Enavainyn Iepapyio Mviaung
Memory Hierarchy
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Opyavoon Xvotquoatoc Mviung

* "Evo vmoloyiotikd cOotnuo cuvnbmg otabétel ToAAOVC
TOTTOVG HVIUNG
— Registers, buffers, caches, main memory, secondary
memory (flash/SSD, disk, tape)
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Xootnuo pviung (memory system)
— GLOKEVEG UVNUNG,

— aAYOPLOUOL OLUYELPIONG KL EAEYYOV TMV ATOONKEVUEVOV
TANPOPOPLOV.

Kotd T 6%£0l0.61 £€V0S GUGTNUATOS UVIIUNS TPETEL YEVIKA VO
EMOLOKETOL:

— 1 HEYIGTOTOINGT TNC LECTC TOYVTNTOC LETAPOPAC
TANPOPOPLOV ATTO/TPOG T UVIUN, LIE TO EAAYIGTO OLVOTO
KOGTOG,

— 1] GUTOUOTOTTOINGT TV OLUOIKAGIDV LETAPOPAS
TANPOPOPLOV UETAED TOV OAPOPOV LOVAO®Y VUG, £TOL
(OOTE VO, OTAOTOLEITOL TO £PYO TOV TPOYPULUUATIGTOV
(XPNOTOV) TOV VITOAOYIGTN, KOl

— 1 TOPOYN UNYOVICUOV Y10 TNV TPOCGTUGIO TOV
amoONKELUEVOY  TANPOPOPIOV ONO OVETITPEMTTES
eEVEPYELEC KOOMG KOl GOAALOATO TV TPOYPOULUATIGTOV.
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|10eaTd: ATTEIpn, ypnyopn Kal TNV uvnun
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YTapxel Auon;
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Tomkotnto Avagopdas/Xpnong

(Locality of Reference)

 [Ipoypdpupota teivouv vo ¥pnGLOTOIOVV OEO0UEVH, KO
EVTOAEC IOV YPMGLUOTOINGOV TPOGPATO.

* Kavovag tov 90/10 (90/10 Rule): 'Eva wpoypapua E00EVEL
90% tov YPOVOL ekTEAEOTC € LOVO 10% TOL KOOWKOL

* Xpovikn Tomkotnto Avagopds: (Temporal Locality):
Avtikeipevo mov ypnopomomdnkoy Tpoceata TEivovy va
YPNGLUOToIMBovV Cavd 6To £yy0G LEALOV

* Xopwkn Tomxotnto Ava@opdc (Spatial locality):
Avtikeipeva mov €Y0VV YEITOVIKEG 01EVOVVGELS GTOV YDOPO
TELVOLV VO, YPNCLLOTOI0OVVTOL KO YEITOVIKA GTOV YPOVO.
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for (1=0;i<n;++i)

s+=all];

Spatial  Temporal

|
n
ali]
S
for (1=0;i<n;++i)

s+=all];
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lepapyia ©

Cost/bit Size Speed Useful-Data

CPU +
Registers

Secondary Memory

Tape, CD-ROM etc
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Iepapyio Mviyung [Memory Hierarchy]

H Iepapyikn pviun sivon Eva uoikd emakoAovdo ¢
Tomkotntoc

H Iepapyikn pvijun opyovaovetol 6€ 01d.QpOopol ETITEO.:
— To ynAotepo enimedo eivar To O HIKPO KoL TO TTLO YPNYOPO KOl TO TLO
axp1o avd byte
— To xdéBe enimedo g epapyiog Lvnun eivor vTOGHVOLO TOV ETITEOOV
mov Ppioketon yaunAldtepa otV epapyio (repimov)

210Y0G €lval vau ETITUYOVUE VWYNAT TOYVTNTO TPOGTEANUGTC
(TapOUOl0L LE QLT TOL DYNAOTEPOL EMTEOOV TNG UVNUNG) NE
YOUNA0 KOGTOG ava bit (mapOuotol e ovTh TOL YOUNAOTEPOV
EMITEOOV UVIIUNG)
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' Processor

4 Graphics.k [
h: p m! ’.

Méoa o€ €éva eTTe€EPYAOTA:

Registers

L1 Data

L1 instructions
L2

L3 shared
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system-||
Agent&8||
Memory |
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fmefuding
Display,
DMl and

_"Hemury Controller 1/0 desarmer

L1 Data Cache | 2 Cache
& Interrupt
Execution Servicing
Units

Memory Ordering

& Execution Paging

Branch Prediction
QOut-of-Order Instruction
Decode &

Microcode

Scheduling &
S E

Instruction Fetch
& L1 Cache



H Iepapyio pviung €xer moALd emimeon aALd N O ElpLoNg
YIVETOL HETOCD OVO EMTEOMV.

* Emtoyto (Hit) eivon pio poGPacn ot wviun mov
KavoToleital amd o YNAOTEPO £Minedo ¢ lepapyiog
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* [locooto Emruyiog (Hit Rate) glvon 10 KAAoua OA@V TV
OVOPOPM®V TOL UTOPOVV VA, IKOVOTOINOoVV amd TO YNAOTEPO
enimeoo ¢ lepapyioc

*Miss Rate = 1- Hit Rate

* Xpovog Emrtoytog (Hit time): O ypOvoc mposmELNCTC GTO
ynAotepo emimedo e lepapyiog coumepriapufavousvoo kot
TOV YPOVOL TOV YPELACETOL YIOL TOV EAEYYO EAV £YOVLE
eMLTLYLN 1] ATOTLYLA.

