L$9;@5%+%a%i$K$h$k#22hA|$+$i$N#3<!85I|85$H $=$N?.Mj@-I>2A ;0Eg Ey 6bC+ 7r0l 72GOBg3X9)3XIt>pJs9)3X2J @E ;_ $7 $? %7!< %s Cf $G L$ CN $N 1? F0 $r $9 $k L$ 9; @5 %+ %a %i $K $h$C $F ;# 1F $7 $? 2 2h A| $N BP 1~ E@ $+ $i #3 <! 85 I| 85 $r 9T $&!# 2h A|$N 8m :9 $N E} 7WE* %b %G %k $r F3F~ $7!" $b $O $d2~ A1 $N M> CO $,$J $$ $H $$ $& 0UL# $N :G E, $JI| 85 $r 9T $& $H$H $b $K!" I| 85 $7$? 7A >u $, $I $NDx EY $, ?. Mj $G$- $k $+ $r DjNL E* $K I> 2A $9$k!# $^ $: BP 1~ E@$K !V%( %T 6K @~J} Dx <0!W $r Ev $F$O $a $F !V4p AC 9T Ns!W$r :G E, $K 7W ;; $7!"$= $l $r J, 2r $7 $F>G E@ 5w N% $H %+ %a %i$N 1? F0 %Q %i %a!< %?$r 7W ;; $9 $k!# $= $7$F BP 1~ E@ $, %( %T6K @~ J} Dx <0$r 87 L) $K K~$? $9 $h $& $K:G E, $K Jd @5 $7!"$= $l $+ $i #3<! 85 0L CV $rI| 85 $9 $k $H$H $b $K!" $= $N6& J, ;6 9T Ns $r I> 2A$9 $k!# :G 8e $K %7 %_%e %l!<%7%g %s $* $h $S <B 2h A| $K$h $k <B 83 $r 9T $$!" $=$N M- 8z @- $r 8! F$ $9$k $H $H $b $K!" ITDj@-$r=|5n$9$k@55,2= ( !V%2!<%8!W ) $,IT3NDj@-$N5-=R$KM?$($k1F6A$r9M;!$9$k!# %-!<%o!<%I : F02hA|2r@O!"#3<!85I|85!"4pAC9TNs!"<+8J9;@5!"?.Mj@-I>2A!"8m:92r@O 3-D Reconstruction from Tw o Uncalibrated-Camera Views 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 W e reconstruct 3-D structure from p oint corresp ondences ov er t w o images tak en by an uncalibrated camera in an unkno wn motion relativ e to a stationary scene. Introducing a statistical mo del of image noise, w e strictly optimize the reconstruction to the exten t that no further improv emen t is p ossible and ev aluate the reliabilit y of the computed shap e in quantitativ e terms. First, we optimally compute the \fundamental matrix" b y �tting the \epip olar equation" to the corresp onding feature p oints. The computed fundamental matrix is then decomp osed into the fo cal lengths and the camera motion parameters. The observed feature p oints are optimally corrected so as to satisfy the epip olar equation exactly . W e compute the 3-D shap e from the corrected feature p oin ts and ev aluate the cov ariance matrices of the individual reconstructed p oin ts. Finally , w e do sim ulation and real-image exp erimen ts to con�rm the e�ectiv eness of our system and observ e the e�ect of \gauges" (normalization conditions for remo ving indeterminacy) on the description of uncertaint y . Key w ords : structure from motion, 3-D reconstruction, fundamen tal matrix, self-calibration, reliabilit y ev aluation, error analysis <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@ F02h A| $+$i #3 <! 85>p Js $rCj =P $9$k J} K!$K $O 2 DL $j $" $k!# 0l $D $O J# ?t $N 2h A| $N BP 1~ E@ $+ $i !V4p AC 9T Ns!W [17, 22] $r 7W ;; $9 $k $b $N $G $" $j!" $b $& 0l $D $O 2h A| >e $N E@ $N 0\ F0 $r =V 4V B. EY >l ( %* %W %F%# %+ %k %U %m!< ) $H $_ $J $7 $F 2r @O$9 $k $b $N$G $" $k!# 8=CJ 3, $G $ON> <T $rHf 3S $9 $k$3 $H $O Fq$7 $$ $,!"K\ O@ J8 $G$O 2 2hA| $N BP1~ E@ $rMQ $$ $kJ} K! $N<B83E*I>2A$r9T$&!# 2 2h A| $N BP 1~ E@ $+ $i #3 <! 85 I| 85 $r 9T $& 8& 5f $O 8E $/ $+ $i B? ?t $N 8& 5f $, $" $k [4, 11, 20] !# $7 $+ $7 => Mh $O %+ %a %i $,9; @5 $5 $l$F $$ $k $H2> Dj $7 $F$$ $?!# $=$l $K BP $7$F 6a G/!" L$ 9; @5 %+ %a %i $K $h $k #3 <! 85 I| 85 ( <+ 8J 9; @5 K! ) $N 8& 5f $, @9 $s $G $" $k [17, 22] !# $3 $l $O %+ %a %i $r $" $i $+ $8 $a 9; @5 $9 $k I, MW $, $J $$ $@ $1 $G $J $/!" ;# 1F Cf $K <+ M3 $K %:!< %‘ $r JQ 2= $5 $; $F $b $h $$ $N $G Hs >o $K <B :] E* $G $" $k!# $? $@ $7!" <M 1F E* OD $_ $r 5v $; $P #3 <! 85 I| 85 ( <M 1F I| 85 ) $O Hf 3S E* MF 0W $G $" $k $,!" @5 $7 $$ 7A >u $N I| 85 ( %f!