Eldn twv Cache Misses: 3C’s

1 Compulsory: supBaivouv katd tnv mpwtn npdcpaocn oe
eva block. To block nmpemetl va kAnBet amo xapunAotepa
entimeda pvAung Kat va tomoBetnOel otnv cache
(armokadoUvtal kat cold start misses n first reference misses).

2 Capacity: Ta blocks anopakpUvovtat and tnv cache emeldn
dev XwpAve o€ AUTAV OAQ OO OTTALTOUVTOL KOTA TNV EKTEAEDN
EVOC TIPOYPAUATOC (To cUVOAO Twv dedoUEVWY TTOU
XELpLleTOL EVa TPOYPOUUA Elvol TTOAU LEYAAUTEPO ATTO TNV
XwpntkotnTa tnS cache).

3 Conflict: 2 TNV MEPLTTWON Twv set associative n direct
mapped caches, conflict misses €xoupe 6tav rnoAAd blocks
arelkovidovtal oto i6lo set (armokadouvtal kot collision
misses n interference misses).

O O © © Nahonal Technical University of Athens
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Ta 3 Cs twv Cache:

ArntoAuta Miss Rates (SPEC92)

0.14
0.12
0.1

0.08
8-way

0.06

Capacity

Miss Rate / tumo

0.04

0.02

00

— <

o}
i

32
6

MéyeBoc Cache (KB) Compulsory

cslab@ntua 2018-2019



Ta 3 Cs twv Cache:

Miss Rate / eiéoc¢

2xetika Miss Rates (SPEC92)
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BeAtiotonoinon tn¢ enidoonc tng Cache

Nwg;

* [eploplopocg tou Miss Rate
* Meiwaon tou Cache Miss Penalty
* Melwon tou xpovou yia Cache Hit

\~ 4
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BeAtiotomnoinon tn¢ enidoonc tn¢ Cache

* Texvikec peiwoncg tovu Miss Rate:

*  MeyalUtepo péyedog block * A0ENoN TG xwpnTkoTNTOC TG cache

*  MeyalOtepou Baduov associativity * Pseudo-associative Caches

*  Victim caches * Hardware/Software prefetching evtoAwv-6edopévwv
* Compiler-controlled prefetching * BeAtiotonowjoeig otov Compiler

e Texvikec pewwonc tou Cache Miss Penalty:

* Cache 20u emunédouv (L,) * merging write buffers
* Early restart and critical word first * Non-blocking caches
*  TMpotepardotnta ota read misses Evavtl Twv writes

e Texvikec peiwoncg tou Cache Hit Time:

*  Mukp£g kat anAég caches
*  Amoduyn ¢ petddpaong twv dteuBuvoewv Katd tn dtapkela tov indexing
* Pipelining writes yLa ypriyopa write hits

O O © © Nahonal Technical University of Athens

.
)
cslab@ntua 2018-2019 00 SLab



TexvikéC peiwonc tov Miss Rate

MeyaAutepo peyedoc¢ Block

o To peyalo péyeBog block BeAtiwvel tnv enidoon tng cache eneldn enwdelolpacte ano tnv spatial locality
e T debopévo péyebog cache, peyadtepo péyeBog block onpaivel Atyotepa cache block frames

¢ | H enidoon BeAtiwvetal LEXPL TO ONUELO OTIOU AOYW TOU UKPOoU aptOpov twv cache block
frames avfavovtat ta conflict misses ko emopévwg Kot To cUVOALKO cache miss rate

25%
_._
20% 1K
_._
15% e
Miss - e
Rate 16K

10%

— T 64K

5% | —s— 756K

0%

(@) O © © Nanonal Technical University of Athens
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Texvikéc peiwonc tov Miss Rate

MeyaAutepo neyeboc cache

 Me tnv abénon touv peyEBouc tnc cache mpokaAeital:
— avénon tou hit time
— aU€&non TOU KATAOKEVAOTLKOU KOOTOUC

e Autn n texvikn dnpodAng oe off-chip caches

* Jnueilwon : ot L2,L3 caches onuepa €xouv peyeboc
0oo Ntav N Kupla Mvnun mipv 10 xpovia

