?.Mj@-I>2A$rHw$($?:GE,$J<M1FJQ49$N7W;;%W%m%0%i%‘ @6?e 7D9T y B@ED D>:H y 6bC+ 7r0l y y 72GOBg3X9)3XIt>pJs9)3X2J K\ O@ J8 $G $O J? LL >e $K M? $( $i $l$? Fs $D $N E@ =8 9g 4V $N <M 1F JQ 49 $r :G E, $K 7W ;; $9$k $H $H $b $K 7W ;; $N ?. Mj @- I> 2A $r M? $( $k %W %m %0 %i %‘ %Q%C %1!< %8 $r 5- =R $9 $k!# $= $N 86 M} $O :G L‘ ?d Dj $r \ $/ $j $3 $_ K! " $H 8F $P $l $k <j K!$G 7W;; $9$k $b $N$G $"$k!# $^$: F~=P NO $H?. Mj@- I>2A $N I=8= K!!"$* $h$S %"%k %4 %j%: %‘$N 35MW $r =R$Y!" %W %m%0 %i%‘ $N;E MM $r@b L@$7!" :G8e $K<B 9T Nc$r <($7!" %W%m %0 %i%‘ $NFC D’$d Cm0U ;v 9‘$r =R$Y $k!#K\ %W %m%0 %i %‘$O 6K$a $F 8zN( E*!" 9b@: EY!"$+ $D %m%P %9 %H$G $"$j!" %3 %s%T%e!< %? %S%8%g %s$N MM!9 $J1~ MQ $K9- $/Mx MQ $5$l$k$3$H$,4|BT$5$l$k!# %-!<%o!<%I : <M1FJQ49 , %W%m%0%i%‘ , %=%U%H%&%’%"%i%$%V%i%j , :GE,Ev$F$O$a , $/$j$3$_K! , ?.Mj@-I>2A Optimal Homograph y Computation Program with a Reliabilit y Measure Y oshiyuki Shimizu y , Nao y a Oh ta y and Kenic hi Kanatani y y Departmen t of Computer Science Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan This pap er describ es a program pack age for optimally computing the homography (pro jec- tiv e transformation) b et w een t w o giv en sets of p oin ts on a plane and ev aluating the reliability of the resulting mapping. The basic principle is computing maxim um likelihoo d estimation b y a tec hnique called r enormalization . W e �rst describ e the represen tation of input/output and reliabilit y ev aluation. Then, we summarize the algorithm and describ e the program sp eci�ca- tion. Finally , w e sho w execution examples and commen t on c haracteristics of this program and related topics. This program is v ery e�cien t, accurate, and robust and is exp ected to b e used widely for many computer vision applications. Key w ords : homograph y , program, softw are library , optimal �tting, renormalization, reliability ev aluation <U<- : K\8&5f$N0lIt$OJ8It>J2J3X8&5fHq4pHW8&5f#C (2) (No. 09680352) $K$h$C$?!# y 376-8515 6M@8;TE7?@D. 1{5{1 72GOBg3X9)3XIt>pJs9)3X2J , T el: (0277)30-1842, F ax: (0277)30-1801, E-mail: f shimizu|ohta|kanatani g @ail.cs.gunma-u.ac.jp 1

1. =xO@ <M 1F JQ 49 $H $O 0[ $J $k 0L CV $+ $i;# 1F $7 $? J? LL J* BN $N 2h A| 4V $N 4X 78 $H $7 $F 8= $o$l $k 2h A| LL $N JQ 49 $G $" $j!" D> @~ $O D> @~ $K <L A| $5 $l!" 6& E@ @- ( J# ?t $N D> @~ $, 0l E@ $G 8r $o $k ) !" 6& @~ @- ( J# ?t $N E@ $, F10l D> @~ >e $K $" $k ) $, J] B8 $5 $l $k [3, 9] !# $= $7 $F G$ 0U $N 0l HL $N 0L CV $K $" $k 4 E@ ( $I $N 3 E@ $b 6& @~ $G $O $J $$ ) $r G$ 0U $N 0l HL $N 0L CV $K $" $k 4 E@ $K <L $9 <M 1F JQ 49 $, $? $@ 0l $D B8 :_ $7!" G$ 0U $N 0l HL$N 0L CV $K $" $k 4 D> @~ ( $I $N 3 D> @~ $b 6& E@ $G $O $J $$ ) $r G$ 0U $N 0l HL $N 0L CV $K $" $k 4 D> @~ $K <L $9 <M 1F JQ 49 $, $? $@ 0l $D B8 :_ $9 $k!# $3 $l $i $N E@$dD>@~$O \ L58B1sE@ " $d \ L58B1sD>@~ " $G$"$C$F$b$h$$!