4pAC9TNs$N:GE,7W;;$H$=$N?.Mj@-I>2A ;0Eg Ey � 6bC+ 7r0l � � 72GOBg3X9)3XIt>pJs9)3X2J I, $: $7 $b Ey J} 0l MM $G $J $$ FH N) $J @5 5, J, I[ $K => $& 8m :9 $N $b $H $G 2 AH $N BP 1~ E@ $+ $i 4p AC 9T Ns $r :G E, $K 7W ;; $9 $k <j K! $r =R $Y $k!# $^ $: $3 $N 8m :9 %b %G %k $N $b $H $G $N @: EY $N M} O@ 8B 3& $r F3 $-!" <! $K $3 $l $r C# @. $9 $k %" %k %4 %j %: %‘ $r 5- =R $9 $k!# $3 $l $O $^ $: %i %s %/ 94 B+ $r 9M N8 $; $: $K $/ $j $3 $_ K! $K $h $j 4p AC 9T Ns $r 7W ;; $7!" <! $K $3 $l $, %i %s %/ 94 B+ $r K~ $? $9 $h $& $K Jd @5 $9 $k $b $N $G $" $k!# $= $7 $F K\ <j K! $N @: EY $, M} O@ 8B 3& $r <B :] $K C# @. $7 $F $$ $k $3 $H $r <B 83 E* $K 8! >Z $9 $k!# $7 $? $,$C $F!" K\ <j K! $O 87 L) $K :G E, $G $" $j!" $b $O $d 2~ NI $N M> CO $O $J $$!# $^ $?!" K\ %" %k %4 %j %: %‘ $K $h $j :G E, 2r $, F@ $i $l $k $@ $1 $G $J $/!" $= $N ?. Mj @- $b F1 ;~ $K I> 2A $5 $l $k!# %7 %_%e %l!< %7%g %s $* $h $S <B 2h A| <B 83 $K $h $j %( %T 6K E@ $N?.Mj@-$rI>2A$9$kNc$r<($9!# %-!<%o!<%I : 4pAC9TNs!"$/$j$3$_K!!"%(%T6KE@!"?.Mj@-I>2A!">GE@5wN%!"@:EY$NM}O@8B3& Optimal Computation of the F undamen tal Matrix and Its Reliabilit y Ev aluation Hitoshi Mishima � and Kenic hi Kanatani � � Departmen t of Computer Science Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan This pap er presen ts an optimal algorithm for computing the fundamen tal matrix from t w o sets of corresp onding p oin ts in the presence of indep enden t Gaussian noise not necessarily isotropic or homoge- neous. W e �rst deriv e a theoretical accuracy b ound and then presen t an algorithm that attains it. This algorithm �rst applies a tec hnique called renormalization without considering the rank constrain t and then corrects the solution to imp ose the constrain t. W e demonstrate b y exp erimen ts that our algorithm indeed attains the accuracy b ound. Hence, our algorithm is optimal in the strict sense: no further impro v emen t is p ossible. Our algorithm pro duces not only an optimal estimate but also ev aluates its reli- abilit y . W e sho w sim ulated and real-image examples of ev aluating the reliabilit y of the computed epip oles. Key w ords : fundamen tal matrix, renormalization, epip ole, reliabilit y ev aluation, theoretical accuracy b ound, renormalization <U<- : K\8&5f$N0lIt$OJ8It>J2J3X8&5fHq4pHW8&5f#C (2) (No. 11680377) $K$h$C$?!# � 376-8515 6M@8;TE7?@D. 1{5{1 72GOBg3X9)3XIt>pJs9)3X2J , T el: (0277)30-1841, F ax: (0277)30-1801 E-mail: mishima@ail.cs.gunma-u.ac.jp , kanatani@cs.gunma-u.ac.jp 1

1. =xO@ 2 2h A| 4V $N !V4p AC 9T Ns!W $r 7W ;; $9 $k $3 $H $O 2h A| $+ $i #3 <! 85 I| 85 $r 9T $& $" $i $f $k Ld Bj $N 3K ?4 $G $" $k [2, 16, 19, 20] !# $^$:!" 4p AC9T Ns$+ $i!V%( %T6K @~!W$H !V%( %T6K E@!W $, 7W ;; $G $- $k $+ $i!" 0l J} $N 2h A| Cf $N 3F E@ $N B> J} $N 2h A| Cf $G BP 1~ $9 $k 0L CV $, $= $N E@ $N %( %T 6K @~ >e $K @) 8B $5 $l $k [7, 8, 2, 11] !# $3 $N @- <A $O %9 %F %l %* 2h A| $+ $i $N #3 <! 85 I| 85 $N :G $b 4p AC $H $J $k ;v <B $G $" $k!# $^ $?!" 4p AC 9T Ns $+ $i $= $N ;# 1F %+ %a %i $N CN <1 $H 9g $o $; $F %+ %a %i $N Aj BP E* $J 0L CV $d J* BN $N #3 <! 85 9= B$ $r 7W ;; $9 $k $3 $H $b $G $- $k [3, 14, 15] !# $3 $N $? $a $3 $l $^ $G 4p AC 9T Ns $r 7W ;; $9 $k $5 $^ $6$^ $J $JJ} K! $,Ds 0F $5$l $? [1, 4, 5, 13, 17, 18, 21, 22] !# $3 $l $i $O $9 $Y $F!" 8m :9 $, $J $1 $l $P 0 $H $J $k $" $k 4X ?t ( L\ E* 4X ?t ) $r :G >. 2= $9 $k $b $N $G $" $j!" $3 $N :G >. 2=$,!V:GE,2=!W$H8F$P$l$F$-$?!# $7 $+ $7!" $= $b $= $b ?? $N 2r $, 5a $^ $i $J $$ $N $O %G!