Enavainyn Iepapyio Mviaung
Memory Hierarchy
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Tomkotnto Avagopas/Xpnong

(Locality of Reference)

e [Ipoypdupoata TElvOuV Vo YPNGLLOTOIOVV 0EO0OUEVAL KOl
EVTOAEC TOL YPMNGIULOTOINCAV TPOGPUTO.

e Kavévag Tov 90/10 (90/10 Rule): 'Eva mpdypappa Eodedet
90% tov ypoOVoL ekTéAleomnc oe LoOvo 10% tov kMoK

* Xpovikn Tomxkotnta Avagopac: (Temporal Locality):
AVTIKEIUEVO TTOL ¥PNCIUOTOONKAY TPOGEATO TEIVOLV VOl
YPNGLULOTOINO0VV Cavd 6TO £YyDG LEALOV

* Xopwn Tomkotnta Avagpopdg (Spatial locality):
AVTIKEILEVO TOV €YOVV YELITOVIKES O1EVOVVGELS GTOV YDPO
TELVOLV VO ¥PNCILULOTOI0VVTNL KOl YELTOVIKA GTOV YPOVO.
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for (1=0;I<n;++1)

s+=a]l];
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lepapyia ©
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Opyavoon Xvotquotos Mviung

e 'Eva vmoloyiotikd cOotnue cuvnlme 01ofETEL TOAAOVG
TOTOVG UVIHNG
— Registers, buffers, caches, main memory, secondary
memory (flash/SSD, disk, tape)
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Yvotnuo pviuns (memory system)

— OLGKEVEG UVNUNC,

— aAyop1Ouotl dlayElplong Kot EAEYYOV TOV ATOONKELUEVOV
TANPOPOPLOV.

To cvoTnua pvUNG:
— 1 LEYLOTOTTOINGT) TG LECTC TOYVTNTOS LETOPOPAS
TANPOPOPLOV ATO/TPOG TN UVIUT, LLE TO EAAYIGTO OLVATO
KOGTOC,

— T OVTOUATOTOINGT TV OLOOTKAGLOV UETAPOPAS
n?mpoq)oplcov LETOCL TOV OL0POPWOV LOVAOMV VT e, €101
(OOTE VO, OTTAOTOLEITOL TO £PYO TMV TPOYPOUUUATIGTOV
(XpPNOTOV) TOL VITOAOYIGTN, KOl

— 1 TOPOYN UNYOVICLOV Y10 TNV TPOGTOGLO TMV
ATOONKELVUEVOY  TANPOPOPIOV UTO OVETITPETTES
evépyelec Kabme Kol GOAALOTO TOV TPOYPUULOTIGTOV.
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H Iepapyio pviung £xer moALd emimeon aALd 1 Lo ElpLONG
YIVETOL HETACD OVO ETMITEOMV.

o Emruyia (HIt) eivorl uto tpdcPaocn ot pviun mov
IKOVOTIOLEITUL OO TO YNAOTEPO EMimed0 NG Iepapyiog
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* [locooté Emrtvyiog Cache (Hit Rate) = Cache Hits/Cache Accesses

Miss Rate = 1- Hit Rate

e Xpovog Emruyiag (Hit time): O ypdvog Tpooméhaong 6To
YNAOTEPO emimeoo tnc lepapyloc coumepriapuPavouevon Kot
TOV YPOVOL TOV YPELACETAL YIOL TOV EAEYYO EAV £YOVLE
eMLTLYLO 1] ATOTLYLOL.

» Kéotoc Amotoyiag (Miss Penalty): Xpdvoc yia va
QVTIKOTOGTNOOVLE £VOL UTAOK GTO YNAOTEPO EMITEDO TNG
[epapyioc pe TO AVIIGTOLYO UTAOK OO TO YOUNAOTEPO
enimeoo TG lepapyiac Kot vo LETOPEPOVLE TO UTAOK GTNV
KME.
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e Méoog Xpovog IIpocpaonc Mviung

(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 [pocPaonc (Access time): Xpovog Hetapopdc
mC TPpOTNE  AEENC/TUNUOTOC LTAOK.

* Xpovog Metagopag (Transfer time): Xpovog pLetopopag
TOV VTOAOITOL UTAOK.

e AALo Metpikd: Misses/1000 instructions (MPKI, ?PKI)
*Miss rate mapamAloavnTikd otav dev VILAPYEL LEYAAOC aplOUOC
npocPdoemv
Mua ektédeon evog mpoypdupatoc exktedetl 10 016. evioréc kat

npokoiel 10.3 ex. Misses otnv LLC, mwoca eivon too MPKI g
LLC=(10.3 105 10 107 )x 1000 = 1.3 MPKI

eImproved memory bandwidth which time it improves

(access or transfer)? 14
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Emnrtooeag Iepapyiog Mviiung oto oyeotoopno g KME

-Kootoc Amotuyiog (Miss Penalty)
- Tng 1d&Eng tov 100wV KdkAwv

> H KME aopavel.

— Tnc 14ENG TV eKaTOVIAO®V YIMAOMV-EKATOUUV POV
KUKA®V.

