Module 7 - Problems:
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Problem 1a

" Multicycle (correct result in 12 cycles):
o tl1=224+5=27
o t3=27+22=49
o t4=27+15=42

15/01/24 version

addi t1,t2,5 IF ID EX | WB

Y.
add t3,t1,t2 “+.IF | ID | EX | WB
00."‘ h“
addi t4,t1,15 IF | ID
L2 :,'
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Instructions 2 and 3 read t1 from the RF after
instruction 1 updates t1 in the RF
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Problem 1b

" Pipelined without hazard management (incorrect result in 7 cycles):
o tl1=224+5=27
o t3=11+22=33
o t4=11+15=26

15/01/24 version

1 2 3 4 5 6 7 8 9
addi t1,t2,5 IF ID EX WB
add t3,tl,t2 IF IE EX . ]:‘/I WB
addi t4,tl,15 IF"““ LD EX | M | WB
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A nd
-

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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Problem 1c

" Pipelined without hazard management + NOP
(correct result in 10 cycles):

o tl1=22+5=27
o t3=27+22=149
o t4=27+15=42
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Instructions 5 and 6 read t1 from the RF after

instruction 1 updates t1 in the RF

1 2 3 4 5 6 7 8

addi t1,t2,5 IF ID EX WAB
B nop IF | ID | EX| M | WB
£ 5 ;
23 nop IF | ID | EX| M |WB
T3 aop F | IDi| EX | M | wB
%% add t3,t1,t2 IF ID EX M | WB
§8 | A

addi t4,tl1,15 AF ID | EX | M | WB
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Problem 1d

Pipelined (correct result in 7 cycles):
o tl1=22+5=27
o t3=(22+5)+22 =49

The value of t1 is forwarded to

o td4-= (22+5)+15 =42 .+ the EX stage of instruction 2
"""" from the MEM stage of instruction 1
| 1 | 2 | 3 | 4 | 5 1 6 | 7 | 8 | 9 |

addi @ t2, 5 IM I RF }9 . .a"[{p The value of t1 is forwarded to
I e ..+ the EX stage of instruction 3

from the WB stage of instruction 1
add t3, @ t2 IM I
@) s 3 I sy

AIRF

addi t4,

addi t1,t2,5 I ID EX WB
t1
add t3,tl1,t2 |F ID EX M | WB
t1

addi t4,tl,15 IF ID EX M | WB




Problem 1d

forwarding in cycle 4

add t3,tl1,t2

addi t1,t2,5

15/01/24 version
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Instruction
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IF/ID
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127 = 2245
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extension

clr

27 = 2245
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Forwarding

Rs1

t1)§

iRdM = 6 (t1)




. addi t4,tl,15 add t3,tl,t2
forwarding in cycle 5

Problem 1d :
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............ : ... .4- Rs1E = 6 (tl) RS]_W _ 6 (.tl)
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Forwarding X....|... . T ——-
unit :
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Multicycle (correct result in 16 cycles):

Pipelined without hazard management (incorrect result in 8 cycles):

O

O
O
O

Problem 2a-2b

tl=224+5=27

t3=274+22 =49
t4 =27+15=42
t5=27+27 =54

tl=224+5=27

t3=11+22 =33
t4 =11+15=26
t5=11+11=22

1 2 3 4 5 6 7 8
addi t1,t2,5 IF ID EX WB
add t3,tl,t2 IF ID | EX | M | WB
addi t4,tl,15 IF ID | EX | M | WB
add t5,t1,tl IF ID | EX | M | WB




Problem 2c

" Pipelined without hazard management + NOP
(correct result in 11 cycles):

o t3=27+22=49
o td4=27+15=42
o t5=27+27 =54
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3 delay cycles

1 2 3 4 5 6 7 8 9 (10 | 11
: E’ addi t1,¢2,5 |F ID | EX | M |WB
§§ nop IF | ID | EX | M |WB
¢ 8 | JEEYVIIN R IF | ID | EX| M |WB
Eé;i o F D Ex| M wa
=g add t3,t1,t2 |F ID | EX| M | WB
addi t4,tl1,15 IF | ID | EX| M |WB
add t5,t1,tl IF | ID | EX| M |WB




Module 7 — Problems:

15/01/24 version

[~
S
0
S
1S
(o]
(7))
0
S
L.
Q
o
(V)
£
—
Q
2
Q

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

Problem 2d

cycle (incorrect result in 8 cycles):

o tl=22+5=27

o t3=11+22=33
o t4=11+15=26
o t5=27+27 =54

1 2 3 4 5 6 7 8
addi t1,t2,5 |F ID EX WB
add t3,t1,t2 IF ID | EX WB
addi t4,t1,15 IF ID X | M | WB
add t5,t1,tl IF |t|3 EX | M | WB




Problem 2e

" Pipelined without hazard management + RF write in the middle of the
cycle + NOP (correct result in 10 cycles):
o tl1=22+5=27
o t3=27+22=49
o t4=27+15=42
o t5=27+27=54 2 delay cycles
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£ 5 addi t1,t2,5 [i|F:| ID | EX | M |WB
- Yt
Q9

g8 nop IF | ID | EX WB

s 2 NOP

v @ nop IF | ID X| M |WB
~§§ e | [T

S & add t3,t1,t2 (IF:17ID | EX | M | WB

addi t4,t1,15 IF | ID | EX| M [|WB

add t5,tl,tl IF [ ID | EX| M |WB
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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

Problem 2f

1 2 3 4 5 6 7 8
addi t1,t2,5 IF ID | EX— WB
add t3,t1,t2 IF ID TCE:(_ WB
addi t4,tl,15 IF ID tX M | WB
add t5,t1,tl1 IF IB EX | M | WB




Problem 3

xor sl,s2,s3

xor sl,s2,s3
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Problem 3

15/01/24 version

xor sl,s2,s3

addi s0,s3,-4 xor sl,s2,s3

i b W N =

xor sl,s2,s3

addi s0,s3,-4
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Problem 3

15/01/24 version

xor sl,s2,s3

addi s0,s3,-4 xor sl,s2,s3

lw s3,16(s7) addi s0,s3,-4 xor sl,s2,s3

i b W N =

xor sl,s2,s3

addi s0,s3,-4
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lw s3,16(s7)




Problem 3

15/01/24 version

xor sl,s2,s3

addi s0,s3,-4 xor sl,s2,s3

lw s3,16(s7) addi s0,s3,-4 xor sl,s2,s3 {;

sw s4,20(sl) lw s3,16(s7) addi s0,s3,-4 xor sl,s2,s3

i b W N =

xor sl,s2,s3

addi s0,s3,-4
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lw s3,16(s7)

sw s4,20(sl)




Problem 3

15/01/24 version

xor sl,s2,s3

addi s0,s3,-4 xor sl,s2,s3

lw s3,16(s7) addi s0,s3,-4 xor sl,s2,s3

addi s0,s3,-4 xor sl,s2,s3

< < <

or t2,s0,sl lw s3,16(s7) addi s0,s3,-4 xor [gl] s2,s3

sw s4,20(sl) lw s3,16(s7)

i b W N =

xor sl,s2,s3

addi s0,s3,-4
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lw s3,16(s7)

sw s4,20(sl)

or t2,s0,sl




Problem 3

15/01/24 version

xor sl,s2,s3

addi s0,s3,-4 xor sl,s2,s3

lw s3,16(s7) addi s0,s3,-4 xor sl,s2,s3

sw s4,20(sl) lw s3,16(s7) addi s0,s3,-4 xor sl,s2,s3

i b W N =

or t2,s0,sl lw s3,16(s7) addi s0,s3,-4 xor [gl] s2,s3

xor sl,s2,s3

addi s0,s3,-4

[~
S
0
S
1S
(o]
(7))
0
S
L.
Q
o
(V)
£
—
Q
2
Q

Module 7 — Problems:

lw s3,16(s7)

sw s4,20(sl)

or t2,s0,sl




Problem 4

addi sl,zero,1ll

15/01/24 version

lw s2,25(s0) addi sl,zero,1ll

add s3,s3,s4 lw s2,25(s0) addi sl,zero,11

or s4,sl,s2 add s3,s3,s4 lw s2,25(s0) addi sl,zero,1ll

lw s5,16(s2) or s4é,52 add s3,s3,s4 lw s2,25(s0) addi ,zero,11

1w 55,16@ or s4,s1,@ add s3,s3,s4 1w @,25(50)

lw s5,16(s2) or s4,sl1,s2 add s3,s3,s4

N OO Ul B WIN R

addi sl,zero,1ll

1w s2,25(s0)
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add s3,s3,s4

or s4,sl1,s2

1w s5,16(s2) WB
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" Pipelined without hazard management

