Aula10: Algoritmo de Tomasulo

Revis&o: Scoreboarding
» LimitagOes do scoreboarding

— Sem forwarding
— Limitado ainstrugdes em um bloco basico

— Paraelismo limitado pelo nimero de unidades
funcionais (structural hazards)

— Aguardar escrita em registradores para evitar hazards
WAR

— Prevenir execucéo até resolucéo de hazards WAW

Reduzindo Hazards de WAR e
WAW:Register Renaming pelo Compilador

Considere o codigo:

DI VD F2, F4, F6
SUBD 10, F12, F16
STD F10, O(R1)

DI VD F2, F4, F6
SUBD F4, F6, F8
STD F8, O(R1)

Existe uma dependéncia do tipo WAR em F2
entre DIVD e SUBD

Compilador consegue eliminar dependéncia a
um custo adicional no nimero de registradores

Register Renaming em Hardware."«
» Todavez que formos escrever em um registrador, Q
aloque um novo registrador fisico (nimero do ’
registrador == apontador)
* Implicagdes paraimplementacéo
— Precisade mais registradores fisicos do que enderecos
pararegistradores

— Precisa alocagéo e garbage collection para mapearmos
registradores fisicos a enderecos de registradores

— Uso de registrador é remapeado para uso do apontador
pararegistrador fisico
 Principa vantagem sobre scoreboarding: néo
existem stalls para hazards WAR e WAW.




Register Renaming Dinamico

Caodigo origind

MULTD FO, F2, F4 MULTD FOa, F2a, F4a
SD FO, O( R4) SD FOa, O( Rda)
ADDU R4, R2, #8 ADDU R4b, R2a, #8
ADDD FO, F6, F8 ADDD FOb, F6a, F8a
Dois hazards WAR (R4 e FO)

Algoritmo de Tomasulo

Trocatabela de status de unidade funcional por
reservation station

— Cada FU possui conjunto de reservation stations para
instrucdes aguardando execugéo

— Reservation station armazena val ores assim que eles ficarem
disponiveis assim como apontadores para as reservation
stations que proverdo os operandos

— Numero origina do registrador néo é mais importante, uma
vez que 0 numero do registrador corresponderd aum
registrador ou a umareservation station

Ao final da execucgdo, reservation station faz um
broadcast do resultado paratodas as Fus que
dependem dele

Instrucdes podem ser issued na presenca de hazards
estruturais, do tipo WAW ou WAR

Algoritmo de Tomasulo

Feito paralBM 360/91 3 anos depois do CDC 6600
Objetivo: Alta performance sem compiladores especiais
Diferencas entre |SA do IBM 360 e |SA do CDC 6600

IBM possui dois operandog/instr vs. 3 no CDC 6600
IBM possui 4 registradores de FP vs. 8 no CDC 6600

Diferencas entre Algoritmo de Tomasulo & Scoreboard

Controle e buffers sdo distribuidos nas unidades funcionais vs. centralizados
no scoreboard; chamados de reservation stations

Registradores nas instrugdes sdo trocados por apontadores nas reservation
stations (pode conter dado ou apontador para unidade funcional gerando
dado)

Register renaming para evitar hazards WAR e WAW

FU néo precisa aguardar escrita em registrador paraler operando (Common
Data Bus)

L oads e Stores sdo tratados como FU
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Trés Estagios do Algoritmo de Tomasulo

1. Issue — buscainstrucao de FP Op Queue

Dispara operacdo FP se reservation table estalivre. Se
operandos estdo nos registradores, |eia-0s, caso contrario,
renomeie os registradores. Se for um load, entdo aloque uma
entrada no buffer de Loads, se ndo houverem entradas livres,
houve um hazard estrutural.

2. Execucao — execute instrugdo (EX)

Quando operandos estiverem disponiveis, execute instrucdo; se
ndo estiver pronto, observe Common Data Bus (CDB) até
operandos estarem prontos. Nesse estagio, sdo checados hazards
dotipo RAW.

3. Escrita de resultados — termine execucdo (WB)

Escreva resultado no Common Data Bus para todas as unidades
aguardando o resultado; marque a reservation station como
disponivel.

Componentes da Reservation Sation

—Operacdo executada pelaFU (e.g., + or -)

Tag —Reservation stations produzindo operandos
Value —Valores dos operandos
— Indica que areservation station e FU estéo
Tag ocupadas

— Para stores, indica o nimero dareservation station
gerando resultado que sera gravado na memoaria (o store
também possui \/i contendo valor)

Status do registrador resultado — Indica qual FU escrevera
cada registrador, se ele existir. Em branco quando
nenhuma instrucéo pendente escreverd no registrador.

