F02hA|FCD’NL$N%U%#%k%?%j%s%0 | ;~7ONs2hA|$+$iF@$i$l$kFCD’E@0LCV7ONs$N%U%#%k%?%j%s%0$N0l8!F$ | 6e9)Bg @86p E/0l EEAm8& ;TB< D>9, 1 $O$8$a$K ;~ 7O Ns 2h A| $r MQ $$ $? 1? F0 2r @O!$ F0 $- $+ $i $N 7A >u I| 85!$ J# ?t 1? F0 $N J, 3d Ey $N =h M} $O!$ J* BN >e $N FC D’ $N0[$J$k;~9o$N2hA|4V$G$NBP1~$r4p$K9T$o$l$k!%$=$N$?$a!$J*BN$NFCD’$NCj=P$*$h$S$=$NDI@W ( 0J9_!$ K\J8$G$O$3$l$rFCD’DI@W$H8F$V ) $O!$;~7ONs2hA|=hM}$N4pK\$H$J$k=EMW$J=hM}$G$"$k!% FC D’DI@W$N 0l$D$N J}K!$H $7$F!$Aj 4X$K4p $E$/%V%m%C %/%^%C%A %s%0K! [9] $,$" $k!%$3$N J}K!$O =hM}<j =g$, C1=c $G!$%O!< %I%&%’ %"$G $N<BAu $b9T $$$d $9$$ $?$a!$ 9-$/MQ $$$i $l$F $$$k!% $7$+ $7!$Cj=P $5$l $?FC D’$, DI@W $KIT E,Ev$J @-<A $r;} $D>l9g $,$"$C $?$j!$ %U%l!< %‘4V$G >HL@ >r7o $,JQ2= $9$k Ey$K 5/0x$7 $F!$8m BP1~ $,@8 $8$k!% $3$N 8mBP1~ $rHr $1$k $3$H $O!$<B%7!< %s$r BP>] $H$7 $?>l9g!$ 6K$a $F:$ Fq$G $"$k!%$= $N$? $a!$FC D’DI @W$N 7k2LF@ $i$l $kFCD’ E@$N 0LCV $N7ONs $O!$>o $K$3 $N$h$& $J8m $j$r 4^$s$G $*$j!$ 3j$i$+ $G$" $k$H$O8B$i$J$$!%$^$?!$2hA|$NN%;6I=8=$K5/0x$9$kFCD’E@0LCV$NNL;R2=8m:9$b@8$8$k!% 8m BP 1~ $d NL ;R 2= 8m :9 $N 1F 6A $r 7Z 8: $9 $k 0lJ} K! $H $7 $F!$ FC D’ E@ $N 0L CV $N 7O Ns $K BP $9 $k ;~ 7O Ns %U%# %k %?%j%s%0$,$"$k!%K\O@J8$G$O!$FCD’E@7ONs$X$N%+%k%^%s%U%#%k%?$NE,MQ$N4pACE*$J9M;!$r9T$&!%$^$:!$ %+ %k%^ %s %U%#%k %?$r MQ $$$F FC D’E@ 0L CV7O Ns$r $m GH � J?3j 2=$7!$ 3j $i$+ $J FCD’ E@ $N1? F050 @W $rF@ $k $3$H $r;n $_$k!% $5$i $K!$F@$i $l$? 1?F050 @W$r MQ$$ $?;~7O Ns2h A|$N =hM}$N 0lNc $H$7 $F!$J#?t 1?F0 $NJ,3d $K4X $7$F9M;!$r9T$&!% 2 LdBj@_Dj 0\ F0 J* BN $r 4^ $‘ ;~ 7O Ns 2h A| $K BP $7!$ $^ $: FC D’ E@ $r Cj =P $7!$ $= $N 1? F0 50 @W $r F@ $k!% $3 $N 86 7O Ns $K BP $7!$;~ 7ONs %b%G %k$N %U%#%k%? %j%s %0<j K!$r E,MQ$7 $F3j $i$+ $J1? F050@W $rF@ $k!%%U%# %k%? %j%s%0 $K$h$C $FF@ $i$l $?1?F0 50@W $rMQ $$!$1?F0 $N2r @OEy$N =hM} $N8mBP 1~$d ;(2; $X$NBQ @-$r 8~>e$5 $;!$@: EY8~>e $r?^ $k$3 $H$, L\E* $G$"$k!% $^$? %U%#%k%? %j%s %0$H ;~7ONs 2hA| 2r@O $rM;9g $7!$A4 BN$N =hM}$r %*%s %i%$%s 2=$9 $k$3$H$bL\E*$H$9$k!% K\ O@ J8 $G $O!$ 1? F0 50 @W $N M- 8z Mx MQ $N 0l Nc $H$7 $F!$ 0l Dj ;~ 4V C_ @Q $7 $? 50 @W $r MQ $$ $? J# ?t 1? F0 $N J, 3d $r9T $&!%J# ?t1? F0$rC1 0l1? F0$K J,3d$9 $k$H!$ 8D!9$N 0\F0 J*BN$N 1?F0 2r@O $,9T$( $k!$3F J*BN $N%+%a %i$H $NAjBP1?F0$rI=8=$9$k%(%T%]!<%i94B+$r5a$a$i$l$k!$$J$I$NMxE@$,$"$k!% 3 FCD’DI@W$*$h$S%U%#%k%?%j%s%0$N%"%k%4%j%:%‘ 3.1 FCD’E@$NCj=P$HDI@W Aj 4X$K4p $E$/FCD’ DI@W$N 35MW$r ?^ 3.1 $K<( $9!%$^$:!$ 2hA|>e $G%3!<%J!< Ey$NJ* BN$NFCD’ E@$rCj =P$9 $k!%$= $7$F FCD’ E@$N<~ 0O$N 2hAG $r4^$‘ %V%m%C %/$r 9=@. $7!$$=$N Cf$N 2hAG CM$r%F %s%W %l!<%H $H$7$F 5-21 $9$k ( ?^ 3.1(a) $N;M3Q7A ) !%<!$N%U%l!<%‘>e$G!$A0%U%l!<%‘$G$NFCD’E@$N0LCV$N6aK5Fb ( ?^ 3.1(b) $NE@ @~$N;M3Q7A ) $G%F%s%W%l!<%H%^%C%A%s%0$K$h$kC5:w$r9T$$!$FCD’E@$rDI@W$9$k!% %^%C %A %s %0 $N I> 2A $K $O <o!9 $N 4X ?t $, MQ $$ $i $l $k $,!$ $3 $3 $G $O %F %s %W %l!< %H $H 8= :_ $N %U %l!< %‘ $N 2h 1

