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Abstract

This th esis proposes a. cache memory, used for a 32·bit processor system, which

consists of four components: the Directory, Line llcpfncemcnt U ni~ (LRU), Cache

Memory, and Conlrol Unit, An a-wayset-associaiivema pping method is employed

i ll the directory, The Line Replacement Unit is based on the Icast I'CCClll/y used

line replacement algorithm. Th e cache memory unit has a capacity of sk bytes,

32 bytes in each line, and it is di rectly accessible 10 I, 2, 3, or ,I bytes [one word)

once by tile associa ted processor. This cache memory is designed for a lllulLiple

processor system as well as in single processor system; a wrile-lIlIYn/gll algorithm

and an updaling algor it hm arc combined together to keep the information ill main

memory l:ollsislcn t wit h tll<lt of the cache and to make the muhicachcs coherent .

The hit ratios arc predicted to be over !l5 percent. A two-phase clock of 10ns is

emp loyed to pipelin e t his cache , and it can turn out a result ill zune dur ing read

operat ions without Iluc misses. Thi s cache is imple mented into a single chill, and

is des igned so that it is possible to build cache systems of variour sizes using t hese

chips, witho ut decreas ing the system epc...-d, T his cache memory has bee ll laid out

as a si ngle in tegrated circui t using 3 Micron NTCMOS techno logy, and it s electri cal

and logical behav ior has been simulated .
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1 INTRODUCTION

III 1%5, .JOIIiI VOII Neuman n made proposal s for a. digita l electronic computer

s t ructure. IIIhis prop osals. the baulc logical structur e of a digit a l computer syste m

hns lht~ fo llowillg chn mdt'ri stkll:

I. H hus au inpltt l1lf'diulIl, by means of which en essentially nn l illlit,( ~,1 11 1ll 111 x!1'

of operands or inst ruc tions may Ill' entered.

2. It Ila S .~ fQmgc, from w hich opera nds or iustruct.lons may be obtaine d aud lute

whic h result S may 1m entered, in allY desired ul'da .

:1. ILhas n ('ale ll/ l/lil/!/ u nit , eupahle of carrying o ut aritlnnctic andlogicnl oper

al iu lIS on an y opcrnn ds taken from st o rage.

4. ILlias 'In O ll fp lIl ul Cl lilllll , by means of whichnn essentiall y unlimit ed number

of results may ~ deliveredto ti le users .

5. It has a cOII17'ol unit, c a pable of interpreting instructions ob tained Irc mmem­

cry or etcre gc, and capable of choosing between cltematc courses of ar.tlon

Oil the l msis of comp u ted result s,

III gene ral, a compu ter which meet s the c riter ia defined as the \1011 Neuman n

# n lclnrc is orgiluiz"d us sho wn in Fig . I, Alt hough t he components of the flve parts

of t he [,;lSie structu re Jlll<l th e technologies used may vary widely, tlw funct ions o f

l ilt: pMls nmy be d~'arl)' idcli lilied i ll virtua fly any Iligital comp uter,



Fig ure}; A VOIl Neumann Computer Organixation

Memory is the source of all information , data, and instruc tions . lI(J\\'i ll.~ 1" "I

from t he four ot her parts . T he data and instruc tions a rt) sto red in 1111' 1III '11 10l"y (·,·lls.

each of which is associated with a locfltion , or f1ddl'C.~S . The ce-lls 1''' 11 1)(';l1 " " "' ~" d

by other parts of t he computer by means of t hese atld rcssl's.

The main functions of input and output, as indicated hy r.lu-ir lIa lll"S .

derive information from and 10 deliver the results am! ut h '!" i llr" r1l1a lj"u I" 11...

outs ide wor ld. T hey have also two subsid iary Iuuetlous, hllff{'rilljl, nlld d "l a "'lIl

versio n, T he buffering function provides an interfac e lind sY l l\' llI"l Hli ~ al.i (JII 1. '1\ \""'11

the processing part of the computer an d the outside world. '!'Iw runvorxiou rll W"

tion can convert t he data type in the processing unit lnto for ltls I1sl',[ IHlhi, I,' IIll'

computer syste m.



Th e proecsalng part of a com purer, referred tc 'is th e Il r il/u net ic. /ogic unit,

implement s thevarious a rithmet ic and logic opera tions on o pera nds obtained from

the nwnrory, 'I'he result s, after t hese opera tions, arc typically sto red back ill the

memory,

The cont rol unit obt a ins instructions {rom the memor y, decodes them, and,

d(,pcllliing 0 11 their ltll'llll iuS, scu ds the app ropria te cont ro l sigrmls to o ther parts

of tire computer so tha ~ t hc desired operatlcus will be accom plished . It also makes

fk~ :i~i"rrs about Wllitl nct jou unrst be taken aftur receiving t he re sult s orvar ious ll:sts

un II'lta Wilde by the f/l'ithmcl jc·fogic Ullit . T he combluation of lhe arithlllci ic-Iogic

uuitand control uuit is known as the cClIlI'It! proccssillg Ull i t,o r processing dCl1lt~nl

in lIw cas e or multiple processo r syste ms,

Until the las t two decades, almost all the electronic d igi tal compute r' systems

ns!!!l this V OII NCUIII (Il!ll architect ure, Even whe n t he underlylug architectures of

the computer systems be gan to contain a. limited a mount of parallelism (such as

in llle CDCli liOO, for examp le) i~ was generally concealed from the U SCI'~ , In this

1'l:riod, t he Jel1l1l.11I1 for highe r s peed, liU'ge r storagc, nud mere reliahle computer

systems WII."! rap idly increasing because large sca le computation a pp lications were

vi~llalil',('IL Th e dl!IlIi1UJ was such that, despite many technolog ical advances ill

electronics, uniprocessor systems proved to be inadequate fo r the most highly COIfl '

putationnliy inte nsive p roblems since t he point had been n 'adl ed wherecommu­

uicatlou delays between switch ing clemcnts or lu tcgratcd circuits piety It Jo minan t

role in t he speed of the cotnpnta tlon. T herefore, ne w ways had to be found to meet



these req uirements . Th e genera l approac h is based 011 parallelism, implying that

compute r archit ectures willhave to depart Ircm the strict V OII Ne umann concept.

Parallelism ill var ious fo rms had already appeared ln com puters prod uced durill!;

the 1060's, and !lns pro ved to be au effective approach, III 1I1i~ coutcxt., pnrul­

lelism docs not onl y mean the rcpllcaricu of logic bu t also hns oll lf'1" 1Il1:alliugs. Fur

example, a uniproc essor using a plpcliucd instru ction unit ami a pilldi lWd nrith­

mctic unit, 1\5 well as t he implementatio n of multi ple prog rams executed "simul­

tancoualy" , all im ply concepts o f parallelism, Therefore parallelism in a computer

system presentl y has th ree meanings:

1. Time interle aving

2, Resource replication

3, Resource sharing

Time inter leav ing in t roduces a lime factor inLo t he concept of pa rellclisru. That

is, several proces s steps are int erleaved ill l illie, each using a par t o r the Sill nl '

hardwa re at different times. In this case, it is not necessa ry to ha ve a replication

of hard ware to increase t he performance of a comp uter system. l'i pd illillg is ;U J

example of lime-interleavin g.