Regras para o Algoritmo de Tomasulo

* Issue
— SE: Reservation station esta disponivel

— ENTAO: Aloque reservation station parainstrucéo

» Seregistrador de operando ndo tiver resultado pendente,
entao seu valor esta pronto; caso contrario, marque o campo
Qj (Tag) com a reservation station que produzra o resultado

» Marque o status do registrador de resultado para a
reservation station alocada (note que poderemos estar
escrevendo sobre alguma outra reservation station)

Regras para o Algoritmo de Tomasulo

» Execucao:
— SE: Vaores dos operandos V| e Vk estdo presentes
— ENTAO: comece execucao

o Writeback:
— SE: dot no CDB esta disponivel
— ENTAO:
 Escreva todos os registradores para 0s quais somos o destino,
e limpe o status do registrador

 Paratodas as reservation stations ou buffers de store que nos
listam como pendéncias em Qj, Qk e Qi, escreva o valor e
desmarque o tag




Tomasulo Example Cycle 0

Tomasulo Example Cycle 1

Instruction status Execution  Write Instruction status Brecution Write
Instruction j k Issue complete _ Result Busy _Address Instruction i ko lsue  complete Rosult
LD E6 34+ R2 Loadl LD Fé 34+ i) 1 Loadl
LD F2 45+ R3 Load2 LD F2 45 R3 Loadl
MULTFO  F2 F4 Load3 LULTIFD  F2 F4 Load3
SUBD F8 F6 F2 SUBD F3 Fa Fi
DIVD F10 FO F6 DIVD FLO  FO Fé
ADDD F6 F8 F2 ADDD Fd F& F2
Reservation Stations S1 S2 RS forj RS for k Reservation Stations &7 &2 RE for j R for k
Time Name Busy Op Vi Vk Qj Qk Time MName Bupy Op v Vi o] Ok
0 Addl |[No 0 Addl  |Ma
0 Add2 |No 0 Add?  |Mo
Add3 |[No Add? Mo
0 Multl |No 0 Nultl |MNo
) 0 Mult2 |[No 0 Wit |Ma
Register result status Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock Fo F2 o Fé FS Flo Fi2 F30
0 FU_ | 1 U | Loadl
Tomasulo Example Cycle 2 Tomasulo Example Cycle 3
Instruction status Execution Write Instruction status Execution Write
Instruction j k Issue complete Result Busy Address Instruction j k Issue complete Result Busy Address
LD F6 34+ R2 1 Loadl |Yes 34+R2 LD F6 34+ R2 1 3 Loadl |Yes 34+R2
LD F2 45+ R3 2 Load2 |Yes 45+R3 LD F2 45+ R3 2 Load2 |Yes 45+R3
MULT FO F2 F4 Load3 |[No MULT FO F2 F4 3 Load3 |[No
SUBD F8 F6 F2 SUBD F8 F6 F2
DIVD F10 FO F6 DIVD F10 FO F6
ADDD F6 F8 F2 ADDD F6 F8 F2
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Addl |No 0 Addl |No
0 Add2 |No 0 Add2 |No
Add3 |[No Add3 |No
0 Multl [No 0 Multl |Yes MULTD R(F4) Load2
0 Mult2 [No 0 Mult2 [No
Register result status Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 F12 F30
2 FU | Load2 Loadl 3 FU Multl Load2 Loadl




