Eidn Twv Cache Misses: 3C's

1 Compulsory: 2.upypaivouv kaTtd Thv TPWTN TTPOcPHaAcn
oc éva block. To block mpémeil va kAnBei amo
XapnAoTepa emitteda PVAUNG Kal va TotoBeTnOei oThv
cache (amokaAoUvTal kai cold start misses n first
reference misses).

ZCapacu’ry: Ta blocks amopakpuvovTar amé Tnv cache
ereIdN Oev Xwpdve o€ auThv 0Aa 6oa amaiTouvral katd
TNV eKTEAEDN evo¢ Ttpoypdpparoc (To ouvoAo Twv
dcdopévwy Tov XelpileTal €va TTpoypappa civar oAU
HeyaAUTEPO aTtd ThV XWPNTIKOTNTA ThC cache).

3 Conflict: Ztnv TTePITTTWON TWV Set associative H
direct mapped caches, conflict misses éxoupe éTav
ToAAd blocks ameikoviCovTai oo id1o set (amokaAoUvTal
kai collision misses nf 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

L o | ﬂ' 00 O
i

32
6

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 / eidoc

20%

0%

Cache Size (KB) Compulsory
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BeATioTomoinon tnc ewidoonc tnc Cache

[Twe,

» TTepiopiopoc Tou Miss Rate
* Meiwon Tou Cache Miss Penalty
» Meiwan Tou xpovou via Cache Hit
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BeATioTomoinon tn¢ ewidoonc tnc Cache

« Texvikég peiwong Tou Miss Rate:

*  MeyaAUtepo péyeOoc block * AuEnon Tnc XwpnTikOTNTAC ThG cache

*  MeyaAUtepou PaBuol associativity * Pseudo-associative Caches

*  Victim caches * Hardware/Software prefetching evroAuwv-dedopévwy
b3

Compiler-controlled prefetching * peAtioTtomoinoeigc otov Compiler

+ Texvikég peiwang Tou Cache Miss Penalty:

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

+ Texvikéc peiwang Tou Cache Hit Time:

*x

x

Mikpéc kal anAéc caches
Amopuyn Tng HeTappaong Twv d1euBuvoewv kata Tn didpkeia Tou indexing
Pipelining writes yia ypniyopa write hits

*x

*x
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Texvikéc peiwone Tou Miss Rate:
MeyaAutepo péyeOoc Block

+ To peydro péyeBog block pertidver Tnv eridoon g cache exedn emweelovpacte amd v spatial locality
* T dedopévo néyeBog cache, peyarvrepo péyedog block enpaiver Myotepa cache block frames

* | H emidoon Pertidveran péypt to onueio 6wov Loym Tov pikpov aptdpov tmv cache block
frames av&avovtar to. conflict misses kot eropévmg Kot To cvvoiiko cache miss rate

25% -
20% — KK
15% 4K
Miss °
Rate 16K
10% -
—%— 64K
5% —s— 256K
9 & 5 X e
(N

MéyeBoc Block (by’re?)

cslab@ntua © 2006-07



Texvikéc peiwonc Tou Miss Rate:
MeyaAuTtepo HEyeOoc cache

+ Me Tnv abnon Tou peyéBoucg Tne cache
TIpoKdAciTal:
- avé¢non Tou hit time
- alfnon Tou KATAoKEUdoTIKOU KOOTOUC

* AUTA n TexVIKA dnuogiAng oe of f-chip caches

+ 2 nueiwon : o1 L2,L3 caches onuepa éxouv
uéyeBoc 600 nrav n Kupia Mvaun mtpiv 10 xpovia
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TexvikEC peiwonc Tou Miss Rate:
MeyaAuTtepou Padpol Associativity

TTapddeiyua: Méoog xpovog mpooPpaong otn pvAapn vs. Miss Rate

Cache Size Associativity

(KB) l-way 2-way 4-way 8-way
1 2.33 2.15 207 | 2.01
2 198 1.86 1.76 1.68
4 1.72 1.67 1.61 1.53
8 146 1.48 1.47 143
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

(M1Ae onpaivel 6T o péogog Xpovog dev PpeATIWvETAl HeE TV avénon Tou
associativity)
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TexvikEC peiwone Tou Miss Rate:
Pseudo-Associative Cache

Zuvdudler To HiIkp6 xpovo avalatnong (hit time) Twv Direct Mapped caches
Kal go HIKpOTEPO ap1Bu6 Twvr conflict misses oTig 2-way set-associative
caches.

H cache diaipcital oe dUo Tunpara: Otav éxoupe cache miss, eAéyxoupe To
dAAo 106 Tng cache yia va doupe av Ta dedopéva TTou avalntdpe ppiokovral
EKEI. ZTNV TEPITTTWAON AUTh €xoupe éva pseudo-hit (slow hit)

O eukoAOTEPOG TPOTIOG VAOTIOINGNG €ival n avagTpogh Tou most significant bit
oto Tedio index yia va Ppiokoupe To dAAo block oTo "pseudo set”.

Hit Time

< n
« >

Pseudo Hit Time Miss Penalty

»
>

A 4

Pl
< <

v

-
<

Time

MeiovékTnua: gival 30okoAn n amodoTikh uhomoinan Tou CPU pipelining av To L,

cache hit maipver 1 A 2 KUKAoUC.
- XpnﬁlgOnOIeiTGI KaAUTepa ot caches mou dev civar ouvdedepéveg aneuBeiac e Tn CPU (L,
cache).
- Xpnoigowoicitar otnv L, cache tou MIPS R1000. TTapduoia eivai kai n L, Tou UltraSPARC.
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TexvikéC peiwonc Tou Miss Rate:
Victim Caches

Ta dedopéva wou amopakpuvovTal and Thv cache TomoOeToUvTal oc évav HiIkpd mpooOeto buffer
(victim cache).