Reso urce replication i~ the replication or addition o f hurdwurr-units whidl

C;l.I1 operate simultn ueo usly 011 n proh lum, thereby aLlnillilig cn lrll" IL"l.i'm I"JIV I '1

through fIllllka tioll of log ic, ra t her thau relyingsolely 01 1 fast lndividual ga ...s and



~maJ I dimensions 10 reduce logic delay in order to obtain high speed. Multiple pro-

ccssca using the same h ar dware in SOIllC time-slice order arc an exa mpleof resource

sharing .

Since parallel ism was introduced into computer architecture, various parallel

computer archit ectures such as vector processors, pipelines, array processors, as

wpJl itS lIlultiprocessor architectures, have beendeveloped and used to hnudle largf"'

(1lHllllities of oala simultaneo usly and concurrent ly wit h high performance. I/O

1'1'OCL'lOSUrSha ve I,el!ll us ed for iup ul and output to spo-dup conunuulentlon IlCtWCCIl

t he processing deme nt s 1\1Id cxtcmnl s tomge cr users, Thus , illgcucrnl , JJfITilllelisl1l

ind lltll'll1101only altuultnuclty !JIlL 11 150concurrency The former means thal two or

IIlIJ r(' evcnls oc cur at. the sallie lime and U,e latter HlelUl ll that two Of mom events

occur within a giV '~1l iJl!l!rv.l1 of Lime.

011th~ other 11<\1111, memory has U('C1Iorganized in diffcreut ways in order to

obtain access speeds r.olllpnli htc wit h thaLof ptocessiliKclements and to have D.

larger capacity. IIIgcooral. there arc two basic approaches: ouc is to orgenlec the

metuory ns a memory hierarchy, LII{' other is to decompoec tile merncry into several

modules shared by the processors ill the system.

These kinds of computer urchltccturcs Me, more or less, not strict ly Von Neu­

mann struct ufes; Indeed , the nmlt.ipleprocessor syste ms ill p iU .cular have quite

dilfl'rcnl charnctcristj cs.



2 BASICS OF CACHE MEMO RY

Th roughou t the histo ry of elec tronic computers, wheneve r develo pments have tak en

place in comp uter tlyslcm."I which inc rease processor speed, there is COrTl':ll lOlltli ll~

pressure to have t he memory maLd , tb is speed and, at. the same t ime, inc rease ils

capacity, Th erefore, performance huprovcmcnt e in compu ters luwc b lOCH esscclat e...1

wit h illlprovcmcnh in memor y c,'\l'acily and sp eed. Alth oug h both pmn."S!\I'r!l an,1

mniu memory syslc lIUI 11l\Vc Ix-CII im proved by 1I1c,uJily developing ll.'ch ll(>I(J~il'll 11 " ,1

no vel architec tur es, th e re 1m,"! been a persist en t. mislIl lil ch but ween 1I11~ speed of

processors and that. ormain memory. ThILL is , the maln memo ry is slow relal ive' tn

the processors. The memory system limits the 511('(:<1at which input dil l'" cnu b(~

del ivered to a processor and t he resu lt s recei ved from the pwn "llsor. This e thc l;tl­

ca lled lion NU1rl41U1 ~otllf:ll ed:. li e nee there has IJCCIl a.constant need forsle 1tcly

improvements to ma.in me mo ry subs ystems for Iligh overall system per formance .

Approaches or inte rest toward improving mcmory s peed and cil.lJacity have been

the rollowing 12,5, 71:

l. Memory hierarchiesand virtllal memory

2. Cachc memories

3. Development or larger and ras te r memory cllipll

-I. Memory illtcrleavins



2.1 Overview of t he Memory Hierarchy

In order to improve the performance of computer systems , especia lly sing le prcces ­

SQr sys tems, there are two appro aches to speed up a memory sys t e m with a large

capac ity, One is to develop a higher speed memory sys te m with a larger capacity ,

theo t her is to parfifion a memory system into all efficient memory hiera rchy con­

sis~ i llg of ecvcra llcvcle of eubeys tcme with var ious 51'(''<:(15 and size s 12, 3, 5J. T he

first app roach seems mo re straig ht forwa rd and simple - to have a fast one-level

memory wilh a large cepecity, However , even wit h imp roveme nts in tedurclcgy,

a fast memory system with 11 la rge ca pacit y is still very cxpeuslvc, so t hat it is

lICCCl'lSl11'y to usc slower memory at a lower cost to creat e a memory SYSl f ~11l with

a large enough cal' ad ty . In orde r lo gi ve the memor y subs yst em nil adequate cf-

Ir-ct jvc speed, th e memor y subsystem call be orge ulecd as 11 hicI"(lIddcI11 III CIlIOI ' Y

sysicm . T his kin d of memory system call be mat ched to bot h the speed and size

requirements of the high-s peed processor at relati vely low cost. A t y pical hierarchi­

calmcmcry str uct ure is dep icted ill Fig 2. The lop level of t he memory hierarch y

(ncar t ill! IlTOC("Ssor) has the Iast est spee d but also th e h ighClltcost . Ther e fore, the

capac ity of this level is made sma ller to de crease system costs. For ti le lower levels,

the s p eed of the subsys te m dec rea ses while tile cap acity in creases . At th e level 011

the bottom of ti le memo ry hiera rchy, t he memory subsys tem ]JOiiSCSSf$ th e largest

capacity, but slowr,~l. spee d , with lowest cost per word st ored . In this memo ry hier­

arehy, each level is direct ly conne cted to the hmucdiately high er level. T ha t is, each

memor y subsys t em call directly comuumicnte wilh th e imm ed iately highe r or lower



Figure 2: A T ,)'pical Memory Hierarchy

subsystem ill the hierarch y, For example, t he (Jl'..>ceSSOIS can d irect ly coruruuulcntc

with Lhe first-lev el memory, e.g. register array or cache memory; and sim ilarly

t he first-level sub system ca ll communicate with the second- level one, a~ sho wn in

Fig, 2, and so on . Ocncrn lly the top-level subsys t em, such as cache memo ry, is

used to at tempt to bridge the spee d gap between th e J)fOCCS~O I'S and th e lower Icvd

subsystem, while the [ower level me mory subsyste ms arc employed to enlarg e 1I11'

capacity orthe whole memory sys t em.

2.2 The Concept of Cache M emory

The co ncept or cache mem ory was proposed by Wil ke [19051 i ll it bri ef article in

which be describ ed a syste m that contained lwo k inds or muiu mClllor) ' : cue was

conven t ional, and the e t her was u ncouvcu tiouelhlg b.spcc.l uunuory ('nlll'd a l that



time sIalic memory, llOW called cache memory. III19G5, the first real cache memory

was implemented on the IBM 360/85. Since then, use of cache memory has ra pidly

Increased Oil a wide range of compu ter systems, initially on mainframes, then on

mlnlcomputcrs, and today even on microcomputers.

