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"Oco amopakpuvopaoTe

Part of The On-chip 1 amé Th CPU :

CPU Datapath , , .

16-256 Registers <: MikpdTepo kooTOG/Bit
MeyaAUTepn

One or more levels (Static RAM):

Level 1: On-chip 16-64K
Level 2: On or Off-chip 128-512K
Level 3: Off-chip 128K-8M
Dynamic RAM (DRAM)
16M-166G
Interface:
SCST, RAID,
IDE, 1394

46-1006

XWwpnNTIKOTNTA
MeyaAUTepo¢ xpovog
v TpéoPaonc-kabuoTépnon

XapnAoéTepog pubuoc
e€odou

Magnetic Disc

Optical Disk or Magnetic Tape
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TTapadeiypua Iepapxiac Mvniung

( ye 2 emimeda cache )

+—— Meyarvtepn Toyvtnta

Meyarvtepn XopnTIKOTNTOE ———

Processor

Control

/

= On-Chip
Datapath|a, ](“)‘;Zel
§ Cache
w L,
Taxutnta : 1-Bbns  10ns
MéyeBoc : <1KB  <256KB

Bandwidth : 150GB/s 50GB/s
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Virtual Tertiar
Memory, St y
orage
Second Main Secondary (Tape)
Level Meimory Storage
Cache (DRAM) (Disk)
(SRAM)
L,
30ns 50ns 10ms 10sec
<8MB <4GB >1GB TB
25GB/s  4GB/s 10MB/s




C Memory Ob
us
ORe 2 bus Memory I/O devices
| Registers | .
e
Disk
memory
péyeBog : 500bytes 64KB 512MB 10068
Taxutnta : 0,25ns 1ns 100ns Bms
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TTapadeiypa Iepapxiac pvAung
Digital PWS 600 au - Alpha 21164 CPU - 600MHz

i Level Capacity Throughput Latency
32 registers Register  512B 246B/sec 2ns
/ 1000W L1 cache\ L1 cache 8KB 16GB/sec 2ns
/ 12000W L2 cache \ L2 cache 96KB  86B/sec 6ns

/ 0B5MW ext L3 cache \ L3 cache 4MB  888MB/sec  24ns

/ 64MW main memory \ Main Mem 512MB 16B/sec  112ns

/ 16W Disk space \
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TUTTIKEC APXITEKTOVIKEC

- IBM Power 3:
- L1 =64 KB, 128-way set associative
+ L2 = 4 MB, direct mapped, line size = 128, write back

+ Compaq EV6 (Alpha 21264):
- L1 =64 KB, 2-way associative, line size= 32
* L2 = 4 MB (or larger), direct mapped, line size = 64

- HP PA: no L2
- PA8500, PA8600: L1 =15 MB
- PA8700: L1=2.25 MB

- AMD Athlon: L1 =64 KB, L2 = 256 KB
» Intel Pentium 4: L1 =8 KB, L2 = 256 KB

 Intel Itanium:
- L1 =16 KB, 4-way associative
- L2 = 96 KB, 6-way associative
* L3 = of f chip, size varies
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MNari eivar weéhiun n Iepapxia MvAaung:

Tomkornta dedopévwy (data locality)

Karda kavova ta mpoypdupaTta mpootreAdUvouy €va HIKPO
Hovo HEPOC Tou ouvoAou Twyv di1euBuvaswy
(evToAéc/dedopéva) katd Tnv eKTEAEDN eVOC
OUYKEKPIHEVOU THAHATOC TOUC

Ao €idn TomKOTNTAC dEJOHEVWV:

- Temporal Locality: ZToixeia mou éxouv poopara
TpooTeAdaTEl Teivouv va pooTmeAavvovTtal avd oTo dpeao
HEAAOV

- Spatial locality: TeiTovikd oToixeia dowv £xouv AN
mpoomeAaaTei, Exouv auénuévn mBavoTnTa va
TIPooTTEAAOTOUV OTO AHECO HEAAOV

H Umapén TomKOTNTAC OTIC AVAYOPEC EVOC TIpoypdUHATOC,
KaBi1oTd €@IKTA Th dUvATOTNTA vd IKAVOTIOIoUVTAI N
aitnon via 0gdopéva amo emimeoa UvALNG TToU

IOKOVTAI 1E0apXIKd avWTEOA
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OpoAoyia

» block - line - page : n pikpdTEPN Hovada
HETAPOoPAC OedoHEVWY HETACU TWV
ETUTTEOWY UVAUNG

Lower Level
To Processor | Upper Level Memory
Memory
BkX &
From Processor R BIKY
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OpoAoyia

- hit : 1o block Bpiokerar oc kdamoia ©€on Tou
eCeTalopevou emmédou HVARNG

- hit rate : hits/ouvoAikéc TTpooTTeAdoEIC HVARNG

- hit time : xpovoc mpooméAaong Twyv dedopEvwy

- miss : 1o block dev umrdoxer oto €eTalopevo
eTtitedo HVAUNG
- miss rate : 1 - (hit rate)
* miss penalty : (xpovog HeTapopdg TwWV deSOHEVWY EVOG
block oTo ouykekpipévo emitedo pvApNng) +
(xpovoc amékTnonc Twy dedopévwy amo Thy CPU)

: Xpovog amékThong Tng Ing AéEng
: XpOVOC ATTOKTNONG TWV UTTOAOITTWY AECewv
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» Q1 diokol Trepiéxouv O0Aa Ta dedopéva

+ OTtav o emeCepyaoTng xpeldleTal KATOIO
oToIXEi0, auTO avepaivel ge avwTepa emiteda

