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ldf X(r1),f1
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Reservation Stations

T |FU |busy|op R (T1 T2 V1 V2
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2 |LD [no free

3 |ST |yes |stf - RS#4 |- v |- [r1]¥
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stf f2,Z(r1) c3 f2  |RS#4

addir1,4,r1 c4 | c5 rl1 |RS#1

df X(r1),f1 c5

mulf fO,f1,f2

stf f2,Z(r1)

Reservation Stations

T |FU |busylop |[R |[T1 T2 V1 V2

1 |ALU |yes |addi [r1 |- - [r1] -

2 |[LD |yes |ldf f1 |- RS#1 |- - allocate
3 |[ST |yes |stf - RS#4 |- - [r1]

4 |FP1 |yes |mulf [f2 |- - [fO] [f1]

5 [(FP2 |no
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stf 12,Z(r1) "L E. €BWQ wf2eH mKtagN A

Reservation Stations

T |[FU |busylop |[R |T1 [T2 RSy

1 |ALU |yes |addi |r1 |- - [r1] -

2 |LD |yes |ldf f1 |- RS#1 |- -

3 |[ST |yes |stf - RS#4 |- - [r1]
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5 |FP2 |yes |mulf |f2 |- RS#2 |[f0] - allocate o
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mulf f0,f1,f2 c2 | c4 |c5+ fl |RS#2 |
stf 12,Z(rl) c3 f2 |RS#5
addirl,4,r1 c4d | c5| c6 | c/ rl |RS#1
ldf X(rl1),f1 c5 | c/ | WARI
mulf fO,f1,f2 cb T 'L E o £ B'Q (I) rle H KRS
stf 12,2(r1) D stall on store RS: 1 &_
Reservation Stations add 18 g O(W)
T [FU |busylop R |11 [12 NENE CORX
1 [(ALU |no
2 |LD |yes |ldf f1 |- RS#1 |- CDB.V]|RS#1 ready -
3 |ST |yes |stf - RS#4 |- - [r1] NA CBD" e
4 |FP1 |yes |mulf |f2 |- - [fO] [f1]
5 [FP2 |yes |mulf (f2 |- RS#2 |[f0] -
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ldf X(r1),f1 cl|c2|c3|cd fO RS#4 |[f2]

mulf fO,f1,f2 c2 | c4 |c5+| c8 fl1 |RS#2

stf f2,Z(rl) c3 | c8 f2 |RS#5

addirl,4,r1 c4d | c5 | c6 | c7 rl

df X(r1),f1 cS | c/ | c8 mulf finished (W)

mulf fO,f1,f2 c6 i THf2v L Eo

stf f2,Z(r1) t A 7 kemulfi Th vi# (RS#5)

CDB X i f2

Reservation Stations

T |FU |busylop |R [T1 |T2 NASEERAY

1 |ALU |no

2 |LD |yes |ldf f1 |- - - [r1]

3 |ST |yes |stf - RS#4 |- CDB.V|[r1] RS#4 ready -

4 |FP1 [no grab CDB value

5 |FP2 |yes |[mulf [f2 |- RS#2 |[fO] - g
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addirl,4,r1 c4d | c5 | co | c7 rl

laf T]f(frli’flfz C> 1 €718 1C9 ] ond Idf finished (W)

mulf 10,11, c6 | c9 CCHfL L E o

stf 12,2(r1) CDB broadcast

Reservation Stations

T |FU |busylop |R [T1 |T2 ARy

1 |(ALU |no

2 (LD no

3 |[ST |yes |stf - - - [f2] [r1]

4 |FP1 |no RS#2ready -
5 [|FP2 |yes |mulf (f2 |- RS#2 |[fO] CDB.V
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ldf  X(rl),f1 cl|c2|c3|cd fO

mulf f0,f1,f2 c2 | c4 |c5+| c8 f1

stf  2,Z(rl) c3| c8 | c9 |clo f2 |RS#5

addi r1,4,r1 c4d | c5 | c6 | c7 rl

ldf  X(rl),f1 c5|c/7|c8|cO

mulf  f0,f1,f2 c6 | c9 |cl0 stf finished (W) ) )
stf 2,2(r1) c10 map table A %51 LEg- 1 CDBX i
Reservation Stations

T |FU |busylop |R [T1 |T2 KAy

1 |ALU |no

2 |LD |no

3 [ST |yes |stf - RS#5 |- - [r1] free - allocate

4 |FP1 |no

5 |FP2 |yes |mulf |f2 |- - [fO] [f1] Cog e
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Ve ~ I~

At o aCjT M H =431 v
MGO " H
A h ifa 1
A" THoOwm Z27E “Ym

A by /"
o "E PHA

Ho G5Yry T

1 6! @p’ "He = o
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A Adding a Reorder Buffer, aka ROB
A K y Reorder Buffer
AROBT A 2Z2®J YrpbE
At "1 Zg¢

Al " xlozyb
A 11 RS
AwQ=RS: ROBr , 1

14 .