Tomasulo Example Cycle 4

Tomasulo Example Cycle 5

Instruction status Execution Write Instruction status Execution  Write
Instruction i ko Isue  complete Result Instruction j k Issue complete Result Busy  Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Loadl |No
LD F2 45  R3 2 4 Load? LD F2 45+ R3 2 5 Load2 |Yes  45+R3
MULTIFD  F2 F4 3 Load3 MULTFO  F2 F4 3 Load3 |No
SUBD F§ Fd F2 4 SUBDF8  F6 F2 4
DIVD Fi0 FO Fi DIVD F10 FO F6 5
ADDD Fé Fs Fl ADDD F6 F8 F2
Feservation Stations 57 52 RS for j Rifork Reservation Stations S1 S2 RS forj RS for k
Time Meme Bugy Op Vi Vi o] Ok Time Name Busy Op Vj Vk Qj Qk
0 Addl |Yes GSUBD  M{344RD Load2 0 Addl |Yes SUBD M(34+R2) Load2
0 Add2 Mo 0 Add2 |No
Add3 [No Add3 [No
0 Miult] |Yes MULTD RiF4) Load2 0 Multl |Yes MULTD R(F4) Load2
0 Mult2 |MNo 0 Mult2 |[Yes DIVD M(34+R2)  Multl
Register result status Register result status
Clock 7O F2 74 Fa 78 Fig Fi2 F30 Clock FO F2 F4 F6 F8 F10 F12 F30
4 FU Nhltl  Loadd MU3FHE2D Addl 5 FU ‘ Multl Load2 M(34+R2) Add1 Mult2
Instruction status Execution Write Instruction status Execution Write
Instruction j k Issue complete Result Bus! Address Instruction j k Issue complete Result Bus! Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Loadl
LD F2 45+ R3 2 5 6 Load2 LD F2 45+ R3 2 5 6 Load2
MULT FO F2 F4 3 Load3 MULT FO F2 F4 3 Load3
SUBD F8 F6 F2 4 SUBD F8 F6 F2 4
DIVD F10 FO F6 5 DIVD F10 FO F6 5
ADDD F6 F8 F2 6 ADDD F6 F8 F2 6
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
2 Addl [Yes SUBD M(34+R2)  M(45+R3) 1 Addl [Yes SUBD M(34+R2)  M(45+R3)
0 Add2 |Yes ADDD M(45+R3)  Add1l 0 Add2 |Yes ADDD M(45+R3)  Add1
Add3 [No Add3 [No
10 Multl |Yes MULTD M(45+R3)  R(F4) 9 Multl |Yes MULTD M(45+R3)  R(F4)
0 Mult2 |Yes DIVD M(34+R2)  Multl 0 Mult2 |Yes DIVD M(34+R2)  Multl
Reqister result status Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 F12 F30
6 FU [Multl M(45+R3) Add2 Addl  Mul2 7 FU [Multl M(45+R3) Add2 Addl  Mul2




Tomasulo Example Cycle 8

Tomasulo Example Cycle 9

Instruction status Execution Write Instruction status Execution Write
Instruction j k  Issue complete Result Bus Address Instruction j k Issue complete Result Bus Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Loadl
LD F2 45+ R3 2 5 6 Load2 LD F2 45+ R3 2 5 6 Load2
MULT FO F2 F4 3 Load3 MULT FO F2 F4 3 Load3
SUBD F8 F6 F2 4 8 SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 DIVD F10 FO F6 5
ADDD F6 F8 F2 6 ADDD F6 F8 F2 6
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Addl |Yes SUBD M(34+R2)  M(45+R3) 0 Add1l |No
0 Add2 |Yes ADDD M(45+R3)  Add1l 0 Add2 |Yes ADDD M()-M() M(45+R3)
Add3 |No Add3 |No

8 Multl |Yes MULTD M(45+R3)  R(F4) 7 Multl |Yes MULTD M(45+R3)  R(F4)

0 Mult2 [Yes DIVD M(34+R2) Multl 0 Mult2 |[Yes DIVD M(34+R2) Multl
Register result status Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 Fl12 F30

8 FU [Multl M(45+R3) Add2 Addl  Mult2 9 FU [Multl  M(45+R3) Add2 M(O-M() Mult2
Instruction status Execution Write Instruction status Execution Write
Instruction j k Issue complete Result Bus! Address Instruction j k Issue complete Result Bus! Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Load1
LD F2 45+ R3 2 5 6 Load2 LD F2 45+ R3 2 5 6 Load2
MULT FO F2 F4 3 Load3 MULT FO F2 F4 3 Load3
SUBD F8 F6 F2 4 8 9 SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 DIVD F10 FO F6 5
ADDD F6 F8 F2 6 ADDD F6 F8 F2 6
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Addl |No 0 Addl |No
2 Add2 |Yes ADDD M()-M() M(45+R3) 1 Add2 |Yes ADDD M()-M() M(45+R3)
Add3  |No Add3 |No

7 Multl |Yes MULTD M(45+R3)  R(F4) 5 Multl |Yes MULTD M(45+R3)  R(F4)

0 Mult2 |Yes DIVD M(34+R2)  Multl 0 Mult2 |Yes DIVD M(34+R2)  Multl
Reqister result status Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 F12 F30

