T EHARREN

B
xhzhou@ustc.edu.cn
0551-63606864

HERIERAAS




- [E(HEIEHRILP
— IRIFN T ATERIBRE, EIEFTRT, AR
HEEFIE
— AT LAMEISEER DR 28 L BRI T
- ICHENEERRE: RiFstallfSRYESHEE

— ELEEHI{T(out-of-order execution) => &L F5ERk(out-of-
order completion)

— R EME NS IERFOWAWEX
— SR EEETEMIRAWAE X
— BERFNMEWARTEX

? , q 5 Et S
w .
? o -
- ¥ idea
Elﬁ.ifﬁ.:ﬂwé. Paixin.co m =
xhzhou@ 2

2021-4-30
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Tomasulo

D.2-2

Tomasulo
B RH
{5
1. LS
2. FEHESH

3.\ mKk&IEHITIE
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SEEAE2Z2Z: Tomasulo Algorithm

. ZEEEREE IBM 360/91 LEF
( CDC66003EH=%5)

1E6E

Eﬁ‘: Eiﬁﬁ Eﬁﬁ?ﬁﬁﬁgﬂg’lﬁ;ﬂT ;iEI_.b s-;E

 IBM 360 & CDC 6600 ISARYZER

— IBM36051

5 2\ 1F28HIART vs. CDC 6600351F

eI TF 3\
— IBM360 4“FP Z51F&8 vs. CDC 6600 81

— IBM 360 %
 Alpha 212

Pentium I,

2021-4-30

memory-register ¥={E

64, HP 8000, MIPS 10000,
PowerPC 604,
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Tomasulo Algorithm vs. Scoreboard

- EHMEFESBESZEMER vs. IEHMEFEDREICTE

— FU ZE1FFR“reservation stations”; {1215 FER{EEL
- IBESHRFFRERSHESFREEEERSAETHE (FrA
register renaming)
— B WAR, WAW hazards
— RSZT &7, FEOILUHE S mIEITIAMEILK
- (BLAFURISEERIRSEMARNTIFR R
— FURYIHEZEREII Common Data Bus LA &G TV A RFTBIHEEERM 4
+ Load#lIStorefR 4B BIFFBRSAITIEERR S

- AJLUSH#S3Z, RIFFPIRIEATIRFPIRIERAMULBIRFEFIR

" gn
‘ >
[ 2\

2021-4-30 xhzhou@USTC 7



¥ V¥ CDE
integser memory floating-point
Back-and
E5u8 [ tags
T
| Ei;!:h AGU FP
CDE value + tag
" v v .L Y - >
Load Siore
b ¥
[-cache

2021-4-30

xhzhou@USTC



From instruction unit

2021-4-30

Instruction .
e FP registers }
Load/store
operations
\d Floatin int Operand
— g-po p
unit operations buses
Store buffers
} § v Load buffers
¥
Operation bus
f Y ¥ 3 L ]
Reservation [ | %
stations
FP adders FP multipliers
Common data bus (CDE)
xhzhou@USTC



Reservation Station Z5t4

Op:  BM4PmHITHIER(E
V), Vk: JRERFERY(E. Store ZMXBVKIE, HTFEHNEBNF#EESHE
A: FHFiEeSbut, FHRFIANE, TREEERUILE, FiERutit
Q), Qk: F=EIRERFEEIRS

1 IRBICOEPHESHMERS, Q, Qk=0 => ready

Store EEFXHQKFRRTELERMIRS
Busy: #mRRSEFURETA

Regls/gglg result status: MRFEXNFFFENEERE, EZHFHEHTE
R ERIERI.

Qi {REBGHYRS

2021-4-30 xhzhou@USTC 10



Tomasulo EiZRI=FTEz

1. Issue—MFPEAERNFIHREGES

QNRRS=#H(no structural hazard) Nl 5948 SFIRIEEN
(renames registers). ;BRWAR, WAWEX

2. Execution—operate on operands (EX)

MM ERERR, TR LAIT.

) || I C Data Bus |
BB, oo ove s e,

3. Write result—finish execution (WB)
R BT Common Data Busf&Z5FiBF & RATEMY;
#=~RSTJ
- BENEUERZ: data + destination ( “go to” bus)
« Common data bus: data + source ( “come from” bus)
64 bits #IEZL + 4 bits IjJﬁ‘éﬁIZ{’—F;‘)ﬁi{ﬂiJJ: ( FU source address)
P RAVEMAIN R SRSTPE(FAIEMAITED, Rt TSR
f“ BRIVEX

2021-4-30 xhzhou@USTC 11




Tomasulo EiERIKEE T

1. Issue rs, rt : IR F8ER; rdBHNFFERA

FP Operation: ES%EQA&%JE??@E,E;{;%(E@%
Wait until : Stationrempty ... egisterStat: FFaZRRRZS
Action or bookkeepin Reg: Hfraid

if(RegisterStat[rs].Qi=0) {RS[r].Qj « RegisterStat[rs].Qi}

C#ru_-else {RS[rl.V] <Reg]rs]; RS[r].Qj <0}
if(RegisterStat[rt].Qi=0) {RS[r].Qk < RegisterStat[rt].Qi}
else {RS[r].Vk <Reg[rt]; RS[r].Qk<«-0 }

RS[r].Busy <« yes; RegisterStat[rd].Qi =r;

From Mem FP O FP Registers
Load or Store: ‘
Load Buffers

. . 1 Queue

Wait until: Buffer r empty Loadt

Action or bookkeep Egg o
if(RegisterStat[rs].Qi=0) ) puffers

{RS[r].Qj « RegisterStat[rs].Qi} e

else {RS[r].Vj «<Reg[rs]; RS[r].Qj <0}
RS[r].A «<imm; RS[r].Busy « yes;

