%U%m!<4pAC9TNs$NJ,2r : <+8J9;@5K!$N72O@E*J}K! 6bC+ 7r0l � %^%$%1%k!&#J!&%V%k%C%/%9 y � 72GOBg3X9)3XIt>pJs9)3X2J y %"%G%l!<%IBg3X>pJs9)3X2J 1? F0 $9 $k L$ 9; @5 %+ %a %i $G 4Q B, $7 $? %* %W %F%# %+ %k %U %m!< $r FC D’ $E $1 $k %U %m!< 4p AC 9T Ns $+ $i >G E@ 5w N% $H $= $N JQ 2= B. EY!" $* $h $S %+ %a %i $N 1? F0 %Q %i %a!< %? $r 7W ;; $9 $k %" %k %4 %j %: %‘ $r <( $9!# $^ $: %* %W %F%# %+ %k %U %m!< $N %( %T 6K @~ >r 7o $r F3 $-!" $= $l $r I= $9 %U %m!< 4p AC 9T Ns $r Dj 5A $9 $k $H $H $b $K!" $= $N J, 2r 2D G= >r 7o $r <( $9!# <! $K %U %m!< 4p AC 9T Ns $r 2h A| :B I8 7O $N 2s E> $K BP 1~ $9 $k #2 <! 85 2s E> 72 $N 5, Ls I= 8= $G I= $9!# %7%e!< %" $N Jd Bj $K $h $j!" $3 $l $O J# AG ?t $N HO 0O $G #1 <! 85 Aj BP IT JQ NL $K 4J Ls $5 $l $k!# $3 $l $r MQ $$ $k $H 2r $, 4J 7i $J Be ?t E* 8x <0 $H $7 $F I= $; $k!# :G 8e $K 2r $, IT Dj $H $J $k B‘2=$N>r7o$r2r@O$9$k!# %-!<%o!<%I : F02hA|2r@O!"%*%W%F%#%+%k%U%m!<!"4pAC9TNs!"<+8J9;@5!">GE@5wN%!"72$NI=8= Decomp osition of the Flo w F undamen tal Matrices: Group-Theoretical Metho d for Self-Calibration Kenic hi Kanatani � and Mic hael J. Bro oks y � Departmen t of Computer Science, Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan y Departmen t of Computer Science, Univ ersit y of Adelaide, Adelaide, SA 5005, Australia W e describ e an algorithm for decomp osing the fundamen tal matrices that c haracterize optical o w observ ed b y an uncalibrated camera in motion in to the fo cal length and its rate of c hange and the camera motion parameters. W e �rst deriv e the epip olar equation for optical o w and de�ne its o w fundamen tal matrices. W e also deriv e their decomp osabilit y condition. Then, w e express them in terms of irreducible represen tations of the t w o-dimensional group of rotations asso ciated with image co ordinate rotations. According to Sc h ur’s lemma, they can b e reduced to one-dimensional relativ e in v arian ts with w eigh ts in the domain of complex n um b ers. W e sho w that the solution can b e easily obtained in a simple algebraic form in terms of them. Finally , w e analyze the condition for whic h the solution is indeterminate. Key w ords : structure from motion, optical o w, fundamen tal matrix, self-calibration, fo cal length, group represen tation <U<- : K\8&5f$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 Departmen t of Computer Science, Univ ersit y of Adelaide, Adelaide, SA 5005, Australia T el: +61(8)8303-4626, F ax: +61(8)8303-4366, E-mail: mjb@cs.adelaide.edu.au 1

1. =xO@ %* %W %F%# %+ %k %U %m!< $+ $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 !V%U %m!< 4p AC 9T Ns!W $K =8 Ls $5 $l $k [7, 8] !# $3 $l $r J, 2r $7 $F %+ %a %i $N 1? F0 %Q %i %a!< %? $r 7W ;; $9 $l $P #3 <! 85 I| 85 $, $G $- $k!# %+ %a %i $, 9; @5 $5 $l $F $$ $k >l 9g $O $3 $N J, 2r $O MF 0W $G $" $j!" $= $N $h $& $K $7 $F #3 <! 85 I| 85 $r 9T$C $? Nc $, 4{ $K $$ $m $$ $m Js 9p $5 $l $F $$ $k [6, 12, 14] !# FC $K B@ ED $i [14] $O 2h A| $N 8m :9 $N E} 7W %b %G %k$K4p$$$?87L)$J?.Mj@-I>2A$r9T$C$F$$$k!# K\ O@ J8 $G $O Bro oks $i [1] $* $h $S Vi � eville $i [17] $K => $$!" $h $j 8= <B E* $J %+ %a %i $, L$ 9; @5 $N >l 9g $r 9M ;! $9 $k!# %U %m!< 4p AC 9T Ns $O Dj ?t G\ $r =| $$ $F Dj $^ $k BP >N 9T Ns $H H? BP >N 9T Ns $N AH $G $" $j!" <+ M3 EY $O 7 $G $" $k!# %+ %a %i $N Aj BP 1? F0 $O JB ?J B. EY v $H 2s E> B. EY ! $G ;X Dj $5 $l!" JB ?J B. EY $N @d BP NL $, IT Dj $G $" $k $+ $i!" 1? F0 %Q %i %a!< %? f v , ! 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!< %? $, 7W ;;$G$-$k ( !V<+8J9;@5!W ) !# $= $N 2 %Q %i %a!< %? $H $7 $F 8= <B E* $J A* Br $O >G E@ 5w N% f $* $h$S $= $NJQ 2=B. EY _ f $G $"$m $&!# $J$< $J$i $= $NB> $N %Q %i %a!< %? ( 2h A| Cf ?4!" %" %9 %Z %/ %H Hf!" 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 $KJQ2=$9$k$3$H$,B?$$$+$i$G$"$k 1 !# $3 $N J, 2r $O $9 $G $K Bro oks $i [1] $, <( $7 $F $$ $k $,!" J# ;( $J JQ ?t JQ 49 $H Be ?t 7W ;; $K $h $k $b $N $G $" $k!