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>$'=&<* ". *% C∞ >&)2 /$)% 0#*)/"' DPT869 R$E"A"'L /) -'*2 /2"L C1
>$'=&<* /$)% *'"
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Θmin ≤ Θ ≤ Θmax +39V,

dCmin ≤ d(Bi(q), Bj(q)) ∀(i, j) ∈ C +39W,

F z
l (q) = F z

r (q) = 0 +39I,

d(pc, Fseg) ≤ ξs +395,

M)  !" J'% 2$)% '*/) +39V,L Θmin *). Θmax *'"  E$ A"2 $'% '"-'"%") /)? "*2! F$/) 
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 !" &')'*# &')3*:*'; $2 '!" 1$&'5(" *& 25('!"( "%2$(#"6 3; '!" :)&' #$%&'()*%' +,-=/

>!"(" pc = [cx cy]⊤ *& '!" 1($?"#'*$% $2 '!" @$A $% '!" B$$(C Fseg *& '!" &"40"%'
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 ! " # pFl$ "  # pFr %& "   # '() !)*+),' -)'.)), pFl /,0 pFr1 2%& / * 3), 4%!'5&)$

'() 6/!) ),6%5,')&)0$  1)1 '() 7%&+58/ '% 5!) 7%& '() 0 !'/,6) 6%+45'/' %,$ 6/, -)

7%5,0 -9 /,/89: ,* '() 4% ,' ps$ '() 4&%;)6' %, %7 pc %, '() !)*+),' Fseg1 <()

3/85) %7 ps 6/, -) 6%+45')0 -9 &)89 ,* %, αp$ '() 8),*'( %7 '() !)*+),' -)'.)),

pFl /,0 ps$ /,0 '(5! 5! ,* '() 7%88%. ,* '.% 7%&+58/!=

ps = pFl + αp (pFr − pFl) ">1?#

(pc− ps) · (pFr − pFl) = 0 ">1@#

A9 &)48/6 ,* ps  , ">1@# -9  '! )B4&)!! %, ">1?# .) 6/, C,0 '() 3/85) %7 αp

αp =
(pc− pFl) · (pFr − pFl)

‖ pFr − pFl ‖
">1D#

<() 3/85) %7 αp 0)C,)! '() 68%!)!' *)%+)'& 6 %-;)6' cg '% pc  , '() '(&)) 4%!! -8)

6/!)!=

E1  7 αp ≤ 0 ⇒ cg(q) = pFl(q)

>1  7 αp ≥ 1 ⇒ cg(q) = pFr(q)

F1  7 0 ≤ αp ≤ 1 ⇒ cg(q) = ps(q)

G, %5& .%&H$ '() !'/- 8 '9 6%,!'&/ ,'  ! )B4&)!!)0 /! '() !I5/&) 0 !'/,6) -)'.)), cg

/,0 pc=

g(q) = (pc(q)− cg(q))⊤ (pc(q)− cg(q)) ">1EJ#

<() K568 0)/, 0 !'/,6)  ! ,%' 6%+45')0  , %&0)& '% /3% 0 / 6%!'89 6%+45'/' %, %7

/ !I5/&) &%%' .( 6(  ! ,%' ,))0)0L  '  ! %,89 ,)6)!!/&9 '% 6()6H '(/' g(q)  ! -)8%.

/ 0)C,)0 '(&)!(%80 !8 *('89 !+/88)& '(/, '() !I5/&) %7 (/87 '() . 0'( %7 '() &%-%'

7%%' '% ),!5&) !'/- 8 '91

)*>*)*) ?($@0'1& +,(-./$&0,1

G, %&0)& '% *),)&/') / 4%!) .( 6( !/' !C)! %5& !'/- 8 '9 6%,!'&/ ,'$ 2MNO &)8 )! %, '()

4/&' /8 0)& 3/' 3)! 7%&+58/' %, %7 '() 6%,!'&/ ,'1 <(&)) 7%&+58/' %,! /&) 4%!! -8)$

0)4),0 ,* %, '() 3/85) %7 αp1 2%& ! +48 6 '9$ 8)' 5! .& ') ġ(q) = ∂g(q)/∂q1

2&%+ ">1EJ#$ '() *&/0 ),'  ! 7%&+58/')0 /!=

ġ(q) = 2o(q)ȯ(q) ">1EE#

. '(

o(q) = pc(q)− cg(q) ">1E>#

/,0
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ȯ(q) = ṗc(q)− ˙pFl(q)  7 αp ≤ 0 ">1EF#

ȯ(q) = ṗc(q)− ˙pFr(q)  7 αp ≥ 1 ">1EP#

ȯ(q) = ṗc(q)− ṗs(q)  7 1 ≥ αp ≥ 0 ">1EQ#



αp = 0

αp = 1



 !

"#$%&'( )* C1
+,(-./$&0,1 ,+ $1 ,23'4& 506020/0&7 +,( 8'9&:;'6&:<0'=

6'/'4&0,1

 !"#$% & '#() *+$, - .+/$%0 / . 1&+(-%0 / '#2#/'3 '01#$%(4  / %,# 1#21#3#/%-%0 /

 . %,#  !"#$%)

5/ 3 &# 6 173 89:0% ;<<<=> 9?0 @AAB=C> %,# #/D#( 2  . %,#  !"#$% 03 1#21#3#/%#'

-3 -/ -EE1#E-%0 /  . 2(-/-1 3+1.-$#3> +3+-((4 %10-/E(#3) F,03 03 %,# +3+-( 1#/'#10/E

&#%, ' . 1 '032(-40/E GH  !"#$%3 6,0$, 03 6#(( 3+22 1%#' !4 -D-0(-!(# (0!1-10#3 -/'

,-1'6-1#) F,# 21 !(#& %, +E, 03 %,-% 0% 03 / % %10D0-( % E#% - C1
. 1&+(-%0 / +30/E

2(-/-1 3+1.-$#3) F,+3 3+$, - 1#21#3#/%-%0 / $-// % !# 0/%#E1-%#' 0/ %,# :I '01#$%(4)

J%,#13 6 173 89K,-0%# ;<<L!=> 9H+/# @AAM=C ,-D# +3#' - 2-1-&#%#10N#' 3+1.-$#>

3+$, -3 O+-'10$3 -/' 3+2#1O+-'10$3> % $-1-$%#10N# %,#  !"#$% 3+1.-$#) P 21 2#1
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&-/4 2-1-&#%#10N#' 3+1.-$#3 -/' ,-D# % '#-( 60%, &-/4 2 330!(# 3#(.S $$(+30 /3)
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!# 2 330!(#)
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&#/% & '#(0/E -/' D03+-( 3#-1$,) F,1## 1#/'#10/E &#%, '3 ,-D# !##/ $ /30'#1#'W

GH $+!#3> @H 2 (4E /-( 21 "#$%0 /3  . $+!#3  / %,# $-&#1- 2(-/# -/' @H I-+330-/3

 / %,# $-&#1- 2(-/#)

)*>*?*> ".2'6
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O+-/%0%4)

F, +E, $+!#3 $-// % !# +3#' '01#$%(4 0/ %,# :I> 6# $-/ 3%0(( 1#(4  / 3+$, - 1#21#S
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N (X, Y )

Aj =
N−1
∑

k=0

XkYk+1 −Xk+1Yk (XN , YN) = (X0, Y0)
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"#$%&'( !) C1
*+(,-.$&/+0 +* $0 +12'3& 4/5/1/./&6 *+( 7'8&9:'5&9;/'<

5'.'3&/+0

=.>+(/&#, ?  !"!#$! %&'&()* +,*+ -#./01+1&#! (+'*2 #! /#)34#!'

