L$9;@5%+%a%i$K$h$k%*%W%F%#%+%k%U%m!< $+$i$N#3<!85I|85$H$=$N?.Mj@-I>2A @6?e 7D9T 6bC+ 7r0l 72GOBg3X9)3XIt>pJs9)3X2J @E ;_$7 $? %7!< %s Cf $G L$CN $N =V 4V 1? F0 $r$9 $k L$ 9; @5 %+ %a%i $K $h$C $F 4Q B, $7$? %* %W %F%# %+ %k %U %m!<$+ $i #3 <! 85 I| 85 $r 9T$&!# 2h A| $N 8m:9 $N E} 7W E*%b %G %k $r F3F~ $7!" $b $O $d 2~A1 $N M> CO $,$J $$ $H $$ $&0U L# $N :G E,$J I| 85 $r 9T$& $H $H $b $K!" I| 85$7 $? 7A >u $, $I $NDx EY $, ?. Mj $G $-$k $+ $r Dj NL E* $K I>2A $9 $k!# $^ $: 8! =P$7 $? %* %W %F%# %+ %k%U %m!< $K !V%( %T 6K @~ J}Dx <0!W $r Ev $F $O $a$F !V%U %m!< 4p AC 9T Ns!W$r :G E, $K 7W ;; $7!" $=$l $r J, 2r $7 $F >GE@ 5w N% $H $= $N JQ2= B. EY $* $h $S %+ %a%i $N 1? F0 %Q %i%a!< %? $r 7W ;; $9$k!# $= $7 $F %* %W %F%#%+ %k %U %m!< $, %(%T 6K @~ J} Dx <0$r 87 L) $K K~ $?$9 $h $& $K :G E, $K Jd @5$7!" $= $l $+ $i #3 <! 850L CV $r I| 85 $9 $k $H $H$b $K!" $= $N 6& J, ;6 9TNs $r I> 2A $9 $k!# :G 8e$K %7 %_%e %l!< %7%g %s$* $h$S <B2h A|$K $h$k <B83 $r9T $$!"$= $NM- 8z@- $r8! F$$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!"%*%W%F%#%+%k%U%m!<!"#3<!85I|85!"%U%m!<4pAC9TNs!"<+8J9;@5!"?.Mj@-I>2A 3-D Reconstruction from Uncalibrated-Camera Optical Flo w and Its Reliabilit y Ev aluation Y oshiyuki Shimizu 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 optical ow observ ed b y an uncalibrated camera in an unkno wn instan taneous motion relative to a stationary scene. In tro ducing a statistical mo del of image noise, w e strictly optimize the reconstruction to the extent that no further improv emen t is p ossible and ev aluate the reliabilit y of the computed shap e in quan titativ e terms. First, w e optimally compute the \ ow fundamen tal matrices" b y �tting the \epip olar equation" to the observed o w. The computed o w fundamen tal matrices are then decomp osed into the fo cal length, its c hange rate, and the camera motion parameters. The observed o w is optimally corrected so as to satisfy the epip olar equation exactly . W e compute the 3-D shap e from the corrected o w and ev aluate the cov ariance matrices of the individual reconstructed p oints. Finally , we do simulation and real-image exp erimen ts to con�rm the e�ectiv eness of our system and observe the e�ect of \gauges" (normalization conditions for removing indeterminacy) on the description of uncertain t y . Key w ords : structure from motion, optical ow, 3-D reconstruction, ow fundamental matrix, self- calibration, reliability ev aluation <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: shimizu@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 [21, 26] $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$$ $,!" K\ O@ J8$G $O %* %W %F%# %+%k %U %m!< $K 4p$/ J} K!$N<B83E*I>2A$r9T$&!# %*%W %F%# %+ %k %U %m!<$O Ia DL $O 8{G[ 94 B+ >r 7o $H 8F $P $l $k HyJ, J} Dx <0$r Mx MQ$7 $F 2hA| $N G; C8CM $+ $iD> @\ $K7W ;; $5 $l $k!#$3 $N 7W ;; $OHf 3S E* MF 0W $G$" $j!" A4 2h AG$K EO$C $F %U %m!<$, 5a $^ $k$,!" Hy J, $r:9 J, $G 6a ;w$7 $? $j 3j$i $+ $5 $N94 B+ $d @5B’ 2= $J$I $N Ws0U E* $J >r7o $r MQ$$ $k $?$a @: EY$O9b$/$J$$!# %* %W%F%# %+ %k %U %m!< $O%7!< %s $d %+ %a %i 1?F0 $K 4X $9 $k $5 $^ $6 $^ $J >p Js $r M? $( $k $N $G!" 9b $$ @: EY $r MW 5a $7 $J $$ 1~ MQ$G $O $= $l$G $b == J,$G $" $k!# $7 $+$7!" @: EY $N$h $$ #3 <! 85 I| 85 $r 9T $& $K $O Nc $( FC D’ E@ $N ?t $, 8B Dj $5 $l $F $$ $F $b!"8D!9 $N E@ $r9b $$ @: EY$G 7W ;; $9 $k$3 $H $, I,MW $G $" $k!