Eidn Twv Cache Misses: 3C's

1 Compulsory: Zuupaivouv katd Thv TpWwTh TIPSOPaAch
oc éva block. To block mpémel va kKAnBei amo
XdpnAoTepa emimeda HVARNG Kal va TomtoBeTnB¢ei oTnv
cache (amokaAoUvTai kai cold start misses n first
reference misses).

2C0p0C|TyI Ta blocks amouakpuvovTar amé Tnv cache
ereIOn 0ev Xwpdve o€ AUTAY O0Ad 60a ataiToUvTdl KATd
TNV eKTEAEDON evOC TTpoypdpparocg (To ouvoAo Twv
dcdopévwy TTou XelpileTal Eva TpOypadppa gival oAU
HeEYaAUTEPO ATO TNV XWPNTIKOTNTA TNC cache).

3 Conflict: 2.Thv TepimtTwon Twy set associative A
direct mapped caches, conflict misses éxoupe oTav
moAAd blocks ameikoviCovtal oto idio set (amokaAouvTai
kai collision misses 1 interference misses).
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Ta 3 Cs Twv Cache:
AnoAuta Miss Rates (SPEC92)

0.14
0.12
0.1
0.08
0.06
0.04
0.02

8-way
Capacity

Miss Rate / TUTTO

- <t (0 0) O
-l

32
4

MéyeBog Cache (KB) Compulsory
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Ta 3 Cs Twv Cache:
2 XeTika Miss Rates (SPEC92)

100%

80%

60% w

40%

Miss Rate / €idoc

20%

0%

Cache Size (KB) Compulsory
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BeATioTomoinon Tng ewidoonc tnc Cache

[Twe,

» TTepropiopoc Tou Miss Rate
* Megiwan Tou Cache Miss Penalty
+ Meiwan Tou xpovou via Cache Hit
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BeATioToToinon Tng ewidoonc tnc Cache

» Texvikécg peiwang Tou Miss Rate:

*  MeyaANUTepo péyeBoc block * AUEnon Tng XwpnTikoTnTac TnG cache

*  MeyaAUtepou PaBpou associativity * Pseudo-associative Caches

*  Victim caches * Hardware/Software prefetching evroAwv-dedopévwy
x

Compiler-controlled prefetching * peAtioTronoinoeig atov Compiler

+ Texvikég peiwang Tou Cache Miss Penalty:

* Cache 20u emimédou (L,) *  merging write buffers
* Early restart and critical word first *  Non-blocking caches
TlpoTepaidoTnTa oTa read misses évavri Twv writes

+ Texvikéc peiwang Tou Cache Hit Time:

*x

*x

Mikpéc kai anAéc caches
*  Amowuyn Tng peTagppaong Twv d1evBivoewv kara Tn didpkeia Tou indexing
* Pipelining writes yia ypnyopa write hits
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Texvikéc peiwonc Tovu Miss Rate:
MeyaAutepo HEyeOoc Block

« To peydro péyedog block Bertiwver Tnv exidoon tng cache exeldn] emw@elovpaote amo Ty spatial locality
* T'o d0goopévo péyedog cache, peyarvtepo péyedog block onpaiver Mryotepa cache block frames

* | H emidooon Bertiovetar péypr 1o onueio 6tov A0y® Tov pikpov aptdpov tov cache block
frames avEavovtor ta conflict misses kKol eTopévmg Kot To 6vVoMKO cache miss rate

—* 16K
— 7 64K
—=— 2b6K

MéyeOoc Block (by’rez)
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Texvikéc peiwonc Tovu Miss Rate:
MeyaAutepo péyeOoc cache

+ Me Tnv al€non Tou peyéBouc Tne cache
TIpoKdAciTal:
- au&non Tou hit time
- au&non Tou KATACKEUAOTIKOU KOGTOUC

» AUTA h TeXVIKA dhpogiAng oe of f-chip caches

+ 2nueiwon : o1 L2,L3 caches onpepa éxouv
néyeOoc 600 Atav n Kupia Mvapun mtpiv 10 xpovia
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TexvikéC peiwonc Tovu Miss Rate:
MeyaAuTtepou PpaBuou Associativity

TTapddeiypa: Méoog xpovoc mpooPpaong otn Uvipn 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
4 172 1.67 1.61 153
8 1.46 148 147 1.43
16 1.29 1.32 1.32 1.32
32 1.20 1.24 1.25 1.27
64 1.14 1.20 121 123

128 1.10 117 118 1.20

(M1tAe onpaivel 0TI o Hédog Xpovog Oev PeATIWvVETAI HE ThV au&non Tou
associativity)
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TexvikéC peiwone Tovu Miss Rate:
Pseudo-Associative Cache

2 uvdudlel To pikpb xpovo avalhitnong (hit time) Twv Direct Mapped caches
Kal ;o HIKpOTEPO ap1BU6 Twvr conflict misses oTig 2-way set-associative
caches.

