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Real Time Three Dimensional Shape Reconstruction System on a PC Cluster
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Abstract: The volume intersection using silhouettes observed by multiple cameras is one of the

most popular concepts to reconstruct the 3D shapes of objects in the scene. In addition to a number

of cameras, an efficient algorithm has to be developed for accurate and adaptive reconstruction

in real time based on this concept. In this paper, we propose a novel approach to real time 3D

reconstruction based on the volume intersection. Our approach is twofold: one is improving the

reconstruction method by using a plane-to-plane linear projection, and the other is implementing

parallel algorithms on a PC cluster which are oriented to active reconstruction system. We show

experimental results with our PC cluster system that consists of 9 pan-tilt-zoom cameras and 10

PCs connected by a high speed network.
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2.1 acbedgfihkjkl'mon
½r¾dZ_NPOPQSRUT_VYkxÇµÈ|ÞxwYßYà áP¹ Ñ_f«¦rZM¼p
[8] q%q�rSR 7 ¦M¥z�6irkPbµºS¥_¦�»�sz¶¢�[�
Ðrkx�µVaqzX[ZY½r¾iZ_�_�����z�S¶¢�Y���S�P�M�a�t �µO�u�v ( w�æP�µw ) b�2��éZA=KwoæP�µw7x]bdêPu_v
57y(z�¶]� (occupied) �µZ�y�z*f��P¥ (empty) �]�{ t'f Z�*�,�¬�b occupied ��w¢æ;�Uw¢k�|�X��«ê��
k����S�W�P�'Ñ�»¢to�d�a\[woy|{Y}�X�}�~_T�2��/.�k
�P~_ÍPÎlb¢ËWÌx¦rý'� 7 g�Ù����P~¢qS�S�[�'�P~lkdü
ýMZ��lË>�[Zl\iwoy|{Y} k�llkdÈ��Mk��lk��_O�¬��iÍ
Îlk�� 7 X'- 2 k�Ë-��b%�z�[�

1 �¢¦Sk+w¢æ;�Wwl� occupied bdc�t
2 for �¢¦zk+w¢æ;�Ww v do

3 for �¢¦zk_monPp c do

4 w¢æ;�Ww v �µmonPp c k��P~PÃ_Älbi�P�
5 if �P��y65r�POY\xwoy|{Y}ÛbE�|½ 7 �_¥
6 then

7 w¢æ;�Ww c � empty bdc�t
8 goto ENDINNERLOOP

9 end if

10 end for

11 ENDINNERLOOP:

12 end for
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OakdÇ�È�H_�SX�Z�*�	Mq
¢�£ok[ÇrÈ6HU�%5
�?�/Ñ��M���

nxnynzmTα (1)

ÐPÐdq�Z Ë]� Ô�¥P�P~�ooqzk����M�W�P���%¤P´��«»
t��lÑ©Z nx, ny, nz k�TK�|b � Ìx¦%� �)�Ifxk��µj�5
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|�}\~��C¦ SVU ��§ W

[9]
X 0�¨�©�ª/�0�«?|Ad�-=aAcC¬A|�/�­H® X����9�:=<.¯�°=<�[�^AY��±[�^?f�-V²���n�p;� z D�,�.|�] { ¬��.|�³�§,��+?��<r´ U D�����I J �,����\�,�.-�µ�¶A1�2.35476�8�|�³;§,��·�¸�¥ W=X

3.1 ¹Cº¼»¾½P¿.ÀÂÁ¼ÃÂÄÅ¿ZÆqÇ�ÈÉ�<A� W ��Ê
o
Don\prË=ÌqG\I���<�Í5i,h�Î;Ï M�ÐÑr-�[,^

