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FIGURE 3.6  A machine with only one memory port will generate a conflict whenever a memory reference occurs.
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FIGURE 3.9  The use of the result of the ADD instruction in the next three instructions causes a hazard, since the 
register is not written until after those instructions read it.
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FIGURE 3.10  A set of instructions that depend on the ADD result use forwarding paths to avoid the data hazard.
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FIGURE 3.11  Stores require an operand during MEM, and forwarding of that operand is shown here.
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FIGURE 3.12  The load instruction can bypass its results to the AND and OR instructions, but not to the SUB, since 
that would mean forwarding the result in "negative time."
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FIGURE 3.13  The load interlock causes a stall to be inserted at clock cycle 4, delaying the SUB instruction and those 
that follow by one cycle.
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FIGURE 3.22  The stall from branch hazards can be reduced by moving the zero test and branch target calculation 
into the ID phase of the pipeline.
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FIGURE 3.24  The frequency of instructions (branches, jumps, calls, and returns) 
that may change the PC.
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FIGURE 3.25  Together the forward and backward taken branches account for an average of 67% of all conditional 
branches.
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FIGURE 3.28  Scheduling the branch-delay slot.
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FIGURE 3.36  Misprediction rate for a profile-based predictor varies widely but is 
generally better for the FP programs, which have an average misprediction rate of 
9% with a standard deviation of 4%, than for the integer programs, which have an 
average misprediction rate of 15% with a standard deviation of 5%.

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

� Õ ��'&������� )i¹"	
�,��) R��p	
���.� )���� �����R��	� �&	��#�&��)
� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

�% U
� _ ^_
� �

� �^
��X
� �Y
"� �
_� �
�� Y
����
��^
��Y

> 3
5� *�' 3
O )-
'/
.3'
/ 7 (+
7 5 8-
+ )
3+ )+
'9 B
+ ' 8
/ -+
5O '
6
5 3'
'
� (7 '
8++
, )
8

)
.3'
/ 7 (+
+ )
A ' 8-
+ 3)
+ '
9 B �

In
st

ru
ct

io
ns

 b
et

w
ee

n

m

is
pr

ed
ic

tio
ns

11010
0

10
00

11

96
92

11

15
9

19

25
0

14

58

11

60

11
37

6

19
10

56

14

11
3

25
3

P
ro

fil
e 

ba
se

d
P

re
di

ct
 ta

ke
n

B
en

ch
m

ar
k

co
m

pr
es

s

eq
nt

ot
t

es
pr

es
so

gc
c

li

do
du

c

ea
r

hy
dr

o2
d

m
dlj

dp

su
2c

or

F
IG

U
R

E
 3

.3
7 

 A
cc

u
ra

cy
 o

f 
a 

p
re

d
ic

t-
ta

ke
n

 s
tr

at
eg

y 
an

d
 a

 p
ro

fi
le

-b
as

ed
 p

re
d

ic
to

r 
as

 m
ea

su
re

d
 b

y 
th

e 
n

u
m

b
er

 o
f 

in
st

ru
ct

io
n

s 
ex

ec
u

te
d

 b
et

w
ee

n
 m

is
p

re
d

ic
te

d
 b

ra
n

ch
es

 a
n

d
 s

h
o

w
n

 o
n

 a
 lo

g
 s

ca
le

.

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

���i�! ��.)
������� �&�&�(�,�����p� �%��� � ��� �&� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

�>��8%$F�É|0I z >�K�A?<�L£E�<�¿ C±K z IJG�K�<�K�<�×
ÜPoiXpT=�i]vU
Z([iVuW�O0`4Tt�iU��HT=S�U�[JU
[Jabs�O�QRgh]RZ£U�Wr��S
T"WrT"[(]"À
V%Z\WrT±XpZ\W£WrZ([9TpoiXpT=�i]vU
Z([9X"O4qiV%T"V3O�QvT\Í
Ô\x^¡V9 H giTp¢#U
XpT�Q%T��#qJT"V.]
8 x / wJV.]vT"W ª O�S�S
= xu¯ÉQRO4XpU�[ia£N�QvZ4a\QRO4W ÜPoJT"X=qJ]vU
Z([
A x^¡�[(]vT=a\T=Q3O0Q%U�]�siWrTp]vU
X�Z�¢\T"Q � Z�j 90q�[igiT=Q � Z"j
I x<3~N O0Q%U�]Rs�WrTp]vU�XtT=Q%QvZ4Q
	Jx^NPO0a4Tg3?O0qiS�]
�#x<.tO�]�O£WrU�VRO�S
U�a\[�WrT"[\]�U�[ WrT"WrZ\Q.w
� x^¡�[(¢4O0S
U�g ¡.[iV.]vQvq�Xm]vU�Z\[
� x � O0QvgJj^O0Q%Tt�*O�U�S�qJQvT
Ô�,Jx^N~Z�j�T=Q3�*O�U�S�qJQvT
N~T=Z\��S
TtV%Z(W·T=]vU�WrT"V3q�V%T�]�sJT�j�Z\QvgiVuU�[(]vT=Q%QRqJ�i]uZ\Qu�*O0qiS�]
Å�_�q#]u]RsiT�q�VRO�a\T�U
Vu[iZ0]FV.]�O0[�g�O�QvgiU	�=T�g�Æ�x

