SR R

B CiH: BIFESELFAT

Fif: [HEF. =i
20255FFk ==



LSRR
+ IRE(FILER

- EB1URENEF10.17H11:594%, #IEHHI: 11B7SHE11:59

«  SIXR{RAEILAERRT 7 Late day

« Late Day#ERfG, BRI 1KHIBR20%=RIEI %L
. E1)%labBYE: 10817H11:59%% - 11B10Hi11:59
o 3INFES (60%+30%+10%)

. F2XRlabRtE: 118108-128B7H

i}
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(SR AT RS TE M A [T5R? NP XS

- Data hazards : since register reads occur in stage 2 and register writes occur in stage 5

it is possible to read the wrong value if it is about to be written.

« Control hazards : A branch instruction may change the PC, but not until stage 4. What

do we fetch before that?

- Exceptions: Sometimes we need to pause execution, switch to another task (maybe the

0OS), and then resume execution... how to we make sure we resume at the right spot

i}

BIEEH REHE <4>

C



|a)8%1: Data Hazards
- RAW[@fi: Read After WriteZ§ifEhze

EN e 7 ) ¥

PEKING UNIVERSITY

Recall: registers add 1 2 E
are read fsourced
In the “decode” stage nor g Q
RAW Dependency
time

| | | | | | ’

add fetch decode execute memory writeback
/ Hazard
nor fetch decode execute memory writeback

If not careful, nor will read a stale value of register 3

i}

BIEEH REHE <5>

C
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|a)8%1: Data Hazards
- RAW[@fi: Read After WriteZ§ifEhze

add
hor

W =
AN
VW

time

-

add fetch decode execute memory writeback

nor fetch decode* decode* d%e execute

BIERFRRINE: KZEM (Pipeline Stall)

i}

BIEEH REHE <6>

C



|a)8%1: Data Hazards
- RAW[a)gi: Read After Write#{

add123

bt A W N
v >
2 9

0\ o W
N

REG
file

IF/
ID

IS SR R

ID/
EX

& SE

[

n‘\lla
<l Y }7
9 ) t )
5 Xs
89 %

+ target
PC+1 PC+1
rol O
?
- regA Ri ea: ALU
=1 R2 result
5] B
Inst =1 == R3 valA
1°¢ 15 @ A ALU
mem{l & = R4 j L B ~Imdata
s a R5
= b valB M U Data
& R U memory
& gy X
valB
—
dest dest
op op op
IF/ ID/ EX/ Mem/
ID EX Mem WB

HIMN#RRINE: Detect and Forward

PEKING UNIVERSITY

c

data
dest

<7 >



|a)8%1: Data Hazards
- RAWI|a8A: Read After WriteZ{iE hzs

<] £ .
-ff e 7. .
{598 PEKING UNIVERSITY

Time: 1 2 3 4 H b 7 8 g9 10 1 12 13
add1?2 IF ID EX. ME WB
1. add 123 \
5 nor 3 ?5 nor 3 4 IF ID EX \ME WB
3. add 6
4. 36 10 add6 37 IF 1D EX ME WB
5. SW {2 12
w3610 IF ID EX ME . WB
swb212 F ID* 1D EX ME WB

#A ) / \: :
e HM LT E: Detect and Forward .



|a)8R1: Data Hazards 9”?*3”
« Detect and ForwardZ{jl Cycle 35IER
-
add123 //r3=r1+1r2 2 S — !
Rr1| 14
nand 345 //r5 = r3 NAND r4 g (Sl o5 N
ool mst || & [, =[10 14 A g
add 637 //r7=r3+16 meml e | Pl J1 i
o data_/ 'gn - 7 11\31 U Data
w3610 //r6 = MEM[r3+10] EEE < TR
swb6212 // MEM[r6+12]=r2
add
[t [ [fw]
IF/ ID/ EX/ Mem/
D EX Mem WB

i}

BB/ FFaHE <9>

C



|a)8%1: Data Hazards

ONIELE B

PEKING UNIVERSITY

« Detect and ForwardZ{jl Cycle 3/53E&
-
3 2
add123 //r3=r1+71r2 [ 0
) /—\—“"gA— :: 1-; M
nand 345 //r5 =3 NAND r4 N (e | ST < U
mem || a i &:) R4 11 ) L 21 ] X
add637 //r7=1r3+7r6 = ) ais o oD 11 M[ U Data
—1 % RO U memory
W3610 //r6 = MEM[r3+10] “ ol 8 X
swb212 // MEM[r6+12]=r2
an add
1F/ 1D/ EX/ Mem/
1D EX Mem WB