Psrc

Ye��Ò5-V[,^
Pdst

f�-V²��,n�p.DoÓ�Ô
Ib<

Pdst

-VÕ �,Ö\×
nx ×ny

f?-Vn,p�� z Do] {�Ø,ÙD�aAc W=X `�Ê\Ú5|�] { ²���n,p5-�Û;Ü;� J�O -=� z��¢�D
Tα

G	¥ W Gb<
Pdst

¡���f�-Vn�pr- J,  -�� z��¢
T1

:=<
T1 = nxnyTα (2)G�Ý W�X IoYlIÞ< t [,^�-=� � ( ß�à � )

|V[,]�Ý�á �â 9�-V²��,n�pZD�a�c W GÞ<�d�- t á � GÞ��Êr:�Û;³-�[�^ â |Vã�äHI7< t á � â 9;:�å�æ�ç�è M�éPORê ³
( ë 3)

X ³�¯ O < t [\^r- ß�à � |�[�]�Ý�á � Ú�|o²��n�p;� z Do] {±Ø�Ù <\n�p�¥,�5� ��ì - tîí Êr-�²��n�p¼Gb<
Psrc

<
Pdst

â 9�-=ï�ð?¥ WCñ�ò k�ó�D�Ô  �Uô=<,E,õrÝ=ö��,÷�ø�� z |�}\~���<,ù O -V²���n,pZDú�ûA9r� W=Xd�-���<\ü�ý�¥ W á � ÷HGb<�� W á � â 9�n�p?¥,��	Ê\÷r:�<�þ,ÿqGC���r}�´ √
nxny

9;� W GÞa?c W GÞ<
t�í Ê�-Vn,p;� z |,:�< 2

√
nxnyTα

M <A¯ J <Cö,��÷ø�� z |A} W�� Ê�� JTO -�n�p;� z ��¢�D Tβ

G,I JØ;Ù < � á � � JTO -=n;p.|�:�< √
nxnyTβ ���
	��9C<

Pdst

¡��5-�� z ��¢ T2

:=<,���A-A} { |,Ý W=X
T2 = nxnyTβ + 2

√
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[�^AYe�±[�^?f�-�n�p

( t [�^ M ��D W Ø�Ù )

t [,^ M [�]�Ý Ø�Ù :=<\þ�[�^FEHG M å�ær-�çCèlDI�³�-�9C<�²���n�p�� z :=< w�x -�JLKNMPOHGÞ[�]RQS5|A}\~���ú�ûA9r� W
( ë 4)

X d�-��?:=<
Pdst

â -�ÛÊr|C³;§,� �P� n�p�� z D�]Ac;ô�J�KNTLU�[,]PQPSRVDXW,ÔA9r�o<\ù O -
Y ì -Vn�p;� z : ��� y,z |[ZZ�\ c.� U?WVX d�-���<
Pdst

¡\��-�n\pA| 	N� ÝC�\¢ T3:=<,�;�Z} { |,Ý W=X
T3 = nxnyTβ + Tα (4)

Translation
 + 

Scaling

]

^`_$acb
d`egf$h

ë 4:
[�^AYe�±[�^?f�-�n�p

( t [�^ M [�]rÝ Ø�Ù )

d,dV9�<C],ø y\z -C�\¢�9;� W Tα

GjiA@Tm 2�-�k
y,z -C��¢�9�� W Tβ

Dml�� U ô=<
Tα > Tβ

Gba�c,�¶H® <
T1 > T2 > T3

-Cç�è M=é¾ORêon <
(nx, ny)

M �
Wmp�q � â KZ��§ Ø�Ù :=<r´,-��5:
rRs.|,Ý WVX

3.2 ºÂ»qÃ�Äutwvyx{zL|~}��������u�����d=-�} { |V<�[�^�Yl��[\^�f�-Vn�p�� z D���§ U ô�<Ê,E,FA9�n�p�� z ¥ W } O �,�5| K�L 9�� W=X d�-�dG�Do�;��I���<,���\�;�\�,�ZD��,�;��¥ W=X /�0�«;Ý
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G�I	���?c=<V` ñ i ��ñ D	E,F�G�Iª��< ñ i �Cñ^?f�-�	�2?jlk.mÞ-Vn�p¼G tîu�w�x - AND y,z - KL D�]r§C<�
���«?Ý
����� ��� D�� W ��-\9?� W

