O@ J8 J?LL%Q%?%s$rMQ$$$k0\F0%+%a%i$N9;@5!’:GE,7W;;!$?.Mj@-I>2A!$ $*$h$S4v2?3XE* AIC $K$h$k0BDj2= >>1J NO y 6bC+ 7r0l yy Calibration of a Mo ving Camera Using a Planar Pattern: Optimal Computation, Reliability Ev aluation and Stabilization by the Geometric AIC Chik ara MA TSUNA GA y and Kenic hi KANA T ANI yy $" $i$^$7 J*BN$NGX8e$K;2 >HHD$r@_CV$7!$%+%a %i0LCV$d%:!<%‘$rJQ$( $J$,$iJ*BN$r;#1F$9 $k2aDx$G%+%a%i%Q%i %a!<%?$r 7W ;;$9$k!VF1;~9;@5!W$rDs 0F$9$k!%K\O@J8$G$O8m :9$,$J$$$H$-$K87L) 2r$H$J$k2r@O2r$rM? $($k$H$H$b$K!$8m:9$N$" $k$H$- @: EY$NM}O@8B3&$rC#@. $9$k:GE,2r$r7W;;$7!$ $=$N2r$N?.Mj@-I>2A$r 9T$&<j=g$r=R$Y$k!%:G 8e$K!$2r$,ITDj$H$J$k B‘2=$dE} 7W E*$J$f$i$.$r!V%b%G%k A*Br!W$K$h$C$F2sHr$9$k ;n$_$r<($9!%$3$l$O%+ %a%i$N0\F0$NMzNr$+ $iM=B,$7$?%b%G%k$H<B :]$K7W ;;$7$?%b%G%k$r!V4v 2?3XE* AIC !W$K$h$C$FHf3S $9$k$b$N $G$"$k!%%7 %_%e%l!<%7%g%s $K$h$C$FK\ J}K!$NM- 8z@-$r3N G’$9$k$H $H$b$K<B2hA|$KE,MQ$7$?Nc$r<($9!% %-!<%o!<%I J#9g8=<B46!$%+%a%i9;@5!$<M1FJQ49!$?.Mj@-I>2A!$%b%G%kA*Br!$4v2?3XE* AIC 1. =x O@ <B:_$NJ*BN$N#3 <!85I=<($O%$%s%?!<%M%C%H%+%?%m%0$d 2>A[GnJ* 4[$r;O$a!$B?$/ $N1~MQ$,9M$($i $l$k [14] !%$^ $? <B J* $d <B %7!< %s $+ $i 9= C[ $7 $? #3 <! 85 %b %G %k!& 4D 6- $H #C #G$G@8@.$7$?2>A[J*BN!&2>A[%7!<%s$H$NM;9g$O!VJ# 9g8= <B46!W$H$b 8F$P$l [18] !$ :#F|$N%a%G%#%" =hM}8&5f$NCf ?4 %F!<%^$H $J$C$F $$$k [2], [10], [11], [19] !%$3$N$h $&$J <BJ* $d<B%7!<%s$N2hA|$+$i$N#3<!85I|85$K$O$=$l$r;#1F $7$? %+%a%i$N0LCV$d>GE@5wN%$J$I$NFbIt%Q%i%a!<%?$rCN $k$3 $H!J!V%+%a%i9;@5!W!K$,IT2D7g$G$"$k!% Be I= E* $J J} K! $O $" $i $+ $8 $a %+ %a %i $N Fb It %Q %i %a!< %? $r?dDj$7!$$=$l$r8GDj$7$?$^$^;#1F$9$k$3$H!J!V;v A09; @5!W!K$G$"$k$,!$:G6a$G$O%+%a%i$NFbIt%Q%i%a!<%? $,L$ CN$N$^$^%7!<%s$K4X$7$F2?$NCN<1$b2>Dj$;$:B??t$N 2hA| $+$i%+%a%i%Q%i%a!<%?$H%7!<%s$N#3<!857A>u$rF1;~ $K7W ;; $9 $k !V<+ 8J 9; @5 K!!W $N ?J Jb $b Cx $7 $$ [12], [15], [21] !% $3$l$O2030%7!<%s$N$h$&$K@)8f$G$-$J$$4D6-$G$OM- 8z$G y ( 3t ) J~1IJ|Aw%7%9%F%‘3+H/It!$:4AR;T Broadcast Division, FOR-A Co. Ltd., Sakura-shi, 285-0802 Japan yy 72GOBg3X9)3XIt>pJs9)3X2J!$6M@8;T Department of Computer Science, Gunma Universit y , Kiryu- shi, Gunma, 376-8515 Japan $"$k$,J#;($J=hM}$rMW$9$k!%<<Fb$N$h$&$J@)8f$G$-$k4D 6-$G$O%+%a%i0LCV$dFbIt%Q%i%a!<%?$r9;@5$7$F$+$i#3<! 85I|85$r9T$&$[$&$,@:EY$b9b$/!$=hM}$b4JC1$G$"$k!% $7$+$7!$B?$/$N1~MQ$G$O 1 Bf$N%+%a%i$G%:!<%‘$rJQ$( $D $D O" B3 E* $K 0\ F0 $7 $J $, $i ;# 1F $9 $k $3 $H $, B? $$!% $7 $? $,$C$F!$3F%U%l!<%‘$4$H$KJ*BN$N;#1F$HF1;~$K9;@5$r9T $&I,MW$,$"$k!%$3$N$?$a$K9M$($i$l$k$N$,!$J*BN$NGX8e $KJ*BNA|$HJ,N%$7$d$9$$4{CN$N%Q%?%s$rIA$$$?;2>HHD$r @_CV$7!$$=$NItJ,$N2hA|$r2r@O$7$F7W;;$9$k$3$H$G$"$k !J?^ 1 !K!% $3$l $r!VF1 ;~9; @5!W$H 8F $V$3 $H$K $9$k!% $=$N 86 M} $O 8E$/ $+ $i CN $i $l $F $$ $k$, [3], [20] !$F1 ;~ 9; @5 $K MQ $$$k$K$O<o!9$NLdBj$,@8$8$k!% � ;vA09;@5$G$OFC D’E@$r?M<j$GA*Br$G$-$k$,!$F1;~ 9;@5$G$OBP1~$N<1JL$r<+F02=$9$kI,MW$,$"$k!%2f!9$O$3 $N$?$a$N<1JL$7$d$9$$%Q%?%s$r@_7W$7$? [6], [8] !% � ;vA09;@5$G$O7W ;;$KET9g$,$h$$$h$&$K;2>HHD$r@_ CV$G$-$k$,!$F1;~9;@5$G$O;2>HHD$H%+%a%i$NAjBPE*0LCV $O;vA0$K$OL$CN$G$"$j!$@:EY$,%U%l!<%‘$4$H$K0[$J$k!% � ;vA09;@5$G$OI, MW$J@:EY$rF@$k$?$a$K==J,$J?t$N FCD’E@$,A*$Y$k$,!$F1;~9;@5$G$O%+%a%i$N0LCV$K$h$C$F $O>/?t$NFCD’E@$7$+F@$i$l$J$$!% � J?LL%Q%?%s$rMQ $$$k8B$j!$%+%a%i$,%Q%?%s$K@5BP $7$?$H$-!$%:!<%‘$H%+%a%i$NA0?J$H$,6hJL$G$-$J$$!% 694 EE;R>pJsDL?.3X2qO@J8;o A Vol. J83{A No. 6 pp. 694{701 2000 G/ 6 7n

