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Lepapxia pvAaung

Part of The On-chip ]

CPU Datapath
16-256 Registers
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-166

Main Memory

Interface:
SCSI, RAID,
IDE, 1394

46-1006

Magnetic Disc

"O0o amopakpuvopaoTe
amé tn CPU

MikpoTEPO KOOTOC/ Bit
MeyaAUTepn
XWPNTIKOTNTA
MeyaAUTepog xpovog
Tpoopaong-kabuaoTépnaon
XapnAdTepog pubuog
e€o6dou

Optical Disk or Magnetic Tape
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TMapadeiypa Iepapxiac Mviaunc

( ue 2 emiweda cache )

+—— Meyarvtepn Tayvto

Meyarlvtepn XopnTIKOTNTO ———

Processor
Control
/ Second Main
= On-Chip Level Memory
Datapath|a, Iaflveel Cache (DRAM)
em? Cache (SRAM)
2 [ [ u L,
— |
Taxutnta : 1-Bbns  10ns 30ns 50ns
MéyeBoc : <1KB <256KB <8MB <4GB
Bandwidth : 150G6B/s 50GB/s 25GB/s  4GB/s
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Virtual .
Memor Tertiary
Y> Storage
Secondary (Tape)
Storage P
(Disk)
\
10ms 10sec
>1GB TB
10MB/s




To pgovréAo Tne Iepapxiac Mviung

CPU

Memory
bus

| Registers |

®© o000

péyeBog : 500bytes 64KB

Taxutnta : 0,25ns ins
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I/0 bus
Memory I/O devices

Disk

memory

512MB 10068B
100ns Bms



TMapadeiypa Ispapxiac pvAaune

Digital PWS 600 au - Alpha 21164 CPU - 600MHz

cPU Level Capacity Throughput Latency
32 registers Register  512B 24GB/sec 2ns
/ 1000W L1 cqche\ L1 cache 8KB 16GB/sec 2ns
/ 12000W L2 cache \ L2 cache 96KB 8GB/sec 6ns

/ 05MW 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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TUTIKEC 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 wehiun n Iepapxia Mvaunc:

TomkdTnta dedopévwy (data locality)

Kata kavova Ta poypdpypara mpoomeAauvouv éva HIKpO
Hovo HEPOC ToU auvoAou Twy d1euBUvoswy
(evToAéc/dedopéva) Katd Thv eKTEAEDN EVOC
OUYKEKPIHEVOU THAHUATOC TOUG

- AUo €idn TomKOTNTAC dedOHEVWV:

- Temporal Locality: ZToixeia mou éxouv poopara
TPooTeAAOTEI TEiVOUV va TtpoamteAauvovTtal {avd oTo dgeoo
HEAAOV

- Spatial locality: TeiTovikad oToixeia 6owv £xouv AdN
TpootteAdaTei, £Xxouv aufnpévn mlavoeTnTa va
TIpooTTEAAOTOUV OTO deco HEAAoV

H Umapn TomKOTNTAC OTIC AvaPopEC evOC TTPOoYPAHHATOC,
KaBi1oTd €PIKTA Th dUvATOTNTA vd IKAVOTIOIoUVTAI N
aitnon via 0gdopéva amo emimeoa LUVALNG TToU
DpiokovTal /EoapxIKkd avwTELA
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OpoAoyia

* block - line - page : n pikpdTEPN Hovadda
ueTapopdc dedopévwy HeTAll Twy
ETUTTEOWV HVAUNCG

Lower Level

To Processor | Upper Level Memory
Memory
Blk X
From Processor R BIk Y

cslab@ntua 2007-2008



OpoAoyia

- hit : 1o block Bpiokerar o kamoia Béon Tou
e€eTaldopevou emTESOU PVARNG

- hit rate : hits/ouvoAikéc TpoomeAdoeIC HVAUNG

- hit time : xpovoc mpooméAaonc Twy dedopévwy

- miss : 10 block dev umrdoxer oto e€eTalopevo
ETTITTEO0 HVAUNG
- miss rate : 1 - (hit rate)
* miss penalty : (xpévog HeETAPOPAG Twv OEDOHEVWY EVOG
block oTo ouykekpipévo emimtedo HVAUNG) +
(xpovoc¢ amokTnhong Twy dedopévwy amé tnv CPU)

: Xpovo¢ amokThong Tne Ing Aéng
: XpOVOC ATTOKTNONG TWV UTTOAOITTWY AEE swv
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H Baon tnc Ispapxiac Mviaunc
« O1 diokol TtepiEXouv O0Aa Ta dedopéva

