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Ell) XAPAKTHPI2ZTIKA IEPAPXIA2Z MNHMH2

XpnonuoTtroinon TTAeovekTiparog TotmikoTnTag(locality). Na trapouoidooupue otov
XPoTn 6on Pvrun PTTopouuE aTNV TTI0 PONVA TEXVoAoyia, oTnv TaxuTnTa TToU
TTPOOPEPEI N TTIO YPAYOPN TEXVOAOYia

Augavopuevn
aTTéoTACHN ATIO
ETTECEPYOOTI) O€
XPOVO
TTPOCTTEAQONG
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Processor

I 4-8 bytes (word)

L1$
v 8-32 kytes (block)
L2$

*
v 1 to 4 block
Main Memory

¢1,024+ bytes (disRsector 5

Secondary Memory

A

v

2 XeTIKO(Relative) péyebog pviung oe kGBe
ETTITTEDO

Inclusive— OTI
Tepléxel o L1$
gival
UTTOOUVOAO TOU
L2$ TTOU €ival
UTTOOUVOAO TNG
MM T1TOU €ival
UTTOOUVOAO TNG
SM

page)
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IEPAPXIA MNHMH2 - NQ2

QO Temporal Locality (Locality in Time) TommkoTnTa OTOV
XPOVO:
= Kpatdue ta 1o Tpdo@ata TTPooTTEAQOUEVA OEDOUEVA OCO TTIO
KOVTA OTOV €TTECEPYOOTH). (Most recently accessed)

0 Spatial Locality (Locality in Space)Totmkotnta aTtov
XWPO:
= Metagpépoupe blocks tTou armroteAouvTtal atro ouvexr dedopEva
oTa Mo YnAad etritreda (contiguous words).

Lower Level
~ To Processor |Upper Level Memory
° Memory
Blk X

From Processor - Blk Y
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IEPAPXIA MNHMHZ - OPOAOIIA

0 Hit: Ta dedopeva gival o€ Eva block aT1o 1T1I0 WNAO ETTITTEDO
(Blk X)

e Hit Rate: To kKA\aoua dedopévwy TTou BpiockovTal OTO TTIO WNAS
ETTITTEDO

e Hit Time: H wpa mTpooTtréAacng Tou YwnAou eTTITTEOOU WG

RAM access time + Time to determine hit/miss Lower Level
~ To Processor |Upper Level Memory
Memory
Blk X
From Processor . Bk Y
B

0 Miss: Ta dedouéva dev Bpiokovtal oTo TTI0 YNAO TTITTEDO
apa xpelaleTe Tava@opa atro 1o XaunAo etritredo. (Blk Y)
e Miss Rate =1 - (Hit Rate)

e Miss Penalty: Time to replace a block in the upper level
+ Time to deliver the block the processor

e Hit Time << Miss Penalty
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MNQ> EAEMXETAI H IEPAPXIA?

Q registers <> memory
e ATIO peta@paoTn (compiler+ programmer?)
a cache <> main memory

e ATTO 10 cuoTnua eAéyxou CACHE (cache controller hardware)

0 main memory <> disks

e ATIO TO A&ITOUPYIKO ouoTnua (operating system (virtual
memory))

e virtual to physical address mapping assisted by the hardware
(TLB)

e by the programmer (files)
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Cache

0 Avo Epwrtnoecic (in hardware):
e Q1: lNwcg ¢Epoupe OTI Ta dedopéva gival oTo cache?
e Q2: Av gival ekei, TTWG Ta BPIOKOUME?

0 AmreuBeiag (Direct mapped)

e [0 KAOE dedONEVO TTOU €ival OTO XAPNAOTEPO ETTITTEDO
UVIUNG, UTTApXEl pia TottoBeoia oto Cache 1Tou BPIiOKETE.
Apa TTOAAG dedouEVA OTO XAMNAOTEPO €TTITTEQO LoIpAlovTal
B£o€ic oTO WNAOTEPO ETTITTEDO.

- For each item of data at the lower level, there is exactly one location in the cache where it might
be - so lots of items at the lower level must share locations in the upper level

e AvrTioTolixeia AieuBnvonc (Address mapping):
(block address) modulo (# of blocks in the cache)

e Ac¢ utroBeooupe TTpwTta block sizes of one word
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Cachin

Cache

Index Valid Tag  Data

00

01
10
11

Q1: Is it there?