> H KME owkontetal kot eCumnpetel kAmola
GAAN Olepyoocio
H KME mpénel va umopet va ye1piletonl avapopeEC LVNUNG LE
uetafairopevo ypovo tpocPacnc. T onuaiver owto;

1. H KME npémnet va €yel Eva unyovico yio vow LTopEL vol
eEAEYYEL €AV elval emiTLYLO.

2. O eneepyaoTnC TPETEL VoL EXEL EVOL UNYAVICUO Y10 TN
LETOPOPE UTAOK OVALESO GTO OLAPOPU ETITENN LLVIIUNG
3.Context Switch
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Kpvoiy Mvijun ( CACHES $)

» To Cache sivar to enimedo(a) g tepapyioc mov PpickeTon peta&y ne
KME kot TG Kupimg pvriunge.

*Movtépvol eneEepyaotég mMoAOTAG enineda caches

*Eva cache wepiéyet éva apBuo blocks (my 512)
*Kd&0e block €yel uéyebog (my 64B - tomkdTnTO)
I'la éva cache n pvijpun givan porpaospévny o block,my 232 B memory

*Kafs o1e00vvon avijkel o€ éva blockpe povadiko block address

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

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

* Ql: TomoBétnon twv Mmlox (Block placement): I1ov
tomofeteital Evo UTAOK 6TO YNAOTEPO EMITEONO TNG
Iepapyioc?

* Q2: Avayvopion tov Mmiox (Block Identification)
MeéEBooog eAEyyov KaTd TOGO £va UTAOK PploKeTOl GTO
YNAOTEPO emimedo N Iepapyiog?

* Q3: Avtikatdotaon towv Mmhok (Block replacement):
[To10 umAoK EMAEYETAL Y10, AVTIKOTAGTAGT) GE ATOTLYIN?

e Q4: IToMtum Eyypaoenc (Write Strategy): Iloc yivovtat ot
EYYPOPES?
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*Q1: NMou TotroBeTeitan éva PIrAok oTo cache ($)
(Where can a block be placed in a cache)

Mia $ €xel n uTtodoxéc yia blocks

KAB¢e block £xel ouykekpipEvo péEyeBog

KaBe dieuBuvon avrkel o€ éva block

Ta dedopéva Yiag evioA yvAuNng TTou Bpiokovtal oto $
lw r4,4(r5)

r4 = 0x10004000

Address = 0x10004004 BpiokeTal yéoa otnv cache;

To 11 Ba wacoupe cival yia To block tTou TrepIEXEl TV diEUBuUvoN
2 € TTola uttodoxn eival eva block yéoa oT1o $;
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Mviun angong Xaptoypaenong (Direct Mapping)

Kda0e umiox pmopei va tomobetndel povo ce o vwodoyr oto cache

e Ap1Ouoc umioxk MOD ap1Buog twv vTodoywv.

(Block-frame address) modulo (Number of blocks in cache)
e ECaAeipel 1o mpdPAnua g avalntnong.
e [ToAAG umlok avtioTotyovv otV 1dia vwodoyn (conflicts)

e Anuovpyeiton TpoPAnUa v moAld blocks mov ypnoipomolovvton
TUYYAVEL VO, OVTIGTOLYOVV GTNV 1010 LTTOOOY).
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['la duadikoug apliBuoug b.={0,1},

Drimog---Briobhi1 000 ... DD Dy MOD 27'=Db, ,....b,b,b,
n least significant bits

My 10010100101 MOD 16 (16=2%) =

2Tnv C/C++/JAVA: x mod 2"= x & (2" - 1)

20
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Direct Mapping

Cache
S8Z5EecCC
P N
AT T NITTN
// // \\ \\
o v L L]

00001 00101 01001 01101 10001 10101 11001 11101

Memory
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Yvoeyetiotikn Mvnun (Fully Associative):

e KdOe umlox umopel va tonoBetndei o€ 0motadnmote VITOOOYN.

2V6YETIGTIKN Mviun 6uvoAov HE N KOTOYOPNGELS VA VTOO0YN
(n-way set associative):

‘Eva, umAok TpmTa, YopToypa@EiTtal 6€ VO GUVOAD atd LTOOOYES Kol
LeTd Tomobeteiton 6E 0MOLONTOTE LITOOOYN UEGH GTO GHVOAO.

Ap1Ouog uriok MOD apOudc tov Xovorwmv.

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

22
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Direct mapped Set associative Fully associative

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

Search ] search | { seach TTTTTTTT

H tomo0étnomn tov umlok pe otevbvvon 12 oe cache pe 8 umioxg

DM, # Sets = 8x1 12% 8 =4
2-way # Sets= 4x2 12%4=0
FA#Sets = 1x8 12%1=0
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Q2: I1og eréyyovue Katd 1Oco £va, UmTAoK Ppicketal 6To YynAdTEPO
enimeoo ¢ lepapyloc.

"o direct cache kan set-associative 1 dievBvvon ympilete o€ 3
TUNLOLTAL.