Cache memory, a relat ively sma ll, high speed random access memoty Is de­

signed for transparently bridging the speed gap between the CPUan d main memo

ory, since it typically has a speed compatible with that oCthe CPU. T his mea ns

that a cache memory ill a cache-bas ed system is invisible an d not. direct ly acres­

sible to users or even to syste m ope rators. Typically, tile speed of cach e memory

is five to te n times faster th an that. oCmain memory. Using this kind of memory

hierarchy, the computer may seem to have a one-level memory with the capacity

or the slow main memory and the speed of the cache memory (21.

The idea oCthecache memory. sim ilar to t he primary-secondary virtualmemory,

is to duplicate the active portions of a lower speed memory in a high speed, but

sma ller, memory. Only the data most likely to be needed in near future by the

CPU reside in tile cache, and obsolete data are automa tically repl aced by the

newly requested data. In general, th e speed of the cache memory is matched to

the maximum data. rate of th e processor so that the processor can access data in

the cache witllout delay, whenever the data requested by the processor are found

in th e cache. If the request ed data are not in the cache, a cache miss occurs,

and a request is made tc t he main memory for transfer of the reques ted da ta to

the cache. H the dat a current ly resides in the main mernorj , it is transferred to



the cache immedia tely. If it is n o t, but is in the second ary memo ry, a. reques t

is issued to bring the requ ested d a ta from the backing stor age. T h erefore, when

t he requ ired references to the memo ry can be capt ured by t he cache, speed is not

d egraded . Otherwise, the performance will be de graded by the t imc requir ed to

transfer d ata from the mai n memory to t he cache.

The use of cach e memories in m odern com puter systems is based on the locality

of memory refere nces - both spa t ial and temporal (7, 9\. Spatial lo cality refe rs 10

the property tha.t memory accesses over a shorl period of ti me tend to be clustered

in space. This type of behavior can be ex pected based on t he common knowledge

o f typica l program behav ior: relat ed data it ems (va riables, arrays, e rc.) are usually

s tored toget her a nd instructions a re mostl y executed sequentia lly. T emporal local­

it y refers to the property that re fe rences to a give n locality are typically cl ustered

in time. T his type of beha viorca n be exp ected from progr am loops in whic h both

data and inslructions a re reused. Therefor e, use of a cache memory in a compu ter

s ystem can minimi ze the intercon nection network tr affic bet ween the proces sor and

m ain me mory and speed up thesys tem since timaccess delay of the m emory system

a nd the frequency of references to the slowe r ma in memory are hig hly redu ced.

2.3 The Basic Structure of Cache Memory

The capacity of cache memory is far sma ller th en tha t of main memory: lhat

is , the a dd ress space of cache memory is far sm aller t ha n tho address s pace of

m ain me mory, th erefore cache rn etuory requires an address mapp ing mechanism

10



to translate themain memory add resses, a t a high speed, into the cache memo ry

address wh ere the copies of data in the mai n memory reside. Also because the

1I 1()~ ~ actlve portions ill th e main memory ar e copied in t he cache memory, if till)

ca che memo ry is full a nd the assoc iated pr ocessor needs dat a not ill the cache

1IU'1110ry, some of tho d;ltn in the ca che will be repla ced with tho newl y reques ted

da ta from the main rllclllory. There Illust ex ist au algori thm whicht;\1I ]Hl ltl id th al

th e data to he repl aced willnot be used in ncar [uture . Since th e speed of the cadre

IIICll lll r) ' is t he key factor in cadre m emory d rsigu, llL i ~ kind of 1llgorit hlll1illls l IH!

implemented in ltnrdwnre . llcnce, th e bas ic struc t ure of a cadit' me mo ry sho uld

hi1.VI~ li t leas t throe basic hardware co mpone nts : 1111 address mapping m echanism, 11

data r('pla cclIll'llLunit, am] storage (or tire da ta in th e cache.

The ba sic Innc tions of a cadre memory call gene rally btl describe d as follows:

Each reference from the [II' OCCSSOI' t o it memor y locatio n is pre sented to the ca che

m emory. T irecach e flret searc hes the direct o ry of the address mappin g mecha nism

to see if t he request ed data reside in the cache memory. If t he request ed dala a rc in

the cache, tile da t a arc operated on to sat isfy the processor immediately without

di st urbing the maiu memo ry. If the <lala arc not resident in the cac he, a cache

mi ss occurs which willcause the transfer of t he new data from the main mem ory

to t ire cache . The n the requ ested d a ta CRn be refere nced by th e proces sor. Defore

transferrin g a new line to the cache , some data 11M to be removed from the ca che

m e mory to make ro om for t ile new. Which old duta ill thc cache \ViII be discar ded

is determined by th e data r-placcmc ut unit. Therefore, the cache-rep la cement de-
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cis tou directly alred s tile pc rfcrnwncc or th e .-ache. A guo" rllpliln o,ucu t 1I1gor it lllll

ca n make t he cache have a somewh a t highe r performa nce tJU UI a bad a lgorit h m.

Since a cad le memory has a high speed compatihle . ith th aLor the iWOdak,1

p rocesso r , al l the algorithm s of a cache memory have LoIJcimpleme n ted in ha rd­

ware. The refore, the desigaer5 of a c achc memory ha vc Loconsider not only ho w to

irnp lcmcnt, iLsfunct ions b ut 11 1:10 ho w to imple nent these fuuct ious wi th IJr;ldinal

ha r dware .

Traditionally, a cache system is IJUill with a elnglc cache Ior both lilit a and

in st ruction s. T his cache is callcJ a s II unified cache , ill which cas e the CPlJ '~

componen ts have cnl y cne cache u n i t to refer 10 for lonth insl rud iollAall/Illata . '1'111'

associated processo r shnr<'lltile sam e carhe for data end inst rudi lllls , which n mkl'!l

more efficient use of a limited resou rce and Jow{'f'J t he average miss ra tios. Also a

cache sys te m can be IlJlit lut e Lwo s eparate Clld_: one for da ta, and l l l'~ oth e r fnr

ins tructions. One of the major ad va ntages to sl'liLLill&data and iuerructicns iulo

two sepa rate aches is tha t. conllicta betweeu simult a llCOll:'l inAltlld io u rd.dll':'l au.1

dat a reads and wr it('SAre eliminated [9).

2 .4 T he Line Size Cho ice

T he perfo rmeur c o f nrus1 l:olll l ll l l ,l'n . depends strong ly UII 11l1' 'I'lillity of till" (,/...ln­

d es ign an d theway ill which il i:'l implomcu tcd. Therefore, cache dl'!ii gn is a wry

s ig nifican l part or compute t sJ At.c rn 111'Sigu. lu nnle r ln lll'!lig li a lIigh -p"rfllfl llllIlCI'

cache me mory, there arc se \"r.ril.l choices to be made lind pa rame ters 10 bf~ "d.

12



Designers ha ve to make ul!CisiollSabout. the a lgorithms (retch, placemen t , etc. ],

about. the bes t sizes (cache size, line size, etc. }, and ab out the ways of address

IllIlJlping and maintain ing consis tency among several caches in a multip rocessor,

Design ers also have to make rrn dooffs in set ting these pa ra meters ; e,g. cache Si7£ ,

Iilie siz e, the se t-associativity, nud so on . Each of these parameters allccts cache

performance , choosing di frerent paramete rs pro duces different cac he performance .

