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|�o�Ô0f���u�f���ji��n��io��mhkt�n9�mlMo��Ò|�t�ndjmhkji�ij�t�ú�jmu�ld��fihk|�o�Ô�jmlM��ÔxÔkj o�nMö
t�fihk��n��i��ö �0t�ývnMö�hxndù���t�	���j H9I �J�ÒjLK�c��Òû2ýdjmhxnMùDt�*dÿ�Ôxhxnd�
o�nMö7t�nvÿ�ÔxhxnM�L�i��|ilvn�h R�ýM��j úât�fÌ�mf����Ì|�t�nMji�mfiýM|��mhkt�náo�nMö{Ôko/��û
��þ�o�ÔxýMo��mhkt�n �it f���ö#ýM|��9�mld�9÷[��÷[t�f�û>f���R�ý�hxf���÷[��n��ij�ügt�ývf
o�Ôkù�t�fihk�mld÷ |�t�÷zu�ýd�i��j{oXlvhk��f�o�f�|ilvhk|�o�Ô[f���u�f���ji��n��io��mhkt�nTt�ú
��o�|ilA�������hk��fÌudo��i|�l9ýMjmhxndù9b�ld��ÔxÔkÕ�f�����j�c�� ��	���ü2���zù�hkþ��[o�n
t�þ���f�þ�hk���ét�ú£�mld��|�t�n��io�|��gö����i��f�÷zhxnMo��mhkt�nJo�Ôkù�t�fihk�mlM÷Lc

��í�ìví ¬ K 5dñ0°�ô¤¯ a c 4 S J ° S ô J �
sÏhkþ���nRo[Ôko�f�ù��@÷[t�öv��Ô£|�t�÷zu�t�ji��öJt�ú£jmuvÔxhxnM�<jmývfiúâo�|���j�üq�mlM�
o�Ôkù�t�fihk�mld÷;öv��|�t�÷zu�t�ji��j���o�|�l@jmý�fiú�o�|��£hxn��it��������hk��f�udo��i|�lM��j
o�j�uMo�f���t�údt��[hxnM��uvf���ÿm|�t�÷zu�ýd�io��mhkt�nqc�ÕÒld��o�Ôkù�t�fihk�mld÷T|�t�÷zÿ
uvýM�i��jXoé�ml�f�����ÿ�ö#hk÷@��ndjmhkt�ndo�ÔJ�mhkù�l��A�d�i�mhxnMùéo/	�hkjmÿ�o�Ôxhkù�nM��ö
�0t�ý�ndö�hxnMù ��t�	���j H } }��J� Kêo�ndöToøb'lM��ÔxÔkÕ�f����,ú�t�fJ��o�|il
� �����hk��f@udo��i|�lqc�Õ�tLf���ö�ýd|��L�mlM�Ë÷@��÷[t�f�û{f���R�ý�hxf���÷[��n���ü�hk�
t�n�Ôkûz|�t�ndji�mfiýM|��ijqoÏji�io��mhk|�ü��[	���ö�ÿ�ld��hkù�l���b'lM��ÔxÔkÕ�f����Òú�t�f���o�|il
udo��i|�lM��jzýMjmhxndù9÷[t�ji�mÔkûJjmuvlM��fihk|�o�Ô jmld��ÔxÔkj�c'�£o�|ilXjmu�ld��fihk|�o�Ô
jmld��ÔxÔ£hkj�|�t�÷zuvýM�i��ö{ýdjmhxnMù{�mlM�z÷[���mldt�ö�j�t�ýM�mÔxhxnd��ö hxn b���|�ÿ
�mhkt�n ;�c�ÕÒlM� lM��hkù�l��@t�ú��mld�[ji�io��mhk|Gb'lM��ÔxÔkÕ�f����[hkjÌjmu0��|�h��M��ö
��ûË�mlM�ÏýMji��f�ü�o�j£hk�Òöv��u0��nMövj t�nG�mld� o�u�uvÔxhk|�o��mhkt�nMj�o�nMöL�mlM�
|�t�n��io�|��g|�t�nU�Mù�ý�f�o��mhkt�n�c
ÕÒld�át�n�Ôxhxnd�E|�t�÷zuvýM�io��mhkt�n t�úGt�ý�fá|�t�n��io�|��Jö����i��f�÷zhxÿ