Tag (etikéta) Index (deiktnc) Block Offset

Amobnkeveton To tag tov kdbe block péca oty $

Cache usually consists:
1. Data Array (each entry holding a block of data)

2. Tag Array (as many entries as data array, holding for each data
block its tag)

24
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Cache

Way, Way,, Way, Way,, 1
INREN ncex [Toitet]

Cache Hit



e direct mapped cache with 4 word (16 bytes) blocks

e 4096 vmoooyEg
e 32-bit address

¢ 4096 = 27

e Ta dcoopnéva = ?KB

o Address bits for offset:
o Address bits for index:
o Address bit for tag:

26
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Hit

a

Address (showing bit positions)

31+ 2161543210

12 2 Byte

.

g
Tag B ottset
Index Elock offset
16 IJits_ ) 128 hits .
Vo Tag Data i
F
] ] ] [ d 4K
entries
L J
\-“I '5 \532 \"\32
Ngs
Mux !
(M)
J 32

Data

direct mapping cache with 4 word (16 bytes) blocks

To dcdopéva 21°x 24 B = 64KB
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Address
31 30++12171 10983210

Hit
4-way set assoclative cache
4 comparators and a 4x1 Mux

To dcdopuéva 28X 2° x 22 B=4KB

Data

4-to-1 multiplexor

422 438

Index YV Tag Data V' Tag Data V' Tag Data V Tag Data

0

1

2

) » o 9 % 9 » o 9

253

254

255
J22 32
e
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WORD

BLOC

SET ‘ ‘
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Q3: IIowo pmrok GVTIKOOIGTATOL GTNV TEPITTMOGT UTOTLYLOG.

 Mvijun apeonc Xaptoypapnong (Direct mapping): Koud emihoyn.

e YvoyeTioTik] Mvijun kot Xvoyetiotiky Mvijun cvovoiov pe N
KotToympnosis (Fully associative and set associative):

- Tvyoaia 1 yevootvyaica. 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:

Time
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4-way set

Block Addresses: ABABBCDEDABC
LRU: --ea - - A- BCE
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Q4: ITowx civon n wolrtikn eyypaeng (What happens on write?)

* O avayvicelg etvat 1 Heyaan mAgloyneio tov TpocPacemv o1
wvnun (20% omd OAeC TIC avapopES LVIRUNG ETVOIL EYYPOPES)

Parallel Access to Tag and Data Array

H avayveon evog prhok pmopei vo apyicet mopdAinio pe ty
avagnIon g KpueNg LViUNG.

* H avdyvmon evog umlok pumopel va apyicel LOALS Yivel yvowot 1
otevbuvon NG VTOdOYNE TOL UTAOK.

« XV mepintoon Emtuyioc n AéEn owPialetar otnv KME

2 INV TEPIMTMOON OOTLYI0C OEV LVITAPYEL OVTE TAEOVEKTI|LLO, OVTE
ueovektnua. KoortiCel o€ T,

Parallel Access spapuoletor oto ynAd enineda, 1Epapyiog.

> 10 youUnAd Tpota eEetalove to tag array kot v vdpyel HIT tote
owfalovue oo to data array Serially Accessed Caches 15t Tag and then
Data Array
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Cache

Way, Way,, Way, Way,, 1
INREN ncex [Toitet]

Cache Hit



*O1 gyYpapES 0V CEKIVOUV HEYPL VO EAeYYDEl 1
ETIKETOL Y10 ETLTLY L0

- O1 eyypOaQEC TOUPVOVY TTEPIGCOTEPO ¥POVO
Ao TIC AVOYVMGCELG

Y tdpyovv 000 ETAOYEC Y10 TIC EYYPOPES
- Yotepoeypaon (Write Back (WB))

- Aweyypon (Write through (WT))
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Yotepoeypapn (Write Back)

* H uvnun dev evnuepavetor 6mote aAlaletl To cache.
- H pvnun evnuepovetotl Hovo 0Tav 1 KoToy®pnon aQotpeitol amo
70 cache yio vo emTpEYeL 6€ KATO0 GAAT KATOYDPIoN VO
KOTOAAPEL TNV VITOOOYT] TNG.

o Amtouteiton £va bit (dirty-bit) oe kd0e pmAox mov vo eviuep®VeL av
Exel aALGEEL 1) KaToympnon Tov cache aeov PopTmONKe.
*Alapopetikd amd to valid-bit

e O1 &yypopec yivovtor pe tnv toyvtnto Tov cache.

e O1 kaTaympNoelg oto cache ko ot Myvnun dev eivan cuvaQeic.

1) TIUN 0TO cache dlaPopeTikn amd OTL TNV UV — ToL PpickKeTol TAVTOTE 1| TLO
TPOGOUTN TIUN;
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Aeyypaon (Write Through):

e Otav o AEEN ypapeTon 6To cache, ypagetot auTOUATA KOl TN
pvnum.

e O1 kataywpnoelg oto cache ko ot Mviun givan cuvaeseic.

e O1 &yypageg yivovtal PE TNV TOYLTNTO TNS UVIUNG.
- H yprion write-buffer emitpénel otnv KME va cuveyicetl v

eneCepyacio KaTd TN dbPKEL TNG EYYPOUPNS GTN LVIUT).

e H oeyypapn mpo@avmg Tpokarel LEYOADTEPT KLKAOPOPiL GTO
OLaVA0 aTtO TNV VGTEPOEYYPAPN.

o H votepoeyypaen (writeback) £xel to mpoPAnua e Zvvaeetog
cache kotr Mviung.

e You cant read data from memory without checking if data is in the cache
* Who reads the data from memory without first checking the cache?
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Write Buffers yia Write-Through Caches

