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(c#P� �\$ #P� �Y! � �U�P� � � � �P! �\� $ � �P� � � �Q�\� #c� 4d� �P%d#c� 4e� � $ #f! � �  P� �V�Y� � �hg
• � $ � �P� � � �i8j�c�k � �Q= �\� !P'l� �c�P�  *P� �Q! / �m5n�P� � %Q� � &o! #P� !Y$ � �i*c�p&F� �P�p! �i� �c�&F�P$ #f" � � ! � �h*Q,i&F� =Q� �P%i� !P&i�Y ! � ! #P� � � �P� �h) (c#P�p�P� � $ �Y� � � � �F� �c�  ,Q- � �\! #P��Y� � %Q� � &e4d� ! #F(c#P� � � �F+j�P�  , - � �V! �d� � �j4m#P� � �j�Y� � " �Q� &f� �P$ �j*c� ! !  � �P� $ =Q�\! � =Q��Y � $ � /Q! #P� �f! #c� � � �P�\� !Y� $ $ �Q� �c� �P%  , )
• � $ � �P� � � �m( 4i�d0 �P� % �jq ; q 3P� #P� 4d�V! #P�\�P� �j� " < � $ = < � �P!c! �m$ #P� $ =d! #c�\'r� �P�P�  *c� � !�Y� � %Q� � &fs �V�Y� �p� "h � $ =Q� )
• � $ � �P� � � �d(c#P� � �k0 �P� % �jq ; t 3Y� #P� 4d�V! #P�j�P� �j�Q" < � � �Y( � �  c! �m�P� � �   �  � - �j�P�Q� ! � � �P��Q"Y�k � *P� � � , )

umvcwQxmyhzQ{ |Y}h~F�\z wcyY�j{ xm��� �\wd��yhxk�jwQ� �Uz |h�p�Fz |h�\zQyh�
(c#P� �\� $ � �c� � � �d� #P� 4d�
q )\(c#P� � � �P� �P%d�k�P� � %Q� � &o! �d� $ #c� � �c�j*c� ! ! � �U�P� � " � � &F� �P$ � )
� )\�P1 � &F� �P� �P%i! #c�p�P� � %Q� � &e4d� ! #f(c#c� � � �F+p�c�  ,Q- � �V! �d�P� ! � � &F� �c�p4m#Q,F� !P#c� � �Ps !� #c� 4d�F� �Y! � &f�  c� �Y� � �c� �c�U)
� )\9U� � 4i� � ! � �c%i! #c�p�P� � %Q� � &o! �d! � = �j*c� ! ! � �V� �c�c� �P! � %Q�p� "Y! #P� � � �P� �P%c)
'r� �P�P�  *c� � !Y� �\�p4d�   � = �c� 4d�i�Y� � % � � &�! #c� !P�P � ! �V�c� $ ! � � �\� �f! #P�j�Y � �P�p�Q"$ � &i�Y � 1k�Q�P&d*c� � � / �P� � �c�Y$ � �P%d� �F� �c! � � � � ! � �c%d�P� ! ! � � �f� �F! #P�p� $ � � � �h)
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• 5V�  $ �Y � ! �k� � $ #F�Y� � �P!
• � � � �P � ,F� � $ #F�P� � �P!8\*c�c� � �Y�  , /Q� �f�p&i�Y ! � �P� �Q$ � � � � �U&F� $ #c� �c�k! #c� �\� �V�c�Q!Y! #c�p&F� � !Y� " .c$ � � �P!P4d� ,F! �� �c�f! #c�p�P� � %Q� � &l) � � �P$ �p� � $ #F�Y� � �P!Y$ � �i*c�k$ �  $ �Y � ! � �f� �P�P� �Y� �P�P� �P!  , / ! #P��P� � % � � &�� �\�m% � � �f$ � �P�P� �c� ! �p" �Q�h�Y� � �   �  � - � ! � � �h)
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(c#P�j�P� �Q% � � &�$ � �d*P�p! #P� � � �P� �f! �m&F� =Q�p� !P&F� � �p� " .P$ � � �c! ) (c#P� �\! � &F� / � � �c� � �  ! #P� � � �P�j0 � �c�k" � �V� � $ #i�Y� � $ � � � �Q� 3h� � �p� �c�c�P� �P%i� � &i�Y ! � �c� � �P�  , ) �c� $ #F! #P� � � �$ �  $ �P � ! � �\� �c�f�P� � �P � ,c�\�k� � 4�� "P�Y� � �c! �\� �P�c� �P� �c�P� �c!  , )

� � 4d� �c� � /Q� �c� �f! #P� �P% #f! #c�k! #c� � � �P� �F'r� �P�P�  *c� � !Y� �\" � � ! � �V! #c� �F! #P�j�P�c! #P� � � �c� ��c� � � � � �P/ � !Y�P� � � �Ps !Y� #P� 4�! #P�j�Y� � " � � &f� �c$ �k� �P� � �c�c�l! #P� !P&F� % #P!c*c�k� 1 �P� $ ! � �h)

��� � �p�l�m V¡ ¢ £P¤l¥n�j£P¦ §V¨P¢ ¡k© ªi«d¬U£P¦ ­j£P© ¢p®¯£P�p¤U¢ ¦ °Y¡ ªP©
(c#P�p(c#P� � � �F+p�P�  ,Q- � �V� �V�Y� � �f! �d� � �j4m#P� � �p! #P�j�Y� � " �Q� &f� �P$ �\*c�Q! !  � �P� $ =Q�\� � �� $ $ �Y� � � �c%P) 8j�P�p! #P� �P%i! �d$ #c� $ =d� �V4m#P� $ #F�P� � $ � �c�Y� � �V4d� � �j4d� � ! � �c%i� �f �Q$ =Q� )