# 2 2h A| 4V $N <M 1F JQ 49 $, Dj $^ $l $P!" ;# 1F 0L CV $, L$ CN $G $b %+ %a %i :B I8 7O $K 4X $9 $k $= $N J? LL J* BN $N #3 <! 85 0L CV $, Dj ?t G\ $r =| $$ $F 7W ;; $G $- $k 1 [3, 10, 12, 15, 16, 18] !# $3 $N @- <A $r Mx MQ $7 $F L$ 9; @5 %+ %a %i $K $h$k 2 2h A|$+ $iCO LL$d 7zJ* $N$h $&$J J?LL ItJ, $r$b $DJ*BN $r#3 <!85 I|85 $9$k %7%9 %F%‘ $b8& 5f$5 $l$F $$$k [17] !# J* BN $, J? LL $G $O $J $/ $F $b!" CO LL $d >2 $N $h $& $J J? LL >e $K 7z J*!" <y LZ!" ?M J*!" <V N> Ey $, $" $k $H $-!" CO LL $d>2 $N%^!< %+!<Ey $N BP1~ $+$i 2hA| 4V$N <M 1FJQ 49$r 7W;; $9 $l$P!" 0lJ} $N2h A|$K 7W ;;$7 $?<L A|$r ;\ $7$F B> J}$N 2hA| $K=E $J$i $J$$ ItJ, $, $=$l 0J30 $NJ* BN$G $"$k $HH= Dj$G $- $k!#$3 $l$r MxMQ $7$F F;O) >e$N >c 32J* $r<1JL$7$?$j [13] !"$= $N=E$J$i$J$$DxEY$+$i#3 <!857A>u$rI|85$7$?$j$9 $k;n$_$,$"$k [2] !#$^$?J?LL%Q %? %s$r @_CV $7 $F%9 %F%l %* ;k%7 %9%F %‘ $r9; @5$9 $k >l9g $b 2 2hA| 4V$N <M1F JQ 49$N 7W;; $, 4pK\ $H$J $k [11] !# %9%j%C%H8wEj1F%7%9%F%‘$N9;@5$K$*$$$F$b<M1FJQ49$N7W;;$,=EMW$JLr3d$r2L$?$9 [1] !# $3 $N $h $& $K 2 2h A| $N BP 1~ $+ $i <M 1F JQ 49 $r 7W ;; $9 $k $3 $H $O %3 %s %T%e!< %? %S %8%g %s $N :G $b 4p K\ $H $J $k 1i ;;$N 0l$D $G$" $k!#=> Mh$O <M 1FJQ 49$N <0$r E,Ev $K JQ7A $7$F $+$i :G>. Fs>h K! $rE, MQ$9 $k$N $,Ia DL $G$"$C $? [3, 11, 13] !# $3 $l $O $= $l $K $h $j 7W ;; $, 8G M- CM Ld Bj $K 5" Ce $7 $F 7W ;; $, 4J C1 $K $J $k $+ $i $G $" $k!# $7 $+ $7!" $3$N $h$& $JJ} K!$G $O@: L) $J2r $,F@ $i$l $:!"$^ $? 2r$K E}7W E*$J JP:9 $,B8 :_ $9$k $3$H $,;X E&$5 $l $F$$ $k [10, 15] !# $3 $l $O!" Ld Bj$r 4J C1 2= $9 $k JQ 7A $K $h$C$F :G >. 2= $9 $Y $- NL $, $b$O $d 2h A| >e $N 8m :9 $NBg $- $5 $G $O $J $/!" $= $N Hs @~ 7A $J 4X ?t $H $J $k $+ $i $G $" $k!# $= $3 $G $O @. J, 4V $N Hf $N $_ $, 0U L# $r $b $D \ F1 <! :B I8 " $, $"$? $+$b IaDL $N:B I8$N $h$& $K <h$j 07$o $l!"85 Mh$N :BI8 CM$H ?M0Y E* $KF3 F~$7 $?Dj ?t$H $,F1 Ey$K 07 $o$l $F$$$k!# <M1FJQ 49$O \ <M1F4v2?3X " $N 4pAC$r$J$9 $b$N$G$"$j!"<M 1F4v2?3X$O F1<!:BI8$K $h$C$FBe?tE* $KHs>o $K H~ $7 $$ 7A $G 5- =R $G $- $k [9] !# $7 $+ $7!" $3 $l $O 8m :9 $, $J $$ >l 9g $N $3 $H $G $" $k!# 8m :9 $O 2h A| :B I8 (\ Hs F1 <!:B I8 ") $K F~$j!"$= $N5sF0 $O%f!<%/%j%C %I4v2? 3X$K=>$& $N$G!"<B %G!<%?$rMQ $$$k7W ;;$r<M 1F4v2?3X $N OHFb$N$_$G40A4$KDj<02=$9$k$3$H$O$G$-$J$$!# $3 $l $K BP $7 $F 6b C+ [7, 8] $O 3F <o $N 4v 2? 3X E* ?d Dj Ld Bj $r Cj >] 2= $7!" %G!< %? E@ ?t $r 8G Dj $7 $F Hy >. 8m :9 $K BP$9 $kBh #16a ;w$K $h$k 2r @O$r 9T$$!" :GL‘ ?dDj $K 4p$/ 0lHL E*$J :GE, ?dDj $N M}O@ $rDs >’$7 $?!#$3 $N M}O@ $r <M1F JQ49 $N7W ;;$K E,MQ $9 $k$H!" :GE, $J<M 1FJQ 49 $,F@ $i$l $k$@ $1$G $J$/!" $= $N?. Mj@- $,Dj NLE* $K I>2A $G$-$k!#$=$N4pK\7A$OJ88% [10, 15] $K<($5$l$F$$$k!# K\ O@ J8 $N L\ E* $O!" $3 $N <M 1F JQ 49 $N 7W ;; $r J8 8% [10, 15] $K =>$C $F %W %m %0 %i %‘ %Q%C %1!< %8 $H $7 $F Ds 6! $9 $k$3 $H$K $"$k!# $^ $:F~ =PNO $H?. Mj@- I> 2A$N I=8= K!!"$* $h $S%" %k%4 %j%: %‘$N 35 MW$r =R$Y!" %W%m %0 %i%‘ $N;EMM$r@bL@$7!":G8e$K<B9TNc$r<($7!"$3$N%W%m%0%i%‘$NFCD’$dCm0U;v9‘$r=R$Y$k!