Processor-Memory (DRAM) Atadopa enidboong

10000 UProc
60%/yr
1000
)
@
& (00 |
E Processor-Memory
e Performance Gap:
qg 10 (grows 50% / year)
| DRAM

O AN NS NONOONO TANNE N ONOVOOD JdNMMS
00 0000 0000 0000 00D 00 NV A DO DD DT O OO OO
DA O DDA ADDY DD ITITIDD OO T OO OO OO
A A A-d A4 A= T A T oA AdAdd d qd N ANANNAN
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lepapyia pvAUNG

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

‘“O0c0 amopoKkpuUVOHaOTE
arno tn CPU :

Mwkpotepo KOOTOC/Bit
MeyaAUTtepn XwpnTLKOTNTA
MeyaAUTtepoC XpOvog
npooBaonc-kabuotépnon
XapunAotepog pubuo¢
g€odou

Optical Disk or Magnetic Tape

© © © © National Technical University of Athens
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\ Napadswypa lepapyioac MvAune (1e 2 enineda cache) .

MeyaAUtepn Taxvtnta
MeyaAUtepn Xwpntkotnta. —»
Processor
Control Virtual Tertiary
Memory, S
torage
/ Second Main Secondary (Tape)
Datapath °§. (L)er:’:' Cache (DRAM) (Disk)
§ Cache (SRAM)
» L, L,
 \
Taxutnta : 1-5ns 10ns 30ns 50ns 10ms 10sec
MéyebBog : <1KB  <256KB <8MB <4GB >1GB TB
Bandwidth: 150GB/s 50GB/s 25GB/s 4GB/s 10MB/s

© © © © National Technical University of Athens
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To povtéAlo tng lepapxiac MvAaung

C Memory —_—
us
T 2 L Memory I/0 devices
Registers | 4
e
Disk
memory
pnéyebog: 500bytes 64KB 512MMB 100GB
taxutnta : 0,25ns 1ns 100ns 5ms

© © © © National Technical University of Athens
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Napadsiypa lepapxiac LVANG

Digital PWS 600 au - Alpha 21164 CPU — 600MHz

PY Level Capacity Throughput Latency
32 registers Register 512B 24GB/sec 2ns
/ 1000W L1 cache \ L1 cache 8KB 16GB/sec 2ns
/ 12000W L2 cache \ 12cache  96KB  8GB/sec 6ns
/ 0.5MW ext.L3 cache \ 3cache  4MB  888MB/sec 24ns
/ 64MW main memory \ Main Mem 512MB  1GB/sec 112ns
/ 1GW Disk space \
© © © © Nanonal Technical University of Athens
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TUTTLKEC APXLTEKTOVLKEC

* IBM Power 3 (1998): e IBM Power 8 (2014):
e L1 =64 KB, 128-way set associative *4,6,8,10 or 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): ¢ |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 L1 =32KB + 32KB per core
e L2 =256KB per core

e[ 3=4-20MB

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 |2 =96 KB, 6-way associative
e L3 = off chip, size varies © © © © Wanonal Techcal Unorsy of thens
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Matt eivat wpEAun n lepapxia MvAaunge;

e Katd kovova To TPoyPAUOTO TIPOCTIEAQUVOUV EVA LULKPO LOVO HEPOC TOU
ouVOAoU TwV dlevBuvoewv (evtoAec/Sebopéva) KaTd TNV EKTEAESH EVOC
OUYKEKPLUEVOU TUAMATOC TOUC

e AUo0 €idn torkotTnTac SedoUEVWV:

— Temporal Locality: 2Ztolxeio mou €xouv npoodata MPooneNACTEL
Telvouv va poomelalvovtol Eova 0To AUECO LEAAOV

— Spatial locality: Tettovikd otoleia 6ocwv £xouv NON TPOCTIEAQOTEL,
EXouv auénuUevn mBavotnta vo MPooTEAACTOUV 0TO AUECO UEANOV

* H Umapén TomkOTNTAC OTLC aVAPOPEC EVOC TIPOYPAUUATOC, KABLoTA ePLKTA
T duvatoTnTa va LKavorolouvtal n aitnon yio dedopeva ano erninedo
UVAUNG TIOU BPpLOKOVTOAL LEPAPYLKO XVWTEPA

© © © © National Technical University of Athens
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OpoAovia

* block — line - page : n pwkpotepn povada
uetadpopac 6eSOUEVWY HETOED TWV
ETUITEOWV HVNUNG

