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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

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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Recap: Scheduling instructions: based on data dependencies

- Draw the data dependency graph, put an arrow if an instruction depends on the other.
® 1d X6,0(X10)

add X7,X6,X12 @ 9

sd X7,0(X10)

addi X10,X10, 8 G G 9

bne X10,X5, LOOP

1d  X6,08(X10) Ci) @

Q ®©@ ©@ ® @ ®

add X7,X6,X12

!
X7,8(X10) (3)

® addi X10,X10,8

bne X10, X5, L00P
- In theory, instructions without dependencies can be executed in parallel or out-of-order
- |Instructions with dependencies can never be reordered

®
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False dependencies

- We are still imited 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 3,9and 5,9and 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 2dd 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 X1@,X§,LOOP

@@@@@@@@@@




Why 000 instead of compilers
- Compiler can only see/optimize static instructions, instructions in m

the compiled binary LOOP: 1d X1, 0(X0)
: . . : : . addi X0, Xo, 4
- Compiler cannot optimize dynamic instructions, the real instruction add X2 X2 X1
sequence when executing the program bne X0, X3, LOOP
- Compiler cannot re-order 3,5 0or 4,5 1d X0, 0(%sp)

1d X1, 4($sp)

- Compiler cannot predict cache misses

- Compiler optimization is constrained by false dependencies due to
limited number of registers (even worse for x86)

+Instructions
1d X1, 0(X0) and

addi X0, X0, 4 1d X1, 0(X09)
do not have a data dependency : addi XO, X0, 4

. Compiler optimizations do not work for all architectures : add X2, X2, X1

o , , o : bne Xo, X3, LOOP
- The code optimization in the previous example works for single pipeline, but not for 1d X1, 0(X0)
superscalar

: addi X0, X0, 4
add X2, X2, X1
: bne X0, X3, LOOP

ONOOT P~ WDN P



Pipeline iIn Tomasulo

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

- Issue () — 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

Fetch/decode instruction —3 RSV# W Value ¥ Speculative:
- —| Unresolved Q - | |
—Instruction Branch  |;— Register Status Table —
[ Queue | |
+ |
> O
S e
. AQ1 INT1 ADD1 MULT BR1
Reservationaq: INT2 ADD2[ MUL2 [
Stations /< w2 7
— ¥ ‘Ié_ e? Floating- Floating- branch
Address AL% Point Adder  Point Mul/Div
Resolution
- : ()
R S-S B DR Common Data Buses (CDBs)
LD1 ST1
LD2 ST2
LD3 ST3 s 0

Address Data 3



Team scores

14.5 11 8



Outline

- Tomasulo's algorithm

- Register Renaming

. SuperScalar

- Simultaneous Multithreading
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Dynamic instruction scheduling/
Out-of-order (Oo00O) execution
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Tomasulo’s Algorithm



Pipeline iIn Tomasulo

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

- Issue () — 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

I DI O
T e s
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Overview of a processor supporting Tomasulo's algorithm

Fetch/decode instruction —3 RSV# W Value ¥ Speculative:
- —| Unresolved Q - | |
—Instruction Branch  |;— Register Status Table —
[ Queue | |
+ |
> O
S e
. AQ1 INT1 ADD1 MULT BR1
Reservationaq: INT2 ADD2[ MUL2 [
Stations /< w2 7
— ¥ ‘Ié_ e? Floating- Floating- branch
Address AL% Point Adder  Point Mul/Div
Resolution
- : ()
R S-S B DR Common Data Buses (CDBs)
LD1 ST1
LD2 ST2
LD3 ST3 s 0

Address Data 5
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1d
add
sd
addi
bne

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

Tomasulo in motion

RSV #

Value

Spec?
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1d
add
sd
addi
bne

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

Tomasulo in motion

RSV #

Value

Spec?
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1d
add
sd
addi
bne

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

Tomasulo in motion

add

[X12]

LD1 2

RSV #

Value

Spec?
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1d
add
sd
addi
bne

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

Tomasulo in motion

1d 0
sd (%)
add

INT1 3

LD1 2

RSV #

Value

Spec?
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1d
add
sd
addi
bne

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

1d 0
sd (%)
add

addi 8

[X12]
[X10]

Tomasulo in motion

INT1 3

LD1 2

RSV #

Value

Spec?
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1d
add
sd
addi
bne

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

1d 0
sd %)
add
addi 8
bne

[X12]
[X10]

[X5]

LD1

INT2

INT1 3

RSV #

Value

Spec?
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1d
add
sd
addi
bne

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

add
addi

bne

LD1
8

[X12]
[X10]

[X5] INT2

INT1

Tomasulo in motion

addi is now ahead of acdd!

