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. ERELER

EALS1E3Rik-48B7a. 4AHa-58%). 5BHa-6R4]

B _R{EAVATE): 5.10-5.25

SE=R{EAVATE): 5.28-6.13

E1.xlabRE: 48138-5B13H

g2)xlabAdE: 5813H-6813H

BhEh L HEHE {4 Verilog/SystemVerilog BB Rigit. ISIELTRENIN
‘B, BHEBRYRFERIRESS!

BIEEH REHE <2>
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HSRBSELFRTET

- RS

regfile

5ot PEKING UNIVERSITY

- IBSEMKXFHREE Insn buffer or Reservation station (RS) (BRZ8)

- EARTT RFEFE<SHEiFRR
- 18RIz
* 15 ID x50 AFED
- EXIAFIREERIRIES
- RSIBIESEFE FTRKEIL AT

BIEEH FREHE

<4 >



HSRBSELFRTET

- ALFRVITRYSRESZES

NELF TP

598 PEKING UNIVERSITY

Reservation Station

regfile

- Dispatch (D): f#i83R95E—aB5% (JRREIIDSRS25)
« ERSIEESEFHLEE
— FhBIZEH)MERStructure Hazard (I8P X EiR)
- @FEH4T: stall back-propagates to younger insns

* Issue (S): FEBPNE"ERR ([FERAIDREEE2E)
« KHESMRSEPIEEIHRITERTT
+ ELREH1T: wait doesn’ t back-propagate to younger insns

i}

BIEEH REHE <5>

C



A AL SELFERTET AEIEES
¢ E@ﬁﬂmJ§§T%L§
- FESE RIESFKERRIFHTRE
- MMERREESRZX
« Scoreboard: TEFFREMR >BRNAERIEMT
- Tomasulo: FFREMRAERE, MHEEEE
- FRINNEBEENETomasulo&ix

« Scoreboard&Fi& B Mz A
. SFEEEEEGPURELSEEE

* Issue
- NRBSFIESEE, ZEEMP—R? Issue policy
- REAIHEIIT? &
« ERISEEIRMUSTHT? AIBETs R IFRIMERE

 Select logic: implements issue policy

« REES A ERREYLELIc R miD=s

<6 >
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TomasuloTlSE S &ZHE
- IBSUIEENRE

| bt |
~oo

« Tomasulo’ s algorithm
. FHEBlL Reservation stations (RS): I5$EHX
. BAIES% Common data bus (CDB): J§458 &2 RS
- S1Fs5Ens®™ Register renaming: i8R WAR/WAW EE{KER

o BERSCHL: IBM 360/91 -> Modern x86 CPU -> GPU -> ASIC {37E(E!
- ERATFESITEETHNSEAE

« FAI8vEERa5:  “Simple Tomasulo”
o XW—UIHITSREE, SfEINE/FE
« 5RS entry: 1 ALU, 1 load, 1 store, 2 FP (3-cycle, pipelined)

i}

BIEEH REHE <7>

C



TomasuloFlSIESAZHE
?ma suloFiZHEitE

| bt |
~ee

\A 4 \ 4

CDB.T

Fetched
insns ==

o
»

VVYVYVY

Reservation Statlons

« |Insn fields and status bits
« Tags
« Values

i}

BIEEH FREHE

C

CDB.V

N e 7. ¥

PEKING UNIVERSITY

Reservation Stations (RS#)
« FU, busy, op, R: destination register name
- T: destination register tag (RS# of this RS)

< T1,T2: source register tags (RS# of RS that
will produce value)

« V1,V2: source register values

Rename Table/Map Table/RAT
« T:tag (RS#) that will write this register

Common Data Bus (CDB)

« Broadcasts <RS#, value> of completed
insns

Tags interpreted as ready-bits++
« T==0 — Value is ready somewhere

« T!=0 — Value is not ready, wait until CDB
broadcasts T

<8>
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i

TomasulofiBIES KIS
?ma suloFiZHEitE

« Reservation Stations (RS#)
« R BirEFe5BFR, Busy: REARSEB=TH, Op: FEESEERE

- T: Br372315%& (RS# of this RS)
- T1,T2: JfE1Festr% (RS# of RS that will produce value)

- V1,V2: 55738

« Rename Table/Map Table/RAT
- T BEaiR IS 70 (RS#)

« Common Data Bus (CDB)
« [ HBETHIESHY <RS#, value>

« Tags interpreted as ready-bits++
» T==0 - MEERLESFEET
- T'=0 - [EERESE, SR CDBT#&ET

BIEEH FREHE

<9>
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NIECE R

Gios PEKING UNIVERSITY

TomasuloTlSE S &ZHE
- TomasuloE;LRIFRIE !

