Processor-Memory (DRAM) Atadopa eniboong
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rocessor-Memory
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— Performance Gap:
'.e 10 (grows 50% / year)
A DRAM
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lepapyxio pvAUNG

“O00 AMOUOKPUVOUOOTE
amo tn CPU :
Mikpotepo KOOTOC/Bit

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-16G
Interface:
SCSI, RAID,
IDE, 1394

4G-100G

MeyaAUTepn xwpntikoTNTA
MeyaAUTepOG XpOVOC
npooPaonc-kabuoteEpnon

XapnAotepoc pubuog
g€odou

Registers

Cache

Main Memory

Magnetic Disc

Optical Disk or Magnetic Tape

XNE,%
- =
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\ Napadsypa lepapyioc MvAaung (ne 2 emimeda cache) \

MeyaAUtepn Tayxvtnta
MeyaAUtepn XwpntikotTntaa® —»
Processor
Control Virtual Tertiary
Memory, St
orage
/ Second Main Secondary (Tape)
Datapath 03. :)e"e' Cache (DRAM) (Disk)
(7] ne
§ Cache (SRAM)
» L, L,
_\— 
E—
Toxvtnta : 1-5ns 10ns 30ns 50ns 10ms 10sec
Méye0og : <1KB  <256KB <8MB <4GB >1GB TB
Bandwidth: 150GB/s 50GB/s 25GB/s 4GB/s 10MB/s
0000 I Technical y of Athens
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To povtéNo tn¢ lepapxiac MvARNg

C Memory e
us
il 2 L Memory I/0 devices
Registers | 4
e
Disk
memory
HéyeOog: 500bytes 64KB 512MVIB 100GB
toxvtnta: 0,25ns 1ns 100ns 5ms
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Napadswypa lepapxioc LVANG

Digital PWS 600 au - Alpha 21164 CPU - 600MHz

cPY Level Capacity Throughput Latency
32 registers Register 512B 24GB/sec 2ns
/ 1000W L1 cache \ L1 cache 8KB 16GB/sec 2ns
/ 12000W L2 cache \ L2 cache 96KB 8GB/sec 6ns
/ 0.5MW ext.L3 cache \ l3cache  4MB  888MB/sec 24ns
/ 64MW main memory \ Main Mem 512MB  1GB/sec 112ns
/ 1GW Disk space \
0000 I Technical y of Athens
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TUTTKEC APXLTEKTOVLIKEC

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

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

e HP PA: no L2
e PA8500, PA8600: L1 =1.5 MB
e PA8700: L1 =2.25 MB

e AMD Athlon: L1 =64 KB, L2 =256 KB
e Intel Pentium 4: L1 =8 KB, L2 = 256 KB
e Intel Itanium:

e L1 =16 KB, 4-way associative

e L2 =96 KB, 6-way associative
e |3 = off chip, size varies
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Mati eival wpeAun n lepapyxia MvAaung;

e Kata kovova o poypappoTa TpoomeAaUVoUV Eva uLKpo LLOVO LEPOC TOU
oUVOAOU TwV SleuBbuvoewv (evtoAec/Sedopeva) KATA TNV EKTEAECN EVOC

OUYKEKPLUEVOU TUAMATOC TOUG
e AUo €1bn tornkotTntog SedopEVWV:

— Temporal Locality: Ztolwxeio mou €xouv npoodata MPooTmeEAAOTEL
Telvouv va poomeAavvovTtal Eava oTo AEcO PEAAOV

— Spatial locality: Tettovika otolyeia 0owv £xouv NON PooTEAAOTEL,
EXOUV aUENUEVN TIIBAVOTNTA VA TIPOCTIEAQLOTOUV OTO AUECO HEAAOV

* H Umapén TomkoTNTAC OTLC OVaPOPEC EVOC TIPOYPAUUATOC, KOBLOTA €PLKTN
™ duvatotnta va kavormolouvtal N aitnon ywa dedopeva ano emnimeda
UVNUNC TIOU BploKOVTOL LEPAPXLKA OVWTEP,




OpoAoyia

* block — line - page : n pkpotepn povada
netodpopac 6€SOUEVWV HETOED TWV
ETUMEOWV UVANG

Lower Level
To Processor Upper Level Memory
Memory
Blk X

From Processor R . Blk Y
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OpoAoyia

— hit : to block Bpioketat oe kamola B€on tou
g&etalOpeVOU EMTEOOU UVAUNG

* hit rate : hits/ouvoALKEC TpOOTIEAAOELG LLVAUNG
e hit time : xpovoc¢ npoomneAaonc Twv dedopevwy

— miss : to block éev untapyet oto e€etalopevo
enimedo pvnUNg

* miss rate : 1 — (hit rate)
* miss penalty : (xpovog petadopac tTwv SESO0UEVWV EVOC
block oto ouykekplpévo enimedo pviung) + (xpovog
amoktnong tTwv dedopevwy amo tnv CPU)

