MA CC’97 6u4VE*@)Ls$NEAGE$K4p$E$/Dj@-E*6u4V9=B$$NF1Dj ==2O Bn;J � @P9u 9@ � @PED 5| � Spatial Constrain t Propagation for Iden tifying Qualitativ e Spatial Structure T akushi SOGO, Hiroshi ISHIGUR O and T oru ISHID A W e prop ose a metho d for building a qualitativ e spatial mo del of landmarks based on geomet- rical constrain ts. The mo del is built b y iterating the follo wing steps: (1) observing qualitativ e motions of mo ving ob jects from the landmarks, (2) partitioning the landmarks in to t w o groups, (3) acquiring thr e e p oint c onstr aints , and (4) propagating the constrain ts. W e ha v e applied this metho d to qualitativ e lo calization of vision sensors of a distribute d vision system whic h consists of sev eral vision sensors and ev aluated it with sim ulations. 1 $O$8$a$K <+N’0\ F0%m%\%C %H$J $I$N8& 5fJ, Ln$G$O , J# ?t$N%i %s%I %^!< %/ $N 0L CV $r 4Q B, $K $h$C $F 3M F@ $9 $k =h M} $O IQ HK $K 9T $o$l$k . Nc$($P?^ 1 $N$h$&$KJ#?t$NCOE@$+$i%i%s%I%^!< %/ $N 4V $N 3Q EY $r 4Q B, $7 $F %i %s %I %^!< %/ $* $h $S 4Q B, CO E@ $N J? LL >e $N 0L CV p i = ( x i ; y i )(1 � i � n ) $r 5a $a $k $K $O , 0l HL7A $, <!$N $h$& $K I=$5 $l$k Hs@~ 7A O"N) J}Dx <0 $r2r $/ . cos � ij k = ( p i � p j ) � ( p k � p j ) j p i � p j jj p k � p j j (1 � i; j; k � n ) $7$+$7 , 9- $$6u4V $K$o $?$kB? ?t$N %i%s%I %^!<%/$N 0LCV $r3M F@$9 $k>l 9g $O4Q B,8m :9 $N1F 6A$, Bg $-$/ $J$k $? $a , $3 $N O" N) J} Dx <0 $K BP $7 $F JQ ?t $N >C 5n $d ?t CM $N Be F~ $r 7+ $j JV$9$H$$$&C1=c$J<jK!$G$O , � $= $N 2a Dx $G J} Dx <0 $, L7 =b $9 $k $? $a $K 2r $r 5a $a $k $3 $H$,$G$-$J$$ � 8m:9$NC_ @Q$K$h$C$F , 5a$a$?2r $,<B:]$N0LCV$H $OA4 $/0[$J$k $J $I $H $$$C $? $3 $H $, 5/ $- $k . $3 $N $h $& $J >l 9g $K $O 6u 4V $rJ# ?t$N ItJ, 6u 4V$K J,$1 , $= $l$> $l$N 6u 4V$K $*$$ $F %i%s %I%^!< %/$N 0L CV$r 5a$a , $= $l$i $r E}9g $7 $FA4 BN$N %i %s%I %^!<%/ $N0L CV $r5a $a$k $J $I , 8m :9 $N1F 6A $r>/ $J$/ $9 $k$? $a$N9)IW$,I,MW$H$J$k . %i %s %I %^!