!V2hA|$NG’<1!&M}2r%7%s%]%8%&%‘ (MIR U’98) !W J?@. 10 G/ 7 7n :GE,$J6J@~Ev$F$O$a$H$=$N?.Mj@-I>2A 6bC+7r0l y 6b_7 Lw z y 72GOBg3X 9)3XIt >pJs9)3X2J z 72GO9)6H9bEy@lLg3X9;EE;R>pJs9)3X2J Abstract: Curv e �tting is formalized as statistical estimation b y in tro ducing a mo del of image noise. W e �rst sho w that a theoretical accuracy b ound can b e obtained indep enden tly of solution tec hniques. Then, a �tting sc heme that can attain that b ound is presen ted. W e form ulate a tec hnique for visualizing the reliabilit y of the computed �t b y means of the primary deviation p air . It is sho wn that if the curv e is written in the c anonic al form , an e�cien t algorithm called r enormalization can b e applied. It is also sho wn that our �tting pro cedure leads to the ge ometric AIC for selecting an appropriate curv e mo del from m ultiple candidates. Our theory is illustrated b y real-image examples of line and conic �tting. 1. =xO@ 2h A| M} 2r $N :G =i $N =h M} $N 0l $D $O %(%C %8 8! =P $K $h$C $F J* BN 6- 3& $r $J $9 2h AG $r 8+ $D $1!" $= $l $i $K 6J @~ ( D> @~ $r 4^ $‘ ) $r Ev $F $O $a $F J* BN NN 0h $N 2 <! 85 I= 8= $r F@ $k $3 $H $G $" $k [42] !# $3 $N $? $a 2a5n $K 6J @~ Ev$F $O $a $N $5 $^$6 $^ $J <j K! $, 8& 5f $5 $l $? $,!" $$ $m $$ $m $J <j K! $r H/ 8+ E* $K 9= @. $7 $F $ONc Bj$K E,MQ $7!" $=$N @-G= $r<g 4Q E*$K I>2A $9 $k$N $,Ia DL $G$"$C $?!#$7 $+ $7!"$h $$ Ev$F $O$a K! $rDI 5Z $9$k $@ $1$G $J $/!" F@ $i$l $?Ev $F $O$a $N@: EY$r Dj NLE* $KI> 2A $9$k $3$H $b $^$? =EMW $G$" $k!# $J$< $J $i!"Ev $F$O $a $N@: EY$, $= $l$+ $i I|85$7 $? 3 <!85 7A>u $N@:EY $KD> @\E* $K1F 6A$9 $k$+$i $G$" $k [21] !# $3 $l $K BP $9 $kK\ O@ J8 $N %" %W %m!< %A$O <! $N DL $j $G $"$k!# 1. Ld Bj $r!" C1 $K %G!< %? E@ $K \ $J $k $Y $/ 6a $$ 6J @~ " $r 5a $a $k $N $G $O $J$/!" 8m :9 $N 5s F0$r %b %G %k 2=$7!" \ @5 $7 $$6J@~ " $r \ ?dDj " $9$k E}7WE*?dDj $H$_$J$9!# 2. Ev $F $O $a <j K! $K $h $i $J $$ @: EY $N 8B 3& $r M} O@ E* $K F3 =P$9$k!# 3. @: EY $N M} O@ 8B 3& $r C# @. $9 $k \ ?? $K :G E, $J " Ev $F $O $a <jK!$r9=@.$9$k!# $=$7 $F!"$3 $N%" %W %m!<%A $N 1~MQ $H$7 $F $5$i $K<! $N $3$H $r <($9!# � Ev $F $O $a 6J @~ $r I8 =‘ 7A $K I= $9 $H!" 8z N( E* $K :G E, 2r $r7W;;$9$k $/$j$3$_K! $,E,MQ$G$-$k!# � F@ $i $l $? 2r $N ?. Mj @- $, Dj NL E* $K I> 2A $G $- $k $H F1 ;~ $K!"$=$l$r I8=‘JP0L $H$7$F;k3P2=$G$-$k!# � Ev $F $O $a $N 2a Dx $+ $i!" J# ?t $N Ev $F $O $a 6J @~ $N 8u Jd $+ $i E, @Z $J $b $N $r A* $V 4p =‘ $H $J $k 4v 2? 3X E* #A #I #C $,7W;;$G$-$k!# Optimal Curv e Fitting and Reliabilit y Ev aluation Kenic hi Kanatani y and Y asushi Kanazaw a z y Departmen t of Computer Science, Gunma Univ ersit y z Departmen t of Information and Computer Engineering, Gunma College of T ec hnology 0J2<!" $^ $:0l HL O@$r =R$Y!" $= $l$r D> @~Ev $F $O$a $H %3%K%C %/Ev$F$O$a$K1~MQ$7!"<B2hA|Nc$r<($9!# 2. 6J@~Ev$F$O$a Ld Bj $O J? LL >e $K M? $( $i $l $? N E@ ( x 1 ; y 1 ), ..., ( x N ; y N ) $K %Q %i %a!< %? u ( n <! 85 %Y %/ %H %k ) $r $b $D 6J@~ F ( x; y ; u ) = 0 (1) $rEv$F$O$a$k$3$H$G$"$k!#=>Mh$O$3$l$r%G!<%?E@ f ( x � ; y � ) g $K \ $J $k $Y $/ 6a $$ " 6J @~ $r 5a $a $k Ld Bj $H 2r <a $9 $k $H $H $b $K!" $= $N \ 6a $5 " $r Dj 5A $7!" $= $l $r :G >. $K $9 $k %Q %i %a!< %? u $r ?t CM E* $K 7W ;; $7 $F $$ $?!# $= $7 $F $5 $^ $6$^ $J I>2A 4X?t $rH/ 8+ E*$K Dj5A $7$F $O!" F@$i $l$? Ev $F$O $a$r ;k 3PE* $KI> 2A$7 $F $$$?!# K\O@ J8$G $O $3$l $r<! $N $h$& $KM}O@2=$9$k!# %G!< %? E@ f ( x � ; y � ) g $N \ ?? $N 0L CV " $r f ( � x � ; � y � ) g $H $7!"<!$N$h$&$K=q$/!# x � = � x � + � x � ; y � = � y � + � y � (2) 8m :9 (� x � ; � y � ) $O 3F � $4 $H $K FH N) $G 4| BT CM (0 ; 0) $N @55, J, I[$K =>$& 3NN( JQ ?t$H $_$J $7!"$= $N 6&J, ;69T Ns $r<! $N$h$&$KCV$/ ( E [ � ] $O4|BTCM$rI=$9 ) !# V [ x � ; y � ] = E [� x 2 � ] E [� x � � y � ] E [� y � � x � ] E [� y 2 � ] ! (3) 8m:9$N J,I[$O0l HL$KHs 0lMM ( J,I[$, 3FE@$4$H $K0[$J $k ) !" Hs Ey J} ( J, I[ $, J} 8~ $K $h$C $F 0[ $J $k ) $G $" $k!# $3 $N $H $- LdBj$O<!$N$h$&$KDj<02=$G$-$k!# !ZLd Bj 1 ![ 4QB,%G!<%? f ( x � ; y � ) g $+$i F ( � x � ; � y � ; � u ) = 0 ; � = 1 ; :::; N (4) $,87L)$K@.N)$9$k%Q%i%a!<%?CM � u $r?dDj$;$h!# I{331

