Enavainyn Iepapyio Mviung
Memory Hierarchy

Video Review(#2) due Tuesday
HW#2 due Tuesday week after
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Tomkotnta Avagopas/Xpnong

(Locality of Reference)

 [Ipoypdupoto TElvouv va ¥pnoUoTOloVV 0E00UEVO, KO
EVTOAEC TTOL YPMNGLUOTOINCAV TPOGPUTA.

e Kavovag Tov 90/10 (90/10 Rule): 'Eva mpoypoppa Eooedel
90% tov YPOVOL ekTEAEONC € LOVO 10% TOL KMOWKOL

e Xpovikn Tomkotnto Avagopag: (Temporal Locality):
AVTIKEIUEVH, TTOV YPNOUOTOONKAY TPOGPATO TEIVOLV VOl
ypPNGLLomonBovv Cavd 6To €yYVOC LEALOV

* Xopw1 Tomxkotnto Avagopag (Spatial locality):
AVTIKEILEVO TOV E€YOVV YEITOVIKEC OLEVOVVGELC GTOV YDOPO
TELVOLV VO, YPNCLLOTOIOVVTOL KO YEITOVIKA GTOV YPOVO.

KepdaAaio 5- lepapyia MvAung



for (i=0;i<n;++i)

s+=all];

Spatial Temporal

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

s+=a[i];
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lepapyia ©

Cost/bit Size Speed Useful-Data

CPU +
Registers

Secondary Memory

Tape, CD-ROM etc
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Opyavoon Xvotiuotoc Mviung

e 'Eva vmoloyiotikod cOotnuo cuvnbmg otabétel ToAAOVC
TOTOVG  UVIHNG
— Registers, buffers, caches, main memory, secondary
memory (flash/SSD, disk, tape)
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Xootnuo pviung (memory system)

— OGVLOKEVEG UVNUNC,

— aAYOPLOUOL OLOYELPIONG KAl EAEYYOV TMV ATOONKEVUEVOV
TANPOPOPLOV.

To cvotnquo pvunc:
— T UEYLOTOTOINGT TNS UECTC TOYVTNTOC UETAUPOPAS
TANPOPOPLOV ATTO/TPOG TN UVIUN, LLE TO EAAYIGTO OLVOTO
KOGTOC,

— T QVTOUOTOTTOINGT TV OLOOTKAGLOV UETAPOPAS
TANPOPOPLOV UETAED TOV OLOPOPOV LOVAO®Y UVIAUNG, £TCL
(OOTE VO, ATAOTOLELTOL TO £PY0 TOV TPOYPUULOTICTOV
(XPNOTOV) TOL VITOAOYIGTN, KO

— T TOPOYN UNYOVICUOV Y10 TNV TPOCGTUGIO TV
amoONKELUEVOY  TANPOPOPLOV OO OVETITPEMTTES
eVEPYELEC KOOGS KOl GOAALOATO TV TPOYPOULULUATIGTOV.
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H Iepapyio pviung £xel moALd emimeoa aALd 1 Oloeiplong
yiveton UETAED OVO EMUTEOWV.

* Emruyia (Hit) etvon o mpdoPacm 6t uvnun mov
IKOVOTOLEITOL OO TO YNAOTEPO Emimedo ¢ Iepapyiog

1
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* [locoot0 Emtuyiag Cache (Hit Rate) = Cache Hits/Cache Accesses
*Miss Rate = 1- Hit Rate

* Xpovog Emtuytog (Hit time): O ypOovog mpocmélacnc 6T0
ynAotepo emimedo ¢ lepapyiog coumeprlapuPovousvou kKot
TOV YPOVOL TOV YPELACETOL YIOL TOV EAEYYO EAV £YOVLLE
eMLTLYLO 1] ATOTLY LA

* Kootog Amotvytog (Miss Penalty): Xpovoc yio va
OVTIKOTOGTCOVLE £VOL LUTAOK GTO YNAOTEPO EMIMTEDO TNG
[epapyloc Le TO AVIIGTOLYO UTAOK OO TO YOUNAOTEPO
emimeoo TG lepapyioc Kol vo LLETOPEPOVLE TO UTAOK GTTV
KME.
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* Méoog Xpovog IpocBaong 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 [lpocPaong (Access time): XpOvog LETOPOPAS
NG TPOTNG  AEENC/TUNUOTOC UTAOK.

* Xpovog Metagopag (Transfer time): XpOvoc LETAPOPAS
TOV VTOAOITTOV UTTAOK.

