)09“*0[5 CSILM YY)
|—]]—o] 0

O § ) csaula

Cllig Sed sSuio)s
FaolS 9 cBp csmwlen csaxSuiil
Lap e

59Uj) csogean 202
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Direct mapped Set associative Fully associative
Block# 01234567 Set# 0 1 2 3
Data Data Data
1 1 1
Ta Ta
Tag 5 91 1o 9 2

e sox TTTTTTT]

(Block address) modulo (# Sets in cache)

Set Associative .
P

PeunlS csjloxn




Four-Way Set Associative Cache

| S
st30 ... 13121 ... 210 s Byteoffset
I
Tag +22 ~+s
Index
ndex V Tag Data V Tag Data V Tag Data V Tag Data

0 0 0 0

1 \Aldh . N 1 vAzb 1 1 Ak, D 1 Ak,

2 \'A'/ y |\ 2 V'A'/ y 4L 2 \'A'/ y y4 2 \'A'/ y J
253 253 253 253
254 254 254 254
255 255 255 255

L|j U

oo
Y

|
——_4x1 select T

i Hit Data w
FeuolS csjlaxo Mary Jane Irwin ( www.cse.psu.eau/~myjl )
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I+ 0130 (€ W ) (35l Sloogud els3
Cuils way set associative

One-way set associative

(direct mapped)
Block Tag Data

0

] Two-way set associative
5 Set Tag Data Tag Data
3 0

4 1

5 2

6 3

7

Four-way set associative

Set Tag Data Tag Data Tag Data Tag Data
0

1

Eight-way set associative (fully associative)

Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data

PeunlS csjloxn



@ CSlp
I igae G| U}/“ /6o
Tag | In'dex Blockloffset Byte|offset
~ ° ° .o
- . — > | el 0

. :I CJ"@O)/‘—;’
(o @ }47

0
PonlS csjloxn Mary Jane Irwin ( www.cse.psu.edu/~imjl)
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e 01 2 3 4 3 4 15
0 miss 1 miss 2 miss 3 miss
00 | Mem(0) 00 |Mem(0) 00 | Mem(0) 00 | Mem(0)
00 |Mem(1) 00 | Mem(1) 00 | Mem(1)
00 | Mem(2) 00 | Mem(2)
00 | Mem(3)
4 MISS 3 hit 4 hit 15 miss

0] 4

00 | Mem(0) 01 | Mem(4) 01 | Mem(4) 01 | Mem(4)
00 | Mem(1) 00 | Mem(1) 00 | Mem(1) 00 | Mem(1)
00 | Mem(2) 00 | Mem(2) 00 | Mem(2) 00 | Mem(2)
00 | Mem(3) 00 | Mem(3) 00 | Mem(3) 11 20 Mem(3) |

).)9.1.1.0[5 cs)lox=o
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:Cuw) 0og)s J3) balyls b oled sabsls Sy
— 4K blocks, 4-word block size, 32 bit address
S35 Olws Py Sls sl 1) Qs Job § bacgass slsas ©
WS (56193 (SHIDI Olgd SABSLS (Ealtus CUbISS —
GAuws @ Jol5 Sl sahbdls g (S50l Ylga (Shabl oled

22)91
16(=24) byte per block

I092(4K) 12
,w)o,o om_o /O”" CJ,J (o.cm_o c,u(e//) (aC/;b)l,tzJ

28-12=16

SoualS csjlozn A2y CS@cw ) )l

32-4=28 211 CHC Cf/ﬂCS/v




(...a0)5)) o =—

Owc, CSwcw )liv C/l/u.,l C'j(o/) Q_z/ol 0
. C0U g5 Q_z/.olC/L_g/uG(a:ow/nmb Q_a:@
(9> e gareo 2K Q}‘J})OU,/U./,O,/UOJ/U‘U

28-log2(2K)=17
2-way associative

28-log2(1K)=18
4-way associative

28
fully associative

PouolS csjloso



for( 1=0; 1i<N; 1++ )
for( j=0; j<N; j++ )
for( k=0; k<N; k++ )
c[i][j] += alil[k] * b[KI[j];

A B

T

pg.wbls cs)lox=o

real

user

sys

real

user

sys

Jio=—

O0m10.688s
Om10.581s
0OmO0.068s

0m5.730s
Omb5.668s
OmO0.052s

C

T

I saew (s T saslyl



Multilevel Caches . : .