H cache diaipeital g dUo Tunpara: OTav éxoupe cache miss, eAéyxoupe To
dAAo 106 Tng cache yia va doupe av Ta dedopéva oy avalntdue Ppiokovral
EKEi. ZTnv TepimTwaon auth éxoupe éva pseudo-hit (slow hit)

O eukoAOTEPOG TPOTIOG UAOTIOINONG Eival n avagTpogh Tou most significant bit
oto Tedio index yia va Ppiokoupe To dAAo block o1o "pseudo set”.

Hit Time

o
»

Pseudo Hit Time Miss Penalty

- »
< »

<
<

<
« »

v

<
«

Time

MeiovékTnpa: eival SuakoAn n amodoTikf UAomoinon Tou CPU pipelining av o L,
cache hit maipver 1 A 2 KUKAoUG.

- Xpnﬁlgo-nmeiml KaAUTepa oc caches mou dev civar ouvdedepéveg aneuBeiac pe Tn CPU (L,
cache).

- Xpnowgowoicitar otnv L, cache Tou MIPS R1000. TTapduoia eivar kai n L, Tou UltraSPARC.
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TexVIkEC peiwone Tov Miss Rate:
Victim Caches

Ta dcdopéva wou amopakpuvovtal amd Thv cache TomoOeToUvTal oe évav pIKpd mpooOeTo buffer
(victim cache).

2 ¢ nepinTwon cache miss eAéyxoupe To mepiexopevo TnG victim cache wpiv Ta avalnthooupe oTnv
KUpIa pvAun

Jouppi [1990]: Mia victim cache 4 €106dwv anoTpénel To 20% éwg 95% Twv conflict misses yia
pia 4 KB direct mapped cache

Xpnoigowoieitar oe Alpha, HP PA-RISC punxaviuara. CPU
Address Address
| In
Out
Q-
- Tag
Victim Cache
.| Data
Cache
=7
Write
Buffer

Lower Level Memory
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Texvikéc peiwonc Tou Miss Rate:
Hardware/Compiler Prefetching evroAwv kai
oedopEvwy

Pépvoupe evToAéC R dedopéva atnv cache N oe €vav eEwTepiko
buffer (prefetch) mpiv {ntnBoulv amé tn CPU.

TTapddeiypa: O Alﬁha APX 21064 ¢épvel 2 blocks og kB¢ miss:
To {nToupevo block TomoBeTeiTal oTnv cache kai To apéowcg
eTtopevo o€ évav stream buffer evroAwv.

H idia Aoyikn epappdéleTal kKai oTIC TpooTeAdoeIC OeOOHEVWY HE
évav data buffer.

MTopei va emekTaBei ka1 yia ToAAamAoU¢ stream buffers
dedopévwy oc diapopeTikEC O1euBUvoeic (4 streams PeATIWVOUV TO
data hit rate katd 43%).

ATIod€IKVUETAI OTI, OE 0pIoUEVEG TTEPITTTWOEIG, 8 stream buffers ol
oTroi Ol c2(.s|p|Zovm| dedopEva R EVTOAEG, UTTOPOUV vd ATTOTPEYOUV TO
50-707% Twv ouvoAikwyv misses.
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Texvikéc peiwonc Tou Miss Rate:
Compiler Optimizations

BeATioTOTIOINON TOU KWOIKA ETTITUYXAVOVTAC TOTIKOTNTA KATA ThV
TpooméAaon OcdopEVWY

Avadiopydvwon Twv procedures 6Th HVApN yid Th pEiwon Twv
conflict misses.

Merging Arrays. BeAtiwon Tng spatial locality pe évav mivaka
O0cdopéVWY avTi 2 Tivakeg.

Loop Interchange. AANNayR TnG ogipd¢ pwAIdopaTog Twy Ppoxwy
via va tpootmteAauvoupe Ta dedopéva pe Thy idia ogipd 6TTWG
amoOnkelovTal oTh HVAUN.

Loop Fusion. Zuvdudodog 2 h TepIcooTéEPWY avedpThTWY Ppoxwy
TTOU TTEPIEXOUV TOUC i010UC PpOXOUC KAl KATTOIEC KOIVEC HETAPANTEC.

Blocking. BeAtiwan Thg temporal locality mpoomeAalvovTag éva
TUAHA HOVO TwV 0€dOHEVWY eTTAVAANTITIKA avTi va O1aTPEXOUHE

OAOKANPEC TIC YPAHHEC A TIC OTHAEG.
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Texvikég peiwong Tou 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:;
).
struct merge merged_array[SIZE]

Merging :
+  Mewvovrar Ta conflicts perafl Twv otoixeiwv Twv val kai key
BeAtiwon Tou spatial locality
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Texvikég peiwong Tou Miss Rate: Compiler Optimizations

Loop Interchange

/* Before */
for (k= 0; k< 100; k = k+1)
for (j = 0; j<100; j = j+1)
for (i=0;i<5000; i = i+1)
XiLj] = 2 * X[iLj:
/* After */

for (k=0; k< 100; k = k+1)
for (i =0;i<5000; i = i+l)
for (1 = 0: {<100:; j = j+1)
x[ilj1 = 2 * x[il[j).

