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Chapter 6

Pipelining and Superscalar
Techniques

*Fr:i:'*;*ff ;:lyffi :liri1ff "il,1"'iT:"j#;'liliTlffiff :their performance. A gencralized pipeJi''o -nradoJ ," t J""i ,u irciude lonrrnear

:ff::*m,*t:ns' 
couisioa-free sch"a"ri"s t""btint*-*"iescrltea tor pertoJng

Specific tecbniques for building instruction pipelines, a.rithmetic pipelines, a-ud
3u-l.y-*Ts: pipeliaes are presented. The discussion includes instruction prefetch_iag, internal data forwardine. softwa.re interlocki"g, n.rJ;;-r"o.eboarding, hazardavoida:rce, branch handling, td instruction-issJnf 

'r;hrt;;. 
Both static aad mul_tifunctional arithmetic pipcliues, are desigaed. S;;'"*j;;;;; ."d superscalar designtpchniques are studied along wira a peflormance anajvsis.

6 .1  L inear  P ipe l ine  proccssors

A iincar pipeline proccluor is.a cascarle of processilg stages which are linearlr.counected to perform a fixcd function ovcr a strearl of data floning frorn one end tothe.other. h modern cornputers, rinear pipelines 
"; ; lt;#;."rructroo execution,arithmetic cornputatioll, aud mcmory-access oDerations.

6.1.1 Asynchronous arrd Synchronous Models

A linear pipelirrc processor is constructcd v.ith l processirg siagcs. F)xternal i lrputs(opcrands) arc fcd into thc pip{rl ine at the first statc S;. The;r;;scrl resu)ls are pa-ssedfrom.stagc sr to stage .s, * 1, for alr i - 1.2, . .. , t ' l  t 
'rrr" 

i i . l l*urt crncrgrs from thepil)cline at the ]ast stage 51_
Dl.pending on thc control of data florv along the pipeliue, x,e modcl l irrear pipeli lesirr two catcgo cs: asynchronots arrd .rvn"n-r,ou..

.'
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6.1 Linear Pipeline Procesors 267

latches tra.nsfer data to the next stage simultatreously,
The pipeline stages are c9lng+a-t]olaj..lggic circuits. It is dosired to have approxi_

mately eqlal 
felg.f';s 

in a.ll stages. These deliyi determine the clock period and tius the
specd of the pipeline. Urlcss otherq,isc specified, only synchrotous pipelines are studied
iu this book.

The utilization pattern of succes,sive stages in a synchronous pipeline is specified by
a' rcscn)ation tabre. For a linear pipelinc, thc ut izatioo folrows the diagonal itreamline
patterr shown in Fig. 6.1c. This table is essentia.l ly a sp&ce_time diagram depicting thcprecedcnce relationship in using the pipeline stages. For a t_stage linear pipeliie. t
clock cyclcs are_needed to flow thrqugh the pipelire-.

Juccesstve tasks or operatioIrs a,re initiated one per cycle to enter the pipeline_ Once
the pipeliae is filled up, one result emerges from the pipeline for each additional cycle.
This throughput is susta.ined only if the successive tasks are independent of each other.

6,I.2 Clocking and Timing Control

The clocl cycle r ol a pipeline is dctern ned below. Let r, be the time delay of the
circuitry in stagc 5i and d the time delay of a latctr, as shown in !, ig. 6.1b.

Clock Cycle and Throughput Dcnote l\\e rr,aoirnum stage d,elay as r-, ald we caa
write r as

7  =  ma- . { t r rJ i  +  d  =  r tu+  d . ( 6 . 1 )

At the rising edge of the clock pulse, thc data is latched to the mast€r flipflops of each
latch register. Thc ckrck pulse has a width equa.l to d. In general, T^ )) d for one to
two orders of magnitude. This implics that the maximum siage delay,m dominates the
clock pcriod.

Tlrc pipeline freqtency is defined a.s tbe inverse of tbe clock pcriod:

( 6  2 )

d + t a " , + r 5 r 5 r - * t - ; , - s ( 6 . 3 )

. 1

If onc result is cxpcctcd to come out of thc pipdirre per cycle, / represents lhe m.rzimr/m
tlroughntt ofthe pipclirrc. Depcnrli 'g ' '  thc init iaiion ,.t" 'of .u.."r 'u" tasks entering
tlre pipeli 'e, rlte actual throqhput of thc pipelinc uray be lower than /. l.his is becausc
morc than onc clock cycle has elapserl bctH.ccn successive task init iations.

Clock Skewing Idi.alh,, rve expcct thc clock pulscs to arrive at all stages (latches)
at thc safirc t irne. IIo\\cYer, due to a problcn known as cloci skeuutg, the sajne cloc]
puJse tnay arrir.e at clif lerent stages \\. it | a time offsct of .3. Let 1..", bc the timc dela\.
of thc longest )og;ic patb wirhin a stagc and t,,. i ,, that of thc shortc-s-t l.gi. p.; 

"i ih,rla stage.
To avoid e r;rce ir: ts.o succuclivr: st36(.s, \,r c nrus[ LLoL]se r- i l-", + s and

d < t- '- '  - s Thcs. constraints translatc into the folowing bounds on rhe clock period
whet clock skerv takes r:ffcct:

,|l



In  the  idea l  c . rse .g=n /  __
*itr tu" a"n"Ti-1""#;:,ili:T1:^*-= o rbus, we have rlout tl" 