— access time : xpOvog amoktnong tn¢ 1ng A&€ng
— transfer time : xpOvoc amoKTNONC TWV UTIOAOLTTWV AEEEWV
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H Baon tn¢ lepapyiac MvAung

Ou 6lokol Tteplexouv OAa ta Sedopeva

Otav o emeéepyaotnC XPELALETAL KATTIOLO OTOLXELO,
aUTO avePalvel og avwtepa enmeda PvnUNg

H cache meplexel avtiypada Twv oToLXelwV TNG
LLVII NG TTOU £XOUV XpnotuornolnBel

H pvAun mepLexeL avtiypado Twv oToELWY ToU
dlokou mou €xouv xpnotpomotnBet

Q000 I Techmcal
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4 EpwtNoELC yia Ti¢ caches

Mou pmopel va tomoBetnBet Eva block og eva PnAotepo emnimedo
oTNV LEPOPXLA UVAUNG;

— TomoBetnon block :
* direct-mapped, fully associative, set-associative

Nwg Bplokoupe eva block ota dtadopa enimeda pvnung;

— Avayvwplon evoc block :
* Tag / Block

Molo armo ta Nnén vntapyxovta block tng cache nmpenel va
avVTlKaTaoToOEel 0€ MEPLTTWON EVOC MiSS;

— Mnxaviopog avtikataotaong block :
* Random, Least Recently Used (LRU), FIFO

Tt oupPaivel otav petafarAovpe to meplexopevo evog block;
— HnXoviopoi eyypadng :
* write-through n write-back
* write-allocate n no-write-allocate
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Opyavwon tng Cache

TomtoOetnon evog block pvApung otnv cache

* Direct mapped:

(6tevBuvon block) mod (ap. block otnv cache)
* Set associative :

(6tevBuvon block) mod (ap. sets otnv cache)
* Fully associative :

ortoudnmorte!

Q000 I Techmcal
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Opyavwon tn¢ Cache

Fully associative: Direct mapped; Setl associative:;
To block 12 To block 12 pnaivet To block 12 pnaivel
praivel povo oto block 4 (=12 omoudnmoTte HEoa OTO
ormoudnmnorte mod 8) set 0 (=12 mod 4)
Ap. 01234567 Ap. 012345867 Ap. 0ND1234567
Block Block Block

Cache

Set Set Set Sat

o 1 2 3
SdtevBuvon tou block frame
Ap. Block 111111 1111222222222233
n N01253456789012345687890123456788901

Mvniun

Cache pe 8 blocks kat pvAun pe 32 blocks
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Ta nedia ditevBuvonc

A

@uown AievBuvon ( CPU )

v

Awe0Ouvon tov Block Block
Offset

Ertihoyn Set
Ertthoyn

cslab@ntua 2011-2012

Aebopévwv




Ta nedia ditevBuvonc

A

QPuowkn AevBuvon ( CPU )

v

Tag

Awe00Ouvon tou Block

Index

Block
Offset

—

MéyeBocg block offset = log2(néyeBo¢ block)

Méye0oc¢ Index = log2( ZuvoAikog aptBuoc blocks/associativity)

MéyeBog tag = néyeBo¢ address - péyeBog index - péyebog offset




Opyavwon tn¢ Cache : Direct Mapped Cache

KaOe block unopei va anoBnkeuBei povo oe pia O€on :
(6levBuvon block) MOD (Ap. blocks otnv cache)
oto napadslypad pog:  (6tevBuvon block address) MOD (8)

cache
8 cache block frames
A
RN LN
><>< N
(11101) MOD (1000) =101
32 memory
blocks %l %l IN N
cacheable // // / / \ \\ \\
o ¢ \ e S
00001 00101 01001 01101 10001 10101 11001 11101
MvAun © OO O Nahonal Techmial

y of Athens
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Napadsiypa : Direct Mapped Cache

Index field
Tag field AtebBuvon (Béon twv bit)
3130 .,,.312 11, , . ‘)

byte
offset
Jd 20 d
tag index
index valid tag data
0
1
2
> Y
1024 Blocks
KaOe block = 1 A€€én .
, R 1022
Mrmopei va anodnkeloelL 1023
32 A
2> bytes pvnung 4 &
o=
data
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Napadsiypa : Direct Mapped Cache

Tag field AevBuvon (B€on twv bit) .
31,..6 15,. 4 3210 IndeXfleId
4K blocks | T
’ 16 12 2 offset v o~y
KaOe block = 4 words tag ) S N N Ertthoyn A€€nc
index T block offset
16 bits 128 bits
vV o tag data '
A
—)| § ® p [ ] p p 4K
gloobol
N 16 d 32 d 32 d 32 d 32 Y
N N N N N
(=
ERR!