* Orav o emefepyaoThc XperdleTal Kdmolo
oToixeio, auté avePaivel oe avwTepa eTiTeda

HVAUNG

+ H cache mepiéxel avriypagpa Twyv oToIXEiWV TAC
HUVAUNC TTOU €X0UV XPNOIHOTIOINOEI

« H pvApn mepiéxel avriypapa Twyv oTOIXEIWV TOU
dioKOU TToU €X0UV XpnoldoTToINOEi
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4 Epwtnoeic via Tic caches

+ TTouU pmopei va TomoBeTnOc¢i éva block og éva ynAdTepo
eTiTtedo OTNV IEPAPXiad HVAUNCG;
- TomoBéTtnon block :
- direct-mapped, fully associative, set-associative

+ TTwc ppiokoupe éva block ota didpopa emimeda pvAung;
- Avayvwpion evog block :
Tag / Block

+ TToio amoé ta hon urtapxovrta block Tnc cache mpémer va
avTikaraoTadei o TEPITTTWON EVOC MISS;

- Mnxaviopéoc avtikatdotaong block :
- Random, Least Recently Used (LRU), FIFO

T ouppaiver 6Tav petaPpdAAoupe To Tepiexopevo evog block;
= HnxXaviouoi eyypagng :
- write-through ri write-back
- write-allocate #i no-write-allocate
cslab@ntua 2007-2008



Opyavwon Tn¢c Cache

TomoOéTnon evoc block pvAune otnv cache

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

- Set associative .

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

OTTOUONTTOTE!
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Opyavwon tnc Cache

Fully associative: Direct mapped; Sel associalive:
To block 12 To block 12 pmaivel To block 12 pmaivel
pTaivel povo ato block 4 OTIOUBATIOTE Péaa OTO
OTTOUdATIOTE (=12 mod 8) set 0 (=12 mod 4)
Ap. 01234567 Ap. 012345867 Ap. 01234567
Block Block Block
Cache
Setl Set Set Sat
o 1 2 3
d1eUBuvon Tou block frame
Ap. 111111111 1222222222233
Block 0123456780901 234568789012345678901

Mviun

Cache pe 8 blocks kai pvApn pe 32 blocks
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Ta wedia dievBuvong

®vokn AevBvven ( CPU)
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AiebBuvon Tou Block Block
Tag Index Offset
EmiAoyn Set /
EmiAoyA

Aedopévwy




Ta nwedia di1evBuvonce

A

v

®vokn AevBvven ( CPU)

AiebBuvon Tou Block Block
Tag Index Offset

—

Méye0og block offset = log2(néye0og block)

Méye0oc Index = log2( Xvvoikog apOuog blocks/associativity)

Méye0ocg tag = néye0og address - péye0og index - péye0og offset
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Opyavwon tnc Cache
Direct Mapped Cache

Kad0¢ block pmopet vo amodnkev0etl povo o€ pio 0<on :
(dtevBvvon block) MOD (Ap. blocks otnv cache)
oTO0 Topaoeypnd pog:  (o1evbvvon block address) MOD (8)

cache
8 cache block frames
RN LN
><>< ™
; (11101) MOD (1000) =101

32 memory

blocks %l %t N N

cacheable // // \\ \\

o o / J \ \ N N
00001 00101 01001 01101 10001 10101 11001 11101

Mvipn
cslab@ntua 2007-2008



TMapadeiypa : Direct Mapped Cache
Tag iea __ Bsonen Gionrav iy LI

byte
offset
\ 20 < 10
tag index
index valid tag data
0
1
2
> ®
1024 Blocks
Kad0¢g block =1 Aén e
1021
, , 1022
Mnopel vo amodnkevosat 1023
232 pytes pviung N 2
data
- HIt
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TTapadeiyua

Direct Mapped Cache

Tag field Aig0Buvon (Béon Twy bit)
4K blocks 31...16 15..4 3210 Index field
K0z block = 4 words ~ T T
16 12 2 oIis¢ , ,
tag ~ ~ T Emaoyn A&Enc
index block offset
16 bits‘ 128 bits R
v tag data
1&
L | @ ® » ® 3 ) 4K
gioodol
v
\\16 \\32 \\32 \\32 \\32
(=
Vv l\
( Mux )
32

Y
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N

data

Kalvtepn aromoinon g spatial locality



4-Way Set Associative Cache:
(MIPS)

AieuBuvo
Tag "
3130...12111098...3210
Fleld\ |
J22 Je Index
Field
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
—)
253
254
255
\\22 \\32