T he cache Ilue elze is a very important parameter that strongly affects t he cache

performance, especially the cac he miss ratio [It}. Many surveys of cache m emory

and/ o r memory hierarchy performance h a ve been made fo r high performan ce sys­

tems. III these surveys, the ca che line s ize choice, with t he 0\'C1"<1 11 cache size, has

hccn show n 1.0 strongly alfed the cache miss rat io, Sm ith s \lgge.~tl'd in [!lJ t he

line size giving the minimum miss rati o for a given cache memory capac ity. He

also ind icated t hat the minimum number of clemente pe r set ill o rder to obta in

an acc eptable miss rati o is 4 lo 8. Bcyond S, th e miss ra tio is likely to d e crease

very lit tle. After a great number of simulati ons , Smith III) presente d practical

values for the m iss ratio i1S a fun ct ion of cache s ize i1.I1d liu...size whic h arc listed in

'lsble 1. The De8igll Targcl Miss lllllios ( DTMR) shown i ll Tab le I arc pr oposed

for un ified cnchca, instr uction caches, a nd data caches, respective ly, The DTMH.

provide lle:ligllflrs with a reference to hnplement a variery of new SySLI'IlIS. It can

he UNf'd 10 csli l11ah! lIle pcrformn uce imp act of certain desig n choices. The models

ol ('Il l'll(' 1Il('llIode~ fur tile 1)']'r,,11t essutuo 11" lIlil1 \11 fetch, copy-buck caches witll ,I

Llt l! n 'plaCl:lIWlll algor-ithm. T hey also ar c Iull-nssoclutlve for ad dress nra pplng,

rs



Cache Type: Miss Ratto
Unified Line Sizc:

Size • 8 IG 32 ... 128
32 0.717 0.556 0.5 0.75
G. 0.68G 0.488 004 0.48 0.72
128 0,674 0.467 0.35 0.33 0.428 0.686
256 0.643 0.42 0.3 0,258 0.276 0.386
512 0.596 0.39 0.27 0.216 O.Wi 0.257
1024 0.473 0.309 0.21 0.102 0.137 U.I{j!
2048 0.405 0.258 0.11 0. 121 U.098 0.093
1096 0.329 0.193 0.12 0.082 0.059 0.05
8192 0.232 0.135 0.08 0.05 0.033 0.025
IG384 0.182 0.103 0.06 0.036 0.23 0.016
:mns 0.124 0.07 0." 0.024 0.014 0.OU9

Cache'I'ype:
Inst ructions

32 0.125 0.478 0.33 0.247... 0.674 U.438 0 .3 0.22'.! 0.191
128 0.61.Oj 0.397 0.27 0.\ 97 O.UH 0.15;
256 O•.'j!J2 0.:)13 0.25 0,\ 17 0.138 (I.12!!
512 0.562 0.348 0.23 0.159 0.119 0.108
1024 0.5U4 0.3U8 0.20 0.13<1 0.098 fl .lnH
2U48 0.391 0.234 0.15 O.O!!S 0.068 0.D.Oj1
40!J6 0.271 0.161 0.1 0.00:1 0.0"3 0.U:12
81!)2 0.112 0.1 0.06 0.037 0.02.1 0.11\6
1631t'1 0.148 0.085 0.05 0.02!J 0.018 0.11 12
327GB 0.091 0.052 0.03 0.017 0.01 0.1107

Cachc'fype:
Data
32 0.131 0.611 0.$ 0.715... 0.66 0.515 0.'15 0.-195 0.69.1
128 0.561 0.412 0.35 0.351 0.467 0.677
200 0.47 0.337 0.28 0.2n 0.326 0.156
512 0.345 0.246 0 .2 O.WI 0.215 0.282
1024 0.283 0.211 0.16 0.138 0.14 0.161
2048 0.256 0.169 0.12 O.O!!" 0.083 O.OB!!
4096 0,247 0.153 0.1 0.D7 O .O~1 0.048
8192 0,211 0.129 0.08 0.053 0.039 0.0:12
IG384 0.161 0.097 0.06 0.039 0.26 0.0 19
327GB 0.108 0.065 0." 0.0'.!5 0.017 (J.OI2

Tallie I: The Design Target Miss Il.i\t ios
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cxcue TYPE ADJUSTMENTS
CacheType Ratio of Miss natc natio of f..'liss Rate

to Direct ~'Iapping 10 Full Associative
dire ct- ma pped l.00 1.515
two-way set -ass ocia tiv e 0.78 1.182
fuur -wuy sut-nsscc iat ive 0.70 LOG1
eight-way sct -nssocintiv c U.67 1.015
Iuhnssociativc fJ.GG I .OUU

Ta ble 2: 'I'hc Relevan t Cache-mapping-type Ra tlo

exce pt for t hose wit h .. and 8 by le line sizes, whichnrc 1·way sct -nssociative. TI le

(Mile miss ratio is " I s~ rclntcrl to the 11l11pping methods llSI..'<I. There arc three map -

ping methods: direct-mapped, S-wny set -assoc iat ive, a nd fully associat ive. These

arc descrjh ed ill the next chap te r. Va lues in Table 2 ex press the relati ve ra t ios of

miss rates bn scd 0 11 bo th the dlrcc t-utapp cd and full as sociativ e mapping meth-

Oils. Th ese cache 1YIlCadjustments originally arc from [30J. Th ey arc Lased Oil

the direct-mapped method. and are expanded 10 be used for those based on the

lull-ussocinti ve method . Since the miss ra t ios shown i ll Tablc I are based Oil the ful l

nssocla ti ve model, ill order to estimate the act ual miss rat io of other systems, the

1l1l1dac ~tl i\ 1 miss ra t io call be obtained by multiplying the given miss ratio found

ill Titble I hy the correspo nd ing relevant cacile-Illapping. lype ri"lio from column

1IJl'(~ lal.ck-<I Ratio olll1is.~ Rtll e to f'ullllsM ciative of Table 2.
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2 .5 A Survey of Cache D esign

Since IBMCo rporation intr oduced the first cornmerclal c,Kbe memor y ill ils S.rs l"lll

360/85 to br idge the speed gap bet ween the proc essor aml nmlu tuotnory, roll'ions

cache memories hav e been employed in differen t iype.~ of COlllplll,'r " 10 ,\<"h ;,'\""

higher performance. A number of approaches have been used for d"I·, 'lop ing l. igh

perform ance cache memories. Allho ugh the operation of a Lypit',l! ,'<tell(' 111<'11101".1'

seems relatively sim ple in conc ept , implementation of a rcalis tic-: cndl!' Ilh'llIUl".I' is

qui te comp lex, invo lving many Factors which influence cache 1l(' rfol'lIlill\l"" TIll',"

factors involve inte rn al Factors such as cache cap lIcit); line sir.'" ml. lr<'Ss lIlappilll!,

strategy, fetch algori t hm, placement algorit hm , replacement algor it hm. ,Is II'dl ;1s

the swapping algorithm , and extern al fac lors or system Iact urs: prun 'Ssol"urgnui-

eaticn, hierarchical memor y orgnniae tio n, as well as Ih e intcrconnc rtiou Ill'lll"mk,

such all th e syste m bus . For supercomp uters, sy nchroniznt .ion is I' llI" I"<' s, ' r i,, " ~

prob lem since a t least two or more processo rs ar c cruhcdth-d ill 1.1 11'".\'sh 'lll. Tl w!'"