< %? $K 8m :9 $, $" $k $? $a $G $" $k $+ $i!" @: EY $N $h $$ 2r $r F@ $k $K $O $= $N 8m :9 $N @- <A $r L@ $i $+ $K $7 $J $1 $l $P $J $i $J $$!# 8m :9 $N %b %G %k $, M? $( $i $l $l $P E} 7W E* 2r @O $K $h$C $F !V$= $N 8m :9 %b %G %k $N $b $H $G $N :G E, 2r!W $, Dj $^ $k!# $H $3 $m $, $3 $l $^ $G $N 8& 5f $G $O 8m :9 %b %G %k $K $[ $H $s $I ?( $l $:!" ?7 4q $J L\ E* 4X ?t $r ;W $$ IU $/ $^ $^ $K Ns 5s $7!" %7 %_%e %l!< %7%g %s $* $h $S <B 2h A| <B 83 $G Hf 3S $7 $F $$ $k $N $_ $G $" $k [1, 4, 5, 13, 21, 22] !# $3 $N M} M3 $O $" $k $f $k >l $G M- 8z $J !VK| G= %" %k %4 %j %: %‘!W $, M# 0l B8 :_ $9 $k $H 0E L[ $K 2> Dj $5 $l $F $$ $k $? $a $H ;W $o $l $k!# $= $N MW 0x $N 0l $D $O FC D’ E@ $N 8m BP 1~ $K 5/ 0x $9 $k !V%" %& %H %i %$ %"!W $G $" $k!# $= $7 $F!" $= $N E} 7W E* %b %G %k 2= $, :$ Fq $G $" $k $H $$ $& M} M3 $G 8m :9 $N %b %G %k 2= <+ BN $, GS =| $5 $l $F $- $?!# $= $N 7k 2L!" %" %& %H %i %$ %" $N $J $$ >l 9g $K @: L) $J %" %k %4 %j %: %‘ $O %" %& %H %i %$ %" $, $" $l $P M- 8z $G $J $$ $H $$ $& M} M3 $G GS =| $5 $l!" @: EY $O 0- $$ $, %" %& %H %i %$ %" $K 1F 6A $5 $l $K $/ $$ %" %k %4 %j %: %‘ $, =E ;k $5 $l $F $- $? [17, 18] !# $7 $+ $7!" %" %& %H %i %$ %" $N 8! =P $H %" %& %H %i %$ %" $N $J $$ >l 9g $N 9b @: EY %" %k %4 %j %: %‘ $H $O JL Ld Bj $G $" $k!# %" %& %H %i %$ %" 8! =P $K M- 8z $J <j K! $K $h$C $F %" %& %H %i %$ %" $r =| 5n $7 $? 8e $G %" %& %H %i %$ %" $N $J $$ >l 9g $N 9b @: EY <j K! $r E,MQ$9$Y$-$G$"$k!# $^ $?!" => Mh $N O@ J8 $G $O $I $l $b <o!9 $N <j K! $N <B 83 7k 2L $r 8_ $$ $K Hf 3S $7 $F $$ $k $N $_ $G $" $k!# $7 $+ $7!" <j K! $N :G E, @- $O @: EY $N M} O@ 8B 3& $H Hf 3S $7 $F =i $a $F <B >Z $5 $l $k!# $3 $l $r C# @. $7 $F $$ $J $1 $l $P 2~ NI $N M> CO $, $" $k $7!" C# @. $7 $F $$ $l $P $b $O $d 2~ NI $N M> CO $, $J $$!# $7 $? $,$C $F M} O@ 8B3&$rF3$-!"$3$l$HHf3S$9$k$3$H$,IT2D7g$G$"$k!# K\ O@ J8 $G $O !V3F FC D’ E@ $N 8m :9 $, Hy >. $+ $D %i %s %@ %‘ $G $" $j 8_ $$ $K FH N) $G 4| BT CM 0 $N @5 5, J, I[ $K => $&!W $H $$ $& %b %G %k $N $b $H $G $N 4p AC 9T Ns $N :G E, 7W ;; %" %k %4 %j %: %‘ $r =R $Y $k!# $? $@ $7 8m :9 J, I[ $O :G $b 0l HL E* $J $b $N $H $7!" !V0l MM @-!W ( >l =j $K $h $i $J $$ ) $b !VEy J} @-!W ( J} 8~ $K $h $i $J $$ ) $b 2> Dj $7 $J $$!# $^ $:!" $3 $N %b %G %k $N $b $H $G $N @: EY $N M} O@ 8B 3& $r <( $9!# <! $K $3 $l $r C# @. $9 $k %" %k %4 %j %: %‘ $r 5- =R $7!" <B :] $K 8B 3& $r C# @. $7 $F $$ $k $3 $H $r <B 83 E* $K <( $9!# $7 $? $,$C $F!" K\ %" %k %4 %j %: %‘ 87 L) $J 0U L# $G !V:G E,!W $G $" $j!" 2> Dj $7 $? 8m :9 %b %G %k $N $b $H $G $O $b $O $d2~NI$NM>CO$O$J$$!# K\ %" %k %4 %j %: %‘ $O C1 $K :G E, 2r $r 7W ;; $9 $k $N $_ $J $i $:!" 7W ;; $7 $? 2r $N ?. Mj @- $b F1 ;~ $K I> 2A $9 $k!# $7 $? $,$C $F!" 7W ;; $7 $? 4p AC 9T Ns $+ $i #3 <! 85 I| 85 $r 9T $( $P I| 85 $7 $?#3<!857A>u$N?.Mj@-$bI>2A$9$k$3$H$,$G$-$k!# %+ %a %i $, $" $i $+ $8 $a %-%c %j %V %l!< %7%g %s $5 $l!" >G E@ 5w N% $, 4{ CN $N F) ;k JQ 49 $H 2> Dj $G $- $l $P!" 4p AC 9T Ns $O !V4p K\ 9T Ns!W $H 8F $P $l!" $h $j J# ;( $J 94 B+ >r 7o ( !VJ, 2r 2DG=>r7o!W [6, 8]) $,2]$5$l$k!#$3$N>l9g $N:GE,?dDj$O 4{ $K $J $5 $l!" $= $l $K $h $k #3 <! 85 I| 85 $N ?. Mj @- $b I> 2A $5 $l $F $$ $k [10, 11] !# K\ O@ J8 $N %" %k %4 %j %: %‘ $O $3 $l $+ $i J,2r2DG=>r7o$r<h$j=|$$$?$b$N$G$"$k!# 2. 4pAC9TNs G$ 0U $N 2h A| :B I8 7O $K $h $j I= $5 $l $? N AH $N BP 1~ E@ f ( x � ; y � ) g , f ( x 0 � ; y 0 � ) g , � = 1, ..., N ( C10L$O 2hAG ) $r <!$N%Y%/%H%k$GI=$9!# x � = 0 B @ x � =f 0 y � =f 0 1 1 C A ; x 0 � = 0 B @ x 0 � =f 0 y 0 � =f 0 1 1 C A (1) f 0 $O %9 %1!< %k 0x ;R ( C1 0L $O 2h AG ) $G $" $j!" x � =f 0 , y � =f 0 , x 0 � =f 0 , y 0 � =f 0 $, O (1) $H$J $k $h$& $K A*$V 1 !