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Module 7 - Problems:
Pipelined processor design
Introduction to computers II
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 Multicycle (correct result in 12 cycles):
o t1 = 22+5 = 27
o t3 = 27+22 = 49
o t4 = 27+15 = 42

121110987654321

WBEXIDIFaddi t1,t2,5

WBEXIDIFadd t3,t1,t2

WBEXIDIFaddi t4,t1,15

Instructions 2 and 3 read t1 from the RF after
instruction 1 updates t1 in the RF
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 Pipelined without hazard management (incorrect result in 7 cycles):
o t1 = 22+5 = 27
o t3 = 11+22 = 33
o t4 = 11+15 = 26

987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

Data hazard in t1:
Instructions 2 and 3 read t1 from the RF before

instruction 1 updates t1 in the RF
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 Pipelined without hazard management + NOP
(correct result in 10 cycles):
o t1 = 22+5 = 27
o t3 = 27+22 = 49
o t4 = 27+15 = 42

10987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

Instructions 5 and 6 read t1 from the RF after
instruction 1 updates t1 in the RF
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 Pipelined (correct result in 7 cycles):
o t1 = 22+5 = 27
o t3 = (22+5)+22 = 49
o t4 = (22+5)+15 = 42

987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

IM RF DM RFAL
U

IM RF DM RFAL
U

4321 8765 9

addi t1, t2, 5

add t3, t1, t2

addi t4, t1, 15

IM RF DM RFAL
U

t1

The value of t1 is forwarded to
the EX stage of instruction 2 
from the MEM stage of instruction 1

The value of t1 is forwarded to
the EX stage of instruction 3 
from the WB stage of instruction 1

t1
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11

Rs1E = 6 (t1)
RdM = 6 (t1)

BRwrM = 1

add t3,t1,t2 addi t1,t2,5

22

27 = 22+5
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Rs1E = 6 (t1) Rs1W = 6 (t1)

BRwrW = 1

11

27 = 22+ 5
addi t4,t1,15 add t3,t1,t2

a
d
d
i

t
1
,
t
2
,
5

27 = 22+5

15
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 Multicycle (correct result in 16 cycles):
o t1 = 22+5 = 27
o t3 = 27+22 = 49
o t4 = 27+15 = 42
o t5 = 27+27 = 54

 Pipelined without hazard management (incorrect result in 8 cycles):
o t1 = 22+5 = 27
o t3 = 11+22 = 33
o t4 = 11+15 = 26
o t5 = 11+11 = 22

87654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFadd t5,t1,t1
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 Pipelined without hazard management + NOP
(correct result in 11 cycles):
o t3 = 27+22 = 49
o t4 = 27+15 = 42
o t5 = 27+27 = 54

1110987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFadd t5,t1,t1

3 NOP

3 delay cycles
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 Pipelined without hazard management + RF write in the middle of the 
cycle (incorrect result in 8 cycles):
o t1 = 22+5 = 27
o t3 = 11+22 = 33
o t4 = 11+15 = 26
o t5 = 27+27 = 54

87654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFadd t5,t1,t1
t1
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 Pipelined without hazard management + RF write in the middle of the 
cycle + NOP (correct result in 10 cycles):
o t1 = 22+5 = 27
o t3 = 27+22 = 49
o t4 = 27+15 = 42
o t5 = 27+27 = 54

10987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFadd t5,t1,t1

t1

2 NOP

2 delay cycles
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 Pipelined (correct result in 8 cycles):
o t1 = 22+5 = 27
o t3 = (22+5)+22 = 49
o t4 = (22+5)+15 = 42
o t5 = 27+27 = 54

87654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFadd t5,t1,t1
t1

t1

t1
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WBMEXIDIF
xor s1,s2,s31

2

3

4

5

987654321

IFxor s1,s2,s3
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WBMEXIDIF
xor s1,s2,s31

xor s1,s2,s3addi s0,s3,−42

3

4

5

987654321

IDIFxor s1,s2,s3

IFaddi s0,s3,−4
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WBMEXIDIF
xor s1,s2,s31

xor s1,s2,s3addi s0,s3,−42
xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)3

4

5

987654321

EXIDIFxor s1,s2,s3

IDIFaddi s0,s3,−4

IFlw s3,16(s7)
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WBMEXIDIF
xor s1,s2,s31

xor s1,s2,s3addi s0,s3,−42
xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)3

xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)sw s4,20(s1)4

5

987654321

MEXIDIFxor s1,s2,s3

EXIDIFaddi s0,s3,−4

IDIFlw s3,16(s7)

IFsw s4,20(s1)
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WBMEXIDIF
xor s1,s2,s31

xor s1,s2,s3addi s0,s3,−42
xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)3

xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)sw s4,20(s1)4
xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)sw s4,20(s1)or t2,s0,s15

987654321

WBMEXIDIFxor s1,s2,s3

MEXIDIFaddi s0,s3,−4

EXIDIFlw s3,16(s7)

IDIFsw s4,20(s1)

IFor t2,s0,s1

s1
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WBMEXIDIF
xor s1,s2,s31

xor s1,s2,s3addi s0,s3,−42
xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)3

xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)sw s4,20(s1)4
xor s1,s2,s3addi s0,s3,−4lw s3,16(s7)sw s4,20(s1)or t2,s0,s15

