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Quick Review

What is pipelining?

Splitting work into many components executed independently, and passed in a chain

Why pipelining?

. : : Pipelining was conceived to
Increases efficiency via parallelism

meet hard design goals—
IBM Stretch, ILLIAC etc.
What are the challenges in pipelining? BCI processing creates a
Hazards: structural, data, control similar need!

How to fix hazards?

Concurrency (structural), eager (forwarding data), eager or speculative (branch delays, prediction)

What systems design principles does pipelining touch?

Tradeoff simplicity for efficiency, leveraging parallelism through regrouping



For Today

* Dynamic scheduling
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Search for Efficiency
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Fixed by forwarding Unavoidable stall
ADD R1 ¢ R2, R3 ID Rl « 0(R2)
SUB R4 « R1, R5 ADD R2 < R1, R3
AND Ro « RI1, R AND Ro « RI1, R
OR R8 « R1, R9 OR R8 « R1, RO
XOR R10 « R1, R11 XOR R10 « R1, R11

What happens with long latency instructions?

FDIV FO « F2, F4 (4)
FADD F6 « FO, F2 (2)
FMUL F4 « F2, F4 (3)

1 2 3 4 5 6 7 8 9 10
FDIV IF ID EXd EXd EXd EXd MEM WB
FADD IF ID EX.a EXa MEM WB

IF ID EXm EXm EXm
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SUB
AND
OR

XOR

Search for Efficiency: “ Concurrency”

/D
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Rl « R2, R3
R4 « RI1, RS
R6 < R1, R7
R8 <« R1, RO
R10 « R1, RI1

Notion of state:
“being and becoming’

More later

What you see What you get

Superscalar

Multiple issue processor

Not scalar (1-issue) or vector (lockstep multi-issue)

Increase fetch and decode widths
Replicate functional units (ALUs)
Complex dependency and forwarding (N?), register and memory access
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Maintaining Correctness

FDIV FO « F2, F4 (4)
FADD F6 « FO, F2 (2)
FMUL F4 « F2, F4 (3)

2-wide superscalar

1 2 3 4 5 6 7 8 9 10
FDIV IF ID EXd4—FXd EXd EXA&IMEM /WB)
FADD IF (ID EXa EXa MEM WB | |
FMUL IF ID EXm EXm EXm MEM \WB
RAW hazards WAR and WAW hazards!

Not a new problem with superscalar—

exists even in basic pipeline with variable latency instructions

How to solve?

Stalls and cascade of stalls?
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Search for Efficiency: More “ Concurrency”

4

FDIV FO « F2, F4 (4)
FADD F6 « FO, F2 (2)
FMUL F4 « F2, F4 (3)

Reordering

Scoreboarding

Tomasulo’s algorithm
Reorder buffer

Recover (or identify) the true dataflow in the instruction stream
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Scoreboarding

/D
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CDC 6600, 1964
“Parallel Operation in the Control Data 6600”

James E Thornton, Control Data Corporation (CDC)

Dispatch: decode operation and operands

Skip MEM (for FP) Issue: read operands
Fetch—Issue—>Read—Execute »Write-back
Dispatch—Issue
\ I
Fetch
=, > [x] — &
Instruction Status Fucntional Unit Status Regi .
egister File
Register Status F3


https://dl.acm.org/doi/10.1145/1464039.1464045

Scoreboarding Data Structures

Instruction Status Register Status

Inst Dispatch Issue Execute Write-back Register Unit

Functional Unit Status

Unit Busy Op Dest R, R, Src(R;) Src(R,) Ready(R;) Ready(R,,)




Scoreboarding Example
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1 ID FO <« 34(R1)
2 MUL F4 « FO, F2
3 ST F4 - 45(R1)
4 ADD R1 « R1, 4
5 1ID FO « 34 (R1)
6 MUL F4 « FO, F2
7 ST F4 — 45(R1)

Checks are expressed formally

and implemented, e.g.,
Busy[Unit] A = Dispatch...