O@J8!?J?LL%Q%?%s$rMQ$$$k0\F0%+%a%i$N9;@5 ?^ 1 O"B3E*$K0\F0$9$k%+%a%i$NF1;~9;@5!% Fig. 1 Calibration of a moving camera. � %+%a%i$N0\ F0$,>.$5$$$H$-E}7WE*$J$f$i$.$,82Cx $H$J$k!%Nc$($P%+%a%i$,@E;_$7$F$$$F$bJ*BN$,0\F0 $9$k $HGX7J%Q%?%sItJ,$bJQ2=$7!$7W;;$7$?%+%a%i0LCV$d >GE@ 5wN%$bHy>.$KJQ2=$9$k!%$7$?$,$C$F!$7W;;>e$O%+%a %i$, Hy>.$J?6F0$r$7$F$$$k$H2r<a$5$l$k!% K\ O@ J8 $G $O E} 7W E* :G E,2= M} O@ [4] $r E, MQ $7!$ @: EY $r8B 3&$^$G9b$a$k:GE,2r$r7W;;$9$k$HF1;~$K2r$N?.Mj@- I>2A $r9T$&<j=g$r5-=R$9$k!%$=$7$F!$B‘2=$HE}7WE*$f$i $.$r !V%b%G%kA*Br!W$K$h$C$F2sHr$9$k;n$_$r<($9!%$3$l $O%+ %a%i$N0\F0$NMzNr$+$iM=B,$7$?%b%G%k$H<B:]$K7W;; $7$? %b%G%k $r!V4v2?3XE* AIC !W [5] $K $h$C$FHf3S$9$k $b$N$G $"$k!%K\J}K!$NM-8z@-$r%7%_%e%l!<%7%g%s$K$h$C$F3N G’ $9$k$H$H$b$K<B2hA|$KE,MQ$7$?Nc$r<($9!% 2. 4p K\ 86 M} 6u 4V $K X Y Z :B I8 7O $r 8G Dj $7!$ 86 E@ $+ $i 5w N% d $N 0L CV $K X Y LL $H J? 9T $K J? LL %Q %? %s $r CV $/!% %+ %a %i $N >G E@ 5wN%0J30$NFbIt%Q%i%a!<%?$O4{CN$G;#A|$,F);kJQ49 $H$_ $J $; $k $H $9 $k!% $^ $: >G E@ 5w N% $, f 0 $N 2> A[ E* $J %+ %a %i $r 9M $(!$ %l %s %: Cf ?4 $r 86 E@ $K CV $-!$ 8w <4 $r Z <4 $K 0l CW $5 $;!$ 2h A| $N x , y :B I8 <4 $r X , Y :B I8 <4 $K J? 9T $K $H $k!% $3 $N >u BV $+ $i %+ %a %i $r 2s E> 9T Ns R $@ $1 2s E> $7!$ %Y %/ %H %k t $@$1JB?J$7!$ >GE@5wN% $r f $KJQ2=$5$;$?0L CV$K<B:] $N %+%a %i $, $"$k $H $9$k!% f t , R g $r !V1?F0 %Q %i %a!<%?!W $H 8F $V!% J? LL %Q %? %s >e $N E@ ( X ; Y ; d ) $, 2h A| :B I8 ( x; y ) $N0LCV$K4QB,$5$l$k$H$7!$<!$N%Y%/%H%k$rDj5A$9$k!% X = 0 B @ X=d Y =d 1 1 C A ; x = 0 B @ x=f 0 y =f 0 1 1 C A : (1) 2hA|$K8m:9$,$J$1$l$PN><T$O<!$N4X78$G7k$P$l$k [4] !% x = Z [ H X ] : (2) $3 $3 $K Z [ � ] $O Bh 3 @. J, $r 1 $H $9 $k @5 5, 2= :n MQ AG $G $" $j!$9TNs H $O<!$N$h$&$KM?$($i$l$k [4] !% H = diag(1 ; 1 ; f 0 f ) R > � I � tk > d � : (3) $? $@ $7 > $O E> CV $r I= $7!$ k = (0 ; 0 ; 1) > $G $" $k!% diag ( � � � ) $O � � � $r BP 3Q MW AG $H $9 $k BP 3Q 9T Ns $G $" $k!% <0 (2) $O!V<M 1F JQ 49!W $H 8F $P $l!$ H $O !V<M 1F JQ 49 9T Ns!W $H 8F $P $l $k [4] !% $3 $l $r :G E, $K 7W ;; $9 $k $H F1 ;~ $K $= $N ?. Mj @-$rI>2A$9$k%W%m%0%i%‘$,8x3+$5$l$F$$$k [7], [17] !% 2> A[ %+ %a %i $H %Q %? %s $H $N 5wN% d $* $h $S >G E@ 5w N% f 0 $O I8=‘ E* $J CM $K @_ Dj $9 $k!% FC D’ E@ $N %Q %? %s >e $N :B I8 ( X ; Y ) $O4{CN$G$"$k$+$i!$%G!<%?$O4QB,$7$?FCD’E@$N2hA|:BI8 ( x; y ) $G $" $j!$ L$ CN ?t $O 1? F0 %Q %i %a!< %? f t ; R g $H 0\ F0 8e$N>G E@5w N% f $G$"$k!%2s E>9T Ns$O 3 <+M3EY$7 $+$J $$$+ $i!$L$CN?t$O 9g7W 7 8D$G$"$k!% $7$?$,$C $F!$ 4 8D0J>e$N FCD’E@$r4QB,$9$l$P$3$l$i$,Dj$^$k!% 3. :G E, ?d Dj N 8D $N E@ $r 4Q B, $9 $k $H $7!$ %Y %/ %H %k X , x $N � HV L\ $N CM $r X � , x � $H =q $/!% x � $N 6& J, ;6 9T Ns $r V [ x � ] $H $9$k!%$3$N@dBPE*$JBg$-$5$rM=B,$9$k$N$O:$Fq$G$"$k$N $G!$Dj?tG\$r=|$$$F4{CN$G$"$k$H$7!$<!$N$h$&$KCV$/!% V [ x � ] = � 2 V 0 [ x � ] : (4) L$CN$NDj?t � $r!V%N%$ %:%l%Y%k!W$H8F$V!%%N %$%:$NAjBP E* $J @- <A $r 5-=R $9 $k 9T Ns V 0 [ x � ] $O 4{ CN $H$7!$ !V@5 5, 2= 6&J,;69TNs!W$H8F$V!% x � $NBh 3 @.J,$ODj?t 1 $G$"$k$+ $i V 0 [ x � ] $O Bh 3 9T!$ Bh 3 Ns $, 0 $N%i%s %/ 2 $N FC0[9T Ns $G$"$k!%FC$KFCD’E*$J%N%$%:$N8=$l$+$?