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TopicsTopics; Machine- <>=@?>=@A>BC=�ACD>E�?8D F GHF IKJ@D F LCA>MN OQP@R S@T U"VQWKP@X@UN UnrollingN YQS@ZK[@\ R S@]^R S@_KT V `�W"T R P�S^\ UKabUK\"c�Z"V ZK\ \ UK\ R _Kd; e A>BC=�fgM@D J�ACB>F A>h�i�fgL>j@=@MkM�LCflE�?>=@fgJ@D F LCAN mkV Z"S�_"\ ZKT R P�S^P@n@R S@_bT V `@WKT R P@S�_�R S�T P^P�c�U"V ZKT R P@S@_N Out-of-P@V X�U"VQUKoKUKW"`�T R P@S^P@n�P@c�U"V ZKT R P@S@_; p fgJ@A>j@q>=@MrJ�ACB p fgJ�ACj@q�i�fg=@B>F j@D F LCA; Advice

cl ass11. ppt
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TaskTask; � L>GH?>�>D =�M@�>G L>¡QJk¢ ¢�=k¢ =@G£=@A8D MrF AH¤@=@j�D L>f; ¥ =@j@D LCf$fg=�?Cfg=kM�=@ACD =@B£¦>§ � -M@D §@¢ =�J@¦CM�D fgJ@j@DQBCJ@D J�D §�?C=; ¨ jkq>F =@¤�=@B � il©�L>¡>ª@« ¬@¬N ­$®KWK\ UK_�c�U"VQUK\ UKd^UKS@T

¯@°@±"²�³�°K´�µ>±K¶@·k¸}¹ vec_pt r ¯$º i nt * dest )
{

i nt i ;±K¶�»½¼�·"¶@¾K»�¿ÁÀ vec_l engt h( v) ;
i nt Â ²�Ã"»@Ã�À�¾�·"»�Ä vec_st ar t ( v) ;
i nt ÅbÆ ´½ÀÈÇkÉÊ °@Ë�¹ ±'À½ÇQÉÌ±'Í�¼�·"¶k¾"»�¿lÉÌ±�Î�Î>Ï
ÅÐÆ ´½Î�À�²�ÃK»kÃÒÑ ±>Ó�É

* ²�· Å »ÁÀ ÅbÆ ´lÉ
}
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ØÚÙ�Û�Ù£ÜÞÝàßÒálâØÚÙ�Û�ÙHÜÒÝàßÞálâ
; e M@=rB>F ¡ ¡ =kf =@ACDQB>=@jk¢ J@fgJ�D F L>ACM¡ L>f dat a_t; i nt; f l oat; doubl e

¯k°�±�²�ÃKµ Å »kË�Ã�³K»�ÄQ³�°b´�µ>±K¶@·Q¸}¹ vec_pt r ¯$ºã²�Ã�»@ÃKÄ@» Â dest )
{

i nt i ;±"¶"»È¼"·�¶�¾"»�¿½À vec_l engt h( v) ;²�ÃK»kÃKÄ�» Â ²�Ã"»kÃ�À�¾�·K»�Ä vec_st ar t ( v) ;²�ÃK»kÃKÄ�»�»ÁÀ½äÐå�æ"çQè8ÉÊ °�Ëé¹ ±'À½ÇQÉÌ±'ÍÁ¼"·�¶k¾K»�¿$Éê±"Î�ÎQÏ»½À�»�ë"ì½²�Ã"»@ÃÞÑ ±QÓ@É
* ²�· Å »ÁÀ�»$É

}

OperationsOperations; e M@=�BCF ¡ ¡ =kfg=@A>D>B>=k¡ F ACF D F L>ACMLC¡ OP J@A>B I DENT; í / 0; î / 1
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OptimizationsOptimizations; ñ =@B>�Cj�=r¡ �CA>j@D F L>Aòj@J�¢ ¢ MrJ@A>BHGH=�GHL>fg§rfg=�¡ =kfg=kA>j@=@MôóàF D q8F AH¢ LCL>?

õ�álö ÷�øÒöbù'ÙlúÞûláêüÚúÞøÞù�Ùlý Ýõ^álö ÷�øÞöbù'ÙlúÞû$á�üÚúÞøÒù�Ùlý Ý
; � L>GH?>�>D F AChêþ>i�?8fgL>BC�>j@DQL8¡QJ@¢ ¢�=k¢ =@G£=@A>D Mr=@ÿkj@=@?>D F LCA>J@¢ ¢ §�M@¢ LCó�«; ¥ =@fg§r¢ J�fghC=�M@?>=@=@B>�C?HóàqC=@AHJ@j@j��CG£�>¢ JkD =rF AòD =@G£?>LCfgJ@fg§; � J@�>M@=@B£¦>§��>�CF f��rL>¡�� ¨�� ªr¡ ¢ L>J@D F AChH?CL>F A>DN ��UKd^P@V ®Þ`@_KU"_
	�� -[@R T@n P@V d^ZKT 
KV U"]�R _KT U"VQ`@_KU����N �$UKS@W��@d^ZKV ��X�Z"T Z�WKZK`@_KUKX�P�abU"V n \ P��ÌP@n�	���[�R T _�
K[�`@T@S�P@T����

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

-g 42.06 41.86 41.44 160.00'�(�)�* + ,�-�*
-O2 31.25 33.25 31.25 143.00.�/�0213021�-�4�5 1�6�7�* 8

20.66 21.25 21.15 135.009�,�* ,�,�-�-�1�)�)
6.00 9.00 8.00 117.00'�-�-�:�;=<�> 6=* 1�;@?
2.00 4.00 3.00 5.00
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OptimizationOptimization; e M@=r?>LCF ACD =@fgMôfgJ�D q>=@flD qCJ@AHJ@fgfgJ@§�fg=@¡ =@fg=@A>jk=@M; � il©�� � « ¬@¬�� � LCG£?CF ¢ =@B -O2)N �ÒP@c�_��
	�U�� V UÞS@P@T@d^Z��"R S@]^c@V P@]�V UK_K_��@UKV U
�
Warning ���lL>G£=rj@LCG£?CF ¢ =kfgMrB>LH¦>=kD D =@f�� L>¦£LC?>D F G£F I�F ACh£J@f�fgJ@§�j@LCB>=

¯@°@±"²�³�°K´�µ>±K¶@·k¸��^¹ vec_pt r ¯lº i nt * dest )
{

i nt ¼�·"¶@¾K»�¿ÁÀ vec_l engt h( v) ;
i nt Â ²�Ã"»@Ã�À�¾�·"»�Ä vec_st ar t ( v) ;
i nt * dend À�²�Ã"»kÃ�Î@¼"·�¶@¾K»�¿lÉ
i nt ÅbÆ ´½ÀÈÇkÉ��¿Q±�¼�·é¹ ²�Ã"»kÃ�Í dend Ï��
ÅÐÆ ´½Î�À Â ²�Ã"»@Ã8É
dat a++;