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6



� $��! ��.)
������� �&� ���,���.� � �&�?� ���
$&��� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

� &�8%$F��|4I z >�K
A�< � EH<�¿�G�K�<�×;:=L=L } IiL
� Z�j O4[9TpoJX=T=�J]RU
Z\[ V%siZ(qJS�g _HTts�O0[�giS
T"g9giT=�?T"[ig�V°Z\[
]RsiTtX"O4q�V.T(x / Z(W·TtU�VvVvqJT"V^U
[ s�O0[�gJS�U�[Ja�TpoiXpT=�i]vU
Z([iV
U�[�XpS�q�gJT(Í
Ô\x^¡�V^U�VteR©0§?¨ �\¬R®0§?®0­#ebÅ�U*x T\x ]vQ%U
a\a\T=Q%T"g _(wh]RsiT
��Q%Z4a\QRO4WbÆ�Z\Qnd0eR©0§?¨ �\¬R®0§?®0­#ebÅ�U*x T\x ]vQ%U
a\a\T=Q%T"g _(w
O4[�T=o�]vT"Qv[�O0S�T=¢\T"[(]mÆ��
- V.wi[iXmsJQ%Z([iZ\q�V°TpoiXpT=�i]vU
Z([�V^X"O4[ qiVvq�O�S
S
w�_?T
��Q%Z#X=T"VvV.T�g9O0��]vT=Q^U
[iV.]vQvq�Xm]vU�Z\[¤XpZ\Wr��S
Tp]vU�Z\[DÅ*O0[�g
]vT"[�gh]vZ�_HT�T�O4V%U
T=Q�Æmx

8 x<?�V%T=QuQ%T��#qJT�V�]RT"gh¢iVpx�XpZ#T=QvXpT"g 5 XpZ#T=QvXpT�g O�QvT
s�O�QvgiT=Qu_HT"X�O0q�V%T�]RsiTpw O�Q%T±qi[i��Q%T"giU�Xm]�O0_iS�T\x

= x<?�V%T=Q3W�O0V%`4O�_�S
Tt¢JV=xP[iZ([iW�O4V.`4O0_iS
T05 ²�d0eRf�«�§Jk
O4[�T=oJXpT"�J]vU�Z\[9gJU
VvO0_�S
T"Vus�O�QvgJj^O0Q%TtQ%T�V.�?Z([iV%T�]vZ£U�]�x

A xKJ U�]�sJU�[�¢JV=xEC°Tp]&j°T=T"[hU�[�V.]Rq�Xm]vU
Z([iV 5 Ü�oJXpT"�J]vU�Z\[�V
juU
]RsJU
[ U�[iV.]vQRqiXm]RU
Z\[�V3O0Q%T±V.wJ[�X�siQ%Z\[iZ(qiV3O0[�g�]vT"[�g
]vZ£_?Tts�O�QvgiT=Q^]vZ£U�Wr�iS
T�W·T�[\]rÅ�g�qJTË]vZ�U�[iV.]vQRqiXm]RU
Z\[
Q%T"V.]�O0Q.]mÆmx

I x<;3T"Vvq�WrT�¢iV=xP¯ÉT=QRW·U
[�O�]vT05 ¡,]3U�VuT�O4V%U
T=Q°]RZ
U�Wr��S
T"WrT"[(]3TpoiXpT=�i]vU
Z([�V�]vT=QRW·U
[�O�]vU�[ia£��Q%Z\a4QRO4W

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

� $��! ��.)
������� �&� ���,���.� � �&�?� ���
$&��� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

TpoJT"X=qJ]vU
Z([�À�V%U�[iX=T�Q%T"Vvq�WrU�[Ja�TpoJT"X=qJ]vU
Z([9WrT�O0[�V
Q%T"V.]�O0Q.]vU
[JabV�]mO�S
S�T"g9U�[�V.]vQvq�Xm]vU
Z([�Vpx