"ir".r- 
or .t? ;;|f, 

t = r^ + d, coDsjstent

6.1.3 Speedup, Eftciency, and Throughput
Ideally, 

_a linear pipeliue of I str
_wlTe a.y.to *.'oJj';;f:i",:**:':::.'.^1 ,*5.i" & + (z - r) ao&iii'ii;ITl?i'l1?.'Tt#gf ix: :jfi!,ilTn#*J [:,;,1],.1.1tthe remaidng 

" 
- t ,*t" i"o,i." :" 

':Tl]:t" the execution of the yery firsr I'7l _ r cycles. Thus the total tioe requrred is
T t = [ k + ( n - t ) ] r

(6 .4)*,h:1"." i" tbe clock period. Consiap,
l_N-:l h * ^ n "'. t i,trii' |"i"r:rT"l;il i1Y3."'11*t':' aouprperined processor;J,?l"H#:f,ffi:,.ffi:,,,"'";f ;iln:ff :f '#:'l?",i::T""'..:L:Tffi
on this nonpipelinua pio"**r*ir" ti = nt".

Speedup Factor The speedu
prpelrDed processor is defined * 

P factor of a 't-stage pipeline over an equrvalent troD_
. F .

5 l . - : i =
r t  k r 1 ( n -  t ) ,  

-  
f  - t G : D

Pipelining and,guperscalar Tbchn;qua

( 6.s)

I

rxample 6.1 pipeline speedup versus stream length
,._The marimum speeduo is .!diffcrrrt to 

""r';"" t""..*i ji;j,;:^:-l^-' oo rhis maxjmurtions.l prog,a; i;ffi"ffi .,".1;1,1ffi ,'i::'rl",,J:.*,f:::,jnltrffJ.*;.",H

, 
Figure 6.2a plots tbe spcedr

$:lil"::;T:l*1;;;lr,.T:tTilli]:ifi tirr?1?:.#ir,::'"?i:Tff
.'-.0',1,'ll;.,"1-T: Hl ";' lij :r"d 

;;;;;:';:,:i;: ;*n"i rhe poten,iaJ
ji-il'.:f :;;::::rti:hxx,;Jj,jTi''iiiff,lll:,f ;x;,".',*".Jc,_m pJex i r v .,,,.,,,,,.or.^un, 

"; :1,;j::, r" *$1, ;:::ff"i,:. X;:l;":ltisrrnam rcnArL n atso a.frecrs thc spe,.dup: rb" tois"_ r,;;;;;:;1" i 'ng o p,nnljoci

ilf:jillilFi,1,'"',i,-"":,#i".lifi',::;:'"'.i:i::,r,",rsr,.'1* nLic,opi'rcrinins,
,lt:,iii _l i ;:,1;'"1t,:1"*i;ii;: il:'-""ii',[i:,];f ;l*i:: ;::,,";;,ffi1'.l.i::il',:ilr;llm*hi.:iu",'i"i'-l',?"'i*;:li:fiT,il;il1":,,"Jffi
t  x r ^ . , , d  10  s f , , . , {  i , .  - . . - ,.  , r r  I  r r ! r  r - o tupu te rs .4,, ;l;.ir;; ' i, ' i, '; l-*:i::. i,,r,,,rnr r

l]ijl*:f ^',r:,-* 
ca.D be coDducred at the:','..,-'j-;'.':li;"i,.Ti,,1,,,,:.JiJ*T,y",,Hijll.i,.t",'.:;T,"':,Ti,l:T.",i:,i::: t a q.:, sr,uu j J r,,, ;Lr,r" r,,,;i#;;';'J", ;J;.liliij,.[";;;



6.1 Lineat pipetine procasors

(a) Speedup factor as a function of the uumber of operations (Eq. 6.5)
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(b) Oprinal number of pipeiinc stages (Eqs. 6.6 and 6.7)
F igure  G.2  Snoodup fac to rs  und th .  ^^ r i - ^ r  -  ,

pipeline unit. 
d the optimal number ofpipeline stages for a 1inear

- 
Lct I bc tlre tota"l t ime reou

tunctron. To executc the same D;:::11: " 
nonpipcliaed sequeqtja.l program of a. given

dciav t. onn ,- r. 
" "r"i l lrt:;oslajn 

on a /i stage pipclirn with r
pipcrtrF hac a nra-xinurn, ,hr,rul,,,:f :r 

',';1,::;::ii:i;,;r:l;:i"-'fjj":'ilI:ll:
rous! r os in ar,.d Lr.. rn. _1t::::::::j#;;l:i;;;i,",":;JI*tl;iff,*:;:
i::":?li;:i'' 

latch '{ pipeline prrJonrnncc/cost rorro (pcR) ha-s bccn defiaed bv

P C R :  T  -  1
t - i - - : _ : -

l ' igure ri.2b prots the pcR *, 
" 

,:: ^, 
{t/k.+ d)(c + ktt) (6 61

unctrol of t. The pcak of the pCR crlrye corre



t . c--;
a .  n

Pipelining and Superscalar Te&nioues

sponds to an optimal choice for the number of desired pipeline stages:

L - -
(6 7)

(6.8)

where I is the-total ffow-through delay of the pipeline. The tota.l stage cost c, the latchdelay d, and the latch cost h ca.o be adjusted 1o arhieve the optl_r: o"t,r. fo

Efficiency and Throughpu t 'lhe 
eficiency Ep of a linear i-stage pipetine is defiueda5

- S r n
- o t = - = : - - - - - - - -

f  k  +  ( n  _  1 )

," , ,??:,,1_.,I' 
the efficiencv. approaches I when n - oo, and a lower bound on E1

l1 
'/r.yo": n = l. -Ihe pipeline throughput Ii1 is defined as the number of tasloperatiols) pcrformed pr.r uuir time:

u.  -  n
r r t - ; - - - - - - - =

I r + ( n - t ) l r (6.e)

The mot:imum thfttuohott / occurs when El - 1 as n _r oo. Ihis mincides withthe speedup definitioq giien ia bUapter g. N"t" il"t ff1. = Enll = Er l, = S*lkr.

