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_+á@Õ�PRQ¢; òTS å!�éê�áR6EU�äFVEWYX ò[Z�\ Õ	]_^ ò 9Ká�`%å�QFa�bTcd5e�f
Û AgB Q�ûEh	i�j�k Aml�ý[n äFoqp+G	I@â�Ggr����E� ó ^'ã<s AgB Qéö8á A p7-FG
I'äHoCt òTu áE8�r@v�w�üxQ	y ò r�æF;4çéè{zCsH|T}F� ó ^�ã<s AgB Q ý�n ã��:~
GEI_r<�RoJ� ó c5d1e�f�äNV�W�X ò�Z��ó (assembly plan from observation[1, 2] �
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Ù�ÚEÛT�[���R�Hi�j ¹HÝ�Þ.ß»à�á�âYà Ã:¸ ÙEÚEÛ²r�ã�ä£Ø�Q1i�j Ý.Þ�¹1å�æ r<¾

¿çsFè	éJÂ ¸ ^T« ¹�® \�¸ ��ê.ë�d ® � ¸ ]¤^ Ã rHz �:¸ ^T« ® QRìçÑ ± 30 í.î
ï ¹ iJj Õ °Er�ã	äEÂ ¸Jð pxs�Â ÃT± QRy ÃJñ Ú ¹FåæT¹�òJó[ô¤õ �<ö Z1÷ a�X Ã Q
Ò Õ °	r<¾¿:s�Ö \ � Âç^[« ¯ ® \�¸ ]RøùTú ô ���.� ® ���ûØ uR�E� «�Q5Ù�ÚEÛ
����� ® �E�üØ uR�� r1y Ã�ý5ÃTþ 1.1(a),

þ
1.1(b) s<ÿJÂE]

ñ�� ß:à�� Ê�� ® ��� n ¯ iCr�� p
	�� ¹ Ò���[s����RØ7Q�ÙÚÛ.�.�	�1r�z �Eu����� ®	¹����[¹ Ò5ÌEÍ�Î�ÏTr�� úç«	ØxQF��� ¹ u�� ¹��! m�#" r�V�WYØ Z�_¸ ]
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2

� n ¹ Ò����Cr@vJwûØ Z ë �� %$�&N� d²«�Ø Z�' z£Ø ZE�_¸)(�* ¹�+-, s/. �JZ�01 Ø Z��32 ] � Ê%� ¹m¼[½%4 °	r!5H¿²s�Â ¸Fu6� Q
1. � n ¹ Ò��%�
2.
�#��7 89������7 ë �� %$#&N� d

3. ���.�5cde[f
¹ ð p ô 1 � ®�:�;!+<, r Ô�= Ø�Q/>�?JÂ ¸ ]

2.1 @ A B C D E
Pavlovic

à �GFIH ��J_�%K��L H �T  ë �  � � c �@� ¹ 1 � ß²à Ò��#�Cr þ 2.1
¹ ð pxs Ô�= Ø Z�_¸ [4] ]J^ ¹NÔ!=T® �1Q<Ò�!M ¹ � \ � ��& d "-N (Gestures) «
÷ � w ¹ � \ (Unintentional Movements) s Ô ° à Ã²¸ ]�y ¹ ` ®C¶ ��& d "GN �
À�O�Ì�Í5Ì�P ôgõ�¹<· ��ú (Manipulative)

ô ���»«xQRQ�S.ú (Communicative)
ô

���Cs Ô ° à Ãç¸ ]TQ#STú ô ���T��Q�U�V (Mimetic) �%WJÿ%��� (Deictic)
ô²õ�¹

ð p7sFy ¹ � \GXZY s/[ � ú ôI�6\ r)O�.���� (Acts) «�Q^]�_	��]!` ¹�a tcb1«EØ
Z z � à Ãç¸ �%� (Symbols) s Ô ° à Ã[Z��g¸ ]
^ ¹FÔ�=g¹ � ® Ò��%�Rv�w¤cd5e�f.rHÐgÑ ¸ «�QQ�STú ô �%� ¹ v	w²s : Ø Z �dGe ®!f 2 ¹^+-, ¯ X Ã�Z�_¸ ]g]�_	��]�` ¹�a tcb�s�z � à Ã:¸ �#�_s : Ø Z �RQ
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Ç
2 È :�;�+h,

Hand/Arm Movements

Gesture Unintentional Movements

Manipulative Communicative

Acts Symbols

Mimetic Deictic Referential Modalizing

i
2.1: Ò���� ¹FÔ�=

j �lknm ë � ��Ò�S ô²õ r@v�w�Â ¸ cd�eTf [5, 6]
¯ �cb Qo�Ï�_ ¹ v.w¤�5��p n

®�q!r[® � ¸ ] e u Q� \ y ¹_¶N¹ s �6\ r^O�.��%�gr�vJwYØ�QTs�t�i.j ô:õ rHë
� �$&�� d²«�Â ¸ +-,g¶Ru6f 2 X Ã�Z�T¸ [7, 8, 9] ] f 2 �1e �  ¦x�wvxJzyR"T�
¡ s ð º Z ÌJÍ:r^{�Ï Ø�QEÒ ¹ � \^|²�}v{� s ð b · ��~ ô¤õ r^{ �Z�C¸ ]Nì²Ñ
± Q���� à�¹�� Ò	Ò!��b�s ð�¸ s�t6� n · � ® � f a���� ��� r�z � QÒ ¹ ÌEÍ¤s
ð º Z { e ¸ 8 � =C¹ K^J¤�lk «@dT�<ë k · � ® s�t6� n ¹ iJj ¹N· �grmo¤º Z��
¸

[10] ] e u Q Maggioni
à s ð¸ Gesture Computer[11]

® �	c ����y�v{�� ¹T� �
� �lv «�W%�Eã � s ð b�Ò�Ì	Í�vJw:r�o � Që �� %$�&F� d²«JØ Z z �JZ��C¸ ]çØ
ß ØxQ¤^ Ã à�¹#�� ��%" ® vJw ® \J¸ Ò�Ì	ÍC�J� à�ß ~ � { � à Ã�u u � =_¹ Ì
ÍYØ ß vJw.Â ¸ ^�« ¯ ® \^� Q	y ¹ u6� ë �� �$�&N� dç«JØ Z ¶ (�* ¹ K�Jg�lk �
ë � ôT¶N¹ s ô º Z Ø e p ]� ��� ¹ Ò#���grRQ VR � n � ®.¹ 3 ���EÌ	Íçr�[ � · �EÂ ¸ �%�£«�Ø��5z �C¸
u6� s���� à Ã[uT�¤ F�C� ¹ ÒÌ	Í²r@vJw�Â ¸ ¹��.® ���#� Ô[® �3b Q ���T¹ ÒÌ
Í¤r�v	w (

þ
2.1
¹

Manipulative) Â ¸%� « ¯ ©�ª ® � ¸/� ���[¹ Ò ¹ ÌEÍ¤r�vJwJÂ
¸Fu�� s��Q-�����-�%��s 3 �#� ¹ Ò ¹� � � r�O��FQ :� �¡	æ ��Ò%¢ ¹Æ Ë ô:õ
s ð º�� �6�T¹ ÒÌEÍ:r Ý �EÂ ¸ ©�ª ¯ � ¸��
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2.2.
�%��7 8£���%��7 ë �E %$�&F� �

2.2 ¤ ¥ ¦ §T¨ ¤ ¥ ¦ © ª « ¬ ¯® °
3 ���5ÌÍ · � ôgõ�¹I±�² ë´³µ $�&^¶ ��·EØ¸�/¹�º<»�¼ ��½ Ò1ÌEÍ¿¾�Î.ÏRÂ¿»�	
�.Q@Ò�À 1 é�Á ¶ µ�¾gÂ�»�¼ ��½Ã/ÄhÅ<2 Ô¿Æ � 2 � = ÀH×#Ç�È�É%» � ø�. Ã QËÊ�ÌÍ ³ m�Î ¡	æ Í ³ m ô¤õ ÀIÏ r ¾!�IÐûØ)¼TÁ ¶ µ%Ñ�Ò ¶6ÓTÎ Q�Ô Ã¿½ ²6Õ�Ö ÿhÀ�Ïr ¾�×»ÑT¼ Cyber Grasp

ô:õ ¾<Ò ½�Ø�Ù Ø���Ô�À^Ê-Ì Î :� %¡�æ%Ú�Û ¾�[ � è�é#Ü
» �#��7 ÀF×%Ç-Ý6É�» �G�)Þ à ÀRÒ�Ç-Ý Ã Q/Ê6Ì Î :I �¡�æ ÀFé.Ï�È�ß�à æ Ý�á�â
»h·¸ºäã
å<æ�È-É�» � Ogawara

à Ã Á ¶ µ#Ñ�Ò ¶�Ó ¾ Ø�Ù Ø��ç#�-è#À�é�ê´¾gë#O
Üz» ô¤õ À�ì��´¾^á-º	Q<ÒTí y3v�½ U�VïîËðz»�ñ¿³�µ#ò�ó ¶ �<¾)ô�õïö���ºG» [12]

�
÷�ølù Ã Á ¶ µ%Ñ�Ò ¶�Ó ¾ Ø#Ù ö��/s�t��hè#À/é�ê´¾gë�O%Ü�»ú�ûgÀ�ì�ü¿¾gáýãþñ
³�µ#ò�ó ¶ �6¾gô%õïö���º¿» [13]

��ÿ ¼ Massie
Ã���� À^Ê-Ì-À � ¾����ïöxQ/é�ê ·�	� ög¼�
�À ²�Õ ¾ Ö�� Ü�»����À PHANToM haptic interface ¾I¹-º�� 3 ������ ¾�ü��%Ü�»�ñ�³�µ#ò�ó ¶�� ¾gô�õïö���º´» [14] �

Ô Þ¿½�� ö�� ��� � Ã Q�! ¶�"-Ã�#%$�Ø%Ù Üz»	&<·^ú('�)+*-,/. ù À�021 ½+354
��687�¾�á 4 �ºh»��9! ¶8"-½ · 4 � Ã ���:� À<;#Ç 32=>$@?�A5B È�ChúTº#¼�DNQ�EF $@GIH6½ î Þ ��º´»�� Shimada

ù Ã�J	K�L	M N�O ¾^¹6º	Q�P Î .%ú ?�A�Q�R À $
·)Ý#À�� ��S-T ¾)á 4 ��ºG» [15] ��U�V ù Ã )W, ¶ Ñ�Ò ¶�Ó ¾�X�¹%Ü�»	&6· ½-3Y= Q
Ò�Z �\[þ½<��]�^ ¾96�7�Üz»�_�Ç¿¾ Ö ` ö9��º´» [16] �

2.3 a b c d ° e f
� �����Yg ñ(h�i%ò�ó�j � g 0-��;	kml#ö9�/n $�3 '@o-p ù Þ ��pYq>_�k2r5Q )
*�,:s 3 q N�Out>v w l%ö�Q(x�h+y�z�jIi2{�|~}�h����us 3Y=�� g 3 � ��� � t �
� �uq�;	k��-��q/�
& g 3 ãRú:� � t áwã���D g-� � ����t )I*+, g��8� s 3/4 �8����ö����uqWl@QJ-K )�*-, � �8������������� )+*-, � �8�2�����:L+� )+*-, � �8�2� (

L ê:�+��
[17, 18, 19]) ú�û g )-*�, � ���+���� Y¡ ù£¢ q/��:�¤��� )-*�, � �8�-� l>r5Q N�O g �Y¥5��¦2§>¨ ©�ª-� ú�û g/«�¬Ig�W® s<¯
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°
2 ± ®�² E F

