Processor-Memory (DRAM) Aiadopa eniboong

10000 . UProc
60%/yr
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W 000
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E Processor-Memory
e Performance Gap:
'-E 10 (grows 50% / year)
g DRAM
a | ' 7%/yr.
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lepapxio LvARNG

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

Registers

Cache

Main Memory

Interface:
SCSI, RAID,
IDE, 1394

4G-100G

Magnetic Disc

‘000 amopaKpuUVOLAOTE
ano tn CPU :

Mikpotepo KOOTOC/Bit
MeyaAUTepn XwpNTKOTNTA
MeyaAUTepOG XPOVOC
npooPBaong-kabuotEpnon
XapunAotepoc pubuoc
g€odou

Optical Disk or Magnetic Tape




\ Napadsypa lepapyxioc MvAung (ne 2 emimeda cache) \

MeyaAuUtepn Tayxvtnta

MeyaAvtepn Xwpntkotntaa, ——»
Processor
Control Virtual Tertiary
Memory, St
orage
/ Second Main Secondary (Tape)
= || [on-chip Level Memory Storage
Datapath 8. t)e"e' Cache (DRAM) (Disk)
(%] ne
5 Cache (SRAM)
w L, L,
_\— 
S
Toxotnta : 1-5ns 10ns 30ns 50ns 10ms 10sec
Méye0og : <1KB  <256KB <8MB <4GB >1GB B
Bandwidth: 150GB/s 50GB/s 25GB/s 4GB/s 10MB/s
000 I Technical

00 '
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To povtélo tn¢ lepapyiac MvAng

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

Digital PWS 600 au - Alpha 21164 CPU — 600MHz

cPU 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 \ 13cache  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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TUTTILKEC APXLTEKTOVLKEC

e IBM Power 3 (1998): e IBM Power 8 (2014):
e L1 =64 KB, 128-way set associative e 4,6,8,10or 12 chiplets (core+L1+L2)
e L2 =4 MB, direct mapped, line size = 128, e 1=32KB + 64 KB

write back e |2 = 512KB, direct mapped, line size = 128, write
back
e Compaq EV6 (Alpha 21264): e |3 = #chiplets x 8MB
e L1 = 64 KB, 2-way associative, line size= e up to 1 TB of memory per socket
32

e L2 =4 MB (or larger), direct mapped, line « AMD Jaguar (2013):

size = 64 e L1 =32KB + 32KB per core

e L2 =1-2MB, shared by 2-4 cores
e HP PA: no L2

e PA8500, PA8600: L1 =1.5 MB

e Intel Haswell (2013):
e PA8700: L1 =2.25 MB

e 2-4, 6-8, 8+ cores

e |1 =32KB + 32KB per core
e |2 =256KB per core
e[3=4-20MB

e AMD Athlon: L1 =64 KB, L2 = 256 KB
¢ 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 L3 = off chip, size varies © © © © Natonal Tochmial Unorsty o Athans
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MNorti eival wpEA N n lepapyio Mvpng;

e Kata kovova ta ITPoypAATO TIPOOTIEAQLUVOUV EVOL LKPO LOVO UEPOG TOU
oUVOAOU TwV SleuBuvoewv (evtoAec/debopeva) KATA TNV EKTEAECN EVOC
OUYKEKPLUEVOU TUAUOTOC TOUC

e AUo0 €1dn torukoTnNTOC SESOUEVWV:

— Temporal Locality: 2Ztolyeia mou €xouv nmpocdata MPoomeNAOTEL
Telvouv va ipoomeAavvovtal Eava oTo AECO HEAAOV

— Spatial locality: Tettovikd otolyeia 6ocwv £xouv NON IPOCTIEAOCTEL,
£Xouv auénuevn mBavotnta va TpoomeAACTOUV 0TO AUECO LEAAOV

* H Umopén TomkoTNTAC OTLC OvVadOPEC EVOC TIPOYPAUMATOC, KOBLoTA €DLKTH
™n duvatotnta va tkavorolouvtoal n aitnon yia dedopeva amno ernineda
UVNUNC TIOU BPLOKOVTOL LEQAPYLKA OVWTEPD,




Opoloyia

* block — line - page : n ukpotepn povada
uetadpopac SedopEVWY HETAEL TWV
ETUMEOWV MVAUNG