ndo��mhkt�nEo�Ôkù�t�fihk�mlM÷ |�t�nMjmhkji�ijËt�ú��9�ÒtLuvlMo�ji��j�c��ân �mld���vf�ji�
uvlMo�ji��ü�hk�Òö�û�nMo�÷zhk|�o�ÔxÔkûËý�u0ö�o��i��j��mlM�Ï} }��J��j�o�|�f�t�jijÒ��o�|il
� �����hk��f£uMo��i|il�c�ÕÒld��nqü�hk��jit�f��ij��mlM��ji�
�0t�ývnMö#hxnMù[þ�t�ÔxýM÷[��j�hxn
;�ÿ�jmudo�|��Ì�itËö����i��f�÷Ìhxnd���Òl�hk|�l{uMo�hxf�j�t�ú�udo��i|�lM��j o�f��Ìt�þ���fiÿ
Ôko�u�uvhxnMùvc��'	�u�Ôkt�hk�mhxnMù2�mld�9�i��÷zu0t�f�o�Ô	o�nMö2jmudo��mhko�ÔÌ|�t�ld��fiÿ
��nd|���ü�hk�[ýM�mhxÔxh ����j{jQ�Ò����u2o�nMö>u�fiý�nd�9�i��|ilvn�h R�ýd� ) �it ��nMö
o�ÔxÔdu0t��i��n��mhko�Ô0uMo�hxf�jÒt�úqt�þ���fiÔko�u�u�hxndù[uMo��i|ild��j£hxn[nd��o�fiÔkûzÔxhxn�ÿ
��o�f �mhk÷[��c��ân �mld�9ji��|�t�ndö2u�ldo�ji��üÒhk�L|�t�ndjmhkö���f�jLuMo�hxf�j{t�ú
� �����hk��f£uMo��i|ild��j �ßlMt�ji�'�0t�ý�ndö�hxnMù �0t�	���j£t�þ���fiÔko�uGo�ndö[þ���fiÿ
h��d��j<�mlM��hxfG|�t�n��io�|��[ji�io��mýdjzýMjmhxnMù>�mlM�Lji�io��mhk|{b�ld��ÔxÔkÕ�f�����j�c
C�hxf�ji��üd�mlM�go�Ôkù�t�fihk�mlM÷.ù�t���j�övt��Òn<ú¤f�t�÷;�mld��udo�f���n��Òndt�ö���j
t�úq�mld���mf�����j��it�|ild��|��[úât�f£u0t�jijmh���Ôk�ghxn��i��f�ji��|��mhkt�ndjJ�0�����Ò����n
jmld��ÔxÔkj<ýdjmhxnMùJ�mlM�Lt�þ���fiÔko�u2�i��ji�ijz��	�u�Ôko�hxnM��ö2hxnáji��|��mhkt�n>=vc
}gjËhk�G�mf�o�þ���f�ji��j{ö�t��ÒnE�mld�9�mf�����j�üÒhxú@t�þ���fiÔko�udj{|�t�n��mhxn�ýd�
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Patch

N-1

Patch

2-1

Patch
1-M 1

Patch

1-1

Patch
2-M 2

Patch

N-M N

Bounding Box construction and construction of few levels of 
the  Shell tree for each patch  i-j

patch pairs  i-j and k-l,  i!=k
For each transformation, bounding box overlap test between the

Dynamic construction of more levels of Shell tree, on demand.

Shell Shell overlap test between the patch pairs passing the above
bounding box overlap test.

Report collision between Model i and k, if the patch pair i-j and k-l
pass the above Shell-Shell overlap test.

Model Model Model

1 2 N

OFF-LINE

ON-LINE
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�itÌt�|�|�ý�f �������Ò����n{�9�Òtgndt�ö���j�üM÷[t�f��gÔk��þ���Ôkjgt�ú£b�ld��ÔxÔkÕ�f�����j
o�f���|�t�nMji�mfiýd|��i��ö[o�j0nd����öv��ö[�itÒf���u0t�f���u�t��i��n��mhko�Ô0|�t�n��io�|��ij�c
I �mlM��fL�Òhkji��ü��mlM�[o�Ôkù�t�fihk�mlM÷ �i��f�÷zhxndo��i��jÌo�nMöênMtL|�t�ÔxÔxhkjmhkt�n
hkjÏf���u0t�f��i��ö0c
} 7dt��;ö#hko�ù�f�o�÷ �mldo�� hxÔxÔxýMji�mf�o��i��jL�mlM�Ë��n��mhxf��Ëu�f�t�|���jij�ü

�mlMo���|�t�nMjmhkji�ij�t�ú��0t��ml9t��[hxnM�zo�ndö{t�nvÔxhxnM�[|�t�÷zuvýM�io��mhkt�ndj�ü
hkjgù�hkþ���n{hxn C�hkù�cdB�c

��íuD ñdc ` ±M°�ôâ®�ñ ð �<ô¤¯ a 4[¯ abJ °Ë¬ `.` °�ñd±�² abJ ®
�ân �mlvhkj<ji��|��mhkt�n�ü �Ò�<ö#hkji|�ýdjijG�mld�{|�t�n�þ���f�ù���nM|��{t�ú	t�ý�f