Instruction Status

Inst Dispatch Issue Execute Write-back

Register Status

Register Unit

FO

F2

F4

R1

N | NN R W N

Functional Unit Status

Unit Busy Op

Dest R;; R;, Src(R;) Src(R;,) Ready(R;)

Ready(R;,)

Ld

St

Int

Mull

Mul2

10
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34 (R1)

Scoreboarding Example: T,

Instruction Status

Inst Dispatch Issue

Execute Write-back

Register Status

Register Unit

1 1
FO Ld
2
F2
3
F4
4
R1
5
6
7
Functional Upit Status
Unit Busy Op Dest R;, R, Src(}n/)/ Src(R;;) Ready(R;;) Ready(R,;,)
Ld 1 d  Fo R1|lL_— 1
St
Int
Mull

Mul2

11
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FO
F4
F4
R1
FO
F4
F4
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Scoreboarding Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1
FO Ld
2 1
F2
3
F4 Mull
4
R1
5
6
7
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 1d FO R1 1
St
Int
Mull 1 mul F4 FO F2 Ld 0 1

Mul2

12
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Scoreboarding Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1
FO Ld
21 A RAW Stall -
3 1
F4 Mull
4
R1
5
6
7
Functional Unit Status
Unit Busy Op Dest Src(R;;) Src(R;;,) Ready(R;,;) Ready(R,)
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Scoreboarding Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO
2 1 1
A I -
3 1
RAW Sta = VT
4 1
R1 Int
5
6
7
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld
St 1 st F4 R1  Mull 0
Int 1 add Rl R1 1
Mull 1 mul F4 FO F2 1 1

Mul2
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Scoreboarding Example: T

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO Ld
2 1 1 1 -
2
3 1
A F4 Mull
4 1 1
R1 Int
5 1
6
7
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 Id FO R1 Int
St 1 st F4 R1 Mull 0
Int 1 add RI1 R1 1
Mull 1 mul F4 FO F2

Mul2

15
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Scoreboarding Example: T

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO Ld
2 1 1 1 =
3 1
A F4 Mull
4 1 1 1 R .
1 nt
5 1 A RAW Stall
6 A\ WAW Stall
7
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 Id FO R1 Int 0
St 1 st F4 R1 Mull 0
Int 1 add RI1 R1 1
Mull 1 mul F4 FO F2

Mul2
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Scoreboarding Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO Ld
2 1 1 1 =
s A
F4 Mull
4 1 1 1 A WAR Stall
R1 Int
5 1 A
s A
7
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 1d FO R1 Int 0
St 1 st F4 R1  Mull 0
Int 1 add RI1 R1 1
Mull 1 mul F4 FO F2

Mul2
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Scoreboarding Example: T

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO Ld
2 1 1 1 1
F2
> : : F4 Mul
ul2
4 1 1 1 A
R1 Int
51 A
6 1
7
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 Id FO R1 Int 0
St 1 st F4 R1 1
Int 1 add Rl R1 1
Mull
Mul2 1 mul F4 FO F2 Ld 0

18



1 ILD FO
2 MUL F4
3 ST F4
4 ADD RI1
5 LD FO
6 MUL F4
7 ST F4

N Y Y O |

Scoreboarding Example: T

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Dispatch is always in order.
Issue and Execute may not be.

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO Ld
2 1 1 1 1
F2
3 1 1 1
F4 Mul2
4 1 1 1 1
R1
5 1 1
6 1
7 A\ Structural Hazard Stall
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 1d FO R1 1
St 1 st F4 RI1
Int
Mull
Mul2 1 mul F4 FO F2 Ld 0

19
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Scoreboarding Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute Write-back : :
Register Unit
1 1 1 1 1
FO Ld
2 1 1 1 1
F2
3 1 1 1 1
F4 Mul2
4 1 1 1 1
R1
5 1 1 1
6 1
7 1
Functional Unit Status
Unit Busy Op Dest R,, R, Src(R,) Src(R;,) Ready(R,;) Ready(R,)
Ld 1 1d FO R1 1
St 1 st F4 RI1
Int
Mull
Mul2 1 mul F4 FO F2 Ld 0

20



Scoreboarding
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“Out-of-Order” scheduling