10 FU [Multl  M(45+R3) Add2 M(-M() Mult2 11 FU [Multl M(45+R3) Add2 M(O-M() Mult2




Tomasulo Example Cycle 12

Tomasulo Example Cycle 13

Instruction status Execution Write Instruction status Execution Write
Instruction j k  Issue complete Result Bus Address Instruction j k Issue complete Result Bus Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Loadl
LD F2 45+ R3 2 5 6 Load2 LD F2 45+ R3 2 5 6 Load2
MULT FO F2 F4 3 Load3 MULT FO F2 F4 3 Load3
SUBD F8 F6 F2 4 8 9 SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 DIVD F10 FO F6 5
ADDD F6 F8 F2 6 12 ADDD F6 F8 F2 6 12 13
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Add1l |No 0 Add1l |No
0 Add2 |Yes ADDD M()-M() M(45+R3) 0 Add2 |No
Add3 |No Add3 |No

4 Multl |Yes MULTD M(45+R3)  R(F4) 3 Multl |Yes MULTD M(45+R3)  R(F4)

0 Mult2 |Yes DIVD M(34+R2)  Multl 0 Mult2 |Yes DIVD M(34+R2)  Multl
Register result status Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 F12 F30

12 FU [Multl M(45+R3) Add2 M(O-M() Mult2 13 FU [Multl M(45+R3) (M=M)+M() MQO-M() Mult2
Instruction status Execution Write Instruction status Execution Write
Instruction j k Issue complete Result Bus! Address Instruction j k Issue complete Result Bus! Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Load1
LD F2 45+ R3 2 5 6 Load2 LD F2 45+ R3 2 5 6 Load2
MULT FO F2 F4 3 Load3 MULT FO F2 F4 3 Load3
SUBD F8 F6 F2 4 8 9 SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 DIVD F10 FO F6 5
ADDD F6 F8 F2 6 12 13 ADDD F6 F8 F2 6 12 13
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Addl |No 0 Addl |No
0 Add2 |No 0 Add2 |No
Add3  |No Add3  |No

2 Multl |Yes MULTD M(45+R3)  R(F4) 1 Multl |Yes MULTD M(45+R3)  R(F4)

0 Mult2 |Yes DIVD M(34+R2)  Multl 0 Mult2 |Yes DIVD M(34+R2)  Multl
Reqister result status Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 F12 F30

14 FU [Multl M(45+R3) (M=M)+M() M(O-M() Mult2 15 FU [Multl M(45+R3) (M=M)+M() M(O-M() Mult2




/ Tomasulo Example Cycle 16

/ Tomasulo Example Cycle 17

18 FU [M*F4_ M(45+R3) (M=-M)+M() M()-M() Mult2

Instruction status Execution  Write Instruction status Execution  Write
Instruction j k  Issue complete Result Busy Address Instruction j k Issue complete Result Busy Address
LD F6 34+ R2 1 3 4 Loadl |[No LD F6 34+ R2 1 3 4 Loadl |[No
LD F2 45+ R3 2 5 6 Load2 |[No LD F2 45+ R3 2 5 6 Load2 |[No
MULT FO F2 F4 3 16 Load3 |No MULT FO F2 F4 3 16 17 Load3 |No
SUBD F8 F6 F2 4 8 9 SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 DIVD F10 FO F6 5
ADDD F6 F8 F2 6 12 13 ADDD F6 F8 F2 6 12 13
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Addl |No 0 Addl |No
0 Add2 |No 0 Add2 |No
Add3 |No Add3 |No

0 Multl |Yes MULTD M(45+R3) R(F4) 0 Multl |No

0 Mult2 |Yes DIVD M(34+R2)  Multl 0 Mult2 |Yes DIVD M*F4 M(34+R2)
Register result status Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 F12 .. F30

16 FU [Multl M(45+R3) (M-M)+M() M(-M() Mult2 17 FU [M*F4_M(@45+R3) (M-M)+M() M(-M() Mult2 ]
/ Tomasulo Example Cycle 18 / Tomasulo Example Cycle 19.. .56\
Instruction status Execution Write
Instruction j k  Issue complete Result Busy Address
LD F6 34+ R2 1 3 4 Loadl |[No
LD F2 45+ R3 2 5 6 Load2 |No
MULT FO F2 F4 3 16 17 Load3 |No
SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 12 13
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk
0 Addl |No
0 Add2 |No
Add3 |No

