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N e 7K ¥

3o PEKING UNIVERSITY

o F2R{ENLRIE: 38202 - 4848

- X{RIATLUERSIT6 Late day

+ Late DayfERfG, BIRR1KHIBR20%=RIEI 5 %L

« EBLRabBE: 38108 % - 4AB10ME11:59

o 21METESS (50%+50%) + 14°Bonus (\J2i%k1, 50%)

i}

C
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TomasulofFSIES BETE

+ TomasuloFEiE S R GRS E

RAT F
- - >
) m
Q a)
Fetched O‘ ©
Insns . E
Reservation Sttion :
« RS:
- WHER
‘RgﬁﬁF
. s B == . BT (LHRRAT: BFEERIEE)
- T1. T2: [RIBR{EEURES o HEFF a%ﬁ%%ﬁﬂh
& NPV o« BFFEEME (XNYARF: ZEHIEZSIFEEHE)
« NR RS PixBE, NWIREBZFF=20Y9E

BIEEH FREHE

ﬁE ;Qgﬁat;<}fg

PEKING UNIVERSITY

<4 >



53 321Nl St FRi
» TomasuloEIEAR IR ETEED=E

» When can Tomasulo go wrong?

5
s RS ZEBFHIES (IZBHM) =lERERERF
 Exceptions!!
« ToiRHEE RS S RIERXT IR
+ BAIFE—MFN 5 5245 RN
+ BAIFE—MNEIRIARIZIRETE R

i}

BIEEH REHE <5>

C



73 32
- QIESETEN. TSRS

:‘\\“"4 »
NPT

PEKING UNIVERSITY

o« SRFNES
o XWTFEMHDZ
- il RS ST
o« i+
s BEDHER;, SEMEDSZHEER
o HuHFFINIZE
o YU BFRieit (FRHEEREER)

«
« BTB; Return Address Stack; Precomputed Branch

- REZ4E

i}

BEBH &5HE <6>

C



53 3ZFa

- BN - BFHEMNERIRESHFSM

- 1 {ufpSRics (BRFUES)
- BESXIRES

branchPC

How big is the table?

i}

BIEEH FREHE

C

NPT

PEKING UNIVERSITY

2 UASRIER (FHHFTNES)

branchPC

How big is the Table?

<7>



53 3ZFa
-+ AR - BF HENESRIRSHFSM

LR )
R

* £9 80% MNP XBAKERRA, BEAKXERERKM

* XITFHRITRY 20%, FANFBEEEDXEIMEL, HHE
=0 A LAGE B S 2= AT RR A TF

« Example: gcc has a branch that flips each time

Using History Patterns

BIEEH REHE <8>



53 5<FMl Dz
. SR - BT HEEERSHIFSM

Local history

Branch History
Table

Pattern History
Table

01010101

When do | update the tables?

Using History Patterns
B ER FEAE <9>



53 32T
-+ AR - BF HENESRIRSHFSM

Branch History Local history
Table Pattern History
Table

401010101

:‘\\“‘4 »
NPT

PEKING UNIVERSITY

ETXRATIL
NRIES, A%
RsRZR201010101,
IERARRIEN

What is the accuracy of a flip/flop branch 0101010101010...?

R S Using History Patterns <10>

i}

C



53 32T
-+ AR - BF HENESRIRSHFSM

:‘\\“‘4 »
NPT

PEKING UNIVERSITY

Global history

Pattern History
Branch History Table

Register

If (aa==2)
aa=0;
If (bb == 2)
bb =0;
if (aa!=bb) {...

How can branches interfere with each other?

Using History Patterns
BB BER FEHE <11>

i}

C



53 32T
-+ AR - BF HENESRIRSHFSM

Hybrid predictors

Local predictor Global/gshare predictor

(e.9. 2-bit) (much more state)

Prediction

1 Prediction

2

Selection table R
(2-bit state machine) Prediction

A E A RE T
WA S S TS k2 ae

Using History Patterns

i}

BIEEH FREHE

C

:‘\\“‘4 »
NPT

PEKING UNIVERSITY
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53 3ZFw
- HBLEFEN — Branch Target Buffer

- #233810 PC %5|R/Y BTB
« WIRLBAIF BTB of, WTF—2
IKEN B nituht

IRERER (IBEERE)

w
- BE B INERE

Branch PC Target address
OX05360AF(0 === 0x05360000

<13>

i}

BIEEH FREHE

C
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7 3ZiFRIK A IR
- WFIRFSRFKEEER, Wi FERITRZEMIMNINE

Tamosulo

W25 7K e - IREITFIRME

. Squash FEFEMAMIIEREIHER fg%gﬁggifgfﬁﬁiﬂﬁﬁﬁiﬁﬂ‘E@E
EXIChk, KX AY)!