987654321

WBMEXIDIFxor s1,s2,s3

WBMEXIDIFaddi s0,s3,−4

WBMEXIDIFlw s3,16(s7)

WBMEXIDIFsw s4,20(s1)

WBMEXIDIFor t2,s0,s1

s1
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987654321
WBMEXIDIFaddi s1,zero,11

WBMEXIDIFlw s2,25(s0)

WBMEXIDIFadd s3,s3,s4

WBMEXIDIFor s4,s1,s2

WBMEXIDIFlw s5,16(s2)
s2

s2

WBMEXIDIF
addi s1,zero,111

addi s1,zero,11lw s2,25(s0)2
addi s1,zero,11lw s2,25(s0)add s3,s3,s43

addi s1,zero,11lw s2,25(s0)add s3,s3,s4or s4,s1,s24
addi s1,zero,11lw s2,25(s0)add s3,s3,s4or s4,s1,s2lw s5,16(s2)5
lw s2,25(s0)add s3,s3,s4or s4,s1,s2lw s5,16(s2)6
add s3,s3,s4or s4,s1,s2lw s5,16(s2)7

s1



20

FC-2

15
/0

1/
24

 v
er

si
on

M
od

ul
e 

7 
–

Pr
ob

le
m

s:
Pi

pe
lin

ed
 p

ro
ce

ss
or

 d
es

ig
n

 Pipelined without hazard management

13121110987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t5,t3,t2
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 Pipelined without hazard management + RF write in the middle of the 
cycle

1110987654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFnop

WBMEXIDIFadd t5,t3,t2

t1

t3
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 Pipelined

87654321

WBMEXIDIFaddi t1,t2,5

WBMEXIDIFadd t3,t1,t2

WBMEXIDIFaddi t4,t1,15

WBMEXIDIFadd t5,t3,t2

t1

t1

t3
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 Pipelined without hazard management

1716151413121110987654321

WBMEXIDIFadd x7,x5,x8

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFlw x6,8(x7)

WBMEXIDIFlw x5,0(x5)

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFor x6,x7,x6

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFsw x6,0(x7)
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 Pipelined without hazard management + RF write in the middle of the 
cycle

1413121110987654321

WBMEXIDIFadd x7,x5,x8

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFlw x6,8(x7)

WBMEXIDIFlw x5,0(x5)

WBMEXIDIFnop

WBMEXIDIFor x6,x7,x6

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFsw x6,0(x7)

x7

x6

x6
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 Pipelined

987654321

WBMEXIDIFadd x7,x5,x8

WBMEXIDIFlw x6,8(x7)

WBMEXIDIFlw x5,0(x5)

WBMEXIDIFor x6,x7,x6

WBMEXIDIFsw x6,0(x7)

x7

x6

x6

x7
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26

7654321

IFadd x7,x5,x8

lw x6,8(x7)

lw x5,0(x5)

or x6,x7,x6

sw x6,0(x7)

?????Rs1E
?????Rs2E
?????RdM

?BRwrM
?????RdW

?BRwrW
??ForwardA
??ForwardB

clk

7654321# ciclo
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27

7654321

IDIFadd x7,x5,x8

IFlw x6,8(x7)

lw x5,0(x5)

or x6,x7,x6

sw x6,0(x7)

??????????Rs1E
??????????Rs2E
??????????RdM

??BRwrM
??????????RdW

??BRwrW
????ForwardA
????ForwardB

clk

7654321# ciclo
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28

7654321

EXIDIFadd x7,x5,x8

IDIFlw x6,8(x7)

IFlw x5,0(x5)

or x6,x7,x6

sw x6,0(x7)

00101??????????Rs1E
01000??????????Rs2E
???????????????RdM

???BRwrM
???????????????RdW

???BRwrW
??????ForwardA
??????ForwardB

clk

7654321# ciclo
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29

0011100101??????????Rs1E
garbage01000??????????Rs2E
00111???????????????RdM

1???BRwrM
????????????????????RdW

????BRwrW
10??????ForwardA

garbage??????ForwardB
clk

7654321# cycle

7654321

MEXIDIFadd x7,x5,x8

EXIDIFlw x6,8(x7)

IDIFlw x5,0(x5)

IFor x6,x7,x6

sw x6,0(x7)

x7
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30

001010011100101??????????Rs1E
garbagegarbage01000??????????Rs2E
0011000111???????????????RdM

11???BRwrM
00111????????????????????RdW

1????BRwrW
0010??????ForwardA

garbagegarbage??????ForwardB
clk

7654321# cycle

7654321

WBMEXIDIFadd x7,x5,x8

MEXIDIFlw x6,8(x7)

EXIDIFlw x5,0(x5)

IDIFor x6,x7,x6

IFsw x6,0(x7)

x7
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31

00111001010011100101??????????Rs1E
00110garbagegarbage01000??????????Rs2E
001010011000111???????????????RdM

111???BRwrM
0011000111????????????????????RdW

11????BRwrW
000010??????ForwardA
01garbagegarbage??????ForwardB

clk

7654321# cycle

7654321

WBMEXIDIFadd x7,x5,x8

WBMEXIDIFlw x6,8(x7)