*AAA0 Metpikd: Misses/1000 instructions (MPKI, ?PKI)
*Miss rate TapoamAaVNTIKO OTAV OEV LITAPYEL LEYAAOC aplOUOC
npocPdoemv
Mia ektédeon evog mpoypdupatoc ektedet 10 016. evioréc kat

npokoaAel 10.3 ek. Misses otnv LLC, moca eivon oo MPKI ¢
LLC=(10.3 10 10 10° )x 1000 = 1.3 MPKI

*Improved memory bandwidth which time it improves
(access or transfer)?
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Emnrtoosaic Iepapytos Mviiung oto oyeotoopno g KME

-Ko6otog Amotuylag (Miss Penalty)
- Tng tdEng tov 100wV KOKA®V
>H KME aopavei.

— Tng TaéNc TV €KATOVIAOMV YIAAO®V-EKOTOLHVPIDV
KUKA®V.

> H KME otokomteTon Ko EEumnpeTel Kamolo
GAAN Olepyocia
H KME npénel va pmopet va ye1piletal avopopeS UviUNG e
netaBorropevo ypovo mpocPaons. 1L O UJLVEL OUTO,

1. H KME mpémel va €yl Eva unyovico Yo vo, LTopEL va
eAEYYEL EQV Elval emiTLYid.

2. O enelepynotnC TPEMEL VAL EYEL EVOL UNYOVIGLO Y10l TN
LETAPOPA UTAOK CVAUESO GTO OLAUPOPO, ETITEDN, VUG

3.Context Switch
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Kpveny Mvijun ( CACHES §)

* To Cache ivar 10 emimeoo(a) g epapyiog mov Ppicketor peta&hd Tne
KME kot g Kupime pvnunge.

*Movtépvol emelepyaotéc moAlamAd exineda caches

*Eva cache nepiéyet éva apBuod blocks (my 512)
*KaBe block &yer péyeboc (my 64B - TomukdTNTA)
‘T'wo éva cache 1 pvijpn givor porpaospévn o< block,ty 232 B memory

*K@d0¢ orev0vvon avikel o€ £va blockue povaoko block address

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

— Cache 128B/block,....
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Agrtovpylo Iepapytog Mviung

* Ql: TomoBétnon twv MrAok (Block placement): I1ov
tomofeteitol Eva UTAOK 6TO YNAOTEPO EMIMEONO TNG
Iepapyioc?

* Q2: Avayvaopion tov MrAok (Block Identification)
MeEBoooc eAEyyov Katd TOGO Eva UTAOK PploKeTal 6TO
YNAOTEPO emimedo ¢ Iepapyiog?

* Q3: Avtikatdotaon tov MrAok (Block replacement):
[To10 umAox €MAEYETOL YO AVTIKATAGTOGT) GE ATOTLYIO?

* Q4: I[ToArtucn) Eyypaonc (Write Strategy): Ilm¢ yivovtat ot
EYYPAPES?

17
Kegpahaio 5- lepapyia Mvriiung



*Q1: NMou TotroBeteiTan £éva urAok oto cache ($)
(Where can a block be placed in a cache)

Mia $ éxel n uTtodoxécg yia blocks

KAOe block £xel CUYKEKPIUEVO UEYEBOC

KdaBe dieuBuvon avikel o€ Eva block

Ta dedopéva pIag evToAr] uvApng Trou BpiokovTtal oto $
lw r4,4(r5)

r4 = 0x10004000

Address = 0x10004004 BpiokeTal yéoa oTnv cache;

To 11 Ba wagoupe gival yia 1o block tTou TTEPIEXEI TNV dIEULBUVON
> € TTola uttodoxn ival eva block péoa oto $;
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Mvinun dpeonc Xaptoypaonone (Direct Mapping)

Kda0e uniox umopetl va tonoBetnBei povo ce o vmodoyn oto cache

e ApOudc umiok MOD ap1Budc tov vmodoywmv.

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

* ECaleipel To mpofAnua g avalntnonc.

 [ToALd Aok aviictoryobv oty 10io vroooyn (conflicts)

* Anuovpyeiton tpoPaAnua edv moArld blocks mov ypnoiponotovvton
TUYYAVEL VO, OVTIOTOLYOVV GTNV 1010 VTTOJOY).
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['la duadikoucg aplBuoucg b;={0,1},

Drimed---Breobpsbnbng....0o 01O MOD 2= b, 4....b,b4bg
n least significant bits

[x 10010100101 MOD 16 (16=2%) =

2tnv C/C++/JAVA: x mod 2"= x & (2" - 1)
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Direct Mapping

Cache
OO =0 ™ O
OO mrm—m OO +—
OO OO0~ —

/ T
/'//'

A1 | [ e

00001 00101 01001 01101 10001 10101 11001 11101

Memory
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Yvoeyetiotikn Mvinun (Fully Associative):

* KdOe umhok pumopel va tomrofetn0el 6€ 0motadNmTOTE LITOOOYT).