8=<B$NLd Bj$G$O%G!< %?E@$N 6&J,;6 9TNs$r;v A0$K@5 3N$K M=B, $9$k $3$H $O :$Fq $G$" $k$,!" $I $NIt J,$N E@ $N8m :9$, Aj BPE* $KBg $-$$ $H $+!"$I $NJ} 8~$K 8m :9$, @8$8 $d $9$$ $J$I $H $$$& Dj@- E*$J 79 8~$r $D$+ $‘$3 $H $,2D G=$J $3 $H$O B?$$!# $= $3 $G 6& J, ;6 9T Ns V [ x � ; y � ] $O Dj ?t G\ $r =| $$ $F 4{ CN $H 2> Dj $7!" V [ x � ; y � ] = � 2 V 0 [ x � ; y � ] (5) $H CV $/!# $= $7 $F!" 8m :9 $N Aj BP E* $J 5s F0 $r <( $9 V 0 [ x � ; y � ] $O4{ CN $G $" $k$,!" @d BP E* $J Bg $-$5 $r <( $9 � $O L$ CN$G $" $k $H$9 $k!# � $r %N %$%: %l %Y%k !" V 0 [ x � ; y � ] $r @55, 2= 6&J, ;6 9TNs $H8F$V!# 3. @:EY$NM}O@8B3& Ld Bj 1 $N 2r � u $N $" $k IT JP ?d Dj NL $r ^ u $H $9 $k ( E [ ^ u ] = � u ) !# $= $7 $F!" $= $N 6& J, ;6 9T Ns $r <! $N $h $& $K Dj 5A $9 $k ( > $OE>CV$rI=$9 ) !# V [ ^ u ] = E [( ^ u � � u )( ^ u � � u ) > ] (6) $3 $N $H $-!" <! $N 2< 3& $, B8 :_ $9 $k $3 $H $, >Z L@ $G $- $k � [23, 26, 27] !# V [ ^ u ] � � 2 N X � =1 ( r u � F � )( r u � F � ) > ( r � F � ; V 0 [ x � ; y � ] r � F � ) ! � 1 (7) $? $@ $7 � $O :8 JU $H 1& JU $N :9 $, H> @5 CM BP >N 9T Ns $G $" $k $3 $H $r 0U L# $7!" %Y %/ %H %k a , b $N Fb @Q $r ( a ; b ) $H =q $/!# %P!< $O ?? $N CM $K $* $1 $k I> 2A $r I= $7!" <! $N $h $& $K N, 5- $9 $k!# r � F � = @ F ( � x � ; � y � ; � u ) =@ x @ F ( � x � ; � y � ; � u ) =@ y ! (8) r u � F � = 0 B B @ @ F ( � x � ; � y � ; � u ) =@ u 1 . . . @ F ( � x � ; � y � ; � u ) =@ u n 1 C C A (9) 4. Ev$F$O$a$N7W;;K! LdBj 1 $N2rK!$H$7$F<!$NJ}K!$,9M$($i$l$k!# :G>.=89gK! : %Q %i %a!< %? u $O n <+ M3 EY $r $b $D $+ $i!" n 8D $N E@ $+ $i 6J @~ $, 0l 0U E* $K Dj $^ $k!# $= $N :B I8 $r <0 (4) BeF~$7$? F ( x � ; y � ; u ) = 0 ; � = 1 ; :::; n (10) $r u $K4X$9$kO"N)J}Dx<0$H$_$J$7$F2r$/!# � <0 (7) $O E} 7W 3X $K $* $1 $k %/ %i %a %k!& %i %* $N 2< 3& $N F3 =P $H 6& DL $9 $k 9M $( J} $G F3 $1 $k!# $7 $? $,$C $F <0 (7) $N 1& JU $r \ %/ %i %a %k!& %i %* $N 2< 3& " $H 8F $V $3 $H $b 2D G= $G $" $k $,!" E} 7W 3X $K $* $1 $k %/ %i %a %k!& %i %* $N 2< 3& $H $OJLJ*$G$"$k!# :G>.Fs>hK! : $9 $Y $F $N 4Q B, E@ $r <0 (4) $K Be F~ $7 $F!" :8 JU $N=E$_IU$-Fs>hOB ( W � > 0) J LS = N X � =1 W � F ( x � ; y � ; u ) 2 (11) $r:G>.$K$9$k u $r7W;;$9$k!# :GL‘?dDj : <0 (4) $r 94 B+ >r 7o $H $7 $F %^ %O %i %N %S %9 5w N% $N Fs>hOB J = N X � =1 ( � x � � x � � y � � y � ! ; V 0 [ x � ; y � ] � x � � x � � y � � y � ! ) (12) $r :G >. $K $9 $k $h $& $K ?? $N 0L CV ( � x � ; � y � ) $r ?d Dj $7!" $=$l$KBP$9$k J $,:G>.$K$J$k u $r7W;;$9$k!# :G >. =8 9g K! $O :G >. =8 9g ( D> @~ Ev $F $O $a $J $i 2 E@!" %3 %K%C %/ Ev $F $O $a $J $i 5 E@!" Ey ) $N <h $j J} $K $h$C $F 2r $, JQ F0 $7!" @: EY $O 6K $a $F Dc $$!# $7 $+ $7!" :G >. =8 9g $r %i %s %@ %‘ $K B? ?t A* $s $G Ej I< $G 2r $r Dj $a $k %m %P %9 %H ?d Dj $K 1~ MQ $G $- $k [9] !# :G >. Fs >h K! $O 2r $N @- 3J $, $" $$ $^ $$ $G $" $j!" F ( x; y ; u ) $, ( x; y ) $N Hs @~ 7A 4X ?t $N >l 9g $O 0l HL $K 2r $K E} 7W E*JP :9 $, @8 $8 [23] !" @: EY $,0- $$!# $= $l $K BP $7$F :G L‘ ?d Dj $O Bh 1 6a ;w $K $* $$ $F ( $9 $J $o $A O ( � 4 ) $r =| $$ $F ) IT JP $+ $D <0 (7) $N @: EY $N M} O@ 8B 3& $r C# @. $9 $k $3 $H $, >Z L@ $G $- $k y [20, 23] !# <0 (12) $r :G >. $K $9 $k 2r $O Bh 1 6a ;w $K $* $$ $F <! $N 2r $r $b$D!# ^ x � ^ y � ! = x � y � ! � F � V 0 [ x � ; y � ] r F � ( r F � ; V 0 [ x � ; y � ] r F � ) (13) $? $@ $7 F � , r F � $O <0 (8), (9) $G ?? $N CM � x � , � y � , � u $r $= $l $> $l %G!< %? x � , y � !" $* $h $S JQ ?t u $K CV $- 49 $( $? $b $N $G$" $k!#>e <0$r <0 (12) $N � x � , � y � $K BeF~ $9$k $H <!