< %/ $N 0L CV $r ?t CM $G I= 8= $9 $k Dj NL E* $J %b %G %k $N 3M F@ $, L\ E* $G $" $k 8B $j $O $3 $N $h $& $J 8m :9 $N Ld Bj $O Hr $1 $i $l $J $$ . $7 $+ $7 , <+ N’ 0\ F0 %m %\%C %H $N %J %S %2!< � 5~ETBg3XBg3X1!9)3X8&5f2J>pJs9)3X@l96 ?^ 1: 4QB,$NNc %7%g %s $J $I $G $O Dj @- E* $J I= 8= $K $h $k %b %G %k $, F@ $i $l $l $P == J, $J >l 9g $b B? $$ [1][2]. Dj @- E* $J I= 8= $K $h $k %b %G %k $H $O , Nc $( $P G$ 0U $N 3 E@ $N JB $V =g =x ( 1& 2s $j $^ $? $O :8 2s $j ) $K$h$C$F0LCV4X78$rI=8=$9$k$b$N$G$"$k [3]. $3 $N $h $& $J Dj @- E* $J %b %G %k $r 8z N( $h $/ 3M F@ $G $- $l $P , $=$N E, MQNN 0h $O 9-$$ . $7 $+ $7 , => Mh $NDj @- E*$J I= 8= $K4X $9 $k 8& 5f $O $" $i $+ $8 $a %b %G %k $, M? $( $i $l $F $$ $k $3 $H $r A0Ds$H$7$F$*$j [1][4], 3MF@$K4X$9$k8&5f$O$J$$ . K\O@J8 $G$O , J#?t $N%i %s%I%^!< %/$N Dj@-E* $J0L CV4X78 $rI= 8=$9 $k 6u4V %b%G %k $r , 4v 2?E* $J @)Ls $rMQ $$ $F3M F@$9 $k<j K! $rDs 0F $9 $k . $3 $N<j K! $O , %i%s %I %^!<%/ $H $= $N4V $r0\ F0$9 $k J*BN $N 1?F0 $N4X 78 $r4Q B,$7 , $= $l $K$h$C $FF@ $i $l $k 4v 2? E* $J @) Ls $r 6u 4V %b %G %k $K E, MQ $9 $k $3 $H $G %i %s %I %^!< %/ $N Dj @- E* $J 0L CV 4X 78 $r 3M F@ $9 $k $b $N $G $" $k . 6u4V %b%G %k $N3M F@$K $O 4v2? E*$J @) Ls$N $_$r MQ $$ , ?t CME* $J@) Ls $OA4 $/ MQ $$$J $$ . K\ <jK! $K $h $j , Nc $($P 0L CV 4X78 $N IT L@ $J B? ?t $N ;k 3P %; %s %5 $+ $i 0\ F0 J* BN $N 1? F0 $r 4Q B, $9$k $3$H $G , $=$l $i$N Dj @-E* $J0L CV 4X78 $r3M F@ $9$k $3$H 1

?^ 2: Dj@-E*$J0LCV4X78$NI=8= ABC: + A CE: � BCD: + BEF: + ABD: + A CF: + BCE: � CDE: � ABE: + ADE: � BCF: � CDF: � ABF: + ADF: � BDE: � CEF: + A CD: + AEF: + BDF: � DEF: + ?^ 3: Dj@-E*6u4V%b%G%k $,$G$-$k . 0J2<$G $O , $^ $:K\ 8&5f$G 07$&Dj @-E* $J6u4V %b%G %k$K$D $$ $F =R $Y $k . <! $K $= $N 3M F@ $N $? $a $N <o!9 $N 4Q B, $N 7A BV , 3 E@ @) Ls $K $D $$ $F =R $Y , :G 8e $K K\ <j K! $r MQ $$ $F ;k 3P %; %s %5 72 $N Dj @- E* $J 0L CV 4X 78 $r 3M F@ $9 $k %7 %_%e %l!< %7%g %s $r9T$$ , $=$NM-8z@-$K$D$$$F8!>Z$9$k . 2 Dj@-E*6u4V%b%G%k$H4QB,7ABV 2.1 Dj@-E*6u4V%b%G%k K\ 8& 5f $G $O , ?