BJ1_@.D9K!$K$h$kBJ1_$N<+F0Ev$F$O$a 2,It 8w@8 6bC+ 7r0l B@ED D>:H 72GOBg3X9)3XIt>pJs9)3X2J 1_ 7A J* BN $r ;# 1F $7 $? 2h A| $+ $i J* BN $N #3 <! 85 0L CV $r @5 3N $K 7W B, $9 $k $3 $H $r L\ E* $H $7!" 2h A| $+ $i BJ 1_ $r <+ F0 E* $K Cj =P $9 $k ?7 $7 $$ <j K! $r Ds 0F $9 $k!# $3 $l $O 1_ 8! =P $N %O %U JQ 49 $r MQ $$ $F BJ 1_ $X $N @\ ?( 1_ $r 8! =P $7!" $= $l $r C‘ <! E* $K @. D9 $5 $; $F BJ 1_ $H $9 $k $b $N $G $" $k!# $3 $l $, 2D G= $G $" $k $N $O!" :G 6a $N BJ 1_ Ev $F $O $a 5; =Q $d %m %P %9 %H ?d Dj $N ?J Jb $K $h$C $F!" BJ 1_ $N $4 $/ 0l It $+ $i $G $b BJ 1_ A4 BN $, $h $$ @: EY $G I| 85 $G $- $k $h $& $K $J$C $? $+ $i $G $" $k!# $? $@ $7 => Mh $N 1_ 8! =P $N %O %U JQ 49 $O 1_ $K BP $7 $F $O 8z 2L E* $G $" $k $,!" @\ ?( 1_ $N 8! =P $K $O I, $: $7 $b E, $7 $F $$ $J $$ $N $G!" FH <+ $N 9) IW $H 2~ NI $r 9T $&!# $= $7 $F <B 2h A| Nc $K $h$C $F Ds 0F <j K! $N M- 8z @- $r 3N G’ $9 $k $H $H $b $K!" #3 <! 85 I| 85 $N $? $a $N 2s E> Bf $N 9; @5Nc$r<($9!# %-!<%o!<%I : BJ1_Ev$F$O$a!"1_8LEv$F$O$a!"%O%UJQ49!"$/$j$3$_K!!"%m%P%9%H?dDj!":G>.%a%8%"%sK! Automatic Ellipse Fitting b y Ellipse Gro wing Mitsuo Ok ab e, Kenic hi Kanatani and Nao y a Oh ta Departmen t of Computer Science, Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan With a view to 3-D measuremen t of a circular ob ject in the scene from its image, w e presen t a new metho d for automatically detecting ellipses in images. W e �rst detect an osculating circle to the ellipse that w e w an t to detect b y using the Hough transform. W e then gro w it in to an ellipse b y iterations. This is made p ossible b y the recen t progress of ellipse-�tting tec hniques and robust estimation algorithms, whic h enable us to predict the en tire ellipse from a small fragmen t of it fairly accurately . Ho w ev er, the existing Hough transform tec hnique for circle detection do es not necessarily w ork w ell for osculating circles, so w e in tro duce v arious tec hniques and pro cedures to mak e it �t to ellipse detection. W e con�rm the e�ectiv eness of our tec hnique b y real image exp erimen ts and sho w an application to calibration of a circular turn table to b e used for 3-D reconstruction of ob jects. Key w ords: ellipse �tting, circle �tting, Hough transform, renormalization, robust estimation, least- median metho d <U<- : K\8&5f$N0lIt$OJ8It2J3X>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)30-1844, F ax: (0277)30-1801 E-mail: mitsuo@ail.cs.gunma-u.ac.jp , kanatani@cs.gunma-u.ac.jp , ohta@cs.gunma-u.ac.jp 1

1. =xO@ ?M 9) J* BN $K $O 1_ 7A $d 5e >u $N $b $N $, B? $/!" $= $l $i $, 2h A| >e $G $O BJ 1_ $K Ej 1F $5 $l $k $3 $H $+ $i!" 2h A| >e $G BJ 1_ $r 8! =P $9 $k 8& 5f $, ?t $( @Z $l $J $$ $[ $I B? $/ $J $5 $l $F $$ $k!# <g N. $O %O %U JQ 49 $G $" $k!# BJ 1_ $O 5 %Q %i %a!< %? $G ;X Dj $5 $l $k $+ $i!" 3F %(%C %8 E@ $K BP $7 $F $= $3 $r DL $j F@ $k BJ 1_ $N %Q %i %a!< %? $r NL ;R 2= $7 $? 5 <! 85 %O %U 6u 4V $K Ej I< $7!" B? ?t$NI<$rF@$?%;%k$r<h$j=P$;$P$h$$!# $7 $+ $7!" $3 $l $r D> @\ $K 9T $& $H NL ;R 2= ?t $N 5 >h $N %a %b %j NL $, I, MW $H $J $j!" 7W ;; NL $b A} $( $k $N $G!" <o!9 $N 9) IW $, Ds 0F $5 $l $F $$ $k!# Nc $( $P =h M} $r B? CJ 3, $K J, 3d $7!" 0l It $N %Q %i %a!< %? $, FH N) $K 5a $^ $k $H $- $O $= $l $r @h $K Ej I< $G 5a $a $k!# $= $& $G $J $1 $l $P Nc $( $P 3 %Q %i %a!< %? $r 8G Dj $7 $F ;D $j $N 2 %Q %i %a!< %? $r Ej I< $7!" $3 $l $r NL ;R 2= $7 $? 3 %Q %i %a!< %? CM $9 $Y $F $K $D $$ $F D4 $Y $k!