HVAUNG

+ H cache mepiéxel avriypagpa Twv oToIXEiWV TAC
UVAUNC TTOU £X0UV XPNOIHOTIOINOEI

* H pvAun epiéx el avtiypaga Twy oToIXEiwv Tou
0ioKOU TTOU €X0UV XpnoiHoTToINOEi
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4 Epwrnoeic yvia Tic caches

« TToU pmopei va TomroBeTnOc¢i £va block og éva ynAoTepo
emtittedo oTNV IEpApXid UVAKUNG:,
- TomoBétnon block :
- direct-mapped, fully associative, set-associative

+ TTwc ppiokoupe éva block ota didpopa emimteda uvAUNCG;
- Avayvwpion evo¢ block :
Tag / Block

+ TTolo amoé ta ndn urtapxovrta block Tnc cache mpémer va
avTikaTaoTadei o€ meEPITMTTWON £VOC MISS;

- Mnxaviopoc avTikatdotaonc block :
* Random, Least Recently Used (LRU), FIFO

- T ouppaiver 6Tav peTaPpdAAoupe To Trepiexopevo evoc block;
= HnXaviguoi eyypagng :
 write-through i write-back
- write-allocate i ho-write-allocate
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TonoOéTnon evoc block puvAung otnv cache

» Direct mapped :
(81eUBuvon block) mod (ap. block otnv cache)

- Set associative :

(81eUBuvon block) mod (ap. sets otnv cache)
» Fully associative :

omroudnmorel
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Opyavwon tn¢c Cache

Fully associative; Direct mapped; Set associalive:
To block 12 To block 12 pmaivel To block 12 pmaivel
gTaivel povo ato block 4 OTIOUBATIOTE Péaa aTo
OTIOUBATIOTE (=12 mod 8) set 0 (=12 mod 4)
Ap. 01234567 Ap. 01234567 AP. 01234567
Block Block Block
Cache
Set Set Set Sat
o 1 2 3
d1eUBuvon Tou block frame
Ap. 111111111 1z2z22222222233
Block 0125345678001 234868789012345678801

Mviun

Cache pe 8 blocks kai pvAapn pe 32 blocks
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EmiAoyA Set

EmiAoyA
Aedopévwy
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Tag Index Offset

—

Méye0og block offset = log2(néye0og block)

Méye0og Index = log2( Xvvoikog apiOuog blocks/associativity)

Méye0og tag = néye0og address - néyebog index - péyebog offset
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Opyavwon tn¢c Cache
Direct Mapped Cache

KaOg block propet va amodnkevdel povo og pio O¢on :
(dtevBvvon block) MOD (Ap. blocks otnv cache)
oTO ToPaAdeyna pog:  (oevbvvon block address) MOD (8)

cache
8 cache block frames
2N LN
X% ™
: (11101) MOD (1000) = 101
32 memory
blocks % %t N N
cacheable d d ™ ™
./ ./ ./ ./ \. \ \\. \\.
00001 00101 01001 01101 10001 10101 11001 11101
MvAun
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TTapadeiypa : Direct Mapped Cache
mna ooy

byte
offset
N 20 N 10
tag index
index valid tag data
0
1
2
> ® ® ®
1024 Blocks
Ka0g block =1 A&
1021
, , 1022
Mmopel va amoOnkevoel 1023
2% bytes pvijung < N
data
- HIt
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TTapadeiypa
Direct Mapped Cache

4K blocks

Ka0Og block = 4 words

A
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Tag field Aie0Buvon (8¢on Twv bit)
31...6 15..4 3210 Index field
| I byte
\ 16 R 12 R 2 offset i i
tag S~ T Emoyn A£Eng
index block offset
16 bits 128 bits
V. tag data
A
—>| ¢ ? > p ' 4K
gicodol
\\16 \\32 \\32 \32 \\32
o =
IRER!

((Mux )

~N
N

data

Kaltepn alromoinon ¢ spatial locality



4-vway o€t ASSOocCiartive cacne.

(MIPS)

AiguBuvon
Tag 31 30...12111098...3210
Field \ |
J22 Je Index
Field
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
—- | p p [ ] p ) p ® p
253
254
255
d22 {32
- e '
I
256 sets .
4 to 1 multiplexer
1024 block frames Q %’—D

data
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Opyavwon tn¢c Cache :

C~rd
v |

1-way set associative
(direct mapped)

block Tag Data

2-way set associative
Set Tag Data Tag Data

0
1
2
XwpnTikoTNTA 5
cache : 8 words 4
5
6
7

0
1
2
3

4-way set associative
Set Tag Data Tag Data Tag DataTag Data

0

1

8-way set associative (fully associative)

O
O

Tag DataTag Data Tag DataTag Data Tag DataTag Data Tag Data Tag Data
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TTapadeiypa opyavwoncg cache-
d1evBuvaoiodoTnon

» L, cache pe 128 cache block frames

» KdBe block frame mepiéxer 4 Aé€eic (16 bytes)
+ 16-bit di1euBUvoeIc pvAung otnv cache
(64Kbytes kUpia pvAun n 4096 blocks pvAung)

» AcifTe Tnv opydvwon Tng cache (mapping)
Kal Ta Tedia 01eubuvaswy TNC cache yia:

» Fully Associative cache.
* Direct mapped cache.
- 2-way set-associative cache.
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Fully Associative Case

v;:;d SRS ’ Cache (with 128 blocks)
v TG BLOCK 0
v ThS BLOCK 1
O1 128 tags gréyyovian
nopaiinia amo To
hardware katd Tnv
Tomo0£TNON EVOG .C:} .;f
data block otnv cache
v The BLOCK 127 }