6,2 Nonlinear pipeline processors

A dynamic piperine can be reconfigure<r to pcdorm variabre furctions at differerttimes. The traditiona.l linear pipeliqps are static pipeliocs l".rur" ,0", are used topcrform fixed functions.
A dynamic pipeline a.llows feedforq,ard aud fecdback connections ln additioD to thestrcarnlinc connections. For this reason, somc authors call such a structurc a. nonlinearpipeli,ne.

6.2.1 Reservation and Latency Ana.lysis

,. ln " 
static pipeline, it js easy to partit ion a given fulction into a sequence oflincarly ordcred subfunctions. Ho*.ever, 

_function &;il;;; a dynanric pipelincbecomcs quite invol\.ed because the pipelitr€ stages are i"t*io"]l".tna with loops inilddition to strcarnline conncctions.

. 
-.\ multifunction dl.rramic pipeline is shown in Fig. 6.3a. This pipelire has threestagcs. Besides the slrcomljnc connections from.gl to:g? ."a fr"_ 5,2 to.93, there is aft'td.fontard conrtectioi lr.)t\ 51 to 53 ancl t*,r, f""",tbnck'conne"i;on, iro,r, 53 to .9? andfro:u 5: to S,.
Tltese ft..edforwar d and feedback couections rnake the scheduling of successivecvents into thc pipcline a nontrivial tas!. \\r ith tU"ro 

"oon""i ioo., 
the output of thepipelinc is ri.)t rrcc.ssariiy frorn thc. tast stagc. I;;;.;;^;;;;;g dif i.erc.t data.flowpatterDsl one can usc the samc pipellae to e€luatc difcrclt IunctiLrns.

J



6.2 NonJinear Pipelle Processors

F  L :  L , 4 , 5 ,  T

P u :  l r 5 r b

{o" r.' co lu -'..s,

f l  L ,".. i  n.-p

P t  r / - p t d j , l

(a) A three stage pipel ine

2 3 4 5
b l  b t  b 5  D q  P j  o 2 . . i

I t  o  r i o  l o )  z  f ,

( l y ' ( l o r o l

( l .r)  I leservation table for function X

--------t llm€
1 2 3 4 5 6

sr

Stages 52

s3

s1

Sbges 52

s3

(c) Reservation table for function y

Figure 6.3 A dynamic pipeline with feedforrA/ard and feedback connections for two
different functions.

Reservation Tables The rescrntiol table for a static l inear pipeline is trivia! in the
sense that data1lorv follows a lilcar strearnlilc. 'Ihe 

resertrolion table tor a dl,namic
pipelinr: bcconres ntorc intcrestirrg bccause a oonlirrear pattern is frrl lowed. Gi,.-en a
pipeiine configuratio[, lnuitipie reser\.atioo tab]cs cal bc Aenerated for the e\?luation
of  d i f f " rco t  func t ions .

T'*o rescrvation tables arc grven in Figs. 6.3b and 6.3c, corresporiding to a function
X amd a f.nction \ ', respcctively. i iar:h furrction cvaluatiol is specificd bJ, one re^ser\.ation
table. A static pipeli lc is specil icd b-v a singic reserration tablr:. A dlrramic pipeline
mal be specificd bl more tha.n onc rcscrvatioD table.

Iiach reservation table displays tric t irne-spac{r f lo*' of <iata through thc pipelirre for
one functioll e'aluatiorr. L)iffcrent iurrr:t i. 's rnal follo*-diffcrr:nt paths on tl le rc.(cr\.atiorl
ta"bli '  -.\ rtunrbcr of pipcline coniiqrtrrLri"ls nr.1\' bn rrlrcslntr', i  1,.r, the sarne re-\er\?1ion
table. 'ILcre 

is a trrir i l \.- !r> rn ary mairpirrg bctweeo \?rious pi;relinc co'f igurations a.nci
diih:: errt rescrvation ti lblcs.'f lr. 

nrrmber of colur'ns in a rcser'atron tablc is carl.ri the e.olu,tion rrrn. of a
gi\t 'rr f"ctioD. Fbr r:xanrp|r. the funatio. \ rt:quires eight crock c] crcs r.r evaruate. a.(l
furrction Y requirt:s six cvcles. l-5 sho*rL in Figs. 6.31r and 0.3c. rcsl\cctivcll.

-\ pilreline rrrttatrot tablc t:orrcspolds to cach furrction c'aluatiorr. -{l l  i l i i t iario.s

X X X
X X

X X X

Y

Y Y
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to a static pipeline usc the same reservation table. Ou the other hand,'a dyna.mic
pipeline may a-llo* different initiatioDs to follow a mix of reservation tables. The check-
marks in each row of the resenation table corespond to the time instants (cycles) that
a particular stage wil l be used.