256 sets _
1024 block frames v ‘é@ e )

!
Hit data
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Opyavwon tn¢ Cache :
Set Associative Cache

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)
Tag DataTag Data Tag DataTag Data Tag DataTag Data Tag Data Tag Data
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TTapadeiyya opyavwone cache-
d1evBuvaiodoTnon

» L, cache pe 128 cache block frames

+ KdBe block frame mepiéxer 4 Aé€eig (16 bytes)
» 16-bit di1euBUVOoEIC pvApNG oTnv cache
(64Kbytes kupia pviaun h 4096 blocks pvAung)

» AciTe TNV opydvwon Tng cache (mapping)
kKal Ta edia dieuBuvoswy TnC cache yia:

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

Vgil;d 12b¥s il Cache (with 128 blocks) | BLOCK O
\ v T Lt BLOCK 1
BLOCK 0 '
v rag BLOCK 1
O1 128 tags ghéyyovian BLOCK i
naparinia oo To
hardware katd TV
Tomo0ETNON EVOG -c:'} -::}
data block otnv cache
VIE TAG | o ook 1ae } | ~ \[BLOCK 4095
Main Memory

AieBuvon Tou Block = 12bits Block Offset

< Tag = 12bits | = 4bits




Direct Mapped Cache

Valid -
bit \ SRS Cache (with 128 blocks)
VIL TAG | Locko
VIL TAS | Block1
VIL TAS | Block2
Movo évo tag

g EYETON TOPAAANA QL

amo To hardware koata @ -c:;'B

TNV TOT00£TN 61 €VOC

data block otnyv cache
VIL TAS 1l ock 127

AieBuvon Tou Block = 12bits

Tag = 5bits | Index = 7bits

Block Offset
= 4bits
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BLOCK O

BLOCK 1

BLOCK 2

& o

BLOCK 127

BLOCK 128

~ BLOCK 129

o o

BLOCK 255

BLOCK 256

BLOCK 257

& &

BLOCK 4095

Kvprwae Mvijun



2-Way Set-Associative Cache

Avo tags og
éva set
eELEYYOVTOL
napaiinia
070 TO
hardware
KOt TNV
TomoBéTnon
€VOg
data block
otV cache

Set 0

Set 1

Set 63

Cache (with 128 blocks)

=l G bits
TAG BLOCK 0
TAG BLOCK 1
TAG BLOCK 3
TAG BLOCK 4
< <
TAG  |gLock 126
TAG |5 o0k 127

BLOCK 0

BLOCK 1

o &

BLOCK 63

BLOCK 64

BLOCK 65

o o

BLOCK 127

BLOCK 128

1 BLOCK 129

& &

AieBuvon Tou Block = 12bits

Tag = 6bits | Index = 6bits

Block Offset

BLOCK 4095

= 4bits
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TTpoowéAaon dcdouevwy o€
Direct Mapped Cache

KUpia pviun
H CPU kaAei mpog ~ &1vBuvon TIUA TNG AéENg
avayvwon TI¢
eEAC B1EUBUVOEIC: 00000010

a
0x00000014 00000014 b
00000018 c

d

0x00000048  0000001C
0x0000001C 00000040
0x00004014 00000044

e
f
00000048 g
0000004C A

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

ApXIKd O0Aec o1 B¢éaeic invalid

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

Read 0000000000000000000{000000001]0100 (0x00000014)

index valid tag O0x0-3 Ox4-7 Ox8-B OxC-F

PN O DN = O

510

o

511

@)

Read block 1 : invalid data oto block 1|
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8KB Direct-mapped cache
4W blocks

Read|{0000000000000000000{000000001 0100

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

NOoO Ol Ww NN = O

510

o

511

@)

PopTwoe Ta {nToupeva dedopéva otnv cache !
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8KB Direct-mapped cache
4W blocks

Read 0000000000000000000 000000001|0100

index valid tag O0x0-3 Ox4 Ox8-B OxC-F
J
0 a b C d

NOoO Ol Ww NN = O

510

o

511

@)

Eméotpeye 1o b (Béon 0100) otnv CPU

cslab@ntua 2007-2008



8KB Direct-mapped cache
4W blocks

Read 0000000000000000000{000000100|1000 (0x00000048)

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

0) 0]
1 1 0 a b C 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
4W blocks

Read|0000000000000000000{000000100 1000

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

0) 0]

1 1 0 a b c d
2 0]

3 (o] |

4 1 0) e f g h
5 0]

6 0)

