4pAC9TNs$NJ,2r : >GE@5wN%$ND>@\E*I=8= 6bC+ 7r0l � >>1J NO y � 72GOBg3X9)3XIt>pJs9)3X2J y ( 3t ) J~1I J|Aw%7%9%F%‘3+H/It 2 2h A| $N E@ BP 1~ $+ $i 7W ;; $7 $? 4p AC 9T Ns $r $= $l $> $l $N 2h A| $N >G E@ 5w N% $H %+ %a %i $N 1? F0 %Q %i %a!< %? $H $K Be ?t E* $K JD $8 $? 7A $K J, 2r $9 $k %" %k %4 %j %: %‘ $r <( $9!# $3 $l $O %9 %+ %i IT JQ NL $G I= $5 $l $? 4p K\ 9T Ns $N J, 2r 2D G= >r 7o $K 4p $E $/ $b $N $G $" $k!# $^ $? 2r $, IT Dj $H $J $k B‘ 2= $N >r 7o $r $9 $Y $F 2r @O $9 $k!# $5 $i $K B‘ 2= $, @8 $8 $? >l 9g $K 2 2h A| $N >G E@ 5w N% $O Ey $7 $$ $H 2> Dj $7 $F 2r $r 5a $a $k J} K! $r <( $7!" $= $N >l 9g $N B‘ 2= $N >r 7o $r D4 $Y $k!# :G 8e $K %( %T 6K E@ $r MQ $$ $k Bougnoux $N8x<0$rK\O@J8$NM}O@E*OHAH$_$+$i:FF3=P$9$k!# %-!<%o!<%I : F02hA|2r@O!"4pAC9TNs!"<+8J9;@5!">GE@5wN%!"ITJQNL!"B?9‘<0 Decomp osition of the F undamen tal Matrix: Closed-F orm Expression for F o cal Lengths Kenic hi Kanatani � and Chik ara Matsunaga y � Departmen t of Computer Science, Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan y Broadcast Division, F OR-A Co. Ltd, 2-3-3 Ohsaku, Sakura, Chiba 285-0802 Japan W e describ e an algorithm for decomp osing a fundamen tal matrix computed from p oin t corresp on- dences o v er t w o images in to the fo cal lengths of the t w o images and the camera motion parameters in a closed-form expression in the fundamen tal matrix. Our algorithm is based on the decomp osabilit y condition of the essen tial matrix expressed in terms of its scalar in v arian ts. W e giv e a complete analysis for degenerate camera con�gurations. W e also describ e an algorithm for computing a single fo cal length in the degenerate case and analyze the indeterminacy condition. Finially , w e recapitulate Bougnoux’s form ula, whic h describ es the fo cal lengths using the epip oles, in our theoretical framew ork. Key w ords : structure from motion, fundamen tal matrix, self-calibration, fo cal length, in v arian t, p oly- nomial system <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)30-1842, F ax: (0277)30-1801, E-mail: kanatani@cs.gunma-u.ac.jp y 285-0802 @iMU8):4AR;TBg:n 2{3{3 ( 3t ) J~1I J|Aw%7%9%F%‘3+H/It , T el: (043)498-1839, F ax: (043)498-2223 E-mail: matsunaga@for-a.co.jp 1

1. =xO@ L$ 9; @5 %+ %a %i $r MQ $$ $F 2 2h A| $N E@ BP 1~ $+ $i #3 <! 85 I| 85 $r 9T $& $H $-!" %7!< %s $N 9= B$ $K 4X $9 $k ( J? LL $G $" $k $H $+ $N ) CN <1 $, $J $1 $l $P!" F@ $i $l $k >p Js $O !V4p AC 9T Ns!W F $K =8 Ls $5 $l $k [3, 22, 23] !# $3 $l $O Dj ?t G\ $r =| $$ $F Dj $^ $k %i %s %/ 2 $NFC 0[ 9T Ns $G $" $k $+ $i <+ M3EY $O 7 $G $" $k!# %+%a %i $NAj BP1? F0 $OJB ?J %Y%/ %H%k t $H 2s E>9T Ns R $G ;X Dj $5 $l!" JB ?J $N @d BP NL $, IT Dj $G $" $k $+ $i!" 1? F0 %Q %i %a!< %? f t , R g $O 5 <+ M3 EY $r ;} $D!# $7 $? $,$C $F!" %+ %a %i $N 1? F0 $, G$ 0U $G $" $l $P :G Bg 2 8D $N %+ %a %i $N %Q %i %a!<%?$7$+7W;;$G$-$J$$!# $= $N 2 %Q %i %a!< %? $H $7 $F 8= <B E* $J A* Br $O 2 2h A| $N >G E@ 5w N% f , f 0 $G $" $m $&!# $J $< $J $i $= $N B> $N %Q %i %a!< %? ( 2h A| Cf ?4!" %" %9 %Z%/ %H Hf!" 2h A| OD $_ 3Q!" Ey ) $O %+ %a %i $K 8G M- $G $" $j!" $" $i $+ $8 $a 9; @5 $7 $F $* $/ $3 $H $, $G $- $k $N $K BP $7 $F!" >G E@ 5w N% ( %:!< %‘ ) $O ;# 1F $N $? $S $K JQ 2= $9$k$3$H $,B?$$$+$i$G$" $k 1 !#>GE@5wN% f , f 0 $,Dj$^$l $P 1? F0 %Q %i %a!< %? f t , R g $, Dj $^ $j!" %9 %F %l %* $N 86 M} $K$h$jJ*BN$N#3<!857A>u$,I|85$G$-$k [10, 11] !# Hartley [5] $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 $?!# P an $i [17, 18] $O #3 <! J} Dx <0 $r 2r $$ $F f , f 0 $r 5a $a $k <j =g $r <( $7 $?!# Newsam $i [16] $O $3 $l $i $r @v N} $7!" F $N FC 0[ CM J, 2r $H 3 <! 85 O" N) #1 <! J} Dx <0 $K 5" Ce $5 $; $k $H $H $b $K!" 2r $, 5a $^ $i $J $$ B‘ 2= $N >r 7o $r L@ $i $+ $K $7 $?!# 0l J}!" Bougnoux [1] $O f $r 4p AC 9T Ns F $H !V%( %T 6K E@!W e , e 0 $r MQ $$ $F 0l $D $N 8x <0 $H $7 $F I= $7 $? ( IU O? A ;2 >H ) !# $= $N F3 =P $O !V Kruppa $NJ}Dx<0!W [3, 4, 5, 14, 15, 19, 22] $K4p$E$/ $b $N $G $" $k!# Kruppa $N J} Dx <0 $K $h $l $P f , f 0 $, #2 <! J} Dx <0 $r 2r $$ $F F@ $i $l $k $3 $H $O =y!& DT [22] $d Xu [21] $b <($7 $F $$$k!