# $= $N :]!" $" $j F@ $J $$ CM $r GS =| $9 $k 94 B+ >r 7o $r E, MQ $7 $? $j!" 2h A| $" $k $$ $O %O %U 6u 4V $r 3, AX E* $K J, 3d $7 $F =y!9 $K 2r A| EY $r >e $2 $? $j!" %i %s %@ %‘ %5 %s %W %j %s %0 ( 0d EA %" %k %4 %j %: %‘ $b $= $N JQ 7A ) $, MQ $$ $i $l $? $j $9 $k!# $5 $i $K 3F E@ $4 $H $G $O $J $/ 2 E@ BP ( %i %s %@ %‘ %5 %s %W %k $" $k $$ $O J? 9T @~ $r %9 %$!< %W $7 $? 8r E@ ) $r MQ $$ $? $j!" %(%C %8 J} 8~ $^ $G 9M N8 $7 $? $j!" $" $k $$ $O O" 7k %(%C %8 $r MQ $$ $? $j $9 $k $J $I $7 $F!" BJ 1_ $^ $? $O $= $N Cf ?4 $N 8u Jd ?t $r 9J $k $J $I!" $5 $^ $6 $^ $N 7W ;; ;~ 4V $H 5- 21 MF NL :o 8: $N <j K! $, 9) IW $5 $l $F $$ $k [2, 4, 17, 11, 12, 13, 15, 18, 20, 21, 26, 28, 29, 30, 31, 32, 33, 34] !# $3 $l $i $O J* BN G’ <1 $N $? $a $K!" BJ 1_ >u $N NN 0h $, $$ $/ $D $I $3 $K B8 :_ $9 $k $+ D4 $Y $k $3 $H $, <g L\ E* $N $h $&$G$"$k!# $b $& 0l $D $O %(%C %8 E@ $r O" 7k $7 $? @~ ?^ 7A $K 4p $/ J} K! $G $" $k!# $3 $l $O @~ ?^ 7A $N D> @~ It $K D> @~ $r!" 6J @~ It $K BJ 1_ $r Ev $F $O $a $F @~ J, $H BJ 1_ 8L $G %7!< %s $r %b %G %k 2= $9 $k $b $N$G$"$k [3, 9, 19] !#J,3dE@$NA*Br$OEv$F$O$a$?D>@~$d BJ1_$H$N;D:9$GH=Dj$9$k!# :G 6a!" @u ;3 $i [1] $O 1_ Cj =P $N %O %U JQ 49 $r MQ $$ $F BJ 1_ $K @\ $9 $k 2 8D $N 1_ $r 5a $a!" $= $l $+ $i BJ 1_ $N Cf ?4 $r 5a $a!" ;D $j $N 3 %Q %i %a!< %? $r %O %U JQ 49 $G 5a $a $F $$ $k!# $7 $+ $7 $3 $N J} K! $G $O BJ 1_ $N $[ $\ A4 BN $, 2h A| $K 8= $l $k $H $H $b $K!" $= $l 0J 30 $N J* BN $, $" $^ $j 8= $l $F $O $J $i $J $$ $H $$ $&@)Ls$,$"$k!# K\ O@ J8 $G $O J* BN G’ <1 $N $? $a $K BJ 1_ >u $N NN 0h $r 8! =P $7 $? $j 6J @~ $r BJ 1_ 8L $G 6a ;w $7 $? $j $9 $k $N $G $O $J $/!" %m %\%C%H$N@)8f$rA[Dj$7$F!"J88% [16, 22, 25, 27] $N$h$& $K 1_ 7A J* BN $, ;# 1F $5 $l $F $$ $k $3 $H $, 4{ CN $N 2h A| $+ $i J* BN $d %+ %a %i $N #3 <! 85 0L CV $r 7W B, $9 $k $3 $H $r L\ E* $H $7!" $=$N$?$a$N?7$7$$<jK!$rDs0F$9$k!# $3 $N $h $& $J >l 9g $O BJ 1_ $N $4 $/ 0l It $, 8! =P $5 $l $l $P $h $$ !# $3 $l $O!" :G 6a BJ 1_ Ev $F $O $a 5; =Q $, ?J $_!" C; $$ BJ 1_ 8L $K A4 BN $N BJ 1_ $r @: EY $h $/ Ev $F $O $a $k $3 $H $, $G $- $k $+ %(%C%88!=P # @\?(1_$NCf?4$NEjI< # @\?(1_$NH>7B$NEjI< # BJ1_$N@.D9 # :G>.%a%8%"%sK!$K$h$k%"%&%H%i%$%"=|5n # $/$j$3$_K!$K$h$k:FEv$F$O$a # %(%C%8JR$OBJ1_$N<~D9$NH>J,0J>e$+ ? j j no y es # # BJ1_8L$NAH$_9g$o$;C5:w =*N; # ( $"$l$P ) $/$j$3$_K!$K$h$k:FEv$F$O$a � ! =*N; ?^ 1: BJ1_Ev$F$O$a$N=hM}$NN.$l!# $i $G$" $k [8, 10] !#$= $N$? $a$N !V$/$j $3$_ K!!W$H 8F$V <j K! $N%W %m%0 %i%‘ $,8x 3+$5 $l 1 [14] !"#3 <!85 I|85 $N$? $a$N 2s E> Bf $N 9; @5 $K Mx MQ $5 $l $F $$ $k [25, 27] !# $3 $N >u 67 $r 9M N8 $7 $F!" K\ O@ J8 $G $O @u ;3 $i [1] $N $h $& $K $^ $: @\ ?( 1_ $r Cj =P $7!" $= $N @\ ?( It J, $K BJ 1_ $r Ev $F $O $a!" Ev $F $O $a $? BJ 1_ $N @\ ?( It J, $K :F $S BJ 1_ $r Ev $F $O $a $k $3 $H $r 7+ $j JV$9J}K! ( BJ1_@.D9K! $H8F$V ) $r:NMQ$9$k!# 1_ $O 3 %Q %i %a!< %? ?^ 7A $G $" $k $+ $i!" 2h A| Cf $K 1_ $, B8 :_ $9 $l $P %O %U JQ 49 $K $h$C $F 8z N( E* $K 8! =P $G $- $k [5, 24] !# $7 $+ $7 BJ 1_ $7 $+ B8 :_ $7 $J $$ >l 9g $O @\ ?( 1_ $N Ej I< ?t $N %T!< %/ $O Dc $/ $J $j!" 56 $N %T!< %/ $H 6h JL $, $D $- $K $/ $$!# $= $3 $G K\ O@ J8 $G $O O" 7k %(%C %8 $+ $i 1_ $N Cf ?4 $r ?d Dj $7 $F Ej I< $9 $k!# $= $7 $F H> 7B $r Id 9f IU $- Ej I< $K $h$C $F Dj $a $k!# F@ $i $l $? @\ ?( 1_ $r =i 4| CM $H $7 $F!" $/ $j $3 $_ K! $K $h$C $F BJ 1_ $r @5 3N $K Ev $F $O $a!" !V:G >. %a %8 %" %s K!!W [23] $K $h$C $F %" %& %H %i %$ %" $r =| 5n $9 $k!# $= $7 $F!" J, N% $5 $l $? BJ 1_ 8L $N AH $_ 9g $o $; C5 :w $r 9T $J $&!# $3 $N =h M} $N N.$l$r?^ 1 $K<($9!# 0J 2<!" $3 $l $i $N =h M} $N >\ :Y $r =g $K =R $Y!" Ds 0F <j K! $N M- 8z @- $r <B 2h A| Nc $G 3N G’ $9 $k $H $H $b $K!" 1~ MQ $H $7 $F ?y K\ $i [25] $d 1- ;t $i [27] $H F1 $8 2s E> Bf $N 9; @5 Nc $r <( $9!# 2. =hM}<j=g 2.1 %(%C%88!=P %(%C %8 8! =P $O Sob el 1i ;; ;R $H Nm 8r :9 K! $H $r J; MQ $7!" Nm 8r :9 K! $G F@ $i $l $k %(%C %8 $H Sob el 1i ;; ;R $K $h $k %(%C %8 6/ EY $N 9b $$ It J, $H $N O@ M} @Q (AND) $r $H $k!# $= $N 8e!" J, 4t E@ $G @Z CG $7!" F@ $i $l $? %(%C %8 JR $+ $i $" $k D9 $5 ( <B 83 $G $O 61 2h AG ) 0J >e $N $b $N $r <h $j =P $7 $F %j %9 %H $K EPO?$9$k!# 1 http://www.ail.cs.gunma-u.ac.jp/Labo/research.html 2