 ! area← 0

"! *+( *+-5 %#6*) @+

#! /,#7*-1 %#6*) -#,!*,' #! -+.*,+ /)+!*

$! -#!'&2*, /#)34#! 8#,.*2 (3 -#!%*6 50)) #8 15*'* /,#7*-1&#!'

%! /* /#)34#! &' #01'&2* #8 -+.*,+ &.+4* &#'0

&! ,*.#%* /#)34#!

'! /* /#)34#! &!1*,'*-1' $&15 &.+4* (#0!2+,&*' &#'0

(! 1,0!-+1* /#)34#!

)! 9#,1 /#)34#!' 8,#. !*+,*'1 1# 8+,15*'1 8,#. -+.*,+

 *! *+( *+-5 /#)34#! j @+

  ! /* /#)34#! &' ,*)+1*2 1# "!#$! %#6*) &#'0

 "! -5*-" !*61 /#)34#!

 #! :!2 /#)34#!' $5&-5 #--)02* j

 $! 0/2+1* j (3 ,*.#%&!4 #--)02*2 /+,1'

 %! -#./01* Aj; +,*+ #8 j

 &! area← area+ Aj
 '! ,*10,! area

Area

Camera position

Camera views

Camera 

trajectory

Voxel

<&40,* =>?@ A,*+ #8 + %#6*) %&'&()* 2*/*!2&!4 #! -+.*,+ 1,+7*-1#,3>



 !"! #$%&'()* +$),-./()-, 01

Voxels

Intensity

Camera 

image plane

 !"#$% &'() *$!+,!-.% /0 1/2%. $%+3%$!+" #4!+" 56#44!6+4'

• 78% ,/9-#:6:!/+ :!9% !4 9#,8 ;!""%$ :86+ $%+3%$!+" -!2%.4 #4!+" 3%3!,6:%3

86$3<6$% 64 !: !4 +%,%446$= :/ ,/9-#:% :8% -/.="/+6. -$/>%,:!/+ /0 %6,8 ,#;%

06,% 6+3 :8%+ :%4: 0/$ /,,.#4!/+4'

• 78% ?+6. 0/$9#.6:!/+ /0 :8% #+@+/<+ 6$%6 4#$06,% !4 ,86+"%3 3%-%+3!+" /+

%1%+:4 4#,8 64 :8% 6--%6$6+,% /$ 3!46--%6$6+,% /0 4%.0A/,,.#4!/+4' 78#4 6+

6--$/2!96:!/+ /0 !:4 "$63!%+: !4 3!B,#.: :/ 0/$9#.6:%'

• C4 !..#4:$6:%3 !+ :8% 4!9-.% %269-.% !+  !"' &'DE :8% "$63!%+: !4 +/: ,/+:!+#/#4

%1%$=<8%$%' 78% 1!4!;.% 6$%6 16$!%4 .!+%6$.= ;#: :8% .!+%6$ %F#6:!/+ /0 :8%

16$!6:!/+ ,86+"%4 6;$#-:.= %6,8 :!9% 6 ,#;% 06,% 6--%6$4 /$ 3!46--%6$4'

 /$ :8%4% $%64/+4E :8% F#6+:!?,6:!/+ /0 #+@+/<+ #4!+" -/.="/+4 864 +/: ;%%+ 0#$:8%$

!+1%4:!"6:%3 3#$!+" :8!4 :8%4!4'

 !"!1!1 2/3,,(/),

G+ :8% 56#44!6+ 6--$/6,8E <% ,/+4!3%$ :8% -$/>%,:!/+ /0 1/2%.4 /+ :8% !96"% -.6+%

64 &H 56#44!6+4' I#$ +%< 0#+,:!/+E 3%1%./-%3 3#$!+" :8!4 :8%4!4E !4 !+4-!$%3 ;= :8%

4-.6::!+" 6."/$!:89 JK%4:/1%$ LMNMO <8%$% 6 1/2%. -$/>%,:!/+ /+ :8% !96"% -.6+%

!4 $%-$%4%+:%3 ;= 6 -$%A3%?+%3 @%$+%.' K%4:/1%$P4 6."/$!:89 6!94 6: $%+3%$!+" QH

4,%+%4 ;= 6""$%"6:!+" /+ :8% 0$69%;#R%$ 3%-:8A4/$:%3 &H 0#+,:!/+4 $%-$%4%+:!+" :8%

-$/>%,:!/+ /0 1/2%.4'

G+ /#$ ,64%E :8% 1/2%. !4 ,/+4!3%$%3 64 6 0#SS= 4-8%$% 6+3 :8#4 :8% @%$+%. !4 6

&H 56#44!6+ 0#+,:!/+E 64 !..#4:$6:%3 !+  !"' &'( 0/$ :8% LH ,64%' K!:8 4#,8 6+

644#9-:!/+E !: !4 -/44!;.% :/ /;:6!+ 6 0#+,:!/+ <8!,8 !4 6: .%64: /0 ,.644 C1
6+3 <8!,8
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 !" #$ %&$' !& !  ()*$()+" *+ ,)"),)-$ )" *.$ /01 2.$ "$3* &$ *)+" )"*(+'% $& +%(

+()4)"!5 6+(,%5!*)+" #!&$' +" 0!%&&)!"&1

 ! "#$%&'#(%&)*#+ ,-./, (#,#.%*-0 1#,2*03 -0 %4#

31/5*#0%

2.)& &$ *)+" )"*(+'% $& ! 7(&* &+5%*)+" *+ *.$ 89: ;(+#5$, <.) .  !" #$ %&$' )"&)'$

*.$ /0 )" +('$( *+ $"&%($ *.!* *.$ ($&%5*)"4 =)$<;+)"* &!*)&7$& *.$  +"&*(!)"*& +"

*.$ .%,!"+)' #+'>1 2.)& &+5%*)+" ($5)$& +" ! 0!%&&)!" ($;($&$"*!*)+" +6 *.$ =)&%!5

'!*! )" +('$( *+ 4$* *.$ C1
6+(,%5!*)+" ($?%)($' #> *.$ /01

 ! !" C1
#$%&'()*& +,-'()#- +#. (/& 0#1(,.& 2&-&.3(#.

@" *.$ ;($&$"* 6+(,%5!*)+"A ! =+3$5 )&  +"&)'$($' !& ! &;.$($ !"' )*& )"B%$" $ +" !">

;)3$5 (x, y) )" *.$ ($&%5*)"4 ),!4$ )& $3;($&&$' !& ! CD 0!%&&)!" 6%" *)+"E

Gi(q) = exp

(

−0.5

(

(x−Xi(q))2

σi(q)2 +
(y − Yi(q))2

σi(q)2

))

 !"#$%

(Xi(q), Yi(q)) &'( )*( +,,'-./&)(0 ,1 )*( 2('02(+).3( 2',4(+).,/ ,1 )*( 3,5(6 i +(/)('

Vi ,/ )*( +&7('& .7&8( 26&/( 9.)* '(02(+) ), )*( +:''(/) 0)&)( 3(+),' ,1 )*( ',;,)

q" <*(= &'( +,72:)(- '(6&).3(6= ), )*( +&7('& 1,+&6 6(/8)* f > .)0 2,0.).,/ C(q) &/-

.)0 ,')*,/,'7&6 ;&0.0 3(+),'0  ei> ej> ek%?

Zi(q) = (Vi −C(q)) · ek  !"#@%

Xi(q) = f
(Vi −C(q)) · ei

Zi(q)
 !"#A%

Yi(q) = f
(Vi −C(q)) · ej

Zi(q)
 !"!B%

σi(q) -(C/(0 )*( D&:00.&/ -.7(/0.,/ &/- .0 -.'(+)6= '(6&)(- ), )*( C5(- 0.E( ,1 )*(

3,5(60> /,)(- σ?

