0\F0%+%a%i%-%c%j%V%l!<%7%g%s$N4v2?3XE* AIC $K$h$k0BDj2= >>1J NO � 6bC+ 7r0l y � ( 3t ) J~1I J|Aw%7%9%F%‘3+H/It y 72GOBg3X9)3XIt>pJs9)3X2J J* BN $N GX 8e $K ;2 >H HD $r @_ CV $7!" %+ %a %i 0L CV $d %:!< %‘ $r JQ $( $J $, $i J* BN $r <+ M3 $K ;# 1F $9 $k 2a Dx $G $= $N 2h A| $r 2r @O $7 $J $, $i <B 9T $9 $k !VF1 ;~ 9; @5!W $O J# 9g 8= <B 46 <B 8= $N $? $a $N 4p K\ 5; =Q $N 0l $D $G $" $k $,!" $= $N 2a Dx $G 2r $, IT Dj $H $J $k B‘ 2=$d E} 7W E* $J $f $i $.$, @8 $8 $k $3 $H $,$" $k!# K\ O@ J8 $G $O$3 $l $, !V4v 2? 3X E* AIC !W $K$h$C $F 2s Hr $G $- $k$3 $H $r <( $9!# $3 $l $O %+ %a %i $N 0\ F0 $N Mz Nr $+ $i <! $N %U %l!< %‘ $G $N >G E@ 5w N% $H %+ %a %i 0L CV $r M= B, $7!" M= B, $7 $? %b %G %k $H <B:] $K7W ;;$7 $?%b %G%k$r 4v2? 3XE* AIC $K $h$C$F Hf3S$9 $k$b $N$G $"$k!# $=$7$F!" $=$N 8z2L $r%7 %_%e%l!<%7%g %s$K $h$C $F 3N G’ $9 $k $H $H $b $K <B 2h A| $K E, MQ $7 $? Nc $b <( $9!# K\ J} K! $O %9 %]!< %D Cf 7Q %7!< %s $+ $i $N #3 <! 85 2r @O $d #C #G $H <B<L?MJ*2hA|$H$r9g@.$9$k!V2>A[%9%?%8%*!W$K$bM-8z$G$"$k!# %-!<%o!<%I : J#9g8=<B46!"%+%a%i%-%c%j%V%l!<%7%g%s!"<M1FJQ49!"?.Mj@-I>2A!"%b%G%kA*Br!"4v2?3XE* AIC Stabilizing Mo ving Camera Calibration b y the Geometric AIC Chik ara Matsunaga � and Kenic hi Kanatani y � Broadcast Division, F OR-A Co. Ltd. 2{3{3 Ohsaku, Sakura, Chiba 285-0802 Japan y Departmen t of Computer Science Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan W e study the sc heme for \sim ultaneous calibration" for computing the fo cal length and the p osition of a con tin uously mo ving and con tin uously zo oming camera from an image of a planar pattern placed b ehind an ob ject. This is one of the most fundamen tal tec hniques for mixed realit y applications. W e �rst p oin t out that this sc heme en tails degeneracy of the solution and statistical uctuations of computation. W e then sho w that these can b e a v oided b y predicting the fo cal length and the p osition of the camera from their v alues in preceding frames and comparing the predicted mo del with the actually computed mo del b y the geometric AIC. W e con�rm the e�ectiv eness of our metho d b y sim ulations and sho w a real image application. Our metho d is e�ectiv e in analyzing 3-D motion from video images of liv e sp orts and stably fusing CG with real h uman images in \virtual studio" applications. Key w ords : mixed realit y , camera calibration, homograph y , reliabilit y ev aluation, mo del selection, geometric AIC <U<- : K\8&5f$N0lIt$OJ8It>J2J3X8&5fHq4pHW8&5f#C (2) (No. 11680377) $K$h$C$?!# � 285-0802 @iMU8):4AR;TBg:n 2{3{3 ( 3t ) J~1I J|Aw%7%9%F%‘3+H/It , T el: (043)498-1239, F ax: (043)498-2223 y 376-8515 6M@8;TE7?@D. 1{5{1 72GOBg3X9)3XIt>pJs9)3X2J , T el: (0277)30-1842, F ax: (0277)30-1801 E-mail: matsunaga@for-a.co.jp , kanatani@cs.gunma-u.ac.jp

