NY@\Hf$K$h$k<1JL$N$?$a$N:GNI%^!<%+!<%Q%?%s$N@_7W!’M}O@2r@O 6b_7 Lw � >>1J NO y 6bC+ 7r0l z � K-665;=Q2J3XBg3XCN<1>pJs9)3X7O y ( 3t ) J~1I J|Aw%7%9%F%‘3+H/It z 72GOBg3X9)3XIt>pJs9)3X2J � 441-8580 K-66;TE7GlD.1@?}%v5V 1-1 T el: (0532)44-6888 F ax: (0532)44-6873 kanazawa@tutkie.tut.ac.jp y 285-0802 @iMU8):4AR;TBg:n 2{3{3 T el: (043)498-1839 F ax: (043)498-2223 matsunaga@for-a.co.jp z 376-8515 6M@8;TE7?@D. 1{5{1 T el: (0277)30-1841 F ax: (0277)30-1801 kanatani@cs.gunma-u.ac.jp $"$i$^$7 J# 9g 8= <B 46 $d %P!<%A%c %k %9 %? %8 %*<B 8= $N $? $a $KO" B3 E* $K 0\ F0 $9$k %+ %a %i $N 0LCV $* $h $S Fb It%Q %i %a!< %? $r 7W ;; $9 $k Ld Bj ( F1 ;~ 9; @5 ) $r 9M $( $k!% K\ O@ J8 $G $O $= $N $? $a $K @l MQ $N BS >u %^!< %+!< %Q %? %s $N NY @\ Hf $+ $i 0L CV $r <1 JL $9 $k $3 $H $r ;n $_!$$= $N $? $a $N :G E, $J %Q %? %s $r @_ 7W $9 $k!% $^ $: NY @\ Hf $r %^ %k %3 %U 2a Dx $H $7 $F @8 @. $5 $;!$ B, Dj 8m :9 $K BP $9 $k NY @\ Hf $N E} 7W E* @-<A $r 2r @O $7!$ :G E, $J A+ 0\ 3N N( L) EY $r F3 $/!% $^ $?!$ $= $l $+ $i F@ $i $l $k 4V 3V $H NY @\ Hf $N 3N N( L) EY $r M} O@ E* $K 7W ;; $7!$ <1 JL $N M}O@ 8B 3& $r F3 $/!% $= $7 $F!$ 6q BN E* $J %Q %? %s $K BP $7 $F <B 83 $r 9T $J $$!$ $3 $l $i $r 3N G’ $9 $k!% $5 $i $K <1 JL G= NO $r 9b $a $k 9) IW $r 9T $J$&$3$H$K$h$C$F@52rN($,8~>e$9$k$3$H$r<($9!% %-!<%o!<%I %+%a%i%-%c%j%V%l!<%7%g%s , J#9g8=<B46 , 2>A[%9%?%8%* , %^%k%3%U2aDx , 8m:92r@O , NY@\Hf Best Mark er P attern Design for Recognition b y Adjacency Ratio: Theoretical Analysis Y asushi Kanaza w a � , Chik ara Matsunaga y and Kenic hi Kanatani z � Departmen t of Kno wledge-based Information Engineering T o y ohashi Univ ersit y of T ec hnology , T o y ohashi, Aic hi 441-8580 Japan y Broadcast Division, F OR-A Co. Ltd 2-3-3 Ohsaku, Sakura, Chiba 285-0802 Japan y Departmen t of Computer Science Gunma Univ ersit y , Kiryu, Gunma 376-8515 Japan Abstract With a view to reconstructing 3-D shap es of real ob jects and en vironmen ts for virtual realit y realization, w e consider the problem of computing the p osition and in ternal parameters of a con tin uously mo ving camera (sim ultaneous calibration). F or this purp ose, w e design a sp ecial la y ered mark er pattern suc h that the p osition of eac h la y er can b e iden ti�ed easily b y computing the ratios of adjacen t in terv als. W e generate the ratio