# $=$3 $G K\ 8&5f $G $O FCD’ E@ $N 0\ F0$r %F %s %W%l!< %H %^%C %A%s %0 $d ;~6u 4V DI @WK! $J $I $K$h $j D>@\ $K 5a $a$k $3 $H $rA[ Dj $9 $k!#$b $A $m $s9b @: EY $rMW 5a $7$J $1 $l $P8{ G[ 94B+>r7o$+$i5a$a$?%U%m!<$K$bE,MQ$G$-$k!# %*%W %F%# %+ %k %U %m!<$+ $i #3 <! 85I| 85 $r 9T $&8& 5f $O 8E $/ [11, 12] !":#F|$K;j$k$^$G?tB?$/$N8&5f$,$"$k [3, 4, 16, 19] !# $7 $+ $7 => Mh $O %+ %a %i $, 9; @5 $5 $l $F $$ $k $H 2> Dj $7 $F$$ $?!# $H $3$m $, 6a G/!"L$ 9; @5 %+ %a%i $K $h $kJ# ?t $N 2h A| $+ $i $N #3 <! 85 I| 85 ( <+ 8J 9; @5 K! ) $N 8& 5f $, ?J $_ [21, 26] !" $3 $l $K BP 1~ $7 $F L$ 9; @5 %+ %a %i $G 4Q B, $7 $? %* %W %F%# %+ %k %U %m!< $+ $i #3 <! 85 I| 85 $9 $k J} K! $, Bro oks $i [1] $*$h$S Vi � eville $i [25] $K$h$C$FH/I=$5$l$?!# K\ O@ J8 $G $O Bro oks $i [1] $N Dj <0 2= $K 4p $$ $F!" @E ;_ $7 $?%7!< %s $K BP$7 $F L$ CN$N =V 4V 1?F0 $r $9$k L$ 9; @5%+ %a %i $K $h$C$F 4Q B, $7 $?%* %W %F%# %+ %k %U%m!< $+ $i #3 <!85 I| 85 $r 9T $&!# K\ O@ J8 $G $O Bro oks $i [1] $, 9M N8 $7 $F $$ $J $$<!$N 2 E@$K>GE@$rEv$F$k!# � Bro oks $i [1] $O C1 $K #3 <! 85 7A >u $r I| 85 $7 $? $N $_ $G $" $k $,!" K\ O@ J8 $G $O 2h A| $N 8m :9 $N %b %G %k $r F3 F~ $7!" E} 7W E* $K :G E, $J I| 85 $r 9T $& !# $3 $l $O @: EY $N M} O@ 8B 3& $r C# @. $7!" $b $O $d 2~ A1 $N M> CO $, $J $$ $H$$$&0UL#$N??$K:GE,$JI|85$G$"$k!# � C1 $K 7A >u $r :G E, $K I| 85 $9 $k $@ $1 $G $J $/!" $= $N ?. Mj @- $r Dj NL E* $K I> 2A $9 $k !# $3 $l $K $h $j I| 85 7A >u $,$I$NDxEY?.Mj$G$-$k$+$,$o$+$k!# %+%a %i $, 9; @5 $5$l $F $$ $k >l9g $N %* %W %F%#%+ %k %U %m!< $+ $i$N :G E, $J#3 <! 85I| 85 $*$h $S $= $N87 L) $J?. Mj @-I> 2A $O$9 $G$KB@ ED$i [19] $, 9T$C$F$$ $k!#K\O@ J8$G$O $=$N$b $H $H $J $k E} 7W E* :G E, 2= M} O@ [6] $r %+ %a %i $, L$ 9; @5 $N >l 9g$KE,MQ$9$k!# %+ %a %i$, L$ 9; @5 $N>l 9g $O JQ?t $, A} 2C$7!" $= $l $i $N4V $N 4X 78 $,J# ;( $K$J $k $N $G40 A4 $K87 L) $KI> 2A $9 $k$3 $H $O :$ Fq $G $"$k!# K\ O@ J8$G $O $G $-$k 8B $j 87L) $J I>2A $r 9T $$ $J$,$i!"8=<BE*$J6a;w$rF3F~$9$k!# K\O@J8$NI|85%7%9%F%‘$O<!$NItJ,$+$i9=@.$5$l$k!# 1. 2h A|>e $N J#?t $N E@ ( :G Dc 8 E@ ) $G %*%W %F%# %+ %k%U %m!<$r8!=P$9$k!# 2. F@ $i $l $? %U %m!< $K !V%( %T 6K @~ J} Dx <0!W $r Ev $F $O $a $F !V%U %m!< 4p 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 $? %U %m!< 4p AC 9T Ns $r J, 2r $7 $F >G E@ 5w N% $H $= $N JQ 2= B. EY $* $h $S %+ %a %i $N 1? F0 %Q %i %a!< %? $r 7W;;$9$k!# 4. 4Q B, $7 $? %* %W %F%# %+ %k %U %m!< $, %( %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. %U %m!< 4p AC 9T Ns $N 8m :9 $r I> 2A $7!" I| 85 $7 $? E@ $N 6&J,;69TNs$r7W;;$9$k!# 1 $K $D $$ $F $O B? $/ $N 8& 5f $, $" $j!" Cx <T $i $N %0 %k!< %W $G$bFH<+$K8&5f$r9T$C$F$$$k [17, 18, 20] !# 2 $K$D$$$F $O@6?e!&6bC+ [23] $,!" 3 $K$D$$$F$O6bC+!& Bro oks [7] $,4{$KH/I=$r9T$C$F$$$k!#$=$3$GK\O@J8$G$O 4, 5, 6 $r <g $K 5- =R $9 $k!# $=$7 $F %7 %_%e %l!< %7%g %s$* $h $S <B 2h A| $K $h $k <B 83$r 9T $$!" $=$N M- 8z @-$r 8! F$ $9 $k!#:G 8e $K IT Dj @-$r=|5n$9$k@55,2= ( !V%2!<%8!W [9, 10, 15]) $,IT3N Dj@-$N5-=R$KM?$($k1F6A$r9M;!$9$k!# 2. %(%T6K@~J}Dx<0$H%U%m!<4pAC9TNs @E ;_$7$? %7!<%s $KAj BPE*$K %+%a %i$, JB?JB. EY v $G JB ?J $7!" 2s E>B. EY ! ( <4 ! $N<~ $j $N 3QB. EY k ! k ) $G2s E> $7 $F $$ $k $H $9 $k!# f v , ! g $r 1? F0 %Q %i %a!< %? $H 8F $V!# %+ %a %i $,L$ 9; @5 $G$" $k $H $7!"2h A| LL >e$K G$ 0U$K 2h A| :B I8 7O $r $H $k!# 2h A| :BI8 ( u; v ) $N 0L CV $KEj 1F $5 $l $k %7!< %s $N FCD’ E@$N 2h A|>e $N0\ F0 B.EY ( %*%W %F%# %+%k %U%m!< ) $r ( _ u; _ v ) $H$9$k!#$=$7 $F!">GE@5wN%$NE,Ev$J6a;wCM f 0 $r MQ $$ $F E@ ( u; v ) $*$h $S $= $N B. EY ( _ u; _ v ) $r <!$N %Y %/ %H %k$GI=$9!# x = 0 B @ u=f 0 v =f 0 1 1 C A ; _ x = 0 B @ _ u=f 0 _ v =f 0 0 1 C A (1) 2h A| $K 8m:9 $, $J$1 $l $P $3$l $i $O<! $N %(%T 6K @~ J}Dx <0 $r K~$?$9 [1, 7, 25] !# ( x ; W _ x ) + ( x ; C x ) = 0 (2) 2