0 Multl |No

40 Mult2 |Yes DIVD M*F4 M(34+R2)
Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30




Tomasulo Example Cycle 57

Tomasulo Example Cycle 58

Instruction status Execution Write Instruction status Execution Write
Instruction j k  Issue complete Result Bus Address Instruction j k Issue complete Result Bus Address
LD F6 34+ R2 1 3 4 Loadl LD F6 34+ R2 1 3 4 Loadl
LD F2 45+ R3 2 5 6 Load2 LD F2 45+ R3 2 5 6 Load2
MULT FO F2 F4 3 16 17 Load3 MULT FO F2 F4 3 16 17 Load3
SUBD F8 F6 F2 4 8 9 SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 DIVD F10 FO F6 5 58
ADDD F6 F8 F2 6 12 13 ADDD F6 F8 F2 6 12 13
Reservation Stations S1 S2 RS forj RS for k Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vj Vk Qj Qk Time Name Busy Op Vj Vk Qj Qk
0 Add1l |No 0 Add1l |No
0 Add2 |No 0 Add2 |No
Add3 |No Add3 |No
0 Multl |No 0 Multl |No
1 Mult2 |[Yes DIVD M*F4 M(34+R2) 0 Mult2 |[Yes DIVD M*F4 M(34+R2)
Register result status Register result status
Clock FO F2 F4 F6 F8 F10 F12 F30 Clock FO F2 F4 F6 F8 F10 Fl12 F30
57 FU |[M*F4  M(45+R3) (M=M)+M() M(O-M() Mult2 58 FU [M*F4_ M(45+R3) (M=M)+M() MQO-M() Mult2
Instruction status Execution Write
Instruction j k Issue complete Result Bus! Address .
LD F6 34+ R2 1 3 4 Loadl Loop LD FO O Rl
LD F2 45+ R3 2 5 6 Load2
MULTFO  F2 F4 3 16 17 Load3 M U LTD F4 FO F2
SUBD F8 F6 F2 4 8 9
DIVD F10 FO F6 5 58 59
ADDDF6  F8 F2 6 12 13 SD F4 O R 1
Reservation Stations S1 S2 RS forj RS for k
Time Name Busy Op Vi VK Q) ok SUBI Rl Rl #8
0 Addl |No
0 Add2 |No
gz |No BNEZ R1 Loop
0 Multl |No
0 Mult2 [No
Reqister result status
Clock FO F2 F4 F6 F8 F10 F12 F30
59 FU |[M*F4  M(45+R3) (M=M)+M() MQO-M() M*F4/M

e Multiply takes 4 clocks
» Load have cache misses




L oop Example Cycle O

Instruction status Execution Write

Instruction j k iteration Issue complete Result Busy Address

LD FO 0 R1 1 Loadl |No

MULT F4 FO F2 1 Load2 |No

SD F4 0 R1 1 Load3 |No Qi

LD FO 0R1 2 Storel |No

MULT F4 FO F2 2 Store2 |No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS for j RS for k

Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
0 Multl |No SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Reqister result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

0 80 Qi | |

Loop Example Cycle 1

Instruction status Execution Write

Instruction j k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Loadl |Yes 80

MULT F4 FO F2 1 Load2 |No

SD F4 0 R1 1 Load3 [No Qi

LD FO 0 R1 2 Storel |No

MULT F4 FO F2 2 Store2 |No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS for j RS for k

Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl |No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
0 Multl |No SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Reqister result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

1 80 Qi [ Loadl |

Loop Example Cycle 2

Instruction status Execution Write

Instruction j k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Loadl |Yes 80

MULT F4 FO F2 1 2 Load2 |No

SD F4 0 R1 1 Load3 |No Qi

LD FO 0 R1 2 Storel |No

MULT F4 FO F2 2 Store2 |No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS for j RS for k

Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
0 Multl |Yes MULTD R(F2) Loadl SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Reqister result status

Clock R1 FO F2 F4 F6 F8 F10 F12.. F30

2 80 Qi | Loadl Multl |

Loop Example Cycle 3

Instruction status Execution Write

Instruction j k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 Loadl |Yes 80

MULT F4 FO F2 1 2 Load2 |No

SD F4 0 R1 1 3 Load3 |No Qi

LD FO 0 R1 2 Storel |Yes 80 |Multl

MULT F4 FO F2 2 Store2 |No

SD F4 0 R1 2 Store3 |No

Reservation Stations S1 S2 RS for j RS for k

Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl |No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
0 Multl |Yes MULTD R(F2) Loadl SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Reqister result status