1. =xO@ <B :_ $N J* BN $N #3 <! 85 I= <( $O %$ %s %?!< %M%C %H %+ %? %m %0 $d 2> A[ Gn J* 4[ $r ;O $a!" B? $/ $N 1~ MQ $, 9M $( $i $l $k!# $^ $? <B J* $d <B %7!< %s $+ $i 9= C[ $7 $? #3 <! 85 %b %G %k!& 4D 6- $H #C #G $G @8 @. $7 $? 2> A[ J* BN!& 2> A[ %7!< %s $H $N M; 9g $O !VJ# 9g 8= <B 46!W $H $b 8F $P $l!" :# F| $N %a %G%# %" =h M} 8& 5f $N Cf ?4 %F!< %^ $H $J$C $F $$ $k!# $3 $N $h $& $J <B J* $d <B %7!< %s $N 2h A| $+ $i $N #3 <! 85 I| 85 $K $O $= $l $r ;# 1F $7 $? %+ %a %i $N 0L CV $d >G E@ 5w N% $J $I $N Fb It %Q %i %a!< %? $r CN $k $3 $H ( !V%+ %a %i%-%c%j%V%l!<%7%g%s!W ) $,IT2D7g$G$"$k!# Be I= E* $J J} K! $O $" $i $+ $8 $a %+ %a %i $N Fb It %Q %i %a!< %? $r ?d Dj $7!" $= $l $r 8G Dj $7 $? $^ $^ ;# 1F $9 $k $3 $H ( !V;v A0 9; @5 (pre-calibration) !W ) $G $" $k $, [10] !" :G 6a $G $O %+ %a %i $N Fb It %Q %i %a!< %? $, L$ CN $N $^ $^!" %7!< %s $K 4X $7 $F 2? $N CN <1 $b 2> Dj $; $: B? ?t $N 2h A| $+ $i %+ %a %i %Q %i %a!< %? $H %7!< %s $N #3 <! 85 7A >u $r F1 ;~ $K 7W ;; $9 $k !V<+ 8J 9; @5 K! (self-calibration) !W$N?JJb$bCx$7$$ [6, 11] !# $3 $l $K BP $7 $F A0 Js [4] $G $O J* BN $N GX 8e $K J* BN A| $H J, N% $7 $d $9 $$ 4{ CN $N %Q %? %s $r IA $$ $? ;2 >H HD $r @_ CV $7!" 1 Bf $N %+ %a %i $G %:!< %‘ $r JQ $( $D $D O" B3 E* $K 0\ F0 $7 $J $, $i J* BN $r ;# 1F $9 $k $H F1 ;~ $K!" $= $N GX 7J %Q %? %s $+ $i %+ %a %i $N0L CV$d>G E@5w N%$r7W ;;$9$k J}K! ( !VF1;~ 9;@5 (sim ul- taneous calibration) !W ) $r =R $Y $? ( ?^ 1) !# $3 $N J} K! $O FC D’ E@ $, 8B Dj $5 $l $F $$ $k $N $G 9b @: EY $N 7W ;; $, I, MW $G $" $j!" $^ $? @: EY $, >u 67 $4 $H $K %U %l!< %‘ $4 $H $K 0[ $J $k $N $G!"$=$l$rDjNLE*$KI>2A$9$k$3$H$,I,MW$H$J$k!# A0Js [4] $G$OE}7WE*:GE,2= M}O@ [1] $rE,MQ$7!":GE,2r $r 7W ;; $9 $k $H F1 ;~ $K 2r $N ?. Mj @- I> 2A $r 9T $& <j =g $r 5- =R $7 $?!# $^ $?!" $= $N =i 4| CM $H $7 $F 8m :9 $, $J $$ $H $- 87 L) 2r $H $J $k 2r @O 2r $r F3 =P $7 $?!# $= $7 $F M- 8z @- $r %7 %_%e %l!< %7%g %s $* $h $S <B 2h A| <B 83 $K $h$C $F <( $7 $?!# $7 $+ $7!" =E MW$JLdBj$,Fs$D;D$5$l$F$$$?!# � J? LL %Q %? %s $r MQ $$ $k 8B $j!" %+ %a %i $, %Q %? %s $K @5 BP $7 $? $H $- $K B‘ 2= $, @8 $8 $F!" %:!< %‘ $H %+ %a %i $N A0 ?J $H $, 6h JL $G $- $J $$!# <B :] $N >l LL $G $O!" Nc $( $P %+ %a %i $N 8w <4 $r $[ $\ ?e J? $K J] $D >u 67 $G $O %Q %? %s $r >e 8~ $- $K 79 $1 $? $j!" >2 $d CO LL >e $K $" $k J* BN $d ?M J* $r ;# 1F $9 $k >l 9g $O %Q %? %s $r ?e J? $K CV $$ $F <P $a >e J} $+ $i ;# 1F $7 $? $j $9 $k $3 $H $K $h $j!" $= $N $h $& $J G[ CV $r Hr $1 $k $3 $H $, $G $- $k!# $7 $+ $7!" B‘ 2= $N @8 $8 $k G[ CV $K %+ %a %i $, 0\ F0 $9 $k $3 $H $, @d BP $K5/$3$i$J$$$H$O$$$($J$$!# � %+ %a %i $N 0\ F0 $, >. $5 $$ $H $- E} 7W E* $J $f $i $. $, 82 Cx $H $J $k!