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Time (in clock cycles) >
CC1 CC2 CC3 CC4 CC5 CCe6 CcC7 CCs8 CC9

Program
execution
order

(in instructions)

Iw $10, 20($1)

sub $11, $2, $3

add $12, $3, $4

lw $13, 24($1)

add $14, $5, $6
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Program
execution
order

(in instructions)

Iw $10, 20($1)
sub $11, $2, $3
add $12, $3, $4
Iw $13, 24($1)

add $14, $5, $6
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B)lais (Sogun

Time (in clock cycles)

CC1 CcC2 CC3 CC4 CC5 CCe6 CC7 CCS8 CC9
Instruction | Instruction Exacution Data Write back
fetch decode access
Instruction | Instruction Execution Data Write back
fetch decode access
Instruction | Instruction Execution Data Write back
fetch decode access
Instruction | Instruction . Data .
fetch j— Execution . Write back
Instruction | Instruction . Data ,
fetch decode Execution access Write back
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JSaw Ay )y alg) ba Clls

add $14, $5, $6 | Iw $13, 24 ($1) | add $12, $3, $4 | sub $11, $2, §3 | Iw $10, 20($1) |
Instruction fetch | Instruction decode | Execution | Memory |  Write-back |
IF/ID ID/EX EX/MEM MEM/WB
i |
Add >
4
.
—»-| Address Read S
< i ea ~
% register 1 et
= Read -
Instruction E register2 A
—r R ead
memory Wite egisters E‘:t‘:dg ~ Address data - ——— OM
© | register Data u
Wit X
= dE[tla e memory 1
_ | Write
~ | data
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PCSrc
IF/ID ID/EX EX/MEM MEM/WB
Add - - > \
4 AddA9d ~
Shift result Branch
left 2 I_D_
0 RegWrite
M 1
u PC &—[Address & _|Read :
x g ™ register 1 Read > MemWrite
{ g data 1 1
@ ~ Fte:;mlt » ALUSTC Zero MemtoReg
Instruction — register < Add a1y Read
memory g i _ | Write Reglsmmﬂead - =g - >|Adaress gatE ™
register data 2 Data
—»-| Write memory
data L
_ | Write
: o data
Instruction I
(15-0) 16 [ gjgn. | 32 6 [ A T >
| extend "\ control MemRead
Instruction
(20-16)
= 0 ) ALUOPp
M - ~—
Instruction ,"('
(15-11) 1
- —
RegDst
b ad R
E)
re) L
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< " Branch, MemRead, MemWkite
Instruction Control M “|wB L
IF/ID / ID/EX EX/MEM MEM/WB W
S G (W i = MemtoReg, RegWrite D
2 b ) daa,/./ RegDst, ALUOp, ALUSrc — &V
_ (5

&
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PCSre
ID/EX
Wb LEX;MEM
Control M we | MEMWE
> EX M WB [~
IFND
Add - > ~ \I
4 Add A4
Shift ==l Branch
pe left 2 L]
S ALUSrc :>__
[=)]
S —
Gl = £
M = g
u PC Address 5 »|Read ; Flead E <
3 E el data 1 e > \ = 5
g ~ Re:_adl ) Zero — =
Instruction _ = AR ALU o1y Read
memory Write Registers gooq _ — resutt [T »| Address data [T1 (0
L= register data 2 M D "
u ata u
Write x i
Wit &l memory 1
_ Write
- 7| data
Instruction
[15-0) 1? _ | Sign- 32 "\5_ ALU
| extend * | control MemRead
Instruction
[20-16] . ALUOp
M -
Instruction u
[15-11] 1)(
L RegDst — -
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sub $2, $1,%$3
and $12,%$2,%5
or $13,%$6,%2

add $14.,%2,%2
sw  $15,100($2)
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Time (in clock cycles) >
Value of CC 1 cC2 CC3 CC4 CC5 CC6 CC7 CcC8 CC9

register $2: 10 10 10 10 1020 -20  -20 20 20
Program
execution - = . . = < .
order Db Chlw Cr v Az )0 (I [y G Ay C’b/év’/é‘A
(in instructions) =
1= I
sub$2,$1,$3  |IM lReg :D

and $12, $2, $5 IM | —E:F;ei

Ll

or $13. $6, $2 M F=Ré

i —1
add $14, $2,$2 IM —dLFieI A M e

} sw$15, 100(52) MH FeRe :>~ DM (HReg
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D3y Ohyblas ) (o) Slp o a3y anpls °
Gl Jlgals (5)Enl) 1y 3Buw)d gy
ool Bgds O Bw)dui 3y eusled aslsl )y —

3)3 eaolod wyp 1) (Do (@35 (Ssbw (Sl -30b¢,0
S0, g3 EX (salays )s asly a5

ID/EX.RegisterRs

CI o o CIE oo’ CS o™
I Ay 55 ID/EX <ot p

Say)ls )i Ol oIs5 )3 ALU (slosiglac ®

ID/EX. RegisterRs, ID/EX.RegisterRt
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3D (-0 (59) V) 3)19.6 )y adly (so)blas °

la. EX/MEM.RegisterRd = ID/EX.RegisterRs
Ib. EX/MEM.RegisterRd = ID/EX.RegisterRt
2a. MEMYWB.RegisterRd = ID/EX.RegisterRs
2b. MEMYWB. RegisterRd = ID/EX.RegisterRt

$2, $1,83
ara || $12, %2, %5
1@ $13,%6, 52

$14,%2, %2
$15,100($2)
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Lobs slgias samlis b Plg3s (RIpby
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PILRPIRY AR, [X/MEM.RegisterRd = ID/EX.RegisterRs=3$2
and $12,° .85

QYA alwgi U )3 ALU (8943 JIrdo (sloLa)giws (saas )
S A lgdJ Cuw)s 3)lgo (saas )3 )(Eol) o] TP A

@ byiro (IS (slo 3w jl oloig-0 s ol jl )15l (siy
30.ad 03liiw] ay) hi (slo Sl )y o opus3 WEB

EX/MEM.RegWrite, MEM/WB. RegWrite
Jodws (U snds glyic @y 6w (so)lal O a3 (T)e0 )3 JLisas

AT s50ls H3lwps iy jl A0 bl o3ub 03 Tw]

) EX/MEM. RegisterRd = O, P
PROO cg) MEM/WB. RegisterRd = O
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Time (in clock cycles) >
CE1 CC2 C€C3 CC4 <C€CC5 CCBs CC7 C€C8 CC9
Value of register $2: 10 10 10 10 10/~20 =20 -20 -20 -20
Value of EX/MEM: X X X -20 X X X X X
Value of MEM/WB: X X X X -20 X X X X