(a) (b) (c) ?^ 1: T rac king feature p oint based on correlation. (a),(b) Blo c k matc hing for tracking. (c) Ap erture problem in trac king. AGCM$N@55,2=Aj4XCM r $rMQ$$$k!% r = v u u u t N P p x =1 P q y =1 f ( x; y ) g ( x; y ) � S f S g h N P p x =1 P q y =1 f ( x; y ) 2 � S 2 f i h N P p x =1 P q y =1 g ( x; y ) 2 � S 2 g i (1) S f = p X x =1 q X y =1 f ( x; y ) (2) S g = p X x =1 q X y =1 g ( x; y ) (3) $3$3$G!$ f ( x; y ) $H g ( x; y ) $O%F%s%W%l!< %H$*$h$S8=:_ $N%U%l!<%‘$G$N%V %m%C%/Fb$N:BI8 ( x; y ) $G$N2h AGCM!$ N $O%F%s%W%l!<%HFb$N2hAG?t!$ p $H q $O%F%s%W%l!<%H$N%5%$%:$rI=$9!%@55,2=Aj4XCM r $O [ 0 ; 1 ] $NCM$r$H$j!$%F%s%W%l!<%H$HC5:w0LCV$N2hAGCM$,40A4$K0lCW$7$?>l9g$K 1 $H$J$k!% >e 5- $N J} K! $G DI @W $r 9T $& :]!$ %U %l!< %‘ 4V $G 51 EY $N JQ 2= $, Bg $- $$ >l 9g $d!$ ;w DL$C $? 51 EY $r ;} $D NN 0h $,6a K5$K J#?t B8:_ $9$k>l 9gEy $K!$8m BP1~ $,@8$8 $k!%$^ $?!$J* BN$N 1?F0$K $h$C$F!$ FCD’ E@$N 8+$(J} $,JQ 2=$9 $k$3 $H$b!$ 8mBP 1~$r@8 $8$5 $;$k!% $3$l $i$N8m BP1~ $O!$<B :]$N %7!<%s$r <h$j 07$& >l9g $K$O!$Hr $1$k $3$H$O:$Fq$G$"$k!% $^ $?!$ FC D’ Cj =P $N 8m $j $K $h$C $F $b 8m BP 1~ $, @8 $8 $k!% DI @W $r @5 $7 $/ 9T $& $? $a $K $O!$ %3!< %J!< Ey $N FC D’$r Cj=P $9$k $3$H $,=EMW $G$" $k!%2? 8N$J $i!$%3!<%J!< 0J30 $rFC D’E@ $H$7$F MQ$$ 6aK5 Fb$G C5:w$r 9T$C$F $b!$ BP 1~ $, 0l0U $K IU $+ $J $$ $? $a$G $" $k ( ?^ 3.1(c)) !% $3 $l $O 3+8} Ld Bj (ap erture problem) $H 8F $P $l $F $$ $k!% $3 $N Ld Bj $r Hr $1 $k $? $a!$ <o!9 $N FC D’ E@ $N Cj =P J} K! $, Ds 0F $5 $l $F $$ $k $, [12] [8] [2] !$ FC D’ Cj =P $N8m $j$r Hr$1 $k$3$H $O:$ Fq$G$" $k!%$h$C $F!$FC D’Cj=P $N8m $j$K 4p$E$/ 8mBP 1~$b Hr$1$k $3$H $O:$Fq $H$J $k!% >e 5- $N $h $& $J 86 0x $+ $i!$ 40 A4 $J BP 1~ $r F@ $k$3 $H $O :$ Fq $G $" $j!$ $= $N $? $a FC D’ E@ DI @W $N 7k 2L F@ $i $l $kFC D’E@ 0LCV $N7ONs $O!$>o $K3j$i $+$K $J$k $H$O8B $i$J $$!%$5 $i$K!$2h A|$N N%;6 I=8=$K 5/0x $9$kFC D’E@ 0LCV $NNL ;R2=8m :9$b @8$8 $k!%$3$l $i$N 8mBP1~ $dNL ;R2=8m :9$r 4^$s $@FCD’ E@0L CV$N7O Ns$+ $i!$3j$i $+$J FCD’ E@$N 1?F0 50@W$r F@$k $?$a $N0lJ} K!$H $7$F!$ ;~7O Ns%U%#%k %?%j %s%0 $,$"$k!% K\O@ J8$G $O!$%+%k %^%s %U%#%k%?$rMQ$$$?=hM}$r<h$j07$$!$$=$N35MW$r<!@a$G=R$Y$k!% 2

3.2 FCD’E@0LCV7ONs$N%+%k%^%s%U%#%k%?%j%s%0 3FFCD’E@$4$H$KFHN)$K x t = F t x t � 1 + G t w t y t = H t x t + e t (4) $N%b%G%k$r2>Dj$7!$%+%k%^%s%U%#%k%?$rMQ$$$F1?F050@W$N$mGH$r9T$&!% 4QB,7ONs y t $O!$<!$N$h$&$JFCD’E@$N2hA|>e$N0LCV:BI8$N4QB,CM$G$"$k!% y t = [ x ( t ) ; y ( t ) ] t (5) 4QB,%N%$%:%Y%/%H%k e t $O e t = [ " x ( t ) ; " y ( t ) ] t (6) $N$h$&$KI= $5$l!$J?6Q%Y%/%H%k 0 !$J,;6 6&J, ;69TNs R = diag � � 2 ; � 2 � $N#2JQNL@55,J,I[$K =>$&!%$^ $? w t $O%7%9%F%‘%N%$%:%Y%/%H%k w t = [ w x ( t ) ; w y ( t ) ] t (7) $G$"$j!$J?6Q%Y%/%H%k 0 !$J,;66&J,;69TNs Q = diag � � 2 ; � 2 � $N#2JQNL@55,J,I[$K=>$&!% >u BV %Y %/ %H %k x t $O!$ FC D’ E@ $N ?? $N :B I8 $K BP 1~ $9 $k!% $3 $l $r ?d Dj $9 $k $3 $H$G!$ 3j $i $+ $J FC D’ E@ 0L CV7ONs $,F@$i$l $k!%#13,:9 J,%b%G%k$N >l9g$K$O!