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▪ lw sw

▪ add sub AND OR slt

▪ beq j
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1st step

2nd step

3rd step for memory-reference
instructions

3rd step for arithmetic-logic
instructions

3rd step for branch instructions


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4.2 Logic design conventions
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Combinational
logic

Clock cycle

State
element

2

State
element

1
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Combinational
logic

Clock cycle

State
element

1
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4.3 Building a datapath
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500
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add sub AND  OR slt

add $t1, $t2, $t3

$t2 $t3 $t1
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00111

11110
...
Reg 7: 488
...

Registers

488

Reg 30: 665
11110

665
665
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lw $t1, offset_value($t2) sw $t1, offset_value($t2)

$t2

$t1

$t1
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beq

beq $t1, $t2, offset

▪ 

▪ 
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beq
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4.4 A simple implementation scheme

lw

sw beq add sub OR

set on less than j
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beq

6 bits
Opcode

6 bits
Funct (R-type)

...

2 bits (ALUOp)

Instruction

AND:
000000

10

100100

0000
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Row 1

Row 2

Row 4

Row 6


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add sub AND OR

slt

▪ 

▪ 

▪ 

▪ 

▪ 
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add sub AND OR

slt

lw sw
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add $t1, $t2, $t3
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$t2 $t3

$t1

add $t0 $s1 $s2

6 bits
31-26

5 bits
15-11

5 bits
20-16

5 bits
25-21

6 bits
5-0

5 bits
10-6

100000000000 10010 0100010001 00000

10000000

10001

10010

1

1
0
0
0

0
0

01000

100000

0010
(add)

55

33

88
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lw $t1, offset($t2)

$t2

offset

$t1
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beq $t1, $t2, offset

$t1 $t2

offset
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beq 

$t1, $t2, offset

beq 

$t1, $t2, offset

beq 

$t1, $t2, offset
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Start

slt $t0 $s1 $s2

Check Next
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lw sw beq
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4.5 A multicycle implementation

• 

• 

• 

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

60 of 311 5/16/2025, 11:12 PM



• 

• 
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ALUOp = 
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ALUSrcB = 

ALUSrcA = 

MemWrite = 

PCSource = 
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IR <= Memory[PC];

PC <= PC + 4;
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A <= Reg[IR[25:21]];

B <= Reg[IR[20:16]];

ALUOut <= PC + (sign-extend (IR[15-0]) << 2);
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ALUOut <= A + sign-extend (IR[15:0]);

ALUOut <= A op B;

if (A == B) PC <= ALUOut;

# {x, y} is the Verilog notation for concatenation of

bit fields x and y

PC <= {PC [31:28], (IR[25:0]],2'b00)};
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MDR <= Memory [ALUOut];

Memory [ALUOut] <= B;

Reg[IR[15:11]] <= ALUOut;

Reg[IR[20:16]] <= MDR;
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Instruction Fetch: 
IR <= Memory[PC];
PC <= PC + 4;

Instruction decode and register fetch: 
A <= Reg[IR[25:21]];
B <= Reg[IR[20:16]];
ALUOut <= PC +
(sign-extend (IR[15-0]) << 2);

Execution, Memory Address computation,
or branch computation

ALUOut <= A op B;

if (A == B) PC <= ALUOut;

PC <= {PC [31:28], (IR[25:0]],2'b00)};

MDR <= Memory [ALUOut];

ALUOut <= A +
sign-extend (IR[15:0]);

Memory reference:

Jump:

Branch:

Arithmetic-logical instruction:

Memory reference:

Memory reference or
R-Type instruction completion:
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or
Memory [ALUOut] <= B;
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• 

• 

• 

• 
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lw
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PCWrite
PCSource = 10

RegDst = 1
RegWrite

MemtoReg = 0

MemWrite
IorD = 1

RegDst = 0
RegWrite

MemtoReg = 1

MemRead
IorD = 1

ALUSrcA = 1
ALUSrcB = 00
ALUOp = 01

PCWriteCond
PCSource = 01

ALUSrcA = 1
ALUSrcB = 00
ALUOp = 10

ALUSrcA = 1
ALUSrcB = 10
ALUOp = 00

ALUSrcA = 0
ALUSrcB = 11
ALUOp = 00

MemRead
ALUSrcA = 0

IorD = 0
ALUSrcB = 01
ALUOp = 00

PCWrite
PCSource = 00

Execution

R-type
completion

Jump
completion

Branch
completion

Memory
access

Memory
access

Memory read
completion

Memory address
computation

Instruction fetch Instruction decode/
register fetch

8

75

4

3

962

10

Start

(O
p = 'J')

(O
p 

=
 'B

E
Q

')

(O
p 

= 
R

-ty
pe

)

(Op = 'LW') o
r (o

p = 'SW')

(op='SW
')

(o
p=

'L
W

')
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A sequential logic function
consisting of a set of inputs and
outputs, a next-state function that
maps the current state and the
inputs to a new state, and an output
function that maps the current
state and possibly the inputs to a
set of asserted outputs.

A combinational function that,
given the inputs and the current
state, determines the next state of
a �nite-state machine.

An FSM where the output values
are determined only by the current


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state.

An FSM where the output values
are determined based on the
current state and the current
inputs.

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

93 of 311 5/16/2025, 11:12 PM



4.6 An overview of pipelining
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Time 6 PM 7 8 9 10 11 12 1 2 AM

A

B

Task
order
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order
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   minutes

   minutes

   minutes
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lw sw

add sub and or slt

beq

lw
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200 400 600 800 1000 1200 1400 1600 1800

Instruction
fetch Reg ALU

Data
access

Reg

Instruction
fetch Reg ALU

Data
access

Reg

Instruction
fetch

...