AieBuvon Tou Block = 12bits

Tag = 12bits

Cs

Block Offset
= 4bits

BLOCK 0

- BLOCK 1

BLOCK i

BLOCK 4095

Main Memory



Direct Mapped Cache

Valid

bit \ wRE Cache (with 128 blocks) BLOCK 0
BLOCK 1
VIL TAG | glocko " [ BLOCK 2
VIL TAG | pLock+ ' \/3 b
BLOCK 127
vI[ TAG
BLOCK 2 BLOCK 128
Moévo éva tag ehéyyeton — BLOCK 129
napaiinia amo 1o
hardware katé TV = = & &
TonoféTion evog
data block (lsn;v cazhe BLOCK 255
BLOCK 256
VIL TAG | aiock 127 BLOCK 257
0 0
AietBuvon Tou Block = 12bits Block Offset WS
Tag = bbits | Index = 7bits = 4bits
Kvprwoe Mvijun
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2-Way Set-Associative Cache

Avo tags og
éva set
eLEYYoOvVTONL
Taparinia
a7to TO
hardware
KOTA TNV
Tomo0<Tnon
€VOG
data block
otV cache

Set 0

Set 1

-

Set 63[

e Cache (with 128 blocks)
TAG BLOCK. 0
TAG BLOCK 1
TAG BLOCK 3
TAG BLOCK 4
< &
TAG g ock 126
TAG g ook 127

AieBuvon Tou Block = 12bits

Tag = 6bits | Index = 6bits

Block Offset
= 4bits
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BLOCK O

BLOCK 1

<>

<>

BLOCK 63

BLOCK &4

BLOCK 635

S
BLOCK 127

<>

BLOCK 128

BLOCK 129

<>

<>

BLOCK 4095

Kvprwoe Mvijun



TTpooréAaon dcdopcvwy o€
Direct Mapped Cache

KUpia pviapn
H CPU kaAei mpog ~ 31evBuvan TIHA TS AEENG
avdyvwon TIC
e€Ac dieuBuvoeIC: 00000010

a
0x00000014 00000014 b
00000018 C

ad

0x00000048 0000001
0x0000001C 00000040
0x00004014 - 00000044

e
L
7
00000048 g
0000004C A

00004010 /
00004014 J
00004018 Kk
0000401¢ |
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8KB Direct-mapped cache
4W blocks

ApXIKd O0Aec o1 Béoceic invalid

index valid tag 0x0-3 Ox4-7 Ox8-B OxC-F
0 0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
510 | O
511 | O
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read 0000000000000000000{000000001|{0100 (0xO0000014)

index valid tag 0x0-3 Ox4-7 Ox8-B OxC-F

PN O DN = O

510

o

511

o

Read block 1 : invalid data oto block 1|
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read|0000000000000000000{000000001 0100

index valid ta 0x0-3 Ox4-7 Ox8-B OxC-F
]
0 a b C d

NoO O w NN = O

510

o

511

o

PopTwaoe Ta {nToupeva dedopéva atnv cache !
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read 0000000000000000000 000000001|0100

index valid tag 0x0-3 Ox4 Ox8-B OxC-F
)
0 a b C d

NoO O w NN = O

510

o

511

o

EméaTpeye 10 b (Béon 0100) otnv CPU
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read 0000000000000000000|000000100{1000 (0x00000048)

index valid t Ox4-7 Ox8-B OxC-F

0) o)

1 1 0 a b o d
2 0)

3 0]

4 0)

5 0)

6 0)

7 0)
510 | O

511 | O

Read block 4 : invalid data oTo block 4 |
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read|{0000000000000000000|000000100 1000

index valid TV 0x0-3 Ox4-7 Ox8-B OxC-F

o |o
1 1 0 a b C d
2 |o
3 o] |
4 |1 0 e f g h
5 |0
6 |0
7 |o
510 | O
511 | O

PopTwoe Ta {nToupeva dedopéva otnv cache kai kdve To block valid !
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read 0000000000000000000 000000100{1000

index valid tag 0x0-3 Ox4-7 Ox8-B OxC-F
o) o)
1 1 0 a b ( d
2 o)
3 o)

4 1 o) e f g9 h
5 0
6 0

7 o)

510 | O

511 | O

EnéoTpeye otnv CPU tnv TipAR g |
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read 0000000000000000000 0000000011100 (0x0000001C)

Ox8-B OxC-F
o) o)
1 1 o) a b C d
2 o)
3 o)
4 1 o) e f g9 h
5 o)
6 o)
7 o)
510 | O
511 | O

Read block 1!
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read DOO0000000000000000;000000001{1100

index valid T(”g/o x0-3 Ox4-7 Ox8—B\DxS—F

o [o] \ /
1 1 0 a b C d
2 |o
3 |o
4 [1] o e f g h
5 |0
6 |0
7 |0

510 | O

511 | O

To medio tag éxel Th owoTh TIA | Apa emioTpépeTal n TiuA d
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read 0000000000000000010 0O0000001|0100 (0x00004014)

i alid tag 0x0-3 Ox4-7 Ox8-B OxC-F

o) o)
1 1 0 a b C d
2 o)
3 o)
4 1 o) e f g9 h
5 0
6 0
7 o)