#$3 $N$H$-!"$"$k9TNs<0 0 $N9TNs F $,B8:_$7$F ( x � ; F x 0 � ) = 0 (2) $H $J$C $F $$ $k $H $-!" Fs $D $N E@ =8 9g $O %( %T 6K @~ 94 B+ >r 7o $r K~ $? $9 $H $$ $$!" <0 (2) $r %( %T 6K @~ J} Dx <0 $H 8F $V!# $= $7 $F F $r 4p AC 9T Ns $H 8F $V!# $? $@ $7!" K\ O@ J8 $G $O %Y %/ %H %k a , b $N Fb @Q $r ( a ; b ) $H I= $9!# <0 (2) $O BP 1~ E@ $, %7!< %s Cf $N @E ;_ $7 $? FC D’ E@ $r 2 Bf $N %+ %a %i $G 4Q B, $7 $? $b$N$G$"$k$?$a$NI,MW==J,>r7o$G$"$k [2, 16, 19, 20] !# <0 (2) $h $j F $O %9 %1!< %k $N IT Dj @- $, $" $k $N $G k F k = 1 Nc $( $P 2h A| %5 %$ %: $r MQ $l $P $h $$!# %+ %a %i $N >G E@ 5w N% ( C1 0L $O 2h AG ) $N6a;wCM$,4{CN$J$i!"$=$l$rMQ$$$F$b$h$$!# 2

1 $H@55,2= $9$k!#$?$@$7!"9T Ns A = ( A ij ) $N%N %k%‘$r k A k = q P 3 i;j =1 A 2 ij $HDj5A$9$k!# 3. 8m:9%b%G%k %Y %/ %H %k x � , x 0 � $N ?? $N CM $r � x � , � x 0 � $H $7!" <! $N $h $&$K=q$/!# x � = � x � + � x � ; x 0 � = � x 0 � + � x 0 � (3) � x � , � x 0 � $r 4| BT CM 0 $N @5 5, J, I[ $K => $& FH N) $J 3N N( JQ ?t $H $_ $J $7!" $= $N 6& J, ;6 9T Ns $r $= $l $> $l V [ x � ] , V [ x 0 � ] $H $9 $k!# $? $@ $7!" $3 $l $i $N @d BP E* $J Bg $- $5 $r CN $k I, MW $O $J $/!" $= $N Aj BP E* $J 79 8~ $N $_ 4{ CN $H $9 $k!# $= $7$F V [ x � ] = � 2 V 0 [ x � ] ; V [ x 0 � ] = � 2 V 0 [ x 0 � ] (4) $H =q $-!" L$ CN $N Dj ?t � $r %N %$ %: %l %Y %k $H 8F $V!# V 0 [ x � ], V 0 [ x 0 � ] $O 8m:9 $N >l =j$d J} 8~ $X $NAj BP E* $J0M B8 $r I= $7!" @5 5, 2= 6& J, ;6 9T Ns $H 8F $V!# %Y %/ %H %k x � , x 0 � $O Bh #3 @. J, $, 1 $G $" $k $? $a V 0 [ x � ], V 0 [ x 0 � ] $O Bh #3 9T Bh #3 Ns $, 0 $N FC 0[ 9T Ns $G $" $k!# 8m :9 $N =P J} $K FC $K 79 8~ $, $J $$ >l 9g $O %G %U%) %k %H CM diag (1 ; 1 ; 0) $r MQ $$ $k!# $? $@ $7 diag ( � � � ) $O � � � $r BP 3Q MW AG $H $9 $k BP 3Q 9T Ns $r I= $9!# Ld Bj $O f � x � , � x 0 � g $, %( %T 6K @~ J} Dx <0 (2) $r K~ $? $9 $H $-!"8m:9$N$"$k f x � , x 0 � g $+$i4pAC9TNs F $r?dDj$9$k $3$H$G$"$k!# 4. @:EY$NM}O@8B3& 4p AC 9T Ns F $N $" $k ?d Dj CM $r ^ F $H $7!" $= $N ?? $N CM $r � F $H $9 $k!# $3 $N 6& J, ;6 %F %s %= %k V [ ^ F ] $r <! $N $h $& $K Dj 5A$9$k!# V [ ^ F ] = E [ P � ( ^ F � � F ) ( ^ F � � F ) � P > ] (5) 1& JU $N E [ � ] $O 4| BT CM $r I= $9!# 1i ;; $O %F %s %= %k @Q $G $" $j!" 9T Ns A = ( A ij ), B = ( B ij ) $K BP $7 $F A B $O ( ij k l ) MW AG $, A ij B k l $N %F %s %= %k $G $" $k!# %F %s %= %k P = ( P ij k l ), T = ( T ij k l ) $K BP $7 $F P T P > $O ( ij k l ) MW AG $, P 3 m;n;p;q =1 P ij mn P k l pq T mnpq $N %F %s %= %k $G $" $k!# <0 (5) Cf $N P = ( P ij k l ) $O <! $N $h $& $K Dj 5A $5 $l $? <M1F%F%s%=%k$G$"$k!# P ij k l = � ik � j l � � F ij � F k l (6) $? $@ $7 � ij $O %/ %m %M%C %+ %G %k %? $G $" $j!" i = j $N $H $- 1 !" $=$& $G $J $$$H $- 0 $r $H $k!# %b!< %a %s %H%F %s %= %k � M = ( � M ij k l ) $r<!$N$h$&$KDj5A$9$k!# � M = 1 N N X � =1 � W � � x � � x 0 � � x � � x 0 � ; (7) � W � = 1 ( � x 0 � ; � F > V 0 [ x � ] � F � x 0 � ) + ( � x � ; � F V 0 [ x 0 � ] � F > � x � ) (8) $3 $N $H $- E} 7W E* :G E, 2= M} O@ [11] $+ $i 6& J, ;6 %F %s %= %k V [ ^ F ] $N2<3&$,<!$N$h$&$KF@$i$l$k!# V [ ^ F ] � � 2 N � P S � MP S > � � 7 (9) $? $@ $7!"%F %s %= %k T , S $K BP$7 $F T � S $O T � S $, H> @5 CM %F %s %= %k ( 8G M- CM $, $9 $Y $F Hs Ii $N %F %s %= %k ) $G $" $k $3 $H $r 0U L# $9 $k!# P S = ( P S ij k l ) $O <! $N $h $& $K Dj 5A$5$l$?<M1F%F%s%=%k$G$"$k!# P S ij k l = � ik � j l � � F y j i � F y lk k � F y k 2 (10) � F y $O 9T Ns � F $N M> 0x ;R 9T Ns $G $" $k!# %F %s %= %k T $H 9T Ns A $KBP$7$F T A = � A $H$J$k$H$-!"9TNs A $O%F%s %= %k T $N 8G M- CM � $N 8G M- 9T Ns $G $" $k $H $$ $&!