Program
execution
order
(in instructions)

lw $1, 100($0)

lw $2, 200($0)

lw $3, 300($0)

200 400 600 800 1000 1200 1400 1600 1800

Instruction
fetch Reg ALU

Data
access Reg

Instruction
fetch Reg ALU

Data
access Reg

Program
execution
order
(in instructions)

lw $1, 100($0)

lw $2, 200($0)

lw $3, 300($0)
Instruction

fetch Reg ALU
Data

access Reg

800ps

800ps

800ps

200ps

200ps

200ps 200ps 200ps 200ps 200ps
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$s0

add   $s0, $t0, $t1

sub   $t2, $s0, $t3

$s0
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add

add

sub $s0

sub
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$s0

sub
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a = b + e;

c = b + f;

$t0

lw   $t1, 0($t0)

lw   $t2, 4($t0)

add  $t3, $t1, $t2

sw   $t3, 12($t0)

lw   $t4, 8($t0)

add  $t5, $t1, $t4

sw   $t5, 16($t0)

add

lw

add lw

lw

lw   $t1, 0($t0)

lw   $t2, 4($t0)

lw   $t4, 8($t0)         # Instruction moved up

add  $t3, $t1, $t2

sw   $t3, 12($t0)
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add  $t5, $t1, $t4

sw   $t5, 16($t0)

add $s0, $s1, $s2

add $s3, $s0, $s4

add $s0, $s1, $s2

add $s3, $s1, $s4
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add $s3, $s3, $s4

add   $s0, $t0, $t1

sub   $t2, $s0, $t3 

add $s0, $s1, $s2

add $s3, $s4, $s5

lw $t1, 0($t0)

add $t3, $t1, $t4
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lw

OR
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add
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        beq $t1, $t2, 

label2

label1: add $s0, $s1, $s2

label2: sub $s3, $s4, $s5
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lw   $t0, 0($t0)

add  $t1, $t0, $t0

add   $t1, $t0, $t0

addi  $t2, $t0, #5

addi  $t4, $t1, #5

addi  $t1, $t0, #1

addi  $t2, $t0, #2

addi  $t3, $t0, #2
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addi  $t3, $t0, #4

addi  $t5, $t0, #5
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4.7 Pipelined datapath and control
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▪ 

▪ 

Reg Reg Reg

Read Write
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Stage 1: IF (instruction fetch)

Stage 2: ID (instruction decode)

Stage 3: EX (execute)

Stage 4: MEM (data memory
access)

Stage 5: WB (write back)

lw $1, 100($0) lw $2, 200($0)

lw $3, 300($0)


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lw
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beq
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CC 1

CC 2

CC 3

CC 4

CC 5


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lw   $10, 20($1)

sub  $11, $2, $3

add  $12, $3, $4

lw   $13, 24($1)

add  $14, $5, $6
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Instr1
Instr2

Instr3
Instr4
Instr5

In
st

r1

In
st

r2

In
st

r3

In
st

r4

In
st

r5
Instr1Instr2Instr3Instr4Instr5

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

141 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

142 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

143 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

144 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

145 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

146 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

147 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

148 of 311 5/16/2025, 11:12 PM



©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

149 of 311 5/16/2025, 11:12 PM



4.8 Data hazards: Forwarding versus stalling
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$2

$2

$2

$2 sub

$2 $2

10 10 10 10 10 / -20 -20 -20 -20 -20
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add

$2 sub

add sw AND OR
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sub 

$3, $13, $14

or $13, $6, 

$5

AND OR

• 

• 

• 

• 

1a. EX/MEM.RegisterRd = ID/EX.RegisterRs 

1b. EX/MEM.RegisterRd = ID/EX.RegisterRt 

2a. MEM/WB.RegisterRd = ID/EX.RegisterRs 

2b. MEM/WB.RegisterRd = ID/EX.RegisterRt
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$2

sub $2, $1, $3 and $12, $2, $5

and

$2

sub-and

▪ sub-or

$2

▪ sub-add
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add

▪ sub sw sw $2

sub $2

add $1, $2, $3

add $4, $5, $1

add $6, $1, $2

add $8, $9, $1

add $10, $8, $11

$0

$0

sll $0, $1, 2


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$0

$0

add

$2
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add sub AND OR

slt
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if (EX/MEM.RegWrite

and (EX/MEM.RegisterRd ≠ 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRs)) ForwardA = 10
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if (EX/MEM.RegWrite

and (EX/MEM.RegisterRd ≠ 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRt)) ForwardB = 10

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd ≠  0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRs)) ForwardA = 01

 

if (MEM/WB.RegWrite

and (MEM/WB.RegisterRd ≠  0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ForwardB = 01

add $1,$1,$2

add $1,$1,$3

add $1,$1,$4

. . .
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sub AND lw sw
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Program
execution order
(in instructions)

lw , 20($1)

and $4, $2, $5

or $8, $2, $6

add $9, $4, $2

stl $1, $6, $7

$2

$2

$2

$2

$4

$4

Time (in clock cycles)

CC 1 CC 2 CC 3 CC 4 CC 5 CC 6 CC 7 CC 8 CC 9
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if (ID/EX.MemRead and

   ((ID/EX.RegisterRt = IF/ID.RegisterRs) or

        (ID/EX.RegisterRt = IF/ID.RegisterRt)))

          stall the pipeline
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AND AND

AND OR

AND OR

AND OR

and

OR
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
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if (ID/EX.MemRead and

((ID/EX.RegisterRt = IF/
ID.RegisterRs) or

(ID/EX.RegisterRt = IF/
ID.RegisterRt)))

stall the pipeline

4.9 Control hazards
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beq

beq lw

40 beq $1, $3, 7

48 or $13, $6, $2

44 and $12, $2, $5

52 add $14, $2, $2

72 lw $4, 50($7)

an
d

 o
r 

ad
d

 lw
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beq

beq

beq
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beq

and
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nop
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36 sub $10, $4, $8

40 beq $1,  $3, 7   # PC-relative branch to 40 + 4 + 7*4 = 72 

44 and $12, $2, $5

48 or  $13, $2, $6

52 add $14, $4, $2

56 slt $15, $6, $7

. . .

72 lw  $4,  50($7)

nop nop

sll $0, $0, 0
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$s1

add $s1

sub

$t4
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4.10 Exceptions
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add $1, $2, $1
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▪ 

▪ 
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add

nop
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$1

add
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add

add

add

add

sw $26, 1000($0)

AND OR add
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add $1, $2, $1  # arithmetic overflow

XXX $1, $2, $1  # undefined instruction

sub $1, $2, $1  # hardware error

4.11 Parallelism via instructions
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When one instruction is launched
per clock cycle.

The parallelism between
instructions.

When multiple instructions are
launched per clock cycle.

A multiple issue implementation
where decisions are made during
execution by the processor.

The positions available to issue
instructions in a given clock cycle.