- REMRSFREHIESFERERS . XEETREELEN. He—T
i . o R1=MEM[R2+0]
+ TERAIIAY 5 PRGN BEQ R1, R3 DONE < Predicted not taken
MEM (i) 0 WB (FF7=35[E]) Hj R4=R5+R6
AERR= - AL, BAIABEI DS TIEN, ARG T
[ARAESS

- XLhR ERE—HE.
* PRBAIRFRITIES.
- 5, —BoXER, MALEDXZEIZ
[EHIT—LERA(F,

BIEEH FREHE <14>
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MIPS R10K: BirsE+aiSie S A8

« Adding a Reorder Buffer, aka ROB

o« IMHAZEE Reorder Buffer
« ROB B— M ETESHIGL.
-« PIESIHINFETER
- HitgSNARELFEAIT
« IXZARS
- FEIIRRSFIROBRLIES
- Eipa/J ROB 528, mA=Z RS.
o (TARNMERATRRIESEIT RS
» (NERERINFERZNIES ZRINFEIESE=TME, ZD3H8<

SR

SEIY, > »
~ ) - D
?,5 e 7 X ¥
{598 PEKING UNIVERSITY

i}

BIEEH REHE <16 >

C



MIPS R10K: BtrsE+EliSie<S A

- Adding a Reorder Buffer, aka ROB

Any order ’ @ A"OC
ﬁ - f£ROBEZF FIHANRIES
IF | ID Alloc Sched > EX CT 1 @ Sched
In-order" | "In-order . &HKE@A(ROB T-to-H then ARF)
= ROB | 'ARF - FRIBEWMNESIE
Dst reglD T T - @ WB
Dst value Head Tai - HEREA ROB/RS
=t - BEREAET
* Reorder Buffer (ROB) - @ CT
— spec IRESHITEIAEATY « Wait until inst @ Head is done
_ F—/ TR ORIRIES - RKREEIR, BaCEER
/I?\fﬁ)\{%fﬁ% [BEfF LSS .S K N ARF

* M ROB FfEifFfE=s )

BIEEH REHE <17>



MIPS: EBIRR+EISIES R @ 3¢ 7

s PEKING UNIVERSITY

« Adding a Reorder Buffer, aka ROB Architectural Reg File ( ARF)

R value

Map Table

Head

—
Retire

Tail
Dispatch

Dispatch:

« Simple Tomasulo+ROB
FHETE DN (redfile/ROB—RS—ROB—redfile)
- ZMAZRERSRKRSEESENM B ERTHRETE

BIEEH FREHE <18>



MIPS: {8fr=+E]

ISR

« MIPS: An alternative implementation

Map Table E

.
o Y
1

iy

Free
List

ROB |

Dispatc h

+ Felfr

-y

© =AM KRS EFRIERFIEEIE-TH
FU B934 — /INESRIR

Tail

Dispatch

e ROB and RS

BIEEH FREHE

CDhB.T

“on the side”

=1
#URER1E ROB

used only for control and tags

)
> ~
{893

N ez A P

PEKING UNIVERSITY

<19>



MIPS: EtRE+HISE SRS

« MIPS: An alternative implementation

Map Table ¢ %m‘ﬁr"flﬁ? Gone
e | m._ o | B E REEE

Head
: " « HYIESTFER - #ORNEFRS
Eiﬂ(?ﬂ If{;ie — L Pispah + #ROB entries
T e e N e

RS

CDhB.T

Physical Regfile - HIRSUEIRR (WIEFEREN
iE RS EIZ)

o EARLEMFT map table/RAT
« BREIARBEN O ((RBZEMAEEFERENIY)
- FRAHIRIRER D EAIESFES
ROB A=Y RS FemREIEIHF IR
- MBI LH, XE "HIENSFFREnd"  BNE5EE=ER

BIEEH REHE <20>

(i



MIPS: BiRE+ElE:

« MIPS: An alternative implementation

Parameters

e Names:r1,r2,r3

SRS

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

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

MapTable FreeList
rl (2 [r3
p6_|p2 |po p7
.+ IEE: divZEAIES IR
- VIESEFRERART
- HSCAYIAER

BIEEH FREHE

: PIESEFSRN ST ZRHRREL

Raw insns

add
sub
mu 1
div

r2,
r2,
r2,
, 3

rl

r3
ril
r3

,rl
, r3
,rl
,r2

Renamed insns

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

)
> ~
{893

N) It 7 5

PEKING UNIVERSITY

<21>



MIPS: {Bir=2+aiSiES k&S]