A uve mROBf "1 aji RS
AKyWHO E HG 'Y, A RS
AKEYZ 2A “Ympe BEA®Ym HGEC 1  “YmE h

0ys * NkXy <42



MIPS R10Ko +N 1 My M

A Adding a Reorder Buffer, aka ROB

Any order
S
IF | ID |Alloc/Sche > EX > CT
Inorder Inorder
F ROB 1 /ARF
PC
DstregID I I
Dstvalue Head Tail
Except?,

A Reorder Buffer (ROB)

Ah©

0ys ' Nk Xy

FSSIGN »
NPT TS

PEKING UNIVERSITY

A@ Alloc
ApP ° J" ey
A@ Sched
A n 3V(ROB T-to-H then ARF)

AWM A® Rt oA
A@ WB
ANJ " / " 3, ROB
A ~J"T B
A@ CT
A Wait until inst @ Head is done
Ab " A 1 kol Ny 2
Ag | NJ*'  <JARF
Ax ROBa @®é UM

<43 >
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A Adding a Reorder Buffer, aka ROB

r | | | | | | | I

Map Table

g

h 4

CDB.T

Dispatch

Dispatch:

0ys + Nk Xy R
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A MIPS ¢ An alternative implementation

B E

Map Table E

g
|

Head

—

Retire

et

Free
List

Tail

Dispatch

ROB |

Dispatc h

iy

-y

A kzva-aPLEgY 3 EUT AOD
A + FUGH ev a1 Yn3zo
A ROB and RS p on the sideb used only for control and tags

kXY

CDHB.T

-

"QQ E ROB

éx“”"e» »
N e 7 ) ¥

PEKING UNIVERSITY
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A MIPS ¢ An alternative implementation

e s Y

558 PEKING UNIVERSITY

A" QLEpN Ty Gone
MapTabIe:E ﬁ mﬁd E A-PLEFART3EUT o
% o A# Nl &n =# _| &+
niﬂl?ﬂ Ifi'fte T + #ROB entries
Dispatch. §§§§ AN*_lervim rnl| éH
RS T 17 | Physical Redfile A= QQ Vern| ernlb
—ié_g ‘iE!_ RSX U

A — s & p map table/RAT

ATmjimoe=d" _| érnatl
A7 1, vwaPLEGB
A ROB Nrknl éer + M
Ax®Oi 1 Tpop " @ érn uvep|t m=@l év A

0ys * NkXy <46
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i My ™

A MIPS ¢ An alternative implementation

Parameters

Names: rl,r2,r3

e locations: pl,p2,p3.,p4.,p5,p6,p7

e QOriginal mapping: r1—pl, r2—p2, r3—p3, p4—p7 are “free”

MapTable

rl

r2

r3

FreelList

p4,pS,p6,p7

Raw insns

PS5, p6.,p7

p6,p7

P7

odiver v Hh By
F N
A »Hu

)

| T

add
sub
mul

div

t a

r2,
r2,
r2,

rl

r3,
, 13
r3,
, T3,

ril

ril
r2

c~PLEgzankWVQO &

Renamed insns

add p2,p3.p4
sub p2,p4.pS
mul p2,pd5,p6
div p4,pd,p7

G ) »
N e 7 ) ¥

PEKING UNIVERSITY
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0ys ' Nk Xy

~

W

New tags (again)

®* Tomasulo+ROB x ROB# A MIPSx PR#
ROB

A TMZ Y G N| e

A Toldye 1T m “Ymp . O Nl e
RS

e T,T1, T2: output, input physical registers
Map Table

e T+: PR# (never empty) + “ready” bit
Free List

e T:PR#

No values in ROB, RS, or on CDB

NT
C oD
S, 9
S A
8 -
o <
I59%

ezt ¥

PEKING UNIVERSITY
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AMIPSHZE &

R10K pipeline structure: F, D, S, X, C, R
e D (dispatch)
e Structural hazard (RS, ROB, LSQ, physical registers) ? stall
e Allocate RS, ROB, LSQ entries and new physical register (T)
e Record previously mapped physical register (Told)
e C(complete)
e Write destination physical register
e R(retire)
* ROB head not complete ? Stall
Handle any exceptions
Store write LSQ head to DS
Free ROB, LSQ entries
Free previous physical register (Told)

0ys * NkXy <49 >
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A MIPS R10K Dispatch o

ey | R R
Tail

Free match

List RoOB | |

S N »
NPT TS

PEKING UNIVERSITY

Head
Retire

Dispatch:

CDB.T

AT A ALEg]| zprega~PLEFR Ve ENRS
A Toldxke T m “Ym Gl nl e n | énr Bpreg%o
M1 En ROBa Toldp
vye A N | er’ Abiprege freelist¢ 1 € p RSt ROBI Map tabe -
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A MIPS R10K Complete o

Map Table E

FSSIGN »
NPT TS

PEKING UNIVERSITY

Head
Retire

Tail

Free Dispatch
List ROB | [

Dispatch’

CDB.T

A nmaptableA HI M _ L Eg " ready bit
A pRSA hw V%M Giready bits

0ys ' NkXy ok
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A MIPS R10K Retire o

Map Table E

ONIELE B

PEKING UNIVERSITY

g Head
> Retire
® )
T&)ll
Free Dispatch
List ROB | \

Dispatch'

CPB.T

e Return Told of ROB head to free list

0ys ' Nk Xy =oee
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+Nn 1 N e 7 F
n l I_U- M X 5oL PEKINC{JNIVERS?Y
&)
ROB Map Table CDB
ht |# |Insn Told | S C Reg |T+ T

1 [1df X(r1),fl O |PR#1+

2 lmulf fO,f1,{f2 1 |PR#2+

3 |stf f2,Z(rl) £2 |PR#3+ \

4 addi rl1.,4,r1 r1 |(PR#4+ )

- +
5 |1df X(rl),f1 . X Ready bit
Free List

6 lmulf fO,f1,f2 PR#5 . PR#6 |

7 |stf £2,Z(r1) PR#7 PR#S
Reservation Stations
# |FU |busy |op T1 T2 Noticel: Yy "H T EYy L E g values
1 |ALU [no
2 |LD no . .

Notice Il:

ST g Map Tablei A
4 |FP1 |no
5 |FP2 |no

<B53>
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MIPS:

Cycle 1

0ys ' Nk Xy

W

+Nn | My M NEZFES]
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
ht|1 [1df X(r1),f1 |[PR#5/PR#2 fO |PR#1+

2 [mulf fO,f1,f2 ™~ f1 |PR#5

3 |stf f2,Z(rl) ™~ 2 | PRE3+

4 |laddi rl,4,rl N r1 [|PR#4+

I

5 [1df X(r1),f1 | [Frde it

6 [mulf fO,f1,f2 Ipr#5, PRA#6

7 |stf £2,Z(rl) PR#7 . PR4S
Reservation Stations
# |FU |busy jop |T T1 12 .
AU Tog — A fl, HY pregH 1 a PR#503
2 |LD |yes [1df |PR#5 PR#4+
3 |ST [no W'QOn ROBE V flw prega PR#2[3
4 |FP1 [no
5 |FP2 [no

<54 >
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MIPS:

Cycle 2

0ys ' Nk Xy

N1 Ty M
W
ROB Map Table CDB
ht |# |Insn T Tod | S| X | C Reg | T+ T
h |1 {1df X(r1),f1 |PR#5/PR#2| c2 fO |PR#1+
t |2 |mulf fO,f1,f2|PR#6|PR#3 £1 |PR#5

3 |stf f2,Z(rl1) T~ £2 |PR#6

4 |addi r1,4,rl e r1 fPR#4+

T f/

5|1df X(r1),fl1 \Fre/e =

6 |mulf fO,f1,f2 PR#G PRAT

7 |stf £2,Z(r1) //M
Reservation Stations //
# |FU_lbusy jop |T I ;;/ N2 AGEipregy J & PR#6C
1 |ALU [no M
2 |[LD |yes |1df |PR#5 | ~ |PR#4+
3 [ST [no P | a 'Hp ROBe Y f2f] prege PR#3C
4 |FP1 |yes |mulf|PR#6 |PR#1
5 |FP2 |no |

¢ \ »
N A 75 F

PEKING UNIVERSITY
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MIPS:

Cycle 3

0ys ' Nk Xy

W

v R 2 v of
+n l I_U- M T 0% / lgEISNGXI;Nj;‘RSﬁY
ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg [T+ T
h |1 |1df X(r1) ,f1 |[PR#5/PR#2| c2 | c3 fO |PR#1+
2 \'mulf f0,f1, 2 |PR#6|PR#3 1 |PR#5
t |3 |stf £2,Z(r1) 2 |PR#6
4 laddi r1,4,r1 r1 |PR#4+
5 |1df X(rl),fl T
6 (mulf fO,f1,f2 PR#7 . PR#8
7 |stf f2,Z(r1)
Reservation Stations -, -
# [FU |busy jop (T T1 T2 Store Yy Preg
1 |ALU |no
2 |LD [no Free p X 4 o Free¢ RS entry
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 |yes |mulf |[PR#6 |PR#1+|PR#5
5 |FP2 |no