of adjacen t in terv als b y a Mark o v pro cess. Analyzing the statistical b eha vior of the adjaceney ratios in the presence of noise, w e deriv e a theoretically optimal transition probabilit y densit y . W e also analyze the theoretical probabilit y densities of the resulting in terv als and adjacency ratios and deriv e an upp er b ound on the recognition capabilit y . W e conduct exp erimen ts to con�rm our analysis. Finally , w e in tro duce additional tec hniques to impro v e the p erformance further and observ e their e�ects b y exp erimen ts. Key w ords camera calibration, mixed realit y , virtual studio, Mark o v pro cess, error analysis, adjacency ratio

1 =xO@ <B:_$NJ* BN$N#3 <!85I= <($O %$%s%?!< %M%C%H%+ %?%m %0$d2> A[ Gn J* 4[ [8] $r ;O $a!$ B? $/ $N 1~ MQ $, 9M $( $i $l $k!% $^ $? <B J* $d<B%7!<%s$+ $i9= C[$7$? #3<!85 %b%G%k!& 4D6-$H #C#G $G@8@. $7$?2>A[ J*BN!&2> A[%7!< %s$H$N M;9g $O!VJ#9g 8=<B46!W $H$b 8F$P$l!$:# F|$N%a %G%#%" =hM}8& 5f$N Cf?4%F!< %^$H$J$C $F$$ $k [6] !% $= $N 4p AC $H $J $k $N $O <B J* $d <B %7!< %s $r J# ?t $N J} 8~ $+ $i ;# 1F $7 $? 2h A| $+ $i #3 <! 85 I| 85 $r 9T $J $& $3 $H $G $" $k!% $=$N Be I= E* $J <j K! $O F0 2h A| 2r @O (structure from motion) $H8F$P$l!$FC $K%+ %a%i$N FbIt%Q %i%a!<%? $bF1;~ $K?d Dj$9$k !V<+ 8J 9; @5 K! (self-calibration) !W $N ?J Jb $, Cx $7 $$ [7] !% $3 $l$O2030%7!< %s$N$h $&$K@) 8f$G$- $J$$ 4D6-$G $OM-8z $G$"$k $,J#;($J=h M}$rI, MW$H$9 $k!%%9%? %8%* $N$h$& $J@)8f $5$l$? <<Fb4D6- $G$O%+ %a%i0L CV$d FbIt%Q %i%a!<%? $r%-%c %j%V%l!< %7%g%s$7$F#3 <!85 I|85$r 9T$J$& $[$&$, @:EY$b 9b$/!$ =hM}$b 4JC1$G$"$k!% $3$N$H$-!$J# ?tBf $N%+%a %i$r8G Dj$7$F ;#1F$9 $k$J $i$"$i $+$8$a%-%c%j%V %l!<%7%g%s$r 9T$J$C$F$* $1$P$h $$$,!$ 1 Bf $N %+ %a %i $G %:!< %‘ $r JQ $( $D $D O" B3 E* $K 0\ F0 $7 $J $, $i ;# 1F $9$k$[$&$, $h$j <B:]E* $G$"$k!% $3$N$H $-$O3F %U%l!< %‘$4$H $KJ*BN$N ;#1F$H F1;~$K %-%c%j %V%l!<%7%g %s$r9T $J$& I,MW$, $"$k!%$3$l$r!V;vA09;@5 (pre-calibration) !W!$!V<+ 8J9;@5 (self-calibration) !W $K BP Hf $7 $F !VF1 ;~ 9; @5 (sim ultaneous calibration) !W$H8F$V$3$H$K$9$k!% ;vA09;@5 $G$O%f!< %6$,?M <j$G 2pF~$7 $F$b$h $$$,!$ O"B3E* $JF1;~9;@5 $G$O $9$Y$F $r<+F0 2=$9$k I,MW$, $"$k!% $3$l$O!$ Nc $( $P %+ %a %i $r %m %\%C %H %"!< %‘ $K $h $j 0\ F0 $5 $; $l $P %O %s %I!& %" %$!& %-%c %j %V %l!< %7%g %s $K $h $j 2D G= $H $J $k [9] !