}
* dest À ÅbÆ ´lÉ

}
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PerformancePerformance; ¨ f�fgJ@§ � L>BC=$�&%ôF ACM@D fg�Cj�D F L>A>MôF AHªrj@¢ L>j��ôj�§@j@¢ =@M; i�L>F A>D =@f � L>BC=�� ¨ ¢ G£LCMkDQM@J@G£='%rF ACM�D fg�>jkD F LCACMrF A � j@¢ LCj���j@§@j@¢ =@M

. L24: (*) °�°+�-,
addl ( %eax, %edx, 4) , %ecx (ÁÅÐÆ ´½Î�À�²�Ã"»kÃÒÑ ±QÓ
i ncl %edx ( ±"Î�Î
cmpl %esi , %edx ( ±�,�¼"·�¶@¾K»�¿
j l . L24 ( ± Ê Í�¾�°"»@° Loop

. L30: (.) °�°+�-,
addl ( %eax) , %ecx ( ÅbÆ ´½Î�À Â ²�Ã"»kÃ
addl $4, %eax ( ²�ÃK»kÃ�Î�Î
cmpl %edx, %eax ( ²�ÃK»kÃ$, dend
j b . L30 ( ± Ê Í�¾�°K»k° Loop
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ExecutionExecution

Functional
Units

1 2�3&4 5 6�7&4 8 9�2-:�9;2�4 5 9�<1 2�3&4 5 6�7&4 8 9�2-:�9;2�4 5 9�<

Integer/
Branch

FP
Add

FP
Mult/Div Load Store

Instruction
Cache

Data
Cache

Fetch
Control

Instruction
Decode

Address

Instrs.

Operations

Prediction
OK?

DataData

Addr. Addr.

General
Integer

=?> @ A B C D E FHG @ I J K C I

Retirement
Unit

Register
File

Register
Updates
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MONÒý Û;" ß}ý áQP úÒâ�Û"ö+NÞû�ÛR" øÞúÞâQ�ÚÙlú*S�Tlálû�NQÛ�áQ" ú�õ^ÙlöbÙ8ý ý álýMUNÞý Û;" ßÒý áUP úÞâ�Û"ö+NÒû�ÛR" øÞúÒâU�ÚÙlú*S#Tlálû�N>Û�áV" ú�õàÙlöbÙ$ý ý álý
; W ¢ LCJ�B; W M@D L>fg=; ª�F ACD =@h>=@f�� LCA>=ôG£J@§�¦C=�¦CfgJ@A>j@qYX; W þCi ¨ BCB>F D F L>A; W þCi�Z��C¢ D F ?>¢ F j@J�D F L>A£LCfà<>F ¤@F M@F LCA

[ øÒù�áUP úÞâ�Û�ö+NÞû�Û;" øÞúÒâHÜÚÙ�\láV].^Q�ÞÝàûlý á�_�`!N>Ûa�ÚÙlúb`Òáêõc" ßÞálý " úÞá��[ øÞù�áQP úÞâ�Û�ö+NÒû�Û;" øÒúÞâHÜôÙ�\láV].^U�ÞÝàûlý á�_�`!NQÛd�ÚÙlú*`ÞáÌõc" ßÞálý " úÒá��
; Instruction Latency Cycles/Issue; e LCJ�BgfR�lD LCfg= 3 1; � A8D =@hC=�f�Zr�>¢ D F ?C¢ § 4 1; � A8D =@hC=�fà<CF ¤�F BC= 36 36; <QLC�>¦C¢ =hf �lF A>h>¢ =ãþ>i�Zr�C¢ D F ?8¢ § 5 2; <QLC�>¦C¢ =hf �lF A>h>¢ =ãþ>i ¨ B>B 3 1; <QLC�>¦C¢ =hf �lF A>h>¢ =ãþ>i <>F ¤�F BC= 38 38
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� fgJ@¦CM�� A8M�D fg�>j@D F LCA p §@D =�M þbfgLCG Zr=kG£L>fg§� fgJ@¦>M � ACM@D fg�Cj@D F L>A p §@D =@M þbfgL>G Z�=kG£LCfg§� �8Z"_KUKX^P@S�WK`�V V UKS@T�O>­���c@V U"X�R WKT U"X^T ZKV ]@UKT _�n P@VQc�V U"X�R WKT U"X^[@V Z"S�W���U"_
� � ZKV X���ZKV U�X@®KS@ZKd^R WKZK\ \ ®Þ]@`@UK_K_"UK_����@UKT �@UKV>[�V ZKS�W��@UK_�T Z��KU"S�� S@P@T�T Z��KUKS�ZKS�X
	 c@P�_"_KR [@\ ®�
@[@V ZKS@W��àT ZKV ]@UKT

� fgJ@A>M@¢ J�D =@M�� ACM�D fg�>jkD F LCA>M � A>D L� fgJ@ACM�¢ J@D =@M � A>M@D fg�CjkD F L>ACM�� ACD L OperationsOperations� OQV R d^R T R abU�_KT UKc@_�V U�
@`@R V UKX�T P^c@UKV n P@V d'R S@_KT V `@WKT R P�S
� mk®Kc@R WKZ"\KR S@_bT V `@WKT R P�S�V U�
�`@R V U"_�� –� P�c@UKV ZKT R P@S@_� L>AC¤@=�fgD M ñ =@h>F M@D =@f ñ =@¡ =kfg=@ACj�=@M � A>D L� L>A>¤@=@fgD M ñ =�hCF M�D =�f ñ =@¡ =kfg=@A>j@=@M � ACD L TagsTags� � [@_KT V ZKWKT@R X@UKS�T R n R UKVQ\ R S��KR S@]^X@UK_KT R S@ZKT R P@S^P�n�P@S@UÞP�c@UKV ZKT R P@S@��R T ��_KP@`@V WKU"_ÞP@n\ ZKT UKVQP@c@UKV Z"T R P@S@_

1 2�3&4 5 6;7�4 8 9�2-:
9�2�4 5 9�<1 2�3&4 5 6;7�4 8 9�2-:
9�2�4 5 9�<

Instruction
Cache

Fetch
Control

Instruction
Decode

Address

Instrs.

