
��� � �� �� � �� 	� � 
 ��� 
�� �� ��� �� � � � � �� � �

�� � �� �� � ! � �#" $%& �� ! ')(  * + $, �  $( *  � � �)- $ &. ( �/ � $ $( * � � $� $0- � $ � $� � � 1*   $( *  � 2(  $� $� �! � �* �3 , 4 $�)- ' $(  $� $� �! � �* � 5 � � 476 * -  8 � � 3 �9:; < $" ! '- ! � �* � �* � ! 6 => � ! '? . � ��- � $� @

8* � ! 6 %BA� � � C � ' � �6 D* �( - �! � �* � � %E � � � (  �*  � �6 ! ')F *  � � 4 ��G � $, � �* � ! ' " �� � C � ' � �6: � � � $� �-  1! , $ $ ' � � �� ! � �* �A�� � C ' $ �-  1! , $ � � $� � �> , ! � �* �� � � � � �" $ 2 3- C � ! , � �" $ " � � � C � ' � �6

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W f

� � 
 � 	 n ��

� , , $ ' $ ! � �* � * 1o ! 6 D! � � �� F 2 o ! 6 8 ! , �� F�� �- �( � �* � %  $� � $ �� F C! � $� * � � � $ , � $� �! �( ' �� F8 4- �qp �! � r 5! � �* ! � � 5 $ �! �( ' �� F 0- $ 6 � & �9s- �ut t t * � 4 $ r �� � � * 1 " �� � C � ' � �6 0- $ � $� !  � � $%v�� ' � F 4 � �* -  , $ 1- ' '6 " � � � C ' $ �* !  $ , $ �#" $ wv�� ' � F 4 � �* -  , $ 1- ' '6 �� " �� � C ' $ 1 * �  $, $ �" $ wD! �  $F �* � * 1 � ( ! , $ C $ � $ $� 1 * � " � $ 5( * �� � 2  $F �* � wx- � � �* � $* C + $ , � C $ �  ! 5� 1 * � " � $ 5( * �� � 2y $F �* � wz 1 � $� p 0- $ � $� , ! � C $! � � 5 $ $� {|} ~�� �� � � �� �)� %v�  ! � �* � � �6 p * � $ $�- � $ ! � $� ! �- ( $ � $ �* 1%? @ 8 4* � $ �* -  , $p  $ , $ �" $ ( ! � � � 4! � $� , 4! � F $ $� $ F 6� @ 8 4 $ C '* , r $ � C $ � 5 $ $� F �" $� �* -  , $p  $ , $ �" $ v� " ��- ! ' � � �- '! � �* � =!  , 4 � � $ , �-  ! ' D � Gp � , t @ %v 1* C + $, � " �� � C ' $p �- � �! � � 5 $ �" � � � C ' $p � C- �t t tv 1 �� " � � � C ' $p , ! � �* � $ � � � $� ! � � 5 $ �" � � � C ' $ � = 5 46 w @

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W j

� n 
 n � n� n � 
 � � � �� � � �� 


E �� �(  �*  � �6 *  � $ �� F � = s 3 9 p ( ! �� � $ � � ! ')F *  � � 4 �p �!  � * , rA� � � C � ' � �6 ! � C! , r�� �* � 1 * � � �*  �p *  1 * � � � � $� � �> , ! � �* �G � $ , � �* � ! ' ,- ' ' �� F = 1 - � �- � ,- ' ' �� F @3( ! � �! ' �� � $� p 0- $ 6 � $, 4! � �� � 1*  � 6 � ! � � , " � $ 5( �D $ ' ' 2( *  �! ' ,- ' ' �� F = �! � � � � �" $ � " �� � C � ' � �6 @�- F � $� � $� � ( ! � �! ' �� � $ � / � � F 4 � ' �� $ $ � �� � $� , $� � $ 1- ' �� !  , 4 � � $, �-  ! ' �� � $ �*  �p C �* '* F � , ! ' " � � t p � , tz , , '- � �* � ,- ' ' �� F = �)�- C � ! , � �#" $ � " � � � C � ' � �6 @& �� � �� F = � � $! ' '6 � �! ' ' @ (  * * 1� * 1 �� " �� � C � ' � �6� � $ 1- ' �� -  C! � $� � $ �*  �qp � , � $� � �> , " � �- ! ' �#� ! � �* � p � , t