³ p�� ��´ µW¶�t9· p�Q9¸ #�¹�º �:»Is 3I=½¼/·Y¾�t »�¿¿öÀ�:p2q<� � ¢ s � ö7Q �L-� )-*	, � �:�-� (
L	Á �-� � k ) l#ö���rRQ Laurentini

g���Â	Ã%Ä [�Å�Æ s 3 q
_�k � �	q [20, 21] � ��Â	Ã%Ä [ÇÅ�Æ l�r 2 ��� N8O�È g���Â�Ã~Ä [½t 3 ����É+Ê�sË�Ì:Í öÏÎ ùÏ¢ q�Ð Á Q L-Á � g�Ñ<Ò s � Ó2��Ô¿ÿ ¢ qIl�pÖÕ�&+l��+�	q/�W& g &
l�. ù Q+×8Ø�ÙÚs�Î ù£¢ ��Û �Wg 2 ��� �<Â�Ã¤Ä [ . ùÏÜIÝ L	Á � t<Þ DRQ � g�ßà�á � t�Þ D	q�&	l9��â	
 g ��Ó g � � g Visual Hull

t�ã ���uq�� � &��Q ã �cî¢ � Visual Hull
t o-p	�:_ g � ��S+T t>· Õä�

Kameda
ù r J�K5L �<Â-Ã�Ä [åN�Out o+p	Q N�O l ®<æ	ç Á�è�é Â l g 2 � � èé Â�êëÄ ¦ h�ì8s 3W= _:� ��S-T t�·W4 �8pIq [22] � ÿ �Q Rehg

ù r J�K�L ��_ gí Â ò �W¥ Â j�|ë}<h t� �î ö�Q ®�æ � � g S+T t�·Y4 ��pYq [23] �5ï�ð ù r �:L� )+*+,8s 3u= _ g5ñ Í t�· pJQ�Û �Wg N�O g2ò . ù 1 ó t<ô�õ÷ö Q 2 ��� è é Âê(Ä ¦ h:ì8s 3W= _�� �8S-T t9·24 �8pIq [24] � Delamarre ø�r �:�~�@�:N:O .uø�ùú � ö �8_ g�û-ü � � l@_ g è é Â l g Ê�s>ý�þ º-ÿ�wut�������� Q(& g w s 354
�8_8� � t S2T �ëq�_�k t	� ` ö � pWq [25] ��
��÷ø�r 3

K5L s 3 q� ç���� S+Tt�·W4 �:pIq [26] � � ø>s Utsumi ø�r 6
��g )-*	, t o�pEQ�n $>�2¥ Â j+|u}�h g

C ÿ p L��It>ô���� 7ës<o+p	� S�T t�·u4 ��pYq [10] � ÿ �����mø>r�Û �Wg �8���� )-*	, � �:�+�	t o�p���_ g [ , Ä	� h�ì t�·W4 �:pWq [27] � Ueda ø�r L	Á �-�� k t o-p��:_8� ��S+T k t�� ` ö ��pWq [28] �

2.4 � � � �  ! " #
� ��� ¨ w%$�� � � é Z%& �+t o�p	� ����� &(h�i('�)/j �+t Q�â-
-s�*,+ Ä [
s-+Ê g ·�MYt�. Î �/� qIl ¾ Q10 ��2 �43 s	546 ö ��7	. ÿ�¶ ¢98 ÿ ø ÿ p~l�p
Õ>&-l>r,:	â º � ÿ ')Q:��;=< �Wg &(h�i='4)/j ����>�?ëö p	� ? ��Q@*A+ Ä [ �
�Ê ·	M(t	. Î��ÚqABEQ ç ÁYtDC Õ½_8� � t�� 7	�uq�E�F � �	q/�I& g B g _:� �
r��	qDG ? 4 �-H�� g _�I4J���r ÿLKNM(O g�P I=J����	qAQ ? ��Q ç ÁWtDC ÕSR4T�QU4V ç Á s%WYX-Z P ��[ ¢ Z ö\? Õ]R�T ���^K � q-Q ö`_Úö Qba4c,d�e�� r U�V ç Á
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2.4. f�g=h g	i�j ³ ¶

s�W	X1Z P ��[ ¢ Z öD? ÕYW(Õ ÿ R4T t� 8îmö � P k�r�kYlDlnmpo�q � ¢ Z8p ÿ p=Q
f4g=h���rRQ U=V ç Á+� �	q�R�T(s�r P�g I�J t��=s �uq/��t g M(O g1P I4J4uv t�· Õ P k g �4wutyxÀº l£�Úq,Q
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3

z {

f�g�h��	rQ ç ÁYtDC Õ|R=T ÿ m g  g�P I�J t~}4�mö Q�*,+ Ä�� s��%� ��� q(�
l t@xp�÷ö Z�pWq,Q
� ¢ ? ��s ��w�� ¢ Z ¾ � P I4J�u v k-��r5Q�� ¾9K � ¶ Z 2 H��9�-�=� � �(�AQ
1.
è�é Â-ê%Ä ¦L� ì��	���	� P � [10, 11]

2.
P � ®<æ	« ¬ �	�%�	� P � [15, 22, 23, 25, 28]

� 2n� P�� ����t�� P(��� u v ¨ Q VR & ��� '�)�j��(�4��t�� P I�J�u v ÿ m
� Ô l����L�AQ��A� P ��� ���b� Â � &��4�=� P I4J �(s �1��� �����A��Q��Yø _� t�G@t(ø� ��A¡=H4¢L�AI4J öD_-�(s(£ �(��¤Y�4��¥	¦�Q�& ��� '4)�j(�§¤ ö Z=�P �A¨=© �9ª�« �¬ ¤ ö Z-®%�L¯�°n±� �Z§² ?�³ Q
´ ��Q1µ 2y� M%O � P I=Jy��u v�¶4· ¤�²DZ����AQ��,� P � ���`�-¸ � &����=�P I4J�¹ s �4º	»�¼ �Q1½%¾�� C¿³ R4T�ÀnmY� P �AI�J �-Á�Â ¯,Ã K ��Ä � j � �Å�Æ £ �,QÇ�È �9��¤ _ ±Éf4g=hÊ� � P �=Ë	Ì%Í�Î@�	���%� P I�J4u v �YÏ ³ Q

3.1 Ð Ñ Ò Ó Ô
“
P

” ¤ � P(Õ �=Ë-ÌÖW@×ÙØ���Ú=Ûn��� ³ (3.1) Q��Y @¯ � P�Ü ¤,Ý P ¤ � � 3 Þ
�%ß	Û������,Q P�Ü ¤,Ý P �-à�á _ ± � ß~ÛÊ� � X(¥n×�²�À��%�4��Qy�A� 2 Þ���TâAã ��Ú�Û9� �(ä Q £ À â%å-æ�ç � “

P�è
( Z���éÖ± )” ¤\���JQ�ê ¶ ç � “

P�ë
( Z

10



3.1. ì�í(î4ï ¸

ð
3.1:

P �-ñ%òÖ¤�ó�ô

�9� ³ )” ¤D� ³ Q4� ¼ ² P�è � ²�õn²Yõ P�è ¤ � �~ö ç ä ��T âAã �%ß~Û�¯AÞ(�=Z
�%��±É y�=��¤D�%�(�AQ P�÷ ¾��-ø � ç �-ù � ö ç ù�Q-ú � ç �-ù �Aû ç ù�¤\ü�ý%þÿ f��y� � � 5 �y� � � ÷�� � ��£ �	Q����L� � ø � � thumb Q	����
y� � �
finger � á��  ^����¤Y��Ã%�%þAø � ��	��� ¯���� ��� ¯�������
@���¤��9À�� �
���Aþ,ø�� Ç à�� � � 3 Þ � ß~Û@��� å Q�Þ! Ü � ��"§±�Q$#�Ì[Q9Ý�Ì[Q$%�Ì ¤Dü
õA y�,þ,ø&� � 2 ß~Û²'"(À)( Q*#�Ì�Q*%4Ì �*+ ���	,�þ- � ó�.y¯ ��/ ¨L¯�0�� �21 � �^¤�3 â  4,~Ã1¡ � ² â ���	,,þ�5D )6�ó4ô¤87³ þ è ç ä �	9�:L¯$;�<�����,,þ
ø=�	>�ó�ô?95Q�@��	#4Ú � - è � ö ç ù@¯BA�CÖ× Q1ø��	> ��û ç ù)6ED�6GF�7 �H × Q - Õ � ÝJI�K*L â ,AþGM$N - è ó�ô?9RQAú2� � #4Ú � - è ��û ç ùL¯BA�C ×+QO ,JP�"(À�Q�ô46GFy¥-Þ4Þ*R4S�¯GM$N�T H � � QU@��¤,ÝV� ��W K*L â ,,þ�XUN -
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Y
3 Z - � î�ï ¸

ð
3.2:

- � ì�í

è ó4ô?9Aø���>�ó�ô ¤B[)\^]�_�"�±`A�C�×+Q�ú2��> �	a=b ÝVI@¯�c	 � RdS�¯2C	�£fe H ,,þ��46Gg�õy²'h&C&C1Þ� Ü K�Q$i � + ,Ê¤�QUM=N - è ó4ô¤jX*N - è ó4ô� ö ç�k × � Ú�Û�l$7��*� ³ 9&�(¥n×�¤nm?C�o4,�þp
3.2 9Aì(í2q��d6G@ £ � � K�r�,�þ,ø&� �Us=t ¤(² � 9 2 u�Q�� � 
 � � ��st ¤=² � 9�v�w 3 u � ��Ì%ì�l�r�,�þ�M2Nx0@× Q$%4Ì(ì[Q9ÝYÌ%ì[Q�#4Ì%ì ¤$�E7 ³

( ø$��9B%�Ì�ì�QV#�Ì4ì ��+ ) þ�Ý - 9(Ý - ì�¯�0B� � s�y ±no),-þ=5�o�9 - ë "n±{z| ¯G}&o4,�5�¤Jl�K�¥�,�ì�K�r�,�þ,ø��@¯AÞÊÀ2l�,4Ý - ì46 Y 1 Ý - ì¤'7�7	Q Ç~ ö ç "�±n�^¯1Q Y 2 Ý - ì[Q Y 3 Ý - ì[Q Y 4 Ý - ì�Q Y 5 Ý - ì ¤Dü4ý�þ�v&�� ¤ � �4Ì(ì¤AÝ - ì � é�¤bÞ�À2l�×J6G���¤�7&7	Q�Ë~Ì �B� 9-Ø���0L×+QUM2N��
Ì W ËAÌ (distal interphalangeal joint,

Ç ~
DIP ËAÌ ) Q2X�N��=Ì W ËAÌ (proximal

12



3.2. ì�í%î�ï ¸���/ ¨

interphalangeal joint,
Ç ~

PIP Ë	Ì ) Q�Ý - ��Ì9Ë�Ì (metacarpophalangeal joint,
Ç

~
MP Ë-Ì ) ¤'7 ³ þ DIP ËAÌ�9BM�N��=Ì W ËAÌ(ó�ôf0@×B�VP&P�M=N^¯5Q PIP Ë-Ì

9�X�N���Ì W ó4ô �	a2b�� ~ ¯1Q MP Ë~Ì?9�Ý - �4Ì=ó4ô ¤�M2N - è ó4ô û ç Ú�Û� 0V�2X�N - è ó4ô�ö ç Ú � å!� ³�� W ¯=r�,,þ$7 â O , - Õ Q £ À â�å - Ü ÚL¯
9 8 u � - Ü ì�l�r=� � Q*���Ê¯�0U� ��� ¯E��� � o � 7!,,þ - Ü ì¤AÝ - ì�l(À£ Ë	Ì)6 - Ü Ý - Ë	Ì (carpo-metacarpal joint,

Ç ~
CM Ë	Ì ) ¤�7 ³ þ - ¯$91Ã�¡� Ë	Ì�l�r�× Q � � 0 ³ ÀB�2�@À - � ¨@¥��,Ë-Ì / ¨ ����+$� âAã K�rL± â £ 5�¤

l&K�¥�,,þ,ø�� ¤8� � 
 � � � Ë~Ì / ¨!9 p 3.3
� 0 ³ À�� � l�r�,�þ æ QL¤`g&�

9 ÷�� � DIP, PIP, MP Ë-Ìy¯ � 7 �*1 \�,1þ&C=h�Q à	� ¤E� � 9-ø&� � CM Ë~Ì
¤�
 � � � MP Ë~Ì�K 1 \�, / ¨�K�r�,�þ ¶�� 9B� �	/ ¨�¤ + À � o4,,þ