H mpooméAaon dedopévwy TTou PpiockovTadl o auvexopeveg BEaeig
HVAUNG kai 0x1 pe améaTtaon 100 AéCewv PeATilbverl oTo TTapddeiypd
wag Thv spatial locality.
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Texvikég peiwang Tou Miss Rate: Compiler Optimizations

Loop Fusion

/* Before */
for (i=0;i<N;i=i+l)
for (j=0: j<N; j=j+1)
alillil= 1/b[ilj]1* clilLiL
for (i=0;i<N;i=i+l)
for (j=0: j<N: j=j+1)
dlil[j]1=alil[j1+ c[ill[jl.
/* After */
for (i=0;i<N;i=i+l)
for (j=0; j<N; j=j+1)
{  alillj1=1/bLiNj1* c[illjl;
dlilljl1=alillj1+c[ill[j]: }

- AvTi 2 misses/access ota a & ¢ TeAikd 1 miss/access
- BeAtiwon Tng spatial locality
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Texvikég peiwong Tou Miss Rate: Compiler Optimizations

Blocking

/* Before */
for (i=0;i<N;i=i+l) J- ‘ ,-
for(J:O;J<N:J:J+1) 0 1 2 3 a4 s o 1 2 3 4 5 001 2 3 a4 s

{r=0;

for (k=0; k<N; k = k+1){

r=r e y[IIKI*2IKIG LY

o » w N - o
o » w n - o
(8] > w n - o

X[i]=r:
k

O1 2 sowTepikOTEPOI PpOXOI:
- TlIpoomeAaUvouv 0Aa Ta NxN oTtoixeia Tou z[ ]
- TlpooweAatvouv emavaAnntika ta N oToixeia Tng 1 ypappng Tou y[ ]
- Eyypagh Twv N oToixeiwv tnc 1 ypappnc Tou X[ ]

Capacity Misses : eivai ouvaptnon Tou N kai Tou peyéGoug Tng Cache:
- 3 NxNx4 <=peyéBoug Tng Cache => kaBdAou capacity misses

Baoikn 13éa: avalnrape tov BxB umomivaka mou xwpael otnv cache
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Texvikég peiwang Tou Miss Rate: Compiler Optimizations

Blocking

. )
/* AfTerb*/ * o1 2 3 4 s Y 0o 1 2 3 4 s o0 213 4 5
0 0 0

for (jj = 0: jj < N: jj = jj*B)

for (kk = O; kk < N; kk = kk+B)

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

for = 1< minGp-8- 1N =+ |
r=0;
for (k = kk; k < min(kk+B-1,N); k = k+1) {
r=r+y[l[kI*z[K][j1}
}>.<[i][\i] =x[i][jI+r:

B : Blocking Factor
Capacity Misses avti 2N3 + N2 -> 2N3/B +N?
TTiBavwy va emnpealovral kai Ta conflict misses
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Texvikég peiwong Tou Miss Penalty:
Early Restart kai Critical Word First

Aev mepipévoupe va petapepOei To TARpeC block oTnv cache
TPIV ThV £TTavekkivnon tng CPU:
- Early restart: Apéowg poAIc wopTwOei n {nTolpevn AéEn Tou

block, arooTéAAeTal otn CPU kai ouvexiletal n eneepyacia Twy
0edopéVWY amd auTnhv.

- Critical Word First: ®opTwveTal mpwTtn ano 6Ao 1o block n
{ntoUpevn AéEn kai arooTéAAeTal oth CPU apéowcg HOAIC @TAOE!.

* 'Evo1 n CPU ouvexilel Tnv emeepyaaia ev o1 uTtoAoiteg AE€eig
Tou block peTagépovral amé Tnv kKUpia pvApN.

Eivai ouvhBwc¢ xphoipeg 6Tav To péyeBo¢ Twy cache block
gival pyeydaho.

Ta mpoypdpuara pe kaAn spatial locality {ntouv dedopéva
TToU PpiokovTal o€ ouvexopeveg Béoeic HvAUnG Kai Oev
emweeAoUvTal amod Thv TeXVIKA Tou early restart.
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Texvikég peiwong Tou Miss Penalty:
TMpotepaioTnta ota Read Misses évavti Twv Writes

+ ZTmi¢ write-through caches pe write buffers
TapouaidleTar popAnua pe Tig ouykpouoeig RAW kard thv
avayvwaon amé Thv KUpid HVAUN 0€ TTEPITTTWON TTOU £XOUNE
cache miss:

- O write buffer kpara ta mpooparwg Tpowomoinuéva dedopéva mou xpetalovral

yid Thv avayvwon.