σi(q) = f
σ

Zi(q)
 !"!#%

<*( σ +,/0)&/) .0 -(C/(- 2',2,').,/&66= ), )*( 0.E( ,1 )*( 9,'6- 0:;02&+( -.0+'().E(-

;= )*( ,++:2&/+= 8'.- &/- )*( 8'.- '(0,6:).,/"

F/ ,'-(' ), 7(&0:'( )*( 3.0.;.6.)= ,1 :/G/,9/ 3,5(60> 9( /((- ), -.0)./8:.0* )*(7

1',7 G/,9/ ,/(0 ./ ,:' 1,'7:6&).,/ &/- ,++6:0.,/0 7:0) ;( )&G(/ ./), &++,:/)" <*(

C'0) .00:( .0 0.726= 0,63(- ;= 0())./8 & 2&'&7()(' Si ), (&+* 3,5(6 ;&0(- ,/ )*(.'

0)&):0?

#" .1 Vi .0 :/G/,9/ ⇒ Si = 1
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 ! "# Vi "$ %&'(& ⇒ Si = −1

)! "# Vi "$ *+,-. ⇒ Si = 0

/' 0*1, 2*31"&4 ("-0 '5516$"'&$7 3 (*"40- "$ 2*8&*2 #'9 *350 :';*1 2*,*&2"&4 '&

-0*"9 2"$-3&5* -' -0* 9'<'- 53+*93! /0"$ (*"40- "&59*3$*$ (0*& -0* :';*1 "$ 51'$*9

-' -0* 53+*93=

Di(q) = exp

(

−σd

(

Zi(q)− Zmin
Zmax − Zmin

)2
)

> !  ?

/0* (*"40- :316* 2*,*&2$ '& -09** :316*$ 39<"-939"1. $*-= σd7 Zmin 3&2 Zmax!

/0* σd ,393+*-*9 "&@6*&5*$ -0* 2"$59"+"&3-"'& <3$*2 '& 2"$-3&5*! A $+311 :316*

9*$61-$ "& 3 ,''9 2"$59"+"&3-"'& (0"1* 3 1394* :316* *;5*$$":*1. 9*265*$ -0* "&@6*&5*

'# :';*1$ 9*13-":*1. #39 3(3.! /06$ (* -.,"5311. $*- σd = 20!

Zmin 3&2 Zmax 39* ,393+*-*9$ 2*1"+"-"&4 -0* +3;"+6+ 3&2 +"&"+6+ 2"$-3&5*

<*-(**& -0* 53+*93 3&2 -0* '<B*5- :';*1$! /0*$* ,393+*-*9$ 0*1, -' "&@6*&5*

#69-0*9 -0* 2"$-3&5*C<3$*2 2"$59"+"&3-"'& <6- +6$- <* 5'0*9*&- ("-0 -0* 311'(*2

9'<'- +':*+*&- $,35* 3&2 -0* 9*13-":* '<B*5- ,'$"-"'& 3&2 $"D*!

E* 53& 9*+39% -03- $'+* -0*'9*-"531 1"+"-$ 39* $*- 2*,*&2"&4 '& -0* $*&$'9

$,*5"85"-"*$! F& -0* 53$* '# 3 $-*9*' 9"47 -0* 1"+"-$ 2*,*&2 '& -0* "&-*9$*5-"'& '#

-0* $,35* -03- "$ :"$"<1* <. -0* -(' 53+*93$! G935-"5311.7 -0'6407 "- "$ ,9*#*93<1* -'

03:* 3 9*265*2 "&-*9:31 <. $*--"&4 3 $+311*9 :316* '# Zmax "& '92*9 -' 03:* 3 <*--*9

2"$59"+"&3-"'&!

H"&311. 3&'-0*9 5'*I5"*&- "$ 322*2 -' *&03&5* -0* :';*1 '5516$"'&$ 03&21"&4 <.

6$"&4 -0* :';*1 &'9+31 :*5-'9 ni! E* 5'&$"2*9 -03- "# -0* &'9+31 :*5-'9 '# 3 :';*1

"$ ,'"&-"&4 3(3. #9'+ -0* 53+*937 -0*& "- <*1'&4$ -' 3 ,39- '# -0* '<B*5- -03- "$ &'-

:"$"<1*! /0* 2*2"53-*2 5'*I5"*&- "$ -0*& #'9+613-*2 3$ #'11'($=

Ni(q) = exp

(

−0.5

(

ni · −ek − 1

σn

)2
)

> ! )?

/0* σn ,393+*-*9 "$ 50'$*& $' -03- 3&41*$ 49*3-*9 -03& JK 2*49**$ <*-(**& ni 3&2

−ek 39* 51'$* -' K7 *!4! K!L!

H'9 *350 ,";*1 "& -0* 53+*93 "+34*7 (* $*- -'4*-0*9 -0*$* 5'*I5"*&-$=

Px,y(q) =
N
∑

i=0

SiGi(q)Di(q)Ni(q) > ! L?

/0* $"4& '# Px,y "$ $6,,'$*2 -' 2*,*&2 '& -0* $-3-6$ '# -0* 51'$*$- :"$"<1* :';*1

,9'B*5-"&4 3- x, y! F& $'+* 53$*$ (0*9* '&* :';*1 ("-0 3 $,*5"85 $-3-6$ '55162*$

+3&. &*"40<'9"&4 :';*1$ '# -0* '-0*9 $-3-6$7 -0* $"4& '# Px,y +3. &'- 9*@*5- -0* 9*31
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 !!"#$% &' ( )%&%)%*+ ,-%$ ./ 0"+)1  &"2 3 4+"$  & ,-+ .+/!+%3+5 +&3+" .+  6 ,-+

 07+!, 8/+ ! &$%5+/+5' (-%$ 8"$ -8$ ,-+ 8538&,89+  6 $.++5%&9 #. ,-+ ! ).#,8,% &'

:2 ,-/+$- "5%&9 Px,y1 ;+ !8& <&5 ,-+ .%4+" ! &,/%0#,% &  & ,-+ , ,8" 8/+8  6

#&=& ;& ,-8, %$ !#//+&,"2 3%$%0"+' (-+ ! &,%&# #$ ,-/+$- "5 6#&!,% & #$+5 %$ 8

$%9) %5 5+<&+5 8$>

T (τ) = (1 + exp (−α τ))−1
?@'@AB

(-+ α .8/8)+,+/ %&C#+&!+$ ,-+ $" .+  6 ,-+ $%9) %5' D&  #/ !8$+1 8 "8/9+ 38"#+

%$ /+E#%/+5 , 0+ 5%$!/%)%&8&, +& #9- 0#, & , ,  )#!- $ ,-8, 5%$! &,%&#%,%+$

%&,/ 5#!+5 02 &#)0+/ ! 5%&9 ./+!%$% & !8& 0+ 83 %5+5' (2.%!8""2 ;+ #$+ α = 107
'

F$%&9 ,-%$ 6#&!,% &1 &+98,%3+ 38"#+$  6 Px,y 8/+ $+, !" $+ , G1 %'+' 3 4+"$  !!"#5+5

02 8 =& ;&  &+ 8/+ & , ! #&,+5 %& ,-+ , ,8" 8/+8 $#)'

(-+ , ,8" 8/+8 %$ ,-+& +4./+$$+5 8$>

Atot(q) =
W
∑

x=0

H
∑

y=0

T (Px,y(q)− ε) ?@'@HB

W %$ ,-+ %)89+ ;%5,- 8&5 H %,$ -+%9-,' I#+ , ,-+ #$+  6 J8#$$%8& 6#&!,% &$1

Px,y(q) !8& /+$#", %& 8 $)8"" . $%,%3+ 38"#+ %& ,-+ %)89+ .8/,$ ;-+/+ & 3 4+"$ 8/+