fore , atte mp ting t o evaluate cache pcrformeucc exactly ill II !"I 'lllisti .. "oll'l," l" l

sy stem is quite diffic ult. We can, howeve r, use app roxi mat e lllod<'ls I<>r ('\'alll,1!iOIl

of cache beh avior an d per forma nce,

Cache performan ce can be descr ibed with referenc e to two "sp(~ds [!l]: l' i!,.[w

miss rate and access time . Th e first aspe ct is cache access t ime _. 1110' ti ll \" p''lll il'l ~ l

for the pro cessor to gel informatio n from or store information into I I" , "ad "" ( ' ~ ,,'I ,, ·

access tim e de pen ds not only 011 the design its elf but also Oil li lt' ll~·llIlOh,_c,.l" u-«!

in cache design, Therefore, t he effect of design changes Oil m"'t-SS IiUII"is rliflil llll
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to )Il"t'clid witho ut specifying the circuit technology Ilsed . T he second aspect is the

miss rat io of the cache me mory - the fract ion of all meruory references at tempting

to llCCCSS data which arc not Tl'sident ill the cache memory. I II gener al, every cache

miss makes t he processo r wail until t he desired data. can be received. The miss

ratjo ill relat ed not only to how the cache uc:sign alTcct.~ the numbe r of misses,

hut also lo how the umchluc design, including hard ware and soft ware, affects tl lC~

number of cache references (mai n memory references). For exam ple, the cache

miss rat.io depuud s on the program localit y implied by software and t he amount

of iufonna tion (onc word, lwo words ctc.) obtained by t he processor at it cache

rclcreuce .

fo, lallY comp uter systems (a lillost all modern supercomp uter and large computer

systems ] have cache memories of various designs to bridge the speed gap between

processor and main memory in order to improve system perfor mance. T his section

presents a survey of cache memories and their performanc e in severaltypical cache­

based comput er sys tems.

1\ high-speed cache memory was employed i ll the IBM Syste m 370 Model IG8.

T he cache was ava ilable in a size of e it her 8k or 16k byt es. The 8K-byle cache

memory had a cycle time of80 us [the same as the machine cycle lime) for access ing

-i·byle data. Il was organiz ed iutc 64 sets as a -t-way se t-associative cache. Th e

write-throughscheme was used for upd ating t ile main memory. T he average miss

fIlt,in was " uuul 7 percent [271, and rhc miss l'Iltio predicticu, accor ding lo the

DTt-IIl, iJlfi.3perce nt
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The JDM 3033 has a G4k-byte cache memory for bot h iustr uctic us and d al ,l

wit h 57 ne cycle t ime. T his large , higb-epecd cache memory is one or the main

reaso ns for the high perfc nn ance en bancemenL or th e 3033. T his cache is org.luizlod

into 64 5Cb as a 16-w1l.Y associat ive cache. The line , i7.eor the mM 3033 is 6·\

by tes . Also t he IDril t.thro~g/l policy is employcc.li ll UIC 10M 3U33. III Uli s IIplA,.·UI,

the main memory is divid ed into 8 modules so t llaL main melllory can trallS rl ~r ,1

line by int erleaving [51.

T he VAX-I I / i80 is 1\ :J2· bit high-pcrfonueuce lIlin:' :Ol1ll'u ler lirsl iutruduced

by DEC in 1978. Ire cache !La,>8k byte capacity organize d lute 512 sets , two lilli'S

per 5C1, an d B byt es (.1 by tes per word ) in each line [51 . Fo r the ruche memory or

the VAX· II/7S0, a dist inclio ll ill made be tween tI. rea d and a write mis!!. If lh(, l1~

is a read miss, th e required line has 10 be retr ieved h om the main mem ory and

writt en into t he dat a CAche, If t wo lines in til e given sd lUClull , some :;orLllf lilll:

replacement str ategy has to heemployed to dete rmine which line is S\\',IIIPl'll with

the 111,."\" requ ired line. The VAX-II /i8Ucache memo ry ust.':'!II. JTmdolll rf:pltl r r lllrn t

s t rlll('SY liS its poli cy Icr tlll(laLins UIC liue, If there is a lII i :<.'l CiUISt~1 hy a wrilA'

operation , only t he referenced location ort he main memo ry ill updated. This d., la

cache uses II buffered UJI·ile. 'h roug/i policy. TIH~ miss ratio or VAX-II /'18fJ wus

mea s ured 10 be I\bo ul 13.05 per cent [31J, and iLls alsocsli lllllll·tl 1o 1 1f~ 1:1); Imr('f'lIl

by t he DTM R.

To day cach e IIw mor ies he ve IJIX'IL integ rat ed witl l their com~pnllfl i llg lIlk ro-

prcreseors un a. s ing le ,·hi" . giviug so-ca lled on-chi ll cache 1II(.·IiIU1k'S. TI' l ~ Z8UtllIfJ
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microprocessor produ ced by Zilog ill 1935 includes a 256 byte on-chip cache mcrn ­

er y which is organlec d into Hllincs, 16 hytes each , as a fully associative cache. T he

ma ximum clock freque ncy for t he Z8000 0 is 25 til liZ , a nd when the Z80000 fetches

Froruits cache, only one systeru d ock cycle is required [28]. The leasi l'Ccclilly used

tille ( Ln.U) replacem ent algo rithm is used to choose th e line to be rep laced by the

new one from the ma in memory in the case of liue-m iss OCCUHcnce. T he write­

tll1vllgfl algorit hm is used in this cac he for its writing strategy. Whe n there is a

miss caused by a wr ite cpcrution, on ly the main memo ry is updated. Thi s cache

1In.<; a miss ra tio er as per cent for a no burst t ransfer mode and 12 perc ent for 1'1

u 1Il'1lLtrausfue 1I101ic 1:.1 !1]. It is predict ed to hnve, n ll a IlU ifiCI[-Cilc!W, n mlss rati o of

:mpCI' cent uslng ti le J)TMH.

A cuche memor y has a lso been ap plied to the Bala nce multiprocessor sys te m

introdu ced by Sequent Comp ute r Systems Inc. ill 1988 [371. Th is mu ltiprocessor

sys tem call pool up to t hirty 32-bil processors with a sha red main memory. A

subsystem ill this syste m is compose d of an NS32032 microprocessor, an NS3208 1

Ilcating-polut un it , ami an NS32082 paged vir tua l memo ry mana gcment unlt, pro­

d uced by Nationa l Semiconductor. III add itio n, each subsystem lias an Sk-by tc

two-way se t-associative cache memory to achieve a high pe rfo rm ance while mini­

mizing bus tra llic. In th is cache, wilh a 50 liS cycle tim e, there arc 512 sets , two

lineseach, and 8 by tC::! per line. T he wli /e_!/uvIlg li po licy is em ployed to keep a ll

tile copies in the sys tem consistent . W henever there is write rellllest Iro m one pro -

ressor in the syste m, th is request wil h the eor respoudiug address is sell t to upd ate



stale data in t he sha red memo ry while it is broadcas t to all tile caches to sec if lllt're

arc any copies of the dat a to be upd ate d. If so, the coerespoudiug cache routr oller

invalidates the affected hue. T he miss rat io of a single-thread cache memory is IS

pe r cen t [31], while the predict ed miss ra tio Iron, the DTMR is IS.!.!pe r cent.