7 0)
510 | O

511 | O

PopTwoe Ta {nToupeva dedopéva oTnv cache kai kdave To block valid !
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8KB Direct-mapped cache
4W blocks

Read 0000000000000000000 0O00000100({1000

index valid tag O0x0-3 Ox4-7 Ox8-B OxC-F
0 o)
1 1 0 a b ( d
2 o)
3 o)

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

7 o)

510 | O

511 | O

Eméotpeye otnv CPU tnv T1uAR g |

cslab@ntua 2007-2008



8KB Direct-mapped cache
4W blocks

Read 0000000000000000000 000000001 1100 (0x0000001C)

Ox8-B OxC-F
0) 0]
1 1 0 a b c d
2 0)
3 0]
4 1 0) e f g h
5 0)
6 0)
7 0)
510 | O
511 | O

Read block 1!
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8KB Direct-mapped cache
4W blocks

Read DOOOOO0O0O0O0O000000000}000000001{1100

index valid Tfm x0-3 Ox4-7 (kS-B\OxS—F

o (o \ /
1 1 0 a b o d
2 |0
3 |0
4 1 0 e f g9 h
5 |0
6 |0
7 |o

510 | O

511 | O

To medio tag €xel Tn owoTA TIUA | Apa emioTpépeTal h TIWA d
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8KB Direct-mapped cache
4W blocks

Read 0000000000000000010 DOOO00001{ 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 0
4 1 0 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
4W blocks

Read OOOOOOOOOOOOOOOOOIO| 000000001 0100

index valid fqg/ O0x0-3 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 eivar To owoto 21=0

Miss : tpémel va avTikataotaBei 1o block 1 pe véa dedopéva
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8KB Direct-mapped cache
4W blocks

Read OOOOOOOOOOOOOOOOOIO| 000000001{0100

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

o o] | \
1 1 2 i J k l
2 0]
3 0]
4 1 0 e f g h
5 0
6 0
7 0]
510 0
H11 0]

PopTWOE TO OWOTO TTEPIEXOHEVO Kal OTEIAE To j aThv CPU
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YroAoyiopoc Tou apiOuou Twv
bits wou xpeialovrar

TTéoa bits ouvoAika xpeidCovtai o pia direct-mapped cache pe 64
KBytes data kai blocks Tng 1 Aé€ng, via 32-bit diguBuvoeig;

- 64 Kbytes =16 Kwords = 2% words = 2! blocks

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

- #sets = #blocks = 2% =>index size = 14 bits

- Tla gjfe = 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 cuvoAika xpeialovTal oe dia 4-way set associative cache yia
Tnv amoOnkeuon Twv idIwv 0cdopEVWY;

- Block size kai #blocks dev aAAalel.

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

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

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

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

AU¢non Tou associativity => AU¢non Twv bits Tng cache
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YmoAoyiopo¢ Tou apiOuol Twv
bits Tn¢c cache wou xpeialovrai

TTooa bits ouvoAikd xpeidlovrai o pia direct- mapped cache pe 64KBytes
data kai blocks Twv 8 Aé€ewv, yia 32-bit dieuBUvoeig (232 bytes pmopouv
va amodnkeuBoUv oTn UVAUN);

- 64 Kbytes = 2" words = (2!4)/8 = 2! blocks
- block size = 32 bytes
=> offset size = block offset + byte offset = 5 bits

- #sets = #blocks =211 => 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 => Mceiwon Twy bits Tn¢ cache.
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Mnxaviouoi avrikaraoraong £voc
block Tn¢c cache

- Random (Tuxaia) - emAoyh evoc Tuxaiou block
ue Pdon kamola yeudoTuxaia akoAouBia

- amAfh vuhoToinon oto hardware
- gival N TEXVIKA TTOU XPpNOIHOTIOIEiTAI CUVABWC

* LRU (least recently used) - avrikaBigrdrai To
block Ttou dev éxel xpnoipgomoinBei yia
TTEPICOOTEPN WpPd

- akpIPn vAotroinon oto hardware

- FIFO (first in - first out) - avrika®iotdrai To
block mou éxei e10axBei TpwTo aTnv cache
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Mnxaviopoi eyypapnc oe block

(oe mwepinTwon write-hit/miss)

« 2¢ mepimTwon write-hit, yvwoTomoicital n aAAayn othv kUpia
HVAUN

vai : write-through

ox! : write-back

« 2 e mepimTwon write-miss, TomoBeTeiTal To block otnv cache;
vai : write-allocate (ouvhOwc¢ pe write-back)
ox! : write-no-allocate (ouvhBwcg pe write-through)
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Write Policies:
Write-Back & Write-Through