Execute instructions when operands are ready and if no dependencies exist

WAW stalls

Functional unit status conflict

WAR stalls

Instruction status conflict

Structural stalls

Functional unit status conflict

Branches hold up dispatch

21



Tomasulo’s Algorithm

/D
4

IBM System/360 Model 91, 1967
“An Efficient Algorithm for Exploiting Multiple Arithmetic Units”

- Robert M Tomasulo, IBM l

3
2 Reservation = e

stations

Instruction Status

2 1 1
FP adders FP multipliers
Inst Dispatch Issue Execute Write-back
Common data bus (CDB)

1 ID FO « 34(R1) 1 1 1 1 1
2 MUL F4 « F0, F2 2 i 1 Issue
3 ST F4 - 45(R1) 3 A Dispatch—Issue
4 ADD R1 « R1, 4 41 1 I A WAR Stall ‘l‘
51D FO « 34 (R1) 5 I A <
6 MUL F4 « FQ, F2 ¢ A
7 ST F4 — 45(R1) 7 Resi :
egister File
Register Status &
What if we version or rename registers?
Each write is to a new renamed register Fetch
> —>| EX >
Compilers use the same concept statically:

[Hl

S


https://ieeexplore.ieee.org/document/5392028

Tomasulo’s Data Structures

/D
4

Reservation Station (per functional unit) Register File

Num Op Busy R, R, Src(R;) Src(R,) Address Register Num

For illustration

Reservation Station Instruction Status

Unit Num Op Busy R, R,, Src(R;;) Src(R,,) Address Inst Dispatch Issue Execute Write-back

23
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FO
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Tomasulo Example

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1

FO
2

F2
3

F4
4

R1
5
6
7

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1
St 2
Int 3
Mull 4
Mul2 5

24
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FO
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Tomasulo Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1 1

FO 1
2

F2
3

F4
4

R1
5
6
7

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1 1d 1 Reg[R1] 34
St 2
Int 3
Mull 4
Mul2 5

25
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Tomasulo Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

/D
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Instruction Status

Inst

Dispatch  Issue Execute Write-back

Register Status

Register Num
1 1 1

FO 1
2 1

F2
3

F4 4
4

R1
5
6
7

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1 1d 1 Reg[R1] 34+Reg[R1]
St 2
Int 3
Mull 4 mul 1 Reg[F2] 1
Mul2 5

26
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Tomasulo Example: T,
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34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1 1 1 1

FO 1
2 1 A RAW Stall

F2
3 1

F4 4
4

R1
5
6
7

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1 1d 1 Reg[R1] 34+Reg[R1]
St 2 st 1 Reg[R1] 4 45
Int 3
Mull 4 mul 1 Reg[F2] 1
Mul2 5

27
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Tomasulo Example: T,

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

N N

Val, 1

/D
4

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1 1 1 1 1

FO
2 1 1

A RAW Stall -

3 1 ta

F4 4
4 1

R1 3
5
6
7

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1
St 2 st 1 Reg[R1] 4 45
Int 3 add 1 Reg[R1] 4
Mull 4 mul 1 CDB.V  Reg[F2]
Mul2 5

28
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Tomasulo Example: T,
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34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1 1 1 1 1

FO 1
2 1 1 1

F2
3 1

A F4 4

4 1 1

R1 3
5 1
6
7

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1 1d 1 3 34
St 2 st 1 Reg[R1] 4 45
Int 3 add 1 Reg[R1] 4
Mull 4 mul 1 Reg[F2]
Mul2 5

29
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Tomasulo Example: T

34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

/D
4

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back
Register Num
1 1 1 1 1
FO 1
2 1 1 1
F2
3 1
A F4 5
4 1 1 1
R1 3
5 1 A RAW Stall
6 1 No WAR stall
7
Reservation Station
Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1 1d 1 3 34
St 2 st 1 Reg[R1]| 4 45
Int 3 add 1 Reg[R1] 4
Mull 4 mul 1 Reg[FZ]/
Mul2 5 mul 1 Reg[F2] 1