Operations

Retirement
Unit

Register
File
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�^álöbâ
" øÒú�ø>÷a�ôøÞù*`!" úÞá����álöbâ
" øÞú�ø>÷'�ÚøÞù*` " úÞá��

; � ACD =�hC=@f8BCJkD J��@G£�>¢ D F ?C¢ §�LC?>=@fgJ@D F L>A

ÜôöbÙlúÞâlý Ù�Û;" øÞú�øQ÷��!" öbâ�ÛaP Û�álöbÙ�Û;" øÒúÜÚöbÙlúÞâlý Ù�Û;" øÒú�ø>÷�� " öbâ�Û'P Û�álöbÙ�Û;" øÞú

. L24: (.) °�°��!,
i mul l ( %eax, %edx, 4) , %ecx ( » Â À�²�ÃK»kÃÒÑ ±>Ó
i ncl %edx ( ±�Î�Î
cmpl %esi , %edx ( ±$,g¼�·"¶@¾"»�¿
j l . L24 ( ± Ê Í�¾�°K»k° Loop

. L24:
i mul l ( %eax, %edx, 4) , %ecx

i ncl %edx
cmpl %esi , %edx
j l . L24

¼�°�Ã�²é¹ � eax, %edx  ÇQºÐ¸kÏ"! t . 1±b´ Æ ¼�¼�»  $# º%� ecx  Ç ! %ecx. 1±"¶k³�¼ %edx. 0 ! %edx. 1³b´ �Q¼ %esi º%� edx  &# ! cc. 1
j l - »kÃ('�·�¶Á³�³  &#
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*) 0��� �' �.'Õ��ò����
� +��� �'����Õ�
,) 0

; �l?>¢ F D>F A>D LHD óàL£L>?C=@fgJkD F L>ACMN
l oad

V UKZKX@_Þn V P@d'd^U"d^P@V ®�T P�]@UKS@UKV Z"T U�T UKd^c�P@V Z"V ®�V UK_K`@\ T
t . 1N ��`@\ T R c@\ ®ÞP@c@UKV ZKT R P@S.- `�_bT@P@c@UKV ZKT UK_�P@S^V UK]@R _"T UKV _

; OperandsN /$UK]@R _KT UKV _
%eax

X�P@UK_�S@P@T@W��@ZKS@]�U�R S^\ P�P@c�021QZK\ `@UK_��ÞR \ \b[�UV UKT V R UKabUKX^n V P@d'V U"]�R _KT U"VQn R \ U�X@`@V R S@]^X@UKWKP@X@R S@]N /$UK]@R _KT UKV
%ecx

W���Z"S�]@UK_�P@S^U"abUKV ®�R T UKV ZKT R P@S�0238SkR 
@`@UK\ ®�R X@UKS@T R n ®X@R n n UKV UKS@T@abUKV _"R P@S@_�ZK_
%ecx. 0



%ecx. 1



%ecx. 2


�4
»
/$UK]@R _KT UKV renaming

»
1QZK\ `@UK_�c�Z"_K_KUKX�X�R V UKWKT \ ®�n V P@d'c@V P�X@`@WKUKV>T P^WKP@S@_b`@d^UKV _

i mul l ( %eax, %edx, 4) , %ecx ¼�°�Ã�²é¹ � eax, %edx  Çkºb¸kÏ"! t . 1±b´ Æ ¼�¼�»  &# º%� ecx  Ç ! %ecx. 1
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,) 2

; ñ =�hCF M�D =@f %edx j@q>J@ACh>=@M�LCAH=@J@j@qHF D =@fgJkD F LCA>« ñ =@A>J@G£=rJkM
%edx. 0� %edx. 1� %edx. 2 ��6

i ncl %edx i ncl %edx  Ç ! %edx. 1
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; � LCA>BCF D F L>A£j@L>BC=�MôJ@fg=ôD fg=@J@D =@BHM@F GHF ¢ J@flD Lòfg=kh>F M@D =@fgM; ¨ MkM@F h>AHD J@hHD L£BC=@¡ F A>=rj@L>ACA>=@j@D F L>AH¦>=kD óà=@=�Aò?>fgLCB>�>j@=@f$J@A>B
consumer

cmpl %esi , %edx cmpl %esi º%� edx  &# ! cc. 1

– � ï – 15- ��� ���g�6� � �

�,� �' �.'Õ�������
� ���� �'�7��Õ�
*)����� �' �.'Õ�������
� ���� �'����Õ�
*)��

; � A>MkD fg�Cj@D F L>A£j@LCA>D fgL>¢��>A8F D>B>=kD =@fgGòF AC=@M�BC=�M@D F A>J@D F LCA£L>¡
� �>G£?; i�fg=@B>F j@D Môóàq>=kD q>=@fló^F ¢ ¢�¦>=ôD J��@=@A£J@A>BòD J@fgh>=@D; �lD J@fgD Mr¡ =�D j@q>F A>hòF ACM@D fg�Cj�D F L>AHJ@DQ?Cf�=@B>F j@D =@BHB8=@M@D F A>J@D F LCA; ©�ÿ@=@j��CD F L>A£�CA>F DQM@F G£?C¢ §�j@q>=@j��@Môóàq>=kD q>=@f$L>flA>LCDQ?>fg=@B8F j�D F L>A�óàJ@M
OK; � ¡QA>LCD ��F DQM@F h>A>Jk¢ MôF A>M@D fg�Cj@D F L>AHj�LCACD fgL>¢N � S@_KT V `@WKT R P�S�WKP�S�T V P@\KT �@UbS���R S@abZK\ R X@ZKT U"_��}ZKS@®ÞP@c�UbV ZKT R P@S@_Þ]@UKS@UKV ZKT U"Xn V P@d'd^R _Kn U"T W��@UKX instructionsN �8U"]�R S@_Þn UKT W��@R S�]�ZKS@X^X@UKWKP@X@R S@]^R S@_KT V `@WbT R P@S@_�ZKT�WKP@V V UKWKT@T ZKV ]@UKT

j l . L24 j l - »@Ã�'�·�¶Á³�³  &#
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OperationsOperations; ¥ =@fgD F j@J�¢@?CL>M@F D F L>AHB>=@A>LCD =@MôD F G£=J@D>óàqCF j@qò=�ÿ@=@j@�>D =�BN ­$ZKS@S@P@T@[�Ub]@R S^P@c@UKV ZKT R P�S�`�S@T R \P@c@UKV ZKS@X@_ÞZ"abZKR \ ZK[@\ U
; 
 =@F h>qCDQB>=@ACL>D =@Mô¢ J@D =@A>j@§

OperandsOperands; ¨ f�j@MôM@q>L8óàA£L>AC¢ §�¡ L>flL>?C=@fgJ�ACB>MD qCJ�D>J�fg=ô?CJ�M@M@=@BHó�F D q>F A=@ÿ�=@j@�>D F L>A£�CACF D

cc. 1

t . 1

l oad
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¯k°�±�²�³�°b´�µ>±K¶@·�6Þ¹ vec_pt r ¯lº i nt * dest )
{

i nt ¼"·�¶@¾K»�¿ÁÀ vec_l engt h( v) ;
i nt ¼�±b´>±b»ÁÀ�¼�·�¶�¾"»�¿ - 2;
i nt Â ²�Ã"»@Ã�À�¾�·"»"Ä vec_st ar t ( v) ;
i nt ÅÐÆ ´½À½ÇQÉ
i nt i ;7 Â98 °b´�µ>±K¶@·�:'·@¼"·K´k·�¶�» Å ÃK»ÁÃ'»k±b´k· Â 7Ê °@Ë�¹ ±�À½ÇkÉÌ±�Í�¼�±b´C±b»lÉÌ±�Î�À;:QÏ��
ÅÐÆ ´½Î�À�²�Ã"»@ÃÞÑ ±QÓÌÎÁ²�Ã"»kÃÒÑ ±"Î;<>ÓÎ�²�Ã"»kÃÒÑ ±"Î # Ó�É