# Nc $( $P %+ %a %i $, @E ;_ $7 $F $$ $F $b J* BN $, 0\ F0 $9 $k $H 4Q ;! $5 $l $k GX 7J %Q %? %s It J, $b JQ 2= ?^ 1: O"B3E*$K0\F0$9$k%+%a%i$NF1;~9;@5!# $9 $k $N $G!" $= $l $+ $i 7W ;; $7 $? %+ %a %i 0L CV $d >G E@ 5w N% $b Hy >. $K JQ 2= $9 $k!# $7 $? $,$C $F!" %+ %a %i $O <B :] $K $O @E ;_ $7 $F $$ $F $b 7W ;; >e $O Hy >. $J ?6 F0 $r $7$F$$$k$H2r<a$5$l$k!# K\ O@ J8 $G $O $3 $l $i $N Ld Bj $r 4v 2? 3X E* AIC[2] $K $h$C $F 2s Hr $9 $k ;n $_ $r <( $9!# $3 $l $O %+ %a %i $N 0\ F0 $N Mz Nr $+ $i <! $N %U %l!< %‘ $G $N >G E@ 5w N% $H %+ %a %i 0L CV $r M= B, $7!" M= B,$7 $?%b%G%k $H<B:]$K 7W;;$7$? %b%G%k$r 4v2?3XE* AIC $K $h$C $F Hf 3S $9 $k $b $N $G $" $k!# $= $7 $F!" $= $N 8z 2L $r %7 %_%e %l!< %7%g %s $K $h$C $F 3N G’ $9 $k $H $H $b $K <B 2h A| $K E, MQ$7$?Nc$b<($9!# 2. 4pK\86M} X Y Z %o!< %k %I :B I8 7O $r 8G Dj $7!" 86 E@ $+ $i 5w N% d $N 0L CV $K X Y LL $K J? 9T $K J? LL %Q %? %s $r CV $/!# %+ %a %i $N >G E@ 5w N% 0J 30 $N Fb It %Q %i %a!< %? $O 4{ CN $G ;# A| $, F) ;k JQ 49 $H $_ $J $; $k $H $9 $k!# $^ $: >G E@ 5w N% $r f 0 $H $7!" %l %s %:Cf ?4 $r X Y Z %o!< %k %I:B I87O $N86 E@ $KCV $-!"8w <4 $r Z <4 $K 0l CW $5 $;!" 2h A| $N x , y :B I8 <4 $, X , Y :B I8 <4 $K J? 9T $K $J $k $h $& $K %+ %a %i $r 2> A[ E* $K CV $/!# $3 $N >u BV $+ $i %+ %a %i $r 2s E> 9T Ns R $@ $1 2s E> $7!" %Y %/ %H %k t $@ $1 JB ?J $7!" >G E@ 5w N% $r f $K JQ 2= $5 $;$k $H $9 $k!# f t , R g $r !V1? F0 %Q %i %a!< %?!W $H 8F $V!# J? LL %Q %? %s >e $N 0L CV ( X � ; Y � ; d ) $K $" $k FC D’ E@ $N 2h A| :B I8 $, %+ %a %i $N 0\F08e $K ( x � ; y � ) $G$"$k $H$7!"<! $N%Y%/ %H%k$r Dj5A $9$k!# � x � = 0 B @ X � =d Y � =d 1 1 C A ; x = 0 B @ x=f 0 y =f 0 1 1 C A (1) $3$N$H$-N><T$O<!$N4X78$G7k$P$l$k [1] !# x = Z [ H � x ] (2)

$? $@ $7 Z [ � ] $O Bh 3 @. J, $r 1 $H $9 $k @5 5, 2= :n MQ AG $G $" $j!"9TNs H $O<!$N$h$&$KM?$($i$l$k [1] !# H = 0 B @ 1 1 f 0 =f 1 C A R > I � tk > d ! (3) $3 $3 $K k = (0 ; 0 ; 1) > $G $" $k!# <0 (2) $O !V<M 1F JQ 49!W $H 8F $P $l $k!# 9T Ns H $O !V<M 1F JQ 49 9T Ns!W $H 8F $P $l [1] !# $3$l $r:G E,$K 7W ;;$9 $k$H F1;~ $K $=$N ?.Mj @-$r I> 2A $9$k%W%m%0%i%‘$,8x3+$5$l$F$$$k [3, 9] !# FC D’ E@ $N %Q %? %s >e $N :B I8 ( X � ; Y � ) $O 4{ CN $G $" $j!" 4p =‘ $H $J $k %+%a %i $H %Q %? %s $H $N 5w N% d $* $h$S >G E@ 5w N% f 0 $OI8=‘E* $JCM$K@_Dj$9 $k!#%G!<%?$O%+%a %i$N0\F08e $K4Q B,$9$k FCD’E@ $N2h A|:BI8 ( x � ; y � ) $G $"$j!"L$ CN?t $O 1? F0 %Q %i %a!< %? f t ; R g $H 0\ F0 8e $N >G E@ 5w N% f $G $" $k!# 2s E> 9T Ns $O 3 <+ M3 EY $7 $+ $J $$ $+ $i!" L$ CN ?t $O 9g 7W 7 8D $G $" $k!# $7 $? $,$C $F!" 4 8D 0J >e $N FC D’ E@ $r 4Q B, $9 $l$P$3$l$i$,Dj$^$k!# 3. :GE,?dDj %G!< %? %Y %/%H %k x � $N 6& J, ;6 9T Ns$r V [ x � ] $H $9 $k!# $3 $N @d BP E* $J Bg $- $5 $r $" $i $+ $8 $a M= B, $9 $k $N $O :$ Fq $G $" $k $N $G!" Dj ?t G\ $r =| $$ $F 4{ CN $G $" $k $H $7!" <! $N $h $& $KCV$/!