30
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Tomasulo Example: T,
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Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back
« 34 (R1) 1 ) 1 | ; Register Num
«~ FO, FZ2 2 1 1 1 o :
— 45 (R1) 3 1 A £z
<~ R1, 4 4 1 1 1 1 No WAR stall z i
«— 34 (R1) 5 1 1
«~ FO, F2 6 1
— 45 (R1) 7 A Structural Hazard Stall
Reservation Station
Unit Num Op Busy R, R,, Src(R;;) Src(R,,) Address
Val, 3 Ld 1 d 1 CDB.V 34
St 2 st 1 Reg[R1] 4 45
Int 3
Mull 4 mul 1 Reg[F2]
Mul2 5 mul 1 Reg[F2] 1

31
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Tomasulo Example: T
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Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back
Register Num
< 34 (R1) 1 1 1 1 1
FO 1
«~ FO, F2 2 1 1 1 1
F2
— 45 (R1) 3 1 1
F4 5
«~ R1, 4 4 1 1 1 1
R1
«— 34 (R1) 5 1 1 1
«~ FO, F2 6 1
- 45(R1) 7_A
Reservation Station
Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Val, 4 Ld 1 1d 1 34+[CDB.V]
St 2 st 1 CDB.V  Reg[R1] 45
Int 3
Mull 4
Mul2 5 mul 1 Reg[F2] 1

32
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Tomasulo Example: T
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34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

N N

Val, 1

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1 1 1 1 1

FO
2 1 1 1 1

F2
3 1 1 1

F4 5
4 1 1 1 1

R1
5 1 1 1 1
6 1 1
7 A

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1
St 2 st 1 Reg[R1] 45+[CDB.V]
Int 3
Mull 4
Mul2 5 mul 1 CDB.V  Reg[F2]

33
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Tomasulo Example: T,
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34 (R1)
FO, F2
45 (R1)
R1, 4

34 (R1)
FO, F2
45 (R1)

Instruction Status

Register Status

Inst Dispatch Issue Execute  Write-back

Register Num
1 1 1 1 1

FO
2 1 1 1 1

F2
3 1 1 1 1

F4 5
4 1 1 1 1

R1
5 1 1 1 1
6 1 1 1
7 1

Reservation Station

Unit Num Op Busy R, R,, Src(R;;)  Src(R;,) Address
Ld 1
St 2 st 1 Reg[R1] 5 45
Int 3
Mull 4
Mul2 5 mul 1 Reg[F2]

34




Tomasulo’s Algorithm
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Renaming and operand buffering

WAR and WAW nuances with loads and stores

Structural stalls

Functional unit status conflict

Branches hold up dispatch

Are we at the limit?

35



Speculation
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Predict branches and branch targets

Branch folding—zero cycle branches!

Preserve state
Being: Value of registers (architectural) and Becoming: the sequence of operations (for recovery)
4 g 4 q p Y

o . o o << o . M\ o o
Sometimes imprecision (“approximation”) is acceptable, e.g., program terminates
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A Structure to Maintain State

Vo

4

Reorder Buffer, 1985
“Implementation of Precise Interrupts in Pipelined Processors”

§ James E. Smith, Andrew R. Pleszkun

] | Commit is always in order
Complete vs commit

Fetch—Dispatch—Execute—>Complete—~>Commit

¢ =

Register Status Register File
A

Fetch > EX >
—

Reorder buffer

Y
Reservation station “37 |


https://dl.acm.org/doi/10.1145/327070.327125

Speculation Data Structures
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4

Reorder Buffer

Ptr Num Inst Dest Value Ready PC Exception Issue Execute Complete

Reservation Station Register File

Unit [Num Op Busy Dest R, R, Src(R,;) Src(R,,) Address Register Num
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Speculation Example

Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

ID FO <« 34(RI1) 1
MUL F4 « FO, F2 2
ST F4 — 45(R1) 3
ADD R1 « R1, 4 4
ID FO « 34 (R1) 5
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO Ld 1
F2 St 2
F4 Int 3
R1 Mull |4
Mul2 |5

39



S oy ot WD KR

Speculation Example: T,
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Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) ht 1 1 FO Val[F0]
MUL F4 « FO, F2 2
ST F4 — 45(R1) 3
ADD R1 « R1, 4 4
ID FO « 34 (R1) 5
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.1 Id |1 d 1 ROB.I  Reg[RI] 34