# %F %s %= %k T = ( T ij k l ) $H 9TNs A = ( A ij ) $N @Q T A $O ( ij ) MW AG $, P 3 k ;l =1 T ij k l A k l $N 9T Ns$G $" $k!# %F %s %=%k T $N 8G M-CM$H8GM- 9TNs$O T $r 9 � 9 9TNs$HF10l;k$7 $F8GM-CM $r 7W ;; $7!" F@ $i $l $k 9 <! 85 8G M- %Y %/ %H %k $r 3 � 3 9T Ns $H F1 0l ;k $9 $l $P $h $$ [11] !# ( � ) � r $O %i %s %/ $r r $K 94 B+ $7 $? 0l HL 5U %F %s %= %k $G $" $k!# %F %s %= %k T $N 8G M- CM $r � 1 � � � � � � 9 !" BP 1~ $9 $k %N %k %‘ 1 $N 8G M- 9T Ns $r U 1 , ..., U 9 $H$9$k!# � r > 0 $H$J $k r $KBP $7$F T � r $O<!$N $h$&$K7W;;$5$l$k!# T � r = r X i =1 U i U i � i (11) ?d Dj CM ^ F $N J? J} J? 6Q Fs >h 8m :9 (ro ot-mean-square er- ror) $r<!$N$h$&$KDj5A$9$k!# rms[ ^ F ] = q E [ kP ( ^ F � � F ) k 2 ] (12) <M1F%F%s%=%k P $NDj5A$h$j!"<h$jF@$kCM$NHO0O$O 0 � rms[ ^ F ] � 1 $G $" $k!# <0 (9) $+ $i <! $N M} O@ E* 2< 3& $, F@ $i$l$k!# rms[ ^ F ] � q tr V [ ^ F ] (13) $? $@$7!"%F %s%= %k T = ( T ij k l ) $N %H%l!<%9 tr T $r <!$N $h$&$KDj5A$9$k!# tr T = 3 X k ;l =1 T k lk l (14) 3

Cm!’ F $O$= $N 9 8D$NMWAG$r:BI8$H$9$k 9 <!856u4V R 9 $N 1 E@ $H $_ $J $; $k!# $3 $N 6u 4V $N Cf $G det F = 0 $H $J $k E@ $N =8 9g $O 8 <! 85 Be ?t B? MM BN S $H $J $k!# $= $7 $F!" S >e $N E@ � F $K $* $1 $k @\ 6u 4V T � F ( S ) $X $N <M 1F %F %s %= %k P S = ( P S ij k l ) $, <0 (10) $G M? $( $i $l $k!# 0l J}!" @5 5, 2= k F k = 1 $h $j F $O $= $N 6u 4V Cf $N 86 E@ $r Cf ?4 $H $7!" H> 7B 1 $N 8 <! 85 5e LL S 8 >e $K $" $k!# <0 (6) $O S 8 >e $N E@ � F $K $* $1 $k @\ 6u 4V T � F ( S 8 ) $X $N <M 1F %F %s %= %k $K B> $J $i $J $$!# $7 $? $,$C $F F $O S 8 $H S $N 8r $o $j $K 94 B+ $5 $l $F $$ $k!# $= $7 $F!" T � F ( S ) $O � F $K $* $$ $F � F y> $H D> 8r $9 $k @~ 7A 6u 4V $G $" $j!" T � F ( S 8 ) $O � F $K $* $$ $F � F $H D> 8r $9 $k @~ 7A 6u 4V $G $" $k!# $? $@ $7 9T Ns A = ( A ij ), B = ( B ij ) $N Fb @Q $r ( A ; B ) = P 3 i =1 A ij B ij $H Dj 5A $9 $k!# $5 $i $K � F $H � F y> $, D> 8r $9 $k $3 $H $, <! $N $h $& $K <( $;$k!# ( � F y> ; � F ) = tr( � F y � F ) = (det � F )tr I = 0 : (15) $3 $N 7k 2L!" <M 1F %F %s %= %k P S $O @\ 6u 4V T � F ( S 8 ) $r $= $l <+ ?H $N Cf $K <M 1F $9 $k!# Dj 5A $h $j %b!< %a %s %H %F %s %= %k � M $N Dj 5A 0h $O @\ 6u 4V T � F ( S 8 ) $G $" $k $, <0 (9) $N 1& JU $NDj5A0h$O T � F ( S ) \ T � F ( S 8 ) $G$"$k!#$3$l$O � F $K$*$1 $k 7 <! 85 6u 4V $G $" $j!" $= $N Nm 6u 4V $O � F $H � F y> $N D% $k 2 <!856u4V$G$"$k!# 5. %"%k%4%j%:%‘$N35MW 0J 2< $K =R $Y $k %" %k %4 %j %: %‘ $O #2 CJ 3, $+ $i @. $k!# Bh #1 CJ 3, $G $O det F = 0 $N @) Ls $r 9M $( $: $K $/ $j $3 $_ K! [9, 10, 11] $H 8F $V <j K! $r MQ $$ $F F $r :G E, $K 7W ;; $9 $k!# $3 $l $O :G >. Fs >h K! $K $h $k 2r $r 7W ;; $7 $F $O $= $l $K 4^ $^ $l $k E} 7W E* JP :9 $r C‘ <! E* $K =| 5n $9 $k $b $N $G $" $k!# Bh #2 CJ 3, $G$O Bh#1 CJ3, $GF@ $i$l$k F $N6& J,;6%F %s%= %k V [ ^ F ] $K 4p$E$$ $F det F = 0 $H $J$k$h$&$K:G E,$KJd@5$9$k!# $3 $l $O V [ ^ F ] $K 4X $9 $k %^ %O %i %N %S %9 5w N% $r :G >. 2= $9 $k $b $N$G$"$k!# 5.1 $/$j$3$_K! 1. c = 0, W � = 1, � = 1, ..., N , J = 1 $H CV $/!# % <B :] $N 7W ;; $G $O 1 $O == J, Bg $- $$ ?t $H $9 $k ( Nc : 10 10 ) !# 2. <!$N$h$&$K%F%s%=%k M = ( M ij k l ), N = ( N ij k l ) $r7W;;$9$k!# M ij k l = 1 N N X � =1 W � x � ( i ) x 0 � ( j ) x � ( k ) x 0 � ( l ) ; N ij k l = 1 N N X � =1 W � ( V 0 [ x � ] ik x 0 � ( j ) x 0 � ( l ) + V 0 [ x 0 � ] j l x � ( i ) x � ( k ) ) (16) % x � ( i ) , x 0 � ( i ) $O $= $l $> $l %Y %/ %H %k x � $N Bh i @. J, $G $" $j!" V 0 [ x � ] ij , V 0 [ x 0 � ] ij $O $= $l $> $l V 0 [ x � ], V 0 [ x 0 � ] $N ( ij ) MWAG$G$"$k!