< %/ %j%C %I I| 85 ) $N $? $a $K $O 3 Kg 0J >e $N 2h A| $, I, MW $G $" $j!"J#;($J=hM}$,I,MW$K$J$k [16] !# $7 $+ $7!" $b $7 %+ %a %i $K 8G M- $J %Q %i %a!< %? ( 2h A| Cf ?4!"%"%9%Z%/%HHf!"OD$_3Q!"Ey [17, 22]) $r$"$i$+$8$a 9; @5$7 $F $*$1 $P!" 2 2h A| $N ;#1F ;~ $N>G E@ 5wN% $, 7W;; $G $-$k [1, 3, 8, 15, 21] !#K\O@J8$G$O$3$l$rMxMQ$7$F 2 2h A| $+$i #3 <! 85I| 85 $r 9T$&!# K\ O@ J8$G L\ ;X$9 $N $O =>Mh == J,$K9MN8$5$l$F$$$J$+$C$?<!$N 2 E@$G$"$k!# � 2h A| $N 8m :9 $N %b %G %k $r F3 F~ $7!" E} 7W E* $K :G E, $J I| 85 $r 9T $& !# $3 $l $O @: EY $N M} O@ 8B 3& $r C# @. $7!" $b $O $d 2~ A1 $N M> CO $, $J $$ $H $$ $& 0U L# $N ?? $K :G E, $JI|85$G$"$k!# � C1 $K 7A >u $r I| 85 $9 $k $@ $1 $G $J $/!" $= $N ?. Mj @- $r Dj NL E* $K I> 2A $9 $k !# $3 $l $K $h $j I| 85 7A >u $, $I $N DxEY?.Mj$G$-$k$+$,$o$+$k!# %+%a %i $,9; @5 $5 $l$F $$ $k>l 9g $N 2 2h A|$N BP 1~E@ $+ $i $N :GE, $J #3 <!85 I| 85$* $h $S$= $N 87 L)$J ?. Mj@- I> 2A$O $9 $G $K 6b C+ [5] $, 9T$C $F $$ $k!# K\ O@ J8 $G $O $= $N $b $H $H $J $k E} 7W E* :G E, 2= M} O@ [7] $r %+ %a %i $, L$ 9; @5 $N >l 9g $K E, MQ$9$k!# %+%a %i $, L$ 9;@5 $N >l 9g$O JQ ?t $,A} 2C $7!" $= $l$i $N 4V $N 4X78 $, J# ;($K $J $k$N $G 40A4 $K 87 L)$K I> 2A$9 $k $3$H $O :$ Fq$G $" $k!# K\O@ J8 $G $O$G $- $k 8B$j 87 L)$J I> 2A $r9T $$ $J$,$i8=<BE*$J6a;w$rF3F~$9$k!# K\O@J8$NI|85%7%9%F%‘$O<!$NItJ,$+$i9=@.$5$l$k!# 1. 2hA|>e$NFCD’E@$NBP1~ ( :GDc 8 AH ) $r8!=P$9$k!# 2. F@ $i $l $? BP 1~ E@ $K !V%( %T 6K @~ J} Dx <0!W $r Ev $F $O $a $F !V4p AC 9T Ns!W $r E} 7W E* $K :G E, $K 7W ;; $9 $k $H $H$b$K!"$=$N?.Mj@-$rI>2A$9$k!# 3. 7W ;; $7 $? 4p AC 9T Ns $r J, 2r $7 $F >G E@ 5w N% $H %+ %a %i $N1?F0%Q%i%a!<%?$r7W;;$9$k!# 4. 4Q B, $7 $? FC D’ E@ $, %( %T 6K @~ J} Dx <0 $r 87 L) $K K~ $? $9 $h $& $K E} 7W E* $K :G E, $K Jd @5 $9 $k $H $H $b $K!" Jd @5$7$?CM$N?.Mj@-I>2A$r9T$&!# 5. Jd @5 $7 $? CM $+ $i #3 <! 85 0L CV $r I| 85 $7!" $= $N ?. Mj @-I>2A$r9T$&!# 6. 4p AC 9T Ns $N 8m :9 $r I> 2A $7!" I| 85 $7 $? E@ $N 6& J, ;6 9TNs$r7W;;$9$k!# 1 $K $D $$ $F $O B? $/ $N 8& 5f $, $" $j!" Cx <T $i $N %0 %k!< %W $G $b FH <+ $K8& 5f $r 9T$C$F $$ $k!# 2 $K $D $$ $F$O ;0 Eg!& 6b C+ [12] $,!" 3 $K $D $$ $F $O 6b C+!& >> 1J [8] $, 4{ $K H/ I= $r 9T$C $F $$ $k!# $= $3 $G K\ O@ J8 $G $O 4, 5, 6 $r <g $K 5- =R $9 $k!# $= $7 $F %7 %_%e %l!<%7%g %s $* $h $S <B 2hA| $K $h $k <B 83 $r 9T $$!" $= $NM- 8z @- $r8! F$ $9 $k!#:G 8e $K IT Dj@- $r =| 5n $9 $k@55,2= ( !V%2!<%8!W [9, 10, 14]) $,IT3NDj@- $N5-=R $KM?$($k1F6A$r9M;!$9$k!# 2. %(%T6K@~J}Dx<0$H4pAC9TNs @E ;_ $7 $? %7!< %s $K Aj BP E* $K %+ %a %i $, 2s E> 9T Ns R $@ $1 2s E> $7!" %Y %/ %H %k t $@ $1 JB ?J $9 $k $H $9 $k!# f t , R g $r 1? F0 %Q %i %a!< %? $H 8F $V!# %+ %a %i $, L$ 9; @5 $G $" $k $H $7!" 2h A| LL>e $K G$ 0U$K 2h A|:B I8 7O $r$H $k!# Bh 1 2h A| $N 2h A| :B I8 ( u; v ) $N 0L CV $K Ej 1F$5 $l $k %7!< %s$N FC D’ E@ $, Bh 2 2h A| $G $O 2h A| :B I8 ( u 0 ; v 0 ) $N 0L CV $K Ej 1F $5 $l $k $H $7!"$3$l$i$r<!$N%Y%/%H%k$GI=$9!# x = 0 B @ u=f 0 v =f 0 1 1 C A ; x 0 = 0 B @ u 0 =f 0 v 0 =f 0 1 1 C A (1) $? $@ $7 f 0 $O %+ %a %i $N 1? F0 A0 8e $N >G E@ 5w N% $N E, Ev $J 6a ;w CM $G $"$k!# 2h A| $K8m :9 $, $J$1 $l $P $3$l $i $O<! $N %( %T 6K@~J}Dx<0 $rK~$?$9$3$H$,<($5$l$k [17, 22] !# ( x ; F x 0 ) = 0 (2) $? $@ $7 ( a ; b ) $O %Y %/ %H %k a , b $N Fb @Q $G $" $k!# F $O %i %s %/ 2 $N FC0[ 9T Ns $G $" $j!" 4p AC 9T Ns $H8F $P $l $k [17, 22] !# %+ %a%i $, 9;@5 $5 $l$F $$$k >l 9g$O $h $j6/ $$>r 7o ( J, 2r2DG=>r7o ) $,2]$5$l$k [4, 7] !# 3. 4pAC9TNs$N7W;; #3 <! 85I| 85 $r 9T$& $K $O!"$^ $: 2 2h A| 4V $NJ# ?t $N BP1~ E@ $N AH $r 8! =P $7!" $= $l $i $K %( %T 6K @~ J} Dx <0 (2) $r :G E, 2