$? $@ $7 ( a ; b ) $O %Y %/ %H %k a , b $N Fb @Q $G $" $k!# >e <0 $K $* $$ $F W $O H? BP >N 9T Ns!" C $O BP >N 9T Ns $G $" $j!" 2 2h A| 4V $N %( %T 6K @~ J} Dx <0 $r Dj $a $k !V4p AC 9T Ns!W [21, 26] $K Aj Ev $7 $F $$ $k $N $G!" $3 $l $i $r %U %m!< 4p AC 9T Ns $H 8F $V [7, 23] !# W =( W ij ) $O H? BP >N 9T Ns$G $" $k $+ $i <! $N$h$&$J%Y%/%H%k$,Dj5A$G$-$k!# w = 0 B @ W 32 W 13 W 21 1 C A (3) %U %m!< 4p AC 9T Ns C , W $O <! $N J, 2r 2D G= >r 7o $r K~ $? $5 $J$1$l$P$J$i$J$$ [7, 23] !# ( w ; C w ) = 0 (4) $3 $l $O 2 2h A| $N BP 1~ $+ $i Dj $a $? 4p AC 9T Ns $O 9T Ns <0 $, 0 $G $"$k $H$$ $& !VJ,2r 2DG= >r 7o!W [8, 13, 21, 26] $K BP1~ $9 $k!#%+ %a %i $,9; @5 $5 $l$F $$ $k >l9g $O $h$j 6/ $$ J,2r 2D G=>r7o$,2]$5$l$k [6, 19] !# 3. %U%m!<4pAC9TNs$N7W;; #3<! 85 I| 85 $r9T $& $K $O!"$^ $: 2h A|>e $N J# ?t $NE@ $G %* %W%F%# %+%k%U%m!< _ x $r8! =P$7!"$=$l $i$K%( %T6K@~J} Dx <0 (2) $r:GE,$KEv$F$O$a$F%U%m!<4pAC9TNs C , W $r7W ;;$9$k!#<0 (2) $+$i$o$+$k$h$&$K C , W $K$ODj?tG\$N ITDj@-$,$"$k$N$G k C k 2 + k W k 2 = 1 $H@55,2=$9$k!# 2f!9 $O 4{ $K 2h A| $N 8m :9 $N E} 7W E* %b %G %k $K 4p $$ $F %U %m!< 4pAC 9T Ns $r:G E, $K 7W;; $9 $k %"%k %4 %j%: %‘ $r H/I= $7 $F $$ $k [23] !# $9 $0 $o $+ $k $h $& $K!" 9T Ns C , W $r 8D JL $K7W;;$9$kI,MW$O$J$/!"$=$NOB F = C + W (5) $r 7W ;; $9 $l $P $h $$!# $J $< $J $i C , W $O <! $N $h $& $K Dj $^$k$+$i$G$"$k!# C = S [ F ] ; W = A [ F ] (6) $?$@$7 S [ � ], A [ � ] $O$=$l$>$lBP >N2=:nMQAG$*$h$SH?BP >N2=:nMQAG$G$"$k ( S [ A ] = ( A + A > ) = 2, A [ A ] = ( A � A > ) = 2) !#@55,2= k C k 2 + k W k 2 = 1 $O@55,2= k F k = 1 $KF1CM$G$"$k!# J8 8% [23] $G $O $/ $j $3 $_ K! $H 8F $V <j K! $G 9T Ns F $r 7W ;; $9$k $H F1 ;~$K $= $N 6&J, ;6 %F %s%= %k $r7W ;; $7!" J,2r 2D G= >r 7o (4) $, K~ $? $5 $l $k $h $& $K $= $N 6& J, ;6 %F %s %= %k $K 4X$9 $k:GE, Jd@5$r ;\$7$F $$$k!#J88% [23] $G$O$5 $i$K2r $N @:EY $N M} O@8B 3& $r F3$-!" 2r $, $=$N 8B 3&$r K~ $? $9$3 $H $r <B 83E* $K 3N G’ $7$F $$ $k!# $7 $? $,$C$F!" M} O@ E* $K$O $b $O $d 2~NI $N M> CO $O$J $/!" 2r $O ?? $K:G E, $G $" $k!#$^ $?!" $=$N7W;;$N C++ %W%m%0%i%‘$,8x3+$5$l$F$$$k 1 !# 1 http://www.ail.cs.gunma-u.ac.jp/~kanatani/j 4. %U%m!<$N:GE,Jd@5 FC D’ E@ $N 0L CV x $H 8! =P $7 $? %U %m!< _ x $N @: EY $N Dj @- E* @- <A $r I= $9 ( Dj ?t G\ $r =| $$ $F Dj $^ $k ) @5 5, 2= 6& J, ;6 9T Ns $r$= $l$> $l V 0 [ x ], V 0 [ _ x ] $H$9 $k!#FC D’E@ $r%F %s%W %l!< %H %^%C %A %s %0Ey $N 2h A| =hM} $K $h$C $F Cj=P $9 $k >l 9g $O!" $3 $l $i$O 2h A| $NG; C8 CM $N;D :9 $+ $i7W ;; $9$k $3 $H $, $G $- $k [2, 14, 22, 24] !# FC D’ E@$N @: EY $K $D $$ $F FC JL $N @- <A $, $J$$ >l 9g!" $"$k $$ $O?M <j $G A*$V >l 9g $O!" 2 2h A| 4V $N BP 1~$9 $k E@ $r7k $V $b $N$, $= $N CfE@ $N %*%W %F%# %+ %k %U%m!<$G$"$k$H$_$J$7!"%G%U%)%k%HCM V 0 [ _ x ] = 2diag (1 ; 1 ; 0) ; V 0 [ x ] = 1 2 diag(1 ; 1 ; 0) (7) $r MQ $$ $k!# $? $@ $7 diag ( � � � ) $O BP 3Q MW AG $, � � � $N BP 3Q 9TNs$rI=$9!# %U %m!< 4pAC 9T Ns C , W $,:G E, $K 7W;; $5 $l $F$b _ x , x $O 8m :9 $N $? $a $K I, $: $7 $b 87 L) $K $O %( %T 6K @~ J} Dx <0 (2) $r K~ $? $5 $J $$!