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TVUXWY[Z�Y]\�^ _�`Y[abY�cedgfAY[hiakjlamh WY[Z�Y�an�obpEq Y[hir�s

_icEtut pvo h$wuY o Y�x U Y o x U Yzy|{}s}~��v�9^ �Edu��j��}�6���v�v�}��^ ~}s|t�cv�}Y[a

�M���0�������v��� _iY[�v��amh�Y o x p y�amh o cE��y�h�aM��y���� n abx U Y[wgdu����y���x�cey¡ ¢Y"h£cE¤vY[y���y�h p cEx�x p duy�h2w6d o ��y��¥h U Y
abx U Y[wgdu����y���t U cEabY pv¦ c"x p wuYv§ TVU Y�x p Z�tu��Y0fl��h¨j pv¦ h U ��a't obp  u��Y[Z���a|©}Y o j U ��� U §P�ªy�h U ��a'« pvo ¤¬�­«VY
t o Y[abY0ylh"c®y�Y0«¯cEtut o�p cvx U x p yuak��amhb��y��®��y°ZMcEyg��tudu��cEhb��y��±w�ceh£c�wuY[t¢Y[y�wgY[y�x[Y±� o cet U a>h p�o Y�w6d�x�YRh U Y
y�duZ| ¢Y o�pv¦'² t p h�Y0ylhk�³cE��´µ©EcE��duY�a
ak��Z|du��h£cEy�Y p d�am��j9cE����©}Y'«¶��h U�p dgh�cvabamduZ���y��>cEy�j�akx U Y�wgdg��Yv§|·¸Y]akhkd�wgj
h U Y pvo Y0hb��x�cE����j>h U Y]Y7fucEx[h
dutut¢Y om¹   p duy�w pv¦ h U Y o Y[�v��amh�Y o yuY�Y�w ¦ºpvo ce���+©vce����w9abx U Y[wgdu��Y[a pE¦ c�x p wuY�»�«VY
x�cE���Xh U ��a¼����Z���hVh U Y ��½�¾¬¿À�0��½��M���g��Á+���g��¿ºÂ¬Ã §­�ªhi��a¼d�akY�wAh p  udu����wAcÄZ p wg��Å�Y[w>w�cEh£c]wuY0tGY0y�wuY[yux�Y'� o cEt U
akd�x U h U cEh�cEy�j9akx U Y�wgdg��Y pv¦ h U ��ai� o cEt U «¶�����X©}Y o � ¦ jAh U Y o Y��v��akh�Y o x p y�amh o ce��y�h�a
cey�w�c�© p ��w2��ylh o�p wgd�x0��y��
aktu������x p wuYE§�·¸YÆamhbd�wgj]h U YÆx�cvabY pv¦XÇ � o Y[x[hÈr�x0j6x0����x�É o cet U a;cEy�w�h U Y[y�«VYÆY0flh�Y0y�wµ��h�h p � p6p t�a���y�h�Y0y�wuY[w
h p a pE¦ h¨«¼c o Y
tu��t¢Y[����yu��y��|abx U Y�wgdu��Yv§ÈÊ�fltGY o ��Z�Y[y�h�cE�Ëakhkd�wgj�a U�p «$aih U cEh¶ZµcEy�j Ç riÉIaicEy�w�� p6p tua¼w p y p h
y�Y�Y[w o Y��v��akh�Y o x p yuakh o cE��y�hbaiw6d o ��y��]abx U Y[wgdu����y��u§
Ì ½�ÍGÎkÏ|Â��eÐ
�E� o Y��v��akhbY o x p y�amh o cE��y�h�a[� o Y��v��akh�Y o yuY�Y�wG�v©EcE����w�akx U Y�wgdg��Yv�Et�c o ce����Y0��h p t p � p �v��x�cE�}a pvo h��E©EcE��d�Y�a
ak��Z|du��h�cEy�Y p d�ak��j�cE����©vY|��abY0h ¹ «;Y[��� U h�Y[w9x p ©vY o ��y���abY[h�� o Y[�v��amh�Y o amduÑ�x[��Y[y�x0j}� o Y��E��akhbY o abcEhbd o cEhb� p y
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���½l��Á�� �½�� �XYVy p Z|  o Y;����Z���h6`Y�wuY o Y��E��akh o Y[a�w�cEy�a
duy|t obp x[Y�abakY[d o Y[akh�duyuY¼x p y�h o cE��ylhbYVamdututu�[`Y[Z�Y[y�h£cE� o Y
Wcµ�
	 pvo w p yuy�cvx[Y[Z�Y[y�h
wuYÄx p wgYv§��VY|t o�p  g� WY[Z�Y|wuY0©���Y[y�h�cE� pvo aih o�WY�a
x p Z�tu��Y0f6Yv§ Ç cEy�a�x�Y o cetut pEo h��¬y p d�a
t o `Y[abY0ylh p y�a�duy�YÄy p du©vY[����Y�cEtut obp x U Y�
�du�Èx p y�ak��akhbY Wc>cEy�cE��jlabY o ��Y�aIw;`Y0tGY0y�w�cEyux�Y�a�wuY�w p yuyV`Y�Y�a�cEÅuy¸wuY
w;`Y�w6du� o Y�duy�Y�  pvo y�Y�Zµcefl��ZµcE��YÄY0fgcvx[hbYMwgd±y p Z|  o YµwuY o Y��v��akh o Y�a o Y�
�dg��a�t p d o h p dgh pvo w p yuy�cvx�Y0ZµY0ylh
©EcE����wuYv§�� p d�a
cEtut¢Y[� p y�aix�Y0hbh�Y�����Z���hbY ���g��ÁË���g��¿ºÂ¬Ã�½lÃ°�e½�¾¬¿Þ�[����½l� §�����Y0����YIY[akh���y ¦ `Y o ��Y[d o Y�cEd"y p Z'  o Y
wuY o Y[�v��amh o Y�a��;cE� pvo a�x�Y�a]x p y�h o ce��y�h�Y[a|y�Y�a p y�h]t�cva|yV`Y�x�Y[ababcE� o Y�a�§��l��y p yX��y p d�a]c qmp duh p yuaÄwuY�a]c o x�a]wuY
abY o �³ce����abcEhb� p y¸w�cEy�a|��Yµ� o cEt U Y�ceÅuy�wuY o `Y[wgdu� o Yµ��c2a�cehbd o cEhb� p y�cEd�wuY[aba p d�a]wgd¥y p Z'  o YMwgY o Y��E��akh o Y[a�§
rÆ��y�ak�-�¢y�	 ��Z�t pEo h�Y�
�d�Y[����Y U Y0d o ��akhk��
�d�Y|w�	 pvo w p yuy�cEx�Y[Z�Y[y�hIY0h
w�	îcE��� p x�cEhb� p y"ced o c�cvakabY���wgY o Y[�}ak��h o Y[a
Y[h
y�	 ��y�h obp wgdg� o c9t�cvaÄt�c o x p yual`Y�
�d�Y0y�hMwuY>x p wuY>wuY�©���w�cE�}Yv§�� p aÄY0fltV`Y o ��Y0y�x�Y[aµakd o tg��d�am��Y[d o a Ç riÉ
a]Y[h
  p d�x[��Y�a¶Z p ylh o Y0ylh�
�d�YIw�cEyua$��c|ZMc qmpEo ��h6`Y�wuY[aix�cva¶��Y[aix p y�h o cE��y�h�Y[a$wuY o Y��E��akh o Y[aia p y�h p  �a p � WY[hbY�a[§
� Â����0Î£��� �½5� x p y�h o cE��y�h�Y[aIwuY o Y��E��akh o Y[a��ê ¢Y�a p ��yRY[y o Y[�v��amh o Y[a�� pvo w p yuy�cey�x�Y0ZµY0ylhI©EcE����wuYE�Gh o ��h p t p � pE¹
�v��
�d�Y
t�c o cE��� WY[��Yv�la�cEhkd o cehb� p y2Y0y o Y��v��akh o Y�a[��akduÑ�abcEy�x�Y�Y[y o Y[�v��amh o Y�a��u©EcE��Y[d o a$ak��Z'du��h�cEyV`Y[Z�Y[y�h¶Y0y2©���Y
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8 9 Ã¢����ÂXÐ+Á+�v��¿ÞÂ¬Ã 8
: ;=< ½�Â���½���¿À�}� �?>|���A@ê¾���Â¬Á
Ã+Ð ��Ã
ÐCB2Â����g��¿ºÂ¬Ã
� D
�l§�\ É o cEt U aicEy�w�E$jlt¢Y o � o cet U aµ§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ s

�6§�\v§�\ � p ZµY � p hb� p y�a ¦ºpvoiÇ � o Y�x0h�Y[wArÆx[jlx[����x�É o cEt U a §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ F
�6§�\v§ � E$jlt¢Y o � o cet U ai§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ �

�l§ � �ªylhbY o ©vce�HG o wuY o a §�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ �
D I����[½"Â!JLKµ�NM�� O
s6§�\ PÈcE����w �6x U Y�w6du��Y[a §�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ Q

sg§�\v§�\ _$Y�amh o ��x[hbY�w �6x U Y�w6du��Y[a §�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ �
sg§�\v§ � �6x U Y�wgdu��Y�a$«¶��h U ��RÆr�� �6Y[ZµcEy�hb��x�a §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ �

s6§ � _iY[�v��amh�Y o �6cEhbd o cEhb� p y n�o�p  u��Y[Z §�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
sg§ �l§�\ Ç riÉTS p wuY[�"§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
sg§ �l§ � � p Z�tuduhk��y���_$Y��v��akhbY o �ÆY[Y�w §�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
sg§ �l§äs � p Z�tuduhk��y���_$Y��v��akhbY o �gcEhkd o cehb� p y §�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
sg§ �l§UF n�o�p tGY o hb��Y�a ¦ºpvo y p y � p ygy�Y�x0h�Y�w Ç riÉ
a §I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯s}s

s6§äs _iY[wgd�x[��y���_iY[�v��amh�Y o �6cEhbd o cEhb� p y §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯s��
s6§UF �¼cvabY pv¦WV�pEo Y�amh pv¦ �ªyl©vY o h�Y�w TËo Y�Y�a §�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF��
s6§ � �¼cvabY pv¦WY;o cEyux U Y�a¯§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XFZF

[ I����[½"Â!J �ºÂêÂ!\
� [ O
Fg§�\ ÉIY0y�Y o cE�ËrÆtut o�p cvx U §�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF,Q
Fg§ � � pv¦ h¨«Vc o Y n ��t¢Y[����yu��y�� §�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF��

Fu§ �l§�\ _$Y��v��akhbY o �ÆY[Y�w pv¦ c]S p hb� ¦ §�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF�~
Fu§ �l§ � _$Y��v��akhbY o �gcEhkd o cehb� p y pE¦ c]� p6p t §�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�

Fg§äs YVp duy�w6��y���cEy�w2_$Y�wgd�x0��y��^S9_ � §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
Fu§äs6§�\ � plp t_Riy obp ������y�� Ç Y[� o Y[Y §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
Fu§äs6§ � _$Y�wgdux[��yu�µ_$Y��v��akhbY o �gcEhkd o cehb� p y���y_Riy obp ����Y�w>� plp t�a¥§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�

Fg§UF � p y�x[��d�ak� p y¸§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��v�
` a�b \�½��E¿ � ½lÃ¢���6��¿ÞÂ¬Ã `dc
�l§�\ � pv¦ h¨«Vc o YIwuY[abx o ��tuhk� p y §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��v~
�l§ � Ê�flt¢Y o ��Z�Y[y�h£cEhk� p y §�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§eQ}�

�6§ �l§�\ �¼cvakY pE¦�Ç riÉIaP§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§eQ}�
�6§ �l§ � �¼cvakY pE¦ � plp t�a±§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§eQg\

÷Ë÷0fhg
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O � ½ �º�g��½lÐ! Â��A@ O c
Q6§�\ �6x U Y�w6du����y��Äduy�wuY o _$Y��v��akhbY o � p y�amh o cE��y�h�a §�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§eQ}~
Q6§ � �l��Z�����c o · pvo ¤�» R�_ �6r §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��v�

Qg§ �l§�\ S9c�f6��Z�� �[��y��Ä_$Y��v��akh�Y o �ÆY[Y�w2«¶��h U R�_ �6r §�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��v�
Qg§ �l§ � _$Y�wgdux[��yu�µ_$Y��v��akhbY o RÆakY
«¶��h U R�_ �6r §�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
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\v§�\ _iY[�v��amh�Y o abcEhbd o cEhk� p y2cEy�ce��jlak��a¶akh�Y0t�a §�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ �
s6§�\ Ê�fgcEZ�tu��Y�a pv¦ akh o ��x0hicEy>t�c o ce����Y0�Gh p t p � p �v��x�cE�¢a pEo h�aR§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ �
s6§ � � RÆr��¸t�c o cE����Y[�¢h p t p � p �v��x�cE�Ga pvo hba §�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ ~
s6§äs � RÆr��¸h o cEy�a ¦ºpvo ZµcEhb� p y §�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
s6§UF n
p hbY[y�hb��cE�X¤���������y�� Ç riÉ §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \�s
s6§ � n�obp t p ak��hb� p yX»�Y�cEx U t p h�Y0y�hb�³ce�ê¤���������y�� p tGY o cEhk� p y>x�cEyA¤l�����¢h U Y
©EcE��duY�§�§I§�§�§�§�§�§�§�§ \ F
s6§ Q � p yA©EcE����wµ¤���������y�� ¦ duy�x[hk� p y>§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
s6§ � Ç ��a qmp ��y�h¼©EcE��duY Ç riÉ §�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§ \��
s6§ä� V�pEo x[��y��|©EcE��duY�a¶h p  ¢Y�am��Z|dg��h£cey�Y p duak��jµcE����©}Y §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
s6§ä~ Eij�tGY o � o cEt U cvaba p x0�³cEhbY�w>h p ¤���������yu� ¦ duy�x0hb� p y §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
s6§�\��CSA��yu��Z|duZ ¤���������y��'abY[hÆcEyuw2abcEhbd o cEhb��y�� ¦ duy�x0hb� p y §I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��v�
s6§�\}\ Y ��t�c o hb��h�Y�x p Z�t p yuY[y�h�a�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯s}�
s6§�\�� Y du����wg��yu�|a�cEhkd o cehb��yu� Ç riÉ
a�§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯s�F
s6§�\�s PÈcE��d�Y
akY o �³cE������cehb� p yM§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯s��
s6§�\ F5Ê�yuakd o Y�t p h�Y0y�hb�³ce�ê¤���������y�� p t¢Y o cehb� p y�a¼t o�p tGY o h¨j §I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯s}~
s6§�\�� _iY[wgd�x[��y�� o Y[�v��amh�Y o abcEhbd o cEhb� p y §�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XFu\
s6§�\ Q Ç ��a qmp ��y�h¼©EcE��duY Ç riÉ ��a p tuhk��ZµcE�G«¶��h U ��y�©}Y o hbY�w2h o Y[Y�a §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF��
s6§�\�� n d o YIw�cEh�c�
 p «¡��y�©}Y o h�Y[wAh o Y[Y�aI§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF�s
s6§�\�� _iY[�v��amh�Y o �6cEhbd o cEhb� p y>��y �¼cvakY pE¦ Y;o cEy�x U Y[a §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF��
Fg§�\ Riy obp ������y�� ¦ dgy�x[hk� p yA§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF��
Fg§ � _iY o�p ������yu� ¦ duy�x0hb� p y5§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§XF��
Fg§äs + c / �ªhbY o cehb� p y p ©vY o ��cEt�a +   / G�y�Y
��h�Y o cEhb� p y�akx U Y�wgdg��Y + x / � pE¦ h¨«¼c o Y
tu��t¢Y[����yu��y��'Z p hb� ¦ §�§��v�
Fg§UF + c / PÈcE��d�Y���� ¦ Y0hb��Z�Y$��y�h�Y o ©EcE��a¼��y>h U Y
Z p hb� ¦ê¹ +   / TVU Y ¦ cEZ�����j pE¦ x0� o x0du�³c o ��y�h�Y o ©EcE��aI§�§�§�§��6\
Fg§ � G� uabY o ©EcEhb� p y>«¶��y�w p « §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§���Q
Fg§ Q V dg����j�t�c o cE����Y[�¢� plp t�a §�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§���Q
Fg§ � n�obp  u��Y[Z pv¦ �idg���Xx0j6x0��Y�c ¦ hbY o¶o Y o�p ������y��9§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
Fg§ä� � p y�wg��hb� p y�a pv¦�Ç Y ¦ §dFu§ä� ¦ºpvo¶o Y o�p ������y��'y p hiabcEhb��akÅ�Y[w §�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��v�
�l§�\ Ê�fgcEZ�tu��Y pv¦
o Y�wgdux[��yu��h U Y o Y��E��akhbY o abcEhbd o cEhb� p y>��y2c Ç riÉ §�§�§�§�§�§�§I§�§�§�§�§�§�§�§eQ}�
Q6§�\ TVU Y�Å o akhiw o c�«¶ �cvx�¤ pv¦ Z���yu��Z'duZ ¤l��������y��|akY[h$h�Y[x U yu� 
�duY|§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§��6\
Q6§ � TVU Y�akY�x p y�wAw o c�«¶ �cvx�¤ pv¦ Z���yu��Z|duZ ¤���������y���abY0hÆhbY�x U yu� 
�d�Y §�§�§�§�§�§I§�§�§�§�§�§�§�§��6\
Q6§äs TVU Y�h U � o w�w o c�«¶ �cEx�¤ pE¦ Z���yu��Z|duZ ¤���������yu�'abY0hÆhbY�x U yg��
�d�Y §�§�§�§�§�§�§I§�§�§�§�§�§�§�§��}�
V §�\ ����y ¹ wuw p h §�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯��F
V § � akt¢Y�x ¹-¦ tutut §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯���V §äs �X��©}Y o Z pvo YE»�� plp tX\}�l� plp t¬�6�l� plp t¬�vs o Y�amtX§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯�ZQ
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V §UF akt¢Y�x ¹ w p wê»�� plp tX\}�l� plp t�sg�l� plp t¬� o Y[aktX§ §�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯���V § � akt¢Y�x ¹ aktu��x�YE»È� p6p tê\}�6� p6p t��6�l� p6p t�s o Y[aktX§¶§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯�}�V § Q akt¢Y�x ¹ aktu��x�YE»È� p6p t��6�6� p6p t Q o Y[aktX§ §�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯�}~V § � akt¢Y�x ¹ aktu��x�YE»È� p6p tdF §�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯~}�V §ä� akt¢Y�x ¹ aktu��x�YE»È� p6p t��6�6� p6p t��g�l� p6p tX\�� o Y[aktX§ §�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯~g\V §ä~ x[jlx[��Y�a ¦³o�p Z « U Y[hbakh p y�Yv»Èx[jlx[��Yv\}��x0jlx[��Y��6��x[jlx0��YmFg��x[jlx[��Y�� o Y�amtX§�§�§�§�§�§I§�§�§�§�§�§�§�§¯~g\V §�\���akt¢Y�x ¹ h p Z�x�cehb©¬»�� plp tX\ §�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯~��V §�\}\�« U Y[hbakh p y�Yv»­� plp tX\}�l� plp t¬�6�l� plp t�s o Y�aktê§
§�§�§�§�§�§I§�§�§�§�§�§�§�§�§�§�§I§�§�§�§�§�§�§�§¯~}s
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�ªyÄ�ªy�amh o dux[hb� p y]�XY[©vY[� n c o cE����Y[����akZ + ��� n / x p Z�tg����Y o a[�ex p wgYVabx U Y�wgdu����y���cEy�w o Y��v��akhbY o cE��� p x�cEhb� p y�c o Y­h¨« p
wg��Ñ�x0du��hih£cvam¤la ¦ºpvo x p wgY p tuhk��Z�����cEhb� p yX§�� p wuY'akx U Y�wgdg����yu�Mx p yuak��amh�a���y9Zµcefl��Z����0��y��Äh U Y'Y0fltu� p ��h�cEhb� p y
pv¦ h U Yµ��� n p
	 Y o Y�w¥ �j¸h U YMt o Y[x�Y[wuY[y�x[Y o Y[��cEhb� p y  ¢Y[h¨«;Y�Y0y h U Y p t¢Y o cEhb� p y�a���y�c"x p wuYE§ G�y�Y ¦ cvx[h pvo
h U cehÈ��y U �� u��hba�akd�x U d�abY¶��a�h U Y o Y��E��akhbY o x p y�akh o cE��ylhba�§ EÆc�©l��y���c
����Z���hbY�w'y�duZ| ¢Y o;pv¦¬o Y[�v��amh�Y o a�t o�pvU �� u��h�aU c�©���y���cey±duy�  p duy�wuY[w±yldgZ| GY o|pv¦ ©EcE��d�Y�a�ak��Z|du��h£cEy�Y p d�am��jRcE����©}Y��7§ T « p Zµc qmpvo y�Y[��cEhb��©}Y o Y��E��akhbY o
x p yuakh o cE��y�hbaÆc o Yv»
\}§¶abY o ��cE��� ��cEhk� p y pv¦ ��y�wgY[t¢Y[y�wuY0y�h p t¢Y o cEhb� p y�a��} ¢Y�x�cEd�akYÆh U Y o YÆc o Yiy p h;Y0y p d�� Uµo Y[�v��amh�Y o a­h U cEhÈx p du��w
¤}Y[Y[t"cE���êh U Y
��y�h�Y o Z�Y�wg��cEh�Y o Y�amdu��hba�


�6§¼��y�h o�p wgd�x[��y��Mamtu������x p wuYE�êh U ceh���a�«;YÄd�abY|h U Y|Z�Y[Z pvo j2cvaIcEy���y�h�Y o ZµY[wg�³ceh�Y'amh pvo cv�}Y'��y�akhbY�cvw pv¦
o Y[�v��amh�Y o a�§

_$Y��E��akhbY o cE��� p x�cEhk� p yÄx p y�am��akhba;��yMcvaka p x[��cEhb��y���c�t U jlak��x�cE� o Y[�v��amh�Y o h p cI©vce��d�Y¶t obp wgdux�Y�w�«¶��h U ��y�h U Y
x p wuYv§ � ¦ h U ��a'h�cvak¤ ��a|x�c obo ��Y�w p dgh| GY ¦ºpvo YMh U Y�abx U Y�wgdu����y��g�È��h|��y�h obp w6d�x�Y[a|y�Y[« ¦ cE��akYMwuY[t¢Y[yuwuY[y�x0��Y[a
+ cEy�hk�êcEyuw p duhbtgduh¼wuY0tGY0y�wuY0y�x[��Y�a /  ¢Y[h¨«;Y�Y0y>h U Y p tGY o cEhk� p yuaVcEyuwµ����Z���hb��yu��h U Y�cEZ p duy�h pv¦ ��� n §g� ¦ x�c ok¹
o ��Y�w p duh�c ¦ hbY o �Xaktu������x p wgY]Z���� U hÆ GYÄ��ylh o�p wgd�x[Y�wê�Xam��y�x[Y]h U Y]abx U Y[wgdu��Y o h o ��Y�a�h p Y0fltu� p ��hIcEh
 ¢Y�amhIh U Y
��� n �Ët o�p wgd�x0��y��Ah U Y0y±Z pEo YÄ©EcE��d�Y[a�am��Z|dg��h£cey�Y p duak��j�cE����©}Y]h U cEy¸h U YµcEZ p duy�h pE¦ t U jlak��x�cE� o Y��E��akhbY o a�§
�ltu������x p wuYÈw o cEZMcehb��x�cE����jiwuY�x o Y�cEabY�a
h U Y­tGY ob¦ºpvo ZMcey�x�Y� ¢Y�x�ced�abY pv¦ Z�Y[Z pvo j U ��Y o c o x U j�cvx�x[Y�aba+�³cEhbY[y�x0��Y[a�§
r  ¢Y�akhMcEtut obp cvx U ��a�x p Z| g��yu��y��¸x p wgY2akx U Y�wgdg����yu�¸duy�wgY oµo Y�a p d o x[Y"x p y�akh o cE��ylhba�§ TVU Y o Y[��cEhb� p y

 GY0h¨«VY[Y[y h U YMh¨« p t U cvabY[a�c o YMamhbd�w6��Y�w¥��y®c�� p akh pv¦ « pvo ¤�� Y;o cv~�Fu��É E��v�g� Y ÊhEÆ~g\}� n ��y�~}s��À§ TVU Y0� o
tud o t p akY
��a¼h p h o j�x p y�akh o d�x0hb��y���c]akx U Y�w6du��YI«¶��h U c|����Z���h�Y[wMcEZ p duy�h pv¦ ©EcE��duY�a¶ak��Z|du��h£cEy�Y p d�am��jµcE����©}Y
��y pvo wuY o h p c�© p ��w]aktg�����ux p wuY¼« U Y[yMcE��� p x�cEhb��y�� o Y��v��akhbY o a[§ TVU Y¶ZµcE��yÄt obp  u��Y[Z «¶��h U akdux U cEyµcEtut o�p cvx U
��aX��hba U ��� U x p Z�tu��Y7f6��h¨j}§HG�yu��j�x p wuY­abx U Y[wgdu����y��$t o�p  g��Y[Z¡duy�wuY o
o Y�a p d o x[Y;x p y�amh o ce��y�h�aX��a�� n�¹ x p Z�tu��Y[h�YE§
r�wuw6��y�� o Y[�v��amh�Y o x p y�amh o ce��y�h�a¶h p h U ��a¼t obp  u��Y[Z ��y�x o Y�cvakY�a¶h U YIx p Z�tg��Y0fl��h¨j}§
�ªy�h U ��a o Y0t pvo h��¬«VY|t o Y�akY[y�h p d o x p y�h o �� uduhk� p y2��y"h U Y'Å�Y0��w pv¦ c�© p ��wg��y���cEyuw o Y[wgd�x[��y���aktg�����
x p wuY

h U ceh¶x p dg��w� ¢Y��}Y0y�Y o cEh�Y[wM �j�cEy�j�abx U Y[wgdu��Y pE¦ c Ç � o Y�x[h;r�x0jlx[����x
É o cEt U + Ç riÉ / §dG�d o cEtut obp cvx U ��a;h p
Z p wg� ¦ jAcEy�w9Y7flh�Y[yuwPh U Y pEo ���E��y�cE�Ë� o cEt U ��y9akd�x U c�«Vc�j2h U cEh�cE���Ë©EcE����w2akx U Y�w6du��Y[a pv¦ h U Y�y�Y0« � o cEt U
©}Y o � ¦ j¥h U Y o Y��E��akhbY o x p y�akh o cE��ylhbaµcey�w c�© p ��w aktu��������y��u��akY�Y>Å��vd o Y¸\}§®· Y�t obp x[Y�Y[w  �j�akhbduwgj���y��Rh U Y
« pEo akhVx�cvakYÆ��y o Y[�v��amh�Y o y�Y[Y�wê§�·¸Y�x�cE����h U ��a­y p hk� p y�h U Y ��½�¾¢¿Þ�[��½��'���g��ÁË���g��¿ºÂ¢Ã pv¦ c�x p wuY$« U ��x U ��a­h U Y
ZMc�f6��ZMce��yldgZ| GY o¼pv¦Go Y��E��akhbY o a + ©EcE��d�Y�aÈak��Z|du��h£cEy�Y p d�am��j]cE����©vY / h U cehVx p du��w� GY$d�abY[wM �jMcE����abx U Y[wgdu��Y�a�§
� ¦ «;Y$akd�x[x�Y[Y�w���yÄ����Z���hb��yu�$h U Y o Y[�v��amh�Y o a�cEhkd o cEhk� p yê�vh U Y0y�cEy�j|abx U Y�wgdu��Y$x p du��wÄy p h�Y7fgx[Y�Y[w�h U Y o Y��E��akhbY oo Y�
�dg� o Y0ZµY0y�h�§È_iY[wgd�x0��y��'h U Y o Y��v��akh�Y o a�cehbd o cEhb� p yµ��yl© p ��©vY�a¼��ylh o�p wgd�x0��y���a p Z�YÆy�Y0« akY o �³cE������cehb� p yMc o x�a
� â f�ìÞñkç��Vñkò�â é7ìÀñ�çÞñbãÀð�íäìÀãêæ��gæ�ëeñbçÀé0ìÞâäækf�ãêð�ãÀñkòÆìÞæ$ëeð�çÀã-ð�ñ�ìÀá�ñ­ú�æ��¼ë�ð�ìÞâ f��
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��y"h U YÄ� o cEt U�o Y[akh o ��x0hb��y��µh U Y'��y�amh o d�x[hk� p y"��Y[©vY[��t�c o cE����Y0����amZ h p c�© p ��w�amtu������x p wuYE§
· Y|�E��©}Y�h U Y|x�cvabY
« U Y[y¥h U YMamtu�����;x p wgYµx p du��wRy p h' ¢YMc�© p ��wuY[wê§ E p «VY0©}Y o �;am��y�x[Y p d o cEtut o�p cvx U o Y�w6d�x�Y[a|h U Y o Y��E��akhbY o
a�cEhkd o cehb� p y�Y0©}Y0yµ� ¦ ��h�Y0f6x�Y[Y�wuaÈh U YÆcEZ p duy�h pv¦¬o Y��E��akhbY o a��lcEy�jÄabx U Y�wgdu��Yi« p du��w U c�©vY�c�����Z���h�Y[wÄcEZ p duy�hpv¦ Y0f6x�Y[abak��©}Y'©EcE��d�Y�a¶am��Z|dg��h£cey�Y p duak��jµcE����©}YÄ§ � p y�abY�
�duY[y�hb��j}��h U Y�cEZ p duy�h pv¦ aktu�����Xx p wgYI��a¼����Z���h�Y�wG§
TVU Y o YAc o YMh¨« p Zµc qmpvo|o Y�cva p y�a ¦ºpvo wg��aba p x0�³cEhk��y�� o Y��v��akhbY o x p y�akh o cE��ylhba| GY ¦ºpvo Y�x p wgYAakx U Y�w6du����y��u§V � o akh��g� ¦ h U Y o Y��v��akhbY o a�cehbd o cEhb� p yAw p Y[a¶y p h$Y0f6x[Y�Y�wAh U Y�cEZ p duy�h pv¦+o Y[�v��amh�Y o a��u«;YIx�cEyA���Ey pvo Y o Y��E��akhbY o