(a) (b) (c) ?^ 2: (a) 2hAG P $H $=$l $+$i k 2hAG N% $l$? 2 E@ $r DL$k 1_ $NCf ?4 $N?d Dj $9$k!# (b) ?d Dj $7$? Cf ?4 C $+ $i5w N% R $N 2h AG$O =E $_ e � R 2 = 2 s 2 cos � $GCM R $rEjI<$r$9$k!# (c) ?dDj$7$?BJ1_$+$i � 2hAG0JFb$NNN0h$N%(%C%8JR$KBJ1_$rEv$F$O$a$k!# 2.2 @\?(1_$NCf?4$NEjI< @\ ?( 1_ $N Cf ?4 $r 5a $a $k 86 M} $O Ioannou $i [5] $H F1 MM $N %O %U JQ 49 $G $" $k!# H‘ $i $O 3F %(%C %8 E@ $G %(%C %8 JR $N K! @~ $K 1h$C $F 0l Dj CM $r Ej I< $7 $F $$ $k $,!" $3 $l $O 2h A| Cf $K 1_ $, $" $k >l 9g $K 8z 2L $, $" $j!" BJ 1_ $N >l 9g $K $O %T!< %/ $, <e$/$J$k!#$=$3$G<!$N$h$&$K9)IW$9$k!# 86 2h A| $H F1 $8 %5 %$ %: $N %U %l!< %‘ $r %O %U 6u 4V $H $7!" EP O? $7 $? %(%C %8 JR $N 2h AG P $K $D $$ $F $= $N N> B& $K k 8D N% $l $? 2 E@ $H P $r DL $k 1_ $N Cf ?4 C $H H> 7B r $r 7W ;; $7 ( ?^ 2(a)) !" E@ C $r Cf ?4 $H $7 $F 3F J} 8~ $K I8 =‘ JP :9 r $N @5 5, J, I[ $K Hf Nc $7 $? <B ?t CM $r Ej I< $9 $k ( <B 83 $G $O k = 30, = 1/10 $H $7 $? ) !#$? $@ $7 %(%C %8 JR $N N> B&$N k 2h AG $K $D $$ $F $O =h M} $r 9T $o $J $$!# $5 $i $K $3 $l $K 1 = p r $N =E $_ $r $D $1 $k!# $3 $l $O %(%C %8 JR $, F1 $8 D9 $5 $J $i 6J N( $, Bg $- $$ $[ $& $r M% @h $5 $; $k $H $H $b $K!" Cf ?4 3Q $, F1 $8 1_ 8L $J$iH>7B$NBg$-$$$[$&$rM%@h$5$;$k$?$a$G$"$k!# $3 $l $r $9 $Y $F $N EP O? %(%C %8 JR $K $D $$ $F 9T $$!" :G Bg $N %T!< %/ $r @\ ?( 1_ $N Cf ?4 $H $9 $k 2 !# $= $7 $F %O %U 6u 4V $N %T!< %/ $r 8! =P $7!" F@ I< ?t $N 9b $$ $b $N $+ $i ?t 8D ( <B 83 $G $O 4 8D ) $r@\?(1_$NCf?4$N8uJd$H$9$k!# 2.3 @\?(1_$NH>7B$NEjI< <! $K $d $O $j Ioannou $i [5] $H F1 MM $N %O %U JQ 49 $G H> 7B $r 5a $a $k!# H‘ $i $O 5a $a $? Cf ?4 $+ $i $9 $Y $F $N %(%C %8 E@ $^ $G $N 5w N% $r Ej I< $7 $F $$ $k $,!" $3 $l $O 1_ $N >l 9g $K 8z 2L $, $" $j!" BJ 1_ $N >l 9g $K $O 56 $N %T!< %/ $, B? $/ $J $k!# $= $3 $G <!$N$h$&$K9)IW$9$k!# 86 2h A| $N Bg $- $5 Dx EY $N #1 <! 85 %O %U 6u 4V $r MQ 0U $9 $k!# $= $7 $F!" EP O? $7 $? $9 $Y $F $N %(%C %8 JR $N %(%C %8 E@ P $+ $i 5a $a $? @\ ?( 1_ $N Cf ?4 $N 8u Jd C $^ $G $N 5w N% R $r 7W ;; $7!" R $r Cf ?4 $H $7 $F N> B& $K 1 2h AG $r I8 =‘ JP :9 $H $9 $k @5 5, J, I[ $K Hf Nc $7 $? <B ?t CM $r Ej I< $9 $k!# $5 $i $K $3 $l $K %(%C %8 E@ P $N J} 8~ (Sob el 1i ;; ;R $N =P NO $+ $i 7W ;; $5 $l $k ) $H D> @~ C P $N @. $9 3Q $r � $H $7 $F ( ?^ 2(b)) !" 2 <B :] $K $O 8z N( 2= $N $? $a $K 1 2h AG $* $- $K Ej I< $7 $F $$ $k!# $^ $? Ej I< NN 0h $r 0l J} $N JU $, %(%C %8 $N K! @~ J} 8~!" B> $N JU $, :B I8 <4 $K J? 9T $J J? 9T ;MJU7A$G6a;w$9$k$J$I$N6a;w$rF3F~$7$F$$$k!# e � R 2 = 2 s 2 cos � $N =E $_ $r $D $1 $k ( <B 83 $G $O s $O 2h A| %5 %$ %: $N 1/4 $H $7 $? ) !# $3 $N e � R 2 = 2 s 2 $O Cf ?4 $+ $i Bg $- $5 $, s 2h AG Dx EY $N It J, $N $_ $r 9M N8 $9 $k $? $a $G $" $k 3 !# 0l J} cos � $O L) =8 $7 $? %(%C %8 E@ $N 4s M? $r =| 5n $9 $k $? $a $G $" $j 4 !" %(%C %8 JR $, 1_ <~ J} 8~ $+ $i $: $l $k $[ $I =E $_ $, >. $5 $/ $J $j!" H> 7B J} 8~$K 0l CW $9$k $H 0 $K $J $k !#$5 $i $K G; C8 $N J} 8~ $, H? BP $N E@ $O =E $_ $N Id 9f $, 5U $K $J $k $N $G!" Nc $( $P E@ C $r Fb It $K 4^ $^ $J $$ JD 6J @~ $N 4s M? $O 0 $K $J $j!"