- -»| Cache — Lower

Processor Level
Memory

rite Buffer,

Alatnpei 0edoUEVA g€ avapovn Yia yypagn
gTO XAMNAOTEPO ETTITIEOO PUVAMNG

Q. Why a write buffer ?

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

Q. Are Read After Write
(RAW) hazards an issue
forwrite buffer?




Write Buffers for Write-Through Caches

- —-| Cache — Lower

Processor Level
Memory

rite Buffer,

Q. Why a write buffer ?A. O ereepyaoTiic dev TrepIPEVE

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

Q. Are Read After Write A, Nai! Adeiaoe 1o buffer 1
(RAW) hazards an issue  gAgyge To TepIEXOHEVO
TOr write puftrer?? TOU (-|'| 1T£p|éxg| WB)




Anotoyio o€ Eyypa@és (Write Miss)
* Yrapyovv ovo EmAoyEg

- Write Allocate (Fetch on write)
- No write allocate (write around)

e Kol 01 000 oTpOTNYIKEG UTOPOVV VO ¥PNCIULOTOINBOVV Kot
LLE TIC OVO GTPUTNYIKEC EYYPAPNG.

* H mpaxtikn etvai:

-1 Yotepoeyypaopn (writeback) va cuvdvdocete pe write-
allocate kot

- 1 oweyypaoen (writethrough) pe no-write-allocate.
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Amoooon Tov Cache (Cache Performance)

[Tapdoeryua 1:

Miss penalty = 6 clock cycles

CPI=9.0

Miss rate = 10%

3.0 references/instruction

[Tos6 % tov CPI mpokaieite amd Ta, MISSES;
[Hapdoeryua 2

Miss Penalty = 10 cycles

CPI=25

Miss rate 10 %

1.5 references/instruction

[Tos6 % tov CPI mpokaieite amwd Ta. MISSES;
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At6doon Tnc Kpugic MvAung

CPU execution time = (CPU clock cycles + Memory stall cycles) x Clock cycle time
= (CPlg,, + CPligses)X 1 x CT

Memory Stall Cycles = Number of misses x Miss penalty
= 1 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 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)




At6doon Tnc Kpugic MvAung

CPU execution time

= (CPU clock cycles + Memory stall cycles) x Clock cycle time
= (CPlg,, + CPligses)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 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)

[Mapadeiyua:

— Ideal CPI=1, load/store=50% instr, miss penalty=25clk, miss rate=2% (idio
yia EVTOAEC Kal edouEVQ)

— Speedup="?




IInyeg Amotvyiag Cache

* Ynoypewtikeg (Compulsory): Ipatn avagopd o€ Eva umhok (1o
omoio AEN fjtav moté€ oto cache).

e Xopnrikotntog (Capacity): Cache misses mov mpokaAovvtol AOYw
tov 011 10 Cache AEN dvuvaron va mepiéyet 0Aa ta. blocks mwov
YPELALOVTOL Y10 TNV EKTEAEGT] EVOC TPOYPALLOTOC.

« 2vykpovoelg (Collision): Cache misses mov wpokailovvtotl AOY® TOV
611 o set associative 1 direct-mapped caches moAlamAd blocks
cuvaymviCovtal yio To 1010 Set.

AvEhvovtag TN ¥@pNTIKOTNTO TOV cache peiwvovtot ol amotuyieg AOY®
GUYKPOVCEMV KOl Ol ATOTUYIEC AOY® YWPNTIKOTNTAC.
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MéBoootr BeAtiomong Eniooong CACHE

1. AvEavovtag to pnEyefog Tov GLVOLOL TNG ZVOYETIGTIKNG
Mviunc ZvvOoAov UELMVEL TIC OTOTLYIEG AT ZVYKPOVGELC.

- H m\npoc Zvoyetiotik) Mvinun eCoaieipetl tng amotovyieg amd
2VYKPOVGCELC.

- Aamavnpn 1 VAOTON 6N TOVS GE VAIKO

- Mrmopel va avéfoel Tov ypovo ntpocPacng kot va,
UELWGEL TNV 0TTOO0GT] TOV GUGTINUTOG.

2. Meyarlovovtog to MTAOKS LEIMVOLUE TIC VTOYPEMTIKES
OTTOTLYLEC.

- Eivon mOavo va avéNeel amotuyles amd XuyKPovoELc.
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3. Egyomproto Cache Evrolmv, Cache Aeoopévov (IS
kot D$)

=eymptotd Cache ypno1omolovv dStopopeTikeg BUPeC Yo EVIOAEC
KO 0EOOUEVOL.

— Authactdlete 10 €0poC.
— BeAtiotomoovpue kdbe cache Eeympiotd:
—  Al0QOpeTIKES YopnTIKOTNTES, UEYEDOC uTAoK Ko BabUoc oy ETIGULOV.

