
� �� �� ���� �
	 � �� � �


� ��� � � ��� � � 	� 	� ���

� ���� � �� ��  !"  #  � $�%

� &  �  "  #  � $ %

� ')(* ��� ( ! +, �  * �" - "  #  � $�%

� .�  * �" /� 0 $1 �� 1 (*

2 03 � , ( ( 465 798 :<; 798 = ; 798 7

>>@? > ABCD > >EGF HI J JK E EL M6N OPQ RST



���� �� ���

� � 	 	 	� � 
 � 	� 	� ��� � �


��� �� ���  � 0 % 1 � �  � 1 (* % � "  � /� 0� 0* � � " 0* 03 � 1* % ��� � �� 1 (* + % - 1* � " 0 1* % ��� � �� 1 (*

% ��� 0  � �� ( � 03 0 � �� 1* � $ �� 1* � 1 � % +� " 01� - $ 0% 1 �*  � 0 $ � !( � 4 �� � ! 08

2" 0� 0  � 0 � " � 0 0 41* $ % ( �"  #  � $ 5

� % ��� � �� ��  ! "  #  � $�% � �  �% 0 $ , � �(* �1 �� % 1* � 0% ( �� � 0 �%  � 0

� $  �  "  #  � $ % � �  �% 0 $ , � 1* % ��� � �� 1 (* % � "  � $ 0 / 0* $ (* /� 0� 1 ( �%

1* % ��� � �� 1 (* % � ( �� �( � 0

� �(* ��� ( ! +, �  * �" - "  #  � $�% � �  �% 0 $ , � /1 / 0 !1* 1* � ( � 1* % ��� � �� 1 (* % � "  �

�"  * � 0 � " 0 � �

>>@? L ABCD > >EGF HI J JK E EL

M6N OPQ RST



��� � � � �� � � � �� �� ���

� 	� � � 	 �� 	 � � 	� 	� ��

	 � 0� !  / / 1* � 1* % ��� � �� 1 (* % 03 0 � �� 1 (* � 0
 �1� 0% $ � / !1 �  � 1 (* ( �� 0% ( �� � 0% � (  ! !( �

 ! ! / ( % % 1 , ! 0 �( � , 1*  � 1 (* % ( � 1* % ��� � �� 1 (* % 1* � " 0 / 1 / 0 !1* 08

2" 0 �  �" 1* 0 1 % %  1 $ � ( "  � 0  � �� 
� � 
� � � � �� �� � 1 � % ( � 0 �( � , 1*  � 1 (* % ( �

1* % ��� � �� 1 (* % �  * * ( � , 0  � �( � ( $  � 0 $8

>>@? � ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � � � �� � � � �� �� ���

�3  � / ! 0 5 1 � ( �� '� � "  $  % 1* � ! 0 � 0 � ( � � �( � 1* % ��� � �� 1 (* %  * $ $  �  ; � " 0* � 0

�( � ! $* ( � � 0  $ � " 0 � � �" 1 ! 0  !(  $ 1* % � � � �� 1 (* 1 %  � � 0% % 1* � � " 0 � 0 � ( � � 8

cc 8

REG

MEM REG

REG

cc 5 cc 7

MEM

cc 3 cc 6cc 4cc 2cc 1

INSTR. 3

INSTR. 2

INSTR. 1

LOAD

A
L
U

MEM REG

A
L
U

MEM REG

MEM REG

MEM

A
L
U

MEM REG

A
L
U

MEM REG

>>@? � ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � � � �� � � � �� �� ���

�"  � $( 0% � " 0 '� � $( 1* �  % 0 ( �  % ��� � �� ��  ! "  #  � $ �

2" 0 /1 / 0 !1* 0 1 % � � � � ��� � +  � 
 � � �� 1 % 1* % 0� � 0 $ - 8

cc 4

A
L
U

cc 1 cc 7cc 2 cc 9cc 3

bubble

cc 5

bubble

cc 6

bubble

cc 8

bubble

MEM

bubble

REG MEM REG

MEM REG

LOAD

MEM REG

MEM REG MEM REG

REGMEMREGMEM

stall

INSTR. 3

INSTR. 2

INSTR. 1

A
L
U

A
L
U

A
L
U

>>@? � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

� 	 	 	 � 	� 	� ���

� �  � ( � 0 � 0 �� ( � / 1 / 0 !1* 1* � 1 % � ( �"  * � 0 � " 0� 0 !  � 1 � 0 � 1 � 1* � ( � 1* % ��� � �� 1 (* % , �

( � 0� !  / / 1* � � " 01� 03 0 � �� 1 (* 8

� � � � � �� �� ��� ( � � �� �" 0* � " 0 /1 / 0 !1* 0 �"  * � 0% � " 0 ( � $ 0� ( �� 0  $ � �� 1 � 0

 � � 0% % 0% � ( ( / 0�  * $ % �1 � " � 0% / 0 �� � ( � " 0 ( � $ 0� 1* � " 0 �* /1 / 0 !1* 0 $ �  �" 1* 08

2 �( 41* $ % 5

� � " ( % 0 � "  � �  * , 0� 0% ( !� 0 $ �1 � " �	�� 
 �� ��
� �

� � " ( % 0 � "  � � 0
 �1� 0 / 1 / 0 !1* 0 % �  ! !%

>>@? � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

�3  � / ! 0 5

� � � �� �
�� �
��

�	 
 �� � �
�� �
��

�
 �� � �
�� �
��

� 
 
 �� � �
�� �
��

�� �� � � � � � � �� �

>>@? � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

�3  � / ! 0 + �(* � 8 -

REG MEM REGMEM

REG

REG

MEMREGMEM

cc 9cc 8cc 7cc 6cc 5cc 4cc 3cc 2cc 1

MEM

A
L
U

A
L
U

MEM REG MEM REG

A
L
U

REGMEMREGMEM

A
L
U

MEM

A
L
U

$2=

$1=70, $3=50

sw  $15,100($2)

REGsub $2,$1,$3

and $12,$2,$5

or  $13,$6,$2

add $14,$2,$2

>>@? � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

��� 
 �� � �
� � �� ��� � � � � �
� �

2" 0� 0% � !� ( �  * �� � ( / 0�  � 1 (* 1 % � 0  $ �  � � " 0 0* $ ( � � " 0 �� % �  � 0; 1* � " 0

�� � � � � / 1 / 0 !1* 0� 0 �1 % � 0� �* ( * 0 0 $ � ( �  1 � �* � 1 ! 1 � 1 % �� 1 � � 0* 1* � (  

� 0 �1 % � 0� � ( �% 0 1 �  %  * ( / 0�  * $8

R
e
g
i
s
t
e
r
s

ID/EX EX/MEM MEM/WB

DATA

memory
ALU

> >? >E ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

�3  � / ! 0 + �(* � 8 -

REG MEM REGMEM

REG

REG

MEMREGMEM

cc 9cc 8cc 7cc 6cc 5cc 4cc 3cc 2cc 1

MEM

A
L
U

A
L
U

MEM REG MEM REG

A
L
U

REGMEMREGMEM

A
L
U

MEM

A
L
U

$2=

$1=70, $3=50

sw  $15,100($2)

REGsub $2,$1,$3

and $12,$2,$5

or  $13,$6,$2

add $14,$2,$2

> >? > > ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

� �� � 	� � ��� � �� � 	

FORWARDING
UNIT

Rt
Rd

Rs
Rt

Rdest

R
e
g
i
s
t
e
r
s

ID/EX EX/MEM MEM/WB

DATA

EX/MEM.Rdest

MEM/WB.Rdest

memory
ALU

> >? >K ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �


 � �� � 	� � ��� � � � 	� 	� �� � �� � 	� �


 � � � � 	 	 � � � "  #  � $ % 5
� 
 
 �� �

�� �
��

� 
 
 � � �
�� �
� �

( �

� 
 
 �� �
�� �
��

� 
 
 � � �
� � �
��

�(* $1 � 1 (* 5

�� �� ���� �
	� � � 
 	 
 � 
�� �� � ��� �
	 � � � 
 	 
 � � ( �

�� �� ���� �
	� � � 
 	 
 � 
�� �� � ��� �
	 � � � 
 	 
 � 


> >? >L ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �


 �� � 	 	 � � � "  #  � $ % 5
� 
 
 �� �

�� �
��

� 
 
 �� �
�� �
��

� 
 
 � � �
�� �
� �

( �

� 
 
 �� �
�� �
��

� 
 
 �� �
�� �
��

� 
 
 � � �
� � �
��

�(* $1 � 1 (* 5

� �� �� �� �
	� � � 
 	 
 � 
�� �� � ��� �
	 � � � 
 	 
 � � ( �

� �� �� �� �
	� � � 
 	 
 � 
�� �� � ��� �
	 � � � 
 	 
 � 


> >? > � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

� ��� � � ��� � � 	 	 � ��

�* (* 0 �  % 0; �( � �  � $1* � �  * * ( � /� 0� 0* �  /1 / 0 !1* 0 % �  ! ! � �" 0*  * 1* % ��� � �� 1 (*