^ 2 $N $h $& $K J# ?t $N E@ $N Dj @- E* $J 0L CV 4X 78 $r G$ 0U $N 2 E@ $r DL $k D> @~ $K BP $7 $F B> $N E@ $N B8 :_ $9 $kJ}8~$K$h$C$FI=8=$9$k . D>@~$, DL$k E@$r l i , l j $H$9 $k$H , $3$N D>@~$K BP$9 $kE@ l k $N 0L CV $O $3 $l $i $N E@ $N JB $V =g =x $K $h$C $F <! $N $h $& $K I=8=$9$k$3$H$,$G$-$k . � l i ! l j ! l k $,:8$^$o$j!’ l i l j l k = + � l i ! l j ! l k $,1&$^$o$j!’ l i l j l k = � $h$j 0l HL $K $O , 2 E@ $r DL$k D> @~ $H B> $N E@ $N 0L CV 4X 78 $O $=$l$i 3 E@ l i , l j , l k ( l i < l j < l k ) $N JB$V =g=x $H$7 $FI= 8=$G $-$k [3]. ?^ 3 $O $3 $NI= 8= $K4p $E $$$F E@ $N0L CV4X 78 $rI=$7$?Dj@-E*6u4V%b%G%k$G$"$k . ?^ 4: 4D6-$N0lNc ?^ 5: 3 $D$N4QB,7ABV 2.2 4QB,7ABV K\ <j K! $G $O , ?^ 4 $N $h $& $J J# ?t $N %i %s %I %^!< %/ $N 4V $r 1 $D $^ $? $O J# ?t $N J* BN $, 0\ F0 $7 $F $$ $k 4D 6- $K $* $$ $F , J* BN $N 1? F0 $H %i %s %I %^!< %/ $H $N 4X 78 $r 4Q B, $9 $k $3 $H $K $h$C$F , Dj @-E* 6u4V %b %G%k $r 3MF@ $9$k $? $a$K I, MW$J %i%s %I%^!<%/4V$N4v2?E*$J@)Ls$rF@$k . $J$* , 0lHL $K%i %s%I%^!< %/$H $O%; %s%5$K $h$C$F MF0W$K 8!=P $9$k $3 $H$N $G$- $k FCD’ E@$G $" $k$, , %;%s %5 <+?H $N0L CV $r 3M F@ $9 $k >l 9g $K $O %; %s %5 $r %i %s %I %^!< %/ $H 8F $V $3 $H$K$9$k . 4QB,$K$O<!$N 3 $D$N7ABV$,9M$($i$l$k . 1. 3F %i %s %I %^!< %/ $+ $i B> $N %i %s %I %^!< %/ $N 0L CV $r 4Q B, $9 $k ( ?^ 5(1)). $3 $l $O 6u 4V $KB? ?t G[ CV $5 $l $? %; %s %5 $, 8_ $$ $N 0L CV $r 4Q B, $9 $k $3 $H $K $h$C $F %; %s %5 $N 0L CV 4X 78 $r 3M F@ $9 $k >l 9g $J $I $K Aj Ev $9 $k . $3 $N 4QB,$K$h$C$F , 4QB,COE@$N%i%s%I%^!<%/$HB>$N 1 $D $N %i %s %I %^!< %/ $r DL $k D> @~ $K BP $7 $F $= $N B> $N %i %s %I%^!<%/$,B8:_$9$kJ}8~$rCN$k$3$H$,$G$-$k . 2. G$0U$N COE@$+$i%i %s%I%^!<%/$N0L CV$r4QB,$9 $k ( ?^ 2

5(2)). $3 $l $O G$ 0U $N CO E@ $+ $i 0\ F0 %m %\%C %H $N ;} $D %; %s %5 $K $h$C $F %i %s %I %^!< %/ $N 0L CV $r 4Q B, $9 $k $3 $H $G , %i%s%I%^!<%/$N0L CV4X78$r3MF@ $9$k>l9g$KAj Ev $9$k . $3 $N4Q B,$K$h$C $F , 4Q B,CO E@$rDL $kG$ 0U$N D> @~ $K BP $7 $F 3F %i %s %I %^!< %/ $N B8 :_ $9 $k J} 8~ $r CN $k$3$H$,$G$-$k . 3. 3F %i %s %I %^!< %/ $+ $i J* BN $N 0\ F0 J} 8~ $r F1 ;~ $K 4Q B, $9 $k ( ?