2 ¢ wepimTwon cache miss eAéyxoupe To mepiexopevo The victim cache mpiv Ta avalnTiooups oThv
KUpia pviApn

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

Xpnoigorwoieitar oe Alpha, HP PA-RISC unxaviuara. CPU
Address Address
. In
* : Out
Q-
u Tag - '
Victim Cache
| Data
Cache
=7
1
Write
Buffer
‘h

Lower Level Memory
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Texvikéc peiwonc Tou Miss Rate:

Hardware/Compiler Prefetching evroAwv kai
dedopEvwy

Pépvoupe evioAéc R dedopéva oTny cache h oc évav eEwWTePIKO
buffer (prefetch) mpiv {nTnBoUlV amoé Tn CPU.

TTapddeiypa: O AlEha APX 21064 pépvel 2 blocks oe kaBe miss:
To {ntoupevo block TomoBeTeiTal atnv cache kai To apéowcg
eTtopevo oe évav stream buffer evroAwv.

H idia Aoyiknh epapudleTal kai oTiC TpooTTeAdoelC OedOHEVWY HE
¢vav data buffer.

MTopei va emekTaOci Kai yia ToAAamAoU¢ stream buffers
dedopévwy oe diapopeTikéG 81euBuvaoeig (4 streams PeATiwvouy To
data hit rate katd 43%).

ATrodeIkvUETaI 0TI, O€ Oplopéveg TrepImTwoelg, 8 stream buffers ol
oTroiOl 2(8IpIZOVTGI 0c0opéva N EVTOAEG, UTTOPOUV va ATIOTPEYOUV TO
50-707% Twv cUVOAIKWY misses.
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Texvikéc peiwonc Tou Miss Rate:
Compiler Optimizations

BeATioTOTTOINON TOU KWAIKA E£TMITUYXAVOVTAC TOTIIKOTNTA KATA ThV
TipoattéAaon 0cdopEVWY

Avadiopydvwon Twv procedures oTh HVAHN yid Th Heiwon Twy
conflict misses.

Merging Arrays. Behtiwon tng spatial locality pe évav mivaka
dcdopéVwy avTi 2 Tivakec.

Loop Interchange. AANAyR ThG ogipd¢ pwAidopaTog Twy Ppoxwy
vid va pootteAauvoupe Ta 0cdopéva Pe Tnyv idld ogipd OTIWCE
amoBnkevovTadl oTh HVAUN.

Loop Fusion. Zuvdudodog 2 R TepIcooTéPpwY avegdpThTwy Ppoxwy
TTOU TTEPIEXOUV TOUG i010UC PpOXOoUC Kal KATIOIEC KOIVEC HETAPANTEG.

Blocking. BeAtiwan Tng temporal locality mpoomeAauvovrag éva
TUAUA HOVO TwV 0edoHEVWY eTTavAANTITIKA avTi va d1aTpEXOUNE

0AOKANPEC TIC YPAUUEC R TIC OTHAEC.
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Texvikég peiwang 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 :
- Mewvovral Ta conflicts peralV Twv ortoixeiwv Twv val kai key
BeAriwon Tou spatial locality
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Texvikég peiwang 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+l)
X[ilLj] = 2 * x[ilLj:
/* After */

for (k = 0; k< 100; k = k+1)
for (i = 0;i<5000:; i = i+1)
for (j=0:; j<100; j = j+1)
x[il[j1= 2 * x[i][j]:

H mpooméAaon dedopévwy TTou PpiokovTdl o€ ouveXopeveg BEaoeig
HVAUNG kai X1 pe améaTtaon 100 Aé¢ewv PeATilbver oTo Ttapddeiypd
uag tnv spatial locality.
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Texvikég peiwong Tou Miss Rate: Compiler Optimizations

Loop Fusion

/* Before */
for (i=0;i<N;i=i+l)
for (j=0; j<N; j=j+1)
alillj1=1/b[il[j]* clilljl;
for (i=0;i<N;i=i+l)
for (j=0:j <N j=j+1)
d[ilLj] = alilj1+ clilljT
/* After >/
for (i=0;i<N;i=i+l)
for (j=0; j<N; j=j+1)
{  alilljl=I/blij1* c[illjl;
dlilljT1=afil[j1+ cl[illj]: }

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

Blocking

/* Before */
for (i=0;i<N;i=i+l) j ‘ i
forn(J:O;J<N"J:J+1) 001 2 3 4 s 0o 1 2 3 4 5 f 01 2 3 4 s

{r=0; f ° f

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

w
» w N --
w

r=r+y[IK*2IKIG Y

iG] =r : : :

).

O1 2 sowTepikoTEpPOl Ppoxol:
- TlpooreAauvouv 6Aa ta NxN oTtoixeia Tou z[ ]
- TlpoomeAaUvouv emavaAnrnTika Ta N oTtoixeia tng 1 ypapung Tou y[ ]
- Eyypapn Twv N otoixeiwv tng 1 ypappic Tou X[ ]

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

Baoikn 10éa: avalnrape tov BxB unowivaka wou xwpael otnv cache
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Texvikég peiwong Tou Miss Rate: Compiler Optimizations

Blocking

k i
/* After */ e s s s T
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)

f?r (JS 330§ < min(jj+B-1,N); j = j+1)
r=u,
for (k = kk; k < min(kk+B-1,N); k = k+1) {
r=r+y[il[k*z[K][j1}
}g[i][J] = x[i][j]+r:

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

Aev tepipévoupe va petapepBei To TARpec block otnv cache
TPIV Thv €Ttavekkivnon tng CPU:
- Early restart: Apéowg poAic wopTwOei n {nTolpevn AéEn Tou

block, amooTéAAeTal otn CPU ka1 ouvexileTal n ere€epyacia Twy
Ocdopévwy and auThv.

