Dynamic Instruction Scheduling
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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

4

- This instruction has completed its own work in the current stage
- No other instruction is occupying the next stage
- The next stage has all its inputs ready
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Tomasulo in motion

® 1d X6,0(X10) MEM | WB
® add X7,X6,X12 INT | WB
® sd  X7,0(X10) n 1 [ MEM | wB
® addi X10,X190,8 WB
® bne X10,X5,LO0P | | BR | wB
© 1d X6,0(x10) nmmnmm
Zjd i;gfxi;? no reservation station for add! B “ o ﬁ_ —
® addi X10,X19,8 lakes 15 CVCIeS o E INT | WB
10 _bpne X10,X5,L00F ' 1e alli 1cti |

INST Vj VK f \ ot # N S T

8 INT?2 9
W

br [X5] INT1 10



Overview of a processor supporting regis
Fetch/decode instruction

©
- i P
Renaming Unresolved fehgﬁgf; =L
i Branch p3 [
logic X2 P4

.v—. . Register - Physical
- — mapping table\p”'NR‘i‘l'sters
- Instruction — i |
I Queue =

Address Integer Floating- Floating- :Branzch

Resolution ALU Point Adder Point Mul/Div

5488 S
— Load — — Store

— Queue - — Queue -
Address
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Rec |ster renaming in motion

1d  X6,0(X10) R AR | LSQ | MEM | WB

add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction

Takes 12 cycles to AR LS
issue all instructions

Physical Register Valid Value Inuse Valid Value Inuse
1 1 1 1

P1
P5
P3

1
2
3
4
5
6
7
8
9

sd P5, O(P3)

-
o



Overview of a processor supporting regis
Fetch/decode instruction

. . Renaming | Unresolved fehgyii‘e’f; as=
What if we widenthe  |ogic Branch [, Ei |
pipeline to fetch/issue ] Register - Physical
two instructions at the — - mapping table Wsters
same time? 1struction — i |
£ Queue =
]
Address Integer Floating- Floating- IBraanh
Resolution ALU Point Adder Point Mul/Div
Sy&8 2
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Address




Recap: Super Scalar Pipeline

nstruction T "co'te" AN 1ssue/ B MuL/DIV MUL/DIV MUL/DIV

Decode renaming erug o - hedule B | 1 : 2 : 3
logic : :

Address 3N Address
Resolution Queue

Fetfch Issue
wign | e

Branch

predictor

Front-end Back-end



Overview of a processor supporting regis
Fetch/decode instruction

. . Renaming | Unresolved fehgyii‘e’f; as=
What if we widenthe  |ogic Branch [, Ei |
pipeline to fetch/issue ] Register - Physical
two instructions at the — - mapping table Wsters
same time? 1struction — i |
£ Queue =
]
Address Integer Floating- Floating- IBraanh
Resolution ALU Point Adder Point Mul/Div
Sy&8 2
— Load — — Store

— Queue - — Queue -
Address
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2-1ssue RR processor in motion

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

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

’
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2-I1SSU
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register Valid Value In use Valid Value In use
1d P1, 0(X10)
add P2, P1, X12
sd P2, 0(X10)
addi P3, X110, 8

RR processor in motion

1
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2-issue RR processor in motion

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register Valid Value In use Valid Value In use
1d P1, 0(X10)
add P2, P1, X12
sd P2, 0(X10)
addi P3, X10, 8
bne P3, X5, LOOP
1d P4, 0(P3)

1
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4
5
6
7
8
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
p
3
4
5
6
7
8
)
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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
0(X10)
X10, 8
X5, LOOP
0(P3)
P1, X12
o(P3)

Physical Register

12

rocessor in motion

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
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X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

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

Physical Register

13

rocessor in motion

Valid Value In use

Valid Value In use



© © ® O @ © ® © & O

1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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10

X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

1d
add
sd
addi
bne

P4,
P5,
PS5,
P6,
P6,

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

Physical Register
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Valid Value In use

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

1d
add
sd
addi
bne

P6,

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

Physical Register

15

Valid Value In use

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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10

d

di
e

d

di
e

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,
=T

P4,

add P5,
sd P5,
addi Pé,

bne

P6,

2 - 5

9(X10)