@\?(1_$r9=@.$9$k2hAG$N4sM?$,A}I}$5$l$k!# $= $7 $F $3 $N #1 <! 85 %O %U 6u 4V $N %T!< %/ $r 8! =P $7 $F F@ I< ?t $N :G $b 9b $$ $b $N $r A* $V!# $5 $i $K $3 $l $r @\ ?( 1_ $N 3F 8u Jd $K $D $$ $F D4 $Y!" :G $b F@ I< ?t $N :G $b 9b $$ $b $N $r 0l $D ;D $9!# 2.4 BJ1_$N@.D9 F@ $i $l $? 1_ $r=i 4| BJ 1_ $H $7!" 8= :_ $NBJ 1_ ( :G =i $O 1_ ) $N D9 <4!" C; <4 $r � 2h AG $@ $1 ?- =L $5 $; $? BJ 1_ $K $O $5 $^ $l $k 4D >u NN 0h $r 9M $( ( ?^ 2c) !" $= $N Fb It $N %(%C %8 JR $K BP $7 $F BJ 1_ $r Ev $F $O $a $k!# $3 $N 4D >u NN 0h $O <! $N $h $& $K 7W ;;$5$l$k!# BJ1_$r4^$‘#2<!6J@~$O<!$N7A$NJ}Dx<0$r$b$D!# Ax 2 + 2 B xy + C y 2 + 2 f ( D x + E y ) + f 2 F = 0 (1) $? $@ $7 f $O G$ 0U $K 8G Dj $7 $? %9 %1!< %k 0x ;R ( Nc $( $P 2h A| %5 %$ %: ) $G $" $k!# $3 $l $, BJ 1_ $r I= $9 >r 7o $O <! $N $h $& $K =q$1$k!# AC � B 2 > 0 (2) %Y%/%H%k x $H9TNs Q $r x = 0 B @ x=f y =f 1 1 C A ; Q = 0 B @ A B D B C E D E F 1 C A (3) $HDj5A$9$k$H<0 (1) $O<!$N$h$&$K=q$1$k [6, 7] !# ( x ; Qx ) = 0 (4) 3 7W ;; $r 8z N( 2= $9 $k $? $a $K <B :] $K $O 4X ?t e � x 2 $N B? 9‘ <0 6a ;w $r MQ $$$F$$$k!# 4 cos � $O %Y %/ %H %k $N Fb @Q $+ $i 7W ;; $9 $k $N $G!" ;0 3Q 4X ?t $r 7W ;; $9 $kI,MW$O$J$$!# 3

$? $@ $7 ( a ; b ) $O %Y %/ %H %k a , b $N Fb @Q $r I= $9!# $3 $N BJ 1_ $r <4 J} 8~ $K � $@ $1 3H Bg!" =L >. $7 $? BJ 1_ $r I= $9 Q (+) , Q ( � ) $O<!$N$h$&$K7W;;$5$l$k!# 1. <!$N$h$&$KCV$/!# S = A B B C ! ; c = D E ! c = ( c ; S � 1 c ) � F (5) 2. 9T Ns S $N 8G M- CM $r � 1 , � 2 $H $7!" BP 1~ $9 $k C1 0L 8GM-%Y%/%H%k$r u 1 , u 2 $H$9$k!# 3. � ( � ) 1 , � ( � ) 2 $r<!$N$h$&$K7W;;$9$k!# � ( � ) 1 = c ( p c=� 1 � f � ) 2 � ( � ) 2 = c ( p c=� 2 � f � ) 2 (6) 4. <!$N$h$&$K9TNs S (+) , S ( � ) $r7W;;$9$k!# S ( � ) = U � ( � ) 1 � ( � ) 2 ! U > (7) $?$@$7 U $O%Y%/%H%k u 1 , u 2 $rNs$H$9$k 2 � 2 9T Ns$G$"$k!# 5. <!$N$h$&$K9TNs Q (+) , Q ( � ) $r7W;;$9$k!# Q ( � ) = S ( � ) S ( � ) S � 1 c ( S ( � ) S � 1 c ) > F + ( c ; S � 1 ( S ( � ) � S ) S � 1 c ) ! (8) $3 $N 7k 2L!" <0 (4) $N BJ 1_ $r $O $5 $‘ I} � $N 4D >u NN 0h $, <! $N$h$&$KH=Dj$G$-$k!# ( x ; Q (+) x )( x ; Q ( � ) x ) < 0 (9) <! $K!" $3 $N 4D >u NN 0h $N Fb It $K $" $k It J, %(%C %8 JR $G :G $b D9 $$ $b $N $r A* Br $7!" $/ $j $3 $_ K! [8] $K $h$C $F BJ 1_ $r Ev $F $O $a $k!# $3 $l $O DL >o $N :G >. Fs >h K! [28, 32] $H 0[ $J $j!" C; $$ %(%C %8 JU $+ $i $G $b A4 BN $N BJ 1_ $, $h $/ M= B, $G $- $k [10, 14] !# $= $7 $F!" F@ $i $l $? BJ 1_ $r :F $S ?- =L $7!" $3 $l$r<}B+$9$k$^$GH?I|$9$k!# $J $*!" $/ $j $3 $_ K! $O BJ 1_!" AP 6J @~!" J| J* @~ $r 4^ $‘ 0l HL $N 2 <! 6J @~ $r Ev $F $O $a $k <j K! $G $" $j!" %(%C %8 $, C; $$ >l 9g $O AP 6J @~ $d J| J* @~ $, Ev $F $O $^ $k $3 $H $, $" $k!# <B 83 $G $O$^ $: � = 4 2h AG $H $7!"<0 (2) $r K~ $? $5$J $$ 2r$, F@ $i $l $? $i � $r 1 $: $D A} $d $7!" � = 10 $G $b BJ 1_ 0J 30 $G $"$l$P=i4|1_$rJV$7$F<!$N=hM}$K?J$‘$h$&$K$7$?!# 2.5 :G>.%a%8%"%sK! Ev $F $O $a $? BJ 1_ $, <} B+ $7 $F $b!" MQ $$ $? %(%C %8 E@ $, $9 $Y $F BJ 1_ $r 9= @. $7 $F $$ $k $H $O 8B $i $J $$!# $= $3 $G %m %P %9 %H ?dDj [23] $K $h$C$F %"%& %H%i %$%" $r=| 5n$9 $k!#$3 $l$O <!$N$h$&$K9T$&!# Ev $F $O $a $k 2h AG $r <0 (3) $N Bh #1 <0 $N $h $& $K %Y %/ %H %k I=<($7$?$b$N$r f x � g , � = 1, ..., N $H$9$k!#E}7WE*$K :GE,$JEv$F$O$a$O<!<0$r:G>.$K$9$k$b$N$G$"$k [8] !# J = N X � =1 ( x ; Qx ) 2 k P k Qx k 2 (10) $3 $3$K P k = diag (1 ; 1 ; 0) ( BP3Q MWAG 1, 1, 0 $N BP3Q 9T Ns ) $G $" $k!# $/ $j $3 $_ K! $O $3 $l $r :G >. 2= $9 $k $b $N $G $" $k!# $7 $+ $7!" $3 $l $O A* $s $@ 2h AG $N $9 $Y $F $, BJ 1_ $N MW AG ( %$ %s %i %$ %" ) $G$" $k >l 9g $K $N$_ @5 $7 $$ 7k 2L$r M? $( $k!