Program
execution
order

(in instructions)

sub $2, $1, $3

and $12, $2, $5

or $13, $6, $2

add $14,52, $2

sw $15, 100(52)




forwarding unit

ID/EX

(- a0)0)) 50)5 Clwd i s =—

EX/MEM MEM/WB

AR

Registers

Yy v
xc=s )
y

Y

{ ForwardA
> ALU | —

Y

Rs

Rt

Rt

Data .

r memory

EX/MEM.RegisterRd

Y
A

Y
Y

r xc=)

ForwardB

-
\

Rd

Yy
(xes )

mj MEM/WB.RegisterRd

:l. unit |

b. With forwarding
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Registers

(cea)s)) 230 ol ¢y

EX/MEM MEM/WB

ALU—~

ForwardB

e

§;|§|E

Gez) (xe=)
:

Data - I
memory

EX/MEM.RegisterRd

— [T

1Forwardl'ng ~<—— | MEM/WB.RegisterRd

unit
e

b. With forwarding

| Muxcontrol | Sowce | Exlamation

|

ForwardA = 00 ID/EX The first ALU operand comes from the register file.

ForwardA = 10 EX/MEM The first ALU operand is forwarded from the prior ALU result.

ForwardA = 01 MEM/WB The first ALU operand is forwarded from data memory or an earlier
ALU result.

ForwardB = 00 ID/EX The second ALU operand comes from the register file.

ForwardB = 10 EX/MEM The second ALU operand is forwarded from the prior ALU result.

ForwardB = 01 MEM/WB The second ALU operand is forwarded from data memory or an
earlier ALU result.
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« EX hazard

— if (EX/IMEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
ForwardA = 10

— if (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
ForwardB = 10

 MEM hazard

— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))

ForwardA = 01
— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ol
ForwardB = 01 ‘bjgb

i pad . E Z | "o
Cp o A E 2 DD P (a0 of= ] CSpp ] 155
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03,0 A) 0)blas £ 9y yo aslp azks ol )y °

ID/EX EX/MEM MEM/WB
p— . — -
— M
— — Ll
add $1,51,$2 B
b b e Y.
Reglsters 4 Forward A ALU—
dd $1,51,$3 allmi
™ M Data
a— bJ bJ Y memory | @
“’\._J
4
add $ I $ I $4, F0r\l.'.'ardB
b bJ _|
':_s_ /ﬂ EEEEE .RegisterRd
Rd u
— X Y~ o
J { F“""‘uif'”g }=—| MEMWB RegisterRd
. e

= Do w0l Cuy Sl V6 ol p
o aviw MEM Cspoio p_spppo CSalpard p

@dosy MEM (sopblio ) ¢ Thuci sab oolpls © - RS
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 MEM hazard

— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))
ForwardA = 01

— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
ForwardB = 01
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Instruction
memory

Control ’—t

EX/MEM

IF/ID

— QD

[ Instruction
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Registers

ALU

MEM/WB
WBI

Y

Data
memory

IF/ID.RegisterRs Rs
IF/ID.RegisterRt |  [Rt
IF/ID-RegisterRt__|  [Rt] .
IF/ID.RegisterRd__|  |Rd .

= ) ~ xc= ’—'(ﬁi)

Y

Y

Y

P
-

EX/MEM.RegisterRd

(Lc

T\

unit

|

MEM/WB.RegisterRd

)=

®xec=s

et ok Coo oy ALU s 00 TSy eI St oo cME ot




(cean)s)) caoln e s by b =—

ID/EX EX/MEM MEM/WB
"Im
o - U
X
o
Registers A
' | ALUSrc >
. =/—\ ALU —
M
1y / Data .
X memory
[ 2 o
A > P —
:"m -
)L

,/ B -“\\
»| Forwarding \—-
> unit -

\\..._ _..//'
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if at first you don’t succeed, redefine success
= 9 ol iy =—

Time (in clock cycles) >~
CC1 CC2 CC3 CC4 CC5s CCe6 CC7 CCs CCo

Program

execution
qrd_er _ —
(in instructions) _

Iw $2, 20($1) IM Reg :D—

and $4, $2, $5 M |H FReg TEe_gi
-1
or $8, $2, $6 IM — i[ DM — —Eeg:
add $9, $4, 52 _} o s

r— N -1
slt $1, $6, $7 IM [ 9Reg _> DM Reg! -

(U bl Carbiile lprs CLE o Cas oy Cofpil Ctfods
PeunlS csjloxn



Hazard detection

5')//)/}4&19/4(0///;)/99(;9/ (45/4/-/ B}b L:LO Q)Mﬂ) 2 J9 B

QW0 (N335 Jaadlygiws aS s@ia 1D ys °
30,0 (;)) d)blas £odg
Jd ) sosls j axlatwl )y JOs plgic @ e
S0
sola IF/ID.RegisterRs, IF/ID.RegisterRt —
A0, ALU siglac slacbl (so)lois

ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID.RegisterRs) or
(ID/EX.RegisterRt = IF/ID.RegisterRt))




—la S o))y =—

30,0 Ayl b 3)lg (nop) (.67 )o3ws Jla o3l ys *
306, (107 0 pip) Jdlad pe ()65 boba eled —
(0G5 (80 jabs «absls )y ibgs sladBSww o @ *
RV IS ATV N
2003 gl PC ylsbs —
S0, (S1g 2)09y Jaadl)gims —
30,0 (U535 0)l9s § —

The BIG Picture
Lo @ Y] o il o Ciad=ip 42 o

O U oplp) 238 CSop p ptol ) 0y
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Time (in clock cycles) >
CC1 CC2 CC3 CcC4 CC5 cCé6 CC7 cCs8 CC9 CcC 10