$K Ev $F $O $a $F 4p AC 9T Ns F $r 7W ;; $9 $k!# <0 (2) $+ $i $o $+ $k $h $& $K F $K $ODj ?t G\ $N IT Dj @- $,$" $k $N $G k F k = 1 $H@55,2=$9$k!# 2f!9$O 4{ $K 2h A|$N 8m :9 $NE} 7W E* %b%G %k $K 4p $$$F 4p AC 9T Ns $r :G E, $K 7W ;; $9 $k %" %k %4 %j %: %‘ $r H/ I= $7 $F $$ $k [12] !# $3$l $O $/ $j$3 $_K! $H8F $V<j K!$G 4pAC 9TNs F $r 7W ;; $9$k $H F1 ;~$K $= $N 6&J, ;6 %F %s%= %k $r7W ;; $7!" 94B+ >r 7o det F = 0 $,K~$?$5$l$k $h$&$K$=$N6&J,;6%F %s%=%k $K 4X$9 $k :G E,Jd @5 $r ;\$9 $b $N $G$" $k!# $5$i $K 2r $N@: EY $N M}O@ 8B 3& $rF3 $-!" 2r $,$= $N 8B 3&$r K~ $?$9 $3 $H $r<B 83 E* $K 3NG’ $7 $F $$$k!# $7 $? $,$C$F M} O@ E* $K$O $b $O $d2~ NI $N M> CO$O $J $/!" 2r $O?? $K :G E, $G $"$k!# $^ $?!" $= $N7W ;; $N C++ %W%m%0%i%‘$,8x3+$5$l$F$$$k 1 !# 4. FCD’E@$N:GE,Jd@5 FC D’ E@ $N 0L CV x , x 0 $N @: EY $N Dj @- E* @- <A $r I= $9 ( Dj ?t G\ $r =| $$ $F Dj $^ $k ) @5 5, 2= 6& J, ;6 9T Ns $r V 0 [ x ], V 0 [ x 0 ] $H $9 $k!# FC D’ E@ $r %F %s%W %l!< %H %^%C %A %s %0 Ey $N 2h A| =hM} $K $h$C $FCj =P $9 $k>l 9g $O!" $3 $l$i $O 2h A|$N G; C8CM$N;D:9$+$i7W;;$9$k$3$H$,$G$-$k [2, 13, 18, 19] !# FC D’E@ $N @: EY$K $D $$ $FFC JL $N @-<A $, $J$$ >l 9g!" $"$k $$ $O?M<j$GA*$V>l9g$O%G%U%)%k%HCM V 0 [ x ] = V 0 [ x 0 ] = diag (1 ; 1 ; 0) (3) $r MQ $k!# $? $@ $7 diag ( � � � ) $O BP 3Q MW AG $, � � � $N BP 3Q 9T Ns$rI=$9!# 4p AC 9T Ns F $, :G E, $K 7W ;; $5 $l $F $b!" 2h A| >e $G BP 1~ $9 $k x , x 0 $O 8m:9 $N $? $a$K I, $: $7$b 87 L) $K$O %( %T 6K@~ J} Dx <0 (2) $r K~ $? $5 $J $$!# $= $3 $G x , x 0 $, %( %T 6K @~ J} Dx <0 (2) $r 87 L) $K K~ $? $9 $h $& $K :G E, $K Jd @5 $9 $k!# $3 $l $O<!$N$h$&$K9T$& [6, 7] !# ^ x = x � E ( x ; x 0 ) V ( x ; x 0 ) V 0 [ x ] F x 0 ^ x 0 = x 0 � E ( x ; x 0 ) V ( x ; x 0 ) V 0 [ x 0 ] F > x (4) $?$@$7<!$N$h$&$KDj5A$7$?!# E ( x ; x 0 ) = ( x ; F x 0 ) V ( x ; x 0 ) = ( x 0 ; F > V 0 [ x ] F x 0 ) + ( x ; F V 0 [ x 0 ] F > x ) (5) <0 (4) $r %( %T 6K @~ J} Dx <0 E ( ^ x ; ^ x 0 ) = 0 $, == J, K~ $? $5 $l $k $^ $G x ^ x , x 0 ^ x 0 $H $7 $F H? I| $9 $k!# $3 $l $O %K%e!< %H%s K! $H F1$8 0U L# $r;} $D #2 <! <}B+ $N H? I|$G $" $j!"<B:]LdBj$H$7$F$O 1 2s$NH?I|$G$b==J,$G$"$k!# 1 http://www.ail.cs.gunma-u.ac.jp/~kanatani/j Jd @5 8e $N ^ x , ^ x 0 $O%( %T 6K @~ J}Dx <0 $r K~ $? $9$N $G!" $= $l $N ( @5 5, 2= ) 6& J, ;6 9T Ns $b <+ M3 EY $, 94 B+ $5 $l!" %i %s %/ $, Dc 2< $9 $k!# $= $3 $G <! $N ( @5 5, 2= ) ;v 8e 6& J, ;6 9T Ns $KCV$-$+$($k [6, 7] !# V 0 [ ^ x ] = V 0 [ x ] � ( V 0 [ x ] F x 0 )( V 0 [ x ] F x 0 ) > V ( x ; x 0 ) V 0 [ ^ x 0 ] = V 0 [ x 0 ] � ( V 0 [ x 0 ] F > x )( V 0 [ x 0 ] F > x ) > V ( x ; x 0 ) (6) FC D’ E@ $N 0LCV x , x 0 $N8m :9 $O FHN) $H $_ $J $7$F $$ $k $,!" $= $l $i $r%( %T 6K@~ J} Dx <0$, K~ $?$5 $l $k$h $& $K Jd@5 $9 $k $H!" Jd @5 8e $N ^ x , ^ x 0 $O $b $O $dFH N) $G $O $J$$!# $= $l $i $N ( @55,2= ) Aj4X9TNs $O<!$N$h$&$K$J$k [6, 7] !# V 0 [ ^ x ; ^ x 0 ] = � ( V 0 [ x ] F x 0 )( V 0 [ x 0 ] F > x ) > V ( x ; x 0 ) (7) 5. 4pAC9TNs$NJ,2r 4p AC 9T Ns F $K $O Dj ?t G\ $N IT Dj @- $, $" $k $+ $i JB ?J t $N @d BP CM $, IT Dj $G $" $k!# $5 $i $K 94 B+ det F = 0 $r K~ $? $5 $J $1 $l $P $J $i $J $$ $+ $i F $K $O 7 8D $N <+ M3 EY $7 $+ $J $$!# JB ?J t $N @d BP CM $, IT Dj $G $" $k$+ $i 1? F0 %Q %i %a!< %? f t , R g $K 5 <+ M3 EY $, $" $k!# $7 $? $,$C $F!" %+ %a %i $N 1? F0 $, G$0U $G $"$l $P :GBg 2 8D$N %+ %a%i $N %Q %i%a!