MEXIDIFlw x5,0(x5)

EXIDIFor x6,x7,x6

IDIFsw x6,0(x7)

x6
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32

0011100111001010011100101??????????Rs1E
0011000110garbagegarbage01000??????????Rs2E
00110001010011000111???????????????RdM

1111???BRwrM
001010011000111????????????????????RdW

111????BRwrW
00000010??????ForwardA
1001garbagegarbage??????ForwardB

clk

7654321# cycle

7654321

WBMEXIDIFadd x7,x5,x8

WBMEXIDIFlw x6,8(x7)

WBMEXIDIFlw x5,0(x5)

MEXIDIFor x6,x7,x6

EXIDIFsw x6,0(x7)

x6
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987654321

IFlw t1,0(t0)

WBMEXIDIF
lw t1,0(t0)1

2

3

4

5

6

7
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987654321

IDIFlw t1,0(t0)

IFadd t5,t2,t1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12

3

4

5

6

7
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987654321

EXIDIFlw t1,0(t0)

IDIFadd t5,t2,t1

IFaddi t0,t0,1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

4

5

6

7
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987654321

EXIDIFlw t1,0(t0)

IDIFadd t5,t2,t1

IFaddi t0,t0,1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

4

5

6

7
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987654321

EXIDIFlw t1,0(t0)

IDsIFadd t5,t2,t1

IFsaddi t0,t0,1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

4

5

6

7
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987654321

MEXIDIFlw t1,0(t0)

IDIDsIFadd t5,t2,t1

IFIFsaddi t0,t0,1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

lw t1,0(t0)add t5,t2,t1addi t0,t0,14

5

6

7
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987654321

WBMEXIDIFlw t1,0(t0)

EXIDIDsIFadd t5,t2,t1

IDIFIFsaddi t0,t0,1

IFsub t3,t5,t0

t1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

lw t1,0(t0)add t5,t2,t1addi t0,t0,14
lw t1,0(t0)add t5,t2,t1addi t0,t0,1sub t3,t5,t05

6

7
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987654321

WBMEXIDIFlw t1,0(t0)

MEXIDIDsIFadd t5,t2,t1

EXIDIFIFsaddi t0,t0,1

IDIFsub t3,t5,t0

t1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

lw t1,0(t0)add t5,t2,t1addi t0,t0,14
lw t1,0(t0)add t5,t2,t1addi t0,t0,1sub t3,t5,t05

add t5,t2,t1addi t0,t0,1sub t3,t5,t06

7
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987654321

WBMEXIDIFlw t1,0(t0)

WBMEXIDIDsIFadd t5,t2,t1

MEXIDIFIFsaddi t0,t0,1

EXIDIFsub t3,t5,t0

t1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

lw t1,0(t0)add t5,t2,t1addi t0,t0,14
lw t1,0(t0)add t5,t2,t1addi t0,t0,1sub t3,t5,t05

add t5,t2,t1addi t0,t0,1sub t3,t5,t06
add t5,t2,t1addi t0,t0,1sub t3,t5,t07

t0t5
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987654321

WBMEXIDIFlw t1,0(t0)

WBMEXIDIDsIFadd t5,t2,t1

WBMEXIDIFIFsaddi t0,t0,1

WBMEXIDIFsub t3,t5,t0

t1

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1addi t0,t0,13

lw t1,0(t0)add t5,t2,t1addi t0,t0,14
lw t1,0(t0)add t5,t2,t1addi t0,t0,1sub t3,t5,t05

add t5,t2,t1addi t0,t0,1sub t3,t5,t06
add t5,t2,t1addi t0,t0,1sub t3,t5,t07

t0t5
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...
lw t1, 0(t0)
add t5, t2, t1
addi t0, t0, 1
sub  t3, t5, t0
...

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)addi t0,t0,12
lw t1,0(t0)addi t0,t0,1add t5,t2,t13

lw t1,0(t0)addi t0,t0,1add t5,t2,t1sub t3,t5,t04
lw t1,0(t0)addi t0,t0,1add t5,t2,t1sub t3,t5,t05
addi t0,t0,1add t5,t2,t1sub t3,t5,t06
add t5,t2,t1sub t3,t5,t07

87654321

WBMEXIDIFlw t1,0(t0)

WBMEXIDIFaddi t0,t0,1

WBMEXIDIFadd t5,t2,t1

WBMEXIDIFsub t3,t5,t0

t1

t5t0
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 Pipelined without hazard management

 Pipelined without hazard management + RF write in the middle of the 
cycle

10987654321
WBMEXIDIFlw t1,0(t0)

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t5,t2,t1

WBMEXIDIFadd t2,t1,14

987654321
WBMEXIDIFlw t1,0(t0)

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFadd t5,t2,t1

WBMEXIDIFadd t2,t1,14

t1
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 Pipelined with partial hazard management

 Pipelined

87654321

WBMEXIDIFlw t1,0(t0)

WBMEXIDIFnop

WBMEXIDIFadd t5,t2,t1

WBMEXIDIFadd t2,t1,14

t1

t1

87654321

WBMEXIDIFlw t1,0(t0)