2VGYETIGTIKN Mviiun 6uvoAov HE N KOTOYOPNGELS VA VTTOO0YN
(n-way set associative):

‘Eva, umAok TpdTo YopToYpaPEiTOL 6€ VO GUVOAD atd DTOOOYES Ko
LeTd Tomobeteiton 6E 0TOLONTOTE LITOOOYN UEGH GTO GUVOAO.

Ap1Ouog urioxk MOD apOudc tov Xovormv.

(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
" 1 T 1 T 1
a a a
g > g 2 g

Search ] search | f seach TTTTTTTT

H tomo0&tnon tov umiox pe o1evbuvvon 12 o€ cache pe 8 umhoxc

DM, # Sets = 8x1 12% 8 =4
2-way # Sets= 4x2 12% 4=0
FA # Sets = 1x8 12%1=0
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Q2: Iwg eAéyyovue Katd TOGO £va, UTAOK BpiokeTal 6GTO YNAOTEPO
enimeoo ¢ Iepapyloc.

['a direct cache kat set-associative 1 devBvvon yopilete o€ 3
TUNLOTOL.

Tag (eTikétn) Index (deiktnc) Block Offset

AmoBnkedetal To tag Tov kabe block péoa 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,.
RN ndex o]

p Addr

| .*Hitn_1
T’”tn T

Cache Hit




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

* 4096 vIT0o0YEC
e 32-bit address

« 4096 =2°

* Ta dcoopéva = ?KB

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

26
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Address (showing bit positions)
31+++1615-+:43210

: J16 J12 ]2 Byte
Fﬂt Tag B ~ ™ ottset Dit d
Index Block offset
16 l)its_ ) 128 bits .
Vo Tag Data )
F 3
i ® 4K
entries
L 4
\\16 g 32 \\32 \\32 ) 32
N
‘ vy v ‘_\
Mux
(Mux )
432

direct mapping cache with 4 word (16 bytes) blocks
To dcdopéva 2 x 24 B = 64KB
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Address
31 30+++12111098===3210

4-way set associative cache
4 comparators and a 4x1 Mux
To dcdopéva 28x 22 x 22 B=4KB

Data

E,MOJ multiplexor )

422 NE
Index V Tag Data V' Tag Data V' Tag Data V' Tag Data
0
1
2
— 9] @ » e ¢ ¢ ® o 9
253
254
255
I - - ..\22 \\32
v L 2
— {— {_
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WORD

BLOC

SET
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Q3: ITowo pmrhok avTIKEO16TATOL GTNV TEPITTOGT UTOTVYLOC,
* Mviun apeonc Xaproypaoenong (Direct mapping): Kouid emioyn.

e YvoyeTioTik] Mvijun kol Xvoyetiotiky Mvijun ocvvoiov pe N
KOTay®PNGELS (Fully associative and set associative):

- Tuyaio 1 yevootvyaia. 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)

30
KepdaAaio 5- lepapyia MvAung



4-way set

Block Addresses: ABABBCDEDABC
LRU:

Time
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4-way set

Block Addresses: ABABBCDEDABC
LRU: = aaaa- - A- BCE
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Q4: ITowx etvar n wotikn eyypoens (What happens on write?)

* Ot avayvacels etvot n peydan mieloynoeio Tov TposPacemy o1
vnun (20% amd OAEC TIG avapPOPES UVIIUNG Etval €YYPOaPEQ)

Parallel Access to Tag and Data Array

H avayvoon evog umhok propet va opyicet maparAinio pe mmy
avagnIon g KPuENg LViuNG.

* H avdyvmon evog umlok pumopel va apyicel LOALS Yivel yvmotn N
otevbuvon TG VTOOOYNG TOL UTAOK.

« X1V nepintmon Emrvyiag n AéEn owaPifaletal otnv KME
TNV TEPITTOGT ATOTLVYINC OEV VITAPYEL OVTE TAEOVEKTILA, OVTE
uetovektnua. Kootilel o€ T

Parallel Access epapudleton oto ynid eximedon tepapyiog.

210 YounAd tpota egtdlovue to tag array kot v vrdpyel HIT tote
owaPdalovue and to data array Serially Accessed Caches 15 Tag and then
Data Array
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Cache

Way, Way, Way, Way,.
RN ndex o]

p Addr

| .*Hitn_1
T’”tn T

Cache Hit




*O1 €YYPUPES 0EV CEKIVOUV UEYPL VO EAEYYDEL 1
ETIKETO Y10 ETLTVYLAL.