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A multiple issue implementation
where decisions are made by the
compiler before execution.
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nop nop
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lw add sw addi bne

($t1, $t2, $t3)

$t0

lw $t0, 0($s1) addu $t0, $t0, $s2 sw t0, 4($s1)

$t0
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$s1

$s1
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sub lw

addu
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Loop:         lwc1 $f0,0(x1)         //f0=array element
add.s $f4,$f0,$f2         //add scalar in f2
swc1 $f4,0(x1)         //store result
addiu x1,x1,4         //decrement pointer 8 bytes
bne x1,x2,Loop        //branch if x1 != x2  
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4.12 Putting it all together: The Intel Core i7
6700 and ARM Cortex-A53
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4.13 Going faster: Instruction-level parallelism
and matrix multiply
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1  #include <x86intrin.h>

2  #define UNROLL (4)

3

4  void dgemm (int n, double* A, double* B, double* C)

5  {

6     for (int i = 0; i < n; i+=UNROLL*8)

7        for (int j = 0; j < n; ++j){

8           __m512d c[UNROLL];

9           for (int r=0;r<UNROLL;r++)

10             c[r] =  _mm512_load_pd(C+i+r*8+j*n); //[ UNROLL];

11

12          for( int k = 0; k < n; k++ )

13          {

14             __m512d bb = _mm512_broadcastsd_pd(_mm_load_sd(B+j*n+k));

15             for (int r=0;r<UNROLL;r++)

16                c[r] = _mm512_fmadd_pd(_mm512_load_pd(A+n*k+r*8+i), bb, c[r]);

17          }

18

19          for (int r=0;r<UNROLL;r++)

20             _mm512_store_pd(C+i+r*8+j*n, c[r]);

21       }

22 }
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UNROLL

C0

c[]

vbroadcastsd

%zmm0

 1 vmovapd      (%r11),%zmm4              # Load 8 elements of C into %zmm4

 2 mov          %rbx,%rcx                 # register %rcx = %rbx

 3 xor          %eax,%eax                 # register %eax = 0

 4 vmovapd      0x20(%r11),%zmm3          # Load 8 elements of C into %zmm3

 5 vmovapd      0x40(%r11),%zmm2          # Load 8 elements of C into %zmm2

 6 vmovapd      0x60(%r11),%zmm1          # Load 8 elements of C into %zmm1

 7 vbroadcastsd (%rax,%r8,8),%zmm0        # Make 8 copies of B element in %zmm0

 8 add          $0x8,%rax                 # register %rax = %rax + 8

 9 vfmadd231pd  (%rcx),%zmm0,%zmm4        # Parallel mul & add %zmm0, %zmm4

10 vfmadd231pd  0x20(%rcx),%zmm0,%zmm3    # Parallel mul & add %zmm0, %zmm3

11 vfmadd231pd  0x40(%rcx),%zmm0,%zmm2    # Parallel mul & add %zmm0, %zmm2

12 vfmadd231pd  0x60(%rcx),%zmm0,%zmm1    # Parallel mul & add %zmm0, %zmm1

13 add          %r9,%rcx                  # register %rcx = %rcx

14 cmp          %r10,%rax                 # compare %r10 to %rax

15 jne          50 <dgemm+0x50>           # jump if not %r10 != %rax

16 add          $0x1, %esi                # register % esi = % esi + 1
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17 vmovapd      %zmm4, (%r11)             # Store %zmm4 into 8 C elements

18 vmovapd      %zmm3, 0x20(%r11)         # Store %zmm3 into 8 C elements

19 vmovapd      %zmm2, 0x40(%r11)         # Store %zmm2 into 8 C elements

20 vmovapd      %zmm1, 0x60(%r11)         # Store %zmm1 into 8 C elements
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4.14 Advanced topic: An intro to digital design
using a hardware design language to describe
and model a pipeline
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module CPU (clock);
// Instruction opcodes
parameter LW = 6'b100011,

SW = 6'b101011,
BEQ = 6'b000100,
no-op = 32'b00000_100000,
ALUop = 6'b0;

 
input clock;

 
reg[31:0] PC, Regs[0:31], IMemory[0:1023], DMemory[0:1023], // 

separate memories
IFIDIR, IDEXA, IDEXB, IDEXIR, EXMEMIR, EXMEMB, // 

pipeline registers
EXMEMALUOut, MEMWBValue, MEMWBIR; // 

pipeline registers
wire [4:0] IDEXrs, IDEXrt, EXMEMrd, MEMWBrd, MEMWBrt; // 

Access register fields
wire [5:0] EXMEMop, MEMWBop, IDEXop; // 

Access opcodes
wire [31:0] Ain, Bin; // the 

ALU inputs
 

// These assignments define fields from the pipeline registers
assign IDEXrs = IDEXIR[25:21]; // rs field
assign IDEXrt = IDEXIR[20:16]; // rt field
assign EXMEMrd = EXMEMIR[15:11]; // rd field
assign MEMWBrd = MEMWBIR[15:11]; // rd field
assign MEMWBrt = MEMWBIR[20:16]; // rt field--used for 

loads
assign EXMEMop = EXMEMIR[31:26]; // the opcode
assign MEMWBop = MEMWBIR[31:26]; // the opcode
assign IDEXop = IDEXIR[31:26]; // the opcode

 
// Inputs to the ALU come directly from the ID/EX pipeline registers
assign Ain = IDEXA;
assign Bin = IDEXB;
reg [5:0] i; // used to initialize 

registers
 

initial begin
PC = 0;
IFIDIR = no-op;
IDEXIR = no-op;
EXMEMIR = no-op;
MEMWBIR = no-op; // put no-ops in pipeline 

registers
 

//initialize registers--just so they aren't cares
for (i = 0; i <= 31; i = i + 1)

Regs[i] = i;
end

 
always @ (posedge clock) begin

// Remember that ALL these actions happen every pipe stage and with
// the use of <= they happen in parallel!
// first instruction in the pipeline is being fetched  
IFIDIR <= IMemory[PC >> 2];
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IMemory[ ];
PC <= PC + 4; // Fetch & increment PC                     

 
// second instruction in pipeline is fetching registers
IDEXA <= Regs[IFIDIR[25:21]];
IDEXB <= Regs[IFIDIR[20:16]]; // get two registers
IDEXIR <= IFIDIR; // pass along IR--can 

happen anywhere,
// since this affects 

next stage only!
 