F2 St 2

F4 Int 3

R1 Mull |4

Mul2 |5

40
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Speculation Example: T,
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Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
ID FO <« 34(RI1) h 1 1 FO Val[FO0] 1
MUL F4 « FO, F2 t 2 2 F4
ST F4 — 45(R1) 3
ADD R1 « R1, 4 4
ID FO « 34 (R1) 5
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.1 Id |1 d 1 ROB.I  Reg[RI] 34+Reg[R1]
F2 St 2
F4 ROB.2 Int 3
R1 Mull 4 mul 1 ROB.2 Reg[F2] ROB.1
Mul2 |5

41
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Speculation Example: T,
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Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) h 1 1 FO Val[F0] 1 1
MUL F4 « FO, F2 2 2 F4 A RAW Stall
ST F4 — 45(R1) t 3 3
ADD R1 « R1, 4 4
ID FO « 34 (R1) 5
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.1 Ld 1 Free on execute
F2 St 2 st 1 ROB.3 Reg[R1] ROB.2
F4 ROB.2 Int 3
R1 Mull 4 mul 1 ROB.2 Reg[F2] ROB.1
Mul2 |5

42
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Speculation Example: T,
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Val, 1 Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) h 1 1 FO CDB.V 1 1 1
MUL F4 « FO, F2 2 2 F4 1
ST F4 - 45(R1) 3 3 A RAW Stall
ADD R1 « R1, 4 t 4 4 R1
ID FO « 34 (R1) 5
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.1 1 Ld 1
F2 St 2 st 1 ROB.3 Reg[R1] ROB.2 45
F4 ROB.2 Int |3 add 1 ROB.4 Reg[R1] 4
R1 ROB.4 Mull |4 mul 1 ROB.2 CDB.V  Reg[F2]
Mul2 |5

43
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Speculation Example: T
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Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

ID FO <« 34(R1) 1 1 FO  Val[FO0] 1 1 1
MUL F4 « FO, F2 h 2 2 F4 1 1
ST F4 — 45(R1) 3 3 A
ADD R1 « R1, 4 4 4 R1 1
ID FO « 34 (R1) t 5 5 FO
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.5 Ld 1 1d 1 ROB.5 ROB.4 34
F2 St 2 st 1 ROB.3 Reg[R1] ROB.2 45
F4 ROB.2 Int 3 add 1 ROB.4 Reg[R1] 4
R1 ROB.4 Mull 4
Mul2 |5
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Speculation Example: T

/D
4

Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

LD FO « 34 (R1) 1 1 FO Val[FO] 1 1 1
MUL F4 <« FO, F2 h 2 2 F4 1 1
ST F4 - 45(R1) 3 3 A
ADD R1 « R1, 4 4 4 R1 1 1
LD FO « 34 (R1) S S FO A RAW Stall
MUL F4 « FO, F2 t 6 6 F4
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.5 Ld 1 1d 1 ROB.5 ROB.4 34
F2 St 2 st 1 ROB.3 Reg[R1] ROB.2 45
F4 ROB.6 Int 3
R1 ROB.4 Mull 4 mul 1 ROB.6 Reg[F2] ROB.5
Mul2 |5
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Speculation Example: T,

/D
4

Val, 4 Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 h 2 2 F4 1 1
ST F4 - 45(R1) 3 3 A
ADD R1 « R1, 4 4 = R1 CDB.V 1 1 1
ID FO « 34 (R1) 5 5 FO 1
MUL F4 « FO, F2 t 6 6 F4
ST F4 — 45(R1) 7 A\ Structural Hazard Stall
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 Ld 1 1d 1 ROB.5 CDB.V 34

F2 St 2 st 1 ROB.3 Reg[R1] ROB.2 45

F4 ROB.6 Int 3

R1 ROB.4 1 Mull |4 mul 1 ROB.6 Reg[F2] ROB.S

Mul2 |5

46




S oy ot WD KR

Speculation Example: T

/D
4

Val, 2 Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 h 2 2 F4 1 1 1
ST F4 — 45(R1) 3 3 1
ADD R1 « R1, 4 4 < R1 Val[R1] 1 1 1
ID FO « 34 (R1) 5 5 FO 1 1
MUL F4 « FO, F2 t 6 6 F4
ST F4 — 45(R1) 7 M\ Structural Hazard Stall
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 Ld 1

