Homework 1 is out!
Due Tuesday next week!
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Out-of-Order Execution llg;ﬂ

 We're now executing instructions in data-flow
order

- Great! More performance

* But outside world can’t know about this
- Must maintain illusion of sequentiality
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Remember the Toll Booth? '5'

5s 5s 30s 5s

a % With a “4-1ssue” Toll Booth OO0 = 30s

Hands toll-booth
agent a $100 bill; L1
takes a while to L2
count the change
L3
L4

One-at-a-time = 45s

g
n) &y

/We’ll add the equivalent of

the “shoulder” to the CPU:

\the Re-Order Buffer (ROB)/
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Re-Order Buffer (ROB) llg;ﬂ

e Separates architected vs. physical registers

* Tracks program order of all in-flight insts
- Enables in-order completion or “commit”
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Hardware Organization e
RAT Architected Register File C

»

O\ :

Instruction Buffers

ROB
. : «—“head”
Reservation Stations and ALUsS
op | Q | Qk Vj Vk
op | Q | Qk Vj Vk
op | Q | Qk Vj Vk
op | Q | Qk Vi Vk
Add
op Qj Qk Vj Vk
= Q) ok v i type| dest value |[fin
\ Mult /
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Issue

RAT ArchitecEed Register FiI
° Read inst from inst Instruction Buffers \ >
buffer ]
e Check if resources ROB
available:  “head”
_ Reservation Stations and ALUs
— Appropriate RS entry o T P B
- ROB entr whaled = b
Y
* Read RAT, read R e ——— _
(available) sources, I
update RAT
e Write to RS and ROB
Georgia



Exec e

e Same as before
- Wait for all operands to arrive
- Compete to use functional unit
- Execute!

ia
Tech



Write Result Zill®

1

e Broadcast result on CDB
- (any dependents will grab the value)

e Write result back to your ROB entry
- The ARF holds the “official” register state, which

we will on
- Mark read

has comp

y update in program order

y/finished bit in ROB (nhote that this inst
eted execution)
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New: Commit =i

G

e When an inst is the oldest in the ROB
- i.e. ROB-head points to it

e Write result (if ready/finished bit is set)

- If register producing instruction: write to
architected register file

- If store: write to memory
e Advance ROB-head to next instruction

e This is what the outside world sees
- And it’s all in-order
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Commit lllustrated zi

e Make instruction execution “visible” to the
outside world

- “Commit” the changes to the architected state

ROB _

A ~ — WB result Outside World “sees”:
I Y

B ¥ 2| ARF A executed
c |V - B executed
D |v / C executed
E 4 D executed
F v E executed
G v
H v :
3 v Instructions execute out of program order,
% L, but outside world still “believes” it's in-order
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Revisiting Register Renaming e

ROB
R1| R2+R3
R3| R5-R6
R1 | ROBI1*RY
R1| R4+RS8
R2| R9+R3

R1
R2

////xRB

RAT

ROB4

R2

rROB2

—RI=RZ2+R3-
R3I=R5—R6"
R1=R1*RY
R1=R4 + R8
R2 =R9 + R3

If we issue R2=R9+R3 to the
ROB now, R3 comes from ROB2

However, if R3=R5-R6 commits first...

Then update RAT so when we
iIssue R2=R9+R3, it will read
source from the ARF.
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Example
Inst Operands
DIV R2, R3, R4
MUL R1, R5, R6
ADD R3, R7, R8
MUL R1, R1, R3
SUB R4, R1, RS
ADD R1, R4, R2
R1
R2
R3
R4
R5
R6
R7
R8

L[

; )
Add: 2 cycles

Mult: 10 cycles

Divide: 40 cycles
o J

Sequentially, this would take:

40+10+2+10+2+2 = 66 cycles

(+ other pipeline stages)
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In Detail