- Mia AUon eivar anAa va wepipévoupe péxpl va adeldoel o write buffer,
aufavovtac £Tol To miss penalty (o wakiolc MIPS 1000 kara 50% ).

- EAéyxoupe Ta mepiexopeva Tou write buffer mpiv Tnv avayvwon: av dev
urdpxouv ekei Ta {ntolueva dedopéva, mpénel va Ta kaAéooupe amd Tnv Kupia

HVAUN.

* 2TIg write-back caches, yia éva read miss
avTikaBiotdtar To block av eivai dirty:

- ZuviBwg: Tlpwra petagpéperal To dirty block otn uvAun kai oTn ouvéxeia
TpayHaToToIEITAl N avayvwon.

- AiapopeTika: Avriypagetai To dirty block oe évav write buffer, otn ouvéxeia
mpayyarowolciTal n avayvwon, Kai TEAoC n €yypaen.

- H CPU kaBuotepei AlyoTepo viati Eekivael Tnv enefepyaocia dedopeévwy apéowe
HETA TNV avayvwon.
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Texvikég peiwang Tou Miss Penalty:
Merging write buffers

‘Eva cache block frame diaipeital og sub-blocks.
Y7ndpxe! éva valid bit avd sub-block ota cache block frames.

At xpeidleTal va popTwooupe éva oAdkAnpo block oTnv mepimTwon
miss aAAd povo To {ntoupevo sub-block.

AigdBuvon

EYYPaPNng r Vv Vv Y}

100 1 | Mem[100] | O 0 0

108 1 | Mem[108] | o 0 0

116 1 |1 |Memile] | o 0 0 kKdO¢ buffer xwpde! 4

1241 |1 |Memii24] | 0 0 0 Aé€eic Twy 64-bit.
AiguBuvon A A
etowen y y v Mavo oTo 20 axhpa

100 ] |1 |Memi1001| 1 [Mem(108] | 1 | Memiti6] | 1 [Mem(124] aglomolouvTal
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Texvikég peiwang Tou Miss Penalty:

Non-Blocking Caches

O1 Non-blocking caches W Jockup-free caches emiTpEmoOUV

oTic data caches va amooTéAAouv Beéoueva TTOU TTEPIEXOUV
(cache hits) 600 diekmepaiveTal €va miss:

Araiteital out-of -order ekTéAeon Twv evroAwv and Th CPU.

“hit under miss" : uewver To_effective miss penalty yiari
auvex@srau n sm:{epvaala 6860gmvwv amo Tn CPU avri va
ayvooUvTal ol AITAOEIC yia véa dedopéva.

“hit under multiple miss" & “miss under miss” : pmopei va
TPOOPEPEI EmiTAEOV pEiwon Tou effective miss pena ty by
emIKAAUTTTOVTAC Ta moAAdwAd misses.

Auaveral onpavTika n woAurAokotnta Tou cache controller apoU
HopEi va UTAPXOUV TOAAEC HN DIEKTEPAIWHEVEC TPOOTEAAOEIC OTN
HVAUN.

Anaitei moAawAd memory banks wate va e§urnpeTouvrai
TOAAATTAEC TTPOOTEAATEIC OTN HVAUN.

MMapadeiypa: Intel Pentium Pro/IIT cemitpémel va EKKPEHOUV HEXP!
kal 4 misses.
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Texvikéc peiwone Tou Hit Time :
Pipelined Writes

O £Aeyxog Tou tag Kai n evnuépwoan Tng cache -amoé Tnv Tponyoupevn
eVTOAR- utopei va yivovrar Tautoxpova (pipeline) av uhomoinBolv wg
OldPopETIKA aTadid

Mévo STORES umopoUv va uAotroinBouv pipeline: pémel va adeidoel o
buffer mpiv améd éva miss

Store r2, (rl) Check rl

Add --

Sub --

Store r4, (r3) M[rlk-r2é& checkr3

"Delayed Write Buffer”: which must be checked on reads; either
complete write or read from buffer
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Texvikéc peiwone Tou Hit Time :

Avoiding Address Translation

+ AmooToAn Tn¢ virtual address otnv cache: OvopaleTai
Virtually Addressed Cache W\ amAa Virtual Cache vs.