* Kootog Amotuytog (Miss Penalty): Xpovoc yio va
OVTIKOTOGTI)GOVLE £VOL LTAOK GTO YNAOTEPO EMIMENO TNG
[epapyiog ue 10 avVTiGTOLYO UTAOK OTO TO YOUNAOTEPO
enimeoo TG lepapyioc Kol vo LETOPEPOVLE TO UTAOK GTTV
KME

PO W
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° MéGOQ Xp(')VOQ Hp(’)cs[iam]g va];mg (Average memory access

time)

= Hit time + Miss ratio x Miss Penalty
= Hit time + (1-Hit ratio) x Miss Penalty
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Total time

« Xpovog IlpocPaong (Access time): XpOvog LETOPOPAC
NG TPOTNG  AEENC/TUNUOTOC UTAOK.

* Xpovog Metagopag (Transfer time): XpOvoc UETAPOPAS
TOV VTTOAOLTOL LUTAOK.

*Evailaxtikdo Metpikd: Misses/1000 instructions

*Miss rate mopamAovTIKO 0TV OEV LITAPYEL LEYAAOC aplOUOg
TpocPAacemv
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Emntoosaic Iepapytagc Mviiung oto oyeotoopno g KME

-Kootoc Amotuylog (Miss Penalty)
- Tng tdénc tov 100wV KOKA®V
> H KME aopavei.
— Tng 1déNng TV YIAMAO®V KOKA®V.

> H KME owokomteton Ko eSunnpetel Kamowo
AAAN Oepyacia

H KME npénetl va wtopal va yepiCeton owa(popsg uvn NG ne
netaoariopevo ypovo npocsPaonc. Ti onuaivel avto;

1. H KME npémet va €x€1 Eva unyovic o yio vol UTOPEL va
eAEYYEL €AV Elvarl emiTLYyid.

2. O enelepynotng TPEMEL VO £YEL EVOL UNYOVIGLO Y10l TN
LETAPOPA UTAOK CVAUEGO GTO OLAUPOP, ETITEDN LVI|UNG
3.Context Switch
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Kpveny Mvijun ( CACHES $)

* To Cache givai 1o eninedo(a) g epapyiog mov Bpioketon peTacy Tnc
KME kot ¢ kupimg pviunc.

*Movtépvol enecepyacteg moAATAd enimeda caches

*Eva cache mepiéyet éva apOud blocks (my 512)
*Kd0e block €xer péyebog (my 64B)
‘I'wa éva cache i pvijpn givar porpaopévy og block,my 232 B memory

*K@d0¢ or1ev00vvon avikel o€ éva blockue povaowko block address

— Cache 64B block size => memory 22¢ blocks, Block address upper 26
bits, offset six bits

— Cache 128B/block,....
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Agrtovpytla Iepapytoc Mviung

* Ql: TomoBétnon tov Mrhok (Block placement): I1ov
tomofeTeiton Eva UTAOK GTO YNAOTEPO EMITEOO TNG
Iepapyioc?

* Q2: Avayvopion tov Mmlok (Block Identification)
MéEBoodog eAEyyov katd TOGO Eva umAoK PplokeTal 610
ynAdTEPO emimedo ¢ lepapyiog?

* Q3: Avtikatdotaon tov MrAok (Block replacement):
[To10 umlox emMAEYETOL YOl AVTIKATAGTAGT) GE OTOTLYIO?

* Q4: IToArtik Eyypaoenc (Write Strategy): Ilwg yivovtat ot
EYYPOPES?

18
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*Q1: NMou TotroBeteiTan éva UITAOK oTo cache ($)
(Where can a block be placed in a cache)

Mia $ £xel n uTtodoX£G yia blocks

KAOE block £xel CUYKEKPIUEVO HEYEBOC

KdaBe dieuBuvon avikel o€ £va block

Ta dedopéva pIag eVTOAr} uvAPNG TTou BpiokovTtal oto $
lw r4,4(r5)

r4 = 0x10004000

Address = 0x10004004 BpiokeTal yéoa oTnv cache;

To 11 Ba wa&oupe cival yia 1o block tTou TTEPIEXEI TNV OIEUOUVON
2 € TTola uttodoXN €ival eva block péoa ato $;
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Mvnun dpeonc Xaproypdonong (Direct Mapping)

Kd0e umiox umopetl va tonobetndei povo ce pio vmoooyn oto cache

e Ap1Ouog umioxk MOD ap1Oudc tmv vTodoymVv.

(Block-frame address) modulo (Number of blocks in cache)

» EEaieipel To mpoPAnua tnc avalntnong.

e [IoAAQ umAok avTieToY0VV otV 1010 vIToooyN (conflicts)

* Anuovpyeiton TpoPAnua edv molrd blocks mov ypnoponotovval
TUYYAVEL VO AVTIGTOLYOVV GTTV 1010, VTTOOOYN.
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['la duadikoug apiBuoug b,={0,1},

By bbb b ... bbb, MOD 27=b_,....b,b,b,

[1x 10010100101 MOD 16 (16=2%) =
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Direct Mapping

Cache
SSE58SEC
N N
/lr /v n\
// // \\\ \\
v ' L L

00001 00101 01001 01101 10001 10101 11001 11101

Memory
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2voeyetiotikn Mvinun (Fully Associative):

» Kd&be umhok punopetl vo, tomofetn0el o€ 0mo1odmOTE LITOOOYN.

2V6YETIGTIKN Mviiun 6uvoA0ov HE N KATOAYOPNGELS VA VTTOO0YN
(n-way set associative):

‘Evo umAox mpdto yopToypageital 6€ Evo GOVOLO amd VITOO0YES KOl
LETA TomoOeTEITON GE OO0 TTOTE VTOOOYT LEGO GTO GOVOAO.