WBMEXIDIDsIFadd t5,t2,t1

WBMEXIDIFIFsadd t2,t1,14
t1

t1



46

FC-2

15
/0

1/
24

 v
er

si
on

M
od

ul
e 

7 
–

Pr
ob

le
m

s:
Pi

pe
lin

ed
 p

ro
ce

ss
or

 d
es

ig
n

WBMEXIDIF
lw t1,0(t0)1

lw t1,0(t0)add t5,t2,t12
lw t1,0(t0)add t5,t2,t1add t2,t1,143

lw t1,0(t0)add t5,t2,t1add t2,t1,144
lw t1,0(t0)add t5,t2,t1add t2,t1,145

add t5,t2,t1add t2,t1,146
add t5,t2,t1add t2,t1,147

87654321

WBMEXIDIFlw t1,0(t0)

WBMEXIDIDsIFadd t5,t2,t1

WBMEXIDIFIFsadd t2,t1,14
t1

t1
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WBMEXIDIF
addi s1,zero,111

addi s1,zero,11lw s2,25(s1)2
addi s1,zero,11lw s2,25(s1)lw s5,16(s2)3

addi s1,zero,11lw s2,25(s1)lw s5,16(s2)add s3,s2,s54
addi s1,zero,11lw s2,25(s1)lw s5,16(s2)add s3,s2,s55
lw s2,25(s1)lw s5,16(s2)add s3,s2,s5or s4,s3,t46

lw s5,16(s2)add s3,s2,s5or s4,s3,t47
lw s5,16(s2)add s3,s2,s5or s4,s3,t4and s2,s3,s48

add s3,s2,s5or s4,s3,t4and s2,s3,s49
add s3,s2,s5or s4,s3,t4and s2,s3,s410

121110987654321
WBMEXIDIFaddi s1,zero,11

WBMEXIDIFlw s2,25(s1)

WBMEXIDIDsIFlw s5,16(s2)

WBMEXIDIDsIFIFsadd s3,s2,s5

WBMEXIDIFIFsor s4,s3,t4

WBMEXIDIFand s2,s3,s4

s1

s2

s5

s3

s4

s3
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WBMEXIDIF
addi s1,zero,521

addi s1,zero,52addi s0,s1,−42
addi s1,zero,52addi s0,s1,−4lw s3,16(s0)3

addi s1,zero,52addi s0,s1,−4lw s3,16(s0)sw s3,20(s0)4
addi s1,zero,52addi s0,s1,−4lw s3,16(s0)sw s3,20(s0)xor s2,s0,s35
addi s0,s1,−4lw s3,16(s0)sw s3,20(s0)xor s2,s0,s36
lw s3,16(s0)sw s3,20(s0)xor s2,s0,s3or s2,s2,s37

1110987654321
WBMEXIDIFaddi s1,zero,52

WBMEXIDIFaddi s0,s1,−4

WBMEXIDIFlw s3,16(s0)

WBMEXIDIDsIFsw s3,20(s0)

WBMEXIDIFIFsxor s2,s0,s3

WBMEXIDIFor s2,s2,s3

s3

s1

s0

s0

s3

s2
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WBMEXIDIF
addi s1,zero,521

addi s1,zero,52addi s0,s1,−42
addi s1,zero,52addi s0,s1,−4lw s3,16(s0)3

addi s1,zero,52addi s0,s1,−4lw s3,16(s0)sw s3,20(s0)4
addi s1,zero,52addi s0,s1,−4lw s3,16(s0)sw s3,20(s0)xor s2,s0,s35
addi s0,s1,−4lw s3,16(s0)sw s3,20(s0)xor s2,s0,s3or s2,s2,s36
lw s3,16(s0)sw s3,20(s0)xor s2,s0,s3or s2,s2,s37

1110987654321
WBMEXIDIFaddi s1,zero,52

WBMEXIDIFaddi s0,s1,−4

WBMEXIDIFlw s3,16(s0)

WBMEXIDIFsw s3,20(s0)

WBMEXIDIFxor s2,s0,s3

WBMEXIDIFor s2,s2,s3

s1

s0

s3s0

s0

s2

s3 s3
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13121110987654321

WBMEXIDIFlw s3,0(s4)

WBMEXIDIDsIFadd s5,s4,s3

WBMEXIDIFIFsadd s2,s3,s6

WBMEXIDIFand s1,s1,s2

WBMEXIDIFlw s5,0(t3)

WBMEXIDIDsIFsw s5,0(t3)

WBMEXIDIFIFsor s2,s2,s5

s3

s2

s5

s5

s3
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13121110987654321

WBMEXIDIFlw s3,0(s4)

WBMEXIDIDsIFadd s5,s4,s3

WBMEXIDIFIFsadd s2,s3,s6

WBMEXIDIFand s1,s1,s2

WBMEXIDIFlw s5,0(t3)

WBMEXIDIFsw s5,0(t3)

WBMEXIDIFor s2,s2,s5

s3

s2

s5

s3
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 Multicycle (correct result in 19 cycles):
o t1 = 11-1 = 10
o t2 = 22-1 = 21
o t3 = 10+1 = 11
o t4 = 21+1 = 22