# %( %T6K E@ e , e 0 $O F $N FC 0[CM J, 2r$N FC 0[ CM 0 $K BP 1~ $9 $k %Y %/ %H %k $H $7 $F M? $( $i $l $k $+ $i!" %( %T 6KE@ e , e 0 $N 7W ;;$O F $NFC 0[CM J, 2r$H <B <AE* $KEy 2A $G $" $k!# Kahl $H T riggs [8] $O Bougnoux $N 8x <0 $r MQ $$ $F B‘ 2= $K 6a $$ G[ CV $G $N 2r $N 0B Dj @- $r <B 83 $7 $F $$ $k!# ?"<G$i [20] $b%(%T6KE@$rMQ$$$?J,2r$r9T$C$F$$$k!# K\ O@ J8 $G $O >G E@ 5w N% f , f 0 $r %( %T 6K E@ $b FC 0[ CM J, 2r $b MQ $$ $J $$ $G !" C1 $K 4p AC 9T Ns F $N Be ?t E* $J <0 $H $7 $F I= $9!# $3 $l $O >G E@ 5w N% f , f 0 $, Dj $^$C $F F@ $i $l $k !V4p K\9T Ns!W$N K~$?$9 $Y$- !VJ,2r2D G=>r 7o!W [3, 7, 10, 11, 22] $r 2r $/ $b $N $G $" $k!# =y!& DT [22] $O!" $3 $l $O !V#4 <! J} Dx <0 $G!" <B :]$K 2r $/ $3 $H $, :$ Fq $G $" $k (p.84) !W $H=R $Y $F $$ $k $,!" 9* $_ $J JQ ?t JQ 49 $K $h $j!" :G =* E* $K #2 <! J} Dx<0$K5"Ce$9$k$3$H$r<($9!# 4p K\ $H $J $k 9M $( J} $O !VJQ 49 72 $K BP $9 $k IT JQ @-!W $G $" $k [9] !# $b $7 f , f 0 $r F $K $h$C $F I= $9 <0 $, $" $k $H $9 $l 1 ;T HN $N %+ %a %i $G $O %:!< %‘ 5! 9= $N @: EY IT B- $N $? $a!" %:!< %‘ $r JQ $( $k $H 2h A| Cf ?4 $b $d $d JQ 2= $9 $k $H $$ $o $l $F $$ $k!# $7 $+ $7!" <B :] E* $J 1~ MQ$G$O$3$l$rL5;k$7$F$bLdBj$J$$$3$H$,B?$$!# $P!" $= $l $O $= $l $> $l $N 2h A| $N :B I8 7O $N G$ 0U $N 2s E> $K IT JQ $G $J $1 $l $P $J $i $J $$ !# $J $< $J $i 2h A| :B I8 <4 J} 8~ $O G$ 0U $K <h $l!" f , f 0 $O $= $l $K 1F 6A $5 $l $J $$ $+ $i $G $" $k!# $7 $?$,$C$F f , f 0 $O F $N!V:B I82s E>ITJQ NL!W$G I=$5$l $J $1 $l $P $J $i $J $$!# F <+ BN $O %F %s %= %k $G $O $J $$ $,!" F F > , F > F $, $= $l $> $l $N 2h A| :B I8 $K 4X $9 $k %F %s %= %k $G $" $k $3 $H $+ $i!" :B I8 2s E> IT JQ NL $O F F > , F > F , k = (0 ; 0 ; 1) > $+ $i :n $i $l $k 9T Ns $N %H %l!< %9 $G I= $5 $l $J $1$l$P$J$i$J$$ [9] !# 0J 2<!" $^ $: %" %k %4 %j %: %‘ $r =R $Y $F!" $= $N 8e $G F3 =P $r <( $9 $H $H $b $K!" 2r $, 5a $^ $i $J $$ B‘ 2= $N >r 7o $r 2r @O $9 $k!# $= $N 7k 2L $O Newsam $i [16] $N 7k 2L $H 0l CW $9 $k!# :G 8e $K B‘ 2= $N >l 9g $K f = f 0 $H 2> Dj $7 $F 2r $r 5a $a $k <j =g $r =R $Y!" $= $N B‘ 2= $N >r 7o $O Bro oks $i [2] $, <( $7 $? ?eJ?%9%F%l%*$NB‘2=$N>l9g$K0lCW$9$k$3$H$r<($9!# 2. %"%k%4%j%:%‘ %Y %/ %H %k a = ( a i ), b = ( b i ) $N Fb @Q $r ( a ; b ) = P 3 i =1 a i b i $H=q$-!"%Y%/%H%k a = ( a i ) $N%N%k%‘$r k a k = q P 3 i =1 a i 2 $H Dj 5A $9 $k!# 9T Ns M = ( M ij ) $N %N %k %‘ $r k M k = q P 3 i;j =1 M ij 2 $H Dj 5A $9 $k!# 0J 2< k = (0 ; 0 ; 1) > $HLsB+$9$k!# 2h A| Cf ?4 $O 4{ CN $H $7!" $= $l $r 2h A| :B I8 $N 86 E@ $K $H $k!# %" %9 %Z %/ %H Hf $d OD $_ 3Q $O 4{ CN $H $7!" $" $i $+ $8 $a Jd @5 $r 9T $$!" OD $_ $N $J $$ %" %9 %Z %/ %H Hf 1 $N 2h A| $H $_ $J $; $k $H $9 $k!# Bh #1 2h A| $N G$ 0U $N E@ ( x; y ) $H Bh #2 2h A| $N BP 1~$9$kE@ ( x 0 ; y 0 ) $O<!$N %(%T6K@~J}Dx<0 $rK~$?$9!# ( 0 B @ x=f 0 y =f 0 1 1 C A ; F 0 B @ x 0 =f 0 y 0 =f 0 1 1 C A ) = 0 (1) $3 $3 $K F $O %i %s %/ 2 $N 9T Ns $G $" $j!" 4p AC 9T Ns $H 8F $V [3, 22, 23] !# f 0 $O ?tCM7W ;;$r0B Dj$K$9 $k$?$a $NG$0U$N %9 %1!< %k 0x ;R $G $" $j!" Nc $( $P 2h A| $N Bg $- $5 ( C1 0L $O 2h AG ) $K $H $l $P $h $$!# ?t CM 7W ;; $N Ld Bj $r 9M $( $J $1 $l $P C1 $K f 0 = 1 $H $7 $F $b$h $$!# 4pAC 9T Ns F $,%9 %1!< %k 0x;R $r 9M N8 $; $: 7W ;; $5 $l!" $+ $D :B I8 86 E@ $, G$ 0U $K A* $P $l $F $$ $F 2h A| Cf ?4 $, $= $N :B I8 7O $N E@ ( u 0 ; v 0 ) $K $" $k $J $i!" <!$N$h$&$KJQ49$9$l$P$h$$!# F 0 B @ f 0 0 0 0 f 0 0 u 0 v 0 1 1 C A F 0 B @ f 0 0 u 0 0 f 0 v 0 0 0 1 1 C A (2) >GE@5wN% f , f 0 $r7W;;$9$k<j=g$O<!$N$h$&$K$J$k!# F~NO : 4pAC9TNs F !# =PNO : >GE@5wN% f , f 0 !# <j=g : 2

1. <!$NNL$r7W;;$9$k!# a = k F F > k k 2 k F > k k 2 ; b = k F > F k k 2 k F k k 2 c = ( k ; F k ) 2 k F > k k 2 k F k k 2 ; d = ( k ; F F > F k ) ( k ; F k ) (3) A = 1 c + a � 2 d; B = 1 c + b � 2 d (4) P = 2 � 1 c � 2 d + 1 2 k F k 2 � Q = � A + B c + 1 2 � k F F > k 2 � 1 2 k F k 4 � (5) 2. <!$N Z $N#2<!J}Dx<0$r2r$/!# (1 + cP ) Z 2 � ( cP 2 + 2 P + 4 cQ ) Z + P 2 + 4 cP Q + 12 AB = 0 (6) 3. Fs $D $N 2r $N $& $A <! <0 $, >. $5 $$ $[ $& ( M} A[ E* $K $O 0) $rA*$V!# � � � � Z 3 � 3 P Z 2 + 2( P 2 + 2 Q ) Z � 4 � P Q + 4 AB c � � � � � (7) 4. <!<0$r7W;;$9$k!# X = � 1 c � 1 + 2 B Z � P � ; Y = � 1 c � 1 + 2 A Z � P � (8) 5. <!$N>GE@5wN% f , f 0 $rJV$9!