% $" $k$$$O%+%a %i$+$i ?.9f$r H/?.$7!$ JILL $K@_CV $7$?J# ?t$N%; %s%5!<$+$i %+%a%i 0LCV$r 7W;; $9$k$3 $H$b$G $-$k!% $7$+$7!$ $=$N$?$a$N @lMQ$N @)8fAu CV$d@l MQ$N %+%a%i $,I,MW $H$J$j!$ $^ $? $= $N Au CV $, @_ CV $7 $F $" $k It 20 $G $J $1 $l $P ;# 1F $G $- $J $$!%$h$jI}9- $$1~MQ $N$?$a $K$OFC <l$J 2C9)$r $7$F$$ $J$$;T HN$N>.7?%S %G%*%+ %a%i$K $h$j<+ M3$K;# 1F$G$- $k$3$H $,K>$^ $7$$!% $3$N$?$a$K 9M$( $i$l$k $N$,!$J* BN$NGX 8e$KJ* BNA| $HJ,N% $7 $d $9 $$ 4{ CN $N %Q %? %s $r IA $$ $? ;2 >H HD $r @_ CV $7!$ $= $N It J,$N2hA|$r2r@O $7$F7W;; $9$k$3$H$G $"$k [4]( ?^ 1) !%$3$N $H $-!$;#1F$7$? %Q%?%s $NItJ, A|$r86 %Q%? %sBP1~ $E$1$k $3$H$, I,MW$H$J$k!% BP1~$, $H$l$l $P%+%a %i0L CV$d>G E@5wN% $,MF0W $K7W ;; $G $- $k [2] !% $3 $N F1 ;~ 9; @5 K! $O !V2> A[ %9 %? %8 %*!W [5] $K1~MQ$G$- $k!%Nc$( $PGX7J $KG;:0 ?’$H C8:0?’ $GIA$+ $l$?%Q %?%s$r@_ CV$7!$%/ %m%^%-!< 5;K! $K$h$C$F ?MJ*It J,$H %Q%?%s ItJ,$KJ, N%$7!$%Q %?%s ItJ,$+ $i%-%c %j%V%l!< %7%g%s$r 9T$J $($P!$#C#G$K $h$j@8 @.$7$? 2>A[E* 4D6- $H?MJ* A|$H$r F0E*$K %j%"%k%?%$%‘$G9g@.$G$-$k [1] !% K\ Js $G $O $3 $N $? $a $K %P!< %3!< %I $K ;w $? BS >u %Q %? %s $r MQ $$!$NY@\$9$k BS$N I}$NHf $K$h$C$F 0LCV$r <1JL$9 $k$3 $H$r9M $($k!%$3$&$9$k$H :GDc 2 K\$NNY@\ $9$kBS$,4Q B,$G$-$l $P$h ?^ 1: O"B3E*$K0\F0$9$k%+%a%i$NF1;~9;@5!% ?^ 2: 0lItJ,$+$i>l=j$r<1JL$9$k!% $$ $N$G!$9- $$NN 0h$r%+ %P!<$9 $k$3$H $,$G$- $k!%$? $@$7!$Hf $K $h$C $F <1 JL $9 $k $? $a $O %+ %a %i $N ;# A| LL $, %Q %? %s $K J? 9T $G $"$kI, MW$,$" $k!%$3$N @)Ls$r =|$/$K $OHf$N Be$o$j $KJ#Hf $r MQ$$$l $P$h$$!% $7$+ $7!$8w<4 $rJ?9T $KJ]$C $?$^$^ %+%a%i $r 0\F0$9 $k>u67 $bB?$$ $N$G!$K\ Js$G$O $^$:$3 $N>l9g $r8!F$ $7!$ J#Hf$K $D$$$F $OJL ES$K9M N8$9$k!% $^$?!$ BS>u%Q %?%s$G $O#1 <!85J}8~$N BP1~$,Dj $^$k$N$_$G $"$k$,!$$3 $l$+$i 2 <! 85 3J;R%Q %?%s$r :n$l$P LL>e$N BP1~$, Dj$^$k!% $3$l$K $D$$$F $O<!Js [3] $G=R$Y$k!% 2 %i%s%@%‘?tNs ?t3XE*$K=R$Y$k$H!$LdBj$O?t Ns x 0 , x 1 , ..., x N $rM?$(!$ NY@\Hf = x i +1 � x i x i � x i � 1 (1) $+ $i HV 9f i $r ?d Dj $9 $k $3 $H $G $" $k ( ?^ 2) !% %Q %i %a!< %? $H $7 $F $^ $: J? 6Q 4V 3V l 0 $r ;X Dj $9 $k!% $7 $+ $7!$ J? 6Q CM $N <~ $j $N JQ F0$,Bg $-$$$H I}$N69 $$4V3V$, @8$8$F 2hA|=h M}$,Fq $7$/$J $k $H$H$b $K!$I}$N 9-$$4V 3V$,@8 $8$F;k Ln$+$i $O$_=P $k$3$H $b $" $k!% $= $3 $G :G >. 4V 3V l min $r %Q %i %a!< %? $H $7 $F ;X Dj $9 $k!% $3 $N Fs $D $N %Q %i %a!< %? $r $b $D :G $b C1 =c $J ?t Ns $O!$ x 0 $r M? $(!$ 4V 3V l $r Kh 2s FH N) $K 6h 4V [ l min ; l max ] >e $N 4| BT CM l 0 $N$"$k3NN(L)EY p ( l ) $K=>$C$FH/@8$5$;!$ x i +1 = x i + l (2)