RSV #

Value

Spec?
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1d
add
sd
addi
bne

X6,0(X10)

X7,X6,X12
X7,0(X10)
X10, X190, 8
X160, X5, LOOP
X6,0(X10)
X7,X6,X12
X7,0(X10)
X10, X190, 8
X100, X O0PFP
INST
1d (%]
sd (%)
add LD1
addi 8
bne INT2

INT2

[X10]

[X12]
[X10]

[X5]

INT1

RSV #

Value

Spec?




1d X6,0(X10)
add X7,X6,X12

sd  X7,0(X10) N e
addi X10,X10,8 WE add1i is finished

bne X10, X5, LOOP | BR ahead of adc and sd!
X6,0(X10) nmm

add X7,X6,X12 -

sd  X7,0(X10)

addi X10,X10,8

D © ® O ® @ ® ©® ® ©
 —
o

INST RSV # Value Spec?
LD1
::gg 1d 2] INT2 6 LD2 1
ST1 sd 8 [X10] INT1 3 INT2 HNTL 1
ST2 INT2
ST3
INT1 add LD1 [X12] 2
INT2 add [X12] [LD2] 7
MUL1
MUL2

BR bne INT2 [X5] S



D © ® O ® @ ® ©® ® ©

1d
add
sd
addi
bne

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

INT2

[X10]
[X10]

[X12]

INT1

[LD2]

INT2

RSV #

Value

Spec?




D © ® O ® @ ® ©® ® ©

1d
add
sd
addi
bne

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

1d 0
sd (%)
sd 0
add 8
add

INT2

[X10]
[X10]

INT2
[X12]

INT1

[LD2]

INT2

RSV #

Value

Spec?




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

D © ® O ® @ ® ©® ® ©
 —
o

nov # Value Spec?



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

D © ® O ® @ ® ©® ® ©
 —
o

value Spec?

LD2



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

D © ® O ® @ ® ©® ® ©
 —
o

sd 5 [X10] INT2

add 8 INT2
add [X12] [LD2] 7

br [X5] INT1 10



D © ® O ® @ ® ©® ® ©

1 X10,X10,8

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

sd 5 [X10] INT2

add 8 INT?2

br [X5] INT1 10



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

®@ Q @ ©@ ® ® ® ©
o
-
o

©
Q
o
D O
|_I

——— k2t 7 —

br [X5] INT1 10



Tomasulo in motion

® 1d X6,0(X10) D MEM | WB
® add X7,X6,X12 INT | WB
® sd  X7,0(X10) n 1 [ MEM | wB
® addi X10,X10,8 WB
® bne X10,X5,L00P | | BR | wB
o 10 x6,00xi0 nmmnmm
® add X7,X6,X12 INT
sd X7,0(X10) AR MEM
o s Jmeba) Takes 13 cycles to “E .NT -
10 bpne X10,X O0P I 1€ C i ) i
INST Vj Vet N ,_ N et #

LD1
LD2
LD3
ST1
ST2
ST3
INT1 add 8 INT2 9
|\ —adg—i¥@xz—vwzy—y

MUL1

MUL2

BR

br [X5] INT1 10



Register renaming

- K. C. Yeager, "The Mips R10000 superscalar microprocessor,” in IEEE Micro, vol. 16, no. 2,

pp. 28-41, April 1996.