# f = f 0 q 1 + X= k F > k k 2 ; f 0 = f 0 p 1 + Y = k F k k 2 (9) #2 <! J} Dx <0 (6) $N 2r $O 2r $N 8x <0 $K $h$C $F I= $; $k $+ $i!" >e$N<j=g$K$h$j>GE@5wN% f , f 0 $, k F k 2 , k F F > k 2 !"$* $h $S <0 (3) $G Dj 5A $5 $l $k IT JQ NL $K $h$C $F JD $8 $? 7A <0 $G I= 8= $5 $l $k!# $3 $N %" %k %4 %j %: %‘ $, GK C> $9 $k $N $O <! $N >l 9g$G$"$k!# � k F > k k , k F k k , ( k ; F k ) $N $$ $: $l $+ $, 0 $H $J $k!# � Z = P $H$J$k!# $3 $l $, $I $N $h $& $J FC 0[ $J %+ %a %i G[ CV $K BP 1~ $7 $F $$ $k $+ $O8e$K<($9!# 3. 1?F0%Q%i%a!<%?$N7W;; >GE@5wN% f , f 0 $,Dj$^$l$P1?F0%Q%i%a!<%? f t , R g $O <!$N<j=g$GDj$^$k [10, 11] !# 1. <!$N 4pK\9TNs $r7W;;$9$k!# E = diag (1 ; 1 ; f 0 f ) F diag (1 ; 1 ; f 0 f 0 ) (10) 2. 9T Ns E E > $N :G >. 8G M- CM $K BP $9 $k C1 0L 8G M- %Y %/ %H%k t $r7W;;$9$k!# 3. <!$N$h$&$K � t � E $NFC0[CMJ,2r$r9T$&!# � t � E = V � U > (11) 4. 2sE>9TNs R $r<!$N$h$&$KDj$a$k!# R = V diag (1 ; 1 ; det V U > ) U > (12) <0 (10) Cf $N diag ( � � � ) $O BP 3Q MW AG $, � � � $N BP 3Q 9T Ns $r I= $9!# <0 (11) $N :8 JU $O %Y %/ %H %k t $H 9T Ns E $N 30 @Q $G $"$j!"%Y%/%H%k a $H9T Ns A $KBP$7$F a � A $O a $H9T Ns A $N 3F Ns $H $N %Y %/ %H %k @Q $r Ns $H $9 $k 9T Ns $G $" $k!# <0 (11) $N 1& JU $N � $O BP 3Q MW AG ( !VFC 0[ CM!W ) $r Bg$- $$ =g $K JB $Y $? BP 3Q 9T Ns $G $" $j!" V , U $O D> 8r 9T Ns $G $" $k!# $? $@ $7 2r $O 0l 0U E* $G $O $J $$ !# $J $< $J $i 4p AC 9T Ns F $O Dj ?t G\ $N IT Dj @- $, $" $j!" FC $K Id 9f $, IT Dj $@ $+ $i $G $" $k!# $^ $? E E > $N 8G M- %Y %/ %H %k t $N Id 9f $b G$ 0U $G $" $k $+$i!" � E , � t $NId9f $K1~$8$F1?F0 %Q%i%a!<%?$, #4 AH F@$i $l$k!#??$N2r $r f t , R g $H $7!" t $N<~$j$N 180 � 2s E> $r I t = 2 tt > � I $H $9 $k $H!" B> $N 2r $O f t , I t R g , f� t , I t R g , f� t , R g $G $" $k [10] !# $3 $l $O ?t 3X E* $K $O J* BN $, %+ %a %i $N A0 J} $K $"$C $F $b 8e J} $K $"$C $F $b F1 $8 F) ;k JQ 49 $N <0 $H $J $k $? $a $G $" $j!" #4 AH $N 2r $O Bh #1 2h A|!" Bh #2 2h A| $G 1| 9T $- $, f @5 , @5 g , f @5 , Ii g , f Ii , @5 g , f Ii , Ii g $H $J $k 2r $K BP 1~ $7 $F $$ $k!# #3 <! 85 I| 85 $r 9T $& $K $O $3 $l $i $N Cf $+ $i 1| 9T $- $, $H $b $K @5 $N 2r $r A* $V [10, 11] !# >e 5- $N <j =g $G FC 0[ CM J, 2r $r MQ $$ $k $N $O JX 59 E* $G $" $j!" C1 0L %Y %/ %H %k t $H 2s E> 9T Ns R $r D> @\ E* $K 7W ;; $9 $k $3 $H $b $G $- $k [13] !# >e 5- $N <j =g $N Mx E@ $O 9T Ns E $, C10L%Y%/%H%k t $H2sE>9TNs R $K$h$C$F87L)$K t � R $H $O I= $; $J $$ >l 9g $K $b :G >. Fs >h $N 0U L# $G :G E, $J C1 0L %Y %/ %H%k t $H2sE>9TNs R $,7W;;$G$-$k$3$H$G$"$k!# 4. %"%k%4%j%:%‘$NF3=P 4p AC 9T Ns F $, >G E@ 5w N% f , f 0 $H 1? F0 %Q %i %a!< %? f t , R g $K$h$C $FDj 5A $5$l $F$$ $k$H!" <0 (10) $G Dj5A $5$l $k 4pK\9TNs E $, t � R $HI=$5$l$k [10, 11] !#9TNs E $,$= $N $h $& $K I= $; $k I, MW == J, >r 7o $O E $N FC 0[ CM $N 0l $D $, Nm $G $" $j!" B> $N Fs $D $, Ey $7 $$ $3 $H $G $" $k ( J, 2r 2D G= >r 7o [7]) !# $3 $N L? Bj $O :B I8 2s E> $K IT JQ $G $" $k!# $7 $? $,$C $F :B I8 2s E> IT JQ NL $K $h$C $F I= $5 $l $J $1 $l $P $J $i $J $$ [9] !#<B:]!"<!$N$h$&$KI=$;$k [3, 4, 10, 14, 15] !# k E E > k 2 = 1 2 k E k 4 (13) $7$?$,$C$F K ( f ; f 0 ) = k E E > k 2 � 1 2 k E k 4 (14) 3

$H CV $1 $P!" $3 $l $O 1 =f , 1 =f 0 $N 8 <! B? 9‘ <0 ( 3F!9 $N 4 <! <0 ) $G $" $j!" K ( f ; f 0 ) = 0 $r 2r $$ $F f , f 0 $, Dj $^ $k!# 0l 8D $N J} Dx <0 $N $_ $G $O Fs 8D $N L$ CN ?t $O 5a $^ $i $J $$ $h $& $K ;W $( $k $,!" <B $O 2r $O K ( f ; f 0 ) $N FC 0[ E@ $G $" $j!" K ( f ; f ) = K f ( f ; f 0 ) = K f 0 ( f ; f 0 ) = 0 (15) $, @. N) $9 $k [11]( IU O? B) !# $? $@ $7 E: $( ;z $O JP Hy J, $r I= $9!#?7$7$$JQ?t x = � f 0 f � 2 � 1 ; y = � f 0 f 0 � 2 � 1 (16) $r Dj 5A $9 $l $P!" $d $d D9 $$ JQ 7A $N 8e $K K $, <! $N $h $& $K x , y $N 4 <!B?9‘<0 ( 3F!9$N 2 <!<0 ) $H$7$FI=$;$k!# K = ( k ; F k ) 4 x 2 y 2 + 2( k ; F k ) 2 k F > k k 2 x 2 y +2( k ; F k ) 2 k F k k 2 xy 2 + k F > k k 4 x 2 + k F k k 4 y 2 + 4( k ; F k )( k ; F F > F k ) xy +2 k F F > k k 2 x + 2 k F > F k k 2 y + k F F > k 2 � 1 2 � ( k ; F k ) 2 xy + k F > k k 2 x + k F k k 2 y + k F k 2 � 2 (17) k F > k k , k F k k , ( k ; F k ) $, 0 $G $J$$$H 2>Dj$7 $F<!$N $h $&$KCV$/!# X = k F > k k 2 x; Y = k F k k 2 y (18) $=$7$F Z = cX Y + X + Y (19) $HCV$/$H!"