±P²Q³ ´ µ ¶d·V¸Q´ ±P²Q³ ´ µ ¶k± ¹pº
»Y¼ ½ ¾ ¿Q½ ¼ À ÁVÂ Ã Ä »Y¼ ½ ¾ ¿Q½ ¼ À ÁVÂ Ã Ä
ÅUÆ Ç ÈQ½ ¼ ÉkÂ Ã Ä ÅUÆ Ç ÈQ½ ¼ ÉkÂ Ã Ä
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+k" ! � �V� � $ � &i�Y�  � �P%d! #P�j�Y� � %Q� � &o! �d� �c� ! � �c&f� �P!Y� !Y" �Q�U(c#P� � � �F+j�P�  , - � � /Q� !Y� � � � �P� �h)

Ê I S E K LcË Ì _ÎÍ ÏQÂ Á ¼ ÐkÑVÒ ¼ ½ É Ó Á ÂPÔi¼ Æ ÒkÕiÆ Ò Ð Ã Ä×Ö ÈQ¼ Â À Æ ¼ ½ Ø
(c#P�V&F� � �m4d� �c�P� 4Ù�P� � �P � ,Q�U! #P�V�P� � %Q� � &fs �U! #c� � � �P�U� �P�d! #P�V�P� � $ � �Q�Y� � �U! #P� ,m$ �   )
(c#P� � � �i+p�c�  ,Q- � �U�   � 4d�U,Q� �f! �k�c� � 4Ú! #c�\�Y� � % � � &e� �i&F� �c,m4d� ,c� / � �P$  �Y�P� �P%m! #P�" �   � 4d� �P%Pg
� M ^ G LcË Ì _ÛÍ ÏQÂ Á ¼ ÐkÑVÒ ¼ ½ É Ó Á ÂPÜPÆ Á ÄjÇ
ÝYÞ ´ ¹ ßF´ µ ¸ Þ ¸Qà
áUÂ ¼ È Ï â ½ Ã ÀQÀ Ï ÁUã ¼ ½ ¿QÁVÃ äcÇ Á ½ Á ¾ À Á ÐmåpÁ À Â Æ ¾ Çh¼ æ ¼ Æ Ò Ç À Äp¼ ½ ½ ¾ ½ Ã ¾ çpÀ Æ åpÁ
gprof

Ö � ØQÍ ¼ è ½ ÁéÅUÆ Ç ÈQ½ ¼ Ék¾ ¼ ½ ½ ê æ Â ¼ È ÏkÈQÂ Ã ë ½ ÁVÐQ¼ À ¼\ä Ã ÂYÀ ÏQÂ Á ¼ Ð Çh¼ Ò Ðmä ¿ Ò ¾ À Æ Ã Ò Ç
prof

Ö � Ø Í ¼ è ½ Á ÅUÆ Ç ÈQ½ ¼ ÉpÈQÂ Ã ë ½ ÁVÐ ¼ À ¼Vä Ã ÂPÈQÂ Ã æ Â ¼ åjì À Ï Â Á ¼ Ð Ç ì ¼ Ò Ðmä ¿ Ò ¾ À Æ Ã Ò Ç
í Ã Â À Á ÐkÔiÁ À Â Æ ¾â Â Ã ë ½ ÁUÍ ¼ è ½ Á ÅUÆ Ç ÈQ½ ¼ Ék¼\åkÁ À Â Æ ¾Uä Ã ÂY¼VÈQ¼ Â À Æ ¾ ¿Q½ ¼ ÂY¼ Ç ÈQÁ ¾ ÀcÃ äcÀ Ï ÁUÈQÂ Ã æ Â ¼ å



� R R G � � R K �QW J M W � I W SPDf�UOQK R S K M Th� � � î

b

( �d � � =i� !P4d�   $  � $ =i! � &F�k� �P�f5UBcïÙ! � &f� /Q$ #c�Q� � �p! #P�pðj� � �c#F�c� � 4\/Q� �P�f� �  � $ !5VBcïp/ 2f�   $  � $ =i! � &f� /Q� �P�F'f�Y! � 1k2f� � !P&F� ! � � $ � g

Ê I S E K LcË Ì ñòÍ ÏQÂ Á ¼ ÐkÑVÒ ¼ ½ É Ó Á Â ó Õm¼ ½ ½ ê ¾ ½ Ã ¾ çp¼ Ò Ðm»Yâ ônÀ Æ åkÁ
+k$ $ � � �P� �P%i! �d! #c� �\%Q� � �c#P/Q5VBQïÙ! � &F�p� �\$ � �P� � � ! � �c!  ,m*P�  � 4Ú4d�   $  � $ =i! � &f� ) (c#c� �� �c�P� $ � ! � �\! #P� !Y" � 4d� �V! #P� � � �P�\! #P� �F4d� � �k�   � $ � ! � �f� � �\*P� � �c%d�Y� � �P/ &F� � �c� �c%i! #P� !� � &F�k! #c� � � �P�\� � �j*c � $ = � �l0 ! #P� !Y� � / $ � �P! � �P�P� �c%i" � �V� � � � �P� $ � � 3 )