x p yuakh o cE��y�hba ¦ºpEo x p wuY$abx U Y[wgdu����y���cEy�w]«VY¶h U Y[y o Y[wgd�x�Y$h U Yix p Z�tu��Y7f6��h¨j}§ �6Y�x p y�wê� o Y[�v��amh�Y o x p y�amh o ce��y�h�a
Z p wuY0��aM��y°Z p wgY o y�t obp x[Y�aba pvo a2c o YRam��Z�����c o  ¢Y�x�cEd�abYPh U Y o YP��a ¦ Y0« t p abam�� u��Y�x p yuÅu�vd o cehb� p y�aê»�h U Y
cEZ p duy�h pv¦Go Y��v��akh�Y o aÈx�cEy� GYÆs��6� Q F pvo \��v�6��cEy�w�h U Y o Y��E��akhbY o h¨j�tGY[a¼c o YÆx0�³cvakak��Å�Y�w�cva­��y�h�Y[�}Y oÈpvo 
 p ceh�§
E p «;Y[©}Y o � o Y�a p d o x[Y�x p y�akh o cE��ylhbaVc o Y$��Y�akaVx p Z�t�c o cE g��Y�»+Y�cvx U t o�p x�Y[aba pEo x�cey U c�©}Yi��h�a p «¶yMt obp t¢Y o hk��Y[a�§TVU ��a p  u�����}Y[a$duaÆh p�o Y[w p x p wuY�abx U Y[wgdu����y�� ¦ºpvo Y�cvx U h�c o �}Y0hÆt o�p x�Y�aka pvo §¶· ��h U9p d o cEtut obp cvx U ��«;Y|x�cEy
 udu����wMc Ç riÉQh U cEh¼abcEhb��akÅ�Y[a o Y[�v��amh�Y o x p y�akh o cE��ylhba ¦ºpvo c�« U�p ��Y ¦ ceZ�����j pE¦ t o�p x�Y[aba pvo a[§ V�pvo ��yuakh£cey�x�YE�6� ¦
«VY�x p y�akh o d�x0h
c Ç riÉ «¶��h U c o Y��v��akhbY o a�cEhkd o cehb� p y pE¦ s��6�6«VY�x�cEy2abx U Y[wgdu��Y���h¶��y2cEy�j�Z p wuY o y>h£c o �}Y[h
t o�p x�Y[aba pvo a$h U ceh U c�©vY�y p h¶��Y[aba¶h U cey"s�� o Y��v��akh�Y o a[§
TVU ��a]w p x[duZ�Y[y�h�x p y�h�cE��y�aÄh U Y ¦ºp ��� p «¶��y��"akY�x[hk� p yua�§ � U cEtuh�Y o � o Y�x�ce����aÄa p Z�Y> �cvak��xMh U Y pvo Y0hb��x�cE�

y p hk� p y�a�cEy�w®y p h�cEhb� p y�aÄ��y � o cEt U a�§ � U cetuh�Y o sRt o Y�akY[y�h�a p d o « pvo ¤ p y h U Y ¦ºpEo Z|du��cEhb� p y®cEy�w h U Yo Y[a p ��duhb� p y pv¦ h U Y o Y��E��akhbY o abcEhbd o cEhb� p y"t obp  u��Y[Z ��y�h U YÄx�cvakY pv¦ cEyRcvx[jlx0����x'� o cEt U + Ç riÉ / »¢h U Y|Å o akh
abY[x[hb� p y��v��©vY�a­c ¦ºpvo Z'du�³cEhk� p y pv¦ cE���6©EcE����wÄabx U Y[wgdu��Y[a ¦ºpEo c Ç riÉÄ§ TVU Y0y�«;Y¶t o Y[abY[y�h U�p « h p wuY�wgdux�Y$h U Y
¦ cEZ�����j pE¦�Ç riÉ
aVh U ceh¶a�cEhkd o ceh�Y�h U Y o Y[�v��amh�Y o t o Y[abakd o Yv§­r ¦ h�Y o «¼c o wua[�u«VY
�v��©}Y p d o a p ��duhk� p yMh p|o Y[wgd�x�Y
h U Y o Y��E��akhbY o a�cEhkd o cehb� p yX§�� U cEtuh�Y o FMY7f6hbY[y�wga p d o « pvo ¤2h p h U Y'x�cEabY pv¦ c�� plp tA«¶��h U t p akak�� u��Y�x[jlx[����x
� o cet U a�§]·¸Y U c�©vYµwuY0©}Y0� p t¢Y�w p d o cEtut o�p cvx U cEy�w�«;Y��v��©}Y p d o Y7f6t¢Y o ��Z�Y[y�h£ce� o Y�amdu��hba
��yRx U cEtuhbY o �6§
� U cEtuhbY o Q$t o Y�akY[y�h�a
a p Z�Y o Y0�³cEhbY�wI« pEo ¤���y�h U ��aêÅ�Y0��wê§Ë·¸YÈx p y�x0��d�wuY­ �j p d oËo Y[Zµc o ¤la+cEy�wItGY o amtGY[x[hb��©}Y[a
��yAx U cEtgh�Y o �6§

DAG

Register Saturation Analysis

Extended DAG

Reducing Register Saturation 

Register AllocationScheduling 

V ���vd o Y|\}§ \}»È_iY[�v��amh�Y o a�cEhkd o cEhk� p yAcey�cE��jlam��a¶akhbY[t�a
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TVU ��a
x U cEtuh�Y oIp yu��j o Y�x�ce����a p Z�Y'y p h�cEhb� p y�a
cEyuw�wuY[Åuyg��hb� p y�a�h U cEhIc o Y'd�akY�wP��y�h U ��a o Y[t pvo h�§ T+p�U c�©}Y
cEy2x p Z�tu��Y0h�Y p ©}Y o ©���Y0« pv¦ h U Y
h U Y pvo j}�uh U Y o Y�cEwuY o a Uup du��w o Y ¦ Y o h p amh£cEy�wuc o w>  plp ¤la�§

�
	�� %����|��(�� �|��! 
��A� �
�������|��(��

rÆy pvo ��Y[y�h�Y[w ¾����d\ < -�� +������ / ��a;cIx p dutu��Y pv¦ c�akY[h � cey�wµc
 u��y�c o j o Y[��cEhb� p y ������� §��XY[h�� � � �
h U Y0y9«;YIwuY[ÅuyuY�h U Y ¦ºp ��� p «¶��y��'y p h£cEhk� p y�a
»
! �"� � ��a¶x�cE����Y�w>cey ÃËÂXÐË½ 

!$# � + � �&%�/ � � ��a¶x�cE����Y�w>cEy �u�e� 

!(')# � + � �&%�/ � � �*� + o Y[aktX§ %�/ ��a¶x�cE����Y[w>h U Y ��Â¬Á+�e�}½2+ o Y[aktX§­h U Y ���g�e¾�½�� / pv¦ h U Y�c o x # § YVp h U �
cEy�w % c o YIx�cE����Y[wMh U Y ½lÃ
Ð \�Â¬¿ÀÃ¬��� pE¦ # 


!$+-,. + � /��0/1% � �32�+ � �&%�/ � �54 h U Y�akY[h pv¦ h U Y6� 	 aiamd�x�x[Y�aka pvo a 

!$+87. + � /��0/1% � �32�+9%:� � / � �54 h U Y�akY[h pv¦ h U Y6� 	 a$t o Y�wgY�x�Y[aba pvo a 

!<; ,. + � /��>= + , + � /�= h U Y Â¬ÁË��Ð+½�¾���½l½ pv¦ � 

!<;?,. + � /��>= + 7 + � /�= h U Y ¿ÞÃ
ÐË½�¾¬��½�½ pE¦ � 

! � ¦ ;@7. + � /A� �Äh U Y[y"�2��a¶x�cE����Y�w>cÄa p d o x[Y pE¦ - 

! � ¦ ;?,. + � /A� �Äh U Y[y"�2��a¶x�cE����Y�w>c ��¿ÞÃ @ pv¦ - 

!�B�C �:DFE # +.-�/��G/ �"� �H2 ; 7 + � /�� � 4 

!�BJILKNM + -�/A�0/ �"� �H2 ; , + � /�� � 4 

!(')# � + � �&%�/ � � »?O C �:DFE # + # /�� �"cey�w
PRQ?DTS # P + # /A�U% 

! c \+�g� < ��y - ��a|cA¤ ¹ hbdutg��Y�V � + # � �XWYWYWZ� #Y[ / � � [ amd�x U h U cEh '\I � \ �XW]W^W M »�PRQ?DTS # P + #X_ /`�O C �:DFE # + #X_ , � / 

! c ��¿º�E��Á+¿³� ��y - ��a'c9t�cEh U V � + # � �YWXWYWN� #Y[ / � � [ akd�x U h U ceh '\I � \ �YW^W^W M »aPRQbDFS # P + #X_ /c�
O C �:DFE # + #X_ , � /ed PRQbDTS # P + #Y[ /�� O C �:DFE # + # � / §÷Ë÷0fhg
ikjml*n
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! h¨« p y p wuY[a � �&% c o Y ��Ð � ���}½lÃ¢� � � h U Y o Y
��a$cEy2c o x�x p yuy�Y[x[hk��y��]h U Y0ZQ»� # � � / � � %:4 � #YK V C1ILK P O + # /

! h¨« p c o x�a # � #�� c o Y �uÐ � �u�}½6Ã¬� � � h U Y o Y
��a$c]a U c o Y�w>y p wuY
 GY0h¨«VY[Y[y2h U Y0Z 
� �"� � #YK); V C1ILK P O + # /�� #YK); V C1ILK P O + # /H�G/ � 4
r -�� +������ / ��a$c �}Â � \ �º½���½2¾����d\ < � � + � �&%�/	�� � ��
 +9%:� � / � � §

r ��ÁË�
¾����d\ < -
��� ��y�wgd�x[Y�w" �j � � � � ��aÆh U Y|� o cEt U h U cEh
x p y�h£cE��y�a
cE���
y p wuY[a pv¦ � � cEyuw"h U Y]c o x�a
h U ceh U c�©vY�h U Y[� o Y[y�w6t p ��y�h�a¶��y � � §�· Y
y p hbYIcE��a p -
� 7 ��� �:� -���� � � ¦ºpvo � � � �U� §r \+�u����¿º� ��¾����d\ < - � pv¦ -G� +�������/ �}Y[y�Y o cEhbY�wµ �j�c�amdu �akY[h � � � � ��a­h U YÆ� o cEt U h U cEh;x p ylh�cE��yuaVcE���
h U YIy p wuY�a pv¦ -  uduh p yu��jµh U Y'c o x�a$x p y�h£cE��y�Y�w>��y � � § TVU cEhÆ��a¼«VY�Y[����Z���y�ceh�Y�ce���êh U Y'c o x�a¶��y ���$� � §
· Y
« o ��h�Y - � � -�2�� � §

V�pvo h U YÄy�Y�Y[w pv¦ h U ��a o Y0t pvo h��X«;Y���ylh o�p wgd�x[Y]h U Y�x p y�x[Y[tuh pv¦ ½ b ��½lÃ
ÐË½lÐ ¾¬���d\ < §µrÆy¸Y0flhbY[y�wuY[w
� o cet U ��a p yg��jih U Y­wgd�ce�}wuY0Åuyu��hk� p y pE¦ c¼t�c o hb��cE�E� o cEt U §
riy�Y0flh�Y0y�wuY�w�� o cet U - � pE¦ -G� +������ / �}Y0y�Y o cEh�Y[w
 �j9cÄamdu �abY0h � � � � � ��a¶h U YI� o cEt U h U ceh�x p y�h£cE��y�aicE���êh U YIy p wgY�a pv¦ - cey�w2h U Y'c o x�a¶��y � Y0flhbY[y�wuY[w
 �j�h U Y�c o x�a$x p y�h�cE��y�Y[wA��y � �³§ TVU cEh$��a¼«;Y p yg��j�cEwuw9ce���Gh U Y�c o x[a¶��y � ��§­·¸Y
« o ��h�Y - � � -�� � � §
TVU Y ���e�uÃ
��¿³��¿��¬½9���ºÂ¬��Á+��½ pv¦ - �gy p h�Y�w -�� �g��a$cEy9Y7flh�Y[yuwuY�w2� o cEt U -�� ��� akd�x U h U cehI»