Lower Level
To Processor | Upper Level Memory
Memory
C—
Blk X

From Processor R . Blk Y
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Opoloyia

— hit : to block Bpioketait og kamola B€on tou
g&etalOEVOU EMULITEOOU UVALNG

* hit rate : hits/ouvOAKEC TPOOTIEAAOELC VNG
* hit time : xpovoc npoomnélaong twv dedopevwy

— miss : 1o block éev urtapyet oto e€etalopevo
enimedo pvAung

* miss rate : 1 — (hit rate)
* miss penalty : (xpovoc petadopdc Twv SESOUEVWV EVOC
block oto cuykekplpévo enimedo pvnung) + (xpovog
amoktnong twv dedopevwy amo tnv CPU)

— access time : xpovoc¢ anoktnong tn¢ 1ng Agénc
— transfer time : xpovoc amoktnong Twv UTIOAOLTTWV AEEEwV
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H Baon tn¢ lepapxioc MvAng

OL Olokol TtepLlexouv oAa ta Sedopeva

Otav o eneéepyaotnC XPELALETOL KATIOLO CTOLXELO,
aUTO aveBaivel oe avwtepa eminedo UVNUNG

H cache neplexel avtiypoda Twv OTOLXELWV TNC
LLVALNC TTOU €XOUV XpnotuornotnBetl

H pviun meplexeL avtiypada Twv oToLXELWV Tou
dlokou mou €xouv xpnoLpomolnOei
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4 EpwtNoE&LC yia Ti¢ caches

Mou pmnopet va tomoBetnBel eva block og eva PpnAotepo enimedo
oTNV LEpapyia Lvnung;

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

NMwg Bpiokoupe eva block ota dtadopa enineda pvnpung;

— Avayvwplon evoc block :
* Tag / Block

Molo aro ta N6 vndpyovta block tng cache mpemnel va
avTlkataotoBel o€ mepilmTtwon evog miss;

— Mnyaviopog avikataotoong block :
* Random, Least Recently Used (LRU), FIFO

Tt ovpPaivel otav petapParAoupe to meplexopevo evog block;
— HnYaviopotl eyypadng :
e write-through n write-back
* write-allocate 1 no-write-allocate
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Opyavwon tn¢ Cache

TortoO£tnon evog block pvAapung otnv cache

e Direct mapped:

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

(6teBuvon block) mod (ap. sets otnv cache)
e 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 pmaivel To block 12 pmaivel
praivel pnovo oto block 4 (=12 omoudnAmote HEoa OTO
omoudnmote mod 8) set 0 (=12 mod 4)
Ap. D1234567 Ap. 012345867 Ap. 01234567
Block Block Block

Cache

Set Set Set Sat

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

MvAun

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

A

®uown AtevBuvon ( CPU )

v

Awe0Ouvon tou Block Block
Offset

Ertthoyn Set
Ertihoyn

cslab@ntua 2015-2016
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Ta nedia ditevBuvonc

A

Puowkn AtevBuvon ( CPU )

v

Tag

AlevBOuvon tov Block

Index

Block
Offset

—

MéyeBoc¢ block offset = log2(néyeBoc¢ block)

Méye0oc¢ Index = log2( ZuvoAwkog aptOpoc blocks/associativity)

MéyeBog tag = péyeBog address - péyebog index - péyebog offset




Opyavwon tn¢ Cache : Direct Mapped Cache

KaOe block pnopei va anoBnkevBei povo oe pia O€on :
(6levBuvon block) MOD (Ap. blocks otnv cache)
oto napadsypad pag: (6tevBuvon block address) MOD (8)

cache
8 cache block frames
oA
RN LN
><>< N
(11101) MOD (1000) = 101
32 memory
blocks %l A N N
cacheable // // / / \ \\ \\
o o \ Ne N
00001 00101 01001 01101 10001 10101 11001 11101
Mvrun © QOO Notonal Techmeal

y of Athens
e
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Napadeilypa : Direct Mapped Cache

Index field
Tag field AlevBuvon (B€on twv bit)
3130 ,..d312 11, , . 1 0
byte
offset
J 2 N B
tag index
index valid tag data
0
1
2
> ?
1024 Blocks
KaOe block = 1 Aéén o
1022
Mrnopei va anoBnkevoelL 1023
32 A
234 bytes pvnpng <’ 1’
o=
data
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Napadsiypa : Direct Mapped Cache