� 0  $�%  � 0 �1 % � 0� � "  � 1 % � " 0 $ 0% � 1*  � 1 (* ( � � " 0 /� 0 � 0 0 $1* � � 	 � & 1* % ��� � �� 1 (* 8

�3  � / ! 0 5
�� �� � � � � �� �

� 	 
 � � �
�� �
� �

� 
 � � �
�� �
��

� 
 
 �� �
� � �
��

� � 
 �� �
�� �
��

> >? > � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

�3  � / ! 0 + �(* � 8 -

MEM

MEM

MEM

MEM

slt $1,$6,$7

add $9,$4,$2

or  $8,$2,$6

and $4,$2,$5

lw  $2,20($1) MEM

MEM

cc 3 cc 4

REG REG

A
L
U

cc 5

REGREGMEM

A
L
U

REG

REG

REG

REG

cc 6 cc 7

MEM

A
L
U

A
L
U

cc 1 cc 2

REG

cc 8 cc 9

A
L
U

MEM REG

MEM

> >? > � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

�3  � / ! 0 + �(* � 8 -

BUBBLE

MEM REGREG

cc 3 cc 4 cc 6cc 1 cc 2 cc 10cc 5

and $4,$2,$5

or  $8,$2,$6

add $9,$4,$2

slt $1,$6,$7

REG

A
L
U

cc 7

MEM

cc 8 cc 9

lw  $2,20($1) REG

A
L
U

MEM REG MEM REG

MEM

MEM

REG REG

REGMEMREGMEMMEM

MEM

REGMEM

A
L
U

A
L
U

A
L
U

> >? > � ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � �� �� � �

� 	� 	� � � � 	 � � 	 � � � �� � 	 � �� � � � � ��
� � �
� � �� � � � � �

& �� 1* � � " 0 � & % �  � 0; � " 0 "  #  � $ $ 0� 0 �� 1 (* �* 1 � �" 0 � 4% 1 � � " 0 1* % ��� � �� 1 (*

�( ! !( �1* �  � 	 � & �% 0% � " 0 � 	 � & � % $ 0% � 1*  � 1 (* � 0 �1 % � 0�  %  * ( / 0�  * $8 � � � " 1 %

1 % � " 0 �  % 0; � " 0 � & � % �  ! !% � " 0 1* % ��� � �� 1 (* �( ! !( �1* � � " 0 !(  $ �( � (* 0 �� � ! 08

UNIT

Rt
Rd

Rs
Rt

Hazard
Detection

Unit

FORWARDING

I
n
s
t
r
u
c
t
i
o
n

M
e
m
o
r
y

EX/MEM.Rdest

MEM/WB.Rdest

IF/IDWrite

Rdest

ID/EX EX/MEM MEM/WB

DATA

memory
ALU

R
e
g
i
s
t
e
r
s

IF/ID

PCWrite

PC

> >? > � ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � �� � � � �� �� ���

� � � 	� � � �� � 	 � � � � � 	� 	� ���

.�  * �" 1* % ��� � �� 1 (* % �"  * � 0 � " 0 03 0 � �� 1 (* �( � +� " 0 � � - ,  % 0 $ (*  �(* $1 � 1 (* 8

�( � �  ! ! � ; � " 0 �(* $1 � 1 (* 1 % 0�  ! �  � 0 $ 1* � " 0 �� % �  � 0; � 4* ( �* � 1* � " 0 � � �

% �  � 0;  * $ �% 0 $ 1* � " 0* 03 � % �  � 08

� �� � 	 � � � � 	 � � � � % �  ! ! � " 0 / 1 / 0 !1* 0 �* � 1 ! � " 0 , �  * �" 1 % � 0% ( ! � 0 $8