# 0lHL$K$O$=$&$G$J$$$N$G!"<!$N :G>.%a %8%"%sK! [23] $K $h$C $F %" %& %H %i %$ %" $r =| 5n $9 $k!# $^ $: Q m = O , S m = 1 $H =i 4| 2= $9 $k ( 1 $O == J, Bg $- $$ ?t ) !# $= $7 $F <! $N A‘:n$r<}B+$9$k$^$GH?I|$9$k!# 1. f x � g $+$i%i%s%@%‘$K 5 E@$rA*$V!# 2. A*$s$@ 5 E@$rDL$kBJ1_$N9TNs Q $r7W;;$9$k!# 3. <!$N$h$&$K%a%8%"%s$r7W;;$9$k!# S = med N � =1 ( x � ; Qx � ) 2 k P k Qx � k 2 (11) 4. S < S m $G$"$l$P Q m Q , S m S $H99?7$9 $k!# <} B+ $7 $? $i <! $N >r 7o $r K~ $? $9 x � $r %$ %s %i %$ %" $H H= Dj $9$k 5 !# ( x � ; Qx � ) 2 k P k Qx � k 2 < 10 S m (12) <B 83 $G $O 4D >u NN 0h $G $N Ev $F $O $a $G $O 10 2s!" 3H D% $7 $?BJ1_Fb$G$O 100 2sO"B3$7$F S � S m $H$J$k$3$H$r<} B+ H= Dj >r 7o $H $7 $? 6 !# $? $@ $7 ES Cf <j $G BJ 1_ 0J 30 $, F@ $i $l $? $i L5 ;k $9 $k!# $= $7 $F!" F@ $i $l $? %$ %s %i %$ %" $K $/ $j $3 $_ K! $G BJ 1_ Q $r Ev $F $O $a D> $9 $H $H $b $K!" $= $N %(%C %8JR$N%$%s%i%$%"$rN>C<$H$9$k:GD9ItJ,$r e $H$9$k!# 2.6 BJ1_8L$NAH$_9g$o$;C5:w F@ $i $l $? %(%C %8 JR e $, BJ 1_ $N H> J, 0J >e $" $k $H $- $O =* N; $9 $k 7 !# $= $& $G $J $$ $H $- $O!" Ev $F $O $a $? BJ 1_ Q $r 1 + G\$K3HD%$9$k!#<0 (6) $r � ( � ) 1 = � 1 (1 � ) 2 ; � ( � ) 2 = � 2 (1 � ) 2 (13) 5 J8 8% [23] $K 4p $E $-!" %G!< %? E@ ?t $N Bg $- $$ >l 9g $N 8m :9 $N I8 =‘ JP :9 $N ?d Dj <0 � � 1 : 4826 p S m $r MQ $$!" <0 (12) $N 1& JU $r (2 : 13 � ) 2 $H $7$?$b$N$G$"$k!# 6 H? I| 2s ?t $H %" %& %H %i %$ %" N( $* $h $S 2r $N @5 2r N( $N 4X 78 $O J8 8% [23] ;2>H!# 7 N> C< $, 3+ $/ J} 8~ $K 8~ $$ $F $$ $k $+ JD $8 $k J} 8~ $K 8~ $$ $F $$ $k $+ $G H= Dj$9$k!# 4

(a) (b) (c) ?^ 3: @\?(1_$NCf?4$N?dDj!# (a) ?dDj$7$?@\?(1_$HEv$F$O$a$?BJ1_!# (b) Cf?4$N8uJdE@$NEjI<!# (c) C1=c$J%O%UJQ49!# (a) (b) ?^ 4: @\?(1_$NH>7B$NEjI<?t!# (a) Ds0F<jK!!# (b) C1=c$JEjI<!# $K 49 $( $l$P $= $l $> $l BJ1_ A4 BN $r 1 � G\ $K $7 $?$b $N $, F@$i $l$k ( <B83 $G$O = 1.2 $H$7 $? ) !#$=$7 $F3HD% $7$? BJ 1_ $N Fb It $K 4^ $^ $l $k 0l Dj D9 ( <B 83 $G $O 20 2h AG ) 0J >e $N %(%C %8JR e 0 $r %i %s %@ %‘$K A* $S!" e $+ $i 4 E@ , e 0 $+ $i 1 E@ $r A* $S!" A0 @a $G =R $Y $? :G >. %a %8 %" %s K! $G BJ 1_ $r Ev $F $O $a $k!# $3 $l $r e , e 0 $K BP $9 $k $= $l $> $l $N %a %8 %" %s $N OB $, <} B+ $9 $k $^ $G H? I| $7!" %a %8 %" %s $N OB $, =i 4| $N %a %8 %" %s $N 4 G\ 0J >e $G $" $l $P =i 4| $N Q $r :N Br $9 $k!# $= $& $G $J $$ >l 9g $O e , e 0 $N $= $l $> $l $K BP $7 $F <0 (12) $N 4p =‘ $G %$ %s %i %$ %" $r A* $S!" $= $l $i $K $/ $j $3 $_ K! $G Ev $F $O $a$?BJ1_$r=PNO$9$k!# 0J >e $O BJ 1_ $r 0l $D Cj =P $9 $k =h M} $G $" $k $,!" J# ?t $N BJ 1_ $r Cj =P $9 $k $K $O!" Cj =P $7 $? BJ 1_ $N %(%C %8 JR $r =| 5n $7 $F!"F1$8A‘:n$r9T$($P$h$$!# 3. <B2hA|Nc ?^ 3(a) $O ?d Dj $7 $? @\ ?( 1_ $H $= $l $r @. D9 $5 $; $F Ev $F $O $a $? BJ 1_ $r 86 2h A| >e $K =E $M $? $b $N $G $" $k!# ?^ 3(b) $O 86 2h A| $+ $i F@ $i $l $? %(%C %8 2h A| >e $K @\ ?( 1_ $N Cf ?4 $N 8u Jd $N Ej I< ?t $r G; C8 CM $H $7 $F I= <( $7 $? $b $N $G $" $k!# Hf 3S $N $? $a ?^ 3(c) $K Ioannou $i [5] $, 9T $J$C $? $h $& $J C1 =c $J %O %U JQ 49 ( 3F %(%C %8 E@ $G %(%C %8 JR $N K! @~ $H $= $N N> B& $K 2 2h AG $@ $1 @5 5, J, I[ $K Hf Nc $9 $k =E $_ $r $D $1 $? Ej I< ) $r <( $9!# K\ <j K! $N 2~ NI $K $h$C $F Ej I< $, 2D G= @- $N 9b $$ $H $3 $m $K =8 Cf $7!" @\ ?( 1_ 8! =P $N 0B Dj @- $, 8~ >e $9 $k $3 $H$,$o$+$k!# ?^ 4(a) $O @\ ?( 1_ $N Cf ?4 $N 8u Jd E@ $K BP $9 $k H> 7B $N Ej I< 7k 2L $G $" $k!# Hf 3S $N $? $a ?^ 4(b) $K Ioannou $i [5] $N $h $& $K!" $9 $Y $F $N %(%C %8 E@ $^ $G $N 5w N% $H $= $N N> B& $K 2 2h AG $@ $1 @5 5, J, I[ $K Hf Nc $9 $k =E $_ $r $D $1 $? $b $N $N Ej I< 7k 2L $r <( $9!