$H $9 $k $3 $H $G $" $k!% $3 $N $H $- ?t Ns f x i g $O !VFH N) 2C K! 2a Dx!W $H 8F $P $l $k $b $N $K $J $k!% :G $b 4J C1 $J $b $N $O l max = 2 l 0 � l min $H $7!$ l $, 6h4V [ l min ; l max ] >e$K 0lMMJ,I[ $9$k>l 9g$G$"$k!% $3$l$r !V%i%s %@%‘?t Ns!W$H 8F$V$3 $H$K$9 $k!%$3 $N$H$-NY@\Hf $N3NN(L)EY$O<!$N$h$&$K$J$k!% p ( ) = 8 > > > > < > > > > : l 2 max � l 2 min = 2 2( l max � l min ) 2 l min l max � � 1 l 2 max = 2 � l 2 min 2( l max � l min ) 2 1 � � l max l min (3) ?^ 3 $K l 0 = 1, l min = l 0 = 4 $N>l9g$N4V3V$HNY@\Hf$NL)EYJ, I[$r?^<($9$k!%?^ $+$i$o$+ $k$h$&$K!$NY @\Hf$, 1 $N<~ $j$K =8Cf $7!$ H= JL $, :$ Fq $K $J$k!% 4V 3V l $N J, I[ $r 0l MM J, I[ $G $J $$J,I[$KJQ $($F$b!$ 3F6h4V $,FHN) $JF1 0lJ,I[ $K=>$& 8B$jNY @\Hf$O 1 $K=8Cf$9$k!% 3 0lMM?tNs NY@\Hf$NJ, I[$r@) 8f$9$k $K$O4V 3V$r 3NN(E* $KH/@8 $5$;$k $N $G $O $J $/!$ NY @\ Hf $r 3N N( E* $K H/ @8 $9 $l $P $h $$!% 6q BN E*$K$O x 0 = 0, x 1 = l 0 $rM?$(!$ x i +1 = x i + ( x i � x i � 1 ) (4) $H $9 $l $P $h $$!% $7 $+ $7!$ :G >. 4V 3V l min $H J? 6Q 4V 3V l 0 $, ;X Dj $5 $l $F $$ $k $+ $i!$ NY @\ Hf $r Kh 2s FH N) $K H/ @8 $5 $; $k $3 $H $O $G $- $J $$!% $J $< $J $i!$ Nc $( $P :G >. 4V 3V l min $, H/ @8 $7 $? $H $-!$ <! $N NY @\ Hf $r 1 0J >e $K $7 $J $1 $l $P <! $N 4V 3V $, l min $r 2< 2s $k $7!$ Bg $- $$ 4V 3V $, H/ @8 $9 $l $P <! $N NY @\ Hf $r >. $5 $/ $7 $J $1 $l $P J? 6Q 4V 3V $, l 0 $K $J $i $J $$ $+ $i $G $" $k!% $7$?$,$C $FNY @\Hf $N3N N(J, I[$O D>A0 $KH/ @8$7 $?4V 3V l $K 0M B8 $9 $k!% $9 $J $o $A!$ ?t Ns f x i g $O !V%^ %k %3 %U 2a Dx!W $H $J $k!%:G $b 4J C1$J >l 9g $O l max = 2 l 0 � l min $H $7!$ $, 6h 4V [ l min =l ; l max =l ] >e $K0l MM J, I[$9 $k >l 9g$G $" $k!% $3$l $r !V0l MM?tNs!W$H8F$V$3$H$K$9$k!% 4 NY@\Hf$N8m:92r@O NY@\Hf$NCM $,=8 Cf$9$k $H<1JL $,:$Fq $K$J$k $,!$0l MM$KJ, I[$5$;$k$3 $H$, :GE,$H $O8B$i $J$$!%$J $<$J$i!$ 8m:9 $O:BI8 CM x i $K F~ $k $N $G!$ 8m :9 $K $h $k NY @\ Hf $N JQ F0 $O $N CM $4 $H$K0[$J $k!%$=$3 $G!$8m:9 $,>/ $J$$It J,$G$O L)$K!$ Bg$-$$ ItJ,$G$OAB $KJ,I[ $5$;$k!% $3$N$? $a$K $O8m:9 $N1F6A $N2r@O $,I,MW$H$J$k!% O"B3$9$k 3 E@ x , x 0 , x 00 $K$=$l $>$l � x , � x 0 , � x 00 $N8m :9$,F~$k$H!$$=$NNY@\Hf = x 00 � x 0 x 0 � x (5) $N8m:9$OBh#16a;w$K$*$$$F<!