REGIM DMA
L
U

REG REGIM DM

REG

A
L
U

cc 1 cc 2 cc 3 cc 4 cc 5 cc 6 cc 7 cc 8 cc 9

bubble bubble bubble

beq $1,$3,72

<next instr>

> >? > � ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � �� � � � �� �� ���

� � � � � � � � � � 	 � � � � ��� � � ( � � 0% % � �  % % � � 0 , �  * �" * ( � �  4 0* �

� ! �  � % % �  � � 03 0 � �� 1* � � " 0* 03 � 1* % ��� � �� 1 (* + $( * ( � % �  ! ! - 8

� � � " 0 , �  * �" 1 % �  4 0* ; � �% " � " 0 / 1 / 0 !1* 08

A
L
U

MEM REG MEM REG

A
L
U

MEM REG MEM REG

cc 1 cc 2 cc 3 cc 4 cc 5 cc 6 cc 7 cc 8 cc 9

REGMEMREGMEM

A
L
U

REGMEMREGMEM

REGMEMREGMEM

A
L
U

A
L
U40 beq $1,$3,72

72 lw  $4,50($7)

52 add $14,$2,$2

48 or  $13,$6,$2

44 and $12,$2,$5

> >? K E ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � �� � � � �� �� ���

� � �� � � � � � 	 � � � � ��� � � ( $ 0� 0 �� � " 0 , �  * �" 0  � !1 0�

bubble

REG REGIM DMA
L
U

REG REGIM DMA
L
U

beq $1,$3,72

<next instr>

cc 1 cc 2 cc 3 cc 4 cc 5 cc 6 cc 7 

M
e
m
o
r
y

Hazard
Detection

Unit

+

sign <<2

+

FORWARDING
UNIT

Rt
Rd

Rs
Rt

ext

I
n
s
t
r
u
c
t
i
o
n

Rdest

ALU

4

ID/EX

IF/IDWrite

PCWrite

IF.Flush

R
e
g
i
s
t
e
r
s

IF/ID

PC

> >? K > ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � �� � � � �� �� ���

�( �� � " % ( ! �� 1 (* 5 � � � 	 � � � � � 	 � � � � � � � � � 	 � � �

� �� � � � � �� � �� � � � � � � 
 ��� + ( � �� � � � � � � � � �� � � � � ��� - 4 0 0 / % ���  � 4 ( � /� 0� 1 ( �%

$ 0 �1 % 1 (* % 8

� 0 �  * 4 0 0 / � �% � � , 1 � ( � � , 1 � % 5

� �1 � " � , 1 � ; � " 0 , 1 � 1 % % 0� 0� 0� � � 1 � 0

� �1 � " � , 1 � % ; � " 0 /� 0 $1 �� 1 (* � �% � , 0 �� (* � � �1 � 0 , 0 �( � 0 1 � 1 % �"  * � 0 $

predict
NOT

taken

taken

NOT
taken

predict

predict

taken
predict

NOT taken

taken

NOT taken

taken

NOT takentaken

NOT taken

taken

> >? K K ABCD > >EGF HI J JK E EL M6N OPQ RST



��� � �� � � � �� �� ���

� � � 	 � � � � � 	 � � � ��

2" 0 1* % ��� � �� 1 (* 1 � � 0 $1  � 0 !� �( ! !( �1* � � " 0 , �  * �" 1* % ��� � �� 1 (* 1 %  ! �  � %

03 0 � �� 0 $8

2" 0 �( � / 1 ! 0� �  4 0% �  � 0 ( �� ! !1* � � " 0 ��� � � � � � � � �1 � "  /� ( / 0� 1* % ��� � �� 1 (* 8

�3  � / ! 0 5

� 	 � �� �
�� � � � � 	 ��

� 
 
 �� �
� � �
��

�
 �� �
�� �
� �

� � � �� �
�� � �
�� �

� � � 	 �� � �� �� � � � � �� � �

> >? K L ABCD > >EGF HI J JK E EL M6N OPQ RST



� � � � � � � � � � � �� �� � �� ��

�3 798 � ; 78 � ; 78 :<; 798 � � ; 798 � � ; 798 �� ; 798 � :<; 798 � = ; 798 ��

> >? K � ABCD > >EGF HI J JK E EL M6N OPQ RST