}7 Â>= ±K¶k± Å ¿ÁÃ�¶@?½Ë"·K´kÃ@±�¶@±"¶@¾�·�¼�·K´k·�¶"» Å�Â 7Ê °@Ë�¹6Éê±'Í�¼"·�¶@¾K»�¿$É�±"Î�Î>Ï��
ÅÐÆ ´½Î�À�²�Ã"»@ÃÞÑ ±QÓ@É

}
* dest À ÅbÆ ´yÉ

}
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i addl »  &# µyº%� ecx  &# Ã�� %ecx. 1b¼�°�Ã�²	�}¹ � eax, %edx  ÇQºÐ¸kÏ�� t . 1c
i addl »  &# ³Cº%� ecx  &# µ
� %ecx. 1c
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¯k°�±�²�³�°b´�µQ±"¶@·��y¹ vec_pt r ¯lº i nt * dest )
{

i nt ¼"·�¶�¾"»�¿ÁÀ vec_l engt h( v) ;
i nt ¼�±b´Q±K»ÁÀ�¼�·"¶@¾"»�¿ - 1;
i nt Â ²�ÃK»kÃ�À�¾�·K»�Ä vec_st ar t ( v) ;
i nt � Ç�À # É
i nt � # À # É
i nt i ;7 Â98 °b´�µQ±"¶@·�<'·�¼�·K´k·�¶�» Å Ã"»ÁÃ�»Q±b´k· Â 7Ê °�Ëé¹ ±'ÀÈÇkÉÌ±'ÍÁ¼�±b´C±b»lÉÌ±�Î�À;<kÏ �
� Ç Â À�²�ÃK»kÃÒÑ ±QÓ@É
� #�Â À�²�ÃK»kÃÒÑ ±"Î # Ó�É

}7 Â>= ±K¶k± Å ¿ÁÃ�¶@?ÁË�·K´kÃ@±�¶@±"¶�¾�·�¼�·b´Q·�¶"» Å�Â 7Ê °�Ëé¹6ÉÌ±�Í�¼"·�¶�¾"»�¿$É�±"Î�ÎQÏ �
� Ç Â À�²�ÃK»kÃÒÑ ±QÓ@É

}
* dest À � Ç Â�� # É

}
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HardwareHardware; i�F ?>=@¢ F A>=@BH¡ �>A>j@D F LCA>Jk¢��>ACF D M; ¨ ¦8F ¢ F D §rD L£B>§@ACJ�GHF j@Jk¢ ¢ §�=@ÿ@D fgJ@j@D>?CJ@fgJ�¢ ¢ =@¢ F M@G+¡ fgLCG�j�LCB>=

– �?L – 15- ��� ���g�6� � �

	 ��.'���'Õ��6���� �� � � � �'Õ"Õ�
'Õ � 
�
+�	 ��.'���'Õ������� �� � � � �'Õ�Õ�
'Õ � 
�
 �

; � óàLòG£�>¢ D F ?C¢ F =@MôóàF D q>F A¢ LCL>?£ACL£¢ L>A>hC=kf$q>J@¤@=B>J@D J depency; ¨ ¢ ¢ LCóàMrD qC=kG�D L
pipeline

¼"°�Ã�²�¹ � eax, %edx  ÇQºÐ¸kÏ�� t . 1a
i mul l »  $# Ã8º%� ecx  Ç � %ecx. 1¼"°�Ã�²½¸}¹ � eax, %edx  Çkºb¸@Ï�� t . 1b
i mul l »  $# µyº%� ebx  Ç � %ebx. 1
i addl $2, %edx  Ç � %edx. 1³Ð´ �Q¼ %esi º%� edx  &# � cc. 1
j l - »kÃ�'�·�¶Á³�³  &#

Time

%edx. 1

%ecx. 0

%ebx. 0

cc. 1

t . 1a

i mul l

%ecx. 1

addl

cmpl

j l

%edx. 0

i mul l

%ebx. 1

t . 1b

l oad

l oad
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'Õ � 
�
+���� 
'&'�����@ ��
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'Õ � 
�
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%edx.3%ecx.0

%ebx.0

i=0

i=2

cc.1

t.1a

imull

%ecx.1

addl

cmpl

jl

%edx.0

imull

%ebx.1

t.1b

load

load
cc.1

t.1a

imull

%ecx.1

addl

cmpl

jl

%edx.0

imull

%ebx.1

t.1b

load

load
cc.2

t.2a

imull

%ecx.2

addl

cmpl

jl

%edx.1

imull

%ebx.2

t.2b

load

load
cc.2

t.2a

imull

%ecx.2

addl

cmpl

jl

%edx.1

imull

%ebx.2

t.2b

load

load

i=4

cc.3

t.3a

imull

%ecx.3

addl

cmpl

jl

%edx.2

imull

%ebx.3

t.3b

load

load
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Cycle

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Cycle

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

� � � � � � � � �
	

� � � � � � � � ���

� � � � � � � � ��


; i�fg=@B>F j@D =@Bêi�=kfg¡ LCfgG£J@A>jk=� ­$ZKS �KUKUKc � -WK®KW"\ Ud�`@\ T R c@\ R UKVQ[@`@_K®�c@UKV n P�V d^R S�]T ��P�_KR d�`�\ T ZKS@UKP@`@_
multiplications� �ÒR abU"_Þ­$OQYôP@n���0 �

– ��� – 15- ��� ���g�6� � �

�:������������������
� �ð*
'.'��Õ6��.:×�
 � 	*
�� ���� ��� +��:�������7�6��������
� 7ð4
'.'��Õ���. ×�
 � 	4
������� ��� +�

Integer ��� ������� ������� � ���Method
+ * + *!�"$#&% ' (&)*%

-g 42.06 41.86 41.44 160.00!�"$#&% ' (&)*%
-O2 31.25 33.25 31.25 143.00+-,$.�/�.�/*)&0&1 /&2$3
% 4

20.66 21.25 21.15 135.005�(&% (-(&)&)&/*#&#
6.00 9.00 8.00 117.00!�)*)&6$798&: 29% /�7<;
2.00 4.00 3.00 5.00

Pointer 3.00 4.00 3.00 5.00=�2
' ,$1 1
>
1.50 4.00 3.00 5.00=�2
' ,$1 1
?&@
1.06 4.00 3.00 5.00A-BCA
1.50 2.00 2.00 2.50> B >
1.50 2.00 1.50 2.50D-B >
1.25 1.25 1.50 2.00E�4�/*,�' /&% : )&(&1*FG;�% 8
1.00 1.00 1.00 2.00H�I$J KML$NPO�Q&KML
39.7 33.5 27.6 80.0
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� � � �'Õ�Õ�
�Õ 0  � 
�Õ�Õ��� ��é# % 
ò��(�
 � ) 2� � � �'Õ�Õ�
�Õ 0  � 
�Õ�Õ��� ��é# % 
ò��(�
+� ) 2

