Instruction status:

Instruction j k
LD F6 34+ R2
LD F2 45+ R3

MULTD FO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2

Reservation Stations:

Exec Write
Issue  Comp Result

S1 S2

Time Name Busy Op Vj Vk

Busy Address

Loadl| No
Load2| No
Load3 | No
RS RS
Qi Qk

Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | No

Register result status:
Clock

0 FU |

Fall 07

FO F2 F4

F6 F8 F10 F12

F30

CSE4201

Instruction status:

Instruction j k
LD F6 34+ R2
LD F2 45+ R3

MULTD FO F2 F4
SUBD F8 F6 F2
DIVD F10 FO F6
ADDD F6 F8 F2

Exec Write
isseey_ Comp Result

1

DUS GGITSS

Loadl|/| Yes 34+R2

Load2" =g
Load3 | No

Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj VK Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | No
Register result status:
Clock FO F2 F4,.-E56. F8 F10 F12 F30
1 FU | Load1 |
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Instruction status:

Exec Write

Issue  Comp Result

Busy Address

Instruction j k
LD F6 34+ R2 Loadl| Yes 34+R2
LD F2 45+ R3 LoadZ[| Yes 45+R3 ||
MULTD FO F2 F4 Load3|_No
SUBD F8 F6 F2
DIVD FI0 FO F6
ADDD F6 F8 F2
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | No
Register result status:
Clock FOp~F2-F4 F6 F8 F10 F12 F30
2 FU | Load2 Loadl

Note: Can have multiple loads outstanding
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Instruction status:

Instruction

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

i

k

Reservation Stations:

Exec Write

Issue Comn Result

Busy Address

Register result status:

Clock
3

34+ R2 1 l 3 l Loadl| Yes 34+R2
45+ R3 2 Load2| Yes 45+R3
F2 F4 3 Load3 | No
F6  F2
FO F6
F8 F2
S1 S2 RS RS
Time Name Busy Op Vj VK Qj Qk
Add1l [ No
Add2 | No
Add3_|_No
Multtf| Yes MULTD R(F4) Load2 |
Mult2 | No
=S F2 F4 F6 F8 F10 F12 F30
FU [ Mult1 | Load2 Loadl

* Note: registers names are removed (“renamed”) in Reservation

Stations; MULT issued
e Flloadl completing; what is waisgagpfor Load1?




Instruction status:

Instruction j Busy Address
LD F6 34+ Loadl| No
LD F2 45+ Load2 | Yes 45+R3
MULTD FO F2 Load3 | No
SUBD F8 F6
DIVD F10 FO
ADDD F6 F8
Reservation Stations: S1 S2 RS RS
Time Name_Rusv__On \/i \/k Qi Ok
Addi|[ Yes SUBD M(AL) Load2]|
Add2 | No
Add3 | No
Multl | Yes MULTD R(F4) Load2
Mult2 | No
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 F30
4 FU [ Multl Load2 M(AL1) Addl

* Load2 completing; what is waiting for Load2?
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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+ RS3 2 4 5 Load2 [ No
MULTD FO F2 F4 3 Load3 [ No
SUBD F8 F6 F2 4
DIVD FI0 FO F6 5
ADDD F6 F8 F2

Reservation Stations: S1 S2 RS RS
Time |[Name Busy Op Vj VK Qj Qk

2/Add1 [ Yes SUEBD M(AL] M(A2)]
Add2 | No
Add3 | No

10|Multl | Yes MULTDM(A2) |R(F4)
Mult2 | Yes DIVD-M(Al) Mult1

Register result status:
Clock FO F2 F4 F6 F8 F10 F12 F30
5 FU [ Multl M(A2) M(A1) Addl Mult2

e Timer starts down for Add1, Multl
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Exec Write

Instruction status:

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
DIVD FI0 FO F6
ADDD F6 F8 F2| El
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
1 Add1i WA1\ N A2\
Addzf 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 F8 F10 F12 F30
6 FU [ Multl M(A2) Add2 Addl Muli2 |

* Issue ADDD here despite name dependency on F6?
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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
DIVD F10 FO F6 5
ADDD F6 F8 F2 6

Reservation Stations: S1 S2 RS RS

Time Name Busy Op Vj VK Qj Qk
0 Addl | Yes SUBD M(A1) M(A2)
Add2 | Yes ADDD M(A2) Add1l
Add3 | No
8 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:

Clock FO F2 F4 F6 F8 F10 F12 F30
7 FU [ Multl M(A2) Add2  Addl Muli2

* Addl (SUBD) completing; what is waiting for it?
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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