$N $h$& $K$J$k!# J = N X � =1 F 2 � ( r F � ; V 0 [ x � ; y � ] r F � ) (14) $7$?$,$C$F!" :GE,2=$K $O@55,2= 6&J,;69T Ns V 0 [ x � ; y � ] $N $_ $r CN $l $P $h $/!" %N %$ %: %l %Y %k � $O I, MW $J $$!# <0 (14) $OJ88% [3, 46, 47] $NI>2A4X?t$r0lHL2=$7$?$b$N$KAjEv$7 $F $* $j!" 8m :9 $, 0l MM ( J, I[ $, $I $N E@ $b F1 $8 ) !" Ey J} ( J, I[ $,$I$NJ}8~$K$bF1$8 ) $G$"$l$P$=$l$i$K0lCW$9$k z !# 5. Ev$F$O$a$N?.Mj@-I>2A <0 (14) $N :G >. CM $r ^ J $H =q $-!" ;D :9 $H 8F $V!# $3 $N $H $- ^ J =� 2 $, Bh 1 6a ;w $K $* $$ $F <+ M3 EY N � n $N � 2 J, I[ $K => y K\ O@ J8 $G $O %" %& %H %i %$ %" $r =| 5n $9 $k \ %m %P %9 %H ?d Dj K! "( Ej I< K!!" #M?d Dj!":G>. %a%8 %"%s K!!"B> ) $OO@ $8$J $$$,!"$= $N$h $&$J <jK!$G %"%& %H %i %$ %" $r =| 5n $7 $? %G!< %? $K BP $7 $F $O >e =R $N :G L‘ ?d Dj $, ?? $K :G E, $J 7W ;; K!$G$"$k!# z $? $@ $7!" J8 8% [3, 46, 47] $G $O 8m :9 $N E} 7W %b %G %k $O 9M N8 $7 $F $$ $J $$!# I{332

$&$3 $H $, $o $+ $k [23] !#$7 $? $,$C $F Fs >h %N %$%: %l %Y %k $N IT JP?dDjNL$,<!$N$h$&$KF@$i$l$k!# ^ � 2 = ^ J N � n (15) :G E, 2r ^ u $N 6& J, ;6 9T Ns $O Bh 1 6a ;w $K $* $$ $F <0 (7) $N M} O@ E* 2< 3& $K 0l CW $9 $k $+ $i!" 2r ^ u $H $= $l $r <0 (13) $K Be F~ $7 $F 7W ;; $7 $? ( ^ x � ; ^ y � ) $r ?? $N CM � u $H ?? $N 0L CV ( � x � ; � y � ) $K Be F~ $7!" � 2 $r <0 (15) $K $h$C $F ?d Dj $9 $k $3 $H $K $h$C $F!"2r ^ u $N6&J,;69TNs V [ ^ u ] $,;v8eE*$KI>2A$G$-$k!# F@$i$l$? V [ ^ u ] $N8GM-CM$r � 1 � � � � � � n $H $7!"BP1~ $9 $k C1 0L %Y %/ %H %k $N :n $k @5 5, D> 8r 7O $r f u 1 , ..., u n g $H $9$k $H!" u 1 $O:G $b 8m:9 $r @8$8 $d $9 $$J} 8~ $G$" $j!" p � 1 $,$= $NJ} 8~ $NI8 =‘ JP:9 $G $"$k!# $7 $?$,$C $F!" %Q%i %a!< %? u $N:G$b@8$8$d$9$$JQF0$,Fs$D$NCM u (+) = ^ u + p � 1 u 1 ; u ( � ) = ^ u � p � 1 u 1 (16) $GBe I=$5 $l$k!# $3 $l$i $r6J @~$N <0 $KBe F~$9 $k $HFs $D$N 6J @~ F ( x; y ; u (+) ) = 0 ; F ( x; y ; u ( � ) ) = 0 (17) $,F@$i$l$k!#$3$l$rEv$F$O$a$?6J@~ F ( x; y ; ^ u ) = 0 $N I8 =‘JP 0L $H 8F$V!# $3 $l$K $h$C $FEv $F$O $a $N?. Mj@- $, ;k3P E* $KI=<($G$-$k!# 6. I8=‘7A$H$/$j$3$_K! <B:]$N1~ MQ$K$*$$ $F$O6J @~$,<!$N 7A$K=q$1 $k$3$H $,B? $$!# ( a ; u ) = 0 (18) $3 $3 $K u $O n <! 85 %Y %/ %H %k $G $" $j!" a $O x , y $N \ B? 9‘ <0 " $r @. J, $H $9 $k n <! 85 %Y %/ %H%k $G $" $k!# $3 $N 7A $r I8=‘ 7A $H8F$V!#Nc$($PD>@~ Ax + B y + C = 0 $O a = ( x; y ; 1) > ; u = ( A; B ; C ) > (19) $H CV $/ $H <0 (18) $N I8 =‘ 7A $H $J $k!# $^ $? %3 %K%C %/ Ax 2 + 2 B xy + C y 2 + 2( D x + E y ) + F = 0 $O a = ( x 2 ; 2 xy ; y 2 ; 2 x; 2 y ; 1) > u = ( A; B ; C ; D ; E ; F ) > (20) $H CV $/ $H I8 =‘ 7A $H $J $k!# %Y %/ %H %k a $O :B I8 ( x; y ) $N Hs @~ 7A 4X ?t $G $" $k $,!" $= $N 4| BT CM $H 6& J, ;6 9T Ns $, 7W ;; $G $- $l $P!" $3 $l $r ?7 $7 $$ %G!< %? $H $_ $J $9 $3 $H $, $G $- $k x !# @55, J,I[ $K=> $& JQ?t $NB? 9‘<0 $N 8m:9 $N4| BT CM$d J,;6 $O!" x , y $N8m :9 $r$= $l $>$l � x 1 , � x 2 $H =q $-!" E [� x i � x j ] = � ij $HCV$/$H!"<!$N4X78$+$i7W;;$G$-$k!# E [� x i � x j � x k ] = 0 E [� x i � x j � x k � x l ] = � ij � k l + � ik � j l + � il � j k E [� x i � x j � x k � x l � x m ] = 0 E [� x i � x j � x k � x l � x m � x n ] = � � � (21) x 85 $N ( x; y ) $N 8m :9 J, I[ $, 0l MM Ey J} $G $b!" JQ 49 $7 $? a $N 8m :9 J, I[ $O 0lHL$KHs0lMM!"HsEyJ}$G$"$k!# $3 $l $+ $i!" %Y %/ %H %k a $N 6& J, ;6 9T Ns V [ a ] $, ( x; y ) $N 4X ?t $H $7 $F I= $; $k!# $7 $? $,$C $F!" a $N J, I[ $r @5 5, J, I[ $G 6a;w $9 $k$H I8=‘ 7A$K BP $7$F 0lHL O@$, E, MQ$G $-!"7W ;; $d2r @O$,MF0W$K$J$k!#$?$@$7!"Cm0U$,I,MW$G$"$k!# � 6&J,;69TNs V [ a ] $O n <!859TNs$G$"$k$,!"8m:9 (� x; � y ) $N <+ M3 EY $O 2 $G $" $k $+ $i!" %i %s %/ 2 $N FC 0[9TNs$H$J$k!# � <0 (18) $N N> JU $r 2? G\ $7 $F $b F1 $8 6J @~ $r I= $9 $N $G!" %Y %/ %H %k u $K $O Dj ?t G\ $N IT Dj @- $, $" $k!# $= $3 $G u $r C1 0L %Y %/ %H %k $K @5 5, 2= $9 $k!# $9 $J $o $A :G E, 2= $K $* $1 $k u $N Dj 5A 0h $O n <! 