- O1 €yypopEC Talpvovvy TEPLEGOTEPO YPOVO
Ao TIC OVAYVMOCELS

Y apyovv 0vo ETAOYES YO TIC EYYPOUPEC
- Yotepoeypaopn (Write Back (WB))

- Aeyypaon (Write through (WT))

35
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Yotepoeypaon (Write Back)

* H pvnun oev evnuepavetal 0mote aAldler To cache.
- H pvun evnuepovetal povo 0tav 1 KaTaywpmnom apalpeitol amo
10 cache yio va emtpéyel 6e KAmolo AAAN KOTOYMPIGT Vol
KOTOAAPEL TNV VITOJOYT TNG.

» Amouteital éva bit (dirty-bit) og k4B umAok mov va, EvUEPDVEL AV
Exel aAAAEEL M KaTaywpnon Tov cache apod optdONKE.
*Atapopetiko oo to valid-bit

e O1 &yypopeg yivovtou pe TV ToyvTnTo, ToL cache.

* O kataympnocelc oto cache kot ot Mviun dev gival GuvaQeic.

1 TIUN 670 cache O1POPETIKT] OO OTL GTNV UVIUN — TOL PPICKETAL TAVTOTE 1) TTLO
TPOGOUTN TIUN;
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Aweyypo@n (Write Through):
* Otav o AEEN ypapetal 6to cache, YpAQETAlL QVTOUOTO KOl GTT] LVHUN.

* O kataywpnoelc oto cache kot ot Mviun ival cuvaeeic.

* O1 &yypagecg yivovtal He TNV Tay0LTINTO TNS UVIUNG.
- H ypnion write-buffer emitpenel otnv KME va cuveyiocel tnv

eneCepyaocio KaTd TN ddpKEIR TNG EYYPOAPNS GTN LVIUT).

* H oeyypapn mpo@avmg Tpokarel LEYOADTEPT] KLKAOPOPIL GTO
OLOVA0 OTTO TNV VGTEPOEYYPAPT).
* H votepoeyypaopn (writeback) £yel to mpofAnua tng Xvvaepetac cache
Kot Mvnunc.
* 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

/w

Alatnpei 0edoEVA OE AVAPOV VI eyypagn
gTO XOAUNAOTEPO ETTITTEDO PvVNUNG

Q. Why a write buffer ?

Q. Why a buffer, why not
just one register 7

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




Write Buffers for Write-Through Caches

< »| Cache < Lower
Processor Level

Memory

rite Buffer

Q. Why a write buffer ? A. 0 eweEepyaotig dev wepipeven

Q. Why a buffer, why notA. Mazepéves sxgpadis
just one register 7

Q. Are Read After Write A, Non! Ads1aa To buffer 1

(RAW) hazards an issue EAEYEE T0 TEPIEXOHEVO
— for write buffer? Tov (T1 TEPIEXEI WB)




Anotvyio o€ Eyypa@és (Write Miss)
* Yrdpyovv ovo EmAoyéc

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

* Kot 01 000 GTpaTNYIKES UTOPOVV Vo PN GLULOTOIN 000V Kot
LE TIC OVO OTPOTNYIKEC EYYPOPTC.

* H tpaxtikn etva:

- 1N Yotepoeyypapn (writeback) va GuvovdceTe Le write-
allocate kot

- 1 oeyypaen (writethrough) pe no-write-allocate.

40
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Amoooon tov Cache (Cache Performance)

[Hapdoeryua 1:

Miss penalty = 6 clock cycles

CPI=9.0

Miss rate = 10%

3.0 references/instruction

IToco % tov CPI mpokaieite and ta misses;
[Hapdoerypa 2

Miss Penalty = 10 cycles

CPI=2.5

Miss rate 10 %

1.5 references/instruction

IToco % tov CPI mpokaieite amd ta misses;

41
KepdaAaio 5- lepapyia MvAung



Am6doon Tnc Kpugric MvAung

CPU execution time = (CPU clock cycles + Memory stall cycles)

x Clock cycle time
= (CPI., *+ CPI isees)® I x CT

Memory Stall Cycles = Number of misses x Miss penalty

= I x (Misses / 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 x

Read miss penalty

+ I 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)




Am6doon Tnc Kpugric MvAung

CPU execution time = (CPU clock cycles + Memory stall cycles)

x Clock cycle time
= (CPI., *+ CPI isees)® I x CT

Memory Stall Cycles = Number of misses x Miss penalty

= I x (Misses / 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 x

Read miss penalty

+ I 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="?




IInyec Amotvyiag Cache

* Ynoypewtikeg (Compulsory): Ipotn avapopd ce Eva umiox (To
onoio AEN ftav moté€ 6to cache).

» Xopnrikotnrog (Capacity): Cache misses mov mpokarloOviol AOY®
0V 011 10 Cache AEN dvOvatot va mepiéyel OAa ta. blocks mov
YPELALOVTOL Y10, TNV EKTEAEGT) EVOC TPOYPALLLOTOC.