| bt |
~oo

» FHIMKEZZESM: F D, S, X, W
« D (dispatch)
 Structural hazard ? stall ;: 5°BCRS=|g]
« S (issue)
« RAW hazard ? wait (monitor CDB) : go to execute
« W (writeback)
- EANEFEE (sometimes...), BIIRSH|E]
- W5 EBRAWKERRISTER—EHAZEM,
- WEEBEMIKERIDER—FHAZS

i}

BEBH &5HE <10 >

C



PEKING UNIVERSITY

Tomasulo Dispatch (D)

TomasulofIBSIESESIEE
« TomasuloEi;iXEE
Fetched
insns

\A 4 \ 4

CDB.V

Reservation Skatigns

ot

»
»

« RSZEH4zEr] e
- g RS =8

. MANBEEERIFTID? HETARS:
. RS ERES

BIEEH FREHE

sRAYStall

1%’1:]‘\_11;’;:)\RS
79 RS# (fURE—ERY "B )

<11 >



TomasuloflTSIES R HIR

« TomasuloE;XE:

| bt |
~ee

NELF TS

s PEKING UNIVERSITY

Tomasulo Issue (S)

RAT

VYV \ 4

CDB.T
CDB.V

Fetched
insns >

Reservation S

- ARAW HSSMEE F

- MRSIZEEFFEEE
,%ZF~\§EE| %Fé‘-#@ <12 >

i}

C



TomasuloflTSIES R HIR

« TomasuloE;XE:

| bt |
~ee

CLiT> »
NECE R

PEKING UNIVERSITY

Tomasulo Execute (X)

CDB.T
CDB.V

Fetched
insns

>

Reservation Stat‘ons

i}

,%ZF~\§EE| %Fé‘-#@ <13 >

C



TomasuloflTSIES R HIR

. Tomasulo&iEiEE Tomasulo Writeback (W)

RAT ﬁ

| bt}
e

NPT

558 PEKING UNIVERSITY

‘Vv v

CDB.T
CDB.V

Fetched
[nsns

>

111

Reservation Stati

- RICDBEEHIRERMEFF
- SNERRAT EanR37AILEC? BFRIRET, 1HEERE Aredfile
- CDB [ #&%| RS: r&Ec? BhRinsg, EHE
- iBPRRSHAEN 1A

BIEEH REHE <14 >

i}

C



TomasulofiSIE S & 9IH

- Tomasulo&iEiiE Tomasulo Register Renaming

B

i AT LS

PEKING UNIVERSITY

CDB.T
CDB.V

Fetched

insns

»
»

Reservation Sthti

« Tomasulo N FRREMRAPH TTA?
- RS HEYESH (V1. V2)
 Insn EEECHI RS (UEPFELERVENE

+ Future insns can overwrite master copy in regfile, doesn’ t matter
BEBEH REHE <15>



Tomasulofl&Sig E’Qﬂ%ﬁﬁ

« Value-based / Copy-based Register Renaming

« Tomasulo-style register renaming

« Called “value-based” or “copy-based”

- Names: Z2f9557=%
- FhE(E: FF=SHEEERS
« [ EALFHSLREEREZF
- SiFRFE (BIRFh) =
+ RS BIFiER T WAR fefS
- RSHFRESERIE T FENE
 Register table ERfRERAIRE
-+ Tag == 0 BT HFFEEXEFF
- Tag != 0 RYEREIKRERYF, 1IEFEH RS# itE
- CDB I B irslE
« FRLESRIEMIIEESRHAE

Bl FEAFE

:éz)‘ixJ’ >

598 PEKING UNIVERSITY

<16 >
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Tomasu |05’]:L,\1:E EEE'IE iﬁ

+ TomasuloFEiE S R GRS E

—

CDB.T
CDB.V

Fetched
lnsns

Reservation Station

« RS:
- REER
- R: BirE5Fes

. s Dy RIS . BT (SUFRRAT: BFERIEE)
- T1. T2: [RRMEEURE « KEF ﬁ%ﬁ%ﬁj@ﬂ‘ﬁ

- B o o« B77FEEHE (NUARF: BEHIS1FEsH)
PV Ve IR . 1SR RS PRI, MRS

BIEEH REHE <17>



Tomasulo@lSIESRHIR

- TomasulofiZFg§ S & 5I5EH

~ee

Insn Status Map Table CDB
Insn D X | W Reg |T T P
1df X(rl),fl £0

mulf £0,fl,f2 £l |
stf £2,Z(rl) £2

addi rl,4,rl rl

1df X(rl),fl

mulf £0,£f1,£2

stf £2,Z(rl)