Problem 5a

1 2 3 | 4 5 6 7 8 | 9 (10|11 | 12 | 13
addi t1,t2,5 IF | ID | EX| M | WB
nop IF | ID | EX | M | WB
nop IF | ID | EX | M | WB
nop IF | ID | EX | M | WB
add t3,tl1,t2 IF | ID | EX| M | WB
addi t4,tl,15 IF | ID | EX| M | WB
nop IF | ID | EX | M | WB
nop IF | ID | EX | M | WB
add t5,t3,t2 IF [ ID [ EX | M | WB




Problem 5b

" Pipelined without hazard management + RF write in the middle of the
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cycle
1 2 3 4 5 6 7 8 9 10 | 11
addi t1,t2,5 |F ID | EX| M | WB
nop |F ID | EX WB
nop IF | ID X M | WB
tl
< add t3,tl,t2 |F ID | EX| M | WB
;é;% addi t4,tl,15 IF ID EX WB
v
§§ nop IF | ID X1 M | WB
a 9 t3
ﬁg add t5,t3,t2 IF [YID | EX| M | WB
S g
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" Pipelined

Problem 5c¢

1 2 3 4 5 6 7 8
addi t1,t2,5 IF | ID EX—l—M WB
add t3,t1,t2 IF | ID tEX M—WB
addi t4,t1,15 IF | ID "tEX M | WB
add t5,t3,t2 IF | ID EBX M | WB
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" Pipelined without hazard management

Problem 6a

112|3(4|5|6|78|9|10/11(12(13 |14 |15 |16 |17
add x7,x5,x8 | |[F | ID | EX| M |WB
nop IF | ID |EX| M |WB
nop IF | ID |EX| M |[WB
nop IF | ID | EX| M |WB
1w x6,8(x7) IF | ID |EX| M |WB
1w x5,0 (x5) IF | ID | EX| M |WB
nop IF | ID | EX| M |WB
nop IF | ID |EX| M |WB
or x6,x7,x6 IF [ ID |EX| M |WB
nop IF | ID | EX| M |WB
nop IF | ID |[EX| M |WB
nop IF | ID | EX| M |WB
sw x6,0 (x7) IF | ID [EX| M |WB




Problem 6b

" Pipelined without hazard management + RF write in the middle of the
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cycle
112 3|4 |5 )|6|(7 | 8|9 (101112 |13 | 14
add x7,x5,x8 IF | ID | EX| M |WB
nop IF | ID | EX WB
nop IF | ID X| M |WB
x7
1w x6,8(x7) IF |YID [ EX | M |WB
S
g 1w x5,0 (x5) IF | ID | EX WB
]
§§ nop IF | ID X| M |WB
%3 X6
¢§ or x6,x7,x6 IF |"ID | EX| M |WB
| U
9 3 nop IF | ID | EX WB
S =
§§ nop IF [ ID | EX| M |WB
X6
sw x6,0 (x7) IF |"ID | EX| M |WB
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Problem 6¢

" Pipelined
1 2 3 4 5 6 7 8 9
add x7,x5,x8 IF | ID | EX|s M | WB
1w x6,8(x7) IF | ID xI7EX WB
1w x5,0 (x5) IF | ID X || M |[WB
or x6,x7,x6 IF IxI; XEX— M | WB
sw x6,0 (x7) IF | ID 1xIGE;X M | WB




Problem 6¢
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add x7,x5,x8 |F
lw x6,8(x7)
lw x5,0(x5)
or x6,x7,x6

sw x6,0(x7)

S
>
8 R 1E P22729°
% O SIE | T
1
&E) S Rs2E 22227
(7.}
S8 RdM 22222
Q
T 5 BRwrM ?
'; E RdW 22227
33 BRwrW ?
S Q
S & ForwardA ??
ForwardB ??

R g i N B

#ciclo : 1 2 3 : 4 5




Problem 6¢

=
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L
)
5 1 2 3 4 5
)
% add x7,x5,x8 |F |D
1w x6,8(x7) IF

1w x5,0 (x5)

or x6,x7,x6

sw x6,0(x7)

S
e § Rs1E 2272727 29929297
_§ § Rs2E 227?727 299927
§ g RdM 222727 292997
T §_ BRwrM ? 2
Z E RdW 222297 29999
33 BRwrwW 2 2
§ ‘c% ForwardA ?? ?2?
ForwardB ?? 29

clk ?"' f"" é é ____j

#ciclo : 1 2 3 : 4 5




Problem 6¢

S
7
> 1 2 3 4 5
N
% add x7,x5,x8 IF ID EX
1w x6,8(x7) IF ID
lw x5,0(x5) |F

or x6,x7,x6

sw x6,0(x7)

<
ey
.8 Rs1E 22222 | 22222 | oo1o01
(7))
1S
§ S Rs2E 22222 22222 01000
v
S8 RdM 22222 | 22222 | 22222
>~ 8 BRwrM ? ? ?
'; § RdW 222297 222297 222297
33 BRwrW ? ? ?
o
S5 ForwardA i 2 ??
ForwardB ?? ?? ??

R g i B i

#ciclo : 1 2 3 : 4 5
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Problem 6¢

add x7,x5,x8

ID

EX — M
-1x7

1w x6,8 (x7) IF ID EX
1w x5,0 (x5) IF ID
or x6,x7,x6 |F
sw x6,0(x7)
Rs1E 22?2?27 22?2?27 00101 00111
Rs2E 2227?27 2227?27 01000 garbage
RdM 2?22?27 2?22?27 2272?27 00111
BRwrM ? ? ? 1
RdW ?2?2?2?? ?22??? ?2?2?2?? 2?2?2727
BRwrW ? ? ? ?
ForwardA ?? ?? ?? 10
ForwardB ?°? ?°? ?°? garbage
clk . ‘ ’ j
# cycle 1 2 3 : 4 :
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Problem 6¢

add x7,x5,x8

lw

1w

or

SW

x6,8 (x7)

x5,0 (x5)

X6,x7,x6

x6,0 (x7)

ID
IF

EX
ID
IF

EX
ID
IF

WB

X

x7

ID
IF

Rs1E 222?22 222?22 00101 00111 00101
Rs2E 2?27?2727 2?27?2727 01000 garbage | garbage
RdM 72227 7?2227 7?2227 00111 00110
BRwrM ? ? ? 1 1
RdW 27?7 27?7 27?7 7?72?27 00111
BRwrW ? ? ? ? 1
ForwardA ?? ?? ?? 10 00
ForwardB ?°? ?°? ?°? garbage | garbage
S S W R SN ) N U S B S
#eycle @ 1 ¢ 2 i 3 : 4 ¢ 5 i 6 7 i
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Problem 6c¢