Physical Cache

Kabe (pogc'( tou aAAaloupe dicpyacia n cache mpénel va kaBapileTal

(flushed), diapopeTikad Ba emioTpéyel AavOaopéva hits

« Koorog : xpovog flush + "compulsory” misses Adyw Tou adeidoparog Tng cache
Xelplopwdg Twy aliases (amokaAoUvrar Kai syrnonyms): .
nglacpopenkeg virtual addresses avtioToixi{ovrai aTnv idia physical
address

I/0 mpéwel va emikoivwvei pge Thv cache, emopévwe xperalovrai oi virtual
addresses

- AUon via Ta aliases:

To HW eyyuarai omi 1 ouvduaopog index field & direct mapped civai
povadikog : page coloring

- AUon via 1o cache flush:

TlpooOéTouye pia process identifier fag n omoia avayvwpilel Tn diepyaocia
gaewg kai TIg 1euBuvoeig Tng diepyaoiac: dev emioTpépeTal hit and AdaBog
IEpyacia
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Texvikéc peiwone Tou Hit Time :

Virtually Addressed Caches

CPU CPU CPU
l VA l VA VA | |
VA PA
B
B Tags $ Tags $
PA VA l ___, | Pa
) —:I__2 $i
$ TB f
l PA l PA MEM
MEM MEM EmkdAuyn Tng $
mpootméAdong e VA
2upparikn Virtually Addressed Cache HETAppaoNn: ATtaiTeiTal
Opydvwon MeTdppaon pévo o miss deiktng othv $ index via

va Tapdpével oTabepo

Synonym mtpoPpAAuaTta ! ,
KaTd Tn HETAPpATh
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2.Uvoyn

Texvikh MR MP HT  Complexity

MeyaAUTepo péyeOoc Block
YynAdTepn Associativity

Victim Caches
Pseudo-Associative Caches

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

Miss rate
OWMNMNNE=O

+ + + + + + +

TTpoTepaidTnTa ota Read Misses
Subblock Placement

Early Restart & Critical Word 1st
Non-Blocking Caches

Second Level Caches

Miss

Penalty
NWN ==

+ + + + +

Small & Simple Caches - +
Avoiding Address Translation +
Pipelining Writes

Hit time
= N O
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Kupia Mviun (Main Memory)

+  H kUpia pvAun vevikwg xpnoigotoiei Dynamic RAM (DRAM),

oThv oTroid Xphoigomoleital éva transistor yia Thv amoOnkeuon
evog bit, aAAd amaiTei pia epiodikA avavéwaon Twy dcdoHEVWY,
diapalovrac 6Aec Tic ocipéc (~kaBe 8 msec).

* H Static RAM pmopei va xpnoigomoinBei av 1o emmpocOeTo
KOOTOC, N XAUNAR TTUKVOTNTA, KaAl h KATavaAwon evépyeiag ivai
avekTeg (m.x. Cray Vector Supercomputers).

* H emidoon Tn¢ KUplag pvhpng emnpedleTal amo :

- Memory latency: Ennpealer To cache miss penalty kai petpiéra
dmo.

Access time: O xpovoc mou pegoAapei petalu piag aiTnong mpocg Th Kupia
uvﬁﬁn Kdl ThG OTIYUAC TTOU N attaiToUevh TtAnpogopia sivar diaBéaiun othv
cache/CP

* Cycle time: O eAdxi0To¢ xpovog peTagl d1adoxIKWV AITACEWV TIPoG TN
pvAun (ueyaAUTepog amo Tov access time oth DRAM via va emiTpémel oTig
ypaupég 81euBUvoewy va TTapapévouv oTaBepEg)

- Memory bandwidth: O puBuég peTapopdc dedopévwy peTagu
KUpla¢ pvApng kai cache/CPU.
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Opyavwon tnc DRAM

bit (data) lines

r
Each intersection represents
() e P
] al-T DRAM Cell
d RAM Cell
" Array
c
o
d - word (row) select
e A
r
* Column Selector &
row x i Col
I/O Circuits + oiumn
address Address

° Row and Column Address
data together:

+ Select 1 bit a time
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Texvikéc BeATioTomoinong tou
Memory Bandwidth

EupUTtepn KUpia MvAapn:

To €0pog TnG UvAung aufdvetal katd évayv apiBué Acgewv (ouvhbwg
katd 1o HéyeBoc evoc cache block emimédou 2)

— To Memory bandwidth eivai avaAoyo Tou elpoug ThG pvAHNG.

n.X. AimAaoialovrag To €Upog Tng cache, dimAacialeTar Kai
T0 memory bandwidth

* ATAA Interleaved Memory:

H VAUN opyavwveTtal oc £vav dapiBuo amo banks kabéva pe gvpoc 1
£¢NG.

- Tautéxpoveg avayvwoelg i eyypagéc moAAWv Aé€ewv emiTuyxavovral
HE cmocrroAn d1euBUvoswy puvnuwv oe moAAG memory banks ot pia
popa.