- MIPSIZHISH

BIEEH FREHE

New tags (again)
* Tomasulo+ROB: ROB# > MIPS: PR#
ROB
«  TXNIESEIERHAIIESFeE
« Told: ZRIMEIRIFE<>EER HAIIESFer
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

)
> ~
{892

SELE P

PEKING UNIVERSITY

<22 >



MIPS: BBiFE+EIBIES RS AL SR
+ MIPSZERISHT
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)
e ROB head not complete ? Stall
e Handle any exceptions
e Store write LSQ head to DS
Free ROB, LSQ entries
Free previous physical register (Told)

i}

BIEEH REHE <23>

C



MIPS: EtRE+HISE SRS

« MIPS R10K DispatchZ

e
1 Head

[ ——

Retire

_“‘\“",, »
NEF T

PEKING UNIVERSITY

Tail
Free match

List ROB |

Dispatch:

CDhB.T

«  TIiZEHRASTFSNRIpreg (MIBEFFSS) I3, FERS
« Told: ZREIMEIEHESIZERHIVIIES FaEBln HE 73 pregin
%, TF7EROB (Told)
RSO ECHHYpreg (free list) , F#ERS, ROB, Map tabe o



MIPS: {Bir=2+aiSiES k&S]

« MIPS R10K CompletesZ &

Map Table E

Dispatch'

Free
List

Head

i ——

Retire

Tail

Dispatch

ROB |

« f{Emap tableFiGERSHILSFaE09ready bit
~Hyready bits

«  TERSHIZIE LA NIRES

FIEBH FEAE

CDB.T

)
> -
{39%

SELE P

PEKING UNIVERSITY

<25>



MIPS: EtRE+HISE SRS

« MIPS R10K Retirez> 38

Map Table E

¢ ) »
NELF TS

PEKING UNIVERSITY

g Head
> Retire
® )
Te::nl
Free Dispatch
List ROB | \

Dispatch'

CPB.T

e Return Told of ROB head to free list

BIEBEH FEHE <26>
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NELF TS

PEKING UNIVERSITY

MIPS: BtRE+FIiSieS %S
» MIPSSEGISHR

ROB Map Table CDB
ht |# |Insn T Told | S X C Reg | T+ T
1 {1df X(rl),fl £O |PR#1+
2 [mulf £fO,f1,f2 1 |[PR#2+
3 |stf f2,Z(r1) 2 |PR#3+
4 laddi r1.,4,rl r1 [PR#4+ +: Readyv bit
5 (1df X(rl1) ,f1 Free List y
6 [mulf fO,fl1,f2 PR#5 PRAG.
7 |stf £2,Z(rl) PR47 PRES
Reservation Stations
# |FU |busy|op |T T1 T2 Notice I: {F{aJiiHEBATFiES{Feevalues
1 |ALU |no
2 |LD no . ]
Notice Il: Map TableRAAS
3 |ST no
4 |FP1 |no
5 [(FP2 [no

i}

BEEH #5HE <27>

C



MIPS: BiRE+ElE:

SRS

< ) »
NELF TS

PEKING UNIVERSITY

» MIPSECfl4 R
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 lmulf fO,f1,f2 ™ £1 |PR#5
3 |stf f2,Z(rl) ™ 2 | PR#3+
4 |laddi rl,4,rl N r1 [|PR#4+
I
MIPS: 5 |1df X(rl),f1 | [Frde st
6 |mulf fO,f1,f2 Ipr#5, PRA#G
| 7 |stf £2,Z(r1) PR#7 . PR4S
CyC el Reservation Stations
# |FU |busy lop |T T1 AT 4o -
0 T — Bt 1 teFrRYpregfiifd (PR#5)
2 |LD |yes |1df |PR#5 PR#4+
3 |ST |no RIRTEROBRiEfL|Hpreg (PR#2)
4 |FP1 I|no
5 |(FP2 |no

i}

BIEEH FREHE

C

<28 >



MIPS: BiRE+ElE:

. MIPSIZHISR

MIPS:

Cycle 2

i}

BIEEH FREHE

C

SRS

< ) »
NELF TS

PEKING UNIVERSITY

ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg [T+ T
h |[1[1df X(r1),f1 |PR#5PR#2| c2 £O0 |PR#1+
t |2 |mulf fO,f1,f2|PR#6|PR#3 £1 |PR#5
3 [stf £2,Z(r1) T £2 |PR#6
4 |addi r1,4,rl TN r1 fPR#4+
~J 7
R |
mu
Bl PR#6 , PR#7 ,
7 |stf £2,Z(r1) A Neres
Reservation Stations //
# |FU |b T T1 [T s = e
Ll 27 | S EEIpreghi® (PRY6)
1 [|ALU |no M
2 |[LD |yes |1df |PR#5 | ~ |PR#4+
3 [ST |no 4] ERFEROBIZ&f2|Hpreg (PR#3)
4 |FP1 |yes |mulf|PR#6 |PR#1
5 |FP2 |no |