F2 St 2 st 1 ROB.3 CDB.V  Reg[R1] 45

F4 ROB.6 Int 3

R1 ROB.4 1 Mull |4 mul 1 ROB.6 Reg[F2] ROB.5

Mul2 |5
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Speculation Example: T

/D
4

Val,5 Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) h 3 3 1 1
ADD R1 « R1, 4 4 < R1 Val[R1] 1 1 1
ID FO « 34 (R1) 5 5 FO 1 1 1
MUL F4 « FO, F2 6 6 F4 1
ST F4 — 45(R1) t 7 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.5 1 Ld 1
F2 St 2 1 1 ROB.7 ROB[4] ROB.6
F4 ROB.6 Int 3
R1 ROB.4 1 Mull |4 mul 1 ROB.6 CDB.V  Reg[F2]
Mul2 |5
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Speculation Example: T |,

/D
4

Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

LD FO « 34 (R1) 1 1 FO Val[F0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 - 45(R1) h 3 3 1 1 1
ADD R1 « R1, 4 4 4 R1 Val[R1] 1 1 1
ID FO « 34 (R1) 5 5 FO 1 1 1
MUL F4 <« FO, F2 6 6 F4 1 1
ST F4 — 45(R1) ¢ 7 7 A RAW Stall
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 1 Ld 1

F2 St 2 1 1 ROB.7 ROB[4] ROB.6

F4 ROB.6 Int 3

R1 ROB.4 1 Mull 4

Mul2 |5
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Speculation Example: T |,
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4

Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) 3 3 1 1 1
ADD R1 « R1, 4 h 4 = R1 Val[R1] 1 1 1
ID FO « 34 (R1) 5 5 FO 1 1 1
MUL F4 « FO, F2 6 6 F4 1 1
ST F4 — 45(R1) t 7 7 A
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 1 Ld 1

F2 St 2 1 1 ROB.7 ROB[4] ROB.6

F4 ROB.6 Int 3

R1 ROB.4 1 Mull 4

Mul2 |5
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Squash Example: T,
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4

Val,5 Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) h 3 3 1 A 1 1
ADD R1 « R1, 4 4 < R1 Val[R1] 1 1 1
ID FO « 34 (R1) 5 5 FO 1 1 1
MUL F4 « FO, F2 6 6 F4 1
ST F4 — 45(R1) t 7 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO ROB.5 1 Ld 1
F2 St 2 1 1 ROB.7 ROB.3 ROB.6
F4 ROB.6 Int 3
R1 ROB.4 1 Mull |4 mul 1 ROB.6 CDB.V  Reg[F2]
Mul2 |5
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Squash Example: T,

4

Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

LD FO « 34 (R1) 1 1 FO Val[F0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) h 3
ADD R1 « R1, 4 4
ID FO « 34 (R1) 5
MUL F4 « FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO Ld 1

F2 St 2

F4 Int 3

R1 Mull |4

Mul2 |5
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Squash Example: T,

4

Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

LD FO « 34 (R1) 1 1 FO Val[F0] 1 1 1
MUL F4 <« FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) ht 3 3
ADD R1 « R1, 4 4
ID FO « 34 (R1) 5
MUL F4 <« FO, F2 6
ST F4 — 45(R1) 7
Register Status Reservation Station
Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address
FO Ld 1
F2 St 2 st 1 ROB.3 Reg[R4] Reg[R1]
F4 Int 3
R1 Mull |4
Mul2 |5
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Branch Example: T

/D
4

Reorder Buffer

Ptr Num Inst Dest Value PC Exception Issue Execute Complete

LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) h 3 3 1 1
ADD R1 « R1, 4 4 & R1 Val[R1] 1 1 1
ID FO « 34 (R1 t 5 5 FO 1 1 1
BEQZ R3 Label 6
ADD R1 « R1, 4 7
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 1 Ld 1