19181716151413121110987654321

EXIDIFbeq zero,s0,L1

WBEXIDIFaddi t1,t1,-1

WBEXIDIFaddi t2,t2,-1

WBEXIDIFL1:addi t3,t1,1

WBEXIDIFaddi t4,t2,1

s0 ≠ 0
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 Pipelined without control hazard management
(correct result in 9 cycles):
o t1 = 11-1 = 10
o t2 = 22-1 = 21
o t3 = (11-1)+1 = 11
o t4 = (22-1)+1 = 22

987654321

WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFaddi t1,t1,-1

WBMEXIDIFaddi t2,t2,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

t1

t2

s0 ≠ 0
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 Pipelined without control hazard management + NOP (correct result in 
11 cycles):

1110987654321

WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFaddi t1,t1,-1

WBMEXIDIFaddi t2,t2,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

t1

t2

s0 ≠ 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

WBMEXIDIF
beq zero,s0,L11

2
3
4
5
6
7

s0 ≠ 0

1110987654321
IFbeq zero,s0,L1
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 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
3
4
5
6
7

s0 ≠ 0

1110987654321
IDIFbeq zero,s0,L1

IFaddi t1,t1,-1
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 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
3
4
5
6
7

s0 ≠ 0

1110987654321
IDIFbeq zero,s0,L1

IFsaddi t1,t1,-1
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

4
5
6
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

s0 ≠ 0

1110987654321
EXIDIFbeq zero,s0,L1

IFIFsaddi t1,t1,-1
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

4
5
6
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

s0 ≠ 0

1110987654321
EXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

no branch
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1addi t1,t1,-14
5
6
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

s0 ≠ 0

1110987654321
MEXIDIFbeq zero,s0,L1

IFIFsIFsaddi t1,t1,-1
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1addi t1,t1,-14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-15

6
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

s0 ≠ 0

1110987654321
WBMEXIDIFbeq zero,s0,L1

IDIFIFsIFsaddi t1,t1,-1

IFaddi t2,t2,-1
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 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1addi t1,t1,-14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-15

addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,16
7

s0 ≠ 0

1110987654321
WBMEXIDIFbeq zero,s0,L1

EXIDIFIFsIFsaddi t1,t1,-1

IDIFaddi t2,t2,-1

IFL1:addi t3,t1,1
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 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1addi t1,t1,-14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-15

addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,16
addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,17

s0 ≠ 0

1110987654321
WBMEXIDIFbeq zero,s0,L1

MEXIDIFIFsIFsaddi t1,t1,-1

EXIDIFaddi t2,t2,-1

IDIFL1:addi t3,t1,1

IFaddi t4,t2,1
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 Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1addi t1,t1,-14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-15

addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,16
addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,17

s0 ≠ 0

1110987654321
WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFIFsIFsaddi t1,t1,-1

WBMEXIDIFaddi t2,t2,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

t1

t2
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

2
3
4
5
6
7

987654321
IFbeq zero,s0,L1

s0 ≠ 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
3
4
5
6
7

987654321
IDIFbeq zero,s0,L1

IFaddi t1,t1,-1

s0 ≠ 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

4
5
6
7

987654321
EXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

s0 ≠ 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

4
5
6
7

no branch: 
right prediction

987654321
EXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

s0 ≠ 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,14
5
6
7

987654321
MEXIDIFbeq zero,s0,L1

EXIDIFaddi t1,t1,-1

IDIFaddi t2,t2,-1

IFL1:addi t3,t1,1

s0 ≠ 0

no branch: 
right prediction
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,15

6
7

987654321
WBMEXIDIFbeq zero,s0,L1

MEXIDIFaddi t1,t1,-1

EXIDIFaddi t2,t2,-1

IDIFL1:addi t3,t1,1

IFaddi t4,t2,1

s0 ≠ 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,15
addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,16

7

987654321
WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFaddi t1,t1,-1

MEXIDIFaddi t2,t2,-1

EXIDIFL1:addi t3,t1,1

IDIFaddi t4,t2,1

t1

s0 ≠ 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,15
addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,16
addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,17

987654321
WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFaddi t1,t1,-1

WBMEXIDIFaddi t2,t2,-1

MEXIDIFL1:addi t3,t1,1

EXIDIFaddi t4,t2,1
t2

s0 ≠ 0

t1
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,14
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,15
addi t1,t1,-1addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,16
addi t2,t2,-1L1:addi t3,t1,1addi t4,t2,17

987654321
WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFaddi t1,t1,-1

WBMEXIDIFaddi t2,t2,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

s0 ≠ 0

t2

t1
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 Multicyle (correct result in 11 cycles):

o t1 = 11
o t2 = 22
o t3 = 11+1 = 12
o t4 = 22+1 = 23

1110987654321

EXIDIFbeq zero,s0,L1

WBEXIDIFL1:addi t3,t1,1

WBEXIDIFaddi t4,t2,1

The instruction to execute after beq is fetched from memory in the cycle 
after deciding whether taking the branch or not

s0 = 0
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 Pipelined without control hazard management
(incorrect result in 9 cycles):
o t1 = 11-1 = 10
o t2 = 22-1 = 21
o t3 = (11-1)+1 = 11
o t4 = (22-1)+1 = 22

987654321

WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFaddi t1,t1,-1

WBMEXIDIFaddi t2,t2,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

t1

t2

There is a control hazard:
Some instructions are fetched from memory before

the beq instruction decides whether taking the branch or not

s0 = 0
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 Pipelined without control hazard management + NOP
(correct result in 9 cycles):