(Mux_)

KaAUtepn aflonoinon tng spatial locality

32

h N

data
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4-Way Set Associative Cache: (MIPS)

AtevBuvon

Tag

31 30...12 11 1098 ...3210
Heki‘\\\\\\“‘j~ ]
J22 48 Index

Field

Index \Y Tag Data \% Tag Data \% Tag Data \% Tag Data

22 32

256 SEtS - 4 to 1 multiplexer
1024 block frames H) §L|—)

data

Hlt
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Opyavwon tn¢ Cache : Set Associative Cache

Xwpntikotnta
cache : 8 words

1-way set associative
(direct mapped)

block Tag Data

0

2-way set associative
Set Tag Data Tag Data

1

2

3 0

1

2

3

4-way set associative

Set TagData TagData TagData Tag Data

0

1

8-way set associative (fully associative)

TagData TagData TagData TagData TagData TagData TagData TagData
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Napadewypa opyavwonc cache-dtevBuvolodotnon

* L,cache pe 128 cache block frames

* KaBe block frame mepiexel 4 Ae€eic (16 bytes)

* 16-bit SteuBuvoelc pvAuNng otnv cache
(64Kbytes kUpLa pvApn n 4096 blocks pvAunc)

* Atitte TNV opyavwon tnc cache (mapping) kat ta
nedla StevBuvoewv tNC cache yia:

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




Fully Associative Case

Valid i —— 12bts —a~
bit > Cache (with 128 blocks)
\ Vv TAG
BLOCK 0
TAG
v BLOCK 1
Ou 128 tags eAéyxovtal
nopaAAnAa and to
hardware katd tnv
Torno0£tnon evoc = <
data block otnv cache
TAG
v BLOCK 127
AwevBOuvon tou Block = 12bits Block Offset =

Tag = 12bits 4bits

cslab@ntua 2011-2012

BLOCK 0
- BLOCK 1

BLOCK i

—BLOCK 4095

Main Memory




Direct Mapped Cache

Valid - SPEs B cache with 128 blocks)  BLOCK 0
bit ! BLOCK 1
NV TAG | gocko BLOCK 2
VIL TAG | gLock 1 < <
BLOCK 127
VvV TAG
BLOCK 2 BLOCK 128
-t BLOCK 129
Movo éva tag eAEyxetal
nopaAAnAa anod to "\> <> 8 \>
hardware katd tnv
tono0£tnon evog BLOCK 255
data block otnv cache « | BLOCK 256
o o
AevBuvon tou Block = 12bits Block Offset = BLOCK 4095

Tag = 5bits Index = 7bits 4bits
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2-Way Set-Associative Cache

PR cache (with 128 blocks)
BLOCK O
TAG
— BLOCK 0O BLOCK 1
TAG | BLock 1 2
Avo tags o€
éva set . TAG BLOCK 3 BLOCK 63
eAéyxovtat
rapaAAnAa TAG BLOCK 4 | BLOCK 64
O | "BLOCK 65
hardware = ‘<\
KOLTA TNV <
tonof<tnon
EVC')C TAG BLOCK 126 BLOCK 12?
data block | S€t 63 - |1 BLOCK 128
otnv cache TAG BLOCK 127 “I'BLOCK 129
8
“BLOCK 4095

AwevBuvon tou Block = 12bits Block Offset =

Tag = 6bits Index = 6bits 4bits
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Npoonélaon dsdopévwy os Direct Mapped Cache

Kopla pvAun
dltevBuvo TLUA TNC A€

H CPU kaAel tpog L HN TG AL8nG
avayvwon TLc €€NC 00000010 g
dlevBuvoelc: 00000014 b
| 00000018 o
0x00000014 ~0000001C d
0x00000048 00000040 e
0x0000001C 00000044 [
00000048 g
0x00004014 ~0000004C h
00004010 ]
00004014 J
00004018 k
0000401C I
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8KB Direct-mapped cache 4W blocks

ApxLka OAeg oL B€oelg invalid

index valid tag 0x0-3 O0x4-7 O0x8-B OxC-F
0 0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
510 0

511 0




8KB Direct-mapped cache 4W blocks

Read 0000000000000000000/000000001 0100 (0x00000014)

ipdex valid tag 0x0-3 0x4-7 0x8-B OxC-F
0 0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
510 0
511 0

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

N oo o b WON R O
s JojlojojJojo o |~ |o

510 0
511 0

Qoptwoe ta {ntovpeva dedopeva otnv cache !
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000 000000001 0100

index valid tag 0x0-3 0x4/f 0x8-B OxC-F

J

0 a b C d

N oo o b WON R O
s JojlojojJojo o |~ |o

510 0
511 0

En€otpee to b (B€on 0100) otnv CPU

Q000 I Technical
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000 000000100 1000 (0x00000048)

index valid tag 0x0- O0x4-7 Ox8-B OxC-F

0 a b C d

N oo o A W N - O
tlololojolo o |~ |o

510 0
511 0

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

Read 0000000000000000000 000000100 1000

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

0 0

1 1 0 a b o d
2 0 |

3 o] |

4 1 0 e f g h
5 0

6 0

7 0

510 | 0

511 | 0

Qoptwoe ta {ntovpeva dedopeva otnv cache kot kave to block valid !