(S =
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TexVIKEC pelwonc tou Miss Rate

MeyaAutepou BaBuou Associativity

Napadetypa: Méooc xpovog npocfaong otn pvAun vs. Miss Rate

Cache Size Associativity
(KB) 1-way 2-way 4-way  8-way
1 2.33 2.15 2.07 2.01
2 1.98 1.86 1.76 1.68
4 1.72 1.67 1.61 1.53
8 1.46 1.48 1.47 1.43
16 1.29 1.32 1.32 1.32
32 1.20 1.24 1.25 1.27
64 1.14 1.20 1.21 1.23
128 1.10 1.17 1.18 1.20

(MmAe onpaivel 0tL o HEoog xpovoc Oev BeATIWVETAL UE TNV avénon Tou
associativity)

O O © © Nahonal Technical University of Athens
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TexVIKEC pelwonc tou Miss Rate

Pseudo-Associative Cache

Juvbduadlel To pkpo xpovo avalntnong (hit time) twv Direct Mapped caches kal to
HULKpOTEPO aplBuod twvr conflict misses otic 2-way set-associative caches.

H cache Siatpeitat og dvo tuRpata: Otav €xoupe cache miss, EAéyxoupe to AAAo
LOO TNG cache ywa va Soupe av ta dedopéva rou avalntape Bplokovtal kel
Jtnv nepimtwon avtn €xoupe eva pseudo-hit (slow hit)

O gukoAOTEPOC TPOTIOC VAOTTolNONC €ival n avaotpodn tou most significant bit oto
niebio index yia va Bpiokoupe 1o dAAo block oto “pseudo set”.

JHitTime |
Pseudo Hit Time Miss Penalty

A A
A 4
S
v

v

Time

Melovektnpua: eivat SuokoAn n amodotikn ulomoinon tou CPU pipelining av to L,
cache hit maipvel 1 1} 2 kUkAouc.
— Xpnotponoteital kKaAUtepa o€ caches mou dgv eiva cuvdedepéveg anevBeiag pe
™ CPU (L, cache).
— Xpnowomnoteitat otnv L, cache tou MIPS R1000. Napopota givan kaw n L, tou
UltraSPARC.

O O © © Nahonal Technical University of Athens
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TexVIKEC pelwonc tou Miss Rate

Victim Caches

Address

CPU

Address
In

* : | Out
Q-
-~ 1 8
Tag
Victim Cache
L Data
Cache
=?
1
Write
e Ta 6edopéva mov anopakpuvovtal ano tnv cache Buffer
tornoBetouvtal o€ Evav pkpo npocdeto buffer (victim —
cache). Lower Level Memory

e Je nepintwon cache miss EAEYXOULLE TO IEPLEXOUEVO TNG

victim cache mpwv ta avalntiooupE otnv KUPLA UVAKN

e Jouppi [1990]: Mia victim cache 4 eL006wV AOTPEMEL TO

20% £w¢ 95% twv conflict misses yia pia 4 KB direct

mapped cache

e Xpnowuornoteitat o€ Alpha, HP PA-RISC pnxavipota. © OO © Netonsl Techmca Unrversey of Athens

.
)
cslab@ntua 2018-2019 00 SLab



TeXVIKEC peiwonc tov Miss Rate

Hardware/Compiler Prefetching evtoAwv kat dedopgvwv

*  O¢épvoupe evtoAég N dedopeva otnv cache § og €vav e€wtepko buffer
(prefetch) mpwv {ntnBouV amo tn CPU.

* [Mapadewypa: O Alpha APX 21064 depvel 2 blocks og kaBe miss: To
{ntoupevo block tomoBeteitat otnv cache ko T0 APECWCE EMOUEVO OE EVOV
stream buffer evtoAwv.

* H idta Aoyikn epappoleTol Ko oTLC IPooTteEAATELC SESOUEVWY UE EVOV
data buffer.