Reservation Stations

T |FU |busy |op T1 T2 Vi1 V2

1 |ALU |no

2 |LD no

3 |ST no

4 |FP1 |no

5 |FP2 |no

BIEEH FREHE

ONIELE B

PEKING UNIVERSITY

<18 >



Tomasulo@lSIESRHIR

« Tomasulof&

Tomasulo:

Cycle 1

i}

BIEEH FREHE

C

| bt |
~ee

CUNIY »
[ @ M.
EN) e 7. ¥

a8 S A HTSER
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T P
1df X(rl),fl | cl1 £0
mulf £0,fl,£2 f1 |[RS#2 |
stf £2,2(rl) £2
addi rl,4,rl rl
1df X(rl), £l
mulf £0,£f1,£2
stf £2,2(rl)
Reservation Stations
T |FU |busy |op R [Tl T2 V1 V2
1 |ALU |no
2 |LD yes |1df |f1 |- - - [r1] |allocate
3 |ST no
4 |FP1 |no
5 |FP2 |no

PEKING UNIVERSITY

<19 >
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« Tomasulof&

Tomasulo:

Cycle 2

i}

BIEEH FREHE

C

| bt |
~ee

l

4

ZR

N Ae
89 %

a8 S A HTSER
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T P
1df X(rl) ,£f1 cl| c2 £f0
mulf £0,fl,£f2| c2 f1 |RS#2 |
stf £2,Z(rl) £2 |RS#4
addi rl,4,rl rl
1df X(rl),fl
mulf £0,£f1,£2
stf £2,Z(rl)
Reservation Stations
T |FU |busy |op R [Tl T2 V1 V2
1 |ALU |no
2 |LD yes |1df |f1 |- - - [rl]
3 |ST no
4 |FP1l |yes |mulf |f2 |- RS#2 [[£0] |- allocate
5 |FP2 |no

»
-

5

X ¥

PEKING UNIVERSITY

<20 >



Tomasulo@lSIESRHIR

| bt |
~ee

« Tomasulof&

Tomasulo:

Cycle 3

i}

BIEEH FREHE

C

CUNIY »
[ @ M.
EN) e 7. ¥

PEKING UNIVERSITY

a8 S A HTSER
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T P
1df X(rl) ,£f1l cl| c2| c3 £f0
mulf £0,fl,£f2| c2 fl |RS#2 |
stf £2,Z(rl) c3 £f2 [RS#4
addi rl,4,rl rl
1df X(rl), fl
mulf £0,£f1,£2
stf £2,2Z(rl)
Reservation Stations
T |FU |busy |op R [T1 T2 V1 V2
1 |ALU |no
2 |LD yes |1df (f1 |- - - [rl]
3 |ST yes |stf |- RS#4 |- - [r1l] |allocate
4 |FP1l |yes |mulf |f2 |- RS#2 ._Lf_o_];\\
5 |FP2 |[no

ZE1F insn #1RYESER

<21 >



TomasuloflTSIES R HIR

« Tomasulof&

Tomasulo:

Cycle 4

i}

BIEEH FREHE

C

| bt |
~ee

G »
NECE R

PEKING UNIVERSITY

a8 S A HTSER

Insn Status Map Table CDB

Insn D[ S| x[w]| [Reg]T T P

1df X(rl) , £f1 cl| c2| c3| c4 £0 RS#2 |[£f1]

mulf £0,fl,f2| c2 | c4 fl |RS#2 <« |

stf £2,Z(rl) c3 £f2 |RS#4

addi rl,4,rl cd rl |RS#1

1df X(rl),fl

G & o LASEORRW)
: — BiZCDBJ B HFFINE

Reservation Stations

T [(FU |busy |op R T1 T2 V1 V2

1 |[ALU |yes |addi |rl |- - [rl] |- allocate

2 |LD |no free

3 [ST |yes |stf |- RS#4 (- v |- [rX]

4 |FPl |yes |mulf |f2 |- RS#2 |[£0] |CDB.V] RS#2 ready —

5 |FP2 |no IRHNCDBRY(E

<22 >



Tomasulo@lSIESRHIR

| bt |
~ee

 Tomasulo@hiSig S & 513LH1
Insn Status Map Table CDB
Insn D[] s | x| w]| [Reg|T T P
1df X(rl) ,£f1 cl| c2| c3| c4 £0
mulf £0,fl,f2| c2 | cd4 | c5 f1 |RS#2 *
stf £2,Z(rl) c3 £f2 |[RS#4
addi rl,4,rl cd | c5 rl |[(RS#1
Tomasulo: 1df X(rl),fl | c5
mulf £0,£f1,£2
stf £2,Z(rl)
Cycle 5
Reservation Stations
T |FU |busy |op R [T1 T2 Vi1 V2
1 |ALU |yes |addi |rl |- — [r1l] |-
2 |LD |yes |1df [f1 |- RS#1 |- - allocate
3 [ST |yes |stf |- RS#4 |- - [rl]
4 |FPl |yes |mulf |f2 |- - [£0] [[£f1]
5 |FP2 |no

i}

BIEEH FREHE

C

ONIELE B

PEKING UNIVERSITY

<23 >



TomasuloalBig

« Tomasulof&

Tomasulo:

Cycle 6

Bl FEAFE

SRHE

| bt |
~ee

SEE R

PEKING UNIVERSITY

)
> -
{8593

=S4 B S0ME) (i multf FEZE 34 cycle5ERk

Insn Status Map Table CDB

Insn D] s | x| w]| [Reg|T T P

1df X(rl) ,£f1l cl|{c2| c3| c4 £f0

mulf £0,fl,f2| c2 | c4 |c5+ £1

stf £2,2(rl) | e3 f2 |RS#4RS#5|*

addi rl,4,rl cd| c5| c6 rl |RS#1l

1df X(rl),fl | c5

mulf £0,f1,£2| c6 EFXIWAWAREZE DA stall: scoreboard{§E=r2
stf £2,7(rl) WSEIAS, NMREEIH2ETA K tagskEN
Reservation Stations

T [FU |busy |op R T1 T2 V1 V2

1 |ALU |yes |addi |rl |- - [r1l] |-

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

3 |ST |yes |[stf |- RS#4 |- - [rl]

4 |FPl |yes |mulf |f2 |- - [£0] |[£1]

5 |FP2 |yes |mulf f2 |- RS#2 ([£f0] |- allocate

<24 >



TomasuloalBig

SRHE

| bt |
~ee

N e 7.5 ¥

s PEKING UNIVERSITY

- TomasulofZIES K54l {[(RiZ multf FE3/ cycle5Ehk
Insn Status Map Table CDB
Insn D[ s | x| w]| [Reg|T T P
1df X(rl),£f1l cl| c2| c3| c4 f0 RS#1 |[r]l]
mulf £0,fl,f2| c2 | cd |c5+ f1 |RS#2 |
stf £2,Z(rl) c3 £f2 |[RS#5
addi rl1l,4,rl cd| c5| c6| c7 rl |RS#1
Tomasulo: 1df X(rl),fl | 5| c7 FHRIWARAEE WA stall: scoreboardi§EB=Er1
mulf £0,f1,£2) cé6 HISFIRES, MEFEIH-1{E TJLAMRSEIZFIREL
stf £2,z(rl) D stall on store RS: £5#34132
Cycle 7 . . addi 58Rk (W)
Reservation Stations £, 4 Bt
T [FU |ousylop R |11 |12 [ZERE 1 SERSEd
Y |OP CDBJ %
1l |ALU |no
2 |LD yes |(1df (f1 |- RS#1 |- CDB.V|Rrs#1 ready —
3 |ST |yes |stf |- |RS#4 |- - [r1] |3XBYCBDfY(E
4 |FPl |yes |mulf |f2 |- - [£0] [[£1]
5 |FP2 |yes [mulf f2 |- RS#2 |[£0] |-

Bl FEAFE

< 25>



TomasuloalBig

« Tomasulof&

Tomasulo:

Cycle 8

Bl FEAFE

SRHE

| bt |
~ee

G »
NECE R

PEKING UNIVERSITY

e S B ST (& multf FFE34 cycle5Ehk
Insn Status Map Table CDB
Insn D[ S| x[w]| [Reg]T T
1df X(rl) ,f1l cl| c2| c3| c4 £0 RS#4 [[£2]
mulf £f0,fl1,£f2| c2 | c4 |c5+| c8 £f1 |RS#2
stf £2,Z(rl) c3 | c8 £2 |RS#5
addi rl,4,rl cd| c5| c6| c7 rl
1df X(rl) ,fl1 | c5| c7| c8 mul f finished (W)
mulf £0,f1,£2| c6 AERIF2BIS RIS
stf £2,Z(rl) EEWE—IMMUIffESEES 7 (RS#5)
CDB | #&f2
Reservation Stations
T [(FU |busy |op R |T1 T2 V1 V2
1 |ALU |no
2 |LD yes |(1df |f1 |- - - [r1]
3 [ST |yes |stf |- RS#4 |- CDB.V|[rl] |RS#4 ready —
4 |FP1 |no grab CDB value
5 |FP2 |yes |mulf f2 |- RS#2 |[£0] |- <96 >



TomasuloflTSIES R HIR

| bt}
e

- TomasulofiZFg§ S & 5I5EH

Tomasulo:

Cycle 9

i}

BIEEH FREHE

C

CUNLPS »
NECE R

(& multf FEE34 cycle5ERk

Insn Status Map Table CDB

Insn D] S| x| w]| [Reg]|T T P
1df X(rl) ,f1l cl| c2| c3| c4 £0 RS#2 [[£f1]
mulf £0,fl,f2| c2 | c4 |c5+| c8 f1 |RS#2 '

stf £2,Z(rl) c3| c8| c9 £f2 |RS#5

addi rl,4,rl cd | c5| c6| c7 rl

1df X(rl) ,£f1l cS5| c7| ¢8| c9 2nd 1df finished (W)

mulf £0,£f1,£f2| c6 | c9 RIZR £1 STRIRS

stf £2,2(rd) CDB broadcast

Reservation Stations

T [(FU |busy |op R |T1 T2 Vi V2

1 |ALU |no

2 |LD no

3 |[ST yes |stf |- - - [£2] |[rl]

4 |FP1 |no RS#2 ready —»
5 |FP2 |yes |mulf £f2 |- RS#2 |[£0] |CDBR.V grab CDB value

PEKING UNIVERSITY

<27 >
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« Tomasulof&

Tomasulo:

Cycle 10

i}

BIEEH FREHE

C

| bt |
~ee

G »
NECE R

PEKING UNIVERSITY

RS R FIEH) {RRi& multf FE34 cycle5ERk

Insn Status Map Table CDB

Insn D] s | x| w]| [Reg]|T T

1df X(rl) ,£f1l cl|{c2| c3| c4 £f0

mulf £0,£f1,£f2| c2 | c4 |c5+| c8 f1l

stf £2,Z (rl) c3| c8| c9|cl0 £f2 |RS#5

addi rl,4,rl cd| c5| c6| c7 rl

1ldf X(rl) ,fl cS5| c7| c8| c9

mulf £0,fl1,f2| c6| c9|cl0 stf finished (W)

stf £2,2(rl) |cl0 map tableigBEHSEFSR>AEICDBl 1%
Reservation Stations

T [FU |busy |op R |T1 T2 V1 V2

1 |ALU |no

2 |LD no

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

4 |FP1l |no

5 |FP2 |yes |mulf |f2 |- - [£0] |[£1] e
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Gios PEKING UNIVERSITY

RS +iISIES &S]
» TomasulofiFSig <483

« ISEENZ RS EBIERHY
 f5Ig0, Pentium4: A EERISEIBIRE
- WNEE
- N: BirERE (FHTEEEE)
- W: BOX/ ((REBULRIEIE)

« What do we need for an N-by-W Tomasulo?
« RS: N tag/value w-ports (D), N value r-ports (S), 2N tag CAMs (W)
o 1&EFZHE: WoN L5 imiEsg(S)
« MT: 2N r-ports (D), N w-ports (D)
* RF: 2N r-ports (D), N w-ports (W)
« CDB: N (W)
« Which are the expensive pieces?

BB/ FFaHE <29 >



BirE+EISES&

- TomasuloEfiSIE S A& 5456

- BIREEIRZIE: WoN {(T5c/Ri3es
- BEEZ (N2 logW)
- ATLATEIMCAERARERY RS kit
. splitigit
« BRLA RSEEA N N bank: 81 FU A 1 14V?
« SCje N NERIRAY W/N—-1 4mibas
+ EEE: N*logW/N
- EEREERR
« FIFO design
- REERSIE RS bankighead
+ EEE: ENRBIEFEEE
- BAZAEREERIR ((EHFERIAERER)

H
i

C
C

BIEEH FREHE

S N »
NPT TS

PEKING UNIVERSITY

<30 >
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53 321N ) ST
» TomasuloEIEAR IR ETEED=E

» When can Tomasulo go wrong?

5
s MRS ZEBFHIES (IXZBH) =lEREREHF
 Exceptions!!
 JoiEHERE RS BRig<SRYEXI N
» BAIFE—MFN 5 5245 RN
+ BAIFE—MNEIRIARIZIRETE R

i}

BIEEH REHE <32>

C



73 32
- QIESETEN. TSRS

NELF TP

598 PEKING UNIVERSITY

» EfNEE
« WTHERHD
« NS ZEESEMIT
« BiF:
« BEBRE FIfEHRE
« HEEFNES
o FIGNI BRI (FRiHFEERIGER)
« 51
« BTB; Return Address Stack; Precomputed Branch

- RE1Z4E

i}

C

,%ZF~\§EE| %Fé‘-#@ <33>



53 32 Dty
. R - EFHEMEEESIFSM
» 1 BRICR (AHEFTNES) 2 (BRICR (FSRFTNES)

- ICEDHIRES

branchPC branchPC

>

How big is the table?

How big is the Table?