# $? $@ $7 Ej I< Am ?t $, 0l Dj $H $J $k $h $& $K %9 %1!< %k $r 9g $o $; $F $$ $k!# ?^ 4(a) $G $O %(%C %8 $, J# ;( $K L) =8 $7 $F $$ $k It J, $N @5 Ii $N Ej I< $, BG $A >C $7 $"$C $F 0 $K 6a $/!" 8L >u $N It J, $+ $i $N 4s M? $, 6/ D4 $5 $l $F $$ $k $3 $H $, $o$+$k!# ?^ 5 $N :8 $O J, 3d $5 $l $? BJ 1_ $r 4^ $‘ %(%C %8 2h A| $G $" $k!# $3 $N >l 9g $O =i 4| 1_ $r $O $5 $‘ 4D >u NN 0h Cf $N %(%C %8 JR $K $O � = 10 $H $7 $F $b AP 6J @~ $, Ev $F $O $^ $k!# $= $3 $G :G >. %a %8 %" %s K! $G BJ 1_ $r Ev $F $O $a!" AH $_ 9g $o $; C5 :w $K 0\ $k!# 1& $K =i 4| 1_!" $/ $j $3 $_ K! $G Ev $F $O $a $? AP 6J @~!" :G >. %a %8 %" %s K! $G Ev $F $O $a $? BJ 1_!" $* $h $S :G =* E* $K F@ $i $l $? BJ 1_ $r 86 2h A| $K =E $M $F I= <( $9!# $3 $N $h $& $K 0l $D $N 8L $N $_ $G $O @5 $7 $$ BJ 1_ $, Ev $F $O $^ $i $J $$ >l 9g $G $b!" ;D $j $N 8L $r C5 :w $9 $k $3 $H $K $h$C $F 40 A4 $J BJ 1_ $r Ev $F $O $a $k$3$H$,$G$-$k!# ?^ 6 $K $5 $^ $6 $^ $J 2h A| Nc $K BP $7 $F %(%C %8 2h A| ( >e CJ ) !" $* $h $S =i 4| 1_ $H :G =* E* $K Ev $F $O $a $? BJ 1_ $r 86 2h A| Cf $K =E $M $? $b $N ( 2< CJ ) $r <( $9!# $/ $j $3 $_ K! $O 1 %9 %F%C%W $G:G=*E*$JBJ 1_$H$[$H$s$I 0lCW$7!" 2, 3 2s$G40 A4 $K <} B+ $9 $k!# $3 $N $h $& $K B? ?t $N %(%C %8 $, $" $j!" BJ 1_ $r $J $9 It J, $, C; $$ >l 9g $G $b $h $/ Ev $F $O $^$C $F $$ $k!# <B 9T ;~ 4V $O 500 � 333 2h AG $N >l 9g!" J? 6Q Ls 20 IC $G $"$C $?!# $?$@$7 CPU $O P en tium I I I 600MHz $r!" OS $O Lin ux $r MQ $$ $?!# %W %m %0 %i %‘ $N 9) IW $G $5 $i $J $k 9b B. 2= $b2DG=$G$"$k$H;W$o$l$k!# 4. 1_$N#3<!857W;; 5

?^ 5: :8$OMQ$$$?%(%C%82hA|!#1&$O 1. =i4|1_!" 2. @.D9$5$;$? 2 <!6J@~!" 3. :G>.%a%8%"%sK!$GF@$i$l$?BJ1_!" 4. AH$_9g$o $;C5:w$GF@$i$l$?BJ1_$r9g@.$7$?$b$N!# =x O@ $K =R $Y $? $h $& $K!" K\ <j K! $O #3 <! 85 I| 85 7W ;; $N $? $a $N BJ 1_ 8! =P K! $H $7 $F 3+ H/ $7 $? $b $N $G $" $k!# $= $3 $G #3 <! 85 0L CV $r 7W ;; $9 $k 6q BN E* $J J} K! $r =R $Y!" 2s E> Bf $N 9; @5$X1~MQ$9$k!# J* BN $r 2s E> Bf $K :\ $; $F 2s E> $5 $; $J $, $i ;# 1F $7 $? 2h A| $+ $i #3 <! 85 7A >u $r 7W ;; $9 $k $3 $H $O!" #3 <! 85 I| 85 $N 4p K\ E* $J <j K! $G $" $k [25, 27] !# $7 $+ $7!" $3 $N $? $a $K $O $" $i $+ $8 $a %+ %a %i $H 2s E> Bf $N 0L CV 4X 78 $r CN $i $J $1 $l $P $J $i $J $$!# $3 $l $O 2s E> Bf $N D> 7B $r B, Dj $9 $l $P!" 2s E> Bf $N 2h A|$+$i<!$N$h$&$K7W;;$G$-$k!# MQ $$ $k %+ %a %i $O 9; @5 $5 $l $F $$ $F!" <0 (1), (3) Cf $N Dj ?t f $r %l %s %: $N >G E@ 5w N% ( C1 0L $O 2h AG ) $H $9 $k!# $^ $? 2h A| :B I8 $N 86 E@ $r %l %s %: $N 8w <4 $K BP 1~ $9 $k E@ $K $H $j!" >eJ} $r x <4!"1&J} $r y <4$H$9 $k2hA| :BI8$r MQ$$!" z <4 $r 1| 9T $- J} 8~ $H $_ $J $9!# $= $7 $F!" 4Q B, $7 $? BJ 1_ Q $O H> 7B r $N 1_ $N A| $G $" $k $H $9 $k!# 9T Ns Q $K $O %9 %1!< %k G\ $N IT Dj @- $, $" $k $N $G!" det Q = � 1 $H 5, 3J 2= $9 $k (det Q = 0 $J$iB‘2=$7$? 2 D>@~Ey$NBJ1_0J30$N?^7A$H $J$k [7]) !# 9T Ns Q $N 8G M- CM $r � 1 , � 2 , � 3 $H $7!" BP 1~ $9 $k C1 0L 8GM- %Y%/ %H%k $r u 1 , u 2 , u 3 $H$9$k!# � 3 < 0 < � 1 � � 2 $N $h $& $K =g =x $r Dj $a $k $H!" 1_ $N :\$C $F $$ $k J? LL ( ;Y ;}J?LL ) $NC10LK!@~%Y%/%H%k$O<!$N$h$&$K$J$k [6] !# n = N [ r � 2 � � 1 � 2 � � 3 u 2 � r � 1 � � 3 � 2 � � 3 u 3 ] (14) $? $@ $7 N [ � ] $O C1 0L %Y %/ %H %k $X $N @5 5, 2= :n MQ AG $G $" $k ( N [ a ] = a = k a k ) !# Fs <o N‘ $N 2r $, F@ $i $l $k $N $O!" 1_ $r >e $+ $i 8+ 2< $m $9 $N $b 2< $+ $i 8+ >e $2 $k $N $b 2h A| $H $7 $F $O F1$8$K$J$k$+$i$G$"$k!#8+2<$m$92r$rF@$k$K$O ( n ; i )( n ; k ) � 0 (15) $H $J $k Id 9f $r A* $Y $P $h $$!# $? $@ $7 i = (1 ; 0 ; 0) > , k = (0 ; 0 ; 1) > $H CV $$ $?!