 2vyKkpovoelg (Collision): Cache misses mov mpokaAovvTol AOY® TOV
011 o€ set associative 1 direct-mapped caches moAlamAd blocks
cuvaymviCovtal yia 1o 1010 set.

AvEbhvovtagc TN Y@pnTIKOTNTO TOV cache peiwvovton ol amotuyieg A0y
GUYKPOVGEMV KOl Ol ATTOTVYIEC AOY® YWPNTIKOTNTOC.
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MéBoootl BeAtioong Eniooong CACHE

1. Avédvovtoag to pHEyefog Tov GLVOAOL TNG LVGYETIGTIKNG
Mviung XvvOoAov LELMVEL TIC ATOTVYIEC MO XVYKPOVGELC.

- H m\qpoc Zvoyetiotikn) Mviun eCoieipetl tng amotuyieg amd
2VYKPOVGCELC.

- Aamavnpn 1 VAOTOIN 6N TOVS GE VAIKO

- Mrmopet vo avéfoetl Tov ypovo ntpocPaocnc kar va,
LELOGEL TNV 0TO00GT] TOV GUGTIUOTOG.

2. Meyalovovtog to MTAOKS LEIMVOLUE TIC VTOYPEMTIKES
OTTOTLYLEC.

- Eivan mOavo va avENeel amotuyies amd XvyKPovoELc.
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3. Egyoproté Cache Evrolmv, Cache Agoopévov (IS
kot DY)

Zexyoplotd Cache ypnoipomolotv o1opopeTikeg OUPEC Yo EVTOAES
KOl OEOOUEVA.
— Authaocralete 10 €0poc.
— Beltiotonolovue kdbe cache Eeymprotd:
—  Al0QopeTiKEG yopnTikoTNTES, UEYEDOC Aok Kot BabUds GLoyYETIGLOV.
— E&aleipovv Tig Xuykpovocelg Hetah UmAoK 0€00UEVOV KOl UTAOK
EVIOA®V

* Cache-EvioAav £youv KpOTEPO TOGOGTO ATOTLYINC OO TA
Cache- ocdopévav.
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Prefetching Lines

Prefetch more blocks on a miss/hit (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

47
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Y1mroBeoTe ouotnua ue IL1, DL1, L2, MvAun
i010 block size

lw $6,0($8)

[106o€ec TTPpOCRACEIC OTNV VAN XPEIAZETAI N
TTIO TTAVW EVTOAN;
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Y1mroBeoTe ouotnua ue IL1, DL1, L2, MvAun
i010 block size

lw $6,0($8)

Access oT1o IL1 pe o PC 1n¢ evioAncg
Access oto DL1 pe tnv d1elBuvon oto $8+0
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Access oT1o L1
Hit oto L1 diafdader yia Ascn
Miss oto L1 Access o010 L2
Hit oto L2 diadadel Eva block
eav L1 line replaced dirty: write block to L2
Miss oto L2 Access ato Main Memory
Alapaoe £va block atmé Tnv Mvun
eav L2 line replaced dirty: write a block to memory
[Miss otnv uvun (page fault)]
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Kupia MvAun (Main Memory)

H pvnpn Trou gival atreuBeiag mpooTtreAdciyn ato nv KME ovopadetal
KUpIA MVAHN KOl XPNOIUOTIOIEITAI YIA TNV ATTOBNKEUON TWV TTPOG
EKTEAEON TTPOYPOANMPATWY KAl TWV OEOOUEVWIV

MéTpa Attédoong (Performance Measures)
- Xpovoc NpootréAaonc (Access Latency)
- EUpocg (Bandwidth)

Xpovog mpootéAaong (access time) O xpdovog TTou ATTAITEITAI YIa
TNV AVAKTNOT €VOC OUYKEKPIMEVOU THANATOC 0edouEVWY aTTd Jia BEon
aTTo0rKeuOoNC.

- looduvapei e To Xpovo Trou pecoAaei atro TOTeE TTou
KaAoUVTaIl TO OEOOUEVA ATTO TN UVAUN PEXPI TOTE TTOU Eival

£TOIUA VIO XPrion.

Eupog (Bandwidth): Bytes/second, puBuog peTa@opac dEOONEVWV
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DRAM w¢ Kvpia Mvijun

Lo 0 T RGN

*Xpovoc KukAov puvnung (Memory Cycle Time): EAdyiotoc xpovoc
HETAED OVO OLOOOYIKAOV TPOGPAGE®Y GTNV LUvhun.