Ap1Ouoc urhok MOD ap1Buog tov Xovorwmv.

(Block-frame address) modulo (Number of SETS in cache)
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Direct mapped Set associative Fully associative

Block# 01234567 Set# 0 1 2 3
Data Data Data
T 1 T 1 T 1
a a a
g 5 g 5 g

Search ] search | { seach TTTTTTTY

H tomofétnon tov umhok pe oevbovvon 12 e cache pe 8 umAokg

DM # Sets =38 12% 8=4
2-way # Sets= 4 12% 4=0
FA#Sets =1 12% 1 = (b4
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Q2: [oc eléyyovue Kot OGO £va UTAOK PBpiokeTot 6To YNAOTEPO
enimeoo g Iepapyloc.

[ direct cache kat set-associative 1 o1evBvvon yopilete og 3
TUNLOTOL.

Tag (etikéTa) Index (0€ikNC) Block Offset

25
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Hit

F

Address (showing bit positions)
31-++1615-+:43210

J16 Q12 ]2 Byte
Tag B ™ offset
Index Block offset
16 IJit~5_ ) 128 hits .
v o Tag o Data ]
F
™ [ ] » ] r AK
entries
L 2
\‘16 -..H32 \.\32 \“‘32
e
Mux !
()
J 32
[,

Data

direct mapping cache with 4 word (16 bytes) blocks

To dcdopéve 212x 24 B = 64KB
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Address
31 30+-+12 1110983210

.\32 B
Index ¥ Tag Data V. Tag Data Y Tag Data Y Tag Data
0
1
2
ey (| » o [ ¥ 9 ) o 9 (]
253
254
255
""\.22 N
(=

ﬁ-’;-lﬂﬂ multiplexor

Hit Data
4-way set associative cache

4 comparators and a 4x1 Mux
Ta dcoopuéva 23x 22 x 22 B=4KB
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[Tw¢ eTIAEyoUE Eva oUvoAo oTo cache,
Xprion €voc index-to-2ndex degoder
1

index

2index _ 1

28
KegpaAaio 5- lepapyia Mviung



[Mapadeiyupa: Alpha 21264 Data Cache

Block
Block address offset 0 ::dl:ess

<29> <9> <6>

Data Data
Tag__|index| | > in out
Valid Tag Data
<> <29> i
(512
blocks)
(512
blocks)

Victim
buffer

Lower-level memory i
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WORD

BLOC\

\

SET
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References (dicuBuvoeig bytes)

22 10110 1-tag 3-index 1-offset
26
23
26
7
11
6
23
26

YmoB0éoTe 8 entry direct-mapped $ pe kd0¢ block va Trepiéxel 2 byte

[Mou Ba koitacoupue yia 1o kaBe block (Ti ivar To Tag/Index);
[Méoa hits/misses;
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References (dicuBuvoeig bytes)

Address Tag Index  Offset

22 10110 1 011 0 M
26 11010 1 101 0 M
23 10111 1 011 1 H
26 11010 1 101 0 H

! 00111 0 011 1 M
11 01011 0 101 1 M

6 00110 0 011 0 H
23 10111 1 011 1 M
26 11010 1 101 0 M

uttoBéoTe 8 entry direct-mapped $ pe kd0¢ block va Trepiéxel 2 byte

[Mou Ba koitacoupe yia 1o kaBe block (Ti ivar To Tag/Index);
[Méoa hits/misses;
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Q3: ITow prlok avVTIKOOGTATOL GTNV TEPITTMOGCT UTOTVYLOC.
* Mvijun apeonc Xaptoypaenong (Direct mapping): Koud emioyn).

e 2voyeTioTikK] Mvijun kol Xvoyetiotiky Mvijun evovolov pe N
KOoToy@PN6ELS (Fully associative and set associative):

- Tuyaio 1 wevootuyaio. Random (or pseudorandom)

- Least-Recently-Used (LRU): The block replaced is the one
that has been unused for the longest time.

- FIFO (First-In-First-Out)
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4-way set

Block Addresses: ABABBCDEDABC
LRU:
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4-way set

Block Addresses: ABABBCDEDABC
LRU:  —eee- - A- BCE

35
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Prefetching Lines

Prefetch more blocks on a miss (avoid cold misses)
Flag them as prefetched when inserted
If line has hit reset its prefetch bit

On replacement
Line is marked prefetched prioritize replacement

If (lines replaced with prefetched bit set / prefetched lines >
Threshold)

__block prefetching for X Cycles
- 36
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Q4: Ilow civar n womtik eyypoens (What happens on write?)

* O1 avayvooelg eivat n LeydAn mistoynoeio tov tpocsPlcemy 6tn
Lvnun. (Reads dominate cache access)

- 20% amd OAeC TIC avOUPOPES LVIIUNG Elvon ey Ypapéc.

BeAtiwvovupe tnv mo cuyvn mepintwon (Make common case fast (Amdahl's Law))

« H avéyvoon evog umlox umopet va apyicel mapdAAnia (e tnv
avainmon g Kpueng Uviung.

« H avéyvoon evog umlox umopet va apyicel LOALC YIVEL yv@GTN M
O1eLBLVET TN VITOOOYNS TOV UTAOK.

« XtV nepintwon Emrvyiag n AéEn owPifaletar otny KME

TNV TEPITTOGT ATOTLYIOG OEV VITAPYEL OVTE TAEOVEKTILA, OVTE
LLELOVEK TN LA,
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*O1 €YYPUPES 0EV CEKIVODV UEYPL VO EAEYYDEL 1
ETIKETA Y10 ETLTVYLAL.