*  Mrmopetl va emektaBel kat ylo toANarmAou¢ stream buffers dedopevwy oe
Sladopetikeg SlevBUvoeLg (4 streams BeAtlwvouv To data hit rate kata
43%).

e AmodelkvUETOL OTL, OE OPLOUEVEC TIEPLITTWOELC, 8 stream buffers ot omolot
Xelpilovtat dedopeva ) eVIoAEC, umopouv va anotpePpouv to 50-70% twv
OUVOALKWV mMisses.

O O © © Nahonal Technical University of Athens
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TexVIKEC peiwonc tov Miss Rate

Compiler Optimizations

BeAtioTOMmoinon ToU KWSHLKA EMITUYXAVOVTOG TOTILKOTNTA KATA TNV
npoornélaon dedopévwy :

*  Avadlopyavwaon twv procedures otn UvAUN yla tn peiwon twv conflict
misses.

* Merging Arrays: BeAtiwon tng spatial locality pe évav nivaka debopévwv
avTi 2 TivaKec.

* Loop Interchange: AAN\oyn TNG 0€PAC PWALACHATOC TWV BpoXwV yla va
npoorieAaUvoupe ta dedopéva pe Tnv dla oelpd Omwe amoBnkevovtal

OTn KvAun.

* Loop Fusion: YuvluaoUOG 2 ] TEPLOCOTEPWV AVEEAPTNTWY PPOXWV TTOU
TLEPLEXOUV TOUC (O6Loug BpOXOoUC KOl KATIOLEC KOLVEC ETAPANTEC.

* Blocking: BeAtiwon tng temporal locality mpoomeAlavvovtag Eva Tunpa
LOVO TwV 6€S0UEVWV EMAVOANTITIKA AVTL va SLaTpEXOUE OAOKANPEC TLG
VPOAUUEG N TIG OTAAEG.

O O © © Nahonal Technical University of Athens
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Texvikeég peiwong tov Miss Rate: Compiler Optimizations

Merging Arrays

/* Before: 2 sequential arrays */
int val[SIZE];
int key[SIZE];

/* After: 1 array of stuctures */
struct merge {

int val;

int key;
i

struct merge merged array[SIZE];

Merging :
Mewwvovtatl ta conflicts petafl twv otoyeiwv twv val kat key
* BeAtiwon tou spatial locality

O O © © Nahonal Technical University of Athens
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Texvikeég peiwong tov Miss Rate: Compiler Optimizations

Loop Interchange

/* Before */
for (k = 0; k < 100; k = k+1)
for (3 = 0; § < 100; § = §+1)
for (i = 0; i < 5000; 1 = 1i+1)
x[1]1[J] = 2 * x[i][J];
/* After */
for (k = 0; k < 100; k = k+1)
for (i = 0; 1 < 5000; 1 = 1i+1)
for (§ = 0; 3 < 100; § = F+1)
x[1]1[3J] = 2 * x[1][J];

H npoonélaon dedopevwy mou Bplokovial o€ CUVEXOUEVEC BECELC UVANG
Kal oL e amootaon 100 A€ewv BeATIWVEL OTO IAPASELYUA HOG TNV
spatial locality.

O O © © Nahonal Technical University of Athens
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Texvikec peiwaong touv Miss Rate: Compiler Optimizations

Loop Fusion

/* Before */
for (i = 0; 1 < N;
for (3
alil
for (i = 0; 1 <
for (3 = 0; 7

J

i = 1i+1)
N; 7 = J+1)
L] (3] * cli][J];

I
. O

~
b O
|_|

for (i = 0; 1 < N; i = 1+1)

for (3 = 0; J < N; jJ = j+1)
{ alil[j] = 1/b[i]1[J] * c[i]l([J];
dfi][J] = alil[j] + cl[i][J]; }

— Avrtl 2 misses/access ota a & ¢ teAlka 1 miss/access
— BeAtiwon tn¢ spatial locality

© © © © Nahonal Techmical University of Athens
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Texvikeég peiwong tov Miss Rate: Compiler Optimizations