# K\ O@ J8 $G $O 2s E> 72 $N I= 8= O@ [5] $r MQ $$ $l $P $3 $N Ld Bj $, 4J C1 $K 2r $1 $k $3 $H $r <( $9!# $3 $l $O %U %m!< 4p AC 9T Ns $r 2h A| :B I8 7O $N 2s E> $K BP 1~ $9 $k !V#2 <! 85 2s E> 72 $N 5, Ls I= 8=!W $G I= $9 $b $N $G $" $j!" J# AG ?t $N HO 0O $G %7%e!< %" $N Jd Bj $K $h $j !V#1 <! 85 Aj BP IT JQ NL!W $H $J $k!# $3 $l $r MQ $$ $k $H 2r $, Be ?t E* $K I= $; $k $3 $H $O 4{ $K!" J? LL J* BN $N %* %W %F%# %+ %k %U %m!< $+ $i #3 <! 85 I| 85 $r 9T $& $? $a $N JD $8 $? 8x <0 $r F3 $/ $N $K 1~ MQ $5 $l $F $$ $k [2, 3, 4] !# K\ O@ J8 $G $b $3 $l $H F1 $8 <j K!$rMQ$$$k!# 0J 2<!" $^ $: %* %W %F%# %+ %k %U %m!< $N !V%( %T 6K @~ >r 7o!W $r F3 $-!" $= $l $r FC D’ $E $1 $k %U %m!< 4p AC 9T Ns $r Dj 5A $9 $k $H $H $b $K!" $= $N !VJ, 2r 2D G= >r 7o!W $r <( $9!# <! $K %U %m!< 4p AC 9T Ns $r >G E@ 5w N% $H $= $N JQ 2= B. EY!" $* $h $S %+ %a %i $N 1? F0 %Q %i %a!< %? $H $K J, 2r $9 $k %" %k %4 %j %: %‘ $r =R $Y!" $= $N 8e $K F3 =P $r <( $9!# :G 8e $K 2r $, IT Dj $H $J $k B‘ 2= $N >r 7o $r 2r @O $9 $k!# $= $N IT Dj @- $N >r 7o $O 2 2h A| $+ $i 7W ;; $7 $? 4pAC9TNs$NJ,2r$N>l9g [9, 13] $HF1MM$K$J$k!#$3$N$h$& 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$$$3$H$,B?$$!# $J 2r @O $, 4J C1 $K 9T $( $k $N $b K\ O@ J8 $N J# AG 5, Ls I= 8= $K $h $kJ}K!$NMxE@$G$"$k!# 2. %(%T6K@~J}Dx<0 @E ;_ $7$? %7!<%s $K AjBP E* $K%+ %a %i$, JB?J B. EY v $GJB ?J $7!" 2s E> B. EY ! ( <4 ! $N <~ $j $N 3Q B. EY k ! k ) $G 2s E> $7 $F $$ $k $H $9 $k!# %+ %a %i :B I8 7O $+ $i 8+ $k $H %7!< %s $, JB ?J B. EY � v !" 2s E> B. EY � ! $N 5U $N 1? F0 $r $7 $F $* $j!" %+ %a%i:BI87O$K4X$7$FE@ r $N1?F0$O<!$N$h$&$K=q$1$k!# _ r = � v � ! � r (1) 0J 2< f v , ! g $r 1? F0 %Q %i %a!< %? $H 8F $V!# %+ %a %i $N ;# A| $, F) ;k JQ 49 $H $_ $J $; $k $H $7!" E@ r $O 2h A| LL >e $N E@ ( x; y ) $K Ej 1F $5 $l $k $H $9 $k!# >G E@ 5w N% $r f $H $9 $k $H!" %Y%/%H%k � = 0 B @ x y f 1 C A (2) $O %l %s %: $N Cf ?4 $+ $i $= $N E@ $K 8~ $+ $& ;k @~ $N J} 8~ $r <( $9!#$7$?$,$C$F r = c � $H=q$1!" _ r = c _ � + _ c � $G$"$k!# $3$l$i$r<0 (1) $KBeF~$9$k$H<!$N$h$&$K$J$k!# c ( _ � + ! � � ) = � _ c � � v (3) $3$l$O%Y%/%H%k _ � + ! � � $, � , v $ND%$kJ?LLFb$K$"$k $3 $H$r 0UL# $9$k!# $7$? $,$C$F j _ � + ! � � ; � ; v j = 0 $G $"$j!"=q$-D>$9$H<!$N %(%T6K@~J}Dx<0 $rF@$k [8] !# j _ � ; v ; � j + ( v � � ; ! � � ) = 0 (4) $? $@ $7!" j a ; b ; c j $O %Y %/ %H %k a , b , c $N %9 %+ %i ;0 =E @Q $G $" $j!" ( a ; b ) $O %Y %/ %H %k a , b $N Fb @Q $G $" $k!# >e <0 $O 2 2h A| $N BP 1~ E@ $N K~ $? $9 !V%( %T 6K @~ J} Dx <0!W [7, 8, 15, 18, 19] $N=V 4VE*1? F0$N 6K8B$r $H$C$F $bF@$i $l!"8E $/$O Ma ybank [10] $K$h$C$F;XE&$5$l$?4X78$G$"$k!# 3. %U%m!<4pAC9TNs %+ %a %i $, L$ 9; @5 $G $" $k $H $7!" 2h A| LL >e $K G$ 0U $K 2h A| :B I8 7O $r $H $k!# 2h A| :B I8 ( u; v ) $N E@ $N 9; @5 $5 $l $? >l 9g $N:BI8 ( x; y ) $,<!$N4X78$K$"$k$H$9$k!# u = x � y cot � + u 0 ; v = y � sin � + v 0 (5) $3 $3 $K ( u 0 ; v 0 ) $O %+ %a %i $N 8w <4 $K $" $? $k E@ ( 2hA| Cf ?4 ) $N 2h A| :B I8 $G $" $j!" � !" � $O $= $l $> $l %" %9 %Z %/ %H Hf !" OD $_ 3Q $H 8F $P $l $F $$ $k [15, 18, 19] !# >G E@ 5w N% f $, L$ CN $G $" $k $N $G!" $= $N ?d Dj CM f 0 $r MQ $$ $F 2h A| :B I8 ( u; v ) $NE@$r<!$N%Y%/%H%k$GI=$9!# x = 0 B @ u=f 0 v =f 0 1 1 C A (6) 2

<0 (5) $h$j$3$l$O%Y%/%H%k � $H<!$N4X78$K$"$k!# x = 1 f 0 K � ; K = 0 B @ 1 � ( f =f 0 ) cot � u 0 =f 0 1 =� sin � v 0 =f 0 0 f 0 =f 1 C A (7) K $r ((1 ; 1) MW AG $r 1 $K @5 5, 2= $7 $? ) %+ %a %i 9T Ns $H 8F $V!# <0 (7) $r � $K $D $$ $F 2r $$ $F ;~ 4V Hy J, $r $H $k $H <! $N $h $& $K $J $k ( $^ $. $i $o $7 $$ $, _ K � 1 $O d K � 1 =dt $N N, 5-$G$"$j!" ( d K =dt ) � 1 $G$O$J$$ ) !# � = f 0 K � 1 x ; _ � = f 0 K � 1 _ x + f 0 _ K � 1 x (8) $3 $l $i $r %( %T 6K @~ J} Dx <0 (4) $K Be F~ $9 $k $H <! $N $h $& $K $J$k!