# 3. %F %s %= %k M $N 9 8D $N 8G M- CM � 1 � � � � � � 9 $H BP1~$9$k%N%k%‘ 1 $N 8GM-9TNs$N@55,D> 8r7O f F 1 , ..., F 9 g $r7W;;$9$k!# 4. <!$N7W;;$r9T$&!# � c $r<!$N$h$&$K99?7$9$k!# c c + � 9 ( F 9 ; N F 9 ) (17) � W � , � = 1, ..., N $r<!$N$h$&$K7W;;$9$k!# W � = 1 .� ( x 0 � ; F > 9 V 0 [ x � ] F 9 x 0 � ) +( x � ; F 9 V 0 [ x 0 � ] F > 9 x � ) � ) (18) � <0 (16) $K$h$C$F%F%s%=%k M , N $r7W;;$9$k!# � <!$N7W;;$r9T$&!# J 0 J ; J ( F 9 ; M F 9 ) (19) � J 0 < J $G$"$l$P J J 0 $H$9$k!# � $= $& $G$J $1 $l $P<! $N %F %s%= %k $N 9 8D $N8G M- CM � 1 � � � � � � 9 $HBP1~ $9$k%N%k %‘ 1 $N8GM-9T Ns$N@5 5,D>8r7O f F 1 , ..., F 9 g $r7W;;$9$k!# ^ M = M � c N (20) 5. $3 $l $r J 0 � J $^ $? $O j � 9 j � 0 $H $J $k $^ $GH? I| $9$k!# % $3$l$K$h$C$F<}B+$,J]>Z$5$l$k!# 5.2 :GE,Jd@5 1. $/$j$3$_K!$GF@$i$l$?9TNs F 9 $r F $H$9$k!# 2. Fs >h %N%$ %:%l %Y %k$N ?d DjCM ^ � 2 $r <!$N $h$& $K 7W;; $9$k!# ^ � 2 = J 1 � 8 = N (21) 3. F $N @5 5, 2= 6& J, ;6 %F %s %= %k $r <! $N $h $& $K 7W ;; $9 $k!# V 0 [ F ] = 1 N 8 X i =1 F i F i � i (22) 4

4. det F � 0 $H$J$k$^$G<!$N7W;;$rH?I|$9$k!# � 9TNs F $r<!$N$h$&$K99?7$9$k!# F N [ F � (det F ) V 0 [ F ] F y> ( F y> ; V 0 [ F ] F y> ) ] (23) % N [ � ] $O %N %k %‘ $r 1 $H $9 $k @5 5, 2= :n MQ AG $G $" $k!# � <M 1F %F %s %= %k P = ( P ij k l ) $r <! $N $h $& $K Dj 5A $9 $k!# P ij k l = � ik � j l � F ij F k l (24) � @5 5, 2= 6& J, ;6 %F %s %= %k V 0 [ F ] $r <! $N $h $& $K 99 ?7 $9$k!# V 0 [ F ] ij k l 3 X m;n;p;q =1 P ij mn P k lpq V 0 [ F ] mnpq (25) % F $N 8m :9 $O F $K D> 8r $9 $k $N $G!" F $, JQ $o $l $P 8m :9 $N Dj 5A 0h $b JQ $o $k!# >e <0 $O 8m :9 $N 5s F0 $r ?7$7$$@\6u4V T F ( S 8 ) $K<M1F$9$k$b$N$G$"$k!# 6. %(%T6KE@$H%(%T6K@~ F > $N 8G M-CM 0 $K BP$9 $kC1 0L8G M-%Y %/ %H%k $r u $H$9 $k!# Bh #1 2h A| Cf $N %( %T 6K E@ $H $O <! $N $h $& $K I= $5 $l $k E@ $G$"$k!# x e = Z [ u ] (26) $? $@ $7 Z [ � ] $O Bh #3 @. J, $r 1 $H $9 $k @5 5, 2= :n MQ AG $G $" $k!# $3 $N %( %T 6K E@ $O Bh #2 2h A| $r ;# 1F $7 $? %+ %a %i $N %l %s %: Cf ?4 $N 2h A| >e $N 0L CV $G $" $k!# $? $@ $7 >G E@ 5w N% $, M? $( $i $l $J $$ 8B $j!" $= $N J* M} E* $J J} 8~ $r CN $k $3 $H $O $G $- $J $$!# Bh #1 2h A| Cf $N %( %T 6K @~ $H $O <! $N $h $& $K Dj 5A $5 $l $k D> @~$G$"$k!# ( n � ; x ) = 0 ; n � = N [ F x 0 � ] (27) n $O $3 $N D> @~ $N #N %Y %/ %H %k $H 8F $P $l $k [7, 8] !# $9 $Y $F $N%(%T6K@~$O%(%T6KE@ x e $G8r$o$k!# Bh #2 2h A| $K $D $$ $F $b F1 MM $G $" $k!# F $N 8G M- CM 0 $K BP $9$k C10L 8G M-%Y %/%H %k $r v $H$9 $k $H!"%( %T6K E@ $,<! $N$h$&$KDj5A$5$l$k!# x 0 e = Z [ v ] (28) $3 $l $O Bh 1 2h A| $r ;# 1F $7 $? %+ %a %i $N %l %s %: Cf ?4 $N 2h A| >e $N 0L CV $G $" $k $,!" $d $O $j >G E@ 5w N% $, M? $( $i $l $J $$ 8B $j!" $= $N J* M} E* $J J} 8~ $r CN $k $3 $H $O $G $- $J $$!# %( %T 6K @~$O<!$N$h$&$KDj5A$5$l$k!# ( n 0 � ; x 0 ) = 0 ; n 0 � = N [ F > x � ] (29) $9$Y$F$N%(%T6K@~$O%(%T6KE@ x 0 e $G8r$o$k!# %G!< %? $K 8m :9 $, $" $k $H $-!" %( %T 6K E@ x e $N 6& J, ;6 9T Ns $O8G M-CM LdBj$N @]F0 DjM} [11] $r MQ$$ $F<! $N$h$& $KF3 $1$k!# V [ x e ] = Q � x e V [ u ] Q > � x e ( k ; � u ) 2 (30) %P!< $O ?? $N CM $r 0U L# $7!" <M 1F 9T Ns Q $r <! $N $h $& $K Dj 5A$9$k!# Q x = I � xk > (31) <0 (30) Cf $N %Y %/ %H %k u $N 6& J, ;6 9T Ns V [ u ] $O <! $N $h $&$KM?$($i$l$k!# V [ u ] = � 2 ( � F � F > ) � 2 G ( � F � F > ) � 2 (32) $?$@$7!"9TNs G = ( G ij ) $r<!$N$h$&$KCV$/!# G ij = 3 X j;k =1 E ij k l � u k � u l (33) %F%s%=%k E = ( E ij k l ) $O<!$N$h$&$KDj5A$5$l$k!# E ij k l = 3 X m;n =1 � V 0 [ F ] imj n � F k m � F l n + V 0 [ F ] iml n � F k m � F j n + V 0 [ F ] k mj n � F im � F ln + V 0 [ F ] k mln � F im � F j n � (34) F1 MM $K!" %( %T 6K E@ x 0 e $N 6& J, ;6 9T Ns $O <! $N $h $& $K =q $1 $k!