I

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

Physical Register

16

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

add
sd
addi
bne

P2,
P4,
P5,
PS5,
P6,
P6,

2 - 5

9(X10)

I

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

Physical Register

17

Valid Value In use
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1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0O0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register Valid Value In use

2 - 5

P2,

9(X10)

u [} J I ®

) I

)

P5, P1, X12
P5, 9(P3)

© 00O NO G &~ WD =

J J

P6, 0(X10) 18

10
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1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0O0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register Valid Value In use

2 - 5

P2,

9(X10)

u [} J I ®

) I

)

P5, P1, X12
P5, 9(P3)

© 00O NO G &~ WD =

J J

P6, 0(X10) 9

10
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1d
add
sd

addi X10,X10,8

bne
1d
add
sd

addi X10,X10,8

bne

1
p
3
4
5
6
7
8
)

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

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

X10, X5, LOOP

Renamed instruction

Physical Register

Valid Value In use
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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2-issue R

X6,0(X10) R

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

2 - 5

P5, 0(P3)

\J I [7 @

sd

et

Orocessor in motion

AQ MEM | WB

L e e
L a o e

BR WB

AR o | MEm | wo

i AR

INT WB

Takes g
issue all in

I WB

Valid Value In use Valid Value In use

21
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[ ] [ ]
2-issue RR ﬁrocessor In motion
sd  X7,06(x10) 1| 1 | AR | AQ |MEM
addi X10,X10,8

1d  X6,0(X10) AQ mm

add X7,X6,X12 R INT

addi X10,X10,8

bne X10,X5,L0O0P mm

1d X6,0(X10)
add X7,X6,X12 CINT | WB
|
bne X10,X5,L0OO0P
sd X7,0(X10)
Renamed instruction

Valid Value In use

1
p
3
4
5
6
7
8
)

sd P5, O(P3)

22
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INT

Valid Value In use Valid Value In use

2-issue RR ﬁrocessor In motion
sd X7,0(X10) 1| 1 | AR | AQ | MEM
addi X10,X10,8

1d  X6,0(X10) AQ mm

add X7,X6,X12 R

addi X10,X10,8

bne X10,X5, LOOP

1d X6,0(X10)
add X7,X6,X12 CINT | WB
|
bne X10,X5,L0OO0P
sd X7,0(X10)
Renamed instruction

1
p
3
4
5
6
7
8
)
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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2-issue R

X6,0(X10) R

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

2 - 5

P5, 0(P3)

\J I [7 @

sd

et

Orocessor in motion

AQ MEM | WB

L e e
L a o e

BR WB

AR o | MEm | wo

i AR

INT WB

Takes g
issue all in

I WB

Valid Value In use Valid Value In use
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https://www.pollev.com/hungweitseng close in 1:30

Revisit the swap

- For the following RISC-V implementation of the swap function using XOR, how many cycles it takes the processor
to issue all instructions? Assume the current PC is already at the first instruction. This processor fetches 2
instruction per cycle, with exactly the same register renaming hardware and pipeline as we showed previously.

@ 1d X6, 0(X10)
@ 1d X7, 0(X11)
® add X8, X6, XO
@ add X6, X7, X0
® add X7, X8, X@
©® sd X6, 0(X10)
@ sd X7, 0(X11) )
Swap
A. 5
B. 7/
C.9
D. 1
E. 13




Revisit the swap

- For the following RISC-V implementation of the swap function using XOR, how many cycles it takes the processor
to issue all instructions? Assume the current PC is already at the first instruction. This processor fetches 2
instruction per cycle, with exactly the same register renaming hardware and pipeline as we showed previously.

® 1d X6, 0(X10)
® 1d X7, 0(X11)
® add X8, X6, X0
® add X6, X7, X0
® add X7, X8, X0

® sd X6, 0(X10) =

@ sd X7, 0(X11) o

@]

A 5 c

B. 7 O

afd

:

D. 11 o

e

E. 13 72

<
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Revisit the XOR swap

- For the following RISC-V implementation of the swap function using XOR, how many cycles it takes the processor
to issue all instructions? Assume the current PC is already at the first instruction. This processor fetches 2
instruction per cycle, with exactly the same register renaming hardware and pipeline as we showed previously.