510 | O

511 | O

Read block 1!
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8KB Direct-mapped cache
Avar LD _ _ 0. _
“VV DIOCKS
Read|{0000000000000000010,000000001 0100

index valid Tog/ 0x0-3 Ox4-7 Ox8-B OxC-F

o o] |\
1 1 0 a b o d
2 |o
3 |o
4 |1 0 e f g h
5 |0
6 |0
7 |o
510 | O
511 | O

Valid data aAAd 1o medio tag dev givar To owaotd 21=0

Miss : pémel va avtikataoTtaOcei 1o block 1 pe véa dedopéva
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8KB Direct-mapped cache

AvAar L0 _ _ 0. _
“Vv DIOCKS

Read|0000000000000000010{ 0000000010100

index valid ?09/ 0x0-3 Ox?/ Ox8-B OxC-F

o (o] 1\ \
1 1 2 i J k |
2 0
3 0
4 1 0 e f g h
5 |0
6 0
7 |oO
510 | O
511 | O

PopTWOE TO OWOTO TTEPIEXOUEVO Kal aTeiAe To j oThv CPU

cslab@ntua 2008-2009



YroAoyiopoc Tou apiOuov Twv
bits mou xpeialovrar

TTéoa bits ouvoAikd xpeidCovTar oe ia direct-mapped cache pe 64
KBytes data kai blocks Tng 1 Aé€ng, via 32-bit di1euBlvoeig;

- 64 Kbytes =16 Kwords = 2'* words = 2! blocks

- Block size =4 bytes => offset size = 2 bits,

- #sets = #blocks = 21* => index size = 14 bits

- Tla I:S>'i’fe = address size - index size - offset size = 32 -14 -2
=16 bits

- Bits/block = data bits + tag bits + valid bit = 32 +16 +1=49

- Bits Tng cache = #blocks x bits/block = 2 x 49 = 98 Kbytes

TTéoa bits ouvoAikd xpeidCovTar oc pia 4-way set associative cache yia
Thv amoBnkeuon Twy idiwv dcdopéEvVwy;

- Block size ka1 #blocks dev aAAdle!.

- #Hsets = #blocks/4 = (214)/4 = 212 => index size =12 bits

- 'tl)'ag size = address size - index size - offset =32-12-2= 18
i1ts

- Bits/block = data bits + tag bits + valid bit = 32 +18 +1 = 51

- Bits Tng cache = #blocks x bits/block = 2% x 51 = 102 Kbytes

A0¢non Tou associativity => AU¢non Twv bits Tng cache
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Yquovlouog ToUu apiBuo t’J
bits Tnc cache mou xpeialovrai

TTéoa bits ouvoAikd xpeidCovTar oe pia direct- mapped cache pe 64KBytes
data kai blocks Twv 8 Aé€ewv, yia 32-bit dicuBlvoeig (232 bytes pumopouv
va amoOnkeuBouv oTh UVAUN);

- 64 Kbytes = 2% words = (214)/8 = 2!! blocks
- block size = 32 bytes
=> offset size = block offset + byte offset = 5 bits

- #sets = #blocks =2 => index size = 11 bits

tag size = address size - index size - offset size =32 -11-5= 16 bits
bits/block = data bits + tag bits + valid bit = 8 x 32 + 16 + 1 = 273 bits

- bits in cache = #blocks x bits/block = 21! x 273 = 68.25 Kbytes

AUEnon Tou peyéBouc Tou block => Meiwon Twy bits Tn¢ cache.
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Mnxaviouyoi avrikaraorTaong £voc
block Tn¢c cache

- Random (Tuxaia) - emAoyn evéc Tuxaiou block
pe Pdon kamoia yeudoTuxdaia akoAouBia
- amAR vAoTroinon oto hardware
- gival n TEXVIKA TToOU XpholhoTolEiTAl oUVRBWC

* LRU (least recently used) - avrika@iordrai o

hlaock 1o dsv ¢ver vonagiiiomoinBesi via
e I\ I N "’vv VV" U,\vl AV"V'HV"V"‘VU' "“
TEPIOTOTEPN WPA

- akp!Ppn vuhomroinon oto hardware

- FIFO (first in - first out) - avrika@iordrar 1o
block mou éxei1 e10axBei TpwTo aTnv cache
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Mnxaviopoi eyypagpnc oe block

(oe mepimTwon write-hit/miss)

2 ¢ mepimTtwon write-hit, yvwaortoTmoigital h aAAayh otnv Kupid
HVAUN ;

vai : write-through

ox! : write-back

2 ¢ mepimTwon write-miss, TomoBeTeital To block arnv cache;
vai : write-allocate (ouvhOwc¢ pe write-back)
ox! : write-no-allocate (ouviBwg pe write-through)
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- write-back: evnuépwon Tnc pyvAung pévo Kard
Thv amopdkpuvon Tou block amé Tnv cache
* 0l EYYPAYEC TIpAyHaToToloUVTal He TNV TaxUTnTa TnS cache
- dirty bit katd Tnv Tpomomoinon - avrikardoracn Twy “clean”
block xwpi¢ evnuépwon Thg pvAuNng
- XapnAé mooooTdé misses
- TToAAéc eyypawéc evoc block og pia evnuépwon

* write-through: evnuépwaon Tng UvAung oe kAOe
eyypagn

TO KATWTEPO 1EPAPXIKA ETTITIEDO TTEPIEXEI TA EYKUPOTEPA
dcdopéva

* gUKoAN uAomroinon (e€aopdAion data coherency)
 auénuévn petakivnon dedopévwy TPoC Th HVAUN

- guxvd xphoipotoigital évac write buffer yia amogpuyh
KaBuoTepNoewy 600 evNHEPWVETAI N UVAKN
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write through vs write back

 Write Through - the information is written to both the block in the cache and to the
block in the lower-level memory.

