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Recap: Three pipeline hazards

. Structural hazards — resource conflicts cannot support
simultaneous execution of instructions in the pipeline

- Control hazards — the PC can be changed by an instruction in
the pipeline
- Data hazards — an instruction depending on a the result that's

not yet generated or propagated when the instruction needs
that



Recap: addressing hazards

- Structural hazards

- Stall

- Modify hardware design
. Control hazards

- Stall

. Static prediction

- Dynamic prediction
- Data hazards

- Stall

- Data forwarding

- Dynamic Scheduling



What do you need to execution an instruction?

- Whenever the instruction is decoded — put decoded
Instruction somewhere

- Whenever the inputs are ready — all data dependencies are
resolved

- Whenever the target functional unit is available



False dependencies

- We are still limited by false dependencies

- They are not "true” dependencies because they don't have an arrow in data
dependency graph

- WAR (Write After Read): a later instruction overwrites the source of an earlier one
- 4and14and 3,6and 2, 7and 3,9 and 5,9 and 6,9 and 8

- WAW (Write After Write): a later instruction overwrltes the output of an earlier one

1d  X6,0(X10)
- 6and1,7and 2 add X7, X6,X12

sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne Xl@,Xg,LOOP

@@0@@@@@@@




Pipeline iIn Tomasulo

. Dispatch (D) — allocate a “reservation station” for a decoded
Instruction

- |ssue (I) — collect pending values/branch outcome from common
data bus

- Execute (INT, AQ/AQ/MEM, M1/M2/M3, BR) — send the instruction
to its corresponding pipeline if no structural hazards

- Write Back (WB) — broadcast the result through CDB




Overview of a processor supporting Tomasulo's algorithm
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Tomasulo In motion

@ 1d X6,0(X10) D MEM | WB
® add X7,X6,X12 D ——— CINT | wB
®© sd X7,0(X10) nﬂ _m
® addi X10,X10,8
® bne X10,X5,LOO0P
o 14 x6,00410 nmmnmm
®@ add X7,X6,X12 INT
sd X7,0(X10) AR MEM
® addi X10,X10,8 Takes 13 CVCIeS to nﬂ — WB
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Rec |ster renaming in motion
1d X6,0(X10)

add  X7,X6,X12 m
W x7,000 nmwm

addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction

Takes 12 cycles to
issue all instructions

Physical Register Valid Value In use Valid Value In use
1 1 1 1

ﬂﬂ _AR LS

P1
P5
P3

1
p
3
4
5
6
7
8
9

sd P5, 0(P3)
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o
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1d
add
sd
addi
bne
1d
add
sd
addi
bne

Throu

X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP

Instruction Queue

h data flow

graph analysis

INT — 2 cycles for depending
Instruction to start

MEM — 4 cycles for the
depending instruction to start
MUL/DIV — 4 cycles for the
depending instruction to start
BR — 2 cycles to resolve



Outline

- Register renaming (cont.)
- SuperScalar
- Reorder buffer & Speculative execution

1



Register Renaming (cont.)



What about "lin

Static instructions

LOOP: 1d
addi
bne

X10, 8(X10)
X7, X7, 1

X10, X0,

LOOP

Dynamic instructions

ONONONONONONONONOC

1d
addi
bne
1d
addi
bne
1d
addi
bne

X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

17
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What about “linked list"

- For the following C code and it's translation in RISC-V, how many cycles it takes the
processor to issue all instructions? Assume the current PC is already at the first instruction
and this linked list has only three nodes. This processor only fetches 1 instruction per cycle,
with exactly the same register renaming hardware and pipeline as we showed previously.

do {

number of nodes++; LOOP: 1d X100, 8(X10)
addi X7, X7, 1

current = current—>next;
bne X10, X0, LOOP

} while ( current != NULL )

A. 9
B. 1

O O
o = O

m!
W

18
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9

-t
o

X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d

P1, 0(X10)

Physical Register

19

Rﬁﬂister renaming in motion

Valid Value In use

Valid Value In use
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Rﬁﬂister renaming in motion
e

1d X109, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP
1d X109, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP
1d X109, 8(X10)
addi X7, X7, 1
bne X160, X0, LOOP