Inst

Operands

DIV

R2, R3, R4

MUL

R1, R5, R6

ADD

R3, R7, R8

MUL

R1, R1, R3

SUB

R4, R1, R5

OO0k, WN PR

ADD

R1, R4, R2

(W
A

Assume you can bypass and execute in the same cycle

RS fields:

| _Op

IDst-Tag| Tagl | Tag2 | vall | val2 |

ROB fields: [ Type [ Dest [ Value [Finished

RS (Adder)

R1
R2
R3
R4
R5
R6
R7
R8

RAT

R1

ARF1

R2

_ARFZ™ ROB1

R3

ARF3

R4

ARF4

R5

ARF5

R6

ARF6

R7

ARF7

R8

ARF8

RS (Mul/Div)

DIV

ROB1

45

ROB

ROB1

R2

ROB2

ROB3

ROB4

ROB5

ROB6

O ol WN B

Cycle:
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In Detail

Inst

Operands

DIV

R2, R3, R4

MUL

R1, R5, R6

ADD

R3, R7, R8

MUL

R1, R1, R3

SUB

R4, R1, R5

OO0k, WN PR

ADD

R1, R4, R2

(W
A

Assume you can bypass and execute in the same cycle

RS fields:

| _Op

IDst-Tag| Tagl | Tag2 | vall | val2 |

ROB fields: [ Type [ Dest [ Value [Finished

RS (Adder)

R1
R2
R3
R4
R5
R6
R7
R8

RAT

R1

ARFL_ROB2

R2

ROB1

R3

ARF3

R4

ARF4

R5

ARF5

R6

ARF6

R7

ARF7

R8

ARF8

RS (Mul/Div)
DIV _[ROB1 45 5
MUL [ROB2 3 4
| E W C
ROB 11112
ROB1 R2 > [
ROB2 R1 3
ROB3 4
ROB4 5
ROB5 6
ROB6
Cycle: 2
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In Detail

Inst

Operands

DIV

R2, R3, R4

MUL

R1, R5, R6

ADD

R3, R7, R8

MUL

R1, R1, R3

SUB

R4, R1, R5

OO0k, WN PR

ADD

R1, R4, R2

(W
A

Assume you can bypass and execute in the same cycle

RS fields:

| _Op

IDst-Tag| Tagl | Tag2 | vall | val2 |

ROB fields: [ Type [ Dest [ Value [Finished

RS (Adder)

ADD

1

R1
R2
R3
R4
R5
R6
R7
R8

RAT

R1

ROB2

R2

ROB1

R3

ARF3__ ROB3

R4

ARF4

R5

ARF5

R6

ARF6

R7

ARF7

R8

ARF8

RS (Mul/Div)
DIV |ROB1 45 5
MUL [ROB2 3 4
| E W C
ROB 11112
ROB1 R2 > 213
ROB2 R1 33
ROB3 R3 4
ROB4 5
ROB5 6
ROB6
Cycle: 3
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[
In Detail Rk
Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | _Op |Dst-Tag| Tagl | Tag2 | Vall | Va2 |
4| MUL |R1, R1, R3
5| SUB |R4,R1, R5 :
6| ADD |R1 R4, R2 ROB fields: [ Type | Dest | Value [Finished
\=/ .
RS (Adder) A RS (Mul/Div)
ADD ROB3 L 2 DIV _|ROB1 45 5
MUL [ROB2 3 4
| EWC

ARF RAT ROB L 112
R1| -23 R1| ROB2 ROB1 R2 2213
R2| 16 R2| ROB1 ROB2 R1 31314
R3| 45 R3| ROB3 ROB3 R3 A
R4| 5 R4 | ARF4 ROB4 5
R5| 3 R5| ARF5 ROB5 6
R6| 4 R6| ARF6 ROB6
R7| 1 R7| ARF7 .
a2 ~a| ARF8 Cycle: 4
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[

In Detalil Rk
Inst _Operands Assume you can bypass and execute in the same cycle

1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | Op |Dst-Tag| Tagl | Tag2 | vall | val2 |
4| MUL |R1, R1, R3
5| SUB |R4, R1, R5 :
6| ADD |R1, R4, R2 ROB fields: [ Type | Dest | Value [Finished|