�Úø �Þá �^álöbâ
" øÞú�Úø!�Þá%��álöbâ�" øÞú
; � A8D =@h>=@f$?CfgLCB>�Cj�D

OptimizationOptimization; Zr�>¢ D F ?8¢ §�?CJ@F fgMrL8¡=@¢ =@G£=@A>D MrD L>hC=�D q>=@f; ¨ ACB£D qC=@A£�C?>BCJ�D =
product; R � fg=@=�qC=@F hCq>D
reduction”

PerformancePerformance; � il© 4ôª�« S

¯k°�±�²�³�°b´�µQ±"¶@·��bÃ�Ã�¹ vec_pt r ¯lº i nt * dest )
{

i nt ¼"·�¶�¾"»�¿ÁÀ vec_l engt h( v) ;
i nt ¼�±b´Q±K»ÁÀ�¼�·"¶@¾"»�¿ - 1;
i nt Â ²�ÃK»kÃ�À�¾�·K»�Ä vec_st ar t ( v) ;
i nt � À # É
i nt i ;7 Â98 °b´�µQ±"¶@·�<'·�¼�·K´k·�¶�» Å Ã"»ÁÃ�»Q±b´k· Â 7Ê °�Ëé¹ ±'ÀÈÇkÉÌ±'ÍÁ¼�±b´C±b»lÉÌ±�Î�À;<kÏ �
�ÈÂ Àé¹ ²�ÃK»kÃÒÑ ±QÓ Â ²@ÃK»kÃÒÑ ±�Î # Ó"ÏkÉ

}7 Â>= ±K¶k± Å ¿ÁÃ�¶@?ÁË�·K´kÃ@±�¶@±"¶�¾�·�¼�·b´Q·�¶"» Å�Â 7Ê °�Ëé¹6ÉÌ±�Í�¼"·�¶�¾"»�¿$É�±"Î�ÎQÏ �
�ÈÂ À�²�Ã"»@ÃÞÑ ±>Ó�É

}
* dest À � É

}
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ComputationComputation
����������� � � � �

0
���

1 ��� � � � 2 ��� 3 ��� � � � 4 ��� 5 ���� � �
6
���

7 ��� � � � 8 ��� 9 ��� � � � 10
���

11) )

PerformancePerformanceT � UK\ U"d^UKS@T _�
 �HWK®KW"\ UK_�� P@c@UKV ZKT R P�S
T �"��P@`@\ X^[@U 	 � � ���(��
  �HWK®KW"\ UK_U V�W�X�Y[Z]\ ^
T ��UKZ"_K`@V UKX�­$OQY �ÞP@V _KU

*

*

11

*

*

*

*

*

xx 11xx 00

*

xx 33xx 22

*

xx 55xx 44

*

xx 77xx 66

*

xx 99xx 88

*

xx 1111xx 1010

1.001.001.501.5044

1.001.001.781.7866

1.671.67

2.502.50

­$OQY­$OQY
(measured)(measured)

1.331.3333

2.002.0022

­$OQY­$OQY
(theoretical)(theoretical)

UnrollingUnrolling
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Parallelism

0  ���
 � .����� +���� ��

Parallelism

; � il© 4'%�« ¬@¬; ¨ ¢ ¢�GH�C¢ D F ?8¢ F =@M perfomed F AHM@=��>�C=@A>j@=
7 Â98 °K´�µ>±K¶@·�<'·@¼"·K´Q·"¶�» Å ÃK»½Ã�»k±b´Q· Â 7Ê °@Ë�¹ ±'À½ÇQÉÌ±'Í�¼�±Ð´C±K»$ÉÌ±�Î�À�<QÏ��
� À �½Â ¹ ²�ÃK»kÃÒÑ ±>Ó Â ²�ÃK»kÃÞÑ ±�Î # Ó�Ï@É

}

7 Â98 °K´�µ>±K¶@·�<'·@¼"·K´Q·"¶�» Å ÃK»½Ã�»k±b´Q· Â 7Ê °@Ë�¹ ±'À½ÇQÉÌ±'Í�¼�±Ð´C±K»$ÉÌ±�Î�À�<QÏ��
� Àé¹ �½Â ²�ÃK»kÃÒÑ ±>Ó"Ï Â ²�Ã"»kÃÒÑ ±"Î # Ó�É

}

; � il© 4ôª�« S@¬; Zr�>¢ D F ?8¢ F =�MôL>¤@=@fg¢ J@?

*

*

11 xx 00

xx 11

*

xx 22

*

xx 33

*

xx44

*

xx55

*

xx 66

*

xx 77

*

xx 88

*

xx 99

*

xx 1010

*

xx 1111

*

*

11 xx 00

xx 11

*

xx 22

*

xx 33

*

xx44

*

xx55

*

xx 66

*

xx 77

*

xx 88

*

xx 99

*

xx 1010

*

xx 1111

*

*

11

*

*

*

*

*

xx11xx 00

*

xx33xx 22

*

xx55xx 44

*

xx 77xx 66

*

xx 99xx 88

*

xx1111xx 1010

*

*

11

*

*

*

*

*

xx11xx 00

*

xx11xx 00

*

xx33xx 22

*

xx33xx 22

*

xx55xx 44

*

xx55xx 44

*

xx 77xx 66

*

xx 77xx 66

*

xx 99xx 88

*

xx 99xx 88

*

xx1111xx 1010

*

xx1111xx 1010
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� �.5
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�Úálá����Þø>Û�âêø>÷ �Úá�� " â�Û�álöÐâ�Úálá����ÞøQÛ�â�øQ÷ �Úá�� " â�Û�álöÐâ
; � L£q>LC¢ B£M��CG£M f ?>fgLCB>�>j@D M; E�AC¢ §��r�>M@J@¦>¢ =ôF ACD =@h>=@flfg=@h>F M@D =�fgM� � \ _KP�S�U"UKX@UKX^n P@VQc�P@R S@T U"V _�
"\ P@P@c^WbP@S@X@R T R P@S�_
; 	 þ>i�fg=@h>F MkD =@fgM; � qC=�AHA>L>DQ=@ACL>�>hCqHfg=@h>F MkD =�fgM��@G£�CM�DCM@?>F ¢ ¢�D =kG£?CL>fgJ@fgF =�MôLCA>D L

stack� 	rR c@UK_�P@`�T@ZKS@®�c@UKV n P@V d�ZKS@WKU�]�Z"R S@_
; 
 L>D>q>=@¢ ?>=@B£¦>§rfg=@A>J@GHF A>h� ­$ZKS@S�P@T@V UKn UKV UKS@WKU�d^P@V UÞP@c@UKV ZKS@X@_ÞT �@ZKS�R S@_KT V `@WbT R P@S^_KUKT@ZK\ \ P ��_

� ��Z�- P�VQX@V Z���[@ZKW���P@n�� � � �ÞR S@_KT V `@WKT R P�S�_KUKT

– �?� – 15- ��� �Ð�g�6� � �
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ExampleExample; 	 � 	 F A8D =@hC=�f$?8fgL>B>�Cj@D; � ¢ L>j@J@¢@¤@J�fgF J@¦>¢ =@M�M@qCJ�f6= W
register; �l=�=rD qCJ@DQJkfg=�M@D L8fgF A>hò¢ LCj@J�¢ ML>A£M@D J@j��; ©�« hC« ��JkD - 8( %ebp)