���J��/�+ � � � � � / 2 + � � � � � / � � � d � c]t�cEh U V � + � � �XWYWYWZ� � � /�4
TVU cEh$��a¼«;Y p yu��jMcvwuw2cE���¢h o cEy�ak��hb��©}YIc o x�a�§TVU Y ���e�uÃ
��¿³��¿��¬½2��½lÐ
Á+�v��¿ºÂ¬Ã pv¦ - �gy p h�Y[w -"! �g��a$cÄt�c o hb�³ce�ê� o cEt U - 2#�%$ akdux U h U cEh�»

�&!3��/ # � + � � � � � / � �`2 ' t�cEh U V � + � � �YWYWYWZ� � � /A�'
 V � + �+\ � �¢� / 4
TVU cEh$��a¼«;Y p yu��j o Y0Z p ©}Y
h o cEy�am��hk��©}YIc o x�a[§

(*),+-).+ /�0214365�087:9.0-;=<?>@0-ACBD9EA:3'FG7H3'IKJLFNM�F'O.9.FQPDA:RTS"U=<
�XY[h -�� +L�A�&� /  GY�c Ç riÉÄ§grQh p t p � p �v��x�cE��a pvo h + x�cE����Y�wMcE��a p �À¿ÞÃ+½��u�]½ b ��½lÃ+��¿ºÂ¢Ã / pv¦ -�� +L�A����/ ��a
c]t¢Y o Z|duh�cEhb� p y + � � � � � �YWYWYWZ� ��V / pv¦ � 	 aiY0��Y0ZµY0ylhba$akd�x U h U cEh

+ � _ � �%W / � �0�'
 ITXZY
· YId�akY�h U Y�x p y�x�cEh�Y0y�cEhb� p y2akj�Z|  p � ²\[ ´Äh p « o ��h�Y�cÄ����y�Y�c o Y7flh�Y[yuak� p y�cva � � [ � � [][][ ��V6§;�ËY0h�^ + -�/  GYh U YIakY[h pv¦ ce���G����y�Y�c o Y7f6hbY[y�am� p yua pv¦ - §­·¸YIx�cEy>« o ��h�Y

^ +.-�/�� _`]acbedf` !g�ihgj .�k�l � []m 2 m �n^�o -�� / � 4epHq
TVU YIh o cey�ak��hb��©vY
x[� p akd o Y pv¦ c Ç riÉ wuY0Åuy�Y�aih U Y
y p hb� p y pv¦ t�c o cE����Y0�XcEy�wAx p Z�t�c o cE u��Y�»
!(' � �&% � � » �sr %utv
 + � �&%�/ � �&��w)+9%:� � / � �&� §A�"cEyuw % c o Y
abcE��w �}Â � \+�u���u� �º½ 

!(' � �&% � � » � =]= %utx
 y + �zr %�/ §��"cey�w % c o Y
abcE��w \+�u��� � �Þ½ � 
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!(' � �&% � � » � X %utx
 + � � % / � ��� h U ceh¶��a X wuY0Åuy�Y[a�cEy pvo wuY o  ¢Y[h¨«;Y�Y0y"h U Y
y p wuY[a�§
!(' � �&% � � » ��� %utv
 � � % w � X %
·¸YIwuY[Ågy�Y�cE��a p h U Y
y p hk� p y�a pE¦ ÐË½l���}½lÃ
ÐË��Ã¢��� cEy�w �����}½lÃ+Ð+��Ã¬��� pv¦ c|y p wuY % � � »
!�� %`�0/ �"� �32 ��� %:4 h U Y�akY[h pv¦ % 	îaicvakx�Y[yuw�cEy�h�a$��y�x0��d�w6��y�� % 

!�� %`�0/ �"� �32F% � � 4 h U Y�akY[h pv¦ % 	îa$wuY[abx�Y0y�w�cEy�hbaÆ��yux[��duwg��y�� % §
·¸YIwuY[Ågy�Y
h U Y
y p hk� p y pv¦ x U cE��y2cEy�w2cEy�hb��x U cE��y>��y2cEy2cvx0jlx[����x
� o cet U »
! r akdu uabY[h�� �U� ��y -G� +L�A�&� / ��a$c � < ��¿ÞÃ � � » ' � � % ��� » �sr %
! r x U cE��y
	��z��a¶a�cE��w � � b ¿ � � � � � ' � c]x U cE��y » = � = � = 	�� =
! r akdu uabY[h
� �U� ��y -G� +L�A����/ ��aicEy ��Ã¢��¿À� < �u¿ÀÃ � � » ' � �&% ��� » ��� %
! rÆy9cEy�hb��x U cE��y
	�� ��a¶a�cE��w � � b ¿ � � � � � ' � cEy9cEy�hb��x U cE��y » = � = � = ��	 =

(*),+-) ( � M	S
3 A��-A:RTS"U=<
rÆy < Í \�½���¾����d\ <�� � + B ��� / ��a'c"x p dutg��Y pv¦ h¨« p abY[hba�» B � / O � � O � �YW^W^W]W^� O�V 4 cey�w�c ¦ cEZ�����j �G�
/T� � �&� � �XW]W^W]�&��� 4 pE¦ amdu �abY0h�a ¦³o�p Z B akdux U h U cEh�»

'HY � \ ��� » � W ����
cEy�w _W � �"! � � W � B + x p ©vY o ��y���x p y�amh o cE��y�h /
TVU Y'Y0��Y0ZµY0ylhba O � � O � �XW]W^W]W^� O�V�c o YIh U Y�y p wuY[a pv¦ h U Y U j�t¢Y o � o cEt U �êcEyuw2h U Y�amdu �abY0h�a � � ��� � �YW^W]W^���#� c o Y
x�cE����Y[wAh U Y ½lÐË¾¬½l� §ÆÉ o cEt U ��x�cE����j}��cEy U jlt¢Y o � o cet U � � + B ��� / ��a o Y[t o Y�abY0y�h�Y�w� �j qmp ��yg��y��]h U YIy p wuY�a
akd�x U h U ceh ' O _ � � W'»
! � ¦ = � W =F� \
h U Y0y2tgduhÆc]� p6p t qmp ��y�Y[w p yAh U Y
y p wuY 

! � ¦ = � W =F� �'h U Y0y2«;Y qmp ��y�h U Y
h¨« p y p wgY�a¶ �j>c]����y�Y + ����¤}Y���y9ceyA��y�wg� o Y�x0h�Y[wA� o cEt U / 

! � ¦ = � W =%$ �'h U Y0y2«;Y�akd oko�p duyuw9cE���êy p wuY�a¶ �jAc qmp ��yuY�w�����y�Yv§

�
	 � & �M	����('�� ��) �­!"�
�­�
�ªyMh U ��a o Y0t pvo h���«VYid�abYih U Y�\�s ¹ ©EcE��d�Y[a���y�h�Y o ©EcE�¢cE���vY[  o cIamhbd�w6��Y�aÈ��y � É �g~�� �-§��XY0h+* � � � Q � �-, � �-�
.�cEy�w
* � � � Q � ��, � �-�
.Q GY�h¨« p ��y�h�Y o ©EcE��a[§ TVU Y[yI»
\}§#* �+/ * � tv
0, � X Q � §�·¸YIa�c�jlaih U cEh1* � ��a¼ ¢Y ¦ºpvo Y�* � 

�6§#* ��2 * � tv
0, � ��, � §�·¸YIa�c�jlaih U cEh�* � Åuyu��a U Y[a�* � §
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�ªy h U ��a
x U cetuh�Y o �
«;Y�akhbduwgj�h U YÄy p hb� p y pE¦ � �������
	��
���m��	��$� ��	������ ��y±c Ç riÉ]�ê« U ��x U ��a
h U YÄZµcefl��Z|dgZ
y�duZ| ¢Y o�pv¦�o Y��v��akhbY o a
h U cEh�x�cEyÄduabY¶c��v��©}Y0y]cvx[jlx0����x;� o cet U h p x p Z�tu��Y0h�YÈh U Y¼x p Z�tuduh£cehb� p yX§ TVU YVy p hk� p ypv¦¬o Y��E��akhbY o ��y p d o�o Y0t pEo h���a�cEy�cE����©}Y¼©EcE��duYv§ TVU Y$y�duZ' GY o­pv¦¢o Y��v��akhbY o a�x p y�amduZµY[w���a�h U Y[y�h U Y¶y�duZ| ¢Y o
pv¦ ©EcE��d�Y�aIam��Z|du��h£cEyuY p d�am��j"cE����©}Y>§ TËp c�© p ��w¸cEZ| u���vdu��h¨j9 ¢Y[h¨«;Y�Y[y ©vce��d�Y[a�am��Z|du��h£cEyuY p d�am��j"cE����©}Y]cEy�w
t o�p x�Y[aba pvoÆo Y��v��akhbY o a[�u«VY o Y ¦ Y o h p h U Y
�³cEhkh�Y o cva¶t U j6am��x�cE� o Y[�v��amh�Y o a¶��y>h U YIY0ylhk� o Y o Y[t pvo h�§

�lY�x[hk� p y5sg§ \2t o Y�abY0y�h�a p d o�¦ºpvo ZMcE�$wgY[Åuyu��hb� p y pv¦ cR©EcE����w akx U Y�w6du��YE§�·¸Y9Y7f6hbY[y�w5h U Y2y p hb� p y pv¦
����y�Y�c o Y7f6hbY[y�am� p y pv¦ c2� o cEt U h pA¦ºpvo ZµcE��� ��Y U�pEo ��� p y�h£cE�­akx U Y�w6du��Y[a + P­Y o j¸�+c o �}Y��ªy�akh o d�x0hb� p y · pvo w / §
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(a) a DAG (b) strict topological sorts (c) parallel topological sorts

V ���vd o Y
sg§ \}»­Ê�fgcEZ�tu��Y[a pE¦ amh o ��x[hicEyAt�c o cE����Y[�¢h p t p � p �v��x�cE�¬a pvo h�a