3.2 Ð Ñ Ò Ó Ô � � �
3.1 Ì�K�����h�0 ³ À - � ì�í�ñ=ò�¤�Ë	Ì / ¨?6G�$�Ö²8h È KQJ�=�� �K&9 - 6 -Õ ¯�¡=¢ ��£ j�¤�6 5 Þ �$¥�¦�§�¨�© j�ª �B«	��¬ ² � î4ï ¸2	® ,,þ�v&�!95Q°¯±2²

( ì )
¬G³!´¶µ ±f·

( Ë	Ì )
�E«��°¬ ² � p 3.4

� 0 ³�¸ rL± â � o�,Aþ�5�o ¸ 0
× - ��¹&º 9 ¥�¦�§�¨!© j�ªG»&¼ � -&½ 6B¾�7 � á�¿ K�À�,	0 ³�¸ À�,�þ p 3.3

¸
@ ®�/�¹ 6=r@± â ® h�S ¸ Q*���& �K � vÁ¯ ±=² �4Â�ÃVÄ 9 p 3.4

� v ³Å´�µ ±�·¸ @ ® 0 ³8¸�Æ&Ç ²Vh�þ�v@Ë~Ì ��Â�ÃGÄ 9 á 3.1, 3.2
¸ @ ®°¬ � ×jK�r�,,þ - � î

ï ¸ ÷ ¾ �dÂ�ÃVÄ 9 - Õ ��È*É ÊÌË��xÂ�ÃVÄ 6JÍdS � 31 K�r�,Aþ
ÝV�d6EÎ ¸ ¬ � � Q�� �U/&¹�Ï ¸ Þ�7 ��Ð&Ñ ® ,,þ p 3.5

¸ @ ® 0dÒ ¸ vLË-Ì �Ë���Ó 6EÔ�Õ×Ö�QUvLËAÌ ��Ø	Ù$Ú q Σ 64¯ ±=² ÄdÛ$Ü5j�ª	6E¾�7 ��Ý Õ×Ö � 7�(�þ
� � v Â�ÃGÄ ¸ �  &, Ø	Ù*Ú q�Þ � ¯ ±=² Ä4Û$Ü5j�ª$9 á 3.3

� 0�Ò ¸2ß ,,þ
5 � 0)Ò ¸ v�w ��à j	á�â Ú q�Þ�6 Ý ÕãÖ'h È KQ�äÖ× � Ò ËU�*Ú q�Þ W�� ËGå
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Y
3 Z - � î�ï$â

ð
3.3:

- � Ë~Ì /=¹

6G@ ® [*æ$ç2è4Ï&� Ai 9

Ai =















cos θi − sin θi cos αi sin θi sin αi ai cos θi

sin θi cos θi cos αi − cos θi sin αi ai sin θi

0 sin αi cos αi di

0 0 0 1















(3.1)

Õ*é � o4,�þ�Î y õRQ Ú q�Þ Σ1 → Σ0

� ç$è4Ï	� A1 9

Ai =















cos θ1 − sin θ1 cos
(

−π
2

)

sin θ1 sin
(

−π
2

)

l1 cos θ1

sin θ1 cos θ1 cos
(

−π
2

)

− cos θ1 sin
(

−π
2

)

l1 sin θ1

0 sin
(

−π
2

)

cos
(

−π
2

)

0

0 0 0 1















(3.2)
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3.2. ì�í%î�ï2â ��/�¹

ð
3.4:

- �4Â�ÃVÄ Æ�Ç

á
3.1: v�� �dÂ�ÃJÄ Æ&Ç

CM Ë~Ì MP Ë~Ì DIP Ë-Ì PIP Ë~Ì IP Ë~Ì �	ê
ø�� 2 2 - - 1 5

� 1 2 1 1 - 20 (4 ��Û )

á
3.2:

- Õ �dÂ�ÃJÄ Æ&ÇËU� È�É �&ê
- Õ

3 3 6

=















cos θ1 0 − sin θ1 l1 cos θ1

sin θ1 0 cos θ1 l1 sin θ1

0 −1 0 0

0 0 0 1















(3.3)

¬ ß ,,þ
5 �Bë ��6J�	ì�"� � 74(�5 ¬ KQEv�íGî � N Ç 6Bï$ð ¸ Ý Õ ® ,&5 ¬ l=K�À&,Aþ
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Y
3 Z - ��ñ�ò â

z5 z4 z3 z2 z0

y0y2y3y4y5

x0x2x3x4x5

z1x1

y1

θ5 θ4 θ3 θ1

θ2

Σ1

Σ0Σ3Σ4Σ5 Σ2
l1l2l3l4

ó
3.5: ôV� � íBî Ó

õ
3.3: ¯ ±=²Eö Û*Ü/j�ª

Joint θ d α a

1 θ1 0 −π/2 l1
2 θ2 0 π/2 0

3 θ3 0 0 l2
4 θ4 0 0 l3
5 θ5 0 0 l4

Î y�÷ Q PIP íBî � N Ç 6Bø!S�,Uh�S � ç2è ë � T 9
T = A1A2A3 (3.4)

=















C1 0 −S1 l1C1

S1 0 C1 l1S1

0 −1 0 0

0 0 0 1





























C2 0 S2 0

S2 0 −C2 0

0 1 0 0

0 0 0 1





























C3 −S3 0 l2C3

S3 C3 0 l2S3

0 0 1 0

0 0 0 1















(3.5)

=















C1C2C3 − S1S3 −C1C2C3 − S1C3 C1S2 l2 (C1C2C3 − S1S3) + l1C1

S1C2C3 − C1S3 −S1C2S3 − C1C3 S1S2 l2 (S1C2C3 − C1S3) + l1S1

−S2C3 S2S3 C2 −l2S2C3

0 0 0 1















(3.6)

�Uù K$ú y?û o4,,þ
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3.3.
õ�ü �ý	ñ=ò â

Σ3

Ú q�Þ �Bþ�ÿ�Ú q (0, 0, 0, 1)T 6 T
¸ "� &,&5 ¬ K Σ0

Ú q�Þ	K � PIP íGî �
N Ç l Ý C�,��!5 � ] � 9 T

� Y
4 � � l PIP íBî � N Ç 6V@�Ö � 7?,��

3.3
� � � � � � 	

v�íBî2N Ç l Ý C�, ¬�
������� l*ï=ð ¸ Õ�C�,��$�)5�K�Q � ��� 6 © ±�� ¯ ±� ® ,�h�S ¸�- � õ�ü �ý 6=r û���®�� . ���ý	ò j�ª*l���� ¬ ß ,�� - � õ�ü ý 9 
�������� ç  ¸�� \! �"$# ¸ ç  K�À ß  Go ÷ ß û ß 7 [30, 31] �&%=�� �K&9- � õ�ü�' ý 6�(�)+*�,.- ß 3 / ' *0ã¯21 ±Vö43�5 K õ ¿=®76 �&C=h�v+0ã¯21 ±ö.3!5 * ' ý l 
8�9��� *�ç  ¸ Ù � Ö& Uç ' K�À 6: Ò ¸ Q;0ã¯21 ±Gö.3�5 *�v< ÿ$ò j�ª*l � * 
 ¯ ±2² ¸ Ù � Ö� $= 6 *$>@?BA$C�DFE?Ö� $= 6 �	C2h�Q$G;H;*I ' ý ?�J�K © j8L © ± ³�M�NVµ ±��$O 3 ì8P ê8Q Ö�Q�(SRT* ÿ ?TU$V ¸ ê�Q Ö� 
= 6 ��W8X@Y ¸$Z�[;\ * : Ò ß�I�] O º$^ -`_ 6 �

1. a�=b I *2c;d ñ2ò â ( e 3.6) ?Bf ^ Ö7Qhg@j�Lig2j�k M�N!l j � ?&m�= on
)h*�pFq�> ûsr$t;uv6 �

2. w û _xb ò j+y8?�zx{ l j$|�j~} uv6 [32] �
3. z@{ l j�|�j�}��.Q Voxel

ò jhy��2������Q õ�ü * ÿ�� ?2� ^u76 [33] �
4. íEî$�@�F?T�@���xQ��!íBî7?v�Bj$� uv6 �
5.
I * õ�ü *��h * ÿ��!� *��;���h* 
 �oj���?B� �� E 6 �

6. �B� ' ý *�� ' �T� ���  EQ I * õ�ü * ÿ�� � ' - �S6 �
7.
ÿ�� ?T @=�� ���v6;:�¡ � 3 / ö43�5 ?2� ^;u�6 �

¢ * :�¡ �F�� 
8�	ñ=ò�£ *�¤�¥;¦+?8§ û >S¨B©oª$«��B¬8_xb� û >�® I * ' ý
?of ^uv6 ( e 3.7) �
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¯
3 ° I *�±8² £

³
3.6:

I *�c�d8±8² £
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3.3. ´ ü�' ý ±�² £

(a) µ·¶B¸º¹¼»¾½

(b) µ¿¶B¸º¹s»`À
³

3.7:
I *�´ ü�' ý ±$² £
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4

3

4.1 Á Â ÃÅÄ Æ Ç È É Ê Ë Ì Í Î
Ï�Ð$Ñ O Z Q`Ò�Xh?ÔÓ ¡ÖÕ �×®+Ø!Ù�Ú9Ù I�Û$ÜFÝTÞ Q �7Q�ß2à9áF}â�Ôã8ä.å �Fæ ¢� Ýhç �.�¾è�é æ2ê ² jxy�ë8ß�j8ì2í�î8ï�ð�ñ�²�ò l;ó Ý mé8bBô�õ�ö l j�y M�÷ jó Ý�ø m u7æ ¢ � Z�ù f8ú8û�ñ�üv� �Tý è�þÿ��������×�	��
hRB® æ b@©	��;Y OZ ®�é ê ¢ Ù ¢ ����� ���� O Z þÿ��FÙ��+®�é���ôõ8ö+Ù l j$y M$÷ j ó �����
�Ôé � ª�� � _ æ�ê
��ôõ�öFÙ�p �+��!�"$# Q ²	j+y Ý w æ b@©�Ù&%@|;{�' ó)(�*�� �&è ù ¯ 2 ° O

ñ~�!b�! ¡ � ù&+-, %@|;{)' ó)(�*/. ó)( g10�%@|;{�' ó)(�*/.32�4�5 %@|�{�' ó(6*
(
4 X)798�: ) ®vØTÙ�%x|@{)' ó�(6* ��ª;� � _ æ�ê +�, %x|@{)' ó&(6* Ý m

é;è�< Û8ÜvÝBÞ Q8uvæ&Õ � ù�= >�?&@A> í Þ�B �DC-Ex®&F�G����+®FR@�!z £ y l6*H ��I�J � é ¡LK�M ÝON-P&Q�Rù�S&T �U�WV�X 
ZY�[ Ý w æ ¢ � ��\�
$®�é � é ¡] 5 ��§ æ�ê �$b ó�( g^0�%�|;{�' ó�(�* \�_ V�X 
ZY�[ Ý w æ ¢ � ��\�
 æ b�© ù+ , ' ó�(�* Ù ] 5 _�`�a u�æ ¢ � ��\�
 æ�ê � � � ù <-\�Ò�b Ý Ó ý è�é æ�Õ � ùc N Ò b+�6! æ 0h� £ j@kedBj�Ù�fhg��ji9� uvæ�ê�� _ �o�4� ù n�k+Ù�%@|�{ Ý m
é�b 2�465 %x|@{)' ó�(6* (