- R.E.Kessler, “The Alpha 21264 microprocessor,” in IEEE Micro, vol. 19, no. 2, pp. 24-36,

March-April 1999. 33



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



Recap: Why is B better than A?

inline int popcount(uinté4_t x){

int c=0;
while(x) A and x2, x1, 1
c += x & 1; add x3, x3, x2
X = X > 1; shr x1, x1, 1
} bne x1, x0, LOOP
) return c; 4*n instructions
and x1, 1 and 1
add X3, X2 shr 1
inline int popcount(uinté4_t x) { shr x1, 1 shr 2
int ¢ = 0; and x1, 1 shr 3
while(x) { add X3, X2 shr 4
c += x & 1; shr x1, 1 and 1
X = X > 1; * and x1, 1 and 1
c += x & 1; add X3, X2 and 1
X =X >> 1; shr x1, 1 add X2
c += x & 1; and x1, 1 add X7
X =X >> 1; add X3, X2 add X8
c += x & 1; shr x1, 1 add X9
X =X >> 1; bne x0, LOOP bne LOOP
} * ~ o s .
return c 13*(n/4) = 3.25*n Iinstructions
} ;s Only one branch for four iterations in A




Recap: Why is B better than A?

and
add
shr
and
add
shr
and
add
shr
and
add
shr
bne

36

and
shr
shr
shr
shr
and
and
and
add
add
add
add
bne

W www OO0

- - - - - - - -

X1,
X1,
X1,



Register renaming

- Decouple "reservation stations” from functional units

- Provide a set of "physical registers” and a mapping table mapping
"architectural registers” to "physical registers”

- Allocate a physical register for a new output

. Stages
- Dispatch/Rename (R) — allocate a “physical register” for the output of a
decoded instruction

- Issue (l) — 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

37



Overview of a processor supporting regis
Fetch/decode instruction

©
: i P
Renaming Unresolved __Physical ==
. Branch X1 register # o3 [
logic X2 P4

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

Address Integer Floating- Floating- IBranzch

Resolution ALU Point Adder Point Mul/Div

5488 S
— Load — — Store

— Queue - — Queue -
Address




© © ® O @ © ® © & O

Rﬁﬂister renaming 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)

1
2
3
4
5
6
7
8
9

39
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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

Rﬁﬁister renaming in motion

1
2
3
4
5
6
7
8
9

40
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1d X6,0(X10)
add X7,X6,X12
sd  X7,0(X10) R
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
sd P2, 0(X10)

Rﬁﬁister renaming in motion

41
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Rﬁﬁister renaming 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
sd P2, 0(X10)
addi P3, X10, 8

1
2
3
4
5
6
7
8
9

42
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Rﬁﬂister renaming 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
sd P2, 0(X10)
addi P3, X10, 8
bne P3, X5, LOOP

1
2
3
4
5
6
7
8
9

43
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Reaqist
1d  X6,0(X10) ﬁ

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
sd P2, 0(X10)
addi P3, X10, 8
bne P3, X5, LOOP
1d P4, o(P3)

1
2
3
4
5
6
7
8
9

44
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Reaister renamin
1d  X6,0(X10) ﬁ g

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

add X7,X6,X12 R
sd X7,0(X10)

add1i X10,X10,8

bne X10,X5, LOOP

Renamed instruction Physical Register Valid Value Inuse Valid Value Inuse

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

© 0O NO O~ WDN =

45
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1d
add
sd
addi
bne
1d
add
sd
addi
bne

1d

sd

© 0O NO O~ WDN =

10

bne P3, X5, LOOP

Reaist
X6,0(X10) ﬁ

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

il ]

P4, 0(P3)

add P5, P1, X12

P5, 0(P3)

Physical Register

46

Valid Value Inuse

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

©O 0O NO O A~ WNDN=

10

Reaist
X6,0(X10) ﬁ

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

bne
1d
add
sd
addi

P6,

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

Physical Register

a7
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Rﬁﬁist Ing 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

2 - 5

P2, 0(X10)

) I

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

©O 0O NO O A~ WNDN=

48

10
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Rﬁﬁist Ing 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

2 - 5

P2, 0(X10)

) I

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

©O 0O NO O A~ WNDN=

10 49
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Rﬁﬁist Ing 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