Thcre may be multipie checkmarks in a row, which means repcated usage of the
same stage in different cycles. ContipJuous checkmarks in a row sirnpiy imply the ex
tendcd usagc of a stage oyer more tha.u ole cyctc. Multiple checkmarks iq a column
rnean that rnultiple btages a,re rrsed in parallel during a particulal clock cyclc.

Latency Analysis The mrmber of time units (clock cyclcs) bet\reen two initiations
ofapipeline is the latency bctweeD them. Latelcy values must be lonnegative integers.
A lrtenc]'of,t means that two init iations are separated by I clock cycles. Any attempt
i)y two or morc init iations to use the sarne pipelinc stage at the saure time wil l cause a
coll iston.

A coll ision implie-s resource cotfl icts betwecn iwo itrit iations in thc pipeliue. Thcre_
fore. all coll isions must be avoided in scheduling a seque[ce of pipcline init jations.
scr^e late'cies rvill cause collisions, and some wilr not. Latencies tirat cause colrisious
are <:alled forbidrlen latencies- In using the pipeline in Fig. 6.3 to e\.alrr;rtc the fi inction
X, latercies 2 and 5 are forbidden, as i l lustrated iu Fie. 6.4.

4 5 6 7

i

I

xr

(a) Coll ision with scheduling latency 2

+ ll'n6

1  2  3  t  5  6  7  I  9  l o

Sta96 52

53

s r

s3

I I

xr

( b )  Co )J i s i on  ! | i t h  schedu l i ng  l a tency  5

F ig r : r e  6 . , 1  Co l l i s i ons  B , i t h  f o rb idden  l a t cnc i cs  2  and  5  i n  us ing  t he  p ipe l i ne  i n
! ' iA .0 .3  t o  evn lua te  t he  f r r nc t ; . JD  X .

l h r :  r t h  i l i t i a t i on  i s  d i , no ted  a^s  _ { ;  i n  F ig .  6 . , 1 .  W i th  l a ten . r v  Z .  l n i t i a t i o r r s , \ 1  a l d
-Y. col l i r i r :  in stagc 2 at t ime 4. . ,{ t  t i rnc 7, these i l i t iat ions col i icle in stage J. Sinl lar lr . .
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by the number of latencies along_the cycle., The latency cycle 1i,a; ttu, has a.n averagelatency of (1 + 8)/2 = 4.5. A c,ons.tant cycle is a latency .y"t"'*iri.f, contains o'ly oDelatencv *lue. cvcres (3) anri (6).in nigi. c.sb ."a o.sJ 
"i" 

i"in consta.nt c1,cles. Tbeavera€e latency of a coDsta.nt cycle is simply the laten<:y itruir,lo tiro lrext section, rl_edescrilie how to obtair these latency cycles sy.te,lat;cjly.

6.2.2 Coll jsion-Flee Scheduli lg

when scheduling events in a piperine, the main objective is to obtain tbc shortestaverage latency bet*€en initiations. without causing fi;i|"rx. ln rvhat follows, *rprcscut a systematic method for achieving such collision_free ,cl"auIug.
We study below collision tminimat .a,erasel",""; iMA;'):"{?,:'.:"'Jif fi:t;"f; ;;,.:,,",.:*:,fi:jffi:f;LH

by Davidson (197t ) and his studcnts

Coll ision Vectors Bt.examining the reservatioD tabie, onc can distirrguish the sct ctrperrnissible latencies frorn the sct of forbidde" f.,_.,,.r.-b", ,, ' ."r"r,ru,,nn table with ncolumns, the marimrm forbirideT La.tenc1 n.: n t ' . i fr. ,,"r",*,0r" iatencr. p shouldbc as small as pc.rssiblc. The chorce rs made in the rangc I { p 1m _ LA permissibie lateno,of 
", 

= I corrcsponds ," ,#ia^#ffi;ieor1.. a latencrof l can alwal.s t e uct ie""d k1. stauc iir,"ti;";il,i"tffi"a rincar (diagonai orstreamliled) reservation tubt" 
"" 

,lroo,o in-i,g.-6.1c.
The combincd sct of pcrmissible.aoa torUlai"r, iut"rrcies can be easill. <iisplayed bya collision vector, which is an m.,bir binary uecto. CIA_"1_,' .C,rC1), The rz.lueofC, = t iflatency i causes a collision and C = o it lare,rCv I 

' i ipe.missiblc. 
\otc rhar,t t. 

3:T:^,::."^ 
that c: = 1, corresponditrs r" rl,"-*"n;;i,,;';;bi.t,i"u lu,"o.y._ror ure trr,o reservatjon tables,in Fig. 6.3, the collision vector C; = (1011010) isobtained ror functior X, a.d c" : (r.r'iror il;;;";;";;_?;, we can ir.mcdiatelytcll that latencies 7.5.{. and z are forbiidcn 

""Jf","".,", i, ' i jnd , _" perrnissible_
i;:Hlri.i 

and 2 are rorbidden latencie^s anJ ; ;;;';;:,;;rissii,ic rarercres ror

State Diagrarns From the abovc col l ision vector, orrc caD construci i*tat€ d..aqt-dtnspecifying the pcrr'issibre state transitions 
"--g -.,,"..;; ' i",i i"r,".". .I.he colrisiou

)lrcto.r, 
likc cx above, corrcsponds to trro in;r,oi'"loi"';;;;;';;;,,,,,, at trn)e I and

l'l;1.""t1"j 11" 
irtitial collision 1)ector. Lct p r,". p"r-;*r*"l.1"1 ,c1. .,*';th;n rhe range

Pipelining and Superscalar Techniotrc

Ili,;,::':l,:j"-::,:f ..,h: ,l,nll*...1 timc I + p is obtaincd wirh ctrc assisraDce of an
ll,:,1,:.1:::]jllj rlq,:,pr as i,i Fig. c.6a. rr," ,",ir,t'."1i.o""-,,,11:l ';.i. 