# V [ x 0 e ] = Q � x 0 e V [ v ] Q > � x 0 e ( k ; � v ) 2 ; (35) V [ v ] = � 2 ( � F > � F ) � 2 G 0 ( � F > � F ) � 2 (36) $?$@$7!"9TNs G 0 = ( G 0 ij ) $r<!$N$h$&$KCV$/!# G 0 ij = 3 X j;k =1 E 0 ij k l � u k � u l ; (37) E 0 ij k l = 3 X m;n =1 � V 0 [ F ] minj � F mk � F nl + V 0 [ F ] minl � F mk � F nj + V 0 [ F ] mk nj � F mi � F nl + V 0 [ F ] nk nl � F mi � F nj � (38) 7. %7%_%e%l!<%7%g%s<B83 ?^ 1 $O 0\ F0 $9 $k %+ %a %i $G >G E@ 5w N% $r JQ $( $J $, $i ;# 1F $7 $? 3J ;R %Q %? %s $+ $i $J $k 4D 6- %b %G %k $N %7 %_%e %l!< %7%g 5

?^ 1: #3<!854D6-$N%7%_%e%l!<%7%g%s2hA|$H$=$N%(%T6K@~!# ?^ 2: 7W;; $7$?4p AC9T Ns$NJ? J}J?6Q Fs>h8m :9!# 2 : K\ <jK!!" � : :GE,Jd@5$r9T$o$J$$>l9g!" � : :G>.Fs>hK!!#GK@~$OM}O@ E*2<3&!# %s 2h A| $G $" $k (512 � 512 2h AG ) !# $$ $/ $D $+ $N %( %T 6K @~ $b=E$M$F$"$k!#$3$NFs$D$N2hA|Cf$N3J;RE@$N x , y :BI8 $K FH N) $K 4| BT CM 0 !" I8 =‘ JP :9 � ( 2h AG ) $N @5 5, Mp ?t $r FH N) $K 2C $(!" $= $l $r BP 1~ E@ $H $7 $F 4p AC 9T Ns $r 7W ;; $7 $?!# 5.1 @a $N $/ $j $3 $_ K! $O <} B+ $, J] >Z $5 $l $F $* $j!" DL >o $O 3, 4 2s$NH?I|$G<}B+$9$k!# ?^ 2 $O 2# <4 $r � $H $7!" 3F � $K BP $7 $F 0[ $J $k 8m :9 $r 2C $($F 100 2s7W;;$7$F!"J?J}J?6QFs>h8m:9 v u u t 1 100 100 X a =1 kP ( ^ F a � � F ) k 2 (39) $r %W %m%C %H $7 $? $b $N $G $" $k ( ^ F a $O a 2s L\ $N ?d Dj CM!" � F $O ?? $N CM!" P $O <0 (6) $N <M 1F %F %s %= %k ) !# 2 $, K\ <j K! $K $h $k $b $N $G $" $j!" GK @~ $O <0 (13) $N M} O@ E* 2< 3& $G $" $k!# � $O 5.1 @a $N $/ $j $3 $_ K! $N $_ $r 9T $$!" 5.2 @a $N :G E, Jd @5 $r 9T $o $J $$ >l 9g $G $" $k!# $^ $? � $O :G >. Fs >h K! ( Be ?t E* 5w N% :G >. K! )[4, 5] $K $h $k $b $N $G $" $k!# $3 $l$O<0 (2) $+$iD>@\$K 1 N N X � =1 ( x � ; F x 0 � ) 2 ! min (40) ?^ 3: J? 6Q <B 9T ;~4V ( IC ) !# 2 : K\<j K!!" � : :G E, Jd @5 $r9T $o$J$$>l9g!" � : :G>.Fs>hK!!# $H $9 $k $b $N $G $" $j!" 5.1 @a $N $/ $j $3 $_ K! $N %9 %F%C %W 4 $NH?I|$r9T$o$J$$$b$N$KAjEv$7$F$$$k!# ?^ $+ $i $o $+ $k $h $& $K!" K\ <j K! $O @: EY $N M} O@ 8B 3& $K E~ C# $7 $F $* $j!" $b $O $d 2~ NI $N M> CO $, $J $$!# $3 $l $O M} O@ 2r @O $+ $i $b <( $; $k $, [11] !" <B 83 E* $K $b 3N G’ $5 $l $?!# ?^ 3 $O ?^ 2 $N 7W ;; $N %o!< %/ %9 %F!< %7%g %s Sun Ultra-30 (SunOS 5.6) >e $G $N J? 6Q <B 9T ;~ 4V $G $" $k!# Ev A3 $J $, $i!" K\ <j K! $O :G >. Fs >h K! $K Hf $Y $F ;~ 4V $, $+ $+ $k $,!" $3 $N Dx EY $N 7W ;; ;~ 4V $G @: EY $r 8B 3& $^ $G 9b $a $k $3 $H $, $G $- $k$H$b$$$($k!# ?^ 4(a) $O ?^ 1 $NBh#1 2hA|$N %(%T6K E@IU 6a$r3H Bg$7$? $b $N $G $" $j!" $3 $l$K � = 0 : 5( 2h AG ) $H$7 $F 8m :9 $r $$ $m $$ $m $KJQ $( $F 7W;; $7 $?%( %T 6K E@$r 100 E@ %W %m%C %H$7 $F $$ $k!# BJ 1_ $O ?? $N %( %T 6K E@ � x e $r Cf ?4 $H $7!" <0 (30) $N 6& J, ;6 9T Ns V [ x e ] $r I= $9 $b $N $G $" $k ( 3F J} 8~ $N I8 =‘ JP :9 $r <( $9 ) !# :F $S K\ <j K! $, @: EY $N M} O@ 8B 3& $K E~ C# $7 $F $$ $k $3 $H $, $o $+ $k!# ?^ 4(b) $O :G >. Fs >h K! $K $h $k 7k 2L $G $" $k!# $3 $N >l 9g $O 7W ;; $7 $? 4p AC 9T Ns F $N 9T Ns <0 $, I, $:$7 $b 0 $G$J$$ $+$i 87L)$K F > u = 0 $H $J$k %Y%/ %H %k u $,B8:_$7$J$$!#$=$3$G k F > u k 2 ! min $H$J$kC1 0L %Y %/ %H %k u $r 7W ;; $9 $k ( F F > $N :G >. 8G M- CM $K BP 1~ $9 $k C1 0L 8G M- %Y %/ %H %k $K Ey $7 $$ ) !# ?^ $+ $i %( %T 6K E@ $N 6