Pros:

- read miss never results in writes to main memory

- easy to implement

- main memory always has the most current copy of the data (consistent)

Cons:

- write is slower

- every write needs a main memory access
- as a result uses more memory bandwidth

« Write back - the information is written only to the block in the cache. The modified
cache block is written to main memory only when it is replaced. To reduce the
frequency of writing back blocks on replacement, a dirty bit is commonly used. This
status bit indicates whether the block is dirty (modified while in the cache) or clean
(not modified). If it is clean the block is not written on a miss.

Pros:

- writes occur at the speed of the cache memory

- multiple writes within a block require only one write to main memory
- as a result uses less memory bandwidth

Cons:
- harder to implement
- main memory is not always consistent with cache
- reads that result in replacement may cause writes of dirty blocks to main memory
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Write-Allocate & write-no-Allocate
(oTn wepinTwon write-miss)

- Write-allocate: 1o block evnuepwvetal otn pvApn Kai HeTd
HETAWEPETAI ATTO TN HVAUN O0Tn cache

- write-no-allocate: To block evnuepwveTar otn pvAapn Kai
dev petapépeTal otn cache

"Allocate” a cache line to store the memory block !
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Dond W
Reddu n

* / mmiree
’ 192

/ T\

- read hit : avdyvwon Twv dedopévwy amo Thv
cache

* read miss : peTapopd oAdkAnpou Tou block Tou
TepIEXel Ta dedopéva Tou avadnTdpe oThy

cache kai oTn ouvéxela 6mmwe oto read hit
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- Write-back & Write-allocate

- write hit:
. Eyypaeph Twv dedopévwy atnv cache (povo).
. To block ¢ivai dirty

- H kUpia pvAapn evnuepwveTal Hovo 6Tav amoUakpuvOei To
block amé tnv cache

- write miss:
To block:
. EvnuepwveTal otn pvApn
. peTapépeTal oThv cache
. 2Th ouvéxela oTw¢ ato write hit
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SS
* Write-through & write-no-allocate
- write hit:

- Eyypapn Twv véwv dedopévwy athv cache
» Evnuépwon tng kUpia pvApng

- write miss:

+ Eyypagh govo otnv KUpia pvApn
- Aev eumAékeTal kaBoAou n cache
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* Write Back with Write Allocate:

on hits it writes to cache setting "dirty” bit for the block, main
memory is not updated;

on misses it updates the block in main memory and brings the
block to the cache;

Subsequent writes to the same block, if the block originally
caused a miss, will hit in the cache next time, setting dirty bit for
the block. That will eliminate extra memory accesses and result in
very efficient execution compared with Write Through with
Write Allocate combination.

* Write Back with No Write Allocate:

on hits it writes to cache setting "dirty” bit for the block, main
memory is not updated;

on misses it updates the block in main memory not bringing that
block to the cache;

Subsequent writes to the same block, if the block originally
caused a miss, will generate misses all the way and result in very
inefficient execution.
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Write Through with Write Allocate:

on hits it writes to cache and main memory

on misses it updates the block in main memory and brings the
block to the cache

Bringing the block to cache on a miss does not make a lot of sense
in this combination because the next hit to this block will
g(_enem’re a write to main memory anyway (according to Write

hrough policy)

Write Through with No Write Allocate:

on hits it writes to cache and main memory;

on misses it updates the block in main memory not bringing that
block to the cache;

Subsequent writes to the block will ugda’re main memory because
Write Thr'ou%h policy is employed. So, some time is saved not
bringing the block in the cache on a miss because it appears
useless anyway.
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2 UVEXEIAd a0 TO PONYOUHEVO Tapddeiyud. . .
8KB Direct-mapped cache - 4W blocks
write through

Write 0000000000000000000{000000100{0100 (0x00000044) , m

index valid Ox4-7 Ox8-B OxC-F

P NO O N w NN =, O

510

o

511

o

Read block 4 |
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8KB Direct-mapped cache - 4W blocks

.‘A“--‘.‘

write througn

Write|0000000000000000000;000000100|0100

index valid Tc/ 0x0-3 Ox‘/ Ox8-B OxC-F

o [o] | (
1 1 D i J k |
2 |0
3 |o | |
4 1 0 e m 9 h
5 |0
6 |0
7 |0
510 | O
511 | O

Valid data - owoTé tag - eyypagn oto medio 0100 tng cache
Kal evhuépwon ThS KUplag pvApng !
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8KB Direct-mapped cache - 4W blocks

oo _°*a . L _ _1,
write DACK

Write 0000000000000000000{000000100{0100 (0x00000044) , m

Ind. V dirt x0-3 Ox4-7 Ox8-B OxC-F
010
1 110 2 i J k l
010
3\|]O ] O
41110 0 e f 9 h
510160
6 |]0]0
71010
5101 0 1 O
5111 0 1 O

Read block 4 |
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8KB Direct-mapped cache - 4W blocks

oo _°*a . L _ _1,
write DACK

Write] 0000000000000000000; 000000100

Ind. V dirty ‘r;g/(y)x0-3

0100

Ox% 0x8-B

OxC-F

/

J

k

|

Noo oA wWwN e~ O
i (o] (o] (o] Lj (o] (o} [_} (&)

510

o

0

511

o

0

Valid data - owoTé tag - eyypagn oto medio 0100 tng cache
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Kal evhpépwaon Tou dirty bit |




8KB Direct-mapped cache - 4W blocks

oo _°*a . L _ _1,
write DACK

Read 0000000000000000100|000000100{1100 (0x0000804C)