F2 St 2 1 1 ROB.7 ROB.3 ROB.6

F4 Int 3

R1 ROB4 1 Mull 4

R3 Mul2 |5
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Branch Example: T |

4

Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) h 3 3 1 1 1
ADD R1 « R1, 4 4 = R1 Val[R1] 1 1 1
ID FO « 34 (R1 5 5 FO 1 1 1
BEQZ R3 Label t 6 6
ADD R1 « R1, 4 7
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 1 Ld 1

F2 St 2

F4 Int 3 br 1 Reg[R3]

R1 ROB.4 1 Mull 4

R3 Mul2 |5
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Branch Example: T,

4

Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) 3 3 1 1 1
ADD R1 « R1, 4 h 4 = R1 Val[R1] 1 1 1
ID FO « 34 (R1 5 5 FO 1 1 1
BEQZ R3 Label t 6 6 1
ADD R1 « R1, 4 7 A
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 1 Ld 1

F2 St 2

F4 Int 3 br 1 Reg[R3]

R1 ROB.4 1 Mull 4

R3 Mul2 |5
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Branch Example: T,

4

Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) 3 3 1 1 1
ADD R1 « R1, 4 4 = R1 Val[R1] 1 1 1
ID FO « 34 (R1 h 5 5 FO 1 1 1
BEQZ R3 Label 6 6 1 1
ADD R1 « R1, 4 t 7 7 R1
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO ROB.5 1 Ld 1

F2 St 2

F4 Int 3 1d 1 ROB.7 Reg[R1] 4

R1 Mull |4

R3 Mul2 |5
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Branch Example: T,

4

Reorder Buffer
Ptr Num Inst Dest Value PC Exception Issue Execute Complete
LD FO « 34 (R1) 1 1 FO Val[FO0] 1 1 1
MUL F4 « FO, F2 2 2 F4 1 1 1
ST F4 — 45(R1) 3 3 1 1 1
ADD R1 « R1, 4 4 = R1 Val[R1] 1 1 1
ID FO « 34 (R1 5 5 FO 1 1 1
BEQZ R3 Label h 6 6 1 1
ADD R1 « R1, 4 t 7 7 R1 1
Register Status Reservation Station

Register Num ROB.V Unit [ Num Op Busy Dest R, R,, Src(R;;) Src(R,,) Address

FO Ld 1

F2 St 2

F4 Int 3 add 1 ROB.7 Reg[R1] 4

R1 Mull |4

R3 Mul2 |5
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Self study: Branch prediction,
Software methods for ILP like VLIW, pipelining

Speculation

/D
4

Structural stalls

Branches no longer holdup dispatch

Alternative to ROB supplied values: physical register file and a register alias table (RAT)

ROB still needed for ordering, and has old and new register maps for recovery

Concurrency we targeted: Instruction Level Parallelism (ILP)

Alternative or complementary: software methods—unrolling, software pipelining
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Example from a BCI Processor (SCALO)

A different kind of pipeline: Dataflow—work flows through a directed acyclic graph (DAG)

-

</>

Epilepsy

\

)

Compression Network
LZ LIC MA RC NPACK
HCOMP GATE DCOMP HFREQ UNPCK
Hashing Storage
HCONV || NGRaM [(X)| EMDH || ccHCk sC
Signal Processing Lin Alg
FFT CSEL XCOR DTW BBF BADD BSUB
X & (2 X
DWT NEO SBP THR SVM BMUL INV
RISC-V uC ®| ass

Choice of PEs

Common kernels (like common

subgraphs)

Pipeline scheduling
Software managed pipelining

No hardware mitigation for
any hazards!

Simplicity vs Efficiency
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‘ Homework 2 assigned

Takeaways

Vo

Why dynamic scheduling?

To be resource efficient in exploiting instruction level parallelism

What are hardware methods for dynamic scheduling?

Scoreboarding, Tomasulo’s algorithm, speculation

What systems principles does dynamic scheduling involve?

Eager, speculative, and concurrency

What are some other methods to exploit ILP?

Software pipelining, unrolling, which target static ILP
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