$ 8=;~9o t $G$N:BI8$N $_$r!$#23, :9J,%b%G %k$N>l9g $K $O!$8=;~9o t $*$h$S#1;~9oA0 t � 1 $N:BI8$r!$$=$l$>$l0J2<$N$h$&$K;}$D!% x t = [ x s ( t ) ; y s ( t ) ] t #13,:9J,%b%G%k$N>l9g ( k = 1) x t = [ x s ( t ) ; y s ( t ) ; x s ( t � 1) ; y s ( t � 1) ] t #23,:9J,%b%G%k$N>l9g ( k = 2) (8) >uBVA+ 0\9TNs F !$ %7%9%F%‘%N %$%:9TNs G !$$*$h$S 4QB,9TNs H $K$O!$#1 3,:9J,%b%G %k$N>l9g $K$O (2 � 2) $NC10L9TNs$rMQ$$$k!%#23,:9J,%b%G%k$N>l9g$K$O!$$=$l$>$l0J2<$N$b$N$rMQ$$$k!% F = 2 6 6 4 2 0 � 1 0 0 2 0 � 1 1 0 0 0 0 1 0 0 3 7 7 5 ; G = 2 6 6 4 1 0 0 1 0 0 0 0 3 7 7 5 ; H = � 1 0 0 0 0 1 0 0 � (9) $3$N $h$& $J@~7A %,%& %9%b %G%k$K BP$7 $F$O!$>u BV$N :G>.J, ;6?d Dj$O!$ 4QB,$, M?$( $i$l$? 2<$G $N>uBV $N>r 7oIU $-3NN( $H$J$k $3$H$, CN$i$l$F $$$k [10] !% $^$?!$%, %&%9J, I[$N:F @8@-$K $h$j!$>r 7oIU$- 3NN($O %,%& %9J, I[$H $J$k!% $h$C$F%U%# %k%? %j%s %0$NLd Bj$O!$ 4QB, $,M? $($i$l $?2< $G$N >uBV$N >r7o IU$- 3NN($N J?6Q %Y%/%H%k x $HJ,;66& J,;69TNs V $H $r5a$a$k$3$H$H$J$k!% 8=;~E@ t $^$G$N4QB,$,M?$( $i$l$?2<$G$N8= ;~9o t $N?dDj$r!$!V$mGH!W$H$$$$!$8=;~E@ t $^$G$N4QB,$,M? $($i$l$?2<$G$N<!$N;~9o t + 1 $N?dDj$r !V#14|@hM=B,!W$H$$$&!% $3 $l $i J? 6Q %Y %/ %H %k $H J, ;6 6& J, ;6 9T Ns $r 8z N( NI $/ 5a $a $k J} K! $H $7 $F!$ %+ %k %^ %s %U%# %k %? $, $" $k!% %+%k%^ %s%U%#%k%? $G$O!$$mGH $NJ,I[$H#1 4|@hM=B, $NJ,I[$H $r8r8_$K 5a$a$J$,$i!$ ;~9o t $r $9$9$a$F $f $/!%$=$l$>$l$NJ,I[$N!$;~9o t $K$*$1$kJ?6Q%Y%/%H%k$*$h$SJ,;66&J,;69TNs$r!$ $mGH x t j t V t j t M=B, x t j t � 1 V t j t � 1 (10) $N$h$&$KI=$9$b$N$H$9$k!% %+ %k%^ %s %U%#%k %?$N %" %k%4 %j%: %‘ $O0J 2<$N $h $&$G $"$k!% $^$: ;O $a$K!$ ;~9o t = 1 $K $* $1$k #14| @h M= B,J, I[ $H $7$F!$ =i 4| J,I[ $r 2> Dj$9 $k!% =i 4|J, I[ $O J?6Q %Y %/%H %k x 0 !$ J, ;6 6&J, ;6 9TNs V 0 $N %, %&%9 J,I[$G$"$k!% 3

$mGH$O<!<0$rMQ$$$F9T$&!% k t = V t j t � 1 H t h H V t j t � 1 H t + R i � 1 (11) x t j t = x t j t � 1 + k t h y t � H x t j t � 1 i (12) V t j t = [ I � k t H ] v t j t � 1 (13) $^$?!$#14|@hM=B,$O!$<!<0$rMQ$$$F9T$&!% x t +1 j t = F x t j t (14) V t +1 j t = F V t j t F t + G Q G t (15) 0J>e$G <($7$?%+ %k%^%s%U%# %k%?$N%"%k %4%j%:%‘ $K$h$j!$8= ;~9o t $^$G $N%G!<%?$, M?$($i$l $?$H$-$N >u BV$N ?dDj $,F@ $i$l $k!%?dDj $9$k ;~9o $r2a 5n$KAL $k>l 9g$K $O!$$= $N?dDj $r!VJ? 3j2=!W $H$$ $&!%J?3j 2=$N 0l$D$NJ}K!$H$7$F!$A4%G!<%?$r$D$+$C$?8GDj6h4VJ?3j2=$,$"$k!%8GDj6h4VJ?3j2=$O!$ A t = V t j t F t V � 1 t +1 j t (16) x t j N = x t j t + A t h x t +1 j N � x t +1 j t i (17) V t j N = V t j t + A t h V t +1 j N � V t +1 j t i A t t (18) $N$h$&$J<jB3$-$G!$8=;~9o N $+$i2a5n$KAL$j$J$,$i?dDj$r9T$&!%$J$*!$A4%G!<%?$r;H$C$?J?3j2=$O!$ K\8& 5f$G BP>]$H $7$F $$$k$h $&$J %*%s%i %$%s =hM}$K $OIT 8~$-$G $"$k!% %*%s%i %$%s =hM}$K 8~$/ J}K! $H$7$F $O!$8GDj%i%0J?3j2=$,$"$k!% >e 5- $N %U%# %k %? %j %s %0 $N 7k 2L $N J? 6Q %Y %/ %H%k $+ $i!$ $m GH $* $h $S J? 3j 2= $5 $l $? FC D’ E@ $N 1? F0 50 @W $, F@$i $l$k!% $3$3 $G$O%* %s%i %$%s=h M}$N $?$a!