Blocking

/* Before */

for (£ = 0; 1 < N; 1 = 1i+1) 01 2 3 4 5 Yoot 23 45 " 01 2 3 4 s
for (7 = 0; jJ < N; 3 = J+1) 0 0 0
{r = 0; 1 1 f
for (k = 0; k < N; k = k+1) { 2 ; B ., &
r = r + yli][k]l*z[k][J]:};| >3 3 3
x[1][J] = r; 4 4 4
} 5 5 5

* OL2 ecwteplKkOTEPOL BpOXOL:
— Mpoomnehavvouv O6Aa ta NxN otowxeia tou z[ ]
— Mpoomnehavvouyv enavaAnmtikd ta N otowxeia tng 1 ypoppung tou y| |
— Eyypadn twv N otowxeiwv tng 1 ypopung tou X[ |

* Capacity Misses : eivat ouvaptnon tou N kat tou peyEBouc tng Cache:
— 3 NxNx4 <=pey€Bouc tng Cache => kaBoAou capacity misses

*  Baowkn Wéa: avalntape tov BxB unontivaka mov xwpaetl otnv cache

© © © © National Technical University of Athens
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Texvikec peiwaong touv Miss Rate: Compiler Optimizations

Blocking

/* After */

K
for (33 = 0; 33 < N; 33 = J3+B) S A

for (kk = 0; kk < N; kk = kk+B) : y "
for (1 = 0; 1 < N; 1 = 1+1) ; 1 1

for (J = 3J3J; J < min(jJ+B,N); j = j+1) , ) .|
{]f:O,' 3 is 3
for (k = kk;k < min(kk+B,N);k = k+1) |, 4 4
r=r + y[lil[kl*z[k][J]; 5 5 5

x[1][73] = x[1][3] + x;
s

B :Blocking Factor
e Capacity Misses avti 2N3 +

N2 -> 2N3/B +N?

* MBavov va ennpealovtat kot ta conflict misses

© © © © National Technical University of Athens
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TeXVIKEC peiwonc tov Miss Penalty

Early Restart kau Critical Word First

Aev nieplpévou e va petadepBel to mAnpeg block otnv cache mpwv tnv
enmawvekkivnon tng CPU:

— Early restart: Apéowc HOALC dopTtwOEL n InTtoUevn A€€EN Tou block,
artootéAAetaL otn CPU ko ouvexiletan n enefepyacia Twv SESo0UEVWY
OTtd AUTAV.

— Critical Word First: ®optwvetal npwtn oo 6Ao to block n {ntovpevn
A€€N kaL artootéAAetat otn CPU apéowc LOALG Taoel.

* EtolL n CPU ouveyilel tnVv eneéepyaoia evw ol umtolouneg Ag€elc tou block
pnetadEpovrtal amo tnv KUPLAL UVNHN.

Elvail ouvnBwce xprolpeg otav to peyeboc twv cache block sivat peyalo.

Ta poypappoata e kaAn spatial locality {ntouv 6ebopéva nou
Bplokovtal o€ cuvexOpeveg BEoelc pvnng kot 6ev emwddelovvtal amo
TNV TEXVLKN Tou early restart.

O O © © Nahonal Technical University of Athens
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TexVIKEC peiwonc tov Miss Penalty
Mpoteparotnta ota Read Misses Evavtt twv Writes

e XTIc write-through caches pe write buffers mapouvoialetatl ntpoBAnua
LLE TLC CUYKpOoUOoELC RAW Katd Tnv avayvwon armo Tnv KUpLo Lvnpn os
neEPLUMTWon mov €You e cache miss:

— O write buffer kpatd ta npooddtwc tporonotnuéva dedopeva mou xpeLtalovtol yLo tThv
avayvwon.

— Mia AUon sival anAd va tepleEvou e LEXPL va adeldoel o write buffer, av&avovrtac €tot
To miss penalty (o maAtoug MIPS 1000 kata 50% ).

— EA€yxoupue ta meplexopeva tou write buffer mpwv tnv avayvwon: av dgv utapyxouv ket
Ta {NToupeva SeSOUEVQ, TIPETIEL VAL TAL KAAECOUE ATtO TNV KUPLOL VAN,

e JTLc write-back caches, yia éva read miss avtikaBiotatat to block av
elva dirty:
— JuvnBwce: MNpwta petadépetal to dirty block otn pvApn KoL 6Tn CUVEXELQ
TIPOYUOATOTIOLETAL N avAyvwon.