Program
execution
order

(in instructions) _ _ _

Iw $2, 20($1) IM 'l_eg :D

and becomes nop IM — —‘:‘tﬁﬁ_
and $4, $2, $5 IM —
or $8, $2, $6

| add $9, $4, $2
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PCWrite

e ID/EX.MemRead
o detection |«
>\ unit /
_% A
s ID/EX
T m @ I-’WB EX/MEM
»(Control >l u M wB LTEMIWB
X || || —
IF/ID U OU |_. EX M 8
(M)
- - = M
> U -
5 - X
5 Registers T\
S ™ M
Instruction = M X
memo Data
v > u memory "~
» X
IF/ID.RegisterRs
IF/ID.RegisterRt . ()
IF/ID.RegisterRt Rt M
IF/ID.RegisterRd Rd g g
S ID/EX.RegisterRt — \_/ . -
Rs Forwarding
At unit )=
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VoA SUBLs )3 gB) HTWS (ST

|
c ] [ ) ) w M
Time (in clock cycles)
e 4 ol alls] (alalis] S A [t ol ~ ~e o it ol ] (alalls] lalalls]
IFD IDEX EXAERS MEMWE
e
Add > \
. Add
4 Shift :?Aﬁdtesm o
lef2
-
s
pC Actd: % Head
£ register 1 Fead
— ) data 1

= Read - =

Instruction register 2 Read
+ Registers >
e —§ Bead - Address )
¥ o] Vi data 2 dala
register Data
> Wiile MEMOTY e
data ‘ .:. i
~ 5| White 2
data
16 Sign- | 92 >
= extend —
0 N
§ /2w $4, 50($/) F)
-~ *
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30,8 (535 g (FalaS slay)

D) a3 eAS 08)d a5 il oyl (Jaoly &y

301,00 @lad)

G2b o3 (Sl OlygTws (1)l ( GRAT S0 )y —
33)5¢,-0

A3g8 Jlazdps (S sladBSaw )5 o) sl —

A0 SL ag) ba S03 ) o Jaa)l)giws —
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anbo)) IS o yblin =—

by slaJaall)giws elall s 9350645 Sss ol) ©
3wl )5 9y Lol a5 (ID salays §s) (Cauabyn
larget address adder L}-D)-é T L}”))T ZI (S oo —

oy g salas —
)13s )y (Shaas b )5 033o eladl Sygo )
.\.)g\ 3080 @ Oba slasl ylss g o)blas PosAMS

$10, $4, 38
$1, $3, 7
$12, $2, $5
$13, $2, 36
$14, $4, $2
$15, $6, $7

$4, 50($7)




PO AL & jQo o =

b

before<2>

.l

Forwarding
unit

beq $1, $3, 7

and $12, $2, $5

Hazard

l

unit J

detection

IF.Flush

Clock 3

Pq
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lw $4, 50($7)
IF.Flush

(...aw)>)) b

Bubble (nop)

beq $1, $3, 7 sub $10, ...

QA poC o )3 =—

before<1>

Hazard

Clock 4
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etection |
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3

Registers

I
I
I
I
I
I
l
I
EX/MEM

I
Forwarding
unit )




CsOPD Ibp, J3 80)5 csapblin =—

S0 Al aL3s) slosls @ alEs G303 aS¢3)p0 )y °
3¢, B) 0313 (so)blas i Jusss jois a5

add $1, $2, $3 IF H /D EX MEM} 1072
add $4, $5, $6 IF /D EX }W/EM WB
- - - \ - _
IF /D \(X MEM ||| W

beq $1, $4, target IF IA EX ||| IMEM

Wk
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PCWrite

Hazard ID/EX.MemRead
o detection |«
>\ unit /
g A
g IDEX
n m m I-’WB EX/MEM
= Control > U M WB MEM/WB
1] i VM
IF/ID v 0 |_. EX M WBI—
)
- - = M
T -
5 : X
,5_, Registers / " | M
. % o v u
Instruction = M
memory u Data [
memo!
- x ry
IF/ID.RegisterRs
IF/ID.RegisterRt - ()
IF/ID.RegisterRt Rt M
IF/ID.RegisterRd Rd g g
_/

S ID/EX.RegisterRt —
Rs Forwarding
Rt unit -

=

A
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<0U3J.>J> C}bﬂb Q)Dp )° a.)J.) c_ga}blio -—
) )L Jbb s anlis slacby )l 3y )31

a0 ABsls
Ilw $1, addr IF H ID EX MEMl WB
add $4, $5, $6 IF /D EX M| we
beg stalled IF ID O O
beq $1, $4, target / EX MEMH WB




<0U3J.>J> c_?b)uu) Q)Dp ) a.)J.) c_ga}blio L—

) )L Jbb s anlis slacby )l 3y )31
saoly (b HoTuws i) iy (a8 g alasle

Iw $1, addr IF H /D EX ||| WEM

beq stalled IF /D O

beq stalled ID

MEM |:| Wb

beq $1, $0, target
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100 aduwawn ¢1)(5 )3 Ol @ olains) Clyglws ©
BNV

Ol)o3ws ()5 galisl sl s)gre! slasaijlsyy Sl ys e
Q8 (SIgU

GOYORE slagnyy
g0 aslip ()6 g5 Eelb —
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(ea)5)) - lsiid) ) jgilns csjlnaiig =—

Loy slagny
U0ANS \D)f“. S joia A5 03_\)@33 103 00ABILS (Sl —
S0 a3Iw) gy $laeiygal )l
130, eladl 1) SlaC)gw ay byb (AT (inJuy °
.Cuwl H)Bp byb a5 Gl g p U8)s «Be @ g) gbyy )s —
Gy By by a5 sl p 0d)d wla a3 g) by ) —
ol @ 10 33losid eladl (1B shal )s a5 by OilygTws —

movl $100, S$Secx ] . o R
loopl: S)ls als ad 06)s gy B pd)s Ol ¢

addl %cx, %eax

d o 3)00 A8 OQ)AT SRI30) slp BTB —
ecl %ecx ? . - : &ts
jns loopl S5 ¢,0 )8 osldiw) ‘b;g&
%

Branch Target Buffer
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Dynamic Branch Prediction

0B) «laPBuwlpgu» )s g Parac slaaly) ba )s e
S Jand JE gby il (D6

S¢,0 035wl B gt il (S Pxis )y

(dn)G Joss) Uad (iwgisy pSobs —

5S¢0 0NA3 1y ity 0BT (SAaT —

solgd Jac g Ol b Gilows sy Oilads ) —

Branch prediction buffer
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0T (AN iy (ST )0 95 :03)3¢3 (Slaadla °
Q) Aanlgh

outer: .. <

A

nner: .