— E&aieipovv T1g Xuykpovoelg Hetah UTAOK OE00UEVMY KOl UTAOK
EVIOADV

e Cache-Evtoldv £yovv uikpOTEPO TOGOGTO ATOTVYIOG OTO TO
Cache- ogdouévov.
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Prefetching Lines

Prefetch more blocks on a miss (avoid cold misses)
But prefetching can be off (too early or too late)
Flag prefetched lines 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
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YTtroBioTe ovotnua pe IL1, DL1, L2, MvAun
id10 block size

lw $6,0($8)

[10oeC TTpooBaaceIc oTnV uvNuNn XPEladeTal N
IO TTAVW EVTOAN;
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YTtroBioTe ovotnua pe IL1, DL1, L2, MvAun
id10 block size

lw $6,0($8)

Access 010 IL1 ye 1o PC TnC evTOANC
Access oT1o DL1 pe tnv dietBuvon oto $8+0
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Access oto L1

Hit oto L1 diafadel yia Aé€n
Miss o1o L1 Access oTo L2
Hit oto L2 diafBadel Eva block

eav L1 line replaced dirty: write block to L2
Miss oT1o L2 Access oto Main Memory
AiaBaoe eva block até Tnv MvAiun

eav L2 line replaced dirty: write a block to memory
[IMiss otnv pvAun (page fault)]
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Kopia MvAun (Main Memory)

H pvAun tou eivar atreuBeiag mpooTreAdoiun atoé Tnv KME ovopadeTal
KUpIa MVAHN KOl XPNOIYOTIOIEITAl YIA TNV ATTOBRKEUON TWV TTPOG
EKTEAEON TTPOYPAMMATWY KaI TWV OEQONEVWV

MéTpa Attédoonc (Performance Measures)
- Xpovocg lNpootréAaong (Access Latency)
- EUpog (Bandwidth)

Xpovog mpooméAaong (access time) O XpOvog TTou aTraITETal yia
TNV AvAKTNON €VOG OUYKEKPIPEVOU THAMATOG OEOONEVWY ATTO HIa BEoN
ammoBnkeuaong.

- looduvapei hE TO XPOVO TTOU JECOAQBEI ATTO TOTE TTOU
KaAouvTal Ta OedoUEVA ATTO TN UVMN MEXPI TOTE TTOU €ival

ETOIMA VIO XPNON.

Eupocg (Bandwidth): Bytes/second, puBuog ueta@opas 0eQ0UEVWV
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DRAM w¢ Kvpia Mvnun

*Xpovog kvkhov pvnune (Memory Cycle Time): EXdyiotog ypovog
LETAED OVO OLAOOYIKAOV TPOGPACEMYV GTNV LUvnun.

e Avvauikn RAM (DRAMS) &yel line multiplexing

“Id100 oT)HOTO OLLPOPETIKT) ONUOGIO GTOV YPOVO

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

*RAS-CAS popdlovrtor to idto o1)UaT G€ OL0POPETIKO XPOVO
o Avvouikn RAM ypewdletar mepodikd ppeckapiouo (refresh)

* To KOGTOG TOVL PpeEGKAPIoUATOC Eival GLVNOWME TO KOGTOG LL0C
npocPdcemc otnv uvnun (RAS and CAS)

e Otav ypnowonotovpue DRAMS ta doedoouéva mpémel va,
Eavaypagovial LETE amd KdOe avayvmon (KOKAOC uvhung)
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row select

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

- Read:
1. Precharge bit line to VVdd
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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SRAM Array Based Structures

Column Decoder

Columns/Bitlines
A

Precharg

o)
R

Address l,:

lapo2ag moy
Rows/WordLines
AL

«— Multiplexers

[ Data In/Out |




Ytatiky RAM (Static RAM (SRAM))
» Aev vapyetl address line multiplexing
* Aev yperdlovtor ppeckapiopo (No need for refreshing)

Mvn e KaTaokeLaoUEVEC LE TL 1010 TevoAloyia (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: DRAMSs
e Caches: SRAMs
o Standard Cells (latches, F/F) yia dAla arrays
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o-Transistor SRAM Cell

word

word
(row select)

bit bit

- Write:
1. Drive bit lines (bit=1, bit=0) L — _
2. Select row bit - bit
- Read:
1. Precharge bit and bit to \vVdd
2. Select row

3. Cell pulls one line low
4. Sense amp on column detects difference between bit and bit”
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Column (Bitline Pair)

/@Prechwge always or

WL bV O .
( One bit cell
N—— Bitlines
o) | //\
/J{ I o SINWirite Circuitry
#COL_RDi . IR \
A ATA [IN
| 4 _\‘ |
SENSEPR |_I1 N %} : 7
Read Circigry = =
g% T
\ Bl
SENSE_EN \- /
\ Sl ATCHEN ‘U’
Latch Data
DATA_OUT# DATAOLD

\/




Opyavoon Mviung (Memory Organizations)

* Movoiektikr Opydvoon Mvnung
 [TLatia Opyavmon Mviung
* [TapepParropevn Opyavmon Mviung (Interleaved memory organization)

CPU CPU
Cache Cache
.-/-hh"“-. -_/--.._____“‘
Bus Bus
Memory || Memory || Memory || Memory
Memory bank O bank 1 bank 2 bank 3
Memary b. Wide memory organization c. Interleaved memory organization

a. One-word-wide
memory organization
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T yperaCere. ..

- 1 KOKAO Yo TNV peETOY®YN TNS O1ELBVVGOT
(1 clock cycle to send address)

- 6 KOKAOLC Yo TNV TPOGPacn ava AEEN.