<56 >
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MIPS:

Cycle 4

0ys ' Nk Xy

+N T |b— |\/| ‘:l 3'1%*1%7
Q
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
h |1 |1df X(r1),f1 |PR#5/PR#2| c2 | c3 | c4 fO |PR#1+ PR#5

2 \mulf fO,f1,f2 |PR#6|PR#3| c4 1 |PR#5+

3 [stf £2,Z(rl) £2 |PR#6
t |4 |addi rl1,4,r1 |[PR#7PR#4 r1 |PR#7

5 [1df X(rl),fl T

6 lmulf fO,f1,f2 PR#7 . PR#8

7 |stf £2,Z(r1) —
Reservation Stations \df et

completes

# |FU [|busy |lop [T Tl T2 .
1 |ALU |yes |addi |PR#7 |PR#4+ set MapTable ready bit
2 |LD no
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 Jyes |mulf |PR#6 |PR#1+|PR#5+1 Match PR#5 tag from CDB & issue
o5 |[FP2 |no

<57>
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MIPS:

Cycle 5

0ys ' Nk Xy

+N | T M
Q
ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T

1 |1df X(r1),f1 |PR#5/PR#2| c2| c3| c4 fO |PR#1+
h |2 [mulf f0,f1,f2|PR#6 PR#?)\Cﬂ\\CS 1 |PR#8

3 |stf f2,Z(r1) N 2 |PR#6

4 laddi rl1,4,r1 |PR#7|PR#4| c5 U1 [PR#7
t |5 |1df X(r1),f1 |PR#8PR#5 \.:r\?e\m;

6 lmulf fO,f1,f2 PR#8 PR#2

7 |stf f2,Z(r1) -
Reservation Stations df reti

retires

# |FU |busy lop [T Tl T2 .
I |ALU |yes |addi |PR#7 |PR#A+ Return PR#2 to free list
2 |LD yes |1df |PR#8 PR#7
3 ST |yes |stf PR#6 |PR#4+
4 |FP1 |no Free p X 4 o Free¢ RS entry
5 |FP2 |no

NPT

PEKING UNIVERSITY
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AMIPSHZE &

e Problem with R10K deS|gn? PreC|se state is more difficult

~-PLERCZ d

AT Qe =0 _| er aT
A OeaH mYfreey _ d" L EgWYrestorey o
A { © Map Tables FreeList H&1 aj T | é &1

A+t O¢ Map Table > Free ListosiA A
A "Hi 1o ¥ ROBA" Te ToldiAY t a wOnvcp

A HE20 K b] c~ 1 ta wOe nj aQ v B
A XM ne &l AAT x 7 U 0
A A rollbackos: At 5T P

A N rollbackgiiPage-fault= interrupt O

0ys ' Nk Xy =097
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AMIPSHZE &

¢ \ »
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ROB Map Table CDB
Replace witha  [ht |# [Insn T told]| s | x| c| [Reg|T+ T
taken branch 1 {1df X(rl),fl1 |[PR#5|PR#2| c2| c3| c4| |fO |PR#1+
_ ME PR#6|PR#3| c4 | c5 £1 |PR#8
MIPS! 3 |stf f2,Z(rl) f2 |PR#6
4 |laddi rl,4,r1 |PR#7|PR#4| c5 r1 |PR#7
Cycle 5 t |5 |1df X(rl),f1 |PR#8/PR#5 T liet
6 [mulf fO,f1,f2 PR#S PR#2
_ 7 |stf £2,Z(rl) —
Precise
Reservation Stations
# |FU |busy |o T T1 T2
State 1 |ALU yesy atdi |PRAT |PRA4Y BOQI M2 A ¢
2 |LD |yes |1df |PR#8 PR#7 rollback i 1 MB3-5
3 ST |yes |stf PR#6 |PR#4+
4 |FP1 [no
5 |FP2 |no

0ys ' Nk Xy 0=
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AMIPSHZE &

¢ \ »
N A 75 F
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1),f1 |PR#5/PR#2| c2| c3| c4 fO |PR#1+
h |2 PR#6|PR#3| c4 | c5 £1 |PR#5+
3 [stf £2,Z(r1) 7 |PR#6
t |4 |addi rl1,4,r1 |PR#7,PR#4 r1 |PR#7
MIPS: 5 [1df X(r1),fl PR#@-BR#Q\ S
6 lmulf fO,f1,f2 JIPR#2 PR#8
7 |stf £2,Z(r1)
Cycle 6
Reservation Stations N ldfe ROB#5C
# |FU |busy |op |T T1 T2 1. ORS
1 |ALU |yes |addi |PR#7 |PR#4+ 2. O Te PR#8T | i Ereelist
2 I Ino 3NMTf] A& U Tolde PR#5C
3 ST |yes |stf PR#6 |PR#4+ .
4 FPL Ino 4. W ROB#5
5 |FP2 |no