1 2 3 4 5 6 7
add x7,x5,x8 |F ID EX WB

1w x6,8 (x7) |F ID EX M — WB
1w x5,0 (x5) |F ID EX M
X6
or x6,x7,x6 |F ID EX
sw x6,0 (x7) |F ID
Rs1E Kararardrd Kararardrd 00101 00111 00101 00111
Rs2E 2?27?2727 2?27?2727 01000 garbage | garbage 00110
RdM ?22??7 ?22??7 ?22??7 00111 00110 00101
BRwrM ? ? ? 1 1 1
RdW ?2227?27 ?2227?27 ?2227?27 2?2?27 00111 00110
BRwrW ? ? ? ? 1 1
ForwardA ?2? ?2? ?2? 10 00 00
ForwardB ?? ?? ?2? garbage | garbage 01

n n n n n n [ ] n

ok L L L L L

#eycle @ 1 ¢ 2 i 3 : 4 ¢ 5 i 6 7 i
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Problem 6c¢

1 2 3 4 5 6 7
add x7,x5,x8 |F ID EX WB
1w x6,8(x7) IF ID EX M WB
1w x5,0 (x5) IF ID EX M WB
or x6,x7,x6 |F ID EX — M
—lx6
sw x6,0 (x7) IF ID EX
Rs1E 227227 227227 00101 00111 00101 00111 00111
Rs2E 2?27?2727 2?27?2727 01000 garbage | garbage 00110 00110
RdM 22227 2?22?27 222?27 00111 00110 00101 00110
BRwrM ? ? ? 1 1 1 1
RdW Karararars Karararars Karararars Kardrarars 00111 00110 00101
BRwrW ? ? ? ? 1 1 1
ForwardA ?2? ?2? ?2? 10 00 00 00
ForwardB ?? ?2? ?2? garbage | garbage 01 10
n n n n n n [ ] n
e — L L
#eycle @ 1 ¢ 2 i 3 : 4 ¢ 5 i 6 7 i




Problem 7a

1w t1,0(t0)

1w £1,0(t0)
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Problem 7a

IF ID EX M WB

1w £1,0(t0)

15/01/24 version

add t5,t2,tl 1w t1,0(t0)
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1w t1,0(t0)
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add t5,t2,tl




Problem 7a

IF ID EX M WB

1w £1,0(t0)

15/01/24 version

add t5,t2,tl 1w t1,0(t0)

addi t0,t0,1 add t5,t2,tl 1w t1,0 (t0)

N O o AW N R

1w t1,0(t0)
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add t5,t2,tl

addi t0,t0,1




Problem 7a

IF ID EX M WB

1w £1,0(t0)

15/01/24 version

add t5,t2,tl 1w t1,0(t0)

addi t0,t0,1 add t5,t2,[tl) (Iw_t1)o(to)

N O 1 A W N R

1w t1,0(t0)
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add t5,t2,tl

addi t0,t0,1




Problem 7a

IF ID EX M WB

1w £1,0(t0)

15/01/24 version

add t5,t2,tl 1w t1,0(t0)

addi £0,t0,1®| add t5,t2, 0 (t0)

N O o AW N R

1w t1,0(t0)
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add t5,t2,tl

addi t0,t0,1




Problem 7a

IF ID EX M WB

1w £1,0(t0)

15/01/24 version

add t5,t2,tl 1w t1,0(t0)

addi to,to,1ea add 1—.5,1-_2,1:1@b 1w t1,0(t0)
T "X O XK <N

addi t0,t0,1 add t5,t2,tl {::) 1w 1,0 (£0)

N O 1 A W N R

1w t1,0(t0)
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Problem 7a

N O 1 A W N R

IF

1w £1,0(t0)

add t5,t2,tl

addi t0,t0,1®

addi t0,t0,1 €

sub t3,t5,t0

ID

1w t1,0(t0)
add t5,t2,t1qb
add t5,t2,tl g

addi t0,t0,1

1

EX

1w t1,0(t0)

O

add t5,t2,|t

1w t1,0 (t0)

4

WB

1w t1,0(t0)

add t5,t2,tl

addi t0,t0,1

sub t3,t5,t0
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Problem 7a

N O 1 A W N R

IF

1w £1,0(t0)

add t5,t2,tl

addi t0,t0,1®

addi t0,t0,1

sub t3,t5,t0

<

ID

1w t1,0 (t0)
add 1—.5,1-_2,1:1@b
add t5,t2,t1
addi t0,t0,1

sub t3,t5,t0

EX

1w t1,0(t0)

O

1w t1,0 (t0)

WB

j add t5,t2,é gj

addi t0,t0,1

O

add t5,t2,tl

1w é,o (t0)
1

O

1w t1,0(t0)

add t5,t2,tl

addi t0,t0,1

sub t3,t5,t0
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Problem 7a

N O 1 A W N R

IF

1w £1,0(t0)

add t5,t2,tl

addi t0,t0,1®

addi t0,t0,1

sub t3,t5,t0

ID

1w t1,0 (t0)
add 1—.5,1-_2,1:1@b
add t5,t2,t1
addi t0,t0,1

sub t3,t5,t0 g

EX

1w t1,0(t0)

O

1w t1,0 (t0)

WB

add t5,t2 ,é

addi t0,t0,1 |

O

add t5,t2,t1 |

1w é,o (t0)
>

o o8
sub t3,

addi [0}, t0,1

add [t5), t2,tl

1w t1,0(t0)

S
D
0
s
~
S
0
Q0
S
s
S
B
Q
RS
—
Q
2
Q

Module 7 — Problems:

add t5,t2,tl

addi t0,t0,1

sub t3,t5,t0
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Problem 7a

N O 1 A W N R

IF

1w £1,0(t0)

add t5,t2,tl

addi t0,t0,1®

addi t0,t0,1

sub t3,t5,t0

ID

1w t1,0 (t0)
add 1—.5,1-_2,1:1@b
add t5,t2,t1
addi t0,t0,1

sub t3,t5,t0

EX

1w t1,0(t0)

O

1w t1,0 (t0)

WB

add t5,t2 ,é

addi t0,t0,1

O

add t5,t2,tl

1w é,o (t0)
>

addi [0}, t0,1

add [t5), t2,tl

1w t1,0(t0)

add t5,t2,tl

addi t0,t0,1

sub t3,t5,t0
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Problem 7b

N O 1 A W N R

IF

1w t1,0 (t0)
addi t0,t0,1
add t5,t2,tl

sub t3,t5,t0

ID

1w t1,0(t0)

addi t0,t0,1

add t5,t2,tl

sub t3,t5,t0

1w

tl, 0(tO0)

add t5, t2, t1
addi t0, t0, 1
sub t3, t5, t0

EX

1w t1,0 (t0)
addi t0,t0,1
add t5,t2,tl

sub t3,t5,t0

1w t1,0 (t0)

addi t0,t0,1

add t5,t2,tl

sub t3,t5,t0

WB

1w t1,0(t0)
addi t0,t0,1

add t5,t2,tl

1w t1,0(t0)

addi t0,t0,1

add t5,t2,tl

sub t3,t5,t0




Problem 8a-8b

" Pipelined without hazard management

=
el
(72)
—
)
>
<
N
~
=
o
~~
©
o)

1 2 3 4 5 6 7 8 9 | 10
1w t1,0(t0) IF | ID | EX | M | WB
nop IF | ID | EX| M | WB
nop IF | ID | EX| M | WB
nop IF | ID | EX| M | WB
add t5,t2,tl IF | ID | EX| M | WB
_§: add t2,t1,14 IF | ID | EX| M | WB
§ g " Pipelined without hazard management + RF write in the middle of the
& g cycle 1| 2|3]a]ls]|]e]7]8]09
%E 1w t1,0(t0) IF | ID | EX| M | WB
88 nop IF | ID | EX WB
nop IF | ID t)1( M | WB
add t5,t2,tl IF |"ID | EX | M | WB

add t2,tl,14 IF ID | EX| M | WB
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Problem 8c-8d