Load only: RegisterStat[rt].Qi =r;

Store only:

if(RegisterStat[rt].Qi=0) {RS[r]. Qk <— RegisterStat[rt].Qi}

else {RS[r].Vk <Reg|[rt]; RS[r].Qk«-0 }
2021-4-30 xhzhou@USTC 12

Multl

Reservation
Stations L _— Yt

Common Data Bus (CDB)




T2 Loadi{EfEEXEMER D RS

2. Execute
FP Operation
wait until: (RS[r].Qj=0) and (RS[r].Qk=0)
Action or bookkeeping:
computer result: Operands are in Vj and VK
Load-store stepl
wait until: RS[r].Qj =0 & r is head of load-store queue
Action or bookkeeping:

RS[r].A <~ RS[r].Vj + RS[r].A; From ﬁd ek P Reaters
Load step2 o
wait until: Load Step1 complete e
Action or bookkeeping: - g i il
Read from Mem[RS][r].A] Reservatio To Mem

Common Data Bus (CDB)

2021-4-30 xhzhou@USTC 13



3. Write result
FP Operation or Load

Wait until: Execution complete at r & CDB available
Action or bookkeeping

Vx (if (RegisterStat[x].Qi=r) {Regs[x] « result; RegisterStat[x].Qi « 0})
V x (if(RS[x].Qj =r) {RS[X].Vj «result; RS[x].Qj «0});
Y x (if(RS[x].Qk =r) {RS[X].Vk «result; RS[x].Qk «-0});

RS[r].Busy <« no; Fromﬁm Bufé;:zz EP Registers
Store =
wait until: = s
Execution complete at r & RS[r].Qk =0 | s |
Action or bookkeeping et ot
Mem[RS[r].A] « RS[r].Vk;

Common Data Bus (CDB)

RS[r].Busy <« no;

2021-4-30 xhzhou@USTC 14



TOmasu IO %/%E{]q::jt'/\\\

- ElfEFESHmESEMER

— FU ZE£1FFR“reservation stations”; {R1FFFER{EE

- IBSHPIE{FSRERSHRASFR{ENIERRSATE
$HEE (#R)3 register renaming)

— 58 WAR, WAW hazards
— RSZT&HFes, FHUATLUMME ZHmiE=s o AMAIUL

- {ELRFURNERIRSEMARNTEFEEER, FURNT
B EiEiICommon Data Bus LA AN &R
FRrBIhseaht

 Load#IStoreEp{dth E{E=BRSHITIEESR L

- AJLIEES3Z, RIFFPIRERATIRFPIRIEARULS
PRFEPFIR

2021-4-30 xhzhou@USTC 15
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Tomasulo

D.2-2

Tomasulo
T | ’ =
ATE & ERRFF T
{5
1. LS
2. FEHESH

3.\ mKk&IEHITIE
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Tomasulo Example

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 Loadl No
LD F2 45+ R3 Load2 | No
MULTD FO F2 F4 Load3 No

SUBD F8 F6 F2
DIVD F10 FO F6
ADDD Fo F8& F2

Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok

Addl | No

Add2 | No

Add3 | No

Multl | No

Mult2 | No

Register result status:

Clock ro F2 F4 F6 FS8 FIO FI2 ... F30
0 FU

2021-4-30 xhzhou@USTC 17



Instruction status: Exec Write

Instruction J k wey Comp Result

LD F2 45+ R3
MULTD FO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD Fo F8& F2

Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok

Addl | No

Add2 | No

Add3 | No

Multl | No

Mult2 | No

Register result status:

Clock FO F2 F4 K6y S FI0 FI2 ... F30

2021-4-30 xhzhou@USTC 18




Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

k
R2
R3
F4
F2
F6
F2

Exec Write
Issue Comp Result Busy Address

Loadl TR
Load Yes = 451R3 I
Load3 O

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl1l
Add2
Add3
Multl
Mult2

Register result status.

Clock
2

FU

Loadl

FO - F4 F6 F8 FI0O FlI2 ... F30

Note: Unlike 6600, can have multiple loads outstanding

2021-4-30

xhzhou@USTC 19




Tomasulo Example Cycle 3

Instruction status: Exec Write
Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 Loadl | Yes 34+R2
LD F2 45+ R3 2 Load2 | Yes 45+R3
MULTD FO F2 F4 3 Load3 No

SUBD F8 F6 F2
DIVD F10 FO Fo6
ADDD Fo F8& F2

Reservation Stations: S7 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok

Addl | No

Add2 | No

Add3 <
Multll| Yes MULTD R(F4) Load2
Mult e

Register result status:

Clock =6 F2 F4 F6 F8 FIO FI2 ... F30
3 FU Load2 Loadl

* Note: registers names are removed (‘renamed”) in
Reservation Stations; MULT issued vs. scoreboard

-“Lodad1 completing; what"i§“wditing for Load1? .



Tomasulo Example Cycle 4

Instruction status: Exec Write
Instruction J k Issue Comp Result Busy Address
LD Fo6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 Load2 | Yes 45+R3
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4
DIVD F10 FO F6
ADDD Fo6 F8 F2
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vi Vi Qj Ok
Addl | Yes SUBD M(Al) Load?2
Add2 | No
Add3 | No
Multl | Yes MULTD R(F4) Load2
Mult2 | No
Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 ... F30
4 FU | Multl Load2 M(A1) Addl

* Load2 completing; what is waiting for Load1?