85 6u 4V R n A4 BN $G $O $J $/!"$=$NCf$N ( n � 1) <!85C10L5eLL S n � 1 $G$"$k!# $3 $l $i $N Ld Bj $O 5e LL $X $N <M 1F 9T Ns P u = I � uu > ( I $OC1 0L 9T Ns ) $d ( %‘!<%"!& %Z %s %m!<%: $N ) 0l HL5U 9T Ns $rMQ $$ $k $3 $H $K $h$C $F BP =h $G $- $k [20, 23] !# $= $N $h $& $K $7 $F I8 =‘ 7A $r 07 $& Mx E@ $O!" :G E, 2r $, <! $N $/ $j $3 $_ K! [18, 30, 31] $H 8F $V <j K! $G 8z N( $h $/ 7O E} E* $K 7W ;; $G $- $k $3 $H $K $" $k!# 1. c = 0, W � = 1, � = 1, ..., N $HCV$/!# 2. <!$N9TNs$r7W;;$9$k!# M = 1 N N X � =1 W � a � a > � ; N = 1 N N X � =1 W � V 0 [ a � ] (22) 3. <! $N 9T Ns $N :G >. 8G M- CM � $H BP 1~ $9 $k C1 0L 8G M- %Y %/ %H%k u $r7W;;$9$k!# ^ M = M � c N (23) 4. � � 0 $G $" $l $P u , c , ^ M $r JV $7 $F =* N; $9 $k!# $= $& $G $J $1 $l $P <! $N $h $& $K c , W � $r 99 ?7 $7 $F %9 %F%C %W 2 $KLa$k!# c c + � ( u ; N u ) ; W � 1 ( u ; V 0 [ a � ] u ) (24) <}B+$OB.$/!"DL>o$O 3, 4 2s$NH?I|$G==J,$G$"$k!#JV$5$l $? u $N CM $r ^ u $H $9 $k $H!" <0 (14) $r D> @\ $K ?t CM E* $K :G >. 2=$7 $F F@$i $l$k CM$H F1 $8%*!< %@$N @:EY $, $"$k $3$H $, >ZL@ $G $- $k [23] !# $^ $?!" JV $5 $l $? c $N CM $+ $i Fs >h %N %$ %: %l %Y %k$,<!$N$h$&$K?dDj$G$-$k!# ^ � 2 = c 1 � 2 = N (25) $5$i$K!"JV$5$l$?9T Ns ^ M $NCM$+$i?d DjCM ^ n $N 6&J,;69T Ns$,<!$N$h$&$KI>2A$G$-$k!# V [ ^ u ] = ^ � 2 N � ^ M � � n � 1 (26) 1i ;; ( � � � ) � r $O 9T Ns $N I8 =‘ 7A $K $* $$ $F Bg $- $$ r 8D 0J 30 $N 8G M- CM $r 0 $K CV $- 49 $( $F ( %‘!< %"!& %Z %s %m!< %: $N ) 0l HL 5U9TNs$r7W;;$9$k$3$H$r0UL#$9$k { !# { M} O@ E* $K $O $/ $j $3 $_ K! $, <} B+ $7 $? ;~ E@ $G ^ M $N :G >. 8G M- CM $, 0 $G $" $k $+ $i DL >o $N 0l HL 5U 9T Ns $G $h $$ $N $G $" $k $,!" ?t CM 7W ;; $N $? $a :G >. 8G M-CM$,87L)$K 0 $H$O8B$i$J$$$3$H$r9MN8$7$?A<CV$G$"$k!# I{333

(a) (b) ?^ 1: (a) %(%C%8JR (15 2hAG ) !# (b) :GE,$KEv$F$O$a$?D>@~ ( <B @~ ) $H$=$NI8=‘JP0L ( GK@~ ) !# 7. 4v2?3XE*#A#I#C Ev$F$O$a$k6J@~$H$7$FJ#?t$N %b%G%k F 1 ( x; y ; u 1 ) = 0 ; F 2 ( x; y ; u 2 ) = 0 ; ::: (27) $, M? $( $i $l $? $H $-!" $I $l $r A* Br $9 $k $+ $H $$ $& Ld Bj $b @8 $8$k!# AGKQ $J9M $( $O!"$= $l $>$l $N%b %G %k$r :GE, $K Ev$F $O $a!"<0 (12) $N J $N;D:9 ^ J = N X � =1 ( ^ x � � x � ^ y � � y � ! ; V 0 [ x � ; y � ] ^ x � � x � ^ y � � y � ! ) (28) $, :G $b >. $5 $$ $b $N $r A* $V $3 $H $G $" $m $&!# $3 $3 $K f ( ^ x � ; ^ y � ) g $O :G E, $K Ev $F $O $a $? 6J @~ $N %Q %i %a!< %? ^ u $r MQ $$ $F <0 (13) $+ $i 7W ;; $7 $? $= $N 6J @~ >e $N E@ $G $" $j!" ??$N0LCV f ( � x � ; � y � ) g $N:GL‘?dDjNL$G$"$k!# $7 $+ $7!" %Q %i %a!< %? ^ u $N <+ M3 EY $N Bg $- $$ 6J @~ $[ $I ;D :9 $, >. $5 $/!" == J, <+ M3 EY $N Bg $- $$ 6J @~ $O $9 $Y $F $N %G!< %? E@ $r DL 2a $9 $k!# $= $N $h $& 6J @~ $O $h $$ Ev $F $O $a $H $O $$ $( $J $$!# $J $< $J $i!" $= $l $O $? $^ $? $^ 2C $o$C $? 8m :9 $K DI => $7 $F $$ $k $+ $i $G $" $k!# K> $^ $7 $$ $N $O 8m :9 $, $I $N $h $& $K @8 $8 $F $b $" $^ $j 1F 6A $r <u $1 $J $$ $3 $H $G $" $k!# $3 $l $r B, $k $? $a $K!" 8= :_ 4Q B, $7 $F $$ $k %G!< %? $N 8m :9 $H $O FH N) $J!" $7 $+ $7 E} 7W E* $K $O F1 $8 @- <A $r $b $D 8m :9 $, 2C $o$C $? 2> A[ E* $J %G!< %? f ( x � � ; y � � ) g ( $3 $l $r >- Mh $N %G!< %? $H 8F $V ) $rA[Dj$7!"<!$NNL$r9M$($k!# ^ J � = N X � =1 ( ^ x � � x � � ^ y � � y � � ! ; V 0 [ x � ; y � ] ^ x � � x � � ^ y � � y � � ! ) (29) $3$l$O3NN(JQ?t$G$"$j!"$=$N4|BTCM$O<!$N$h$&$K$J$k!# E [ ^ J � ] = E [ ^ J ] + 2( N + n ) � 2 (30) $$ $$ 49 $( $l $P!" 8= :_ $N ;D :9 ^ J $O!" $3 $N ;D :9 $, :G >. $K $J $k $h $& $K Ev $F $O $a $r 9T $J$C $? $? $a!" >- Mh $N ;D :9 ^ J � $h $j J? 6Q E* $K 2( N + n ) � 2 $@ $1 >. $5 $/ $J $k $H $$ $& $3 $H $G $" $k!#$=$3$G$3$NJ,$rJd@5$7$? AI C = ^ J + 2( N + n ) � 2 (31) (a) (b) ?^ 2: (a) %(%C %8 JR (9 2hAG ) !# (b) :G E, $KEv $F $O $a $?D> @~ ( <B @~ ) $H$=$NI8=‘JP0L ( GK@~ ) !# $r 4v 2? 3XE* #A#I #C $H 8F $S!"$3 $l$, >.$5 $$ $[$I $h$$ %b %G%k $G$"$k$H$_$J$9 k [22, 25] !