K>½���Ã+¿º��¿ºÂ¬ÃCD	� : 
 6��g�e� � �º½ �;��� < ½6Ð+Á��Þ½l�ÄÂ!JÆ� KM� M
� �
����� ��" � %'+ � "������'m ���?�)�	��( -a� +������ / ���'� � %
����	�� "
	�� �  d�������9��� � 	 �  !� ��� ����% ����� ���*	 � �n^2^ + -�/ �����(�*�$�&%
	������_�
�!%'+�	�+ ��	  

m » � � �
% �� ' ILK)#*) + %�/

· Y
y p h�Y�� + -�/ h U YIabY0h pv¦ ce���ê©EcE����wMakx U Y�wgdg��Y�a[§VrÆaÆ� � � X = �
= �u«;Y�x�cEy2akh£ceh�Y
h U ceh
' m ��� +.-�/ � ' % � � »�� � m +9%�/ X = � =

rÆtut¢Y[yuwg��f>r �v��©}Y[aÆcey"cE��� pvo ��h U Z ¦ºpEo x p Z�tuduhk��y���� +.-�/
÷Ë÷0fhg
ikjml*n



� 
!��"����L+�� � "������ �	��

����������� ������� % ����������
���� 
 
����

�&),+-).+ � 3 <�7�A�9,FG7H3 I /�F U=3'I��"O.3'<
�ªy�h U ��a|abY[x[hb� p yX��«;Y o Y�w6d�x�Y�h U Y�wuY[Åuyg��hb� p y pv¦ t�c o cE����Y[�Èh p t p � p �v��x�cE�­a pvo hba| lj¸��y�h obp w6d�x[��y���c"dutut¢Y o
����Z���h p y�h U Y¶y�duZ| ¢Y o;pv¦ t�c o cE����Y[�uy p wuY[aÈx p y�h£cE��y�Y�w���y p y�Y$am� p h�§ TVU ��a­x p y�x�Y0tuhÈZ p wuY[��a�h U Y¶Zµcefl��Z|dgZ
Y0fltu� p ��h�cE u��Y���� n  ljAc|t obp x[Y�aka pvo §
K>½���Ã+¿º��¿ºÂ¬ÃCD	� D 
 � ½l�[���E¿Þ�v��½lÐ \
�u��� � �º½ �­��Â!\�Â �ÞÂ�¾¬¿À�}� �;��Â�����Â!JÆ� KM� M
� � � �'�
	 �*��%
	 � "  d�������9��� � 	 � �
 !� ��� ����% ���!� ���*	 ��� �����$%��,% � ��% �����* !+ -�� +L�A����/ � ��	�+�� �&���_�&���,��	�� ��� ��� 	����$�
� D � �����  d�������9��� �#	��  !� ��� �����% ����� ���*	 �&��	 � " � ! �a��� [ � � [][][ ��� � ��	 + � � � X = �
= �
� %'+ 	 + ��	  ' � _ � � ! » = � _ = � D
· Y
y p h�Y ^ ^ ! + -�/3� ^2^ + -�/ h U Y�akY[h pv¦ cE��� o Y�amh o ��x[hbY�w>t�c o ce����Y0�Gh p t p � p �v��x�cE�¢a pEo h�a pv¦ - «¶��h U h U Y
y p y
y�Y��}cEhb��©}Y���y�h�Y[�}Y o Dl§ ^2^ ! +.-�/ ��a|x p Z�tuduhbY�w� �j¥Y0fgcEZ���yu��y���cE���¼x p Z| u��y�cEhb� p y�a pE¦ D2t�c o ce����Y0�;y p wuY[a�§V�pvo ZµcE����j}��«VY
« o ��h�Y]»

^ ^ ! + -�/�� _
� � �"! � _ V j ! !�� bed ` ! � hgj .�k � kb a���� j bedf` !g�ihgj .�k k

/ B []m 2 m � ^2^ ! +.-D� B / 4
K>½���Ã+¿º��¿ºÂ¬ÃCD	� [ 
 � ½l�[���E¿Þ�v��½lÐ �u� �Þ¿ÀÐ ��� < ½lÐ
Á��º½9Â!JÆ� Kµ�NM � �
����� ��" � %'+ � "��������m ! ��� � �7��( -�� +������ / ���
� �'�
	 �*��%
	 � " �*� � �&��� �&���,��	�� ��� ��� 	 ���$�
� � X D � = � = � �  � � ! � ^ ^ ! +.-�/ � ' % � � » �m ! +9%�/�� ' ILK)# ) $ +9%�/
· YMy p h�Y �

! + -�/
� � +.-�/ h U Y�abY0h pv¦ cE��� o Y[akh o ��x0h�Y�w¥©EcE����w±akx U Y�wgdg��Y�a pv¦ - «¶��h U h U YMy p y�y�Y[��cEhb��©}Y
��y�h�Y[�}Y o Dl§
� ½ � �u�A@ TVU Y�akh o ��x0h¶h p t p � p �v��x�cE�Ga pvo hbaic o Y o Y[akh o ��x0h�Y[wAh p t p � p �v��x�cE�¢a pEo h�a¶«¶��h U ����Z���h�\�»

^ + -�/�� ^ ^ � +.-�/
�&),+-) ( /�F U=3'I��"O,3'<��?9 7:U 5	� J�
 /�3 14RT;27�9,F�<
Riy�hb���Ëy p «I� � + -�/ h U Y�abY[h pv¦ cE���X©EcE����wAakx U Y�w6du��Y[a�wuY[Ågy�Y�w ¦ºpvo c Ç riÉ -G� +L�A����/ Z p wuY0��aicE���Ëakx U Y ¹
wgdu��Y�a­«¶��h U h U Y Rir�� � akY[ZµcEy�hb��x�a � �g_�S9~�F �-§��ªy�h U Yix�cEabY pv¦ RÆr��9abY0ZMceylhk��xE��t o Y�x[Y�wuY0y�x�Y
x p y�amh o ce��y�h�a
c o YIamduÑ�x[��Y0y�hih p  udu����wM©EcE����wMabx U Y[wgdu��Y�a�§ Y du����wg��y��Äc|©EcE����wMabx U Y�wgdu��Y���y�h U ��a¶abY0ZMcEy�hk��x���a¼h p abx U Y[wgdu��Yp y�Y p tGY o cEhk� p y ��½$J-Â¬��½ ��hba�wuY[abx�Y0y�w�cEy�hba�§�G�t¢Y o cEhb� p y"��cEh�Y0y�x[��Y�a�c o Y�y p h���Z�t pvo h�cEy�h ¦ºpEo h U Y'©EcE����wg��h¨jv§Y duh�«¶��h U � Rir�� � abY[ZµcEy�hb��xv�}����¤}Y;��y P
�X�ª· t o�p x�Y[aba pvo a[� � +.-�/ w p Y�a�y p h�Z p wuY0�g©EcE����w|abx U Y�wgdu��Y�aÈak��y�x�Y
��hÆw p Y�a$y p hÆ�vd�c o cEy�h�Y�Y�h U Y p t¢Y o cehb� p yA��cEh�Y0y�x[��Y�a$ GY0h¨«VY[Y[y�y p wuY[a�§ �6x U Y�w6du����y�� p yuY p t¢Y o cEhb� p yA GY ¦ºpvo Y
��hba�wuY�akx�Y0y�w�cEy�h�aI��aiy p h
amduÑ�x[��Y[y�h ¦ºpvo  udg����w6��y��µcµ©vce����w2abx U Y[wgdu��Y�»�«;Y]Z'd�akh
�Ed�c o ceylhbY�Y]c�Z���yg��Z|duZpv¦ hb��Z�Y
akhbY[t�a$« U ��x U x pvobo Y�akt p y�wgaih p h U Y
�³cEhbY[y�x0j pv¦ h U Y p t¢Y o cEhb� p yX§

V�pvo h U ��a¶tud o t p abYE��«;YI��y�h obp wgdux�YI��y - h U Y ¦ duy�x0hb� p y
�'h U cEhi�v��©}Y[aih U Y �º�g��½lÃ+�vÍ pv¦ Y�cvx U c o xv§È· Y
wuY[Ågy�Y - � +L�A�&� � � / amd�x U h U cEh ')# � � »�� + # / ��a$h U Y���cEh�Y0y�x[j pE¦ # §$r ©EcE����w>abx U Y[wgdu��Y m pv¦ - Z'd�akh
a�cEhk��a ¦ j

')# � + � �&%�/ � � » m + % /�� m + � /�� � + # /
T+p Z p wuY0�uh U ��a­a pvo h pv¦ abY0ZMceylhk��x[a���«VYia U�p du��w o Y[wuY[ÅuyuYÆh U Yit�c o cE����Y[�6h p t p � p �v��x�cE�ua pvo h + abY�YiÅ��vd o Yisg§ � / §
� ÿWf�âîì�ý+ã-ã-ð �Vñkò��gé7ìÀñ�f�úmï��Ëì-á�ñVëeçÞæ�ú�ñbãÀãÀæ[ç
á�é0ã
ìÞæ �[ðeé0ç-é
f�ìÞñkñ�ìÀá�ñ¼ò�é7ì-éÆò�ñkëEñ�f�ò�ñ f�ú�ñVâ �¢é
f
æ�ëeñbçÀé0ìÞâäækf
â ã�ãÀú¨á�ñbò�ð�íäñkò

óEñ �Ôæ�çÞñ­ékf�æ0ì-á�ñkç����eæ[çêì-á�ñ­ã-ú¨á�ñkò�ð�íîñbç���é7íäí�æ�ëeñbçÀé0ìÞâäækf�ãêá�é��[ñ�é¶ðAf�âîìXí é7ìÀñ�f�úmï��
� 8
ækf;ÿHf�âäì�ý+ã-ãÀð��;ñbò��6é7ìÀñ�f�úmï��6ìÀá�ñËã-ú¨á�ñkòeð�íîñbç�á�é0ãgìÀæ �[ð�é[çÀékf[ìÀñmñ¢ìÀá�ñËò�é0ìÀé�ò�ñbëeñ f�ò�ñ�feú�ñXó�ïÈâ f�ãÞñbçÞìÀâ f ���! Ýe× óeñkì³å¢ñkñ�fæ�ëeñbçÀé0ìÞâäækf�ãêâ �gì-á�ñ�í é7ìÞñ f�ú�ïiâäã �Væ[çÀñ�ìÀá�ékf#"�úmï�ú�íäñ��

ø98
÷Ëøºý



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

K>½���Ã+¿º��¿ºÂ¬ÃCD	� ` 
 B��2��� 6��u��� � �Þ½ � ; Â!\�Â �ºÂ�¾¬¿À�}� � #GÂ¬����Â!JÆ� KM� M
� ��� � ���N d�������9��� � 	��  !� ��� ���9�
% ���#� ���*	 ��� ��� �$%�� % � ��% �����* !+ -�� +������ / � ��� � �k��� �9��� � ��� ����"$�
�'� "��
���
� �
	������ � � ���Y� � � �YWXWYWN� ��� ��
�!%'+�	�+ ��	  
! � �$%'+ �&�m"$�"�
� �����$��� 	��N���&�����#" ��� ���N���&� �
�#�
� �
	