2021-4-30 xhzhou@USTC 21



Instruction status: Exec Write

Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 No
MULTD FO F2 F4 3 Load3 No
SUBD F8 Fo6 F2 4
DIVD F10 FO Fé6 5
ADDD Fé6 F8 F2
Reservation Stations: \Yi S2 RS RS

Time Name Busy Op Vi Vk Oj Ok
2 Add1 [ Yes SUBD M(Al) M(A2)
Add2 | No
Add3 | No
10 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2

F30

5 FU | Multl M(A2) M(A1) Addl Mult2

2021-4-30 xhzhou@USTC
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Instruction status: Exec Write

Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No

LD F2 45+ R3 2 4 5 Load2 No

MULTD FO F2 F4 3 Load3 No

SUBD F8 Fo6 F2 4

DIVD F10 FO Fé6 5

ADDD Fé6 F8 F2 6

Reservation Stations: \Yi S2 RS RS

Time Name Busy Op Vi Vk Oj Ok
1 Add1 | Yes SUBD M(A1) M(A2)
Add2 | Yes ADDD M(A2) Addl
Add3 | No
9 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2

F30

6 FU | Multl M(A2) Add2 Addl Mult2

- Issue ADDD here vs. scoreboard?

2021-4-30 xhzhou@USTC
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Instruction status: Exec Write

Instruction J k  Issue Comp Result Busy Address
LD Fo6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 Fo6 F2 4 7
DIVD F10 FO F6 5
ADDD Fo6 F& F2 6
Reservation Stations: S1 S2 RS RS

Time Name Busy Op Vi Vk Qj Ok

0 Addl | Yes SUBD M(A1) M(A2)
Add2 | Yes ADDD M(A2) Addl
Add3 | No
8 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 FS FIO FlI2 F30
7 FU | Multl M(A2) Add2 Addl Mult2

+ Add1 completing; what is waiting for it?

2021-4-30 xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No
R3 2 4 5 Load2 | No
F4 3 Load3 | No
F2 4 7 8
F6 5
F2 6

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No

2 Add2 | Yes ADDD (M-M) M(A2)
Add3 | No

7 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 F30
8 FU | Multl M(A2) Add2 (M-M) Mult2

2021-4-30

xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No
R3 2 4 5 Load2 | No
F4 3 Load3 | No
F2 4 7 8
F6 5
F2 6

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No

1 Add2 | Yes ADDD (M-M) M(A2)
Add3 | No

6 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 F30
9 FU | Multl M(A2) Add2 (M-M) Mult2

2021-4-30

xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write
k  Issue Comp Result

R2 1 3 4
R3 2 4 5
F4 3

F2 4 7 8
F6 5

F2 6 10

S7 S2 RS

Time Name Busy Op Vi Vi Oj

Addl1l
0 Add2

Add3
5 Multl

Mult2

Loadl No
Load2 | No
Load3 No
RS
Ok

No

Yes ADDD (M-M) M(A2)

No

Yes MULTD M(A2) R(F4)

Yes DIVD M(A1) Multl

Register result status:

Clock
10

Fo F2 F4 F6

F8 FI0 Fli2

F30

FU | Multl M(A2) Add2

(M-M) Mult2

+ Add2 completing; what is waiting for it?

2021-4-30
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Instruction status: Exec Write

Instruction J k  Issue Comp Result Busy Address
LD F6 34+ R2 1 3 4 Loadl No
LD F2 45+ R3 2 4 5 Load2 | No
MULTD FO F2 F4 3 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD Fé6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vi Vk Oj Ok
Addl | No
Add2 | No
Add3 | No
4 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FIO FlI2 F30
11 FU | Multl M(A2) (M-M+N (M-M) Mult2

* Write result of ADDD here vs. scoreboard?
+ All, quick instructions complete in this cyclel

28



Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No

R3 2 4 5 Load2 | No

F4 3 Load3 | No

F2 4 7 8

F6 5

F2 6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No
Add2 | No
Add3 | No
3 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 F30
12 FU | Multl M(A2) (M-M+N (M-M) Mult2

2021-4-30

xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No

R3 2 4 5 Load2 | No

F4 3 Load3 | No

F2 4 7 8

F6 5

F2 6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No
Add2 | No
Add3 | No
2 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 F30
13 FU | Multl M(A2) (M-M+N (M-M) Mult2

2021-4-30

xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No

R3 2 4 5 Load2 | No

F4 3 Load3 | No

F2 4 7 8

F6 5

F2 6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No
Add2 | No
Add3 | No
1 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 F30
14 FU | Multl M(A2) (M-M+N (M-M) Mult2

2021-4-30

xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

Exec Write

k  Issue Comp Result Busy Address
R2 1 3 4 Loadl | No

R3 2 4 5 Load2 | No

F4 3 15 Load3 | No

F2 4 7 8

F6 5

F2 6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No
Add2 | No
Add3 | No
0 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 FIO FI2 F30
15 FU | Multl M(A2) (M-M+N (M-M) Mult2

2021-4-30

xhzhou@USTC
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Instruction status:

Instruction

LD F6
LD F2
MULTD FO
SUBD F8
DIVD F10
ADDD F6

Reservation Stations:

J
34+
45+

F2

F6

FO

F8

k
R2
R3
F4
F2
F6
F2

Exec Write

Issue Comp Result Busy Address
1 3 4 Loadl | No
2 4 5 Load2 | No
3 15 16 Load3 | No
4 7 8
5
6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

40 Mult2

Addl1l
Add2
Add3
Multl

Register result status:

Clock
16

2021-4-30

F30

No
No
No
No
Yes DIVD M*F4 M(A1)
FO F2 F4 F6 F8 FIO FlI2
FU | M*F4 M(A2) (M-M+N (M-M) Mult2

xhzhou@USTC
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Faster than light computation
(skip a couple of cycles)