987654321

WBMEXIDIFbeq zero,s0,L1

WBMEXIDIFnop

WBMEXIDIFnop

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

s0 = 0

2 NOP

2 delay cycles
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

IFbeq zero,s0,L1

WBMEXIDIF
beq zero,s0,L11

2
3
4
5
6
7

s0 = 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

IDIFbeq zero,s0,L1

IFaddi t1,t1,-1

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
3
4
5
6
7

s0 = 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

IDIFbeq zero,s0,L1

IFsaddi t1,t1,-1

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
3
4
5
6
7

s0 = 0
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

4
5
6
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

EXIDIFbeq zero,s0,L1

IFIFsaddi t1,t1,-1

s0 = 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

EXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

4
5
6
7

s0 = 0

branch
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1L1:addi t3,t1,14
5
6
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

MEXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

IFL1:addi t3,t1,1

s0 = 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

WBMEXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

IDIFL1:addi t3,t1,1

IFaddi t4,t2,1

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

6
7

s0 = 0
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WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

L1:addi t3,t1,1addi t4,t2,16
7

 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

WBMEXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

EXIDIFL1:addi t3,t1,1

IDIFaddi t4,t2,1

s0 = 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

WBMEXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

MEXIDIFL1:addi t3,t1,1

EXIDIFaddi t4,t2,1

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

L1:addi t3,t1,1addi t4,t2,16
L1:addi t3,t1,1addi t4,t2,17

s0 = 0
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 Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).

987654321

WBMEXIDIFbeq zero,s0,L1

IFsIFsaddi t1,t1,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

L1:addi t3,t1,1addi t4,t2,16
L1:addi t3,t1,1addi t4,t2,17

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

2
3
4
5
6
7

987654321
IFbeq zero,s0,L1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
3
4
5
6
7

987654321
IDIFbeq zero,s0,L1

IFaddi t1,t1,-1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

4
5
6
7

987654321
EXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

4
5
6
7

987654321
EXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

branch: 
wrong prediction

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1L1:addi t3,t1,14
5
6
7

987654321
MEXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

IFL1:addi t3,t1,1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

6
7

987654321
WBMEXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

IDIFL1:addi t3,t1,1

IFaddi t4,t2,1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

L1:addi t3,t1,1addi t4,t2,16
7

987654321
WBMEXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

EXIDIFL1:addi t3,t1,1

IDIFaddi t4,t2,1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

L1:addi t3,t1,1addi t4,t2,16
L1:addi t3,t1,1addi t4,t2,17

987654321
WBMEXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

MEXIDIFL1:addi t3,t1,1

EXIDIFaddi t4,t2,1

s0 = 0
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 Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):

WBMEXIDIF
beq zero,s0,L11

beq zero,s0,L1addi t1,t1,-12
beq zero,s0,L1addi t1,t1,-1addi t2,t2,-13

beq zero,s0,L1L1:addi t3,t1,14
beq zero,s0,L1L1:addi t3,t1,1addi t4,t2,15

L1:addi t3,t1,1addi t4,t2,16
L1:addi t3,t1,1addi t4,t2,17

987654321
WBMEXIDIFbeq zero,s0,L1

IDIFaddi t1,t1,-1

IFaddi t2,t2,-1

WBMEXIDIFL1:addi t3,t1,1

WBMEXIDIFaddi t4,t2,1

s0 = 0



96

FC-2

15
/0

1/
24

 v
er

si
on

M
od

ul
e 

7 
–

Pr
ob

le
m

s:
Pi

pe
lin

ed
 p

ro
ce

ss
or

 d
es

ig
n

87654321

IFjal x0,L1

WBMEXIDIF
jal x0,L11

2
3
4
5
6
7
8
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87654321

IDIFjal x0,L1

IFaddi t1,x0,5

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
3
4
5
6
7
8



98

FC-2

15
/0

1/
24

 v
er

si
on

M
od

ul
e 

7 
–

Pr
ob

le
m

s:
Pi

pe
lin

ed
 p

ro
ce

ss
or

 d
es

ig
n

87654321

EXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

4
5
6
7
8
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87654321

EXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

4
5
6
7
8

branch: 
wrong prediction
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87654321

MEXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

IFL1:sw t4,0(t3)

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

jal x0,L1L1:sw t4,0(t3)4
5
6
7
8

branch: 
wrong prediction
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87654321

WBMEXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

IDIFL1:sw t4,0(t3)

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

jal x0,L1L1:sw t4,0(t3)4
jal x0,L1L1:sw t4,0(t3)5

6
7
8
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87654321

WBMEXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

EXIDIFL1:sw t4,0(t3)

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

jal x0,L1L1:sw t4,0(t3)4
jal x0,L1L1:sw t4,0(t3)5

L1:sw t4,0(t3)6
7
8
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87654321

WBMEXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

MEXIDIFL1:sw t4,0(t3)

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

jal x0,L1L1:sw t4,0(t3)4
jal x0,L1L1:sw t4,0(t3)5

L1:sw t4,0(t3)6
L1:sw t4,0(t3)7

8
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87654321

WBMEXIDIFjal x0,L1

IDIFaddi t1,x0,5

IFadd t3,t1,t2

WBMEXIDIFL1:sw t4,0(t3)