^ 5(3)). $3 $l $O 1. $H F1 MM $K 6u 4V $K B? ?t G[ CV $5$l$?%;%s%5 $+$i , %;%s%50J30$N8! =P$7$d$9$$J* BN $r 4Q B, $7 $F %; %s %5 $N 0L CV 4X 78 $r 3M F@ $9 $k >l 9g $K Aj Ev $9 $k . $3 $N 4Q B, $K $h$C $F , J* BN $N 0\ F0 50 @W $K BP $7 $F %i %s %I %^!< %/ $, B8 :_ $9 $k J} 8~ $r CN $k $3 $H $, $G $- $k $, , $3 $l $O K\ <A E* $K $O 2. $N 4Q B, $K $h$C $F F@ $i$l$k>pJs$HF1$8$b$N$G$"$k . 1. $N 4Q B, $K $h$C $F F@ $i $l $k >p Js $O Dj @- E* 6u 4V %b %G %k $K$* $1$k @) Ls$K D>@\ BP 1~$9 $k$? $a , G$ 0U$N %i%s %I %^!<%/ $+ $i 4Q B, $r 9T $& $3 $H $K $h$C $F 6u 4V %b %G %k $r 3M F@ $9 $k $3 $H$,$G$-$k . =>$C$F$3$N4Q B,$N>l9g $O6u4V%b%G %k$N3MF@ <jK! $K $D$$ $F 5DO@ $9 $Y $-$3 $H $O$J $$ . $7 $+ $7 , <B 4D 6-$K $*$$ $F%; %s%5 $H $7$F ;k3P %; %s%5 $rMQ $$ $?>l 9g$J $I , <B:] $K $O 8_ $$ $N %; %s %5 $r 8! =P $9 $k $3 $H $O :$ Fq $G $" $k $3 $H $b B?$/ , $3$N $h $&$J 4QB, $r 9T$& $3$H $N$G $- $k>l 9g$O 8B $i$l $F$$$k . 2. $O 0lHLE*$J4QB,7A BV$G$"$j , $3$N$h$&$J4QB, $K$h$C $F Dj @- E* 6u 4V %b %G %k $K $* $1 $k %m %\%C %H $N 0L CV 7h $a $r 9T $$ , M6F3 $r9T$C $?8& 5f $,$" $k [1]. C" $7 , $3 $3$G MQ$$ $i $l $?6u 4V%b %G %k$O , %m %\%C%H $,;k 3P E*$K H/ 8+$7 $d$9 $$ 2hA| FC D’ $r %i %s %I %^!< %/ $H $7 $F $" $i $+ $8 $a M? $( $i $l $? $b $N $G$" $j , $3 $N 8&5f $G$O Dj @-E* 6u4V %b%G %k $N3M F@$O 9T $o$l $F$$$J$$ . 2. $N >l 9g $O 3F CO E@ $G 4Q B, $7 $? %i %s %I %^!< %/ $r F1 Dj $9 $kI, MW$, $"$j , %; %s%5 $H $7$F ;k3P %;%s %5 $J$I $rMQ $$ $?>l 9g$K$O F1Dj$O :$Fq$G $"$k$N $KBP $7$F , 3. $N>l9g $O5U$K 3F %i %s %I %^!< %/ $+ $i 4Q B, $7 $? J* BN $r F1 Dj $9 $k I, MW $, $" $k $b$N $N , DL >o J*BN $O>/ ?t $G$" $jF1 Dj$O Hf 3SE* MF0W $G $"$k $H$$$&FCD’$,$"$k . K\ <j K! $O , 2., 3. $N 4Q B, $K $h$C $F F@ $i $l $k , $" $k D> @~ $K$h $k 4v 2? E*$K L7 =b $N $J $$ %i%s %I %^!< %/ $N J,3d ( Nc $( $P ?^ 5 $N >l 9g $G $O f AB D g $H f C g $" $k $$ $O f AB g $H f C D g $J$I$NJ,3d ) $K4p$E$$$FDj@-E*6u4V%b%G%k$r3MF@ $9$k . $J$* , $3$N ?^$N>l 9g$O f AD g $H f B C g $H$$ $&J, 3d$O$"$jF@$: , 4QB,$5$l$J$$ . Cm0U$9 $Y$-$3 $H$O , 6u4V %b%G%k $N3M F@$KI, MW$J $N$O$3 $N$h $&$J %i %s%I %^!