ÔiÁ À Â Æ ¾hÍ ¼ è ½ Á í Ï Ã Äõåp¿Q½ À Æ ÈQ½ ÁVåkÁ À Â Æ ¾ Çhä Ã ÂY¼VÈQ¼ Â À Æ ¾ ¿Q½ ¼ ÂYÀ Ï Â Á ¼ ÐmÃ ÂYä ¿ ÒQ¾ À Æ Ã Ò
ö Æ ½ À Á ÂPÍ Ï Â Á ¼ Ð ÇPè É»Yâ ô ÅUÆ Ç ÈQ½ ¼ ÉkÀ Ï ÁVÀ Ï Â Á ¼ ÐQÇPÄjÏ Ã Ç ÁUÈQÁ Â ¾ Á ÒQÀ Ã äQ»Yâ ônÆ ÇhÁ ÷ ¿Q¼ ½ À ÃjÃ ÂY¼ è Ã ã Á¼\Ð Á Ç Æ æ Ò ¼ À Á ÐmÀ Ï Â Á Ç Ï Ã ½ Ð
ö Æ ½ À Á ÂYö ¿ Ò ¾ À Æ Ã Ò ÇPè É»Yâ ô ÅUÆ Ç ÈQ½ ¼ ÉkÀ Ï ÁVä ¿ Ò ¾ À Æ Ã Ò ÇYÄjÏ Ã Ç ÁUÈQÁ Â ¾ Á ÒQÀQÃ äQ»Yâ ô�Æ ÇhÁ ÷ ¿Q¼ ½ À ÃpÃ Â¼ è Ã ã ÁV¼\Ð Á Ç Æ æ Ò ¼ À Á ÐmÀ Ï Â Á Ç Ï Ã ½ Ð

� M ^ G LcË Ì _ÛÍ ÏQÂ Á ¼ ÐkÑVÒ ¼ ½ É Ó Á ÂPÜPÆ Á ÄjÇ
ÝYÞ ´ ¹ ßF´ µ ¸ Þ ¸Qà
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< � � =m� !Q&i�Y! � 1p4d� � !c! � &F� �V! �m� � �\4m#P� $ #i! #P� � � �P�U� � �V*c � $ = � �Y) ( �m�c�m! #P� � / ,c� �F$ � �� �  � $ !Y�m! #c� � � �F�c�Q�c�k" � � &o! #P�j&f� � �F4d� �P�c� 4j/Q� �c�f! #P� �F'l�P! � 1k2f� � !Y" � � &o! #P�� � � ! � �i'r� ! � � $ �U&F� �Q�U) (c#P�p! � *P �p�P� � �Y � ,Q�\! #P�j� &F� �P�c!Y� "Y! � &F�p� � $ #F! #P� � � �F� �Y� �P!4d� � ! � �P%i� �F&i�P! � 1 � � g

Ê I S E K LcË Ì ùúÍ ÏQÂ Á ¼ ÐkÑVÒ ¼ ½ É Ó Á Â ó Ôd¿QÀ Á ûVÕm¼ Æ ÀQÍ Æ åkÁ
(c#P�\�c� � � � �Y�V! #P� � � �P�\� �P� �c�F�k � !P� "Y! � &f�\4d� � ! � �c%d" � �U� � $ #F� ! #c� �U! �d� �  � � � �p � $ =Q� )0 (c#P�p" � $ !Y! #c� !Y(c#c� � � � � 4d� � ! �\� �m&i�Y$ #F&F� � �p! #P� �f! #c�k� ! #P� � �\� �U*c� $ � �P� �k� "� � �P�P� &i�P� � � ) 3YüP� $ � �P� �k! #c�k�P� � �Y � ,F� �\�k� � � � �  c� � � � �P� $ �pýþ�k! #P� � � �f$ � �Ys !Y�P� � �Y � ,�P�c! �  c� �c� ! #P� �V! #P� � � �i#P� �\.c�P� � #P� �f�P� � �P � ,c� �P%mýþ! #P�p! #P� � � �P�\� � �j�Y� � *c� *c ,4d� � ! � �P%i" � �V� ! #P� �V! #P� � � �P�\! �d%Q� �c�j�c�l! #P�p�P� � �Y � ,i � $ =P)
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? �f� ! #P� �U4d�Q� �c� /Q! #P� �\� �V4m#P� ! s �V#P� �P�P� �c� �c%Pg

Ê I S E K LcË Ì �òÔi¼ Ò Ð Á ½ è Â Ã ÀQÔd¿ ½ À Æ À Ï Â Á ¼ Ð Á ÐQó � ¼ ¾ ÏkÍ Ï Â Á ¼ Ðm»Y¼ ½ ¾ ¿Q½ ¼ À Á Çh¼ Ò ÐmÅUÆ Ç ÈQ½ ¼ É Ç

( # � � � � � ( # � � � � �

0 $ �  $ �  � ! � 3

0 � � � �  � , 3

Each thread
calculates
a row, waits
for other threads
to release locks,
then displays
its row

�

�

0 $ �  $ �  � ! � 3

0 � � � �  � , 3

�

�

� 0 4 � � ! 3
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( �d� �Y� � �F! #P� �c%Q�V�P�f" �Y� ! #c� � /Q$ � �P�p$ � �d*P�p� � 4i� � ! ! � �f� �d! #P� !Y! #P�p$ �  $ �P � ! � � �P�\� �P�! #P�p�P� � �P � ,i� � �p� �P! � � �  ,i� � �P� � � ! � ) ? �f! #c� �V�c� � � � � �P/Q� � �c� � �  P! #P� � � �P�\� � �� � &i�P ! � �P� � �Y�  ,i$ �  $ �P � ! � �c%i� � 4d�\� "Y�P� � �c! �\� �c�F4d� � ! � �P%i� �P! �d�j*c�P" " � � / 4m#P�  �� �P� ! #P� �V! #P� � � �f� � � �P�\" � � &�! #c�j*Q�Y" " � �V� �c�f�P� � �P � ,c�\� � 4d� g