Tag field

AlevBuvon (B€on Twv bit) .
31...16 15..4 3210 Index field

4K blocks T =T

4 16 12 2 offset , ,
KaOe block = 4 words tag ) SR N N Ertihoyr) A&€ne data
index T block offset
16 bits 128 bits
Voo tag i data .
A
—p| @ ® p ® p p 4K
gloobol
\\16 \\32 \\32 \\32 \\32
(=
Vi l\
( Mux )
F ] \\32

KaAutepn alonoinon tng spatial locality
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4-Way Set Associative Cache: (MIPS)

AleVBuvon

Tag

3130 ...12 11 10 98...3210
Heki‘\\\\\\“‘j~ ]
J2 I Index

Field

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

32

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

data

Hlt
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Opyavwon tn¢ Cache : Set Associative Cache

Xwpntkotnta
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 Tag Data Tag Data Tag Data Tag Data

0

1

8-way set associative (fully associative)

TagData TagData TagData TagData TagData TagData TagData TagData

QOO0 I Techmcal y of Athens
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Napadsiypa opyavwong cache-dtevBuvolodotnon

* L,cache pe 128 cache block frames

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

e 16-bit SteuBuvoelc pvnUNg otnv cache
(64Kbytes kUpla pvpn 4096 blocks pvApnc)

* Atgifte TNV opyavwaon tTng cache (mapping) kot ta
niedla SteuBuvoewv tnC cache yua:

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

Valid tf—— 12bits —ia]
bit > Cache (with 128 blocks)
\ \' TAG
BLOCK 0
TAG
v BLOCK 1
Ta 128 tags eAéyxovtau
nopdaAAnAa and to
hardware katd tnv
Tono0€tnon evog <> -<>
data block otnv cache
TAG
v BLOCK 127
AwevBuvon tou Block = 12bits Block Offset =

Tag = 12bits 4bits

cslab@ntua 2015-2016

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
NAVILTAG | g oeko ~ [ BLOCK2
VIL TAG | gLock 1 3
BLOCK 127
v TAG
BLOCKSZ .~ BLOCK 128
Movo éva tag eAéyxetat ~1 BLOCK 129
nopaAAnAa and to
hardware katd tnv "\> <> < <
tornoBEtnon evog
data block otnv cache BLOCK 255
BLOCK 256
VIL TAG |5 0ck 127 [ BLOCK 257
e
AwevBOuvon tou Block = 12bits

Block Offset =

Tag = 5bits Index = 7bits 4bits

cslab@ntua 2015-2016




2-Way Set-Associative Cache

PR cache (with 128 blocks)
BLOCK 0
TAG
— BLOCK 0 BLOCK 1
TAG | BLock 1 >
Avo tags o€
éva set . TAG BLOCK 3 BLOCK 63
eA€éyyovtat
rapdAAnAa TAG BLOCK 4 | BLOCK 64
b TO 1 BLOCK 65
hardware <> ‘<\
KOLTA TV <
tonoB£tnon
EV()C TAG BLOCK 126 BLOCK 127
data block | S€t 63 - 1 BLOCK 128
otnv cache TAG BLOCK 127 “I'BLOCK 129
8
~[BLOCK 4095

AwevBOuvon tou Block = 12bits

Block Offset =

Tag = 6bits Index = 6bits 4bits
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NMpoomnélaon dedopévwy os Direct Mapped Cache

Kupta pviun

dievBuvo TLUN TNC AE
H CPU kaAetl rtpog 4 HN TG ASEnG

avayvwon TS €€NC
SdleuBuvoeLc:

00000010 a
00000014

: 00000018
0x00000014 . 0000001C

0x00000048 50000040
0x0000001C 00000044

; 00000048
0x00004014 ~0000004C

i [SN) Ho N (o y

NS ||

00004010 ]
00004014 J
00004018 k
0000401C I
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8KB Direct-mapped cache 4W blocks