. L165:
i mul l ( %eax) , %ecx
movl -4(%ebp),%edi
i mul l 4( %eax) , %edi
movl %edi,-4(%ebp)
movl -8(%ebp),%edi
i mul l 8( %eax) , %edi
movl %edi,-8(%ebp)
movl -12(%ebp),%edi
i mul l 12( %eax) , %edi
movl %edi,-12(%ebp)
movl -16(%ebp),%edi
i mul l 16( %eax) , %edi
movl %edi,-16(%ebp)

…
addl $32, %eax
addl $8, %edx
cmpl - 32( %ebp) , %edx
j l . L165

– � � – 15- ��� ���g�6� � �

�������7� � �é#'ð*
�.'��Õ���. ×�
 ��� 
' �������� !�!"!�é���7��� � ��#�ð*
�.'��Õ6��.:×�
 �é� 
' �������� !�!�!

; p F hCh>=@M@DQh>J@F AHB>LCF A>h£¦CJ�MkF jrL>?CD F GHF IKJ@D F LCA>M; p �CD ��¢ J�MkD>¢ F D D ¢ =r¦>F DQqC=�¢ ?8M

Integer ��
 ������� ��������� ���Method
+ * + *����� � ! " # �

-g 42.06 41.86 41.44 160.00����� � ! " # �
-O2 31.25 33.25 31.25 143.00$&%�')(*')(+# , - ( .�/�� 0

20.66 21.25 21.15 135.001�"2� "&"2# #2( �2�
6.00 9.00 8.00 117.00��# #+3+4�5 6 .7� ( 4�8
2.00 4.00 3.00 5.009:.�! %+- -2;
1.50 4.00 3.00 5.009:.�! %+- -2<2=
1.06 4.00 3.00 5.00;&>@?
1.50 2.00 1.50 2.50A >@;
1.25 1.25 1.50 2.00A > A
1.88 1.88 1.75 2.00BDC�E F�G�HJI:K2F�G
39.7 33.5 27.6 80.0
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 �ð4
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; E�¤�=@fgJ@¢ ¢�D f�=@A>B>Mr¤@=@fg§�M@F G£F ¢ J�flD LHD q>L>M@=ô¡ LCfài@=@A>D F �CG � � � «; ©�¤�=@A£D q>LC�>h>q£¤@=@f §�BCF ¡ ¡ =@fg=@A>DCJ@fgj�qCF D =@j@D �Cfg=rJkACB£j@L>G£?CF ¢ =kf

Integer �&
 �����+� ��������� ���Method
+ * + *����� � ! " # �

-g 40.14 47.14 52.07 53.71����� � ! " # �
-O2 25.08 36.05 37.37 32.02$ %�')( ')( # , - ( .�/�� 0

19.19 32.18 28.73 32.731�" � " " #2# ( � �
6.26 12.52 13.26 13.01��# # 3�47526 .�� ( 4 8
1.76 9.01 8.08 8.019 .�! %+- -2;
1.51 9.01 6.32 6.329 .�! %+- -2< =
1.25 9.01 6.33 6.22; >@?
1.19 4.69 4.44 4.45A >@;
1.15 4.12 2.34 2.01A > A
1.11 4.24 2.36 2.08B�C�E F�G�H I K F:G
36.2 11.4 22.3 26.7
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ð*
'.���Õ���. ×�
 �é� 
' �������� �ð*
'.���Õ6��.:×�
 ��� 
' �������� �

; 
 F h>qC=@f8¢ JkD =@ACj�F =@M'� F A>D�� 4 W % ��¡ ?�� 4CS�« ¬ ��¡ ?�� 4 � « ¬hX� ­$\ P@W���V `@S@_�ZKT���0 ��� ���� � P@T@ZKS^R d^c@V P@abUKd^UKS@T@P@abUKV ��0 �-� ��� O � n P@VQR S@T U"]@UKV  ; ¨ ¤@L>F B>Mãþ>i�G£�8¢ D F ?C¢ F j@J@D F L>AHJ�ACL>GòJ�¢ §

Integer ��
 ������� ��������� ���Method
+ * + *����� � ! " # �

-g 35.25 35.34 35.85 38.00����� � ! " # �
-O2 26.52 30.26 31.55 32.00$&%�')(*')(+# , - ( .�/�� 0

18.00 25.71 23.36 24.251�"2� "&"2# #2( �2�
3.39 31.56 27.50 28.35��# #+3+4�5 6 .7� ( 4�8
2.00 14.00 5.00 7.009:.�! %+- -2;
1.01 14.00 5.00 7.009:.�! %+- -2<2=
1.00 14.00 5.00 7.00;&>@?
1.02 7.00 2.63 3.50A >@;
1.01 3.98 1.82 2.00A > A
1.63 4.50 2.42 2.31BDC�E F�G�HJI:K2F�G
35.2 8.9 19.7 19.0
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ChallengeChallenge; � A>MkD fg�>j@D F LCA � LCA>D fgL8¢ e ACF DQG£�>MkDCóàL>f��Úó^=�¢ ¢�Jkq>=@J@B£LC¡Ò©�ÿ@=�jk« e A>F D� m@P^]@UKS@UKV Z"T U�UKS@P�`�]��^P@c@UKV ZKT R P�S@_�T P=�"UKUKc^Y 3£[@`�_"®

; � q>=@A£=@ACj�LC�>A>D =@fgMrj@LCA>B>F D F L>A>J@¢�¦CfgJ@ACj�q �@j�JkACA>LCDQfg=@¢ F J@¦C¢ §rB>=@D =�fgGòF A>=óàqC=@fg=rD L£j@L>A8D F A>�C=r¡ =@D j@qCF ACh

80489f 3: ´k°"¯k¼ $0x1, %ecx
80489f 8: � °@Ë�¼ %edx, %edx
80489f a: ³Ð´ �Q¼ %esi , %edx
80489f c: 
���
 8048a25
80489f e: ´k°"¯k¼ %esi , %esi
8048a00: ±Ð´ Æ ¼�¼ ( %eax, %edx, 4) , %ecx

Executing

� UKT W��@R S�]��
Decoding

– ï�� – 15- ��� ���g�6� � �

� � �' �&�(��:����&�
��7
'.� � �' �&�(7�:����&�
���
'.
; � q>=@A£=@A>j@L>�CA>D =@flj@L>ACB>F D F LCA>J@¢�¦CfgJ@A>j@q ��jkJ@A8A>L>D>B>=@D =@f�G£F AC=ró^q>=kfg=rD Lj@L>A>D F A>�>=r¡ =kD j�qCF A>h� �$V ZKS@W��^mkZ��"UKS��6mkV ZKS@_Kn UKVQW"P�S@T V P@\bT P^[@V ZKS@W��^T ZKV ]@UKT

