r [ ILL pro!!r,",,, indo· 
pend~n1 of the unde rl ~ing archilcclur~. A, d,,,,,,~, ... tI t»forc. it i, n''CC ..... ry '0 dell 
"'1h actual mchilecture, 10 "um"," ""'l!ram II<:h",'ior more dc~l'[)_ One ,Iud),. 
[I Lt(l.,' Onl. cum,ne<l IJ EC .1O , ,,-,h "':,,OI01 d}'llamic.lly a ..... f""nd Ihal each ",>true· 
lion "n lite 8..-eta~e .. rere""". 0.5 opentnd '" me"""1)/ alld lA reg,"lc",. <',m,lar 
, ,",u[t, arc IClIOned in [HL:CK1B] (01 C " " ... at and IORTRAl\" progr~n,. un S;17(1. 
I'D I'·II and VAX. or coul';C. lhesc h~urc. depe ..... hlgh[y on I>olh Ihe a.cl"lC(1ur< 
11"'-' thc <:Om",lcr. hu{ lhel do ,IIuslr61e the fre'lueney ... 1 ''l'''mnd acre",ing: 

The..., bne, ,Iud;", ,u~c'llhc ,n,po't. ,,«, "f a" 3rchtl'-'<'1ure th.tt len,,, ,!lIcK 
101.,'1 ope'a ..... a"'''Mi"g. beeau,", , hi. '~"!1.1I0" '" pe,lormc <i "" (,e'luenl l)' The 
P"lle""," 'I ud~' .uggc~t, Ih.,1 " [""'1(: cill ld id"le ror o,,!lllli,alion '" lite m<'Chanilm 
fo' '(or;n~ "nJ ,,""" >sing local §calar viu j"h[ c, . 

P roc edure Call. 

We h.,·", ""en lhal proced ure ea[[" ",,<.I 1'eILl1'n, arc an imporlanl a'J'l:CI "f [ILL pro
~r:,,)), . The e ..,Jcrn;c ("I ahk IJ.2) ,ug~cit~ Ih;o, the,,", ;Ire the """, I Ilme<on'''m;n~ 
01"""1,,,,,, III """'pi[ed ! I LL p' <:>gr.n", Thu,. il ..-,[[ he I'!<tfit ab[e to COfI",<kr " .• )~ oi 
""I,[c ... enu,,~ Ihe"" operalion' dr",icnt[). '['''0 a'pttl.i are sign ificant; . hc n"ml:ocr 
of ""nomete .. ~nd ,an.hlc. lha' • l'"lCC<.Iu. e deal' "" h, anti the tkplh of ne,lIng. 

I an"nh3u", -~ ~tudy IT A~E7~1 found Ih3t <#I'll. of dyna",;"'l1)· calle<J fII'XI." 
durc' "CI", p.a<<.ed fe"a than '" a, ,:u""-'"lf. an.J Ihat 92% of I h~m u,,",,1 fc""r thu 
,,~Iocal ",a[ar ,-.nabl= Sil",I •• ,(.'>uh~ ..-e. e reported h)" thc Ilcr~el<-y RISe Icarn 
[KA l"ElI..' ], '" .hown 1M Tahle I~A, 11.e"" ICi"Il, .. h"w ,hat Ihe numb<cr of ....... r .... 
,eqult"d P'" J'",redur~ 3el i' 3I1on;, n<>ll"r~c. l'he ,1"Jie; lepol1M c",lie. ' ..... ocalcd 
I h~{ • t"~h proportion of ope ,and refe,cnc",,, h' I'>cal ""alar .. nab[e •. Tho", 'tud· 
ie. ~hvw that t"OK rdc.""ec' arC It, fac1 conf,nc'<ilv re "'t"'cl~' r,·" ,'a"a blc~ 

r.,no! < ,\ , 'cr,,!!,' 

I"'.,..,,,, ..... , '" 2_'" ~ 

ScoLu mutt< . , ." ~ .... 
",,"~"""'..-. ",.\., "' c' , 
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remit. "·,,h Ihe lacllhal m, .. ' alX",..." ar" '0 1,,,,,1 'oCala.,. ""a,·y . ~lia,....., "n "'P
Ier 'IOfa~. i\ ,u~~"'Icd, 

I he rc~~"n Ihal '~gi> l"r 'lOr;,~c i, ind;',I"d i, 110.01 il i. Ihe fa.le.1 ~.;"I",* 
'Io'al/." d~"kc. f"SiC' Iha" hoi h ", ., i" mem"rv "",I ,,~ch e , Th~ rcg"le' fi Ie " l'h~ '· 
ieall)' >m"ll. "n Ihe ,,'me d"l' ~, Ihe AU I and co ntrol ""i!. Jnd eml'l(»', ",uctt 
,horlc, addrc •• ,,, III"n add rC$'oCS f,., c.clte and m~"''''y, Tho •. a "r .. ' C~)' is nc-cdcJ 
Ihat .. ,II ,lIow Ih" mOO h<"<luenll) ~cce,..ed opcran<.ls 10 be kepi ,n re, .. I<·"" "nd 10 

minon"N .eM'ite,·memory opcrrlllon., 
1 ,,,. has;' appro""bc' a.e po...,blc .• me bar.cd 'm ."II"a.e and I hc "Ihe, OU 

h,,,d,, a,e. Til" ...,flw"re app,o.~(h " 10 rely on Ihe «»"l'ilcr 10 m~,"""e '.gnl .. 
,,-age. rite "()l1\l'iki "ill "II ~"'I" I" a ll(lCalC r"~"I"" 10 lit"", va""blc~ '''"1 ",I] b( 
,, -,.,d II, " ",,,.1 HI a giwn ti", ~ per iod . Thi, "I'rmach , eq uire' ' he usc llf .... pl"' ,kale<i 
pr"gram·~nal)"i' "1&0",11"", The h;"J"'~r~ "pprooch ",jmpl), 10 "'" n1<lr( rcg;"· 
len; >0 thai m,,'e ,ariabl.,. ~an h. hdd,n regi"ef> fn' Ivnger I"'riod< of hone 

In Ih', :cecllon .... .., "ill d,...,u~. Ihe hard"Br~ al'r'ooeh. '111" ~pproach h3' 11«. 
I'ionee,ed by Ih" Be, keley R t"C poup [I'A' I l"lI2al. was u-.ed in Ib,' fir<! COIIImcr· 
",al RiSe proJ''''I, Ihe 1'}lan,,<.I !R,\GAS31' 101<.1 i" ,'unentl~ usc<.l '0 Ihe popul., 
SPARe a,,;h ,I ,..,Iu,e. 

Regisle r Windows 

On III" fa<", or ,1. lite U5e of " I."~",,,I of regi,'c' " >-houl<I <lc,",~""" III~ ", ...... 1 h, IK""" 

mCmOf) Tb" d"sign I ... ,~ ... '" organll.c Ih" r"g""C., ,n .uch a (",b,on Ihal ,h",.,.,1 
" reah~cd 

Ik ..... dU"'" m",' opcmlkl refcr""c", ale 10 I''''-J! ;.calal'. Ihc rm, iou. al'!>tO","" Ii 
11> ,1I>,e Ihe"" in ,egi'I""". ''''h p.rll,,1" a f . ... · ' CH,"lc,", , ,,"' ",cd fOf gJob;,1 .ariablo.. ..... 
'Illc pnll1lcm is thai Ihe <le!tnil lo" of Ii"".! ch",,~e' wllh each p"",.du.c <.11 ar>d 
retu! n. orer"'io'" Ihat ocru r frc4 L1c"1 1~, 0" ""crv ca ll. 1"" .1 "" ri "hl~, mUSI be ..tl"d 
from Ihe 1<~"lers into mcm"r~. "" Ih al Ihe rC~"'cr~ c.n be rcu,..,d Ity Ihenll o..! pr<>
pam. h,,'hermo,~ r~r.mcte" mo", be p"',,e,j On le'urn. II", ,'ariahlc. "f Ihe ",r' 
ent pr",ram m,,,,t be "!,,ored !loaded hacl ,mo 'Ct" 'e,,,) and resulU mU'1 b( 

pa,....d l>ack 10 Ihe 1"' .... "1 pr'-'lt""n 
I'he ."loilOfi ;, ba ... d "n '''0 OI her , ,,,ull,, n: ...... rtcd '" Scclioo l.ll, "'N. " IJ'P" 

i".II',,"':o<.lurc e "'I'I"~,, ,,"ly" few 1'"",,0.1 1>a'a"'''I"'' and IDCal ""' ,lhl", jTaNt 
L"lA), &<.'onLi. Ihe del'lh llf r"~~Llurc a,li,ali"n fluctuate- "·"h i,, a rd:'I,wl)' n",· 
row r:,"~" (I ' i&u,e ~.161. I" c' l'loil Ih"'" I'r"!,,,ni" ,. nOll l lip l ~ ,mall """ "I "'~i'lon 
arc ",~<.I. each ""igne<llo» d,ffe, enl pf(lCcdu rc. A I"""edure e. 1I ;o"lOmati<.II) 
,,..,,,·h .. s ~h( r """'''''-''- III u<e ~ <lifre",nl fi""d.~ib: .. ,n""",' of r~g" .. "" ral her I""'" 
"""ng ' (I"lel'> In m .. mol}". W,ndv".-.. for adJaccnl pf<)c.d"r~ .... ,,,( mOllal'f'l-"" 10 
allow p." ~"'" ler passing 

I he o.)nCepl is illu,hale,", '" "'gure n.l. Al an)' I""C. llnl)" one ".-ntlowofRg· 
"Ie" is ,,,,hie ~ nd ;, "dd,,,,>,,hk a, if " were Ihe "" Iy "'" 01 ,egi"c,," (c . ~ .. "<.klfc,..,. 
o Ihrough N I) . The windQw i, d"'ided into 11" ,,( f i ~",I ·, i ,c orCa' . )';"'''''" 10' r.g· 
i'ler, hold I",,"melers pa.,;,:<1 do", n fro", 110" I'rocedu,c lha! ,ailed 111 ~ curr.n l pm
~c<.I" , c and hol<l rc,ults 10 ~ I,,,,,cd ba,k up 1..<:",.1 regiMe" ""c "sed 10' 10<31 
,·ariable •. a' a""gned by Ihe "'.mpiler Temporary rc~.."c" a,e o ... d 1(1 uchang.e 
pammele,," and .esult. "'Ih Ihe "e(t lower k.d (r""",dlll'" called hy c~ rrc"l pro
<cdule). 111" Icmpvlar), reglMen.' v"" 1 .. ,..,1 a.c phy>tcally Ihe o!<l1u.c a, Iho polO. 



Olelcr "gi'le" "I I he n~xt h)"'cr kvd Tni, "vcrlap )"'''!llt, p"'ametc1" to be pas>cd 
wilil .. ",t I hc "Clu,,1 !llm~m~nl of d"I', 

To handle "Ii)' I",,,;,,jhle pall~rn (}f call; and relurn;, thc m'mocr ofr"~"kr win · 
do"" w(}ulJ hovc IU)", unbounded . In'to"u . thc rcgi'kr w",d"w, can I", u",J t() 
huld the' f~w nle"t ,w""t p"",dure ",I",,,,,,,,,,. 010.1", aCl;"ation, mu't he ""'cd in 
memory "nJ la,,,r re,tor,'J "he" the Ole,l; llg Jepth deere",~" Th"" t he "~I U" I ,orga· 
nizalion of tk register file i. a, a ~iTcubr huffer of o"cd"p!''''g wi"d"w" Two 
noW bk e,,, mp,", of Ihi, "ppm:tch "C<' Sun', SPA!{(" ",eh ;teclure, J~"'riheJ ill Scc
ti"" \ 3,7, and th~ IA·04 ",dnkcl u'~ useJ '" I ntd', II:oniuOl procc><or, Jc",rilxd in 
Chapkr 15. 

Thi, organization i, shown in Figurc 1.\ .2. "hoch depict," ci .. ,ubr huffcr of six 
windo"", rh~ h"n"r i, f,lb! to" depLh "f 4 (A ,""lleJ B: B calieJ C; e called D) 
with proccJU!C 0 "cti,'c . The CUtT""I-willJO" pointer (ewl') point, 10 th e window 
of the currently acti\'e pfoceJmc, Rcgiq Cf rd'crunec, hy " ma,'),;n,' ""truel,,,,, Ore 
off'd h)' lh" po",l" 10 'kknllill~ tI" "uu" 1 ploy"cal regi,te,- The savcd-winJow 
1,,-,i"1<'1 iJ~"t,fic, the ",i"d"w mo,t ,ecentl), <aved in mcmo,)' , Jf proced"rc I) n"w 
call' proc(·Jurc E. argument, for E ;orc piJc.;d in D', l~mr0r"fy f~~"lcr, (,hc o"cr
iap Ixlw"~n w3 and ",4) an d Ih~ eWI' i, ,,,I\':tn"eJ hy one """J,,,,, 

Irp,,,"~d urc I 11l~1l "wl~,,, caUtoproccdure F, thcc~1i cannol he made with 
the curr,'nt ,lUtu, nf thc huffe!. Th., i< be",u,c Fs "indl'w o\'"T I;lI" A', "';nJ<1w If 
F hegin, to lo"J it- IempO"H~' "·gislcr" preparatory to" ",II. it will ""crwrite the 
p""m,"tcr f~~i,tc" of A (A. in), '1 l1u', "hCll ('WI' i, ",creme,"ted (moJulo 6) so thai 
it hewn,c, C'l u;llt" SWP. "" ""errupt ocru", anJ A' , ,,;nww i, ,av"d. Only Ih~ 
fi rst two porti,,,,, (Ain and A loc) n ~~J h~ ,",",I. '\h~n, lh~ S'I'.'I' i, iner~"";HteJ 
"nd thc ""II to r pTOCC~J,. A , imil:" i,1t~rrul't e'On ",:cur (~ , ,clum;, For example, 
'UI"c~Olcnl 1., The ",t"'ati",, "f F, "heu II ,durn' 10 A , CW I' i, d"or~m~nteJ and 
h,'com", C~U"ll() SWP Th" cau""s an inkrrupt thO! rc,,,I,, in lh~ f~'tO""""T1 " f 
,y, winJe''''. 

hom lh~ rre"cding,'1 cao Ix --Con Ih"t "n ,\' ",,,,,1,,1" t~gi't"1 file can holJ (}nly 
N - I pmccdure' aO",t,nn, . I h ~ ,,;,IOle' "f N neeJ twl Ix large . I\j ,,'a' m"n'ion~J 
in Appe"Jix 4A, one ,tuJy IT A"IIK1 1 fo"nd th"t . wiTh ~ w;nJow, .:t ""'~ 0' rc''''T~ 
is n~~,kJ on only 1% oflhe e" ll , or Tetm", . n,~ lkrlck), KISC m"'I'utc" U~ ~ 
winJ""" "f H, r~~"k", ~a"h, I'Il~ PyramiJ CO"'pute'! "",plo)'s 1(' ",·inJo,,", of,2 feg· 
iSI,'" cacho 

r .,an .. ter Loc.] Ttnlpu ... r~· 
<"<gl,IO'''' '"!V'i<''''' f.Ri,"'" 

I~,r.m<l" Lo<~1 Temporary 
rtRi,,,,," ~I".r, ""~",l ers 

L"dJ + 1 
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~11:<l'T 13.: Circu'ar Huffer Orj!~,,,n' lOIl of O,,,L'r>p.'<l \\'rnJO"s 

Global V~ri"blc J 

rile ""n,Jow ",heme jLl" ,Je"::fll);:,J l'n)vi,J"".n "fIj"ien, or!'."n;"""'" tor 'I~"" g 
local >cal~, ""rr"blc~ on ,c@"' crs, 11"",e,'e • . • hi, .... 1'''''''' doc. '''.'' "dd,e •• Ihe ,,~ 
10 <IOIe gloh"l '.'Mllks. Ih""", M"",-"",--d b}' more . han ooc pruccd .. ...,. T"" "flli"", 
.ugg ... , ,hen,,,,,"c,, Firs •• ,',,,,allies declared a~ gioNI ,n ~n IILL can he a .. ,~ 
mem,,,) h><::~lIon' by ,he eo" ,plic •. ~nd 311 ",..cb,ne ,n.," ",lion< lha, rck,~"ce 'h<!or 
,-an .• hle, ",II ,,0;(: m,·mor),·.dc'~""c '>1),,,.nd.. I hI> ,~ 'Im i~h'f,-,r,,~r,J . r.um boIh 
,iI" liJ.,J",' ,,,e "",J rof",,,,c (""lIIpile . ) poi"" "f view. lI"we"er. 1<11 I,c'lucml)' 
acc"~",J Vl,,!>:r l ,';ori" blc,. 1'''' sc hen' " " inelli eient. 

An (, ll ema '"',, " '0 Il\cor('tJr",~ a sci of gloh:o l' Cs"tcrs in Ilw l""""-.:jV'. I he .. 
«'g""'''' ",)\lid he fix<XI in nUlliher ami", "ibllk \0 "II pro<C,J UI'C<, A un,r ... -<l num
bering ",heme can be u".-d '" .. mpllf~ Ihe "" II ueilOO I", mal For eump1c. rcfe' 
ene.,. to .e,"lel' 0 ,h",ug" 7 could .dc. 10 uni" .. " /1-101>.11 .eg'"'c"', 8nd 'den-ncn 
'" 'C~I~'C'" H ' hrou~h 31 could t><.: "ff""ll!) ref". I" I,hy.i<:al rc~"''',", in .he CUff".' 



~ 

~u~',"r l'" .,~,w ' " 

""Il"""" ,","'''.'" ' ~OJ 
'"P''' "" r ,"'"q ·'~''''''.'''''S 

'.~ "" ,,'., I "'-'; p.'''' " 1 '" ,,, H 

"".",~ ,, ~, '''~ 'IU 

,,"w." "-'''1 1','''" """'''H 
,~p'. ) 

~"~"'JI '[" ~,,,n',,~ 

~ '"'" 'U"",.., 
"·" 1' ",<'>d "0 ~»'-'I '''''''''/'''~ 

"14'-W'., 1"'1' '1' 1'-'"'''''''' ,1'')'''''' 
'-'N "" "., I'" I" "p" I 

''' I '''·I··~' II\, 
~~J ,."ft ... ·>lI_l 

,"o"."w,i.lO 
."l,'"J puo "I'd-J OI,,~oli -·'~ Jq I" " " """"""~j !i"fI " 1' 1".1 

-wow ~~"" ' ';'' !_\' 'l"~nb'''J u! " '~'!l" " " " .'JOLLl~UJ j(' ~,n "'II .. ,j,,", !"o.u~" R "'4)1." 
"'l~nl"nu '\ll"mn 'wl-'r ' ''II • ..,n"~~\1 '4lJor "UI".' U ~JIIP'·1< ud "I' "'I r~",,,,,~pr 
" "lO'''"''! r"" "'~I' ! "~' LJ~~''']'''I "l~r)O l""lU~.'O\U .'41 '~ I 'J J~I,,;1~l .,~ I '11' .. \\ 

"p, .. n ,{ [L''''~ 4 

"'J 1l!" ,["q()l~ ~"4," ~~"'Il"I 'P (}ll~lldLU(J~" "'J , ,"0!JJ!P '!)' ',0'''''''''11 '''~I~'''' 
I'''IOI~ ,'U"" Plo'l ueJ 001 I' -""l" ~ ,lj 1 ~401~ 41L" P')U"'Ugludn, " ~ ICI J"I<"~" , ' 

P"'''4-'''''P''!·'' "4' JI 'm"'I' Plo'l P"" "'[~~' ,e.' ,-"'J'1l J~,'O"'r ,ill"~"U"W(p Ii'-" "4~'D 
V ,[ fS::J.J.V)[ [ P"''' '( 1 ""'~4 ~j" LL!~ LI' J" '''~J " '(I'''' In,! -'0.1"1 eO'< Wq{'I~ ,{U"W ,(11""<10 
.'Je ~JJ4,L ''''14~U"., 1"""[ '" IP," '" l"q')I~ ;Ju 'I P""4 J" ~ 1 'I,,(IR,'" '''I·'EJ ~'l1 

'p,,,n '4 IOU II'" 4"4·" JO 40",u 10 ~ L!'''' '''1''1')0 ~"'Iq 
" U! '1'",1 "1,'",' ~ LII ',,,, U! "'Iq"!"",' ""'''ll .' [Un ,,"eIUOJ "I'J J~I"~,lJ ~41 "'''~4 .. \\ 
" ~"'-'[q m ~4J"' "'I I olm 1'"'1 ~'" "1"(1 ',{~u"!'!JJ~U! J" 11'" lO'IIOLL~ '''OJ) SJ~JJns 
~LP"" ~ LII 'PU"'I ""1''' ~ 4' "0 '\U."1l " I PJIWII~ ~J" d, ·"orm,,, II") ·"11 p~~LJ 11'-" 
'''''I''':'OJJ 11" I" " ~'T1"':XI ' ~"""' J" ~,n lLJ~1J!JpU! 010lU ,i"lU ~I') 1~1"~" V 

'~I'.I J~I";J~l U IOU 
puo ~'p~J" 4"·,, "14",,><1 ~JU 'UOJP. j~4 jO ~SJ 41 U< '~Ul.'''' "on 'lL "1"1' J" ",t'l j~'IIO 
pUF' " L("pn'l"UI ~" 'pn I)'" '~1'1 " ,,~u" "~PJ ,il"",,,lU II" 1".'"1 A I 1R'"U~~ '~ 4"'" '~J()!LI 
·"'4pn,.j "'[I""!uwu,(p U"!l"n,!, "Il <') i mpe,', ,, I' ~,n"~~~ '~,~J, J" ,....,n IU''''JP 
~'o'" , ~"'" ,{ "lu ~lP"' ~ 41 '1""'4 "4)0 "4 1 un -r"U!q~J "'" '~Iq""e ·, '"lP. :>< 1~""1 
II" "'n~~"'l ','UJI' ,'W' plnn~, ~I') ,"1"~OJ o~,L ""1'1 ""r" "' I"'" 1'."" .'IIUo.PJ !O ""'I 
·'''1'''' '1'1"4 '4,"" '-'4,1. ',un"",,,p" ,.1111'"",-,,,1 1 - ,\, IU~;)'1J 1>0'U ~ 4 1 )0 (·"" U"~.-\" 
,"" rut," )O ~'"~ "," , ~11l U! ,J""' I '~ l q"!J",' '" I''''' [":X'I ~LI1 II" '1'1"'1 "I') j,),,;10J 
P",p.q-,,,or"'·" J'll ·'~,p~"Jdd~ "," I ~~ 1 )0 '''ll'U~ l'~J "~~ ,,,,,Jw,,, .; ' ~ I ~I'I" I 

~I!J J~I'!:i~J [~UO!I'P"JIII""" U pur '4~"'" " n 
01 J~Il"'1 pur JO [Jw", "4 plno." I' 1·'41'4'" "I '" ''''OJ'' ~NPJ~'II UO[I,,,,,b "4,L ' lil() 

·"' ~lU Pl'q ~"mu" 4~n"~I IU '.(1Otl<o,tl 04""'" " ~' I 4, nLlI '1''' O[!J '~' ''~~J ~LI1 '", ~,-, 
)0 )"",,J "'II "'OJ..! -"1"",''1 N'''' ~'Il p~'n Jq 01 '(P ~ ' I ,'J" 11141 '"14n!,,,,, II " JO P"I'" 
"~U'I' I"~ JOJ j.'JJn'! ""J '11'''''''' '" 'l~ " "."np''' ." "H'! P~llUP'"J() allJ J"I"~'l "'1.1, 

;HP~::> snSJ.)A ~ l! ;;/ J.)1.!:-I~1i .):-IAW} 

"JJ l'!~~J ()) p.)U~"'""4 
Plno4' '~14""P',' ["4()1 ~ 4J.14" JP ' ~'p l,mu '~I,JlUo, "41 'W)!I 'P!''' " I ·;iu""JJI'PP. '~l 
" phj U[ "1.1,",1' ~lU f'omwOJ~" 01 u~PJnq JJ"·"P'"4 P",""DUl u"" ~1~4 1 ',""PU!." 

Itt 31H --'HL<;)'T-f)l ~'),'IV-l Ii.!O ~~n .Ill I 1,'(1 

• 
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ories are ",1 a,soei,tiw ,,·ith , , m"" ,d ,i'.t . I II us. lh ere i, the danger Ih,,\ nlhe< 
data or in" ruction' will ,,"~rwnl~ fr~'luc"lly used ,,"ri,b les. 

lJo,eti 0" l h~ J,scu>s i()u >0 fa r, lhe chni«' bdw~~n" L"g~ w",dow·ba,ed r.g
"tel' fil e and" cache i, not clem -0"1. There i~ onC ~h"r"dcristk . however. in wh i," 
Ihe .tgi<1ef app ,o"ch ",k"rI,' ,up"n", ,,,,J which ,uggest' !ha! "~",h c_b",cJ ,)~. 
lem will h... n()t;"c"bl), ,I()w~r. Th;, d;'tincti on ,how, up in th, "",uunl of "ddfo",
Lng o,'e, head experienced by the two arr",a,'hc' 

Figure 1.1.3 iilu,I,atc, the J ifkn; r"c. To reference a local Kala, in a wind"",· 
ba,~J r"~i'lcr filc." ','rrl,," I-- rc~i,ter IIumher and" window numbe r "rc ",ed. 
The", c"n pa" ,hrouglr " rdatively simple de~ooe r to '<CicCi onG of the pliy,;cal .e~

ilt"", T,) .dere"c" a me mOf)' loc<ni,'n in ,·" ch ~. " f LJ II · ,.,idth me mory addfcs> mu,! 
t>e gcnerM~d , The complc,;'y of I hi , oper" lion d~l"-'nd , on the addfc;sin g mode. In 
a wt ",-,,,,,,,,Iiw c"~h~. a p",I ;Oll Of1 h,' adJfess is used to fc~d" nLJ mlle' of "'0'"' 

In , tructi ,," , 

InSI",{,tion , 

T'll' Data 

(",,, .. fi7 \ ~,~ / 
I 

, 
(bl Cacbe 



"~'OIS PU" <pool ~w'" 'II'" '1""1' "'I"IllU P"" 1"'" 
'1"""" IPI,,'A "~,,'~;U "II ~IIII " ~UO P" '"~'PIll " ""'1'" ~''''IIIIW'' 'ii ' '''OIOO ~I'I" 
.,,><1 Y \">.l0J0l JO p~JI'UI p;><" .>JC i "'4"W4·""".1J PU" limp"II') 4d.,,~ ~I;U~,PIUI 

"'I",h, "'I I '''0'1' 'II .~,I put '~l'lii<>J "'I"'IW" lI~r.' I" "'" J"PI! JO "",~"I>..,., ~WH 
~1I1 '''011' "t 'r I ;un;!',1 ... ,.",,;!.,. l~nIJ~ ~~'II ' o,u, r~I"hlJ()., "'l '" "~I'~~' "1O'I,u." 
." III'" ",.,'k>Jd H ~,un.~y · ... ''''"d ~4' J" "Id,u.n ~Id'u"" " t' fl :).In.i'J 

I"p.:>:'" ~." {'''I ' u~'I'" ,;~""u~ lIb p.:>1"JJ" '4' " 'J ;1.)\.,,1, 'l"'U 0, P"''' "'-1" "((' 
.,.Oi" f'U " 'P""I pUll . ("",,~,u "! P""'IJ "'l "mu P·1J( 'IM "'II""""' 1"'11 "{'Ou "")41 
11."11 'p~,U}f1s 'IinJ ,OU '''''P iIS~:",,,1 '''l! J I 'P,,!~.)j ;IluU- ' 11\ n, p, .. ll ,,'~ "'I "'", 1(>1,'J 
.,""" ~' I\ ~'"'I' '"41 pr"'N '"~ ,, , ".)JJ() nqw"" "'I'"'' "" "',, ''' ''10' U 4'"'' LI ''';'~ ."(1 
"'I"~ "I ~r'"'' "~<ll '! ,(Iou,'n", uy ',"U"""J"'UL I""bl' "I ,llI" "" ,'4 pol",,,r ~'" b 'lI 
U~~ , ,u~wll""J ",,,,.11.,.,1 ;)<"''' ~'I ' iuunp "~'''l ... >1" ""~''' •. " "'1'''I""i' 0,"1 II '>.l~'" 
_jb, _"I'-"lw.is "'I ' ."E lid" ,:i ~1I1 J" ,.'1">U "'Ll - lId~,1f :>JU)'~)'~"" .. ",,,$:).1 E P\'nq 01 
p.",{wu~" ",~,lIold "'1 ' ',>-1' 1 ." ", "'PI-""II"J ~1I1 UI " "I'I,ud '~lldwoo ~41 01 1','1<1"1'" 
.. "' ~I'l"Jd "4,1 'SJ"I"~ IU~'~JJ'I' JO ""I",np ~II' ~w""'''u "I W 'C\\ ~ 4"'1< PI "'I' 
('1' [MOe ''''''Ioo IU.>,.,1I'1' ~w4 PI"'u 1"~",,lp~ 1041 1I"n, >;rro<'u 0, '--'''1'''' .olI .. "B .,.>1f~ 
1"'" '"I'l''' JO 1IUL1"~U"J 4delll B UJ'''D -'''4 ' '! ""'1'10' 01 i UUOloo 4d",;! J4 1 
lr,".~O I I.l ''Ill I I 10.) '<I!lMOI [oJ 'Z~I VI o j .'i~' ·I''''''' J" ''''' I,h"",p ~1I1 ,,,o'J 1'"''''' 

.'0'1 Jol>ou4"" ~ " 11.'''1'' '~ "! "'1'" 'I(I~I~ 'B u _"o,,~ ~, ''''1 "It"", .)S 111 ul p-h n "I"oU' 
""" ISOlll ,'nb,u4~" 1 .>lLI .,"''';!,,,'' ~ LII U! 1,,!,1d ","t~ ~ "" 1'1 "~,,,;l~. 01 p" \llI", ,, 

"'1 HJ ~J" '~!l,,""nb '1 Jnl'" Jp"Jp OJ" 1'''' \lO! '''/ 'LL""I" ' 41)0 ~'u'"'' "u. 
·'UOIl"'J<i.u 1"""""""1,,,, ,, l('J '1".,od,u'l "'~ , "~." 

u' PlIlll\jmb UO'II<"" '" 1"" " ."~ ",o'pn,,,,,, ~""<-ru" 1'''0'1 -'u'''W'01 ,""'".,'" 
" I 1',''''''","0 ~J. '~"'I"unb ~4' J" ""',,. ""41' .... ,,,,11;,, I.~J uelll 4 11-" IB~r '" '·"111 
"cnr-. .""", 'U~ :""'1' '"0:'-,1I0:>ld ~1I1 JO uolund "'1""",'<1 " ""JI "~Isr.l~, I~~J ~ml" 

"II ' ~'~II' u""' del""" 1<'" "'''P ~:'Ie"" .>SOli" ""U.,i)1 )l1"'l"'-'S "~I"~~J 1""')0 
""'I"'~u p~x~ ~ OIUi SJJ"d", '''I''''I'U,« J" U<lmn" 1""""'lun ~4i , d"w U.l'1' ' J!,d,"oJ 
,~ I '''1",1;, Ie" "" '" J'I"'I'U,'~ ~ 01 p"u",," " I~, ,,;I.,, " Ul 3'''1'1>'' ,oJ JI~P'I'U"J 
1'" ''' 4l .,!,,, ,, ,,I> "",,\IoU') 'P"'I ","(110) S~ '" U~1"J '1,,.,,,,.1,," ~'II -IU'JU J~ ur 
''''''I ",,;>do ~JOJ'-PU"-P"() I ~/ ~'"LL''''' (" P"~ 'J],,,,,",,u "Lli'" "'''I' J~'I ,"J 'PI'~~'" "! ' 14 
"",~J ,~ W"II"lndw,,, ," IL"" ," "'J '1,,,,,.,,,1,, ~LII <!.)J1 OJ " "o l,JLuoo " 41 )" ,,,p,,r<l" 
"ll, '11""!I'''lu],(' "'I"'U;oPI ~' " ~"'l!lU~n r-. w".J~,ud ","I I"l'I '''~I''~~' oJ ",,,,,o"'!"' 
LlJ'IJ'3 ou ."" .... " J" '""II ";1,,,,:'1"" 1 P'\"I-'J'6'1I " U' U~lI"" ,u".:!o,,,1 V ">I'.ltUOJ "'1' 
I" '1'1'41"''''''''<>J '''II .. .>:i~"" .,,"""'" I,,,,,,,,. ,d,, ':>'0""' s, ~ , ul ''''''II~"''' .1Sl lt p;j"., ,~, 
"" ",q~I'P'p''' "'~,,,",,' ILl (?(-<) I . if J) J""Im"u II"'"' R 'I'''' ' "III ,"ou "",,,,,c .. ,, ,:1"1 

NOI.LVZIWl.LdO 'H3..LS1:)31I (l3SVO"lla1JdWQO Cfl 

'.11"0> """I"n",,,,, Wj . 4"",,,)n u''' '' PP'' 
~4 ' {q 1~"'·1l4" "'I PI'"'' ,,,.,,,,~,,,,,d,,,, ~, ((",uJ ()J_""d ,.,~"" I '>J ",~'" 1"""1 ,oJ '"'' 
-~"n' " ~I~ '~"'~~' p~<L"I·'''''PUL.'' ~~I . ;pu"''' '''J';>d J" ""'.'10 )u,oo ~'1' ,um J '''''I I 
','~U"[ "14"""P'<l000 Xi Ii"" ~,UI1 ... """" "4 ' '~I!J J~l"lI." 'II I ,e I<cJ.e" ·'II~"·' ~4 ' 

JI U~,'~ ,e4' '.:'p "" I'ln"4' 'I 'p"' '''''''''' p"~' ~J '," "'~I ~I""" ~1I 1 JO ~uo puc .'6", 
~~ , 'lit .. I'~.e"wo:!., >""I'I'~ ~1I11" '~"I'od ''''j1oll Y 'J~'~ ,"" ~4 1 '" lombJ d., r"~ 

f L t "OI1.~-l:II~' J.dO }j.1hl:HlI <l]~Y']-"'H"II.tI~O ') I \', J 
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In g~neraL th"n: 11 a t .. ~d~ .. ,fr "", ... «n the u""' ur a Ia'ge"d of ",~,(c", and 
ronlp'l<-. -based "'g"'e. ' ~" 'mization For """mplc. IIlR A[)91 31 "'1"'rI~ on a MU<h 
Ilmt modd c..J aRiSe arehncclUJC "·,,h [calm'c' ~I"lIIM 10 'he MUlofOla t\NJOlllnd 
the \ II I'S R2000 I'he r~,<=an:hc'" ,all.d rhe numl>cr "r .c~i~le," from II> 1<> 12S. 
"",/rh,'y coll,ide,e.1 I""h the uloe of all ~cllcral purpose reg;"'" and '<B"leI'> 
'plil b;,:lw~~n ",l(,~cr an d (lomi"!'.-,,,,;n' "'c. '!l,e" .way ,huwcJ thaI" ith CO"cn "on
ric rc~"t ~r "pt l mi,.,""" 'here" hnle he nefit 10 I he- LI,e uf mor~ th:l" 1>4 r ~g,slcrs. 
With rca,onnhl)' "'phi l l,,;,l,,d tc ~i'ter ortinll/ ... """ l~cht1 i quc'. Ih"r~" ""I), "'ar· 
gi",1 performance imp""'.,,,."l with more IIHm ,12 'c~i' l cn;. Finall)'. th c~ noled 
thai with a ,m,,11 nutlth", "f fC~j'tc" f c , ~ ,. 1 hI, a tIt"<:h,n ~ ,,"Ilh a ,harc<l r~~"I~' 
"'pm;"!,"" C('<;UI(, fnSIe< I h~n ' ''''' "'j, h a spli! orlt"nwll jon, Similar o,>nclu'loo! 
Call be <lra,,"'n from II II IGI 1'111. "hich reports on ~ .Iud) ,hal i. primanl~' co"c~rrn:d 
"'lIh ophmiLlnto: Ihe use of a ,mall number "r "'It'SI"" r~Ihcr than oo'''parln, III< 
u,c "r la.!:c '~S"'lcr 1oC" ,,',Ib "plm"" al ,on ~rr",,, 

13.4 REDUCED lNSTRUCTION SET ARCHITECTURE 

I" 11", secllon. w~ I",'l al ><'''''' o f the ~~n"r"l d"'li.eie, "I .c>- of "ml tt,,, 11101" at,{)O 
for . rc<luccd m' lrociton 'el a",hileclurc. Spcc'(,,· tXllmplcs ""II he,....,n lalel In Ih" 
ch~".cr. We b<c"n " ' Ih • <I,,,",,,,,,,,,, or mOl"",I,,,", fur '-"<mlcnlll<lraf}' coml)lc~ ""In"-" 
lIon ... 1 alchilectUO "ll 

W hy C ISC 

We ha,'~ nOlc<llht 11",,<11" "d,e< ,n"lroct i[)n .,.,t.. "h .. h mclude" LIf~"r "Ulllbcl 
[)f ,nslrllctW" ' "n,1 ""lie compk~ 'n'tr"el,,"'';. I 'hlp'''''' '),'' I ,ea",n! h.'e nUlIi· 
".'teu thi' Ir e nu " d.,i,c \() ,implif), compile" [,nd" J <',irc t" ""P""'c l'eTfu'· 



nl~n«, UndN I)"'g I>,,'h 1)( I h~~c r~ason. " 'as Ih" ~h,fI ." h'JI;h·k <d lan,uo,,,, 
(ULI.).m . he par' uf proJl;'~lllmcr", 3rch,k..::l, . ItClllph ..... lu de.ign machine~ Ih .. 
p"n ,dc,1 b<,oue. ~UI'pufl Iu. 111.1 .... 

I. " no l Ihe ,mem of II,,, cltaple . I" , ay Ih,,1 Ihe else designers lUUllh,' 
w,ung d"""""n. In<kcd. I'>;:cnn<c I .. ..::hnolun comum,', ." c,'"h-e ,,"0.1 bcc~ u", a .ch ,· 
Icel urc\ exi,1 a long a ' 1l<.'(: I,'U", rall,,'r Ih"n in 1"0 ncal c"l e~o, LCS. " bbck·a"d ·wh,l e 
:l """'"noCll' i, ""lihly c>'c rl,' C "' Cf~C "l'h'"" \he ",,,,,,,,,, nl< 'hal follo,,· a rC "",pi" 
mea nl 10, I'"ml "u\ ",me uf i llc pOle nl,,1 p;lfoll, m Ih e U<;C a pp,oach anJ 10 pm 
,.!tk: ",me Umk"la1\J",~ "f Ille mOh>'al ion ol lhe KI \(' adhe ren" , 

rhe for" ol lhe r~a"",. <ilCd , ""mpile. sim pli r""'''"n. '-Ccn" " [wi"",,, The la.k 
o[ Ihe ""'''r ile. " . iler I, lu ~ncr~lc a " '<Juentt ,,[ maChille Im,lI ucliu", fur c~,h 
I ILL ~I,lIemcnL If Ihe,e ~'c nlachi" " ,n<l",,-,1 Ion> .hal ",,,,mble HLL .Ialcmcnt>. 
Ih,. la<k i. ""'I''' fled . I h .. r~""""ng ha. been d"'IUI~-.J h)' .he KISe ,~.ea ",he"" 

fl it I" ' :,Il]. [ RAOI~J I , II'" n l<o'2b [). Tbe}' h.>-c fo und ,h~1 ""Alpin m'lCh,nc 
," , trucl,,,,, '.rc "ftcn h~rd I" cxplo,' h:xau'<C !he """""Ie, ",uSI find llICOS<" Ca "'" Ih,,' 
c, ,,,,!I )' ~t Ihe C<Ir"lruc!. 'I he ''' '~ <,>I' optimizinl! Ilw ~c" c , ",ed ,,,,-,,, to minimize "ode 
'lie, rcduce instrue,,,,,\ e xcc"l i"" wunl . and cn h anc~ l' ill<.' I"' '' ' g i, ",uch ",.,," d,f
lic ull ",, h " c"mplcx in<, rocli, n, "cl. A, cv;ucncc "I II, , ~, . 1 udje' oitcd earl;e r '" Ih" 
d':' ple r mdiea, " .h;>, mO" ul Ihe "''' '''fhon. "'" <l""I)lI ~ d p"'~ra", are 'he Ida· 
Ct>·cI~ ,j"'l>le one •. 

rhe OI her majo, ,ea ... ", < ,,~d " .he ""pocla.iun IhA' ~ n <;c ,,')1 ,"eM 'm"lIe' 
rai'er .... "!W~"'.· LeI "" coa"""C "'"h ~'p':"" of IhIS ao;,;e-",on. II,a, p,ogl"an", ",11 he 
... 'alkr ",,0.1 Ihal I hey" III U«ule faSlc, 

The,e are N 'n .u,·,,,,',, ~c. It> 'malle, I',u~, a", .. ' ,,,., 1",~ .. u'<C \,he p«'j:r~m 

. ,,~ c, up Ie", me nlO!)', ,he,e ". '~""'g' in 'hal ,e-.our,-.; . W,lh ",em",} ,0<1,,)' hc", ~ 
So lll e,,,,,,,,,,,'c. I hi , I"'l cn,, ~ 1 ad .. "n! "~c " "0 lo,, ~c r ~"mpc ll , " &. More i"'llOrt altl , 
;1\11,ll.-r p' Og,"ll" ,[,,,,,Id ""I"'''"c performdl\CC, ""J II ", "" II happen in 1"'0 "a)", 
I ',,'\1 , Ie"'"' ill>1rUCl""" ",e",, ~ I~w", i"SlTuCl ion 0) 1'" ,0> he k td'eu, Se"ond. ,n " 
p"~ "'~ environment. ' mail e, I", ~r;,"" occupy lo wer pa~c>, rc dlKm~ ra~~ faults 

The probkm wilh Ihi. linc "I ,easolH!lg ;. Ih;.t " 'j laO' f,ono ecn ainlhJ I ~ n<;( ' 
I'~ano ",ill he sm~lIe r I h~n p corr~'fK'ndi"g KIS(' I'n~."'. III many ea"", lhe 
( ISC [>TOgram. up,,,,,"c", '" "n,I><.Ii<' machine langua~e> "'~) 1>0: .1",neT ( I.C_. [c"e' 
on . .. uell" n'J. bUI Ihe nu",h,;;, "f 1>,1< of memory <x( ul" cd nI~) 1101 "" ""I,ccahl> ,,,,,,I/u Table 13.6 _Ito .. ', ,~.u h~ fro", Ih,ee ' Iud,~> I h,lt wmp," cJ . he ,iz~ ,>f 00111-
I" led C p'og,am. "" a , ,,''C,) of ma"hines . including RiSe I " h,eh h''' " ",du"",d 

hbk' 1J.6 ",J,. ~'" 1(01;",,,· ,,,R ISe l 

1',\ T1112.1 [K,\"I.:IIJ I III t ,\'11\.11 
I I e I', ,,,,.,,,,, 12 C I'r~.' 5l' I'.~ 

Rls< , '" '" '" ",,),._11 '1-'0) "' OM 
M!...:l.O} "' "' 
I--'-It: 12 I I! 

Pup·, ln" "' .1.11 
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In\tructi<Jn..,t arch,lc<;,urc "",,'e ' hOi Ihcrc" Imlc or 110 "'''' in,..' u"og a { ' I~ o>e • 
• R ISC II .. al", IDler"'''''g I .. " mc Ihal Ih( VAX. "hieh ha' a mueh mOle rompltl 
IDSlruell"" sel Ihan Ihe PDP-II lIChie'~ ''''1'}' lou ie ''''' '''1<' o~e, Ihe lauer. 'n..., 
'c.ull~ ... ere "",firmed by I B \I ",,,,ard,wi I RAD llUl. "ho found Ih;11 Ihe I II \1 801 
(8 RISC) prnJutttl ewe Ih,'1 .. a, 0.9 IImcs Ihe <ilC o f code on 38 IB~I SJ371l. TlIc 
'luJ~ " ",J 8 ><:1 o f PLJI program§ 

I here arc ""'cral r~ason. for I h~"", ral h ... <urp''''''g re.uh •. We ha"" ahc<ld) 
""Ic<l lhal rompile ... On Cl5C. I""J ,,, f~'ur ~"nl'lor ""Irueli","" so Ihal Ihe co ... 
,~",nc>' " f Ihe ~" ",plo, ""Iruello", ..,k!om co" >c!\ int" pl;,y. Also.l><cau,"" Ihere art 
"" .re i",,, uclion, on a ClSC. longo, 0pcooc, arC 'C'I "",,,!. I'r" .. Jucing 10n£N InSlru" 
lion'. Finally, R ISC, I ~nd 10 c mph;j'i ~c rcgl'I~1 lit I hc, lhan mem0l)' rdcr~n,·c>. "nd 
Ih e former '«I"ire k"'cr hll,. An ,,:"nplc ()f Ihi> 1 ~ '1 dfcel is di oc"w;J 1,,""'; I\tl )'. 

s." Iii" "' I",,,,aliol\ liIat" ClSC "'il ll"odu~c , m"ller program>. wilh Ihe ulten· 
J,,,n ad\',n lagcs, may not be re ahzcJ I'IC >",,,,,,,1 "'''ll \'.un~ faclOr for i"erc." n ~l~ 

oomrlu i".l ruclio" ""Is w". that ,,,,I,,,CIIOIt uC("ullon would be f., iCr. II -.(;(rtI. 

10 Jlla ke ""nile th" l • complex IILL O!"'(nlIOO" ",II c , celllc mo,e '1uickl\· a< 8 "nli( 
machlnc instrUC1 lon rather Ihan a. a ..,. i~. of nlo'e ptlmll"'c in.l ructions. U .... c'cr, 
hc:cau'oC of Ihc bias lowarn lhe U'oC of III","", ""'pic. In'trucli"n •. Ihi. m.)· n'~ I>e." 
The cnh.e con l.,,1 unll mu" I>e m~de mu r ... complex, .nJ!or Ihe nllerop"ograrn 
conlrol .Iute mu" he ma<ic lar!!<, •. to n('Com",u.~"c a ri<bc. Instrucllun S':l. [n"",r 
f3c1()r "",rCase, Ihe ex.-culion lime o f Ihe "mplc "'>I'Uclio ..... 

I" fact. """,e researebe '" h.,,, I"""J lhal lhe .pce<lup in Ihc c ,cnllion of ''''''rI<''' 
fUnCllOlll .. J"" no! .,., much I" lhe p'",cr of lbc ool11plc~ "",ehllle in,I .Udu" a, 10 lht" 
rc_klcnce III l"gil ' >I><-""" _,,",uol store [RA 011lJ] In erf''''I. the cont ",1 ,tme act, .. "" 
In'II'UClI'H' cache , Thu" Ihe h"rJw"rc archll cel i; tt, Ihe 1'",illOn of u}ing 10 Jctcnn inc 
"'h"'h ,"bIOUllnc~ 0' runcti"'" ",,11 I", used t"""l frc'l ll"nll)' and w,,;igmng Iho ... : to IIIe 
c~m ttol !lo'e by implementing Ib ~ 1II ill n'k"leoo ~ , "'h~ ",,,, II, h""c l>ec n k,~ Iba" 
c""IL"a~lI1 g, On S/NO S'~lom'. inslruction, slleh '" ' I """!;,I~ and EXlenckJ·I'reci\ion· 
H,~'!mj(·Poi nl ·Di"i"'" rcsiJe in hjgl""f".'~J '1", a~", "I"k the' 5e<jueoce in\·,)heJ ;n "a. 
11I~ ~p rroc.:<lurc ""ll' 0' inil""lng.n In!elful~ 11,,,,dl ,, . o,c;n 'low~' m,"" nle,,,,,!)'. 

·I lc"~.,, h fo r f"'HI d~a. ' hat a "cod 10 Il'I("rea~i"gJ)' " In'pl", "",,'u~lion Sf!> 
" "1'1' ''1lf I31e. Thi. ha. Icd a numbe. 01 gr<ll' I"" '0 I,ur",.., lhe opJl'O"ite 1'<11h, 

Ch;I r:"'I ~ri~liC$ or Red" c ed Instru" lio li Set Archileclur~ 

All hough • '·."ely of dlfferenl aPl" .... che~ to reduced in'lruelion ..:1 u.eh"e<."lult 
ha'c be<:n 1;ll cn. ,-""laln eh 3!'3ctc"~I I~ arc COmmon 10.11 of Ihem: 

• One ,,,<lOuct;,),, 1"" 1 C)'C1o 

• lI. e~"t c .·t , .... e~"I<" Opc"tlIOO§ 

• S"nric ,,,~lr",,in~ m(>Jc~ 
• SlInpic in-truclion form"ls 

)I",,,, " c p",,·i (k . I", cr di,~u"""" <If Ih e.., cha raet",i , tic>. Src~ifio C' ''''\ llic' are 
<"l'in, C<! 1,Ile, '" 'h" chaple •. 

llcc fi .... 1 characterist ic jj,lc<l " Ih;" lh",e " ,,"" I.,ochi",· imirWrt;,wl ,1'1' 
m~fhi,,~ ~)~ ... A m<ldli,,~ n"c/~ "dcf",cd (0 be lhc IIm~ il 1;lk", 10 felch ("U 
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opcr"nd, from l'CI!"l~".l"'rforOl"" ,\LU op<"ralion. anJ ,tore the r~<Ll l t Ill" reg
i'I~r. rhu s, RIse ","chi"e iT"lruction' ,hould be no more complicOied Ihan, ""u 
cXL"<:uic "lX>ul as fa,! a,. mi.mi",truCl,o", on (, Ise m"chine' (di",usscd in P"11 
Four). With , im pk. on~",,}'de instruction, . th,'r~ i, il Ltl,' <IT n" I1 ~~U tor microcOOc: 
Ih e ma chine in, lruct,on, ""n be b"rdwircu . Such i'l'lI' uction, ,hould e<L"<:'utc t",,", 
Ih;", "omp"r~b lc m"~hit\e in>1tucti<>n' on olh ~r machine,. because it is not nece, · 
'Of}, to """c" " nHcroprogra m contlol ,t",,, Jurin ~ m,trLJct,ol1 nceu lion, 

A ""cond chara,·teri,l ic i, thai mosl opetatio", ,houlJ I", rc~;'t'" I" ,,'g;'t~r. 
w li h only sim pit' LOAD a l1 J S I O K I.: operations "crcs>,ing memmy. Th,s dC"~1l rca· 
lur~ , im plifies the in<lructi()n ,el a11(i th"rdore th e wn1fol uni t. For exompk. a 
RiSe i,,,true"on ,d ",a), include only ()Il~ or lwo AIlI) imtr uction, (e.g_. integer 
add. odd wit h c,"rry) : I h ~ V /I X ho , 25 diff~,cllt ADD ;n,lmtt""". Anoth" ocndil 
i, th,l ,uch an of~hil t'ctur~ cllu"mlgn Ih~ opt imization of registef usc. so Ihat fr~ . 

guon,ly ocec"cti opcr., nJ s remai" '" hi." Il · 'll<:~d "or,,~c, 
Th i, ~mpho,,, Oil r~gi'ICT -to -regi,t", operal io"" " 'lOt" hie fo,. K Ise d~'i gl1 s, 

Conlcmpor"t)' e lse Tll ochmc" provide such in"ru.t;o", but al"" ,"cluJ~ 1!J""'or~' · 
to . m,-mor~' and mixeu reg i,tcl'/Tl1~I11"'" oll<:r"tiofi', Attempt> to compare the,,, 
"ppf()"ch~' w cr~ made in the In(!>. bcf()ll' the "I'pc"ran,,~ of KISl's, Figure 13,5 . 
illustfalcs the "pproae'h I"ken, Hypothe tic:il.'I'ch itcClurc, w~r~ ~valualcJ on p,o" 
gr" "1 size "nd the lIUlltl>cr of h", of ",emot)· t,offi •. Re,uli, such a, tit" "lie' I ~J one 
r~,c"re h ~r to , uggesl that fUl ure "rd''' ~~h''c' ,huuld wntain no ,egi,le," ,t all 
[MYE K7~ 1 · On~ wonder> whal h" "-ould ha,-~ lho u~hl. "I the time. of thc RiSe 
machine once produced b~' 1>~,,"m i J, whi.h conta in ed ItO le~, tl",,, ~V; rc~i"~TSI 

What waS mi"ing f1'011\ II""", ,I udic, ,,-'" " rccogn it ion of the freq ""Ill occ~" 
to" """II Tluml:>;,;r of loc"1 seal"" and 111"1. ,,-,111 " I"'g" h,,,,, oj" regi,ters or an opti
mizing compiler, "'0,1 opcr;md, co ulJ "" kepI ill regi,t,% fUT I ,,,'~ Ix;n,xi< "ll imc, 
I'h us. Figure 1.1,51> may I", " f"irer comparison, 

t\ Ihird characteri,tic is I he uw of _imple' arlrlrc~',"~ mod~" A l rno\1 a ll RiS e 
i",tructi"m "'~ ' im ple fl'gisler adJre" lIlg_ Sc>,,," 1 "Jd,lional motl o" ouch as di,
placeme nt and PC ·re[:,l ivc. may be included . Ol he ,. ",,,re ';""'pkx lT1<xk' can be 
.ynthc'iz"d in 'nfmar~ fro", Ih~ ' impk onc,. Again, thi, dcsittlt f~"tu,c "m]l ll fie, 
lilt ,,,,lruelion ,;,;t anJ the contr,,) unit. 

A final ,"Hllmon charactcristi<' is the U><: of siml'l~ ;",lruc1;'>n r"rm.!>_ Uencw ily. 
o nl y one Of • few fm m"t, 3fC ",,-d, 111,tr""ti,," longth i. fixeJ and " lr g""d "n word 
b()und"ric', Fie lJ 1"'-1l1ion,. c'pe~i"]I)' lh~ " I".:o<ic, "r~ fi,cd, Thi s dc,ign feature has 
a l1u ml"" "f Ix;ndih . With fixed field, . "lxo(k ,J.,:o><illlg ,mt! r~g"lcr ol"'"md acccs>
in g ca n occur , imull"nen,,, ly, Simplificd fOf mat< ,implif)' the conlTnl unil, In ,lruc' 
tion j-etching is opl imi /~'i h~<''' (''~ word-l ength units "re f"tcheJ. Alogllm~llt l'n ~ 
w, ,,,-i b",mdary "I", me,n' litat a 'in ~ l~ "lSln,,·t inn <I"", not cro;' P"go ooUl,Jorie" 

T~l "" 'og~thn. ,he'" ch ar"~te ,istic, c,,, be .1S,~,,,,<J I" 'kkrmmc the poten
ti,,1 bcfiCfil, of Ihe KISC "pprn"ch. The"" l>enC/i1> f, II,,\lo t,,-o ""lin t"w~"r"·,, 
Ib""" rdelle.! W p"'rforma l\cc _ ""d th"", rdaleu 10 V I~1 impkmentmion. 

Wilh I""I"-"-'t 10 fXriomw""", 0 cerlai" ,,,"oulIl 01 '-mtUl",t,,"ti,,] e,iJ"n~e" "an 
oc pr"",nted. FiN_ ""!I~ dlc'c">'c optimv-jng "~""I";le rs can"" d",-e1op,:J _ W II 11 ",nrC, 
primit,yc in'!ruction" there ar" muw npl~,r'u llili", for moving functi"n;; out of 10"1';, 
reorga" i/i"g "",k for d l iciclK')'. maximil.i "g rcg"kr LJt Il mlllOn. 'JnU "-' forth , II is e'-en 
I"",iblc to co mpult pm" of c"mpl~x i"'tructions al "'''' I"lc L"tl c. For ~.aT\1p," . 1 he 
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'~Jnl~~) ,)SI') ~W'" JO uOI<npuo .141lUOJJ IlJ~Uaq ,{"ill "j~!'"11 ,)S lli (I) lUl{1 Un]) 
' "'IL I"~J i!lI"")J~ U Il~"'{ ""{ "J~'II -QU04'"UO ')snl JOj lU'~"n4)U' 1"!l!U' ~j{l "lJV 

"'!lS!~"P"~"'IJ JSlll snSJ~A JSIJ 

')U~rl.'.' ~lUo"'''1 

4J"oJddu ')Snl 041 JO "~"l"",'P" " I' u~4' , .. "",,,,,,,doJ~"" JSIJ , [q~J"Jwo, ell 
)U~I"-"nh~" d"p ')SJ"tI ~'ll JO ~J,,~,ujo)l,xl ~41 'UO ll'I'P" UL 'J I '11"/ I lJ I LT [ ~l q~.1 
.\~ 1' ,1"U~P!-'~ '" ',~,,"~ '"J " "~;",,d '"l! '~mp~]1l]JH l~' uOllJnJl'UL P"'''I'~.L " 
4)[.\'\ P"~I ~' I.'~P ~ 41 I" ;JUOPI'OW pUll' !flO,("1 'u~""1' '!",'.L!" WJoJJ;W l'nll' J~U"''"r 
~\Il ' ,u"d ISI\/ISS ~Iq"l'" " " uo "m'{I"J)O P''"l'UI 'dOI"'~P 01 Iln~!JJ!p" )o"~"')Jd 
IS-IA V -OW!' lI0'1"IIlO'''''ld,,'' · pu"-U~''~P " on,,, pJ10p1- IS'l1l pu",~" V 

' I t~&IHS l l!U" I')l, 
-u"" J41 01 "0'" 'II JO %9 1""'1" '{Ill<) ,,,o'''P J'4,' I .)SIli ,"II .'.LO)' I''''uo~ 'po:>OJ~W 
,'Ill 01 "'.L~ '1' )0 JI~4 In'''l~ '~W)lp~p J<}"""",jJll1'''U J!4~'~ I ~Ll" I,.o!d,( 1 " '","~ll,\\ 
'1'""U "! ""!I""'I'''"M "'ll 'Il!·" P"U~""P OJ"" ,dr4J ,)S I~ ,{Op~JO\l ~4.L "~'1 
-L."P" lu~nhJ_'.I 1""U '41 'p t) U! '~.L" '.L"I":" IRo"l ") """J~ Pu" ,uou~nJ)'Ul,'!dlU!' 
W'1l U'," ,·w,! .1,~\ ' ,illU~nb~jj Jn~"'" lU'!1 '"')LAll'" "''''41 OJ ,'Hil" I TI~' d"p ~"w:>S 
Ol''-'~P ", ""''''' '~1"'" I! "nll,l -"'~Pl' J'4"J~IUI ""41 umlump Dlj~4' 4'''lU In ~J" 
<·'kI"P JL4'-UO ' ~'''"W.L''J.L .... I J" ~"'" ·'4) '! ~n'll -'~'!J ';;~~I"J)' ')SJ"U 0 ilUL'''' lI llJ 
JllJ 'UO]W"lmU 0,"1 .,." "1'41 ·Jrm' .... "d J!4~·~ I ~LI" ""', I -J ' 4~ ~I~\'" U uo 100"''''''Jd 
""lU~ U" Ind 01 ' Iq"'<xl" II -IS, ,\ puu IS, jO IUO"I'" ' 41 41!,\\ -,~ll"p"d JSW pu~ 
ISS ponp'"pLlUI' ~'JI""'I[jUJ 'P'"<XI I!n,,," p~lurJd ~l()lU JO ~un .10 I"'U'" 'X V r\ ~'Il 
ru~ 06f.1S l·\"!11 n4) ," 4'11' ".L""",,»d I "Ll'>I)'P"J,l ' rJ~""4J ,i ll"l"~\U"pun J ~'" ''', 
-"'''''Jd ~41 JO UO!l"IU'lU~IJllll pur u;J"ap ~4) 'P,,",TI '! IS'Ir\ """!iI:1 -ll()!l"IU~w~IJlur 
IS"],\ OJ , ,') "pl'ln,,"l~ "I~ ' ,1(""" 4"!'1·" '1lpuo4 1~[IU"loJ JO fl."" pU""" ~'11 
-.','ll'~ll'i! ", " 'JO.,~,,,04 ,:~""~I'I."~ 1"')''''l'LlJn."II~ .. ~'I.L . ;l PI J~l"~~J ~iJ "I ~ jO 'l"'JP .'4' 
pu~ 1:>S UOll)lUI'Ul p"'''r,'l " JO 'p'J.!' ~4' ~ I ".L,"I"" ", p~ldUlJll" "''' ".'"~ ,o 'pnl' )"OW 
-Pll11" oj '1~"""! !,u~ ,,;iojOU4"'1 ' lq"J~JU!"" J" '~UI4"'UJ un IOU 1"4 .,"o!, 11¥"1 '·'"11 
"'1'''1' J" P"IUlT111 V . JSIJ ,'OJ 1"~"'n\iJ" U~ ~l"W 11'1' ..J041oJ Pin"" ,; un lnq 'llU(Ul' 
'" ~1 "P'I'4"'c p, "O 'PTUI,'JL I"'Jllf''' " "'J ~JU"UU()J ,oJ p'M"JlU' 10J "'"~ nlU 

<l"'):"',!'LJ! U" ~ll!"El',1J 'OJ 'lU"u~~,alU 
1" ~UI,,[dUII p\J~ 'lIIIoJ JI4'ldnlJ~lur ")1;>00, ~Ulpp I,nlu ,0 '~!-'''PLJn(''l "O'lon.ll'UI 
0, Whu,o)UI IJL')'J.I '~ 'I1 '~ 'U()lpnJl<l1l _'~ldlUll' 41< ," '~ml~~)!4"V ·"",!"","!o 
'J" IU,)W.,p "4IRJ u~~."Pq l>'>~'''P ~1" ,)dnlJ'-)lI1! ",n """'l 'ldnHO)U! 01 ~,"'UOO'~J 
,'JOW JJ~ >los,~"""d ,)Snll~4)" lUloJ 'IU"~IJ!U~!' '"·'1 lfl'l."nLjJ"~ pll~ '["~ 'J V 

'.\I1"""'.Ld I!"PP ~\lJ0" '" 1'Jlod "41 ~U"U""J J,\\ 'P' LlOlpnJI'U' p~,"IP~' ~ 
4IJ·" ,(p," )'''JP ~'OUI 4'nllI P~'ld.J" "'I U~J ~nbIU4J"1 ~UlUT I ;xI,d U()I10nJI'U! ~ 4 1 ""I) 
I ~~J SJ.14JJ"~'~J :)sm ·;lU!U'l.>JIJ uO'P"_'I'U' J" ~,n ~ '1 1 0) Ql"]" 11110<1 P"41 V 

'" Sl.) ~ lq,,,,,.J,u"'" u"'l!"'l'~j ''' ~4 1 
~,n"~'~ PIT"'" ~!'(""'JJ !UJ 0" to 'Ill ![ ~""n pue ,UllIpnll>UI """41.LOJ ,'II""!J!"'''ls 
II,n4 I'U" 100lUOO " )"41 ~14"U"""J U1~'" Plno", II '~~,",'\I~ ~Id,,,,, ,(IO,"WI ,'J '.Lfl "I,d 
-\UO] " ,{q PJWJOU'~ <UOII,"UI,UI I""" ll'4' '! 'r'''''' APU~l l" "Ho<I PU""" V 

UO!lJUnJ '!lll JOJ ,u"<];)I\.I)'OI ~"'llluu d JO a,u"" b"" P:YlllUIIJo u" ~'TI]~uJ Plno,' l~lkl 
·tum ' 41 '>11~ I -:>til!) __ 'I!dH"'~ I" ''''''''~ "'III" II," '-"'''1) ',,,,,,, lsotU ul '''H ,,-,!l'!,"I"'''" 'P 
lUJWU;J,[U ~~l l"~'" pu" 'Jl: I'~.'() 'U"!I""O[ ~LIl LI"!p.,,!1' 'P!'I'" "! PU" J~41~~" -;lUUb 
~41 )0 41~ U"l ,141 uo plI",I"p 11'," ,1.-'OlU ~41 'P~I r\~~'-' '! I! j'll!1 'P":J '''''IlOU" 0) "011 
'>n01 ~1l0 ""'-'.I "JIJ~J~'p )0 ii'u!n, H ','A()IU 'JO<PIlJl"'l tJ.-\l-'<l "~I'".L"'l) 'A",~ 1)6[iS 

6Lt :rnn,L"H.I.IH:nIV I,'" NOI,I..)nllJ .'i'oJ1 (1 3'..),1 (1J"t! I t-U 
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"" 
r",",j""", Ik,I;" L.~",,' 

(thou,"""') '1'.''''08_010''''''') (""."". -m"" I h.,) 

R1S(" I " " " Rise II " " " .\1........., " I(Oj m 
7 .. xO'(.) " ffi m 
I"[d ,A)',4.'" "" ,W " 

and Ih,,' (Z) ClSC de';g'" ma)' h"''''fil from 'he ",du,,,,,, ()f ,,,m" RiSe fealu'e<. 
The le,u il ;' thallhc morc recem RISe design>. notably 1he Powcrl'C. OTe no long"' 
"pure" RiSe and 1he more recent ClSC d"~ign'. nota~I)' the Pentium II 'Tnd I.", 
Pe ntlUTTl mood" do in"mrmal~ 'OTTIC I{ISC ch"r"dcri";,,,_ 

An in(crc·,ling ttlr"pa"""ll in I M ASI 1 9.~ 1 pnwidc, ,om~ insight into thi' iss,"" 
Table D .8 1i,[, a numb.er of processo]'; and compares them acr",," Ilumlxr or ch". 
"ctcri,!ie" For purposes of this romp"riw". I he following arc ",-,milkrcJ typical <>f 
~ d."ic 1~IS C: 

I. A s,"g lc ""tructh'" ';1.". 
Z. Thai ,i"" i. Iypically 4 ~)'Ic" 
3. A ,,,,ail nu",!>er of data odd,.cs,;"'g mode<. Iypica lly l~" than five . Thi< para· 

meter is difficulilo pin do"'n . In thc lable. regisler "".1 lik"'l moJ", arC no< 

co unted and difi",cnt form"ls wilh d i ff~rcnt "rr",t ,i,.c, a '" ""uMcd separal"ly, 

4. ,,",0 ind irect addressing Ihat requircs ),OU to make one memOf)' "CCC" to gtt 
Ih" address of anmhe' operand in memory, 

S. "10 op,""lim" 1I1"t COTTlh",,' lo"d/>\""" ","h a,ililmdic (.-.g " add from mem-
Of)" add it) I1,emory). 

6. -"0 morc Ihan one n1emory·aJdresscJ oJ"'''''''! 1"" iT"lruc(i'm. 
7. Do,,; [w( ,upport arb itrary "ilg["n"m of data for load/,Iore operations, 

H. 'v1a~imum n"mi:>cf of """" "r Ihe memory m:tn"g,-m cnt Um' (.\1 M L') lor a data 
"ddrn, ill a" ""I,uctiOTL 

9. -"umber of bit' for intqef f~gi"~r 'pc<ificr "'1",,1 w (i"c or m"'e, 11, i, mc"", 
Ih"t "I Ie,,,, 32 m'cgcr rcgi<Ecr. C'"" b<o cxp li citly referenced at a lime. 

JO. '\'umhcr of hilS for floatLrEg-llOinl regist~' specifier cqU"11O four or muto. 
This me"ns that at lca,1 16 !looting-poinl registers can be cxpliClll)' refor· 
~ n<'ed ,It a timc. 

It""" 1 lhrough 3 "l'c "" indication of ;n, lcuetio " decode complnit)' . Ii""" 4 
thro"gh S suggcst the case Of diftkul,y ()f pif"'li ning. c'l"'~i"lI)' in 01,,, pro",,,ce of 
"inual rn~m()ry re(l"iT""''''''' , Itoms 9 and III ow rda,ed (0 Ihe "hility 10 take good 
ad"antage of compil"", 

I n I he table. the fiISt eight prO<'","o" arc dc"rI)' R lSC ""hit.,cturc', I he "ext 
r"," "'" dead)' ClSC. and thc IaSI Iw(> arc pr(J(;~S,or" "rt~n though! of a, RiSe that 
ill faci h'"," 1ll""Y CISC d\a"'"ter i"i c •. 



. . .1. lI:: ""t ~ 
"" - I: 

'-~~~l 
, - • > " • " - • - 0 - • 

. t-. ! . . r:: "' .l! • -r-- • -• •. - • - •. - '. - • • • -:.' "<i '; ' ~ r- < • 

~i = ; • ;: e :: - - - - - - - - • • • • " •• -.- • s '; 

l-h , • • i , i ; , ~. , ~. , , i '" c • • .. , . '-;;; 'i ~ 
. 

f' • • .. 1 - c .. 9 ~ ~ - - - - - - - - " " " •• • - " - , . - .. '- • , 
~ ~ .~ 
7 c.., .. 

]l'i i • i • i • i , • E , E , , , i • • 

• t .! 
d , 
' l 

, i • , • , i , " , E , i , 
• · ' -- li - - -- > - • - " 

, " , " • , 
i 0 _ _ 

"£ ~ = • 

+; .. · ~;, • • - ---- - • , " 
, " • ~ ." -,, 

.j .8 

, 
; -I ' - •• • , , , , • .. .. - - - - - - .. 
i. j"" 

l . , 
~ ~ ! ~ ~ .~ I I 

, 
! ! ! , , 

l • • • • 
~ • ~ l t 

, j , j ~ 1 < 
~ < , • , , • e • • - , -



482 <":I1M'ITI>. 1.3 I R8)lTEl) I"~TRUCTION ~1:T COMP!;TU>'S 

13_5 RIse PIPELINING 

Pipdining wilh Regular Instruct ion< 

As we di>cu,,,,d in Sectiu" lZA. i[l,lrUCl,on piprlining i, often u,~d lu ~"harLcc 1"" 
fu,mance, Let'" rccnn"Jc, lh" in lhe come,l of " R ISl' ,,,chitcciurc. Most inmuc
I""" "'C r~gi"~t tu register, "nJ an in'truetiun ~)'(:k 10", the following two stage, 

• I: Instruction fetch, 
• 1';: '''ccLl'e. 1',',I"' m' an ALtJ orc:ralion ",·ith rcgi'I" i"pur ,ltIJ output, 

• I: Instruc1ion f.'ch, 

• C Exccute . ('akul"l~' memory "JJ"s.', 
• D: ~k111U'y Rc~i,tn_ lu_ m~ll"'r~' 0' memor,-to--;regi"e, upe,,'lion 

Figu'e 13.6" d"I"Cl, Ihe liming of" "'quen" of im"U",ion' u,ing no pirelin
"'~ CI~ad)', I hi< " a "astdul PH""''" Even vcry ,"npk I'ipc hning can su ~q"n'i"l!)' 
improw rc:rfonna nce, Figure 1,1.nb ,how,,, [wu-,tag,' pipdining ",h"m~. in wllich 
the I and E stage, of 1wo dllleTC'ni ""I,ucthms ",e ptTfoTmed 'i111ull" [l G"", ly. Thi' 
",h,'''' c c"n y,etd up III [wicc lhe execut ion rat e of" ,~,i,,1 "'-'heme. T\\o l)fo~lom\ 

p,e"cnt the ",oximu", spet'dti!' from ~"ing ,,"hic,eeL riN. we a'>llIne th'l ~ , ingk
pun memo,y i, ",~d and Ih"l (lnt)' I1l1e mcmory acc"" i, pus,i hl c f'~ T "a~". Thi' 
require' Ihc in'e,tio" of a "'"" , tote in >ome in'truC1iom, Secol1 d." h,.""ch in ltTlIC' 
,i()" int errupts tht' scqut'ntial How of C,"c" llon , Tn "''''ommo<hte lhi' wilh mini 
mum circuitry, a )\001' inStruclion "aLl b~ i"", ,!cJ iILlO tho inst,uotion , LTc,'m hy 
Ih" compile , 0' ,,,,,-,",blcT. 

I'ipclining ,'"'' be imp"" 'cd tur!hcl by p"rmil1ing two mcm",y aCC""e, peT 
,t "gC. '1'1", y.clJ, Ihe "'q uence shown in Fig ur" 13.t'><; . Nuw. lip to I hree in struction, 
can be o,·c,bpped. and the imp,o"eme"'" a' mUch a'" facto' of 3, '\g"in, h,on,h 
in,truct ion, C" Ll'e lhe '1",,,,JLlP 1.) [;, 11 ,hort of lhe ma,im,,", f'O"ih le . AIM), note 
l!la' J"la dep,'nJencIt" h,,,·,, on dfec1, If an in",,,olion ,, ~~tl< "n OIX',"nd that is 
"he'ed by the preceding instruction,,, de l,, }, is r"qu,,~d. Aga in . lhis ""n tx: ""(:,,,n_ 
I'hshcJ hy a NOOI', 

Inc p'I>clin",!\ d,<cu""d M' f." work< be.t jf Ih~ Ihre, 'I"g~' "re of al'rro,i· 
,,,"wl), cy",,1 duroti!)n, Because the E st"g~ L!,u"tl~' ",,,,, lye, "" ALL' opcrmion. 11 
"'''Y I,., longer. In thi' casc, we can J"'ide inlo lw,> ,ubstag,'S: 

• E " Rcgi,tcr fi le T~"J 
• E,: ,\LU ope,ation anJ ,ogi'lcr w,ik 

ll.;""",,, "I' Ih~ ,i"'piLuty and tegu lari1y of a HlSC in'''Lletioll '-"I, Ih.' dcsign 
"I Ihe I'h"Mng ,,\to three or rour stago, i, c"'ily ,,",oml'b,hed. r 'gure 13.1><1 ,how, 
the 'esu lt "'ilb a fom-stage pipeline. Up 10 four ,n,lrUC!'On, at" time """ b,' unJet 
"'a y. and the 111"ximul11 p<.>lcnl i,,1 ,p<'edup i, a facto, of 4. lo'ule ,,~"in Ihe uso 01 
"lOOP, to ",'"ounl fm' J"'a and bronch delay, . 
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Optimization of Pip .. !inin);, 

Ilccllu,"" .. r Ihe <lIn1'1e and ",~ular Mlure of IU,>( ,n<ItUCllOn •. I'il'clininlt s.hcmn 
can h." .. frorl<'mly .. mplo)'cd_ Then; arc rc" " " 1311On. In in,"'"clion C~CCU (J('" dura· 
hon. and Ihc ril"'linc C'~n h." '311 .. red '0 rcOcC1 Ih .. l-JowC\'cr. ,,-.: ha,e ..,en Ihal dll' 
and br,."",h dcp.:ndcnci~s reJuc~ Ih~ overall c<cCU UO" r.le 

-r" OO1" I>cn .. (e for Ihe .. d<:p.:nde,,,-,",, ""d~ rcor!to-~nizaliun 'c<hl1l'lUC> h.>.,~ 
h."CIl dc'cloped. FiTS" lei U' oon,,,kr I>,a"du" K ill,lw<l;"",- "~I",."d b",n!'b. a".) 
nf ,,,,,.c~"n~ (he dficicne~' of (he l" l'~ h "c. mAc, ulio: 0' a hra nch Ibal Joc, nol I"ie 
e([eci uno l ~fI~r c<ccul ioll of Ih~ 'oll"wm~ " ,jl"""1>"" (hencc the 10"', d"'",-"II_ 
The u,,( ruc( i"u IOC.l ion immoJi,(cly foll""'Lt1 ~ Ih ,' 1>1 """h is rd",,"J (C, '" (he drl., 
1'/,,). Thi, ,!r;'n~c procedure is ,III", r;i!~d ,n Ta hl~ 1 3,~. In ! il ~ colu",n I.thc!cJ ""w· 
n,," ~r;'""h." "'" '"" a no""" ' 'ymboli c ;'1>lruct;m, ","chll,,'·bt1guage 1""1:'""' 
Af(ct 1112 i, cxecu(~d . the I\ext it1,\rucl i"n 10 bc c,,'cutN" 105, To r" l:ul,""':: tile 
1"l'ellne. a "'001' i, in",niXI "her 110" h""lCh Ilu"e"cr. il\Cr~"",J i""'f(Jrtna!lCe is 
.ch,c.'cJ if 1hc in'l.uchom ," 101 'inJ 1412 ar( IOlcrch~n~~(1 

h gure I :1.7 ,Ii .. " .. (he re.ult. Ili:ure 11,7. ,Ii" ... ." Ih~ lrn<iitional ~rl'r< ... h to 
l"l",hnLn)!. of Ihe 1)'1'" di",,,,,,,<1 in ehal' ler 12 (c,g .. "'" f'i!'-ures 12.11 an<l 11.121 
I he Jl Ml' in'lrueli"";,, klchc<l al (""c.t Al (ime ~ lht: JU MI' In,lmdion i. C~.· 
CU(cJ a~ Ihe ... me lime 110,,, In;;lr""ll"O 1(l' (A DD In"lru<loon) i. ' el,-hod, Ike .. ", 
~ JU\II' ",,<'un;, whICh Up • .l31~' the pmj!:ram «>unlet. 1II<'I'ipeline mu.l hc cleared 
u f ""l1u~l"'n IOJ, alljme~. in""'<liu" 11". ,,·hLch i. lhc largC( of Ihe HI\l!'_. 
1.>:tdoJ h gure 13.1b 'h""" Ihe ", ,,.,;: l"I'Chne h~IlIJk<l by ~ 'ypical R I~C or~anf£;l
(>00. The hmin~;, Ihe ",mc. Ih,,,·c,cr. h.",,:,,"e of Ihe 1I,,,,,rl ion of the NOOP 
LL\,U-Ud"",. "e <I" nol ""oJ sf""<'ial cirUlllr)' hI dc~r Ih~ p il"'line: (he 'H )01' "",pi)' 
e,c,'ule, wil l1 t10 dlecl , ri~\lTe 11.7. ,11o"" Ih o l"~ of ll1 c <kb)'ctl branch. The 
J 11M I' in.1 ,uctiun i, kichcd ~ t I line 2. hdn ro the" 1)1) ""I rud ,n" which is fctch~,1 
a( 'line ,l Nolc. hown'C"r, tll,( th c ADI) it1SinJeI 'o" i, fet ched heforc th c "' "" "',,>11 
( \1' (l1 e J lJ \11' lI"tL'uction ha, a chan,·c to " 't er (l1 e pIt ,~'" '" count er. TI1",d<>rc. JUI ' 
In~ (LL\ LC 4. tho ADD in'!ruction;' ~,"",,\"d", tile 'arne 1in1~ (l1~t m,lruNluo 111:1" 
fetched. lllu., lhc "n~in"l <,(;m" n"~ of \hc pwgr~m "re 1\:( """,d hilt on .. Ie," cl<Xk 
c)'de .. "''1'''1\:<1 f(), c,"""u( ioo 

'1111, ,,"~rchange of inSlrUc\ion. ,,·,11 "01~ ~uccc.,fuliv for uncond,(I,u,,,1 
hr,,,,ehc. •. call., an<l rcW m , . I " r ,~'n<lI(lo"al h(anch"" 'hI> p'''''C<lIll '' c.nnol be 

· .... 1. 13.9 N<>nn:>1 and Dd'lCd lI,a ... h 

01";";",. 
,\11<11' .. , ~"I'" .. I HI' .... ~ IId.,.~ 1I1'_~ 1I ..... '.d HNI><~ 

,ro lOAD " I.IIAD X,A WAll X,A 

1<1 1 A i m " .\1)1) ,., Jl 'II' " 1111 J( \lP 10' HlMI' ' " ADD ,., 
I~'\ ADD '" M){W ,\D ') A. " 

"" ,l'H , " AI)l) A.I\ " Jlj CII 

'" STOIIF A,1; 'l II Cit STO llE A,Z 

U., ,mltl " 
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'Ii ... 

, , , • • , 
I , I " I 

1111 "' HI) I . ... I I , I 
tOl JU\ U' .I! I I " 
101,\tlll ,\. It I , 

" 
' " ll'CIOtlI,i"" ... plfI'i;".. 

110 I 1) ·\ 11 X. \ , , , 
I I I ,\.Ill) I . \ • 
. 11 JI \ ... 101> , 
IDJNfll) I' , 
10010 ~"I'U KE"'."I. b 

lOOUMI/X .... , I " 
tG I Jt MI' HIS , I , 
111 ,\ 11111 . ... I , 
II$ Srullt: .... /. " " 

IIlInd l), applied, If the cond ition (hal "t~ ,t"J f,,"' th e 11, ,, ,, , 11 " on I", altered 1»' th e 
j",mc(h"tciy 1"",,.,Jing ",,1ruction. then thc c"mp,lc r mu;,{ , or,."" L from Jumg {he on · 
!crciLtLnsc and in,t oad 11,,,,,t " ~OO I'. 01 hCfW'"",. \hc romp; ler ~a n ,eek w jll""f{ • 
u'oCful ,,,,It\lelion .fter the hranch. l1'e eXI>cricn~c "'Ih h"th the lk rk clcy IlISe 
n"d I UM 1101 s,"len,~ i, I h", {he majority of c<,,,dLto,,,,;.1 hmnch ,,"trucllOn, ~"" Ix 
opl""' l.ed on 110" lo, h"on I(l'j\ l T 1!2a I. [R ADIIl.l J1. 
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A ,imilar ..,,., of taeti<-,ullc<l .he <ld.}'e<lI .. ,,<1 can be u'iC<.l on l OAD .,,",,"', 
hon~, On LOAU instruc'ion'. ,he ,e):"'e. ,hat is .o be .hc t"rget of .h~ load ,j 

""'kctl hy 'he P"""'''''' '1 he l,rooxliW, .hen rontlnue, e ' ITulloll of Ihe in,uuciton 
'Ueam u"til ,I ,e""hes an in,uuctlOfl ''''-lun,ng Ih:'1 tc~ .. ter. at " h"'h (>O,nl It ,dl .. 
unt,llhe load i, romplete. I f ' he eo"'p,ler mil ,earrange in.ultet,o n. '" lha, ",dul 
"'OIk tan be <lone ,,-h,le Ih" load" ,,' ,ht l"l",hne, erf",i"",,,), " 'J>C,e"""d, 

As a final nOle. "" , hould (>Oinl OIn Iha' the dc,,~n of the ,"'Imrlion p'l"'hn~ 
,h" "ld " .. I be carried 0'" in i.,..13hon rr"m "Ihe. ul'tuninlion If<hniq ue~ "l'Phcd 1(> 
Ihe '),'Iem. F", example, IH HA Dill hI ,I",,,·, Ih'" Ihe ..,hcduling of i""ru(:1'"ns for 
Ihe p're l,"e ~n,l 'he d)·n"m '~ .11,,,,,,,,,,,, of rC8i"er, , h"uld be COT"",k re d loge .her 
10 ",eh,c,'c Ihe grewe" df;c;l'nc)" 

13 ,6 MIPS R4000 

On" (Of Ihe fi,-." "omme...". II)' "' l,lahle luse dill' "''' ",as dc,·dulled h~ Mil'S 
' I cch,,,,loru- Inc, 'f he ,~-,.Icrn "a, 'lI~p"cd b)' an cxren",enlal s)"em, al"" u,ing III.; 
name ,\HI'S.dc,..,lol'ed at S'lnford 11 1l ·'1NIWI. h ' 110", ""ction we Ioo~ at the MIl'S 
INOOO. II ha. '<Ubstanl iall)' Ihe .aIllC h,eh"cc'",c alld in,truet;"" ..,1 of 'hc e,>rhe, 
\ II I'S d, ,,SO" Ihe H2fU) and I(.'\IJOt1 The rno" . iSOificanl d,lfc,e,,<'C .. lhal Iht 
l-t olUOO u"". t).l . alher Ihan J2 bil~ for.1I ,nletnal an'" e,'ernal tla!a I'alh~ and ,'" 
atld, e!IIC'. fOgi>lc,,, and the ALL 

The uoc of 64 bib h", " nUlnl>< , " I ad"lnl~~c. o'er a J2· b" ,u<,h" CClure. It 
,, 111)"" . Illucr atltl,c>< '1'",,<,-I'Hse cnO-lJglt roJr;on "lx""I"'~ 'P'c'" 10 ",ap m",. 
Ih,,,, " I,·,,,b),!e D' file, oJi recII), into "ir!ual me"" " )' I". ca,y acee,"" Wilh I ,~'~; ' b,,!" 
Mid h"ge r disk tlriw. "I)W """,,,,,,n, Ihe 4-~ igah)'l c "tltlrc," 'p:occ ,,( " n·li i, 
,I we lll" c I><;c"nw, 1; """"11, AI"" II,,: 1!4 ·1'" "~ I' "ci l )' ali(\w, ,l1c H 4{ ~XI to P'occ" 
tl:,I" ,"eh:t< U:!'F tlnuhle .pJ cc" ;,,, , fh 'a '"'g, p'Jilit 'II""!>"" ,,,,0.1 d ,"'""t"' ' tr inlt'_ 
up I" "Iglo, d,aJ actef'< in a 'in~c """"" 

rhe 1{4(JOt) procc"",,r ch,p i, I'",hli""cd into 1"'0 "«Iio"" one "I)n" "'''''J .h¢ 
('Pl ' and .he ",her "," .. '.,mnll" cOI'!\l(c,,"or fo, fl lemo,,' n"'n"~~m<"'L The plQOClt· 
" ., has a .-ct'), s''''l'le arch,lectu"" T he ,nlen, ,,~s II) oJ,,,!!n a ",.Iem in "h"h 'M 
.nstru<:tion execu,ion lope w", ". " "'I'le II> 1",""I>Ie. lea' '''~ '{'ltCe au,I,.hlc ror • 
to enhance I"'rformancc (",&-. the enllfe tII"mory-managelDCnl u,," ), 

The l"uco..'\O( , ul'(>O'" Ihin ~_"'" t).l·b,1 rq:"'c","- hal"" 1'oo"d.,.. for up IQ 
1211 Kh)'lc! 01 high-'I"'ed ~ach~ h:,11 ~lICh fm ,n,lfUcti",,» and dal a. The lelah' o1!' 
la.ge cache ( t h~ IBM 3O'JO pro, I\k. ... 1111 I" 2.'\6 Kh)· te. "r .ache) """hk.,. ,he "),.,cm 
10 keep la'~c 'C" 01 prop'"'' ~odc a"d .1,.1:0 Io<allo 'he pr",:,,,,, .. , o lf-lo:.J"'J lite 
",,,til ""'"""'Y bu. and a .. "iJing Ilu' nee,1 1M" large 'eg"lc, file "i,h Ihe ~ceomp.r.' 
")'U\~ "'iml""'ing logic, 

1 " ~ tTtl<- ti"" Sct 

t':.~k 1),IU h." [he ba,'e 'm,ruet"),, "" I f",. " II Mil'S H >eric, pnx"'''or<, I.hle 
II 11 ,,,1, Ih e ad<lili<)n,1 ,,,,t r lle\ ,,,'" '"'plC",cn!e<l on 'he H4000, All rr""",."" 
II,,,,,,,,t,,,,,, arc enroded;n " sing'" n,hi! ",,,rd f"rn,., All data ope .. !;ons arc fCJ' 
tI' er W '''gi''",; 'he only ..... mory rde,.c~' .,e I'ure Ioadl .. "r~ 0l"'""ioo ... 
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The K4(I~1 ",oke< "" y,C ',f cond ,uon ,'~k' If an ifl,lruCI ,On ~encratc' 0 ron· 
dil Lon . Ihe c,)rro 'fl<mding flap' 'u e 'tr>rcd in " g" n ~'al ' rllrr'>!oC r,'~ i'ler. Th o< ",," d' 
the' ",-c d r"r 'l",cia llogic III dca l .. jlit wn,j,) I<m COOe," , Ihe)· " tlcf l lhe l' i l"' I 'n i n~ 
meehan" ,,, "nd Ihe r.OIJ"",,~ 01 in'truel,"'" hy Ihe OOrnl)ile •. 1"'le,,". Ihe ~lCCha· 
... 'm, already Implemented 10 dc~1 " 'I h ,cg'Slcr-> .Iue dcpcndene,e. arc employw 

• k"",I,lkN' _______ 01' 1I~ ... r ll"'~ • 
1 __ 1 .... _ 

L:>.IJ "". 
1 ",d 8)1. ".",_ 

I .. "" 1{"I~, " o 
u,.o 1I "I~ , »,1 L ... ,"",," 
u-J W,,,d 

l<>aJ ",~J I.d, 
Loa.J w,.J RJ,h' 
"'_ H .. ~ 
,"'w< 1l,11" .. J 
S"W< .... r~" 
St"" \\" • .1 [,dl 

S,"'" '" •• ,\ Iltj)lt 
\",-..,. , .............. ,.\ U ' ""_~ ... o 
i\'~' ,,,,,,,,,,I .. ,, 
Ad] 1m"""' ..... I .",,~ .. ..,j 

Se, ,," IA'" 'II»~ InIm<Ju« 

Sct ,., L.,., 1 ""' 1m""' .... "'· )'"w><d 
A~ O )","" " Ii .", 
OR I"",",~, .. 'o 
h" ..... -Oll 1""""~ .. !< 

I ... d l'rr<' I.....,......, 

MI'LT 
Ml'L nl 
11iV 

IJI V I ' 
\ 11'111 
)OfTlll 

MrU) 

MTLO 

M .. ~nli''''' ..... , __ 
"01,,1'1>' 

\1.1\,1'1> I ""I""'" 
Dma.-
1),, ;.3< t."" .., ,'J 
M,,'~ It"", III 
.. 0 .... '0 III 
M,,.,. ,,"'" U) 
~I.~I"W 

J . .. '" K,,_ ,~"' __ 
I""'p 

'" '" I\LM 
IIhQ 

." 
"'.H 
BG1'l 
BLT7 

lump.tId 1"", 
I""", 'u R«"", 
J"",p ,nd L.nl 1\qo<1", 

{lr.o""h "" l q .... 
1I"""h ,., "," 1.1.01 
H"""h , .. , ...... n .... ~ iOqu,1 '" 7 .. ,,, 

ijr:l ll rnon r",',,<! ,, '" ~"<fO 
lor,,,,rn un "'" ,I"," /,CI" 

BuEl H,"",~ "" (J,.,'., ,· ... on m t~"., ", 7 .. ", 
HLTZAI I'", .. ~ 00 .... , ... " 1 ...... _ l,.1 
tI(J~:lhL R"""h '"' <.o,r,'" ...... '" Eot .... '" '<10 

........ "" 
'~"'_''''"",,~_ f,' f , ... , W~,l'" " .... '_ ;..".-_ 

hill) h<lol L\>',{', I " ..,j W"'~ 1" f "'I'~",.,,,,, 

AIm" 

o " 
"" " <.i.fI' 
A ~II 

" \(\k 

V. 

0, 
SRI. 

'" ILLV 
IkW 
~K.o,\' 

A<ld Lo",u",1 

""0" .... 
~"t>t,..., t """,",J 
lid U" ...... 1 ... . 
S« ,., , .... HI ..... 1'"_" 
AM) 

'" b ,I,,,,,· ,lit 
M , I< 

~~ I .. _-

5bofl ,..,Ii ",,~01 
Sholl Mop., I ''PO'' 
'hl~ M'):h' A,,'h,""~' 
'~,n '-'<ft L.~ ,"" Von ,hIe 
" ," K'~~ I 1 ... "",,1 V.,,>,,~ 
SI .. I, l< 'Jlll "", ... ",,", V,,.,"k 

,wt> 
MTC, 

"f", • n', 
(n, 
(01'> 
IWd' 

.\i<"'< "',,,J to ("l" '~'''H 
\\,..., 1" '-'ovr_~ 
\ ..... /rom' .• .,.-,_ ....... 

....... " Cu"",~ , .. ( "1"'-"""'" 
~I",~ c,"'''.~ I,,,", e,,!,,,,,,,,,,,,,,, 
0",,,,,,",,,,,, {>r< '''" .. 
B,.. ,rl ,," c.,'t."·, .. ,,, n o< 

He}.!' " ,,',,: " (., t'.,",~ __ " , "''''' 
s,... .... ""' ...... """ 

~\S'·M I S,,,".,c.n 
H ... l 

• 
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10,' ' '''-<'ript;e. 01' 11 ........ ;-1_ ... 100_- , '<'<', .... ....... '-
<L l..-J UnA,-.j 1(,1 1 'OJ' ,I G,_""" Tboo '" ~-'I .. l 
,(, ~h~" ( o..w",-.u) -IC.11I • ~ ,i ,"",., ... 1lwd '" E.qoal Un'~''' .. 
\ \ t.( ")n, m ""r t! Lo;" '1 "'" 1 . ..,_""'-1_- lI'li "'OJ' i) "" .. 11w> U., ...... ~I 
'" ()I II"",~ , .. E4""ll.old, '11' 0 )'o'r" E'i",,1 

J'''' ~ II .. "," "" '1,~ f-'j"" )"", , 'II, r','r" '1, ~ 1 q"" 
lIl.I:7L f) ,., .. :h "" )...'" I~" Of h i"" " " I ( ,I I 1''''1''' ,--,,,,,,,'110>" , _ hi"'" 1m"" .... ' 

1."\' Li', I, 
1«;1/1 II, ,,~ h ," (m'"," n ," l.. .. , ,, L;l (' II' )(0 II' ""' 1' " ,,,," ,, T11" ('< )'"u,d t ""1"'-" 

,,,, ,,,,-~ ,,, ,, 

IIUll th,"''' ,., ' ''''' ,~'" ''''''' I"d,' 1'11'1 ""'1' ,I' L.e;. n," ,"",,,J,"~ 
11(;1:71 1\, ""_" , .. (Jr.,"', 111," '. t'~" ,,1 11 I'll 'I "I' ,I u,.. Thall ~""Y'''' Imm"",,,. 

'" l,," 101.:' 
III I/.~I II.""," ,0> 1-<>. Th.n z<.~.....r 1'101 T,,,!,,, 1"4u.<llmm<di,l, 
e 1.0,.1 I"d. 
11(.17A~ 1l"'M~ , .. 0"01<. 11Ia. o. 1 q .... " 1"1 1,,~ If t.~1 Eq.", Imm",h.I,-

e 
II( III 
(1)<11 

I~ UIO and uHI u l <l. 

II, "n,:" "" '''I''oct">'''' , TN< t ,I,'" .. ...--~ ........ -
" ... K" 0" ,01"""".'" L F.t.< '--'I_It !.II( • l<>oo.l '~,"N< (',""' ........ , 

<0"" .... ,~,. o.",~", ('..."..,, __ ~ 

I'''rther. ,,,,,<lil io,,' mal'pt.'J onlo IIt ~ '~I""~' ti le, '''~ ,ubj,'Cllo lhe ",m" ""\lI,, le· 
Itme "Pli)));,"ti"". in " lll><'"tiolt ,,,,,J rell"'.1< "Iher ",i",·, . tored in Tcg"ic" 

" , ",I h m'-"I ){ ISC-h,,,,,1 m", h''' Ci. lite M J J'\ U" " " ' lIlglc _'1- 1111 ""II ur,;on 
I<-n~1 h. '1 10" ' ," ~k ;",I1,",c""" k"~th ,""phf; ~s ,n;) rucl l"" f~lc h .nJ Je""J~, nn(ln 
ah.o ~'mplir."" Ihe ;O!e'a<:. ;on of ;"'Ir"""",, feld, ",I It Ihe \';l1ual nWllw')' m:"tHjIC
,u~m uml (;_~,. ;n"rucl;on. "" nol c,,,,,, "'mJ or P"gc bou",,~.ic')_ The Ihr« 
"1>1"",.,,," {,.rma" ( lItur~ 1-'.1\) share «,"Hllon f"rma lt lng "f orr"d"" and "" iJl<I 
,ek.c""", •. ,""phI) illg ;n,I,uc. ,OIl d<~" 'fl'c dT~"1 nf ",o.e comple> in,l r""I""" 
~"n be <ml hc'lL<:d al compile lime 

Onl,' Ihe >Impl~" 3nd III,)" frc"uolllly u.ed mcmvTY'dddl<,,,,,,ng n,oojc " 
""I>kn,~"'~J '" 1'3, d"'3r~_ All m~'''or, rcr~," n"e. '~ ~"I>I of a 16-1>'1 off,.1 f,Of" I 
lZ_b>! '~g"I~' For c.ampk. Ih~ -1, .. 1,1 .. " , 1,1' ,,,,Uoell,,,, i. of I h~ fmm 

'~r, lHIL"».o ,. 
L~ch "f the.'Z g~n~,al-pllfl~)W 1<'~ i'lcr' c"" 1", u",<l a, Ihe "'"'" fcg"l~r_ One reg
"ie'. 'Ii_ "I"",,·, wll,a i", lJ. 

Th~ c"IIIp i I ~ r make> ''''C lOr m" II ,p l ~ I\",clt ,nc ,'I>I rucliolls 10 'Yl1thc"," IYI" ~" 1 
"ddr~"lng T"",k, in ''' ''''0"1",,,.,1 ",,,el, ,, ,." S,""~ ex.' n1rk, a.c 1''''''lJcd ill T.hle 
1.1_ 12 1( ' 11()WS71 _ rile lable ,how. th e u".;: of lir e ;n.tru~';"n lu, (103<1 UPI"" imn, o_ 
JI,'IC~, 'Il'" ,">Um'l ;on h,J, Ihe "PI',."r h"lf of" !"'r;"e. " ';Ih " 16-l>i1 lI))m~J'~ l c 
",h,~. '\ClI m~ Ihe lower half I" ,,'roo 



Instruct;on Pipeline 

With ii, 'impl ifieu imlnt01 i"" "rehit"clur~, the MIl'S c'"n achlCW '''''Y dliClctol 
IJlI", liTll Jlg. II i, ;",'ruc';,'~ I() h ,. ,," il e e,,,lul ioH ,)fthe )"lIPS pipeline,", it illus
Irate, the e ,'o luti"n 01 RiSe I'ipcli ning. Ln genera l. 

The inil;"1 e'per imenl"1 R ISC ,ystem, and I il ~ fir" gene","'"'' "f u)H,mercial 
I{ ISC I",-""",,)r, achi~w cx""", i"" 'I>ccd , lhal "1'1'f< )"ch o<le insl rUCIion p., r system 
clocl c}clc . To im p,,,,,·" on Ih is p.,,.lonn,,,tce, t"o cia,,,,, "f processor<; hO"G c""I"cd 
to offer c.ccu ti"n of multiple ill>tTuct ions peT dock c)'de: ,uper"' ''hr and ,up"'" 
pipe lin o,\ aroh ikcture" I n ",,,,nee, " <"lC>C""'" I"r 'ir,'hil,', 1 ure rephcak' each ()f Ihe 
l"I",li,," ,'agt' So ,h" t l",o or mOrc i""rllel ions"l 'he ,"me SI"!',e of th,- pipelin,' e"n 
he processeJ ' im ultanoou'l ~. A ,upefpil",)inc'd dfchilccture i, one that 01"1;,',, u,~ 
of more , and mor, finc-grain"d, pip<:lino ,t"go<, Wit h more ,'age" rn"r~ instruct ron, 
,''In h~'n Ih" pil>chn" at th~ , lor,," time. iTl,'r~,,,in g parallcli"". 

Botb app.oach"., hdve lim it alion" With ,upc ."," lar pipe lining. d"p<:nJ~n("i"' 
ixtwc<n ins1ructions in different pipeline, c"n slow dc,wn tit" 'Y"em, AI,o. ow'" 
he"J logic i, re'l urred to coonh n"te I he"" dCI",rtdcrrtlC< , W" It 'U I"''llipelinirt g. Ih"re 
" o"crlwad a""",,'cJ wLt h [mn'/errrng " lSHud lons from one ,'age [0 tho next. 

Ch.ptor 14 i, de"o[ed to" S[uJ), of ,upcrscalar a rchitec ture, Th~ Mil'S I{ ~(O ) 

i< " good ex" Illplc of" R ISC-has,·J , ulc>crp i P"- line "rel1itc,'1 urc, 

I t)l" 
inoH.,J i",Oi 

J-i )'l'" 
(jLltnpl 

II .,,-pe 
(regi;!,..-) 

ore",·"" , 
" I", ,,,,,<iror" 

T,'l'ct 

" 
~hrn 

Fu oct" '" 

, , , 
Clpcr' ... ioo , , 

, " 
liJ*r''''''''' "t""go> 

• , , , 
Opc~ .. 'i"" , , 

" 

Ope r", ,,,, ""do 
:>00"'0 "'f,, 'er ' 1""'ifLor 
:>OOrcdJ""t iT"" inn ,,·~ i "l'r 'I",,,ifi" 
,,,,,,,,,.1,,,,,. t", ,,,'I1, ,,' "klro" ""pt ... ,,",,", 
ll""p tL±r~ct aJ,J"." 
1),." 0;,,,,, i"" r'<:gi,'o< ' I"";ili,, 
~hLft .,m",,", 
ALW,hi fl fu ne'lilln 'I""ifie r 

~III'S IIl"r"",inn r",m," 

", 
ltltmOO"lO I 

I 
, , 

Shill Fu,""'oo I 
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T~'" U"1l S\",h",uJ"I' (),h<r A .... ,..,..'n' \1< ... k. ",ilh 
Ihe \I II'S ,\.Iol'''''"r ~""J" 

~ (.' ,,,0.,, ull«,· ,~ (.'.' I~ · '" .. II"" - "", 

'u ;,] n;)'nl ",,,,, ,,;,>lr><, 
~--,--,~-',"'''c-.'''' '" ,,,,,,. ,>II,,·, 1< J I 

I ~ ,1 'l b" ,,,","".- I"! lu, ,I I"""", ~"',,' •• "..", 
"IJ. d " oj 
ho,: ~ ... lh"""I"If .. , ·,dl 

I' ,~u,c 1J'la ,hvw" Ihe ,n, IJUcl,on p'pd,nc vf Ihe IO(XX), In Ihe l (lO)), lit<: 
pi""l in . ad."ncc\ "''''C )"" cloc k ~)·cle. Ihe \1I1'~ '"mrile . is "hie h) rcorJc. 
in"r""ion, h, ~ II Jd,,)' "vt- wit h c()dc 71! I" ';le l'-'-" "f th " 'in",_ All '",lrUCh,,''' /,,1 
In" I he some 'CII u c "~" "I' Ii, c l"I", lillc ,l ogC" 

• In,'ru,I'''n fC"'h 

• Sou."" OfI~r~nd fe'ch I .. "", lego,'e. ~I~ 

• A I .U n"eml~," '"~ d~la ol"',.nd add", .. , ~"C' ''''''' 

• Dala n"''''t)'' .d~rcn~~ 

• W.ile "",k """ ,c~"lcr ~'" 

As illu,'r",~t!." h~Ule IJ,')a. !h~," ""ut unly 1",n,lId"m due lu r'rdmln~ 
I>u l """ 1"""" ~ Io,," "" thllllh ~ c w,ul",,' ul" .j n~k in,Ir"clI(.n, The fi).,,, ,'1..:1. 
")'ok j, d ivideJ ''''t) mn :I(I ' n, ""~e". The' eXI ~ "'" I II"" ""'1 ,,'" ~ "J uata " ""~" "1)C" 
"li'HI'to Ih c ,.me ~,tf h ,e'I""" (,(I "S."' d" Ihe ni:'I'" IIIlemal t)p'''.'iv", (O)'. D/\. 
IA I InSlrlK"hun .",,,,oJc i, 0 &Impl~r "f'c r"t 'Ull 'C'I "i'lIl~ ""I" a M,,¥k ~().". Sl~~~. 
",'crl.pp<:d ",'h r~g'Slcr fch.h in 110" ",me ,n<l ruel't) .. ("aiculal;t)n t)f a a IkltJ.CIl 

fu .. ~ hr3n~h ,ru.1rU\:I,un "I", '''crl~". ;ru." u~l i"n <.lewdc ""d .~gISler felch", 111.111 
a b.anch 31 in",ucll"n, can add.e .. Ihe I('A( I l l: acce" "f In,n ud,on; 2 
Simil~. '., a 10..0.1 ,II ",,' , ucli<>n' k,che, d~l. Iha' ~.c 'mme,I .. ,eI~ u""d hy Ihe 01' 
"I m."\lruel.on j • ] '" h,1e an ,\ U II.h, h . ","ull I"IS 1",,,"0 0.1 di.<'Clly intu ""I. ""I",.., 
i - I wi,h nu dcl~,', I hi~ li~IH CQuplillg ""Ne"" " t<lruclj"n, m" kc, for" h.~hl) 
cfli<: i~n l p' r eli ne, 

In dela il , ' ''C'' . ""dl clock ,'yc k " tI" lJ ~ J i"lI) "'1""" k ,lag" '. den"I" tI iI' <> 1 
<1>2. I he funCli"n, r~ 'fl"mcd in ""d, 'Iag~ orc , 1I",m,ni/c' J itl fabk ]3.1~, 

f he R4UKI inc,,!I'''' .,Ic" " !tum"". t)f tech,,",',,1 ".In""", O,'CI 'he R.l(J()l.I. I he 
u>c uf mu", """tn'X"') ~~"'hnolog~ " II""" 'he d,..:l '1ek , '''''-' I" he cu' in hnlf. IQ 
'" n" and 101 Ihe ""<,,,,", I, n.c '" .h~ tC~"'lcr ~k I" h.: cui ,n I,alf In add'lI"n, Ihen: 
" ~'C3IC' dcn<n~ un I he ch'l', " h"'h enabk, I h~ ""II ucl.on and d,,'~ c,,,h,, II> b( 

'''''''' rnwlc,1 on Ihe chII' Ikfo.e luuki"!, allhe fjn~1 R4(UJ 1"1"""''-". lei u. (""OIl,llle. 
ho" 'he H31n) 1)l1i'<:lonc fan 1:>0: mo<-b r.cd to '"'I"'"'' pcrfmmance u."'1t H~rwlO 
IcchI>UIOI!~' 

figufe lJ.% 'h""', ~ ~,q 'tep, R"n", mll'<:r 11"" Ih e <)ck, mil", fig,,'e arc h,,11 
;I . lung as Ih""" '" l'I~ U l l' 1.1,')a , Il~c,,"'c Ihc~' a!" Iltl Ihc " ,m" dop , Ihe' in, ' '''''",," 
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l'~"'" 
10,"", 

" 
" 
'" 
'" 

",10 
~llM 

MlM 

." 

I· ... ~ .. 
.' .. 
" 
" • 01 

" . ' 
" ., 
., 

, ...... ,~< '11.11 "." ..... «.n '" .. ,..:, .... 'm"'" aJ;I,,,. '0. "", ...... 
_'1''',", • "'"'~"'f ...... -.0, 
.... '11<1 'h, rtr"',., :..I~,o .. '" 'h< ,","""."" .dol"", 
~ ""'B '"", ... , .... In,", ,","""." ,-,i", 

l',""'P'" 'OJ"roJ '-.I~I ,' )· ,,' ',,,~..,j ,""""""" 
I)",col,' ;,.,,,,,,, ... 

1I.,>d " .... ,. , "" 
I! In ... ,h_ ,-, I,u'", I., ,, ,"" l.H ~,· l ",~j"-,, 

II "~M' ,<'." ..... , "p,.,.",," ,),.- ""'om,,," '" 1,1'''-''' """,,, ,, .,;. 
f"rl", n><>.l 

II" f", .... -f>. J..,,J.,. "-"'tI,.,, ,1>0.- ~""'-."'~ t..,. " '-eo ," ",,' 
It • m<""", ",<<< .... ,~....J •• " .... c, <.I<"'."'.J.. .. "',OU! .ulJ"" 

It • m<o .... " «,,,""'" "....,.".J.. .. ,,"wi .dol""" ,,, "".",,-.1 ~"n • 
n," 
II • .,..m"", ",1«<"", ,.."~ Vh""", a.Jd .... '" do .. """II< 

II • ...,m"," ,01<",",,' ".,,"~ ~.,. room ~ ... """," .• "~ "',.,.-\ "P-

wo", ,,, '~'I<' 101< 

""II d,.I:. cache '1age, lale ott1)- h"lf as l~n~: ", ,n")" ",11 ,,,,~uI'Y nfll)' one clo<k <)'1'1". 
Ag"itt. heeau", 01 the s r<~ dllp "r lil ~ rc~"'~' file ""-'<s>. reg i,ter read and ""te ,t il l 
"CCUP}' onl}' ha lf of a "I"". ")-"k. 

Ii<", ,,,,,,.; Ihe R4(~~l "ad,e' inC on_d" p_ th e ,-i"l ""I · lo-ph ,"'Cd I aJJrc,," lran ,la· 
I,,,,, "'", do1a}' !ho ""he accu,_ 'I h,. deb)- j, ,~Ju~~J h)· ""plconc,,' "'~ ,in "'11)
m<kxe<J cochc. anll goiflg 10 ~ 1~'''',1I1d ";lChc' :00."<-",' "nJ aUdre .. Ir.~>lal,on. I 'gwc 
I 1. 'k show' ' he "ptom""J R;',(UI 1"1",1",< "lIh Ihi. imrr"'~mcnL lk,au,"" n( lilc 
C<.~"pre"""n "f <'<nl.>. ' h~ illlla e~ch~ In", (hcc~ "pc,r.,,·,,1C<i "'pa' aldl 011 Ih~ nC~1 
~}c1e al'cr ...... he acc.:s, 

In a .upcrp.pcloncJ "",'cm c~l>"nll hanJ"arc '" UKJ ",,'cmlllO"'" r<' <:>dc 
hy "''''''' It'1! l"pclon" ,~go>I~n. ru ~1,lot up clN:h p'pe ~la!tC- 1",\Cnl1all),_ "3~h .Uptl· 
l)O~li nc "3~e 01"'r3ICS al 3 mult'ple or 'h ~ bao.c due L f,"quen,,)", Ihe nwlilpl.: 
di:pcnllill~ on Ihe Jegree of ,upcrp,pcl""nJ_ rhc R4OX! ,cchno1ogy has Ihe "')C~ 
~nd Jen~il} 10 pCTmil ,ur<rl" l'clin",~ "f Jc~ree 2. "'",uro D.lOa ,how. Ihe Oi>l~ 
"'''cIl IOllUl l"l",I",e us,,'~ l!f" SUP''''I''I>l:hnmg, ","ole Ih~'lh,, ;. ""'C,,""lly 1~ 
S'UlIC d) na",ic Slruelurc", F,¥urc 1.1..,.", 

j-unhcr improwmcnl. "'In I", made. h,' the R4COJ. a much I"r~c' and 'pc, 
"i" l lI~d a,IJc' "'"' dc,jgm·J . Th" ", :,I.~, ,I p"" ihk to ""'''''' c AU! "l>c"" ion! M 
I" 'C~ the r.le. Other imp""-""'""" I, ll",,· ,hl' c ,ceLli,,,,, ,,( 11lad" and .'on'~ ;, I I,,-,<;t 
Ihe ratc_ The re,ulling rif"'lin ~ " , I",,,,,, '" h~Il'c 13. H!t-

1h~ ){4t~~) h., ei~hl p,p,d,ne .1 "fC< ,"u"ifl~ In ," ~'",.!lV", ~,gh' '''\II~C· 
"",,, ~." !>c ,,' 'he pir<hne 31 Ihe sa"'~ "mC_ Th~ p'peh"" "d"a""'" al 'h~ rale uf 
1100 'Iagc' I"" dock c~ck-. T he eighl r'l'du,c .l ag~", a,e as follo" ... : 



• 
~ 

Cl,,,,lnd. 

.1 
I In In OF AU' ALU ,n oc, Tn 

tel '0 " ALU ALU OC, Del 

(a) Superl'ij'di",-~l ,mplmt'ntuuon ot !he opl im"",l l(")J(J p'peiJM 

Cloct q"CIt 

I" o,~! -11., .,1., .,1 
I IF Is l lI.~ J:X I DF ns l Tl' -.val 

'1C2 

Tn 
WB 

TU WB 

IF _ In,trucHOI1 f"'h li r<' h,11 
1\ = lm.l""' • ...,, f.-., b ><"-"'<1 h.lf 

" " ~ 
~.t<h <Ip<",fId' f .... '" "",,'<r 
1">InK'''''' c""","", 

In.""","m c .. "" 
DC _ DaIa~hc 

1)1 = tloO> c,,"11< lit>! II.olC 
~ _ DaIa ca<h< ~<lO'IoIlWI 

n: = T4d.,,,,. 

w i 1:.:1 RF I EX DF os TC WIl l 

(b l R~ pip<'Ii,,,, 

F"~DN! 1:1. 10 T1Ic""-IIo.1 R3(O) "nU ,\« .. 1 I{.jlO) SUp"'P'p,:ji"", 



'wn "I"W.l ~'" ";hJ ,"'e.' I"\UJ ul ~l"nh"l'" "'l rlno~' ;"'"""U PIOW","U JilJ "~I"~~J 
S)O ,(","!,'I"'-''' "41 ""'l""PU1 I'll uO').)~S JO '''''''~'''!P "'11 '1l 'UL",'V -"""'PU!," -P~I() 
4"'" t!"I'~ " " I"" op pue p~,"~' IOU ~J~ '1".'°1 '" n, P,uPJ" 'cr 41l~()J4' y I "~l"~" Ie,'! 
.lo-] " ,,,01""," '''LllO 'II!-" <1"1-1,''''' 'U"!)Jf,d (),"I "'~4.1 '~lnp">OJ" (PI '~J ) PJII"~ ,,,ue ~1'" 
PJJB4' J'~ '.''Ino ," '" p,'JJ~PJ " 1 ~~nOJ41 ~ '-'~l"~'" I~J1~OI 1'''" :J,nrJJ<>Jd (,u;u~d ) ~'" 
"II "~ ~41 41!'" POJ"4' OJ" '$I" ,~ 01 p~J1~p' -I \: 'llin0J111 tt <U~l,,,l.1j ')~I I £ 4"tl0J41 
o "-"j"S~J [~"SOI ,~'" ,,,,,,,,,,J 4""' 1 ',~,np~""d II" "4 P"J"4' <J'I'!~~' W'lO[~ OJ" 

L q-,'na'41 I) <U~l"~~' I ''' !' ·'''!. I '''''''PUL'' J~ ''''lwnu ~14sUO'I~"J " _w= '!'Il " J1U"'p'" 
n: I LJ<,!I'~ "' uOl<Sn:»'P "'ll <IJ ""'I"~ " I ["·)I'·"lt! \I\: I l" I""" " \iu!,n ".'''1'"'''"' ~ ,pod 
.~", 1"41 UOI1RIU'"""ldw! "" <'II:JI"'IIL II 'tl ~ln;l'.'1 """0PUL." Zf 01 I [UOJj ,~;jU~l pur 
IU>P''''''''I' UOI1U1U,'"qdLLJI '! ',"i>I'U",,)O ''''1lunu [RIOI "41 pue ->101"""J I'Z)O ~l"'" (l,' 
'IIe>plJ!" '1"" :.1 " ·"')PLJ~\\ l"l,,~.ll JO .-"n "'~~ll' J'l:! VdS ·' 41 . jSJ'l:! '~PV"H ~11l 'Il '''' 'V 

PS J~lS!~"lI :JlIVd S 

"Pro'" .JS l}l ,bp~J~fl ~ 41 uo ,,,p<op 1''''"4 " U01 WllU"~j() l~"!~~' Pll" 1-0' 

""",,nm"! 'I! ru" '~U'4~"lU J .)S I}I ,(JPln\j "'II .('1 r ." !d",! " JJnp~l!'I'" '' .HI V <IS 
ou ''""!4''''U ~1411~J\llOJ"J}lVdS ,'Jnr<uJ 0, """u,,, '~ljlO 01 ~mp"I'4'1" ~1!1 
,00u~JL I 0'[" lnq "Ol]TIIlJ~W~ldul! ,)~IVdS U .. "O ,It podop" or uns '.w~I',i'o'J'YI: 
uns "'1 p~" !J"I' ~,nl'" " '1"" U" Ol <J,'pJ ("'n\~~IL4J'V ,o;-';J""d " 1'1"I'nS) j}l V dS 

:::nlVdS L"O 

'~ I'J J~I'T~~·I 01 10'''1''0)11-'-'''' l l "'~' UIJ!P'1JI'"1 :~·"'4 ~l!'.\\ • 

'''''"l' ruu sP''''1 IOJ r,-"uJOjJ,-x1 "" '1'"40 ~"I ~4'~,) '~l" ~l ~"L • 

-"'~Jpr" [""",(~d "'II '~l" 
-'''UJ~ UTI. ~'II PLW ' UO! PIUI'UL ~~l 'lnUInO ~4'R' ~It'a 'P""HS J'p •. ' ~IU(l • 

'filL pLJ~ ~ll"" "1"1' ''II Ol P~IU~',""" "'J'PP" ["nll!/I '1"!J J 'p •. ' "IC(1 • 

' P~'l'~~J ~J" <lIO'llrUO" 'put' "I P"" 
p"~ ln.'I''"'" ! "~ll'P" I""U'" l~~'"l 'pu"'q "'I' -'10"''''1 y" u"'pnJI"" '4' JI " 

1"'1"1 n' lno " ""ppe J~n U" ~'"r "'ll ' ,' ,1('1' JO 1'""1 " " ,,'" pn,,'u! ~4' Jj 

'UOII"JoJo I,,,!;joll() ~!PllL41UR 
"'II "uJ{l).'Jd :nv .'~) ' LlO!l"J ,'~O A""~"-'>\-l.OI"~~J e" uOfl,nll'U! "41 Jl 0 

01"'"'' U", <O 'II,' !p" ,1.-)JlII JO ~uO :JlnJ~X,' ""!IJn'I'''1 • 

'~I') '~l"iJJ ~\II wO'l P"~~P) ~1I' 'p'wl~dO 

"'P~(U " VJ~~ ;l"1 "ljJ~J UO,pnJI'U 1 

'( lIo ,pnHSU! ~" ! r~","d" J" l ln'~J "41 un 'pu:l<bp UOII,nJl'U1 
"~I .. ~. ,) SUO!l 'p"OJ ''''IJ~'UI ,oJ ~P"'tu ~~"~~ pu", p~po"p" uOlpnll<lll 

; 1 ~ II "Hid U' JnO'''' '"')!A'P~ ~~JLII "'I!J '~I'!~~}I • 

'"nJpP" 1"'L<Ii~d '41 '~I"'~U~;l fl,J 
'~l rUE LJOIP~' i,UI ."11 "IId 1110 ~4""~ UOllO'Ul,lII ')IBq p"OJ." lfJPJ ""!IJIU1'''1 • 

'l"JJnq ~r"q'-"-'I U01I"1""'"' '41 ru~ 
,~]"' U()!prUl'UL '41 (» p.11U ""~J~ '! ""pp~ l"nlH .. \ :J I"'l l"!J 4'I"J U"!P'1.I1'" I • 

S'tl :U -',MO~ .ns NOI.I.:n~.J.~NI (f'Dn(]]lll n 1Illdli)[J t6t 



J'hJsical 
rt')!istl'rs 

• 
• 

I'roc.d" .... A 

• 
• 
• 

g' : C"","h 

" 

Logical registers 

I'''''',<lure U 

• • 
• • 

• 

g' : CI&I>aIo 

" 

figure 13.12 i, ;inolhcr ,' i ~w of Ihc register oYCflap. Th. cal ling procedure 
places any paramcle" to I>c pa,,,,d 11\ it< oUl., r~gi"~Th; lhc "" lied p" ,,'eriurc 1,,,,1< 
Ihc,," same physical regist.rs as it ill, reg;,te". Th. pr<>ce",or ,nai" t",,"" CUrrcnt 
wi"do", poi" te, (eWI'). 1<.><;,,10<1 in Ihc proc"swr 'talu. register (I'SR), thai points 
10 the windo,,"' or lhe curren' I ~' ~,~culin.>( pn.><;cdurc. Inc window in"" li d m",k 
(WI\l). ,,1>0 in Ihe PSR. indicates whic h w;"dow,",c i"",lId 

With lhe SI'A RC rogisl~r arch it ecture. il is usually nol """'-'SS"'y h) ,aw and 
r,'.,lore reg"lc" fo'" p",,"cdurc call. The compikr i" simplified i:tecau", 1he com-
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piler need be concernod on l)' with il ll oc;ning 'he 10<;,,1 regist er- fm" procedure in 
'In dficionl m"nncr and necd not be con<'~m"d ""Iil ,cg"la aliocaiioll h"I"'Ce" 
pr""edu,~'_ 

Instmction SN 

I "!l Ie 13,14 li,l< Ihe ""I,u,I,o", f." liIe' SPARe "rchilecIUf~. Mosl of the in't'u,· 
tions rcfNcncc on ly regista operanJ,. Regj'tcHo'rcgi,tCf in,tn,clwll' hn.-c Lhrcc 
oper~nd, onJ can be e>prcs"-Ai in tho form 

RJ ... 11." OJ' S2 

HJ and R, arc r~g;'ter rderences; S2 run rdcr cil her to " 'eg;,te, ()f 10. L"\·hir in"",,· 
<li"t, op"'"mi. I{c£istc,- ,~r" (R..,) i, h.,J",irtJ ""th the ,'"Iuc 0. This (",m is ,,". 11 
,u ited h) 1)'P,cal p''<'grams, which ha,'c a high proportion of I""al ,",a lan; and comt,mi< 

cwr 

WI.\\ 

., ., 

ri~.", ll.l l Eight Regi"", Wind""" Fo'm i "~" CiTe,,!., SI.d, '0 SI'i\I,C 



robi<' U,l4 SPARe lr>.<troct io" Sot 

'" 
UlSI' 

lDSIl 

LDl B 

WU! 