<0 (17) $O<!$N$h$&$K=q$1$k!# K = 2 � g ( Z ) + AX + B Y + A + B c � (20) $3$3$K g ( Z ) $O<!$N#2<!B?9‘<0$G$"$k!# g ( Z ) = 1 4 Z 2 � 1 2 P Z + Q (21) $? $@$7 >e5- $N <0Cf $G c , A , B , P , Q $O <0 (3), (4), (5) $G Dj 5A$7 $? Dj ?t $G $"$k!# <0 (20) $h $j!" >r 7o K = K X = K Y = 0 $O<!$N 3 <0$H$J$k!# g ( Z ) + A � X + 1 c � + B � Y + 1 c � = 0 (22) X + 1 c = � 2 B c ( Z � P ) ; Y + 1 c = � 2 A c ( Z � P ) (23) <0 (23) $r <0 (22) $KBe F~$9 $k $H<! $N Z $N#3 <! J}Dx <0$r F@$k!# Z 3 � 3 P Z 2 + 2( P 2 + 2 Q ) Z � 4 � P Q + 4 AB c � = 0 (24) 0l J}!" <0 (23) $r<0 (19) $K BeF~ $9 $k$H <! $N Z $N#3 <! J} Dx<0$rF@$k!# Z 3 � � 2 P � 1 c � Z 2 + P � P � 2 c � Z + P 2 � 4 AB c = 0 (25) <0 (24), (25) $+ $i Z 3 $r >C 5n $9 $k $H #2 <! J} Dx <0 (6) $r F@ $k!#$= $NFs$D $N2r $N$& $A!"<0 (24)( $"$k $$$O <0 (25)) $r K~ $? $9 $[ $& $r A* $V!# Z $, Dj $^ $l $P <0 (23) $+ $i X , Y $, Dj $^ $j!" <0 (16), (18) $+ $i >G E@ 5w N% f , f 0 $, Dj $^ $k!# 5. B‘2=$N>r7o xy :B I8 7O $K J? 9T 0\ F0!" ?-=L $r 2C $(!" 2r $, 86 E@ (0 ; 0) $K Mh $k $h $& $K $9 $k!# $= $N $? $a $K $O ?7 $7 $$ :B I8 ( x 0 ; y 0 ) $r x 0 = � � f f 0 � 2 ( x + 1) � 1 ; y 0 = � � f 0 f 0 � 2 ( y + 1) � 1 (26) $H Dj 5A $9 $l $P $h $$!# $? $@ $7 � f , � f 0 $O JQ ?t f , f 0 $N ?? $N CM $G $" $k!# $3 $N ?7 $7 $$ :B I8 $r MQ $$ $k $H!" B? 9‘ <0 K $O <!$N$h$&$KI=$5$l$k!# K = ( k ; � E k ) 4 x 0 2 y 0 2 + 2( k ; � E k ) 2 k � E > k k 2 x 0 2 y 0 +2( k ; � E k ) 2 k � E k k 2 x 0 y 0 2 + k � E > k k 4 x 0 2 + k � E k k 4 y 0 2 + 4( k ; � E k )( k ; � E � E > � E k ) x 0 y 0 +2 k � E � E > k k 2 x 0 + 2 k � E > � E k k 2 y 0 + k � E � E > k 2 � 1 2 � ( k ; � E k ) 2 x 0 y 0 + k � E > k k 2 x 0 + k � E k k 2 y 0 + k � E k 2 � 2 (27) $?$@$7!"<!$N$h$&$KCV$$$?!# � E = diag (1 ; 1 ; f 0 � f ) F diag (1 ; 1 ; f 0 � f 0 ) (28) $3 $l $O 4p K\ 9T Ns E $N ?? $N CM $G $" $k $+ $i!" $" $k %Y %/ %H %k t $H2sE>9TNs R $,B8:_$7$F � E = t � R (29) $HI=$;$k!#$3$l$+$i<!$N$3$H$,$o$+$k [10, 11] !# k � E � E > k 2 = 1 2 k � E k 4 = 2 k t k 4 (30) $^$?!"<!$N$3$H$,$o$+$k!# k � E > k k = k t k sin � ; k � E k k = k t k sin � 0 k � E � E > k k = k t k 2 sin � ; k � E > � E k k = k t k 2 sin � 0 ( k ; � E k ) = �k t k sin � sin � sin � 0 ( k ; � E � E > � E k ) = �k t k 3 sin � sin � sin � 0 (31) 4

$? $@ $7 � $O JB ?J t $, Bh #1 %+ %a %i $N 8w <4 J} 8~ k $H @. $9 3Q $G $" $j!" � 0 $O JB ?J t $, Bh #2 %+ %a %i $N 8w <4 J} 8~ k 0 = Rk $H @. $9 3Q $G $" $k!# � $O k , t $N D% $k J? LL $H k 0 , t $N D% $k J? LL $N @. $9 3Q $G $" $k!# >e <0 $r <0 (27) $K Be F~ $9 $k $H x 0 = y 0 = 0 $K $* $$ $F K = K x 0 = K y 0 = 0 $G $" $k $3$H $,D> $A$K $o$+ $k!# x 0 = y 0 = 0 $K$* $1$k #2 3,$N JPF34X?t$O<!$N$h$&$K$J$k!# K xx = k t k 4 sin 4 � K xy = k t k 4 (2 sin 2 � � 1) sin 2 � sin 2 � 0 K y y = k t k 4 sin 4 � 0 (32) 2r $, IT Dj $H $J $k I, MW >r 7o $O B? 9‘ <0 K ( x; y ) $N %X%C %; 9T Ns$N9TNs<0 K xx K y y � K 2 xy = k t k 8 � 1 � (2 sin 2 � � 1) 2 � sin 4 � sin 4 � 0 (33) $, 0 $H$J$k$3$H$G$"$k!#$3$l$O sin � = 0 $^$?$O sin � 0 = 0 $^$?$O (2 sin 2 � � 1) 2 = 1 $r0UL#$9 $k!#:G8e$N>l 9g$O sin � = 0 $^$?$O sin � = � 1 $r0UL#$9$k!#$3$l$i $N>l9g$r8DJL$KD4$Y$k$H<!$N$h$&$K$J$k!# >l9g 1 ( sin � = 0 ): $3 $l $O � = 0, � $G $"$j!" Bh #1 %+ %a %i $N 8w <4 $, JB ?J J} 8~ $H J? 9T $G $" $k $3 $H $r 0U L# $9$k!#$3$N$H$- K ( x 0 ; y 0 ) = 1 2 k t k 4 y 0 2 sin 4 � 0 (34) $G$"$j!" x 0 $OITDj$G$"$k!# >l9g 2 ( sin � 0 = 0 ): $3 $l $O � 0 = 0, � $G $" $j!" Bh #2 %+ %a %i $N 8w <4 $, JB ?J J} 8~ $H J? 9T $G $" $k $3 $H $r 0U L#$9$k!#$3$N$H$- K ( x 0 ; y 0 ) = 1 2 k t k 4 x 0 2 sin 4 � (35) $G$"$j!" y 0 $OITDj$G$"$k!# >l9g 3 ( sin � = 0 ): $3$l $O � = 0, � $G $"$j!" Fs$D$N %+ %a %i $N 8w <4 $, 6& LL $G $" $k $3 $H $r 0U L# $9 $k!# $3 $N$H$- K ( x 0 ; y 0 ) = 1 2 k t k 4 ( x 0 sin 2 � � y 0 sin 2 � 0 ) 2 (36) $G$"$j!" x 0 sin 2 � = y 0 sin 2 � 0 $H$J$kL5?t$N2r$, B8:_$9$k!# >l9g 4 ( sin � = � 1 ): $3 $l $O � = � = 2, 3 � = 2 $G $" $j!" Bh #1 %+ %a %i $N 8w <4 $H JB ?J J} 8~ $N D% $k J? LL $H Bh #2 %+ %a %i $N 8w <4 $H JB ?J J} 8~ $N D% $k J? LL $H $, D> 8r$9$k$3$H$r0UL#$9$k!