( ë
5)
X

Reconstructed Area on the Slice

Base Plane

Silhouette A Silhouette B

ë 5:
[,^�n�pZD��;��I J �����;�\�,�

É�<
xyz

��¢rDV<
nx, ny, nz

-�� x q 9���� é D�]{îØ,Ù D	a�c WVX Ý���< ñ i ��ñ :�<
xy
[\^�|V[,]�9� W Go¥ W�X ¯C°V<

z = 0
fA-�	�2Ajlk.m x -=n�peD] { X d�-�n�p K�L |�:=<,[�]A9;Ý,§ t [�^�¢?-�n�p� z ��D���§ WCX d U D�/��;[;^�	C2Ajlk.m=G�¥ W�X�r|�<

z 6= 0
- ñ i ��ñ |=ïqI���:=<�d�-=/���[�^�Y�o-Vn�p�|?}�~�� ñ i ��ñ â -�	=2�jAk�mÞD�� é ¥ W�X/���[�^¼GÞ` ñ i ��ñ ^5:V[�]A9�� W\J,  <�[�],[�^¢?-�n�p;� z � M ���?9r�	<�g�h�i w�x [�^AY��bá �ñ i �\ñ â f�n�p�¥ W } O � z ��¢?:"!rÝT®ªÝ W=X` ñ i ��ñ â |�:V<$#�÷�-�g�h�i�|�ï\ðeI J 	V2�j�km M n�p S�U�W -�9�<5´ U ��-�	�2�jlk.m w�x % tîu

w�x'& ¢?- AND y,z D�] { d?GV|�}\~��C< ñ i �,ñâ -�ï�(,ã�ä Ö�×�M Wl¯ W=X d�- K�L D
nz ) - ñ i�\ñ ¡A��9�] { d?G�|A}\~���<*
���«�Ý+�,��� ���AM

�Â� U�W=X�K�L -.- U D ë 6
|�¯rG  �W=Xd�-�¬��A9�-�� z ��¢�|�³;§\�Ca�/?¥ W=X ë 6

-�i
�10

1 2 3
- K,L 9�:�< w�x [\^�YZ��/*�\[\^�f�-�n,pM ] D U�W=X d�-��C<

nx, ny

|=ï�ðTI J Y ì �P� 9;Ý® <�35- K�L | 	P� Ý Ö�× ��� D�4;��n,p�¥ W 	P� M� W=X d�- J,  <�g�h�i�G���� é ¥,�.� Ö�× GV-VF�ZçCè5|A��} W�M <,n,p�¥,�.�oÊ\÷5:=<
nx, ny

´ U15�U÷�6 p�q 	P� G�Ý W=X d�-��?-"6�TeD q
<�g?h�i�-87÷ZD

m
G	¥ W Gb<li �90

1 2 3
-
Y ì -�� z ��¢�:=<

(q2nxnyTβ + 2q
√

nxnyTα)m (5)G�Ý W=X �r|=<�� WCñ i �\ñ D K,L ¥ W Ø\Ù :=<\/��[�^AY�� ñ i �\ñ ^?f�-�[,]�[�^?¢?-�n�p�� z 9�ú�]

1 for
¡A��-�	�2?jlk.m

do

2
	�2?j.k.m�D�/���[�^

(z = 0)
|�n,p

3 end

4 for
¡A��- ñ i �\ñ

do

5 for
¡A��-�/���^:	�2?j.k.m

do

6
/���^AYe� ñ i �\ñ f1	�2?j.k.m�D�n�p

7 end for

8 for
ñ i �\ñ â -�¡A��-�Ê

do

9
	�2?jlk.m±-

AND
� z

10 end for

11 end for

ë 6:
[�^�n�plD��;��I J 1�2.35476�8

9r� W -�9C<�d U D�¡A��- ñ i �\ñ 9�� z ¥ W Gb<
nz × (nxnyTβ + Tα)m (6)