,"liii,:i::;:S
l:,:,1'i:J:".i;:"i" ff,.j,:,:::.l.ll,,nrrrirtcd to,xr, ,;;;,";.;,.,,,;:1,il:ll:.:J,*fr
:; ,Hii'l;"1:;.'1, ll: ::::',: i;l;,' ."'I " ,",' u', ,,,i, ,*'. i " 

';fiiltfl="ffi
:1,'** *tii; ; n"'"u.''ir;''"':;':;:';'i:":lf:"i';';:ll-':;,;'5i'1,:i:':1:::
collisrou, and thrrs tLe corresyrondirrg ,^,**r. 

"r,.,,i,:i ' i" ,*ir,na",lLogical 0 cnters fronr the left errd oI t 'e shift rogister.- ; ir; i ,"*, .,u," aiter p s' iftsthus obtained b'bitr ' isc-oRing thc init iar -rr,r, l,, 
"r".,"r 'r",,",L 

,,," .u,rr"u .,,*,.r".

g
d

"_d



6.2 Nonlinea.r Pipeline processorx

(a) State transition using an
maximum forbidden latency

1 0 1 1 0 1 0

3

/
/ i \N

1 0 1 1 0 1 1 1 1 1 1 1 1 1

3. .) ( 6

(b) State dragrarn for function X

C, = lnitiat collisiod vector

n-bit right shift register, where n is the

(c) State draga.m for {unctioo y

275

contenrs. For exa.mple, from the ini,tial st.ale Cx = (tolf0l0), the nen state (1ft1l1t)is reached a'ter one right shift of the register, ta ir"-"* i*-t" iiotto,t,, is reachedafter three shifts or six shifts.

Figure 6.6 Two state diagrams obtained from the two reser\.at ion tables in Fig. 6.3,aespectively.

Example 6.2 The state transition diagram for a pipeline unit

,, ^l :::t: 
diagratn is obtaiued in Fig. 6.6b for function X. From the init ial st.ate

\lur-LUru./. oDtY Urree outgojDg transitiols a-re possible, corresponding to the threcpermissible latcncic-s 6, 3, and 1 in the init ial coll ision o,ector. Si.ifrrfr, from state(101101i), one reer:hes the same state aftcr eithcr threc shifts or r;* . l i frr.
\\rhen tLe nrtrnirer of <l'ifts is r4+{_qlgsaieq all trapsitioDs axc recircctod hac!to the]rLl6t sratc. .f 'or e,.iarnplc, aJteieEht 

".,.* d;;"; l; 8+) strifts. thenext statc nlust bc thc init ial statel regardlcss of wli icir state the tr iursruoD sra'tsfrom. In Fig. 6 6., a state diagran is obta;ncd for the reserration taUte ;n Fig. O.:cusilg a 4-bit shift register. once the init iar co|ision ,".t- i. J","r*,rroa, tn"correspondlng statc diagram is urriquelv determjned. Dii ierent reservatioD tables

1 0 l o

,/, Z \
\

1 0 1 1 1  1 1 1 1 1

3'



276 . pipelining aad Supersc:Jar ?bclajoues

may result in the same or different initial collisioa ue"torsll;.
This implies that even different rcsenation tables may produce the saJne stat€

diagraru. However, differeat reserr,?tion tablcs may produce differert collision yec_
tors and thrrs different state diasrarns.

I

The 0,s aad 1'6 itr th€ pres€ot stateJ say at time ,, of a state dia€ra.ur indicate tbepermissible and forbidden larencies, respcctively, at time ,. The bitriise OR.iug of t;shifted ver'ion of the present state with the idaial colrision vcctor rs meant to prevert
collisions fro[r futurc il1itiatjons starting at time , + I aDd cDward.
. .. -Thqs the statc diagram coveis all permissible state transitions that avord collisions,

--All lateocies equal to or grdaiei thao - r.e p-"rfGEiffi-bi" imities that collisicirist-aa
always be avoided if events are s,ch:dulea 

1ar apart-(411 lateni,es ot mr). However,such long latencies are 
"oi 

tol"""bl" fror,, tfra 
"i"O;iri "f 

pipntin" tU.ougnprrt.

Greedy Cycles Ftom the 6tate diagram. we can determine optiEal latency cycl€iq'hich result in the l\{AL. There are i*nitely manv t"t"o"v 
"y.fo 

one.an trace fioathe srate diag7am. For example, (1, s), (1, 8, 6, 8), (3), i6i; i ;, 8), (3, 6, 3) ..., arelegitimate cycles traced from the state diagram in nS.'o.id. i_oog ,l"o c1,cles, orh-simple cAcles are of iDterest.

. 
A,.simple cycle is a latency, cyclc 

.in which each state appcars only once. In tb:e

Ii:""::1fl,T.'""tli ,9 
ub: 

":rt 13) (6) (8), {r' 8), (3, 8). ;;'(;. 81 are simpre cycrJruq r J( re { r.  o. o, 6J ts trot srmDtp bccausc i t  travels through tbp srate ( l0l l0l0) ;wice..