$N$h$&$K$J$k!% � = (� x 00 � � x 0 )( x 0 � x ) � ( x 00 � x 0 )(� x 0 � � x ) ( x 0 � x ) 2 = l 0 � x � ( l + l 0 )� x 0 + l � x 00 l 2 (6) 8m :9$O 4|BT CM 0 !$I8 =‘ JP:9 � $N FHN) $J@5 5,J, I[$K =>$& $H 2> Dj $7!$ 9b <! $N 9‘ $r L5 ;k $9 $k $H $N !V>r 7o IU $- J, ;6!W $, <! $N$h$&$K$J$k!% E l [� 2 ] = l 0 2 E [� x 2 ] + ( l + l 0 ) 2 E [� x 0 2 ] + l 2 E [� x 00 2 ] l 4 = � 2 l 4 (2 l 2 + 2 l l 0 + 2 l 0 2 ) = 2 � 2 l 2 (1 + + 2 ) (7) 5 :GNI?tNs <1 JL$N8m $j$r:G >.$K$9 $k$K $O!$8m:9 $NI8=‘ JP:9$, Bg$-$$ $H $3$m$G $O4V3V $r$=$l $KHfNc $7$FBg $-$/!$>. $5$$$H $3$m$G $O $=$l$K HfNc$7 $F>.$5 $/$H $k$N$, $h$$!%$7 $?$,$C$F NY@\Hf $N!V>r7oIU$-3NN(L)EY!W p l ( ) $r<!$N$h$&$K$H$k!% p l ( ) = C l p 1 + + 2 (8) $3 $3 $K Dj ?t C l $O @5 5, 2= Dj ?t $G $" $j!$ $N Dj 5A 0h $r [ a ; b ] $H $9 $k $H!$ >r 7o R b a p l ( ) d = 1 $+ $i C l $, Dj $^ $k!%ITDj@QJ,$N8x<0 Z dx p 1 + x + x 2 = log � � � � x + 1 2 + p 1 + x + x 2 � � � � (9) $h$j<!$N$h$&$K$J$k!% C l = 1 , log b + 1 = 2 + p 1 + b + 2 b a + 1 = 2 + p 1 + a + 2 a (10) :G >. 4V 3V $, l min $G $" $k $+ $i!$ NY @\ Hf $N 2< C< $O a = l min =l $G$"$k!%>eC<$OJ?6Q4V3V$, l 0 $G$"$k$H$$$&>r7o Z b a l p l ( ) d = l 0 (11) $+$iDj$^$k!%<0 (8) $rBeF~$7$FITDj@QJ,$N8x<0 Z xdx p 1 + x + x 2 = p 1 + x + x 2 � 1 2 log � � � � x + 1 2 + p 1 + x + x 2 � � � � (12) $rMQ$$$k$H!$>eC< b $OM?$($i$l$?2<C< a $KBP$7$FJ}Dx<0 f l ( a ) = f l ( a ) (13) $N 2r $H $7 $F M? $( $i $l $k!% $= $N 2r $r l ( a ) $H =q $/!% $? $@ $7 f l ( x ) $O<!$N$h$&$KDj5A$7$?4X?t$G$"$k!% f l ( x ) = p 1 + x + x 2 � � 1 2 + l 0 l � log ( x + 1 2 + p 1 + x + x 2 ) (14) 2r $N7W;; $K$O%K%e!< %H%s K!$rMQ $$$k!%$3 $N$h $&$KDj 5A$7$? >r 7oIU$- J,I[$K =>$C$F H/@8$5 $;$??t Ns$r !V:GNI?t Ns!W$H8F $V$3$H$K$9$k!%

(a)(b) ?^ 3: %i%s%@%‘?tNs!% (a) 4V3V$NJ,I[!% (b) NY@\Hf$NJ,I[!%

(a)(b) ?^ 4: :GNI?tNs!% (a) 4V3V$NJ,I[!% (b) NY@\Hf$NJ,I[!% 6 4V3V$HNY@\Hf$NJ,I[ 4V3V$N:G >.CM!$:G BgCM$r $=$l $>$l l min , l max $H$9 $k$H!$ NY@\Hf$N:G>.CM!$:GBgCM$O$=$l$>$l<!$N$h$&$K$J$k!% min = l min l max ; max = l max l min (15) :GBg$NNY@\Hf$,H/@8$9$k$N$O8= :_$N4V3V$, l min !$$9$J$o$A a = 1.0 $N >l9g $G $" $k $+ $i max , min , l max $, <!$N $h $& $KDj$^$k!% max = l min (1 : 0) ; min = 1 max l max = max l min (16) 4V 3V $, l $N $H $- <! $N 4V 3V $, l 0 $H $J $k !VA+ 0\ 3N N( L) EY!W $r p ( l 0 j l ) $H $9$k!