Compare the cache
tag to the high order 2

memory address bits to

tell if the memory block
IS in the cache
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ENA ANAO NMNAPAAEIMA

ain Memory

0000xx
0001xx
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx

Two low order bits
define the byte in the
word (32b words)

Q2: How do we find it?

Use next 2 low order
memory address bits
— the index —to
determine which
cache block (i.e.,
modulo the number of
blocks in the cache)

(block address) modulo (# of blocks in the cache)
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Direct Mapped Cache (Atr’sufeiag)

0 Consider the main memory word reference string

Start with an empty cache - all
blocks initially marked as not valid

2 miss

00

Mem(0)

00

Mem(1)

00

Mem(2)

4 hit

01

Mem(4)

0 miss 1 miss

00 | Mem(0) 00 [Mem(0)

00 |Mem(1)

4 miss 3 hit
01 4—

0. | Mem{®). 01 | Mem(4)
00 | Mem(1) 00 | Mem(1)
00 | Mem(2) 00 | Mem(2)
00 | Mem(3) 00 | Mem(3)

00

Mem(1)

00

Mem(2) |

e 8 requests, 6 misses
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00

Mem(3)

0123 43 4 15

11

3 miss

00

Mem(0)

00

Mem(1)

00

Mem(2) |

00

Mem(3)

15 miss

01

Mem(4)

00

Mem(1)

00

Mem(2) |

MemiS)

15
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MIPS Direct Mapped Cache Example

0 One word/block, cache size = 1K words

Byte
3130 1312 11 210 Offset
Hit Tag ~l20 T~O Data
¢ Index 4

Index Valid Tag Data

0

1

2

. ]
1021
1022
1023

1T—20 Y

What kind of locality are we taking advantage of?
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NQ2 XEIPIZOMAZTE Cache Hits

0 Read hits (I$ and D9$)
e AuTtd 6éAoupe!!!

a Write hits (D$ only)

e Eite agrjvoupue 10 cache kal Tnv gvApn va gival QrrToouvTovIoPEVA
(inconsistent)

- ypagoupe Ta dedouéva oTo cache block (write-back the cache contents to the
next level in the memory hierarchy when that cache block is “evicted”)

- Xpelaldpaote 1o Aeyopevo “Aepwuévo” (dirty) bit yia kaBe data cache block
WOoTE Va yvwpilel mTa dedopéva Ba ypdwel TTiocw oTn pvhAun otav 10 block
“OlwyTei”

e Eite emPBdAoupe otnv pvriun kai oto Cache va gival cuvettig
(consistent)

- ypaooupe TTavra oto cache block kal oTo €mmépevo eTTiTTEdO OTNV PVAUN (write-
through) kai dev xpelalopacTe dirty bit.

- To ypAwnuo douAguel oTnV TaXUTNTA TOU ETTOMEVOU ETTITTEOOU MVAMNG (TTOAU
M0 o1y dnA.) | utTopEi va XxpnonuoTtroinBei éva write buffer, woTte va
ypdagoupe pévo otav 1o write buffer ival yepdaro (MeiwvovTag Tnv ouxvotnTta
TTOU TTANPWVOUWE TO TiNNUa va YPAWOUE OTNV TTIO apy MVAMN.
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Write Buffer yia Write-Through Caching

< *| Cache |[«—
Processor DRAM

S — —p

write buffer
0 Badoupue éva write buffer petacu cache kai kUplag pvAung
e Emrecepyaotnc: ypagel dedopéva oto cache kal oto write buffer
e Memory Controller: ypapel dedouéva atmrd write buffer coto memory

0 To write buffer givar atrAa éva FIFO (First-In, First-Out)
e Typical number of entries: 4
e Works fine if store frequency (w.r.t. time) << 1 / DRAM write cycle

0 Memory system designer’s nightmare

e When the store frequency (w.r.t. time) — 1/ DRAM write cycle
leading to write buffer saturation

- One solution is to use a write-back cache; another is to use an L2
cache (next lecture)
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(ETr): TIATI AIAZQAHNONOYME? IN'A NMAPAIQI'H!

2 MNa atropuyn evog structural hazard xpelalopaoTte duUo
caches on-chip: éva yia evtoAéc (1$) kar Eva yia

S ~ 0 > ~

= 0 Q=0

dedouéva (D)

Time (clock cycles)

Inst O

Inst 1

Inst 2

Inst 3

'Inst4

I$.
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()

To keep the
pipeline
running at its
maximum rate
both 1$ and D$
need to satisfy
a request from
the datapath
every cycle.