# 2. F~=PNO$NI=8=K! <M1FJQ49$H$O<!$NJ}Dx<0$GI=$5$l$k<LA|$N$3$H$G$"$k 2 [3, 6, 9] !# 1 ?t 3XE*$K $O:GBg 8 8D$N 2r$, B8:_$9 $k$,!"J* BN$, N>J}$N %+%a%i $NA0 J}$K$" $k$H$$ $&>r 7o$+$i 9b!9 2 8D!" B?$/$N >l9g 1 8D$N 2r$K9J$i$l$k [4, 8] !# 2 ?t3X E*$K$O<0 (2) $N9TNs H $N9TNs<0 $, 0 $G$J $$$HLsB+$9 $k!#$3$N$H$-$3 $N<LA|$O <M 1FJ?LL ( L58B 1sE@$^$G4^ $a$? xy LL ) $N A4 C1 <M (1 BP 1 $+ $D >e $X $N <L A| ) $H $J $j!" $= $N A4 BN $O 72 ( 2 <! 85 <M 1F JQ 49 72 ) $r :n $k [9] !# $7 $+ $7!" 7W ;; >e $G $O 9T Ns <0 $, ( $^ $l$K )0 $H$J$k2DG=@-$rGS=|$7$F$$$J$$!# 2 x 0 = Ax + B y + C P x + Qy + R ; y 0 = D x + E y + F P x + Qy + R (1) 9TNs H $H%Y%/%H%k x , x 0 $r H = 0 B B B @ A B C =f D E F =f P Q R=f 1 C C C A ; x = 0 B B B @ x=f y =f 1 1 C C C A ; x 0 = 0 B B B @ x 0 =f y 0 =f 1 1 C C C A (2) $HDj5A$9$k$H<0 (1) $O<!$N$h$&$K=q$1$k!# x 0 = Z [ H x ] (3) $?$@ $7 Z [ � ] $O z @.J, $r 1 $H $9$k %9%1!< %k$N @55, 2=$r I=$9 3 !# $^$? f $O x=f , y =f $r 1 $N %*!<%@ $K$9 $k $?$a$N%9%1!<%k0x;R$G$"$k!#K\%W%m%0%i%‘$G$OJ?LL>e$KM?$($i$l$?E@=89g f ( x � ; y � ) g N � =1 , f ( x 0 � ; y 0 � ) g N � =1 $N 3F E@ $r %Y %/ %H %k x � = ( x � =f ; y � =f ; 1) > , x 0 � = ( x 0 � =f ; y 0 � =f ; 1) > $G I= $9 ( > $O E> CV ) !# Dj ?t f $O x � =f , y � =f , x 0 � =f , y 0 � =f , � = 1, ..., N $, $[ $\ � 1 $N HO 0O Fb $K <} $^ $k $h $& $K A* $V 4 !# =P NO $O <M 1F JQ 49 $r ;X Dj $9 $k 9T Ns ^ H $G $" $k!# $3 $l $K $O Dj ?t G\ $N IT Dj @- $, $" $k $N $G k ^ H k = 1 $H @5 5, 2= $9 $k ( 9T Ns H = ( H ij ) $N%N%k%‘$O k H k = q P 3 i;j =1 H ij 2 $HDj5A$9$k ) !# 3. ?.Mj@-I>2A$NI=8=K! 3F E@ ( x � ; y � ), ( x 0 � ; y 0 � ) $K $O IT 3N Dj $5 $, $" $k $9 $k!# $= $N 6& J, ;6 9T Ns $r $= $l $> $l � � , � 0 � $H $9 $k $H!"%Y%/%H%kI=<( x � , x 0 � $N6&J,;69TNs$,<!$N$h$&$KDj5A$5$l$k ( 0 $ONm%Y%/%H%k ) !# V [ x � ] = 0 @ � � 0 0 > 0 1 A ; V [ x 0 � ] = 0 @ � 0 � 0 0 > 0 1 A ; (4) 0J2<$G $O3FE@$N 6&J,;69T Ns V [ x � ], V [ x 0 � ], $, Dj?tG\ $r=|$$$F M?$($i$l $k$H$9$k!# $9$J$o$A L$CN$NDj ?t � ( %N%$%:%l%Y%k $H8F$V ) $,B8:_$7$F!" V [ x � ] = � 2 V 0 [ x � ] ; V [ x 0 � ] = � 2 V 0 [ x 0 � ] (5) $H=q$1$k$H$7!" V 0 [ x � ], V 0 [ x 0 � ] ( @55,2=6&J,;69TNs $H8F$V ) $rF~NO$H$7$F;XDj$9$k!#$3$l$O%G!<%?$N%N %$ %: 0M B8 @- $r ;X Dj $9 $k $b $N $G $" $j!" %N %$ %: $K FC $K J} 8~ @- $, $J $$ >l 9g $O %G %U%) %k %H CM $H $7 $F V 0 [ x � ] = V 0 [ x 0 � ] = diag (1 ; 1 ; 0) $H $9$k (diag ( � � � ) $O � � � $r BP 3QMW AG $H $9 $k BP 3Q 9T Ns ) !#K\ %W %m %0 %i %‘ $G $O E@ p $r$= $N0L CV%Y%/ %H%k x $H@5 5,2= 6&J,;6 9TNs V 0 [ x ] $H$r $b$D %*%V%8%’ %/%H $H$_$J $7!"$= $N%/%i %9$r 2hA| 0LCV $H8F$V!# $3 $N $h $& $J IT 3N Dj @- $r $b $D %G!< %? $+ $i 7W ;; $7 $? <M 1F JQ 49 $b IT 3N Dj @- $r ;} $D!# $3 $l $r I> 2A $9 $k $? $a $K!" %Q%i %a!<%? 6u4V $G :G$b 8m:9 $,@8 $8$d $9 $$J} 8~$K @5Ii $N I8=‘ JP:9 $@$1 JP$C$? E@ $NI= $9Fs $D$N <M 1FJQ 49$N9TNs H (+) , H ( � ) $r7W;;$9$k!#$3$l$r I8=‘JP0L $H8F$V [8] !# 4. %W%m%0%i%‘$N35MW 3 Z [ Hx ] $N Bh 3 @. J, $, 0 $N $H $- x $O L5 8B 1s E@ $H $J $k!# $7 $+ $7!" 7W ;; $G $O %G!< %? $H $7 $F F@ $i $l $k E@ Ns $N $_ $r 9M $(!" L5 8B 1s E@$O9MN8$7$J$$!# 4 %G!<%? $,%+%a%i <B2hA|2h A|$+$iF@ $i$l!":BI8 $NC10L$, 2hAG$N >l9g$K$O f $H $7$F>GE@ 5wN% ( C10L $O2hAG ) !"$" $k$$$O $=$N6a ;wCM$rMQ$$$l$P$h$$ 3