LIm 

,TH 

STU 

STU 

,Till} 

,~ 

'"' 
'"' 
A~'D 

""OC, 
A\ l)~ 

A~DWT 

'" 
DRC'<" 

O~ 

{)R~CC 

'''' 
xo"n ' 
~O, 

XNORCT 

n.l"tll'l ;"'" 

,"".dIS,,,,,, 10.', ,,,1i"'l> 

u>OO ~!J"d I"," 
u.,;J "gJ"o h, lfw,,,,1 

1-" .. 1 u ",i~,",d ~1t' 

l.m.oJ Lu" i~ooJ IuoIfWu,J 

L" .. J ~. ~d 

S ~i f t k l' 1" .:i,·,,1 

S ~ tft '; ~ bt ~I 

Shilt l i. M <l i1 h ,,,,,,;': 

I'In~l.,.n h"" ... ,ti~" " 

A~n 

A'<D. ' .. i,,· 

~'A."D 

~A~' [) ,, ' "" 
0; 

'" ,," 0<,' 

MJR 

~UR oc t k< 

.\OR 

XOR ><'1 "" 

bd"m', ~·OR 

h d,,,,,, ~()R.. >et ,,,. 

'" 

"DIKe 

"DDX 

AI}])Xn 

~ l'H 

SL' BLT" 

,1 BX 

'l tlX(C 

MU lSCC 

1.1. 7 / W .. \KC 4'l7 

De><riplinn 

Milhm~lic l ru.lrucri"ru. 

Ado " ,.th ""Y 

Ad" w, '" c'''' '}', <." k< 

S"~tr""1 

Su~tr><, ~', , ~ "rr)" " ' L "'" 

M"IL;~ I~ "'''I'.'''' i'T 

JutnplKr" .rn It''lr . ... lnn; 

, , 
" 

FBCC B",l(11 un flo'''"~i''~"' 
<onJ"ion 

C BCC B"ncl1 " " '"'~,~c,,'" 
,'u""'''''" 

, 

CALL C, II r ,,,,,cJ,,,,, 
J\1PL Jump ,Il d Ii " ~ 

rcc T"I' <ot "",<Ii" ,," 
SAVE Ad""" ,, "'.'M<' ";",,o~' 
~I '>IO~L Mo.""' "',oJ",,, I».,'!<"'o,d 

KElT K,," ," r"", '''p 
'l;'coHanoou, l n,1ru<tion, 

.IUIII s,;, h'Jh n "" 
1I~1~1f U'hml'l,m,· nt«l ,~,"" ioo 

"" V' 

"' R" d . ' 1~~i.1 ,<~ i ",', 

" W" ,,· , ' 1'-,,",,1 '0,","« 

II-U:,11 'n"",,1«>o <lOCI>< " " _0 
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The ",'"ilabk ALL op;:ra' i"n, ca rl I", ~'()UpcJ", fo lio"" 

• Intege , aJdition ("ith or ,,'ithou1 c,,,rl'l 
• Int~gu 'Ub,,,,c1iun ("",11 UT wi, huul t.my) 
• Il ll"'"'" fJ,,,, lean Ac\D. OR. XOR and th eir n~g,niu,,' 
• Sh ift left Iugical. right lugical. or right a"I IlTTl ~l lC 

Ali ,,( !hc,c ""auelion" except the shifts, can oplionall)· ,d l ll ~ four wnJi! ioo 
rod,·, (ZERO. C\"EU.'\TIVL QVE IU-LOW. CAl{I{ V) . SW,ed intc·gers arc ,ep'" 
"'ntcJ ;n J2·l>il tw", COnlpkmcnl f"rm 

Only ,""p l~ 10;,J ",J 'tor~ ,,, ,,ruc"t;ons reference mCnlory, I'hcr~ arc ""p""te 
lo"d JnJ store instructions for "ord (32 bib). doublewQTd, haltwu,u. "n<l byle . Fe< 
the latler two ","',. lhere "re ;n,I",ct,on, for I""<long th~,c 4uant;tics '" ';gncJ", 
un,;gn~d nllmk,,_ SigneJ nUTTlI",,, or~ "gn e'lellJ"J to fill out the J2 · hil "",tin.· 
Ii"" reg"t,'r, lJ"sign~J number< arc padded w;lh lcrO">, 

The ottl), ""ailabk .dJre"ing TTlO<lc. ol hcr Ihan 'c ~"'~ ... "a J i'pl"ccm,m 
mo<k, Thai i'.th~ cffccl iw a,ldT",", of " " "I""a"d cOIl,i,,, of a J;,plac~ment r",,,, 
on ",idTe" ""T1I"i,,~,I ;n a 'cg;,lcr' 

EA - (R,) " S2 
or EA ~ (){, ) t (){d 

J"p,'nJing "" "·h,,t!wt Ihe ",conJ oi"-'Jand is immed iate or a rcg;"~T rd~r"nce_ To 
perform" load or ,tore, an extra "age i, addeJ to 'he in,lrudion cycle, Dur ing tho 
,econd "age. lhe menlory ~ddr~" i, c'"I", I"IcJ u,mg the ALL; the 10,,<1 or ,lOT. 
O<:C"" in a Ihird ,,"£C_ Th" ",,~ I c aJdrc'''''g mode is quite versatile and ca" I", u!(U 
to '~"I h ~",,e othe, ad ul'e,,,ing moJes. as inJ;cakd ill Table I 3_1 5 

It i, ;",truct;,'e to compare th e SPA RC "ddr~"in~ capah il it)' ",·it h lhal of 
the M II'S, The Mil'S m«ke$ "'" of" I h·l>tL "ff"" wmparcd ,,;th J 1.1-l>it un"-'t on lhi; 
$ 1',\ RC On I he ul her hand, II,,' .\l l),S d,,,,, " .. t I"" m;t an addr"ss to be con,I,,"I,J 
from the "'nlent, of two registers, 

Instruct ion format 

A, wllh the MIPS R40m , SPARe u<c, a ,;mplc "",t of J2· hi, imlruetlOn (,),-mal' 
(Figure 1_1. 13), All instruction, begin with a 2·b it ol"'odc' f'(" InO,t instruction" Ihi' 

Tot o!<- U. I ~ S)"' ",,;'."\g Orh"f ,\JJf"""'g M,~b wilh SP'\ RC ,' JJTC""'g 
\tuJ c', 

MO<k' .'\ '~uri'h," S\,AKe t:,," ;,'.k'., ,,,;0,,,,,,;,," T,W. 

1m",";"" of'."""" , S2 R'~"' 0' '" ,,~"'" 
]);,,'<, E.~ r A ~ , ' ·I l I",>OJ. >luf< 

~,g'"'' F .~ E R R" . R" R,·t~ t" to "~"'"' 
Rc'g" '" n,;,[;,," " '" " ", C"' "'"'' 
D",",,''''''"' [ ,\ '" 

, 
" ,~" , " L""d. " ,,'" 
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, ~ 

c.;,tll format 10 .1 P<;.Rdati'" diSpb,"<'ruont I 
, , , H 

Il ... meh 
10 +1 Cond ! OP11 PC·Rel.li ..., dilP""crme,, t I for"lOt 

, , , 
" SETl II H .... IOp2! Imm<dj;.,le co"_tonl I format 

, , • • • , 
FI''''lln~_ 

10,1 I IlOinl I"-~t 0,., Sro-l FI""I> S,...·2 
format 

, , • , • , 
1°.1 00. OpJ Sn:·l 1'1 I~n.,....d $",·2 I G<""ral 

f"rm." 

H 1'1 I v.,,;t 0.' $ .... ·1 I""mwi." «onsrant 

f1i~ure Il.LI SPt\Re In""",, ;,," I 010101, 

is ~~I~ndcd with additio Ol al "pcot.k bit;. ~1",wll~r~ ttl the fom", \. For the Ca ll in,I",,"
ti,"," a j.(1· bit immediate operand i, eXl~nd"d ",,,t. two ,er" h,t, t" the righl to fonn 
a 32 ·b;1 1'(" .rd"t",c "ddrc;., in tw", complement form. I "struet;'''', 'f<' "I 'p,,'d On , 
32-bit h<Jundar~ St., I),,,t Ihi, f"'m o( "dJr~",ing , uffice,. 

Tho Branch in ,u liet ion ,,,duJ~, a 4· bit ~o n ditio" fie IJ th~1 corre'pond, to the 
r<lur Slant.lard condition coJe bits.;o Ihat "OlY (!,,,tl",,al '''1l "I e')H(ilti " ", c'"n I>,; 
lested. The 22,b,1 1'("T~1nti"e "ddTc;< i, e~lcnded with tl''' ,e", bit> on the righ l 1<, 

("nn " 24-~it two> compleme"t rel" l",t "Jdr~"'. An ""u,,,al feature of tho Bronch 
inSiruch"n i, th " a"nul bit. When the altnul hit is ,,," _C l, Ihe i"' tru,l i')1I ,dler Ihc 
br"nch i, alw')' ~ ("0('''1,'<1. fcg,,,Jk,, of whOlher tho ~ranch is t"hn. nt is " the IW' 
ic,, ] dda)'eJ branch ope""ti(", ro ulld on m,,"y IUSC n1"chino. and described ill 
Scdion 13 .. 1 (sec Figllf" 1].7). Howe"~r. when lhe annul bit is s~I, the' in", uction 
followin g lhe hr;m~h is nccutcd only if lhe br"neh ;s lak~ " . T he pr" ',,'>;S<Jf ,up_ 
pre • .." the eflce. of th"l m-tru"tion "'-cn though it is alread~ in the pipel ine. This 
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annul ~il "u...:f,,1 "',<,ailS<: ,I nuL,,_ 11 ca"cr for Ihe rumpiler 10 fill H,,, dela)' ~I()I 
lollo .... n): a c<m,j,"" .. al br.>och. The m~I'u<I'un thai" Ihe I'"gd of {he branch <"'" 
.h., .... "" PUI in the delay slot. hecau"" If Ihe bra""h i. nOl tal cn.the on~lru<I,()ft 
C~n he .nnulled. The rea"," ,hi. Icch"'4UC .. dC'lmhlc i. thai con<hl~>n~1 "","eh.:. 
~rc ~cnc .. 'lly talcn more ,ba" h31f the hme 

I he ''',Till IIlSUUMio" is 8 ,,,,,c'~1 ""'ru<'''''' o.nlto lood or .lOre ;0 '!·bl! 
'dluc. I'hi. f~a1Ur~ i:; neede d lu In.k1 am, 'lUre aJ,J",,, .. ,,,.nd I; .. ~c Clln,I, .. " •. I'be 
~l:111l in'lIu<liun "'" I he 22 hl~h·""Jcr ~OI' of a rc~i'tcr "'11 h '" 22_1'111 ,,,,,,,,,0,1,.1. 
"";,,,,,,,<1. ,,",.lIe,,,,,, oul the 1"", .. ",0.1" r lO !>IIj, An m .. "",h.II" con"anl of ur it' 1.1 bll, 
c .... he >p"~ir.ed ito one ,,( Ih. I'. n",a l 1""''''1<, .illJ ,ud,;o" in'tru~tion """let h~ used 
l<) till in lh ~ r~n,",lling III hi', "f tl1~ n:gi,(cl A I""d or ' tor~ i""ru~t"''' ~an ,,110 
l><: "'cd,,, "chic,'~ a di,cCi addrc"''''~ n",d ~, To loa.!" ,'"Iuc froll\ locat iun K In 

mctll(o\} . "'C cou ld u'" (ite followiLlg SPAllt ""lfULllOn' 

· " 
• , . •. '.' I • 

i .. I I, ",. , .... , " Le. " d"~' 

• n en', ",""hen ,~ 

1 .. 1 0"''' • '" • 
I he maer", %hi and ~~I" ale " ... ,,1 (" dd",c ""n,ediOic " pcrands ~ .... ,,, .. "ng of 
Ihe aP1'rop".'c ....wcc", 1>", de ~ I.>cal,,,,,, I hl~ u'IC ul ~I'" r I I I ".",,,Ia, lu 1 h~ u'< 
of Ihe [ I I 11\," ucho" on II>t Mi l'S ( I ~l:>lc 1.1. 12), 

I he iloaling-]lOinl fo'm~1 " u..:d flIt fI'MIIt'~']lOinl opcra""n.. I .. It .ltO"t 
~nd .me <1"1 inalion .c~isl~" .ne d~".n~l~d 

I'm.,II)". all o(he. ope1"liun~. ",do,lIn" I,,~d,. ,Io' c'. ""lh"'''I;C ;nll 1'-'1'1<&1 
"l>o!fallon. u"" one of the k .. t Iwn lurm"" ,I" '" 1\ '" I· igufe D. 13. O,,~ of Ih~ fonna!1 
Ill" ~~, " "'" nf two S'WTC~ r~g;"~" ,,,,oJ a oJe,,,,,",,o,, T~gi'lcr. Wh ll" Ih~ ,,!ll~r "'~S <)It. 

" ,urc~ reg"ler. n'l<' p.!>t! I mmeoJ i ,,! ~ ore,""II . ,,,,,I ,,"e oIc,llllati,)n regi,!<'r, 

13.8 RIse VERSUS ClSC CQNT1WVERSY 

I II! m"n~ ),eafS. Ihe g~neral !rcnd III e""'I,uIC' ,,, cI"Ie<:lUre and or,,,n,,,,I',,1I h ... 
il.;:ell lU"ard incrcasin~ prUC<.",,-"'c c,~"plc," ~ "'<Ire ,,,,tTue,i,,,,,. mOlC nJJ.e .. ,,,ng 
nl<Jtl«. ",ore "1"'c'3Iued ,"S,Sle, ... and .... (Ill. 'I he IH<;C mu' ~mc,,! tepre...,nl' a f~n· 
1I'''''"lIIall:>,edL ,,"h Ihe philoo;oph)' ""hmd Ihat lIe,,1I Na!urall),. Ihe ~PJ1'Ca,a .... 
of IH\C ")"tem, and Ihe pul:>h<;lI~'" of l>;lI""~ 1»' il. ptoponenh c~I"llIn~ RiSe 
',HPe, k,J 10 a r .. ><I"", fn~" Iho'" It" ""·ed III Ihe ,Je .. ~n of crsc a,ch'I~<lurtf,. 

I he ".,,-l Ihal 11 ... , bccn dOlle "n a<.Se<.S",~ "'e"l> "f Ihe IUSC apl'",;Kh .an 
he ~"'"I"'d ,,\In I"" calc~otic" 

• v"",, ' i t Hti>~: Aue "'pIS I" coml''' te prow am ,ile unJ uecu(ion 'l",ed "f 1""'" 
~'''"'' lin Rise and nsC' 1ll,,,,hil1e' 111:11 " o;c ~oml~"ahk Icchnul,,¥y 

• V,, "Ii!"Ii ,'c : Examinati"n <lr \S,"~, , tId, '" h,gh-k'cllang"ag~ ;'''1'1'0'-' a"d 
oplimum u'<Cul VLST re,, 1 e'!;"e 

M os! of Ihe """,k 0" <juan,,1 "" ,e a"":"'''lCn! ~'" b<."C" J.,,'c 1»' !h"", Yoo,klnr 
on Rh(' ,)'''cm, l "An~2h. HEATlI4 . I'A 1'1'1:1-11 ,,,,<I ,t /la' been. I>~ and IJr~, 
I,,,,,, .• hlc ,,, Ihe R ISC approach O!he •• h~'e c~am,,,ed the i<.Sue ~nd cunlC aYo'I)' 
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13.10 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

K .. y Terms 

C<)m/l'lo::x ;"'''-1><1;01\ 
flO! o<,mpUle, (CL"C) 

dda~.d hranch 
<kl.y.~ 1""<1 

higl,.kvo! )"ng''''~c () ILL) 
",du'ed in",uClion "", 

"""'pole, (IUSC) 

«gis"" Iii< 
'"~"tCf window 
SI'MI.(· 

I 

13.1 'Vh." .ore .. 'Ill O 'yr 'o." ,( " , ,n !,u;'h") ~ ch" '"'O n.'O(, ,,1' !lIse , " ~",' ; "" .. )n" 
U.l IJ"dl) oxpl;,," (1,0 '"''' b" i,' "l'pTo,,, .. h,,, u><od to min imi,"" "'";<toT-mc'11""" ul""'" 

,,,,," ,,,' !lIse ",",hmo" 
ILl If. {' irrula< regi"v", bufr" i, u>-cd '" handle lo"al vari.hic> I(.r n,,,'cJ procedure,_ 

''''''Ti"" '''u "pp"""he, tnr handlins ~h .b. 1 ,',,,i,,~k> 

ll.~ ,Vholl .ore ""mo I )p1<a l ch" .>eto""i,,, ut', !lISe ,,,,1 "O(til'" "';< ;"d,i,.,<",,<" 
lJ.~ Wh,,1 i" ,,,I;,,cd brJnch'! 

Problems 

1.1.1 ('<,",i,kring 'he ,'.II-n'luro r"lIcm i" ri ~u ,,' 4,lh_ ho" m"n)' O'"TtlO"" anJ w".kr 
flu"" (c,d' 01' ,,11K'h ,au,."" r"~i'lcr ,,"c,'rc"~,,') will occur ", ilh" winduw ,j,,"« 
~. -'" 
h. ~" 

". I'i' 
13.2 )" 'he J i","-,,,,,,, ,,/ h~"'o 1,1.2, ,1 ",', ,!all'J 11"'1 0,,1)' tI,o Ii", 1\>'" poO(o ,n, "t , ~'in· 

dow aro ""'0'( Of rc<o""J_ Why;;" '~" " CCO"''')' 10 ,"~ lh~ 10'''J''1'''') ' 01''''0,,0 
1.1.,1 W. ",,11 ,,, oe,",,"i,," tl1e cxc<u Lioll ,ime for" ~i""n pT"~,"rn ",i"~ Lh o ""iuu; 

p , pdi"",~ ""honlo' o i«;u,><:o in S-ccliofl I3,S, L<" 

,\' - """,Ix, ut' .'''''''eu i",,,u",;""' 
{) - """,I>.:. "/ "'""")fY ,,'CO~"" 
1 ""moct "IJornp",, ' ''''' '''"' 

I'''' 'he ,irnplc- ,,~ucnl i "1 ,,,IIt' me (Figu", 13.00 I, Lh~ ",,',oLion lin,,' i, 2S • [) '''ge" 
1)0",," IiH "",1;,. fo, '",'0->1.,"0. lhTec-''"gl', "nJ r"ur-''"gl' ripclmi"~ 

1M Con,iJ of tho rollo"ing 0<,.10 r"~m,nl "'" hi gh 1""01 bn gu.,~,,, 

B +- S, Q,l' .WIl, 
."., lOQp, 

Assume 'hat 0 i, .," orr,}, "t :\~-~l"0 """",," "",1 tllo V ,\ 1, hdd" in tile ~'" -I 0),"'< 
"f "[lch rcc"rd, I '''''g ~~ rode, ". C"" romp ilo thi' prog, ,,m trag""'""" t"llo", 

~"" c,,~ , 'U"~ ,o<,i. ,er E';;X ~ II" " 
, 

c. - nel. "AX, F,O X , " '""' ott,," in l:A~ 

" ,,,,x, ~' I "',> I l,,~" \'At, f' . ). 

",;" " ''Ux " , " r:«' r:c , Ice,' ,"",," 

"'" ' " )0."o "" \ 10': 



un(o", meed IC'OL \\1153. " L YNII7. OA \ !1l71 Thcre on: ,ncro! problem, ,",'i.h 
Mllcmpllllj( ,och compa,i<on'ISElH .l!6I: 

• n",re .. nil pair Ilf ~Ise and else m3chlnc, t haI arc compalable In Ijr~.qck 
tQ<'. Ie, cl of ' echnoJoM'Y. ~~IC '''mrlc. '' , "",h", 1<~li"n "f comrilcr. OJ><"~" 
"'~ 't~lcm ,u"""rl. and so 0" 

• :-'0 ddim.,,·c lest OC. "f P'OW""" ('"" •. ['c,f"mlancc ,-.,ic, wil h .he pJ()gr~m. 

• I I "dlfficull 10 >on our ha,d",a,~ effect. '",m db,,, due 1<> ,~i ll in """ 'pile, 

""""II· 
• \1 ()<I of Ihe c,,"'paratr H all"')"" "" HISC h,', I><en d(}nc " n "10)' · ",.,ch ine, 

,;o lhe , tlwn com", e,c ia l p,ad u,-I,. l'u rIIl C t" " ,, ~. " "" I """"l\c,<:" II)' ~",,"' hk 
macl1 il1 ~' ad~crli,~d '" luse rosse'l" ",, "ure of I~ I SC a nd CISC d,",ac'er, 
", 'C'>. Thu, .• fair COIn!'. " " In ... " h " ",,,,,,ne'";"1. "ru r~- rl.{· e lse moch"," 
(c,~" VAX. I'c"' ium l i, dilfiru", 

"he qu.I"~',w .,"'",melll is. aim'". It)' ddin",on. ,ubjcc'i'c, 5<-,' • •• 1 1(_ 
"'""'hel'l 1I,1\'c lurncd .heir aUcnlklll '" such "" ""'<",'nl~nl It"O l WlISa. \\ A LJ..!\SI 
hUI the re.ull, Me, at toe ... amb.!'uou<. and C'Crl3,nly ~uh,.,." In rcbuu.'If'A ITlI5hl 
an<l. ,,( COU . .... ".,u"'"",,bull~IICOL\"'b5bl-

In 1I10r~ reccnt y<'~rs_ Ihe IU SC '·CI.'" (IS(' contrmc""y has died .10"'"'0 a 
,rc;o1 cllcIl' 'fb;, " t>eca""" ' here has becn a ~rndu., ' com' crll""c<' CJr Ihc Icch" "I ... 
• ,(~. ", <lUI' dcn.",c, and raw h'lld"·ale ,pcc;h mc.ca",. RiSe ,)-,'em. h .. c 
becon.c '",)Ie collll'le" Al Ihe '~n>c IImc. '" an ..rr"" h' "'lUCClC out maximum pe" 
(""".uln. ClSC dc,igrt, haH focu,ed un I","e, Ir.,d,,,,,,,.,IJ)" a,,,,,, ,,,tcd "j lh R 1$(", 
,,,,' Il "s an l"crc.l",d " umbe . "r g<'ncm)'plL!I"><C rc~"tc" .nd i t\Clcascd ""'ph"" , "" 
i lllt r UCtl<)[\ I' lpl.'illle dc,"gn, 

13.9 RECOM.MENDED READING 

T c .. h<"'~. ,,"h ,. ... c"'e"~ "f R IS(' """'CPO' "e !W AR09\II_It'A 1T%1. and [H F NN'*'l-
1" ,\ ',9!1 0."'<,, ' he """n'~I"'"' M 11~ m .. ,hln,· In <k1.,1 I~URA"ll P"",'iJc> a l<K>d 

,,,",,',e" ,,( ,he M n'S R"'-"lII:lAl>1 1911 011"'''''''-'$ .he nul"""" from the R.IOOO pil"'linc to 
,hi; R4QOO .... P<'rIP<',ne. Tbc l>1'ARC I< "","c,ed HI >Om< tlc ... , I. [DD \ ' A\lO[ 

JI-\SlWI tI."" """. A_ LUI. l. ariJ M ulbn. J "S"t"'rr,pch ... "PI""""" .0 Ih~ "" II'S 
Arth"oaure,' """'"dJnf'. COMrcON _5"'1n~ "91_ FobllUl!'}" 1\091 

nt """" I) ...... ,. R •• n.! Sm,..".. M. MK'''P'<Kt'''''1 A l'n""""",",$ V ....... 1'1 ... ~'.".~
\1<Otll" IILII. 1990, 

liE N!"*' II <noc>$Y. J_ • • riJ F'<tn .......... , D. CUntI'N'" Ar<~"""~'" A Ou,"""""", ""p_ 
/"''''';~ Son MOl"". C A, \1 "'l1An K,"lrnann . 1'Ai. 

lVI"'E~l Kane. (j ., and Heinrich. J. ,',I I /'$ HIS( ,l ,,'hil"'iU"_ E~ G leWOU<l CliffJ, NI 
P<cn , t<'< HAil. 1<1\12, 

~lIK ,\n \-1""",,ri. S .. W"""',,, • . \1 •• ,,<1 V",.,~ nj . N. "Th e MIPS RoIOOO !'roc.»",." 
l /"l;' /:: ,',I"'",, April Im _ 

PArf98 '''II"""" D .• oriJ H"~y,J. c.""f'<'I" OrtIaniw'''''' ami /k$ifln' T!ot 1I_·.m' 
.<;'-'{lM'"" Im~'f«r. Son :'>lalea. Ck J.1'lf&ln K'''' ' ''''' "n _ 1'I\f!l. 

WAKim W.rd. S ..• 1Id 1I.'"oad R C"",,,..w,,,n .\"'''''''u,~ •. Cambr'klz<. MA. MIT 
I'te ... , I\I'KI, 
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n", 1'TO)7,rn m.'n "'" of the IMUL in>lrun iun. which "" ul'I)'''"' 'h o ,<",",1 
.... "''"00 \0)' Il>c imm{'Ji,," ",,,,,, in 'he LhirJ ul'","nJ , rid I~ooe, ,,," r,',"' r '" ' "" fi ", 
"I",, ""J (<to p,,,I,kni IV.I3 ), ,\ RI SC ",h,,,""'" w",M Ii'c 'n ~onh"\S""'O th ;t , 
' ,.,'c' <uro\l'i l., <a " " Iirni",'" W''''''",,'''i l)' c""'pl.:, ,"", ,"c,iC)." ""h '" 1M I; L. I'm_ 
,' iJ~ tho <krn,,,,,, ,,,,j ,," hy 'owr i' in g tho .,lxwo ~Ix&l prng" m withnul u,ing the 
I \1 ( J L ,",,,,,,,, i ""_ 

U.S Con,iJ cr the fo ll o"i llg loo!" 

S '; 
to .. Y- • <0 10e ISo 

s . , - x, 

A ""i~htf",,,,arJ ".n,lot ion of th i, into. go",ri< a>'cmh l,' hng"ogc "oulu I"". 
;ornc· thing lih lh;;; 

~ n 0 ; «, .. '" v, jc~ '" • " eo 
~ " ; ,,," .. ~; ,,,!c~ " " " " 000 n, 0 " 

, 
'" 

, - , 
~"" n, . J", T';"~ h~e c e '" , 
~~ f~, >2, ; p -.~ ,cr..,.,u< 0 
_-M' 

" 
h e', '_0 '<Arc " 'C O~ 

A wmp; le, for . RISe ma,'hine will ill trwU('" "elo), , jol' i" ", Ihi, wJ< ,,' (11)' 'he 
pr,"'"",''-'' ,"" ,n ll>l~)' 'ho Jl'I")'C~ b,onch m,ttliHHsn, Th o J M I' """ LI<tH,n " '''')' In 

~c. 1 "ill>, h<,'"U"" ,hi, i""T "diu" i, olw"," tu ll,,"txl b)' 11><0 SIJ L! 1n \1"","'"" 'hore
I"," , ". ca n ""'1"), pi"""" COP)' " I Ih o SIJ I! i"' I" ,,,,,,n ,n ,ho ,lcb)' "ot ,ltc , the 
JMI'_ The BEO P"' '''' "''' J ifficu l' j' , Wo _," ', I ,,,,,~ ,he ",J~" i,. hee,""" 'h" i\DD 
i""ru"' ... " ""uld 'h en!>.: ",,,cllto,' ,on" 'n" OJ .,,)' "OK' To,'rd", •. " ~OP in,"uc 
"00., "oo<kd , SI><,w ,he r",u l t'"~ c<xJc 

1l.6 A<kl cntT ie, fu, the foll .. ,,;ng r",.:e,,,,,, to Tabk jJ.~; 

•. 1'0"'"'''' II 
b. PO"ie"PC 

1l.7 rr1 man)' (".i":', "Ommon m" d,inc iT1,truction, lo .. L '''" n,,' l i "c~ ., 1,-,'1 ~I II" M II~ 
in,lm"';")" >cl mn I", ,),n Lh e,ucu with" , i"~lc Mil'S ;n,l,u,,;un, Sho'" ,hi, 1m ' ho 
iu l lu"i"~; 
•. Il ogj ,t",_",_,c£, >''' ' fe,,, " 
b. InCH" T"' "t . J cc<CnlO"t 

", CUml~OT"C'" 

d. '''"g''"" 
e. Ck"r 

\3.11 1\ SI',\ RC ""plc","",,lio" I"" K reg i',"T w"'~n",, \\'h,,' " ,toe "tI"'!>.:' N " f ph)" i 
" I ' "£" to'''' 

13.9 S!',\RC j , lacking., "umber of i""""t",", common l)' founu "n C ISC ","ch;ne •. 
~m~ "I ,ho"" arc , .. ill' "",u l.ted ",in g e i,he, fOg" ' " RO_ ~'hich i, ,'"a,~ ",1 10 O. 
or, con,tan ' ,,!,,,,,nJ , Tho", "mul_teJ i"",uction, arc callo u 1'",:uuoin,I'LtCl ion • 
• "" aro rcc<>gn i"oJ ~)' 'ho SI',\RC comp ikr. Show how to , imul"'o Ihe r"II"",;ng 
p"'ooo in'tru,,;oIlo< , oach "ith • sin~lo Sf' ARC in'tru";on, In . 11 of th"».:, "" "n" J" 
rdc, lu fogi""", 1/"'1; A .lmc lu RO h", no dk<t, 
•• \IOV "c. <l<\ d. :-'01' J,' ~ [liT ,I,;, 
h, (,O ~1f'A Rf·:"cl.",2 •. r- FG,j" h. n,RJ" 
c. TEST>!cf f. I~C "" i. ~OP 

D. IO Co". iuer the f"lIo,,;ng rode h"gmc r" , 

" e > OC 
c, .l.o. 
c, ,. < L 
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A str.ightlorward "an,latio., 01 ,hi, ''','cm,n' ,ntn S 1',\ IlC """Illhkr ,","1.1 tale th , 
tu lkl" ing lornl' 

_L 

"",t, 

or.p 
oh 

~op 

•• oH ' h.'n 'r9 
1'= ' 'Uo : ~ :'l, ,,., 

'" ',i 'h_Ie:, 'cCO 

,"' 0 
•• h; 

" de __ 

sot." 

,,~, <r18, Lei L, I , 
" I"' , . , , 
•• 
. Lle: '"1' 

,l""d 'Lq.-, ,,'dor" 0;00 c1 ~~±'""' 

,0' [ccaUo" " '~h "",'''0" " 
- I" ," -,'.t o"o " fl",,', ' .-" ,, ;, t, 
,c ,, ~ ,\<e c ,,-to, '" " , e ,.-, 
,h""C) !.' :.,> , " 

h..,! 00"',"," 0' ,""" , ' " , '"',e c' 
; , , " j t,e , .- j', 

,"ntio, ~ ,".", L' 
'" 

.~ 'c," , I'L." ",,:1il " t",' 0', ,). , e, , 
Th..o , 000 C,"tt,."" , nor . fL CT o;><'1t b'" 'K'h ","rucl iu" to l"."rmi l dcl,,),cd I" """It '-'1"',. 
al~m 

•. S'and,," mm pikr opt imi",t i"", t h", h,,,,o o ,"hi,,~ ", ,~ , ",'il IlI~C m.d,,,,,, '" 
~,'ncral h' dkcliw in Ix'in g ahl" to redorm t ~'n 'r.,",lorm""",,, "n the' 1""g"'lIg 
,-",Jl' "oti<:c Ihat ' ''001 the I,~"I, arc "n 'leec,,",,'.nd 'h," the '''' .. <t"ro, e.n he 
TI\,, ~('<I if Lh e >lor<' i, mm-<'d tu" dirk,,'"' plac.;in til.:: ""k. Sll<)~ the p"'~"m 
"I<ot "'''' ; ,,~ lile,,", t,.-o , 'h,ngc, 

h. It " n ..... f")", 'I~" 'n I"" t"n" " ""0 "ph",i " ,,,,", 1',,,,,1 ;,, ,,' SI' A Ill' The' ""I' Mw 
the t>k e.1" i>< rep l,",,! OJ' nl"""~ """,I"'T """",t"", orH" to .. Jd,,, ,I." "n" !<l' 
lOng 'ho ,noul l,,' "n th O 01" ""''','',,," (0'1',",,,",<1 , , ble" Ll) , Sh"" 'he 1'''*'' ''' .It" ,hi, change. 

". T l><' r<' " TO no ... '''0 unn,,,,,,,,,)' in" ru,"""" Romo;'c tn,,,,, "0 .1 ,h"" ,I", ,,,,"it,,,, 
I'''Jg'OTI1, 



CHAPTER 14 
INSTRUCTION-LEVEL 

PARALLELISM AND 

SUPERSCALAR PROCESSORS 

14. 1 O~~ni .. r 

Super>Calar , ..... <n Supcrp'pehncd 
1.>nlll~l;"M 

14.2 I)",~n Issueo 

l"wuoli'm-u,,-cI PlI,,,lIdism Mod \1 ~d1ln c I'Matlcli,", 
Instruct;"," Io,ue PQlicy 
I~ cgi"cr Renaming 
Machi n ~ Paralleli'm 
nl10nch Pre,jiC';on 
Supel'OCalaJ fueeulion 
Supe,.,.;alar Imple ... "nlaliQn 

1"-.1 ".n'i,,", ~ 
l"rom End 
Out...,r·Oroer LlIeculi<;>n W8ic 
[n1".ce' ~nd f lool,ng-Poml £x.::cuh()n l h' l~ 

1;&..1 l'o .. w l'C 

1""' .. ,1'(' WI 
8rand, Procossing 
Powe,P(' 610 

14.! Il:tc"""ncnd cd Ke>H1ill g 

14.6 J\"y T.".m'. Re' ;'" Q ..... l IQn ••• nd I',,"bl ~m" 

Key Tem .. 
Kc';c,", Que.tion. 
l'rohkm, 

• 



-"""'~",'q."K 1I·lr ..... ,:I.I", 
IO"'I,jUIOX~ IU"I""jWI W"'~,'''' I" 1""1 ~," U~'I.L \I"'l")U;H"~I,jWI J"I",><."'<I", '111" 
~ll.'''''''" '.''''~I u;j,,~1' ,'~, ''II lu",,~,d ~." I'.'~ ·""''''I:xiI<.i,:>Jn, 411"" ~UII"'''I 
....., '4~1")Jdd" j "W:>'>J><lns "41 J" ",., ,~,," IU' 1111" ur;!",! ~," ·J"ld"II·' "41 "I 

'<lO"JOO ,do J;H '" .,"""" '" J 1.,.1 
'4~"1 ~\IIIU"""' I,hUl "'J POII!'lU 1')1'1'''''1' "'iI .,.um·"1 .""<1 ""I 4_"",,,1,111 '''1''.>< 
.)><1", ~4.1 .. "'IU)'D<iJlf lUJ." '''Ij J" ;lulU"'" '41 I" ''''1 '0 j ",., " I'''{ uI41'-" 'I" " Ill'.", 
ill.lJJ~lUlUOJ ~W"J,"" '~" ILI _"'IIJ J"I"",:>Jn, l'J~ ~41 .,,~.,( l<1~'J Jo\ ""." ,"" I 
)S Ill "',.,~ ''-'11 ~~l pu" \(J:oI I'~ U I "II 41'" 4')!:'''''''' . )SI M ~ll.Il JO lIu"""l1"'1 ~41 ''''''I 
I:>UI4:11lW .)SnJ (~'~JJlUUIo.' JIII""H~ "II '''J IM''',.,J UOll"I"'~ ~II I ,u"4,\\. 

""""~II'1.>J " .-~U '" ,)SI M "J~II~ 
10 I"l'n "'I u""' 'I~~()JtI.J~ '~I,·"-,·-,,,ln. ' 'II '<~"l>lu4~~1 '~I~JoSJ,.,Jn, 01 ~1'p~JJ JI""" 
IP""I JUI4_'"W )', IM " JO ~Jn l~~ll'l"~ 1,)\C UOlpn 'I<Oll p~1 I'ld,u", "'II 'I~,,041IV '~ "ll 
''''"'1'' •. )SI M J" '1->"'1 ~41 uo plr'l "".''''' "'11 UII ,,-'''U" w'''''P J'I"·,,-,·-,,,ln~ 

'~ull"(h,j UOII>".II'·U' -'41 "I 
POI'!]"" ""'." uil".,p ~"IJw"-' Jll "''IOU'''' ~ ." ... , roolJe)1l"'''''I,ltul lP"~ iIIU.'f'Il_-",l 
"ru' i»ln:).,,~ I'u", ·'I,no.1u~lln"". 1"'1""'''' '-"1 u"-,,.. ,.'~,'U"'4 1""'''lll'UO:>V 
~". "~'''I' "P""I Jll~\u'lHm '""MI ~11l1""lJ P""' J.,;i.lIul_""Il~n'"", <lOw 

.. woo 4·"'1" ,II ~II" " ."nl:>"II~'-"~ ,,><;,:>'''' lJ " J" "0' ,rlU""'JIJwl 1l·1"· ..... ,."lnjj 

"""''''''IJ~ ~,,)j,hUl 0, 'IJ'O'Il~IU uO,p'r~Jd 
'IJU~"II~uo"'I'~JI ~n ~~"''1J"W '\.1""-': .... 0. 100W -r,,"~I,ul . ~"l\p"IU ,"'II-"J~'" 

I 01 ~w"d(»d<J~ ''<3) ~, J'OtI10W "'I' ""'1"""'" .... "P".,~UI "'11 JO "O"~"ll in ''I I 
'''WlUW 01 """""~J<J p~i~pp ~Oldw~ Il~IJO ..... O'<$~d .'lSllI ",nd '£<>P4.\\. + 
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11('I<",on« Speedup 

[T1.\I)7(>1 
" Inl('K721 , 

i'\I ' I~"1 I~ 

I M "O·'i-'I6 1 " ISDlflYOi '" 
I ~Mr""1 2 .. ' 
I Jolll'l«>f, I 2.: 
ILU,91j , 

lion. anJ re,,,11 write bacL. I h~ n"CLl\ i"n \la ge i, (fns"h"tch~J f()r cr..rit)'. N()t~ lh"l 
allh()uyh '~'~Ta l ,",Iructions ~r~ C,"u"trlg cU ll cu rre ntl y. only o ne inslruction i; in 
its ,',ccutio" 'layc at ,trl)' one tim", 

Th e nexl I'~rl ,,' lhe ,hag"' m >how, " >U llC'pi llC lincJ impkmC [l talion thai is 
C'''p''hl~ of performing tWO p'pdm" "a~", I"'r clock cyc le , A" alternalIVe W")' of 
lool,,'~"' Ihi,,, lhal the [unct;,"I, performed in """h s'"ge can be split inlo 1M 
nonm'e , 'app'nl' paT" afld c"c'h can <'xecute ,,' h"lf" dod "ye,"" A superpip<iirl< 
im!,icmc ntotio tl that bella,'c, '" Ih i' ro,hion;, ,aiJ to)", of Jcgrce 2. 1'",,,l ly. the 
I,,,,",, part of Ihe diagram ,how,,, '"pc""".l"r ;mplcmcnl Jlion capahle of ,',ccUi. 
;ng two i ",'""c~, of ~"ch ,t ' gc in paraliel. 11 Ly llcr· t!Ggrc~ ,,'pc,pi pcl in~ ,nJ super· 
,<alar impiomental'UJl' arc of "our;;'; r<"sihlc , 

BOlh Ihe ~uperpip"li n~ aJlJ th, "'pc""''' '"r impl~ment"l j ()n' depic1c'J III Fig, 
ur~ 14.2 haw Ih , ,,,m,' num!>", 01 ,n ,!t uLl IOJl ' ~"CHling "t the ,"me lime in Ihe 
,leady sl at,'. I he ,ul'crl"pel i neJ P''''''''''' fo II , hd"nd 1I 1 ~ ' LJ j>CT'K" l"r PTO<CSWT ,t 
Ih, ,,,,n of the progr.", and "I each branch larget 

Li m ita tions 

I'hc super«',"' "pp"""ch depcnJs on the ahili t), 10 eX"""1c l1Iul, i!, l" """"cl io,," 
ill p"". 'lel. The Icrm i" ,'r,,<1 ion_le,'e l r~ ," lIdi,,,, Tcl<'rs to t h ~ degree 10 which, ,,11 
."' Jag~ tile ""I ru",io"' 0(" rrug'.'" Cafl Ile nc<,,,'ct!;n para ll el. A combinal ioo 
of "ompilcr-ha,cJ ol"iTlllml;on "nd hardw",e tccilll lYU", '''III h,' ",<,I to no,,,imi,. 
""truel ion · Ie,·er parolkh,iOl . Bd, orc c,"noi nin g the J e';gn tedll"y "" ' u",d lh ,ul"" _ 
'G.I", machin es to increase instruct,on _le,'d parall elism. we n,, ~J to look at tile fun. 
Jamenlal I",,,,,,',um to pan, llclism "·,,h '1' 111(' " Ihc ')"ienl n",,' Cl'pC, POll N91 ] lim 
f i \'~ lim i tatior\~: 

• 1 rUe' J"ta Jq",nd~nC)' 
• Pro"edural dCf"'ndcnc), 

• I{~""'rce oontl i<-I. 
• Output depe"d"I1CY 
• A'l1iJc l",nJe"cy 

We' e,'''I",c lhe fiN Ihroc 01 the", lim lt"l",," '" lile r~m~;nJa olthi, section, A 
Ji",'u s,;,o tl of the ,,,,1 '''0 '" "sl a,,·';t some of th" dC\'e l ol''''~n" ,n I h,· n ~, I $Coli"", 
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'I he ,,",cond In\1 ruel ion ,'an b" f~ld>c..I .".1 dec~lJc<l hul ,',,",,,,, c,,,,'ule un! illhc fiN 
""'I'<oe',o,, "'cc·""'. Tlle ,cawn i, lhal Ihe 0«0 .. <1 """ ... " ,,,,, need, ,1.la pn..Juccd 
to)' lhe fi.M "'" ru" jon. nm ,i' ".'i" .. " referred'" a. i' true Ja'n dcp""Jcncy (a l."" 
( "lied 11"" dCllCndc"cy '" wriw_rcad Jq",nderlOY). 
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1'.2' III,.SIGN I'SSUI:'I S II 

A Iyp •• ,nl RISC !"''''''''''' lal~, I",,, or mo,e qde, 10 pc,forrn a hl<.l f,om 
",emol} he":",,,,,, of Ih e dcl;oy "f an off.ch,p n,,,"wl)' or ca"he U""~», Oro" "")' to 

, ornpen",!c for Ihis <.Icla~' i, f,,"' the romp i!.', 10 ,co ,del ill 'ltUcl i"", '" Ih"l "ro" 0, 

more sub04:(IUenl ""Irueli"", lnal <.10 not <.Iepend.m Ihe mcm.), ~ 10,,<.1 can I>o:Vn 
n_i,,~ Ihruuj:ll ihe p,.,d,ne. Thl!; 'lCh~rn" " Ie"" elf""I"" m Ihe c"'"' of ~ ,upcl'Qlar 
p'l"'line: I he ,nocfX""<.Iem ,n<lruelioru; e~eculc'" during lhe I().<.I ar .. I,kel}' 10 1>0: n~· 
CIJIctl on Ihc f,n;I ,,}'de of Ihc loa-I, k.'·,ng Ihc pro" .. ,,,,,,, ,. nb ",,'long 10 do u"tol 
Ihc k,a<i co",plel~' 

f'''K'e''u'''II) 'I'<' IKI~nd~, 

A, " ... discb ..... d 'n Charlc . 12. ,he PIC":'KC "r ".anchc. ,n d" in'lrue,,,,n 
""'l ye""" ",.n,pllcal.,. Ihe l"I"'''n~ OJ,e'"I,"" 1 he " "11uel,,,n, follo",nJ( a h",".h 
(I"~cn or ",n ."ken) h"e a 1"(IC('.Jural <lcI"'ndulCY on Ihe h,,,nch and cam"" h" 
eXL'<Cubl ""01 the b,anch i, ~ , ce\lk,l, Figure 14.J ,11,,,.,"1,,, th e df,"'1 of " hf<, nd, 
on a ,upc""""la r ril"' '''' " ul' ,k~1~e 2 

As "e h,,, c >ccn , Ih" Iypc of p,occdu, .. 1 dcpendcncy IIf,o allen, ,, ..,afa, 
P'I",lIne. A~all1. ' he oonSC'lucnce for a .ul"' .... '~la' pipeline i. "'''''' .("e,~. """~u'" 
~ gredla magn,I""" .. r opronu"". ,,1 .... \ IO,l h e~h del., 

Ir ,,,,,,,hle.leng'" ,,"I""lio." .,c u""d . 'hen an .. t~ cc ",n of 1"",",e<l" ,.1 d~pe n . 

ole",,)' ",i .e •. Ikc"u", the Ic" ~ th nf any po"", .. "" ,,,,true',,,,,,, ,ml kIlo"It . " IIIL'" 
he;ot ICH<' p:", ,,,il y Jccoo~tJ I><.,ro,,, th e f" I1""""'g in",uCli"" C'"'' he fetched, rh i, 
[,I<'en" Ihe simuha,," .. u, fCI,hinl'- re'lui.ed in a .u]",,,,,.la r p'fX"hne. [ hi.;. "nc 
of Ihe r~a .. ",. Ihal ~UI""M",b, INl""'1ue, "'" mOl~ ' cad,fy "p['h ... "I~ 10 ay .J\( vr 
IUSC-IIh a«:h'lccIUI<, VI " h II, (j" .... ',.""uell"n lenglh 

Hc"' ''r~c Cllnllicl 

A ,e."ur,·c co nlh,1 i>" '"<'lI1pclil;on o f "", o r more itlSlruc,i"", lor the ,.me 
,"" .... cc at Ihc "'me li mc, l,u"'I'Jc, 01 rcOl>U,cc' 'nclude nlcnK"'C" .... ""hc'- bu-c. 
rC~;"I .. '.I,fc 1>0' ''' and funcl,onal un,l> Ie ,g .. i\ Lt adJcr) 

f n Ie,,,,' "f ,he 1"1"''''''' a r"""",re """,n,cl e\hibi" """la, Ioeha",o, 'n ~ da'" 
<I"!",,,<lcnc) (I 'g lJl~ 143), 1t, cr~ ;o,e some ,lIffcl~ncc" howe,"r. FOl one th'''~. 
,,,,,,urce ~"nl1 i", ,'''11 he ,-"'c r,'",,,, h)' d ll plic:II 'un "f ,~,ourcCI, wherc'"'' 'rue ,b," 
dcpe"den<y cannol hc d""'nlI'e J . AI", . "h,n~" " !", '" t,,,n ",kcs" l""g lillie 'v 
c"mpICI~. ,,,,,,'"m: conni, ... ,'an be mi ni","cd by pipdin;IIS Ihe appropriale fun,' 
I,onaf Unil. 

IU DESIGN ISSUES 

ItlSlrlleliotl_Le,· .. 1 1>",,,]I .. li . ,,, "tid l\1"ehitle P"'3U .. I'sm 

POl '1'l19"1 ",.kc'"" ''''I'0WIIII d'>I,n,(,,,,, hcl"cen Ihe ' M' ,.d,,,~d concept; "I 
in,truc-t'o n_le,cI p"r-. llcl' , ,,, anJ ","chine ['~''' Ikl''''' . In,(rurljun-I,',.I p.mlld;,,,, 
ox,," "htn i"'lmeli"" , "' ;' o.: yu"n(c arc ind,pc roJ"n, and IIH" ,'an he e'ccutcd ,,' 
I"'ralkl b)- O'c . fHflIl;n~ 
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)0 UOl)n,,",~ P"H '"",po""r '3U lipl .1) J4! 'lUJl"'4~10 run W"PllRJO'J P,'~ I-U Oll 
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O~I"O ·W>lIJII."eJ 1"":'I-""!IJI1 ')'''' q"""luo '.)SIH "U! '" 'e;np"I"!,>JR 10' ""I) 
'on,)"" 'pill"I_!""!,) " J" :><n n4 .1. 'w,,! ' II "l"J ~Ul4""u In 0:,,,),,,,-,1''' li n) ~,'a 0) w" 
1"1I"-,"J 1 ~'-" I , u"'I'n'lsUI 4~noua a,"'4 IOU ,~!U w",:>oJd V '~'U"wJoJJod ;JUDU "4U~ 
"' <JOlJ"J IU"U()(itu, .,,~ W'"l-'lle"v(i O""p~I" 1'''" P"~ I-\""pnl)'u' '1W\] 

-'"OIPltJl'U' 1L,.'p";')(bp,,, pULJ "I ,"'n j{"~,,-,,tJJ 
:-.jl w'll "u"U"4~'lLj ' 41 JO UOI1"'''1''4J,>s I'""' PJod' ~41 ,(q PU" ("'uo l,,Jld 1~II\lJ"J In 
' :-.jwn" '41) OlU '1 ~W"' ~l1I IU r~,n~J'~ pu", 1'''4'''''J:>q U'" 1"41 SUOil-'ru)SU' JO J"'1 
-llmu "~ I ,(q pJUHIIlOI"l' " WSII ,' II "",J "u"P"l·\, -""'I "II" ,~d 1"""'1 ' IH"I·'nJN" In ~~~I 
-u"'P" '~'" "I it"'''''' ud "~I I" ,(, '1'4" .1~' J" "'''"~\U "" 1U'!l"IIIt.md .'U!~.'Rl~ 

' ,,,"~, II!," ,(JuJpuodop l"lnp".)(llJ 
10 "I"P" ""IJP ~ JO 4JltlU "''''I '~''''''.I~IOr hUJ I~I " 'l.l ' ''''I),n""" j" ""l}~"l'" ~ U' 
pu,,,,J~ ,,~ '" ,'n '''J '1'1"1'"'''' ," '''" P'" '"'' "" J" )In,,) "11 1'\Un "1(11 1 ,14' '{O"~WI 
u a'l~j",ltJ '" "I '''pJ l"flSdIlUrll"4," -,q p~UlW1'''r 0'1"" w"I"III:J"J I"'~\ 
' !inll"n'j'u\ un""~'IJd" al!l un pur. ~mp"\l4"" lOS ll,,"pnll'v, "41 uo lUJpu.xIop 
"" 'UJnl UI '"oP~J ~'~'I.l. '~r"J "'11'" '~'JLi~p"",bp I"IOPO""U r"e '~D""r".-"hp 
'1'P '111) JO ",",'nb.l..LJ 0'11 ,('I I'~LiLL'il'lJP" lU"I.11\V--,,'t! 1~,'3 1 ' li",pn'I"'1 

run,,,, '41 JO 11"'0' '41 " ',," 'WII'''J!'''' P"41 
)~11)U" 'J"!J ~ 4I.l" II"'OJ "'II ,,,<1, U(1I)JnJl'UI r""'''' ~41 "'n"~"'lIJII"J~J U' PO)llJ 
-", "'l J<1l1U~J 14 ~! ' ~lll LlO '''Oi).,n,),U, 0,'''11 ,"II '1''''1,1(" "I VII"Wd II! p.'In'.",. 
>q rln'» ~0J(!l1I" '('''~IJl '" P"" ',U'pLi.-..!.1j1U ' ~J" 'PI "~l UO "'''''"'''1''''·'·'''11 ;)ltl. 

C'lI • I t ~ I d ''' _~ ';c ' ~1I ~ ~o '1''' 
~d '" ---'> ~~ PPI' ... ' P! --.-; n ,opy 

' u ----\ <:lI PP't ell ---'> - li P~"" 

NhllJllorl >IUJIUJ"lJ 'flO' n,,,, ~ U'-"Ol 
'I"J ~41 j "PlSUO' ·lU'!JOII"j.d p.ql ",,!nn 'I,"! JO ,dJ"""J '''II J" ~Id"'n~ U~ 'V 

''tN l:ITIVOIVd Ti .-\'~l ... on:-m)u ,Nl / I I )1:11.1\')1:) Z I ~ 



",,'n", lhe pnx'c'<SOr wi ll necd 10 alkr one or more of th~", order ing' "ith respect 
to tiw orJe,ing 1" he found in a ,trict "'4U"nti,,1 c.,couti,>n, The one constraint on 
the pr~;sor is that the ""uit ,,\u,( i>c C()""eL t1>u" Ih" p"'''~~wr " lL'" ",,'0"' 
moome th~ vario", dqX'nJencie, and conOicts Ji«u,,,,,J earlier. 

111 g~n~ral !em", we c"n gro up slIpc"""lar inmucl ion is>uc po ii cies into the 
following cate~ories' 

• In-order i"ue wilh in _order c~''''pkl lO'' 

• In-order ;"ue with out-of-orJer completion 
• Out -of-Oldcr ",uc wtl h oUI_"f_o"kr co mplel iOI1 

In-Or<l<" h , "c Wilh In-Order C"'"plct i"" 

l1>e simples( Instruc( i"" ,."uc poh~)'" to "<L LG in'l ruclic>m III the "","t oru" 
(h"t wou ld \>c ~chie,'cd b)' se4uential cxecul ion (in_o, de r i",uc) "nd (0 "" itc ,~,u lt' 

ill that '"111~ oTJeT (i,,-oTdcr c~lnlpktion). Not ~\'en ","iJr pipeli ne' follow ,uch a 
simrie-minded p" hc,', I!o"' c,'~r,,, i, Ll",fLlI to considcT tili , poli oy as" ha",linc fo, 
compa,ing mo,,, sophiqicateJ appruad,c'_ 

Figure 14,4a give, an exm"p lc of this I,,-,licy. We ""ume a ,UI"-"",,,Iar p ipd"w 
u'l'ab l ~ "r kldllllg anJ J~c"<J<Jing two in,tructions "t a time. hav ing three separate 
functio[\al un;!> (e.g .. (w'" IIlw~~r "ri, hme(i~ "nd on,' n""t ing-roint ",il hmctic), and 
having two instancc's of the IH i1c'-i1acl p't~lille ,tag" _ The ,,,ampk ""urll e, (he f"l _ 
I"wing ,'cm,t",i nt, on a ,ix-ins( ruction code fragment: 

• t I r~'l"i r"' Iwo c')'olcs to "'"C\lte, 
• IJ anJ J4 conflict fo, l h~ ,"lIIe fUlltllO''''[ [J III( 

• tS u~pend' on Ih" ""Iuc produced b)' 14, 
• 15 anJ J6 confl ict for" fU"ction,,1 'lII it, 

Inst ruct io"" ",e fc1cheJ Lw" ,,( .. I "n~ ,md I""",J (0 Ihe ,k co<k umt Be'"""'" 
imlr uoti()n, orc tdched in ra i rs, the next (wo ",,(ruct ions mu,( " 'ai( un t,l (he P'''' "f 
decooe l"pe l il1~ '("gc> Iws olearcd, To gUJrontec in-order complet ion . when there 
is a conflict for" func([o" ,,] LUU( or whell" iu ,, ~( i on"t "nil r~'l"i r"' morc Ih"n one 
"yok W generate a re,ult. the J>,uin~ of ""tructloll, (C'" l>O''' "I,' ,tal l,_ 

In th" e,a,"pic. the dap",d t ime from decoding the fi.,( i",(ruC!Lon to wnt 
ing tho 1",1 !'",ull, i, ug ht ,')·oks 

In·Order Is. u,· " ith ou( _" r_O Td ~r ClIlIIl't~ (ill" 

Out_of _"'UeT oomple, ion i, ">cd in >c"iar RiSe 1'"''><:''''0'' 10 improve the ["-'r
fo'manc~ of i"q, ucti,,,,, (h"t rC4ulf~ '" ull'pk tyd~,_ Fi~ure 14.41' ilI ,,'!ra!c, 1(, ",,", 

011 a \I1)"""," lar procos,<.Or. Ins(ruct ion 12 is olio,,·('J to run to completion p"ior to II, 
Thi, "lIow, n (0 h~ ,'ompkted ~"rli"" wit h th~ net rCM,1! 01' " s""ings of one c)'cl~, 

Wit h out _of_orJe, comple, ion , "")' Humi",r of m,ITut\ion, mal' I", in lhe ~ w 
cu(ion swgc m "ny one 1ime, up to th~ maximum degrec of machillc pa.allcl i"" 
aCrO" " II i"n~t'on" I units, r.l>t ruction i"uing i. stall~d by " ICWurCC confiicl, a Jata 
d"pendcIlc},.o, "p!',,('~dl.Jla l uq"'ndc"~,' 

In addit ion 10 (he afnrc,"",,( i,,",cd limit"(,o,,,," ,ww dcpc"dc ,, (:~' , whi d, we 
rd~Tfed (0 ""r li~r as an Olltput depelldc llc), (also c" lled "ri te ·,,' ri( c dCI"'"dency)_ 
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~ ,j . ., c .' "' 
l"'lt u(lHm 12 ,""",,' c<<<uoe i>ef",c IIlMru,·t,ufi II. i:><;C,"U'IC II n~cd, the re>llit 

,,' r~~i'lcr 10 rroou<,cd in II: Ihi';1 an """1\pl~ "I" true d,{a dC!IC~d<n<)' U 
d~K .. i:><;d ,n Secl;"" 14,1 S'm'I"rl)' . • ~ n"I>1 10.,,1 (n. n. tICcau,,",;t u"""' a r~.ull 1"<>
due"d h~ 1,1. What .hUUllh<: <dall'lO, hlll I'..::llOccn I I and I}'! There" nud~(a 
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lkl",,,delKV he, ... 3 .... < holl" ddincd" 110'0-""", if n c~""'Utc. to wmplchon pIior 
1<1 II . Ihen Ih .. "roth( .alue "r Ihe ronlclU. 01 RJ '0-,11 he Idched lor th .... ",-""ul" ... 
"I 14. COrl>e'lucmly. 1.1 mu't "'"'I,lde ,,"er II 10 p,,,,h,,,, the ""tTeel OUIPUI '·.Iuc· .... 
1"0 ""'ufC II",. Ih" ,,,u,ng of Ik Ih",1 ,",lruc'i,'<I m,," he ,!:Ilko.l il Its re<,,11 mi~hl 
l"le, he ,,,,c rwritten b .. 0" "ILk'1 '"'ti ",-lion Ih"l '''h' l(m~cl to """piCk 

(jul "r·o"kr """'1'10,,,,,, f"'I"ife,> more c0111plc, """"clion "'",- I O~Il' 111"" 
",.."dcT ,,,ml'icl'OJ1 . In add" i"n . ,I "more difficu l, I" dea l ""h tn"mClion inl~'· 
r "I'I~ nnd excel"""". When ;I" inICl1,,]>1 "''"''"''. in,1 rueli,,,' e'"C"li(,n ill Ihe .... menl 
p""" """ p<IIOCd. '0 he .".umed I~'r' 1 he p"><:e,,," 11\"" ~<.\ure Ih" the ,,",ump' 
,,"" ,ake_ in,o 3crounl Ihal. "I Ihe ,ime of ,ntettu,"" ,n, in'lruel,ons ah" .. 0.1 ," 'he 
,n"ru''' ,on Iha' cau,,-d ,h~ m,cHul't "",y already ha,'e e,m",l",cU 

I 'm ·"r·Ord~. " , ...... II. O.I ... r.Ortk. Cnmph1;II" 

Wilh ,,,·,,N,-. '''''c. the I" "'"'","',. "ill only <kcoIJc ius" tlCl",n. "I' I" Ihe P""" 
"r. ,kpclHknc)' 0' ,~,,,n1C1. No .dJi'i"""IIfi,llu<'I,nn. ar~ d~",)(kd unlil Ihe <on· 
n i.;, .. r"" 'Ivcd. A, " r,'," 11. I hc I"",'e<>o, call"'" I .. ,~ " h""d of Ihe po inl (\f <'onn ,"1 
10 M''''-<qucnl m.lru,,1 ,0", Ih;" "'''~' 1>" ,nJcp<nJenl ',/11",," " Ircady ,n the pipe",," 
,,,,d Ihal m.y be """ully Il""xlucctl ",I" Ih" pipch"~, 

I "allo,," ool-oI·".de. "'uc ,I .. nce",""",. In de~',,'plc ,h" d,'C,1o.Ic "lid ",eeUl~ 
"a~c> .. 1 lh~ pipeline, · .. hi. " ,I"ne ","h a bulre. rde",'d 'v u an in,'rwl;,," .. i,,_ 
01"" \\."h ,h" 0.!t<1nilal ion aIle, ~ p'''''''''''''' h,.. lini.hed tkn>dlllg an instruclion 
" .' pla""d in I"" ,,,-,I,,,,,,,,," ... ",d_. A, I,m!( a. Ih'i huff", .. n," full. I"" proce ... 
"II" c.," eo",inu .. 10 f"II'h .lIId d~co.k ne .... ,n,t.U<:I,,,",,. When a funN,o"'" un,1 
t>oxoll\e. Ha,lable III th~ n,','ule 'Ia~e. an ,,,,,,U,,,,,,,, t",,,, Ih,- lII"rod,,,,, ",nd., ... 
n"" I>.: ,<.,ucd '0 'hc c~ecu'~ '1"~e. Any ""Irucli"" m"} he i",,,cd. provided ,hal (I) 
il ""~d, Ih e parlicul"r fUI1'.,,,,,,,) uni"h;" i, a,'a,lah le and (21 "" co"n,CI< 0' dercn· 
dellei", " lock thi' i mlru~I ' o" 

Th~ rc,u ll "f 1 hi. <lf~:,"".11 ",,, is Ihal Iho 1""<0'"'' hi>' a lookah~aJ rap""i l 
,1\' allo","g II ,,, iden."., i"dCf'.'n,JCIlI i",l ,ueI ion\ Iha( can I>c h."u!'-hl mlo Ihl' .-",. 
cu le 'Ia~c. In"ruel,,,," ;0'" ,,,ucd Imm I h~ ,",lruellO" ",,~duw "'Ih ""Ie 'e~a'd lor 
Ihe" ""lOnal program o,der As ""fv,e. Ih~ ollly cu,,,, ""nl .. Ihal I"" P'O!'Jam e «. 
CUItOll ""ha>e. Cl)nccll~ 

n~ure, 14.-k ,110,1 'a'c< Ihl< pohc~ ()o "".-h ~cle I"') ""I."~tion' a,~ IcI,·h."<l 
",10 'he decode ""I:e. 0" e.l<:h nde. ,ubj~o 'n Ihe <"un,If"",1 of Ihe l>uff~r ~II". IW" 
,n,IIU""'''' mo,'c 1 rom Ihe ,,"~~>dc ,tat<' 10 Ihe 111'!"K\"~' ,,·mdow I ~ tni, eX""'I'I~ 
"ii I",,,,ibk '0 '""e i" .true l,,,,, Ih .head of 15 (,crall Th"l I~ depend, on 14. bUI II, 
d",,, nOI). Thm. ,,"I' c)', le 1\ ~:"ed '11 b"'ll1 Ih e c,ecule :'"d wlIlc·l>ack ""~"" nnd 
Ihe """·w-end ""·il1~'. <'(I'''I);lrcd ,,·nb I'i~urc 14.41,," i,nc ~)'de 

I he i'''lm";",, .. ind"" ,. d.:pieRd in Figure 14.4<: '" ,)lllMrale it> ."k I I"", 
c,'c •. Ihi~ ",odm. "nol an ;,dJ"",,,al p'pc!ine "Ia~~, An '",I,uel'"n I>cin~ illihe 
"",,J,,,, "mpl)' im,'h~< Ih .. 1 Ih~ p"",e"",. has ,u lf,uCA, ",formal,on .. bo.lUl ,h:., 
,,,,,ruc'"'n III decide "hen" can [,., i""ued 

Th~ ouH,I .. ,,<Ic, ""sue ,,..I-oI·,,,<I"r rompklloo 1'''I'~y " ..... h,.,,,1 10 Ihe ""me 
c\,".lrallll~ de>crit>e.J ","'hcr. A" ,nS!rUCl,,,n ,-"nAO' lie i!.<ucU ,f ,I ,·",1.1" 3 dep<"· 
dcncy "r C<>f1nicl. The d,(rc,",,,,,, i, Ih., more ""I ,u<:1 '''''' "re a,'ail.blc fo< M""'~ 
red ll ,ing Ihe r'o!Jabilitv ,h~1 a 1'1)><:11110 >lagc "ill It:"c I" '\all. In addilion, ' to"" 
d"l'"ndenq, "·),,cl1 we refened '" eadier ", ,111 .nlidcpe,,,kn r} (" I", c" lkd ,,·~01· 
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"'<i t~ d ~I'~lI d~m'.~). "";c_,, The COO" fragment .o",iuc'cd c"r l i~r ,lIm!f"!"s thi! 
Jer",,,Jenq: 

L e, 

" N 

n ", 
" .n 

~ R:i 

" 
',0 

~ "' 

op R', 

- , 
op M 

In'lfLlCl inn I< ,-"nnn! mrTlpl"{~ ,,'ecutlon befof<' in,truc, jo" [2 I",~i n, e,ecu· 
llOn "nt.! 11o, fetched ,I, ope,ond" This j, '" bccau\C D updaw, rc~ i 'lcr R3. ",hi..il 
" "_,()urc~ opt',"nJ fur 12. The ''''''' Omill<'I"'lId,,"c), i, u,cd hccau,,' the con,traim 
is 'imil"' to 'hat of" Ir"~ d'Ii" ,kp""JCIK),. h tl t Incfsed. InskaJ of Ih~ (,,,, ""Iruc· 
l ion r"Kluc ", ~ a ,·aILl~ tilo! lh~ ,""ond inSlruction u"",,. lhc ,e,"w,J ,mlrucliQ!1 
J~'lr(Jy," ",Iue lhal the fin.! "",ruelioll ""'S. 

R egister R ... n~ming 

When "ul ' of'oed" lIl.,lrUcl 'Oll ",ui"~ "nJiol ou\-<>f-orJe, ;mlruct lOTl w"'pietioo 
"r~ ""owct.!. we !l",,, "',"!l I hal I hi, gi' e, ri'" 1o I h~ f'"",I"hly "I' oU'f'U l (kpl'nJ,n
cie< anJ antidepcntienci<", Th~", tiq","d~n"i~, differ fro", trut' Jala d~f"ndcn,i"! 
anti r~",ur("~ <,-mlilet', ,,'hi~h reflen Ih~ (I()w 01 J"I" Ihrough "prog",m ,mti Ine 
'~'I U~r1tc "I' ~>c~UI I ()n Outpul dependencies anJ antldc'f'C"dc r1 ,,,-, , o n the olhe, 
h""J_ "ri." I",e~u>l' lhe value, in rogi,1 cN m,," nu l on~~ .. ,dlcet the ,equence of 
," Iul" Jicl"t~J 1»' the r'O~'''nl flow 

Whon ""lrue,i"", a'~ ,,,ucJ ,,' ,c~"t'"el' and comrk,c in '~'I U""CC _ 11 i, 
1"""hl" ", '1)()C' if), Ih" ""nten!> of ",,1\ regi' lcr or each poi ll t m Ilw c>ecu lioll When 
()1II-(}f-()rd~r lechni,!ul" ~ft' u«'d, Ih" ""luC' III r"g"t~" ca,"101 be full y known;l1 
,'ach point In time i"<I from" con<"kr:tl" m of lh,- "''lucncc of i,,,m'"t,"n, di,-I"",J 
hl' thc program, I" dku. ,~Iuc, Me '" conflict fllr lh,' US" lIf r~g ; 't"", "nd Ih. 
p""'~w" TIl"'! 'c",IY~ Ih"",' conn,,'ts b~ ,,,,,,,ion.1 11 , "" Il ing" pi p~ il n,- ,toge, 

A"liclepcndenci~' anti OUlrUI d"l",odcnci", "re- I~'I h ,,,,,mIlle. of sW'''g" con· 
tlie!,. ~1 ull irk in"r"c1H'''' "'~ compcllll~ j',,, t he us" lIf lh" "IIlW ,eg i'ler 1"~"t;<Jn,, 
g"n~ral i n g P'llCilllc C .. m\r aHll, that l'etOl d I,,"rformance , Illc pru-bk m ;, 1I,.de "'0" 
a(ut~ ",hell rcgi'1c't optimization tl'chni,!u", "r~ "'cd (as d,,"u,-,,,J "' Chaplcr 13), 
bccau,~ lh"'~ co mpik, I""hniquc< :tI'e"'pl 1.) m,,< imi/c the u'" or ,egi'kr., h~nc, 
m,,~i mi/i"g I h" n <JmhcT "j' 'I<>ra~~ confilct>, 

00, m"th"J f'" cop ilt! w,th Ihe,e type, uf storag~ ,-.. "fI,et,,, haseJ o"! 
I rad itlOnal 'cs,"urro-conflicl ,ohn;"n' Jurti,·,,1 ion of rc'our~c" In l lii , context. th' 
l,'chnique i. ref~rred W '" . egj,,,, •• e n"",ing 1" e"ene,', Je~iqe" a,,, "Uc><;I!"d 
dY'UHlli c" ll v hy Ihe Im":~"(" h.m]"""c ""J lhey "'" a"ocinteJ wit h th e' ,'. I"c, 
n~eJ~J Ill' 1II<tlU"I;O'k' at variou, point! ;IlTimc, Wh"n" n"" rC~"let ,'aim' is ,,"",cd 
(j .,'" "hen an ill>1rHction "'"" UIC' Ih,,1 h"'" regi'kr '" " de,t i t\~lion op<:rand),,, no,.
,eg"l", i , ,<11<",,,1,-,, lor t"al ,aluc SUI""'lU ,' nl ","ruction, Ih"1 "'""C" Ih"t ,,"I.., 
'" a "-,urc,, "P<-'ranJ ," lhal regISter mu,l gll III rough a r"'l:"'""~ pm""'" The regis· 
kr ,dc"'nc~, in those instruct;lIns mu,l be rC",,..;<1 1< , ,efer tn Ihe r~I'''lcr conl ;n ","~ 

lh~ "ceded v"l"c, I hu,. lll~ ,,' ... e o"i'II",I,~gl>tcr ,de,"nce in s<;wn,1 Jlffc'""t 
""I rU,llum "'")' refer 10 J i ffe'""1 aCll,,1 rcgi,lers. it' diffe,enl ,," l"c, arc inlc ntieJ. 
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'''"~)O lunolU ~ "4) UI ~J U"'"JJ I P lU"~'JIU"""" M~4' '''41 'J~,.,,'''lLl ' ~lON '<)lun 
1''',,,,p''"J ~"'\" ~ U'l'r " ," I r~,'~!'P~ J1~ 'UI" ~ "[4"~JIlOU '."~ u ~p u,,,b l' 1,,<I,no 
pu" ""u~pu:"brl lu" " l'''lLUlLIO 4~'4'" 'iluau",u01 ,"l"jj~, 4)1/\\ ',i IlX" ldluoo ~."'," 
-1""4 p~,"J"UI)O ISOJ "411U "'~ '~'UUlU'OJ'.-..1 U! IU "w' ''''JJW! HI " 'I ' "lUO' " ~jJ 4.1 
~ U!LU"LlO , ' J~ l" ~'" lno '{l!'" <"un 1""o!lJun) pp~ 01 ~ 11 4'''41l0'' IOu ,'I'I"'IOJd" II 

,041 '! '''OJ ~'ll. " UO !'''I''U('~ IU")J('.,h", ~wO« Pl-'!·' 'r~"'4"'0~ '<4 <1"]" 0,"1 '4.1. 
"~lJU~pu.-..1op 

.1n!) ('I ·' 1" <> r~)""'[ ,., 1"'11 ;>w4J,au "01 >puod'~1Jo~ 4d,u~ puo~", ~ 4] ~l"P 'l ." 

''' ''u 'pu,J~r II " '('I POI'W,!" 1"'11 ""'4JEW R '1JOlp1 4J",~ "]IJ "41 1~41 ~U !A"~ 
01 I U~ [".\lnb~ '! ~I'll. ·P.1'''''II'''' llUtW"u.1J J~ 1,,1l~" 'pu""", "'11 HI 'l~~' " ' 4<1"J" 0.", 
~'Il U,P,"l"'l ,'"u'''~JJlP J ~.L '01' U"j m~sa"OJJ ~ 41 P"~4q'~' 1 lei Jl"'OUJ~ "'II <~I"lJ l I' 
4~"1" '''''''100J1'I'' If 1'''" '91 '~)O $~l" '''0l'mll\ uo",nJl<UL Joj U"'HI' ~J" '1 111 '" 
'4J"J~ 40~.1 UI IT IV rU" ~" 'I"ir"O [ L[l<~1 'Jl"'''ldnp U<l[W.m1JIJUO' 4pn"J " 41 pu" 
'Ill V J41 '''I"" 'IJ nr uOll"'n~LJun., P"41 ~ LU .14'''' ""'I' R ''''''~''''' lU'l' \fU" I"UOLI 
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WinJtJw , ;'" ("",,1<"'","" '1 _ Iii'i!El ~ 

r= 
; 

t>o.h 

Fi~ur" 14.~ Sp<'L dur' of \i "'''LI>< .\boh'o<' O'gani.,,'ion, wi,huu, P,,,,,"u",,1 
Dcp<oo.:ncie, 

J 

window, I'hi' indi c~I~; I h~1 if Ihe i n"runion "indow " 1"" ,m" 11. dala dcp<ndo"
cics wIll pTncnl err",,'i,'c ulilll.,H i'H' ()f lh~ exira functi()nal unit': lh e proce,sor 
mu,1 1:><' .llle h) h,k quilc f"r ahead t<> find inJ e l"-'neJcnl in,;lructions to Ulill/.c Ihe 

hardware more fully. 

Branch PTedicliotl 

All)' h;gh . p~rl()rmancc l'il",llIlcd lIlachine mu,t add,o" lhe issu e ()f dc" lin ~ with 
~ranchc" For example. Ihe Intel ~04~6 "ddr~,,~J th e prol:>km 1>)' f"td,ing h<)!h 
tho nc,t sequenti"1 inotruclion "fle, a l;>,"neh and 'pc~ula!,,'cly fetching the 
hr"nch !argd on'!'U~li"n_ Howe"er. ilUaU'" thelc "rc two p ipeline ,tage. 1>< . 
tween prefClch arid execution, !hi, 'l,ateg~ incurs" Iwo-C)'ck ddav when Ih, 
~ranch get, taken. 

Wilh th~ aJ'col (}f fUSe m"chines, the J"I"),cJ I""ncit >lr,,!e~y wa, ex_ 
pl","d. I hI< a ll ",,·, !he 1''''''"''''' 10 ~alcu l~! c the le,uh of condi tion al hrench 
in,{ructi()ns I>cfore a ny UIlU,oble ;,tstruclion, h",," been p'ddch~d_ W"h th" 
method . Ihe procc"or a l"' a)', C,""utc, !he ,mgk m,tru,'''''" !h't Hnm~Jiatel. 
{oll"w, !h~ h'an,'h_ Thi, ~C"r' th~ p,pc lin ~ full "),,Ic the p,,,,,,,,",or fetches. ne'" 
instructIOn stream 

With the dc"clopmcni (}f SUllCT><:a l", m,,"hiTl~'. !he ddaycJ bmHch mateg) 
h'" Ie" '11'1"''''1. 'I-he r~""," i, !h"t mulllpk ,,,,lrudi,,,,, need to execute in the del.)· 
'luI. """HIM """eta l problem> rdalHl!' 10 ill>tmction dcrenJcncic;. Th,,,. ;\lpc",,,lor 
machine, have reluflted !O ptc-R Ise tcchni'l uc; of branch prc,Jj~1 iOTl, Some. like 
thc l'owcrl'C 601. U,~" ,implc 'Wt;~ branch pr"JI~!i"n !~d"'t~uc_ More ,ophisti-
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,""ted prOCi:~W", ,uch a, the PowerPC 6211 ,,,J the P,'nlium 4, U>e d),namlc bta"ch 
p,cd..:tloTl h:.",,j on bn,","h history analy,;" 

S"perscala, [ixecution 

We arc now", ,positi~" to 1'",,·i<l" all "v~,,·icw of "'per",,","r ~x~c",ion of pr()
gr:ln'" (hts is ;lIustrated ill Figu,c ]4,6. The p'(J~"'''' to bc nCCBLtJ ,'oB'''I' of" 1m 
~ar 'c'l"en"~ of instructions, Thi, i, the stat ,c program 0' W) illcn hI' thc progl "",mel 
or gencrateJ by the" ~"mpilcr. ] hu inmuni"n ktch proc~". ",hich inciuJe. branch 
prediction. i, u""J to form "J)'''"n''~ ,Irc"'" of in<trucl ion'" Thi s stream i, ,',om
ined for uq",nocncics. "nd the p"",c"or may rem''''t' "'tilit",] cicpendc"nt'lc,_ 11,c 
pro,:c'''Jr th~~ di'palche, Ihc instructions into a ",·;ndow of execution, I" thi, wi,,· 
dow_ i"'lIuclion, "0 I""ger Imm" "'1",nli,,1 ,Ir~"m b\J1 arc <tructurcd accorJing 
to thcir true dal~ JellCnJ~nci~,. The l1ro<:""or perfor",' , he ,'xccu lion ",,)!,e "I' each 
""I ruction in an oruor ddcrmin~d by lh~ !rue d'l" JCllCnJcncics 'H,d h~,d","'e 
rO"!I"t'~ ay" i I" h,lil ~', Fin"ll),. in<1rUCliom arc COnCC I)tually put hack int" s.equcntial 
ordcr and thc" rc,uh, arC TC~",JCJ_ 

The final ,tcp mentio,,"J ill th e pr"~cJ,,,~ p"r,,~r"f'h "rd"frcd I"., rom""t· 
",,~, m r,.,i,i"R, the ;,,,(ruC1ion, n,i, >lCp i, nced~d for the rollow in)!, '"'''''". Ikc",""" 
01 tht" u"-' "ipar"lIcl. mullipic pipdinc" in,tr[J("tjons ma} ""mplete in an mu", uil
fer<'nt lrom tha t shown ill Ihc "all~ r"'~"m'- I<urthcf,lh~ U'~ of brancn preuiction 
"nu ,peculat ivc ~xecu(illn mea", th't ,"'''e ""UUtiIO", "'"}' """'pic'" cwcuri"n 
""J (h~n nn,,' be ab"ndoneu hec"u,,-' tn.' hranch the)' rcpre,,'n! is not talcn. Thore
r",e, p."""n~"t 'I"t"~~ and I'togpm·"i,ib lc rcgi,tcrs c;mnot N' urxia,ted immedi 
atd)' when in'tructio"" ",mplcte ",,,cUI,on. Re, ult ' 111",1 t>c hdd In ,ome ,orl of 
I~mp<""ry 'torage tnat i, usable h} d~P<'nJcnl in'(luC!l()n, "ncilhcn maue p'''''''' . 
nenl ,,·h~n II "d~krmin~d (ha( (he !C4Ucnlial m,x]'>1 "'ouIJ nO'·" c,ecutcd tit.> 
in'lrucllolL 

St.tlc 

pro~r" n' 

"'''I"".'1~'" f<h"1I 
"nd hranch 
p,...<iklloll 

In,lm.'lion 
d;"pa,ch , 

• 

III>1r"di"" 
I""~ 

I"_"ructl"" 

Wind"", of 

._,"c"IIQ" 

In'''''''II"" 
'-'0,,1<1" ~"d 

ron"nil 
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SupCr!l("alar lmp1"mentat;on 

BaseJ "n " 1Jr di<cu"ion w far. w~ ~"n m"l~ ,orn e' gc'ncrai comments ooou t Ih, 
1"(>«'''''' h.rciwarc rcqurreJ for th e ,upersca lar app","ch. [S'\-HI'I5[ Ii", the f,"

lowing ~ey eicments: 

• ""lruell()" fdCh .,u"lcgie, lhol ,imult aneously fetch mu l\ipk ir"lruct;~, 
oft"n b,' predicting the outcome, of. ""d fetchrng l><:yonJ , ,·,,,,Jil ion"1 brandl 
instructions. The", function, rC'I,,;rc the "'" "f multiple p ipoiine fetch and do· 
code 'Ia~c'_ "nd hrHTlch pr~Jicln)(\ logic. 

• Logic for detamin ing Iru~ Jq'~T"km' ie, '''''o l''iug register \'alucs, ;lOd 

mcdwnj'Hl' for commu"icating Ihe,," ,'.Iue, 10 ",·hcre the)' ;ore Tlc~d~J dur· 
in g ~,eeU1i(",. 

• Mccha,",,,lS for [T"halin g, ot i"uing, multiple in,trucl;on~;n pM"lId 

• !ksour"", f<Jr p.,"lId ~'L"{'ul ion elf "lUlt,ple in,tructio"" ;ncl<l<iing mullipk 1"1"" 
Irncd lu"ctionol unot, and memory hierarchie, ,"apab lc of <tm LOltanwu,l), ""r· 
"icing multiple memory reference" 

• Mecit ;"",,,,, tor cllmmitl in & the proce>s st"t~ in rorrcct <lrJa_ 

14.3 PENTIUM 4 

Although the cOJ",ept 01 ,upcrscaiar de,ign ;, g~ncr"lly ,,,,,,,,,,,ted WJlh the RiSe 
architecture, the ,arne ,upcfscalar principle, "an 1><: al'pb"J to a ClSC machine. I'er
h"p' thc mo,t notahk c"H"pk of th"" Ihe Penliu nl, The evolut ion of , uper'ICala, 
"O(1""pt> no tbe l[1tclli"o i, intc,e,t;ng 10 ""te. The H04SO w,,,:t ' IrHighlforwarJ 
tTad it io[\a l CI SC mach i"c, wit h no "Lpef',calar ~km~nl , . '1 10 " or igin,1 Pentium had 
a mode't ,up""caiar component. C Ol1,i'lm~ 01 Ih" LlSC of two ,eparate ;nkger 
~'"C\Ltion unit, . Ib e PentLUm Pro introduceJ " fu ll- blown >up',,,,,, ,,I:,, Jc'ign_ Suh· 
>C4UC <L t p~ [11 iU(n "ooJe I, haH' refined and cnhan~eJ 1 h u 'Urcr;.c;L i;L' .J~"gn, 

A gena"1 block diagram of Ihe PCntl"m 4 .... ,,' ,h L)wn in Figure 4.13. F;gu,e 
14,7. ba",d on one in [e A I< Moo[, JCI'",t, 'h,' ""'le' ," ucture in " way mor~ , ,,il;Lbk 
for lh" l' i p~l",c di,cu,<to" ,n thi, sect ion. The operation of Ihe Pcnl ium 4 can be 
,u,nm'L1 ,/cd as foil ,,,,,·,, 

I. I", pro,:,,,,,,, Idc'IL", m,tructiu rL _' from m"mory in the o"Jer of th~ ,w tic' pnWAnl 

2. Ea~h [n"fuctio,,;, translated into one or mOTe fiwd. l en~ 'h RiSe on,truct;ons, 
kne,,,, n "' micf(>'''I''''Htion', or micro .op' 

.!. The I'rnce,,;o]' execute> the micro-<:>ps on" sUI"'f',c;L i;L r r' f'cl inc mg.,,;,"I'OO , 
so that the miem-op, may be c,ceuI~d oUI 01 orJeL 

4. Inc pn"",~"'r Comn"" the re,ult' of each micro-or c,cculinn 10 the pr<JC<"
W I ', re~l'ter ,et in the order 01 the or i ~in,,1 program flow 

In ~ffect, Ihe i'ent,um 4 archit ecture con,i,!> of a" oukr CISC ,ltdl " itb on 
inner R iSe core, The inn", RiSe micro'op' P"" through" pLpdinc "";lh "t lea'tlll 
'tag"' (F;gure ! 4,~); in wme ,,,,.e'. Lhe "",ro-op r~y uire, mult iple execut ion "ag"'_ 
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the pipe line rrop~r begin>, Usuall)', the proc~,S(" oper"t"! from Ih~ Ir"cc' c"eIl,: 
when a Irace c~ch" ml" ""CUTh. the in_oT<kr fmnl ~nd fec,h fleW ""tmdion, into 
th~ tr""" ~achc. 

With th" a id 01 the b,attch t"gel buffer at1J the in'tru~lion look~"de huffe' 
II:lTIl & I·TLB). the Idchid.><:we unil fetche, I'entium 4 m"ch",e ""I rUcTion, frolll 
Ih,' L2 ";ld, ~ 1:>4 l1ytc' at" tlmc . A," <kf"uIL ""!ruetlo,,, arC Idched ,"quemial l". 
'''' thai each L2 cache line felch i"eludc, the next instruction t<} be fnched, IlraT>Ch 
preJ icl ion , ia the IlTB & I-TLB unit rna)' a lter thi' ""qllclllialldch op"r. tl()" 
rhe ITLU tran,la!c> the li llc;lr in'trllclion poin"T aJdr~" ~l\'er\ it ",10 physi<.1 
"JJrc,,,,' lIe~derJ '" "cc<'" !h~ L2 cach~ . Stal ic I,,"nch pred iclion in thc front-cnd 
IlTB is u,,,J to Jctermine ",b ich ;n.,truct;Ofl' to let,h ncxt. 

Once in,lrllehol1s ar~ fetched. 'he fetchldecode unit ,,-'an< lhe; hyt,', t() Jete!_ 
,",,'' imlTucl ill11 hO LJ nd;"i",; Ih" is a ncc~,,"ry oJ"'''l i"" hecau<e of the variabk 
k"~lh 01 Pem,"m ""Iruclions, '1 he JeClldN !ro"']ole. ,'och machin~ inSlnlClion inw 
from O"e to four micro-"p" each of which i, a 118-hil RiSe in,!ru"io". ""'e lur 
CI)I11I'"ri,,,n I h~t mm' p"'e K 1 SC """hine' h~"e "" 1Tl,lrucllo" length "fi u,t .12 pit>, 
l1\e IOTl~e, mic",."p Icngl h i, req urrnl I() ac~"rnll",dale ! he more romplex Pentium 
op""lion,. Ne"enhele>s. the mino-oJ'" ar~ ea,ier to m"na~~ Ihan th~ "rigin" l 
instruct ions from which !h~)' d~ri"c 

' I he ~,'nn"teJ mi cro ."I" arc' ,!oreJ '" the' ImCe ",chc' 

Trace C""he Nc~c 1t1.'lr"diolli'"i"lcr 

-I he fi,,' 1",,, pipeline 'L,~e, (H~ur~ 14.%) dca l with Ihe ,dectiol\ 01 in'tru,· 
ti<}n, in the trac" cache and ;,wolve " '!Cparate branch prediction nlc,'han"Tn from 
that de'!Cribcd in ' he I"C"ious "''<:tion, The Pentium 4 """" dyn"mic hra nch pre, 
J iCllon "r:"~n ho",d (lll I h ~ h"tory "f re<'elll n~(ul io,,' of hi ""ch rn'tructions, A 
hmnch Lifgel huffer 1 BTB) " "'''lIllai<led til"' cache' ,nformation "1x",1 re""ntl~' 

cncountaed branch in,auctiOlts. Wltenever" branch inqruction i, cnco'JTlIercJ in 
Ihe in,auct ion .trcanl. lk BTIl i, checked, II;on <' Il!f)' ;l l f~"d}' ex i", in Ibe BTB, 
th~1l tlw ""Irucl illn LJ nil "~LL l dcd hy the b,,\ (.,), ,nl",,,,at;on for that eml)' ;n Jder· 
m;ni(\g ",Iwtllel to pred ictth:,1 th.' h,""cll b tolen. If a b"",ch i, pr,J icto;<l, tn"n Ih~ 
bran('h de'lil1at ion adurc," a"oc iat,d with Th;, ,'ntr), i, u'ed for !,rdC!~hlng Ih. 
hr" "ch !'''g~tlL''lrudl''lL. 

a "ce th" In,tr urt"'" " ",ocukd. Ihe h;,t",,' I""rt ion nr the appropriate C"t'l' 
is updated t{) reflect the r.,,,it of the branch instruct;(}fl, 1ft hi' in'lfuclion " nol rer
rc",ntcJ in the IlTB. then Ih~ add,e" of this in,tfUctil)n i, 10;ldcJ 11,t11 "n cntry in 
Ih~ B'j'I:!; if n~,,",,",y,",, IIlder enlry" dckled 

Th~ de,criplio" of lhe l'r~e~d i" g two paragraph, fit,. in gcncral !erms,!he 
branch preJiction slrmeg), u",d on the originall'.'milLm ll1U',k1. '" ",dl '" Ille later 
Pent ium n,,,,k l,. ind\lding Pcnl i"m 4, Ilowe"~r. in Ihe C"'" of the Pe ll1iu",." rd._ 
ti\ el y s"npl~ 2_ll it It"t",)' ,chemc "u,ed. T he later Pen!Lum nwdcl, haw muen 
i<}ngof pipel inc, (2U 'tage, 10f the P~nlium 4 c-omparcd "ith 5 otag~' for ' he Pcnlium) 
and th~rdorc !h" pena lt)' for O1i'prcd iel i<ln i, gre"k'. Ac,'or<iingly , IIw tak' Pcn_ 
tlUlll mo(,k l, me:, more cI" I'<lra l ~ br"nc'b pred Iction ",b~ rn .. ,,;Ih mOre histor), bits 
to r"Juc~ the mi,p,."J;ct;"" ,,,Ie. 

The Pentium ~ B' I B is orgonized '" a four-wa~' ..,t-a"D";"!l"e ~""he "'I\h 51Z 
li n"" Eoch entry u",;, Ihe add"" of th~ bran,'h a, a wg. 1 h ~ cntr)' al", ,,,eluJes th' 
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• The aliocalOr all"""le. one oj Ille 1211 mlell'" or nom;n~'r<>in' "'Ill',cr enlfl.:l 
fur the rC>-U II dal •• '.lue of 'he mil-, ...... .". 'lnd ""","hl~ OJ l<lad 'If <""e buff~, 
....,d I" Irack on" .. 1 'he"''' lo..u" " r 2J "",es "' Ihc machin~ pipeltne, 

• The .lIocalOl allOC"dl"'; an enlfy in onc " f lh" I",,, m,eto-Up '1U~U~$ tn hOOI II 
' he ' n,lmellon ",he,I"lel'. 

The I< O B t< a , .... ""Ia' buffer Ihal ,'an hulJ Ul' lu 116 micro."ps and aiw,,'QD
I."'''' the 128 h~, J",are reg" """, 1 ;ach hulfer etHf)' consisu 01 th" lollo"'in~ r.ckJ~ 

• Sial.: Indical"' "'h"'her thi; ", ,,:ro-up" ".,h"J"kd {"r c'ccul'"'' 10." been <.I •• 
p."hcJ I,,, CXCCLlt"",. or h'" "'"" I'icted ",ecul i"" ""J '" ready fO! ,eli ,emt"\. 

• ~l<'", orl Add,,·,;: The ~Jdr~'i "r I he l'enl l"'" ",muetion th'i1 ~cn ':"'l c J In t 
""",0 '''1'_ 

• Mirro-ov: rhe aelua l ope'a' ion 
• A Ib, K"~i""r: If the nuwJO(~' ,"(cr~tt,~' On" of t h, [;, .rd"I""luI al rC~"I'''', 

Ihi. ~ttlt)' l~oJI"'C" Iha, 'efere",:" h' "tte n{ Ihe 12.S hat oJ"'are re~i"I~". 

M,no-Ol'" enlcI Ihe KO ll tn nrJe, :'>Iic,,>-of'" are Ihen Ji'pal,heJ fr<>m lht 
1(0111<> Ihe Di'p"lch/Ex"cule untl <>UI of <>rJcr. I he rn'erion fUf dt<p"lch I> INI 
lhe .ppropri~le excrulton untl anoJ all nt<:c",,,y J31;. lICm, ''''l''lIL-.J f,,, ,h,. mOCTO
''1' are 8\d.lahl,. Finally, mlcl ... .(~" a,e ,elttc.J hom Ihe KOB in order To KC'OIQ. 

plish tn·unkr rClire",e1ll ml"o-o". ,li e IC I"C oJ oloJe<1 fj, .. afle, e~<h mic,,~op hOi 
I:o<:"n oJ~"~naleoJ as ready fOJ r" "emenl 

1<~~i. l~r I':' na rnin ~ 

II, ~ I~ nan' c ""gc Ihg LJr~ 14 'k) r~ttt:II~' rd"r~ I\c c , I" the 16 ",chite,lu'al rt!· 
",er, ( ~ fl"allnl" poln' I~~ i "~,,, pi'" I AX. I llX. LeX, EDX. ESL ED!. LBI'.~n<i 
ESP) imo ~ '~I of 12~ phy. i,"l rCll"IC", Th~ ,Ialle rem,wes I'al", depc·,,,lcttdt. 
ca u-...:J h) a limil,'d numl>er of architcctur.,j r'~i't'" "h,1c prc".,;,,, i"g Ih ~ true dm. 
<kpcnd."",c" (",",I, "ftcr wI;I,',) 

.\lkr"oOf> Queuin~ 

Aft"r I.,,,,U1-.:., all"'''''''n and '''¥''Ic' ,enam,ng. "'ICIO-ol'" a." plae<:d in 00>( 

of 1"0 micro-op <juc'ue. (Figu'e I J'lO. '" he.e Ihey arC held until I her" i., ......,., .. 
' he ...:h<'<luk ••. Oo~ of the '''"0 '1U~U"S I' for men",,) opcm l ion~ (1oa,1, a".[ 'In,al 
.,nJ Ih~ .. Ihe. for m,elO-<'," Ih .• ' do nol '"",,1.-., """,,'ry ,del~"'-""" E,,~h ~tI<lI( 
"he,', ~ 1 11·0 (fi r>;' .tn.li"l ·ou' ) Jt",·tpltne. hili "" "rd~, i. ",ai,nained !:>ttwetD 
'1ucu,', Thai " . a ",icro-"I' "'~)' 1'<: reaoJ ,'UI "f one '1ucue "ul " f orde, wtlh ""pc<:! 
,,, "'''ro·"ps in the other '1ueu~. Th" 1"0' ".k, ~f"" ICI n~.'il>i li! )' '0 Ihe .... hcdult .... 

M i ... " .op S"hcdulin~ ~I"I lli 'I'" ' rh ln~ 

11Ie ,ehcoJu lcrs (Figure 14 'I~ ) "'e l'C' I~ "t"hk r,,. IClnn'tn!\ ""~r<>."I" f,um 
lit e ooct< '·01' 4",un .nU J"l"'ld",,~ Ill"'" f", ",c,'ul" ,,'- Ea ch ""heJ"I". 100'" I", 
miCflH)p' in "h"", ,1.tu, ,ndLcale. Ih ul Ihe mi.'ro",)!' h., all of its o",,';lnd •. If li>c 
C,",u l,on "nil n<,cded ~)' Ihol tlticr"."" "Unll"hle. theft the "'~ e,I"," , fttct.t. 
Ihe ftll""-o" "od d;'palchc' il 10 Ihe "l'r'ol,r';IIC c'~'C "hlJ" unil <J.'rgu,c 14.9It) 
1'1' hJ "" n1lc,,,,o!,,> Can he <ll'ra'clt~-.J rn ,~,e n ele. If mo,e Ihan one mic",""" to 
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"",iLohk r"f " gi"~n n~cuti"n IIrl it . I h~n th" ",h~tlLJ leT tl"i'"kl,,·, (h~rn '"~ "''I uene" 
fto'" (h~ '1u,u~, ' I"",," ",,1 "f HH) uiscipl ine Ihat f""''' ,n-orJl' r ",cnlli"n. nul 
by thi, timc the ""truet;"n strcam has hocn W "'H'rangcd h)' dcp~lld~'1Ci~, ,mJ 
hranehe, that it i, ,,,botanti,,lIy out of ""kr 

1'0", IX"(' ,,'t"d, Ih, ",h"Jul~f' (0 (h~ ",,,culL(Jn uniK Pun Ii i, u'cJ fo, both 
mkg~f auJ n""t"'g-p"uU i"'lnlct;on>, with th~ c,ception of 'impk rn' "gc' "pc'" 
tion, anJ the handling of branch mi j predielion', which ,ore "I1 ."," tnl (0 Po,t I In 
"ddi, ion. M \1 X excc"tion un,b" ro "Ihx'"t"d h" ( w~cn (h~,e 1"0 pon" n,,· '''main
"'~ I'mb "f" 1M mem",)' load, a"d ,lo,~,_ 

Integer a nd Fl oat ing~Po;nt Execm ion Un;" 

rI,,' ,nteger anJ fl,,'tlltg-pollu "'~i'fer file,Olc the source for p"nJing ')l",r:ll ion, 
h)' the execution Unil \ (Figurc 14,~il, The cx<'cu ,ion "oilS r~LTi""c ",Iu~, froll' Ill, 
rcgi'ler fik' '" ,," II as Ir0111 Ihe LI ,I",,, c':I e1" (I'i~ u," 14,~j). A "'pofat" pipeline 
't"~e" usc'd ", C'o"'I'"t~ n,,)(, (c_~ .. "c',.." ,wg"t,,'e): fhe, " are t),p,cally th~ ,"pu' 'n 
" hr"och in,trueli"n, 

A , ubsequent pipe line qagc p.;,lorm' b"",ch ch,dirlg (h!:"r~ 14').), Tl", 
i'urleti"n ,'''011''''"' ,he ,,"1,,:,1 hr,,"d' rC'Hlt ""Ih Ih,' p,~J'd]("', If a hr""<'h predic' 
1'0" 1\" '" "ut tel h",,~ hl'c'n ",,",,' g, Ih~" thOle arc micro--llp"ral iull! in ":"'''''' ",,~c, 
of processing th'l1 must ~ ,cm",'eJ from Ihe rip<:l ine, 'l'h" P"'I'"' h,and, dc'lina
hun i, then prc,,·iJeJ '0 th~ Ilrcmch I'redid"r dunn g a <1m', 'l"~,' I figUl" 14 'JI), 
"h,eh ""I"", tlw whole pipch",' fl'OlI' 'he "e,," larget aJJrc" 

14.4 POWERPC 

lit , Powc,PC ,,,,hlk~l,,r" i, a dirccl de"",,d:on, "t 'h" 1ll\-1 Mil lh~ RT PC, anJ 
th~ I{Si6\~~), Ihe 1a,1 "I", rd~lJcu 1<) a, aU ""plcnw"t"tio" "f the I'OWI-/{ 
arc hilectulc . All of the,,, MC Rl~C machine'. but the fir;! '" <1,,' SC Tl~' tu ">h ih'l 
,ure rscal"' fc,turc' " ,'" \ h ~ RS/6<.»I. l'h c fiN IInpknKnla,i"" of thc 1'"",", PC 
"fChit"c,""'" lite I~) l . h'i> a >Llp ... ;r",. I"r J,"g!l 4u"~ ,"ni lat 10 thai of th" RSI6tJOO, 
Sul",e4u~"t l'u,,~ rN modd, can;- the >up",,,-'alaf ronecpt fun he" In t h" ""tlOn_ 
" " focus on the WI, "'hich pro, idt" a good example of a R1S( '·h""J "11""""' 1." 
J",ign . At the "",I oflhc '~cI,on, we bridl y "om i d~ , the 6211 

p "we.-I'C 60 1 

Figure 14,10 i, a gene",1 ,i"w of the 11(11 orpm'"I""'_ A, " ,tll (Jth,', ,,,pe ,,,,,. I,,, 
u,"chllws, ,h~ WI " b , ok~" up ",h1 ",uq>< nJcnt functional unit' to cnhao",' 0l'l~" 
tunitic, for O\wloppt'd execution, 1 n paniculJ,. (h~ eor~ of Ihe I~' I """",1, "f th, e, 
indcl"' nJ"nt pirdincd ow,uti,," un it" integer, n""tll\r -l''''''' ""J I)[anch I"""'c,,
m~ , T"gcitw" lh,'''' unit, Cn' ,',""Llt,' Ihr~~ ",,11 uctillns at a lime ;- idding " '"l,,'r· 
<CHia r Je,; gu of J"g,e~ J. 

Fig"", 14, II show, a iog.i<'al ,.-iew of Ille toll ard"k<:lurc, ~ "'l'h"'i/ i " g the fl"'" 
of in,lr" et i"ns hcl"'""n tllnct"m,,1 unlh_ TIte fdd, UII,I c,,' I''''ktdl "1' to eight 
""I fuel""" al " I""" f,..,m Ihe ",,,,he, 1 he cache unit ,uppo", a ("{I m~ i ncJ in'('"""un/ 



<In' " ""lie "n<l i;. re'pon"t>1c (m fccJ ,,\~ ,O<l,ueU{lo' to 'he o' her um', ~ "J <I ... ,. 
,hc' rCl'"k " ('ache arb, lfallon logIC IoCnd, 'he ~<I<lrc ... ' ol, h~ h.j(hes'-p.iori'" 11<'0, ... 

!II 'he c ... he 

ni""a'eh 1,; .. , 

110e d"I"'"h uo ll ,ake! in,,,u,lIon' f",,,, 'he caehe a",l lood. 1hem In,n tbe 
d."'.II\;h ,!ueue. which C~n h"toJ CI!IJ" "",luel;,,,,. a1 3 ' ,me. II p" .• """" ,h,~ " rea", 
", ,n,!r,,,,,,,,n, '" Iced a steady no,," 01 ,n,I,"choo, '4) 'he IIrant h 1'''''' .... '''8. ,.t,· 
~Cf. and n' ", 'IIl8-poin, uni,,- 110c "1'1"" h,,11 "f til e 'Iueu< ,im l'l~' aclS..,," !>uffe.!~ 
1>,, 1<1 in'in,c, ion, until they 1Il''' C """ 'he 1",,"", 11 .011. It, pu,flO6";' ,,' c n,o, " th,t 
Ihe ""i''' It II IIml " no' <.lela IcJ wa ,t I\I ~ I~r It, <I ruCIlon ' from I h~ cad,c_ 11\ Ih,' lo~'i:f 
1o .,lf ""ItUc·It,)I)' "'" Jl,p,,,hc" a,w, d,ng I" ,l1 e foll"w ,ng ",he",e: 

• Rr.l1 eh pr"<..,,,i .. ~ URi" 11",,<lic-. ,,1I!>, a ll eh ,""'0,' ;""'- rhe l"w~1 .u,b 
"',' ,000,,,n ", th~ hoItom 1I,lf of I he d "po,,-h 'I " C'"" " ,~".e.J 10 'he hranch p"-,, 
"""ing unil if ,hal unIl <:.an ncccpl n 

• Jl"al;.~_p";"l ,,"it: lIanclk~ all noo'ing· .... ""l ""irw:horu.. lbe lo""·.";, .,,,,b 
,n<nuelioo in 'he bonom half .. f ' he <l"I~lIeh 'lueue i. ;'>Sue.J '0 t h~ n".IIn,
pvim unil if lhe ;n~' ruction I"pclone '" tha, u"" i, nOO full 

• I"'. ~cr ... i.: lIandl .... in,cgcr ""'rIlell"n,. I""cll.""<'" !>eNe,'n ,h~ r~,"'.r 
file' ancl ,h. cache. anJ inlc¥<" c~>"'l~"~ In, II UCl;O ..... An imege, in"Tu,""" .. 
onl} ,,"uc<l " /ier,, h." fihcl'cJ In ' hc 1>011 "", of !he cl"l"'lCh '!ueU<: 

Allo,," in.~ !>,"nch anJ n""l in ~-.... "''' 1It.1 1'1><:1 .. "" It> !>e ;",uccl 0"'" 01 o.der I" ... 
the c,,'pa,ch 'luCUC he lp' k~c p Ihc """"d,,,,, l"I", III1e, ;" th~ branch pro "'C"'II\~ AnJ 
rt";\III\I\- I~I1T\1 'HI;IS full, anJ ""'l]h' ~ InSllll,'II("', Ihrou~h 'n~ J"p",ch queue I! 
';'I'id l ), ", 1"",;111<-. 

'111", 



H.' I I'OWIiRPC 52~ 



~ 

,1 I !"~TI<-UCT1ON·Ll;V[L l'ARALLELl.'i." 

Ilro "ch 
in,tmetio", 

JILt."):" 
in'lruction, 

Lood/stort 
in,lrueti«n, 

rlo«lin~-I",in 

in,'r"",i"n' 

Fi~urc 14. 12 

I ~.:!"'~~b 
Fo-teb IJ<.."". 

I>xecut. 
Predkt 

.'rttll Oi$p.aUh l:'L'<;ute Wile b .... k 1)«>00. 

.'t{~~ 
DiSl'atrh Addr ge n G"""" \'rlt~ b..,k 1)«>00. 

, 
Fel(~ l)Ispatw 1)«"". ~;;'('<Ll!e l h"'-'llld rrll" b.tk 

Powcrl'C 001 P'pdioe 

dispatch unit a lw comai", logic {hat c"abl." it tL} calculate the pre/etch 
1 ""nl inLL C, klching in struction, ",,!ucnl iali), until a b"Lnc]' in"rLlctiuu 
" IIw [",wr half "f the di'pat,'h '1U""~, WllCn Ih~ hrarlCll pr,>c"",n~ U"" 
<In imtructil)Il, i{ Ill"y upcbte Ihe p,de{,-h aJJres> >0 that >uccce<iin1 

Tho 
addre" , J 

n",,'c, ,,,t 
processe, 
inmUC1\() n, arc tdchcd from the nel<' atidress and entered into the ti i'patch 4""'"" 

U<"linn Pil",line' I ",I. 
Figu 

a comn>o 
patched 10 
t;onlOap 
'''tiL clr,,:k 
lion qucu 

rc 1~_J2 illustrate, the inslruction pip;:line, f(}r lh~ "",ioLlS unil,. 11wro'o 
" fetch C)'de fm " II imtrLL"'ion~; Ihi, ,><-'CLl" hdore an in,lruClioTl "Ji\. 

a particul"r UlliL The ,"conti C)'cle hogi'" "'illL tht' Ji'p'tch of all inSlruc-
articular unit . Thi, o""lJaps with other acti.ili~s ",jth in the unil, OUTing 
~)"' I e, I h ~ d"patch urlil c(}miuers lhu oollom fOLlT en Iri", of th" ""l'uc· 

e arLJ dispatciLes up to Ih,cc ill" ruCliom 
~ranch instruction" the '''(Gild cycle i",'oh'cs dc'coti ing ""J "xecU1in~ Fl)r 

in,lrLlctlon 
'Uh'~Llior 

The 
n]cmor~' ( 

s"' w~ll as pred icl ing hra""h"" The laS! acti"il}' is di>c",,,,d in Ihe "ext , 
intege, ullit deal, "'ll lL ""!ruet"",, thaI (au,"" [o<llL',tore opcratiol\ ", i{h 
including 110ating-jX>in1 [oaJi,t"'~), a rev'ter-regi'te, mo'-e. or an ALU 

o 1''''" 1 LOll 

hy sendin 
For other 
I",,"co 01' 

_ In \h~ ""'" (}f" 1(}"Llislor". there is ,m audre,,", gen~r"tio n cycle f(}lIowcd 
"lhc ,e,ulting "dJrc,", '" th e "ach~ ""J, ,f "cu,"ary, " ",rile·h",' C~'cll 

in 'truCl iom. the cache i, nol in>'o lved "nd ther" I> an execute cycle lol-
a "'rite b""k t() rcgi'l~r. 

Floa 
qcle,. ref 

ling·poml In,1 rucllO"s 10110 ow " "11111", pil",1 in ", hut Lherc "'" ''''0 cx",u", 
lecting the c<'lnp ic' xit )' of l1o"tllLj!..poitL! oper ali,,,,,,. 
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J<> JI"4 J~·"o.l ~41 '" <Jr~dJ~ l'/.IlI'IW~ ''I ~ 11-'4'" p"I"J;>u~;i ."" """"1'1''' p~,,: I 
4,'u.JIJ "~LP"~''I "'J J'J) '''I 'PI"J"I' .'111 4~"OJ41 It";)oS 0.1 p~p l,o.JJ" J,ll" I ., 

P,'\O I <Io" ~ JJ" 

,~ ,;i.11"'" ;i"''''' 11 01 ' 41 '~ '''4·'''.'4 "I-'-'-'"OJ-'I ""'''I'''' 01 ",>l''''~''1 ", .,,,,~,,,., ". ", 
1"''''')0'' "" '0'l'UCJ<j JO .>d." """I' ~<I I"n " 'il" " '11 'JO U"!ln:>.',~ J" ~.,"J '''11 "" P~jP 
0.11 J'"II PIIJl'~-"1 ",,,,," ."".", '" "'41 '" 1'~U"".'1' '" nun '4.1 -'H'" 4)""''1 "'II J" 
,'''''~''U<><l'~l .'4 ' " ~u"~"XI,,J 'IJu~"1 ·.)J'''-''''d ''II U! '1"'11'''"'1 .lJ~ >"'I,'u~ "1 '''''I 
.. ".",,"', ~4' ,,' IIl"U'~I~ lmolUJ ,>(lUI "'[I '11.·,,<1·, I -O"'I",lod "4 ' I" .-,," "'11 ",,,,,,,,1 .. 
0, ~1I1''1~ <II '. "U'4J~'U "'I"",;x!n, "'. )Sl ~ ~ Jo. ,,~u"mJoJJ;x! 4~' 4 ~41 "I .b, "4.1. 

It,, !s,;o''DJd 'I" ...... U 

<IIC ,s I'"n ~"'p"od,.,,,oo .''1' '" ~U".xJ"1 J'I' ,( .. "" 
<IIUI'~' ,no'.'~Jd • ,''I p~lodIU'';> "I '" p,;; '.4 W4' rU~D,I" IIR 'I'~~" 'M"P"'I"" ""' 
"~4-''' -- ."" 'I"~~ ''-'''''l''''''''I' ""·"1.\\ ",,"'''"~' .. l JoJOlJ ~Jn'u~ 01 I'-'P~~" :>.I" ~,,\U,,"~ 
. pr·'" )" In" ,,,o,,."\.II'''L IU"~I'~'''I''''1J r"" 4~""J~ ~n'" Ul>:! 'I~I '41 ,>'i"":'''11 

" IIl'" 1''''''Ii''''''J "41 
U~J"l"'l """""II'Hlp".,, .1" """"1",11""," ,' I"" 1'.>1"'''10.1,,,,,-, '''''411·'' "II'!J"J I"""JI') 
·,.-,,1 '}<I 'JOD ,~.1!.,,'" "'" " ,(, " " ,,,,,,,j,, " IJLU I' ',n4 I. ""un l"u'''lJunJ J~'Il" ~ Li I ,,, Jl~'" 
~Ul\ I ""Ul 1""41!_" 'IJ"J)~\L" ",,,." 'j '" 1''''' '1,ln'.'~IIJ' ~,d"," ~II'''"'I "Ill ~,"" II" "" 
'<~""Jd 'I,,",UJ<j "41 u, ('M~" ) '!"I"~" ~"'''~M I'u" ~,'"S ~4" I" ,,1<1,,",,"U"'1 1 

• r'plOw"'l u.!:> s~po~ ""'1 
'1"'''-' JO '"""4< ·''II',..n~" 'UD"""""" ",P"I"'l '~""1">1U' 'J~I"jb, "0'1'1''''') '41 

'" >PP!llu~"JJ'r 01 >~I'ru U'''"P'''~' 'I' pu: ... u~., ,mn 1.:<,,,,,.>lIn) 'I'~~ ,><no''-'1I 

~ '~q .. , 
~ __ .ct»c" 
.-"",,-, ~ 

~~--' 

, ""' .. c;) 

,:n' , 
<I .. '" 

"' ",,,,h~, ~ LiI "I 

~,'u~nli:'" ~4 ' uu"J'"~'1 II~~ '~I'.J,",,_, .l~1 " I,J,U~" 

,oJ '<IIOIPn'I<III "~""""l '~""1"'Jod.>p J" 1.>OJJ~III' ~41 """'I'-'J '1 .... 4" ·p.~u,~p, ~ "I 
'''l'''' 1'011'1'''0; Jj.J",nw '''''lie ~IIU "rp!J .'roo UOIl'I'""" "4·" lu~r"Jod~p .. ' 14'4'~ 
>U'"I"oo ,,,,,;hJ ~nl)'pllru ~4J. '1/1111"" .. """ "'. <llll(,.j I"JI"'I'pp~ I'tJ,,,.>~ 
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Z. ,\ n attempt i, moJe to determine lite ouicOTTW of C(mJ,I'()rl" 1 h, "ncile" If [h, 
condil ion "xx\c "'" [x,~n '~1 sufficient ly far in ",hance, thi' can I", Jctermin,<i 
In any ,,""'_~, "~m '''" orand, in,lruclion i, encoumu~J . i(\gic uCl"rminoo. 
jf the branch 

•. Will Ix; I" le'" this" the C">oO lor ""condition"i branches and for condilio",i 
b'""clte, ",h",c """dillon code j, hown "nO indicates" branch. 

h. Will no! be tohn: thi' j, the case for conditio"al hrandw, whose cO"'.!;lioo 
cock" known ,md indie'l1o' n(} bnmch. 