- Critical Word First: @optwveTtal mpwTtn ané oAo 1o block n
{ntoupevn AéEn kai arooTéAAeTal otn CPU apéowc HOAIC @TAOEI.

* Et1o1 n CPU ouveyiCel Thv emelepyaaia evw ol uttdAoiteg Aé€eig
Tou block petagépovral amé Thv KUpia pvApn.

Eivai ouvnBwc¢ xpnoipec oTav 1o péyeboc Twy cache block
gival pyeydaho.

Ta mpoypduparta pe kaAn spatial locality {nToUv dedopéva
TToU PpiokovTal oc ouvexopeveg B€ocic HVAUNG Kal Ogv
emw@eAoUvTal amd Thv TeXVIKA Tou early restart.
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Texvikég peiwong Tou Miss Penalty:
TMpoTepaidoTnTta ota Read Misses évavti Twv Writes

+ Zmig write-through caches pe write buffers
TapouctaeTal mTpoPAnua e Tig ouykpouoeigc RAW kara tnv
GVGVV(UOT\ amo Thv KUpIG IJVI’\IJV\ (O} > nepnmuon TToV 8XOU|J8
cache miss:

- O write buffer kpara ta mpooparwg Tpowomoinuéva dedopéva mou xperalovral
yla Thv avayvwon.

- Mia Abon cival awAa va wepiyévoupe péxpl va adeidoel o write buffer,
aufavovrag £1ol To miss penalty {Iae nahouc MIPS 1000 kara 50% ).

- EAéyxoupe Ta mepiexopeva Tou write buffer mpiv Tnv avayvwon: av dev
urdpxouv ekei Ta {nToupeva dedopéva, mpémel va Ta KaAégoupe amd TV Kupida

HVAUN.

- 2Ti¢ write-back caches, yvia éva read miss
avTikadBiotdra To block av eivai dirty:

- Zuvibwg: Tlpwra petagéperar To dirty block otn pvipn kai oTn ouvéxeia
TPAYHATOTOIEITAI N avayvwon.

- AiagpopeTika: Avriypagetar To dirty block oe évav write buffer, oTn ouvéxeia
TPAYHATOTOIEITAI N avayvwon, Kadi TEAOC N eyypayn.

- H CPU kaOuotepei AlyoTepo yiati Eekivael Tnv eneepyaoia dedopévwy apéowe
HETA TNV avayvwon.

cslab@ntua © 2006-07



Texvikég peiwong Tou Miss Penalty:
Merging write buffers

‘Eva cache block frame diaipeitar oe sub-blocks.
Yndpxel éva valid bit avd sub-block ota cache block frames.

Ae xpeialetar va popTwooupe éva oAdkAnpo block otnv mepimrwon
miss aAAd povo To {ntoupevo sub-block.

AiebBuvan

EYYPOPIG v Vv Vv Vv

100 1 | Mem[100] | O 0 0

108 1 [ Mem[108] | o 0 0

116 f§ |1 |Memitte] | o 0 0 KdO¢e buffer xwpdel 4

124 ll |1 [memit241| o 0 0 A€ eic Twy 64-bit.
AlggBuvon A A
Albvon y y v Mébvo oTo 20 oxhua

100 1 | Mem[100] | 1 (Mem[108] | 1 | Mem[116] | 1 |Mem[124] aglomololvTal
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Texvikég peiwang Tou Miss Penalty:
Non-Blocking Caches

O1 Non-blocking caches W lockup-free caches emTpETOUV
oTi¢ data caches va amooTéAAouv dedopéva TToU TTEPIEXOUV
(cache hits) 600 dickmepaiwveTar £va miss:

- Arnaiteital out-of-order ekTéAeon Twv evroAwv arno Th CPU.

- “hit under miss” : uewwvel To_effective miss penalty yiari
ouvequeTal n ene§epvaola dedopévwy and Th CPU avri va
ayvoouvTtal ol diITROEIG Yia véa dedopéva.

- “hit una’er multiple m/ss N “miss under miss” : pmopei va
TPOOYEPEI emimAcov peiwon Tou effective miss penalty by
emikaAUnTOovTag Ta woAAdmAd misses.

- Au€avetal onpavtika n woAurAokoTnta Tou cache controller apol
HopEi va umdpXouv TOAAEC HN JIEKTEPAIWHEVEC TTPOOTEAAOEIC OTN
HvAuN.

- Amnaitei moAawAd memory banks wote va e§unnpeTouvrai
moAAaTAEC TPOOTEAAOEIC OTN HVAUN.