Ê I S E K LcË Ì aòÔi¼ Ò Ð Á ½ è Â Ã ÀQÍ Ï Â Á ¼ Ð Á ÐQó í Á ÈQ¼ Â ¼ À ÁVÅUÆ Ç ÈQ½ ¼ ÉpÍ ÏQÂ Á ¼ Ð
:d� 4j/Q� �P� ! � � �f� "h! #c�k�c� � �Y � ,i�P� � $ � �c�P� �k� "Y� � $ #F! #P� � � �i4i� � ! � �P%d� �f� �P� ! #P� �! #P� � � �f! �d$ �  $ �Y � ! �k� �P�f�c� � �P � , /Q� �P ,F! #c�k�P� � �Y � ,i! #P� � � �F4d� � ! �j0 " � �V! #P�p$ �P� � � �P! � �P�p� "Y! #P�\*Q�Y" " � �V! �p*P�p.P  � �P3 ) 2n#P�  �p� !P4d� � ! � /Q� ! #P� �V! #c� � � �c�\� � �p$ �  $ �Y � ! � �P%d� �P�4d� � ! � �P% /Q� �d! #P� !Y! #P� � �k� �\ � ! !  �p! � &F�p� �P� �P!P4d� � ! � �c%i" � �V! #P�p�P� � �P � ,i � $ =P)

( # � � � � � ( # � � � � �

0 $ �  $ �  � ! � 3

0 4 � � ! � ! � * � " " � � 3

�

�

0 $ �  $ �  � ! � 3

0 4 � � ! � ! � * � " " � � 3

�

�

* � " " � �

( # � � � � �
0 � � � � " � � & * � " " � � / � � � �  � , 3
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(c#P�p(c#P� � � �F+p�P�  ,Q- � �V$ � �c.P� &F�\! #P� � g
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:d� 4�! #P�j�Y� � %Q� � &o� �P� �P�c�\�  &F�Q� !Y�   c� ! �\! � &F�k� �f! #P�j&F� � �f � � �l0 'r� �P�P�  3 /Q� �P�! #P�j! � &F�p� �Y� �P!c4d� � ! � �P%d" �Q�U �Q$ = �\� �\� � �c�P$ � �f� � % �P� .P$ � �P!  , ) +p�P�i'r� �P�P�  *P� � !P� �c�P��P� ! � $ � � *c ,i" � � ! � � )

umvcwQxmyhzQ{ |Y}	�r�jwQv�
h{ xk��yl�Fz |h�\zQyh�
�Û{ � ���m|hv�
	�m{ xm�
+×�P� �Q% � � &o$ � �F� �c�f� " .c$ � � �P!  ,d*Q�Y!Y� ! �   P$ � �c! � � �F�P�Q! � �P! � �  c�P� � *P � &F� ) 8j�P�p� �Y$ #�P� � *c � &e� �V�P� ! �p! #P� !P! 4d�m! #P� � � �P�U&f� % #c!P! � ,i! �m� $ $ � � �V� !P! #c�p� � &F�p! � &F� ) (c#P� �V$ � � � � �f! �
• � � � �P � $ =Q�hý 4m#c� �d! 4d�k! #P� � � �P�U� � �V&F�P! �Y�   ,k4i� � ! � �P%k" � �h! #P�\� ! #P� �h! �k� �  � � � ��m � $ =P)
• � � ! �m� � $ � �Vý¯4m#P� �f! 4d�d�Q�h&f� � �p! #P� � � �P�V#P� �c�k� �c� �  � �c�Y� �P%d� � � �h> 4d� � ! �� $ $ � � �\! �d�P� ! � / $ � �P� � �c%d�P�c� 1 �P� $ ! � �f�c� ! �p�c�  �P� � ) 7 � �V� 1 � &i�P � /Q� �P�c�Y� � �(c#P� � � �F+×4d� � ! � �j! #c�p�c� � � � *P ��� � � � /Q%Q� � �\� " "Y� �P�f�P� � �\� � &F� ! #P� �c%i�  � � /Q� �P�! #P� �F$ � &F� �U*c� $ =d! �d� � � ��� � � � AQ� �F! #P�j&f� � �P! � &f�p(c#P� � � �füF4d� � ! � �\! ��� � � �\� �P�$ #P� �P%Q� �\� ! �V�c�  �Y�p! �d� � &F� ! #P� �c%i(c#c� � � �F+×�P�Q� �V�P� !	� � 1 �Y� $ ! ) �
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� � � � s �V#P� 4Ú,c� �f$ � �F�Y� � < � $ = < � �P!Y! �d� � �k� "h�c� ! �k� �j� �P� @ �P� ! �  ,d�Y� � ! � $ ! � �h)