(2o33)sp @ Jwds ol slaakbsls °
il @3pw Houy Lol «Sag5 —
(levlel 2 cache) p abuws plgd sabsls

30805 o3y | abuw )lgd sABds )y a5 (I )> —
30 30104 ¢SAWL abuw 3] iBbS
sl ) Jlb yo )y 9 il I35 L) PGy —
33w 33w (o)
A ) osld 3913 (_sgimub (;20) 50.]&9(5 .
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;) 0809)s ) OboANs b (aTmaw °
— CPU base CPI = 1, clock rate = 4GHz

— Miss rate/instruction = 2%
— Main memory access time = 100ns

oslalw) Plgd sabsla abuw Ay i) a5 3y ) ©
Jo\\w

Miss penalty = 100ns/0.25ns = 400 cycles

Effective CPI=1+0.02x400=9 e

FouolS csjloso



(..an)s)) cJln =—

L olgs sdsls Y5y pbus Sy 03081 L
:1) O boANS

— Access time = 5ns
— Global miss rate to main memory = 0.5%

Penalty = 5ns/0.25ns = 20 cycles
CPI=1+0.02 x 20 + 0.005 x 400 = 3.4

Performance ratio = 9/3.4 = 2.6

Total CPI= Base CPI+ Primary stalls per instrurtinn

_|_
PouolS csjloso Secondary stalls per instruction
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| abuw ol sabsls
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)c_?&.'@b c5w§)bp? 9 ) Q')LQ cscdo'.éb-—

Intel P4 AMD Opteron
L1 organization | Split I$ and D$ Split I$ and D$
L1 cache size 8KB for D$, 96KB for 64KB for each of I$ and D$
trace cache (~19$)
L1 block size 64 bytes 64 bytes
L1 associativity 4-way set assoc. 2-way set assoc.
L1 replacement |~ LRU LRU
L1 write policy write-through write-back
L2 organization Unified Unified
L2 cache size 512KB 1024KB (1MB)
L2 block size 128 bytes 64 bytes
L2 associativity 8-way set assoc. 16-way set assoc.
L2 replacement |~LRU ~LRU
L2 write policy write-back write-back

PounlS csjloxo Mary Jane Irwin ( www.cse.psu.edu/~myji)
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Intel Nehalem

AMD Barcelona

L1 cache
organization & size

Split I$ and D$; 32KB for
each per core; 64B blocks

Split I$ and D$; 64KB for
each per core; 64B blocks

L1 associativity

4-way (1), 8-way (D) set
assoc.; ~LRU replacement

2-way set assoc.; LRU
replacement

L1 write policy

write-back, write-allocate

write-back, write-allocate

L2 cache
organization & size

Unified; 256MB (0.25MB)
per core; 64B blocks

Unified; 512KB (0.5MB) per
core; 64B blocks

L2 associativity

8-way set assoc.; ~LRU

16-way set assoc.; ~LRU

L2 write policy

write-back

write-back

L2 write policy

write-back, write-allocate

write-back, write-allocate

L3 cache
organization & size

Unified; 8192KB (8MB)
shared by cores; 64B blocks

Unified; 2048KB (2MB)
shared by cores; 64B blocks

L3 associativity

16-way set assoc.