beqg .., .., Inner|—

beg .., .., outer

Not taken

Predict taken

d///{é O@ap//é,_b - : Taken
sl cwp C 56/ ot ek \ } e

Not taken

Predict not taken

Taken

Not taken
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a. From before

add $s1, $s2, $s3 sub $t4, $t5, $t6 add $s1, $s2, $s3

if $s2 = 0 then —— if $s1 = 0 then

Delay slot add $s1, $s2, $s3 Delay slot

if $s1 = 0 then

sub $t4, $t5, $t6

Delay slot

Becomes Becomes Becomes

add $s1, $s2, $s3

-

if $s2 = 0 then —— if $s1 = 0 then ——

add $s1, $52, $s3 AHEINS, 952, 990 sub 4, $15, $16

if $s1 = 0 then ——

sub $t4, $t5, $t6
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IF.Flush

M L:\:EMMB
5 o I-I\iE M/WB
— IF/ID \ / . el | - -

4 Shift )
left 2 B

—
i Registers
P—| Instruction R €eg
Cr="1 memory [™] 1

® -
W

f
| — \)(J\T_(Fowarding\:_: ——|
g P

#iControl}

Data
ALY ~| memory

®xc=

—-(xcg ’_.. g =

unit

lo
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Exception (interrupts)

(...can)d)) < LBUdiw)
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shol ssle 339) 3319340 @i (i Gslga e
Ao s |y aslyp

(35wl g addg pn shlad @olys )l )by )s
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s)alac @ by 1y Gaaw g sddlse,0 B¢,15
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3w 030 d3laTw) asdq (so)lg 31 X86 s —
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AbB 0 SN0 d3(aTw) ()8 g (Bl (i i

S0, (o)A (e L Sslgs Jalin | lé Ieb

Trap T elros Csnay »
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MG saby
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Memory technology Typical access time $ per GB in 2008
SRAM 0.5-2.5 ns $2000-$5000
DRAM 50-70 ns $20-$75

Magnetic Disk 5,000,000-20,000,000 ns $0.20-$2
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From Peter Denning’s CACM paper,
July 2005 (Vol. 48, No. 7, pp. 19-24)
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» 8-blocks, 1 word/block, direct mapped
Index V Tag Data
000 N
001 N
010 N
011 N
100| N ﬁ@'
10| N A GGy
: ;‘S-
Word addr Binary addr | Cache block ®
22 10 110 110 ' -
g
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Word addr Binary addr Hit/miss | Cache block
22 10 110 Miss 110
Index V Tag Data
000 N
001 N
010 N
011 N
100 N
101 N
110 Y 10 Mem[10110]
111 N
Word addr Binary addr | Cache block
26 11 010 010 é
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Word addr Binary addr Hit/miss | Cache block

26 11 010 Miss 010
Index V Tag Data

000 N
001 N
010 Y 11 Mem[11010]
011 N
100 N
101 N
110 Y 10 Mem[10110]
111 N

Word addr Binary addr | Cache block | :
22 10 110 110
26 11 010 010 <
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Word addr Binary addr Hit/miss | Cache block
22 10 110 Hit 110
26 11 010 Hit 010
Index V Tag Data
000 N
001 N
010 Y 11 Mem[11010]
011 N
100 N
101 N &
10| v 10 Mem([10110] o3
111 N L2
Word addr Binary addr | Cache block &‘b
16 10 000 000
3 00 011 011 :
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Word addr Binary addr Hit/miss | Cache block
16 10 000 Miss 000
3 00 011 Miss 011
16 10 000 Hit 000
Index V Tag Data
000 Y 10 Mem[10000]
001 N
010 Y 11 Mem[11010]
011 Y 00 Mem[00011]
100 N
101 N
110 Y 10 Mem[10110]
111 N
Word addr Binary addr | Cache block
10 010 010 *

Ypaals \;1,?“““

e

......




(. a0)3)) Dl csaldla j) ¢ Jln=—

Word addr Binary addr Hit/miss | Cache block
18 10 010 Miss 010
Index V Tag Data
000 Y 10 Mem[10000]
001 N
010 Y 10 Mem[10010]
011 Y 00 Mem[00011]
100 N
101 N
110 Y 10 Mem[10110]
111 N
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)3 1 anlghd aslsl 3gd Cilled ay 33y guaw
Jiiis ol sabdls @ )80 slgins elBia ol
A1 A lgh
G323 jlos 033)1s) Yol ay 39D 1 180 a5 (,3)e0 )s —

A0 A lgh

P3S ahsls )s osly OIS Jaaa3 3) a5 Iy s —

A0 OI0Y (Sl 033)1s) Slacunlga)s )

FounlS csjloso




write back (copy back)=—

A3 Oled sUdLs )s (i3 YB3 3)96 (sosls ©
(ol sahdls @ (lasls eBis )s g g0
00 JB35)

A8 0 s (SdSoly (5683 @ 30 Sy 3l )s
335 plais \y (dirty block)

5083 o3(6Tw) )80 jl Olg30 b Ladslys = |

A salgh POiw ahb lab * o

FounlS csjloso



Intrinsity FastMATH csaxjlop i =—

)500)> @3y (So33)ls) Q) Intrinsity FastMATH
S, 03 MIPS (s)laczs )| a5 Cuwl

) sladays 2519y (slg) bd Sy axdjlsp ol °

A0 Joa))olws § odls (salhsla gy (shls °

Onlais b plgd sabsls Gy absls o sy *
)13 3080 (slaals a>)pln Seb b 16KB

oS olgd sWbdls ya sly Jb ol ys * 12

Cunls eanles Y05 1)as ()85 &

50518
Split cache: separate I-cache and D-cache -
1%

FounlS csjloso



Intrinsity FastMATH

Address (showing bit positions)

Kh| 1413:-65+:--210
. 418 48 44 Byte
Hit Tag offset
Index Block offset
18 bits ) 512 bits R
V  Tag Data
'y
256
-9 * ’ entries
1}‘
118 .32 32 | 32

SPEC2000 miss rates
[-cache: 0.4%

D-cache:

11.4%

Weighted average: 3.2%

Data




S wslS &y sleds L DRAM jl a5 ¢Sy )s °
o9 ax(a3w! (ol sakbsls
Slapls) cabdla (slgdas @ (03w (slp °
DG 1) IS @ (BT
2535 JSaw Sy «mps] Juwyl sl —
8(5)33 JSw 03p0 D313 33194 (slp —
2(5)35 JSuuw By D313 Jlwyl (slp —
T e
Cuws @ asld jlgs 033198 slp |y 0lsbs (saas)s ©
33)9 )