(6 clock cycles for the access per word)

- 1 KOKAO Yo TNV pHETOY®YN Lol AEENC
(1 clock cycle to send a word of data)

- Méyebog tov Cache umlok = 4 AECEIC

(Cache Block = 4 words)
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I. Movoiextikn Opydvmon Mvnunc (One word wide memory)

- Kootog Anotuyiog (Miss penalty) = 32 kokiovg (clock cycles)
- Evpog Zmvnc (Memory bandwidth) = 1/2 byte/cycle

II. ITAatd Opydvwon Mvnunc (Wider main Memory)

- [TAdtoc uvnunc= 2 Ae€eig (Double Width):
- Kéotog Amotuyiag (Miss penalty) = 16 clock cycles,
- Ebpog Zovng (Bandwidth) = 1 byte/cycle

- [TAdtoc pvrunc= 4 Ae€eig (Quadruple width):
- Kéotog Amotuyiog (Miss penalty) = 8 clock cycles
- Ebpog Zovng (Bandwidth) = 2 bytes/cycle
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Mewovektnuata (Drawbacks):

* [TAatoc AtawAioc (Wider Bus): Eva moAvTAEKTN
tomofeteite petacyv tov Cache kot tov CPU.

* O ToAVTAEKTNC UTOPEL VoL Elval GTO KPIGLULO
LOVOTTOTL
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III. ITopeuParropevn Opyavmwon Mvnunc (Interleaved
memory)

‘Eva cuetnuo pvniung 0mov o1od0y1keC AECELS PpioKovTal GE
OLOPOPETIKEG LOVAOEC. TToOAAATAES avayvmonc 1 £YYPaPEC
LTTOPOVV VO TPOYLATOTOINO0VV.

e Movaoeg £yovv mAGTOC Lo AEEN.
e 4 Movdoec kot cache umAok 4 AECemv.

- Kootoc Amotvyiac (Miss penalty) =1+ 6 +4*1 = 11.
- Evpoc Zovng (Bandwidth) = 1.5 bytes/cycle
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Evotnra 7(B)
Ewkovikny Mviun

63
KegpdaAaio 5- lepapxia Mvrung



Virtual addresses

Address translation

Physical addresses

.\_
.\_

Disk addresses

KegpdaAaio 5- lepapxia Mvrung
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*Virtual and Physical Memory
—  Virtual: To 11 fAETEL O TPOYPOUUOATIGTNC
—  Physical: 7o RAM zov ovotnuaroc

*Agv givon amapaitnto Virtual == Physical
— [Tio owovouIKO/TPaKTIKd

«2vvbw¢ Virtual > Physical
*Etkovikn) Mvnun givon £va iepapyitkd GOGTNUO LWVIUNG LE TOVAGYIGTOV dV0  ENITEDA.

*H Swayeipion tov yiveton and 10 A.Z. ko kdbe depyacia €xer v evivmmwon 0Tl
YPNOLOTOLEL Eval LeYAAO eminedo medio d1evBvHvVGEmV.

*O1 devBovoelc (Ewovikéc) mpémel va LETOPPOCTOVV GE QULOIKEC O1ELOVVCEIC TPV
ypnopomombovv.

eElkovikn puvnun Stoupet tn Quotkn Uvnun 6€ ceMOEC Kot TIC KOTAVEUEL GE  OLAPOPEC
dlepyaciec.

svirtual ko physical pages

65
KegpdaAaio 5- lepapxia Mvrung



« H etkovikn uvnun yopiCetot o€ 000 KATNYOPLEC.
- 2eldomoinon. Mmrhokc otafepoV unkovg(Pages:Fix size blocks)

- Tunuaromoinony. Metafariouevo péyeboc pmiok (segments)

Xemoomompuévny Ewkovikny Mviun: (Paged Virtual Memory:)
- 2100gp0 pkog o1evdivveeov: aplBuog cerioag kol otlgvuvon.

- Ecotepikog Kotakeppotiopog (Internal Fragmentation)

- YXehMoomoinon pnetd amwod Aitnorn: Ot celdeg mpookouilovon
uovo Otav  TPOYUOTIKA ¥pPEWOTEL o GeEAMOo Kol Oyl
TPOKATOPOAIKA.
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Virtual address

3130292827 eieacconacans 15141312 111098 «a.ane. 3210

Virtual page number Page offset

Translation )

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

Physitb\%ge numb}/ Page offset

hysical address

e Méyebog Zehidag 212 =4
o Ap19uoc Ewkovikov Zedidmv= 2% (kabopilere amd uéyeboc address)

e Kvpiog Kviun = 1GB, Ap1Budc ®voikov Leridnv= 218
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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 dioko0)
(Access time) 80% penalty
(Transfer time) 20% penalty

Miss rate 0.00001%-0.001%

Main memory size  GBs
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Cache xo1 EIKONIKH MNHMH

°To uéyebos tns owevbvveng tov Emecepyoaotn
TPOoGO10PILel To uéyshog tns Etkoviknyg uvjunc.

e H avtikotaotaon &vOC UTAOK GTIC OOTLYIEC TOV
cache yivetor amd To VAKO.