$ $mGH$N 7k2L $N$_ $rMQ$$ $k!%$= $N1? F050@W $rMQ $$$?=h M}$N 0lNc$H$7$F!$<!@a$G=R$Y$kJ#?t1?F0$NJ,3d$r9T$&!% 4 1?F0J,3d$N%"%k%4%j%:%‘ %7!< %s Fb $K J# ?t $N 1? F0 $, B8 :_ $9 $k >l 9g!$ $= $l $i $r 8! =P $7 8D!9 $N 1? F0 $K J, 3d $9 $k =h M} $O!$ 1? F0 $N 2r @O $d F0 $- $+$i $N 7A >u I| 85 $G I, MW$H $5 $l $k!% K\ @a $G $O!$7A >u 6u 4V $K 4p $E $/ J#?t 1? F0 $N J, 3d J} K! [13] [5] $N35MW$r=R$Y$k!% 4.1 7WB,9TNs$N9=@.$H1?F0J,3d %7!< %s Fb$K $" $kJ* BN ?t$r N !$3F J* BN$K B0 $9$k FC D’ E@$N ?t $r P i !$ A4 FCD’ E@ ?t$r P = P N i =1 P i !$ %U %l!<%‘?t$r F $H$9$k!% i HVL\$NJ*BN>e$NFCD’E@$N 3 <!85:BI8$r9TNs D s i ( i = 1 ; : : : ; N ) $GI=$9!% D s i 4 � P i = 0 B B @ x i 1 x i 2 : : : x i P i y i 1 y i 2 : : : y i P i z i 1 z i 2 : : : z i P i 1 1 : : : 1 1 C C A (19) i HV L\ $N J* BN$N j HV L\ ( j = 1 ; : : : ; F ) $N %U %l!< %‘ $K$* $1 $k @$ 3&:B I8 7O $G $N 1?F0 %Q %i %a!< %?$r 9T Ns M i j $GI=$9!%9TNs M i j $O!$2sE>9TNs R i j $HJB9T0\F0%Y%/%H%k t i j $h$j9=@.$5$l$k!% M i j 4 � 4 = � R i j t i j 0 t 1 � (20) i HVL\$NJ*BN$NA4%U%l!<%‘$rDL$8$F$N1?F0%Q%i%a!<%?$r!$<!$N9TNs M i $GI=$9!% M i 4 F � 4 = � M i 1 t ; M i 2 t ; : : : ; M i F t � t (21) 4

$3$3$G!$9TNs D s $H M w $r D s 4 N � P = diag � D 1 s ; D 2 s ; : : : ; D N s � (22) M w 4 F � 4 N = � M 1 ; M 2 ; : : : ; M N � (23) $H $9 $k $H!$ @$ 3& :B I8 7O $G $N 3F FC D’ E@ $N 3F %U %l!< %‘ $K $* $1 $k 3 <! 85 0L CV $O!$ <! $N 9T Ns W w $K $h$C $F I= 8=$5$l$k!% W w 4 F � P = M w 4 F � 4 N D s 4 N � P (24) 2hA| >e$G $NFC D’E@$O!$ $3$N 9TNs$N MWAG $rEj 1F$7$? 7k2L F@$i $l$k!%$3 $NEj 1F7k 2L$,!$2h A|>e $GCj=P $*$h $SDI@W$5$l!$%U%#%k%?%j%s%0$NBP>]$H$J$k!% Ej1F%b%G%k$H$7$F!$<!<0$N%"%U%#%s%+%a%i%b%G%k [12] $rMQ$$$k!% � ~ m = P 0 a ~ X (25) P 0 a = 0 @ p 11 p 12 p 13 p 14 p 21 p 22 p 23 p 24 0 0 0 p 34 1 A (26) $3$3$G!$ ~ m $H ~ X $O F1<!:BI8$GI= $7$?FCD’E@$N 2hA|>e$*$h$S 3 <!85 6u4VFb$G$N:B I8$G$"$k!% ~ m $H ~ X $,L58B1sE@$r$H$i$J$$$H$9$k$H!$<0 (25) $O!$<!<0$GI=8=$G$-$k!% m = P a � X t ; 1 � t (27) P a = � p 11 p 12 p 13 p 14 p 21 p 22 p 23 p 24 � (28) $3$3$G!$ m $H X $O!$$=$NF1<!:BI8$G$NI=8=$, ~ m $*$h$S ~ X $H$J$k%f!<%/%j%C%I:BI8$G$"$k!% <0 (24) $N9T Ns$N3F 3 <! 85:BI8 $KBP$7!$ 3F%U%l!< %‘Kh$N Ej1F9T Ns P i a ( i = 1 ; : : : ; F ) $r MQ$$$F Ej1F $r9T$J$&$H!$<!<0$rF@$k!% W s 2 F � P = A p 2 F � 4 F M w 4 F � 4 N D s 4 N � P = M 2 F � 4 N D s 4 N � P (29) M = A p M w (30) A p = diag � P 1 a ; P 2 a ; : : : ; P F a � (31) 2 F ; P � 4 N (32) W s $O!$1?F0>pJs$r$b$D9TNs M $H7A>u>pJs$r$b$D9TNs D s $N@Q$KJ,3d$5$l$k!% 9T Ns W s $G $O!$ :G =i $+ $i P 1 8D $N Ns $O J* BN 1 $N FC D’!$ <! $N P 2 8D $N Ns $O J* BN 2 $N FC D’ $H $$ $& $h $& $K!$8D!9 $NJ* BN$N J,3d >pJs $,F~$C $F$$ $k!%$7 $+$7!$ DL>o!$ $3$N J,3d >pJs $OF@$i $l$J $$!%$D $^$j!$ FCD’ E@$N2hA|>e $G$NAv::=gHV$J$I$N 7WB,$N>u67$K0MB8$7 $F!$ W s $NNs$NF~$l BX$($,@8$8$k!%$=$N1F 6A$rF~ $lBX$(9TNs P col $GI=$9!%F~$lBX$($r9T$C$?9TNs$r W $GI=$9!% W = W s P col (33) $3$N9T Ns W $r!$7WB,9TNs $H8F$V!%<0!J 33 !K $+$i!$L\E*$H$9 $kJ#?t1?F0 $NJ,3d$O!$F~ $lBX$(9TNs P col $r?dDj$9$k$3$H$H8@$($k!% 5