Renamed instruction Physical Register Valid Value In use Valid Value In use
1d P1, 0(X10)
add P2, X7, 1

1
p
3
4
5
6
7
8
9
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8(X1e )Reﬁ

1d X109,
addi X7, X7, 1
bne X10, X0, LOOP
1d X10, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP
1d X10, 8(X10)
addi X7, X7, 1
bne X160, X0, LOOP
Renamed instruction
1d P1, 0(X10)
add P2, X7, 1

<3N bne

P1, X0, LOOP

Physical Register

21

enaming in motion

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9

-t
o

Reg
X109, 8(X10)

X7, X7, 1
X160, X0, LOOP
X10, 8(X10)

X7, X7, 1
X106, X0, LOOP
X10, 8(X10)

X7, X7, 1
X106, X0, LOOP

Renamed instruction
1d P1, 0(X10)
add P2, X7, 1
bne P1, XO, LOOP
1d P3, 0(P1)

Physical Register

22

Ister renaming in motion

Valid Value In use

Valid Value In use
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Ister renaming in motion

Reg
1d X109, 8(X10)

addi X7, X7, 1
bne X100, X0, LOOP
1d X109, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP
1d X109, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP

Renamed instruction Physical Register Valid Value In use Valid Value In use
1d P1, 0(X10)
add P2, X7, 1
bne P1, XO, LOOP
1d P3, 0(P1)
add P4, P2, 1

1
p
3
4
5
6
7
8
9
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9
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X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne

P1, 0(X1e)
P2, X7, 1
P1, X@, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP

Physical Register

24

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9
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X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne
1d

P1, 0(X1e)
P2, X7, 1
P1, X0, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP
P5, 0(P3)

Physical Register

25

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9
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X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne
1d
add

P1, 0(X1e)
P2, X7, 1
P1, X0, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP
P5, 0(P3)
P6, P4, 1

Physical Register

26

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9
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X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne
1d
add
bne

P1, 0(X1e)
P2, X7, 1
P1, X0, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP
P5, 0(P3)
P6, P4, 1
P5, X0, LOOP

Physical Register

27

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9
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X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne
1d
add
bne

P1, 0(X1e)
P2, X7, 1
P1, X0, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP
P5, 0(P3)
P6, P4, 1
P5, X0, LOOP

Physical Register

28

min

g in motion

BR WB
| Lso [ MEM e
INT WB

LRI 1 BR WB_
R I I I

-
i

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9
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o

X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne
1d
add
bne

P1, 0(X1e)
P2, X7, 1
P1, X0, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP
P5, 0(P3)
P6, P4, 1
P5, X0, LOOP

min

g in motion

BR WB
| Lso [ MEM e
WB

INT

R | | | AR
KRR
1

Physical Register

29

Valid Value In use

Valid Value In use
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1d
addi
bne
1d
addi
bne
1d
addi
bne

1
p
3
4
5
6
7
8
9

-t
o

X109,
X7,
X109,
X109,
X7,
X109,
X109,
X7,
X109,

8(X1e )Reﬁ

X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP
8(X10)
X7, 1
X0, LOOP

Renamed instruction

1d
add
bne
1d
add
bne
1d
add
bne

P1, 0(X1e)
P2, X7, 1
P1, X0, LOOP
P3, 0(P1)
P4, P2, 1
P3, X0, LOOP
P5, 0(P3)
P6, P4, 1
P5, X0, LOOP

min

BR
AR
INT

g in motion

WB
s wEm we
WB

R
B

Physical Register

30

AR

Valid Value In use

LSQ MEM WB

Valid Value In use




Super Scalar



Superscalar

. Since we have more functional units now, we should fetch/
decode more instructions each cycle so that we can have more
Instructions to issue!