% l 0 = l $G$" $k$+$i!$ l 0 $,6h4V [ l 0 ; l 0 + dl 0 ] $K H/ @8 $9 $k 3N N( $O p ( l 0 j l ) dl 0 = p ( l 0 j l ) l d $G $" $k!% $3 $l $, p l ( ) d $KEy$7$$$+$i!$ p ( l 0 j l ) $,<!$N$h$&$KDj$^$k!% p ( l 0 j l ) = 1 l p l ( ) = 1 l p l ( l 0 l ) (17) 4V3V l $N ( Dj>o ) 3NN(L)EY p ( l ) $O<!$N4X78$+$iDj$^$k!% p ( l 0 ) = Z l max l min p ( l 0 j l ) p ( l ) dl (18) $3 $N$H $-!$NY @\Hf $N ( Dj>o ) 3N N(L) EY g ( ) $O <!$N $h$& $K 7W;;$5$l$k!% g ( ) = Z l max l min p l ( ) p ( l ) dl (19) l 0 = 1, l min = l 0 = 4 $H $7!$ @Q J, $N 7W ;; $K Bf 7A 8x <0 $r MQ $$ $F <0 (18) $r H? I| $7 $F 5a $a $? 4V 3V $N 3N N( L) EY p ( l ) $* $h $S <0 (19) $r Bf 7A 8x <0 $r MQ $$ $F F@ $i $l $k NY @\ Hf $N 3N N( L) EY g ( ) $r ?^ 4 $K <( $9!% ?^ 5 $O <0 (8) $N >r 7o IU $- 3N N( L) EY $K =>$C $F D9 $5 1000 $N ?t Ns $r H/ @8 $5 $;!$ 4V 3V $H NY @\ Hf $N %R %9 %H %0 %i %‘ $r ?^ <( $7 $? $b $N $G $" $k!% ?^ 4 $H $h $/ 0l CW $7 $F $$ $k $3 $H $, 3NG’$G$-$k!% 7 4K>WBS$K$h$kNY@\Hf$NJ,N% $3 $N$h$& $KNY@\ Hf$NJ, I[$r :GE,$K Dj5A$7 $F$b!$$= $NH/@8 $, %i%s%@ %‘$G$" $k0J>e!$ $?$^ $?$^F1 $8!$$"$k $$$O6a $$CM$, H/ @8$9$k 2DG=@- $O$"$k!% $=$N$h $&$J=E J#$r8! =P$7$F =|30$9 $k $3 $H $K $h $j <1 JL $N G= NO $, $$$C $= $& 8~ >e $9 $k $H 4| BT $5 $l $k!% 3F E@ $K I8 =‘ JP :9 � $N 8m :9 $, FH N) $K F~ $k $H!$ NY @\ Hf $N >r 7o IU $-J, ;6 $O <0 (7) $GM? $( $i $l$k!% >r 7o IU $-I8 =‘ JP :9$O $=$NJ?J}:,$G$"$k$+$i!$<!$N$h$&$K$J$k!% s l ( ) = p 2 � l p 1 + + 2 (20)

(a)(b) ?^ 5: (a) 4V3V$N%R%9%H%0%i%‘!% (b) NY@\Hf$N%R%9%H%0%i%‘!%

?^ 6: NY@\Hf$N<1JL2DG=8B3&!% $=$3$G!$ H/ @8$7 $? NY@\ Hf $NN> B& $KI} s l ( ) $N 4K >WBS $r @_ $1!$$=$l0J9_ $KH/@8 $7$?NY @\Hf$, 4{$K H/@8$7 $?NY@\ Hf$N4K >WBSFb$KF~$k$b$N$r=|30$9$k!% $7$+$7!$$=$& $9$k $HNY@\ Hf$r$" $k8D?t $@$1H/ @8$7 $?8e$O $b$O$d?7$7 $$NY@\ Hf$,H/ @8$9$k M>CO $,$J$/ $J$k!%$3 $N8B3& $N 8D ?t $N I> 2A $r <! $N $h $& $K 9T $J $&!% <0 (20) $N 4| BT CM $O <! $N$h$&$K$J$k!% s ( ) = Z l max l min s l ( ) p ( l ) dl (21) M} A[ E* $J >l 9g $H $7 $F NY @\ Hf $N <h $j F@ $k CM $, $3 $N 4V 3V $G 6h 4V [ min ; max ] $K JB $V $H $9 $k $H!$ $= $N L) EY $O 1 =s ( ) $H $J$k!%$7$?$,$C$F!$CM$N8D?t$O<!$N$h$&$J$k!% N max = Z max min d s ( ) = 1 p 2 � Z l max l min p ( l ) l dl ! � 1 log max + 1 = 2 + p 1 + max + 2 max min + 1 = 2 + p 1 + min + 2 min (22) � = �l 0 $H $7 ( � $O l 0 $r 1 $H $9 $k C1 0L $G B,$C $? 