- Tlapadeiypa: Intel Pentium Pro/III ewmiTpémel va EKKPEHOUV HEXPI
kai 4 misses.

cslab@ntua © 2006-07



Texvikéc peiwone Tou Hit Time
Pipelined Writes

O £Aeyxo¢ Tou tag Kai n evnpépwon Thg cache -amoé Tnv Tponyoupevn
EVTOAN- Umopei va yivovtal Tautéxpova (pipeline) av uhomoinBouv wg
d1aPoPETIKA 0TAdIA

Mévo STORES pmopouv va uhotoinBouv pipeline: mpémer va adeidoer o
buffer mpiv amé éva miss

CPU
sldress
(T TR

Store r2, (rl) Check r1 i
Add --

Sub --

Store r4, (r3) M[rll-r2é& check r3

e
bulker

Lowmer kvl memer.,

"Delayed Write Buffer": which must be checked on reads; either
complete write or read from buffer
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Texvikée peiwone Tou Hit Time
Avoiding Address Translation

+  AmooTtoAn Tn¢ virtual address otnv cache: OvopdeTal
Virtually Addressed Cache W anAa Virtual Cache vs.
Physical Cache

- Ké&Oe popd mou aMaloupe diepyacia n cache mpénel va kaBapiCeTal

(flushedg, d1aopeTIKG Oa emioTpéyel AavOaopéva hits
+ KoéoTog : xpovog flush + "compulsory” misses Adyw Tou adeidopatog Tng cache

- Xelployog Twy aliases (amokaAoOvrar Kkai syronyms): )
2 diagopeTikég virtual addresses avrioToixiCovral oTnv idia physical
address

- I/0 mpénel va emikoivwvei pe Tnv cache, emopévwe xpeialovrai ot virtual
addresses

+ AUon via Ta aliases:

- To HW egyyuarai 6T 1 ouvduaopog index field & direct mapped civai
Hovadikoc : page coloring

+  AUon via 1o cache flush:

- TlpooOéToupe Hia process identifier tag n omoia avayvwpilel Tn digpyaoia
gaewg Kal TIg 31euBUvoeIg TG diepyaciag: dev emioTpégeTtal hit and AaBog
IEpyacia

cslab@ntua © 2006-07



Texvikée peiwone Tou Hit Time
Virtually Addressed Caches

CPU CPU CPU
l VA l VA VA | |
VA PA
B $ B
Tags Tags $
PA VA l o ‘._l PA
—il2 9,
$ B I
l PA l PA MEM
MEM MEM EmikdaAuyn Tng $
mpooméAaong pe VA
2 upparikn Virtually Addressed Cache HETAppaAoN: ATtaiTeiTal
Opydvwon MeTdppaon poévo oe miss O€ikTNG aTtnv $ index vid
Synonym TpopAfpaTa va tapapével otaBepod
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2.Uvoyn

Texvikn MR MP HT  Complexity

MeyaAUtepo péyeBoc Block
YynAdéTepn Associativity

Victim Caches
Pseudo-Associative Caches

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

Miss rate
OWMNMNNE=O

+ + + + + + +

TTpoTepaidoTnTa 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 Mviiun (Main Memory)

+  H kUpia pvApn yevikwg xpnoigomoiei Dynamic RAM (DRAM),

oTnv oTroiad Xpnolgomolcital éva transistor yia Thv amoOnkeuon
evoc bit, aAAd amaiTei pia epiodikh avavéwaon Twy dedopévwy,
diapalovracg 0Aeg Ti¢ ocipég (~kaBe 8 msec).

« H Static RAM umopei va xpnoipyomoinBei av 1o emimpooOeTo
KOOTOCG, h XAUNAR TTUKVOTNTA, Kal h katavdAwaon evépyeiag €ivai
avekteg (m.x. Cray Vector Supercomputers).

* H emidoon Tn¢ KUpIAC HVAUNG eTtnpedleTal aTo :

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

Access time: O xpodvoc mou pegoAapei petalu piag aiTnong mpog Th Kupia
uvr’\l.qm Kdl ThG OTIYUAC TTOU N attaiToUpevn TTAnpoyopia eivail d1aBéaiun othv
cache/CP

 Cycle time: O gAdx10T0G Xp6vog HeTALU d1adoxXIKWY AITACEWY TTPOG TN
pvAun (peyaAUtepoc amé Tov access time otn DRAM via va emitpémel oTIC
vpappéc d1euBlvocwy va TTapapévouv oTaBepEg)

- Memory bandwidth: O puBuég perapopag dedopévwv peTalu
KUpia¢ pvApng kai cache/CPU.
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Opyavwon tnc DRAM

bit (data) lines

r
Each intersection represents
o s
|1 a 1-T DRAM Cell
d RAM Cell
e Array
c
o
d - word (row) select
e y 4
r
* Column Selector &
row 2 > Col
I/0 Circuits T olumn
address Address

° Row and Column Address
data together:

» Select 1 bit a time
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Texvikéc BeATioTomoinong tou
Memory Bandwidth

+ EupUtepn Kupia Mvipn:
To eUpo¢ Thg HvAUNG aufdveTtar katd évav apiBuéd Aégewv (ouvABuwg
KaTd To péyeBocg evog cache block emimédou 2)
— To Memory bandwidth eivai avaAoyo Tou gUpoug TG pviAung.

n.X. AimAaoialovrac To eUpo¢ Tne cache, dimAacialeral Kkai
To memory bandwidth

* ATAR Interleaved Memory:

H pvApn opyavwveTal ae évav apiBuoé amo banks kabéva pe gvpocg 1
AECNC.

- Tautdxpoveg avayvwoelig i eyypawéc woAwv Aé€ewv emiTuyxavovral
He amooToAR d1uBUvoewy Pvnuwy oc woAAd memory banks ot pia
popd.