./ 7+!,+51 ,-#$ 8& 8/0%,/8/%"2 5+<&+5 ε ,+/) %$ #$+5 , $+, $#!- 38"#+$ !" $+ , G

,-/ #9- ,-+ ,-/+$- "5 6#&!,% &' (2.%!8""2 ;+ $+, ε = 10−4
'

(-+ ./ 7+!,% & ./ !+$$ +4./+$$+5 02  #/ 6 /)#"8,% & %$ %""#$,/8,+5 %& K%9' @'L 6 /

8 $%)."+ @I !8$+'

 ! ! "#$%&'() *+#,-.$)&+(

D&  /5+/ , <&5 ,-+ / 0 , . $+ ;-%!- ;%"" "+85 , ,-+ 0+$, 3%$%0%"%,2  6 ,-+ #&=& ;&

.8/,$  6 ,-+  07+!, ! &$%5+/%&9 8""  ,-+/ ! &$,/8%&,$1 8&  07+!,%3+ 6#&!,% & , )%&M

%)%*+ %$ /+E#%/+5' (-+ NJ $++=$ 8&  .,%)8" 38"#+ 02 #$%&9 ,-+  07+!,%3+ 6#&!,% &

9/85%+&,' D&  #/ !8$+1 Atot(q) %$ #$+5 ;%,- 8 &+98,%3+ $%9& $ ,-8, ,-+ )%&%)#)

38"#+$ /+"8,+ , ,-+ 0%99+$, 8) #&,$  6 #&=& ;& 8/+8 3%$%0"+' (-+ 9/85%+&, %$ ,-+&

+4./+$$+5 8$>

− Ȧtot(q) = −
∂

∂>

W
∑

x=0

H
∑

y=0

T (Px,y(q)− ε) ?@'@LB

O ! )) & )#",%."%+/ , 8"" .8/,%8" 5+/%38,%3+$ !8& 0+ 6 #&5 02 5+3+" .%&9 ,-+ +E#8M

,% & 80 3+>

− Ȧtot(q) = −
W
∑

x=0

H
∑

y=0

e−α (Px,y(q)−ε)

(1 + e−α (Px,y(q)−ε))
2 α Ṗx,y(q) ?@'@PB

:2 5+3+" .%&9 ,-+ 5+/%38,%3+  6 Px,y(q)1 ;+  0,8%&>

Ṗx ,y(q) = −
N
∑

i=0

Si Gi(q)Di(q)Ni(q) Ψ̇(q) ?@'@QB
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default
function resultOriginal Image
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σ = 2

ε=10

α=10 ε=10
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σ  = 30d
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 !"#$% &'() *+,#%+-% ./ 01% C1
/#+-0!.+ 23$34%0%$5 .+ 01% #+6+.7+ 3$%3 8!5!9!:!0;

%50!430!.+'

7!01

Ψ(q) =
(x−Xi(q))2 + (y − Yi(q))2

2σi(q)2

+
σd (Zi(q)− Zmin)

2

(Zmax − Zmin)
2 +

(ni · −ek − 1)2

2σ2
n

<&'=>?

@5 01% /#+-0!.+ A%2%+A5 .+:; .+ 01% $.9.0 1%3A 2.5!0!.+ 3+A .$!%+030!.+B 7% -3+

C$50 -.42#0% 01% 23$0!3: A%$!830!8%5 ./ 01% /#+-0!.+ $%:30!8%:; 0. 01% $.9.0 1%3A 2.5%

∂Ψ(q)
∂C

B

∂Ψ(q)
∂ei

B

∂Ψ(q)
∂ej

3+A

∂Ψ(q)
∂ek

' D1% 23$0!3: A%$!830!8% $%:30!8%:; 0. 01% $.9.0 2.5% -3+

01%+ 9% %E2$%55%A 35)

Ψ̇(q) =

[

∂Ψ(q)

∂C

∂Ψ(q)

∂ei

∂Ψ(q)

∂ej

∂Ψ(q)

∂ek

]

[

Ċ ėi ėj ėk

]T

<&'=F?

D1% "$3A!%+0 -.+0!+#!0; 735 8%$!C%A 9; A%8%:.2!+" 3:: 23$0!3: A%$!830!8%5'

 !" #$%&% '( &)$ '*+$,&-.$ (/0,&-'0

D1!5 5%-0!.+ 2$%5%+05 83$!.#5 3+3:;5%5 ./ .#$ /.$4#:30!.+ Atot(q) 0. 355%55 !05 83G

:!A!0;B 8%$!/; !05 2$.2%$0!%5 3+A 0%50 !05 :!4!05' D1!5 !5 A.+% 9; -.+A#-0!+" A!H%$%+0

%E2%$!4%+05 !+ 5!4#:30!.+ #5!+" 83$!.#5 .9I%-05B 4!E!+" 5!42:% 3+A -.42:%E 5132%5'

 !"!# $%&'()*& +,-,./(/-0

D1% #+6+.7+ J#3+0!C-30!.+ /#+-0!.+ -.+03!+5 83$!.#5 23$34%0%$5 0130 +%%A 0. 9% 5%0

43+#3::;' @5 01% $%5#:0 ./ 01% /#+-0!.+ !5 3 &K !43"% A!$%-0:; $%:30%A 0. 01% .9I%-0

!43"% 2%$-%!8%A 9; 01% -34%$3B 01%5% 23$34%0%$5 -3+ 9% 0#+%A %E2%$!4%+03::; /$.4

01% .903!+%A !43"%5'  !"' &'( 2$%5%+05 5.4% 5342:%5 ./ !43"%5 -.42#0%A A%2%+A!+"
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 !"# $%&'() "*+#, $%&'() #*-+# $%&'()

200× 200 ./&'() "")  ,) "0+)

300× 300 ./&'() +*) ,#)  "0)

123(' +4"5 6%7.8929/%: 9/7' 923(' ;%< 9=' ;8:>9/%: ?'.':?/:@ %: 9=' )27.(/:@ )/A'

2:? 9=' :873'< %; $%&'()4

%: ?/B'<':9 .2<27'9'<) $2(8')4 C: 9=' (';9 %; 9=' D@8<' 2<' 9=' %</@/:2( /72@'E

9=' >2<$'? /72@' <':?'<'? 8)/:@ C.':FG H/9= I:%H: $%&'() /: 3(8' 2:? 8:I:%H:

$%&'() /: @<'':E 2:? 9=' <')8(9 %; %8< ;8:>9/%: 8)/:@ 9=' ;%((%H/:@ ?';28(9 .2<27'9'<)5

σ = 1.0E σd = 20E α = 107
2:? ε = 10−4

4 J82:9/929/$' <')8(9) ;%< σd < 15 )=%H

9=29 %>>(8)/%:) 3K I:%H: $%&'() 2<' :%9 >%<<'>9(K <':?'<'? H=': 2 <'(29/$'(K (2<@'

27%8:9 %; 8:I:%H: $%&'() /) 3'=/:?4 C: 9=' %9='< =2:?E ?/)92:9E 389 :%9 %>>(8?'?E

$%&'() 72K :%9 2..'2< H/9= 2 (2<@' σd $2(8'4 L72(( $2(8') ;%< α 2:? ε ><'29' 2

32>I@<%8:? :%/)'E <':?'<'? /: (/@=9 @<2K /: 9=' D@8<'E 2) 9=' $2(8') %; 9=' ;8:>9/%:

Px,y(q) @'9 >(%)' 9% ME <')8(9/:@ 9=': /: T (Px,y(q)−ε) = 0.54 G2<@' $2(8') ;%< ε 72I'

9=' ;8:>9/%: 9%% <')9</>9/$'4 L'99/:@ α 9% 2 (2<@' $2(8' @/$') 2 >%<<'>9 <':?'</:@ 389