$r$7$J$$>l9g$O %G%U%)%k%H CM V 0 [ x � ] = diag (1 ; 1 ; 0) $rMQ $$$k!%$3$N$H $-!$:GE,$J?dDjCM$O<!$NFs>h!V%^%O%i%N%S%95wN%!W$N:G >.2=$K$h$C$FF@$i$l$k!% J = 1 N N X � =1 ( x � � Z [ H X � ] ;V 0 [ x � ] � ( x � � Z [ H X � ])) : (5) $? $@ $7 %Y %/ %H %k a , b $N Fb @Q $r ( a ; b ) $H =q $-!$ ( � ) � $O !J%‘!<%"!&%Z%s%m!<%:$N!K0lHL5U9TNs$rI=$9!%<!$NL5<! 85JQ?t � , � $rF3F~$9$k!% � = f f 0 ; � = t d : (6) 8m:9$,$J$$$H$-$O 87L)2r$,2r @OE*$K5a$^ $k!JIUO? A !K!% 8m:9$,$"$k$H$-$O2r@O2r$r=i4|CM$H$7$F%K%e!<%H%sK!$r 695

EE;R>pJsDL?.3X2qO@J8;o ’00/6 V ol. J83{A No. 6 E, MQ $9 $k!% 4X ?t J $N L$ CN ?t � , � , R $K 4X $9 $k 8{ G[ r J $H%X%C%;9TNs r 2 J $r<!$N$h$&$KCV$/!% r J = 0 B @ @ J =@ � r � J r R J 1 C A ; (7) r 2 J = 0 B @ @ 2 J = @ � 2 ( r � @ J = @ � ) > ( r R @ J = @ � ) > r � @ J = @ � r 2 � � J ( r 2 R � J ) > r R @ J = @ � r 2 R � J r 2 RR J 1 C A : (8) %K%e!<%H%sK!$N<j=g$O<!$N$h$&$K$J$k!% !J 1 !K � , � , R $N=i4|CM$rM?$($k!% !J 2 !K 8{G[ r J $H%X%C%;9TNs r 2 J $r7W;;$9$k!% !J 3 !K 99?7NL � � , � � , � $r<!$N$h$&$K 7W;;$9 $k!% 0 B @ � � � � � 1 C A = � � r 2 J � � 1 r J: (9) !J 4 !K j � � j < � � , k � � k < � � , k � k < � R $H$J$k $^$G � , � , R $r<!$N $h$& $K 99 ?7$7 $F %9%F%C %W 2 $KLa $k!% � � + � �; � � + � � ; R R (� ) R : (10) $? $@ $7 R (� ) $O � $r2s E> <4!$ k � k $r 2s E> 3Q $H $9 $k 2s E> 9T Ns $G $" $j!$ � � , � � , � R $O <} B+ H= Dj $N $7 $- $$ CM $G $"$k!% 8{G[ r J $* $h$S %X%C%; 9TNs r 2 J $N 3FMW AG$N 6q BNE*$J7W;;<0$OJ88% [9] ;2>H!% 4. ?.Mj@-I>2A <}B+$7$? ;D:9 ^ J $+$iFs>h%N %$%: %l%Y %k$, <!$N $h$& $K?d Dj$G$-$k [4] !JIUO? B !K!% ^ � 2 = ^ J 2 � 7 = N : (11) <}B+$7$?%X%C%;9TNs$r r 2 ^ J $H$9$k$H!$2r f ^ � , ^ � , ^ R g $N 6&J,;69TNs$,<!$N$h$&$K?dDj$G$-$k!J1&JU$K?dDjCM $G$O $J $/ ?? $N CM $r Be F~ $9 $k $H 6& J, ;6 9T Ns V [ ^ �; ^ � ; ^ R ] $N M} O@ E*2<3&$H$J$k [4] !K!% V [ ^ �; ^ � ; ^ R ] = 2 ^ � 2 N � r 2 ^ J � � 1 : (12) $3 $N (1,1) MW AG $, !J@5 5, 2=!K >G E@ 5w N% � $N J, ;6 V [ ^ � ] $G $" $k!% Nc $( $P 8m :9 $, @5 5, J, I[ $r $9 $l $P 99.7% $N ?. Mj ?e =‘$G>GE@5wN% f $O<!$NHO0O$K$"$k!% ^ � � 3 q V [ ^ � ] < f f 0 < ^ � + 3 q V [ ^ � ] : (13) <0 (12) $NBh 2{4 9TBh 2{4 Ns$N >.9T Ns$,!J@5 5,2=!K JB?J � $N6&J, ;69T Ns V [ ^ � ] $H$J$k!%?? $N2s E>9T Ns$r � R $H$9$k $H!$ 2r ^ R $H $N Aj BP 2s E> $O ^ R � R > $G $" $k!% $= $N 2s E> <4 $r l , 2sE>3Q $r � $H$7!$ 2s E>$N 8m :9%Y %/ %H%k $r <! $N$h $& $K Dj5A$9$k!% � = � l : (14) <0 (12) $N Bh 5{7 9T Bh 5{7 Ns $N >. 9T Ns $r V [ ^ R ] $H $9 $k $H!$$3$l$, � $N6&J,;69TNs$H$J$k!% 5. %7%_%e%l!<%7%g%s<B83 1 ?^ 2 $O4{CN $N 3 � 3 3J ;R%Q %?%s $r$"$k 0LCV $+$i 8+$? ?^ $G $" $k!% 3F D: E@ $N x , y :B I8 $K FH N) $K I8 =‘ JP :9 1 2h AG $N @55,Mp?t$r2C$(!$%+%a%i$N>GE@5wN%$H1?F0%Q%i%a!<%?$r 1 ; 000 2s 7W ;; $7 $?!% ?^ 3(a) $O 7W ;; $7 $? >G E@ 5w N% $N 8m :9 $N %R %9 %H %0 %i %‘ $G $" $j!$ ?^ 3(b) $O =i 4| CM $H $7 $F MQ $$ $? 2r@O2r$NJ, I[$G$" $k!%?^Cf $N=D@~ $O??$N CM � f $rCf?4$H $7 $? I8 =‘ JP :9 $N 2< 3& $r <( $9!% ?^ 4(a) $O 7W ;; $7 $? JB ?J $N 8m :9%Y%/%H%k$r#3<!856u4V$K%W%m%C%H$7$?$b$N$G$"$j!$?^ 4(b) $O2r@O 2r$N J, I[$G $" $k!%?^ Cf $NBJ 1_ BN$O 3F J}8~ $N I8 =‘JP:9$N2<3&$rI=$9!%?^ 5(a) $O<0 (14) $GDj5A$5$l$k2s E> $N 8m :9 %Y %/ %H %k � $r #3 <! 85 6u 4V $K %W %m%C %H $7 $? $b $N $G $" $j!$ ?^ 5(b) $O 2r @O 2r $N J, I[ $G $" $k!