:iltTt*":* 
cycre (3, 6, 3, 8, 6) is not simpre b;;i;;;;, the state (r0110rr)

,, 
SoTo of-the simple cycles arc grectly cycles. A greedy cyclc is one whose edges area.ll made u'ith minimum latencies,from thci, ,"rp"Jti"n 

'rt.'.ii.* 
,,"r*. For exarnple.

l l l : " : j i j i " . . i t l . ( ' ;  
8 r  a , , d , . 3 ) q . q , , n d r . y . L " ,  c - " i , " . 1 . r n s i n F i s . 6 . 6 c a r e

\r. v/ duo L!)r. iu.o cy.tos mu\t t,+_!]l+,,_pl., and rhcir avcra8| lari.ocies must b€Iolrr!! tb4rt lho.1e q!_qtbct ,!i"u{.1.1-.. I hc grued}. cyclc (1, E) ir Fig. 6.6b has a.a

11,jll.",lj;':t,.rjl^-_ll{1 
=rs=_, *ti.l, i, ro,u", th"n'th"t'oi irio o^pr" c1.cle (6, 8)- rc - rd / / r=  / .  rbegr rcdy  cyc lc  (3 )  has  a  cons taq t  la tcnc) .o . l i c l  equa ls  the  i {ALfor  eva lua l r r rg  funr t ion  I  o . i t |our  .3 r1 . ;119 

" .o f f ; " jo ,J
. .Thc 

trJAL in Fig. 6.6c is 3, corrcspourling to cither of the t.$o grced].c1.cles. Theminirnum-lattlcv cdges i'. thc state diigrams"are _-t"J 
"1,f, 

,.ri".,.*".

^. ̂ ,1^1,t1i,..::: 
.l the greedy o.cles rviti lcad to th" t\{AL fl,; ;;ision_frec schedutin6;or ptpetrtte events is thus reduct:d to.6lding greredv cl,cles frorn the set oI simple cl,cles_The gre.edl o cle f ieJding the I\IAL is ti,,, til .noic'". 

--- " "" ""

6 .2 .3  P ipc l ine  Sch edu le  Opt im izar ion

An opti inizatioD r.chnique ba-sed oD the J\{AL is gi 'cn bclo*.. ,I.he 
idea is to inser:

l^11!o-pnl". 
delal stagas iuto the origixal pip"tiue. if, is *i i ir.oa,l" the reser'atioEtable, resultitrg ia a new coli ision. vcctor and an improved r,u,",I"grarrr. ,I.be purposets to yield an optimal latency c1,cle, 

",hich 
is at sol,.,-te1r: ;;;;;",

t i

'a

'a

: '



6.2 Nonlinear pipeline prccesors

)

Bounds on the MAL Iq f

;""Tr:i:#-g#'"r*ffi "'iflff'".'#TiJ*:,LH:'"":T#,j;,T.li:ffi H
( 1 ) The MAL is lower_bou

_ of the rese.ation ,.O,jlO"O 
by the maximum number of checlclarks ia a:r1, row

( 2 ) The MAL is lower tha_
. 

' 
the state diag'r; 

'-"'n or equal to the average latency of any greedy c1-cre in

");',"r"'",i:?ij:xffi :J""""tffi ff li.i.i:,T.Tff .jffi1,T.1#:"":1T:il,r1,

:it:ij'"runTf ;:ffi '*"[r:f Fjr',lf j+i:i:J-;,:'*rf; ",n:rrr":.tr:
I['i;lf ijT;jffi;$ *',""'fil';}rT*: {i"'"T##fitr
", ", i:: 

']:Ii o: "u:;' T""lff :,lt ",oJi 
i; Ti: "i: jlj,,"11 I i H""il: J, " _i j;;U:!:t:TllfiT'ff :1t.1if:::."#il;I'iii:T',.ad,.,he.primJ

ii";"iiffi;#;t',m*nt*:i*:"H*v.fl ..d+i,stherese^a.
':i'#$i;,iifiTilrlTr",?*:::lreserv. t bo origioJ;"".,ffiHflT, ;"ru ;:1,ip.rin. p.,io.'""n;; ;;,;: .;:ff.",''f,i;_,;,fi:1frilT:*"t"r,r 

-,,""s**i'i} 
.*"'"

i;hlr'ffi:I'.:,,,I; i..,::i.;,-,-1y r",:",* is to modiry t'''*;*i$;1";'i#ii;'Hiry""'flx ii ;;h:tT ;l''"'il'lTfr 
*'l'nlr''' tl

;.1,;li,Tjf ,,:1,._":J 
| ,,:iit;,#1iT..li:":',ti,:#,i:,;j f j ii"cined 

by ,he reser
",,,r^,rno snrr,,,rF.i'r srare wjrh ]f;:ll..n*j,1.;;;:";:*#?iiJ ilili'iXi'.lli
,, ",:;:"+;"":,:;f [: i;:ii : :iJ :T:; ii;]*T;: rlii,, ;x 

'"1,1, 
" *,

Exan lp l .  6 .3  I nso r t i ng  no l l comDuta  . r n r - . , ^  . -
' ro 

tnscrt a noncoir])ute 
", t t"o^nttt  

delays to reduce tbe MAL

ril*ffi tii.l;,:,*,i$*ipp:"r,i:,ffi ;.':;: ;,
|i,:+i;i$'i'_'"::ffi ,llriii"rux?ril:"T#",'r,h:Til_!:;
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4 E

E

-b 
I R€sen ation table and operatioas being dclayed

Pipelinlng and Supersc ar Techniqrlrr.