F~NO : 2hA|0LCV$NNs f p � g N � =1 , f p 0 � g N � =1 ( N � 4) !# =PNO : 9TNs 5 ^ H !" H (+) , H ( � ) !# %"%k%4%j%:%‘ : 1. c = 0, W � = I , � = 1, ..., N $HCV$/!# 2. <!$N$h$&$K%F%s%=%k M $r7W;;$9$k!# M = 1 N N X � =1 3 X k ;l =1 W ( k l ) � ( e ( k ) � x 0 � x > � ) ( e ( l ) � x 0 � x > � ) (6) 3. <!$N$h$&$K%F%s%=%k N = ( N ij k l ) $r7W;;$9$k!# N ij k l = 1 N N X � =1 3 X m;n;p;q =1 " imp " k nq W ( mn ) � � V 0 [ x � ] j l x 0 � ( p ) x 0 � ( q ) + V 0 [ x 0 � ] pq x � ( j ) x � ( l ) � (7) 4. <!$N%F%s%=%k$N 9 8D$N8GM-CM � 1 � � � � � � 9 $HBP1~$9$k%N%k%‘ 1 $N8GM-9TNs$N@55,D>8r7O f H 1 , ..., H 9 g $r7W;;$9$k!# ^ M = M � c N (8) 5. � 9 � 0 $G$"$l$P � 8 , H 8 , H 9 , c $rJV$9!# 6. $=$&$G$J$1$l$P c , W � $r<!$N$h$&$K99?7$7$F%9%F%C%W 2 $XLa$k!# c c + � 9 ( H 9 ; N H 9 ) (9) W � � x 0 � � H 9 V 0 [ x � ] H > 9 � x 0 � + ( H 9 x � ) � V 0 [ x 0 � ] � ( H 9 x � ) � � 2 (10) 7. Fs>h%N%$%:%l%Y%k$r<!$N$h$&$K?dDj$9$k!# ^ � 2 = c 1 � 4 = N (11) 8. <!$N7W;;$r9T$&!# H (+) = N [ ^ H + s ^ � 2 � 8 N H 8 ] ; H ( � ) = N [ ^ H � s ^ � 2 � 8 N H 8 ] (12) 9. ^ H , H (+) , H ( � ) $rJV$9!# 5. 5-9f$NMQ8l$N@bL@ A0 @a$N 5- =R$K MQ$$ $? 5-9f $H MQ8l $r@b L@ $9$k!# I $OC1 0L 9TNs $G$" $k!# <0 (6) $K 8= $o$l $k x � ( i ) , x 0 � ( i ) $O $= $l $> $l %Y %/ %H%k x � , x 0 � $N Bh i @. J, $G $" $k!# W ( k l ) � $O 9T Ns W � $N ( k l ) MW AG $G $" $k!# 1i ;; $O%F 5 Nm$G$J$$CM$rF@$k$?$a$K$O N > 5 $,I,MW$G$"$k!# 4

%s%= %k@Q $rI=$7!" 9TNs A = ( A ij ), B = ( B ij ), %F%s%= %k C = ( C ij k l ) $K BP$7$F C = A B $O C ij k l = A ij B k l $HDj5A$9$k!#$^$? e (1) , e (2) , e (3) $O<!$NC10L%Y%/%H%k$G$"$k!# e (1) = 0 B B B @ 1 0 0 1 C C C A ; e (2) = 0 B B B @ 0 1 0 1 C C C A ; e (3) = 0 B B B @ 0 0 1 1 C C C A (13) <0 (7) $N V 0 [ x � ] ij , V 0 [ x 0 � ] ij $O$= $l$> $l @55, 2=6& J,;6 9T Ns9T Ns V 0 [ x � ], V 0 [ x 0 � ] $N ( ij ) MW AG$G $"$k!# 5- 9f " ij k $O%( %G%# %s%H %s $N%$ %W %7%m %s $G $"$j!" ( ij k ) $, (123) $N 6vCV 49 $+ 4qCV 49 $+$= $l 0J30 $+ $K1~ $8 $F 1, � 1, 0 $r$H$k$HLsB+$9$k!# %F%s%=%k ^ M = ( ^ M ij k l ) $H9TNs H = ( H ij ) $N@Q ^ M H $O ( ij ) MWAG$, P 3 k ;l =1 ^ M ij k l H k l $N9TNs$G$" $k $HDj 5A$9 $k!# $3$N $H $-!"9T Ns H $,%F %s%= %k ^ M $N 8G M-CM � $N 8GM- 9TNs $G $"$k $H $O ^ M H = � H $H $J$k$3$H$G$"$k!#$3$N7W;;$K$O9TNs H = ( H ij ) $H%F%s%=%k ^ M = ( ^ M ij k l ) $r<!$N$h$&$J 9 <!85%Y%/%H %k h $H 9 <!859TNs ^ M $H$_$J$9!