Pipelined with partial hazard management

Pipelined

1 2 3 4 5 6 7 8
1w t1,0(t0) IF | ID | EX | M—WB
nop IF | ID | EX WB
add t5,t2,tl IF | ID f X| M |WB
add t2,t1,14 IF It[l) EX| M | WB
1 2 3 4 5 6 7 8
1w t1,0(t0) IF | ID | EX M—-PAIB
add t5,t2,tl IF | IDs | ID M | WB
add t2,tl1,14 IFs | IF Ilii:)1 EX| M | WB
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Problem 8e

N O 1 A W N R

IF

1w £1,0(t0)

add t5,t2,tl

add 1-_2,1-_1,146a

add t2,t1,14

ID

1w t1,0(t0)
add t5,t2,t1qb

add t5,t2,tl

add t2 @ 14

EX

1w t1,0(t0)

1w t1,0 (t0)

WB

add t5,t2 ,é

ot

i

add t2,t1,14

add t5,t2,tl

add t2,t1,14

-

add t5,t2,tl

1w t1,0(t0)

add t5,t2,tl

add t2,t1,14




Problem 9

IF ID EX M WB
% 1 | addi si1,zero,11
é) 2 lw s2,25(sl) addi sl,zero,1ll
§ 3 lw s5,16(s2) lw s2,25(sl) addi sl,zero,1l1l
- 4 add s3,s2,s5@| 1w s5,16(s2) @ | 1w s2,25 @) addi ,zero,11
5 add s3,s2,s5 1w s5,16(s2) O 1w s2,25(sl) addi si,zero,11
6 or s4,s3,td @| add s3,s2,s5@| 1w ss,16@ > 1w @,25(s1)
7 or s4,s3,t4 add s3,s2,s5 O lw s5,16(s2) O
8 and s2,s3,s4 or s4,s3,t4 add s3,s2,@ O 1w @,16(52)
9 and s2,s3,s4 or s4,,52,s5 O
[~
.. .% 10 and s2,|s3)(s4 or E:l],s3,t4 add |s3|,s2,s5
g g 1 2 3 4 5 6 7 8 9 10 11
>~ 8 addi sl1,zero,11 IF ID EX— |}/| WB
% E 1w 2,25 (s1) IE | ID -lsEx M_lyyB
A 1w s5,160s2) IF | IDs | ID [VEX M—-l\s/yB
add s3,s2,s5 IFs |F IDs | ID EX ls'lléﬂ s\:{}VB
or s4,s3,t4 IFs |F ID EX s|\4/| WB
and s2,s3,s4 IF ID EX M WB
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Problem 10a

IF

addi s0,sl,-4
1w s3,16(s0)

sw s3,20(s0)

xor s2,s0,s3

N OO A WNR

or s2,s2,s3

addi sl,zero,52

Xor sZ,sO,s3@

ID

addi sl,zero,52

EX

WB

addi s0,sl|-4
lw s3,16(sl0)
sw s3,20(s0)@
sw s3,20

xor s2,s0,s3

addi sl,zero,52

addi s0 é,-4

addi [sl}, zero,52

addi , sl,-4

1w s3,16
w

sw [s3,20 (s0)

lw s3,16(s0)

addi sl|, zero,52

addi [s0)s1,-4

addi sl,zero,52
addi s0,sl,-4
lw s3,16(s0)

sw s3,20(s0)
xor s2,s0,s3

or s2,s2,s3

10 | 11

WB
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Problem 10b

IF

addi sl,zero,52

addi s0,sl,-4
lw s3,16(s0)
sw s3,20(s0)
xor s2,s0,s3

or s2,s2,s3

N OO A WNR

ID

addi sl,zero,52
addi s0,sl1,-4
1w s3,16(s0)

sw s3,20(s0)

EX

addi sl,zero,52

addi , zero, 52

addi , s1,-4

WB

addi sl,zero,52

xor s2 , s3

xor s2,s0,s3

lw s3,16(s0)

addi ,sl,—4

addi sl,zero,52
addi s0,sl,-4
lw s3,16(s0)

sw s3,20(s0)
xor s2,s0,s3

or s2,s2,s3

wWB
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Problem 11a

1 2 3 4 5 6 7 8 9 (10 | 11 | 12 | 13
1w s3,0(s4) |F ID | EX | M—/W
add s5,s4,s3 IF | IDs | ID 153 M | WB
add s2,s3,s6 IFs | IF ISS EX—4M | WB
and si1,sl,s2 IF | ID 1ISEZX M | WB
1w s5,0(t3) IF | ID | EX | M—/WB
sw 5,0 (£3) IF | IDs | ID 155 M | WB
or s2,s2,s5 IFs | IF IE5 EX | M | WB
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Problem 11b

1 2 3 4 5 6 7 8 9 10 { 11 | 12 | 13
1w s3,0(s4) |F ID | EX | M——W
add s5,s4,s3 IF | IDs | ID 153 M | WB
add s2,s3,s6 IFs | IF ISS EX— M | WB
and si1,sl,s2 IF | ID 1ISEZX M | WB
1w s5,0(t3) IF | ID | EX =>WB
sw s5,0(t3) IF | ID | EX /M | WB
or s2,s2,s5 IF | ID |YEX | M | WB




Problem 12a

" 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

=
el
(72)
—
)
>
<
N
~
=
o
~
©
o)

. beq zero,s0,L1 IF [ ID | EX
D
(%)
5o addi t1,t1,-1 IF | ID | EX|WB
£
el addi t2,t2,-1 IF | ID | EX |WB
& 9
N
Wl Ll:addi t3,t1,1 IF | ID | EX |WB
o Y
S S
T Q addi t4,t2,1
o L
S g




Problem 12b

" 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

=
el
(72)
—
)
>
<
N
~
=
o
~~
©
o)

<
>
o
2 "g beq zero,s0,Ll |F ID | EX | M | WB
QL G
Qv .
S § addi t1,t1,-1 IF ID EX NM—mWB
L .
| QU
EE addi t2,t2,-1 IF ID EX VMi—TWB
33 o
g8 Ll:addi t3,t1,1 IF ID |YEX M | WB

t2

addi t4,t2,1 |F ID EX M




Problem 12c

" Pipelined without control hazard management + NOP (correct result in

=
el
(72)
—
)
>
<
N
~
=
o
~
©
o)

11 cycles):
1 2 3 4 5 6 7 8 9 10 | 11
beq zero,s0,Ll IF ID EX M WB
nop IF ID EX M | WB
- nop |F ID EX M | WB
D
- § addi t1,tl,-1 IF ID EX M——WB
E |
% % addi t2,t2,-1 IF | ID | EX——M—7WB
&8 t1
S Ll:addi t3,t1,1 IF ID |YEX || M | WB
v @ £2
§'§ addi t4,t2,1 IF ID EX M | WB
S g
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Problem 12d

" Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):
IF ID EX M WB
1| beq zero,s0,L1
2
3
4
5
6
7

beqg zero,s0,L1
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Problem 12d

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

NOO U b WN

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

beqg zero,s0,L1

addi t1,t1,-1




Problem 12d

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

15/01/24 version

IF ID EX M WB

1 beq zero,s0,L1

addi t1,t1, -1® zero,sO,Ll

NOO U b WN

beqg zero,s0,L1
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addi t1,t1,-1




Problem 12d

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

IF ID EX M WB

1 beq zero,s0,L1

15/01/24 version

addi t1,t1,—1® beq zero,s0,L1

addi tl1,tl,-1"2 jbeq zero,s0,Ll

NOO U b WN

beqg zero,s0,L1
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addi t1,t1,-1