<%/ $N J,3d $N$_ $G $"$j , D> @~$N 0L CV$d J}8~ , $9 $J$o $A 2. $N >l 9g $G$O 4Q B, CO E@ $dD> @~ $N J} 8~ , 3. $N >l 9g $G $O J* BN $N 0L CV $d 1? F0 J} 8~ $O I, MW $J $$ $H $$ $& $3 $H$G$"$k . ?^ 6: Dj@-E*6u4V%b%G%k$N3MF@<j=g 3 Dj@-E*6u4V%b%G%k$N3MF@ 3.1 35MW Dj @- E* 6u 4V %b %G %k $O <! $N <j =g $r 7+ $j JV $9 $3 $H $K $h$C $F3M F@ $9$k $3$H $, $G$- $k ( ?^ 6). 0J 2< , %i %s%I %^!< %/$r %N!<%I$H8F$V . 1. 4QB,>pJs$+$i%N!<%I$NJ,3d$rF@$k . 2. %N!<%I$NJ,3d$+$i 3 E@@)Ls$rF@$k . 3. F@ $i $l $? 3 E@ @) Ls $+ $i ?7 $? $J %N!< %I $N J, 3d $r F@ $F , :F$S 3 E@@)Ls$rF@$k . 4. 3 E@@)Ls$+$iDj@-E*6u4V%b%G%k$rF@$k . 1. $N4QB,>pJs$+$i$N%N!<%I$NJ,3d$N3MF@$O , ?^ 5 $K<( $7 $? $h $& $K , G$ 0U $N CO E@ $+ $i $N %N!< %I $N 0L CV $N 4Q B, , $^ $? $O 3F %N!< %I $+ $i $N J* BN $N 0\ F0 J} 8~ $N 4Q B, $K $h$C $F $J $5$l$k . 3.2 3 E@@)Ls$N3MF@ $"$k%N!<%I X $HB>$N%N!<%I$N0LCV 4X78$O , X $H$O0[ $J$k G$ 0U $N 3 $D $N %N!<%I A , B , C $K BP $9 $k 0L CV , $9 $J $o$A , A , B , C $rDL$k 3 K\$ND>@~ AB , AC , B C $K$h$C $F:n$i$l$k?^ 7 $N 7 $D$NNN0h 001 ; 010 ; 011 ; 100 ; 101 ; 110 ; 111 $N$&$A , X $,B8:_$9$kNN0h$K$h$C$FI=8=$9$k$3$H$,$G$- $k . X $H A , B , C $N0LCV4X78$r $3$N$h$&$KI=8= $9$k$3 $H $G , 4Q B, $K $h$C $F F@ $i $l $? %N!< %I $N J, 3d $+ $i X $N B8 :_ $7 $& $k NN 0h $N @) Ls $r I= $9 3 E@ @) Ls $r F@ $k $3 $H $, $G $- $k . A , B , C $H X $K 4X$9$kJ, 3d$,F@$i$l $?$H$- , 4v 2?E* $J@)Ls $r9MN8 $9$k$H , A , B , C $K BP$7$F X $,B8:_ $7$( $J$$NN0h$, $o$+$k ( ?^ 8). BP>N@-$KCm 0U$7 , A , B , C $N F~$l 49$( $r 9MN8 $9 $l$P , $3 $l$i $N%N!< %I $K4X 78 $9$k J,3d $OA4$F<!$N >l9g$KJ,$1 $i$l$k . $J$* , 0J2<$G $O A , B , C $KBP$7$F X $NB8:_$9$kNN0h$r R X $HI=$9 . 3

?^ 7: 3 $D$N%N!<%I$K$h$C$FDj5A$5$l$kNN0h 1. A , B , C $,F1$8B&$K4^$^$l$k$H$- X $, A , B , C $HF1$8B&$K4^$^$l$k$H$- , X $N0LCV $K4X$9$k@)Ls$OF@$i$l$J$$ . X $, A , B , C $NH?BP B&$K4^$^$l$k$H$- ( ?^ 8(1)), X $ONN0h 111 $KB8:_ $7$J$$ . $9$J$o$A R X $O 001 ; 010 ; 011 ; 100 ; 101 ; 110 $N$$$:$l$+$G$"$k . 