% ?^ Cf $N BJ 1_ BN$O 3FJ}8~ $NI8=‘ JP:9$N 2<3&$r I=$9!%I= 1 $O 1,000 2s $N ;n9T$KBP$9$k>GE@5wN%!$JB?J!$2sE>$NI8=‘JP:9$H$=$l$> $l$NM}O@E*2<3&$G$"$k!%H?I|$K$h$j2r@O2r$,2~A1$5$l!$ $+$DM}O@E*$J2<3&$r$[$\E~C#$7!$8B3&@:EY$r$b$D$3$H$, $o$+$k!% 6. <B2hA|<B83 1 ?^ 6 $OJ*BN $NGX 8e$K 3J;R%Q %?%s $r@_ CV$7$F ;#1F $7$? <B 2h A| $G $" $k!% %Q %? %s $O >2 $K ?b D> $K CV $+ $l!$ %+ %a %i $N 8w <4 $O >2 $K $[ $\ J? 9T $G $" $k!% $3 $N %Q %? %s $O NY @\ $9 $k D: E@ 4V $N J# Hf $K $h$C $F 86 %Q %? %s $H BP 1~ $, Dj $^ $k $h $& $K :G E, $K@_7W$7$F $"$j [6], [8] !$G;C8 2 ?’$N@D$GEI $jJ,$1$i $l$F $$$k!%%/%m%^%-!<5;K!$K$h$C$FJ*BNItJ,$rJ,N%$7!$%Q%? %s It J, $+ $i9; @5 $r 9T$C $?!% 2h A| =h M} $N <j=g $O J8 8% [8] ;2 >H!% 7W ;; $7 $? >G E@ 5w N% $O 576.1 2h AG $G $"$C $?!% <0 (12) $+$iI>2A$7$?>GE@5wN%!$JB?J!$2sE>3Q$NI8=‘JP:9$O$=$l $> $l 38.32 2h AG!$ 5.73cm !$ 0.812 EY $G $"$C $?!% ?^ 7 $O VRML [1] $K$h$C$F:n@. $7$?2> A[ 3 <!85%7!<%s$H 9g@.$7 $?$b $N$G $"$k!%?^ 8 $O?d Dj$7 $?%+%a %i0L CV$H$= $NI8 =‘JP :9$N 3 G\$r<($9BJ1_BN$r>eJ}$+$i8+$?$b$N$G$"$k!% 696

O@J8!?J?LL%Q%?%s$rMQ$$$k0\F0%+%a%i$N9;@5 ?^ 2 3J;R%Q%?%s$N%7%_%e%l!<%7%g%s2hA|!% Fig. 2 A simulated image of a grid pattern. (a) (b) ?^ 3 >GE@5wN%$N8m:9$NJ,I[!% (a) H?I|2r!% (b) 2r@O2r!% Fig. 3 Histogram of the computed fo cal length. (a) Optimal solution. (b) Analytical solution. (a) (b) ?^ 4 JB?J$N8m:9$NJ,I[!% (a) H?I|2r!% (b) 2r@O2r!% Fig. 4 Error distribution of the computed transla- tion. (a) Optimal solution. (b) Analytical solution. (a) (b) ?^ 5 2sE>$N8m:9$NJ,I[!% (a) H?I|2r!% (b) 2r@O2r!% Fig. 5 Error distribution of the computed rotation. (a) Optimal solution. (b) Analytical solu- tion. I= 1 I8=‘JP:9!% T able 1 Standard deviations of the optimal and analyt- ical solutions and their corresp onding theoreti- cal low er b ounds. H?I|2r 2r@O2r M}O@E*2<3& >GE@5wN%!J2hAG!K 39 : 4 39 : 3 39 : 0 JB?J!J cm !K 32 : 9 38 : 5 32 : 6 2sE>!JEY!K 0 : 413 1 : 292 0 : 414 ?^ 6 J*BN$H$=$NGX8e$N3J;R%Q%?%s!% Fig. 6 An ob ject and a grid pattern b ehind it. ?^ 7 2>A[%7!<%s$H$N9g@.2hA|!% Fig. 7 Comp osition with a virtual scene. ?^ 8 ?dDj$7$?%+%a%i0LCV$H$=$N?.Mj@-!% Fig. 8 Estimated camera p osition and its reliability . 7. <B2hA|<B83 2 ?^ 9 $O%F %K%9 %3!<%H $N<B 2hA| $G$" $k!%%3!< %H$N <B@# $O 9q:]5,Ls$GDj$^$C$F$$$k$N$G!$$=$l$r4p$K%+%a%i0LCV$H >GE@ 5w N%$r 7W ;; $7 $?!% ?^ 10 $O%3!< %H $r ??>e $+ $i 8+ $? $h$& $K?^ 9 $r <M 1F JQ 49 $7!$ ?d Dj $7 $? %+ %a %i 0L CV $* $h $S ?^ 8 $HF1 MM$N?.Mj@-$rI=$9BJ1_BN$r5-F~$7$?$b$N$G$"$k!%>GE@5w N%$O 954.8 2h AG!$ %+ %a %i $N %3!< %H $+ $i $N 9b $5 $O 627.1cm $H7W;;$5$l$?!%>GE@5wN%!$JB?J!$2sE>3Q$NI8=‘JP:9$O!$ $=$l$>$l 6.99 2hAG!$ 16.14cm !$ 0.151 EY$G$"$C$?!% 697

EE;R>pJsDL?.3X2qO@J8;o ’00/6 V ol. J83{A No. 6 ?^ 9 %F%K%9%3!<%H$N<B2hA|!% Fig. 9 A real image of a tennis court. ?^ 10 Cf$G %3!< %H $K ?bD> $J J* BN $N A|$O %+ %a %i $N 0LCV $K 2> A[ E* $J 8w 8; $,$" $k $H $7 $? >l 9g $N %3!< %H J? LL>e $N \ 1F " $G $"$k$H8+$J$;$k$N$G!$%+%a%i0LCV$,$o$+$l$P$=$l$i $N9b $5$b7W;;$G$-$k!%?^ 9 $N%M%C%H$N;YCl$O 113.4cm !$<jA0 $N ?M J* $N 9b $5 $O 170.5cm $H 7W ;; $5 $l $k!% $3 $N 86 M} $K $h $j%9%]!<%DCf7Q$J$I$G0lKg$N2hA|$+$i%7!<%s$d?MJ* $N#3 <!850LCV$d7A>u$r7W;;$9$k$3$H$b$G$-$k [13], [16] !% 8. B‘2=$NH=Dj =x O@ $G ;X E& $7 $? $h $& $K!