# V [ x � ] = � 2 V 0 [ x � ] (4) L$ CN $N Dj ?t � $r !V%N %$ %: %l %Y %k!W $H 8F $V!# %N %$ %: $N Aj BP E* $J @- <A $r 5- =R $9 $k 9T Ns V 0 [ x � ] $O 4{ CN $H $7!" !V@5 5, 2= 6& J, ;6 9T Ns!W $H 8F $V!# x � $N Bh 3 @. J, $O Dj ?t 1 $G $" $k $+ $i V 0 [ x � ] $O Bh 3 9T!" Bh 3 Ns $, $9 $Y $F 0 $N %i %s %/ 2 $N FC 0[ 9T Ns $G $" $k!# FC $K FC D’ E* $J %N %$ %: $N 8= $l $+ $?$r$7$J$$>l9g$O%G%U%)%k%HCM V 0 [ x � ] = diag (1 ; 1 ; 0) ( BP 3Q MW AG $r 1, 1, 0 $N BP 3Q 9T Ns ) $r MQ $$ $k!# 8m :9 $, @5 5, J, I[ $K => $& $H $9 $k $H!" :G E, $J ?d Dj CM $O <! $N Fs >h !V%^ %O%i%N%S%95wN%!W$N:G>.2=$K$h$C$FF@$i$l$k!# J = 1 N N X � =1 ( x � � Z [ H � x � ] ; V 0 [ x � ] � 2 ( x � � Z [ H � x � ])) (5) $? $@ $7 ( � ) � r $O Bg $- $$ r 8D $N 8G M- CM 0J 30 $r 0 $K CV $- 49 $( $F 7W ;; $7 $? %i %s %/ r $N ( %‘!< %"!& %Z %s %m!< %: $N ) 0l HL 5U 9T Ns $r I= $9!# <0 (5) $N :G >. CM $O %K%e!< %H %s K! $K $h$C $F F@ $i $l $k!# ?t CM 7W ;; $r 0B Dj 2= $9 $k $? $a $K f , t $N Be $o $j $K L5 <! 85 JQ ?t � , � $r F3 F~ $7!" <! $N $h $& $K CV $/!# � = f f 0 ; � = t d ; A = 0 B @ 1 1 � 1 C A ; ~ x � = Z [ H � x � ] ; Q � = I � ~ x � k > ; e � = x � � ~ x � (6) 8m :9 $, $J $$ $H $- $O 2r $, 2r @O E* $K 5a $^ $k [4] !# 8m :9 $, $" $k $H $- $O $3 $l $r =i 4| CM $H $7 $F %K%e!< %H %s K! $r E, MQ $9 $k!# 4. %K%e!<%H%sK! 4X?t J $NL$CN?t � , � , R $K4X$9$k8{G[ r J $H%X%C%; 9TNs r 2 J $r<!$N$h$&$KCV$/!# r J = 0 B @ @ J =@ � r � J r R J 1 C A (7) r 2 J = 0 B @ @ 2 J =@ � 2 ( r � @ J =@ � ) > ( r R @ J =@ � ) > r � @ J =@ � r 2 � � J ( r 2 R � J ) > r R @ J =@ � r 2 R � J r 2 RR J 1 C A (8) $? $@ $7 r 2 J $N 7W ;; $K $* $$ $F O ( e � ) $N 9‘ $r L5 ;k $9 $k 6a ;w $r 9T $&!# $3 $N 6a ;w $r MQ $$ $? %K%e!< %H %s K! $O !V%, %& %9!& %K%e!< %H %s K!!W $H $b 8F $P $l $k!# $3 $N $h $& $J 6a ;w $r 9T$C $F $h $$ M} M3 $O!" %K%e!< %H %s K! $K $* $$ $F $O 8{ G[ $, @: EY $r Dj $a $k $N BP $7 $F %X%C %; 9T Ns $O <} B+ $N B. EY $r ;Y G[ $9 $k $b $N $G $" $j!" 6a ;w $r 2C $( $F $b 2r $N @: EY $K 1F 6A $7 $J $$ $? $a $G $" $k!# 8{ G[ r J $* $h $S %X%C %; 9T Ns r 2 J $N 3F MW AG $N 6q BN E* $J 7W ;; <0 $O A0 Js [4] $K <( $5 $l $F $$ $k!# %K%e!<%H%sK!$N<j=g$O<!$N$h$&$K$J$k!# 1. � , � , R $N=i4|CM$rM?$($k!# 2. 8{G[ r J $H%X%C%;9TNs r 2 J $r7W;;$9$k!# 3. 99?7NL � � , � � , � $r<!$N$h$&$K7W;;$9$k!# 0 B @ � � � � � 1 C A = � � r 2 J � � 1 r J (9) 4. j � � j < � � , k � � k < � � , k � k < � R $H$J$k$^ $G � , � , R $r <! $N $h $& $K 99 ?7 $7 $F <! $N $h $& $K CV $$$F%9%F%C%W 3 $KLa$k!# � � + � �; � � + � � ; R R (� ) R (10)