4 b)798�: ) \-_ ù %x|9{�Ù)l)k ÝDm í u ¢ � \�0+�£ j@kUd2j�Ù t n _9!�"po.å�qB® æ�ê å � �Tw � _xb S&T�r �U� 3 s�t ÛÜ�Ýhu)vw u�æ p � Ý�x ��y ù&S)T G8Ù�ziá @�{ ë Ý ��æ C-E��;®�qo®|" ù %@|;{)' ó)(�*
�	}�~ uvæO��� Ùj�6� �^���;æ ¢ � ��\6
 æ�ê �&� ¢ Ù�����\ _)%@|;{�G8ÙB�9�×�� ÝD� æ C-EA_8®;q ù 3 s�t �9G���Ùo�@�9���6%×|9{ S�T ÙvØ ¢ �Z����å�� æ�� Ý
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4.2. Octree ��! æ ÛÜ u�v w �
� æj��� \�!Bé ê$� Ù��@© � �����xÙ�%��-��_Z�6�6_;�j� � �����6�	��
Aqo® æ�êÏ$Ð8Ñ \�_ ¢ � � Ù	��� ����2�4-5 % � ��' ó�(�* (

4 b�7�8�: )
ÝZ� éè�< Û$ÜÝoÞ&��� æ�ê

4.2 Octree � � � Ë Ì   ¡ ¢ £
Ï�ÐÑ \-_ 2�4�5 %6�-��' ó)(6* ÝD� é;è�¤ � �6�	¥�kFÙ 2 s�t S&T �e� ù �6G¦�§�¨ ����! ý è u&v w å��6� 3 s�t Û8Ü�Ý <@ÙD# � © jAª�«�¬&è)®"¿Ó°¯ ê�± Ù

# ��© jAª Ý <@Ù Voxel ² ©&³ «µ´&¶ ê· {�¸h¹ j�ª�ºD»�d { Ù ¦�¼ �	½$é8è ù ¥)k×Ù S�T ��� 3 s&t Û$Ü+Ý�¾ t � æ <)�
«�¬Ôè�_ ùOS)T Ù)¿D� Y&[ ÝO� é æ Shape from shading,

S)T Ù	À&Á ÝO� é æ Shape

from countour,
S)T Ù	Â�
ZY�[ ÝZ� é æ Shape from motion,

S)T Ù�' ³ Ã á�ÄÅY�[ÝD� é æ Shape from silhouette Æ ØTÙ�<&���-Ç æ�ê	È9É ø�� ¬1� 3 s�t Û8Ü�u)v w
<��9_ ù ± Ù���\�ÊµËeÊµÌ-Í�Æ S&T Ù�Î&Ï6Ð�\�Ç æ ' ³-Ã áeÄÑY�[ ÝD� é-� Shape

from silhouette Ù�<���\�Ç æ�ê
2 s�t S&T � Pixel ÙhÒ Ó9\���ÔAÆ S&T Ý ¨ � � æ !;¯1� ù 3 s�t Û8Ü _ Voxel «
´)¶)o.åDÆ)Õ�� bxÙhÒ�Ó bÖ«�¬�è ¨ � � æ�± «���\�
 æ�ê ¥�×�Æ Û8Ü Ý ¨ �Ö¬�í �
é Q-Rù ��Ð@Ù-�j²ÙØ�« Þ�B Ð ��C-Ú�\�Ç æ «!é®¯ ] 5 ÝZN ý è�é æ�êA± Ù ] 5 ÝÛ�Ü � æ ��Ý�� ù 3 s�t Û8ÜvÝ ��
håhÞ�ßAÆ æ Õ��-b ÝZà�á ÓAâ�ã×è ¨ � � æ <��
� Octree

¨ ��\-Ç æ�ê Octree
¨ ��\ � é � � æµä-å&æ-ç Þ�Õ���b�è Octant «1´�¶-é

Octree _)ê 4.1 Þ�!�¯ë� 8 ì�í�� î�ï u�ð ñ Æ v�ò ��Æ�ó	ô�õAï	é Octant (Octree ÞäUöh÷ùø ��Ç&�9ï ) _)ú)���)� © ÷ ª�«ZÞ û � è�Ç�üOâ � ý&þ èDÿ�ó)ô&õ�ï�é ± Þý)þ �)_ 3 ����Ç���� © ÷ ª�Þ��)���
	�������ë��ô)õAïhÕ������ “BLACK,”
© ÷

ª)Þ���	;������� Ç�ïjÕ)����� “WHITE,”
© ÷ ª�Þ����;�
����ó&ô&õ�ï�Õ������

“GRAY” «WÍ����ë��ô)õAïjé “GRAY” «WÍ����ë���)Õ���� ������üZ� 8 !�Þ�"#�ZÆ
Õ��$�9� ¦)§ � ���hú��������&% ¬^ô'��üO� ý�þ è�ÿ�! é ± Þ 8

¦ í6Þ�(*)�+��-îZó
ô-,$.AÞ ¨0/
1�2 è�3�45�ëã�ï ± «76�8�9 ï�é
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:
4 ; <�Þ 3 =�>
,�.@? �

Root Octant

0 1 2 3 4 5 6 7

10 14 60 61

4

61

60

2

0

14

10

A
4.1: Octree ² ©�³ «1ú-ÞB ò

4.3 Voxel C D E F G H I JLK M

N0OQP <6Þ Volume
© ÷ ª�è&R ¯ P ��� ¨ S è 3 T�,�UWV7X�Þ�YZV[ ¹ P�\ ï^]

Ú06 Ç ï (
: ;�_@` ) é Volume

© ÷ ª�è�Y Va[ ¹ . P�\ ï&<
b � ·�c ¸	¹ ÷ ª5dfe�g
h�i V-jlk P ½ õ ô�î�mon�â�p6ô&õ�ï�élq�r�ì�8@����s�mut�õeüvp9ô&õ�ï Lorensen

ü�Þ�w ÷ X c exdzy ¹ ÷@{ b [34] è Û�Ü ¬a|���}-ÿ ü�Þ�<$b [35] èa~�t��µô)õ�ï�é
w ÷ X c e�d�y@� ÷@{ b#����� 3 =�>�Þ Volume � ÷Q� Þ ä Voxel è 3 =�>
������ Þ���@��� á�� ���$� ï Voxel Þ*���
� v î����Q9jõl�$�
�;èOÿ@!l���@�9è�����
"��1õl���
�;èZÿ@!@�9è �7��� \ ïjé�ú��1ô��l�@���
����Þ � P v è��ï S èa�@�\ ï$�0� P î������
��� v Þ*��� S è 3 =
>�� �0� P*���
\ ïjé^w ÷ X c e�d y
� ÷
{ b ¡�¢
£¤��� 8 ! ¡��0���Aè*¥0�#� \ ï¦�§Z¨�©
ª�« Pl¬ õ-ô
�
�0���$�a��¡ ä�® P %W�1ô�����ü���¯^° 3 T
, P î)ï S ¡��� ¡�±�©�è^²³°�ô ¬ m����780� ïhé 3

T$,Q¡-¥0� �l�����
�a�9è&´���� \ ï¦-§Z¨�©��Q¡�µ�¶ P ������µ�¶08�¡§ ® �l�
�����7��¡-�$�$��¡*·�,
�0� P î��¸²Z¹9ï-º*»6õ ô��0¼���½¿¾�¦-§Q¨�©$ª@« P�¬ZÀ
ï 3 T$,'Á^Â P ! �0Ã ½ZÄ�ÅAô&õ 9-��Æ0Ç ñ P�È üvp�ï*É S �³Á���� S � \ ï-º
¦�§Z¨l©
ª�« P�¬ZÀ ï&�����
����¡ @® +�� 256 �Ê�7� ï-6�� Lorensen üa¡l<$b
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4.4. Y�V[0��¡ simplification

edge collapse

vertex split

A
4.2: Ë�VÌ-Í�Î��Ï¥@��Ð$Ñ

8��*Ò�q ñ@� 15 �Ê�7Á&ÓZÔ���ú@¡ÕZ¡ �® �-���������0¡*Ö�p
×'Ø*��Ù-Ú P î�� È
üvp;ïQ����ô&õ�ï-º}�ÿÙüa¡�<$bQ�������
�7�0¡-Ö�p$×ÛØ��*Ü�Ä-Ý
�@Ù-ÚZ¡�ÞZÁßà ����Ò$q ñ0� �® � 23 �á�l����ô&õ�ï-º

4.4
G H I J F

simplification

YZV*[@� P î�ï^â / ��� 3 T�,0U#V7X���õÊ¾¸ã ä P ¦$å ��æ�ç ¡
Þ08 � �Ï¨�ó)ô
õ�ï�|�°l� ����è$é@ê 6*ë@ì 8��0í^î S ��ï
ð 8��ñ����?$ò�ó*kõôö6lã0ä P É�mÏ]æ � � í-ºZ�ap¤Áa÷�² \ íl|�° P �l,�.Z¡�ø�ù@ú0û�¢$ðÛÁ7ü�ý*!�!�,�. æ�ç 80�0íþ T�,�UñV�X�¡*ÿ
+³Á���� \ (simplification) ���5¾ Æ��
4Z¡	��
06������� P ÜQÄ
p�����í-º
q
r���8@� Hoppe � P�� í progressive mesh b (PM b ) Á�~@tW�7| [36] º0�*¡l<
bZ���$Ë�VÌlÍ�Î (edge collapse) ����¡������ 8 ��í&¥��
Ð�Ñ (vertex split) ¡ 2

! ¡����¤Á�Ò�q5�0� (  4.2) ��ä P 3$, P�� í	!#"¤Á%$�&�� � 6'�ÏÆ���4ñÁ&Ü)(��
��í�ºñ�7|�6#(��+*�ã�ä P 1�2 ¡�,��.-0/Z6�1�2�� � í-º
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:
4 ; <�¡ 3 =�>
,�.@?�3

A
4.3: silhouette 454�p |�<�¡ ê�6

A
4.4: Octree

P��)7 B � 4up |�< ¡ Volume

4.5
8 9 D : ; < = F > ?

�$�A@+*�B�¶�¡C�D¤Á%E0F�º
1. G�H#I�J �)7LK+M ��N ê+6 ¡ silhouette O (  4.3) º
2. Octree âQPRJ � íA* Volume ¡.� � (  4.4) º
3. Volume ¡�HRSUT0��O (  4.5) º
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4.5. VQW��QX � � � ¡C�D

Y
4.5: Volume ¡#H)SUTQZ	O

Y
4.6: HRSUT#Z�¡ simplification

4. H[SATQZ�¡ simplification (  4.6) º

BQ\�*¤�-¡ � ¾�JU� �^] NVQW_4`DaN�b�ÁcVQW0d0X[eRf�g�h�º
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5

5.1 i j k l m n
o

4 p@¡©�qQ@ È �rD�N Voxel s+d�tuf âQv.w�x0s�d�t ¡Qy�zrS|{�z.}�~�J � (���*��� s�d+tR���R�U�0�����	����FÛí��������#��
�%�Q�������)�0�������)JA�+� ] N�#��s�d+t�fL���#�� ����[�	¡�¢#N+¢��0���

3 £0Wu¤�}�¥�d�X[e�¦�@Q��§'S�¨R}�~��%¡ª©Lb0qa«[¬�D[��@�J�¯®�°_±`²�³�4´D�µ
¢R��� Besl ¶c«s�d+t�·���¸¹f0¤�}�¥�d0X[e�·���¸#��ºQ»�¼�¸a��½¿¾ÁÀ ] J�Â)¾LÃÄ