(a) (b) ?^ 4: ?^ 1 $N Bh #1 2h A| $N %( %T 6K E@ $N ?. Mj @-!# (a) K\ <j K!!" (b) :G>.Fs>hK!!# (a) (b) ?^ 5: ?^ 1 $N Bh #2 2h A| $N %( %T 6K E@ $N ?. Mj @-!# (a) K\ <j K!!" (b) :G>.Fs>hK!!# ?^ 6: Bh #1 2h A| $N %( %T 6K E@ $N J? J} J? 6Q Fs >h 8m :9!# 2 : K\ <j K!!" � : :G>.Fs>hK!!#GK@~$OM}O@E*2<3&!# ?^ 7: Bh #2 2h A| $N %( %T 6K E@ $N J? J} J? 6Q Fs >h 8m :9!# 2 : K\ <j K!!" � : :G>.Fs>hK!!#GK@~$OM}O@E*2<3&!# J, ;6 $, Bg $- $$ $N $_ $i $J $i $:!" E} 7W E* JP :9 $, B8 :_ $9 $k $3 $H$,$o$+$k!# ?^ 5(a),(b) $O Bh#2 2hA| $K$D $$$F F1MM $K 7W;; $7$? 7k2L $G $" $k!#$d $O $j:G >. Fs>h K! $K $D$$ $F $O k F v k 2 ! min $H $J $k C1 0L %Y %/ %H %k v ( F > F $N :G >. 8G M- CM $K BP 1~ $9 $k C1 0L 8G M- %Y %/ %H %k ) $r 7W ;; $9 $k!# $3 $N >l 9g $b K\ <j K! $, :G E, $G $" $j!" :G >. Fs >h 2r $K $O E} 7W E* JP :9 $, B8 :_ $9 $k $3$H$,$o$+$k!# ?^ 6 $O 2# <4 $r � $H $7!" 3F � $K BP $7 $F 0[ $J $k 8m :9 $r 2C $( $F 100 2s 7W ;; $7 $F!" %( %T 6K E@ x e $N J? J} J? 6Q Fs >h 8m :9 v u u t 1 100 100 X a =1 k ^ x a e � � x e k 2 (41) $r %W %m%C %H $7 $? $b $N $G $" $k ( ^ x a e $O a 2s L\ $N ?d Dj CM ) !# 2 $, K\ <j K!!" � $, :G >. Fs >h K! $K $h $k $b $N $G $" $j!" GK @~ $O M} O@ E* 2< 3& p tr V [ x e ] $G $" $k!# ?^ 7 $O %( %T 6K E@ x 0 e $KBP$7$FF1MM$K7W;;$7$?7k2L$G$"$k!# 8. <B2hA|<B83 ?^ 8 $O 0\ F0 $9 $k %+ %a %i $G >G E@ 5w N% $r JQ $( $J $, $i ;# 1F $7 $? << Fb %7!< %s $N <B 2h A| $G $" $k (768 � 512 2h AG ) !# $3 $l $+ $i ?^ Cf $K %^!< %/ $7 $? FC D’ E@ $r A* $s $G 4p AC 9T Ns $r 7W ;; $7!" $= $l $+ $i F@ $i $l $? %( %T 6K @~ $r ?^ <( $7 $F $$ $k!# %( %T 6K E@ $N ?. Mj @- ( <0 (30), (35) $K %G!< %? $H ?d Dj CM $r Be F~ $7 $F 7W ;; $7 $? p tr V [ x e ], p tr V [ x 0 e ]) $O 1? F0 A0 8e $G $= $l $> $l 3.44 2h AG!" 1.74 2h AG $G $" $k!# $3 $N $h $& $K!" K\ <j K! $G $O :G E, 2r $, F@ $i $l $k $@ $1 $G $J $/!" 7W ;; $7 $? 2r $N ?. Mj @- $N I> 2A $, 2D G= $H $J $k!# $3 $l $r MQ $$ $k $H!" ?d Dj $7 $? 4p AC 9T Ns $+ $i I| 85 $7 $? #3 <! 85 7A >u $N ?. Mj @- $b 7W ;; $G$-$k [10, 11] !# 9. 8x3+%W%m%0%i%‘ K\ O@ J8 $K =R $Y $? %" %k %4 %j %: %‘ $O C++ $K $h $j 8x 3+ %W %m %0 %i %‘ $, :n @. $5 $l $F $$ $k 2 !# $3 $l $O :G E, $K 7W ;; $7 $? 4pAC9TNs ^ F $@$1$G$J$/!"$=$N I8=‘JP0L F (+) , F ( � ) $b =P NO $9 $k!# I8 =‘ JP 0L $O %Q %i %a!< %? 6u 4V $G ^ F $+ $i :G $b 8m :9 $, @8 $8 $d $9 $$ N> J} 8~ $K I8 =‘ JP :9 $@ $1 $: $l $? CM $r <( $9 $b $N $G $" $k!# $3 $l $O <0 (9) $N 1& JU $K %G!< %? $H ?d Dj CM ^ F $r Be F~ $7 $? %F %s %= %k $N :G Bg 8G M- CM $r � max !" BP 1~ $9 $k %N%k %‘ 1 $N8G M-9T Ns$r U max $H $9$k $H$-!" <!$N $h$& $KDj5A$5$l$k!# F (+) = N [ ^ F + p � max U max ] 2 http://www.ail.cs.gunma-u.ac.jp/Labo/research.html 7

?^ 8: <B2hA|$H7W;;$7$?%(%T6K@~!# F ( � ) = N [ ^ F � p � max U max ] (42) Nc $( $P F (+) $H F (+) $, M- 8z ?t ;z 3 7e $G 0l CW $7 $F $$ $l $P!" 2r ^ F $K $[ $\ M- 8z ?t ;z 3 7e $N @: EY $, $" $k $3 $H $, J] >Z $5 $l $k!# $3 $N $h $& $K!" 2r $N ?. Mj @- $, Dj NL E* $K I> 2A $5 $l$k$N$,FCD’$G$"$k!# $h $/ CN $i $l $F $$ $k $h $& $K!" FC D’ E@ $, !VB‘ 2=!W $H 8F $P $l $k FC <l $J G[ CV 3 $K $" $l $P!" 86 M} E* $K 4p AC 9T Ns $, 0l 0U E* $K Dj $^ $i $J $$!# $= $3 $G!" 7W ;; $N 2a Dx $G <0 (42) Cf $N � max $, 1 Dx EY $K $J $k $H M= B, $5 $l $k $H B‘ 2= $H H= Dj $7!" 7Y9p%a%C%;!<%8$r=P$7$F7W;;$rCf;_$9$k!# 10. $^$H$a K\ O@ J8 $G $O I, $: $7 $b Ey J} 0l MM $G $J $$ FH N) $J @5 5, J, I[ $K => $& 8m :9 $N $b $H $G 2 AH $N BP 1~ E@ $+ $i 4p AC 9T Ns $r :G E, $K 7W ;; $9 $k <j K! $r =R $Y $?!# $^ $: @: EY $N M} O@ 8B 3& $r F3 $-!" <! $K $3 $l $r C# @. $9 $k %" %k %4 %j %: %‘ $r 5- =R $7 $?!# $3 $l $O $^ $: %i %s %/ 94 B+ $r 9M N8 $; $: $K $/ $j $3 $_ K! $K $h $j 4p AC 9T Ns $r 7W ;; $7!" <! $K %i %s %/ 94 B+ $r K~ $? $9 $h $& $K Jd @5 $9 $k $b $N $G $" $k!# $= $7 $F K\ <j K! $N @: EY $, M} O@ E* 8B 3& $r <B :] $K C# @. $7 $F $$ $k $3 $H $r <B 83 E* $K 8! >Z $7 $?!