2021-4-30 xhzhou@USTC 34



Instruction status:

Instruction

LD F6
LD F2
MULTD FO
SUBD F8
DIVD F10
ADDD F6

Reservation Stations:

J
34+
45+

F2

F6

FO

F8

k
R2
R3
F4
F2
F6
F2

Exec Write

Issue Comp Result Busy Address
1 3 4 Loadl | No
2 4 5 Load2 | No
3 15 16 Load3 | No
4 7 8
5
6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl1l
Add2
Add3
Multl
1 Mult2

Register result status:

Clock
55

2021-4-30

F30

No
No
No
No
Yes DIVD M*F4 M(A1)
FO F2 F4 F6 F8 FIO FlI2
FU | M*F4 M(A2) (M-M+N (M-M) Mult2

xhzhou@USTC
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Instruction status:

Instruction J
LD F6 34+
LD F2 45+

MULTD FO F2
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8&

Reservation Stations:

k
R2
R3
F4
F2
F6
F2

Issue Comp Result

Exec Write

1 3 4 Loadl | No
2 4 5 Load2 | No
3 15 16 Load3 | No
4 7 8

5 56

6 10 11

S7 S2 RS RS

Time Name Busy Op Vi Vk Oj Ok

Addl1l
Add2
Add3
Multl
0 Mult2

Register result status:

Clock
56

F30

No
No
No
No
Yes DIVD M*F4 M(A1)
FO F2 F4 F6 F8 FIO FlI2
FU | M*F4 M(A2) (M-M+N (M-M) Mult2

* Mult2 is completing; what is waiting for it?

2021-4-30
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Instruction status:

Instruction J k Busy Address
LD Fo6 34+ R2 Loadl No

LD F2 45+ R3 Load2 | No

MULTD FO F2 F4 Load3 No

SUBD F8 Fo6 F2

DIVD F10 FO Fo6

ADDD F6 F8 F2

Reservation Stations: RS

Time Name Busy Op Vi Vk Oj Ok

Addl | No
Add2 | No
Add3 | No
Multl | No
O Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FO F2 F4 F6 FS8 FIO FI2 ... F30

56 FU | M*F4 M(A2) (M-M+N (M-M) Mult2

 Once again: In-order issue, out-of-order execution
and completion.
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Instruction status:
Instruction j k Issue Oper Comp Result

LD
LD

MULTD FO F2 F4
SUBD F8 F6 F2

DIVD

ADDD F6 F8 F2

Read Exec Write

F6 34+ R2
F2 45+ R3

F10 FO F6

Exec Write
Issue Comp Result

- Bt 4scoreboard/6600FFERTBIEES?
- g P3E
- WAR,WAW Hi3E

2021-4-30
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xhzhou@USTC

38



Tomasulo v. Scoreboard

(IBM 360/91 v. CDC 6600)

KACEIThBESRIE Z 1 IheesbE

(6 load, 3 store, 3 +, 2 x/+) (1 load/store, 1 +, 2 x, 1
+,...)

5ESEORA 5 & R/

BLEFE PRI AS &Y BLEM PRI AN &Y

WAR: FZEFREGRER  WAR: stall ki
WAW: RFFsEmaEn WAW: E1LERS
MFUTHBZER BE&7s5530

Control: RS g=rhx{;scoreboard

fmr
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TOmasu IO %/%Equ::jt'/\\\

- ElfEFESHmESEMER

— FU ZE£1FFR“reservation stations”; {R1FFFER{EE

- IBSHPIE{FSRERSHRASFR{ENIERRSATE
$HEE (#R)3 register renaming)

— 58 WAR, WAW hazards
— RSZT&HFes, FHUATLUMME ZHmiE=s o AMAIUL

- {ELRFURNERIRSEMARNTEFEEER, FURNT
B EiEiICommon Data Bus LA AN &R
FRrBIhseaht

 Load#IStoreEp{dth E{E=BRSHITIEESR L

- ALIEES3Z, RIFFPIRERATIRFPIRIEARULS
PRFEFIR
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Tomasulo TR

- 85
— delays of 360/91, MIPS 10000, IBM 6202
- EKEECDB

— MRESZERF-Common Data Bus

27 Ch.3.4-3.5
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*EI'/?\;}Z;-E j]n_,\ ”Eﬁiﬁ

Tomasulo

D.2-2

Tomasulo

RAREL

1. BHESH
2. FEHEEHW
3.\ mKk&IEHITIE

2021-4-30 xhzhou@USTC 42




MULTD F4, FO, F2
SD F4, 0 (R1)
SUBI RI1,R1, #8
BNEZ R1 Loop

« 1IZMultiply13BitER4 clocks
—Rload Z£8 clocks (cache miss), 582iR

* B—
UJ= 1F11§ I:|:'(h|t)
’E@#_L, TEEAiIth5HSUBI, BNEZfY

2021-4-30 xhzhou@USTC
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Loop Example

Instruction Status

ITER Inst. [ j K Issue Exec WR Busy Addr Fu
1 LD FO O R1 Load1No
1 MULTD F4 FO F2 Load2No
1 SD F4 O R1 Load3No
2 LD FO O R1 StorelNo
2 MULTD F4 FO F2 Store2No
2 SD FA4 O R1 Store3No

Reservation Station:
Time Name Busy Op V] VK Qj Qk Code

Add1 No LD FO 0 R1
Add2 No MULTD F4 FO F2
Add3 No SD F4 0 R1
Multl No SUBI R1 R1 #8
Mult2 No BNEZ R1 Loop
Register Result Status
Clock R1 FO F2 F4 F6 F8 F10 F12 ... F30
0 80 FU

2021-4-30 xhzhou@USTC 44



Instruction Status

ITER

1

N N P

2

Reservation Station:

Inst.