,", Oul,ome ,a"tlol yet I", JetermHleJ. In <I,,, ~"'~. Ihe b,,,,,ch "~L,,; ~..;J to 
he ("kcn for b"dwarJ branches (typical of loop', and gUl'ssed not 10 '" 
l~l"n for rOfl'card br"n~hc'. Sc'I " ~ntia l in,1 ructio,," ra,t the branch in,Im<
r;on are passed t() 'he "x~"tll i()n un,,, ,"" "onJilionai f",l1i"n. Once Iht 
conditiun ~ode value is rrodu~~d i" Ihe c,,, culion urli!. the hl"ncl, UOlt 
",I her "~n"cl, ti,e "'''tuelil on, in the pipdinc and rrClC<'~d< wil h Ihe let,h<:<I 
target jf the bronch " laken, or """al< f"r lh" wnJil ion" I ;n,1 rllel ion, to be 
e,c",!l~d, The mmpilcr tall use " ~ingle bit in Ihe imlruCh"" wding 10 
r~vc!'M; Ihi, ddalllllxha"ior, 

Th~ incorpm"tion of " htanc h pr~d l c11()n ,Ira Lcgy h",cd Oil f""tIl"h h"lo or)' waS 
rejecled I~,-~",~ thc d~,ig"~,, Idl thai a minimal payoff "ould be " hic',,,d , 

As an example of ,h~ I"''''"h prediction dkct . "omidor lh~ program of Figure 
14,1} "nd ,,,,um~ thai th~ branch rt'()<;~"or I'r~dicl' Ih"l th e "o lluiti"n,,] hT"nch 
]".,Iru,-lion is n"l til ken (I he ddoull ca", for" [", ward 10, "nch j, I-igure \ 4.14a ,ho~', 
the dfect 0" IIw I'LJ>chnc ifin f"ctl he bran,h i, ""I taken, In the nf>l cycle th" di<
patch 4ueu~ i, 10~ dc'J with eighl ,",Iructiom, ('hc fir<! ,;, in'l",dio~ , arc integer 
ImIT"~lion' 'ind arc di,p~t('hcd one pc, ,,}'d< t" 110 " int"g~r "m!. The ,onditiOn)1 
hra,,,h imlr"c-tlon "anll()l be di,palched unlil it progrc"e, to the lower half of the 
disp"ICh queu~. wfllch hal'l"'"' in cyek 5, Th" b"mch un it predict> lhm lhi' bronoh 
will not be tole". "nd "" the nol ""Irudion in ""I u~m-~ is ",,"Jlli()n"II~' oh,;patchcJ 
( inJi~"t ,-d hy" D'j . The bmnch cannot Ix rc>oI,.~d untillhe "''"pare in,truclion "",
cule, Itl cycle~, ,\, tha, li", ~_ Ih~ i:>ran<:h rr",,"'sor coniin", tha i it' pred iction "'a! 

COff~"t. and eXecUlioll COrlllt"!~', Thne ar~ no <kl"y,. "nd lh~ pip;:line i, hpt f"lI_ 
N"le lh"l no i ",t fUelion> are fetched Ju,,"g cycle, 4 Ih"'u ~h ~. '11", " I,,-',"us: 

lilt c"che i, I",,), during Ih,,'" "yclc' with Ih e cache a"<,, ,tage of the li,'c 10"" 
in 'trueti o",. E"en ",_ IIw in'lmet;,," ,lr""m i; not dl'iayod . ix,a"", Ihe di'PHlcil 
' l"eUC con hold eigll1 i,j,lrUc!iotl<, 

h~Llrc 14,1~b ,how, the re,u it jf lhe pred iclio" i< Ln""r,~cl anJ Ihe h,.ln,h i, 
lak"". In Illi, ~'''~. the lhree inqruc,i"", 'larting at Ihe IF mu<! h" tlu,hcd, and 
fdching 'e,ume, with lIbtluctio", ,,,,rlillg at I,LSE. ,\s" r"'LJ lt.th" c'~"',t " ,lag< 
pi Ille integer pip<line is idle forqcles ~ .nd I(). ,e,ultmg m" Iw<> .. o:yde I"", hr,,"" \C 
of the in",rrect I'rcti;,-tion, 

Powerl'C 620 

I h" ('211 i, 'h~ fir<! &I-hit implemctltal,o" of {he I'pw<r~, arch itecture , A not.hle 
le",~,c of Ihi , implcm~nt :l1ion ,s lhot il include, six indcp<nde"t e,ccUl,o n ur,;1>: 
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• 1" ,lruel i,,,, unil 
• Three ,"I"~t" units 

• Lo"di'1<>'~ u,HI 
• Floating-point unit 

11", o'gnHl/Oltion ""'hies (he processor 1<> di'r"t<; h "r "" f"LI' ,TI'Tr uct ioos ,imulta
neo usly tu the three integer unit s and UI1~ rI'-"<tlTl~ I",int unit, 

The 62U C'''I)lo)',,, h ig h _pe'fo'" "","~ br~"ch preJiction . t,,,tcg), Ihat ",,'oh' , 
pred'ct ,,,11 l()g L~, reg"t~ ,. fc<tame buff,-rs, aLlJ rcw,,,mi()n ,tat" on, ' miJ~ {h~ "x~cu 

tic", un,t,. Wh~n an instruction i, fdched. i1 i, "" i ~ neJ" ,e,,,,,nC buffer to h()ld 
i"'truction rc'u It, temporari I ... ,,,<;I, '" re~"tct , tor." lJc'cause of t he u'"' "f re n"nle 
b"fkr,. th e pro"~,,OT "'''' 'pH'I!I"li",'I. ,',"'mlc instruction, h"""d 011 hranch pre
JLct ion: ifIll,- preJ iction tum, o ut to he incofrc<"T. 1hen Ih,· ,e,uh, of (he speculati". 
instructions Co il be tlu"h"J wil hou t d;lln"~"'t 1100 rc~"' e' file. Once th e O\l{"om~ "I 
" branch i, confiml~'1. '~rn l~"Iir)' '"'U l l~ c~n he ,,,, incn out fX'rman~I1It )· 

I"ad, urllt h~, t",,) <" morc rcwfvalion sMinns. wh i, h ,It,,~ J i,p,, ' cheJ ""I rue
{ions that <)""t be hdJ up fo, the ,o,,, lts of olher imlTUcllo,,,- ThIS feature ck"'" 
these instnlet ions out of \h~ ""Il'HOll on uno{. ",,~blin g it to continue Ji'J'o\"hing 
,",,""', ,"," 10 o{hn ""','u{o,,n units . 

ELS" , 

, • .. 
d~ 

Jo,,, 
1 '. , 
l '~' 

h' 
l '~, 

~"'" ~ 

"'-~ 
. " 0 
" C~ 

."~ . ,,~. 

> " , • , > , 
" 

" • , , ., 
(al C code 

~a<a r <l) 

·2·"ly1 . '; ' ,-, ", .,. ,1 
~" ' -d i" . "'i 
~:1<~ 1" . "1 
c~.J · r 8 , t· 
E!"'", erO lqt_ !~ ' oe 

~::>=,'8 , r:2 

",,-,11 .'" 
7:.·rl' . ~: 1 
,4 rl:, , ~ 

a ld) .r·' 
OC . 

r12· ,,, . ,," 
r12 c r9 , rC2 
rt'_r tf'. <2 
<' - r".=C' 
a ll' li _" 

1<1 po:"," to d. 
, d • • pojn " ~o b, 
'r"" p d nt . to c , 
h -I.12 ""inC. to d . 
orl,,, ",,;nt. t o • 
.load a 
.l ""d b 
. l ",~ c 
OJ ""d ~ 
'bad 8 
.e o~.,..r~ \ " .. "ci i ac~ 
.b"r.c:· if hOt ~. l ... .. ~ ...~ 

'"OO"~ 
'u"'-Xl~cihioc_4 j bra,_c'> 

.""tt~"OO 
hdtraco 
' ",-~' ~a,· c 
.,, ~ty~CO 

IsCor<. 

(b) A."'mbty wdo 

C,><k E'''"'I, lo ",11, Omd;, ;"",,t Ar.nch IWE tS'I-l 1 
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• • • • • , • , " " " " " " •• ...... , " , , • • ,- "" •• ,.,1 • • " • , • ,- '-'" .' • • " • , • ,- ,.c·", , ", • " • , • - " .. " . '" , 
" • • ,. • - • " • • ... ,"" "'. " ... - • • • • • • - ." '"." • " • • .. ·"·.11 ., • " • • ... ',;·.n ,rc< • • • " • • -""". , • , • • " , .".,." • , • , • = ,. '", -, ,,) " ."1 -, ",,,".\2,,1 , .. ., ," ,." - , " ".' ,T" - .,,».,.. 

= 
(. ) C"" ... p .. di<.lon: 1I .. " t h ........... t.~ .. 

, , • • • , • , " " " , , . 
" .. ..... ,,: • " • , , .. "" ". • • " • , • - "·,,·I.a, , 

" • , • - " "I • • " • , • - ." •• ,,1. " • • • • • " • , • ~, "".'" ,0 • • , • " • " .... ,<·0 • '.'" , • , ,,; - "·d,," , 
" ... '" • " .. , -.. • I , . 10 , 

~ " .",' , ." .""",, 
• .. 

"'5O; 
_. 

"",""l> , 
" 

, • .- ".,,, ,,, • , • .. ... ''''T·.', ,'. • , • • ,,' " ,,, • , , • , • - • ',U· .. • , • , , 
11» In<or' ..... p .. d iclioo: IInnt. . ~ lab .. 

1' " r"",h C "c..,ho :oca:" 
I)"d .. "",,~ Yo' ... 'n",t..cl 

li" ~."""""~ .. S ..... 'po'ch 

F;".r< l~.I~ U"""h l', oJ;nion: ",~ T. hn 1\\'1 lS\J.I1 

l'hc 62U can 'llC'Cubl"cly cxctulc "P I,) f,,,,, unrc'I,lh'J I""nch ,,,,'ruet ;'.,, 
(H"'" ",," fur the 601). Ilrarlc'h P'"U1Ctl"rI " 11" ,,,01 un the "'" or a bm"ch ~";IOry 
tail le ,,:itll ~~ cnlri« Sitlmbll""~ '1'" I>y the 1'0 .. ·",1'(' ,fc'i~nc" ,h" .. thot the 
I>,",,"h l',cJirlinn ,ua:,,," ral e;" '}O% [TI IOM'i-l1 
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14.5 RECOMMEND~ READING 

1 lOll N911 r{'moll" , Td""'llt ""l oxc" ll olll 1~",~. I ""g' h Lroalmo"' "I '''re'''''' J,,, d",~n 
Wl)Tthwhile ,UTh" articb (On 'he ,uhjoct atO IS \I I T~.1 1 ""d lS I M ,\ ~71. IJ01 I'~'h 1 ".mi,,", 
""lru,,,ion-b'd I'"railel " m. h,I« .. "ori"", tocho"I"'" for maximitlng p.,ml lol ll'll. ,"eI ,,'m· 
I'-'Te, '"P,,,,,,IaT and ,up<rpip..- li", d "rr",.ohe, "';"l' ,;mu l.,ion. T",,, TOC»llt r'flC" th." 
I"""'id,' ~",...J "'-',"'Tdgt' uf ' "I"'T'"laT de,i~n i"uo, ,,~ 11',\ l"1'lll l .,n" 1 MOSlI" l i· 

[!'OP[~ ll pTOIiJc-" detailed I<~lk at" p"'p",<-'J 'Ur..:"".b T ""chin". It .11." pro'kb 
,1\ ""dk"' 1 U'OTi"1 co" lhe "e"go issue; rdate d 10 "ut o[ ·ordcr in"ructi,,,, 1'"l i,io,. ,-\'''lthcr 
I"", ,I , !,,'-'\X'><"<l 'p tc m i> fo"nJ in lK lIGA 91 1; Ihi, arlick fa,,'" "n d """,ide" mool 01 lho 
'011'''''.'"' J"'i~n i","", In r 'U[>CT"" laT imp lem en'",io". 1 LEnl 1 exami"", ,oft",",c tc-ch 
" i ~u,-, ,h ,,' ca" r", "'"0 1" enh,,",c '"p<T'<'alar pc,fmnlanr,' 1 IV ALLQI ] i"n i""T".ting "oJ" 
of the ext"nt '0 ,,·h ie)o ",,1, "<'linn·b,·1 r".lkli"n r"" h,-" cXI'I"i'c"<l in a '" I":,,,·.laT rf(",c',m 

Vo lume I nf II N l'EO lal p""'i<k , gC'ncT,1 de""rip) i"n of lhe Pcn1i"m 4 I'ipcline: n»re 
dc("il" 1}f,,,,,,I," '" 11 :-;'1'1'.011>1 

1 POIT'I41 i, a J",. il ,d .""'hn:lli"" "j' ,," " " CO i,," I"rc li , . i,, ~ 0" 'he Puwe, I'e htll. 
lSI I ,\ "951 . 1,,, prm-iJe, g()()<! W\' ",'~"' 

JUNTOI Bini,,,,. G,. c, . 1. "The Mio",arohil<c'UfC 01 the Pentium 4 P,OC"""'," lore! 
1~"h~,tI()t} Juu",al. Q I 2001. hLlp:/I""YdO{>Cr.j~'cI,<:om!1octu.'~"8~!i l~1 

LVfl':&l. IOld Corp. {A_32 Im,1 Ar.;hire(""" SOf!",,,,.. D" .!~p<"" .'JM«ul (2 l-ol"m<:«j. 
Doc"","", 245-470 and 24$471. Au",,... CO . 20.)1 

I:>ITEOlb Intel ('\',p. I"'ei 1'","I"m 4 ! '.-IKe",,, O("imilm;o;, IIcfc,,,,,, M"n"~1 D,",u
",,-nl 2·M966·0~. Autora. ('0 , 2001 , hllPC":d",'c lo!"'. ,>nlcl."om,'",,"j~nlJ'''ILI'''m~ima,,
a.' 1:5/2 -lll%fl. hI m 

• 
JOlb"'91 Jnbn('Ott M, SHp<NWluf f',foe''-'P'"UM''' D"i8'1. Englcwo" • .1 Cliff •• NJ- Prcn 

nee 11.11 19'11, 

JI)UPgy" Joappi, /1;. , .nd W.\I, P . "Availahl. In'''""ti<", I.e'", 1'".lkij'm ('If Sul""" 
""" lar ",,<I Saptrpipol;ocJ Ma<hi"~;:' /'~diIW, n",d I"""""i()"r./ ConI"'"",. Q~ 
Archi",,!~"'1 SU!'fNrtfor Prvgmmmlirg Vlntuasc,' and Opc"JIUl8 ~\'."'m' , ,\pril 19'Jl'}. 

KUG,Ul Kaga. M" MaraMm.i. K .. . .,~ Too'; ... S. '"US:-;S (n""nl;"I1) '~'''''fd NS<lh'e,j, 
Statico lly.c<:><k.schoJukd, Noftu"i(orm SU!'<''''''''!'f): Yot A(I",h., '-;urc~.I" 
I'rocc>w< Architectur •. - Com!,",,, Arch,'Nt" .... -,Vcw" Jw~ J99\ 

U;E~l Lee, R.: K "'''\:.' A, and IIriW. p, "Th" Flo.' ing Poinl Perfutn,.,,« u/ • SUf><r. 
,,,,,Iar SPA RC I'ri,,,,,.,,(If." rnx:miif'8" / '0,,,,,, I",,·"'.'i~nal Conferm,' MArch!",,· 
IUral S"f!I><''' /0< I'",g"''''mi''~ l"'''~''''f<'J ~"d OpN"I<n8 $y,"""', April 1'1'/1 

.\IOSIIUI M,,,llo'o>. A. aM Soh;, O. ".\·1ic-ro.",hit«tural lnno"..t;""" B,~,.'ins M"'fi~ 
I'r<,,:eswr J>Ofr"rol""'C Ikyood SemiO(mdl>C!u, Tech!>Ok'g)' SO.ling:· r"J{:<~~in!!; of 
,he 1f;F;t,-. Nu,o",l>e' WI. 

pxnol Pal1, Y. " Requiremenl', B"ukne<ks. 'oJ GooJ F"nuno: As<n~ (0. M",,<.>-
I"''''''''' ''' h"luhon," f'r(x:t'''I'''~,' of ,he IE!:E. ,"""em),.,r 2(~)1 

POPI':91 l'"flC,,"~ . V .. " .1, ·'1 ~. ),-10'300'0' ,\",h;'(-<;lu,e' I£t-E J!icw, Juno 1991 

POTJ'9~ Puu"" T .. 01 01. "Rosol"I;..,,, of D.!~ .nJ C"""ol-I~"", Dcpcn.jmcic' in the 
l'owcrP(; 601:' If. U; Mir,,,. O<t'*"'r 11"14, 

SlI ,\j'\'J!! 

SIMA'i7 

SII.nJc)·. T, I'w'Crl'C Sy"cm A rchi''O,w<, Re.ding. MA: ,\iklison Wo,")'. ! m. 
Sm... P . '·S"!",,,,,. I,, In,',,,,,,0011 I",,,,,:' /IJ I: Mum. U!~"1lthcrKl<!<p:f I W7 
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SMIT% Smith. J .. and Sohi. G . '-'The Mic."",-rn,te<tUIC Qf Sup<lKlla. l't""",,-,,,rs.· Pm-
cudm~s of ,Itt; ItTe. o.,«",ht. t<:09S 

W-\LI.~1 w.u, D, "Lim;t< ~f InSl,,,,,hun·u,,vd I'aralldi,o!." {''';CU(/ins'. F",,,,h 1"",
~",it>M( Omfcr<<U.·, M An;hi1etW'oi S"pp,," for P,"'$,mtmting I,A)"g''''8'~ "ml OJ!"" 
.'II1R $",,,"<. "rril 19'11 

14.6 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Terms 

""Ii<kl><nde"" 
N"amb prc.JiClio" 
in-order j,,"e 
in~)fdo. <ompiol1O" 
;n"nKlioo ;,,"0 
in .. ru<lio[do,'<ll>.r~lIdiom 

Review Queuion. 

ins"""!;",, ""in<low 
"""'hin " parolldi>m 
""I-ol-on,k. "",,]>leI;,," 
()I)I.(>!-o,dlt ;""" 
OIlIP"t clq"'ndmc~" 
I'wccJural dep<1Id.nc~ 

relli'lo, T~n"m;ng 
,,""':>HT"" conllic! 
SlIpt' rpipt'.I;" eJ 
,uf"'r"", I. r 
Ifue JotA <kpcndcncy 

t4.1 What i, tile 0,,,,,",,.1 cha"""«;"i" of 'he <ul'"'''-al,,, "PI'" "el, '01",-",">8'" "" i1-"1 
I~.! Wha' i, Ihc dirk,e"",,c betw'~n 'he ,ul><r",,,",, And ,uf'O-'rpipcli nc'd ' ppm"d"" 1 
14.3 Woat" ,"""",ti .",-b·c l p".lIch,;,n·;' 
14.4 Briefl), Jdine the fu-l lowing tam<' 

• f',oo da," u<pcnu<rIC)' 
Pro« Ju",1 dOp<lkknq 

• i{o,,-,",,",' "on l1i"" 
• Outpul <kl><nJc ,,,,)' 
• ,\"tl"'-'I,,'ndtn,'), 

f4.5 What '" tOe ,I ."""""," o..;h'·,"" " .. , rU,;o,. .,,-k,·" 1'.[.llI-li"l0 ",K! "',,'hi"" pM'"""-"" 
14.~ Li,1 and hrie~)' ddine thrc.' I)'F"" of ,upc,,,",I"r i" "ruOlio1O i"ue 1",licie, 
1~.7 What" ,h o f" ' fJ"'<e ,)1." ,,,,I ,,oc!i .... , w;"oo"'" 
14.11 What i, rc~istor "'naming and ",h"" it< pU'I"""-' 

1~.9 Wh,'",o 'ho key <I<",e"" of. '"1""",,10' 1''''':"'''''' mg,oiLa liun" 

Probl~n" 

14.f When ou t of-o. der compi"'.,n " "",d in " "'p",,,,,,f.,, P'''''' '''''. '"'"<TIp""n of 0«' 
'""'''' ,ft", in'errupt p,,,,,,,,, ing i< O<>"'l' li<"'o,1. occau," the c"~pti()nal c<",o iti"" 
tn.~· h""" bee n oc'",,'ed a, an in'trocl ion 'hat produ«J ," ",ul, out "I or.kL ThE: 
p"'gr~m "onn"t t--c re,tarted ,I 'he' in>tmction fol lo",ing the exceptiona l in,lroction 
I",,,,"," ,,,t,,,,,~"cn' in,[roc! i"", ha"c alread), co"'r""cd_ "nd doing .. " ",,,,,Id <,ul< 
,he,", in, "oct;"", W loe ",,"<utcd ,w;"c, S"g~"" a m",·hani.m o. nK','h""i,m, fur d,'.I
"o~ ""h lhi, ,ilu"l i"" 

14.Z Con, idcr 'he loll()~·ing "'quo"," .. I ,"<"o",Mn,. whe.o Lh o ')'""" con,,," 01" 
()F"'",k lollowc'J h)' 'he dc'"imti"n ,cg"te' f(l II,,",oJ h" (ln, '>r ,,," '~mcc "H""'''' 
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, .w .<' , .<1, '" , WAC, 
. "' , IF" . , "-"~ .<7, ." , AD~ .{l, '(, " 

• %L ~7 , 'C', , 
" ,:, " ,', , seB ,'0, ,) , " 'llD ',,', oJ, <.1' 

• Ii:'A~ ,." W 
s,'~ <.: , " '0 

1 ': ", " <7, " 
A~,"me tI,""", ~j'" r"'H""'go I"pd"".; ','oh, d",,,de/,,,",,. ",cut,'. "n" \"". 
'\"v"", '"" ,II r;I", I"", ,'.,~" '.1le """ cl, ,;;k '; eI,' e"ept for 'he ",ccv'c ""go. For 
,,,"pic i,"og<' ""hole[oo ",\<I I"!,,,ool ""trLlCt ,,,,,,. ,110 <,,'Cuk ""1.0 ",h, om' ",cll-. 
h,l[ fn, "l.(MIJ r,,,n, "'LIllOf). b,," <;-<b "'e ron,ulll,d in 'he ""'CuI,, ""~", 

If we' h,,'c " "Illplc <c,hr pil',: li" ,' ~"l , 11" ", "vl ·"l, ,,,Jcr 0,,,,-,,\ ;0" . " '0 ,"" 
con,t rocl 'ho f"IIe'wi,,~ t"~k f~r ilK' eXl'""i",, of <h,' fi,,1 "".«, i",<""t ;, "'" 

,.,,,",,,;,,. h,," ,,- ,-"",,< I"it< 8 • ..-1. 

, • , • , • • , , • , • , • , . " , , , , , , • , • ., 
" " 

, • " 
Ih,' ,'n",,,, ""Jc, ,ho r",,, 1"1', 1,,,,, ,'"~O, ""ii,,,, " tho d",~ cycle·", which "./lCh 
i1"" "di"" b,·~,,, ""'il 1'1"",,,, Ir, 1I,i, I'''i'",m rho ''''''JllJ ,\ IlD i""ru,",," (io-"'oc 
"0'" 'I J "pc n,1< p" 'I .. LO,\ I) "" , I OJ',;,," I" " " L"" ",n I) fnr onc- of It> ,,,,,,,"nd>. m, 
Ik,,,,, ,,, II" W,\ll in <ln"',,,, ,, '" '''' '01'0 ,""c k "y,le<. "nci 'he ",ue 1"1'''' cll,,,,un'o,, 
'ho (kpe."IOHt ,\ Ill) """"oti",, "lk ' ,,,,,, ch:~, . the ,''',,", lo¥ic mu;t <k l.l' 'he A Dil 
in,,, "o,",O I", thre" ,' I, ,., c,",b. W"h.n ,,", "I ",d,', "I"hil il)' L)K' pH",,,,,,r <on 
""II ",stlllc,i"":1",, , I,d <ydo.j, .,nJ ,h,'n mm', on ,,, i,,",' 'he f"lI"win~ ,h,ee i"cI,· 
f'Cnd,'nt LlbtrLOO"""'. wh ich cnke ",'cut i,," ,1L d,K"k, b.~ . .o IlU ~ Tho LOAD j'i""I1", 
e"'cut i,,n ,,' eI,d~ . . ,oJ "" 'he d"lx·nJcIl' ,\DO C'Il t-.; h,vn,h,'J in'" "c, ,,t;,,,, " " 
ch"IO 
•. C"mr),k lhe 1'"",,cJi"" '"l'k 
h. He,", n ," ".l1 le, ""Jon"'~ "" "ut ·"f·,,,,icr c,' p"t--oln,. \\ hat" 'he ,a'-"'g' lI";ng ,h,' 

cal'., hil,',,'! 
<. Hedo the t,,~I". ""um,ng' ,"[>Croca l"r Iml' lelllen' "' ion ,ho' l'"n h.llUI" ,wo in· 

"'ocli,,,,,",,,, ',me ,ot "",h 'uS'. 

14.3 In 'hc- ""trLJCl1<'n ~vcu,' in the Ji'p",oh lin" "f ,he P""",I'(" Oill. i","oc1i"n' ".-" I" 
Ji'p",che'u <'"' 01 ",d,', to 'ho hraoch p""'e"in" anJ 110.'in~'I'<Jinl ""it>, 00' H"" oc· 
,ion, inknJ,d for 'he inlcgo, uoil mu,l he Ji'p,,,,bcJ on)) hu,,, lhe 1,,,[[,,,,, 0 ' 'he 
que'uc. Wh,· ,hi , limi'a! i"n'! 

14.4 rr"Joc" " figure , imi)", to Fig"'" 14. 14 f,'I 'he fp l l,'w i ,,~ c"'C' 
•. Bro"ch I",uict;ono <"~c," ",-,m"<', pr cJicl,,,,,: h, ",,,)0 " ,, ' ""." 
b. B,,,odl prMlCti,,". ," l cn: ",,<'rrect prcJiotion: 1,,""eIl "'a> n"l 'a,cn 

I ~.~ Cv"",\c, th<.; f" llom ,n~ .,""',!») I."p"". p">t!,a",. 



" 
, , -

" " 
, 

"" 'R), -, '"' , 
" "d , " .. - " , 
,,- u" '9, '" " .. - 'n , I~." ," ~, , .. ,- ". .. ,. " .. ,F". 

Tn .. p'0jtum "",I~<Iea ",,,.-w,,'o. r~.<J .. '''e .• 0<1 "·,,,._read "."""Jone .... ~""" 
,h<lOl' 

14.6 F,.our< H.15 ,Itows an •.•• n,""" ,,[ a , "","""alar P""'""'"" , .. ~am""'ion The 1"""' 
,to, <an ;"ur tw" ;."mellon. r<' ''', •. ,' ,h,-,,'" no "·,,,mrc.' confl,el and no~ ... 
de"",,,I.,,.,,· pwbkm. T!>o" .rc <...,n""II)' ",,' "",,:ltn«_ ",ilh four P<"":<"">$~"" 
(Mch. oc«)(J.: cum,", "nJ "",,-,. E.>ch PI"" ',,," h", ," ",,-n fdeh ,,,,('()d: .oJ ~ ... " 
Un,' r',,", ,u"<"I i",,,1 un it. 11n" '''p l,,,,. "ollet. l,,~i<; '''111, ""J I,,;" un il)"," .;'.II,h!e 
hot If>c in 'he' ",ccuLe '''~c ""u .,,' , I"" ,," h)' 'he '"-,. "; rcll n<" .," " Jill""': h>~, 
'I h,- ,,..,, "~me l'" H' ,'on I'C """'"'''',11, " ... ,J h)' tI", ,,'" I~l","n",. J"p<r"h"~ ,''' fM' 
.~, I,' y", • p>rlic"", ""k:. Thero IS. j,,,,l,,,h,,"" ,,,nel,,,o wilh lIS ""'n klm.oJ 
d<c<\<lont I,,~;< . T~;, ","d" .. ' i, "'Cd I", ",,,,,,,,,",0 I""~''''.J '0' ""' o(·,xJt, 
,""rue'",,, ","e. 
(',,..,..,1.;, Ih~ Ivll" • .-,n~ I""p"m 10 he ~ .. ","",I '-'" ,h .. p'.,<C"'M 

•• " , .'1, , ~ .. cy '''' 
12, ~ .'. " >;1; 

• = " " .. , '~i .. ~,1 " • '. .:,;, ,. , '.~V ,.- " • IH" 
H ,",I • - - . , ~ ', 

.. W,"", ocrcndencic. ex,,' In 'ho ""'''8''_.' 

h. Sh",,' 10< I"p.:i;nc ",;oi"II)' (,,' '"" ['1'''1''''''' <," Ihe I""'''''''' 01 Figu,e 14.15 ""n~ .' 
orJ.-r i»ue wi," in mJ..-r <!>m('l.,;""" 1~~lc,,'; and ""in ~ a rrcscnI.Hi,," "mil " 10 
Fi~",,' 14,2. 

", Rq"'" ' fur in or"", i"uo ","h ou ' ,,( ",d," """'ricl,,,n 

,I, ROI"'" fur ""h>(·<)rocr ;"ue "Jlh "u ' ·,,1 '''oc' l"""l'icli'!Il 

Slo,... 
4\.til. 

h~""J 
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.~ " --~.CII:rIJIOI--•• T.".)'.~ I I I I • -,it, 
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I I I ! • To I 

• I I I I • To , , .. 
'1" ~ 

,......... . 

'" 

14.1 Flul~ I Uh " rn ..... pal" on .",>':1"""." """1:1' I' 'r1a1n lb~ 'h,~< f'3'" ,.1 1"'
fi,ul~. aoo ... .-fi"" "',' , 000' 
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"'l<:Y l'OIXfS 

• The IA-64 instruction ""t ar<hitectute i, a ne", approach tu providing ~atd· 
w"fC <uplX'rt for inltruction-Ic"el parallelism &nd is significant ly different tb.! 
the app,o~ch t~kcll in ,upcrSClllar .r<·hilccture5. 

• rhe m",' nOleworthy feature~ of the IA·(,4 ard "'<Xtu'~ are hardw"re 'Upp-otl 
for predicatcd c.>;e\;ution. conl",1 'p"culation. d",a ~pctu latiQn , and soft",.," 
p'pelining, 

• With prcdit~ ted cxc<"ulioD. eyer;' !A.(\4 insauclloJ) ",elude. " rekrcnce-t();. 
l·bil pr~Jicatc reW>1cr and onlycx(;cule. if lhe predica te value;, 1 (true), 
This "nabk, lhe pr""'c,~or to jpeculnti,'cly c~c~ute ooth branches vf an if 
,t"te",cm and onll' commit after the c01ldition is determi"ed, 

• Wi,h control W"<ul a.j,,~, ~ !O~,j ;n,truetion is mo,·.,d ,,",her in the pr<!gT"m 
amI it, original posit ion repl",,~d by a deck ;"'trueri,,". The cady load ~"e$ 
~ydc limc; if the load producel an exception, the exception i, n"t aCli,~t<d 
until the cheCk ;n"ruction dclcrminc~ if the load should ha,'c bun taken. 

• Wi1h dal . ' I"'<"ttlation, a )"od i. m()",'d b.cfore a ,wre in,truCli" n th,, ' n>i~ht 
alter Ihe mcmory location that il.he source of the load, A .\nmeQu~t\l ched 
is made!o as,Ll'" th. l 'he I,,~d rC<t;"e$ the proper memory val ue, 

• Soft"'~re pit,d ining il a techn;qu~ Hl whkh inSlrUCl ,,)n\ from multiple i l~t ... 
• ion> "f a loop arc cnahlcd to e~ccu te in p"ralicl. 

=,~,~-~~~= 

W
ith the r~ntium 4, lhe 1 1l1~T"p",':e''')T ,,,,,,il y Ih,,' kg'''' with lhe &l&i 
~"d th"t ha s ~c"n the most ,uc"""ful C""'puler p rCJJuct line e,er 
"PP""" 10 h"yc c,,"'c to an <"1<1, Itltd ha~ Ic'amed up ",;th H""lcl1-

PackarJ (HPJ!O d~yel"(l a <lew M · bll ",chilcclllrc. ca ll e J )I\ ·M, 11\ ·64 is nol ~ 

M· bil ~'knsion of Inters .U-hil xS6 a!'c!lileelur" . nor i, II "" "d"pl"tlOn of Ilewlott · 
Paclor,j ', 64· bil PA·HISC architecture . 1,\>!coJ, 1.'\--64 is a nl'W ",cI" lecture lhat 
bu il Js on year> of re,e'trc!l al L h~ t",,, eompanics and ~t univ""it i",. Th" archil('{"
lure c'x ploits the "ost circuitry anJ h L~ 11 'peed, :",.ilable on l h ~ n""' ~'l ~Cn"ral i o", 

,,/ ,,",',,><:l1ip' by " 'Y''''l1latic u,,", of pao . Ile iI;m. I A-64 arcb lteeture rq,,",ent'" "g, 
nific.", deparlure from lk Ire nd to ,u l""HCal"r schcme~ that h",' c dominated 
r"cent processor developmenl 

W~ hc~1n I hi ' ,hapte, with a Ji"u" i'!!I of Iii, ",ol i, " l"'~ f"c["", f"r Ihc new 
arch,ko"rc , "txl, "'c loo~ at I he gencral orgatlizMilln to , upporl the ard, itCClU'e, 
We lhen examine '" '''111~ d,'la il l h ~ l cy k,ture, of lhe IA-64 architecture thaI pro
m"'e in'tructiol1-lewl pa,alieli>lll, l'i1l all)" we I,~)l "I the 11\.1>1 ",,'ruct ion ",I "rchi· 
leClu re and I h~ )t,," iUlll org"niz"liotl. 



'''~ _>11'" .'~' "' '''1' ~"" ,,' ,.~" II'. "") ..., ~ '" ·'4' "' '" I' .' ~, ""', .. , .', .. , ro" 
I"" -p.,..,.,,, '" '''''.'''1 "''J' 'P"'I 'I~""""'.''''' r··,'_' .... ""l~ 'I"" ,"'''''''"' ''',' 'J ""P q",'l 

~,",,"l 4",1"" ., 
" I" '4''''' 'I""! ' '' '~. ", ",",.".' ,'" "'I""'" "",,"_"'" "" "'I"',"" 4" . .. " " " ", ' ~ """" '11 

""'1" 1' """" ,~"" ""'" I-- ","e,'''' U<"_",,, UI 'v"u,.~'!"" ,",'P""l! w,'.',,, "' " .>nm" ' ,.""" ' >10, j' WI' ""I"",' K 

"'"" .. " ... '" ,., I'll" ,"" ,'tJ"," I~ '"un "",n'-'", I'~I'"J """1"" 

.. "~, ~, ...... ',j ",m 1"11'""4 ,""""""" ,,' "'IN 1"'-". ,:>oJ """ """un""" '''''1 .)\ III 

1'\0' \1 ' .. ..,..·.,..·S 
"lnn'I,,!"\ N \-'I '''''-1-'' '~I~"'~--,.j"~ I .... ""roo'l "0' ....... 

,"u"m .)S I') "'OJJ iluodd~", ~ 1'_'I"J(',I'n~II' t ,,,""u.',j 4~nru41 II ,..nllu·'d ~"" '''.1 
'UTlIlU.'J ~~I -U~'U '~""I " I" .'I".'~'~ 01 ,U' '1I·'IlJI'U' .1<; 1.1 0"1 ~u, "oll~ '""nb"'~J~1 
)~I."".-"lm .-,," nlldw~IJ " 1'.'1""" " ~rcw PI"! WnlW·'J .>4141'" "IIUIl "'''IIl,'''''~ 
"ld"l mU P~,' lo,"JI 4,)'4·" UO ' I~I " .!n"'.' .)~ l liIJ" I "'-"J,-'d n ' "41 "1"11"'" ':l" 'WI"<lL<I 
'·'''~JJP "OW 1" [4"'10 ' I-'IL[ ," " [''''''."[cI ,, .)"n! ~ L[I J" ' u",'w ''I I'~Jds I':>i".".>u, 
pu. ,,, nOJ 10 ''''U ~JI 1'' '''.'l.iU L ~ 'II i" ~~" I u"·' ru O ~Pl 01 "HI,dum," Ol,i." ~",; n l'')''J '' 
"u"'u, '.'4 '0 ·' [LLI·" u ~~ I~ '(~ [ 'l! ""'''"' . I --~. ~) ~\" "'F',-lId p'.1n l"'"U ' PHil '>()S/) I 1''''' 
.>41 UI ,pu~,n{>'II)O .p,'JpUtl\! ~'II <IlL" p"".".1Ul ""''' ''''''' I" '''1'''''u ,'LlI 'V ·~ u , 
-u 'pJ,J OU " , "11111'1"" .'''''' "',. "'" 1' .... ,"",,<1 ,,~," 'UOIllnJl'W '" 1~41. .w,~p 
"'Ic," {1I~' lu,,'.' u"' "'." I'u~ 'IOI'''U''~I J" 'pu""n"4' JO <"~I P~4 ,h,1-' "",-,,,,,d .,~, 
-'1llhl ·'1"1 341 ut,-""I ud"'l ,;!''''I'I '1'1" _,~, 11."1.\\ ·~:Io.'I"u ~"-,, -''II )0 "'~P'P "41 ~4 
u.>_,up" II InU 'uo"'~"-'P '""II'''''''''' ~ " -"'"1'-'I'4"e U()IPruI'U' 9l!" '>41 41'" ,'14 
"" C<J,,,,,~ ~IC"I'-'~4 I"U" 1~4' .'"'' '->J"'''''1I4-''~ ".'U ~ 01 ~w'u ~41·!·>I" 1 '" I 

4,,,,,,JJ,- "'I"" 
-J;,dn. I~UOIllp~JI ~ pu. t<rV I u""I"1 '~"":U~JJlP ~~1 ,""'LU~'Ulun. 1-. I 31'1u.l 

".mIXlIl4 ..... t<t-V I 'w'" ~'1 1 

un P'-"~4 """ltO) 11'," <1""I"ud J ~410 "'"!""I I '~ 01 !",JJO).'" " r'I-V I "'II u" 1"""4 
\~nl"'Jd !~\U I ISJ~ 34.1. ·''M>IOU4''-'1.) I.I I ')'f1liu ,,,, """~ I U·''''Jld,,,, JOJ P"PU'IU' 
" ''''I' 'JnIJJ'!'p.'. P' ""'1""1''' ' 1'"11·''' U"" t')"VI ·,,,nb'U4~~1)0 U("P~ II"J '" 
"""[""'1"" -'4 ' ' " "'J" '" ;l ld '-I "".'1 "'11 .)!on d II p u ~ [J '" I '(') 101"1 1 ~ LJ llndllH" "n' L 

."" I' u, P II "j ed -\ 11 '"' ltl X., '" S l d~Ju"" I" " " """"IL)]' >O ' ILl' nL ".I" ,III r"" 1.' lul 

~Ul P~UI H'ICln" .. "I~ • 
luo""p~Jd 4l1'~'<I ~. ~u ' 41 .'w,', ~411oul uO"""I,.,,,14·}UI"1I • 

L\\ l I \i.\\!']l ~pJO" U"'P'UI<l" iluOI ' J,'.' JO~u,rl • 
J,-",<:>,,,,,,I ~'U .(q ~'u,' unJ 1~ l'-'u.w'~PP ~"''''I u"41 

J'-·~I.J "UOIl.lnJl'UI ~U"I_}"'" "41 u. ''''Idu <I 1"41 'U'"PIIOJOO 1o"~I"IJOI1)nJ 1'''1 • 

''-''''!I''I ,~ OJ. t9--V I iluo 'IJ~Un ,u!:>;luo.:> J'-;~~ J4.L 

NOLlVAI,tOW' "S I 

f t S '101.lVAILm'V I nl 



, 

544 C!IAPTER 1.1 I Tilb '''_M ARCHn bCTURE 

lion> \(> RI SC-l ik ~ miel'O-operali()n:\ and Iho more "-g~r<,,,i\'c u>c "I ' '' pcr"".I" 
kchniy,,~, . Thi, approach e nahled the' dfect i '~ uS(o 01" ch'r with millio". 0/ (ran 
,i.tors, But I,,, the "~,, gc-n eratio n proc",,,,r, thG one beyond Penlium, Intel aOO 
other mOllufocturers are I."cd WIIIl lbc necd to "'" dkc( ivciy lem of million,<i 
lr ansi'l"" lin " 'inglc processor chip, 

Pmcc"", d"'igncr, ha"~ few choice, in ho,," (0 usc lhis glut of lr "",i""rs, On. 
"Pllf<"",h i, (0 Jump tho,c extra ",,,,,,,10" inlo bigger on-chip "aches, Bigger each", 
,'an Improw perform""c., 10 a d"gree hUI e"cnluall}' reach <I point of diminishi"! 
'dUI''' , In ",hl~h I:trgcr ,""chc' fc, ult in tiny improvement> in hit tal~,. Anoll\¢, 
olternative i, t" inc',~a,c th~ 'kgro:c of ,uper.,;aling by "dding more ewcution unit>, 
n,C probkm ,,·ith thi' approach is that Jc.ign<:,s ar~, 111 df'-"'t. bit I in g a compk,it)' 
waiL As mu,c and ",or" cxe<:uti"" utlit' ar<' aJdeJ . lII"b,,~ the proc~""r "w i<k;r: 
mo,e k>gic is n""Jeci to orchc,t ratc th~w units, Branth 1,,~Jiclion mu,l he impro"J, 
o"t·ol-order proce'Si"g ,,,u,t bc "",d, "nd l on~~, pipeline, mil') be ~mplo)'eJ. BUI 

with ",ore "nd longer pi peline s. thcre is a grC"f~r p."naily for "'''l''~(!i~lion, Out·<.>/, 
orJ", ","!:ul i"" n:<juirC';l hrg~ num~er of renaming reg;'le('~ ""d wlII]lI~' inter· 
lock circu il r;-- to "CCOunt lor dCPC"ctcllCic,. As n rc,ull, today', best proces<;Qr< ,"n 
n"'n"g~ al moo-t 10 r~lir,' ,ix ""truction, I",r c;-~ I c, "ru! m""ll)' Ie" 

To "Jd,",~ thcw problem' J nk I anci H r Ita "e wme up willt "n ""croll <k;"gn 
approach thai enabb the dfcel iyc "'" of" processor ,,--ith m",,}, p"ral ld cxc{"ufioo 
units, 'I'k heart 01 lhis ,ww "ppm.!ch" lhe "'ne'crl of c'p lieit par"lklism. With thi, 
'pproaeh, the compikr slatic" ll), ocheciulcs lhe instrucl ion, at compile lime, rat""r 
lhan h"'in~ flt~ proccssor dynalnic" " ~' ,d~Ju l e th em at run timc. TItc {"ompilo! 
,letc,o, in", which Htslrucl ,oTtS C"tl "xecute In I'"r"ttc-I ;lnd il1du.l~, lhi' inlor",alioo 
"'" h 'h c m"ehin~ in,truni"n, TIw pro"e""" u"" th" inf"nt' at ,on lu p;:rfom1 par"l· 
I~I ~xccut](JEl . I )"c adv,mt"tc uf thi' approoch is that the EPIC I'''!''''''''' tI,,,,; not 
neod a, much c"'''p le, ",,"uitry ',,;in out-of-order , upcrsc;ihr proc~"or, Funhe" 
wirerc"' 1 he prOCeSSO! has "tt ly i< l1\al!~r "r n,on""wl1d, '0 uckrmtnc potenl i"1 p'" 
"11eI "","',,tion opport uni ties. th~ C-ot11j>,ier h~; "rdc,., of n"'~T1itud~ fl""~ lime hi 
examine lh" c.>cie al k"urc ;ond 'cc thc program a,,, ,,·hoi<'. 

105.2 GENERAL ORGANiZATION 

A. I",th a,,}' I"o,:~"or "rehilectur~, !A-M """ he itnl'icn1CElltJ i" " ,aric')' of 
organ i/all""' . t '- i ~urc- L~,I ,,'~~e'b in gene,al term' lhe "'gdl1iz,,!i(Jn ()f"n lA-M 
","ch in c '!l,e kt~ leature, orc~, f()JJow" 

• L:"~c IIumkr of rC#Sln" Th,- I A.f>4 im l "'"' ion forn'" I ""'''""' 1 he usc of 256 
rcgislc,,: 12~ 64-hil r.'g i'tN' ror 'nteger. logicaL" ",I ~~Tl~r""pLJtp< "C u'"'. Mid 
12~ ~2· I'it rcg"lcr< for flualing-point and g'"phic U;C, Th,-,c "fe ai,,, f>4 \ ·"'1 
1""U;,otc ) cgi,lCr> ,,,cd for l'r~Jic:t1cJ ~,"",,!j(Jn. ," exrl" ineJ >ubsequcnl i)'. 

• Mnl1iplc eweu!;o" Uloil" A tYP IC.] mrTlTTl~r"i,,1 '"l"'rsc"I:" mach ine 100.)' 
m"y "11'1'",1 lour 1',,"11<'1 pipelLttcs. "'j['g foul 1"",1101 ".ec-u"!ln uni" Ln 
both lh~ mL~g~r "nd ~()aling'roinl portions of The proce,,,,,, It j, expccted Ih.t 
IA-1>4 will!>c' ;ml'kmc"tcd 011 ')"kms w,ll1 ~i ght or nlOr~ parallel units. 
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j'h~ r"g i,'c ' tile j, '1,,;k l"rgc COn1p"r"d wi,h Ill"" RiSe ;H, d ,uf",,""" I,, r 
lI1adUI1"' , Th~ rc""m for th" i, ,h:,' " lar~c flLJrnlxof "f r01!"1c'rs" "c~Jcd to sup
pon " high degr"e' of par~lIdj,,,,. In , trad ition"l Sli IX"""'" 1" r ",,,eh inc , I he ma,h;n~ 
bng''''gc (""d the assemb ly I" nguoge) empl,,)" a """ II number of vi"hk Tcgistc", 
"mj the pro",'"", "'''1'' I he,", onlo a I;"~cr "[JlIlber "I rc!\"ln, LL,ifl g regi"" renam
ing tcd"\L(ILLC' and dcpcndcHc'Y """I)"i" Ikcau,,, We ""h to m,ke par" l!.' ii,m 
c'plicil and relic"" Ihe proc('",or of the burden 01 r~gistcr fCMmin g and dq>en . 
dcn"y ,mal)" ;,, w~ ,,"",1 " large ""moo' of "~pl;ci' '"W"C" 

11\~ numk, "f n~~u"On lin;",," fu nctiOll 01 'he rtumm" of !lan,i'lo" a'ai l
ab le in a p'nl ic,,]', lIlI l,lemcntotion. Th~ P,o(c,"o r ,,·ill ex]'lo lt p""dkli,m Il) The 
c'l.nl Ihat il can. For cxamrk if Ih,- ",ocilinc l:m~u"g" in'l,u"li(>o " '~" T" ind ic"le' 
' h'lt " ';:hl inl "g"' in,I'U<l io n; Tn"Y Ix "We"I",] In 1'"'" 11c1 "pM.::",,,,r with fOLlr 
Lnl"~t' 1"llClill~' wd l CXC~L1t" Lh~sc In I"," chulIb_ A pI'OC~'''''' "itil " igill pipeline' 
",; 11 eXCc'ute all "'g ILl ;""ruel;Ott; , imu ltaneoJu,l)' . 

FO LJf typo;' of "'"~\lIiOl1 Ull il "a' Jd;n~d ill Ill " I ,\· M " T~hLl~~l nr~-

• I_unil: h" Ill t"g~ t "n, hnU.-l i c_ , hi fl- :Ll LJ-~ dJ . 1()~i<:'1. comp",,- a nJ imegel ",ul
t;mcJi" i",11 uctiLL"'. 

• \l _llnit: 1."",1 "nJ ,lor" oolw"~n '~glq", "nJ mem",)' phI, " )f1l~ mlc'~'" AU 
"Ixo '" 11011 ' 

• 1I·",.;t: B,anch in,lru("t;ons, 

• F_unil: l' I ""I",~ .p()llll 1O,lfLJc"tlOn,_ 
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Inmu<,j". l~p< Ile"'tip,j,," bo<'" ,io .. Unit T ' I'" 
, I"'<g<' ALU 1 Ulli, ('< M un" , ," oo_ALL' U)\o1'o, T ·" " iL 

" \k",,~) '1_"0.' , f1 '" t;" g 1"'1" I I' L"'" 

" Ilnoc~ n _uni! , 
" c.LonJe<l I ",n il,·n "i t 

Each IA-&4 instruc tion il cat,'gor i,eJ inlo nne of six 1)'1"'" rah l ~ I ~,2 lists tbo 
""lru~loon 'n'"'' and the e'~'<'U1 ion un it Iyp'" on "hich the~' may be execuI,'J . 

15.3 PREDICATION, SPECULATION, AND 
SQFTW ARE PIPEUNING 

Thi, ,cction I"ok< "I Iho kc~' ka,ur"" of the I'\ -M "rchit~ctur~ th at ,u rport 
il\'(rUcll(", · I~,' d l",ra lldi, m . .... "C "'" n~~d ", p",vi d~ ,m ,)\'~,,·icw uf I h~ I A·(j.I on · 
,truclion format anJ. h) ,uppotl tll e n"mpk, i" this section. Jdin~ th " general 
form"1 of I ,\·M ""cmbl), language in struct ion s, 

Ins(ruct;nn Fnnllft( 

IA ·M Jdinc' " 12H ·hil hun,lI~ that cont" ins Ih roe in,!ructi ons, called 'l ll able" ."~ 
" template fielJ lrigure 15_2al_ rhe p")<~w" c" n fetch imtTLlcl ioTl< "ne "r mO" 
bunJlcs at a time: each bunJ le felel\ h'in~' '" tht~e n"l r~<'l"'n'_ I he le mplate fitld 
<:<ml :"" , info"".ti"" thai inJ i cat~s which in'tructions can l>e e ,ccut~d in parallel. 
l1te I TlI~rpT~lal'''n "I' Ihe l~mpl.le fi ~ld; s n<>1 "onfitl ~d to" si"~lc bund le . R" ,hcr, 
Ihe processor Can I()()k , t ",u l tip l~ hunJI,,, t" <itlan""e wl",M ,m<r'uC!ion. may 
1>0; oW""leJ in parallel. For ~xampk. th~ L",truel Lull 'U~am "'"Y txo ,ueh I hat eight 
in,lrudi",,, can hoc C'eculed in parallel. The comrikr will r~orJcr in'true·lion! 
.0 tilallite.e eighl ""Iruel,,,,,, 'pan ,on'iguou, hunJ le. ,mJ "" !he kmpl ,'k h", SO 
that I he proces5()r kno"s tll"l the", "i~hl in" ruclLOT" "re ,miq>o;nJent 

,],b~ bu ndled i",truc!iol1S Jo not h,,,,. to be ill the original program orJcr, Fur
titer, I"'cause of lh~ fk"bi Ii i)' of \1\" lempla!c field. the ""<lmp i kr can oni " imicpcn· 
dent and depctlJem ""lrucli()~, ," lite '"me bLlndk_ \ Inli~~ """~ p,,,.-i,,u, VLlW 
dc',igns . JA·(i4 does not need to insef! nu ll-operalion (NO!') i",lruetions to fill in 
Ilw hund le, 

Tahle 15.3,1"",,·, Ihe inkrl''''t"tion "I ,he f"",ihk ,·"I\i~' for Ih~ ' · bil lern . 
pl"t e fidd (rome "alue, af~ ,~se'veJ ,,,J nol '" CufrelH tl'~) . The' "'mpl" w ' aluo 
"c"'''mpli,hc; IWO purpo"",,, 
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Tempi"" Slot II SI" , I SIol 2 

OC, M_uo;' l_uniL 1-" " 

"' M""oo L 1-0 "" I ,, " 

" M " ,," T_" ,, ;' I ",,;, 

I).' M_"m' l _"o il 1-., ,, 

" M""m' 1._""" X" "" 

"' " un" L U"" X u"i , 

" " un" M_"" il 1_""iL , \l_" " it M_""i l I_,,,i l 

"0 \1_"" M L1 " " [ "01' 

"" 'I L"'" M_" " i' I_" "i' 

" \1 " "i , r _"" " I_un" 

"" \J-, ,,i L r uM 1-0"" 

"' 'I "" " M uoit F _,,, i' 

llF ~I UltiL M_uno' F_" iL 

'" M_",,;L I ,, " B-u"" 

" M_o "il 
I """ B"-lLl" 

" M_o"i' B_ ' "i L 1I_u" i' 
~ 

" M_o" iL fl_""" H_""" 

" fl_um' f) ·0" " H LlI'" 

" H ,""t 1I..,,, it II -"" i, 

" M_uo;, M_u" iL H_"i l 

" M_u",' M_u ,," 
H "" " 

" M " "" P "'''' 
H _",it 

'" 'I "'", r_u" il D_un i\ 

lIOn "r lh~ n",jor opcode field depend, on Ih" 1""'1'1,,1 0 v" luc "nd Ihe 1"""\,,," "Ithe 
i"'truclioL\ ... ill"" a bUf1dk r r"bk 15 . .1 I. I h us afford ing more p'"s ible op"0<1,,,. 1)'p
icai instruclions alw i"dude II,, "" lid(l, t" rd~r"nc"" regi,krs. k",'ing 10 bit' for 
()lll~r in t'nrmali"n needed to fuil)' specif)' the ,,,,II UCtlO1\ 

Assembly_La ng uage Formal 

A, "itll allY ",,,chine in,trUCliOfi scI. a n as", mhl)' I. nguage i, pro' ided fm th e wn
""niencc ()f the pmgta""",,cr, I h~ '''",mbkr llf compiler the n tm n,bws "ach .'",m-
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bl} laog."age i n,' ruction iOlo " 4 I -bit J ,\ _04 imt,,,LI i"n. n,~ gene,,1 f,,' mot of an 
"s,emhly bng""ge instr\J~tion" 

"'here 

'II' Specific," l-bit preJi""te rcgi,,~r u.;<;d 10 'Iualily ,b" "",ruction. If 
'he ,-"tlte of 'he regi"~T i, t I1rUc) "I executi,,,, lime, II,~ inslruction 
exc-c ult" ",,,i the rc,,,It,, ""n"nined in hardware . If the , '"llIe;' iah, 
the te,uit 01 lhe instruction i. not committed loul ",h-card"J, '\\''''1 
I/\-M i,,,I,,,,,,;O'1' 01")' b<.; «""Iified hy a prc'J,",,(C but need riot 1>< . To 
,""nunl for "" """"cti",, ,bot" not predi,'atcJ, (he 4P ,,,llIe i, <el 
hI () "nd p'~uicolc' registcr ,"'w a lway, h" thc OOT1,wnt ,'"I II~ of L 

,,,,,,'111011" Specific. th,> ,,,,me of "n 11\ ·04 i",1 ruel '011. 

w"'I' Sp.'ci!ic' o,,~ n, n""'c' i,,,,, uClion complete r>. ,ep""licd by p"ioJ, 
which "fe u,;eu 10 '1uali!)' the mnc monic. c"u( ,lIlII,lI'm:to"TI< rc~uif" 
Ihe us<: of" com pl c"~r. 

desl S(",cifi~, onC '" ,nore dc,tination opc,"nJ" ",·ith th~ "'pica l "",,; 1"'111): 
",ingle dcqination, 

IH,' Sp<:ufie, on<' or l1\or~ ,ource op",anJ" Most m,'ruction, lW"e '''''' or 

"'lire ,ource "1""ands, 

011 ,my h,H.', nn)' ,'h"ada"" lI\e ri~h' of" douhle sbsh ........ " "rc trc",~d '"'' 
co",,,\e.,1. 111>11 uction group, and ,top' are inJi,al cd by a u,,,,hk '~mi,'"I~11 An 
i"'tru,lion group is Jefincu as a S"4uence of i"<I,,,,1i"l1, th"t "He nl) ,,,au ;,fter 
writ e ,,, wTite ,ifler wTite Jer~.,d~l1Cic', I 'he' I""''"'''') C"n ",ue the,e w ithoul hard
W,H~ dwd, fM Tcgi'kr UCj","JCl1Ci~', Ilere is a simple "'""'ric: 

(r5 J 
r , r4 

I, f;~", \I:mup 

,c""~,,d ~'Cup 

The rim in"ruction reaJ, an 8-h )'1c ""h'e frum 111~ ",emor), loe"t1()" wh,,'" 
"JJrcs~ is in rcgi,kr r~ and Ihen r(:"'~' Il",t ""h,e", reW_tc" .1. Th" ,e~ond in muc
h(H' add, Ilw w'"~nt' of rl ,."J r4 "nu I'la,'c, the result in ,3. iJec.1u,c (he 'e~ol1d 
"1>uuction d"p"nu, on the 'Rluc LI' rl, which is ch",lgeJ by (h ~ fi", ;n,lruLli()lI, lhe 
tl'''') i"slru~tio", cannot be in th,' ,o""e grollp for I':"" " ~I c'ccut"",. 

Ilcrc " " mvre ,'ompk, ~,a",pk. with In "lIipl" regi't,r flow depenJe ncies: 

1 ,, " " (£5 1 /1 Lr~t grou p 

""' "' "" d " F'r~t '" 0"1' 
.~d rJ d , , " '"oor.d \I~~'-p 

sU I ~c I - .-12 S~oor.d "~O·~,, 

'rh~ 1,,,( ,mtn"t'UIl ""r~, the COrltc' Il" "f ,12 III the memory l""alio" wh,.", 
aJdr~" is in rh 

We o,e now rcad~ to look .1t \h" fOLlr h)' m~~h:"\I"\I' 111 th~ lA-/w afc hitcc 
ture Iv 'UPl'OT1 imtn'"ti,'n · kwll',,," " ~I"T1l: 
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• Predicat,on 

• COlllrol 'peculalion 

• [),ata'I",·uJaI'OIl 
• ~.rh.,"rc pipelillillg 

Figure L~3, 00"'"-"<1 on " r.~u'c '" [I II\U -l/'7J, ,1l" 1! ,ale. Ih~ rofSt lwo oIlh~sc lech. 
"''lnco. "hleh ~rc discuss.cd '" Ih" M.h!.ccnl)n ~n<.l !he nnl. 

Pr .. diealCU Execution 

l·r" J,~.'1 ton is a tcch ni qu~ "herel,), ,h. ''''''' IH ler Ild""'''nc, '" hieh in,tructlun, mo)' 

,'.Cc ill e III i'","11c1 In Ihe l"OCt'''. Ihe ""llll' il "1 "hm;n"I" hr.nch., f r<)ml il . pro> 
~';lM1 b~ u"n~ "'mdil,,,"" 1 C'"~ IHlon, 1\ 1)'p i" ,,1 e' ;II"pk in a hi ~h.Ic,'clla n gua&t;1 
.n If·l hen·d", i",UUCI H)" A lro dilio,,;ol <,< ,mpi!<-, ,n",1'1. " oonditio"al branch at th e 
jf 1",,"1 " I Ihi ' oonstruct. If the "',,'d,IIIltI h'" ""~ 1")(",,,llIulromc. Ihe hran<h i, ...,. 
I:I ~C" and Ihe ne'l block of i"" rUd iOIl. i, cx~'<."t~d. "'1,,,,,,,,,,1 11111 Ihe I. en I"'lh; .1 
Ihe elld u{ Ihi' l>alh ""n un< .... nd11lon.'1 bran.:h aroun<.l the "c," blocl . ,epre>(nlm, 
Ihe r ls<' palh If Ihe cond,,,oll ha, the "Ihet I',*"caloul com c. Ihe bran~h .. ",I<~. 
arOlJnd I"" II." . blocl< of in"ruc.ioo .. and ~"""""O" "",n"nUL'" al Ihe ~ blocl or 
!IIil, UClIO". n,~ 1>00 m'Irlll."liOfi "",am, )0111 lug"lhc, arl ~' ,h~ end " f '~e okt 
blocL An IA.f>.I COlI"p,IN ,nstead dot.,,'h~ rollo"'l11~ {f'I~ur~ 15.33) 

I. AI Ihe j f POlll' III Ihe p'ogralll, In'\Crt a comrare instlll,lion .hal cr~atc\ I"l) 
pred,c"Ie., Ir Ih~ """ ' I>arc i. ""e, Ihe fj "l pr,<.Ioc;l'e i. '<, 10 tn,c a nd Ibe \<:<. 
"',,] III r,,!,.c: if the compar" " {a l, e. tile fi .. ,1 ,,,",,I,,.",,lc i, "'. '" ("I", "nil Ih • 
...,,,,,,,<.1 I() 'me 

2. A U ~I1lC nl each ."m"Clio" "' Ihe th,· " 1';, 1 h w,lh " rd,-rence 10" rredL"" ll' rc~. 
;,Ier 11"'1 100I<.l.lh. ,'aill e of Ihe 1I r.1 prcdic'l1 ~. ""J ' ugmelll """iI i""rU,"'0n 
in Ih e e l", path with" rc/crcnce H, a ",(.'<.I i "., t ~ ""giSlCt't h" l il olJ, Ih e ""Iuc 0( 
the ",cond predicate, 

J. 'Ille rm'."e'lliOf c,ceu l.,,; ;nSlrIJ('\IIln. ~I(~,g 1>011, 11<111", Wh~1I 'he "ulc"me <if 
Ihe COlIurar. "lno .... lI. Ihc pro.:e<.Wl' d,scard, Ihe r<"ull> along one ral~ and 
romnlll"he ,<'Suli. along Ihe .~her p.lh, I h'1 enahle. the P''''''''<.Of to f«ll 
In,If""..,ns on bo,h ral '" Inlo Ihe 1II.I,uCIIOII l"I",llIIc "'" holl' ",,,,ling {'" Ih< 
ron'l)lre "peTation 10 cornplel~. 

Sour«, c,,~~, , '" , , , , .1.. 
< , 

" , , 
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Tw() If , 1"ICm",,[, jomtl)' ,dc~l " n ~ "I three l~)" , b l ~ CRTUli"" p"(h, , 11,,> ,all 

be CDmpiled into tho fol io" j"g coJc. "s inj\ the Pentium as."-·,,,b l~ language. The ..,-0-
gram h'" Ih,e" ronditionai branchos and one uncondit iona l branch io,!,u<"\iom: 

CIT]! • , 
, ,,""'''' ~ " '. 'iLh " 

'" n hr<l,-~ch " CO " • -" 
orrp , " j . n 
,,,L , , , , - , , -

A~'emhly Code: jrr;p ~] 

L~ : C""P , 
je n 
"d" , , , , , -
j<rp " 
, 'cb '- , , 
nc]d L - , 

In l h~ Pcnl ;"", "",embly ,"nguag~. a ,"",icolon i, "",oJ to delim it a cmnnlcot_ 
rigure t 5.4 ,h""" ;, flow diagno m o f I h" ,,,,,,mhl}' ,,,,Ie I ili , di"W'''" hrc,ks 

th~ ","cmbly language progmm j" l() "'parole hl",,:ks of «xk. Fm ""h bloc\' that 

. dd j. I 

add k. I 
" 

. ub k. l 
-.-',.;~;... 

, 
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~xccu l6 cond, 'llln"II)'. Ih" compi l ~r C'i!' ""'gn" pre JiC" lc. I h~",-' p ,cd icat t, orc 
indicated in Fi gure I s..4. A" uming th'l " II of the", predicates have hee n i"itioli,cd 
to f" lse. the r~, ul ting IA-64 """mb l~' code is a, foil"",,: 

: I :' ""'P ' " ]) t , '" o. " 
: :11 Ip2) o~ " pi, " •• , 
: 3:· IpJ) .. , , - -. j 

I'rcdirutcd Code: : ~: Ip l ) c:n;;.ne " " - " " 
'" ,,,4 i .«id , -. , 
: 6: IpS) '" 

, ., , 
." : .. , 

l"'tfU C1 ion (]) compare> Ill,' content, 01 symbolic 'egiskr a with 0: it ,cIS the 
""tOle of predicate reg i,t er pit<> I {true) a nd p2 to 0 ( fab~ ) ifth~ rd"l ion;, lru~ ,md 
WJII ",t ' h" "alu e o f pr~di~at c 1'1 loll ""d p2 to I ifl he rd"l lo" " f"t",. In, tru.,\ton 
(2) is 10 be executed (lnly if tlw p,~dicatc 1'2" Hue ("e .. if a is tlue. which i, ,'qui"
"lenl 10" .. 0). The proce,"", will fetch, decode. ""d h~gin execul ing thi' in'tru c" 
lilln . hut onl )' n"'~C" d~"i, i o" a, to ,,'hel her to commit Ihe r",,,1i "fte';1 determm6 
"htthe, Ihe ,,, Iue ()f pr~J'~"lc r~g i'kr pi i, I IIr II. NlIlc lila! ,,!>tructi()n (2)", 
p,,'di"ate-g~n"r"ling IIlSlrUCli,,,, " lid " itself predic'tcd . This instruction "'quires 
Ihree predicate rc~i 'tCT field' in ii' lor m"t. 

Returnin g t" 1111, PentiU111 progr;,m. the fi",t t,,'o '·II,"l i,illn:.t h""'C'h", III ' hc 
I'~ "ti um assc mhl y coJc are lr,,,,,b,~d L"t" t",,, IA ·(,4 predic"tcd compar., in-truc
ti o n •. If inslruct ion (I) ""IS 1'2 to lalse. the i'''truct ion (2) is "ot c., couted. Afte, 
1I"lrll<"\;on (2 ) in tile 11\--64 p,ogram. pJ i, true on ly iflhe ollt er if st "l"mcn l in Ibe 
M,lIrcc tude i, lrue . Th" t i,.predic·"te,,3 i, IfL!C eml" il't h,- G"I"e,,;on i" A:-.D bl is 
Irue (i .e .. " .. () A:-' D h l' 0). "[1tc Ih ell port of Ih" oute, ir ,tatcme ,tt is preJ ic;ltcd 
on pJ for thi' reaSOn Instruct ion (4) 01 th,' IA-M code J ecides whet he , Ihe ,ddi· 
lilln II, ",hln'~tion ;n,t,uction ;t1 th ~ oute, d,,· p;irl i, performed , Fin" II )'. the inc're · 
",em of; is t"'rforme d ullwlldllioll;i ll -" . L,,, ,ki nll al the 'ource ""J" and t h~" al 
1he p'edicated code, we it'e Ihat <>nl~ one ()f instruclions (.1). (5). and (6) i, to be 
execuled. In an o,Jin,ory ,up<""."" p,oco'wr."~ woul d u;.c I,," " ch prediction 10 
gu~" wlli eh of the Ihre e i, to be cxcc u(;;d ;iIlU go down tha ll'"th . If I h ~ l''''''~''''' 

~ u ,,''''' ""ong. Ih,' p,pdi,w m",t be flu, " eJ All IA ·(,4 PI'O""';o, "." begin execu 
l;"n of al l th'e e of the se inmu n io", and, once lhe \· , Iue s of thc p,edicate registe rs 
are known . "0111mit on l)' th e re, ult, of til e vat id i" ,trucIiOTl . t 11",. we m" ' e U'C' of 
addil;o",,1 paro, lid c ' ~eu l Lol1 un i" t" "",,,,I I he dd"ys d ue 10 pipeline f1u,liin~ 

"'Iuch of Ihe origin ,,1 re",,",ch Olt pred icat"d execut ion was do"e at I h ~ Uni
vc",;ty of IlIino;" Thein im" Imion ,I "die' indi cate th"t the "'" of predic"tion " 'SI ,I,, 
in " Sllb"'i!, t Lal rcduel i, 'n m J )'11omic ~rallcll~, "lid hr,,"cll mi'prcJiclioll> "uJ " ,u b
' tantial perfo, ,,, " ,,ce impf<)\cmen t rm proee'<",s w,lh mu ltipl e p"mllcl p ip< lin"' 
(q .. [~lAHL<)4 1. [l\IAHL9511. 

Control Sp(,.-" lal;on 

A""lher ke)' in no""tion in I ,\-64 is conlrol 'p.xulalion. " Iso ~ "own", 'f"'c'u l"livc h,d · 
ing. Thi, cT",bb th~ I'ro<--.;s,,-,r to 10m! della from men",,)' before the p"'ll,am !l oed, 
i t. to ""oid mcmory laletlcy Jela}" A I,o. the prne.",,,,,, I'O<II'O"<'S the ,eponing of 



-Wli)"" ",j" P""I 
,~ , JO ,b" ~I"I ,(l<lW~lU ~~l 0 1 J np PI_"'~ ~u,,) l~,"",i V"I''' ""01 " , ,(4 P"'''PP'' 
uo,pnJ)'"' ppe "'I' ""Jl ~, ,,u ',(lIeut'l " II n,,, PO"O'U1 I'"'"ol" "n"u lS,"'U In~ ,\Ju~,~ 
-W' ","Wi LlJl "I ,\JI OJ u"LI"pOJd 'PU"Jq ~sn '"'" 'UO'l"HPlUJld'L1! t<l"V I l'~)n, 
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(t ~n l "" "'4 IJ J'>I""~J) ~n,," ld "WJ rp~"i J! , ,"pu""1 u"!nnl)"I! ''''J "'II. 

<: "- ~"J II U '1' - C' -p~ 

T ,, ~~,,~ I I I ' ~ J - P ",,1 

0 ': ~kJ laq,,-- ~·!lC ~ ~q , -<11 

:Ll'''Ji,ud l"ULol UO 
"Gl" JJ~II '11 ~""'I0!l '''I~1t!.1 Nil lU01} U~l"1 "'IJou",-, Oldlul< ~ l~ ~()OI ,n)"I 

-OU!Jn'" ~' ''lp''"'1 
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,"UOn'''')'UI [),,,) "<\ 1'~'~IJJj "lU~,~o-,d I~u 
·m Ll" '41 U! uo, Pill),"! 1'''01 V .( '1\:' ~ 1 J,'n\l!J I In''''''!'''1 u"q,bo,~ ~'II \Un"l (~T1I"" 
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'A~Pp" ~ U!""'_' II"") 
,0 UOlld",~ "~l '(I"" t~~P nl "" ~'I PI""," ""~"'-'''Jd ~4 ' 'sLl",iJ"4 "41 JI -p.lI'''~U~''
Xi PlflO,' lin") ~~cJ ~ 10 "~IPp" l"I""U! '" '''I' u""J"" lLV 'I n ,''''1<\ UTI, r~OI ' 41 
I"~l ,I "~~I"J" '''I' 4\!·" lU'140JJ '4.1, 't [ j~ld"~.) U1 ,"~, ~" "d,() "'11 JO '~nh "J 'P~I 
"OI"'p.,,J q"wuq .»n U"' J." JO :u,,,oul" "WJ ' p~,J "1'10 "UHlJ,no '''I'III,m PI" 
·ibJ 1''''\)00114''" U" 0 1 p~ll'UJ,,"n InLl IT1q ,''''lUOUl W()lJ p~,'.>Ul," "'I 1'1"''-' "WI' ~ Lj I 

I"~I '" ''' WOlp~Jd ~U ! "l"II"U"[ lIl'U!" 1"'01 "11 ''''lU PI"'" '.-\\ '''''''''' " IlR11l-'" IOU 
·",u 1""'1 "'lL '''''"'''q Q'U"'4 l' .)"0'1" PRol "4) .'·,OHl ,( IIUUO!)!pun,1un IOU"'" nolA 
',"oU IOJIU"'" .so",,, pOOl ~ JAOIU OlldlU~llU "" J! "n",,, u'~ lq')jJ "~J, -'Ull..:!" "I In 
"' IIJIUOJ ,'u~ ~11." .w"p "'I""" '''1.1. -01'1""'''[ '" " IJ~~ '" ouop ~J" sP~ol 1"41 os oro" 
'41 .'~u~'''''j ") "1'1 PILl o." 0." -"4) .''''UlULlU oJ_ v~u" l n"'l "~lUOJ.'q ~J()lU.'UJ 
""'JJ "WI' ~U !UL"14" u, "(':1'1' '''11 'jo"~"'Hi "~l ~l!·" 1"'J,~I"'''J M" I'" '~lI·W,1 J" 'I ~ 
.''1°,''1 '" ~"O 411." r~IU."u~n~ "~,'~ ',(j'''''"lll "''''','_'\1 -"~I"ol" '" -'JOLlL~W W01J 

'IRp "UU'1 I"~l <"O!JV ':-.in 1""'1 J" -''''-lou''u " M" _'''41 'oro' JO 1,'01'1 " ur .([J~~ " IIPJ] 
-J\L '~,u~"unJ.l",1 ;lur.""d,w 01 I"I~IU' " ,~"u~WI P"OI JO U"!W"'''"''''' 041. 
'W"~lI' LJ{)!P<Ul,ul ~41 Ul J~II'~~ lU!OO ".01 "OL):>1"",,' P"OI " )(J lu"'-"'.,O LLl ~~ I 01 ppj 
OJ p",n " 1'''''1 UIJJI ~~,L '\",,!ld~J\O .1L1l )l"d~J "I hJl"~:''',;u ,~"'{)~ 11 I'lun 'W)!jd""" 

31lf1,LHuu:nIV t~-VI '11LL I~' 1Hl.IVlfJ t~S 
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lei', S r: - 'r5 . U cyclQ ., 
U 8o:~er ic.otr _otiono 

i pl! k ",,(['" 1"],,,1 U ~yG)e 0 

o.~.<' • "1 , ,·aco ··l~ry U ;:,"1~ 0 
.00 r" -1'l. ~:; /i 2yclQ , 

We "an't ' imrly mm'e the lood L[\Slruction "oo,"c thc brancb ".,1t~rtl"n . • , IS. 
bccau>c tb e I""d "',Im,!i,," ma)' ca,, >c lin excerlion (c,g, . r5 ma)' conta in a null 
po i "te ,), I n> lead. wc ',,'m'crt <I'~ 10,,1i 10 a 'pcc'ubt iw load. llig", .nd then mo"" it . 
Th~ 'poculat ivc load doc,n'l immcdi"tely "gnal . n ncq"ion when Jet tctc'J: it Ju,t 
'~cord, th"t f~cl by ,etting the ,,' aT bit fo, the largt'l 1'egi,te, ( in thi, ,",c. 11), The 
'P<'culali,·., load "OW e'ccut", unc"ndition,lIy ill le. ,t two cycle, prio, to the 
bronch. The d,k.' i" 'tl'uctl"" the" eh~~~, III M:~ ifl hc :-IaT hit is '<C\ On rl. If nOl, 
c '~c"lion , imply fall s through to Ih e nc", inSlruC1l0n. If ,n." br"neh" '" '"'' to a 
r"co'~r)' pro.o;,,,m. Note th:H the ~'Jnch . ~hed, a nd add in"tr ucti ons .,,' all shown 
as heing executed ,,' the 'nm~ do.;k cyde. Howcw, . the h"fdware on,u,e, lhal the 
fe, " It , proJuc"d by the ,peeubti "c 11~"i Jo nOI ujxhte IIw "pph,ali(ln ,t:>lc (,h,.n.o;~ 

1I1C ,onkllt< of ,1 and '2 ) unle,s II",' conditions occur: The hrallCb i, nOl lahn 
(pi - U) aTlJ lI'e ,'hc,' do"' nol d ~t en a deferred O~C"ptiO I1 (rl. NaT - 0), 

The re i, one othe, impmt'''l1 l><)i"1 III "ok aoout thi, ~."'rnpk,lf Illne i; no 
c.,"~pl ion . tlt,' n the specu la!i"" 10~J " "" aelu~1 Illali onJ toke, place P"Of til lhe' 
!>"'''ch tlla, il i, , ,,pposed to follow, If the hranch i, taken . then a load has ''''''"fred 
that was not illtcnd"J Ill' the "rigin,, 1 p,ogram, The pro~ram . a, \Hitt~n . ",,"urnes 
thai rl i, not Icad on the 'a'''n · bra,,~h path. If rl i, Tc"d on thc ",ken· branch p",h, 
Ihcn Ih e <'-' rnpile' must U'-C "nol her ,.,'gislCt II! hold the sp<'cubt,,·c (e,uil 

Let m I,~)~ al" more rom pkx exa mplt', " 'ed hy Intel and HI' 10 ben~hmalk 
predicated p,ogram, ""J to illll, trak Ih c u,e of 'p<.'culal; '· ~ load,. known", th e 
Eighl Quec n, P,ohlem, ntc "hjecli"~,, '0 "mlT'~C "ig lrtllll~~'" PIl "c h C"~''''fd '" 
li\"1 Ill! '1llccn Ihrcal en> a ny O1h.'r queen, Figu rc 15,5a ,how, nne ""IUlion, The h'), 
line "I ,()urcc cl!<ie. in "" inner I()()p. i, Ih e following: 

if iib l; J .- '-~u~ 1 ~& ;~ Ii " I '. , 'u ~1 d. leli 

"hcrel "" i. j"'~. 
lnc quc,'n conflicttl'"cb"j! lI1~ch'ln"m co",i", "f I hf"~ B"ok,," ,Ie,,"--, Ih"t 

Irac k qUCC\\ ;t"l U' for each row and diagon,L T RII E mea n, "" 4ucc" i, ,," th.1I row 
or dlaj!oTlal: J' AL-Sh mC'In, " q,,~cn i" already Iherc, Figure' l~.5b and c sito", the 
mapping of th., '''fay, ", th e ehc" hoard, ,\11 ,"fay ckm"nh are initialized 10 
l"RUIo, 'Inc 11 array e1emcnt' I~ ~O ll e'l)()nJ to tn,,, I - ~ 0 11 Ihe I",,"d. A ~uccn ill 
.0"',, ",t, hl"l to FALS E. C array cic me nt' a,e numbercd f,om -7107 and corr,,· 
'rond to the diffcr,,"('c bd",c~ n "<) Iunm ~n,i TOW n\Jnl be". "hich defines the' dial'.
ona'- that go dow n to th e ,ighl. A yu~c" at cll iumll I, rllw I '<C,' ~IOI 10 j·ALSI, . A 
yuc~n "I wlu",n I. rn'" ~ ",t, cl 71 to FALSE. The A afra), clcment> .fe num bered 
2-16 .IId Ll>rr~'I"IT'd 10 th e 'U rn of the column and row, A qtleen placed in column 
I. 'oW I '-Ct, a ll I to FA LSE, A Y U"~n pl"c'ed in CII lumll J . row ~ ,d, al~ 1 to FALSI , 

' I'h" ',,'e,a II program mO"d through the colu",,, •. placi ng " quee n on each ~"I· 

Ulll" >ucl! that 'h ~ n"W 'Iu"en is not attacked by" queen p,e" iotl,l y placed on e it her 
along a row ot O"e "f the ''''<' Ji agnna". 



, , , 
~. ~ . , 

" , 

[ 
• 

10) 0"., "" ),, Iion 

Ih) b anol,' .rr~)'. 

I"Il"'" I!.~ [,h o Flfht O uo<n, P,ot' le", 

,\ ~l raiglll(orwanJ P"nlll"" "'<em!>l) 1""1""'" ,nd ur.k< Ih",c I,,,,J, an,J Ihr.,. 
h'dn,'hc'O 

'I: • •• 

" =-:' " •• , .. .. ' • 

•• , 

• 

" • n'."$ 1 1 t 

-.,,-14' •. 

'\",.ml~ ,· ende: ,< , 
~ " • 

'" ". , , " ~ ,,, " .. , 
'" - c\ . . ,', jr.A ,.;; 

:" T. ··· ·'''·0 , , , , 
" • _li L" • 0 >04 !,,< • • , , 

In the l>rcc~,jing I'rog.am. Ihe ""I:ollOn & , ')'n'h"IOIC' "n 'mm~-di;O\e "<l<l",,,~ f(~ 
"",all"" •. l •• ing .peculmj,·c Ioa<l, an<lI',C<Ji~"I~<l c .• ceuhon )Idth Ihe (,>Ilm. mg; 
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Code "ilh 
SI'~r" I"lion ."d 
I'rcrliralion: 

II: 

," , ,., 
i' , 

'" <6, 
,:71 

,:81 

," 
':!C : 

111: 

"l: , , 
: lJ: 

,l< , " 

." &. 1--, ,,' &0 [ 0 

." " [ "' I 
143 , , " lel J 

'" • " [ x5 ! 

""" eq pC, p' 
iV2 ) n, L. 

" , • 

" 
or>. c, r' , <"" ~v.ry ,, 

'I I 

=<' "" ~" p ! ,'4 

Ip O) br L . 

0 1, " , ( , C""OVHL~ 

~ ~ p' DO c' 
'~" b r L 2 

iI _. ,,,1._ .Yr*,," .! 

IJ~j ! tod 

l i lo~d i""ir""t ,,'- ., 

The ""cmbl) program bm"ks down inlo Ii,,"" h","c hloch ,)f ",dc, ""d, of 
wl1ich i, H 10aJ fo ll ow~J b)' a e0l1 dil")I1,,1 br""cit, The adJI'",,-selling instruclions 
4 ""d 7 111 Ilw p""l iu,," ""."",1>1)-, cod" are , impie arilhmeti<- cokublion" Ihc," ,'an 
!)< done an~ lime , so the compiler move, these up to Ihu ,op_ Th" n Ibe \;mnplle,' is 
f"~ed wit h Ihree simple bl(>cb, each of which eon,i,l, "f" lo"d. a c<lnJit ion calcu
J'i1 iOIl, "nd a eondil iom,l1:>ra ncit , rh~rt SCemS linle hope of doing an~l hin g in raT' 
a il e! here , FunilcTmore, if ,"'e ","umc th"t the load take, 1wo or morc dock c),d..-, 
we have ",me I'-aSleJ time before Ihe cOIlJilioll" ] bTHn"h ca n be ~x"cuktl , Wh~t the 
compiler can do i, hoi" 1 he ,ec'<J1\d <on " I h",1 IO;iJ, (i",1 ruction, 5 ""J ~ In lhe Pen
t",m c<><.k ) "I,x,w ,,11th,' !>ra"Llle'_ Thi, i, !.lollt by pUlling a ,pe~\llalivc load up top 
(IA-(>4 Hl>uuction, 5 ""d 6) ""U leaving" ched in Ih e origina l ~(I'.k bl,,,. (IA ,(i4 
instruCl ions 9 and 12), 

I'Ili , Irami'orn",lion Tll"lc, II p<""hk t,) e'ecute "lIlhree loa J , in p"rolkl and 
'" i"'~ill tho IO<lJ, "ar ly '" a, to mini,ni/e or a"oiJ deby, due 10 loaJ laleneie" 'J'he 
compiler can go furthe r by more "ggressi"c usc of prcdie"ti"", aTlJ e li ll"na'" t"o 01 

'h o Ihrce branch"" 

M"";,ed Cod~ 
,,;lh Sp~"Dlali"n 
and "",d;eallon: 

tl :' 
121 
i ,i l 

I ~ :' 
15 i 

'" 171 

t8 i 

," 
r 1 0) 

IllJ 
I 1 iI 
11 ] 1 L_ , 

114JL:l , 

I ;; I 

I;: i 

! ~31 

': ;3) 

I ~ o , 

"~ d 
neeV ,,:; 

10OC· 0; 
~6~ 0' 
,6~ _ " 
~<l8 , , 
= <" 
ce, <- • 
~"j'- ., 
cl'.:<. " 
cnp,eq ,,, " 
~o=e 

<O()(',~ 

• .bU: .a r i " &c I i j ~ 

" Irl J 

" r ":; I 

" ~ Ir5 J 

" " • , ~~ 

" r~,:,.' v ~+y_" 

? ,;, " • , " 
" reccv"~y..h 

" " • , " 
" 0 the n pa::h> 

000 e1e. pao_~> 
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~c ahe~d)' had" cOInl"''''' th~t ~c"c,a,ed 1"'0 pr~<lie3Ie •. In the re"i~ rod., 
In"ead of braocfling on Ihe fal", predlCa1e. the com pi leT 4U.lific, e<"""'" ,,, of bo1~ 
Ihe ( heck an<l 1he ne,t compa r., vn the l' Ue " ,,,docalc, 'I b c elm"" ... "", "f t"'O 
t-'.""h~< mearl! the cilmIQ,,"on 01 "'.0 I'UlCnl tdl nl"I,,~dre. ,on •. so Ih31 Ih~ "'1l1!' 
.. nlOfc Ihan IW;1 .,.,.0 m>1t ucl"'~ 

I)a[~ SI',...,u]a lion 

III " CU~ Ir,, 1 'rc~ubti'-'Tl. ~ I, .... d " n",,'"<1 c", I,". ,n " ""de "''lu~,,(c I" ",mpc"",lt 
1.:0' klaJ la1l' ncy, and a e hec~ " I""de 1(, a,, " ,e 1 h ~ 1 a n ~xccp1 ion doe , n'! occu, d II 
i uboic llUCm l} !Urn, o u1 tha1 Ih" loau " Hi n" t 1.,ke n In dat" 'I"'£ul;ninn." I(..wn 
""", ~ d hdorc ~ ,lOfC instrUCli"" Ih.,1 t1,j ~ht " Ilet ' h~ 111,1110'1' 1"" Ofi.-", li'"t 1>tne 
"" u"'" "llhe l(Ja,L A "!h',,~"cnl cited, " m;lde H , ~"ur. lit " l lh" loau ,,",~ i' el lht 
pr"p<'r mom(!fY 'alue . '1 0 ~' I'''''' Illc 1IIcch~ ni 'm. we u'" an example 1;, ken /"'10 
pNTH~ I., \ 'olu mc Ij. 

( '"",,dcr .nc follo,.,-;ng p"'I:1;,m fr.'g""' ''! 

s t 8 I"~I ~ "-y< I .. 

168 " , I~H Cy " l .. , .. ~ , _-yc Ie , 
~t 8 1" 16; • ~ "" '" 

A 5 " . men. the c-orle fcquire~ ff>U, rnttru"' ,o n C}d~s to execu1e If ,cgl>le l'>'~ 

and II! do nol ron1aiTl 1h~ "'m~ men",,)' 1.(M,o;s,- I h~n Ihe 'IUT" I hrou~h pl ("".nn'" 
.. Iket Ih~ ,'.Iu~ •• 1 Ihe "oj,lres> ennlamcd '" ,~: unde, II", ur"aIl L'Mnc~ . ,I .... rc I~ 
I~,-,,..lcl the I" "d a nd ,1ore 1" """ e 4u,dly ""nil Ih l' ,·.Iuc im" r6. ,.,-hich i, nccdtd 
' l!l'K<:q ll cntl y 11" "," ,·",- beeau ,"" Ih~ auJ,~S>.o:' i" r4 and r~ may t><; Ihe """~ '" ",'Cf' 
11'1', " ",'I>,, 'W"p ;' nol 'ok IA·64 "" "f"""' c~ Ih" I'rohkm wilh Ihe ",e "I a tech
"'4uC , ,,,,,, ... ,", aJYal1ec<i 1":tJ 

I <:I~ , • " • t ,8 I ~\"' l • , 
'" ~<C ,~, , a~v ~"" ~-J I c'o.Q , " , I .~uuroiQn~ 

. cO (r~ 1 .-12 "yclfl • 
''" 

, " I rS I ~I .. 0, {'h,.. G~¢ .. , " r! , ,>,d .. , 
.cO [ .. S ' " ' ·yd. , 
l ie." ,,~ ha,,, m"'ctI 1he Id " hlJuClton ca . he, and con~~Jl<"tl .. inlo 1m 

a<.i> a nccd loa..I, In addi!io" 10 p"rforl"'n~ Ihe ' l)Coined I"ad. the Id~" in'.TUC\"," 
"'>Ie' II ~ ",-,urce addfc", (addle" ronl pmcd III rK ) 10 ~ h" , J "'," e J . , . " lrU~'"'t 

~ tI" .. n ,,; Ihc "." '.mce,1 I~ ""J A,hlre" r ultic ( A L AT), E,tC h IA·(,4 "ore ,nslfllC' 
lIOn <'heck! tile ALAT fOf cmric.; ! h~. <I.e,I:,,, wnh ,1, lafg~1 adJf~"" If a mat,h .. 
fow,d. II> , ALA I' ~n1'y is femu,'cd , Wh ,' n II' ~ o rigilla l ld~ i, ronw rl , d I" nil IUM 
1t',I!Udl(Jt1 and mo"ed . the "figi.", I I"" 'I '!>" "I Ill ;" ,,"iruel ,pn "rcpbecJ w,til ~ 
d 1('ck I,,~J In' truclion , l u~,c , 1,','10" " the dl ,'ck load " l'Xl'cutcd . 11 check, Ih" ALA'!' 
for" l11 Mchin g add"",. If o ne i, fo und . no ' IIIfC inSlrllelion between the ,,,h' an"" J 
h, J ;1I, d Ihe ~hcck Io<IJ ha. ait o,c') I he '" '"' ,'~ ild J,c" of I he Im J. ,,,, J "" . clton .. 
ta ~ c" 11",,"c'·c,. if Ihe d,cc~ t",.,d ""t , u,I I"" J< "" ""I li ,,<1 a '''''tch in! A LA T CRt')' 
then the luad opera lion j , 1""[Olnlcd a~a'n to a .. Ufc the correct fc>uli 



I ;.3 I I'R[I 'IC~TI<'N, SI'[CUL~T I ON, AXI) SOl'1'W.~RE l'IPELI"Ir..-G 559 

We m"y " I"" w,ml It> 'I"'cul" ''''d}' n,-",ulc insl""'I,,,m Ihal "r~ J"", JcpenJcnt 
on " l()aJ ,,"Iruclion, lo~c'her W1111 Ihe 10"J ,1",lf, Stoning wilh Ihe ",me original 
program, , uppose we move up bolh Ihe load a nd Ihe 'Ut>sc4ucnl add i"'lruction ; 

ld, • ~o - [,8" U Cyd. 0 0< Mrl,,<!.·, adv~"c~d Lad 

U OO _~~~ i~_otLjC'~O"" 

,,\C ~~ - ~~, " ~ycle " cI~ tht ~,~, <0 
U o, .. ~~, ; c "\ ,. .. c · ". "La r ,-4 [ - ~12 ;' ;' ~ycle 0 

o.~< , ~6 , reC0V"~ U 2yc l e 0 , c h eck 
W '.· k ' U c~ ' "=,, " - _H L U " J u"" " ,-~"cver 

". ! ' _8 I - , 0 i / =ycl e " 
lkre we u>c " ehL, ,,,"meli ,,,, ,,, , her Ih"n "" IJH.c i,,'truction 10 ,·"liJatc Ihe 
"J"~nceJ load, If Ihc eh l, a in,1 ruelioll dete'''' int-s Ihat the lood ho, fa iled . il ,-annot 
'imply c"£~"cuic the I,,"J: in,teaJ. il branche, 10 a fCeO""'" Toutine 1<.> d""n LJ p: 

ReC0VH , 

Ide r~ 

,,(I r ~ 

b~ wok 

I'h" tL"hm,!ue "df~d,,'e ""Iy if Ihe' lo"J, "uJ ,t<>r"s involved hOh- lin ic 
chance of o,-erbpping, 

Software Pipeiin;"g 

(' nn,ider Ill" followiTlg loop 

. , , '" ., r ' , ; , . , , CY" jp to ,,,1 ,,,," "co , 
add , , " ,., , , , . c y cle , 
50~ t~6 <7 , , " Cyole ; , oto ~ e ~o"h cc , 
br.c.~o>, " eye Ie , 

Thi, loop "Jd. a con_t"nl 10 "' n ~ ,,~elOr at1J .tOC"' lh~ re,u ll in ;!tlo,hcr Y~"Wr 
kg )'Ii l ~ 'I ii I c), '111£ Id4 in SIT lI c1 ion 1l,"J, ~ byte-' f",,,, ",,-n"lT~' I h" qu,lif,,', 
"_ .... at IIw e nd "~I Ihe ""ltu"l,on ,i,\\na l, Iha' Ih"" Ihe hoM: upd"t" fo'm uf the load 
instruct ion: tile "dJr"" in ,5;, incremen ted by 4 after Ih" load lakes place, Simi · 
larly, th~ >14 in 'lru~tioJ1 stOfC' four byt'" in memory and Ih~ "ddr~" in rfi i, inc're_ 
TH"nl<;d ill' f"m afT~f Ihe , 10'". The bT. cl",,1' 'o""""'v", ku""" "," """'\leJ 10'--'1' 
b, a"cb_ u,c, Ihe Loop C "unt (L(,) apl'hC,, 'n", ,~gi'ler. If Ihe LC r~gi'tcr i, greatcr 
that! zero, il is decrClllcntcJ ,nJ Ihe- br"n~h i, tohn, TIle in i' ial ,·"Iore III LC i, lhc 
nOJ'" I"" 01 ,kr,,1 ion, ,,1' the 1(>01', 

:--iotice II",! in Ih i, p",wam, Ihu~" ">flua ll)"' ' ''' ')]lpor1""ily for instruetion
le"oJ p"mlleli,m wilh in "joop, Funh~r, Ihe in<Huctions in it ef~! i on l' arc all cw· 
c1Jkd bcfor~ itcration ., I t>cgins. Ilow~v~r, if ,here is no ,,01,11'"" cpn ni,'1 bc',,'ccn 
the I""J "m] ",,'~ (,-~ "nJ rfl P"u" 10 n"u",-crl"PI""~ ",eu",,)' Inc",ion>J_lb"n uti
lizal ion coulJ he imW''''cd It} ,uov i" ~ Lnd q", ,,Jcnt i""ruct;on. ffom iteralion.' 1 
10 itCT"l ioo ,', Anoth,' r way of ",ying this i, thai if we un",l l lhe 1",,1' c",k hy aclu, ll} 
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"'fllln~ Out a n~" ... t of i,,,uu(',,o.,, f,,, c"ch <te, al""" then there is oppmt un.t, 10 
,ncr<:a"" I"'r~lkli.m_ Let', "",c "h~t c"ukl lie d,,"c "uh fj>c ;,("ra1l0n< 

U rj2 1 r: 1 , , , :'-yel" " 
<> ,. , .~t.,. 

_:i~ , :.~ r, : I ' ",d~ , 
oM r.>6 • rn " :yel£! 

" ", ILl. , <:'yde , 
~,"d .n r ' J , , " ",cl~ 

~U 1~61 ,~~, , , "yd~ , 
1", • .>0 I L' I , ~'yc)~ , 
,, ' ,(j , ", ~ r' 4 , " '~y("l ~ 0 

so4 I ,~- • , '~ych , .0. r:;9 d5, d , . :'ycl~ , ., '", • ('FIe 
add ,t(, , 16. ~yd .. , ,. n,_ • • l'~cl" , , " ,. ~yd" 

Ill" J""F-'"m ,om['lcte> ~ ucraUol" In 7 <~clc'_ coml"lrC<J "'th 2U nek'. In In.: 
OfI!i!MdlIOOf><"1 ]I' og,3m_ 11". a"un,," lh,lt th~,,' ~'" I" " mem",,' !'''" . '" that I 
10;111 a nd a 'lOr~ can "" UttU{C<J .II l)a, ~lIcI. 1 hI< I< an uS"'l,le of ..ofl .... rc l,;pchl'>
"'~. ~Mk~I)\" h) h,,,d,, arc pipch"'n~, n~u,c I ~ to iU""lmle> the procl'"", l'aralldi't/ll 
.. ,,.'h'"'ed hy ~r"uri"~ t"~dh'" ",.m,.,I",m5 rm," dlfk rcnl il CJitlion>. For IN. (Q 

"or •. the temporal)' r~gi"~" ,,'<Cd "",.1" tile 1'"1' "''''' I", ,'h ' ''' ~''J fOT C~dlltCf.· 
t"", t(l iI"" IJ regi'te, ronn;ct <, 11\ th " "~>c, C" ,)t,- mp"''' '), ,e~ i,{er' "r~ useJ { 14 a ~d 
,7 i" the " " Vir".! pTogTam , . In t h. " ' p,HIJ,·,J pr"~,,,," , t h" ,e~ ;'kr nllm"", " r ca.:h 

- ------------
l") .... ·11 ., 
<.') .... C ., 
c" ... ! ... 'W 

~ q .... J 
- --

,W - ., 
t ') . ... ~ 0' .. , ~ 

---
C)d.5 ,W ... 
C_"t. (, 

'" _M 

{ -"r l .. 7 _w 
------------



",~,.e ... "",,,,men'e" fn ' cach "~,,, .. on. an" Ihe .ej("le. n" mben; are rnmali...ed 
",fr ... ,en. l)' far al"''' 103'''''' u",'rI31'. 

j. i!lure I ~.6 ,hO\', Iha. Ihe ."r."'-. re I"pchne h,,, Ihr« ph""" •. I)unnj( Ihc P<'" 
1"1 ph ........ a nc",' 'Ict."'-," '~ "". ,"rc" ""Ih C"eI, d""k C)"dc on" the pil'<'hne glad" 
lIllv fil ls up . I)unll g Ihc k ~rll r l I'h. ,~. th e pipehl\~ "f,,11 "ch'C"ing m,,~imum 
p,,,;1 lkh,01. 1'0. our cX1< I1 ,pk. \h, ~c In'lruCf ion \ a fe pClf""",,d '" p,ora llcl J,mn~ I he 
ke'''e l piL'''' , ilL,1 Ih e widlh v( Ih~ pipd,ne" f"ur. I)LJtI,, ~ Ihc " pllo~ pha ,e. n ne ,,~, 
"I ivn romple1e , ,..ill, ,'.eh dL)<'l C)'de. 

S<.>f1 w,,, . p;p"'''''''g b) IouI' un rollmg pl~cc' a hurJen on Ihe Cl)mpric ' ''" 
pn1l,ammcr lu a""i!U' ,~~.te ... an.", p"'pe. I~- I'unhe' fm ,,-ong 1001'" w,l h nM"} 
ileralion>. the u""'I"n~ n:,ullo in a significant t'IMru.,,,n ,n eWe .ize. F"o. an m<k· 
le.nnna'e loop (Iotal ile' "1 ,,,II.> unk n"",n at cl)mp,le IIIne). Ihe I~>L i, further rom· 
1'lic~I .. '1.I hy the need 10 Jo" par hal u"«~1 andl hcn 10 oo<,~ ,ol Ihe loopcounl 1"-(1.1 
PI", iJe, hardw..-" ,uPI''''' I" pc-r'fo,.,n ""f'war\: I',,,dllllnj! '" II Ir no rode c.'pam",n 
,,"d ,,,In minimal hurdc' lI ,,"Ihc rompiler. The \;e)- k,I II'"' In," ''' ''POri ,ofl",,,~ 
1"1><.; lllHng "rc '" fnllow.: 

• AlIlomRlic r~~i'l e r .. "" "'I" ~: A /i.cd-si'cd are:, or lh<' p'cdi<;"rc "nd fl o.'i1 nS· 
I"'"U 'eg;,le . me< (1,1(, ILl 1"'-;: rr~2 In 1'1127) ""J a "r"g,am",ahb,"~J Mea 
of the general .e~i",c' file (",a_"",un. TanFc " f r.l2 10 ,127) at<' c~l"'h"" of mI .• 
"on. Th;, mea" , lb ... dunnl eaeh ;rcm' ,on of •• "fl"~n:'I';1IC1i1>C loop .• e~~ 
.e • • efereR ..... "ilh,,, Ihc"", ""'ge. are ~ulo",al lcalF)" ",cremen1ed. Thu ... ,I. 
1""1' m~ke. u'"" of j!enc.al relV"c •• 32 un Ihe fi ..... ,Ic.a' ,on. il aUI"mal,~"II, 
ma l e. u'e of ,~.1 un Ihe .croI." il~Ial'o" , a nd ,," ,on. 

• 1' . edi C"dli"n; Ea<"h ",,1(uel ion 11\ Ihe I""f' " pred"",,"" Oil • ",raling p,ed",.,,· 
reg;.!"r. Thc l'uq~ ,;e " I' Ih" " 10 de!t'I'm((LC wh ol her I he Pll>eli n~ ;, in rrolog. 
' ~m~l . n r er i I"g ph"", . :" "'pla;"ed subsC4UCtlll )". 

• Spu i.lloop l er"'i" . ' I "~ 1"'"II<.io"" The,,", arc' bt:!nd, Ln<1 rUClio", lh"l cau'C 
Ihc' .e!!i"e .. 10 WI:.,c ."d ,h,' hJp counl 10) J«"crnenl 

TI", ,, ,, rela' "d), romp"", 1"1"'" h~rc. "-c "r<-"en' all na"'I'I~ chal ,IIU,lral,', 
,,-,n'e of lI't IA-M ,..,fl" ~rt p'pclin,n!! """ah,it l,e' \\,- 18~" Ihe ""ginal I"'-'F' 1'"'' 
~'~n. fmm rhi' """' ,on ,,,'" >h"" hu" ro program .. fm ... )fl ... HC I'lpelimnJ!,. " .. ",m· 
"'g a 1,,,,1' cullnl of 200 aTkl Iha l IhCle an: ' ''''-' mernul)' porI>; 

","cv h " OH "$' <" J~: r~lisoe< :0 19 

" '~h~' ~~",ol 1,,_ n cour.' - I 

-, "" • /i , 
"." p, . , ". ··a" , ;11~ " " 

, 
~l: '1'16) I~~ .-J2 " 

, ('ye._ • 
11'17) " ""''' el ...... 

Ip18) .>.';d r j', r?' , , Cyc:l. " :,,;9; ~o, , , . ,~, • eyel_ • 
br.~t C_ " ""',. 
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I. Thc loop I>od) " p" ,h" o ncd mlo '''" h'I'I~ ""Il~j. " 'I h LeJO 01 """~ ,,,,,'nr· 
ltorI> I"" "Jj:C 

2. & « 111",,, of Ihe 1001' l"oc~C<.h . hro ullh ''',cc pha-..: •. 1)u rin~ Ih~ 1'",1..." 
phase. 3 tiC" h~' iler." io" " , Ia n c<.l cach "me ",uund. "'l<lm!' unc ""~c.o 
Ih e r"r~ hnc. D""tlg Ih ~ ~ " ",cl ph.",. "" ~ h~ '1' lt era1iun is "~ l l ", 1 ""~ ~". 
C\,,,, pic led "ad, t llne ""<H, d ; Ih e pipci, "" "rull . " ,th Ihe ", ,,x i,,,,,m IllIITl I" , 
uf stag.·, ~u" c. Ilurillll lhe "pl l()~ p h"", 11(\ ne "" Ilemll lJm a," '''' n ,;,i and " n: 
il<fa li,,",, c""'l' iclc,1 cach time "",unci. d""n"'~ Ihe >ofl,,"~ lc PI""""", 

.1. A l'u.hc~l" IS a~"~I",1 lu cach s,a~c hI '"' ''''m l Ihe "" i"at ion ur Ihe lnsU ... · 
lions III I h~1 'I;'!," I)u",,~ lhe I'rol", I'h~'" I'll> i. ITue and p17 piS. an~ 1'19 
a,e fal"" [01 Ihe fi'~l Ileralion. 1'0. Ihe \(:c<>nd Il(rallon. 1. 11> aDd p l7 ale III>c 
duno!, Ihc Ihiro IIc"""n ph'>. pl7, and p iX a,~ Irue. Durin!, Ihe kCl nd 1'''
all I'fcdICalC\ arc truc . DUTin): the "1'11"11 I'h~", Ihe 1',...Jicatc,",c Ilimed III 
f.l", on~ ") ()n~. ""~inni"g "" Ih p it. . I he (h ~"~,·. 10 pr~d lC"tc ... Iu", art 
achiCHd 10\' pl ~J ", ;" C regi,te , rola Un" 

.t. A ll ~<.'n c r" l r. gi. lc· " w itt, «gi,le< nU I11I ", ,., ~rc ,, ' e , Ih" " .1 1 "'~ " 't ~, ' e J ""h 
c ~,h it c' al",,,, it "gj' te " arc , ,,,,,t ell 1"",,, rJ I." ~"r regi't" , nu mhc .. 11\ • "HP
"",",k.l r..,,,,, ," h" e "" "pic. I h~ , ,, I u" ,,' 'C~" 'cr , will " " 1""~I"d "' ,c~ , .. U, 
x I I aile, one ,,,,,.11'10 ' thi' i, aclue"cll ,,,II h)' mO""lt " ~ Iuc, I'ul by h."S. 
.. arc re o_III" "1'1 or r~g"lc'~. I hu ... in ou , c..m'I,Ie. Ihe \3 IH C Ihal the ~ 
,,, ile, on 1.12" n:ad 10\ Ihe "dd , ... " ,k rnl ,ontl (arid I",,, « >lallon.) laiC. a' ,,1..1 
Slm llarly. lhe ,_.Iuc Ihm the add " 'III,', In ' H .... rcad h} Ihe . 101"< (One I1CI";J"(l1 
lak, '" r .ll> 

hee.,"'" l '. I./I ... "."I"" 
, 

'l .h· ~' ,,, ... b, .... "p ,,-
\I --!- I M 

, I' I ~ '" 1 '" I'I ~ " 'iJ- ... <"'I' , , " , ," , 

~ ~ J 
,-Iyn,'I' , , , , ,. 
,-

b, " .. " 
, , , " 

,. 
~ .... 1 "j ~~ 

, , , , ,. , 
.. . . . . ." ... ... ... ... ... 

v 
- _. 

", ., " ,~ N,,' , , , , W 

.. . ... ... ... ... ... 
~ 

... .. . 

'" ,," ,,' .. ",.", , , , , 
,~ ," ... ""f' , , , , " 

, - ., 
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, 
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, .. "'~'''I' " 
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5. For lhc hLC{OP ""auction. (he I>r"neh i, tak~n if either LC > 0 0' EC > 1. 
bc£ution of br,ctop ha, thc fo ll o"i" )\ "dditlon,,1 dfe<:ts: If LC > O. then LC 
"d""r~m"nl~,I; Ihi' harr<'ns during Ih" p,o log anJ ~"'T1d pl""c, . Ii' 1.(' ~ I) 

and EC > I. FC i, dccrcm~l]tcd; thi. happ"ns durittg {itc "piIng ph,,,,'_ The 
instruction also cOnl",,1 rq;i'kr ru'"t ion . If LC > 0, each execut ion of b.,nop 
pl",'c~ " I in pCJ. Wilit rototio". pii_~ bC"orTl~' p l il . I"cu;ng " conl illuou, 
;cqUCrtCC 01 ,, "e, into Ihe rrodicalc regi'te" during (hc prolog "nJ l crn.;l 
phase" If LC _ 0, , h ~" hr.dop ,ct, pC, to 0, feed ing zcros imo the predic"te 
reg;'te!" during the epi log pha", 

Table 15,4,11",,,,, "act "f the execution of th is c,ampie , 

15.4 TA·64 INSTRUCTION SET ARCffiTECTURE 

Figure 15.7 ,ho", t he sct of rcW"~" a"" iiabk 10 apr1icotion program" That i, 
lhe", regi""" a," vi,ihk' 10 application' anJ Ill")' he fead "lId, in m",' """'''. 'Hillen, 
'The rcgi,t~' sC(, 1I,c ILJ u" lhe followi ng: 

• G~ncr.1 rt'gis{cr;: 128 gencra l _ pUfl~)"" M _hil fcgi,krs, ",,,,,,i,,t"d "ith each 
'egi,t"f " a l\ ,,-r!>il used 10 track dde, ,ed 'pccu lat,,'e ">ctl'l ion,, a, e'pl"iTle,' 
in Sectiu[\ 1~_3, Re~"I~" r11 Ihrough d I are reforred to a, , t'I,C: a PJ().""'''' 
r~fec"nce to an~ 01 Ihe"", ,deren~<;,,, li kra ll y ;nt"rrr~t~d, R"gi,(e,,' r.l2 
lIJr<lUgh rl27 can ~ " used a, 'Olaling reg i,lc)' 1m wi'l",afC l'ip<.' hning (di,
cu,,,,,J in Sc('1 ion \".3) "ml for regi'ter stac" impl~m"nt"'io" (di,cu,sed ,un
,equent l)' itt tlli , secl",n )_ f{dc r~nc~, 10 the," regi,te" are virtual. and the 
11~'dw" re m)' r<rform regi'le, rcnaming d)'''" l11i e" II ~'_ 

• .loalin~_p"i'" r~gisfe,,: j2~ H2-bit regbte" lOT f1""l in g_ ,~,i"l """,1",,,_ !'hi , 
,ize i. ,uffk i~nl lO hoI.! JEEE 7<;4 double ~xtendcJ formal numb."r> (see T.h l" 
~.J). Rcgi,wTh Irtll hrnugh If} l ,,,~ !"'I'~, "nd rcgi,wr> fr32 {hrOl,gh fr127 can 
he Ll,,"J '" rolal ing reg ,s{ers for ,,,ft"" T~ jllp"hlll"g 

• I'n·dic",tc r~gi'f~ ... : M I-hil regi'ters u,ed as preJicalc" Regl>te r prlJ" a lw"y' 
set to I to cnahle lJnl'rcdi c"'eJ jno;tru~tion •. RegiSiers prO through prl5 a ' e 
, II" ie. and rcgiqcrs prl6 through pr6~ ~"n he \J,~d 'i; wi "'ing rcgi'lers for '!,it 
",Me p'rclini ng. 

• U .. " eh r~~i,t~ .. " K I>l_~it regi'te " u .. d f(x b"",chc', 
• "~'tr" elion I'llinler: I told>. Ik bundle adJr~" of the current ly ~X~CUIH'~ I A_ 

M inmuction, 

• {.:lIcrc,,1 fro",.. m~rker: I lold, ,lale I " f" ,.","li"l1 re bll "g to 1 h" elJTT~nt general 
regi,{ct ,t"o< fr"rne and rotation informal io" for ff ~ [\d I" ,cgi_te" 

• U. cr "'"'~, A ",t "f , in gle-bit "alue, used for . li gnmCnllmp;, pcrforollancc 
monitors. ,nd to mon;lor n" <ltlllg_poini rcg"kr "s,'ge, 

• I'~rr(lrman('e mnnilor dal~ "'~i"n" lI",J 10 '''pp'''l perfo rmance m"ni'or 
hard"Mc 
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• I'wr~~"" ;d~nlir.~", I)"",rihc I"'><:~'><)f impic'mCTlI"I,v" ·dc:pc',,dcnL kalurn_ 
• A pplir.tion "")!i,ten, A rolle("\ion of 'pc,ial-purpose ,~gist"fS, T~blc 15.5 rro

""Ie, " hricf dcfinil'ion vi c'K'h. 

Register Stack 

I he rcg;,tcr ,l " c-); mcc'han;,m in 11\-64 "vvid, Ilnnecc" .. r)' movement of dat" onlo 
"nd llut of rcgi,kr< at pn",~Jurc ca ll ""d rei urn, I hc mc('i, """m "UIOmallCail,. pm_ 
"ide, a called procedure with a <leW fnmc of up to % regiqe" (r32 thwugh r127) 
"I,,-,n pro,:ed"rc ~n1T)', Tho compiler >pc"ifie, lh~ number of regi'I<r< re4uircd h)' " 
procedure wrlh th~ "Ii", imrrudron, "hrc'h 'l><:cifi", how many <>1 thc,e are local 
(us<'d only wilhi" the pro.ccdure) and h"".· m;",}' arc output (u<.tJ to p'" pararne
k" h)" procedure called by Ihis pf()cedur~) . When, procedure call (X'cur., toe 
I A·M h,,,Jwar~ "naTnC' r~gi,tc" '0 th:Ol the 1(X',1 rcgi'l ~" fro", 1 he pre, iou\ frame 
arc hiJdc!\ and what ,,"etC thc' oUlput r~~i'ler' "I lhe u,IIo"g proc~Jur" no,," ha'C' 
,egist." nu",b..'fS <larting"l r32 ,,' th" coiled pmcc'durc, Physical rcgi'I~" in the 
nmge r32 t oro"go r 127 or" alioc"leJ in a circular -bulkr f",hion to "in "a I f~~iOl Cf' 

-
Kern" ,"~"'m , ~rW_7 ) (""""')' i 01. ~m..<,; on twm Ch , • 'f"''' ' '" g ')",' m ,,, t h, 

~"'" <Ie'" 0001; """"00 (RSCI 

'Pr'''"''''' 
Co<",,,1> ,ho "PC"''''" of 11>.. fO~<r "' ''''k <"",'" i R>H 

R "Ii B">',,,~ ",," I""L,, InS!'L 11"Jd. th, ,odd" " ;" ""'""~, ,h,L " Lh,' ",,',' I,,,,,x.., (,. 
')2", LI,,' '""', .. , , L". j""" 

R'f. B",>'mJ ",," f''"'''' to' ""m'~)' !l""" ,he ",Idle" '" memor,- ", ~hKh ,he- I<SI: ~' ,II 'IoU 

"""" (BSI'STOII.E) ,he- "'"" V, "", 
RSF ~,;r ",'11.", ,, ., ,,~","' I~~ A'I ) U ", ; h)' ,", ~ 0;)'. '" "ml~,,,,i ' , b,~d ~" I "", ~h,"" " 

>r< ll'"g ": ''''' ' "g,c""'" -
O>mp'" ,nJ c","",,~, " I", iCCV) Co"";" ,1\,' <00,.'01" "Iu<' "«d" 11l< ,h " J '0"1'<% 

",,,,,,,nJ in t1>.. ,'m1".-)" io-«, ""lIOn 

U,'--' ~,T coi l",,,,,, "to"" 1\ ,~' " T! l'"d L" " "'I'''' ' ''' h,~J ~,1 lit> ~'I", ,, '";''''' "Hi 
"'''"'' "~ ~,'''''''I ,"~i ' L"" ~ ;Lh ,he' UU,II .00 ", ,),;11 
;n"" oc1io"" 

Aw""~-f>" ;oL .,,'"' ''''''" ' rf f'SR I {"<m'n~' ""I", w ""Jin , m • .J< . p,,~i,'", ","", •. n .~" 
'" J "tl>o, Con'" '' bi" ft" 0.,. to" !1>J;n L ; n ", ""'"'"' 

10" " ,.1 to""' ",,"'« (ITC) (,,,"",, up " " f",," d " ,,,,,,h,p to ,I>< I ''' ~'''''o, .-!." k 
f "'~ " " "")', 

P,c",,~, f"".,,, ,,~ "'" (P"; ""." .',Iu, '" U-~I ,,~ ; '''' ",,, rd,"('~ ,",om,'"'''' 
- -

~'~ ooo"I'LCJ UN ;0 ",",,'N "''I'" ""d " doc, uJ"n"~ b)' N"oL,d 
L""". ' )l" ~"""l>o' 

Ep;l", " >OJ "L 'EC) \;",J r", """"' ;,, ~ Lt..· li" ,[ (ori"" , ,"'" in ,Jj,-..ju"-,-
""'t..'.l ul<J I'q'" 
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'I'IOLI ~.~,L) .'~ 11II"'.1 U~IIIJ·"JOW OJ" ,'O~l·""P'l 
'1'1"') Sdd J'l l JlI onw, lLl.,,,n1 "~l ~.\"" 01J~I"i,)l I ""u,~ u '~I"U~""P 4"'4," 'Unll 
.""""" ''' II '' "~, .1" u" !I'Un)"" ><4.L "Uml"J .l."''''''''", ~)jnOJ~l p~jOl,.'J "'l ""~ 
{'~I '''~I ", 'II"~ ~,""~"n' ~)jm'1!ll po·,", "'ll'"Ul 'PPlJ S:Jd "'11)0 "nl~' ,"o,·,,,d 
""Jnl~' r\l~ >I I~J P"l'"" ""I I" 0.1 VII U O~I '" ~..rd .1~1 wO.!J P01"I"" "l "nw '~Tlf".·' 
je>< P"~ 10' "<0 '1' Il,np, "o<.in -(IlSI ~ln~ L,J) Dl')~" UOLI~''lJd\l (S,ldl OI"l' ",)!1 
"",11) ""H·\~Jd '41.10 'PP'))OS pLm I'" ' Ill '" pOJ"l' ~JU I .... J,J 0'11 ""OJ) ,~n l~·'J"" pile 
]<l< "41 '"n,,,,, lIu," U~~,\\ 'J~l' ! ~'." ~'~ :J,J ~'l1 HI PO'''I' 0,"' '"fl l"·\ """IlL '''Ol''~~' J" 
n'lwnu p~J In h~, "'1' "J'.""h "I 'pmu ... do ('1","'1 .I" ",,1 1(" pw, (.>tUOUj J" ""'l )0' 
"pnlO(lI Il"!pnl)"" "" II " .'4 .1 '1<" ,'~4 "'l ~J"l' J."<L~nJ '~I"Jls"llr ~' >\ ~m~1J 

in);)() 'UJnjOJ ~Jnp~:X)J(l ,. "~"!~'" 0] ,\WUl,lLll "1(U,1 

~ U."UO' ,~jOlqJ pue . m"",) '11".1 ~H' p''''UJ 1l~1I·" '--'~"L:bJ 1""O'"I'I'".!n ~'''J OJ ,(J() 

ow ,," PU" SJJl"i5~J II", "1"'1 "U~)UO) "')'''~' ,,','O!U "","1''"4 '41 ·,\J"" . ...,~u U04,\\ 
'l[J " a i' >~lJ " I'~II""JII" -,~)";l~' l>OU O~l'" l"41. ·'~mr".x"J 411,,, P~W'''''''" 

TllflLH.LIHJUV t9"VI '1l1l. / ~[ 1J"-l . l<JVHJ 9Y<; 
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Sr.8 ClIAPTER 151 fH, IA_MAlU' HlThC1U1U: 

Curt~nt Fr.""c Mark ... r and Prn-;ous Func!;o n St~!e 

The CFM regi'ter dc,nil"" liw ""k of Ihc curr~"l g~l1~"' 1 r~~ i 'ler , , "ck {rom(, 
","ocimcd ",ith th'> curr<'mly "eli,,, pfocedUlc, II include, the {ollowL"g fiel~,' 

• . nI': $ i,,, of ,I"ck frame 

• ;0J: Sizc ()j local> I""rio" " f "ack rr"Tll~ 
• ",.:: Site ()f fOtalLng portion of 'tad frame: thi< i, J ,ubscl ()f lhe )(:.:al portio<> 

lllat" d"J.c"kd te) WrLW""- l'il"' li ning 

• r~g"kr r~u""'c b",c "ul lJCO: V" iu", u,~'1l in 1""lnrmTllg r~g"l(" ,oMoon I'" 
0''' 1. Il,,,,ling-poillt and p,cdicate 'Cgi,WfS 

• I'r",: P,e, iou, flam, marl",: con",im " II or tlr " t'ic ld, ,,f 11l~ C F~1 

• PC," I',cvi",,, epilog ,ount 

• ppl: Prc",ous 1'''''iI~g~ l"v,,1 

15.5 ITANIUM ORGANIZATION 

I nlei', I["ni LIl" P"u;.'c,,,,, " I Il~ fir'l implementation of I h,· r A-M in,tru('l ion ,.t 
""hiteclure. The It,nium ,H ~'n i/a" o" I> lc,,<I, ,uP<',,,,,,];,r fealLJrn ",i,1l ,urp"rl (C( 

th,· uni4uc U'IC-rclateJ IA-f>J reatme,. A"""'g th e .,Upl'ISC,la, f<''' lure, . ,e ~ ",_ 
"iJe, 'ell ,I "g".Je~p h,,,,jw",,~ pipdmc, dynamic Ilfcklch . hI "nch prediction. and I 
regi'lcl' ,corcl"""J lo "1'1 "" i"" ro' ~"1llpik I on" nondck'mini"n, I· I'IC" 01;1le'<l 
h,,,d,q,e inciud,', ,uproot for p,,,d,c,,!cJ txccul''''L olTllro l "flU d"t~ 'l"'CUlal>;)!t, 
and ",n"'are pipdining. 