- Interleaving factor: AvagépeTai oTnv avrioToixnon Twv
d1euBUvoewv pvApng ota memory banks.

n.X. Xpnoigowoiwvrac 4 banks, bank O éxel dAeg Tig Aé€eig
Twv ormoiwv ol dieuBuvoeIC cival:

(d1ebBuvon Aé€nc) (mod) 4 = O
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(a) One-word-wide

{b) Wide memory organization (c) Interleaved

memory organization memory organization
CPU CPU EvpYtepn pviun, bus CPU .
xax cache Zevé bus
cache pe

/ Multiplexor\ interleaved

Cache O CI O ji"_':_l. Cache memory

Cache
Bus Bus Bus

Memory || Memory (| Memory || Memory

M
emory bank0 || bank 1~ || bank2 || bank 3

Memory
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3 mapadciypota evpovg bus, memory, ke memory interleaving
Y10, VO, ETLTOYOVUE peyarvtepo memory bandwidth

O amhovoTEPOG OYEOLAGNOG:
‘Ola £xovv 10 péyedog piog

AEENG



Memory Width, Interleaving:
TTapadeiyua

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

(4 kUKkAo! yia amooToAR TG 81eBuvong, 24 kKUKAol access time / Aé€n, 4 KUKAo! yid
amooToAn Hiag AEENC)

Memory access / evroAn = 1.2 Idaviké execution CPI (ayvowvTag Ta cache misses) = 2
Miss rate (péyeBoc block=2 word) = 2%  Miss rate (uéyeBoc block=4 words) = 1%

To CPI Tou pnxavhuaTog pe blocks tng 1 Aé€ngc= 2 + (1.2 x .03 x 32)=3.15

MeyaAwvovTac 1o péyeBoc Tou block ae 2 Aé€eic divel To akoAouBo CPT:

- 32-bit bus ka1 memory, kaBdAou interleaving = 2 + (1.2 x .02 x 2 x 32) = 3.54
- 32-bit bus kai memory, interleaved = 2+(12x.02x(4+24+8)=2.86
- 64-bit bus kai memory, kaBoéAou interleaving = 2 + (1.2 x .02 x 1 x 32)=2.77

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

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

System

Ll -1 CPU
e

L2 &

L3 —|Caches

T o

600MHZ - 1.7GHZ (a multiple of system bus speed)

Pipelined (7-21 stages)

Superscalar (max ~ 4 instructions/cycle)

Examples: Alpha, AMD K7: EV6, 200MHZ
Intel PII, Plll: GTL+ 100MHZ
Intel P4 400MHZ

System Bus

='ﬁ

adapters

—T T

/O Buses
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Example: PCIl, 33MHZ
32 bits wide

|

) 133 MBYTES/SEC
Controllers NICs
Disks ‘ ‘ ‘ ‘
Displays [ Networks
Keyboards
/O Devices:



Virtual Memory

H Virtual memory eAéyxel 2 emimeda Tng 1epapxiag HvAUNG:
+ KUpia pviapun (DRAM)
* Malikh amoBnkeuon (ouvABw¢ payvnTikoi digkol)

H kUpia pvAapn diaipeitarl oc blocks katavepnpéveg ae d1aPoPETIKEC TPEXOUOTEC
d1EpYACiEC TOU OUGTAKUATOG:

* Blocks kaBopiopévou peyéBoug: Pages (péyeOog 4k éwg 64k bytes).

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

2 £ dedopévo Xpovo, via kdOe TpExouaa Siepyacia, éva KoppdT! Twv dedopEvwy R
ToU KWAIKA YopTWVETAI OTNV KUPIA HVAUN VW To UTtdAoiTto eival 8i1aBéaipo povo

O0TOUC HayvnTikoUG diokoug.

Eva block kwdika h dedopévwy Tou Xpeld{eTal yia Thv EKTEAEON HIAC
6|spvaoia§ aAAd dev uTtdpx el 0TN KUpIA HVARN €XEI WG ATTOTEAEOUA Evd page
fault (address fault) ka1 To block pémel va popTWOEei oThV KUPIA HVARN ATIO TO
dioko K Tov XEIPIOTA Tou AsiToupyikoU ouoThpaTog (OS handler's).

‘Eva mpoypappa pmopei va ekteAeaTtei o€ omoladntoTe B£on ThE KUPIAC HVAKNG R
Tou 0iOKOU XpNOILOTIOIWVTAG £vav HNXAVIOUO €TTavaTomoO£éTNoNG 0 oToiog va
eAEyXETAI ATTO TO AEITOUPYIKO oUOTNKA TTOU va avTioToixXei TiI¢ 01euBuvaeig amd
Tov Xxwpo Twv virtual addresses (logical program address) oto xwpo Twv
physical addresses (kUpia pviAun, diokog).
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Metagppaon Virtual -> Physical Addresses

Virtual Physical
address: address:
0 A 0
4K B l‘ 4K C
8K C 8K
12K D 12K Physical
— 16K A main memaory
Virtual memory 20K O Physical 8¢og1g
— 24K B tov blocks A, B, C
20vELOUEVOS YMDPOG
tov virtual addresses 28K
EVOG TPOYPANNOTOS
S
o
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 to application programmer

Replacing a block

Trivial (all blocks are the same size)

Hard (must find contiguous, variable-size,
unused portion of main memory)

Memory use
inefficiency

Internal fragmentation (unused portion
of page)

External fragmentation (unused pieces of main
memory)

Efficient disk traffic

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

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

- ‘Exoupe Tnv yeudaiobnon 0TI d1aBETOUNE TTEPIOTOTEPN

PUOIKA KUpId HVAUN

- Emitpémel Tov emavaTtomoO£éTnon Twv TPoypdHpdTWY
- TlpooTaTeUel amd mapdTumh tpoopachn oTh HvAuN

Virtual address
313029 28 27 e 15 14 13 12 111098 ... 3210
Virtual page number Page offset
\ 4
(Translation)
29 28 27 e 1514 13 12 1110 9 8 ......3210
v VL
Physical page number Page offset

