Instruction-level parallelism:
Tomasulo

Dr. Tao Xie

These slides are adapted from notes by Dr. David Patterson (UCB) and Dr. Xiao Qin (Auburn)
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Limitations of Scoreboard

The amount of parallelism available among the
Instructions (chosen from the same basic block)

The number of score entries (The size of the
scoreboard determines the size of the window)

The number and types of functional units (Structural
hazards increase when dynamic scheduling is used)

The presence of anti-dependence and output
dependences lead to WAR and WAW stalls.



Scoreboard - Summary

* Techniques to deal with data hazards in instruction
pipelines by:

— Result forwarding to reduce or eliminate RAW hazards

— Hazard detection hardware to stall the pipeline during hazards

— Compiler-based static scheduling to separate the dependent
Instructions minimizing actual hazard-prevention stalls In
scheduled code.

— Uses a hardware-based mechanism to rearrange instruction
execution order to reduce stalls dynamically at runtime
(dynamic scheduling)

 Better dynamic exploitation of instruction-level parallelism
(ILP)

* We learned scoreboard techniques

* We will learn another technique Tomasulo next.




A Dynamic Algorithm;

Tomasulo’s Algorithm

For IBM 360/91 (before caches!)
Goal: High Performance without special compilers

Small number of floating point registers (4 in 360)
prevented interesting compiler scheduling of
operations

— This led Tomasulo to try to figure out how to get more
effective registers — renaming in hardware!

Why Study 1966 Computer?

The descendants of this have flourished!

— Alpha 21264, HP 8000, MIPS 10000, Pentium 111,
PowerPC 604, ...



IBM 360




Tomasulo’s Algorithm

e Tracks when operands for instructions are
avallable.

— Minimizes RAW hazards.

— Introduces register renaming to minimize
WAW and WAR hazards.

o Supports the overlapped execution of
multiple iterations of a loop.



Avoliding Hazards

« RAW

— Execute an instruction only when its operands
are available.

« WAW and WAR
— Register renaming



Register Renaming (Example)

e Eliminates WAR and WAW hazards by renaming all destination
registers.

e Can be done by compiler

DIV.D FO\,‘FZ, F4
ADD.D F¢6’ FO,F8 «—— Antidependence
S.D F6, O(R1
SUB.D F8,F10, F14
MUL.D Fo6, F10, F8
/ S, T. temporary registers
Output dependence

DIV.D FO, F2, F4

ADD.D s, Fo, F8

S.D S, O(R1)

SUB.D T,.F10, F14

MUL.D Fo6, F10; T



Tomasulo’s Algorithm

e Register renaming is provided by the reservation
stations, which buffer the operands of instructions

waiting to issue.
e Basic I1dea: A reservation station fetches and

buffers an operand as soon as it is available,
eliminating the need to get the operand from a

register.



Tomasulo Organization
d

FP Op FP Regi
eqisters
From Mem Queue .
1 Load Buffers I
Load1
Load?2
Load3
Load4
Loadb
Load6 Store
Buffers
Add1
Add?2 Mult1
Add3 Mult2

Reservation
Stations

To Mem

Common Data Bus (CDB)

Normal data bus: data + destination
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Tomasulo Algorithm

Control & buffers distributed with Function Units (FU)

— FU buffers called “reservation stations”; have pending
operands

Registers In instructions replaced by values or pointers to
reservation stations(RS);

— form of reaqister renaming :
—avoids WAR, WAW hazards

— more reservation stations than registers, so can do
optimizations compilers can’t

Results to FU from RS, not through registers, over Common
Data Bus that broadcasts results to all FUs

Load and Stores treated as FUs with RSs as well
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Three Stages of Tomasulo Algorithm

1.1ssue—get instruction from FP Op Queue

If reservation station free (no structural hazard),
control issues instr & sends operands (renames registers).