+ write-back: evhuépwaon Tng HvApng poévo kard
Tnv amopdkpuvon Tou block amé Tnv cache
* 0l EYYPAWEC TTPAYHATOTIOIOUVTAI HE TV TAXUTNTA ThG cache
- dirty bit katd Tnv Tpomomoinon - avrikardoraon Twv “clean”
block xwpig evnuépwon Tng pvAuNng
- XapnAé oooaTd misses
- TToAAéc eyypayécg evog block oe pia evnpépwon

- write-through: evnuépwaon Tng HvAUNG o€ kAOe
eyypapn

TO KATWTEPO 1EPAPXIKA ETTITTEDO TTEPIEXEI TA EYKUPOTEPA
dcdopuéva

» gUKkoAn uAomroinon (e€aopdAion data coherency)
+ aunuévn petakivnon dedopEVwY TTPOC Th HVAKN

- guxvd xphoipotoieital évac write buffer yia amopuyh
KaBuaTepNoewy 600 evnNUEPWVETAI N HVAKN

cslab@ntua 2007-2008



Write-Allocate & write-no-Allocate
(oTn wepinTwon write-miss)

- Write-allocate: 1o block wpopTwveTar amé Tn yvApn oTn
cache kai oTn ouvéxeia petapdAAoupe Ta dedopéva Tou
(Xwpic va evnuepwooupe Ta "KaTwTtepa” -mio KovTivd
OThV KEVTPIKA UVAUN- emiTtedd HVAENG)

- write-no-allocate: o1 yetarpoméc Twyv dedopévwy yivovrai
ameuOceiac oTa xapnAoTepa emiteda TG 1EPAPXiAC
uvhpng (xwpic va epmAakei n cache)

"Allocate” a cache line to store the memory block !
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ETIAOYEC O€ TTEPITITWON wWrite miss:
Write allocate / write no allocate

Write allocate: 1o block viverai allocate oe mepimTwon
write miss kai geTd ypdgoupe Thv A£En TTou BéAoupe oav
va éxoupe write hit (emopévwce write back n write
through)

Write no allocate: Ta write misses dev emnpedlouv Tnv
cache (dpa Ta write misses ypdgovTtai péovo aTnv pHvApn)

Apa moTe épxovral blocks otnv cache 6tav éxoupe write
no allocate? (6Tav kdavoupe read To block)
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Read hit / miss

- read hit : avdyvwon Twv dedopévwy amo Thv
cache

+ read miss : peTapopd oAdkAnpou Tou block tou
epléxel Ta 0edopéva Tou avalnTtduye oThv
cache ka1 otn ouvéxela 6mwe oto read hit
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Write hit / miss
- Write-back & Write-allocate

- write hit:
. Eyypaepn Twv dcdopévwy atnv cache (povo).

- H kUpia pvAun evhpepwveTal Hovo 6Tav dmouakpuvOei To
block amé Tnv cache

. To block ¢ivai dirty
- write miss:

- To block peragéperai otnv cache (otn cwoTh B€on)
. 2Tnh ouvéxela oTw¢ ato write hit
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Write hit / miss

* Write-through & write-no-allocate

- write hit:
- Eyypagh Twv véwy dedopévwy oTnv cache
* Evnuépwon tng kupia pvApng

- write miss:

- Eyypagh pévo otnv KUpia pvApn
» Aev eumAékeTal kaBoAou n cache

cslab@ntua 2007-2008



 Write Back with Write Allocate:

on hits it writes to cache setting "dirty” bit for the block, main
memory is hot 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 tfo 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
enerate 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 Through 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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2ZUVEXEIAd A0 TO PONYOUHEVO Tapddelyud. ..
8KB Direct-mapped cache - 4W blocks
write through

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

index valid Ox4-7 Ox8-B OxC-F

PN O Nw NN = O
i lololo|~lolo]|-~|o

510

o

511

@)

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

Write/0000000000000000000; 0000001000100

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

o |o ! [
1 1 D i J k |
2 |o
3 [o] 1 |
4 1 0 e m g9 h
5 |0
6 |0
7 |0
510 | O
511 | O

Valid data - owoté tag - eyypaphn oto medio 0100 tng cache
Kdl evhpépwon ThS KUplac pvApng !
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8KB Direct-mapped cache - 4W blocks
write back