// third instruction is doing address calculation or ALU operation
if ((IDEXop == LW) | (IDEXop == SW)) // address calculation

EXMEMALUOut <= IDEXA + {{16{IDEXIR[15]}}, IDEXIR[15:0]};
 

else if (IDEXop == ALUop)
case (IDEXIR[5:0]) // case for the various 

R-type instructions
32: EXMEMALUOut <= Ain + Bin; // add operation
default: ; // other R-type 

operations: subtract, SLT, etc.
endcase

 
EXMEMIR <= IDEXIR;
EXMEMB <= IDEXB; // pass along the IR & B 

register
 

// Mem stage of pipeline
if (EXMEMop == ALUop)

MEMWBValue <= EXMEMALUOut; // pass along ALU 
result
 

else if (EXMEMop == LW)
MEMWBValue <= DMemory[EXMEMALUOut >> 2];

 
else if (EXMEMop == SW)

DMemory[EXMEMALUOut >> 2] <= EXMEMB; // store
 

MEMWBIR <= EXMEMIR; // pass along IR
 

// the WB stage
if ((MEMWBop == ALUop) & (MEMWBrd != 0)) // update registers if 

ALU operation and destination not 0 
Regs[MEMWBrd] <= MEMWBValue; // ALU operation

 
else if ((EXMEMop == LW) & (MEMWBrt != 0)) // Update registers if 

load
Regs[MEMWBrt] <= MEMWBValue; // and destination not 

0
          

end
endmodule
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always
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module CPU (clock);
parameter LW = 6'b100011,

SW = 6'b101011,
BEQ = 6'b000100,
no-op = 32'b00000_100000,
ALUop = 6'b0;

 
input clock;

 
reg[31:0] PC, Regs[0:31], IMemory[0:1023], DMemory[0:1023], // 

separate memories
IFIDIR, IDEXA, IDEXB, IDEXIR, EXMEMIR, EXMEMB, // 

pipeline registers
EXMEMALUOut, MEMWBValue, MEMWBIR; // 

pipeline registers
wire [4:0] IDEXrs, IDEXrt, EXMEMrd, MEMWBrd, MEMWBrt; // 

hold register fields
wire [5:0] EXMEMop, MEMWBop, IDEXop; // 

Hold opcodes
wire [31:0] Ain, Bin;

 
// declare the bypass signals
wire bypassAfromMEM, bypassAfromALUinWB, bypassBfromMEM,

bypassBfromALUinWB,
bypassAfromLWinWB, bypassBfromLWinWB;

 
assign IDEXrs = IDEXIR[25:21];
assign IDEXrt = IDEXIR[15:11];
assign EXMEMrd = EXMEMIR[15:11];        
assign MEMWBrd = MEMWBIR[20:16];
assign EXMEMop = EXMEMIR[31:26];
assign MEMWBrt = MEMWBIR[25:20];
assign MEMWBop = MEMWBIR[31:26];
assign IDEXop = IDEXIR[31:26];

 
// The bypass to input A from the MEM stage for an ALU operation
assign bypassAfromMEM = (IDEXrs == EXMEMrd) & (IDEXrs != 0) & (EXMEMop

== ALUop); // yes, bypass
 

// The bypass to input B from the MEM stage for an ALU operation
assign bypassBfromMEM = (IDEXrt == EXMEMrd)&(IDEXrt != 0) & (EXMEMop

== ALUop); // yes, bypass
 

// The bypass to input A from the WB stage for an ALU operation
assign bypassAfromALUinWB = (IDEXrs == MEMWBrd) & (IDEXrs != 0) &

(MEMWBop == ALUop);
 

// The bypass to input B from the WB stage for an ALU operation
assign bypassBfromALUinWB = (IDEXrt == MEMWBrd) & (IDEXrt != 0) &

(MEMWBop == ALUop);
 

// The bypass to input A from the WB stage for an LW operation
assign bypassAfromLWinWB = (IDEXrs == MEMWBIR[20:16]) & (IDEXrs != 0)

& (MEMWBop == LW);
 

// The bypass to input B from the WB stage for an LW operation
assign bypassBfromLWinWB = (IDEXrt == MEMWBIR[20:16]) & (IDEXrt != 0)

& (MEMWBop == LW);
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(MEMWBop );
 

// The A input to the ALU is bypassed from MEM if there is a bypass 
there,

// Otherwise from WB if there is a bypass there, and otherwise comes 
from the IDEX register

assign Ain = bypassAfromMEM ? EXMEMALUOut :
(bypassAfromALUinWB | bypassAfromLWinWB) ? MEMWBValue :

IDEXA;
 

// The B input to the ALU is bypassed from MEM if there is a bypass 
there,

// Otherwise from WB if there is a bypass there, and otherwise comes 
from the IDEX register

assign Bin = bypassBfromMEM ? EXMEMALUOut :
(bypassBfromALUinWB | bypassBfromLWinWB) ? MEMWBValue :

IDEXB;
 

reg [5:0] i; // used to initialize registers
 

initial begin
PC = 0;
IFIDIR = no-op;
IDEXIR = no-op;
EXMEMIR = no-op;
MEMWBIR = no-op; // put no-ops in pipeline registers

 
// initialize registers--just so they aren't cares
for (i = 0;i <= 31; i = i + 1)

Regs[i] = i;                                
end

 
always @ (posedge clock) begin

// first instruction in the pipeline is being fetched
IFIDIR <= IMemory[PC >> 2];
PC <= PC + 4; // Fetch & 

increment PC
 

// second instruction is in register fetch
IDEXA <= Regs[IFIDIR[25:21]];
IDEXB <= Regs[IFIDIR[20:16]]; // get two 

registers
IDEXIR <= IFIDIR; // pass along 

IR--can happen anywhere,
// since this 

affects next stage only!
            