What happens

when they
can’t do that?
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Akopa éva Reference String Mapping

0 Consider the main memory word reference string

Start with an empty cache - all
blocks initially marked as not valid 04040404

0 Mmiss 4 mMiss 0 Mmiss 4 mMiss
04 4 0 a 04
00 | Mem(@)| |ve[Mem®| [0t [Memd)] 0o |Mem(m)?
0 0 miss . 01 4 miss 4 00 0 miss, 01 4 miss4
04| Mem() 08| Mem(®) O | Mem() 08| Mem(®)

e 8 requests, 8 misses

0 Ping pong effect due to conflict misses - two memory
locations that map into the same cache block
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[Invég TTou cuvdpdapouv o€ Cache Misses

0 Compulsory /ATTodeopeuTIKG (‘oTav £XEI aAAAYI
dlepyaaiac (process migration),KaTd TIC TTPWTEC
avagopécg(first reference):

e Tnv TpwTN Yopd 1TTOoU {nNToupE £va block (“cold” fact of life, not
a whole lot you can do about it)

® UTTPOOTA O€ EKATOMMUPIO EVTOAEC, T compulsory misses £ival
TEAEiWC aonuavTta
0 Conflict /Zuykpouan (collision):

e [oAAQTTAEC BleUBVOEIC DEDOUEVWY OTNV KUPIA PVAMN
AVTIOTOIXOUV o€ dieuBrivoelg oTnyv idia Tottofeoia o1o cache

e Auon 1: Aucavoupe 1o pEyeBocg Tou cache block
e Auon 2: Au¢avoupe 1o associativity ()
a Capacity / XwpnTtikoTtnTa:
e Cache 0cv utropei va xwpeoel OAa 1a 0edouEva EVOC
TTPOYPAUHATOG
e Auon: Au¢avoupe 1o péEyeBog Tou cache
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Xeipiouoc Cache Misses
0 Read misses (I$ kai D$)

e OTaparaue tn dlacwAnvwaon (stall), eépvoupe 10 block atrd 10 ETTOUEVO
ETTITTEQO TNG IEPAPXIOC UVAMNG, TO TOTTOBETOUUE OTO cache Kal OTEAAOUE
TA ATTAITOUPEVA OEQOUEVA OTOV ETTECEPYAOTH), KAI HETA OUVEXICOUNE TNV
dlaocWANvwon

0 Write misses (D$ povo)
1. oTapaTtaue T dlacwAnvwon (stall), Epvoupue 10 block atrd 1o ETTOUEVO
ETTITTEDO TNG IEPAPXIAG MVAMNG, TO TOTTOBETOUE OTO cache( EEUTTOKOUEI
OTI JTTOPEI Va XpelaoTél va Byaloupue block av givarl write-back cache),
ypAgpouue TN AéEN aTTd TOV ETTECEPYAOTN, KAl OUVEXICOUME
N (ouvnBwcg xpnonuoTroinTal o€ write-back caches)

2. Write allocate (— amrAd ypdooupe tTn Aé¢n oTo cache, ypagovtag kai To tag
Kal Ta dedopéva, OEV XpelaleTal va KOITALOUUE yia cache hit, dev
XPEIACETAl VO OTAUATACOUE)

N (ouvnéndetal o write-through caches pe write buffer)

3. No-write allocate — dév ypd@ouue oT1o cache, atrAd ypa@ouue TN AEEN OTO
write buffer (kal TEAIKG 0TO €TTOUEVO ETTITTEDO PVAMNG), OEV XPEIAdETal va
OTANATAOOUME PNEXPI VA Yeuioel TO write buffer / TTp€tTel va akupwoouue
(invalidate) 1o cache block agou Ba TTepIEXEl ACUVETTEIQ OTA DEOOUEVA

éinconsistent)
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Multiword Block Direct Mapped Cache

0 Four words/block, cache size = 1K words

Byte
: 3130 ... 131211 ... 43210
';“t o offset D?ta
Tag ~K0 B Block offset
Index
IndexValid Tag < Data >
0
1
2
253
254
255
120
UJ )
| <

32

What kind of locality are we taking advantage of?
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TomKkoTNTa XWpPou (Spatial Locality)