2. Execute—operate on operands (EX)

When both operands ready then execute;
If not ready, watch Common Data Bus for result

3. Write result—finish execution (WB)

Write on Common Data Bus to all awaiting units;
mark reservation station available

* Normal data bus: data + destination (“go to” bus)

e Common data bus: data + source (*come from” bus)
— 64 bits of data + 4 bits of Functional Unit source address
— Write if matches expected Functional Unit (produces result)
— Does the broadcast

» Example speed:
3 clocks for FP+,-: 10 for * : 40 clks for /
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Reservation Station Components

Op: Operation to perform in the unit (e.g., + or -)
V], Vk: Value of Source operands
— Store buffers has V field, result to be stored
QJ, Qk: Reservation stations producing source registers (value to
be written)
— Note: Q},Qk=0 => ready
— Store buffers only have Qi for RS producing result

A: Used to hold information for the memory address calculation for a load or
store

Busy: Indicates reservation station or FU is busy

Register result status—Indicates which functional unit will write
each register, If one exists. Blank when no pending instructions
that will write that register.
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\nstruction status:

Instruction

LD F6
LD F2
MULTD FO
SuUBD F8
ADDD F6

J
34+
45+

F2

F6

F8

Tomasulo Example

Reservation Stations:
Time Name Busy Op

Addl
Add2
Add3
Multl
Mult2

Register result status:

Clock
0

Exec Write
k Issue Comp Result Busy Address
R2 Loadl | No
R3 Load2 | No
F4 Load3 | No
F2
F2
S1 S2 RS RS
Vj Vk Qj Qk
No
No
No
No
No
FO F2 F4 F6 F8 F10 F12

FU

F30
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Tomasulo Example Cycle 1

Instruction status: Exec Write
Instruction i k ‘ssuc Comp Result Dusy  muaiCos
LD F6 34+ R2 1 Loadl | Yes 34+R2
LD F2 45+ R3 Load2 | iio
MULTD FO F2 F4 Load3 | No

SuUBD F8 F6 F2
DIVD F10 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 FO F2 F4 =6 F8 F10 F12 ... F30
1 FU Loadl
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Tomasulo Example Cycle 2

Instruction status: Exec Write
Instruction i k Issue Comp Result Busy Address
LD F6 34+ R2 1 Loadl | Yes 34+R2 |
LD F2 45+ R3 2 LoadZ2 | Yes 45+R3 |
MULTD FO F2 F4 Load3 | No |

SuUBD F8 F6 F2
DIVD F10 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 FO o F4 F6 F8 F10 F12 ... F30
2 FU Load2 Loadl
f)

Note: Can have muh‘iple' loads outstanding
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Tomasulo Example Cycle 3

Instruction status: Exec Write
Instruction i k Issue Comn 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

SuUBD F8 F6 F2
DIVD F10 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 | Tl
Multl | Yes MULTD R(F4) Load?2
Mult2 Mz |
Register result status:
Clock iRe F2 F4 F6 F8 F10 F12 ... F30
3 FU | Multl Load?2 Loadl

* Note: registers names are removed ("renamed”) in Reservation
Stations; MULT issued

* Loadl completing: what is waiting for Load1? 17



Tomasulo Example Cycle 4

Exec Write

Instruction status:

Busy Address

Instruction j k Issue Comp Result
LD F6 34+ R2 1 2 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 FI0 FO F6
ADDD F6 F8 P2
Reservation Stations: S1 S2 RS RS
Time Name BRilisv  On \/i \/k Oi Ok
Addl | Yes SUBD M(AL) Load?2
Add2 | No
Add3 | No
Multl | Yes MULTD R(F4) Load?2
Mult2 | No
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 F30
4 FU | Multl Load?2 M(A1l) Add1l
f)

* Load2 completing: what is waiﬁﬁg for Load2?
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Tomasulo Example Cycle 5

Instruction status: Exec Write
Instruction i 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 5
ADDD F6 F8 F2

Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj Vk Qj Qk

2 Addl | Yes SUBD M(AL1) M(A2)
Add2 | No
Add3 | No

10 Multl | Yes MULTEC M(A2) R(F4)
Mult2 | Yes DIVD M(A1l) Multl

Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30
5 FU | Multl M(A2) M(A1l) Addl Mult2

- Timer starts down for Addl, Multl
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Tomasulo Example Cycle 6

Instruction status: Exec Write
Instruction i 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 5
ADDD F6 F8 F2 | 6
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj VK Qj Qk
9 1 Addl | Yes SLIRD M(A1Y M(A2) |
Add2 | Yes ADDD M(A2) Add1 |
Add3 | No
9 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1l) 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?
2
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Tomasulo Example Cycle 7

Instruction status: Exec Write
Instruction i 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
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) Addi
Add3 | No