4.2 7A>u6u4V$X$ND>8r<M1F9TNs <0 (29) $h$j!$ 7WB, 9TNs W $N%i %s%/ $OJ*BN ?t$, N $N>l 9g 4 N $H $J$k!% $3$N$3 $H$O!$0l $D0l $D$NJ* BN$K BP$7 4 <!85 $N@~7A 6u4V$, BP1~ $7!$7WB, 9TNs$N 9T6u 4V$r9= @.$7$? >l9g!$$= $N<! 85$, 4 N $H$J$k $3$H $r<( $9!%$3 $N;v<B $+$i!$ 4 N <!85 $N9T6u 4V$r 4 <!85 $NIt J,6u4V $XJ, 2r$9$k $H!$8D!9$N J*BN $N1?F0 $KBP 1~$9$kFCD’E@72$r<h$j=P$9$3$H$,$G$-$k!%$9$J$o$A!$J#?t1?F0$NJ,3d$,9T$($k!% 7WB,9TNs$N9T6u4V$N4pDl$O!$7WB,9TNs$NFC0[CMJ,2r$K$h$jF@$i$l$k!% W 2 F � P = U 2 F � r � r � r V t r � P (34) $3$3$G!$ r = 1 ; : : : ; P $G $"$j!$HsNm$NFC0[CM$N?t$K0l CW$9$k>l9g$K$O7WB,9TNs$N %i%s%/$rI=$9!%>e<0 $N9TNs V $N3FNs $,!$9T6u4V$N 4pDl$r$b $D!%<0 (34) $H<0 (29) $h$j!$9TNs V $OJ* BN$N 3 <!857A>u $r$b $D 9T Ns D s $K BP 1~ $9 $k!% $D $^ $j!$ 9T 6u 4V $O J* BN $N 7A >u $r I= 8= $7 $F $$ $k!% $3 $N $3 $H $+ $i!$ 9T Ns V $N D% $k6u4V$r7A>u6u4V$H8F$V!%$3$N7A>u6u4V$NJ,3d$K$h$j!$J#?t1?F0$NJ,3d$,9T$($k!% 7A>u6u4V$NJ,3d$O!$$=$l$X$ND>8r<M1F9TNs$rMQ$$$F9T$&!% X P � P = V V t = ( x 1 ; : : : ; x P ) t (35) $3 $N D>8r <M 1F 9T Ns$N P 8D$N 9T $* $h$S Ns 6& $K!$ 2hA| >e $G Cj =P$5 $l $? P 8D $N FC D’E@ $H 0l BP 0l$K BP 1~ $7!$ %G!<%?$,;(2;$r4^$^$J$$>l9g$K$O!$$=$NMWAG x ij $O<!$N@-<A$r;}$D [3] [11] !% x ij � 6 = 0 ; i HVL\$N9T$H j HVL\$NNs$KBP1~$9$kFCD’$,F10l$NJ*BN$KB0$9$k = 0 ; i HVL\$N9T$H j HVL\$NNs$KBP1~$9$kFCD’$,F10l$NJ*BN$KB0$5$J$$ $3$N @-<A $,40 A4$K@. N)$9 $l$P!$M? $($i $l$? FCD’E@ $r!$MF 0W$K 0[$J$k 1?F0 $r$b $DJ*BN $KBP 1~$9$k %0%k!< %W$K J,$1 $k$3$H $,$G $-$k!% $7$+$7!$ FCD’ E@$NBP 1~$, 40A4$K $H$l $?>l 9g$K$3 $N@- <A$b40 A4$K @.$jN) $D$b $N$G!$ <B%7!< %s$r BP>] $H$7$? >l9g!$ $=$l $O4| BT$G$- $J$$!% =>Mh!$ $3$N @-<A$r MxMQ $7$? J#?t 1?F0$N J,3d J}K!$,Ds0F$5$l$F$-$?$, [3] [1] [4] !$$$$:$l$b8mBP1~$d;(2;$r4^$‘%G!<%?$KBP$9$kBQ@-$,9b$/$J$$$3$H $,;XE&$5$l$F$$$k [6] !% 4.3 H=JL4p=‘$rMQ$$$?J#?t1?F0$NJ,3d >e 5- $N Ld Bj $N 0l 2r 7h J} K! $H $7 $F!$ ;T B< $O H= JL 4p =‘ $r MQ $$ $? J} K! $r Ds 0F $7 $F $$ $k [13] [5] !% => Mh $N J} K! $G $O!$ <0 (35) $N 9T Ns $N MW AG A4 $F $r MQ $$ $? :G E, 2= $K $h $j!$ J# ?t 1? F0 $N J, 3d $, 9T $o $l $F $$ $?!% $= $l $KBP $7Ds 0FJ}K! $G$O!$ H=JL 4p=‘$K 4p$E $$$F!$F0 $-$N N‘;wEY $NJ, N%EY $r:GBg $K$9 $kFCD’ $rA* Br$7$F MQ$$ $k!%$3$NFCD’A*Br$K$h$j!$;(2;$d30$lCM$N1F6A$r<+F0E*$K7Z8:$G$-$k!% $^ $:!$ <0 (34) $N r $r E, Ev$K M? $(!$9T Ns X $r 9= @.$9 $k!% <!$K!$ X $N 3F 9T x k ( k = 1 ; : : : ; P ) $N MW AG$r%=!<%H$9$k!%$=$7$F!$$=$NMWAG$r<!$NH=JL4p=‘$K4p$E$$$F 2 $D$N%0%k!<%W$KJ,3d$9$k!% � = � 2 B � 2 W (36) � 2 B = N 1 N 2 ( � " 1 � � " 2 ) 2 (37) � 2 W = N 1 � 2 1 + N 2 � 2 2 (38) $3$3$G � " 1 , � " 2 , � 2 1 , � 2 2 , N 1 , N 2 $O3F%0%k!<%W$NMWAG$NJ?6Q!$J,;6!$$*$h$S!$8D?t$G$"$k!%$^$?!$ � 2 B $H � 2 W $O!$%0 %k!< %W4V J, ;6$* $h$S %0 %k!<%W Fb J,;6 $G $"$k!% 9T %Y%/ %H%k $N 3FMW AG $r$7 $- $$CM $H $7$F MQ $$!$ � $r:GBg$K$9$kJ,3d$r5a$a$k!% � k $r k HVL\$N9T%Y%/%H%k$KBP$9$kH=JL4p=‘$NCM$H$9$k!%:G$bBg$-$JN‘;wEY$NJ,N%EY$r;}$DFCD’$r!$ <!<0$h$j5a$a$k!% k select = arg max k � k (39) 6