Fi~ure 15. I'! "" gcn~ral blld, diag"'m 01 the ltaniuI11 organi""i(}n, The It!· 
nium include, nin~ execullOn "mh: [wo ""~ger, Iwo flWiling_poinl, Lw<) ]Il(;m(>r), 

and lhre~ bf<lnch ~xccut ion units, I r\W'UCTLOr\, ,,' c fetched thr"ugh an Ll ""truct;"" 
caehe "nd kd i11to a builer thai ho ld, up w ei~hl bund les of in 'lructions. Wben 
dccidH'g on fUnci lo,,,, 1 unit, for i,,,truc1ion di'p~"aL Ihc pf<",~'-l;or "ie"', "I m<N 

Iwo inmuclkm bUrlJk, al a 11m". Th~ pm,:e",,' cOn '"uc''' ",,,ximum "f", in,Im<· 
lio'" r<=' ' l''''k cycle. 

I h~ mg,m""li"n i, in ,Om" "'",', , im plcr Ih'" a cOI\\'cntion,,1 contempo,m 
' UP"' ''''''''' "'~'nll.alio". l'h~ l\am"", d,,,,, "01 me re'e,,,,,lio" ,I"ho",. re~'d" 
huffc,", "nd m~mory ordering buff~", a ll rcplaced hy "",pl~r h"rdware lor >(><fu
I,,"on. 'J'h,- r'gi,lcr '~m"rping hardware is ,implt', than thc regi,!c, aliasing t)'pi<ai 
of sU]"'''ta la, ma,-,hin", . K~~i'lcr uepend,, ".)'-<klcctioll log;'; i, "\>"'"1. 'ep l"",,] hy 
upl icit parallelism d ircClivc, p,w",npu,cJ h,' ,h~ ",llw"'~ 

thing b,anch p,cdin;on, IhG rctchlprddch e"g Ln~ can ,peculaI Lvcl~ load In 
Ll i",",ucoion ."che 10 m'ninliz~ c"cho mi,,~, on in,t,uction felch('s. The ktct>.--d 
cod~ is feJ into a Jccoupl,,'g blJlkr lll"l c,," h" ld ur lo c-ighl hUlldb "f c'oJ" 

I'h,ce le"ci, of cache are u,ed, The LI cache i, ,pl il ;"1,,, t6--lhyte ins!rlK_ 
l i"n cache ""d " l6-kbytc Jat" cH<'h" , each 4-"'ay ,et ",,,,,,iative wilh" :12-b)1. 
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IInc ""- The %-kbyl~ L2 .... ""hc .. (>," "f .. t a.'OOcial;'·c "'tb a (,.I.Il} Ie II n~ SI7C_ l"he 
U BIl,J L2 

'"" p.1ckagc 
4-Mb) le 1_' ca<-he ;, 4_""y SCI a~.,e131 ,,·e ""I h a 6-\-hytc ' '''C .. ~" Tht-
('3/;h~. arc "" I h~ p"",~.,.....,r ~h,p Ihe 13 cache i< "ff-c"", hUi "n Ihe"" 
"" 'he pnxe!oSOr. 

15,6 RECOMMENDED REAO[NG ANO WEB SITES 

(IH ('''001 pr,wide. an I .... "t.i" ... "I IA 1>1: on","" 0.0""">1' ;, Il)tJU)9111_ ISC Il101lojr'" 
ISCII UJObI 

L 98] proYl<lc 
led "",Imenl 

.>ko. g<"", ... t d"""', .... m of U 'I(":. "'0>", lho,o~Jth ' ",~'n",n' "J'fO"idoo in 
r.." <>Iho' rood IJe.'",enlJ ~' " (I fWIKIII ... d I" i\ n~'l1l (0 IASOU] an.! (IIW 
1."OOUClK"'. 10 p,~d,,;.,c,J .. cC"I~ln Vol."", I of (INTH lO"'1 c,'nl'",' • <leI.; 
of \Ofl~,,,c plp<bnmg. , ... " ,,"d .. Ih61 p""' ..... c • ~ood C'flI'''''kln ,-,r II><: lopi< "-lIb <_Um 
flit" .,~ IIARPO II'oo 1811 "KUI.'( 

t 0' .n ",,,,,.i< .... of Ihe Ilan,,,m 1" ""'''''''- OITb ll<X"lU "'. ote (~I IA 1l.'()I, II , 
",do.. "lOro Je,ailod Ircol""'''' 

II"." ITRII:.OII and I M All. "UlII " ",I,,,, ""-"" dc,aikx.iu-".Imo::,," "f ,I>;: " >f"<'oi ,h" ch'l~ 
(I~TFrn. 1 t,·,. ",""U)', 1'", '" ",,/,,"'Ii ,'o I",,,, II I II", 11\...->1 ,,011110<1"' " " "d II,\.IrU<l"'" ""', "'" 
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• 1~I1'ACT: Hi> i," >i Lo at lh.' Cni" .",it,- of fIIill"i,. "ho," nweh ,,11I,~ tc,,,,.,ch flO 

prediealoJ exocution h.o> o..'<n dono A numocr of p'pe" on th.' 'Ubj<'d "T" "" il ,[-I:, 

15.7 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Term. 

a.,h·aUCeJ 1(>a<J 
bT>""h proili,".,~", 
hundl. 
«>I>1,,-,III>e<:w.,ion 
dOl. 'l"'<uM0u 

c..,t:<lllil>n uOil 
nr>ij'illy pa,"Uo) in"fU"~m 
oo"' ruti~g (EPIC) he,,, 

1,\-64 .rchit«lUf< 

inl"'",li"" coo)r>lo,", 
in.,trucli,Ol !'I""P 
It·.nium 

,nol'" """"'" 
"oTbil 
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11.7 I KhY TERM!;;. R~VI£W QUESTION,. ""'IJ l'ROBUi.W;; .,71 

l'rcilic.le 'tl;'le, 
p,od,,,",I«:m 
fcsiSieT """k 
""flwarc pLpehll< 

Review Question. 

>f""cul",;'~ IQl!din~ 

""cii frame 

""" 1, lbh\e 

1 ~. 1 Wh" ore the ,I ,lfcrcnl "'1"" of o>«u,ion "fl'!> fur IAoM') 
l S.l bpi"," Ih.' u'" nl 11l, lCnlpLltc fio ld ,n "" IA~ hund lo. 
lS-l W II.L i; Ih" "gnlfb""" u[ " >Iup in 'ho ,njlr ,"'Ii"n 'Ire'om" 
15.4 Oolino predication ,0.1 prcdic,,,'d ,'-,<,cu",,,, 

1 5.~ H"" "" n I'"dic,atc' rorb" •• wnMi"n"1 pr.'K" '"'''union '' 
15.6 [kf;ne "",Mul >I":cul,, ion 

1~.7 Wh,,.,, 'Il , purpo,,' 01, 00 ."" r bM 
I ~.~ Ddinc ,hob ~rocu l "ti""' 

f $,~ Wha,;, 11K Mf.,c",,-.- ixt"""o. h,,,\w,,," pil"'li no and, ,..-,11",," popelin"? 
1 ~. H! Wh"" lho d,ffof.,,"" be L",'cn ".clod 'nJ ,u ,aling "'gL""'" 

Prohlem. 

15. 1 SUFf"'''' ,hat ao, I ,\_M "1"',><10 Offiol'" ,I",,, rc~ i 'lc" a, Ore'''"'"' ."J I""d",,',", on,' 
[C'g;' " '' a,,, ,.",11, Wh" i, 'he maximum rwrn l'>cT of ,uch "I"'"k, I 10., , ',n '" Jefined 
in "n,' mator 01""""' I,mi],! 

15.2 ,\1. ""'I" in 1">00' ," ,,, IA ·64 program, '"~rc"," ru A ')'["-' ;""nlel;,)]" "nd ,;, 
fI''''lin ~- I~'in' iO""'<l ion, lh", <all lx' i"uoJ " """,,rren ,l ), How m,,", ,) 11 ,,1.10' Ill" 
"pr<a, wilhuut an)' ""I'" I"''''c,'n Lh l'm ' 

1~.3 In 1'">1110,,, 15,1, 

•. Hn", '"M" 'Jcb arc rcq" " cd 10' " '0.,11 1,\ M 'mpk",'"I "I~m h,,';ng "no lh" '''g_ 
p", n, "" il. ',,"0 inkg"T ""'''- ,,><I lwo ",,'mOT), un,"" 

b. ] low m,,"y c),,'b "rc ":qullL,1 I"r 'h,' ['"nium org.ni"""," uf ri~u,,' 15,]{)7 
15.4 An ,Igorith In 'Il'l ,on ",; I;z,' lour tl","ng-po;nL in>l",,, i,,n, 1'" 'y,1l- i, ",,,kJ for IA 

64, Shou ld "''''",l,on group' ",nt"", I,"" 1l"" Lin ~ ro"" 'lfl",,110('"" Whal"rc lhe 
'"n''-'qucn''''' ,I ,ho maciline on ~hKh toe p'''gram run, h" lowe' lh,,,, f(Ju r tlo.Lin~ 
i""-, inl un;!>" 

1~.~ In s"Cliun LI __ l wo ,n ,,,,,I",oJ , ilt' 1() l lo","~ -'"",,,,,,,, lOT p,-od;c,,,,,1 ,"'"'o' .... n 
e n C, ei p2 , ~ , " I 

',9· ' c,'" c , ~l :cd, ~, ~ , h 

",lot"" crel". ", h"i "n, ,ueh .. eq, "". c'O,: I,j ['2. ,nd p3 "'" r<cJ.:,,,," fe'gi'le""" 
<;LheT a TOg"'c' (01 '<n immcd iaoc 01'<","0; ,nJ "" a rt'g;,t'" "l',,, ,, "d 
)iill '" ,hc' fol lu,,';og 'nHh ' "bk 

", ",mp"1.",,, " ,.' 
~~rr<"'"l 

, 
,, 0< r''''''"' , , , , , 

I 
, , 

I I , , , 
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1 5.~ l ..... r ,be p«dic-dl<d 1"'-""'.1'" In '>«'''''' ,<.1, "h,," ,"'rlo,"e"1< II>c 11""..1, .. " ,>/ , 
u," IS 4. ,oo.c-.lk 
10. Ill .. ,,, 'o", ...... _'h., <.n "" <.o",,,.d In poralld 
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The Control Unit 

In 1"11 Three. we focused 1m machine iM(r""ti\m~ Rnd Ihe ol'er~l;oo' per_ 
fu,me,J b)' lh" procc~, h) execute """h 'R>\r <i<'ti()Il. What wa.,> !~ft Qui of Ihis 
ih""US';Qn is exactly hQW ~ach individual operation;1 cauled 10 happen. 1'hil 
i~ th~ job "fthe .;onlwl unit. 

The cllnttol unit is IhM 1")(1;0" of Iht I""",cssor that actually cause, 
things 10 happen. The cQmrol un;1 issut. c()nlr\ll iignals ultrnal ,lu rhe 
proce""-,, 10 cauoe d~1a c~chans" with mommy and 110 module •. The coo
trol unil a lso l~,u~> cunt,,,) s;gn ~ I' imernal \0 Ibe pnxcs..o , I(! nl(>vc dala 
Ix'twcen [cg;sle", 10 cause lhe All.: to perform a sf'C'ificd funct;(>j,. and 10 
res" latc ot her internal operation •. Input 10 Ihe control unit coniist. of the 
in;ltuct; riO regi!ter, flagl , and co nt rol ~iSnal s from external source. (e.g., 
int errupt sig nab). 

ROADMAJ'"FORPART OUR 

Chapter 16 Control Unit Operation 

In Chapte t Iii. we tum to a Ji)<;u",ion 0f bow p,occ",<" functions a,eper· 
fmmed or. mOle spccifocallj·. how th~ vaflou! dcmcph of the proce=r a,e 
""ntrolkJ to pro"ide th".a function •. by mea", 01 the C(>II ttol un il. It is 
shown that each imtruc1ion cycle is made up of a se t of mie<o-operali()n\ thaI 
gonerate co"trol signa t' , E.cclItion i, ac.:"n'plishcd OJ' the cf1~~t "r thct.e 
cont",] lig nals. emanating f",m the oon t",1 unit to lhe ALP. regi,ters. am! 
~y'tcm intercollnect ion ,lructure, Finally, an appr()ach to the impkme.ntation 
<)f the control UOil. referred t o~, hardwired imple ment ation. is prescnted. 
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C hapter 17 Microprogrammed C"nt, ol 

In (-haptcr 17. "'C sec hvw Ihe c<.>neep!..,r micm-ul'e.all"" Itads lo.n elegant 
J'IO"'e.ful al'l)fO.1~h to colmol "not Impk:mentatlon. kn""," M. microp' OgJamm 
In tlOie"""_ a """~.-le,d programmml language III d,,..,,loped. Each m~tl"\l.1"". 
the ",:\Chine la~uage of the procc:~:" IlIt .an,iateJ in!.., a scqu"n«: of I_cr_le", 
comrol""'1 In~trlldiom_ 'Ill("" lo"er· lc>d In.lruchum al<" ref~rrcd 10 ti mi.:n 
In,ltoction •. and Ihe p.oca, (If It.nslUliM Is referred 10 a. microprogrammIng.. Tilt 
elloplcr !k!iCfibe~ the ta},,,,!! of a cV1l1r(>1 memQry containing a micr<"''''l/.rBm f,~ 
C~dl machrM rn!lruction " dc.,.c.ihcd the .t'"Cllrre and funclion of the micro· 
p'OfI.r~mnlcd control unit (;In Illen be e~p lal" cd. 
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KEY l'OINTS-

• The ~xc~utjon of an instruction 1n,'01>(:$ th~ ex(l(ulion of il sc~ucnce of,"J:>. 
"cps. gcncrall~' coiled cycle" For clIampie,"n execut ion rnn)' con~;st of 'etcb 
,ndirfd. e~ecu(c. and i"l~rrupt C)'-clc!. E:'~h cydc is in lurn made up of. 
S<XJucnce of mNe fu"dament~1 "pcml~rn'. caned mier(Hlpcralion,_ A ~"gl, 
nlicro~c,alion gcnerall)' ;n\'olvt'~ a tran\fer between rtg151<:r;, a (["Iiller 
i>et"ccn • rcg;,let ~nd an external bus. Or a ,;mplc ,\LU operation. 

• Tlle control unit of a proce",;or perf, om" lwo la.I!::': (I) It cau'c. the pn.;eSWT 
to C>\lCut( micro-operation. in th. proper ""'I"enee. determined 11)' the pf<.>

sr~m being ncculcJ. and (2);1 generates the control ' ;gnal! thaI cause """" 
micw-(>pera!ion III be e~c'''led, 

• The ~ont",1 ~ign~h gcn~ra1cd b)' the control unit C&U>c the opening and etc.;· 
ing of logic gaIC! , r~~uhi1\g in the tr~ru;fer of data to and from rcgi'tc~ anJ tile 
operation of the ALiJ. 

• Oue Icchni4Ut for implementing a control unit il referred 10 31 hardwired 
;",plementali'>lI , ;n whi<oh the C""lrOI unit is a c"'mbinatorin 1 circuit_ 1\$ i~l>Ut 
logic signal,. go,-erne(] by the cutTent machine ;"!truction. are tro",letTed inlO 
J ""I (If output ronlTOl signa ls_ 

I
II CbJplC,lll. wc POlll1"J ouE II\"t " m"dll1'~ ,mtru<:lIon ,~t go"" lon~ ,..~) 
H)"'"hl JdllH"g the rroc,,'w1. If we k"ow the m,d\1"c In,tl uelion "'1. including 
an ""d~r'l:tnd'ng of the etten of each opcoJc and an unJ cr>l"nJing of til< 

addlt""irlg ",ode" onJ il ... ~ k"ow the ,,'I of I!'~r_vi,;bk regi""«. 11,,," we kn{>"> 
th e «mclio,," lhatlhc pm"c,-,,,, tnU'tl"',IOrrIL Tlti, " ,,," the co,nr le1" piclu,e. W~ 
",u,t know lite "'krnal mterf"".", u,ually lllrl>ugh" hm. and hoI'.' iEl1errul'B'" 
h""dl"J. """;llt liti, line uf r"""-'l1 ing, In c following li,t of tho," thing' neoded w 
'flCcil), the lunni"n 01" I"''''c,-,,'' tn,age, 

I. Ope,.,I;"", i"("',"]e'l 

2. AJJr~'''ng m"de' 
3. R~gi,t cr> 

4. IlO module inkr(aee 

5. Memory ""><luk "'EerL,,,,, 

~. I"terrupl p""",c,,ing ,truCIUr<' 

Th i, list , thol!gh ~ener"l. i, r"th"r compit'le, l1ems 1 lhrough .1 a,e defined b)' 1"
in>1rUC1W" ,01. ltc'''' ~ ,,,,d 'i ,ore typie"lI)' defined h)' 'l"'~i t)';ng Ihe ,)"tcEn hus, II,m 
(, i, ddined pallia ll y by Ii,,, ')'<Ee m I"" lind p"rt i " II ~' b~' II , ~ IY1'" "f ,uPI'O"I!>:: 
pmee'wr oifers W Ihe operming ,)',tem, 

'n", li'l "r ,i, it ~n" mighl t>;., 1"=.0.1 lho function,,1 requirements for" rroc<,· 
wr. Thcy Jc1crm in<' "hOT a P""'~'"'' ",u,t do, TI",,, wi"" o,:cul';eJ u.;n Part' 



16.1 I MI< RO-OI'l:R_~Tl()"S 577 

T",o and ' . hree. No,., ,.·c lum 1o Ihc '-Iue~h.>n ,,[ ho'" Ih~ [unction, "re per["rmcd 
or. n.ore: ,,,,,ci[ .call> h"" Ihe ''llllUUS clcm~"b o[ Ihe p.oceS'IO' arc ""nlmlletl 10 
pron.!." Ihc"," [uno:1 'o",. Thus. ,,·c lu.n 10 a dl .... ,'"on 01 Ihe ""nlro! un,l, which ron· 
Iml, 'he ",.c.alion of Ihe [If.....". .... 

16.1 MICRO-OPERATIONS 

lVe h'",'c """n Ih,'1 Ihe "I"" al;"" "f a ,,,mpule,, ,,' ",,",ul"'Il " P" '£'""'_ """,,,1> of 
;I 'C'I"CIICC o[ 11,,11 ",·till" ,yclcs. with o"e ",achille 1Il'1 t UCll(>II 1'''' c)'cle. Of ,ourse, 
,,·c "'u'l ' CrII CnlllC' IhHl Ihi' "''1"cnec ,,( i11>I,,,,' I;<>" qclc\ i, n<>1 ncccS}o ril), Ik 
,"m~ as I he ~ fll/,'" r~,,"r<''''' Ilf ""I ",,·t,OIl' Ih"l "",I.e up Ihe 1'rol'-';lm. h(x:au,e "I 
the "",Ic,oce "I I',,"dllllll ;"<1'UCI",O<, Wh"1 .... \. I"c rdcrtll'~ 10 here;, th~ e.ecu· 
""" 'i",,' "~'I''''''<"<, of in,truetion,. 

We haw [urlhc . .... "Cn thai c",h in,orUChu" c)dc" made up of a numlk;, 01 
"",.lIcc Unil, O n .. ~uhdl\'l, .. m Ihal ""~ loun,J ('OIl~C'''(nl "ferch md,,-.,c1. erteCutc, 
and IOlern'I" ,,"II onl)' rct~h and ~"<"Cul~ ncl..., " Iway' ''''''uti III! 

10 <.Ie.ign a cont,ol unU. ho"·e'cr. "'C ncc,J to hre~~ do"-n 'he dcscnl'linn 
IUrlher. In <M" d,;<cu,,'on "f l"l'd.n,n! .n ('baI'Icr 12. "c oc!!"n 10$<0< ,hat a funher 
<icI. ... "'I~"n" ~' " 1""",,1<_ In f"'l. we ,,',II .. ~ Ih~r each ur the ,,,,aller cycle- ,molw. 
a .elle' of ~rcl'" each 01 .. hieh in'·ol,·,,> rhe I'rI)I."C ..... " .e~"le", We "'ill ,eleT ,n 
theK ,ters "5 ",,,·,,,.,,pm>l'(,>,,,_ • he I'.~h, "'".,,' rcier' 10 Ihe 'acl Ilt;lt each ""pi. 
"ar '''''I'ic "lid ac""'''pl,,hc_ ,'cr), httle. Figu'e II> I <lel""" rhe rcial"ln>hi" ,nlOng 
the ,a,,, "" c''''''''1'1> we haH oc~n Ji sc"',i"~. ' I 0 "","","'lIx. th" execution (}f" 1"0-
~,a ", cOII,iSIS of Ihe seq uentia l C,cc\!I'\ln IIf i"'I"U CI"",~. Ic~ch in ,I'''''I'oll "C"· 
CUlcd (lttnllll 'H' ;",1 ",elh", C)'de "",d" up of . hOftc , . uhcyclc' (c_g .. Ittch. ",di",,,1. 
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execule, illlen upll_ The performance of oach ,uocydc in""lye, (me or more ,hort,! 
operalio"" that is. mi~ru. "pcralion" 

M'<;fl>·op;;.al;ons arc the fllrtctio",,1. or "tomi •. ope'"lion, of a proco,wf, In 
lhis "'Ol<'<\."~ will c.amine micro-ol""ati("'~ [0 gOl ilL all LHl(ic"l;tn,jing of ho~ 
Ihe ~ .. enls of any ins trucl inn c)'cle can be dcsc'il>cJ as a ,eque rlcc of ,ud 11110'0-
oP'''''',on,_ A simple exampk w,lI 1><; uscd . In the fCl11,,;nder of thi s chapter. we then 
'how how file .on.cpl of micro-operation> ,c"", "'" g"id~ \" Ihe design of ttle 
control unit. 

The fNCh Cy<:le 

Vic h"W" hy I""King al th e felch cycle. which "tcUf~ "' lh e beginning of cad 
instruction ",eie "nd cau,", an ;mlru,t;"" to be fetched fro m I1lc'''o'y . )'0' pur· 
I"""' of discussion. we a,~urn c th" o'g" ni ," 'ion d~pi"tcd in Figure 12,6. F"ur fe, . 
,,,tl'" ",~ im'olvcd: 

• Jl c", o,~ ~ddrc ... r"~i.<ler (1\1 A K), I, (;onn"d"d W the address line s of lh< I)"~ 
t~m ho" JI >p;;cifics lhe odd'e" in mcrrwry for" ,c"d m wril ~ op;;", ti"n. 

• Jkm"r~ bulTer "'W'I ~r l MJlK ): l,connccleJ 10 th e dala lin~s of {he 'ystem hu, 
I! wn{;l in, Ih~ ,'alue te} tx' ' tored 1[' TllC'TllO'Y or (h~ I"'t "alue ,"aJ from memo!)', 

• I 'ro~ra"l "'>Y Il{ er (PC): Hold, the address of the next i",lr uCl,,)[, '" he fetched 
• In , lrp,'l ion ,egisler i lK ), llold, lhc' I",t ,n,{ ruction Idched, 

Let U' look allh" s~'luence IIf ~\' ~nh I'>r the fet,h cycle fro rn the point of ,'ie~ 
()f it' d lee! on Ihe rroces~ot regiq,·", A rl ""'mp l ~ "pp.",r, in Figure 16.2, At th' 
bcginnillg "f 1 he kid, cycle, Ihe odd'e" of Ihe no,{ ""I cud l"n I" 1", ~,~culc d i, In 

the prog,am counler II'C'); in Ihi, em,e. the ~ddre" i, Il l ~l100, The firsl ,tq> is to 
11\'''~ 'hal ~ddrco' 10 th e memory "ddre" T~g i 'ler ()'1All) bc~a u se th i' is th~ 001) 
r"gi'ter C",\ " ~,,t"d to lhe aJd,c>, line s of the 'ptC'1ll tlLl'. 'J'h~ ""ond SI~p i, l() brin1 
in lhe in<IrUCliun, The dc',ired "ddrc" (in the MAR) i< pl"c~d on th~ "Jdr~" 0"" 
Iii" conlrol unit i"ti~> a READ <'"m"wnd "n Ihe co ntr()1 hu<, and {he result ap!","" 
on Ih~ dal" hu, "od is .()pied into the ",emor,' buffe, '"gi,t ~r (MBR ). We also need 
to incremenl Ihe 1'(' \>y I 10 get ready fOJ th e n"xt ",,,ruc li,,n, Ik~"LJse these IWO 

"ctians I ,ead word fm", ",em lIT,' . "dd I 10 PCI d() n()t inle l fere ",nh ~"ch other, w~ 
carl do Ih"m ,imultaneou<hl to ",,'e tUllC. Tk third step is l() mcwo Ih~ c()nlent> uI. 
the )'WI{ 10 the imtruct ion register (IR), Tl", frce, "l' Ille \l1lK for "'" du,ing' 
ros,ible ind i r~cl cycle 

Thu,. th e .implc fetch 9'ek "ctually co",i,l, "I th'ee sleps and four micro· 
o»Cro li"",. Each miCTO-()peratj()n in",)h·o, {h~ ",,,,'c',,,cTl1 "f d ,l1" inlo 0' o ut of' 
,egister, So long '" lh~w nl 0'"cmcnt, do not illl~rfel'l' with "n~ ''''''lh"', ,cwral of 
lh~m can take plac" durin!; "n~ , t"p. ",v ing time, Symbolic,lIy. w~ C,", ",rite tbi, 
"'4UCTlce of ~"cnts as folio,,'" 

, AA" . I P<;: 

"0' M, -"",,,.c"Y 
K - j P<: ! • , 
" -iH3Pi 



(a) B~gi"ning 

(b) F;"I Sh'P 
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MAR 
MBR 

ec 

" f----:=== "'-----

(d) T!",d 'Iep 

where I i ~ th e in'tfuction iollgth, ...... ,' nc~d 10 rTl"l~ ,neral comm~m, abou l Ihi' 
"'4ucnc,', We a"u",~ I h" I " ~h:k i, ,,,·,,,bhlc fo, liming purl'O"'" 'II1U Ib,II il elllL" 
rc~ut:" l y 'pelted dod pul""', [,ach duck pulw udin"' a ""'" UTl;!. Thu,_ al l lime 
unib are of ~qual uurali"n, Each micro'ope,al illll can t>c l>crformeu "'il h1ll the t;me 
of" si ngle time uni!. I h~ notMion (t" t" t.) lepre,cnt' >ucce"ivc timc UIl",_ III 
word" ",,' h"vc 

• t"i"l ,inl<' 'lI1il: \1cw~ cunwnl' of PC t" MAR. 

• S~<'''nd lil1l~ IInit' MII\.'~ UlIlt",,\> "f memory 1o<'1!i"" 'I>(;CI~~t! h)' M,\R tll 
MBK. Increme nt h)' I the contento oflhc I'C 

• Third Ii",. u"i" M,,\ o cont"m, of \1 Il I{ 10 tK 

r-, ,,lC 1I,,,I,h, ,c-.:ond alit! th ird micro-operatio", t>olh take place Jurin g Ihe ,,"cond 
lim e uni!. Th~ thiru micro-ol'"'" 'ion ,'Ollt<l ha,'C t,.,cn groupeJ ,,·;!h I he ("uri h "II h· 
out "fkctin~ 'he kl<;h op",,,'i,,n; 

t , ' ~, (PC; 

~, ' KiiF_ - lIeTIOry , ~ -<~CI , , 
" , CiRRi 

Th" gro upings of mi,ro·operotions 011'" foi l"" I w" ,""pl~ rules: 

1. The pmper "'que'nce ofc""nt' nl"'\ b~ followcd. t hu, (MAR <- (P(')) mll,1 
rr"~cd" (),JB K +- ~km", .. ) n.:('"U'" 'he memory re"u or><:""t 'V" "",k~, u-.(; of 
Ihc "Jd,~<., III lh,' ),jAR, 
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2. Conn",,, mus. he a,·ui,kd. One .hoold n04 .lIc·n'pl 10 rea" 10 and " 'rile from 
thc same reg.,le. In one time uml beeau"IC Ihe 'C'UII, " •. >u1d Ix unpredi'13bk-
1'01 '"ample. Ihe n"c,o-<~JC'~llOn~ (Mllit I- Jo lemory) 3nd fi R __ \IBRI 
.houl" nlll <>xur durin!llhe ""me lime unit. 

A final po'nl ,",orlh n<>llng i. Ih"1 onc of Ihc m",,,,..opcralioru; ,m'ol> e. an ~, 
lion '1'0 a"ol,] ,]ul'iIcahon of circoilly. th,. " .. d,llU" "oul'] I>c performed b)' Ihe 
AI.t ' I' he m.e of Ihe AU! may m""I'~ all,,"lion"1 mi<lo,ope ' al " ",S. ,Iq","" ,n, .. 
Ihc /un<ho"alily of Ihe ALl! ."J the '''~'' nll.l'l ;on "r the processor, Vic Jdel a illo· 
""",;"1' of II", pOlFlI un,illal ~r il\ II". "h ~'I'ICI', 

II" " 'lelul to compare Cv" nl ~ (Ic, .... ihcd IIllhi' ,,,J Ihe rolio,,""' g 'U~CIN,01I 
I" I'i ~"' c J,$. Whereas mk"j-('I'CI'''I<''1S "re i~,,"rc<.l in Ihat figure. thi, oi",u"''''' 
<hows Il,e mkru-opcrations "ee,!(Od h, perfott" the ,"bcyde< of the insll w;ti()l1 C)cIt 

The In,lir~cl Cycle 

Olle.: ~ n InS",,,,IIon i. re,ehM. Ihc nc .. >Iel' " 10 lel~h <ource OJ"''''n,l" ('0f11 .. \/
mg our ~'n'l'le , >ample. leI ~'3S1unlC a 'Nle.~dJR"" ,""rueli"" fOlmal. ",Ih d"C(1 
and " .. iIr"", ao.lJre,,,ng .110" ...... , If the , ... I. UI'1I0n >1"'<1f",\ an in<.lireci ad<.l.e:.J. IheG 
"n ,ndncrl cydc mu" 1""'-"..11' Ihe e.~CUlc 1')"<:11'. I'he dalll no" difre •• ..,me ....... ' 
r .... n Ih .• 1 Indocalcd in Figu ... 11.7 ... '" InciuJ e, Ihc folIo" ing mic","",,,,. aIM-...'" 

t liAR' (: RI-'<l ru~n 

t I<Il.;o' __ """",y 

1'1'1' adJ..." , r.dd or (he in,HUel")!),, """,Ie,,".! I" 'lie M,\ R. Thi, is Ihen UIN 
Ie) felch lI, e add",,, of """ "p"rand Fi,, " li y. lI, c add,"" field of Ihe (R i, Llp<l~t«l 
h(lt1llilc :>tlJR. "" that it now CUrll:"",,, dlh'C{ "other Ihat1 .n indired addrt"",, 

The I R " n",,' in Ihe ""me . Iat e '" ,f lI1<hrecl ilJJre"ing haJ nO! bec" used. 
and II "rcaJy for Ihc n"c"lc c)·de Wc .~ip 1I~'1 ~yd~ for" ,",,",cnl. 10 00I1>idc, 
Ihe inlCrrup( cycle. 

The Interrupl C)"de 

,\llhe con'lllehon of Ihe uerule cy.::lc, ~ le'l "o",de 10 dCl er"" ne "h"lhe, u~ 
enal:>kd mle.rupb ha'e <ICCu.red 11 00. Ihe 'mcrr ~pl <yck O'-"<:Uf>;. The n."ure of IQ 
C)'dc 'Mit. ~ .eall)' lrom Onc """'hine I.., another We I",<,{"nl a >1'1)' .,mpl • 
• equen,..., .... f n-cn ... '" ,IIUSlralr,] ,n f'!lure n.!!.. W~ ha,'e 

t K3R' 11'(" 
t KAR _ Salle ..... ,l'.U 

K. ~~" t n~ ... ~<lun 

"'-'''- 'Y' I '(aR I 

111 ,hc f"'1 ,top. the <:onte,," (If Ih ~ )'(. arc ";on, fcrred 10 Ihe Mil K ... ' Ih,. 
Ihc~ C.1n be '",'cd fm cd"m from the Inl c,rul'l Ihen Ihc :>Ii\(l is l"aJed ""h'lIt 
a,khc.!., whICh Ihe conlent, of Ihe 1'(" ore to he ... " ..... an<.l Ihe j>("" (, .... 'kd ""',,b 
Ihe nJ<.l",,.. " r 'he "an of Ihe ink" Upl ' I'''''''''''''1l muline, 'rhe~e 1"'0 a<iIOlIS m;" 
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~~ch I:><.: a •• "~Ie ""cm-<.'I"" "'iOl' 110 .. e.er hoccau,"" n.",' I""ce,,,,,,, r>.o>ioc mul .. 
lIr>ic 'Yf'C'I and'" . le< d . of inlernlp". il ma~ ''' ~ c 011" 01 1n0,C addi',onal micro
opcral ;ons (0 0"'01n 'he ""'C add",,,-, on" Ih ... wulln ... adJre ... toero,.., Ihey call be 
Irans[crm.! u .. Ih~ \1,\ K ond 1>('. 'C'I"'C1,,'d}. In any ,,3...,. ,_c Ih,; .. done . • he final 
"~I'''' u».o." IJoe MBR ... hocto con'ai, .. 'he old <.Iue of 'he I'C. ,1110 memo,}, rhe 
1'''''''' ..... i. no" .cad)· '0 h.~n Ihe nc", 1n'''UCIKIO' clele. 

TIl<' Exec",,, Cyd" 

The felCh. i n,h'e"', " nd i"k.rur' ,,)'ck, 'If" "'"l'le ~ ,'d rrcd ,.wl>ic. h,dl ,"",)h'e>" 
, ,,, .• 11, ~ ' cd " '1" ""<:<: "f n"coo.op",",ion, li nd . ;n e lleh " ,,", Ih e "' ''''' micr(};)pN'" 
1;0'" .ITe 'Cll,,,,,,,d ,·""b time around . 

illi , i, nOI (rue or the exc><;utc ey.k, h or " ,,, ,"ell; "c " lin -\-' dirk.~n l "l"',,.k ,. 
I he'e arc ... ' J, ffc ' ent "" I"enc,,, of ""cm'upe' "I 'On' I h~, "',"n OCCUL I.", "' Clm, ,,J.-r 
",,, •• ,,11,, 1"" hel,cal e.a," pl~. 

1·",1 roI"i"e. an adJ in"rue' ion" 

"'hl<h a<ld • • he ~'o'Uenh of .he """.IIon " '0 res",ef I{ I lloe folio" ing SC«uenrc "f 
n'I<, O·l)l"'r~( ,on' m;!1o' occur: 

Y.A~ I III : .. "" : ... ): 

y",,, .......... "'Y 
Rl +- IPO) • n·R! 

We beg in wll h Ih.' IK oonl,,,""'S lh" ADD 1I"",,,d,,,,,, III 11l ~ fi.st >lep. ,h ~ 
,,,Id,,,,, pml i"" "f Ih e II<; s loaded in,,-' Ihc MAll ' I hen Ih" .defenced mOnlmy 
!<lC~h"n;, ("ad, rinally. the comenbof KI :",d MIJI{ "' ~ ad ded by the AI.\! '\~. II' . 
thO' ;, • '''l1rl i fi~<l c , ~mrlc. A,kjil,,,,,,,1 "';C'''o()llC ' ~"'J<I~ Ill" )' he .e'tUl'oo to exU a"t 
the rCIl"le. ,dc,,,,,,,,, fmm the I I< and I"'rhaps (0 ""Il~ 1I,e AU input.> or OUlrUI' 
,n ","le' "Il~""c<h",e regi«~"'. 

1..<:, u~ Ioo~ ~1 1,,"0 mo.e complex cxKn'l,k'< A <:ol11mon ,"""",1I"n '" ,ncre· 
men1 and ,k,p If fero' 

"I he conlom of ioc.IIOf1 X" inc"'mCnl~-d h~' I. If lhe , ,,,,uil" O. the nn1 inSlru<llm, 
" ~~ 'ppcd A f/O'S.hlc ""4u~n<, .. r nHC"""I"" ~II01l~ i, 

MAR f_R;~dJre •• )) 
l HOR +- "e:ro.-y 
l KBR +- (/\DR I 1 

t "''''''''Y ' ',H1lR) 
I~ litGRI • ~) th~n I?<', \1'("1 .. 11 

'lloc n ... ", fC"l u." "" rod llC(;" !one" Ih e (""di(,,,nol "~1'on. ' ''~ 1>('" ;ncre· 
n,e nl cd if (\l IlK ) II. II", le>l and aCl,on ('1In be 'mpJ~IIl~n1eJ •• one lIli~ro· 
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"I1<'rOIlOl', Nolc .100 Ihal Ihi. mlerO-lI[lCl1IlIon (:;O n be [lC, fo, med duting Ihe "' ... 
lIme unil d urIng ",hleh Ih., updal"" .alue " ' Mil l{ " "<JT~"" hack 10 me,,!Orr. 

"mall)'> oon • ..:I". a .ubroullne 0111 lII<lru<lion. As a n c.amf'lc. co",,"" •• 
h. a nch· and .... , .,·add,..,... ".$1 ,,,,,l ion: 

8" " 
I he aJJ"·,, .. r Ihe ,"slruelion I ilal foil"".,. )he IlS/\ In,l . uel;on is "" .'d in 1')(,lIllOII 
X. nn,l neculion conlinuc, ,II Io<~lion X I Tho ... ,'c" add.e', "'iliialo, ~ "ItIi 
(,,' ,elurr>. Ihi. i, a >1!~igl"f')""'''''le<'hr''\jue for 1'1O",/in8 ,ul",)u""e ca ll •. Ih. 
follo"" "g rrlLct"."f"'T~l ion. sumo,,: 

, MAlt , .1 <I .c<lnao ) , 
MIl.', 0- I , -:') 
I'(: __ IIRI .. ol,;,~ ... ~ I) 

V. ""'V ' (HIl~ 1 

t, ' PC. : 1'(" 1 ' T 

llIe ..... .-c'" rn Ihe I'C al Ihe . Ia. I ,,( It", In<lrutllon i, Ihe add.e ... of 11>0: 1\(11 
.""It",llon In ""<JUC .... ",. Thi, '" o,,>'cd al Ihe >MIo.Irc\> dc'"gnalcd 10 Ihe IR. Th. Lol. 
Ie. adJ", ... i, alw ilK"f~m~nICtJ 10 f'70"'''C I he ~<kbo. of Ihe ""I.uel,on for Ihe "'" 
'n'INell"" erde 

The Im'rtlelion Cyde 

W~ h."" >ccn Ihal ca<'h [,ha,. of Ihe ""I.n,tron «""Ie c;on ~ d~co"'JlO'<'d jnl~1 
""!L1enCe of cI~"'< nl"T)' ''' ic .... H)pc'~I''H' ~, In nUl "'",,,pic. Ih~TU is 00" ,equenc! 
<'"..1, fll r I he futch. in"ireci . anJ "l1eftlll)l ')'dc~. "rid. for the CXN:ulC cycle. Ihcr. ~ 
'",e !~~ uem'e of micro-operali"", (",. cad, "p .. ",,1c 

To complele Ill e piclure. we necd h> II,' '"4""nc"", of l11iew-opcr,tH)<'U 
"'~clhcr. "nd Ihi ' i,dorlc '" h~"Te 16,'. We ,,,,u ,l,e a ",'W 2,"" r~,!("' e.c"lkd 'b. 
"Cl/flle,,,,,, nd~ ('()(J~ (lCe j, The 1("(" """1)",,1<', (h~ .'al c of Ihe ['It,""',,,,,, In l..,fL. 

of "h"'h POll"'" of th~ C)'de il ",n 

(_~ I'c.ch 

01 In"""", 
10 Ewculc 

11 f nle"u]ll 

Al lh. end of each of Ihe rnur q"'"" Ihe ICC i. ",I apTHOp"a,d} . The ,"", 
reel C)'de "al""),, followed by Ihe uccuic c)'ck I hc lAlcrrUpl ..-ydc is a)",.)', 1<>1. 
I"wcd t-oy lhe feld, c}cic (\CC h~"'~ 12.4), 1'". b"l11 It,,, ",ccule "",I felch c)'d •• , Ihe 
rI ",1 qclc depcnd, on the ,la iC of Ill e ')"1""" 

'1'1"", Ihe nowehart of Figur-~ l~ .. ' ,lef; tI" ' In c e""'rk le ' "4ucnce 01 m it/(J' 

" f"·"" lo n,. def,,:nJ"'g l)nl y Orl Ih,· ""lIu,·II.", ""~ " c"cc ""d Ih e inlc,,"[,1 pallCl" 
Of C~'U""', th" i. a 'Implifid n"n1[,lc, The n('''~h:ort lor "rr aCI u,' \ pm<:c,-,,'r "'ould 
II.: more CI""ple" In an)'ca.., ... ~ h~,'c .c.ch~"" lh" roml In our di",u",io~ in ,,'nidi 
Ihe 0[,<:' "lIOn 01 lhe pT"""'~"'" i, defined IL< Ihe perfor",.nu "r a ..,qucn.", of micro
op<:'''I''",i-. We can n .... oo"""c, ho" Ihe ('OfIlrol un ll e3""'" Ih" "'4ucntt 10 occw 
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11 (lnkrrup'i 
<C' 00 ("""hi 

10 I h,~-u'"1 01 (Indu,"",) 

I ~"" ,I Or<od<-1 ) I •• ~ I ,-
in',~",P' -"- iou'"",""" 

ILLJ,) \' I 
IICC - 00 

~\\T;/; 
lIce . 101 "" 

,,,d 
P oddn."""8' 

A 
Interrup' 

1" f", ""bk"<l ICC . \0 ICC . Ol 
m";rru " 

ICC . II fCC · 00 

) 

16,2 CONTROL OF THE PROCESSOR 

Funt'ti"nal Ucql1ir"I11<mh 

A," result of our ana ly.i' in lh o preceding ,,'ctinn , "'" h,we do~o",p(JS,d th , I",· 
ho,,,,, or funcl io "ing of Ihe prc><:~"or ,nlo c lcmcnt"ry or"''''''''' ', c"lkJ micro· 
"peralion,_ By r~Juc'ij]~ the Ol'a"',,,n of l h ~ "moe,,,,,' t" it' most lunJamc'","1 
ich'l. "'e are "hie to define exac lly whal it is that th e conlr"] unil mu,t cause' 1<> 

harren. Thus. we can define the to"cr;",,,,' '"'1";'<'1>''''''' T'" the cont,,,] unit: th,,,,, 
fu"ui()n; tl"'llhe ccmlrol Lmit ""lSI ["'rrurm. A dcfin"ion of the", fu"cl;on ol re' 
qu irements "the ",," for the Jesogn anJ imp lementat;on of lh.' control unit, 

With th~ inform"tion at hand, the f"liow ing thfC~·stcp P'occ" k;>d, 1<,,, ch",. 
"ct",i",j,,,,, of 'h~ "onlml unit ; 

I . Ddin,> the hasi, clements or lh,' process"" 

Z. DcS<',ik Ihe micro--operatiO!1' thot lho rroc~swr performs, 

J. Deiermine the funclion' tha i the control unil """, rerform t<-, ,'"u'c the TTl","'· 
Ol",,,,,ion, 10 OC l'e'fo'l11~", 

We h""~ a lrc"dy I",rformed ,'eps I "nd 2, leI u, ,umm"ri"e th e r~,,']I'_ h"t, 
the I""io funcl Lon"1 d~mcllt' of the p',,,:e,,,,,' '''C lhe ro ll ow",)\, 
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• ALU 
• Kcgj'kr< 
• Imernal daw paths 

• f:: xlcrnal <J"to p"lh , 
• Co ntrol un it 

Some thought , I1OUld colwince you It'"t II",,,,, 'U11lI'kT ~ 11 '1. ' I hc A t.U il tilt 
fU rl Cli""a) c"-,,,ncc of the co mputer. R~gi'IN> are used 10 ,tot~ J al" in t,' ,n" l lo til< 
proc",,"'>O,. ,<;"" '" rcglS1Cr< "t>nlain ,t"tu, infor mation needed [0 manage imtru<lioo 
'c,]u"ncing (e,g,. n p"'gram . lalu' ",o rd) , O th,,, contain Jat" n"" go 10 or "''''''' 
from the .'\ LU, memo!)'. "nd !iO m()dul"" Inl,'",,,1 dala palhs arC u,ed to ,no", 
dala 1><:1 "'''''n rc~i'I C'" "nd bclw~en regi'ter and ALL". Eu~rn"1 dat a path' link "!" 
i't" rs (o "'e",or), and I/O TT1 t><lu lc,. ofkn by mca ns of a '~'>le ", bus, The control unit 
,'a u"" operations (o happen witloll\ llo~ pm'-\:WJr. 

tn e e~eou !ion of a program ",", i,1S of opera, io" , i",'olying ,hc,e p""-",,s<~ 
dcme nb , A, we I",,'c ,,'~n , t !l cse op<'rotions con, iSl of a "'q u ~nce of micro--opero
liom, Upon r" "iew of SCCl i"" )~, t. I h~ rc",tcr , hould "'c Th at all micro-opcratiOlt' 
b, II in to OfiC " I The loll "''' ing ca{egori~': 

• ]'r" nq'" r <Jota from one rcgiqcr III altother. 
• Tran,fe, d .. la from' r~gi'l ~r to on e'l~mal inkrlace (e ,g., 'l-',tcm bu,) . 

• 'i"ron,kr data Irom an external inl crf .. cc" 10" rc~ i 'k'-

• Perfor", an arilhTT1dic or logic opcrat i,m, using regj"crs lor input and outpul, 

All of the mk;ro.opcral ,,,11< ne~dcJ 10 pcrfo rm 0"" instruction C)'de. including aU 
of the micro--operalion, (o execute cyeT)' ""lrL!Cl' OIl in lit, i""rUCTi"" ,et. f" l] ioto 
O T1 e o f Ihc", categoric,. 

Vic" c"n r"". 1><: "'lTl ewhal mor~ explicit about the wa~' in which the ,ontrol 
unit fUnCli(),,,. The cOI\tr,,1 U'LI[ [k'rfOrT'" I",,, basi,' I", " ,· 

• Sc .. "~ncing: The cniltrol ",, " Cau,", ,h~ 1'''",e~''-lT to ,leI' lh ro"gh " ""ric, of 
mi,'ro·opcr"tiom in th~ prope r seq ucnc-e, I>,,,,d on 110,' pr"~",,n I,,:in¥, e'ttu. w, 

• E.ee"li,,": I'hc "'mlmt '111il c all"" each micro-operation 10 be performed. 

The prcced," g ,, " funcl,on,,1 d~"'nplion ofwlt:ll ' hc ""ntro] "" it doe. , '111. 
k")' '0 how Ihe contro l unil ()perale; j; lhe u"",, ,)1 ""nl",1 'i~n"l<. 

Control Signals 

We have defined the cie",enl' t)"'t mak c up lhe P""'C,"'OT (AL U, r"gi,lcr" U.lj 
1"" h,) "nd ,h" mK'",-o]Xlrat ion , th ai arc perf'" ",ed. F,,, the ",,,,ml U1tit tLl perform 
it' fu"cl,on, ,t mu'\ tla,'c inp ulS th,,1 all (>w it to de tc rmine lhe s t"t ~ of the ,y,{em 
and L}utpuls tha i "110'" i{ t() c" nlrol \h C I>c h"vior of Ih e 'y,tem, '1n~'" arc t he c,tcr' 
nal '!",cificat ions of the "'ntml uni t. I nt" l I\all)". thc ,0"lr,)1 un" III U'I ha,'c I tl e ktgic 
'''qUl r,' d I" l>crfm m its "'4uencing a l1 d eXecutio n functions , We deftr " discuss ion 
of the internal ope.-ati,," of thc ,'onlm) unil to Se cT ion ]6,3 "nJ Chapler )7, Th. 
rcm"ind er of th i' sea ion is conccflled "''' h the inl"""Ti,," h.;l "'COn Ihc c"nlrol Unit 
"ltd the Ol her cte1ll ~T\t, of Ihe pr""","or. 
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h~ur~ 164" a J;~n~,"1 n)odcl..,flhc <"<>lIlr,,1 unil. '''" .. ,ng oil ofn. '''pul, "nd 
"utpulS. I he "'pm, arc a, foil""., 

• 0.><,,: "h .. '" h"w Ihe rom rul un,1 l~CI'" I,,,,,, ' I he ", ... Irul uml CIIU ...... """ 
m'o:/(>-()f'Crallu" (o r ~,..,1 .,r "m"h~ncOtl' "'''''<H'PC''"I0''') 1" h" I"'rf"m>~d 
ror e"~h dod pube. Thi, " >omC' '''IC' rdeH.:d ,,, a. Ihe f'JOCeMOJ '1d~ t,mc. 
,,, Ihe d..,<k , .... "Ie lime 

• 1"'1 .... 1"'" '~~;'Ier: I he ' '1''',>J".' ,,[ the <"Ilncnl ,,,'Iwell"" is ..,.,d {o JClcrn",," 
" to"" ","cTl>-<.lpC lalions (u 1"" [')I III dUrl"): I h~ ""e1ll" cyde. 

• FlaK\: I he," ;t1" neetlo;d loy Ih" rom",[ unil 10 JN~"''''' c Ihe ,lalll' "f Ih" 
I''''''c,w, and til e ,,"twllle "f I'r~\ iou l AI.lI Ql'o:ra tlon" FOT ,·xample. I,,. th~ 
1I' "r~m" nl ;' "d ·'~ip· i f-z"''' (ISZ) "" " " 0110". I h~ ~()"l f() 1 lInil \\·ill i"crement 
Ih ~ ]'( if tiw ,cm tl"g is ,el. 

• c.~ lI rt~ ';~II~ I' [rtJIII C'">If(~ hu" 1 he ",.m,,~ ~\" pml ion o( \h~ 'ystem hu, pr". 
\ ,dc, ,,~n;.I, In (h" oonlrol Ulli{. ,ud, ." Inl~"ul'l ,,1t'1;I1, and ""kno\\ lcdgmenIS 

• CO. I, ,,I .ill'~" ,"'il. i. the p, ..... .",,,r: '1oc,c arc Nu I~pcs: Iho", Ih"l ~~"'" 
J.1I3 I., t>c no", cd foo,n OIl<' Te~"'''r 10 Hnolhc,. "nd IIIo6c Ihat """<3Ie >1""' (1< 
AU (u''''loons 

• C""I"'I ."~"~1s I" .... ,,,'" 10"", I he .. a.( abo of 1\\0 1~1"" ""nlml "~nal, I" 
n'''mOI)' anJ 00"1101 "glial, h. l loe 110 n.{,.juics. 

The new Ck"'cTllthal ha, b,.,,,n JlI! roJ~'c(J in 11", figure" "'e ~("'{f()1 "~n;'1 
1 h,ec 1)'1>0;' of <o,m ol , jgll a!' ar~ useJ; th"se II", I ""t"'''IC <I n A LU [unct,,,,, . tto, ,,,,, 
(Iw t "cli <'Hle" d:' t" path . and tilose 111"1 ore "y,wl; un Ih e ""1",",1 'Y""n. hu. or 
othe' C"le ma l in lell",,,. ,\ II 01 th~", signal' Ole " Itllll;n,' I)' :,ppllcd dircTl ly ;" h'n,,,,' 
"'pu" 10 l11J"'iuu,lloglc yale, 

, '... ' ---,-' -I 
Coolrul 
~, 
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l.el u. co"""d~r aM",n the felch qdc I"",,,e ho .. Ihe ronlfol will nM,nl."" 
conlrot l 'he eom,ol untl k~"'~ Irack of "hele" ",n Ihe i",;true"on C}ck AI * 
!t,,'cn po,nl. ,I kn'-"'s I h~1 Ihe k lch ",de j , 10 Ilc performed nc,1 l 'h c r, ... 1 ;ICP B 
10 transfer 11,e c~ .. nenl' Qf Ihe PC It.> Ihe MAlt The c"rtlrol unil dOl" Ih" by m~ 
"'Ilmg Ihe control signal,h:" open' Ihe g"'~; ,,,,,wccn Ihe bil' of 'h~ 1'(·.OO,iI< 
t"" of !he \1/\ R I),e nc,1 'kp is to rcad a w,), J fn 'm m~m()ry into th e MllR und 
increment the PC, I il e eontml u"i, dl)<;' Ihis h) ' <ending ,it" followi[lg <'Jntrul"'" 
"ai, Slmultaneou;I~" 

• A .·unlTol "sMlthal oPC'" gale," all(>\Oo,nlt Ihe millen" ollhe :'>IAIt onlo Ib< 
add,,,,,, bu. 

• /\ memory .ead rofll rol .ognal on the co,,'ml bu. 

• A ro"I"~ ~'p'''1 ,hal "!,,,n. Ihe gale," allo .. tIlS Ihe oonlcn" of Ihe dota bU'lu 
be .lorOO ,n ' he M Hit 

• ("on'rol 'i~n.I.I(llol\i .. Ih:" "Jd t 10 th e ""nlem, uf,he 1'(· and ,w,,·lhc r","l, 
ba"k 10 'he PC 

"ollo",in£ Ihi •. th e c"'lI",1 ",,,I send, a C01\tr .. 1 ,i~n,,1 th:01 Of""l> ~"tc, h",,,,""" tb. 
MDR ~"d che II{ 

T hi. compkln the fClch "yde c~<cpt for one Ih'''g: I he control un,1 mUll 
decide" helhN lu pc, rom, an i"dir"", C)d., or ~n ".eCUle eye ... nen. I .. d<-.; .... c 11m. 
"u~mine. lhe II{ lu 'ICC ,/ .on indor ..... nlCmu,)· rcfc . cncc i. made. 

The Indore" and ,me .. up' C)"dc. ,,"o.l M""lally. I-or Ihe e\ccUle c~cle, I"" 
"""Irol un,l hc~"" by ClI~ ''''n,ng Ihe upco<k .nd. on Ihe b,,,,, "I 'h'l. (\,..,.Jc ... hod! 
""Iuenee ur ""'" '''''I",,,, .. on, lu perlor", fll ' 'h~ cw,,"le c~de, 

A Control Sigll a ls Exampl,· 

['u illu~tralC Ihe funchunin)l, of th" <o>ntr,,1 U,"1. kl us ,"amine a '''Tlplc t~amplo: 
I ·,~ur< 16,) iHu"'a'e' Ihe ",ample, Thi> .. ~ ,,"'pic P''''''''''''' "·,lh ~ ''''glc ~CCUD'" 
lalo,. 1·10" d~la pJlhs IlcI"ccIl cicmen" a,e indOC:IlOO "I' he control palh> f." "RJI,b 
e mallalm!: f,urn lite control U"" alC Dul ,h",,·n, WI II", lermiMI"'n. of conirolll,' 
nab arc labelOO ( .. and ind,calffi b~ ~ (lldc. l'he ron"ollln,1 rttc,,·c, ,nrul, ll'OI'tI 
Ihc dod. lbe rns"IKI,, ", ,c~, .. er. and nag.< \\. '1ft cach duel qdc. Ihe "'"11,01 unll 
f~ad,.11 of iI~ ' "PUll and em,l , a scI of ronllol "~n"l> (·unlrol .;~n.l. t" 10 Ihroe 
""pa.,te J~'llI'."" ,"~: 

• n~l. PMlh" Th~ ",'''Iml II"il control, , il e ime"", 1 nov.' of da'a, r",' '·''''''pic. 
on i"'l ru<IKm f~I,·h. Ihe C''' ' l~nls of 'he n"'"" ,,~' ~"fkr rcgister are Iratl,fcmd 
lo the ,mUUrII,m fOgi'ler For ~~ch p.,'h 10 be (l)",rull~d. IheT< i.;. ~"'( I,ndo" 
,," cd by a ci,cle til the fi~ure). A comrul .. ~"~I from Ihe coIII",1 un ,ll~m" 
",lfanly Of"'"' Ihe ItI'IC I" leI dma pa", 

• AI.U, The cu",,,,1 unil COI.lro!. Ihe ope'."on of ' lie AUI bJ. a SCI 01 rootlrol 
"~nal •. ·ill..-sc "'Mnal. 8el i'<lle ''3ftOU' iul'$ dc'ICC' and gal,,", "'Ih'" Ihe AI ,U. 

• S~'"em ho" T he eun' ",I un" <ends ronl rol ,,!:O'al. oul on'o 'he (>JnI,'()1 l'dCi 
ul Ihe ,)'"em hu, I'· ,~ .. mcmory ItI,A I)) 

The c""uol un" "'U <I " ," in' " i" knuwkd gc nf "·h~rc it i, in th e in'11uel i,", 
cydc. U,;ng Ihi, """ .. ledge. und hy 'eadi n~ ,,11 "f iu "'pul,. the ".m<ml U'''' emil> 



lid! r.O"lTROL or THE I'RUC~SS()R .'i1l7 

--1[, M 

" , 

V' 
c,' 
I 

I-c, 

~ I 

}-c, 

I 
, 

doc< 

c, 

I-c, f4 " 
" c,_ }-c, 

c,_ 

"'~l.. ~ : }-c, L. 

Con,w' , , Fl~ 
om' , 

I " ~,I C",,'m] 

"g.u" 

a sequ~ncc of control signals I h" I .au,", mi cnl.uperations to oc<our. II "'C' thc dock 
pul"-" 10 time l h ~ S<:'lu Gnec of ,,'ent', "1 luw ing time bet" 'ecn cwnt, lor ,ignallc,,
c1, to "« h,itZ" T"I ' le 16 , \ i" dicates the control , ign" I, I h~t " r~ needed for '>om" of 
lhe micr(K)peration "'qucnces dc'crib~d ~,tfli ~r. 1"01 , impl icit;'. the da ta ,ond Con 
trol poths for incrementing Ihc PC "fl J In]' loadi ng the fixed adJ,e"c, int" lht PC 
and .\ 11\ 1{ "'C n () 1 ,hOW IL 

It i, wort h fl'l "Je,i ng the minima l na ture Of 11lC' co nuol U,ILt. The con i ",I LJ n" 
i, t h ~ engine lh'" rum the ~m i fc co mputcr. II doc, t hi, h"sed only o n kno ... ill g tI\C 

in,lructions to N "'""uted " fl d th c "Olure of the r~,ulh uf ~rit h lTl ct lc ""d logica l 

~ licro· Ope .. Ii"", Timin~ 

" MAR· IF'Ll 

II """ .... M"HU'" 
I'<.' ,... II'Ci ' I 

,-' I R~ IMB"I 

II MAR,... I tR,A<>l"'''il 
12 'I~""" M ,"~")' 

Acti," ConHo) Si~". I' 

, '. 
c, 
c , , • , 
, 

,-' l"IAdJlo>lJ' I \I~KIA" I "",,, _____ ,, _____ _ 

II \tnR<- II'C) , 

'"''''"1' 
tZ \I ,A~,... ",,,,,_>OJ",,,,, 

I~' .... " """",,_,",,;1<0" 
,3- \tom,,), IMBR) c,',c. 

('. ~,..J ,'''' "" I ">"' I ,,, "'~,"' I'c-
' . ", ,, ,,,,,,,,,,,,-, ... 1,,,,,,",, .. ,,,,, 
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"peral;""' (e,g., POSil i\o'c . ()ycTFlow, etc_), Ii never get' 10 sec lh" d.1O \'>ein! 
p"x;~,,,,J or 1he actuJI re.,uil, produceJ . ,\n<l il w n\To l, """,ylhing with. few c0n

trol 'igna l, '0 po ints with in the pr""'.,,,,,r anti a kw control , ign"b to 1 11 ~ ,~."~,,, Mil> 

Imern al Proc~.s ()r O rganizat.ion 

fig"r~ 11i5 indi,-ak, the use of" var id)' of J"t" pat hs Tb" ''''mp lc. it)' of fn i' 1)')'1< 
of organ i z~lion ,hcm,d f>C ck",. ,\ l orc typicall y. some sort of im~rna l hu, arrange· 
ment."s was 'UM""eJ Ln rigu,e 12.2. w,lIl>c '''''<f. 

L-,jog an imernal processor bus. rjgUt~ Iii.'; ~"" Ix; fc",rang"u a, ,how" in 
Figure 16.6. A >;Hgk inkrnal bu, conne,ts tho ALU and ,II pmcc,,,,, reg ;,ten" 
Uato, "nJ conlml ';g,,"" I"c p,mi,kJ for mo"cmon! of <lata ontQ a nJ off Ihe b1.O 

u,.,'rol 

1 

I 1'12 I 

I " I 

, , 

I 
, ' 

In"'""" 
ryCPLOrn 
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frtO ... c."h "'~,,'ct '\d<lilI0""1 COfl<rol .",,";oj, c"tII ",I <lal" I t.",f~r I" .n<l f'orn 'he 
,,">lcm I n lci nat) hll> an<ll hc "I"''''' '''n or Ihc AI II . 

""0 ne .. 'C&I"~' S, lal><-Ie<l Y an<l Z. h .. 'c I>ccn ~<l<lcd 10 Ihe o,¥-anlallion 
' l 'h~'S(" alC ncelk<l for the pro!"" ope,ation of the A I, l Whcn an <lJ'Crah,," In",l,· 
'"~ t ... , "I"""n<l~ k" "".ronned .• mc c~n "" oh""ned r..,,,, Ihe "'1 .. " n81 bus. hUllh~ 
olhe' mu" be ("'1 3",~d from anOl h~, .our.;c" ·ll.e A(" rou lJ be u..-d for this pu,· 
po:IoC. bUl Ih,,, hmlls Ihe n~xibiJjly of I h~ .y"cn. ~nd ,,"oulJ no! ..-"rk " 'lh. pr",,~ .. · 
"" ,,"'ith ",,, lil l)1e ~encml -pUJI"-"" reg" le.-.. H"I'-"Ieo Y 1"""lde' 1c rnl"""')' ,'",a~c 
r", Ihe "II."! "'1'''' I l>e A U I i, a co",hrnalllf i~1 circu li (<ce AI'I"'n<l,x A) "'ith no 
)nl crnal S IU"'t~, II"", ,,'IIell ,on"ol 'igllal, act i,,;'tc ~ n ALL' function. ,"" inp"! to.> 

!he Al, l ",,,,,"furmed Ie> Ihc uutplH . Thu' . IIIc ""'I'U' "flhe AIX ,'a m,,,1 h ~ 
""wi ll' """"c,'I,,d ,,, 11l ~ 1>"" I><;c""", Illi , ''I'' 1'''1 WI ."Id fceJ h;jc~ lo the i "put. He~. 
"tel / p"l\'ide~ Icmp"'aty outpUt "oraVe, \\,,'h Ih" nrrangcmcn1. an o!,<,ratio" to 

"<ld ,, \al\l~ (r.,,1\ mcmor), 10 th,' AC woulJ have Ihe foll"" mg "cps; 

-. ' 
.... P.· I'RI...-.l~r" .. 1 I 
ItJR <- ' .. ""ry 

... "11'- I 

,''<:: 
;,.': ~ :Z. 

Ol he . ,-"ganl/lIlio". arc iX"'>ibl~. bm ,,' S~I'cr~I, ",me 'Or! of inlernal bu. or 
,," "r ;n l~rn~1 hu", ... u..:d Th~ usc "f """""on d311' 1'.' h~ s.ml.hr,,,, the mICT""n · 
ncd,,,,, 1,' )'''01 ",,01 Ihe conl",1 0' I h~ PH""'''''', ,\""1 h"' 1>r"'l","1 'ea"", fOT lhe u>c 
of " " IIll e",,,lllu, i, hI ,.",'e 'p"'C. E .. pecially fIJI ",,,·wl>fOt:e,-.o .. . ,, hiLh ma; "".up), 
011 1)' ~ 1/4_i " ~h "'I"" re ricc o of ,ilicon. 'pace ""-'l'plcll I,y iI11.Tf.gi<1Cf <on I1coti .. n, 
IIH1"1,,, """ ;"',,_c d 

The InI ~1 t!UtlS 

I " ,lIu,it ",e 1kJtnc "f IIt ~ concept' im roo"ce,11 II", far '" th" eh"plc r IN u< ron<l<lct 
Ihe Imd ."i(Il-i.~. II ' ol)(a""al, ,," " ,h"w" ," 1'IJ:u ,e In, 7, ~'et'a llc)' c<:""I>OI'~nl' that 
ma) n"~ he sclf·c\l'lanatOf) ate as folio",. 

• t ..... e .. ~n~ c./ ........ e ...... ~~. add ... "" lalm: I....", .. ~ h~1 c~n a<ld I t" "r ~uhlr"'1 I 
''''10 Ihe <'l)nl~nh "r Ihe "ao~ !"'inle. o. I'n .... ~'" c"u,,'«, 11, ,,, >3'~S I"n~ b) 
a,ol<l"'M Ihe....., o' ,he A U ) ro. 11".pu' .... ,.". 

• In',·.rul.1 ... "'t."': This ",od ~1c h~ndlr. mu h 'pk kyel, of In'cnupl ";P'''''' 

• s.,.~,I II~' .""'."~ I'h i, m,-,d ule illlC,f"",", I" 'k' """ 11"" «",,,,,unitalc I I»t .l 
a t""c, 

rable 16.2 J "\I;nb"s tho cXi,' rnal 'i~ "" I ' '"1 0 l, nJ ""I "f Ihe KOK5. T" ~ ,~ .,,~ 
I,n,"" I" Ill e e 'te",,,1 ')',km h"" The", " g,,,,I ':lm 111 " i,,'ctl",,~ hetwee" Ihe &lS5 
1"<1<:<',-,,,, a"dl he r",l "I Ih,' ')'stc", ( I ;,~ur~ I ~.~). 

Ill e C",III <II """ is iJem,fied ," 11""'11- I ... " C"" 'I,one"" h,hck<l ( II i",1II"" ion 
okeode. "lid ",,,chine C)'dc encod in g "",I (2) I "'""~ at,,1 """,,,.1. ,\ J"~u,,,,,,, or Il'" 
r".1 "'''''1'''"<'"1 "Jcf"r",d ,,"til Ihc n" xl >cehun. l'he ~"'\I;nce of III" rontrol ullit j , 

lhc 11",,,,1'- anJ runt,ol moduk' T his ",oduk ",du<leo a c!(,,'k "n<l ~cceP" as input< 
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n • • '!!II""""" ~ I.,. ,~ • 11o-.i, ,J,J" .. , 
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l ilt _, .. ".1.-, ~ bolO "I • 110-"" odoh. '" '" ~ "'I> "" 110.. n Il' mo'''I. ''.' ""~' ". 1"'" 
s..w ....... I .... ml)) 

" ".po"", ,n"", '" "~""'mOO_,e ""', ~,~ I~, .. _",,,,i, "-,, .. II, ''''''' ." .. .. "m,', 
StrioI ""Ipool ".1. ,Mm, 

" ... ~ I ,' _ bil "''' r<" '" ,~ ,,-,,,,"~,';,," ,,,,,.n. '0" ",,,i," "- , "II )' 

I m"~. ""./ ('"""" .,',"""" 
CIJ( (U, 11 

nw- ,,"em d<od I ..... <.no "'1"' ...... ,,, ... " ""0. T1t< n '" " ..... ~, .. .-. ,,, ",-"~,,, "' .... .nd 
.. ado""".= <I,,,,, """DO 

~ I . Xl 
1 ... " ..... 'b '''''"' "" .. "" ,".m,,' ""'j' , ... h" ol< •. ~, ,,, J\,,. "'" '"'''" .. , "h' l """ .. ,'" 

, ...... '" t ol,. t: ....... d / \( n 
, ""WO ' """ " ~ I h-. ,,, '" ,h'k w « .. . ,,, , •. ,,,,,, 'y,k '" " ,'" '''' I",,, ,,h.,,, , ,'h ,r>' I" ",, " tho ,,[J,, ,, 
,,,,,, I." , II".,. Ih, "~,,,'" "".J"'- ,,' ~ ", .- n,, ~) . 1,<" ,,, t,~"' ";" ,n" ;1 .. I~ . n~ od; ",oe.j 

_( .... >1' 
( ... ,,'" .~ • ...,.. ,,, "",,,,,,I< .. h<,h ... "' ... '" .",,- "f" "., ••• i. 1a~"'1 "",.. 

,~ 

I·",~ ", <n.bl< "'.« I ,~ ) ," ""' .......... >oJ .... " I.K ..-..I . nd .,", ",...,., ....... 
. ... <: .. ,,,~ , 1<1>, 

'J'>J~ .. '" I ~" In.' '" I .', "" " " """) .. , ,,',) m" to" " ", "" ,,,.,j ,ood I lu ' ,I>< J ... "'" ~ ",<I I "N, I," 
0.." ,,,,,t,, 

1\,;0. \ . ""r<~ (II II I 
I,do,·.o<. ,Iu, <I.'., "" , .............. ", .. ( .. _.",,<" ,"'v , .... ',-~~'N '"<"'''J}' '" (.-n h·_" .... 

l/"".~. d'!J H) 1M"""'! S,"' ..... , 
,~ 

"'''' ......... ('p, '" ""n4""" <""'''. , 0.1 """ .~ \Joe """,.1 ""'.h' ...... lloo 1 ('I .," """'r'''' 
"""''''' ,,' 'h, ,""'""."' V''''''"'')' ,. ,~_ I R ,oJ '~'" '"'<I , "'-"~ ""I< , Jw,,,, ,,~~h nu ,;,.,1< .". 
"'" ", " ~ \ , ~.. "l~ ' ,,, , n, .-, ",,, ,. odJ, eo, "' , \" . "" <,-" I ,"" no tI", nok! <, ,M _ ,n, "'" m'l "" ." J 

f", llMA "I"' '' ''''''' 
JIoW "h"~'d~ " '''I(>A, 

I h ,""',,~ """ '"'f''' ,~ ""k .... kJ ... ' ,I>< I IOU) 'OJ''''' , 1'-1 ,"d" ... ,,'> ,,,,, , t., ~,., " ... " "'"I ,~~ 
•• \ 10\' 

( ..-.l k' """"'''"''', II>< Cpl .. "h ",-,." "" .. ""',~ I.') ok.""" "'-.. ..... oJ,J", .. -.l '" '''~ • ...,,,, 
Il LA ()Y. ,.ot 'l'\I .... I'<'~ctd .·"b •• "',,"' (Di ll" ) '" ""'r"' I" 11\ "1""."'" (M,,,,,,.,_ ,II,.- ( ~I 
"''''' . .... , ".'" """I ,h. ~",," " " ..... 

,,,,,',,,,,,, H.'I",,'.! ,\'"" ,,1, 
rNM' 

II .. " " I"I<""I~" ~ ' r ) -' .~ . j 'I ......... M.,....., ("·'N, 
TIo."", h"" ""'" 0" ...... !P, _ ."<1 •• 1 ""', ... ,,, "",'!U('O ,~< (1'1.' I h" (rl' .. ,n ... h .... ,' ,~,-
!r<JU<" "" " ,. ,.,- .. old ... 1< '" ri ''''' ,n""",,, "do...H<d "" "''''''1'' ~ .. '"'~..., ........ 'h, 
.""'r'''"'''.~ ." "~,,.""'" 110. "''''''1'''''. '" d.'''''.~'"' ",01<. "I ~n."" • ....... ,. "rI. .......... 
.... ~ ... ",kJ1" "" ," " " "'~ 

( •• W' .... "...',"1> ,,' <I,. 1'(' ,.,,., .", ,~ """ 1 '1>< Cr l' , ..... "" ."""., .... " h" ... "'''L 
Nt.:i.:1 (1111 

"d. ..... "'ls ... , •• 1 ,I>< cn h .. "'~..,. .",', 1"< "1"'. 1 , ... "" .. ,d ,,, " ... , ,.< "' .. '" 'he , ........ _ 

" ' ( 
,.."""', ..... ( ."",<>4 

., ", ' f, ,,,,r '" rr '" 
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K'>'-o ~ • " , 
flSTS,1 • " '0 
,~ - '" " .. 
!"'"fA " • 

~ 
A~f. 

An, " " ;, 

'" " • A, 

'" " " A • 
AD, " • ., A. 
AD, C " • i 

A. 

A~~ " " A, 

A" " 
, A, 

AD, " n " • • " A, . - r-
Fi~"", 1 6.~ h,le l "'li'.I I'", ("."oIi ~ ut" ,,,,,, 

Ihe eurr~ nl In,lrUClion an.J """'c e.le rn,,1 control " gn,k II , 111111'<1' wns;'l~ of \'011' 

1101 ~ I gnal' to Ihe olher wmpo"~nl' "r lh" p . .... ..,"'" 1,lu< coni ",I " gnalllO Iht 
c \l ct nal "I'tem bu< 

The limln!,- of P'oc<':'''If up.,.allon~ II 'y" ch .... n"c.J hI the d ocl a nd COII-
1,...,1Ie<J b~ the ",onl,...,1 un it " 'llh en"ln ri ,,!,-nal, beh Imll ",-1 .on cvdc IS di" ldro InlO 
front o nc 10 fl, c mlKl,i,,~ ndn. ~ach " ... <hlnc ">d e i, in turn tI"".ktllmu I,..,.. 
Ih,ee hi r;'-e JI"'~', Earh ~I . '~ 1;o~1' ()I' e ciocl <~d~. Du",,!,- a "aIC. Ibe pJCl<c"",," 
I"" 'orm. "n" OJ a .. 1 01 , imull anc",", mll'To-ofIC,aIIOn" "" J ,:lc","ncd by lhe ron' 
1",1 ~I~"al •. 

I'he number of ma.""," eyrie<" r"etl 1m "pHn ,"s'melion l>ul ,'aile, " .... 
l\n( i",IIU<IIo", to " n"lh~r_ ~bch in c r~clc, a,e tlc/,"cril ... h" c<jui""l cnl II, ~u, 
"<'~C'Se', I l1u,. Ih~ number olmadl"'C ")'dc' for an lI"trud",n dCp"'nJ, on lhe 
n "mher ... 1 I i me, 111 ~ rrCX'c",,,-,r nHlSl ~"",m "" ,,";l1c with eX lerna l de"I,'c', I'nr "_.~m. 
pic, il '"' In,nu("liol1 c()"",I, of I",,, ~ · bll 1)('1'1""". Ih <.' 11 two rna("hin e cycle,." 
'l:<ju i f~d It, felch I h~ ;nsu UC1JOn . 1 f I h"l '",lnJcli(.n 1I",,,h'~," l . b}' l e memor)' U! J,'O 
'1"'1I,l lon Ih~n a l!o",1 m;ochin<' C)de IS "c'lulr~d for cxerulion. 

hl:ur~ 16,9 gi 'c< an c'''ml'l~ 01 KOII5 1U1\I" ~_ ,h<".'n~ Ihe ' -aJue 01 e~lern.1 <:011. 

Irol . lgllaJ" Of OOU=, al lI,e "me Il mc_ Ihe Nlll rol un it j:cncr.II<.." internal , 000troi 
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~i~nat" lhal romrol "uernat d~I,. Iran,le .... The d,a,r'm ,h"..-,. Ihe in .. ru<1ioo C)dt 
fu, an Ol ., msm..:~ ,"n. ' j'h,ee ",,,,,lome C)cics (\1 ,. M ~ M ,) a,e nce<ktl OUrln, ~ 
fiT'<!, the OllT .n,. mel...,n i. INched. 1~ .. ,: .. ~",d n.amine rycle felCh"" Ihe <.ccOIId 
10:011 of the inmue",,~ "h,eh con1 ain. Ihe ~u ",b",. <If Ihe 110 dc",ce sclcctoo f ..... "'"· 
I'ut. During th e thIrd cycle. th~ content! <>( Ihc A(' Me wfllttn nol I" the ",Iro,,j 
de,'ice o>~r th e 0.1,,1:' ~us. 

The Add",,," Lnd, i'nabkd (ALE) pul'e " 1\",,1 , th e qarl of ""c /o ,m..:h,,,. 
,)de rmm lhc co,,( w l '''HI . l1,c ALE puIs< ale/to ext"","1 cII,uih. lJ"nn~ tim,,,, 
'tat~ T of ",~"h",~ cycle ,\1

" 
110" w1\trv\ ,,,,,I ...: t, (he 101M .ignal tt> ind"'~lc Ih.1 

thi' i, a me"..." y op<:n.,,,,,". AI"", 1hc conl",1 un" <.o.u"". the oon1.0I. or 110" 1'( 10 
he pl~ced on Ihe adl.hc>s l>u. I" . through A ,j ",,0.1 Ihe "do.l.","" bla bUI (AI). 
Ihmugh AD.j. \\IIh Ihe falhngetllle of (he A U pull<'. Ihc ol hc, noud ulC'> on IhI: 
"us .tore Ihe addrc,,". 

DUlonS II m "'~ .""e '1',. I he a<klre<>ed ",,,n,,,,), mw ule place, I he ron(c"(, 01 
Ih e .. kI"",,,,,,d nlCnwry I,..,,,ho" "n (h e "ddrc~d~(" hu •. ('l1c ~~>nlml "n,\ Ktl tt.: 
Read enn lmf (HI)) "~,,,'I to Indicalc a r""d , h"t It waLt, unlil r, h, ""1')' Ih e d,tl 
fwm lhc hu •. Th" ~ i'~' Ihe memory ",,>dule- 1I111 ~ 10 I"n the da(a On lb., h". ""d f,,,. 
'h" "Il",,1 k,·d .. \<, .t"",h,.,. ('he fi"al "ale. T,,;'. /)!II' idle 'Wlc ,lllring "'In,,h tt.: 
process-" dc«>de! (lot In, truchon. 'Ille rc m",," ng m""hinc cyd . .. proceed til ~ , .... 

liar la.hi"" 

16.3 HARDWIRED IMPLEMENTATION 

We h",~ ,j, s.;u,<c<i n, ,, ronl'''! ,mil in term. of ,t, '''l",t,. ,,,,Ip"'. "nd fOll<!l ono. We 
no" turn 'n I he IUI)ic of c"ntro l Unot ""l' l e"' ~"lal ,,,n, A ",d~ " ""e!)' "f Icdmiq"" 
hov" !>cen ulcd M,"I "f these fall imo o"e "f I"'<! .awgori"", 

• l iard"·",,.:! ""11kn",nlatlon 

• \ t ic .. ~" <Jg' a III me 0.1 "nl'l~mc nlat" >n 

In 3 hd.d" ,,,."tl 'mplementali,,,,. the ('< "' trol umt i. ~...,n1iall~ 3 rumh,naloriai 
cllcull I" inp,,1 k1g,e ... "",,1. a rc tran" ormed ,,",,;, ""I u( o"(pu, Io~ic "gnats . "hoth 
al e 1"'-' coni nrI "F.'tab, nll' apl'",.eh " nalllutcd "I Ihl< '""ctt"n. \hn<>rrt)(lro"H"cd 
implement"I"," i. Ill e lubJcct of eha,>lct (7. 

COnlml U nit I" I'U!~ 

F'gur. 16.4 d"!>"'t ... Ihc conlrol unit a' ..... e loa,'" ... , lar di"",,,,,..,d it. Tile ~ C)' "'PUI' ar. 
Ihe ,,,,,Imclion rego.(e. Ihe clock. Oap. and "0,,,,,,1 hu, .ignal •. In Ihe ca~ ullhe 
nap ano.l con( .ol bu. "gnals. t""" Ind,y,d,,~1 b,1 1))>ic3I1} h~s ",me mr:" nl n~ (~ ... , 
on,no ,,·). The o( he' (WO inpul<. OO"e, c' . '''~ nOI di'~r1Iy u",(ul to Ihe c"nlnrl un,t 

Fi "'1 oolls,dc. 110" ,nstruct,on leg"lcr. The control U"'I ma ke. USt o( Ihe 
"I>Code and " ,II perf,,,,,, difk", n! act,,,,,, ( IS'YO a dlffere"' comblna' i(m " f cO"llol 
"gna!» for dlfferenl ""tru,t;"'''. I" "mpht y the control Url;t logre. II,,, .. ,, . houk! be 
;' unique logic "'1"" I,,, ca.:h "prude. Thi.f"",IW" . an 00 pcrf"rmed ~y a d" "klf', 
",l>i"/1 ,,,le. an c nc, •• kd 111(' 01 ,,,,<1 pmJuce." ""~Ie OOII'Ll!. (n g~l1cml . II de,'wel 
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~Q' 

f l' 
,~ 

10m .. , .,- c"", .... ..... ~ , -• • -'. 

c ...... o)! OWW .. 

f~.,., 11t. 11f (: .. nor"l lIn., ~·"b 1 ~..J.""ln,,,,,,, 

} 

[~ 

E...,,,,,all)·. "hal mu>I b.: ,ju"e j,. for <""II 00011<)1 .'g""1. 10 Jcnw a Il.ooluo 
c'rr~"iOfl of Ihal ,,~n,"I" a fundio" 01 Ih ~ "'1'"1'. Th ,~ i~ !>e,1 explallmJ h)' nom· 
pie. Le' U' con,ide, as" II, oU, ,imrle cxamllic 111",11'" ",I III I·,gurc 16.5. We ""'". in 
Table 16.1 Ih e "Hero,orc," I,,'" -e'lucnc,', and ~o nlr'" ' ignal' " ccJed 10 "''''Irol 
Ihrcc of tlie f,)u, I' h;,"",s <.If Ihe imlrueli"" C)'<'I<-

leI u' comklci " "nSlc ronl",1 .igu. '. (' '1'1,,,, ' ;",)lal cau"", Jala 10 '''' fC..u from 
Ibe ute.n,,1 J .. ,o bu, "',0 Ihe MilK. We can sec lh~1 ,I .. u.cJ ,,,i<:c in Tobie 16.1. u, 
u. <kline I"· ... ne" oonlrol ~~I •. r' anoJ Q . thaI ha.e Ihe f(~I''''i,"", 'me' l''e'a ,.oo; 

~ " ~",ch. ~cl. ., 
" I~.d ~" cY' .0 

" " Exec,,~. ('I'd .. 

" " ~nter rup, Cy<"l " 

(" , 1'. (j . T I I' . 0 . T 

Thao ". Ihe cootrol "'&fI" C, ,,',II be """"" led JUllnlt I he .. ronJ lime "n" of ool h 11>0 
felch anoJ ,"JII<"<"I cycles. 

This c'I,.,,.,,on III nOI com,, 'dc. C, ;~ ~I,o nc(,kJ oJurlllg 'he C'tccult C)'ck. 
l or our . imple cumpk le I u. a .. umc Ih81 Ihert: ".~ onl)' three in",ucI,on, lhal 
IUJ from memory LO A. AOIl. and A:'IO. No"," " .: Can define C, "' 

c, - I' Q. I. I I' . Q . T. + I' . (j . (LDA + ADI) I AND) . T, 
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Thi, ,"me PC",,"" cou ld be l'C!><,"lCd for n~c)' conl",1 sigl1"1 generated by the 
p")C~"''' r _ l'h e ce'''!! wou ld t>e a set of Boole"n C~Ll" l lOn, In"t dd,nc The I:>chavior 
of Ih~ conl",1 uni t "nd hence pr the processor. 

To ti " ,'vcl')'thing t"seth"1. th e cont,ol unit must com",1 the >tote of Ihe 
Imlructi()n cycle. A. "'" mC" II"fl ed , ~I the ~l1d of "",; h sub<yoic (fet'h. ind irect, 
execute . intc-TTupt), Ihe conlrol unit i,IUeS a Slgnallhal ta u"",, th" timing generalO' 
to ,"initialize onJ is'''e ' I " ril e conl,()1 unit mUll al,o ,el Ihe appropriate ,',l ue, or 
I' "mi 0 10 define Ihe next ," uh<;Y"lc I" h<; pe,f()rmed. 

Tht rC;ld", ,hou ld be ab l ~ to app,cc,aw Ih" l ill" modern ",lInpkx P'''''"'W', 
the ",,,niler of Book-1m cy"ation. nceded 10 defi"e the c(}IlIro l ull it" "cry I:t,~c_ 
I'h" I"'k o[ implemcntil\~ " tombi n,ilo,i" I circuil lhat 'illi,[i," "11 of Ihose eq u.1 tio tl ' 
h""ome, c,t,,,mely difficult. '1 he r"sull " 11"" " f"T ' impkr "rrro"ch. known a, 
micTl!f!mlv"",,"i,,~. is usually us"J . 111L' i, the ,ubJ~CI "r l h~ nC<I chnptcr. 

16.4 RECOMMENDED READlNG 

,' numocr "I ,""tx~", "", I~" I,",", pr inciple-< or conl",1 un" fuoction; tw~ r,,, ,cLi IMly 
,kar ",·.Iment< aT,' '" [11 ,\ YE'!~ [ "flu [M ,\:>IOOI [ 

11/\ ".:'11\ H"~ ... J, Cm"p"t" Arrhiru'''', a",i O'g"M~pli{}n. No'" Y o,k: McGraw.Hill. 
1998. 

,~IANOO I Man<>.)or. /.08'C ~lId Compo", Dc,'ig" Punliumfn,r.I!!, l:Pf'<t $addl.oRi,''', N) , 
?-c",,,e Hall. IWI. 

16.5 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Terms 

ronlro! bu~ 
c<)Illrnll"'lh 

R eview QU" 'fion. 

"'-'ntml , i ~Ml 
control ~nil 

h.r<l",iri:J implo"",nr.'i(on 
mier ""PC" hum 

16.1 hrlai" toc J,,"nc,"oll 1"""'",11 ,~" ",i"on " quen,,' ""J Ihe tlillC ,,~ ucnc,' 01 all 
10""'<"","_ 

16.2 Wh,t is Ihe rci,lion,hip 1><,,,,,," ,, ;" '''"'-lio", ,n J O\K"""I'","li"",? 
16.3 Wh.t is the """",l l I~""i<'" 01 " f'lu<"'W, ', WIllrol uni!'! 
16.4 Qu,l in" " thre" "'I' 1''''.0,'''' tI, ,, ,""I> I •• " c l"","'cr"'. ,io n uf th e "-'nlml unil 
16..< Whal o"i< '"'~ ' do,,,. ""n"nl ,"", r<'rr.~nt'! 
l r..h 1'""i<lC" h 'pic"ll i.1 ()f Ih< inru" .'" " " '"I' "' ' 01'" C""),, ,j ,,,,i' 
1~.7 (.;,1 th ree t)'P'" of cOll, w l ' igna l' 

16.M il' I<O, c 'I~"in "hat;" mconl h} • harJw irod ""I~om"nt" " ,,' of " w", ,,,I ulIi, 



Problems 

16.1 , our AUl <>0 add ". " .. , 'nl'UI "'~I>I.' .... and" <:ao '"".a" ,' romplem,n' ''''' toi .. 01 
"""". ,np"' .~g"I<'. hu, """."'" .uhu;oot, Num""" a,. '0 be "01,-.1 ,n ,,."" <0. 
plcmcn' "'I""",n"''',,". 1 ," ,lit m",,,,·opor."""' ,"D' """,,01 u"" m." I"',f"".", 
<""~""" • ,.MlXtlOn. 

I6.Z s_ ,lit mioro.op .. a'k,r" 8O~ ", 'nl",1 ",n." ,n ,lit .. "", r",h"",., T.hk 110..1 r.:. 
,he p.o<.,.",..- in F.!"'IT I tr.5 I,,, ,he 1 ........... 11$ ,,,,,,ruc',,,,,': 
• Lo:oJ A<:cumul",,,, 
• 5',-",e A<:cumu!>" .. 
• Add ,,, ,\('cum ul.,,,, 
• A ND 10 A""umula"" 
• Juml' 
• Jump if AC 0 
• l '",nplcmcn' A«umu l.,,,. 

l f0 ,',""n' . ,h., r'''I''g.' ioo <ld,,, '~)ng ,,,. I~" "nd 'h,,,, ' ~h 11,. A Ur ,-,f r;~u" I~,~." 
!IJ ",>o,l 100 os, '"'I>",'li.-.,I)' l 'h. lim.: "'1"" •• 1 r, .. . '0"..,,", , .. WJ" 01". f,ull\ ,h ...... 
" II! n<, Wh., " Ih. 'm'" Ih., Inu" lit ,11"",,(1 f,ot 
10. "amlcmng <ial> I,,'m ",", "'1\'>"" 'u ..... ,"" . ' 
h. In<,cmcDlin~ ,he l""Pam ",,,,oto'-,' 

ILl Wit'. Ih. ""4"''''''' of m"'''''upc'3'k''' '.q",,<~ f", ,,,,, .... , ''''''''"'' "r I I~"" 1M 
I"add, numbe, ,,, IhI: AC "hen ,hi: num"',,, 
~. an imrncd ..... 0p,""n~ 
h .• Jirc<1 a<ldIT .. op<.anJ 
<. an ,""irc<l-~dd"-.,.,, ope.-... " 

I .... ! A " •• d" ,mplcmcnled ... h""n In 1 i!",. !U,14, ~h",,' lile ""I"C""" "1m"",, 

"1''''''''''' f" • 
•. f"'I'I"n~ 
h. f""hmg 'he ".ck 



CHAPTER 17 
MICROPROGRAMMED 
CONTROL 

17.1 lIa';( C_""JIIlS 

" l lcrui .. ql1JClio~ 
M,c.oprog."",m~d ('umful i nit 
~ ,Ite. Comrol 
Adnmlage5 anJ D;$OI.ha"l~,C\ 

17.1 Microift,tmclion S~'llkl • ..-inw 

DC5ign Comidcr~tions 
Scquc(JCI"g Tcchnl'lUc~ 
Add,c.s General;"" 
LSI·l1 ),1;croinSlrUC1;Qn SCQ"cnoin~ 

17..1 .\lic.uilwrunioll E~"",,1iun 

A Taxonom}' or MlCroi",'rucliQnt 
\'lIcroin!ll1J<:l iOll EnwoJin& 
1-"1·11 \l oemutour' JI;hon Ut«ulion 
IIlM J03J M,~roin" rUCIion bn:o.u ,,,,, 

17~ 1'I!I8OO 
.\t;croin,trud,on Forma. 
\,icrouqucnecr 
I(cg.~l c .cd AU; 

17.! AI.pl;"'",I" .. ! or MiC""""Iil.aIUthin ~ 

17.7 1\0)' Te.", .. a.",,,, ... Qu~'lion •• ~"d I'.olllen, s 

Key Tcrml 
Ke~ icw Qutsl;on. 
l'roblemi 
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K~\ POINTS 

• An .ltern~I "'e 10. lUmh,ir<'<i comrol uoi, .... mlCroprogr"",!l1C<l conlrol UM. 
in whlClI the klgicuf the <'(lolrol un il i, ~cificd by a rnic(o)prugm n, A mle .... 
prog .. m cnn~i~L~ o)f a .e'lucn cc uf ' nllroet;ll n! in a mierlll'rogrlmmifts 
languag", '1 he"" are '~ry "mrl~ iru,trucl,"", 'hi ,!)Cdly miero-o)pcral;onl, 

• A m,cmpro&ra""neJ oonlrol unil h a ,el_l ively ,imple ],,!k dreuiL LII"' il 
capal>11: nf (1 , K(juc"cing Lhroug,h mlcrOlllWUtlioru; and (2) Bcneralilli 00<1-

1101 "'f,uab '" . , c.;Ulc . ""h microinslrUCIIOo. 
• A~ in a haTlJw.,ed conl,ol u ... ,. Ihe cOIlI rol t;lgnal$ ,encral<'<i by a m.e,,)!.-

5111K1"," arc u&Cd 10 call.,," reg ... l. , 1IJn.Fcn and A LU ope.alion1... 
' e ' .. ,. 

T h" l"rm ""''''1''''11'''''' "'" first .oined II)' M, V_ Will", "" In" c," rL}' 1m 
(W I LK~I). Wdke~ prop,,,ed ~n "prn'~ch ," cllnlrol utlil dO<l&n th'<I ,"'"' 
Ofllalu/cd and ')'SiCmallC and """,kd Ihe c"mpl c~il;'" of a ha,d"lfcd 

"npleme nl •• ion "he idc" in"igued many relcalehe" hul appeare d un"'"rk.bk 
bceau5C ,I ....,uld ' ((j u"e a f~l. rela' "ely in(~,,",ns"'e control mcnoory. 

'T he "Iatc '" ~ he "utlOpr,)v.mming ~rI "", • • e,-ie .. ed b~ D~'~"''''wn In ,10 
" cbruary 1<J6..I'$>ue No microprogrammed ,,)'tcn, "'3~ in "ide "'" at ,h.! lime. and 
on. of the papeN (' II I 1.60'1 ... mm.rized ,he ,hen"I"-"'''I." ,'iew lhal I he fUlure 01 
nllCI'Of' rugr.mnMg .... i\("ncwhal clouJ)', None of I he m"Jnr ma nuf.clm"" h., e,'~ 
dellccd illle!'." , ", Ihe 1",lmjque, . lIhnu gh l"'~""nah l)' a ll ha\ c examined il,"' 

This , il" al"''' dla ,, ~cd ur"malicall~' with in '" \ cry few !!Innth" 1 H.W. S),~t c "'i~ 
w", ;l nn""nccd in Apnl. "nd ,<II hut 'he l "r~c! 1 model, wele mi cr<JI",,~""nmcd_ 
Allhnugh Ihe ,'60 >eric, predaled Ihe ,,,,,, ibb,hl)' Qf ''''''''conduc.cI ROM.lh • 
• J"anlage. nf mic"" " ",,,,mminB "ere con'I",lIlO]t enough fOJ m,,-, ~o make Ih" 
mO'e. Since lhen. mocfO"'''Immming ha. ben)mc on ' ''''.e ....... gly ropular vchidt 
fOJ .. YAllel)" of al'phcall''''''' "ne " f ",h",h i, Ihc use of m;"roptOSr"llmming 10 ,mrte
me". I"" conlrol u",1 of. proce"""'_ Th,tI applomllOn .. eumlneJ .n 'h", chapler 

17.1 BASIC CONCEPTS 

M kro;nSlruct jum 

The <onlTol unil ..,em' a rc""'n~bl~' .implc .JC"ICC. Nc,crlhck",. 10 .mplcmtnl. 
c"nllnl onll a. an mlc(COnncc1l .. n ,,' basic logic clemcn .. .. nil. c'""Y la,k. ·,'he """P 
nm" lndude k>ltc for ""'lu~ncing Ih,oul1l> mlt . .... o""'ral io ..... (Of ~~~cu"nl! ,,"ero
opcralion., 'Of inlerpretlng opoodc •. and '01 nlak 1" 11 deci_...,n. ha",d on ALL fbg~ 
II ".Jillicul, 10 Jc"gn and I ~"ji ~ ,uch a ricce ofhard"arc 1·",lhenn .. ...,. ' he dC'ign'~ 
rela!i,ci)' IOnu.l>lc. For n.1lnpk_ .1 i. d.fficuh 10 ch"n~e . h~ """g" if ""e "'Shel 1(1 
aJJ . new macl,;n" ""lfLl<!ion, 

An ~l! <rna tj" c. " I"eh "'lui'e c"mnlOn In Ci)l\ltllll"'"'''')' clse prIXc" .. " •. i! .0 imp lcm,'n! " n,,<ruprngm rntll ed conu,,1 "n iL. 



'--" 

(l» V"'1C.lm~;"n 

r ltol'" 17.1 1)1''';''' M",,"n",ut1~'" I '''rlnal. 

'" 
J' """",,,, ,o.,!", 

Con,ukr ~):"'n ., able 16.1 )" ruJ<lilinn .... Ihe u.c of conlrol .. gn, ;;' cach 
""cIQ.opera lion "J~", .. h<:d '" iymooli<- no{ al ,,,," Th" nuti,IIOIl 'oob <u;p;ciou'l~ 

lik e a pr<!gramming '",,£":,&,<. '" faO! it j, a langU"R~, """''I' ;" " micr0l'f<)!<ramlll"'H 
I(",S""~{" Each li n" ,1cscr ihoc, " ..:1 "f ",i,-ro' ol' " ' " ' io"s o,:cur. "'g a[ one lime" nd i! 
~ "vw" aj a ""em;",,,,,, ,'I;,,,,, ,'""quello" of i "'truCII!,ms is known a, a ",i(-N'IIf'" 
K"'''', OJ fi,,,, .. ,,,e. l 'lIi, I"uer te,m reneelS {ile I"", Ihal a "'IC'''l''osram js midway 
bc:h'ce,j ha"J"·,,,~ all<l sulh.a.c. 11 j. cas"" 10 ...",ipi in r"m"'~rc lhan ha,d,,-arc 
bu. II i. """e J, (f",,,lI lO " " Ie a firl1l"-~rc plO~u~m Ih~n _ «>flws. t P"'i:UI1l. 

lI ow ca" W~ ~ the noncep' of nllcroprog.amnllng ' " 'mpl~melll a ro ... ..,1 
um!" Con,ider Ihal (ot cach n" '''O>-op<'f3lion. all Ih .. 1 I he cmuml unil i. all""ed lu 
do ., ~cncr;"c a ",I of rom",1 "tnal-. r \1u,. for an) n1O~nH IIIC.a"" n. c,""h ~ .... nl rol 
h~;,: "manallllg (r .. ", I he .... ,nlrul u'''' " cn h~f On II< "fr. Thl~ w ndi" on ,an. uf "'>1.11 "'. 
t><: fCI"c~n'cd ~l' a h""try d'~1t rm "ach controll lll c. '\..., w~ """IJ ro n,trucI a nm· 
,,,, I .,.,.,,1 In whi,'h ""ch bit leI''':''' '''' une ",,"trolline. I bcn cad, lIIic",·up<:r;n iu n 
wuu lJ ~ "' r, e",nl~d h)' a ,Iiffcrc n' p~'!e rn of l ~ '!l,J I.h '" Ihc com",1 wnrJ 

SUPf'OIoC we ""n~ 1"~"l her " ..,quene. o f ","'Iro l "',, .d, 10 lCp. e><m Ihe 
IoCqucno.'C "r miem-<>p<:,ali,,,,' I",.f", ,"co ~y Ihe conto ol un'l. Nexl. "' 0 musl '''''''g' 
nL«: that ,he >equc...-e lIf miCr<K:If>C",hon. i, " lIl r,1cd. SlIlllthme> " -':: run-" an ,n.h
.<"<t cydt-, 'IOmellllle . .. -e dll ..... 1. SlI IeI u. PUI out conl.o l .. o. d< in a n,emot y, ",111 
ca<h ....... rd ha"in,!' 3 un'que ad<l." .... :'0,," add an adoJrc," rICk! to c'lCh oonl rol "mu. 
,ndical ",):I"" Io<:allon o f til<: ntxt con"ol WlIro tll be uctuted ,r a """.in ",,,,dnlort 
" m", (c ,g.. the In<l n,:ct I·.,t In a mcmot)'_refe", ,,,-,, ""'<Utt'l," " I), AI"". a<l<l a /c,.. 
~,\ , to ' I",e,f)' the oolld'1001l, 

I he f(:,;ul, i, ~nuwn as" nori,-"'''''/ mic",,,,. ,,,,w,,,,. I' " ~xa mjllc pr whIch 
is \10 ,,1" " in rigure 17, 1 •. The f"rmal of lhe rn i""rn" nJ etion or colt",,1 word i!~' 
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follov.< I hete "Ufle bit for cad, 'nl~r,,~1 I" '''''''wr cont rol line and On~ 1>" ('" elCh 
wtlcm bu, conl",1 hn e, T here" a <orldUio n field ,nd icming the conditio!! under 
""Kh there !ohould JK, 8 hr~nch, and I hcr~ ,~ a fodd ",th the addr~", of Ihe micro
,"~lrI"",,,n 10 be e~erutcJ nnl "'h~n a brunch I~ lakcn, Soc!> a ml<",,,,slruclion I' 
'nlC, I"cled a, f"I1"",'" 

I. I'" C\e<:Ule Ih,. "';e"'"" lrocll"n I ufl\ 01'1 ~lIlhc """I",llm<" 'ndicalcd tor. I 
loll; lea,c "ff all conliol ione' i,,,ll<alcd b)' a 0 bil " be lesull ,ng <.>nl",).ignllt. 
,,,II cause "ne 0' """ e micro'"rcr~II''''' 10 I", rcrformed, 

2, If Ih,' conditi"n ""lie;H,,, h~ Ihe ,'on(ilti"n hI!' 1S 1. l<e, c'~c\llc th e nUl 
nlim""'I'''CilOn In seque nce, 

J, 111he ,ond Llioll ,mJic,ncd h~ th e <"".I ii ",,, 1>11 , i, Iru c, th e ne_.( mk ro; " 'truc, 
II"n to be executed" ,n<li"'"cd ill the addlc" field 

r,gU tC 17,2 ,hllw< ho'" the"" c""",,1 ,,,,,.I, IIr mie,,-,ins truClio,,. C<'I~ ld ~ 
at'r;u'J(~d 'n a "'-'IIlru/ "'''''''''' l'he nl"'H>lnstluctio,,' ,n cad. mutine a,~ 1<1 he c~e, 
cuted >equcn"all)', Earn rou"n~ end. "'OIh ~ bnon~h or JU'''I' ,nslruclkon indl.:alinf 
,.'he.e 10 10 nexL I hcre" 3 'p"eial eXeC ute ,')'de ,,,u ' ine ,,-hose onl)' l' bJ l'<"<' II 
tn "j:Il,ly Ihat """ o( the m,,,,h,nc in<t'U,' lion mull...,.. (A 'II), A DJ) , and so on) ,~tO 
JK, C\CCUI<"<J oext .... rcndio$ u n Ihe 'Urren, '-'I'>'ode 

• 
• 
• II :::;; 

f-',-""",,,ro""~""""'""'-"'""--j """tN' 
• 1,"' i,<'<I 

: "'" 
I~'''''''''''''' """; .... 
• 
• 
• luno ... _ 

l ..... p ... "J><O'Io<_ 
• 
• 
• ;--_ .. - j 

1..1:"'''''''''''",,'''''',,_J 1100 .......... I_ '0""" '" m'",,,,!,, 

• • 
• • 

r-'. - - ' ) 

u',===,--, ,~-"jump I<> .. "'" or ;" .... """ 
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Sftt ... nriltll 
C<~IlmllOdd ........ g;",~. ... 

,,~ 

('onlrul 
""'m",,)' 

l.:oolrol burr •• rq:i>l<" 

-

T" " cnnl",1 mcmo.~· oI FiF ~'C 17.2" ~ c""c,,,,, J""'''l'hon of Ihe cOmplel" 
op;."r:".on 01 lI, c wm.ol uno!. 11 <Jclin~' Ihe "'<lUcncc of m;oTO-ope . atio", I~ be p.-" 
fu,nlc,1 dutll\g c.1eh C)'ci,' (feld._ i",fiT~cl. ",eCUle, ""C"UP'). a"d it ,pte ilie, Ihe 
": 4U<" "C III ~ "f lh",,-, c~'ck'. If nOlhin g c ]<e . thi. IWIHtlllli ""uld he" OJ seful dc,'icc for 
Joru"'c" tll1~ th e fu n,·t,ollin g ()f" cont.,,] unit fo, a p"rt,cula, W11l pUlCt. Bul ,I ;, 

mnrc th" n th ai It i, al'!o a w" ~' "f imrk"wm;,,)!. Ihe ("", .01 unil. 

M icrol'togT""ul1cd Conlrol U nil 

The c<.nlr<~ Mlen",,-) uf Figu.e 17.2 roo"",,,< a r"'jI.' am I h.I' <1c", .. r:..:, Ihe bch3' in, 
01 lhe «)011,,1 un,1. II r .. I1" .... thai "'e ooulJ ''''I>lcmenl the Ctllll m i un" h)" ,'mt>l)" 
e,erulln, Ihal I"<>g"'''' 

... gun: 17 .. ' ,h,,".,.l he Lry dcm~"1S "f.u<h~" 'nll,lcnll,n'a""n. The .. t or 
nI"'oins1 . uc" "", '" ""' e<1 on Ihe rom",1 ",rill"') The, ,mImi ",M,~~< ~i"~, con· 
I.",. 1he ~<1J.c" "r Ihe nc." mier",nSl'UCII"n 10 he 'c~J. v.'hen a m;noin,uuclton 
".el.d ("'''' Ihe conl .ol m.mor~ . ,t" l"w,I" .. ~.l lo" wIII'ul b"ffrr ">.~;,,,u. 'Ibe 
1 0 h_h~'\<1 pon"," "llhat .~~ i 't'" ( ... I'i~urc 17.1.) CU"",,t. t" the e"",,,,1 hne, 
"nla ll :'t1ll8 from the coni ,,,I unit, Th" ,. ,"",1'''11 ~ m,ewin'ifuct ion fro m the ronl ", I 
memo.)· .. 1I1 ~ 'ame", '-lwu,illg thai miCOO II1 , lru ctI" " J"hc th"J clement shown in 
th e figll.e; , II "" lu c'lCing unit thal lQaJ, ' he elJllit,,1 i, dd,c~, 'egi,'er ""J iss,,"," 
,e"J command 

'-"1 II~ enmine lh" , trudu ," In ~rc" t "r <1011" ] .1~ depicted in Figu,,' 17.4 
Co"'p~""g Ihi, wlln Figure 16,4. Ih'...,C lh~l Ih~ ""m",1 "1111 ",ll h" Ille ""me 
inputs ( I ~ ALI lla~,_ dud) an<1 ollipm. (oonlf,,1 "lIn~I'J. lbe COfIII"(,1 un,1 funo;. 
""nl",lollu"" 
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~'-u.,cod .. 
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1. T () c xc,u!c "n instruct ion, the ,equencing logic un i1 is,,'"' " I{ LA IJ command 
to the co tltrol memory. 

2. The "orJ whosc aJJress i, sf'Ccified m 'he eonlT,,1 atlJrc>< I'~gi'tcr i, rcad imo 
Ihe control buffer rcgi'l~f 

3. Tht, mnten! of the'. controlhuffer rcgi'ta g"n~"'tc' ""'"TOI "~",,l, anJ next
add,e" infor",al ion for the "" I"encing logic U!III 

4. Th" ,c~u"lIci"g logic w\i! I",J, a <lew address into Ihc con1ro l a<ldTC>' rCgJ" 
!er based on the nex,-"dJre" informa1 ion from tile "onlT,,1 buffe" regi,!"r and 
Ihe ALL' rbg', 

Alllhi, happen, during one doc~ rul,c 
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. rhe la,1 ""p j~;t 1o.,lcJ """d, < 1:,l>oruliot! ,\, 'he co"dll>1()" of eae h miewin · 
SlJuWon, 'he ""q .. en~ing l"!tic unil load. " new addle," iDlo the " "'1101 aJd, e," r~g
e,lc ' O<pen .. long On Ihe ~<I1 ue "f Ihc ,\ U ) n~g'I and the control huffe< "'1U'ler. "ne 
"f Ihr« dec""", ... n,,,,Ie; 

• Ge' 1100' " .. I ;n,I.II<1;,,,,, A<kl I hI the colIl",1 a,ldrCM rclt" le. 
• Jump h . .. ...... .. "'I "'~ hased II • • jump n,; ... ";IO>IIO<1;,,n: Load the ~tld<~", 

foeltl Ollhc com mll>uffcr regi"., ,nlo the C<1111 ",1 .dd,,,,,, ,c~i'lc<. 

• J ~"'P 10 a n,.cr,;"e ;" , I,uOI;,," ",,,1i"~: 1.0,,01 I he c""lrol ;oddr." ,c~"tcr b,,,,<1 
on the ",,,"Otk it! Ihc IR . 

I 'llure I 7,4 'h"' .... I ... .., mod ule, I.relc<l '/en></u. "I he uppc. d«' .... cr 1<",»laln 
Ihe "JXooe "f Ihe IR orn() ;, ronlr,,1 me"\(»J "ddrc~., n,c l(lI' cr dero.kr i , n('1 u;,eJ 
lor I""iwni al microinsuuolions but" u""d for ""niH,1 ",j,'",j",'/",c/",,,, (I'i~u.e 

17. I h ), ,\> ""1 nlenlione<l. on ~ hori~onlHI micfOi,l'i r"",ion e"c, ~ bi, in the eon' roI 
rtdd Dltach~~ 10 3 conl rolline, I II a wrhcal ""cro""lrUcl" ..... code " "",d for cach 
aclton to be 1 ""form~J !c.~" MAR <- (1'(")1. ""d !he J~co,kt It an'l al~' tl", code 
into ,,,dividual c" ""o l ' i~ 'w l ', Th,· .d"'''''''gc of 'er lical mi""""lruc'iotl." that 
thcV ~rc mo.e <'()"' pacI (fc,,'~' bits) than hori.wntal miCfO'" 'truc1 ion" al Ihe 
ul",n'>t of ~ ,mall add,l lon:.1 3mounl of logic and lIme dcb v 

W;lk~. Co"trol 

A~ "a~ m""lioned. Wilkes r".1 propo~d Ihe u.e of . micropro~ram"'c:' conH,,1 
uml ,n 1951 IVd LKSl1 rim pr0p'"",1 ..... >Un-CI,,,, lIll}" dal>ornted """:, more 
dc'~lk<l Jc' ;gn 1 W I LK5J I It" ""u ",:U' ~ 10 eX'm",e Ihi' .e",,,,,, I rropo>lli. 

I he <onfiguI;"ion I'rop, ,,,,, d hy Wtlk c> is depictc<l", Fig"re 17S I'he hear! "f 
Ihe .y ... ", I. II m"m. I,ar"all~ filled " 'll h diode,. [)u""~ a ""'chine C}de . ... ne .0"-
01 the mal" . .. OK;1t\'alcd " l1 h a JIIII",. Th" generate • .ignah at Ih""" pot"" ""here 
a d tOo.le " pre",,,, ( lOdiu"," I'), " Jot in Ihe diay"m). l"lIe firsl p,orl or the to",' .,: n· 
cra te, Ihc "o"ln,1 "gn"l, Ihal conlrol the "pcra ,;o" "I lh~ proc..''''ot. 'I"hc ",c""d 
I'aflg.neralc, Ihe add.cs, of Ih. r(,,, 1" be I'uls.cd 10 . ho IIn l machin" C)'dc. l1,u,,
each r,," · Ollhc ma ll i.' '" "Ole mi<-,om"rUCIIOft . an<llhe layoul "r Ihe mat". "tbe 
comrol nlCmOr)' 

AI Ille b,,~ i """'l'. of t he ~)'de, th e ~dd re" of t he row In I>c puheJ "cu1\! "",ed 
in R"gi"", J. 11,;, adJ,c"'," Ihe jnpul I" Iho dowde" whi .. h. when aC1i'~tcd I>~' a 
dod pul"" ",,".atc. o ne '''''' "f Ihe nm" IX. Depend"'g on the conl",1 ";gnals. Cllhc. 
Ihe ojKod~ In Ihe " ",I m ellOn .egh'cror the ""c<",d 1"''' ,,{ Ihe pu i>ed m .. · 11 pa,se<l 
int" Ikg;"". II during Ih" C)'de. Kes"tcr II is lh~~ ~at ..... te> Reg"ter I hy " clod 
pul..:. ,\ It "rn"1tng clod pul:>", nrc u",' J to ;lCli"ate" 'vw old,,· matrix and '" t",n,' 
fer f.om l{cp"CI II I" Rc~i"er I . l"hc I""·rcp,,cr ar' angcmcn! ;~ "ceded !l<:C3USC 

thc decode. IS "mply " ""mbl~a'o,,~1 circuit; ... tl h only " nc fegj"~r. 'he oUlpm 
"~,uld I>ccome Ihe "'put dlltlng a cycle, clOu.ing ." unMable con<lt l,on. 

TI", """ c<I'C "vcry " """" 10 l loc hnr;wmal ,,,,cwprogra rllrm" g ~ ppj()at'h 
.x,,,,,il><d oa, her (Figure 17.1~). The III ;" n dirfc re .... ·c 'I Ihi" I n the 1"~.'iOll, dc;;:rip-
tion. the conl,,,I"""r ...... ,ejlt.ler could be IlKTemctllcd by one , .. JlCllhe next ~<I. 
dt~" In Ihe Wtl\ c» scheme. lhe nexl adJrt'l>. j, oonla l<>c<.1 in ,he n"cr"tn~l <lICllon 



frOO'l 

"""''''' ioo 
"'~;"" I 

Res'''''' II 

0:<:'--1 
R.<~"'" I 

I 

Add"", - .lo",J., 

••• 

• • • 

••• 
Cond it "".1 

T" p~rr"'l hr"nchil1~, ~ ro,,· m",1 ,'(>n'H in t",,, Hddr~~, p"rt' . wn'rolleJ b~" condi· 
tional ,ignal (e_g., flag)_ ," , ho"'1I,n th e ligure 

I·b,·ing proposeJ this scheme, Wilke, provides an exomr lc of il> U'iC 10 imp>:· 
ment 'he "onl ",1 ,mil 01 a ' implc m""hin". Thi s u"mrlc. t he r,rs, kn"WIl ue'lgn Llf 

"""erop' OII-r"m",ed p""'~"'or_" wor{ il rCpi.',,{i ll g ilere i"". use i{ iil uSlf,te, man)' 
of {he con{emporary principles nf microprogJ ,,,,,,ni"g. 

The processor olth< hl' po1 hetical mach ine induM, the following r~gi'l "TS; 

A mu lti plicand 
Il ",,,u111,,1.,,,, (k",,",ignifi,Hnt h" lfj 

C occu mu lalm (m",!-Signilic'''t h,lt) 

IJ ,hit'! r"l~i't.;r 

In "J<l ition. there arc thrce regi'ters and two l-~i' flags ac"""ible on ly to the ,~"' . 

{rol 'lTnl , Th~ registers arc", folio"",, 

E ",,,'e, as both a memory aJdrc" regista ()"IAR) and tempor"r~' 'IOTago 
I· program oounwr 

G another temporary regb{er; ",cd for countin~ 

Ta~le 17.1 lisf' fhe machine n"tructi" " set fOf thi' <'xaml'le, Ta l1k 17.2 i, tho 
,ompkte sci of microinslruCli,,"s. e~pTos",,j in s)'mb(\l ic form . that ,mplemen,; 
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T. blt, 17.1 \bohHI<' In,oruo,wln s.." tor \\ ii, ,,, F""'pio 

Order nJ'e<' " rO,d . , 

A" C(A<'d ('(hi LOA",', 

.1'" ('(Acd Ci")'nA,,, 

II" ('1") '0"" , 
\ " l\A',") q,,) '0 At,. ~'OC" q"l -" G 
Tn ('\A" llto",<I 'o A" 

Un qA,dl '<'" 
/III OA" , Yl" '~A" 

I ,.. ""~'''l :- '0.1" 
r,,, rr Ci,o,-" " 0. ,,,,, ',, ,,, ",,, ~ ,.,,, II' CiA". - ", 

; f""" I t. ' .. r ,,~" "I '" "" II, • 

I" R,'." ''','' ,""",to, '"' "'1'"' """h"" ~,, m'o" 
()" 'knd l\"i "-' OO'rU1 " ""han,,,,,, 

,,', ,~"' "'"'.,"'" .... ,. '" ,""~,.'" ."'" 