Since the cache m iss ratio is very depende nt on the program s tll;,t execut e on

the cache-based systems end the models in l! l] ;HC ideal (in general , a rea l c;I(:11I'

memory is more complicated , a nd the re arc more facto rs Lo he considered}, we ca ll

see t111\t 0 ' 11' design tar get miss ratios are slightly higher than seen in simulations

descr ibed abo ve, and close to those from measured resul ts, such as for t he VAX­

11/1 80, which lends some credibility to the usc of the DT MIt as 11 reasoueble

estimator of cache pe rformanc e, as note d ill [i I). Th us, til(: sot or design t arget

miss ra tios is very useful for design ami impleurcutntiou of a possibly new cnche 01

architecture. Also we cnn see that the line sizes of the systems discussed n!JoveS('C11 1

too sma ll. A larger line size providesa lower miss ratio under a fixed cache size. It is

clea r tha t caches using sct-associ a tlvi ty have lower a miss rat io tll,111 t hose ueingI,llt'

direct-mappedmethod. Another problem is tlml ~IUJ above f;YS I.I~ IIl~ which use sd·

assoclntivity have a smal l sot size, which alfcd!! t he cache miss rut ios. III addition,

for impleme ntations o f exisliu g ca che memories, a~lllosL all caches are i l1 l ll ll ' l l ll~Jll' ~fl

in ei ther multi-c hip or on-chi p configurations. In t he case of chip lids , sevnr a] chi p.~,

inclu ding a ile cache contr oller andseveral high-speed sta tic RA M chips, a rc used tn

buihl a cache memory. This kind of cache memory is designed for specia l p]"(J!;essors

and has a fixed Cliche size. T IleYdo not Il1l\C much Ilexihili ty; for eX ;Lllll'l,~ , ti ll'
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cache size call net be cha nged alter the cache com rcller is designed , and t hey ha ve

longer delay t ime bet ween Ihe cachecon troller and RAM chips. An on-chip cache

docs 1I0t have a delay p enalty du e to lnt ercouno- t jon bet ween th e chips of a multi­

chip cache ml'mory, bill en- ch ip caches have LIII~ same p roblem ur innexi bilily ilS

tlu multi- chip cache mc mories . In additioll, t ili" kind of cache in general lias on ly

a small ca paci ty using lrnlay' l'Itechnology, which le.'l.ds to l\ 11ighcr miss rat io.

lJl<Iing VLSI tcchuo jogy, IVecall make tratkUrr8 to ~'t-"lIi gll " lloyd cache memory

chip with littl c lIeiay peunlty by eliminating tIle wlrc-ccnncctlon delay between t he

cache contro ller aud the cnchc data memory. Multiple uniform cliche ch ips call be

use-d to build cache syste ms o f various sizes, asso ciated with one processo r. Th is

cache S}'Slclll can he used as a tr ad itiona l unifiCtI CAChe fo r be t h inst ructions a nd

Ui'lta, or iUI separate illd rllcl io ns or data cache .
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3 IMPLEMENTATION OF THE CACHE

ALGORITHMS

3.1 Cache Design P ara met er s

Typically, a cache memory sys tem can ca pture well over 90 pe rcen t of a ll references

to mai n memory. Optimizati on of the cache desig n pa ramete rs is very importa nt

to decrease t he cost/performance ratio for high-perfor mance cache memories.

Optimizing the d esi gn of cache memory has (om aspects (91:

L maximizing the hit rat io

2. minimizing the access time to cache data

3, minimizing delay due to a cache miss

4. minimizing t he overhea d or upd ati ng mai n memory and maintaining cache

coherence

In add iti on , for cac he me mories fo r multipr ocessor syst ems, ccneldcrarion 11IL~

lo be ta ken to maximize bus a nd sha red. memory bandwi dth a mi Lo minimize lIw

bus ban dwidt h required b)' cadi processor in ord er 10 maximiz e tl\(~ sys tem pcr fcr­

munce, T he re arc also tral lc·o lfs which <!CllCIHI on the technology of illlpiemcn1at iull

for t ile cache; for exmuple , betwee n h it rat io a nd access li llie.

Ther e are many factors to be conside red duri ng f:lld w dos ign whicha ffed system

performance. Parame ters for cache design are classified into int rinsic ilnd extrinsic
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paramete rs [5/. Elk-d ive mcmory speed and cost arc t wo int rinsic param eters.

Extr insic parameters, such as hit ra tios, control algori thms, etc., are selected based

011 the results of experiment al da ta and simula tion, and arc varlables which must

be conside red for t he syste m design,

Of all the ccnshlerntions which are related to cache memory, t he Icllowiug nrc

mai nly ronslderr-d (luring de sig ll lliuCI! cache jJerrnr l1la llCC is scnsiti ve to chuin :s

concemlng these aspects:

J. Fd ch policies

2. Mapping policies

3. lteple ccment policies

~. Swapping policies

5. lIi t ratio and access time

6. Cache mcmory capaci ty

7. Line size

8. Cache data path wid th

!l. Ma in mcmo ry organ izatio n

Felch algori th ms are used to determ ine when t ile system br ings infor m,l t ioll

into the cache memo ry. In ge neral, the major fetc h algorit hms arc de mand-retch

end prcfctch. Unde r the dem and felch a lgorithm , a linc is fetc hed only if it is
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needed. The pr('[eld l algorilhm, 00 other hand, gelfl informalion before il is needed.

Therefore, tbe prefcteh algorithm is based00 some kind of prediction about. wl,irh

line will be used IIcxl. IlIll IlS ~ be designed cardully iCthe lIIachilll! pcrfOrn\;lIlCr il'

Lo be improved rather tha n dq; ri\dcd [91. h nlllcmcnl i\l ion of i\ prd l'k lt Ill~uri tlllll

is usually U IO! C collljllicate c.J than dema nd fclch.

Mapping policies tire used to t ranslate the logical nddn.'S.~ space to rcll ll'l(I,lr. ,,~

space. Efficienl address ltilllll lLt ion schemes should accomplish addr ess t ti\II~ lalioll

ill such a way as to minimize the appare nt i\CCC~S time. lnfonua tion generally i~

obta ined from t he cache nssocintivcly; larger associative memory is more expensive

and slowe r. Helice, there lIIusl be some tr ade-off of assodllli vity during cache

design, in terms of the design end technclogles that are employed. A mapping such

~hal any of the lines in main memory call be mapped into any line slot.sin cache

memory is called a lu ll assoc iati ve mapping. T hat is, a line of main memory limy

be mapped into any locaLion oCthe cache memory. TYI.i!:ally, k'ngLh of a. line ill

cache memory is as the sallie as that of main memory. If the cache melllory is

full and t here is a mip , t he requested line (' 1m be Irausferrod into any line IIlut

of cache memory from main memory, in a. manner depending 0 11 ti le rf'l'laCCltll'lll

po licy employed . Thus UJi!t mapping provides the minunumprobability Ior I j lU ~ ~ ltJL

content ion problems and the largest hil rat io for /l. given problem. However, Illwillg

one comparator per address tllg makes it very difflcult ;UlI! costly to impll:IJI(~ll1. t

especiallyin iI. large c.'chc memory.