RS (Adder) RS (Mul/Div)
ADD 1ROB3 1 2 DIV _[ROBL 45 5

MUL [ROB2 3 4
| EWC
ARF RAT ROB L T1T2

R1| -23 R1| ROB2 ROB1 R2 > 213
R2| 16 R2| ROB1 ROB2 R1 3030406
R3| 45 R3{(ROB3)D ROB3 R3| 3 Y 4
R4 |5 R4 | ARF4 ROB4 5
R5| 3 R5| ARF5 ROB5 6
R6| 4 R6| ARF6 ROB6
R7| 1 R7 | ARF7 :
rs| 2 rs| ARF8 Cycle: | 6
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[

In Detalil Rk
Inst _Operands Assume you can bypass and execute in the same cycle

1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | _Op |Dst-Tag| Tagl | Tag2 | Vall | Va2 |
4| MUL |R1, R1, R3
5| SUB |R4,R1, R5 :
6| ADD |R1 R4, R2 ROB fields: [ Type | Dest | Value [Finished

RS (Adder) RS (Mul/Div)

DIV_|ROB1 45 5
MUL [ROB2 3 4
| EWC
ARF RAT ROB L T1T2

R1| -23 R1| ROB2 ROB1 R2 > 213113
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 334l6
R3| 45 R3| ROB3 ROB3 R3 3 Y 4
R4S R4 | ARF4 ROB4 5
R5| 3 R5| ARF5 ROB5 6
R6| 4 R6| ARF6 ROB6
R7| 1 R7 | ARF7 :
rs| 2 rs| ARF8 Cycle: | 13
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In Detail

(W
A

Inst __Operands Assume you can bypass and execute in the same cycle
1| DIV |R2,R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | _Op |Dst-Tag| Tagl | Tag2 | Vall | Va2 |
4| MUL |R1, R1, R3
5| SUB |R4,R1, R5 .
6| ADD |R1 R4, R2 ROB fields: [ Type | Dest | Value [Finished
RS (Adder) RS (Mul/Div)
DIV _|ROB1 45 5
MUL [ROB4 12 3
| EWC
ARF RAT ROB L 112

R1|-23 R1| ROB2 ROB4 ROBL R2 > 313
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 31314l6
R3| 45 R3| ROB3 ROB3 R3] 3 |Y 4 14
R4|5 R4 | ARF4 ROB4 R1 5
R5| 3 R5| ARF5 ROB5 6
R6| 4 R6| ARF6 ROB6
R7| 1 R7| ARF7 .
a2 ~a| ARF8 Cycle: 14
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In Detail e