Miss penalty = 1 + 4x15 + 4x] = 65 bus cycles
Sl csjlaxo Bandwidth = 16 bytes /65 cycles = 0.25 B/cycle

b oy

n'_*:‘ TR ‘:.‘_'5
SRR,




(o)) colio) csabila o i =——

| 15 cycles I
| 15 cycles I
| 15 cycles B
CPU | 15 cycles B

J L

Cache

on-chip

—_ T~

bus Miss penalty = 1 + 4x15 + 4x1 = 65 bus cycles
\7

DRAM Bandwidth = 16 bytes / 65 cycles = 0.25 B/cycle
Memory

Mary Jane Irwin ( )


http://www.cse.psu.edu/~mji

Processor

cycles

B/cycle
FounlS csjloso

o) csaldla 35U cslig ) =—

Miss penalty = 1+ 15 + 1 = 17 bus cycles
Bandwidth = 16 bytes / 17 cycles = 0.94 B/cycle

Processor

K\_‘\V"__,f"'
Processor
<<P::-4ﬂ> ;;;;::;;EE
) A a.a:i Cache
interleaved Memor
Memory Memory ,.; ‘:‘ ) S et y
Bus o= C//UC//U O(J.o(o
Lt
Memory || Memory || Memory || Memory
bank 0 bank 1 bank 2 bank 3
Miss penalty = 1+ 15 + 4x1 = 20 bus B Toces T
. | 15 cycles |
Bandwidth = 16 bytes / 20 cycles = 0.8 i
| 15 cycles | =
I 15 cycles | = Pl




() —olb) SonlS csjlamo see
099 9 o csauwla

oo &%

3 &*t & Qg S aSud )
E > FonlS 9 cBp cswign cssaS)
La) e

)
_Lj o 6' 590j) csogaa0 o2

http://faculties.sbu.ac.ir/~a_mahmoudi/



FolS csjlazo

OBy Oluls p s)0)e ©
Adls (3035 )EALw
SN0 Olgd sabsls

IV slaacgans —

..............




(an))) ady) Wb JjUS a)y =—

D) Cf/w & chalipio e O Culy
Iy A2/ /9 opc C/brv @i Cpam C S o) O"/ﬂ

- Branch, MemRead, MemWrite
__./ \ WB ‘
InstrumiggI S : 1l ‘ ol e
| R ——
I'nll }'—'__ | ... ‘ ol . L |
Y * EX - L ...
N — ‘M e M

IF/ID / IDVEX EX/MEM MEM/WB [ 1 - 1
5 o . N .
SH ey (00 Mo MemtoReg, RegWrite é

y&é//wdaa/ﬂ/ RegDst, ALUOp, ALUSrc ‘l"";&?! ,

FuolS csjlazmo



Sl i @ jW adid =—
LoObd sloias samEs b ple3ge oty
3)3 8hb 831y 3Bwyd gy JyiS sl )lss

P RPIRYARE X/ MEM.RegisterRd = ID/EX.RegisterRs=352
and $12,° ,85

QYA alwgi I )3 ALU (8948 JIsio (sloLa)])giws (saas )3
Q) A2 lgdi Cuw)s 3)lgo (saas )3 )Qsl) ] AP I

W boiLs (IS (slo i jl pleigs s cul jl S (sly
34 036iw] ag) bs (slo S )3 oxub opus3 WEB SN

EX/MEM. RegWrite, MEM/WW/B. RegWrite
Jodws D sads glgic @y Jiw (so)law SQI a5 ¢ 5)g0 )3 JLisoas
)5 (sp50la 3Gwgs s jl A0 bl o3 o3 Tw]

. EX/MEM. RegisterRd # O, W
PRR° ) MEM/WB. RegisterRd # O




Sl i by )i

 EX hazard
— if (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
ForwardA = 10

— if (EX'MEM.RegWrite and (EX/MEM.RegisterRd # 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
ForwardB = 10

 MEM hazard
— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))
ForwardA = 01
— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
ForwardB = 01

= = : = £
Do Sz Ao o & L= Crl TS pm 1

FuolS csjlazmo

............

L) -




(anb)) colimp iy L =—

03,0 A) o)blas £03 9y yo asly achs ol )y °

ID/EX EXME EMWE

Yy

Registers

2dd $1,$1.,$2 E N

add $1,51,$3 i
add $1,51,%4

(xe®) 1o
AN
7
|
Gex

wy - o
1 ._"L‘E:’Erl-:'_. i
el

a2l w MEM C s io p sppp0 CSailnrd v £ o3

-

oy MEM (sopblis )5 ( Ty s30 oolpli ©

FuolS csjlazmo



(ean)o)) colwpe iy W)l =-—

« MEM hazard
— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))
ForwardA = 01
— if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
ForwardB = 01

FolS csjlazo



ID/EX
"‘ we EX/MEM
Control = M WE MEM/WB
IFD L EX M - WBl—
c
S
E+]
E -
E P
Instruction =] - -
memory - N Data
* memory
-

IF/ID.RegisterRs Rs
IF/ID.RegistarRt Rt
IF/ID.Registerfit__| [RU
IF/ID.RegisterRd Rd

o

T Registers F _P:L YALU . .
]
A

EX/MEM.RegisterRd

-l U -
)
MEM/WB.RegisterRd

FenlS csjloso



podo PYEY SUs)Ls ) (D) HRIWS (AT

Time (in clock cycles)

CC1 cc2 cc3 CcC4 CCs CCé& cc7? ccs cca

Program
axecution
order

(in instructions)

]
40 beq $1, £3, 28 E—I_D'

44 and $12, 2, §5

48 or $13, 56, 82

52 add $14, $2, 52

—

+ 72 lw 84, 50(%7)

FolS s jlozo



(.a0)d)) IS e )blie

30,8 (535 gs (Falal slay)
D) a3 eAS 08)d a5 Cuwl oyl (Jo ol &y ¢
301,00 @lad)
(28 o3 (MS1g Ol)gTws (1)l (GRAT Cy)g0 )y —
33)5¢,0
Aigyg,s Jl@dne (IS sledisuw )5 ol sy —
g0 SL dy) ba O3 1 ladaa)l)yTms — B

FuolS csjlazmo



16K

by

\\

ﬂéﬂn@ O'/.V///(

Yoy

vy

)
*Lz'