M 	R� |,Ý W=X d�- J,  <\¡��5- K,L 9�:=<ed U ��-k¼G�Ý W -�9C<,���A-�� z ��¢ M 	P� 9�� W=X
m((nz + 2q

√
nxny)Tα + nxny(nz + q2)Tβ) (7)É;<

nx = ny = nz = n
G,I��C<�;

1
-=/�0Z1�2l3

476�8;-�� z ��¢�G@l�<HIo��= W Gb<
•
/�0.1�253.476�8?>

mn3Tα

•
µ�¶A1�253.476�8?>
m((2q + 1)nTα + (n3 + q2n2)Tβ9;� O <

n
M Kl��§ Ø\Ù |\:�<�þ\ÿ�-C¢�|\:V<R�r}�´�<

n3(Tα − Tβ)
-�� M �A@ W d?G�|,Ý W=X ³A¯ O <�� xq D â:B J Ø,Ù |=<�[�^ZDo�;��I J � z ¬C� M�C�D |E�F «�9�� W d?G M�ì Y W�X

4
GIHKJ?L MON
PRQ SUTWVYX[Z?\^]
_a`cbed

1;@ ò1f�g Ýh�,��� ����i �ZD�aAc J Ø�Ù <\���,��\�\� M�j �¼G,I���kqI���§ W d?GV:�*r|V+�� J�X�l|=<�d�- j �eD�<
3
9=+�� J µ�¶A1�2.3.476�8�DV��§��ú*mA¥ W Ø,Ù D�aAc W Gb<Ag?h�iAG7� z�n -�olDp�é E�FHG,I J @�i ñ Ïpq5-=� z�n 1,Î�r ò @�sut�:=<

•
	,Î 0 - ��v |�k;ð�«�|=`Ag?h,i\D�w ê |"x*y¼IJ�O <�`�g?h�i�9{z�p SVU�J w�x Y���-�	�2?jlkm|� é,K�L Ý:}�D�w ê | K\L 9�� W=X % ì�~\K�L &

•
ï�(�-
Y ì Dp���.|.��c J�O <�� × Ý�	,Î 0 9{#÷5-�ï�(.D�� {±Ø\Ù <�`�g�h�iC- à�� D�S�«�|.x



y¼I7<u	 ñ�ò 8�¡,�A9�	,Î 0 - ��v |�k;ð;«?| n� 9r� W=X %���� K,L &
•
	�2?jrk5m�Y���-�� ��� ��� � é�K,L Dp#\÷5-=�
z�n 9���ør|�ú�]A9A� W=X % ��ø K�L &

•
g?h�i�G7� z�n D E��?|��	��¥ U ô�< 	 ñ\ò 8;-K�
rÝ���
.Ýq® <�} O ���.Ý ���rM � é 95� W�X
% J���� &Ý+}V-=Ê�9�k¼I���§ W GbaAce� U�W=X����9�:�<\ú���|�� é I J���� @�i ñ Ï�-�� � |�³§,��+���<r´,-�1,Î�r ò @�s t�D��l¯�c J µ�¶��,����\�,�.-���ø51�2.35476�8�|�³;§,��·�¸�¥ W=X

4.1 ��� �y�Â¿"!$#¯�°�<&%('�-)� é I J(�*� @�i ñ Ï=|�³\§���·;¸�¥ W
( ë 7)