# h = 0 B B B B B B B B B B B B B B B B B B B B B B @ H 11 H 12 H 13 H 21 H 22 H 23 H 31 H 32 H 33 1 C C C C C C C C C C C C C C C C C C C C C C A ; ^ M = 0 B B B B B B B B B B B B B B B B B B B B B B @ ^ M 1111 ^ M 1112 ^ M 1113 ^ M 1121 ^ M 1122 ^ M 1123 ^ M 1131 ^ M 1132 ^ M 1133 ^ M 1211 ^ M 1212 ^ M 1213 ^ M 1221 ^ M 1222 ^ M 1223 ^ M 1231 ^ M 1232 ^ M 1233 ^ M 1311 ^ M 1312 ^ M 1313 ^ M 1321 ^ M 1322 ^ M 1323 ^ M 1331 ^ M 1332 ^ M 1333 ^ M 2111 ^ M 2112 ^ M 2113 ^ M 2121 ^ M 2122 ^ M 2123 ^ M 2131 ^ M 2132 ^ M 2133 ^ M 2211 ^ M 2212 ^ M 2213 ^ M 2221 ^ M 2222 ^ M 2223 ^ M 2231 ^ M 2232 ^ M 2233 ^ M 2311 ^ M 2312 ^ M 2313 ^ M 2321 ^ M 2322 ^ M 2323 ^ M 2331 ^ M 2332 ^ M 2333 ^ M 3111 ^ M 3112 ^ M 3113 ^ M 3121 ^ M 3122 ^ M 3123 ^ M 3131 ^ M 3132 ^ M 3133 ^ M 3211 ^ M 3212 ^ M 3213 ^ M 3221 ^ M 3222 ^ M 3223 ^ M 3231 ^ M 3232 ^ M 3233 ^ M 3311 ^ M 3312 ^ M 3313 ^ M 3321 ^ M 3322 ^ M 3323 ^ M 3331 ^ M 3332 ^ M 3333 1 C C C C C C C C C C C C C C C C C C C C C C A (14) $3 $N$H $- H $, ^ M $N 8GM- CM � $N8G M- 9TNs $G$" $k $3$H ( ^ M H = � H ) $H!" h $, ^ M $N 8GM- CM � $N8G M- %Y %/ %H%k $G $" $k $3$H ( ^ M h = � h ) $H $, Ey 2A$K $J $k!# $^ $?!"9T Ns H $N %N %k%‘ k H k $O CV $- 49$( $? %Y %/ %H%k h $N%N%k%‘ k h k $K0lCW$9$k!# <0 (9) $N1& JU $NJ, Jl$K 8=$o $l$k 1i ;; ( � ; � ) $O9T Ns $NFb @Q$G $"$j!" A = ( A ij ), B = ( B ij ) $K BP $7 $F ( A ; B ) = P 3 i;j =1 A ij B ij $H Dj 5A $9 $k!# <0 (10) $N 1& JU $K 8= $o $l $k %Y %/ %H %k a = ( a i ) $H 9T Ns A = ( A ij ) $N a � A � a $N 7A $N@Q $O ( ij ) MWAG $, P 3 i;j =1 " ik l " j mn a k a m A ln $N BP >N9T Ns$G $"$k $HDj 5A$9 $k!# 1i ;; ( � ) � 2 $O %i %s %/ $r 2 $K 94 B+ $7 $? 0l HL 5U 9T Ns $r I= $9 (8 @a ;2 >H ) !# <0 (12) $K 8= $o $l $k 1i ;; N [ � ] $O %N %k%‘$r 1 $K$9$k@55,2=:nMQAG$G$"$k ( N [ A ] = A = k A k ) !# 6. %W%m%0%i%‘$N;EMM 4 @a$N7W;;$KMQ$$$?5;K!$O $/$j$3 $_K! $H8F$P$l (8 @a ;2>H ) !"Bh#16a;w$K$*$$$F:GE,$G$"$k$3$H$,>Z L@ $5 $l $k [7, 8] !# $9 $J $o $A!" 9b <! $N 9‘ $r =| $$ $F B> $N $I $s $J J} K! $K $h$C $F $b$h $j $h $$ 7k 2L $r F@ $k $3 $H $O IT 2DG= $G $"$k!# $3$N %W %m%0 %i %‘$O C++ $K $h$j =q $+$l $F $*$j!" IUB0 %i %$%V %i %j$H 0l BN2= $5 $l$F $$$k!# $=$N9=@.$O<!$N$h$&$K$J$C$F$$$k!# 1. %Y%/%H%k!&9TNs7W;;It 2. %F%s%=%k7W;;It 3. 4v2?3XE*E}7W7W;;It 5

(a) (b) (c) ?^ 1: (a) Bf7ANN0h ( F);k2hA| ) !# (b) @5J}7ANN0h ( ??$N7A>u ) !# (c) 6-3&@~$N<LA|$H$=$NI8=‘JP0L!# (a) (b) ?^ 2: 8m:9$rJQ$($F<LA|$7$?6-3&@~!# (a) :GE,?dDj!# (b) :G>.Fs>hK!!# 1. $G $O <o!9 $N %Y %/ %H %k!& 9T Ns 1i ;; $r Dj 5A $7 $F $$ $k!# 4p K\ E* $J @~ 7A 7W ;; ( 5U 9T Ns!" 9T Ns <0!" O" N) #1 <! J} Dx <0!" 8G M- CM!& 8G M- %Y %/ %H %k!" Ey ) $K $O J8 8% [14] $N %W %m %0 %i %‘ $r ;H MQ $7 $F $$ $k!# 2. $O 1. $r <o!9 $N %F %s %= %k 1i ;; $K 3H D% $7 $? $b $N $G $" $k!# 3. $O 6& J, ;6 9T Ns $r $b$C $? 4v 2? 3X E* BP >] $H $= $N ?. Mj @- 7W ;; $r Dj 5A $9 $k$b $N$G $"$j!" 4 @a $N%W %m%0 %i%‘ $b$3 $3$K <}$a $i $l$F $$$k!# $=$7 $F!"$3 $l$i $rMQ $$ $F!"I8 =‘F~ NO$+ $i E@ Ns %G!< %? $r FI $_ 9~ $_!" 2h A| 0L CV %* %V %8%’ %/ %H $K JQ 49 $7 ( @5 5, 2= 6& J, ;6 9T Ns $O %G %U%) %k %H CM $r MQ $$ $k ) !"9TNs ^ H , H (+) , H ( � ) $r7W;;$7!"I8=‘=PNO$K=PNO$9$k%W%m%0%i%‘$rJLESDs6!