<29 >



MIPS: BiRE+ElE:

g MIPSEWUﬁ*ﬁ

MIPS:

Cycle 3

FIEBH FEAE

BS AR

NEIE T

PEKING UNIVERSITY

ROB Map Table CDB
ht |# [Insn T Told | S| X | C Reg | T+ T
h |1 (1df X(rl),f1 |PR#5/PR#2| c2 | c3 fO |PR#1+
2 \mulf O, f1,f2|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(r1),fl T
6 (mulf fO,f1,f2 PR#7 . PR#8
7 |stf £2,Z(r1)
Reservation Stations S/AT-/\
# [FU |busy lop |T 1 |12 Storetg A7 Bopreg
1 [|ALU |no
2 [LD |no Free TEXMEXRDFree}gRS entry
3 |ST |yes |stf PR#6 |PR#4+
4 |FP1 |yes |mulf |[PR#6 |PR#1+|PR#5
5 |FP2 |no

<30>



MIPS: fBiRE+EISIsS kST
« MIPSEERISHr

< ) »
NELF TS

PEKING UNIVERSITY

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
h |1 |1df X(r1l),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(r1) £2 |PR#6
t |4 |addi rl1,4,r1 |[PR#7PR#4 r1 |PR#7
MIPS: 5 [1df X(rl),fl T
6 lmulf fO,f1,f2 PR#7 PR#8
7 |stf £2,Z(r1) —
Cycle 4
Reservation Stations \df completes
# |FU |busy |0 T T1 T2 .
1 |ALU yesy aZdi 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
5 |FP2 |no

i}

BIEBEH FEHE <31>

C



MIPS: BiRE-+sSESA
» MIPS3EflIStR

< ) »
NELF TS

PEKING UNIVERSITY

ROB Map Table CDB
ht |# |Insn T Told | S| X | C Reg | T+ T
1 |1df X(rl1l),f1 |[PR#5/PR#2| c2| c3| c4 fO |PR#1+
h |2 l[mulf fO,f1,f2|PR#6 PR#S\C!l\\CS 1 |PR#8
3 |stf f2,Z(r1) N £2 |PR#6
4 laddi r1,4,r1 |PR#7|PR#4| c5 U1 [PR#7
MIPS: t |5 |1df X(r1) ,f1 |PR#8PR#5 \?r\ge\bgg
6 lmulf fO,f1,f2 PR#8  PR#2
7 |stf £2,Z(rl) —
Cycle 5
Reservation Stations df retires
# |FU |busy |o T T1 T2 .
T ALU yesy a?l 41 [PR#7 |PR#44 Return PR#2 to free list
2 |LD yes |1ldf |PR#8 PR#7
3 ST |yes |stf PR#6 |PR#4+
4 |FP1 |no Free 7EXFTERRIFreeig®RS entry
5 |FP2 |no

i}

BB/ FFaHE <32>

C



MIPS: EtRE+HISE SRS

. MIPSZBISHR

e Proble

m with R10K design? Precise state is more difficult

- MIEEEFRIESA
- EAILIAY, RBEREFFRENE
o FiIaILLl “free” HWBEANBNSFRF “restore” |HEY

=HIMap TableFFree List2k5ehk, MIA RS Fes X4

- FWFPIKEMap Table FFree ListBY5 T
- B1l: EIAROBHRIT, ToldRiTRE (EEIS(BEE)
- B2: N-EEESRFIRE (EER, BEESERE/)
o IUTAMESSRVIFF AR ERBERIEET
FEZE rollbackEkEFRICER
- ¥/DrollbackAYPage-faultFlinterrupti{ 7B TI%E

BIEEH FREHE

CUNTY % »