(a) (b) (c) ?^ 2: Image sequence used in the exp erimen t. (a) �rst frame. (b) frame 30. (c) frame 60. 9T %Y %/ %H%k x k select $N J, 3d 7k 2L $+ $iF@ $i $l $k 2 $D $N%0 %k!< %W $N $& $A!$$h $j Bg $- $J J? 6QCM $r ;} $D %0 %k!< %W$r<h$j=|$/!% >e 5- $N =h M} $r :F 5" E* $K 7+ $j JV $7!$ B> $N F0 $- $K BP 1~ $9 $k %0 %k!< %W $r <h $j =P $9!% A* Br $5 $l $? 9T %Y %/ %H %k $K 4^ $^ $l $k MW AG $N J? 6Q!$ $^ $? $O!$ � k select $, $" $i $+ $8 $a M? $( $? $7 $- $$ CM 0J 2< $K $J$C $? $i!$ =h M} $r=* N;$9$k!%:F5"E*$K=hM}$r9T$&$?$a!$J*BN?t N $rA0$b$C$FM?$($F$*$/I,MW$O$J$$!% <0 (34) $N r $N @_Dj $K$D $$$F =R$Y $k!%FC 0[CM J,2r $N 7k2L $h$j 7WB, 9TNs $N%i %s%/ $,L@ $i$+ $J>l 9g $K$O $=$NCM$K$9$k!%$7$+$7!$<B%G!<%?$G$O!$FC0[CM$h$j%i%s%/$r?dDj$9$k$3$H$O:$Fq$G$"$k!%K\8&5f$G$O!$ r $r $" $k HO 0O $G JQ 2= $5 $;!$ >e 5- $N %" %k %4 %j %: %‘ $r E, MQ $7 $?!% Cj =P $5 $l $? g 8D $N %0 %k!< %W $N � k select $N OB � ( r ) = g X i =1 � k select ( i; r ) (40) $r:GBg$K$9$k r $rMQ$$$?:]$NJ,3d$r!$:G=*E*$J7k2L$H$7$F$$$k!% 5 <B837k2L %+%k%^%s%U%#%k%?$rMQ$$$J$$>l9g!$$*$h$S!$MQ$$$?>l9g$NFCD’E@$N1?F050@W$NHf3S$r$9$k!%$^$?!$ J#?t1?F0$NJ,3d7k2L$K$I$N$h$&$J0c$$$,=P$k$+$rHf3S$9$k!% 5.1 FCD’E@$NCj=P$HDI@W ?M 4V $, 2 $D $N J* BN $r F0 $+ $7 $F $$ $k %7!< %s $r!$ 2 IC 4V ;# A| $7 $F F@ $? ;~ 7O Ns 2h A| $r MQ $$ $? ( ?^ 2) !% $3 $N 2h A| $K BP $7!$ Chabat $i $, Ds 0F $7 $? %3!< %J!< 8! =P %U%# %k %? [2] $r E, MQ $7 FC D’ E@ $r F@ $?!% $= $N FC D’ E@ $r 3.1 $G =R $Y $? @5 5, 2= Aj 4X $r MQ $$ $? J} K! $G DI @W $r $7 $? ( ?^ 3) !% J* BN $d LO MM $N %3!< %J!< 0J 30 $N E@ $b Cj =P $5$l$F $$$k$,!$%3!<%J!<$i $7$5$rI=$9CM (cornerness) $N$7$- $$CM=hM}$K$h$C $F$3$l$i$NE@ $r=|5n$7$h $&$H$9$k$H!$L\E*$H$9$kFCD’E@$b<:$o$l$k!%$^$?!$Gr$$JI>e$N3J;R$bFCD’E@$H$7$FCj=P$5$l$F$$$k$,!$ $3$l$i$NFCD’E@$O;wDL$C$?51EY$r;}$DE@$,6aK5$KB??tB8:_$9$k$?$a!$8mBP1~$r5/$3$7$d$9$$!%$7$+$7!$ $3$l $i$N FCD’ E@$OL@ $i$+ $K%3!<%J!< $H$7 $F$N FCD’$r M-$9 $k$? $a=|5n $O$G $-$J $$!%$3$N $h$& $JFCD’ E@$r 4^$s$@>uBV$GDI@W$r9T$&$3$H$O!$<B%7!<%s$rBP>]$H$7$?>l9g!$DL>o$N$3$H$G$"$k!% 7

(a) (b) (c) ?^ 3: T rac king of feature p oints. (a) �rst frame. (b) frame 30. (c) frame 60. 5.2 FCD’E@0LCV$N7ONs$N$mGH DI @W $N 7k 2L F@ $i $l $? FC D’ E@ 0L CV $N 7O Ns $r %+ %k %^ %s %U%# %k %? $K $h $j $m GH $7 $?!% %+ %k %^ %s %U%# %k %? $r E,MQ$7 $?;~7ONs %b%G%k$H $7$F$O!$<0 (4) $NFCD’E@:B I8$N#23, :9J,$,>.$5 $$$H$$$& 0UL#$G3j $i$+$5$r2> Dj$7 $?%b%G %k$rMQ$$ $?!%A0@a $NJ}K! $GFCD’Cj =P$r9T$C $?7k2L ( ?^ 3) F@$i$l$? FCD’E@ :BI8$N 7ONs$r!$?^ 4(a) $K%W%m%C%H$7$?!%?^ $G$O!$$^$:2hA|$K4^$^$l $k7WB,%N%$%:$d2hAG0L CV$NNL;R2=8m:9Ey$K$h $k:BI8 $N$f $i$. $,!$FC $K=qJ* $r;} $D1& <j>e$N FCD’ E@$N!$ Hf3S E*3j$i $+$J 1?F0 50@W$+ $i8+ $F$H $l$k!%<! $K!$1& <j$K ;}$C$F $$$k =qJ*I= ;f$N D>@~ >e$G$O!