LD
MULTD
SD

LD
MULTD
SD

Time Name

Addil
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1

1
2021-4-30

80

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op
No
No
No
No
No

FO
FU Loadl

k Issue Exec WR

R1 1
F2
R1
R1
F2
R1

Vi VK Qj

F2 F4  F6

xhzhou@USTC

Ok

F8

Busy Addr

Load1Yes 80

Load2No

Load3No

StorelNo

Store2No

Store3No
Code
LD FO 0]
MULTD F4 FO
SD F4 0]
SUBI R1 R1
BNEZ R1 Loop
F10 F12 ...

Fu

R1
F2
R1
#8

F30

45



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name
Add1
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1
2 80

2021-4-30

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op
No
No
No
YES  Multd
No

FO
FU Loadl

k Issue Exec WR

R1 1 2~
F2 2

R1

R1

F2

R1

Vj Vk Qj Qk

R (F2) Loadl

F2 F4 F6 F8
Multl

xhzhou@USTC

Busy Addr
LoadlYes 80
Load2No
Load3No
Storel1No
Store2No
Store3No

Code

LD FO 0
MULTD F4 FO
SD F4 0

SUBI R1 R1
BNEZ R1 Loop

F10 F12 ..

Fu

R1
72
R1
#8

F30

46



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name
Add1
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1
3 80

2021-4-30

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op
No
No
No
YES  Multd
No

FO
FU Loadl

R1
F2
R1
R1

F2

Issue Exec WR

1 2~
2
3

R (F2) Loadl

F4 F6
Multl

xhzhou@USTC

F8

Load
Loa

SUBI
BNEZ

F10

torel YES
Store2No

Busy

R1
R1

Addr

80

Fu

R1
72
R1
#8

F30

a7



What does this mean physically?

<

From Mem FP Op __FP Registers
Queue FO: Load 1
Load Buffers " F4: Mult]
Load1
LoadZaddr:
Load3
Load4
tgﬁgg Store
Buffers ‘
Addr: 80 |[Mult1
Add1 - - | ‘
Add2 Multl
Add3 Mult2

2021-4-30

Reservation
Stations

Common Data Bus (CDB)

xhzhou@USTC

1

To Mem

48




Instruction Status
ITER

Reservation Station:

Inst.

LD
MULTD
SD

LD
MULTD
SD

Time Name

Add1l
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1

4

80

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op
No
No
No
YES  Multd
No

FO
FU Loadl

R1
F2
R1
R1
F2
R1

Vj

F2

Issue Exec WR

1
2
3

Vk

R (F2)

F4
Multl

2~

Q Qk

Loadl

F6 F8

»oaBispatching SUBI Instruction ,,,noueustc

Busy

LoadlYes
Load2No
Load3No
StorelYES
Store2No
Store3No

Code

LD

FO

MULTD F4

SD

F4

SUBI R1
BNEZ R1

F10

80

Fu

Multl

R1
72
R1
#8

F30

49



Instruction Status

ITER Inst. i j
1 LD FO O
1 MULTD F4 FO
1 SD F4 O
2 LD FO O
2 MULTD F4 FO
2 SD F4 O
Reservation Station:
Time Name Busy Op
Add1 No
Add2 No
Add3 No
Multl YES Multd
Mult2  No
Register Result Status
Clock R1 FO
5 80 FU Loadl

,2,And, BNEZ instruction

R1
F2
R1
R1
F2
R1

Vj

F2

Issue Exec WR

1 2~
2
3

Vk  Q Qk

R(F2) Loadl

F4 F6 F8
Multl

xhzhou@USTC

Busy

Load1Yes
Load2No
Load3No
StorelYES
Store2No
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI R1
BNEZ R1

F10

80

Fu

Multl

R1
F2
R1
#8

F30
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Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1l
Add2
Add3
Multl
Mult2
Register Result Status
Clock R1
6

202

8 FO FEMBOlHE

FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op
No
No
No
YES  Multd
No

FO

Load2

R1
F2
R1
R1
F2
R1

Vj

F2

Issue Exec WR
1 2~

2
3
6

Vk  Q Qk

R(F2)  Loadl

F4 F6 F8
Multl

EAY(E

xhzhou@USTC

Busy

LoadlYes
Load2Yes
Load3No
StorelYES
Store2No
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI R1
BNEZ R1

F10 F12

Fu

Multl

R1
72
R1
#8

F30

51



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name
Add1
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1
72

i J

FO O

F4 FO

F4 O

FO O

F4 FO

FA4 O

Busy Op

No

No

No

Yes Multd

Yes Multd
FO

FU Load2

Kk

R1
F2
R1
R1
F2
R1

F2

Issue Exec WR

~N O W N P

Vk

R(F2)
R(F2)

F4
Mult2

2~

Qj

Loadl
Load2

FG

QK

F8

:
s S Far IRV IRIEER R B 2R IBINNIE S

Busy

LoadlYes
Load2 Yes
Load3No
Store1YES
Store2No
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ RI1

F10

F12

80

Fu

Multl

R1
52
R1
#8

F30

52



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name
Add1
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1
72

Qoﬁﬂm (IS

i J

FO O

F4 FO

F4 O

FO O

F4 FO

FA4 O

Busy Op

No

No

No

Yes Multd

Yes Multd
FO

FU Load2

K Issue Exec WR

R1 1 2~

F2 2

R1 3

R1 6

F2 7

R1 8

Vj Vk Qj Qk
R(F2) Loadl
R(F2)  Load2

F2 F4 F6 F8

Mul t2

E2XR1E IZ;E%:J:;rkﬁrj_hou@USTC

Busy

Load1Yes
Load2Yes
Load3No
Storel YES
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ RI1

F10 F12

Addr
80

[

80
[

Fu

Multl
Mul t2

R1
52
R1
#8

53



What does this mean physically?