0 Let cache block hold more than one word

Start with an empty cache - all
blocks initially marked as not valid

01234 3 4 15

e 8 requests, 4 misses
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0 miss 1 hit 2 MISS
00 [Mem(1) [ Mem(0) 00 [Mem(1) [ Mem(0) 00 [Mem(1) [ Mem(0)
00 [Mem(3) [ Mem(2)
3 hit 4 miss 3 hit
0 A 4
00 |Mem(1) | Mem(0)| |08 |Memt) | Mem 01 |Mem(5) | Mem(4)
00 [Mem(3) [ Mem(2) 00 [Mem(3) [ Mem(2) 00 [Mem(3) [ Mem(2)
4 hit 15 miss
01 [Mem(5) | Mem(4) 1101 Mem(5)l,; Mem(4),|4
00 |Mem(3) | Mem(2) 08, | Mem&) | Mem




Miss Rate vs Block Size vs Cache Size

10
= 8 KB
% 16 KB
B 5 o 64 KB
@ —— 256 KB
£
E
+
0 . e
8 16 32 64 128 256

Block size (bytes)

0 To Miss rate aucaveral aua 10 block size yivetal €va
OnNMAvTIKO TTOO0CTO TOU cache size £TT€Idr) 0 ApIOUOC TWV
blocks TTou xwpave o€ eva cache 10iou peyeBoucg Eival o
UIKPQ (increasing capacity misses)
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Block Size Tradeoff

0 MeyaAuTepa blocks ekuetaAAevovTal To spatial locality aAAG

e Apa 1o block size cival yeyaAo o oxéon ue 1o cache size, Ba
au¢nBei To miss rate

e [0 peyalo block size ecutrakouel o HeEYAAO miss penalty
- Latency to first word in block + transfer time for remaining words

Mi Average
ISS - : : Miss Access
Ra“te Exploits Spatial Locality Penalty Time
1 Increased Miss
Fewer blocks Penalty
compromises & Miss Rate
Temp7ral Locality \ J/
a \/
Block Size Block Siz'e Block Sizé

a In general, Average Memory Access Time
= Hit Time + Miss Penalty x Miss Rate
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Multiword Block Considerations (IMToAAatrAég AéCeig o€ Eva Block)

0 Read misses (I1$ and D$)
o AKkpIBwG O0TTwG €va single word block — €éva miss €TTIOTPEPEI Eva
oAOKANpo block atrd Tn pvAun

e To Miss penalty aucaveral 600 10 block size aucaveral

- Early restart — datapath resumes execution as soon as the requested
word of the block is returned

- Requested word first — requested word is transferred from the
memory to the cache (and datapath) first

e Nonblocking cache — Agnivel To datapath va ouveyioel va diaadel
TO cache kaBwg 1o cache gpyadletal o€ Eva TTPONYOUNEVO MISS

0 Write misses (D9$)

e Agv YTTOPOUE VA “KPATHOOUME™ XWPEO Yia ypaen yiati aAAiwg Ba
kKataAncoupe o€ “garbled” block oto cache (e.g., for 4 word
blocks, kaivouplo tag, pia Aégn dedopEvwy aTro 1o vEO block, kai
TPEIC AECeIC OEdOUEVWV ATTO TO TTPONYOUNEVO block), dpa TTpETTEl
va @Epoupe 1o block atrd 10 €TTOUEVO ETTITTEDO PVIUNG KAl va

TTANPWOOUWE TO TiNNMA YIA TO OTANATAMA TNG dlaowWARvVWwonG.
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Ti paBape pExpl Twpa yvia 1o Cache
0 H apxn tn¢ tommkoTtnTag (Principle of Locality):

e Program likely to access a relatively small portion of the address
space at any instant of time

- Temporal Locality: Locality in Time
- Spatial Locality: Locality in Space
a Three major categories of cache misses:
e Compulsory misses: sad facts of life. Example: cold start misses

e Conflict misses: increase cache size and/or associativity
(Nightmare Scenario: ping pong effect!)

e Capacity misses: increase cache size
0 Cache design space
e total size, block size, associativity (replacement policy)
e write-hit policy (write-through, write-back)
e write-miss policy (write allocate, write buffers)
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EmmavaAnwn : TomkoTnTA

