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$ � L 1 & -��316>%� � 1 "
��� � 1 ! �ZL "(! -��316> 2 1�F�V#69R9R
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$ � L "(! -��316>%� � 1 &
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+�2 354 �31-� � )9)CU 2 1�F�V#69R9R

' Z8bAjlXÌa q~} `'e"Æ�Xd\c]VXÌhiY2]VX�m^go[�a�bozÒe�|½\c]VX�h'X
a�b^h
\i`ig^Y�\ia(e�bVh2ë
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W7X�hiY2]VX�m^go[�a�boz~\c]oXngVbV`'e�[([(X�mvÇrZ8h'a�YÊÇ^[(eoYcá=Z�[�[(e�j�h�gVhl\ie
XT[(a q a/b^Z�\iX q g^Y2]=e�|½\c]oXnh
\2Z�[�[(a�bVzVÍ
� )9)CU�� ��� � 7��M7 -��316>

��� �#& �ZL�' -��316>
��� � 187���L 1 & -��316>
��� � 1 ! ��L "(! -��316>
� � � � � ! � � 7�� �#"
� � � � � '�� �#& � �#"
� � � � � 1 " � � 187�� �#"
� � � � � 1 & � � 1 ! � �#"
$ � 7 -��316>%� � !
$ � L�' -��316>%� � '
$*)�+�, �31-�.�31-�0/�1 "
$ � L 1 & -��316>%� � 1 "
+�2 354 �31-� � )9)CU
$ � ' -��316>%� � 1 & 27'
L�1 " 0*L "(!

Ã b ' [,Z5hih_ÐÑËoXT`iYTa�h'X�� Ã |½\2]oXT`iXnZ5`'XnZ8b�{=h
\2Z5[([�h_a/bA\c]Va�h
[(e�e } Îrh']Ve"jÚ\c]VX q Í
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y]VXT`'XÏZ�`iXdbVeLh
\2Z5[([�hTÍ
Ä X�hih'e�b^h Ä X"Z5`ibVX�mAa�b^Yf[�g^moX��
� ÍléCXd]^Z8mA\ieÒáoboe"jÞ\ie q e"Æ�XÌ\c]VX �  Z�|,\iX�`l\c]VX
� ��� Ã Z5b^m��lü�Ð��IÎGZ8bVmÓZ8m��'g^h�\y\c]VX �  e
	�h'Xf\"Í

"oÍA ÊXf\iXT` q a�bVXÌ\c]rZ"\�gVbV`'e�[([(a�bVzÒ\c]VXÌ[(e�e } a�h_|�X"Z5h'a(Ç^[(X
Z8bVmvg^h
X�|�gV[ � Ç�{AmVX } X�b^moX�b^YfXdZ5brZ5[x{oh'a�h2�2Í

åoÍA�kh'Xnmoa�	GX�`'X�b�\7`'XTz�a�h
\iXT`ihy\ieQZ5Y�Yfe q eom^Z�\iXÊ\c]VX
g^bo`'e�[([(a/bozÒ\ie q Z�á�XÌ`'X"h'Y�]oX�m^gV[(a�bVz~X�Z5h'a(XT`�Í

ã^ÍyÐè[(a q a/b^Z�\iXnXfË�\i`cZÏ\iX"h�\2h7Z5b^m=ÇV`cZ8b^Y2]oX"hfÎ^Z8bVm
Z8m��'g^h�\_[(e�e }Óq Z�a/b�\iX"b^Z8bVYTXdYfeomoX�Í

ß ÍA ÊXf\iXT` q a�bVXÌ\c]VXÌ[(e�Z8m^h7Z8bVmvh
\ie�`'X�hya�b=\c]VXg^bo`'e�[([(X"m=[(e�e } Y�Z8bAÇ�XÌa�b�\iXT`iY2]rZ8boz�X�m�Í
âoÍ � Y2]oX"mVgV[(XÊ\c]VXÌYTe�mVXÊj7]Va([(X } `'X"h
X�`
Æ�a/bozLh'X q Z5b�\ia�Y�h