C/-
s 11

e Cool,
87 g

16K

2 C S

S cslaakili Uiy ——

30,0 AAY) ,rs @Y1 )y asls
Jo5 Oy @ youw Gy slassls
Q0,0 0331gh

sy (latency) paG oy
OB (5 (3303 OlalS osiles
SIYA

Double data rate (DDR) DRAM
fvo)/chf.zC/UﬁJ 0 oS ) cacl Cole Csdp) o

Sl ol maioe interleaved o

o . < /
oyt 3 Sy CSwoly CSHD

Quad data rate (QDR) DRAM

FonlS csjloso




Year | Capacity $/GB
1980 64Kbit | $1500000
1983 | 256Kbit | $500000
1985 1Mbit | $200000
1989 4Mbit $50000
1992 16Mbit $15000
1996 | 64Mbit $10000
1998 | 128Mbit $4000
2000 | 256Mbit $1000
2004 | 512Mbit $250
2007 1Gbit $50

FonlS csjloso

DRAM (ilide cslac s m—

300

250

200

150 A

100

50

‘80 '83 '85 '89 '92 "96 "98 '00 '04 '07

bl I,
—— Ol G




(8Y) Y csadla coJ)S cspSaj)ss) =—

CPU Time=(CPU execution clock cycles + Memory-stall clock cycles)
xClock cycle time

Memory-stall clock cycles=Read-stall cycle + Write stall cycle

Read-stall cycle=Reads x Read rate miss rate x Read miss penalty

Write-stall cycle=Writes x Write rate miss rate x Write miss penalty

Write buffer stall

FolS csjlazo



(wa)d)) DY csadla c0))S cspSsj)n) =—

sl <
W
Memory stall cycles

=Memory accesses xMiss rate x Miss penalty

per pProgram

= Instructions x Misses x Miss penalty

Per progra Per Instrycti
gram on

FonlS csjloso




o —

;| 08g)ee 1) byl b adwaw
— |-cache miss rate = 2%
— D-cache miss rate = 4%
— Miss penalty = 100 cycles
— Base CPI (ideal cache) = 2
— Load & stores are 36% of instructions
omlidl (@isS ol Jlosl plg) sakhsls 5y a5 (I )y
G393 3nlgh Hsboe as Cicyw

0.02 xI x100=2xI
b Qe TSy £3
0.36 X I x 0.04 x 100 = 1.44x1 SR
o Gecw R
T+ 1.44%1 = 5.44xI 5.44/2=2.72

7
Actual CPI 0 g
FonlS csjloso



< U oLoJJ

Pl Cal Cops aums ol ly okl ey oI cppo
D@ sl 06 02 g7 S0 CS i phot ol i

Amdhal cpo
T _ Taffected 4 T
. — . ff
meroved improvement factor "0

21 93 1) JUs (5033113 Cacyw a5 (3)go )y
GAcln gulb gu35)s a5 hulpb )y (@3S
G3)5 s0lgh (SHET an CPI oSS yaas o n

= 4.44x1

%:63%

5.44
Fouols c5)




Average Memory Access Time

AMAT

@ )ais 13 0a3)lsyy SIS gmlidl 3as (sow )
sabsls ) (Olclbl 393 131 )3)  (5)90)3 @S
A s lod ol

W HLIws JS ples) 33130 123 hit time plsy °
) (083 s ) aoy gwliel 1y ahsls
b glisl olgd sabsls Julais as ses(s

R )aes (o5 wsib sy Slas)lgbs ase3 b
30,0 L))
AMAT = Hit time + Miss rate x Miss penalty

«JSuw Gy hit g gadiis ols) «Cuwl gsgyas Tns SIS G 033jly Gy :J0s
OLs) buwgie «uwl 390)s 2l OIsBS A) .Cuwl JSaw Cuny IS (sasy)s
23S Olws 1y (b
AMAT =1+ 0.05 x 20 = 2ns
FouolS csjloso

b aws o) awgilo =—

........




Jiom—

13 1) ol sabsla s By SlaSeh @ (HLIws *

0O 4 040 4 0 4

0 miss

00

Mem(0)

0 miss

Mem(4\0

FonlS csjloso

4 mMiss
04 -
0Q | Mem(Q)
01 4 miss A
0C | Mem(QC)

0 miss
0 o
01 |Mem(4)
00 0 missn
01 |Mem(4)

1331033 )83

4 mMiss

04
00 | Mem(@)*
01 4 miss
0C | Mem(QC)

Wy

v

Mary Jane Irwin ( www.cse.psu.edu/~mji )
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Associative Caches (

1P eabius GBS (sa0ub j) 95 G *
©23)3 33w (BdSgly (5)135sl

cs0d) o SIn)) Ol csaldla m—

sl 1o )3 33103y Soly o a5 Gl B3 )39 (5000 —
(3003) @0 @ 2000 (31 .33 )3 pled sabéls
)y Oy (associative)

(-0La3 g 30,0 030381 Caumayy Job ) g0 B3 )s —
3PS )8 W) 3108 0 By

o3(23w! ¢(syloo (sladoriiSaum@s il (5)5 s (slp —
s (U0 ) BICAW (saishs a5 sodse,s

31

5 4 0

Tag

Offset

FonlS csjloso
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CSSJM‘)J

0 o)) i) 0323w daaiz)e ualS sly )33 oly Gy

;] ¢, Shib! olg sabsls § eabines cublss
Wb slaacgens b pled sabsls —

slapBs ) Lol sahsls )| Sl yo a0am (ol )s

2335 5 siilg3g0 ol sahsls il (0l

B 0led sabdls jl oo N s Soly ya a5 ()40 )

aly,.0 n-way set associative 1y g1 a0 (5)133sls

Fully ) Jo5 (:SH30) @3 oubay (o000 Jalas )s
.Caw) jggis (associative

FonlS csjloso

cslaacgoan b cilg csaldla m—




sS)) Ol cslaaldla =—

Direct mapped Set associative
Block# 01234567 Set# 0 1 2 3
Data Data Data
Ta L Tag ] Tag
9 2 2

Search 1 Search | seacn 11T

(Block address) modulo (#Blocks in cache

(Block address) modulo (# Sets in cache)

Set Associative

pg.u.olS csloxo

Fully associative

1
2




Cache

Way Set V Tag

Data

0

0
1
0
T

pg.u.olS csloxo

Main Memory
00Q0xx

0101xx

HIIOXX

0111xx

10d0xx

1001xx
EE]OXX
1011xx

11d0xx

1101xx

EE]OXX

1111xx

Marv Jane Irwin ( www. cse.pstl. edll/~mil )
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Four-Way Set Associative Cache

h
3130 1312 11 210 o Byte offset
I
Tag 22 ~+s
Index
ndex V Tag Data V Tag Data V Tag Data V Tag Data
0 0 0 0
1 \Aldae 1 V.V | 1 Wik, 0 1 V.V | )
2 VA yu 2 vvay | 2 VVG)’L 2 VVG)’\J
253 253 253 253
254 254 254 254
255 255 255 255
> _ ) > _ ) > _ ) > _
|
——_4x1 select
Hit Data