# %+ %a %i $N %l %s %: $N Cf ?4 $+ $i ;Y ;}J?LL$^$G$N5wN%$O<!$N$h$&$K$J$k!# d = q � 3 1 r : (16) 2h A| Cf $N 1_ $N Cf ?4 $N 0L CV $O <! $N %Y %/ %H %k $G ;X Dj $5 $l $k E@$G$"$k!# x C = Z [ Q � 1 n ] (17) $? $@ $7 Z [ � ] $O Z @. J, $r 1 $H $9 $k @5 5, 2= :n MQ AG $G $" $k ( Z [ a ] = a = ( k ; a )) !#%+%a%i:BI87O$+$i8+$?2sE>Bf$NCf ?4$N0LCV$O<!$N$h$&$K$J$k!# r C = d x C ( n ; x C ) (18) %+ %a %i $N 8w <4 $H ;Y ;} J? LL $N K! @~ $H $N $J $9 3Q EY $O <! $N $h $&$K$J$k!# � = cos � 1 j n 3 j (19) ?^ 7 $O >G E@ 5w N% $O 700 2h AG $K BP $9 $k 768 � 512 2h AG $N 2h A| $G $" $j!" 2s E> Bf $O H> 7B 6.45cm $G $" $k!# :8 $K %(%C %8 2h A|!" 1& $K Ev $F $O $a $? BJ 1_ $H 7W ;; $7 $? 1_ $N Cf ?4 $r 86 2h A| Cf $K 5- F~ $7 $? $b $N $r <( $9!# %+ %a %i $N 8w <4 $H 2s E> Bf $N Cf ?4 <4 $H $N $J $9 3Q $O 59 : 4 EY $G $" $j!" %+ %a %i $N %l %s %: $N Cf ?4 $+ $i 2s E> Bf $N Cf ?4 $^ $G $O 27 : 3cm $H 7W ;; $5$l$?!# 5. $^$H$a K\ O@ J8 $G $O 1_ 7A J* BN $r ;# 1F $7 $? 2h A| $+ $i J* BN $N #3 <! 85 0L CV $r @5 3N $K 7W B, $9 $k $3 $H $r L\ E* $H $7!" 2h A| $+ $i BJ 1_ $r <+ F0 E* $K Cj =P $9 $k ?7 $7 $$ J} K! $r Ds 0F $7 $?!# $3 $l $O 1_ 8! =P $N %O %U JQ 49 $r MQ $$ $F BJ 1_ $X $N @\ ?( 1_ $r 8! =P $7!" $= $l $r C‘ <! E* $K @. D9 $5 $; $F BJ 1_ $H $9 $k $b $N $G $" $k!# => Mh $N 1_ 8! =P $N %O %U JQ 49 $O 1_ $K BP $7 $F $O 8z 2L E* $G $" $k $,!" @\ ?( 1_ $N 8! =P $K $O I, $: $7 $b E, $7 $F $$ $J $$ $N $G!" FH <+ $N 9) IW $H 2~ NI $r 9T $J$C $?!# $= $7 $F <B 2h A| Nc $K $h$C $F Ds 0F <j K! $N M- 8z @- $r 3N G’ $9 $k $H $H $b $K!" #3 <! 85 I| 85 $N $?$a$N2sE>Bf$N9;@5Nc$r<($7$?!# ;29MJ88% [1] @u ;3 BY M4 , 1v Ln=< , 1_ 8L6a ;w $r MQ $$$? G$ 0U 79 <PBJ 1_ $N %O %U JQ 49 $K $h $k 8! =P <B 83 , EE ;R >p Js DL ?. 3X 2q 5; =Q 8& 5f Js 9p , PRMU98-123 (1998-11), 1{8. [2] Y. C. Cheng and S. C. Lee, A new metho d for quadratic curv e detection using K-RANSA C with acceleration tec hniques, Patt. R e c o g. , 28 -5 (1995), 663{682. [3] D. B. Co op er and N. Y alabik, On the compu- tational cost of appro ximating and recognizing nose-p erturb ed straigh t lines and quadratic arcs in the plane, IEEE T r ans. Computers , 25 -10 (1976), 1020{1032. 6

?^ 6: Ev$F$O$a$NNc!#>eCJ$K%(%C%82hA|$r!"2<CJ$K=i4|1_$HEv$F$O$a$?BJ1_$r<($9!# 7

?^ 7: 2sE>Bf$N9;@5!# [4] F# K\ 8x ;0 , 4d ED 9d <# , Cg ED <~ <! , � - � %O %U JQ 49 J? LL $+ $i $N#2 <!6J@~$N %Q%i%a!< %?Cj=P , EE;R >pJsDL ?.3X2qO@ J8;o D-I I, J74-D-I I -9 (1991), 1184{1191. [5] D. Ioannou, W. Huda and A. F. Laine, Circle recognition through a 2D Hough T rnasform and radius histogramming, Image Vision Comput. , 17 (1999), 15{26. [6] K. Kanatani, Ge ometric Computation for Machine Vision , Oxford Univ ersit y Press, Oxford, 1993. [7] 6b C+ 7r 0l , !V6u 4V %G!< %? $N ?t M} | #3 <! 85 %3 %s %T%e!< %F%#%s%0$K8~$1$F | !W , D+AR=qE9 , 1995. [8] K. Kanatani, Statistic al Optimization for Ge omet- ric Computation: The ory and Pr actic e , Elsevier, Amsterdam, 1996. [9] K. Kanatani, Commen ts on \Nonparametric Seg- men tation of Curv es in to V arious Represen ta- tions", IEEE T r ans. Patt. A nal. Mach. Intel l. , 19 - 12 (1997), 1391 { 1392. [10] Y. Kanaza w a and K. Kanatani, Optimal conic �t- ting and reliabilit y ev aluation, IEICE T r ans. Inf. & Syst. , E79-D -9 (1996), 1323 { 1328. [11] N. Guil and E. L. Zapata, Lo w er order circle and el- lipse Hough transform, Patt. R e c o g. , 30 -10 (1997), 1729{1744. [12] C.-T. Ho and L.