$? $@ $7 R (� ) $O � $r 2s E> <4!" k � k $r 2s E> 3Q $H $9 $k2s E>9T Ns$G $"$j!" � � , � � , � R $O<} B+H= Dj $N$7 $-$$ CM$G$"$k!# 5. ?.Mj@-I>2A <}B+ $7$? $H$-$N ;D:9 ^ J $+ $iFs>h %N%$ %:%l %Y%k$, <!$N $h$&$K?dDj$G$-$k!# ^ � 2 = ^ J 2 � 7 = N (11) <} B+ $7 $? $H $- $N %X%C %; 9T Ns $r r 2 ^ J $H $9 $k $H!" 2r f ^ � , ^ � , ^ R g $N 6& J, ;6 9T Ns $, <! $N $h $& $K ?d Dj $G $- $k ( 1& JU $K ?d Dj CM $G $O $J $/ ?? $N CM $r Be F~ $9 $k $H 6& J, ;6 9T Ns V [ ^ �; ^ � ; ^ R ] $NM}O@E*2<3&$H$J$k ) !# V [ ^ �; ^ � ; ^ R ] = 2^ � 2 N � r 2 ^ J � � 1 (12) $3 $N (11) MWAG $, ( @55, 2= ) >GE@ 5wN% $NJ, ;6 V [ ^ � ], Bh 2{ 4 9T Bh 2{4 Ns $N >. 9T Ns $, ( @5 5, 2= ) JB ?J $N 6& J, ;6 9T Ns V [ ^ � ] !" Bh 5{7 9T Bh 5{7 Ns $N >. 9T Ns $, 2s E> $N 6& J, ;6 9T Ns V [ ^ R ] $H $J $k [4] !# Nc $( $P!" 8m :9 $, @5 5, J, I[ $r $9 $k $H $9 $l $P 99.7% $N ?. Mj ?e =‘ $G >G E@ 5w N% f $O <! $N HO 0O $K$"$k!# f 0 ( ^ � � 3 q V [ ^ � ]) < f < f 0 ( ^ � + 3 q V [ ^ � ]) (13) 6. B‘2=$NH=Dj =x O@ $G ;X E& $7 $? $h $& $K!" %+ %a %i $, %Q %? %s $K @5 BP $7 $F $$ $k $H B‘ 2= $, @8 $8!" 8m :9 $, $J $1 $l $P <0 (8) $N %X%C %; 9T Ns r 2 J $N 9T Ns <0 $O 0 $H $J $j!" <0 (9) $N 5U 9T Ns $, 7W ;; $G $- $J $$!# 8m :9 $, $" $l $P 5U 9T Ns $, 7W ;; $G $- $k $, ?. Mj @- $, $J $/!" %K%e!< %H %s K! $r E, MQ $9 $k 0U L# $, $J $$!# $= $3 $G <0 (13) $N ?. Mj 6h 4V $, Ii $N CM $r 4^ $‘ $H $- $O 2r $O L5 0U L# $G$"$k$HH=Dj$9$k!#$7$?$,$C$F!"$=$NH=Dj>r7o$O V [ ^ � ] > ^ � 2 9 (14) $H $J $k!# V [ ^ � ] $O <0 (12) $N (11) MW AG $G $" $k $+ $i!" $3 $l $O 2 ^ � 2 ( r 2 ^ J ) y 11 = N det( r 2 ^ J ) $K Ey $7 $$!# $3 $3 $K ( r 2 ^ J ) y 11 $O %X%C %; 9T Ns r 2 ^ J $N (11) M> 0x ;R ( Bh 1 9T Bh 1 Ns $r =| $$ $? 9T Ns <0 ) $G $" $k!# $f $( $K <0 (14) $O <! $N $h $&$K=q$1$k!# 18^ � 2 N � r 2 ^ J � y 11 � ^ � 2 det � r 2 ^ J � > 0 (15) $3 $l $O 5U 9T Ns $N 7W ;; $r 4^ $^ $J $$ $N $G >o $K 0B Dj $K 7W ;; $G $-$k!# 7. 7PO)$N0BDj2= =x O@ $G ;X E& $7 $? $h $& $K!" %+ %a %i $, O" B3 E* $K 0\ F0 $7 $F $b!" 2h A| =h M} $, %U %l!< %‘ $4 $H $K FH N) $G $" $l $P E} 7W E* $J $f $i $. $, Hr $1 $i $l $J $$!# $3 $l $O FC $K %+ %a %i $N 0\ F0 $, >. $5 $$ $H $- $K 82 Cx $H $J $k!# $3 $l $r Hr $1 $k $? $a $K 1? F0 $r M= B, $7!" 4v 2? 3X E* AIC [2] $K $h $k %+ %a %i $N %b %G %k A* Br $r 9T $&!#6q BN E*$K $O!" 8=:_ $N >GE@ 5w N%$r f i !"1? F0 %Q%i %a!< %? $r f t i , R i g !" 0l $D A0 $N %U %l!< %‘ $G $N CM f i � 1 !" f t i � 1 , R i � 1 g $H$7!"<!$N%b%G%k$r9M$($k!# � @E;_%b%G%k ( <+M3EY 0): f = f i , t = t i , R = R i $H8GDj$7!"$=$N;D:9$r ^ J � $H$9$k!# � t 8G Dj%b%G %k ( <+M3EY 3): f = f i , t = t i $H8GDj $7!" R $r=i4|CM R = R i $+$i%K%e!<%H%sK!$K$h $j:GE,2=$7!"$=$N;D:9$r ^ J s 0 $H$9$k!# � t M= B, %b %G %k ( <+ M3 EY 3): f = f i $H 8G Dj $7!" t = 2 t i � t i � 1 $H M= B, $7!" R $r =i 4| CM R = R i R > i � 1 R i $+ $i %K%e!< %H %s K! $K $h $j :G E, 2= $7!" $=$N;D:9$r ^ J p 0 $H$9$k!# � f 8G Dj %b%G %k ( <+ M3 EY 6): f = f i $H 8G Dj$7!" f t , R g $r =i 4| CM t = t i , R = R i $+ $i %K%e!