Inst _Operands Assume you can bypass and execute in the same cycle

1[ DIV |R2, R3, R4
2 [ MUL |R1, R5, R6
3| ADD RS, R7, R8 RS fields: | Op |Dst-Tag| Tagl | Tag2 | vall | val2 |
4| MUL |R1, RL, R3
5[ SUB |R4, R1, R5 .
6| ADD |R1, R4, R2 ROB fields: [ Type | Dest | Value [Finished|
RS (Adder) RS (Mul/Div)
SUB [ROB5|ROB4 o1V IROBL ic =
MUL [ROB4 12 3
| E W C
ARF RAT ROB L 172
R1| -23 R1| ROB4 ROB1 R2 » 213113
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 3346
R3| 45 R3| ROB3 ROB3 R3 3 Y 4 114|115
R4|5 R4 | ARF4_ROBS5 ROB4 R1 5 115
R5| 3 R5| ARF5 ROB5 R4 6
R6| 4 R6| ARF6 ROB6
R7| 1 R7| ARF7 ]
Rg| 2 R8| ARF8 Cyde' 15
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[
In Detail Rk
Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | _Op |Dst-Tag| Tagl | Tag2 | Vall | Va2 |
4| MUL |R1, R1, R3
5| SUB |R4,R1, R5 :
6| ADD |R1 R4, R2 ROB fields: [ Type | Dest | Value [Finished
RS (Adder) RS (Mul/Div)
SUB [ROB5/ROB4
DIV_|ROB1 45 5
ADD |[ROB6|ROB5|ROB1I VUL TROBA 5 3
| EWC
ARF RAT ROB L 112
R1|-23 R1| ROB4 ROB6 ROB1 R2 > 51313
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 31314l6
R3| 45 R3| ROB3 ROB3 R3 3 Y 4 14115
ral| 5 R4 | ROB5 ROB4 R1 5 (15
rR5| 3 R5| ARF5 ROB5 R4 6 116
R6| 4 R6| ARF6 ROB6 R1
R7| 1 R7| ARF7 .
R8| 2 R8| ARF8 Cycle: 16
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[
In Detail Rk
Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | _Op |Dst-Tag| Tagl | Tag2 | Vall | Va2 |
4| MUL |R1, R1, R3
5| SUB |R4,R1, R5 :
6| ADD |R1 R4, R2 ROB fields: [ Type | Dest | Value [Finished
RS (Adder) RS (Mul/Div)
SUB |[ROB5[ROB4
DIV_|ROB1 45 5
ADD |[ROB6|ROB5|ROB1I VUL TROBA 5 3
| EWC
ARF RAT ROB L 112
R1| -23 R1| ROB6 ROB1 R2 » 21313
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 31314l6
R3| 45 R3| ROB3 ROB3 R3 3 Y 4 14115
ral| 5 R4 | ROB5 ROB4 R1 5 (15
rR5| 3 R5| ARF5 ROB5 R4 6 116
R6| 4 R6| ARF6 ROB6 R1
R7| 1 R7| ARF7 .
R8| 2 R8| ARF8 Cycle:
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In Detail e

Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | Op |Dst-Tag| Tagl | Tag2 | vall | val2 |
4| MUL |R1, R1, R3
5| SUB |R4, R1, R5 .
6| ADD |R1, R4, R2 ROB fields: [ Type | Dest | Value [Finished|
RS (Adder) RS (Mul/Div)
SUB [ROB5 36
ADD [ROB6/ROB5/ROB1 DIV _[ROB1 45 5
| EWC
ARF RAT ROB L 173

R1| -23 R1| ROB6 ROB1 R2 » 213113
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 3346
R3| 45 R3| ROB3 ROB3 R3 3 Y 4 [14]15/25
R4|5 R4 | ROB5 ROB4 R1|] 36 |Y 5 [15

R5| 3 R5| ARF5 ROB5 R4 6 116

R6| 4 R6| ARF6 ROB6 R1

R7| 1 R7| ARF7 ]

R8| 2 Rs| ARF8 Cycle: | 26
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In Detail e

Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2,R3, R4
2| MUL |R1, R5, R6
3| ADD |R3, R7, R8 RS fields: | Op |Dst-Tag| Tagl | Tag2 | vall | val2 |
4| MUL |R1, R1, R3
5| SUB |R4, R1, R5 .
6| ADD |R1, R4, R2 ROB fields: [ Type | Dest | Value [Finished|

RS (Adder) RS (Mul/Div)
SUB |ROB5 36
ADD [ROB6|ROB5/ROB1 DIV _[ROB1 45 5
| EWC
ARF RAT ROB L 172

R1| -23 R1| ROB6 ROB1 R2 » 213113
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 3346
R3| 45 R3| ROB3 ROB3 R3 3 Y 4 [14]15/25
R4|5 R4 | ROB5 ROB4 R1| 36 |Y 5 (1526
R5| 3 R5| ARF5 ROB5 R4 6 116
R6| 4 R6| ARF6 ROB6 R1
R7| 1 R7| ARF7 ]
Rg| 2 R8| ARF8 Cyde' 28
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In Detail ﬂ%ﬂ

=% |
Inst Operands Assume you can bypass and execute in the same cycle

1| DIV |R2, R3, R4

2| MUL |R1, R5, R6

3| ADD RS, R7, R8 RS fields: | Op |Dst-Tag| Tagl | Tag2 | vall | val2 |

4| MUL |R1, R1, R3

5| SUB |R4, R1, R5 .