(iterative closest-point: ICP) Å�º�Æ 2 ÇQq[J�Â)¾%¬¯D�¶��.È�É�¸#ÊË¶�Ì�XQÍ���ºÎ O��	¡�Ï�N [37] �+Ð�ÑR� ICP ÒAt¹ÓRÔ�ÍQÕ#�%Ö�¢0Å�×QØ�Ù�J	���Q�� ����[�	¡ÚÏ
N���Å+s�d�t[�AÛ�Ü[�%���Q�� ��0Ý�Þ)��fUß���à�á�×�@��#�� Zhang «�Å�â�Ù#� ]
ß¢ã#ä�OË��å#Ö ] N ICP �cÖ�¢QN [38] �æ#çRJ%È ]`è�é Ù)ê�ë�ì¿íî@��'¾ïÅ#��Nð�ñ�ò �°+£�WRJ%ó�ô ] N k-d tree q [39] �%Ö�¢Qµ�õ�ö�×QØ��RÂ%¢����Q�+ +���[�
¡ÚÏ�N��+Å�s�d+t[��Ì�X#Í0�÷�Da��ø ñ Æuù�¢¹fAß���à�á�×a@����� Haralick ¶	«ú V�û�à.ü)ýcqa�	ÖQ¢�Nc�Q���� ���õ�öR��¡�ÏN [40] ��þ�ß��%æ0ç0\+@a¯ÿ ] ±Á�#�
�� )�Uõ�ö ] N��+Å.�Q�0s�d+t5f�¤}�¥Ad#X[e�¦���È�Éa¸#��º�ÛaÊ ¶ � �0Ï�µ+¢R���� J���à Î Ö�@�ß#���RùQ¶cJ	���0�� ����#�õ�ö)��Ð�Ñ�O ] N��0q����Q�� [41] Å
s�d+t)��Û0ÜRÌ�X�Í0�QÝ�ÞÚ��fAß+��à+á�×R@�� ¾ÁÅ#��N��
	�Í ( ÿ�� ñ� J��¿©Áõ�����

) �����ct�X[¥��%}+J��#¢Q�R¬	D�¶	���
��¸)���� ] Å�s�d�t[�Û�Ü����Q�
 )J�N+¢ ] µRê�ë�ì í @+Å�Ê"!+õ�ö$#Uì¿í �&%('NU���0�� +���+q[J Wheeler ¶%J
Â+� 3D temprate matching (3DTM) ���#� [42] ��)#p�@Q«�Å#�.÷ 3DTM ��Ò�t'Ó
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5.2. 3DTM �
*�+

Ô Í0Õ�,
!0¢Qµ�-�.QÅ
/�¢0µ�Å1032 465�798
:	�a��àa���; �<�� 3DTM ,Å
=a�A�
�U�>8?:	����@�� �<���A�q)�c²�³�<Ë��

5.2 3DTM B C D
5.2.1 E>FHGJI9KJL
��÷+Å������Q��M�N�O�¸�,cº'�»�¢'¤}�¥?NQP�R�¸[�
M�N�O>S�¤�T�¥
NQP�R��È

É�¸USV�W'����X<a��YQZ�Å��Q� ���0�� [,
\aý0� i ]_^��1M�N;O�`$a�¨Q��û�b�¸ mi

,UÈ�ÉQ<��[¤�T�¥?N�P�R¸�«�Å
di = ‖mi − r‖ (5.1)

i = 1, . . . , k (k : M�N�O[�"c�d � `ea�¨® )

f �3g_ùVh��&i�j di �	º�Æ[,k<��%¸ r Sl<����1m�n�o´Å r ∈ D (D «Ú¤?T�¥
N�P�R
¸qpkr � Å r «?s�¤�T�¥
NtP[R�,UÈ�É_o@m 3 £�u�NtP�R )

f �#���
v3w ,.Å ¤1T�¥?N�P�R�¸�®)«�x#þ f ���?m Ä Å.ºQ»�¼�¸Qp?yqz�,+«.°¹±{p.õ+ö}|
¦��U���9S~<Ë���UoXm0��Ï+µ+Å�×�Ø�Ù�,AÈ+É[¸R��y}z�< �	�������¹¾ïÅÚ¬&h�� k-d

tree �)�UÖ�¢Qµ�õ+ö�<Ë�� k-d tree �a« 2
ñ+ò �)��°�£�u[,có�ô�o@mR?p f �#�.�

5.2.2 �_���J��Ie���
�0�kM�N;O�`�a�¨Qpû�b�¸ mi ,%È�Ét<��a¤?T�¥?N�P�R�·"p�¸ rj «�ÅQ�Q� 3× 3

517�¡�� R \�Â{� 032��(� í�O t �%Ö�¢Qµ+Å
rj = Rmi + t (5.2)

S���<Ë¬tS�� f ß���� v3w ,AÅ � �},�«Q�{	QÍ���� ©lp f Å rj ,�«q�{	QÍ�� ñ β �
�)�?h��Q¬�S�,+�¹¾ Å

rj = Rmi + t + β (5.3)

27



�
5 � A}p?���+���

S~�[ß?�'ù~h���
β ��ÿ�� ñ; Å"<[��YqZ@��Ø"�0�[�

P (n) ∝ exp

(

−
nTn

2σ2

)

(5.4)

f �Q��S����;<�h���Å�º Î �1M�N�O����Q�� R«Aº�Æ 2 ÇQ�R��å�Ö>o�µ�Ã Ä �Q¬}S��
f ß0��1<R��YqZÅ

f (R, t) =
∑

i

‖Rmi + t − rj‖
2 (5.5)

�	º�Æ[,k<�� R \ÚÂ&��Å t �%Ã Ä �0¬qS f Å�M;N�O#¸$S�¤?T�¥
N�P�RA¸#¦�p�i�j)�
º0Æ[,�<��#¬}S�� f ßQ�.�
o�ÊUo´Å R «�Å#�0�@�[�k���^í�O u = (α, β, γ)T \ÚÂ&��Å�ì����k� s ,�Â�Ï�µ
 

�5ùVh���¡.� 4 u�®�Å
bq = (α, β, γ, s)T (5.6)

,�ÂÏ+µ?�Q¢_ù£h����Uo@m��#Ï�µ+Å;M�N�O�p%���#��  p «10"2��@¤$'µ+Å
p = (bT

q , tT)T (5.7)

f"¥ '[¶�h���+�"m�Å ú ÈW,{����í�O p Ê�¶Vu}p�5�7+¡��Q\ÚÂ{��Å3032�����í�O�¦
õ�ö�<��Q¬�S��;c;§ f ����

5.2.3 ¨Q©�ª «X¬��_���J��Ie���
M�N�O�·"p�¸�S�¤�T�¥
NtP�R0·3p.È�É�¸�S&p�k®�, � ¾£¯Q°Ú±|ÅQ±�m�¤1T�¥?NtP
R�,X²[±�h�µ�¢�³ ��� ¯.ÿ"� ñ3 ¦[o´µ�¢�³ ��� «�Å{´ (5.5) ¦�å0Öµo�µ3M�N3O�p	�
��� [¦cÃ Ä ³�¬QS¶¯ f ß�³
·to�Ê�o Å v1w ,�«�¬~hu¶¶pUÈ�É[@®[pQ· f ÅQ¸�hQ¯ÿ
o+± Å$¸Vh�¯�ÿµo+±k°�¢QÊQ«
¹(³Q¬�S@¯ f ß;°�¢t·�±�m3º�ÿ;�»°�È�É�¦k¼ ¬�o�µ+¢
³ ��� �5¤1T�¥?NtP�R1¯��[�&OqP�¥��kT3°(¸�,�ÂR¾V½�¾¹ùVh�µ+¢[³ ��� °�¸&p�i�j
p ��� «ÿ�� ñ; ,+«�oXm�¯#Ï�µ;\u¶|÷+ÅÚ¬�©3o¶m�����¦@¿ � <(³@�t�q¯1ÀQÁ fqÂ
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5.2. 3DTM p
*�+

³�·;ÃÚ¬ f ÅÚê�ë�ì¿íÅÄ0õQ��,�ÆtÇQ¢tm.õ�ötA��[¦%Ö�¢#µR¬
p�����¦&¿ � <(³�·[¬
¬ f «�Å��k	#Í1�Q���@O}P�¥��{T;,cº �ê�ë�ì í fQÂ ³�S£�W'R¶�h(³ M È}É�� [44]

¦%Ö#¢[³�·
M È}É��9S	«�Åº0Æ 2 ÇQ�[¦ v"w�Ê oXm�º�Ë�ÈqÉ�� fqÂ ³?·.ûQàqA®(¦cÖ�¢[³0¬
S f ÅUæ0ç�,�Â;³ÍÌ�Î»¦cÆ_ù�±V<(³0¬qSX¯ f ß�³?·kÏ;ÐW%®[Ñ1Ò"Ó;¿�,�Ô[Z�,�Õ�Õ`Åè�é Ù�Öe×�Ê fqÂ ¾ ÅÚÂÚ¾UÂ£Ø}ÙtÚ�Û�ÈqÉ�¦&ÜÞÝkß}S@¯ f ßt³1·

M È}É�� f Ñ?Ï�Ð»�à
E(e) =

∑

i

ρ(ei) (5.8)

¦&á�â�,k<»³
·�ß�ß f ρ(ei) Ñ i ]�^~p�M�N"O�`(aVãUSÍä�ß¶h�,{å"æ�<�³}ç
T3èkN�P
R?éQê�p1i�j fqÂ ³?·(ëQ×k, ei Ñ1M�N�O�p{Ø�ÙtÚ;ÛW,}ì»íïî Ê <(³1p f ä ei(p) S
ÙeÕ3ß}S@¯ f}ð ³�·
o¶m�¯Qñ�ò�ä E(e) p?átâ�óWÑ"ä p ,}ìWíõô�öq÷»¦[S}íõä

∂E(e)

∂p
=
∑

i

∂ρ

∂ei(p)

∂ei(p)

∂p
= 0 (5.9)

f3ø�ù ×lh�³�·
ß�ß f ä

w(e) =
1

e

∂ρ

∂e
(5.10)

SÍ\UÕ�S¶ä
∂E(e)

∂p
=
∑

i

w(ei)ei

∂ei

∂p
(5.11)

¯�ú>×lh(³1· w(e) Ñ�ûtüq
à fqÂ ³�·
w(e) ¯ e ptkà f °"ý$Sl�}É"<(³�S¶ä�´ 5.10 ì»íõä

∂ρ

∂e
= weρ =

1

2
we2 (5.12)

S{°$íõä[ßXh�Ñ?ûQü�þ ð á�â 2 ÿQ�9S��"Ð fQÂ ³?·�ß
p����qä w Ñ��	� e p�
���
p�û�ü�¦ ¥�� ³?· w(e) = 1 SV\�Õ�SÍä"Ã3h��"h�p����[Ñ3Ãtp�� ð ë��;{®»°WÕ�� v
p1û�ü�¦��qþ(ß}S��;°�í ä ICP

f�� ý�×lh�ò;ý[³Qì�Ý£°����[°?á�â 2 ÿQ�eS{°}³1·
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�
5 � �}p?����È}É

5.2.4 �_���J��I! #"#$
%'& ± f�f ä M ÈqÉ;��¦ � ý�ò3M;N;O�p{ØqÙ�Ú"Û p ¦ ø�ù ³ v3w)( °�*��+��þ�ý
ò�,�-}m�¯�ä'. & f Ñ"ä�ìWí0/�1 ( ° p p�2�3�*t�»¦�,	-�³�·4�5�6 p�Ø}Ù�Ú;Û�¯3î Ê�7 ³�8:9��1ä�;�<)=�° 4�5>6�?A@ ã�
�àWÑ1î Ê�7 ³�·CBD ¯tñ;ò�ä ?E@ ã�
�à�F�GqýH�}ì�³
ä1Ï�Ð��à�IF�ÌtÎKJ�L[°»Õ 7 ³ D ù ��M�N�FO�P Ê J{ÜÞÝõ· 7 °�Q:R�ä V (p) J 4�5�6 FkØ}ÙQÚ;Û�¯ p S Â ³�9 ð FT;U<:= 4�56 é�F�V�� ( |V (p)| J�Ã�F"é3à ) 9 7�WHX ä p Ñ�Y (5.8) ì»í ä

E(p) =
1

|V (p)|

∑

i∈V (p)