H
i

C
C

BIEEH FREHE <34>



53 3ZF
-+ AR - BF HENESRIRSHFSM

* £9 80% MR XBAKERRAH, BEAKXERERKB

s XJTHRITRY 20%, BANFEEES=ZEI, BERD
AT LA(E R S 2RAFN RS A T TN

« Example: gcc has a branch that flips each time

Using History Patterns

,EL!,H\?FE\QEE %ﬁ#@ <35>



53 3ZF
-+ AR - BF HENESRIRSHFSM

Local history

Branch History
Table

Pattern History
Table

410101010

What is the prediction
for this BHT 10101010?

When do I update the tables?

Using History Patterns

i}

BIEEH FREHE

C

< ) »
N e 7 ) ¥

PEKING UNIVERSITY

<36 >



53 32 AT TR
- BN - BEFHRAREIRSHIFSM

Local history

Branch History

Table Pattern History
Table

£ T RIITIE
PRIES, 9%
ABEEE01010101,
ERARAIET

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

Using History Patterns

,%ZF~\§EE| %Fé‘-#@ <37 >

i}

C



53 3ZF
-+ AR - BF HENESRIRSHFSM

CAl T »
NECE R

PEKING UNIVERSITY

Global history

Pattern History
Branch History Table

Register

01110101

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

How can branches interfere with each other?

Using History Patterns

BIEEH REHE <38>
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Hybrid predictors

Local predictor Global/gshare predictor

(e.g. 2-bit)

(much more state)

Prediction
1

Prediction
2

Selection table

>

(2-bit state machine)

Prediction

A E A RE T
WA S S TS ki e

Using History Patterns

BIEEH REHE <39 >

i}
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- #3381 PC Z=5(|RY BTB

- WNERLBNTF BTB &, MT—=
SREN B fritb it

- BREIREXEK ((F/9 FA XIE)

- EHEHDSFUNERRE

Branch PC Target address
0x05360AF0 0x05360000

i}

BB/ FFaHE <40 >
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Tamosulo

I 22 itk 25 - IREIUTFERYRME

. Squash FHERERMMEIER RN = - NRERNAAS TR AN IEMIES

EER, REAT?

- AEMBERBHAREHIIESERERT. . XEETREELEN. He—T
e fies - R1=MEM[R2+0]
) E?‘Z{I]E"] > g&E‘JEEP’ 47(75\127:!_: MEM BEQ R1, R3 DONE < Predicted not taken
(RF&48) FTOWB (FHTE==E) H R4=R5+R6
Bl Ev=tn - A, BIABEXT DS TIEN, tARELLT
(AIZRFEEIT 5537

- XLhR ERE—HE.
* DXBNIRFHFITIES
- 5, —BoXER, MALEDXZEIZ
[EHIT—LRA(F,

,Eé,H\ZFwQEE %@#@ <41 >

i}
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- Adding a Reorder Buffer, aka ROB

o IMHALEE Reorder Buffer
« ROB E— "™/ EIESHIBASL.
- 1RSSR
« EBRIARERFAT
- &2RRS
- FRERSFIROBRHIES
Eapa /A ROB &H, A2 RS,
o (TARHRA/TERIESEFT RS
- (NIREFINFHZIESZBINEIE<SETmE, ZESA2EH

:éz)‘ixJ’ >
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#EfFCachei@it B NP XS
- 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 FEHE <44 >
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- FERYERIE:

- EEmTFEE AR ERIENEUEFIES.

. =15 | NI BRI ReEAA RIS 45 | .
. R R S ERT A _ L S 255 | A,

sum = 0;
OB for (- 0:i < i i
sum += ali];
o HiE *V = sum;
—1E425 |FAEETTE (FA)
- 189

-®ZRiFE (ZE) s5|AEES
- RE@I (BSi8)

<45 >

i}

BIEEH FREHE

C



B1FCachefEABES
- 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

A

A

Big, Slow Memory

\ 4

A

\ 4

B
G
H

N|<| « <[o|m]|>

CUNIY »
[ @ M.
EN) e 7. ¥

PEKING UNIVERSITY
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« Cachef{ifiSRi=E

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

- data
address state data
L VAN Y
Y '

bookkeeping
overhead

multiple bytes per block
frame to amortize overhead

i}

BIEEH FREHE

C

CUNT »
CATR) ) ¢ N
}fi ‘J,‘ 4.3

PEKING UNIVERSITY

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

<47 >
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* block (cache line) — minimum unit that may be present

» hit — block is found in the cache

* miss —Dblock is not found in the cache

* miss ratio — fraction of references that miss

* hit time —time to access the cache miss penalty

* miss 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
BB BER FEHE <48 >
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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}

BIEEH REHE <49 >
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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+b)

MSB

LSB

tag

block index

block offset

i}

BIEEH FREHE

C

.

I\

J

Y
B-bits

Y.
b-bits

<50 >



Direct-Mapped CacheiZit ’“’EJ’?