# j _ � ; v ; � j + ( v � � ; ! � � ) = f 2 0 � ( K � 1 x ; ( K � 1 _ x + _ K � 1 x ) � v ) +( v � K � 1 x ; ! � K � 1 x ) � = � f 2 0 � ( K � 1 x ; v � ( K � 1 _ x + _ K � 1 x )) � (( v � I ) K � 1 x ; ( ! � I ) K � 1 x ) � = � f 2 0 � ( K � 1 x ; v � K � 1 _ x ) + ( K � 1 x ; v � _ K � 1 x ) � ( K � 1 x ; ( v � I ) > ( ! � I ) K � 1 x ) � = � f 2 0 � ( x ; K � > ( v � I ) K � 1 _ x ) +( x ; K � > ( v � _ K � 1 ) x ) +( x ; K � > ( v � I )( ! � I ) K � 1 x ) � (9) $? $@ $7 K �> $O ( K � 1 ) > (= ( K > ) � 1 ) $N N, 5- $G $" $k!#$^$?%Y%/%H%k a $H9TNs A $N30@Q a � A $O a $H9T Ns A $N 3F Ns $H $N %Y %/ %H %k @Q $r Ns $H $9 $k %Y %/ %H %k $G $" $k [8] !# BP >N 9T Ns C $H H? BP >N 9T Ns W $r <! $N $h $& $K Dj 5A $9 $k [1, 17] !# C = K �> S [( v � I )( ! � I ) + v � _ K � 1 K ] K � 1 W = K �> ( v � I ) K � 1 (10) $? $@ $7 S [ � ] $O BP >N 2= :n MQ AG $G $" $k ( S [ A ] = ( A + A > ) = 2) !# 9T Ns C , W $r MQ $$ $k $H %( %T 6K @~ J} Dx <0 (4) $O<!$N$h$&$K=q$1$k!# ( x ; W _ x ) + ( x ; C x ) = 0 (11) 9T Ns C , W $O 2 2h A| 4V $N %( %T 6K @~ J} Dx <0 $r Dj $a $k !V4p AC 9T Ns!W [15, 18, 19] $K Aj Ev $7 $F $$ $k $N $G!" $3 $l $i$r %U%m!<4pAC9TNs $H8F$V [16] !# 4. J,2r2DG=>r7o 9TNs C $O<!$N$h$&$K=q$-D>$;$k [1] !# C = K �> S [ v � ( ! � I + _ K � 1 K )] K � 1 = 1 2 K �> � ( v � I )( ! � I + _ K � 1 K ) � ( ! � I + _ K � 1 K ) > ( v � I ) � K � 1 = 1 2 � K �> ( v � I ) K � 1 K �> ( ! � I + _ K � 1 K ) K � 1 � K �> ( ! � I + _ K � 1 K ) > K � 1 K ( v � I ) K � 1 � = 1 2 � W K �> ( ! � I + _ K � 1 K ) K � 1 + K �> ( ! � I + _ K � 1 K ) > K � 1 W > � = S [ W S ] (12) $?$@$7<!$N$h$&$KCV$$$?!# S = K �> ( ! � I + _ K � 1 K ) K � 1 (13) W =( W ij ) $O H? BP >N 9T Ns $G $" $k $+ $i!" $3 $l $r <! $N $h $&$J%Y%/%H%k$H$_$J$9$3$H$,$G$-$k!# w = 0 B @ W 32 W 13 W 21 1 C A (14) $3 $N %Y %/ %H %k $r MQ $$ $k $H W = w � I $H =q $1 $k [8] !# $7$?$,$C$F<0 (12) $O<!$N$h$&$K$bI=$;$k!# C = 1 2 � w � S � S > ( w � I ) � (15) $f$($K<!$N91Ey<0$,@.$jN)$D [1, 17] !# ( w ; C w ) = 0 (16) $3 $l $r %U %m!< 4p AC 9T Ns $N J, 2r 2D G= >r 7o $H 8F $V [16] !# $3 $l $O 2 2h A| $N BP 1~ $+ $iDj $a $? 4p AC 9T Ns $O 9T Ns <0$, 0 $G $"$k$H$$$&!VJ,2r2DG=>r7o!W [11, 15, 18, 19] $KBP1~$9 $k $b $N $G $" $k!# %+ %a %i $, 9; @5 $5 $l $F $$ $k >l 9g $O $h $j 6/ $$J,2r2DG=>r7o$,2]$5$l$k [8, 14] !# 5. %*%W%F%#%+%k%U%m!<$+$i$N#3<!85I|85 #3 <! 85 I| 85 $N <j =g $O <! $N $h $& $K $J $k!# $^ $: 2h A| >e $N J# ?t $N E@ $G %* %W %F%# %+ %k %U %m!< _ x $r 8! =P $9 $k!# <! $K $= $l $i $N %U %m!< $K %( %T 6K @~ J} Dx <0 (11) $r :G E, $K Ev $F $O $a $F %U %m!< 4p AC 9T Ns C , W $r 7W ;; $9 $k!# $? $@ $7 <0 (11) $+ $i D> $A $K $o $+ $k $h $& $K!" C , W $K $O Dj ?t G\ $N ITDj@-$,$"$k!#$=$3$G k C k 2 + k W k 2 = 1 $H@55,2=$9 $k!# 3

2f!9 $O 4{ $K 2h A| $N 8m :9 $N E} 7W E* %b %G %k $K 4p $$ $F %U %m!< 4p AC 9T Ns $r :G E, $K 7W ;; $9 $k %" %k %4 %j %: %‘ $r H/ I= $7 $F $$ $k [16] !# $9 $0 $o $+ $k $h $& $K!" 9T Ns C , W $r 8D JL $K7W;;$9$kI,MW$O$J$/!"$=$NOB F = C + W (17) $r 7W ;; $9 $l $P $h $$!# $J $< $J $i C , W $O <! $N $h $& $K Dj $^$k$+$i$G$"$k!# C = S [ F ] ; W = A [ F ] (18) $? $@ $7 A [ � ] $O H? BP >N 2= :n MQ AG $G $" $k ( A [ A ] = ( A � A > ) = 2) !#@55,2= k C k 2 + k W k 2 = 1 $O@55,2= k F k = 1 $K F1 CM $G $" $k!# J8 8% [16] $G $O $/ $j $3 $_ K! $H 8F $V <j K! $G 9T Ns F $r 7W ;; $9 $k $H F1 ;~ $K $= $N 6& J, ;6 %F %s %= %k $r 7W ;; $7!" J, 2r 2D G= >r 7o (16) $, K~ $? $5 $l $k $h $& $K $= $N 6& J, ;6 %F %s %= %k $K 4X $9 $k :G E, Jd @5 $r ;\ $7 $F $$ $k!# J8 8% [16] $G $O $5 $i $K 2r $N @: EY $N M} O@ 8B 3& $r F3 $-!" 2r $, $= $N 8B 3& $r K~ $? $9 $3 $H $r <B 83 E* $K 3N G’ $7 $F $$ $k!# $7 $? $,$C $F!" M} O@ E* $K $O $b $O $d 2~ NI $N M> CO $O $J $/!" 2r $O :G E, $G $" $k!# $= $7 $F!" $= $N 7W ;; $N $? $a $N C++ %W %m %0 %i %‘ $, 8x3+$5$l$F$$$k 2 !# $3 $N %W %m %0 %i %‘ $G $O :G E, $K 7W ;; $7 $? 9T Ns ^ F $@ $1 $G $J $/!" $= $N I8 =‘ JP 0L F (+) , F ( � ) $b =P NO $7 $F $$ $k!# I8 =‘ JP 0L $O %Q %i %a!< %? 