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W O



� ��� � � n � � � � � � 
 
� 


A

B

C

D

E

G

A

B

C

D

E

G

A

B

C

D

E

G

�� ! '6 � � , %9  * �)- , $� $ � ! , � � $� ,  �( � �* � * 1 " � � � C ' $ �� �� ��} � ~z � $ �� F %A� � � C ' $* C + $, � � � '! � �* � $ �  ! 5� ! � $! , 4)( � � $ 'D* � � $ " ! � �" $ 2 3- ( $ � $ �! ' F *  � � 4 � %9  * �)- , $� - ( ( $ C* - � � * � " � � � C ' $ � $ ��M� �- � $� � � C- � $ 1*  ( $ �( � � $ ' " �� � C � ' � �6D 4! ' ' $� F $% �! r $- ( ( $ C* - � � - � $ 1- ' '6 � � F 4 � 	8 5* 1! � � ' � $� % ! � � � � �" $! � � �- C � ! , � �#" $

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W 


��� � � �� � 
 n �� � 
 n� � � � �� � n� � n� �

z C + $, � � ( ! , $% * ( $ ! � $� �� , * � � ��- * - � , * *  � �� ! � $�z 1 � $� p , ! � , * � , '- � $ " �� � C � ' � �6 �� 1* ! C* - �  $F �* � �3 ,  $ $� � ( ! , $% * ( $ ! � $� ! � � ,  $ $�  $�* '- � �* �86 ( � , ! ' '6 p � � C- � $ C! � $� p  $0- � $� " � $ 5( * �� �:6 C � � % �* � $ , * � C �� ! � �* � * 1 C* � 4:* '6 F  ! � ' %A� � � C � ' � �6 ! ' F *  � � 4 � 1*  F $� $ � , � , $� $�v�� � * *  � , $� $� 5 � � 4 $" � � $� � � � - , �-  $z- � � * *  � , $� $� 5 � � 4 $" � � $� �* , , '- � $ �G $� � $ � , $� $� 5 � � 4 ' $� � * C" �* - � � � - , �-  $%D* �( ' $ � D � G �* � $ ' = $� F �� $ , * �( !  � � $� � @D* �( ' $ � *  F ! � � , � , $� $ = 1*  $� �p �* ' $,- ' $ @3 �! � �� � � , ! ' $ ' $ � $� � � = 1* F p �)- � �p � � * 5p $ � , t @

t t t 5 4 � , 4 � � * - �( - � � $� � � � �#" $p � < G

t t t 5 4 � , 4! ' '* 5� (  $� � , � �" $ =  $F �* � @ " � � � C � ' � �6 0- $ � $�

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W �

��� � � 
 � n � � ��� � � n � � � 


�� ! '6 � � , " �� � C � ' � �6 %
� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �

9  * �)- , $� $ � ! , � � $� ,  �( � �* � * 1 " � � � C ' $ �� �� ��} � ~<* � $% � * � � , * � " $ � / � $� ,  �( � �#" $ , * �( ' $ � � �6 t9  * C ' $ � � w

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm WK



� � �� � n� � � ��� � � n � � � 


A A

B

C

A

B

C

D

E1

E2

A

A− A+

A

B C

B− B+ C− C+

A

B C

B− B+

E2

E1

C

E1− E1+

E2− E2+

D

− + − +

− + − + − + +

+

+

− −

−

+

− +

−

E1, E2

z � $ �� F %A� � � C ' $* C + $, � � � '! � �* � $ �  ! 5� ! � $! , 4)( � � $ '9  * C ' $ � � w
� � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �

� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �
� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

B

A

C

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W P
� � � 
 
 n �� � �� � ��� �� �� �� � � �� 
 � ��� � � n � � � � ��� � �

v� � $ $� � �� F * C + $ , � 2 � ,  $ $� � � ( ! , $ 46 C � �

	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	


 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 


	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	


 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 


	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	


 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 


	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	


 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 


	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	


 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 


	 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 		 	 	 	 	 	 	 	 	 	 	


 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 


� � �! , 4! ' '( * '6 F * � � �*  * * � " � $ 5( *  �8 4 $� p  $ ,-  � �" $ '6 %3- C � �" � � $ " � $ 5( *  �p  $( * ( - '! � $( * '6 F * � �8 $ � �� ! � �* � , * � � � � �* � � =� 2? 2* � 4 $ @ w

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W N
� � � 
� � �� � n �� �
 � � � � 
� � � ��� � � n � � ����� ������ � � �� �� �� �� � � �� ��

9  * �- , $� - ( ( $ C* - � � * � " �� � C ' $ � $ ��� �- � $� � � C- � $ 1*  ( $ �( � � $ ' " �� � C � ' � �69  * C ' $ � % �! r $- ( ( $ C* - � � - � $ 1- ' '6 � � F 4 � 	