#$3$N$H$- K ( x 0 ; y 0 ) = 1 8 k t k 4 ( x 0 y 0 sin 2 � sin 2 � 0 + x 0 sin 2 � + y 0 sin 2 � 0 ) 2 (37) $G$"$j!" xy sin 2 � sin 2 � 0 + x sin 2 � + y sin 2 � 0 = 0 $H$J$kL5?t$N2r$,B8:_$9$k!# 0J >e $h $j <! $N L? Bj $r F@ $k!# $3 $l $O Newsam $i [16] $N 7kO@$HF10l$G$"$k!# !ZL?Bj 1 ![ >G E@ 5w N% $, IT Dj $H $J $k $N $O (i) Fs $D $N %+ %a %i $N 8w <4 $, 6& LL!" $" $k $$ $O (ii) Bh #1 %+ %a %i $N 8w <4 $H JB ?J J} 8~ $N D% $k J? LL $H Bh #2 %+ %a %i $N 8w <4 $H JB ?J J} 8~ $N D% $kJ?LL$H$,D>8r$9$k>l9g$K8B$k!# $^$?!"<!$N$3$H$b$o$+$k!# !ZL?Bj 2 ![ Fs$D$N%+%a%i$N8w<4$HJB?JJ}8~$H$,6&@~$G $" $l $P 2r $O $^$C $? $/ IT Dj $G $" $k!# $= $l 0U 30 $N B‘ 2= $N >l 9g$O!"2r$O 1 %Q%i%a!<%?$r=|$$$F5a$^$k!# $d $d D9 $$ JQ 7A $N 7k 2L!" k F > k k , k F k k , ( k ; F k ) $H k � E > k k , k � E k k , ( k ; � E k ) $H $O 8_ $$ $K @~ 7A 7k 9g $G I= $; $k $N $G!" ( k F > k k ; k F k k ; ( k ; F k )) 6 = (0 ; 0 ; 0) $H ( k � E > k k ; k � E k k ; ( k ; � E k )) 6 = (0 ; 0 ; 0) $, F1 CM $G $" $k!# <0 (20) $h$j K x = 2 g 0 ( Z )( cY + 1) + 2 A K y = 2 g 0 ( Z )( cY + 1) + 2 A (38) $G$"$k$+$i!" Z = P $"$k$$$O g 0 ( Z ) = ( Z � P ) = 2 = 0 $H $J $k $N $O A = B = 0 $N $H$- $N $_ $G $" $k!#<0 (22) $+ $i!" $3 $l $O g ( P ) = 0 $r 0U L# $9 $k!# $7 $+ $7 g ( P ) = g 0 ( P ) = 0 $O g ( Z ) $, g ( Z ) = ( Z � P ) 2 = 4 $H =q $1 $k $3 $H $r 0U L# $9 $k!# $7 $? $,$C $F!" <0 (20) $O <! $N 7A $r $b $D!# K = 1 2 ( X Y + X + Y � P ) 2 (39) $3 $l $O >e 5- $N >l 9g 4 $K Aj Ev $9 $k!# 0J >e $h $j!" K\ %" %k %4 %j %: %‘ $, GK C> $9 $k $N $O L? Bj 1 $K Ns 5s $7 $? FC 0[ $J G[ CV $N >l9g$N$_$G$"$k$3$H$,$o$+$k!# 6. 8GDj>GE@5wN%$N7W;; %+ %a %i $, FC 0[ $J G[ CV $K $" $k $H $- $O f , f 0 $, Ey $7 $$ $H 2> Dj $7 $F 2r $r 5a $a $k $3 $H $, $G $- $k!# A0 =R $N %" %k %4 %j %: %‘$G f = f 0 $H$9$k$H!"<!$N<j=g$H$J$k!# 1. <!$NNL$r7W;;$9$k!# a 1 = 1 2 ( k ; F k ) 4 a 2 = ( k ; F k ) 2 ( k F > k k 2 + k F k k 2 ) a 3 = 1 2 ( k F > k k 2 � k F k k 2 ) 2 +( k ; F k )(4( k ; F F > F k ) � ( k ; F k ) k F k 2 ) ; a 4 = 2( k F F > k k 2 + k F > F k k 2 ) � ( k F > k k 2 + k F k k 2 ) k F k 2 a 5 = k F F > k 2 � 1 2 k F k 4 : (40) 2. <!$NB?9‘<0$rDj5A$9$k!# K ( x ) = a 1 x 4 + a 2 x 3 + a 3 x 2 + a 4 x + a 5 (41) 5

3. $b$7 a 1 � a 2 � a 3 � 0 $G$"$l$P=*N;$9$k!#$=$& $G$J$1$l$P K ( x ) $H K 0 ( x ) $N6&DL:,$r5a$a$k!# 4. >GE@5wN% f $r<!$N$h$&$K7W;;$9$k!# f = f 0 p 1 + x (42) B? 9‘ <0 K ( x ), K 0 ( x ) $N 6& DL :, $O <! $N $h $& $K 7W ;; $G $- $k!# a 1 6 = 0 $G $" $l $P 3 J} Dx <0 K ( x ) = 0, K 0 ( x ) = 0, xK 0 ( x ) = 0 $O<!$N$h$&$K=q$1$k!# 0 B @ a 1 a 2 a 3 x 2 + a 4 x + a 5 4 a 1 3 a 2 x 2 + 2 a 3 x + a 4 4 a 1 3 a 2 2 a 3 x 2 + a 4 x 1 C A 0 B @ x 4 x 3 1 1 C A = 0 B @ 0 0 0 1 C A (43) $7$?$,$C$F<!$N#2<!J}Dx<0$,F@$i$l$k!# � � � � � � � a 1 a 2 a 3 x 2 + a 4 x + a 5 4 a 1 3 a 2 x 2 + 2 a 3 x + a 4 4 a 1 3 a 2 2 a 3 x 2 + a 4 x � � � � � � � = a 1 (3 a 2 2 � 8 a 1 a 3 ) x 2 + 2 a 1 ( a 2 a 3 � 6 a 1 a 4 ) x + a 1 ( a 2 a 4 � 16 a 1 a 5 ) = 0 (44) $b $7 Fs $D $N 2r $, B8 :_ $9 $l $P ( >e 5- $N J} Dx <0 $O #1 <! J} Dx <0$KB‘2=$9$k$+$b$7$l$J$$ ) !" K ( x ) = 0 $rK~$?$9$[$& $rA*$V!#$b$7 a 1 = 0 $+$D a 2 6 = 0 $N$H$-$O!" 3 J}Dx<0 K ( x ) = 0, K 0 ( x ) = 0, xK 0 ( x ) = 0 $,<!$N$h$&$K=q$1 $k!# 0 B @ a 2 a 3 a 4 x + a 5 3 a 2 2 a 3 x + a 4 3 a 2 2 a 3 a 4 x 1 C A 0 B @ x 3 x 2 1 1 C A = 0 B @ 0 0 0 1 C A (45) $7$?$,$C$F!"<!$N#1<!J}Dx<0$r2r$$$F2r$,Dj$^$k!# � � � � � � � a 2 a 3 a 4 x + a 5 3 a 2 2 a 3 x + a 4 3 a 2 2 a 3 a 4 x � � � � � � � = 2 a 2 ( a 2 3 � 3 a 2 a 4 ) x + a 2 ( a 3 a 4 � 9 a 2 a 5 ) = 0 (46) $b$7 a 1 = a 2 = 0 $+$D a 3 6 = 0 $J$i #1<! J}Dx<0 K 0 ( x ) = 0 $r2r$$$F2r$,Dj$^$k!# >e 5- $N %" %k %4 %j %: %‘ $O a 1 = a 2 = a 3 = 0 ( $3 $l $, $I $& $$ $& >l 9g $K @8 $8 $k $+ $O <! @a $G 2r @O $9 $k ) $G $J $$ 8B $j2r $,5a $^$k $,!"$= $l$O 4p AC9T Ns F $, f = f 0 $N2r $r ;}$D $H2> Dj$7 $F$$ $k$+ $i$G $" $k!#$7 $+$7!" G$0U $N F $KBP$7$F$O K ( x ) = K 0 ( x ) = 0 $N2r$,B8:_$9$k$H$O8B $i $J $$!# $= $N >l 9g $K f = f 0 $N 2r $r 6a ;w E* $K $+ $D :G E, $K 5a $a $? $$ >l 9g $O!" #3 <! J} Dx <0 ( #2 <! $^ $? $O #1 <! $K B‘ 2= $9 $k $+ $b $7 $l $J $$ ) K 0 ( x ) = 0 $N $& $A j K ( x ) j $, :G >.$H$J$k$b$N$rA*$V$N$,<B:]E*$G$"$m$&!# 7. 8GDj>GE@5wN%$NB‘2=>r7o 2r $, 86 E@ (0 ; 0) $K Mh $k $h $& $K <0 (26) $K $h $k ?7 $7 $$ x 0 y 0 :BI8 7O$r $H$k!