Lower Level
To Processor | Upper Level Memory
Memory
Blk X

From Processor R . Blk Y

© © © © National Technical University of Athens
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OpoAovia

— hit : to block Bpioketat oe kamola B€on Tou
g&eTalOUEVOU ETUITESOU UVALNG
* hit rate : hits/ouvVOAIKEC TPpOOTIEAATELC LVANG
* hit time : xpovoc¢ npoomnEAaonc Twv SedouEVwY

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

* miss rate : 1 — (hit rate)
* miss penalty : (xpovoc petadopac Twv dedOUEVWY EVOC
block oto cuykekpluevo enimedo pvnung) + (xpovoc
amnoktnonc twv dedopgvwy aro tnv CPU)

— access time : xpovog anoktnong tng 1nc A&éng
— transfer time : xpOvoG AMOKTNONC TWV UTTOAOLTTWV AEEEWV

© © © © National Technical University of Athens
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H Baon tn¢ lepapxiac MvAng

Ou 6lokol TtepLlexouv oAa ta dedopeva

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

H cache meplexel avtiypoda Twv OTOLXELWV TNC
LLVIILNC TTOU €XOUV XpnoLpomotnBet

H pviun meplexet aviiypada Twv oToLXELwY Tou
dlokou mou €xouv xpnotpomotnBet

OOOO

RERNE]

AN AR

< Rz A
6‘.‘& = me
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4 Epwtnoelc yia tic caches

Mou pumopel va tomoBetnBet €va block o eva PnAodtepo enimedo
OTNV LEPAPXLOL UVAKNG;

— TomoB¢tnon block :
» direct-mapped, fully associative, set-associative

Nwc Bplokoupe eva block ota duadopa enineda pvAuNnc;
— Avayvwplon evoc block :
* Tag / Block

Moo amo ta Non vntapyovta block tng cache npeneL va
QVTIKATOOTAOEL 0€ TtEpiMTWON EVOC MISS;

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

Tt ovpBaivel 6tav petafallovpe to mepLexopevo evoc block;
— MnXoviopoi eyypadng :
* write-through n write-back
* write-allocate n no-write-allocate

© © © © National Technical University of Athens
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Opyavwon t™n¢ Cache

TotoOetnon 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 :

ormtovonmnote!

OOOO

*
Qo‘:ﬁi'j:,“
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Opyavwon tn¢ Cache

Fully associative: Direct mapped; Set associative:;
To block 12 To block 12 pnaivet To block 12 pnaivet
UTTalvEL povo oto block 4 (=12 OTOUSATIOTE HECQ OTO
omoudnmote mod 8) set 0 (=12 mod 4)
Ap. D1234567 Ap. 01234567 Ap. ND1234567
Block Block Block

Cache

Set Sel Set Set

o 1 2 3
StevBuvon tou block frame
Ap. Block 111111 1111222222222233
n» 0123456878901 23456789012345678801
MvnAun
Cache pe 8 blocks kat pvAun pe 32 blocks ©/© © © Natona echcl Unversyof hens
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Ta nedia ditevBuvonc

A

®uown AtevBbuvon ( CPU )

v

AleBOuvon tou Block

Block
Offset

Ertihoyn Set

cslab@ntua 2018-2019

Erttloyn
AebopEvwv
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Ta nedia ditevBuvonc

A
v

Puowkn AtevBuvon ( CPU )

Ale00Ouvon tou Block Block
Tag Index Offset

—

Méye0Boc block offset = log2(néye0o¢ block)

Méye0o¢ Index = log2( ZuvoAikog aptBuog blocks/associativity)

MéyeBog tag = néyeBog address - péyeBog index - péyeBog offset

© © © © National Technical University of Athens
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Opyavwon tn¢ Cache : Direct Mapped Cache

KaOe block pnopei va anoBnkevOei povo oe pia Oon :
(6levBuvon block) MOD (Ap. blocks otnv cache)
oto napadeypa pog:  (6tevBuvon block address) MOD (8)

cache
8 cache block frames
A
HANSZ AN
><>< A
(11101) MOD (1000) =101
32 memory
blocks i i AN N
cacheable // // / / \ \\ \\
o ¢ \ Ne Ne
00001 00101 01001 01101 10001 10101 11001 11101
Mvrl]un © © © © National Technical University of Athens
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Napadsiypa : Direct Mapped Cache