i}

BB/ FFaHE <10 >

C



|a)8%1: Data Hazards

¢ \ »
N A 75 F

PEKING UNIVERSITY

 Detect and ForwardZfl Cycle 4B7#E% (forwarding)
) » J
add123 //r3=r1+12 7] prommp— |>/
nand 345 //r5 =r3 NAND r4 . /_D w 1;1 N
_ mst || & 3 cesp rs[10 u
add 637 // r/7 = I‘3 + r6 1PC mem [l © 'Wé re| 11 - X
Q 2 rs[77
w3610 //r6 = MEM[r3+10] \ dataA%h xo| 1 mg;t:
~ r7| 8 >
swb6212 // MEM[r6+12]=r2
an / add
1FE/ ID/ EX/ Mem/
ID EX Mem WB

i}

BIEBEH FEHE <11>

C



|a)8%1: Data Hazards

- Detect and ForwardZ#l Cycle 4/53E%

¢ \ »
N A 75 F

PEKING UNIVERSITY

S |
add123 //r3=r1+1r2=21 . — :
r1| 14
nand 345 //r5 = r3 NAND r4 z/——f:\f;— wl7 - 2L
L ] w | _u_j :: A [ | X
add 637 //r7=r3+16=22 = 5 o Jt
w3610 //r6 = MEM[r3+10] & w8 - x >
swb6212 // MEM[r6+12]=r2
add an add
TF/ ID/ EX/ Mem/
D EX Mem WB

i}

,Eé,H\ZngEE %@#@ <12 >

C



|a)8%1: Data Hazards

¢ \ »
N A 75 F

PEKING UNIVERSITY

- Detect and ForwardZ{jl Cycle 5EIHER
-
4 3
add123 //r3=r1+12 No Hazard["xo[ 0
- 3mﬁ_:2? 21
nand 345 //r5 =r3 NAND r4 ] BEE 1
1 mem || : i é RrR4| 11 u
add637 //r7=r3+r16 - @im 5 n(77 m e
.(.I:-tﬁ/-g” Re| 1 — memory
w3610 //r6 = MEM[r3+10] Zwl 8
sw6212  // MEM[r6+12]=r2 /
add 7 an add
IF/ ID/ EX/ Mem/
1D EX Mem WB

i}

BB/ FFaHE <13 >

C



|a)8%1: Data Hazards

- Detect and ForwardZ#l Cycle 5/53E&

NPT

PEKING UNIVERSITY

N
\T/
L |

add123 //r3=r1+712 ——
nand 345 //r5=r3 NAND r4 2 T 2 =i o
| - regB an— 21 A U
add 637 /J/r7=1r3+716 mem|] E re[ 11 jL 22 - X
laHa \ %Rs 717 M Y Data
w3610 //r6 = MEM[r3+10] gt me memory
sw6212 // MEM[r6+12]=r2

IF/ ID/ EX/ Mem/
ID EX Mem WB

i}

,EL!,H\?F~\§EE| %Fﬁ‘q#@ <14 >

C



|a)8%1: Data Hazards
- WAWFHIWAR|[a)ZE: Write After Write¥JWrite After Read

S N »
NPT TS

PEKING UNIVERSITY

« False or Name dependencies

— WAW — Write after Write
R1=R2+R3
R1=R4+R5

— WAR - Write after Read
R2=R1+R3
R1=R4+R5

+  EFFRIRFRS K LA LI A
- IESELERITUISHINEEE, TFIARegisterEMBFR (FEELFEMITENRER)

BIEBEH FEHE <15>



|a)§5H2: Control Hazards

 Branch3g$

S N »
NPT TS

PEKING UNIVERSITY

Fetch: read instruction from memory
beq 11 10

Decode: read source operands from reg

sub 345
 Execute: calculate target address and
test for equality t, t, b, ottt
. Memory: Send target to PC if test is equal °ed L LD Il E | M LW
sub F D !E_ squash A,J