#<0 (27) $G f = f 0 $H $9$k $H!"B?9‘ <0 K ( x 0 ) $O<!$N$h$&$K$J$k!# K ( x 0 ) = � a 1 x 0 4 + � a 2 x 0 3 + � a 3 x 0 2 (47) $3 $3 $K � a 1 , � a 2 , � a 3 $O <0 (40) Cf $N F $r <0 (28) $N � E $K CV $- 49$( $F F@$i $l$k a 1 , a 2 , a 3 $N ?? $NCM $G$" $k!# L@$i $+ $K K (0) = K 0 (0) = 0 $H $J$C $F $$ $k!# <0 (31) $r Be F~$9$k$H K 00 (0) $O<!$N$h$&$K$J$k!# K 00 (0) = k t k 4 � 4 sin 2 � sin 2 � sin 2 � 0 +(sin 2 � � sin 2 � 0 ) 2 � (48) $3 $l $, 0 $H $J $k $N $O sin 2 � sin 2 � sin 2 � 0 = 0 $+ $D sin 2 � = sin 2 � 0 $N $H $- $G $" $k!# A0 <T $O � = 0, � ( Fs $D $N %+ %a%i $N 8w <4$H JB ?J J} 8~$, 6& LL ) $^ $? $O � = 0, � ( Bh #1 %+ %a %i $N 8w <4 $H JB ?J J} 8~ $, 6& @~ ) $^ $? $O � 0 = 0, � ( Bh#2 %+%a %i $N8w <4$H JB?J J} 8~$, 6&@~ ) $r 0UL# $9 $k!# 8e <T $O � 0 = � , � + � ( Fs $D $N %+ %a %i $N 8w <4 $, J? 9T ) $^ $? $O � 0 = � � , � � � ( Fs $D $N %+ %a %i $N 8w <4 $H JB ?J J} 8~ $, JB ?J J} 8~ $r Dl JU $H $9 $k Fs Ey JU ;0 3Q 7A $r $D $/ $k ) $r 0U L# $9 $k!# $^ $?!" K ( x 0 ) $, 91 Ey E* $K 0 $H $J $k $N $O sin 2 � sin 2 � sin 2 � 0 = 0 $+$D sin 2 � = sin 2 � 0 $G$"$k$3 $H$,$o$+$k!#0J>e$h$j<!$N7kO@$rF@$k!# !ZL?Bj 3 ![ >GE@5wN%$,0lDj$N$H$-!"$3$l$,ITDj$H$J$k $N $O (i) Fs $D $N %+ %a %i $N 8w <4 $, J? 9T!" $^ $? $O (ii) Fs $D $N %+ %a %i $N 8w <4 $H JB ?J J} 8~ $, JB ?J J} 8~ $r Dl JU $H $9 $k Fs EyJU;03Q7A$r$D$/$k>l9g$K8B$k!# Bro oks $i [2] $O?eJ? $J4p@~ $r$b $A%+%a %i$,?b D>$J <4$N <~ $j $N 2s E> $N <+ M3 EY $r $b $D %9 %F %l %* $G $O FC 0[ $J G[ CV $O >r 7o (ii) $N $_ $G $" $k $3 $H $r <( $7 $F $$ $k!# >e $N 7k 2L $O $3 $l $r 0l HL $N G[ CV $N >l 9g $K 3H D% $7 $? $b $N $H $b 2r <a $G $- $k!# 8. 8m:9$H@:EY K\ O@ J8 $K <( $7 $? %" %k %4 %j %: %‘ $O B> $N J} K! [1, 5, 17, 18, 16, 22] $H F1 MM $K!" 4p AC 9T Ns F $+ $i >G E@ 5w N% f , f 0 $H 1? F0 %Q %i %a!< %? f t , R g $X $N C1 $J $k <L A| $G $" $k!# %G!< %? $K 8m :9 $, $" $m $& $H $J $+ $m $& $H!" $I $N J} K! $b A4 $/ F1 0l $N 7k 2L $r JV $9 $N $G!" 0[ $J $k %" %k %4 %j %: %‘ $N @: EY $r Hf 3S $9 $k $3 $H $K $O 0U L# $, $J $$!# $? $@ $7!" 7W ;; B. EY $K $O <c 43 $N Aj 0c $, $" $k!# %^ %7 %s $d %W %m %0 %i %_ %s %0 $K 0M B8 $9 $k $,!" K\ J} K! $O 8G M- CM 2r @O $d FC 0[ CM J, 2r $r 9T $o $J $$ $V $s$o$:$+$KB.$$$h$&$G$"$k!# 0lJ}!">GE@5wN% f , f 0 $H1?F0%Q%i%a!<%? f t , R g $r@: EY $h $/ 7W ;; $9 $k $3 $H $O 4p AC 9T Ns F $r @: EY $h $/ 7W ;; $9 $k $3 $H $K $+ $+$C $F $$ $k!# $3 $l $K $D $$ $F $O!" 2f!9 $O 4{ $K %G!< %? $N 8m :9 $N $" $k $H $- $K 2 2h A| $N BP 1~ E@ $+ $i 4p AC 9T 6

Ns $r E} 7W E* $K :G E, $K 7W ;; $7!" $+ $D $= $N @: EY $r Dj NL E* $K I> 2A $9 $k %" %k %4 %j %: %‘ $r 3+ H/ $7 $F $$ $k [12] !# $= $7 $F!" $3 $l $, @: EY $N M} O@ 8B 3& $K E~ C# $7!" $b $O $d 2~ NI $N M> CO $N $J $$ $3 $H $r M} O@ E* $* $h $S <B 83 E* $K <B >Z $7 $F $$ $k [12] !# $3 $N %" %k %4 %j %: %‘ $N C++ 8@ 8l $K $h $k %W %m %0 %i %‘ $O %$ %s%?!<%M%C%H>e$G8x3+$5$l$F$$$k 2 !# 9. $^$H$a K\ O@ J8 $G $O >G E@ 5w N% 0J 30 $N %+ %a %i %Q %i %a!< %? $O $" $i $+ $8 $a 9; @5 $5 $l $F $$ $k >l 9g $K!" M? $( $i $l $? 4p AC 9T Ns $r >G E@ 5w N% $H 1? F0 %Q %i %a!< %? $K J, 2r $9 $k %" %k %4 %j %: %‘ $r <( $7 $?!# K\ J} K! $G $O >G E@ 5w N% $, 4p AC 9T Ns $N MW AG $K $h$C $F D> @\ $K Be ?t E* $K JD $8 $? 7A $G I= $5 $l $F $* $j!" FC 0[ CM J, 2r $d %( %T 6K E@ ( 8G M- CM!" 8G M- %Y %/ %H %k $N 7W ;; ) $r MQ $$ $F $$ $J $$!# K\ J} K! $O 4p K\ 9T Ns $N J, 2r 2D G= >r 7o $K 4p $E $/ $b $N $G $" $j!" $9 $Y $F $N <0 $, 2h A| :B I8 7O $N 2s E> $K 4X $9 $k IT JQ NL $G I= $5 $l $F $$ $k!# $^ $?!" 2r $, IT Dj $H $J $k B‘ 2= $N >r 7o $r 2r @O $7 $?!# $3 $l $O Newsam $i [16] $, <( $7 $? 7k 2L $H 0l CW $9 $k!# $5 $i $K B‘ 2= $N >l 9g $K >G E@ 5w N% $, 0l Dj $G $" $k $H $$ $& 2> Dj $N $b $H $K 2r $r 7W ;; $9 $k %" %k %4 %j %: %‘ $r <( $7!" $= $N B‘ 2= >r 7o $O Bro oks $i [2] $, ?e J? LL $K 94 B+ $5 $l $? %9 %F %l %* $K 4X $7 $F F3 $$ $? 7k 2L $H 0l CW $9 $k $3 $H $r <($7$?!# Bougnoux [1] $d =y!& DT [22] $O 4p AC 9T Ns $H %( %T 6K E@ $r MQ$$ $k >G E@5w N% $N 7W;; K! $r Kruppa $N J}Dx <0 $+ $iF3 $$ $F $$ $k $,!" K\ O@ J8 $N Dj <0 2= $N $b $H $K $3 $l $r :B I8 2s E> $NITJQNL$GI=$9J}K!$rIUO?