6| ADD |R1, R4, R2 ROB fields: [ Type | Dest | Value [Finished

RS (Adder) RS (Mul/Div)
ADD |ROB6 ROB1| 33 DIV_{ROB1 45 5
ARF RAT ROB . _!L I; W C

R1| -23 R1| ROB6 ROB1 R2 » 21313

R2| 16 R2| ROB1 ROB2 R1| 12 |Y 3346

R3| 45 R3| ROB3 ROB3 R3 3 Y 4 [14]15/25

R4| 5 R4 | ROB5 ROB4 R1 36 Y 5 [15/26/28

R5| 3 R5| ARF5 ROB5 R4| 33 |Y 6 116

R6| 4 R6| ARF6 ROB6 R1

R7| 1 R7| ARF7 ]

R8[ 2 Rg| ARF8 Cycle:

Georgia
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In Detail e
% |

Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3,R7,R8 RS fields;: | Op |DstTag| Tagl | Tag2 | Vall | Val2 |
4| MUL |R1,R1,R3
5| SUB |R4,R1, R5 :
6 [ ADD |RL R4 R2 ROB fields: [ Type [ Dest [ Value [Finished

RS (Adder) RS (Mul/Div)
ADD [ROB6 33 9
ARF RAT ROB 1 ll I; X\; <

R1| -23 R1| ROB6 ROB1 R2| 9 |Y 2 21313
R2| 16 R2| ROB1 ROB2 R1| 12 |Y 3346
R3| 45 R3| ROB3 ROB3 R3 3 Y 4 114/15[25
R4| 5 R4 | ROB5 ROB4 R1| 36 |Y 5 [15/26/28
rR5| 3 R5| ARF5 ROB5 R4| 33 |Y 6 116
R6| 4 R6| ARF6 ROB6 R1
R7 1 R7 ARF7 .
R8| 2 Rg| ARF8 Cycle: 43
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In Detail

(W
A

Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3,R7,R8 RS fields;: | Op |DstTag| Tagl | Tag2 | Vall | Val2 |
4| MUL |R1,R1,R3
5| SUB |R4,R1,R5 :
6 | ADD |RL R4 R2 ROB fields: [ Type | Dest | Value [Finished|
RS (Adder) RS (Mul/Div)
ADD [ROB6 33 9
| EWC
ARF RAT ROB
1
R1| -23 R1| ROB6 ROB1 2 % 51%43
R2| 9 R2| ARF2 ROB2 R1| 12 |Y 33046
R3| 45 R3| ROB3 ROB3 R3| 3 |Y 4 [14115]25
R4| 5 R4 | ROB5 ROB4 R1| 36 |Y 5 [15/26/28
R5| 3 R5| ARF5 ROB5 R4| 33 |Y 6 116143
R6| 4 R6| ARF6 ROB6 R1
R7|1 R7| ARF7 .
Rg| 2 RS| ARFS8 Cycle: 44
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In Detail e
s |
Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3,R7,R8 RS fields;: | Op |DstTag| Tagl | Tag2 | Vall | Val2 |
4| MUL |R1,R1,R3
5| SUB |R4,R1,R5 :
6 [ ADD |RL R4 R2 ROB fields: [ Type | Dest | Value JFinished
RS (Adder) RS (Mul/Div)
ADD [ROB6 33 9
ARF RAT ROB 1 ll I;X\;Ag’
R1| 12 R1| ROB6 ROB1 2 121311344
R2| 9 R2| ARF2 ROB2 313416
R3| 45 R3| ROB3 ROB3 R3| 3 |Y 4 [14115]25
R4| 5 R4 | ROB5 ROB4 R1| 36 |Y 5 [15/26/28
R5| 3 R5| ARF5 ROB5 R4| 33 |Y 6 116143
R6| 4 R6| ARF6 ROB6 R1
R7|1 R7| ARF7 .
Rg| 2 Rs| ARF8 Cycle: 45
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In Detail