WBMEXIDIF
jal x0,L11

jal x0,L1addi t1,x0,52
jal x0,L1addi t1,x0,5add t3,t1,t23

jal x0,L1L1:sw t4,0(t3)4
jal x0,L1L1:sw t4,0(t3)5

L1:sw t4,0(t3)6
L1:sw t4,0(t3)7

L1:sw t4,0(t3)8
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16151413121110987654321

WBMEXIDIFaddi s0,x0,0

WBMEXIDIFL1:beq t0,x0,L2

WBMEXIDIFadd s0,s0,t0

WBMEXIDIFaddi t0,t0,-1

WBMEXIDIFjal x0, L1

IDIFL2:add s0,s0,s0

IFsw s0,0(gp)

WBMEXIDIFL1:beq t0,x0,L2

IDIFadd s0,s0,t0

IFaddi t0,t0,-1

WBMEXIDIFL2:add s0,s0,s0

WBMEXIDIFsw s0,0(gp)

s0

s0

s0
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2019181716151413121110987654321
WBMEXIDIFaddi s0,x0,0

WBMEXIDIFlw t0,4(gp)

WBMEXIDIDpIFL1:beq t0,x0,L2

WBMEXIDIFIFpadd s0,s0,t0

WBMEXIDIFaddi t0,t0,-1

WBMEXIDIFjal x0,L1

IDIFL2:lw s1,0(gp)

IFadd s1,s0,s1

WBMEXIDIFL1:beq t0,x0,L2

IDIFadd s0,s0,t0

IFaddi t0,t0,-1

WBMEXIDIFL2:lw s1,0(gp)

WBMEXIDIDpIFadd s1,s0,s1

WBMEXIDIFIFpsw s1,0(gp)

t0

s1

s1

t0
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.equ N ...
...
addi s1, zero, N
addi s2, zero, 0
addi s3, zero, 0

for:
beq s2, s1, efor
slli t0, s2, 2
add t0, s0, t0
lw t0, 0(t0)
add s3, s3, t0
addi s2, s2, 1
jal x0, for

efor:
sw s3, 0(gp)
...

3 cycles

1 cycle

6 cycles 
(5 + 1 stall)

3 cycles
(1 + 2 penalty)

1 cycle (no branch)
3 cycles (branch)

N times

3 + (1N + 31) + 6N + 3N + 1 = 10N + 7 cycles

N+1 times
(N doesn’t branch, 1 branches)

It branches N times

3 + (7N + 1) + 1 = 7N + 5 executed instructions

CPI = 10N+7 / 7N+5  10/7 = 1.43
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.equ N ...
...
addi s1, zero, N
addi s2, zero, 0
addi s3, zero, 0

for:
beq s2, s1, efor
slli t0, s2, 2
add t0, s0, t0
lw t0, 0(t0)
add s3, s3, t0
addi s2, s2, 1
jal x0, for

efor:
sw s3, 0(gp)
...

3 cycles

1 cycle

6 cycles 
(5 + 1 stall)

3 cycles
(1 + 2 penalty)

1 cycle (no branch)
3 cycles (branch)

N times

3 + (1N + 31) + 6N + 3N + 1 = 10N + 7 cycles

N+1 times
(N doesn’t branch, 1 branches)

It branches N times

3 + (7N + 1) + 1 = 7N + 5 executed instructions

CPI = 10N+7 / 7N+5  10/7 = 1.43

.equ N ...
...
addi s1, zero, N
addi s2, zero, 0
addi s3, zero, 0

for:
beq s2, s1, efor
slli t0, s2, 2
add t0, s0, t0
lw t0, 0(t0)
addi s2, s2, 1
add s3, s3, t0
jal x0, for

efor:
sw s3, 0(gp)
...

9N + 7 cycles

CPI  9/7 = 1.29
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 The program executes 500 instructions, distributed as follows:
o 20% of the instructions are lw

• 50% followed by an arithmetic instruction that reads the loaded register
o 15% of the instructions are sw
o 25% of the instructions are beq

• 70% are taken branches
o 5% of the instructions are jal
o 35% of the instructions are arithmetic-logic

ଽ
𝒆𝒙𝒆𝒄

In a different way: 
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151413121110987654321
WBMEXIDIFaddi s4,zero,2

WBMEXIDIFL1:lw s0,0(s2)

WBMEXIDIFlw s1,0(s2)

WBMEXIDIDsIFadd s3,s0,s1

WBMEXIDIFIFssw s3,0(s2)

WBMEXIDIFadd s2,s3,s6

WBMEXIDIFand s1,s1,s2

WBMEXIDIFbeq s4,zero,L1

WBMEXIDIFaddi s2,s2,1

WBMEXIDIFor s3,s2,s4

s1

s3

s3

s2

s0

s2

s2
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151413121110987654321
WBMEXIDIFaddi s4,zero,2

WBMEXIDIFL1:lw s0,0(s2)

WBMEXIDIFlw s1,0(s2)

WBMEXIDIDpIFadd s3,s0,s1

WBMEXIDIFIFpsw s3,0(s2)