� a.Í X�ÍÑá8X�X } a/boz~\c]VXÌe�`'a(z�a�brZ�[½mVX } X�b^moX�b^YfX�h2�2Í
� Í � a�bVYTXÊ\c]VX
�lü�Ð��ØÇ^`cZ8bVYÊ\iX�h
\7]rZ5h q e"Æ�X"mw\ce~\c]VX
Ã  h�\�Z�z�XÌ|�`'e q \2]oXdÐ��òh
\2Z5z�XÌa�b  Ä �ÏÎGZ~h
\2Z�[�[
]rZ5hyeoYTYTgV`'`'X�m�Í��ÊZ8mA\c]oXdÇV`2Z5b^Y2]A\iX�h
\7h
\2Zf{�X�m=a�b
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\c]VXkÐ��Þ\c]VXT`'X�jle�gV[�m=bVe5\_]rZfÆ�XkÇ�XTX�b=ZÏh
\2Z�[�[ � Çrg�\
\c]VXÌÇrZ5`ib^Y2]vmoXT[,Zf{Aj£e�go[�mÓ]^ZTÆ�XÌÇ�XTX�b "~Y�{VYf[(X�h
`cZ�\c]VXT`l\c]rZ8b � �2Í
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 ÊX } X"bVmVX�b^YfXka/h_h'a q a([/Z5`7\ie q g�\cgrZ5[�a�b�\iXT`i|,X�`'X�b^YfXnZ"\
\c]VX } a } XT[(a�bVXÌ[(XTÆ�XT[$Í � e�`y\c]VX } go` } e�h'X�hle�|õmoX�ý^bVax\ia(e�bj£XÏZ5hihig q XÏZ } a } XT[(a�bVXÌj_ax\2]ÓZ8moX�É�grZ"\iXd]rZ�`cm�j_Z�`'X
hig }^} e8`
\_\ieÒ`ig^bvZ�\7ax\ch_a�mVX"Z5[Eh } XTX�m � a.Í X�Í�|�`'X�XÌ|�`'e q
h
\i`ig^Y�\cgV`cZ5[E]^Z5æ"Z5`imVh2�2Í

£jleÒa�b^h
\i`ig^Y�\ia(e�b^h7Z5`'XÒ¹�³���¼ �^¼2³���¼2³Gµ£a(|I\c]VXf{AY�Z8b
XfËoX�YTgo\iXÊa�b#�oÁ5¶iÁ8¿�¿�¼f¿½a�b¨Z } a } XT[(a/boXÌj7ax\c]Ve�go\�Y�Z8gVh'a�bVz
h
\2Z5[([�hTÍX ÊX } X�b^moX�b�\ya�b^h
\i`ig^Y�\ia(e�b^h_Y�Z8b^boe8\_ÇGX
`'XTe�`imVXT`'X�mÓZ8bVmÓZ5`'XdbVe8\ } Z�`cZ5[([(X�[.Í
Ä Z"\cXT`TÎoj£XÌj_a([�[½mVa�hiYTg^hihlX"Z8Y2]=e8|½\2]o`'X�XÊá�a�b^mVh_e�|
mVX } X"bVmVX�b^YfX�hT�
� ÍA dZ"\2Z  kX } X�b^mVX�bVYTX
"oÍyüÊZ q X  kX } X�b^mVX�bVYTX
åoÍ ' e�b�\i`'e�[  ÊX } X�bVmVX�b^YfX
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Ã b^h
\i`ig^Y�\ia(e�b��Òa/h���Á5µ�Á���¼ �^¼2³���¼2³Gµle�bÓZ } `'a(e�`
a�b^h
\i`ig^Y�\ia(e�b��èa�|IXTax\c]VXT`T�
� Í�� } `'eomVg^YfX�h_ZÈ`iX�higo[x\�g^h'X�mAÇ�{��^ÎVe�`
"oÍ��La�h7m^Z�\2Z~moX } X�b^mVX�b�\_e�b��AZ8bVm��wa�h7m^Z�\2Z
mVX } X"bVmVX�b�\le�b��


y]Va�h_a q~} [�a(X�hT�
� ÍA dZ"\2ZÒmoX } X�b^mVX�bVYTXka�hl\c`cZ5b^h'ax\iaxÆ�X � a.Í X�Íõ{�e�gvY�Z8bY2]rZ�a/bw\2]oX q \ce8z�Xf\c]VXT`2�2Í
"oÍ Å Z5`cZ5[([(XT[EXTË�X�Y�g�\ia�e�bwjle�gV[�mvXfË } e�h'XdZÒY2]^Z5a�b=e�|
e�boXde8` q e�`'XÌW p é ]rZ5æ"Z�`cmVhTÍ


y]VXÌÇ�e�e8áAg^h
X"hymrZ�`'á=moa,Z�z�e�brZ5[Emoe"j7b�jyZ5`im¨Z5`'`'e"j7hy\ie
a�b^moa/Y�Z"\cXdmrZ"\2ZÒmoX } X�b^mVX�bVYTa(X�hTÍ
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� XTX Å Z�z�X "�å � a�b=\c]oXdÇGe�e�áGÍ