"" , ~ ""''''"''' ." , ~, f '" " '". "',,,,' .".,,.,, "',,1.,," 
( , X', ~",,,",,,, \,-< "';"""',,,,,,,,,,,,,, ,"', 

Ih" mlll,,,1 ulltL rhu,." '01;01 of 3iS micfOi",truCiiom i, ~l l lhat i; re<Juired toddin" 
the- <yst~m compleld)". 

l'hc liN ful l colun", gi\'es the- adJrc>s (row numl>e,) of each "'icroi~"1fuction. 
Th"M: "ddrc,""" ""r"'poll uing 10 0l",ooe, arc IaN'led . Thu>. when the o!,,"we for 
Iho add i",!luction (A) is c·"eou"krGU, ,lie mKfoi,,,lrucli"Tl "I 1",,"lion 'i i, exc
cuted, Co]"",n. 2 and J express 1100 actions 10 II<' t"k ~ n by the ,\UI ~nJ com,o] WI;t 
,e'IICC\,,·d)·. L:~"h ,ymbolic c'pre"ion must be translated into a Sei of conno] sig
"a], (m icro,,"truC\"H' h,"). C"lun"" 4 "nei 5 h"\'e to un ,,·ith the 'cUing and "'" of 
the two nags (!lip-flop'). C " I um" 4 'l)Ccific, the 'ign"1 Ih"l ,cI, I he n"g. For n"m_ 
pk. (Ile, mcall' Ihm !lag llumber 1 i, set by I llc ,igtl bit of the number in rcgi,ter 
C. If ""lwTln 5 conl;< ins " nag iUclllifief. then coil",,,,, 6 "nu 7 cOlllain Ihe lwo a ltcr
Jlati\·c mic",instructi"" "utit"",,, If> iJ" \,,~d. Oth",wi,". c"I"mn 6 'rccific< Ihe 
:oddre" of the next micfOin,uuctiou 10 he fetohed. 

1",1 ruc'l i"m II " " o "gh 4 cons1ilute 1he fetch q'de, Microinstruction 4 pr"""nt' 
the oprude 10 a u~c,~ler. ",I"ch ~"n""'t~' Ih" "ddr"" of" miC'roin'lrllction eorrc' 
sponding 10 the machine in.t'uc!,,,,, [() he' INched, I he reader ,hou ld he "t, le t" 
,leduc<; the complele functioning of th~ control unil from a careful ,IUd)' of Tahlc 17.2. 

Advantage. a nd Disadvantage. 

The priucipal au'a,n"g~ "f the ",c "f mi"wpm);mmmin g ", ulll'lcm ent;< ~"'''T<) I 

unil i, th"t il simplifie, Ih~ dc,ign of the cl1"tro l Wilt. Tlou,. il" ootll cheape, "nd 
Je" erru'_pfOn~ 10 implement. II "",(/"i",1 contro l unil m,,'1 conl"in comrIe, logic 
for ,equenc in g thmugh tho ,na"y Tl"c'ru""l'c",I",'" "f I h~ ""I ruel,,,,, cycl~. 0" I he 
"Ih~, hand. the ucc<xkrs and "'Gucncing logic unit "I a microprogrammed control 
unil arc ,wy "Tllpk I'ic~c' of logic. 

, 
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To", n .: ~1"'''.n,''''''Ii,,,,. for Wille. b.mpl~ 

........ ,,"" .1 /I. ( "Mal "" "" '."ou •• ,· ... 1< .. HI I'" ... h""" ...... nd ..... ,01 "'PlCr ... ", ( ",IJ 
-....., , .... II>< '~'kltut. <11<10 .. ..-. II>< ~ .. "4\011<' ( ",."" """'" ... ,,"'" II' (II _ "I "" 
-...... , ......... _fM>I ,~ at .. I """""""oN 10 ,'" ........... 01 ,t.. "'""'" " .. , I,b< ""'P" ,~ (J ~ 
1""'_' <t"""'«1,"<i I,· ,'" '""'" """,,~.-l "" ..... put ,~ ,'" o.J.).. ~".,... ... ( ,,~,"""'~ 
~ .. " .... ,.,. I', ~. J "_ rOf ,'" """'" .",,,,, _I"" ,,,t.. ,"""",,, ~., .... ,,,~ Ito< "' ..... pru.. .. 

l'o"J'''''''JI '1 .. 1 ~Ioc",· 

l ",nltul I hp l h,1' in"'"" I i"" A"lhm<,i<al trml Regi",-, trnll "', ,- , , 
" /' , .. ( • • nJl , 
, , 

It; >0 1')", / , , , '''~<,,,(; , 
, (;,,,1 , 

+ , 
I. '" ...... "' ...... , . , , {"fun ,. 

, • , I" n " . 

" 
, 

~,..., ,,, If , 
, • ",~, '0" ~, 

, , , '"~I''''' " , ,,, , 'oS .. ,,_ , 
, 

" ~ '" /} , ,,, ,. 
" ,. " {' !,. Ii , ." {, 
n 

" " 
1.10 {, (1)( , " , 

" Inr·' ", ~,,.,, , 
" " S,,,,. ,~ u..,,,,, , 
. ,. 

'" 5,,, .. ,,,,,:- , 
" '" '''''"I k" , -,. , , , 
,. /) h' If (III" ((; "1')lu/ • , , ,," (I )1:, " .", ,,,,,( (Il) , 

" 
, 

:! 0"'(1" ,e; - I,) ", f: " -" " ,,, /> ( ) )1 , " . 
1-1 "",11(1.) , 

" 
, 

" ',r tn H , 
, If ,,' { , 
" ,,', .. ( I < ~, ,. " 
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lob .. 17.l I" "If" .. "",Ii 

('0"(1;"0"" [ No" \100',,· 

Arithmetic"1 Unll e"''''HI Aip nop i ll""'cti ~" 
Rcgi>kr L:ni' 

" u«, 0 , 

'" II ~, /) , "d , (1 )Ii, '" 
'" 1)'''1'(11) (G "1') ,,, t ' " • C,oiJ i R; 12)E, , 

" " 
" Dw, , 

" " 
" '" A) 10 (' , " v 

" 8 t~ I! Ill!l , " 
" f) ( n fJ 1,//) ." 

" (''''/)1/<) , 
" " , 

/) '" ( , 
" '" Alt" e 0 

'''''''' "'.,. ' ''' '._"', .... '~'" ; t; . " ,:" . uh,., .. c ,, ', " ' , "",_. " ,,, ,h,11 h.' .. "'- """L ~" "'~1 " ,'" 
~' ... " C .. """" " ,'" " , ' """,: . -,,,, 1" '>< "f ,,"'" ,-, " .1"" " , ~" ,I. '" "'-"H'P" "" ", ~,J ,"', ,"'''' 
.... ; '~;." " ' " ., " 1."" -,, "'OJ' " ~") • "',. ",," ,,, ... "".,,' ',~ ", ,, ,,,,~ " " ,~, ,,,, "'·'*"i. 
t<~c ~," .. »c __ """'., , ,, ,'"'' "c . "-,',, " """"" ,,, F~' "" ,~, ' ' ,"" " " , ~" HI .... ,,' ,R«,,. .• · .... ,, 
"f"".~' "' I','" ., " .... ~. , , ,,",,", Id \ ",,4 ~, ,,, ,,," .. ,,.,,,, 

17.2 

• 

The principii' Jj,,, .. hanl"gc of a mi("mrfogr"mm~J "ml " I h,,' i, 
"'mc" I1 ", "ower Ih"n a h,mlwircu uml "f "O!1lpar"b l ~ let'iH""()H [)np 
microprng,am mi"S i, tllC dom inan , tedwiquc for imp lcme,u ing conl",1 

wi II I", 
lie Ihi ', 
uni" in 
th lhdr conwmporary else due 10 i1> ease of imp le mc'nt,'ion, RISe proce,sol'>, " i 

MlllpkT i""r"clion for",al. t)'ricall )' uw hardwired "onlTol uml ,_ We " "'" 
the min"I''''l\r''mm~d "Pl'",,,dl ill ~r~al~' dCIO,1 

MICROINSTRUCTION SEQUENCING 

Th~ 11"0 "'''Ie la,b pe,for meJ h)'" Illie rupr"g"""",cd control un it Me", f 

• Micro;~ ,1."cti"" "'I""ndn~, (j~t 1he n"~t micrnim1r""tlOll fmm Ih~ co"'",1 
m~TTlO'y , 

• MirroinSlmctiou ncru1ion: Gene"'t ~ lhe cont rol Signals n<'cd,'J ,,, 
lhe microin m ucl ion , 

In """going a coni",1 unit. lhese ta,ks Ill"<' Ix> con,idcfed IOge th<'r. 
Ixo th "ff"c' the formal of th,' nlicroin'lr",1ion :H\J Ihe lim ill g of Ihe ,-on"ol 

beC"" "",, 
umL I" 
forma t 

lOn, 

Ihi, ,cellon, we "" II foc us "" «-4 Llellcin ~ a"d ,ay '" li Ulc ," po,;, ible "bout 
"nd timing issuc,. The", i",u", are e~dm i ned in more delail in lh~ n.-xt ;<oct 
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De.ign ConsiuerMio". 

I Wll ,·o"".,n< ~r" in""I,.<I in 1 h" u",ign of" rni ,-,,,inmu.t;on "''l LlC n "in ~ k;;hniq " '" 
the s;,.., ,,( Ih" ""croj",lruCllOll " fl U lh ~ " JJ rc~'·~cncrMI"n 1,,"~ 11\~ fiN co"",m 
is 0\"';0"" minimi zing the ,i /c 01 th e co nl!ol mem",,. reduce, the cost of that corn
po"~nl The second .onccm j, ,im pl y ~ dc,irc to execulc minoinq",eti()ns "fl~ 

"' po" i!>I". 
In ,'Xecuting a mie,,,,p"'ll' am. the adJ .. "" of I he ne,[ ""e, ",mil "({;em to be 

executeu is in one of t he", catogofi~s: 

• Determined by instfUctio" tcg"{CI 

• N~ 'l "'~u"n' i ,, 1 "JJre" 

• Ilnon,h 

Th~ fin.{ ""IC%"'y oceu" o nly",,,,,, I"" i "w uCl io n cy cle, j ", I afl er an i,,<Huot ion 
" fetch~d _ I "~ 'Ccond <'O tegor)' is th e ",0'1 "O""11 0n in moq design< . HO" C"CT 
I he Jesign cannot 1><; "1'1 [[l1i,cd ,iu,1 lor ""I\J~n li" I acec" , Bra"~h,,, hOlh ,'o,,<li · 
lional and uncondili()nal. arc a necc",ar)' p~1 1 ()f a microprogr.m, Funherm",., 
micmin,1 ruclion s~q UCl1""S tel1d 10 he shon: one out 01 ""cr)' ' hree or four mi",,. 
i"s,ruc,io", wuld No " branch ISII'WS2i. ' II"", il i, imp<)r' '''' t ", tI~" gn ""'''1'''''' 
lime-efficien' t l'chn i~ue ' fm n,iC1(OIT"lrLlC1i"" I"""d,,,,~ 

SC'lu~nciug Techniqnes 

Bascd on th .' current mic w ln", udi,,". c""d,l io" flag" ""J tiw conten!> of ,II< 
m'truetio~ r"gi,tcr, a ~ontro\ me ln Of)' add rc" """t he generate,l j'or Ihe n",t 
micrni",lruLl ioT>. A wid.:: "arK'), of ""hni ' lu", h""c h,~n ""d, We ,"HI gr<>Ll[' them 
into thr,,,, gene, al c" tegmie , . a> , lluslra l~d ,,, Figmc' 17,n 10 t 7.S, The", categoric, 
:or" b.,od on the form"t of th e add"·,, informati ()n Ln the miemin"ruction: 

• 1 ""0 adJre", fi~ ld, 

• Smgic "JJre" fiel,1 

• Vaf i"ble fOrmM 

The simple" oppr"ach i ~ 1" pro"ide [WO aJdre" fielJ, Ln ,'ach mirroi n'I'Il<
"on Fig "r~ t 7.6 ' ''U"'t, how thi' information i, 10 be u'Cd, A multirle,c r i, rro
viJed lilot "',",'," '" a 'k'i i,,,,"oll for I,ol il adJrc" fi, leh 1'1", th e ""I ruel "on f~g"lcf, 
Ba",J 0 " an addr .. S>.-,e lecl i"" "'1''''- ltoe ",ultil'kx~,. "a",mit, ~it he , th e' "",,(>de 
or one of th" 1>\'0 add",,,.,, to th e control aJd,~" regi,t.-r (CA R) , Thc CAR is , ub
'"4" cnll)' d~c'xk d to produce th c next nllnoin'\ruclion "ddr~" , The addr",,' 
" ,b,t io" "~n"I, arc pro",d ,d b)' " hranch logic ",,><Jute whose inl'UI ,'''''''''' "f 
,'ontrol un it nags 1'1 u, h,i' Imm Ih" ~on",,1 po,t"", <If 1 h" nHuoi",truC1io" 

Al' ho ugh ' he ,"' o-addr"" approach is ;imrlc, it rC4ui res more bits in the 
"" tl'",m'ruclion th<on olh~r ap pro""hc', Wit h some " J 'liti on"ll(\gi~, ""'in~, ~.n 

be achieved. A ",,,,,,,on apPI'o""h ,s 10 Il ",'e" ,,,,gl~ "Jd .... , ; fielJ (l'igure 17.7), Wilh 
Lhi; ap pro~'h. thc option, lor nex, aJJ,cs< arc a; follows: 
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• AdJt<os_ r.dJ 

• hbl.uCIIO" rC!\I,'e. cod~ 
• Ne~1 ""Iucllllal addle"" 

The aJd",·"·",lccllo,, ~Ig"a'" delern""" "-II,,,h 01'lIon is .,.,lccl~d. Til ;. 3J11'H),,,'h 
rcJIK't" lhe number of add",,,, rICk]. 10 one NOlI'. h" ... ever. III;>, Ihe ~dd,,,,, rick! 
one," ,,',II ' IOL he u$<,I, I h"" ,hc": j. '""''' incffi<lency III the m""Uln,lTuchon rod. 
1Il~ ..:1It",,, 

A"'.>I"'" ~pp,ooch i.to ,"'»'id~ fOf 1,,"0 ¢",,,cI)' d,ffCfelli ",,,,,oim,rucholl , ..... 
m,iI, (I"i~urc t7,~), One bit ,k";gn,ks ",hieh I,,,",,,, "I>.:.ng "",oj. In ,me (",mat, 

I he re",,, ''' '''~ I" [, "'e "",d 1<> a<'! "'-'tiC con '" ,I ,,~"" I" I" I he ",lie. 1m",.!. "!ln~ hi,. 
um'c I he ",.,mel, logic mnJul c. ""J I he rcm """n~ bi" I" ' " ,oj" 1 he "Jdre,", With the 
fiP.;1 f"' '' 'at. th o ".,,1 .JJrc>s is cil her the ,,(· ~t """uerui" , "dd,"" '" an ",Id,~" 
,1.:m','u r",m 110" .mt'''.lic>n r~g i "cr. Wilillhc .c,·" n<l lon''''', ."her a ""<ld,'i""al 
or "<I,'onuI1lOllai b, a"d, " tieing .p<."",fi~J. Onc J ''''',h,,,\!"g~ of lhi' aPflfoach i~ t~"' 
onc ~nl"~ c~de .. '''''n'"m~J wilh ~a~h I>,an,h m'~ro,n.'ru"t ,on. W;lh Ihe o.hcr 
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app.oach"" adtlcc,> ~cncr"lion <><:cu"" M .,.,,1 of .hc ",me qd ..... cont.ol,..~ 
~"Cr4""n, nun'""','"g con.rol mC""'I)' acn:s",s 

Thc al'fl'oames jll'l dc,"""I'C<J arc gcn ... "I, <;pccifl< ,mplem~n,"Il"n. "",11 OO(D 
'"' " h 'c • '. ';~I 'on or combinallOn of .he", lechniques. 

Addre .. G .. "e .... I;o l1 

'.'. C ha,'e h,ke,1 "llhe ",que l>Cinl/.l""~kn' from Ihc poinl 01 ,ie ... of lo.n,al toQ. 

. ,Jermio", ""d t~nc rall"K": ' C"llli,. ",el" ', A,wlhe . \lew!""nl;, h' ,'O" ,,<ic,.he 
,',mUIl< W"p in which Ihe lIe,1 "Jell"," ca" bc d"",'cd ,J1 compuled. 

' lal1le 17.} 1i,1> Ih~ ""TtOU. add.-"", I/.""",, Ioon te'e'hniquc., Thc.c con be 
di,iJe'J imo e' pheil 'cdlF' i 'I" ~" ", whki1li1 c adJ'"" i, c'pli cilly """;Ia~l" in lhe 
",".roi,N,,"cl;O". a nJ ,mphei! Icd,,,,,,,,c,, wh,d, F'C4U1F'C "ddi!",,,,, r logIC 1<, gene.
"'e Ihc "dJre ... , 

Wc haY" ",,,,mi.lly de,,11 "'"n Ihc e~" hc'l !c'\.hn;4"C>' Wi!n • Iwo.ficIJ.f!' 
p'''''clt 1'1'0 altcnlahC add,.,,,,, arc ,,,,,I,'hlc "',, " ~ach micw'"""",~io" I ''In, 
~'Iher. ''''Sic oddr", .. focld o. a ,." able f""",1~ '''-;011., br-.. ,od> ,n<!lUC' KN'1 C3" be 
""picnlCII":<l. A """d;l ;o".1 hr~nch ,ru;~ r\ICh(>n depe"ds on .he folio" ;",!! ""'" .;A 
",f<Jrmallon 

• A U I 11011" 

• ran of I h~ oprode 01 add,c"" ",,~Jc f,,'Id, or I h ~ mach;n~ ,",I, u,""m 
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• I'arb 01 a ""I .. :<:I~..J re1;,'~r_ su~h a. , h~ "~I hi' 
• ~,a, u, hils "i.hin .h .. con,lO' unll 

!>.."·cr..' mlr',ell 'echn"l'"'' alc ,,' ''' oommon')" " ",d. Onc of . h<'S<". m~''I''"!l
i. IC'I" "cd " " lh ,·,,1ually all dc>..il;<''-- ' 'hc "pcooJ~ I'OrI, .. " or ~ machine in.lnlC' ,on 
must be mapped illl .. a microm",,,,,'ion a(IJ'e!lli. " H~ .... :m" "n'y .. nee pel in,' ,IIC' 
ho" cycle 

h, "~,~1 

l'oKo .... ,h.K..,' ~""'~ 
\ ·o"""ooruI ..... ..dI 

\t.." • ." 
Add",,,. 

II ........... ' ",,".,,~ 

j 
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• IIIICrrllp{ {eSlill~: Certa in microinstruct ions specill' a test for interrupls, It a" 
interrupt h'" """,,urred, this dekr",ill~' Ih~ "e,1 mieroin'ln1clion "<lure", 

• IIrallch: ConJ,{i onal ,nu LUlwnuition,II,,",tch mi"o in slruction' "re useJ, 

A one-Ie"el suhroUlin e facili{y is provided, One bit in cver~' mic',oin'lnH;lion 
i, (kdicalcJ {o th is la,k, Whcn tho bil j, SCI. an II ·bit r~t"rn r~g"{ ~T i, 1",JcJ witb 
{be upd alcJ Wllwn" of t he <;{)Il "ol ,dur"" reg i,{c r_ A ,uh"'qu",,{ microinstructioo 
{hat 'iX', i!i"s a retu,,, ",ill cau,", the control audres< re gi ster to be 10aJed from {he 
return reg"ler. 

Th~ r~tu rn is 011U f,' rm "f uncondiliOll,,1 "rauell imlruc{iOTL A,,,,{ htt torm of 
uncondi{ lonal branch eau,e, {he hi" "f the cOIII",1 .ddr"" fegi ster to be loaded 
from 11 bi" of {he mi croi~Slruc{ion . The condit iona l br~nch in struct ion make! use 
of a ~-bitt~s l cooe with in Ih e micf()in,lruction, 'Ini, cod~ sp~cifie" testi ng of ,'a,, · 
oU, ALU c()ndition ,,-,<Ie, to u~t Cf mi n, I he branch deu,i "", I I th e coull it i"n is no{ 
true, { h ~ rt ~xt "'yllctt{ iol "uJr~" i, ,elected, 11 it is IrU~, (he' 8 IOl'o'c" -order bilS of 
Ihe control "ddrc", register "r" lo"ded from g bits of th e miCfOin"fuction, ' I hi , 
"Uows branching ",il hin a 256·word p"g~ 01 m~mor)', 

A. can be ,~~n. (h~ LS 1· II irtdude." powerful auurc" ,e'lue ncin g I,ci lit)' 
"'i thin the co ntJ o l unit. Thi, 011""" th e microprogramm ,," cun'iderable Ikxibilil y 
"oJ ca n case Ihe microprogram mi ng I~'k . On the othcr h,md, t hi, "l'l'"",eh '"'1Llire, 
more ,:olmol "ni{ logi,' Ihan do ,impkr C"l'a hllit'~' 

17.3 MICROINSTRUCTION EXECUTION 

The micro;nstructiol1 cycle i, (he has i~ ovent on a minoprog",mm,d pr",,~""'
Each ~)'Lk is HI"J~ "I' of t",o P"TIS: fetch anti c,,,cuk Tl,c ('deh POIIIOrt " deter
min td h)' {he ~e rt er"{ i,," "f" ",ie r"",,{ ructi"" add"ss, attu thi' was dt'ah with in the 
preceding ,",,,ioo, Thi, seclion deah wit h {he ewcutio n (}f a microinstruction, 

Heca ll th at Ihe clIc~l of th e exec uti on of ~ mi croin"fUct io" "to gener"{,, 
C'"n lrol sign"I ', So",~ of { h ~,e sign" l, ",m{ ro l poin t- i" t~ ", " 1 t" the I''''C"'''''_ The 
lema"""g 'W",l, go {" lite ~xkma l wUIr,,1 bus 0' <>t he r ex{ern,l interface , As an 
i"~ iue ntal functio n, {he , dJr"", of the next ",i~roinmucti()n is dcwrm incJ, 

'Inc pr~ced i ng ,k",rir{ inn '''gge,'' {h ~ m g,,,,i,,,t io,, of a ,'0"",,1 urtit , Ito"" in 
Figu,e 17, 111_ TI", ,light ly rc,'i ,oJ """ i"rt of rig urc 17,4 e mpha,izes {he foem of Ihi' 
,"ct ion, '!ne ",ajor moouk, in rh i, d iag ram ,houlu b~' now be clear. Th~ se'l"enc' 
Ing log'" mod"le co nt "ins Ihe logic {o perform {he func"on, di""""",J in lite l'r~ . 
ced",y ,~cti0n , It g~n"'"t~' {he add",-, "I th~ n",{ ""e",,,,,,, uction, usi tt g as input> 
{h ~ i",,, uction regi"",- ,\ UJ flag' , {ite control adur",s r~gister (for incrementing) , 
anu {he co nt rol buffer registor. The last m~y provido ,m "clua I adtir~", control hit"~ 
OT ""tt" -ln~ mod"l" i, driwn by" cl"c, th"t ddcrmi,,~, Ih~ tImin g "f Ihe mi"". 
""{rue! i",, cycle 

lne contro ll ugic moouk gc ncraks control ,ignah "' " h",cti " n of ",m~ of 
IIt~ Il,t , in th~ mi~,,"mt"J Cti() n , II ,h[)Hld he dear thaI Ihc f,,,,,, a{ "nu ,'on tent of the' 
microi nstruction will dcw"ni,," IIw comple,,{ y of the ""IIIrol logic module. 
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,HlJ 

n"~, 

CIo<k 

In, ,<,,<1"," 
'<j(i",'r 

Se~l;lcln~ 
• '"'" 

A Taxonomy Df M icro;mtructiotls 

Control odd ..... "'li"<r 

C{H)trol 

IH<n>o,y 

Conlroll>ulf.r .... ~j".r 

rcODl~ 
~~k 

1"1<"n.l 1;",,""1 
rontT,,1 control 

'i~n"I' ';I:"al, 

"liCfoimtrU<;liu" , can l'" d",,,ficJ in a "., iet)' of way •. D i,tmCl i()m 1I,,,t a'" com
"'''nl)' m"Jc In the literature incluclc the foliowing: 

• Vcni",,]ihoriwllial 

• PadedJuilpadeJ 

• Hordisof! mi"wprogr;. mmin~ 

• DirectiinJ,rect encoJ in g 

All of thc,c h,,", "" lh~ formal of the mi croinQrucliOT1 . NOllC "f the", term. h .. 
been u",d in a cons;,ten1. prcc;,c w" Y in lh~ li t~ralurc. I 1","e,'o,. an ~X"mm:H; on "f 
the", POI;" of 'IU"hl ic' M; 'VCS (" i II ",,,,,tate microinqruct ion J c,jgn " lIcrr"tl"·~., I" 



Ihe 'ollo .. ·;ng paragl"311h;.. ,..~ firsl look a[ Ih~ Ley ..... .,,'1:" " ,uc unde. l) ing aU of Ihe"," 
I'."" or cha.acler;,;l;..... ancJ Ihcn .. .., look al Ihe roncep[' "nu .. .,..'ccJ 1». each pair 

I" [he origonal p'opo;.3l h} W[lh." (WLLK5 11. each hI! "r a mocrom"rucl;on 
( 1I hc' cJl"~"'~ p",,",uec<l ~ "on l.ol .. ~n"1 or ,Jireelly proouec<l o ne bll of Ih~ n~" 
add,e". We h"" se~n. 111 the preceding ,ecli"". Ih"t IIIo.e complex addre" ,e· 
~" ellcin ~ ",heme,. u'in~ fewer ",i eroi mtruCi ion hil' . ale p,,,,,,h lc. Tk", ",henle' 
rC4uirc " "''''e <·"mpkx ,c<f nc " c;rt~ I"~IC moou Ie. A ,i n! il a! ",,, I 'I f l",dc.Qff e. i" , 
fOI Ihe portIon of Ihe m"''' ,," .,1 uel ion ",,,,ce.n<:J w,th ~"m .... 1 ' i~n"k By <ocoJ",¥ 
c,lnlJoi ,nfoml.,ion. ~nd ,ul"'c4u"nl l)" dccod;n~ 1\ lu 1""Joco eonlrol ,ignal" con· 
IJ (~ ",)n! bl!, can be ""..,d. 

110\11 can Ih", encodong be do"(? To »n,,,..,, Ihal. ron"dc' I hallh~I" are a lolal 
of k d,ffe.enllnle.n,,1 aod ""eI08I ronlrol .. gll.b. lo hi: cJ,wcn by Ihe oonlrol ul'" 
In \\ IILe'·, ",h .. "",. K hit, "r Ihe mlcroin,uUClion ""ulcJ he cJeJical<-.I ,o Ih'" J>Il'. 
pose. I I", .11"",. all of Ihe 2' 1""'''hle """,binal ions of oonl"'~ .. ~n"l, I" he j:cncr· 
_l ed JUring any i",trucl;<Jn ,,)'ck. lIuI ""C ".n Jo !>cllc' Ih~" th!O il we ob"' ... ·c Ihal 
,n.t "II of the [IOS, ihk C< .",hltl""()"" "'illb<: u",<1. 1'''''''1'1<:< in eitlJe I he followin g: 

• Iwo >Ou.te, ,·"nn()1 be j!..'tcd Iu iI," '"me d.:'tm~I;()n (c,~ .. (" ""d C, ," h~ 
ore 11'>.5). 

• A .ep"cr c~nllOl be oolh ",um: and rJ".-";linallOfl (e,g., C anJ C , ,,, ~1~Urc 16.5) 
• Only one pall~m of C'OO1'm l . '!:fI .• L, ,·an be p",..:nlw to ' he A U ' 31 a I,me 

• Onl)· one palle,n "r ",-".11,11 . igoab. ,~" he pn.:<r:nleJ " . 'he e~lrrn31 ronitol 
h"'aI3,inre, 

So. fOf a ~,,·en I'!<)cc"or. all 1"-,, .. lIlc all",,·.hlc ~"",hln"l ion' of co,,",,1 
'i ~ n.I" cou ld be lisled, 1I''''''lt M'III " nnm!>or Q < 2' pO'~ lhl""C" The,e could be 
crtcooc J WIllI I()g ,Q hil •. ,," It Ihl)l·en < K. Thi, woulJ he the tlghl"" 1,.",,])lc fo.n, 
of en<"OJ i" g th.t! l"c,",,"'e, ~II ,, 'Iowahle ,o"'])m~II"n' of colll",1 ,ignal§. In pr""t"'.·. 
Ih" fqml 01 encoding" nul ,,",,:0.1. for 1\100 reason,-

• h" a~ d,fr,,,,,I, IC} p""rJ'" a' a pure d<'co,kd (WIILn) ..::heme. T his [loIn, I> 

,."", ... >ed fur ' her [lre...,nlly 

• Ii .C<]ui.~ a com[llex anJ Ihe.do.e slo",' ronnoll,,.-,,, n~><Iuk, 

• \Iure bib III "" "r~ ,t.o.:tly I)<W'""y arc u",d to cmW" Ihe "",,,h ie cornl>r r1 alk)II;, 

• '><.rme combinatLl!11< In.II arc ph)'sically allowable af<· ,,"1 I""'ihl" 10 cnm<1c. 

I he l~l1e , l, ncJ "f ~"ml p.onHI-C ha~ Ihe dkc1 ur rcd,,,,,ng Ihe numhrr of b,1<. ·llIc 
neL ,~,"h. ho .. ..,'~ •. ". I" O>c nlQre Ihal! Iog_Q b,," 

In Ih .. nC_lI.Ilb>;""IIDn. "C " ,II discuss sp<"Cifk cncoeJrng Icch",~ue,_ The ,e
~Inde. of Ih" ,uto.cc110n deal> ",lh Ihc crrcc," or encool"8 and Ihe \a"ou:, ICnn1 
use<! 10 tIesc.ibe II 

Ua'ed on the pr~ccJIIIg. "C c;rn "''' Ihal Ihe (om <'<.>1 "Ko.' p"'I1M of ,hc 
nlltrOln.IrU(:1I0n form", 1;, 11 . o n a 'pc<: lrum_ AI o ne e~ lrem~. th Ole is ()f!e bll r,)! 
c",ch wll irul ,ig nal: al the "Lhcl ~Xtl~"'c . a highly c""KkJ r"",,,,, IS ".,.,d, Tohle 17.4 
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t- ""tIc,.!,'J 

'10,,' M, 
I ",,, ,!,,J ,'",W "j ""dw,," 

D;rf~'"'1 Lu f"'!1"'" 

Lonw",",,)' full), ""''',''" 

Lltt" '" nn ,o"",~ ' ''''' 
1-" , '''C"'''''' 
Of'. im"" 1',,<10"""= 

llit>l'l, cn<c><i,-J 

I'c~' ~", 

" >,pog,, "d ,;'''. "f I,,,J~·,,.

Eo>. tu l",*"m 
C, .... u""".'Y ,,," tully "p i,,,,," 

('''",pb ,-"nLn, I"E" 

"U~· 0""''' ",,, 

Llnp.d.,·,J 

"""""" ,1 
"",J 

'I ,,,.,1 ""I"Il' 
I' '''''ed 
\"-,,,,,,,1 
SoJJt 

, huw, th"i other "",,,,,,km\;,', of" mic",pr"~r"rnm,,d control unit also fa ll ,long 
"'I,,,ctrulIl anJ Ihat [he", 'l>oc1Ta arc . hy and 1"£0_ determined 1»' Ih~ degrL",, _Qf. 
e ncoding spectrum. 

The second poir of it em, in the I~blc is r;!lh~r "b",,)u<, The pure Wilke; 
scheme will "'1"i," Ihe m"" bil', Ii ,ho"ld ai,,, I", apporc"tlhat (hi, eXlreme pre
,tnt, ,h~ Ill<l" JCladccl "leW ,lithe hardware. E'-Cf), cont,o l ,ign,, 1 "individually 
rontrolla ~le by {he mi<:fOprogrammer. Eneooing i, don e ill ,uch" way a, (o aggre· 
g'l1" fUnelion, or r~",urce",o Ih"t the microl'rog"'"""'" i, view in g the proc~"", 
"t a I" gh"r , Ie" Jdaikd Ind, I urlhcn"ofc-, tile e ncoo in g i< d"'ign~d to C""'" I~C 
microprogramming burJen, Aga in . it ,hould be cic;ir lhal th<: la>k of u'HkNa"J'"i 
"nJ orche,tral in g Ihe usc of "il ihe eO"lrol 'igT", I, i, " JifiiclJit "H", A, "'a< men , 
li()ncJ. one of ih~ c'on'~'l Il~TlCC~ of ~TI~"dm~. typically. h to prOH-11I the use of cef' 
'"'" olhcrwi,c a ll"w" hie c"l1llljn " tio,,~, 

The pfeceJing poragraph Ji",usse~ microinstruction J~,,~n from t h~ mi<r<)
programm", point of ,iew. UIII Ih e <kg'"" of "nC(>d IIl ~ "b.o C,iT' 1><: ,' iew~d from ,t. 
h,,,,lwar~ dk<;t" W1t h " I'll'e IInc'ne()<kd 1.,,",,1. lin I" or no d~cool' lo,:ic is nec<l<d: 
c,d, hit g~ner;'tes" I',"ticu lar co,nrol ,i,:n,,1. ", mor~ COmpa"l and m()"~ aggro. 
galcd encooing scheme, a.c used, mo.e compk< J"codc I"~,o i, neeJcJ, Thi', in 
I '<rn . n",y affect pcrform'Hlcc Moro tnT1C is n~~dcd '0 propagate ,ignals IhfOUgh the 
~ak> ,)1 lhe ",,)fC ""mplcx c,,[\trnllogic module, Thus, the ew<;ution 01 cnct><kd 
", i"[oinSlruclions talc, long,' r Ihall the "xccuti l>n 01 "ncn~,>dcd onc" 

Thu,. all of the Chaf""t~ri'l i c' ii ,kJ ill T"hk \ 7.4 fall along" spcclru", of 
dn'~n , I rakgic" t" ~~T1~"'L " d~, i g" ll"t falls Iowa rJ the lefl end of the 'rc"trum 
" ""enJed to optimize the l>erformance of the conlrol unil, Dc,i.")!, l()w"rd Lh~ fight 
enJ are more conce,"c'd with oplimizing th~ rro<:~" of micwprog,,,m,,,ing, I nde,d, 
m,c",iT1,lru~ti"n Wi' n~;lr the ri~I" l' nJ of the 'p"Clr um look "c'y much like 
machine i",{runi,," >ot" A good example of Ihi' i, th" LS I· I] d~"~n, d~,c";l><" 
lal er in thi' sect ion. T),pic"Ii)', when the objc,·t"'~ i, ,imply 10 implement " ~"<lntrol 
IInit. lh~ de,i.")! wili Ixo nex< tire left end oj' the 'l",ctrum, 111e 18:\1 3033 dc,jgll, di,· 
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..... >Se1J pI~"'nlt)·, i. in Ihi.> calejl.ul')' _ ,\, "C ,h.1I '.hllCuu t~le,- ""'.'" '~'''''m" rcrmil 
a ,,,,,el,' "f u.e" 10 oon.lruel d.rr~'enl mielop"'!!",-"," u.ing. Ihe ... n,e rnM,"n' 
.,"' •• " .... " f""il ll y. In Ihe 1~lIcr case •. I h~ de<lsn 1< hlcly 10 f,, 11 ncar Ihe righl end of 
Ihe'l",clfu", 

We c:,,' n.", deal wilh some of Ihe IcmHnujol'Y IOI . odu<"Cd ea,he._ TaMe 17,J 
" .. I,caIC'll ho,,· llo tec " f Ihe,"" pai •• of lei "" lel~lc II, Ibe n1l,"""n>ln,c' io" spec"",n 
In ", •• ,n"c .• 11 "r Ihc>c 1>a'1> llese"bc the $ame IIII ng bUI cml,h.,,,,c ,Mfcrcnl d,,,ign 
c hal at Ie "" I "'., 

The degree "f I~'ek i ng tcla,e, '0 Ihe de~,,'" of ,den' ,r",at,on be l ween a &]\'cn 
"""l ",I I">~ and 'p{'c ,flC 110; ,·,,); nS! ruet iull btl •. A, 110" 1"1, I><c"m" mo.e I'''C>, cd. a 

~"'" " "''''' I"" " f hits contain , ""ore inl'",ma';Ol1, I 10 " ', pack in ~ co"""'c, cncod i "g, 
Thc IC"", ""ri~,,"',,1 ""d In1ic,,/ rcb'l~ L" Ih e rd""w "'idth "f mkroinmuC1i (>"" 
I S II W821 sug~~'I' a," .ule of tnumb that wtl ,.,,1 "".""",1 rudio", h"'c len,l 10, ," 
Ihc ,,,nil" of t6 to 40 hi" .• "d lhal horilOnta l mi,m,mlrurl,,,'" 1I,,,c tenglh' in Ihc 
ral\~C of -11,110 Ul,J b;I1, lne te.m< Iw,,/ ,,,,,I ''''ft nllerorrO(l.'amnll"!!- are uo;ed 1<1 ,u~. 
/leO! Ihe o.Ieg""~ of d" .. ~nc",!O Ihe und~IIY"'1I ,·"",,,,1 "Ilnal, ond h •• d"'art" layoul 
I J,,,<.l m,e'up,olram, al~ gene.ally fixcU an<.l C(.II1l1"otIcd 10 .cad-onl" memOf)', Sofl 
m,crorfllgran1< ".~ mOle cban!<,ahl~ ond a", ,u~e",,(" of uscr mic'''I,rogramm.nl'-

Tile " Iher P;tIf " f lern" menl iunnJ al tile bell.nn'"1( o f Ihi' ,uh",crioo ,d~", 
' " 111"'''1 'cn~ Indor".,1 encodin&. ~ . "hj«1 10 ,,-h,,'h "C n ..... IUrn 

Micro;"" '''''I'on Encoding 

In rraoice. n"""'I""I'- . ammc<.l co",.-.)I un,,, ".e ""I Ik,,~ncd ",;nll a r.ure un . 
"nc".ded (J' h"'''Almal ",i,',,,,",t""'lio,, fo' mal. Al Ie,,,, ",me ,1.:1'-'"" of cncooin~ ;. 
u-.cd In 'cd Ll"c co nl rol memo.y width a'l\l Tn "mplily Ihe 'a,k uf ", ,,,rut"");","1I,, ing, 

The I""," Icd"'''l '''' for "n[(>d " ,~ ,. ,!tIl, 1 "nell " ' r'll",e 17.11 a. nlC ,,,,c,,,. 
""I".el,,," "mg:n, i/ed "'" ",t of fi e IJ" Each fi e lll "''''''011'''' ,·",k. "'hieh. upon 
d'~"l1m~. lid" .Ie. one or n"Jr,' c"", rol "gnals. 

I..,,~ u, '~"""kr lh~ i"'plical",,'" ,,( Ih" 1.')'0111 . W~(n the mierO,mlrUC1;On i, 
e. eculed. e"cr~ fielJ " decoded a~d gene,""IC> , .. 'nl"~ "l:n"I., Tllu, "nh iii fieh.!. . 
.... "ntllitnOCOtl' ""'10'" Me 'f'I-~ificd. Each 3e"U" I~"I" ,n Ihe ,ocl,,'" ion of Ofle 01 
""'"e oon""lli~n"l>, Gene.all~·. t.ul nol .I"a) .... toe ",II "dill 10 d""lIn Ihc forn'''1 
"" Ihat cach ""nl'Ol . i,)'ool is 3cri'dletl h)" n" n'Ofe 1I,an "nc field. Ck3.ly_ hOYle.el_ 
" mu't he JlO"'>,hk fOi each con"ol "goal 10 he ""1" .• I ~'tl hy "Ilea .. 0fI~ fi~I<.l. 

Nu" "" .",de, Ihe md" .,]u81 fid.L i\ field n"'~"lml/. of L h'h can <"<)D'aon .. ne 
of 2' cude .. "deh ,,( "hieh can be ""<,,.kd h' a d'ffere nl rom.ol >ill031 I'3I1em. 
IkC:II' '''' "nly "ne mde <,m "f'I'C'" in a fick! 31 ~ I "" c. Ihe codc~ a.c n,u!Pally e.\d~. 
'" c. ,,,,d. Ihe,d"",- Ihe """",,, 'hey cau,," .re mutu.,lIy e.du","_ 

I he d"",~" "I an cncoded m'cr<Mn""""",n ""Ill'" can now t>c ,1ated '" "m
pic ter",,: 

• 0'11"""" Ih,' /0'''''' 1 ;111" ",Jep<:" d,," 1 ficld" Thai 1'. e,,,'n fidJ J~p'ds" 'ot 
"I i'CI,,"" I p"lIel " "I' '~l ntrol s'gnal. ) "'eh t 1,,11 ",'I'(J'" ('''''m di ffe.on l field, Can 
.",cur 'Jlll"ltaneou,ly_ 

• Definc cad, fidd such .ha l the altern"I,,'e .. c.".,I' Ih"l ~"n be Sf>CCified hy t~c 
(,eI.1 arc mU IUaU)' ,,_,du,",'c, 'Inal i •. o nly une o f Ihe act,o", 'f'I-"Cifj;:d for a 
):"CI1 field rould occur a. a "rnc_ 
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, .. I Fodd 1 r,.1J Fi<1J , .. 

2iS8 

-... 
• 

-... 

1'''0 a,)p.orl~~ carr be .. len '" o.ganllJng Ihe ~ncou"u microinstruclion Inlo 
hd,l1; fu",,"ona! anu .<:sou""'. The ",,'(I,o,utl e"("<,,',,,~ melhod idenlifie. fllndlO"~ 
""I,,n the m,""'",,, and <I<:,i",'lc, r",kJ. h)' f """II<," "['C. ~or ","'mrlc. il ,aroou, 
.... u" .... can he ,,"'<I 10< I.andcr"nlt d .... I" Ihe acrum uldlOi. on~ fi~kJ can be d~ 
'1:",'lcd for Ihis purp""'. "nh uch rode $pcc,f~,"~ a d,fferent source, R.·:w",,( 
~"wdm.~ ~'"'''' Ihe m""hin" a. eon.,,"n$: "I a "':1 01 mdcpcndcnl '"'''ur,,c' and 
<I<:,,,tc< ""~ field 10 ~ath (c _ ~ .. 1.'0 . ' ''"01' '')'. AU ) 

Another ~.pccl of encod,ng l~ ,,-helhe. il "direct or indi.eel ~Fig"fC 17.llb) 
WII II llld irC<1 encoding. onc fidJ " II:;>.;d 10 dclern" rI" Ille inlerl"dalion of 'm(~hc, 
field. lor ",,'mplc. "om,d~r" " ,\I II 111 ", ",al';,!'1c of J1crf"rm' '' ~ " 'ghl d iffc.enl 
""II1"I.-(, e " 1",.al,(,," ""d eighl ,10 rle'<'lIl , 111 1'1 "1",,,n .. ,,,,. A l-b'l fieki ,<lu IJ I", u$Cd 
10 inJ"''' tc wh e! h~r" ~hifl or ", il1",'c!1<: ()Il<:rH tioll is 10 he used:" 3-~ '1 field ",,,,,IJ 
'nJ,c:'I~ Ih" or~r.'l i on rhi> Iccllniqm: ~"n~r;, I1 )' ""ph", I"'" I~ ,- "ls "I dc"",:><1'n~. 
'nCt" ''' ''' ~ prop"g" I, ,,n d~ I "". •. 

I',~ule 17,12 i. a ,imple "nOlI,1e " I Ihc.M: (om'cpl •. ,\s.um" " I'roc." .. " ,,,Ih 
a ~,n):lc "{'C"",,,bl,,r ond -",,'cr." inlernal r~,,'SI~"", .uch a, a 1'",!U"m """"'et !and 3 
Icm",>ra.), .e,,"I~t fo< AU 1 10pul ' -'lImc 17, 12a ., t,,",~ a hiJ:ht~ '-efli<-al formal. 'flte 
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I . K<j;'''''' ... ",fo" 
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[,'" 3 h,t, 'ndicau, the type of "lie"'"'''' the nnt 1 c''''-....de ,he OflCr.lli"" and the fllLil 
2 !leleet ~n Intem,,1 "')'.iSle .. Figure 17.121> " a """e 1,,,n-.m'31 arr ... ~'~h. alt hou~h 
enroc::hng ".,,11 u",d. (n th,s CII"', d,ff" ' ent IUII<I ,,,,,, appear in d,ff~'''nt r.chJ< 

LSI- II J\1icroin'lrnClion Exe,-uliotl 

n'e LSI· II [S f.Bf.76] .. a gooJ naml'l.: <If " >cn,eal m",,,';n,t,,,<"lIon 3pl"OOm \\or 
h'l r,,,t "I the <.>T~;miZal;on of Ihe e<)lll , .. I,nnt lh~1l at Ihe mieTllln,"""""" 10"'''1 

LS I· II C""I.ol L'nit O~alli/~li,," 

II,,· J_~ I _ \ \ i, lh,'first m~mher ufth e I'DP·II f~ll1 il ~ that ",a>" rfc r~d a, •. ,,"· 
glc-oo •• d p.oc""",r. Th,· I"", rd .0 111""" I h"~e LS I <"hips, a n intern,1 bu. k ,h''''" aI 

th e micrlJi"'H"C(/oi! h,,, (M III 1. ,",d ... . m" ,,,I,hl''''' " I inlc.fa,,;ng logic, 
Ilg""'" 17.13 d~p;Cl •. ;II .""phlled ["~ ,m . the ' ,, ~a"" ""l)n of tk I ,~ I ·l ll"oce>. 

w •. The lhree ch,l" :ITC Ihe <1;0(;, con t.ol I,,,d ronl.ol 'tore <"hip". The d.u ch,p 
CU"""n, an g·bi' ALl:. t ,",ent)"'" X_hit "'J:"t~". and . I"mge for ""~m l ~ondiliOli 
code,. ""tecn 01 'he ugi"~'. arc u'c<l W ,ml,le".e"t Ihc c'lth t Ift. hillt~n< .. I. 
purpo", '''g .... ICfll "r lhe I'D I'·ll , Othe" ' .... Iude • p,ogram ~tal,,", "", <I. nocmOf) 
a<l.J .c" .cgi"cr (MA R) . ~ "<I mcm".y hufk, reg,sler B«ausc Ihe A l l! deal> 
'" Ilh o"l~ II t>,b at a hm~. lwo pas",," t hmu~h I he A LI . aTe rcq",,,,<l1O "n""nltDt 
a I f>.bll I'I}I'·II aTll hmclie op<'mti(m. Th" i. ",,"uolkd b)' the " "c"'1' '''lUam. 

The colOtrol "Ole <'h,p '" (h,p> e",,'a'n Il>e 22·hil-"·,<I~ rolltrol )))emo,), no. 
<"",,,,1 <"h, p conta;", 'he I,,!!,,, f", "''1ucllc '''g an<l ucculing )));(ro;" ,trUd;onl. h 

~u"oo"oJ 

. "" or"'r 
"~ 
mood ""'i< 

1.S1·II.,.......kI> 
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C<>norul <Lo .. fO!\l_ 

! 
I 

, 

(:",,"QI -
c"",,<>I.odd, ... ..,,_ , 

M"''''I'''''' .... 
~~ 

, .. ,ImI 

Il«wn rep.,<~ 

1, .... ....,. • 
• I ... ""' '';" ....... ,.". , ! orr .. - I 

) 

con t",m th e com,,)1 "dclr~>s regist e , . tll~ conl rol dala rc- ~,,'<·r. "nJ "ropy of th e 
machine ""1"",,,'1) rell" I,-, 

l"hc 1>1 I lJ I,", "I I I he roml",""n" 10000<·ther. IJu" nll tl"cr""l>,rll<,,,,n (cl,-h. the 
C"'" ,,,1 chip genern'",;on !! · bil aJJ"·",,, ""'0 lh. M Ill , I. ',," ' m l , lore i. ~"c""", J. 
producing ~ 22·bll n,k"'''''trll<liOQ, " h"h ', placeJ on the 1>1111 I'he lov..."Jcr 
II) bu. go 10 lhc dala d ill'_ ..,h,le Ihe 10 .. -().d~1 I H bils J!O !(l th~ ~"n"ul chor, n.c 
h,sh ..... der ~ h'b """, ,,,I . pecial II"""''''''' hoard funCI,,"''' 

h gule 17.141"",-,de,. "i ll ,iml'itfi "d hut ",or~ d"u"bllwk al the L~' .. 11 
C<)ntrol url,t: The fi g ~lc ' gno le, ,ndi"idu:.1 ~I"I' I>ou nu"rie •. Ill o ",lure" seq uencing 
... heme dc"""bcu ,n Sect,on 17.2;, "npic"'ent eu III ''''0 nlod"b , O"cloll ""I"~ncc 
wrI , ,,,1 i, pro, l<kd h~' the mic.op.'-'I\'''''' "'que ll'" con",,1 "",<lul~. which i, cap"" 
Me of "ItJcmen"n~ Ihe 111"'''';'''100<1 inn oJJ",,, J~gi"cr auJ IlCrf .. mlin~ unronu, .. 
''' .... '1 braoch..,... rh~ " ' he r forms of audJ""~ calculation ~rc c~",~d Otrl 1»' a '>Cpo"'tc 
tran.I.""n a rra~ Th .. to ~ oomb,naI01l,.1 cn_lI it thai tCnet.l"" 311 add""" b~d 
on Ihc n"c",on,~ruCI")n . the m",hi,,~ ,mt rucU"n Ih .. u,"c",,,,,trucUon progr~," 
""U nl ~r. an" all ,"lerr~I'! r~IP''': r 
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I h~ IrOlmlalion array corne, in", play on Ihe foll ow,"~ occasion' 

o The op<"ooe " u",<lw ddcrm'''~ Ih,' ,I.rl of. "" c""oulinc. 
o AI approp""w I"i\~'. auure>s mode hit' of Ihe mi croin, lruclion a rC ,,,,led 10 

l"',fo.m apl'mrriJte addTc"ing. 
o tn terrupl ConditiOn, arc' lxor",uicalil' It'SleJ . 

o Condi,ional bra",h microin,trudio", arC ~""Iu"leu 

LSI· II Jli",,,in.lrueli,,,, Formal 

The LS I- t t """ <on c ,ITcmcly v~rILu,t ,,,,c.o,,,,Ir",,ion forma l. ""hi<h i, (111)' 

n h'l, "id~ , The ",",'roon,lrue'l;on ,ct ;l.ollgty rese mble, the PDP· t 1 ma" oin, 
,,"lmCI;<ln <Cllhal il imp lc n,,,nts. Thi, d",ign "'a, ;nknJ",1 h) "l'l iTT"'c lhe [l< rfo<
manee of th e cont,ol unit within tile con;trainl of" "c·lIic"1. ca,dy prog ramm." 
u"ign . 'I';'b lc 175 1 i,l, '''m~ of Ihe t ,Sl · t t micrni<t<lructinn<. 

Hgur~ \ , .1 5 ,how, the 22 -oit L~ 1-11 mi cmin>tnlClion formal The IlIgh.()(dor 
~ bits cont.ol 'peci,,1 function, on th" prott"m boaru_ '1 he tran,t..te hit en,,~ lo, tho 
Ir;,m)" lio" arr,,~· I" ch"" . fOf pc"dm~ mlerr upts. Tht' 1",J return regi,kr hil i, u<eJ 
"tllte enu of" ",icroroutine tll C"USC Ih" next mic.oinslruction "udrc" I" he loadc--<1 
[,om th., "durn "'giSle, 

Th~ remaining )~ bit ; "T~ u,.;<l f<Jr h'~ llly "tlcooeJ rnicro __ ol'crmion,. Tile fOf' 
m,,1 i, mu~h lile" rnachrn~ ,mtruCli"". "ith" ""' iable-lenglh op:.;oJ~ and 0"0 '" 
m OtC o["',"tld,_ 

To"Ie 17.5 Sn."..: L'i l II ~'1icr"'n,troclioo, 

"'i,~",<!k "I"""."'" 
Add w",J I ~;<c. 111,·, .• 1) 

1'0" ~",J <hot.·, ,,,,,,.ll 
I",,,c',,, ,' ''' ,,""0 '''del 1>, 1 
" ~ mn' OI ~,"~.",'L,)h'l 

~ ,.~ ;." . ~mJ I ~)''' I 

('",,",,"",, 11 , ;,," 0"" '" I,hm"c"ti hL, 

("".;] ;L "-'", II, ~ ~",J { ~)''' 1 

,'(~I ~'("" I"l"ci w"h '"'ry 
( ',,"",,;, ... lIy.JJ J,>,," 

S,I", ,,'1 ~'o ,J I ",·t<) 

C"",.-"" ~ord i~) ',_l" "';," 

,,,Ix,,,,,, ~""I ( ",." I ~' "h "',,,. 

[)" '«n,,,o' wun] (h,'" ,) ", l 

l.oltitoJ O,..,r.,;o", 
A~D ~,,,J ll».«. hl",1) 

T", ~,~~ i"yl <) 
OR ",,~d,h"o) 

b~ ", ;,'<,O R »"rJ '.[»'1<1 
~"'he ~'o,~ Ihy'd 

~h,r, ~,~J ,1»1.·) ","I (I,'fll ~ ;th l~ill L"u" ,'",,,' 

(''' ''I'"''''''"' ~",J I ~)'''') 

(:<"e"" , r "",,,1o,," 
MOV ~'",J 1""«1 
J ''"I' 
n.,Jit", ,, ,1 i, mp 
Sd ("',",'ll 1l.~, 
L,,,,d (, I ,,~' 

C,,,,o l1 . ,,,,II,' "u\' .",,,1 '""101 
,"""tI, '.rpo' , '1"""."" 

I"p'" ""'" (";'0) 
I" pul "',,", ~."d I~)'''' I 
M"",I 
W .. I,' 

R,,,,J 1_' riLel , ,," ;","="' W"'~ • 0,''-' tw 1 
R,,<d 1_' ;'''1 , oJ i.-, .. "'"",,, "(>l'~ (0"' <1 0:.' l 
Ro<d I~"; l<) "" n,,~'I<J!- c' 

Ou'I'" ~'u<o iOI Lo. st" L'" 
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, 

(_) F"""", 0/ ,I>< t~1I LS 1_1 \ m i,,,,,,,,'ru,ti,,, 

" 

, , 
)ump.dd,,-~' 

COI'>o:litiof'.>I lUmp m"""",tru<hon "",,,,.t 

, , , 
I " "'8'''''' I 

Ut"",l mi<ro;",,,,,,,i,,,, !<mn. t 

, , , 
" "-1;""'" 

IBM ,lOU Microinstruction Ex<'cution 

The Siandaru II3 \t )0)3 COl1lr,,1 memory ,0" , i,1< of 4K v.oru, ' I h~ li" l hall ollho,,' 
{1~»)..07rFJ con!:",\ \I);I-I\il mieroi nsir union" v.h,k the rema inder (OOOO--<JFI'F) 
arC u,ed (0 ,(ore 126-bil microinstruclinn<. 1 he fo, m"l i, depicled in Figure 17.l ~ 
Ahhollgh Ih i' is a r<nher hori7.0nl,, 1 f,,'mal, enC(,Jing i, 'iill extcn,i,·dy u,eu. The 
key f ield, of Ih;r( forma' "r~ sUmm",ilCU in Tabk 17.6, 

' I he ALl) 0l",ralo, on input' from four .kdica wu. U(}[1-u«o,-visib lc rcgi'icr.. 
A. Il . C. and D, Th" miCfO imlfud ioH f( ."nat ,,,'"t"i,,, field, 1m lo~uin~ ,h,''''' ,eg"
leT' fro.m u,cr· ,,,,,blc regi"crs. I",rfo rming a n A LU function. "",1 'l",cifying a user
,'L"I,lc regi.le. for ,wring the re'Ul1. Thcr~ "r~ "1,,, freid, fo, ioaJing and 'loring 
UalJ between regisiers "nJ men l or~', 

The scq ucn" ing m~chaT1i,m [,lI the lIl M 3QJ.l "a, uis<""'cu in ')eel",n 17,2. 
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rl 
I 

AB AC , 
A, B. C, D ,"!i>,." 

, 
", i,h",,,tic 

"" 

H A~ 
I 

I , 
S,"""' • .JJ,.,. 

Ch U CG CH I 
I, I , 

Sb.g. ","0'''' \1 i ><~' II.n< 'Cu, '",'1t,o]' 

,. 113 

oc '" , 
'r .. ';ng 0J>d cond itio" ,ode "''''ng 

Fi ~,,,< 17,16 IIlM .lin3 MiCfuin,lrut1i<.m Form .. , 

hbl. 17.6 1 BM 3m} MiCTo in'lructioll Contro l Field> 

AA(J) 

"'li') 
ACUI 

A ll>.'! 
AH.j 

AI"(.! 

'~ ('{ 'J 
.~ H fI ) 

,' Ji l l 
,\1:(4) 
(,A(I , 

Cql) 

CEn) 
CMll 

.-\1.(11 
R,\I') 

IlB, " 
~Ci'> 
UDI.) 
Ilrl~ > 

Ill •• , 

,\IX C"nlrol ridd; 

1""," A",,,, , ,,,, hm ,.,,, " I d.", "'!'''C'' 

L<>od H "_''''Of r" .." ("", (~ d, ', '01.",.'r< 
l.,.J C ,,,';,,,,' l,,"" "m' ,,/ <1". «'~ i ,'", 

1, ,,<1 D «'W"" jmm .",,' ,,' J,,, ,og,,'m 
K""" ,,~'dri0J ,\ ~ ," !~ ALl' 
K",," '1<'o i (~-.J III,,, t" ,\U' 

'1",,,(i,,, A'.! .mthm"", "f""""" "n " '"P '" 
',w if,," ALl. ,,,,hnld,, 0[,<"""" ,,,, U in pu' 

",,,,;Ii, ·. D '-', Il onP"' ", ALL " " U ,iJ,· 
R,-""e • .""",,1,, ""'PU' [(, ,hir", 
.A., ". ," ," """ 
S.'<'ctlk, I, ~i<' I ,.-oJ ,'", " fu ",',i, ",. 
'1""[;'" -;hill "",0" ", 

1." .. 1 .. "'''''','' 

E ,, ~ "I',,,.'; on ,,-,J i<',hm >"'- '>c" 
,'<c" " ,~h-o,d" "", (1"--<17) ," "'"",, " . d.I"" "P"'" 
'\p«i"" ,,,,,",t!Q" r,~ '''« ''l~ '" "" I '''It''' .. oJJ , .. " " ',,,"-or 
~ '''' ' it''', ","u,t~,,, r" ,,'II i,, " '" ~ ,,j «><1" ... 1 odd"" " .,,,"-,, 
SI~', iI ie, ,,,,J,," ," r,~ "'lL i " ~ I" I(j " I '0","" .,1.1"" "'~ ' "'' 

S PC' " '" "","01 ''' " L,~ "0" '" & "" It "f co ", ,, ~ ."" '"'' " g""" 
""" .,,"'\ ,'""cb"",, f", "'''i''" I" 12 of "o ,,, ,,~ .<IJ , c'" " ~', I ,,,,, 
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17.4 TI 8800 

lhc T",~, I"'trume"" &QXI So/tw,,,,, Ondopmcn, 1l,,,,,J (~OB);, a mic",pw' 
~r;""m"~le 32,),il co"'l'ul". ,'arJ 'Ill" w'leml"", ""I~),k ""'lIrol ,to,e , ,mr l.
,ncme'J In RA~) .a,he.II"", IHI\!, Suc')' a 'ystem ,I."" "01 ~~h,C\'e th e >I"'cd .. , 
de""I), of" mic.opm",."",mcd ,~ ,tcm "ilh " R() \1 CUlll, "I " '''c, II"" "\'c'" ;, i, u><:. 
(ul fur <kwl"ping 1''''''''»''0.:, ;",J (n, cJucat j"".1 P"l1lQoC' 

I'llc &00 SUB COl'"", "r Ihc f<~I()"","g ron11'""cm, (h,llUl ~ 17_1 7): 

• '"erorodc memo'l 
• MI<T'-"'C<lUCnCcr 
. 12·1>;, AIU 

• 11""hnt - j)<m" antlln"'~"r 1'''1<'''''"''' 
• Local d,,'a mcmury 

.. 
M",_....,..,.,- ! 

J2~.1:/S~" -.J 

"",,,,,,,,,w.-odG_ 

"" 
M"",;",,,,,,,_ 

'--J ,-~ 
PIf"'lu.. ..,._, -- DAJ • ..[)ADj 

• " . 
I 

I ,0.0"", I ,I ~ "= FI""~'"..,.ntand ~C1'88 I~ 
"'~" .. "'" ALU ;n,_ pr<><.-.. J """~ .. "''' 

" " l 
-,~ " 

I 
t.o<oI d.o .. 

, 
f'C/ Al ~ ,--J::K.32 .... 

• 
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'I '''' hu"", ""l Ihe ", 'ern,,1 con,!"",nc n!> of , h~ '),"CIII, The DA bu, I"",·id .. 
d.,'" [rum 'h" n,icn,i" , ",ucti .. n 1I " t" I,c k! ([I the ALI , lh" notnillg-polIlll"""C","' , 
o. the "Hc.OSi>'lucncc •. I n I II" lalt," Ci"e. Ihe dala COln,,'" "r :tn «dd'''SI 10 N; uSC<! 
r.". a I>"'~n<h imlr..cl ,or, The h,,, ean .I~I he u,;,;'" ror I h,' A U o. n"""""QucnctJ 10 
I" ,,,·,\k "'a.a to , ~ he J coonpon.,nt" I he S)",'cm Y hu. ",,,,n,'er. the A U ' and fJoal~ 
"",n, 1'''''''''''''' '0 1.",.1 n",mo.), and '" .,.,ema' moduk_ ,-ill Ihe 1'(' inlerrace 

!'h~ hoard filS inl(, ~ n 111),-1 I'C-("<)' ''I'"t,hlc ho" "O"' I,ule. _ " he "\Ht rompul" 
jlro"lIc~ " , u",,,hk r,,,,f,,r,,, f,,' rni or",,,oJc ,,, ,,,,,,,,,)' ,,,,,I dcl>ug, 

Micrdin,' r uct iou Format 

-I h,' microi","""""" forma. lor Ihe mIllO co", ... h of '21( bu, bwlclI d,,"'n inlo Jj 

lu"w"nal fiekh,~. ,n"'"",'ed in Tal>lc 17,7. E""h lid .... ~ ~I'''t' of one or ",ore his. 
"nd (he field, are ~"",p"d mt o fiw m~J'" ~"t"gorie>; 

• C",, ' rol of h<~,,11 
• I!/Wi fl,"lIi"~'Jl<)"H all,1 Inlcge r ph .. ·C'" '' ch,p 
• 811.12 .~g"'c,~'<1 AU ' 
• KIll H miclO.,c ... ""nc.,. 
• WCS data field 

,\s ""li""t,, 11 in I'i~ur~ 17,17_ the n h" . of the WCS d"'t. field " ". J~d '" I(> Ihc DA 
bu, to hoc 1'00\ ideJ ~> ,I."~ 10 the AI I'. n. ~,';ng · j>OI'" l"u","s"T, or mlClo<.eq..cnttr 
The .. Iher % bit. (field • • ·27) of the ",i"rnon~lru(I''''' an: eonlml ,,~nal' lru.1 or. 
fe '" oJ,recl 'y '0 I h~ n"",of" ,ale module 1·01 ~,"Il'hcn) III...,.., ol hc, mnn,,"Uo., art 

,,,II ,11""'n in Fig"'" I 7, 17, 
rh" fir'l , i. lield, ,ie,,1 wil11 ",, ~' ''I'''''' Iha' IIC ,t ;. i" 10 th ~ ",>omo l of th ' 

,,,-,,,",. ' "th"r II"", ~" n troll .,,!:! "" in ,I"·,, IUa l "um I~''''' ''' Cuntrol Ul"""'i ""~ illdude 
Ihe Jolluwing: 

• Sdtt. ,n", .... "'d.t'on "Kk..,. fur .cqu.,,,cc. "onlm l n ,., Ii .. ( 11" .. I tid,1 I UIdi
«I1C. whether I h~ co,,"" ""'" ""f-" til t... "". I" I '" ~ n, nn'" Ihe ,elll""Hng 4 b't> 
,mhcale whid, fI,,~ is (0 he >oct 

• Sc nll' '' g "n 110 rc 'luc" 10 111<' 1'(1A "I'. 

• I.lI3hhn~ 10';") .1:'1" not",my r"a,JJ .. . ,1" "perJl .. ,ns. 
• Ik.erm"''''1( Ihe unil d"""1( Ihe .ystem Y h,,~ One of the I .. u. dC'1en 

.''' "ched to lhe II,,, I"'g .. r~ 17,17) ""dec."" 
I'lle Ia't.12 h," ,ue Ihe J",. fld,1 wh ie!! conla,,' 1I1font1ation ' II .. ,,· ,lk I" . ral

li,'ul", ",ieroin'tru t l"," 
I he '"""lini ng foci, '" "f Ihe mim"",t.u..:hon a rc I""t d"':u~",,d in the cool,,1 

or Ille d~' 'cc Ih"1 they ....,"1"". In Ihe 'em~m.k , of Ih,s ... «;011_ .. c d,,",u," III< 
"'''''''''''qU~IlCC' "nJ Ihe ",gi'I~K"" A' ll. rh~ "OOh"~- ".~"' unil introduces no ..... 
COIICCt'" ,,"<I i. '~'PI"'''' 

M i.-rmcq ue" cH 

The pri"col"" funClion "r Ihc MIl< mi<""':4u,-ncc. i. 10 ~,,,,,,,al" lh,' "",1 ",icroin· 
,UUCllun add,,,,, f,,'f Ih. "'ic"'I""~'~nI ,'hi, L~ h,' pdd,e", i, l>n"',d,'d 10 til< 
""(,,,.'OOc nI.n""~ (I',gure 17,111. 
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"umot'! 
[)CS(" '1" i, "' 

_~== __ ============~,.·,~,;,,;,,~,~"~,,;" '~·~,,~·~·E= --------------
Nom"", of B", 

• , 
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, 
, 

, 
, 
, 

III 

" 
" " " , ' 

" 
17 

e 

• • 

" 

, , 
" 

• 

• 
, 
, , 
, 

,",' I,,', ""\<I .. ",, '''''" ;"pot 

"-"""I,",h,,hl, o""m,I I'O " .""'''' "1l',01 
Eo"hl"'J,,,)'L' , x,1 J"b ""'''''' ' ) n''''I'~,,'' " ",,,,, .. ,, 

l<MJ ,,"U,".Ju 00 l,,' ~ ~ .. u' 

I k«mH"" " M d",ms Y hI>, 

n..'"m"",, ""i, "",i,,~ D,\ h..,; 

1$Ij~7 ~1", .. ln~ l'oi.,l "od I"t<~"' I'ro,..,,,i,,~ Chip 

, "'t"'" ,,,",,,~, ';,d , "" tI<. dod 

Svkct " ,,~L ~fJl i r i<'''''~ ~."" '1l'mtic,,", "''' ,,,' \' I", 
C "",te, " " " <cu",,, A J ", muil ,pic.o "" 

"'-,I", I EEl: '" IA<;T n"ol< I .. ,\Ll' , oJ 'lUI. 

Sd ", ~'""," I" d"," ' 'I'<"oJ>; 1(,\ ".~"",,- RH ,"~i",'''. r ,, "i«c" 
.< "'t"''''t. C " t""" 
Ril re!.,,"r " "",,1- M,d "" '" ", ~,' 
~A "'g""" "",,,,,I; " ~". J" , " ," ",-" , 

D", ~'""' " " •• r""",,,-", 
En"elciJ' ''''''' 1"1'<1,", ,,~""'" 
"",7 AU 'u", '.", 

, 

Wrot, 'n>~"':d ,~,OI,' _b .. " "' P"' '" ",I,"cd "t"",'r """" "~" " ,,,,"' ",II. b>l 
"~",j,,,,", ",It 
'" ,-,<' ,e~i " C" I i Ie- d ,', ,," ,,',' 1),\ "'''- [) ~ "'", ,~ I 1 I \' \11 J X,." 1"''- ,,~" nl 

Y "" 
,IL.I, io, LJ ","i"" moo, I"" 
O rr) i" t"IT~, ••• ,, " ,,~ ,,~ 

," AU' "", r i~u .. '" •• "".1< J~_ 10. "'~ ,", 

><k,', '"I"" '''' "'"'tip""" " r"'''' hk. IlB I .. "" MQ " ',,_L, , 
>" '«:1 '"f"" '0 K ",,,I,,p""" ,,~~"" ril,. DA I", 

',k~' ,,~ i ",', ,0 tile ( ru' ~',iL" 
", I"", ,,'~ i <'" ," nl.- B ro, ,,, ,oJ 
'ie l"" r,~i"" on "., A r.. ~'n'" 

A I, ' ' " " ""'" 

wcs I)"," Fidd 
=-c---c-:-:c- -

'10" "~mf~" o' 0,,, ," ~ ,,'"N, ",,,,,, ,,1 ""," "''' r", IJ 
I ,'" '' "gmt""'"' "", ," "" iI,N,' ,,",uul "''''' &,. lifld 
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The nexl adJre ss con be sdccteoJ fTOm one of fiw "Jure'c" 

l. 1 hc micropro£'om counter (),WC) rcgiskt. \J,,-'d (0' rq>c't (reu", .. m. "'" 
d,.,,) ,1nd wminuc (in",~m cnl "ud"" hy 1) i"'lrUCli"ilS. 

2. nl,' . Iacl . "'hi,h ,upporlS microrrogn1n1 ,ubrout ine ".11, a, ,..ell as iICrali,., 
loops 3nd rcllorns I,om inl~rn'pls. 

J. I h" DRA and DRllllon" whICh pro' iel" t\\'o aoJditio",,1 p"lh_ f,om CXlw1.11 
hord"'a,~ by ,,·hieh microprogram "ddr",,,,' c·.tTl he g~ nO)aled , Th.," two 
pOTh "r~ "01",~~t~d '" Ih~ m",1 , il',,,rkau! ,,,J le",1 sign ifi cont 16 bi,,"" 
Ihe DA I"" . ,",ped,,·c l), . ' I hi s oliow, lh" mic""" 'I"cncCf to "ill"'" [he "'" 
j'bll ucti"n adJress fro m the WCS dm" tidd of the " Llrr~n' micrni"'lruction 01 
from" r",,,1t c~lcul"t"J ~)' the" 1 ,t 

~. f.l.c gi,wr WUlllct> He A ,,,oJ ReB. which can tx used for add,t ion"l ,<lJ"" 
siOrage, 

5. An ",!em"t mpLJt eml" ,b~ hidor~c,i"",,1 Y !)(,rt I" support ,'~Ic ,n;, 1 int cITupll. 

t'igul'c l7.lk i, a I,,~ical hlocl oJiagrom of the ~81K n,C ,kvi"c c"n,i, l, of Ihe 

foll~"·ing prineip"l funclional groups; 

• "I (,·bit mi..-roprDgTmU "Gunter (\II'C) <-omi,'ing ,, (a reg" L,' ,. anoJ an iocr. mom" 
• ·t ',,"o rc~i'lcr "ounk.-, . He A a",1 H'll. for count in g loo p' "nJ itCT","on'. >tOO'. 

i" g h,""eh "Jdr""~'. Of dri,·j"g cX1Cm al Jevice, 
• A 65 ·\\'ord by If>.hil q",k . which "1 1,,w, ",ic,,,p),,~m,,, ,ubfOU1 in ~ calh , nJ 

i"l ,rrupt, 

• A" m'crrul'! ,durn r'c-gt,ICr' "OLJ Y "utpuo c'''''hle for in krrup' P""x"",S al ,n. 
microinstruct ion Icyci 

• A Y oUl l,ut multiplc,c r by whi"h tk n~" ,,,i<iT~" c"" hc selectcd from MI'C, 
IlCA RCB, e' l " rn~1 bLl'", DR" arid Df.l.f1. or the 'tack 

It eg i,1 e "JC<>u" I ~" 

The reg i, t., ,, I~C ,\ "nd HO! ma:>' bc' I<n.d~d from, hc DA hu,. cit il eT fTom th e 
mrrenl mLC"'''''''''c'!,,,,, or from 'he output of the ALD, Th~ ,·" I"e, m" y I", '''''-'0 
as counl,,!,!o control the flL}w of "x~'(ut;on and m:,)" t>c "H'n""lIicall,' Jec.-"mcmed 
wh~n acccssed. The ,," lues on,, }' ,iI>.<J h~ LJ, ,,I '" """,oi",truclio n oJdrc""" to be 
,upph,·oJ ,,, {ilc Y ()UlPU! rTluhLplnet. I nd~p'-'nJe nt control of hotil r" g"I ~ '" Ju"n~ 

a s ingle microi",tIlLclion cyde is , upporteJ wilh 'h e c xc'qltinn of , imu ilancoos 
decrcmcm of hoth regi't ~r<. 

Sl3Ck 

Th ,10" ' "110"" m"ltiple Ie"ct- o r nc·,t,'d calt, 01 i"krrUI'{S . anJ il con be u><."<i 
to ,upp"rl ilf<l1ld"ng O!"J I( ~)pi"g, Kap in ""noJ that the ,e oren»i"", ,dcr to 

liw co"!,,,1 unit. n,,! I h" ""c' all processor. ~nJ th~t I h ~ '1(ldr",,,,, "",olv~d a,c !h"'" 
of micwinstructions in th ~ con'rol m~mor:>', 

SIX ,!,""~ "I"''''''')o'"'~ I"""ble 

t. ("Ie") . " I"c h ,d, 'h~ sl"" k pointcr 10 zao. cmplyin~ t h ~ ,!"ck 
2. Pop. wh ich decre mcnts thc s!acl pointer 



I 

I'> 
0 

t:--

. 
"'.ok 

-r 

M'croprcv'"" In,",,upt 
count", / 

I 
«'U'" 

iJ><mn€nter ~'''' 

DA.ll-DA16 
{DRA) 

DA15--DAOO 
(DRBI 

~, 

"'g;""" /«"m .. " 

I 
Y ""tput / 

/ n,uitlph • • 

..... "m"~ 
odd , ... 

.COO 

• 

3. Pu,h. which put< Ihe content. of the MPC ,"termp' rd"rn regi"cr. or DRA 
bus ont[) the ~t",k ""J LTl ~r",ncn t' the ""ck poi nt'" 

4. Rc:tJ. ",hich make, Illc "d Jr~" ; nJi c~wd 1:>)' the rc,J pointe , ",'ao l;tb (e al the' 
Y o utput multiplexer 

5. H[)ld." J"~h C"U"" I he adJro" of th e , tack 1'(HT1t~ r to remain unchanged 
6. Load 't,ell~ ,intCf, whi eh in put> the sev~ " lea,' " ~n;ficanl bit> ot' DHA to 'he 

' lack pointer 



COI, '",I uf 1\0 1 ""'''''IUCII«'. 

I he m'~"""'1""ncu "ronu"lbJ p"""",I)' by . he 12·bi. fidd ... r 'M- cu.renl 
micro,m' .uctim, field U (T"bJ~ t 7.71. Ihi ' fidJ "",,"s i,l, 01 .h< (oll " "'mg ,uhroc I J~ 

• OS . :I. II 1';11: Ou.pUI _dec. Dc1crminC'> which ";ll ue " ',I! be pJa«:<.l "" tilt 
QUlpU' uf .h~ ",ull,pkx~ • • b.,' k.-.:h. on'o I h~ DRA I>u. (uppe. kfl -hand rot

ne.of r,~",c 17, 1~). The o U'pnl "selce.eJ 10 """e from ci.hc·, Ihe ".ck Of 

""m .c~;'.cr I<CA IlRA .he" "'r"~' i •• inl'ul h> " i'h~ . Ihe Y ,mlpu' mul.;' 
plew. ,If 'O '''!:I''cr RCA_ 

• SRLUH I I hO, I: Selecl DR bu. If "" .... I. II". hil !oC1c~h 'he ,,"erna! IJA ~'" 
'" inl>U' III the DRAIDRfJ 1>"1(\. If , ,, , '0 II, ",1oct' ,lte "'''1'''' of .he DRA 
",ul'iple,", '0 the DI~A bu, (wn lrolbJ by OSI I.) and the c()"kms of Re8 
,0 ,he DRIl 1:>0,,, 

• Z EROI "! ( I hill: I <j;. .... 10 ,,,doc.' e a wnd,!! ... ,,"1 hll,""h. I he ,>eh",';m of thr 
,ni",o't'luc',wa wi ll Ih en depe,,,J Oil Ih ~ condi.",,, cooe .elccte,1 in f,ekl. 
fr~l)k 17.7) 

• HC'...-HCO (3 hi",: Kcgi"c, c"ntrols. Th~", bit. tk .~rm;ne .he ,-han~e ,n .h. 
Ctm 'cm, ,)( regj, ' e,," KC" anJ KI '1:1. Eaclt '''gistor c~'" ",'h,',. rem."n the ..am! , 
,kct~mc "t. Of .,wJ from 'hc DHAII)[tU bu,",_ 

• SZ-SO tJ h;"I: S ..... 'l wnuoh. I~ h'" .... te'''''''c " hid, <l.,~k ope'~l1"" io 
I" he pcrf".mcd 

• M UX1_ ~1 UXO: Oul put """t.uk 'I'll,,,, ~"'. log'" he, ,,, , h 1 he ~(Jnd" i "n "td. 
if us"J. ,', ,,,lrol .he Y OU' PY, muhil>ic"" alld .hc.do ••• he tin, ",,,,,,in' 
".u~1;on ~dd.e", I he multilllc~er can .. ,kd ,,. OUI I'u, from .I,c "ack ORA. 
DRR u' MI'('_ 

l'he ... · l>1t, co n he ",t .nJ,,·,Juall} h)' ,1\" I'ro~'am n "' .. 11","<,,, thi, i •• ),pi. 
~.lIt IIOt done, Ka ....... . b~ progr-,l1I.mn IIM:' mnemon" ..... bal equ.,I ,· '0 'II~ h,. pal
Ic.n~ Iha. ,",ouJ<.i n"m,ally he ...... u"ed. r.hle 17~ Ii,., .he I~ mne,u"n~ for loclJ 
2M, A mimxwe i",,",m~lc, l:o",'c.t< 'he,,", j"", lit" appr')rn"'e bit I'"tlcrn, 

A, an u"mpk .he u"""ch"" INCM~I~1 ,~useJ I" [au'e Ille ne • • n"(lO
in<. ,ue.;on in ....... uencc '" .... ",k"C'cJ, if .be ~",.c"' l) ""Iccted condlt;on code .. 1, 
F .... ",. I ahlc 17X "C h"'c 

n,JCB8:81 

,.hOCII ,j.--co<Ici ""n."'11~ tn,,, 
• OSEL ., 0: Sclec., I( CA a, "u'put fro", I)RA <>u lpU' 1I-l lJX' in Ih;. (~"" Ih . 

<de<t;on .. ".clcv~nt 
• ~t:I_IlK . 0: A< <kilned p.c"ousl~: 3)!l',n .h"" ;.rd~,·an' ror .h" ,""Iruct'on. 

' .I, I<:ROIl' .. 0: Comh'nc .... "'Ih Ih" \·[.1,," for MIIX. ;nJ, ~,, ' c" no branch 
~ huul J he !"lc'n 

• H '" 000: Ketain CUf<cn' \'alue "r RA and Re 
, S .. III : He,,,in cu,,,, n' ... te "( ",let, 
• 'lUX _ II!~ eh",,,,, MPC "h"n condu ,,," cooc 

c,..:lc 0 
lORA ,,'''cn cond u~>n 
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\In<'"wn;,' V.h,,' n.""rip';on 

1(, '1 1<>;1" OO::O:«:O>J ll n Re',",' ;"''' "'l"" 
~I(A""!8 1 UlICOOII ICffl B"""o '0 DRA ;""",',io,, 
IlI(Ai« I~ GlOCOO lll 110 1<",'1< 0 ,,, DRA ;" ,', ""tim 
I~U;gI" 1»:0011 L II H, f ""t;O"' ;", ,,",,t; ,,,, 
1M'"" ,,,,, ,jH ,{I(O Il' '') ('nnt","", in"""",,, 
C"LI'.R ' ~ l 01(> 0)1 '«(" iu"'r to "'0""' ''0'' " ,"",," <pcCil.,d OJ)' 1l~ A 
C"U<,""" UII· t t Jl'Il I I') lump ' " ' uor",,,'" '" ,, (1("<" <pocll~' ~"l' I)~ ,\ 

HEI""l x ()( {I(:<ro ll~rr l Ret",,, j,o m "t.o"io. 
"1.~1l "' 1 ~ ()(tlUtOI IU I II 1\<, 1, ;,,'c'" up' "'II"" .c>J ,,,,", 0"", ,,"". 
f'<.)I''''' lg I tOXIW 1 co.ro Rei" ," )""" ,,,',,'",. 
LUADDRA OO'XllO l ll l lLl 1.,,><1 DRA ,'o"n'" hum DA I", 
l UAODRH 00,1 ,011] , III l.ood DRI, ,'uu", o, 'm", DA hu, 

LOADDRAB ()(.ll 'u l l1 ,rl) 1.",<1 D~ A.'Il RIl 

DECRD R,\ OL[0 11 111 "') Ibm,,,,,' Il~ " c.","", "",I ""m,"" "'" " 'm 
DrCRDRB 1)101< 11 111 1'" 11<","""-,,, I) ~H """"c" "n ~ ~"", h,j ""t " '''' 

R .. gistered AtU 

I h~ ~J2 is" n' ~11 ,\LU "'ilh M rcgiqers lhal can 00 ('o nfigureJ to operate a, fo ur 
S· bit AU ;,_ two 16· l>tl AU. __ , or " 'ingk n ·hi1 AU 

Tho 1lli32 i, controileJ hy the 3~ hit< Ihat "tak~ LLp lick!> 17 Ih,nugh 27 "f the 
Tnt~rnimtr u ct i()n (T"ble 17,7): these are 'upplied 10 the ALL as ('antral ,ignab. In 
aJJtt;()n, a, ind ic" let! in Fi gm u 17,17. the 002 h"' ex lan"1 ,:onncc1 ion, 10 th e;1Z· 
bil DA bu> a nJ lit e 32· bil ,}"tOnt Y hu, _ Inputs j'f(}rn 1!J~ l)A Can I", pr"",J~u ,,,nul· 
tancou, iy as input J ata 1o lht, M-,,,,,J ,eglSkr fik anJ 10 111 0 AUllog ic mooule_ 
In pul from Ih~ ,)',t"m Y bus is r,m'iJcJ 10 Ihe ALl! logic module . Re, ulls 01 th ~ 
AUI 'mJ ,hill ,,[,,;ra tio n, are output 10 Ihe DA bus or Ihc ,)"tcm Y bu" It"u lt, 
con a1>o he [cd baclto tI\~ l1)t~IT) ,, 1 re~i'kr fik_ 

Th,ee &-bil adJress ports " 11 0""" two-o]l'<-ra"d k td anJ au <>peranJ ",ite 10 
he pcr fo' mcJ "'" hin Ihe r"g"l~r file' sim ull"n~ou ' I)', An ~1{) 'hifwT ;lnrl ~I Q r~gj,. 
ler ,at) al,o be configu,ed I" IUlICI ion mJq>Clldcnli}, I" implcmen L J')Ubl~-prcc i"on 

~-bi t. i6-b it. ~tld 32-bil ,l1 iH operation,_ 
Fid<h 17 Ihro" gh 26 01' ~"ch mino in'truction n>nlfl'i lhc way ;n which Jalo 

flow witl" " Ill e RK'12 and l>Ch\'e~n Ihe HKJ! <Inri til e e'l~rnal c' n,' iromtt~nl, I he fie lJ ' 
a,,, "' follows: 

17. \\ritc "nallie. Th~sc two 11m >I",et f}' wrtl~ 32 htl', ( H \6 "",sl ' ,g,,,fiC" UI IlI1>_ 
OT 16 ,""'t ,ignificon t hits . 0' do not wrile illio register file, The deSlination 
reg"te , "JcfineJ h)' fidd 24_ 

1M. Sdect Hc~i'k. File nata Source. If" writ~ i, to ''I<'" "r 10 Ih c ,,'gi'l~r file-. the", 
t", ,, hits 'pe<-ify the ",urce: OA hu,_ o n bu< , ,\UJ O\Jtpul, 0' 'y,lem Y bus, 
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19. S.'(I 1", 1,,,'1, .. ,, \tQdifi ..... sl'""r .. ,,, OJpl..:>n_ roo" ..... nm): . .. pplym~ end fiU boJ, 
"nd readmll bu. I hal 3re 'hiflccl dunng _hlfi 1"'UUeIlOl". 

ZO. CMIT, \". I h" hu IOdieale, .... hCl hcr " h'l " can ,cd "'h> the AU rur th,,<if'(" 
",ion 

21. A I.L' C''''fi):'' r. I ~'n Mode. The ~~J2 "n" he (o"fi~uteoJ 10 "pc'OIC "." "ny, 
32· b,t I\LII. I,,",' 1(,·1"1 A I.l ". N lo ur lI· hil ,\Uk 

22. S !nplli. The ,\Ll) I"~ic mooule iapu lS ",e l" o'iJcJ by lw" ",lern.1 n,ul(i. 
pi",,,,.. "·["" ,,d II.> a, Ihc Sand R mul1 ' rlc.er" I hi, field ",lcclS the inp"1 '0 
be rro,.....,d hy the S ",uh'l'lewr: rc~"ler fiLe. 0 11 hu •. or \10 regl>lc,. Til< 
.ourn: reg,sle. " defined b)' ,,,,10.1 2~ 

!oJ. It 1_1'<01 . Sdcci> inpul 10 be pro. ,detl hy I he R ",ull '1, le.c. .e~.I~ICf fik or 
1) , \ bu •• 

U. ])eo.1'n.litHI R''l'"e •. Address of "'It" I'" ,n 'c~ .. ' er file 10 he .. ",tl r". Ih' dM
lin al,on <'1'e )""d. 

25. So .. ".., 1'I.·~ •• I~r. ,\,Id.c" "f'"g i, ler in '''~ i ' l cr file 10 be' u"' ... I,,, Ihe ",) ur~ 
'-'1"""n,1.1"''''''lcu 1»' ' he S IT1lJlI iplncr. 

26. S"",,'c M'·~hl~ r. Add.~" 01 regiSier n, r"~Jjl cr role 10 bt u>cu 1m the >Witt 

"'''' ' and. l)lo"dc,J hy I" e R multi plexer 

Finally. r",k] 27 ,. ~n H·b" OJ><"o.k Ih.,l ~recifiC'S Ih~ .IIlhmc';. or l"Sical fur.; · 
ti"" 10 be f'Crf",,,,~d b~ Ihe A U ;. Tahle 17.'1 "-,,, Ihe tl, ff .. r~'" (~"'ta"on_ Ihal t'U 

he pe.r"nnctJ 

'lot, 1 7~ TI"II12R " "~ " I"TC d All' I "'('"0""" I Id(r Id17) , " 
(.'i"~' 1 r .. <I"~' 

Arm 1100, H.S.l .. 

'LllM Il "-C ,'1orR,. \. '" 
<illS 11"'1 , .,,'" SI • Co 

IMC «~ S d._ 

l M~~ IhO:'\ \I-.OT Si ' ('0 

I ~C~ H .. '" I( , c" 
I~C~R 11 107 I'W I'~., Cn 

....:"011 «M ~ )011 S 

","1) II""" R ""D, 

0' «~ ROR~ 

'M ~II «~ R""'''1> S -
,",'OK IIO(!D R "OM' 

I "'<"~K 11 1(>[, , f'<OrRl tI~nS 
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(." .. ~.l r •• <.~ ... 
'" ,,~ .0."'_'" """ .. "~k ('I'~""" .... 1' 
~1Ii\O lI'm Anth..."" nih' ... ," .... ,. "' .... , ... 'h," 

~:l_ IIno '-"11<_1.,.,., ""~ "'O<>~~. ,M, 
1)11.1) "' '') l"" ...... ,.,h' ,10001>10: I"""" "" .,,, I, 
~tA m.j() A,i,hm"'" I"', ~"Jk I"'~'~H" ",",I, 
~1.i\D III'" A","m"".,1t ,I""N.' 1"0<""" ,h'" 
'1 -' ' 'UI.) Ci "01., I.'f, " " ,. 1.; P' " .... ' ," '" ,I, 

~L('I) lum e>.,,,I,j, kl< ,~," I;, r><""'" ,h;(' 

'In !"-~ (,"',,", ,,"'" ~",k' rl""''''' ,h ,l, 

.',MfI' ,,~ (,"""-I ,,~, d, .. hl, I~W"'" 'h'" 

\lo\R~ H_I\O Anlh .... "" ,,~hl .... ~ 1>10 «, ... ,-1 

"M' 11,00 '-¥»l n,p' <h~, \10 """,I<I 

MQl.lI Il~ u'P"'l kl' ,hd, \10 """"'" 
-

i'otO'>L..l- ",00 (,,,,,,t., kh -",d, \1(,) I<V'<I" 
- -

U).\I)MQ II.EO t.,.,j \4<) ''''''.,, ' 

I'A'~ IloAI ~""''''llt,o\ ( ... , ",",,, "p.,-,., .,,"' 
(;" .. ~ • .I 1' .. ,1;' ." 

,I- 1' 1 ,,~ "'! "" I 
~,IQ 11'1 ~ 

"" N' " 
1111 Iloz" ''''M I 
<00 1lI-'>' T .. , bolO 

"" 1tI-llI At...~YI< ".,'"' 

~Mn- 11I' K ~'!!" .... ,.,,-~-' ... I'k ....... , 
....:~o,,' -

,,~ Add """"du" 
"'H' Hil~ 5."" .. , ,-... .. ". 
~;,,"[) ,to"" [hte..JJRI"~ 

INt,,, II • .". ~)OC ... "',." , I,,,m II 
-

'NtI'~ 1f.A~ B)I" . "h',.., ~ rn." ,\ 

IJ IM S 1! .Il~ lhl< """,m,'"' ' 
IilN( '" II -C~ i<),< ,,,,,,, ,",.,, ""."jl" ~ 

AX()R Hoi'" lly" XUIl ~ ""d ~ 
-

IIA~I) II'U U,kA~DR ...... > 
H()I\ «- B"I_ OR It .nd $ 

-
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, 

(;",up 4 I F""<11". 
, "' >10'" Cyril< [o.l un", ",) ,1l,,,,w .",'u n, 

SEL lfoW S<I,,,, S ,,' II. 

S"OR~I If. N S i"g~' h~Lh "om",',,, 
D~OR\I II - ~ , , ~'""'" I",", h "Om]"" I<' 

TJlVH H·.o;, U i";j;o ,em, jn.],'t !i, 

SDIVOF H' <;;J Sip"-'" " i ~i<k ~u," i ,", 'i, 

S\lI ;U H""" :"P"'~ mo'''pi)' '"or," 

<;\11;1.1 H <')fJ S~d ", ul,irt' ,o, ",i ,,,-,, 

"ll"I'< )I "<I(J S",,,,J J i,',J< '"'L i.I,," 

'DIVIS )1 >\0.1 S,~",'J .1 ,,,,,1; , ,,.,1 

,IlIVI " ' AI) " g"',j ""',d<.' n .... ''-

I.IHVI' .. ·~U I;"",,"," a" 'i "" " ,,' 

l; lJIVI ,,~ I;",""n,d J" ilk "",,', 

IJ\IIJI, I Ilm<) l;""\\flC<I Il1" i1tp l), It",,,., 

SlJ IV I'I H:EO "",,,'d .b, i& 0<" ""." 
lIDIVI'I mro lI", i,.oo u,,',",' t" m",, 'o 

(;",up 5 .,,,,,,,j,," 
LOADfF ll.,lF L,,, d ",,'~k'B( 'I) I I' r _f lc,,-,. 

(TR fl. I f n." 
DU\lPlT If . 5r OUL!'" .1"".1,,: 1,(1) iI 'p_t l,,!,, 

B<:DI" ~ HoW Ill 1.> '" " ,"'')' 

F\1HC H' "F Em'>! J by" " " ,,~,.'" 

EXJC HoW Em~' ,1 "J~,t "~,,-,,I '''n 

Sill\'0 HoAf ' W><,I d"',,,, <""nnw to' " 

Bli'-EX) )1 <))] ~'Nf)' , ,, c',-,.-,,_, 
~O~" I Jl oW '<0 "1""4(" ,,, 

1\, on examp le of lite codin)! LlSc,i [0 'l><; ci fy fi ~ l ,h 17 Ihr.'u gh 27, ,<."" ide, Ih e 
""Irudion 10 add Ihe conlents of regi, te, 1 to '''g i,ler2 ond pl"ce lio<.' ,.",u ll '" rc ~· 
i,{er J. T he 'yrTl i"oh~ ""truclion i, 

The a<sc ,nh lct' w,lll ri"" iatc lhos in\(> tnc oppropriate bil patlcrn, Th e' ind ividua l 
"o"'pon <'nts or the inSlrUC{;On ,o n he Jc",-,,, I><;d "' r"lIo"''' 
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• CO""ll ,, ' he baMe ,()I' In"''',';''", 
• I-';eld 11 71 i, changed to WELl I Iwrile cnab le_ I"", ""J highl. ,(J Ih81 "-'2_htt 

re~;,kl';' wri(ten in,,, 

• Field 1181 i'ch""g~d to 5L:LkFYMX I.) ,dtd ' he k~,I ~"," l from Ih~ /\I,L' Y 
\lllX U\ltput . 

• Field 1241 i, changed 10 J", igr", l t rc~;'kr R-' fm the <k.,t;n'i(i"n rCl'."tc,_ 

• h~ld 12.~1 i, ,h"ngeJ IU de' igno tc ,eg i,l,'r Rl fm one of the ,0Ul'ce regiSk"'_ 
• Field 126] is changed 10 d", ip '"tt ,c~i 'kr RI [nr ''"e oflb<' wuroc rcg;,kT". 

• held 1271 i"hangcd,,, specify an ALU opc',al ion of ADD. file ALLJ ,hilte, 
i n<truelion " 1',\55: ,hercf<)re, I h~ A LU "u(p\ll i, out ,hitl~J by 1 he ,h itkr, 

&Y~r"l po,n(, ,"" be made aboutl h ~ ,ymbo li,' nmalio" It" nlll "eel""""Y In 
'I)l'oil), 'h" fodd num l",r for con",~utiw fidJ,. Th"l is. 

CT,~ l l I il . '<EtI! , 1 ~ 81, J3L ~F!'CX 

because 5ELRFYMX is i" fidd IR 
i\l.U in,' ructions from Gmup I of T ahle 17_9 mll.,{ a l""),, he used ,n W"jUHC_ 

{ion" ,110 ( ;"'''1' Z_ i\ I_U ;n'trlK"tinns from Groups _>-, mU~1 not Ix' u",J with Gr,)up 2, 

17.5 APPUCATlONS OF MICROPROGRAMMING 

Since Ihe intmduClio" of m LC"'l'rogr;Hn T11 i n~. "nJ "'I>ccially ,;",C the lal ~ l\I6(ls. 
Ihe "l'pliealion' of micmpmgram,ni ng have bu,'m~ mcr~a"ngl}' ",,,;ed 'HlJ "· id, , 
'pr",d. ,\, ~""y ii' 1<)71. m",' if nol "II of Ihe COlltempa'a'y u,e, of micro!,r,) , 
~,ammin~ ""'f~ HI ~ .. i(kn,·c 11'1.. Y N7II. S"tn,c4u~nt ' '' '''9' d iseu" es",nlia lly I he 
S.1 me sct 01 app li cal;o", (e _~ . I H i\ I 1S&l1), Inc >-et of curr~nt "ppli.:al ion, fOf m;cro-
rr"gr;,mming include. 

• Hca lil.a1ioll of conl l,mer< 
• !.mulal ion 

• Ol>c" ' m~ , )"IC01 '''I'pun 
• R"oio/,.,t"", of ,!",c""l ' l'"rpu'" de\'i,e, 
• I !igh-k,·d langu"g~ 'HI'I'Or( 
• Micmdi"gn,"tr'" 
• lI"'" tailnring 

Thi, chap1C'r I"" 1x;~Tl J~yol cd to " disc",,,ion of INlh!!;"" of cuml""" ". 'Inc 
T11KrOl' rog'''l11mcd appm"ei1 otf~,s" ';-'{cma(ic tcd""'lue f"r ,'on{,,,l un;! Imrie . 
me,,'ahorL A rcl"{cJ t"~hn i quc i, """,laI;"" IM ALL751 Emul"lioll refers (o lhe 
U'" of a microprog'am on On" "".tlll ne to cw~"k progra"" urig;n;oll)' ,,·,;Ikn f", 
"no(her, Th" mosl common usc of emul"t"", i, to ,,,J u,,,,, ;n n"~,"{ ll 'g f,o"", OTle 
W"'pLlTtr lu nnolhcr, Th;, is frc<j uentl)' done by" "cnJor to ma ke it ea,i"I' fm exi,{-
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(lit! e""omen. '" (roUe;n olde. machtO~ .. tm "~"'~r "ne'. Ih .. , ma~",jl. a ""'<h to 
a nolhe r '~ndo. unall r,,~I ; "e, l <en. .II e oft~" >u,p,,<~d 10 filld oUi ho .. · 1",,& ,II" 
Iran"""" 1001 Ma). around. One ,o(>wI"\er [MALU!..~I ""IN Ihal II "a< <11111"* 
"h .... ,n 19X.l lo find an IIlM S}"cnl'37I1cnwblm,. an 1ll\1 ]-10] til .. , "'" ph}""'lI) 
rcrliK"Cd O'e, a d~,,~d~ alld a h~1f ca,her 

I\n<Jlhe, frui llul U,", of "'K' IlI"<'II'amn",,1' Ii ill the nea of QI"''''''''~ "·JInot 

j"Pl""'· 'hr"lf',ogr~ms call he """" '" ,,,,,,kIllen! primil i, ~s Iha! . tpbo:>! "nl""Mnt 
.... mioll. 011ll ... • . .. 1111~ 'y"cm "'(I "are. I I", teeh"',!lI< C,," 'imr lil~ the la,l "r ''1'<'. 
alln~ sy'lc m implomenl.""", and ''''!''u' e "r<:,;,u"g ')'''~1TI p.;r/",m""C", 

\j'c,",p'''grammjng'' .. ",,1',, 1 "< " "dllcle IUf ""plo'''Clltlllg '(1)1",,;,,1 I""(><)1f 
,,(·,,;C~,' th.,1 Ill")' h" incu'pomtrd ",t" a h,,,,1 '·""'r"le). 1\ good "'''Jllpk "I till' (, 
,I ,1:11" ~omm U'"~"tl()Tl' h();1rd, The 1"",rJ "i ll ""n t,,,,, ," ,,\>in microp,oce""", lie. 
e:. .. ", ,t " be ing "",d (m • '1',,,,,,,1 pur jX),,",. 1\ rn:. ','; ;~"'" \" tmpknl~nl '"me of ib 
r "nCIl"", ,,' r"'n"'"'~ '''her rh.m ,,,h"';<T"1' 10 cnharKe peffol m,,,,,:~. 

"'¥I'·I~, '''' /""g""X~ "'1'1"''''' ,In''lhe'' (,u,lf,,1 M<a lor Ike applicatIon of 
""~"'I""",amming t...:hnl'l"c', """0'" (U"(I(Oll' .".1 dala 'ype' can be imple. 
menleo.J d .... ,"I I)· in firm",a"". ] he ,~">"It "lh~' " ;, ca,i,'r 10 colilpll~ Ihc prOf.ram 
Inl" an crfK"icu, m""h'n<: language fUI IH. In elk'C,- Ihe m~chin~ 1311!'U.J!.<' .. 1.,kJRd 
I" mcel ~hc need> o( Ih>! hlgh ·k~d l~ogu~ItC fc.g.. I OK I"K/\N. COBOL. l\<Ja). 

'ilc-roprogrammi,,!l. call he u""d 10 '"PrO" the n''''"'"nnj! . ..k'~'Cl~"'.lIOOI •. 
li"n, and rCI""r or "yslem error< Th~""" rC~""e~ arc h ...... n as IIJN-r,,,li"X"""U"1 and 
C~1l ,,!t"lfican! I)' enhancc I be ».,,< n. 1l);",lIe,,,,ne'<: I""'h'~·' 'Ilt;" approach all"", Ih. 
"'Iem I" f<COI\fi~"r,' ",erl "h~n ' ,,,Iur,, I> delected: rm ~'amplc', if" h'~h .• pew 
tIlulTlploer " malrun,lionlllg, a n"c"~"'-'I:r~tIlm"<J mu llipli~' call lake ,""' 

A ~"ner,, 1 categllr)" of apl'l",,, ,«.,, i, "ur ",il",i,,)!, A num""( 01 machlllC. 
1'1'<",,1c " ",,,,,,!;It· ""!llmi .\1,,".' Illal l<, "cot\1'tJl m""'m~' im pkmcnt<d in fll\M 
r.lther th,,,, HO M, "nd " liow lh" u'~r Iv ,,,,Ic microp'''g(" n" . (';e"",,,II)'." "cr) 
verti cal. Ca')'.I". LJ'~ m;';,oill'UUC\;,," <el i, I"o'"lcd , Thi, olio",> the u;cr 1<) t.i lo, 
lhe "'"chin" 10 Ihe <.I~","<J :opplic.tll)" 

17.6 RECOMMENDED READING 

1 he, •• ,~. numl><-r ,,[ "'",k. ~~'''I<J ,,, ml<,vr"'I'rammln8. l'~lhal" lh~ ",,", ...... pt. 
i><n", . " II. """PHI· ISEGI"II] P''''''"h Ih< [uI ..... ""nI31. "r m"""",,d'Qt ~,,~ ,'''' ~<"l'I 
vi m",,,,,,>J,,,1 '.""rn> b, m~.n. ,,[ • "<1'.~) >IOp J""~n ,,1' a ";mpl~ II>-h" I .. ' ........ ~ 
]('ARl9t>1 al .. , I""""n" Ihe "",'" "''''''Ph """~ ..... n,pI..; ma<b,ftc. I PA RKI<YI 'n,1 I mOll 
1"''''1.1,'. de ... ",.! ,1""",,1''''''' ,,[ Ilk- TI HIll)! ~'~" .. alc O<"< k'pm,'nl Board 

C,\ R·I"H\ l'.no,. J. M""'>pm.".", "«hill'"",,, ami Mm!p"'8'"",',"ng. I 'f'I"" Sad<IJ~ 
RI\w. NJ: Pronht< 11.11. 19'11>. 

U 'r-./.."9J l.yn<h . .\1 . ,~krvrmKm"",,,d ,1M' M",'h"" fJ<!il?'" B<xa ~"!I'n. n.: CRt" 
Pre .. , 1m, 

P.l.R!J.l1':I "o,hr. A .. and Il.millrn. J " ~ " /""xulunl"" ,,, Miu(>p'<lKmmm"," .'HI, 
I'-,Uf;'~' I)<.«'(J~,I f,,, ,"" J'''~I I .... rnm'''.l,t S -\'7411 Cf&OO ""f""" .... /J" clnp~"'''' 
/1."",1. 0,""". TX ' T ou, I""mr""n(, I~. 

SfGh~1 Scgu.!l.. and Field. J ,\I" "'r"'-\.,.,,~rm'~J ~11<1 C""'P"'" ,-tah;rfC<l'" N<a 
YOlt ..... "c),.I9'l1 

n M T,,-,," 1,,"lrunt~n" 10< .. \ '7411(' /lIN 1'"",,1. /)Q,. M""HM SC'SSIlItoC. 1'1'10. 
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11.7 KEY TERMS, REVlEW QUESTIONS, AND PROBLEMS 

'"""!"~ memo,y 
",.",,,,I .. cord 
r..m ... a,~ 
h •• d m","",'~'."'m,", 
"",;..,.".1 

dlrtr{>r "'n,"'"", 

n,kfQin,trurtiun cooodiul \ "'krt'l''''£f" mn",~ oo""ui 
,n k",uO$tfU<IU", cxoou! i"" "n" 
mie •• " .. ,,'*'("'" mitrO['<Vjtf.mming lan~ ""go 

"'y,,.,,,,mg -.0(1 m'''<>p'ogramm,ng 
m"'ro'n>l' .... im>s ''''I'''c~«l m,ct(>,nSlru<1i"" 

11.1 IV"",,, 'lK' Jiff"o, ... ·,· h" ' '''''11 " h",~" "C~ ''' 'r len' ""''''" 'n " ",I " ",i<;'''I'T(,!,," mo,,,~ 
jmpk,,,c,,,,,(j<!n 0/ " ''',, ' ,. d LJlH' " 

17.l 110)""'" .",,,,,,,,, .. 1 ."",,,,,,,,,,,,,,,,,,", ""erl"d<~' 

11..1 .... ~"" lhoc pu'r<"'" oj. "'nuol men'f.ryl 
17..1 .... b~' ... ')'p,e~t ",~,.:r'ICI; on . Ik: "<",,ion of. M"",",.I n""'''' ... ''''' .... >n .. 

17~~ \\ h,' .. 'hc dl;lo,cr'lCl; 1"""00" , ..... """31 .nd yc,,>«>1 ,mcmon"IlK'''''''' 
r 1.1> Whal d'~ Ihe I>uIC , ... ~. I""I,"""'~ ~) a n"CO'~"up1Om""d ""'If'~ ""ii' 
17.7 W~>I" ,~. ,hrk",""" hc,,'wn l",ckoJ an.! un".dc.,J ".""'"n"" ...... .....,.' 
11.11 Wh., i, ,he ,j,1I0fC"",' ...... ,.,,"~ ",,,,I ~....r ",fI microp"w;"n'mo~" 
17.' \\ hal i_ ,he J,II<ccn« t.cl .. "n IUJ",, ;, .. ,I .,M,I ,.,,, ... 'ur., <'M,~I'''g'' 

I7.IU I~" """" "' ''''''''" "rrt""I;"", of ", i ''''pf()g,.mll\'''~, 

!'roble",. 

11. 1 rlo."'Snioc lhe 'mplcm.nl~""n or ' he' mul"rtr ""'rue!"", ,n 'he' h' I~~hc'inrl """,h,no 
",,",~rI<:<l '" \\',I~c ... I I", n."""~ ~OO • 110"",1»" 

17.2 ,\>'"m~. m><,o,"'''''<'''''' tid ,h .. ,nelud" a m.,,, .. n," .... '..,n ",'h ,b~ r"I~' .. ,n~ 
"moollo; Inm, 

11 """ :J.R. 'T. ) bL~~ ,All' 
"C, ,,'h,' ,i~n hu "I,ll< ,,,,,,"",,,10,,,, ,n.J ( -.. " ",,' , I" , (,,,, 'c .... " h,b ufll,;: m",r,' 
j'''''oc\i()n, U. i ,, ~ 11", ", ,,,,,, in,"u,,,,,". "' ;' "., ",i"'''I''' 'it '''''' II,,,, implem el1t<. 
H, ,"",I, I<c~i'kc M iou, IlHI. \f I ",.ch""" on," ""0;",, ... hoch h"""b O' ;1 'no ."C ;, n,·~ 
. ,"'c, ,\»un,,' 'h." I~ " C, '1\I"u~h C. (>1 'h o m~',,'i"'lru'''''" 'I""' ,fy 0,,,,,,, 1).-1 ,,,,, 0< 
m"("-'~"" .1i""" 1" 1"""" 'he I''''~r'm ,),",1>.)/,,'>11, 

17_' ,\ "n'llk ro''''.''''' h ... I,,,,, n"r" ph, ..... ,,, ,IS '"",,"''''''' .... d., kl<h_ ,nJ"O<1 ... 
<u'c, »nd ,n'e"up' T .... I h'l n.", '''''''~na .. 'h< <un"n' ph."" In a h,uJ""ed 
'mpt~m~noa,,,,,, 

• • Wh. ~IT ,he.., Ib~, n<cdo.'il' 
I •. Wh, ~rc lhe, n .. ' n<,dc-.J .n a fDlCmprouam'''' .... """Irol uno!) 

17.~ ('"n.i.!cr , he ",,,,,,,,I ,,,,,, "I , 'S"" 17.7 .""<HOC (~ " ,II< ""on .. 1 ""'''''''', " 24 "'" 
.. Kk n.c C("'t"~ p. ,II"'" <Ii 'I>..' n"<""n ,,, ,,,,;"'n 10m"" ",I""k .... inh.' ',,"u rod"'" " 
"''''f''''''f'C,"'l(~' f,dJ ,,[ , 1 I", 'fl<'< ,f,,,, 'he micw "I"""'"'''' (,. h, f'C,lum",J, ,\ " 
" Jd,"" .d"",,,,, Ik l.l ' l""· ifi ,·,,, """ ,),,,,," . o;",d no lil o fI,,~,. ,hal will c. u<c " 
"'Kr'H"",..;:, i, ", [" ."",10 1'h,'f< "f< " ,~ h' n,,!'.' 



... II"" .... ny bib.T< '" .he .d<Jrc .. , "" "",," r", k!"' 
I>. II, .... m.o)' .... , ..... ,n .he .~~rc .. ti< t~ ) 

c. Ilh., "'''''SlN "r,he "",,,,,,1 roc",,"'" 
17~ 11o" <"On ull<"Ond",,,,,.II>r: ... "hm~ he olI'n< u."", .he cj«" ...... a"<'" 01 ,he r ....... ' 

r,ohkm" 110 .. Gin "'.nch,n, he ."...J.~, ·n .. , '" ~"",""I><:. rnic'o'.'Ir ..... M .. ,. 
eI...,. ",K ."""if} am bn,""h <"OIld" M.nal '" unooo,hll""al 

17.6 lIe,,',"/' '0 pro"", ~ " .. ,,,,1 ,,,"d> f'" ,.,...., ", .. hoi.., , .. """',,,," roW"", .\1_,., 
''''''''''''10" 0(lC0'j,o< ""'" ~ hu .... '" <"V'''''~ ""'""If}' h" HI14 1<.<1'.k Su",,", .... p
I~"~ f,om'oc i .... 'H""" .. rc~ .. '., '0 ,"" c,~""~ :td.:J,~ .. "'!",'cr 

11.1 An .""",kd miuoinll,uctM'" (, ..-... " IS , .. h"....,d Sho,,' h<,w a 9 "., micrn ..".,,,,, .... 
loc ld " " ",. d"' idcJ inl0 .u~r"k," I" ' l",,,,f),,,,,, J il fc",nl .,,;"m, 

n.N A I'"" "",or h,,, I ~ ' "",, ' C". "" AI.I w,lh 1" I''i'k ,n,l 1" ,"'h"""", l"m' I,,"'" ,<>.I 
" ,I"f,,·, ~"h ~ 01"';""11; , "II ''' ''''c,"",1 II)' "" """,,,,,1 p,We"" , h<J' DC"1-" ' 
mimK""'n,,,' ,<>" rorm,' ", ' 1"''''')' Ih e "a, ,,'u, 01""","1"" '" " Kl' I,,, til< 1''' ",."u 



Parallel Organization 

FOR PART 

n.c final pari of the book 1004 at the ilK'l'(3.\.n,ly import ... , area of ""ralld 
o"", .. iulIon, In a paraDe! organization. ",,,Iuple pruce~1\& unil~ ro0p',.ale 
to U«ult ~rrl""II<>n., Whe.cu ~ !<Up<!n<:alar procc:...or nploit. oppor1u. 
nille; rv, parallel c~«UlIon M Ihe Intil . UCI,,,n Incl. ~ parallel ,""""",ini\ 
orgamLaIlOn 100b for a l!'O<SC' k,el of parJlldl>rn. one Ih~l enable, ''''Il 
[0 be oone in parallel. and cO()pcrnm'ch', by mulHplc I',oceu.o ..... A numb<:r 
vf ,slues arc r~;scd b)' SIX'\> org."n".~ l i(ln~, h .. 1 c~all\pl". i/ multiple pmcn
wr~. cOICh with it' Qwn cache. Ihare """eM '0 the S" Ill" memor)'. hardware <It 

IiOflw~re nlcchani'ms mu,;! be cmpl o~cJ ' " Ct1 ;urc lhal l>o:>Th I'fQce..or. sh~rc 
a >,.lId ;"" .gc l)f roa m TlK mory: Ihi, i, k",''''n~. Ihe cache cohcr~ncc proh
lem, This d''''8" ,,'uc, and other.. j, explored III Pari ~ .... c. 

Ch apte r 18 Para llel Proceuing 

('h~l'lt' I H r'o,1d~. an 0"" .... I~W of pIIf~lIti rr<><:n"n~ romo.lcral1OM. I hen 
!h~ chapter loot. at th.ee app.oooche, I., QJl!~nll"J\j!: multIple ptOCe»<l,.' ,~nl_ 
metric muhjpr"""»or~ (S"11'). dUller!. anJ n<lllulliform memo.y acce .. 
(NLM,\) machine.. S\lf'. anJ du'te.~ arc !he 1,,0 m.,.! comffi(>n WlI}') of 
or~MI;""~ mullipk proecsson to improve pe.formane.: and a'·~il"l>ihl}. 
\/UMA I}"lem! arc ~ more ,"«"ot ""'''"'Cpt thill h",'c not y~ l achieved " .. ie
li'rc~d commercial suc<:<:"" bUl thm , IIQW """,tderabk rlOm;\<.·. F;"olll. 0,,1" 
Icr I ~ iwil "t Ihe '[leC;.1i1e<.! "'S.nit.11ion knOl< n ~! a ... ~"tOf pt\JC!:soo.-
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• A tradlllOn.1 ,"a~ IQ ""rea"" ~lsL~m pcr1{lmla"C~ I~ (0 Wie mulllpl~ proo.:.
<{lrS ("~I cao uecuLe in pardlJeI to '"PI'Or1" g"cn "ofldQad, The 1 ... (1 mo", 
COlnmOn ",uhiplc-proce-wr organi,,,tio,,. Bft 'yo'menic mul!lpr<>cx:""'", 
(S)"fP, j "nJ cluMe". \fmc rc<;c"tI~. n""uniform memory ~~,,~,\ (;"IUM r\ j S)~
Ie"" ""'c been intrr><.iucrd OOmm<'Cilll ly, 

• An S\IP t"nSIII, of muhlplc.'imilar p'OC~'>WI' .. ;Ih;n the utile compultr 
inle,ronne<;lCt) by. bu~ or some JI)II 01 \ .. Ireh)ng amtng..>~l<'III_ The Ifl<)SI ((ir· 
icaJ problem w a.Jdreso io an SMJ' '"' Ihal <>f ~hc <"Qbercntt_ Loch 1'l'I)f;QOIQI 
",,' Ib O"'n ,·ache and!K1 il is poMible f(ll • gi,-en hnc of data IQ bc p' ..... nl In 
ntOre tlmn un~ cachc, If ~ueh a hne i. ahtrcd on one ClIChe Ihcn bolh Rilin 
memor~ ,nd Ihe olh~, cache Im~~ an in> ahd "cnion of Ihal li nt. Cache rol1cl' 
Cll<'e prtllOCQI, al~ dcl'pcd 10 <"<:Ip/' ""Ih Ihi1pr()blcm. 

• A du,\~' " a group of ; rl1cfconncclcd. w""le ~"""'purc", w",king to~elhc, " 
a unified c(lmputing ,ewurce (hal e~Tl e'e,lI e the iIlu,io)n !Jf behlg OIlC' 
ma.:hinc, Th( IUm ,,'h,,/~ compl<lu means a 'yjl~m lbnl call ,,," 01\ IlS "wn, 
apa.<1 fTOm Ihe clu;ltr. 

• AI\UMA .~'tem i~ a ~har~d.m".nol)' mulhl,,,)ce.§QI" in "hkh lhe "",c.limc 
fwm a tU,'en proce'>/iOf!o) 9 word in n~mory 'arie, "nh Ihe IocloIlQn vr lb. 
"""11(>1)' ".(.ro.l. 

• A ~31-pu,f"'."" type of parallel O.gam .... liQn i~ Ih" "C£'!(I' r"",a",. "hleh is 
lallored to Ihe pr,1«<>;ng Qf ''e<"lon m arn)"" of d~la. 