Address Cache
01101 Vd tag data
e 0

0
0
0

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

v

Tag (2-bit)

N | | |
R BERRERERERR =R

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 Cacheiit e g S

PEKING UNIVERSITY

block index

Fla_ymg tag | 1dx | b.o.

decoder
decoder

R e
Multiplexo Ta
v e " matth

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

i}

BEBH &5HE <52 >
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Fully-Associative Cachei&it AT LS
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| tag |blk.offset|
|

Tag

Associative

A 4 Y
_\ Multiilemr // Search

iZ8block index

i}

,ELE,'*EEE %gﬁ:@ <53>
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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

i}

BEBH &5HE <54 >
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N-Way Set Associative Cacheigit

 Associative Block Replacement

« 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}

,%T‘\EEE %@#@ < 55>
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« Miss Classification (3+1 C’ s)

« 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 <56 >
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« 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 cize
« don’t exploit temporal locality well f

 useful data constantly replaced

- -
holding b and a constant

i}
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« Block Size (b)
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* 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

,EL!,H\?FE\QEE %ﬁ#@ < 58 >
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 Associativity (a)

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 cc:rnsfam

FIEEHR F#a5HE <59 >
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CacheizitiE&iEAISZ N

. CacheBEAFIMiss{MEERE

* Write Policy: How to deal with write misses?
» Write-through / no-allocate
* 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
,EL!,H\ZFE\@EE %@#@ <60 >




2-Way Set Associative Cachei&it

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

Address Cache
Vd tag data

01101

=) [==—) (=) ==

~—* Block Offset (unchanged)

> 1-bit Set Index

> Larger (3-bit) Tag

Impact on the 3C’s?




2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

Processor Cache
vVd tag data
ld Rl M[ 1 ] 0
Lld R2« M[ 5 ]
St R 5>M[ 7 ] 0
St R1->M[ 4 ]
Ld R3«< M[ 0 ]
Lld R2< M[ 8 ] 0
0
RO
R1 Misses: 0
R2
R3 Hits: 0

Memory
0 78
1] 29
2] 120
31 123
a4 71
5| 150
6| 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

10

i}

BIEEH REHE

C
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 Write-back & Write-allocate

Processor

# Ld R1 <« M[
Ld

1

R2< M[ 5
St R2 > M[ 7
St R1—> M[ 4
Lld R3« M[ 0
Lld R2« M[ 8

L N SR e gy —

Cache

Vd tag data

0

0

0

RO

R1

R2

R3

Misses:
Hits:

0
0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
14 210
15 225

11

i}

BIEEH REHE

C
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 Write-back & Write-allocate

Processor Cache
Vd tag data
qLdR1<—M[1] [1]0] O 78
Ld R2« M[ 5 ] 29
St R2>M[ 7 ] s[0
st R1oM[ 4] |-
Ld R3« M[ 0 ]
Ld R2< M[ 8 ] 10
10
RO
R1 29 Misses: 1
R2
R3 Hits: 0

Memory
0 78
1 29
2l 120
3] 123
4 71
5| 150
6] 162
% 173
8| 18
9 21
10 33
11 28
12 19
131 200
141 210
15 225

12

i}
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 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLeM[ 1 ] 11/0] O 78
Ld R2« M[ 5 ] 29
St R2o>M[ 7 ] :,IO I
St R1>M[ 4] |-
Lld R3«< M[ 0 ]
ld R2« M[ 8 ] 10] |
o] |
RO
R1 23 Misses: 1
R2
R3 Hits: 0

Memory
0p 78
1] 29
2| 120
3| 123
4 71
5| 150
6] 162
7} 173
8| 18
9 21
10 33
11 28
12 19
13| 200
141 210
15} 225

13

i}

BIEEH REHE
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2-Way Set Associative CacheZEfl

 Write-back & Write-allocate

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

i}

BB/ FFaHE <66 >
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 Write-back & Write-allocate

Processor Cache

Vd tag data
RriemMm 1] [2[1]0] O 78
ld R2¢~M[ 5 ] 29
St R2o>M[ 7 ]

#St Ril>M[ 4 ] Il OI 1 71
Ld R3¢ M[ 0 ] 150
Lld R2« M[ 8 ] o] |

o] |
RO
R1 29 . .
0 [ 150 Misses: 2
R3 Hits: 0

Memory
0 78
1] 29
2l 120
3] 123
a4 71
5| 150
6] 162
¢ 173
8 18
9 21
10 33
11 28
12 19
131 200
141 210
15} 225

15

i}
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 Write-back & Write-allocate