$ %+ %a %i $, %Q %? %s $K @5 BP $9 $k $H!$ 8m :9 $, $J $$ $H $- <0 (8) $N %X%C %; 9T Ns r 2 J $N 9T Ns <0 $, 0 $H$J$j!$<0 (9) $N5U9TNs$,7W;;$G$-$J$$!%8m:9$, $" $l $P 7W ;; $O $G $- $k $, ?. Mj @- $, $J $$!% $= $3 $G <0 (13) $N ?. Mj6h4V$,Ii$NCM$r4^$‘$H$-$O2r$OL50UL#$G$"$k$HH= Dj$9 $k!% $= $N H= Dj >r 7o $O V [ ^ � ] > ^ � 2 = 9 $H $J $k!% V [ ^ � ] $O <0 (12) $N (1,1) MWAG $G $" $k $+ $i 2 ^ � 2 ( r 2 ^ J ) y 11 = N det( r 2 ^ J ) $KEy$7$$!%$3$3$K ( r 2 ^ J ) y 11 $O r 2 ^ J $N (1,1) M>0x;R!JBh 1 9T Bh 1 Ns $r=|$$ $?9TNs <0!K$G$" $k!%$7$? $,$C$FH= Dj>r 7o$O<!$N$h$&$K=q$1$k!% 18^ � 2 N � r 2 ^ J � y 11 � ^ � 2 det � r 2 ^ J � > 0 : (15) $3$l$O5U9TNs$N7W;;$r4^$^$J$$$N$G>o$K0BDj$K7W;; $G$- $k$,!$$3$l$KBeF~$9$k2r$,0BDj$K7W;;$G$-$J$$!%$= $3$G 87L)$J:GE,2r$NBe$o$j$K6a;w2r$rBeF~$9$k!J8e=R!K!% 9. 7PO)$N0BDj2= =x O@ $G ;X E& $7 $? $h $& $K!$ %+ %a %i $, O" B3 E* $K 0\ F0 $7 $F $b!$2hA|=hM}$,%U%l!<%‘$4$H$KFHN)$G$"$l$PE}7WE* $J$f $i$.$,Hr$1$i$l$J$$!%$3$l$OFC$K%+%a%i$N0\F0$,>. $5$$ $H$-$K82Cx$H$J$k!%$3$l$rHr$1$k$?$a$K1?F0$rM= B,$7!$ 4v2?3XE* AIC [5] !JIUO? B !K$K$h$k%+%a%i$N%b%G%kA*Br $r 9T $&!% 6q BN E* $K $O!$ 8= :_ $N >G E@ 5w N% $r f i !$ 1? F0 %Q %i ?^ 10 ??>e$+$i8+$?2hA|$H%+%a%i0LCV!% Fig. 10 The computed camera p osition viewed from ab ov e. %a!< %? $r f t i , R i g !$ 0l $D A0 $N %U %l!< %‘ $G $N CM $r f i � 1 !$ f t i � 1 , R i � 1 g $H$7!$<!$N%b%G%k$r9M$($k!% � @E ;_%b %G%k !J<+ M3EY 0 !K!’ f = f i , t = t i , R = R i $H8GDj$7!$$=$N;D:9$r ^ J � $H$9$k!% � t 8GDj%b%G %k !J<+M3EY 3 !K!’ f = f i , t = t i $H8G Dj$7!$ R $r=i 4|CM R = R i $+$i H?I|$K$h $j:GE, 2=$7!$ $=$N;D:9$r ^ J s 0 $H$9$k!% � t M=B,%b%G%k !J<+M3EY 3 !K!’ f = f i $H8GDj$7!$ t = 2 t i � t i � 1 $H M=B, $7!$ R $r =i4| CM R = R i R > i � 1 R i $+$iH?I|$K$h$j:GE,2=$7!$$=$N;D:9$r ^ J p 0 $H$9$k!% � f 8G Dj %b %G %k !J<+ M3 EY 6 !K!’ f = f i $H 8G Dj $7!$ f t , R g $r =i4| CM t = t i , R = R i $+ $iH? I| $K $h $j :G E, 2= $7!$ $= $N ;D :9 $r ^ J s $H $9 $k!% $= $7 $F!$ Fs >h %N %$ %: %l %Y %k$r<!$N$h$&$K7W;;$9$k!% ^ � 2 s = ^ J s 2 � 6 = N : (16) � f M=B,%b %G%k !J<+ M3EY 6 !K!’ f = 2 f i � f i � 1 $HM= B, $7!$ f t , R g $r =i 4| CM t = 2 t i � t i � 1 , R = R i R > i � 1 R i $+ $i H?I| $K $h $j :G E, 2=$7!$ $= $N ;D :9 $r ^ J p $H $9 $k!% $= $7 $F!$Fs>h%N%$%:%l%Y%k$r<!$N$h$&$K7W;;$9$k!% ^ � 2 p = ^ J p 2 � 6 = N : (17) � 0lHL %b %G %k !J<+ M3 EY 7 !K!’ f M= B, %b %G %k $N 2r f , f t , R g $r=i4|CM$H $7!$H?I| $K$h $j:GE, 2=$7!$ $=$N;D :9$r ^ J g $H$9$k!% B‘2=$N$H$-$O0lHL%b%G%k $N2r$,0BDj$K5a$^$i$J$$$N$G B‘ 2= H=Dj $O f M= B,%b %G %k $K 4p $$$F 9T $&!% $9 $J$o $A!$ f M= B, %b %G %k $N 2r $r 0l HL %b %G %k $N 2r $N 6a ;w CM $H $_ $J $7 $F <0 (15) $rI>2A $9$k!%<0Cf$NFs>h%N%$%:%l%Y %k � 2 $O<0 (17) 698

O@J8!?J?LL%Q%?%s$rMQ$$$k0\F0%+%a%i$N9;@5 ?^ 11 %+%a%i$N7PO)!% Fig. 11 Simulated camera motion. $K$h$C$F?dDj$9$k!% B‘ 2=$G $J$$$H H=Dj $5$l$l $P!$@E;_ %b%G %k!$ f 8G Dj%b %G %k!$ f M=B,%b %G%k!$ $*$h$S 0lHL %b%G%k $rHf 3S$9$k !J7W;; NL $N @a Ls $N $? $a t 8G Dj %b %G %k!$ t M= B, %b %G %k $O >J N, $9 $k!K!%Fs>h%N%$ %:%l%Y%k � 2 $O<0 (11) $G?dDj$9$k!%$=$7 $F4v2?3XE* AIC $r<!$N$h$&$KI>2A$9$k!JIUO? B !K!% AI C � = ^ J � ; AI C s = ^ J s + 12 N ^ � 2 ; AI C p = ^ J p + 12 N ^ � 2 ; AI C g = ^ J g + 14 N ^ � 2 : (18) B‘2=$HH=Dj$5$l$l$P!