6u 4V $G ^ F $+ $i :G $b 8m :9 $, @8 $8 $d $9 $$ N> J} 8~ $K I8 =‘ JP :9 $@ $1 $: $l $? CM $r <( $9 $b $N $G $" $j!" @: EY $N M} O@ 8B 3& $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 $$ $l $P!" 2r ^ F $K $[ $\ M- 8z ?t ;z 3 7e $N @: EY $, $" $k $3 $H $, J] >Z $5 $l!" $3 $l 0J >e $N @: EY $, IT 2D G= $G $" $k $H $$ $& 0U L#$G2r$N?.Mj@-$,DjNLE*$KI>2A$5$l$k!# %U %m!< 4p AC 9T Ns C , W $, 7W ;; $5 $l $l $P!" <! $N %9 %F%C %W $O <0 (10) $, K~ $? $5 $l $k $h $& $K %+ %a %i 9T Ns K !" $= $NJQ 2=N( _ K !" $*$h $S 1?F0 %Q %i%a!< %? f v , ! g $r7W ;; $9 $k $3 $H $G $" $k!# $3 $l $i $, 7W ;; $G $- $l $P J* BN $N #3 <! 85 7A>u$,I|85$G$-$k [8, 14] !# 6. %U%m!<4pAC9TNs$NI=8= %U %m!< 4p AC 9T Ns C , W $O 0l 8D $N 9T Ns F $K Ey 2A $G $" $j!" %9 %1!< %k $, IT Dj $G $" $k $+ $i JB ?J B. EY v $N @d BP NL $, IT Dj $H $J $k!# $5 $i $K J, 2r 2D G= >r 7o (16) $r K~ $? $5 $J $1 $l $P $J $i $J $$ $+ $i C , W $K $O 7 8D $N <+ M3 EY $7 $+ $J $$!# JB ?J B. EY v $N @d BP CM $, IT Dj $G $" $k $+ $i 1? F0 %Q %i %a!< %? f v , ! g $O 5 <+ M3 EY $" $k!# $= $3 $G =x O@ $K =R $Y $? $h $& $K 2h A| Cf ?4!" %" %9 %Z %/ %H Hf!" $* $h $S OD $_ 3Q $r $" $i $+$8$a9;@5$7$F$*$-!" >GE@5wN% f $H$=$NJQ2=B.EY _ f $* 2 http://www.ail.cs.gunma-u.ac.jp/~kanatani/j $h $S 1? F0 %Q %i %a!< %? f v , ! g $r 7W ;; $9 $k J} K! $r 9M $( $k!# 2hA|:BI8$, ( u 0 ; v 0 ) = (0 ; 0), � = 1, � = � = 2 $H$J$k $h $& $K Jd @5 $5 $l $F $$ $k $H $9 $k $H!" <0 (6) $N %+ %a %i 9T Ns K $O <!$N $h$& $K$J $k (diag ( � � � ) $O � � � $r BP3Q MWAG $H$9 $kBP3Q9TNs ) !# K = diag (1 ; 1 ; f 0 f ) (19) K � 1 = diag (1 ; 1 ; f f 0 ) ; _ K � 1 = diag (0 ; 0 ; _ f f 0 ) (20) $3$l$i$r<0 (10), (13) $KBeF~$9$k$H<!$N$h$&$K$J$k!# W = 0 B @ 0 � v 3 ( f =f 0 ) v 2 v 3 0 � ( f =f 0 ) v 1 � ( f =f 0 ) v 2 ( f =f 0 ) v 1 0 1 C A (21) S = 0 B @ 0 � ! 3 ( f =f 0 ) ! 2 ! 3 0 � ( f =f 0 ) ! 1 � ( f =f 0 ) ! 2 ( f =f 0 ) ! 1 _ f =f 1 C A (22) <0 (12), (14) $h$j9TNs W = ( W ij ), C = ( C ij ) $NMWAG $O <! $N $h $& $K $J $k!# $? $@ $7!" <0 (14) $N %Y %/ %H %k w $N MW AG $r $= $l $> $l w 1 = W 32 , w 2 = W 13 , w 3 = W 21 $HCV$/!# w 1 = f f 0 v 1 ; w 2 = f f 0 v 2 ; w 3 = v 3 (23) C 11 = � f 0 f w 2 ! 2 � w 3 ! 3 C 12 = f 0 2 f ( w 2 ! 1 + w 1 ! 2 ) C 13 = 1 2 � _ f f w 2 + f f 0 w 3 ! 1 + w 1 ! 3 � C 22 = � w 3 ! 3 � 1 f 0 w 1 ! 1 C 23 = 1 2 � f f 0 w 3 ! 2 � _ f f w 1 + w 2 ! 3 � C 33 = � 1 f 0 � w 1 ! 1 + w 2 ! 2 � (24) 7. %U%m!<4pAC9TNs$NJ,2r %+ %a %i $, 9; @5 $5 $l $F $$ $k >l 9g $O f , _ f $, 4{ CN $G $" $k $+ $i J} Dx <0 $, M> J, $G $" $j!" 1? F0 %Q %i %a!< %? $O M> J, $N >r 7o $rMx MQ$7 $F:G E,2= $K$h$C $FDj$a $i$l $F$$ $k [8, 14] !# %+ %a %i $, L$ 9; @5 $N >l 9g $K Bro oks $i [1] $O J# ;( $J JQ ?t JQ 49 $* $h $S Be ?t E* 1i ;; $K $h$C $F <0 (23), (24) $r f , _ f , v , ! $K$D$$$F2r$$$F$$$k!#$3$3$G$O72I=8=O@$K4p$$$? 4

4J 7i $J 2r $r M? $( $k!# $^ $: %" %k %4 %j %: %‘ $r =R $Y $F!" F3 =P $O 8e$K <($9!# JB ?JB. EY v $K $ODj ?tG\ $N ITDj @-$, $" $k$N $G k v k = 1 $H@55,2=$9$k!# F~NO : %U%m!<4pAC9TNs C , W !# =PNO : � >GE@5wN% f $*$h$S$=$NJQ2=B.EY f 0 !# � 1?F0%Q%i%a!<%? f v , ! g ( k v k = 1) !# <j=g : 1. 9TNs C = ( C ij ) $+$i<!$NNL$r7W;;$9$k!# A = C 11 + C 22 ; ~ B = ( C 11 � C 22 ) + 2 iC 12 ~ C = 2( C 13 + iC 23 ) ; D = C 33 (25) 2. 9T Ns W $+ $i <0 (14) $N %Y %/ %H %k w = ( w i ) $r 7W ;;$9$k!# 3. <!$N$h$&$KJ#AG?t ~ w $r7W;;$9$k!# ~ w = w 1 + iw 2 (26) 4. <!$N$h$&$KJ#AG?t ~ ! $r7W;;$9$k!# ~ ! 0 = ~ B ~ w (27) 5. <!$N$h$&$K ! 0 1 , ! 0 2 $r7W;;$9$k!# ! 0 1 = < [ ~ ! 0 ] ; ! 0 2 = = [ ~ ! 0 ] (28) 6. <!$N$h$&$K ! 3 $r7W;;$9$k!# ! 3 = � A + ( ~ w ; ~ ! 0 ) 2 w 3 (29) 7. <!$N$h$&$K f 0 $r7W;;$9$k!# f 0 = s � D ( ~ w ; ~ ! 0 ) (30) 8. <!$N$h$&$KJ#AG?t ~ � $r7W;;$9$k!# ~ � = ~ C � f 0 2 w 3 ~ ! 0 ~ w (31) 9. <!$N$h$&$K ! 3 !" _ f 0 $r7W;;$9$k!# ! 3 = < [ ~ � ] ; _ f 0 = � f 0 = [ ~ � ] (32) 10. <!$N$h$&$K ! 1 , ! 2 $r7W;;$9$k!# ! 1 = f 0 ! 0 1 ; ! 2 = f 0 ! 0 2 (33) 11. <! $N $h $& $K >G E@ 5w N% f $H $= $N JQ 2= B. EY _ f $r 7W ;; $9$k!# f = f 0 f 0 ; _ f = _ f 0 f 0 (34) 12. <!