-H. Chen, A fast ellipse/circle de- tector using geometric symmetry , Patt. R e c o g. , 28 - 1 (1995), 117{124. [13] C. L. Huang, Elliptical feature extraction via an impro v ed Hough transform, Patt. R e c o g. L ett. , 10 - 2 (1989), 93{100. [14] ;0EgEy , B@EDD>:H , 6bC+7r0l , ?.Mj@-I>2A$rHw$($?:GE,$J %3 %K%C %/ Ev $F $O $a %W %m %0 %i %‘ , >p Js =h M} 3X 2q 8& 5f Js 9p , 98-CVIM-111-4 (1998-5), 25 { 32., [15] 1JED N< 0l , @n8} 9d , 0d EA%" %k %4 %j %:%‘ $H %(%C %8 E@$N @~ J, NN0h $X$N%0%k!< %T%s%0 $rMxMQ$9 $k$@1_8! =P , EE;R>p JsDL ?.3X2qO@J8;o D-I I, J81-D-I I -9 (1998), 2074{2085. [16] 28 ED <w OB , F# 86 ?- 9T , 0$ It @6 =( , ?9 @k ?N , ;0 <! 85 1_ 8! =P $K $h $k It IJ 0L CV 7h $a $H ;v A0 $N %O %s %I 43 >D %A%’%C %/ $K $h $j<B 8=$7$?;k 3P%Y!<%9 %S%s%T%C%- %s%0%7 %9%F%‘ , F| K\%m %\%C%H3X2qO@J8;o , 18 -7 (2000), 995{1002. [17] 28 ED K. IW , EO JB CR , @D LZ M3 D> , Hough JQ 49 J? LL $+ $i $N $@ 1_ %Q %i %a!< %? 7h Dj K! , EE ;R >p Js DL ?. 3X 2q O@ J8 ;o D-I I, J72-D-I I -10 (1989), 1760{1764. [18] D. P ao, H. F. Li and R. Ja y akumar, A decomp os- able parameter space for the detection of ellipses, Patt. R e c o g. , 14 -12 (1993), 951{958. [19] P . L. Rosin and G. A. W. W est, Nonparamet- ric segmen tation of curv es in to v arious represen ta- tions, IEEE T r ans. Patt. A nal. Mach. Intel l. , 17 -12 (1995), 1140{1153. [20] G. Roth and M. D. Levine, Extracting geomet- ric primitiv es, CV GIP: Image Understanding , 58 -1 (1993), 1{22. [21] G. Roth and M. D. Levine, Geometric primitiv e extraction using a genetic alorithm IEEE T r ans. Patt. A nal. Mach. Intel l. , 16 -9 (1994), 901{905. [22] 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- ing , 10 -4 (1992), 250{262. [23] P . J. Rousseeu w and A. M. Lero y , R obust R e gr es- sion and Outlier Dete ction , Wiley , New Y ork, 1987. [24] 1v Ln =< , 9u E@ %i %s %@ %‘ Cj =P $H Hough 6J LL $N 8r E@ 7W ;; $K $h $k 1_ ?^ 7A 8! =P $N 0l <j K! , >p Js =h M} 3X 2q O@ J8 ;o , 32 -2 (1991), 179{187. [25] ?yK\LP<y , @P66AG , 1|IY@5IR , F);kEj1F%b%G%k$K$h$k;~6u 4V2hA| $rMQ$$$?2sE>J* BN$N7A>uI|85 , Bh 5 2s2hA|%; %s%7 %s %0 %7 %s %] %8 %& %‘ 9V 1i O@ J8 =8 , 2# IM , 1999 G/ 6 7n , pp. 359{263. [26] S. Tsuji and F. Matsumoto, Detection of ellipses b y a mo di�ed Hough transform, IEEE T r ans. Com- puters , 27 -8 (1978), 777{781. [27] 1-;t1Q=< , ?yK\LP<y , 1|IY@5IR , ;~6u4V2hA|$rMQ$$$?2sE> J*BN$N I=LL7A>u$N?dDj $H%b%G%j%s%0 , Bh 6 2s2hA|%; %s%7 %s %0 %7 %s %] %8 %& %‘ 9V 1i O@ J8 =8 , 2# IM , 2000 G/ 6 7n , pp. 291{298. [28] EO JU 9’ ;V , H+ ;3 2m =< , LZ B< >4 CK , %O %U JQ 49 $r MQ $$ $? @\ @~ >pJs $NCj=P $H7gB;BJ 1_$N8!=P , EE ;R>pJs DL?.3X2q O@J8;o D-I I, J82-D-I I -12 (1999), 2221{2229. [29] EOJU 9’;V , LZ B<>4 CK , C0GH @!M: , 2#;3N4 ;0 , Li-La vin-Le Master 7? 9b B. %O %U JQ 49 $K $h $k 7g B; $@ 1_ $N 8! =P , EE ;R >p Js DL ?. 3X 2q O@ J8 ;o D-I I, J76-D-I I -12 (1993), 2504{ 2512. [30] EOJU9’;V , <FED=S9@ , Hough JQ49$H3,AX2=2hA|$rMQ$$$? 7g B; $@ 1_ $N 8! =P , EE ;R >p Js DL ?. 3X 2q O@ J8 ;o D-I I, J73- D-I I -2 (1990), 159{166. [31] W.-Y. W u and M.-J. J. W ang, Elliptical ob ject detection b y using its geometric prop erties, Patt. R e c o g. , 26 -10 (1993), 1449{1500. [32] BgOB=_Fs , F~_7OB5A , @P0f0jIW , KRLn=(IW , =E$_IU $1CfE@ ?^LL $rMQ$$ $?$@1_Cj =P%"%k%4 %j%:%‘ , EE ;R>pJsDL ?.3X2q O@J8;o D-I I, J72-D-I I -7 (1989), 1009{1016. [33] H. K. Y uen, J. Illingw orth and J. Kittler, Detecting partially o ccluded ellpises using the Hough trans- form, Image Vision Comput. , 7 -1 (1989), 31{37. [34] J. H. Y o o and I. K. Seth, An ellipse detection metho d from the p olar and p ole de�nition of con- ics, Patt. R e c o g. , 26 -2 (1993), 307{315. 8