Problem 12d

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

IF ID EX M WB

1 beq zero,s0,L1

15/01/24 version

- 1@
addi t1,t1,-1 beq zero,s0,L1 no branch

addi t1,t1,-1® |beg zero,sO| L1l

NOO U b WN

beqg zero,s0,L1
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addi t1,t1,-1




Module 7 — Problems:

15/01/24 version

[~
S
0
S
1S
(o]
(7))
0
S
L.
Q
o
(V)
£
—
Q
2
Q

Problem 12d

" Pipelined with control hazard management through pipeline stalling
(correct result in 11 cycles):
IF ID EX M WB
1 beq zero,s0,
2 addi t1,t1, beq zero,s0,Ll
3 addi tl1,tl, beq zero,s0,L1
4 addi tl1,tl, Qj O gjbeq zero,sO0,Ll
5
6
7

10

11

beqg zero,s0,L1

addi t1,t1,-1




Problem 12d

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

IF ID EX M WB

beq zero,s0,L1

15/01/24 version

addi t1,t1,—1@ beq zero,s0,L1

addi t1,t1,—1@ O beq zero,s0,L1

addi t1,t1,—1§ Q g beq zero,sO,Ll§
addi t2,t2,-1 jaddi tl,t1,-1 jbeq zero,sO0,L1

N O U A, WNR

beqg zero,s0,L1
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addi t1,t1,-1

addi t2,t2,-1




Problem 12d

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

IF ID EX M WB

beq zero,s0,L1

15/01/24 version

addi t1,t1,—163 beq zero,s0,L1

addi t1,t1,-1@

addi t1,t1,-1 O

beq zero,s0,L1

8 beq zzm:jso,m
N\ S N o

addi t2,t2,—1§ addi t1,t1,—1€

Ll:addi t3,t1,1 addi t2,t2,-1 j addi t1,t1,-1

N O U A, WNR

beqg zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1
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Problem 12d

Pipelined with control hazard management through pipeline stalling

(correct result in 11 cycles):

N O U A, WNR

IF

beq zero,s0,L1

addi t1,t1,-1®

addi t1,t1,-1@

addi t1,tl,-1

addi t2,t2,-1
Ll:addi t3,t1,1

addi t4,t2,1

ID

beq zero,s0,L1
addi t1,tl1,-1

addi t2,t2,-1

1:addi t3,t1,1

EX

beq zero,s0,L1
addi t1,t1,-1

addi t2,t2,-1

M

beq zero,s0,L1l

addi t1,t1,-1

WB

beq zero,s0,L1

)

10 | 11

beqg zero,s0,L1
addi t1,t1,-1
addi t2,t2,-1
Ll:addi t3,t1,1

addi t4,t2,1
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Problem 12d

Pipelined with control hazard management through pipeline stalling

(correct result in 11 cycles):

N O U A, WNR

IF ID EX M WB
beq zero,s0,L1
addi t1,t1,—163 beq zero,s0,L1
addi t1,t1,—1@3 (::) beq zero,s0,L1
addi t1,tl,-1 (::) (::) beq zero,s0,L1l
addi t2,t2,-1 addi t1,t1,-1 {::) <::> beq zero,s0,L1
Ll:addi t3,t1,1 | addi t2,t2,-1 | addi t1,tl1,-1 O O
addi t4,t2,1 Ll:addi t3,t1,1 addi t2,t2,-1 addi t1,t1,-1
10 | 11
beqg zero,s0,L1
addi t1,t1,-1
addi t2,t2,-1
Ll:addi t3,t1,1 WB
addi t4,t2,1 M WB
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Problem 12e

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

NOoOO U, WNR

beqg zero,s0,L1

beq zero,s0,L1
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Problem 12e

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

NOoOO U, WNR

beqg zero,s0,L1

addi t1,tl1l,-1 beg zero,s0,L1

beq zero,s0,L1

addi t1,t1,-1




Problem 12e

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

15/01/24 version

beqg zero,s0,L1

addi t1,t1,—1§ beq zero,sO,LlQ

1

addi t2,t2,-1 addi t1,tl1,-1 beq zero,s0,L1

NOoOO U, WNR

beq zero,s0,L1
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addi t1,t1,-1

addi t2,t2,-1




Problem 12e

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

15/01/24 version

beqg zero,s0,L1

addi t1,tl1,-1 beq zero,s0,Ll1 ~no branch:
right prediction

addi t2,t2,-1 addi t1,t1,-1 |beg zero,sO| L1l

NOoOO U, WNR

beq zero,s0,L1
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addi t1,t1,-1

addi t2,t2,-1
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Problem 12e

" Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):
1 | beqg zero,s0,Ll
2 addi t1,t1,-1 beq zero,s0,L1 ~no branch:
right prediction
3 addi t2,t2,—1§ addi t1,t1,-1 [becl zero,sO],ng
4| 11:addi t3,t1,1 addi t2,t2,-1 addi t1,t1,-1 :]beq zero,s0,Ll
5
6
7

beq zero,s0,L1
addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1




Problem 12e

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

15/01/24 version

beqg zero,s0,L1

addi t1,tl1l,-1 beq zero,s0,Ll1

addi t2,t2,-1 addi t1,tl1,-1 beq zero,s0,L1

Ll:addi t3,t1,1 addi t2,t2,-1 addi t1,t1,-1 beq zero,s0,L1

addi t4,t2,1 Ll:addi t3,tl1l,1 addi t2,t2,-1 addi tl1,tl,-1 beq zero,s0,L1

NOoOO U, WNR

beq zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1
Ll:addi t3,t1,1

addi t4,t2,1




Problem 12e

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

15/01/24 version

beqg zero,s0,L1

addi t1,t1,-1

addi t2,t2,-1

Ll:addi t3,t1,1

beq zero,s0,Ll1
addi t1,tl1,-1

addi t2,t2,-1

addi t4,t2,1 g 1:addi t3,t1,§

addi t4,t2,1

1

beq zero,s0,L1
addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3/[tl,1

beq zero,s0,L1

addi t1,tl,-1 A

beq zero,s0,L1

addi t2,t2,-1

addi , tl,-1

NOoOO U, WNR

beq zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1
Ll:addi t3,t1,1

addi t4,t2,1




Problem 12e

c
g " Pipelined (with not-taken branch prediction)
§ (correct result in 9 cycles):
©
- IF ID EX M WB
1 | beqg zero,s0,Ll
2 addi t1,tl,-1 beq zero,s0,Ll1
3 addi t2,t2,-1 addi t1,tl1,-1 beq zero,s0,L1
4 | L1:addi t3,t1,1 addi t2,t2,-1 addi t1,t1,-1 beq zero,s0,Ll
5 addi t4,t2,1 Ll:addi t3,tl1l,1 addi t2,t2,-1 addi tl1,tl,-1 beq zero,s0,L1
6 addi t4,t2,1 Ll:addi t3@,1 addi t2,t2,-1 A A addi ,t1,—1
7 addi t4,[t2)1 Ll:addi t3,tl1,1 addi ,t2,—1

9

beq zero,s0,L1
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addi t1,t1,-1

addi t2,t2,-1

Ll:addi t3,t1,1

addi t4,t2,1




Problem 12e

c
g " Pipelined (with not-taken branch prediction)
§ (correct result in 9 cycles):
O
1 | beqg zero,s0,Ll
2 addi t1,tl,-1 beq zero,s0,Ll1
3 addi t2,t2,-1 addi t1,tl1,-1 beq zero,s0,L1
4 | L1:addi t3,t1,1 addi t2,t2,-1 addi t1,t1,-1 beq zero,s0,Ll
5 addi t4,t2,1 Ll:addi t3,tl1l,1 addi t2,t2,-1 addi tl1,tl,-1 beq zero,s0,L1
6 addi t4,t2,1 Ll:addi t3@,1 addi t2,t2,-1 addi ,t1,—1
7 addi t4,[t2)1 Ll:addi t3,tl1,1 addi (t2),t2,-1

beq zero,s0,L1
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addi t1,t1,-1
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Ll:addi t3,t1,1

addi t4,t2,1
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Problem 12f

Multicyle (correct result in 11 cycles):