# $= $3 $G _ x , x $, %( %T 6K @~ J} Dx <0 (2) $r 87 L) $K K~$? $9 $h $&$K :G E, $KJd @5 $9 $k!#$3 $l $O<! $N $h $& $K9T$& [5, 6] !# ^ _ x = _ x + E ( _ x ; x ) V ( _ x ; x ) V 0 [ _ x ] W x ^ x = x � E ( _ x ; x ) V ( _ x ; x ) V 0 [ x ]( W _ x + 2 C x ) (8) $?$@$7<!$N$h$&$KDj5A$7$?!# E ( _ x ; x ) = ( x ; W _ x ) + ( x ; C x ) V ( _ x ; x ) = ( W x ; V 0 [ _ x ] W x ) +( W _ x + 2 C x ; V 0 [ x ]( W _ x + 2 C x )) (9) <0 (8) $r%(%T 6K@~J} Dx<0 E ( ^ _ x ; ^ x ) = 0 $, ==J,K~ $?$5$l $k$^$G _ x ^ _ x , x ^ x $H$7$FH?I|$9$k!#$3$l$O%K%e!< %H %s K! $HF1 $8 0U L#$r ;} $D #2<! <} B+ $NH? I| $G$" $j!" <B :] LdBj$H$7$F$O 1 2s$NH?I|$G$b==J,$G$"$k!# Jd @5 8e $N ^ _ x , ^ x $O %( %T 6K @~ J} Dx <0 $r K~ $? $9 $N $G!" $= $l $i $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 [5, 6] !# V 0 [ ^ _ x ] = V 0 [ _ x ] � ( V 0 [ _ x ] W x )( V 0 [ _ x ] W x ) > V ( _ x ; x ) V 0 [ ^ x ] = V 0 [ x ] � V 0 [ x ]( W _ x + 2 C x )( V 0 [ x ]( W _ x + 2 C x )) > V ( _ x ; x ) (10) 3

FC D’ E@ $N 0L CV x $N 8m :9 $H %U %m!< _ x $N 8m :9 $H $O FH N) $H $_ $J$7 $F $$ $k$,!" $= $l $i$, %( %T 6K@~ J} Dx<0 $r K~ $?$9 $h $& $K Jd @5 $9 $k $H!" Jd @5 $7 $? ^ x , ^ _ x $O $b $O $d FH N) $G $O $J $$!# $= $l $i $N ( @5 5,2= ) Aj 4X 9T Ns $O <! $N $h $& $K $J $k [5, 6] !# V 0 [ ^ x ; ^ _ x ] = V 0 [ x ]( W _ x + 2 C x )( V 0 [ _ x ] W x ) > V ( _ x ; x ) (11) 5. %U%m!<4pAC9TNs$NJ,2r %U %m!<4p AC 9T Ns C , W $O 1 8D $N 9TNs F $KEy 2A $G $" $j!"%9 %1!<%k $,IT Dj$G$" $k$+ $iJB ?JB.EY v $N@d BPCM$, IT Dj $H $J $k!# $5 $i $K J, 2r 2D G= >r 7o (4) $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 $N@dBP CM$, ITDj$G $"$k $+$i1? F0%Q %i%a!<%? f v , ! 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$$!# $= $N 2 %Q %i %a!< %? $H $7 $F 8= <B E* $J A* Br $O >G E@ 5w N% f $* $h $S $= $N JQ 2= B. EY _ f $G $" $k!# $J $< $J $i $= $N B> $N %Q %i %a!< %? ( 2h A| Cf ?4!" %" %9 %Z %/ %H Hf!" OD $_ 3Q!" Ey [21, 26]) $O%+ %a %i$K 8GM- $G $"$j!" $" $i$+ $8$a 9; @5$7 $F $*$/ $3 $H $, $G $- $k $N $K BP $7 $F!" >G E@ 5w N% ( %:!< %‘ ) $O ;# 1F $N$?$S$KJQ2=$9$k$3$H$,B?$$$+$i$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 $$ $k $H $-!" Bro oks $i [1] $O %U %m!< 4p AC 9T Ns C , W $+ $i>GE@5wN% f $H$= $NJQ2=B.EY _ f $*$h$S1?F0%Q%i%a!<%? f v , ! g $r 7W ;; $9 $k $d $d J# ;( $J Be ?t E* <j =g $r <( $7 $?!# 6b C+!& Bro oks [7] $O J# AG ?t $r MQ $$ $l $P 2s E> 72 $N I= 8= O@ $K$h $j $= $l$, C1 =c$J 2r @OE* $J 8x <0$K $J $k$3 $H $r<( $7 $?!# $5 $i$K 2r $, 0l0U E* $G $J$$ B‘ 2= $N >l9g $r 2r @O$7!" 8w <4 $, \ $M $8 $l $N 0L CV " $K 0\ F0 $9 $k $h $& $J %+ %a %i 1? F0 $G $" $l $P 2r $, 0l 0U E* $K Dj $^ $k $3 $H $r >Z L@ $7 $? [7] !# K\ O@ J8$G$O$3$N7k2L$rMQ$$$k!# 6. >GE@5wN%$NJQ49 %U%m!< 4pAC9T Ns$r J,2r $7$F >GE@5w N% f $H $=$N JQ2=B. EY _ f $, F@ $i $l $l $P!" $= $l $i $K 4X $7 $F ^ _ x , ^ x $r <! $N $h $& $KJQ49$9$k!# ^ _ x f 0 f � ^ _ x � _ f f P k x � ; ^ x diag ( f 0 f ; f 0 f ; 1) ^ x (12) Bh #2 <0 $O <0 (1) $N >G E@ 5w N% $N 6a ;w CM f 0 $r ?? $N CM f $K <h $j 49 $( $k $b $N $G $" $k!# Bh #1 <0 $O f 0 $r f $K <h $j 49 $( $k $@ $1 $G $J $/!" %:!< %‘ JQ 2= _ f $N $? $a $K @8 $8 $? \ $_ $+ $1 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$$$3$H$,B?$$!# $N %U %m!< " $r :9 $7 0z $$ $F \ ?? $N %U %m!< " $K JQ 49 $9 $k $b $N $G $" $k!# $3 $N 7k 2L!" ^ x , ^ _ x $O $= $l $> $l %+ %a %i $N %l %s %: Cf ?4 $+$i 8+ $?$= $N E@ $N;k @~ J}8~ $H $=$N JQ 2= B.EY $H 2r <a$5$l$k!