$N$h$&$KJB?JB.EY v $r7W;;$9$k!# v = N [ 0 B @ w 1 w 2 ( f =f 0 ) w 3 1 C A ] (35) $? $@ $7 i $O 5u ?t C1 0L $G $" $j!" %A %k %I $N $D $$ $? NL $O J# AG ?t$G$"$k!# < [ � ], = [ � ] $OJ#AG?t$N <B?tIt!"5u?tIt$rI= $9!#$^$?J#AG?t z = x + iy , z 0 = x 0 + iy 0 $N \ Fb@Q " $r ( z ; z 0 ) = xx 0 + y y 0 $HDj5A$7$?!# N [ � ] $OC10L%Y%/%H%k $X$N@55,2=:nMQ$G$"$k ( N [ a ] = a = k a k ) !# ! 3 $, <0 (29) $H <0 (32) $N Bh #1 <0 $H Fs DL $j $K 7W ;; $5 $l $k $,!" $3 $l $O J, 2r 2D G= >r 7o (16) $N $? $a $G $" $k!# $3 $N ;v <B $O %( %i!< %A%’%C %/ $K Mx MQ $G $- $k ( J, 2r 2D G= >r 7o (16) $,K~$?$5$l$F$$$J$$$HN><T$O0lCW$7$J$$ ) !# >e 5- $N <j =g 0J 30 $K $b $& 0l $D $N 2r $, B8 :_ $9 $k!# $J $< $J $i %U %m!< 4p AC 9T Ns C , W $K Dj ?t G\ $N IT Dj @- $, $" $j!" FC $K Id 9f $, IT Dj $@ $+ $i $G $" $k!# >e 5- $N <j =g $G %U %m!< 4p AC 9T Ns C , W $N Id 9f $r 49 $( $k $H JB ?J B. EY v $N Id 9f $, H? E> $7 $? 2r $, F@ $i $l $k!# $3 $l $O ?t 3X E* $K $O %7!< %s $, %+ %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!" #2 $D $N 2r $O $= $l $> $l %7!< %s $, %+ %a %i $N A0 J} $K $" $k 2r $H 8e J} $K $" $k 2r $H $K BP 1~ $9 $k!# #3 <! 85 I| 85 $r 9T $& $K $O 1| 9T $- $, @5 $H $J $k 2r $r A* $V [7, 8] !# 8. %"%k%4%j%:%‘$NF3=P 4p K\ E*$J 9M $(J} $O <!$N DL $j$G $" $k!#>G E@ 5wN% f $, %U %m!<4pAC9TNs C , W $N4X?t$H$7$F f = f ( C ; W ) $HI= $5 $l$? $H$9$k!# $3$N $H$- C , W $O ( 4{CN$H 2>Dj $7$F $$ $k ) 2h A| Cf ?4 $r 86 E@ $H $9 $k xy 2h A| :B I8 7O!" $* $h $S $= $l $K ?b D> $J z <4 $K 4X $7 $F 5- =R $5 $l $F $$ $k!# $7 $+ $7 xy 2h A| :B I8 7O $N J} 8~ $K FC $K @) Ls $O $J $$!# $b $7 xy 2h A| :B I8$r86E@$N<~$j$K$"$k3Q EY$@$12sE>$7$?JL$N x 0 y 0 2hA| :B I8 $r $H $l $P!" 4p AC 9T Ns C , W $b JL $N CM C 0 , W 0 $r $H $k!# $7$+ $7!" >GE@ 5w N% f $O 2h A| :BI8 7O $N8~ $- $K$O L5 4X78$G$"$k$+$i!" F1$88x<0 f = f ( C 0 ; W ) $G7W;;$G$- $J $1 $l $P $J $i $J $$!# $9 $J $o $A!" F1 $8 4X ?t f ( � ; � ) $K BP $7$F f ( C ; W ) = f ( C 0 ; W 0 ) $G$J$1$l$P$J$i$J$$!#8@ $$ 49 $( $l $P 4X ?t f $, C , W $N :B I8 2s E> $K 4X $7 $F IT JQ $G$J$1$l$P$J$i$J$$!# :B I8 7O $r 86 E@ $N <~ $j $K 2s E> $9 $k $H!" BP >N 9T Ns $G I= $5 $l $k NL (3 <!85 2 3, %F %s%= %k ) $O $=$N :8 >e $N 2 � 2 >.9T Ns $, 2 <! 85 2 3, %F %s %= %k $H $7 $F JQ 49 $7!" (1,3) MW AG $H 5

(2,3) MW AG $N AH $* $h $S (3,1) MW AG $H (3,2) MW AG $, 2 <! 85 %Y %/ %H %k (2 <! 85 1 3, %F %s %= %k ) $H $7 $F JQ 49 $7!" (3,3) MW AG$, %9 %+ %i (0 3,%F %s %= %k ) $H$J $k!# $3 $l$i $N JQ49 $O $9 $Y $F MW AG $N @~ 7A <L A| $G $" $k!# $7 $? $,$C $F $= $N JQ 49 $O :B I8 2s E> $N #2 <! 85 2s E> 72 $N I= 8= $H $J $k [5] !# $7 $+ $7 #2 <! 85 2s E> 72 $O 2D 49 72 $G $" $j!" 2D 49 72 $N I= 8= $O $9 $Y $F J# AG ?t $N HO 0O $G #1 <! 85 5, Ls I= 8= $K 4J Ls $G $- $k ( !V%7%e!< %" $N Jd Bj!W [5]) !# 0J >e $h $j >G E@ 5w N% f $O $3 $l $i $N J# AG ?t #1<! 85 5,Ls I=8= $N 4X?t $G $"$k!# >G E@5w N% f $NJQ 2= B. EY _ f $K$D$$$F$bF1MM$G$"$k!# 0l J}!" 1? F0 %Q %i %a!< %? f v , ! g $O 3F!9 #3 <! 85 %Y %/ %H %k (3 <! 85 1 3, %F %s %= %k ) $G $" $j!" xy :B I8 7O $N 2s E> $K 4X $7 $F Bh #1!" Bh #2 @. J, $, #2 <! 85 %Y %/ %H %k (2 <! 85 1 3, %F %s%= %k ) $H $7 $FJQ 49 $7!" Bh#3 @. J, $,%9 %+ %i (0 3,%F %s %= %k ) $H $J $k!# $7 $? $,$C $F!" f v , ! g $N 3F!9 $N Bh #3 @. J, $O f , _ f $H F1 MM $K C , W $N J# AG ?t #1 <! 85 5, Ls I= 8= $N 4X ?t $G $" $k!# 0l J}!" f v , ! g $N 3F!9 $N Bh #1!" Bh #2 @. J, $O ( @d BP ) IT JQ NL $G $O $J $$ $,!" $= $l $i $K :B I8 2s E> $r ;\ $7 $? $b $N $O C , W $K F1 $8 :B I8 2s E> $r ;\ $7 $F $b F1 $8 4X ?t $G I= $5 $l $J $1 $l $P $J $i $J $$!# $9 $J $o $A C , W $N :B I8 2s E> $K 4X $7 $F 6& JQ $G $J $1 $l $P $J $i $J $$ [5] !# $7 $? $,$C $F!" f v , ! g $+ $i J# AG ?t $N HO 0O $G :B I8 2s E> $K 4X $9 $k =E $_ 1 $N Aj BP IT JQ NL $r :n $k $H!" $3 $l $, C , W $N J# AG?t#1<!855,LsI=8=$N4X?t$G$J$1$l$P$J$i$J$$!# $^ $: 9T Ns C = ( C ij ) $+ $i <0 (25) $N #1 <! 85 5, Ls I= 8= $, :n $i $l $k ( IU O? ;2 >H ) !