// third instruction is doing address calculation or ALU operation
if ((IDEXop == LW) |(IDEXop == SW)) // address 

calculation & copy B
EXMEMALUOut <= IDEXA + {{16{IDEXIR[15]}}, IDEXIR[15:0]};

 
else if (IDEXop == ALUop)

case (IDEXIR[5:0]) // case for the 
various R-type instructions

32: EXMEMALUOut <= Ain + Bin; // add operation
default: ; // other R-type 

operations: subtract, SLT, etc.
endcase
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EXMEMIR <= IDEXIR;
EXMEMB <= IDEXB; // pass along 

the IR & B register
 

// Mem stage of pipeline
if (EXMEMop == ALUop)

MEMWBValue <= EXMEMALUOut; // pass along 
ALU result
 

else if (EXMEMop == LW)
MEMWBValue <= DMemory[EXMEMALUOut >> 2];

 
else if (EXMEMop == SW)

DMemory[EXMEMALUOut >> 2] <= EXMEMB; // store
 

MEMWBIR <= EXMEMIR; // pass along IR
          

// the WB stage
if ((MEMWBop == ALUop) & (MEMWBrd != 0))

Regs[MEMWBrd] <= MEMWBValue; // ALU operation
 

else if ((EXMEMop == LW) & (MEMWBrt != 0))
Regs[MEMWBrt] <= MEMWBValue;

end
endmodule
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module CPU (clock);
parameter LW = 6'b100011,

SW = 6'b101011,
BEQ = 6'b000100,
no-op = 32'b00000_100000,
ALUop = 6'b0;

 
input clock;

 
reg[31:0] PC, Regs[0:31], IMemory[0:1023], DMemory[0:1023], // 

separate memories
IFIDIR, IDEXA, IDEXB, IDEXIR, EXMEMIR, EXMEMB, // 

pipeline registers
EXMEMALUOut, MEMWBValue, MEMWBIR; // 

pipeline registers
wire [4:0] IDEXrs, IDEXrt, EXMEMrd, MEMWBrd, MEMWBrt; // 

hold register fields
wire [5:0] EXMEMop, MEMWBop, IDEXop; // Hold 

opcodes
wire [31:0] Ain, Bin;

 
// declare the bypass signals
wire stall, bypassAfromMEM, bypassAfromALUinWB, bypassBfromMEM,

bypassBfromALUinWB,
bypassAfromLWinWB, bypassBfromLWinWB;

 
assign IDEXrs = IDEXIR[25:21];
assign IDEXrt = IDEXIR[15:11];
assign EXMEMrd = EXMEMIR[15:11];
assign MEMWBrd = MEMWBIR[20:16];
assign EXMEMop = EXMEMIR[31:26];
assign MEMWBrt = MEMWBIR[25:20];
assign MEMWBop = MEMWBIR[31:26]; 
assign IDEXop = IDEXIR[31:26];

  
// The bypass to input A from the MEM stage for an ALU operation
assign bypassAfromMEM = (IDEXrs == EXMEMrd) & (IDEXrs != 0) & (EXMEMop

== ALUop); // yes, bypass
 

// The bypass to input B from the MEM stage for an ALU operation
assign bypassBfromMEM = (IDEXrt == EXMEMrd) & (IDEXrt != 0) & (EXMEMop

== ALUop); // yes, bypass
 

// The bypass to input A from the WB stage for an ALU operation
assign bypassAfromALUinWB = ( IDEXrs == MEMWBrd) & (IDEXrs != 0) &

(MEMWBop == ALUop);
 

// The bypass to input B from the WB stage for an ALU operation
assign bypassBfromALUinWB = (IDEXrt == MEMWBrd) & (IDEXrt != 0) &

(MEMWBop == ALUop);
 

// The bypass to input A from the WB stage for an LW operation
assign bypassAfromLWinWB = ( IDEXrs == MEMWBIR[20:16]) & (IDEXrs != 0)

& (MEMWBop == LW);
 

// The bypass to input B from the WB stage for an LW operation
assign bypassBfromLWinWB = (IDEXrt == MEMWBIR[20:16]) & (IDEXrt != 0)

& (MEMWBop == LW);
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(MEMWBop );
 

// The A input to the ALU is bypassed from MEM if there is a bypass 
there,

// Otherwise from WB if there is a bypass there, and otherwise comes 
from the IDEX register

assign Ain = bypassAfromMEM ? EXMEMALUOut :
(bypassAfromALUinWB | bypassAfromLWinWB) ? MEMWBValue :

IDEXA;
 

// The B input to the ALU is bypassed from MEM if there is a bypass 
there,

// Otherwise from WB if there is a bypass there, and otherwise comes 
from the IDEX register

assign Bin = bypassBfromMEM ? EXMEMALUOut :
(bypassBfromALUinWB | bypassBfromLWinWB) ? MEMWBValue :

IDEXB;
 

// The signal for detecting a stall based on the use of a result from 
LW

assign stall = (MEMWBIR[31:26] == LW) &&
// source instruction is a load

((((IDEXop == LW)|(IDEXop == SW)) && (IDEXrs == MEMWBrd))
| // stall for address calc

((IDEXop == ALUop) && ((IDEXrs == MEMWBrd) | (IDEXrt ==
MEMWBrd)))); // ALU use
 

reg [5:0] i; //used to initialize registers
 

initial begin
PC = 0;
IFIDIR = no-op;
IDEXIR = no-op;
EXMEMIR = no-op;
MEMWBIR = no-op; // put no-ops in 

pipeline registers
 

// initialize registers--just so they aren't cares
for (i = 0; i <= 31; i = i + 1)
Regs[i] = i;                             

end
 

always @ (posedge clock) begin
// the first three pipeline stages stall if there is a load 

hazard
if (~stall) begin        
// first instruction  in the pipeline is being fetched
IFIDIR <= IMemory[PC >> 2];
PC <= PC + 4;
IDEXIR <= IFIDIR; // pass along IR--can 

happen anywhere,
// since this affects 

next stage only!
 

// second instruction is in register fetch
IDEXA <= Regs[IFIDIR[25:21]];
IDEXB <= Regs[IFIDIR[20:16]]; // get two registers

 
// third instruction is doing address calculation or ALU 
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// third instruction is doing address calculation or ALU 
operation

if ((IDEXop == LW) | (IDEXop == SW)) // address 
calculation & copy B

EXMEMALUOut <= IDEXA + {{16{IDEXIR[15]}}, IDEXIR[15:0]};
else if (IDEXop == ALUop)

case (IDEXIR[5:0]) // case for the 
various R-type instructions

32: EXMEMALUOut <= Ain + Bin; // add operation
default: ; // other R-type 

operations: subtract, SLT, etc.
endcase

 
EXMEMIR <= IDEXIR;
EXMEMB <= IDEXB; // pass along the IR & 

B register
end

 
else
EXMEMIR <= no-op; // Freeze first three 

stages of pipeline;
// inject a nop into 

the EX output
 

//Mem stage of pipeline
if (EXMEMop == ALUop)
MEMWBValue <= EXMEMALUOut; // pass along ALU 

result
 

else if (EXMEMop == LW)
MEMWBValue <= DMemory[EXMEMALUOut >> 2];

 
else if (EXMEMop == SW)
DMemory[EXMEMALUOut >> 2] <= EXMEMB; // store

 
MEMWBIR <= EXMEMIR; // pass along IR

 
// the WB stage
if ((MEMWBop == ALUop) & (MEMWBrd != 0))
Regs[MEMWBrd] <= MEMWBValue; // ALU operation

 
else if ((EXMEMop == LW)& (MEMWBrt != 0))