- Interleaving factor: Avagéperal oTnv avrioToixnon Twv
d1euBUvoeswv pvAaung ota memory banks.

w.X. Xpnhoigomwoiwvrac 4 banks, bank O éxer 0Aec Tic Aé€eic
TWv omoiwv ol dievBlvoeIc civai:

(81eUBuvon Aé€nc) (mod) 4 = O
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(a) One-word-wide {b) Wide memory arganization (c) Interleaved

memory organization memory organization
CPU CPL Evpvtepn pvijun, bus CPU ,
kot cache X1evo bus
cache pe
Multiplexor interleaved

Cache Cache memor

= - y
Cache

s || Bus EUEJ

Memory || Memory || Memory || Memory

Memo
) bank 0 || bank1 || bank2 || bank 2

Memory
3 mapadeiypota €0povg bus, memory, kor memory interleaving

YU VO ETLTOYOVNE peYaAvTEPO memory bandwidth

O amhovoTEPOG OYEOLUGNOG:
‘Ola ooy To péyedog piog
AEEng
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Memory Width, Interleaving:
TTapadeiyua

Aivetai éva oUoTnpa pe TIC akOAoUBEC TTapdpéTPOUG:
MéyeBog Cache Block =1word, Memory bus width =1 word, Miss rate = 3%
Miss penalty = 32 kUkAoug :

(4 kKUKAo! yia atooToAR Tng 81eUBuvong, 24 kKUKAol access time / Aé€n, 4 kKUKAo! yia
amooToAR piag AéEnc)

Memory access / evioAn = 1.2 Tdaviké execution CPI (ayvowvTtag Ta cache misses) = 2
Miss rate (péyeBoc block=2 word) = 2%  Miss rate (uéyeBog block=4 words) = 1%

To CPI tou pnxavhuaTog pe blocks tng 1 AéEng = 2 + (1.2 x .03 x 32)=3.15

MeyaAwvovTac 1o HEyeBoc Tou block ag 2 Aé€eic divel To akdAouBo CPT:

- 32-bit bus kai memory, kaBoéAou interleaving = 2 + (1.2 x .02 x 2 x 32) = 3.54
- 32-bit bus kai memory, interleaved = 2+(12x.02x(4+24+8)=286
- 64-bit bus kai memory, kaBo6Aou interleaving =2 + (1.2 x .02 x 1 x 32)=2.77

MeyaAwvovTac 1o péyeBoc Tou block og 4 Aé€eic, diver CPI:

- 32-bit bus ka1 memory, kaBoAou interleaving = 2 + (1.2 x 1% x 4 x 32) = 3.54
- 32-bit bus kai memory, interleaved =2+(12x1% x(4+24 +16) =253
- 64-bit bus kai memory, kaBdAou interleaving = 2 + (1.2 x 2% x 2 x 32) = 2.77
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2uoTtarika evog Computer
System

600MHZ - 1.7GHZ (a multiple of system bus speed)
L1 -1 CPU Pipelined (7 -21 stages)
Ly 7 Superscalar (max ~ 4 instructions/cycle)
h Examples: Alpha, AMD K7: EV6, 200MHZ
L3 - |Caches Intel PII, Plll: GTL+ 100MHZ
System Bus Intel P4 400MHZ

T o

adapters ;0 Buses

Example: PCIl, 33MHZ
| 32 bits wide

* 133 MBYTES/SEC
Controllers NICs
Disks ‘ ‘ ‘ ‘
Displays [ Networks ]
Keyboards
|/O Devices:
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Virtual Memory

H Virtual memory eAéyxel 2 emimeda Tng 1epapxiag HVAUNG:
+ Kupia pvipun (DRAM)
* Malikn amoBnkeuon (ouvABWCE payvnTikoi digkot)

H kUpia pvhun diaipeital os blocks katavepnpévec oe d1APOPETIKEC TPEXOUOEC
dlepyacdieC Tou CUCTAUATOG:

- Blocks kaBopiopévou peyéBoug: Pages (uéveBog 4k éwg 64k bytes).

* Blocks peTapAnTtoU peyéBoug : Segments (uéyeBog To oAU 216 péxpr 232)

2 ¢ dedopévo Xpovo, yia kdBe Tpéxouaa dicpyaaida, Eva KOPUAT! Twy 0edopévwy N
TOU KWAIKA opTWVETAI OTRV KUPIA HVAUN VW To UTTOAoITTO €ival 81aBEéaipo Hovo

OTOUC HayvnTikoU¢ Oiokouc.

‘Eva block kwdika n dedopévwy mou xpeld{eTail yia TRV EKTEAEON HIAC
6|£pvaoia§ aAAd dev UTtdpx el 0TN KUpIA VAN £XEI WG aTToTEAEOUd £vd page
fault (address fault) kai To block pémel va popTWOEI TNV KUPIA HVAUN ATTO TO
digko N Tov XEIpIOTA Tou AgiToupyikoU cuoThpaTtoc (OS handlerSJ.