32-way set assoc.; evict block
shared by fewest cores

L3 write policy

pwb cs)lox=o

write-back, write-allocate

Mary Jane Irwin ( www.cse.psu.eau/~mji )

write-back; write-allocate

10
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;) g8g)e ) Obaas b olg) sabsla 3y °

sl )lgo (e Soly (50)1a31 —
16KB plg) (sabsla (sojladl —

1-bit Read/Write —

32-bit address —»

olgiabsls
&

+—>

—>

32-bit data —> SIS UNIS D
32-bit data <« 0Ol el &

1-bit Ready <«

<r

pg.wblS cs)lox=o

NG csaldla s =—

Write back —

@abls Cun(ss —

1-bit Read/Wri
;o) sabala
32-bit address

128-bit data
128-bit data

1-bit Ready

1%

Mary Jane Irwin ( www.cse.psu.eau/~mji )
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Cache Hit
Mark Cache Ready

Compare Tag
If Valid && Hit
Set Valid, Set Tag,
If Write set Dirty

Valid CPU request

Cache Miss

i Old block is

ache Mis )
Dirty

Old block i
clean

Write Back
Write old block
to memory

Allocate
Read new block

Memory Read
from memory / Y/

IV
FeuolS sz Mary Jane Ilrwin ( www.cse.psu.edu/~mjl )
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c<)aing 22 c_;LQa.)i)'bp: 1 AlQ csadla =—

Read X Read X

Core 1 Core 2
Wiite 1 to X

L1/$ | L1ID$ L1/ |L

x=1 X=0

X=1
Unified (shared) L2

Q

______________________________________________________

cache coherence proble

1A
FeuolS csjlawo Mary Jane Ilrwin ( www.cse.psu.edu/~mjl )
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Processor Devices

Control Memory Input I
Datapath Output I

urep

9yden L L

KAowapy

(ds1a)
Aiowa\
Aiepuodeg

19
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Virtual Memory 3
csjlan csalbly =—

sabsla slp 1y ol sAbBsls siils (0D (o) sabsls
25,8 By) (ol

Joolcalmam g 233j13) bangd Slie G)g0 @) g1 Capses —

| SR (0 O)g0

on 1) Abdls el g H15 $slaigs @ lg3ge ol Gas b
LCUB13S bl @ asby o

SHls a5 335 ol )y alaasbyp o) GBS @ O30
Allwe (s sahsls eas il guy (608

)00 (5L Cilggw by absls )s asby ¢5)15)0
SPI(0
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(3045 J30.605 ple) )s aslby yo @ @8lg )s °
0,0 03y olodal

11 @ Silas guysl asby shal elSis )s
V/rtuafgff%;ZZslspace.)gmw W)S (,j_l)_lg

N
PN
N

main memory

Program 2
/ address spgeé
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§ 033)3) 5)Ean b u)sT Saan)s
AP0 O)o Jole e

A0 o) (sabsla )y asly a5 (Ty0 )y ©
A3 By «page fault

Virtual Adadress (VA )
31 30 12 11 Co 0
Virtual page number Page offset
Translation
Physical page number Page offset
29 C . 12 11

Physical Address (PA )
FenlS csjlozs
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Virtual page # _ Offset (MJJD Q}D)JJ CSW}J'_

Physical page # |
g Offset
3 .
0 Physical page
E} V'  base adadr - —
. —
3 1 //"
I 1 ”
%3 » 7 — §
o
N 1
Q 7 o— A
0 — 1>
7 — Main memory
0 e =
1 o«
0 — \\>
Page Table \\>
(In main memory) b— ’
Disk storage
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(..a0))) cwp) csana S =—

VA PA miss _

CPU UL Cache Main
lation Memory

hit —I
data !

28 Ol addsls @ (b3ws Jac Olbws (31 G °
b solgd pols) @

NSols Gy 038)5 Y43 ) g )}dlrdm SaS L ¢
30,0 )by Jas o)

FoualS csjloso Translation Lookaside Buffer
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Virtual page # Physical page
V__ Tag base addr
1 e
1 <\
1 \\
! A\
1 ANV
D TLB
o Physical page
5 V  base addr
CTJ 211 o~
o 1 — —_|
i 1 =
3 11 ]
= o
© 1
o = pe——
O .\/
L o 7 Main memory
1
O .\ \\;

Page Table \\» 2T

) (in physical memory) 4 »
PomolsS cs Loz Disk storage
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