~ ) - N}

25 Je g X ¥
S PEKING UNIVERSITY

<33>



MIPS: BiRE-+sSESA
» MIPS3EflIStR

& ) »
NELE B

PEKING UNIVERSITY

ROB Map Table CDB
Replace witha  |ht [# [Insn T Jtold] s | X | c| [Reg]|T+ T
taken branch 1 |1df X(rl),fl1 |PR#5/PR#2| c2| c3| c4| |fO |PR#1+
_ MTRE PR#6|PR#3| c4 | c5 £1 |PR#8
MIPS: 3 |stf £2,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#8PR#5 T Tiet
6 |mulf fO,f1,f2 PR#S PR#2
_ 7 |stf £2,Z(rl) —
Precise
Reservation Stations
# |FU |busy lop |T T1 T2
State 1 |ALU |yes |addi |PR#7 |PR#4+ HNRISS2RANPE, WS
2 |LD |yes |1df |PR#8 PR#7 =rollbackigifEig < 3-5
3 |[ST |yes |stf PR#6 |PR#4+
4 |FP1 |no
5 |FP2 |no

i}

BIEBEH FEHE <34>

C



MIPS: EtRE+HISE SRS

. MIPSZBISHR

MIPS:

Cycle 6

i}

BIEEH FREHE

C

< ) »
NELF TS

PEKING UNIVERSITY

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+
h |2 imp O f1 f2 PR#6|PR#3| c4 | c5 1 |PR#5+
3 |stf f2,Z(r1) —[T2 |PR#6
t |4 |addi rl1,4,r1 |PR#7 PR#4 r1 |PR#7
5 [1df X(rl),f1 |PR#8RR#5 .
Free List
6 [mulf fO,fl,f2 s {PR#2 , PR#8
7 |stf £2,Z(r1) ’
Reservation Stations BB Idf (ROB#5)
# |FU |busy |op |T T1 T2 1.BMRS
no . \
3.BMT[f11ER ZlTold (PR#5
3 |ST |yes |stf PR#6 |PR#4+ 4;@[05;&@11%] (PRE)
4 |FP1 |no AED
5 |FP2 |no

ST Arollbacki T



MIPS: EtRE+HISE SRS

. MIPSZBISHR

MIPS:

Cycle 7

i}

BIEEH FREHE

C

€ ™\ »
NEE TR

PEKING UNIVERSITY

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 imp fO f1 {2 PR#6|PR#3| c4 | cb 1 |PR#5+
t |3 |stf £2,Z(r1) £2 ,|PR#6
4 laddi rl1,4,r1 |PR#/|PR#4| c5 r1 |[(PR#4+
5 |1df X(r1),f1 R#\\ .
— —— Free List
7 |stf £2,Z(rl) PR#7
Reservation Stations BEldf (ROB#4)
# |FU [|busy [op |T T1 T2 Tzt
1.7%EHRS
1 [(ALU |no 7:':}5& . _
> 1D o 2. BT (PR#7) , R[B]Freelist
3 [ST |yes [stf PR#6 |PR#4+ 3 BEMT[r1EFHFMERTold (PR#4)
4 |FP1 [no 4 FEHIROB#4
5 |FP2 |[no




MIPS: BiRE-+sSESA
» MIPS3EflIStR

MIPS:

Cycle 8

i}

BIEEH FREHE

C

< ) »
NELF TS

PEKING UNIVERSITY

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+
ht |2 imp fO f1 f2 PR#6|PR#3| c4 | c5 1 |PR#5+
3 |stf f2,Z(r1) 2 |PR#6
4 laddi r1.,4,r1 r1 |PR#4+
5 [1df X(rl),fl e
6 mulf fO,f1,6£2 PR#2 PR#8.
7 |stf £2,Z(r1) bR
Reservation Stations BEldf (ROB#3)
# |FU |busy [op |T T1 T2 1.52RS
1 |ALU |[no 2%’2‘$ZROB#3
2 LD [no '\*E N ‘
3 [ST [no 3. BTG R 2 RS R
4 |FP1 |no 4. DSHIB N\ IEHEH?
5 |FP2 |no

< 37>
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#EIFCachei@itELit ONEEER
- BRSSP EFEN

1 cycle access (early in pipeline)

1-4 cycle access

L2 Cache (%-32MB) 6-15 cycle access

Memory (128MB - fewGB) 100-500 cycle access

Disk (Many GB)

B A
Y

SEH REHE o

m

C



ZBiFCacheizitPRIBEERTE

u‘”u,r »
NELF TS

3o PEKING UNIVERSITY

- BEREIRIE - RER/ERESZ R EERE

- [SEFM4RIE:
5F£F_ 1tﬁ7—_

Ilrnl

1% E—JLJE W HIEEFNIE <.

1Bl iﬂJiJH‘E

IR EERE:
. B
- S TR (5
. 158

I B R AT REEA AU R4S | .