Q000 I Techmcal
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000 000000100{1000

index valid tag 0x0-3 Ox4-7 0x8-B OxC-F
0 0
1 1 0 a b « d
2 0

3 0 \

4 1 0 e f 8 h
5 0
6 0

7 0

510 0

511 0

Encotpede otnv CPU tnv TIuR g !

Q000 I Technical
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000

index valid

000000001 1100 (0x0000001C)

0x4-7 O0x3-B OxC-F

0 0
1 1 0 a b C d
2 0
3 0
4 1 0 e f 8 h
5 0
6 0
7 0
510 0
511 0

Read block 1!




8KB Direct-mapped cache 4W blocks

Read|0000000000000000000{000000001{1100

index valid f%)XO-B 0x4-7 (OXS-B\DNS_F

o o] \ /
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

To mtebio tag €xeL tn owotn TN ! Apa emiotpedetal n T d
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8KB Direct-mapped cache 4W blocks

Read OOOOOOOOOOOOOOOOOlO|OOOOOOOO] 0100 (0x00004014)

all tag 0x0-3 O0x4-7 Ox8-B OxC-F

N O U D WN RO
:lololol~ oo |- |o
o
o
—.\

o
0

510 0
511 0

Read block 1!




8KB Direct-mapped cache 4W blocks

Read

0000000000000000010|000000001 0100

index valid rAg/ 0X0-3 OX4-7 OX8-B OXC-F

N o o B WN -2 O

510
511

o [ |

1 0 a b C d
0

0

1 0 e f g h
0

0

0

0

0

Valid data aAAd to medio tag dev eival to owoto 2!=0
Miss : pemnel va avtkataotaBel 1o block 1 pe véa dedopéva
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8KB Direct-mapped cache 4W blocks

Read

0000000000000000010;000000001|0100

index valid (éé//////’ 0x0-3 Ox4/7/////// 0x8-B OxC-F

N o o B W N -2 O

510
511

o] |\

1 2 [ J k

0

0

1 0 e f g h
0

0

0

0

0

DopTwWoE TO CWOTO TEPLEXOUEVO Kol oTelAe TO j otnv CPU
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YnoAoylopo¢ tou aplOpou twv bits mov xperalovrou

Mooa bits ouvoAwka xpeLalovtal o pia direct-mapped cache pe 64 KBytes data
kal blocks tn¢ 1 A€€ng, ya 32-bit StevBLvVoELC;

— 64 Kbytes = 16 Kwords = 2% words = 24 blocks

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

— #ftsets = #blocks = 2% =>index size = 14 bits

— Tag size = 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 = 2'4x 49 = 98 Kbytes

Mooa bits ouvoAwka xpeLalovtol o€ pia 4-way set associative cache yia tnv
amoBrkevon Twv dlwv dedopevwy;

— Block size kat #blocks dev aAaleL.

— #fisets = #blocks/4 = (214)/4 = 21?2 => index size =12 bits

— Tag size = address size - index size - offset =32-12-2 = 18 bits
— Bits/block = data bits + tag bits + valid bit= 32+ 18 +1 =51

— Bits tn¢ cache = #blocks x bits/block = 214 x 51 = 102 Kbytes

Auénon tou associativity => Au&énon twv bits tn¢ cache
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YnoAoylopo¢ tou aplOpou twv bits mov xperalovrou

* [looa bits cuvoAwka xpeLalovtol o< pia direct- mapped cache pe 64KBytes data ko
blocks Twv 8 Aé€swv, yia 32-bit SteuBivoelg (232 bytes pnopouv va anoBnkevBouv

oTn UvAun);

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

— #sets = #blocks =2 => indexsize =11 bits

— tag size = address size - index size - offsetsize=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 = 211 x 273 = 68.25 Kbytes

e AU&non tou peyebBouc tou block => Meilwon twv bits tnc cache.
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Mnxaviopoti avtikataotaonc evoc block tne cache

Random (tuyxaia) — ertthoyn evoc tuxaiou block pe faon kamola
Jevdotuyaia akoAouBia

— artAn vAomoinon oto hardware

— €lval n TEXVIKA MOV XpNoLoToLeital ouvnOBwe

LRU (least recently used) — avtikaBiotatatto  block mou dev
EXEL XpNOLUOTIONOEL yla TIEPLOCOTEPN WP
— akppn vAomnoinon oto hardware