y]VX � ��� Ã a�b^h
\i`ig^Y�\ia(e�bVh_a�b=\c]oXngVbV`'e�[([(X�m � Çrg�\7bVe5\
`'X�hiY2]VX�m^go[�X�mr�è[(e�e } Z�`'XÌXT[(a q a�brZ"\cX�m=Ç�{Q\c]VXÌYfe qÈ} a([(X�`Tsth
`'X�YTe8z�boa�æTa�bVz~\c]VXdmoX } X�b^moX"bVYfX�Í
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p ³�Á5ÂQ¼Ìa�b=\c]oa/h_Y�Z5h'XÌ`'XT|�XT`ch£\ieQZ } Z5`
\ia/YTgo[,Z�` q X q e�`
{
[(eoY�Z�\ia(e�b=e�`_`'XTz�a�h
\iXT`7g^h
X"mAÇ�{A\�j£eLa�b^h�\c`igVYf\ia(e�bVhTÍ
�nÁ5ÂQ¼ ��¼ �V¼�³���¼2³�¸2¼d`iXT|�XT`ihl\ie~\�jleLa�bVh
\i`cgVY�\ca(e�b^h_g^h
a/boz
\c]VXdhcZ q Xnb^Z q XÊj7ax\c]Ve�go\kZ �^e�j e�|Ia�bo|�e�` q Z"\ca(e�b
Ç�Xf\�j£X�X�bw\c]VX q \c]V`'e�goz�]A\c]oXdbrZ q X�Í
�Øe8`iXÌ|�e8` q Z5[([x{�Î^[(Xf\ �èÇ�XnZ5b=a�b^h
\i`ig^Y�\ia(e�b } `'a(e�`_\ie �rÎ
\c]VX�b��La�hÌ³�Á�Âw¼���¼ �^¼2³���¼2³Gµ£e�b��èa(|õXTax\c]VXT`T�
� Í��Òj_`'a(\iX�h�Z~brZ q XÊ\2]^Z�\ �è`iX"Z5m^hTÎ^Yf`'X"Z�\ia�bVzQZ5bÁ5³rµ�¹ ��¼ �^¼2³���¼2³�¸2¼Ìj7]Va�Y2]vYTe8`'`iX�h } e�bVm^h£\ceLZÈé p W
]rZ�æ"Z5`im�Í

"oÍ��Òj_`'a(\iX�hy\ieQZ~brZ q XÌ\c]rZ"\ ��j7`'ax\iX"hy\ie^Î^Yf`'X"Z�\ia�bVz
Z8b�º5·oµ �^·Vµ���¼ �V¼�³���¼2³�¸2¼Ìj�]oa�Y�]vYfe�`'`'X�h } e�b^m^h£\iewZ
é p é ]rZ�æ�Z�`im�Í
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y]VXÌÇ�e�e8áAhi]oe"j7hl\2]oX�h'Xdg^h
a/bozL[(a(z�]�\�z8`2Zf{vmoe"j7b�jyZ5`im
mVa/Z�z�e�b^Z5[½Z5`'`'e"j7hTÍ � � XTX Å Z�z�X "�å6"��2Í
�7¼ 	8¹,´2µ�¼2¶d¶c¼�³�Á5ÂÈ¹�³
	=ZTÆ�e�a�m^h7b^Z q XdmVX } X�bVmVX�b^YfXke�|
`'XTz�a�h
\iXT`chfÎVa/bvg^bo`'e�[([(X"mA[�e�e } h_Ç�{=Z�[�[(e�Y"Z"\ia/bozwZ~bVXfj h'Xf\
e�|I`'XTz�a�h
\iXT`ih_|�e8`_X"Z8Y2]Aa(\iXT`cZ�\ia(e�bve8|½\2]oXngVbV`'e�[([(X�mv[(e�e } Í
Ðèax\2]oXT`y\2]oXnYfe q~} a([(XT`7Y"Z5bvmVe~a(\�h�\�Z"\ia/Y�Z�[�[x{=e�`y\c]VX
]rZ�`imojyZ5`'XnY�Z8bvmoeÒax\ � Ç�{AÇGZ5bVáAh�j7ax\cY2]Va�bVzÒÇ�Xf\�jlXTX�b
`'XTz�a�h
\iXT`7h'Xf\2hc��Í
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	 º5³rµ�¶iº8¿ ��¼ �V¼�³���¼2³�¸2¼da/h_g^h'X�mw\ieLX�bVhigV`'XÊ\c]rZ"\
h
\2Z�\iX q X�b�\chy|�e8[([�e�j7a�bozAZÈÇV`2Z5b^Y2]ÓZ�`iXÌXfÆ�Z�[/g^Z�\iX�mAj7]VX�b
\c]VXdYfe�b^moax\ca(e�bvYfe�b�\i`'e�[([(a�bVzÒ\2]oXÌÇ^`cZ5b^Y2]v]rZ5h7Z8b
Z }V} `'e } `'a,Z"\iXÌÆ�Z5[�goX�Í
' e�b^h
a/moXT`y\2]oXÌXfË^Z q~} [(X��
/C( - U 16>�


$ 132
�

/C( - U " >�

$ " 2

�

� � a/h_Yfe�b�\i`'e�[EmVX } X�bVmVX�b�\le�b } � Z8bVm � "Èa�h_YTe�b�\i`'e�[mVX } X"bVmVX�b�\le�b } "~Ç^go\7boe8\_e�b } � Í
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' e�b�\i`'e�[�mVX } X�bVmVX�b^YfX_`'X�h
\i`ia�Y�\ch£`'XTe�`imVXT`'a�bVzÒZ5h±|�e�[([(e"j7hT�
� Í p b=a�b^h
\i`ig^Y�\ia(e�bA\2]^Z�\_a�h7Yfe�b�\c`'e8[½mVX } X"bVmVX�b�\le�bÓZÇ^`cZ5b^Y2]vY�Z8bVbVe8\yÇ�X q e�Æ�X�m=Ç�XT|�e�`'XÊ\c]oXÌÇ^`cZ8bVY2]�Í
"oÍ p b=a�b^h
\i`ig^Y�\ia(e�bA\2]^Z�\_a�h7bVe5\�Yfe�b�\i`'e�[½moX } X�b^moX"b�\
Y�Z8bVbVe8\yÇ�X q e"Æ�X"mvZ5|,\iXT`y\c]oXdÇV`2Z5b^Y2] � h'eÒ\c]^Z�\
\c]VXÌÇV`cZ8b^Y2]vYfe�b�\i`'e�[�h_ax\ch_XfËoX�YTgo\ia(e�br�2Í
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� a q~} [(X } a } XT[(a�bVX�h � [(a(á�Xna�b ' ]^Z } \cXT`7å�� } `'X�h'XT`
Æ�X
Yfe�b�\c`'e8[EmVX } X�b^moX�b^YfXkÇ�{AX�bo|�e�`iYfa�bVz~\�j£eLa qÈ} e�`
\2Z8b�\
} `'e } XT`
\ca(X�hT�
� Í Ã b^h
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FIGURE 4.3  The basic structure of a DLX processor with a scoreboard.
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FIGURE 4.8  The basic structure of a DLX FP unit using Tomasulo's algorithm.
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FIGURE 4.13  The states in a two-bit prediction scheme.
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FIGURE 4.14  Prediction accuracy of a 4096-entry two-bit prediction buffer for the 
SPEC89 benchmarks.

� )x!1�1)(	��o�o� -����c	1-���&�	.�1�,��	�-��E*�:��(�(�.����%�!�-�+,������%�*� 8¡��$� ¢£ c�� 2¤�	1-�� 	$�(�¥:



¡���� ��)(	�-�+,� � )(���
� +,��� !�- �"&�# # ��) � ��)x# !1)��o	1-�+,��������� "!$#�%�!����'&��(��)�*�+,� �.-�+/�102*
354"67�8
 9
	�-$:

��;=< �~¬"DG«IÝ�F °d¬�PoBIS�Ý5U�S/­�« �Òñ��ÑP�¬w°7Po¬��$­G¬5@îDG«IÝ8P
� axÆ�X�bÓZÈýVË�X"mAÇV`2Z5b^Y2] } `iX�moa/Y�\ia(e�b=Ç^g 	GXT`7h'a(æTXde8|:"
Ç^ax\chTÎojlXdh'XTXÊ\c]rZ"\_jlXdmVeLboe8\_z�Xf\�ZÒh'a(z�bVa(ýrY�Z8b�\_j7a�b
g^h
a/bozLZ8bAa�bVýrboax\cXÊÇrg 	GXT`7Z5hye }^} e�h'X�mQ\ieÒg^h'a�bVzLZÈã�ä � â
X�b�\i`
{AÇrg 	GXT`�Í

nasa7 1%

0%

matrix300 0%

0%

tomcatv
1%

0%

doduc

spice
SPEC89

benchmarks

fpppp

gcc

espresso 

eqntott

li

0% 2% 4% 6% 8% 10% 12% 14% 16% 18%

4096 entries:

2 bits per entry

Unlimited entries:

2 bits per entry

Frequency of mispredictions

5%

5%

9%

9%

9%

9%

12%
11%

5%

5%

18%

18%

10%

10%
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FIGURE 4.20  A (2,2) branch-prediction buffer uses a two-bit global history to 
choose from among four predictors for each branch address.
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FIGURE 4.25  Prediction accuracy for a return address buffer operated as a stack.
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