< %H %s K!$K$h$j:GE,2=$7!"$=$N ;D:9$r ^ J s $H$9$k!#$=$7 $F!"Fs>h%N%$%:%l%Y%k$r<!$N$h$&$K7W;;$9$k!# ^ � 2 s = ^ J s 2 � 6 = N (16) � f M= B, %b %G %k ( <+ M3 EY 6): f = 2 f i � f i � 1 $H M= B, $7!" f t , R g $r =i 4| CM t = 2 t i � t i � 1 , R = R i R > i � 1 R i $+ $i %K%e!< %H %s K! $K $h $j :G E, 2= $7!" $= $N ;D :9 $r ^ J p $H $9 $k!# $= $7 $F!" Fs >h %N %$ %: %l %Y%k$r<!$N$h$&$K7W;;$9$k!# ^ � 2 p = ^ J p 2 � 6 = N (17) � 0l HL %b %G %k ( <+ M3 EY 7): f M= B, %b %G %k $N 2r f , f t , R g $r =i 4| CM $H $7!" %K%e!< %H %s K! $K $h $j :G E, 2= $7!"$=$N;D:9$r ^ J g $H$9$k!# B‘ 2= H= Dj $O f M= B, %b %G %k $K 4p $$ $F 9T $&!# $9 $J $o $A!" Fs >h %N %$ %: %l %Y %k � 2 $r <0 (17) $K $h$C $F ?d Dj $7!" <0 (15) $rI>2A$9$k!# B‘ 2= $G $J $$ $H H= Dj $5 $l $l $P!" @E ;_ %b %G %k!" f 8G Dj %b %G %k!" f M= B, %b %G %k!" $* $h $S 0l HL %b %G %k $r Hf 3S $9 $k!#

?^ 2: %+%a%i$N7PO)!# Fs >h %N %$ %: %l %Y %k � 2 $O <0 (11) $G ?d Dj $9 $k!# $= $7 $F 4v 2?3XE* AIC $r<!$N$h$&$KI>2A$9$k!# AI C � = ^ J � ; AI C s = ^ J s + 12 N ^ � 2 ; AI C p = ^ J p + 12 N ^ � 2 ; AI C g = ^ J g + 14 N ^ � 2 : (18) B‘ 2= $G $" $k $H H= Dj $5 $l $l $P!" @E ;_ %b %G %k!" t 8G Dj %b %G %k!" t M= B, %b %G %k!" $* $h $S f 8G Dj %b %G %k $r Hf 3S $9 $k!# Fs >h %N %$ %: %l %Y %k � 2 $O <0 (16) $G ?d Dj $9 $k!# $= $7 $F 4v 2?3XE* AIC $r<!$N$h$&$KI>2A$9$k!# AI C � = ^ J � ; AI C s 0 = ^ J s 0 + 6 N ^ � 2 s ; AI C p 0 = ^ J p 0 + 6 N ^ � 2 s ; AI C s = ^ J s + 12 N ^ � 2 s : (19) $$ $: $l $N >l 9g $b!" 4v 2? 3X E* AIC $, :G $b >. $5 $$ CM $N %b %G %k $r A* Br $9 $k!# $3 $l $K $h$C $F %+ %a %i 0\ F0 $N >. $5 $$ $H $- $N E} 7W E* $J $f $i $. $r =| 5n $G $- $k $@ $1 $G $J $/!" B‘ 2= $, @8 $8 $F $b 2r $, 0B Dj $K Dj $^ $k!# $5 $i $K %U %l!< %‘ $4 $H $K =i 4|CM$r2r@OE*$K7W;;$9$kI,MW$,$J$$!# 8. %7%_%e%l!<%7%g%s<B83 3 � 3 $N 3J ;R %Q %? %s $H 3Q EY � $r $J $9 J? LL >e $r!" 3J ;R $N Cf ?4 $r Cm ;k $7 $J $, $i C< $+ $i @5 LL $K 8~ $+$C $F %+ %a %i $r 1_ 8L >u $K 0\ F0 $9 $k!# $= $N $^ $^ @5 LL $r DL $j 2a $. $F $+ $i %+ %a %i $, $7 $P $i $/ Dd ;_ $7 $? 8e!" $= $N $^ $^ 8e B‘ $9 $k ( ?^ 2) !# >G E@ 5w N% $O <! $N $h $& $K JQ 2= $5 $; $k ( C1 0L $O 2h AG!" k $O%9%F%C%W?t ) !# f = ( 1200 + 100 sin 2 � k = 19 k = 0 ; 1 ; :::; 19 1200 k = 20 ; :::; 30 (20) ?^ 3: >G E@5wN% ( � = 80 � ) !#K\ J}K! ( <B@~ ) !" FHN)$J ?dDj ( GK @~ ) !"??$NCM ( E@@~ ) !# ?^ 4: %+%a%i$N7PO) ( � = 80 � ) !#K\J}K! ( <B@~ ) !"FHN)$J?dDj ( GK@~ ) !"??$N0LCV ( E@@~ ) !# k = 13 $N $H $- %+ %a %i $, %Q %? %s $N $[ $\ @5 LL $K 0L CV $9 $k!# k = 20 � 24 $G Dd ;_ $7!" k = 25 � 30 $G 8e B‘ $9 $k!# 3J ;R $N D: E@ $K I8 =‘ JP :9 0 : 5( 2h AG ) $N @5 5, J, I[ $K => $& 8m :9 $r Kh 2s FH N) $K 2C $( $F >G E@ 5w N% $H %+ %a %i $N 7P O) $r7W;;$9$k!