: S1 S2 RS RS

Time Name Busy Op Vij Vk Qj Qk
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 F10 F12 F30
8 FU [ Multl M(A2) Add2] (M-M)]| Mult2 |
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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 F6 F8 F2 6

Reservation Stations: S1 S2 RS RS

Time Name Busy Op Vj VK Qj Qk
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 F10 F12 F30
9 FU [ Multl M(A2) Add2 (M-M) Muli2
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Instruction status:
Instruction j

Exec Write

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 FI0O FO F6 5
ADDD F6 F8 F2 6 10
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vij Vk Qj Qk
Addl | No
0 Add2 | Yes ADDD (M-M) M(A2)
Add3 | No
5 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 F30
10 FU [ Multl M(A2) Add2 (M-M) Mult2 |

 Add2 (ADDD) completing; what is waiting for it?
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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 F6 F8 F2 6 10 11

Reservation Stations: S1 S2 RS RS

Time Name Busy Op Vj VK Qj Qk
Addl | No
Add2 | No
Add3 | No
4 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1) Multl

Register result status:

Clock F4 F6 F8 F10 F12 F30
11 FU Multl M(AZ) (M-M+NM(M-M) Mult2

e Write result of ADDD here?
* Albguick instructions completgsgaifiis cycle!




Instruction status:
Instruction j

Exec Write

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 FI0 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vij Vk Qj Qk
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 F10 F12 F30
12 FU [ Multl M(A2) (M-M+N (M-M) Mult2 |
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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 F6 F8 F2 6 10 11

Reservation Stations: S1 S2 RS RS

Time Name Busy Op Vj VK Qj Qk
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 F10 F12 F30
13 FU [ Multl M(A2) (M-M+N (M-M) Mult2
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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 FI0 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vij Vk Qj Qk
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 F10 F12 F30
14 FU [ Multl M(A2) (M-M+N (M-M) Mult2 |
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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 15 Load3| No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj VK Qj Qk
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 F10 F12 F30
15 FU [ Multl M(A2) (M-M+N (M-M) Mult2 |

* Multl (MULTD) completing; what is waiting for it?
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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

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

S1 S2 RS RS

Vk Qj Qk

Time Name Busy Op Vj

Addl
Add2
Add3
Multl

No
No
No
No

40 Mult2 | Yes

DIVD | M*F4 [M(A1)

Register result status:

Clock
16

FU

FO F2

F4 F6 F8 F10 F12

F30

M*F4 [M(A2) (M-M+N (M-M) Mult2

» Just waiting for Mult2 (DIVD) to complete
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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 15 16 Load3 | No
SUBD F8 F6 F2 4 7 8
DIVD FI0 FO F6 5
ADDD F6 F8 F2 6 10 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vij Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
1 Mult2 | Yes DIVD M*F4 M(AL)
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30
55 FU [ M*F4 M(A2) (M-M+N (M-M) Mult2 |
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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

k
R2
R3
F4
F2
F6
F2

Reservation Stations:
Busy Op Vij VK Qj Qk

Time Name
Add1l

Add2

Add3

Multl

0 Mult2

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 56
6 10 11

S1 S2 RS RS

Register result status:

Clock
56

No
No
No
No
Yes DIVD M*F4 M(A1)

FO F2 F4 F6 F8 F10 F12 ... F30
FU [ M*F4 M(A2) (M-M+N (M-M) Mult2 |

* Mult2 (DIVD) is completing; what is waiting for it?
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Instruction status: Exec Write
Instruction j k [issu¢ 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 15 16 Load3 | No
SUBD F8 F6 F2 4 7 8
5 56 57
ADDD F6 F8 F2 || 6| | 10| 11
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk
Addl | No
Add2 | No
Add3 | No
Multl | No
Mult2 | Yes M*F4 M(A1)
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 .. F30
56 FU [ M*F4 M(A2) (M-M) |

* Once again: In-order issue, out-of-order execution and

-Qut-of-order completion. ...,

Tmasulo overlap iterations of loops

°Register renaming

« Multiple iterations use different physical
destinations for registers (dynamic loop
unrolling).

°Reservation stations

« Permit instruction issue to advance past
integer control flow operations

* Also buffer old values of registers - totally
avoiding the WAR stall

°Other perspective: Tomasulo building
data flow dependency graph on the fly
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Tomasulo’s 2 major advantages

1. Distribution of the hazard detection logic
« distributed reservation stations and the CDB

* If multiple instructions waiting on single result,
& each instruction has other operand, then
instructions can be released simultaneously by
broadcast on CDB

» If a centralized register file were used, the units
would have to read their results from the
registers when register buses are available

2. Elimination of stalls for WAW and WAR
hazards
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