$7$F$$$k!#$3$l$i$O http://www.ail.cs.gunma-u.ac.jp/Labo/research.html $KCV$+$l$F$$$k!# 7. <B9TNc ?^ 1(a) $O 4 E@ (100 ; � 100), (100 = 3 ; � 100 = 3), ( � 100 = 3 ; � 100 = 3), ( � 100 ; � 100) $rD:E@$H$9$kBf 7ANN0h$G$"$j!"$=$NFbIt$N1&H>J,$K%i%s%@%‘$K 10 E@$r$H$k!#?^ 1(b) $O$=$N3FE@$K<M1FJQ49 x 0 = � 100 x y ; y 0 = � 200( y + 50) y (15) $r;\$7$?$b$N$G$"$k!##3 <!85E*$K$O?^ 1(a) $O!"?^ 1(b) $N@5J}7A NN0h (\ J* BN%b%G%k ") $r%+%a%i$N8w<4 $KJ?9T$KCV$$$F$d$d>eJ}$+$i;#1F$7$? \ 2hA| " $G$"$k$H2r<a$7$F$b$h$$!# ?^ 1(a), (b) $N3FE@ $N:B I8CM$K FHN) $KFH N)$K4| BTCM 0 !"I8 =‘JP :9 1 $N Mp?t 8m:9 $r2C$( $?$b $N$+ $i<M 1FJQ49 $N9TNs ^ H $H$=$NI8=‘ JP0L H (+) , H ( � ) $r7W ;;$9$k!#?^ 1(c) $OBf7ANN 0h$N6-3& @~$r$=$l$> $l$K BP 1~ $9 $k <M 1F JQ 49 $G <L A| $7 $? $b $N $r =E $M $F ?^ <( $7 $? $b $N $G $" $k!# <B @~ $O ^ H $K!" GK @~ $O $= $N I8 =‘ JP 0L 6

H (+) , H ( � ) $K$= $l$> $lBP 1~$7 $F $$$k!# ?^ 2(a) $O Mp ?t8m :9$r $$$m $$ $mJQ $($F F@$i $l $k6- 3&@~ 10 Nc $r =E $M $F I= <( $7 $? $b $N $G $" $k ( GK @~ $O ?? $N 7A >u ) !# ?^ 1(c) $N I8 =‘ JP 0L $, 8m :9 $K $h $k $: $l $N 2D G= @- $r Dj NL E* $K $h $/ I= 8= $7 $F $$ $k $3 $H $, $o $+ $k!# ?^ 2(b) $O Hf 3S $N $? $a $K :G >. Fs >h K! $G 7W ;; $7 $? 7k 2L $r <( $7 $F $$ $k!# :G>.Fs>hK! $H$O<0 (3) $, x 0 � H x = 0 (16) $HEy2A$G$"$k$3$H$+$i N X � =1 k x 0 � � H x � k 2 ! min (17) $K$h$C$F H $rDj$a$k $b$N$G$"$k!#:8JU $O H $N#2 <!7A<0$G$"$k$+ $i!"$3$l$r:G>.2=$9 $k$K$O:G>.8GM- CM $KBP $9$k 8GM- 9TNs $r7W ;;$9 $l $P$h $$!#$3 $N7W ;;$N C1=c $5$N $?$a $K $3$N :G>. Fs>h K!$O 9-$/ MQ$$ $i $l$F $$$k [3, 11, 13] !#$7$+$7!"$=$NBe=~$H$7$F@:EY$,Nt$k$3$H$,?^ 2(b) $+$i$b3NG’$G$-$k!#$=$NM}M3$N0l $D $O%Y %/%H %k x , x 0 $N @.J, $, <M1F 4v2? 3X $K$* $1$k F1 <!:B I8 $G $"$C $F!"$= $l$i $N Bh 3 @. J, $ODj 5A$K $h $j >o$K 1 $G$"$k$K$b$+$+$o$i$:!":G>.Fs>hK!$G$O%G!<%?$bDj?t$bF1Ey$K07$C$F$$$k$+$i$G$"$k!# $3 $N Nc $N K\ %W %m %0 %i %‘ $K $h $k Ev $F $O $a $N <B 9T ;~ 4V $O UNIX %o!< %/ %9 %F!< %7%g %s (Sun Ultra-1) >e $G J? 6Q 1.58 IC (CPU time) $G $" $j!" F1 $8 Ld Bj $K :G >. Fs >h K! $r MQ $$ $? >l 9g $N Ls 41.2 G\ $G $" $k!# ?^ 1(a), (b) $G$OJQ7A $,Bg$-$$>e!"%G!<%?$, NN0hFb$GJP:_$7$F$$ $k$?$a:GE,?dDj$H :G>.Fs>hK!$H$N:9$, Bg $- $$$,!" JQ7A $,>/ $J $/%G!< %?$N J,I[ $,NN 0h Fb$G 0lMM $K$J $k $K$D $l$F :9$O >/$J $/ $J$k!# $=$N $h$& $J >l9g $O :G>. Fs>h K!$r MQ$$ $l$P @: EY$r Mn$H $5$: $K7W ;; $,8z N(2= $5$l $k!#$3 $l$O <B ;~4V =hM} $K$O M-Mx $G $"$k!# $7 $+$7!" $=$N $?$a $K$O!" 9M$( $F $$$k >u67 $G $" $i$+ $8 $a:G E,?d Dj$H :G>. Fs>h K! $NN> J}$r Hf3S $7$F 7k 2L$K :9 $,$J $$ $3 $H$r 3NG’ $7$J $l$P $J $i$J $$!#$3 $N$h $&$K :GE, ?dDj $O<B 9T ;~4V $G$O ITMx $G$b $=$N $h$& $J %Y%s %A%^!<%/$H$7$F$N0U5A$,Bg$-$$!# Cm 0U $9 $Y $- $3 $H $O!" Fs $D $N J} K! $G 7W ;; $7 $? ^ H 1 , ^ H 2 $K BP $7 $F C1 $K k ^ H 1 � ^ H 2 k $, >. $5 $$ $+ $i $H $$$C $F0B ?4$G $-$J $$ $3$H $G$" $k!