Ê I S E K LcË Ì �ÎÍ ÏQÁ�� Ã ¾ ç � Æ Ò À ô\Ç ¼ æ ÁVâ ¼ À Ï Äp¼ É
� ���! "$#&% ' (�) *+(�#&,  -., / "10�% ) *�2+ 3 4&2&% 5&)+% 5&6 ) , 7&"�( 5&) / ) %  5+�(c#P�p$ � &i�P�  � �U#c� �j� �F� �P! � � �F! �d�P� � �c�P$ �k�p�c� � � � � �f� "Y! #P�j�Y� �Q% � � &�! #c� !< �Q$ = < � �P!Y$ � �F�P� �p" � �V� �c�  ,c� � � )
8 ����, ( / ) (9/�2+ 3 4&2&% 5&)	6 *+( ' '	/ 5+:;'  ./ :;) *+(�% 5+6 ) , 7�"�( 5&) ( :$#&,  -., / ";�<P� �l$ � �i�Y� �p! #P� �\� #c�   P� �V,c� �f4d� �P �f� �c,i� ! #P� � /Q� �P$  �Y�P� �P%i� �c�c�P� �P%i� $ � � �P! � )
= ��>&/ ?�(�) *+(�( @ ( 3 7�) / A+' ( B 6C6 ) / ) ( �< �Q$ = < � �P!Y� �\�P� � � % �P� �f! �d� �c�f� ! � � � ! � �c�  , ) <c� �l� �P�f� !Y� �c� �V� �c�f� �Q� � / &F� = � �P%�Y� � %Q� � � � � �c�  ,i� ! � � �c%Q� �V� � � � � ! � � �c�\� *c� �Y!Y! #c�k�P� ! �k� !Y� �\� �c�  ,Q- � �P%Q/ �P�P! �  c,Q� �.c�P�f�p�P� � *c � &o� �V� � �k� � ! � � .c� �f! #c� !Y! #c�k�c� ! �k� �\� � " � )
+p�P�  , - � �P%d! #c�j�Y� �Q% � � &e4d� ! # < �Q$ = < � �c!Y$ #P� �P%Q� �V� ! �V� ! � ! � A ! #P� !Y� � / � �P$ �j,Q� �Ys �c��P� �c�k� �F� �c�  ,c� � � / ,c� �l$ � �Ps !Y� �P�F" �P� ! #P� �V� � � � � ! � � �P� ) üc,i� � �c� �P%i� �c�f� � � ! � � � �c%! #P�k� ! � ! � / ,c� �f$ � �F� �c�f! #c�k� �P�  ,c� � �\� �c� �V� �P�f� �c� � / 4d� ! #f�P� " " � � � �P!Y� � � � � ! � � �P�� *c� �Y!Y! #P�j�P� �Q% � � &fs �j�c� ! � )

D �CE�5+/ ' F G.(�) *+(�#&,  -., / ";�(c#P�
analyze

�Y� � " �Q� &f�\$ � �c� � � ! � �c$ ,F$ #c� $ = �\� �f! #P�j�Y� � %Q� � &fs �\�P� ! � )

compile to produce
LL database

perform LL
analysis

examine output
from LL —

is it displaying
only unsafe data?

Yes — fix code

No — make
assertions about
displayed data
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H ��>&( / , 3 *�I  ,�7&5+6 / I (�:&/ ) / �� � �c� �P%i� �P�F! #P�p� �c�  ,c� � � / ,c� �f$ � �F � � =i" � �U�P�Q�Y� �Q! � $ ! � �f�  � &f� �P! � )
� � � �j�c� � � � *P � �\� � �p�P� � �P � ,c� �f! #P� !Y�P� �F�P� !P#P� �c�p � $ = �j$ � �c� � � ! � �P!  ,d#P�  �f� �! #P� &e4m#P�  �p! #P� ,i4d� � �p� $ $ � � � � �l0 � �P�P� $ � ! � �i*Q,F! #c�k� &i�Y! ,m*P� � $ = � ! � 3 AQ" �Y� ! #c� � /� �F� � ! � � � � =d� �c�P� $ � ! � �\! #P� !Y! #P� � �p�c� � � � *c � �V4d� � �p4d� � ! ! � �F! �P) +p�f� � ! � � � � =Q/! #P� � � " � � � / &F� � �c�\! #P� ! < � $ = < � �P!	� *P�  � � �c� � �p! #P�p�P� ! �k� �V�P� !Y� � " � )
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$ lock_lint analyze
$ lock_lint vars -h | grep held
:arrow_cursor *held={ }
:bottom_row *held={ }
:box_height *held={ }
:box_width *held={ }
:box_x *held={ }
:busy_cursor   *held={ }
:c_text *held={ }
:calc_mandel    *held={ }
:calc_type  *held={ }
:canvas *held={ }
:canvas_proc/drag   *held={ }
:canvas_proc/x  *held={ }
[. . . ]
:gap *held={ }
:gc *held={ }
:next_row *held={ }
:now.tv_sec held={ }
:now.tv_usec held={ }
:p_text *held={ }
:panel *held={ }
:picture_cols *held={ }
:picture_id *held={ }
:picture_rows *held={ }
:picture_state *held={ }
:pw *held={ }
:ramp.blue *held={ }
:ramp.green *held={ }
:ramp.red *held={ }
:rectangle_selected *held={ }
:row_inc *held={ }
:run_button *held={ }
[ . . . ]
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� � 4d� �c� � /Q! #P� �\� �c�  ,c� � �\� �\� �P ,F� "Y � &F� ! � �F�P� � " �P �P� � � / *c� $ � �Y� �j&F� �c,F� "Y! #P��c� � � � *P � �V�P� � �Y � ,c� �F�P�k�P� !�L.M M Np! �p*P�\�Y� �Q! � $ ! � �P/ � �Y$ #F� �U�c� � � � *P � �V! #P� !P� � � �Ps !4i� � ! ! � �f! � /Q� 1 $ � �P!P4m#P� �f! #P� ,Ps � �k� �P� ! � �  � - � �h) üc,i� 1 $  �Y�c� �P%d� � &f�p�P� ! �k" � � &$ � �c� � �P� � � ! � � �P/ � �c�F#P� �c� �c% < � $ = < � �P!Y� � �P� � !Y� ! �\� �c�  ,c� � � / ,c� �f$ � �f.c�c�f� �P ,! #P�p�c�c�P� � ! � $ ! � �F�c� � � � *c � �\! #P� !P,c� �f� � �p� �P! � � � � ! � �f� �Y)
O �CPC( 6 )  , (�) *+(�#&,  -., / "Q)  9% ) 6C6 / ?�( :�6 ) / ) ( �( � *c�p� *c �j! �d� �P�i! #P�j� �c�  ,c� � �\� % � � �P/ �P� �f! #P�j� ! � ! �\*c� $ =d! �k4d#c� !Y� !c4d� �h*c� " � � �! #P�p�P� � %Q� � &e4d� �\ � � !Y� �c�  ,Q- � �h)
R �CPC( S+5+(�) *&(9/ 5+/ ' F&6 % 6�A&F;( @ 3 ' 7+:�% 5&-;6  "�(�:&/ ) / �7Q� �V� 1 � &i�P � / ,c� �f$ � �F� % �P� � �j�c� � � � *P � �\! #c� !Y� � � �Ys !P4d� � ! ! � �F! �dýþ� � �P$ �p! #P� ,�P� �Ps !c$ #P� �P% � / ! #P� ,m4d� �Ys !c$ � �Y� �\�P� ! �p� � $ � � ) +p�P�d,c� �F$ � �i� % �c�Q� �V�Y � $ � �h4m#P� � �! #P�p�Q� � � � *P � �\� � �p� �P� ! � �  � - � �l0 � "h! #c� ,cs � �p�c� !P�c� � � *c �p! �d� ! #P� �V! #P� � � �P� 3 )
<P� �l$ � �F� % �c� � �k! #c�p�c� � � � *c � �\! #P� !P,c� �f= �P� 4�� � �p� � " �\*c,d&f� = � �P%9� T T M U V W X L T� *c� �Y!Y! #P� &l) ? �f! #P�p� 1 � &i�P �\*P�  � 4j/Q! #c�k" �   � 4i� �P%d� � �p�P� �P� g
•
? �P� ! � �  � - � ! � � �f" �P�c$ ! � � �P�\� � �p� % �P� � � �l0 *c� $ � �P� �p�c�i�P� ! �k� �\� �c� � 4d� � ! ! � �f� !� �P� ! � �  � - � ! � � �P3