$ L@$i $+$K %3!<%J!< $H$O$$ $($J $$D> @~>e$N E@$, FCD’ E@$H$7 $FCj =P$5 $l$F $*$j!$$= $N7k 2L1? F0J}8~ $KBP $7$F:8 1&$K Mp$l$? 50@W $,F@ $i$l$F $$$k!% $5$i$K 1&>e $NE@$N =8$^ $j$G $O!$FC D’E@$N :BI8 $,GX 7J$N3J ;RE@ 4V$rHt $V$h $&$K0\ F0$7 $F$* $j!$FCD’ DI@W $N2aDx $G9T $o$l$k C5:w $N7k2L!$8mBP1~$7$?$j!$$^$?@5$7$$$b$N$KLa$C$?$j$7$F$$$k$N$,J,$+$k!% <0 (4) $N3, :9 #2$N ;~ 7ONs %b %G%k $K $D$$ $F!$ %+%k %^ %s%U%# %k %?$r 0J 2<$N >r 7o$G E, MQ$7 $?!% 4QB, %N %$ %: $NJ, ;6 � 2 $* $h$S %7%9 %F%‘ %N%$ %: $NJ, ;6 � 2 $O$= $l$> $l!$ � 2 = 1 $*$h $S � 2 = 0 : 1 $H $7 $?!%$^ $? =i4|J,I[ x 0 $*$h$S V 0 $H$7 $F$O!$J?6Q%Y%/%H%k$r=i 4|E@$N:BI8 x 0 = [ x (1) ; y (1) ; x (1) ; y (1) ] t $H $7!$J,;66&J,;69TNs$OC10L9TNs$rMQ$$$? ( V 0 = I ) !% ?^ 4(b) $K!$ %+%k %^%s %U%#%k %?$K $h$j $mGH $5$l $?FC D’E@ 0LCV $N7O Ns$r <($9!% ?^ 4(a) $N86 7ONs $HHf $Y!$$^ $:!$=q J*$r ;}$D1& <j>e $NFCD’ E@$N 50@W $K4^$^ $l$F $$$? %N%$%: $,=| 5n$5 $l!$3j$i $+$J 1?F050 @W$H $J$C$F $$$k $3$H $,J,$+ $k!%$= $7$F=q J*I= ;f>e $GMp$l $J$, $iCj =P$5$l $F$$ $k50 @W$O!$86 7ONs $h$j$b 3j$i $+$J 50@W $,F@ $i$l$F $$$k!% $^$?!$1& >e$N GX7J $N3J;R $G$O!$ 8mBP 1~$KH< $&FC D’E@ $NHt$S $,4K OB$5$l $F$$ $k!%$J $*!$86 7ONs $G$O 2hAG0L CV$H $$$& @0?t CM$@$C$? 7ONs $,!$$m GH$N 7k2L!$>. ?tE@ 0J2< $NCM $r;}$D 7ONs $K$J$C$F$$$kE@$r6/D4$7$F$*$/!% $^ $?8GDj6h 4VJ?3j2= $r9T$C$?!%?^ 4(c) $K $O!$%U%#%k%? $K$h$jJ? 3j2=$5 $l$?FCD’ E@0LCV$N 7ONs$r<( $9!%J? 3j2= $G$O!$ $mGH$h $j$5 $i$K 3j$i$+ $J50 @W$, F@$i $l$F$$ $k$N $,H= $k!%FC$K GX7J 3J;R $NE@$G $O!$0L CV$NHt$S$O$[$H$s$I$J$/$J$j!$#1E@$K6a$$J?6QE*$JCM$,?dDj7k2L$H$7$FF@$i$l$F$$$k!% 5.3 1?F0$NJ,3d7k2L 4 $G =R $Y $? J} K! $K $h $j!$ F@ $i $l $? 1? F0 50 @W $+$i J# ?t 1? F0 $N J, 3d $r 9T$C $?!% ?^ 5 $* $h $S ?^ 6 $O!$ J, 3d $N 7k 2LF@ $i $l $?3F %0 %k!< %W $N1? F0 50 @W $r<( $7 $F $$$k ( 4^ $^$l $k FC D’ E@$N ?t $, 5 8D0J 2< $N %0 %k!<%W $O!$ $O$:$lCM$H8+Jo$7I=<($7$F$$$J$$ ) !%%+%k%^%s%U%#%k%?$rMQ$$$J$$>l9g ( ?^ 5) $K$O 6 8D!$%+%k%^%s%U%# %k%? $rMQ$$$? >l9g ( ?^ 6) $K$O 4 8D$N %0%k!<%W$K J,3d$5 $l$?!%$$$: $l>l9g$K $*$$$F$b!$ Fs$D$N J*BN$N1? F0 $,$[ $\@5 $7$/ 8! =P$5 $l$F $$$k ( ?^ 5(a),(b) !$ ?^ 6(a),(b)) !% %+%k %^ %s%U%# %k%? $rMQ $$ $J$$ >l9g $O!$GX 7J$N Gr$$ JI$N ItJ, $HK\C* $NIt J,$,!$ $=$l$> $lFs $D$N %0%k!< %W$KJ, 3d$5 $l$F $$$k ( ?^ 5(c)-(f )) !%Gr $$JI 8

$NIt J,$, Fs$D$K J,3d $5$l $?$N$O!$ ;wDL$C $?FCD’ $r;} $DNN0h $,6a K5$K $"$k$3 $H$K 5/0x$9 $k8m BP1~$, 860x $H9M $($i $l$k!% $^$?!$K\ C*$N ItJ, $O!$$=$N 2<It $,1& OS$N FCD’E@ $HNY @\$7 $F$$$k $?$a!$ $=$N 1?F0$N 1F6A $r <u $1$? $? $a $H ;W$o $l $k!% %+%k %^ %s %U%# %k%? $r MQ $$ $?>l 9g $K $O!$ GX7J It J, $N J,3d $, @8 $8$F $$ $J $$ ( ?^ 6(c),(d)) !%%+%k%^%s%U%#%k%?$rMQ$$$?$mGH$N8z2L$G!$8mBP1~$N1F6A$,7Z8:$5$l$?$?$a$H9M$($i$l$k!% 6 $^$H$a$H:#8e$N2]Bj ;~ 7O Ns 2h A| $+ $i F@ $i $l $k FC D’ E@ 0L CV $N 7O Ns $N %U%# %k %? %j %s %0 $K $D $$ $F!$ 4p AC E* $J 8! F$ $r $7 $?!% FC D’E@ :BI8 $N#23, :9J, $,>.