o�u�u�f�t�o�|ilG�Òhk�mlRjit�÷[�[t�ú��mlM�zuvf���þ�hkt�ýMjzo�uvu�f�t�o�|�lM��jzýMji��ö
ú�t�fg|�t�ÔxÔxhkjmhkt�n öv���i��|��mhkt�nqcqb'hxnM|���ü0÷@t�ji��t�ú£�mlM��t��mlM��f ÷[���ml�ÿ
t�ö�jÒo�f��ÒnMt���f���o�ö�hxÔkû<o�u�uvÔxhk|�o��vÔÉ�Ì�it�jmuvÔxhxnM��÷[t�ö���Ôkj�ü��Ò�Òö���ÿ
|�hkö���ö{�itzýMji�z�mfihko�ndù�ývÔko��i��ö7f���u�f���ji��n��io��mhkt�nMj�t�ú£ù���t�÷[���mf�û
�itËu���fiú�t�f�÷èt�ý�fÌ|�t�÷zuMo�fihkjit�n�c£ÕÒlM�z÷[t�ö���Ô �Ò�zlMo�þ��[|ildt�ÿ
ji��nX�itGji�mýdö�û9�mld�[|�t�n�þ���f�ù���nM|��[hkjz�mlMo��Ìt�ú£ºM»�½m»�Â¤Âk¼�Â�Á�ÂkÄ�¸�¼
ºq½mÄ�×�·¤ÅÌ·¤µ�Ó�cMÕ�tËhxÔxÔxýMji�mf�o��i�LuMo�f�o�ÔxÔk��Ô�|�Ôkt�ji�[uvf�t�	�hk÷zhk��û�ü£|�t�n�ÿ
jmhkö���f�üg�9�ÒtJ|�t�nd|���n��mfihk|XjmuvlM��f���j{�mlMo��Go�f����Lo�uMo�f��LúÉf�t�÷
��o�|�lát��mlM��f�c'��� hkj@��o�jiû9�it7ji���Ë�mlMo��Ìo�j��zö���|�f���o�ji��j�ü£�mld�
n�ýM÷ �0��f{t�úÌt�þ���fiÔko�uE�i��ji�ij<f���R�ý�hxf���ö2�itJji�io��i�9�mlMo��<�mld��û
ö�tËnMt���hxn��i��f�ji��|���hxnd|�f���o�ji��j�c�ÕßlM�zf�o��i�[t�úÒhxnM|�f���o�ji�[hkjzö�hxÿ
f���|��mÔkû[f���Ôko��i��öL�it@�mld� |�t�n�þ���f�ù���nM|��Ìt�ú��mld���0t�ý�ndö�hxnMùLþ�t�Ôxÿ
ýM÷[�gýdji��ö�c��ânrN�M�üU���ÏlMo�öLo�f�ù�ýM��ö{�mlM��t�f����mhk|�o�ÔxÔkû{�mlMo����mld�
jmu�ld��fihk|�o�Ôqjmld��ÔxÔ[�0t�ý�nMö#hxnMù[þ�t�Ôxýd÷@�Ï�$	�lvh���hk�ijÌÁ�Ñ�Ê�·¤Á0|�t�n�þ���fiÿ
ù���nd|���c I �mld��f��0t�ývnMö�hxndù9þ�t�Ôxýd÷[��jgÔxhx���[|�t�n�þ���	<l�ývÔxÔkjÌo�nMö

X Graph

Shells

OBBs
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I fihk��n��i��ö��Òt�ý�nMö#hxnMù ��t�	���j H9I �J��jLK�ldo�þ��J�0����n<jmlMt��Òn<�it
|�t�n�þ���f�ù��:R�ýdo�ö#f�o��mhk|�o�ÔxÔÉû�c
,9�ßu���fiú�t�f�÷@��ö<jit�÷[����	�u0��fihk÷[��n��ij��it���÷zu�hxfihk|�o�ÔxÔÉûLþ���fiÿ

hxú�û[�mlM��ji�g|�Ôko�hk÷[j�c8�¤n<t�ý�f�jmhk÷�ývÔko��mhkt�nMj�ü8�Ò�Òýdji��öË�9�Òtghkö���nvÿ
�mhk|�o�Ô ÷[t�ö���Ôkj�ü£��o�|ilXt�ú��Òl�hk|�lá|�t�ndjmhkji�i��ö,t�ú �9�ÒtLudo��i|�lM��j
ú¤f�t�÷ �mld�<jmhkö��{t�ú �mld�r�g�io�lX�i��o�u�t���c£ÕÒld�<udo��i|�lM��jzlMo�þ��
jmÔkt��ÒÔkû9þ�o�f�û�hxnMù7|�ý�f�þ�o��mý�f��[o�nMöJo�f��[|�t�n�þ���	{��þ���f�û6�Òld��f���c
��o�|�l9t�ú��mlM��ji�z÷@t�öv��Ôkj |�t�nMjmhkji�i��ö9t�ú 1�/vü 2�B+?@�mfihko�nMù�Ôk��j�c �ân
��o�|il{ú¤f�o�÷@��t�ú��mlM��jmhk÷�ývÔko��mhkt�nqü��Ò��ö�hkjmuvÔko�|���ö9t�nM�z÷[t�ö���Ô
jmÔxhkù�l��mÔkûËf���Ôko��mhkþ����itÌ�mlM�Ït��mld��f�o�nMö[u0��fiú�t�f�÷[��ö<o�|�t�ÔxÔxhkjmhkt�n
R�ýd��f�û�c�ÕÒlM��jmhk÷�ývÔko��mhkt�nG|�t�ndjmhkji�i��ö@t�ú0ji��þ���f�o�Ô�jmýM|ilzú¤f�o�÷[��j�ü
��o�|ilA�Òhk�mlRo<ö#hA*0��f���n��zö�hkjmu�Ôko�|���÷@��n�� �0���9�Ò����n9�mlM�[÷[t�ö�ÿ
��Ôkj�c.Cdt�fÌ��o�|ilX|�t�ÔxÔxhkjmhkt�n R�ýM��f�û�ü��Ò�@|�t�ý�n��i��öJ�mlM�[n�ýd÷��0��f
t�ú�t�þ���fiÔko�u �i��ji�ij f��$R�ývhxf���ö0c�õÒt�ÔxÔxhkjmhkt�nFR�ýM��fihk��j��Ò��f��<u0��fiÿ
ú�t�f�÷[��öêýMjmhxndù9b�lM��ÔxÔkÕ�f�����j�ü I � �D�mf�����j�o�nMöJõÒt�n�þ���	Ll�ý�ÔxÔ
�mf�����j�c0ÕÒld�Ìf���jmývÔk�ij�t��d�io�hxnd��ö lMo�þ�� ������nRjmýd÷[÷@o�fih ����ö9hxn
Õ�o���Ôk��2�c
C�hkù�ý�f���EÌjmlMt���jÒogÔkt�ù�ÿ�Ôkt�ù[u�Ôkt��Òt�úq�mld��n�ýd÷��0��f t�úq|�t�ÔxÔxhxÿ