Processor Cache
Vd tag data
dRri<mM 1] [2[1]0] O 78
ld R2¢M[ 5 ] 29
St R2>M[ 7 ]
~St Rl1>M[ 4 ] Il OI 1 71
Lld R3< M[ 0 ] 150
ld R2« M[ 8 ] 1111] 1 162
150
Zlo] |
RO
R1 29 . i
0~ [ 150 Misses: 3
R3 Hits: 0

Memory
0p 78
1 29
2| 120
3| 123
a4 71
5| 150
6l 162
7\ 173
8] 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

16

i}
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 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Ri<M[ 1] [|2]110] O 78
ld R2«M[ 5] | 29
St R2>M[ 7 ]
St RL>M[ 4 ] 110] 1 71
ld R3¢« M[ 0 ] 150
ld R« M[ 8 ] 1/11] 1 162
150
=Zlo
RO
R1 29 ) _
> [ 150 Misses: 3
R3 Hits: 0

Memory
0] 78
11 29
2| 120
3] 123
4 71
5| 150
6] 162
7\ 173
8 18
9 21
10 33
11 28
12 19
13] 200
14] 210
15 225

17

i}
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 Write-back & Write-allocate

Processor

Ld R1 « M
Ld R2 « M][
St R2 > M

Ld R2 « M|

Cache

Vd tag data
2l1]o] O 78
29
1111] 1 29
150
(1]1] 1 | 162
150

2lo] |
Misses: 3
Hits: 1

Memory
0p 78
11 29
2] 120
31 123
4 71
5] 150
6| 162
7\ 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15} 225

18

i}
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 Write-back & Write-allocate

Processor Cache
Vd tag data
dRrieMm 1] |2[1]0] O 78
Lld R2< M[ 5 ] 29
St R2 >M[ 7 ]
St RL>M[ 4 ] 1]1] 1 29
-Ld R3« M[ 0 ] 150
ld R2« M[ 8 ] 1{1] 1 162
150
=lo] |
RO
R1 29 . ]
> [ 150 Misses: 3
R3 Hits: 1

Memory
0p 78
11 29
2] 120
3 123
4 71
5] 150
6] 162
71 173
8| 18
9 21
10 33
11 28
12 19
13] 200
141 210
15 225

19

i}
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 Write-back & Write-allocate

Processor Cache
Vd tag data
WrieMm 11 |2[1]0] O 78
Ld R2< M[ 5 ] 29
St R2o>M[ 7 ]
St R1>M[ 4 ] 1I1I 1 29
‘Ld R3¢« M[ 0 ] 150
Ld R2< M[ 8 ] 1]1] 1 162
150
Zlo] |
RO
R1 29 . .
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
11 29
2| 120
3| 123
4 71
5| 150
6] 162
7 173
8 18
9 21
10 33
11 28
12 19
131 200
14 210
15 225

20
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 Write-back & Write-allocate

Processor Cache
Vd tag data
ld RLe~M[ 1 ] 11]0] O 78
ld R2«~M[ 5 ] 29
St R2>M[ 7 ] =
St RL>M[ 4 ] Ef1faj 1 29
Ld R3«< M[ 0 ] 150
‘Ld R2< M[ 8 ] 11]11] 1 162
150
z|o]
RO
R1| 29 : :
0 [ 150 Misses: 3
R3 78 Hits: 2

Memory
0 78
1] 29
2| 120
3| 123
4 71
5| 150
6| 162
7} 173
8 18
9 21
10 33
11 28
12 19
13| 200
14F 210
15} 225

21

i}
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2-Way Set Associative CacheZEfl

 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 ] >
St RL>M[ 4 ] 2l1]1] 1 29 /5 162
Ld R3« M[ 0 ] 150 71 173
-Ld reeMm[ 81 | [1]2] 1 | 162 8| 18
150 9 21
Z|o] | 10 33
RO 11 28
R1 29 . . 12 19
0| 150 Misses: 3 13" 200
R3| 78 Hits: 2 14) 210
] 15 225 22

i}

BIEBEH FEHE <74>
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 Write-back & Write-allocate

Processor Cache
Vd tag data
ld Rl M[ 1 ] 11]0] o 78
Ld R2Z«~M[ 5 ] 29
St R2>M[ 7 ]
o riom 2] |212l0] 2 18
Ld R3« M[ 0 ] 21
ﬂLd reeMm 81 | [1]2] 1 | 162
150
Zlo
RO
R1 29 ) .
o 18 Misses: 4
R3 78 Hits: 2

Memory
0p 78
1] 29
2] 120
3] 123
4 29
5| 150
6| 162
"\ 7\ 173
8 18
9 21
10 33
11 28
12 19
13| 200
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 bits

i}

BIEEH REHE <76 >
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« Cache AccessEla9tr

« T avg=T_hit + miss_ratio x 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

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
BIEEH REHE <77>
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