Q Temporal Locality — TommkoTnta Xpovou
e Kpataue Ta 1110 TTpO0@ATO OEQOUEVA KOVTA OTOV ETTECEPYAOTN

a Spatial Locality — Tomkotnta Xwpou

e KivoUue blocks trou o p Unpor Lovel "°,\‘,’|"eer:";f;'e'
aTroTeAoUVTal OTTO ———— "Memory
OUVEXEIC AECEIC BkX |
KOVTA OTOV ETTECEPYAOTH. From Processor BIk Y
a0 Hit Time << Miss Penalty

e Hit: data appears in some block in the upper level (Blk X)
- Hit Rate: the fraction of accesses found in the upper level
- Hit Time: RAM access time + Time to determine hit/miss

e Miss: data needs to be retrieve from a lower level block (Blk Y)
- Miss Rate =1 - (Hit Rate)

- Miss Penalty: Time to replace a block in the upper level with a block
from the lower level + Time to deliver this block’s word to the processor

- Miss Types: Compulsory, Conflict, Capacity
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MeTpwvTag TRV amroédoon Tou Cache

0 Av uttoBéooupe OTI To KOOTOC £vog Cache hit
UTTOAOYICETOI OQV NEPOG TOU XPOVOU TOU ETTECEPYQOTN
(CPU execution cycle)

CPU time = 1C x CP| x CC
— . . cece
CI:)Istall

+ Memory-stall cycles) x CC

= 1C x (CPliyeq
2 O1 kukAol TTou To CPU TTEPIMEVEI TRV VAN TTPOEPXOVTON
atrd cache misses (a sum of read-stalls and write-stalls)

Read-stall cycles = reads/program x read miss rate
x read miss penalty

Write-stall cycles = (writes/program x write miss rate
x write miss penalty)

+ write buffer stalls
2 MNa write-through caches, atrAotrolouue TNV €€icwon:

Memory-stall cycles = miss rate x miss penalty
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A2 OYMHOOYME: The “Memory Wall”

0 Logic vs DRAM speed gap continues to grow

1000
%
c Q
.% 100 - O
o =
2 10 —+—Core %
’g —— Memory -
% 1 - o
S 2
S S
© 0.1 - O
0.01 |
VAX/1980 PPro/1996 2010+
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Emidpaon ornv amédoon Tou Cache

0 2XETIKA, 1O penalty yia 1o Cache aucavetai(faster clock rate
and/or lower CPI)
e H taxutnTa TNG MVNMNG OEV BEATIWVETAI TOOO O OXEON ME TNV TaAXUTNTA
Tou CPU. Orav utmoAoyiCoupe 10 CPlg,,, To cache miss penalty peTpiETal
o€ processor clock cycles 1Tou xpeialovtal yiava avTIJETWTTIOoOUV £va
miss
e Oco mmo xaunAo [ CPI,.,,, T600 M0 TTOAU TO TTEVAATU YIa stalls

0 'Evag emecepyaotng pe CPl,., 2, M€ 100 cycle miss penalty,

36% load/store instr’'s, ka1 2% 1$ ka1 4% D$ miss rates
Memory-stall cycles = 2% % 100 + 36% x 4% x 100 = 3.44
So CPI = 2+3.44 =544

stalls

a Tiyiverar av 10 CPIl,,, veiwveTal o 1?7 0.57 0.257

a T yivetal av 1o processor clock rate dirAaoiaoTei (doubling the
miss penalty)?
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MEIQ2H Cache Miss Rates (#1)

1. Tho euéNIkTn ToTTo0£TNON blocks oto Cache

O 2g Eva atreubeiac Tagivouipevo (direct mapped) cache
éva block pvAung avrioTolixei o€ €va cache block

0  AvriBeTa, yttopouue va aprjooupe Eva memory block va
avTioToIXei o€ otrolodnTroTe cache block — fully
associative cache

0 ‘Evac oupBifacpoc sival n uttodiEpeon Tou cache o€
sets,To KaBEva €K TwWV OTTOIWV ATTOTEAEITAI ATTO N TPOTTOUG
(n “ways” (n-way set associative)). ‘Eva block pvAiung
avTIoTOIXEI O0€ £va povadiko set (kaBopiletal atrd 10 index
field) kal pTTOpPEi VO TOTTOBETNOEI uE OTTOIODONTTOTE TPOTTO
O€ AUTO TO set (Gpa £XOUME n ETTIAOYEQ)

(block address) modulo (# sets in the cache)
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Cache

Way Set V' Tag Data

Set Associative Cache Example

0

0
1
0
T

Q1: Is it there?