9=' ;8:>9/%: <'2>9) 2) 2 ?/)><'9' ;8:>9/%: H/9= =/@='< $2</29/%:) %; 9=' @<2?/':94

 !"! #$%&'()(*$+ (*%,

1=' >%7.('&/9K %; %8< ;%<78(29/%: ?'.':?) %: 9=' )27.(/:@ %; 9=' >27'<2 /72@'

2:? 9=' :873'< %; $%&'()4 N9 >2: 9=8) 3' '&.<'))'? 2) Θ(n3)4 O<2>9/>2((KE ;%< 2:

2>>8<29' <')8(9E 9=' .<%>')) /:$%($') 2 =/@= :873'< %; )27.(') 2:? $%&'()4 L%7'

'&27.(') %; >%7.8929/%: 9/7' 9% '$2(829' 9=' 8:I:%H: 2<'2 2<' .<')':9'? /: 923('

+4" ;%<  %3P'>9) H/9= ?/B'<':9 :873'< %; $%&'() 2:? + ?/B'<':9 /72@' )/A')4 1')9)

H'<' .'<;%<7'? H/9= 2 6 /7.('7':929/%: %; 9=' 2(@%</9=7 %: 2: N:9'( Q'%:  4+FRA

.<%>'))%< H/9= "FS %; TUV4 L%7' 32)/> 9'>=:/W8') H'<' 2..(/'? 9% <'?8>' 9='

>%7.8929/%: 9/7'5 %:(K ./&'() %; 9=' /72@' H=/>= 2<' >(%)' 9% 9=' .<%P'>9/%: %;

9=' $%&'( >':9'< 2<' >%:)/?'<'?E 2:? 2 .2<2(('( /7.('7':929/%: %; 9=' 2(@%</9=7 H2)

<'2(/A'? H/9= + 9=<'2?)4

 !"!" #$%&)-*.$+ /*(0 1&,+23 -,+4,-*+5

1% ':)8<' 9=29 9=' ;8:>9/%: %.9/72 2<' (/:I'? 9% 9=' )27' >27'<2 .%)') 2) 9=%)'

%; 2 9<2?/9/%:2( <':?'</:@ 7'9=%?E H' /7.('7':9'? 2 .%/:9X32)'? <':?'</:@ H/9=

C.':FG H='<' $%&'() 2<' ?/).(2K'? %: 9=' )><'': 2) .%/:9) H/9= 2 D&'? )/A'4 1=%8@=

/9 /) :%9 2: 2>>8<29' 7'9=%?E 2) 9=' )/A' 2:? )=2.' %; $%&'() ?%') :%9 >=2:@'

?'.':?/:@ %: 9=' ?/)92:>' 2:? %</':929/%: %; 9=' >27'<2E 9=' 2..<%&/729/%: /)

)9/(( @%%? ':%8@= 9% <')8(9 /: 2 )29/);K/:@ <':?'</:@ %; 2: %3P'>94 U: '&27.(' %;
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 !"#$% &'()  !"# ) *%+#, +- +%*+ +.% /#01+!-0 23$!3+!-0* $%43+!2%45 +- +.% 136%$3

6-2%6%0+ 3$-#07 3 *,.%$%' 80-90 2-:%4* 3$% $%,$%*%0+%7 !0 ;4#% 307 #0<0-90

-0%* !0 "$%%0' $%&'# ) 1-6,3$!*-0 -/ +.% 36-#0+ -/ #0<0-90 3$%3 2!*!;4% 7%,%07!0"
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Known voxel

Viewpoint

Results on the camera screen
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∀Vi, dmin < d(C,Vci) FG4JI
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'/  !" :VW C"&% *$/('%")  !" ("/($) #$ '$/  $ 6" 0)"*'(" "/$.1! ($  !,  !" )"1'( ),Q

 '$/ $- /"7 0$'/ ( '/  !" #$%"& '( /$ 0)$6&"#, '*@ #$ '$/ "))$)( *,//$ 6" '1/$)"%



 !"! #$%&'()*+$, $- *./ 0$,1*%)+,*1 $, *./ 0)&/%) 2$1/ 3 

 !"# $ #%&$'(!)* +#, (--%..,'-,/ (0 ).!0"/ !/ %/%$1  #,' "#, .(2(" &(3,/ 0.(& $

4(/"%., "( $'("#,. $') "#%/ "#, 5'$1 4(/, (0 "#, -$&,.$ !/ '(" ,6$-"17 "#, (', -(&8

4%",)* +#,.,0(.,  ,  $'" "( -('/!),. 3!/%$1 1$')&$.9/ "( -(..,-" "#, ,/"!&$"!(' (0

"#, .,$-#,) 4(/,* :, -$' .,&$.9 "#$"; 0(. "#!/ <=> &,"#();  , )( '(" .,/".!-" "#,

1$')&$.9/ "( 2, (' "#, (2?,-"@ "#,7 -$' 2, 4(/!"!('',) !' "#, ,'3!.('&,'" $.(%')

"#, (2?,-" $/  ,11*

A!'$117; "#, 4$."!-%1$. -('/".$!'" BC*DE ,'/%.,/ "#$" "#, .,/%1"!'F 4(/,  !11 '("

2, ',$. 4.,3!(%/17 0(%') 4(/,/;  !"# 4(/!"!(' Fi $') (.!,'"$"!(' Fri;  #!-# -(%1)

'(" 2, .,$-#,) 27 0(11( !'F /",4/ !' "#, &(),1!'F 4.(-,//* G'("#,. 4%.4(/, (0 "#!/

!/ "( (H,. $ &,"#() "( $3(!) 4(/!"!('/ !' "#, ,'3!.('&,'"  #,., 9'( ' (2/"$-1,/

$., 1(-$",)* :, -$' .,&$.9 "#$" "#!/ -('/".$!'" !/ ',-,//$.7 "( ,'/%., "#$" "#,

$1F(.!"#& -$' -('3,.F, "( $.) $ 3$1!) 4(/"%., ,3,' "#(%F# /(&, -('/".$!'"/ $.,

'(" ,64.,//,) !' "#, 3!, 4(!'" (. 4(/"%., F,',.$"!(' /,$.-#* A(. ,6$&41,; /(&,

(2/"$-1,/ !' "#, ,'3!.('&,'" &$7 1!&!" "#, 4(//!21, &("!(' ".$?,-"(.!,/  #!1, '("

3!/%$117 (--1%)!'F "#, 3!, (0 "#, -$&,.$ $') "#%/; "#, &("!(' 41$'',. &$7 0$!1 "(

5') $  $7 2," ,,' "#, -%..,'" 4(/"%., $') "#, "$.F," (',*

 !"!# $%&'(&)*+, -(,.)*+, -+/0('&)*+,

I' (.),. "( !'-1%), "#, -('/".$!'"/ !'"( "#, 0%'-"!(' "#$" <J:KLG ,3$1%$",/;  ,

),/!F',) -('"!'%(%/ &$"#,&$"!-$1 0(.&%1$"!('/ "( ,64.,// "#,&*

 !"!4!4 5,*/%6)(

+#, !'",.3$1 -('/".$!'"/ BC*ME; BC*CE $') BC*NE; $., ,64.,//,) $/O

Kv = (α v − µ)p BC*PE

 #,., 4$.$&,",./ α $') µ $., /," $--(.)!'F "( "#, 1!&!"/ 4(//!21, 0(. "#, 3$.!$21, Nu*

+#,/, $., %/,) "( &()%1$",; .,/4,-"!3,17; "#, !'",.3$1 -,'",. $')  !)"# ),4,')!'F

(' "#, 4$.$&,",. v "( -('/".$!' $') $., "#%/ )!.,-"17 ),)%-,) 0.(& "#, .(2(" 2()7

/4,-!5-!"!,/* v -$' -(..,/4(') "( "#, 3!, 4(!'" #,!F#" Cz; $') (.!,'"$"!(' $'F1,/

ψcx $') ψcy* p -$' 2, /," "( $ 1$.F, 3$1%,; "74!-$117 N; /( "#$" "#, .,/%1" !/ -1(/, "( Q

!'/!), "#, !'",.3$1 $') !'-.,$/,/ R%!-917 (%"/!), (0 !"* +#, 4$.$&,",./ $., -(&4%",)

!' (.),. "( .,$-# "#, &$6!&%& 4(//!21, 3$1%, (0 Nu  #,'  , .,$-# "#, 4(!'"  #,.,

"#, -('/".$!'" !/ '(" /$"!/5,)*

 !"!4!" 7+,+&'& 8+1*),0/

+#, !',R%$1!"7 -('/".$!'" BC*SE .,1$",) "( "#, &!'!&%& )!/"$'-, 2," ,,' "#, -$&,.$

$') "#, (2?,-" !/ 0(.&%1$",) $/O

Kd = expr (γ (dmin − d(C, Vnear))) BC*TE



 !