- O1 €yypopEC TALPVOLY TTEPIGCOTEPO YPOVO
Ao TIC OVAYVMOCELS

Y apyovv 0V0 ETAOYEC VIO TIC EYYPAPEC
- Aeyypaon (Write through (WT))

- Yotepoeypoaopn (Write Back (WB))

38
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Yotepoeypaen (Write Back)

* H pvrun oev evnuepaveton Onote aAAAleL To cache.
- H pvnun evnuepovetal povo 0tav 1 KoToypno™n apalpeitol amo
70 cache yia vo emTpEYel o€ KATOI GAAT KOTOYDPIGT VO
KOTaAdPeL TV vToooYN TNC.

» Antarteiton éva bit (dirty-bit) oe kKdBe UTAOK TOL VO EVIUEPDOVEL OV
Exel AAALAEEL 1) KorToy@PMGT TOL cache apov popTmONKE.
*Atapopetikd and to valid-bit

e O1 &yypagec yivovton pe tnv toydTINTO TOL cache.

* O1 xatoympnoelc oto cache kol ot Mvnun ogv ival GuvapEic.
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Aweyypon (Write Through):
e Otav o A&EN ypapetatl 6To cache, ypageTal avTtOpOTO KOL GTN
pvnun.
* O1 xatoympnoelc oto cache kol ot Mvnun eivan cuvageic.
* O1 &yypapeg yivovtal LE TNV ToyLTINTO TNS UVIUNG.
- H ypion write-buffer emitpenel otnv KME va cuveyicel tnv
eneCepyacio KaTd TN OLQPKELD TNG EYYPOPNS OTN UVIIUN).

- H deyypaogn mpopovmc mpokaAel peyarldtepn KukAo@opia
GTO OLOVAO OTTO TNV VOTEPOEYYPUPT).

- H votepoeyypapn €xel to mpofAnua tne Zuvagpelog cache kot
Mviung.

40
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Write Buffers yia Write-Through Caches

G
<

> Cache C—— Lower
Level
Memory

Processor

rite Buffer

Alarnpei 0edopeEva ae avapovn yia eyypaen
gTO XAMNAOTEPO ETTITIEDO UVAMNG
Q. Why a write buffer ?

Q. Why a buffer, why
not just one register ?

Q. Are Read After Write

(RAW) hazards an issue
— for write buffer?




Write Buffers for Write-Through Caches

G

»| Cache |—— Lower
Level
Memory

Processor

rite Buffer

Q. Why a write buffer 7A. O ereepyaoTric dev Trepipével

Q. Why a buffer, why A. MaZepévec eyypapéc
not just one register ?

Q. Are Read After Write A Noi! Adsiaoe 1o buffer i

(RAW) hazards an issue g\gyée 10 TEpPIEXOPEVO TOU
— for write buffer?




Anotvyio o€ Eyypa@éc (Write Miss)
* Yrnapyovv ovo Emloyéc

- Write Allocate (Fetch on write)

- No write allocate (write around)

* Kot 01 0vo oTpatnyikég Umopovv vo ypnoiporotnfovv Kot
LLE TIC OVO GTPUTNYIKEC EYYPAUPNG.

* H paxtikn etvat:

- 11 Yotepoeyypapn (writeback) va cuvovdcete pe write-
allocate kot

- 1 oeyypapn (writethrough) pe no-write-allocate.
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KegpaAaio 5- lepapyia Mviung



Writeback from L1 to L2 (L2 to
L3)

What if writeback misses at a lower level?
Fetched block and overwrite it? Why?

[Coherence?]

44
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Amnoooon tov Cache (Cache Performance)

[Hapdoeryua 1:

Miss penalty = 6 clock cycles
CPI=9.0

Miss rate = 10%

3.0 references/instruction
[Toc6 % tov CPI mpokaieite amd ta misses;
[Tapdoetypo 2

Miss Penalty = 10 cycles
CPI=2.5

Miss rate 10 %

1.5 references/instruction

[Toc6 % tov CPI mpokaieite amd Ta misses;

45
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Atm6doon NS Kpuenc Mviung

CPU execution time = (CPU clock cycles + Memory stall cycles) x Clock cycle time
= (CPI + CPljeces)X 1 X CT

cpu

Memory Stall Cycles = Number of misses x Miss penalty
I x (Misses 7/ Instruction) X Miss penalty
I X (Memory Accesses / Instruction) X Miss rate X
Miss penalty
Memory stall Cycles = 1 x Reads per instruction x Read miss rate Xx
Read miss penalty
+ 1 X Writes per instruction x Write miss rate X
Write miss penalty

(Misses / Instruction) = (Miss rate x Memory accesses) / Instruction count
= Miss rate x (Memory accesses / Instruction)




Atm6doon NS Kpuenc Mviung

CPU execution time

(CPU clock cycles + Memory stall cycles) x Clock cycle time
(CPI ., + CPljsses)X 1| X CT

Memory Stall Cycles Number of misses X Miss penalty

I x (Misses 7/ Instruction) X Miss penalty

I X (Memory Accesses / Instruction) X Miss rate X
Miss penalty

Memory stall Cycles

I X Reads per iInstruction x Read miss rate X
Read miss penalty

+ 1 X Writes per instruction x Write miss rate X
Write miss penalty

(Misses / Instruction) = (Miss rate x Memory accesses) / Instruction count

Miss rate x (Memory accesses / Instruction)
[Mapdadeyua:

— ldeal CPI=1, load/store=50% instr, miss penalty=25clk, miss rate=2% (idio
yia EVTOAEC KOl OedoEVA)

— speedup=?




IInyec Amotvyiag Cache

* Ynoypewtikég (Compulsory): IIpadtn avagopd ce Eva umAok (to
onoio AEN Ntav moté oto cache).