Compare all the cache
tags in the set to the
high order 3 memory
address bits to tell if
the memory block is in
the cache
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ain Memory

0000xx
0001xx
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx

Two low order bits
define the byte in the
word (32-b words)
One word blocks

Q2: How do we find it?

Use next 1 low order
memory address bit to
determine which
cache set (i.e., modulo
the number of sets in
the cache)
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Another Reference String Mapping

0 Consider the main memory word reference string

Start with an empty cache - all

04040404

blocks initially marked as not valid

e 8 requests, 2 misses

0 miss 4 miss 0 hit 4 hit
000| Mem(0) 000| Mem(0) 000] Mem(0) 000| Mem(0)
010| Mem(4) 010 Mem(4) 010| Mem(4)

0 Mag Auvel 1o ping pong effect o€ €éva direct mapped
cache 1Tou o@eiAeTal ota conflict misses £1r€1dr) dUO (Kal
TTEPIOOOTEPEG( OETEIC JVMNG TTOU AVTIOTOIXOUV OTO idlo
cache set ytropouv va cuvuttdpouv!
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(TerpatrAd Set) Four-Way Set Associative Cache

0 28 = 256 sets 10 KaBéva pe TEooepIC TPOTTOUC (each with

3130 ... 131211 ... 210 o Byte offset
one block) et
Tag 22 s
Index

ndex V Tag Data V Tag Data V Tag Data V Tag Data

0 0 0 0

1 1 1 1

2 2 2 2
253; 253; 253; 253;
254 254 254 254
255 255 255 255

> _ Y > _ Y > _ Y > _

|
—— 4x1 select /

Hit Data
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Range of Set Associative Caches

0 MNa éva ouykekpipévo peyeboc Cache, kGBe
OITTAaCI00UOC OoTnNV ouleuén (assosiativity) dirTAaoiadel
TOoV apiBuod blocks ava o€t (Tov apIOUO TPOTTWY — ways)
KOl JEIWVEI 010 QUO TwV apIOuO sets — pelwvel To index
KaTd €va bit kal aucavel 1o tag kard £va bit.

Used for tag compare Selects the set  Selects the word in the block
Ta{g Inc'jex Blockloffset Byte [offset

: o — Increasing associativity
Decreasing associativity «—

J Fully associative
Direct mapped }‘7 | (only one set)
(only one way) Tag is all the bits except
Smaller tags block and byte offset
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KO2TOZ via Set Associative Caches
0 Orav £€xoupe miss, tTiavou TpOTTou (way's) 1o block diaAéyoupe
yia aAAayn?
e To block 1Tou xpnonuotroinénke yia teAeutaia @opa (Least Recently
Used (LRU): 1o block 1Tou aAA@loupe cival ekeivo TTOU OEV EXEI
XPNONUOTIOINBEI yIa TNV TTEPICCOTEPN WPA.

- MNpétrer va €xoupue hardware yia va evtoTriCoupe TTiavou TPOTToU (way'’s) 1O
block ekdlwcaue Kal TTOTE

- Na 2-way set associative, B€Aoupe £va bit ava set — set the bit when a block
is referenced (and reset the other way’s bit)

0 N-way set associative cache costs
e N comparators (delay kal area)
e MUX delay (set selection) mrpiv Ta dedouéva va gival diaboipa

e Ta dedopéva cival dlabéaipya peta arrd Tnv €AoY Tou set ( ammégaon
via Hit/Miss). 2¢ éva atreuBeiag (direct mapped) cache, 10 cache block
gival d1aBéoiuo trpiv Tnv atrdégaon yia Hit/Miss

- Apa d¢ev gival duvato va uttoBEooupue OTI €ixe hit kal va ouvexiooupue

ETTAVAKTWVTAG JETA AV EITAV MISS
HMY 312 AIAAE=H 4.31 OEOXAPIAHZ,UCY, 2005



[MAsovekTnUaTa via Set Associative Caches

0 H emAoyn evocg direct mapped 1) evocg set associative
cache ecaprtaral ammo 10 KOOTOC EVOG MISS £vAVTI TOU
KOoToug Tou Cache (implementation cost).