FIFO (first in - first out) - avtikaBlotatat to block rtou €xetL
eloaxBOel mpwto otnv cache
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Mnxavicpoti eyypadnig os block (og mepintwon write hit/miss)

e e meplmtwon write-hit, yvwotomoteital n aAAoyn otnv KUPLOL VNN ;
val : write-through
oxL : write-back

e e meplmtwon write-miss, tonoBeteital to block otnv cache;
val : write-allocate (ouvnBwc¢ pe write-back)
oxL : write-no-allocate (ocuvnBwc pe write-through)
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Write Policies: Write-Back & Write-Through

write-back: evnuépwon tng pvAUNG HOVO KOTA TNV OIOUAKPUVGON
tou block amo tnv cache
* Ol eyypadEC MPAyUOTOTIOLOUVTAL LE TNV TaXUTNTA TNG cache
 dirty bit katd tnv Tpomomnoinon — aviwkataotaon Twv “clean” block xwpic
EVNHEPWON TNG UVALNG
— XopunAo mMoocooto misses
— MoAAéc eyypadeg evocg block oe pia evnuépwon
write-through: evnuépwon tn¢ pvnung os kaBe syypadn
* TO KOTWTEPO LEPAPXLKA ETILITESO TIEPLEXEL TA EYKUPOTEPO HEdOEVA
e gUKoOAn vlomoinon (e€aodaAion data coherency)
* aUénUEVN peTakivnon 6e6oUEVWY ITPOC TN VAN

e guxva xpnotlpormoleital evag write buffer yia amoduyn kaBuoteprioewyv
000 EVNUEPWVETOL N KVALLN
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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). A clean 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




Write-Allocate & Write-no-allocate (otn mepimtwon write-miss)

e Write-allocate: to block evnuepwvetotl otn pvun Ko peta
HETadEPETAL ATO TN UvNUN otn  cache

* Write-no-allocate: to block evnuepwvetat otn pvnun kot dev
uetadEpetTal otn cache

“Allocate” a cache line to store the memory block !
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Read hit / miss

* read hit : avayvwon twv dedopevwy amo tnv cache

* read miss : petadopa oAokAnpou tou block rtou
neplexeL ta 6edopeva ou avalnTtape otnv cache Ka
oTNn ocuveEXeLa Omwc oto read hit
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Write hit / miss

 Write-back & Write-allocate

— write hit:
- Eyypadn twv dedopévwyv otnv cache (Luovo).
- To block sivau dirty

- H kUpla pvrpn evnuepwveToL Hovo otav amnopakpuvOel to block
arno tnv cache

— write miss:
To block:
- Evnuepwvetal otn pvAun
. petadEpetal otnv cache
- 2Tn OUVEXELX OTIWC oTo write hit
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Write hit / miss

* Write-through & write-no-allocate

— write hit:
e Eyypadn twv vEwv debopEvwy otnv cache
* Evnuépwon NG KupLa PVAUNG

— write miss:

e Eyypadn povo otnv KUPLA LV
* Aev eumAeketal kaBoAou n cache

Q000 I Techmcal
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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.
0000 I Techmcal Yo
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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 generate a write to
main memory anyway (according to Write Through policy)

Write Through with No Write Allocate:

e 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;

e Subsequent writes to the block will update 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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8KB Direct-mapped cache - 4W blocks write through

Write 0000000000000000000{000000100 0100 (0x00000044) , m

index valid ta O0x4-7 Ox8-B OxC-F
0 0
1 1 2 | ] k
2 0
3 0
4 1 0 e f g h
5 0
6 0
7 0
510 0
511 0

Read block 4 !




8KB Direct-mapped cache - 4W blocks write through

Write|0000000000000000000;000000100j0100

index valid ta / 0x0-3 0x4/ 0x8-B OxC-F

0 0

1 1 D i J k

2 0 |

3 | o | \

4 1 0 e m g h
5 0

6 0

7 0

510 | O

511 | 0

Valid data - cwoto tag — eyypadn oto nedio 0100 tn¢g cache kal evnuUEPWON TNG
KUPLAG vAUNG !

cslab@ntua 2011-2012



8KB Direct-mapped cache - 4W blocks write through

Write 0000000000000000000{000000100 0100 (0x00000044) , m

Ind. V dirty 0x0-3 0x4-7 Ox8-B OxC-F

0 0
11110 2 i j k
0 0
3 0 0
4 1 0 0 e f g h

5 0 0
6 0 0
7 0 0
5101 O 0
5111 O 0

Read block 4 |




8KB Direct-mapped cache - 4W blocks write through

Write (000000000000000000Q0 0000001000100

Ind. V dirty ’/ 0x0-3 Ox% O0x8-B OxC-F

o0]lo]o
1 ]11]0 2 i J k
2 lo]o
3 (oo \ \
41111 0 e m g h
5 oo
6 oo
7 lo]o
510 0 | o
51110 | o

Valid data - cwoto tag — eyypadn oto nedio 0100 tnc cache Kol evnUEPWON TOU
dirty bit !