- Super-scalar: fetch/decode/issue more than one instruction
each cycle

- Fetch width: how many instructions can the processor fetch/
decode each cycle

- Issue width: how many instructions can the processor issue each
cycle

32



Overview of a processor supporting register renaming

Fetch/decode instruction i u
. ' P1 -
Renhaming Unresolved . rpehgﬁgf; -

What if we widenthe  |oqic Branch ., o | oh I
pipeline to fetch/issue . Register - Physica
two instructions at the — . mapping table Wsters

same time? 1struction — i |
- Queue =
|
Address Integer Floating- Floating- IBranzch
Resolution ALU Point Adder Point Mul/Div
— Load — — Store ]

— Queue - — Queue -
Address
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2-1ssue RR processor in motion
1d  X6,0(X10) “
add X7,X6,X12 | i

sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction Physical Register Valid Value In use Valid Value In use
1d P1, 0(X10)
add P2, P1, X12

L
p
3
i
5
6
7
8
9

34
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1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
Renamed instruction
1d P1, o(X10)
add P2, P1, X12
sd P2, o(X10)

ad

L
p
3
i
5
6
7
8
9

-t
o

di P3, X10, 8

RR processor in motion

Physical Register Valid Value In use

Valid Value In use

35
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
p
3
4
5
6
7
8
9

-t
o

d

di
e

d

di
e
1d

add
sd

X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)

X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP

Renamed instruction

P1,
P2,
P2,

addi P3,

bne
1d

P3,
P4,

0(X10)
P1, X12
9(X10)
X10, 8
X5, LOOP
o(P3)

Physical Register

36

Valid Value In use

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
p
3
4
5
6
7
8
9

-t
o

d

di
e

d

di
e
1d

add
sd

X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)

X10,X10, 8
X10, X5, LOOP

Renamed instruction

P1,
P2,
P2,

addi P3,

bne
1d
add
sd

P3,
P4,
P5,
P5,

0(X10)
P1, X12
9(X10)
X10, 8
X5, LOOP
o(P3)
P1, X12
0(P3)

Physical Register

37

Valid Value In use

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
p
3
4
5
6
7
8
9

-t
o

X6,0(X10)

d X7,X6,X12
X7,0(X10)

di X10,X10,8

e X10,X5,LO0P
X6,0(X10)

d X7,X6,X12
X7,0(X10)

di X10,X10,8

e X10,X5,LO0P

Renamed instruction

1d
add
sd
addi
bne
1d
add
sd
addi
bne

P1,
P2,
P2,
P3,
P3,
P4,
P5,
P5,
P6,
P6,

0(X10)
P1, X12
0(X10)
X10, 8
X5, LOOP
o(P3)
P1, X12
0(P3)
P3, 8
0(X10)

Physical Register

38

Valid Value In use

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

© 0O NO O & WIN =

10

d

di
e

d

di
e

add

sd

X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP

Renamed instruction

P1,
P2,
P2,

bne P3,
1d P4,
add P5,
sd P5,
addi P6,
bne P6,

2-

0(X10)
P1, X12
0(X10)
X5, LOOP
o(P3)
P1, X12
0(P3)
P3, 8
0(X10)

Physical Register

39

Valid Value In use

Valid Value In use
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2-i1ssu rocessor in motion

1d  X6,0(X10) m

add  X7,X6,X12
sd  X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d  X6,0(X10)
add  X7,X6,X12
sd  X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction

Physical Register Valid Value In use Valid Value In use

X5, LOOP
1d P4, 0(P3)
add P5, P1, X12
sd P5, 0(P3)
addi P6, P3, 8
bne P6, 0(X10)

© 0O NO O & WIN =

40
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

© 0O NO O & WIN =

10

d

di
e

d

di
e

2-issue R

X6,0(X10)
X7,X6,X12

X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP

Renamed instruction

P2,
)

)

P4,

add P5,
sd P5,
addi P6,
bne P6,

2 - 5

9(X10)

I

o(P3)
P1, X12
0(P3)
P3, 8
0(X10)

ERES
i
I
INT
i
i

R

BR
AR
I I

Physical Register

41

R l%rocessor iIn motion
MEM

i

WB

M
| |

Valid Value In use
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2-issue RR processor in motion

1d  X6,0(X10)

add  X7,X6,X12
sd  X7,0(X10) | ﬁ
addi X10,X19,8 INT
bne X10,X5,L00P | BR
| AR
I

WB
na | wEw | we
| | |

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction

Physical Register Valid Value In use Valid Value In use

2 - 5

P2, 0(X10)
P4, 0(P3)
add P5, P1, X12
sd P5, 0(P3)
addi P6, P3, 8
bne P6, 0(X10)