ApXLKa OAec oL B€oelg 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 0

511 0




8KB Direct-mapped cache 4W blocks

Read 0000000000000000000;000000001 0100 (0x00000014)

ipdex valid tag 0x0-3 Ox4-7 O0x8-B OxC-F

N o o W N RO
: Jo|o|ojojo |Jo |o |o

510 0
511 0

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

Read 0000000000000000000

index valid ta[ 0x0-3

PN OO LD W N R O

510
511

000000001 0100

0x4-7 0x8-B OxC-F

o | |

1 0 a b C d
0

0

0

0

0

0

0

0

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

Read 0000000000000000000 000000001 0100

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

N o o BN RO
s JojojojojJo o |~ |O

510 0
511 0

Eneotpee to b (Beon 0100) otnv CPU
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8KB Direct-mapped cache 4W blocks

PN OO DN W N R O

510

Read 0000000000000000000 000000100

1000 (0x00000048)

index M/O&CB/OMJ 0x8-B OxC-F
0
1 0 a b C d
0
0
0
0
0
0
0
0

511

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 C d
2 0 |
3 o] |
4 1 0 e f g h
5 0
6 0
7 0

510 | O

511 | O

Doptwoe ta {ntovpeva dedopeva otnv cache kot kave 1o 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 q d
2 0

3 0 \

4 1 0 e f 8 h
5 0
6 0
7 0

510 0

511 0

En€otpee otnv CPU tnv TN g !
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000

index valid

000000001 1100 (0x0000001C)

Ox4-7 Ox8-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 v(a%)xO% 0x4-7 cms-s\ms-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 0

511 | 0

To medio tag €xeL tn ocwotn TN ! Apa eriotpedetol n tipun d
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000010|000000001 0100 (0x00004014)

all tag 0x0-3 Ox4-7 Ox8-B OxC-F

N OO U A WN RO
: lololol~ oo |- |o
o
(p]

#,
oa
o0

510 0
511 0

Read block 1!




8KB Direct-mapped cache 4W blocks

N o o BN RO

510

Read [0000000000000000010 (000000001 0100
index valid rAg/ 0x0-3 0x4-7 0x8-B OxC-F

o [ |}

1 0 a b C d
0

0

1 0 e f g h
0

0

0

0

0

511

Valid data aAAd to medio tag dev eival to cwoto 2!=0
Miss : penel va avtkataotabei 1o block 1 pe véa dedopcva
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8KB Direct-mapped cache 4W blocks

Read{0000000000000000010{000000001{0100

index valid rAg/ 0x0-3 Oxﬂﬂ/ 0x8-B OxC-F

!
2

i J k I

N OO Ul WN RO
:lololol~lolo |- |o
o
™
—"

)
>0

510 0
511 0

DOpPTWOE TO CWOTO TIEPLEXOUEVO Kal oTEIAE TO j otnv CPU
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YnoAoylopog Tou aplOpou twv bits mov xpetalovtat

Mooa bits cuvoAwka xpelalovtal o€ pia direct-mapped cache pe 64 KBytes data
kat blocks tn¢ 1 A&énc, yia 32-bit StevBUVOELC;

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

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

— ftsets = #tblocks = 214 =>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 = 214 x 49 = 98 Kbytes

MNooa bits cuvoAwka xpelalovtol og pia 4-way set associative cache ywa tnv
amoBrkevon Twv BLwv debopevwy;

— Block size ka #blocks 6ev aANAleL.

— fisets = #blocks/4 = (214)/4 = 2?2 => indexsize =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 tnc cache = #blocks x bits/block = 214 x 51 = 102 Kbytes

Av&non tou associativity => Auénon twv bits tn¢ cache
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YnoAoylopog Tou aplOpou twv bits mov xpetalovtat

* [looa bits ouvoAwka xpelalovtal o€ pia direct- mapped cache pe 64KBytes data kot
blocks Twv 8 Aé€swv, yia 32-bit SteuBivoelg (232 bytes pmopouv va anoOnkevBouv

OTn KUVAKN);

— 64 Kbytes = 2 words = (2'4)/8 = 21! blocks
— block size = 32 bytes
=> offsetsize = block offset + byte offset = 5 bits

— #isets = #blocks =21 => 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

* AuU&non tou peyebouc tou block => Melwon twv bits tn¢ cache.
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Mnxaviopoti avtikataotaonc evoc block tng cache