# ?^ 3 $O � = 80 � $N>l9g$N>GE@5wN% f $NJQ 2=$r<($9$b $N $G $" $k!# <B @~ $O 7W ;; CM!" E@ @~ $O ?? $N CM $G $" $k!# GK @~ $O A0 Js [4] $N J} K! $G Kh 2s FH N) $K 7W ;; $7 $? 7k 2L $G $" $k!# ?^ 4 $N <B @~ $O $= $l $> $l $K BP 1~ $9 $k %+ %a %i $N 7P O) $r >e $+ $i 8+ $? ?^ $G $" $k!# ?^ 3 !" 4 $+ $i $o $+ $k $h $& $K!" K\ J} K! $K $h $k $H %U %l!< %‘ Kh $K FH N) $K 7W ;; $9 $k >l 9g $K Hf $Y $F IT 5,B’$JJQF0$,2!$($i$l$F$$$k!# ?^ 5 !" 6 $O!" � = 90 � $N >l 9g $N >G E@ 5w N% $* $h $S %+ %a %i $N 7P O) $r ?^ 3 !" 4 $H F1 MM $K <( $7 $? $b $N $G $" $k!# $3 $N $H $- k = 13, 14 $G B‘ 2= $, @8 $8!" A0 Js $N J} K! $G $O 7W ;; $, GK C> $7 $F $$ $k!# GK C> $7 $? $3 $H $r 8+ $d $9 $/ $9 $k $? $a $K ?^ 5 $G $O f $r 1 !" ?^ 6 $G $O %+ %a %i 0L CV $r %Q %? %s $N Cf ?4 $H$7$FI=<($7$F$$$k!# ?^ 7 $O k = 20 � 24 $NIU6a $r3HBg $7$??^ $G$"$k!# $3 $N $h $& $K %U %l!< %‘ Kh $K FH N) $K 7W ;; $9 $k $H!" <B :] $K $O %+ %a %i $, @E ;_ $7 $F $$ $F $b 7W ;; CM $O IT 5, B’ $K $f $i $$ $G $$ $k

?^ 5: >GE@ 5wN% ( � = 90 � ) !#K\J} K! ( <B@~ ) !"FH N)$J?d Dj ( GK @~ ) !"??$NCM ( E@@~ ) !# ?^ 6: %+%a%i$N7PO) ( � = 90 � ) !#K\J}K! ( <B@~ ) !"FHN)$J?dDj ( GK@~ ) !"??$N0LCV ( E@@~ ) !# $,!"K\J}K!$K$h$k$H$=$N$f$i$.$,=|5n$5$l$F$$$k!# 9. <B2hA|Nc ?^ 8 $O >G E@ 5w N% $r JQ $( $J $, $i %+ %a %i $r 0\ F0 $5 $;!" %F %K %9 %3!< %H $r ;# 1F $7 $? 5 Kg $N 2h A| $G $" $k!# %3!< %H $N <B @# $O 9q :] 5, Ls $G Dj $^$C $F $$ $k!# $3 $l $r 4p $K %+ %a %i $N 0L CV $H >G E@ 5w N% $, 7W ;; $G $- $k!# ?^ 9 $O ?d Dj $7 $? >G E@ 5w N% ( C1 0L $O 2h AG ) $G $" $j!" <0 (13) $G 7W ;; $7 $? I8 =‘ JP :9 $N 3 G\ $N?. Mj 6h 4V$r I= <($7 $F $$ $k!#?^ 10 $O %+ %a %i0L CV $N CO LL $+ $i $N 9b $5 $G $" $j!" F1 MM $K 7W ;; $7 $? I8 =‘ JP :9 $N 3 G\ $N ?. Mj 6h 4V $r I= <( $7 $F $$ $k!# ?^ 11 $O CO LL $r >e $+ $i 8+ $? ?^ $G $" $j!" 7W ;; $7 $? %+ %a %i $N 3 <! 85 7P O) $r I= <( $9 $k $H $H $b $K!" ;# 1F 0L CV $+ $i 3F 2h A| $r CO LL $K Ej 1F $7 $F 9g @. $7 $? $b $N $G $" $k!# $^ $?!" 7W ;; $7 $? %+ %a %i 0L CV $r Cf ?4 $K!" 3F J} 8~ $N ?. Mj @- $N I8 =‘ JP :9 $N 3 G\ $r <( $9 BJ 1_ $r I= <($7$F$$$k!# 10. $^$H$a A0 Js [4] $G $O J# 9g 8= <B 46 <B 8= $N $? $a $K J* BN $N GX 8e $K ;2 >H HD $r @_ CV $7!" %+ %a %i 0L CV $d %:!< %‘ $r JQ $( $J $, $i J* BN $r <+ M3 $K ;# 1F $9 $k 2a Dx $G $= $N 2h A| $r 2r @O $7 $J $, $i <B ?^ 7: %+%a%i$N7PO)$N3HBg?^ ( � = 90 � ) !#K\J}K! ( <B@~ ) !"FH N)$J?dDj ( GK@~ ) !"??$N0LCV ( E@@~ ) !# 9T $9 $k F1 ;~ 9; @5 $r Ds 0F $7 $?!# K\ Js $G $O $= $N 2a Dx $G @8 $8 $k $K 2r $, IT Dj $H $J $k B‘ 2= $d E} 7W E* $J $f $i $. $, 4v 2? 3X E* AIC $K$h$C $F2sHr $G$-$k$3 $H$r<($7 $?!#$3$l$O %+%a%i $N 0\ F0 $N Mz Nr $+ $i <! $N %U %l!< %‘ $G $N >G E@ 5w N% $H %+ %a %i 0L CV $r M= B, $7!" M= B, $7 $? %b %G %k $H <B :] $K 7W ;; $7 $? %b %G %k $r 4v 2? 