ρ(ei(p)) (5.13)

J{á�â�� 7[Z ß)9\S ø[ù × W[ZU] ß�ß�S ei(p) Ñ"ä 4�5>6 F{Ø}Ù�Ú;Û:^ p S)_ Z 9
ð F i `bacF ?E@ ã�F1û)d�é mi 9Íä(ß W ��å;æ 7eZ ç'f"è 5�g�h é rj ê	F�i�j
S)_ ZU] Y (5.2) 9���k�Y:S�l	, 7eZ 9¶ä

ei(p) = ‖Rqmi + tq − rj‖ (5.14)

9�m ZU] D�n B~ä Rq, tq Ñ>o W � W ä p F�pUq�r�÷IF 3× 3 Ü	s�t�ì\u�äTv'w	x[yz 6 S)_ Z�]

5.3 { | } ~ � � �
.��I��v'w ��pUqA�����HF3üHJ�����B¶ò;ý D 3DTM J?äU�)F�� & �����[Jc�:�'�
2 32 ����� ( v'w 3, pUq 4 (4 �"à ), � & 25) ���)��B D ����J\��� 7[Z�] D�n B~ä
2�3IF��)�T��F D ù ä�v>w ��p�qE9\� & k��tî>�K���H�I��� � ]
� & k	�qî��e�'¡¢a 7CZ �	��äI_ Z �HF�£:¤>k�� 4	5�6�?E@ ã�F"û)dté mi 9¶ä

å"æ 7[Z ç�f3è 5	gHh�¥ F3é rj �3ä�Y (5.2) F�ìK�¦��ä�§ � X ä ¥�¨ F DIP � & ì
íª©«��_ Z �����"ä�¬ 3.5 ì»íõä

rj =Rθ1
Rθ2

Rθ3
Rθ4

Rθ5
(mi − c4) + Rθ1

Rθ2
Rθ3

Rθ4
(c4 − c3)

+Rθ1
Rθ2

Rθ3
(c3 − c2) + Rθ1

(c2 − c1) + c1 (5.15)
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5.3. ���:���:F�	®

S�¯µë WCZ'] D	n BXä Rθi
� θi �}ì Z pTq���s�ä ci ��°K� & F�±I²�x³y z 6 S:_ZU]T´�µ � 25 F	� & ^)_ Z F�S�ä ?A@ ã�F3û�d�^�¶\F	� & ��·�¸ 7eZ�¹ ��ì3ñ;ò;ä

25 º�»«F�Y:^U¼�½ 7CZ ( M)N�ä ¥\¨ F DIP � & ìWí¾©+F�r�÷«���eB@ò�¿	À Z ) ]Á Fe9 ð ä
f(θ) =Rθ1

Rθ2
Rθ3

Rθ4
Rθ5

(mi − c4) + Rθ1
Rθ2

Rθ3
Rθ4

(c4 − c3)

+Rθ1
Rθ2

Rθ3
(c3 − c2) + Rθ1

(c2 − c1) + c1 − rj (5.16)

9 7[Z 9¶äTÂ�ÃK��Ä E(θ) �
E(θ) = ‖f(θ)‖2 (5.17)

S>Å ��Æ WCZU]
M�Ç�ìWí ä M È:É�Ê�S	FUÂ�Ã«��Ä E(θ) F�Ë�â�óK�

∂E(θ)

∂θ
=
∑

i

∂ρ

∂ei

∂ei

∂θ
= 0 (5.18)

ìWí ø[ù Z Á 9�^�S ð Z�]Á�Á S�ä�Y (5.10) ìWí0Y (5.11) �
∂E(θ)

∂θ
=
∑

i

w(ei)ei

∂ei

∂θ
(5.19)

9 î�kUë W+Z�] .T¿;÷�S��?ä û�ü��\Ä w(e) 9>B£ò Lorentz ��Ä+J � ý D ]ÍÌ D ä VoxelÎ @�Ï�Ð ��Ñ)1TÒ:Ó>�KJ �:Ô�Õ>Ô Z D)Ö'×�Ø Õ F'ÙH���CBÚ;�<)=E9	B Õ>Ô ZU] o�FD)ÖU×
|V (p)| �TÛI� Voxel

4�5�6 F ?E@cÜ Ä¢9ÚÝ�Þ 7eZU]
M�N:� 4�5�6 F�±)²�ß�à × � & k���F�È:É)á 6ãâ+äÚå�æ FUç W J�¯ 7�]

è	é
: êUfTë 5	g+h Ù)F�V�ì D

è	é
:
4�5�6

V

è	é
:
4�5�6 F�í�î�±:²�ß>à p

è	é
:
4�5�6 F�í�î«��ï	k�� θ

31



ð
5 ñ ò:F�k	��È:É

ó é
: Ë�ô�±:²	ß>à p′

ó é
: Ë�ôI��ï�k�� θ′

1. D õ�öEB Õ k-d tree J\÷�ø
2. repeat

3. p õ�� 7eZ Â�ÃK��Ä�ù+F�2�3 E0(p) ⇐ E(p)

4. p õ�� 7eZ Â�ÃK��Ä�F�ú�û	2�3 dp ⇐ −∇pE(p)

5. p õ�� 7eZ ú�û�üKý�F�Ë	þ�ù�ÿ�� λp ⇐ min E(p + λpp)

6. Ë��>±:²�ß>à«J��)É p ⇐ p + λpp

7. θ õ���� Z Â�ÃK��Ä	ù�F�ÿ�� E0(θ) ⇐ E(θ)

8. θ õ���� Z Â�ÃK��Ä«F'ú�û�ÿ�� dθ ⇐ −∇θE(θ)

9. θ õ���� Z ú�û�ü«ý�F�Ë	þ>ù�ÿ�� λθ ⇐ min E(θ + λθθ)

10. Ë�����ï�k��KJ��)É θ ⇐ θ + λθθ

11. until E0(p) − E(p) < εp ∧ E0(θ) − E(θ) < εθ

12. Ë�ô�±:²�ß>à p′ J ó é p′ ⇐ p

13. Ë�ôI��ï	k�� θ′ J ó é θ′ ⇐ θ

	 ¿�
IS�� × Ë����eJ� Ö Z D�Ö õ����)ú�û	� [47] J�� Ô�Õ�Ô ZU]�Ì D�×������
B�J\��� X ×������ ùCõ! #"�$ × 1 p	F �%��� B�õ � Z'& ±�Ê:��L�m)(�m Z+* � Ô
�-,)É ¹ Æ ×��.��� BÍÄH^�w:�Hõ�/ W × & ±«^Uþ10�(�m Z � � m�2#3HJ ¹54 ×7698
m & ±CJ;: 4 Õ>Ô Z�] B ¹ B ×!<�= � Z?> õ & ±IÊ�^#@BA 0 õ>m Z Á * ^BCD(�m Z�]
o�F D)Ö'×�EBF õ 11 õ'G#HEB D�I Ù)S <�= ^>ôKJ7� Z Q 4 S���m Ô ] B D ^9L Õ ×
0 Æ õUÇTlHFTÝ>·+F�M�N:S7 ÖTD p′, θ′ J�O5P�m è	é *�Q Õ ×9R'SUT M�N�V �.�W�
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5.3. ���:ò�� T 	®

X
5.1: Y	r �.�Z� Q õ � Z ±I²�ß>à � °���ï	k�� T & �

� Á *\[ × Ë��B�[õ <�= 0^] Z ( ¬ 5.1) ]�_#` × 1 p T M�N T ¥ [ T'���W� Q V�a�r�.�W� Q × Ý>· T M�N T!�.��� Q V?Y�r �.��� Q�*cbBd)]
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6

> ñ Ì�[ T ò��Hm[¶ ¹ Æ ´�µ õ�ò>k���È:É+V\� � ]Á�Á [ × ���9� Z ò��+� × Ñ9e>ÒIÓ�f«õ ��� × ò�V Voxel £hg Q × ��ï	k�� T &
�iV���� Q P�ò Tkj�l�m * Ton�prqcs�p f�t�V\� � Á *;[ ò T k	�)V�u���� Zo* Ô
�wvIÙ [ � × Ueda

Æ T ò�� [28] õ�»�x Q Õ�Ô Z�]DQc¹DQ × Á T ò�� [ � ×
1. ¸�$ T ��y+^�z Q Ô�{ ¨ T k�� & �«�U��� Q m Ô
2. ò T ±:²H� & ��]�À × ��ï T 3 T k�� & � * � Z
3. |Hy m g ëD}�f'����� Q m Ô

m[¶ T�~�� Ù�^)_ Z�]	 ¿�
 [ ���#� Z ò��H� Á\� Æ T�~�� ÙoV���� Q PTò�� [h�h� Á * V 	 ñ T ´��¹ Æ ¯����	 ñ:� × >9� � Ï���Ð êc�o��V'� Ô P ´�� õ�/ Ô	Õ7�#� ×k� �#['´B��Q P>Ç [ T´�� õ�/ Ô�Õ7��� � �

6.1 � � � � � � �
��� j�l�m+T!�U� ï#���)V è�é � �#�5* õ � L Õ ò�����  �'¡ êc�o �}�¢�V;£%¤�K* T [ $ �   �!¡ êc�+��V'� Ô�Õ ð 5 ñ [�¥�¦§Q PTò�����¨5©�ò�ª�V'� Ô P�¨K©« � T�¬� * ¨K©�®�� T�¬� V?£¯L�P�� 	#°h± ò T Voxel V�M�²h� �;³ ì ±�´Bµ T
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6.1. ����¨K© T ç �

X
6.1:   �!¡ ê¶�+��· [ T ò T�¸�¹#º#»

X
6.2:

¸�¹ 0 � P�¼B½

¾K¿#À�Á � �oÂ ò T�Ã9Ä ����V �U�ZÅ�ÆiÇ'Ã g [ $ � � Q\ÈDQ ±�É�Ê�Ë [#Ì ¾9¿hÀT�Í µ Ç Ì7ÎKÏ�Ð ÇKÑ ±�Ò�Ó%Ô Ð ÇKÑ\Õ�Ö Ák×ÙØ � �BÚ �![ ±   �!¡UÛ �+��Ü [ Ñ¾K¿#À T�Í µ V 3
ÍÞÝ�ß\à �

35



á
6 â ãB����¨9© É �

ä
6.3: Voxel

j�l�m

å
6.1 æUçi¤ Ç ¾o¿hÀ Ì ÅhÄ ±7è Ä ± · Ä æ 3 é Ç�ê9ë1ß ± Ú�ìKí�ì+æ!îoé ÈDï

ãB���#¼�½)ð ¸�¹§ß ±�ñ9ò�ó � (
å

6.2) �ô5õ À�ö ¢�÷� 'ø�ù)ú Ô ¼B½�ð�Ú7ìhí7ì�û#üký�ü ± å 6.3 æoç�¤^þ Voxel ÿ��Bø�ð× ² ó����  �� ¡+Û��  
	�¢�÷ Ì ãKæ�± ë��+�� ��� Ì���� ÷�� � Á ±  �� ¡+Û��� ·#÷���� Ç���� � Ý Á ÷�� ���

6.2 � �  ! " # $ %'& ( )+*
ãhæ Octree

Ã-,+Ç ç � ÿ.�Bø¯ð0/B² ó�� à�1�Ç ±�243 î9é#÷�æ 3 5.6 ÎKÏ Ý 2 5
6�¼B½+æ�7�8 ó�� é+ð 1 99æKÜ0:<; ¹ £-= Ç ç?>�@ �BA�C�D �FE�G�HJI ÛK�  
	'¢Á�L4M Ý þ ���ON ¢�P � ø ¾K¿#À ÿ.��ø Ç�QRD �FE4G�HSI Û��  
	'¢?ª Ç Ì?T � �U D @ 2 V�WO� ��� 1 9 Ì�X�Y�Z µ Ý\[ Y�Z µ ð^]`_ Ç�aR1 �Kb ª9÷-� ��� Ñ ¤ 1 9
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6.2.
¾9¿9À E�G�H�I ÛS�  
	'¢