© 0O NO O & WIN =

42
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add X7,X6,X12
EREETIrs
BR WB
AR AQ wew | wa
add X7,X6,X12 R | | | | | INT

sd  X7,0(X10)
addi X10,X10,8
sd  X7,0(X10) e
addi X10,X10,8

2-issue RR processor in motion
bne X10,X5,LOO0P
bne X10,X5,LOO0P

1d  X6,0(X10) 1 | AR AQ | MEM
|
|
INT
|
1d X6,0(X10) |
Renamed instruction

Physical Register Valid Value In use

2 - 5

P2, 0(X10)

I I

P5, P1, X12
P5, 0(P3)

© 0O NO O & WIN =

(J [7 [ (J

P6, 0(X19) 43

-t
o



© © ® O @ @ ®© ® ® ©

add X7,X6,X12
EREETIrs
BR WB
AR AQ wew | wa
add X7,X6,X12 R | | | | | INT

sd  X7,0(X10)
addi X10,X10,8
sd  X7,0(X10) e
addi X10,X10,8

2-issue RR processor in motion
bne X10,X5,LOO0P
bne X10,X5,LOO0P

1d  X6,0(X10) 1 | AR AQ | MEM
|
|
INT
|
1d X6,0(X10) |
Renamed instruction

Physical Register Valid Value In use

2 - 5

P2, 0(X10)

I I

P5, P1, X12
P5, 0(P3)

© 0O NO O & WIN =

(J [7 [ (J

P6, 0(X19) a4
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([ ] [ ] ([ ]
2-1S ocessor iIn motion
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P |
1d X6,0(X10) !
add X7,X6,X12 R |
sd X7,0(X10) |
addi X10,X10,8 R

bne X10,X5,LOO0P

INT
ﬁll AR |_AQ_ MEM_

BR

AQ mm

INT

Valid Value In use

Renamed instruction

2 - 5

add P5, P1, X12
sd P5, 0(P3)

© 0O NO O & WIN =

THlbne P6, 0(X10) 45



© © ® O @ @ ®© ® ® ©

1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

© 0O NO O & WIN =

-t
o

2- |ssue RR orocessor in motion

X6,0(X10) R AQ | MEM | WB
d X7,X6,X12
X7,0(X10)
di X10,X10,8
e X10,X5,LO0P
X6,0(X10)
d X7,X6,X12
X7,0(X10)
di X10,X10,8
e X10,X5,LO0P

Renamed instruction Physical Register Valid Value In use Valid Value In use
ITATE 1 1

2 - 5

P1
P5
P3

P5, 0(P3)

—

sd

J g

46
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([ ] [ ] ([ ]
2-1S ocessor iIn motion
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)

I
I
add X7,X6,X12 R

INT
ﬁll AR |_AQ_ MEM_

BR

Ao mm
|

| INT
sd X7,0(x10) | ERNETTITY
addi X10,X10,8 R

bne X10,X5, LOOP ' BR | WB

Renamed instruction

Valid Value In use

L
p
3
i
5
6
7
8
9

sd P5, 0(P3)

47
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1d
add
sd

addi X10,X10,8

bne
1d
add
sd

([ ]
2-1S
X6,0(X10)
X7,X6,X12

X7,0(X10)

X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)

addi X10,X10,8

bne

1
p
3
4
5
6
7
8
9

-t
o

X10, X5, LOOP

Renamed instruction

ocessor in motion

INT
ﬁll AR |_AQ_ MEM_

INT

48
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What about “lin

Static instructions  Dynamic instructions

LOOP: 1d X10, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP

1d X106, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP
1d X106, 8(X10)
addi X7, X7, 1
bne X160, X0, LOOP
1d X106, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP

Instruction Queue

ONONONONONONONONOC
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What about “linked list"

- For the following C code and it's translation in RISC-V, how many cycles it takes the
processor to issue all instructions? Assume the current PC is already at the first instruction
and this linked list has only three nodes. This processor can fetch 2 instruction per cycle,
with exactly the same register renaming hardware and pipeline as we showed previously.

do {

number of nodes++; LOOP: 1d X100, 8(X10)
addi X7, X7, 1

current = current—>next;
bne X10, X0, LOOP

} while ( current != NULL )

A. 9
B. 1

O O
o = O

m !
w
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What about “lin

Static instructions  Dynamic instructions

X7 is changed by
(8) already!!!