Physical address
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AvTioToixion Twv Virtual Addresses ot
Physical Addresses pgéow &vog wivaka
ocAidwv (Page Table)

Vinual address

‘ Virtual page number ‘ Page offset I

Main
memory

N Page
table Physical address

) B ;
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Metappaon Twv Virtual Addresses

Virtual pag
number
Page tabl .
Physical page or Physical memory
Valid disk address
1 —
1 ./.\
1 —
1
0 o
1
.& / 1
1
0
\/ //\
- ./)g( Disk storage
0 .54 \ /
1 ¢
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Page Table

Xperwalovron 2
TPOCTELAGELS PV UnG:

*6T0 page table
*GTO OVTIKELUEVO
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Page table regster
Virtual address
31 30 29 28 27 e e s e et e s et s 000000 15 14 13 12 11 10 9 8 ¢ e e e 3210
Virtual page number Page offset
320 J22
- Valid Physical page number
®
Page table
Y \\18
If O then page is not
present in memory
29 28 27 e e eees st sessoosne “ e e 15 14 13 12 11 10 9 8+« 3 2 1 0
v v
Physical page number Page offset
Physical address




Turikéc mapapeTpol Tng Cache
kai Tng Virtual Memory

Parameter

First-level cache

Virtual memory

Block (page) size

16-128 bytes

4096-65.536 bytes

Hit time

-2 clock cycles

40-100 clock cycles

Miss penalty
(Access time)

(Transfer time)

8-100 clock cycles
(6-60 clock cycles)
(2-40 clock cycles)

700.000-6,000,000 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 pvAun: H fully associative Texvikh
XPNOILOTIOIEITAI YId ThV eAdTTWON TOU Miss rate.

AvTikardotaon Tou block: The least recently used (LRU) block
avTikaBioTtarai otav éva véo block épxeTal oTn pvAapn amo To dioko.

2TpdThyIKA eyypagwyv: XpnoidoToieital n TexvikA write back kai pévo oi
dirty oeAideg peTapépovTal améd Tnv KUpia vApn oTo dioko.

Ma Tnv TomoBéTnon Twy blocks oTnv KUpia pvApNn XpnoipoTroleiTal €vag
page table. O pa%e table deikTod0TEITAI AT TOV EIKOVIKG APIBUO TeAidAG
(vir’rtu).llal ﬁage humber) kai tepiéxel Tn euoikh 31e0Buvon (physical address)
Tou block.

- Paging: To Offset ouyxwvebetal gye Tn 81e0Ouvon TN YUOIKNG oeAidag.

- Segmentation: To Offset npooTiOeTai oTn di1evBuvon Tou physical
segment.

Ma tnv aglomoinon Thg address locality, xpnoigomoieitar cuviBwg o
translation look-aside buffer (TLB) yia Tnv amoBnkeuon Twv TpoopdTwe
HETAPPAOUEVWY O1EUBUVOEWY WOTE vd ATToPeUYETAl TTPOoTTEAAON TG HVARNG
Tpokelpévou va diapaoTei o mivakag oeAidwv (page table).

cslab@ntua © 2006-07



Page Faults

* Page faults: the data is not in memory,

retrieve it from disk

- huge miss penalty, thus pages should be fairly large
(e.g., 4KB)

- reducing page faults is important (LRU is worth
the price)

- can handle the faults in software instead of
hardware

- using write-through is oo expensive so we use
writeback
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EmiTaxuvon tnc petagppaonc dieubuvoewv:

Translation Lookaside Buffer (TLB)

TLB: Mia pikpn on-chip fully-associative cache mou
XPNOIQOTIoIEITAI YId Th HETAPPAon d1evBUVOEWV.
Av pia virtual address umtdpxei péoa oto TLB (TLB hit), dev
TpootteAaUveTal o TTivakag ocAidwyv ThG KUplag HVAUNG.

Physical Page  TLB (on-chip)

, valid Tag Address ) .
Virtual Page | Ial 128-256 Entries
Number 1
. Physical Memory
—>| 1
1
128-256 2
TLB Entries
Physical Page
valid  ©F Disk Address
1 o«
1 ./A
- Lz Disk Storage
1 o«
Page Table : :74
(in main memory) - //// L |
0 7y | |
!  // 1 l
1 v /
. S
1 v
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Intrinsity fastMATH processor

Virtual addross
B30 B 141312 1 1093210
| Virlual page number Faga oflset
20 +|2
-32 bit address space/byte vy | —
addressing o - =
) —
&
4KB/page 6= o
.TLB fU”y GSSOCIGTlve: 16 Hﬂmpawnummﬂl Page césat
entries Pyscslagdsss g | Cochoinsen | G250 | | 203
+EI B Ja i\e
T Jrz Cata
Valid Tag
-—CIJ
Cache hit ||
Data
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TLB & Cache Operation (Intrinsity
TLB Operation FGSTMATH)

Virtual address

l

TLB access

1 Cache is physically-addressed

TLB miss

use page table Physical address

Cache operation

Try to read data
from cache

Write access
bit on?