Regs[MEMWBrt] <= MEMWBValue;
end

endmodule
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no-op
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module CPU (clock);
parameter LW = 6'b100011,

SW = 6'b101011,
BEQ = 6'b000100,
no-op = 32'b0000000_0000000_0000000_0000000,
ALUop = 6'b0; input clock;

 
reg[31:0] PC, Regs[0:31], IMemory[0:1023], DMemory[0:1023], // 

separate memories
IFIDIR, IDEXA, IDEXB, IDEXIR, EXMEMIR, EXMEMB, // 

pipeline registers
EXMEMALUOut, MEMWBValue, MEMWBIR; // 

pipeline registers
wire [4:0] IDEXrs, IDEXrt, EXMEMrd, MEMWBrd; // hold 

register fields
wire [5:0] EXMEMop, MEMWBop, IDEXop; // Hold 

opcodes
wire [31:0] Ain, Bin;

 
// declare the bypass signals
wire takebranch;
wire stall, bypassAfromMEM, bypassAfromALUinWB, bypassBfromMEM,

bypassBfromALUinWB,
bypassAfromLWinWB, bypassBfromLWinWB;

 
assign IDEXrs = IDEXIR[25:21];  
assign IDEXrt = IDEXIR[15:11]; 
assign EXMEMrd = EXMEMIR[15:11];
assign MEMWBrd = MEMWBIR[20:16];
assign EXMEMop = EXMEMIR[31:26];
assign MEMWBop = MEMWBIR[31:26]; 
assign IDEXop = IDEXIR[31:26];

 
// The bypass to input A from the MEM stage for an ALU operation
assign bypassAfromMEM = (IDEXrs == EXMEMrd) & (IDEXrs != 0) & (EXMEMop

== ALUop); // yes, bypass
 

// The bypass to input B from the MEM stage for an ALU operation
assign bypassBfromMEM = (IDEXrt == EXMEMrd) & (IDEXrt != 0) & (EXMEMop

== ALUop); // yes, bypass
 

// The bypass to input A from the WB stage for an ALU operation
assign bypassAfromALUinWB = (IDEXrs == MEMWBrd) & (IDEXrs != 0) &

(MEMWBop == ALUop);
 

// The bypass to input B from the WB stage for an ALU operation
assign bypassBfromALUinWB = (IDEXrt == MEMWBrd) & (IDEXrt != 0) &

(MEMWBop == ALUop);
 

// The bypass to input A from the WB stage for an LW operation
assign bypassAfromLWinWB = (IDEXrs == MEMWBIR[20:16]) & (IDEXrs != 0)

& (MEMWBop == LW);
 

// The bypass to input B from the WB stage for an LW operation
assign bypassBfromLWinWB = (IDEXrt == MEMWBIR[20:16]) & (IDEXrt != 0)

& (MEMWBop == LW);
 

// The A input to the ALU is bypassed from MEM if there is a bypass 
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// The A input to the ALU is bypassed from MEM if there is a bypass 
there,

// Otherwise from WB if there is a bypass there, and otherwise comes 
from the IDEX register

assign Ain = bypassAfromMEM ? EXMEMALUOut :
(bypassAfromALUinWB | bypassAfromLWinWB) ? MEMWBValue :

IDEXA;
 

// The B input to the ALU is bypassed from MEM if there is a bypass 
there,

// Otherwise from WB if there is a bypass there, and otherwise comes 
from the IDEX register

assign Bin = bypassBfromMEM ? EXMEMALUOut :
(bypassBfromALUinWB | bypassBfromLWinWB) ? MEMWBValue :

IDEXB;
 

// The signal for detecting a stall based on the use of a result from 
LW

assign stall = (MEMWBIR[31:26 ]== LW) &&
// source instruction is a load

((((IDEXop == LW) | (IDEXop == SW)) && (IDEXrs==MEMWBrd))
| // stall for address calc

((IDEXop == ALUop) && ((IDEXrs == MEMWBrd) | (IDEXrt ==
MEMWBrd)))); // ALU use
 

// Signal for a taken branch: instruction is BEQ and registers are 
equal

assign takebranch = (IFIDIR[31:26] == BEQ) && (Regs[IFIDIR[25:21]] ==
Regs[IFIDIR[20:16]]);
 

reg [5:0] i; // used to initialize registers
 

initial begin
PC = 0;
IFIDIR = no-op;
IDEXIR = no-op;
EXMEMIR = no-op;
MEMWBIR = no-op; // put no-ops in pipeline registers

 
// initialize registers--just so they aren't don't cares
for (i = 0; i <= 31; i = i + 1)
Regs[i] = i;

end
 

always @ (posedge clock) begin
// the first three pipeline stages stall if there is a load 

hazard
if (~stall) begin               
// first instruction in the pipeline is being fetched normally
if (~takebranch) begin  

IFIDIR <= IMemory[PC >> 2];
PC <= PC + 4;

end
 

else begin // a taken branch is in 
ID; instruction in IF is wrong;

IFIDIR <= no-op; // insert a no-op and 
reset the PC

PC <= PC + 4 + ({{16{IFIDIR[15]}}, IFIDIR[15:0]} << 2);
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end
 

// second instruction is in register fetch
IDEXA <= Regs[IFIDIR[25:21]];
IDEXB <= Regs[IFIDIR[20:16]]; // get two 

registers
 

// third instruction is doing address calculation or ALU 
operation

IDEXIR <= IFIDIR; // pass along IR
 

if ((IDEXop == LW) |(IDEXop == SW)) // address 
calculation & copy B

EXMEMALUOut <= IDEXA + {{16{IDEXIR[15]}}, IDEXIR[15:0]};
 

else if (IDEXop == ALUop)
case (IDEXIR[5:0]) // case for the various 

R-type instructions
32: EXMEMALUOut <= Ain + Bin; // add operation

default: ; // other R-type 
operations: subtract, SLT, etc.