b 4KB
10 - 8KB
-+ 16KB
£ 8- = 32KB
® - —— 64KB
g — 128KB
= 4 % = & |— 256KB
| | — |+ 512KB
2 -— o - " Data from Hennessy &
0 , , . Patterson, Computer

Architecture, 2003
1-way 2-way 4-way 8-way

] A:ssociativity ] ]
O Ta TePIOOOTEPA TTAEOVEKTNMATA TA BAETTOUME TTNYAiVOVTAC

atro direct mapped o€ 2-way (20%+ reduction in miss rate)
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MeiwvovTtag 1o Cache Miss Rate (#2)

2. Xpnon ToAAaTTAwV emITTEOWYV caches

O Me 1iI¢ €CeAiceIc oTnVv TEXVOAOYia £€xoupe TN duvaToTnNTA
via va Baloupe peyaAutepa L1 caches n yia deUTEPO
etmitredo caches — ouvnBwc evog unified L2 cache (i.e.,
KPATAEl KAl EVTOAEC KAl OEDOMEVA) KAl OE NEPIKEC
TTEPITITWOEIC OKOMA Kal HEXPI EVOC unified L3 cache

a [a 1o Tapadelypa pag, CPIL,.., M€ 2, 100 cycle miss
penalty (yia kupiwc pyvAun), 36% load/stores, pe 2%
(4%) L11$ (D$) miss rate, mpoaBéToupe éva UL2$ tTou
Exel éva 25 cycle miss penalty kal éva 0.5% miss rate

CPly,c = 2 + .02x25 + .36%x.04x25 + .005%x100 +
.36%.005%x100 = 3.54
(o€ aUykpion Pe 10 5.44 xwpic L2%)
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2xedladovrag MoAAatrAa Etritreda Cache (Multilevel Cache)

0 O1 Baocig yia oxedlaouo evog L1 kai evog L2 caches gival
TTOAU OIQPOPETIKEG
e To Kupiwg cache TTpETTEl va PTTOPEI VO PEIWVEI OGO TTIO TTOAU TO

hit time €vavTi M0 ypriyopou wpoAoyiakou KUKAOU
- Primary cache should focus on minimizing hit time in support of a shorter clock cycle

- Smaller with smaller block sizes

e To deutepo(a) cache(s) TTpétrel va PeIwvouv To miss rate yia va
MEILVOUV TNV TTOIVI MIOG MOKPAG TTPOCTTEAQONS MVAMNG.
- reducing miss rate to reduce the penalty of long main memory access times
- Larger with larger block sizes

0 To miss penalty Tou L1 cache peiwvere aiobntd e 1nv
TTapoucia L2 cache — apa ptropei va gival JIKpoTePO (i.e.,
YPNYopOoTEPO) AAAG Ba £xel YnAOTEPO mMiss rate

a Na 1o L2 cache, 10 hit time gival AiyOTEPO ONUAVTIKO ATTO
TO miss rate

e The L2$ hit time determines L1$’s miss penalty
e L2% local miss rate >> than the global miss rate
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2NUavTIKEG MapapéTpol evog Cache

L1 typical L2 typical
Total size (blocks) 250 to 2000 | 4000 to

250,000
Total size (KB) 16 to 64 500 to 8000
Block size (B) 32 to 64 32 to 128
Miss penalty (clocks) |10 to 25 100 to 1000
Miss rates 2% t0 5% [0.1% to 2%

(global for L2)
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Napauérpol Cache Avo Anpo@IAwy ETregepyacTwy

Intel P4

AMD Opteron

L1 organization

Split I$ and D$

Split I$ and D$

L1 cache size

8KB for D$, 96KB for
trace cache (~19)

64KB for each of I$ and D$

L1 block size

64 bytes

64 bytes

L1 associativity

4-way set assoc.

2-way set assoc.

L1 replacement |~ LRU LRU

L1 write policy write-through write-back

L2 organization Unified Unified

L2 cache size 512KB 1024KB (1MB)

L2 block size 128 bytes 64 bytes

L2 associativity 8-way set assoc. 16-way set assoc.
L2 replacement |~LRU ~LRU

L2 write policy write-back write-back
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4 EpwTtnoeig via Tnv Igpapxia MvAung

0 Q1: MNou ptropei va TottoBeTnOEi £va block oTo
WnAoTepo emiTTedO? (Block placement)

0 Q2: MNwc Bpiokoupe éva block oto WnAGTEPO £TTITTEDO?
(Block identification)

0 Q3: o block aAAaloupe o€ TTEQITITWON EVOC MISS?
(Block replacement)

0 Q4: Tiyivetal 6Tav ypagpoupe dedoucva?
(Write strategy)
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Q1&Q2: lNMou ptropei éva block va Totro0eTnOei/Bpedei?