X d�- ��� @�i ñ Ï�:�<
10
7;- �*�

(CPU: Dual-

PentiumIII 600MHz, Mem:256MB)
D,+AkAm�-�Î;@�9å/.r|"�/0�I J ��-�9;� O <

10
7�Ë

9
7?|=� z�n Ye�x�y ��� Ý�1�2 O g?h�i M ��0 SVU <�ù O

1
7;943 F-�5�¦¼G.	 ñ�ò 8�¡,�5-�6�7ZD�] { X

1/2 O g;h\iAG�Io��:�<V��Ê98VÔ*qr-VÍ 0": s�2Pm :6;Î�8�g�h,i
(EVI-G20 by Sony)

D���§ W�X d�-\g�hi�:=</;,Ó�«�Ý�<��/= w,x D.� é 9r�o<���Ê>8=Ôr-��?5D��;�TI J�@�A � ì |�/?­H®�ï�(r-*�	BAÝ+}V- j �
M/C,D�SVU ��§ W

[10]
X

+Ak�mE-�Î�@?G�Iª��:�<
100Mbps

-
EtherNet

-GF,<¡�H�I
1.2Gbps

-��C�(+?k;mE-�Î�@
(Myrinet by myri-

com)
D)J��;¥ W�X d�-�+AkAm�-�Î;@�:�<�@�K ñ�L Î ñ

� kps?|�} W�M�N x�yeD�]A§�< �4� ï ��� ¢?-*O�P���Z|=ú�]�95� W�X O�PZi �'g iZ4�G�I���:�<
RWC

|}\~�� CQD�S�U�J
PM

i �'g ie4
[11]

D�J?�HI����
O <)O D,R�S

(25MB/s)
-GF,<

DMA
RTS D����eIª��å

j�U - ��� -�h,VH4	|Cá*�XW?Î�Ï�D�Y��)ZX[ R	S
(

K

100MB/s)
M*\T].S�U �,§ WVX_^ |p3\ÿ�:V<

640x480-a`�2�g�i�Î�- w,x Dab�WTced�ÎHm�9 R�S 9r� W���fD I n <Vå�.r| w�x W�Î;Ï�D�� \ ¥ W ��|Gg��;9�� W�X

4.2 h i �o���u�����*�+r-�µ,¶��\�\�\�����r- K\L -�- U D ��j�¥ W G±<���A-A} { |,Ý W=X
SIP (silhouette image production) :

g�h,i w�x D iO Z9= @�A � ì |A}�~��'	�2?jlk.m�DG� é ¥ W
BPS (base-plane silhouette production) :

/���[;^
|�	�2?jlk.m�D�n�p�¥ W

Ethernet(100Mbps)

Active camera

Node PC

Host PC

1.28Gbps
Myrinet

16 port SW

Video capture I/F

Camera control
(RS-232C)

ë 7:
�4� @,i ñ Ï 	 ñ�ò 8�-"� é

LMC (local model creation) :
/*��[\^�Yl� ñ i ��ñ^5|�	�2�jlk.m�D�n�p�¥ W

INT (intersection) :
ñ i �\ñ â 91	�2?jlk.m E GA-

AND y,z Do] {dV-CË�9�<
SIP 2 LMC

: ) Ò�-Cg�h�iV9"z�p SªU�J 	2;jAk?m�|Vï;¥ WoK�L 9�� WVX d�-�ËC9�<
SIP

G
BPS:=<*z�p5|���I�� � ÜCú�] S�U�U ôC¶;§;-�9C<\/�0?«|\:Cg;h�i�D I�³ ) 'V- ��� 9 K�L ¥ U ô=¶�§ X LMCG

INT
: ñ i �Cñ -�k\÷�Ü�ú�];¥ W 	�� M � O < ^ |

INT
:�< ��� ¢�9 	�� ÝQW�Î�Ï�DmlaneI J 3�|�:9@  � K,LAM���� |,Ý W G	§ { �a?rDXI�³ X d U �=D�aTo¥ W G�< ��� ¢;9?-�	�2�jlk.mqp�reD�l9n.DV<

LMC-.3�9�] {±Ø,Ù Gb<�*A9�] {±Ø�Ù - tts�u -�1�2.3546�8 M aAce� U�W=X ´�d�9C<\����- tts�u -���ø�� j�.|�³�§,��v/wA¥ W=X
x>y�zTxa{4|	}T~