< %? $7 $+7W;;$G$-$J$$!# $= $N 2 %Q %i %a!<%? $H $7$F 8= <BE* $J A*Br $O 2 2h A| $N;# 1F ;~ $N >G E@ 5w N% f , f 0 $G $" $k!# $J $< $J $i $= $N B> $N %Q %i %a!< %? ( 2h A| Cf ?4!" %" %9 %Z %/ %H Hf!" OD $_ 3Q!" Ey [17, 22]) $O %+%a %i $K8G M- $G$" $j!"$" $i $+$8 $a 9;@5 $7$F $* $/ $3 $H $, $G $- $k $N $K BP $7 $F!" >G E@ 5w N% ( %:!< %‘ ) $O ;# 1F $N$?$S$KJQ2=$9$k$3$H$,B?$$$+$i$G$"$k 2 !# 2h A| Cf ?4 ( %+ %a %i $N 8w <4 $K Aj Ev $9 $k E@ ) $r 86 E@ $H $7!" %" %9 %Z %/ %H Hf ( 2h AG $N =D 2# Hf ) $, 1 !" OD $_ 3Q ( 2h AG $N =D 2# $N JB $S $N 3Q EY ) $, 90 � $H $J $k $h $& $K Jd @5 $5 $l $F $$ $k$H$-!"4p AC9TNs F $+ $i>GE@5wN% f , f 0 $r 7W;;$9$k J} K! $O 4{ $K $$ $m $$ $m Ds 0F $5 $l $F $$ $k!# Hartley [3] $O 4p AC 9T Ns F $K FC 0[ CM J, 2r $r ;\ $7!" 4 <! 85 O" N) #1 <! J} Dx <0 $r 2r $/ $3 $H $K $h$C $F >G E@ 5w N% f , f 0 $r 5a $a $k <j =g $r <( $7 $?!# Newsam $i [15] $O $3 $l $i $r @v N} $7!" F $N FC 0[ CMJ, 2r $H 3 <! 85O" N) #1<! J} Dx<0 $K 5"Ce $5 $;$k $H $H $b $K!" 2r $, 5a$^ $i $J $$B‘ 2= $N >r7o $r L@ $i $+$K $7 $?!# 0l J}!" Bougnoux [1] $O !V Kruppa $N J} Dx <0!W [17, 22] $r Mx MQ $7 $F f $r 4p AC 9T Ns F $H !V%( %T 6K E@!W $K $h $k <0 $H $7 $F I= $7 $?!# ?" <G!& IY ED [21] $b f ; f 0 $r 4p AC 9T Ns F 2 ;T HN $N %+ %a %i $G $O %:!< %‘ 5! 9= $N @: EY IT B- $N $? $a!" %:!< %‘ $r JQ $( $k $H 2h A| Cf ?4 $b $d $d JQ 2= $9 $k $H $$ $o $l $F $$ $k!# $7 $+ $7!" <B :] E* $J 1~ MQ$G$O$3$l$rL5;k$7$F$bLdBj$J$$$3$H$,B?$$!# 3

$H %( %T6K E@ $K $h$C$F 7W ;; $9$k J} K! $r F3$-!" B‘ 2= $N>r 7o $r 2r @O $7 $F $$ $k!# 6b C+!& >> 1J [8] $O %+ %a %i $, 9; @5 $5 $l $F $$ $k>l 9g $N !V4p K\9T Ns!W $N K~ $? $9$Y $- !VJ, 2r 2DG= >r 7o!W [4, 7] $rMQ $$$F f , f 0 $r F $N$_ $N<0 $H$7 $FI= $7!" B‘ 2= $N >r 7o $r 2r @O $7 $F $$ $k!# K\ O@ J8 $G $O 6b C+!& >> 1J [8] $N<0$rMQ$$$k!# 6. >GE@5wN%$NJQ49 4p AC 9T Ns $r J, 2r $7 $F >G E@ 5w N% f , f 0 $, F@ $i $l $l $P!" ^ x , ^ x 0 $O<!$N$h$&$KJQ49$5$l$k!# ^ x diag( f 0 f ; f 0 f ; 1) ^ x ; ^ x 0 diag ( f 0 f 0 ; f 0 f 0 ; 1) ^ x 0 (8) $3$l $O<0 (1) $N>G E@5wN% $N6a;wCM f 0 $r??$N CM f , f 0 $K <h $j 49$( $k $b $N $G$" $k!# $3 $N 7k 2L!" ^ x , ^ x 0 $O$= $l $> $l 1? F0A0 8e $N %+%a %i $N%l %s %:Cf ?4 $+ $i8+ $? $=$N E@ $N;k @~ J}8~$H2r<a$5$l$k!# ^ x , ^ x 0 $r JQ49 $9 $k$H!" $= $l$i $N ( @55, 2= ;v8e ) 6& J,;6 9TNs$H ( @55,2= ) Aj4X9TNs$b<!$N$h$&$KJQ49$5$l$k!# V 0 [ ^ x ] f 2 0 f 2 V 0 [ ^ x ] ; V 0 [ ^ x 0 ] f 2 0 f 0 2 V 0 [ ^ x 0 ] V 0 [ ^ x ; ^ x 0 ] f 2 0 f f 0 V 0 [ ^ x ; ^ x 0 ] (9) 7. 1?F0%Q%i%a!<%?$N7W;; >G E@ 5w N% f , f 0 $, Dj $^ $l $P 4p K\ 9T Ns $, <! $N $h $& $K Dj $^$k [8, 17, 22] !# E = diag (1 ; 1 ; f 0 f ) F diag(1 ; 1 ; f 0 f 0 ) (10) $3 $l $+ $i 1? F0 %Q %i %a!< %? f t , R g $, <! $N $h $& $K Dj $^ $k [4, 7] !# 1. E E > $N :G >. 8G M- CM $K BP $9 $k C1 0L 8G M- %Y %/ %H %k $r t $H$9$k!# 2. <!$N$h$&$K � t � E $NFC0[CMJ,2r$r9T$&!# � t � E = V � U > (11) 3. 2sE>9TNs R $r<!$N$h$&$KDj$a$k!# R = V diag (1 ; 1 ; det V U > ) U > (12) >e5-%9%F%C%W 2 $N t � E $O t $H E $N3FNs$H$N%Y%/%H%k @Q $r Ns $H $9 $k 9T Ns $G $" $k!# <0 (11) $K $* $$ $F V , U $O D> 8r 9T Ns $G $" $j!" � $O Hs Ii $N BP 3Q MW AG ( FC 0[ CM ) $r Bg $-$5$N=g$KJB$Y$?BP3Q9TNs$G$"$k!# ?^ 1: %+%a%i0LCV$H1|9T$-$N4X78!# >e 5- %9 %F%C %W 1 $G 5a $a $k C1 0L 8G M- %Y %/ %H %k t $O Id 9f $N IT Dj@- $,$" $k!#$3 $l$O Jd@5 $7$? A4FC D’E@ ^ x � , ^ x 0 � , � = 1, ..., N $r MQ$$$F<!$NITEy<0$rK~$?$9 $h$&$KDj$a$k [4, 7] !# N X � =1 j t ; ^ x � ; E ^ x 0 � j > 0 (13) $? $@ $7 j a ; b ; c j $O %Y %/ %H %k a , b , c $N %9 %+ %i ;0 =E @Q $G $"$k!