# A , D $O @d BP IT JQ NL $G $" $j!" ~ C $O =E $_ 1 $N Aj BP IT JQ NL $G $" $j!" ~ B $O =E $_ 2 $N Aj BP IT JQNL $G $" $k [5] !#F1 MM $K!" <0 (26) $N ~ w $O =E $_ 1 $N Aj BP ITJQ NL $G$" $j!" w 3 $O@d BP ITJQ NL $G $"$k [5] !# 0l J}!" L$CN?t$K4X$7$F$b<!$NITJQNL$rDj5A$9$k!# ~ ! 0 = f 0 f ( ! 1 + i! 2 ) ; ~ � = ! 3 � i _ f f (36) ~ ! 0 $O =E $_ 1 $N Aj BP IT JQ NL $G $" $j!" ~ � $O @d BP IT JQ NL $G $"$k!# <0 (24) $r <0 (25) $N IT JQ NL $K Be F~ $7 $F @0 M} $9 $k $H <! $N$h$&$K$J$k!# A = � ( ~ w ; ~ ! 0 ) � 2 w 3 ! 3 ; ~ B = ~ w ~ ! 0 ~ C = f 0 2 w 3 ~ ! 0 + ~ w ~ �; D = � f 0 2 ( ~ w ; ~ ! 0 ) ; (37) $^ $: >e $N Bh 2 <0 $+ $i <0 (27) $, F@ $i $l $k!# $7 $? $,$C $F ! 0 1 = ( f 0 =f ) ! 1 , ! 0 2 = ( f 0 =f ) ! 2 $, <0 (28) $N $h $& $K F@ $i $l $k!# $= $N 7k 2L!" >e $N Bh 1 <0 $+ $i ! 3 $, <0 (29) $N $h $& $K F@ $i $l $k!# <! $K >e $N Bh 4 <0 $+ $i f 0 = f =f 0 $, <0 (30) $N $h $& $K F@ $i $l $k!# :G 8e $K >e $N Bh 3 <0 $+ $i ~ � $,<0 (31) $N$h$& $KF@$i$l!" ! 3 , _ f 0 = _ f =f $,<0 (32) $N $h $& $K F@ $i $l $k!# ! 0 1 , ! 0 2 , f 0 , f 00 $, Dj $^ $l $P!" ! 1 , ! 2 , f , _ f $,<0 (33), (34) $GDj$j!"JB?JB.EY v $O<0 (23) $+$i<0 (35) $N$h$&$KDj$^$k!# 9. B‘2=$N2r@O Bh 7 @a $N %" %k %4 %j %: %‘ $, GK C> $9 $k $N $O <0 (27) !" <0 (29), (30), (31) $N J,Jl$, 0 $K$J $k>l9g $G$"$j!" w 3 = 0 $^$? $O ~ w = 0 $^$?$O ( ~ w ; ~ ! ) = 0 $N>l9g$G$"$k!# w 3 = 0 $+ $D ~ w = 0 $G $" $k $N $O v = 0 $N >l 9g$G $" $k!# $3 $N >l 9g $O ;k :9 $, @8 $8 $J $$ $N $G 2? $i $N #3 <! 85 >p Js $b F@ $i $l$J$$!#$=$3$G$3$N>l9g$O=|30$7$F9M$($k!# >l9g 1: w 3 = 0, ~ w 6 = 0, ( ~ w ; ~ ! 0 ) 6 =0 <0 (37) $O<!$N$h$&$K$J$k!# A = � ( ~ w ; ~ ! 0 ) ; ~ B = ~ w ~ ! 0 ~ C = ~ w ~ �; D = � f 0 2 ( ~ w ; ~ ! 0 ) (38) Bh 2 <0 $h $j <0 (27) $, F@ $i $l!" ! 0 1 , ! 0 2 $, <0 (28) $N $h $&$KF@$i$l$k!#Bh 1 <0!"Bh 3 <0$+$i f 0 = r D A (39) $H$J$k!#Bh 3 <0$+$i ~ � = ~ C ~ w (40) $H $J $j!" ! 3 , _ f 0 $, <0 (32) $N $h $& $K F@ $i $l $k!# $7 $? $,$C $F ! 1 , ! 2 $, <0 (33) $N $h $& $K!" f , _ f $, <0 (34) $N $h $& $K F@ $i $l $k!# :G 8e $K JB ?J B. EY $, <! $N $h $& $K F@ $i $l $k!# v = N [ 0 B @ w 1 w 2 0 1 C A ] (41) >l9g 2: ~ w = 0, w 3 6 = 0, ( ~ w ; ~ ! 0 ) 6 = 0 <0 (37) $O<!$N$h$&$K$J$k!# A = � 2 w 3 ! 3 ; ~ B = 0 ; ~ C = f 0 2 w 3 ~ ! 0 ; D = 0 (42) Bh 1 <0$+$i ! 3 = � A 2 w 3 (43) $, F@ $i $l $k!# $7 $+ $7!" Bh 3 <0 $+ $i $O f $H ! 1 , ! 2 $H $, J, N% $G$- $J $$!#$7 $? $,$C $F _ f $b Dj $^ $i$J $$!# $7$+ $7 JB ?JB.EY$O<!$N$h$&$KDj$^$k!# v = sgn( w 3 ) 0 B @ 0 0 1 1 C A (44) 6

$? $@ $7 sgn( x ) $O x $, @5!" Nm!" Ii $K1~ $8 $F 1, 0, � 1 $r $H$kId9f4X?t$G$"$k!# >l9g 3: ( ~ w ; ~ ! ) = 0 1. w 3 6 = 0, ~ w 6 = 0 $H$9$k$H!"<0 (37) $O<!$N$h$&$K $J$k!# A = � 2 w 3 ! 3 ; ~ B = ~ w ~ ! 0 ~ C = f 0 2 w 3 ~ ! 0 + ~ w ~ �; D = 0 (45) Bh 1 <0 $h $j ! 3 $, <0 (43) $N $h $& $K F@ $i $l!" Bh 2 <0$h $j <0 (27) $, F@ $i $l!" ! 0 1 , ! 0 2 $, <0 (28) $N $h $& $K F@ $i $l $k!# $7 $+ $7 Bh 3 <0 $+ $i $O f $H _ f $, J, N%$G$-$J$$!#$7$?$,$C$F ! 1 , ! 2 $bJB?JB.EY v $b Dj$^$i$J$$!# 2. w 3 =0 $H$9$k$H!"<0 (37) $O<!$N$h$&$K$J$k!# A = 0 ; ~ B = ~ w ~ ! 0 ; ~ C = ~ w ~ �; D = 0 (46) Bh 3 <0 $+ $i ~ � $, <0 (40) $N $h $& $K F@ $i $l!" ! 3 , _ f 0 $, <0 (32) $N $h $& $K F@ $i $l $k!# $7 $+ $7!" $d $O $j f $H _ f $H$,J,N%$G $-$J$$!#$7$?$,$C$F ! 1 , ! 2 $bJB?JB.EY v $bDj$^$i$J$$!# 3. ~ w =0 $H$9$k$H!"<0 (37) $O<!$N$h$&$K$J$k!# A = � 2 w 3 ! 3 ; ~ B = 0 ; ~ C = f 0 2 w 3 ~ ! 0 ; D = 0 (47) Bh 1 <0 $h $j ! 3 $, <0 (43) $N $h $& $K F@ $i $l $k!# $7 $+ $7 Bh 3 <0 $+ $i $O f $H ! 1 , ! 2 $, J, N% $G $- $J $$!#$7$?$,$C$F _ f $bJB?JB.EY v $bDj$^$i$J$$!# >l 9g 2, 3 $r 9g $o $; $k $H!" 2r $, 5a $^ $i $J $$ $N $O ( ~ w ; ~ ! ) = 0 $N>l 9g $G $" $k!# $3 $N 4v2? 3X E* 0U L# $O <! $N $h$& $K $J $k!# JB ?J B. EY v $* $h $S 2s E> B. EY ! $O 8w <4 J} 8~ $N @. J, $H 2h A| LL $K J? 9T $J @. J, $N OB $K J, 2r $G $- $k!# ( ~ w ; ~ ! ) = 0 $O v $H ! $N 2h A| LL $K J? 9T $J @. J, $, 8_ $$ $K D> 8r $9 $k $3 $H $r 0U L# $7 $F $$ $k!