Clock R1 FO F2 F4 F6 F8 F10 F12.. F30

3 80 Qi | Loadl Multl |




Loop Example Cycle4

Loop Example Cycle 5

Instruction status Execution Write Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 Loadl |Yes 80 LD FO 0 R1 1 1 Loadl |Yes 80
MULT F4 FO F2 1 2 Load2 |No MULT F4 FO F2 1 2 Load2 |No
SD F4 0 R1 1 3 Load3 [No Qi SD F4 0 R1 1 3 Load3 [No Qi
LD FO 0R1 2 Storel |Yes 80 |Multl LD FO 0 R1 2 Storel |Yes 80 |Multl
MULT F4 FO F2 2 Store2 [No MULT F4 FO F2 2 Store2 |[No
SD F4 0 R1 2 Store3 |[No SD F4 0 R1 2 Store3 |No
Reservation Stations S1 S2 RS for j RS for k Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code: Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl ([No LD FO 0 R1 0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2 0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1 0 Add3 |No SD F4 0 R1
0 Multl |Yes MULTD R(F2) Loadl SUBI R1 R1 #8 0 Multl |Yes MULTD R(F2) Loadl SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop 0 Mult2 |No BNEZ R1 Loop
Register result status Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30 Clock R1 FO F2 F4 F6 F8 F10 F12... F30
4 72 Qi [ Load1 Mult1 | 5 72 Qi [ Loadl Mult1 |
Loop Example Cycle 6 Loop Example Cycle 7
Instruction statug Exacution Write Instruction status Execution Write
Instruction b k iteration Issue  complete  Result Busy  Address Instruction j k iteration Issue complete Result Busy Address
LD Fo 0 R1 1 1 Loadl Tes 30 LD FO 0 R1 1 1 Loadl |Yes 80
MULT F4 FO F2 1 2 Load2 |Yes 72 MULT F4 FO F2 1 2 Load2 |Yes 72
5D F4 0 Rl 1 3 Load3 |No Q1 SD F4 0 R1 1 3 Load3 |[No Qi
LD Fo 0 R1 2 & Storel | Yes 80 | Mdultl LD FO 0 R1 2 6 Storel |Yes 80 |Multl
MULT F4 FO F2 2 Store2 Mo MULT F4 FO F2 2 7 Store2 |No
D F4 0 Rl z Store3 Mo SD F4 0 R1 2 Store3 |No
Reservation Stations S1 82 RSforj RSfork Reservation Stations S1 S2 RS for j RS for k
Time Name DBugy Op ¥ Vi o ok Coda: Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl  MNo LD Fo 0 Rl 0 Addl |No LD FO 0 R1
0 Addz Mo MULTF4 FO Fz 0 Add2 |No MULTF4 FO F2
0 Add3 Mo sDr F4 0 R1 0 Add3 |No sD F4 0 R1
) S ey e REF2)  Loadl SIS 0 Multl |Yes MULTD R(F2)  Loadl SUBI R1 Rl #8
Y EEEZE e 0 Mult2 |Yes MULTD R(F2)  Load2 BNEZRL Loop
Register result status Register result status
R £2 R4 F6 K8 IO FiZ.. F30 Clock Rt FO F2_F4 F6 F8 F10 F12.. F30
£ oo [ Lo LU | 7 72 0 [ Load2 Mult2 \