LOOP: 1d X10, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP

1d X106, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP
1d X106, 8(X10)
addi X7, X7, 1
bne X160, X0, LOOP
1d X106, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP

Instruction Queue

What if (6) is
mis-predicted .................

ONONONONONONONONOC
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In which pipeline stage can we have exceptions?

- How many of the following pipeline stages can we have exceptions?
(® |F — page fault, illegal address

@ |D — unknown instruction
® EXE — divide by zero, overflow, underflow
® MEM — page fault, illegal address

60



© © ® O @ @ ®© ® ® ©

1d
add
sd

addi X10,X10,8

bne
1d
add
sd

X6,0(X10)
X7,X6,X12
X7,0(X10)

X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)

addi X10,X10,8

bne

1
p
3
4
5
6
7
8
9

X10, X5, LOOP

Renamed instruction

Physical Register

61

INT [ W

mmm

BR
What if exception occurs here?

I INT

AQ mmmm

Valid Value In use



Speculative Execution

- Any execution of an instruction before a prior instruction finishes is
considered as speculative execution

- Because it's speculative, we need to preserve the capability to
restore to the states before it’'s executed

- Branch mis-prediction
- Exceptions

62



Reorder Buffer (ROB)




Reorder buffer/Commit stage

- Reorder buffer — a buffer keep track of the program order of
Instructions

- Can be combined with IQ or physical registers — make either as a
circular queue

- Commit stage — should the outcome of an instruction be
realized

- An instruction can only leave the pipeline if all it's previous are
committed

- If any prior instruction failed to commit, the instruction should yield
it's ROB entry, restore all it's architectural changes
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1d
add
sd
addi
bne
1d
add
sd
addi
bne

Renamed instruction

1d
add

© 0O NO O & WIN =

10

2-issue RR
X6,0(x10) [N
X7,%X6,X12 | il

X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP

P1, 0(X10)
P2, P1, X12

processor in motion

Physical Register Valid Value In use

65

Valid Value In use




© © ® O @ @ ®© ® ® ©

2-1ssue RR processor in motion

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction
1d p1, o(xze) 4@ head
add P2, P1, X12
sd P2, 0(X10)

addi P3, x10, 8 < tail

Physical Register Valid Value In use Valid Value In use

-

L
p
3
i
5
6
7
8
9

66
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1d
add
sd

addi X10,X10,8

bne
1d
add
sd

X6,0(X10)
X7,X6,X12
X7,0(X10)

X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)

addi X10,X10,8

bne

1
p
3
4
5
6
7
8
9

-t
o

X10, X5, LOOP

Renamed instruction
P1, 0(X10)
P2, P1, X12
P2, 0(X10)
P3, X10, 8
P3, X5, LOOP
P4,

Physical Register

67

Valid Value In use

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
p
3
4
5
6
7
8
9

-t
o

X6,0(X10)

d X7,X6,X12
X7,0(X10)

di X10,X10,8

e X10,X5,LO0P
X6,0(X10)

d X7,X6,X12
X7,0(X10)

di X10,X10,8

e X10,X5,LO0P

Renamed instruction

1d
add
sd
addi
bne
1d
add
sd

P1,
P2,
P2,
P3,
P3,
P4,
P5,
P5,

0(X10)
P1, X12
9(X10)
X10, 8
X5, LOOP
o(P3)
P1, X12
0(P3)

4 head

4 tail

Physical Register

68

Valid Value In use

Valid Value In use




1d
ad
sd
ad
bn
1d
ad
sd
ad

© © ® O @ @ ®© ® ® ©

© 0O NO O & WIN =

10

d

di
e

d

di

X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)
X10,X10, 8
X10, X5, LOOP

Renamed instruction Physical Register Valid Value In use Valid Value In use

P1,

add P2,
sd P2,
addi P3,
bne P3,
1d P4,
add P5,
sd P5,
addi P6,
bne P6,

0(X10)
P1, X12
0(X10)
X10, 8
X5, LOOP
o(P3)
P1, X12
0(P3)
P3, 8
0(X10)

4 iail o9
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2-issue RR l%r&:essor iIn motion