� �$V ZKS@W�� � P@T -mkZ��KU"S���­$P@S�T R S@`@U���R T �^S@UKoKT@R S�_bT V `�WKT R P@S^R S^_KU�
@`@UKS@WKU; � J@ACA>L>D>fg=�M@L>¢ ¤@=r�>A>D F ¢�LC�>D j�L8G£=rB>=@D =kfgGHF AC=kB£¦>§r¦>fgJ@ACj�q
f F ACD =@h>=@fl�CA>F D
80489f 3: ´k°"¯k¼ $0x1, %ecx
80489f 8: � °@Ë�¼ %edx, %edx
80489f a: ³Ð´ �Q¼ %esi , %edx
80489f c: 
���
 8048a25
80489f e: ´k°"¯k¼ %esi , %esi
8048a00: ±Ð´ Æ ¼�¼ ( %eax, %edx, 4) , %ecx

8048a25: ³Ð´ �Q¼ %edi , %edx
8048a27: � ¼ 8048a20
8048a29: ´k°"¯k¼ 0xc( %ebp) , %eax
8048a2c: ¼"·�Ã�¼ 0xf f f f f f e8( %ebp) , %esp
8048a2f : ´k°"¯k¼ %ecx, ( %eax)

�$V Z"S�W��^mkZ��KU"S
�8V ZKS@W�� � P@T -Taken
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IdeaIdea; � �C=�M@MôóàqCF j@q�óàJ@§�¦CfgJ�ACj@qHó^F ¢ ¢@h>L; p =@h>F A£=@ÿ@=�j@�>D F A>hHF ACM�D fg�>j@D F LCA>MôJ@DQ?8fg=�BCF j�D =kB£?CL>M@F D F L>A� �$`�T@X@P@S � T@ZKWKT `@ZK\ \ ®�d�P�X@R n ®�V UK]@R _KT UKV>P�V>d^UKd�P�V ®�X@ZKT Z
80489f 3: ´Q°"¯k¼ $0x1, %ecx
80489f 8: � °@Ë�¼ %edx, %edx
80489f a: ³b´ �Q¼ %esi , %edx
80489f c: 
 ��
 8048a25
�����

8048a25: ³b´ �Q¼ %edi , %edx
8048a27: � ¼ 8048a20
8048a29: ´Q°"¯k¼ 0xc( %ebp) , %eax
8048a2c: ¼�·�Ã�¼ 0xf f f f f f e8( %ebp) , %esp
8048a2f : ´Q°"¯k¼ %ecx, ( %eax)

OQV UKX@R WKT@mkZ��"UKS

Execute
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80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1

80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1

80488b1: ������� (%ecx,%edx,4), %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1
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OQV UKX@R WKT@mkZ��"UKS
(Oops)

80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1
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/$UKZKXR S@abZK\ R X
location

Executed

Fetched
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Misprediction Invalidation

80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1

80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1

80488b1: ������� (%ecx,%edx,4), %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1
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OQV U"X�R WKT@mkZ��KU"S 	 �}P@c@_�


80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx

�����&���

Invalidate
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Misprediction Recovery

õ�álö ÷�øÒöbù'ÙlúÞûláU�ÚøÞâ�Ûõ^álö ÷�øÞöbù'ÙlúÞû$áO�ÚøÞâ�Û
; Misprediction L>A�i�=@ACD F �CG � � �@ó^J@M@D =@M65 W %ôj�¢ LCj��rj@§@j�¢ =@M; � q>J@D � MrJr¢ LCD>L>¡>D F G£=ôL>AHJ�q8F h>q£?C=�f6¡ L>fgGHJ�ACjk=�?CfgL>j@=@M@M�LCf

80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: �
	�	 � %eax, ( %edi )
80488b6: ��
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1

80488b1: ������� ( %ecx, %edx, 4) , %eax
80488b4: ��	�	 � %eax, ( %edi )
80488b6: �7
�� � %edx
80488b7: � ����� %esi , %edx
80488b9: � � 80488b1
80488bb: �78 � � 0xf f f f f f e8( %ebp) , %esp
80488be: ���7��� %ebx
80488bf : ���7��� %esi
80488c0: ���7��� %edi
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� ú.Mêø!�Þálöbú'õ^öbøÒûlálâlâløÒö+_��ÚöbÙlúÒû��Þálâ ��álö Ý�S#TlßÞálúÒâ�" �àá� ú.M�ø!�Òálöbú'õ�öÐøÞûlálâlâlø}ö+_��ÚöbÙlúÞû��Þálâ �^álö Ý�S�TlßÒálúÞâ�" ��á
; e A>¢ =@M@M�?Cfg=�BCF jkD F L>A£j@J@AH¦C=�fg=k¢ F J@¦C¢ =; � q>=@A£?CL>M@M@F ¦C¢ = ��¦C=�MkD>D LHJ@¤@L>F B£J@¢ D LCh>=@D qC=kf

ExampleExample; � L>G£?C�>D =�G£J@ÿkF G£�>G L>¡>D óàL£¤@J@¢ �>=@M� ����WK®KWK\ UK_�����U"S^c@V U"X�R WKT R P�S^WKP@V V UKW"T� ����WK®KWK\ UK_�����U"S^R S�W"P�V V UKWKT

i nt max( i nt x, i nt y)
{ Ë�·K» Æ ËK¶�¹ � Í ?CÏ�� ?�, � É
}

movl 12( %ebp) , %edx (
	 ·K» ?
movl 8( %ebp) , %eax ( r val =x
cmpl %edx, %eax ( r val : y
j ge L11 (�Å '�±+�b��¿@·�¶���À
movl %edx, %eax ( r val =y

L11:
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; � AHM@D §�¢ =rL>¡ e J@¦�� W; e M@=�GHJ�M��@F A>hHfgJ@D q>=@flD qCJ�AHj�LCA>B8F D F L>ACJk¢ M

; � L>GH?>F ¢ =�flM@D F ¢ ¢��>M@=@Môj�LCA>BCF D F L>ACJ�¢� ��	�WK®KWK\ UK_����@UKS^c@V UKX@R WKT@WKP@V V U"WKT \ ®
� � ��WK®KWK\ UK_����@UKS mispredict

±"¶�»'µ�´QÃ � ( i nt x, i nt y )
{

i nt ´kÃ Å '�À - ( x>y) ;Ë"·"» Æ ËK¶,¹ ´QÃ Å '�� � Ï��½¹ �b´kÃ Å '�� ?CÏ@É
}

xor l %edx, %edx ( ´QÃ Å '�À½Ç
movl 8( %ebp) , %eax
movl 12( %ebp) , %ecx
cmpl %ecx, %eax
j l e L13 (�Å '�±+�È± Ê � Í�À@?
movl $- 1, %edx ( ´QÃ Å '�À - 1

L13:
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; þKL>fgj@=�j@LCG£?>F ¢ =@flD L£hC=�AC=@fgJkD =rB>=@MkF fg=�BHj�LCB>=