Index field
Tag field AlevBuvon (B€on twv bit)
3130 .0 01 312 11 N . ® 1 0

byte
offset
\\ 20 \\ 10
tag index
index valid tag data
0
1
2
> ® [ ]
1024 Blocks
KaOe block = 1 Aéén .
R ’ 1022
MT[OpEL va aTl'.OGT]KEUO'El 1023
232 bytes uvAung £
o( =
data

© © © © Nahonal Technical University of Athen s
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Napadelypa : Direct Mapped Cache

Tag field

AtevBuvon (B€on Twv bit) .
31,..6 15,.4 3210 Indexfleld

4K blocks S T e

’ 16 12 2 offset . R
KaOe block = 4 words tag ) N N N Ertthoyn A€€nc data
index T block offset
16 bits 128 bits
v oo tag A data -
—| @ [ ] p ® p p 4K
gloodol
\\16 \\32 \\32 \\32 \\32
(=
Vi l\
Ep ( Mux )
d 32
N

KaAutepn aélonoinon tng spatial locality

© © © © National Technical University of Athens
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4-Way Set Associative Cache: (MIPS)

AlevBuvon

Tag

++12 11 1098 ...3210

Field  ———p
22 \8\‘\‘\’ Index

Field

Index V Tag Data V. Tag Data V. Tag Data V. Tag Data
0
1
2

— | ¢ ) ] [ ] ) ] p ) ] ® ) )
253
254
255

\\22 \\32

- -

256 sets
1024 block frames v

HIt

é tol multiplexeD

data

© © © © National Technical University of Athens
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Opyavwon tng 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 TagData TagData TagData Tag Data

0

1

8-way set associative (fully associative)

TagData TagData TagData TagData TagData TagData TagData TagData

© © © © National Technical University of Athens
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Napadsiypa opyavwonc cache-ditevBuvorodotnon

* L,cache pe 128 cache block frames

* KaBe block frame mepiexet 4 Ae€eic (16 bytes)
e 16-bit btevBuvoeLlc pvnunc otnv cache
(64Kbytes kUpLa pvpn n 4096 blocks pvnunc)

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

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

OOOO
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Fully Associative Case

Valid | ] e
Zrlt i e J@J (h(:he (With 128 b|0ck3) BLOCK 0
Y TAG LI BLOCK 1
BLOCK 0 Bl
v L BLOCK 1 2 2

Ta 128 tags eAEyyxovtoaul
nopaAAnAa anod to
hardware katd thv

tm block axmy cac < s /X ( (

BLOCK i

data block otnv cache

Vv TAG

BLOCK 4095

BLOCK 127

, . Main Memory
AwevBuvon tou Block = 12bits Block Offset =

- a 1 © © © © Nahonal Technical University of Athens §1 ,
Tag = 12bits 4bits o0 ST
O 8
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Direct Mapped Cache

Valid & SPE P Cache with 128 blocks) + BLOCK 0
bit ' BLOCK 1
NVILTAG | poeko BLOCK 2
VIL TAG | Block1 < <
BLOCK 127
Vv TAG
bLOGKE - “~[BLOCK 128
Modvo éva tag eAéyxetal 1 BLOCK 129
nopAaAAnAa omno 1o
hardware katd tnv <> '<> \> &
Tono0£tnon evog
data block otnv cache BLOCK 255
+ | BLOCK 256
VIL TAG | plock 127 | BLOCK 257
0 0
AebBuvaon tou Block = 12bits Block Offset = BLOCK 4095

Tag - 5bits Index - 7bits 4bits 8800 Nahonal Technical University of Athens o,cg ; 5
o o fLE
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2-Way Set-Associative Cache

Avo tags o€
éva set
eAéyxovtoall
napAaAAnia
oo 1o
hardware
KOTA TNV
tornoBétnon
EVOC
data block
otnv cache

el 6 bits o]
Cache (with 128 blocks)
TAG
set BLOCK, 0
TAG BLOCK 1
TAG BLOCK 3
Set 1
TAG BLOCK 4
=
// )
TAG  |plockizs |y <
Set 63 e
TAG  |gLock 127 G

AwevBuvon tou Block = 12bits

Tag = 6bits Index = 6bits

Block Offset =
4bits

cslab@ntua 2018-2019

BLOCK 0

BLOCK 1

& =

BLOCK 63

BLOCK 64

— BLOCK 65

& &

BLOCK 127

BLOCK 128

| BLOCK 129

o o

~BLOCK 4095

© © © © National Technical University of Athens
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NMpoonéAaon dedopévwy os Direct Mapped Cache