D '! � � $� * 1 �- ( $ � $ �! ')F *  � � 4 � %�� � � � �" $% ! � �- � $ � * � 4 �� F " �� � C ' $/ $� ( '*  $ 5*  ' �� � $ 1- ' = $t F t @ �� !  , 4 � � $ , �-  ! ' �� � $ �*  �3- C � ! , � �" $% ! � �- � $ $" $ 6 � 4 �� F " �� � C ' $/  $ �* " $* , , '- � $� * C + $ , � � t � � $ 1- ' 1*  $ � � $ �*  � , $� $�

HIJKML NO P QRST U VWX YXZT [\]^ J UW^ _Z`a Ob cRd WS e WX fg g g hij j k lZm W g



� � � n � n �� � n 
 n � n� n � 
� � � � � �� � � � � � � ��� � � n � � � 


v � $! % �- C � �" � � $! '* � F * , , '- � $ � �� �* � ( ! � �! ' , $ ' ')�

input faces portalscell boundaries
adjacency graph vertices adjacency graph edges

A

B

C

D

L

R R
L L

R

L

R

L
R

L

R

(a)

(b) (c)3 $!  , 4p * ( ( *  �- � � � � � , ! ' '6 p 1*  � � F 4 � ' �� $� ! �* � F , $ ' ')�

� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �

I J

H

G
A

E

F

D

C

B

G $ � $ � �� ! � �* � * 1 � , $ ' ' " �� � C � ' � �6 � , ! � C $%G* � $* � �� $ =! � (  $(  * , $� � �� F @G* � $* � ' �� $p '! � � '6 =* � � $ �! � � C6 �* -  , $ , $ ' ' @p *  t t t3 r �( ( $� $� � � $ '6 	

HIJKML NO P QRST U VWX YXZT [\]^ J U W^ _Z `a Ob cRd WS e WX f g g g hij j k lZm W fb

� � � � �� � � � � � � ��� � � n � � � 
� � 
� � ��� 
� � � n 
 n � n� n � 


v� � � �! ' �#� $ , * � � � ! �� � � $ � �* " � $ 5 1 - � �- �o * * �! , * � � � ! �� $� p  $,-  � �#" $ � $!  , 4! � , $ ' '

� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � �

I

J

H

G
A

E

F

D

C

B

G� ! 5 , * � � $� � � * 1 ,-   $� � , $ ' '&*  $! , 4 $ � � � �� F ( *  �! ' %�( ( $� � ! � �* , �! � $� , * � � � ! �� � �v 1 1 $! � � C ' $p  $ ,-  � $ �* ! � +! , $� � , $ ' '<* � $ � $! � � $� �* 1 �� $ �! � '* C + $ , � � % �v F � *  $� �)-  �� F �� � $� , * � � � - , � �* � = 4* 5 w @D- ' ' $� 4 � $ !  , 4 � , ! ' '6 5 � � 4! , � �#" $ , * � � � ! �� � �

HIJKML NO P QRST U VWX YXZT [\]^ J U W^ _Z `a Ob cRd WS e WX f g g g hij j k lZm W f f

 � � � �� � � n �� � n 
 n � n� n � 
� � � �� � 
 n� � �� � � n� �

& � � � % , ! � 5 $- � $! � � � � �" $ " �� � C � ' � �6 4 $ $ wv � $! % � � $� � � 16 '!  F $ 2 $ � $ , � �#" $* , , '- � $ � / - � $� 4 $ � �* (  * " $ �� " � � � C � ' � �6 * 1 � $ �! � '* C + $ , � �

(a) (b)

shadow volume

occludees

occluder

1
2

3

T1

T3 T4

T2

T

A

occluder

shadow 
volume

eye
 1

 2

 4

 3

 5

 6

(c)

occluder

occluder
  plane

Octree
 Nodesupporting

separating

<* � $ � ( ! � �! 'p � $ �( *  ! ' , * 4 $ $� , $ = 4* 5 w @9  * C ' $ � % � $ � $ , � , * �( * - � � * , , '- � �* � 2 " � � � C � ' � �6 	

� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �

� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �

� � � � �� � � � �� � � � �� � � � �� � � � �

� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �
� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

� � � � �� � � � �� � � � �� � � � �� � � � �

� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �

� � � � �� � � � �� � � � �� � � � �� � � � �

� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �
� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �� � � � �

� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �

� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �� � � � � � �

� � � � �� � � � �� � � � �� � � � �� � � � �

HIJKML NO P QRST U VWX YXZT [\]^ J U W^ _Z `a Ob cRd WS e WX f g g g hij j k lZm W fj