# 8. 1|9T$-$N7W;; Bh #1!" Bh #2 2h A| $N %+ %a %i :B I8 7O $N 86 E@ ( %l %s %: $N Cf ?4 ) $+ $i 8w<4 $K J?9T $K B,$C $?1| 9T $-5w N% $r $=$l $> $l Z , Z 0 $H $9 $k!# Bh #2 2h A| $N %+ %a %i :B I8 7O $O Bh #1 2h A| $N %+ %a %i :B I8 7O $K Aj BP E* $K R $@ $1 2s E> $7 $F $$ $k $+ $i!" %Y %/ %H %k ^ x 0 $O Bh #1 2h A| $N %+ %a %i :B I8 7O $+ $i 8+ $k $H R ^ x 0 $G$"$k!#$7$?$,$C$F<!$N4X78$,@.$jN)$D ( ?^ 1) !# Z ^ x = t + Z 0 R ^ x 0 (14) N> JU $H R ^ x 0 $H$N %Y %/%H %k @Q$r $H$k $H Z 0 $, >C5n $5 $l!" N> JU $H ^ x $H $N %Y %/ %H %k @Q $r $H $k $H Z $, >C 5n $5 $l $k!# @0M}$9$k$H<!$N<0$rF@$k!# Z = ( t � R ^ x 0 ; n ) ; Z 0 = ( t � ^ x ; n ) (15) $?$@$7<!$N$h$&$KCV$$$?!# n = ^ x � R ^ x 0 k ^ x � R ^ x 0 k 2 (16) $3 $3 $G Id 9f $N A* Br $r 9T $&!# <0 (13) $O Z , Z 0 $, F1 Id 9f $H $J$k >r7o$G $"$j!" Z > 0, Z 0 > 0 $" $k$$ $O Z < 0, Z 0 < 0 $H $J $k!#$3 $l $O4p AC 9TNs F $, Dj ?tG\ $r =|$$ $F Dj $^$k$N $GId9f $,ITDj $G$"$j!" $7$?$,$C $F4pK\9T Ns E $N Id 9f $b ITDj $H $J $k$? $a $G $"$k!# ?t 3X E* $K$O %7!< %s $, %+ %a %i $N A0J} $K $"$C $F$b 8e J} $K$"$C $F $b F1 $8F) ;k JQ 49 $N <0$H$J$k$3 $H$KBP1~$7$F $$$k!#$=$3$G ^ x � , ^ x 0 � , � = 4

1, ..., N $KBP$7$F1|9T$-5wN% Z � , Z 0 � $r7W;;$7!" N X � =1 (sgn[ Z � ] + sgn[ Z 0 � ]) < 0 (17) $G $" $l $P Z � , Z 0 � $* $h $S t $N Id 9f $r 49 $( $k!# $? $@ $7 sgn[ � ] $O Id 9f 4X ?t $G $"$j!" x > 0, x = 0, x < 0 $K 1~$8$F sin[ x ] $O 1, 0, � 1 $r$H$k!#Id9f4X?t$rMQ$$$k$N $O!"C1$K P N � =1 ( Z � + Z 0 � ) $r7W;;$9$k$HL58B 1sJ}$K$" $k E@ $N 1| 9T $- $, 8m :9 $N $? $a $K �1 $K 6a $$ CM $K $J $k $3 $H $,$" $j!" @5 $7$$ Id 9f $,A* $P $l $J$$ 2D G=@- $, $" $k$? $a $G$"$k [4, 7] !# 9. #3<!85I|85$N?.Mj@-I>2A 1 1| 9T $- Z $N ?d Dj CM ^ Z $, Dj $^ $l $P!" $= $N #3 <! 85 0L CV ^ r $,Bh#1%+%a%i:BI87O$K4X$7$F<!$N$h$&$KDj$^$k!# ^ r = ^ Z ^ x (18) $3$N8m:9$OBh#16a;w$K$*$$$F � ^ r = ^ Z � x + � ^ Z x (19) $G$"$k!#$=$N@55,2=6&J,;69TNs$O<!$N$h$&$K=q$1$k!# V 0 [ ^ r ] = ^ Z 2 V 0 [ ^ x ] + 2 ^ Z S [ V 0 [ ^ Z ; ^ x ] ^ x > ] + V 0 [ ^ Z ] ^ x ^ x > (20) S [ � ] $O BP>N2=:n MQAG$G $"$k ( S [ A ] = ( A + A > ) = 2) !# ^ x $N ( @5 5, 2=;v 8e ) 6&J, ;69T Ns V 0 [ ^ x ] $O<0 (9) $NBh #1 <0 $G M?$( $i$l $k!# ^ Z $N@5 5,2= J, ;6 V 0 [ ^ Z ] $H ^ Z , ^ x $N@5 5, 2= Aj 4X %Y %/ %H %k V 0 [ ^ Z ; ^ x ] $O <0 (15) $h $j <! $N $h $& $K $J $k!# V 0 [ ^ Z ] = 1 k ^ x � R ^ x 0 k 2 � ^ Z 2 ( m ; V 0 [ ^ x ] m ) � 2 ^ Z ^ Z 0 ( m ; V 0 [ ^ x ; ^ x 0 ] R > m ) + ^ Z 0 2 ( m ; R V 0 [ ^ x 0 ] R > m ) � (21) V 0 [ ^ Z ; ^ x ] = � ( ^ Z V 0 [ ^ x ] � ^ Z 0 V 0 [ ^ x ; ^ x 0 ] R > ) m ( m ; ^ x ) (22) $?$@$7<!$N$h$&$KCV$$$?!# m = N [ t � ^ x ] � R ^ x 0 (23) N [ � ] $O C1 0L %Y %/ %H %k $X $N @5 5, 2= :n MQ AG $G $" $k ( N [ a ] = a = k a k ) !# 10. #3<!85I|85$N?.Mj@-I>2A 2 A0 @a $^ $G $N 2r @O $G $O 4p AC 9T Ns F $r @5 $7 $$ $H 2> Dj $7 $?!# $9 $J $o $A!" F $K 4p $E $$ $F <0 (4) $N :G E, Jd @5 $r 9T $$!" F $N J, 2r $K $h$C $F F@ $i $l $? f , f 0 $K $h$C $F <0 (8) $N JQ 49 $r 9T $$!" F $+ $i 7W ;; $7 $? 1? F0 %Q %i %a!< %? f t , R g $r MQ$$$F <0 (15) $K $h$j1| 9T$-$r 7W;;$7 $?!#$= $7$F 2h A| >e $NFC D’ E@ $N0L CV x , x 0 $K 4^$^ $l $k 8m:9 $N I| 850L CV ^ r $K 5Z $\ $9 1F 6A $r I> 2A $7 $? $N $, <0 (20) $N @5 5, 2= 6& J,;69TNs V 0 [ ^ r ] $G$"$k!# \ @5 5, 2= " $H $$ $& $N $O 8m :9 $N @d BP NL � ( $3 $l $r %N %$ %: %l %Y %k $H 8F $V ) $r 1 $H $9 $k $H $$ $& 0U L# $G $" $j!" � $N ?d Dj CM ^ � $O 4p AC 9T Ns F $r $/ $j $3 $_ K! $G 7W ;; $9 $k 2a Dx $+ $i <+ F0 E* $K 7W ;; $5 $l $k [12] !