From Mem FP Op __FP Registers
FO: Load?
Queue
Load Buffers " F4: Mult?
Load1 | addr: 80
Load2| addr: 72
Load3
Load Store
Loadé Buffers !
'Addr: 80 [Mult]
Addr: 72 |Mult
Add1
Add2 Mult1
Add3 Mult2
Reservation To Mem

Stations

Common Data Bus (CDB)

2021-4-30 xhzhou@USTC 54



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name
Add1
Add2
Add3
Multl
Mult2

Register Result Status
Clock R1
9 72

soJispatching SUBI,

I J

FO O

F4 FO

F4 O

FO O

F4 FO

F4 O

Busy Op

No

No

No

Yes Multd

Yes Multd
FO

FU Load2

k Issue Exec WR

R1 1 2~9

F2 2

R1 3

R1 6

F2 7

R1 8

Vj VK Qj Qk
R (F2) Loadl
R(F2)  Load2

F2 F4 F6 F8

Mult2

L0BO TR s

Busy

LoadlYes
Load2Yes
Load3No
Storel1YES
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SuBI Rl
BNEZ RI

F10 F12

Fu

Multl
Mult2

R1
72
R1
#8

F30

Load2 BEAIAHANPIITHEL?
Store2 B & 7] LA A1 TR R



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name

Add1
Add2
Add3
4 Multl
Mult2
Register Result Status
Clock R1
10 64

|

FO
F4
F4
FO
F4
F4

Busy
No

No
No
Yes

Yes

FU

sod2ispatching BNEZ,

j K Issue Exec WR
0] R1 1 2~9 10
FO F2 2
0] R1 3 10
0] R1 6
FO F2 7
0] R1 8
Op Vj Vk Qj Qk
Multd M[80] R(F2)
Multd R(F2)  Load2
FO F2 F4 F6 F8
Load2 Mult2

=+
Loadll—:"g %OU@USTC

Busy

Load1No
Load2Yes
Load3No
StorelYES
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ RI1

F10 F12

Addr

72

80
72

Fu

Multl
Mult2

R1
K2
R1
#8

F30

56



Instruction Status

ITER |Inst. [ j K Issue Exec WR Busy Addr Fu

1 LD FO O R1 1 2~9 10 Load1No

1 MULTD F4 FO F2 2 11" Load2Yes 72

1 SD F4 O R1 3 10 Load3Yes 64

2 LD FO O R1 6 11 Store1 YES 80 Multl
2 MULTD F4 FO F2 7 Store2Ves 72 Mult2
2 SD F4 O R1 8 Store3No

Reservation Station:
Time Name  Busy Op Vj Vk Qj Qk Code

Add1l No LD FO 0 R1
Add2 No MULTD F4 FO F2
Add3 No SD F4 0] R1
5 Multl  Yes  Multd M[80] R(F2) SuUBI Rl R1 #8
Mult2  Yes  Multd R(F2)  Load2 BNEZ Rl Loop
Register Result Status
Clock R1 FO F2 F4 F6 F8 F10 F12 ... F30
11 64 FU  Load3 Mult2

+ .Qag3%& 5, FO HEIRIBIMALoad skttt A64 B ITTRIAR -



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name

Add1
Add2
Add3
2 Multl
Mult2
Register Result Status
Clock R1
12 64
2493025 4R

i J
FO 0
F4 FO
F4 0
FO 0
F4 FO
FA4 O
Busy Op
No
No
No
Yes  Multd
Yes Multd
FO
FU Load3

K Issue Exec WR
R1 1 2~9 10
F2 2 117
R1 3 10
R1 6 11 12
F2 7
R1 8 12
Vi VK Qj Qk
M[80] R(F2)
M[72] R(F2)
F2 F4 F6 F8

Mul t2

Busy

Load1No
Load2No
Load3Yes
Store1YES
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ RI1

F10

F12

Addr

64
80
2

Fu

Multl
Mul t2

R1
52
R1
#8

F30

o Why. not issue third multiply:g



Instruction Status
ITER
1

1
1
2
2
2

Reservation Station:
Time Name

Inst.

LD
MULTD
SD

LD
MULTD
SD

Add1
Add2
Add3
Multl
3 Mult2
Register Result Status
Clock R1
13 64

2021-4-30

FO
F4
F4
FO
F4
F4

Busy
No
No
No
Yes

Yes

FU

Op

Multd
Multd

FO
Load3

K Issue Exec WR
R1 1 2~9 10
F2 2 117

R1 3 10

R1 6 11 12
F2 7 137

R1 8 12

Vj Vk Qj

M[80]  R(F2)

M[72] R(F2)

F2 F4 F6
Mult2

xhzhou@USTC

Ok

F8

Busy

Load1No
Load2No
Load3Yes
Storel1YES
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SuBI Rl
BNEZ RI

F10 F12

Addr

64
80
72

Fu

Multl
Mult2

R1
72
R1
#8

F30

59



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
0 Multl
2 Mult2
Register Result Status
Clock R1
14 64
2021-4-30

| j
FO O
F4 FO
F4 O
FO O
F4 FO
FA O
Busy Op
No
No
No
Yes  Multd
Yes Multd
FO
FU Load3