* Xopntikotnrog (Capacity): Cache misses mov TpokaAlovvTol AOY®
0V 011 T0 Cache AEN ovvatal va mepiéyel OAa ta blocks mov
YPEWALOVTOL Y10, TNV EKTEAECT EVOC TPOYPALULOTOC,

* 2vykpovoelg (Collision): Cache misses wov TpokaiovvVTOL AOY® TOL
011 G¢ set associative 1) direct-mapped caches moAlamAd blocks
cuvayoviCovtal yia 1o 1010 set.

AvEavovTtog T Y@PNTIKOTNTA TOV cache HEWOVOVTOL Ol amoTVYiEC AOY®
GUYKPOVGEMV KOl Ol OTTOTVYIEC AOY® YOPNTIKOTNTOC.
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MéBooor BeAtimong Eniooonc CACHE

1. Avéhvovtoag to pEyefog Tov GLVOAOL TNG LVGYETIGTIKNG
My unc ZuvOoAov LELMVEL TIG OTOTVYIEC OO XVYKPOVGELC.

- H m\poc Zvoyetiotik) Mviun eCoieipetl TG amotovyleg amd
2VYKPOVGELC.

- Aaztavnp1 1 VAOTOINGT TOVS GE VAIKO

- Mrmopet va avéfostl Tov ypovo npocPaocng kar va,
HELOGEL TNV 0T00061T] TOV GUGTILOTOG.

2. Meyohmvovtac To MTAOKG LEIMVOVUE TIC DITOYPEDMTIKEC
QLTTOTLYLEC.

- Eivan mOavo va avENoel amotuyles amd XvyKpPovoELc.
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3. Egyoproté Cache Evroiov, Cache Asoopévov (IS
kat DY)

Hexymprotd Cache ypnopomolodv olopopeTIKEG
O0peC Yo EVIOAEC KO OEOOUEVQL.

— AwmAac1aCeTe TO €VPOC.
— BeAtiotomolovue kdBe cache Ceywpiotd:

— ALOQOPETIKES YOPNTIKOTNTES, HLEYEHOG UTAOK KoL
BaOuodc cuoyeTIcGUOV.

— ECaAeipovuv Ti¢ XuyKpoUGELS LETACD UTAOK
OEOOUEVMV KOl UTAOK EVTOAWV

* Cache-EvtoAwv £youvv LiKpOtEPO TOGOGTO
amotuyiog and ta. Cache- ocdouEvav.
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YT1rob6<cote ouotnua pe IL1, DL1, L2, MvAun
i010 block size

lw $6,0($8)

[10oeC TTpooBAaoeIc aTNV YvAun XPEladeTal N
TTIO TTAVW EVTOAN;
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YT1rob6<cote ouotnua pe IL1, DL1, L2, MvAun
i010 block size

lw $6,0($8)

Access oT1o IL1 pe To PC 1nC evioANnC
Access aoto DL1 pe tnv dielBuvon oto $8+0
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Access oTo L1

Hit oto L1 diaadel yia AEgn

Miss oto L1 Access oT1o L2

Hit oto L2 diaBader Eva block

Miss o1o L2 Access oto Main Memory
Alaaoe £va block atmo Tnv Mvnun
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Kupia MvAun (Main Memory)

H pvAun tou eivar amreuBeiag mpooTreAdaiun ammé tnv KME ovopadeTal
KUpIa MVAHN KOl XPNOIJOTIOIEITAI YIA TNV ATTOBNKEUON TWV TTPOG
EKTEAEON TTPOYPOAMMPATWY KAI TWV AVTIOTOIXWV OEDOUEVWV

MéTpa Atrédoong (Performance Measures)
- Xpovoc NpootréAaoncg (Access Latency)
- EUpoc (Bandwidth)

Xpovog mpoomélaaong (access time) O xpOvog TTou aTTaAITEITAI YI
TNV aVAKTNOT €VOC OUYKEKPIUMEVOU THANATOC OedoUEVWY aTTd Jia BEon
aTTO0rKEUONC.

- looduvauei ye 10 XpOvo TTou yecoAafei atrd TOTE TTOU
KaAouvTal Ta OedOPEVA ATTO TN VAN MEXP! TOTE TTOU €ival

ETOIMA VIO XPNON.

Eupog (Bandwidth): Bytes/second, puBudg peta@opdc dedONEVWV
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Kvpia Mvnun
*Xpovoc kKuokAov uvnung (Memory Cycle Time): EAdyi6tog
YPOVOC LETOED OVO OLOLOOYIKMV TPOGPAGEDY GTNV Lvhum.

* Avvouikn RAM (DRAMs) €yet line multiplexing

“Io100 oTjHOTO OLAPOPETIKT) GNUAGIN GTOV YPOVO

*RAS (Row-Access strobe) & CAS (Column-Access strobe)

*RAS-CAS popdlovtor ta id1o orjuoto € da@opeTKo ¥poOvo
* Avvoutkn RAM yperaletatl meplootkd gpeckdpioua (refresh)

* To kO0GTOG TOVL PpecKapioUaTOC Eivor GLVNOME TO KOGTOC LULOC
npocPacemnc otnv uvnun (RAS and CAS)

* Otav ypnoiwonoovpue DRAMS ta 0goouEVO TPETEL VO
Cavaypdpovtal LeTd amd KAOE avAyvmon (KOKAOG Hvniung)
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row select

- Write:
1. Drive bit line A
2. Select row

- Read:
1. Precharge bit line to Vdd
2. Select row bit

3. Cell and bit line share charges
Very small voltage changes on the bit line
4. Sense (sense amp)
Can detect changes
5. Write: restore the value
- Refresh:
1. Just do a dummy read to every cell.
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2tatik) RAM (Static RAM (SRAM))
* Aev vapyet line multiplexing
* Aev yperalovtor ppeokapicpo (No need for refreshing)