1d  X6,0(X10) WB
L
| |
INT C

| BR

| AR

add X7,X6,X12
Physical Register

sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction

1a p1, exie) 4@ head

Valid Value In use Valid Value In use

add P2, P1, X12 P1
sd P2, 0(X10) P5
addi P3, X10, 8 P3

bne P3, X5, LOOP
1d P4, O(P3)
add P5, P1, X12
sd P5, 0(P3)
addi Pé6, P3, 8
bne P6, 0(X10)

L
p
3
i
5
6
7
8
9

4 tail 70
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2-issue RR l%rocessor iIn motion

1d  X6,08(X10) 'MEM | WB
ﬁ
R

add X7,X6,X12
Physical Register Valid Value In use Valid Value In use

sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P

Renamed instruction

add P2, P1, X12 ‘ head
sd P2, 0(X10)
addi P3, X190, 8
bne P3, X5, LOOP
1d P4, 0(P3)
add P5, P1, X12
sd P5, O(P3)
addi P6, P3, 8
bne P6, 0(X10)

© 0O NO O & WIN =

4 tail 7

10
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2-issue RR &r?ﬂgessor iIn motion

1d  X6,0(X10) 1| AR wB C
add X7,X6,X12 I | INT | WB
sd X7,0(X10) I I I I
addi X10,X19,8 INT C C C
bne X10,X5,LOO0P | BR @ WB
1d  X6,0(X10) | AR AQ
add X7,X6,X12 R I I I
sd  X7,0(X10) R
addi X10,X10,8
Renamed instruction Physical Register Valid Value In use Valid Value In use
. - ¥ ' m o X5
add P2, P1, X12 ‘ head
sd P2, 0(X10)
addi P3, X10, 8
bne P3, X5, LOOP
1d P4, 0(P3)
add P5, P1, X12
sd P5, 0(P3)

addi Pé6, P3, 8
bne P6, 0(X10)

bne X10,X5,LOO0P

© 0O NO O & WIN =

4 iail 72

10
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sd X7,0(X10)

2-issue RR l%rocessor in motion
MEM
addi X10,X10,8

1d X6,0(X10) WB C
| | | AR
C C C C
BR WB C C
AR AQ MEM | WB
| | I | |
bne X10,X5,LOO0P

1 AR
add X7,X6,X12 !
sd  X7,0(X10) ﬂ '
addi X10,X19,8 INT
bne X10,X5,LOO0P |
1d X6,0(X10) :
K
Renamed instruction Physical Register Valid Value In use Valid Value In use

add X7,X6,X12
X5

s« p2, exie) <@ head

addi P3, X10, 8
bne P3, X5, LOOP
1d P4, O(P3)
add P5, P1, X12
sd P5, 0(P3)
addi Pé6, P3, 8
bne P6, 0(X10)

© 0O NO O & WIN =

4 tail 73

10
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sd X7,0(X10)

2-issue RR l%rocessor in motion
MEM
addi X10,X10,8

1d  X6,0(X10) 1 | AR WB
add  X7,X6,X12 | | INT | wB
sd X7,0(X10) ﬂ | | | | AR | AQ
addi X10,X19,8 INT C C C C C
bne X10,X5,LOO0P | BR @ WB C C C
1d X6,0(X10) | AR AQ (MEM | WB C
Iliill I | I I I INT
bne X10,X5,LOO0P
Renamed instruction Physical Register Valid Value In use

add X7,X6,X12
X5

s« p2, exie) <@ head

addi P3, X10, 8
bne P3, X5, LOOP
1d P4, O(P3)
add P5, P1, X12
sd P5, 0(P3)
addi Pé6, P3, 8
bne P6, 0(X10)

© 0O NO O & WIN =

4 tail 7

10




© © ® O @ @ ®© ® ® ©

o @ @
2-i1ssue RR l%rocessor In motion
1d  X6,08(X10) 1 | AR | AQ |MEM | WB
add  X7,X6,X12 | | INT | wB
sd  X7,0(X10) ﬂ | | | | | AR | AQ |MEM
addi X10,X19,8 INT C C C C C C
bne X10,X5,LOO0P | BR @ WB C C C C
1d X6,0(X10) | AR AQ MEM| WB C C