# $7 $? $,$C $F @d BP E* $J 6& J, ;69TNs V [ ^ r ] $O ^ � 2 V 0 [ ^ r ] $H$J$k!# $7 $+ $7!" 4p AC 9T Ns F $b 8m :9 $N $" $k %G!< %? $+ $i 7W ;; $7 $? 0J >e!" $3 $l$K $b 8m :9 $,4^ $^ $l $F $$$k!# <B :]!" $= $N @: EY $r I>2A $9 $k6& J, ;6 %F%s %= %k$r 7W ;;$9 $k $3 $H$, $G $- $k [12] !#$7$+$7!"$=$l$+$i f , f 0 , f t , R g $N8m:9$H$=$l $i $N 4V $NAj 4X $K87 L) $J 2r@O E* I>2A $r M?$( $k $3 $H$O 6K $a $F:$Fq$G$"$k!#$=$3$G<!$N$h$&$J6a;wE*I>2A$r9T$&!# $/$j $3$_ K!$K$h $k4pAC 9TNs$N 7W;;$+ $i$O:G E,$JCM ^ F $@ $1 $G $J $/!" $= $N I8 =‘ JP 0L F (+) $* $h $S F ( � ) $, 7W ;; $G $- $k!# $3 $l $i $O %Q %i %a!< %? 6u 4V $G ^ F $N 8m :9 $, :G $b @8 $8 $d $9$$ N> J}8~ $K I8 =‘JP :9 $@$1 $: $l$? CM $r <($9 $b $N $G $" $j!" @: EY$N M} O@ 8B3& $K BP 1~$9 $k $b $N $G$" $k!# $7 $? $,$C $F!" Nc $( $P F (+) $H F ( � ) $, M- 8z ?t ;z 3 7e $G 0l CW $7 $F $$ $l $P!" 2r ^ F $K $[ $\ M- 8z ?t ;z 3 7e $N @: EY $, $" $k $3 $H $, J]>Z $5 $l!" $3$l 0J >e $N@: EY $, IT2D G= $G$" $k $H $$ $&0UL#$G2r$N?.Mj@-$,DjNLE*$KI>2A$5$l$k [7, 12] !# $3 $l $r Mx MQ $7 $F!" F ( � ) $+ $i BP 1~ $9 $k f ( � ) , f 0 ( � ) , f t ( � ) , R ( � ) g $r7W;;$7!" $3$l$+$iF1MM$K7W;; $7$?#3<! 85 I| 85 0L CV $r r ( � ) $H $9 $k!# $= $7 $F!" 4p AC 9T Ns $N 8m :9 $N 1F6A$r 2 E@ r (+) , r ( � ) $r7k$V@~J,$G6a;w $9$k!#$3$l $O ( r (+) � ^ r )( r (+) � ^ r ) > $r 6& J,;6 9T Ns $H$_ $J $9 $3 $H $K Aj Ev $9 $k!# $7 $? $,$C $F <B :] $K $O r (+) $N $_ 7W ;; $9 $l $P$h$$!# <0 (20) $O 2h A| >e $N 3F FC D’ E@ $N 0L CV x , x 0 $N 8m :9 $, $= $NE@ $NI| 850L CV ^ r $K 5Z$\ $91F 6A$r 5-=R $9$k $b$N $G$" $j!" $= $N 4X 78 $O D> @\ E* $G $" $k!# $7 $+ $7 4p AC 9T Ns F $O $9 $Y $F $NFC D’ E@$K %( %T 6K@~ J} Dx<0 $r :GE, $K Ev $F$O $a $F 7W ;; $7 $F $$$k $N $G!" 8D!9$N FC D’ E@$N 8m :9 $H $NAj 4X $O >. $5 $$ $H 4|BT $5 $l $k!#$= $3 $G :G=* E* $J #3<! 85 I|85 $N 6& J, ;6 9T Ns $OFs $D $NMW 0x $N OB$G 6a ;w$7 $F <!$N $h $& $KI> 2A $9 $k!# V [ ^ r ] = ^ � 2 V 0 [ ^ r ] + ( r (+) � ^ r )( r (+) � ^ r ) > (24) 8m :9 $NJ, I[$r @55, J,I[ $G6a ;w$9 $k$H!" I|85 $7$? E@ ^ r $r Cf ?4 $H $73F J} 8~$K I8 =‘ JP:9 0J 2<$N E@ $O<! $N BJ 1_BN $N Fb 5

?^ 2: #3<!854D6-$N%7%_%e%l!<%7%g%s2hA| (a) (b) ?^ 3: (a) I|85$7$?7A>u ( <B@~ ) $H??$N7A>u ( GK@~ ) !# (b) 3J;RE@$NI8=‘NN0h!# It ( I8=‘NN0h ) $H$J$k [7] !# ( r � ^ r ; V [ ^ r ] � 1 ( r � ^ r )) = 1 (25) 11. %7%_%e%l!<%7%g%s<B83 ?^ 2 $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 %s 2h A| $G $" $k (512 � 512 2h AG ) !# $3 $N Fs $D $N 2h A| Cf $N 3J ;R E@ $N x , y :B I8 $K FH N) $K 4| BT CM 0 !" I8 =‘ JP :9 3( 2h AG ) $N @5 5, Mp ?t $r FH N) $K 2C $( $F!" $3 $l $r BP 1~ E@ $H $7 $F <0 (3) $N %G %U%) %k %H 8m :9 %b %G %k $r MQ $$ $F #3 <! 85 I| 85 $r 9T$C$?!# ?^ 3(a) $O I|85 $7 $? 7A >u ( <B @~ ) $K?? $N 7A >u ( E@ @~ ) $r k t k = 1 $H $J $k$h $& $K%9 %1!< %k$r 9g $o$; $F =E$M!" <P $a >e $+ $i $J $, $a $? $b $N $G $" $k!# ?^ 3(b) $O I| 85 $7 $? 3J ;R E@ $r Cf ?4 $H $7!" <0 (25) $G Dj 5A $5 $l $k I8 =‘ NN 0h $r #3 G\ $K 3HBg $7 $F I=<( $7 $? $b$N $G $" $k!#$3 $l $i$O BJ 1_ BN$G $" $k $,!" Hs>o $K :Y D9 $/!"@~ J, $K 6a $$ 7A$r $7 $F $$ $k!#$3 $l $O 8m:9 $, %+ %a%i 0L CV$+ $i 8+$( $k JQ 2=J} 8~ $KHf $Y $F1| 9T $- J} 8~$K Bg $- $$$3 $H $r 0UL# $7 $F $$ $k!#$^ $?!" %+ %a%i $+ $i 1s $$ E@ $[ $I 8m :9 $, Bg $- $/ $J$C $F $$ $k!# ?^ 3(a) $H Hf 3S $9$k $H!" ?? $N0L CV $H $N$: $l $r 6a;w E* $KI= $7 $F $$$k $3 $H$,$o$+$k!# 12. <B2hA|<B83 ?^ 4 $O << Fb %7!< %s $N <B 2h A| $G $" $k!# $3 $l $+ $i ?^ Cf $K %^!< %/ $7 $? FC D’ E@ $r A* $S!" <0 (3) $N %G %U%) %k %H 8m :9 %b %G %k $r MQ $$ $F #3 <! 