Mvnueg KaTaoKEVAGUEVEC LE Tt 101 TEYVoLOYia (Memories
designed with comparable technologies)

- DRAM's Capacity = 16 times the SRAM capacity

- SRAM's cycle time = 8-10 times faster tan DRAM's
cycle time

e Main Memory: DRAMs
e Cache: SRAMs
 Standard Cells (latches, F/F) yio AL arrays
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6-Transistor SRAM Cell

word

word
(row select)

bt bit

- Write:
1. Drive bit lines (bit=1, bit=0) — _
2. Select row bit bit
- Read:

1. Precharge bit and bit to Vdd

2. Select row

3. Cell pulls one line low

4. Sense amp on column detects difference between bit and bit’
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Opyavoon Mviung (Memory Organizations)

* Movoiektikn Opydvoon Mvnunc

[Thatid Opydvoon Myviung

* [TapepPorropevn Opydvoon Myviung (Interleaved memory organization)

CFU CPU
Cache Cache
‘_/"“"-.._‘ _‘/"“--..__.___
Bus Bus
T T
Memory (| Memory || Memory || Memory
Memory bank O bank 1 bank 2 bank 3
Memary b. Wide memary organization c. Interleaved memaory organization

a. One-word-wide
memory organization
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Tvyperalere...

- 1 K¥0KAO Yo TNV petaymyn e o1evbvvon
(1 clock cycle to send address)

- 6 KOKAOVG Yo TNV TPOGPacn avd AECH.

(6 clock cycles for the access per word)

- 1 KOKAO Yoo TNV peTarymyn po AECNG
(1 clock cycle to send a word of data)

- MéyeBog tov Cache umhok = 4 AEEEI1C

(Cache Block = 4 words)
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I. Movoiektikny Opydvoon Mvnunc (One word wide memory)

- Kootoc Amotvyiog (Miss penalty) = 32 kdkAovg (clock cycles)
- Evpoc Zwvng (Memory bandwidth) = 1/2 byte/cycle

II. ITAatid Opyavmwon Mviung (Wider main Memory)

- [TAGtog pvnunc= 2 AeCeic (Double Width):
- Kéotoc Amotvyiag (Miss penalty) = 16 clock cycles ,
- Evpoc Zovng (Bandwidth) = 1 byte/cycle

- [TAGtog pvnunc= 4 AeCeic (Quadruple width):
- Kéotoc Amotvyiag (Miss penalty) = 8 clock cycles
- Evpoc Zovng (Bandwidth) = 2 bytes/cycle
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Metovektuato (Drawbacks):

* [TAatoc Alowroc (Wider Bus): évo moOAVTAEKTN
tomofeteite puetacyv tov Cache ko tov CPU.

* O TOAVTTAEKTNC UTOPEL VAL EIVOL GTO KPIGLULO
LOVOTTTL

62
KegpaAaio 5- lepapyia Mviung



III. Hapeuparropevn Opydvoon Mviung (Interleaved
memory)

‘Eva cuetnuo pvriung 0mov otadoykec AEEELC PplokovTal og
OLOPOPETIKEG LoVAdEC. TToOAAUTAES avayvong 1 £YYPaPEC
LUTOPOVV Vo TPpayUotonoinfovv.

* MovAoeg £xovv TAATOG (o AECT.
* 4 Movaoeg kot cache umAok 4 AECemv.

- Kdéotoc Amotvyiac (Miss penalty) =1+ 6 +4*1 =11.
- EVpoc Zovnc (Bandwidth) = 1.5 bytes/cycle

63
KegpaAaio 5- lepapyia Mviung



Fetch Decode Rename Issue Reg. Execute Memory
Read
N2
I-TLB D-TLB
\
[-L1 D-L1
Y
Victim
Cache
\ 4 Y
MSHR L2 |¢ MSHR
v
MSHR
\
Memory
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Evotnra 7(B)
Ewovikny Mviun
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Virtual addresses

Address translation

Physical addresses

HE

— >
—__ ‘

Disk addresses
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*Virtual and Physical Memory
—  Virtual: to 1 PAEmEL O TPOYPOAUUATIGTIG
—  Physical: o RAM tov ovoriuorog

*Agv givar anapaitnro Virtual == Physical
— [Tio otkovouIKO/TPAKTIKO

«>vvnbwg Virtual > Physical
*Ewcovikn) Mvnun gtvat Eva iepapytkd cOGTNUO WWNUNG LE TOVAGYIGTOV 000  ERITED.

*H owyeipton tov yivetoaw and 10 AZ. ko KéOe depyosio €xel TNV EVIOT®OTN OTL
YPNOIUOTOLEL Eva, LEYAAO eMimedo medio devBvvoemv.

*O1 d1evbivoelc (Eikovikéc) mpémel vol HETOPPAGTOVV GE QULGIKEG O01ELOVVGEIS TPV
YPNGLULOTOINOODV.

*Ewcovikn pvnun dtoupet tn QUGIKY UVNUn o€ GEAMOEC Kol TO KATAVEUEL GE  OLAPOPES
dlepyaciec.

evirtual kon physical pages
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« H etcovic) pviun ympiCetat e 000 KaTnyopiec.
- 2edoomoinon: Mmlokc otafepov UnNKovc(Pages:Fix size blocks)

- Tunuaronoinony: Metaoarlopevo péyebog umlok (segments)

Xehmoomomuévn Eikovikn) Mvijun: (Paged Virtual Memory:)
- 2100gp0 pnKog d1evBvvecmv: aplBuog seridag Kot orevbvvon.