# <0 (31) $N I> 2A $K $O %N %$ %: %l %Y %k � $r CN $k I, MW $, $" $k � !# $7 $+$7!" $3 $l $, L$CN $G $b Jq 4^ 4X78 $K $" $k %b %G%k $N Hf 3S $O $G $- $k!# %b %G %k S 1 : F 1 ( x; y ; u 1 ) = 0 $H %b %G %k S 2 : F 2 ( x; y ; u 2 ) = 0 $,$"$j!"%b %G%k S 2 $O%b%G %k S 1 $N FCJL$J>l9g$G$"$k$7!"<!$N$h$&$K=q$/ yy !# S 2 � S 1 (32) $= $7 $F S 1 $r <e $$ %b %G %k!" S 2 $r 6/ $$ %b %G %k $H 8F $V!# L$ CN %Q %i %a!< %? ?t $r $= $l $> $l n 1 , n 2 $H $7!" ;D :9 $, $= $l $> $l ^ J 1 , ^ J 2 $H $J $k $H $9 $k!# <e $$ %b %G %k $O 6/ $$ %b %G %k $, @. N) $7$F $b $7 $J $/ $F$b @. N) $9 $k $J $i!"%N %$ %: %l %Y %k � $O<e $$ %b %G %k $N ;D :9 $+ $i <0 (15) $K $h$C $F ?d Dj $G $- $k!# $3 $l $r $= $l $> $l $N 4v 2? 3X E* AIC $N <0 $K Be F~ $7!" Hf $N J? J} :, $r$H$k$H<!$NNL$rF@$k!# K = v u u t N � n 1 3 N + n 1 ^ J 2 ^ J 1 + 2( N + n 2 ) N � n 1 ! (33) K < 1 $G$"$l$P6/$$%b%G%k S 2 $,A*Br$5$l$k!# 8. D>@~Ev$F$O$a <<Fb%7!< %s$O6- 3&$,D> @~$+$i$J $kJ*BN $,B?$$ $N$G!"D> @~Ev $F $O$a $O$b$C $H $b4p K\E* $J Ev$F $O$a Ld Bj$G $" $k!#$^ $?%7!< %s Cf$G J?9T $J JU$N %(%C%8 E@ $KEv $F$O $a $?D> @~ $N8r E@$H $7$F >C<:E@ $r7W ;;$9 $l$P 3 <! 85I|85 $N<j 3]$+ $j$H $J $k [16] !# 2a5n $K <o!9 $N Ev $F $O $a<j K! $, Ds 0F $5 $l$F $$ $k $, [14, 34, 49, 51] !"Ev $F$O$a $?D> @~$N ?.Mj@- $OH/ 8+E*$J <j CJ$G I> 2A$5 $l $k$N $,Ia DL $G$"$C $? [5, 15, 17] !#K\ O@ J8$N M}O@ $r MQ$$ $l$P!" :GE, $J Ev$F $O$a D>@~ $, F@$i $l$k $@ $1$G $J$/!" $= $N?. Mj@- $, DjNL E*$K I> 2A$G $-!"$+ $D ;k3P E* $KI= <($G$-$k [32] !# k $3 $l $O E} 7W 3X $K $* $1 $k ( @V CS $N ) #A #I #C [1] $H F1 $8 9M $( J} $K 4p $E $/ $b $N $G $" $j!" <0 (1) $N 7A $N ?d Dj $K 3H D% $7 $? $b $N $G $" $k!# FC $K %G!< %? E@ ?t N $K 0M B8 $9 $k E@ $, FC D’ E* $G $" $k (AIC $O %G!< %? ?t $K $O 0M B8 $7 $J $$ ) !# � 8m :9 $, >. $5 $1 $l $P ;D :9 $N $_ $G Hf 3S $7 $F $h $$ $,!" 8m :9 $, Bg $- $$ $H <+ M3EY$N>/$J$$C1=c$J%b%G%k$r:NMQ$9$k$H$$$&$3$H$G$"$k!# yy Nc $( $P D> @~ $O 2 <! 6J @~ $N 2 <! $N 78 ?t $, 0 $N >l 9g $G $" $j!" 2 <! 6J @~ $O 3 <!6J@~$N 3 <!$N78?t$, 0 $N>l9g$G$"$k!# I{334

(a) (b) ?^ 3: (a) %(%C%8JR!# (b) :GE,$KEv$F$O$a$?%3%K%C%/ ( <B@~ ) $H $=$NI8=‘JP0L ( GK@~ ) !# ?^ 1(a) $O <B2hA|Cf $K 15 2hAGJ,$N %(%C%8$r<( $7$?$b$N $G $" $k!# ?^ 1(b) $K $/ $j $3 $_ K! $K $h$C $F Ev $F $O $a $? D> @~ $r <B @~ $G!" I8 =‘ JP 0L $r GK @~ $G <( $9!# ?^ 2 $O $h $j C; $$ %(%C %8 (9 2h AG ) $KBP$9$k$b$N$G$" $k!#$3$N$h$&$K%(%C%8 $ND9 $5$K $h$C$F Ev$F $O $a$? D>@~ $N?. Mj @-$, JQ2= $9 $kMM ;R$, Dj NLE* $KI> 2A $G$- $k!# $3$l $K$h$C $F!" Ev$F $O $a$? D> @~$+ $i >C<:E@ $r 7W;; $7$F 3 <! 85I| 85$d %+%a %i%-%c %j%V %l!<%7%g %s$r 9T$J $& >l9g $K!" $=$N I| 857A >u $d%-%c %j %V%l!< %7%g %s $N@:EY$,DjNLE*$KI>2A$G$-$k [15, 29] !# 9. %3%K%C%/Ev$F$O$a ?M9)J*$K $O1_$d5e $+$i@. $k7A>u $,B?$/!"$= $N6-3& $O2h A|>e $G%3 %K%C %/$H $7 $F8= $o $l$k!# $7 $?$,$C $F %3%K%C %/ Ev $F $O $a $b D> @~ Ev $F $O $a $K <! $$ $G =E MW $J Ev $F $O $a Ld Bj $" $j!"$3 $l$r MxMQ $7 $?J* BNG’ <1%7 %9 %F%‘ $,$$ $m $$$m ;n$_ $i $l $F $$ $k [10, 43, 44] !# $5 $i $K J* BN 7A >u $, 1_ $" $k $$ $O 4{ CN$N7A >u$N BJ1_ $G$" $k$3 $H$, $o$+$C $F$$ $l$P!" 1 2h A|$+ $i$= $N 3 <! 850L CV $r 7W;; $9 $k$3 $H $b $G$- $k [28] !# $3$N $? $a2a 5n$K <o!9 $N%3 %K%C %/Ev $F$O $a <jK! $, Ds0F $5 $l$?!# $3 $l$K $O%O %U JQ49 $K4p $E $/$b $N [7, 11, 48] !" $5 $^$6 $^$J %Q %i %a!< %? 2= $H :G >. Fs >h K! $H $N AH $_ 9g $o $; [4, 6, 36, 37, 41, 45] !"%(%C%86/EY$dG;C8CM$d$=$NB>$N>pJs$rH/ 8+E*<j K!$H AH$_ 9g $o $;$k $b $N [2, 8, 38, 40, 44] $J $I $,$" $k ( $3 $l$i$OJ88% [42] $KAm3g$5$l$F$$$k ) !# $7$+$7!"Ev $F$O$a<j K!$N9M 0F$9$k :]$K8m:9 $NE}7W E*5s F0 $, 9M N8 $5 $l $k $3 $H $O >/ $J $+$C $?!# Nc 30 $O P orril [39] $G$" $j!"0l MM EyJ} $J @55, J,I[ $r 2>Dj $7!" %G!<%? E@ $r=g <! DI 2C $7 $F $O 2r $r ( %Y %$ %: ?d Dj $N 0U L# $G ) :G E, $K 99 ?7 $9 $k <jK! $rF3 F~ $7!"