FRIY R = 1ERT B E RS | A,

sum = 0;
for(i=0;i<n;i++)
sum += ali];

*V = sum;

S8])

-&ZlWF (=8) 5IRE<S

- RE@I (BYi8)

FIEBH FEAE

<40 >



BfFCachefEABER
- MRIBTEERE

« Main Memory

« Stores words
A-Z in example

« Cache
« Stores subset of the words
4 in example
« Organized in lines

« Multiple words
« To exploit spatial locality

 Access

« Word must be in cache for
processor to access

i}

BIEEH FREHE

C

Processor

Small,
Fast Cache

N e 7 ¥

Big, Slow Memory

A
B
G
H

N[<]| ¢ <|O|m]|>

PEKING UNIVERSITY
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. CachelliliSHSE

Keep recently accessed block in “block frame”
- state (e.g., valid)
» address tag

- data
address state data
L AN _/
h'd '

bookkeeping
overhead

multiple bytes per block
frame to amortize overhead

i}

BIEEH FREHE

C

ez XY

PEKING UNIVERSITY

NI
GUNI
& A
S A

‘—

I3598

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

<42 >
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* block (cache line) — minimum unit that may be present

* hit — block is found in the cache

* miss —block is not found in the cache

* miss ratio — fraction of references that miss

* hit time —time to access the cache miss penalty

* MIiss penalty
 time to replace block in the cache + deliver to upper level
* access time — time to get first word

 transfer time — time for remaining words
BIEBEH FEHE <43 >
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« 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)

i}

FIEBH FEAE < 44 >
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« Each cache block frame or (cache line) has only one tag but can hold multiple “chunks” of data

 Reduce tag storage overhead

» In 32-bit addressing, an 1-MB direct-mapped cache has 12 bits of tags
« 4-byte cache block = 256K blocks = ~384KB of tag
« 128-byte cache block = 8K blocks = ~12KB of tag
 The entire cache block is transferred to and from memory all at once
« good for spatial locality because if you access address i you will
probably want i+1 as well (prefetching effect)

* Block size = 2”*b; Direct Mapped Cache Size = 2(B+D)

MSB

LSB

tag

block index

block offset

i}

BIEEH FREHE

C

.

I\

J

Y
B-bits

Y.
b-bits
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Direct-Mapped Cachei&it

AR - \
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Address Cache
01101 Vd tag data
A Q

0
I
0

v

Block Offset (1-bit)
Line Index (2-bit)

v

v

Tag (2-bit)

3.C’s Compulsory Miss: first reference to memory block

Capacity Miss: Working set doesn’t fit in cache

Conflict Miss: Working set maps to same cache line




Direct-Mapped Cacheigit NPT

PEKING UNIVERSITY

block index

Fla_ymg tag | 1dx | b.o.

decoder
decoder

"On T
Multiplexo Ta
v A — 2 matth

(hit?) (hit?)
Don't forget to check the valid/state bits

i}

BEBH &5HE <47 >
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| tag |blk.offset|
|

Tag

Associative

h J h J
_\ Multislemr // Search

iZ8block index

i}

BIEEH REHE <48 >
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N-Way Set Associative Cacheizit NP
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a way (bank})

a set
[tag [idx[ b.o| A
s N /

v
decpder
decoder

>é_ Taqg v Ta
L . 4 Y match v Y SYmatch

). pd N Multiplexo

< I

Cache Size = N x 28B+b

i}

BIEEH REHE <49 >
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 Associative Block Replacement

_“‘\“",, »
NEF T

PEKING UNIVERSITY

« Which block in a set to replace on a miss?
 |deally — replace the block that “will” be accessed the furthest in the future
 How do you implement it?

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

i}

BIEEH REHE <50 >
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Cache MissFh3s

« Miss Classification (3+1 C’ s)

NEF T

PEKING UNIVERSITY

« Compulsory Miss
« “cold miss™ on first access to a block
« —defined as: miss in infinite cache
« Capacity Miss
 misses occur because cache not large enough —
defined as: miss in fully-associative cache
« Conflict Miss
* misses occur because of restrictive mapping strategy
« only in set-associative or direct-mapped cache
« —defined as: not attributable to compulsory or capacity
 Coherence Miss
 misses occur because of sharing among multiprocessors
BB BER FEHE <51>
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Cache=EIAN®EE

e Cache Size (C)

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

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

"working set”

* Too small a cache hit rate size
« don’t exploit temporal locality well f

 useful data constantly replaced

- -
holding b and a constant

i}

BIEBEH FEHE <52 >
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Cache=EIAN®EE

« Block Size (b)