$%+%a%i$N0\F0$N?dDj$rM%@h$7 $F@E ;_ %b %G %k!$ t 8G Dj %b %G %k!$ t M= B, %b %G %k!$ $* $h $S f 8G Dj %b%G%k$rHf 3S$9$k!%Fs>h%N%$%:%l%Y %k � 2 $O<0 (16) $G?d Dj $7!$ 4v 2? 3X E* AIC $r <! $N $h $& $K I> 2A $9 $k !JIU O? B !K!% AI C � = ^ J � ; AI C s 0 = ^ J s 0 + 6 N ^ � 2 s ; AI C p 0 = ^ J p 0 + 6 N ^ � 2 s ; AI C s = ^ J s + 12 N ^ � 2 s : (19) $$ $: $l $N >l 9g $b 4v 2? 3X E* AIC $, :G $b >. $5 $$ CM $N %b %G %k$rA*Br$9$k!%$3$l$K$h$C$F%+%a%i0\F0$N>.$5$$$H $-$N E}7WE*$J$f$i$.$r=|5n$G$-$k$@$1$G$J$/!$B‘2=$,@8 $8$F $b2r$,0BDj$KDj$^$k!%$5$i$K%U%l!<%‘$4$H$K=i4|CM $r2r @OE*$K7W;;$9$kI,MW$,$J$$!% 10. %7%_%e%l!<%7%g%s<B83 2 3 � 3 3J;R %Q%? %s$H ?bD> $J J?LL >e$G %+%a %i$r!$ 3J;R $N Cf ?4 $r Cm ;k $5 $; >G E@ 5w N% $r =y!9 $K JQ $( $J $, $i ?^ 11 $N $h $& $K 0\ F0 $5 $;$k!% 0L CV 13 $G %+ %a %i $, %Q%? %s $K @5 BP $7!$ 0L CV 20 � 24 $G Dd ;_$7!$ 0LCV 25 � 30 $G 8eB‘ $9 $k!%3J ?^ 12 >GE@5wN%!%K\J}K!!J<B@~!K!$FHN)$J?dDj!J0lE@:?@~!K!$ ??$NCM!JE@@~!K!% Fig. 12 Estimated fo cal length. Mo del selec- tion (solid lines), indep enden t estimation (c hained lines) and the true v alues (dotted lines). ?^ 13 %+ %a %i $N 7P O)!% K\ J} K! !J<B @~!K!$ FH N) $J ?d Dj !J0l E@ :? @~!K!$??$N0LCV!JE@@~!K!% Fig. 13 Estimated tra jectory . Mo del selection (solid lines), indep endent estimation (chained lines) and the true tra jectory (dotted lines). ;R$ND:E@ $KI8=‘JP:9 0.5 2hAG$N@55, J,I[$K=>$&8m:9 $rKh 2sFHN)$K2C$($F>GE@5wN%$H%+%a%i$N7PO)$r7W;;$7$?!% ?^ 12 !$ 13 $O >GE@ 5wN% $* $h$S %+ %a%i $N 7PO) $r<( $7 $?$b $N$G $" $k!% 0L CV 13, 14 $GB‘ 2= $, @8 $8!$ %U %l!< %‘ Kh $K FH N) $JJ}K!$G$O7W;;$,GKC>$7$F$$$k!%GKC>$7$?$3$H$r8+$d$9 $/$9 $k $? $a $K?^ 12 $G$O f $r 1 !$?^ 13 $G$O %+ %a %i 0LCV $r %Q%?%s$N Cf?4$H$7$FI= <($7$F$$$k!%@E ;_%b%G%k!$ t 8GDj %b %G %k!$ t M= B, %b %G %k!$ f 8G Dj %b %G %k!$ f M= B, %b %G %k!$ 0lHL%b %G%k $r $=$l $>$l 0, 1, 2, 3, 4, 5 $H$9 $k$H!$ %b%G %k A*Br$G A* $P$l $?%b %G %k$O =g$K 3, 4, 5, 4, 3, 5, 3, 3, 5, 3, 3, 5, 3, 3 � , 3 � , 4, 3, 4, 5, 3, 5, 0, 0, 0, 0, 3, 3, 3, 3, 3, 3 $G $" $k !J � $O B‘ 2= $r <( $9!K!% ?^ 14 $O 0L CV 20 � 24 $NIU6a$r3HBg$7$??^$G$"$k!%$3$N$h$&$K%U%l!<%‘Kh$KFH N)$K7W;;$9$k$H!$<B:]$K$O%+%a%i$,@E;_$7$F$$$F$b7W;; CM$OIT5,B’$K$f$i$$$G$$$k$,!$K\J}K!$K$h$k$H!$@E;_%b %G%k$,A*Br$5$l$F$f$i$.$,=|5n$5$l$F$$$k!% 699

EE;R>pJsDL?.3X2qO@J8;o ’00/6 V ol. J83{A No. 6 ?^ 14 ?^ 13 $N3HBg?^!% Fig. 14 Magni�cation of Fig. 13. 11. $^ $H $a J# 9g 8= <B 46 <B 8= $N $? $a $K J* BN $N GX 8e $K ;2 >H HD $r @_ CV $7!$%+%a%i0LCV$d%:!<%‘$rJQ$($J$,$iJ*BN$r;#1F$9 $k2a Dx$G%+%a%i%Q%i%a!<%?$r7W;;$9$kF1;~9;@5$rDs0F $7$?!% K\O@J8$G$O8m:9$,$J$$$H$-$K87L)2r$H$J$k2r@O2r$r M?$( $k$H$H$b$K!$8m:9$N$"$k$H$-@:EY$NM}O@8B3&$rC#@. $9$k :GE,2r$r7W;;$7!$$=$N2r$N?.Mj@-I>2A$r9T$&<j=g$r =R$Y $?!%$=$7$F!$2r$,ITDj$H$J$kB‘2=$dE}7WE*$J$f$i$. $,%b %G%kA*Br$K$h$C$F2sHr$G$-$k$3$H$r<($7$?!%$3$l$O %+%a %i$N0\F0$NMzNr$+$iM=B,$7$?%b%G%k$H<B:]$K7W;;$7 $?%b %G %k $r 4v 2? 3X E* AIC $K $h$C $F Hf 3S $9 $k $b $N $G $" $k!% K\ J}K!$NM-8z@-$r%7%_%e%l!<%7%g%s$K$h$C$F3NG’$9$k $H$H $b$K<B2hA|$KE,MQ$7$?Nc$r<($7$?!% K\O@J8$G:NMQ$7$? %+%a%i1?F0$N%b%G%k$O7P83E*$KF3F~ $7$?JX59E*$J$b$N$G$"$k!%$I$N$h$&$J%b%G%k$r$I$l $@$1 MQ0U$9$Y$-$+$O99$K8!F$$rMW$9$k!%$^$?!$B‘2=$NH= Dj>r 7o $N 2~ NI $d 4v 2? 