Loop Example Cycle 8

L oop Example Cycle 9

Instruction status Execution Write Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 Loadl |Yes 80 LD FO 0 R1 1 1 9 Loadl |Yes 80
MULT F4 FO F2 1 2 Load2 |Yes 72 MULT F4 FO F2 1 2 Load2 |Yes 72
SD F4 0 R1 1 3 Load3 |No Qi SD F4 0 R1 1 3 Load3 [No Qi
LD FO 0R1 2 6 Storel |Yes 80 |Multl LD FO 0 R1 2 6 Storel |Yes 80 |Multl
MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2 MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS for j RS for k Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code: Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl |No LD FO 0 R1 0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2 0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1 0 Add3 |No SD F4 0 R1
0 Multl |Yes MULTD R(F2) Loadl SUBI R1 R1 #8 0 Multl |Yes MULTD R(F2) Loadl SUBI R1 R1 #8
0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 Loop 0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 Loop
Register result status Register result status
Clock R1 F2 F4 F6 F8 F10 F12... F30 Clock R1 FO F2 F4 F6 F8 F10 F12... F30
8 72 Qi Load2 Mult2 | 9 64 Qi [ Load2 Mult2 |
Loop Example Cycle 10 Loop Example Cycle 11
Instruction status Execution Write Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 Load2 |Yes 72 MULT F4 FO F2 1 2 Load2 |No
SD F4 0 R1 1 3 Load3 |No Qi SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 Storel |Yes 80 |Multl LD FO 0 R1 2 6 10 11 |[Storel |Yes 80 |Multl
MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2 MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS for j RS for k Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code: Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl |No LD FO 0 R1 0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2 0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1 0 Add3 |No SD F4 0 R1
4 Multl |Yes MULTD M(80) R(F2) SUBI R1 R1 #8 3 Multl |Yes MULTD M(80) R(F2) SUBI R1 R1 #8
0 Mult2 |Yes MULTD R(F2) Load2 BNEZ R1 Loop 4 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 Loop
Reqister result status Reaister result status
Clock R1 F2 F4 F6 F8 F10 F12.. F30 Clock R1 FO F2 F4 F6 F8 F10 F12.. F30
10 64 Qi Load2 Mult2 | 11 64 Qi |[Load3 Mult2 |




Loop Example Cycle 12

Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 Load2 |No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0R1 2 6 10 11 |[Storel |Yes 80 |Multl
MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
2 Multl |Yes MULTD M(80) R(F2) SUBI R1 R1 #8
3 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 Loop
Reqister result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
12 64 Qi |[Load3 Mult2 |

Loop Example Cycle 13

Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 Load2 |No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |[Storel |Yes 80 |Multl
MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl |No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
1 Multl |Yes MULTD M(80) R(F2) SUBI R1 R1 #8
2 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 Loop
Reqister result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30
13 64 Qi [Load3 Mult2 |

Loop Example Cycle 14

Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 14 Load2 |No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |[Storel |Yes 80 |Multl
MULT F4 FO F2 2 7 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code:
0 Addl ([No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
0 Multl |Yes MULTD M(80) R(F2) SUBI R1 R1 #8
1 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 Loop
Reqister result status
Clock R1 FO F2 F4 F6 F8 F10 F12.. F30
14 64 Qi [Load3 Mult2 |

Loop Example Cycle 15

Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 14 15 |Load2 |No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |[Storel |Yes 80 |M(80)*R(F
MULT F4 FO F2 2 7 15 Store2 |Yes 72 |Mult2
SD F4 0 R1 2 8 Store3 |No
Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl |No LD FO 0 R1

0 Add2 |No MULTF4 FO F2

0 Add3 |No SD F4 0 R1

0 Multl |No SUBI R1 R1 #8

0 Mult2 |Yes MULTD M(72) R(F2) BNEZ R1 Loop
Reqister result status
Clock R1 FO F2 F4 F6 F8 F10 F12.. F30

15 64 Qi [Load3 Mult2 |




Loop Example Cycle 16

Loop Example Cycle 17

Instruction status Execution Write Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 14 15 Load2 |No MULT F4 FO F2 1 2 14 15 Load2 |No
SD F4 0 R1 1 3 Load3 |Yes 64 |Qi SD F4 0 R1 1 3 Load3 |Yes 64 |Qi
LD FO 0R1 2 6 10 11 |[Storel |Yes 80 |M(80)*R(F LD FO 0 R1 2 6 10 11 |[Storel |Yes 80 |M(80)*R(F
MULT F4 FO F2 2 7 15 16 |Store2 |Yes 72 |M(72)*R(7 MULT F4 FO F2 2 7 15 16 |Store2 |Yes 72 |M(72)*R(7
SD F4 0 R1 2 8 Store3 |No SD F4 0 R1 2 8 Store3 |Yes 64 |Multl
Reservation Stations S1 S2 RS for j RS for k Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code: Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl |No LD FO 0 R1 0 Addl ([No LD FO 0 R1

0 Add2 |No MULTF4 FO F2 0 Add2 |No MULTF4 FO F2

0 Add3 |No SD F4 0 R1 0 Add3 |No SD F4 0 R1

0 Multl |Yes MULTD R(F2) Load3 SUBI R1 R1 #8 0 Multl |Yes MULTD R(F2) Load3 SUBI R1 R1 #8

0 Mult2 |No BNEZ R1 Loop 0 Mult2 |No BNEZ R1 Loop
Register result status Register result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30 Clock R1 FO F2 F4 F6 F8 F10 F12... F30