— Aladopetika: Avtiypddetal to dirty block og évav write buffer, otn cuvéxela
TIPOLYLLOTOTIOLELTOL N avAyvwon, Kol TEAOC N eyypadn.

— H CPU kaBuotepel Alyotepo yLati Eekivael tnv eneéepyacio SE6OUEVWV AUEOWC LETA
TNV avayvwon.

O O © © Nahonal Technical University of Athens
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TeXVIKEC pHELlwoNG Tou Miss Penalty

Merging write buffers

* ‘Eva cache block frame diatpeiton og sub-blocks.
* Ynapyxel eva valid bit ava sub-block ota cache block frames.

* A& xpelaletal va poptwooupe eva oAokAnpo block otnv mepimtwon miss
oAAA povo to {ntoupevo sub-block.

AlevBuvon eyypadng

Write address  V v v A"
100 1 Mem[100] | O 0 (4]
108 1 Mem[108] | ¢ 0 0
118 1 Mem[116] | O 0 o
124 1 | Mempi24) | o 0 0 kaBe buffer xwpaeL 4
AE€eLc Twv 64-bit.
AleBuvan eyypadng
Write address  V vV \'4 Vv , ,
Movo oto 20 oxnua
100 1 | Mem[100] | 1 | Mem[108] | 1 | Mem[116] | 1 | Mem[124]

aflomotlouvtat

O O © © Nahonal Technical University of Athens
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TeXVIKEC peiwonc tov Miss Penalty

Non-Blocking Caches

Ow Non-blocking caches 1 lockup-free caches emitpenouv otiC data
caches va amootéAAlovuv dedopéva tou TepLexouv (cache hits) 6co
SLEKTIEPALWVETAL EVOL MISS:

— Anauteitan out-of-order ektéAeon twv evtoAwv ano tn CPU.

— “hit under miss” : pewwvel to effective miss penalty ywati cuveyiletaw n
enetepyaoia dedopévwy armnd tn CPU avti va ayvoouvtal oL ALTHOELC yLOL VEQL
dedopuéva.

— “hit under multiple miss” | “miss under miss” : pnopei va npoodEpeL eEMMAEovV
peiwon tou effective miss penalty by emikaAunttovracg ta moAAanAd misses.

— Auéavetal onpavtika n ntoAvntAokotnta tou cache controller adov pnopsi va
UTtAPXOUV TTOAAEC N SLEKTTEPAULWHUEVEC TTPOOTIEAACELC OTN MVAMN.

— Anauteil toAAanAa memory banks wote va e§untnpetovvto TOAAATAEG
NPOCTIEAACEL OTN KLVAUN.

— Napadswypa: Intel Pentium Pro/Ill emutpénel va eKKpEHOUV HEXPL KL 4
misses.

O O © © Nahonal Technical University of Athens
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TeXVIKEC pelwong tou Hit Time

Pipelined Writes

e O €Aey)oc TOU tag Kal n evhuEPWON TNC cache —aro Tnv MPonNyoUEVN EVTOAN-
uropei va yivovtal tavtoxpova (pipeline) av uAomownBouv wg dtadopeTika
otadla

* Movo STORES pmopouv va uhomotnBouv pipeline: mpénetl va adeldoet o buffer
TPV ATTO £VAL MisSS —

° e

Store r2, (r1) Check r1 et
Add --

Sub -
Storer4, (r3) M|[rl]<-r2& check r3

eie
buller

Lowwer kel memor.,

 “Delayed Write Buffer”: which must be checked on reads; either complete write
or read from buffer g

O O © © Nahonal Technical University of Athens
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TexvikeC peiwonc tov Hit Time

Avoiding Address Translation

AmtootoAn tng virtual address otnv cache: Ovouadetou Virtually
Addressed Cache n amAa Virtual Cache vs. Physical Cache