jmhkt�n�R�ýM��fihk��jÒf���R�ý�hxf���öLú�t�fÒ�mlM�g�ml�f���� �mû�u0��j�t�ú�l�hk��f�o�f�|�l�hk��j
o�j�o[ú¤ý�nd|��mhkt�nXt�ú��mlM�zö�hkjmuvÔko�|���÷[��n�� �0���9�Ò����nR÷[t�ö���Ôkj�c����
hkj7|�Ôk��o�fR�mldo��7�mlM�J|�ý�f�þ��Jú�t�f I �J�Òj9o�nMöé|�t�n�þ���	2l�ý�ÔxÔkj
jmldt��Ojmhk÷zhxÔko�f��0��lMo�þ�hkt�f�c ÕßlM�{ö�hA*0��fihxnMù2jmÔkt�u0��jGt�úÌ�mlM��ji�
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bdc � tvcZy�hkjmuvÔko�|���÷[��n�� b'lM��ÔxÔkj I � �Òj õÒt�n�þ��$	 �Ïý�ÔxÔkj
2 /�c /�2 9+=vü ; � 1 = 9#ü 9+/�B 1�=vü � /';
9 /vc /%/'E ;%/vü � 9'1 1'9#ü E%E � ? � ü /%E 1
; /vc /%/'? = 2�ü 9%1'B B�/vü / � 2 � 1#ü E�9�;
= /vc /%/'= ?%/vü ?%/ B 2 /�9#ü /�9�; 2�=�2�ü ;%E';
1 /vc /%/ 9 2 /�B#ü B+; � 2 E%Evü E%E B 9+/ 9#ü E � 2
? /vc /%/�2 2 B+=vü B+E 1 ;'; 2�ü / 2 B ;%/�2�ü 2�/';
B /vc /%/'/%E 9�/�1#ü /�9'B ; � 1#ü 1%9'B ;�B�2�ü 1+= B
E /vc /%/'/%? 9�=%Evü ?%/ B = � /vü /�1'B =�9 � ü 2�= �
� /vc /%/'/%= 9 � B#ü ?�B'B ? 1 2�ü ;�1�; = � Evü ?�9'1
2�/ /vc /%/'/�9 ; 1%B#ü ;%;'; � E�9#ü = 2 1 B%1'1#ü � B�;
2%2 /vc /%/'/ 2 ;'E � ü 2�B'1 2�üA9'1+?vü � = � E � ?vü 1+E�2
� ±d­ K�JXìUE�� Ù�¼�½iÂk»�º9µ�¼�¸�µ¤¸�½�¼�å�Ñ�·¤½m¼�ÇÒÆ�Ä�½ Ç�· äg¼�½�¼�´Mµ�Ç�·¹¸�º0Âk»�Á�¼�ÅÌ¼�´dµ¤¸

|�ý�f�þ���j��Òhk�ml{f���jmu0��|�� �it<�mld�Ìjmld��ÔxÔkjghk÷zuvÔkû{�mlMo�� jmld��ÔxÔkj f���ÿ
R�ý�hxf��Lo�jiû�÷Ìud�it��mhk|�o�ÔxÔkûXú����Ò��f@t�þ���fiÔko�uá�i��ji�ijz�mlMo�n I �J��j�ü
o�jÌo{ú¤ývnM|��mhkt�n2t�ú �mlM�<ö#hkjmu�Ôko�|���÷[��n�� �������Ò����ná�mld�<÷[t�ö�ÿ
��Ôkj[hxnEt�ý�fG��	�u0��fihk÷@��n���c�}gj[o9f���jmývÔk��ü£ú�t�f<Ôko�f�ù��{÷[t�ö���Ôkj
|�t�÷zu0t�ji��öLt�ú��mldt�ýdjio�ndö�j�t�úqu0t�Ôkû�ù�t�nMjÏhxn{|�Ôkt�ji�Ïu�f�t�	�hk÷zhk�mû
u0t�jmhk�mhkt�nMj�üvl�hk��f�o�f�|ilvhk��j �Mo�ji��ö[t�n<jmu�lM��fihk|�o�ÔqjmlM��ÔxÔkjÒuvf�t�þ�hkö��
ú�o�ji�i��f�hxn��i��fiú���f���nM|��Ìöv���i��|��mhkt�n9o�Ôkù�t�fihk�mld÷[j�c

� íïî c `.K�J c J�ð ¯�±v¯�ô¤ñ ð ± ð ò�� J ° ��ñ0°�c7± ð ² J
}Ïn{hk÷ÌuvÔk��÷@��n��io��mhkt�n,t�úÒ�mlM�Ìo�Ôkù�t�fihk�mld÷@j[öv���io�hxÔk��ö7hxnR�ml�hkj
uMo�u0��f�ü�hkj£övt�nd��hxnËõ \ \ c�ÕÒl�hkj�ji��|��mhkt�n<öv��ji|�fih��0��jÒ�mlM�Òö�o��io
ji�mfiýM|��mývf���j�üdo�nMö{�mlM��|�t�nM|���uM�mýdo�Ô£öv��jmhkù�nRt�ú£t�ý�f jiû�ji�i��÷Lc
��o�|�l ÷@t�öv��Ô2hkj;o�jijmýM÷[��ö �it �0�3o`|�t�ÔxÔk��|��mhkt�n t�ú