"#$%&'( )* +,-$. /0$1($&2- $%%(,324$&2,5 ,6 $5 ,78'-& 92:272.2&; 6,(

<'3&=>':&=?2'@ :'.'-&2,5

 !"#" γ $%& r '$#$(")"#* $#" $+*, *") $--,#&.%/ ), Nu0 Vnear &"*./%$)"* )!" -+,*"*)

1,2"+ #"+$).1"+3 ), )!" -4##"%) -$("#$ ',*.).,%0 5!" (.%.(4( &.*)$%-" dmin .*

-,('4)"& 4*.%/ )!" *)"#", #./ '$#$(")"#* $%& )!" #,6,) *.7"0

)*A*B*) +$514$(C 92:272.2&;

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

.6+" *4#?$-" ,? +$%&($#9* $%& )!".# %,#($+ 1"-),#0 5!" *4#?$-" 1.*.6.+.)3 ?,# "$-!

+$%&($#9  .* -,('4)"& #"+$).1"+3 ), .)* $(,4%) ,? '.2"+* 1.*.6+" ?#,( )!" -4##"%)

1." ',.%) pvi 4*.%/ $ *./(,.& ?4%-).,%A

lsi =
1

1 + exp (pmini − pvi)
:;0B=

5!" '$#$(")"# pmini .* )!" (.%.(4( $(,4%) ,? '.2"+* #"C4.#"& ), -,%*.&"# )!"

+$%&($#9  1.*.6+"> $%& .)* 1$+4" &"'"%&* ,% )!" ,#./.%$+ +$%&($#9 *.7"0

5!" 1.*.6.+.)3 ,? "$-! +$%&($#9 #"+$).1"+3 ), )!".# %,#($+ 1"-),# Nli $%& )!"

-4##"%) -$("#$ 1." &.#"-).,% 1"-),# Cview .* "2'#"**"& 4*.%/ $%,)!"# *./(,.&A

lni =
1

1 + exp (β ((Cview.Nli) + φ))
:;0DE=

 !"#" φ .* #"+$)"& ), )!" $%/+" #$%/" $++, "&> $%& β &")"#(.%" )!" *+,'" ,? )!"

*./(,.& ?4%-).,%0

5!" F%$+ 1.*.6.+.)3 -,"G-."%) ?,# "$-! +$%&($#9 .* -,('4)"& 63 (4+).'+3.%/ lsi
 .)! lni0 H" *") $% $#6.)#$#3 &"F%"& (.%.(4( %4(6"# ,? 1.*.6+" +$%&($#9 Nlmmin

 !.-! .* -,('$#"& ), )!" ,6)$.%"& -,"G-."%)* 63 A

lv =

(

N
∑

i=0

lsi.lni

)

−Nlmmin :;0DD=

5!" -,%*)#$.%) ?,# )!" "1$+4$).,% ?4%-).,% .* &"F%"& .% ,%" ,? ) ,  $3* &"'"%&.%/

,% )!" *./% ,? lv0 I,%F/4#$).,%* ($2.(.7.%/ lv $#" *+./!)+3 "%-,4#$/"&  !"% .) .*

',*.).1"A

Kl = −η lv :;0DJ=

5!" η '$#$(")"# -$% 6" *($++ *, )!$) )!" (.%.(.7$).,% ,? ,)!"# -,%*)#$.%)* $%& )!"

($2.(.7$).,% ,? 4%9%, % 1.*.6+" 6,)! !$1" $ /#"$)"# '#.,#.)3 )!$% )!" .%-#"$*" ,?

%4(6"# ,? 1.*.6+" +$%&($#9* 6"3,%& )!" &"F%"& )!#"*!,+&0 K% )!" ,)!"# -$*">  !"#"

lv ≤ 0> )!" -,%F/4#$).,%* $#" /#"$)+3 '"%$+.7"&A

Kl = 2 Ip

(

lv

Nlmmin

)2

:;0D;=

5!" '"%$+)3 .* "2'#"**"& .% #"+$).,% ), )!" ),)$+ %4(6"# ,? '.2"+ Ip .% )!" -$("#$

.($/"0



 !"! #$%&'()*+$, $- *./ 0$,1*%)+,*1 $, *./ 0)&/%) 2$1/ 34

 !"!5!6 #$%7+88/, 2$1/1

 !" #$%&'()*%' '$ )+$*, -%(")#!)./" 0$&'-("& 12345 *& &*60/7 8$(6-/)'", )& ) ,*&')%#"

."'9""% '!" +*"90$*%' #$%&*,"(", )%, ")#! $8 '!"6:

Kf =
∑

fp

exp (−δ.Dfp) 123;<5

9!"(" Dfp ("0("&"%'& '!" &-6 $8 ).&$/-'" ,*="("%#"& ."'9""% '!" +)/-"& $8 '!"

)#'-)/ +*"90$*%' )%, '!" -%(")#!)./" 0$&" fp3  !" δ 0)()6"'"( #$(("&0$%,& '$ '!"

&"%&*'*+*'7 $8 '!" #$%&'()*%'3

 !"!5!4 9+/:2$+,* /;)(')*+$, -',0*+$,

 !" "+)/-)'*$% 8-%#'*$%> -&", )& *%0-' '$ '!" ?@ABCD )/E$(*'!6> *%#/-,"& )//

0("+*$-&/7 ,"F%", #$%&'()*%'& 8$(6-/)'*$%& )& 9"// )& '!" "+)/-)'*$% $8 +*&-)/ ,)'):

fe = λzKCz
+ λxKψcx

+ λyKψcy
+ λdKd + λlKl + λfKf −Nu 123;G5

9!"(" '!" λ 0)()6"'"(& )(" #$60-'", '$ 6$,*87 '!" &#)/" $8 ")#! #$%&'()*%' *%

$(,"( '$ 6)'#! '!" ()%E" $8 +)/-"& '!)' #)% ." ')H"% .7 '!" +)(*)./" Nu3 I$("

&0"#*F#)//7> 9!"% ) #$%&'()*%' *& +*$/)'",> '!" #$%&'()*%' 8$(6-/)'*$% 6-/'*0/*", .7

'!" #$(("&0$%,*%E λ 0)()6"'"( &!$-/, ." "J-)/ '$ '!" /)(E"&' +)/-" '!)' #)% ."