® 1d X6, 0(X109)
@ 1d X7, 0(X11)
® xor X6, X6, X7
® Xxor X7, X7, X6
® xor X6, X6, X7
® sd X6, 0(X10)
@ sd X7, 0(X11) _
XorSwap
A 4
B. 6
C. 8
D. 10
E. 12




Revisit the XOR swap

- For the following RISC-V implementation of the swap function using XOR, how many cycles it takes the processor
to issue all instructions? Assume the current PC is already at the first instruction. This processor fetches 2
instruction per cycle, with exactly the same register renaming hardware and pipeline as we showed previously.

@ 1d X6, 0(X10)
® 1d X7, 0(X11)
® xor X6, X6, X7
@ Xxor X7, X7, X6
® Xxor X6, X6, X7

® sd X6, 0(X10) =

® sd X7, 0(X11) g

@}

A. 4 -

B. 6 O

e

C. 8 O

D. 10 o

ajd

z

<
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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)
current = current->next; addi X7, X7, 1

} while ( current != NULL ) bne X160, X@, LOOP

[ |
A. 9 . LinkedList2

B. 1

mo o
w N - O

35 A A C D .



What about “lin

Static instructions  Dynamic instructions

LOOP: 1d X106, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP

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

Instruction Queue

ONONONONONONONONO

39



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. 10
.11

2

O O

m
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What about “lin

Static instructions  Dynamic instructions

X7 is changed by
(8) already!!!

LOOP: 1d X106, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP

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

Instruction Queue

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

ONONONONONONONONO

41
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In which pipeline stage can we change the next PC?

- How many of the following pipeline stages can we have exceptions?
IF
1D
EXE
MEM

Exceptions

MOOWW>»E60E 06
=
Wy

oo O DN -

42 A B C D E



In which pipeline stage can we change the next PC?

- How many of the following pipeline stages can we have exceptions?

@® IF — page fault, illegal address — jump to page fault handler
@ |D — unknown instruction — jump to some exception handler

® EXE —divide by zero, overflow, underflow — jump to exception handler
® MEM — page fault, illegal address — jump to page fault handler

46



What about “lin list”

ll .........
|mml X7 is
Static instructions  Dynamic instructions (9 8 changed
by (8
L00P: 1d X160, 8(X10)  © 14 510 A(YI0] [ wesffsios | bV (8)
addi X7, X7. 1 ® ILP is low because of data mﬁ already!!!
bne X10, X0, LOOP @ dependencies | B At e
® 1d X10, 8(X10) - fWastefislots
® addi X7, X7’ T =Ry ooy OO R
® bne X10, X0, LOOP 6 7
@ 1d Xl@’ 8(X1@) What if (6) is .................
® addi X7, X7, 1 . .
® bne X10, X0, LOOP mis-predicted -.--.--..... ...

a7



© © ® O @ © ® © & O

1d
ad
sd
ad
bn
1d
ad
sd
ad
bn
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X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

addi

a4 What if exception occurs here?
R | | | | | INT WB

AQ | _AQ__AQ_ MEM_WB_
WB
| BR | we

Physical Register Valid Value In use

48



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
- EXxceptions

49



Reorder Buffer (ROB)




Reorder buffer/Commit stage

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

- Can be combined with 1Q or physical registers — make either as a
circular queue

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

- Aninstruction 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

57



Pipeline SuperScaIar/OoO/ROB

instruction TN c9'Ster BN oo/ % MUL/DIV MUL/DIV MUL/DIV

Decode renaming grug o hedule 1 : 2 : 3
logic : :

Address 3N Address
Resolution Queue

Fetfch Issue
wign |11 e

Branch

predictor

Front-end Back-end
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2-1ssue RR processor in motion

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

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

1
2
3
4
5
6
7
8
9

53
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2-I1SSU
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

RR processor in motion

Physical Register Valid Value Inuse Valid Value Inuse

Renamed instruction
1d P1, 0(X10) ‘ head
add P2, P1, X12
sd P2, 0(X10)
addi P3, x10, 8 < tail

-

1
2
3
4
5
6
7
8
9

54
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1d
add
sd
addi
bne
1d
add
sd
addi
bne