6ys * kXY “Ymm! @ rollback™E
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ROB Map Table CDB
ht |# |Insn T Tod | S| X | C Reg | T+ T
1 |1df X(rl) ,f1 |PR#5/PR#2| c2| c3| c4 fO |PR#1+
h |2 PR#6|PR#3| c4 | c5 £1 |PR#5+
t |3 |stf £2,Z(r1) £2 ,|PR#6
4 laddi rl1,4,r1 |PR#/PR#4| cb r1 |PR#4+
MIPS: 5 [1df X(rl) ,f1 R#\\\--s_____ Free List
6 mulf fO,f1,f2 \"‘PR#Z,PR#S,
7 |stf £2,Z(r1) PR#7
Cycle 7 i
Reservation Stations n ldfe ROB#4C
# |(FU |busy lop [T T1 T2 1 ORS
1 |ALU [no _
5 11D lno 2. wTe PR#7C 1t Freelist
3 [ST |yes [stf PR#6 |PR#4+ 3.NMT[rl]] Aé Y Tolds PR#4L
4 |FP1 Ino 4. O ROB#4
5 |FP2 |no

0ys * KXy
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ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(r1l),f1 |PR#5/PR#2| c2| c3 | c4 fO |PR#1+
ht|2 PR#6|PR#3| c4 | c5 f1 |PR#5+
3 |stf £2,Z(r1) 2 |PR#6
4 laddi r1.,4,r1 r1 |PR#4+
MIPS: 5 |1df X(r1),fl it
6 (mulf fO,f1,£f2 PR#2 PR#8.
7 |stf f2,72(rl
Cycle 8 — PRAT
Reservation Stations N ldfe ROB#3(
# |FU |busy lop [T T1 T2 1. ORS
1 |ALU |no .
2 |[LD |no 2. @ROB#S
3 [ST [no 3=®| e O# [ (b
4 |FP1 [no 4.D$%E5 Vb MR 0
5 |[FP2 |no

0ys ' Nk Xy
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1 cycle access (early in pipeline)

1-4 cycle access

6-15 cycle access

L2 Cache (¥32MB)

Memory (128 MiBewGB) 100500 cycle access

Disk (Many GB)

< 65>
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AP LP EQ P J. P
Ap &ony
AY 2802 v BT 0 A1 Q0 "Ym
AH 6 ox w At ~E!'fpj WENG Ar
AY 6 6x sx @@ PBEERpH i JNLAT
sum = 0;
- A F') o for(i=0; i<n; i++)
T sum+=a[ il;
d AO *V = sum;
q AAT Q4FveM
di

ay zeM TAT Y
Qrel yveH €
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Al O E W

A Main Memory Smalll Big, Slow Memory
A Stores words Fast Cache

ACZ in example
A Cache
A Stores subset of the words

4 in example

A Organized in lines
A Multiple words

Processor

A
\ 4

A
\ 4

A
B
G
H

N|[<Pp>>O|T|>

A To exploit spatial locality

A Access

A Word must be in cache for
processor to access

0ys ' Nk Xy ore
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A Cache"

E 4y

Keep recently accessed block in “block frame”

- state (e.g.,

valid)

» address tag

» data

0ys ' Nk Xy

address state data

\ U\ J
Y "
bookkeeping multiple bytes per block
overhead frame to amortize overhead

CUNT »
CATR) ) ¢ N
}fi ‘J,‘ 4.3

PEKING UNIVERSITY

On memory read
A if incoming address corresponds to on
e of the stored address tag then
A HIT
A return data
A else
MISS
Choose and
displace a current block in use
fetch new (referenced) block from
memory into frame
return data

o Io Do Io

<068 >
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d E Cachev + -

A Cachea v 0

A block (cache line) 8 minimum unit that may be present

A hit 8 block is found in the cache

A miss & block is not found in the cache

A miss ratio & fraction of references that miss

A hit time & time to access the cache miss penalty

A miss penalty
A time to replace block in the cache + deliver to upper level
A access time 8 time to get first word

A transfer time 8 time for remaining words

0ys ' Nk Xy <69 >
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A Cache Block Placement

Where does block 12 (b’1100) go?