85 I| 85 $r 9T$C $?!# ?^ 5 $O I| 85 $7 $? FC D’ E@ $r 2#$+ $i $J $,$a $? $b $N$G $" $k!# I|85 $7 $?3F E@ $r Cf ?4 $K <0 (25) $G Dj 5A $5 $l $k I8 =‘ NN 0h $r I= <( $7!" %7!< %s Cf$N0lIt$O%o%$%d%U%l!<%‘I=<($r$7$F$$$k!# $3 $l $r8+ $k 8B $j$G $O J* BN$N 7A >u$, 1| 9T $-J} 8~ $K Hs>o $K IT 3N Dj $G$" $k $h $&$K 8+ $( $k!#$7 $+ $7!" $3 $l$O %+ %a %i $N JB ?J $N 7W ;; $N IT 3N Dj $5 $, 86 0x $G $" $j!" 7A >u <+ BN $K $= $l $[ $I$N IT 3N Dj$5 $, $" $k$o $1 $G $O$J $$!# $3$l $r 8+ $k $? $a $K B?LL BN J* BN$r <h $j =P$7!" J* BN $N=E ?4 $r86 E@ $K 0\ F0 $7!" 3F D:E@ $^ $G$N 5w N%$N J? J}J? 6Q Fs >h$, 1 $H$J $k $h $& $K %9 %1!< %k $7 $F F1 MM $K I= <( $7 $? $b $N $, ?^ 6(a) $G $" $k!# ?^ 6(b) $O 3 D: E@ $r A* $S!" 0l $D $r 86 E@ $H $j!" $b $& 0l $D $, (1 ; 0 ; 0) $K!" ;D $j $, X Y LL >e $K Mh $k $h $& $K %9 %1!<%k$H2sE>$r;\$7$?$b$N$G$"$k!# $3 $N $h$& $K I| 85 7A>u $O F1 0l$G $b!" $I $N$h $& $J @5 5,2= $r MQ $$ $k $+$K $h$C $F $=$N ?. Mj @-I> 2A $O JQ 2=$9 $k!# $3 $l $r BN7OE*$K5-=R$9$k %2!<%8M}O@ [9, 10, 14] $K$h$k$H!" IT 3N Dj @-$N 5- =R $O0l HL $K @55, 2= $K 0MB8 $7!" @dBP E* $J 0U L# $O ;} $? $:!"@d BP E* $J0U L# $r ;}$D $N $O %2!< %8JQ 49 $K IT JQ $J %2!< %8 IT JQNL $N $_ $G $"$k!# Be I= E* $J%2!< %8 IT JQ NL 6

?^ 4: <<Fb%7!<%s$N<B2hA| ?^ 5: I|85$7$?7A>u$H$=$NI8=‘NN0h!# $O #2 JU $N D9 $5 $N Hf $* $h $S $J $9 3Q $G $" $k!# I= 1 $O ?^ 6 $N J* BN $N $" $k #2 JU $N D9 $5 $N Hf $H $J $9 3Q $N I8 =‘ JP :9 $r <0 (24) $N6&J, ;69TNs $+$i7W;; $7$?$b $N$H<B B,CM$H$r <($7 $? $b$N $G $" $k!#$3 $N $h $&$J 5- =R $N$_ $, @55, 2= $K ITJQ $G $"$j!"@dBPE*$J0UL#$r;}$C$F$$$k!# 13. <B2hA|<B83 2 ?^ 7 $O 20 30 $G ;# 1F $7 $? >h MQ <V $N 2h A| $G $" $k!# $3 $l $+ $i ?^ Cf$K %^!< %/ $7 $?FC D’ E@ $r A* $S!"%G %U%) %k %H 8m:9 %b %G %k $r MQ $$ $F #3 <! 85 I| 85 $r 9T$C $?!# ?^ 8(a), (b) $O I| 85 $7$? FC D’ E@$+ $i >h MQ<V $N %o %$%d %U %l!<%‘ %b %G %k$r :n $j!" %F %/%9 %A%c %^%C %T %s%0 $r ;\ $7 $? $b$N $r 0[ $J $kJ} 8~ $+ $i$J $, $a $?$b $N $G $"$k!# 7A >u $,$[ $\ @5$7 $/ I= 8=$5 $l $F$$$k$3$H$,$o$+$k!# 14. $^$H$a K\O@ J8 $G $O @E;_ $7 $? %7!<%s Cf $G L$CN $N 1? F0 $r$9 $k L$ 9; @5%+ %a %i$K $h$C $F 4QB, $7 $? 2 2h A|$N BP 1~E@ $+ $i#3 <! 85 I| 85$r 9T$C $?!# $3$l $O 2h A|$N 8m :9 $N E}7W E* %b %G%k $r F3 F~$7!" $b $O $d2~ A1 $N M>CO $, $J $$$H $$ $&0U L# $N :GE, $J I| 85 $G$" $k!# $^ $:$9 $Y $F $NBP 1~ E@ $N AH$K !V%( %T 6K@~ J} Dx <0!W $r Ev$F $O $a $F !V4p AC 9TNs!W $r :G E, $K 7W;; $7!" <! (a) (b) ?^ 6: (a) =E?4$HJ?6Q@#K!$N@55, 2=$K$h$kI8=‘NN0h!# (b) 3 E@$N@55,2=$K$h$kI8=‘JP0L!# $K $= $l $rJ, 2r $7 $F>G E@ 5w N%$H %+ %a %i$N 1? F0%Q %i %a!< %? $r 7W ;; $7 $?!#$= $7 $F!" %(%T 6K @~ J}Dx <0 $r 87 L)$K K~ $? $9 $h $& $K FCD’ E@ $r :GE, $K Jd @5$7!" $= $l $+$i #3 <!85 0L CV $r I| 85 $9 $k $H$H $b $K!" $=$N 6& J, ;69T Ns $r I> 2A$7 $?!# :G 8e $K %7 %_%e %l!< %7%g %s $*$h $S <B 2h A| $K $h$k <B 83 $r 9T $$!" $= $N M- 8z@- $r 8! F$$9 $k $H $H$b $K!" IT Dj@- $r =|5n $9 $k @5 5, 2= ( !V%2!< %8!W ) $, IT 3N Dj @- $N 5- =R $K M? $( $k 1F 6A $r 9M;!$7$?!# I= 1: JU$ND9$5$NHf$H$J$93QEY$N?.Mj@-!# 7W;;CM <BB,CM M}O@E*I8=‘JP:9 Hf 1.014 1.000 0.003 3QEY (deg) 96.5 90.0 2.4 7