#$J $<$J $i <M1F JQ49 $OIt J, E*$K 6KC< $K3H Bg=L >. $,5/ $3$j F@$k $N $G!"9T Ns I= <( $O;w $F $$ $F $b 2h A|>e $N BP 1~ $9 $k JQ49 $O Hs >o $K 0[ $J$k $3 $H $, B? $$ $+ $i$" $k!# <B :]!" ?^ 2 $N Hf3S $K $*$$$F$b9TNs H <+BN$O:9$,Hs>o$K>.$5$$!# 8. 4XO"$9$k;v9‘ 2r K!$N 86M} $OJ8 8% [10, 15] $K=R $Y$i $l$F $$$k $,!"4p K\E* $K$O :GL‘ ?dDj $G $"$k [7] !# $3$l $O7A <0E* $K $O9TNs H $r4^$‘=E$_9TNs W � ( H )( <0 (10) ;2>H ) $r$b$D:G>.Fs>hK! N X � =1 ( x 0 � � H x � ; W � ( H )( x 0 � � H x � )) ! min (18) $H $_$J $; $k [8] !#$? $@ $7 ( a ; b ) $O %Y %/%H %k a , b $NFb @Q $rI= $9!# :8JU $O Dj?t G\ $HDj ?t 9‘$r =| $$$F!" 9T Ns H $G Dj $^ $k <M 1F JQ 49 $N $b $H $K %G!< %? f x � , x 0 � g $, 4Q B, $5 $l $k L‘ EY $N BP ?t $N Id 9f $r 49 $( $? $b $N $K Ey $7 $$!#FC$K8m:9$,EyJ}$+$D0lMM$N>l9g$O%G!<%?$N$"$k$Y$-0LCV$+$i$N5wN%$NFs>hOB$KEy$7$$!# <0 (18) $h$j!" W � ( H ) $,Dj?t 9TNs $G$"$l $P2r H $O%F %s%= %k M ( <0 (6) ;2 >H ) $N:G >.8GM- CM$K BP $9 $k 8G M- 9T Ns $G $" $k!# $7 $+ $7!" $3 $l $r W � ( H ) $H ;D $j $N It J, $r 8r 8_ $K H? I| 7W ;; $7 $? $N $G $O 2r $K E} 7W E* $J JP :9 $, @8 $8 $k [6, 8] !# 0l J}!" 8m :9 $, $J $$ $H $- M $N :G >. 8G M- CM $, 0 $G $" $k $3 $H $+ $i!" Kh 2s $N H? I| $G M $N :G >. 8G M- CM $r 0 $K 6a IU $1 $k Jd @5 $r 9T $( $P @: EY $N M} O@ 8B 3& [7] $r C# @. $9 $k @: EY $N 2r $, F@ $i $l $k [8] !#$3$l$, $/$j$3$_K! $H8F$P$l$k<jK!$G$"$k [5, 6] !# <0 (9) $K %i %s %/ $r 2 $K 94 B+ $7 $? 0l HL 5U 9T Ns $r MQ $$ $F $$ $k $,!" $3 $l $r 7W ;; $9 $k $K $O 8G M- CM $H 8G M- %Y %/ %H%k $r7W ;;$7 $FBP 3Q9T Ns$K BP3Q 2=$7!" :G>. 8GM- CM$r 0 $K CV$- 49$( $F!";D $j$N 8GM- CM$r $=$l $>$l 5U?t $KCV$-49$($F$b$H$N7A$KLa$;$P$h$$ [6, 8] !#$3$N1i;;$,I,MW$H$J$kM}M3$O!"<0 (3) !"$"$k$$$O$3$lEy2A$J<0 (16) 7

$N 3 8D $N @. J, J} Dx <0 $N $& $A 2 8D $N $_ $, FH N) $G $" $k $3 $H $K $" $k!# $3 $l $r H? 1G $7 $F 9T Ns W � $O 8m :9 $, $J $1$l $P%i %s%/ $, 2 $G$" $k!#$7 $+$7!" %G!<%? $rBe F~$7 $?9T Ns$O 0lHL $K%i %s%/ $, 3 $G $"$j!" :G>. 8GM- CM$O 87L) $K$O 0 $G $O$J $$!#0l HL5U9T Ns$r 7W;; $9$k :]$K %i%s %/$r 2 $K6/ @)$9 $k$N $O%G!< %?$+ $i7W ;;$7$? CM$G W � $N??$NCM$r6a;w$7$h$&$H$9$k$?$a$G$"$k [8] !# J88% [10, 15] $G$O8GM- CM$N@]F0 $r#2<!$N 9‘$^$GE83+ $7$FJd@5 $9$k \ #2<!$N$/ $j$3$_K! " $,<( $5$l$F $$ $k!# K\ %W %m %0 %i %‘ $G $O %G %U%) %k %H $H $7 $F #1 <! $N 9‘ $^ $G $N E8 3+ $r MQ $$ $k \ #1 <! $N $/ $j $3 $_ K! " $r :N MQ $7 $F$$ $k $, ( <0 (9) ;2 >H ) !"%* %W %7%g%s $H $7$F #2 <!$N $/ $j$3 $_ K!$b ;X Dj$G $-$k!# #2 <!$N $/ $j$3 $_ K!$r MQ $$ $k $H <}B+ $^ $G $N H? I| 2s ?t$, 8: >/ $9 $k ( #1 <! $GJ? 6Q 4, 5 2s$, #2 <! $G $O J? 6Q 2, 3 2s ) !# $7 $+$7 0l 2s $N H? I| $N7W ;;NL $,A} $($k $N$G!" A4 BN$N 7W;; ;~4V $O$d $d A}2C $9$k!# $^$? :G=* E*$J @: EY$b M-8z ?t;z $NHO 0O Fb$G $[$\:9$,$J$$!# $3$N$/$j$3$_K!$O6K$a$F%m%P%9%H$G$"$j!"AjEvBg$-$$8m:9$rM?$($F$bB.$d$+$K<}B+$9$k!# 9. $^$H$a K\ O@ J8 $G $O J? LL >e $N Fs $D $N E@=8 9g $+ $i <M 1F JQ 49 $r :G E, $K 7W ;; $9 $k $H $H $b $K7W ;; $N ?. Mj @- I> 2A $r M? $( $k%W %m%0 %i%‘ %Q%C %1!<%8 $r5- =R $7$?!