Kupta pvrpn
dlevBuvo TWN TN A€
H CPU koel mpog i uN TG A&nG
avayvwon T €§ng 00000010 a
dlevBuvoelg: 00000014 b
00000018 C
0x00000014 0000001C J
0x00000048 00000040 5
0x0000001C 00000044 f
00000048 g
0x00004014 0000004C h
00004010 i
00004014 J
00004018 k
0000401C I

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

ApXLKA OAeG 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

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000 000000001 0100 (0x00000014)

ipdex valid tag 0x0-3 0x4-7 O0x8-B OxC-F

N oo W N R O
oo ojoo|o o |o

510 0
511 0

Read block 1 : invalid data oto block 1!

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000(000000001 0100

index valid ta{ 0x0-3 0x4-7 Ox8-B OxC-F

}

0 a b C d

N oo i A WDN - O
cJojojojo o |o |~ |O

510 0
511 0

Doptwoe ta {nTovpeva dedopeva otnv cache !

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000 000000001 0100

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

J

0 a b C d

N oo i A WDN - O
cJojojojo o |o |~ |O

510 0
511 0

Encotpede to b (Beon 0100) otnv CPU

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

PN OO DN W N R O

510

Read 0000000000000000000 000000100

1000 (0x00000048)

index W4-7 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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a rEIG
(o)
00 Y Hh
<«CSLab ;
00 2




8KB Direct-mapped cache 4W blocks

Read OOOOOOOOOOOOOOOOOOd’ 000000100 1000

index valid tag/ 0x0-3 Ox4-7 OX8-B OXC-F

N o o W N P O
cJlojojo~ Jo o |~ O
o
(0
—"
oQ
>

510 0
511 0

Doptwoe ta {nTovpeva dedopéva otnv cache kot kave to block valid !

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

Read 0000000000000000000 000000100(1000

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

N OO WN RO
:lololol~lolo |- o
o
™
—h
o
0

510 0
511 0

EncotpePe otnv CPU tnv T g !

© © © © National Technical University of Athens

a rEIG
(o)
00 Y Hh
<«CSLab ;
00 2



8KB Direct-mapped cache 4W blocks

Read 0000000000000000000{000000001 1100 (0x0000001C)
index valid Ox0-3 Ox4-7 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 0
511 0
Read block 1!

© © © © National Technical University of Athens

a rEIG
(o)
00 Y Hh
<«CSLab ;
00 2




8KB Direct-mapped cache 4W blocks

PN OO DN W N R O

510

Read|0000000000000000000|000000001|1100
index valid w(a%)xoa 0x4-7 (M&B\st-F
o | \ /
1 0 a b C d
0
0
1 0 e f g h
0
0
0
0
0

511

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

Read 0000000000000000010{000000001 0100 (0x00004014)

all tag 0x0-3 0x4-7 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 0
511 0
Read block 1!
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8KB Direct-mapped cache 4W blocks

Read

0000000000000000010|000000001 0100

index valid rag/ 0x0-3 0x4-7 0x8-B OxC-F

N o o B WON R O

510
511

o |

1 0 a b o d
0

0

1 0 e f g h
0

0

0

0

0

Valid data aAAd to medio tag dev eival To cwoto 2!=0
Miss : pemnel va avikatoaotaBel to block 1 pe véa debopéva

© © © © National Technical University of Athens
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8KB Direct-mapped cache 4W blocks

Read

0000000000000000010;000000001|0100

index valid },ﬁg/ 0x0-3 OX?ﬂ/ 0x8-B OxC-F

PN OO DN W N R O

510
511

o | |\ \

1 2 i j k

0

0

1 0 e f g h
0

0

0

0

0

DOpTWOE TO CWOTO TEPLEXOMEVO Kal oTELAE TO j otnv CPU
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YroAoylopog tou aplOpov twv bits mou xpetalovtat

MNooa bits cuvoAwka xpetalovtal o€ pia direct-mapped cache pe 64 KBytes data
kat blocks tng 1 Agénc, yia 32-bit StevBUVoELC;

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

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

— fisets = #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 tn¢ cache = #blocks x bits/block = 214 x 49 = 98 Kbytes

Mooa bits cuvoAwka xpetalovtal o€ pio 4-way set associative cache yia tnv
amoBnkevon Twv idlwv dedopevwy;

— Block size kat #blocks dev aAAaleL.