$3 $l $r!V3H D% %+%k %^ %s%U%# %k %?!W$H 8F $s $@!# 0l J} Joseph [13] $H W erman $i [50] $O 8E E5 E* $J E} 7W2r @O<j K!$r E, MQ$7 $F!" %G!<%? E@?t L5 8BBg $N6K 8B $K$* $1 $k Ev $F $O $a J} Dx <0 $N 3F 78 ?t $N A2 6a E* 5s F0 $r 2r @O $7 $?!# K\O@ J8$N <jK! $O BP>H E* $K!"%G!< %?E@ ?t $r8G Dj$7 $F Hy>. 8m :9$KBP $9$k Bh 1 6a;w $r2r @O$9 $k!#$3 $l$rMQ $$$k $H:G E,$J Ev$F $O$a %3%K%C %/ $,F@ $i $l$k $@$1 $G $J$/!" $=$N ?. Mj@- $, DjNL E*$K I>2A $G $-!"$+ $D ;k3P E*$K I= <($G $-$k!# $= $N4p K\ 7A $O J8 8% [19] $K!" $h $j @v N} $5 $l $? <j K! $, J8 8% [33] $K <( $5$l$F$$ $k!# Leedan $i [35] $O8m:9 $,Bg$- $$>l9g $NHf3S <B83 $b9T $J$o $l!" $=$N J}K! $,M% =( $G$" $k$3 $H $,<( $7$F $$ (a) (b) ?^ 4: (a) %(%C%8JR!# (b) :GE,$KEv$F$O$a$?%3%K%C%/ ( <B@~ ) $H $=$NI8=‘JP0L ( GK@~ ) !# $k!# ?^ 3(a) $O %(%C %8 2h A| $N 0l It $G $" $k!# $= $N Cf $N BJ 1_ 8L $K$/ $j $3$_ K!$G Ev$F $O $a$? %3%K%C %/$r 86 2hA| >e$K =E $M$F <B @~ $G I= <( $7 $? $b $N $, ?^ 3(b) $G $" $j!" GK @~ $O $= $N I8 =‘ JP 0L $G $" $k!# ?^ 4 $O D9 $5 $N 0[ $J $k %(%C %8 $K Ev $F $O $a $? Nc $G$" $k!# $3$N $h$& $K!" :GE, $JEv $F $O$a $,F@ $i $l$k $@ $1$G $J$/!" $= $N?. Mj@- $r DjNL E*$K I> 2A$7!" ;k3P E* $KI= <( $9$k $3$H $,$G $-$k!# ?^ 3, 4 $+ $i$o$+ $k$h $&$K!" Ev$F $O$a $?%3 %K%C%/ $N ?.Mj @-$O %(%C %8$, C;$/ $J $k$H 5^B. $K Dc2< $7 $F$$ $k!#$3 $N ?.Mj @-$N 7W;; $K $O8m :9$N Bg$- $5 $K4X $9$k CN <1$r I,MW$H$7$J$$!# 1_ 8L $O %3 %K%C %/ $K $* $$ $F x 2 $H y 2 $N 78 ?t $, Ey $7 $/!" $+ $D xy $N 78 ?t $, 0 $H $J $k $b $N $G $" $k $+ $i!" L$ CN ?t $K $= $N$h $& $J@) Ls$r 2]$; $P @:EY $NM} O@8B 3& $b!"$/ $j$3 $_ K!$K $h$k :G E,Ev $F$O $a $b!"I8 =‘JP 0L $N7W ;;$b F1 MM$K $G $-$k!# 6JN( $N >.$5 $$%(%C %8%; %0 %a%s %H$r I=8= $9 $k$N $KD> @~ $G6a ;w$9 $k $+!"1_ 8L $G6a ;w$9 $k $+!"%3 %K%C %/$G 6a ;w$9 $k $+$N H= CG $b =E MW $G $" $k [42] !# $3 $l $b 4v 2? 3X E* AIC $K $h$C $F H=JL$G$-$k [24] !# 10. $^$H$a K\O@J8 $G$O6J @~Ev$F$O $a$N0l HLM}O@$r M?$($?!# $3$l$O 8m:9 $N 5sF0 $r%b %G%k 2= $7!"Ev $F$O $a$r E} 7WE* ?dO@ $H $_$J $9$b $N $G$" $k!#$^ $:Ev $F $O$a <jK! $K$h $i $J$$ @:EY $N M}O@ 8B3& $, F@$i $l$k $3$H $r <($7!" <!$K $=$N 8B 3&$r C#@. $9 $k2r K!$r M? $($?!# $3$N 0U L#$G 2r$O ?? $K:G E,$G $" $j!" $b $O $d2~ NI$G $- $J$$ !# $3$N $3 $H$O!" Ev$F $O $a$N ?.Mj @- $,2r @O E*$K 7W;; $G $-$k $3 $H$r 0UL# $9 $k!#K\ O@ J8$G $O !VI8=‘ JP 0L!W$K $h$C$F ?. Mj@- $r;k 3P E*$K I=<( $9 $k<j K!$r <( $7$?!# $5 $i$K <B:] Ld Bj$K $h $/8= $o$l $k 6J@~ $N !VI8=‘ 7A!W $rDj 5A $7!"$3 $l$K BP $7$F 8zN( E* $K:G E,2r $r 7W;; $9$k !V$/ $j$3 $_ K!!W$N <j=g $r <($7 $?!# $=$7 $FD> @~ Ev$F $O $a!"%3 %K%C %/Ev $F $O$a $N>l 9g $N<B 2hA| Nc $r<( $7$?!# $^ $?!"$3 $NEv $F $O$a 2a Dx$h $j!"J# ?t $NEv $F$O $a6J @~ $N8u Jd$+ $iE, @Z $J$b $N$r A* $V4p =‘$H $J $k 4v 2?3X E*#A #I #C $, 7W;; $G$- $k $3$H $r<( $7 $?!#K\ O@J8 $N M}O@ $O 6u4V $N J?LL $d6J LL $NEv $F $O$a [30, 31] $d @^ $l@~$+$i$J$k?^7A$N?dDj [12] $K$b3HD%$G$-$k!# I{335

<U <- : K\ 8& 5f $N 0l It $O J8 It >J 2J 3X 8& 5f Hq 4p HW 8& 5f #C (2) (No. 09680352) $K$h$C$?!# ;29MJ88% [1] H. Ak aik e, \A new lo ok at the statistical mo del iden ti�- cation," IEEE T r ans. A utomation Contr ol , v ol. 19, no. 6, pp. 176{723, 1974. [2] A. Albano, \Represen tation of digitized con tours in terms of conic arcs and straight-line segmen ts," Comput. Gr aph- ics Image Pr o c ess. , v ol. 3, no. 1, pp. 23{33, 1974. [3] R. M. Bolle and B. C. V erumi, \On three-dimensional sur- face reconstruction metho ds," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 13, no. 1, pp. 1{13, 1991. [4] F. L. Bo okstein, \Fitting conic sections to scattered data," Comput. Gr aphics Image Pr o c ess. , v ol. 9, no. 1, pp. 56{ 71, 1979. [5] B. Brillault-O’Mahon y , \New metho d for v anishing p oin t detection," CV GIP: Image Understanding , v ol. 54, no. 2, pp. 289{300, 1991. [6] D. B. Co