16 64 Qi |[Load3 Mult1 | 17 64 Qi [Load3 Mult1 |

Loop Example Cycle 18 Loop Example Cycle 19
Instruction status Execution Write Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 14 15 |Load2 |No MULT F4 FO F2 1 2 14 15 |Load2 |No
SD F4 0 R1 1 3 18 Load3 |Yes 64 |Qi SD F4 0 R1 1 3 18 19 |Load3 |Yes 64 |Qi
LD FO 0 R1 2 6 10 11 |[Storel |Yes 80 |M(80)*R(F LD FO 0 R1 2 6 10 11 |[Storel |No
MULT F4 FO F2 2 7 15 16 |[Store2 |Yes 72 |M(72)*R(7 MULT F4 FO F2 2 7 15 16 |Store2 |Yes 72 |M(72)*R(7
SD F4 0 R1 2 8 Store3 |Yes 64 |Multl SD F4 0 R1 2 8 Store3 |Yes 64 |Multl
Reservation Stations S1 S2 RS for j RS for k Reservation Stations S1 S2 RS for j RS for k

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

0 Addl |No LD FO 0 R1 0 Addl ([No LD FO 0 R1

0 Add2 |No MULTF4 FO F2 0 Add2 |No MULTF4 FO F2

0 Add3 |No SD F4 0 R1 0 Add3 |No SD F4 0 R1

0 Multl |Yes MULTD R(F2) Load3 SUBI R1 R1 #8 0 Multl |Yes MULTD R(F2) Load3 SUBI R1 R1 #8

0 Mult2 |No BNEZ R1 Loop 0 Mult2 |No BNEZ R1 Loop
Reaister result status Reqister result status
Clock R1 FO F2 F4 F6 F8 F10 F12.. F30 Clock R1 FO F2 F4 F6 F8 F10 F12.. F30

18 56 Qi |[Load3 Multl | 19 56 Qi [Load3 Multl |




Loop Example Cycle 20

Instruction status Execution Write
Instruction j k iteration Issue complete Result Busy Address
LD FO 0 R1 1 1 9 10 |Loadl |No
MULT F4 FO F2 1 2 14 15 Load2 |No
SD F4 0 R1 1 3 18 19 |Load3 |Yes 64 |Qi
LD FO 0R1 2 6 10 11 |[Storel |No
MULT F4 FO F2 2 7 15 16 |[Store2 |Yes 72 |M(72)*R(7
SD F4 0 R1 2 8 20 Store3 |Yes 64 |Multl
Reservation Stations S1 S2 RS for j RS for k
Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl ([No LD FO 0 R1

0 Add2 |No MULTF4 FO F2

0 Add3 |No SD F4 0 R1

0 Multl |Yes MULTD R(F2)  Load3 SUBI R1 R1 #8

0 Mult2 |No BNEZ R1 Loop
Reqister result status
Clock R1 FO F2 F4 F6 F8 F10 F12... F30

20 56 Qi [Load3 Mult1 |

Loop Example Cycle 21

Instruction status Execution Write

Instruction j k iteration Issue complete Result Busy Address

LD FO 0 R1 1 1 9 10 |Loadl |No

MULT F4 FO F2 1 2 14 15 |Load2 |No

SD F4 0 R1 1 3 18 19 |Load3 |Yes 64 |Qi

LD FO 0 R1 2 6 10 11 |[Storel |No

MULT F4 FO F2 2 7 15 16 |[Store2 |No

SD F4 0 R1 2 8 20 21 |Store3 |Yes 64 |Multl

Reservation Stations S1 S2 RS for j RS for k

Time Name Busy Op Vj Vk Qj Qk Code:

0 Addl |No LD FO 0 R1
0 Add2 |No MULTF4 FO F2
0 Add3 |No SD F4 0 R1
0 Multl |Yes MULTD R(F2)  Load3 SUBI R1 R1 #8
0 Mult2 |No BNEZ R1 Loop

Reqister result status

Clock R1 FO F2 F4 F6 F8 F10 F12... F30

21 56 Qi [Load3 Multl

Resumo do Algoritmo de Tomasulo

» Evitao gargao de registradores

 Evitahazards de WAR e WAW no Scoreboard

» Permite loop unrolling em HW

» N&o esta limitado a blocos basicos (desde que haja

branch prediction)

 Contribuicdes que sdo usadas até hoje
— Escalonamento dinémico

— Register renaming

— Tratamento separado de load/store
* Proximo assunto: Mais branch prediction