— fisets = #blocks/4 = (214)/4 = 212 => 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 tng cache = #blocks x bits/block = 214 x 51 = 102 Kbytes

Av&non tou associativity => Auénon twv bits tng cache

© © © © National Technical University of Athens
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YroAoylopog tou aplOpov twv bits mou xpetalovtat

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

OTN UVNuUN);

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

— #tsets = #blocks =2 => index size =11 bits

— tag size = address size - index size - offset size=32-11-5= 16 bits
_ bits/block = data bits + tag bits + valid bit =8 x32 + 16 + 1 = 273 bits
— bits in cache = #blocks x bits/block = 211 x 273 = 68.25 Kbytes

e AU&non tou peyebBouc tou block => Melwon twv bits tng cache.

© © © © National Technical University of Athens
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Mnxaviopoi avrikataoctaong evog block tng cache

 Random (tuyaia) — emdoyn evoc tuxaiov block pe faon kamola
Jevdotuyaio akoAouBia
— arAn vAomoinon oto hardware

* LRU (least recently used) — avtikaBiotatol 1o block mou dev €xel
XpnoLpomolnBel yLa mepLocoteEpn wpa
— oaKkpLBn vlomoinon oto hardware
— €lval n TeXVLKN Tou XpnoLlpomoleital cuvnOwc (A mpooeyyioeLg)

* FIFO (first in - first out) - avtikaBlotatal to block mou €xel
eloayOel mpwto otnv cache

© © © © National Technical University of Athens
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Mnxavicpoti eyypadnic os block (oe mepintwon write hit/miss)

e e meplntwon write-hit, yvwotomoteitol n aAloyn otnv KUPLOL VNN ;
val : write-through
o)L : write-back

e e meputtwon write-miss, tontoBeteital to block otnv cache;
val : write-allocate (cuvnOwc¢ pe write-back)
oxL : write-no-allocate (ocuvnBwc¢ pe write-through)

© © © © National Technical University of Athens
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Write Policies: Write-Back & Write-Through

write-back: evnuépwon tn¢ pvAUNG LOVO KATA TNV OIOUAKPUVON
tou block amo tnv cache
* Ol eyYypAPEC MTPOYUATOTIOLOUVTAL LLE TNV TOXUTNTA TNC cache
 dirty bit katd tnv Tpomnomnoinon — avikataotaon Twv “clean” block xwpic
EVNHEPWON TNG LVAHNG
— XopunAo mocooTto misses
— MoAAEg eyypadeg evog block og pia evnuEpwon
write-through: evnuépwon tn¢ pvnung oe kABe eyypadn
* TO KOTWTEPO LEPAPXLKA ETIIIESO TIEPLEXEL TA EYKUPOTEPA OedOpEVA
e gUKOAN VAomoinon (e€aodpalion data coherency)
* AUENMEVN HETAKiVNON OE60UEVWY ITPOC TN VAN

e ouxva xpnotuormoleital Evac write buffer yia amopuyn kaBuoteprioewv
000 EVNUEPWVETOL N LVAUN

© © © © National Technical University of Athens
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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

S ® X
© © © © Nahonal Technical University of Athens ,(‘iff*\% %
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Write-Allocate & Write-no-allocate (otn mepimtwon write-miss)

* Write-allocate: to block evnuepwvetatl otn pvApn kot peta
LeTadEPETAL QMO TN UV otn cache

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

“Allocate” a cache line to store the memory block !

© © © © National Technical University of Athens
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Read hit / miss

* read hit : avayvwon twv 6edopevwy amo tnv cache

* read miss : petadopa oAokAnpou tou block rou
neplexel ta 6edopeva ov avalntape otnv cache kot
oTn ocuveExeLa onwc oto read hit

© © © © National Technical University of Athens
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Write hit / miss

 Write-back & Write-allocate

— write hit:
- Eyypadn twv dedopsvwy otnv cache (povo).
- To block sivat dirty

- H kUpLa pvApn evnUEPWVETOL HOVO Otav amopokpuvBel to block
aro tnv cache

— write miss:
To block:
- Evnuepwvetal otn pvaun
. petadEpeTal otnV cache
- 2Tn OUVEXELA OTtwG oTo write hit

© © © © National Technical University of Athens
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Write hit / miss

* Write-through & write-no-allocate

— write hit:
e Eyypadn twv vEwv dedopEvwy otnv cache
* Evnuepwon tng KUpLaL LVAUNG

— write miss:

e Eyypadn povo otnv KUPLOL LvAKN
e Aev geumAgketal kaBoAou n cache

© © © © National 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;

* Subseqguent writes to the same block, if the block originally caused a miss, will
generate misses all the way and result in very inefficient execution.