Block Set/Block Set

0 0

1 1

2 2

3 3

! . [

5 5

6 6

7 7

Fully-associative Set-associative Direct-mapped
block goes in any frame a block goes in any block goes in exactly

frame in exactly one set one frame

(think all frames in 1 ” (frames grouped into ” (think 1 frame per
set) sets) set)

0ys * NkXy <70
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A Each cache block frame or (cache line) has only one tag but can hold multiplen chunksb of data

A Reduce tag storage overhead
A In 322it addressing, an 12vIB directZznapped cache has 12 bits of tags
A 4Zyte cache block+ 256K blockst+ ~384KB of tag
A 1287%yte cache block+ 8K blockst ~12KB of tag
A The entire cache block is transferred to and from memory all at once
A good for spatial locality because if you access address i you will
probably want i+1 as well (prefetching effect)
A Block size = 2”b; Direct Mapped Cache Size = 2*(B+b)

MSB LSB
tag block index | block offset
\. I J

Y Y
B-bits b-bits

0ys ' Nk Xy
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Direct -Mapped Cache

Address Cache
01101 Vd tag data

— A

olollo

SIS »

o " at A J’ ?ﬁ

" J X‘ > 7T
5ss”  PEKING UNIVERSITY

EESES

~— > Block Offset (bit)

> Line Index (@it)

> Tag (i)

Compulsory Miss: first reference to memory block

Capacity Miss: Wor ki ng set does

Conflict Miss: Working set maps to same cache li

NICO

BISGREEES

1
1

~lIC

N
—
N

Fopolcop(o0

 NATENESR



Direct -Mapped Cache

0ys ' Nk Xy

block index

I {a ||ntiex |

decoder

o

Match
(hit?)

T~

tag

1dX

b.o.

decoder

CTU »
™ O\ \;
Je g )2

PEKING UNIVERSITY

h

0>

Multiplexo Ta

(hit?)

Don't forget to check the valid/state bits

<73>
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Fully -Associative Cache

| tag |blk.offset|
|

Tag

Associative

A 4 Y
_\ Multiilemr // Search

AsT block index

6ys * NkXy <14



N-Way Set Associative Cache BT

s PEKING UNIVERSITY

a way (bank})

a set
| tag | 1dx | b.o.] A

v
decpder
decoder

’6 1aq M\ Ta
Y Y Y match L 2 7 Zmatch

\\ i S Multiplexo,

< I

Cache Size = N x 2B+b

0ys ' Nk Xy S
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N-Way Set Associative Cache

A Associative Block Replacement

A Which block in a set to replace on a miss?
A Ideally 8 replace the block that b willb be accessed the furthest in the future
A How do you implement it?

A Approximations:
A Least recently used 8 LRU
A optimized (assume) for temporal locality (expensive for more than 2Zvay)
A Not most recently used 8 NMRU
A track MRU, random select from others, good compromise
A Random
A nearly as good as LRU, simpler (usually pseudo Zandom)
A How much can block replacement policy matter?

0ys * NkXy <76
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Cache Miss M

APl vv FodvvIilfdwlrqg +6.4 Fqv,

A Compulsory Miss
AY cold missy on first access to a block
A & defined as: miss in infinite cache
A Capacity Miss
A misses occur because cache not large enough &
defined as: miss in fullyZassociative cache
A Conflict Miss
A misses occur because of restrictive mapping strategy
A only in setZssociative or directZznapped cache
A & defined as: not attributable to compulsory or capacity
A Coherence Miss
A misses occur because of sharing among multiprocessors

6ys * NkXy <1
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A Cache Sizea CP

A Cache size is the total data (not including tag) capacity
A bigger can exploit temporal locality better
A not ALWAYS better

A Too large a cache
A smaller is faster => bigger is slower
A access time may degrade critical path

A Too small a cache it rate working ser
A d o negptoit temporal locality well f
A useful data constantly replaced :

- -
holding b and a constant

0ys ' Nk Xy =8
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A Block Size a b

A Block size is the data that is
A associated with an address tag
A not necessarily the unit of transfer between hierarchies (remem

ber subAlocking)

A Too small blocks 4
A d o negptoit spatial locality well
A have inordinate tag overhead

A Too large blocks
A useless data transferred
A useful data permanently replaced
A & too few total # blocks holding C and a constant

hit rate

0ys ' Nk Xy =9
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Caches Av "H

A Associativity o af

A Partition cache frames into

A equivalence classes of frames called sets
A Typical values for associativity

A 1, 2Z 4Z 8Zvay associative

A Larger associativity ' :
A lower miss rate less variation among /

programs
A only important forsmalli C/ b 0 hitrate
A Smaller associativity
A lower cost, faster hit time

—@ > a
holding C and b constant

0ys ' Nk Xy 80”
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A Cache d,u Misss P Y

A Write Policy: How to deal with write misses?
A Write -through / no -allocate
Aupdate memory on each write
Akeeps memory upZoZlate
A Write -back / write -allocate
Aupdate memory only on block replacement
AMany cache lines are only read and never written to
Aadd i d i bittoystatus word
Aoriginally cleared after replacement
Aset when a block frame is written to
Aonly write back a dirty block, and fi d r ogamblocks w/o memory update

0ys ' Nk Xy ek




2-Way Set Associative Cache

Address

01101

Cache
Vd tag data

o) (=] (@] (=)

> Block Offset (unchanged)

> 1-bit Setindex

> Larger (it) Tag

| mpact

o

n the 3C0s?