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

� O ��'&�
�&�.�.� �&�H�,��� 
���������	��
� �&�- ��&��)�$&��� ��� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

� �¤8(h�>=A z�z K�<�×DE�<�¿ ��IiLp>=E�@�>�K�<�×7$F��Ii| } >�K
A�<
J siT"[��HO�Q%]vU
O0S
S�w Tp¢4O0S�q�O�]RT"g9U�[iV.]vQRqiXm]RU
Z\[�VFO�Q%T±V.]�O0S
S
T�g
�?T"[igiU�[iarTpoiXpT=�i]vU
Z([9s�O0[�gJS�U�[Ja�Ài]RsJTtU�[�V�]RQvq#]RU
Z\[¤WnqiV.]
_?T·¬�l�e�c,d0¬pc&lv¥�]vZ£Qvq�[9�iQvZ4�?T=Q%S�w�x
¯^siTtWrZ(V.]FgJU4
�X=qiS�]3TpoiXpT=�i]vU
Z([�VpÍ
Ô\x H X"X=qJQ°j3U�]RsiU�[ U�[�V�]RQvqiXp]vU
Z([iVnÅ�U*x T\xPU�[*.0/@1 U�[�]�sJT
Ü61 Z\Q B�Ü6B V.]�O0a4T"V�Æ�x

8 x - QvT�Q%T"V.]�O0Q.]�O0_�S
T\x
T\x a�x�O����HO0a4Tt��O4qiS�]��ix

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

� a��! ��.)
������� �&� ���,���.� � �&�?� ���
$&��� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

� d�8%$F��|4I z >�K
A�< � EH<�¿�G�K�<�×;:=L=L } IiL
¯^siU�V3WrT�O0[�V°]RsiT���U
�?T=S
U�[iTtWnq�V�]3_?TtVRO0��T=S�w9Vvs�qJ]3giZ"jF[
O4[ig9U�]RV3V.]�O�]vTtVRO=¢\T"g g�qJQvU�[Jar]RsiT�T=oJXpT"�J]vU�Z\[9s�O4[igiS
U�[ia
_�w?Í
Ô\x<3�Z4QRXpT±On]vQRO0� U
[iV.]vQvq�Xm]vU�Z\[ U�[\]RZr]RsiT���U
�?T=S
U�[iT�Z([
]RsiTt[JTpo#]u¡i3°x

8 x<?�[(]vU
S�]RsiTË]vQ�O�� U�V^]�O0`4T"[�À�giU�VRO�_�S
TnO0S
S�j3Q%U�]vT�V^��Z\Q
�*O0qiS�]vU
[Ja�U�[iV.]vQRqiXm]RU
Z\[�V=x�¯^siU�VuU�VugiZ([JTt_(w���q#]%]RU�[Ja
, � V^U
[�]RsiT�S
O�]RX�siT"V3O4X=XpT"VvV%T"g�_(w��*O4qJS�]RU�[Ja
U�[�V.]vQvq�Xm]vU
Z([iVnÅ�_�q#]3[iZ0]3��Z\Q°]RsiT=U
Qu��Q%T"giT"XpT�V%V%Z\QvV�Æ�x

= x - ��]vT"Q°]RsiT�TpoiXpT=�i]vU
Z([9s�O0[�giS
T=Q^QvT"XpT=U�¢(T"VuXpZ([(]vQ%Z\S*À
U�]FVRO=¢\T"V°]�sJTtN ª Z\�É]RsJT��*O4qJS�]RU�[Ja�U
[iV.]vQvq�Xm]vU�Z\[�x
¯^siU�VuU�V3qiV%T"gh]RZ£Q%Tp]�qJQv[ XpZ([(]vQ%Z\S���QvZ\WÙ]RsiT
TpoiXpT=�i]vU
Z([9s�O0[�gJS�T=Q=x ¡��É]RsJTtU�[�V�]RQvqiXp]vU
Z([9U�VFO
giT=S
O=w\T"g9_�QRO4[iX�s�À#]�sJTtN ª � VuZ4�É]RsiT�U�[�V�]RQvqiXp]vU
Z([iV
¶�S
S
U�[ian]�sJTËgiT=S
O=whV%S
Z0]3O0S�V%Zr[iT=T"g�]vZ·_?TF��Q%T"V%T=Q.¢(T"g�x