 Random (tuyaia) — emthoyn evoc tuxaiou block pe Baon kamola
Jpevdotuyaia akoloubia
— arAnq vAomoinon oto hardware

* LRU (least recently used) — avtikaBilotatat to block mou dev €xel
XpNoLlomolnBel yla teplocoteEpn wpa
— oakpBn vAhomoinon oto hardware
— elval n TeXVIKA Tou xpnoLuormoleital cuvnOwc (A mpooeyyiloelg)

* FIFO (first in - first out) - avtikaBlotatal to block mou €xel
eloaxBel mpwTto otnv cache
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Mnxaviopoti eyypadng o€ block (o€ mepintwon write hit/miss)

e e mepimtwon write-hit, yvwotomnoleitatl n aAAoyn otnv KUpLA PvAun ;
val : write-through
OxL : write-back

e e mepintwon write-miss, tomoBeteital to block otnv cache;
val : write-allocate (cuvnBwc pe write-back)
OXL : write-no-allocate (cuvnBwc¢ pe write-through)
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Write Policies: Write-Back & Write-Through

write-back: evnuepwon tn¢ pvnung HOVo KaTA TNV Amopakpuvon
tou block armo tnv cache
* 0Ol eyypadEC TpaYUOTOTIOLOUVTOL LE TNV TaxUTNTA TNG cache
 dirty bit katd TNV Tpomonoinon — aviwkataotaon twv “clean” block xwplig
EVNHEPWON TNG UVALNG
— XopunAo moocooTto misses
— MoAAEc eyypadecg evocg block og pia evnuEpwon
write-through: evnuépwon tn¢ pvnung o KaBe eyypadn
* TO KOTWTEPO LEpAPXLKA ETtiIESO TIEPLEXEL TA EYKUPOTEPA SEdOUEVA
* gUKoAn vAomoinon (e€aodpaAion data coherency)
* auénuevn petakivnon 6€6opEVWVY TTPOC TN UVAN

* ouyva xpnotlpormoleital €vag write buffer ywa amodpuyn kaBuoteprioswv
000 EVNUEPWVETOL N VAN
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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 mepintwon write-miss)

* Write-allocate: to block evnuepwvetal otn pvnun Kot LeTa
LeTadEPETAL OO TN LvAUN otn cache

* Write-no-allocate: to block evnuepwvetat otn pviun kot dgv
LetadEpeTaL otn cache

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

* read hit : avayvwon twv 6edopevwy amo tnv cache

* read miss : petadopa oAokAnpou tou block ou
neplexeL ta 6edopeva mov avalntape otnv cache Kal
oTNn ouveEXeLla OTwc oto read hit
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Write hit / miss

e Write-back & Write-allocate

— write hit:
- Eyypadn twv dedopévwy otnv cache (pLovo).
- To block eivau dirty

- H kUpLat pvrpn evnUEPWVETOL LOVO OTaV armopakpuvOei to block
aro tnv cache

— write miss:
To block:
- Evnuepwvetal otn pvnun
- ueTtadeEpeTal otnv cache
- 2TN CUVEXELQ OTtwCE oTo write hit
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Write hit / miss

* Write-through & write-no-allocate

— write hit:
* Eyypadn twv vewv dedopevwy otnv cache
* EvnuEpwon NG KupLaL PVAUNG

— write miss:

e Eyypadn povo otnv KUPLa LV N
e Aev gumAEkeTal kaBoAou n cache

QOO0 I Technical University of Athens
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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:

e 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.

00 '
cCSLa
cslab@ntua 2015-2016 e]e®)



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

Write 0000000000000000000{000000100 0100 (0x00000044) , m

index valid ta 0x4-7 O0x8-B OxC-F
0
1 2 | ] k I
0
0
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{000000100{0100

index valid ta/ 0x0-3 Ox4/ 0x8-B OxC-F

o |o
1 1 D i j k |
2 0 |
3 | o | \

4 |1 0 e m g h
s |o
6 |o
7 |o
510 | 0
511 | 0

Valid data - cwoto tag — eyypadn oto nedio 0100 tn¢ cache kat evnuepwon tnG
KUPLAG VNG !
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8KB Direct-mapped cache - 4W blocks write back