2. A $H B , C $KJ,$+$l$k$H$- X $, A $HF1 $8B& $K4^ $^ $l$k $H$- ( ?^ 8(2)), X $O NN0h 011 $KB8:_$7$J$$ . $9$J$o$A R X $O 001 ; 010 ; 100 ; 101 ; 110 ; 111 $N$$$:$l$+$G$"$k . X $, B , C $H F1$8B&$K 4^$^$l$k $H$- ( ?^ 8(3)), X $ONN0h 100 $KB8:_$7$J$$ . $9$J$o$A R X $O 001 ; 010 ; 011 ; 101 ; 110 ; 111 $N$$$:$l$+$G$"$k . 4QB, $r 7+ $j JV $7 , F@ $i $l $? %N!< %I $N J, 3d $+ $i J# ?t $N 3 E@@) Ls $r F@ $k $3 $H $G , <! Bh $K X $N B8 :_ $9 $k NN 0h $r FC Dj $7$F$$$/$3$H$,$G$-$k . 3.3 ?7 $? $J %N!< %I $N J, 3d $N 3M F@ $K $h $k @) Ls EAGE 0J >e $N $h $& $K $7 $F F@ $i $l $? 3 E@ @) Ls $r $b $H $K $7 $F ?7 $?$J %N!<%I $N J,3d $r3M F@ $7 , @) Ls $rEA GE $5$; $k$3 $H $,$G $-$k . 3 E@@)Ls$K$h$C$F , 3 $D$N%N!<%I A , B , C $KBP$7$F3F %N!<%I $NB8 :_ $9$k NN 0h$, J,$+$C $F $$$k $H $- , $3$l $i $N$& $A G$ 0U $N 2 $D $N %N!< %I $r DL $k D> @~ $K $h $k $= $N B> $N %N!< %I$NJ,3d$r<!$N$h$&$K$7$F5a$a$k$3$H$,$G$-$k . 2 $D $N%N!<%I$N<h$j J}$O , BP>N@-$KCm0U$9 $k$H?^ 9 $K <($9 15 DL $j $, $" $k . ?^ $N Gr 4] $O D> @~ $N DL $k 2 $D $N %N!< %I $r I= $9 . $3 $l $i $N 2 $D $N %N!< %I $r DL $k D> @~ $K $h$C $F , $=$NB>$N%N!<%I$O?^ $N$h$&$KNN0h X $KB8:_$9$k %N!<%I ?^ 8: 3 E@@)Ls $HNN 0h Y $KB8 :_$9 $k%N!< %I$K J, 3d$5 $l$k . $3 $3$G NN0h X , Y $K $O , Gr 4] $GI= $5 $l$? %N!< %I$H $J$C$F $$ $J$$ , GK @~$N8rE@>e$K$"$k 3 $D$N%N!<%I A , B , C $b4^$^$l$k . D> @~ $, A , B , C $N $& $A $N 2 $D $N %N!< %I $r DL $k >l 9g $, ?^ 9(1), A , B , C $N $& $A $N 1 $D $N %N!< %I $H 3F NN 0h $K B8 :_ $9 $k %N!< %I $r DL $k >l 9g $, (2) !A (6), F1 $8 NN 0h $K B8 :_ $9 $k 2 $D $N %N!< %I $r DL $k >l 9g $, (7) !A (9), 0[ $J $k NN 0h $K B8 :_ $9 $k 2 $D $N %N!< %I $r DL $k >l 9g $, (10) !A (15) $G$"$k . $J$* , (7), (8), (9), (13) $N>l9g$OM-8z$JJ,3d$, $J$/ , (10), (11), (14) $N>l9g$O X $G<($5$l$k%N!<%I$, D>@~$KBP$7$FF1$8B&$K$"$k$3$H$r<($7$F$$$k . $3 $N $h $& $K $7 $F 5a $a $? J, 3d $K $O D> @~ $, DL $k 2 $D $N %N!<%I <+?H $O 4^$^ $l $F$$ $J $$$, , $5 $i $K$= $l$i $N %N!<%I $r 4^ $‘ J, 3d $r 5a $a $k $3 $H $, $G $- $k . Nc $( $P D> @~ AB $K $h$C$FNN 0h X $H Y ( $K4^ $^$l$k %N!