' � � ���\�%$ � _ � � » �"� � _
& � �&��	��(' ILK)#*) + � /�� I ���#" O ' C P ) + � /��a� _

! � �$%'+� �� �'%'� "$�
�&%'��%'��� �
	�������� 	�� �,�
	 �
�L���d������� 	 �'� " � ��	 + ��	�� � ��� �9�]��� � ��	 �
�&%��
' + � �&%�/ � � » ' ILK)#*) + � /	� � + # / � ' ILKN#*) + % /

(a) a NUAL DAG
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{b, c}
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{}
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(b) NUAL parallel topological sorts
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(d) z = x * z

(e) w = x * x

(a) x= t * e

(b) x = x / e
(c) y = y / e

(d) z = x * z

(e) w = x * x
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(3) DAG through the first path (4) DAG through the second path
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(a) x= t * e

(b) x = x / e
(f) y = y’

(c) y’ = y / e
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(1) Original CFG (2) Speculated CFG
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378;.RG2>Q8c.01SE;,yG2,D.01OV � Âm14,y.R/X=6308;NP= � G2,2>0EHV4V4=AWvVSELEH:X3A@;8;,XWy.R/X=�5K>01O.01S5A8;VD:98;.R/z14,X5K>7=�8;30=A3�14,�.R/X=6308;NP=�5�8H3R= g

m ÈÔÒCÅ¿Ü Û äonhÈÝä Ä Ó(n Ë ÈÝå�ÈÔå³Ì(pAÒ Ä Ï?×\ÇKÈÝÎ�ÈÝÒ�Ç�q Û å Û n Û ÜhÇ Ä n�ÆÝÈsr�Èsn
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+-,¥8y.0/<14>7WZ=¼J]:M=?>R1S=K,X5A=;@9B�=eG2,2>0EHV4V�.R/X=CVSELEH:X36BI1O.0/Z.0/2=?14>��H8cV41SWTG<,2>7EHVOV41O,Xk�W2=?kH>7=?=A3 g ¹F=AkH143R.0=?>F378c.0G<µ
>Q8;.R1SEH,¥>7=?3RG2VO.73Y1O,�>Q8;,2k�=lrx>0EHN ¯ .7ETÂc] gei 8;�2VS=y· g ÂTkH14�H=A3\EHG2>C>0=A3RG<V4.73 g d X<>73R.Y>7=?NP8;>R¨o143\.R/98;. ¯L¢ab�¯��
EHr�.R/X=A3R=P� d
6 3v/98��H=P8�>7=?kH1S3U.7=?>v308;.0G2>78;.014EH, VSE�B�=?>{.0/98c, � ¯ @²3RE¥,XEZ,X=?=AW�.0E¥=¼JL.7=?,2W�.0/2=?N 8;,XW�8;,D|
3057/X=?W<G2V4=[5A8;,2,XEH.{:2>0E]W]GX5A=[8�3R:21OV4V&5?E]W2= g ¶9E;>e.0/X=�X2�H=w>0=?NP8;14,21O,Xk�� d
6 3?@q.0/X=K14>e>7=?kH1S3U.7=K>l308;.0G<>Q8;.R1SEH,
1S3�V4E�B�=K>y.0/98c, � Â g�¾ G2>y/X=KG2>0143R.0145[NP8;,98HkH=A3�.0En>7=?W<GX5A=�.R/X=?1O>�>7=?kH1S3U.7=K>z378;.RG2>Q8c.01SE;,�G2,D.01OV6=KJ<8H5K.0VO| � ¯
>7=?kH1S3U.7=?>03 g�� G2.F.R/X={5?>01O.0145�8;VM:98;.0/o14,25?>7=A8H30=?3I14,Z.0/2>0=A={EHr².0/X=?30=v5�8H3R=A3 g
¶XEHG<>0.0/�@HB�=IGX3R=6.0/X=6G<,2>7EHVOVS=?WyVSELEH:X3 ¯ }Y.014N[=A3)8;,XWz.0>R|�.7EC>0=AW<G25A=I.0/X=K14>)>0=AkH143R.0=?>&308;.0G2>78;.014EH,X3��M=?V4E�B

� ¯ >0=AkH143R.0=?>73 g +-,P.R/21S3�5A8H30=;@ ¢ ÂvEHr�.R/X= ¯ � G2,<>7EHVOVS=AWzV4E]EH:23j=¼J]5A=A=?W � ¯ 378;.RG2>Q8;.R14,Xk{�;8;V4G2=A3 g&¾ G<>j/2=?G2>R1S3R.R1S5
3RGX5?5A=?=AW23z14,�k�=?.R.01O,Xk¥.R/X=PV41ON[1O. � ¯ 1O, ¢¿¯ 5�8H3R=A3A@�8c,XW�rÙ8;1OVS3{14,�.�B�E¦5�8;30=A3 ª B�=Tk�=?. ��a 8;,2W´· at¬ gni /X=
5?>R14.0145�8;V�:98;.0/Z1O,X5?>0=�8H3R=A3F14, � 5�8H3R=A3 g�i 8;�2VS=v· g � kH1O��=A3FEHG<>I>7=A3UG2V4.03 g
¶²14,98;VOV4|H@�B�=w3R.RGXW<| .0/2=[8cNPEHG<,L.vEHr�+�� � VSE�3U.v8;rx.7=K>�8;W2W<14,2k¥3R=?>01S8;Vj8;>05A3 gPi /X=[8;NPE;G2,D.lE;r6+�� � 14,

� d
6 3I1S36.R/X=e>Q8;.R1SEy�M=?.�B�=A=?,n.0/X=e,DG2Ny�M=?>mEHr�EH:M=?>Q8c.01SE;,X3F8;,XW�.0/2=v5K>01O.01S5A8;V�:98c.0/{¡

� « h ª����������H¬ �����wª�«l¬ h! " � "#%$'&)(�&�*�+�,-�%+.(0/qª�«l¬21
i /X={>Q8;.R1SEyGX3R=AW¥rsE;>F=KJL:2>7=?303U14,Xkw.0/X={+�� � VSEH30361S3

EH>R1SkH1O,98;V�+�� �43 ,X=?B +�� �
EH>014kH14,98cV�+�� �

� ={GX30=v.0/X={V41ON[1O.65 h � ¯ .7EP3U.0GXW]|o.R/X=v+�� � V4E�303 gFi 8c�2VS=l· g ·wkH1O��=?3m.R/X=l+�� � VSEH303I14,o.0/X=l5�8H3R=�EHr
.0/X=vG2,2>0EHV4V4=AWZVSELEH:X3 ¢ }z.014N[=A3 gFi 8c�2VS=l· g � 143m1O,L.0=?,XW<=AW¥rsE;>\G2,<>7EHVOVS=AWZVSELEH:X3 ¯ }u.01ONP=?3A@98;,XW i 8c� g · g ` 1S3
rsEH>j.0/X=mG2,2>7E;V4VS=?W[V4E]EH:23�BI1O.0/[�H8cV41SWuG2,2>0EHV4VO14,Xk{W2=?kH>7=?= g +-,Z8cV4V¸8;�ME���=Y.78;�2VS=?3A@LEH,2VO|u5�8H3R=A3�BI/2=?>7=\>7=Ak;1S3R.0=?>
378;.RG2>Q8c.01SE;,¥=¼J]5A=A=?W23 � ¯ >0=AkH143R.0=?>73m8;>0=e:2>7=?30=?,D.0=AW g

@BADCEA C HJILK4MON�P87 N N:9�K
i /X=u30=?5AEH,XW 3U.7=?:�EHr�EHG<>{=KJL:�=K>01ONP=K,L.78;.014EH,�143Y14,D.7=K,XW2=?W rsE;>CVSELEH:X3 g�¾ G2>Y:2G2>0:ME�3R=y1S3Y.0ET:2>7=K��=?,D.l8;,D|
30EHrx.�B�8;>0=[:21O:�=KV414,<14,Xk�3R57/X=AW<G<VS=P.0En=KJ]5?=A=AW�.R/X=uV414Nw14.CEHr � ¯ >7=?kH1S3U.7=?>03 gZi E¥>0=A5�8cV4V-@qB�=[:2>0E]5?=A=?W��D| >0=Kµ
>7EHVOV41O,XkzG2,2>7E;V4VS=?Wn� d
6 3m.0EPk�=K.e8[5K|L5?V4145lk;>Q8;:2/ gFi 8;�<VS=�· g Â[kH14�H=A3mGX3\.R/X=l�;8;VO1SW�G2,2>0EHV4VO14,XkuW2=?kH>7=?=y8;,XW
8;,oG2:2:M=?>Rµ���E;G2,XWZrsEH>I.0/X=e>0=AkH143R.7=K>F378;.RG2>Q8c.01SE;,o1O,Z.0/X=eN[EH.01Or g)i /X=lX2>73U.F>7=?NP8;>R¨P1S36.R/98;.F.0/2={G<,2>7EHVOV41O,Xk
W2=Ak;>7=A=\5AEHG<VSWu��=F/21Sk;/[1O,[.R/X=\5A8H30=mBI/X=?>0=\.R/X=\5K>01O.01S5A8;VX5K|]5KVS=F1S3�VSE�B g ºL=A5AE;,XW�@28c,L|u3REHrx.�B�8;>7=m:214:M=?VO14,21O,Xk
3057/X=?W<G2V4=orsEH>w8cV4V6.R/X=A3R=oV4E]EH:23y5�8;,<,XEH.uGX30=ZN[EH>7=P.R/98;, � Â¦>7=?kH1S3U.7=?>03 g%i /21O>7W�@ ¯]¢ EHrm.0/X=?30= ¯�� VSELEH:X3
/98���=¦8 >7=?kH1S3U.7=?>[378c.0G2>78;.014EH, .R/98;.[W2EL=A3[,2EH.P=¼J]5A=A=?W � ¯ g ºL1O,X5A=o.0/X=ZG2,2>0EHV4VO14,Xk W2=?kH>7=?=¥143w�;8;VO1SW�@�B�=
8;>7=v3RG<>7=l.R/98;.Y8;,D|o30EHrx.�B�8;>7={:21O:�=KV414,<14,Xkz3R57/X=AW<G<VS=yW2EL=A3F,XEH.\=KJ]5?=A=AW � ¯ �;8;VOGX=A3m3R1ONyG2V4.78;,X=?EHGX3RVO|Z8;VO14��= g
¶XEH>�.R/X=�X2�H=P>7=KNT8;1O,214,2koV4E]EH:23A@�.78;�2V4=�· g ]nkH1O��=A3l.0/X=w,X=?B G2:2:M=?>Uµ-�MEHG2,XW�E;rI.0/X=P>0=AkH143R.0=?>y308;.0G<>Q8;.R1SEH,
14,�.0/X=wNPEH.R14r68;rx.7=K>l>0=?>7E;V4V41O,Xk�.0/X=[=KJL.7=K,XW2=?W � d
6 3 gZ� =w>7=?NP8;>R¨¦.0/98;.l.0/X=wG2:2:M=?>Uµ-V41ON[1O.eEHr<;n¹\º�EHr
.0/X=C>0=?>0EHV4V4=AWPV4E]EH:[>7=?W<GX5A=?3F5AEHNw:98;>0=AWT.7Ey.R/X=Y>0=AkH143R.7=K>I378c.0G2>78;.014EH,ZEHrq.0/2=CG2,2>7E;V4VS=?W�� d
6 g<i /X=C>7=A8H30EH,
1S3Y.R/98;.\.0/X=y>0=?>7E;V4V41O,XkurxG2,X5?.R1SEH,nNT8;¨H=A3e5K|]5KV4145�30E;NP=y3R=?>R1x8;V�8;>75?3�¡C8T3U14,Xk;VS=v30=?>R1x8;V)8;>75l14,�.R/X=�G2,2>0EHV4V4=AW
� d
6 �M=A5?EHNP=l8[5K|L5?V4145v8;>75v14,o.0/X={VSELEH: g +-,�8;V4V³5A8H30=?3A@MEHG2>m/X=?G2>R1S3U.01S5{3UGX5A5?=A=AW<3C14,o>7=AW]GX5?1O,Xk[1O.m�M=?V4E�B
.0/X=vV41ON[1O. � ¯ gIi /2=yW<>Q8�BI�98;57¨o143m.R/98;.m14,o.0/2>0=A=l5�8H3R=A3A@¸.0/X=l5?>R14.0145�8;V³5K|L5?VS=v14,X5K>7=A8H30=?3 g d ,XW¥14,n8;,XEH.R/X=?>
5�8H3R= ª 3R:M=A5Kµ-3R:2145A=¼µ-VSELEH: ` ¬ @2EHG<>\/X=KG2>0143R.R1S5e14,D.0>0E]W]GX5A=?3Y8u5?|L5?V4=v1O,¥.R/X={VSELEH:ZBI/214V4=C.0/X=vEH>014kH14,X8;V�kH>78;:2/¥1S3
8H5?|L5KV41S5�¡F.R/X=�>0=�8H3REH,¦1S3F.0/98c.C.0/X=v>7=K>7EHVOV414,2kwrxG2,25?.014EH,¦5?EHG2VSWo:2>7ELW<GX5?=y5?|L5KV41S5l30=K>01x8cV41SÁA8;.014EH,X3IBI/21457/ 8;>7=
W<1+Yw5KG2V4.I.0E[8��HEH1SWZ14,�>0=AW<GX5?=AW�5?EHNw:2VS=¼J]1O.�| g
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� =?rsEH>0={>0=AW<G25?.014EH, d rx.0=?>F>7=?W<GX5?.R1SEH,
�����������
	