Ipd. V dirty tag 0x0-3 Ox4-7 Ox8-B OxC-F
O]0]O0O

11110 2 | J k l
21010

310160

4 1111 o) e m g h
510]0

6 10 ]O

71010

5101 0 | O

5111 0 1 O

Read block 4 |
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8KB Direct-mapped cache - 4W blocks

Read

Ind. V dirty rg\/ 0x0-3

oo _°*a . L _ _1,
write DACK

0000000000000000100

Ox4-7

000000100 1100

Ox8-B OxC-F

/4

P NON Ol D Ww NN = O
i (o] (o] (o] L] (o} (o} L_j (&

5101 O

0

5111 0

0

Valid data - To medio tag opwg dev Taipialer : 0l=4

To dirty bit eivai 1 : Evnuepwverar n pvaun (0x00000040-0x0000004F)

Kdl oTh OUVEXEId POPTWVETAI h owoTA d1eVBuvon
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8KB Direct-mapped cache - 4W blocks

Read

oo _°*a . L _ _1,
write DACK

0000000000000000100{000000100{1100

Ind. V dirty rg\/ 0x0-3 Ox4-7 38-8 OxC-F

2

P NOoO O D w NN = O

5101 O

@)

5111 0

o

PopTwveTadl N owaTh d1eVBuUvVoN - evnuepwvovTal Ta Tedia tag - dirty
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EmoTpépeTal n TigA r oth CPU




Enidoon Twv emimédwv HVAUNC
(performance)

* péooC Xpovocg mpootrtEAaonC Twy 0cdoHéEVwyY
(access time)

1:avg — 1:hit +MISS rate °tmiss penalty
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LV N I

fnn'na o L IA - A ll‘\l ‘
cacne . gvomoinuevn n

0
Evomoinuévn yia evioAéc kai dedopéva (unified)

- MIKpOTEPO KATAOKEUAOTIKO KOOTOG

- KaAUtepo 100lUyiopa Tou XWwpou Trou kataAappdverai
amo evroAéc/dedopéva

- EmimAéov misses Adyw d1ekdiknong Kolvwy Béoswy
otnv cache (conflict misses)

- AUo diapopeTikéc caches yia evToAéc Kal
dedopéva (data cache & instruction cache)
- 2-mAdoio gUpo¢ Wwvng
- oxI conflict misses
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TTapadeiypa

2.€ TToId TTEPITITWON £€XOUHE KAAUTEPN £TTidoon;
2 € ovotnhpa pe 16KB instruction cache kai 16KB data cache n o¢
ovoTtnua pe 32KB unified cache;

YmoBéToupe OTI To 36% TwV eVTOAWV gival evToAEC avapopdc oTn
uvAiun (load/store).

hit time = 1 clock cycle
miss penalty = 100 clock cycles
oth unified cache eivai: hit time = 2 clock cycles

XpnoigoTmoieioTe Ta dedopéva Tou akoAouBou Tivaka (avagpépovTal ae
1000 evToAég):

Instr.cache data cache | unified cache
16KB 3.82 40.9 51.0
32KB 1.36 384 43.3
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n AAX lll a2 & ,ﬁl lll‘\lﬂlﬂ \
1 1TAPAOEIYHA (OUVEXEIQ...)
« AUon . misses
MmISS rate =
mem acCCesSes
miSS ra'tel6KB instr cache — % — 00038
40.9 b 74%:°0.0038 + 26%:0.114 = 0.0324
MISS ratel6KB data cache — % — 01 14
. 43.3
miss rate . = =0.0318
32KB unif cache 1000+36O

miss rate (unified cache) < miss rate (instr + data cache)
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n AAX lll A &~ ,ﬁl lll‘\lﬂlﬂ \
1 1TAPAOEIYHA (OUVEXEIQ...)
+ AUon
tag = tinsr T Loma = 74%(1+0.004-100)+26%(1+0.114-100)
=4.26

fy = 2+0.0318-100=5.18

Héooc xpovoc/access (instr+data cache) < péooc xpovoc/access (unified cache)
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Cache Associativity

%% -~ -\ — (- ,
TTapaTtnpnon :
Mia 4-way cache
129% EXel axedov To idIo

hit rate pe pia
direct-

mapped cache

9% OITTAdolou peyéBoug

Miss rate

6%

3%

>
— e ' —

0% | | | J
One-way Two-way Four-way Eight-way

Associativity 1 KB 16 KB

m2KB e 32KB

4 KB 64 KB

e 8 KB = 128 KB
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MéyeOoc Twv Cache Blocks

tag data (xwpo¢ yia peydho block)

+ 2 ¢ pgeydAa cache blocks emweeAolpaoTe amo Tnv
spatial locality.

* AyéTepog xwpoc¢ amaiteital yia tag (e dedopévn
XWPNTIKOTNTA ThC cache)

+ YmepPpoAikd peydho péyeBOoc block omaraAder To
XWpo Tn¢ cache

+ Ta peydAa blocks amaitouv peyaAutepo xpovo
vetapopdc (transfer time).