© © © © National Technical University of Athens
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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:

* 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.

© © © © National Technical University of Athens
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8KB Direct-mapped cache - 4W blocks write through

Write 0000000000000000000{000000100 0100 (0x00000044) , m

index valid ta Ox4-7 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 |

© © © © National Technical University of Athens

:CSLab




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

Write|0000000000000000000;000000100|0100

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

i j k

O —gT O
——

N o o A WN - O
ol loh (o |l [« (e |1} (e

510 0
511 0

Valid data - cwoto tag — eyypadn oto nedio 0100 tnc cache kal evnuépwon NG
KUpLag puvnung !
© © © © Nahonal Technical University of Athens
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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 ]1]110 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
511 ]| O 0
Read block 4 !

© © © © National Technical University of Athens
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8KB Direct-mapped cache - 4W blocks write back

Write (0000000000000000000 000000100/010G

Ind. V dirty tag/ 0x0-3 ov/ 0x8-B OxC-F

olofo]| |
1 [1]o 2 | j k
2 oo
3 (o ]o \ \
4 1)1 0 e m g h
5 [o]o
6 [o]o
7 1o o
510 0 | o
s11 {0 | o

Valid data - cwoto tag — eyypadn oto nedio 0100 tn¢ cache kol evnUEPWON TOU
dirty bit !

© © © © National Technical University of Athens
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8KB Direct-mapped cache - 4W blocks write back

Read 0000000000000000100 |OOOOOOlOC 1100 (0x0000804C)

tag 0x0-3 0x4-7 O0x3-B OxC-F

(ol ol ol |l (o} [} (o} (o)

0O ]O0
1 1
2 0
3 0
4 1
5 0
6 10
7 0

51010 1 O
51110} O

Read block 4 !




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

Read p0O00000000000000100,000000100 1100

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

!

olo]o
111]o
2 0 0 : | L [
3 |lo]o r
4 111 L
s oo . . m o .
6 oo
7 1lo]o
s10] 0 | o |
s11] 0 | o

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

To dirty bit eivat 1 : Evnuepwvetat n pvipn (0x00000040-0x0000004F) kot om
ouvexela poptwvetal n cwotr dtevBuvon 5000 vt retmat s o /ORE
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8KB Direct-mapped cache - 4W blocks write back

Read pPOO0000000000000100/000000100 1100

Ind. V dirty tg\, 0x0-3 Ox4-7 Ox8-B xC-F

0 0 0
1 |111]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 O 0

Qoptwvetal n owotr dltevBuvon - evnuepwvovtal ta nedia tag - dirty
Emtotpedetal n tun r otn CPU

© © © © National Technical University of Athens
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Cache Associativity

15% —— — —— — -

12%

9%

Miss rate

6%

3%

0% 1 1 1 I
One-way Two-way Four-way Eight-way

Associativity m 1 KB <* 16 KB
m 2 KB < 32 KB

, 4 KB = 64 KB
Mapotipnon : -
patnpnon e 8 KB = 128 KB

Mua 4-way cache €xeL oxebov to i6Lo hit rate
He pa direct-mapped cache Suthdcoiou peyéBoug © © © © Nohonal Techmcal Unersty of Athens
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MéeyeBoc twv Cache Blocks

tag data (xwpog yia peyaAo block)

e e peyala cache blocks emwdelovpaote amno tnv spatial
locality.

e ALyOTEPOC XWPOC amatteital yia tag (pe Sedopevn
XwpnTLKOTNTA TNCG cache)

* YrniepBoAka peyaio peyeboc block omataAdel to Ywpo tng
cache

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

Evoc KAAOC oXeOLAOUOC OTTOLTEL OU uBLBaouo(Jq!

© © © © National Technical University of Athen
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Méeye0oc¢ Block kat Miss Rate

40%

35%

30%

25%

20%

Miss rate

15%

10% \ ——————————————————————————

-

e - 4
‘_

0% L—! = < 4

4 16 64 256
Block size (bytes) m 1 KB
¢ 8 KB
Kavovag : to peyebog tou block ® 16 KB
TPETIEL VAL ELVALL LLKPOTEPO ATIO TNV # 64 KB
TETPAYWVLKN plla Tou peyEBoUC TNG ¢ 256 KB
cache.