SEy: »
o 0 3 t A J’ :ﬁ
: - 59 =
&’ PEKING UNIVERSITY



2-Way Set Associative Cache H A

A Write -back & Write -allocate

AR »
IANELE P

s PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
2] 120
Vd tag data 3T 123
ld RL&M[ 1 ] 0 4 71
Ld R2« M[ 5 ] 5 150

St R2>M[ 7 ]
St R1>M[ 4 ] 0 6_162
Ld R3« M[ 0 ] 71 173
ld R2¢ M[ 8 ] 0 8 18
9 21
0 10 33
RO 111 28
R1 S 121 19
i Misses: 0 13[ 200
R3 Hits: O 141 210
| 15 225 10

0ys ' Nk Xy =89
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

Processor Cache Memory
0p 78
1] 29
2| 120
Vd tag data 3T 123
#Ld RL&<M[ 1 ] 0 a4 71
Ld RZ(—M[ 5 ] 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] 0 6| 162
Ld R3< M[ 0 ] 71 173
ld R2« M[ 8 ] 0 3] 18
9 21
0 10| 33
RO 11] 28
R1 S 121 19
R2 Misses: 0 13200
R3 Hits: O 14 210
| 15 225 11

0ys ' Nk Xy e
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

Processor Cache Memory
0 78
1| 29
2l 120
Vd tag data 3 123
qLd RI« M[ 1 ] [1]0] O 78 a4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
st RLo>M[ 4 ] 2|0 6] 162
Ld R3« M[ 0 ] 71 173
Ld R2« M[ 8 ] 10 8 18
9 21
10 10p 33
RO 11} 28
R1 29 . . 12] 19
- Misses: 1 13 200
R3 Hits: 0 14 210
| 150 225 12

0ys ' Nk Xy R



2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

Processor Cache Memory

0 78

1] 29

2 120

Vd tag data 3T 123

ld RL«<M[ 1 ] 11]0] O 78 4 71

Ld R2« M[ 5 ] 29 5 150

« rmom 41 |20L] o 162

Ld R3« M[ 0 ] 71 173

Wrzem 81 | 0] | 8| 18

9 21

(ol | 10l 33

RO 11} 28

R1 29 . . 12 19

- Misses: 1 13 200

R3 Hits: 0 14 210
150 225 13
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
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Processor Cache Memory
0 78
1] 29
2] 120
Vd tag data 3 123
-Ld R1«M[ 1] [2]1]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71 6] 162
Ld R3< M[ 0 ] 150 71 173
ld R2Z« M[ 8 ] 0 8| 18
91 21
0 10} 33
RO 111 28
R1 29 . . 121 19
> [ 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 150 225 14

0ys ' Nk Xy sere



2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
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Processor Cache Memory
0 78
1| 29
2 120
Vd tag data 3T 123
RriemMm 1] [2[1]0] O 78 4 71
- Ld R2«~ M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RL>M[ 4 ] [1fo] 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] o] | 8 18
9 21
(o] | 10 33
RO 11} 28
R1 29 . _ 121 19
2 | 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 15¢ 225 15

0ys ' Nk Xy 88



2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0 78
11 29
2] 120
Vd tag data 3] 123
WdRrieMm 1] |2[1]0]j O | 78 4 71
- ld R2«~ M[ 5 ] 29 5| 150
St R2o5>M[ 7 ]
St Rl>M[ 4 ] Il OI 1 71 6| _162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1]1] 1 162 8 18
150 9 21
=lo] | 10 33
RO 11} 28
R1 29 . i 121 19
| 150 Misses: 3 13 200
R3 Hits: O 141 210
15 225 16

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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A Write -back & Write

2-Way Set Associative Cache H A
-allocate
Processor Cache Memory
0L 78
1] 29
2] 120
Vd tag data 3 123
ldR1«<M[ 1] |2|1]0] O 78 4 71
Ld RZ(—M[ 5 ] 29 5 150
St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71 6] 162
Ld R3< M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1|11 1 162 8] 18
150 of 21
210 10 33
RO 111 28
R1 29 . _ 12 19
> [ 150 Misses: 3 13" 200
R3 Hits: 0 141 210
150 225 17