‘Eva tpoypappa pmopei va ekteAeaTei ag omoladnmoTe B€an ThS KUpIAg HVAHNG A
ToU QiOKOU XpNOIHOTIOIWVTAG £vav HNXAvIoPo emavaTtomoO£Tnong o omoiog va
eAEYXETAI ATTO TO AEITOUPYIKO OUGTNUA TTOU va AVTIOTOIXEi TIC O1eUBUVOEIC aTd
Tov XWwpo Twv virtual addresses (logical program address) oto xwpo Twv
physical addresses (kUpia pvApn, diokog).
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MeTagppaon Virtual -> Physical Addresses

Virtual Physical
address: address:
0 A 0
4K B i 4K c
8K c 8K
12K D 12K Physical
— 16K A main memary
Virtual memory 20K Ot Physical 8¢oz1g
— 24K B Ttov blocks A, B, C
2uveYOnEVog Y MOPOg
Tov virtual addresses 28K
EVOG TPOYPAPPATOG
R
"h.h_____
Disk
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Paging & Segmentation

Code Data
Paging
Segmentation
Page Segment
Words per address One Two (segment and offset)

Programmer visible?

Invisible to application programmer

May be visible (o application programmer

Replacing a block

Trivial {all blocks are the same size)

Hard {must find contiguous, vanable-size,
unused portion of main memory)

bMemory use
inefficiency

Internal fragmentation {unused portion
of page)

External fragmentation (unused pieces of main

MEMOry s

Eftficient disk traffic

Yes (adjust page size to balance access
time and transter time)

Not always (small segments may transfer just a
few bytes)

cslab@ntua © 2004-05




Virtual Memory
TTAeovekTRUATA

- Exoupe Tnv yeudaiodbnon 0TI d1aBETOUNE TTEPIOTOTEPN

PUOIKA KUpId UVAUN

- Emitpémel Tov emavaTtomoB£Tnon TwvV TPOYPAPHATWY
- TlpooraTelel amd mapdrumn tpoopacn oTn HVAUN

Virtual address
3130292827 .. 1514 13 12 111098 . 3210
Virtual page number Page offset
v
C Translation>
29 28 27 oo . 1514 13 12 11 10 9 8 ..‘.”3210
v v
Physical page number Page offset
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Physical address




AvTioToixion Twv Virtual Addresses oc
Physical Addresses péow &vog wivaka
ocAidwv (Page Table)

Virual address

‘ Virtual page numkber ‘ Page offset I

Page hain

i
SR - JiE=nyte
tahle Physical address ki

cslab@



Metappaon Twyv Virtual Addresses

Physical memory
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Page Table

Xpewalovton 2
TPOCTELAGELS PV UNG:

*6TO page table
*GTO OVTIKELUEVO

cslab@ntua © 2004-05

Page table regster
Virtual address
31 30 29 28 27 s et e et e s et tse0s0aes 15 14 13 12 11 10 9 8 « e e 3210
Virtual page number Page offset
20 NE
~ Valid Physical page number
v
®
Page table
\ \\18
If O then page is not
present in memory
29 28 27 e coeeeccscssrccese 15 14 13 12 11 10 9 8 « e} -+ 3 2 1 O
v \ /
Physical page number Page offset
Physical address




Tumikéc mapapeTpol Tng Cache
kat Tn¢ Virtual Memory

Parameter

First-level cache

Virtual memory

Block (page) size

| 6—128 bytes

4096-65,.536 bytes

Hit time

1-2 clock cycles

40-100 clock cycles

Miss penalty
(Access tume)

(Transfer ime)

s—100 clock cycles
{6—060 clock cycles)
(240 clock cycles)

FOO,000-6,000,000 clock cycles
(500,000-4,000,000 clock cycles)
(200,000-2,000,000 clock cycles)

Miss rate

0.5-10%

0.00001- 0.001%

Data memory size

0.016-1MB

16-8192 MB
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Virtual Memory
2. TPATNYIKEC

TomoBéTnon Tou block atnv kupia pvApn: H fully associative Texvikh
XpnolJoTrolEiTal yid Thv eAdTTWON ToU Miss rate.

AvTikatdoTtaon Tou block: The least recently used (LRU) block
avTikaBioTaral otav éva véo block épxetal otn pvhun amod To dioko.

2TpdTnyIKA eyypagwyv: XpnoigoTolgital n TeXVIKA write back kai pévo ol
dirty ocAideg petapépovral améd Tnv KUpia HvApn oto dioko.

Ma tnv TomoBéTnon Twy blocks oTnv KUpia pvApn xpnoipomolcitar £vag
page table. O pa%e table deikTodoTeiTal amd Tov €Ikovik apiBué oeAidag
(vir‘ré.llal ﬁage nhumber) kai epi€xel Tn puaiki disuBuvon (physical address)
Tou block.

- Paging: To Offset ouyxwvebeTtal e Tn 81e0Ouvon TNG YUOIKAG otAidag.

- Segmentation: To Offset wpooTiOeTai oTn d1eUBuvon Tou physical
segment.