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

1 2 3 4 5 6 7 8 9 | 10 | 11
e D)L IF | ID | EX
Ll:addi t3,tl1,1 A IF | ID | EX | WB
addi t4,t2,1 A IF | ID | EX | WB

The instruction to execute after beq is fetched from memory in the cycle
after deciding whether taking the branch or not
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Problem 12g

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

1 2 3 4 5 6 7 8 9
beq zero,s0,Ll IF ID EX WB
addi t1,t1,-1 IF ID | EX+—M—TWB
A
addi t2,t2,-1 : IF ID | EX—TNM—TWB
A t1
Ll:addi t3,t1,1 I= ID [YEX M | WB
2
addi t4,t2,1 IF ID [YTEX | M | WB

There is a control hazard:

Some instructions are fetched from memory before
the beq instruction decides whether taking the branch or not




Problem 12h

" Pipelined without control hazard management + NOP
(correct result in 9 cycles):

=
el
(72)
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<
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=
o
~~
©
o)

2 delay cycles

beq zero,s0,Ll : IF ‘:- ID EX M WB

5 nop IF | ID | EX | M | WB

=
: £ S F|ID|EX| M |wsB
§ g Ll:addi t3,t1,1 IF ID | EX | M | WB
ég addi t4,t2,1 IF | ID | EX | M
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Problem 12i [x=

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

NOO U b WN

beq zero,s0,L1

beq zero,s0,L1
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Problem 12i [x-o

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

NOO U b WN

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

beq zero,s0,L1

addi t1,tl,-1




Problem 12i [x-o

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

15/01/24 version

1 beq zero,s0,L1
addi t1,t1,—1@ zero,sO,Ll

NOO U b WN

beq zero,s0,L1
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addi t1,tl,-1




Problem 12i [x-o

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,—1qa beq zero,s0,L1

addi t1,t1,—1§’§ O Qj beq zero,s0,Ll

N OO U A, WNR

beq zero,s0,L1
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addi t1,tl,-1




Problem 12i [x-o

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

15/01/24 version

1 beq zero,s0,L1

addi t1,t1,—1@ beq zero,s0,L1

branch

addi t1,t1,—1@ O |beg zero,s0| L1l

NOO U b WN

beq zero,s0,L1
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addi t1,tl,-1




Problem 12i [x-o

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,—1qa beq zero,s0,L1

beq zero,s0,L1

addi t1,t1,-1@ (::)
Ll:addi t3,t1,§§ O Qj O jbeq zero,sO0,Ll

N OO U A, WNR

beq zero,s0,L1
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addi t1,tl,-1

Ll:addi t3,tl1,1
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Problem 12i [x-

" Pipelined with control hazard management through pipeline stalling
(correct result in 9 cycles).
1| beqg zero,s0,L1
2 addi t1,t1,—1@° beq zero,s0,Ll
3| addi t1,¢1,-1@ (::) beq zero,s0,Ll
4 | 11:addi t3,¢1,1 (::) beq zero,s0,Ll
5 addi t4,t2,1 §j.l:addi t3,t1,1€ gj O Qj beq zero,s0,Ll
6
7

beq zero,s0,L1

addi t1,tl,-1

Ll:addi t3,tl1,1

addi t4,t2,1




Problem 12i [x-

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,—1qa beq zero,s0,L1

addi t1,t1,-1® O
Ll:addi t3,t1,1 O

addi t4,t2,1 g L1l:addi t3,t1,]§

beq zero,s0,L1

{::) beg zero,s0,L1
O g O g beq zero,s0,L1
le:addi £3,t1,1 1 O

addi t4,t2,1

N OO U A, WNR

beq zero,s0,L1
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addi t1,tl,-1

Ll:addi t3,tl1,1

addi t4,t2,1




Problem 12i [x-

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,—1qa beq zero,s0,L1

addi t1,t1,-1® (::)
Ll:addi t3,t1,1 (::)

addi t4,t2,1 Ll:addi t3,t1,1

beq zero,s0,L1

{::) beg zero,s0,L1

beq zero,s0,L1

addi t4,t2,1 Ll:addi t3,t1,1

N OO U A, WNR

addi t4,t2,1 l:addi t3,t1,1

beq zero,s0,L1
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addi t1,tl,-1

Ll:addi t3,tl1,1

addi t4,t2,1




Problem 12i [x-o

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,—1sb beq zero,s0,L1

addi t1,t1,-1® (::)
Ll:addi t3,t1,1 (::)
addi t4,t2,1 | Ll:addi t3,t1,1

addi t4,t2,1 | Ll:addi t3,t1,1 (::)

addi t4,t2,1 Ll:addi t3,tl1,1

beq zero,s0,L1

{::) beq zero,s0,L1

beq zero,s0,L1

N OO U A, WNR

beq zero,s0,L1
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addi t1,tl,-1

Ll:addi t3,tl1,1

addi t4,t2,1
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Problem 12j [

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

NOO U b WN

beq zero,s0,L1

beq zero,s0,L1
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Problem 12j [

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

NOO U b WN

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

beq zero,s0,L1

addi t1,t1,-1




Problem 12j [

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

addi t2,t2,-1 gj addi t1,t1,—1§j beq zero,s0,L1

N OO U A, WNR

beq zero,s0,L1
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addi t1,t1,-1

addi t2,t2,-1




Problem 12j [

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

15/01/24 version

1 beq zero,s0,L1

addi t1,tl,-1 beq zero,s0,L1l branch:
wrong prediction

addi t2,t2,-1 addi t1,tl1,-1 |beg zero,s0| L1l

NOO U b WN

beq zero,s0,L1
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addi t1,t1,-1

addi t2,t2,-1
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Problem 12j [

0

" Pipelined (with not-taken branch prediction)
(correct result in 9 cycles):
1| beqg zero,s0,L1
2 addi t1,t1,-1 beq zero,s0,Ll
3| addi t2,t2,-1 addi t1,tl,-1 beq zero,s0,Ll
4 | 11:addi t3,t1,§§ gl1beq zero,s0,L1
5
6
7

beq zero,s0,L1
addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1




Problem 12j [

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

addi t2,t2,-1 addi tl1,tl,-1 beq zero,s0,L1

beq zero,s0,L1

L1:addi t3,t1,1§1 O Q 8 §:]beq zero,sO,ngj

addi t4,t2,1 1:addi t3,t1,1 (::)

N OO U A, WNR

beq zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1

addi t4,t2,1




Problem 12j [

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

addi t2,t2,-1 addi tl1,tl,-1 beq zero,s0,L1

Ll:addi t3,t1,1 (::; {::) beg zero,s0,L1
addi t4,t2,1 | Ll:addi 1-_3,1-_1,1Q O g O g beq zero,s0,Ll
le:addi £3,¢1,1 1 O 1 {:)

addi t4,t2,1

N OO U A, WNR

beq zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1

addi t4,t2,1




Problem 12j [

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1
addi t2,t2,-1 addi t1,t1,-1 beq zero,s0,L1