Write 0000000000000000000{000000100 0100 (0x00000044) , m

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

0 0

1 111]0 2 i j k I
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 back

Write 0000000000000000000 000000100 010G

Ind. V dirty V 0x0-3 Ox% 0x8-B OxC-F

2 i J k |

OO0 |- JO |JO JO O
—
—

N oo bW N PO
ol (o (ol | i [ek (e |1} (e

5100 | O
51110 }]0

Valid data - cwoto tag — eyypadn oto nedio 0100 tn¢ cache Kot evnuUEpwaon Tou
dirty bit !
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8KB Direct-mapped cache - 4W blocks write back

Read 0000000000000000100 |OOOOOOlOO 1100 (0x0000804C)

.V dirty tag 0x0-3 Ox4-7 Ox8-B OxC-F
0 010
1 ]111]0 2 i j k I
2 0 0
3 010
4 1111 0 e m 8 h
5 0 0
6 0 0
7 010
5101 0 1 O
5111 O 0

Read block 4 !




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

Read PO0O0O000000000000100,000000100 1100

Ind. V dirty t?gf\» 0x0-3 Ox4-7 O0x8-B OxC-F

|

N ol A W N R O
ol ol (el TN (ol (o | TN (@]
ojojlo~ oo |o]|o
4—1
-

5100 | O
51110 10

Valid data — to mebio tag opwg dev tatplalet : 0!=4

To dirty bit eivat 1 : Evnuepwvetal n pvpn (0x00000040-0x0000004F) ko otr]
ouvexela poptwvetal n cwotn dtevBuvon K
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8KB Direct-mapped cache - 4W blocks write back

Read POO0000000000000100[000000100 {1100

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

N oo bW N PO
ol ol (ol | i [e (e | 1} (e
ol o) o) o) ol (ol (ol (o

D

©

o]

-

")

5100 | O
51110 }]0

Qoptwvetal n owotn dtevBuvon - evnuepwvovtal ta edia tag - dirty
Emiotpedetal n tipun r otn CPU
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Enidoon twv erunedwv pvung (performance)

* LLECOC XpOVOoC mpooTieAaonc Twv deSoUEVWY
(access time)

t T t. T miss rate "t

avg hit miss  penalty
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Cache : evotownMéEvn N OxL;

* Evomolnpuevn yua evtoAec kot 6edopeva (unified)
— MILKPOTEPO KATALOKEUOOTIKO KOOTOC

— KaAUtepo LoolUyLlopa TOU XWPOU TIoU KataAapPavetal
armo evioAec/dedoueva

— EmtutA€ov misses Aoyw Slekdiknong Kowwv BEcewv otnv
cache (conflict misses)

* AUo SladopeTikec caches yLa evtoAec kat dedopeva
(data cache & instruction cache)
— 2-mtAdoLo evpoc Lwvng
— o)L conflict misses




Napadswypa

e Jemola mepintwon €xovpe KaAUTtepn enidoon;
Ye ocvotnua pe 16KB instruction cache kot 16KB data cache i og cuoTnua
e 32KB unified cache;

YrioB£toupe OTL 10 36% TWV EVIOAWV £ival eVTOAEC avadopdc oTn UV
(load/store).

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

Xpnotpomnoleiote ta dedopeva tou akoAouvBou mivaka (avadepovtal o 1000
EVTOAEC):

Instr.cache data cache unified cache
16KB 3.82 40.9 51.0
32KB 1.36 38.4 43.3
Q000 f Ath




Napadswypa (cuvexewa...)

misses

* Auvon miss rate =
mem  accesses

_ 3.82 ‘
mISS rate — — = 0.0038

16 KB instr cache
1000

40 .9

miss rate - —=0.114
16 KB dat h 360 )

. 43 .3
mIsS rate = = 0.0318

32 KB unif cache 1000 + 360

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

miss rate (unified cache) < miss rate (instr + data cache)

cslab@ntua 2015-2016



Napadewypa (cuvexera...)