A direct -mapped cache 11<t.!t only one ccllllpara t.e ,r ",llid . is c' J1I lll'(:k .1 lo Ill! u...



ad dress tags in cache memory. Each time only one address t ag Cilll 00 selected

lo compare with theaddress from the processor. Th is mapping is a many-to-o ne

mapping. 'nat is, any given line ill main memory call reside logically only in one

spec jfled lino slot in cache memory. A dlrect-me pped cache memory mandates

a fixed replacement policy; if tl-erc is a linc miss, beth the cache tag and t he

corresponding line am replaced wil h the requested main memory address and its

line. This mapp ing has the highest probabi lily o f cache memo ry slot contcutlon

since there is iI fixed replacement scheme. Furthermore, it generally has a rclntlvely

low llit rati o. Unlike the full-associative mapping, it is (Illite simple ami easy 10

implcrucut.

A thi rd llHlpping mdhod is an S-w;,yset-assoclutive mapping, which is 1.1. hybrid

of the direct- mapped an d full-nssociutivc metho ds. An Scweyset-associative cache

has multip le seta which e1111 be selected by direct -mapping, and there arc S lines

slots in each set which can be simultaneously compared wit h t he address from the

processor. 111 this mapping syste m, there arc S compa rators, a compa rator for each

"WAY" _ Set-associative llIi1ppillg has a reasonable intplemc utnt lon com plexity ane]

hlt rauo. lucrcasiug the cache size of a set-associa tive cache gives 11 greater hit ratio

t han increasing th e depth of a direct-mapped system. On ot her hand , increasing

the number of seta, or ways, of a set-ass ociative cache memory a lso gives a greater

hil rat io. lienee many high-perfo rmance cache memories, especially large scale

caches, adopt the set-associative ma pping mechanism as a compromise between

complexity and performance. More details ahout Scway set-associative mapping

25



arc given ill t he next chapter.

An opt ima l replacement policy would predict the line which will be used il1t·"dll-'

memory (or a given set) furthest in th.. Juture and which consequently should h•.'

discarded when the cache memory (or a given lid ill cache memory) is full mill

a cache miss occurs. This policy would keep <.\a~n in the cadlC ~ Clptirlliwd for thr­

lIigl1(:st hit rat io, and tile maximum system throughput . However, t llis opLilllal

replacement policy can not be implemented since it requires a predicLion of the

future behavior of the running program.'!. Thcrdo re, SOlllC approximatiou hilS to be

made. T here arc three types of pract ical replacement 1l.lgorilll1l1sccnuuouly used

for cache memory syslems; Iirat-jn first-out (FIFO), random, ami I(~nst rec ently

used (LRU) line replacement, to approximate this function. The FIFO algorithm

is based on the principle that the first line tc be referred is predicted to he the

line not to be used in cache memory (or in a given set) Iurthost in the lntun-,

and that this line is replaced by the new one from main memory. Th is algorithm

does not rea lly rcllect the program locality VCf)' well, since the first line mi~)' hi'

used frequently, but it is easy to implement. The random scheme is hIL~ I 'd 0 11 a

random number from a random number generator to create the line 11 11 1l1hl~r or

a line which is replaced by a new one whenever there is a replaceme nt need. A

cache memory employing this a lgorithm typica lly has a 101'1 Idt 1"I11iu slnco this

algorithm is not able to reflect the program locality. T he It'a .~1 rccclIlly 1I.~cd tine

replacement algorithm, which looks backward (pa.~t) , is usually ulile tc rdb:t the

program locality well since it is bnsed 0/1 historical line usage. Th ilt is , lllll least



1ISt.-d line in the recent past is replaced by th e request ed line from main memory.

Since this algori thm requires more stored information about the past , it is more

dirficult to implement in hard warc, especially in & lar&c scale cache memory. A

varia tioll, a n approximation of the LRU algorithm, can be used to simpli fy the

hardware huplemcn taticu. T his variation is based on the fad 1.ha t if a line has ne t

IK'CII referenced ever a re rtein t ime per iod, it is less likely to be needed next tha n

lincs ill cache memory (or in a given set ) tha t have Ol'C1l referenced ill t hat period.

~l(lre details of lire Il!a~t recently used line rcplecem ent algorit hm a rc described

ill the next section . No one best algorith m exis t! from L11epract lcal I""placement

algorithm.'! la). SOllie .1lgorith lll, compared wit h the Ut/ICC Illgori Lllllls, is Lcu er fur

I'artinl lu da!'i~t"S of prohlems mill poorer for ot her classes. However , in general ,

the LItU algorithm is clearly the best choicefor most applieatlous, since it is based

on historicalline usatc (t ile recent past appears to be II good estimate o f the ncar

flltucc), it works well, and it increases the hit ratio when the number or lim..'S is

increased.

SWI\I'pillg algorit lulls lire dcs jgned for t ransferring II. new line (rom the main

memory to t he cache when t he requested info rmation is not in the cache. 'Typ­

icnlly, t here arc two kinds of sWOl pping elgcri thmc write.throll!J" an d cOlly.back.

III the llwi lc .tlmlllgll scheme, II. processor write to cache memory is immedia tely

written t hrcugf to main memory as well.T here fore, the informati on in bot h cache

memory and maiu memory is I\lwl\Ys consistent . Pu rthcnnore in a mult iprocessor

envi ronment, it can Ilall(Uc mult iple-cache coherence in all easy way. Unlike the
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wrile-thl'ougllscheme, the copy-backscheme (withou t line miss occurrences] only

upd at es the cop ies of req uested data in cache memory without dist u rbing main

mem ory. Whenever there is a line-miss, cache memo ry copies Lack the line to be

overwritten to mai n memory before transferring the requested line to cac he moru-

cry . It can red uce tr efflc between cac he memory and main memory. However, il

requires more comp licate d logic; am i the re is a coherence problem hdw('(~n cl,c111'

memo ry and main memory, and pote ntially between multi-caches ill a multipro-

cesse r system. In contrast, the write-th rough metho d has higher Iratfic hdween

cache memory and main memory since write operations vary from JO.pcrce ntto

30 pe rcent out of to ta l references, depending on processor architecture and t he

particular set of applications. The average percentage of write operati o ns in 19Jis

16.

T he hit ratio for a cache memory is defined as the probabi lity, or the frac tion of

times, that a memory request is found ill cache memory. If we define the pro!Jahilily

of all t he references to memory as I, the miss ra tio of cache memory is ( J· liiL

ra tio) . Th e hit ratio for a cache memor y is one of ..he most ilillJOl"LitnL Iactors for

the per forma nce evaluation of cache memory . Other important facto rs affecti ng

the cache performance are the access time for the cache memory, including thnc

to sea rch the directo ry, a nd the cache memory cycle l ime, which is defined as t ile

time t he processor accesses information in cache memory. The access rime of u

cac he memory is effected not only by the architecture, or design [including all

the a lgorit hms and pa ram ete rs selected ill cache dcs jgn and implementation or t he
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illgorithl l1~ lnhard ware}, but also by the t echnolog y adopted (bipolar, c rvIOS , de).