1
2
3
4
5
6
7
8
9

-
o

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

processor in motion

Physical Register Valid Value Inuse

55

Valid Value Inuse
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
2
3
4
5
6
7
8
9

-
o

X6,0(X10)
d X7,X6,X12
X7,0(X10)
di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

1d
add
sd
addi
bne
1d
add
sd

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

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

4 head

4 tail

Physical Register

56

rocessor in motion

Valid Value Inuse

Valid Value Inuse




© © ® O @ © ® © & O

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

© 0O NO O~ WDN =

10

X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

add
sd
addi
bne
1d
add
sd
addi
bne

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

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

4 tail

Physical Register

57

rocessor in motion

Valid Value Inuse

Valid Value Inuse



1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
X10, X5, LOOP

Renamed instruction Physical Register Valid Value Inuse Valid Value Inuse
0(x10)
add P2, P1, X12
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)

© © ® O @ © ® © & O

©O 0O NO O A~ WNDN=

4 tail >8

10




© © ® O @ © ® © & O

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction

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

Physical Register Valid Value Inuse Valid Value Inuse

©O 0O NO O A~ WNDN=

4 tail >

10




© © ® O @ © ® © & O

1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5,L0OO0P
1d X6,0(X10)
add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction

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

Physical Register Valid Value Inuse Valid Value Inuse

©O 0O NO O A~ WNDN=

4 tail o0

10




© © ® O @ © ® © & O

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

©O 0O NO O A~ WNDN=

10

X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

sd
addi
bne
1d
add
sd
addi
bne

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

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

4 head

4 tail

Physical Register

61

Valid Value Inuse

Valid Value Inuse




© © ® O @ © ® © & O

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

©O 0O NO O A~ WNDN=

10

X6,0(X10)
d X7,X6,X12
X7,0(X10)
di X10,X10,8

e X10,X5,LO00P
X6,0(X10)

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

di X10,X10,8

e X10,X5,LO00P

Renamed instruction

sd
addi
bne
1d
add
sd
addi
bne

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

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

4 head

4 tail

Physical Register

62

C
wr we | o

I AR AQ
C C C
C C C
I!!II“'!!!"'!!'I
I I INT

Valid Value Inuse




© © ® O @ © ® © & O

1d  X6,0(X10)

c
add  X7,X6,X12 INT | WB | C

sd X7,0(X10) | AR | AQ | MEM
addi X10,X10,8 C C C C
bne X10,X5,L0O0P C C C C
1d X6,0(X10) MEM| WB C C
add X7,X6,X12 R | | | | | INT WB
| | |
INT C C
| BR | WB

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

Physical Register Valid Value Inuse Valid Value Inuse
P1 1 1

bne X10,X5,L0O0P

Renamed instruction

s b2, o(xie) <@ head

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

©O 0O NO O A~ WNDN=

4 itail o3

10




© © ® O @ © ® © & O

©O 0O NO O A~ WNDN=

-
o

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

sd
addi P6, P3, 8
bne

X6,0(X10)

C
X7,X6,%X12 INT m

X7,0(X10) | AR | AQ | MEM
X10,X10,8 C C C C
X10, X5, LOOP C C C C
X6,0(X10) MEM| WB C C

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

Renamed instruction Physical Register

- =

I

P5, 0(P3)

P6, 0(X10)



© © ® O @ © ® © & O

1d  X6,0(X10)

c
add  X7,X6,X12 INT | WB | C

sd X7,0(X10) | AR | AQ | MEM
addi X10,X10,8 C C C C
bne X10,X5,L0O0P C C C C
1d X6,0(X10) MEM| WB C C

add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register

2 - 5

8 K P5,
M addi Pé6, P3, 8
([VJ8 bne P6, 0(X10)




© © ® O @ © ® © & O

1d  X6,0(X10)

c
add  X7,X6,X12 INT | WB | C

sd X7,0(X10) | AR | AQ | MEM
addi X10,X10,8 C C C C
bne X10,X5,L0O0P C C C C
1d X6,0(X10) MEM| WB C C

add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register

2 - 5

8 K P5,
M addi Pé6, P3, 8
([VJ8 bne P6, 0(X10)




© © ® O @ © ® © & O

1d  X6,0(X10)

c
add  X7,X6,X12 INT | WB | C

sd X7,0(X10) | AR | AQ | MEM
addi X10,X10,8 C C C C
bne X10,X5,L0O0P C C C C
1d X6,0(X10) MEM| WB C C

add X7,X6,X12
sd X7,0(X10)
add1i X10,X10,8
bne X10,X5, LOOP

Renamed instruction Physical Register

2 - 5

©O 0O NO O A~ WNDN=

10



O]