3X E* AIC 0J 30 $N 4p =‘ !J MDL $J $I!K $r MQ$$$k2DG=@-$b:#8e$N2]Bj$G$"$k!% J8 8% [1] R. Carey and G. Bell, \The Annotated V rml 2.0 Ref- erence Manual," Addison W esley Longman, 1997. [2] S. Gibbs, C. Arapis, C. Breiteneder, V. Lalioti, S. Mostafawy and J. Sp eier, \Virtual studios: An ov erview," IEEE Multimedia, vol.5, no.1, pp.24{35, 1998. [3] K. Kanatani, \Geometric Computation for Machine Vision," Oxford Universit y Press, Oxford, 1993. [4] K. Kanatani, \Statistical Optimization for Geometric Computation," Elsevier Science, Amsterdam, 1996. [5] 6bC+7r0l , \ >pJsNL4p=‘$K$h$k4v2?3XE*%b %G%kA*Br ," >pJs=hM}3X 2qO@J8;o , vol.37, no.6, 1073{1080, 1996. [6] 6b _7Lw , >> 1J NO , 6bC+ 7r 0l , \ J#Hf $K $h $k <1JL $N $? $a $N:G NI %^!< %+!<%Q %? %s $N @_ 7W ," >pJs =h M} 3X 2q 8& 5f Js 9p , 99-CVIM-115-13, pp.97{104, 1999. [7] 6b _7 Lw , B@ ED D> :H , 6b C+ 7r 0l , \ <M 1F JQ 49 9T Ns $N :G E, 7W ;; $K $h $k %b %6 %$ %/ @8 @. ," >p Js =h M} 3X 2q 8& 5f Js 9p , 99-CVIM-116-2, pp.9{16, 1999. [8] >> 1J NO , ?7 Eg OB 9’ , 6b C+ 7r 0l , \ J# Hf $K $h $k <1 JL $N $? $a $N :G NI %^!< %+!< %Q %? %s $N @_ 7W!’ 1~ MQ <B 83 ," >p Js =h M} 3X 2q 8& 5f Js 9p , 99-CVIM-115-14, pp.105{110, 1999. [9] >> 1J NO , 6b C+ 7r 0l , \ J? LL %Q %? %s $r MQ $$ $k 0\ F0 %+ %a %i $N %-%c %j %V %l!< %7%g %s ," >p Js =h M} 3X 2q 8& 5f Js 9p , 99-CVIM-116-1, pp.1{8, 1999. [10] 5\@n0l>h , 9u@n 2m?M , 9-ED8;B@O: , 2hA|$H#C#G$NM;9g , >pJs=hM} , vol.38, no.3, 189{194, 1997, [11] CfEh@5G7 , %G%#%8%?%k1G A|=hM}$N 4pAC$H1~MQ (I I), EE;R>pJsDL?. 3X2q;o , vol.18, no.1, 68{75, 1998. [12] M. Pollefy es, R. Ko ch and L. V an Go ol, \Self- calibration and metric reconstruction in spite of v ary- ing and unknown internal camera prameters," Int. J. Comput. Vision, vol.32, no.1, pp.7{26, 1999. [13] I. Reid and A. Zisserman, \Goal-directed video metrology ," Pro c. 4th Euro. Conf. Comput. Vision, April 1996, Cambridge, U.K., vol.II, pp.647{658. [14] :d B< 7r , %G %8 %? %k %_%e!< %8 %" %‘ , >p Js =h M} , vol. 39, no.5, 385{392, 1998. [15] :4F#=_ , \ %3%s%T%e!<%?%S%8%g%s ," %3%m%J<R , 1999. [16] Y. Seo and K. S. Hong, \Auto-calibration of a ro- tating and zo oming camera," Pro c. IAPR W orkshop on Mac hine Vision Applications," No v em ber 1998, Makuhari, Chiba, Japan, pp.274{277. [17] @6 ?e7D 9T , B@ED D> :H , 6bC+ 7r 0l , \ ?.Mj @- I> 2A $rHw $( $? :GE, $J <M 1FJQ49 $N7W;;%W %m%0%i%‘ ," >pJs =hM}3X2q 8&5fJs9p , 98-CVIM- 111-5, pp.33{40, 1998. [18] EDB<=(9T , \ J#9g8=<B46%7 %9%F%‘ $N2]Bj $H2DG= @- ," Bh 5 2s2hA|%; %s%7%s%0%7%s%]%8%&%‘9V1iO@J8=8 , 2#IM , pp.169{178, 1999. [19] M. T amir, \The Orad virtual set," Int. Broadcast Eng., March, 1996, pp.16{18. [20] R. Y. Tsai, \A versatile camera calibration tec hnique for high-accuracy 3D machine vision metho doloty us- ing o�-the-shelf TV cameras and lenses," J. Rob otics Automation, vol.3, no.4, pp.323{344, 1987. [21] =y9d , DT;0O: , \ #3<!85%S%8%g%s ," 6&N)=PHG , 1998. IU O? A. 2r@O2r$N7W;; Dj?t G\$NITDj @-$r$b$D<M 1FJQ499TNs H = ( H ij ) $+$i <0 (3) $rK~$?$9>GE@5wN% f !$JB?J t !$2sE> R $,2r@OE*$K 5a$^$k ( F3=P$OJ88% [9] ;2>H ) !%$^$: � , � $rL$CN?t$H$9$k <!$NO"N)#1<!J}Dx<0$r!JNc$($P:G>.Fs>hK!$G!K2r$/!% 0 B @ k H i k 2 H 2 31 k H j k 2 H 2 32 ( H i ; H j ) H 31 H 32 1 C A � � ! = 0 B @ 1 1 0 1 C A : (A � 1) 700