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6



� ����
����
���,	���� �&�H20 ����	�' R&$&����� �4� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

� ��8��bIiLm>"E�@�>�K�<�× y ��>=I#@�h�� } >�¿�A ��<
/ �HT"X=U
O�S�U�[�V�]RQvqiXp]vU
Z([iVFO�QvTtU�VvV%qiT"g�]vZ£Q%T"V.]�O0Q.]u]RsiT
��U
�HT"S
U�[iTnO���]vT=Q^]RsiTËT=oJXpT"�J]vU�Z\[�_�w�Q%T=S
ZJgiU�[Ja£]�sJT�N ª V
O4[ig9Q%T"V.]�O0Q.]vU
[Ja£]RsJTtU�[�V�]RQvqiXp]vU
Z([ V.]vQ%T�O4W9x
Ø�¬�lv¨m«�e=l�� ��¨�l&¦Hc�«�®0§�e��?T=QvWrU�]3U�[�V.]vQvq�Xm]vU
Z([iVu��Q%U
Z\Q^]vZ
]RsiT��*O4qJS�]u]vZ�X=Z\Wr��S
Tp]vT\À�O0[�g�]RsiZ\V%T±O0��]vT=QuU�]u]vZ£_HT
V.]�O0Q.]vT"g9��Q%Z(W VvXpQRO�]RX�s�x
N�Q%T�XpU�V%T�TpoiXpT=�i]vU
Z([�V�]vT"[�g�]vZ£_HTtV%S
Z�j�T=Q3_?T"X"O4qiV%TËZ\�
��U
�HT"S
U�[iTËQvT=S
Z�O0giU�[iaiÀ�V.Z�V.Z(WrT�Å�[iTpj�T"Q�Æ�W�O0XmsJU�[iT"V^s�Op¢(T
]&j°Z�WrZ#giT"V=ÀiZ([JT±V%qi���HZ\Q.]vU�[ia£�iQvT"XpU�V%T�T=oJXpT"�J]vU�Z\[�V�]RsiT
Z4]RsJT"Qu[iZ0]"x
N�Q%T�XpU�V%T�TpoiXpT=�i]vU
Z([�VuO0Q%TtQ%T��#qJU�Q%T"g9��Z4Q=Í
Ô\x<.ËT=_�qia\a4U�[ia
8 x^NPO0a4Tg3?O0qiS�]RV
= x^¡&Ü�Ü�Ü(3~N O�QvU�]Rs�W·T=]vU�X�]vQRO0��V=x

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

$ �����\�V%  ���)�������� �&�&� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

& "�8 '�) + $F��|4I z >�K
A�<�L
¡�[¤O·��U
�?T=S
U�[iT"g V.wJV.]vT�W�À�WnqiS�]vU
��S
T±�*O0qiS�]RV3X"O4[�ZJX=X=qiQ
g�qJQ%U
[Ja£]RsJTtVRO4W·T±X=S
Z#X�`hXpwJXpS�Ttg�qJTË]vZ£Z�¢\T=QvS
O����?T"g
TpoJT"X=qJ]vU
Z([�x
N�U
�?T=S
U�[iT / ]�O0a\T ÜPoiXpT=�i]vU
Z([9¯PwJ�?T"V

¡43 NPO0a4Tg3?O4qJS�]3Z([9¡�[�V�]RQvqiXp]vU
Z([
B�U�VRO0S
U
a([JT"g�B�T"WrZ\Q.w - X=X=T"VvV

B�T"WrZ\Q.w�N�Q%Z4]vT"Xm]RU
Z\[���U
Z\S
O�]vU
Z([
¡4. ¡&S
S�T=a(O0S H ��XpZ#giT
Ü61 - Q%U
]RsiWrTp]RU�X�Ü�oJXpT"�J]vU�Z\[

B�Ü B NPO0a\Tg3HO4qiS�]3Z\[*.tO�]mO
B�U�VRO0S
U
a([JT"g�B�T"WrZ\Q.w - X=X=T"VvV

B�T"WrZ\Q.w�N�Q%Z4]vT"Xm]RU
Z\[���U
Z\S
O�]vU
Z([
JMC p�Z\[iT

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

$��#�?���&�
��	
$�)
�
� �&��'&�����p	
�,5.� �*�#� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