$K<($9!# <U <- : K\ 8& 5f $K 4X $7 $F M- 1W $J %3 %a %s %H $r D: $$ $? %U %i %s%9 INRIA 8& 5f=j $N Bill T riggs ;a!"%*!< %9%H %i%j%" Murdo c h Bg 3X $N Du Huynh ;a!" $* $h $S EE Am 8& $N ?" <G =SIW;a$K46<U$7$^$9!# ;29MJ88% [1] S. Bougnoux, F rom pro jectiv e to Euclidean space under an y practical situation, a criticism of self calibration, Pr o c. 6th Int. Conf. Comput. Vision. , Jan uary 1998, Bom ba y , India, pp. 790{796. [2] M. J. Bro oks, L. de Agapito, D. Q. Huynh and L. Baumela, T o w ards robust metric reconstruction via a dynamic uncalibrated stereo head, Image Vision Com- put. , 16 -14 (1998), 989-1002. [3] O. D. F augeras, Thr e e-Dimensional Computer Vision: A Ge ometric Viewp oint , MIT Press, Cam bridge, MA, U.S.A., 1993. [4] O. D. F augeras and S. Ma ybank, Motion from p oin t matc hes: Multiplicit y of solutions, Int. J. Comput. Vi- sion , 4 -3 (1990), 225{246. [5] R. I. Hartley , Estimation of relativ e camera p ositions for uncalibrated cameras, Pr o c. 2nd Eur o. Conf. Comput. Vision , Ma y 1992, San ta Margherita Ligure, Italy , pp. 579{587. [6] R. I. Hartley , Kruppa’s equations deriv ed from the fun- damen tal matrix, IEEE T r ans. Patt. A nal. Mach. In- tel l. , 19 -2 (1997), 133{135. [7] T. S. Huang and O. D. F augeras, Some prop erties of the E matrix in t w o-view motion estimation, IEEE T r ans. Patt. A nal. Mach. Intel l. , 11 -12 (1989), 1310{1312. 2 http://www.ail.cs.gunma-u.ac.jp/~kanatani/j [8] F. Kahl and B. T riggs, Critical motions in Euclidean structure from motion, Pr o c. IEEE Computer So ciety Conf. Comput. Vision Patt. R e c o g. , June 1999, F ort Collins, CO, U.S.A. [9] K. Kanatani, Gr oup-The or etic al Metho ds in Image Un- derstanding , Springer, Berlin, 1990, [10] K. Kanatani, Ge ometric Computation for Machine Vi- sion , Oxford Univ ersit y Press, Oxford, 1993. [11] K. Kanatani, Statistic al Optimization for Ge ometric Computation: The ory and Pr actic e , Elsevier, Amster- dam, 1996. [12] ;0EgEy , 6bC+7r0l , 4pAC 9TNs$N:GE,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), pp. 67{74. [13] 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. [14] S. Ma ybank, The ory of R e c onstruction fr om Image Mo- tion , Springer, Berlin, 1993. [15] S. J. Ma ybank and O. D. F augeras, A theory of self- calibration of a moving camera, Int. J. Comput. Vision , 8 -2 (1992), 123{151. [16] 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. [17] H.-P . P an, M. J. Bro oks and G. Newsam, Image resi- tuation: initial theory , Pr o c. SPIE: Vide ometrics IV , Octob er 1995, Philadelphia, USA, pp. 162-173. [18] H.-P . P an, D. Q. Huynh and G. Hamlyn, Tw o-image re- situation: Practical algorithm, Pr o c. SPIE: Vide omet- rics IV , Octob er 1995, Philadelphia, USA. pp. 174-190. [19] :4 F# =_ , !V%3 %s %T%e!< %? %S %8%g %s | ;k 3P $N 4v 2? 3X | !W , %3 %m %J<R , 1999. [20] ?" <G =S IW , IY ED J8 L@ , >G E@ 5w N% $, L$ CN $N %9 %F %l %* %+ %a %i $K $h $k ;0 <! 85 I| 85 , >p Js =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. [21] G. Xu, An algebraic deriv ation of the Kruppa equa- tions and a new algorithm for self-calibration of cam- eras, Pr o c. 1998 Symp osium on Image, Sp e e ch, Signal Pr o c essing and R ob otics , Septem b er 1998, Hong Kong, pp. I15{18. [22] =y9d , DT;0O: , !V#3<!85%S%8%g%s!W , 6&N)=PHG , 1998. [23] 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. IUO? A: Bougnoux $N8x<0 M? $( $i $l $? 4p AC 9T Ns F $K BP $7 $F F > , F $N 8G M- CM 0 $N C1 0L 8G M- %Y %/ %H %k $r $= $l $> $l e , e 0 $H $9 $k!# $3 $l $i $O $= $l $> $l!" Bh #1!" Bh #2 2h A| $N %( %T 6K E@ $r I= $9 %Y %/ %H %k$G $"$k [3, 23] !#$9$J$o$A!" e $OBh #1%+%a%i$+$i 8+$? Bh #2 %+ %a %i $N %l %s %: Cf ?4 $N Ej 1F 0L CV $r ;X $9 %Y %/ %H %k $G $" $j!" e 0 $O Bh #2 %+ %a %i $+ $i 8+ $? Bh #1 %+ %a %i $N %l %s %: Cf ?4 $N Ej 1F 0L CV $r ;X $9 %Y %/ %H %k $G $" $k!# $3 $l $i $O <! $N $h$&$KI=$;$k!# e ’ diag (1 ; 1 ; f 0 f ) t ; e 0 ’ diag (1 ; 1 ; f 0 f 0 ) R > t (49) $3 $3 $K ’ $O 0l J} $N JU $, B> J} $N JU $N Dj ?t G\ $G $" $k $3 $H $r I= $9!# >e <0 $r MQ $$ $k $H 4p AC 9T Ns F $+ $i JB ?J t $, >C 5n$5$l$F<!$N$h$&$K=q$1$k!# F ’ e � diag (1 ; 1 ; f 0 f ) R diag (1 ; 1 ; f 0 f 0 ) 7