2 - 5

©O 0O NO O A~ WNDN=

10 50
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Rﬁﬁist Ing 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 R
sd X7,0(X10)

add1i X10,X10,8

bne X10,X5, LOOP

Renamed instruction Physical Register

| BR | WB_
AR LSQ_ MEM | WB_
I I I I

INT WB

1
2
3
4
5
6
7
8

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

1
2
3
4
5
6
7
8
9

sd

Reaist
X6,0(X10) ﬁ

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

P5, 0(P3)

([VJ8 bne P6, 0(X10)

Physical Register

52
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ming in motion

WB
i
I

Regl
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

1
2
3
4
5
6
7
8
9

sd P5, O(P3)

53
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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)

54
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Throu

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

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

Instruction Queue



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)
current = current->next; gddl X7, X7, 1
} while ( current != NULL ) ne X160, X9, LOOP
A. 9

B.

m oo
w N — O

56



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)
current = current->next; gddl X7, X7, 1
} while ( current != NULL ) ne X160, X9, LOOP
A. 9

B.

m oo
w N — O

57



What about "link

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

58



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.

O O
o = O

rm
w

59
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©

Rﬁﬂister renaming in motion

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

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

1
2
3
4
5
6
7
8
9

60

-
o



®@ Q0 @ ©@ ® ©®@ ® O

©

Rﬁﬂister renaming in motion

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

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

1
2
3
4
5
6
7
8
9

61
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©

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

P1, Xo, LOOP

Physical Register

Rﬁﬁister renaming in motion

Valid Value Inuse

Valid Value Inuse

62
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Reg
1d X109, 8(X10)

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

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

1
2
3
4
5
6
7
8
9

-
o

Physical Register

63

iIster renaming in motion

Valid Value Inuse

Valid Value Inuse
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©

Rﬁﬂister renaming in motion
1d X10, 8(X10)

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

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

1
2
3
4
5
6
7
8
9

64
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Rﬁﬂister enaming in motion
1d X10, 8(X10)

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

Renamed instruction Physical Register Valid Value Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, X7, 1
bne P1, Xo, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP

1
2
3
4
5
6
7
8
9

65
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Reaister
1d X109, 8(X10) ﬁ

addi X7, X7, 1
bne X160, X0, LOOP
1d X109, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP
1d X110, 8(X10) R
addi X7, X7, 1

bne X10, X0, LOOP

Renamed instruction Physical Register Valid Value Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, X7, 1
bne P1, Xo, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP
1d P5, 0(P3)

1
2
3
4
5
6
7
8
9
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©

Reaister
1d X109, 8(X10) ﬁ

addi X7, X7, 1
bne X160, X0, LOOP
1d X109, 8(X10)
addi X7, X7, 1
bne X10, X0, LOOP
1d X110, 8(X10) R |
addi X7, X7, 1
bne X10, X0, LOOP

Renamed instruction Physical Register Valid Value Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, X7, 1
bne P1, Xo, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP
1d P5, 0(P3)
add P6, P4, 1

1
2
3
4
5
6
7
8
9
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iIster renaming in motion

Reg
1d X109, 8(X10)

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

Renamed instruction Physical Register
1d P1, 0(X10)
add P2, X7, 1
bne P1, Xo, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP
1d P5, 0(P3)
add P6, P4, 1
bne P5, XO, LOOP

1
2
3
4
5
6
7
8
9
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iIster renaming in motion

Reg
1d X109, 8(X10)

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

Renamed instruction Physical Register
1d P1, 0(X10)
add P2, X7, 1
bne P1, Xo, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP
1d P5, 0(P3)
add P6, P4, 1
bne P5, XO, LOOP

1
2
3
4
5
6
7
8
9
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iIster renaming in motion

Reg
1d X109, 8(X10)

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

Renamed instruction Physical Register
1d P1, 0(X10)
add P2, X7, 1
bne P1, Xo, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP
1d P5, 0(P3)
add P6, P4, 1
bne P5, XO, LOOP

1
2
3
4
5
6
7
8
9
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:
Q
5
3
O
.
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Reg
1d X109, 8(X10)

addi X7, X7, 1
bne X160, X0, LOOP
1d X10, 8(X10)
addi X7, X7, 1
bne X160, X0, LOOP
1d X109, 8(X10) AR LSQ MEM WB
bne  X10, X@, LOOP RN