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

Ind. V dirt x0-3 Ox4-7 Ox8-B OxC-F
010

1]11]0 2 i J k |
010

3\|O0]O

41110 0 e f ) h

51010

6 |]0]10

710160

5101 0 1 O

5111 0 1 O

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

Write OOOOOOOOOOOOOOOOOOO| 000000100

0100

Ind. V dirty ‘r;g/)xO—B Ox% 0x8-B OxC-F
ofo]o| | [

1]1]0 2 J k |
21010

3[ofo] | |

4 1111 0] m g9 h
5]10]0

6|00

7lo]o

510/ 0 | O

51110 | O

Valid data - owoTé tag - eyypaghn oto edio 0100 tng cache
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8KB Direct-mapped cache - 4W blocks
write back

Read 0000000000000000100|000000100{1100 (0x0000804C)

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

1]111]0 2 . J k |
21010

310160

4 1111 0] e m g h
510]60

6 |]OJ]O

71010

51010 1 O

5111 0 |1 O

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

Read

Ind. V dirty F 0x0-3

write back

0000000000000000100

Ox4-7

000000100 1100

Ox8-B OxC-F

2

A (el (o} (e} Il (o} (e} [_J (&

3

PN O w NN~ O

-----

510

o

0

5111 0

0

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

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

Kdl 0Th OUVEXEIDd POPTWVETAI h owoTh d1eUBuvaon
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8KB Direct-mapped cache - 4W blocks
write back

Read|0000000000000000100/000000100(1100

Ind. V dirty F 0x0-3 Ox4-7 Q&B OxC-F

PN O DN W NN -=,O
H (el e} (e} I (o} (o} [} (&
(o]l (o] (o] (o]l (o) (o] (o} (e

o

5101 O

o

5111 0

PopTwveTal N owaTh d1eVBUvVON - evnuepwvovTal Ta Tedia tag - dirty
EmoTpépeTal n TigA r oth CPU
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Eridoon Twv emimédwv pviaunc
(performance)

* HEOOC XpOVvoC TTpooTtEAAONC TWV OEOOHEVWY
(access time)

tg =ty T MIss rate-t

miss penalty
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Cache : gvomwoinuévn N oxi;

+ Evomoinuévn yia evroAéc kai dedopéva (unified)
- MIKpPOTEPO KATAOKEUAOTIKO KOOTOC

- KaAUtepo 100lUyiopa Tou XWwpou Tou KataAappdveTrai
amd evroAéc/dedopéva

- EmimAéov misses Adyw d1EkdiKNoNC Koivwy Béoswv
otnv cache (conflict misses)

- AUo diagpopeTikéc caches yia evToAéc Kal
dedopéva (data cache & instruction cache)
- 2-mAdoio gupo¢ (Wwvng
- 6x1 conflict misses
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TTapadeiyua

2. € Told TTEPITTTWON €Xoupe KAAUTepn eTtidoon;
2 € ovoTtnpa pe 16KB instruction cache kai 16KB data cache 1 o¢
ovoTtnua pe 32KB unified cache;

YTmoBéToupe 0TI To 36% Twv eVTOAWYV gival eVvTOAEC avagopdc oTh
uvAun (load/store).

hit time = 1 clock cycle
miss penalty = 100 clock cycles

otn unified cache civai: hit time = 2 clock cycles éTav mpokeiTai
via evToAR load/store

XpnoigoTtoieioTe Ta dedopéva Tou akoAouBou Trivaka (avagépovrail o
1000 evToAég):

Instr.cache data cache | unified cache
16KB 3.82 409 51.0
32KB 1.36 384 43.3
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TMapadeiypa (ouvéxela...)

« Alon . misses
miss rate =
mem accesses

. .82 ‘
MISS ratel6 KB instr cache — % =0.0038
40.9 b 74%-0.0038 + 26%-0.114 = 0.0324
MISS rate (.x data cache = —360 =0.114 |
. 43.3
MISS rate : = =0.0318
32 KB unif cache 1000+36O

miss rate (unified cache) < miss rate (instr + data cache)
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TMapadeiypa (ouvéxela...)

« AUonh

t.,,=t. +1

avg ~ “instr

=74%(1+0.004-100)+26%(1+0.114-100)

data

—4.24

fg = 1+0.26+0.038-100 = 4.44

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

15% ,
TTapaTtnpnon :
Mia 4-way cache
129 EXel axedov To idIo

hit rate pye pia
direct-

mapped cache

9% dI1TTAdoiou HeyéBoug

Miss rate

6%

3%

— L - —‘

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

Associativity 1 KB 16 KB

m2KB & 32KB

4 KB 64 KB

e 8 KB m 128 KB
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MéyeOoc Twv Cache Blocks

tag data (xWwpo¢ yia peydAo block)

+ 2 & yeydAa cache blocks emweeAovpaoTe amo Tnv
spatial locality.