‘Evac kaAdc¢ oxediaopoc amaitei ouppipaocpouc!
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MéyeOoc Block kai Miss Rate

40% = ——m e m e m
35% -
30% [————— == NC—m—mm—m e m e m e m
25% (-

20%

Miss rate

15%

10%

5% - O\F

0% l | ﬁ ?
4 16 64 256
Block size (bytes) 1 KB
, . e 8 KB
Kavévag : To péyeBog Tou block 16 KB
TIPETTEI vd €lval HIKPOTEPO ATTO & 64 KB
TV TeTpaywvikn pila Tou 256 KB

HeyéBouc Tn¢ cache.
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Miss Rates yia Caches diapopeTikoU
HeyéOoug, Associativity &
aAyopiOuouc avtikatdoraonc block

Associativity:  2-way 4-way 8-way

MéyeBog LRU  Random LRU  Random LRU  Random
16 KB 518% 5.69% 4.67% 5.29% 4.39% 4.96%
64 KB 1.88% 2.01% 1.54% 1.66% 1.39% 153%

256 KB 1.15% 1.17% 113% 1.13% 1.12% 1.12%
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MM S0 2 ALA’

N
W CULIICO

O
Q

Ma CPU pe éva povo emimedo (L1) cache kai kaBoAouv kaBuoTépnon oTav
¢xoupe cache hit:
. Me 10avikn pvApn
Xpovoc CPU = (kUkAoil poAoyioU kaTtd Th AciToupyia Thg CPU + KUKAoI
poAoyloU Adyw kaBuoTépnong amo mpooméAaon Tng pvApng(Mem stalls))
X Xpovoc¢ 1 kUkAou poAoyioU

Mem stalls =

(Avayvwoeig X miss rate avayvoewv X miss penalty avayvoewv)
+ (Eyypagéc x miss rate gyypagwv x miss penalty eyypagwv)

AV Td miss penalties Twv avayvwoegwy Kai Twv gyypdewy eivai idia:

Mem stalls = TTpoomeAdoeig pvAung x Miss rate x Miss penalty
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Xpovoc eKTEAEONC

XPOVOC apleuog KUKAO!I xpovog
EKTEAEONC ~ EVTOALY EVTOAR 1 KUKAOU

_ apiBudg | |KUKAoI CPU | KUKAoI pvAdNng | Xp6vog
- evTOAWYV EVTOAN EVTOAN 1 KUKAOU

_apueuég KUKAolI CPU {ava«popsg KUKAO!I uvnungJ XPOVOC

~ EVTOAWYV EVTOAY EVTOAR avagpopd 1 KUKAOU

APXITEKTOVIKA
Tou
Instruction
Set
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Lepapxia
MvApung kai
Cache

TexvoAovia To
Compiler

YAoToinon
Tne CPU




Eridoon Twv caches

CPUtime = Instruction count x CPI x Xpovoc 1 kUkAou poAoyioU
CPI,,.cution = CPT pe 1davikh pvApn

CPI = CPI,, . tion * Mem stalls/evroAn

CPUtime = Instruction Count x (CPI,,. sion + Mem stalls/evroAR)
X Xpovoc 1 kUkAou poAoyiou

Mem stalls/evToAn =
TTpoomeAdoeig pvapng/evioAl x Miss rate x Miss penalty

CPUtime = IC x (CPIL,,...tion + TTPOOTTEAADEIC UVAUNG VA EVTOAR X
Miss rate x Miss penalty) x Xpdvog 1 kUkAou poAoyiou

Misses/evToAn = TTpoomeAdoeic pvApnG avd evtoAR X Miss rate

CPUtime = IC x (CPI,,...tion * Misses/evToAn x Miss penalty)
x Xpovo¢ 1 kUkAou poAoyiou(C)
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TTapadeiyua

Eotw pia CPU Aeitoupyei pe pohdr 200 MHz (5 ns/cycle) kai cache evog
ETITTEQOU.

CPIexecu‘rion - 11
EvroAéc: B50% arith/logic, 30% load/store, 20% control

YmoBéToupe cache miss rate = 1.5% kai miss penalty = 50 cycles.

CPI = CPI,, . ..+ion + Mem stalls/evroAn

Mem Stalls/evroAn = Mem accesses /evioAn x Miss rate x Miss penalty
Mem accesses /evioAn= 1 + 0.3 = 1.3

X
Instruction fetch f Load/store

Mem Stalls /evtoAn = 1.3 x0.015 x50 = 0.975
CPI= 11+ 0975= 2075

H 1davikin CPU xwpic misses civar 2.075/1.1 = 1.88 popéc ypnyopodTepn
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ﬁ AA: \'llﬂ
1 1GPAOEIYHA

270 TiponyoUHevo TTapadeiyua UHOGCTOUH.I_'E’: o011 ditAhacidaloupe Th
ouxvoTnTa Tou poAoyioU ota 400 MHZ. TT6oo ypnyopoTepo
gival To pynxdvnua yia idio miss rate kair avaAoyia evioAwv;

Aedopévou 611 h TaxuTnTa Tng UvAUNgG dev aAAadel, To miss
penalty katavaAwvel Ttep1000TEPOUG KUKAOUG CPU:

Miss penalty = 50 x 2 = 100 cycles.
CPT= 11+ 13x.015x100= 11+195= 3.05

Speedup = (CPT,4 x Cpg)/ (CPI,, X Cpey)
= 2075 x2/ 3.05 = 1.36
To véo pnxdvnua civar povo 1.36 popéc TaxUTepo Kai ox1 2

PopEG YpNyopoTePO Adyw Tng emmiTtAéov emiPpdpuvong Twv cache
misses.