endcase
 

EXMEMIR <= IDEXIR;
EXMEMB <= IDEXB; // pass along the IR & B 

register
end

 
else
EXMEMIR <= no-op; // Freeze first three 

stages of pipeline; inject a nop into the EX output
 

// Mem stage of pipeline
if (EXMEMop == ALUop)
MEMWBValue <= EXMEMALUOut; // pass along ALU result

 
else if (EXMEMop == LW)
MEMWBValue <= DMemory[EXMEMALUOut >> 2];

 
else if (EXMEMop == SW)
DMemory[EXMEMALUOut >> 2] <= EXMEMB; // store

 
// the WB stage
MEMWBIR <= EXMEMIR; //pass along IR
if ((MEMWBop == ALUop) & (MEMWBrd != 0)) // ALU operation
Regs[MEMWBrd] <= MEMWBValue;             

 
else if ((EXMEMop == LW) & (MEMWBIR[20:16] != 0))

Regs[MEMWBIR[20:16]] <= MEMWBValue;
end

endmodule
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module CPU (clock);
parameter LW = 6'b100011,

SW = 6'b101011,
BEQ = 6'b000100,
J = 6'd2;

 
input clock; // the clock is an 

external input
 

// The architecturally visible registers and scratch registers for 
implementation

reg [31:0] PC, Regs[0:31], Memory [0:1023], IR, ALUOut, MDR, A, B;
reg [2:0] state; // processor state
wire [5:0] opcode; // use to get opcode 

easily
wire [31:0] SignExtend, PCOffset; // used to get sign-

extended offset field
 

assign opcode = IR[31:26]; // opcode is upper 6 
bits

assign SignExtend = {{16{IR[15]}}, IR[15:0]}; // sign extension of 
lower 16 bits of instruction

assign PCOffset = SignExtend << 2; // PC offset is shifted
 

// set the PC to 0 and start the control in state 0
initial begin

PC = 0;
state = 1;

end
 

// The state machine--triggered on a rising clock
always @(posedge clock) begin

Regs[0] = 0; // make R0 0
// shortcut way to 

make sure R0 is always 0
// action depends on the state
case (state)

// first step: fetch the instruction, increment PC, go to next 
state

1: begin
IR <= Memory[PC >> 2];
PC <= PC + 4;
state = 2; // next state

end
 

// second step: Instruction decode, register fetch, also compute 
branch address

2: begin
A <= Regs[IR[25:21]];
B <= Regs[IR[20:16]];
state = 3;
ALUOut <= PC + PCOffset; // compute PC-relative 

branch target
end

 
// third step: Load-store execution, ALU execution, Branch 

completion
3: begin
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begin
state = 4; // default next state

 
if ((opcode == LW) | (opcode == SW))

ALUOut <= A + SignExtend; // compute effective 
address
 

else if (opcode == 6'b0) begin
case (IR[5:0]) // case for the 

various R-type instructions
32: ALUOut = A + B; // add operation
default: ALUOut = A; // other R-type 

operations: subtract, SLT, etc.
endcase

end
 

else if (opcode == BEQ) begin
if (A == B) PC <= ALUOut; // branch taken--

update PC
state = 1;

end
                

else if (opcode == J) begin
PC = {PC[31:28], IR[25:0], 2'b00}; // the jump target PC
state = 1;

end // Jumps
 

else ; // other opcodes or 
exception for undefined

end // instruction would 
go here
 

4: begin
if (opcode == 6'b0) begin // ALU Operation

Regs[IR[15:11]] <= ALUOut; // write the result
state = 1;

end // R-type finishes
 

else if (opcode == LW) begin // load instruction
MDR <= Memory[ALUOut >> 2]; // read the memory
state = 5; // next state

end
 

else if (opcode == LW) begin
Memory[ALUOut >> 2] <= B; // write the memory
state = 1; // return to state 1

end // store finishes
 

else ; // other instructions 
go here

end
 

// LW is the only instruction still in execution
5: begin

Regs[IR[20:16]] = MDR; // write the MDR to 
the register

state = 1;
end // complete an LW 

instruction
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module Datapath (ALUOp, RegDst, MemtoReg, MemRead, MemWrite, IorD,
RegWrite, IRWrite,

PCWrite, PCWriteCond, ALUSrcA, ALUSrcB, PCSource,
opcode, clock); // the control inputs + clock

input [1:0] ALUOp, ALUSrcB, PCSource; // 2-bit 
control signals

input RegDst, MemtoReg, MemRead, MemWrite, IorD,
RegWrite, IRWrite, PCWrite, PCWriteCond,
ALUSrcA, clock; // 1-bit 

control signals
output [5:0] opcode; // opcode is 

needed as an output by control
reg [31:0] PC, Memory [0:1023], MDR, IR, ALUOut; // CPU state 

+ some temporaries
wire [31:0] A, B, SignExtendOffset, PCOffset,

ALUResultOut, PCValue, JumpAddr,
Writedata, ALUAin, ALUBin, MemOut; // these are 

signals derived from registers
wire [3:0] ALUCtl; // the ALU 

control lines
wire Zero; // the 

Zero out signal from the ALU
wire[4:0] Writereg; // the 

signal used to communicate the destination register
 

initial PC = 0; //start the PC at 0
 

// Combinational signals used in the datapath
// Read using word address with either ALUOut or PC as the address 

source
assign MemOut = MemRead ? Memory[(IorD ? ALUOut : PC) >> 2]:0;
assign opcode = IR[31:26]; // opcode 

shortcut
 

// Get the write register address from one of two fields depending on 
RegDst

assign Writereg = RegDst ? IR[15:11] : IR[20:16];
 

// Get the write register data either from the ALUOut or from the MDR
assign Writedata = MemtoReg ? MDR : ALUOut;

 
// Sign-extend the lower half of the IR from load/store/branch offsets
assign SignExtendOffset = {{16{IR[15]}}, IR[15:0]}; // sign-extend 

lower 16 bits;
 

// The branch offset is also shifted to make it a word offset
assign PCOffset = SignExtendOffset << 2;

 
// The A input to the ALU is either the rs register or the PC
assign ALUAin = ALUSrcA ? A : PC; // ALU input is 