* Avvouikny RAM (DRAMs) €xel line multiplexing

“Io10 oMUOTO OLOUPOPETIKT) CTULAGIN GTOV YPOVO

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

*RAS-CAS popdlovtal ta idto 6NUOTO GE OAPOPETIKO YPOVO
e Avvoptknn RAM ypetaletatl meplootkod ppeckapioua (refresh)

* To K0GTOC TOL PpecKUPIGUATOS Eival GLVTIIOME TO KOGTOG LLLOG
npocPdcemc otnv wvnun (RAS and CAS)

* Otav ypnowonoovue DRAMs 1o 0edouEVa TpEmel va
cavarypapovtal HeETd amd Kabe avayvmon (KOKAOS Lviung)
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row select

- Write:
1. Drive bit line -
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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SRAM Array Based Structures

Column Decoder

Columns/Bitlines
A

Precharge [

Address [

Jap0o29(Q Moy
Rows/WordLines
A

«— Multiplexers

[ Data In/Out |




2tatikn) RAM (Static RAM (SRAM))
* Aev vapyel address line multiplexing
* Aev yperaCovtor ppeokapicuo (No need for refreshing)

Mviueg KaTaoKEVAGUEVEC LE TL 101 TEYVOoAOYia, (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
* Caches: SRAMs
 Standard Cells (latches, F/F) yio AL arrays
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word
(row select)

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

1. Precharge bit and bit to Vdd
2. Select row

3. Cell pulls one line low

6-Transistor SRAM Cell

word

bit

4. Sense amp on column detects difference between bit and bit’
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Column (Bitline Pair)

#PRE Precharge always on
WLi — N ...
(_r_'-l_ One bit cell
. Bitlines
S BL™  ———
4 /JT | coL W[R‘\\y rite Circuitry

#COL_ RDi - )

/I'Eq |

| o\ < \TA_[IN
SENs@PRé_ - < 7

Read Circugry, EERERES
o
\ /

SENSE_EN c
\ N[ sEn by Il
R ~ U
Latch Data
DATA_OUT# DATA_OUT

\/




Opyavoon Mviung (Memory Organizations)

* Movoiektikn Opydvoon Mvnunc

e [TAatid Opydvoon Myvniung

* [TapepParropevn Opydvoon Mvyvnunc (Interleaved memory organization)

CPU CPU
Cache Cache

Bus Bus EJS\

Memory || Memory || Memory [| Memory
bank O || bank 1 bank 2 bank 3

Memory

Memory b. Wide memory organization c. Interleaved memory organization

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

- 1 K0KAO Yo TNV petaymyn T otevbuvvon
(1 clock cycle to send address)

- 6 KUKAOVLC Y10 TNV TPOcPacn ava AEEN.

(6 clock cycles for the access per word)

- 1 K0KAO Yoo TNV peTarymyn po AECNG
(1 clock cycle to send a word of data)

- MéyeBog tov Cache umiok = 4 AEEe1C

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

- Kootog Anotvyiog (Miss penalty) = 32 kokhouc (clock cycles)
- Evpog Zovnc (Memory bandwidth) = 1/2 byte/cycle

II. ITAatid Opydvewon Mviung (Wider main Memory)

- [TAdtog pvnunc= 2 Ae€eig (Double Width):
- Kootog Anotvyiog (Miss penalty) = 16 clock cycles ,
- Evpog Zovnc (Bandwidth) = 1 byte/cycle

- [TAdrog pvnunc= 4 Ae€eig (Quadruple width):
- Kootog Anotvyiog (Miss penalty) = 8 clock cycles
- Evpog Zovnc (Bandwidth) = 2 bytes/cycle
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Merovektnuata (Drawbacks):

* [TAatoc Alowroc (Wider Bus): éva moADTAEKTN
tomofeteite puetacy tov Cache ko tov CPU.

* O TOAVTTAEKTNC UTOPEL VO EIVAL GTO KPIGLULO
LOVOTTOTL
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III. IapeuPariopevn Opydvoon Mviung (Interleaved
memory)

‘Eva cuetnuo pvniunc 0mov otadoykéc AECelC Pplokovtal o€
OLOPOPETIKEC LovAdeC. TToAAUTAEC aviyvionc 1 £yYpapeC
LUTOPOVV VO TPAYLLOTOTOINO0UV.

* MovAoeg £xovv TAATOG (i AECT.
* 4 Movdoec ko cache umiok 4 AéCewv.

- Kdotog Amotuylag (Miss penalty) =1+ 6 +4*1 =11.
- Evpoc Zovng (Bandwidth) = 1.5 bytes/cycle
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Evotnta 7(B)
Ewkovikny Mviun
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Virtual addresses

Address translation

Physical addresses

Disk addresses
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*Virtual and Physical Memory
—  Virtual: o 11 PAEmeL 0 TPOYPOAUUOTIOTNS
—  Physical: o RAM tov ovotiuotog

*Agv givon amapaitnto Virtual == Physical
— [Tio OIKOVOUIKO/TPOKTIKO

«>vvnfm¢ Virtual > Physical
*Ewcovikn) Mvnun etvai Eva iepapytkd cOGTNUO WWNUNG LE TOVAGYIGTOV d00  EMITEDA.