op er and N. Y alabik, \On the computational cost of appro ximating and recognizing noise-p erturb ed straigh t lines and quadratic arcs in the plane," IEEE T r ans. Comp. , v ol. 25, no. 10, pp. 1020{1032, 1976. [7] E. R. Da vies, \Finding ellipses using the generalised Hough transform," Patt. R e c o g. L ett. , v ol. 9, pp. 87{96, 1989. [8] T. Ellis, A. Abb o ot and B. Brillault, \Ellipse detection and matc hing with uncertain t y ," Image Vision Comput. , v ol. 10, no. 5, pp. 271{276, 1992. [9] M. A. Fisc hler and R. C. Bolles, Random sample consen- sus: A paradigm for mo del �tting with applications to im- age analysis and automated cartograph y , Comm. A CM , v ol. 24, no. 6, pp. 381{395, 1981. [10] D. F orsyth, J. L. Mundy , A. Zisserman, C. Co elho, A. Heller and C. Roth w ell, \In v arian t descriptors for 3-D ob ject recognition and p ose," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 13, no. 10, pp. 971{991, 1991. [11] C. L. Huang, \Elliptical feature extraction via an impro v e Hough transform," Patt. R e c o g. L ett. , v ol. 10, no. 2, pp. 93{100, 1989. [12] Iman T riono, N. Oh ta and K. Kanatani, \Automatic recognition of regular �gures b y geometric AIC," IEICE T r ans. Inf. & Syst. , v ol. E81-D, no. 2, pp. 224{226, 1998. [13] S. H. Joseph, \Un biased least squares �tting of circular arcs," CV GIP: Gr aphic al Mo dels Image Pr o c ess. , v ol. 56, no. 5, pp. 424{432, 1994. [14] B. Kamgar-P arsi, B. Kamgar-P arsi and N. Netan y ah u, \A nonparametric metho d for �tting a straigh t line to a noisy image," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 11, no. 9, pp. 998{1001, 1989. [15] K. Kanatani, \Statistical analysis of fo cal-length calibra- tion using v anishing p oin ts," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 8, no. 6, pp. 767{775, 1992. [16] 6b C+ 7r 0l , \ 2h A| $N 3 <! 85 2r <a $N E} 7W E* ?. Mj @- ," >p Js =h M} 3X 2q O@ J8;o , v ol. 34, no. 10, pp. 2062{2070, 1993. [17] K. Kanatani, Ge ometric Computation for Machine Vi- sion , Oxford Univ ersit y Press, Oxford, 1993. [18] 6bC+7r0l , \ %3%s%T%e!<%?%S%8%g%s$N$?$a$N$/$j$3$_K! ," >pJs=hM} 3X2qO@J8;o , v ol. 35, no. 2, pp. 201{209, 1994. [19] K. Kanatani, \Statistical bias of conic �tting and renor- malization," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 16, no. 3, pp. 320{326, 1994. [20] 6bC+7r0l , \ Ev$F$O$aLdBj$N:GE,?dDj$H@:EY$NM}O@8B3& ," >pJs=hM} 3X2qO@J8;o , v ol. 36, no. 8, pp. 1865{1873, 1995. [21] 6bC+7r 0l , \ 2hA|M}2r $N$?$a $NE}7W3X : 2hA|$N4v 2?3XE*2r <a$N?. Mj @-I>2A ," >pJs=hM} , v ol. 37, no. 1, pp. 52{60, 1996. [22] 6bC+7r0l , \ >pJsNL4p=‘$K$h$k4v2?3XE*%b%G%kA*Br ," >pJs=hM}3X2q O@J8;o , v ol. 37, no. 6, pp. 1073{1080, 1996. [23] K. Kanatani, Statistic al Optimization for Ge ometric Computation: The ory and Pr actic e , Elsevier Science, Amsterdam, 1996. [24] K. Kanatani, \Commen ts on ‘Nonparametric Segmen- tation of Curv es in to V arious Represen tations’," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 19, no. 12, pp. 1391{ 1392, 1997. [25] K. Kanatani, Geometric information criterion for mo del selection, Int. J. Comput. Vision , v ol. 26, no. 3, pp. 171{ 189, 1998. [26] K. Kanatani, Cramer-Rao lo w er b ounds for curv e �tting, Gr aphic al Mo dels Image Pr o c ess. , v ol. 60, no. 2, pp. 92{ 99, 1998. [27] K. Kanatani, Statistical optimization and geometric in- ference in computer vision, Phil. T r ans. R oy. So c. , ser. A, v ol. 356, 1998. [28] K. Kanatani and W. Liu, \3-D in terpretation of conics and orthogonalit y ," CV GIP: Image Understanding , v ol. 58, no. 3, pp. 286{301, 1993. [29] K. Kanatani and T. Maruy ama, Optimal grid pattern for fo cal length calibration, A dvanc e d R ob otics , v ol. 10, no. 1, pp. 81{103, 1996. [30] Y. Kanaza w a and K. Kanatani, \Direct