O@J8!?J?LL%Q%?%s$rMQ$$$k0\F0%+%a%i$N9;@5 $?$@$7 i = (1 ; 0 ; 0) > , j = (0 ; 1 ; 0) > $G$"$k!%$3$N2r $+ $i<0 (6) $N@55,2=$7$?>GE@ 5wN% � $,<!$N$h$& $K5a$^$k!% � = r 1 + � � : (A � 2) <0 (6) $N @5 5, 2= $7 $? JB ?J � = ( � i ) $,<! $N $h $& $K 5a $^ $k!% � 1 = � � ( H i ; H k ) � � H 31 H 33 ; � 2 = � � ( H j ; H k ) � � H 32 H 33 : (A � 3) � 3 $O<!$N#2<!J}Dx<0$r2r$$$FF@$i$l$k!% � 2 3 � 2 � 3 + (1 + � 2 1 + � 2 2 � � k H k k 2 � � H 2 33 ) = 0 : (A � 4) $?$@$7Fs$D $N2r$N $&$A � 3 < = 1 $N$b$N$rA* $V!%2sE> R $r 5a$a$k$K$O!$$^$:<!$N$h$&$KFC0[CMJ,2r$r7W;;$9$k!% � H > + k ( H � ) > 1 � ( k ; � ) � A = V �U > : (A � 5) $3$3$K A = diag (1 ; 1 ; � ) $G$" $j!$ V , U $OD>8r 9TNs!$ � $OFC0[ CM $,Bg $- $$=g $K JB $s$@ BP 3Q 9TNs $G $"$k!% 2s E> R $O<!$N$h$&$K$J$k!% R = V diag(1 ; 1 ; det( V U > )) U > : (A � 6) 5a$^$C$?2r$O%G!<%?$K8m:9$,$J$1$l$P87L)2r$G$" $k!%8m :9 $, $"$C $F $b :G >. Fs >h $N 0U L# $N 6a ;w 2r $G $" $j!$ R $O >o $K2sE>9TNs$H$J$C$F$$$k!% B. 4v2?3XE*Ev$F$O$a$H4v2?3XE* AIC !V4v2?3XE*Ev$F$O$a!W$H$O!V94B+>r7o!W F ( k ) ( a ; u ) = 0 ; k = 1 ; :::; L; (A � 7) $H JQ ?t a $N J# ?t $N <B 8= CM f a � g $+ $i %Q %i %a!< %? u $r ?d Dj$9$k LdBj $G$" $k [4] !%8m:9 $O@5 5,J, I[ $K=> $$!$3F a � $N @55, 2=6&J,;6 9TNs V 0 [ a � ] ( 0lHL$K FC0[9TNs ) $O4{CN $H$9 $k!%$3$NLdBj$N!V:GL‘?dDj!W$O%^%O%i%N%S%95wN% J = N X � =1 ( a � � � a � ; V 0 [ a � ] � ( a � � � a � )) (A � 8) $r 94 B+ >r 7o F ( k ) ( � a � ; u ) = 0 $N $b $H $G L$ CN ?t f � a � g , u $K4X$7$F:G>.2=$9 $k$3$H$G $"$k!%$=$N;D :9 ( J $N:G>.CM ) $r ^ J $H$7!$%N%$ %:%l%Y%k$r � $H$9 $k$H ^ J =� 2 $O Bh#16a;w $K$*$$ $F <+M3 EY r N � n 0 $N � 2 J,I[$K => $& [4] !%$?$@ $7 r $O 94 B+ >r 7o (A � 7) $N %i %s %/ ( FH N) $J $b $N $N ?t ) $G $" $j!$ n 0 $OL$CN?t u $N<+M3EY $G$" $k!%$3 $l$+ $i%N %$%:%l %Y%k � $N<!$NITJP?dDjNL$,F@$i$l$k!% ^ � 2 = ^ J r N � n 0 : (A � 9) 94 B+ >r 7o (A � 7) $, %G!< %? 6u 4V ( JQ ?t a $N 6u 4V ) $K d <! 85 %b %G %k ( B? MM BN ) S $r Dj 5A $9 $k $H $-!$ $= $N 4v 2? 3X E* AIC $O<!$N$h$&$KDj5A$5$l$k [4], [5] !% AI C = ^ J + 2( dN + n 0 ) � 2 : (A � 10) $3$l$rMQ$$$k$H!$0lHL%b%G%k$H$=$l$,B‘2=$7$?%b%G%k$N 4v 2? 3X E* AIC $r Hf 3S $9 $k $3 $H $K $h $j %b %G %k $N B‘ 2= $, 8! =P $G $- $k!% $? $@ $7 %N %$ %: %l %Y %k $O 0l HL %b %G %k $K $h $j <0 (A � 9) $G?dDj$9$k!% K\ O@J8 $N 94B+ >r7o (2) $N %i%s %/ r $O 2 !$ %b %G%k $N<! 85 d $O 0 $G$"$k!% %+%a%i $N0\F0$d %:!<%‘$K@) Ls$,$J$1 $l$P L$ CN ?t f t , R g , f $N<+ M3 EY n 0 $O 7 $G $" $j!$ @) Ls $, $" $l $P 9 @a$K <($7 $? $h$& $K$J $k!% $?$@ $7 <0 (5) $N J $O7W;;$N ET 9g >e N $G 3d$C $F $$ $k $N $G!$ <0 (A � 9), (A � 10) Cf $N ^ J $O N ^ J $K $J $k!% $^ $? K\ J8 Cf $G $O <0 (A � 10) $r N $G 3d$C $?$b$N$r4v2?3XE* AIC $H$7$F$$$k!% !JJ?@. XX G/ X 7n XX F|<uIU!$ X 7n XX F|:F<uIU!K >>1J NO 1988 G/ << Mv 9) Bg!& 9)!& EE ;R B4!% 1990 G/ F1 Bg 3X 1! =$ ;N 2] Dx N;!% F1 G/!$ !J3t!K J~ 1I F~ <R!% 6H L3 MQ %G%# %8 %? %k J| Aw 5! 4o $N 3+ H/!$ %3 %s %T%e!< %? %S %8%g %s!$ %3 %s %T%e!< %? %0 %i %U%# %/ %9 $N 8& 5f $K =>;v!% 6bC+ 7r0l !J@50w!K 1972 G/ El Bg!& 9)!& 7W ?t !J?t M} 9) 3X!K B4!% 1979 G/ F1 Bg 3X 1! Gn ;N 2] Dx N;!% 9) Gn!% 8= :_!$ 72 GO Bg 3X 9) 3X It >p Js 9) 3X 2J 65 <x!% >\ :Y $O 2< 5- ;2 >H : http://www.ail.cs.gunma-u.ac.jp /~kanatani/j 701