Ll:addi t3,t1,1 (::; {::) beq zero,s0,L1

addi t4,t2,1 Ll:addi t3,t1,1 beq zero,s0,L1

addi t4,t2,1 Ll:addi t3,t1,1

N OO U A, WNR

addi t4,t2,1 l:addi t3,t1,1

beq zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1

addi t4,t2,1




Problem 12j [

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

15/01/24 version

beq zero,s0,L1

addi t1,t1,-1 beq zero,s0,L1

addi t2,t2,-1 addi tl1,tl,-1 beq zero,s0,L1

Ll:addi t3,t1,1 (::; {::) beq zero,s0,L1

addi t4,t2,1 | Ll:addi t3,tl1,1 (::) beq zero,s0,Ll

addi t4,t2,1 Ll:addi t3,t1,1

N OO U A, WNR

addi t4,t2,1 Ll:addi t3,tl1,1

beq zero,s0,L1
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addi t1,t1,-1
addi t2,t2,-1

Ll:addi t3,t1,1

addi t4,t2,1




Problem 13

jal x0,L1
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Problem 13

15/01/24 version

jal x0,L1

addi tl1,x0,5 jal x0,L1

O NO UV H WIN =

jal x0,L1 |F ID
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addi t1,x0,5 I=




Problem 13

=
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1 jal x0,L1
2 addi t1,x0,5 g jal x0,L1 Q
3 add t3,tl1,t2 addi t1,x0,5 j jal x0,L1
4
5
6
S 7
0
.
(V)
S 8
s 4
S 3
a O
| & 1 2 3 4 5 6 7 8
N ©
L g .
3 jal x0,L1 IF | ID | EX
g8
» addi t1,x0,5 IF | ID

add t3,tl,t2 IF




Problem 13

=
el
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jal x0,L1

addi t1,x0,5 jal x0,L1 bmnch;.
wrong prediction

add t3,tl,t2 addi t1,x0,5 (Gail x0,11 )

O NO UV H WIN =

<
D
0
N
55
g4
Q
| 8 12 (3|4 |5)|6 |78
N o
L £ .
$E jal x0,L1 IF | ID | EX
§ B
= addi t1,x0,5 IF | ID

add t3,tl1,t2 IF




Problem 13

=
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1 jal x0,L1
2 addi t1,x0,5 jal x0,L1 branch:
wrong prediction
3 add t3,tl1,t2 addi t1,x0,5 (§al x0,11 ]g
4| r1:sw t4,0(t3): §§: O O j jal x0,L1
5
6
S 7
0
.
(V)
S 8
= 4
S Y
a O
| S 1 2 3 4 5 6 7 8
N T
L g .
ERS jal x0,L1 IF | ID | EX | M
S 8
=g addi t1,x0,5 IF | ID | ><Z
add t3,tl,t2 IF 1><
Ll:sw t4,0(t3) |F
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1 jal x0,L1
2 addi t1,x0,5 jal x0,L1
3| add t3,t1,t2 addi t1,x0,5 jal x0,L1
4| r1:sw t4,0(t3)§ O Q O §j jal x0,L1 §
5 il:sw t4,0 (t3) ] O O ] jal x0,L1
6
S 7
0
.| I
§3
S Y
a O
| & 1 2 3 4 5 6 7 8
DN
Q’ -
R jal x0,L1 IF | ID | EX| M | WB
S o
=g addi t1,x0,5 IF | ID | ><Z
add t3,t1,t2 IF 1><
Ll:sw t4,0(t3) |F ID
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1 jal x0,L1
2 addi t1,x0,5 jal x0,L1
3| add t3,t1,t2 addi t1,x0,5 jal x0,L1
4| ri:sw t4,0(t3) O O jal x0,L1
5 Ll:sw t4,0(t3)§j O §‘_1 O Qj jal x0,L1
6 Ll:sw td4,0 (t3) O O
S 7
0
.8
7y
S 8
s 4
S
a O
| & 1 2 3 4 5 6 7 8
N
Q’ -
3£ jal x0,L1 IF | ID | EX| M | WB
S o
=g addi t1,x0,5 IF | ID | ><Z
add t3,tl,t2 IF 1><
Ll:sw t4,0(t3) |F ID EX
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1 jal x0,L1
2 addi t1,x0,5 jal x0,L1
3| add t3,t1,t2 addi t1,x0,5 jal x0,L1
4| ri:sw t4,0(t3) O O jal x0,L1
5 Ll:sw t4,0(t3) O O jal x0,Ll
6 Ll:sw t4,0(t3)§ O Q O
& 7 :]lesw t4,0 (3) O
(7))
Q
.8
w
S 8
S 8
S 3
a O
| ] 1 2 3 4 5 6 7 8
N
Q’ -
R jal x0,L1 IF | ID | EX| M | WB
S 2
=g addi t1,x0,5 IF | ID | ><Z
add t3,tl,t2 IF 1><
Ll:sw t4,0(t3) |F ID EX M
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Problem 13

O NO UV H WIN =

jal x0,L1
addi t1,x0,5
add t3,t1,t2

Ll:sw t4,0(t3)

jal x0,L1

addi t1,x0,5

o

Ll:sw t4,0(t3)

jal x0,L1

)
>

Ll:sw t4,0(t3)

jal x0,L1

o
<

Ll:sw t4,0(t3)

1 2 3 4 5 6 7 8
jal x0,L1 IF | ID | EX| M | WB
addi t1,x0,5 IF | ID [><Z
add t3,tl,t2 IF 1<
Ll:sw t4,0(t3) IF | ID | EX| M | WB

jal x0,L1

Ll:sw t4,0(t3)
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Problem 14

1,2, 3|4 5|6 7|89 1011|1213 /14|15 |16
addi s0,x0,0 IF | ID | EX-—M—HWB
Ll:beq t0,x0,L2 IF | ID | EX || M |WB
add s0,s0,t0 IF | ID siEOX M [WB
addi t0,t0,-1 IF | ID | EX WB
jal x0, L1 IF | ID Xsc M | WB
L2:add s0,s0,s0 IF |"ID | D>X
sw s0,0 (gp) IF ><
Ll:beq t0,x0,L2 IF [ ID | EX| M |WB
add s0,s0,t0 IF | ID | X
addi t0,t0,-1 IF | >
L2:add s0,s0,s0 IF | ID | EXq7 M | WB
sw s0,0 (gp) IF | ID 1TEOX M | WB
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Problem 15

10

11

12

13

14

15

16|17

18

19

20

addi s0,x0,0

1w t0,4 (gp)
Ll:beq t0,x0,L2
add s0,s0,t0
addi t0,t0,-1
jal x0,L1
L2:1w s1,0(gp)
add sl1,s0,sl
Ll:beq t0,x0,L2
add s0,s0,t0
addi t0,t0,-1
L2:1w s1,0(gp)
add sl1,s0,sl

sw s1,0(gp)

ID

WB

EX

IF

WB

XX =z

IF

WB

ID

= XX g

wWB

IF

EX

IFp

1
ID FEX-

B

EX

WB

WB




Problem 16

EJ
2
AN
= .equ N ...
2 _ o o o
addi sl, zero, N
3 cycles = addi s2, zero, O
_ addi s3, zero, O
for: .
1 cycle (no branch) beq s2, sl, efor 1 N+1t|me’s
3 cycles (branch) | s11i £0. s2 . 2 - (N doesn’t branch, 1 branches)
add t0, sO, tO
< beycles 1w t0, 0(t0) - N times
3 (5+1stall) add s3, s3, t0
N 3 cycles addi s2, s2, 1 .
22 . _ .
s § (1+2 penalty) -[ jal x0, for ) It branches N times
T 9 efor:
'i'g 1cyc|e-[ sw s3, 0(gp)
S S
33 74
S g

3+ (7xN + 1)+ 1=7xN + 5 executed instructions
3+ (1xN+3x1)+6xN+3xN+1=10xN + 7 cycles