')H"% .7 Nu3

 !"!" #$%&'%()*+ ,'+-()*+ ./0%$)*1

K-" '$ '!" #$%&'()*%'& -&", )%, '!" &0"#*F#*'*"& $8 $.L"#'& '$ 6$,"/> 6)%7 ,*="("%'

#)&"& #)% ("&-/' *% /$#)/ 6*%*6) *% $-( "+)/-)'*$% 8-%#'*$% '!)' )(" J-*'" ,*&L$*%' )&

#)% ." &""% *% '!" "M)60/" &!$9% *% N*E3 23<3  !*& FE-(" *//-&'()'"& '!" ."!)+*$(

$8 &$6" #$%&'()*%'& *% '!" "+)/-)'*$% 8-%#'*$% 8$( ,*="("%' #)6"() 0$&*'*$% )($-%,

)% $.L"#' #)(+", '9*#"3 N$( ")#! 0$&*'*$%> '!" #)6"() $(*"%')'*$% *& &"' '$9)(, '!"

$.L"#' #"%'"(3  !" &*6-/)'", $.L"#' *& O 6"'"(& !*E!> '!" #)6"() *& 0/)#", )' )

!"*E!' $8 ;32 6"'"(& )%, *'& P )%, Q 0$&*'*$%& )(" *% '!" *%'"(+)/ RS;T>;TU 6"'"(&3

 !"(" *& ) ,*&')%#" $8 G 6*//*6"'"(& ."'9""% ")#! 0$&*'*$% '"&'",3

 !" +*&-)/ $##/-&*$%&> '!" /)%,6)(H& +*&*.*/*'7 )%, '!" $.&')#/"& *% '!" "%+*($%S

6"%' *%'($,-#"& 6)%7 /$#)/ 6)M*6)3 A" #)% %$'" *% '!" F%)/ "+)/-)'*$% 1#"%'"(

($9S/"8' #$/-6%5 '!)' '!" /)%,6)(H #$%&'()*%' ,$ %$' )//$9 '!" )/E$(*'!6 '$ &"/"#'

) #)6"() 0$&" 9!"(" '!" +*&*.*/*'7 $8 -%H%$9% *& '!" ."&': %")( '!" $00$&*'" &*," $8

'!" 0"(#"*+", $.L"#' 8)#"3

D 0)('*#-/)(*'7 $8 $-( )/E$(*'!6 *& !*E!/*E!'", .7 '!" #$%&'()*%' $% '!" 6*%*6-6

,*&')%#" 1.$''$6 ($9S(*E!' #$/-6%5 9!"(" '!" #)6"() *& )//$9", '$ ." 0/)#", *%&*,"

'!" 6$,"/ &0)#"3 N$( $.L"#'& 9!*#! 0("&"%' #$%#)+*'*"&> 9!"% &0)#" #)(+*%E *&

)00/*",> &$6" 0)('& *%&*," '!" $##-0)%#7 E(*, )00")( '$ ." "60'73  !*& 6")%& '!)'



fe
Nu Kf

∑N

i=0 lsi
∑N

i=0 lni
Kd



 ! ! "#$%&'#() *$+,-. &,'-$** /0

 !" #$%&'( !) !#*  !" +&**(,($( -  & *" # '&,& +&*" (.*(/"  !" &,0"1 (2 ( (* $#'%"

".&3%!4 2&' "5#)+$" # !&3*"6 7!3*4  !&3%! ( (* .& ( * (.( (#$ %&#$4  !" #$%&'( !)

1#. #$*& ," 3*"/ 2&' "5+$&'# (&.  #*8* ,- #//(.%  !" 1&.*(/"'# (&. &2  !" )& (&.

 '#0"1 &'- ," 9"".  !" 1&)+3 "/ +&*"*6

 ! "#$%&'#() *$+,-. &,'-$**

:*  !" 23.1 (&.  & ";#$3# " (. &'/"'  & 1&)+3 " # ;("9+&(. 1#. !#;" $&1#$ )(.()#4

9" #'" 1&)+$" (.%  !" #$%&'( !)  !'&3%!  !'"" #//( (&.#$ +'&1"**< =(> $()(  !"  '3* 

'"%(&. (. ?@ABC:4 =((> $#3.1! ( "'# (;" *"#'1!"*4 #./ =(((>  "* /(D"'". * #' (.%

1#)"'# +&*"*6

 ! !" #$%&'( )*+,-./012*+

E.  !(* 9&'84 ?@ABC: (* 3*"/  & *""8 $&1#$$-  !" )(.()3) &2 fe ,- #++'&5()# (.%

( 9( ! # F3#/'# (1 )&/"$6 :* *"". "#'$("' (.  !" +#'#%'#+! G6H6H4  !'"" +#'#)" "'*

#'" 3*"/ #* (.+3  &  !(* &+ ()(I# (&. #$%&'( !)< #. (.( (#$ ;"1 &' 2'&) 9!"'"  !"

*"#'1! (* * #' "/4 # ;#$3" 9!(1! /"$()( *  !"  '3* '"%(&. #'&3./  !" (.( (#$ ;"1 &'

(. &'/"'  & ,3($/  !" (.( (#$ F3#/'# (1 #++'&5()# (&.4 #./ # /"*('"/ #113'#1- ;#$3"

3*"/ #* # * &++(.% 1'( "'(&.6

J3"  &  !" 1&.* '#(. * (.  !" ";#$3# (&. &2 ;("9+&(. *4  !"  '3* '"%(&. 3*"/ #* #.

(.+3  & ?@ABC: .""/*  & ," $()( "/  & *&)" $&1#$ *+#1" #'&3./  !" (.( (#$ ;"1 &'

(. &'/"'  & ," +"' (.". ".&3%!6 7!" $()( * &2  !"  '3* '"%(&. #'" *" #11&'/(.%  &  !"

;&5"$* *(I" #./  !" /(* #.1" ," 9"".  !" 1#)"'# #./  !" &,0"1 6 K&'" *+"1(L1#$$-4 ( 

(* 1&)+3 "/ #*  !" *(I" &2 # ;&5"$ )3$ (+$("/ ,-  !" (.( (#$ /(* #.1"6 A" .""/  &  #8"

(. & #11&3.  !"*" +#'#)" "'* 2&' 1&)+3 (.%  !" *(I" &2  !"  '3* '"%(&. (. &'/"'  &

%" *(%.(L1#. ;(*3#$ 1!#.%"* 9!". ?@ABC:  "* * *&)" ;"1 &'* (.*(/"  !"  '3* 

'"%(&.6

 ! !3 415/01265 750/)8

:* # $&1#$ )" !&/4  !" F3#$( - &2  !" '"*3$ * 2&3./ ,- ?@ABC: 1#. /"+"./ %'"# $-

&.  !" * #' (.% +&*"* %(;".6 7!3*  9& #//( (&.#$  "1!.(F3"* #'" ()+$")". "/ 9!(1!

#'" ($$3* '# "/ (. M(%6 G6N6 M('* 4 9" '3. ?@ABC: (. #. ( "'# (;" 9#-4 (6"6 ( (* '3.

&.1" 3*(.% # /"L."/ * #' (.% +&*" #./ '3. #%#(. ,- 3*(.% ( * '"*3$ 1&.L%3'# (&.

#* # ."9 * #' (.% +&*"6 7!(* (* /&." 3. ($ # 1!&*". )#5()3) .3),"' &2 ( "'# (&.*

!#* ,"". '"#1!"/4 &' 3. ($  !" '"*3$ +&*" (* .& ,"  "'  !#.  !" $#* * #' (.% &."6 :

* "+ &2  !(* E "'# (;" ?@ABC: = !" > *"#'1! (* 2&')3$# "/ #*<

posek = Newuoak (posek−1) =G6HO>

9( ! k  !" ( "'# (&. .3),"' &2  !" ?@ABC: #$%&'( !) 2'&) H  & n4 #./ posek−1

#./ posek '"*+"1 (;"$-  !" * #' (.% #./ 2&3./ 1#)"'# +&*"*6



 !