* AyéTepog xwpoc¢ amaiteitar yia tag (e dedopévn
XwpnTIKOTNTA ThC cache)

+ YmeppoAikd peydho péyeBoc block omaraAder To
XWpo Th¢ cache

- Ta peyaAa blocks amaitouv peyaAUTepo xpovo
veTapopdc (transfer time).

Evac kahoc oxediaopuoc amaitei ouppipaopouc!
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MéyeBoc Block kai Miss Rate

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

20%

Miss rate

15%

10%

S S—on0

0% l | ﬁ ?
4 16 64 256
Block size (bytes) 1 KB
. , e 8 KB
Kavévag : To péyeBog Tou block 16 KB
TPETIEI va €ival HIKPOTEPO AT ¢ 64 KB
Thv TETpaywvikh pida Tou 256 KB

HeyéBouc Tne cache.
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Miss Rates yia Caches diapopeTikoU
HeyéOoug, Associativity &
aAyopiOuouc avtikataoraonc block

Associativity:  2-way 4-way 8-way

MéyeBog LRU  Random LRU  Random LRU  Random
16 KB 518% 5.69% 4.67% 5.29% 439% 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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Ewidoon Twv caches

Ma CPU pe éva povo emimedo (L1) cache kai kaBoAou kaBuoTépnon 6Tav
¢xoupe cache hit:
. Me 18avikn pvipn
Xpovoc CPU = (kUkAoi poAoyioU kaTd Th AciToupyia Thg CPU + KUKAoI
poAoyioU Aoyw kaBuoTépnong amo mpoaméAaon Tng pvApnc(Mem stalls))
X Xpovoc 1 kUkAou poAoyioU

Mem stalls =

(Avayvwoeig X miss rate avayvwaoswyv X miss penalty avayvioewv)
+ (Evvpapéc x miss rate eyypagwyv x miss penalty eyypagpwv)

Av Td miss penalties Twv avayvwoeswv Kai Twv gyypagwv eivai idia:
Mem stalls = TTpoomeAdoeig pvAaung x Miss rate x Miss penalty
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XpovoC eKTEAEONC

XPOVOC apleuog KUKAO!I xpovog
eEKTEAEONC ~ EVTOALY EVTOAN 1 KUKAOU

_ apiBuég , [KUKAoI CPU | KUKAoI pvAung | Xpovog
- EVTOAWV EVTOAN EVTOAN 1 KUKAOU

apleuoc_; KUkAoI CPU {avacpopec_; KUKAO!I uvnunﬂ XPOVOC

* EVTOAUV | EVTOAR EVTOAN avagpopd *1 KUKAOU

APXITEKTOVIKA
TOoU
Instruction
Set
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MvAung kai
Cache

TexvoAovia To
Compiler

YAoToinon
Tnhg CPU




Eridoon Twv caches

CPUtime = Instruction count x CPI x Xpdvo¢ 1 kUkAou poAoyioU
CPI = CPI pe 1davikn pvApun

execution

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

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

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

CPUtime = IC x (CPI,, .. iion + TTPOOTIEAAOEIG HVAUNG AVA EVTOAR X
Miss rate x Miss penalty) x Xpdvog 1 kUkAou poAoyiou

Misses/evToAn = TTpoomeAdoeic pvApnG avd evtoAn x Miss rate

CPUtime = IC x (CPI,,. +ion * Misses/evioAn x Miss penalty)
x Xpovoc 1 kUkAou poAoyioU(C)
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TTapadeiyua

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

CPIexecuTion - 11
EvroAéc: 50% arith/logic, 30% load/store, 20% control

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

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

Mem Stalls/evioAn = Mem accesses /evioAn x Miss rate x Miss penalty
Mem accesses /evioAn = 1 + O'E’ = 1.3

Instruction fetch Load/store

Mem Stalls /evtoAh = 1.3 x0.015 x50 = 0.975
CPI= 11 + 0975= 2.075

H 1davikn CPU xwpic misses civar 2.075/1.1 = 1.88 popéc ypnyopodTepn
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TTapadeiyua

2. To Ttponyoupevo Ttapadeilypa umoOéToupe 011 ditAacidloupe Th
ouxvoTnTa Tou poAoyioU ota 400 MHZ. TTéoo ypnyopdTepo
gival To pynxdvnua yia idio miss rate kai avaloyia evroAwv;

Aedopévou 0TI n TaxuTnTa TNC HVARNG dev aAAdlel, To miss
penalty katavaAwvel Tep10o0TEPOUG KUKAoug CPU:

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

Speedup = (CPT 4 xC, )/ (CPT ,, X C,..)
= 2.075 x2/ 3.05 = 1.36
To véo pnxdvnua civai povo 1.36 popéc Taxutepo Kai ox1 2

PopEG ypnyopoTepo Adyw Tng emiTtAéov emmiPpdpuvong Twy cache
misses.