(c) Nerr statc rransitioE
diagraa with I{AL = 3

Figure 6.7 A pipel ine with a minimum average latency of 3,

r 2 3 a 5 6

tbt  \ .1od;( ip.1 rescrvat ion rabtp j : l  lY:: l ] f ied^.tdr" r l :a.Er.rn. qirb a redu.ed \.  {L _

F igu re  5 .8  Jnse r t i on  o f  two  de l
in Fia. 6.7. 

ay ' ta8es to obtain 
"n 

optim.rl  l {AL fot the pipel ine

:

(a) A three-Btage pipeline

(a) Insert ion of two noDcompute delay etages

X
X X

X 'x1

o,
D?

r o o 0 1

r 0 0 1 1
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'*.

,r"i"rlllli;"?i:l'r*",{:,lfrno:1!':ted one cvcre rrom time 4 to time 5 aud

:fi*,;.',""#l,T,ilb#,:*l$^"","Tf #**,*irul;*J;Ti"#i
. This diagrarn displays a grm

l',*ill;?;T:":| j;''""J'ffff ilJiH.(,l;"'l ;#i,tllni#":,"HH: Ijl;
I

P-ipelinq Throughput Thiortaskinitiations-p"i o".u-"r* ff',i'Ji1l##i*:';HX1""T;lr?:"".:i:,::Trr"";
the lmte,tton rate or pipelinc ,\r:yn_hry, i, _"*"."J*-Lrf 

"1,"r,", ..r" js determined
|i:fi H ilr:Hi',#.ffi11; 

r'r ai "J'pii'i;;;t; : lil " **u ri's st r are&v does
In general, the shorter th(

expected. The highcst -bjor";':11p'"d,MAL' 
th" higher the throughput that ca-o be

llli :,:,-* , ;;J; l' : -,;i"i li:.Jr*l,,illjJ:;","*,Ji:llii":#,";** l|:, 'rAL rs re.ruced to l. thp pipcline ihroughput t""".L 
" 

i lJ","ur".

P ipe t ine  Ef f i c iency  Anor  h
centage of ti,,'" tt,.i"".i-fii;;:]Tl"lltTt 

mcasurc is ptpetine 
.efficiencv. The per-

ll.,:l,;' ;:1,;#;:;il;" 
"fi :'"".:ilil1,:;1: l. :',Ti:i:?"':;ffi,1:il: j*.i

:::::iifi.'l::;l^,;l"j,"J:'-."fii"",11):il],: .f,'"',;., Ll,'i:;,j*o ,atencv cvcJe of
;Ttl:::l:t"r,".T:ed arter time o rr'" pip"Lin"',r;.;;, ': ;::u'1":T'.:Jll[:;il:

There fo ro ,  t l r c  en t i r p  p i pe l i r
t:-vcle (3). ot irrl .,i*.' rri"!' 

'ilio tit t'" considcred 8/9 = 88.870 efficient for laten*
c1,crc ir, s) .,J'iii'l ir'yi;#il^1y:]'-":is 

onlv 1't12i - 51 8% erficient r", i"i",.i
an, r  6 .5c  r r .s r re r t i vp tJ . .  Norn ,n^ i ' ' "n t  

'o l  la tcnry  ' v . -1 "  (a t .  a .  i l l us t ra r , -d  i "  i i * r 'u .a"
ro rq'o init iation cycles. 

: nonc of the thrce stages is frrl ly uti l izcd r., i,rrl"*".i

. 
Tlrr pipclino tlrorrghp,lt  ̂ ,  

l , l iT,l l" 
eficiency. arc relatcd to each other. I l igher

;ii::i:riil :;:::: 
tff: "^ilii':' '"":',.'vcre Hilher 

"n.i"'.,",*or,". ress idre tinie
:.lr " i :: r,, gr,-", "ii,_. ; " il:l:l:fift:T[], :i j y: Tjl,:.#lf* :: jili
;:ll::"'.ll':?i:tlfiithe 

t*o nrca,uies ls a runctiorr 
"i,1"'."'".,',i,o,, table and or rhe

A't rcasr onc stage of the pi'crirre s'ourd be fulry (l00g,c) uti l ized at the steadv sratc:'iJ::":-;l"XT 
":'ii',1:;l*,::lll:i* 

,* u*"i,',, ."n"i,iii,,.ha-s not bccn rir'r,
c.'cl,-'should r'" 

"""i""j r",'i,',,;J;?:il;f 
nraY ttnt ht'or'tirnal and -",l'* t,'iii"r-"

--!
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--t 1

(u)

Original instructjon ttow

t_

A t-stage pipeline

Branch taken

,t
lb+2 lb+t lb .

Ik2 lt*r ll

Branch targ€t

\___Y--'_/

A delayslol ol t6ng(h k 1

Ca.pdrai:

I = No. ofpipcJine stagcs

1= clftk cyclc (srage dclay)

N€w lnstruclion frow

(b) An instruct ion stream containing a branch taken

Figure 6.18 The decision of a branch taken at the last stage of an instruct ion
pipel ine causes 6 ! |  -  r  previousry lo:rdcd instruit ions to be r irained
from the pipel ine.