* Auon

——

=t +t =749 %+ 0.004 100 2 26% €+0.114 ‘100 -

avg instr data

— 4.26

t =270.0318 100 = 5.18

avg

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

15%
12%
9%
o
o
o)
R
=
6%
3%
0% 1 1 1 I
One-way Two-way Four-way Eight-way
Associativity m 1 KB & 16 KB
m2KB e 32KB
Nooathonon - e« 4KB == 64 KB
pathpnon - e 8 KB = 128 KB
Mua 4-way cache €xeL oxedov to 1610 hit rate
. , , ‘-19"‘5@‘,
ue pia direct-mapped cache dutAaclou peyeBoug ©© OO Netonst it vaversy ot ahens /AT OB
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MéyeBoc twv Cache Blocks

tag data (xwpog yia peyaio block)

e e peyala cache blocks emwdehovpaote amnod tnv spatial
locality.

* AlyOTEPOC XWPOC amatteitol yia tag (e Sedopevn
XWPNTLKOTNTA TNG cache)

* YnepPoAwkad peyaio peyeboc block omataldel to Ywpo tnE
cache

 Ta peyaia blocks amnattovv peyaAvtepo xpovo petadopag
(transfer time).

Evac KaAoc oxedlaopoc armalttel cuppipaocpouc!
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Méeye0Boc Block kat Miss Rate

40%

35%

30%

25%

20%

Miss rate

15% -

10% ——\ ——————————————————————————
. J
5% :—\ —e— -
0% . 1 ‘

4 16 64 256
Block size (bytes) m1KB
® 8KB
Kavovag : to peyebog tou block ® 16 KB
TPETIEL VAL ELVAL LKPOTEPO ATTO TNV ® 64 KB
TETPAYWVLKN pila Tou peyEBouc tng ¢ 256 KB
cache.
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Miss Rates

* Caches dladopetikoU peyeBouc, Associativity & aAyopiBuoug
avtikataotaonc 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 eva povo enimedo (L1) cache kat kaBoAov kaBuotEpnon otav Exoupe cache
hit:
L Me daviki HvAun
Xpovog CPU = (kukAol poloylou katd tn Asttoupyio tng CPU + kUKAoL poAoylou Adyw
KaBuotEpnong armo npoomneAaon tnS Lvnung(Mem stalls))
X xpovoc 1 kUkAou poAoyLoU

Mem stalls =
(AvayvwoeLg X miss rate avayvwoewv X miss penalty avayvwoswv) +
(Eyypadéc x miss rate eyypadwv x miss penalty eyypadwv)

Av Tt miss penalties Twv avayvwoswv Kal Twv eyypadwyv gival iba:
Mem stalls = MpoomeAdoelg pvAung x Miss rate x Miss penalty
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XpOvoc eKTEAEONC

XPOvVOG  _
EKTEAEONC

aplOuog |

apLOpoOC ) KUKAOL ) XPOVOC

EVIOAWV EVTOAN 1 KUKAoOU

kUKAoL CPU | kUKAOL UVAUNG |, XPOVOG

EVIOAWV EVTIOAN EVTIOAN 1 kOKAou

_apduog
EVTOAWV

kUKAoL CPU | avadopeg, KUKAOL UV NG

EVTIOAN EVTIOAN avadopa

\ 52X

APXLTEKTOVLKN
Tou Instruction
Set

YAomoinon tng
CPU

Texvoloyia Tou
Compiler
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Enidoon twv caches

CPUtime = Instruction count x CPl x Xpovoc 1 kUkAou poAoylou
CPloecution = CPI pe 1davikn pvnun
CPl = CPl ecution + Mem stalls/evtoln

CPUtime = Instruction Count x (CPl .. ion + Mem stalls/evioAn)

X Xpovoc 1 kKUKAou poAoyLou

Mem stalls/evtoAn =
MpoomeAdoelg pvnunc/evtoAny x Miss rate x Miss penalty

CPUtime = ICx (CPl yecution + MNPOOTIEAACELG HVALNG QVOL EVTOAN X
Miss rate x Miss penalty) x Xpovoc 1 kUkAou poAoyLlou

Misses/evtoAr = MNpoomeAAOEL UVAMNG avA EVTOAR X Miss rate

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

execution
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Napadswypa

* ‘Eotw pta CPU Asttoupyel pe poAol 200 MHz (5 ns/cycle) kat cache gvoc
eruunedov.

* CPIexecution = 1.1
 EvtoAéc: 50% arith/logic, 30% load/store, 20% control
* YmoBetoupe cache miss rate = 1.5% kat miss penalty = 50 cycles.