8m :9 $N I8 =‘ JP:9 ) !$2# <4 $K � !$ =D<4 $K N max $r ?^ <($7 $? $b $N$, ?^ 6 $N <B @~$G$"$k!%$b $A$m$s $3$l$O NY@\Hf $NCM $rM}A[ E*$KL) $KG[CV $7 $? 8B 3& CM $G $" $j!$ <B :] $K $O <B 8= $G $- $J $$!% ?^ 6 $N GK @~ $O <B:] $KF@$i$l$k Ns$ND9$5$r 3F 5 2s$N;n9T $GJ?6Q$7$? $b$N$G $" $k!% $3 $l $+ $i <B :] $K $O M} O@ 8B 3& $N Ls 36% $7 $+ ?t Ns $, H/ @8$G$-$J$$$3$H$,$o$+$k!% 8 <1JL<B83 ?^ 7 $O l min = l 0 = 4 $N >l 9g $N!$ 2 @a $G =R $Y $? %i %s %@ %‘ ?t Ns!$ 3 @a$G=R$Y$? 0lMM?tNs!$ 5 @a$G=R$Y$?:GNI?tNs!$$*$h $S 7 @a$G =R$Y$?4K>W BS$r@_$1 $?$b$N$r$= $l$>$l@8 @.$7!$Gr 9u $KEI $j J,$1 $? $b$N $G $"$k!% $3 $N?t Ns $N3F E@$K I8 =‘JP :9 � = �l 0 $N @5 5, Mp ?t 8m :9 $r FH N) $K 2C $(!$ 3F 6h 4V $K BP $7 $F NY @\ Hf $r7W;; $7!$??$N CM$NI= $H;2>H $7$F:G $b6a$$ $b$N$H BP1~$5 $; $k!%$3$l $r$9$Y $F$N6h 4V$K BP$7$F D4$Y$F!$ $5$i$K 0[$J$k Mp ?t 8m :9 $r MQ $$ $F $3 $l $r 100 2s 7+ $j JV $7!$ @5 2r N( $r 7W ;; $7 $? $b $N $, ?^ 8 $G $" $k!% $3 $l $+ $i :G NI ?t Ns $, :G $b 9b $$ @5 2r N( $G $" $k $3 $H $, 3N $+ $a $i $l $k!% ?^ 8 $O!$ $5 $i $K � $N :G Bg CM � max $r 0.01 $H $7!$ $3 $l $K BP $9 $k 4K >W BS $r @_ $1 $? $b $N $K BP $7 $FF1$8 <B83$r 9T$J$C $FHf3S $7$?$b $N$G $"$k!%$3 $l$K$h$C $F@52rN($,$$$C$=$&8~>e$9$k$3$H$,$o$+$k!% $3 $N $h $& $K $7 $F ( 4K >W BS $r @_ $1 $F ) :n @. $7 $? :G NI ?t Ns $K BP $7$F@5 2rN($r $5$i$K 9b$a$k 9)IW$r 9T$J$&!% <0 (1) $N $N ??$NCM$r � i $H$9$k$H!$HV9f i $r?dDj$9$k$N$K min i j � � i j $N i $rA*$V$N$G$O$J$/!$:G>.!V%^%O%i%N%S%95wN%!W min i j � � i j s � l i ( � i ) (23) $K $h$C $F i $r Dj $a $k!% $? $@ $7 l i $O x i � x i � 1 $N ?? $N CM $G $" $k!% $5 $i $K!$ %Q %? %s $, ?^ 7 $N $h $& $K EI $j J, $1 $i $l $F $$ $k $H!$ $=$NG; C8$+$i 3FE@$, 6v?t HVL\$+ 4q?tHV L\$+$, $o$+$k!% $3 $l $r Mx MQ $9 $k $H!$ <0 (23) $N :G >. C5 :w $O 6v ?t HV L\ $+ 4q ?t HV L\ $N $_ $r C5 :w $9 $l $P $h $$!% ?^ 9 $O ?^ 7 $N :G NI ?t Ns $K BP $9 $k <1JL$N @52rN( $rC1=c $JJ}K!!$ %^%O%i %N%S%9 5wN%$r MQ$$$k J} K!!$$5$i $K%Q%? %s$NG; C8>pJs $rMQ$$ $kJ}K! $H$GHf 3S$7$? $b $N$G$" $k!%$3$N $h$&$J 9)IW$G @52rN( $,$+$J $j2~A1 $5$l$k $3$H$,$o$+$k!%

(a) (b) (c) (d) ?^ 7: H/@8$7$??tNs$NNc!% (a) %i%s%@%‘?tNs!$ (b) 0lMM?tNs!$ (c) :GNI?tNs!$ (d) :GNI?tNs ( 4K>WBS$"$j ) !%

?^ 8: <1 JL $N @5 2r N(!% (1) %i %s %@ %‘ ?t Ns!$ (2) 0l MM ?t Ns!$ (3) :GNI?tNs!$ (4) :GNI?tNs ( 4K>WBS$"$j ) !%