:
K�L -�/ �?9�� W�ñ i ��ñ�� D ì

� Iî<	` ��� | � O �C��� K\L ¥ W ¬�� X 	�2�j�kmÞ-*l�n�:
LMC

-.3A9�] { X
�/�������/� ~

:
/���[�^h	�2�jlk.moD�¥;�A��- �

� |"#��qI7< ) '�- ���CM4� Ý WCñ i ��ñ -"���é Do] { ¬C� X 	=2;j5krm�-�lan�:
LMC

-�*r|] { X

4.2.1
x(y�z/xa{4|	}T~

ñ i �\ñ��=ì � �5:=< LMC
¯C9�D\´ U15�U - ���9�ú,]HI7<�Û;³?- ñ i �\ñ D �4� -�÷r| ì � Io�C<r´U15�U - �4��M�� �C¥ W Y ì -.��� é D � ��¥ W ¬C�9�� W

( ë 8)
X d�- j ��9;:=<

LMC
G

INT
-�¢�9C<` ���CM�� ��¥ W Y ì |�³;§,��<TF5- �4��M z�� I Jñ i ��ñ â -
Y ì 	�2?jlk.m7DV� \ ¥ W=X



Communication

Base Plane
Silhouette
Image

Local
3D Model

node 1 node 2 node 3

Silhouette
Image

Local
3D Models
(partition)

Captured
Image

Loop

Object area
on a slice

Final Result

SIP

LMC

SIP SIP

BPS BPS BPS

LMC LMC

INT INT INT

ë 8:
ñ i �\ñ��=ì � �

d�-�¬��5-���ÊHG\I���:=<,` ñ i �\ñ\M�K�L E,FA9� W\J,  <,` ��� :�/���[,^:	�2?j.k.m�G±<,É K,L I��§ WCñ i �\ñ â -�	�2?j.k.m�D��PI�¥ W h�Vq4ª-*=DXIA��ôC¶¼® < 	P� ÝT4���Î ñ :[O S ®b���>[ X I�YI	< 	 ñ�ò 8C¡��59 ñ i ��ñ D��	�.| K�L ¥ W�J�  <
ñ i �,ñ Ú.| K;L(C�
 -�E�� M 	�� |�Ý W�X d�-\��<ú���|�:�
,� M ã�äqIVÝ,§[Y ì D � ��¥ W>��� Gb<�
� M ã�ä?¥ W Y ì D � ��¥ W>�4� 9 K�L �\¢?|�� M �
@7<�E��l¯C9�-�� n ��¢ M���� G�Ý W=X5S ��|=<,` ñi �\ñ - K,L Ú5| w,x - R/S�M�D ��¥ W\J,  <*�����-.� x q Do�P®���ÔHI J Ø,Ù |*O	Pr-Qc?Î L�� k�� MKZ�5®ªÝ W G�§ {���� M �A@ W=X

4.2.2
�/���	���/� ~

/���[�^�#��,��9;:=<,` �4� 9 z�� I J /���[,^:	2?jlk.m�D�¡A��- ��� â |.#���¥ W=X d U |A} O <,¡��- �4��M ¡A��-+�,��� ��� ��� é D�] { ��f D�I�³d?GV|,Ý W�X ` �4� :�6/7 �4� â 9HSP® ñ����! Î;i|A}\~���"�¦ S�U�J�ñ i �\ñ D���� é ¥ W�K�L Do¡��- ���AM�# ¯ W ¯�9 N ORQ ¥\¬��r9�� W
( ë 9)

X d�-��<�W�Î�Ï�- RQS :�<
BPS

G
LMC

-�¢,9�]�D U <�¡��-�/���[,^:	�2�jlk.m M ¡A��- �4� | R�STSVUAW �¢ M 	P� G�Ý W=X;ñ����! Î�i�:�< �*� -.��� é D�]{ ñ i �\ñ �	$Â4 ñ m�D&%PIqI7<,` �4� YZ��- �('�g