—> CPUs pe peyadureph ouxvoTnTa poAoyiou, EXoUV EpIOOOTEQOUS
KUKAou¢/cache miss Kai LIeyaAuTEpn mifdouvon TS uviung oro CPI.
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2 et forheas | |
& CTNITTLVUU ULTTIG l—l ¢ l—z
CPU
Hit Rate = H;, Hit time = 1 kUkAog
L, Cache (kaB6hou Stall)
L, Cache Hit Rate = H,, Hit time = T, kUkAoi
Main Memory

Penalty Adyw mpooméAaong pvAung, M
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UWJ

CPUtime = IC x (CPIL,,...tion+ Mem Stalls/evroAn) x C

Mem Stalls/evroAn = Mem accesses/evToAR X
Stalls/access

Ma éva gUoThua de 2 emimeda cache, xwpic penalty
6tav Ta dedopéva Ppebouv atnv L, cache:

Stalls/memory access =
[miss rate L;] x [ Hit rate L, x Hit time L,
+ Miss rate L, x Memory access penalty) ]
=(I-H]) xH2 x T2 + (1-H)(1-H2)x M

/ \
L1 Miss, L2 Miss:

L1 Miss, L2 Hit TlpoonéAaon tng Main Memory
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CPU Stalls/Memory Access

CPU Memory Access

N

L L1 Hit: L1 Miss:
1 Stalls = H1 x0 =0 % = (1-H1)
(No Stall) /\
L, L2 Hit: L2 Miss:

(1-H1) x H2 x T2 Stalls = (1-H1)(1-H2) x M

T l

Stall cycles per memory access = (1-H1) x H2 x T2 + (1-H1)(1-H2) x M
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TTapadeiypya L2 Cache

CPU pe CPI,, . .tion = 1.1 kai cuxvéTnta 500 MHZ

1.3 memory accesses/evToAn.

L, cache : ata 500 MHZ pe miss rate 5%

L, cache : ota 250 MHZ pe miss rate 3%, (T, = 2 kKUKAoI)

M (Memory access penalty) = 100 k0khoi.  Na ppeOcei 1o CPT.

CPI = CPI, ..;tion + Mem Stalls/evroAn
Xwpic Cache, CPI =11+13x100 = 131.1
Me L, Cache, CPT =11+13x005x100= 7.6

Mem Stalls/evroAl = Mem accesses/evToAn x Stalls/access
Stalls/memory access = (1-H1) x H2 x T2 + (1-H1)(1-H2) x M
= 005x 097 x2 + 005 x 0.03 x 100
= 0.097 + 015 = 0.247
Mem Stalls/evToAR = Mem accesses/evtoAr x Stalls/access = 0.247 x 1.3 = 0.32

CPI=11+ 032 =142
Speedup = 7.6/142 = 535
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& CTUIHITTGCUVUU CULITIIG
CPU
Hit Rate = H;, Hit time = 1kOkAog
L1 Cache (kaBdAou Stall)
Hit Rate = H,, Hit time = T, kUkAoi
L2 Cache
L3 Cache Hit Rate = H;, Hit time = T,
Main Memory

Memory access penalty, M
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Eridoon tnc L3 Cache

CPUtime = IC x (CPI,,...tion + Mem Stalls/evroAn) x C

Mem Stalls/svtoAf = Mem accesses /evtoAn x Stalls/access

- Ta éva oUoTtnua pe 3 emimeda cache, xwpig penalty 6Tav
Ta dedopéva PpeBouv otnv L, cache:

Stalls/memory access =
[miss rate L;] x [ Hit rate L, x Hit time L,
+ Miss rate L, x (Hit rate L3 x Hit time L;
+ Miss rate L; x Memory access penalty) ]
= (1-H1) x H2 x T2
+ (1-H1) x (1-H2) x H3 x T3
+ (1-H1)(1-H2) (1-H3)x M
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CPU Stalls/Memory Access

CPU Memory Access

/\

L1 Hit: L1 Miss:
Li sStalls=H1x0=0 % = (1-H1)
(kaBdAou Stall) /\
. L2 Hit: L2 Miss:
2 (1-H1) x H2 x T2 % = (1-H1)(1-H2)
L, L3 Hit: L3 Miss:

(1-H1) x (1-H2) x H3 x T3 (1-H1)(1-H2)(1-H3) x M

| N\ |

Stalls/memory access = (1-H1) x H2 x T2 + (1-H1) x (1-H2) x H3 x T3 + (1-H1)(1-H2) (1-H3) x M
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TTapadeiyua L3 Cache

CPU pe CPI,, . .tion = 1.1 ka1 ouxvoTnta 500 MHZ

1.3 memory accesses/evToAn.

L, cache : ata 500 MHZ pe miss rate 5%

L, cache : ota 250 MHZ pe miss rate 3%, (T, = 2 KUKAo1)
L5 cache : ata 100 MHZ pe miss rate 1.5%, (T5 = 5 kUkAor)

Memory access penalty, M= 100 cycles. Na ppeite To CPI.

1.1+ 1.3 x 100 = 131.1
11+ 1.3 x0.05x100=7.6

1.1+ 1.3 x(0.05x0.97 x 2 +0.05 x 0.03 x 100) =142

Xwpic Cache, CPI
Me L, Cache, CPI
Me L, Cache, CPI

CPI = CPI,, .. +ion * Mem Stalls/evroAn
Mem Stalls/evroAn = Mem accesses/evroAn x Stall cycles/access

Stalls/memory access = (1-H1) x H2 x T2 + (1-H1) x (1-H2) x H3 x T3 + (1-H1)(1-H2) (1-H3) x M
=0.05x0.97 x 2+0.05 x 0.03 x 0.985 x5 + 0.05 x 0.03 x 0.015 x 100
= 0.097 + 0.0075 + 0.00225 = 0.107
CPI=11+13x0.107 =124
Speedup oe oxéon pe L1 povo = 7.6/1.24
Speedup oe oxéonpe L1,L2 = 142/1.24
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