— Kabe popa mou aAAalovpe Siepyaoia n cache npemnet va kaBapiletal
(flushed), dtadopetika Oa entotpeP el AavOaopeva hits

* Kootoc : xpovoc flush + “compulsory” misses Adyw tou adeldopatog tng cache

— Xelplopog twv aliases (amokaAoUvTol KoL synonyms);
2 dladopetikec virtual addresses avtiotolxiCovtal otnv WOLa physical address

— 1/O mpéEmnel va emkovwvel pe TNV cache, emopévwce xpetalovtal ot virtual
addresses

Avon ywa ta aliases:

— To HW eyyuatat otL L cuvduaouog index field & direct mapped sivat
HovadLKocC : page coloring

Auon ywa to cache flush:

— MpocBetovpe pia process identifier tag n omoia avayvwpilel tn dtepyaocia
KaBwc Kot TLc StevBuvoelc tng ditepyaoioag: dev enotpedetal hit amo Aaboc
dlepyaoia

O O © © Nahonal Technical University of Athens
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TexvikeCc peiwonc tov Hit Time

Virtually Addressed Caches

CPU CPU CPU
l VA l VA VA v ‘L
VA PA
TB S TB
PA VA l . _|_l PA
A\ 4 \ 4 I
— 2 S
L<>2
$ B T '
l PA l PA MEM
MEM MEM ErukdAudn TN S mpooméhaonc pe
VA petadpoaon: Anatteitol Seiktng
SUUBATIKN Virtulally Add relssed Cache otnv $ index yLa va apopével
Opydvwon Metadpaon LOVO O€ miss otaBepd

Synonym mipoBAruata KaTd TN peTadpaon

© © © © National Technical University of Athens
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Zuvoyn

Miss

Penalty

Miss rate

Hit time

Texvikn

mMP HT  Complexity

MeyaAUtepo péyebocg Block
YPnAdtepn Associativity

Victim Caches
Pseudo-Associative Caches

HW Prefetching of Instr/Data
Compiler Controlled Prefetching
Compiler Reduce Misses

+ + + + + + +

O WINIMNNRO

Mpotepailotnta ota Read Misses
Subblock Placement

Early Restart & Critical Word 1st
Non-Blocking Caches

Second Level Caches

+ + + + +

N WINRER PR

Small & Simple Caches
Avoiding Address Translation
Pipelining Writes
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Kopia MvAiun (Main Memory)

* HkUpLa pvApn YEVIKWE xpnotpomotet Dynamic RAM (DRAM),

oTnv omnola XpnoLpomoleltal Eva transistor yla tnv amoBrikevon evog bit,
aAAQ amotel pia teplodikn avavewon tTwv dedopévwy, dlaBalovtacg OAeC
TLC OELpEC (~KkABe 8 msec).

e H Static RAM pmopel va xpnotpomnotnBei av to ennpooBeto KOOTOC, N

XOLUNAT TTUKVOTNTA, KOl N KATavAAwon eVEPYELOC elval avekteg (m.x. Cray
Vector Supercomputers).

* H eniboon tng KUPLAC UVNHNG ETtNPEALETAL ATTO :

— Memory latency: Ernpedlet to cache miss penalty ko petpiétal ono:
* Access time: O xpovog 1mou pecoAaBel petafu plag altnong nmpog tn KUpLa LvAun
KoL TNG OTLYHLIC TToU N amattoupevn mAnpodopla ival dStabeoun otnv cache/CPU.

* Cycle time: O gAdxLoTOC XPOVOC UETOAEL HLASOXLKWY QULTACEWY TIPOC TN UVAN
(neyaAUTtepoc amo tov access time ot DRAM yla va ETUTPETEL OTLG YPOALLUEC
SlevBuvoewv va apapevouv otabepec)

— Memory bandwidth: O puBuog petadopdg dcdopévwv pHetagl KupLag
puvung kot cache/CPU.