?^ 7: 2030$N>hMQ<V$N<B2hA| (a) (b) ?^ 8: I|85$7$?>hMQ<V$N#3<!857A>u!# ;29MJ88% [1] S. Bougnoux, F rom pro jective to Euclidean space under any practical situation, a criticism of self calibration, Pr o c. 6th Int. Conf. Comput. Vision. , January 1998, Bomba y , India, pp. 790{796. [2] W. F� orstner, Reliabilit y analysis of parameter estima- tion in linear mo dels with applications to mensuration problems in computer vision, Comput. Vision Gr aphics Image Pr o c ess. , 40 (1987), 273{310. [3] R. I. Hartley , Estimation of relative camera p ositions for uncalibrated cameras, Pr o c. 2nd Eur o. Conf. Comput. Vision , May 1992, San ta Margherita Ligure, Italy , pp. 579{587. [4] K. Kanatani, Ge ometric Computation for Machine Vi- sion , Oxford Universit y Press, Oxford, 1993. [5] K. Kanatani, Renormalization for motion analysis: Sta- tistically optimal algorithm, IEICE T r ans. Inf. & Sys. , E77-D -11 (1994), 1233{1239. [6] 6bC+7r0l , 4v2?3XE*Jd@5LdBj$N:GE,7W;;$H@:EY$NM}O@8B3& , >pJs =hM}3X2qO@J8;o , 37 -3 (1996), 363{370. [7] K. Kanatani, Statistic al Optimization for Ge ometric Computation: The ory and Pr actic e , Elsevier, Amster- dam, 1996. [8] 6bC+ 7r0l , >>1JNO , 4pAC9TNs$N J,2r : >GE@ 5wN%$ND>@\ E*I=8= , >p Js =h M} 3X 2q %3 %s %T%e!< %? %S %8%g %s $H %$ %a!< %8 %a %G%# %" 8& 5f 2q , 2000-CVIM-120-7 (2000-1), 49{56. [9] 6b C+ 7r 0l , D. D. Morris, F0 2h A| $+ $i $N #3 <! 85 I| 85 $K $* $1 $k %2!< %8$H %2!< %8 JQ49 , EE ;R >p JsDL ?. 3X 2q%Q %? %sG’ <1 $H %a%G%# %" M}2r8&5f2q , PRMU99-93 (1999-10), 39{46. [10] K. Kanatani and D. D. Morris, Gauges and gauge trans- formations in 3D reconstruction from a sequence of im- ages, Pr o c. 4th Asian Conf. Computer Vision , January 2000, T aipei, T aiw an, pp. 1046{1051. [11] H. C. Longuet-Higgins, A computer algorithm for recon- structing a scene from t w o pro jections, Natur e , 293 -10 (1981), 133{135. [12] ;0EgEy , 6bC+7r0l , 4pAC9TNs$N:G E,7W;;$H$=$N?.Mj@-I> 2A , >pJs =hM}3X2q%3%s%T%e!<%?%S%8%g%s$H%$%a!<%8%a%G%#%"8&5f2q , 99- CVIM-118-10 (1999-9), 67{74. [13] D. D. Morris and T. Kanade, A uni�ed factorization al- gorithm for p oin ts, line segments and planes with uncer- taint y mo dels, Pr o c. Int. Conf. Comput. Vision , Jan- uary 1998, Bom ba y , India, pp. 696{702. [14] D. D. Morris, K. Kanatani and T. Kanade, Uncertaint y mo deling for optimal structure from motion, IEEE Workshop on Vision A lgorithm: The ory and Pr actic e , September 1999, Corfu, Greece, pp. 33{40. [15] G. N. Newsam, D. Q. Huynh, M. J. Bro oks and H.-P . P an, Recov ering unknown fo cal lengths in self- calibration: An essen tially linear algorithm and de- generate con�gurations, Int. Ar ch. Photo gr am. R emote Sensing , 31 -B3-I I I, July 1996, Vienna, Austria, pp. 575{580. [16] M. Polleyfes, R. Ko ch and L. V an Go ol, Self-calibration and metric reconstruction in spite of v arying and un- known internal camera prameters, Int. J. Comput. Vi- sion , 32 -1 (1999), 7{26. [17] :4F#=_ , !V%3%s%T%e!<%?%S%8%g%s | ;k3P$N4v2?3X | !W , %3%m%J <R , 1999. [18] J. Shi and C. T omasi, Go o d features to trac k, Pr o c. IEEE Conf. Comput. Vision Patt. R e c o gn. , June 1994, Seatle, W A, pp. 593{600. [19] A. Singh, An estimation-theoretic framework for image- ow computation, Pr o c. 3r d Int. Conf. Comput. Vision , December, 1990, Osak a, Japan, pp. 168{177. [20] R. Y. Tsai and T. S. Huang, Uniqueness and estimation of three-dimensional motion parameters of rigid ob jects with curved surfaces, IEEE T r ans. Patt. Analy. Mach. Intel l. , 6 -1 (1984), 13{27. [21] ?" <G =S IW , IY EDJ8 L@ , >G E@ 5w N% $,L$ CN $N %9 %F %l%* %+ %a %i $K $h$k ;0 <! 85 I|85 , >pJs =h M} 3X 2q%3 %s %T%e!< %?%S %8%g %s $H%$ %a!< %8 %a %G%#%"8&5f2q , 99-CVIM-119-1 (1999-11), pp. 1{8. [22] =y9d , DT;0O: , !V#3<!85%S%8%g%s!W , 6&N)=PHG , 1998. 8