CPI = CPI
Mem Stalls/evtoAr} = Mem accesses /evtoAr) x Miss rate x Miss penalty

+ Mem stalls/evtoAn

execution

Mem accesses /evtoA= 1 + 0.3 = 1.3

LN
Instruction fetch Load/store

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

H daviky CPU xwplc misses eival 2.075/1.1 = 1.88 dopEC ypnyopotepn
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Napadswypa

e XTtO mponyoUuevo napadelypa urtoBETOUE OTL SLMAACLAOVU E TN
ouxvotnta Tou poAoylov ota 400 MHZ. Noco ypnyopoTeEPO Eival TO
Lnxavnuo yla idlo miss rate kot avoAoyia EVToAwy;

Agbopgvou OTL n TaxuTNTa TNG MvANG 6ev aAAAlEL, TO miss penalty
KOTAVOAWVEL TTEPLOOOTEPOUC KUKAouC CPU:

Miss penalty = 50 x 2 = 100 cycles.
CPI= 1.1+ 1.3x.015x100=1.1+1.95= 3.05

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

To veo unxavnpa ivat povo 1.36 popecg TaxUTEPO KoL OXL 2
bOopEC ypNYyopoTEPO AOYW TNCG EMLITAEOV eMIBApuvonC Twv cache misses.

new)

—> CPUs ue ueyaAutepn ouxvotnto poAoylou, EXOUV ITEPLOCOTEPOUC
KUKAouc/cache miss kat ueyaAutepn entBapuvon the UVAUNC 0To
CPI.




2 entineda Cache: L,, L,

CPU
Hit Rate = H,, Hit time = 1 kOkAog
L, Cache (kat®OMov Stall)
L, Cache Hit Rate = H,, Hit time = T, kOkAoL

Main Memory

Penalty Aoyw npoonélaong pvaung, M
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Cache 2 semutedwv

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

execution

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

e [ éva cuotnua pe 2 entimeda cache, xwpic penalty otav ta
dedopeva 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 H2 X T2 + (1-H1)(1-H2)x M

/' ~—

L1 Miss, L2 Hit L1 Miss', L2 Miss: .
NpoonéAaon tng Main Memory
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Entidoon tn¢ 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

N —

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

* CPU pe CPl_ocytion = 1-1 ko cuxvotnta 500 MHZ

* 1.3 memory accesses/evVtoAn.

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

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

* M (Memory access penalty) = 100 k0khot. No BpeBei to CPI.

CPl= CPl cution * Mem Stalls/evtoAn
Xwplc Cache, CPlI =1.1+1.3x100 = 131.1
Me L, Cache, CPI =1.1+1.3x0.05x100= 7.6

Mem Stalls/evtoAr; = Mem accesses/svtoAn x Stalls/access
Stalls/memory access = (1-H1) x H2 xT2 + (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/evtoln 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 eninteda Cache

CPU
Hit Rate = H,, Hit time = 1kUkAog
L1 Cache (kaBSMou Stall)
Hit Rate = H,, Hittime =T, kOkAot
L2 Cache
Hit Rate = H,;, Hit time =T
L3 Cache it Rate = H;, Hit time =T,

Main Memory

Memory access penalty, M
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Enidoon tng L3 Cache

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

execution

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

* [ eva ovotnua pe 3 entimeda cache, xwplic penalty otav ta
dedopeva 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¢ L3 Cache Memory Access Tree (CPU Stalls/Memory Access)

CPU Memory Access

/\

L1 Hit: L1 Miss:
L, Stalls=H1x0=0 % = (1-H1)
(ka®AAov 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

\ 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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Napadswypa L3 Cache

e CPU pe CPIl_cytion = 1.1 ko cuxvotnta 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 kUkAoL)

* Lscache : ota 100 MHZ pe miss rate 1.5%, (T; =5 kUkAot)

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

xwplc Cache, CPlI = 1.1+ 1.3x100=131.1
Me L, Cache, CPI = 1.1+ 1.3x0.05x 100=7.6

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

CPI= CPI

Mem Stalls/evtoAr} = Mem accesses/svtoAn 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 oxéonpue L1, L2 = 1.42/1.24 = 1.15 © © © © Natonal Technical Unversty of Athens
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