FonlS csjloso

Mary Jane Irwin ( www.cse. psu.edu/~mji )
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S)h) b =—
N- 01930 £ @ 1) 51355l Slodgad elal
.Cundls way set associative

One-way set associative
(direct mapped)
Block Tag Data

0

Two-way set associative

Set Tag Data Tag Data

= 0 h & W N =

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

NN N N N N N I I I

FolS csjlazo



@ CSlp
I egazeo I Q/‘T’ 6w
Tag | Inc'jex Blockloffset Byte |offset
. . 00
_ L —> | C —lpl o
) Cnl e

I
L >| C/L’OO)'/‘:,
(uio W }47

Pic
PonlS csjloxo Mary Jane Irwin ( www.cse. psu.edu/~myji )
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o —

«@3)15 )B3AY )s (S0l )lga oled sabsls & ¢
:Cuwl Py Ols s Miss-rate samles dsa °
euBTns Cailss —
aSgly s ¢, SNyl —
J(5 (53] —
Sl Py Sy @ SlaSely LIy e

-0,8,0,6, 8
Direct mapped g
Block Cache Hit/miss Cache content after access ﬁ,ﬁ:
address index 0 1 2 3 “h W=
0 0 miss Mem[0] P
8 0 miss Mem]|8] g T
0 0 miss Mem][0] » b
6 2 miss Mem[O0] Mem][6]
8 0 miss Mem|8] Mem|6] o
PO

FonlS csjloso




2-way set associative

Jiom—

Block Cache Hit/miss Cache content after access
address index Set 0 Set 1
0 0 miss Mem][0]
8 0 miss Mem[O] Mem|[8]
0 0 hit Mem]0] Mem|[8]
6 0 miss Mem]0] Mem]6]
8 0 miss Mem|[8] Mem[6]
Block Hit/miss Cache content after access P
address ey
0 miss Mem[0] SAOR,
8 miss Mem[0] Mem([8] zﬁx%
0 hit Mem[0] | Mem][8] S
6 miss Mem][0] Mem([8] Mem|[6]
8 hit Mem[0] Mem|[8] Mem|[6]

FonlS csjloso

Fully associative




a2 a2 U SJpb) cabld m—

miss-rate 33 bl Jby ShHTnl b a o °
Mo g5
Seass iglidl Iy Culis a3l ss aa G *

9 64KB 0 (elmaw G s)lwapib 23065 *
$SPEC2000 b a5 (slaals a31ln (slaSoly

oy (0 Cpl Ligy Gl g0 Q_a:()mlSS rate,w/@
2P P (O oy




C.sSJ)UUDJ cledﬁg.o:;m l) Q')LQ c_;dkiél_’l )Ujh» -—

Address
3130---12111098--:3210
J22 Js
Tag
Index
Index V Tag Data V Tag Data V Tag Data V Tag Data
0
1
2
? i T » [ ] L ] [ ] »
253
254
255
J22  J32
L - K
G € G (=
*
T
WJ =101 muttiplexo)
Hit Data
s : = _ : o . W
2Dl p s Coml g s )y (e C s CSlandiots PA

PounlS cs



() —olb) SonlS csjlamo see
O § L) csamla

| -
$ &*t & i) gl sSu5)
1\ W) PougolS 9 B comaien csassuiil;
801 g

)
_Lj o 6' 590j) csogaa0 o2

http://faculties.sbu.ac.ir/~a_mahmoudi/



FolS csjlazo

9¢,c1a (sabsls °
ALY L{F Yl WAV
(b sia olgd (sabsls

Sl sabols

..............




Four-Way Set Associative Cache

h
3130 1312 11 210 o Byte offset
I
Tag <2 ~+s
Index
ndex V Tag Data V Tag Data V Tag Data V Tag Data
0 0 0 0
1 \Aldae 1 V.V | 1 Wik, 0 1 V.V | )
2 'A'J yu 2 vvay | 2 VVG)’L 2 VVU)’\J
253 253 253 253
254 254 254 254
255 255 255 255
() (D () (=
|
——_4x1 select
Hit Data

FonlS csjloso
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@ CSlp
I gaxo G| S
Tag | Inc'jex Blockloffset Byte |offset
. . 00
_ L —> | C —lpl o
) Cnl e

I
L >| C/L’OO)'/":;,
(uio W }47

PonlS csjloxo Mary Jane Irwin ( www.cse.psu.edu/~mji )



http://www.cse.psu.edu/~mji

Content Addressable Memory (CAM)

Pestls csaldls =—

Joss B » el G Cwl el dosp)S Sl )
Q) pols) s3izhyd a5 gib galma (absls)

B3y syl O a5 Calbe slabsla Plgy a5 (3)g0 )y °
SY8e Oy @ galms siyh)d () by 1) guysl
56T sabsla (slabsls puia .CBL sblgs 39340
0,0 053104

sloabéls @ Gl PIL sa)e doakhdls cod o) °
ols) &5 Rlasp)5 )y CuwaIsy 9 )by Josas
230)¢,-0 )5 @ )1y (30D (BB gaTA

oy Copl)l (50) corbpogle sl Qs CStandve
Csebioe g pons Csobitr i) Csobioe i g op>
Sl oS C):.LJ /Jor.l,u

FonlS csjloso
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Replacement Policy ol b

01 )3 230 Soby a5 (s «@ablws CabISH )y ©
Ll goALs 315 HyS
Oglais Jaws s3a ) Sgly (,SHIB slagng) )s
AP35 )8 31930
)LICIO a5 sgibg0 QDI 3B Jol sas)s )3 —
Sl Jlad pé o)
)8 as(aiwl 3)08 )33 a3 (Il )] C)g0 B3l P )y —
0,0 ) ol sabsla ) (Sl A3s)S
Sae b W8l Sys slaacgsns slaas as )
80 salgd (ulisl LRU (5)slcaam