8KB Direct-mapped cache - 4W blocks write through

Read 0000000000000000100 |OOOOOO 100

1100 (0x0000804C)

.V dirty tag 0x0-3 Ox4-7 Ox8-B OxC-F
0 010
1 110 2 [ J k
2 0 0
3 010
4 1 1 0 e m g h
5 010
6 0 0
7 0 0
5101 O 0
5111 O 0

Read block 4 |




8KB Direct-mapped cache - 4W blocks write through

Read P0O0O0O0O00000000000100{000000100 1100

Ind. V dirty t?gf\/ 0x0-3 Ox4-7 Ox8-B OxC-F

olo]o f
1 [1]o
2 0 0 : | L |
3 1o]o r
4 l1]1 l
s oo 5 o - g A
6 |o]o
7 1o0]o0
si10]lo0 | o
s11]/0 | o

Valid data — to mebio tag opwg dev tatpialel : 01=4

To dirty bit eivat 1 : Evnuepwvetat n pvun (0x00000040-0x0000004F) kat orr]
ouvexela poptwvetal n cwotr) dtevBuvon cooo <
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8KB Direct-mapped cache - 4W blocks write through

Read POO0000000000000100,000000100 1100

Ind. V dirty té\’ 0x0-3 Ox4-7 V—A(S-B OxC-F

0 0 0
1 ]11]0 ) i J k
2 0 0
3 0 0
4 1 0 4 P q r S
5 0 0
6 0 0
7 0 0
5101 O 0
5111 0 0

Qoptwvetal n cwotn dtevBuvon - evnuepwvovtal ta nedia tag - dirty
Entlotpedetan n tinn r otn CPU
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Enidoon twv erunedwv pvnpung (performance)

* LLEOOC XpOVOC TipooTtieAaong Twv OEOOUEVWVY
(access time)

tavg thit miss rate 't

miss penalty
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Cache : evomownpévn n oxy;

* Evomoulnpuevn yia evtoAec ko 6edopeva (unified)
— MKPOTEPO KATAUOKEUAOTIKO KOOTOC

— KaAUtepo LoolUyLopa TOU XWPOU TIoU KataAappavetal
armo evioAec/dedopeva

— EruumA€ov misses Aoyw SLekdiknong Kowvwv BEcewv otnv
cache (conflict misses)

* AUOo OLadopeTtikeg caches yia evtolec kat dedopeva
(data cache & instruction cache)
— 2-mtAaolo evpoc Lwvng
— o)L conflict misses




Napadsypa

e JeTola TEPLTTWON €XOUUE KAAUTEPN emidoon;

Ye ovotnua pe 16KB instruction cache kat 16KB data cache ) oe cuotnua
e 32KB unified cache;

YrioB£toupe O0TL 10 36% TwWV EVIOAWV €ival eVTOAEG avadopac oTtn KVALN
(load/store).

hit time = 1 clock cycle
miss penalty = 100 clock cycles
otn unified cache eivat: hit time = 2 clock cycles

Xpnotuonoleiote ta dedopéva tou akoAouBou mivaka (avadeEpovtal o 1000
EVTOAEC):

Instr.cache data cache unified cache
16KB 3.82 40.9 51.0
32KB 1.36 38.4 43.3
QOO0 f Ath




Napadswypa (cuvexewa...)

' MISSes
* Auon miss rate =

mem  aCCeSSEeS

3.82 ‘
- — = 0.0038

1000

40 .9
- —=0.114
360 .

. 43 .3
miss rate = = 0.0318

32 KB unif cache B 1000 + 360

MISS rate 16 KB instr cache

b 74%-0.0038 + 26%-0.114 = 0.0324
miss rate

16 KB data cache

miss rate (unified cache) < miss rate (instr + data cache)
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Napadswypa (cuvexewa...)

* AUon

=ttt

avg instr

=74% $+0.004 100 * 26 % €+ 0.114 100 —

dat

= 4.26

t =2710.0318 "100 = 5.18

avg

HEoOC xpovoc/access (instr+data cache) < péoog xpovoc/access (unified cache)
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Cache Associativity

15% —— —— o

12%

9%
@
s
o)
©
=
6%
3%
0% 1 1 1 I
One-way Two-way Four-way Eight-way
Associativity m 1 KB o 16 KB
m 2 KB <+ 32 KB
, 4 KB = G4 KB
Napatripnon : -
patnpnon e« 8 KB = 123 KB

Mua 4-way cache €xelL oxebov to (6Lo hit rate
pe pa direct-mapped cache Suthdolou peygBoug

cslab@ntua 2011-2012
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MéeyeBoc¢ twv Cache Blocks

tag data (xwpog yia peyalo block)

e e peyala cache blocks enmwdelovpaote amno tnv spatial
locality.

e AlyOTEPOC XWPOC amatteital yia tag (pe 6edopevn
XwPNTLKOTNTA TNG cache)

* YrniepBoAwa peyaio peyeboc block omataAdel to Ywpo tng
cache

 Ta peyala blocks amoattouv peyoAutepo xpovo HeTadopag
(transfer time).

