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swap(int v[], int k)ı
{int temp;ı
   temp = v[k];ı
   v[k] = v[k+1];ı
   v[k+1] = temp;ı
}

swap:ı
      muli $2, $5,4ı
      add  $2, $4,$2ı
      lw   $15, 0($2)ı
      lw   $16, 4($2)ı
      sw   $16, 0($2)ı
      sw   $15, 4($2)ı
      jr   $31    

00000000101000010000000000011000ı
00000000100011100001100000100001ı
10001100011000100000000000000000ı
10001100111100100000000000000100ı
10101100111100100000000000000000ı
10101100011000100000000000000100ı
00000011111000000000000000001000

Binary machineı
languageı
programı
(for MIPS)

C compiler

Assembler

Assemblyı
languageı
programı
(for MIPS)

High-levelı
languageı
programı
(in C)
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Done

1. Testı
Multiplier0

1a. Add multiplicand to product andı
place the result in Product register

2. Shift the Multiplicand register left 1 bit

3. Shift the Multiplier register right 1 bit

32nd repetition?

Start

Multiplier0 = 0Multiplier0 = 1

No:  < 32 repetitions

Yes:  32 repetitions

64-bit ALU

Control test

Multiplier
Shift right

Product
Write

Multiplicand
Shift left

64 bits

64 bits

32 bits
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Done

1. Testı
Multiplier0

1a. Add multiplicand to the left half ofı
the product and place the result inı
the left half of the Product register

2. Shift the Product register right 1 bit

3. Shift the Multiplier register right 1 bit

32nd repetition?

Start

Multiplier0 = 0Multiplier0 = 1

No:  < 32 repetitions

Yes:  32 repetitions

Multiplier
Shift right

Write

32 bits

64 bits

32 bits

Shift right

Multiplicand

32-bit ALU

Product Control test
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1. Testı
Product0

1a. Add multiplicand to the left half ofı
the product and place the result inı
the left half of the Product register

2. Shift the Product register right 1 bit

32nd repetition?

Start

Product0 = 0Product0 = 1

No:  < 32 repetitions

Yes:  32 repetitions

Controlı
testWrite

32 bits

64 bits

Shift rightProduct

Multiplicand

32-bit ALU
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Instructionı
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Instruction

a. Instruction memory b. Program counter
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c. Adder
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ALU control

RegWrite

Registers
Writeı
register

Readı
data 1

Readı
data 2

Readı
register 1

Readı
register 2

Writeı
data

ALUı
result

ALU

Data

Data

Registerı
numbers

a. Registers b. ALU

Zero
5

5

5 3

16 32
Signı

extend

b. Sign-extension unit

MemRead

MemWrite

Dataı
memory

Writeı
data

Readı
data

a. Data memory unit
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Register 0

Register 1

Register n –  1
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Read data 1

Read data 2

Read registerı
number 1
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Read registerı
number 1 Readı

data 1

Readı
data 2

Read registerı
number 2

Register file
Writeı
register

Writeı
data Write
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ALU operation3

RegWrite

MemRead
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00 = lw, sw
01 = beq,
11 = arithmetic

ALUOp Funct field Operation
ALUOp1 ALUOp0 F5 F4 F3 F2 F1 F0

0 0 X X X X X X 010
X 1 X X X X X X 110
1 X X X 0 0 0 0 010
1 X X X 0 0 1 0 110
1 X X X 0 1 0 0 000
1 X X X 0 1 0 1 001
1 X X X 1 0 1 0 111
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PC

Instructionı
memory

Readı
address

Instructionı
[31– 0]

Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

MemtoReg

ALUOp

MemWrite

RegWrite

MemRead

Branch
RegDst

ALUSrc

Instruction [31– 26]

4

16 32Instruction [15– 0]

0

0Mı
uı
x

0

1

Control

Add ALUı
result

Mı
uı
x

0

1

Registers
Writeı
register

Writeı
data

Readı
data 1

Readı
data 2

Readı
register 1

Readı
register 2

Signı
extend

Shiftı
left 2

Mı
uı
x

1

ALUı
result

Zero

Dataı
memory

Writeı
data

Readı
data

Mı
uı
x

1

Instruction [15– 11]

ALUı
control

ALU
Address
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Operation2

Operation1

Operation0

Operation

ALUOp1

F3

F2

F1

F0

F (5– 0)