K Issue Exec WR
R1 1 2~9 10
F2 2 11714

R1 3 10

R1 6 11 12
F2 7 13

R1 8 12

Vi Vk Q Qk

M[80] R(F2)

M[72] R(F2)

F2 F4 F6 F8
Mult2

xhzhou@USTC

Busy

Load1No
Load2No
Load3Yes
StorelYES
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ R1

F10

Mult1#1T5eEE

F12

Addr

64
80
72

Fu

Multl
Mul t2

R1
F2
R1
#8

F30
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Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
Multl
1 Mult2
Register Result Status
Clock R1
15 64

Multl 5453

| J
FO O
F4 FO
F4 O
FO O
F4 FO
FA O
Busy Op
No
No
No
No
Yes Multd
FO
FU Load3

k Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10

R1 6 11 12
F2 7 137

R1 8 12

Vj VK Qj Qk

M[72] R(F2)

F2 F4 F6
Mult2

xhzhou@USTC

F8

Busy

Load1No
Load2No
Load3Yes
Storel Yes
Store2Ves
Store3No

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ R1

F10

F12

Addr

64
80
72

Fu

[80]*R2
Mul t2

R1
F2
R1
#8

F30

61



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
Multl
0 Mult2
Register Result Status
Clock R1

i J K Issue Exec WR Busy Addr Fu
FO O R1 1 2~9 10 Load1No
F4 FO F2 2 11714 15  Load2No
F4 O R1 3 10 16 Load3Yes 64
FO O R1 6 11 12 StorelNo
F4 FO F2 7 13716 Store2Ves 72 Mult2
F4 O R1 8 12 Store3No
Busy Op Vj Vk Qj Qk Code
No LD FO 0 R1
No MULTD F4 FO F2
No SD F4 0 R1
Yes  Multd R(F2)  Load3 SUBI Rl R1 #8
Yes  Multd M[72] R(F2) BNEZ RI1 Loop
FO F2 F4 F6 F8 F10 F12 ... F30
FU  Load3 Mult3
SD1EZ5 R, . A&STMult3 .

- M 943;21%17%5&,



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
Multl
Mult2
Register Result Status
Clock R1

=
*,Mult2 '%9*%

i J
FO O
F4 FO
F4 O
FO O
F4 FO
FA4 O
Busy Op
No
No
No
Yes  Multd
No
FO
FU Load3

k Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10 16
R1 6 11 12
F2 7 13716 17
R1 8 12

Vj VK Qj Qk

R(F2) Load3
F2 F4 F6 F8

Mult3

Busy

Load1No
Load2No
Load3Yes
StorelNo
Store2Ves
Store3Yes

Code

LD FO
MULTD F4
SD F4
SUBI RI1
BNEZ RI

F10

SD2IFH NI ks, & BTSD3

F12

Addr

64

64

Fu

[72]%R2
Mult3

R1
F2
R1
#8

F30

63



Instruction Status
ITER

Reservation Station:

Inst.

LD
MULTD
SD

LD
MULTD
SD

Time Name

Add1l
Add?2
Add3
Multl
Mult2

Register Result Status
Clock R1

18

2021-4-30

64

i i K
FO O R1
F4 FO F2
F4 O R1
FO O R1
F4 FO F2
F4 O R1
Busy Op Vj

No

No

No

Yes  Multd

No

FO F2

FU  Load3

Issue Exec WR

1
2
3
6
7
8

Vk

R (F2)

F4

Mult3
o SD2IHNEZERMEL, LD3FHNMITHIEL, SDIFHNMITHEL

2~9 10
11714 15
10 16
11 12
13716 17
12 18
Qj Qk
Load3
F6 F8

xhzhou@USTC

Busy

Load1No
Load2No
Load3Yes
Storel No
Store2No

Store3Yes

Code

LD FO
MULTD F4
SD F4
SUBI RI1
BNEZ RI

F10

Addr

64

64

Fu

Mult3

R1
F2
R1
#8

F30

(1F§ii§2ﬂﬂijﬁ‘l‘%%f$1¢%/l\>64



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name
Add1
Add2
Add3

4 Multl
Mult2

Register Result Status
Clock R1

19 64
RIS LR

i J K
FO O R1
F4 FO F2
F4 O R1
FO O R1
F4 FO F2
F4 O R1
Busy Op Vj

No

No

No

Yes  Multd

No

FO F2

FU  Load3

M[64]

1

2
3
6
7
8

R (F2)

Mult3

2~9
11714
10
11
13716
12

Qj

F6

Issue Exec WR

10
15
16
12
17
18

Ok

F8

SD3F N TRekue(stcE 1t )

Busy

Load1No
Load2No
Load3No
Storel No
Store2No

Store3Yes

Code

LD FO
MULTD F4
SD F4
SUBI RI1
BNEZ RI

F10

F12

Addr

64

Fu

Mult3

R1
F2
R1
H8

F30

65



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
3 Multl
Mult2
Register Result Status
Clock R1
20 64

* Mult3 20~23

|

FO
F4
F4
FO
F4
F4

Busy
No

No
No
Yes

No

FU

Op

Multd

FO
Load3

K Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10 16
R1 6 11 12
F2 7 13716 17
R1 8 12 18
Vj VK Qj Qk
M[64] R(F2)

F2 F4 F6
Mult2

xhzhou@USTC

F8

Busy

Load1No
Load2No
Load3No
StorelNo
Store2No

Store3Yes

Code

LD FO
MULTD F4
SD F4
SUBI Rl
BNEZ R1

F10

F12

Addr

64

Fu

Mult3

R1
F2
R1
’8

F30

66



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
2 Multl
Mult2
Register Result Status
Clock R1
21 64