8 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1l) Multl

Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30
7 FU | Multl M(A2) Add2 Addl Mult2

- Add1l (SUBD) completing; what is waiting for it?
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Tomasulo Example Cycle 8

Instruction status: Exec Write
Instruction i 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
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj 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(A1l) Multl
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30
8 FU | Multl M(A2) Add2 (M-M) Muli2
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Tomasulo Example Cycle 9

Instruction status: Exec Write
Instruction i 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
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(A1l) 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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Tomasulo Example Cycle 10

Instruction status: Exec Write
Instruction i 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
Reservation Stations: S1 S2 RS RS
Time Name Busy Op Vj 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(A1l) Multl
Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30
10 FU | Multl M(A2) Add2 (M-M) Muli2

- Add2 (ADDD) completing: what is waiting for it?
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Tomasulo Example Cycle 11

Instruction status: Exec Write
Instruction i 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 10 117
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(A1l) Multl
Register result status: [
Clock FO F2 F4 F6 F8 F10 F12 ... F30
11 FU | Multl M(A2) (M-M+N{(M-M) Mult2

Write result of ADDD here?

All quick instructions complete in this cycle!
25



Tomasulo Example Cycle 12

Instruction status:

Instruction ]

LD F6 34+
LD F2 45+
MULTD FO F2
SuUBD F8 F6
DIVD F10 FO
ADDD F6 F8

Reservation Stations:

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 Load3 | No
4 7 8
5
6 10 11

S1 S2 RS RS

Time Name Busy Op Vj VK Qj Qk

Addl
Add2
Add3
3|Multl
Mult2

Register result status:

Clock
12

No
No
No
Yes MULTD M(A2) R(F4)
Yes DIVD M(A1l) Multl
FO F2 F4 F6 F8 F10 F12 ... F30
FU | Multl M((A2) (M-M+N (M-M) Mult2
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Tomasulo Example Cycle 13

Instruction status: Exec Write
Instruction i 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 Vj VK Qj Qk
Addl | No
Add2 | No
Add3 | No
2 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1l) 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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Tomasulo Example Cycle 14

Instruction status: Exec Write
Instruction i 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 Vj VK Qj Qk
Addl | No
Add2 | No
Add3 | No
1 Multl | Yes MULTD M(A2) R(F4)
Mult2 | Yes DIVD M(A1l) 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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Tomasulo Example Cycle 15

Instruction status: Exec Write
Instruction i 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 FI0 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(A1l) 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?
2
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Tomasulo Example Cycle 16

Instruction status: Exec Write
Instruction i 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 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
Multl | No
40 Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30

16 FU  M*F4 M(A2) (M-M+N (M-M) Mult2

+ Just waiting for Mult2 (DIVD) to complete
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Faster than light computation
(skip a couple of cycles)



Tomasulo Example Cycle 55

Instruction status: Exec Write
Instruction i 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 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
Multl | No
1 Mult2 | Yes DIVD M*F4 M(A1L)

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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Tomasulo Example Cycle 56

Instruction status: Exec Write
Instruction i 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 F10 FO F6 5 56
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
0 Mult2 | Yes DIVD M*F4 M(A1)

Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30

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

* Mult2 (DIVD) is completing; what is waiting for it?
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Tomasulo Example Cycle 57

Instruction status: Exec Write
Instruction i k Issu¢e  Comp ResLIt Busy Address
LD F6 34+ R2 1 3 4 Loadl | No
LD F2 45+ R3 2 a4 5 Load2 | No
MULTD FO F2 F4 3 15 16 Load3 No
SUBD F8 F6 F2 4 7 8
DIVD F10 FO F6 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 DIVD M*F4 M(AL)

Register result status:
Clock FO F2 F4 F6 F8 F10 F12 ... F30

56 FU [ M*F4 M(A2) (M-M+N (M-M) Result

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

and out-of-order completion.
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Tomasulo Drawbacks

Complexity

— delays of 360/91, MIPS 10000, Alpha 21264,
IBM PPC 620 in CA:AQA 2/e, but not in silicon!

Many associative stores (CDB) at high speed

Performance limited by Common Data Bus

— Each CDB must go to multiple functional units
—=high capacitance, high wiring density

— Number of functional units that can complete per cycle
limited to one!

« Multiple CDBs = more FU logic for parallel assoc stores

Non-precise interrupts!
— We will address this later
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