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

*H ocutepevovoca uviun ypnoIUOTOLEITOL KOl Y1
TO GUGTNLO OPYEIWV.
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« Q1: ITov TomoOeTEITON £vO. UTAOK GTIV KOPLO, Pvijun

Omovdnmote (ZVOYETIOTIKN HVAUN OTNV  OpoAOYiol TOL
cache) (Anywhere, Fully-Associative in cache terminology)

e Q2: Ilomg Ppiokovne e€av pio oerioo PpiokeTor oty
KOPLOL LWV UN

ITivakac 2Zelioowyv (Page Table)

—  Xpnowonotd cav dgiktn 10 apBuod tig ceAidag (Indexed by
the page number)

—  IIgpéyer v  avrotoryyios EiKoviKOV 6&-Quoiké
o1ev0vvoeic (Contains the physical address of the block)
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Page table register

Virtual address

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

B...iii?)z-ll::l

Virtual page number

Page offset

EEO K
Valid Physical page number
¥
[ ] 9
Fage table
¥ ""'JB
If O then page is not
present in memory
29 28 27 ssernnnnnsesnnnas === 15 14 13 12 11 10 9 8++]+-=3 2 10
¥ ki

Physical page number

Page offset

Fhysical address

Page size 212 =4kB

Virtual space 232 =4GB

Physical Space= 230

# of Entries in PT=220

KegpdaAaio 5- lepapxia Mvrung

71




Multi-level Page Table In
SW/HW Third Level

Second Level

First Level

In case of a miss — page walk to find mapping
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Amotuyio ZeAidac (Page Fault)

Virtual page
number

| | Page table ohvsical
Physical page or 1ysical memory
Valid  disk address

lI)

f
\

¥

mlol=al=laol=]l=lo|l=|=]=]|—=

%
\

);{\ Disk storage
T
:__\____/__./

\J |

| |

S— e

O wivakog ceMOmV avtioToryEl TNV KdOe ceAion

vl
N

pd

- 2€ oL GEATOOL GTNV LVIUNV N
- 2 o celioa oty emouevn Pabuioa otnv Iepapyio wvnung
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Translation Lookaside Buffer (TLB): uio pvrun cache agpiepdvetot ot
Letdppacn olevbuvenc (a cache dedicated to address translation)

*To TLB mepi&yetl éva vtoovvoro TG avTioTor iog EIKoviK@OV 6 QUGIKES 01EV00VVeELg
page frame number, protection field, use bit, dirty bit

Vi ] TLB
irtual page Physical page
number Valid Tag address

Physical memory

h A

S lol=m]l=m]l=]=

Page table
Physical page
Valid or disk address

o
N

|
|

]
1 o«
1 -
1 -~ Disk storage
1 v
D —— >
» 1 o« ‘l |
1 " .
0
1
1
Q
1

i
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® Q3: Ilowa oghida Tpémel vo avTIKOTAoTOOEL O€ TEPIMTTO®OT ATOTLYI0G

otnv Euwovikn pvnun (Which Block should be replaced on virtual memory miss
(page fault)?)

- Least Recently Used (LRU)

e Q4: Tryiverar otV gyypoon (What happens on write)

- YSTEPOEITPA®H (WRITE BACK)
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e Mian ewkovikny owevbuvon 7pEmEL TPOTO VA

nepacel amd 10 TLB wpwv katoAnéer oto CACHE
(A virtual address must go through the TLB before it goes to the
cache)

O ypovoc emtvyiog avéavetar (Cache Hit time is
stretched)

* AVGELS (Solutions):

—  Tavtdypovn mpdcPaocn oto cache kot oto TLB
(Access cache with page offset while accessing the TLB)

—  $ ue ewovikée dievbvvoeic(Virtually Indexed Cache)
Aliasing and synonyms (different threads same virtual address)
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Valid Dirty

Virtual address

Yirtual page number

Page offset

/

Tag

Physical page number

J 12

TLB

TLB hit +—

Hl

Size cache so that

cache index+ block offset < page offset

20

Physical page number Page offset
Physical address Byte
Physical address tag | Cache index offeot
416 14 13
Yalid Tag Data
Cache
] 9
- 432
© 1

Cache hitq—G
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Cache Index and Tag

VIVT: virtually indexed virtually tagged (L1)
VIPT: virtually indexed physically tagged (L1)

PIPT: physically indexed physically tagged (L2, LLC)
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Other Memory Hierarchy
Features

Second level TLBs

Banked Caches

« parallel access to different banks
« Each bank some sets

MSHRSs

 Non-blocking cache

e Hit under miss

e Miss under miss

Prefetch
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Fetch Decode Rename Issue Reg. Execute Memory
Read
\ 4
I-TLB D-TLB
\ 4
I-L1 D-L1
\ 4
Victim
Cache
\ 4 \ 4
MSHR > L2 ¢ MSHR
\ 4
MSHR
\ 4
Memory
80
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Typical Cache Hierarchy Values

Typical values Typical values Typical values for Typical values
Feature for L1 caches for L2 caches paged memory for a TLB