ALUOp0

ALUOp

ALU control block

R-format Iw sw beq

Op0

Op1

Op2

Op3

Op4

Op5

Inputs

Outputs

RegDst

ALUSrc

MemtoReg

RegWrite

MemRead

MemWrite

Branch

ALUOp1

ALUOpO
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Clock cycle

Stateı
elementı

1
Combinational logic

Stateı
elementı

2

MemtoReg

MemRead

MemWrite

ALUOp

ALUSrc

RegDst

PC

Instructionı
memory

Readı
address

Instructionı
[31– 0]

Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

RegWrite

4

16 32Instruction [15– 0]

0
Registers

Writeı
register
Writeı
data

Writeı
data

Readı
data 1

Readı
data 2

Readı
register 1
Readı
register 2

Signı
extend

ALUı
result

Zero

Dataı
memory

Address Readı
data Mı

uı
x

1

0

Mı
uı
x

1

0

Mı
uı
x

1

0

Mı
uı
x

1

Instruction [15– 11]

ALUı
control

Shiftı
left 2

PCSrc

ALU

Add ALUı
result
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Shiftı
left 2

PC

Memory

ı

MemData

Writeı
data

Mı
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0

1

Registers
Writeı
register

Writeı
data

Readı
data 1

Readı
data 2

Readı
register 1

Readı
register 2

Mı
uı
x

0

1

Mı
uı
x

0

1

4

Instructionı
[15– 0]

Signı
extend

3216

Instructionı
[25– 21]

Instructionı
[20– 16]

Instructionı
[15– 0]

Instructionı
register

1 Mı
uı
x

0

3

2

Mı
uı
x

ALUı
result

ALU
Zero

Memoryı
dataı

register

Instructionı
[15– 11]

ı
A

B

ALUOut

0

1

Address
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Step name
Action for R-type 

instructions
Action for memory-reference 

instructions
Action for 
branches

Action for       
jumps

Instruction fetch IR = Memory[PC]
PC = PC + 4

Instruction A = Reg [IR[25-21]]
decode/register fetch B = Reg [IR[20-16]]

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

Execution, address ALUOut = A op B ALUOut = A + sign-extend if (A ==B) then PC = PC [31-28] II
computation, branch/ (IR[15-0]) PC = ALUOut (IR[25-0]<<2)
jump completion

Memory access or R-type Reg [IR[15-11]] = Load: MDR = Memory[ALUOut]
completion ALUOut or

Store: Memory [ALUOut] = B

Memory read completion Load: Reg[IR[20-16]] = MDR
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PCWriteı
PCSource = 10

ALUSrcA = 1ı
ALUSrcB = 00ı
ALUOp = 01ı
PCWriteCondı

PCSource = 01

ALUSrcA =1ı
ALUSrcB = 00ı
ALUOp= 10

RegDst = 1ı
RegWriteı

MemtoReg = 0

MemWriteı
IorD = 1

MemReadı
IorD = 1

ALUSrcA = 1ı
ALUSrcB = 10ı
ALUOp = 00

RegDst = 0ı
RegWriteı

MemtoReg =1ı
ı

ALUSrcA = 0ı
ALUSrcB = 11ı
ALUOp = 00

MemReadı
ALUSrcA = 0ı

IorD = 0ı
IRWriteı

ALUSrcB = 01ı
ALUOp = 00ı

PCWriteı
PCSource = 00

Instruction fetch
Instruction decode/ı

register fetch

Jumpı
completion

Branchı
completionExecution

Memory addressı
computation

Memoryı
access

Memoryı
access R-type completion

Write-back step

 (Op = 'LW') or (O
p = 'SW') (Op = R-type)
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p 
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')
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')
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=
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W
')
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PCWrite

PCWriteCond

IorD

MemtoReg

PCSource

ALUOp

ALUSrcB

ALUSrcA

RegWrite

RegDst

NS3
NS2
NS1
NS0

O
p5

O
p4

O
p3

O
p2

O
p1

O
p0

S
3

S
2

S
1

S
0

State register

IRWrite

MemRead

MemWrite

Instruction registerı
opcode field

Outputs

Control logic

Inputs

A0/-1X-1L-GEE0*L
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Initialı
representation

Finite stateı
diagram

Microprogram

Sequencingı
control

Explicit nextı
state function

Microprogram counterı
+ dispatch ROMS

Logicı
representation

Logicı
equations

Truthı
tables

Implementationı
technique

Programmableı
logic array

Read onlyı
memory
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Instructionı
fetch

Reg ALU
Dataı

access
Reg

8 ns
Instructionı

fetch
Reg ALU

Dataı
access

Reg

8 ns
Instructionı

fetch

 8 ns

Time

lw $1, 100($0)

lw $2, 200($0)

lw $3, 300($0)

2 4 6 8 10 12 14 16 18

2 4 6 8 10 12 14

...