Ì Ê�ËFc-dfe ÈDï ¼�½ c-d`ehg ÷#æ?i-j Ð kmlFn j Ð þ �oA ð 1 9KæKÜ0:F; ¹ ÷ Ãó�b ª#÷�� ���Sp.q�r ÷ Ì ± Octant æ �.s é c.d Á 2 5.6�¼ Ä (
¸ ½ Ä ) æ�t;æ\u ëÇBv7¹'w ì � È ð 1 9hæhÜ�:�; ¹ ÷ �xA-CyD �0� � æ#Üo:�; ¹ £.= Ì 6 9hæ 3 5z6 ÎÏ ·hæ�é Ý 2 5.6�¼�½9·9æBé Ý æ�7z8 C�D ÈDï ay1 � � Ý Á ÷�� ��� ��� ÷ ± Ü0:

; ¹ £�=�ð P
Ý#ß ±

3 5.6 ÎKÏ Ü7æBé w = (x, y, z)T, ¼�½h·9ækéUð m = (u, v, 1)TÝ ó�� Ý ±
sm = Pw (6.1)

P =









p11 p12 p13 p14

p21 p22 p23 p24

p31 p32 p33 p34









(6.2)

æ �xA Á ²|{}_z9 �.E�GOH~I ÛS�  �	?¢��Uú0� Ó (
å

6.17 Ì ÉF��� Ç\�4� ßcà+Ñ æ )

ð ¾9¿hÀ ÷ ¸B¹§ß ±hE�G�HSI ÛS�  
	'¢��)ú�� Ó ·9æ<��é c-d Á�¾9¿hÀ ¼�½+æ�t?æ
u ë+Ç?� >�@z� � È ðx��� ó����4E�G�HJI ÛS�  �	'¢?�)ú�� Ó ·9æ-���4� Ä · Ç þ
� 6 �h��·9æ 3 5�6 c4d u ëÙÝ 2 5�6 c4d æ��)ðB�h� ß ± Ü0:?; ¹4� =�ð a�1 �?���� Ð Ç Ì ± 6 ����·hæ?�-��é Èiï���� 2 �4� Ç ç0>F@�� À�¿ � � ðz��� ó���� n

éKæ��h�#é5æ�� �zc4d (Xi, Yi, Zi)
T
Ý\� ÚBì Ç 7�8 ó�� ¾o¿9À c4d (Xci, Yci)

Á �
� ÷���ì Â � P34 = 1

Ý ó��4� Ý!Ç çy{ �




















X1 Y1 Z1 1 0 0 0 0 −X1Xc1 −Y1Xc1 −Z1Xc1

0 0 0 0 X1 Y1 Z1 1 −X1Xc1 −Y1Xc1 −Z1Xc1

...

Xn Yn Zn 1 0 0 0 0 −XnXcn −YnXcn −ZnXcn

0 0 0 0 Xn Yn Zn 1 −XnXcn −YnXcn −ZnXcn









































c11

c12

...

c32

c33





















=





















Xc1

Yc1

...

Xcn

Ycn





















(6.3)

Ý þ ����� ì¯ð �
Ac = r (6.4)

Ý Ã.� Â � �-� 2 ��� Ç çy{
P = (ATA)−1ATr (6.5)

÷ � = P ðB  �4� Ý Á ÷�� ���
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á
6 â ãz¡�¢�£h� É�¤

6.3 ¥ ¦ § ¨ © ª « ¬  ® ¯ °²± ³ ´ ¨ µ ¶ · ¸
¹ Ø 1�º<�4» ø½¼ HJ¾4¿ æF��À Ð þ0Á.Â)ð �ÄÃ àh1�� ãKæBu ë4ÅzÆ ðFÇ<� �?È�É æ?Ê�Ë Ñ � g {\þz� Ñ æ Ý#ß @ ��Ì {ÎÍ ßxÏ�Ð�º ç � £��zÑ4ÒUæ?Ó-Ô � Voxel ÿ

��øoæ�Õ?Ö Ð æ�×�� º ç � £��zØ.Òoæ<Ó.Ô¯ð � > à �

6.3.1 Ù ÚFÛ Ü-ÝßÞáà�â+ãåä|æèç�éëêíìáîïà'ð²ñ
£��<ò�ó g ÷�ô0õ.ö Ï0ÐyºB÷ïÃø�FÉo-ù Ò`ô�£4�?ú.ûOüxý 6.1, 6.2

º ��þ � £h�?¡
¢ ¹�ÿ �Rô MP

É� ü 10 Ò4Ê�Ë ( ����������þ	��
 ) ����z¡-¢��������
ý 6.1

¹
Voxel ������ô�ö-6����	�Oü 5

º � "!0ô�������� � ô$#%
 � Voxel �&�
�Rô �-� Octree '�( ¾ ¹ 1 )Rô+* w-,�. 8mm ������� È	/�0�Ì21 Í3�54�# º?�76
��8	9 MP

É;: ¹
10 Ò º;<�=+>Oº ò.ó?�A@ = �+��� B$� ��C � #	�D@ PIP

É-: ! E
Ê��D@ = ��#�£h�$FHG��+�JI7G º;K � � ý 6.2

¹
Voxel �&���fô0ö�LM�����Oü 6

º �
N!oô������+� � ôO#;
<ô Voxel �����fô �.� Octant '�( ¾ ¹ 1 )`ô%*PF ,J. 4mm

������� /	0�Ì21 Í3�oü � Ã � #�� � ��Q�R º MP
É%: S

PIP
É%: #7!UT�V º�W�=

Ñ�ÒOüYXZ�U@ = ��� � ô � #UB\[ � £^]FÑ-Ò º ¹ Ì21 ÍZ� Ï�Ð_, T�V º�` 
�aYb�c
ü+d_e5@ = ��f^# ,�g B_���
6.3.2 Voxel hjiPkml?nèÞáà�â+ãåäáæèç�éëêíìáîïà'ð²ñ
o�p ��q_r"#���@�s = � Voxel �	�&�Rô�ö�L?�H�	� ¹�tvu ô0û�Ò o�p ��q"r-üBÑw º ýZ� @ = �+B�üYX3��@ = �5� Voxel �&�&�RôJx�y Octant '�( ¾ ¹ 1 )fô+*?F ¹

I�G�z7G?���	� 5 � ¹ 8mm, �{�	� 6 � ¹ 4mm �����+��| 6.4, 6.5
¹ E : ô ÿU} ô

�O
 º�É �U@ t /�0FÌ21 ÍZ� Ï0Ð�º%K þ�� MP
É;: t

PIP
É%: I�G�z7GRô É%:-ù Ò~�� üYXZ�U@ = ���_f	f+� t5� ] ~	� error

¹
error = |e ang − t ang| (6.6)
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6.3. �����Rô%�^� ÅzÆ üFÇ�]P����	��ô�Ñ.Ò�Á�Â

ý 6.1:
Ì21 Í3� Ï�Ð�º^� � � ] (1) Level: 5/	0�Ì21 Í3� Ð �J0zÌ�1 Í3� Ð MP

É%:4ù Ò [deg] PIP
É;:4ù Ò [deg]

1 2 16.13 45.00

2 5 0.00 36.27

3 8 0.67 33.06

4 6 1.32 28.67

5 6 2.30 26.69

6 6 8.72 11.38

7 5 8.29 10.69

8 4 8.84 10.40ÿ-}
MP
É%: ü 10 Ò�E-Ê

ý 6.2:
Ì21 Í3� Ï�Ð�º^� � � ] (1) Level: 6/	0�Ì21 Í3� Ð �J0zÌ�1 Í3� Ð MP

É%:4ù Ò [deg] PIP
É;:4ù Ò [deg]

1 2 13.92 45.00

2 4 0.00 36.32

3 7 1.19 24.06

4 8 7.71 11.97

5 2 8.04 11.36

6 9 8.82 4.51

7 7 10.21 1.12

8 11 11.93 0.09ÿ-}
MP
É%: ü 10 Ò�E.Ê

#A]7��þ��+�5��\� t e ang
¹;� ] ù Ò t t ang

¹Y� ]��  É;:-ù Ò������+� PIP
É

: ôJ�	� ù Ò ¹ 45 Ò t MP
É%: ô+��� ù Ò ¹ 0 Ò3#��U@ = �+�

f G3[\ô�|&B�[}ö�LP�{��� ,�` 
 =7�_, � ]FÑ�Ò ,���, ��f^# ,+���Oº%���&� G
���J� º PIP

É%:4ù Ò�ô � ] º ¹ ö�LP�{��� ,�` 
�aYb�cOü+d_e5@ = �+�+��� t C
@-ô5�&�_� Octree �{����ü 6 #���@J�����
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�
6 � �� 	¡ � ]��&�

Iteration [times]

E
rr
o
r 
[d
e
g
]

MP joint
PIP joint

2 4 6 8
0

10

20

30

40

¢
6.4: MP £ : S

PIP £ : ô ù�¤ ô � ] ~�� (1) Level: 5

Iteration [times]

E
rr
o
r 
[d
e
g
]

MP joint
PIP joint

2 4 6 8
0

10

20

30

40

¢
6.5: MP £ : S

PIP £ : ô ù�¤ ô � ] ~�� (2) Level: 6

6.4 ¥ ¦ § ¨ © ª « ¬  ¦ ® ¯ ¦ ° ±
5.3
:"²7³7´ � t � ² Voxel B�[ t � ² �^��µ�¶?#H·_£ :�¸N² � ]_¹U�Oº&��
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6.5. » ²2¼{½�¾%¿�À�Á

| 6.6, 6.7, 6.8 ��I ²5Â�Ã ¹JÄÅ�Y@ = �7�_fYGOÆ K � t | 6.9, 6.10, 6.11 � t |
6.6, 6.7, 6.8 ·�Ç ² Voxel �&����È�É�Ê ² o�Ë FHG�7» ² ���"¹-L ²YÌ�Í^Î Æ%Ï�Ð3Ñ t
Voxel Ò&Ó�Ô?#ÖÕ�Ð3Ñ ×_Ø ²&Ù�Ú�Û+Ü f GÝ¹JÞ Û�ß t ��à+á&â{¾Aã_â�À&Á Ñ @ =_Û��
�DÆ+Þ"e5@ = ×�| 6.7 a u Ø t �^� ~�� ,�ä�å @ ="Û f ßU,5g B Û+Üæ5ç�R Æ t-è�é5ê Õ � Æ �7Û Visual hull[20, 21]

² é7ê � tYë�ì ² é7ê �"1í`NîNà
a Û+Ü » ² �	� t �ÝÆ�»�ï�ð ,�ñ^ò�½ B�[ ²7ó Ô á+ô_õ Ô�qNö�÷ À Æ �Ý1 t�é�ê ,`"îNà a Û5Ü I ² ×�ø t�é�ê ,�`"î_à a Û f ßUÙ�ù�ú º&× 0	g�ú » ² Ä^û� 	¡�Ò�Ó
Ô ß+á	âD¾ ã"â	À	Á FAG Û f ß Æ �	Û ×�ø ßÖü e"[ÖG Û5Ü I ² ×^ø t ·Ý£ :O² Ï��ú�`"î"à a+GÝý	a Û�þ u�t á�âÖ¾ ãOâ	À	Á�ÿ�² Ä�û& 	¡�Ò�Ó	Ô ß-² ~�� ú�`Oî_à aÛ�Ü I ²�����Ù � t�� ¤_ú��	��g�Ù�Ú�ÛNß = ��
� ß a�º�× Ü