# ^ _ x $H ^ x $r JQ 49 $9 $k $H!" $= $l $i $N ( @5 5, 2= ;v 8e ) 6& J, ;6 9T Ns $H ( @5 5, 2= ) Aj 4X 9T Ns $b <! $N $h $& $K JQ 49 $5 $l $k!# V 0 [ ^ _ x ] f 2 0 f 2 � V 0 [ ^ _ x ] � 2 _ f f S [ V 0 [ ^ x ; ^ _ x ]] + _ f 2 f 2 V 0 [ ^ x ] � V 0 [ ^ x ; ^ _ x ] f 2 0 f 2 � V 0 [ ^ x ; ^ _ x ] � _ f f V 0 [ ^ x ] � V 0 [ ^ x ] f 2 0 f 2 V 0 [ ^ x ] (13) 7. 1|9T$-$N7W;; %Y %/ %H %k x $, ?? $N >G E@ 5w N% f $K $h$C $F I= $5 $l $F $$ $l $P!" $=$l $KBP 1~$9 $k%7!< %s Cf$N FCD’ E@$N 0LCV r $O%+ %a%i:BI87O$K4X$7$F<!$N$h$&$KI=$5$l$k!# r = Z x (14) $3 $3 $K Z $O %+ %a %i :B I8 7O $N 86 E@ ( %l %s %: $N Cf ?4 ) $+ $i 8w <4 $K J? 9T$K B,$C $? 1|9T $- 5w N%$G $" $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 $$$k $+$i!" E@ r $N1? F0$O <!$N $h$& $K =q$1 $k!# _ r = � v � ! � r (15) x = r = Z $rHyJ,$7$F>e<0$rBeF~$9$k$H!"%*%W%F%#%+%k %U%m!< _ x $,<!$N$h$&$KI=$;$k [6] !# _ x = � Q x � v Z + ! � x � (16) $? $@ $7 <! $N $h $& $K Dj 5A $7 $? ( I $O C1 0L 9T Ns $G $" $j!" k = (0 ; 0 ; 1) > $G$"$k ) !# Q x = I � xk > (17) ( k ; _ x ) = 0 $G$"$k$+ $i Q x _ x = _ x $G$"$k!#$7 $?$,$C$F <0 (16) $+$i<!<0$rF@$k!# Q x v Z = � Q x ( _ x + ! � x ) (18) N>JU$H Q x v $H$NFb@Q$r$H$k$H<!$N$h$&$K$J$k!# ( Q x v ; Q x v ) Z = � ( Q x v ; Q x ( _ x + ! � x )) (19) $3$l$+$i1|9T$-$,<!$N$h$&$K7W;;$5$l$k!# Z = � ( v ; S x v ) ( v ; S x ( _ x + ! � x )) (20) 4

$?$@$7<!$N$h$&$KCV$$$?!# S x = Q > x Q x (21) $= $3 $G <0 (12) $G JQ 49 $7 $? ^ x , ^ _ x $r <0 (20) $K Be F~ $7 $F 1| 9T$- 5w N% $r7W ;; $9 $k$H $H $b $KId 9f $NA* Br $r 9T$&!# %U %m!< 4p AC 9T Ns C , W $K Id 9f $N IT Dj @- $, $" $k $N $G JB ?J B.EY v $NId9f$bITDj$G$"$k!#$3$N$?$a!"3FE@ ^ x � , � = 1, ..., N $N1|9T$-5wN% ^ Z � $r7W;;$7!" N X � =1 sgn[ ^ Z � ] < 0 (22) $G $" $l $P 3F ^ Z � $* $h $S v $N Id 9f $r 49 $( $k!# $? $@ $7 sgn[ � ] $OId9f4X ?t$G$"$j!" x > 0, x = 0, x < 0 $K1~ $8 $F sin[ x ] $O 1, 0, � 1 $r $H $k!# Id 9f 4X ?t $r MQ $$ $k $N $O!" C1 $K P N � =1 ^ Z � $r 7W ;; $9 $k $H L5 8B 1s J} $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 $$ 2D G=@- $, $"$k $? $a $G$" $k [6] !# 8. #3<!85I|85$N?.Mj@-I>2A 1 1| 9T $- ^ Z $, 7h $^ $l $P #3 <! 85 0L CV ^ r $O <0 (14) $K $h$C $FDj$^$k!#$=$N8m:9$OBh#16a;w$K$*$$$F � ^ r = ^ Z � ^ x + � ^ Z ^ x (23) $G$"$k!#$=$N@55,2=6&J,;69TNs$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 > (24) ^ x $N ( @5 5, 2= ;v 8e ) 6& J, ;6 9T Ns V 0 [ ^ x ] $O <0 (13) $N Bh #1 <0 $GM? $($i $l$k!# ^ Z $N @55, 2=J, ;6 V 0 [ ^ Z ] $H ^ Z , ^ x $N@5 5, 2= Aj 4X %Y %/ %H %k V 0 [ ^ Z ; ^ x ] $O <0 (20) $h $j <! $N $h $& $K $J$k!# V 0 [ ^ Z ] = ^ Z 4 ( v ; S ^ x v ) tr � V 0 [ ^ _ x ] + 2 S [ Q ^ x ( ! � V 0 [ ^ x ; ^ _ x ])] � aV 0 [ ^ x ; ^ _ x ] + Q ^ x ( ! � V 0 [ ^ x ] � ! ) Q > ^ x � 2 aS [ Q ^ x ( ! � V 0 [ ^ x ])] + a 2 V 0 [ ^ x ] � (25) V 0 [ ^ Z ; ^ x ] = ^ Z 2 ( v ; S ^ x v ) � V 0 [ ^ x ; ^ _ x ] Q ^ x v � V 0 [ ^ x ]( ! � S ^ x v + a Q ^ x v ) � (26) $?$@$7 tr $O%H%l!<%9$G$"$j!"<!$N$h$&$KCV$$$?!# a = ( k ; v ) ^ Z + j k ; ! ; ^ x j (27) j k ; ! ; ^ x j $O k , ! , ^ x $N%9%+%i;0=E@Q$G$"$k!# 9. #3<!85I|85$N?.Mj@-I>2A 2 A0 @a $^ $G $N 2r @O $G $O %U %m!< 4p AC 9T Ns C , W $r @5 $7 $$$H2>Dj$7$?!#$9$J$o$A!" C , W $K4p$E$$$F<0 (8) $N %U %m!< $N :G E, Jd @5 $r 9T $$!" C , W $N J, 2r $K $h$C $F F@ $i$l$? f , _ f $K$h$C$F<0 (12) $NJQ49$r9T$$!" C , W $+ $i 7W;;$7 $?1?F0 %Q%i%a!< %? f v , ! g $rMQ $$$F<0 (20) $K $h $j1|9T$- $r7W;;$7 $?!