•
� � &F�p�Q� � � � *P � �\� � �p� � � � � ! � �f! �m*c�p� � � �c� � �P ,
0 7 �Q�U$  � � � ! ,cs �\� � = �p! #P� �\� �\�P� �P�p� �F! #P�p$ � &F&F� �P�f � �c� /Q! #c�k � �P%d4d� ,cA ,c� �l$ � ��Y� �p�  � � � � �\� �P�F� #P�   P� $ � � �P! �j! �m&F� =Q�p! #P�p! � � =d� � � � � � ) 3

$ lock_lint ignore CreateXStuff run_proc canvas_proc main
$ lock_lint assert read only bottom_row
$ lock_lint assert read only calc_mandel
etc.
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Y �CE�5+/ ' F G.(�) *+(�#&,  -., / "Z/ -�/ % 5.[&/ 5&:�6 ( / , 3 *�I  ,�7&5+6 / I (�:&/ ) / �:i� 4�! #P�p � � !Y� "Y�c�P� � " �k�P� ! �k� �\$ � �c� � �P� � � *P ,F� � �c�Y$ � �h)

Ê I S E K LcË Ì `úôVÒ Ç ¼ ä ÁVÅU¼ À ¼!\cÁ ÈQÃ Â À Á Ðpè É�� Ã ¾ ç � Æ Ò À
(c#P� �\! � &F�p� �c ,i! 4d�d�c� � � � *c � �V4d� � �p4d� � ! ! � �F! �i0

picture_rows
� �c�

picture_state
3Y� �P�f� � �k�c� % %Q� �i*Q, < � $ = < � �P!Y� �\� �c$ � �P� � � ! � �P!  ,i�P� � ! � $ ! � �h)

0 (c#P�p� �c�  ,c� � �\�  � �d�P� %Q�\! #P�j�c� � � � *c �
next_row

/ 4m#P� $ #f! #c�k$ �  $ �Y � ! � �V! #c� � � �P��Y� �j! �m.c�P�F! #c�j�P� 1 !P$ #c�c�P=m�Q"c4d� � =d! �p*P�j�P� �P� ) � � 4i� �c� � / � �V! #c�p� �P�  ,Q� � �V� ! � ! � � /! #P� �V�c� � � � *P �k� �\$ � �P� � � ! � �P!  ,i�P� � ! � $ ! � �h) 3
:d� 4Ú,c� �l$ � �F�  ! � �U,Q� �Y�V� � �P� $ �k$ � �P�p! �m�Y� � �P� �  ,i�P� � ! � $ !Y! #P� � �p! 4d�m�P�P� � " ��c� � � � *c � � )

$ lock_lint vars -h | grep held
:bottom_row held={ }
:calc_mandel held={ }
:colors held={ }
:corner_i held={ }
:corner_r held={ }
:display held={ }
:drawable held={ }
:frame held={ }
:gap held={ }
:gc held={ }
:next_row held={
mandel_display.c:next_row_lock }
:picture_cols held={ }
:picture_id held={ }
:picture_rows *held={ }
:picture_state *held={ }
:row_inc held={ }
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? 'r� <