4�@�j ñ mÞ|�ïqI��C< z�� M �e~���§�Ý,§ ñ i �\ñ �$5D Q ¥ X ` �4� :�"�¦ S�U�J�ñ i �\ñ |�³;§,�\¥,���-�	�2?j.k.mÞ|=ï?¥ W
LMC

G�´ U ��-
INT

D�]
§�<r´,- ñ i �\ñ â - ��� D�)���¥ W�X � ³�* ñ i �
ñ * K�LAM � U ô,+ �.- ñ��	�! Î;i�| �('�g(/�0 j
ñ m21 � ¥43�§6587�9(1�:<;�=?>�@

Communication

Silhouette
Image

Base Plane
Silhouette
Image

Final Result

node1 node2 node3

Captured
Image

Silhouette
on a slice

Loop Loop Loop

Object Area
on a slice

SIP

LMC

BPS

INT

SIP SIP

BPSBPS

LMC LMC

INT INT

ë 9: A ��B�C�#��ED

F *�GHDJI	K,+/�MLE7M9N*.
�ONP A �MB�C:	�Q�RTSU *"#��(1&V�WGO	PYX�ZE[�\�]^3&_	W,@J`�a,+Eb ���
K�c?d!* A�e B�C�f�Q�RTS U *�%�gNhMiHI!_kjl+Jm!Wn?oqp�n PHrMsEdktvu!w�x�yEz	w�7E9N*�c?dY1&{|5}\
].[Ym�WEa�~H+Jm�W��	�	�6��s.�q� / 1�\M]|3�>JW�@
�&�T� +�c?d	*N���q[6��* n?oHp�n *�7�9YIN��{J�	W
aE~�+����qZMI	*��,�N*�\�]J[!_kj�+E��jv7�9?[q�6�
a?��* �4� uJ* n?o�p�n *�7E9NP���W F 3�[M�,�TW�a
~�+��,��*��E�?X�ZM[�\�]J_kjl+Ec��^3 � dq+E���N_
7!9.[E����3�_YW�@ F� JF 3 �¡�£¢E¤?¥  �¦M§ I�K ¢
F�  AEe B�C�¨�©ED61�ªYs	W F 3�PH>?W,@

5
«­¬¯®¯°

FMF IYK ¢²±´³  Mµ � o 1H¶
10
 J· 5,P�¸	¹ � d

{6�qa ¦�§. �º�» PHr�sEd�¼Y½?W,@ F� �¦�§ I!K ¢ A



e B�C�¨�©ED61 ¦�� � d��!ª � dMs�W�@

#1

#2
#3

#4

#5

#6

#7

#8

#9

400cm

450cm250cm

¶
10:
¦�§ P�ªYsMa µ � o VM¹

���  ��	� P	
����  �
������ 1&¹6� ¢^±£³  �µ �
o I!��X�P����?d�� ��� a A�e B�CNf�Q�RTS U�� 1�¶
11
P��	>�@ µ � o 3  	� ¹ ��!JP · ��d ¢#" _MW	$ p%   f�Q�R�S U�� [�&�')( � W,@ F �¡�2�4�+*�,�- (� a�x�y  �ºM»/. ¶

12
P	�Y>�@#0 � �.K

1cm 1 G  243#5 Q�$ p % I	m	W,@ F�  X  �6�7 X�Z�K�8
4.2 9I	m��Ha�@ 
�� ���� ;:=<N  x�yJ_T� ¢#>�? _,xEy?[� ��� dMs�W FA@ [�B � W,@

¶
11: A�e B�C�f,Q�RTS U��

�DC   f=E �#. 0 � � .GF �Ed�{(�HaIH�J  �6#7 X
Z .�K

1
PY` @ ~YWH@�L�M  N@�F�O ¢=P Q `DRTS  U E�V�W4S U [�X�Y ¤�Z P��(�Nj ¢�[ BJ_;\��?[!��d

s�_�s�] ^ � P�r�s�dMK ¢ ��_?P	`#aAb�WcX�d�I!mEW�]

¶
12:

t8u!w�x�y   z!w=e

K
1:
0 � �=f   b�a�g   X�ZEX�Z

voxel SIP Dupli- LMC total (befor

size -BPS cation -INT comm.)