#$=$7 $F2hA|>e $N3FE@ ^ x $*$h$S $= $N %U %m!< ^ _ x $K 4^ $^ $l $k 8m :9 $N I| 85 0L CV ^ r $K 5Z $\ $9 1F 6A $r I> 2A $7 $?$N $, <0 (24) $N @5 5, 2= 6& J,;6 9T Ns 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 %U %m!< 4p AC 9T Ns C , W $r $/ $j $3 $_ K! $G 7W ;; $9 $k 2a Dx $+ $i <+ F0 E* $K 7W ;; $5 $l $k [23] !# $7 $? $,$C $F @d BPE*$J6&J,;69TNs V [ ^ r ] $O ^ � 2 V 0 [ ^ r ] $H$J$k!# $7 $+ $7!" %U %m!< 4p AC 9T Ns C , W $b 8m :9 $N $" $k %G!< %? $+ $i 7W ;;$7 $? 0J >e!"$3 $l $K $b8m :9 $, 4^ $^$l $F $$ $k!# <B :]!" $= $N@: EY $r I>2A $9 $k 6&J, ;6 %F %s%= %k $r7W ;; $9 $k $3$H$,$G$-$k [23] !#$7$+$7!"$=$l$+$i f , _ f , f v , ! g $N 8m :9 $H $=$l $i $N4V $N Aj 4X$K 87 L)$J 2r @OE* I> 2A $rM? $( $k $3 $H $O 6K$a $F :$ Fq$G $" $k!# $=$3 $G <! $N$h $& $J6a ;w E* I> 2A$r9T$&!# $/ $j $3$_ K! $K $h $k%U %m!< 4p AC9T Ns $N 7W;; $+ $i $O :GE, $J CM ^ C , ^ W $@ $1 $G $J $/!" $= $N I8 =‘ JP 0L C (+) , W (+) $*$h$S C ( � ) , W ( � ) $,7W;;$G$-$k!#$3$l$i$O%Q%i%a!< %? 6u 4V $G ^ C , ^ W $N 8m :9 $, :G $b @8 $8 $d $9 $$ N> J} 8~ $K I8 =‘ JP :9 $@$1 $: $l $?CM $r <( $9$b $N $G $"$j!" @: EY$N M} O@ 8B 3& $K BP 1~ $9 $k $b $N $G $" $k!# $7 $? $,$C $F!" Nc $( $P C (+) $H C ( � ) $, M- 8z ?t ;z 3 7e $G 0l CW $7 $F $$ $l $P!" 2r ^ C $K $[ $\ M- 8z?t ;z 3 7e $N @:EY $, $"$k $3 $H$, J] >Z $5$l!" $3 $l 0J >e $N @:EY $, IT2D G= $G $"$k $H $$$& 0U L#$G 2r $N ?.Mj @- $, DjNLE*$KI>2A$5$l$k [6, 23] !# $3 $l $r Mx MQ $7 $F!" C ( � ) , W ( � ) $+ $i BP 1~ $9 $k f ( � ) , _ f ( � ) , f v ( � ) , ! ( � ) g $r 7W ;; $7!" $3 $l $+ $i F1 MM $K 7W ;; $7 $? #3 <! 85 I| 85 0L CV $r r ( � ) $H $9 $k!# $= $7 $F!" %U %m!< 4p AC9TNs$N8m:9$N1F 6A$r 2 E@ r (+) , r ( � ) $r7k$V@~ J,$G 6a ;w $9 $k!# $3 $l$O ( r (+) � ^ r )( r (+) � ^ r ) > $r 6& J,;6 9T Ns $H$_$J$9$3$H$K AjEv$9$k!#$7$?$,$C$F <B:]$K$O r (+) $N$_7W;;$9$l$P$h$$!# <0 (24) $O 2h A| >e $N 3F E@ x $H %U %m!< _ x $N 8m :9 $, $= $N E@ $N I|85 0LCV ^ r $K 5Z$\ $91F 6A$r 5-=R $9$k $b$N $G $"$j!" $= $N 4X 78 $O D> @\ E* $G $" $k!# $7 $+ $7 %U %m!< 4p AC 9T Ns C , W $O $9 $Y $F $N E@ $N $9 $Y $F $N %U %m!< $K %( %T 6K @~ J} Dx <0 $r :G E, $K Ev$F $O $a $F7W ;; $7 $F$$ $k $N $G!" 8D!9$N E@ $N 8m :9 $H $N Aj4X $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 $NOB $G 6a ;w$7 $F <! $N$h$&$KI>2A$9$k!# V [ ^ r ] = ^ � 2 V 0 [ ^ r ] + ( r (+) � ^ r )( r (+) � ^ r ) > (28) 5

?^ 1: #3<!854D6-$N%7%_%e%l!<%7%g%s2hA| (a) (b) ?^ 2: (a) I|85$7$?7A>u ( <B@~ ) $H??$N7A>u ( GK@~ ) !# (b) 3J;RE@$NI8=‘NN0h!# 8m :9$N J,I[ $r@5 5,J, I[$G 6a;w $9$k $H!"I| 85$7 $?E@ ^ r $r Cf ?4$H $7 3F J}8~ $K I8=‘ JP :90J 2< $N E@$O <! $NBJ 1_ BN$N Fb It ( I8=‘NN0h ) $H$J$k [6] !# ( r � ^ r ; V [ ^ r ] � 1 ( r � ^ r )) = 1 (29) 10. %7%_%e%l!<%7%g%s<B83 ?^ 1 $O 0\ F0 $9 $k %+ %a %i $G >G E@ 5w N% $r JQ $( $J $, $i ;# 1F $7 $? 3J;R %Q %? %s $+$i $J $k 4D 6- %b%G %k $N %7 %_%e%l!< %7%g %s 2h A| $G $" $k (512 � 512 2h AG ) !# $3 $N Fs $D $N 2h A| Cf $N 3J;RE@ $N x , y :BI8$KFH N)$K4|BTCM 0 !"I8=‘ JP:9 0.5( 2h AG ) $N @5 5, Mp ?t $r FH N) $K 2C $(!" BP 1~ $9 $k D: E@ $N JQ 0L $r $= $l $i $N Cf E@ $K $* $1 $k %U %m!< $H $_ $J $7!" <0 (7) $N %G %U%)%k%H8m:9%b%G%k$rMQ$$$F#3<!85I|85$r9T$C$?!# ?^ 2(a) $O I|85 $7 $? 7A >u ( <B @~ ) $K?? $N 7A >u ( E@ @~ ) $r k v k = 1 $H$J $k$h$& $K%9%1!<%k $r9g$o $;$F=E $M!"<P$a >e $+ $i $J $, $a $? $b $N $G $" $k!# ?^ 2(b) $O I| 85 $7 $? 3J ;R E@ $r Cf ?4 $H $7!" <0 (29) $G Dj 5A $5 $l $k I8 =‘ NN 0h $r #3 G\ $K 3HBg $7 $F I=<( $7 $? $b$N $G $" $k!