# $=$N 86M} $O :GL‘ ?dDj $r$/ $j $3$_ K!$K $h$C$F 7W ;;$9 $k$b $N $G$" $j!" J88% [10, 15] $K <($5 $l$F $$ $k!#$^ $:F~ =P NO$H ?.Mj @- I>2A $NI= 8= K!!"$* $h$S %" %k%4 %j%: %‘ $N35 MW$r =R $Y!"%W %m%0 %i%‘ $N ;EMM $r@b L@ $7!"<B 9TNc $r<( $7!" %W%m %0%i %‘$N FC D’$d Cm0U ;v9‘ $r =R$Y $?!#K\ %W %m%0 %i %‘$O 6K$a $F 8zN( E*!" 9b@: EY!"$+ $D %m%P %9 %H$G $"$j!" %3 %s%T%e!< %? %S%8%g %s$N MM!9 $J1~ MQ $K9- $/Mx MQ $5$l$k$3$H$,4|BT$5$l$k!# ;29MJ88% [1] D. Q. Huynh, Calibration of a structured ligh t system: A pro jective approach, Pr o c. IEEE Conf. Comput. Vision Patt. R e c o g. , June 1997, Puerto Rico, pp. 225{230. [2] M. Irani and P . Anandan, Parallax geometry of pairs of p oin ts for 3D scene analysis, Pr o c. 4th Eur op e an Conf. Comput. Vision , April 1996, Cam bridge, U.K., V ol. 1, pp. 17{30. [3] 6bC+7r0l , !V2hA|M}2r | #3<!85G’<1$N?tM} | !W , ?9KL=PHG , 1990. [4] K. Kanatani, Ge ometric Computation for Machine Vision , Oxford Universit y Press, Oxford, 1993. [5] 6bC+7r0l , %3%s%T%e!<%?%S%8%g%s$N$?$a$N$/$j$3$_K! , >pJs=hM}3X2qO@J8;o , 35 -2, 201{209 (1994). [6] 6bC+7r0l , !V6u4V%G!<%?$N?tM} | #3<!85%3%s%T%e!<%F%#%s%0$K8~$1$F | !W , D+AR=qE9 , 1995. [7] 6bC+7r0l , \ Ev$F$O$aLdBj$N:GE,?dDj$H@:EY$NM}O@8B3& ," >pJs=hM}3X2qO@J8;o , 36 -8, 1865{1873 (1995). [8] K. Kanatani, Statistic al Optimization for Ge ometric Computation: The ory and Pr actic e , Elsevier Science, Amsterdam, 1996. [9] 6bC+7r0l , !V7A>u#C#A#D$H?^7A$N?t3X!W , 6&N)=PHG , 1998. [10] K. Kanatani and S. T ak eda, 3-D motion analysis of a planar surface b y renormalization, IEICE T r ans. Inf. & Syst. E78-D -8 (1995), 1074{1079. [11] 2c Ln9@ , 6b=P IpM: , G$ 0U$N%+ %a%iG[ CV$K$* $1$k%9 %F%l%* ;k$H%9 %F%l%* %+%a%i 9;@5 , EE;R >pJsDL ?.3X2q O@J8;o D-I I, J79-D-I I -11 (1996), 1810{1818. [12] H. C. Longuet-Higgins, The reconstruction of a plane surface from t w o p ersp ectiv e pro jections, Pr o c. R oy. So c. L ond. , B227 (1986), 399{410. [13] Ln 8}Bn , 1| IY@5IR , %9%F%l %*2hA| $+$i$N F;O)J? LL$KBP $9$k<M 1FJQ49 9TNs$N F3=P , >p Js=hM} 3X2q%3 %s%T%e!<%? %S%8%g%s$H%$%a!<%8%a%G%#%"8&5f2q , 97-CVIM-108-4 (1997), 23{30. [14] 1|B<@2I’ , !V C 8@8l$K$h$k:G?7%"%k%4%j%:%‘<-E5!W , 5;=QI>O@<R , 1991. [15] Ip ED:4CN CK , 6bC+ 7r0l , $/ $j$3$_ K!$K$h $kJ? LL$N#3 <!851? F02r@O , >pJs=h M}3X2q %3%s%T%e!< %?%S%8%g %s8&5f 2q , 94-CV-90-6 (1994), 41{48. [16] R. Y. Tsai and T. S. Huang, Estimating three-dimensional motion parameters of a rigid planar patch, IEEE T r ans. A c ous. Sp e e ch Sig. Pr o c. , 29 -6 (1981), 1147{1152. [17] T. Vi� eville, C. Zeller and L. Rob ert, Using collineations to compute motion and structure in an uncalibrated image sequences, Int. J. Comput. Vision , 20 -3 (1996), 213{242. [18] J. W eng, N. Ahuja and T. S. Huang, Motion and structure from p oin t corresp ondences with error estimation: Planar surfaces, IEEE T r ans. Patt. Anal. Mach. Intel l. , 39 -12 (1991), 2691{2717. 8