O O © © Nahonal Technical University of Athens
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Opyavwon thnc DRAM

bit (data) lines

r
Each intersection represents
o
w " a1-T DRAM Cell
d RAM Cell
e Array
c
o
d 4|~ word (row) select
e
r
* Column Selector &
row
/O Circuits ‘I% Column
address Address

° Row and Column Address
data together:

» Select 1 bit a time

© © © © National Technical University of Athens
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TexvikéC BeAtiotonoinon¢ tov Memory Bandwidth

e Euputepn Kupla MvAaun:
To eVUpPOC TNC UVAKNG aUEAVETAL KOTA Evav aplBo Aééewv (ouvnBwe kata
10 HEYEBOC evocg cache block emumédovu 2).
—> To Memory bandwidth sivatL avaAoyo tou eUpoug TG LVAHNG.
n.X. AutAacialovtog to eVpog tnG cache, SutAaoialetat Kot
to memory bandwidth

e AnAN Interleaved Memory:
H pvAun opyavwvetol o€ evav aplOpo amno banks kaBeva pe evpog 1
AEENC.

— Tavutioxpoveg avayvwoelC N eyypadEC MoOAAWV AEEEwV EMLITUYXAVOVTOL UE
artootoAn dtevBUvoewv pvnpuwv oe ToAAd memory banks og pia popad.

— Interleaving factor: Avadépetal otnv aviiotoixnon twv dteubBuvoewv
MVAKNG ota memory banks.

T.X. xpnowponowwvtag 4 banks, bank 0 €xeL OAe¢ Tig A£€eLC TwV omoiwv ot
dlevBuvoslc eivat:

(6tevBuvon Aééng) (mod) 4 = 0

O O © © Nahonal Technical University of Athens
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(a) One-word-wide (b) Wide memory organization (c) Interleaved

memaory organization memaory organization
CPU CPU CPU
ok T L Sebemwiinbis T Ty,
Kot cache ,
‘ . 0 KOlL EVPOG
Cache memory
Bus Bus Bus
Nv’—-_\_\_———._=___,_¢—f—‘_'_— ‘--\""'\—-2'__
Memory || Memory || Memory || Memory
Memo
2 bank 0 || bank1 || bank2 || bank 3

Memory

3 napadeiypata evpoug bus, memory, kot memory interleaving
yla va eEmtUXoupe peyaAutepo memory bandwidth

O anAoUoTEPOG OXESLOLONOG:
‘OAa €xouv to pEyedoC piag
Aééng
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‘Memory Width, Interleaving: Napadewypa

Alvetal éva cUOTNUA PE TIC aKOAOUBEC TP AUETPOUC:
MéyeBocg Cache Block =1 word, Memory bus width=1 word, Miss rate =3%
Miss penalty = 32 kUkAoug :

(4 kUKAoL yLa armootoAn tng StevBuvong, 24 kUkAol access time / Aé€n, 4 KUKAOL yla OTTOOTOAR HLLOG

Ae€ne)
Memory access / evtoAn) = 1.2 I6aviko execution CPI (ayvowvtacg ta cache misses) =2

Miss rate (péyebog block=2 word) = 2%  Miss rate (uéyeBocg block=4 words) = 1%
* To CPl tou punxavnuotog pe blocks tng 1 Aééng= 2 + (1.2 x.03 x 32) =3.15

MeyaAwvovtog to peyeboc tou block og 2 Aé€eig bivel to akoAouBo CPI:

— 32-bit bus kat memory, kaBoAovu interleaving=2 + (1.2 x .02 x 2 x 32) =3.54
— 32-bit bus kat memory, interleaved =2+(1.2x.02x(4+24+8)=2.86
— 64-bit bus kat memory, kaBoAovu interleaving=2 + (1.2 x .02 x 1 x 32)=2.77

*  Meyalwvovtog to peyeboc tou block oe 4 Aé€ewg, Sivel CPI:

— 32-bit bus kat memory, kaBoAou interleaving=2 + (1.2 x 1% x4 x 32) =3.54
— 32-bit bus kot memory, interleaved =2+ (1.2x1% x (4 +24 + 16) = 2.53
— 64-bit bus kat memory, kaBoAou interleaving=2 + (1.2 x 2% x 2 x 32) = 2.77
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