# 8w <4 J} 8~ $N 1? F0 $G $O 8w <4 $O 0\ F0 $7 $J $$ $,!" 2h A| LL $K J? 9T $J 1? F0 $G $O 8w <4 $O J? 9T 0\ F0 $9 $k!# 0l J}!" 8w <4 <~ $j $N 2s E> $G $O 8w <4 $O 0\ F0 $7 $J $$ $,!" 2h A| LL Fb $N <4 $N <~ $j $N 2s E> $G $O 8w <4 $O J? LL $r %9 %$!< %W $9$k!#$3$l$+$i<!$N7kO@$rF@$k!# !ZL?Bj 1 ![ %U %m!< 4p AC 9T Ns $, >G E@ 5w N% f $H $= $N JQ 2= B. EY _ f $* $h $S 1? F0 %Q %i %a!< %? f v , ! g $K J, 2r $G $- $J $$ $N $O!"8w <4$, $= $l<+ ?H$H JB ?JB. EY v $N D%$k J?LL Fb $KN1 $^$k$h$&$J1?F0$r$9$k>l9g$G$"$k!# FC $K %+ %a %i $, 2s E> $; $: $K C1 $K JB ?J $9 $k >l 9g!" $" $k $$ $O 8w <4 $, 6u 4V $N 0l E@ $r >o $K DL $k $h $& $J 1? F0 ( Cm ;k 1?F0 ) $O >e 5- $N >r 7o $r K~ $? $9!# $3 $N >r 7o $O 2 2h A| $N >l 9g $K 4p AC9TNs$,J,2r$G$-$J$$>r7o [9, 13] $K9gCW$7$F$$$k!#L? Bj 1 $r 8@ $$ 49 $( $k $H!" 2r $, 5a $^ $k $? $a $K $O 8w <4 $, \ $M $8 $l $N 0L CV " $K 0\ F0 $7 $J $1 $l $P $J $i $J $$ $H $$ $& $3 $H $G $"$k!# <B :] LdBj $H $7$F $O f $,Dj $^ $i$J $$ $H$- $O %G %U%)%k %H CM f = f 0 $r 2> Dj $9 $k $7 $+ $J $$!# $3 $& $9 $k $H $9 $Y $F $N >l 9g $K f v , ! g $, Dj $^ $k!# $^ $? >l 9g 3.3 0J 30 $O _ f $b Dj $^$k!#0lJ}!">l9g 3.1 $G$O ~ ! 6 = 0 $J$i _ f = 0 $N>r7o$+ $i f $rDj$a$k$3$H$b$G$-$k ( >\:Y>JN, ) !# 11. $^$H$a K\ O@ J8 $G $O!" 1? F0 $9 $k L$ 9; @5 %+ %a %i $G 4Q B, $7 $? %* %W %F%# %+ %k %U %m!< $r FC D’ $E $1 $k %U %m!< 4p AC 9T Ns $+ $i >G E@ 5w N% $H $= $N JQ 2= B. EY!" $* $h $S %+ %a %i $N 1? F0 %Q %i %a!< %? $r 7W ;; $9 $k %" %k %4 %j %: %‘ $r <( $7 $?!# $^ $: %* %W %F%# %+ %k %U %m!< $N %( %T 6K @~ >r 7o $r F3 $-!" $= $l $r FC D’ $E $1 $k %U %m!< 4p AC 9T Ns $r Dj 5A $9 $k $H $H $b $K!" $= $N J, 2r 2D G= >r 7o $r <( $7 $?!# <! $K %U %m!< 4p AC 9T Ns $r 2h A| :B I8 7O $N 2s E> $K BP 1~ $9 $k #2 <! 85 2s E> 72 $N 5, Ls I= 8= $G I= $7 $?!# %7%e!< %" $N Jd Bj $K $h $j!" $3 $l $O J# AG ?t $N HO 0O $G #1 <! 85 Aj BP IT JQ NL $K 4J Ls $5 $l $k!# $3 $l $r MQ $$ $k $H 2r $, 4J 7i $J Be ?t E* 8x <0 $H $7 $F I= $; $k!# :G 8e $K 2r $, IT Dj $H $J $k B‘ 2= $N >r 7o $r 2r@O$7$?!# ;29MJ88% [1] M. J. Bro oks, W. Cho jnac ki and L. Baumera, De- termining the egomotion of an uncalibrated camera from instan taneous optical o w, J. Opt. So c. A m. , A, 14 -10 (1997), 2670-2677. [2] K. Kanatani, Structure and motion from optical o w under orthographic pro jection, Comput. Vi- sion Gr aphics Image Pr o c ess. , 35 (1986), 181{199. [3] K. Kanatani, Structure and motion from optical o w under p ersp ectiv e pro jection, Comput. Vision Gr aphics Image Pr o c ess. , 38 (1987), 122{146. [4] 6b C+ 7r 0l , 3 <! 85 I| 85 $N $? $a $N :B I8 2s E> IT JQ NL $N 9= @. , EE ;R >p Js DL ?. 3X 2q O@ J8 ;o D, J70-D -5 (1987), 937{ 945. [5] K. Kanatani, Gr oup-The or etic al Metho ds in Image Understanding , Springer, Berlin, 1990, [6] K. Kanatani, 3-D in terpretation of optical o w b y renormalization, Int. J. Comput. Vision , 11 -3 (1993), 267{282. [7] K. Kanatani, Ge ometric Computation for Machine Vision , Oxford Univ ersit y Press, Oxford, 1993. [8] K. Kanatani, Statistic al Optimization for Ge omet- ric Computation: The ory and Pr actic e , Elsevier, Amsterdam, 1996. [9] 6b C+ 7r 0l , >> 1JNO , 4p AC 9T Ns $N J, 2r : >G E@ 5w N% $N D> @\E* I= 8= , >pJs=h M}3X2q %3%s%T%e!< %?%S%8%g %s$H%$ %a!<%8%a %G%#%"8&5f2q , 99-CVIM-120 (2000-1). [10] S. J. Ma ybank, The angular v elo cit y asso ciated with a optical o w�eld arising from motion through 7 a rigid en vironmen t, Pr o c. R oy. So c. L ond. A 401 (1985), 317{326. [11] ;0 Eg Ey , 6b C+ 7r 0l , 4p AC 9T Ns $N :G E, 7W ;; $H $= $N ?. Mj @- I>2A , >pJs=h M}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. [12] 8~ 0f Mx =U , Bg @> >: , %* %W %F%# %+ %k %U %m!< 2h A| $+ $i $N @~ 7A 7W;; $K$h$k#3 <!851? F0%Q%i%a!< %?