6.5 ¥ ¦ ��� ��� � �
» ²^á	âH¾Dã"â�À�Á�ÿ Æ 3DTM

² ����Æ �O1 t �	���^��µ�¶O¹�� C Æ���� ß Ñ @� � Ñ�×���� t5� ]!
 � ² � ¤�ú T�V�Æ#" à a Û�Ü�$�² ×�ø t V�Æ#%�& ú »(' Ù �
������µ�¶�¹ Ú�Û*)�¤OÚ!+�,\Û.-�³�ú�Ú�Û�Ü Ñ*/�Ñ t f.0 Ù ��%	1 ²32�4Nú�576 Æ8 îNà:9<; t(= s?> ß ��@BA�CDA ÜE × t�=7F Æ3%�& ú È	GO¹:H(IJ Û ���BK&» ² �^��µ&¶Ý¹ ÿ & ß	ß Ø�ÆJÏ�LNM ,Û�O�ßUú�P A Ü($QOJÙ K&» ² Ï�R�¹ ÿ & ²�S 0 ß�ß Ø7Æ�T Ë J Û.-�³^ú�Ú�Û�Ü æ�ç
>�Æ�K ñ�ò�½�ÙVU�W Ñ ×�X�Y ² Ï�RO�!K áDZ\[B] & Ù ��^�_ 9 Ø ²�ß�9�Û�ÜV$`O%Ù Ka(b á�Zc[B] Æ�£�Ñ\d	��K�% ú »!' Ù R7e	µ�¶_¹.f7gvÑcK $�²3h�²�á�Z\[�] � 6 Æ 1i Ê ²^ájZk[B] /ml �jn ÑU×#RBe�µ�¶O¹ $�²^ájZo[B] Æ�pjq Û a	b RBe�µ�¶ ß J ÛO^ß�Ù K�r(sj>^Æ.R?e�µ�¶�¹�t?gMÑoK�% ² » ²2¼�½�¾J¿�À�Á ¹U�Oº�× Ü ×	u�ÑoK�»² £:v� 	¡Ý� ÿ &5Ï!L�Æ�£�w 9Oà K�R?e�µ�¶ ²!x�ú Ï�LZÑ*d(A ÛNßzy g!J Û5Ü{

6.12
²}| �DÆ(~Q�#� Z\[j�5Ù »_¹.��'�M , KJ· áDZk[B]��^ß Æ.RBe�µ�¶ � £#v

 	¡O¹ $ 0?�!0 �}n Ñ�× Ü { 6.13
Ù��!$�² 
�O¹�IJ Ü
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�
6 � »��	�	tBg =(�

�
6.6: » ² R?e�µ�¶ ú ��� ²V�	�"²�á�âH¾�ãÝâ	À&Á (1)
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6.5. » ²2¼{½�¾%¿�À�Á

�
6.7: » ² R?e�µ�¶ ú ��� ²V�	�"²�á�âH¾�ãÝâ	À&Á (2)
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�
6 � »��	�	tBg =(�

�
6.8: » ² R?e�µ�¶ ú ��� ²V�	�"²�á�âH¾�ãÝâ	À&Á (3)
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6.5. » ²2¼{½�¾%¿�À�Á

�
6.9:

á�âH¾ ãÝâ	À�Á�h Æ Voxel Ò	Ó&Ô ß T Ë Ò	Ó&Ô�¹JÕ�Ð (1)
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�
6 � »��	�	tBg =(�

�
6.10:

á�âH¾ ãOâ	À�Á�h Æ Voxel Ò�Ó&Ô ß T Ë Ò�Ó&Ô$¹JÕ�Ð (2)
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6.5. » ²2¼{½�¾%¿�À�Á

�
6.11:

á�âH¾ ãOâ	À�Á�h Æ Voxel Ò�Ó&Ô ß T Ë Ò�Ó&Ô$¹JÕ�Ð (3)
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�
6 � »��	�	tBg =(�

�
6.12: R?e�µ�¶ ú ��� ²V��N² » ² Voxel Ò�Ó&Ô (1)
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6.5. » ²2¼{½�¾%¿�À�Á

�
6.13: R�e�µ�¶ ú ��� ²V� �_² » ²�¼�½�¾%¿�À�Á 
	� (1)

49



�
6 � »��	�	tBg =(�

6.6 � � � � ��� � ��� � � ��� ��� � �
ë �� ²<� > � K�% ² » ² ' î ¹7 �¡ ¾v¼ Æ.T Ë K�¢ £¤M , ×�¥ Ù K3¦�§�M ,\ÛO^ß�Ù�Ú�Û5Ü % ú È	G"¹�¨ª© �	� K�« é ¹�¬ZÑ*d�A Û7O^ßUú!P A Ü�$B® ×�ø�K�«é ¹.¬ZÑ.d�A Û.�	� Æ�ØY» ® � ��¹.¯�°�J Û.-7±�ú^Ú�Û�Ü Ñ*/�ÑoK ñ�ò�½�® R?e

Æ | º�d � K�¬	« é Æ |&Û+ô_õ Ô [ ö�÷ À�ú3²�ä ÑoK�³7´�Mc0N×�» ® Voxel Ò�Ó
Ô ® æ(µ ú�¶ q#·`¸�d A Û*�	�Nú�Ú¹; K OV®j| © 9#�	� K����º.¯°�J Û�®�V5B6» CÅÑoA Ü

6.5 v Ù Øk¼ ½�× | © » K�%?& ú�¾B® R7e¿�À`º�Á�gMÑD× E(E�Â G}º.¨Ã© O�ß��	ÚE�;ÄPvà:9 A Ü($7® ×�ø�K ÿ &�Å�L ß	ß Ø » U(W º�¨Æ© O^ß�Ù K ¾B® R�e�¿�À » |; K Ú�Û�á}Zo[?]&Ù�� ¬	« é}» |�ÛJô_õ Ô [ ö�÷:Ç ú 8 î"à d"Ø:K�È ®�ájZo[?]Ù�� _ÉM à#9�Û.�	�Ê K Ú�Û�áDZo[?]&Ù T�Ë�Ì�Í�Î7Ï(Ð�Ñ µ	Ò�Ó È ®BÔ}Zo[?] Î �
TBËBÎBÕ�Ö(K�× » TBË}º.¨ÙØ 9 /Ð!Ñ µÒ?Ó ¨ÚØ	Û | © 9#� �¹Ü Ï�ÛVÝ�ÞkÑ Ó Ð!d!Kß &�Å�L¤àà Ü »(á v	�	� Ó Å�L¤Þ 9 A<à y g�J	0jâ�K ß &�Å�L » pDq7ÛoR?e¿�À® Å!Lj/mlkK ¾?® á v���àãR?e�¿!À ®Vä(å º�t�g!JÚÛ O à Ó Î?Õ�ÛVÝ

6.7 æ ç è � é ê � æ ë
6.7.1 ìÉí îmïñðÉò
=�F ®�¾�®Vó ô X(Y »#õ Þ*d�ö(÷ ¾ ø º�ùú	JÚÛVÑBû »V=�ü?ý7þ ~!ÿ�� ] º����
ÞkÑ Ý { 6.16

®D| © » K�� 1500[mm], � 1500[mm], 	mM 2000[mm]
®BÔDZo[B] º
�

��Þ\K ó ô�� ü?ý7þ º 3 �f�eNÞoK ¾�® X(Y�º U W JÚÛ�Ý üBýBþ ® R?e ����� K��� K ¥ � ÎBÏ7Û�Ý��	Ñ(K ó ô�� ü?ý7þ � Nikon
®

‘ � [���������� Ç LAIRD-S270’

º���ú�Þ*d� }Û�Ý
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6.7. ! X(Y�º#ú" Ñ�! �

�
6.14:

¾?® R�e�¿�À Ó�#�$ ®V�	�j®BÔ�%'& � % Ç�( (1)
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�
6 � ¾ �	�	tBg�! �

�
6.15:

¾?® R�e�¿�À Ó�#�$ ®V�	�j®BÔ�%'& � % Ç�( (2)
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6.7. ! X(Y�º#ú" Ñ�! �

�
6.16: !�)+*!¥7Î ® ! ��,�-

6.7.2 .0/2143656798:36567�;=< >9?4@�A î BDC
!�E »�F"G9H'IKJMLON � Ç(º.¨Æ©�à3Õ�PRQ�SUT »�V�WYX ÿ ®�� ÿ �[Z}® ¦�\�]�Õ® ¡ L=^ º ü?ý7þ Î`_�a ÞbPdc�egf}ºihkj�lÚÛgmBà »Onko P FgG9HbIKJpLON � Ç�º

¨Æ©
m?à Ó�q  �ÝmÞprmÞMP ó	ô�� ü?ý�þdV _�a Þ*Ñ�«�s ®�t"��u�v ºihwj�lÚÛ
x�yz ÿ ® ÑBûdP � ÿ|{�}�à » u�vj®`~ Ó��  g� o P�m�� n9� ��� ø º�ùú�lÙÛ�m?à V
Î?Õ �  �Ý� m#Î�PR� 6.17 � nw� ��� &�� ÿBº ÂR� ÞkÑ ÝOm�� � &�� ÿ V P��+*R� » Pi� 64� P�� 4

� �d����� Ó`��� Þ��BÏ7Û�ÝR�����`º�fD��ÛDàpP Ô X�þ!ý Ç�� Ó���� lÚÛ
ÑBû`Pd�Y� nwo Ü 	 uY� � Û�ÝÙÞ*Ñ Ó Ð��RPkm�� � L=^[� ó ô�� üBý7þ Î`_�a�lÚÛ
àpP�� 6.18

�i� l n�� � P������U�`� Ò �
�g  � hkj�Î?Õ7Û�Ý
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¡
6 ¢ £R¤ Z�¥"¦ !�§

¨
6.17:

ó ô�� ü?ý7þª© ú F"G9HbIKJbL+N �ª« � &`� ÿ

¨
6.18:

ó ô�� ü?ý7þ Î�_�a Þ*Ñ FgG�HbI�JML+N �¬« � &`� ÿ

6.7.3 2®°¯²±´³¶µ¸·¸¹2ºK»2¼�½6¾6¿
!�À�Á �`Â ��Ûª!�§+Ã V P ó	ô�� ü?ýBþ � nkoÅÄ�Æ�Ç Ã`È9ÉR�R }Û�Ê?û�P N9Ë�ÌJMLUÍ !�§Y� n9� �`¦�Î T �iÏO��Ð�Ñ Ò á�Ó ¤ Z �¬Ô�Õ2Ö���×�Ø �wÙ � È � � V�ÚÛ ÃgÜgÝ`Þ � ��ÊBû`Pdß Ó Ã V�à�á À�Á�Öªj á À�ÁU��×�Ø V “ âgÊ7û ” Ã`È � Þ
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6.7. !�À�Á � ú" �Ê�!�§

¨
6.19: !�À�ÁUräãæå ��ç Ê�£+� Voxel è�x �
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¡
6 ¢ £R¤ Z�¥"¦ !�§

¨
6.20: £O��é�ê � À�Á (1)
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6.7. !�À�Á � ú" �Ê�!�§

¨
6.21: ë�ì�x LYÍ (1)
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¡
6 ¢ £R¤ Z�¥"¦ !�§

¨
6.22: £O��é�ê � À�Á (2)
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6.7. !�À�Á � ú" �Ê�!�§

¨
6.23: ë�ì�x LYÍ (2)
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¡
6 ¢ £R¤ Z�¥"¦ !�§

¨
6.24: £O��é�ê � À�Á (3)
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6.7. !�À�Á � ú" �Ê�!�§

¨
6.25: ë�ì�x LYÍ (3)
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7

7.1 í î ï ð ñ ò ó ô
ß�õ�ö"£�÷"Ã V P�ø�ù ç Êd£O� J «�ú x LYÍ���û�ü ��ý�þ0ç ��ÿ���� ç ��ÿYÝ��
Ù ¥"¦���v��	��
 l�ÝUÖMÿ �� c ����� ÞYm������+f V�N9Ë�ÌYJbLYÍ 
 P ü���� 
� V���� ã � ÿ�Þ

1
� {b����� � ÷ Ö ç � �p_�a"!��$#�%	&���')( �+*�, l�mgÖ �)-". ã/�wÝ�Þ1032
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