R | | | | | INT WB

R | | |

addi X10,X10,8 INT C C
bne X10,X5,LOO0P ﬂ

add X7,X6,X12
Renamed instruction Physical Register Valid Value In use Valid Value In use

sd X7,0(X10)
X5

s« p2, exie) <@ head

addi P3, X10, 8
bne P3, X5, LOOP
1d P4, O(P3)
add P5, P1, X12
sd P5, 0(P3)
addi Pé6, P3, 8
bne P6, 0(X10)

© 0O NO O & WIN =

4 tail 75

10
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1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)

addi X10,X10,8

bne

© 0O NO O & WIN =

ad
bn

10

sd

X10, X5, LOOP

Renamed instruction

o =

I

P5, 0(P3)
di Pé6, P3, 8
e P6, 0(X19)

2-issue RR l%r§>.=§.:essor iIn motion

e -
| | | | | AR | AQ [MEM | cC

INT c | c | c|lclc ¢ | c

| BR WB C | c | ¢c ¢ | ¢

R | | | | | INT WB C

R | | |

INT cC

| BR | WB

Physical Register Valid Value In use Valid Value In use

X5 P1 1 1
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1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)

addi X10,X10,8
X10, X5, LOOP

Renamed instruction

bne

I ad
[V bn

I sd

2 - 5

P5, 0(P3)
di Pé6, P3, 8
e P6, 0(X19)

2-issue RR l%r§>.=§.:essor iIn motion

R we o
| | | | | AR | AQ [MEM | cC
INT C C C C C C C
i BR WB C C C C C
! AR AQ MEM | WB C C
R I | I I I INT WB C
R | | | | AR | AQ
ﬂ
I BR WB C C
Physical Register Valid Value In use Valid Value In use

X5 P1 1 1 P6
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1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
addi X10,X10,8
bne X10,X5,LOO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)

addi X10,X10,8
X10, X5, LOOP

Renamed instruction

bne

I ad
[V bn

I sd

2 - 5

P5, 0(P3)
di Pé6, P3, 8
e P6, 0(X19)

2-issue RR l%r§>.=§.:essor iIn motion

R we o
| | | | | AR | AQ [MEM | cC
INT C C C C C C C
i BR WB C C C C C
R I | I I I INT WB C
R | | | | AR | AQ | MEM
ﬂ C
I BR WB C C C
Physical Register Valid Value In use Valid Value In use

X5 P1 1 1
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2-issue RR l%r§>.=§.:essor iIn motion

1d  X6,0(X10) 1| AR WB
add  X7,X6,X12 | | INT | wB
sd  X7,0(X10) ﬂ | | | | | AR | AQ [MEM | cC
addi X10,X19,8 INT C C C C C C C
bne X10,X5,LOO0P | BR @ WB C C C C C
1d X6,0(X10) | AR AQ MEM| WB C C C
add X7,X6,X12 R | | I | | INT WB C

R | | | AQ |MEM  C
addi X10,X10,8 INT C C C C c
bne X10,X5,LOO0P | BR | WB C C C
Renamed instruction Physical Register Valid Value In use Valid Value In use

sd X7,0(X10)
ETmAT: 4 taihd % Sl 1 1

L
p
3
i
5
6
7
8
9
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How good is SS/OoO/ROB with this code’?

- Consider the following dynamic instructions
1d X1, 0(X10)

addi X10, X190, 8

add X200, X20, X1

bne X10, X2, LOOP

1d X1, 0(X10)

addi X10, X190, 8

add X200, X20, X1

® bne X106, X2, LOOP

Assume a superscalar processor with issue width as 2 & unlimited physical registers that canlfetcj up to 2
instructions per cycle, 3 cycles to execute a memory instruction how many cycles it takes to igsug all
instructions?

A

Q ©® ® ® ® ® ©

‘i‘l.