Writeback: Nothing left to do

i}

BB/ FFaHE <16 >

C



[A)ER2: Control Hazards B e 7

s PEKING UNIVERSITY

. WfaIfiERControl Hazards

Avoidance (static)
« No branches?
« Convert branches to predication
« Control dependence becomes data dependence
Detect and Stall (dynamic)

« Stop fetch until branch resolves

Speculate and squash (dynamic)

« Keep going past branch, throw away instructions if wrong

i}

,Eé,H\ZFwQEE %@#@ <17 >

C



|a]8%2: Control Hazards
- Detection and Stall: 1&M-{=4mE

Detection

« In decode, check if opcode is
branch or jump

Stall
« Hold next instruction in Fetch

« Pass noop to Decode

beq
CPI increases on every branch
Are these stalls necessary? Not always! b
Assume branch is NOT taken sU
Keep fetching, treat branch as

noop

time

G »
NECE R

PEKING UNIVERSITY

A 4

fetch

If wrong, make sure bad Target:

instructions don’ t complete

BIEEH FREHE

decode

fetch

execute

fetch

memory

fetch

writeback

fetch

or

fetch

<18 >



|a)§5H2: Control Hazards

- Speculate and Squash: Z#1-HI1EHH

Speculate “Not-Taken”

« Assume branch is not taken

Squash

« Overwrite opcodes in Fetch,

Decode, Execute with noop

« Pass target to Fetch

i}

BIEEH FREHE

C

S N »
NPT TS

PEKING UNIVERSITY

IF/ 1D/ EX/ Mem/
ID EX Mem WB

<19 >



NPT
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|a)gk2: Control Hazards
- Speculate and Squash: &#1-#LEFHIAYRIER

Always assumes branch is not taken

Can we do better? Yes.
« Predict branch direction and target!

« Why possible? Program behavior repeats.

More on branch prediction to come...

i}

,%ZF~\§EE| %Fé‘-#@ <20 >

C
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* Instruction-level parallelism

Processor Performance = ------emeee---
Program

Instructions I Cycles I Time

~|"Brogram [ | instruction | 1| Cycie

(code size) I (CPI) I(cycle time)
BAiERER | BRGIGEE | RE0E/8IE

Architecture -->|Implementation |-> Realization

Compiler Designer I_Processor Designer Chip Designer

i}

BIEEH FREHE

C

LR »
NELF TP

598 PEKING UNIVERSITY

PR BRI :
1. IRERKELHRIN LR
2, FRBIRRFRFRKAITHRAVERERK

<21>



HTERIFKIR
- ERFH{TIRKE

BN Szl
« 2X FKEEFRRATRIIRE A
« 2X 1BOE

« 2X more destinations (MUXes)

« FEZEE—RHIZMESEEIRUATEA

NELF TP

598 PEKING UNIVERSITY

i}

,%ZF~\§EE| %Fé‘-#@ <22 >

C



Superscalar: @EfFr=EAIHS

* Instruction-level parallelism

IBSHITE
ERPITHIE S EL

Scalar Pipeline (baseline)
Instruction Parallelism = D
Operation Latency = 1

Peak IPC =1
D
e
s Y
LlJ‘:éJ | ] | ]
=5 1 ST : IF DE EX WB
L.lJ:) 4 |
O[I 5
O v 6
72 L L | L L
= | | | | | | | | |

0 1 2 3 4 5 6 7 8 9
TIME IN CYCLES (OF BASELINE MACHINE)

i}

BIEEH FREHE

C

¢ \ »
N A 75 F

PEKING UNIVERSITY

Peak IPC

A LAE— N EEIRE TR SRR A AT E

Superscalar (Pipelined) Execution

IP = DxN
OL = 1 baseline cycles
Peak IPC = N per baseline cycle

—_—

[N IF 8

© oo~

wB

<23 >



Out-Of-Order: ELEEH{TAIHES: NP TS

« Missed Speedup in In-Order Pipelines
1T 2 3 4 56 6 7 8 9 10 11 12 13 14 15 16

addf f0,fl,f2 F D E+ E+ E+ W

mulf £f2,£3,£f2 F D d d E* E* E* E* E* W
subf £0,fl,f4 F p* p* D E+ E+ E+ W
fEcycle 4HIAYEIRR

« mulf FARAW hazardipEEstall
XEBHstal | 2HER

« subf K|pipeline hazardpEEstall
- subf AgeiHA\Decode, EH/AmulffEDecodeffEstall

 subfystall2AERY
FRLAJ3{t LA ARiksubffEcycle4sii# A Decodelfg?