� �\�k�P� �P�P � �U&F� ! #f � *P� � � ,d�Y� � �i*c,d&F� �Q,F7 8k9P(P9Y+p:�� �P�f5�P� � % � � &F&F� � � ) aU8j�P�p� "h� ! �\� � �Y! � �P� �j� �\�k%Q� � �f$ � �P�P� �P� ! �p" � �U�Y� � �   �  � - � �P%d4d� ! #< � � �Y( � �  )

(c#P� �\� 1 � &i�P �p� �\�k7Q8p9P(P9h+j:��P� � %Q� � &o$ �   � �
l2trg.f

) 0 ? !Y$ � &i�P�P! � � < ï" � $ ! �Q� � - � ! � � �f� "Y�m� � �P%  � � �P� � $ � � � � �F%Q� �P� � �  c&F� ! � � 1Q) 3Y(c#c�p�P� � %Q� � &o� �\$ � &i�Y�  � �4d� ! #c� �P!Y� �c,i�P� � �   �  � - � ! � � �PAQ! #c� �F$ #P� $ =Q� �f! �d� � �j#P� 4� � �c%i� !Y! � = � �\! �d� �c�F4d� ! #! #P�
time

0 q 3h$ � &i&F� �c�hg

Ê I S E K LcË Ì _ bcKVÂ Æ æ Æ Ò ¼ ½ Í Æ åkÁ Çhä Ã Â
l2trg.f

Ö djÃ ÀQâ ¼ Â ¼ ½ ½ Á ½ Æ Ó Á Ð Ø
( �d � � =i� !Y! #P�j�P� �Q% � � &o4d� ! # < � � �Y( �Q�  /Q� � $ � &i�P�  �p4d� ! #F! #P� < � � �Y( � �  � �c� ! � �c&f� �P! � ! � � �c/ �Y� � �P%d! #P�

-Zlp
� �Y! � � �Yg

e f g h i j k l m n o p k l q o n o r q n m r o s m n t u v g h i j w g x y f z { k l o | m s } ~ o k l � l o r � k q { } o n s k l l k u x f

$ f77 l2trg.f -cg92 -03 -lmsl
$ /bin/time a.out
real 44.8
user 43.5
sys 1.0

$ f77 l2trg.f -cg92 -03 -Zlp -lmsl
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(c#P� �\� �V4m#P� ! < � � �Y( � �  c� #P� 4d� g

Ê I S E K LcË Ì _ _1� Ã Ã È Í Ã Ã ½ ÜYÆ Á Ä�� Á ä Ã Â ÁVâ ¼ Â ¼ ½ ½ Á ½ Æ Ó ¼ À Æ Ã Ò
Bc�P! ! � �c%i! #P�p$ �P� � � �V� �c� �V�k �Q� �f%Q� �c� �\� ! �\ � �P�j�c�c&i*c� � AQ$  � $ =Q� �P%d� �F� !c*c� � �c%Q�V�c�l�4d� �c�P� 4�! #c� !P�P� � �Y � ,Q�\! #c�p � � �F� �F! #c�p� � �Y� $ �p$ � �P� ) 0 5U� �c! � � � !P! #c�p�P� � �Y � ,i� �F! #P� �� 1 � &i�P �j4d� ! #F! #P�k�c� � �P � ,F� �i�Y� %Q�jq � q ) 3
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'r� � !P� "P! #c�\�Y� � % � � &fs �U! � &F�j� �U� �Y� �P!c� �i! #P� � �j �Q� �P� A  � �Q= � �c%m� !c! #P�j� � �Y� $ �j� #P� 4d�! #P� !Y! #P� ,F� � �j�P� � ! � �h) (c#P�j&f� �P�P �k � � �f%Q� �c� �\�p#P� �P!Y� *c� �P!P�Y� � �   �  � - � ! � � �Yg

Ê I S E K LcË Ì _ ñ1� Ã Ã È Í Ã Ã ½ �jÆ Ò ÀQÑhè Ã ¿QÀcâ ¼ Â ¼ ½ ½ Á ½ Æ Ó ¼ À Æ Ã Ò
? �f! #P� �\$ � � � / < � � �Y( �Q�  c%Q� �c� �\! #P�j&F� � � � % �

The variable “fac” causes a data dependency in this loop
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+p�c�P/Q� �c�P� � �P/Q � �Q= � �c%i� !Y! #P�p� � �P� $ � / ,c� �f$ � �f� � �p! #P� !
fac
� �\$ �  $ �P � ! � �F� �f! #c��P� � ! � �P/Q� �Q�P� � &f� � !Y � � �l0 � � � � 3 g

(c#P�p � � �f� �P�c� 1 /
I
/Q� "h! #c�k� �c�P� � &F� � !Y � � �l� �V�Y� � �f! �d� $ $ � � �\� � 4d�\� "Y! #P�p� � � � ,

fac
) � �d! #P�p� �Q�P� � &f� � !Y �Q� �F�P�P�P� ! � �\! #c�

I � � � � 4�� " fac
) � � �c$ �p�c�Y�P� ! � �P%i! #c� � �� � 4d�j�c�Q� � �Ys !Y�P� �P� �c�f� �F�P�P�P� ! � �\� "Y� �c,F� ! #P� �V� � 4d�\� "

fac
/Q� ! s �\� � " �k! ��P� � �   �  � - �p! #P� �\ � � �U)

C                        update the remaining rectangular
C                        block of U, rows j to j+3 and
C                        columns j+4 to n