Operands

Inst

DIV

R2,

R3

, R4

MUL

R1,

R5

, R6

ADD

R3,

R7

, R8

MUL

R1,

R1

, R3

SUB

R4,

R1

, RS

OO0k, WN PP

ADD

R1,

R4

, R2

(W
A

Assume you can bypass and execute in the same cycle

RS fields:

| _Op

IDst-Tag| Tagl | Tag2 | vall | val2 |

ROB fields: [ Type [ Dest [ Value [Finished

RS (Adder)

R1
R2
R3
R4
R5
R6
R7
R8

ARF

RAT

N

R1

ROB6

R2

ARF2

R3

ARF3

R4

ROB5

R5

ARF5

R6

ARF6

R7

ARF7

NRr|_hfWOIW O|R

R8

ARF8

RS (Mul/Div)
| EWC
ROB
o 111]|2142/43
ROBL 2 2131344
Eggg 313[4[645
4
ROB4 R1| 36 |Y 5 %g%g gg
ROB5 R4 33 Y 6 [16/43|45
ROB6 R1| 42 |Y
Cycle: | 46
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In Detail e
% |
Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV |R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3,R7,R8 RS fields;: | Op |DstTag| Tagl | Tag2 | Vall | Val2 |
4| MUL |R1,R1,R3
5| SUB |R4,R1,R5 :
6 [ ADD |RL R4 R2 ROB fields: [ Type [ Dest [ Value [Finished
RS (Adder) RS (Mul/Div)
ARF RAT ROB 1 ll I; X\; Ag)
R1| 36 R1| ROB6 ROB1 212131344
R2| 9 R2| ARF2 ROB2 313[4|6145
R3| 3 R3| ARF3 ROB3 4 114|15|25/46
R4| 5 R4 | ROB5 ROB4 5 115|26|28
R5| 3 R5| ARF5 ROB5 R4| 33 |Y 6 [16/43(45
R6| 4 R6| ARF6 ROB6 R1| 42 |Y
R7| 1 R7| ARF7 .
R8| 2 Rg| ARF8 Cycle: 47
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In Detail e
s |
Inst _Operands Assume you can bypass and execute in the same cycle
1| DIV_|R2, R3, R4
2| MUL |R1, R5, R6
3| ADD |R3,R7,R8 RS fields;: | Op |DstTag| Tagl | Tag2 | Vall | Val2 |
4| MUL |R1,R1,R3
5| SUB |R4,R1,R5 :
6 [ ADD |RL R4 R2 ROB fields: [ Type | Dest | Value JFinished
RS (Adder) RS (Mul/Div)
ARF RAT ROB 1 ll I;X\;Ag
R1| 36 R1| ROB6 ROB1 212131344
R2| 9 R2| ARF2 ROB2 3134|6145
R3| 3 R3| ARF3 ROB3 4 114|15|25/46
R4 | 33 R4 | ARF4 ROB4 5 115|26|28(47
R5| 3 R5| ARF5 ROBS5 6 1164345
R6| 4 R6| ARF6 ROB6 R1| 42 |Y
R7|1 R7| ARF7 .
Rg| 2 Rs| ARF8 Cycle: 48
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Timing Example 'gjﬂ

; )
 Assume you can bypass and execute in Add: 1 cycles
the same cycle Ml L cxles
Divide: 40 cycles
o /
Commit
Inst Operands Is Exec Wr l Comments

DIV R2, R3, R4
MUL | R1, R5, R6
ADD | R3,R7,R8
MUL | R1,R1, R3
SUB | R4,R1,R5
ADD | R1, R4, R2

Georgia
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Unified Reservation Stations (1) e

e I[f MULT RS’s are full, and we need to issue
another MULT, then we have to stall

- But there may be other RS’s (e.g., add) that are
available

- Proper number of RS’s per ALU needs to be
matched to the program’s inst distribution
e But different programs have different distributions

ia
Tech



Unified Reservation Stations (2) as
RS (Adder) RS (Mul/Div)
Add \ Mult /
RS (Unified)
/ .