"#$%&'( )* +,-$. /0$1($&2- $%%(,324$&2,5 ,6 $5 ,78'-& 92:272.2&; 6,(

<'3&=>':&=?2'@ :'.'-&2,5

 !"#$% &'() *++#,-$.-!/0 /1 -2% 345 ,%+%6-!/0 1/$ -2% $/7/- 2%.8'

9%6/08: ;% ,.<=+% -2% &> ,=.6% .$/#08 -2% /7?%6- -/ /7-.!0 . ,%- /1 ,-.$-!0"

6.<%$. @!%;=/!0-, .08 ;% +.#062 -2%  !" =$/6%,, 1/$ %.62 /1 -2%<' A%,#+-, /1 .++

/=-!<!B.-!/0, .$% -2%0 6/<=.$%8 -/ ,%+%6- -2% 7%,- 6.<%$. =/,%'

C/ $%8#6% -2% 6/<=#-.-!/0 -!<%: -2% ,%.$62 6.0 7% %D%6#-%8 !0 -;/ ,-."%,'  !$,-:

/0%  !" =$/6%,, !, +.#062%8 1/$ %.62 ,-.$-!0" =/,% ;!-2 . +!<!-%8 <.D!<#< 0#<7%$

/1 !-%$.-!/0,: -E=!6.++E /0% /$ -;/' C2%0 ;% 6/<=.$% -2% $%,#+-, .08 +.#062 /0%

</$%  !" ,%.$62 1$/< -2% 7%,- 1/#08 =/,%: .++/;!0" . +.$"%$ <.D!<#< 0#<7%$ /1

!-%$.-!/0,'

F% 6.0 0/-% -2.- -2% ,.<=+%8 =/,!-!/0, 6.0 7% "%0%$.-%8 !0,!8% -2% /7?%6- -/

2.08+% 6.,%, ;2%$% !- 2., +.$"% %<=-E ,=.6%,'  /$ %D.<=+%: -2% .+"/$!-2< 6.0 7%

.==+!%8 -/ </8%+ 7/-2 -2% !0,!8% .08 /#-,!8% /1 . 2/#,%' C2!, .+,/ "!@%, #, -2%

.7!+!-E -/ 7!., -2% ,%.$62 -/;.$8 ,/<% ,=%6!G6 .$%. 7E </8!1E!0" -2% 8!,-$!7#-!/0 /1

-2% ,-.$-!0" =/,%,'

*0 -2!, ;/$H: -2% =/,!-!/0, .$% 8!,-$!7#-%8 !0 -2% ,=.6% $%+.-!@%+E -/ -2%!$ 8!,-.06%

-/ -2% /7?%6-) -2% 8%0,!-E "%-, ,<.++%$ ;2%0 "%--!0" 1.$ .;.E 1$/< -2% /7?%6- .,

"$%.-%$ </-!/0, .$% $%I#!$%8 -/ "%- ,!"0!G6.0- @!,#.+ 62.0"%,'

 ! ! "#$%&'( )(*('+%#' ,#*-.&'+%/#*

J06% . @!%;=/!0- !, 6/<=#-%8 !0 -2% G$,- ,-%= /1 /#$ .+"/$!-2<: ;% #,% !- ., .

6/0,-$.!0- /0 -2% $/7/- 2%.8 -/ "%0%$.-% . 6/<=+%-% =/,-#$% 1/$ -2% 2#<.0/!8 &K



 !"! #$%&'()$*+ ,-.&'). /0

 !"#!!$ %& &#!! %'( )*! +%$,-#! .!/!#0,%# 1+.23 4#!$!/,! 5/ ,*! 40#0"#04* 6(7(73

4#%85 !$ -$ 95,* ,*! :%/$,#05/! 9*%;!<=% > 4%$,-#!(

?-# 4#!85%-$ 0;"%#5,*'3 4#!$!/,! 5/ :*04,!# 63 5/:;- !$  5#!:,;> ,*! !80;-0,5%/

%& 85!94%5/,$ 0$ 0 C1
&-/:,5%/ 9*5:* 5$ $!, 0$ ,*! %=@!:,58! &-/:,5%/ ,% '5/5'5A!(

?,*!# :%/$,#05/,$ 0#! 0  ! ,% "!/!#0,! 0 4%$,-#!B $,0,5: $,0=5;5,>3 $!;&<:%;;5$5%/$

08%5 0/:!3 :%;;5$5%/$ 08%5 0/:! 95,* ,*! !/85#%/'!/,3 C!!45/" ,*! &!!, D0, %/ ,*!

"#%-/ 3 0/ @%5/,$ ;5'5,$(

E/ ,*! 0;"%#5,*'  !$:#5=! 5/ ,*5$ :*04,!#3 9! C!!4 ,*! $0'! :%/$,#05/,$ =-,

#!'%8! ,*! %=@!:,58! &-/:,5%/( F! ,*!/ 0  :%/$,#05/,$ ,% 4-, ,*! #%=%, *!0 5/

,*!  !$5#! 4%$5,5%/ Cs1 0/ %#5!/,0,5%/ ψcs13 &%#'-;0,! 0$B

C = Cs1 and ψc = ψcs1 1G(7H2

I%# ,*5$ 0;"%#5,*'3 ,*! %=@!:,58! &-/:,5%/ &%# ,*! +. 5$ /%, /!:!$$0#>( J!8!#,*!;!$$

5, 5$ 4%$$5=;! ,% -$! 5, 0$ 0/ !$,*!,5: :#5,!#5%/ ,% 4;0:! ,*! #%=%, 4%$,-#! :;%$! ,% 0

#!&!#!/:! 4%$,-#!(

)*! 4%$,-#! "!/!#0,5%/ $,0#,$ => -$5/" 0/ 5/5,50; 4%$,-#! 0/ 0/ 5/5,50; &#!!<

D>!# 4%$5,5%/ 0/ %#5!/,0,5%/( E/ ,*5$ 9%#C3 ,*!  !&0-;, 5/5,50; 4%$,-#! 5$ $!, 0$ 0

$K-0,,5/" 4%$,-#! 9*5:* *0$ 4#%8! ,% =! 9!;; $-5,! &%# #!0:*5/" 80#5%-$  5L:-;,
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[Object modeling task]

Object Modeling Application

Grab images

Set pose to half-sitt ing

Compute next posture

Compute step sequence

Execute walking motion

Set computed pose

Compute robot location

Init
[Start ]

[ Images

grabbed]

  [Half-sitt ing 

pose reached]

[Next pose

    found]

[Robot pose found]

[Trajectory

computed]

[Walking f inished]

 [Perception 

pose reached]

[Model f inished]

START

[Failure]

FINISH=1

[Failure]

[Trajectory

not found]

[Failure]

FINISH=1

if (FINISH)
FAILURE

FAILURE

SUCCESS
[Failure]

[Failure]

[Failure]
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}Terminal
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Object model

{Rendering
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 !"  #$% &&' !" #(") *' +,-./0  1) $("2" )34"!"1#"2 31#!" 2" 53$( $(" 1%6*"! 78

67$3712 $( $  !" !" &39"):

;(" 7*<"#$ 32 2$3&& =323*&" 31 672$0 *%$ 17$  &&0 36 >"2 8!76 $(" 2$"!"7 !3>0  1)
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Initial update of the object model 

using stereo vision

Occupancy grid viewed from the camera pose 

computed by the Next-Best-View algorithm

Object perception from the 

pose reached by the robot

- no drift correction -

Occupancy grid obtained 

by merging the two views
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Wide angle camera

Narrow angle cameras
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Model Loader

Decision by HFSM

OpenHRP

Stack of Tasks

Pattern Generator

Walk Planner

KineoWorks

Low Level Vision Server

Object tracking

Pose estimation Feature analysis

Stereo vision

Next Best View

Posture Generator
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