Evoc kadoc oxedlaopoc armnottel cuppLpacpouc!
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Méeye0oc¢ Block kat Miss Rate

40%

35%

30%

25%

20%

Miss rate

15% -

10% ——\ ——————————————————————————

. J

5% - ‘.H = b
._

0% —1 3 t

4 16 64 256
Block size (bytes) m 1 KB
® 8KB
Kavovag : to peyebog tou block ® 16 KB
TIPETIEL VAL ELVOLL LLKPOTEPO ATIO TNV @ 64 KB
TETPAYWVLIKNA plla Tou peyeBouc TG €256 KB
cache.
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Miss Rates

e Caches dladopetikoV peyeBouc, Associativity & adyopiBuouc
avtikataotaong block

Associativity: 2-way 4-way 8-way

Méyebocg LRU Random LRU Random LRU Random
16 KB 5.18% 5.69% 4.67% 5.29% 4.39% 4.96%
64 KB 1.88% 2.01% 1.54% 1.66% 1.39% 1.53%

256 KB 1.15% 1.17% 1.13% 1.13% 1.12%  1.12%
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Enidoon twv caches

Mo CPU pe éva povo enimedo (L1) cache kat kaBoAov kaBuotEpnon otav €xoupe cache
hit:
L Me 1daviki pvAun
Xpovoc CPU = (kukAol poAoyLlou katd tn Asttoupyia tng CPU + kUKAoL poloylol Aoyw
KaBuotEpnong armo npoonelacn tng uvnung(Mem stalls))
X Xpovoc 1 kukAou poAoyLov

Mem stalls =
(AvolyvwoeLg X miss rate avayvwoewv X miss penalty avayvwoewv) +
(Eyypadec x miss rate eyypadwv x miss penalty eyypadpwv)

Av Ta miss penalties Twv avayvwoewv Kol Twv eyypadwv eivat oLa:
Mem stalls = NpoomeAdoslg pvApung x Miss rate x Miss penalty
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XpOVvocC eKTEAEONC

XpOvog  _
EKTEAEONC

aplBpog

apLOuoC ) KUKAOL ) XPOVOC

EVTOAWV EVTOAN 1 kUKAoU

KUKAOLCPU , _KUKAOL pvAUNG |, XPOVOG

EVIOAWV EVTOAN EVTOAN 1 kKUKAou

_apuog
EVIOAWV

kUKAoL CPU | avadopeg, KUKAOL pvnNg

EVTOAN EVTOAN avadopd

\ SX

APXLTEKTOVLKN
Tou Instruction
Set

YAoroinon tng
CPU

Texvoloyia tou
Compiler
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Enidoon twv caches

CPUtime = Instruction count x CPl x Xpovoc 1 kUkAou poAoyLou
CPI = CPI pe dbavikn pvaun

execution ~

CPl= CPI + Mem stalls/evtoAn

execution

CPUtime = Instruction Count x (CPl . .tio, * Mem stalls/evtoAn)

X Xpovoc 1 kukAou poAoyLlou

Mem stalls/evtoAn =
Mpoonehaoelc pvnung/evtoAn x Miss rate x Miss penalty

CPUtime = ICx (CPl ocution + MPOOTIEAACELG VI LNG QLVOL EVTOAN) X
Miss rate x Miss penalty) x Xpovoc 1 kUkAou poAoyLou

Misses/evtoAn = MNpoomeAAoeL LVUNG ava evioAn X Miss rate

CPUtime = IC x (CPI + Misses/evtoAn x Miss penalty)

X Xpovog 1 kUkAou pvoyLou(C)

execution

0000
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Napadsypa

* ‘Eotw pia CPU Asttoupyel pe poAdL 200 MHz (5 ns/cycle) kat cache gvog
eruunedovu.

* CI:)Iexecution =11
 EvtoAéc: 50% arith/logic, 30% load/store, 20% control
* YnoBetoupe cache miss rate = 1.5% kat miss penalty = 50 cycles.

CPl = CPl_ o ytion + Mem stalls/evtoAn
Mem Stalls/evtoAr} = Mem accesses /evtoAn) x Miss rate x Miss penalty

Mem accesses /fevtoAn=1 + 0.3 = 1.3

N
Instruction fetch Load/store

Mem Stalls /evtoAr; = 1.3 x0.015x50 = 0.975
CPI=1.1 + 0.975= 2.075

H Wbavik) CPU ywpic misses sivat 2.075/1.1 = 1.88 dopec ypnyopotepn
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Napadsypa

e XTO ponyouuevo mapadetlypa urtoBetou e O0tL SUTAACLA{OULE TN
ouxvotnta tou poAoylou ota 400 MHZ. Mooo ypnyopoTtePO €lval To
unxavnua ywa (dto miss rate kot avodoyiol eVIoAwv;

Agdopgvou OtL N TaxvTNTA TS MVAUNG v aAAAlEL, TO miss penalty
KOTAVOAWVEL TtEPLocOTEPOUC KUKAoug CPU:

Miss penalty = 50 x 2 = 100 cycles.
CPI= 11+ 13x.015x100= 1.1+1.95= 3.05

Speedup = (CPI,4xC,4)/ (CPI ., XC
= 2.075 x2/ 3.05 = 1.36

To véo pnxavnua eivat povo 1.36 ¢popec taxUuTeEPO Ko oL 2
bopEC ypnyopotepo AOYw TNC eTUMAEOV eTfapuvonc Twv cache misses.

new)

—> CPUs ue ueyaAutepn ouxvotnta poAoyLou, EYouv MEPLOCOTEPOUC
KUKkAouc/cache miss kat pueyaAutepn entBapuvon tn¢ UVAUNG oto
CPI.