 Block size is the data that is
« associated with an address tag
* not necessarily the unit of transfer between hierarchies (remem
ber sub-blocking)
 Too small blocks t
« don’t exploit spatial locality well
« have inordinate tag overhead
 Too large blocks
* useless data transferred
 useful data permanently replaced
e« —too few total # blocks holding C and a constant

hit rate

BIEBEH FEHE <53>
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 Associativity (a)

u”u,r »
NELE TR

s PEKING UNIVERSITY

Partition cache frames into

« equivalence classes of frames called sets
Typical values for associativity

« 1, 2-, 4-, 8-way associative
Larger associativity

 lower miss rate less variation among

programs

- only important for small “C/b” hit rate
Smaller associativity

 |lower cost, faster hit time

-

-

holding C and b constant

i}

BB/ FFaHE <54 >
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CacheiithEZEaI=20m
. CacheSAHIMissqM RS

« Write Policy: How to deal with write misses?
 Write-through / no-allocate
e update memory on each write
« keeps memory up-to-date
« Write-back / write-allocate
« update memory only on block replacement
« Many cache lines are only read and never written to
 add “dirty” bit to status word
« originally cleared after replacement
 set when a block frame is written to

 only write back a dirty block, and “drop” clean blocks w/o memory update
BB BER FEHE < 55>




2-Way Set Associative Cachei&it

Address

Cache

Vd tag data

01101

o) (o] (o] (-

Impact on the 3C’s?

> Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

AR - \
25 It 7. J. 4}}
535” PEKING UNIVERSITY
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 Write-back & Write-allocate

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

St R2>M[ 7 ]
St RLo>M[ 4 ] 0 6] 162
Ld R3« M[ 0 ] 71 173
ld R2« M[ 8 ] 0 8 18
9 21
0 10 33
RO 11} 28
R1 S 121 19
i Misses: O 13[ 200
R3 Hits: 0 14 210
| 150 225 10

i}

BB/ FFaHE <57>
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
21 120
Vd tag data 3T 123
#Ld R1I« M[ 1 ] 0 4 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 8 18
9 21
0 10} 33
RO 11} 28
R1 :ccac 121 19
R2 Misses: 0 13200
R3 Hits: O 141 210
| 15 225 11

i}

BIEBEH FEHE <58 >
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1] 29
2\ 120
Vd tag data 3 123
qLd RLM[ 1 ] 1jlojo | 78 a 71
Ld R2<~M[ 5 ] 29 5 150

St R2o>M[ 71 |5
st Ril>M[ 4] |- 0 6] 162
Ld R3< M[ 0 ] 7 173
Ld R2<~ M[ 8 ] 0 g 18
9 21
0 10} 33
RO 11} 28
R1 29 . . 12] 19
B Misses: 1 13200
R3 Hits: 0 14 210
| 150 225 12

i}

BIEBEH FEHE <59 >
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 Write-back & Write-allocate

Processor Cache Memory
0 78
1] 29
2l 120
Vd tag data 3T 123
ld RL&«M[ 1 ] 11]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2o>M[ 7] |5
St RLo>M[ 4 ] 2lo] | 6] 162
Ld R3« M[ 0 ] 71 173
WrzeMm 81 | [0] ] 8| 18
9 21
o] | 100 33
RO 11} 28
R1 29 . ) 12] 19
- Misses: 1 13 200
R3 Hits: 0 141 210
| 15p 225 13

i}

BIEBEH FEHE <60 >
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 Write-back & Write-allocate

Processor Cache Memory
o 78
1] 29
2] 120
Vd tag data 3 123
ldRi«<M[ 11 |2|1]0] O 78 4 71
Ld R2« M[ 5 ] 29 5 150

St R2>M[ 7 ]
St RLo>M[ 4 ] 1101 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2Z« M[ 8 ] 0 8l 18
9 21
0 10} 33
RO 11} 28
R1 29 . ) 121 19
> | 150 Misses: 2 13 200
R3 Hits: 0 141 210
| 150 225 14

i}

BIEBEH FEHE <61>
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 Write-back & Write-allocate

Processor Cache Memory
0 78
1] 29
21 120
Vd tag data 3T 123
dRrie<M 11 |2]1]0] O 78 a 71
Ld R2«< M[ 5 ] 29 5 150