Branch Prediction Brarch ca-n be pre<iictcd eithcr bascd orr bralci code l_,}esstaticalit or ba-scd on brarch hi5161y during prograrn e{ecution. The probribil i :.,: ofbralch rvith respect to a particular branclt irrstruction tt.pc c.ul be usxl to ]rri.djctbrerch. Tlrs rcquirus r', l lp.t irrK the frc'qucncy urr,l p.ububil it ies.t brancir t.kr.rr a,'cloralclr tYpes across a largi. nunrbcr oI prograDr traccs. such a sfolic hran,ch st.r.: ir:g.1[ra] rrot bc alwa.vs accuratc.
TiLc static prcrl ir:t iotr djrection (iol-el ctr noL tot;ert) is usuall l, \r irci l into thc:)ro.ccssor. ,{cr:ordjng lo l);Lst erpcricnce, the bcst performancc 1s givcn t,1, pr"ai.t,,,f :.., . i' IL is . .s r r l t s  

f r .n r  rLc  fe . t  r I i l t  n )osr  c rnd i t io 'a r  b 'a r rch  ins t i ' c t ions  arc  takcn  r : r  r r . 'griu' r\c{rl l1ion. l 'hi: *irrrr in st.t lc prediction ca'r()t be cha.rrgetl nna" a,,,nrrr,-,aato t,c hardwarc. l iorvcr-er. t lrr: schc're ca. be nxtdifir:d to allow the progr.rlra_i: orr : ' r r r r r r i l c r ' fo  se lcc t  tho  d i rcc r io 'o feach bra- ' r :h . '  a  sen i  s ta t i c  p rcd ic t ion  i )as is
, _A 

dlJnatnrc brafuch slrategy uses r..cent brarch history to predict rvhethcr cr notthe branch wil l bc taken next t i inc *.hcn it occurs. ,fo 
be ai<:ur,te , one ina\.:_ecd
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to use the €ntire history of the bralch to predict the futwe choice. Thls is infeasible
to implemert. Therefore, most dlaamic prediction is determined with limited rec€ot
h js to ry .  as  i l l us t ra ted  in  F ig .6 .19 .

largpt
aooress

#
Erahch Brandl Bnindl

inslrudJon Predict€n
address Statislics

(a) Branch target bufrer organization

Captionsi

T = Branch taten

N = Not-taken branch

NN = Last lwo branchcs not laken

NT = Not branch urken and prcvious raken

TT = Both lasr lwo brarch taken

TN = Lff! branch taten and previous nor taken

1n) A t-,-pical statc diagranr

Figure 6.19 Branch history buffer and a state transition diagram used in dynarnic
branch prediction. (Courtesy of [,ee and Smith, /ttt Cotr.pl]ter, IgEq)

Cragon (1992) has classil led dynarnic branch -\tratcgies into three major cla^sses:
One cl:r,ss prcdicts the branch dircction based upon inforrnation found at the decode
stagc. Ihc second class uscs a cacllc to store tari jct addrcsses at the stagc the effectir.e
adrirr:ss of thc branch ta-rgct is cornputcd. The tLird schcme uses a cachc to store target
jnsuuctions at thc fcrch stage. All dynamic prcdir:t ions are adjustcd dt'namicallv a* a
progr anr is executcd.

I)ynarnic prcdiction demaurcls additional harrlr ' , ar r: to kccp tr ack of thc l)ast bcharior
of the branch instmctions at run time. The arnount of history recorded shorrld be sntall.
Othclrvise, thc prediction logic becomcs too costlv to irnplcment.

Lcc and Snith (1981) ha',e shown the usc of a lrorclr torqet buffer (l lTB) ro

s
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rm-ptcment branch prediction (Fig.. 6.19a). Thc BTB is used to hold reccnr branch
il:::il:#,:::H'ii: :ffii,*i:g# r,'"n't' tu["t-u,i]ii"'"aa..", "r th. ;;;;;
'-,,i%iTllli".L:?Tr:'iH'iltiffinlT"'-::: Las been given bv Lee and
:^":1:: ,1" backtracking hr;",1::l;;.;i;';i,ii';,:';:i"";:0il;".,;"";T"::1
tormation is updated upon completior of ,nu .ur.uii'ui_-"i 

r"",,
The BTB can be extenderi I

the tarset ;,*r*,t"" ;Jffi: 
':.:::':.i:t r'nlv the bra,ch tarset address but also

l:1. *,:l ', ".,"",.-, i",affi; ;lJ"*,:T;.'.'"i;l"Tlilil:rJ: Tf:.,.?fl{land not-to.hen (N) labels in the state ai"g.._ .orr"rpo*J"" actu.; program behavjor.Different programs may use difereDt state diagrams whicl arrroaited dl,namica,vaccording to historjca.l program events.

(a) A dela-yed branch for 2 cycles when the branch condit ion is resolved at rhe decode stage

(b) A delayed oranch for 3 cl.cles wben the br:r, :c}:  ,r ;ndi i ion is resoiverj  ; t  ine oxccut! siatr

,  - - -  I r n e ,

9 (8 ra^c f )  lb

fc) A di, iave,l  Lrarrch for i  c\.cles rrLr:n r.hr: branr:h.ondit ion is resolved ar the srore st: .ge
l '  i gu re  6 .20  The  co r r cop t  o f  dc la ,

NoP f i l rers ,"r" ,n.t11,f:" l i : l r  
L: '  or-ovinc independe't instruct ions oroF lAy  s i o t  o f  a  f o r l p_51sgp  p ipe l i r r o .

f)ela;.cd B ra nchcs iiralnining thc branch pt:naltl.. lrc realize that thc br;rncL penJtv

t3