$5 $$$H $$$&0U L#$G 3j$i$+ $5$r 2>Dj$7 $?;~ 7ONs%b %G%k $K%+%k %^%s %U%#%k %?$rE, MQ$7 $?7k 2L!$FC D’E@$N 1?F0 50@W$r 3j$i $+$K $9$k$3 $H$, $G$- $?!%$^$?!$ $=$N 7k2L F@$i$l $?1? F050@W $rF0 $-$NJ,3d$KMQ$$$k$H!$ITMW$J1?F0$NJ,3d$rM^@)$G$-$k$3$H$r3NG’$7$?!% :# 8e $N 2] Bj $H $7 $F $O!$ $^ $: ;~ 7O Ns %b %G %k $N J, ;6 %Q %i %a!< %? $N 7h Dj J} K! $r 8! F$ $9 $k I, MW $, $" $k!% 8= ;~E@ $G$O!$ $3$l $i$N%Q %i%a!< %?$OA4 $F$N FCD’ E@$GF1 $8CM $H$7!$ $=$NCM <+BN $bFC $K:,5r $N$" $k$b$N $G$O $J$$!%$^$?=i4|J,I[$K$D$$$F$b!$K\8&5f$G$O:G=i$N4QB,E@$rMQ$$$?$,!$8!F$$NM>CO$,$"$k$H;W$o$l$k!% $=$7 $F3F FCD’ E@$rFH N)$K 07$C$F $$$k$,!$ FHN) $G$J $$07 $$$K$D $$$F $b8! F$$9$Y $-$G $"$k!% <!$K!$%+ %k%^ %s%U%# %k%? $K$h $kM=B, $r@Q 6KE*$K MQ$$ $F!$FC D’E@$N DI@W $r9T $&J}K! $,9M $($i $l!$$3$l $b:# 8e$N2] Bj$G $" $k!% $^$? IT O" B3 $r 4^$‘ 1? F0 $X BP1~ $9 $k $? $a$K!$ Hs %, %& %9 7?%b %G %j %s %0 [7] $N F3 F~ Ey $N8! F$ $b 9T $& M= Dj$G$"$k!% <U<- K\8&5f$N5!2q$rM?$($F2<$5$$$^$7$?EEAm8&CNG=>pJsIt!$BgDEE8G7ItD9$K46<UCW$7$^$9!% ;29MJ88% [1] T. E. Boult and L. G. Brown: \F actorization-based segmentation of motions," Pro c. IEEE W orkshop on Vis. Mot., pp.179-186, 1991 [2] F. Chabat, G.Z. Y ang and D.M. Hansell:\A corner orientation detector," Im. and Vis. Comp., V ol.17, pp.761-769, 1999 [3] J. P . Costeira and T. Kanade: \A multi-bo dy factorization metho d for indep endently moving ob jects," Internat. J. of Comp. Vis., 29, 3, pp.159-179, 1998 [4] C. W. Gear: \Multib o dy grouping from motion images," Internat. J. of Comp. Vis., 29, 2, pp.133-150, 1998 [5] N. Ichim ura:\Motion segmen tation based on factorization metho d and discriminan t crite- rion," Pro c. IEEE 7th In t. Conf. on Comp. Vis., V ol.I, pp.600-605, 1999 [6] T. Kanade and D. D. Morris: \F actorization metho ds for structure from motion," Phil. T rans. R. So c. Lond. A, 356, pp.1153-1173, 1998 [7] G.Kitaga w a: Monte Carlo �lter and smo other for non-Gaussian nonlinear state space mo del, Journal of Computational and Graphical Statistics, 5, pp.1-25 (1996). [8] S.M. Smith and J.M. Brady:\SUSAN { A new approac h to low level image pro cessing," In ternat. J. of Comp. Vis., V ol.23, No.1, pp.45-78, 1997 [9] @uED L- :\ %@%$%J%_%C%/%7!<%s$NM}2r ," EE;R>pJsDL?.3X2qJT!$ 1994 [10] JR;3 E0!’ " 1~MQ%+%k%^%s%U%#%k%? " !$D+AR=qE9!$ 1983 9

[11] 6bC+ 7r0l :\ 0x;RJ,2r$HMQ$$$J$$0x;RJ,2rK! : J#?tJ*BNJ,N% ," EE;R>pJsDL?.3X2q5;=QJs9p , PRMU98- 117, 1998 [12] =y 9d :\3 <!85%S%8%g%s ," 6&N)=PHG!$ 1998 [13] ;TB< D>9, :\ 0x ;RJ,2rK!$HH= JL4p=‘$rMQ$$ $?J#?t1?F0$N J,3d ," >pJs =hM}3X2qBh 58 2sA49q Bg2q9V1i O@J8=8 , V ol.2, pp.117-118, 1999 10

(a) tra jectory without Kalman �lter. (b)tra jectory with Kalman �lter. (c)tra jectory with Smo other. ?^ 4: T ra jectories of feature p oints. 11

(a) (b) (c) (d) (e) (f ) ?^ 5: T ra jectories of groups; without Kalman �lter. 12

(a) (b) (c) (d) ?^ 6: T ra jectories of groups; with Kalman �lter. 13