Programı
executionı
orderı
(in instructions)

Instructionı
fetch

Reg ALU
Dataı

access
Reg

Time

lw $1, 100($0)

lw $2, 200($0)

lw $3, 300($0)

2 ns
Instructionı

fetch
Reg ALU

Dataı
access

Reg

2 ns
Instructionı

fetch
Reg ALU

Dataı
access

Reg

2 ns 2 ns 2 ns 2 ns 2 ns

ı

Programı
executionı
orderı
(in instructions)
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Instructionı
memory

Address

4

32

0

Add Addı
result

Shiftı
left 2

Instruction

Mı
uı
x

0

1

Add

PC

0Writeı
data

Mı
uı
x

1
Registers

Readı
data 1

Readı
data 2

Readı
register 1

Readı
register 2

16
Signı

extend

Writeı
register

Writeı
data

Readı
dataAddress

Dataı
memory

1

ALUı
result

Mı
uı
x

ALU
Zero

IF: Instruction fetch ID: Instruction decode/ı
register file read

EX: Execute/ı
address calculation

MEM: Memory access WB: Write back
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3'(���+��#��+� �4���5�
��(�
���� �� �/�1��+����
$%�� ��?�/�� �.�!//� ��'�� /� �%����( &� ��+����#��","�"� 2#
�^��4������+����$%��
K=QDg=:D��1�� 
3+�����$%�� ��&� �%����( �sML:;A�!"#����
&1��&���."�"�/7�?��eDZ=E<DM� *���2#
�� ?����&����
7�-� ��+� 7��k�����22����+� !��$1(��� �%���� �� �'����?��&���.")�( $%�� ��?�!�+"#
&������&� !�+"#�%����( � 7�+�#������ ��
3+�����
��2#7�+$��/�+�&���."?����&5#����� 
�^�&� �."
���$%�� ��&� �%����( ?
� 
���
��4�1�?�
/'�� ����#//� HL<L� KL<A� &� � K=QDg=:D� 2� ��� �1���?�+
s9\\DM� ?��!�+"#�+��)�( ��#��","?�!�+"#&������&� �%����( 
�̂�����#!��2������ 
� !�
 7
�
� 
���

Instructionı
memory

Address

4

32

0

Add Addı
result

Shiftı
left 2
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IF/ID EX/MEM MEM/WB

Mı
uı
x

0

1

Add

PC

0

Address

Writeı
data

Mı
uı
x

1
Registers

Readı
data 1

Readı
data 2

Readı
register 1

Readı
register 2

16
Signı

extend

Writeı
register

Writeı
data

Readı
data

Dataı
memory

1

ALUı
result

Mı
uı
x

ALU
Zero

ID/EX
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Instructionı
memory
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ru
ct

io
n
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Instructionı
[20– 16]
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em
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R

eg

ALUOp

Branch

RegDst

ALUSrc

4

16 32Instructionı
[15– 0]

0

0

Mı
uı
x

0

1

Add Addı
result

Registers
Writeı
register

Writeı
data

Readı
data 1

Readı
data 2

Readı
register 1

Readı
register 2

Signı
extend

Mı
uı
x

1

ALUı
result

Zero

Writeı
data

Readı
data

Mı
uı
x

1

ALUı
control

Shiftı
left 2

R
eg

W
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e

MemRead

Control

ALU

Instructionı
[15– 11]

6

EX

M

WB

M

WB

WB
IF/ID

PCSrc

ID/EX

EX/MEM

MEM/WB

Mı
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M
em

W
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e
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Dataı

memory

Address
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IM Reg DM Reg

IM Reg DM Reg

CC 1 CC 2 CC 3 CC 4 CC 5 CC 6

Time (in clock cycles)

lw $10, 20($1)

Programı
executionı
orderı
(in instructions)

sub $11, $2, $3
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CC 1 CC 2 CC 3 CC 4 CC 5 CC 6