&�798;:=<�Lp>"@ } |4>�K�A?<kh�I#>�Ct@�A��~G�IJMBL
- ¨R®0²r²·«�c*c&lv¥�U�[�V.]vQvq�Xm]vU
Z([�jFsJU
X�s9U�Vua(q�O0QRO4[\]vT"T"gh]vZ
XpZ(Wr�iS
T=]vT\x ¡�[ .0/@1 U�[iV.]vQRqiXm]RU
Z\[�V°QvT�O0XmsJU�[ia·]RsiT0B�Ü6B
Å�Z\Q<JMC3Æ°V�]mO�a\T±O0Q%T±XpZ(W£W·U
]%]vT"g�x
- qJ]vZ\U�[�XpQ%T"WrT"[(]FO4gigiQ%T"VvV%U�[ia�W·ZJgiT"V^��Z4QuQ%T"a4U�V.]vT"QvV
Å�T\x a�x~]RsiT�� - 1tÆ°W£O0`\TtQ%T"V.]�O0Q.]vU�[iabO4[9U�[iV.]vQRqiXm]RU
Z\[
s�O�QvgBÅ�V%U�[�XpT±W·Z\Q%T±V.]�O�]vTt[iT=T"g�V�]RZr_?TtVROp¢(T"g¤O0[�g
Q%T"V.]vZ\Q%T"gHÆ�x
C°S
ZJXR`9W·T�W·Z\Q.w9Z4�?T=QRO�]vU
Z([iV±Å�T\x aixPN~T"[(]vU�q�WÚO4[ig
� - 1tÆ°W�Opw9U�[ig�q�XpT±OnS�O�Q%a\Tn[�q�W±_HT=QuZ4���*O4qJS
]RVugiqiQ%U�[ia
]RsiT�U�[�V.]vQvq�Xm]vU
Z([�xP¯^siT�N T"[\]RU�qiW�qiV%T"V^Q%T=a\U�V.]vT=QvVFO0V
j�Z\Q%`#U�[iabV�]RZ4QRO0a\T\À�V%Z£��Q%T"V%T=Q.¢JU�[ia·]�sJT"W Vvq	
�XpT"V=x H [
]RsiT�� - 1nÀ�WrT"WrZ4Q%w�U�V3q�V%T"g9V%Z�WnqiX�s WrZ\Q%T±V.]�O�]RT
U�[i��Z4QvW�O�]vU
Z([¤[JT"T"giV°]vZ£_HT±VROp¢(T"g�x
BÒO0XmsJU�[iT"V°j3U�]Rs¤OrV.]�O�]Rq�V°j�Z\QvgBÅ�T(x a�x N T"[\]RU�qiWbÆ°Wnq�V�]
Q%T"V%Tp]u]vZr]RsiTtV.]�O�]RqiV°j°Z4QRg�]vZ£U�]RVu��Q%Z4�?T=Q^¢4O0S�qiT"V=x�¯^siU�V
XpZ(qJS
g9WrT�O4[9Q%T=��S
O=w#U�[ia�U�[�V.]vQvq�Xm]vU
Z([iV=x

�p	��,�,	
�&�J�J� �&�?�R�,�&��$��*�,���\�&����'&6&�
�
�*�#��!"�&��)�������!�'��4�&��� ���R2����?�,��� ���
��6

$,�i���0�,���.� � �&�?�?$�� ��� )�6�)�� ��'&��������� ������������ �!"���#�%$&�
��	('�)�� �*��)
�,+�'.-0/�1324� 5.�&��6

&?��8�� E�<�¿�G�K�<�× � } G
>�K�|Sf�|(G
I�h�>"Ei×HIJL
H qiQ^��Q%U
Z\Q . /@1 WrZJgJT=SÉO4VvVvqiWrT"g�T=¢\T=Q%wh��U
�?T=S
U�[iT
U�[�V.]vQvq�Xm]vU
Z([�]�O0`\T"V3OrV.U
[Ja\S
TnXmwJX=S
T\xP¯^siU�VuU�V3[iZ0]
Q%T�O0S
U�V.]vU
XbÅ�T(x a�x ��Z\Q � Z�O�]vU�[iar�?Z\U�[\]pÆ�Z4�?T=QRO�]vU
Z([iV=xFÅ�¯^siT
S
Z#Z4��VuU�[igiU�X"O�]vT±W·Z\Q%T�]Rs�O4[�Z([iTtV.]�O0a4TtU�V^QvT���qiU
Q%T�g�Æ�x

EX

FP/integer

multiply

EX

Integer unit

EX

FP adder

EX

FP/integer

divider

IF ID MEM WB

FIGURE 3.42  The DLX pipeline with three additional unpipelined, floating-point, 
functional units.
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FIGURE 3.44  A pipeline that supports multiple outstanding FP operations.
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