Ma tnv alomoinon Tng address locality, xpnoipomoigitar cuvhiBwg o
translation look-aside buffer (TLB) yia Tnv amoOnkeuon Twy TpoopdTwg
HETAPPAoHEVWY O1eUBUVOEWY WAOTE va amoPelyeTal TTpoatéAaan ThG HVAKNG
TpokeIdévou va diapaotei o mivakag oeAidwv (page table).
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EwiTaxuvon tnc perappaonc disvOuvoswv:

Translation Lookaside Buffer (TLB)

TLB: Mia pikpr on-chip fully-associative cache mou
XPNOIYOTIOIEiTAl YIA Th HETAPPAOh d1euBUVaEWV.
Av pia virtual address umtdpxei péoa oto TLB (TLB hit), dev
TpooTteAaUveTal o Trivakag oeAidwyv ThG KUpIAG HVAUNG.

Physical Page  TLB (on-chip)

valid Tag Address ) .
Virtual Page | Ia' 128-256 Entries

Number

Physical Memory

»

alol=al=]=-a]-

128-256
TLB Entries

Physical Page

Valid or Disk Address

Disk Storage

7(’\\\'\

Page Table
(in main memory)

A\

L\

\\4\
NAN
R’

alol-al-alol-al_alol-al-a]-a]-~
D\Q\

i
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H Asitoupyia Tou Alpha AXP 21064
Data TLB kara tn perappaon twv

d1eVBUVoEWYV
Page-frame Page
address offset Virtual address TLB = 32 blocks
<30> <1 E:-/ Data cache = 256 blocks
LJ H npocPaon ota TLB
<lz<Z><2> <30 <21= yvivetar cuvi0m¢ pe ™y
® @ V R W Tﬂg F"I'I}fSIEEll address Tng“(fl pipe]ine

i

rre

(Low-order 13 bits
<0= of address)
£ = 34-bit

+ ¥ l* lll
—"1 32:1 Mux I wts @ physical
; . address

4
(High-order 21 bits of address)

Valid

Read
Permission  Write
Permission
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TLB & Cache Operation

TLB Operation

TLB miss
use page table

A

Cache miss stall

cslab@ntua © 2004-05

Virtual address
TLB access
l Cache is physically-addressed
No Yes
’ Physical address
No e Yes Cache operation
NS
> Try to read data
from cache Write access
bit on?
l :
Write prOt.eChon Write data into cache,
No es exception update the tag, and put
Cache hit? the data and the address
into the write buffer
Deliver data
to the CPU




2. uvdvaopoc Twv Cache, TLB,
Virtual Memory

Cache| TLB Virtual Eivai duvatoe?  TloTe?
Memory

Miss | Hit Hit Nai, dev eAéyxeTal To page table

Hit Miss Hit TLB miss, ppiokeTal oto page table

Miss | Miss Hit TLB miss, cache miss

Miss | Miss | Miss Page fault

Miss | Hit Miss AdUvarto, av 6x! aTh UvAun ouTe oto TLB

Hit Hit Miss AduvaTo, av 6x1 aTn HvApNn oUTe oto TLB A
oTnv cache

Hit Miss Miss Aduvaro, av 6x!1 aTn HVAEN oUTE OThV

cache
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2.Uvoyn

cslab@ntua © 2004-05

Virtual page

Page

number <35>  offset<i3>

cp

u
Store queue/

Data virtual page Page

number > offset<13>
ASN | | Instruction  data out /_Eﬁ%. "
<B= r , <128> <64> 1 Data in <64>
® &) 1o )
D Physical address
| A <i128> T P
c L
A ) <64> 4
(1024 ASNProt V Tag WaylLine Data — B
c blocks) <8> <4><1><33> <1><11><512
H &
g LM_
LD TII] @
(High-order 28 or 31 bits
@@ Pregiet @ physical address]fdb
5 @
<F>y <B6>
5 I_':de" Block @
<B><d><1> <35> <31 P offset
ASNProtV Tag Physical address @
I " A Valid Tag Data
T i C <1> <20> <512>
B | E |
(High-order 28 or 31 bits
of physical address) @
s <31> |
<dds @ Instruction prefetcher ;j— 2:1 mux
® =?)={ Tag<as> Data <512> @)
B ]
[Address]y ® sft | @ [Acdessse> paa<siz> I
7
1 )
_
@ @ Victim | i
buffer |
1
L ks @
4:1 mux
Alpha 21264 L—J @ @
<d44> A4 <128>4" <15> 4 <Bd> I
(8) V D Tag Data M System chip
.<21> S <i><i> <21> <512> ®@ A mamary crossbar
3 Tag Index N )
c @ I N <256> <256>
A
: (HL' | u Cown 3+ @ { oww ]
H blocks) E
E LI ] | ] g
D) . |_omm | oMM |
25 ) v
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