ý�n��mfihk÷[÷[��ö7f�o��mhkt�nMo�Ô � �����hk��f�udo��i|�lM��j�cqÕßlM��hxnvu�ýd�Ì�it<�mld�
jiû�ji�i��÷^hkj W jmýM|�lG÷[t�ö���Ôkj 
 2?D�D�D W c�ÕÒld��udo��i|�lM��j�t�ú��mld�÷[t�ö���Ô B o�f���n�ýd÷��0��f���ö H5B 	�2�K�D�D-D H5B 	 W @ K�c[�£o�|il{udo��i|�l9hxn
�mlM��jiû�ji�i��÷ hkj�|�t�ndjmhkö���f���ö9o�j�o�n9t���Ti��|���c

� í�ì�í*) ±�¯�±J®�¯�°�ó�²�¯�ó�° J
}øb'lM��ÔxÔ �gt�ö��Ì|�Ôko�jij�|�t�ndjmhkji�ij�t�ú��mld� |�t�n��mf�t�Ô0u0t�hxn��ij t�úq�mld�
uMo��i|il��zü��mlM��jmld��ÔxÔ�|�t�fif���jmu0t�nMö#hxnMùL�mlM�ÏuMo��i|ilGo�nMö[u0t�hxn��mÿ
��f�j��itÌ�mld�gÔk��úâ�Ïo�ndö<fihkù�l���|ilvhxÔkö�f���nqc�ÕÒlM�ÏuMo��i|il��Fhkj�jmýU��ÿ
ö�hkþ�hköv��öLhxn��it@���Òt�ü�o�nMö<�mld�	b'lM��ÔxÔ �gt�ö���j�ú�t�f��mld��f���jmý�Ôk�io�n��
uMo��i|ild��j�� 9 o�nMö	� / ú�t�f�÷^�mlM�gÔk��ú���o�nMöËfihkù�l��g|ilvhxÔkö�f���n9ú�t�f
�mlM�gb�lM��ÔxÔ �gt�ö���t�ú
�zc',7��|�o�ÔxÔ0�mlvhkj£lvhk��f�o�f�|�l�hk|�o�Ô�ji�mfiýM|��mývf��
t�ú�b�lM��ÔxÔ �gt�ö���j�o�j�o<b�lM��ÔxÔkÕ�f�����c

� í G0í ��° J�� ��°�ñ0² J ®�®�ô ð 5
�âná�mlM�Luvf���ÿÈu�f�t�|���jijmhxnMù,ji�io�ù���ü�ú�t�fG��o�|il,uMo��i|il�ü£o � 	���ö�ÿ
lM��hkù�l��Ìb�ld��ÔxÔkÕ�f����[t�ú�b�lM��ÔxÔ �gt�ö���j�hkj ��ývhxÔk��ji�io��mhk|�o�ÔxÔkû�cqÕÒld�
lM��hkù�l��{t�ú[�mlM�Jb�lM��ÔxÔkÕ�f����Jhkj{|�lMt�ji��n���ûá�mld�7ýMji��f�c�ÕÒl�hkj
Omji�io��mhk|�PL�mf���� �ÒhxÔxÔ�f���÷[o�hxn7hxnR�mlM�zjiû�ji�i��÷ �mhxÔxÔ£�mlM�z��nMö9t�ú
o{jmhk÷�ývÔko��mhkt�n�c �ânát�ý�f<��	�u0��fihk÷[��n��io�Ô	ji�mýdö�hk��j�ü'�Ò�<þ�o�fihk��ö
�mlM� Omji�io��mhk|�P7lM��hkù�l��[uMo�f�o�÷[���i��f<�it9ji�mýMövûX�mlM�L�mf�o�ö���ÿ�t+*

�0����������nRjmu0����öJt�ú�|�t�ÔxÔxhkjmhkt�n2ö����i��|��mhkt�nXo�ndö9÷[��÷[t�f�ûêýMjmÿ
o�ù��ghxn9t�ývf jiû�ji�i��÷GcD,9�gf���u0t�f�� �mld��ji�gf���jmývÔk�ij�Ôko��i��f�cM}�	�hkj
o�Ôxhkù�nM��ö �0t�ývnMö#hxnMù �0t�	���jêúât�f{��o�|ilDuMo��i|ilDhkj{o�Ôkjit2|�t�n�ÿ
ji�mfiýd|��i��ö�üÒýMjmhxndùá�mld�9|�t�n��mf�t�Ôxÿ�u0t�hxn��{nM����c�ÕÒld� ]*B W o�nMö
] �C� þ�o�ÔxýM��j£t�úM�mld�'�0t�ý�ndö�hxnMù �0t�	���j�ú�t�f£��o�|il[t�ú0�mlM���ml�f����
|�t�t�f�ö�hxndo��i�[o/	���jgo�f���jit�f��i��öËhxn{Ôxhxn�����öêÔxhkji�ij�c
ÕÒld��÷@o�Tit�f |�t�÷zu�ýM�io��mhkt�n9|�t�ji�ijÏhxn �mld�gu�f���ÿ�u�f�t�|���jijmhxnMù

ji�io�ù��{|�t�÷[�<ú¤f�t�÷ o�ö�ö#hxnMùX÷[t�öv��ÔkjË�it9�mlM�Ljiû�ji�i��÷Lü�|�t�n�ÿ
ji�mfiýd|��mhkt�n<t�úMji�io��mhk|'�[	���ö�ÿ�ld��hkù�l���b'lM��ÔxÔkÕ�f�����o�nMö��0t�ý�ndö�hxnMù
�0t�	Ëú�t�fg��o�|ilLuMo��i|il�c