1cm 210ms 152ms 3099ms 4240ms 3460ms

2cm 72ms 134ms 456ms 1150ms 661ms

3cm 39ms 135ms 114ms 1040ms 288ms

5cm 25ms 178ms 45ms 1040ms 248ms

^   P Q � B .Dh i�i ¢
2cm, 3cm

  2j3D5 Q�$ p %
  H�J ¢ 9 tlknmco��M�YI�x�y?[�� ��� dMs�W�]

6 prqtsu�v	I	K ¢jw 3�xAy�z _�{�|   t8u!w�xEy *�,�- .}�~ � d ¢	� �������#�.P�� �MsEa�x�y�zMw�P���s�d ¢��� �4� ��� W  	� �?[���x�� 7 I ¦ {?I.�HWA^ @ P� } � a � �����=���   �E�N_ 7 �qG#� @ ¢j�  ;: �. �,� 3 o�n4� P ¦�� b?W�a�~  	� L w Q���� %��  �	� . {.��a	] º�»�@ � d ¢J±}³  �µ � o �T�  I���#�� P����!sEd ¢ x�y�z	w . {���f n x � . ,�-��´¢ {
Zq�M�   �(��(   `�� .

1cm 1     0 � �?I	m � i ¢
4.5 9 P¢¡�oM�	� ¢ 3cm 1A    0 � �?I�m � i ¢ 9 ¡o��M�   x�y�z	w	[���� @ _Y��dMs�W;]£�¤j¥ ¢jw 3�x4y�z _6t}u!w�x�y *�,�- @ � d ¢ b
µ � o�¦ {�|=§�¨   ��n 3 .�©�ª �´¢ f�E �;«A.�¬ �



� W�{�|   x�y .�� � ��� iMWEf n x � W  ����j. Xd � dMs�		]/^  =��
 ¢ b µ � o  
��� ¢ ���¡�  
�
� ¬�� ¢ x�y *�,�-   aE~   ���  ����n.�� �8\E]?[
m�	;]n^ �¡� ¦ ª �Ed ¢ · S����M� 
 ���N_,x�yEz	w. JAR��!d��?��	�\E]?[	m�	;]( � ¦ ¢
•
x�y�z	w��M�  �� Z! � ��������� 
 ¥ ¢ : �  \#" ZE¢ K �%$'& _ � B   z!w $�(*) 
 m�		] �^ 
 ¢ K �  *+ �#, x43 n�-/.  10�2n. ��ª � a
  � ¢ e?��i ¢ shape from carving [12]

_T� @�3
4 J�R5�/	q_.� � d ¢ zMw�x�y   �5�E��6 . ¶#	�]

• 7 �   �  18�9  K � x�3 n5-�. .;: ��d 6D7 � ¢< ��x�y ¦ 
>=�?���@ � d K �Ab%	H_T� ¢ º�». � w � x�y  �� Z . ¶%		]�^  �A ¢ µ � o   ��B@ " _'	 ��B 
! *C � . 7 � b%	�a�~ ¦ ¥ ¢5D'EF ¦�G'H _ x43 n�-/. .G7 ��b%	JI�] $ m�	;]
_T�H��m'K ��� 	;]

LNM

u�O�P . { � ¦ mEa)S ¢RQ u E5S�T�U�V�W � ��X E
S O�P'Y�Z#[�\

(JSPS-RFTF 96P00501)
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