CPl =10xN+7 / 7xN+5 ~10/7 = 1.43




Problem 16

g
2
S .equ N ... .equ N
addi sl, zero, N addi sl, zero, N
3 cycles = addi s2, zero, O addi s2, zero, O
_ addi s3, zero, O addi s3, zero, O
for: . for:
13cyc|? (nobbranﬁh)_r beq s2, sl, efor ]_ Nl\l+ilt|me’s:CIO L beq s2, sl, efor
cycles (branch) - |- s1li t0, s2, 2 (N doesn’t branch, slli t0, s2, 2
add tO0, sO0, tO add t0, sO, tO
s 6cycles — _ 1w t0, 0(t0) - N times 1w t0, 0(t0)
3 (5 +1 stall) add s3, s3, t0 |, > addi s2, s2, 1
gg 3 cycles addi s2, s2, 1 i add s3, s3, t0
&) & - L . .
s § (1 + 2 penalty) -[ jal x0, for ) It branches N times jal =x0, for
T 9 efor: efor:
51,% 1cyc|e.[ sw s3, 0(gp) sw s3, 0(gp)
S S “ e
33 74 7
S g

3+ (7xN + 1)+ 1=7xN + 5 executed instructions
3+ (1xN+3x1)+6xN+3xN+1=10xN + 7 cycles 9xN + 7 cycles

CPl =10xN+7 / 7xN+5 ~10/7 = 1.43 CPI=9/7=1.29




Problem 17

" The program executes 500 instructions, distributed as follows:
o 20% of the instructions are 1w
* 50% followed by an arithmetic instruction that reads the loaded register
o 15% of the instructions are sw
o 25% of the instructions are beg
e 70% are taken branches
o 5% of the instructions are jal
o 35% of the instructions are arithmetic-logic

15/01/24 version

cpl =02-(05-14+05-2)+0.15-140.25-(0.7-34+03-1)+0.05-3
+0.35:-1=1.55

In a different way:

CPI = 1 + penalty
=1+(0.2-05-1+025-0.7-2+0.05-2)=1.55
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500 1.55
~ 1.5-109

texec

= 516.7 ns
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Problem 18a

1123, 4/5(6|7|8|9(10{11/12(13(14|15
addi s4,zero,?2 IF | ID [EX| M |WB
Ll:1w s0,0(s2) IF | ID | EX| M |W
1w s1,0(s2) IF | ID | EX WB
add s3,s0,sl IF |IDs E; 1Isilx M—nWB
sw s3,0(s2) IFs | IF | ID lE;( M |WB
add s2,s3,s6 IF | ID ;E3X-1l\2/| WB
and sl,sl,s2 IF [ ID ['EX WB
beq s4,zero,Ll IF | ID fz M |WB
addi s2,s2,1 IF pID EX-1M WB
or 83,52, 84 F | D [Ex | M |wB
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0x0

0x4

0x8

Oxc
0x10

0x14

0x18

Oxlc

0x20
0x24

Problem 18b

1,23
addi s4,zero,2 IE | ID | EX
L1:1w s0,0(s2) IF | ID
1w s1,0(s2) IF
add s3,s0,sl
sw s3,0(s2)
add s2,s3,s6
and sl,sl,s2
beq sd,zero,Ll
addi s2,s2,1
or s3,s2,s4
o s0 (x8) =88 o s3(x19)=1919
o sl1(x9)=99 o s4(x20)=2020

o s2(x18)=1818 o s6 (x22)=2222



ddi x20,x0,2
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add x19,x8,x9
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ddi x20,x0,2
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ddi x20,x0,2
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add x19,x8,x9
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sw x19,0(x18) add x19,x8,x9

lw x9,0(x18)

lw x8,0(x18) = addi x20,x0,2
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sw x19,0(x18) add x19,x8,x9

lw x9,0(x18)

1w x8,0(x18)

addi x20,x0,2
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sw x19,0(x18) add x19,x8,x9

lw x9,0(x18)

lw x8,0(x18) = addi x20,x0,2
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sw x19,0(x18) add x19,x8,x9

lw x9,0(x18)

1w x8,0(x18)

addi x20,x0,2
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lw x8,0(x18)
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lw x8,0(x18)
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sw x19,0 (x18) add x19,x8,x9 Q 1w x9,0(x18)§ 1w x8,0 (x18)
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sw x19,0(x18)

add x19,x8,x9

© 1w x9,0(x18)! 1w x8,0(x18)
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lw x9,0(x18)
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sw x19,0(x18)
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add x18,x19,x22

ubisap 40ssazoud pauijadid
:Swajqoid — / 3[NPoN

uoIsJIaA $2/10/51



lw x9,0(x18)
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sw x19,0(x18)
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add x18,x19,x22 | sw x19,0 (x18) add x19,x8,x9 C} : 1w x9,0 (x18)
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lw x9,0(x18)
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Problem 18c

1/2(3{4|5/6|7|8/9(10{11{12/13|14/15/16(17(18(19(2021|22|23|24
addi s4,zero,2 IF [ID|EX| M |WB
Ll:1w s0,0(s2) IF | ID|EX|{M |WB
1w s1,0(s2) IF [ ID |EX| M (WB
add s3,s0,sl1 IF {IDs |DS% EX|M (WB
sw s3,0(s2) IFs|IFs| IF |IDs IDS% EX|{M |WB
add s2,s3,s6 IFs|IFs| IF | ID |EX| M (WB
and sl,sl,s2 IF [IDs |DS% EX| M |WB
beq s4,zero,Ll IFs|IFs| IF | ID [EX| M (WB
addi s2,s2,1 IFs|IFs| IF | ID |EX| M (WB
or s3,s2,s4 IF {IDs |DS% EX| M |WB
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Problem 19

1/2,3/4|5,6|7|8(9|10/11(12 13
1w t1,0(sl) IF [ ID | EX| M |W
1w t2,0(s2) IF | ID | EX -WB
beq t1,t2,else IF |IDp D ['EX M |WB
add t3,tl1,t2 IFp| IF | ID ><
jal zero,eif |F ><
else: sub t3,tl,t2 IF | ID | EX- B
eif: and t4,t3,tl IF | ID Ig(_ M |WB
or t5,t3,t2 IF [ ID EBX M |WB
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Problem 19

1/2(3(4/5(6|78|9,10/11|/12/13 /14
1w t1,0(s1) IF | ID | EX| M [W
lw t2,0(s2) IF | ID | EX tl—l\gl
beq tl1,t2,else IF (IDp|”"ID M |WB
add t3,tl1,t2 IFp| IF [t)2 EX| M |WB
jal zero,eif IF [ ID [EX| M |WB
else: sub t3,tl,t2 IF | ID [ >X
eif: and t4,t3,tl IF ><
eif: and t4,t3,tl IF [ ID | EX| M |[WB
or t5,t3,t2 IF {ID [EX| M |WB
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Problem 20

1,2(3(4,5|,6(7(8|9|10(11(12|13|14|/15(16|17|18
addi s1,zero,1 IF | ID | EX WB
Ll: sub s5,s5,s2 IF | ID | EX WB
addi s2,s2,1 IF | ID | EX| M |[WB
addi sl1,sl,-1 IF SIS EX- WB
beq sl,zero,Ll IF ID811 X M (WB
and s5,s2,s3 IF SS X
or s3,s3,s4 IF X

L1: sub s5,s5,s2

addi s2,s2,1

addi s1,s1,-1

beq sl1,zero,Ll

and s5,s2,s3

or s3,s3,s4

andi s4,s3,s2

IF

wWB

EX

WB

WB

:O)

1st iteration (s1

=-1)

2nd iteration (s1

branch: miss

no branch: hit
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Module 7 — Problems:
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