?^ 9: :GNI ?t Ns$N <1 JL$N @5 2rN(!% (1) C1=c $J Hf3S!$ (2) %^ %O %i %N%S%95wN%$K$h$kHf3S!$ (3) G;C8>pJs$N2CL#!% 9 $^$H$a K\Js$G$OBS >u%Q%? %s$rMQ $$$FNY @\Hf $+$i0L CV$r<1 JL$9$k $3$H$r;n$_!$ $=$N $?$a$N :GE,$J %Q%?%s $r@_7W $7$?!% NY@\Hf $N 1 $X$N=8 Cf$rHr$1 $k$?$a!$4V3V $G$O$J$/NY @\Hf$=$N $b$N $r%^%k%3%U 2aDx$H $7$F@8 @.$5$;!$ $5$i $KE@$N B,Dj8m :9$KBP $9$kNY@\Hf $N8m:9 $NE}7W E*@-<A $r2r @O$7!$:G E,$JA+ 0\3NN( L)EY$rF3$$ $?!%$5$i $K$=$l $+$iA* $i$l $k4V3V $HNY@\ Hf$N3N N(L)EY$rM} O@E* $K7W;; $7!$NY@\ Hf$N<1 JL8B3& $rF3 $$$?!%$= $7$F!$6qBNE* $J%Q %?%s$K BP$7$F <B83$r 9T$J$$!$ $3$l $i$r3N G’$7$?!%$5$i $K<1 JLG=NO $r9b$a $k9)IW $r9T$J $&$3 $H$K$h$C $F @5 2r N( $, 8~ >e $9 $k $3 $H $r <( $7 $?!% <! Js [3] $G $O $3 $l $r Fs <!85%Q%?%s$K3HD%$7!$<B2hA|$rMQ$$$?<B83$r9T$J$&!% <U <- : K\ 8& 5f $N 0l It $O J8 It >J 2J 3X 8& 5f Hq 4p HW 8& 5f #C (2) (No. 09680352) $K$h$C$?!% ;29MJ88% [1] 4Z ?p85 , %j!&%8%e%s!&%U%!%s , CfEg @5G7 , %P!<%A%c%k%9%?%8 %* $N $? $a $N Ej 1F JQ 49 $K IT JQ $J FC D’ $r MQ $$ $? %+ %a %i %Q %i %a!< %?Cj =P , 1G A| >p Js %a %G%# %" 3X 2q 5; =Q Js 9p , V ol. 21, No. 28 (1997), 49{54. [2] 6bC+ 7r0l , !V2hA|M}2r | #3<!85G’<1$N?tM} | !W , ?9KL=PHG , 1990. [3] >> 1J NO , ?7 Eg OB 9’ , 6b C+ 7r 0l , NY @\Hf $K $h$k <1 JL$N $? $a$N :GNI%^!<%+!<%Q%?%s$N@_7W!’1~MQ<B83 , ?.3X5;Js PRMU98, 1999-1. [4] 5\@n 0l>h , 9u@n 2m?M , 9-ED 8;B@O: , 2hA|$H#C#G$NM;9g , >pJs =hM} , V ol. 38, No. 3 (1977), 189{194. [5] Cf Eg @5 G7 , %G%#%8 %? %k 1G A| =hM} $N 4p AC $H1~ MQ (I I)| Fs <! 85 %G%# %8%? %k1G A|=h M}F~Lg |, EE ;R>p JsDL ?.3X 2q;o , V ol. 18, No. 1 (1998), 68{75. [6] B@ ED M’ 0l , ED B< =( 9T , J# 9g 8= <B 46 $N MW AG 5; =Q $H $7 $F $N %3 %s %T%e!< %? %S %8%g %s , 2h A| $N G’ <1!& M} 2r %7 %s %] %8 %& %‘ (MIR U’98), 1998-7, 4tIl , pp.I-1{I-6, 1998. [7] M. P olleyfes, R. Ko c h and L. V an Go ol, Self-calibration and metric reconstruction in spite of v arying and un- kno wn in ternal camera prameters, Pr o c. Int. Conf. Comput. Vision , Jan uary 1998, Bom ba y , India, pp. 90{ 95. [8] :dB< 7r , %G %8%?%k%_%e!< %8%"%‘ | %3%s %T%e!<%?$r 6n;H$7$? ?7 $7$$ GnJ* 4[$N 9=C[ |, >p Js=h M} , V ol. 39, No. 5 (1998), 385{392. [9] EO JU N) , 0BIt H~G5 IW , @6?e IRCK , @l MQ%O!< %I %&%’%" $K $h$k %P!< %A%c %k %9 %? %8 %* %7 %9 %F %‘ $N 3+ H/ , 1997 2h A| EE ;R 3X 2q G/ <!Bg2qM=9F 27, pp. 81{84, 1997.