© © © © National Technical University of Athens
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Miss Rates

e Caches dladopetikol peyeBouc, Associativity & aAyopiBuouc
avtikataotaonc block

Associativity: 2-way 4-way 8-way

MéyeBoc¢ 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%
© © © © Hehors Tt Sty of s
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Enidoon twv erunedwv pvAung (performance)

* LLEOOC XpOVOC TtpooTtieAaong Twv 6EOOUEVWVY
(access time)

t =t 4+ miss rate -t

avg hit miss  penalty

OOOO

b
¢?‘:‘1E'NE,T
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Cache : evommownnévn N oxL;

* Evomolnpuevn yla evtoAec ko 6edopeva (unified)
— MIKPOTEPO KATAOKEUOOTLKO KOOTOC

— KaAUtepo LoolUyLopa TOU XWPOoU Ttou KataAopBavetal
aro evtoAEc/dedopéva

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

* AUo dLadopeTikec caches yla evtoAec kat dedopeva
(data cache & instruction cache)
— 2-1tAdoLo eVpoc LwvNne
— oyt conflict misses

© © © © National Technical University of Athens
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Napadsypa

e JeTola TEPLTTWON €XOUUE KAAUTEPN emidoon;

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

YrtoB£toupe O0TL 10 36% TwV EVIOAWV €ival eVTOAEC avadopac oTn UVAUN
(load/store).

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

Xpnowuornoleiote ta dedopéva tou akoAouBou mivaka (avadepovtat os 1000
EVTOAEC):

Instr.cache data cache unified cache
16KB 3.82 40.9 51.0
32KB 1.36 38.4 43.3
© © © © National Technical University of Athens
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Napadsypa (cuvexewa...)

misses

° /\ !
vuon miss rate =
mem  accesses

3.82 ‘
= 0.0038

miss  rate =

16 KB instr cache 1000
10 9 ' 74%-0.0038 + 26%-0.114 = 0.0324

miSS rate 16 KB data cache = = 0.114
360 /

43 .3

miss  rate = 0.0318

32 KB unif cache

1000 + 360

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

© © © © National Technical University of Athens

00
@
cslab@ntua 2018-2019 08@ SLab



Napadswypa (cuvexewa...)

* AlUon
t =t +t  =74%(1+0.004 -100 )+ 26 % (1+ 0.114 -100 )
avg instr data
= 4.26
t =2+0.038 -100 = 5.18

avg

LEooC xpovoc/access (instr+data cache) < pecoc xpovoc/access (unified cache)

© © © © National Technical University of Athens
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Enidoon twv caches

Mo CPU pe éva povo emninedo (L1) cache kat kaBoAou kaBuotepnon otav €xoupe cache
hit:
L Me bavikn pvipun
Xpovoc CPU = (kukAol poAoylou katd tn Aettoupyia tng CPU + kUKAoL poAoyloU Aoyw
KaBuotEpnong amno npoomnelaon TS uvnung(Mem stalls))
X xpovoc 1 kukAou poAoylou

Mem stalls =
(AvoyvwoeLg X miss rate avayvwoewVv X miss penalty avayvwoswv) +
(Eyypadec x miss rate eyypadwv x miss penalty eyypadpwv)

Av ta miss penalties Twv avayvwoswv Kol Twv eyypadwv ival idla:
Vem stalls = NpoomeAdoelc pvApune x Miss rate x Miss penalty

© © © © National Technical University of Athens
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XpOvocC eKTEAEONC

Xpovog  aplbuog ) KUKAOL ) XPOVOC

EKTEAEONC  EVIOAWV EVTOAN 1 kOKAou

aplOuog | | _kUkAOLCPU  KUKAOLUVAUNG |, XPOVOG
EVIOAWV EVTOAN EVTOAN 1 kKUKAou

_opBpog |, | kukhot CPU | avadopeg, KUKAOL UvAUNG ||, XPOVOG
EVTIOAWV EVTIOAN EVTIOAN avadopad 1 KUKAoU

\ 52X

AleTEKTOVl,Kn TexvoAoyia Tou YAoroinon tng |E[?OLp)(LOL
TOU Instruction : Mvnung kat
Compiler CPU

Set Cache

© © © © National Technical University of Athens
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Enidoon twv caches