PC or A
 

// Compose the Jump address
assign JumpAddr = {PC[31:28], IR[25:0], 2'b00}; // The jump 

address
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module CPU (clock);
parameter LW = 6'b100011,

SW = 6'b101011,
BEQ = 6'b000100,
J = 6'd2; // constants

 
input clock;
reg [2:0] state;
wire [1:0] ALUOp, ALUSrcB, PCSource;
wire [5:0] opcode;
wire RegDst, MemRead, MemWrite, IorD, RegWrite, IRWrite, PCWrite,

PCWriteCond,
ALUSrcA, MemoryOp, IRWwrite, Mem2Reg;

 
// Create an instance of the MIPS datapath, the inputs are the control 

signals;
// opcode is only output
Datapath MIPSDP (ALUOp, RegDst, Mem2Reg, MemRead, MemWrite, IorD,

RegWrite,
IRWrite, PCWrite, PCWriteCond, ALUSrcA, ALUSrcB,

PCSource, opcode, clock);
 

// start the state machine in state 1
initial begin

state = 1;
end

  
// These are the definitions of the control signals
assign IRWrite = (state == 1);
assign Mem2Reg = ~RegDst;
assign MemoryOp = (opcode == LW) | (opcode == SW); // a 

memory operation
assign ALUOp = ((state == 1) | (state == 2) | ((state == 3) &

MemoryOp)) ? 2'b00 : // add
((state == 3) & (opcode == BEQ)) ? 2'b01 : 2'b10; // 

subtract or use function code
assign RegDst = ((state == 4) & (opcode==0)) ? 1 : 0;
assign MemRead = (state == 1) | ((state == 4) & (opcode == LW));
assign MemWrite = (state == 4) & (opcode == SW);
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assign

assign

always
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always

assign
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lw  $10, 20($1)

sub $11, $2, $3

add $12, $3, $4

lw  $13, 24($1)

add $14, $5, $6 ©zyBooks 05/16/25 23:10 2475274
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lw

lw
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lw sub

sub
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lw  $10, 20($1)

sub $11, $2, $3

and $12, $4, $5

or  $13, $6, $7

add $14, $8, $9

▪ 
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▪ 

lw lw

lw

lw

sub

$1

lw

lw

lw

lw
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lw $1

lw lw $10

sub $2 $3 and

lw

$3 $2

$4 $5 or
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add

lw

sub

sub
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$6 $7 $8

$9

add
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add

$8 $9 or

and $12

$13

or add

add
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sum $14 add

add
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sub $2, $1, $3

and $4, $2, $5

or  $4, $4, $2

add $9, $4, $2

sub
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sub $2

and $2

$2 or $4

and $2 sub

add
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add

$4 and $2 sub

$4

or

lw $2, 20($1)

and $4, $2,$5

or $4, $4,$2

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:10 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/4/print

274 of 311 5/16/2025, 11:12 PM



add $9, $4,$2

and

lw

and or
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and

lw

lw $2
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lw

$4 add

or

add
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lw

4.15 Fallacies and pitfalls
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▪ 

▪ 

▪ 
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4.16 Concluding remarks
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A form of prediction used to
improve the performance of data
and control dependencies.

An instruction's built-in execution
time.

Multiple processors used to exploit


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instruction-level parallelism.

4.17 Historical perspective and further reading©zyBooks 05/16/25 23:10 2475274
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The �rst supercomputer.

An approach that uses dynamic
hazard detection, generalized
forwarding, and reservation
stations.

A computer that used a four-stage
pipeline to overlap fetch, decode,
and execute.

The computer that introduced
Tomasulo's algorithm.

Out-of-order instruction commits
led to this unpopular situation.
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4.18 Self study
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• 

• 

• 

4.19 Exercises



and rd, rs1, rs2

Reg[rd] = Reg[rs1] AND Reg[rs2]












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



MemtoReg

ALUSrc


















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

0xadac0014

sw $t4 20($t5)

Reg [xn]



addi andi

addi


















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

lw

sw

beq


















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



lw sw












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

lwi, rd, rs1, rs2

Reg[rd] = Mem[Reg[rs1]+Reg[rs2]]



rs, rt

Reg[rt] = Reg[rs]; Reg[rs] = Reg[rt]


















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

ss rt, rs, imm

Mem[Reg[rt]] = Reg[rs]+immediate




















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



lw

lw sw

rs lw/sw

lw sw

lw/add sw/add

lw sw


















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lw


















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

$s0 $s1

NOP

$s2 $s3

addi $s0, $s1, 5

add  $s2, $s0, $s1

addi $s3, $s0, 15



$s0 $s1

$s4

addi $s0, $s1, 5

add  $s2, $s0, $s1

addi $s3, $s0, 15

add  $s4, $s0, $s0



NOP










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addi $s0, $s1, 5

add  $s2, $s0, $s1

addi $s3, $s0, 15

add  $s4, $s2, $s1



NOP

n

.4*n NOP

NOP .4*n to 

.05*n

NOP NOP

x NOP

n x .4. x

.075*n NOPs

NOP














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

sw   $s5, 12($s3)

lw   $s5, 8($s3)

sub  $s4, $s2, $s1

beq $s4, $zero, label

add  $s2, $s0, $s1

sub  $s2, $s6, $s1

NOP

NOP














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



LOOP: lw   $s0, 0($s3)

      lw   $s1, 8($s3)

      add  $s2, $s0, $s1

      addi $s3, $s3, -16

      bne $s2, $zero, LOOP










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addi

bne



NOP

NOP

NOP


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

add $s3, $s1, $s0

lw  $s2, 4($s3)

lw  $s1, 0($s4)

or  $s2, $s3, $s2

sw  $s2, 0($s3)

NOP

NOP


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$t0

 
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

T, NT, T, T, NT






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

for (i = 0; i != j; i += 2)

   b[i] = a[i] - a[i + 1];


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      li $s0, 0

      jal ENT

TOP:  sll $t0, $s0, 3

      add $t1, $s2, $t0

      lw $t2, 0($t1)

      lw $t3, 8($t1)

      sub $t4, $t2, $t3

      add $t5, $s3, $t0

      sw $t4, 0($t5)

      addi $s0, $s0, 2

ENT: bne $s0, $s1, TOP

beqz $s1, Done

j = 0
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j

 
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ld

MemRead

MemRead=1.
















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MemRead

branch

MemRead

RegRd










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