0y

'tk Xy

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0p 78
1 29
2] 120
Vd tag data 3] 123
dRri<mM 1] |[2[1]0] O 78 4 71
ld R2¢« M[ 5 ] 29 5] 150
St R2>M[ 7 ]
ot RL>M[ 4 ] (1]1] 1 29 6] 162
ld R3« M[ 0 ] 150 71 173
ld R2¢« M[ 8 ] 1]1] 1 162 8] 18
150 9 21
Zlo] | 100 33
RO 11} 28
R1|__ 29 : ) 121 19
~ | 150 Misses: 3 13 200
R3 Hits: 1 141 210
15p 225 18

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0p 78
11 29
2] 120
Vd tag data 3] 123
WrieMm 1] |2[1j0j 0| 78 4 71
ld R2« M[ 5 ] 29 5| 150
St R2o>M[ 7 ]
St Rl>M[ 4 ] 1|1| 1 29 6| _162
q Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] 1]1] 1 162 8 18
150 9 21
Zlo] | 10 33
RO 11} 28
rR1l 29 : . 121 19
0 [ 150 Misses: 3 13" 200
R3 Hits: 1 141 210
150 225 19

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write

0y

'tk Xy

-allocate
Processor Cache Memory
0] 78
1] 29
21 120
Vd tag data 3] 123
ldR1<M[ 1] |2 1]0] O 78 4 71
ld R2« M[ 5 ] 29 5] 150
St R2>M[ 7 ]
S T A 1]1] 1 29 6] 162
-Ld R3< M[ O ] 150 71 173
ld R2« M[ 8 ] 1|1] 1 162 8 18
150 9 21
Zlo] | 100 33
RO 11} 28
R1 29 . . 121 19
~ | 150 Misses: 3 13" 200
R3| 78 Hits: 2 141 210
15 225 20

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
21 120
Vd tag data 3 123
ld RL&M[ 1 ] 11]0] O 78 4 71
st rzom 71 |5 29 5150
St RL>M[ 4 ] Ef1faj 1 29 6] 162
Ld R3«< M[ 0 ] 150 7\ 173
qLd R2« M[ 8 ] 11]11] 1 162 8| 18
150 9 21
z|o] 1033
RO 11} 28
29 . 12 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 14 210

| 150 225 21
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

;_\. /’r,,_ 3 t - J, :ﬁ
o 3 X‘ > T
{598 PEKING UNIVERSITY

Processor Cache Memory
0 78
1] 29
2| 120
Vd tag data 3 123
ld RLe~M[ 1 ] [1]0] O 78 a 29
Ld R2<~M[ 5 ] 29 5 150
SRR SR IE i | 2l
Ld R3« M[ 0 ] 150 71 173
‘Ld R2« M[ 8 ] [1]1] 1 | 162 8| 18
150 o9f 21
zlo] | 1033
RO 11 28
29 . 121 19
ﬁ; 150 Misses: 3 13" 200
R3| 78 Hits: 2 141 210

| 150 225 22

0ys ' Nk Xy R
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2-Way Set Associative Cache H A

A Write -back & Write -allocate

Processor Cache Memory
0p 78
1] 29
2] 120
Vd tag data 3] 123
ld RLe~M[ 1 ] 11]o] O 78 4 29
ld R2«~M[ 5 ] 29 5| 150

St R2o>M[ 7 ]
bR AT Zl1]o] 2 18 6] 162
Ld R3< M[ 0 ] 21 7\ 173
‘Ld R2¢M[ 8 ] (1]1] 1 162 3 18
150 9 21
Z|o 10 33
RO 11} 28
R1|__29 S 12] 19
o 18 Misses: 4 13" 200
R3| 78 Hits: 2 141 210
] 15} 225 23
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For a 32bit address and 16KB cache withlte blocks, show the
breakdown of the address for the following cache configuration:

'tk Xy

A) fully associative cache

Block Offset = 6 bits
Tag = 32 - 6 = 26 bits

C) Direct-mapped cache

Block Offset = 6 bits
#lines = 256 Line Index = 8 bits
Tag =32 -6—-8 =18 bits

B) 4-way set associative cache

Block Offset = 6 bits
#sets = #lines / ways = 64
Set Index = 6 bits
Tag =32 -6 - 6 =20 bits

NT
GUNIN
<, P
S @
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7502

NEPE |
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A Cache AccessQ . ®

A T avg = T_hit + miss _ratio x T_miss
A comparable DM and SA caches with same T_miss
A but, associativity that minimizes T_avg often smaller than associativity t

hat minimizes miss_ratio

dl:ff(tcache) cache(SA) cache(DM) =20
diff(miss) = miss(SA) - miss (DM) <0

e.g.,

assuming diff(t_....)= 0 => SA better

cache

assuming diff(miss) = -1%, t.. = 20
= if diff(t.,che) > 0.2 cycle then SA loses

0ys ' Nk Xy =98
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