I, EQEE %ﬁ#@ <24 >
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Out-Of-Order: FLEHITHIBES:

* Instruction-level parallelism

- NRAITEBI—ENEE, IRFRIT
MKERICPIS B T bF
o« SHEXITSHIFLEIERZT INXM
- BIRAEAR
« F9siZER stall, ki —HE
=3/

W N =

oo

© oo~

WB

i}

,EL!,H\ZF~\§EE| %@#@ <25>

C
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PEKING UNIVERSITY

Out-Of-Order: ELEEHITRIEES:
« The Problem With In-Order Pipelines

J

» 1S > ¥
B regfile
Lp
IF/ d ID/ EX/ Mem/
ID EX Mem WB

* In-order pipeline
« Structural hazard: F/K&EBRREG— 5SS 1FEE
- BAPASRRE—NES BRIERKEEHIZMD)
- BRIESA BT RIZIES without “clobbering” it
« Out-of-order pipeline

- BidEPRstructural hazardfy 5 A2 SCIE S RUBER T
EIEE M AHE <26>



Out-Of-Order: FLEHITHIBES:
. AR =L TEE T

- HEEE
- RLTEEHT
- R “EFMT (000)

- BirZESENAESEOR
- ERSEEMENEE (B4 9%
- ENSHERTRNE RS
- B ERERIEHXRE (WAW 1 WAR)

- BOJRERAVIMITIES
- BERUAR SR
- MERFREXRERT (MELEANE)

- BRI S

. (FAUSRHEBELE commit ZHIRYE, RE flush pipelin

- ZEitN=E: 100+ ESEESEO

i}

BIEEH FREHE

C

N I 7K F

Gios PEKING UNIVERSITY

LT
PAEIRFE#HITES. ..
D> RAW S
Rk NTIeEERTT (FU) FIE=R
BRAHICINLEIRS FP BRI
RIHFHITT (ILP) BEEZHNES
AzlRE-rT LAFFH T

(BRI EEERGINFRIT
BERERE, ETRHE

<27 >
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PEKING UNIVERSITY

Out-Of-Order: ELEFEHITRIBEE
- _ add p2,p3,p4
. ELEETINTCH? cub pz/;?/f ;

mul p2 ,P6 <

regfile

div p4,4,p7

" 15 insn buffer
| B
L
ReadyTabIe
P2 |P3 (P4 |P5 |P6 |P7
Yes|Yes add p2,p3,p4
t | |Yes|Yes|Yes sub p2,p4,p5 and div p4,4,p7

Yes|Yes|Yes|Yes Yes| mul p2,p5,pb6
Yes|Yes|Yes|Yes|Yes|Yes

- IBSIREV/RIS/EMmARIFEN Instruction Buffer

- O “instruction window” Bf “instruction scheduler”
- B EBANEEAE
-« BERIT
TEEH FREHE o



&

Bk S ERERsE i}fNiNﬂ;Rﬁ
s FIRINIEFETFIRIRESZE, SEEERELWMhEITEX

» IKFRUUEN FRE R T

« U015 Inst #1000 FEE Inst #1 NER, NFEKERR

- HESFHVTNEER, E72—7f5Shazard

o AEEAEENERIRE, hazard A NMFE

i}

,%ZF~\§EE| %Fé‘-#@ <29 >
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- True/False Data Dependencies

S N »
NPT TS

PEKING UNIVERSITY

- BEHUEKIR - REEAER
, « WAW - Write after Write
« RAW - Read after Write R1=R2+R3
R1=R2+R3 |
R1=R4+R5
_ « WAR - Write after Read
RA=RT+RS R2=R1+R3
 True dependencies RT=R4+R5
prevent reordering * False dependencies prevent reordering
« KEBDAETEER « 1BEidrenaming BRI LAGHRR

i}

,Eé,H\ZngEE %@#@ <30 >

C



SRR HRE

- True/False Data Dependencies

R1=MEM[R2+0] // A \
R2=R2+4 // B >
R3=R1+R4 // C CHE

MEM[R2+0]=R3 // D

HRrRAW  EBEwAw  BEWAR
,%ZF~\§EE| %Fé‘-#@ <31>

i}

C



SRR HRE

- True/False Data Dependencies

A

R1=MEM[R2+0] // A WY
R2=R2+4 // B >
R3=R1+R4 // C CHE

MEM[R2+0]=R3 // D

)