*H dwyeipion tov yivetoaw amd 1o A.X. kou kabe diepyacio &gl v eVILIOON OTL
YPNOLOTOLEL Eva, LeYAAO emimedo medio devBviveemv.

*O1 devBoveelc (Etkovikéc) mpémel vo UETAPPAGTOVV GE QUGIKEG OlevOvuVGELS TPV
YPNOLLOTOIM 00UV,

*Etcovikn] uviun otoupet T QUOIKN UVIUN 6€ GEMOEC KOl TIC KOTOVEUEL GE  OLAPOPES
dlepyaciec.

evirtual ko1 physical pages
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« H eikovikn pvnun ympiCetal o€ 000 KATNYOPlEC.
- 2edtoomoinon: Mmhokg otabfepov UKovS(Pages:Fix size blocks)

- Tunuatomoinon: Metaaildouevo pnéyeboc umiox (segments)

Xemoomomuévn Ewkovikn Mviun: (Paged Virtual Memory:)
- 2100gp06 nMKog o1ev0Vvoe®V: aplBuog ceridag kot dievbvvon.

- Ecotepikog Katakeppatiopnog (Internal Fragmentation)

- YXeMoomoinon petd amd Attnon: Ot oelidec mpocskouilovrot
UoOvo  OTOoV  TPOYUOTIKA Y¥PEWOTEL o ceMoa Kot Oyl
TPOKOTOPOAIKA.
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Virtual address

3130292827 ecececcncasna 15141312 111098 «sanen 3210

\ Virtual page number / Page offset

\ 4
Translation )

29 28 27 .. & A 15141312 111098 K R 3210

Phy5|c}\{ge num% Page offset

hysical address

* Méyeboc ZeAidag 212=4
« Ap1Budc Ewovikmv Zehidwv= 2?° (kabopilete amo uéyeoc address)

« Kvpioc Kviun = 1GB, Ap1Oudc dvoikdv Teridov= 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 0icK0)
(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

eTo uéyeOoc tns owevbvvens tov Ermelepyoaotn
TPocolopiiel to uéyehog tns Eikovikng uvyumyc.

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

* H avtikatdotaoon ceAMOmMV otV EIKOVIKT] LVhuUn €ival
N 00VAELL TOV AELITOVPYIKOV LVGTNUATOC.

*H ogvtepevovoca pvrun ypnolLOTOLELTOL KOl Yio
TO GCUGTNUO OPYEIWV.
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« Q1: Tlov TomoOeTeiTonr £vo PTAOK GTNV KUPLO pvijun)

OnmovonNmote (XVGYETIOTIKT] UVIUN OTNV  OpoAOYid. TOV
cache) (Anywhere, Fully-Associative in cache terminology)

* Q2: Ilwg Ppiokovpe €dv pio cehioa PpioKkeTor 6TnV
KOPLo, Lviun

Hivakoc 2eiiowv (Page Table)

—  Xpnowonotd cov Ogiktn 10 apuod Tig 6eAdng (Indexed by
the page number)

—  IIepéyer v  oavtiotoryios EiKOVIKOV 6&-QUOIKES
01ev0VvoElS (Contains the physical address of the block)
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Page table register

Virtual address

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

Beeerese3 210

Virtual page number

Page offset

..,\20
Valid Physical page number
¥
]
Page table
If O then page is not
present in memory
29 28 27 RS T 15 14 13 12 11 10 9

.\\12

g++]-==3210
Y

Physical page number

Page offset

Physical address

Page size 212 =4kB

Virtual space 232 =4GB

Physical Space= 239

# of Entries in PT=220
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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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Amotuyia Xehioac (Page Fault)

Virtual page
number

| ] Page table ohveical
Physical page or ysical memory
Valid  disk address

/

I

,
\

Disk storage

A TN
\\\___—/
\

[N,

) |
I |
| !

N e

O wivakog 6eMOmV avtioTolyel TNV Kdbe ceAion

\
N\
/

Y
|l =m|=mlOo|=|=|O|=|=]|=]|=
A4

R

- 2 U0 GEALOOL OTNV VUMV M
- 2& uo oeAtoa oty enouevn Pabuioa otnv Iepapyio pviung
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Translation Lookaside Buffer (TLB): pio uviun cache agiepovetol ot
LETAPPaoT 01€00VVONC (a cache dedicated to address translation)

*To TLB mepi&yel £va vatosvvoro TG avTioToryioc EIKoviK@OV 6€ QUGIKES 01EV0VVGELS
page frame number, protection field, use bit, dirty bit

. TLB
Virtual page Physical page

number Valid Tag address

Physical memory

4

N o]l 1 R Y Y

Page table
Physical page
Valid or disk address

]

\

Disk storage

y >

B

B

>

£—F I |

|
~—

Y

2 OOl =]=|O]|=]|=]=]—-

WaN

?