� í ^�í0H ó ð ¯�ô c J D ñdc ` ó�¯�±�¯�ô¤ñ ð
yÏý�fihxndùJ�mlM�zfiý�n��mhk÷[� �ÒlM��nXoG÷[t�öv��ÔÒývnMö���f�ù�t���j@oLfihkù�hkö
�mf�o�nMjmú�t�f�÷[o��mhkt�nqü0o�ÔxÔ0hk�ijÒudo��i|�lM��j�o�f�� �mf�o�nMjmú�t�f�÷@��ö ��û<�mlM�
jio�÷[�G�mf�o�nMjmú�t�f�÷[o��mhkt�nE÷[o��mfih 	Xo�nMö hk�ij:�0t�ý�ndö�hxnMù5�0t�	���j
o�f��7ý�u0ö�o��i��öTo�|�|�t�f�ö�hxndù�Ôkû�c@b'hk÷�ý�Ôk�io�nM��t�ýMjmÔ¤ûT�mlM�Jjit�f��i��ö
Ôxhxnv�'��ö,Ôxhkji�[hkj[o�Ôkjit7ý�u0ö�o��i��ö0c$,Xhk�ml2jmhk÷zu�Ôk�{o/	�hkjmÿ�o�Ôxhkù�nM��ö
�0t�ý�ndö�hxnMù �0t�	{t�þ���fiÔko�uR�i��ji�ij�üM�mld�gÔxhkji��t�úÒo�ÔxÔ�uMo��i|il7uMo�hxf�j
H5B 	 ' KÈÿ H�
 	 Y K�ü B��� 
 ü0hkjz|�f���o��i��ö0c�ÕÒl�ýMj hk��hkjz��ndjmý�f���öX�mldo��ndt�ývn�nM��|���jijio�f�ûËhxn��i��f�ji��|��mhkt�n{�i��ji��hkj�u0��fiúât�f�÷[��ö��0�����Ò����n
�mld�guMo��i|ild��jgt�ú£�mlM��jio�÷@��÷[t�öv��Ô�c
ÕÒlvhkj�Ôxhkji�zhkj[�mlM��nXù�hkþ���ná�it{�mlM�<jmýU��f�t�ýM�mhxnd�{�mlMo��Ìu0��fiÿ

ú�t�f�÷[j£b�lM��ÔxÔxÿ�b'lM��ÔxÔqt�þ���fiÔko�u<�i��ji��c�ÕÒld���mf�o�nMjmú�t�f�÷[o��mhkt�n<÷@o�ÿ
�mfihk|���j£o�nMö[�mld��ji�io��mhk|�o�ÔxÔkûË|�t�nMji�mfiýd|��i��öLb�lM��ÔxÔkÕ�f����Òú�t�f£��o�|il
udo��i|�l9hxn9�mld��uMo�hxfÌo�f���ýMji��ö7�it@|�o�ÔxÔ��mld��jmlM��ÔxÔxÿ�jmlM��ÔxÔ t�þ���fiÿ
Ôko�uR�i��ji�Ïú¤ý�nM|��mhkt�nqc�sÏhkþ���nR�mld�Ì�mf�o�nMjmú�t�f�÷@o��mhkt�n ÷[o��mfihk|���j�ü
o[jmld��ÔxÔ�hxn �mld��t�fihkù�hxnMo�Ô£�mf�����hkj��mf�o�nMjmú�t�f�÷[��ö ��û[ývu�övo��mhxndù
hk�ijÏ|���n��i��f�o�ndöGo/	�hkj�þ���|��it�f�c�ÕÒlvhkj�hkj�o�nLo�övþ�o�n��io�ù���hxn{ö�û�ÿ
ndo�÷zhk|z��n�þ�hxf�t�nM÷[��n��ij��0��|�o�ýMji�z�mlM�z|�t�ji��t�úqývu0ö�o��mhxnMù{�mlM�
�0t�ý�ndö�hxnMù2þ�t�ÔxýM÷[�7hkjGji÷[o�ÔxÔ�c ÕÒld�{t�þ���fiÔko�uEf�t�ýM�mhxnd�R�mf�o�ÿ
þ���f�ji��j��0t��ml �mld�Ì�mf�����j�o�ndöG|�lM��|i��jÏú�t�fgt�þ���fiÔko�uMj �0�����Ò����n
�mld��÷Ef���|�ý�f�jmhkþ���Ôkû�c �¤úd�mlM�Òo�Ôkù�t�fihk�mlM÷Whkj�nMt���o��vÔk���it�o�nMjQ�Ò��f
�mld�Òt�þ���fiÔko�u<�i��ji��jio��mhkjmúâo�|��it�fihxÔkû��Òhk�ml[�mlM��ù�hkþ���nï�mf�����ü�÷[t�f��
Ôk��þ���ÔkjÌt�ú��mlM�zjmý��0ö�hkþ�hkjmh¤t�n,�mf����zo�f��[|�t�nMji�mfiýM|��i��ö9övû�nMo�÷zÿ
hk|�o�ÔxÔkûJo�ndö{�mlM�[t�þ���fiÔko�uR�i��ji�Ïhkj�|�t�n��mhxn�ýd��ö�cqÕÒld�ÌjmýU��ö#hkþ�hxÿ
jmhkt�n2ji�it�udj��ÒlM��ná�mld�GjmýU�0ö�hkþ�hkö���öFuMo��i|ilXhkj[Ôk��jij[�mlMo�n2o
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10 
Number of Static Levels