O
OINIOT W

m
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How good is SS/O000/ROB w

- Consider the following dynamic instructions

® 1d X1, 0(X10)

® addi X10, X10, 8

® add X20, X20, X1
® bne X100, X2, LOOP

Assume a superscalar processor with issue width as 2 & ur 7=

that can fetch up to 4 instructions per cycle, 3 cycles to exe -f—j @

and the loop will execute for 10,000 times, what's the avera - @ @
S

© 1d X1, 0(X10)
A' 05 ® addi X10, X190, 8
® add X20, X20, X1
B° 075 ® bne X10, X2, LOOP
C. 1 ® 1d X1, 0(X10)
. ® addi X10, X190, 8
D 1 25 @ add X20, X20, X1
P bne X160, X2, LOOP 3 cycles for every 4
1 ® 1d X1, 0(X10) . -
4D add X20, X20, X1 4
@ bne X100, X2, LOOP 89 15



The pipelines of Modern
Processors



Intel Pentium 4

Front-End BTB Instruction TR T
(4K Entries) TLBIPrefe:cher e Svktim
Instruction Decoder Microcode '
¥ ROM
Trace Cache BTB Trace Cache N Q
. [ pop Queue uad
(512 Entries) (12K pops) . Pumped
1 Allocator / Register Renamer 3.2 GB/s
Memory uor Queue ‘ InteierlFloating Point uop Queue r Bus

T e = |

| Integer Register File /| Bypass Network X FP Reqgister / Bypass | l
AGU AGU Slow ALU FP L2 Cache
MMX FP (256K Byte
Load Store Complex SSE Move &way)
Address | | Address Instr. SSE?2
| |
| | — : 48GB/s

L1 Data Cache (8Kbyte 4-way) m

B3




Intel Skylake

32K L1 Instruction
<_
BPU > Cache
Sp— Decoded Icache Legaf:y pecode <
| (DSB) Pipeline
l4 uops/cycle 6 uops/cycle

5 uops/cycle l

Instruction Decode Queue (IDQ,, or micro-op queue)

I 4-issue memory pipeline

4-issue integer pipeline

Allocate/Rename/Retire/MoveElimination/Zeroldiom

\ 4
\ Scheduler /
\ 1/ 256K L2 Cache
A A A A o (Unified)
l Port 0 l Port 1 l Port 5 l Port 6 g LD/STA
Int ALU, Int ALU, Int ALU,
Int ALU,
Vec FMA, Fast LEA, Fast LEA, ) Port 3 -
VecMUL, | | VecFMA, | | VecSHUF, Int Shtt, LD/STA
Vec Add, Vec MUL, Vec ALU, B >
Vec ALU, Vec Add, VT o » 32K L1 Data Cache
Vec Shft, Vec ALY, > =
Divide, Vec Shft, SID >
Branch2 Int MUL,
Slow LEA Port 7
STA

92




Intel Sandy Bridge

Instruction

32k L1 Instruction Cache Pre decod S

Decoders

Branch Pred 1.5k uOP cache

In order

Qut-of-
order

AVX/FP Shuf
AVX/FP Bodl

AN BIChd Memory Cantrol

48 bytes/cycle

L2 Data Cache (MLC)

32k L1 Data Cache



4 inslruclions/cycle

INTEGER

6 ops dispatched

| E

2 loads + 1 store
per cycle

L |
M AU AW Acl

Micro-ops

FLOATING POINT

AMDZN

ZEN MICROARCHITECTURE

.« Fetch Four x86 instructions
Op Cache instructions

b

+ 4 |Integer units

- Large rename space — 168 Registers
~ 192 instructions in flight/8 wide retire

4 2 Load/Store units
~ 72 Out-of-Order Loads supported

4 2 Floating Point units x 128 FMACs
~ builtas 4 pipes, 2 Fadd, 2 Fmul

I-Cache 64K, 4-way
D-Cache 32K, 8-way
L2 Cache 512K, 8-way
Large shared L3 cache
2 threads per core

A A h A h



Announcement

- Reading quiz due next Monday
- Homework #4 due 12/4

- IEval submission — attach your “confirmation” screen, you get an extra/bonus
homework

- Project due on12/2

- You can only turn-in “helper.c”
- mcfutil.c:refresh_potential() creates helperthreads
- mcfutil.c:refresh_potential() calshelper_ thread sync() function periodically

- |t's your task to think whattodoin helper _thread_sync() and helper_thread()
functions

- Please DO READ papers before you ask what to do
- Formula for grading — min(100, speedup*100)
- No extension
- Office hour for Hung-Wei next week — MWF 1p-2p — no office hour this week
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