      DO 9020  K=NTMP, J + 4, -1
         T1 = FAC(M0,K)
         FAC(M0,K) = FAC(J,K)
         FAC(J,K) = T1
         T2 = FAC(M1,K) + T1*FAC(J+1,J)
         FAC(M1,K) = FAC(J+1,K)
         FAC(J+1,K) = T2
         T3 = FAC(M2,K) + T1*FAC(J+2,J) + T2*FAC(J+2,J+1)
         FAC(M2,K) = FAC(J+2,K)
         FAC(J+2,K) = T3
         T4 = FAC(M3,K) + T1*FAC(J+3,J) + T2*FAC(J+3,J+1) +
     &        T3*FAC(J+3,J+2)
         FAC(M3,K) = FAC(J+3,K)
         FAC(J+3,K) = T4
C                        rank 4 update of the lower right
C                        block from rows j+4 to n and columns
C                        j+4 to n

DO 9030  I=KBEG, NTMP
            FAC(I,K) = FAC(I,K) + T1*FAC(I,J) + T2*FAC(I,J+1) +
     &                 T3*FAC(I,J+2) + T4*FAC(I,J+3)
 9030    CONTINUE
 9020 CONTINUE
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(c#P� � � " � � � /Q� "Y! #P�p$ �  $ �P � ! � � �F�Q"
fac
$ � �d*P�p� �Y� � �c� �i*Q,i�P� � �   �  � - � �P%d � � ��� � � � /! #P� � �p� #c� �Y �i*P�p�k� � % �c� .c$ � �c!P�Y� � " � � &f� �c$ �k� &F�P� � �c� &F� �c! ) 7Q� � $ �p� 1 �P � $ � !�P� � �   �  � - � ! � � �d*c,i� �c� � � ! � �P%i�

DOALL
�P� � � $ ! � �c�p� �F" � � �c!Y�Q"Y �Q� ��� � � � g

:d� 4�� � $ � &i�Y�  � /Q" � � $ � �c%i� 1 �Y � $ � !P�Y� � �   �  � - � ! � � �f� "Y! #P� !Y �Q� �F4d� ! #f! #c�
- explicitpar

� �P! � � �h) 7 � � � ! /Q! #c� �Y% #c/ &F� =Q�p� �P� �p! �m�Y� �p�   P! #c�p�P� � $ � � � � � �\� �! #P�j&F� $ #P� �c� A �P�i! #c� !c*c,i� � ! ! � �P%i! #c�
PARALLEL

� �Q�c� � � �c&F� �P!P�c� � � � *c � ) 7Q� �P�   , /� �c�i! #c�\�P� � %Q� � &�� �c�i$ � &i�Y� � �\� ! �U! � &F�V4d� ! #i! #c� !c�Q"c! #P�\� � � % � �c�  ! � &F� �V0 � #c� 4m�d� �7Q� % �P� �!� � q �m� �i�Y� %Q�jq ; t 3 )

Ê I S E K LcË Ì _ ùÚâ Ã Ç À ê â ¼ Â ¼ ½ ½ Á ½ Æ Ó ¼ À Æ Ã ÒpÍ Æ åpÁ Çhä Ã Â
l2trg.f

C$PAR DOALL � � N N���� �	� � N I K L � H I ] LQJ L K L �
        DO 9030  I=KBEG, NTMP
            FAC(I,K) = FAC(I,K) + T1*FAC(I,J) + T2*FAC(I,J+1) +
     &                 T3*FAC(I,J+2) + T4*FAC(I,J+3)
 9030    CONTINUE

$ setenv PARALLEL 2 � ñUI �cH J L.�VR �&� K R � L � � R K �cR WH J LcThM � J I W L �
$ f77 l2trg.f -cg92 -03 -explicitpar -imsl
$ /bin/time a.out
real 28.4
user 53.8
sys 1.1
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(c#P�j�P� �Q% � � &o�c� 4e� �P�c�\� �c� �V�k! #P� � �f" � � ! � � ) 0 (c#c�p#c� % #c� �h�c�P&d*c� �V" � �
user� � �P� $ ! �\! #c�k" � $ !Y! #P� !Y! #P� � �p� � �j�P� 4�! 4d�m�Y� � $ � � � � �\� �P�c�c� �c%P) 3 < � � =Q� �P%i� !Y! #P��P� � % � � &�� % � � �f� � < � � �Y( � �  / ,c� �l� � �k! #c� ! /Q� �F" � $ ! /Q! #c�k� �c�P� � &F� � !Y � � �l� �V�P� 4�P� � �   �  )

Ê I S E K LcË Ì _ �1� Ã Ã È Í Ã Ã ½ ÜYÆ Á ÄõÑVä À Á ÂYâ ¼ Â ¼ ½ ½ Á ½ Æ Ó ¼ À Æ Ã Ò
� |Yzi��|Yz w�� x+�c|hzQ��yh� { |hx

<c� �i&f� % #c!c*c�p� *c �p! �m.c�c�F� �P!c&f� � �p� *P� �P!Y� �  � � � �\! #c� � � �P�V� �P�F� �  � ! � �F� � � �Y� �\� �! #P�j2f� �  �F2l� �P�j2f� *f0 2�2n2�3Y� !Y! #P�p" �   � 4d� �c%dïk9 < g
http://www.sun.com/sunsoft/Products/Developer- products/sig/threads+k � �Q/ ! #P�p" �   � 4d� �P%m&F� �Q�Y�  �V&F� % #P!c*c�k� "Y� �c! � � � � ! g
�.� U M � N��CL � � � � M U!��T M U � TC���.W N Mh�U> �;� � q � t t � q � q �
� X � � � W L.V���T M U � TC���.W N MU�h> �;� � q � t t � � � q �
� X X � � X X �+��T M U � T!��� W N Mh�U> ��� � q � t t � � � q �

Loop 9039,
now parallelized
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