* Mult3 20~23

FO
F4
F4
FO
F4
F4

Busy
No

No
No
Yes

No

FU

Op

Multd

FO
Load3

k Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10 16
R1 6 11 12
F2 7 13716 17
R1 8 12 18
Vi VK Qj Qk
M[64] R(F2)
F2 F4 F6 F8

Mult2

xhzhou@USTC

Busy Addr Fu

Load1No

Load2No

Load3No

Storel1No

Store2No

Store3Yes 64 Mult3
Code
LD FO 0 R1
MULTD F4 FO F2
SD F4 0 R1
SUBI Rl R1 #8

BNEZ Rl Loop

F10 F12 ... F30
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Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
1 Multl
Mult2
Register Result Status
Clock R1
22 64

2@hedt3 20~23

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op
No
No
No
Yes  Multd
No
FO
FU  Load3

k Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10 16
R1 6 11 12
F2 7 13716 17
R1 8 12 18
Vj VK Qj Qk
M[64] R(F2)

F2 F4 F6
Mult2

xhzhou@USTC

F8

Busy

Load1No
Load2No
Load3No
Storel1 No
Store2No

Store3Yes

Code

LD FO
MULTD F4
SD F4
SUBI RI1
BNEZ RI

F10

F12

Addr

64

Fu

Mult3

R1
F2
R1
#8

F30
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Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD

Reservation Station:

Time Name

Add1
Add2
Add3
0 Multl
Mult2
Register Result Status
Clock R1
23 64

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op

No

No

No

Yes  Multd

No

FO

FU  Load3

k

R1
F2
R1
R1
F2
R1

V]

M[64]

F2

. Mult3 20~23,Mult3H1T5%

Issue Exec WR

1 2~9
2 11714
3 10
6 11
7 13716
8 12
VK Qj
R(F2)
F4 F6
Mult2
JLmnoueusTe

10
15
16
12
17
18

Qk

F8

Busy

Load1No
Load2No
Load3No
Storel1No
Store2No

Store3Yes

Code

LD FO
MULTD F4
SD F4
SUBI RI1
BNEZ RI

F10

F12

Addr

64

Fu

Mult3

R1
F2
R1
H8

F30

69



Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
Multl
Mult2
Register Result Status
Clock R1
24 64

«, Mult3 20~23,Mult3E 45

i J
FO O
F4 FO
F4 O
FO O
F4 FO
F4 O
Busy Op

No

No

No

No

No

FO

FU  Load3

k Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10 16
R1 6 11 12
F2 7 13716 17
R1 8 12 18
Vj VK Qj Qk
F2 F4 F6 F8

Mul t2

xhzhou@USTC

Busy

Load1No
Load2No
Load3No
Storel No
Store2No

Store3Yes

Code

LD FO
MULTD F4
SD F4
SuBlI Rl
BNEZ RI1

F10

Addr

64

Fu

[64]*R2

R1
F2
R1
#8

F30
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Instruction Status

ITER Inst.
1 LD
1 MULTD
1 SD
2 LD
2 MULTD
2 SD
Reservation Station:
Time Name
Add1
Add2
Add3
Multl
Mult2
Register Result Status
Clock R1
25 64
L SRIELER

i J
FO O
F4 FO
F4 O
FO O
F4 FO
FA O
Busy Op

No

No

No

No

No

FO

FU Load3

K Issue Exec WR
R1 1 2~9 10
F2 2 11714 15
R1 3 10 16
R1 6 11 12
F2 7 13716 17
R1 8 12 18
Vj VK Qj Qk
F2 F4 F6 F8

Mult?2

xhzhou@USTC

Busy Addr Fu
Load1No
Load2No
Load3No
Storel No
Store2No
Store3No
Code
LD FO 0] R1
MULTD F4 FO F2
SD F4 0 R1
SUBI Rl R1 B8
BNEZ Rl Loop
F10 F12 ... F30
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Summary

- Tomasulo Algorithm =Ex

1. Issue—MFPIZ{EBAFIFRBUES

— UNERRS=ZS[A(no structural hazard), NFEH & HTIE<SFOEAE
ZN (renames registers).

2. Executlon—operate on operands (EX)

AN ES A, BURTLAAAT
!lﬂ%xﬁ/é 9F, LJm,LJCommon Data Bus LASKENZE5R

3. Write result—finish execution (WB)

G5 R1E1II Common Data Bus{&ZE FiE FFZ 45 R AVEM S
RS

- BRZURSH

1. Instruction Status
2. Reservation Station
3. Register Result Status
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Summary

ggeservatlons stations: FFeeE R, EMNEIEE
— EREFes kIR

— 8E5R 1 Scoreboard I EFRRAY WAR, WAW hazards

— SO A EIA R FT
ARFEAFIR(ULT, BFRIZEFIHEX)

oIk

— Dynamic scheduling
— Register renaming
— Load/store disambiguation

360/91 |5 Pentium ll: PowerPC 604: MIPS
R10000; HP-PA 8000; Alpha 21264{EHXfhisz A
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) Summary: TomasuloELEsCHEIRESHIT?

» FFSREMARA

- AEEHEIME A RIRSYIES 778 (dynamic

loop unrolling).

-5 ﬁﬁf.'ﬂ:'Eﬁ%%ﬁ%ﬁ%%%ﬂ%ﬂﬁ?ﬂij]ﬁ%ﬁ%%ﬁ
£T “pointers”

— BROEEIN T H7e8 1 8

- KiE: BEEMFwMKkTT, LIEERLTISA
TR FRRSR(E

N\
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