HRrRAW  EBEwAw  BEWAR
,%ZF~\§EE| %Fé‘-#@ <32>

i}

C



SRR HRE

- True/False Data Dependencies

R1=MEMI[R2+0] //A /A\
R2=R2+4 // B @
R3=R1+R4 /] C
MEM[R2+0]=R3 // D

o9

)

HRrRAW  EBEwAw  BEWAR
,%ZF~\§EE| %Fé‘-#@ <33>

i}

C



SRR HRE

- True/False Data Dependencies

R1=MEMI[R2+0] //A /A\
R2=R2+4 // B @

R3=R1+R4 /] C
MEM[R2+0]=R3 // D /

o9

HRrRAW  EBEwAw  BEWAR
,%ZF~\§EE| %Fé‘-#@ <34 >

i}

C



SRR HRE

- True/False Data Dependencies

S N »
NPT TS

PEKING UNIVERSITY

=
5]

R1=MEM[R3+4] // N/
R2=MEM[R3+8] // <§§
R1=R1*R2 // PN

MEM[R3+4]=R1 //
MEM[R3+8]=R1 //
R1=MEM[R3+12] //
R2=MEM[R3+16] //
R1=R1*R2 //
MEM[R3+12]=R1 //
MEM[R3+16]=R1 //

g H - Q " E O Q W P

Y

BRrAW  EwAW  [WAR

i}

,EE\ZF‘\EEE %Fﬁ‘q#@ <35>

C



SRR HRE

- True/False Data Dependencies

ANE

R1=MEM[R3+4] // A N/
R2=MEM[R3+8] // B @

R1=R1*R2 // C TN
MEM[R3+4]=R1 // D J E @
MEM[R3+8]=Rl // E /
R1=MEM[R3+12] // F F
R2=MEM[R3+16] // G

R1=R1*R2 // H Bﬂ
MEM[R3+12]=R1 // I

MEM[R3+16]=R1 // J D QD

i}

BIEEH FREHE

C

BRrAW  EwAW  [WAR

N I 7K F

Gios PEKING UNIVERSITY
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SRR HRE

- True/False Data Dependencies

ANE

R1=MEM[R3+4] // A N
R2=MEM[R3+8] // B @

R1=R1*R2 // C TN
MEM[R3+4]=R1 // D D E @
MEM[R3+8]=Rl // E /
R1=MEM[R3+12] // F E
R2=MEM[R3+16] // G \

R1=R1*R2 // H

MEM[R3+12]=R1 // I )}D\
MEM[R3+16]=R1 // J D E‘D

i}

BIEEH FREHE

C

HBRrAW  [EwAwW  [WAR

S N »
NPT TS

PEKING UNIVERSITY

MIBEE L, F-JiRBEEH
KT A-E. So.....

« ABFG

- CH

- DEIJ

— Should be possible.

BEX=S¥M CeEHHEBHE
1xHY reg HIA
L)

— Remember, the dependency
is really on the name of the
register

—  So... ESFRATREIE]!

<37 >
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- HFfFeERegisterEfB S

LR »
NELF TP
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- FFaAEEER
- FERRNMAFTEESAZEIFRS—

R1=.....

..=R1.. - —
RIPHESERN, EEAISE—RIEENEEE;

o™ . R EF—RSR1ZEI, ([EHEN

R1= ..

i}

BIEEH REHE <38>

C
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SFEREn R

- BFsaRegisterEap A — 1S LIFRIESFRS EIUSRE SRS

FIRE NSRS FEET, BB EDEC SRS s
- ERXENREEFFELA, HISRESHER YIRS TSRS
PRI RAW (RERIAEE . :
Architecture register
- REE, IFENME—HIF RIS FHZFES - iCRAIEEH

Physical register

LIFRBIESFER - Bk

N

« Architecture Regs: r1,r2,r3
« Physical Regs: p1,p2,p3,p4,p5,p6,p7
« Original mapping: r1—pl, r2—p2, r3—p3, p4—p7 are “free”