Q ® © ® ® ©

1d
addi
add
bne
1d
addi
add
bne

https://www.pollev.com/hungweitseng close in 1:30

How good is SS/000/ROB with this code?

- Consider the following dynamic instructions

X1, 0(X10)
X10, X10, 8
X20, X20, X1
X10, X2, LOOP
X1, 0(X10)
X10, X10, 8
X20, X20, X1
X10, X2, LOOP

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

A.

mooOw
© N oW

1

SS




How good is SS/OoO/ROB with this code’?

- Consider the following dynamic instructions

® 1d X1, 0(X10)
addi X10, X190, 8
add X20, X200, X1
bne X10, X2, LOOP
1d X1, 0(X10)
addi X10, X10, 8
add X20, X200, X1
® bne X10, X2, LOOP

Q ®©@ ©® ® ©® ®

instructions per cycle, 3 cycles to execute a memory instruction how many cycles it takes to i$sug
instructions?

A

O W

‘i‘l

.3
. 5
./
. 9

m

72



https://www.pollev.com/hungweitseng close in 1:30

How good is SS/000/ROB with this code?

- 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 & unlimited physical registers
that can fetch up to 4 instructions per cycle, 3 cycles to execute a memory instruction
and the loop will execute for 10,000 times, what's the average CPI?

A. 0.5 _
B. 0.75 |
C. 1

D. 1.25
E. 15

73 A B C D E



How good is SS/000/ROB w

- Consider the following dynamic instructions

® 1d X1, 0(X10)

® addi X10, X10, 8
® add X20, X20, X1
® bne X10, X2, LOOP

Assume a superscalar processor with issue width as 2 & u :
that can fetch up to 4 instructions per cycle, 3 cycles to exe = @ @
and the loop will execute for 10,000 times, what's the avere :,

® 1d
A 05 ® addi
® add
B. 0.75 o>  bne
® 1d
C° 1 ® addi
©) add
D. 1.25 e
® 1d
E. 1.5 addl
4D add
@ bne

X1, 0(X10)
X106, X10, 8
X20, X20, X1
X160, X2, LOOP
X1, 0(X10)
X106, X10, 8
X20, X20, X1
X106, X2, LOOP
X1, 0(X10)
X106, X10, 8
X20, X20, X1
X10, X2, LOOP 77

a@@
(15) (16

3 cycles for every 4
instructions

- 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

80




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



Putting it all together



Pipeline SuperScaIar/OoO/ROB

instruction TN c9'Ster BN oo/ % MUL/DIV MUL/DIV MUL/DIV

Decode renaming grug o hedule 1 : 2 : 3
logic : :

Address 3N Address
Resolution Queue

Fetfch Issue
wign |11 e

Branch

predictor

Front-end Back-end



Static instructions  Dynamic instructions
[ 7

ILI5 'i‘S‘|OV;I Béi:ause the data

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

LOOP: 1d X106, 8(X10)
addi X7, X7, 1
bne X100, X0, LOOP

ONONONONONONONONO
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Demo: ILP within a program

- perf is a tool that captures performance counters of your
processors and can generate results like branch mis-prediction
rate, cache miss rates and ILP.

86



Annhouncements

Assignment #3 due this Wednesday
Final exam will be online
Reading Quiz due next Monday

Project is released
- Please check website to the link of GitHub repo
- You may discuss, but each needs an individual/distinguishable
version of code
- You need to write a brief report

- Grading rubrics
- 20% — report
- 20% — if you code can compile and run

- 60% — performance based. The sample prefetcher is the baseline.
We calculate your score at this part using min(Speedup-1, 1). If you
can speedup by 2, you score full credits in this part

- Due 11/29 — no extension
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