~---' 

T
rWlli!J":OIlY. Ihe c""'p"te, ha. been "ie,"'c.! ;" a ",quontial OI~ch'nc. MO!'I 
coml'ut~r pn>M . ammln~ bn~u;ogc, rcqu,rc lhe l)f'>p"dmmcr to ,pcc,f)' algo
" lh,,1S ~> "'qucnces of ,,,,,,uellO"', l' f(lCC""ors ".ecule Imlp"m~ t>r CIoC

cull ng machln~ in.1ru~"on. in 3 seque" ,"" ""d onr at a lim~_ r;""h In,rrUe1IQf1 i\ 
~xeculcd 'n a >'<:qucnc'C <If "[>Clalion' (rel,1I In'IfU,-li()n. fetch OI'Clalld<. pelfo,m 
ope,ation 'lure Ic,ull.)_ 

Thi, ,iew of I he "<lml'llle, has "e,'e, h,."en cnllrd)' Iruc. AI the ""c"'."IJ'I!"II<)II 
lewl. ",ultlpic ,·(lTilrol Sl~n" I S "'~ gellt"rated ,II Ihe '''"1<' lime, 1"'''",l i(", I"P"
lini"g. al Ic",1 I" I he c 'I~nt "f ",'c,I"I'P"'1l (~tcll ""J e'cC LI k "peral iOltS. has IICen 
" '""nd (0' ~ IO"N IImc, BUlh of rhc,e "'~ c':omplcj ()I p",.form"'ll f" n<·loon, Ln ]l~'
.1Id. Thi~ "prr"adl " I.,hn funhe, "ilh 'UIIC'''''~I''' mganizalion. "11,,,11 e,vloill 
instrucli"n k,d p.nallcl;",,_ Wilh a 'upcl .... l~, ",:,,·hmc. Iher. are muluple e.«~
liQn uml. " ., h,n 3 "nsle 1"""""'0'_ and IhcK may cxeo;ulc muluple mSI I~CU(>n' 
f"'m lhe .. me ''' <>I:,am In .... ralld. 

A~ wmpulcr Icchn(lI"It~ ha' c>ol,·"" and ", Ihe cosl or <"Ofl'llule. 1,.nJ",a.e 
ha, dropped. ~o"'l'utcr dc>.ig.."'" ha,'~ ""'!"U more and m(j,C orf'O' ''''''''c' for pa. 
.Ilch,,,,. usually 10 enh"n"" pcrfonna""" an", In ""me caoe •. 10 I"cr~a", ,,,.,,I,,~il_ 
ily, After" n 0' ~""',ew th" ('IIaplcr 100 .. ", IIIfce of the n",,1 promi nonl al'l"oa~he. 
I" par" li e I or~"ml,,'1 "m. Fi,.!. we C'''TTTTn~ ')'ntmci l Ie n\Ll ltl l'''J':c,,,,,,, (SI>1[',j. pne 
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or Ihe tarh~" ,,"d 'li li lho mos1 wmmon example of p.,all d organll.alio", In on 
SMP org,,,iz.tl(ln, mull lpk rroe~"of'S ,hore a common memol)', This o'gan ization 
raises the issue of (ache (() h cT~[\CI: , 10 which a 'Cr""'!e ",clion i, d~\'o1ed . Then "'·c 
dc,erik cluq"". ,.hich (o ll si.t of mult ip le ,n<iq",ndolll c")I"l",k" "r~nn i/~d in" 
cooper alive ('",I\I(m, UU"",, h"," kcome increasingl), common to SUppott "ork-
10"Js th"t "re h~)"JIl<i Ihe '"I'",I(~' of" ' ingie S).·1 1'. The th ird approach to the u," 
nf mu ltiple proce.",.s that "'c e'~rn",o i, '"" l of Ilo ll unifnml m,mOf), ''''',.,,' 
C'H I M A) machinc,- The N L\-l A "pp,oach is ,dati,'eI), n~", ""J not yet pro,'cn 1Il 

the m"rk~,p l ae", hu' j, ofl~n ,'onsidc,cd a, an alkrnat i.'e to lhe SMI' or cluster 
appr(}ach, Fina ll y tl'" ch,pler I""h "I h:m)w'!TC mg;tn i,"tional "rrroa('h", 10 I ec-
1m ,,,111pulalion. These approaches opti"",e the AI.L fo,. p""'c"i Tl~ '"ClOt> or 
a, "'y' "I no" ' ing-ruint numhcrs , They are co",mon on Ih,' ( I"" ()f ') ' Ie"" k"ow," 
as '''perU''''I''/ll'r.'. 

\S.1 M'UL'fIPLE PROCESSOR ORGANIZATIONS 

Types o r Parallel Pr(}ccssor SYS1N'" 

,\ I",onom), firsl introclu(eJ h~ Flynn [rLY]\:72I" " ill lh,' m",l Common w"y "r 
eakgol'l /.mj( ',"'en" wi1 h parallel proce"ing <apabi lit)', Flym, propi"eJ 'he fol low· 
ing (a1c'gm ie, of Cmnr"ICr .~'I"m" 

• Si"gl ~ in.rru f1iOlI. , in ~l . data (S1SU) 'Ire~m; ,\ " "gle rf(X;~"(" e,ecuk, a 
'1I\;l1c ''''Iruction mcam to operate on Jata ,to,.,'<i 11\ a 'llIgk II\Cl1\or~ . 
l; nipmcc->,,,,,, r"ll lOt" Ihi, ,'a!egor),. 

• Sing I., inst,u f tion. mull ipl~ .. ,,1. (S1.\lU) ,I"'~n" A '"l ~ l ~ madliTl C in,nu", ion 
,'(lnlroh thc oimu lIancou. e",cution of a n ~",I"'f of pUlCe" iT1g dernc llI , on " 
IOeXstep h"" , . I'"ch l't<lC""ing d cm,'nt ha, an ~,socim,'d data memof)'. ~o 
that cach ""truel"", i, "'eculeJ on a differenl .~l of Jato b~ the J ifferent 
proce!wrs, Ve(tor and ,rcay 1''''''e'',,'' (" II lOt<' lh i' ~:ll~gor)'. 

• Mulli"le in, .rur1inn. 'ingl" dota (J1IS!)) strea lll: A ,NjUe ll (e of d~la" lrRr"
mined 10" ,cl 01 I"'''''''' () '', "",h (If wh ich e ,ccutc,,, dif(er~nt imuuct ion 
"''1ucncc , Thi, ,Uu(ture i, nol co ,mllcrcH li y irnpic meT1t,'J 

• MlIl1il'l~ in,lrm'lion. 1111111il'l~ d~l» ( \11M D I , lrr olll; A set o( pr'-""""''' ,imul 
taneou,ly e,ecute d i ff~rclll lIlStrudioT1 '("I I!~n,'"' on difkc~nl data ",t-. S)'11's, 
elllSlers, and NLMA 'y,lem, fit i,\1o Ih i' c'IC~Or)' 

Wi,h Ill, MIMl) organil.ation, lhe proces,ors "re gener"1 pu'p",e: e"(" is 
able to p,oee" oil (If lh~ i"' lru<'! ioo' ncc~ ""r)' to I"'rfornl th ~ appropriate dal. 
Iran,form;n ion . .\-·1 L\-1Ds ean 1)(0 furth,' r ,"uhJ iyi(lcd h)' Ihe mca'" in ... ·hi.h the 
pUlCe'",,, ,ommunicale (Fig"'e I ~. I) . I f the proeesso" share a ,'<lm",on ",emory. 
then each pr,lC~s-"'r ac,,",-'c< l'rogr"III' and d :u" slor~d in The .hared memory. and 
l"oc~,W" communicate ""illl each othe, vi, thai ",em"", The nlO,t ,'On lln"n form 
of <u( h ')'''~m'' known"s" ')'nlmN, ic IIlllltip,o,'c,""r (SM"). whic h ,,,' ex"", in" 
in S~(l i on 1~,2. III ,n' SMP, ""JI I'l' le p,,",c",or, ,hare a single m"mor), or pool of 



• 

memory by me ,,", of" shared bu, or (Jlh~r i"l~r~onncction m('eila";,,,,: a ui,!,", 
gu;,h ill g feMur. j, lil"1 Ihe mcmor~ ace"" lime It> ,mv r~gion of memory is "ppm,. 
j""lIdy the ",me fo,. each prO<.:c"Or. A more r~,'erl1 J"wlol'nlcnt is thc Ilonunif"rm 
"'."""." ".,'""" «(\'U\lA) ()r~a!l i '''l i on. which is described III S"",ion IH,~, As tho 
nome ,uggc,!" Ille melllory ""'C,' lome to dirk,",,1 regions of me""" y '''"y difle, 
for a :-;UMA proee'S(Jr 

A "(l lkcl ion of inJcpc'"Jclll ul1iprocessors 01 S)"IP, may 1,,- interconnectod to 
1m m " do,le •. Communicalion an"",£ I he ''''''''putcrs is ~jthcr ,'ia fi,cd path, or I'i. 
'orne network /"",111:. 

l' ;orallcl Organizations 

Figure 1 ~,2 illu,("!ln I h ~ gene,a ] org''';I.,(,,,,, of I he taM\nomy of Figure l~,!, Fig. 
Llr~ 1~.2a ,hOl>s the ,lfudmc ul "n SISD. There" """~ ,orl of nJnlrol unil (eU) 
lhal pro"IJe';ln in' lru,l ion ,1r""111 (IS) 10 a pr<"",c,, ing unil (PI:). l"hc r't>tt"in~ 
unil ope'ale, on "'ingle <lata streallL (IlS) from" memory unit ()"H j ). With an 
SIMI). therc i, ' till a '''\g l ~ ""11I,olllnit. now fc"JIIl~;I "ngk in,lruelion stream tQ 
mUltiple' I'l". Each PL' may h,,," ;1, own Jc<l ica1c'J m","",,,}' (Ilius(,,,'ed in Fi~ure 
t~.2b). or (hcr~ n\;,)' bo.: H shared ",,,n,,,,y. J-im, ll y. ",ilh Ihe MIl.1D. 11,,,,<, :I'e mOll . 
'ip le control u11i(" ~"~h k~Jing n ><'P""" (c ;T"lrllcllon slr"a"" to it' own Pl). Th, 
.\11\11) ma~' be a ,horeJ ' lIlcmory ""ul(iproce>sot (Fi~I!'G I S , 2~J or" Jimibuted
"'~""()'Y mu lti"ompute' (Figur~ IS,2JJ. 

S;n~k i"",ucHo", 
"n~k' dot. " ..... m 

<S IS!) I 

('mCl'.,,,,r organi'.:ltion, 

S;n.k- ;n'(,,,"ion. 
n,. ltiplt' d.,. ""'.no 

(snm) 

1\ 
\ .... ·'''r Mraj 

P"-""""" P"""'''''' 

Mult iph' in"""·(;",,, 
';"~k do'a . In',,,, 

"'1J.~1J ) 

~lultlpk' i'''' ..... ·';''' .. 
",,,IHpl.· d.I. ,I ..... m 

1~1I\1I)) 

Shaft'oj ''''''''Or) 
"i~htlj ',",~I<"<II 

n;"rihuh,i nwm..-~ 
( ~, ..... I)' '"",I~I<"<I' 

Sj",",,'I'K' 
'" ul tI~'".o<,,,,, , 

(~'lP) 

No",,,"I!",m 
IH,'mory .. ",." 
(~U~l,\, 



IS ll~ IlS 
"C Ml ' ,~, U I, 

.a.SISV 

"" 
IlS 

I.Mj 

I~ • eli 
IS "' • '" "" '" 1'1.'. LM. 
IS "' W " If (b) SIM Il ,..ith di,ldbutfd n"n\"r~ t 

• IS IlS 
• ev, eu, LM, 

" ~ 1 CU. 1'11. 

" IlS 

U «I ~II \11) Iwl 'h ,h.,,'d ""'",,,ry t 
CO, ,..., I.All 

• 
W c, .. ,,,.""" "s[) '''1~ ,,~'''''; ,, ', • I • " L ",~",-,,," ""~n ""S" ,,",, ~" '''m • - "'''''''' ''1 """ ""I} '''-i ~ i""n~';,,,, IS "' m [h , .. " " ,,", ""'>, ~, .... , ~" ,,. ,,, W. '"- 1..\1. 

"" ",,"~) ""' ,,[\In "" ,,, rl< ; ". ''''' h," 
~ ,-", ~ """""} ",,, , ,~, ,,,",, "''','''' ,d) M L\i U '"'ith di>lribu ll-d m,mo,}, t 

fil"'" liD Altem.ti.'," Compu'", O'S',ni>.tion, 

'I h" J",ign i~"t", rd"'ing to S\l l',. cltL"crs , <lnll" UMA, "r~ comp ) ~x. t"y"h' _ 
infl. i"u~, rd" irl S tn ph ys ical '''fl..n;'.' inn . intcrcon nection ,tructurc, _ itltcrpr<".'e, 
sor communication , operating 'y,tcltt dc,jgn_ and appli cation ",!tv.'arc tcchniqu,>. , 
Our "on"~rn h~re i, primar ily wit h organi,,,, ion. although we w""h I:>rieH)' <.'" 01"'" 
olUlg ,)"I"m d~,ign ' ''''"', 

18.2 SYMMETRIC MULTIPROCESSORS 

lJ ntll r:tirly r~C~nt Iy _ yi'IL!"lIy "Ii " " gl ~.u",r I'<'r>o,,"' """ 'puIC" "nd ",,,,t ",or ksta
lion, contained a singlc genera l-purpose microproccssor. A< demands for perfor
mance in"fc",," and as the co'i or microproce,,,-,TS ~ont in ""' to drop. vendOr< ,,"W 
ttl"",luc~J 'lsl ~T'" wi Ih ,In S M P orga nwtl ion_ In~ t"nn SM /' ,d~r' '0 " C'''''pulcr 
hardworc "rchitceturc "nJ ,,1>0 10 th,- operat ing ')"t~m 1><:h",' iOi Ih" t rcflect< that 
arch it ecture . An S\-'l l' can be defined a, a ,tondalone computer 'y'tcm with thc 1'01-
'"wi ll ~ C""mckri,ti",' 

I. -Incr" ar~ two nr mOf" ' imil:\r pr""c,,,,,, of "omp"'" bk ""p:tbi Ii')' , 
2. TIle", P">CC"'''' shaTc Ih e ""'c m"in me ,n" ry " ltd liO facilities and arc inter 

oo nn c><: ted 1:>)' a bm or ot hc r imc rn,l conneclion ""heme. >Itch th ai n1"n".r)' 
"CC,,,, lime i, "pproximately thc ",nw for ""cit pwees",r, 
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.1. All prOCC","fS ,h",c "<Aeso to 110 dc"icc~. "ither thfOugh the Sam,' channoi. 
or through difkrcnl ch,mne" that pnwidc palh' to Ihe "me device. 

4. All pnx""o,-.; can perform lh~ same fundi",,, (Iw ntt 'ht I~"'" .,ymm,,"irj 

5. TIw ,y'lcm i, c()ll1To llcd I:>y an integratod orcrating 'ystcm Ihat provilks intor
aClion he[w"~n 1"""""--0" a nd 'he", t""~""'" ,,' ,he i"h. 1", • . fik .• '1(1 dm 
~kmcnt Ie"cls. 

Points I t[) 4 ,houlJ he ,df,c 'p laTl "l,,'Y. Poinl <; i Ilml '"'''' ""G "f' he' ,"" nlr.r,t, 
",IE " a b:."ci)' """pled mulliproce"ing ",',tem. , uch", a du,t",- In the biter. tho 
ph~,ic"1 unil "f m'~r:tcli,," i, usuall y" mc""gc or complete fiit' . In an S.\-lP. jndi
"iduJI data de",on" can wml' tLlI~ 11l~ k"d uf i'H emet iun. ,mJ there ";in be li high 
deg,~" of cooperation betw,,~n I''''>C~'''''' 

Tho operating 'y'lem of an SMP schedule', Pl'o<-"""" 0, , bread, am"" "II of 
tbe l""Ott".,",. ,\ II S M I' mg" ni lation h'" " numbi>r of f'otell1ial ad,·all1age. ""cr • 
uniprocc"Of or~allil"'I , on. ,nel Lldlllg the followin g: 

• ]'crron"""c<, If ' h ~ W'IT' 10 1:>0 dUl1~ by" CUmpll1~rC"n h~ organir.ed SO [h'l 
wnw poniol" of tht· work can he dOTle ill p;iralkL then" ')', Iem will1 multi· 
pk rr",:.;ssors will yi,,]d greate, P<',for",once than o"~ ",i,b ~ "" glc 1"","I>or 
of Ih~ "nne I;'pe (Figure 18.3), 

T ime 

I'rot'.,,1 '1777777 "17aLLI17??II.' 

Pro«"Z 1'777< III?IZZZT.LZZZZ'Z';"' ••••• 

1'"",,,,.1 17 711111? 1777 lID 2 2 71 . 

. .... "c,",c,",c,"" ••••• """''''~""' ....... .. 

I'roc,"", l 2Z"LZZZ'Z~ •••• " 

p'''' .... 3 UZZZZZZ 

_ R"nnin ~ 
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• ,huilahiHl ~' rna .ymmcu ;., mull",,,,,,,,,,,,,, , """"u.-.: all r'occs",rs an per_ 
(0'011 the ""n" functions. th e failur~ " I a ""~Ic 1' ....... "'."" <Ioe. nol hall Ihe 
mach, .... " IS' ea<l. 'he .~'>lcm can wnllnue 10 fUllcllon., . cduCCtl [li:r furman",_ 

• ''''''''menlal ~ro"·I.: A USl", can ""h .• n,,, Ihe "". forman"c of a .)",1"01 h~ 
acJd,nl! an add,' ,(m,1I proce"",. 

• S ... ~lin~' \'c"do .. can offe. a ranI'" of p" oducr, ""h diffe,,,n, pn tt ~nd pcr
f'''''nance chaT"cler;,. ; ... ha",tJ on Ihe num"". "I P'<Xc,so," conligUleJ ,n 
the .plem 

I, is Iml~"':"" ,,, ''''k lh" Ihc", Me 1)(,1,,,1,,1, "lI l1 e, ,1\,," ~",,,antccd. !>ene/it', I he 
'~"'<I' Tln g ,~,.Icm IIW" pronde too l' a"J flU'el i"", '0 "'pl"i1 I h~ p:, wlkli,m in an 
S\II' ,)'>Iem, 

A" lIlI'"", l" C feature (){ on SM I' " II", I I h ~ c~"l cnre of mu ltiple pr,)Cc"" " " 
,mn'I'''' em 1<1 I h~ "'<CL The {)pe,at "'~ ,y"," " I ,,~~, carc of ochcdul ing of Ih,~ad, or 
I'n .. ..,"'c' 1m ,ndi"d ual P">I;C,,",'''' ""d 01 ')'Milr'lnt' .""," ""K)n~ p">,, .. , .. 'ors. 

Orgal, i~"';"n 

hR'''~ II! ~ dcp,eh '" Rene,.,,' " 'In" Ihe orpn • .t.al ,01. of d nlul top«""""""r 'ys,enl, 
n.c,~ .,, ~ 'wo ", mo,e proc-e""' .... La<h 1"01:<"> ..... , .. ...:If·conta",~d. ,ndudml( a",,", 

• • • 

III Ie rcomu'I' t iOiI 
network • 

• 
• 

"0 

, 
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",;,lIl '"0' ~ .... ion .nd 1-'( ~M l's h''''c .wo Ie .. !. 01 cach~. "'11 h ' he L. l <ache m'er· 
nall.a" ... chip 3S .he pro"""""1 _.nd 'he 1.2 cache e'lhe, ' '''ernal '" c"c,nal. 

I he use 01 cacho III' .. ..Jue""S S"",e new dC'ign <'OII.>,d""3, ion •. Ikcauso. cach 
loc~1 cache c~"''' 'ns an ' ''''ge of ~ llO .. im . .. r me'm .... 'f a ,,~ord is all~red III .. ne 
c~che "rould conc",,·.hl) ,n,'ahdOlc a "ord ill anD' be, ".che_ Tu r,e,-cnl 'h,,_ 'he 
",ller P"""-'<SO'" mml he .Ie",·" 'ha' .n "p'-"" e h" '~ ~ en ['b""_ Th .. p.ublelll" 
~n()wn a' 'he m.--Ir" colrem,u Jl"~'klll "nd is 1:.-pic;,lly ;,dd , "'<>Cd 111 ha,dware rother 
I han h)' Ihe' OllC f.'illg ,)'" elll \V~ "dd,,'" Ihi" i""e in S"cl ",n 1 ~,~. 

MnJliI"'" :\-lc"",,)' 

l'he lIIuh,po.)" " "'''''''l "1)1" .... "h ~llows the d;,e<l. ",d"I", ,,,knl ,.,-,,,,,,,> of malll 
mellll)' ) lIIodules b)' each 1'''.:''''''' ;,nd I!O moo.iul~ (ri~"re 111.11). Logic 3>->UC,aled 
.. -nil memory i, ' '''lui. cd fm ,elo)l, ,ng cnnni,I,_ I he mel hod OflCn ~",d 10 ,.-..01,'" 
con U",s i~ '0 3"'1:" p<om ... Ilcnlly de<lgnaled p, jo, ",e' In e .• ell mem",,, por1 1,1"
<'all~' 'he phsical and elCC1''I<~1 "'I<·rr""" al each por1 ",denl",al to what ""uld I", 
.ten ut •• "'~Ic-I"'rl mcnlOl')' "'odul~_ Thu,_ hllie ,It "" 'no<l1fk~'ioo j, neetled (Of 

e,l her rfoc;,'I>O ' 0' 110 n",.h,l~i to acrommoo.ialc multll"lfl "'""''''~_ 
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The ",,,1111'<"" mem",y aPI'"",,,h " mo re "XllIIl'k ' ""an Ih c h", "l'proO( h. 
requiring a r.,,. ["",,,,11' or logic 10 be "ooe,1 In Ihe memn,y »-" ""'_ II 'hoolo. ho~'· 
ncr. provide belle, p."f",mance bcc~u>c "~d, I"""e"",. ha< a dcd,c~lcd I,.,h 10 
cach nlcnK.>rv ... odule. AnVl he. ad"lIIlagc of muh,l'o" " I hal il i. P""'ihlc 10 ron· 
figo"" p<>rI"m~ .,r mcn,my a. ·-pri.-alc -- 10 onc or ",",e PT<>CC'I'"'' and!Of 1'0 moo· 
ule •. This fealmc "It",,~ for ,nc,..a"ng ,""cumy ult,,,n,1 un3Ul h" T<,-"d a,,«'I> and for 
Ihe "orage 01 .cc."~ry ",", mc. in a,,, ... , "r "'~n""v nol ,u ... eplitM Iv II" od, I"'OI"," 
by olhe. r.OC<. ... " ' r •. 

One olhe. I'"'''' A "nle.th,o ,,!. h r"hcy .hould I", ",cJ f", ",,,'he conllol 
I"''''''",e Ih ,-re i, nO ,,,Ioc. ,,<>n,- .,nic ,,' "" . .,,,, w "len mhe. procc,,,,,, t<," ""'m-
0')' "I",bl c_ 

C""'r.1 C .. ,,"ol U"il 

Thc cenl",1 (onl",l'llltl fun ncb "1""r~le .... '1.' ,' .~am. back a ..... fo, Ih I>cl."." 
,Dlkpendcn' m,.d"h 1''''''''''''''_ mcnK.>'~, 1-0, 111<: COI"T<,'kr can bot/fer .cqllt", 
and perf Of'" a. h".Mlon anJ Inning f.",clio'" It can aho ,'3" "a'u~ ~nd (unital 
,"'-~"' ... cs bcl~ccn 1"0':''''''''" an<.l pe.f",,,, cOle".: u ,,,bl~ al~ ni ng. 

Ikcall.C ,'lIlh" 1.'11"-fo, """'dinalin~ I hc 111 ,,1111'''''''''''''' oonfi)!," fJllOn " «In
~cnl raleJ In the «.'nlt,,1 oonlfol UWI. IDl c , /aCCI fr"", lIO_ ",em",), ,,,,,I p' <!<'<:nor 
rc'main c"' nl; ~ ll ) ""dl , III.red , This 1',,,,-;<1", Ih ~ tlc, ibiiil)' and ' ''''plocil ), ,,/ 11lIe.· 
facJlli!. " f 'h e hilS (' pjl,,)~dl . The k9 Ji,a J,-a,"agc~ "f I hi ' " I'Proaeh "'C thai the (on' 
Irol "" it " qUI Ie <'ompie ' and Ih"l il i, a JX>1(n1i~ 1 pcrfm",an,'" i:>ollknccL 

The n nt"" .... ~I' rol unil stfUclure "'" "nc" qUilC rom",,,n lor IIII,lIll'k proct .. 
"" mainframe 'ysltm ••• "ch a.large-"'~Ic n,en,t>o.:f) ol .he IBM <'/.l1O fam,l, II ... 
' 3r .. I~' .ccn 'uda, 

Muhil'r<Jc ...... r Ol'cnlling SySlem Drs;!:" Consideralion1 

An S\ll' oper. 'nl" .)-,'em manaj>e. 1'''ICc"o' ;Ind <.>Ihcr ""mpuler ,,, .. , .. ,...,,1 W Ihal 
Ih~ ,"cr percei'c~ a ""~I ~ operating ')' <t"'" """ lr" II,,,& 'y>lem 'C"..,UlC"-'. 111 fact 
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. uch a con figural",n >huul<l ~l"f'Ca, 8' a ,rnglc·procc..,." mull ,p,,,,,rantming "),>lem. 
h i I>o;'lh Ihe SMI' an<l UllIl'r<on:""", ca ....... ",ull1pk ,,,1:0; 01 l"Ott ... " m~v be aChc 
al ..... ,t l 'ntC. an<l it .. 1hc r"'I"'N" " "'"~ of the 01"'11I1,n): ,)"ICm to .>diNule 1hc I( "'C' 
CUilun an<llo "lkx"l ~ <CWUrC"', A ll" " mav ron.lruel "1'pl'",,1I0 n' Ih al u ... mull! 
"Ie pn ICC • ...,' 0' nwit'plc tltrcad. w,It,," ""ICC",",! w'1h<Jut ,"g"cJ I() ",helher. 
' in ~1c I""'"'''''' 0 ' mu l t;pl ~ ,,"ICC'''' ' ' wtll he """ I"hlc, Thus a ",uit'l'n)<.·c,,'" 
<JI"",u in g ')"Icm mu. 1 ,,"''''\C ,,1I11lc functiona li ty "I" "",lti"f<)~r"mmi"g 'y ,t ,'''' 
1'1", add'lional k"lurc~ 10 :'C"IJI"""".blc mu ltiple pr" cc>II>l)(S, A. "''''' ~ the key <lc'i ~n 
,,,,"oc_ ",e the 10110",""'1(' 

• ~ i .... llancou, .... ,.",nm pr .... r"'."" OS ,.,u lln., ncc<110 bc ' ..... 1I113nll" all ..... 
. ..."eral p'''''''''''''' 10 " , ccule Ihe <ame IS <"'<'<k >tnlUllancou.ly Wilh IIIull'l,le 
proc""-<t.,,, "~ccu ling I hc .... me ...- . hlre",m pa'" of Il,e ()~, OS I~bl ... an<l nMn
"SCm"nl 'Iru~l ur~' ",U<1 "'" ",a"ar~oJ properl' 10 "",,<I o.Ica<lloc~ 0' rn'ah<l 
'~""'"',on •. 

• S,·. ed" lin~: AT1 ~' I"' ICC .. U' may I"".o.m 'chedur.n~. '" eonnid, "," , I tI(, 

"'''"lcd. The ",1,,"<lllle, ",,,,1 ""'gn rcad)' I''''c~ ,,<'' 1<, avai lahle "",.,c~'"'' 
• S, rrrlr ro niJ.a1i"", Wllh ",ullLplc ",t,vc I"''"''"'"c, h"'·"'1< "uknli," " C'CC," h' 

; ),.,.-.:<1 aoJoJ,e" 'I",,,e, or _I"",·d I/O '''''"'"fec,. C",e III"SI be lal en lu I,,,,,-,,k 
dku,vc ,)- nchronrz;o1lo11 "lnchronizalioll ,. ~ fa,-,IoI) Iha l cIIIOIce. nrulual 
exclusion an<l ncnl ohler"" 

• Me .... ry "'~na~.",. "' : Mcnlory ",anage","", on a multil'roc ... "" ,""". <I~"I 
.. ,I I, all <Jf I he ,,,"es r"un<l "n unrp,,,,,,,,,..,r n"":h,,,~ ..... a. I> <I;,><,u,,,,<1 in Ch.I" 
Ie , K In a<ld, II<"' . I he """""'"g 'pic", n~'Ctl, to cxplu.\ the a, "lobi" h,,,<1,,,,,, 
I'" ralld"m, ,",-h .' ",,,I I1I><JnN "'~"lOnc'. 10 ;,ch,c'-~ lh,· bc,t perf""n"""e 
TIo~ 1'"1""£ mcd,.n,,,,,, 0" d,fferent pn>ce, ... ", 11",,1 1><: c(~,,<lillated Well
f'Hc" cOII",t.'n,,)' whe ll ,e,'c.,,1 I"'"''' '''''" ,hare" " age or '"1:"'001 "nd to 
dC" ide Oil p"gc rc' I' I """,,,~"t. 

• Meli ah ilil} and fWMU 1""'r~I1"~: Inc O)pe"' ti n~ '~"I~m . hould p""'-idc ~,,,,.,,ful 
licpa<laliun '" lI,c I,,,-"\: o.>f P")1''''''',()f 1.,l urc_ -, he -chc<lu le , ""<1 "thc. portion, 
of . he """raling ,}.Iern mu,l I ~oogni"" Ihe I."" " r I' process", ""<1 '","Imelun: 
mana!'."menl lattb a.xonllll~ly. 

A Ma;"fr;om~ SMP 

Mo.l 1'(' and wor~SI.1ti"" SMI" " '" a bus ime"'<:"'''''CIH ''' "fI1leg)' a, dcpi<'lcJ "' 
I ,~ u'c 1 8.~. It" ;"'I,,,,trve 10 lo"~ .11 an " l lornali,'~ aj1I',..,'~h. ''',ich ., u<t'J fo, ~ 
,CCe nl "npkment.l1i,,,, "f Ihe 1)l\1 Si.l'Xl ""o"{'amc h,mil y IM AK'J71_ hgll'c 1~ ,7 

Jet'"h I he ,,"emil o'g"" i'"I;,," (II the SiJ90 SM P. I 'h i ~ r" "'il )' of S} 'lC"" 'I'"n, " 
"m~c f""",. IImp'OCC",,,,' ,,,Ih "ne m.lln memory c~rd III" h,gh.., nd '~';tem "ilh 
len l"Ott""''' all<l l"ur mern"' t ca. <I,_ The conr.~urnhon rndu<lc. one OJ . ,," 3<1<1i· 
trollal jlroc"~,, thai ..,,,-c a. 1'0 PI O<'e'S"'-''''' Tlo .. kc, c<JmPOn(II" of the .'Onfi~,,· 
,.,OI ,,,n .t,c a. follow' 

• 1''''''' ....... uni. tI' UI:Th .. i •• Clse mic"~"".,c"" ,, ,n "hich th" "" " I II'\:· 
qu~n ll} y""d ,n,ln..;t,,,,,, .re h.od .. -i,,",,1 and Ihc rc'I file c.,,,,,,,cJ by fi ,m'" " 'c. 
Each I'U irlcl udc," :' (>.I.K Il Lt cache that" IImll e<! (""",b"'e<l <la'" "n,1 in , l rue· 
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,~, 

lionl_ The Ll "",,h~ , i,,' w,,, "he,,"n I" fi l on Ih<' PL' chip "nd to "<'hi~"c" on<' 
('yd. acre". 

• 1-2 C>lch", I'ach 1,2 ""d,~ ",,"WlO' 3M k ll, n, ~ L2 cache, '''~ "rr"nged on cl",· 
I~,-.; of two, with ~ach clu'\cT , ul'l'orl mg lh r~" 1' ( J, and I'",,' ,dm ~ au:c~, 10 [h, 
emir~ main memory 'l'aC'e. 

• lI"s·s"';l <bin ~ IIch ... ,.k >ld a!'l . , (1ISr-.): 111 ~ IlSN, i n l ",C<l "" L"' l h~ 12 cac"", 
"nd Ihe rnain memory, E"ch BSN alsll ,ncluJ., a I ~\'d -' (L-'l cache "ho", 
"I."" 2 ,\111 

• Menlo,)' co ,d: Each c",,1 holds S GB of memor)', for 0 IOlal of 32 GB capacit), 

There a,~" n"nlocr of int~r~'l i ng feat u'es in the S/3>'O S\-W configu,atiOll, 
",-hicit we Ji,.u" ill ILJrn-

• S",l<hcJ IT'(c,co,,ne'cl '<l lT 

• Sh"r<:d 1..2 c""hes 

• 1.3 """he 

S,.ilched ln le""-,"Ilution 

A single 'hared hu, is a common a"ang~mcllt nn SMP, 1m PC', ,mJ work· 
'tal ion, (F i gur~ 1~ _ 5) _ Wil" , hi, ~rr;'L1 gemenl. Ih~ 'ingJc h'" becomes a hotticncc\; 
affecting Ihe ""lahi li ty ("hilll)' ", ",:a le [0 ", rg"e , i '~'J "f Ihe dc,i ~Tl, ' I h ~ S..-3\1O 
<OJ'''' with I his proh lem in two "'-0),', Fi r>1 , main m~m()fy is 'plil illto four separate 
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"II "I p"noJ puc p~j"~, ,)W 10'41 " '''(I',! 1""'1"-' ""'II J~ 4)"J lnd4il"n"l1 """".'LI' I"" 
"1'".' PJ" ~\I'" U~\II ."(",p;)(,,J ' IJ'I[n LU .\'! ""'''I' l~"J "'" OIUP JO 'U"""'" IL I ~'" 
"JJ'" " JI . JO.",,,,, II . ,'4."'J Z'l "Iii,,!, " 01 I'.' ... ", "'J 1'",'1"').' ,"Oll "nw "o"~,x)j,1 
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1-'~U ~ [ II' oq • ~""'J ''' I Pin"" '"sn '41 " "~Jild" ""I IUI"!J'''~ !' c In{1411,\\ 'J [~ " 
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"''I~~:J n PJ""lS 

-,,,,,I " ur ,~'p"J 
41'''l "I P'''''''~ "nlU 11,1 .. ;)O,~ pUC ' 'JOW"U w""" J" II" ~""'-" (» pJltnl>Jj " "''I~'" 
JO ,,"d \' ·.{J"w~w U,,'W "'II )1"'1 uro.) ~I~" SJ'I~".' '(I~o ~4·"'" n ,,~.~ ).n"~J<j 
s, "'I.t ' ,iJOIU~W U'~W)O UOIIJ:>J'I' "'11 ,II '1""II.,;>I$.';4d 0."'1 , ro'l ·'1 ..... '~4 J4.)<!;l <J 
4~~" pu~ I 1<1 4J~~ "1""" """U~IU ~lr.Joo", JIUJ) "" ""''11 'I;ln0411" I~" I ~"'''' 

'->""~J,"''Io.:I "4.'~~ 

1,,>dJn. 01 p~'''' h'' ., ~JIl'~"J "'I I " 1"'1 l'l ~~J'I I ~u'U' UW,H ~'I' "I V""11'J<'4J~ 
'! '1"'1 n ,",oJ ~4' )') Ju~ "" I""~" ~""""JI" ,,,I '~nIlJ " "'1 " Iro" 1""iIo.'l ' ''0 "I 
' 1"'11":''''''1<1 JnoJ .)111 ~I ),")" U(" .\[Sfl ''II "~Ull ~'I ""'J "II 01 1.,><1", ~I',,\\ '(1''''' " " 
·\u,,,, ,,"'., "~ "'I <'I "" ')l '1" 1 [ ~" !) 'I' ium"" UI"P " ltl ' " u"., ""II 'PI!·'" U l" uo, ""ml 
~'II , ,,,,oJ.,,,d 'UJnI "! N~U ~ lli. 'NSH "") '-"pRJ 2'1 "" ,:1 \ ';'''''YlJJ ~.1J'I' )" ,In o.ri! 
" 'I~~uum 1"'1 'I~~~ ~'J4" ', ~u'l lu,od'''1 ,u,,~l ','tIW; In4 , nq pj"4'" J" ,u-'''J 
~lIl u, IOU" P'"~ ,{J",,, .,w ~I~U" " 01 ("''I~"~ tl u""l "II"n P") .... ''',~''OJd IlI"JJ U':"I 
·JJU\IOO ~'II 'pu<):lJS ,(.,,'u,"" J" ,,,cd ~ I<:JOO"" J""l '" ~4,cd IU~I'U.-..J:lI'UO ' ''''1 ~41 
)" ~""""''''I't JOJOI""J C "-lln~., .u()W~1U ",~w Ul P""'I JW"-'I ~il,,-,~~~ ~1I 1 "ll~:><J, 

"iI,'I IH ''''<---..'''~ .\J"'''~IU "Ipu~4 UI!.) le'll J~II""U'" ~li" j(>I' "'IU) "I' 'I II " 'I~ea ''''''~, 
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' ~U '~'"'''''' 1-"-' 1 P"4'" ","" "",-,-, ,'IP" "4l '''J "' "" .. ,,,," 
'w", ,,~ , '" "" " u,.,1'" " I",,,,·,..J " " "-",),,, '''''4j ,'40'" > T ' "". "'I'''.' '''II '" ".'p' ."""" 111 '.1·\111 

01 P~''''' ll " ~l" "O"~""Jd JL pU~ "'ISnO~U"lln"IIS '~ 4'"~ IU,11 ~JJLP UL I'!X,' U"" "1"1' 
'lU". "41 jQ ""do, ~I(hlln I'~ "'4) " W~14"Jd ' 41 )0 J~UO"O J4.L ''''" Iq''ld ,,;>wM'I",l 

'~ .!lP "'I' '" ".""ul '!l~ I (ln,d" "I"~'~ " ""~"""I '",oP' 1 '~JU~"'IOJ':xI ,'I<l"U"'"J' 
",'~,~'" "1 1"'1uO"., " Ud!I'''"U''"lO "4.1. 'm,,~"'utl 4~"~ 41L'" P~I"':'''''" ~,p~J J" 
<1' ·'"1 ()'''Il() ,)U() ,)·'"4 ()I ,(wIU()I,n,,, I' '"U'l''' '''''''''JJJL1IlllU ,,"""l<!LUOIU()' "I 
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-'~ I (]1l()r "~J,'" ,'iO"'~'" U"'''' J" ow J "'I' V"~ I rml) 
J~ 1 lTlO'II' .. \\ .... '''" ,,-,""'OLU " ~""b" ,~,,)u""p-, JO % [ "I'''' "'4~'''' J" '1"""1 "0'''11 
41',\\ ' uo ()' I'ur 'PA~llj "41 lU P~"I"'~' ~Jr % > '% II " 41)0 'l-','~! ,,-,mllow j() Y I 
'n ~41 Ie r~"I"'~' "'l I""" '~J LJ ~"')J" "m,,,,,w JO % II ~Ul\""luJJ "41 1"41 '" '%(,~ 
jQ 01eJ '''! R ','OTlp(ud "4,"" n ~ 'U, T'()1'l "I"p ~)"'1'<J I p"ump, "'!J ~'ll r"" "'lJl~ 
·"'4 04"" O~l "I j"",b~-, '''''I' ~~ 1 u'" __ '\l"-j ",u'II'l .' 41 <L ·(wu",l "',1_'. ~;l,unl' '''1 I 
,1L6J300) I'~OI <n<j r"" ,('o "' ~w he",! 'II<" p"onJO" IUTJJ~""U()' OM'iS 1""J,{1 
• ,oJ "1.')),." OLp"., I~'"I ~~J41 '!'iI JOj 'llm'J ",,,,'uu()J,,,d ""0'1' \' ~I "I<!~J, 

'JO"",:)("J i tl! I,~n h:>J 
'41 ,{q po,n ,{l lU ";)Jl I()U 'U", ln4 'lJCM""'!JJ .oJ'll() -'4 r~J"4' ,{peJl l" <I oU LI ~'l"" 
pOl"nb~J "4' J' "~J"" ,'J( "" ~\H ,H U'" ~ U ~ '!1 "I1,,'nb JJOOU 'pmu e l~r ,'4) >J r,-,(),d 
'1-'tl'<,",'oJd ~ LJ'I,.'Tlh,1-' ~4 1 JO '~4"','n I"'" n ~~ l UI IJ~11"Ll "1"1' "~, .oj ,bU,1WI 
"""P"-' ·'4'"' n ~4.l 'r'~' ·'J()lu"'" ~U() pue '~q"" (l u~~,"I"'ll"JJ"~ ","pLAn,,! 
'P'" n 'lJ~~ "l(»)JJ~'1l pue " NS£I ~'Il '" r")"""1 ~J" '~'l~"' tI "4.1, '{tI) "4'~' 
)0 P,'"! p'''ll ~ )O ~'n ~ 'l) '! JI-~ S ON:,'S '''11 )0 ~J0 1 ""J ~" 'I"~J~IU' j~ 410UV 

~'P~:> fl 

'( [\lid), "N ) ";1-~) 4,,",,-,dJ" "41 JO ~ Ell''' "'I' 
UllLJI'Ol ',\1\S j()S'~~()J,I ()'J'w ' lu"'I'-J~lIeou, un <;'~'H' r~"' 4' )0 "'I",' ~~ 1 J() '''pn IS 
'L6)1V I~J U01]U!'Wi51O tU ~'p '" p~'n ~LU~ 4 '" ~ 'P "J r" I~"'r~1' ~ql JO.'O ,(p"", 

\lc," ,.,- b~tl"I\ 

H'\ t " ' 4"', '1 , I!~ 'l>i • "~>,,, <l 

" I!~ ,t '''P'' 11 

(%P'"U 1!1l "!S "P"J (.,1-'''' rld) W,''',(,,~'S 

'11~"",1 """'V '':'''"''1\ 
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'p~4J~J ~Ul"'l 'UOJ) "il~l! 
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.uofln[oS a~~· ... uoS 
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put; 'l'''~' 'np-'~"J"" 'l~nOj4] ~ ' ~'Il ,le I' pur ~4'~' 'IHlJdnJdd" '4 L 0, '" 1':< 'O['IV!'~' 
1"-""1 P"''' .{[lU,,,.'J '-'I 01 ' ! ',,,p .• I,!,, ~LIl ·j()x >lO.d "~"~"4O-" ,)4""" {ll" -'''.d 

·'U()LI"IU~U!~ l d"". ),1' ,',""<1 pltV I' wnllllod ~4) 41("1 
U() p.m, " [O)"lo.lJ "'P JO U()!>J~,' V ' [O-"" lo,J ( p'I",'UL/p""4"/"" !'''I'''~/p~!J!fXJ\lIJ 
1'>C1I~ '41 ;p~.n _'ppl." "nUl " '''4) 'p,,,,,,,I"e ~ 'Il 1'0 snJOJ ''''41 PU~ l" ~lq,)jJ ~O Ll~ 
- " ~'I"J ~4,"i' J'II 0-1 "4~""JJJ" ""'u",, ,h un, A1I1U'l [[!," J'" 'U()l D;>; "'II ul 
-~"'r<ln ~ '11 )0 UL}'W)!J'10U lJOjlP ~\U'" ~A I ,"'OJ JO .>InUJl ,'J"'U~lil "I' "'1 !UOW '~'I"'" 
1~ 41" "~Iu" -'""", U"' .-, .bu"I,!,,,o."J! -,b'I,,,1 '1~n"J\Il-J 1U ," ~41 'Ill." u~,q -<lIm~J 
P][".·'UL ",np<llJ ~U!I p'I",'u, '''4' "I '1''' .'' Iu.,nbo''lns '~njU.' 1''1".,,,, U" g''"4 A I ~'" 
"."oll1,m 11''' J4J~J '~111O- "4) ',' 4'u, OliO"! P',})''1" I" '! ~ L"I ~4)I' Ll U 'JU![ ~,,,e' ~ 41 uml 
' ''''_''~ Lp'n p·"l JI .b"~l<""O~'" U11In'~111~' "' 'IoJ 1""4".'1!1."" '''41 J".'p" II 

-1"1"-' ,,(u,"[e ""JO"'~lU U'"lU '"41 ~uu"'u~ '''4~R' 
"'l1 0 1 '" 110." ," .(J().\U3lU UI "'U 0, "p"W ., -'" ,un!",,;xJo ~l ''-'\ IIV' :q1j,,')j'lI al!',\\ • 

-"1'".1 ~4 1 '''' "1 p.o'l,nlJ '! "H[ "'I""" ~\J 'rU()J'~jJO-' ~4 1 u04." I)~j"pdu A[UO '! ,0" 
-1U ~'U "'"1-\ "'4'"' ~4j 0-1 "I"" ~l''''' ' "II"TI<" ~J" ,uu'IPI",ln ~l",'\\ "PR'I ~1!JA\ • 

:>J!O'[oo ~IU," UOlUWO' 0,"1 l"'il!l'P ~." t JO) 
-d"4:-> "I '11""1 ue' "j"'UOlll JO ,"0" luoI""""UI U" . ,(pJ'J ,~,dOJ U."O "041 'l>:pd rt 
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a"u~J'''lo~ ~4~"~ "U'UI~IU,"W 1('1 A l'I'4"UoJ<~, ,''II 'lI I4"'''P '10 . .,.",,,<1 ,'J'~ HlS 

'I"''''I''J,! ',!,~.uS 

' ~'U "4"'" UO,,~" UU ""J" ILJ! '.>l dlLl'" JO'I''' ."" .. , '" '~' n4 
Jldll [ntU '·'[0,' ",1"'11 ""01"" '[~""- ~;llU I UI ,HI1XlJP ~lR A" 41 'J~,'~"MH ' '' II ''" ILI('~ 

WJ I" "" ~'Il pLI" <.t oll'U HJOJ "'P"" 'n"!J~' "41 U~~''' I '''1 UOII~" U muwo, )0 1"'~4.1~·'" 
' 4' PU" l ,>ou' llI''4 I"JIIl~.,,, J" '1'''''4·''''.1P ~LI'IIl"JJ PJjn, qU'J'I"" ,\.I01),1J10 

'J"""~"-'ud ~u !I ,~ nh.>J ' 41 pur, ",,,,:,, ,,<1 l"Il!~!.IO g'll "4 Su, 
-p""J "'J r,1J~4"Xl ,"'u ",ml JW I "4.L '_\J{)lU~llL u, ~u, 01 ~"i4 Ol U·" " "I' "I J"'''J<lJd 
''I' P lInh.J, 1'''11 ~II'Il"ql iiJIII'I' "I """'J<)Jd "'II 01 rU~WIl'OJ " ",,1<" U,'41 '" 110" ",,' 
'LtL 'JOII"J1 U'" ' 4' '" UOLI"'~J'j",j % LLU " I'U ~' il L·" IL "" ,~,,, uJ ;~ 'II"UP 01 1'~IU~J~ 
' 10 ",n[",o " 1"'1' OU II " r" Jl 01 <~UI J()ss~""jd j~410U" U'4 .. ',\ ''''''O:'(JJJ ~1I1l"nh~, 
"II 0, ".'_>0" ~'''n [~'~ ')LJP'~ J~II'''H10 J ~ 'Il 'J""~"OJJ qJm 4~~~ \uOJJ V~q ' IU~W 
-~P" I"M\U~'" ~ Ll ! ,,,~,.'J A'''l V -"Jm 'I[ ~ \ "1"1""u, 0, ,""~o,,,[d 'P~~ ~ ll !Jj"J -J U1 1 " 41 
to _\do, r~4"R'" 'II"" 'CI,,,,,a,,,,d II " 01 .,","'.1>U "'puO< j ·' II0.1 ,um ~'Il "'~J~" ~.'" 
·n l "~ '!\ll ~U IIH"J~ " ,""PO "O IlOJ IUOO '~l'UOJJ ~u' l "41 0) <,,~,~ ~,,!'n l"'~ I,~"h." 
"mil I ' ' ,lIILI" J" ,';d(\~ 1"""1" '" ;>l!'" H"" ,""'~xl1d" ~lOPH 'souII 4"4." JO .,do, 
" ~,,"~ ",,,,.,,,,-,,J 4"~" ""'(1" U"',"UJJ(1J '" ,UII1 ILJI "lll J,'1I0J HJOJ "'1' . "II"~,d_'L 

T'II'UIU'" I"JILl~,' ~lll 'n r.'IHxbJ.'4 
IsnLJ.[ ~U! I "J" ~I" )' 1'''jOI~ ~411)'JJ" ""~ le'll "011~~ W"'j ,"0·,0 'aJO)~J04l ~'I"P "I J " 
<l(,!"H1J.l('J UL ~'"'' .' LII fl ULd~~ ~ '''J "I'l"u<"h." '''I"'' II -9"P''''~4 1 '~4~"' U.10N",! 
10 '"4J"' P"O .\J OlU~!U uo~,");>'l '"J'U"JI "1"1' 10J 'p""WLIli>' ~J>"qJJU '~n,,! 
P"' ' VJ'p lO ll " !)''' ''' r"'fll~J""Y.) J~I 'l '~nh~j ~ '~~~lU '"[ IOJ 1U O' "4~'" I''''\'''''I'U! 
"" u.l~,\\ '' '4'''' 1":''-' [ ,n,-,!J"" "'ll J" ' IIl O""'" ~ LI' In '-''l~ U" LI~W lOJ '" OIr.I' luqo l" 
'UWlLlO" A""".1J !\' ' 4,L ',\JO LU.>lU U!"til "! 1',,",, ," " )"'1' .'j()P~J!1' P pu" -' "1I0Jl " 00 ,UO 
-WOIl< "'"W 041)0 Ul.'<i" 1~41 "' llOl IU OO p~l L]U' IL!~'" ' ! 01.) 41 ·" II ".,!M I '~ I'!'~J P"!I 
10 'J ldOJ ""' '1.'' In O<IR " '-'!le U""J'" U!~llll"lU pu~ POliO" 'IWOIOJJ '';'''I''JI (I 

' 1""')OJ,1 \",!.l.lJ!U 

"I";X'lo,d .. idoou, pu~ ' IO)()IOJ J .\J01"'''1' """'~'IU' () .. " I ",U! p"l'! "1' "'I "''J 
';'i<llo'I'" ""'''1'''''1 'l"lOEl"~ "I '''Ll''''"'POL LJ 1"~III~" lOJU" ~\III'U " 'f>"''''IU ~ '' ~"," 
-'>lJ '" ""4·" 'P'7EU"~JO '! U"! I"W"' J U! 1'''1' ''''''I 'l'j~'1 '! ' Jil l I ~I"r lnO<I~ '''''I~lU.lOJ"' 
'WI, 0\11 JJ~'I'" ~ 'lil'n[~'" ''iJUI nJl u"d 10 J"'l'u" U " u, "WI' ,~ w.>~'" ~.1"·"llJ" II 

'u ~pmq )U ' LJ.[JoI O,,"p JJg'''lJ'''' O ~I ;iUl"n l'~1 -"I[dLL"'" 
,~j pm' "wLm'.1~'lJd ' 'II 0, ,u .'.1"<I'U"J I ." " '~ LP""ldd~ '''~'I l '''{\' IIPI'" U I '4"~!>ldJ" 
"'-"lJ"''' ".,0 ."u"WJOJl~J p",oJdLJ.[, '» :lU< I''' ~1 "~ 'I_"'" JO ""n ~'\!lJoJP OJO'U 
' ! "'" 41 " ~"JP ' ll ~ nl~R 11 U ~ 4·" 'Ill,,, II~"I' ·\lllO >l'Uolq",d "4' "n'''~\l ""0'111'''''.' 
.0001'!"HU'H 1"" uo)'~1 J" ~"") "nJ I" ''''»'''~OOJj Jl\U~U,'r 'pl.,,,, d SUO'I"I"" ~'~ LU 
" i<':>0101J ",u~1~~m ~4'"~'~ 0, p'"~.I.'J ·\II "J""~~ ~J" ""'!]nl'" p~""I·~'"" P' "H 

'''0]1'' I0S "J~'''IUBH 

,,'J,"ns JOli()6."';:1.lSi P"~ i£Gn n i 
,,, ~'I I"'·>J ~ 41 :luL,)lOJU,> .1".1 pu" ' !"' I'''''' '4 1 l1 LlLLiUOp:xi "'J r ~dO I O,'~p UJO~ 

')Nl\S'~:xJ--'M TI-I1V1lV,I/"' >nJ oJ VH 1 ~S9 
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,,~a , h" ,cd t ;I<'hc I;ne. n "",,' he "~noYnc.:d ,,, an "' h~r .. a,h .. ,, h)'. h,o",j".M 
mcchan;,m. li,.-I, <"le he ~"n""lkr" "hic 10 " "H~'l''' "n 'he " "mork Tn "I,,",,'.., 
11\,'''' hr",.(\ca"',,j nohlie"t ,ons. a nd Ie,,", "c<"l'd"'gl~', 

Sn'K ~»)' p.otocols d' ''' ,de"lly .uil<d lu a I>"--'",,,,d mu ll 'P""""OJ. 1)1'<~u", 'he 
.h .. ~d bus I'IO"d~' a .impk mCa". ror broa,Jcas1tn" .. ",J ,noop,ng. II,,,,..,'~,. 

be<-'.m ", one of ,"" oI'IJ<'CI,..". of the""" of l"e~1 ~ach~> i. In a,u,,1 10". acccs",' <J.c 
nlu", be I,,~cn lb •• {he inne" ,,",1 10"" !raffoc r~'I"i"',J for b.o"du,1 ''' ~ .nd ''''lOp'''~ 
does not caned "", th c g,, ;n ' h"m lh ~ m e ,,( 1"" ,,1 c""h ,·,. 

, wo 10:",,,' apr""";""! tLi .he ""~ ' I'Y 1"",,,,,,,1 h"v~ bee", " ,plo.cd: "rit,' i '" "I 
id~le and " . ile Upd31c 10' ""'e broaoka,l ) Wu h a " , ilc -in'3hd" lc p"'lOeol. Ihclc 
c~n "" OIIul"l,k .ea.Jcrs I>u. "nl} one "'Til~' 31 ~ llmc_ IniliaJly. 3 hne ma~ be , .. ~.w 
among .."e •• 1 C"~,·hc. for .... .Jm/: purp<""" Whe n one or Ih~ ~acb(" ,,'anl, " , p<:'. 
ro""" "'OIC 10 II,,, hnc, ,I h"" "sue,. 3 nolKC Iha' in'alid ., ~, 111., li ne in Iheolher 
cache,_ n';,k;n ~ The hn~ " ,du,,, ~ T" Ih e "., ill11~ ,,,,cl1~. Once I lle lin" j, ndu",'~, th e 
"wning I',,,,'CS"" ca n mak e .-i)e"l' loca l .... i t~' """I ",-,me uthe ' I''')c~'''''' w'I""e, 
l h~ "'''' ''' linc 

Wllh a ... we-updale 1"' ''oroI .• he.e can"'" mulliplc ,. II1C'~ a< "ell ", mu' urk 
.~~de.,- When ~ P""""'''''' ""he' 10 "pdale a .ha,c.J line, Ihe ,,'Om 10 be UI"bl,xI 
",J"' r il:>"lcd h).11 "'he .... . ,Id .-a~bn wn" " nOllg ,hal h" e ~"" "pdal " i. 

N~1\hcr " j lhe", T .. " "I'p", .eh~ ' " ,upcri ... 10 1100 ot),c, unde r ,, 11 cir", "' · 
. tances. l'c1t ... manee de l",,,d, "n I),e numl"'f tOr local "ae),,,. an d Ihe I',,,t ",,, of 
me"IO'y rc"J,. ~",l "Tile'. SOl"" ,,'stem, impicmc nl , .. hpl,w pru'o<uls Ih.l COllI""'· 
ho'h 'HiIC"",,·.hdak ,.nd wrilc·up.J,,'e mCI·han"m •. 

The w,"c-i",-.I,da'c " I' I"","ch i, lli(' ", .. ,I " .,Jd), used m ~~)lIImerciJl mul". 
proce""'l1 '~"I C"", ",eh "' .hc Pcnl '''m 4 an,J 1'''''c, I'':·_ It ",~ra...I1,,' ""I~ of ",'c'}' 
c""h~ hnc (u<o ng two ~"r;, ~,ts ,n Ihe ""'h" I"g~ a, ",od if,,·d, ",,' h,,;,,", ,ha.cd, '" 
i n"liJ h" 'h is ren""' , th e wri l ~·j",'"lid"l~ pwlveol i. co 11c-.J M LS '- ' n I he r£n'" ", . 
de. of 110" '.:<"on, "·c '" III",,~ a. It, usc am"" K ), .... -.1 ,'aches ,,,.""\ a ",ull'!,'"l'\;''' 
"". I'm .in,,'hc,t~ ' " Ihc p.e,cnrauo". ,.·c do) nOI ",,,,,,,,,,, Ih" ... ~ch dni.,,1S "''',h cd 
In "''''''hn~l,"g 8"")"" ho ... tc,-ci , and Incl2 locally as ,,""I a~ ", Ihe same IImc 
('()O"hn,,!,n~ nero.< .he d", .. I>uled mUII'!"'''''''''IT, This ""ul.J ",,' add ;on,· n .. '" 
principle; bLlI "'<wIJ greati) ,~ 'n'rlicaw the dl "'''~' '')n. 

Th~ MESI .... 0.0'·01 

r" p' ''' i\lc ",,,he COfI'i",~nc} " " ;en SM P Ihe d,ll,. <e"" " e " ' ,cn 'UI'f"l'h a I""" ""~ 
~"o"'-n a. hi 1;)1. I'." hlESl, .hc d,,' " cache ""Iud"" I"" ~,,,' u, Ion. 1"-" .a~. '" , ,,,,1 
".ell hnc "~n t'C ,n ,)"~ ot ro,,' Male" 

• M",lmcrl, I he line in the c; l c h ~ has ""en ",o,Micu (djtkr~nt ,,,,,,, ma ," rm'm· 
o.y) anJ L, .""iJ"hlc onl), '" I)", "",he 

• E .. hN,'r : I'he line on I h~ rnch~;" .hc ,,,.off, a. ,ba' in "'~'fI Il,,"l<,P' an.J '" nVI 
P''''''''''1 In all)' o.he. ,'ad ,c 

• Sh~n·rl: Th" Ime '" I he ~,,,he ;, ,h~ ''',''~ '" I hal m ma,n n!emo'y ;ond ,,",,' ho: 
p.c,e ,n 0' " n"'h~ . ,,,die. 

• h".Il.J: I h~ hn~ ,n the """ hc doc, ""t ,'(,II ".in '''lid d"I,' 
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" " 
, , 

~l'Klilic~ h<"l","'" Sh.,c<I In,'.lid 

1 ~" ,,,'h< """' ,,;,j" '<, y,., "0' 1' " 

n ... ""'",,,,), "'I'} ~ ,,"' " I Jac, V,I ,J V,hJ 
-
C,,!,,,,, """ in "he< 

'I" '" M,,]X , 10)1>0 
<11<'1><,. ' 

I A~''''',,,,h,, 1,",-, D<"" ""' ~" ,,, h" I""" "'. P' ,,, "'" 
no,,, ,,, ou, "".I G,,, , Ji,,'d') '" '"'" urd"c< ",ft, 

Tablo lK, 2 oum marize, Ihe mOH ning of Ih" fou, , 1"1,,_ Fig"r" IS,H d"pl.)!, 
,t.k (il:'g"'''' for the r.-ll -:Sl prot()C()I , K~~p on ",,,,d th,,{ each IiOl," uf {he ("iKhe h .. 
i1' own . t"te bits "Old th,-ref"'e ,t, lWIl reali~atioll of {h ~ 'talC diag ram Fi gu,e I~,S. 
,how, thc {r"",ilion' Ihm oce", du~ IU :teliuns inili'i1ed by Ihe pro'-'~'''or onached 
10 Ihi' ""d, ~ , Fi gur~ IK_Hb ,I"",', the lm""I,,,,,, th:ot "auf due 10 ,-h'nt, {hat.," 
' noopcJ 0" th" com",on hu" This p,eselllalio" of "'p ",al ~ ,t at o diagr""" for 
pr""""'''' -i" it ialw and hu>·, nitiateJ action, he Ips to cla rify I he loti.: of 11,,· M I:S] 
p'olocol. ,\1 ,!nV lime" c~che hnc' i, ill " 'ingk ,Ial~_ tf ' he Olnt event is fmm Ill" 
allackd p,n,:c,,,,r. The ", Ih~ tra",,,I,,,n i, dictated by rigu,e I~X, and if thc "<>t 
cwnt .. from Ih" bus . the tran,i{ion i, didaleJ h; Figure 18,~~, Let us look "Ith">c 
tran,ilions in more deta il 

Wherl a ,~"U 11"" ",,,.-,,,, '" Ihe ]n"a ] "ache. Ihe' p)(Kc>sor in itkltC, a memof}, 
I,'aJ to leaJ th e Ii"e of main ","mo,)' containing {he' miss in g aJdf~'" Th~ PfOC>;" 
,or insert, a signal ollihe bus I h~t alerts "II other p",,"~.wrl""'hc IJn'" 10 ""~>p Tho 
I ,,,n,,,,·Tion . The'e ,HC " numix-r of pM,;h lc n"I"'Hnc" 

• tfon" olher ca~he h:"" cle'!n ("",,,,,,Jifled ,illce rc"J I'm", rtlc))\()ry) <op), of 
the hne ill <i,,' e,cl u,",'e ,1,,1<;, it ,eturn. a ~,gna l ind i,'aling Ih~t it ,hares Ihis 
line, Th" rc>polIJillg processor Ihen (ron, itions I he stMe of iI ' "'pv frc.m exclu· 
,ivc I" 'h,,'cd. ,mu Ih e inili'iling p">(;~,,or Tcads thc hn~ from ""!Lt. memoT), 
. nd ,r",,,n i,,,,, lite lille '" ItS ,'""he fmm in, ,, hJ 10 ,l\MCJ, 

• If one or m(},e ,'""he' have a dCHn '"<" p}' of the ion " in th, ,har,,1 ,Ia'c. ,'ach 01 
th~ ", 'i gll :<l, 'h" l il ,h",~, Ihe lin~_ Th~ illil';'li" ~ pr'Ke"", rc"J" Ihe li~c and 
tra n,ition> Ih e hot " ' rI,1> t"ch e fto", ",,'alid t" ,h",.~d_ 

• If onc olh", "ache has a m",lifi ~J cop)" of rh " lin e, tllCll th"l c,,~he t'lock , the 
","nw,y '';HJ and prov ide, Ihe tm~ to Ii" TC(ILl~,lmt "",he m',·,. {il e , hared 
hu,_ ' l'h~ l'e'I~'n J", ~ c"ch~ llt,'n change, ,[< h Ol ~ (r"", ,n"Jificd (() , h"cd,-

'I" ".'C<' impl"n,"'''",,.... [he' ,.<h , "It" "," "".t"",1 I"", ,;c''''''" the ",i""i,," r' '''''''''~ t" "',,' 
M,;.o~',I ,' 'he 1"'-"""" wLO Il 'I>. IIIcxl''kJ " ,') '"'''' .~ , ,"", WI'''' ,, ' n~'l" ""lI H'-' kd tu """" 
"""""", ,,,,I ,,,"',,","" 'h , I",~ on ," ,",,<h e ''''''' 1ll <xli l" J , ,, , h",oJ, S "'~O~u,,\u, . • hc' "'q",""\< 
pr,. __ <,,(>< Lric" """ "," f ....... ttt., ,,," '" .,..", r''''"''~''' "co "" ,< "k,'" ""r) "I '" ' ", .. , '" lh' "' '''" 
",," , " ,b,"I~'J on ,1>.; P' ''''"lmf 1" '"' 
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• II no olher~a"h~ has a cop)' Df Ih,' li ne (dean or mooified), Ih~)1 nO , igna l, iIJ' 
r~llIrn"u. The inilialing p,oce,,,,,r read, Ihe li n" and Iran,ilion, Ihe hnc in It! 
,'"cite frM\ iT1 ",hJ In ""'h,, iVC, 

Ke~d Ilil 

\\,'hcn.1 ,cad hil occurs on a linc curreml)' in Ih ~ 10('"1 oache. Ihe proce~"" i",-

1'1)' ,~ad, Ihe rC'I'"rcJ il e"" I here i, no qak change ' Th~ 'ta lc '~TTl"i,,, moo,li, d, 
,h",ed, Dr ""lu,,,'C, 

Wril. Miss 

When a writ.' mi~, (X'curs in Ih,' loc,1 cache, the pn)Ce,;or iniliat"'" momOf)' 

rc"d I" r~"J Ihe li ne of main m~mo,y containing Ihe mi"ing "du"", ..-,,' Ihi, pu,· 
po"" [ho I"""''''''' i"uc, a ,i~nal (m thc' h", that mc",,, m"i_~ il /t.i"(,,"(.1(Nmuiifj 
(RWITM), Wht'n the line is lo;,ded , it ;'; i",,,,,,Ji,,dy m",\:cJ modi fied. With re'J'CCl 
'" oth" ",,"he,. IIH' po"i~lc scenar io, I'rc""uc the load in g Df the lin c of dala, 

I· in-\. "-'TTl C ()1 1l ~r<'a<'hc rna)' h""c " rno<I i fi~,! copy " r II", Im~ (,t"le ~ ",ooil), '1, 

In lili, cas" Ihe ""'rled P""'c",,' sign" l, Ihe ""1",1,,, 1'- P""'"S>Of thai anolhcr 
proce"or has a mod ified copy of the line. The inili"ling processor surrendcrs the 
bu, "nd "·,,ib. The mher proce;,sor gain. a"ccS' 1(} Ih~ b u" wril~' Illc mOO ir.cU ""''''' 
lin c l>acllo "",ill memor)'. anu Ir"ns;lion' Inc ,laic "r Ille "",he 1m, 1" in valid 
(I>e,.u>c 'he ,nit," lin R p"x"'~' '' r "roin ~ to mod ,f y th" li" e), Suhscq uently , the ini
tialing procc<sor wil l "gain i"ue a ,ignal t" the hu, "I RWITM ,nd Ih~n rcad til< 
lin , f"'TTlll1"in ","mor)'. mooify the line in The """h~, ;lnJ n""k Ih~ line m IIw nH o,!· 
ifiod'law 

The .econJ scenario i. thai [\0 other ,",he ha, a mod ified c"py of th' 
'"que,ted lin~, In thi ' caw. no , ignal i, rcturned. ,md thc ini liming p,,,,,,,,,,-,r pro
ecc'd, '0 rcad m th, Ime and mo,dif)' it, Mea llv.-h ,le. ,f nnc Or mOTt' u",hes h""e' 
cI~~n copy "f I h~ li n" ill ' he ,ha,~d ,t ate , ~ad, cach~ i,,,"li J,,IC, ,t , cop~ "I the lin e, 
a nd if one cache ha, a dca" cop~ of Ihe line in the exclus ive state. il inl'" lidal., it, 
co p)' of the lin •. 

Wrile liit 

Wh"n " ",,,Ie hit occurs on a li ne curt.'"lly '" Ihe local c",h~, the effeci 
JCl"'nds on Ihe current <tate 01 Ihatline in the Io<oai "ache: 

• Sh~r~d: Bd",~ I"" forminll the ul'd'te, the proces"", must gain "xclusil'e own
""hip DI the lin.'. The proces"", sign" l, it s ,nt.- nI on the bu,. Each proccs"" 
Ih", ha' a 'hared "Op), "f the li ne in ils """he mm"li"n, Ihc "-'Ctor from ,h,,'cJ 
10,m'.Iot!. Inc imli'Htng pru<c'''.)T Ih~n j",rrom" the ujxiot, ""J If",,,itoom 
its COP}' 01 the ],ne from ,hared to m"dified, 

• ,"wln,i,'c: The process", ahead)' has cxciu,il'e control of this linc. and", it 
,impl)' I>crfo,m, Ihe ujxl;ne and I ra n,ilior" it, ,'01')' of t he li n~ f "'m cxtlu'n" 
10 modified , 

• Modilied: n ,e process", a l read)' h"s exdu,i"e coni rol of this line and ho, the 
line mark ed as modif",d. and w il simply I"'rform' the urUak, 
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L 1· 1,2 C. ,'h., Con, js'~IlQ' 

We h"'" '0 fa, ,,kM:ribed "ache ~olwren~)' p",I()",,!; il1 '~rn" of til~ W< lp<:r"lC 
"cl ivi1), "mong c~che, C()nncc1~d 10 th e ,am" hus or other SMI ' uOlcr"onn,'ction 
f"cility_ I ,'rically, the ,e caches "r" L1 caches, "nd each proc,'ssor aI,,, has an Ll 
cach" that Joe, nnt wnne,' ,hrc"t ly 10 Ihe h,,, ,md ,h"t Ihcrdnrc ""nnol eng"g~ in 
a ,n!)op), protocol. Thu>, ,ome >c herne is ",,"'J,'J to ",,,,,nain J,'l a inkg" "Y "~,,,,' 
hOI!. Ind, of c"che "nd aeros' oI l coch'" in the SMP co nfig.ur~tiol1. 

'n,,, , tr,,1c'!()' " I" ~'I"nd Ill" M 1,.$1 protocol (or "n)' c~,h<' cohe'fence rrol,-",,-,I) 
to the L1 cache s, Thu" each h,," ," lhe 1-1 <'"che il1(: lud" hit, to i nui<'''t~ thc 'tak, 
In o~,eoco, lhe obi""ti"" is the foll ""i"g: rell "";' I"w thai is pr"'e"t '" hOlh "" L2 
cach ~ ",,,I "' corrc'jXlnuing Ll c~,he, th~ LI line slate ,hou ld trJC~ the ,tate ,,( the 
L2 littc. A SLmplc me"", of doiog lhi, i, to "dOpl the wril e-through jXllic)' in the Ll 
<"1I<'ho: in thi' Case the write through i, \0 Ihe 1,2c""hc' ,,,,u noL t" the "'00l0l)' Th" 
Ll wrik -th rough policy (orc", Oil)' mooificali"n h) an Ll line out t" lhe L2 c"cllc 
arid lherefore rnah-, il vi' ihle to olhcr L2 cache" The usc ,,( the Ll write-thwugh 
rolic), requircs th at the LI contc"t ",u,1 be a ,ul',et " r l il ~ 12 c"nt~n'- ,[,hi, in tOlm 
;;u",-~~,t, thai th e associo,i vit y ,,( 'hc L1 cache ,hould h~ ~'l ua I tll o r greJ tc r I h'HI tll"l 
of tile Ll """"i" li"il )', Tk L1 'Hitc-thwugh policy is used in the 113\-1 SOW S\-11', 

If 'he L1 ""eh" h", " w, ite_lwd l"'lic)', th " rcl"tionship ix t"'c"n the t",,, 
cache, is nwre romplcx , '[ he rc 0 re "'''''a l "pp"" ,,'lIe, to TTl"inl"in"'g "ohe'"occ, I-'or 
CX'"l1rk, the app","ch u,,,d nn Ih e I'c",iuu, II i, Jc",rihd il1 d,'lai l ", I S IIA'~~ I 

18.4 CLUSTERS 

One o f th e hlltte,t new are", ill C<lmpuk l' 'y,[C", d~,i~1I is du'I,,,illg_ C l u'I,"m~ i, "[1 
a ll em~ livc 10 'ymmctric mult iprocess ing 0' an app",",h hll"'''iJin~ high perfo,. 
'na"c~ a"d IH!!_l1 a,," il"hili !}' and i, pani,'ularly attractive 1m server aprlic",i"",. W~ 
ca n defi"e " clu, te r ,,~ a ~"'ul' "f ""~n.:on [1 CC1"U, wl10k ,'''mpute" w"rk ing !ogclha 
"' a un ified computing ,~",u,c~ Ih,,1 c,," u~alc; lhe ,lIU"00 pf h~ill g ,," C maohm~ 
'I 'he t"'m whole c","'P"i<'t mean , " ')" t"m th", ca n run on its ",,'n, aport fm.., th" 
clu,lCr: In l il ~ li tor;nure, ""ch COJllrll1cr in" cl u,t,'r i, typically referred 10 a' a "0,1,', 

IllREW97jli,t, f"u, b":lle fi" lil"1 ,',lf1 I", "chie"~u with du,t"ring_ The"" ,'''0 
,,1<0 t>e thought 01 as objecti,e, or Je',gtl 1'0'1 ui rcmc ,ns: 

• A~."lul c ,cal . hil i l ~' ; Ii is J'<",ibk '" cro" l" large clusters that far lurpa" lh,' 
po,,'''' "f ",'ell Ihc I ,"g~,t " 'l1Id " lo [1 ~ n",ohin e" A ,'I",t", c"n h;tve utv"ns of 
mac hines, ~ac h ,,( ",hich is a multip roct''''''_ 

• Inn.meolal >r. l abjljt~" A cluste , is co"(i~UI'"d ,,' ,uch J way thal,1 "j",,,ihlc 
,,, "dol new '), '1"m, 10 Ih c duster in small in"emmlS, Thus, a u;.e, can , tart 
out ",ith a moo",t ,)"1,,,, ,,,,,I OX!," '1(1 il '" n~~d, ~"'w, withOUT havin g 10 ~o 

Ihrough" lllaj'" upgrade in "hich on "Xi'lllig ,,,,,, II ,_",1"11\ i, ,cp",c~d w,tlo" 
lar~,,, ,),,,cm, 

• I Ji~h 3.'ailahilit ~" Ilc'cau,~ ,'aoil nl\Je '" " el Ll" ~r i, " ,I "",I" looe' ''-'" 11'ut ~r, I he 
fai lure " I' "nt' nooe Joe, not mo"" I"" of """ic,,_ In ""HI)' pr,~luth_ fault 101 · 
eT,, ",'C" handl ed uut"llluli,all), in solmarc , 
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• S"p~'i'" p,ircJpcrfonlUIIIOe, By '''Lng C( HTlTll O<iity bu ilJing hi",,",. U j, po!' 

sibl" to pullogetho, ,dU'k' with "y",,1 or gr~awr compuling power Ih;lO' 
' ''' gle I.r~~ m"c'hinc, al much lower cosio 

Cluster Configurations 

In the literature, Chl,lcc' "r~ da"ifi cu ,n " number of differ",,, ways. Perha!" tn, 
,imp)e't cio"ific"liOr1 " b"",J (}n wh~' hn the "Omr"t~r< in " duste, 'h",~ access to 
lhe ,,,me <li'h. Figure 18.9, ,how, a t"·,, · noo,, clu,lCr 1[1 "I,,~h the onl)' intcTC\\fl· 
nee'too" i, b~' mC,ln' of a high'sp"eJ link thai cau he u,~J IN rnc"ogo c,ch"ng~ to 
cooruinote clu,tc'r adi,·il)'. ' I he link "in be " LAN lh~t i, shareJ "'ith other non· 
cluste, rornpUlers or il COn he " (kd,,·,, ' e,l rnt~f<'(}nncction fa,ilit)', I n the- taU", , ... , 
one or more of the compute,-" in the du,kr Witt h,,,,,; a linK tu a LAN Of WA\ <0 

lhal lh~r~ i, " "onnc~tion bet"""n the SC f\'C' duster ""J [,,'''rOle' clienl ,}' " Cr11>. N,'te 
that in the figure. ~ach C'<lrnp ukr i, depiel ed "s being a Illultipr"","ssor. Thi, i, not 
n<'c~>s" rl' hllt d"", enhance hoth l)Crl()rmanL~ ""'! ''''"ibhili,y 

" 

(a) Sl""db~ <t'r,'er "ilh ntr ,han.<! disk 

Iii m""'.~< tink 

KAlil 



1~.41 rn;·,n,R<; 665 

IT1 Ih ~ 'impie cias<ificalioll JcpH;l~d m FIgure lK.Y, Ih~ other allanati,'c"" 
,h",~d_d i ,k d"'lor In this ca",_ there ~e n er" lIy ",till a mc""'gc link b-etwecn 
"ode>. I" aJJ ,lion, thcre ,," di,k ,ubsystem thaI is direct ly Im~~d 10 mu l "p l ~ C'On" 
p'"~r' wi thin Ih~ dlJ"~L In Ih i. fi ~urc. the common di,1 ,ul"y' I ~IlI "" RAID ')'" 
tOm '1 h ~ "'C of RAID or romc ,j""I", r~d""danl (ii,. kchnology "common Ln 
clu>to" '" Ihal th e high ""aibhihty achie,'cd hy Ihe pl'~'~11C<; of mu II 'pl ~ «) mpuler, 
lS n01 comp,om;""d by a sh"re<J d;,~ Ihat lS" sin gle point off"i lure_ 

A ck" '~r p,"lure of the r"n!,~ of " I ",,~, opl ion' ca n be £a in eu b)' lool,,' g at 
funCI"","1 all cm"liws. Tal>k IS .. ; p m,'iLk. a u",f,,1 d""ific"lion alo ng fU11ctional 
hne" wh,c), w" no", tii,;cu", 

A mmmon _ o ld"r mc\h,,(I . known a, p"s<j,'c Mandb)'." >Imply 10 h,,,," 0 11 e 
,,, ,mpuler ho"dlc all of the I'rou",in~ 1,,,,<1 ,,·hik lho other m"' pu 1<'r re",a"" in
aCl i v~_ '\.mJing by 10 take ovcr in the e'~nl of" f"ilur~ of Ih ~ primM)'_ To """rdi
nate the m, ,,h,,, ",, Ihe' ""I j,· ~. or pn",ar}, ')'>te", pet iod ,~'II)' ,~",h" "hc"rlb<;"j"' 
Tll C''"gc to the ua ttJh)' n,"d"n~, Shou ld th e..., mc,,"se, ,top arr;v;ttg the ,!a"Jh), 
as;unW, Ihal the I"""ary ,cr'e, ha, la,k J ""J 1',,1, il'c lf inw ore,"lio'l, Tl>i. 
approach ",crc",e, ",,"ilahilily but Joes ""t ,mprove pl'rrorma,,~c_ I 'urlh~ ,. it' the 
onl)' informat i" " lhat " c<~h"ng~d ""lwee11 the t""O "."te"" i, a hea' thc"l mc,,"~~. 
and if lh~ Iwo ,),stom, J o not ,h"r~ COT!!m,m d; ,k,. ,hC11 the standby provides a fune_ 
t,,, ,, ,,1 ""chI' hul h'" 110 "ccess to the Jel"I,""" mn""ged h)' the prim,,,, 

n u<torinH \kH,,,J 

,.,,; .... ,,""db. 
D "'-<ripl i "" 

A "" '"nJ,,,y ,,"",,1 
L" ," ",." '" CO,"~ 01 
pre"",,· >em' ("" u,, 

11" "''"'''' ''''') 'c-r"", 
" ,"" """,, t',~ 
r"~'''''"-, ' ,,,b, 

""r"'''''' '0"','" 11,,'" 
'h", ,,~." d,," Om 
"" w", ,,,, •• ,, ,I;- '''~i ' .1 
(, • ." (",m ' T)' '" 

I(,".]",,-.j "'" I",'"'''' 
""", ,,1,,,,. "'-'m'" """" 
" ",d h l •• "e .. i,,~ 

Lim i' atioo' 

lhgh ,. ,~, h.",,,,,, 1h" 
"",,,,J,,), ,",,,,,,, 
",''''" i l' '~e ( .. "L!.,,, 
r<,,',,"i,,~ ,,," 

>!;!' " ct.''' '~ ,,,,,, "' r",, 
" ,"' .. ,,., dl~' ,,, ~'r;. , "~ 

"pC""""', 

~7 __ ~ __ ~_"'<':c"",,,'''';' """':"---~~7-~-~-~--1-~~----
"""" (,,,"",,,,,,,1 '''''Cf> "" "bleJ Lv R,'J,,·,d ",,~·, ~k .,,1 I .,";,I~' "'I ''' ''' ",>I< 
to Th<k, ,Ix """ .Ii"', "'" "'''''' """h, ,,,1 uu, ,,, mm''' '' '' !'~ HAtl> 

""'"" .. ,,,.,, o~ os ", ,Ii""""i",, ,,( """ '" ~ Ie'""",I,,,;:,' to ,omr<" 
d,,~ ,. It " ... "''''n "I"" ,,~"" " Ie' I,~ n, l. 0<' J ". 
1.,,1<. , j< <J"~, '" t." "" I,." u,,,_ 
" '''' h)' Oh, ,~ " " >,,,,,, 

\1 ,1 "1"< ... ,"''' 

' i","""",'",,I;' """ """'" ", .),," 
L<'~' no'w"" "' ~ >C'"',, 
",'"he," J{cJooeJ "'. 
.,1' Joo~"' , ,,,,, ,'au",J l>" 
"," ,;,;t"", 

R,'~ u"e, """ m",,,,,,, 
• ..-, ~ .• ". U""dl,· ",,-..I 
~',ti, JO-I. mi ,,"' i "~ ", 
R,\ til ""hool<"" 
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The 1"".,'0 st,ndby's ge ncr"ll y '"'' '''krrcu \o~,,, "'''''er, n,~ <erlTl "I"""" 
r"""rwd for multiple inlerconnected co"'pute" lil", "T~ .ll oct','ely doillg I'r~ 
i"g while n"'lnl"ining tho im"ge of a single 'y,'emlo the om,ide world, The term 
~<1i,~ '~"JHd.,~ i, ohcn lI",d in refcrring 10 Ihi' co"figuration, Three cla"ificmio", 
of du"cring can be idcnlifi"d: ,epa'"k ""v~,.,." ,h",~J nO'!lIn~, "nJ ,),,,,,J memQ') 

In onc "pproach 10 dUSIerin!'., each """pu!cr" a '"pamle .ener with H, 

OWrl ud, a"d Ihcrc "'e n" di,ks ,hared belwccn ')"t"m, (Figure lS.YJ), This aT' 

rangcmcn! plO"lde> high perfor111""''C '" well '" hi gh """",,Ili li ty, In 1111' C",;c, 'on>: 
Iype Of m"''"gemcn! or ochedu ling snft"are i, rl ccdcd In ",-,ign Incnming clie.1 
cc''luc,l- 10 '~"'-~r< '0 Ihot the load i, ba)anc.'J and high ulili'"I ion i. achh'td, l! 
i, dc,iro"k 10 h:""" f"ilo"cr ""rabihl~' . which m"OllS Ihal if" "omplll~' fai l' whilo 
~xecutil1g"" .1ppll,,,,,o", ""olher c"mpule' in Ihe cI"'ic' <,on rid Llp and "<.>Ill

pkt~ (he al'plicalion. For thi' to h"ppc<\ , dOl" musl con't"T1!l~' be ",,'pied .m,,!\,! 
,)',"cm,; '0 Iha, ",,,;h ,,,,t"111 has a~cc" 10 Ihc curretU Jata of tlw O1hcr ')'SlN"', 

lh.' o.'crh~ad "f lhi, J"la nd1;lng" cn""e, high ",,"ilability"l the ""st ()f a rerfOT' 
manee p"nally, 

T" r~ducc t he communication, o""rhead, nw,l clusters now co",ist of "",,"Ii 

con"cLlc,] 1<) C01111"OIl di,k, (Figur~ l~."'h), In v"riation on Ihi' arpro"ch, called 
,harc,] nol)'in~ , the com",,, ,, dd, """ p"rlitio~cd into "ol"m~', "n" ""d, volume;' 
')\\-n~d b~'" single compul~r, If Ihat compUle, f",I" Ihc du,ter must I", 'e",,,figured 
'" th :H «m,c othe, wmpUl~r has oWl1cr> hip "f the \'"Ium.'s "f Ihc foiled Comp"Ier 

It" ,,,,, J",,,ink to haw m"llipk comput~" ,hare the ,ame di,h at the "m", 
!ime (call~J Ihe .)'",~d .Ii,k "1'1"""cl1). '" Ih'li each comr"lcr II,,, ac<'c" to ,li oj 
Ih e "olumc, on oll of Ihe d isb. Thi, appwach Icyui,c< the u", of ,,,nw lyre oi lock· 
"'~ i"ci li !y 10 , 'nM"C thHI dOl" ca" only be a""",,J by on~ computer al " lime. 

Operating System lJes;.,'TI issue. 

l' ull nl'loi"'lion of a cil"te, hard",,,c configuraliolllcquire, so-me "nhanc.'me"" 
In a \irlglt ·,y,lem "l>cr"Iing '~"IcI11, 

hil"re Muna~cm~nI 

110'" failure, are m'""ged by a c1u,kr dq>end, "11 ' he c l u'krm~ m~II",.J us<'d 
( I "hie 1 ~.3), In general. ''''0 approache, ca" be lakell 10 dcali ng "ilh failure" high!) 
a,'",lab le du,lcr, ""d f"Ll lt· lIl lcrant cI",lcrs, A highly a"oilahk dusler oife" ~ high 
probabi lily Ihat all re,ourc~s "ill I", '" """ICe, If" f" il",~ Jo", ''''CU', ,ulh ,,," ,)\. 
1~T1l goo, down or a disk ""Iume i> 10s1. then Ihe ~ucril" H' PW&'t" ",e lost. An) 
1"'1 qU~1)'. if retried. ",ill be se rviced by a different computer in the duste" How· 
cver, Ihc ciU'!CI op"ml ing ')'<tCTlt makc' no gll:""ntec abolll the ,t;,to of p"niali)' 
cxcnJ1cJ 1,"l1sactio<\" Th i ~ wou ld "",'d to he h,H,dk" "I lh~ "pr li"",iun kvcl 

A r"ulHo)"fani clu'ter e nsure' , thai all rCM)UrC"" arc ,h.,,,)'s a,ailahlc , Th i, is 
adll.-v~d n)' Ihe uw of rcd,,",bnl >h"r~d dish and mcch"nism' for b"~king out 
ullcomm illed 11 "nsaclio", "nJ com1111llm g .'omr1ctcd I "in,,,,,Ii,,,,, 

j'hc hmclio" of ,witching app li calion, and dala l'ejOu r'Ccs 0,',,, from" failcd 
,),s(em 10'n "Iterrlaliw ,)"t"m in Ih~ d""cr i, refcrre,l 10 '" fail""~r. 1\ rclalod 
fllncl ion i, lhe fe,InrallOI1 of oprl",,,I,o", "nd J,"" '"''''''C!.-' 10 th, "n~n,, 1 'y,lcm 
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()H,'~ it n,,' been fix"u : lili, i, ,de, 'eu 10 '" r.ilhack Fa,lb"d ,'"n 1">" ,,,"vn1a1eu, bul 
Ih"" ,k;.,,,li'k on ly if the prohlem is truly fiwJ ,mJ LJJlh~cly 10 rcc",- If not. "uto· 
malic failbad. call .n u" ,ub~'lucll1ly laileJ '~"'mce, to bOUJLCC b"ck auu ILlrth 
t><t"'ccn compule"" fc,uIIJJlj!. HL p"r(omwm", ,md rC"O""f~' problems. 

Load nal""dn ~ 

A clLl,kr TC'lLliTc, an dfcct ivc "p"b ilit ~ fm haJ.HICml' IIl~ I""d "m,,"~ ",'"i1 · 
ahle compulcf" Thi, i"duJ~, th~ TC4"ifcmcnl that lhe dU<lef he incre,"enl"li), 
,,;;, I"hk. When a tLew CO"'pLlte, "add",1 to Ihe CILl >lcr, lhe I""d-b"iatleing f"eil it )' 
,)"" Li d a"'''' "aticali~' include lh is ('o rnpute, ," "h~dul "' ~ "pph,al im" , \liddkw,,"" 
mCch:H"'"'' n,'~d I" rc~ognir.c lhal "-"',i<-es ('an 'ppear on d,ffercrH ,""mocr< of th~ 
d ll sk'r anJ ""Y "Hgr'MC from on~ nW]n l">o, W "noth~,. 

I·a •• lle li'in~ l;"mp"l.tioH 

In ,omc ca,,,, , dfect ive use of a du,t~, r'c4ui,,·, ","CLlting ,,,ftw,,"e Iro", " ,in
gle appiic'l",n III p,,,,, lkI.IKAI'POOj li't\ lhree g~n"!a l "pp",,"d,", 10 Ih~ I'rohkm: 

• I'"mlldi,i"~ "ompil er: A paralielizing co",p il ~r dO!~rTl"nc'. "I ""' ''pil c li"'e. 
,,'hich 1'"'" of an "I'pl;,·"tiotl "" n I">e executed in pa,allel. Th,"c o'e [he" ,phi 
on to be a"ig"eJ 10 J ,fkTCTl L ''''''rutc .. in 1 he c!u,kr. Performance depend; 
,m Ihe nature' "fthe pmhlcTTl "nJ how wd l lh~ comrik' i, de<ignod . 

• ,'aralldi,ed ~ppli"atio,,: In this "pprooch, the pmg,"mme, wrilc, 'he "I'plica. 
tion fro", Ih" oU"C[ to ru" on" clu,tcr. " ",I ", .. " ll1 c<sage p,ssing to mow.Jo!a, 
H' ""Iuircd. I">cl "'eell du,te, tlo,k', '11,i, 1'1...", " j,,!,h burrkn un [he pro~".m· 
me, i>ul ", a~ h" I he I">e" appro"~h for exp loili ng clu<t,-n, fOf "',me apphc.tio", 

• I'H,.",..trk romp~li"~' Thi, approach ,,,n I", "",d if lhu ",,,"nee of the "ppii
,ol io" i, ~n " I ~orithm or progrm" th"t """I he' ewcutcJ " I"rl'" 11LJmh" of 
times. ":teh IJm ~ wilh" differcnl set of st"fl in g mnd ili",, < or 1""""JCln" ,\ 
gOO<! cxample ;, a '''''Ll L,l "", ""Kld. ",h i,h \\'il l run" larg,· l1u",b;.'r of J ilf~r
cnl ,cenarios and th"" Jnd()p ",,,i"'G, 1 ,,,,,,,,,:,, i ~, of 'he rc,u it ,. For Ihi' 
"pprwlCh 10 he df""li,·", parametric I'foces,i"~ I""i, aI',' ne"Jed 10 org'''''',c. 
,un. a"J "' .. m'~~ 'h~ iot>, in an ordcriy ",,,nncr. 

Cluster Computer At<' h it~ctur" 

Figu, e I S.I 0 ,how, " t),p,e" 1 ci<"'~r "rchileCl" reo The ;nJiI'iJu"i c"mpuk" "f, (", ,, . 
neCH,d hy some hil\h-'I,.,~J L,\N or ,witdl h"Tdw",~ . EiK'h cn"'putcr is capah le of 
ol)Cr"ting inJepcndenlly, In adJ,t IOU. " midd I ~war~ h)'~r "r ,,,ft,, arc is inslalled 
i" e"ch compulcr 10 "nable cluster operat;o", The clu'ter IT,,ddkwHrc l'ro"'J~,,, 
ullifi~J 'y,le," "n"g~ "' lh ~ "",r. known as a 'i n~lc,')'ste", i"'"g,·. rhe ""Jdkwar" 
i, aiso ""ponsible for pnw i,liTl g hi gh a,'",l:,hi li t)'. by means of ILl"d bJbncing and 
T<"p'mJ i n~ 10 [" iimes in ind i,' idu"1 CO"'purW fl t,. II I W ,\ NW I I",,, [he (ollowin g '" 
de, i r"bl~ ciu,kr midJk",rrc '"f\'i c~, and functions: 

• Si"~le e"tr~' I'"int: ,\ "",r tog> Oil\() Ihe ci""cr ,alhe, Iha" to"n ""li"lJu"j 
(,o"'pu l~r. 
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• S in~lc me hit·ntrchy: Thc u,e, ,ee, " 'in):k h"'T"r~h)' of fi le d;,~"wr;"' under 
'he "Hll~ '''01 d ir"ctOTY. 

• Si"~I ~ <omlml l",illl ; There is " ddauh IH1rkSialtlJ" u",J for dtl,kr m'Hla~c · 
lll ent ~tlJ com",l, 

• Si ngle ,';noal nCI ... otki"~: ,\ "l" ,,,~k "H' n"ce," 'my ot hcr po;nt ;tt thc ,Imter, 
evc" l it em"" lh~ "cw,,1 cluster configuralio" mol' con"" "I' n\tlll'i! I ~ In icr<on
necleJ netw"rk>. litere"" ' ingk ,';rtual network ope,ati,,,,, 

• Single ",~",or~ 'I'~<"" lJ"ir ;buled 'hmcd lllemory en"hle, progr,m~ I" ,hare 
,·"ri"bks, 

• S in~k' job· m""a~e,,,em , )" "."" t lid", a ch"icr Job "'hcJuicr. a usc, con sub
"Ht " J" b wil ho<n ,pee if)'in)'. lhe Ito>! c()"'PUtc, t" necu<c I he i" I,-

• Si "~lc mer i,,'erf~.· , ,: ,\ common )'.raph;c intcrface- sup]>orts,1I US"", reg,,,t . 
Ie" of t h~ "0' blat;o" fr" ", witi ch 111C'~' ente' the du.tcr. 

• Singl.· I/O ' I'Hec: Any lOWe' "on r~"'''lcl y """~" any liO p<'ril'hcr~1 or u;sk 
device withou ' ~nowlcdg~ of it' phl",icallo(al i"" 

• Si"~I~ pmce" 'pan': A uniform p"",e"-iJo"I,fic""",, ",hc'm" " use d_ A 
proccss "n "IcY ,,,~ic eln crcak '" ,ommun","te "';lll "n.' mh'" procc~'i "n" 

re'mot" nooo . 

• Ch""krojnli"~: Th;, fund ,,,", J",c'o<hcall y ,,""c' Ihe proce" <laIc- and int e,
med,ale ,'omputing r",u lts.IO a ll o" ro ll haok "":,,,'~cy "tkr" f" ilur~_ 

• I'roct'" mi~.ati,,": Th is I'<m01;on enabk, lood I'alancing 

The \a" fo ur ilem, on Ihc preceding li<1 ellh'ltcc lhe' a"a,lal, d;l), ()f llt~ clu,· 
kr. The remain ing ;IC",,' arc ,'on,'crncd wit h rro"iding" <ingk ,y"em ilO"'ge 

Hdurning to Figure lK1IJ, a clL"ler will "I,,, Include sof"":,,~ tool' for en
'hl i n ~ 1 h~ efficienl e,""ution of pmg' all" lh al arc ""I'abk of 1'''''' Ik l ","cui ion, 

Clustcr. vers u s SMP 

Both du.;!"" a nd ,ymmdrie mu ltip"''''cs",,> pr",·iJ e a co"fi~u"'lton wilh ",ullipk 
w"",c"ors tll ,uPl'o" high-dema"d "Pl'li"otion,. iJoth so lu tion< are comm("fcially 
avai l"hle, "lthough S)'lP sehe-me' 10",·" been "rou"d f,r longer, 

The ma i" ,rr~",~ l h ofth~ S),ll' appro~c h i, lilat "n SMf'" C,,,cr to """,age 
,md configurc th"" a duskr, 'll,~ $),1 1' is """'h .,]o;<;r 10 1 he or igi",,1 ';"~ I ~-p"""-",,,, 
"ll).,k l f", "hi"h nc>"ly a ll "pplitalio", '''~ wr"'"n_ The l',in cip"1 change rC4uireJ 
;It g" mp> f",,,, a unir,,"'~''''r to '" SMI' is '" lI,c ,d,eJulcT fU","li"n , Another hcn
dil of thc S)'11' ", Ih'" 01 u "':ol l ~' lak~s ur Ie" ph.l'>ka l 'I,"Ct a"J draw, bs P'-'WCT 

Ih'ln a comp,,,,,blc t lu,lcT, A fill,,1 i1llponant bt:nefir i, Ihat Ih" SMP pr("]lJ,I' a"~ 
",dl c,t"b li ,hed ,md >I"ble, 

OV"' I h" long run . howc,'cr. the adva ,l1 "gcs "f lh" <:Iu,1 Or " PI"O"~h "re' li hly 
10 rcsult in clu>te" dOJ1"na'in ~ I he It igh-pc rforman c<' serwr market, Ciuskr, a ,c /:H 
supcrior to S'\lI's in term, "f "'<:re"'~"I ,,1 a"d :tm.olllk ",:tl:thi li, y_ Clu"",, arc also 
sUI",ri,,, ,,' 1<:",1< of :t,'ail:.bi lit )', be,au,,", all coml"'''"'''' of Ihc 'l",le", "'" t~"d Ll y 
bt: made h; ghly t"d""d'",1 
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18.5 NONUNIFORM MEMORY ACCESS 

In knn, of ",,""netti,,1 proJuci., Ihe I "." com"",,, approache. tu prm'iding a mul
lipic-proc"'''''f ')"tem to ,upport applicalions ar~ SM I', and dU'LC"'_ For some 
}'~a". Hnolhcr "rrro"ch, ,n""'n '" nonu ni form T!l cm"r~' "tt~" (N I ' MA), has been 
IlL " , uh)""t of rc",,,,cI, ,,,,d ",,.,,meter,,1 N I 11>·1 A p,oJuct, ore now av"ilablc, 

13dore pr",·.,,,J,ng_ "'e <llOUld define some t"mts ,Aten found in th~ I\U\1A 
lite'a1ure, 

• U"iform "re rn"r~ . <co" (liMA): Alij)[c>cc'>SOl'S have a,'ccss to all pamul 
m,;n m"mory ", ing 10aJs anJ slo[e" The memo!)' "cr~,,' ti m ~ 01" 1""ctSWf 
Ie> all region, of memory i, the ",l1le. The ""ec" Irmn ~xp.:, i c fl c,-,J hy ditto.
" "I procc'"'''' "," Ihe '''m~ . Tire SM )' " rga"i'"t;l}[\ J;"u,seJ in Sections 18,2 
anJ t~3;, UI>IA. 

• Non"niform ""_n,,,,)' a,~·." ('" L: MA I: A II p""'G'" or, h,,,,~ ""c~,,-' It> all p.rt! 
"I m" iT1 mcmory mmg t,)aJ" " rtJ 'tor~-'_ rh c ","mory acres> limo of a proccs
'0' Jille" dq",,,Jirt£ Oil "h;ch rogion of main memory i, o",c'scJ. 'Ioe loW 
'lal,-mont i, tr ue for oil procc!so", how",'cr. for Jiffcrenl !"""~">O"_ w~"h 
mcmory rcgiun< 'He ,I,,"'er ond ""h,ch arc fa,tL'r drrkr, 

• {:~che '''Jhe'''nl ro;U'lA ({"C·N l JMA ): ,\ "liMA ,y,lem rrt "hid cacho c0-

herence "tHai tlt "ineJ .tHong the cC1ch", of the 'ariolli rroce,,,,rs, 

A Nl' M A 'y'lcm wrlhOLH c"c h ~ c"hacncC i, It\or'.: ()r' Ie" <>qu i'a lcnllO ' 
clu'ler. The commercial proJuct' tha t 1t""C recei"eJ muoh all~ntion rc,-':ntly"" 
CC-:-;UM,\ 'y'lem,. wh;"h arc quil" Ji,ti T1 O! from 001 It $\1 p, "T1J d u,k"'_ I ;.".iiy, 
hUl unlorlullatcly fl ot alw"y,. ,"th ,)"[c;n,, "r~ ill fact rde"c·J to in tht' commercial 
hl~r"l ur" a, (T. NL.\I A 'ptc"" . nli, ,eetinn;, conc~m~J only "illt CC·NU~1t\ 
,,'st~ms. 

Motivalion 

Willl "n SMI' 'y,l"m. Lh"c i," I'r"drc'" ) lim ill" lil e uum l",! of pl'coce=" tlLat ,an 
he u",d. An dfcct;". cache "hem" reJucc> 11\" bu< t,affic between an}' one pH""· 
<or ,.oJ m~in memory, '\' 11\0 number of p,oecs",,, inece""-,,. Ihi , bu, lroffic aho 
mc-rc',,~', 1\1",. l il c bu, i\ u,,;;d If) cxch:"'g~ cachc ·"" h ~r"nce ,igrtu i" futlher addin~ 
to lhc hurJ~ ,,- Al ""m~ [l<\ inl, lhe hus hcC()rnc, a pe.-for"," ncc boltlcn"~k, Perfor
mJnce dcg,aJat;ort "'Gn" to hm;t the numkr ot'I"OC~'''''' in "n S\ll' configura · 
tion to ,ome,,·hc,e bdween 16 anJ M proe""_"",, Fo r """" pic, Sdi "" rt GraphiCS' 
Power Ch" lkngc S\ ll' i, limited 1064 ){ 1(0)) pn",c',,'" in" " "Ide 'y,lem: kyond 
IlIi, numh~r p<rlorm""n' Jc~rad", ,ul"ta rtl rally, 

The proe~"o[ li mit in an SMP i, one 01 til .' driving mol ivation, t>chr"d lh, 
dcyclopm~nt of dr",cr ~y,tcm" Howe"-,,. wilh" d",kr. cad, ",-,J" has its own 
p ''''ak mf,in ,""",OrY: "ppiJ calLo", J" "nl "-''-' a large gll}l\a l me",ory, In dteel. 
coherency is maintaineJ in 'OfNJfe rathe r tha n h"rJ"'"re, Thi, ",cmory granu l"r il) 
,,!fcels pcrform"ncc "nd. 10 "chicve m",im um I"'rfofH",nt~, ,oitw"tc n,u,l be tai
I ",~d 10 lh is cnyir''''ln,,,l O ne "I'Pro"dr I" ,drrevrng brge.,eale multiproccs:;ing 
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",h'k rc'.iM'''!: Ik n,,,'or "f SMP" "UMA. I'm e'"mrle. the Silicon (: r"rh,~' 
O. igm N l ' M A .~ "c'" i, Jc"~neJ '0 ,ul'l~"1 LJ P 'v 11124 M II'S I ~ 111.01 I" "':~""" 
IWHrl 971 ~"'! Ille s,,'1U"tI, 'lIMA-O ,)"1e lll i, lk'ig".J h) ~ul'I>o,j "p 10 251 Pon 
h um II pr""o""'''' 11.0\'[ %1_ 

n,~ '*'Je<:I"e ".Ih 'liMA j. I" mll,OI," n 8 lransp.",nl ">.I.,nl .. ·i<l~ m~n""" 
,,·hile I",.ml!long onu lupl~ ",,,luI'''''''"'''''' ".><.Ie •. c""h Yo ilh It, "" n h.,s Of olhe, onlc.· 
n,,1 mle!"cml"e.;' ""tern 

Organ,;ea I 'Oil 

J'ij!.u", IH.11 <lcp'Cl> ~ I~p,ca l cr '1UMA <It({a,,,,,.ali .. n. Ibclc arcc muillplc In<l~· 
p<"n<lclt' n,,.Jc,.. ~ach " r" h,~h '''- I" crr~cl. ~" !'oM I' organ""'I"," 1111"'. each ""Jc 
contain, 1II"!1 ' I>le pr""""' ...... ~. ~"c" "'ilh iI' <" .... " I I ~n<l L2 c;,,·hCII. 1'10>< m"," tile'" 
or}', Th ~ ",Id" " Ihe h" ,k l)u ,lJlIlg hl ",,~ "f 1 hc ",'"r" II C("·j\·II)<.-IA OT ~ :tn''' '1 ",n 
For c>.,, " pl~ . .:ad' Si Ii ...,,, (;'allhi" On~1II 'k:>,k It,dude' Iw" ~ lIPS IU (HIO I'" ... ",. 
,OJ"; earh '>e'I"elll NL .\tA·O nwe indulk, fUll' Pentium II I'n .... """ '. The nOtk, 
"e mleTco,,"ccICd hy mea." <If "'me rommll'Uca"O'" f~rihly. "h,ch "0111(1 be a 
''''Tch,"!! lII~cha",>.",. ~ nil,.. or ",me nthe' n<I"OIl",!: fa~.hl)', 

Eae'h n.)de in the ("( Nt M A ... "t~,,, ",du<le! ",me \1\,It " mcn,,,'1'. Fmm 'h~ 
I",; nt of ,,,',, "f Ik proce~," r'. 11"",", or. Ih,·, c· " "nl)' " , in gle r,uuTc,,,,hk "'"nlM)·. 
,,·,tll ""chi""",,,,,, h''''ing a """!IlC 'pt"n""Je HdJ""" Who" a I"""'"'''' """;'!O' 
" ,"e""ory ""~c'" if Ihe '0'1" 01"·0.1 ,"e",,,,, 1,,,·,,,,,," " .k .1 ," Iha l p,ocesso.·, <;o<;he. 
Ihc" 'h~ 1.1 <achc ini,iaTe' a felch op<",ati"" If Ihc desi, e<J line i. ' n I h~ locall,,)f 
lIOn <.r The ma'n n'""""l'. Ihe hnc i, fcl~h cJ 1Kr. .... Ih~ local bu. If The J~.i""d hne 
I< ,n • remnl,' IlOlI«)1I of the " ... 11 me",,,,),. , h~n all 3ul()"';,I1~ "" 1"""1 ".."" "ul 10 
(eTch Ihal lutc ;(C""" The tBWr""nncclion nel"·"'\;. dol i"'r il III lile I<x·,,1 hu •. a .,.! 
Ih ~n ddi" ~' >I T" Th~ Te~"c" i,, ~ ",,,,he on 111'11 b,,", A ll oj' Ih ', a'l i.,')' i , "U1<"\\I"1<" 
~nd 1r'''''P<''CIIII'' 'hc ["OC"""''' and ," '·"che 

tn I II,~ colllig",al .nll. mche rohe'e",'" ,," c<'nlral "''''",'''' AhllouSh IIlIpl<
memaTion, J,rre. 3. TO <lcTa,I •. in general l"In," we mn "'Y Th~1 c~ch n,><.Ie mu .. 1 
m;';nTaIll ""lIc ,,,11 or <I ... ",,,,,y th~1 ~i"~" " an ",d",~hon of Ihe loe,,,,,n or '.H""" 
PO""'"" "r mcmo')' and ;, ,"', , ache ,1""" 'Hf()Tma llon, 1",) >cC hu,," lh" ",he",e 
«'orb. ",e ~ i \'c an ex~ml'l c I" <e ll 1''''1\\ 11'1' I ~% 1. SUPI""" 11"'1 I'C<>CCSSO' J on ","k 
2 (1'2·3) r~<juc'I'" memor) 1<J.:,<lion 7~~ ... I""h" III Ihe memor} ,,{ !I',.jc I Ille f"l. 
lo"",)! ""'Iuen~., ucrUN 

I. I·Z·~ ,,,\1<", a rc~J re~uc'l nn 'he 'n<J('I'~ t.u< ,,{ ""'k 2 f", 1< ... ·."'''' 1'I!l 

2. The Jrr""I<>' y "n nwe 2 "''''' Ih.., ''''lu~'\ ,,,,,I ""'''gn;,c. 'h,'1 I he 10",,1 ,,'" " ", 
T"xl~ I , 

3. ' ..... Ie 2·. dlI'."'>!)· ",,"0.1, •• '~<jue' l In nwe I. "h,,,h;~ p,cleJ "I' bJ. "'~"'" l·s 
J"''<:T'''Y, 

... N.,u" I', Jrr""'or}'. """/lg ... a sum'):'!lc or ['2 • .1. '<'<Iu<·,,, Ihe """len" u( 7<11'1. 
"' if " WCI\: , procc .. "", 

5. j\'we I ·~ "win memO'}' r"S I~lI1d, b)' r,,\!II'g lh,' " 'I " e,led ojala ,,,' Ihe ho'. 
~. '>we I', u",:cI"l)' pICk_ UI' Ihc ,Iala frolll I h" Im,_ 

7. The "~Iuc "lr"n.fN'cJ I>..,-k lu no.Jc 1·, d'r~'10fY 
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It 1\0"" !'o dirc<1o,}' pl~ce, IIIe dala I>ac~ <In n".k 2'. I>u,_ ...:I.n,. "". ,unogale 
for Ihe mem",}, Ihal ""~mally held il 

'I. I he .alue is I,ided up Hnd pl~<ed in 1'2-3'. "".:he .nJ Jel" c. cd 10 1'2·~ 

llte I"c"d . n~ "''1u~ncc CXl'b ,m h,,'" 0"1" arc ,c,," rhO"'. re",o'. memol), 
"';n~ h,,, Jw.,. ",cehanisn" 110 "1 ",:. ke I he tril";,,"li .. ,,, Ir" ,,,p:" ellt to I h ~ l''' '''~''''''' 

On l1,p of the", nlcch:",,, ,ns. S, 'me rorm or ""che "oherence pro l .. ",,1 i< neeJeJ. 
Va"uu, ')"'cm, diffc. (In c'~e(ly h,.w Ih"" done_ \\'c "';I~C ""'1' a reI" gene"", 
rcmath I'ere. rirsL a. fl.1" <If Ihe p,""cding ""'luen"". noJe I-s dircclOry kecp' a 
rI.'<X"dlhal ""me remole c;,chc hn. a <opy of Ihe line e()nIJlll'n~ locahun ]Wi_ Ill .. n 
Ihe."!Itt'" 10 be " <"'-'1""""1''' prowcol In la ke nrc or mocJ,r"':OI" .n\ Fo. exam· 
pk. if a mod,ri"a""" i. ,jone: in p ca~he, Ih" fact can I>e hr • ..,Jeul 10 other node. 
Each "l)t\c's d;Iecto.)· Ihal r<'Cc"~' ,ueh a broaoi<'." C'HI I hOI' "" Ierm,"~ if an~ I".:al 
''''''he has Ihal line .nd. if"" .• "~u ... il 10 be pur~ed, If Ihe acl""' memur)' local i"n;, 
al the nr"Jc rece ''"'''g Ih ~ hr,,"OC;l<1 nul ,(,e,,' ,"". then Ih" I ,,,,,Ie', Jirerl",}, needs 1" 
",;om I,,,,, "" CIlIt Y i nJi cal in ~ ,h;ol I "al Ii ll C of moow.y i, " ""I,J "lid remaim '" unl,1 
a "-rit e hoc, occ"rs, If ;Jnolil er pmce"or Iloca l Of fel""le) rcq uc>t< IIw i,,,'al iJ Ii " ". 
Ihen Ih e 1oc,,1 d" ""i<lry mll" rum;;, ""i,e h. ck 10 upd"IC me mo,)' IlCfore pro>',,1 
in~ Ill;; d;,, ~. 

NUMA P ros ,".d en, .. 
'l'he ma,n dd>anlage of a (T · NI \ 1,\ 'Y'lrn,;'; Ihal II C:OII ,lcher c1fccli>-~ perf,,,. 
maliC" al highe r Ie,'c" "r p,,,alleh',,, Illan S~II'. ",U'{jUI 'c'lu",,'~ m"I'''' sofl .. are 
(h;'"~C', Wilh mull!l'ic NIi MA n",le •. the hu, ".me 011 1l lly ""'''' .... ua l "o<k .. lim 
IleJ I"" Jem""d Ihallhc hll' < ;", h;o IlJ le. Ilowe,w. If on"",- "f Ih ~ memOI)' .'''·C ''''-'' 
;"c ,,, tcmole nooe" pcrfo" "'H " CC h,'~il" 10 h,""k do ""' , '1 h ~rc i , ' e;"O" (u heli e"e 
th :" Il,i . perform""," h,c. kd, '''11 ~. n l>c ""01Joo, r iN. Ihe"~ "f U .nd L2 cache' 
'I d""~nc"" 10 mmin",.., a ll me"'"" , ..... ,''''" .... ilK'luo;nJ: " .. m"l ~ {One'. If milch of Ihe 
wlll.-"r~ loa. guod lempo.alloc:.,lo l\' lhen ren"'l~ n,,'''''' ')' .ccc:.sc, 'hould " '" be 
~x.."C,",,-e S...-ond if Ihe .. ,r" ... uc h", good "palial " "'dIlly. and if ,-..1",,1 ",emor~ i. 
In ~. lben . he d olla necdco.l ft)r an apphC~li"" ",II 'cs,d, un ~ h",,'ed numl>cr of 
frC'lucnlly u""d l",g~'lhal can he ",, 11 .• 11)" I""ded inlo Ihe nI"""''Y Io..:al IU ,'''' ,un· 
""'~ ~1'1"IC'.UlOll. The s.:.,u"nl .... .,, '~nc" rcpor' , h;1I 'lOch 'pall." ...... ,Io I) 01, ..... appeal 
Ie' 1CrrCi!Cnl"' '''c aPl')lLal",n.II.OV I·_\N1]. 1 ",all)- . Ih< '-"TIl:.1 "'"""")' ",heme c~" 
t>c c nh;' n" cd hy ,nduJin ~ ill I h~ "1"''''' "' ~ '~Slem • l'a~e II' I ~' ",ion ,,,edwn,,", [h ell 

wi ll ",o'c ~ virtu,l mcm",v P"~c 10" ,,,xk 111;11 "fr"y,,""U)' u,; ng i(: 1110 S,he~n 
G'~I'h" .. J",igners rcpur l '''OX":" " ,th 1h" "pr,, ~,d' IWH IT~71. 

'1 here • .-.; d " "d" .''''gc> (0 Ihe CC·NL\lA ~pp'''''''h 111 well Two in I""(i,..,, 
lar are d,,.,,u,,,,J in ""13il in I 1' 1-1 ~'lNI 1-0 1>.1. 3 CC -NliMA due:., 1101 Irdn,pa.cnl l~· 
...... ~ hl e an <;M p, ..,r"'ale ch . ..,C(e, " ,II be rC<jul""" I., nl ... c an upcral, nj!. ~!Sleon 
and al'1l1ocaIl0n. frum an S\ lI' 10 a CC-NL-'IA ,~ .. em_ Thco.: 'nclud~ pag<' allOC'd_ 
II ...... ~lr<iN.h- m~"I ,,,ned. 1"",-, .. , ~II"C'"'N.>'' ' and load balan~'"1t I>y Ihe operal ing .) ..... 
le n, """'t)"J <on<un i_ Iha ' "r a>ailabilily I-b" ,<" ,.' Ih .. cOlll"l", ,,~ue .. nd 
dCJ>cnd. on Ih,.. C'~cl ",'pk",~nl~l;on "f Ihe CC.:"/lI\IA ')',Ie"" Iho i~lore'lCt) 
re.dcr" rcf~rred '" ll) rlS~ 1 
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18.6 VECTOR COMPUTATION 

A II hough Ihe fl<'rformanc<> of ",ainf ram~ gell c, ,, 1. l'url'o-,,; ,'Ompul ers cominu", 10 
'Illl'r", C rd"nlJ.',,]~ . Ihc'e C"'lIinu~ W IJ.e appli caliOl'" thai al'c I",yond Ihe read 01 
'he C()nl"IllI~lT"')' " '" in!,"mc . Tbc,~ i, " necd for oompll tcrs W ,oh"e m"lbeTll~IQI 
problem. of ph)·'Ica l llf"""'''''. such", occur in J i",ipllllc> in oh,Ji ng aerodynamic" 
",i,mology. mC1eomh'~~·. " lid a'"mie.Huclcar, anJ plasma ph)"i,,_ 

Typio"l]y, the,"" pmbl",,,s a'C dw,,'okrizctl hI' the nced f'JI hi gh rrc,·"ion 
""d a 1" " 1!-,am Ih"t repetilively p~,Jo ... ", lIo"lin g_poinl a rilhmd ic o)X" .l ion."n 
hrge aera}', of nu",b~,,_ Mo,\ 01 th e," problems fa llllll<, 11," ,-"t"gor)" know" ., 
continuvm-/i" 'id slm ,d"""" , In c,,,,nce." ph)"i",l , iWali"" Ca ll he ,Ic,,·r it>.:d b)" 
' "'face or rc~io n '" thre e J im ,,,,, i, ,,,, (c_!\ __ Ih " now of air adjace nl '" ,bc' ,urf"c< ,,( 
"r()c~cI), '11,i, 'ur f, .. ,~ i, "pprmimaleJ b)' a gild of l~'U"', A sel of differential equ.t. 
lio'" define' the ph),,,c,,1 1",1"" ic'r of Ihe sUIi'ace al ,'"cll po int. 'I'he' e'l u"uom '" 
rq)I ~,elllet! as"" "rray of , ,, Iuc> alld c"dfi ci~nt' , "oJ th e 'O lUl io [\ ,,, "oh'e, TO' 

fl<'ateJ arilhmd ,~ 0l",r"tio"" on I hG a,.ra~s of Jato_ 
Supacompuler, wnC 'k,'dop~ d 10 hanJ le th" ,e typ'" "f prob le ms, Tho,", 

m.dunc, a TC l),p",,,ll), capablc "f hunJr~J, of milli on' of f1>"t,"£_p",nl ol",ral'oo:. 
per sec""d "nJ "",I in the 10 w ]5 milli"" J()II;" ran ge, In ront'"'l to ","inf,"",,,. 
which arc dcsi~(\ed for mul liprogr"m min g ""J mI Cll""C I/O. Ih e ,upcr<-omp"tcr i; 
Of'[ im iz~J for thc lyp<' of rlumni,·" I 0" kuhtion ju,t J~",,,l,,'d 

'l"he '" f'<'roomp ut~ r ha, hrnit eJ u,~ ,,,,d . beca u,c of it ' pri"e t"g. " IL'lllkd "'.,_ 
kCI. Coml"""li,d} few of the"," machillc, art' ()p~"'t'u(lal , "''-''\I)' at r~"'"rch reo_ 
k", "nd ,om" gOh" "n,On' a~~lloic, with "' ie ntif" or <'ngirlc"r i" ~ lune'l ,on', ,\, wilb 
otloel area, " f ,.;omputcr techn ology_ lIo~ rc is " <on ,t"n I d"ll1onJ to ;ncw",e lI' ~ joel
fOT m~nce of lhe ,ul'c'I<o mput cr. Thus, Ih~ lcd",olog)' "nd pcrl'orm"n,c of the 
,ul",rcom putcr co,",,, u", 10 c "o lw, 

Tn"rc i~ ,molher Iy!'" of 'plcm Ih"t h"' i:>e;on Jcs'glleJ to "JJ",,, Ih" neeJ lor 
h'clor rompu",ti()n, f~krr"d to "., th " lIrr~' I'''!(',,·,or. Although a ,upcr,'()mputCI 
is opl imi/.eJ for wolor oomputali"".;1 is a !\" n ~ra l_p"'pos~ compu ter. C" I"hl" of 
h''''d ling scalar jl,oc<',,""ng ,ond g~n ~r"l dala I"oc~" in g ""b_ Arr,, ), proces-;ors 00 
""I indude """ lar proe"" i(\g: they "r~ oonlig'''ed a, per iphe,,,1 Jc,""," , hy !x>th 
ma inframe ""t! "'''' i"'-""puler u'"" 10 T Uri the "~cl,,,izc d )XInion, of program,_ 

Approaches 10 Vel·tur Computation 

The key 10 the d.-ign of " sU)l<'rcoml'u1c'r or "rr"y pn"'~"')f i, to r,'<Cogll i,,' that Ih e 
n"un "'" is to perf",,,, "rit hmClic opem tio n, on " I'ay' or ytXt, '" of nom ing-poinl 
num~rs, In a g~n"m l . purp ,,,c <,omp"'~r, th i, " ,ill requir-c it o,al ion Illrough <a<h 
"kmc"t of Ih e :onay. For exa mpl e. con,](kr IwO "<dor< (one-J,""'ll" onol arc"),,) 
()f number. , A "nd /I. ",'-c wou ld l i~" 10 add Ihe", " '1C11'1"oc lh e rc,ult in C. In lh e 
exa"'l'k of Figure 1 ~.12 . [I", r"'1ulle, , 'x ""paratc' adJil,on" I I"w ", ,,,Id w~ ,)X",d 
up th " c(JInjlLJ I:ttion? The an,wer i, It> mlro.tLLOc wnw form of pa'a llc·li sm. 