Y

l

Write protection

. Write data into cache,
exception

update the tag, and put
the data and the address
into the write buffer

_ Yes
Cache miss stall

Deliver data
to the CPU
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TLB, virtual memory, cache
ouvOoudooi

TLB | Page Table | Cache | Possible? If so under what circumstance?
hit hit miss | Possible, although the page table is never really
checked if TLB hits
miss hit hit TLB misses, but entry found in page table; after retry,
data is found in cache
miss hit miss | TLB misses, but entry found in page table; after retry
data misses in cache
miss miss miss | TLB misses and is followed by a page fault; after retry,
data must miss in cache
hit miss miss | Impossible: cannot have a translation in TLB if page is
not present in memory
hit miss hit Impossible: cannot have a translation in TLB if page is
not present in memory
miss miss hit Impossible: data cannot be allowed in cache if the page
IS not in memory

cslab@ntua © 2006-07




Pentium P4 / AMD Opteron

charactoitc eiPontimP4 | AWDOptoron

Wirtual addrass 32 bits 48 ts
Physlcal addrass | 36 Dits 40 plts
Page size 4 KB, 2,;4 ME 4 KB, 2,4 ME
TLE organzation | 1 TLE Tor Instructlons and 1 TLE Tor | 2 TLES Tor Instructlons and 2 TLES Tor data
data Both L1 TLES fully assoclathe, LRL
Both are Tour-way set assoclatha replacemant
Both use pseudo-LRU replacement | Both L2 TLES are fourway set assoclativity,
Both have 128 entrias rauncHrobin LRLY
TLE missas handled In hardwars Both L1 TLEs have 40 entries
Both L2 TLES have 512 antdes
TLE misses handled In hardwars

FAGURE 7.34 Address translation and TLB hardware for the Intal Pantium P4 and AMD

Opteron. The word size sets the maximum size of the virtual address, but a processor need not use all bits.
The physical address size 1s independent of word size. The P4 has one TLE for instractions and a separate
identical TLB for data, while the Opteron has both an L1 TLB and an L2 TLEB for instructions and identical
L1 and L2 TLEs for data. Both processors provide support for large pages, which are used for things like the
aperating system or mapping a frame bufter. The large-page scheme avoids using a large number of entries
to map a single obiect that is always present.
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Pentium P4 / AMD Opteron

Crarsctristic | el pentiompd MO Oplron

L1 cache arganization

SRIT Instruction and data caches

SpIE Instruction and data cachas

L1 cache slzs

& KB for data, &5 KB traca cachea Tor
RISC Instructions (12K RISG
operatlons)

G4 KB eqeh Tor Instructlons fdata

L1 cache S50l atvity

d-way et assoclative

24Ey sat assoclative

L1 replacement

Approximated LR raplacemsant,

LRU raplacemant

L1 block slze Gd Dytes 4 ytas

L1 write pollcy Witethraugh Wits-back

L2 cache organization | Unified {Instruction and data) Unifled {Instruction and data)
L2 cache slzs o1z KB 1224 KB (1 MBE)

L2 cache assodlatity

B-way sel assoclative

TEway sat assoclativa

L2 replacament

Approimated LREU raplacemsant

Approximatad R replacament

L2 Dlock slze

128 bytes

a4 bytas

L2 wilte pollcy

Wiite-back

Wts-Dack

FIGURE 7.35 Firstdevel and second-devel caches in the Intel Pentium P4 and AMD
Opteron. The primary caches in the P4 are physically indexed and tagged; for a discuzsion of the alterna-
tives, see the Elaboration on page 527.
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Desktop/embedded/server
microprocessors (2004)

AMD
Optaron Intal PXAZE0

Instruction set architecture | 1432, AMDS4 MIFS32 SPARC v
Intended appllcatlon Servel ambaddad l]Q'Sk'LEID |D\'l'-m'l'|'9f embeddad | sanar
Dl size (mm=) (2004) 103 122 217 356
Instructions Issued fclock 3 2 3 RISC ops 1 dx2
Clook rate (2004) 2.0 GHZ 2.0 GHz 3.2 GHI 0.4 GHz 1.2 GHz
Instruction cache &4 KB, 16 KB, 12000 RISC op trace 32 KB, 3z KB,
Zoway sat direot mapped cache (-6 KB 32.way set dway sot
assncatva AS50C] atlve A550CATve
Latency (clocks) 37 4 4 1 2
Data cache &4 KB, 16 KB, & KB, 32 KB, 64 KB,
Zoway sat L-way A-way 32.way set dway sot
asanclative 2ot assoclative et assoclative Asa0l atlve Assolatve
Latency (clocks) 3 3 2 1 2
TLE entries {I/0/L2 TLE) 40,/40/512/ 16 126/128 32732 128,512
512
Minimum page size 4 KB 4 KB 4 KB 1 KE 8 KB
on-chip L2 cache 1024 KB, 1024 KB, 512 KB, — —
1fway sot d-way set Brway sat
assnciatve assoclative assnclathve
Off-chip L2 cache — — — — 16 MB, 2-way
ot assoclative
Block slze (L1/L2, byles) &4 ad 64,/128 3z 32

FIGURE 7.36 Desktop, embadded, and server microprocessors in 2004, From o memory hisrarchy perspective, the primary differ-
ences between categorias is the L2 cache. There is no L2 cache for the low-power embedded, a large on-chip L2 for the embedded and desktop,and 1s
MB off chip for the server. The processor clock rates alse vary: 0.4 GHz for low-power embedded, 1 GHz or higher for the rest. Maote that UltraSPARC
IV has two processors on the chip.
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H Aeitoupyia Tou Alpha AXP 21064
Data TLB kara tn gerappaon twv
d1eVBUvVoEWV

Page-frame Page
address offset Virtual address TLB = 32 blocks

<30> <1 3/ Data cache = 256 blocks
I_- H npécPacn ota TLB

<1><2><2> <30> <21> yivetar cuv0mg pe v
@ @ VR W Tag Physical address Teyviki pipeline