reconstruction of planar surfaces b y stereo vision," IEICE T r ans. Inf. & Syst. , v ol. E78-D, no. 7, pp. 917{922, 1995. [31] Y. Kanaza w a and K. Kanatani, \Reliabilit y of �tting a plane to range data," IEICE T r ans. Inf. & Syst. , v ol. E78-D, no. 12, pp. 1630{1635, 1995. [32] Y. Kanaza w a and K. Kanatani, \Optimal line �tting and reliabilit y ev aluation," IEICE T r ans. Inf. & Syst. , v ol. E79-D, no. 9, pp. 1317{1322, 1996. [33] Y. Kanaza w a and K. Kanatani, \Optimal conic �tting and reliabilit y ev aluation," IEICE T r ans. Inf. & Syst. , v ol. E79-D, no. 9, pp. 1323{1328, 1996. [34] N. Kiry ati and A. M. Bruc kstein, \What’s in a set of p oin ts?," IEEE T r ans. Patt. Anal. Mach. Intel l. , v ol. 14, no. 4, pp. 496{500, 1992. [35] Y. Leedan and P . Meer, \Estimation with bilinear con- strain ts in computer vision," Pr o c. Int. Conf. Computer Vision , Jan uary 1998, Bom ba y , pp. 733{738. [36] T. Nagata, H. T am ura and K. Ishibashi, \Detection of an ellipse b y use of a recursiv e least-squares estimator," J. R ob otics Systems , v ol. 2, pp. 163{177, 1985. [37] Y. Nak aga w a and A. Rosenfeld, \A note on p olygonal and elliptical appro ximation of mec hanical parts," Patt. R e c o g. L ett. , v ol. 40, no. 2, pp. 79{94, 1979. [38] K. A. P aton, \Conic sections in c hromosome analysis," Patt. R e c o g. , vol. 2, no. 1, pp. 39{51, 1970. [39] J. P orrill, \Fitting ellipses and predicting con�dence en- v elop es using a bias corrected Kalman �lter," Image Vi- sion Comput. , v ol. 8, no. 1, pp. 37{41, 1990. [40] P . L. Rosin, \Ellipse �tting b y accum ulating �v e-p oin t �ts," Patt. R e c o g. L ett. , v ol. 14, pp. 661{669, 1993. [41] P . L. Rosin, \A note on the least squares �tting of el- lipses," Patt. R e c o g. L ett. , v ol. 14, no. 10, pp. 799{808, 1993. [42] P . L. Rosin and G. A. W. W est, \Nonparametric seg- men tation of curv es in to v arious representations," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 17, no. 12, pp. 1140{ 1153, 1995. [43] C. A. Roth w ell, A. Zisserman, C. I. Marinos, D. A. F orsyth and J.L. Mundy , \Relativ e motion and p ose from arbitrary plane curv es," Image Vision Comput. , v ol. 10, no. 4, pp. 250{262. 1992. [44] S. Safaee-Rad, I. Tc houk ano v, B. Benhabib, and K. C. Smith, \Accurate parameter estimation of quadratic curv es from grey-lev el images," CV GIP: Image Under- standing , v ol. 54, no. 2, pp. 259{274, 1991. [45] P . D. Sampson, \Fitting conic sections to \v ery scattered" data: An iterativ e re�nemen t of the Bo okstein algorithm," Comput. Gr aphics Image Pr o c ess. , v ol. 18, no. 1, pp. 97{ 108, 1982. [46] G. T aubin, \Estimation of planar curv es, surfaces, and nonplanar space curv es de�ned b y implicit equations with applications to edge and range image segmen tation," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 13, no. 11, pp. 1115{1138, 1991. [47] G. T aubin, F. Cukierman, S. Sulliv an, J. P once and D. J. Kriegman, \P arameterized families of p olynomials for b ounded algebraic curv e and surface �tting," IEEE T r ans. Patt. Anal. Mach. Intel l. , vol. 16, no. 3, pp. 287{303, 1994. [48] S. Tsuji and F. Matsumoto, \Detection of ellipses b y a mo di�ed Hough transform," IEEE T r ans. Comp. , v ol. 27, no. 8, pp. 777{781, 1978. [49] I. W eiss, \Line �tting in a noisy image," IEEE T r ans. Patt. Anal. Mach. Intel l. , vol. 11, no. 3, pp. 325{329, 1989. [50] M. W erman and Z. Geyzel, \Fitting a second degree curv e in the presence of error," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 17, no. 2, pp. 207{211, 1989. [51] Y. T. Zhou, V. V enk atesw ar and R. Chellappa, \Edge de- tection and linear feature extraction using a 2-D random �eld mo del," IEEE T r ans. Patt. A nal. Mach. Intel l. , v ol. 11, no. 1, pp. 84{95, 1989. I{336