—> CPUs pie [1eyaAuTepn ouxvoTNTA poAoyIOU, EXOUV TTEPIOTOTEQOUS
KUKAouc/cache miss Kair eyaAuTeon emipdouvon tne uvaung oro CPLI
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2 ewineda Cache: L, L,

CPU
Hit Rate = H;, Hit time = 1 kUkAog
L, Cache (kaB6Aou Stall)
L, Cache Hit Rate = H,, Hit time = T, kUkAoi
Main Memory

Penalty Adyw mpooméAaong pvAung, M
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Cache 2 erimédwyv

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

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

+ Ta éva ovoTnua pe 2 emimeda cache, xwpig penalty
6tav Ta dedopéva Pppeboulv oTtnv L, cache:

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

/ \
L1 Miss, L2 Miss:

L1 Miss, L2 Hit TTpoonéAaon Tng Main Memory
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Ewidoon tnc L2 Cache
Memory Access Tree

CPU Stalls/Memory Access

CPU Memory Access

N

L L1 Hit: L1 Miss:
1 Stalls = Hl 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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TMapadeiyya L2 Cache

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

1.3 memory accesses/evToAn.

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

L, cache : ata 250 MHZ e miss rate 3%, (T, = 2 kUkAo1)

M (Memory access penalty) = 100 kikAoi.  Na ppeBei 1o CPI.

CPI = CPI,, . .ion + Mem Stalls/evroAn
Xwpic Cache, CPI =11+13x100 = 1311
Me L, Cache, CPT =11+13x005x100= 7.6

Mem Stalls/evroAn = Mem accesses/evToAn x Stalls/access
Stalls/memory access = (1-H1) x H2 x T2 + (1-H1)(1-H2) x M
= 005x 097 x2 + 005x 0.03 x 100
= 0097 + 0.15 = 0.247
Mem Stalls/evToAR = Mem accesses/evToAf x Stalls/access = 0.247 x 1.3 = 0.32

CPT=11+ 0.32 =142
Speedup = 7.6/142 = 5.35
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3 enineda Cache

CPU

L1 Cache

Hit Rate = H;, Hit time = 1kUkAog
(kaBoAou Stall)

L2 Cache

Hit Rate = H,, Hit time = T, kUkAoi

L3 Cache

Hit Rate = H;, Hit time = T;

Main Memory
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Ewidoon Tnc L3 Cache

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

Mem Stalls/evtoAl = Mem accesses /evToAR x Stalls/access

- Ta éva oboTtnua pe 3 emimeda cache, xwpig penalty 6Tav
Ta dedopéva PppeBouv 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
+ (1I-H1)(1-H2) (1-H3)x M
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Ewidoon tnc L3 Cache
Memory Access Tree

CPU Stalls/Memory Access

CPU Memory Access

/\

L1 Hit: L1 Miss:
L; Stalls=H1x0=0 % = (1-H1)
(kaBdAou Stall) /\
L L2 Hit: L2 Miss:
> (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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TMapadeiyya L3 Cache

CPU pe CPT,, . ion = 1.1 kai ouxvoTnta 500 MHZ
1.3 memory accesses/evToAn.

L, cache : ata 500 MHZ e miss rate 5%
L, cache : ota 250 MHZ pe miss rate 3%, (T, = 2 kKUKAol)
L, cache : ota 100 MHZ pe miss rate 1.5%, (T3 = 5 kUkAoi)

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+ 1.3x(0.05x097 x2+0.05x0.03 x100) =142

CPI = CPI, ...ton * Mem Stalls/evroAn
Mem Stalls/evroAn = Mem accesses/evtoAn x Stall cycles/access

xwpi¢ Cache, CPI =
Me L1 CClChe, CPI =
Me L, Cache, CPI =

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 x2+0.05x0.03x0985 x5 +0.05x0.03 x0.015 x 100
= 0.097 + 0.0075 + 0.00225 = 0.107
CPI=11+13x0.107=1.24
Speedup og oxéon pe L1 pévo = 7.6/1.24
Speedup oe oxéonpe L1,L2 = 142/1.24
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