Renamed instruction Physical Register Valid Value Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, X7, 1
bne P1, XO, LOOP
1d P3, 0(P1)
add P4, P2, 1
bne P3, X0, LOOP
1d P5, 0(P3)

add P6, P4, 1
bne P5, X0, LOOP

1
2
3
4
5
6
7
8
9

71
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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

/3



Super Scalar Pipeline

; ALU =
nstruction T "co'ste" BIN 1ssue/ ‘A MmuL/piv EEER MUL/DIV

Decode renaming wag schedule 8| ( : 2
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 Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, P1, X12

1
2
3
4
5
6
7
8
9

76
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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 Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, P1, X12
sd P2, 0(X10)
addi P3, X110, 8

RR processor in motion

1
2
3
4
5
6
7
8
9

77
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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 Inuse Valid Value Inuse
1d P1, 0(X10)
add P2, P1, X12
sd P2, 0(X10)
addi P3, X10, 8
bne P3, X5, LOOP
1d P4, o(P3)

1
2
3
4
5
6
7
8
9
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

1
2
3
4
5
6
7
8
9

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

Physical Register

79

rocessor in motion

Valid Value Inuse

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
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

80

rocessor in motion

Valid Value Inuse

Valid Value Inuse
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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

1d
add
sd
addi
bne

P4,
P5,
P5,
P6,
P6,

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

Physical Register

81

Valid Value Inuse

Valid Value Inuse
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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

1d
add
sd
addi
bne

P6,

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

Physical Register

82

Valid Value Inuse

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

©O 0O NO O A~ WNDN=

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 Physical Register Valid Value Inuse

add
sd

P2, 0(X10)

) I

P4, 0(P3)
P5, P1, X12
P5, 9(P3)

addi P6, P3, 8

bne

P6, 0(X10) 83
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1d
ad
sd
ad
bn
1d
ad
sd
ad
bn

©O 0O NO O A~ WNDN=

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 Physical Register Valid Value Inuse

add
sd

2 - 5

P2,

9(X10)

) I

P4, 0(P3)
P5, P1, X12
P5, 9(P3)

addi P6, P3, 8

bne

P6, 0(X10) 84
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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 Inuse

2 - 5

P2,

9(X10)

u [} J I ®

) I

)

P5, P1, X12
P5, 9(P3)

©O 0O NO O A~ WNDN=

J J

P6, 0(X10) 85
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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 Inuse

2 - 5

P2,

9(X10)

u [} J I ®

) I

)

P5, P1, X12
P5, 9(P3)

©O 0O NO O A~ WNDN=

J J

P6, 0(X10) 86
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1d
add
sd
addi
bne
1d
add
sd
addi
bne

1
2
3
4
5
6
7
8

©

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 Inuse
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2-1ssue RR processor in motion
1d  X6,0(X10) R | | AR | AQ |MEM | WB
add X7,X6,X12 | | INT | WB

sd  X7,0(X10) | I 1 | I | AR  AQ | MEM

addi X10,X10,8
bne X10,X5,LOO0P BR

WB

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

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

Renamed instruction

INT WB

Takes g
issue all in

I WB

Valid Value Inuse Valid Value Inuse

2 - 5

P5, 0(P3)

\J I [7 @

sd

©O 0O NO O A~ WNDN=

88
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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 Inuse

1
2
3
4
5
6
7
8
9

sd P5, O(P3)

89
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INT

Valid Value Inuse Valid Value Inuse

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
2
3
4
5
6
7
8
9

90
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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
B. 1

O
1
12

3

m o O
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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
B. 1

mo o
w N - O
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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
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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

0
-1 SuperScalar does not help!!!
2

O O

I

3
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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
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Announcement

- Project is up — check the website
- Assignment #4 is up — start EARLY!!!

. Office Hours on Zoom (the office hour link, not the lecture one)
- Hung-Wei/Prof. Usagi: M 8p-9p, W 2p-3p

- Quan Fan: F1p-3p

- Regarding projected grades

- Based on your "weighted total” column in iLearn — we only have
50% offered so far, that's why the max is only 48 now

- Our final grading is based on “relative ranking"” and scale may
change

III
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