So"eral al~)ro"dl e, h,,,"c t>.:~n tak e'n to och i c"",~ p,,,. lkli ,,,, in "ector compula
li' )!L W~ illu ' tlOk Ibi, "nh "11 c"" mpk. Consi<k'r IlK- wclo, "'LJ llipli,·"l i".n (- z A X B, 
wherc A. II. :onci C arc ..v X N ",atriw" Tn" fo rmu la lor ca,h elemc"t "f C " 
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' ~nd ~". rell",,<I ;I eI)" Figu.e Ill. 13a '>how, 
a rO R I RAN I'",~r.ml ror Ill" COTnI"'I,Il'"'' lh.,1 '-dOl t>c run on an onlln~ry """1;,, 
procc..sor 

One af'l"""ch 10 impro'-ing IX" form~'...-.: (;on he ,dcfred 10 3. 'n-wr P"XNJ
m~ Til., ~"umc. Ill:,. II .. po'<>i" .... to Opc"' I00 U<I a ,..nc·,hmenllOflal 'ector of dala 
F'gu ,e Iltl ,It> " a 1 OR I R,\N p,,'~rnm ",1 10 ~ nc," rvrm "r '''''Tllc,;''m lhal allo ... " 

DOI{OI I.N 
OO l rlJl - 1.1\ 
e. l. J) _ 11.11 
oolOO K I. N 
e ,l.i)-CII.1. ,\ ,1 . " ) + H(t.. II 
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,., Sr.Jar J'I',.'''''ior 
DO u •• I 1. "
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CII,) I '1.1) 
DO l OOK - U' 
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ZOO) (,(),Tl,l'E 
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,'cd'" C<}lIll'llt"tIO Il to be 'p"cifi~d, Th~ no,,,tiol1 (J ~ I. 1\) indi~"t~, Illal ope .. , 
lion, on "II ind",,,, J ill Ih~ 1:"'C'11 mlen',1 "rc' 1" he c"rtled "U[ '"'' ,"\gl~ "I"'ratioo, 
How thi' c;on ~c a,hie,'cd is adJlc,sed ,honl)" 

'I'h~ prngr~m ill Figurc I~, 131> indic~le, th"t "II the "km~n" of Ih~ ilh CO""" 
to Ix' compUl~J 111 p"ralkL E ,,~h dement in the row i,,, '111",n"ti01l. a llJ th e ,um' 
mation, (acTO" K) arc Jot\e ,,-"nail), ,athe, tho" i" parallel. Ewn "0. only .'<'2 '""C, 
tor mlliliplicatlon, arc T~4"ired (or Ihis algorilhm ,t> compared with .-\'3 ",~ I al 

lI,ultll'lica,ioll' f"r n,C ,,,,,I.r "Igori Ihm 
Another opproach , pumlld pmc'e.<>""X, is illuSltat~d It, Figure 1~,13c, Th;; 

"rpco"ch ,,,' ume, that we h<l"c N indcpenuenl processor, Ihat con function in P"
"ltd. To utll"," 1'''.><""''0'' clkcti,'ci)'. w" nw,1 'Oln"h~'" p"rc'cl OLlt Ih~ '·')lTlput,. 
110" 10 the ,,""OU' prot~'"'''' 'J'"" p'illli'i,,~, arc use(!. T h" pfllllll,,'e fORK n 
ca""" an itlJq)cnd,-m p,O(e" t(} he q~'lc'd ot 1,)cOli(}Il It , I" the mcam;mc. the orig-
11",1 p"><e" c()ntin,,~, cxc<'ution al Ih~ in .truelioo imm <;<I i'ilci)' fo ll owing ,0;; 

fOR K. E,'c ry c,oCu l 1(111 "f " l'OK" '1"""1\' a lie" pro", __ " , The J 01" i"'11 liet;O" i< 
""~nt i"lI y lh" ;,werse of the rORK. The SI,,[emc',,1 JOI""- '" ,"u",-" ,'./ ind~pendenT 
pro,--,,,,,,, t~ t>c mergeJ into one thM co ntinue, e~ec~tioll at t hc instruction fullo"" 
lI\g Ilw JO I N. I lw "re'"'I1\~ ,)', tc'l11 musl co ",rdi"at,· lh" merger. "nt! '" I he ex",\). 
tion doe, nO\ cont i!luc ulltil "II N rmce,,,,, h",'c r""ched Ihe JOI""- i"'lruclion, 

The program in figure 18, Dc is ,,--ritten t(} mimic the bch"vior of th" ,'tcto, 
pr",:,,~'ing rrogr;'m . In the p"r~lI el procc"ing progr<lm, ""ch column of C i, com· 
puted hy a '~p"r"IC P"><"'" Thu,. ' h ~ ~ 1 ~mt"l, in" gi""n rOw of C "re compmed 
in porallel. 

nlC pT~,,~uing eli",,,,,i,,n Jc"<ribc, approaches to "cctor comp"t "I ion in logi· 
cal ,It "'Ch""dur;,1 torr"" I"" u, 'LirTl "ow to" c·"n'lJ"r",i"n of tYI"" of protessor 
organi/alion thai C"tl he u",d to implement Ihe,,' app,oaches, A wide \'.,i"t)' of 
org",""a(iom h" w ~c~n ;<nd are heing pur,"cJ . ThreG main cal~go'-k, ",me! o"r; 

• Pll'difled AUI 

• 1'"",lkl ALU, 

• 1',,,,lkll'I'oC"''' ''' 

I 'i~Llr~ IS, 14 ,Uu,tr;,'"' Ihe fi"l t \\'0 of theM; ;<Pl'"""h"" We h""" "I,-cau)' Ji._ 
cu""J riJl'l'lining ,n Chaplet 12, I k,e Ih~ conteI" ""'te"d~d 10 Ilw ol",ral ion 01 
tl>" ALL lk,,",,<c Ilouting-point ol"-'["lioll< arc rather complex. Ihere is opp,-"t"
"it )' f", J",omp""ng a 11,,"1 i " ~' ['<,int 0[,<,,"1 i"n inl" ,1;Jg"'. ", IlI:!1 di fkr,II' ,tage> 
con ope .. , t" on Jilfc'1C',,1 'c'h of Ual" ""'leu"-" ,,ll y T hi, " IlIu"ralc'J ;n figu" 
18,15,. Flooting-[,<lim "dJi tiotl I> broken up into fou, ,tog,,, (,ec Figure ~,22): rom -
1'''''-. ,hift. add. "n,1 normalile. A vcdor of numl:>e" is rr<,entcd s~quenti"l l l' to t~ 
fi"l ,I"ge , i\, the I'ro<;c,,,ng proc<;~d.'. (oll r <I, rkrcnl ",Is of n LJ"'~C" ""I I I", (lp(:r· 
alc'J on co"cu,,-c'm ly,n ' h" l"I",line, 

It ,hould he clear Ihat Ihi s organization i, ,uitable for 'cclor proce"ing, To 
" __ " II"" wlI,ilia the i",'md i. In pipelining dc",ribcd in Ch:tpl~r 12, n,~ 1''''' __ 0''''' 
goe, through a repdl!"'C cyclc of fCiLillllg "nU proc"'"ng I",uuel;"">. In lhe 
, iI,,"n~~ of hr;wche ,. th" processor is contin"ousl), fetching inslrnct ion, from 
'~<lu""tl"1 loC"IIO"S, CO"""I,,"nll),. lh~ pipelin~ i, ' ~pt f,,1t :HlU" "WI"g' '" Illite" 
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.... ~I"<t' 

I AIX • 

B 
M<mory O"tput 

""ll"'" 

(hi r.r.n,,1 ,\UI. 

achie,'cd , Si~'ibr l )'_" pipelinc>J ALlJ will ""'~ ".n ~ 0111)' if i, is lecl a '1Tc,,,n of data 
Iwm sequent ia l l""",i""" A ,ingle, iwbtcd fI()"[Ht ~_p"int "[l<.-r,,'iOIl IS not >p"cuecl 
up hy" pipelin ~. The 'p"eJup" ",hic"cd "hen" "ec lor "f "llC'"rtJ,,, I'r~,~,,'"d 
to the AI.I J Thc co n1Tol unit cydc" 'h~ do,,, thrOli~h the ALU until the entire ,'cc_ 
,or is proce"cJ 

n, ~ pipeline opc'"t im, c-"n I>c f"rth~r enh""ced if thc ,'cclor d~m~"t' arc 
.vailah l" "' Tcgi,kr; ral her lhJn fmm maHl m~mnry' Thi, is in f"ct suggested by rig
"f<' lKl4a, Thc cleme n" of "a~h "cc lor "per.Ild al'e 1<i"Jeci '"'' hl"d' into" "ector 
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, , , 
, 

Con'I"'''' - ~" - "" - "~, >ignifi<anJ " W'I!i<.nd. , 

:: -U c)sjAH- ' 
x,., -( ) C) S: A :1 '<:'_ ',., 
Y, . , _· · . 

" " - {I I ' , \ 
Y . ., _ 'v. C IS }" ) ~ , - z,., 

x"y, _ , , , N - ', 
z"y, _ C , " N - -, 

x"x, _ , , " N - ', 
' eY._ , , 

" N -'. 
' "", _ c , " , - " 

1. )Pipd ..... dAlL 

" 

(b) "'n" 1'"',11"1 AU ... 

re~iskr. "IIIch i, SI mply" brgc b.1nk of id~ ntic"l ','giSler" The re,uit is ai,,, placed 
in a "ector ,egister. TI"". m,,,t orc ,alion, in "o lvc onl y the uw of ,~gist~,..,. "tlJ on l)' 
I<.",J and ,tore ope'''t;o", ."d lh~ bC'gtrlTli"g a"d ~ nd of a ,. "~1(" operation ,equire 
acC~" 10 memoT~', 

ntc "'ccha ,,i,", ,1I"'I'''tcd in Fi~urc I ~. 15 coulJ be refe rreJ to a, p;pdi";"8 
~'i,hi" un u,!<'tmum. Thall>. "" " '''', " ' in)\1c ",it hlllCti~ ()p<""tion I e,g .. C _ A + B) 
thot" ", k "l'plicJ to "c,'lOr ollCmnJ,. and 11Ir",linlllg "II",,,, IllLJlt'rk "~c,," ck· 
me n1s 10 be )) (><:c"et! In 1"""lId I'hi ' mechanism can be a ug",c nt ~d "ith ,"pe
linil/x (I(rms ","-fill;"""'. I" thi, 1." let C" ' C. Ihere i, " S"4ucncc of "ri1hmcl i~ "0<10' 
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ope.al;UI1>. an..! '"'troclton pirelon,"!,,, u".,..! ru ~I"-'cd up pr<,.:c,,,ing. On~ apl"""ch 
lu Ih ... . dem:d 10 a. duini"ll. " round on the ("'Y ~u""m'mpute~ T he hasie rule 
roreh."",n!:" rh'l-: A '·e<"lor op<"rarIOn ,na) ",nil a. ,,~ ....... the f'N' ekmenl of the 
op<"r.l"<1 'e<"ln'b) '" '''''il~tolc an..! the funcllonal .. nn (e ~. add. ""hit"",. mult 'pl~. 
d,,·,tl,,) ;, free, La!lOnlldlly. cha,mn!'. eau,,", re,ul" "'Uln~ frum one funCIIOl.,,1 un,l 
, .. he fed "",netl'"teh into ano!he, fUllu,n .. ,.1 unll antl '"" "n, If , c,·lor rcl'-i"rrs are 
UIoo:<I. 'nlcrmetl,ulc ",.ult' do nol ha'c 10 to.: SIOJctl'nlv men""~ an..! can he u,,",,1 
C,'en tod"'e lhe 'ect", "l~mli"", I hal n,·a!ed rh( m n'n' 10 rompletion . 

.-'" c','",ple. "h." compulInj>: (' - (, >( 11) II. "h~re A. B. and C arc \'cc. 
10" a tld ,,, i' ",.IaT. Ihe Cray ",a; "'ccule th,ee i"'''Uci IOTl< "I "nec. Elemcn!j 
f~tel'cJ I,,,,, I""J "11Tn "di arcl~' ~nkr a l"I,o.'i",cJ ",ult 'I'he,. Ille PI'u<lucl, ,HC ""nt tu 
"pil)Cli .. cd aJde •. "nJ Ihe '''n'' ,or" placed ,n ,. ,c,·t", 'cgi'lcI' '" ""on a, lloe "dde, 
""mpIClc' lil em: 

, . \'CChtr 1",,,1 i\ -. V~ctot Ikgi'lcr (VK() 

~ Vcclor load (J -I VK2 
... lie'.:I,-" n'ul"pl~ ,XVRI-.VIU 

•• \ ec~o. >KkJ \lIn + V K 1 .... \'KJ ,. \ 'c"<. ~ut >10"'" VR4 ---> C 

1"<lIUC""''' 1 .rrtl :t <oon be c""inc..! (p.""Io"edl b«~usc I hc~' ",,"uh" tl,ff~r"nl ","",_ 
"') loca""", amI rO£"1<». InSlfllC1 i.,,, ~ need. Ille rc<ul" of iBmuelioo., 2 antl~. 
hul " ,'.m I:>c ch,,, n"" ",ith th~m a, "ell. A, "1<11, ~s I he (",I ckm~ll" of H"~Or ,,'g_ 
I>IC'j 2 arld:1 "'c ''',ilb~ lc. Ihe "petal,on in ,,"tfuct ion 4 carr I"'~ "' . 

AnOlhc! "ay to o.'h inc ,'cdo, I'rocc'''''g 1\ h)' the tts.; "f multiple ALlf, ,n" 
'1Il~le pm,'c"Of. ""Jer the e(!II1 '-01 of:o "n); le ,'""I ",I " .. II . I" I hi' ,·ase, th.' coni ml 
un,l w,,,,!.' .b .. , 1<> AI,U, '" thol the )' "all fun"'i,,,, in l'a"II I ~ 1 11" " I", 1"",,111" tco 
USC r;\'di",,,~ "" "a"h of the p",~ lld A LlI., Th,>" ,11" ,1 rale" tt, Figu'e I ~,l 'ih, 'I"hc 
e,,,",pic ,II",,", a case in "}IIeh f"u, /\ 1 U. opor_lc ,n pM"lkl 

A~ 1<,1 II IlipelinC1.l o,~a",,,",'iun. " p;or.dlcl A I ,I or!:<1",ralion i. '\liMbIc fo, 
ICC"" !lfucc"",,,!!. ·1 hc cumrul uni, roul~. ,"«W, ckn"''''' ". Al l: , 'n a rou",,-rutoin 
f""",,,,, un,,1 all demen" Me proce,"c" T hi, IHI<: of o.pnu.,.",,, 0< mn", " ..... pk' 
.han a "nll-lt-ALl! CPI 

,",n .• lly. "'.."", processin!, can he aclI'clctl ~)' U''''!: n,ull1I'''' I""alklproce'l-
'01$. In Ih" ca..::. il "n",-,""'.Iry tu torea~ the I~>l up ",to mull'l,le proce,""" In I:>c 
e .. ..,mcd in pM.lld l 'hi, urxan,.,,,',,," is clfoo i,c (lnl)· ,f Ihe ..,fl"~'~ and h~,d ... ~re 
1m elfo"m'c ,,'-".>,.Jlnal;on of paraUd I"U<~''''''' is ~";lIlabk 

We can e'I"",d 1)111 la,onom} 01 Secto"", Iltl 10, rdled Ihc", new ,t",,·lure'. 
as .ho ... " til r;~urc I~, If>. Co",p"te, " ' 8"ni/"li,)ns e"n he d i<l.ngu"hl' J h)' Ihc pre' 
cn.,· of one 01 mu'e ... "It,,1 ullil" M ult irlc c"rr"ol un'l~ in' 1'1)' mulliple p.OCC.""". 
F"I I .. w;tt~ "u, p'el ;ou, discussion . if tlo., on lilt Ip lc I"""CN)" ":o n (une(i"n <00",,1'"
lively "r, a ~"cn I",l, Ihey ;ire termed 1"""lId pr" .... ,' I'"r;. 

Thc r,,,dcr ,huu ld I", "",,,re ,,!, 'unlC ""r"rrunale Icrminol"gy lihly 10 h<: 
cnwumerctl II> .he Ii\cralur~, The term "nl'" I"'"'~''''''' i, ofl~n "'lu"lcd "',Ih " 
pipciine<l A Lt ' o'1"''',"'ioo.. "hhou~h • parallel ALI .>t ~.n"-'H,on ... 1 ... , d""~lIetl 



"l-' 1 1~,"d UT ' UO ll"''''"O lU ~IUJP-~ ld'llnW "U! 'lJ"'p:xl '('1,0 
u~,,~p PJ'JlI:xJ!d " II! ""'!lw,;xtn Lpn, ~,,!dd"lJ ~"" ,(q ,'11" 'Jjn'UO~ P""","J "e.' 
'1"~(U~la mp", ~ .. \l"~" ;)'" 1'''.1.','' L!O 'U"!le,:><io ~Il"UJlIl!'~ p\J~ "'''''"-" l~a • 

'SUOI1"';xj" ~Ul4'"UI (P"P"""'!LU 
10 ~1",""r'"4) l"U.1~I U! l~""J ,'q 1'""qJO.1 0'1 "I dool 0'11 Opts"' <UOIpnH'Ul 
~" !JJ ,~~'n~11 '1IW'O<i ~Wr J0100 ·, JO ~ml'nJ I' r.)uIWA·,pr'.1d I'"" P"!J ,'IlL . 

,,_'" ," '''J4 L LH "")I pn.1I'Ll' ~ I PU141U~ JC['"" JO <Jool ',1,,0 ~J\J~\u1"J';xj P'''"_ll.'"! 
,0pl.\oJd "ill V 10p~,. p~u'l<'I.JLd '''I'(u!' pUI' '~JnpnIl LIJl" .1O)J,'·' f'i81 '4L 

U"!I"' ! U"~JO 

'UO!lm:xlo ,n v ,{l"U!rm "" ".\(, dll ilu!p.,."l, )U",'~lIIlj" " "! \ll"'~.' ·~.)() Iq ~ Ul .,,,,, 
-~" 04) O)UI " I~P )ndUJ ~~l )0 ~Ulp"OI .'41 PU" ·d"Il.','o U(HI"IIl!lu",., ."u. . J"I"ilOJ 101 
-~J.' pmll" '" 1'.>.1")' .l'" 'lin,,, '4' p]I~ 'O[qlSroJ 'u I,") 'u 111V n41 4,nOJ41 1'"",,<1 
"" "'1";l~1 ~"' 41 WOJ) "WI' .'4.1. '''~I,!\jnJ lOPO,' n."'" 0)'" P~p"(ll ~J" [J pun \' "'>I 
.,"., ~41 'f] - \-- - J lun, jOP~,' '41 ~lnd\Uo., oJ. '''~I'''' _1.1 '"1":'" In lW"1 " ' lI~n)~" 
"J~)"~~J lP~" 1 ·'.1~I"~" , ' I()P~,' JO P4wnu "Jo ~' n .a~~lU ")'I[~"J l'~\l1 ~4. 1 

-'I"""J _'~JJ ~41 '" 4"" ·S1~I ,\(hu().' 
_,O<in, uo punol " "'I! '''.I1Opo, '"14w",,,, II I' 41!," p~l"'~~)"! "IIllj'4" lnq w~)'." 
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~bln nl<ll>(Jrf 

ClOd\< I 
\('C'O' ",<m<Ll" 

'''''!ruction -" ,'ect"""_"nK' ;n". 

"'"' V""'QC 
proc .... r p~,.r 

I I 

- Sca lar S<al .. 'am., \''''''0' f-"~, prol' ...... 

• 
• The u,"" of vectur fc~i"te" fol' intt'rm"diate result, avoid, atiJilional storag" 

cdcc"ncc_ 

rigure l~, 17 , h,,,., Ihe' gt'"crJl ,,'g,ni,_"'i()n nf th~ ,'e'<Clor fac il i'y, Although 1he 
\'c.tor facility i, seen In be" phy,ic"lIy separate aJd-on 10 the proce,sar. its "rcni
I~"I\"~ i," " eX1cnsio n of th~ S),stcn,iJ7U m.hil;;ct'''c anJ i, comp"l,bk wtlh it_ Th,' 
,-celor f"ci liT)' i, in t"~r;!I",1 on 10 t h ~ S),"c",ij711 archikcl"r~ on the fullowi "g way" 

• E~i"ing S}"tem'J70 in struct ions arc used for ,,11 ,,"lar operation,. 
• Arithmetic ()I"" " t,nn; l>l\ ,,,di,-iJual Vee'IO) elcm~r'" produce e,~cl ly the '" me 

r~,ult ,,, do corrc'ponJing S)',1"ml370 ,,"Iar inqruction', Fnr ~x',"lpk nn e 
dc"~n Jeci,i()T1 " ',"CTrtlCJ th~ Jcroni",," of Ih,' ,~,ult on " floatong-t)()int 
D I V IDE opc,", i()n. SI",uld IIw '~,ult bc ",,,,,t, ", it i, fm "alar fI""tin."--poi," 
divisinn . or shou ld an approximation b~ allowod Ihat would pamit highcr
'pc<d impkm~ntation bUI coulJ sometime, inl roJucc all error in one or more 
lo", ·"rllcr bot p<J>ih"",? -Il,e ll~ci"nn wa, ma,k t" upholJ ""mplck comp«ti. 
hilit)' ,,-u It I he Sy,Tcm/J70 ",citiTeclu,,, at Ih" nt"""" of a minor pe rformJrtcc 
de .... radation. 

• V".tor in,nucti o", arc inte, ruptiblc. and Ih.,ir ",ecution ca ll be ft',umcd from 
thc pni'" nf il1terruplion "ftcr "rprnpriak aclton ho> b<:<'n ,,,ken, in a maImer 
eompat ihlo ""Ih the Systcmi37{) t''''gr'''l\ -""erlupl,oT\ "he",,,. 

• Ari1lrmctic e"cpl inn , "r~ Ih~ "'me "', '" ~'teminn, of. cx.'eptwn ' for lhe 
sedlar", ithmdlC n"lrucILon, of Tire Sy'l~ml:l7U, arld ,,,nil" (i,.up roul in" , can 



he used, To aceou\rl""hte th", a ""ct." inknUpl'OTl u,tlex i, ,·Itlplo),cd that 
indicate, the locat;on;tt a "~CIOf register that i, ,ffeeleJ hy an ,'xccpt;on (q .. 
",'crt'''''')' rio "'. WhCH execution of lhe vcctor instruct ion re,umc,. 110" proper 
p"'~c m a We",r r~~"lcr i, aee~"cd 

• Vcttordat:o re,idc in virl",,1 ,ton'go. with P"go h"tt, king hal1ukJ in . 11 "0-
J"J ",""ncr. 
t hi, tc"ct of inl cgn,tion provide, it "um OCr of lxl1ciils. !;x;'ling op"ml'tl~ ')~' 

ten" Cd" '"PI'Or! tile vee"" faul , I y wit h mmor "xt,'n"0n,_ I'::x"t 1!I~ "ppltc""un pro· 
grom., language comp;lc", and "ther ,,,It,,,,,,,, can I", ,,,It unch"ngeJ, Softwar~ that 
",jUld lake "d""nlag~ of Ihe "cctor foc;I;ly can be moJif;cd a, dc,ircJ, 

K~gi'le" 

A h)' isouc ;n (he dc,ign of a h'ctOr fac ilit ), is ,,·hdhN opcr" nd s "re Inc.t,d 
in rcg"te" or ""IIl<":>' _ Th" (ll M org''''r~''1 ron " rekrr~d to a, rI'Ki."'{'r-[(H~Ki.<"', 
beca usc II,," vector o(lCt'""d" both "'put and oUlput, C"" (lC ,t"gc'd ill ""ctor regIS_ 
ler" Thi, "pproach ;, also used on the Cra), ,uIX'rcomputc'r. ,\n altcrnati,'e 
apr" .adr, u,~J on Cunlrol D'i\a n""'hinc'" i, (0 obl~in 0"""",<1, Jir~c1 1 ~' frum mem
ory, The m .1 H' tli'atiYant'gc of the ",~ of "~<'Ior rc~i'le"''' ,I".t .he 1'''')\1",,11\1''''' ,)( 
compilcr must tole thcm i"t" account IN gooJ I><tl"""" nce , ro, example, ,uprose 
lhat (he length of the ,'ector re giSlers is K anJ the' It'ngth of lhe ,'ee10rs 10 be 
p"><c,,,,J i, I,' > K, In this c"",., ,'ector loop must be p;:rformcd. in whi"h the ''I'''r
al;on ;, (lCrl"n1\~d on K ek"'cn I, a( a l""~ ;",d lh~ loop " r~pc"kd ,\'/1.' t U\1~\_ I'll< 
main ad,· anlage of the '"clo, register approach" thaI Iho "llCr,t,on ;, dc"<.'oupl<Xl 
from 'lower main memory and insteaJ take, place primarily wilh ,egi'lers. 

The ,!",cdur ,h"t ~"n t>< a,'h icYcd '''in~ rcgi,t~rs i, dCrTlomlrotcd in rigure 
IK1~ IPADEHHI, The rORTRA" r" utine "'ttltipli~, wC\", A by ,'ccto r Il to pro. 
duoe """Wr C. ,,·here each vector ha<" real part (AR. BR. CR) and an imaginafJ' 
l"lTl (A(. BJ, CJ), Th e 3()'j(J ca ll p"rform one ",ain-'Iorage a<x'"ss pcr prnce, ,,,,, or 
cI,xl, cycle (~ith~r 'cad or ".,itul. h,,, regi'I~" tlWI ,',HI ,",t"in lwo "c,~,,~, for 
rcading a"d one lor w'it,n~ pcr "ycic. antl p"xluc", "n~ rc",l1 pcr cycle in it ' arith_ 
melic unit. Let u, assume the """ of in,truet;",,; that Can 'pec ify lwo '>Ourc. 
"pCnm,h and" rc',ult. Part" of 1h~ figure ,ho"" 1h"l. with mcmol)'-to-mcn'or)' 
i"'truction" each "er"lion of the CompHl"ti"n "'4u,re, a lOt.1 "I IH C)','Ie, . With. 
pure rcg;s!er-to-rcgi, te, architecture (part hl_ this lim" is reduced to 12 cycle,. Of 
cou,,~. "'LIb rcgi,(cr·to· regi'lc'r op;:ration. th" " ~'<'tor 4uHnlitie, mu" h" Io:,dcd i"to 
the "eel"r legi'iCr> pr"" to ""mp"talinn "Tld 'lUred in m~rn"ry a rkrw,,,J . I'or large 
"",tors, this fixed penallY is rebl i"cly ,n",11. Figurc I ~. 1 & ,h''''' I hot I he ahility to 
'p"cif)' both ,torage and regisler O(lCra nJ s in one in'truction further reduce, the 
rll1W to ]() c)'ck, pcr ikralion, Thi, latter (),JX' of in,truction i, includ~d in the ,'cc' 
h" "tchite~turc < 

Po< ,I", J7(\'J'!O .,-<h;"",",", 'Oe ,mh' <h"",_"I""'''" ""t,oo",,,, • "p"e, .oJ ""'"!" ,"," "',,,,.... RS! 
' p--.,c,h '"''' .or"""''' to "I~t<'" ,noJ (>OC '0 ""'me<) 10 PMI , "j 'h ' """,pi<' ~< ",,,,,,.: 'he ",,,,,",, 
"t th"c~,'-' • .,>J ;n,,,,,,,",,", ;" wl"ch . 11 '1"""'" 'r" in ,"nn m'-"m.~) . Th,,'" U,.'" f,~ f"U'1"-"'" of 
,' .. mp'n~'n ,...u '" ("",- ''''h ,,, ;"" ",,,,i.,, to,,"" o"ul" 1<.;" lx'on ,00..:" tu' the "<'(\0< ",,"",,", ur< 
l\ompourt" i" ","'''o"", <11>,:",,,-4 >ubI.,~,,'",ly, ,"",J , ("!l.,,, '''"'''' ;m 



1.10 1t))J _ L SO 
CRill ~ ,\II(JI " 11110) I . AI< I I ' Utll) 

II~ Cilll ~ 1111,11' 81(11 • Atlll' 8R,I, 

0",.0""" ,rl ... 

ARI)I' GRUI ... Ti l)', , 
Alfl )' 111(/1 .... T2(J) , 
TI!/)-T1i)1 .... C1I.(I) 

, 
ARIlI" BUll ... TI(J) 

, 
,\1(/1' BRa, --->HII\ 

, 
TJdl. T4IJ) _('I(J) 

, 
'I'OTAL " 

<0, S,c,,--,." ,,, " , ..... 

". .. " AR,) ) .. VIlli , , - , VIU, DRIl. V_fl ) 
AIO, .... VJ(1l 
VIUI'DUIl ... V .... I ) 
VU11- V",<JI ----> VS4h 
V$fJI ... nUJI 
Vhl )' OIH) ... vtd, 
\'<1\11' 8R(J, .... Vl(1) 
V(o(l, + V7(J I ... V8d) 
V8(IJ ... C~I) 

10TAI. 
'" 

,0 S"""r< ,,, '''~''' •• " 

V, \ ... ". "'go.""" 
AM IIR. AI. 111_ ot->"~ "'."""""1' 
n . 1 <mj'l<l<><y ..... • .. ion. ,n n"m"ry 

I l .. r.I~," C)< ... 

ARm ..... VI'i , , 
DRill • VUI) 

, 
VI,) I' VWI _ V)(I) , 
AW) • V4IJ, 

, 
BKJI · ""I) 

, 
V<I(1)' "S411 ... H,m 

, , 
V3(J) vtlCll -+ "7111 , 
V1(IJ -+ CII,JJ , 
VWI' V~1I .VlI{lI , 
V4(!)'V!(II-+"\O(11 , 
V~\l ) + V\lfJI .... Vl>' II , 
VOIl) • ("II/) 

TOlAL " 
'",,"' l 

ARlII .... VhI 
Vi,li 'BRill ..... V2(1) 
..... Im • V\(I , 
V2il) V~J I ' I!ll ll .... VUIJ 
VWI .... ("R<J) 
Villi ' !lllll ... Vol!!) 
V411) _ V.1m' HR>') ... V5IJ, 
vj(J, • Cll l , 

"'j(IIrC I~, 19 dlu",,,,,"s the . c):,.t"" th,,' "r~ rarl <If Ill e IBM .\(NO "ceIOT f"ei l
"y. t1\cr~ M£ sixlccn .,2·b it "~u(lr ,~gi"e". ' I he "c<lur rc~ '>tc .. ea tl :II,,, t>o; cou· 
pled lu f""" ~i~hl M·bil 'Ceh" ,c~"jc", Any feg»lc' clc",~m ~"" hol<l an i"lc~c' 
0. n,-",ting.poin1 "~Iuc 'I'hu,. the, celu, T£~"le" ma~ "" u;cd lor 32·bil an<l 64·bll 
'Il 'e~cr ,. ,'Iu .... and J2·b,1 "".:I 64-h,' noatm)l-poinl ndue .... 

The ,.«:hiICClure "f'C".fic. ,hal erl r.-gi'te' ~or1l8'ru. from II h) SI2 """1M de
menl.,. Th~ dlOOC'C of aclu.lleng,h m"Jh-c. a de,ign 1I • .JC·,lll. The II"", to du a '~c· 
hI! '>per.'ion con.i,,,, """,n, u,lIy of the ,we. hca.J lor p,pch"( >tarlup "",I rclti"cr 
fil],,,,,, plu. ""e cy-cle pcr 'c~[()r clemenl. Thus, tlie u"",~ " lar!!" uumh<-r of rC~"I~t 
c1c l1l"'nl~ reduce, Ihe rel"l" C ,Iar) "I' 1m", fOT a rom rut:ll i (~" Iluw""cr, 1 hi' drtcic",:~ 
mu, 1 I", ~a IonceJ agalll, l I he :I ddc,11 im e t'4u"cd lOT "" mg ,,,,J f"' '''''"g ""clOT ",'g_ 
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"Ie ... OIl a 1'1'0<."" ,wl!ch .1><1 the l"ae{IC,1 ",,,I "nu >flare limil> , rh~.., """"de",!",,,, 
k'<J I" \ h~ " '" of IlX dc"'~n l ' 1"" regi'(c'f III I h.:: ,'Urfcn! JO'IO impicn",malion. 

n,,"C . Mll lO'\" ) reK" '"" 'lee n~cdcJ by lll o '-Cc- i"r {"" lil y. Th" HC10f·n,ajX 
,cgiqe' ",,,t,,,,,! mai l bil ' th ai may )", " ,,"d I" ",kCl " hiell d elllC'" '' '" Ihe .... ,'1<)1" 
'"gi'lel> ,"" to I", p • ....,~.I<·d for a parl)ou l", ope' ali()n T he ncl11..-1atu. "eglSt« 
con1;,, "s COlllrol r,clll<. ,uch a, the ~"'tor ,-ounl. lh~1 ,klelminc ho" many c Icmcnl> 
In the ,'c·.:lo, 'Csi'lC'~ P.~ h> I>C p'.....,.""d. The "~'I:."r·.". "·'l} "ount ~eq'" 1t~tl or 
Ih .. ti ..... >I",nl <XcL')!. ,ng '~.ct0l ''''ITU~'''''''_ 

C""'I'"".d " "Mud; .. "" 

A. "a> d"~u~,,,.J prc""u,j)'. inmucu"" .""", ,,11(1" C;In ~e o,c.iapl'.,d us 'n~ 

cho,n] "g 10 ' mprm'~ p..'rf"rnl ;'ncc. Th~ de' i gn~r' "f the I II M "cct(" facil't)' cll_ 
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not to ,ncluJe' tlti, ",p"I"lily fm ,c','c",1 rCa",,,,'. The S)"lc',u/J7() architecture """uIJ 
have to be ext"nJed to h",\(Jle complex Lnte rrupl iom (incluJing their effect on .'ir
tu,,1 m~mOT)' management). anJ corre' fx mding chang"' woul d Ix n"~,kd in Ih" 
""flW'''~ ' ,\ Ill"," 1",,,~ i"u ~ w,,' Ih~ ",,,I of illdudin ~ Ih~ "deli!i,,,wI ""nttol, a rld 
registor acce"" paths in llw 'eClOl f"ilil), fo, g~ ",'r"lized chainin g. 

I "OI~"J, th ree opcra lion' "r~ provided thai com~it1" inlo "oc in" rucl i, on (0"" 
0 l"",dd lhc "'u" C'OT"",(m ,c qLJC"C~' m vcdo, '·01llpu,,,,ion . nallld ), ,,,"It, plica-
1ion followcd b)' "dd,tlOn. 'UhlI'aLiIlll\, or ,ummat io" . The "orage.to-rcgiste r 
MULTIPLY-AND-,\DD instru clion . fo, ex" mpie . fetche," ,"celor (ru n' , lOT
"gc, mll I1 iph~' il 1:>), " ,"cclor from a r~g;'t er. "nd "dJ, 1hc pTod""1 10" tl>",1 ,'~cl'" 
in a ,egi,I"' . By u>c of lloe cO"'I'0""el ,,,,I Tuc1iom .\1 L LT I l'L Y _A N D-ADD ""d 
MULT IPL Y-Ac\"D-SUIlTRACT in th~ exa mple of Fi gure 1~.1l!. the 10t,ll i",0 for 
th" ilcrotion i, Tt'eluccd fro", W 10 ~ qcl ~s, 

I.nlikG ch :"nin ~, c"mpo unJ ins lnocl ion< Jo no' r~qUlr¢ IIw U'" "r "dJ"' ,mal 
re RiSlN' for lCm l)"rary <lorage of ,,,le,,n ,,Ji atc .. ,·,ull<. ,nd th ey "'quire one Ie" 
rcg;qer accc,", FOT c"" mpk consider the follow;ng c"" in-

~ .... '-"'-
VEl - VR, ,vEl 

In Ilti , ca;ce. Iwo qore, to (he 'ector rcgiq"T VRI aTe r~q \l ;rc"<l. 111 1 " ~!I3 M "",hi . 
1 "~1 ute ( h ~r~ " " 'Im"g~.IO--T~g i"~r ,\ II I) in,1 Tuel io". "Iiil1> I hi , i" WUCli(Jll . (>Il il th~ 
,Wt1 i, placcJ H' VI< I. '1 h ~ wmpou nJ i",lruct ion "I", """d., Ih~ m'~J '" rdlect ,,, 
th e machine-state d~,cripti"n lhe concu, Je nt execut ion of ~ numh cr of i ns1 ruCi iom. 
whi ch ' im plifics , talu, " ,ving alld TcstOTing h~' Ihe op"ra1 i" ~ ' ),'k ll1 an" 1Jle han _ 
Jling of ll11ctrupl,. 

Th~ In ,lml"lion SN 

Tallie 1 ~.4 'u","'an ,.c' Ih e ,,"Ihmctic "nJ logical "1'",.'io", Ihat Ole dd;ned 
for 1 he ,'oclO, archi t,'el Ul~. I t1 "eleliu,,,,. lh~, e " ' e memory-to- r~ gi st e r I"ad and 
Tcgi'ter-lO-mcmOT)' ""ee im,truction" Note Iha l many of th e in , lrucl ion, "SO' a 
Ihrec-ol",ra nJ lormal, ,\ 1'0. man )' ;" ,1 n,,'lion, h","c " nllmlxr ",- vari"nh. (icl'enel
ing Oil thc 1'>L"lio" or ,he oll<t""el, . A ",uroc ('P~r""d ",ay II< a 'eelo, regist'" (V). 
storage (5) . or. scalar rcgi, te, (OJ. Th,' targel is alway!, vector r"giS1~r, except fO T 
"o"'pari'on, 'he re, ult of whi ch g"'" ;nlo Ihe ' ·""lOr-n",,' T~gi' l~r. \\-,,11, "lI lh~ '-C 
'·" ,an t,. lhe tmal numh"r o f Ol"""k, (eli,li"el i", lruclion" i, 171. TIl i, 'a lh,', "" go 
numix'T, hO"'''''cL is nO! " c"pe,,,,i"e to implem""t as might Ix: imag in ed . Onc~ Ihe 
madine prov ielcs lil c arithmetic unit. and th e da t' p,nh, to Ie"" 0 l",,,,nd, If 0", 
,1<)r"gc. ",,,laT r~-,,-"kTS. ;+n,1 VC~ IOf Tcgi,l cr, 10 1"" "cctor pil'dIllC', I he "' '' jor h",el_ 
",are co,t h", bccn ",cu rwd . n,c "rc hi tcc"iurc c"n. with li ll l" d iffc rence in co,(, pro
"ide a rich sc( of ,'ar iant> on the U'-C of tho", registers a nd p;pelines, 

Mosl of the instruct ion,;n Ta1:>lc l~A arc ,,, If-expl""alory. I'h c '\\'O '"Illlll,, _ 
l1,,,, i",I "'O, i",,, "'arr,,n' fur L her c'pbnalion. 1'1>, ",'cull1ll l"k op,;ra l",,' oJd, 
logether the elcme'nt; of a "" 'gle ,'eclur (ACC L'M L'LA TE) or th e cI~m"nb of th " 
prOdUC1 of two \'(...;10" ()'ll1L TI I'L Y -,\ N D-I\CCU M U LAI"E), lhe,~ in.l ru,l il'''' 
rr",~ nt "" mwr",lm~ dC'ign I'rohkm, w~ w"uld h~~ ,,, petform Ihi , Ol"""lio" "' 
'''pidl), as p""ill ie. t"~illg full ,;d" ",Hag~ of thc A LU pi pcli ne. The el iffi cu I", is that 
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th~ "In, of lwo OIHll~" pili inlo the pil'clil1~" nol """i l"l>k ulltil 't""r.1 cycle, 
I"te'" Titus . Ibe dt",1 c lemenl ill tbt vcctor C",,!lot he ,JJeJ 10 the sum of 1he fLfst 
two eleme nts umillh""" Iwo el"mem> ha,'e gone through the "mire pi[,<,linc, To 
ovcr<'ome thi, problem, Ihe ~kmcms of the ,,~ctor arc ad,kJ in , ,,ch "way"' to 
produc" four parli" 1 'u,,", In p,"" eLl!." . ~Ic;r"cnl' II. 4.~. 12 ".124 ote added in 
that o rJet to produce partial <um It ekmem, I. ,. 9. 13. ",. 125 10 panial 'um I: 
ckm'01S2,~. \0, I ~,. 1211 1r>p"rt i111 sum 2; ,md ~kmcnl;,-" 7, t t. t", Inlo 
p,"'"r l ",m 4, I,~,h of Ih"w r:1rIi" j "In"",m l'r,,,,,,cJ throu gh the pipdille at wp 
,peed. Decou,", the Jelay ,n the p ipel ine;, ,oughly four c,I'de; , ,\ se rarate " eclor 
reg;'ter i, u l<' d to ho ld the portial ; um,. Wh~n oil ~i<'m"nt' of the o. igil1" l "c,lor 
h,,,·c Ix~n l'ro<~,,~d. thc fou. partial 'un" ,HC "t!<kJ log~th"r to rr(Jduc~ the fi",,1 
rc,uh, I h ~ p,;rt'Ont1a!lCC of th" ,~,·"nd pit",,· " n, ,1 emi,," I. hccau<e nn ly fOUf "ec
to. deme!\1s arc' ;"voheJ, 

18.7 RECOMMENDED READING 

Ie,\ T A'J~ I ,""'0" '"" 1"""'1'1", "f mil l, 'r""'''''''' "",I "",nllne, St' ARC' 0 .... ',] S~lI'" in 
de',,, 1. S~I I', "ro ;,,,", «)WfeJ '" ""nc J..;t:,,1 '" IS I'ON 'i.1 I and I H,V A N93[ 

[ .~HLF)() [ "an ' ''''''','0''' of c,chc c"her"""" ols",ilhm, "oJ " 'chniG"c, Inc Ol"ll i
r!<>cc""", ,,'i,h"o <m ph" , i, on I'>crf"rm,n,", i",",,,. Anolher , urvey ,,( lh,' ;»"e" ,,'l"l i n~ lco 
cache ">/1,,,,,,,,,, on mu illpr<>ce'''''''' i, [UIJ 'J.1 [. [TOM" 931 ",nt, in, [errin" "f n"n), "f the 
h'" 1"'1"''' on [he ,uoje'Cl, 

I PrlS'~ I i, ",,'nli,,1 ,,><i i n~ (or ,n),,,,,,' inlcr"" ,'J in ,'I"'l''', Ih e b"", ,met< 'too h",~_ 
"Me a"J " ,fl,.,- ,,,, oj,,,;!", i"",, "nJ ,,",1> "'\> d"'\c f> ~' i' h SM 1', ",,,I "l M ."'" '1'1<: Il,,,t . 1", 
,w""i"," >" I,J ' cdt"",,1 J~,,'il' '' '''' nf S\II' ,nJ r-; I '\·l " ~""'" ""'~'. A 'h"","~h trc" ""n, of ctO" IO ," ,,,,, I", fo unJ ," 1 u ( YY'1h l "nd 1 Ill' Y YWI> I. 1 "i F \'(;o( I " ,1 Ie" teohnic:!l 
''' ''0)' "f , I' ''' or<, " " h ~,""I ,'''''''' o,,'''''!- M ,',Of''' ''' 00""""",,,1 pmduc", 

(l""d Ii,,,,,,,,;,,", ~I ,'"'''If ",mpm"" •• n "0 I", f.ound in 1 STO"~31 "nd [I II\' At->931 

II UYY?'!. ]luyy~, R, lIi!(h I'f>/",mgn<£ CI~,,,,, C()ml""i,,~, A"hi""'~'" and 5y"""u 
Ower S.MI. Ri,'c. , /'U P.entice 11011 . 1m, 

II UYY99b Bu))", R. lligh P"!or",,,>I(' C{,"'''' C~"'P~f;"8'- P"'8wmmmlf ami App{;ca< 
''''''-'' UWC' $,ddk Rivo •. ~J: Pren!i", H.I!. 1m, 

CAT A94 C.WnZllW. B . . '.tul1ip">«-"~' Spu", Arcl",,.t"" "- \·I""n,.in Vic". CA, Sun_ 
soli Pro", j9'.-l~. 

HI\-' AN9J l!"'an~. K, Ad."",,',d C:"'''P'''''' Ar<MH:"""', No"" y u.l, M~O ra"'< Holt, I 9\>3 
UI.J'.l Lilj., [J, "C..che Coltcrentt io La""" .Sc,k Shared·M<mmy Multip"'x:<sso" 

1<8 '00' .00 COmp~r",,""- · ACII C o"'I'''li''g ,I',m,'>">. &op1<>mo-<' 1 ~3 
M I L~:OO \!tlon\:<w;c, A . .. Achie"mg Hi~h Pe,fo.m."", in B""lh..,d Sh •• od."lcn~><)' 

M~lli!,,{><e$.<~~· Irf:f; C"",U'UI"'j', July~s.ep\"mbor 2000, 
PF1 S9!! Pfi"",, G. /n S"~N'h of CI"'tf,.~ L'I'I"" S.JJk Rivtr, N/: P,cn'icc 11 .11, 1m, 
STON9J Stone, H, /I,th ./h/m"",,,,;, Co",pure, A"hi"c''''''' Reading. ).lA, Ad<l&l,,· 

Wt .. lty. t9\>3 
l'OMA9J T uma",,'K. M .. ond ~lj l ""''''''i<, V, Th, ~''''h, (,""<1''''1'< I',pbi,,,, i~ Shott,l

Mem0'Y Mull/lm'uno,.: Jiard .. ·",.. SI)IWivll$, 1.< .. A","til("', C": II,EE Computo. 
SiX;'I)" Pr¢>.>, I \l9J 

\n:\'Glt l W<YRanl, P Ch«ins for lIigh A "ltiiahiUry. Uwe. Sathlk Riv.-r . ..... 1: i'tonlicc 
11 .11 ZWL 
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18.8 KEY TERMS, REVIEW QUESTIONS, AND PROBLEMS 

Key Te-rms 

"",iv~ ".ndhy 
<;aC~ OOIlct~""" 
<In.le, 

di,t<to,y P"""'''') 
r.,I\>II<t 
I. il,}\"", 

R eview Questiot1. 

MESI p,ot,,,,,,) 
multip",""'WI' 
Mnunil~rm no.toory 

""""" (:-"UMA) 
f"I"i ..... ndhy 

'"""1''' ptvtC>c<)1 

'~'''""o''i" multip'oc""",, 
(SMP) 

"ni/o)tm mom',,), =<<S 
(mIA) 

U1\ipf>xemr 
voCt'" faci lity 

1!l.1 [,ht """ lni"II)' <kfir><' Lhree "1"-" "I comput", ",(.om, "r." '"''"k''' 
1M.! \I'h." .,," [h O chd d'""K(",i" i(~ uI an S~'II' " 

IM .• I Wh ... ,e ,orne "I ,ho l",t,"",,1 ",h-"Mag"' oj'"" SM P "umr,,,'J wi,h " unirrocc~,1 
IX.4 Wh", "'0 ><lnlO 01 ,h-c <-'1 OS ,10,,!'J' i''''e' 1',,, '" $\'IP" 
IM.~ Wh", i' l10e dilferencc' lx-'"cen ,,,it,,,,,,o ,lnd h""I"" '" ,"" he C" I,",,"L ",h,,,,,,,,! 

lH.~ Wh,,, i, ilK' n"'"nin~ 01 c'ach nl the- fOUT " "",, '" ,It" MFS I p"",,,-,,I? 
19,1 What Ole ""m, "I , I", ),e, he[ldil> of du"c,ing" 

Ig,~ Wha' i, ,h.o Mf.,"",," b.:' W",'n r"ilo"," "nJ I"ilba"k'/ 

IK~ Wh" "'" 'IK' dilk"o<," '"""'~ UM,\. NU\,IA. ,,"J CC Nl' \IA" 

Problem. 

IX.! 1.0(" b.: Lh , 1' '''''n)''go u l pwgmm "xl;.' tha, c"~ I", "e"ute',1 "mullano,,",I)' ~Y" 
P'"'''''''''' '" " l" ""I'"ler ,pteon. A""ume thaL th<' ,e-mainmg ",d,' mL'-" he .,,,cutod 
''''luo"',a ll) 1» ' • ,,"~Ic' I",'.-e"..,,-, E.,.-h rr<!C,'""r h., on ",,'cu,i on roM 01 .l Mil" 
•. 1A', i"" "n "'prO""lO fo) II" dled i.-," \II PS "Ie- "h,'11 u,ing ,h<' ,)',"'m f", "du 

, i,'C' ,,,<cuL,on nl thi' l"",~I""" in te,m, 01 n,"" "nJ x 

b. II n I",nox 4 \1 11'$, ,I"",,,,,,," Ihe ",1,", "f~ Ih"L "i ll " i,' lo" 'pte'nl pcl 
l"rmafICo "I -ilL Mil'S, 

1!l.1 A "lUI"I"""''>'')! with " igh' P'''''''''''''' h" 2fl ,,",mod 1"1'" ,ir i,'"" Thero ar"" lar"" 
"w" )",r uf j"l,.. ,ui>m ilt"d '0 'h" 'pLOIn (ilal each '""I'''' 0 " ""","" ,''' "I' r"ur 1"1'" 
,I,i"e, (n c""'I'I ,(e ","(uti,," , .-\"ume th", each j'''' """ ru"""'g ""h 0"1) th le. 
"' f'" ,Ir,,'o, I",,, Ic"' ~ 1><:,i(>d ",'(UTc' n'4utrin g the fourth "' I'" d , "" 1m" '"'''' p,"".! 
'ow;,J the e n.! "f i\< ,~"'''''iun, Aho ""urn" on endb, ;urr l), 01 ,uch j""" 
a. A"umc 'he "'hodul" in 'he OS will noL >LaTl, ;01> Ulll<--, Lhe ,o "fe' f"ur tor< 

d,i,',', ",.il;,t>k , Wh.o" • )nh is ""n,J tu,," dli"", '''' ." i ~, ,,' J immc'JiMcil' anJ 
"fe' not "' Io.,,cd LJ"I,III,. ),.1) f,,, i,"c'. WI1"1 is 'be ",,,,illlum Ilumix" "f job. that 
{'an ix' in [,"'g'e" at """,,'I Wl",t " ' e IlLe """imUIll alld minimum numh<:Tof "f'" 
oli,,,,, ,il" t mal'l'< left idlo ,,,. '0,,,1( 01 (hi' ""liC)'''' 

h. SU"~"<L ,n ,It"m,i,'o PO lK) 10 , ml"ov~ (.pe .J ,i ,'o ulili ,.,,'i,," ""J "\I,,, 'eme li m< 
'mid ,,',I,'", de"dlo-ck , IVil,,, i, the m,,, ,m,,m nu",I"" "f i"h, 110,1 ",," he in 
P"'~''"'~'' oocc '.' Wh,1 arc Lhe ",)unJ, nn (ho num l"" of "II,,'~ '"I'" <1"" 0<" 

UlJ 'Oil )'ou /0'""'" 'n)' pr,oI~e", with <he "'Iile' ,""'" caeho ol,!,fOam on 11", ~;,,,,J ",ul· 
tir"!Ce~<,,,,' 11,.-,. "J g~e" a """" ion, 

III.-' Cu",idcr. ,iLlLa';'>I1 '" which lim P">C"''U'' '" " " S~II' con ri ~uT" iun , m'T time. 
fC4l1ire "'w» to the ,.1me Im e of ,L. .. Ito"" ,'',,''' lllell"HI', Bolh 1""''-'"'''' ha,c. 
(;\th, ,nJ LI'C (he \IESI pf(~o",I , 101"",11),. "'"" cacj"" " '"''';''' ill, ,,I,J <"n' "I LI,,· Ii, .... 



I ~ 8 I K [ Y n:JU<.I~ , IUVIl. \Ii \,IU I,,"I J( ),' '. ~ "I) 1'1'., '"' E\\ <; 68') 

\I.i" 
0 .... "01')' 

, 
!/ 

M::;Y ". 
l ... h. / I,;~,.~ .. 

• Snoop 

, 
I'''~,,,,, , , 

' 111:' • • I!I..." ME.~ I E .. mplc Pr"",,,,,,,, I R ..... L,no, 

n~m' ltt;>ol okl"'" 'he ""''''4"cm'< "I .• r,·"'] , oj I",,, , ~' I ~""""..- 1'1 Jf th .. th, 
,, :," .~ • ""u,n,'" of ''''""''''<. ,I,"" ,I", ' '''''''''1"''' ' II~urc' 1,.,- ' h< 11~~",,'i ,,!, "'~LK "'''' 
I. 1'2 ",kl\, 
:. 1'1 " T;' " ,," (fo' claTi!>'. bhcllhc lin, III PI ', ,'",", . 

,' , 1'1 "' ''' ' ' ,,' , (I"h,,1 II", h"c;" 1' 1 ''''"''0'"' 
"- I'~ "",1, , 

I N.' h~"f" I ~,11 ,h",,, 1 ho "at" d"l~""" {of ,~ " !,,"',,~ l~ .. ,he ,· (,h~,,'"'" r'o'"'''''' 
Ik,I"", .,Kl ~'I~ ., n ".ct. pr,", .. ,,,!. _,n<l "'''''1'_''' ~"h ,,, \ U:..\I 

18.1> ('<la,,,,,,, on SM.' , .... 11 I>:~h U . nJ l.2 "",h,,, U,"'( Ih~ .\llSII~,~,,<"I. A, O'I~.,,"',I 
,n ""Cl~'" l>U. 0'"" of four "'alc, ;. ."" ...... ',d ,,'II h ~",h hn~ HI I h~ I..! ... ,"'\le. AI. ~II 
fu." '>101.:' .ku ""cd....J «Of <lOCh liD" in . IK' 1.1 rom." ! 1f,., .. h, ) If n,,' Hp'.,n "h',h 
".,~ ", .'.'e" '~n "" climma.ru 

11l.7 I"N; I~ I .1>0, .. , .11< fH',f""fi. ""< ,.r ~ .hr." bd <""""II< .rr~n~cm.'n' l", "'" 18\1 
\; 1<11), "hc PU'PO'" of .h .. "",I'km " '" <koelm,nc ,,10 •• 11< , III< ,oc' ""i"" oI'h< 'hnd 
I •• d "I ",,,he ",.m, """h,,h,I<, 1)""",,,,,, Ih., "="'" ..... ,,,.1" M' .mf<' num"", 01 
1'1' "',,"'<) joy a ')'''"m .. "h on" a" I 1 ", .. ,I", "nd .. "",.1",,, ,h., ,.]ut'" J.IJ Then 
,1.:""",,,,. 'h, " ... ",,>111,,01 """-"'" 1'-'''''''' " I"" too~h on Ll "noJ L2 cach. OIl' """oJ, lind 
,h • • «,,~, ",",I,) ",hoc n .,11 .h,.,. ,,,,,,",, a" ", ... J :'0>,< 'he anl""n' .)1 i"'I"",'cI11".' 
' n 0.,'10 c. •• , 000 ".t< you, ""in,o" "n ,10, ,.Iu, ,, ( , I ... LJ ca,:he, 

lM.M '1',",' r"I1"" ",~ ,,"'" "-'gmc n' n",Us to too: excclI' ed ""' "n,,-, '<)' 'h e , ,,.10.,,",,, ,,( ,h . 
' c,' ''' ",, ' hrn ct i('I-' I" ">,iun ' 0(1) A(I ) I 11(1) " ('(11 1",0 " I " h-, 

. >a" >C, b,"! ,' v". 'Y ' " • 
,oJ f~ <:,:1) ." ....... ,. .y ' I' • t-, 

" " • " " ,,' - • , i, :, 
- "'j », ,',: " " ~- '" , , 

"c'.d " , 
" - ' , , , '" -, "' , " H .. ~ .oy • , • ,. II 

• 
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where' RI. R2_ and RJ "n, pro,,,,,.,, ro gi>t"r> .• ,nd ". '-'_~. e ,fe' Lh c "aTlin~ m,in 
rrK'm,,,)' .ddfe»", of """)" BOI. (,(I) , AIIl. all" Dill_ fC;p'~1iVC'l)' A"ume rour 
doc. c),cl;:. foe oooh l.oo.d Of SWK Iwo c)'ck< foe the Add_ anJ ,'i ~ht C)'Ck> for Ihe 
\'h'ltiplic, 'H' cilhc'r" "nip"":e,,,,,, 0'" ';nglt' PfOCC""'- in"n SI\1D machine, 
•. C ,k"I." Ihc !(>Iol T'Umi>cr "r p",,,~s"'-'r <'),cl<-_ needed Ic' "xCl'ule rhi, ,Y'<.I<: ",,~,," "t 

ref'<,, "',lIy (>4 'ull<' 0 11 " SISD ",,,p,n"~''''r " "" pu' er ""1" """ ,1 11),, ' j:J1"' '' '! ,,11 
nth .. M, C <.1<;1"),<. 

b. Con,id,'r tOo UIC< of an SI M D comput", with M rro<",,, in g clement, 10 ,xccute the 
'e,~or op<,ati"n, in ,ix ,yoch","",'J ",ctor in",uct;o", "vc, 64 c()m[,<,"cnl ''C'<-
10, d>t" anJ l><)lh Jri""n h)' 'hc ,am< 'l"eJ doc\;, Calcu"'te the tot.1 e"'c",;un 
time on 11K SL\1D machinc, ;j:J1"ring ;"'''''''t iun ~",,"ca" "nJ ulOor ..l,'I,,,',, 

c. Wh"t ;' ,I", ,p.,,:<lu r ~"'" u(' ,10,' SIMI) ",-,mrUle, ,,'or th,' SIS]) C' "''I~'' "''' 

IM.9 Pro,jucc' a ,,,"ctmi/cJ ,'"",on of the fol lo"oog pmll-moo 
-""2"_ ~ 

3 C, 1: , 
x C·) J _'< 

Ai:' • Ail: ~!l, "- , X C '! , " ' 
: J CC""!"-CE 

~ ,-, • f ,lI: 
21 CO""!"-,:E 

IKIO All all'l ic,,"on program" exccute,1 "n , nine."mnp'''c, du"or. A ocn,hm .. ' pro 
gTam 1<x)k t in'" T (l." thi, du"or, Furtho,. il w,,, f''lJlld th", l~% "f T,.,.as "nle ,n 
~'hich the app lic-.,ion w,,-, ,"nllin~ "llluit,n,'ou,ly on a ll nin e COlllpUIC"_ Th" rem"," 
ing time the' .pp lic.tion h,d tn run on " >lngk> computer. 
• • (,;,Ie"I.1I" tt,e dkn i"e 'I""J"I' "l,Jct Lh , "foremen' ioocJ l"l1<.I itiurt "' cumpaTO,j 

",iI h ",",'"111'£ 'he prugmm oo " ,ill~lt- OHnpUll'f. Alsu ".ku lal" "- ,h, P<:"'"nt"~" 
"f ".k th,,' h'" tx:" " r ,1,,11, ]i 'ed (p'''~''TI''n",1 Or ,,'""pikd ,,-,", ,,, """ t", , Iu,_ 
ter "",,101 in Ihe p'o'e,li I\g I" '>l: r"", . 

b, Surl""'" that w,' arc ,bk to dfccti>c'l y ",,"' 18 ,omru\c" fall...-r IMn 4 ('<'ffil""erS 
,," II,,' r". lkl ;zcJ l><J,,;un "f the c(Klc, C.ku l .. " Ih~ effecoi,'" 'f'« 'd ul' 'h" , i> 
""hi<;'cJ, 

1~.I1 Tho fo ll""'"g f OR'IIlA" pr"lif,m i, '0) tx: "",'co",,j nn" wml""or. " ,,,I .. 1",,,,1101 
'"",,,n,, ", h< 0"" ",",1 ,..," :<2",'" ,p"te' ",,,,' .) 

L DOte I 1, _'" 

cc ",,~: i " , 
c; ro :(, 

" " We< : ') ; '_U: 
L3, , 'J ,~~ 

SUppoIlc Ii"," 2 ,nd 4 each lalc' Iw" machine <ycle time'. inciud mg ,II procc"u,- and 
01"0101)'-"""''' " ,t i"it ie., Igno,e the o"erh,:,d c."",," b), the ,<>it"-",,, i<><,p co nrrol 
,!.'emcnl, iI ;",', I, _1. 5) anJ an otheT ,y"cm o,'crhcaJ .11<.1 "","m' "-'nflie,>, 
a . \\'h;t i< tOo '"t;>1 "'co«toon "''' 0 ( in """h, ,," "yck time') "ft l1 . p"w,m on. "n 

~ I . ,,,ml',,ro,',' 
b. D ivi,je 'he I h)p ilc'a!kn" ,m<>"g tho 32 c<lmputc" a, loll"",.: Co mputcT 1 e," 

('ULc, the ti"t 32 ,,,,,,lion> ( I 1 tu .12). r".cn,or 2 "ecule, Ihe rlC',1 -'=' iteml ion.;, 
anJ '0 on, WhaL Ofe the o<,-cution timo and 'I"-'cdup factor comp""..l with r,m 
1_)';' I Nole Ilw, the cornpu,"I;,,,,"1 "urklo,". dicMcd by the ) -h,p, ;, "nb,lorKd 

""" '" ~ lite """ 1'"' "f>.) 
c. Expl"'" how tn mooily Ihe p." lkl i:i" g to I.cr l",", ~alan",J p,rallol <,""<-'u',on 

of "11 the computatk,"al ",orUoaJ ow,.12 ,""'pute", By" b, l,nc,'d kJa" i, ",,',nl 
'" ,~"al nurnbc, uf aJd;t ion, a"'gocJ to <'.ch rum p"LC' wilh ,e'I"-"<-1 to \>olio lOUI'" 

d. Whm" the 01" ""'''01 "'"Oll1i"n ti n" ,""<i"'r~ ('roo, rho r,ll.,I I,1 ","c'"'~n on:>2 
compu'."? ""he" "tl1o 'e,"" ''' ~ >re.Ju t' m'or • ,,"~J . """'I"'to(' 
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T
he ope,atin" 01 th~ digila l comruwr i, ba,eJ On Ihe 'to,ag~ ,,,,J pr(''''',,,ng 
of binar}' data. Thmugl,,'ul Ih is l>O\Jk. """ h,,"e oswm,'d Ihe ex;slence of 
$Iora~" "km~nt' thai can e';,1 '" " fl ~ of Iwo 'tabk "ak. and of circuits tbal 

can operak "to hi T"'r), ,i:lla under the control of cnmrnl """"I, 10 ,mpkmcnl the 
'"ri<)u, c<)mputer funct"'"" tTl tI", "p)>cndix. w~ sugg"-,, how til ,'", ,tor age cit . 
menl' and c"~,,ib con be imp lcm"TltC'd i fl J'g"'" logi~. 'lXcifj,oll), with comhina· 
tio"ol ""J 'Cqu",,' i,,1 ",,,,it,. The a ll)CnJ;, beg"" with a "nd ,~yi cw of Boole)" 
alg~br" , which i> the "",I h ~Tll<l1 'cal founJ"l ion of digila l logic. "'''". I h ~ ,o< ' ''<xpl 01 
"~.k i, introouccd, Fi"a ll y. w",h inn l,oT", 1 " nu ,"'!uemial circuils, "'h ich arc con. 
,tructed from gatc,. arc ue,cr il>cd. 

A.I BOOLEAN ALGEBRA 

Th~ Jig,'a l corcn,1 ry ;n J;gita) compute" "nJ ,, ' her d igit,,] 'y,kms i, de,igned. and 
il> l>eh",'ior i, anal)' ,cJ . ""I b the usc oj' a malh"malical Ji"ipl",e .. " OWTl ~, /1"01,"" 
a/wbm, The nome i, in I,,'''or "I' " fl Icng li'h mathematic ian G~",ge 1l(~Ik who pro
p<,,",'J ,be h",i" principle, of Ihis a l ~chra ,,' tK'i~ in hi' Iremi..,. An 1m e'I(~{"'O" of 
rhe L",",' of ll"mghr II" 11'lud, I" F",,,,,[ II", M,IIi1mwri<"(<i Thrvrif< vI' Logic onll 
"rohab,IIII""" In t9.lS. Chlldc Sh(1nn<)n, a 'e,earch ""i,'",,1 in Ihe Ek,·lri,·,,1 Eng" 
n~"ri"g lJep"r!m~l\t ot .\ 1.1 t . ' LJ ggc'teJ Ihat Booit'"n algebra cou ld he u."d 1(1 
",h,c prob lem, in rel")' ->witd"n~ cir,niT dc"gn /SHAN3g j. Shannon ', technique! 
were ,uh,eyuc fl lly u<cd in Iho atl~I)'si, c",J Je"p' of dccl,on i,· digiT"l ci,cuit', 
Book"" algebra IUln; n ullo""'" conven ient 1001 in t"o Jlea" 

• J\ ""I~, i" It i, ''' ' coonomical way of de"""i bi,, ~ I h ~ f""el 'Oll of 'h,>;Jt" I circuitr)" 
• tle,igl1; Gi,'e!l a desireJ fum·I"",. Ilook"" a lgebra "H' t>e applied hi dcwlor 

a >imr 'i fi~J imple mentat ion of 110", r unct ion. 

A, " 'ilh on)' "If!,e bn,. Book"n alf!,obm ma l e, U'>C of ""i"hb a ll d opcrati<)!ll; 
I fl , I", ca,c. the variable, onJ Ot"'ral '0"' "r~ logi," l "aria~le, a nJ ope, al io",. Thus 
a "",i,,III,' ""'y '''keoo the ,'alue I (TRI ' L) orl) (FilLS E), I' h ~ b",i, logical oper
alions are AND. OR, and NOT. which are 'y",bo li cally rcprc"~nlcd h)' JOI . I'lu, 
'i~n. "nJ o,"crbar: 

A /lNIJ U -A ·B 
AORIl - At-1I 

NOTA - A 

l"hc op<:rat ion AND yielJ, I ,,,~ (hi n"f)' ""Iuc I) if and "nly if bOlh of ,1, c>pCf"nd, 
arc leue , T he op<' ,otion OR ),iclJ, Ime If either or both of i" operands arc lIue, 
Th~ unary opc· ,."linn ,0 t i""o,b the ,'a luc of iI, '1"'"""'1. I'or c'""' pl c, ",-""ider the 
equ,"l ion 

f) i, C<I,,"l to 1 if A i, I or if bOlh B = 0 anJ C _ I. Olhe,wi,e D i; equollo O. 
Sc'era l [Xl;nt' concefll"'g the fl ol,,'ion Me nceded . In the ahscnc~ of paren

Ihese,. 'h" A ,1) olXration takes pr~ced""ce 0""' ,h" O R "pc,,,ti,," . A lso, wh~n no 
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' .... ~ .. ,\ ,1 U.'''''·~n Or<"'I"", 
, 

" "n']' I ' 1' ,\'"0 I'OK Q "SllIt 0 1'''i ,\ I'IIO "MIKt) 

" " " 
, , 

" 
, 

" , 
" " 

, , , , 
" " " 

' '''lhl ~'''I)' w d I <",,·UI. I h~ AI\ D "p"mIHm j , lCpre!c nl CU II)' "111['lc ConCakn a l lOn 
1","c,,.1 "r I he d,.\ OJ"" ~I()r, Thus, 

At BoC _ Al(!J'Cj Al lie 

all mc." "'l'~ l ( ,he A '" I) "r li and C; tll~" lake Il,e OK 01 'hc rc,ul\ "nJ A .. 
1 .hle A 1 Jdi""" Illc I>a.ic logical Op<'nlIIO'" in " lun" lno • .-n "" a "'''/. whk 

1 ... IIICh ~1I"pl~ 1,,1. Ihe 'alue 01 3n opera! ion f"r C"Cf~' IK>s"l>Ic comh.nation of "010 
UM of Of'ClanU' I he 1~1I1c al>o Ii,,, Ih,~.., ,,, loCI u~ful "peralu", XOK. ' ,\N D, and 
NO Ro The c<du,",'c"" (SO K) "f I"" l;'IIIC61 oper,.nJs j, I If .nu onh' If u""I I~ on~ 

01 1he '~""~nd, has Ihe 'alu~ I. 'r h~ NAC"D lu"""on" Ihe ~~>n'pb"~nl (NOT) of 
Ihe A ") fllnc"o"o and Ihe NO K is Ih~ rom[>lcn .. ", ur O K; 

ANA\D Il NmlA AI'oO II I All 

A I\OR B ~ NUn A OK II) Alii 

A, wc , 11 ,,11 ,ce, Ihc sc II1,ec' ""w O)"-'falion . ( an he ""'/,,) 111 lJ"pl~"'c"lLng ce'tain 
JI~ iI1l1 ~ " C Uil', 

T:I~1c A.2 ,"mmari ,", h-y idenl,,; e' of 1l'.'k~1l " Igebra, The cq,,,tion, I"" , 
h<ocn ",,,'n~c.r '" Iwo <,< ,hm1n ' I" ,I""" Ille ~""' [l!emc"t~ry. or dual. n"ure of 'he 
A'II) "",I OK <~"-', "I ,,,"'. ['here JI c t",,, da"c, " , iJcn"tl~" h"",' .uk. (01 I"""" 
/"(".,), "hieh ~'" ,'a ' e..l "ilhoul proof, an.r Olhe. ""'nl ll ,.,. 1",,1 call he dcri"e..I from 

8a.K ..... ,.b' .. 

C,CC. ','--',CC. ,,----------,":--';;-' 11 , ,\ ( ·"mm ..... i"" la ... 
A 0 ( II ~ t') 1,\' II) , (1\ ' q A - (II ' I') (1\ I II) 0 (A 'q P"" "('U'''" la .... 
l o A ,\ 
A oA <) 

0 0 ,\ () 

A oA . A 
A olBo q (A oll l o(' 
AoB A,I;\ 

A " A 
,\ + (11 t) (A, III ( 

A U A o ll 

,,,,,,,,1. ,kn,o"" 
'"""cdc," . .. " 

A,,,.;i,',,,, .. ~~ 
Ild.lo.pn·, ''''".-<m 



696 AI'I'I;NllIX A Illll' I"I AI lOI.U 

Ihe basic poslulale •. The po>luJales delin" Ih~ "';'Y In which Boole .. " cxp, e~\.tON 

arC intcrpreteU One ,,{ lhc ' '''0 dislr iool l'e I~", .' "~"Ih nOl1n~ locc",u .. II differs 
hon. whal .. c .. ouk] flow In onhmlly algct>'~: 

A ( 1l·C) ~ (A+lJ)·(,\IC) 

I he No oonnmn",,1 C'l'rc" iO"j arc rd~n~d H,;" l)e \lorgo1""' Ih OD]CI1I . \I' e ,a" 
r" ,L lte Ih~m "' 1" lluw", 

ANORIJ AA\Il II 

A NAtWB A ow. II 

'fh<- rc,..]". " In"IICtJ 10 ,,,,"Iy lhe " 'roc"""',*" In Table A.2 ~ .U ..... ,IUI"'llaclu.al 
>~Iuc' (II. 300 0.) lor Ihc >ariabl"" A. n. 3n<.l C. 

A.2 GATES 

The fuooam" "' "ll>ulldi,,~ block of all <.II~II"I k '~lc c"cu i t~ i, thc gate. l ogica l Illn,' 
Ii""" a.c impicmented try the intc , ronnr,"lI"n ,)1 ~;>k'. 

A gate i. an dcrt .... "'c <I«:uII 11m. produce' an oUI I' UI "~nallhat ";' ""'pI.: 
Boolean "p",a" .. n on n. Inl,ut <ogn"I •. The l»t"o gate. u'-<:d ," d'jllial 1'-'1(10 ~,~ 
AI\' D. O R. NOT. NA \1). and :-;OR I"gut " A I .... ·llI" .. Ihe"" fI>"- gaIC'. l'-Irch pl~ 
" ddi""" in th''''' "'3)-": jI'''phoc ~ymbol _ algeh""c n."~II"n. ",,<.I ITuth .. hk. The 
.~'mookJ~} ~1iC<.I here and Ihroughoul Ih.; appeo<.li." the IJ:,.EE "",,<.1,,,,1. IH:I Std 
~ I . Note thot th,- ""·e .... ion (NOT) operal" ," I.' ",dlc;lI c.! h)' a ~irclc. 

IeHeh gale loa' ,"' e <lr lwo inp"l, and "']C ou 'p"l , Whe!] Ik ,'"lues . "h,· "'put 
"re cha " g~d. n,C correci outpul "go,,1 "ppeM' "It"",;! lIl, t"'Hallc"u. ly, dcl,,)'cd on ly 
t»' tn" 1""I"'~at;on I ""e (}f <iyna l' (Im>ugh (he ~~IC (lnown '" thc 1<"'" ,/o-IUy). I'~ 
'i~Jtlfican(c of II", ;. <.I,,",us .. d i" Section A 1. 

10 addllion to Ihe ):IIIC' depicted in I'igule" I, !:,IIC~ .. ;Ih lhrce. 'ou, 01 more 
"'1,uI< can be uo;cd. IlI"i,;" + Y Z can I>C implemenled ,,'nh ~ "n"k O J{ piC 
"'"lIh th"'" Input< 

T}"J1ir:r lly. nol all jl."e 1)'1"'-_ are use<.l III " "l'k"'Cnl,niOfl. o.:'i~n alw lal>rtca· 
"on arc '''''pkr If ,,"l) o"~ '" I",,, '~pe. of ".te, arc "",d. TI""." j, ""p"r<~nt 1<) 
locmify fim<"ir",,,II\' f,m'IJ/m' 0"" oi pa'~, . '1 hIt me"" , thaI on~ Il"olc",,' l,mellO" 
,·"n ~c implemented """g unl)' the gate, Il] th e ,e l. I he foll""'ing arc fun ctl"~ ' II)' 
COInpkte ", I.: 

• A.\n. OK :"10 1 

• A~D" NO I 
• O R. :"IIOT 

• ~AND 

• :"IIOR 

It shu .. I,1 h.; de"r Ih.t A'\D. OJ{ . ;Ind '\0'1" gOtc. COQ,litule" fUIICli,m :oll , 
c"lllpldc "' t. I><ca u.e Ih q 'epre,e m the th n-~ 1)]1c r"11"", of Iloolc. " a l ~chra. J 01 
Ihe A "If) "Old :"10 r ~," c, 10 form a functio"ally c,l lllpl ctc "'-'t . thcre mu't he " way 
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,,- c:;..p..o S)....boI 
~!~ ,., 
~u""'_ Truth flbk· 

:=r=r' M...£ 
~ .A · II .. " 

'" • "' " 
~.A8 .. " 

" 
, 

:~:I )-, ..!l.L..L .. " 
r. A • K "' 

, 
~ , " , " , 

'-i>-' "' ttf I'OT • " , , , , 0 

:j '" 
,. 

Y' 
.. , 

"",,1> r . (-:gI) "' , .. , 
" 0 

'"/' 'L> "" , , 1r.B1 o I ,j '0' , , .. , 
.-1 " , 

h' i)'m lle'''''' lhe Of( ,,!''''a llon from I he AND an<l '0 J" Of'Cr~""o,. TII;~ C"~" t>c 
<lone b~ nrrh·m, Dc Mu'l'ao". Ih .. ·oren" 

--
A-Jl-A ·n 

AOR B NOTr('O I A) AI\ [) {'10 t II)) 

S'm,IMh'. Ihe O il. antl NOT opera1ion •• ' e lu"won~II~' .-omplclc becau"" 1 he~· C~8 
be u.c ..l hi 'lll, t,,·,i/c ' he AND upcraholl 

!·,gurc A,2 'ho", ho" Ihe A' I) Oil.. afld Nm·lullct'''''' ~"" he imrlcm;:nleJ 
", lei), ",,11 ~I\"I) gat"', ""d Figu,e 1\,.1.)0" .. , the f "lH~ thin~ for I\·OR gates, For 
tim rca,,,,,. d' ~ll ,, 1 Clrcu ,l , ""n 00. "nu f'e'lUl'1I 11)' "'e, ""pkl1l cnt"u lolcl~' ""II, 
l'oANI) ~:' I C' 0, ,o ldy w,th NOR gate,. 

With ~" t ~j . we h,," ~ reached the mo,1 prim,!",;: Ind of romrul"r ""je1l"e "nd 
c n~'~~·."'n!, All ''' "l1l"',,\,,,n of Ihe I ,,,n<l , lor eo"'h"''''lI In ' u-.:<l ",,"<)0''''1<."' ~"IC' 
<lepath from th.t rcalm ao<l enter. !ht ri:~I," of eice" ,,,,,1 eo~inc"rio~, rOt '" u, 
pm"",""". howe,'cr. we ue coRIell! !o <k...,nhc ho .. pic, can be "",d a. bu;I<l, ng 
bloJ("k. to ""I'icmenl , '''' o5Cntia llo,;cal cjrcull~ 01 a <lijUlal compute, 
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A.3 COMBINATIONAL CIRCUITS 

A combinJlionoi circuit is an intcrconnected '~1 "f ~atcs "·10,,,,", output at ~n)' lim~ 
i,,, h"'ction ()nl~i of Ihe inpu L al lh"l lnn~, A, with " ,ingie gale. the "PI""ranc" "f 
Ih~ i"p~t i, foliowcu almost immcu i't1e iy by Ihe "pp",",,,ncc of th~ OUlpu!. "ilh only 
ga le uela}" 

In gcnerail cfll1s." com\li""ti"",,1 circuil <'()osi,I' of" binary input' anu In 

h,nary 01111'"1,_ A, wIth a g"tc_" cnmhinal ional cif('uil can ~c JdineJ ill th r~~ W"Y" 

• Trmh table: For each of th e 2" po" ii:>1c comhi"a,ions "f input , ignai" th e 
bin"")" ,,"Iu~ of c~,'h of Ihe m OU LI'"1 ")!.I,al,,, li'1c'J . 

• C. ravhi~aJ .~ "'hoi" Th~ i"lcrconnccled l_yolIl of ga l.;, " dCpl~kli. 

• i:luul"" n '''I""lilln" l'",h olllpllt ' ign" 1 ""Xl'le,seu a, a Boolean tlln Cl ion of 
II, "'put "~II"I>_ 

''''pkm enta tion o f Dool~an Funct ions 

Any Boolean funct io" can be impbnwled in "k"lron i ~ for", '" a nctw",k of 
gate s. Fo r an~ gi\'cn fun ction . Ihere arc a n"mi:>CT of "hCrn"li ,·c ,calizalions. 
Comi,je r the Boolean fllnetl()11 r~prC'" "t cJ h)' Ih~ trulh tahle in Table ;\.3_ w~ 
can ~'pr"....; th" fLlnctio11 11)' 'Llnp l)" 11~n\ i zin~ thc ,()mbinations of \'aILlc, o f A, B, 
a nd C t hat Cau'" r I" k I: 

1 -,\B('+ABC-ABC' • (A.l1 

Th,"rc ar~ thrce combinations ofinp"l "" Iu~, 11",1 COl U"'-' r to he 1. and if an)' 
onc of Ih,>," combination, ""''''', the' r~,uh " l, I' hi' fnrm of c"!,re,,ion . for <c lf. 
nid~TlI rc"""". " " 11""" '" \h~ ".,,'" of prod"CfS (SOP) form, Figure AA ,h,>,,·, a 
' \," 'ghlf",warJ irnpi<-IIIc nt ation with AND. OR. and J\OT ga te'_ 

Anothcr form can also ~e deri" c d from th e trulh tahle- _ The SOP form 
expre,,,,, thai the OLl tpLlt is J if ,my "I' I h ~ "'pul w",bin ati,m, th"\ prooucc I i, 1fu~, 

r~bk ,\ .3 ~,~)b" I\IOC1 ,,," ,,' 1'01'0" Varian l", 

, , , • 
" " , 

" , " , " , , , 
" " " " " , , , 

. 
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We ('an .I.., .... y Ihal Ihe oul pUI " I If nonc or Ihe onpUl rombinalions ,hal I",>i!oce 
() " lI uL Inu, 

F (AilC)' (AW'I- I ABC) - (Atic), lAW." ) 

(x· r ./.) ).,'Y./ 

I" tA - IJ.q · (A_ H.q·(A lI.q·\A - ll.Cj.(A.IJ_r) 

(A H . ("I- (A. B +C) · (A. U .q·(A H.l")-(A.B _ <:) 
(A.2) 

Till> I> 111 the 1"Q(I"c/ "I,,,,,,, (POS) I"", •. "IIIeh ,> ,liu,tmle'" in I·i~u, ... A_~. F()r 
cI~n'~. Nm' ~al""~rc 001 ,lIm.n. Ihlhel. ,t "a<.s"med Illat caL·h inpu ' Olgn.' and 
,10 CI>"'plcmel\l a.e ~,ailabl " . Th" 'impli nc! . he I~ic doag,.m and mak ~, Ihe "'r'H, 
It> l il . ~;,.cs more 'eadily apr"ren! . 

'1 bu.,. " H(~'k ,," funeti"" call 1,,-, rc.lli'.,d m c ltb,' , S()I' or POS lorm. Allh", 
1)<)1111 . it " uuld ,eem thai the elllJi cc wuuld dCf'C nd un ",·he lil"" l ile' truth [:\hle Con. 
tom, HI ore I, or Os for ll1e output I,,",cli"" 111 C SI)I> ha' lJ ll ~ term fur c«<,h 1. and 
thc I'() ~ h." nne term (or each n. liD"'''' cr. 111 o,,' '" c ()I her wn,;Je"n",",; 

• II "~ener;III)' p""ible to Mm'c a "mrler U'~llc,"' c'pn;~'I{ 'n from Ihe mllh 
!.t>lc Ihan cuheT.sop or 1'OS 



• Ie ""~') tie p,dc ,at-Ic 10 implcmcnl . hc fundi,"" ,..'th" "'''l!I~ 1;01<: IYI'" ('1A~O 
or NO R) 

"11., "snir",ance of Ihe lim poinl i • • hal . .. lIh a >lmpler 1l<l .. I~a" np''''''''''''. 
f"",,r gale ... ,II toe n.,<:<.led 1<1 Imp!cnw;", Ihe funcllon 'l11rcc ",,<Ihods lhal CaR "" 
IL~'" U> ""hIe' ~ " ",plirK"al",n arc a,. f"liows; 

• i\1~ct-'a l' "mphficalloJ> 
• "I,m~u~h n1<lp" 
• OUlllc~~k"lu,~ e)' lable, 

AI~rh"'l~ Si"'I,lir"" li",, 

i\ I ~ch",ic , i'"r1iik"'lon 1n""I,'" Ih ~ ~ 1'I\hc~ "",' " l th " ,<lont iti e, of Ta~lc A.2 
", , c<lw:c Ihe B .. ",k"n CX P,.c~,jon 10 une wllh fewer de me nt-. For ~,"mpk ""n· 
,j<lcr agaIn l"'<I", tmn jA I). Som" Ihou~hl ,10 ... "I<l "~"".,,c,, Ihe re .<le. Ihal an equiv_ 

"l~m C 'r'~"'''fl'' 
/\/1 I U(" 

Or. e'en Mmplcr. 

F-Ht A () 

, 

i , 
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This e,prc"io" c,n he i",plemcnlc,j "' sho"'n in Figu,," All. Ill~ "mplifi. 
calion of E<ju3l ion (A.I) "'a, don,> ",,,,,ntiall), b)' obwn"lion hot m,)t~ wmpJ" 
e<J"-~" i ,,n, wnw more 'y'l~m"ti" "1'1",,,,t), "H"eJ,·,j, 

" •• naugh Mup' 

For purros<" of simplifica1 ion, the K,orn;ough map i,;o co1l\',",enl wo)' of rep
rc,enting" B0<Jk"n funclion of" ,n ",11 nurn h~r (Ill' ", four (o , ix) of variable,. Tho 
map i,"" orr")' of 2' "lu;ore, . rtpr~,cnling (h,- I"",ihit- combinations of ,,, III", of n 
bin a!y ",,,ahl,,,, rigure A,/" shows the map of four s'Iuar,,' for " hm<' lion "fhw 
,.riablos. It is rom'cnicnl for lal~r purpose, to 1i,1 Ih~ .ombim,ti<)n, on the orJ" 
1.1). 0 I. I I, 10, lkcaus.; I h ~ "l,,;o r~' oorr~'p<' nJm~ 10, the tomb i ,",t io", a,c 10 he ",e<l 

,\II 

,---J---, 
(:OJ Ul II IU 

I I' I I I I 
1.)r=AB tAil 

,"' r _ AHC + AHC. ABC' 

en 

~ • • • 
00 I 

• All 

" I 

'" I 

- ~ 
D 

(.1) S;mrt ";cd 1.h< I" 'f ollll"V 
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lor cecorJing information, the comhination, "'~ ou,tomaril )' writl , n """we 'h~ 
><q umc,. 111 th e "",e (}f 'hrce ,',ori" hie" th~ rcpT~>cnt ;1Iio" " "" "1Ta"~~me<lt of eight 
" ILl<lW," (l'i~LlTC A71». wi'h 'h~ ,'"lu~, lor one ()j' th~ ,'ari "hlc , 10 the left and f(}r the 
mher Iwo ,',,;allies al)o,'" the ~\lar e.,. FOI fow ""ia~le". 16 "Iuares ac~ nccdcr\. 
with th" a"ang,"men! inJie',1cd ill Fi gure '\ .70, 

' fhe mal' ,'an I", u",u to rGprc>-cn t 'Hl)' Bo"lea" f unc1i"" ill th., foUnw in g wa~ . 

Each "qu,,,e co, re'l'o"J, 10 a UII'~U" p,oduct in the ,um-of-product' f()rm. with " I 

\·"Iue corre'ponJing tn the ,'arianle anJ a 0 \·aluc cOTfe 'ronui" £ to the NO' t nl lh"l 
\'n ,i"hk Th",. Ihe pr<><i L"'1 ,\ ij ,"He,pond, t" Ihc fourlh ~uar~ LIt Figure A.7a. Fo, 
~ "c h ,ud, I'",ducl III Ihc fUl1ctl(Hl. 1 "plliced u\ Ihe corre'l'oltuing 'qua re, Thus, for 
the tv.· o-va ri,ble example, Ih" map coITe,pom!> to AB JAB, Given Ih" truth tahlc 
"f" Boolean fu"clion, it i, an easy l11"U c r W '"DI"lru"t \k "'''P: hlT ~",h c·"",hin,, · 
lion "ha l u~, of""i"blc, Ih", pr<.>Jucc" re,u ll of 1011 Ihe tru th .. ble. fil l in th" _nr
rc.'ponding ,~ua"~ of the "'"I' w,lh I, Figu,.e A 7b ,1",1'." Ihe r~s\lll for th~ Iruth 
table ofTa~le A3. To _"nv~n from" B()(ika" cxpre,,",i,'" 10 a "'''I' . il" fiT'IHee
~~'. Ty I" I'Ll' Ih c C<llfC"ioll ill'" wi"" i, refcrred 10 :t.' (wII",i",,1 form: Each I~r'" 
in lil,' t'xpte"i,,,, mu,1 c,,"'I,in each variahle, So. fnc ~"mpk if \,",' h~\'e Eq ual ion 
(A .J ). w~ musl 1i"1 exponJ il into 1 he full f" rlll nr Eq um ion (1\ 1 ) a"d I he ll """''crl 
Ill i, I"" "'''I', 

The lal>d i"g ",~<i '" FillurC A_7d '·"'p l",,,,.c, th" ,..,b ti"",I"p nt'IW""n ,'ar i
ahle s ""J the "'w, ""d columns of the map, Ikre the twn W"" embcaoeu b~' \h~ 
symhol A ar" Iho'c in ",h ich the v" ri"~lc A has tn c ,'aluc I: thc W"" "01 cll1hmceJ 
h)' I h~ 'yl11I>OII\ <lre I h ",~ in ,,·h,eh 1\ i, II: ,im,Lor l .. for B, C. "lIJ D_ 

OT\C~ tlw "'''1' of a tund"'"" c'~at"J. we "", "Iten writc a ,impk alg~n"i i c 
~,p"'''ion 1m it by 110ling Ih e ammgemcllt of th" 1, o n Ih e ""'P_ The prill,ipic i, '" 
fol io"'" Ally two '4""rc, II"" are adj",~lll diffe r ill '1111y OTIc' or Ihe , ;"iabk s, If 1"'0 
o Jiac~ nt "'luarc, hOlh I""," Oil elltfy of ,,"c . Ihe ", the corrc"ronJing produci ler111 ' 
Jiffer in only one "aliable. III ,uch a Ca"-'. the t"o krm, ~a n be m~rgc'd hy ~ I im' · 
nalill g th"1 vaTiabk' . For e,ampie . in Figure A.~", Ihe Iwo ".11,,,,,,11\ "lllaI'C' (·"'r~ · 

' F"m,J '" Ihe 1"'0 lern" ABC]) a ll d .:>;11Cl)_ I hLJ' . lITe fll"ell",' '''I'' '~,,,,d i, 

A BCD - ,:>;BCD - ABIJ 

This p,o"e» _"n be ~x1clldeJ in ",'er,,1 way', First. Ihe co ncep ' of "Jj",~n ,y 
ca n be c~lcndcd t" induJe w,,'pl'in~ ,"w"nd tbc cdg~ of Ihc' 11"'1'_ Thu,_ 1I'e top 
'~ll"rc of " COI Llll lT' i, adpcc"l I" Ihc bollo", ,~ua,e. 'lid th~ leftmost "1uare of 
" mw i, "di ac~"t In the righlmo;t '~uar~ . Th"", conuilion, arc illus lralcd il1 Fig\Jc" 
ASh and c. Sec"nJ, we can group not j"sll squarc; btll Z'o adj«cctll "l ll"rc, j(IT;!1 ". 
~,K etc,j, The ncxlln,cc ""'mpl~s in Figure i\.~ , how ~ ",ul'in ~' of 4 "Iuare,_ ",ok 
lI,al '" Ih" ,a",. [wo oj' Ih ~ ,'ariabk, ""n he d",\ i "at~'i. Th,' last tbret exompie , 
,how gJ'Oupi<l g' or H "'l uar"" which allow three ""' iohles H} be el iminateJ 

We can su mmari ze the rule, fm 'implifical i"" a' fol low", 

I . Among lite ma,led s~ua'~, (s.qu"r"' "'it h a I). find tho" , thai bel(\ng 10" 
lmique larg~'t block of e ilkr I. 2. 4. or~ "nd "i,-c!e Ih"", hlo",h_ 

2. s.:leCl ",lJ il,o"x l blocb of m" keJ >qu,,, ," Ih"t ", ~ '" la'ge as possible and a, 
few in numt>er a, I'm' ib l ~, hut indude e"er~' marked squar~"1 1e",1 once . I'h ~ 



704 AI'I'£I'IllX A / 1lI0lTAL LOGIC 

rc,ull, may nol hoc unI<ltlC in 'on1<' C'""" Fo r c"'nlp lc. ,f ~ "w,kcd '!.Iuarc mm. 
illltcs ","h ~,"cll)' 1"'0 oll,c, ~ "orn, ,mJ ' heTe i, no fouTth ,na,led square to 
£ompiete a larger glOUp. the t\ there is a choice to hoc made as t,,·o wn i,h of to. 
I "'0 group in gs to chuosc, When you are "irciing group'. yu" :"c " lI myc,ilu ul< 
the "tIl'C I "alut 11l" ' ~ , I",,, ""eC, 

.1, Continue to Jraw loop' arollnJ ' in glc mocked '4",,,e', or r~irj "I' "Jj"('<;n, 
lIIa"hd 'qu,,,~s. or gfO"I" "I fo ur, cight , ~ lIIi '" "n, III sud, a way tllat c\'c'1 
",""led 'quare l"' long> to ,t It"" On~ 1,,,,1': the" u'" a, few of the", blocks", 
poss ible to include a ll mark ed squares, 

riglJrc A.9,,_ hosed Oil r"hk "_3, illu, trak , the l',_",c" If all)' i",la!ed Is 
rema", aftc!' t he grouping,_ tlr ell each of these is cil cle d ,"" group of h, Final l), 
before goin g from th e map to" ' impl ifieJ B()()iean e'rrc<;;ion , any gro up of 1, tho! 

00 '" " <0 00 '" " '" 00 CO " '" 
00 00 ICJ 00 

, , , , , , 
, , 

" , , r, I - (1)) tlCD (e) "BD 

co 
00 0 0 , 

" 
, 00 e, " w 00 CO CO '" , , , , , 

00 00 I 

, , , I , , , 
" 

, , , , , , 
e 

(.) sC {O BD 

co 
00 [1\ J\ 10 , , 

" 0 
, , " '" 

00 , , , , 
00 " l( 00 , , 

, , , , , , , , , 
, , I , , , 

I I 0 j l , I , , 
(.1 " <~JV (de 

.'~ur< A.X The l)", nt K"" .. ,u~h \1of" 
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l '.h le A.4 '1 ,ulh T.h le /"., 'Il< On". JJ , ~ , ' I '.<o~e d I ),,,, m,1 I no, ,,"c,,'or 

Inp'" O u,!"" 

No" 'h"' " 
, , 

" r;,"nl~'r " , , , 
" " " " " " " " 

" " " 
, 7 " " " , 

" " " , 
" " ; " " , , " " " , " " " 

, 
" " 

, , 
" " 

, , 
" " , " " ; " 7 " , , 

" 
, 

" , 
" " " 

, 
" " , 

" " 
, " " " " " " " " " " " 

Ih,' " , 
" " " " We 

, " " " " " " ,. 
" 

, 
" " " " J it i,., 

" " " " " " " " " 

,iJereJ to he 0" '''I' of the ", h,', 1Tl I llTCC d iT1l ~ " ""''' 10 ach in'C "dJacency_ S i ~ 
'''ria~lc, "'quirt" the use of four I (, X 1(, tohle, i" (nur d i rne.n, ion,' A" "I!~rneti,·c 
"rrn.>ach i, " ta~ul ar Icchn iquc, referred 10 as the Q ui""-.\ k KI uskcy method. The 
mel h"J ",,, itabk ror rTognHl1llHng on "comp<ne, to gi"~ an "ut(1m,li~ tool 10' 
p,oduc;"g m",,,''' ,cJ B(~,tea " ~,prc"i ()", 

The muhod is he,,\ e"pioi"cd hy ""'0'" of"" ,,",,"pic. (,,, ,, ,,J<', Ii,~ f" llow· 
"'~ e'l'Tc" ,on: 

"!JeD! A!JCD + ABCD + ABCD + AB(,!) + A!J('[i ~ ,\!JeD 

Le!~, "~,um~ th"t 110" "'rre,,;on ",.", u", i\'C,1 from a " uth "'hk. We ","0 "1 ,, li~ ~to 
produce a minimal e'I,,",","on ,utwhh; for 'Tll l'k"'en", ' ,on W it t. !,-:olc'_ 

The fib! , tel' i" tll coll>Uud " \ "hlc ,n ",hich each to", <'",rc'p"nJ, tn one of 
I h ~ I'nxluel I~Tm' of the expression. The term, arc groupeJ <tC<:llrd ing to the num -
1'<0' nf coTllp lemen'ed ",,,iahks. I"'it is, we 'tart with lk tam wilh no complement;. 
ifil ~xi 'ts , then all ten'" with one ",""p ie", ,,,,!, ""J ," 'Ill. Tah le A--' , 10""'$l he I"t 
rm OHr e~"'"rk c'rr~s'ion, ",·ith honzonto lli n." u",J to inJicate the gmuping. For 
dM;!Y, each l<;Tm i, r~l'Tc",nlc'l by" 1 for ~",'h unwmplcm~nlc.t ""ri"bk Clnd "U 
for "ac'h compkmcottc'J "",johle. Thu,_ we ~r" u p len", ClCn)Hji" ~ to lite nu",h<'1 of 
1, I he,' contain. The index column i, ,imply the de'cim,,1 cqu i "alen t "nd i, usefu l in 
What r" ll o"·'. 
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ell CD 
," "' " " W 

,\ tI '" (jJ 
A ll 

" " " 
, 

'" 
, 

" 
•• ) ..... ~ ,\I! • MI(,I! 

en U.l 

'" '" " 
, 00 " , " 

, 
00 'i\ , -

oj " , 
All (> 

, JJ JJ i\ 1\ " 
, , , 

, 
" d d , , d " " d 

" , , , , , d 
- -

"I1w "",t 'lcp'" 10 r,,,d :+11 1"';'-" or Wr+I" II"" diff~r in onl)' mK ,'an " h l ~ II,M 
is, all pairs of term, th,{ are tiw ,"",~ c:<~"pt th't "n~ ",Hi,hk i., () ," llne "f lhe 
tcrm, and I in the ol h~r. He.au"" of {he "'ay in which "'C h''''e groupcd the term'. 
w~ can d" {hi, by ,l"rling with lhe first group and romparing each t~rm "fthe firsl 
~"'up ",{ il ncry 1,'TTll of {h~ ,",c()lld gr+l\l f'. Then <()mp" rc' ~"ch term 01 'he ",,,,,nd 
group ,,;th ail of the t~rlll,' 01 {iw tl"rJ group, ,,,,J.., on, Whcnc"w a ",,{ch is founJ . 

r . bk A~' ri", Sta~t' of Qu;n" MeKl",'"" .\ldh,><l 
(tOT F ABC]) ABC t) _ MIC)) MK t) • Allell • MWt) . Atl( ». AIWt)) 

I'r .... u'11·"rn' Ind.~ , , C n 

ABell , , " " 
, 

,\1;( fl , , , , , 
ABCt) , , , 

" 
, 

ABU) " 
, , , , 

AB(,ll ; " , 
i\lKll " , , 
ABell " " 

, 
!\BCD 15 , 
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Toh! • .\.6 t..:.>1 S."~C 01 Qu i"e- MeKI.,,,,)· Mc,l,oo 
{fn, F MWD . MWD + ARCD + ,\BCD • ABCD i AIlCD ABC D - ABCD) 

- -
A fKIl AfI(ll A BU) ,\B(l) A IKD A IKD ABe D AHt:D 

HI) , , , , 
"CD '" is 

-
A BC '" (2) 

-
ABC i' (2) 
M · 1l '" i (2) 

piace a cne ck n,' xl t" oa en term. com bi"e Inc p" ir b)' cli01 il1 'ilmg Ih~ ""ri "h l ~ Ih.1 
dlffer'm the Iwo 1""11 '. ,,"d "ud Ih"l 10" "e'" h". ll,u, . 1(>1 ~x"mplc. tn e torm , 
ABCn a[\J ,"BCD "rc "omhHwJ 10 prcxJucc A!Jc' "Illi, process co tlti"u~, unti lth< 
entirc original ta ble ha> l>e~n exa mineJ, Thc rc,ul, is a nc'" tabk wilh Ih e fo lw,, · 
jng c ntrl es: 

ACD ABC 
HCD ,/ 
A BC 
ABD ,/ 

ABD ,/ 
ACD 
lKD ,/ 

Thc ncw t"bk i, orgonizcJ int" group' . ,I< indicateJ. in the ",me f,,,h"Jl1 '" th¢ 
fir-tl"hk. rh c ,..,wnu I"hk j, Ihcn p".>o:;c",.;(! ,n the '"Jl1~ n\;mnCr '" ' h" fir'>! . That is. 
ten", ,h .. t d,ff~T Hl (Jl1ly (J"~ ""i"hle "re· dl",:kcd ~"J" rICw teo'''' produceJ for 0 third 
t~ble. In thi., exa mple, the thirJ table dw is pmJuc~J coma i", only one tcrm, !JU, 

In ge"eral. the In""",, w"ulJ pro<;ceJ through '"c~c,,;\'c wl>k, unl il " I"hl~ 
"it h no ,"a'cne, w,,' pnxJuccd, In 1 hi' c",.." I h i, h", i''''ok"J I hre~ t"b l ~" 

On"" II," 1''<'''''"'' jmt ,k", ,,h,,d i, completeJ. "c hu "C c1l1nin , teJ many of the 
I>os,ihlt' teflll> of the "xpre"io". "Ill",e krm' th ot have ,,,,t t'<-'{' n . liminalcJ "'C u,.;;u 
I., "On",U"! II m:Hri.,,", ill", lralcd;n ,[""hk AA b'ch row oflll~ m"lri x c'o,rc'po nJs 
10 on~ oj' 'he 'ern\S ,h"t ho, "()ll"'"n c limmalc J Ih" Il l) check) in 'ny of the table! 
u"..'d '0 far, Each column cor"~SI)()ncls 10 OM of the terms;n the origi",,1 "XpfC~""n 
,\ n X is placed ot e"oh intersection of.1 n'w and" column , u"h Ihll' tl,," 'ow ~Ic"'c'n' 
i, "wllll':ltihk·· willl th~ cohn"" clemcnl. Th,,1 i" Ih~ ,·,,,,,,Ille, pl'e se nt in the 1'0" 

dement h"yc the· "'Tne ,·"Iue a, the "~n"bb rrc'~Tlt Tn tile mlu",,, " icme nt, l\"ext, 
ci.cl" eac h X that i, al<lnc in " column. Then piKe a Ml ua re around ""ch X in a"), 
row in wh ich th"r~ ;' " circled X, If c,'c r)' rol umn now h'" ~ilhc'" "I"""J Of. cir· 
cbl X. th~fI w~ "r~ don,·. ""d ,h",.c WI>' c lerne·"" who,,"' X, I",,· " 1><.'"'' "''''ked wn· 
,t; tutc th e mi"im al e 'l,,~,';i()", Thu,. itl OUI e,a"'pk. the fin~ 1 expr,,;.,ion; , 

,\Ilf"' + AClJ + AIlC + AlD 

]" ca"" H\ wh ich ~w"" columtl' il",'e tI,·;the," circle nol''' "lu"r~ . "dd;lion.1 
pn-",",,;ng i, rc~uir"d . Essell1i"lIy. we keep adding row ~krn en l , unt il a ll co lumn, 
,,,c cowr~J, 
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LeI u, sum",,,;,,,, .he O uin .. -~kKlusk .. y ,"clh<><l I{. Ir)' '0 iW;lify i",ui!i"ely 
" h}' il "'lfks. ' I he Ii"" I'h~'" of lhe op;:nl hun IS Icawnat>ly ~lr"'~hl f"",.m;J, Thc 
1''''':''''' d'm"'''I ~' unneeded .-~ n .. bk" ,n I'rodue' lc, ,,,, Ill ..... lhe C~I''''SSIOn ABC 
+- AIK I~ cqu" alen( (0 AB btt-au,"" 

A IK +- AIli" p t\l1(C I i") AB 

A fler Ihe dtnllna ioVlI of '-"rr"bk,>. lOt: arc lefl "'lh .m "'p'c'""n Ihal "ck:~rl) 
Cllu""lenl III !he " ' ,~",al "'pn;<,"m_ 11""c'er. Ihere ""') II<' rl'dunda,,1 leI ms In 

Ih i, npr.",;OI1. ju,( ., we found redundanl ~"'Up lll ~' in Ka",augh maps., The 
"",t" , I""olll """'" thai .'aeh lerm in the urilt' n,,1 c'prc" 'v",, c'-"'~r" J and "'-"" 
M' '" " "'''}' 1 h.,1 "' '''' I1l ' ''C~ I h ~ "umocr vf te,m, i t1 I he flltal "'pr" """,-

NA~ I) M",l NOR Im plc", . "lal;" ", 

A,,,,,hc, ",""Jc'a' ,on ,n 'he '"'pkme"'"I,,'" "f Ih ~, I" ,,", funCl''''' ' """""",, 
Ihe ') p.:< <If ~"'c, u,<,d. II " nfk" de,,,,,hk '" '''' llIe",,,", 8 Iloolean lu",,(iOOl !IOI~I\ 
wl.h 'A'lf) g.,IC, or "'Id~ .. il k NOR !al c~. AllllouJ!.h Ih" ma}' no! be Ihe nllni· 
nll""-)I.<'le Ih'pkmcnl a'ion, il ka' Ihe a'h'"m~J!.c of ,eJ!.ularrly .... ·hich Can ~'mphr)' Ihe 
rnanuluc, uro"1I p,nec,", ("""" dc, .p"n l .4Iu~h .. n I A.3); 

Ik," ....... Ihe complemenl 01 Ike romple",.n. uf I' .·.,Iu~ "lu,( Ihe u';!!in"1 ""h'e. 

F ~ Il(A ~ C) jA il ), (lW) 

AI'I'I)'''.~ Dc Mot ¥",,', Ilw"'c rTl . 

-1·~(A Il J .(Ij (") 

M "hipl")[eo 

Ill" mul uplu(r connce!. mull ir lc inpul< 10 a •• nli( QUII)'" AI any I'me. une "f IIr.c 
"'pur.., ""lee led Iv he p •• "",,J Iu Ihc uulpul. A IIcmnl hl"d d,agr~'" "'r",,'''nl~. 

'~ A.1 1 NAM) Impl:""'n'""'''' .... T.hI<: A.I 

, 
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<-to-I 
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lion is shown in hgLlr~ A.12. Thi, rcprc,,",nt> ~ 4· tu·1 nlllllil'lcw T. TheTc "TC four 
inpUlline, . l"hobJ DO. 1)1. D2. a nd DJ, O ne "f tlw," linc' " , elected tn p,m'ide 
lhc "utput sig nal r , To select o"e of the foUl p",s iblc "' puts. a 2-hil ", Ieelion code 
"n~~d~,l. ;on<1 Ihi' is implemented as t"'"wloct li nes labekd SI "nu S2, 

An ~,,""p l c 4' 1,,· 1 m"llipk'e ' i, defined by Inc truth wbk in 'l'ahk A.7. Thi, 
i, a simplified for", ()f a I['u, !l labl~ . 1 "'iC"d o f , !l owi ng "" po"ihl ,' com hin"lion, 
of input "ariahl"" il ,ho,,'., the n utpUl as d"la from Ii",· DO. D I. 1)2, "" D3, Figure 
,\, 13 , hows an impkmemal ion using r\ ND, OR. and .'lOT gates. SI and S2 "'" con· 
,WLlcJ 10 Ih~ i\" [) ~alc' In -WOn" WHy Ih,,1. fo' "ny co mhillali lln "I Sl and S2, ,hrc<; 
of the A ND g"I~' will output 0. 1'h~ fourlh A.' D l', ,,l e ,,·,11 nutpul th e ,·alue of the 
",kOiou li ne, ",hich is either 0 or 1. Thus. three of th e in puts to the O R gmo ,1fC 
"l",a:>'.II . "n<l l h~ outpul of Ihe OR ~"Ie will equal 110" "" I" e of Ihe ,elected Input 
gate . Using Ih" regu lar org"n ,,'"IIOIl, it " C''' )' to con'lru", multip le,",., of ; ilC 
~ - to-L 16-10-1. a nJ so on, 

Mult iplex"" ar~ used in digital eire uil' 10 control signa l and data rout jng, An 
example" Ih~ IO;lding of the program ('{Junte ' (I 'C ). The ""h, e to be lo"d~cJ into Ih " 
program COunlCT m":>' ""me from one of ""-O T" I dlfferenl 'ou,,'c' 

• A bln ~ Ty O')UTlIe" ir lbe PC j, 10 k ;1l~Tcm~nkd fOT 110" nc" imtruoli"n 

• lhe instrll cti(>n reV'ter. if a hran,h instruct ion using" di rect aJdre", ha, just 
!"'en e,ecu ted 

• Th" output of Ihe ALl J. 'f the hranch ,n, tnlet,nn 'pecifie, th" adJrc>s u,ing' 
displacement mooe 

T.bl. _\.7 4·h> \ Mulll]lb." Trutl> T"I,L 

" " • 
" " " 
" " , 

" III , D; 
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"7 P7 
,. 

}r- , 

00 

11Il''''' ' -;o 'NU ' I\\pUl' C<.\ uld I", co "nected 10 I he Hlp\ll hr\~' l)f " lUu lt,pl,,<er. "'ilh Ihe 
1'(" ",,1\ 1\ (.'Ctcd 1(, tho OUipUl I;1\ •. The ",,]eCI llI1c'" d~t~'lU;"~ ",-h idl "Jluc is loa ded 
,,11., lh~ 1'(" IJ ccausc Ih" I'e rom,,;n. mull'pic hit ,. 1\\\l I"plc mull irk'~" arc ",,-·d. 
on~ re' b, l , I ~"rc ,\ I ~ ,II "",.." ,,,, II", for In·h,( aJ<lrc~<cs, 

A decode. ,~ • "omhmat,,,,,al eirellil ,,"h ~ numbe. "r o" ' 11U1 h"e<. o,dy on ~ or 
"I"ch ,~.~..,ncd 31 an} lime. dcpcndcnl on Ihe 1~l1Ic.n of I\\pUI hne._ In ~nc,,". a 
Jccodcr h3' " mru'" an<l 2'" "'''pul-,- I -fj!un: A. 1;<; <h.),,'S a dc<:odc. " ,Ih Ih.cc mp"" 
;,nd c'~hl "UlpulS 

c~ 1R~ "'LL'" 

I'C" 

I'\tun- .\. 14 'luI"pk>c, In",,1 ,,, P,,,,,,.,,, C, ~,n'~, 
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Decoders find marlY u,~, '" Jigiwl computers, One c<ampie i, adJrc" ,kW<1· 
U\g ~ urr""" we wish to cO<l,lrud a I K' '''yk m~nll'ry ",ing r<}ur 2~(' X B_Nt R,\M 
~hi l'" W~ wanl" 'ingle unifi ~J adJ,cs.' 'pa~~ . which call be br"k~" down as foli""" 

0100 UIFF 
<J.l< O ~2FF 
mm UJfF 

, , , 
Ea"h dill' r"'luir", ~ add",,, li ne>. ,,,,J the,~ arc ,uPI'II,-'] Ill' Ihe 10"'e,-order 

S hit' of the oJd,,,,,,_ rhe h ig ll ~r·onl~ r 2 bib of the 1O-l> it addle,,, "rC u,cJ 10 ""k" 
"nc' ,,( n,C four RAM chil'" Fur (Ili, 1''''1'')-'';." 2-10'~ JcroJcr i. used whose out_ 
put "n,bl~'.me of [be lour ch ips. as ,hown in Fi ~~rc A_ Ii> 

Wit h on "dJil io""1 ;<1]lul line." d"~odef can ~c u",J as, Je,,"uh ,plo,",_ 'I he 
dt'III ulupk xc, I"',form, th e lM~r", fund,,,,, of a m\lltirkxcr: il connects a .it1gie 
inp ut to 0"" of,",'e,,,1 oulp" ts. This is ,h,,,,.·,, III Fjgu,~ A.17. A, h<.' fmc." inp\J\' .TC 
d~codcJ t() produce a s"'glc one of 2'" oulput" All Ofl h" T n ut plrlli " ~, aTC ANn~J 
\lll h " <lal" input li ne . Thu<. the" ;l11'ul,,,<;1 '" an "dJr~" IOWkCl~ partic"I"1 OUt· 
put h,,~. "nd Ih e value nn tl1e d.ta ;"pullm" (0 m I );, routod 10 thai oUlput ]ine . 
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JO >"~"1I1 ~., pe ~'11 'PPI ,< 'IOU 'II,"" ' " (1,,1-' ~lll ,,0 ''''''P~I''I()J'~llj! J l"~ J1"W 01 pue 
,b~" " uO "l"~ ~""W ",J 01 ~ lq">O<l1l np~w UOII~l~"UI J" , [,·\01 " U"""'~UI 

' JP"lU ~J" 'UOI lJ.1UUO)JJ1U! u,d Jl~Udo,d(le ~~l rue pj~"" lIn 'JI' 
p~)Uud ~ uo 1n0 P!"I ~'" "b~_, ;"~'1' J" '."llllTl Ll " 'u, '!P''''J ,)l~"1 ~ JJnJI'UO~ ''.1 ';:d,,1" 
ISS ;>lll'" J" ~ 1<hLJ "q Ull ' ! ~ [-V ' ltH1H '1") 0< P''l!J'''p 4"',,,dd" ~"'l q '~ U!l'l !nq 
~ 4' u, · ·' IIU~pu~d"pUi p~I"~Jl" ~l"i 4"" 3 'J I4'" UO <JW~ UOI 0) J UO lUOJJ P~P!·' 
-OJ J '(JSS) U011"";l.) IU' a l~""' [[ulU' :;-u,'" ', lInJ'" PJleJ~O IUI '{P~3 ·' [ddo 'UO lIH' ''P!' 
-UO) J~410 ''''' "~JJ\J! 'l!n),!., rOl"')!" I"! "'1 1"'1",'0'.1 UO!'~'~~IU! jO I ~ ,'~ I "II 'V 
·'''o!"."dx~ Ll P,.'I'-"'1l ~ U!1'U("h.'-'J(~' ' 41 " LII 1"1 "dou"uI "'I 1'."11 "'I 01 '~I,,\l J" ' ''' Iumu 
.,~ 1 iU'Z!,WU Lll! J" '{;]' I"J 1< " nn" nJ PI noo j .}"il"Jp J'l.1 'P'''' I "JJ Xi U"J <UO LI, u"J 
,(IUJll'l,n 4"'4" lUO'J "~XI [~ ~\"r[!n<l '" '~ I"i lenp"!pu, r'I~OJI OW4 0." 'lUJ ' ''41, 

AeAJV ,,!:1<Y( a['le,u",cJiio~i1 

- j JO onl'" " '~'I OU!I ~lq ~"J "'I' 1''''' 1U~,~,d" lnd", 
r .' rmu~ ~ '1 ' U ~ 4'" "ILln ,-, ,,, dd,, In,!)no r~rn~" r ~'I. j .,~ p".,~1' ~ LII JO ~ U!'U!1 "'II 
JO I,)JIU'" ~ '11 ,oJ ',"011" ' !4.1. 'J!'i"""! Ollll<lul UW(] WO]J ~ U!I ,"~ u ~ 41 uo j·"\<.I"1 
~41 '~U "4.J .~ "." '0 410U" u, r~,"~l.' "'I ""~ LI 'V ~m~l oI LJl UO'I"J ni'Juo, 04.1. 
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'l l ",~J POl!'~P .' 41 DJLJ~' 01 ~P" lU ~J" 'UOi lJ .'UU'" 
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"Jo <lti~lU()' "<ll ~UL UIJJ P'~ r J ·"~I,' "'I 0<1" """ I[ '\1·'" '4''' " 1"UIIl" ~41.!" '~1l1"" 
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'In(i,,! mOl 'I"'" ~ I 'l'" 'lIn,) u '" f",· .. ol·,."1 U~J 'I'll. ·~'V J I<lPL lOP!' ''OO "'ldlU ~X~ 
u" 'V -"l',;j lIO)O ,,,,, U pu~ lJpo~~P" LjI!." p~nl~Ul~ ldLl'! ~4 H "~ l"O~ Y 
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' ~J.' '''." I'"" jUOU"LU10<l <I I~O~ "UI pJJOI' LJO'I "Ll""J)I ' ,'""LI! 'I ~4L l"lIl 'O! ld",! "Ill. 
'UnLlUl,xlo pe." ~ '11 ' ILJ O ' '''.IoJ"",1 ""11 I!UIl ,'"lL U,1<U "'! l"Oll u )"41 1I"~'l l 

'( I"O}Jl ;;,"","" .il"O_Pn." !(p,ueu " lm, 
_J" 1" ([(>lI"uLq,um '[ll," P~)U,1W~ ldll"" le 4l .'jOW~'" J" Ill" OW) '! "J~'Il'.l~ '~''''11 
,p"" L~I"J " Slnd LJ! W I" ei J" 'J(»)'!'I "Ll pue ,mlu! ,u""n, ln4 L UO AI uO ,!,u:><Jor \ndl"" 
JI'''ll "'""~:''I "'''' J.l'' _,''>~ t ,;JOlU' lU , '" 0) p~1J~jJl U~\jO ~l U " 111~1 I) I"UOTl"Ulqwo::> 

.uomaw A[uQ-I'"a'tl 
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-,>1 J~) "I ""I UJ4l U~J ' UO' pJ"""] pOJ!'~PLJn ~ lIl ,,,,,><.1 LHUp,"J'),U! '.l~ .'~ ' " "'''J " 
4~nOJlII ~p~w '! ,lI ' !l_,.'lllLO,' JIQ!""d ' " ',' ,' 'I>iL) ~ 4L ul ' i 'UOII""UUO,' jO "U !~",u) 
~ LJ!WL""jt,,"d ,{,," ,"0 Il " Ol ""," ,U,"JIlII' 0,"1 III I' Jj " lJqnu ~w "j ~ 'Vld 

' P" !) 'J;:>d, lOlL ~.l~ " ~I"ff ~O ~'Il 01 
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jO 'lS!""O' \1 ' 1.1 ~ lIl 'U,'''' ~.-''' 4 n,,, ," '"uoJ (LiOS) 'lJnpo1d-jo-wns U Ul r~"~lJXJ 
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T. hle A .X 'I ,."," T" hl c lOT" ROM 

l"p"1 U"lpul 

" " " " " " " " " " " " " " 
" " " " " " " " " " 
" 

, 
" " " 

, 
" " " " " " " " " " " " " " " 

, " " " " " " 
, 

" " " , 
" " " " 
" ,. , 

" " " 
" " " 

Adders 

So f",. w~ ha"c ,,""'n how int~rc.1n [\CckJ ~aIG' "" 11 I", Il,~d 10 imrlcnlcnl ,uc h fun~
tion.' a, the ,,>tH ing of , ig""I<, Je'eoJ,ng. ""d RO M O,, ~ "S.'~TI !i:,1 "'~" "'" yd 
"dJ''',-<.ed is 1 bot of a"!lHll ~1 i,·, III Ihi, brid 0'" f\'icl<', I<'e "ill co"kn l ou,."" lw, willl 
lO<Jk ing al Ihc aJJ il i,lJ\ IUUc(lOTL 

Bin"r}' adJ ilion d iffe" from il(K" Ic' "" algch'" in Ihallhe rc,,,h induJc," carry 
'erm, Til", 

o U I I 
LU .±.l .iJl .::..l 

'-~"--~~' -"-- ' -"--~'"~ 
HO,,"""t'r. aJ di t,o rl t·,,, , ,I i II be (lcall wi lh in Boolean term,. I r\ 1 ahlc A.Y". "c , I, ow 
Ihc logief'" "dding Iwo ln pull"i> 10 prod uce a I-b il sum ""J a ,,:on) bil. T h" Irulh 
l"h le ,'o"ld "'''il )' be impkmcnlcd ill digil"1 I"gic. I lowncr, " ." "re nol inlerellCJ 
in p<"lm rTll ng "ddil ion on j ust a sing le p" i, of hi 1>. R.n hcr, we ",, 11 to "ud two ,,· hil 
"umoer>. Thi., Ca rl be d(l1l~ h)' pull ing I(}gdh<'r" sel of adder' so 111.,1 t il e C8rr)' Icor" 
,mc 'dder i, pro\' iJed as inpul h' Ihc T1 ~' 1 ,\ 4· hil :tckkr i, depicteu in Figure A.2 1. 