CPUtime = Instruction count x CPl x Xpovoc 1 kUkAou poAoyLoU
CPI = CPl pe wdbavikn pvAun

execution

CPl= CPI + Mem stalls/evtoAn

execution

CPUtime = Instruction Countx (CPl_ ..o, * Mem stalls/evtoAn)

X xpovog 1 kUkAou poAoylou

Mem stalls/evtoAn =
Mpoomelaocelc pvnunc/evioAn x Miss rate x Miss penalty

CPUtime = IC X (CPl eeution + MNPOOTIEAACELG UVALNG VA EVTOAN) X
Miss rate x Miss penalty) x Xpovoc 1 kbkAou poAoyLou

Misses/evtoAr = NpoomeA\AOELC LVAMNG ava evTOAN X Miss rate

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

X Xpovocg 1 kUkAou poAoylov(C)

execution

© © © © Natonal Technical University of Athens S N\SA
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Napadsypa

* ‘Eotw pio CPU Asttoupyel pe poAdL 200 MHz (5 ns/cycle) kat cache evog
emumedou.

* CPIexecution =11
 EvtoAéc: 50% arith/logic, 30% load/store, 20% control
* YnoBEtoupue cache miss rate = 1.5% kot miss penalty = 50 cycles.

CPl = CPI + Mem stalls/evtoAn

execution

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

Mem accesses /evtoAn=1 + 0.3 = 1.3
N

Instruction fetch Load/store

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

H davikry CPU xwplic misses eival 2.075/1.1 = 1.88 dbopec ypnyopotepn

© © © © National Technical University of Athens
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Napadsypa

e 2TO IpOoNyouueEVO TapAdeLypa UTTOBETOUUE OTL SUTAACLALOUE TN
ouxvoTNnTa Tou poAoylou ota 400 MHZ. Mooo ypnyopoTePO €ival TO
unxavnua ywa (dto miss rate kot avadoyio eVvtoAwy;

Agbopgvou OtL n TaxvTNTa TS MVAUNG 6ev aAAAleL, TO miss penalty
KOTAVOAWVEL TtepLlocotepouc KUkAouc CPU:

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

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

To vEo pnxavnua eivat povo 1.36 popeg kat oxt 2 dopeC TaXUTEPO AOYW
NG erumA€ov erBapuvong Twv cache misses.

new)

—> CPUs ue peyaAutepn ouxvotnta poAoyLou, EXouV TEPLOCOTEPOUC
KUKkAouc/cache miss kat ueyaAutepn entBapuvon tn¢ UviuUnG oto
CPI.
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2 entineda Cache: L, L,

CPU
Hit Rate = H;, Hit time = 1 kUkAog
L, Cache (kaBGAou Stall)
L, Cache Hit Rate = H,, Hit time = T, kOkAoL

Main Memory

Penalty AOyw npoonéAaong pvAapng, M

© © © © National Technical University of Athens
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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, 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) xH2xT2 + (1-H1)(1-H2)xM

/' ~—

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

cslab@ntua 2018-2019




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

© © © © National Technical University of Athens
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Napadeypa L2 Cache

* CPU pe CPIlocution = 1.1 Kkat 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 BpeBet to CPI.

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

Mem Stalls/evtoAr) = Mem accesses/evtoAn 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+ 0.32 =1.42
Speedup = 7-6/1-42 = 5-35 © © © © Natonal Technical University of Athens
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3 eninteda Cache

CPU
Hit Rate = H,, Hit time = 1kUkAog
L1 Cache (ka@oAov Stall)
Hit Rate = H,, Hit time =T, kUKAoL
L2 Cache
L3 Cache Hit Rate = H;, Hit time =T,

Main Memory

Memory access penalty, M

© © © © National Technical University of Athens
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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

* [wa eva ovotnua pe 3 entimeda cache, Ywpic penalty otav ta
dedoueva Bpebouv otnv L, cache:

Stalls/memory access =
[miss rate L,] x [ Hitrate 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@0Aovu Stall) /\
1 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

© © © © National Technical University of Athens
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Napadewypa L3 Cache

* CPU pe CPl cution = 1.1 Kaw ouxvotnta 500 MHZ

e 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)

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

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

Xwpic Cache, CPl = 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/evtoAr) 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+0.05x0.03 x0.015 x 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 ne L1, L2 = 1.42/1.24 = 1.15 ©© O O Natonal Technal Uarorsty of Athens
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