# of sets Blocks per set

Direct mapped | # of blocks in cache 1
Set associative | (# of blocks in cache)/ Associativity (typically

associativity 2 to 16)
Fully associative 1 # of blocks in cache

Location method # of comparisons

Direct mapped |Index 1
Set associative |Index the set; compare Degree of

set’s tags associativity
Fully associative | Compare all blocks tags # of blocks
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Q3: Mo block Tpétrel va avTtaAAaXTEI KATA Eva miss?

0 EukoAo yia direct mapped — povo pia emmioyn!

0O Set associative n fully associative
e Tuyaia / Random

e AuTO TTOU d€EV XpNOoNUOTIOINONKE yia TNV TTEPIcoOTEPN wpa LRU
(Least Recently Used)

2 MNa Eva 2-way set associative cache, Tuxaia avraAAayn
£xel miss rate about 1.1 @opec YynAotepn atro 1o LRU.

a To LRU aToixiCel apKeTa yia va EQAPMOCTEI O€ TTIO YnAa
etmitreda ouleugnkoTNTAG (associativity) (> 4-way) €1TeI1dN
via va akoAouBouue ta dedopeva oto Cache €xel apkeTo
KOOTOG OTOV XPOVO.
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Q4: Ti1 yiveTal KAaTd éva write?

Q Write-through — Ta dedopéva ypagovTal Kal oto block oTo
cache kal o1o block 0T0 ANECTWC XAPMNAOTEPO ETTITTEDO
IEpapyiag pvAung

e Write-through is always combined with a write buffer so write

waits to lower level memory can be eliminated (as long as the
write buffer doesn't fill)

Q Write-back — Ta dedopeEva ypagovTal uovo oTo block oto
cache. To dieypauuévo/aldayuéEvo cache block
LETAPEPETAI OTNV KUPIA PVAUN MOVO OTaV avTaAAayEi

e XpelalopaoTte eva dirty bit yia va evrotriCoupe av 1o block €xel
METATPOTTEI ] OXI.

0 MNAEOVEKTANOATA KAl HEIOVEKTAMOTO?

e Write-through: Ta read misses dev TTpoKaAoUV writes (so are
simpler and cheaper)

e Write-back: ETravaAauBavoueva writes arraitouv povo Eva write
QAMECWC XauNAOTEPO ETTITTEDO.
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BeATiwvovTtag Tnv amodoon Tou Cache

0. Meiwvoupe Tnv wpa yia Eva hit oto cache
e smaller cache
e direct mapped cache
e smaller blocks

e for writes
- no write allocate — no “hit” on cache, just write to write buffer

- write allocate — to avoid two cycles (first check for hit, then write)
pipeline writes via a delayed write buffer to cache

1. Melwvoupe 1o miss rate
e bigger cache
e more flexible placement (increase associativity)
e larger blocks (16 to 64 bytes typical)
e victim cache — small buffer holding most recently discarded blocks
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BeATiwvovTtag Tnv amodoon Tou Cache

2. Meiwvoupue To miss penalty
e smaller blocks

e use a write buffer to hold dirty blocks being replaced so don’t
have to wait for the write to complete before reading

e check write buffer (and/or victim cache) on read miss — may get
lucky

e for large blocks fetch critical word first
e use multiple cache levels — L2 cache not tied to CPU clock rate

e faster backing store/improved memory bandwidth
- wider buses
- memory interleaving, page mode DRAMs
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MEPIAHWH : BAZIKEZ APXEX Cache Design

4 I'Iapa :ITO)\)\SQ OUYKPOUOUMEVEG Cache Size
OlIAO0TACEIC $

e cache size
Associativity

e block size

e associativity

e replacement policy
e write-through vs write-back Block Size
e write allocation

0 H Mo owoTn Auon gival o cuuBIfacuog
e depends on access characteristics Bad

- workload
- use (l-cache, D-cache, TLB) Good | Factor Factor B
e depends on technology / cost Less More

a Simplicity often wins
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