2 3 4 7

Shell Overlap Computation Time

Static Shell Building Time

Dymanic Shell Building Time

    Time :     1 unit = 10 seconds

     Memory  1 unit = 1.25 MB

Scale

Memory

Time

Bounding Box Update Time Static Memory Requirement

Scale :     Time :     1 unit = 100 seconds

     Memory  1unit = 20 MB

0 1
Number of Static Levels

2 3 4 7

Time

Memory
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	E����� 
 � 
 ��&�2 � �1�"� � �#� �1�
�ÏýM÷��0��f�t�ú�b#�io��mhk|�w���þ���Ôkj / 2 9 ; = B

� ñ0°�ô�ô
b��io��mhk|@b'lM��ÔxÔ'��ý�hxÔkö#hxnMù{ÕÒhk÷[� H ji��|�jLK 2�cA9'B 2�c =�2 2�c 9 � 2�c ;%/ 2�c ;�9 2�c ?'?
ygû�nMo�÷Ìhk|<b'lM��ÔxÔ'��ý�hxÔkö�hxndù{ÕÒhk÷[� H ji��|�jLK ?vc 2 ;vc 9 2�c 1 /vc B%9 /vc ;%; /

�	��ñ�ò�

b��io��mhk|@b'lM��ÔxÔ'��ý�hxÔkö#hxnMù{ÕÒhk÷[� H ji��|�jLK 2 B#c B 2 B#c B 2�B�c � 2�E�c�2 2�Evc 1 9�=vc 1
ygû�nMo�÷Ìhk|<b'lM��ÔxÔ'��ý�hxÔkö�hxndù{ÕÒhk÷[� H ji��|�jLK 2 /�1 1�; 9+? 2�9 ? /

� ±d­ K�J"G8E�� ¼�½kÆ�Ä�½�ÅÌ»�´dÁ�¼g¸�µ�»�µ�·¹¸�µ�·¤Á�¸�ÄiÆ�µk¶d¼zÁ�Ä�Â¤Âk·¹¸�·¤Ä�´[¸�Ó�¸�µ�¼�Å

ú¤f�o�|��mhkt�n t�ú��mlM�gt�fihkù�hxnMo�Ô�uMo��i|ilLhxnGhk�ijÏjmh ����cd}��£�mlvhkj�ji�io�ù���ü
hk��hkj��mfihko�nMù�ý�Ôko��i��öLhxn��it[���ÒtÌ�mfihko�nMù�Ôk��jgo�nMö<�mld��ûïúât�f�÷T�mld�
Ôk��o�ú�ndt�ö���j<t�ú	�mld�G�mf�����c.,Xld��nE�mlM�L�mf����L�mf�o�þ���f�jio�Ô ö#ý�fiÿ
hxnMù{�mld�Ìjmld��ÔxÔxÿmjmlM��ÔxÔ t�þ���fiÔko�uX�i��ji�gf���o�|�lM��j��mlM�zÔk��o�ú�t�ú��mld�
�mf�����ü��mfihko�nMù�Ôk��ÿ�jmlM��ÔxÔ�t�f[�mfihko�ndù�Ôk��ÿ��mfihko�nMù�ÔÉ�7t�þ���fiÔko�uá�i��ji��hkj
ö�t�nM��c�ÕÒlM�zö�û�nMo�÷zhk|�o�ÔxÔ¤ûR|�t�nMji�mfiýd|��i��öJ�mf����zhkj�ö���Ôk���i��öJo��
�mlM�L��nMöXt�ú�hk�ijzýMjio�ù���ü��itLf���ö#ýM|��L�mlM�Ëfiý�n��mhk÷[�G÷[��÷[t�f�û
f���R�ý�hxf���÷[��n���c
�âúqo�|�|�ývf�o��i��t�þ���fiÔko�uLhkjÒö����i��|��i��öïhxn �mld��o��0t�þ��gu�f�t�|���jij�ü

�mlM��n9�mld�Ì÷[t�ö���Ô�uMo�hxf:�ÒlMt�ji��udo��i|�lM��j t�þ���fiÔko�u9hkjg��n��i��f���ö
hxn9ozÔxhkji��cMyÏý�fihxndùG�mld��|�t�ÔxÔxhkjmhkt�nJf���u0t�f��mhxnMùLji�io�ù���ü��ml�hkjÏÔxhkji�
hkjg�mf�o�þ���f�ji��öLo�ndö{oÌf���u0t�f��Òhkj |�f���o��i��öLú�t�f��mlM�gýMji��f�c
ÕÒld�{÷[o�Tit�fL|�t�÷zu�ýd�io��mhkt�nø|�t�ji�ijGö#ý�fihxnMù>�mlM�Lfiý�n��mhk÷[�

|�t�÷[�Ëú¤f�t�÷ �0t�ývnMö�hxndùA�0t�	Jt�þ���fiÔko�uE�i��ji��ü�ö�û�nMo�÷zhk|9�mf����
|�t�ndji�mfiýM|��mhkt�nqüqo�nMöL�mlM��jmld��ÔxÔxÿ�jmlM��ÔxÔ�t�þ���fiÔko�u9�i��ji��c