#$3 $l $i$O BJ 1_ BN$G $" $k $,!" Hs>o $K :Y D9 $/!"@~ J, $K 6a $$ 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 $$ $k!# ?^ 2(a) $H Hf 3S $9$k $H!" ?? $N0L CV $H $N$: $l $r 6a;w E* $KI= $7 $F $$$k $3 $H$,$o$+$k!# 11. <B2hA|<B83 1 ?^ 3 $O << Fb %7!< %s $N <B 2h A| $G $" $k!# $3 $l $+ $i ?^ Cf $K %^!< %/ $7 $? FCD’ E@ $r A*$S!" BP 1~ $9$k FC D’ E@ $NJQ 0L $r $= $l $i $N Cf E@ $K$* $1 $k %U %m!<$H $_ $J $7!" %G%U%) %k %H 8m :9 %b %G %k $r MQ $$ $F #3 <! 85 I| 85 $r 9T$C $?!# ?^ 4(a) $O I| 85 $7 $? FC D’E@ $r 2# $+$i $J $, $a$? $b $N $G$" $k!# I|85 $7 $? 3F E@ $r Cf ?4 $K <0 (29) $G Dj 5A $5 $l $k I8 =‘ NN 0h $r I= <( $7!" %7!<%sCf$N0lIt$O%o%$%d%U%l!<%‘I=<($r$7$F$$$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 B.EY $N 7W ;;$N IT 3N Dj$, 86 0x $G$" $j!" 7A>u <+ BN $K $= $l $[ $I$N IT 3N Dj$5 $, $" $k$o $1 $G $O$J $$!# $3$l $r 8+ $k $? $a $K B?LL BN J* BN$r <h $j =P$7!" J* BN $N=E ?4 $r86 E@ $K 0\ F0 $7!" 3F D:E@ $^ $G$N 5w N%$N J? J}J? 6Q Fs >h$, 1 $H$J $k $h $& $K %9 %1!< %k $7 $F F1 MM $K I= <( $7 $? $b $N $, ?^ 5(a) $G $" $k!# ?^ 5(b) $O 3 D: E@ $r A* $S!" 0l $D $r 86 E@ $H $j!" $b $& 0l $D $, (1 ; 0 ; 0) $K!" ;D $j $, X Y LL >e $K Mh $k $h $& $K %9 %1!<%k$H2sE>$r;\$7$?$b$N$G$"$k!# $3 $N $h$& $K I| 85 7A>u $O F1 0l$G $b!" $I $N$h $& $J @5 5,2= $r MQ $$ $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, 15] $K$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

?^ 3: <<Fb%7!<%s$N<B2hA| ?^ 4: 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 ?^ 5 $N J* BN $N $" $k #2 JU $N D9 $5 $N Hf $H $J $9 3Q $N I8 =‘ JP :9 $r <0 (28) $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$$$k!# 12. <B2hA|<B83 2 ?^ 6 $O 20 30 $G ;# 1F $7 $? >h MQ <V $N 2h A| $G $" $k!# $3 $l $+ $i ?^ Cf$K %^!< %/ $7 $?FC D’ E@ $r A* $S!"%G %U%) %k %H 8m:9 %b %G %k $r MQ $$ $F #3 <! 85 I| 85 $r 9T$C $?!# ?^ 7(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$$$k$3$H$,$o$+$k!# 13. $^$H$a K\O@ J8 $G $O @E;_ $7 $? %7!<%s Cf $G L$CN $N =V 4V 1?F0 $r $9 $k L$ 9;@5 %+ %a %i $K$h$C $F 4Q B, $7 $?%* %W %F%# %+ %k%U %m!< $+ $i #3<! 85 I| 85$r 9T$C $?!# $3$l $O 2h A| $N8m :9 $N E}7W E* %b %G %k $r F3 F~ $7!" $b $O $d 2~ A1 $N M> CO $, $J $$ $H $$ $& 0U L# $N :GE, $J I| 85$G $" $k!# $^$: 8! =P $7 $?%* %W %F%# %+%k %U %m!< $K !V%( %T 6K@~ J} Dx <0!W $r Ev $F $O $a $F!V%U %m!< 4p AC 9T Ns!W $r:G E, $K 7W;; $7!" <! $K$= $l $r J, 2r$7 $F >G E@5w N% $H $= $N JQ 2= B. EY $* $h $S %+ %a %i $N 1? F0 %Q %i %a!< %? $r 7W ;; $7 $?!#$= $7 $F!" %(%T 6K @~ J}Dx <0 $r 87 L)$K K~ $? $9$h $& $K %U %m!<$r :G E, $KJd @5 $7!" $=$l $+ $i #3 <!85 0L CV $rI| 85 (a) (b) ?^ 5: (a) =E?4$HJ?6Q@#K!$N@55, 2=$K$h$kI8=‘NN0h!# (b) 3 E@$N@55,2=$K$h$kI8=‘NN0h!# $9 $k $H $H $b$K!" $= $N 6&J, ;6 9T Ns$r I> 2A $7 $?!#:G 8e $K %7 %_%e %l!< %7%g %s $* $h $S<B 2h A| $K $h $k <B83 $r 9T $$!" $= $N M- 8z @- $r8! F$ $9 $k$H $H $b $K!"IT Dj @- $r=| 5n $9$k @5 5, 2= ( !V%2!< %8!W ) $,IT 3N Dj@- $N5- =R $KM? $( $k1F 6A$r 9M ;!$7 $?!# ;29MJ88% [1] M. J. Bro oks, W. Cho jnac ki and L. Baumera, Deter- mining the egomotion of an uncalibrated camera from instantaneous optical o w, J. Opt. So c. Am. , A, 14 -10 (1997), 2670-2677. I= 1: JU$ND9$5$NHf$H$J$93QEY$N?.Mj@-!# 7W;;CM <BB,CM M}O@E*I8=‘JP:9 Hf 1.02 1.00 0.08 3QEY (deg) 95.1 90.0 17.0 7