# $7 $? $,$C $F!" K\ <j K! $O 87 L) $K :G E, $G $" $j!" $b $O $d 2~ NI $N M> CO $O $J $$!# $^ $?!" K\ %" %k %4 %j %: %‘ $K $h $j :G E, 2r $, F@ $i $l $k $@ $1 $G $J $/!" $= $N ?. Mj @- $b F1 ;~ $K I> 2A $5 $l $k!# %7 %_%e %l!< %7%g %s $* $h $S <B 2h A| <B 83 $K $h $j %( %T 6K E@ $N ?. Mj@-$rI>2A$9$kNc$r<($7$?!# ;29MJ88% [1] M. Bob er, N. Geogis and J. Kittler, On accurate and robust estimation of fundamen tal matrix, Comput. Vi- sion Image Understanding , 72 -1 (1998), 39{53. [2] O. D. F augeras, Thr e e-Dimensional Computer Vision: A Ge ometric Viewp oint , MIT Press, Cam bridge, MA, U.S.A., 1993. 3 JB ?J $, Nm $K 6a $$ >l 9g $d J* BN $, J? LL $^ $? $O !VNW 3& 6J LL!W $H 8F $P $l $kFC<l$J#2<!6JLL$N>l9g$K@8$8$k [8] !# [3] R. I. Hartley , Estimation of relativ e camera p osition for uncalibrated cameras, Pr o c. 2nd Eur o. Conf. Comput. Vision , Ma y 1992, San ta Margherita Ligure, Italy , pp. 579{587. [4] R. I. Hartley , In defense of the eigh t-p oin t algorithm, IEEE T r ans. Patt. A nal. Mach. Intel l. , 97 -6 (1997), 580{593. [5] R. I. Hartley , Minimizing algebraic error, Phil. T r ans. R. So c. L ond. , A, 3569 (1998), 1175{1192. [6] T. S. Huang and O. D. F augeras, Some prop erties of the E matrix in tw o-view motion estimation, IEEE T r ans. Patt. A nal. Mach. Intel l. , 11 -12 (1989), 1310{1312. [7] 6bC+7r0l , 2hA|M}2r | #3<!85G’<1$N?tM} |, ?9KL=PHG , 1990. [8] K. Kanatani, Ge ometric Computation for Machine Vi- sion , Oxford Univ ersit y Press, Oxford, U.K., 1993. [9] 6bC+7r0l , %3%s%T%e!<%?%S%8%g%s$N$?$a$N$/$j$3$_K! , >pJs=hM} 3X2qO@J8;o , 35 -2 (1994), 201{209. [10] K. Kanatani, Renormalization for motion analysis: Sta- tistically optimal algorithm, IEICE T r ans. Inf. & Syst. , E77-D -11 (1994), 1233{1239. [11] K. Kanatani, Statistic al Optimization for Ge ometric Computation: The ory and Pr actic e , Elsevier, Amster- dam, The Netherlands, 1996. [12] 6b C+ 7r 0l , !V6u 4V %G!< %? $N ?t M} | #3 <! 85 %3 %s %T%e!< %F%# %s %0 $K8~$1$F | !W , D+AR=qE9 , 1995. [13] Q.-T. Luong and O. D. F augeras, The fundamen tal ma- trix: Theory , algorithm, and stabilit y analysis, Int. J. Comput. Vision , 17 -3 (1996), 43{7. [14] Q.-T. Luong and O. D. F augeras, Self-calibration of a mo ving camera from p oin t corresp ondences and funda- men tal matrices, Int. J. Comput. Vision , 23 -3 (1997), 261{289. [15] G. N. Newsam, D. Q. Huynh, M. J. Bro oks and H.-P . P an, Reco v ering unkno wn fo cal lengths in self- calibration: An essen tially linear algorithm and de- generate con�gurations, Int. A r ch. Photo gr am. R emote Sensing , 31 -B3-I I I, July 1996, Vienna, Austria, pp. 575{580. [16] :4 F# =_ , !V%3 %s %T%e!< %? %S %8%g %s | ;k 3P $N 4v 2? 3X | !W , %3 %m %J<R , 1999. [17] P . H. S. T orr and A. Zissermann, P erformance c harac- terization of fundmen tal matrix estimation under image degradation, Mach. Vision Appl. , 9 (1997), 321{333. [18] P . H. S. T orr and Z. Zisserman, Robust detection of degenerate con�gurations while estimating the funda- men tal matrix, Comput. Vision Image Understanding , 71 -3 (1998), 312{333. [19] =y9d , DT;0O: , !V#3<!85%S%8%g%s!W , 6&N)=PHG , 1998. [20] G. Xu and Z. Zhang, Epip olar Ge ometry in Ster e o, Motion and Obje ct R e c o gnition: A Uni�e d Appr o ach , Klu w er Academic, Dordrec h t, The Netherlands, 1996. [21] Z. Zhang, Determining the epip olar geometry and its uncertain t y: A review, Int. J. Comput. Vision , 27 -2 (1998), 161{195. [22] Z. Zhang, On the optimization criteria used in tw o-view motion analysis, IEEE T r ans. Patt. A nal. Mach. Intel l. , 20 -7 (1998), 717{729. 8