; vol at i l e B>=@jk¢ J�fgJ@D F L>A£¡ LCfgj@=@M�¤@J@¢ �>=rD Lò¦>=ôó^fgF D D =@A£D LòG£=@G£L8fg§� ­$P�d�c@R \ UKVQd^`@_KT@T �@UKV UKn P@V UÞ]@UKS@UKV ZKT U�WKP@X@U�T P^W"P�d�c�`@T U
t� �QR d^c@\ U"_KT ��ZK®�R _

set g/movzbl combination; 
 L>DQ¤@=@fg§r=�¢ =@h>J@A>D��� � �@ZKW���T P^]@UKT@WKP�S@T V P�\"P�abU"VQWKP@d^c@R \ UKV
; ª@ªrj�¢ LCj��rj@§�j@¢ =@M�LCAHJ@¢ ¢@B>J@D J� �$UKT T UKV>T ��Z"S misprediction

±"¶"»'µ@¯�´kÃ � ( i nt x, i nt y)
{

vol at i l e i nt »ÁÀ,¹ � �
?CÏkÉ
i nt ´kÃ Å '�À - t ;Ë�·"» Æ ËK¶,¹ ´QÃ Å '�� � Ï��¹ �b´kÃ Å '�� ?8Ï@É

}

movl 8( %ebp) , %ecx (
	 ·"» �
movl 12( %ebp) , %edx (
	 ·"»�?
cmpl %edx, %ecx ( � , ?
set g %al ( ¹ � �
?CÏ
movzbl %al , %eax (�� ·@Ë"°�· � »@·�¶�²
movl %eax, - 4( %ebp) (�� Ã"¯@·�Ã Å »
movl - 4( %ebp) , %eax (�� ·"»kË�±"·"¯k·�»
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; ¨ BCBC=�Bòó^F D qêi��ôG£F jkfgLCJ�fgj@qCF D =@j@D �>fg='� PentiumPro onward); cmovXXl %edx ��� eax� � n�W"P�S@X@R T R P�S
XX
�@P@\ X@_�
KW"P�c@®

%edx
T P

%eax� �$P@UK_KSh� T@R S�abP@\ abU�ZKS@®Þ[@V ZKS@W��@R S@]� � ZKS@X�\ UKX^Z"_ÞP@c@UKV ZKT R P@S@��R T �@R S^YQo"UKWK`@T R P�S 3CS@R T

; � �>fgfg=@ACDQ¤�=@fgM@F L>A£LC¡ � �Þ� ó^L>A!� D>�>M@=ôD q>F MrF ACM@D fg�>j@D F L>A� m��@R S��K_�R T � _�WKP@d^c@R \ R S�]^n P@VQZ � ��	; Performance� ����WK®KWK\ UK_�P@S^ZK\ \KX@ZKT Z

movl 8( %ebp) , %edx (
	 ·"» �
movl 12( %ebp) , %eax ( r val =y
cmpl %edx º%� eax ( r val : x
cmovl l %edx, %eax ( ä Ê Í8º r val =x
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õ^ø!" úQÛ�álö��Úø �Þáõ^ø!" ú>Û�álö#�Úø!�Þá
; e L>L"�rj@J@fg=�¡ �>¢ ¢ §�J@DQhC=@A>=@fgJkD =@B£j@L>BC=ôD L£M@=@=Úóàq>=@D q>=kf$q>=@¢ ?C¡ �>¢�ÞøÒøÞß��ÚúÞöbøÒý ý " ú���ÒøÞøÒß��ÚúÒöbøÞý ý " ú&�
; �lLCG£=�j@LCG£?>F ¢ =@fgM�BCLHD qCF MrJ@�CD L8G£J@D F j@Jk¢ ¢ §; � =@A>=@fgJ@¢ ¢ §�ACL>DQJ@Mrj�¢ =@¤@=@f$J�MôóàqCJ@D>j@J@A£J@j�qCF =@¤�=r¦>§rq>J@ACB

S#TlßÞøÞâ�" ú&�.P úÞâ�Û�ö+NÞû�Û;" øÞúS#TlßÞøÒâ�" ú��.P úÞâ�Û�ö+NÒû�Û;" øÒú
--
�Òá �^álýlõ�Ù8öbÙ$ý ý álý " âlù�Þá �^álýlõ^Ù$öbÙ$ý ý álý " âlù

; ¥ =@fg§rG£J@j�qCF AC=�BC=@?>=@A>BC=�ACD
Warning:Warning:; p =@A>=@¡ F D MrB>=@?>=@ACBHq>=@J@¤@F ¢ §rL>AH?>J@fgD F j@�C¢ J@flG£Jkj@q>F AC=; p =@M�D>F ¡C?>=@fg¡ LCf�G£=@B£¦>§rj@L>G£?CF ¢ =�f� �$`�T$�Ò­8­òP�S�� � � ��� � R S@`@o�R _�S�P�T@abUKV ®�]@P�P@X; <>L£L>AC¢ §�¡ L>f$?>=@fg¡ L8fgG£J@A>j@= -jkfgF D F j@J@¢@?>J@fgD MôLC¡>j@L>BC=
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ØÚøÒú21 Û#3 [ ù�Ùlâ��.�Úø!�ÒáU" ú>Û�ø � `Òý " �#" øÞúØÚøÞú21 Û#3 [ ù�Ùlâ��.�Úø �ÞáQ" úQÛ�ø � `Þý " �#" øÒú
; 
 J�fgBHD L£fg=@J@B �@G£J@F A>D JkF A � ��J@M@M��Cfg=�j@L8fgfg=@j�D AC=@M@M

Do:Do: ; �l=@¢ =�j@DQ¦C=�M@DCJ�¢ hCL>f�F D qCG; � fgF D =ôj@L>B>=rD qCJkD � Môfg=�J@BCJ�¦C¢ =��êG£JkF A>D J�F ACJ�¦8¢ =� OQV P@WKUKX@`@V UK_�
KV UKWK`@V _KR P@S�
���R T �@P�`@T@[�`@R \ T -R S�WKP�S�_"T ZKS@T�\ R d^R T _� YQabUKS^T �@P@`@]��^T �@UK_KU�n ZKW"T P@V _�WKZKS�_K\ P �êX�P���S^WKP�X@U
; ©�¢ F G£F A>JkD =rL>?CD F G£F IKJ@D F LCAH¦C¢ LCj���=@fgM� � \ \ P���_ÞW"P�d�c@R \ UKVQT P�X�P�R T _�- P�[

�ÒøÞû�NÞâêøÞú*P úÒúÞá8ö �ÞøÒøÞßÒâ�ÞøÞû�NÒâ�øÒúbP úÞúÒá$ö �ÒøÞøÒßÞâ
; <>L£B>=@D J@F ¢ =�BòL>?CD F G£F IKJkD F LCA>MôóàqC=kfg=�j@L>BC=ôó^F ¢ ¢�¦C=�=@ÿ@=@j@�CD =�BHfg=�?C=@JkD =@B>¢ §; � F ¢ ¢@hC=�DCG£L>M@DQ?C=kfg¡ L>f6G£J@A>j@=�hCJ@F Aòq>=@fg=