Y YY Y

(Low-order 13 bits
<9> of address)
- » 34-bit

+ ¢ l* “‘
——| 32:1 Mux I 53 (4) physical
2 » address

7
(High-order 21 bits of address)

Valid

Read
Permission  Write
Permission
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2.Uvoyn
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Virtual page Page CPU Data virtual page Page
number <35> _ offset<13> ~ Store queue/ number <35> _ offset<13>
ASN PC | I i Instruction  data out | s
> T T <128>  <64> Data in <64>
@ <B><4><1> <35> <31> @
ASNProt V Ta Physical address
D ag
l CY| f<r2e> | T | 4>
e . (3 64>y L T
A (1024 ASNProt V Tag WayLine Data =+ B
Cc blocks) <8> <4><1><33> <1> <11><51
H T 177 7
E
(High-order 28 or 31 bils@ 128:1 mux
- hysical address,
Predict @ P )/431>
<9>y <6>
o | ool oo ®
<B><d><1> <35> <B1> c offset @
ASNProtV Ta Physical address
| 2 Y A Valid Tag Data
£ 5 C @ <> <29> <512>
L H "
B E l@l—-—
94
(High-order 28 or 31 bits
of physical address) (5) @ I@Lt
/ <31> |
<45} @ Instruction prefetcher :ﬁ— 2:1 mux
@@« Tag <38> Data <512> @ |
Addressi <445 It @ | Address<38> Data <512> I
=2
{ &
O— D 1| viowm
buffer
|
4:1 mux
Alpha 21264 @ @
<44> A <128>1" <15> 1 <b4> {
(8) V D Tag Data M System chip
‘éb <17> d><l> 21> <512> @ A memory crossbar
5 Tag Index ' |
c L N
e ®
[ (131,072 M
H blocks) E
E L | M
- J 0
R
(= ®) Y




Read/Write (Intrinsity FastMATH cpu)

Virtuad addrass
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TLE miss
excapbon

Cache miss stat
while read block

Dellver data
1o the CPU

Cache miss stall |
while read block

Try 1o write data
10 cache

J

Wiite gata nto cache,
update the dirty bit, and
put the data and the
acdrass into the write buffer




Intel Hub Architecture (850 Chipset)

Intel D85OMD Motherboard:

Source: Intel® Desktop Board D850MD/D850MV Technical Product Specification



Intel D850MD Motherboard: mouse, keyboard. parallel

Source: Intel® Desktop Board D850MD/D850MV Technical Product Specification Serial, and USB connectors

= Hub
Y Y I
AGP slot >}

Pentium 4 socket

I/O Controller Hub

Firmware Hub —
including BIOS ) ! it i 205, T e R
=l It o el o W S i [ Power connector

Speaker

Battery IDE drive connectors



Example:

Intel Hub Architecture (850 Chipset)

application

file system
registers
cache(s)

system bus
(64-bit, 400/533 MHz
>~24-32 Gbps)

Liclise s /B RAM interface RDRAM
o0)1177% | = /MM (two 64-bit, 200 MHz
> 24 Gbee) RDRAM
hub »

hub interface
(four 8-bit, 66 MHz
- 2 Gbps)

I/0

controller

hub PCI bus
(32-bit, 33 MHz
- 1 Gbps)




Intel 32-bit Architecture (IA32): Basic Execution
Environment

v Address space: 1 — 23° (64 GB),
each program may have a linear address space of 4 GB (23?)

v Basic program execution registers:
» 8 general purpose registers (EAX, EBX, ECX, EDX, ESI, EDI, EBP and ESP)

> 6 segment registers (CS, DS, SS, ES, FS and GS) GPRs:
> 1 flag register (EFLAGS) PUSH %eax EAX: X
> 1 instruction pointer register (EIP) PUSH %ebx Egi \z(
PUSH %ecx_ EDX.:
v Stack — a continuous array of memory locations ;gg izglith'”w ESL:
> Current stack is referenced by the SS register POP %ebx E;I;:
ESP register — stack pointer POP %eax ESP:
EBP register — stack frame base pointer (fixed reference)

PUSH — stack grow, add item (esp decrement) ESTACK:

POP — remove item, stack shrinks (esp increment)

= 0x0...

Y V VY V¥V

N

=<

v' Several other registers like Control, MMX,
XMM, FPU, MTRR, MSR and performance monitoring

N

R Oxfff...




Core 2 CPU die (Conroe parch)




Intel iI975X chipset

_ : 1066/800 MHz FSB
PCI Express’ PCle
Graphics x16

| DDR2

82975X

10.7 GB/
' PCI Express® MCH - el
Graphics ‘ DPHR2

PCIl Express*
Graphics

2 GB/s DMI
Inte!® High K Y
Definition Awio

/ /

8 Hi-§
use 7 "’,P

4 Serial ATA Ports

_ Intel®Matrix
Storage Technology

60
orts MB/s

7

2 . 500
6 ’<Cl Express" x1
P visis
each A1 LPC or SPI

" BIOS Support

133 4
MB/s ¥

Intel® PB271000 LAN

Intel® Active

'43 Management T~.chnology @ Optional



PCl-Express Slots
PCI Slots Dual X16; 2 X1 Back Panel Connectors

Socket 775
Core 2 Duo
Ready
Intel 875X
Platinum
Nerth Bridge
Intel ICH7DH Chipset
South Bridge
Dual Channel
Memory Slots
Serial ATA
Headers
Parallel Port RJ-45 Gigabit LAN Port
PS/2 Mouse = m
Port @ Audio Ports

PS/2 Keyboard _@ ”
Port

1394 Port USB 2.0 Ports
Coaxial SPDIF Port

Serial Port