� £¥¤ ��
���������� ��� ����� ����� £¥¤ ��� ��� ���"! 	 ��
���������� ��� �#�����14,<µ-W2W2EH. ¯ Â ¯ Â
V41O�tµ-VSELEH: ¢ � ] ¯ ¢ }
V41O�tµ-VSELEH: ¯ � ] ¢¿¯ Â ¢(�
V41O�tµ-VSELEH:¸· ¯ · ¯ ·
3R:M=A5¼µ�W2ELW]µ�VSELEH: ¢ · ¯�¯ Â ¯ ·
3R:M=A5¼µ�W2ELW]µ�VSELEH: ¯ Â ¯ � � ¯ �
3R:M=A5¼µ�W2ELW]µ�VSELEH: � Â ¯ Â � ¯ Â
3R:M=A5¼µ�W2ELW]µ�VSELEH: ` ¢ � · ¢ � ·
3R:M=A5¼µ-rx:2:<:<µ-V4E]EH: ¢ ¯ ¯ } ¢ ¯ }
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;: ¢ } ¯ � ¯ �
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;: ¢ ¢ ¯ ¢ ¯
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;: ¯ � ] � ]
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;: � ¯ · ¯ ·
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;:XÂ � ¢ } � ¢ }
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;:¸· ¢ ¯ ¢ ¯
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;: � � ¯]¢ ¯ ¯]¢
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;: ` � ¢ a ¯ ¢ a
3R:M=A5¼µ�3U:21S5?=Kµ-V4E]E;:�] ¯ � ¯ �
3R:M=A5¼µ-.0EHNwµ�VSELEH: ¢ � ¯ Â Â ¯ Â
BI/X=K.Rµ�5K|L5?VS=?Â ¢ ¢ � ¢ �
BI/X=K.Rµ�5K|L5?VS=?Â ¯ ¢ � ¢ �
BI/X=K.Rµ�5K|L5?VS=?Â Â ¢ � ¢ �
BI/X=K.Rµ�5K|L5?VS=?Â ] ¢ � ¢ �
BI/X=K.Rµ-V4E]E;: ¢ � ¢(� � ¢(�
BI/X=K.Rµ-V4E]E;: ¯ ¯ ¯ Â ¯ ¯ Â
BI/X=K.Rµ-V4E]E;: � Â Â Â Â

i 8;�2V4=v· g ¢ ¡�� d
6 3FEHr�.R/X=eVSELEH:��ME]W<14=A3 ª 5 h ¢ ¬
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� =KrsEH>7=e>0=AW<GX5K.014EH, d rx.0=?>F>7=?W<GX5?.R1SEH,
��� ��� £¥¤ ��
���������� � � �#��� £¥¤ 
�! 	 � ��! 	 ��
�� ������� � � �������14,<µ-W2W2EH. ¯ } ¢ � ¯ } ¢ �
V41O�Dµ�VSELEH: ¢ ¯]¢ Â�Â ¯]¢ ÂHÂ
V41O�Dµ�VSELEH: ¯ � ]�} ]HÂ � ¯ ¢ }�}
V41O�Dµ�VSELEH:¸· ¯ } � ¯ ¯ } � ¯
3R:M=A5¼µ�W2ELW]µ-V4E]E;: ¢ Â ¢ ¯�¯ } � ¯ ¯H¯ }
3R:M=A5¼µ�W2ELW]µ-V4E]E;: ¯ Ât} ¯]¢¿¯ � ¯ ¯L¢¿¯
3R:M=A5¼µ�W2ELW]µ-V4E]E;: � Ât} ¯ }HÂ � ¯ ¯ }HÂ
3R:M=A5¼µ�W2ELW]µ-V4E]E;: ` ¢ } Â�Â ¢ } ÂHÂ
3R:M=A5¼µ-rx:2:2:]µ-VSELEH: ¢ ¢¿¯ ¯ }�} ¢¿¯ ¯H¯ }
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ¢ } ¢�¢ � } ¢�¢ � }
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ¢ ¢ } ¢�¢ ¢ } ¢H¢
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ¯ � } ¢a` � } ¢(`
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: � ¯ · a ¯ · a
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH:2Â Â�Â ¢ }�} � ¯ ¢ }�}
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH:9· ¢ } ¯ a ¢ } ¯ a
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: � � } ��a � } �Ha
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ` � } ¯ } � } ¯ }
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH:2] ¯ } � ¯ } �
3R:M=A5¼µ-.7E;Nwµ�VSELEH: ¢ Â � ¯�¯�¯ � ¯ ¯H¯�¯
BI/X=?.Uµ�5K|]5KVS=?Â ¢ ¢ ��a ¢ �Ha
BI/X=?.Uµ�5K|]5KVS=?Â ¯ ¯ ¢ a ¯ ¢ a
BI/X=?.Uµ�5K|]5KVS=?Â Â Â ¢�¢ Â ¢H¢
BI/X=?.Uµ�5K|]5KVS=?Â ] ] ` ] `
BI/X=?.Uµ-V4E]EH: ¢ � ¢(� a � ¢?� a
BI/X=?.Uµ-V4E]EH: ¯ ¯ } ` ] ¯ } ` ]
BI/X=?.Uµ-V4E]EH: � Â Â a Â Â a

i 8c�2VS=l· g ¯ ¡�� d
6 3IEHr²G2,2>0EHV4V4=AW�VSELEH:X3 ¢ }y.014N[=A3 ª 5 h � ¯ ¬
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� =KrsEH>7=e>0=AW<GX5K.014EH, d rx.0=?>F>7=?W<GX5?.R1SEH,
��� ��� £¥¤ ��
 � ������� ��� �#��� £¥¤ 
�! 	 � ��! 	 ��
���������� ��� �������14,<µ-W2W2EH. Ât} ¯ � � ¯ ¯ �
V41O�Dµ�VSELEH: ¢ Â ¢ ]HÂ � ¯ a ·
V41O�Dµ�VSELEH: ¯ � ¢(� } ¢(� Â · a ¯]¢ ]
V41O�Dµ�VSELEH:¸· Ât} �t¯ � ¯ �t¯
3R:M=A5¼µ�W2ELW]µ-V4E]E;: ¢ ] ¢ Â�Ât} ��a ÂD· �
3R:M=A5¼µ�W2ELW]µ-V4E]E;: ¯ ]�} Â ¯�¯ � ¯ Â ¯H¯
3R:M=A5¼µ�W2ELW]µ-V4E]E;: � Ât} ¯ }HÂ � ¯ ¯ };Â
3R:M=A5¼µ�W2ELW]µ-V4E]E;: ` ¯ } ·;Â ¯ } ·;Â
3R:M=A5¼µ-rx:2:2:]µ-VSELEH: ¢ ¯�¯ Ât}�} ¯�¯ Ât}H}
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ¢ } ¯]¢ � } ¯]¢ � }
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ¢ ¯ } ¯]¢ ¯ } ¯]¢
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ¯ � } ¯c` � ¯ � ·
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: � ¯ ¢�¢ a ¯ ¢�¢ a
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH:2Â ]HÂ ¯ }�} � ¯ ¯ }H}
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH:9· ¯ } · a ¯ } · a
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: � � } · a � ¯ · a
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH: ` � } ¯ } � ¯ Â `
3R:M=A5¼µ�3R:<1S5A=¼µ-V4E]EH:2] Ât} � � ¯ ¢a`
3R:M=A5¼µ-.7E;Nwµ�VSELEH: ¢ ] � Â ¯�¯ � ¯ Â ¯H¯
BI/X=?.Uµ�5K|]5KVS=?Â ¢ ¢ ` a ¢ ` a
BI/X=?.Uµ�5K|]5KVS=?Â ¯ ¯ ��a ¯ ��a
BI/X=?.Uµ�5K|]5KVS=?Â Â Â ¢ a Â ¢ a
BI/X=?.Uµ�5K|]5KVS=?Â ] ] ¢�¢ ] ¢�¢
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(a) the DAG G
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