F ’ diag (1 ; 1 ; f f 0 ) R diag (1 ; 1 ; f 0 f 0 ) � e 0 (50) $? $@ $7!" 9T Ns T $H %Y %/ %H %k u $K BP $7 $F T � u $O T ( u � T ) > $H LsB+ $9 $k!#>e <0 $+$i 2s E> R $r >C5n $9 $k $3$H$K$h$C$F<!$N Kruppa $NJ}Dx<0 3 $,F@$i$l$k!# F diag (1 ; 1 ; f 2 0 f 0 2 ) F > ’ e � diag (1 ; 1 ; f 2 0 f 2 ) � e F > diag (1 ; 1 ; f 2 0 f 2 ) F ’ e 0 � diag (1 ; 1 ; f 2 0 f 0 2 ) � e 0 (51) <0 (16) $N $h $& $K JQ ?t x , y $r Dj 5A $9 $k $H <! $N $h $& $K $J $k!# F ( I + y k k > ) F > ’ e � ( I + x k k > ) � e F > ( I + x k k > ) F ’ e 0 � ( I + y k k > ) � e 0 (52) $3$l$+$i<!<0$rF@$k!# F F > + y ( F k )( F k ) > ’ P e + x ( e � k )( e � k ) > (53) F > F + x ( F > k )( F > k ) > ’ P e 0 + y ( e 0 � k )( e 0 � k ) > (54) $?$@$7 P e = I � ee > ; P e 0 = I � e 0 e 0 > (55) $H Dj 5A $7 $?!# $3 $l $i $O $= $l $> $l e , e 0 $K ?b D> $J LL $X $N <M1F 9TNs$G$" $k!#<0 (53), (54) $N N>JU$N1& $+$i k $r3] $1$k$H!"8_$$$KJQ?t$,J,N%$5$l$F<!$N$h$&$K$J$k!# F F > k + y ( k ; F k ) F k = c P e k F > F k + x ( k ; F k ) F > k = c 0 P e 0 k (56) $3 $3 $K c , c 0 $O L$ CN $N Hf Nc Dj ?t $G $" $k!# <0 (56) $N Bh #2 <0$H k $H$NFb@Q$r$H$k$H<!$N$h$&$K$J$k!# k F k k 2 + ( k ; F k ) 2 x = c 0 k e 0 � k k 2 (57) <0 (56) $N Bh #2 <0 $H F > k $H $N Fb @Q $r $H $k $H <! $N $h $& $K $J$k!# ( k ; F F > F k ) + ( k ; F k ) k F > k k 2 x = c 0 ( k ; F k ) (58) <0 (57), (58) $r x $K$D$$$F2r$/$H<!$N$h$&$K$J$k!# x = k F k k 2 � ( k ; F F > F k ) k e 0 � k k 2 = ( k ; F k ) k e 0 � k k 2 k F > k k 2 � ( k ; F k ) 2 (59) F1MM$K$7$F<0 (56) $NBh#1<0$+$i<!$N2r$rF@$k!# y = k F > k k 2 � ( k ; F F > F k ) k e � k k 2 = ( k ; F k ) k e � k k 2 k F k k 2 � ( k ; F k ) 2 (60) 3 $3 $l $OJ8 8% [3, 4, 5, 14, 15, 19] $N 7A $H$O 0[ $J $k$,!" ?t 3X E*$K $OEy2A$G$"$k!# $3$N7k2L f , f 0 $,<!$N$h$&$KI=$5$l$k!# f = f 0 p 1 + x ; f 0 = f 0 p 1 + y (61) $3 $l $O 7A $O 0[ $J$C $F $$ $k $, Bougnoux [1] $, M? $( $? 8x <0$HEy2A$G$"$k!# IUO? B: J,2r2DG=>r7o$NFC0[E@ 4p K\ 9T Ns E $N %9 %1!< %k $O IT Dj $G $" $k $+ $i!" k E k = 1 $H 2> Dj $7 $F 0l HL @- $r <: $o $J $$!# E $O $= $N 9 8D $N MW AG $N :n $k 9 <! 85 %Q %i %a!< %? 6u 4V R 9 $N 86 E@ $r Cf ?4 $H $9 $k 8 <! 85 C1 0L 5e LL S 8 >e $N 0l E@ $G $" $k!# J, 2r 2D G= >r 7o (13) $O 2r � E $, R 9 $N 6J LL k E E > k 2 = 1 $H 5e LL S 8 $N 8r @~ >e $K $" $k $3 $H $r 0U L# $9 $k!# 2r � E $G $N 8r $o $j J} $r D4 $Y $k $? $a $K E = � E + � E $H $* $$ $F 6J LL $N J} Dx <0 k E E > k 2 = 1 $KBeF~$7$F%F%$%i!<E83+$7!"9b<!$N9‘$r L5;k$9$k$H<!$N$h$&$K$J$k!# 1 = k ( � E + � E )( � E + � E ) > k 2 = k � E � E > k 2 + ( � E � E > ; � E � E > ) + ( � E � E > ; � E � E > ) = 1 + 2( � E � E > � E ; � E ) (62) $? $@ $7 9T Ns A = ( A ij ), B = ( B ij ) $N Fb @Q $r ( A ; B ) = P 3 i;j =1 A ij B ij $H Dj 5A $7 $?!# >e <0 $h $j Bh #1 6a ;w $K $* $$ $F 2( � E � E > � E ; � E ) = 0 $G $" $j!" $7 $? $,$C $F 6J LL k E E > k 2 = 1 $NE@ � E $K$*$1$k!VK!@~J}8~!W $, � E � E > � E $G $" $k $3 $H $, $o $+ $k!# $3 $l $K <0 (29) $N I= 8= $r Be F~ $9 $k$H<!$N$h$&$K$J$k!# � E � E > � E = ( t � I ) R R > ( t � I ) > ( t � I ) R = ( t � I )( t � I ) > ( t � I ) R = ( k t k 2 I � tt > )( t � I ) R = k t k 2 � E + t (( t � t ) > ) R = k t k 2 � E (63) 5e LL S 8 $N E@ � E $K $* $1 $k K! @~ J} 8~ $O � E $= $N $b $N $G $" $k $+ $i!" $3 $l $O 6J LL k E E > k 2 = 1 $H 5e LL S 8 $H !V@\ $7 $F $$ $k!W ( @\ D6 J? LL $r 6& M- $7 $F $$ $k ) $3 $H $r 0U L# $9 $k!#$$$^ � E $, 2 %Q%i%a!<%? f , f 0 $G;XDj$5$l$k 2 <!85 B? MM BN $K 94 B+ $5 $l $F $$ $l $P!" 2 %Q %i %a!< %? f , f 0 $N @] F0 $K BP $7 $F $3 $N 4X 78 $, J] B8 $5 $l $k $+ $i!" <0 (15) $, @. N)$9$k!# $J $*!" 6J LL k E E > k 2 = 1 $H 5e LL S 8 $O $H $b $K 8 <! 85 B? MM BN $G $" $k $+ $i!" $= $l $i $N 9 <! 85 6u 4V $G $N 8r $o $j $O 0l HL $K $O 7 <! 85 B? MM BN $H $J $k $O $: $G $" $k $,!" >e 5- $N !VHs 2# CG E* 8r :9!W $N $? $a 6 <! 85 B? MM BN $H $J $k!# 2r $O $= $N 6 <!85B?MMBN$H det E = 0 $NDj5A$9$k 8 <!85B?MMBN $H $N 8r @~ >e $K $" $j!" $= $N 8r @~ $O 5 <! 85 B? MM BN $G $" $k!# $7 $? $,$C $F 4p K\ 9T Ns $O 5 <+ M3 EY $r $b $A!" $3 $l $, 2s E> 9T Ns R $H C1 0L %Y %/ %H %k $K @5 5, 2= $7 $? JB ?J t $N <+ M3 EY $K BP1~$9$k!# 8