St R2>M[ 7 ]
-St RL>M[ 4 ] [1f0] 1 71 6] 162
Ld R3« M[ 0 ] 150 71 173
ld R2« M[ 8 ] o] | 8 18
9 21
[of | 10 33
RO 11] 28
R1 29 . _ 12 19
0 | 150 Misses: 2 13 200
R3 Hits: 0 141 210
. 15p 225 15

i}

BIEBEH FEHE <62>

C



2-Way Set Associative CacheSEfjl Je 7 X 5

 Write-back & Write-allocate

Processor Cache Memory
0L 78
1] 29
2| 120
Vd tag data 3] 123
dRrieM 1] [2[1]0] O 78 4 71
ld R2« M[ 5 ] 29 5| 150
St R2->M[ 7 ]
ﬂﬂ aom o) | 120l 1] 71 6162
Ld R3¢ M[ 0 ] 150 71 173
ld R2¢~ M[ 8 ] [1]1] 1 162 8l 18
150 9 21
=lo] | 10f 33
RO 11} 28
R1|__29 : . 121 19
| 150 Misses: 3 13" 200
R3 Hits: O 141 210
15 225 16

i}
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 Write-back & Write-allocate

Processor Cache Memory

0 78

1| 29

21 120

Vd tag data 3] 123

ldR1<M[ 1] |2|1]0] O 78 a4 71

Lld R2¢ M[ 5 ] 29 5] 150

% gijm ; } 1ol 1 [ 71 6| 162

Ld R3< M[ 0 ] 150 71 173

Ld R2< M[ 8 ] 111] 1 162 8] 18

150 9 21

Zlo 10 33

RO 11y 28

29 . 12 19

ﬁ; 150 Misses: 3 13" 200

R3 Hits: O 141 210
15p 225 17

i}
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 Write-back & Write-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 ]
~St Lo O T [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
=[] 10 33
RO 11 28
R1|__ 29 . ) 121 19
= | 150 Misses: 3 13" 200
R3 Hits: 1 14 210
15 225 18

i}
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
2] 120
Vd tag data 3] 123
ld RL«M[ 1 ] g|1|0| 0 78 4 71
Y | e
—>
St Rl>M[ 4 ] Illll 1 12590 g }g;
Ld R3«< M[ 0 ]
-Ld R2¢ M[ 8 ] [1]1] 1 162 8 18
150 9 21
2lo] | 1033
RO 11} 28
12
g; 12590 Misses: 3 13 2:}390
R3 Hits: 1 14 210
150 225 19

i}
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 Write-back & Write-allocate

Processor Cache Memory
0p 78
1 29
21 120
Vd tag data 3] 123
WriemMm 1] [2]1]0] 0| 78 4 71
ld R2« M[ 5 ] 29 5] 150

St R2>M[ 7 ]
bt 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
Z|o] 10 33
RO 11} 28
R1 29 . . 12 19
= | 150 Misses: 3 13" 200
R3| 78 Hits: 2 14} 210
| 15p 225 20

i}
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 Write-back & Write-allocate

Processor Cache Memory
0] 78
1| 29
2] 120
Vd tag data 3 123
ld RLe-M[ 1 ] 11]0] O 78 4 71
S et o0 | 22 o150
St RL>M[ 4 ] Efafaj 1 29 6 162
Ld R3< M[ 0 ] 150 71 173
‘Ld R2« M[ 8 ] 11]1] 1 | 162 8| 18
150 9 21
z|o] 10 33
RO 11 28
29 . 12} 19
ﬁ; 150 Misses: 3 13 200
R3| 78 Hits: 2 14 210

| 150 225 21

i}
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 Write-back & Write-allocate

Processor Cache Memory
0f 78
1 29
2 120
Vd tag data 3 123
WdRriem 1] | [1]0] O | 78 a 29
Ld R2« M[ 5 ] 29 5 150
soromr ) AT 20 11 ofTies
Ld R3« M[ 0 ] 150 71 173
m)dreem s | [1]1] 1 | 262 s 18
150 of 21
Zlof | 1033
RO 11} 28
29 . 12 19
ﬁ; 150 Misses: 3 13200
R3| 78 Hits: 2 141 210

| 15¢ 225 22

i}
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 Write-back & Write-allocate

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

St R2o>M[ 7 ]
BT A 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
rR1l 29 ) . 121 19
o 18 Misses: 4 13[" 200
R3| 78 Hits: 2 141 210
] 15 225 23

i}
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For a 32-bit address and 16KB cache with 64-byte blocks, show the
breakdown of the address for the following cache configuration:

A) fully associative cache B) 4-way set associative cache

Block Offset = 6 bits

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

#sets = #lines / ways = 64
Set Index = 6 bits

C) Direct-mapped cache
Tag =32 -6 - 6 =20 bits

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

i}
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« T avg =T _hit + miss_ratio Xx T_miss
« comparable DM and SA caches with same T_miss
 but, associativity that minimizes T_avg often smaller than associativity t

hat minimizes miss_ratio

d"fﬂtcache) = tcache(SA) - tcache(DIVI) >0
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
BIEEH FREHE <72>
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