NGRIRK
I
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® Q3: Ilowa cehida mpémel va, ovTIKaTOOTAOEL GE TEPIMTMON ATOTLYI0GC

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

- Least Recently Used (LRU)

e Q4: Tryiveton otnv eyypaen (What happens on write)

- YXTEPOEITPA®H (WRITE BACK)
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* Mio ewovikny 01evbvvon mpEmel mTPpOTO VL

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

*O ypoOvog emtvyloc awavetal (Cache Hit time is
stretched)

* AVGELC (Solutions):

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

—  $ pe ewovikéc 61ev0VVoEIC(Virtually Indexed Cache)

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

313029 eovvvecnsccns 1514131211109 8 ¢ e e v 3210
Yirtual page number Page offset
4. %0 J 12
Yalid Dirty Tag Physical page number
LB O
(&)
TLB hit «—}e (5 ®
(E)
(Z) e
Size cache so that 1=
cache index+ block offset < page offset

Physical page number Page offset
Physical address Byte
Physical address tag | Cache index offsot
J6 J4 \l\z
Valid Tag Data
Cache
> ® [
- N \32
© R

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

MSHRs

* Non-blocking cache

* Hit under miss

 Miss under miss

Prefetch
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Fetch Decode Rename Issue Reg. Execute Memory
Read
y
I-TLB D-TLB
A4
I-L1 D-L1
A4
Victim
Cache
A4
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 16-64 125-2000 1,000,000-1,000,000,000 0.25-16
Block size in bytes 16-64 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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Kegpahaio 5- It

Wirtual Instruchion  Data [Etawme:%age Page
number <3k offsel <12 CPU <178 B numbar = offset <12s
PC | _ Il - ) | . | - l  Damin<8es
| @ | :
> o r@q31, s > <i> e Y =2
| Prot W Tag Prat ¥V Tag Prymcal address
L - u -
8 @ ] L I
vew B T
(128 PTEs in 4 banks) (4) {64 PTE= in 4 banks)
44 mux L L A:A mux
g T =128 =Bds , el
wls <l P oY _QI:-
L2 Prot W Tag Prwsical address
s Ty
= -
: —
L 'K ]
& a3 (512 PTEs 41 mux
in 4 banks) I
T i i iz
L_lndn IElod oftsst [ ndex | |Eiock ofset
| vV D Data D Vv DT Dt
c Az <l < <1 28> @ C 1 cl= <> <A 2B d>
A & A
c et ® ¢ —
H H T
: 5 - .
=@ [ | =@
{EiZhhdahlbﬂis}@ (512 blocks n B banks)
1 mux
M
Y D Tmg Data
. P S S T T =12> |
l—T.E Indax I
s
|+ e | ——
H =="""
E @J
(4K blocks in B banks)
MM
V D Tag Diata A E
L3 V7. <13 wlx iz <17 w512 l @ 1 M
I_TE Index I N O
[ +] " A
A | ¥
ﬁ _.__ S ____"‘ . —
: QY — [ema)
(128K blocks in 16 banks)




Characteristic ARM Cortex-AS8 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

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

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

L2 cache organization

Unified (instruction and data)

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) | 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

8B-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 (?7) 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-AS8 Iintel Core 17

Virtual address | 32 bits 48 bits

Physical address | 32 bits 44 bits

Page size Variable: 4, 16, 64 KB, 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 fourway 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

ZlZ2lZ21Z2|1Z2|1Z2|Z2|<

110

111

Z
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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

<|Z|Z2|Z2|Z2|Z2|Z2|<

10 Mem([10110]

111

Z
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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

<lZlZ2|Z2|<|Z2|Z2|<

10 Mem[10110]

111

Z
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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
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Associativity 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[0]
6 2 miss Mem|O0] Mem|[6]
8 0 miss Mem([8] Mem|[6]
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Associativity Example

2-way set associative

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

Fully associative

Block Hit/miss Cache content after access
address
0 miss
8 miss Mem([0]
0 hit Mem|[0] Mem[8]
6 miss Mem([0] Mem[8]
8 hit Mem]O0] Mem([8] Mem][6]
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[Tw¢ emIAEyoupE Eva ouvoAo oT1o cache,
Xprion €voc index-to-2ndex degoder
1

index

2index _ 1
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