- Ecotepikog Katakeppnotiopnog (Internal Fragmentation)

- XeMmoomoinon petd amo Aitnoen: Ot ceAldeg mpookopilovtal
UoOvo  OTovV  TPOYUOTIKG YPEWOTEL UL GEAdDL Ko Oyl
TPOKATUPOAIKA.
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Virtual address

31302928 27 eieeeancnans 15141312 111098 «eases 3210

Virtual page number Page offset

Translation )

29 28 27 \..l....... 15141312 111098 K 3210

PhysicaNpage numb Page offset

hysical address

« Méyebog ZeAidog 212 =4
« Ap1Budc Ewovikav Zedidwv= 220 (kabopilete ano uéyeboc address)

« Kvpiog Kviun = 1GB, AptBudc Pvoikdv Leromv= 213
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Block (page) size 4-64 kbytes (Large, Huge pages)

Hit time 100s clock cycles

Miss penalty 100K-1M clock cycles (yia 0i6K0)
(Access time) 80% penalty
(Transfer time) 20% penalty

Miss rate 0.00001%-0.001%

Main memory size  GBs
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Cache xor EIKONIKH MNHMH

eTo uéyeOoc tng oiwicvbvveng tov Emeiepyootn
TPocolopiiel To uéyehog tns Eikovikng uvyunc.

H avtikatdotoon €vOCc UTAOK OTIC OTOTLYIEG TOL
cache yiveton amd T0 VAIKO.

* H avtikatdotoon ceMOmV oty EIKOVIKT] Lvhun givat
N 00VAELX TOL AEITOVPYIKOD ZVGTHUOTOC.

*H docvtepevovoa puviun ¥pNoILOTOLEITOL KOl Yo
TO CUCTNUO OPYEIMV.
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« Q1: ITov TomoBeTeiTol £vo NTAOK GTNV KOPLO, ViU

Onovonmote (ZVGYETIOTIKT UVAUN OTNV OpOoAOYid TOV
cache) (Anywhere, Fully-Associative in cache terminology)

* Q2: Ilwg Ppiokovpe €av pio ceAion PpiokeTor 6TNV
KOPLOL WV UN

Iivaxac 2Zeiiowv (Page Table)

—  Xpnoonold cov deiktn to apluod tig ceAion (Indexed by
the page number)

—  Ilgpéyer v avrotory o EKoviKOv 6&-QUoIKES
01ev00voelg (Contains the physical address of the block)
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Page table register

Virtual address

31 30 29 28 27 sessessscssrsossss 15 14 13 12 11 10 9

Beresessd 27 0

Virtual page number

Page offset

-.H2f?? 412
Valid Physical page number
¥
(] 9
Page table
¥ “‘\18
If O then page is not
present in memory
29 28 27 seernarnncssnnnes s+=+15 14 13 12 11 10 9 8++]-+=3 2 1 0
¥ k4

Physical page number

Page offset

Physical address

Page size 212 =4kB

Virtual space 232 =4GB

Physical Space= 230

# of Entries in PT=220
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Multi-level Page Table in
SW/HW Third Level

Second Level

First Level
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Amotuyio Xehioac (Page Fault)

Virtual page
number

| | Page table _
Physical page or Physical memory

Valid disk address

/

(il

Disk storage
//———\\\
\\—_4__/

\\‘
] |
| |
\\-...__ __...--"‘/

O mivaxog ceAMomV avtiotoryel TNV Kdbe GeAlda

.\
N
/

L 4
slol=l=lol=m|l=|lo|l=m]l=]l=a]=

s

- 2 UoL GEALOOL OTNV UVNUNV M
- 2& ua oeAtdoa oty enduevn Pabuioa otnv Iepapyio wvnung

75
KegpaAaio 5- lepapyia Mviung



Translation Lookaside Buffer (TLB): pio pvniun cache agiepovetal otn
LETAPPOOT) 01EVOVVOTC (a cache dedicated to address translation)

*To TLB wegpi&yer éva vroovvoro g avtiotoryiog Elkovik@v 6 @uokég o1ev0ivvoers
page frame number, protection field, use bit, dirty bit

Vi ] TLB
irtual page Physical page
number Valid Tag address

Physical memaory

b A

= 1Tl=]=|=]=

Page table
Physical page
Valid or disk address

1 o«

1 -—

1 — Disk storage

1 v ]

[ ——e >
» 1 o« ‘l |

1 -~/ .

0 7V | |

] I T |

1 v / /\_____________/

0 -7

1 4
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® Q3: Ilown cerida mpémet va avTiKaTaoTadEl 0€ TEPIMTMON ATOTLYIOGC

otnv Ewcovikn pvrnun (Which Block should be replaced on virtual memory miss
(page fault)?)

- Least Recently Used (LRU)

e Q4: Tuvytvetar otnv eyypaoen (What happens on write)

- YXTEPOEITPA®H (WRITE BACK)
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* Miae eikovikny o1evbvvon 7wpéEmel mpOTO VL

repacel amo 10 TLB wpv katoAnéel oto CACHE
(A virtual address must go through the TLB before it goes to the
cache)

O ypOvoc emtvyiac awcaveton (Cache Hit time is
stretched)

* AVGELC (Solutions):

—  Toavtoypovn npocPacn 6to cache kou oto TLB
(Access cache with page offset while accessing the TLB)

—  $ ue swovikéc 1evOVVOELC(Virtually Indexed Cache)

Aliasing and synonyms (different threads same virtual address)
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Virtual address