2 entineda Cache: L, L,

CPU
Hit Rate = H,, Hit time =1 kUkAog
L, Cache (kat®6Aovu Stall)
L, Cache Hit Rate = H,, Hit time = T, kOkAot

Main Memory

Penalty Aoyw npoonélaon¢ pvaung, M

000 I Tech of Athen

cslab@ntua 2011-2012 O@ SLab



Cache 2 smutedwv

CPUtime = IC x (CPI + Mem Stalls/evtoAn) x C

execution

Mem Stalls/evtoAr) = Mem accesses/evtoAn x Stalls/access

* [wa eva ovotnua pe 2 entineda cache, Ywpic penalty otav ta
dedopueva Bpebouv otnv L, cache:

Stalls/memory access =
[miss rate L,] x [ Hit rate L, x Hit time L,
+ Miss rate L, x Memory access penalty) ]
=(1-H1)x H2xT2 + (1-H1)(1-H2)x M

/' ~—

L1 Miss, L2 Hit L1 Miss', L2 Miss:
NpoonéAacon tng Main Memory

SER
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Entidoon tn¢g L2 Cache Memory Access Tree (CPU Stalls/Memory Access)

CPU Memory Access

N

L L1 Hit: L1 Miss:
1 Stalls=H1x0=0 % = (1-H1)
o /\
L, L2 Hit: L2 Miss:
(1-H1) X H2 X T2 Stalls = (1-H1)(1-H2) x M

e —

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

* CPU pe CPl_oeution = 1-1 ko ouxvotnta 500 MHZ

* 1.3 memory accesses/eVToAn.

* L, cache: ota 500 MHZ pe miss rate 5%

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

* M (Memory access penalty) = 100 kokhot. No BpeBei to CPI.

CPl= CPl,yion * Mem Stalls/evioln
Xwplic Cache, CPlI =1.1+1.3x100 = 131.1
Me L, Cache, CPI =1.1+1.3x0.05x100= 7.6

Mem Stalls/evtoArl = Mem accesses/svtoAn x Stalls/access
Stalls/memory access = (1-H1) x H2 x T2 + (1-H1)(1-H2) x M
= 0.05x 0.97 x2 + 0.05x 0.03 x 100
= 0.097 + 0.15 = 0.247
Mem Stalls/evtoAr) = Mem accesses/evtolr x Stalls/access = 0.247 x 1.3 = 0.32

CPI=1.1+ 032 =1.42
Speedup = 7.6/1.42 = 5.35
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3 entinteda Cache

CPU
Hit Rate = H,, Hit time = 1kOkAog
L1 Cache (kaB6Aou Stall)
Hit Rate = H,, Hit time =T, kOkAot
L2 Cache
L3 Cache Hit Rate = H;, Hit time =T,

Main Memory

Memory access penalty, M
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Enidoon tnc L3 Cache

CPUtime = IC x (CPI + Mem Stalls/evtoAn) x C

execution

Mem Stalls/evtoAr; = Mem accesses /evtoAn x Stalls/access

* [l eva ovotnua pe 3 entineda cache, Ywpic penalty otav ta
dedoueva Bpebouv 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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Entidoon tn¢g L3 Cache Memory Access Tree (CPU Stalls/Memory Access)

CPU Memory Access

/\

L1 Hit: L1 Miss:
L, stalls=H1x0=0 % = (1-H1)
(ka®o6Aov Stall) /\
L L2 Hit: L2 Miss:
2 (1-H1) x H2 x T2 % = (1-H1)(1-H2)
|_3 L3 Hit: L3 Miss:
(1-H1) x (1-H2) x H3 x T3 (1-H1)(1-H2)(1-H3) x M

\ X

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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Napadewypa L3 Cache

* CPU pe CPIl_cytion = 1.1 kot ouxvotnta 500 MHZ

* 1.3 memory accesses/evioAn.

* L, cache: ota 500 MHZ pe miss rate 5%

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

* L, cache: ota 100 MHZ pe miss rate 1.5%, (T, =5 kukAol)

 Memory access penalty, M= 100 cycles. Na Bpeite to CPI.

xwplc Cache, CPI = 1.1+ 1.3x100=131.1
Me L, Cache, CPI = 1.1+ 1.3x0.05x100=7.6

Me L, Cache, CPI = 1.1+ 1.3 x(0.05x0.97 x 2 + 0.05 x 0.03 x 100) = 1.42

CPI= CPI

Mem Stalls/evtoAr; = Mem accesses/evtoAny x Stall cycles/access

+ Mem Stalls/evtoAn

execution

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
=0.05x0.97x2+0.05x0.03x0.985x5+0.05x0.03x0.015x 100
=0.097 + 0.0075 + 0.00225 =0.107

CPI=1.1+1.3x0.107=1.24
Speedup og oxéon pe L1 povo = 7.6/1.24 = 6.12
Speedup og oxéon pe L1, L2 = 1.42/1.24 = 1.15
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