?^ 6: 2030$N>hMQ<V$N<B2hA| ?^ 7: I|85$7$?>hMQ<V$N#3<!857A>u!# [2] W. F� orstner, Reliabilit y analysis of parameter estima- tion in linear mo dels with applications to mensuration problems in computer vision, Comput. Vision Gr aphics Image Pr o c ess. , 40 (1987), 273{310. [3] K. Kanatani, 3-D in terpretation of optical ow by renor- malization, In ternational Journal of Computer Vision, V ol. 11, No. 3 (1993), pp. 267{282. [4] K. Kanatani, Ge ometric Computation for Machine Vi- sion , Oxford Universit y Press, Oxford, 1993. [5] 6bC+7r0l , 4v2?3XE*Jd@5LdBj$N:GE,7W;;$H@:EY$NM}O@8B3& , >pJs =hM}3X2qO@J8;o , 37 -3 (1996), 363{370. [6] K. Kanatani, Statistic al Optimization for Ge ometric Computation: The ory and Pr actic e , Elsevier, Amster- dam, 1996. [7] 6bC+ 7r0l , M. J. Bro oks, %U%m!<4p AC9TNs$NJ,2r : <+8J9; @5K! $N 72O@ E* J} K! , >p Js =hM} 3X 2q %3%s %T%e!< %? %S%8%g %s $H %$%a!< %8 %a%G%#%"8&5f2q , 2000-CVIM-120-8 (2000-1), 57{64. [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 $H %a%G%# %" M}2r8&5f2q , PRMU99-93 (1999-10), 39{46. [10] K. Kanatani and D. D. Morris, Gauges and gauge trans- formations in 3D reconstruction from a sequence of im- ages, Pr o c. 4th Asian Conf. Computer Vision , January 2000, T aipei, T aiw an, pp. 1046{1051. [11] H. C. Longuet-Higgis and K. Prazdn y , The interpreta- tion of a moving retinal image, Pr o c. R oy. So c. L ond. , B 208 (1980), 385{397. [12] S. J. Maybank, The angular v elo cit y asso ciated with a optical ow�eld arising from motion through a rigid environmen t, Pr o c. R oy. So c. L ond. A 401 (1985), 317{ 326. [13] ;0EgEy , 6b C+7r0l , 4p AC9TNs$N:GE,7W;;$H$= $N?.Mj@-I>2A , >pJs =hM}3X2q%3%s%T%e!<%?%S%8%g%s$H%$%a!<%8%a%G%#%"8&5f2q , 99- CVIM-118-10 (1999-9), 67{74. [14] D. D. Morris and T. Kanade, A uni�ed factorization al- gorithm for p oin ts, line segments and planes with uncer- taint y mo dels, Pr o c. Int. Conf. Comput. Vision , Jan- uary 1998, Bom ba y , India, pp. 696{702. [15] D. D. Morris, K. Kanatani and T. Kanade, Uncertaint y mo deling for optimal structure from motion, IEEE Workshop on Vision A lgorithm: The ory and Pr actic e , September 1999, Corfu, Greece, pp. 33{40. [16] 8~0fMx=U , Bg@>>: , %*%W%F%#%+%k%U%m!<2hA|$+$i$N@~7A7W;;$K$h $k #3 <!85 1? F0%Q %i %a!< %?$H 9= B$$N I| 85 , 7W B, <+F0 @) 8f 3X2q O@ J8 ;o , 34 -5 (1998), 438{444. [17] N. Oh ta, Optical ow detection using a general noise mo del, IEICE T r ans. Inf. & Syst. , E79-D -7 (1996), 951-957. [18] N. Ohta, Uncertain t y mo dels of the gradient constraint for optical ow computation, IEICE T r ans. Inf. & Syst. , E79-D -7 (1996), 958-964. [19] N. Oh ta and K. Kanatani, Optimal structure-from- motion algorithm for optical ow, IEICE T r ans. Inf. & Sys. , E78-D -12 (1995), 1559{1566. [20] B@ ED D> :H , c7 F# 2B L@ , %* %W %F%# %+ %k %U%m!< $N :F 8! =P $K $h $k9b @: EY $J 7A >u I| 85 , EE ;R >p Js DL ?. 3X 2q O@ J8 ;o D-I I, J81-D-I I -6 (1998), 1123{1131. [21] :4F#=_ , !V%3%s%T%e!<%?%S%8%g%s | ;k3P$N4v2?3X | !W , %3%m%J <R , 1999. [22] 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. [23] @6?e7D9T , 6bC+7r0l , %*%W%F%#%+%k%U%m!<4pAC9TNs$N:GE,7W;;$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), 75{82. [24] 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. [25] T. Vi� eville and O. D. F augeras, The �rst order expan- sion of motion equations in the uncalibrated case, Com- put. Vision Image Understanding , 64 -1 (1996), 128{ 146. [26] =y9d , DT;0O: , !V#3<!85%S%8%g%s!W , 6&N)=PHG , 1998. 8