Time (in clock cycles)
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CC 1 CC 2 CC 3 CC 4 CC 5 CC 6

Time (in clock cycles)

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

IM Reg DM Reg

IM DM Reg

IM DM Reg

CC 7 CC 8 CC 9

10 10 10 10 10/– 20 – 20 – 20 – 20 – 20

or $13, $6, $2

add $14, $2, $2

sw $15, 100($2)
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DM Reg
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X X X – 20 X X X X XValue of EX/MEM :
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Reg

IM

Reg

Reg

IM

CC 1 CC 2 CC 3 CC 4 CC 5 CC 6

Time (in clock cycles)

lw $2, 20($1)

Programı
executionı
orderı
(in instructions)

and $4, $2, $5

IM Reg DM Reg

IM DM Reg

IM DM Reg

CC 7 CC 8 CC 9

or $8, $2, $6

add $9, $4, $2

slt $1, $6, $7

DM Reg

Reg

Reg

DM

lw $2, 20($1)

Programı
executionı
orderı
(in instructions)

and $4, $2, $5

or $8, $2, $6

add $9, $4, $2

slt $1, $6, $7

Reg

IM

Reg

Reg

IM DM

CC 1 CC 2 CC 3 CC 4 CC 5 CC 6
Time (in clock cycles)

IM Reg DM RegIM

IM DM Reg

IM DM Reg

CC 7 CC 8 CC 9 CC 10

DM Reg

RegReg

Reg

bubble

PC
Instructionı

memory

Registers

Mı
uı
x

Mı
uı
x

Mı
uı
x

Control

ALU

EX

M

WB

M

WB

WB

ID/EX

EX/MEM

MEM/WB

Dataı
memory

Mı
uı
x

Hazardı
detectionı

unit

Forwardingı
unit

0

Mı
uı
x

IF/ID

In
st
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ct

io
n

ID/EX.MemRead

IF
/ID

W
rit

e

P
C

W
rit

e

ID/EX.RegisterRt

IF/ID.RegisterRd

IF/ID.RegisterRt

IF/ID.RegisterRt

IF/ID.RegisterRs

Rt
Rs

Rd

Rt EX/MEM.RegisterRd

MEM/WB.RegisterRd
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Reg Reg
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Level n

Level 2

Level 1

Levels in theı
memory hierarchy

Increasing distance ı
from the CPU in ı

access time 

Size of the memory at each level
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Address (showing bit positions)

16 12 Byteı
offset
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64164

Block size (bytes)

Program
Block size in 

words
Instruction 
miss rate

Data miss 
rate

Effective combined miss 
rate

gcc 1 6.1% 2.1% 5.4%
4 2.0% 1.7% 1.9%

spice 1 1.2% 1.3% 1.2%
4 0.3% 0.6% 0.4%
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Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag Data
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Tag Data Tag Data Tag Data Tag Data
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Set

0

1

Tag Data

One-way set associativeı
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0
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1

2

3

4

5
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1

2

3
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V TagIndex

0
1
2

253
254
255

Data V Tag Data V Tag Data V Tag Data

3222

4-to-1 multiplexor

Hit Data

123891011123031 0
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Eight-wayFour-wayTwo-wayOne-way

1 KBı

2 KBı

4 KBı
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Associativity 16 KBı

32 KBı

64 KBı

128 KB
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memory hierarchy
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Virtual addresses

Address translation
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Physical memory

Disk storage

Valid

1

1
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0

1

1

0

1

Page table

Virtual pageı
number

Physical page orı
disk address
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Page offsetVirtual page number

Virtual address

Page offsetPhysical page number

Physical address

Physical page numberValid

If 0 then page is notı
present in memory

Page table register

Page table

20 12

18

31  30  29  28  27  15  14  13  12  11  10  9  8 3  2  1  0

29  28  27 15  14  13  12  11  10  9  8 3  2  1  0
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Page table

Physical pageı
addressValid

TLB

1

1

1
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0
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Virtual pageı

number

Physical pageı
or disk address

Physical memory

Disk storage
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Yes

Deliver dataı
to the CPU

Write?

Try to read dataı
from cache

Write data into cache,ı
update the tag, and putı

the data and the addressı
into the write buffer

Cache hit?Cache miss stall

TLB hit?

TLB access

Virtual address

TLB missı
exception

No

YesNo

YesNo

Write accessı
bit on?

ı

YesNo

Write protectionı
exception

Physical  address
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