RAT (Alias T) FreelList Orig. insns Renamed insns
rl (r2 (r3

pl [p2 |p3 p4,p5,p6,p7 add r2,r3,r1 add p2 ,p3}p4
P4 |p2 |p3 p5,p6,p7 sub rZ;?%r31 sub p2,p4,p5
P4 (P2 |p3 | pé,p7 mul r24£3,r3 mul p2/p5,p6
p4 PZ pb6 p7 div rl,4,rl div p4,4,p7

i}

,%ZF~\§EE| %Fé‘-#@ <39 >

C



ﬁrnnEAg z]g Z P 4 N4
=17 ap AR

- H1778RegisterEfFBRRIHE _
BIXEAN— 1 Arch Reghyid{xR, MWHF—1#ilIPhy Reg

A B

R1=MEM[R3+4 // A P1=MEM[R3+4] //A
RW P2=MEM[R3+8] //B
= R1=R1*R2 // C o UNT— P3=P1*P2 //C
@ E @ MEM[R3+4]=P3 //D A B F\ @
MEM[R3+8]=P3 //E
P4=MEM[R3+12] //F /@\ )}D\
PS=MEM[R3+16] //G @ E D QD

MEM[R3+4 / D
// E

- R1=R1*R2 // H ]ZD P6=P4*P5 //H
MEM[R3+12]=R1 // I v N\ MEM[R3+12]=P6 //I
_ MEM[R3+16]=R1 // J D QD MEM[R3+16]=P6 //J

HrAw B waw BH WAR

i}

,%T‘\EEE %@#@ <40 >

C
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HSRBSELFRTET

- AR

regfile

5ot PEKING UNIVERSITY

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

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

Bl FEAFE

<42 >



HSRBSELFRTET

- ALFRVITRYSRESZES

NELF TP
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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}

,%ZF~\§EE| %Fé‘-#@ <43 >
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A AL SELFERTET AEIEES
¢ E@Eﬂuﬂiﬁjﬁﬁ
- 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

SUEIS] s %ﬁ#@ <44 >
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TomasuloTlSE S &ZHE
- IBSUIEENRE

| Ll |
b L 4

« 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 <45 >

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

<46 >
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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

<47 >
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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}

FIEBH FEAE <48 >
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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 )

<49 >



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‘-#@ <50 >

i}
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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‘-#@ <51>
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. 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

BEBH &5HE <52 >

i}
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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
FEEE F5HE <53>
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« 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’ >
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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 < 55>



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

< 56 >
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« 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

<57 >
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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
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| 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

<59 >
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« 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

<60 >
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| 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

<61>



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

<62 >
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SRHE

| bt |
~ee

N e 7.5 ¥
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- 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

<63 >
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« 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] |- <64 >
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| 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

< 65>
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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] S
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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?

,%ZFEEEEI %Fﬁ‘q#@ <67 >



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

<68 >
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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 <70>

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‘-#@ <71>



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

BEBH &5HE <72>



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

BIEBEH FEHE <73>



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
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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‘-#@ <75>

i}
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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 <76 >

i}

C



53 32 AT TR
- BN - BEFHRAREIRSHIFSM

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

BEBH &5HE <77 >

i}
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53 3ZF)
- HBLEFEN — Branch Target Buffer

S N »
NPT TS

PEKING UNIVERSITY

- #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}

,Eé,H\ZngEE %@#@ <78 >

C



7 32K e IR 5
- WFIRFSRFKEEER, Wi FERITRZEMIMNINE

S N »
NPT TS

PEKING UNIVERSITY

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 %@#@ <79>

i}

C



MIPS R10K: BirsE+iiSie S8

- 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’ >

598 PEKING UNIVERSITY

FIEEHR F#a5HE < 80>



MIPS R10K: BirsE+iiSie S8

- Adding a Reorder Buffer, aka ROB

IF

ID

Any order

:EXM

Alloc Sched

* Reorder Buffer (ROB)
— spec IRZSHITEIARAS

In-order

CT

In-order

&

PC

ROB

ARF

Dst regID
Dst value H
Except?

T

ead

T

Tall

= Iﬂ:ﬂ\%ﬁ% O BeFES
TENX

BIEEH FREHE

é z]t,%akl%}

Gios PEKING UNIVERSITY

« @ Alloc
- EEZP D ECEREFE
- @ Sched
« ¥KXENZIN(ROB T-to-H then ARF)
- WEEIFrBmNESZIE
- @ WB
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