$H9=B$ $NI|85 , 7W B,<+ F0@)8f3X2qO@J8;o , 34 -5 (1998), 438{444. [13] 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 e- mote Sensing , 31 -B3-I I I, July 1996, Vienna, Aus- tria, pp. 575{580. [14] N. Oh ta and K. Kanatani, Optimal structure-from- motion algorithm for optical o w, IEICE T r ans. Inf. & Sys. , E78-D -12 (1995), 1559{1566. [15] :4 F# =_ , !V%3 %s %T%e!< %? %S %8%g %s | ;k 3P $N 4v 2?3X | !W , %3%m%J<R , 1999. [16] @6?e 7D 9T , 6b C+7r 0l , %* %W %F%# %+%k %U %m!< 4p AC 9TNs $N :G E, 7W ;; $H $= $N ?. Mj @- I> 2A , >p Js =h M} 3X 2q %3 %s %T%e!< %? %S%8%g%s$H%$%a!<%8%a%G%#%"8&5f2q , 99-CVIM-118-11 (1999-9), pp. 75{82. [17] T. Vi � eville and O. D. F augeras, The �rst order ex- pansion of motion equations in the uncalibrated case, Comput. Vision Image Understanding , 64 -1 (1996), 128{146. [18] =y9d , DT;0O: , !V#3<!85%S%8%g%s!W , 6&N)=PHG , 1998. [19] G. Xu and Z. Zhang, Epip olar Ge ometry in Ster e o, Motion and Obje ct R e c o gnition: A Uni�e d Ap- pr o ach , Klu w er Academic, Dordrec h t, The Nether- lands, 1996. IUO? : #2<!852sE>72$N5,LsI=8= xy :B I8 7O $r 86 E@ $N <~ $j $K 3Q EY � $@ $1 2s E> $9 $k $H!" #2<!85%Y%/%H%k ( a; b ) > $O<!$N$h$&$KJQ49$9$k!# a 0 b 0 ! = cos � sin � � sin � cos � ! a b ! (48) $3 $l $O #2 <! 85 2s E> 72 S O (2) $N I= 8= $G $" $k [5] !# JQ ?t $r a , b $+$iJ#AG?t � = a + ib; � � = a � ib (49) $KJQ49$9$k$H<0 (48) $O<!$N$h$&$K=q$1$k!# � 0 = e � i� �; � � 0 = e i� � � (50) $f $( $K � , � � $O S O (2) $N 5, Ls I= 8= $G $" $j!" $= $l $> $l =E $_ 1, � 1 $NAj BPIT JQ NL$G $" $k!#$7 $?$,$C $F N><T $N @Q � � (= a 2 + b 2 ) $O @dBP ITJQ NL ( =E$_ 0 $N AjBP ITJQ NL ) $G$"$k!##2<!85BP>N9TNs C = ( C ij ) $O<!$N$h$&$KJQ49 $9$k!# C 0 = cos � sin � � sin � cos � ! C cos � � sin � sin � cos � ! (51) $3$l$b S O (2) $NI=8=$G$"$k!#JQ?t$r C 11 , C 12 , C 22 $+ $i A = C 11 + C 22 ; B = ( C 11 � C 22 ) + 2 iC 12 ; B � = ( C 11 � C 22 ) � 2 iC 12 (52) $KJQ49$9$k$H<0 (51) $O<!$N$h$&$K=q$1$k!# A 0 = A; B 0 = e � 2 i� B ; B � 0 = e 2 i� B � (53) $f$($K A , B , B � $O S O (2) $N5,LsI=8=$G$"$j!"$=$l$> $l @d BP IT JQ NL!" =E $_ 2, � 2 $N Aj BP IT JQ NL $G $" $k [5] !# $7 $?$,$C $F B B � (= (tr C ) 2 � 4 det C ) $O @dBP ITJQ NL $G$"$k!# xy z :B I8 7O $r xy LL Fb $G 86 E@ $N <~ $j $K 3Q EY � $@ $1 2s E> $9 $k $H $-!" #3 <! 85 %Y %/ %H %k ( a; b; c ) $O $= $N ( a; b ) > $, #2 <! 85 %Y %/ %H %k $H $7 $F JQ 49 $7!" c $, %9 %+ %i $H $J $k!# $7 $? $,$C $F S O (2) $N 5, Ls I= 8= $, <! $N $h $& $K F@ $i $l $k!# � = a + ib; � � = a � ib; c (54) =E $_ $O $= $l $> $l 1, � 1, 0 $G $" $k!# #3 <! 85 BP >N 9T Ns C = ( C ij ) $O$=$N 2 � 2 >.9TNs � C 11 C 12 C 21 C 22 � $,#2<!85BP>N 9T Ns $H $7 $F JQ 49 $7!" ( C 13 ; C 23 ) > (= ( C 31 ; C 32 ) > ) $, #2 <!85 %Y%/ %H%k $H$7 $FJQ49 $7!" C 33 $,%9 %+%i$G $"$k!# $f$($K S O (2) $N5,LsI=8=$,<!$N$h$&$KF@$i$l$k [5] !# A = C 11 + C 22 ; B = ( C 11 � C 22 ) + 2 iC 12 B � = ( C 11 � C 22 ) � 2 iC 12 ; C = C 13 + iC 23 C � = C 13 � iC 23 ; D = C 33 (55) =E $_ $O$= $l $> $l 0, 2, � 2, 1, � 1, 0 $G$" $k!# #3 <!85 H? BP >N 9T Ns W = ( W ij ) $O ( W 32 ; W 13 ; W 21 ) > $, #3 <! 85 %Y %/ %H %k $H $7 $F JQ 49 $9 $k!# $7 $? $,$C $F S O (2) $N 5, Ls I=8=$,<!$N$h$&$KF@$i$l$k [5] !# w = W 32 + iW 13 ; w � = W 32 � iW 13 ; W 21 (56) =E $_ $O $= $l $> $l 1, � 1, 0 $G $" $k!# 0l HL $N #3 <! 85 9T Ns A $O$=$NBP>NItJ, C = ( A + A > ) = 2 $HH?BP>NItJ, W = ( A � A > ) = 2 $NOB$KJ,2r$5$l!"$=$l$>$l$+$i>e5-$N $h$&$K$7$F S O (2) $N5,LsI=8=$,:n$i$l$k [5] !# Aj BP IT JQ NL $K Hs Nm $N Dj ?t $r 3] $1 $? $b $N $b F1 $8 =E $_ $N Aj BP IT JQ NL $G $" $j!" =E $_ $, F1 $8 Aj BP IT JQ NL $N OB $b F1 $8 =E $_ $N Aj BP IT JQ NL $G $" $k!# Aj BP IT JQ NL $N @Q $O =E $_ $N OB $d :9 $r =E $_ $H $9 $k Aj BP IT JQ NL $G $" $j!" Aj BP IT JQ NL $N >& $O =E $_ $N :9 $r =E $_ $H $9 $k Aj BP IT JQ NL $G $" $k!# FC $K =E $_ $r BG $A >C $9 $h $& $J @Q $d >& $O @d BP IT JQ NL $G $" $k!# #3 <! 85 %Y %/ %H %k $d #3 <! 85 9T Ns $K 4X $9 $k S O (2) $N @d BP IT JQ NL!" Aj BP IT JQ NL $O $9 $Y $F $3 $N $h $& $K $7 $F @8 @. $5 $l $k [5] !# 8