3X E* AIC $K $h$C $F Hf 3S $9 $k $b $N $G $" $k!# $= $7 $F!" $= $N 8z 2L $r %7 %_%e %l!< %7%g %s $K $h$C $F 3N G’ $9 $k $H$H$b$K<B2hA|$KE,MQ$7$?Nc$b<($7$?!# K\ J} K! $r E, MQ $9 $l $P %:!< %‘ $d %+ %a %i $N 8~ $- $r JQ $( $J $, $i ;# 1F $7 $? %9 %]!< %D Cf 7Q %7!< %s $+ $i %+ %a %i 0L CV $d >G E@ 5w N% $r 7W ;; $9 $k $H $H $b $K %7!< %s $d ?M J* $N #3 <! 85 7A >u $r 7W ;; $9 $k $3 $H $b $G $- $k [4, 7, 8] !# $^ $? !V2> A[ %9 %? %8 %*!W [5] $K $b 1~ MQ $G $- $k!# $3 $l $O %/ %m %^ %-!< 5; K! $K $h$C $F ?M J* It J, $H %Q %? %s It J, $K J, N% $7!" %Q %? %s It J, $+ $i %-%c %j %V %l!< %7%g %s $r 9T $& $3 $H $K $h $j!" #C #G $H <B <L ?M J* 2h A| $H $r F0 E* $K 9g @. $9 $k $b $N $G $" $k!# K\ J} K! $K $h $l $P B‘ 2= $, @8 $8 $k 0L CV $K %+ %a %i $r 0\ F0 $9 $k $3 $H $, $G $- $k!# $^ $? E} 7W E* $f $i $. $+ $i @8 $8 $k #C #G 2h A| $N ?6 F0 $r =| 5n$9$k$3$H$b$G$-$k!# ;29MJ88% [1] K. Kanatani, Statistic al Optimization for Ge omet- ric Computation: The ory and Pr actic e , Elsevier Science, Amsterdam, 1996. [2] 6b C+ 7r 0l , >p JsNL 4p =‘ $K $h$k 4v 2? 3X E*%b %G %k A* Br , >p Js =hM}3X2qO@J8;o , 37 -6 (1996), 1073{1080. [3] 6b_7Lw , B@EDD>:H , 6bC+7r0l , <M1FJQ499TNs$N:GE,7W;;$K $h $k %b %6 %$ %/ @8 @. , >p Js =h M} 3X 2q 8& 5f Js 9p , 99-CVIM, 1999-5. [4] >> 1J NO , 6b C+ 7r 0l , J? LL %Q %? %s $r MQ $$ $k 0\ F0 %+ %a %i $N %-%c %j %V %l!< %7%g %s , >p Js =h M} 3X 2q 8& 5f Js 9p , 99- CVIM, 1999-5. [5] Cf Eg @5 G7 , %G%# %8 %? %k 1G A| =h M} $N 4p AC $H 1~ MQ (I I)| Fs <! 85 %G%# %8 %? %k 1G A| =h M} F~ Lg |, EE ;R >p Js DL ?. 3X 2q ;o , 18 -1 (1998), 68{75. [6] M. P olleyfes, R. Ko c h and L. V an Go ol, Self- calibration and metric reconstruction in spite of v arying and unkno wn in ternal camera prameters, Pr o c. Int. Conf. Comput. Vision , Jan uary 1998, Bom ba y , India, pp. 90{95.

?^ 8: %F%K%9%3!<%H$N<B2hA|!# ?^ 9: ?dDj$7$?>GE@5wN%!# ?^ 10: ?dDj$7$?%+%a%i0LCV$NCOLL$+$i$N9b$5!# [7] I. Reid and A. Zisserman, Goal-directed video metrology , Pr o c. 4th Eur o. Conf. Comput. Vision , April 1996, Cam bridge, U.K., V ol. I I, pp. 647{658. [8] Y. Seo and K. S. Hong, Auto-calibration of a ro- tating and zo oming camera, Pr o c. IAPR Workshop on Machine Vision Applic ations , No v em b er 1998, Makuhari, Chiba, Japan, pp. 274{277. [9] @6?e7D9T , B@EDD>:H , 6bC+7r0l , ?.Mj@-I>2A$rHw$($?:GE, $J <M 1F JQ 49 $N 7W ;; %W %m %0 %i %‘ , >p Js =h M} 3X 2q 8& 5f Js 9p , 98-CVIM-111-5, pp. 33{40, 1998-5. [10] R. Y. Tsai, A v ersatile camera calibration tec h- nique for high-accuracy 3D mac hine vision metho d- olot y using o�-the-shelf TV cameras and lenses, IEEE J. R ob otics A utomation , 3 -4 (1987), 323{ 344. [11] =y9d , DT;0O: , !V#3<!85%S%8%g%s!W , 6&N)=PHG , 1998.

?^ 11: ?dDj$7$?%+%a%i$N7PO)!#