� í �qí � J ° �iñ0°�c7± ð ² J
,9�Ï�i��ji�i��ö[�mlM�ßu���fiú�t�f�÷@o�nM|��gt�ú�t�ývf�jiû�ji�i��÷Y�ßhk�mlï���Òt ��	�ÿ
u0��fihk÷@��n��ij�c0ÕÒld����f�ji�gt��ÒnL��nMt��ßn9o�j��mld�<·¤´MµÈ¼�½iÂk»�Á�¼�ÇÌµÈÄ�½�·
��	�u0��fihk÷[��n��Ì|�t�nMjmhkji�i��öJt�úÒo<|ildo�hxnJt�ú
�Mþ��[�it�fih'�Òhk�ml{nvhxnM�

�i��ndjit�f�uvf�t�ö�ýd|�� ������hk��f udo��i|�lM��j���o�|ilqcU�£o�|il{�it�fiýdj�÷[t�þ���j
hxn,o{ö�hxf���|��mhkt�nát�u�u0t�jmhk�i�{�it<hk�ij[o�ö�Tio�|���n��z�it�fih�c I nX|�t�ÔxÔxhxÿ
jmhkt�n@�Òhk�mlXo�n�û{t�nd�<t�úß�mld�<t��mlM��fÌ�it�fiýdj�ü�hk�ijÌö�hxf���|��mhkt�nát�ú
÷[t��mhkt�nDhkj<f���þ���f�ji��ö�c ,7�{f�o�n �mlvhkjG��	�u0��fihk÷[��n��Lú�t�fR9+/'/
ú¤f�o�÷[��j�c�ÕÒlM�{�it��io�ÔÏn�ýM÷��0��fGt�ú	|�t�ÔxÔxhkjmhkt�ndj{f���u0t�f��i��ö �Òo�j
1%1#c�ÕÒlM�7o�þ���f�o�ù��Jjmld��ÔxÔ[t�þ���fiÔko�uø�i��ji� �Òo�jËú�t�ývnMö2�itA�0�
;%E{÷zhk|�f�t�ji��|�t�ndö�j�c£ÕßlM�[�it��io�Ô��mhk÷[�[jmu0��n���ú�t�fÌ�mld�[�mf�o�ndjmÿ
ú�t�f�÷[o��mhkt�nEt�úguMo��i|ild��j<o�ndöG�0t�ý�ndö�hxnMù5�0t�	Jývu�övo��i� �Òo�j
/vc /�B�ji��|�t�nMövj�c�ÕÒld�G�it��io�Ô�n�ýd÷��0��fGt�ú jmlM��ÔxÔ�t�þ���fiÔko�u �i��ji�ij
�Òo�j 2�ü /%='=vü B+/ B#cdÕÒlM� �Mo�f |ildo�f�� � jmldt���j��mld����f���o��<ý�u{t�ú
�mld�gfiý�nvÿ��mhk÷[�Ì|�t�ji�ij�c
ÕÒld��ji��|�t�nMö7�$	�u0��fihk÷[��n�����o�jgo�n�
gÖ�Ê�Ä�Ç�ÓÒ��	�u0��fihk÷[��n���ü

hxn �Òl�hk|�lø�i��nEù�t��vÔk���ij��Ò��f��9ji���L�itX÷[t��mhkt�nEhxnéoX|�ý��vhxÿ
|�o�Ô�þ�t�ÔxýM÷[��c8�£o�|il{ù�t���Ôk���ÏlMo�öRB%9z�i��ndjit�fgu�f�t�ö#ýM|�� ������hk��f
udo��i|�lM��j�ü��ml�ýMjz�it��io�ÔxhxnMùFB'9+/LuMo��i|ild��j�c�ÕÒld�[ù�t���Ôk���ij��Ò��f��
o�ÔxÔkt��Ò��ö[�itJ�0t�ývnM|���t+*@�mlM�J�Òo�ÔxÔkj�o�ndöÌ|�t�ÔxÔxhköv� o�ù�o�hxndji����o�|il
t��mlM��f�c�b�hk÷zuvÔk� |�t�ÔxÔxhkjmhkt�n{f���jmu0t�ndji���Òo�j�÷[t�ö���Ôk��ö0c�ÕÒlvhkj£��	�ÿ
u0��fihk÷[��n����Òo�j�fiývn<ú�t�f-9�/%/gú¤f�o�÷[��j£o�nMö<�mld��f����Òo�j�o��it��io�Ô
t�ú 9�=%/L|�t�ÔxÔxhkjmhkt�n�jzf���u0t�f��i��ö�c �ânR�mlvhkj���	�u���fihk÷[��n��[�mlM�[o�þ�ÿ
��f�o�ù��zt�þ���fiÔko�uR�mhk÷[��ü[��o�jg|�o�Ôk|�ý�Ôko��i��ö9�it��0� ; 2Ì÷zhk|�f�t�ji��|�ÿ
t�nMövj�c�ÕÒlM�Ò�it��io�Ôd�mhk÷@�Òjmu0��n���ú�t�f£�mlM�J�ÒlMt�Ôk��jmhk÷ ý�Ôko��mhkt�n{t�n
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