313029 cevecccneeens 1514 1312111098 .0 v 3210
Yirtual page number Page offset
4. 20 J 2
Yalid Dirty Tag Physical page number
LB Ok
(=t
TLB hit +—a (5 ™
(=t
(=t
Size cache so that 1=
cache index+ block offset < page offset

Physical page number | Page offset
Physical address

Physical address tag | Cache index Byte

offset
16 AL ‘l\z

Yalid Tag Data

Cache

Cache hit 4—@ Data
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IIpooctocio Aigpyociav (Protecting Processes)

Base < Address < Bound
M
(Base + Address) < Bound

* O1 Olgpyociec TV YPNOTOV OV UTOPOLV v  oAAACOLV  TOVLC

KOTOYWPNTEG TPOOGTAGiac; (User process cannot change the Base and Bounds
registers)

e To AX. uovo umopei va toug 0AAAEEL OTtav OAAACEL OlEpyaciec
(context switch)
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Other Memory Hierarchy

Features
Banked Caches

» parallel access to different banks
 Each bank some sets

MSHRs

* Non-blocking cache

* Hit under miss

 Miss under miss

Prefetch
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Typical Cache Hierarchy Values

otal size in blocks 250-2000 2,500-25,000 16,000-250,000 40-1024
tal size in kilobytes 16-64 125-2000 1,000,000-1,000,000,000 0.25-16
Hock size in bytes 16-64 64-128 4000-64,000 4-32

55 penalty in clocks 10-25 100-1000 10,000,000-100,000,000 10-1000
i rates (global for L2) 2%-5% 0.1%-2% 0.00001%-0.0001% 0.01%-2%

ARM Cortex A-8
Intel Core i7
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KegpaAaio 5- I

Virtual Pay Instruction Data Data virtual Page
number <36> offsat <12> CPU <128> 64> number offset <12>
FC [ IT ) [ [ I Data in <64>
. . @ —————m
<d> <i> ®<31> <24> <d> <1> <31> <24>
: Prot V Tag Physical address Prot V Tag Physical address
D
T “ T
L L
5 [ : I 8 T
(128 PTEs in 4 banks) (&) i“'"“‘"] (64 PTEs in 4 banks) | ‘:&“"’“‘j
| <24> . 128> <84 £ <28> :
> <i> <29> 24>
L2 Prot V Tag Physical address
<7_: <l>
) |
L eee o
o | e i
2 in 4 banks) -
<T> <6
|__[ndax I IBbdmﬁsm
I V D Data D V D T Data
C <i> <i> <23> <128x4> @ c <i» <i> 21> <128x4>
A ® A
c =] ® c —
H T H
B -%@ . -Iﬁ
. - 4
=@ 5 [ =@
(512 blocks in 4 banks) ' {12 Hocks in € becks)
2:1 mux
<30>
V D Tag Data
L2 <21> 0> <i> <1> <21> <512>l
[-Tag I Index !
¢
Cc |
H =="""
= 28
{4K blocks in 8 banks)
(&) i
V D Tag Data '.‘A‘ 'é‘ Memory Interface
La B.7. <13 <i> <i> <i7> <512> l @ [ Y
[-%gj?ﬂ N O <64 <64>
Cc A
A — ——— V ow ®
H i ...'I_}... son
E @é}b 16:1 mux
(128K blocks in 16 banks)




Characteristic ARM Cortex-A8 Intel Nehalem

L1 cache organization

Split instruction and data caches

Split instruction and data caches

L1 cache size

32 KiB each for instructions/data

32 KiB each for instructions/data
per core

L1 cache associativity

4-way (1), 4-way (D) set associative

4-way (1), 8way (D) set associative

L1 replacement

Random

Approximated LRU

L2 cache organization

Unified (instruction and data)

L1 block size 64 bytes 64 bytes
L1 write policy Write-back, Write-allocate(?) Write-back, No-write-allocate
L1 hit time (load-use) | 1 clock cycle 4 clock cycles, pipelined

Unified (instruction and data) per core

L2 cache size

128 KiB to 1 MiB

256 KiB (0.25 MiB)

L2 cache associativity

8-way set associative

8-way set associative

L3 cache organization

L2 replacement Random(?) Approximated LRU

L2 block size 64 bytes 64 bytes

L2 write policy Write-back, Write-allocate (?) Write-back, Write-allocate
L2 hit time 11 clock cycles 10 clock cycles

Unified (instruction and data)

L3 cache size

8 MiB, shared

L3 cache associativity

16-way set associative

L3 replacement

Approximated LRU

L3 block size - 64 bytes
L3 write policy - Write-back, Write-allocate
L3 hit time - 35 clock cycles




Characteristic ARM Cortex-A8 Iintel Core 17

Virtual address | 32 bits 48 bits

Physical address | 32 bits 44 bits

Page size Variable: 4, 16, 64 KiB, 1, 16 MiB Variable: 4 KiB, 2/4 MiB

TLB organization |1 TLB for instructions and 1 TLB 1 TLB for instructions and 1 TLB for
for data data per core
Both TLBs are fully associative, Both L1 TLBs are four-way set
with 32 entries, round robin associative, LRU replacement

replacement
L1 I-TLB has 128 entries for small
TLB misses handled in hardware pages, 7 per thread for large pages

L1 D-TLB has 64 entries for small
pages, 32 for large pages

The L2 TLB is four-way set associative,
LRU replacement

The L2 TLB has 512 entries

TLB misses handled in hardware

(Page Table Walk)
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Some analysis

How many lines of a page reside in a cache?
How many accesses in a set between evictions?
No pending stores for a page?
(write-read analysis)
(write-write analysis)
Distance between write-miss and read?
(selective write-allocate/no-write-allocate)

Write-back and write-allocate L2,LLC — do not fetch
line from memory
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