Least-recently used (LRU) "
Sl e 26a) EB) A ol

g s & ~ . _
o/ LRU 0o )0 Cpp CSancgano 0 izl 06 CSlp

FonlS csjloso
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Jiom—

;) 060y 13) balp b oled sabsls Sy
— 4K blocks, 4-word block size, 32 bit address
iS5 obws 1) Ol sl ) sy Jdob § bacgesns shhas ©

saAbd(s ;5019 ;5\ Hlg) sAbsls @aBTws CUB(E) —
s @ Jol5 Shinl sabsls g 50l )les SHw! oles

-33)91
16(=24) byte per block

.....

s /O"’C/C/‘/)/Cj/f\r‘w:
log2(4k)=12 224728 p

Gl Cparn ly i C g it o EEE ) @l slaas T
'&‘
3

L e -

28-12=16

SoualS cslome  SAZH ) CScw )iz ¢



(...an)3)) c)Uio=m—o09

O”C’ CScw )i CJI/U./ICSM/) Q.J/ﬂ’(/
c,wo,wl;» Q_J/.oloc_g,uc,?(mow,ﬂ.ooc)_m()
(o.@l/wnc}.axoZK b OC/I/CIQ'/UQ//UCU

.c,ul)
28-log2(2K)=17
2-way associative
~><f
28-log2(1K) =18 i
4-way associative *1’“
28 S
fully associative -
\'

FonlS csjloso



Multilevel Caches , , .
cs2aw 32 Al csaldla m—

(2a33)s) @ Juals ol sloakbsls °
Ailma @iy )y Lol «SaS —

(levlel 2 cache) p abw olgd sabsls

30806 d51y | abuw lg) sABdls )y a5 (I3)q0 )s —
30 3lod ¢5Am0L abuw ) SubS

sl )\ Jlb yo )y 19 il PIaiS L) 3Gy —

A3 P ol 53

GONGS

Ab¢0 P abuw (g ; &,S-

L) -

o
¥

A
FonlS csjloso



o —

il pdg)de 1) Clodins b el
— CPU base CPI =1, clock rate = 4GHz
— Miss rate/instruction = 2%
— Main memory access time = 100ns
os(adwl plgd sabsls pbuw Ay )l a5 ¢S)g0 ) °
JNSw

X0
T
SO
'_:j'.:';‘;' '.: .-.. 1

L ®

Miss penalty = 100ns/0.25ns = 400 cycles

Effective CPl =14+ 0.02 x 400 =9

FonlS csjloso



(aw)s)) Jlis =—

b oled sabdls Y0y abuw Q3 9s0)8l b °
:1y) OLoADs
— Access time = 5ns
— Global miss rate to main memory = 0.5%

Penalty = 5ns/0.25ns = 20 cycles

CPl = 1+0.02 x 20 + 0.005 x 400 = 3.4

Performance ratio = 9/3.4 = 2.6

Total CPl= Base CPIl+ Primary stalls per instructior

SouolS csjlazs Secondary stalls per instruction
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cs2aw 32 DY csadla=—
| abuw plgd sabbsls
hit time (sg) p }5)83 —

P abuw sabsls
Gl MISs rate guals (s9) ) 15)a3 —
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Intel Nehalem AMD Barcelona

L1 cache Split I$ and D$; 32KB for Split I$ and D$; 64KB for
organization & size | each per core; 64B blocks each per core; 64B blocks
L1 associativity 4-way (), 8-way (D) set 2-way set assoc.; LRU

assoc.; ~LRU replacement | replacement
L1 write policy write-back, write-allocate write-back, write-allocate
L2 cache Unified; 256MB (0.25MB) Unified; 512KB (0.5MB) per
organization & size | per core; 64B blocks 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 .3
L3 cache Unified; 8192KB (8MB) Unified; 2048KB (2MB) SOR
organization & size | shared by cores; 64B blocks | shared by cores; 64B blocks rﬁ;“
L3 associativity 16-way set assoc. 32-way set assoc.; evict block )

shared by fewest cores

L3 write policy write-back, write-allocate write-back; write-allocate
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1-bit Read/Write — 1 s

1-bit Valid — olppadbels {—

32-bit address —» & —

32-bit data — $OMISUNIS

32-bit data <« Olg sbsls <

1-bit Ready <« L
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Write back —

@IBIws Cunlss —

1-bit Read/Write &
1-bitvalid  [FEVSPECNN
32-bit address k2

128-bit data
128-bit data
1-bit Ready

W
Mary Jane Irwin ( www.cse. psu.edu/~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
Old block is
Dirty

ache Mis
Old block i
clean

Allocate Write Back £ 3
Read new block Write old block )6

Memory Read
from memory J J

\me/ sady

Not Ready

to memory

e
FeuolS csjlazo Mary Jane Irwin ( www.cse.psu.edu/~mji )
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Read X

Core ]
Write I to X

Read X
Core 2

LTS

LI DS

x=1 &

L11s | LLD

Unified (shared) L2 § 0.3

X =17 i -

S
cache coherence problem 2

FounlS csjloso

10
Mary Jane Irwin ( www.cse.psu.edu/~mji )



http://www.cse.psu.edu/~mji

)59C5.%.~0l5 Scs oIS il =—oo

FounlS csjloso

Processor

Control

Datapath

Memory

Devices

Input I
Output I

ayoen L L

Kowap

urep

(is1q)
Aowap
A1epuodag

1
Mary Jane Irwin ( www.cse.psu.edu/~mji )
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Program 1 '59'6‘)(:’6 (LAA)S L‘j'l)ég

virtual addlress space
A
o N\ main memory
= AN —-»>
. \\
e
A &
\\ Program 2
\ wtual address spa
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Aoy, Ay «page fault»

Virtual Address (VA )

31 30

2 11 0

Virtual page number

Page offset

l

Translation
Physical page number Page offset
29 2 11
Physical Address (PA )
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Virtual page # Offset <OUZ)J.)J> Q).D)_)J C_;Mj,p-_

Physical page # |

Offset
«
'?;": Physical page
S V__ base addr —
Q 7 — e
~('QU / o )&
S
QL > ] .>< §
oY) 7 —
S
Q. 7 ——
e — &
| e = Main memory Ny
AN
g .\/ — =)
/ o« ;Erlﬂ"-;;;;gé?“
a  — \ : o
>
Page Table \
(in main memory) —

Disk storage
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Physical page

Virtual page #
V Tag base addr
1 Q
1 e\
1 <\
Q AN
1 W\
o) TLB
» Physical page
5 V  base addr
; .
I 1 —
g 1 >
(o)) ™ 1 .><
& 1 =
o 1 o—
0 .\/
1 —
0 ‘\/ \
1 o«
o — \
Page Table \
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