Can hold 5 adds

Or any combination ’

Add \ Mult /
Or 5 multiplies

Tech



Unified Reservation Stations (3) aRs

e Arbitration and execution paths a little more
complex (not too bad though)

ﬁ)r N functional units, RS nee@

RS Entries _____———" ___ Tosupport N read ports
ADDrdy b—{ ) (1 X
MUL x > < ALl
(-
ADD X Q. =3
2 =
ADD rdy » K /%//\M/
<//’>’,/ -
MUL rdy = >
MUL x o =
- D
ADD x - Ready add’s compete for execution unit
ADD rdy ~——— ——  Ready mul's do the same

Arbitration logic picks insts to execute
Insts go and do their thing

Georgia
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Out-of-Order, but not Superscalar 'g;"

* As described, this Tomasulo (+ROB) CPU can
only maintain sustained throughput of 1 IPC

e Limitations:
- Need superscalar fetch, decode, etc.

- There’s only one CDB, so only one inst per cycle
can write-back its result to the ROB

— Also must commit > 1 IPC

ia
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Getting > 1 IPC =k

* Must be able to issue > 1 IPC to RS/ROB
e Must be able to send > 1 IPC to functional
units

— original Tomasulo can do this already
(if inst ready and FU available, go and execute!)

* Must be able to write-back > 1 |IPC to ROB
(and reservation stations)

ia
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Dual-Issue ﬂggﬂ

* Need to check resource availability for two
instructions (RS/ROB entries)

- Depending on resources, may issue 0,1 or 2

* Read RAT/ARF/ROB for operands
- Renaming is a little trickier (next slide)

e Update RS/ROB entries (not too hard)
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Dual-Rename

— ™ R1
R1=R2+R3 — R2
R4=R2-R4 — R3

~__ R4

RAT

ARF1

ROB17/

ARF3

ROB6

AW
&

All registers renamed!

ROB21 ROB17, ARF3
ROB22 ROB17, ROB6

Read current mappings for all operands

New destinations are just in the next two ROB entries
To be allocated: ROB-tail, ROB-tail + 1

. R1
RL=R2+R3 —» R2

RA=R1-R4 — RS
T R4
dStl From New
sre2l RAT ROB

RAT

ARF1

ROB1/

ARF3

ROB6

src2R

ROB21 ROB17, ARF3
\%:
ROB22 AR¥F1, ROB6

=)

From
RAT

New
ROB
entry

Need to check for RAW
dependencies within your
Issue group
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Multiple CDB’s e

RS Entries

[ o1 roes | * It works (we do this
] e E1, ROB4 today N CPUS)
cu |, [ | A%ROBO| e Bytthere’s a cost
£ - each RS entry must
FU ] < compare each
//’Al’ ROBY source with each
—T | N B1, ROB19 CDB
C1, ROB2

- more area, logic,
ROBT " power (all > $$$)

Georgia
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Committing > 1 IPC llg;ﬂ

* Must be able to write-back multiple results
from ROB = ARF (or memory for stores)

- ROB needs extra read ports
- ARF needs extra write ports

ia
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Terminology is Inconsistent, Overloaded igﬂ

e |ssue, Dispatch, Commit, etc.
- Text uses terms w.r.t. Tomasulo’s algorithm
- Other usage is different (many academics)

- Issue/Alloc/
- Exec/ /Dispatch
- Commit/Complete/Retire/Graduate

Blue: Intel’'s convention

ia
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