The cache capacity is usually dictated by ma ny {actors having to (10 with tile

system cost and performeoce. III genera l, a large cache capacity call produce

n highe r hit rat io, and i ll turn a bette r perform a nce, H owever, t here a re some

lunitnt .ions all cache size beyond which cac he memory h a s either a high COl'lLor

perform a nce dec reases du e to tho long access time.

TIIC line size of cache memory is one o f the most important parameters which

sensitively affect cache perfonnanee. 'I'horo are a. number or trnde-cffs for a rea-

souable line size ill tenus of arch itecture a mi tec hnology. Using VLSI tcclt uology,

it larger line siZtl is preferred because it achieves a lower miss ra tio withou t much

extra ("(1S t . Hut if it is too large, it lncrcases line lrilllSfcl" time a nd, iu t u rn, de­

creases system speed eve n if tile h it ratio is increased. It a lso depends all th e datn

path width bet ween cache and m niumemory

TIle cache da t a llilth wid th mu st beconsidered d uring ti le design process siucc it

diTl'CI,ly dcrenuincs the ti me required whe n a line is transfe rr ed fro m ITlltill memory

to cache llIemory, From the po int of vie w of pe rforma nce, the cache da t a pnlh

should b e as wide as posai ble. It is clear, ho wever. t hat cache data pa th isexpensive.

Doubling the path width means d oubling t he numbe r or lines ill and out of t ile cache

nud all t he associ,\ll~ 1 circuitry. T ile pat h width is critica lly important to caches

illlplclI\(' lIkd us ing VLSI technology beca use of t he limited number of I/O pins on

a chip. llcuc-, a t.rarle-olf of the cache <la.ta pil~h wi(l~h ha s to he m ade du ring tile

cuche dcslgo to achieve a rC'l.sonahl e cost/ perform a nce.
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Although t he use of cache memory in computer systellls can greatly rc(lnn'

direct re ferences to main memory, memory traffic is ~1iI1 a very significant pnrfor­

manoa fador, especially ill a multiprocessor SystClll. Memory tra Hk n lllsish of

t wo components: felch t raffic and write-t hrough or copy-back tr alfic. The felcll

Irallic ari ses from the t ra nsfer of data from the lllai ll memory lo the cad lC whih'

the write-thr oug h or copy-back t raffic is from tile cache tc the main memory, The

felch t ra ffic call be obtai ned by multiplying the m iss ratio by the line size to gd

tr llrric ill bylCli/l"d ercllcc. The write-throug h tralllc cnu Ill' c/(k lllaL,·.1 by urultlply­

illg a wr ite ratio (the ra t io of writes to total references) hy the numbcr vlhytca per

write oper ation . Similarly, the copy-back tr affic call be determined by llluiLiplyilll;

t he miss ratio by the line size, since a line Iniss ca uses writing of all cxistills cuche

line in the cache into t he main memory before tr an sferring the requested missing

line to t he cache . For evaluation of a cache-base d multjproccssor system willi ..

single bus , a bus utilization call be used to estimate tile memory tra mc. T Ill! bus

utilization is defined as t he ratio of time spent do ing useful wurk to t ile to tal ruu

time of t he bus.

Since decreasing memory trallic or tra nsfer time during a line miss ran increase

the system performan ce , optimizat ion of th e erguul zrdion of both t he main memory

and interconn ec t ion network is a key Factor for lrigh syste m performance alit! low

cost. For the interco nneclion network, a wide da t a pat h call reduce t he transfer

time, but. the cost is much higher. 0 11 the other ha u-l, if the main memory is IWI,lI'

1111 or se veral modules which ca n operate independently, traffic (' , I II b. ~ n'l l lIn~1
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bcce usc mo re Ullm aile mod ule can be busy wriling a l one ti me. Fur lhennore, if

mo d ules can trenefer dilTeren l words in II. line by int e rkaving , trll.Osferring a Hue

from main memory tc cache on1:' ta kes one main me mory cy cle . Th us . the ma in

memory ba nd width ca n be inc reased while the transfe r time is greally decreased ,

3.2 T he Str-ucture o f the Ca che Mem ory

During the design o f the ca che memory descr ibed he re, algo r i thms an d pere ruc­

lt~rs II Sl,.oU ha ve been selected cnrerlllly, uud a number of Irudc-cfls be t ween t he m

lmvc been m ade in o rder Lo achieve high performa nce. 'l'hccac he memo ry syste m

described here is implemented as a singlechip . Furtherm ore, t his implementa tion

allo ws a cac he of var ia bleca pa city (lar ger tha n tile ca p acity o f a single cache chi p)

by u:-.ing several of th e each ,. memory chips. The sillglt-chip cadle memory cleo

scribed here has Il. cnpacily o f 8K hytes because of sili con area limitatiollS for t he

3 micron CMOS ll"Chnology. T he wo rd size fo r this cach e mem ory is 32 loitssince

LlIL" cache is designed for a 32-I,il computer sys tem. A word is 1I0t necessarily t ile

Slll<l l1l0:0;t unlt that t ill' proo~ssor call access. The pro cessor call directl y access I ,

2. :J, or 4 by tes (mill t he cac he. There fore, it pr ovides more Ilex ihility lo computer

systems ill which the cache i ll U~I-'t! . It ...I ~o allows for th e possib ili ty tha t thlscache

CII U be used ill 16·hil compu te r systems , provided ccn t rcleig n nls for the cache ca n

connec t wit h that o f the pro ces sor wit h reaso nable a dditio ua l logic. T wo cloc k

Ilhalll.'!l, CKI allli C !\·2. arc employed to pipel ine th is syslem . Encl. of the cloc k

I,hast':'!has a minimu m cyclc period o f 36 na no seconds (derived from simulation )
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'to The cru

Figu re 3: T ile BASic Cache Memory Struct.u re

in whidl t he associa ted pro cessor ca n read a n ilUlrucliouor d ala.from the ca che ,

Fig. 3 dc pieu t h e struct ur e of t.h is cache memory. It is co mposed of four I.>a.~ic:

componen t.s &:!J follow s: the Address Trans lation FUlldioll o r Uircctory , tile Liue

Replaceme nt Unit. (LIlU), t he Cach e Memo ry aud t.he Con trol Unit .

During C K1, t he addres s from th e processor is la tchrJ in the eddnss reg islc'!"

of UICcache , and t.hcl1 it is ecul to t he dire ct ory to 111.1: if t he: lill': COlllniuiug, l1l,'

req uested dat a is in tile cac he . If so, the line number gcnsrnt cd bylh e /iut lIl/mllr.,.

gell enllor, t he set n umber from th e address register, allli t he word orrsd ill 1I 1 ' ~

lin e are a ll combine d 10 Iorm l\ word address for t ile a d .. ! llK'I1lUry alill la t d ll' ]

into the ca c he me m ory rcg ist.cr. In additio n; lilt! p rOpl'f h)'k>{lI) C;lII he: aC(·~SI.,1
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