Total size in blocks 250-2000 2,500-25,000 16,000-250,000 40-1024
Total size in kilobytes 1664 125-2000 1,000,000-1,000,000,000 0.25-16
Block size in bytes 1664 64-128 4000-64,000 4-32
Miss penalty in clocks 10-25 100-1000 10,000,000-100,000,000 10-1000
Miss rates (global for L2) 2%5% 0.1%2% 0.00001%—-0.0001% 0.01%—2%
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‘irtual pa%e Page Instruction  Data Diata wirtual Page
number <36 offset <12 CPU <128 <Gl number <38 offsat <12
PC in «
| — : | | : [ : ] Datain <6
l ! @ |
A 1= Etﬂni: e e = s w3 <ol
. Prot V Tag Phiysical addrass Prot V Tag Phiysical address
] D
T —_— 1 | T —
e ! |
{128 PTEs in 4 banks) \_J |_- uk (64 PTE= in 4 banks) |_- '.' -1
4 1 mux . 4:1 mux
<128=" <Bd> F =28
[ Eo 8 <20 <2z
L2 Prot W Tag Phiysical address
‘:T:- <T=
- -
T |
L - 4
B 512 F'TEs
in 4 banks)
T B <z <

[Index Block offset [[Index Block offset

v D Data TR o
@ <l= <> <23= <1 28xd= @ B ata
| . @

. Q & -
@

"Ei? 'ﬁ.i? r2 > I-'.12EN.|1-?
.:512 hlcdcs |n4hanks}

-

| j

[512 I:-Incks in & banks)

MI 0 )=
MICE00

1
i

it

21 mux
ﬂm—’
¥V O Tag Data
L2 2= < <1z <= <21{> "-5‘127‘I
[ Teg | Index |
c
< @
o T
0 -
: g
{4K blocks in 8 banks)
(] |
V D Teg Diata
L3 L T ST & e (T e )
[ Tag T Index |
< (e
P I
E —=""" @_r
, =7
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Characteristic ARM Cortex-A8 Iintel 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

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

A-way (I), B-way (D) set associative

L1 replacement

Random

Approximated LRU

L1 block size

64 bytes

64 bytes

L1 write policy

Write-back, Write-allocate(?)

Write-back, No-write-allocate

L1 hit time (load-use)
L2 cache organization

1 clock cycle
Unified (instruction and data)

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




charactoritic| _ ARMoortorA8 | wteloorem

Virtual address | 32 bits 48 bits

Physical address | 32 bits 44 hits

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, [ 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
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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)
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Writeback from L1 to L2 (L2 to L3)

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

[Coherence?]
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Cache Example

8-blocks, 1 word/block, direct mapped
Initial state

Index Tag Data

000

001

010

011

100

101

ZlZ2|1Z2|Z2|2(2(2|<

110

111

Z

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 88



Cache Example

Word addr

Binary addr

Hit/miss

Cache block

22

10 110

Miss

110

Index

Tag Data

000

001

010

011

100

101

110

<|1Z2|1Z2|Z2|Z2|Z2|Z2|<

10 Mem[10110]

111

Z

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 89




Cache Example

Word addr

Binary addr

Hit/miss

Cache block

26

11 010

Miss

010

Index

Tag Data

000

001

010

11 Mem[11010]

011

100

101

110

<|1Z2|1Z2|Z2|<[Z2[Z2]|<

10 Mem[10110]

111

Z

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 90




Cache Example

Word addr Binary addr Hit/miss | Cache block

22 10 110 Hit 110
26 11 010 Hit 010

Index V Tag Data

000 N

001 N

010 Y 11 Mem[11010]

011 N

100 N

101 N

110 Y 10 Mem[10110]

111 N
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Cache Example

Word addr Binary addr Hit/miss | Cache block

16 10 000 Miss 000
3 00 011 Miss 011
16 10 000 Hit 000

Index V Tag Data

000 Y 10 Mem[10000]

001 N

010 Y |11 Mem[11010]

011 Y 00 Mem[00011]

100 N

101 N

110 Y 10 Mem[10110]

111 N
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Cache Example

Word addr Binary addr Hit/miss | Cache block
18 10 010 Miss 010

Index V Tag Data

000 Y 10 Mem[10000]

001 N

010 Y 10 Mem[10010]

011 Y 00 Mem[00011]

100 N

101 N

110 Y 10 Mem[10110]

111 N

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 93




Assoclativity Example

Compare 4-block caches

— Direct mapped, 2-way set associative,
fully associative

— Block access sequence: 0, 8, 0, 6, 8

Direct mapped

Block Cache Hit/miss Cache content after access
address index 0 1 2
0 0 miss Mem[0]
8 0 miss Mem|[8]
0 0 miss Mem][O]
6 2 miss Mem|O] Mem|6]
8 0 miss Mem[8] Mem|[6]
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Assoclativity Example

2-way set associative

Block Cache Hit/miss Cache content after access
address index Set0 Set 1
0 0 miss Mem][O]
8 0 miss Mem|O] Mem[8]
0 0 hit Mem|[O0] Mem([8]
6 0 miss Mem|O] Mem[6]
8 0 miss Mem[8] Mem|[6]

Fully associative

Block Hit/miss Cache content after access
address
0 miss
8 miss Mem|O]
0 hit Mem[0] Mem|[8]
6 miss Mem|O] Mem|[8]
8 hit Mem|O] Mem[8] Mem|[6]

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 95




[Tw¢ eTIAEyoulE Eva ouvoAo oTo cache;
Xpnon evog index-to-2ndex degoder

1

index

2index _ l
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