For a IllL! II 'l'k_l:>il Hudec 10 \\'ork, e,~h of 'he ,,,,g le_tHt adde", rnu;.l h""" I "r~c 
input". including til,' carr}' fro", I he ,,",I-I(}w",-(}rucr add"r, l1\c ,""",d Ir ut il ",hie 
"PI"''''' In Tahl~ A%, Th" I""" O"lpul' call I", ~'l'rc,,,,,I; 

AtiC ABC + ABC -.- AUe 
All I\C + IlC 



r;~ur. A.2" A 64 !ltt ROM 

hgurc ,\.22;, ,m in1l'km~lll"li on ",illg ,\Nll. OR. and NOT g"tt-, 
Tlou> we h"\·~ Ih~ ttcc"'-'''')' I"gic 10 lII'I'I~n1cnl a muliiple-bil adde, , uch" 

sho"n in FigLlfe A.2J, Note that because the output from each add"f dq:><:nd, un 
th,> carr)' from the rre,·iou, aJ,le,. the,e is an increa , ing dcl~)' from the k"'1 'igmf_ 
'~~"I 10 I h~ nlo,1 ,ignific"nt bit. b"h ' ingk _bil "dUCT experience, a certain "mount 

(hi ,\dolilion "i'h ( -.m [o'put 

, 
" Sun, Corl)' C. ., , Sun. C_ 

O " " " " " " " 
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" 
, , , 

" 
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" 
, , , , , , , , , , 
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c. c. c. c. c. c. c. c. " 

of gale Jday_ "nd I h i, gale dela)' "CCUmUI"'~,_ I'm bT~cr "dd,,,. Ih ~ acc"mulmcd 
lid")' can become w'ac<:" pl" hly high, 

If Ihc carry ,'alues coulJ he' ddcT",ill ",1 wi ,h "111 ha"ing to rip pk Ihrough a ll 
Ihe prev iou, " "g'''. I h~n each 'ing lc.hit aJd~r co ul d fu" c, ion in<i q",nocntly. and 
dclay ,,"ould nol "C(' UT"Ut ,,,~, t'h j, ca n t>e ach icved "'it h a n appw"ch ~ fl OW " '" carr)' 

/()()LIi ,r"d. L~t us look a~ai" "I L Ir " 4_hit "dder to "~plJ in Ih i, approach, 
v.'~ """Id lih 10 come up \\" h ,m "' rrr~"io n ' hal src,-;fics I h ~ carry input 10 

any '1"ge of tlr" "d(kr " ,;1 houl refer" nee to prev(o\.!, car r)' ,'oluC', "" c h"Y~ 

i-
C 

,~ 

I::::! / 
:-
c-l_ / 

Corry 
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I CO' 

,,- r , - r 
s" 

c" 

C" ,\,,111' 

(' ~ A II, t A,A)!, t B"\"B, , 

(A.41 

(A ._11 

C, ~ ,\ ·B t kA B, t ,\oA ,A"I>:., ~ A. B A,)J" t B_A,S t BA,A}>" BJ! ,\,1>" 

Thi., procc>s can he tC]",alcci fM ;"11Ilr:11I1~' l o ,, ~ "Jd"" . Eao h carry term "an hoe 
cxpre,seci in SOP fmm as a fu noi()[t on l ~ ()f the OIigin;, lll 'put, . with no deren
(kn"~ on lh" ca rrie,. Thu,. onl)' 11'.'0 IC"d' of got~ delay o('cur T~garJk" of the 
IC Fl ~lh uf th" "ddn_ 

for long" umbe" . (it i, ' PI'!'{)ad, hewm", ""'",, ivc ly complic"kci, E,·,l u,( i,, & 
th" c'pr"ssion fo r the most , ignificalll bit of an II-hit aJder re4uirc, an OR gale with 
,,~ I mp"l, "nJ" ANI) g"l", with from 2 "," - I "'1'''''. Ac("<)rdin~l y, fu ll c"rr)· 
loobh~aJ is 'ypicall), J()[\e only 4 to ~ h' l' "t" (Hne_ rt~urc A.2:1 ,how< hlll'.''' J2-bi t 
"d,l cr~an l:>c conSiruct''{j out of lour ~-b it adde"" In thi ' ca,e, the ""fT)' muS! rip· 
p ie 'hmugh Ih~ 10\" S_bit adJe"," bul !I,i , wi ll l:>c ,U!>';W111iall}' quiehT II1,m" ripple 
lh">ugh thirty -t"''' j _11 1l "Jcier< 

AA SEQUENTIAL CIRCUITS 

Comb;"" ti o",,1 circu.l, irnpbTwnl the ,',,,,,nli,, 1 fu"uh"" of a d'g it,,1 Wmp"l"t. 
However. ex~"pt for th" <peei,1 ea,,, of RO.\1. they provide' no "'emOf)' or stalC 
info"",,"i,m. dement> "1'0 c,-.cn tial to Ih e opt;fmion of a Jigital CO noplltcf_ FOT Il1 e 
I"ller PUl'IX"'C, . " more "omplex f"rm of digi' "I logi~ "ireuit i, u,cd: 1 h~ "'i ue"" ,1 
cireuiL Th~ current output of a _...,qu,'"li,,1 cncu it Jepc"J., [wt 0,,1), "" the current 
input , ~ut also o n lit" pasl hi'tor~' "f input>, Anotit,'t "nJ gener, ll)' morc useful wa)' 
\<) ,,"w il ,,, Ih'" Ihe "urrenl oull'" t 01" "'4ucnlial "ifeu it Jqx:no, on Ihe "u rr~"1 
i"put "nci Ih e ~UTfCTl t ,tok' o f II", L ,'iTcu iL 

I" this "-,,tion. we e""H"e ,,,me "mple b ut u,dul c'x"mplco of "'que"ti"! cir
eLlil , _ A, wi ll h" ";~n, the "''1''enl i,,1 circuil ma ke ' usc of comhinalio"n l "iTwit,_ 

flip_flop , 

The _,implc,t r,nm of '''quc.ll",l circ,," i, Ihe flop -floI' . Ther~ "rc" ,'aTlet)' of fi ip' 
flop', JII of "hieh ,hate t we> P""l", .. (i,,>, 
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• I he fllp _nop "a I",'ahk d~\'icc. I( ~,i,(s in onu of '''''' ,(at", and. m 'hu 
ab,enee of InpU!. r~mall" ill ,ha' ,toile . rhu< the nip_flop Can functlOn", a 
l-bi'l11emory . 

• rh~ flip_flop I"" two oulpul" which aT~ "Iwa~', lhe compbncnts of each 
other. These ar~ gone,aliy labded 0 anJ G. 

Th~ S- N. I .uh·h 

Fi~urc AH shows a common conljgur~tio" ,,,o"'n as the S-R flip-flop or S-R 
llitoh. rhu ci'cllil h'" two inpuls. S (Sd) and I{ (Reset). and two"utput" Q and 0 . 
and colbi,t' of lwo NOI{ l\"k, h<><J\;,d l<>gcthe' in" ked!>,,". "rr"nl\~mell L 

Fir<t. let u, ,how lhat the circulI" histable. A.sUnlc' th"l both S anJ I{ atC 0 
and lhat ° i, II. The inputs to lhe lOWer "OR gate arc 0 - 0 ond S ~ O. Thus. tho 
"ulpul O. I ","an, (h"t Ihe input, to (k "PP'" NOH gate arc 0 = 1 and I( ~ II. 
which ha, lhe output O . O. I hu, . th~ ,["Ie oj' lhe c"cuit" "nc'ma ll y con",tc"t a nd 
r~"",ins ,t"hk u! long", S - I{ ~ 0, A similar line of rcawning sho,,'s lhat the slate 
o 1.t) - tli,al",,,,,hlcfmH ~ S ~ I). 

Thu,. this circulI eon functi"" as" I_hit "'L''''m~' We ""n ,i~w lh~ <>ulpu( Q 'i< 

lh~ --v" lu e-- of the bit, The input' S ",,,j I{ "''''" [0 uite lhe ,·alue. 1 ""d O. fe'I"'c
t"'d~'. into m~mory, To see this. consider the ,tate 0 ~ I), 0 ~ I, S - U. R - U. Sup
r<"c tll"t S d""'l\~' ,,, lhe ,·"ILle I :--'ow th e inpul' to lhe low<" NOK g"t, a,e 
S - I. 0 - 0, Afle, ,ome tlll1C Jd"y .". the "ulpul "I 'he Iowa J\OI{ ~"l,' will 
h-<; Q ~ I) (",e Figure A,25). So. althi, I)()inl H' time. the input' to the upper NOI{ 
gat~ I>c""",~ I( II. (J 0, ,\fter "not he, ga," delay of L!.t, tho O\ltpu' () beC<Jm~; I 
Thi, i, ago in a 'table ,lalc'. The "'puts l() 'he I",,"e, ~aw arc rlow S ~ 1. Q _ L \c-i,,,,h 
"'"intain the output 0 - U, A, long as S - 1 and R - O. the output; ,,·ill remain 0 - I. 
t) - O. I 'urt hcrmore. if S 'eturn' to n. the output' will fcn",in IInch"ngcd. 

11t<, R outpul pCff<>nn, th~ "I~X""" fUII'''"m, When H g' "', 1" I. " f"rtt, Q - II, 
0- I ,egarJless of the p""i,"}", W,le elf Q "nd 0, Agllin." till'" Jelay (}f2L!.t "(C"rs 
bef",,' ;tabi li t~' is rc_estohli,hed (Figuro A.25) . 

The S I( I,,\c'h c"n be defined "'ith" ",hie ,illlil", to" lruth !"bk. called" char
~"'Ni",,(' ",ble. which ,!low, 'he ned ,Wl0 <>r ,taW, of a ,0'1"~n""1 "reLlit 'IS a funo · 
lion of ~urrent ,t, le, <lnd inpuls, I" th e ,,",e of lhe S-R lalch. lhe slat" call be 
Jcfi",,'! !>~' lhu ""Iue (}f 0, Table A. IOa ,how, th~ rO,,,lli"g ,'hm,"cteriSlic l"hle, 
O~r"" th"llhe ",put< S ~ 1, H ~ lore nol allowed. 1>c"" LJ ,e the", w<>u ld pf(~lu"~ 
an inconsistenl olllput (hath 0 and t5 e~uJI OJ. "I1,e table con be "'pressed more 

r;~un.' A.24 Th, S R L,,'rn Impkmonted with "OR Go'c" 
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" 

- ' 

coml'"" ly. a, 11\ I "bk A lOb. An d'u,'ra, i" " of the 1"-,1""·,,,, of Lb ~ S R bleb" 
,hO\,n in Tab le A.IO,,-

Cl,,~k"d S-H ~lip· HoI' 

The output of Ib" S_R b,d, cha,,~e,. "f'er. ht id lime 'klay. ," '~<pon'" 10 a 
ch"nt~ in Ih e in pul . Thi ,;" referred to a, ",;-nchrot1ous op..'"u ion . Slo,,' typic.,lly. 
",cnt'lI\ 'he di~i,a l cO]1lp"kr ~r~ ,ynchronizeJ to a dod, pul'", so th"t ch,mgc. 
ac,'ur '-"I I}, whe" " dod, pul", OCCU". I'igurc A.2h , h"w, 1111, "rr,Hlg~"w"L TIm 
(,",·ieu is rckrrcJ to as ~ clock"d S-R fI,p -fio/!, Not,- th"t the Rand S inputs H" 
p""cli 1<, the "lOR g"tc' "nl)' JUT in g lh~ dock pu lse 

I) FliV· fl"V 

Onc pmbkm with S-H flip-flop is Ihat Ih~ conoition R - I, S - I mu'l N 
"\'U id~d. On~ W")' 1.1 do lhis i, t" all",," ju_t" ''''gl ,' inpul. Il,,, [) i'ltr ·fiop " C(!}ITI ' 

pl i,hcs Ihi', Figure A .27 ,how,,, gale' implelTlcnt" lion ,,,,J tlw cb"I"C(eri,tic tobk 
" f th~ D ilip·llup, lJ)' using"" ;'''"~rter, Ihe tlondod inplIt' to lhe tw" ANI) £"tc' 
"" gu",.""k(·li 10 b<: Lh~ "Pl""itc of ~,," h ('tl l ~'-

The D ~ip-nop is ",-)meti",,, , rd""cd I,,", Ilw J,t" fl'l'-Il"" ]).:C3use it;", in 
dfc,·t, ,tonogc for one bit of J"ta, The output of the I) flip-t'll'!, i, alw,,)" e<I",1 to 

the "'0.,1 reCCllt ,·" ILl c "l'l'hcJ ", Ihe "'I'Llt. il c"ce. it TC",cTll h~" ""d p",Juc~, tnc 
la't In pm. It is ,1", ref"rred to a' Ih" dc lay fllp . fl" I' , I>cc.u,..; It deb)', a 0 or I 
applied 10 its i" l,m for a ' i" ~le clock pul,". 
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" , 
0 ,. , 

o. 

" 

«) H",p""", 10 Snit'. of Inp"1> 

, ; , , , , , ; , 
" " 

, 
" 

, 
" " 

, 
" 

, 
" " " " 

, , , '; , 

Anothe, usctLlI fI'p .n"p i, Ih e J-K l1ip-flop. Like Ihe S--R /l il,·flop,11 I,,,, two 
''' put, _ II,-,wever. in Ih,,, ca,., "lIjK""btc ",-,,,,b in"li,-,n , '-'f inpul va lues "'C va lid . 
rigUIe A.2H ,b"",," gatc im l'iementalioll of Ih~ J K flip ·nop. "nJ Figure A.2~ 
,how, il> ch",aC!~" "I'C '" hk (at'-'ng with I h""-' for the S_R end D fllp .n"I" 1. Nolc 
Iha L th~ fiN three comiJin a{ i"", Me Ihe ,,,ntC '" for the S-R /lip -flop. With "u input , 
(he OUlput" ,I"b le , The J input ~lol\e p'-', f",[)" a ",I funCli()n. c,"",ing the output 

"" ----J 
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I> Q •• , 

" " 

'-,-Q 

Clod 

Q 

t() W I: th o K input "Ionc rc,f,)ftt\; a ,e sc i funct i()n . causing the " utpnl t" t>e O. 
\-Vhen 1~'lh J ",,,I K "r~ I. Ihe hmcti()tll'<:rf()fmcd i, rcf"rr~d 1<> '" the tc'g~ l e fun<:· 
ti()" , tbe ou tpul i, rc,·""c,i. I ilus. if () i, I "nti I i, ;'l'p licti 10 .1 and K Iben 0 
\>t;comc, O. The rca,k' r sho uld vc,if\' thallhc ""rlc mc'rltal lun of Figurc A.211 rro
d«,,~ , I hi, char;l<tcri,tic function . 

R eg is lers 

A,"n ex,,,,,p[;, or tbe Ll'~ of fhl' .II"I'" le i '" fi"l ",,""'n~ onc " I Ib~ ,"'ent,a l de· 
mCltts of the CPU: llw rcg"lc'r As "'~ kllnW_" reg"I," "" dl ~Ilal urcu it "seJ wllhin 

I 
\, 

;;;--~\ ) ! 

l 
, / 

, 

, 

r 
~, '\" \ , , 

/ / 
, 

I 

Q 
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""",,. GroJ'fU,5>',"",1 Ch"""""i>l,,, 
Tobl, ' 

, U , , 
Q." 

, , Q. ,-, " 0 0 , 
0 , 0 , 0 
, 0 -

, , Q , , Q." 

I , , c. 
0- ' I " , 0 , 

0 , 0 , , , , Q 

Q' " m-e ' , 

t" , , 
QI 

Ihu CPU 10 , I"r" on e or more hi" of data. T,w b","c lype, of reg ','!c ," are co m
monly u",d : p"'alie l rc~ i ,(ers arlJ ,l1 ift regiQ"" , 

I'aralld Kc~iMC" 

A para llc-] r"~"lCr """, i,(, of a ,cl of I h" """moric> lhat can he read or ""il
len simultaneously. It i, " ' ed to <tofe data. The regi'kf'< th at w~ hn e' J'",u~sc J 
IhTo ugh <>ut thi, book arc par" ll ci rq i>krs 

Ille H· bit Tc~"kr "f I' igure A,:1( ) til ""rOle, Iloe "1",,.,,1;0" of " I'",all ol ,eg;ster. 
S-R latches are u,ed. ,\ control <ign a l. labc l~d "'1"11 ""',, .>'/rube. co ntro l, writing 
inw th e fogj'te, fTon, ' i gm, lli n~', Dil tilwug h DIX. Thew lil1 e, rr" ~h [ he the nut
I'"! "frnuliipk,,,,,_ "" 'hal Jo,,, (,,,m " uliety of 'OUlce, can he loaJoJ into the reg· 
i'ter. Output i, coU(mli eJ ill ' sim ilar fa,hio", As a n ext" fealmc." TCM;I lin, i, 

, 
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" Q " Q " Q " Q " Q S<ri>oI 00' 

" f>m PUI; t>n~ ,~ 

~" 
ti~llr. ,\ .J] \ nil ')h lh K<~,,'<, 

,,,,,, ],, hl c II"" "11,,w, 'he r~gi'ler 10 hi:: c . , il)· ...:1 10 lI.)'I. ol C Ih"l Ihi, cou ld Ilot lie 
a<x·,,"'pl"h~d ~> ~",il y " ith a register com] ru,'led 1 u,," D fhl" {]"1lS, 

Shift R"1Cht ~. 

A <111ft '''~''Ier accef'l' andlor lratL,f~" in(",,,, ,.,,,n ,<·"ali}'. COl"id~r. for 
example _ ]"!lure A .. ll. "lIio:h sho"'.,. a !I-hll , t,,(( .ego,le. ronslrucled from dode,", 
o 11.p-n, ,,,,,. o..'a are in!'ul only I" Ihe Jdlm"" n'J,·nor \\ Il h cactI clock pu]-.c, ,L'lla 
ore ,h,hc.!]" 111< nj:hl une po..;I,on. and Ihe rig/umo.l 1>,1 .. Iron,rene..! ""L 

SI,,!! rC¥"ICf> , .In be u.ed 10 ,merf""" 1<) """,,1 1.'0 J.,,> ""' •. In addition. 1"')' ran 
be UK,) " 'uhin Ihe A LL' 10 pe, f", m 10g"'''1 'h,1l ~"d ,Olalc luncl ions. In Ihi' 1~l1cr 
cal",e,'y. they nc<d 10 hi:: CII"'P"".:! "'lh l'~r ~ lkl ,cadl ... ilc <ircuilJ~' "" ,,-ell as se".,1 

• 
C"un ter l 

A ,1< ,I her u"du l c"k~' or)' ,,[ "'Y uellt,,,1 .-i,," It i~ lhe Co " nT", ,\ coL11l \c' r i, a rcg"tCf 
"h"",- ,':.Iue i, c,,, I)' H""""entco.l hI' I moo"l" l h~ ''''I''te''I)' ,,[ IIw register, Thu,_" 
r~~ i'l~' m :,J~ up of" n ip-flop> ~"n m unl "pin 2' I \\'h<' " the munTu i. inne· 
IIlcnTcd bevon<i <1' m''';~lum v"lu,;, " " ",( I" 0, An example of" <Ollnter;n th~ 
CPU i, Ihe p"'t'T"m ""'nler 

("unler~ can be de.i~ale<l a. a')' nchru""U~ '" ,)'nch",,,ou. , ocp<'n<iing on 
!I,c " 'l)' In " 'hieh lite}' operale, A,,'nchrotlOu> C(lUnlcr~ ate rciali' '''y _10" hceau>c 
Ihe uUlpm "I "fie n'p.n"p "'AAc~ a chall~e rll 1he "~I us of Ihe nc . 1 n,p-fiop. In a 
') neh,,,nou_ counler. all of Ihe n 'p- nO!"> ch"n~ _Ial .. " I Ihe ..... ",e lime, Ue~au ... the 
IaU~, type I~ "'ItCh faster, II is the k",<i "",<1 111 ('1'1 J .. I h, .. e>CL il i> useful I" bc!(in 
1he di-.;u,,,,,,, " 'I h a dc-cnpl,()n " r an ,,,}n,hnlll"U< counte r 

IUPI'I~ t:".nl. , 

An ",}n<:hron"", «-,un!", "al,u ,efufled hl a' a rirple m"nlcJ. \>o;~au," (he 
d",,,~" th;'1 ,,,,,urs (0 ",c'~m ,' nl lhe ~ounTC' . T.,n! :,1 urle "n,l "m! ""pples" through 
h) lhe ' >th er end, r igure A . .12 sho,,", an implc", cmal l(Jn "f" 4·l>lt counTor using J K 
IlIp .llop" 1"~~l h"r with" t,ming d;"~"" ,, til :' t i IILJ >lratc. ii , bch,,"iof. Th" t,mi ,,~ 
d", &",,,,,, "lo" l"o<1,n th"t it do"s nOl show Ih e p'(Jp;'~" I;'''' dd,y that occur-; a, Ih~ 
"filal, mo,e down the ",rics of flip·flor,_. r he "Ull'llt <If d,e Icl!l\Io.t flip·flop (0,,) 
i, 1h( It.,! "pur, ."m b;1 1"11<: de,"):n "",1,1 ck~tly h" eXlcnde<l lo an ",bi lr.'~ nu n', 
t>e, "f b,l' II) ~;,,.,,,d,n~ "'"", fl'p. t]op' •• 

j 



In Ihe illu,lraled imp leme nt,lion. Ihe counkt is Lfl"I'Cmenwu ",th each d ock 
I'uh~, 'I 'h " J and K inputs to "ach nip-no]' are h,,]J at a con<tant I. Thi, mcans Ihat. 
",hen Ill~r" i, " ch:~ I'ul'~. Ih~ "Ulp,,1 "I (J will J:>;., i,,"erled (] to rr, iI to I), Note 
th'" the change in , t"le t< ,h,"""', ,,('curri,, ~ ",ilh lh~ f" lli n~ cdg" of the dod l'ul-ec 
thi, is known '" an cdg~-triITer,'J flip-flop. lI,ing fiip-f],~" th"l Ct"ponJ 10 lh,' tran· 
,iti()n ,,' " dod pul," rather lh"n Ihe puh~ itself pro"iJe. ocllcr timing oontrol in 
mlllplex "rcui t'. If "",' !<x,", "t ]l,mern, of ""I]lul fo' thi, ~'''''lIcr, it cal1 I", '~cn 
lh", it cyd," through I))(X). CO)I. , , , _ 11111. 1111, IUn a"J '" "" 

S) "d""""". emrn .. " 

rh~ rippk cou nt a h"s the di"u"'''''ge of Ihe udal- i"vol,'cd ,,' ,hanging 
,' "lu~. which is l''''l''lT1 ional to the lenglh of the C()um,'r. To o,,'rmllle thi' di,ad· 
,'amage. ('PI!. make- U'C' "f '~'"d'r()"O LJ' """nkr" in ",hieh "II Oflh" nip -flop, of 
the eo un1e, changc at the ,ame tim,'_ In II", ,ul"<TI"",- W~ prc,en ' "d""gll lor" 
.1 _1>" ,),nc)'''''''JL1' "ountn, In doing '0, ",~ illu'trale some h"ic concept.' in th e 
d""«11 01 a '),lIChro'h)US ~"C L1il_ 

For a J-bit coumer. dlr~c fiip-n"l" ",III", TlcC(kd, l.~t '" "'" J K fl Lp_nUI'S_ 
l."ocllh~ llncoml'ie"'entoJ output Lli th~ tltr"~ fhp-f]op-, A. B. C " '<pcet",.I). 
""lit r r~I"c,c"'rng the lea,t ,ignificant bit . The ftf,t "er i, to const ruct a truth table 

High 

I- , 01- - , Q - I- , QI- - , Qr 

" " " " 
~ , Q - , Q ~ , Q - , Q 

0 Q, Q, Q, 

Q, 

Q,. 

Q, ________ -'-------,L 

ri~" .. , A.32 Rirpk ,ounter 
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00 "' " 00 

j'l\, I , , 1;1' I d 

oc 
(0 1 '" II 10 

A:3Bj 
w "' " 00 m " " W 

" I ' " 
, , o 1 (1 I 1 

, , 
, , , f • • , " , I, ' , , , II~ , , , 

i(il~;,- di.~ .. m 

Hi~ , , C , , (-

"' 
, , 

" " n 

, Cr , 'r , , 
( .. -, 

that rdale. Ihe J-K inpul s "nJ ootpulS. to HI"'w us In Jc"gn th~ ov~rall circu,I. Such a 
IrLj,h '"hle i, ,hown in Fi~ur~ A_~_"l,,_ The li"1 Ihlco column, ,ho,", Ihe p""ibk 
co",bi<lal;O'" nf oUlpm, A. Il. ~" J C. The)' "r~ lisleu in the oruer tha' Ihe)' will ap· 
pear as the oountcr is incrcm~ntcJ, E"ch row ti'I ' ,h~ mITeni ,·,tue "f A. B. C ""J the 
input' to Ihe ,hr,c nip.nop' til"t wi ll he r'''lu''eJ tn re"ch the next ,·,Ilie 01 A. B. C. 
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To unJe'ManJ Ine '''iy in wili"h thG tr uth tab l~ of Figur" A JJa j, consll ",led. 
il may he helpful 10 iee."t til e cha,"",", i,tic tahle f(\, the J-K flip-flop , Reco il that 
I hi , l"htc w," I',"scnted a, follows: 

; , 
0"", , , 0 .. , , , , , , 
o. 

tn I)'" lo,m, th~ table ,how, (he died [11"t the J "lid K inputs h"vc on Ih~ outpu t. 
No,," co">lder I he' l"lk>wi Ilg o'g,mizati"" of the ""ne ,nfnil"at iun: 

0" ; , O. , , ; " , , ; , , , , , 
tn lh" r",nl. the t"hle pro"iJe> the "a l,," or Ihe ne<1 OUL['ilt "'hc n 'h~ illPUt' ,mJ the 
pre'en] output aro kn(},,'n . Thi, i, e'"ctly the inf01"''''h)11 nnJed to d,"gn Ihe 
COUI\1c't ()L inJeed. :in)' "" I u ~nli,, 1 cir~uil. ! n thi' form, I h~ tab le" rde'tre'J t" a, an 
",cit~t i on lobl,,_ 

I.<: t 'I' ,durn (0 Figur-~ A_B,,- (""", i,kr 'he f inol W"'_ Vh "'ant I he "olue of " 
to fe'u"" n 0, I h~ 'alue of B to 'em,jn O. ""d lhe' ""I U~ of (' 10 ~o f rOFll I> 10 I wil h r he 
next app IL""i"" of" ct,,,,. p"I"". The "~c itat ion tahle , hO\" Ihat to maima", an out-
1'''' 010. "'c must ha"e FllpUt< of J - 0 "nd don-t "aTC for K. 1'0 effect' transition 
[rom 11]0 I, Ih" inputs must he J _ I ""J K - d, These ". Iu", ,ue ,hown in Ihe li"t 
row of the t"ble, B )' ~im il"r ,"",oning. the '-e'mor"der <If the t"hl e GU, I", fillc-d in 

Ha-'ing con,truc·ted 'he 'rulh labk of Fi!,-u,c A.J.la. we ,ee that the "ble 
.hows the 'e'qui'eJ \'alue, of " II of Ih e J and K inrul< as function, of th e currcnt \,,1-
ue, of A. I,l, and C With the ,id of KaT[\"L!gh ",al". W C' ,'"" de,'dop H'~)k:on ~ 'Prc,· 
,ion, fm thc'w ,i, f,,"otion;. Thi, j, ,how[\ in I'",t h of the figure. h,r c'''TTlplc, the 
K"maugh m,,1' for tlw """"htc h (thu J input to th" nip-~op thatl'mduce, the A 
o"'pu') )'idds the exprc"iolt J" • lIe. V>'- h ~ll " II ,i, ~" I'rc "io'" ar,' uo,iwd. it i," 
~(, ~Lghtforw,lf(i m"tl", t() desi!,-n the ",tudl circuit. as ,I",,,,,, i" p'''' " ()f lire ~~L!fe_ 

A.S PRQ8LEM..'i 

A.t (-0"'" ",I " truLh hille ro, the r{~ I (,,,,.':'g I~"(d o",, "'pro"""'" 
•. ,\BC + Ml( ,', A(BC I Be) 
h_ MK + A HC AIIC d. (A + B)IA + C )( A ~ il) 

A.2 Slillpiit)" ho toll""";,,~ "'1'Tc» i"n. ""cording to [he' ("<)mmu""iw L,,, 
•. ,,·Il !i'A > C,n,F (·I)·I·,II·C·P 

b.A·BI A ·(" B·A 
c. IL· .\-1· NKA. Bile. tl·'~Ii~'· ,\. 1-) 
d.I·· (K RI T S·y w·x+y·s X ·\'\' (KIKJ.I· 



AJ IJcM<lr,an '. (~<o,cm (0 (he fol~.,.."8 '"<I"'''~'''' 
v A L 

1 •. 1' AI(lI('tl) 
A ... ~.mph" (he 1(.I""ongc"",·.""n~· 

•. ,\ S·T V·WIIl·S·T 
~.I\ T·t·V X· \ , Y 
~.I\ F' If:IFIG) 
d.1\ IP,1.} R S · T)r .~ 

~.A 1)'1)' 1' 

r.1\ Y·("'+X,Y t Z\ · Z 

~. A (H· L (' FJ. ( 

A.I I !'1l0IllEM~ 7 3 1 

I\ .~ Con","" 'he ''f''',ation XO R (" ,m II", h,,,,,, l".,I,~t1 "\,<r ,, .,m I\ \ ·D. OR . • nd 
l\0! 

,\ .6 (j,,'Ot1 .l\OR ~a,,: .,,~ NUl ~.h:" .;I,,,,, ... I,,!:IC d<>;:n.n, .h . , ... ill perf",,,, II><: 'h'c~ 
•• pUI AM) ("""Ii"" . 

.1. .7 \\"nl~ I"" 8oolc .. n e~I""'<Won 10, a four·.npUI 'IAN!) !:",~ . 

.1..11 A <u,,,h.n~I<"rlal oirru" .. ""'" I" c-.",(f(~ a "''''n ",,,,,,,n( di>f'la" ,,( decimal d.~,'" 
"' ,"""n In f'"'I'urc 1\.34 ll>c <""",I has 1"", .nl"'" .. h,,:h p"" ... k (he I ... m·bo, «-.k 
u",d ,n pkkcd dcr,ma1 .-tpT=nl31<". (I~, OUO., 9, : 1001,. Tho ~"n ou' · 
""'" <kline .. h,m "'""",nl> .. ,II "" ."".I~~ I" clo<pl.y • ,"v-cn <ic'<'im;;1 d",1 "",,Ie 
'h~1 """" rumb,"~li",,' of inpo'" .nJ "'"1''''' are n", n ... "clcd. 
.. I)c .. k,p a "u.h .. M.I." 'h" <","''-
I, r,p"''''' 'he (ru,h •• ~k ,n SOP form . 
•. hr'o", (he "u(h ,.Ne in I'OS r"n" 
d. »""',d<. ""' I~ . rbl cxp'c,,~,n 

A.~ I).,,~n .1" ~ '0 ·1 mul(i ric,"f. 
1\ . 10 1\,10 "" .. ldi li"",1 li ne I" ri ~ urc A I' '" ,,, ,,I it f ll11 e'11,,'''' ' '" <km ul(;l'icx c, 

~ , 
',-

, , , 
C "",bono("",,", 

, 
~" [ .---

" 
, 

,.~ .--- ~" • ',--- • , 
" , 

,,, 

_I I C 
'" 

J 
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,\ . 11 I"" ( "')' < ... .1 .... "'''",)' cW< f," '''I''~cr. II dilk,.. hom 'he ",din." h,n.,. , • .,. 
re", .. I.l,,," In lh.l 'h"'" " IU,I ~ "npc hot <bang~ b<1"ecn li>c rq"<,.,,".r~,,,. of 
,or I"" numb<r;.. . , '~ .... , •• dull", al'l~O<"'~J"" ,,,,h H' "",nlm' or .n~loot-l....Jr~u;d 
«I,,,",,,,,,, ,,"",. ~ "'''I'''''''''' of nun' ... ·" .. ~''''cr~'''tI. 110:",,,",,, QIII> un< b~ """ ..... 
or a hn>e. ,i>c,e .. I.'''" an~ ~m""'UI" due'" -.lrllhl "flUn" ~,rre,."",,,- 11>< I"., ,"'" 
cli;mcnl> ""h. code.,~ ... '(~I"." 

R_)C_ '''') .::-

" ~ 
M M 
QICI "" \111 "" WI "" ,, >I '" "" 1"1 

'" "" 
I)",.i~n a crrcu" '"'" "",,'c'" lrom bin",)' I. , t;,., roole, 

.1.. 12 Do..,."" • ~ '>( 31 .k«><I<T IN,,!, I.ou, ,1 ,R d..."C<.k" l .. "h _""Me in[>lJl» and on. 2 ~ , 
... ~-udcr 

\ . 13 Implonl<n'lhc 1~I1""""'T of Fr~"'. " U ,,"h I"" fI" tt"'cs. W",,:Sotoc 01,11<: tt"" ..... 
XOK P''''·I 

0\ .14 n ... ...do, F,gu,. !\ ~2- !\"tlnl< ''''t coch pte I"~"<l" a ~d.}· .... 10..,.. In .... til< 
.um outpu' .. ".loJ af'~, ..Kl no ~r>OJ ,i>c "'rr> O~'PUI .n.r 0 n_ \~ "", ",h. ,,,,.1 add 
hm~ ' m • _'!_IH' adder_ 
,.. Impkmcn'e<J .. "hou, carry I, ..... "he"~ .• ' rn Fogu« "211 
~. Implc01<nle<J .. "h <'>Of')' "",~"h,><1 .nJ u"'1$ M 100, adJo", .. in Fi~ur<' '\.23" 



APPENDIX B 
NUMBER SYSTEMS 

tl.) COf .. ~r';"~ 8"'''...,0 8illlOl') ...... n{'fi ... 1lI 

lnltgcn 
Frocliot" 

IIA Ikntl.~im~1 1"01 •• 10. 
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n.1 THE DECIMAL SYSTEM 

I
n ewe. ~day hf~ ""~ II>C a 'y,lcm "a"-'l.! 0" <k.-c"nal d,~,,, (0. L 2. J. ~ <, II. 1. M. OJ) 
II) rep"'''''"' numbe" and ,dc. ,,, 'h~ ')"o:-m as I .... decimal 'y>-ltm Con!-Jlkr 
" 'hal . h~ n .. mbcrll~ mcan" II n>(.ns ("1'llIlo:-n .. rlu. l h",~: 

1\.1 (M X IIJ) 1 

472S . {4 x II X~II I (7 X 1+11) I (2 x I II) I K 

I helkein',,' '1"elll i, ""iJ 10 1""0:- a ba,..... 0' rM,lI~. or 10. 1'h" IIIca", Iha' c...,11 ..Ii" 
gil '" Ibc nWllher" ,,'"llIploc,1 hy !O I"i~ 10. p<>,,"'C' corrc'pondnlg to ,h .1 ..1'101', 
po,,(\,un 

113 - (II x 10') n" ut', 
~718-(4X IO')-P < IU)+(1 10')-(8' Uri 

The "'me principle hoW. for deci,";.1 [mohu"" bill ne~ali'e """eO!; of 10 .'e 
.. ....,d. Th ..... Ihe tk"mal fT",",un 02:1-6 ;Iand, rOI 2 lemh. pi lls 5 hundredlh. 1'1l1li 6 
Iho'Nlndlh;: 

lU56-(2)< 10 ') I (~X til) I ((IX 10 ') 

A nWIII"'I wilh buth "" inl eger 1'''..1 [r"diu"al 1'",( ho, Jigit' r"i...,J 10 OOlh 
1""lIi,,' ~ "J "c~.t,," I"'wc" III Itl; 

472. 2.<;(0 (~X HI') + (7 >< It)') (2 HI, 12 1<1) (5 1O"j I (I> X 10 'I 

[n ~cnelal. fOf Ihe deCImal rq"c",",,,,,",," IIr .\ 
,·"IUI,: ,,( .\"" 

'" 
.0 .2 THE BINARY SYSTEM 

I" the J.;'"lma l '~"k "'. III oJ , ffere ))1 d'f'"'' "t C Llsed til 'CJ"c'",nl nllmr.cr, ",Ii> " h"sc 
"I Ii). In I"~ I:>'n".)' ')',!cm. "" h ~'·~ ')IlI}' I""" di ~i,'. I ,,,oJ I), rhu, . "u",r.c,., III Inc 
hm,IIY 'y, lem fue "'p""c","d (I) ,he h;l<e 2, 

'1 (I 'H)id ronf ",ion. "'c ",II ,,,,,,"11,,,", I'UI ;, ,,,11,,,,,('1 on • """,her ,,, 1I,,! '('.1IC 
", h;,,,,. h'T e"",pio. ~J .' and 472S,,, .rc ""mix'l> I "I,,,,, •• ,n led ,,' oJ",i","1 nll'~I")" 
"I "'<>Ie hrid1)'. oJ'"C'm,,1 numbe .... Tile d'j:!(' I "noJ I) In binary no. a,ion h",c Ii>( 
.~mc mcaning a, ,n .k""",,( ""(""'"' 
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o. 0., 
l. I,., 

T" lei""""'" lar&~, nuon!", .... 3< ,,-n\> d~,·"""t ",'Ian"n, c""''' d'~11 on a binary nurn · 
bo:r ha> a ,;due del"'ndin~ on ,IS pco;,noD' 

IO, ~(IXZ) • <" t') 
1I,~(1)t2) " 2') 

110.-(1 x 2') (n )( 2') 

1I~ 1l 111 1 2' + ZJ + 2 

!n gCller"t,t", +h~ I"".,), rcp''''C"'.li'", of 1 
,'al"e <If) .. 

, -

, 
• 
(1\ (2" 1 4,,, 

, 

" 

B.l CONVERTING BET WEEN BINARY AND DECIMAL 

It i,,, '''''pk "';'UC, to ",->n\'cr!" n"m~. f,om 10",:", ""'al,,,,, 10 d"ClJ".1 ""Ial"," 
]" f~,·" "C , 1"'''001 ",," cl~1 """"I'k, ," 1he p'c--i,,,,, ,ul",ccllot\, All!h" is ,cqui,~d 
L>. I" mu llil ,ly c :.ch hitl a ry d igit 11.\' lh ~ "ppror ' iMe rx,wcr of 2 an d add t h ~ ,e,,, IIS, 

I" ':o"'-en from decima l!o hin",)'. Ihe ll\1~~~' ",,01 fr""' h) l1 ;1 1 pa," "'~ h.,, · 
,lIe,1 "'l'''talclv 

Integer. 

h" Ihe "'I~gc, 1"'''_ , ~<:.IlI1ta, on h,,,.ry "<>lnl k"" .n inlcl!-cl ,cp",,,,nled by 

h,=Uo, 1 

(h~, x 2" ) l(h~ x!"-') (h, 2') h 

SUI'!"""" n "rc'lu,rcd to con"C'1 "dccim,,1 ",'~~cr ,\, .,\10 '''nar)' {OJ'''' If we 
d",J.::.-\' I>~ 2" n the d«:i",,,1 'Y>le l1l , altd ohl" ,,, a <j"<lllCI\1 ,.,' , a "J" ,emainde' R . 
We may "'flte 

,\' -2 .-\', 11." R ~1I"rl 

N~\I. "'C d,,,,1c I~c ,.""IiCIl1 N by 2, A""me Ih,,' Ihe "c,," '1"""""( i< S "nJ lhe 
ne .. ,c",n",J~. R, I h~n 



N, 2"A' * 11, H, (Jool 

..., ,h .• t 

.\ -2IlA' +- H) i H (.', ~2)+ IH ><2'I-H" 

If neXI 

... · - IN. '< 2' 1 (II. x 2') I (II ><2 ) I II" 

l1"".u", \ ' > V, > N" ,COIltinumg 11"1 lW:~ ucn,'" ",II ",,·entuall ,. proJu,,, . qoo. 
lIem ...... , I (~";"I" fa, Ih,' d",~,,",,1 'nl<'~"1'1 0 and I. " ho>c binar)' c'!uI\nlenll 
3t" (J and I r~spccli'el)) .rld ~ ,cm~",dc, · H.. • wl"et> ,,0 ,n I I hen 

\ /1 2" ') (N 2" ) t t tN, 2') - (R, X 2') H" 

" h""h .. lhe bina.} (oom of '" I k .. ,x, ,,·e ,, .... '" , , r"",, 1>."" to '0 1>c!'iC 2 .. ~. repealed 
d" .,,,,n~ try 2, The remainders 3"d lhe rmal ",uol,e," l. ~ ,,·c u •. ,,' "rd~ r "r InOt;,s· 
inS "~,,,r,,,,,,,,,-..,. It..; binaTY dig'" ,,' .... ~'gur( IJ I .how. Iwo example,. 

I' raelio", 

I "" Ih~ , ,,,,'!lun ,,1 pa,l, fe,'alll hat ,n I'", a,)' nut.,I ,un. a "um"", with" ," lue txo l\\'«n 
II ""d I "'~PT~,","~d h )' 

I), (I(~I 

(/> ) " 2 ') +- (I> ,)( 2 ') t (/> ," 2 'I 

2'''II>,+-2 "II> Z'(I>,+ . 

Th" nl're""1n "ug~"," " ,",'hn'4uc f"r c,,,,,..,,,i,,,,. SUrf""'" w~ "'an, tu eun
' C," Ihe numl>rr F Iii < I < I) ('''m ,lce ,,,,"1 tIl IJII""Y "",,,'1<)1). W~ ~no'" Ow! F 
";11' II<' C" l'rc,,,,,,d in In, fornl 

F - 2 ' )«(h, +2 X (/) ~2 ' Ih " 

!Xf'-n,+2 X (I, +2 V' 1 + 



" .\ I C:O"fYUI.1' IN(j blllWU.'1 1\lN~IlY ,'Nil 

.".... """,.0I>J0-r 

" , , 
, , , 
, 

" 

J 
, • 

, 
" , 

101 1,. '1" 

10)11. 

" '" 
, , 

l! • , , • 
, , 
'-

:J 
, 
, 

" , 
1 (1 1 0 I, ll •. 

!;".re lI.l c...n,pIo.-, "r ("""'"," ~~ lon,,, lloc,m.1 
",~."on to lIin.Tv N,~.",,,n ,,~ "",'~'~I Nu",""" 
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hum Ih" c'Iu;t,ion. we "'~ thai lhe mle~cr p.>fl or (2 x ,.-). ",h,ch DIU ,1 "" 

~llhc, () ur I ""calL'" II < F < I. i. >Imply" ...., w~ ~an ""Y (2 X r) h,+- F,. 
"here 0 f · I and ,,"er~ 

f ~2'X (" ,12 Xl/! , 2'x(I.,-J. 

I" find h ,. w,' co!""! the pr",'~'" Th"fef", c' \h~ CQn"e""u" "lgor;1 hm "",,h'e< 
t ~p":'l"<1 , ,,ul"!,hc'~!"'" by 2. At each QCr. lhc f1:OCli ')l'" 1 l~'fI of th" nurnt-.-r fro", 
lh~ rrc,""U ' , tep i, multiplied ~~' 2. 'I h~ d,!""" the Idt ,'fli1e deci m"' point in Ihe 
p"",,i\,," will I", U '" I "nJ l·"nl"I'ulc ~ 10 I he ~ I "ar)' rCr'""'''lMi(ln, '''''''"S with I b,
"" ,,1 "~,, .ri","\1 J'~ LL The fraclional p~rt " f lhe prod,,,,! " "",d '" lhe mull iplicand 
in !he "C~\ ~ICP, F i~"re B, i ,ho""two ",,,mpk,. 

I' hi, p'occ," is nol nc<""""mly c.~cl. Ih~l"" ~ decimal fmellon "',lh. Jinil~ 
n~nlhcr "I d'~Il' may r~'lUlrc ~ billa,), frach"" "'Ih an ,,,fi nile number 0' di!'u. In 



P,.od"", 

Q.~l d . '"' "" d l.Z' 
G.::' • Z • O .• ~ 
Q,4ij , Z D.'" 
0.% , 2 • 1.92 
Ll.9Z , 1 • 1.84 

I.) 0.81" . 0. 110011, I.ppm"m .... ) 

0.20.1 _ Q.5 
G.~ , 1 . 10 

." 
"~II 

tl ~"," IU 1o.'"I1II' )e, ,,[ C"n'eTtin~ [,om D,-,- im,, ) 
""\ ,, ',,," , ,, I)"",,) "",,,1;'-'11 ro, 1"1""\i,,",,1 r-;um bo.,,, 

,"th ca" ". I h ~ .011\·CTh;on algoril h m i, u,u"lIy ho It ed ,dr", .1 l're 'l',-,cifi,' J IlLlrnher 01 
, tep,_ J,' polLtliT1 ~ on Ihe dc'ir~d "ccurac),. 

B.4 HEXADECIMAL NOTATION 

IlC~'"j''' of the inhe'e"t bin", y ""IlLr,' 01 J I."it,,1 corTll'ulc, '-''''"l''m~nb. " II rorm' oj 
J"" ,,·,ll1in '''-'mput"rs arc rcprc;cnt~d h)' ' ar iou; hin at)' "r"jc" II "",e,',',. 110 m,t · 
ter how COILYCT1ICn' lh~ bim"y .)"tcm i, for coml,mers. il "c,,,,,eJingly cumber","", 
for hum"" hei ll ~' . Come'luen, I)" "''''' compute, prof",in na ls who muS! ope nJ till'" 
work ing wilh l il e act Ll ol raw Jot" ill the ~"mrulc ' I',der" 111("~ comr"~1 nol", ion, 

Wh", nol'i1ion 1o use '! One p'--"', ihilily b the Jccllllal ' I(,t """,1. I ili, " ecr!" IItly 

",o re CQntP"d 11", II hin ",~' not"lion, bul il i, ",,·k "'ard h<.,,~u,e of the tt'Jiou ,nc", of 
con" e rring ht'h""en ha,;e 2 ~ llJ h'", 10. 

1 n'k"d, " notation known as ht' x" Jeci""IIt" ,,,,e ll "J"pleJ. BIIl',,;- li lgi!> arc 
g, oul",J IIUU ""''' of rOt" !!"d, ro"i ~ lc "Om~in"li on of il>ur bili ary J igi" i, gi ve n . 
'Y111I>oI.~' foli o",,, -.. ',.-,0 - 8 

(lfIl ~. 1 1001 .. ~ 

())t~" 1 l~W " fl) 1' ~ .' lUll . I< 
moo · , 11OO .. C 
0101 • IWI , 
Dltil .. " 1110 .. " 
D11l _ 7 IIU ~ f 

Ilc"<;" u,,- !6 'ymbol, are useJ. the not alion "c"lIed he,"~ed lll~l. ""lillw III 'ym_ 
I~ll, "'~ Ih~ b"~ad"dm"1 d;~;t', 



H.5 I PROHU""S 739 

,\ ""4"cncc of hc",,,lccim" I di git , , an he thought of a, rcrrescnling "n ; nt C~'" 
u\ b,,,c I~, 'I'h", 

2e" - (2, X 16') 

= (2 :, x I fI ') 

Ie,, " Hi") 

(12" , x l(!') - 44 

Hcx"(k~im,, 1 lI()t Oti()T1 i ~ u,,,d "ot on ly for repr<>cnting int ~~c". It ".1'0 
"",J a,,, "" "e;",, n<>lot ion lot r"pre,eming ony ""4 "~""C " r hi"",), Jigits. whether 
th~y r~pre""nl te . t, numhe". or some other tn'" ()f dald. The .-,,">lm, for u'in~ he,,, · 
decimal notation "'~"' folio,,"' 

I. It" more l'O"'l'acl tha" binary [wHU,on . 
2. I n most compule rs, hinM)' (law OCC "P)' "''''e rnulliple of 4 hits, and hence "om~ 

","llipk of a ' inglc hc'Xad~~il1'" I J ,gi t. 
3. It;, ".trcmdy cas)' t [) con"crt bclwccn hinary and hc,,,dcci,,, aL 

A, an c'"nll'lc of the b,1 I"-,,nt. "on,i<kr the hi"~ry ,tring IlUl t t 1\' U)\. Thi, i, 
C'I""alc"t 10 

1101 

D 

1110 , 
Thi, I'W<-T" " l",rfor", eJ ," naturall ;- lhat a n "~l'cricn c~d J""gr. ,nmcr call 

mentJlly (Ollh'lI \·bual rcpre,enlation' of bin",)' d"la to Iheir h,'x~Je(;",J'I iXlui"a· 
lent ",;!hout \\'ritt~n effort, 

8.5 l)ROBLEMS 

1t .1 C~ n\'c tt Ih o 1"lIow i n ~ OIn,,} num oc" to their dctim,1 c(tU i" .1 1oot<' 
•. 001 100 b.IOOlll ". 01 111)') 01.11 11011 ~.lO\uIO 

11.2 Ccm 'cTI Ihe folluwi,, ~ I~,,'" ~ r""" oc" tco ,he" deoimal <~w,'"lcr"'; 
•. II t<l'.l) ll h. I tl !'11 I l~ '11 c. tOWIOIU III, 1 

II.,! C,,""" rt 'ho foltow in ~ decim"1 numbe" '<J II"ir hinMY oq""·,, to n'" 
•• 6-1 b. tOO ". ll t d.1 • . 1 <-'. 2.\5 

11.4 CO",'Oll lilc f" l low i " ~ Je",," I """,I",,, tn , .. iT ~inary ,'q ui\'. kn ' " 
•. '4.75 1>. 25.25 <. !7 1 ~75 

II.~ L>pt O" [h o k.t l""mg oc'al numlx'" '" hc"dec-im"1 ",-,,"Ii. " ,. 
•. 12 h. ,655 ". 255 1127,; , I. 7().~4 .13'<> e.3716755 

1l.6 C",w<n 11><: f" l tuw ;,, ~ hc",Ic-"in," 1 "" ,nl",,, tn thw decimal c~u i ,·. l cn1>; 

•• l' h.4F <. 0.12 d. 671: ". MKD 
tl.7 (\",,'<r! , .. lo l ~,wing h">ad,'cima l "um b" " ,,, 'h , ,, ",,,,,,,,.1 ,,~ ui ,·. Ie"I" 

•. FA b.D3,E ,.llll ,t d.~.~ <. LIIAC 

1l.8 C",,"on n", 1"11" ,,, I\~ ,1e"",,,,1 I\""' OC" tn th,ir he.ad'''m.l "'1"i",I , ,, I' 
0.1 '; h. ~) ('. ~S;,() d. ,'<.I») • • 62.'AXl 

11.9 ,,,"".011 the folk''' ing decim,l "mnoc" ,,, \I",ir ~c,.1J,,,"ml equ;""k"" 
•. M.llS h. 25S ,875 ". 63 1.25 d.IOI J)HXl.l9()\~S 

j 



1I. l n (',~"~,, the follo"';fl~ 1><>1.0<1«;.",1 """,....,,, '0 ' hur hfn.r>' ''<Iu;'-akn,,· 
• . 1 ".Il" ~."M '~ IPC ~.ZW~ 

H. I ' ("'",'~!I 'h~ t"""",n, "'":,,, .",,,1><",, h' ,he" ,1<",",.1 "'Iu"""~n" 
.. 1'tOlllll b.IIOIOIDlIIXJI •• 'UU(U"_"IO'I 

II.I! 1'""" Ih~1 «"'" le~1 ,,",10<, "'-" ... '"on,n."n~ bon.'f ",,,,,,><'n'.',,," (fin", no .. 
"', ,~r.I,.", ,<> 'he ,;~h' "r ,he ~'n." "'~"') .1...., h",. "'mtin."n!! <1 ........ 1 "'I"" 
... ·n' ..... (fio,I. """,I"" vi r.I,~," ", .h.· "!till ,,(Ihoc "",-;""" PO'"" 



APPENDIX C 
PROJECTS FOR TEACHING 
COMPUTER ORGANIZATION 
AND ARCHITECTURE 

C.! ~n",lItt;"" P.oj~""~ 

S,rnpleS<:alar 
SM f'Cache. 

• 



M
~n' inmuel"'" believe lllal !"",a,ch Of n"l' lcmcnta lion proj~"<'tJ are no
( ial '" I he ck:ar undemalldo"g of Ihe e.'"""I'" of C<)m['l'lcr O'pOII_IlIon 
and arch,lcdure . .... llhoul P"'JC<'I~ . • , nl<1~ be dlft,,,u]! for ,lu.knl. ,,, ,ra<p 

....,me of the ha,;e ron""p'> and mlcr1t<ll0'" an1<>nll component. Proj...", r~'nfO!tt 
Ihe eI,......,p" ,nlJooJuced in Ihe hoo~. !\"" .,,,,,k,,,, a "C"lCT apr",,,,"",,n or tbe 
'IInCI "o.Llng.< of a P«X'C'"",". and can m01"-3tC "" .... nt. and /!;,,-c them .. ~mfidc""" 
.h", Ihcy h ... ,,, ma,lered the ""tero,,1 

In Ihis lexl I ba," lfled 10 p'c"; ,,, Ihe cPlleq'" as dca'i)" as " ""ible "",I ha,-e 
prn,,"".! nu"oc,,,.,, hon",,"'o.1. prubk"" '0 .elllf,,,ec II,,,,,, W"c·cpl>. \lany In ,lrut-
11>r~ " ,II w;,h 10 suppicment Ihis """cri,!! "'1111 I",*,H. Ti,; , 'ppe,,,II, p",,,JC\ 
" .me ~ u id "nec in Ihal regard "r1d de," ... I><.-' <L'I'I'O" ",,,, e,ia l a,'ai iable tn th~ in .I'U ~. 
1", \ ",,, nll i,L Th~ SUppal I maier ;al ~o,,' ''' I it, "~ 1 ~r<=' of projecl>: 

• Kcscarch [,roj,"'I> 

• S'nlul,!ion project' 
• Kcad"'glrcpo" ""ignnK"nI. 

C. t RESEARCH PROJECTS 

,\ n dfect" e "ay or r"mrmCln~ "",;< wnecpl~ from I h~ <"ou'''' and for lcach"'II.1u. 
delli, r~""aJ<h ,~ill, is to lQ<'~n a rc"""" h 1""Je"1 S\I<h ~ project could lI"Oh't a 
hlcr~IUI" ... ·.rch~. well ,I> a Web ...,~"h of 'clld", l'f,>Jucl,. ,c,c,",,;h "'~ a<'1\"irs 
unJ .t.1~d",JII"'," n dfo,'" I'wjen, ",ulJ IIC ~""l.lncJ In leall1, ,>r. r", , ,,ulle, I'f(}' 
J"c". In ,,'di,idua ls, III Oil)' ca,c, " "I"", '" rC<I "irc ""m~ ... ,,' of projeCl p'U)\OIia l 
~", I y itl Ihe te,m, giving th c ""I rue"" lillie t" "\'" lu," ~ Ih ~ prop",,"1 fo, apl"ul'ri. 
ale 1(,P;C ,,,,d "pr'orri"l" le •• l o f efforl , Siudell t Iwnd"",, for '""''''''' {""joel ' 
'h,wld ",duJ" Ih~ followin g; 

• A l"un"l 10' (h~ pr"""".1 
• A f""n~1 for the final r~pool 
• A ,...hcdul~ .. itll interm~d, ... e "nd final d~"JI,,,~ .. 

• A its! of I"""ible I""JL"::' t"p"" 

The St u""nts ca .. ",Icct "nc of Ih" listed IOr ic5 or dc' i ... Ihci, 0 .... <'OI"I'Ma
hk I'''-'J«I The in,tructo" $ 111.1"".,1 ",duJ~s II su~~e"ed formal for Ihe 1""1"" • .11 
~"J fi" ,,1 r"l'm1 a. "ell". a Ii>! of r~""ihJc r~",,,,,h ,oP''''' 

C.2 SIMULATION PROJECTS 

A I1 cxcc!lcm ""Y 10 ,}1,,,,;,. ,, gra'p "fthe II,l crnalll1""", i" ,, of a 1','(><:"""" ""d \0 
,I uJv "nd apprcdale .ome "f Ih. d,"i~" t,,"d~o()ff, "lid per{orman"" iml,lication, i, 
b~ .Bt,ul"t"'g kc~· clement' of the I'(occ""" I ",,, u.d"llooh that arc u .... ful for Ihi. 
purl""'C ate S,mplcs.;"l;tr ami S\ II'('aehe_ 
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C()ml'ar~J wi t il "ttLl,,1 1o",J"",,,c implementa tion. simulation provide, Iwo 
advant"gc, for hoth research and cducation"1 usc: 

• With simulatL"". it is eas)" to mOllify ""f ious clement' of ,m or~'lIlil,,' i on t<> 
"my tloe petiormance characteri,t i" of " Ofi",,, COTll""Wflt' , "nd then to ana
I )"l~ the ~lfc,'h of 'Ilch """Micali"n'_ 

• Simulatiorl pro,·ide, for dewiled pcfform"n,u ,tati,ti~, ""Iketi,),, _ ")lIch can 
be used 10 onderstand p"rfonn,,,, ,,,, LTad..,.."fh 

SimplcSca]ar 

SimpkScabr [BU RGY7, M A r-,'JO I a_ M ,\ NJI)l b [ " " ,,-t 01 tool, that c,n be used to 
, imll i:lte rc,, 1 p"'gnnm """ ranll~ ul 1T1udern processors anJ 'ystem" The tool ,~I 
incluJ" , compile, a"c-m hler_ lin hI, and ,imuh tion ,md vi,ua li zat inn I<~, I , . SIIllpie . 
Scalar pro,';de, proc",wr ,imllialOr< Ih,,, r;mge from "" e"Tcmelv I",t funct ion"1 
,imuhlOI 10" tiet"ikd nUl ·of·onlcr ''' LIe . 'U I"'J"S<:O"U l)l'lCc"<sor ,imulalOr that sur' 
I,,"t< ""llhlock iro g ,"ciw, "rou 'I",culati"e exec ut ion . The instruction ,~t "rchot"cture 
altd organizatimtal poramcteIS may be mOllifieu 10 Cf~"t" " ,',,'id )' "I "'I",.-iment s, 

The instructor-s manual for thi, hot",. i"duJ~> " w<tc i", introduClion to 
SimplcSc" l"r for ' luJcnh. "ith in,truetio fl ' u" ho w to load and g<-t ,tarted with 
SimpI6""r.". 'n,e mall ~al "I,() ",cluu", ",mc suggeqed project ""ignm~n" 

SimpleScalar" a IlOrtablc soflwaIe pac-bgc Ihe run, on mu" LI\"IX plat
forms. The SimrleSca lm .,.,ftw:"e "an tIC """'flh,deJ from the SimpleScabr Web 
,ik II i, ,ov;,i l"hk:.1 fl " ,-",I lor n""wmu,crcial u",. 

SMPCache 

S)"lI'CaLh~ "" tracc .. I, i""" ,imLl I" lnr fo, the a na ly,i> and teaching of ,,,,h~ m"m_ 
ory s~,tc-"" on s),nHtwu ic ",u ltiproces.,.,,, j RODRO 1[. ' rhe ,imul"ti,,,, " b",cU on 
a modd huilt accordin g to the architectural b~,i, principle, of these ,y,te"", Th" 
, imub lOI ha,,, full graph;, "nd rfi~ndl)' inkTI"ce_ ,SomC' 01 thc par"m~ters th"t they 
~" n b<: ,Iudicd with l h ~ ,im ul"" ,,, "re, progr"m locality: intlucnce of the numOCT 
of p,oce,"",,_ coc he coitcf<' tlce protocols. &Chem~' for \>'" ar!>it"",,,,,. "'''I'I',,'g, 
Icpbcement policies. cache ,i"e (b loch in ,-"che) . nu",be! of c"ch~ "" ts (for ",t 
""'><. .... , Ivc cad",) . numhc' 01 "",,rJ, h~ block (memory block , ize ) 

The i",tructor, ",a!lual for thi' book im- Iud ~, a ~on""e ml,,,uuctiou 
to Simple Sco luI for ,,"uenl,. with in ,trucloon< "n how to I",J ,nJ get stanod 
with SimpleSc" I"r. n, ~ manua l "ho inc lu de, ''''''~ ,ugge'tcd project assignments, 

Si"'pl~Scalar i, a I"m"ble ,,,Ih",,ro pacbge the runs on PC ,)'st~nts "',11, 
Windo", _ rile SimplcScah, ,oft"ar. can \>~ downloaded from the SimpleS-alar 
Web ,M, It i, availahlc ., "<> cO"<t for ""n,-ommc,,-ial u'c_ 

C.l READINGfREPORT ASSIGNMENTS 

A",)]ho, ",ecllenl way to rei nforce concept' from th~ ,our;c "nJ 10 giw ,tuue"t' 
rc""arch eX I",r icnce is to a:;, ign P"P"" from the li t"r;""re \0 h<; r,-ad "rod "nal),zcd, 
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The ;ll>lI'UC1()" numualmciLlde, " ,uU~'I~d 1,,1 01 PH)"''''. ,me'" Iwo pcr "''''pI"" 
I() he assigned, A ll Ollho p"pe" or" read ily """iloble eit her " i" tlw lnlefllct or in 
Hny good "-'liege !cchnical librar}' . The ma01ual a l>o induJes a suggested assign
ment ",,,rJHlg 



GLOSSARY 

S
Ome of lh~ len", ill thi, gl,,,,;ar), arc from the Amm,un Nat/ollal Dic-
1101"''' for ' nfuII>"' rlol> SI'"I<'Ir" (1 '1')6) , Thew me ind ica ted In lh,-glos
"try hy an "'k ri'k 

Ah,,,llIl c A ddrc". An adJfc" in " <uonpUlcr b.n gll:t gc thai idenlifi," 
J <l()'age [(Kat;'", ,"" JC"l"~ "'Lthou1lio" u>c of "")' Ultc"n cdi .. k ref
e,ence. 

Arrmnllialor The name of l h ~ CPU ,~g i 'lcr in a , in gle-addle« in_u ",lion 
format . The accumulator. or AC is im plic,tly one oflhe ("'0 opcnll1J, 
for Ihe inq,uction. 

Add,." II", That portion ()f" 'ySl,'111 bus used (,,' I"C lran,k, of " n ad · 
J,,,,,"_ 1':'i l'i~" II )', the "dd,,,,, ;,knlifi",,, m"ln me"""}' h'''IL<JJ1 or' all 
JiO dc"ic<-, 

,\ dd",,, Sp""C "Ill" raHg~ of "JJr"",,,, (IIICrl k>TY. liO) I hen Call be r8e,clI(~d, 

AriHn" el;,' a nd ""1:;" Unii (AI. U)' A p.tTl 01 a c'<""pute, tlo,t perform, 
arithmdic opefJtio n" lo~i, operat ions. and related operations , 

ASC II Amer ica" St""d",J "Kle f." Information Inte lch,nge, ASCII is" 
7-hit code used to re pre,ent numeric. alpha!>et,,, ""J spc(';,,1 rr;ntahk 
"ha""'\~r~, It ,,100 ind"d,'s coJ~, for "'''irO/ c/" ,mcrer<. " 'h ;ch '''~ nol 
prHltcd o r J"ph'),c-d Imt '1'"" ;1), 'Olll~ contro l IUIILI;""_ 

A''''",bt)' I.""gu~~c. A "OHll'u L ~f.(mcTltcd bll ~u ")te wh,"e ",,[ruellon, arc 
usuall y ;n on"-to-on~ corre'ponJcn,e ,,;th rum pUlcr ;n,trud;on, ""d 
th"t m~)' I'ro"id~ facilitie, , ueh as the U'l<' Gf macroin,m, et i,'n,. S),"Gn ' 
ymou, "'Itll '-'"ml"<I,'r.d('I'~,,,I~'" 1""KIi"!i<' 

A""da[ i,'~ \l cm ur~'* ,\ m~m()ry ",100'" ,torage 10<::IIio n, "Ce iJen I ilied h)' 
Their .onknt, . o r h)' " pnrt "I Ih~lr ~OT1I ~n" . T" lh cr Ih:m b)' 1 1l ~" " "",c' 
or p",it;o,,, , 

A'.I'IIchro ll ou, Ti "' in~ A teclon iy"e 1[\ "h;ch Ik "",, "n ,'Il "" of one c'\-ent 
un" bus (ollow, and dqxn<h on the <x'",,,r"n,'" of" pre"io us ~""nt_ 

Autoillduing A form of ;ndex"d "ddrc"ing in whi"h the in<kx reg ist ~r I, 
aut.Hll " (Lc"II)' inc'rcnXl1kd or dC'CT,lllcnkd "'Ilh ~adl lIlemory rdcr~"ce_ 

Ib..,~ I" <he IlLHlr~r" I IOI) ')" (cn' eon"lron l,· u'Cd In "';"1I1I fi" p"l",r,_ th o 
"Ulllhe, <I"'t" ra;",J (0 Ihe Ix)wcr JC1I,,[ed by th e ,·'tl<.>n"nt anJ th"" 



m,,11 ipil ed b~' II,~ m,ml i"" LO dcl~"'",\c IlLe rc,,1 num ocr r~prc,c nl cd (e ,g,. the 
numiler 1(1 in the e'pre",;o [\ 2.7 X to' ~ 270), 

lIa;~ Add,.,,' A numeri c ,'"Iu ~ th"t i, useJ"" rdc,.'ncc in the cJku lat;(ln 01 
"JJre,se, 11\ th .. ,,,oCUl io1\ of a computef pfOgram, 

Hill "~ 01'.· .. 1"'. An op""",>r ThaI rep,e",nt, on o lX'mtion on two anJ on ly two 
operanJ" 

Hit' In I h" pu" bina,y numeral ion ,}swm. e it her of the digi" 0 and I. 

m"rk M Ullipl~'o, Challl'cI A ",ulliplexer ch:.n lld I h"t "1I<'r],, ,,'o, hlocks of dala, 
S~c "Iw b\'", ""dtipl"."", ~/"m"d Co., tr",t ""Ih "d<,uur ('/",,, ,,e/. 

B,."ch I' ,~dicti o" ;\ mechani,,,, " ",d by lk pf",,~'wr 1., pI~diCl the o"loomc 01 
" pn>g"1111 b"",ch prior to it, ewcuti"" 

[lIIIT.,' Siorage used W coml"'"'''le for" difkr':1l"c ", role "I II"", of data. or Umo 
"I' oc,urre""~ of even" , when tron,fcrrmg d"la fmm one de" icoe 10 an(}lheL 

[IllS A ,hared ~om",unica!iom path eomi, tln g of "" .. "r a w llection of li ne., In 
~"'~ c'(}n]pUICT '!"t~n", Cpl!. muttor)', "lid 110 compon~nt' arc connected 
hy" ""mmoll 1)11'_ Sin c~ til.· InLc, are , hared by all component'. (}nl~' one <:"Om· 
ronent ot a t; me can ,ucce"lully t,ansm it _ 

8m Arbitrali"n Th,- ["OCT" of dctcrn"ni"g ",h ich competing bll' m",le< w,11 l:>t 
permitted accc>s to lhe bu,. 

ilu, Ma'l ~r A JC>',ce ;,ttachcJ 10" bm lhat is capable of in itialing and "onlr<l liing 
communical ion on the bus, 

lI~ t . hgh' ),,1,_ AI", rckrr"d '" as a" ,,,,/<I, 
B~lc ~llIltipl cw' Channel' ,\ multip le.,,, chnnnc1 Ih"t ;"(erka"e, hl'tes 01 data. 

Sec " Iso I>Irxk ","llil,Ie",,, ,"""""d "",lm,1 ",;llt >~h"-'I'" d'IIIlfJd, 

Cache Cohe", n.·c 1"0(0,",.1 A ",echan;,,,, 10 m,,,,,!,,, ,, J« L., ,'abd it )' among multiple 
<·""h~, '" 11",1 nCT;! d"ta ,"-,;'''' ", ill alway, ;OC'!U;'e the m",t fcc"nl vcr""" of 
lito conlent, 01 a lI,ain memory word, 

Ca" h,' I.inc A bloc. of Ja'" a~,oc"lcJ with " cache lag and tho IInit of I,an,fer 
I>ctween cache and m~\I\ory. 

CH" h¥ .\len,,,,)" t\ 'l>ec,,,1 hufkr ,(o""ge, sma ll ~f and fa, te, Than ma", , l,,'age, 
t lt~, ;, u,ed 10 hold " c"py of instruct io nl and daHL in nwi" ' toragc th at are 
likely 10 oc "ecd~d next b)' the P""';;"'" and Ilwt h,,,,c I>ce" "ht";"ed auto
",al ic" ll y from m.in 't"n'g~. 

CD·HOM Compact Disk Read-Onl), Memo,)' A n""~ra",b l,, Jisk used for >loring 
<~>mpuler d"t:., I'h c ,t""J"rd ,},tcm ,,«0' 12-c\l\ d;,b and can hold ",ore ,h"n 
_WI ]1.1 b) Ie,. 

C. I1I ... II'",c~ .. i llg Unil (CI'UI 11,", ponion of a COmPUICr Ih'l1 fetchcs ""d "<e· 
cute, inw uction,. II cons iST' {)f on a,ithmetic "nd 1000ic uni' (A I,ll I. " control 
unit and reg;"te,", Ofton sim ply Td~rrcd l{) '" a pmn',',,,,', 



Clusler A group "f IIltc,,·,mnc..;ted "1,,,1e' compute" ,,·ork in ... togdhcr.., a unifieJ 
eompul ing rNou,ee ,hal Ca ll "'~a[c [n" illu,ion ,,1 being one m""hino , The krm 
... 1>011' «""pliler me.", a "yslcm [hal':;", rUT' on it- Own. "P"" fnNn Ih,- d,"kr. 

C"'"hin~linn.1 Ci.e"il ' A logic d~ .. ice " 'ho,o "LLtput ,'"Iuc's. 01 ""Y g"'c'n ""I"TlL 
dop"tld on ly 0" the mp(Jt ,,, I(J c' ,n Ihat lime. A combinaliona] ,'ireuil i< J 

'pcei,,] ease of a "'quc '\lia ] ur~",1 1""1 do<" 1101 h:ow" ,Ior"gc capabilil)', 
S:>'IIon ymous "'il h t'VII1h""'lor",1 err""il. 

C""'pu l~r '",t.p.1i"n* All in,nu,lion Ihat c~n be rCCl}gllif.ed by Ihe proce"lHg 
unil 01 Ihe ~"mplllc'r f", "'hieh it is J,>sjgn ~d, Synonymou< " ith "",,,I/!Ire 

If""'"li"" 

Cumpu t'" '''M'"c.io" S~I' A w"'pletc' ,CI "I !h~ opcra',," of 'be lH,LrU"UOII' 01 
a wlI'l' ukr togclh"T with.1 de""ipti"" of Ihe I)-I"" 01 meanin~< th"l ,;HI 1><., 
attr ihmeu hJ thc'" "f""" "J" SynOTrynwu, with II1tICllI"e ,,,,'II'''Cli()l/ ,-,'1, 

Condi.ioJlal .lump· A j ""'I' th"1 1" " ", I' I:rcc (/1111' ,,·hen 1 he inslrunion lhal ,pcci
fie, it i, exec uted and specifieu C<"'Ult,,,,,, arC '"I"fi~<J. COlltra,1 ",Iil"",",,,,· 
Jiri",wl i"'''I), 

Co"di l i"n Cudc A "o<k t hM Tefleel' the' rc<uit of a plc"iou< [)peratio" (" .g .. ," ill, · 
melie) , A CPt! "''':>' i[lclL!(k onc' OT more r'<Jllrii li"n cod,-,. "'hich m"y ht· swreJ 
,ep.motd)-' within the CPt ! (}O' a, 1''''' "r" br~~r con'rol reg,qe' lI!>o ~nt\wn 
" "flog. 

C""lrol II", 11",1 portioll ()f" syq"m bus u'ed for the lra,,,feT of conlin] ,igll"k 

C"ltlrol K~~i,t~" CPU r~gi,tc" ~l11p] ,,)'ed to wnrro] CPL' areTalio", )..losl nl 
thcse registers ate n,,1 Ll'U vi,ihk. 

C() nlrol SI().age A (l<lt'lion of H"m~c I il" I ,'()nla im mio",,,,,,k, 

Cunt,ol L'nH Th~t part uf Ihe CI'I I Ilwt c"n'rol, CPI, "1',',""0"', inc'l"d i,, ~ AI ,1 1 
opcraI Lon<. Ih~ m"\'~m"nl of Jata within Ihe CPL. and Ihe c'xehangc of JaW 
and wltlrol "gnal, "C'""' ~'tcrrl"l inl crbce, (~.g .. Ih e ""lem ~u,), 

Daisy Chain' A "'dh,x] of dcyice «L'~r"on"CCli()n for ddeTmining ,nterr"pt rTi· 
ori,y ~ )' conllect in g the jnleffl'l)! '-OUfCC, """,II)' 

nala n", nr;n p<JTlion of" ')"tel11 bus u'e'J for the [,-"",fe. of d;,ta , 

nata Cummunk~li"n Dal" tTansfer ~el",ec " d"yicc>. The Icrm ge"ct'all)' e,duJe, 
I/O. 

''''rod,'r ' A de,'ice Ih~t has" «umber "f "'I'ul line, "f "'h<e" an)' n"m"eT may 
c'"TrY 'i~n"l, "nd a numhtr "f output lille, of which n,,1 mote Ihon One may 
ca,t'y a "gila!. there J->..;rng" on"·W·on~ oofTesp<JnJ ~nc" k tw""n Ihc outputs 
and the oornhin.l io", of inpu t >lgna"-

llc man d ""~ing* The tran,fe, of a P"&C fro,,, ""xih,,,y ,Iorag" I" rc,, 1 'I'm'g~ ,,1 
,nc "'''TOlenl of need, 



Di",,,, A«c",' The "apabi li t)' to oh'"in U,,'" from a ""f'g" de"ice or '0 en!", JHl. 
into , 'tor"g~ device 11\ a M;'lu~nce lI\uep"mJcnt of their rdMiw r<"i'l()n, b)' 
mean' "f .JUre,"" thot ",uicate the. phy,ical )o,:"tion of \ h ~ J"ta 

[)i,..-t AdJ,e .. • An auurc>s that ucsiglHilc' thc 'tmage localion of an item of d,t" 
10 he !re"t~d", op""Hld, Synon~'l1lo L" "'Llh '!II~-b'e' ,,,"'res<. 

I)j,,· .. t Memory A,",'~" (InL\) ,\ form of 1./0 in .... hich" 'pe"i,,1 module, c.lied a 
J)MA ",odril", control, th~ ,'>chang" of data 00lw<;;;Tl maiTl ",c'mory and"" 
liO ",odule. The CPU '>e nd , a roqu"'t ior lh~ lrall,f~ f "f 0 hlock of dat" to the 
D~1A modulc and i, imcrn'pkd only after th~ ~nti"e block ha' been I'an ,· 
krrcd, 

Ili,.hl.d Intecrupt A wnJi l,o", u,ually created by the' CPL' , d uring "juch the 
('I'll will ig"ore interrupt re<ju c, t , ign'>is of " 'I,,-,eificd ,b"s. 

Di,kettc ' A tk,it>1c magnetic disk "nc losed ill a prok,tivc rotHain"" SynonyTT1OIl\ 
wi, h flnil>le di.'k. 

n;,k I'.ck* An a,,~mhly ,)( magnet ic disb thot "an t>.> r"movcd as" ,,·hnle from 
"Jisk drive . t<lgether with a cont"incr from "h"h IIw a,,,,mhly mu,t 00 "'I" 
aroted when operating, 

Disk StriPI.i"g 1\ type of di~l a,ra~' ""'I~)il\g in which logically <onliguo u, hILxls 
of data _ or ,tr ip" afe mapped round-robin to con,~<"liyc army memhers. A 
;ct of logicall~ consecutivc ,Irip' tilat n"'I" ~x"e' l y one ,tf ip to cach array 
member i, r"krr~d to ",. ,t,ip,_ 

Il,'nami,· KAM A I{A \1 wh(),~ ,el ls ,,1',' impl~mc·nt"J ming ""pac'it,,"_ A dyn.",ic 
I{,\M .... ,11 gtaduolly I,,,,,, it> dat a unlc" it i, peTio<li "" II .. rcfr~,h~J_ 

.: ,.,ulalion· The imitalion of all or pan of one 'y,tClTl hy .nnther, primarily b~' 
hard"'"rc, so that thc imitn1ing ,)''' ~m a"ecph lh" ,ame data. "X~cutc, the 
,,,me p'ogr;HT1<. "",] achieve, the same re,uils as the imitaled ')',ICm 

f.n~hl~ d Interrupt A coltdit ion_ uouall)' cre"wd hy th~ CPl:, durin~ ,.hich the 
CPU will respond to interr Ull1 rcqu~" ' ign"I' "I" 'p"cificd c);"" 

IlrM,,,bl~ Optic.ll)i!;k ;\ di,k 11",1 ",n opl,callecitnology bul that c,m hoc ca,i l), 
~"$CJ and 'Cwnl1~n . 1J00h J.2.5-inch ,nd 5,2~-inch di,h Hr" m u",,_ " t),pical 
capacity i, 650 .\lhytes. 

Er"'r.Corr«tin~ Code ' A roJ~ in whi<'h "a"h "harHctC' ," "~nal conforms to 'p"
cific rule, of "o"'t rueti"n so th"t u"'Htiom f'",,, tite", rule. inJical c Ihe pre" 
~n cc of "n ~'t(jr and m "hich some or all of the dd~cl"d C"O" con be 
conc""d OUlo""l ically, 

Error· Dct~cting Co,M' A co<k in wh,,'h CHell "h,,, aClcr 0' ,ign,1 conform' 10 '1>(: ' 
"fic ruk' " f eOT"'ruclion ," that J~,iation' from thew rllk, in(j,,,,.te th~ pre , 
enc~ of on erro" 

Execntc Cycle Thai portion ofth~ inslruclion "),c le Juring which the CI' U I"'r' 
fom" the operation 'p""ifkJ by lh~ ""trueti,,,\ ollCOOe, 



ClOS~M'Y 14'J 

... ·u·h C)'~l r That p<>rtion of Ih" ill'UUClion c)'cle during whi"h the CPU fetch,·, 
Imm m~]nO"- the i"",euctlon to hoc ~'"~"kd, 

"irn' ... u~· \1i cT""'-'<ic 'lOT~d in T~ad· on l ~' memory_ 

thcd_I' .. int Rel"c"'n tft ti on S~'Slrl11 ' 1\ r;,di x n"nl ~ r;l1i"n ')' ,t ~m in whi ch Ih e 
,,,di, pOlll' i, unp liciL I)' I'~cd In !h ~ ".;; ,ics 01 di~ i ll'b," " b)' ",me com-o"li"" 
ullOn "hich "g!~cm"tI! h'" bec" 'c..:hed, 

.1il'_ fl"p~ A ciT cu ,! "t <k,-ice c",""",in~ "ClI\ -~ clem,'''I'. capable 01 assuming eilhe r 
on,' or lwo >Iabl" , laIC, "I a givcn lime , Synonymous "ith hi,.,,,bI, "'feui" IOggh-

tloali"~_ I'oi"l Rq >rc'c"1"lj",, S)'SI" "'~ A "um,', alil'" ,y>lem in "hi<'h a real num 
ber is rerr"'ell1~d hy a rai , of dist inc t num,'mls, Ih e '~31 numbe, l><in g the 
rn~lucl of th e fi'ed 'poinl pa rt . Ol1 e of Ih e n LJ mc'",I,. "nd" "" Iue "bl"ulC'<1 h)' 
rai sin g Ihc i' ''pl ieil fI""I" ' ~- l",iHI b",,· I"" !,(J"-~ r d,'noled by Ih~ e~l~"wnl in 
lhe f1o"ting-poinl rep rc""ntalio n, ,ndic' tcd hy Ihe second numeraL 

G Prefix m,, "ning 1"lIi,,", 

Ga le Au eI~clro"i<' eir,'"il Ihal 1"'oJuce, <tIL OUlPUI ,ig,,,, l ll"l "a ,i"'ple Boolean 
opt::r3Ii(}fl on ii ' inpUI signab. 

G~ner" I · I·"'p,,'~ R ~~i '1cr' ,'regi'Ie" u,ually ex pl icilly ,ddre"abk "'ilhin a "'t 
of r"gi'lets. lhal C.111 be uscd for diffcTcnt ruq"'''''s, for "",mrk '" ,In "c~u· 
nH!i;Ic". a, "n ill ,ie, r~gi'ler. or "'" 'p,,,i,,1 h"nd l ~r of J,la 

GI"b~ 1 Vari able ,\ Ya ri"bk J d incJ in on~ porl ion Or" eOlllpLLler ).l"'W" TlI ,,.,J 
useJ in "I Ica,1 o "c olhcr 1~"lL()" of Ihol C""'pulC], program_ 

Jl i~h .l-'erro rn""' o~ C"'''l'utin ~ (111'(;) A ro",""h "rea de.li,,!! wilh , upe r-
computers , nJ ,ho ",fl,,-al'.- Ihal ," '" <H' ,ul",rwmpul" ... Tk "mrh",i, i, on 
",i"n lific 3pplicalions, ,,-hich may in "01"" he'a"y use of ,·",tor and mani, com· 
pUI:tl ion. "nd para llel algoritilms, 

1"",,,,d;"1 ~ Add,,·,,- Tho contents of an ad dr"" p"n Ihat cont""" th~ ,'"Iue ,,( all 
"pe,and ""h,,, Lh"" "n ,,,Idr~"_ Sy""n)'",ou, ","h ;m)·/,,'d "ddres,,-

I"d",~d Add,.,,> ,'" "J dr~" ,1",\ i, lll("hfi~d I,y Ihe conlc lL' ,,[ "IL ",dex r~gj,t.-' 

p,ior to ,,' durin g I h ~ exeClLlion of" co mputer in,!runion, 

Indcxill~ A I~chnique of adJrc>< ",olMicalion by mea", of inde x regi'I<'f>. 

I"dex Hel:j' IN* A r~~"I'" "ho,~ collk"l, "" " I", u'cd 10 moJify all ope,and 
"JJ,-"" during !h~ ",,,cUi ion of C(j'''PUic, ill,lmclion,: il can also he "",d", " 
co""ter. An index re gister mal' 00 used to w nlrolthe e'Cc ution of" loop, lu 
mnlrol'hc "'c "f"n a",' y.~," ,wi,," . ror lablc lookup _ or a," I~ ,inler, 

Inclirn1 Addrc". An :.<ldrc" or a 'I<m'ge 1<>(;" 1'011 I h"l cOlli 'li n, an "JJro,,_ 

Indired C~-de 11,,,1 port'Oll of' h<' iTl<<ruC'l,on (')'d~ dming "hicll Ille CPU l",<fo"ns 
, memor), acr"" to c" ",'cn a" ,ndi,."cl "dJ,~" illlo" di,CCi .ddr",s, 

Inpu1 .0Ulpul (1101 Pcrlainitlg 10 cilher inpul "r oUlpUI. or halh. Refer; 10 Ihe 
mowmen! of d"l" I>r!wct'n a computc,. and a di'''''lly "liachcd f"',ipheral, 
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In,lruction Add", .. K.~i,;ter· A ' I",,;al- purpose regi't~r u,~<1 1<, 1101<1 titt address 
of the nen j,~qruction to be execuled. 

"~,morlio" Cyrl~ The proc.."ing p<:rforT11ed hy a CPU to execute a 'ingle in,"""_ 
lion. 

I", truttion format Ih" loyout of" compute' in,lwe1 ion as a '~yuen<:" of bilS. The 
fQrmat divide, the inslrucl;'," inlo fi~ld,. corr~,poll(j i "g 10 lhe conslituenl ek· 
menls of Ihe inSlTucl ion (~.g" ol"',)(k, opera nd,). 

Iol>tr",1ioo K'gist,'r* A rcgi'kr Ih:1I i, used 10 Ik)ld 0" in,trunioo lor imcrp'CMion. 

I nt.grat ed Ci ,cuil IIC) A ""Y piece of so lid "'"lcri"1. such '" ,i lico", "po" "hich 
i, etc hed OJ imp rin ted" CO I""<Clion of elc-.;tronic ""TT1pOn~I\1' and their inte,
ronn ~cti(}ns, 

Inlt' • .".,I ' ,\ 'u'pcmi"" 01 " I'H>CL'S' _ .1<ell "' llot executio n (}I" ~()mp(jwr pro
~r" rrl. cau,,,d by"" e,-cm extefnal to thai process, " n,1 p",formcd ,to ,uch a 
"-'y that th" I""'"" call he ro,um"u, SynOn)'mO'l< ,,-,Ih imerrul'liutP 

Interrul't eyrie Thai ponion of tho in,lrueti"" ")"d~ uuritlg which the cr'u ,hed, 
lor inkrrupt>. II an ~nahkd inle('rupt i, p"nding. the CPU 'HW' Ih" cun-,'lIl 
I''''g'"''' ,tat,' a lld r",ume, pIOCt'ssing ot an in1~rr"pl · h" "uk, rouli "". 

Inl <'rrupl_l)rj,-etO 110 A 1m", of liD, The CPU ,,,",e, an 110 "",,,nand. cominu es 
to "wcute ,,,bsequcnl inslru<1ion" and" Hl1c'rruplcd h)' the 110 ll100ulc when 
Ihc Mter h", ooml'icleJ 11, "''''~ 

110 Ch.nnd A rdali,-cly comple, 110 mooule Ihot relie"c' Ih" CPll "flhe udail, 
of 110 operation" An UO chann~ 1 wi ll C"'cuk,, '~'l u""cC "f FO e<.1mmanU, 
from "'H in mell1o,)' withoutlhc ",",cd foc CPU ""-,,I.-emcnt, 

110 (;ol1lroll.'r A relatively s""pk UO rno<lLl I ~ that re4u ire, detailed CO" " " I Inm' 
til" CPL' Or"n !lO clt" nneL Synonymous with dn iet' coll/roiler. 

110 M"dDI~ Orle "f the majo, ",mron,>nl tyJlC' of" ""mp LJla. It i, re'po",ible for 
the control of onc or more cxkm"l d~vic'e' fJl<'r ipheral,) and for th~ n"h"n~e 
"f dnta hcIW~"n II",,~ devi"", a"d main m"mol)' andlor CPU regi'let<. 

110 !'run" ", An JIO ""Klule "itlo it' o"-n rr""""oT. o"r"hk "f ex"cuting ;t, own 
'p"Ci"liZed liO instruclion, or, ;n WIll" ",,,~, _ genera l-purpose maohin, 
inslru~lio"" 

Isol.lt'd 110 /\ method of "dd,~"i,,~ I/O module, and externa l de"i,",. I h~ liO 
add,o" 'paCC i, tr""ted ,eparately from nl"in memory adJ,",,, 'I,"Ce. Sp<:cifi~ 
110 machine instru~tions m",l Ix "",d. COTT1I''''~ m""""y-mtif'I'NII!O, 

K l',<:Ii x mc,m;ng 2" = 11124. Thu" 2.1> _ 2WS bit,. 

1" ..,.1 \ ' arialtl., A ,,,iable Ih' t is defined and u,cd (\01)' in on" 'l",cificd ponion 
of a compute, p"'~,"m, 

Lo~.lit~' of K,'f""'nre lnc lendenoy "I'" I'r<X~~'<l! to acce", the same ",t 01 rn~"' 
ory 10,:"lion, <"[Xl ili,'el), oVer" ,hOlt perioo of lime, 
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\1 l 'Jer .. mc~ninIl2" _ U).U(..~7Ii, I h"., 2 \Ih ~ 2.()O)7.I~! hiI-.. 

o\h!!l"'lk 1),,1<* A Ibl elrt'ular I,lale ",,"h a m"lInei "_1hlc 'UI la~e la)~, _ , ... ""c or 
h"lh ,;id('S of "hl~h J:OI" can be qOf",-L 

M~~1""i< r:.I'<'. A I,'pc ""Ill a "",~ncliv'hlc .,, ' r ... ..: fa)'el "" ,,'hleh dal. can I>c 
~ I,"c<.l hy maw,dir ,«" .. ding, 

'\IH i ~l'rHn", ,\ Icrlll ""Rm all~' "'fcffin~ 10 Ih e C,'''''' CI ",,,n,"nittg Ih< .entla l p'" 
CC',,,,, unil or "rnam Irnnlc" ,,1:0 lar~c t>al,h mad»"". Aller 'he emerge""c or 
<I,,,,lIe. m"''''''''''pulcr .tc~,W" nl Ihe e". ly 1971 ... the lIaJ,hClnal I;II~"' m..-h,nc$ 
""re de"",ibed ,,, ",,,,,, Ino,,,~ compule,", m~I"lrnmr', Typ,cal characle,,,,,,,, 
"r a ",amlnome a, e Ihal II '''PI'''"s a I~rl!e d .. 1ah<t"". h"~ elabolale 110 ha,d
"ale. anJ", u~<.I ;" a oxn".1 dal" procc""n~ bc,Ioll. 

\h,in "1~nH~" I ~''I:'''''' a<.ldre~ .... ble "ora~e Imm "h,ch inm''''1io<" and ,~her <1;,,,, 
e,,,, he k"d..-.l <.I" "c~ly """ "'g",ers I"r 'U~llCm eM','", '011 or p.-oc~"'ing. 

~k",or} Add,..,,, K" ~i'h'r IMAKI" A '~~i" ~r. "' '' p">t:c" ing ur,it, !lUi' ",m",,," 
the "JJ'e'" of The "om~" lo,,", ion I"'i,,~ ",C~'j~J 

Mo"'''') n"rr., K'l",'" EM 11K) i\ reRi"<r Ih.,t .... "'.,"" <.Ial" rcad hom "'~mory 
(H dala '" I>c ""lien 10 ""e""lIy_ 

\Ii· ..... ' (~'c .... l i .. c 1'1,,, ,n'c"",, of Ih" ,. ..... ~l " I .. [ h ",cn""~ ~an I>c a«"".~.J II 
",he minimu,,, "",e hd ... ccn Ihe Ie<flO"-'<' I .... ,'" ~~«" r~qu~"' (rca.J or 
"""e) "n.J 'he re'pon.c I" Ih~ ne" :lox.:" rcquclII 

M"",ul) ' \ 1ftl'peil un "melhod 01 aJd,.e ....... "~ u() "", .. liM. lInd e\l<, n.1 dc, """", A 
' '' 'ltk ~ddr"" "t,;o.e i, """j lor h"lh main n",m"r)' rm,1 1;0 "d.Jre,,,-". "mlilt.' 
"''''''' ",,,dune in,mlCli,,," .11" LJ ,,-,<I bOlh for n"' n"~ y readl,,''' '" ,,,,,1 1'", liD 

\lk"'ro"'P bl ~r· ,\ """'rule' ")"1",,, wh,,,,, IlT""e""'~ U"',"" mitr,~"')te"''''_ 
A "',,;c mic""''''''I,ulcr incl,,,)c. a ",icw!,,,,,",",,,,,, .IOI~~'·. and an "'pUll 
"Ul l'''' r",,;lny, "h"h ",.1) 01 may nol be on " .. c dUll 

Min"i",uucli,",· ,\n lnil, uc"on Ihal "" .. , .. ,1> d~ la 0"", an.J ""qucn""'11 ,n a 
pr""""..,r 31 a,,,,,,,, (nnd"",enlallc'", I h~" ",~d"ne ,",1,,,,,,10,,., Indi"du.,1 
mach'ne ",.Irnch "m. ,,,,,II''',h:01'' "IIocr fUn~II('''' 'M)' I>c ,mpicmcnle<.l h) 

on" "'1''' 01:' a,," 
Mk,,,·UIWr~(j,,,, An dc"'~r",,,)' CPl! "1 "-' ,,,lio1 .. ptrfor",e,1 Juring ,,"~ dod 

pil i"" 

Mlrr""""",."" .. > A I"OCCI"''' ,, 11,-...; clemenh ha"e I>ccn ""ni;tl"'''ed inlo ""( or 
a lew inkgr.'ed "ore"'" 

\ 1i< •• ,p .. 'V' .... • A ... qucn~e " f "Hcru,ru;uuCl;on. Ih .• ' a.e on 'f'CCial >lora&" .. he le 
I h~~ can he d~"anllc~lIy a=.c.J 10 1"'"'''''' ,ariou> fu"c" """_ 

Mkr"l,,,,v.mnocd CI' U A ('I'll .. h""" cu""ol "n,1 " 'mplcn ... ·nted u,in~ "'''''' 
pr"gr:l mmm g. 

MI,'rol""~ra"'n,i" g J,."K".l~ ,\ 1\ "'''''!Cl ion ",t mK:J '" <pc(',f), ""c"'P"'~"H" ', 



752 (;LQSSARY 

Multirl~'~' A e<>mIH,,"!i'Htal eir,'u,l that coltneCls mlllti pk inpuh 10" 'IlIglc OU!I>II" 
A, "' ~ time , only 'Mle of the input' is sc lcclc><i w \>c p~W,,,ll" the O"!Pllt, 

Mllllil'lnM Ch.lllld ,\ ch,,"n~ l Jc,ig,,~d to <:'I'~' ,,\c witll " 'lUm\>cr of 110 dc";,,,,, 
" m"I!"" Go", I;. St"cta l 110 dC",ce' c,," t,a ", skr rcrords al the " line lIlT," D)' 
]j'!~rle'\'i l\g item, of da'a, Sec al'" hHe """Iiplcmr. Ilimlld, Mod n",l1Iplcxor 

""wme/. 

MIIII;!"" ... ·""'. 1\ compUl~r , h"l h,,, I ",,, or ",,,,,' proccs<.O" Ihat h",·" "'\Inmon 
ac",-,,, "," mai" ,torage 

Mlllli .. ,,,~ra"''''i''~· A moJe of op< rat ion Ih"t rTo"id~, !"" I he '[l1c'riea ,'~J ",ecu
tion of 1wo or nlOru comp ut "r program' h)' " ''''lIle rroces.<or. 

\lulti1",kill~' A m",k 01 Op"!,,I'O I1 lit"t pm"id~, for tite "O I1 Cm"cntl'<'rlormmcc 
or illk rie",·"d ~xec ut ill" of two or more COmp ut ~f I,,,h, Th~ ,arn~"' 'Hull1 -
programming, usiog difkr~ol k,m;n" logy_ 

Nonllnif",m M~,""r~ A,""''' (l'o' lHl"\ ) Mullipro"","or A shared-m~l11ory mul li· 
p"",c, ,,,,, in which l it " aCCCg" ti me from a giwn procc",," to" w"rd in memo,)' 

,'a, ie' wilh the locatio" of th e memory word 

Non"olalilc ~kmory )'kmof), wh",,-, "0111 "n" "'~ 'Iab l ~ and Jo nO! re4u i ro a con
,tanl j/O'WT ,uurc',,_ 

l\urku, l1tat pOlliot1 of an operating ,yst"m Tha' cont ,,;", i" 1>o, ic ""d " ILI,I he
que ml)' u,cJ fundion" Oft~n, Ih" oucku, ,"m .• "" ,~"de [\t i" ",ain m~nlOr)', 

U"", C"n'pl"m~nl ~t' I" C"' ntati"n L ",d to !epr",,, nt hinary i nleg~", A l"-'''t'''C 
"'kgct' is ,cpte"'''led as in ,ign m"gJl it uJ~, A ncga1 i"c in lcgcr " ,cl'rc"'''led 
b)' re""" ing each bit in the Tc pr"'~nwtion <)!" p",i'iv~ i"lege' ()f lhe sam" 
magnituJ~, 

Oll~r"dnd' An cnt,ly "" "lrich a rl ()p<,ali l1Jl is performed, 

Op<ralin~ S~.t<m · Soft"'"r" thai control> tho "'"C'UI io" ()f I'mgram, a nd Ihat pro
vidc, ,cr.·icc, ' " ch '" r "'o urc~ " 1i ,,,,,,r i"[1 ,('\tcduling, input/oulput con"o!. 
al1d d"ta 1I."nag~ mcnr, 

0t>C,."H"" Codc' A code u,,-"<l to r"rfe sc~t lhe 0P"'" ' ;0'" of " """'pu tt' r. l;,ually 
aoor""imeJ 10 opcoJ~, 

Onhogoo~lil l A prinCIple by which h,·" yurr"t,le, or J"m"nsions afe inJcp"ndc,,1 
01 011" ""o,h"t, 111 ' h" wnl~xt of ,n instt uc1 ion ""t, th~ t""11 i, gencr" II } used 
to ind icate thot olh<'r dement' of Hn inSlrun;on ( H JJT~" ",,>dc, I\umocr of 
ol"'ra nd" lenglh of Ol"'"md) "'~ inJ "pcnd~ [1 1 of ( ", ,,I J"I~,.,nilled by) opeodo 

P~ge. In ~ "irlulll <lo,"~~ ')',klll, a fi,ed·k"~lh bloc k ,bat I", . " ,' rr,,,,,1 "ddr~'" 
a [\ d Ihat i, transferred", " unit he'wce~ , ea l ,toragc and "u.,ili ",~· ,Io'"ge, 

I'~g. r an l1 (keu" ,,·hen the p"g~ ""nlallllllg a rtfcrcnccd word is not in no,,;n 
m~n1()ry, "['hi , "au"",, "" ,"tctrul" "nJ , c~ ui ,e, the "PerMing sy,lcm to brrng 
'" Ihe "~~J,,J pa~c 
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I'~~e I no"",- An area of main slot a~e u'Cd 10 Iwl<.l a pate 

I'~ril y Ili, - A h,nary <.ligJl :opp<"n<.le<.l 10 a gn;>up or bma.) <.liglt' 10 mak~ Ih~ ,Udl 
of alllhc <.ligib ellh", al .. ,,}, ' •• M (",I<I p.1"" ) or "I",:,,", C'CII (e"en J>3n,. \, 

"~ 'illh" .... 1 £<J_il,"",,,I(IIIM) In ~ co"'I'uler ~)"Ic '" ", .Ih ""I>ttl I .. a pan ,,'ul., 
P"""''-''d!, unil. a ny c'lulpmcdl Ihal 1" 0. ,<.le< Ihc I"o<;c'-""'g un il '" " h oUI,,<.le 
c.'mmu""" I,,,,,. S~llOlI)·n .. ,u, w" h 1'<'''I>i,m,' "~I'" ,. 

I ';II"'I"~ ,\ I"o<",,,,,,r urg:"".-.at,o" '" "'h«h I he 1''''"''';''''' co ,",,,Is .,1 "number of 
't ,,~e,. allowing multiple i'l>!ruc1l"n, 10 he c"'cu lc<.l c<m,·urr,,"'I~·. 

f'n'dknl .·,t . , ''',.",;'''' II mcchani'''' th"t ' IJ1'I)<,)l I, til e "o"Jilion"1 ow,'ution ()f 
I1ld ividu:< 1 ""truclio",. I hi, "';ik c" il i"""hfc ,0 C,,,,"nC '!""' ul'li ",- I), ~ulh 
hr"",I>" of" hra""h imll uction "nJ reta", II>" ,e>ull; of th ~ h"llth that i, nlll 
",.,Id)' ",hn. 

I"orc." A f""I'I"'" ,n n~e"",,n ,\ P'<lCC',,, cum,,-,lIcJ an<.l ><,heJul~J b)' Ihe 
,."",:" 'n~ ')'>!cm 

I·" ........ , ( ' .... 1"'1 III....... T he manife>.lal,on of a I''''':''"' '" dll "1"'r"I"'~ ,~"em. [I 
.. a <.lal" ~lf UCI UfC ~~""'''ning inf",n,,,,,,,n aboUI Ille ~ha"",{'. iSli", allJ <1~le 
of Ihe 1''''.:" ..... 

r'.K ..... "' .. • I" a rompule •. a fUlld""I." u"" Ih"l ""c'I""" and c",cule, m ,l flOC' 
I""", ,\ I''''''"~'''' C<."" iSl' of al "'",I "n "'" ruuiun coru rof unil alld an ~,,,h· 
tl"'lie "'''I 

I""'· ... ", (;,'<1,· 'lin,e The lim.' rC'Iultc.,j (.0, Ill,' ,1>""",, ,.-ell ck'fllle,1 CPl' mo;,;, .. 
"1"""1" ,n. It " Ihe ~",ic ""il "f lime ro, mc'"'''' iU B " II CPU acti"", ~)'n"n )'. 
m",,' wilh 1I""hi"" n'd" ';111(' 

f'rolln", O""II« fn, trUtllOn "tld,c., 1'"It"'"' 
f· ... ~"''''d 'ob lc ""~< A fTa~ II' I.A )· A" "" ") "f ,"I~' "h,",,, ""c""nnc(l" "" ""n 

t", 1'''>t:r.''''mcJ lu I"',[or", a 'I'<'",Ii,· f"):IC~1 /",WllUn 

1""11'1'''"'0101<- Hcad .nnlJ \k" 'l<)' [rHO,\ 11 ~:II".:,mJucwr mcmo'J ,,~ron· 
1< lib ma), he ..,1 unf)' 0" "". Th~ .. ""nil f"''''''''' ~, J"-',fo nnc<.l dc,'1 ric.lly "",I 
nu)' hi: perfum"," lo)' Ih" u ... r al a lime 1~lcr Ih .... ""glnaf ch,p fah'Il'al ,oo 

1""!(nII.me" I/O A r"flO 0' I,U in .. hieh Ihe ( ' I'U ... 'uc. an 1. 0 commanJ 1o an 
1.'0 m"""fe ~nJ lllU>1 Ihen " .'" fur Ihe ,,,,,, . all,m 10 toe eumpfcl~ before P'o
~""c<.hntl-

1''''Io:'Mm SI.,y, Word IPSW, An mea in ~h""~c " .... J h, "10",,,1,, !he ", .. ," ,,' 
" hld\ ",,11 ,,<,,"'" "'~ nc.uteO. :ond lu h"fo ,,"0 ino leale the ",atu, of the CO/1\, 
p"t~r S)" t " lll S) """} mo,,> ..... ,110 1m" '.,' ,'", '"",'' ".",d. 

Ho",f",,,.I\.',,,,,, M . ",,,f')' (HAM I Me",,,,)' ,n "h,ch ",,<II "dJre,," hfe h:"" '" I"" 
" u""lu~ "Jd''t;~''',g lI1~d",nt\m , f he lime I" aC<:e>' " g'''''' loca,io" i, Inu e, 
11<'ndcnl of I he """,,,,'n,",, of p""r a .... ",,,. 

~ •• d·Odl) 1\I.",,,r, ( H O~ll s.:nH'<lnJ"Cl", ,"cm .. ,)' "'h,"" ,"<",len" ,"nnne h ... 
"llc,~'(L e''''pl to} dc'tro~ing Ih,' . lo,a1C ""II J';"",co:t,,,hfc mem0l)' 

j 
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KcdundaJOI ArraJ "r Independenl I)"h (N All)) ,\ Ji,k a,my in ,,·hich pat1 of tho 
phY'ieal storage c_paci{~' i, LlS"J t() <t",~ r~JLH"bHll ,n["rm;"i"n "be",1 ",er 
,Jal" 'tor~d on Ihe' romoinJcr of the ,{or.g" capac' ly TIo~ ,,,dUl,Ja,,{ infmma· 
I",,, "n"hk, rcgcn~ralion of ",cr dala in Ihe ""en! that nn" ()f Ihe arr.(, 
memt>er Jisk, ur tile acec" 1'"110 It, ,I r"il, 

Ne~i ,!c .. High-'f'<"'J memory internal {o (he CPU S()Il\e ,~gi'k" ",e U"", ,·"i · 
11k: 110", i" a"ai l"hk to Ihe progr"mmer "i" the machine i",{ruelion set. Other 
f~gi,{e" 'HC used ')Ill), b~' I),~ Ci'U. f"r ,onlro l 1''''1'''''"''-

Scalar' A qu."H ily eh''''K\cT "c·J by " , iTl ~k ,." lu ,_ 

Secm,darJ .\lcm'-'r~' M~mory locoled oUi,iJe the computer 'y,lem il,~If. i "eluJing 
Ji,l a"J I"f'<' 

Sd"~{or Ch"m,'" A" 1,10 chaTlnel d~,,~,,~d It, ol",mle wilh only "n~ 1,10 d~vi,'" ,t 
"Iim~ . One" the 1,10 device is "'ke1c'd." COrnl'l~k ,~corJ" Ir.",lctreJ "'le 

by'" "I " tirn~ . Coni,,,, wilh Mod .. fllllllil'ln u( c/",,,,,,·I, """flr/('.,M c/wlllle/, 

S"",i<ond,,~{or A "" li J cr~'l"""lC' ,,,I"Wncc, ,"ch '" ,i li cnn or germ,," i,,,,, . whose 
electrical conJuct i"it )' " ,nler",cdlalc I"'twec!\ '"'Lllal,''' "nd W" >J w",luc_ 
I<},,_ I -,~d to f"~ricatc fronsi,'o" anJ >oliJ-'I"t.' cornpor\t'nt'_ 

S.'qu.,,{ial Ci,<uil A d'gilallogi~ circuil "hose OU1PUI Jef'<'l1ds on the CUffent 
input plus Ilic ,,_tt' of tne "",· uil. S"'I LJ~nlia l "iTOui" I hn, l~ ""'~~ the a,trih,,1e 
"r",ernory, 

Si~".Ma~nilud.' N"I"~",nla1i"n l:,,~d to "·prcscn! binary integ<''''', 1t1 on N-bit 
worJ, Ih e Idlmml h'l i, lhe' ,ign III q I~"itiw_ I n"~"livcJ ,(hd Ih e r~m"in· 

ing:\' I ~ils c'Omp,bc Ihe m'~niIUJ" 01 lh" numl"" 

S"lid_S1.I~ I,;OQ'ronl'PI ' A component ,,·hos" OfX'rJ{ ion JcI",,,Js 0" the cO"lr~1 
"f c l"",,"c ,or m,,~n"lic ph~nomcna in ",liJs (" .g,. lr"n,istor cry'I,,1 Jiodt\ fer
rik core). 

Sp"l·"I.{i" ~ ,"w('luion The e,ecul i"" of i",UuCli()", al""g """ p'Hli pi" I'T""(')" 
If" 1a[cr lurn, out [hal Ihi' branch "." nOltaken, (h~n Ih~ re,ult' 01 Ih,' 'l"'c
ula{iw "Xecut,,,,, arC di"""d~d_ 

St • .-k* A Ii't th"t ;s co,,<lructcJ "nJ rn"Hll"in~d '" 11o,,! Ihe nexl ltern 10 I", 
rdriGY~~ j, jh~ mo,1 rceently 'tored ilem in Ihe li,[' ,",t- ln -liN-out (LIFO), 

SIa l;" I/: ,\M ,\ I{ ,\ \1 I'o'h .. "c cd l' arc impicme nteJ using flip-nop', A slatic I{A~l 
,,·;11 holJ ii, J"[" OJ, I"ng '" 1"-''''0' " "'I'plicd I() it ; no l",riooic refre,h i< 
r~q"ircd . 

S"perpipeiined l'rO<'<'"or A procc,"o, J",ig" in ",hich (he l[IW uCi,On pif'<'line 
eon,i,1> "f man~' ,'cr), ,mall ,lag"'"O lh,,1 mOTe Ih"" on<· rif'<'lin" 'wgo c"n be 
ex~'Culed Juring on,' clod "ycl~ "nd '" lh"l a lar~" numbe, "fimlm"lio '" nw)' 
I", in Ibe pipeline oj the same lime, 

Su pe"",,b , I''''''e"", A P'''''"''''' <k' ign 1hm indude, multipl~-in,jruclio[] 
pipeline,_ '" {h,,1 n""e Ihan "nc in,I"'c!i"" con he c~~c"ling in Ihc ,,[me 
pif'<'linc ,'age 'im ult~ncou'ly, 



(;L~'\R Y 755 

S)"""~lri,· Mullil'" .. :e. .... ,,~ (SMI') A fMOI' Ilf ,",ul"I""".""ng Ih.1 .11",.." Ihe 
ol""ral,ng .}"I~m h.> exc","'" on ~ny a,'aolahk prtl<'<:,"or or on .e,'enol a,a,lahk 
pr""c~o,... .. III u II ao>eoLL<I,'_ 

S)lM'h ... "" ... ·I, ... i"~ A I~I-h"''1ue '" "h,ch the I ... ·m"~""" of ewnl' on I hu~" 
JCle,mmed hy a doc~ Th~ d uel Jd,,,..,, C4ual ·",dlh ""'" .Iu'" and c'eni
I>o:gl" "nl} &, .he ""ginning 0' ~ lime ' 101 

Sl'I~'" "'" At"" u",d 10 inl< rconnect maJo, CuI1l1"'le, componen!> (,PI . I1\CI1\ 
ory, lIO). 

T,ulh 'hllj(, " A Idhk Iha' "'-'",ril~,'" I"!!."-' 'u1O CI,,,,, h) li ,' ing alil"",,;ble «>"'1". 
n,,1 io", of i "PUI ." Iu~," "J IIlchcalll, g, flO' ",, (:I, ~'m' binalio" . I h~ outrut ", Iue, 

no'", (;'''"1'11,,,,,-,"1 Rcpre"""luli",, I ",J 1(, ""r'e",,,1 hIOM)' ill kge,-.;. A ro>il"c 
""q\ct " rcprc,",meJ as '" ,ign m~Il'\l1 ",,,", , A ",',;,1 "'~ nu",,"", " rcp,c",nlcd b)' 
I:,linp, Ihe Ho<>i.:." comrle nl<'nl of ea('h 1>,1 or the rom'"pooo"'g 1" .. ,llW ",,,n. 
bcr Ih"n .JJ",!, I '" Ih" 'c'''I''n~ hit I~ll k.n ,."",,-..1 a' an un'iptc<l in!e,." 

1,;""., O"'· ... h .. • An "re,a"" ,hal r~p.e'ICnb an operallOn on one and only one 
"per.nd_ 

U ....... di. iot.al In,,,p· A J""'P [ha' , •• ~C> 1'1."", "hene, c. Ihe ,,,"melion thai 'pee. 
,Ii~d ,I " nC<"uI~d. 

Unil",,,,.,,,,i,,1t SC'Iucmial ne,uh"n "r ",.IIUClto/" h,' .• 1'''",.:""n~ u"'. ". ",Je. 
1""I\k", u"" of a p'oce"in~ Uni l III I' ",,,h'pmec\j;'''J! ,)"em. 

U,er·\,il.lhle K~~i'I~ .. CPU ' Cgl>!N' !I\a, may I,,· .dc,enccJ h)' Ihe I",,~.a""ncr, 
Ill e ""lru'li()n· 'cI f"rma) ,lil""'1 one I)f m"'e fegi'lefS to be s»Cc ifi ed a, 
"rcfa,,(h u' "Jd,,'s,,-', of "1>(01'0'"". 

",·elu,· A 4ualliu -" u,uall y el,,,,,,," ". i <~II h)' "" ",ucfed ", I of ""alar.;. 

"rr~ l.oII~ III,',.eli"" Word Ikk", to II,e It"" of ''''',uclion' Ih.1 ronl.in 111,,11,. 
pie <.>pcr .1Ii",,,. III df~<!. muit ,p'" n"""~''' ~'' "'" c< ~" ;""cd in " ,ingle .... o.J 
I')·I"~~II'. a \ 'U W ;,; COflSlru<lc<l b~ 'he <"<''''I"k •. ,,'uch I,la= 0l'e'~I ~"', Ih~1 
mal' he C_""'''ktl In I"'ralid ,n Ihe ~me ,,(),\l 

\ irl". , Sl .. ..,.~~. 'lb c "orage 'p3c.: th~1 n'ay he ,eprJcd as addressable ma,n 
s' '''''gc h) Ille U<Cf 0 ' d ~' ''''I'UIC' ,y,'cm ,01 ,,-hl<'h ~"I "al addrcs", •• ,e 
,., .• pped In'O real add.e"",., The "'e or Hnu~1 """'ge " hm"c-tJ b)' Ihe .... 
d, ,,.<,,,,~ ""heme of Ihe romPU,ct .) 'Ie'" .I"J h)' Ihe am .. u,,' of aU~ll,~,)' . Im 
I '~" a' ." I.thlc , aoo nn' by ,"" "cl u~1 tluml>er of ",alll "tor"~e locat,o"" 

\'nla lil ~ M.,,,,,,,,, A ",cmor~ in whi<'h I' cvnstant cl"ctri,'al I",wel ",,,.,'C i. 
'"'I"n ed I" ",,,,,,,,,,,, ttw ",)O,,,,,t, "f "'~I""'y, If th e pt., .... u is ,wil,heJ off, 'he 
, 1l"cJ ,n rn. n,ation i, 10'1. 

I 
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