WBMEXIDIFadd s2,s3,s6

WBMEXIDIFand s1,s1,s2

WBMEXIDIFbeq s4,zero,L1

WBMEXIDIFaddi s2,s2,1

WBMEXIDIFor s3,s2,s4

s1

s3

s3

s2

s0

s2

0x0

0x4

0x8

0xc

0x10

0x14

0x18

0x1c

0x20

0x24

o s0 (x8) = 88
o s1 (x9) = 99
o s2 (x18) = 1818

o s3 (x19) = 1919
o s4 (x20) = 2020
o s6 (x22) = 2222
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addi x20,x0,2lw x8,0(x18)lw x9,0(x18)add x19,x8,x9sw x19,0(x18)

cycle = 5
1

19:15

24:20

14:12

30

6:0

M
em

o
ri

a
 d

e
in

s
tr

u
c

ci
o

n
e

s

A D

4

Extensión
de signo

P
C

DEC
sExt

+

A
L

U

2
1
0

0
1

0
1

5

DEC
Principal

DEC
ALU

B
an

c
o

 d
e

re
g

is
tr

o
s

RA1

RA2

WA

WD

WE

RD2

RD1

M
em

o
ri

a
d

e 
d

a
to

sA RD

WD

WE

11:7

0
1
2

0
1
2

+

19:15

24:20

Unidad de
anticipación

ID
/E

X

E
X

/M
E

M

M
E

M
/W

B

IF
/I

D

Unidad de
conflictos

ld
Z

er
o

ld
Z

er
o
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addi x20,x0,2lw x8,0(x18)lw x9,0(x18)add x19,x8,x9sw x19,0(x18)

cycle = 5

19:15

24:20

14:12

30

6:0

M
em

o
ri

a
 d

e
in

s
tr

u
c

ci
o

n
e

s

A D

4

Extensión
de signo

P
C

DEC
sExt

+

A
L

U

2
1
0

0
1

0
1

5

DEC
Principal

DEC
ALU

B
an

c
o

 d
e

re
g

is
tr

o
s

RA1

RA2

WA

WD

WE

RD2

RD1

M
em

o
ri

a
d

e 
d

a
to

sA RD

WD

WE

11:7

0
1
2

0
1
2

+

19:15

24:20

Unidad de
anticipación

ID
/E

X

E
X

/M
E

M

M
E

M
/W

B

IF
/I

D

Unidad de
conflictos

ld
Z

er
o

ld
Z

er
o

01

2

1

0x4

20

2

---
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addi x20,x0,2lw x8,0(x18)lw x9,0(x18)add x19,x8,x9sw x19,0(x18)

cycle = 5

19:15

24:20

14:12

30

6:0

M
em

o
ri

a
 d

e
in

s
tr

u
c

ci
o

n
e

s

A D

4

Extensión
de signo

P
C

DEC
sExt

+

A
L

U

2
1
0

0
1

0
1

5

DEC
Principal

DEC
ALU

B
an

c
o

 d
e

re
g

is
tr

o
s

RA1

RA2

WA

WD

WE

RD2

RD1

M
em

o
ri

a
d

e 
d

a
to

sA RD

WD

WE

11:7

0
1
2

0
1
2

+

19:15

24:20

Unidad de
anticipación

ID
/E

X

E
X

/M
E

M

M
E

M
/W

B

IF
/I

D

Unidad de
conflictos

ld
Z

er
o

ld
Z

er
o

01

2

1

0x4

20

2

---

0

8

1

00

0x8

1818

---
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WBMEXIDIFaddi s4,zero,2

WBMEXIDIFL1:lw s0,0(s2)
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WBMEXIDIDsIDsIFor s3,s2,s4
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WBMEXIDIFlw t1,0(s1)

WBMEXIDIFlw t2,0(s2)

WBMEXIDIDpIFbeq t1,t2,else

IDIFIFpadd t3,t1,t2

IFjal zero,eif

WBMEXIDIFelse: sub t3,t1,t2
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WBMEXIDIFor t5,t3,t2
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WBMEXIDIFIFpadd t3,t1,t2

WBMEXIDIFjal zero,eif
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IFeif: and t4,t3,t1

WBMEXIDIFeif: and t4,t3,t1
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WBMEXIDIFaddi s1,zero,1

WBMEXIDIFL1: sub s5,s5,s2

WBMEXIDIFaddi s2,s2,1
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WBMEXIDIFbeq s1,zero,L1

IDIFand s5,s2,s3

IFor s3,s3,s4

WBMEXIDIFL1: sub s5,s5,s2
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WBMEXIDIFaddi s1,s1,-1

WBMEXIDIFbeq s1,zero,L1

WBMEXIDIFand s5,s2,s3

WBMEXIDIFor s3,s3,s4

WBMEXIDIFandi s4,s3,s2
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 CC license (Creative Commons)
o This license enables reusers to distribute, remix, adapt, and build 

upon the material in any medium or format for noncommercial 
purposes only, and only so long as attribution is given to the creator. 
If you remix, adapt, or build upon the material, you must license the 
modified material under identical terms:

More information: https://creativecommons.org/licenses/by-nc-sa/4.0/

Attribution: 
Credit must be given to the creator.

Non commercial: 
Only noncommercial uses of the work are permitted. 

Share alike:
Adaptations must be shared under the same terms.