<%I ) $K J,3d$5 $l$k >l9g , A , B $N6aK5$rDL$kD>@~$r9M$($l$P , 1. f A X g , f B Y g 2. f B X g , f A Y g 3. f AB X g , f Y g 4. f X g , f AB Y g $N 4 $D$NJ,3d$,2DG=$G$"$k ( ?^ 10). $3$N$h$& $K$7$F , %N!<%I$NJ, 3d$K$h$C $FF@$i $l$? 3 E@ @) Ls $+ $i ?7 $? $J %N!< %I $N J, 3d $r 3M F@ $9 $k $3 $H $, $G $- $k . $3 $l $+ $i $b $H $N 3 E@ @) Ls $H $O 0[ $J $k 3 E@ @) Ls $r F@ $k $3 $H$,$G$- , @)Ls$rEAGE$5$;$k$3$H$,$G$-$k . 4

?^ 9: 2 $D$N%N!<%I$N0LCV4X78$HJ,3d ?^ 10: D>@~$,DL$k 2 $D$N%N!<%I$r4^$‘J,3d ?^ 11: F@$i$l$F$$$k@)Ls$NNc 3.4 @)LsEAGE$NNc Nc $H $7 $F , ?^ 11 $N $h $& $K A , B , C $K BP $9 $k D , E $N 0L CV $N @) Ls $, F@ $i $l $F $$ $k >l 9g $K ?7 $? $J %N!< %I $N J,3d$r5a$a , @)Ls$rEAGE$5$;$k<j=g$r0J2<$K<($9 . $^$: D> @~ AB $K $h $k %N!< %I $NJ, 3d $r 5a $a $k . $3 $l $O ?^ 9(1) $N >l9g $K AjEv $7 , X $K$O D $, 4^$^ $l , Y $K$O C , E $,4^$^$l$k . =>$C$F , D>@~ AB $K$h$C$F D $H C E $KJ,3d2DG=$G$"$k . $5$i$K$3$l$+$i ?^ 12: EAGE$7$?@)Ls f AD g , f B C E g f B D g , f AC E g f AB D g , f C E g f D g , f AB C E g $N 4 DL$j$NJ,3d$,F@$i$l$k . A !A E $N$&$AG$0U$N 2 $D$N%N!<%I$rDL$kD>@~$NA*$S J}$O 5 C 2 = 10 DL$j $"$j , $= $l$> $l$N >l9g $K$D$$ $FF1 MM $K$7 $FJ, 3d2D G=$J %N!<%I $NAH $r 5a$a $k$H , 0J 2<$N 7 DL $j $NJ,3d$,F@$i$l$k . f AB C D g ; f E g f AC E g ; f B D g f AB C E g ; f D g f AD g ; f B C E g f AB D g ; f C E g f AE g ; f B C D g f AC D g ; f B E g $3$l$i$NJ,3d$+ $iNc$($P 3 $D$N%N!<%I A , D , E $K BP $7$F$O , ?^ 12 $N$h$&$J 3 E@@)Ls$,F@$i$l , B , C $NB8:_ $7 $& $k NN 0h $r 5a $a $k $3 $H $, $G $- $k . $9 $J $o $A A , B , C $KBP $9$k D , E $N 0LCV $N@) Ls$, A , D , E $K BP$9 $k B , C $N0LCV$N@)Ls$KEAGE$7$F$$$k . $3$NNc$G $O , $b$H$N 3 E@ @)Ls$G $O3F%N!<%I $NB8:_ $9$k NN0h $, 1 $D$K 7hDj $5$l $F$$ $k$, , <B :]$K $OJ# ?t$N NN0h $K B8 :_ $7 $& $k $H $$ $& @) Ls $7 $+ F@ $i $l $F $$ $J $$ >l 9g $b $" $k . $7$+$7$=$N>l9g$G$b?^ 9 $rMQ$$$FJ,3d$r5a$a , @)Ls$rEA GE$5$;$k$3 $H$,$G$- $k . <!@a $N%7%_%e%l!<%7%g %s<B83$G $O$3$N$h$&$J@)LsEAGE$b9T$C$F$$$k . 3.5 Dj@-E*6u4V%b%G%k$X$NJQ49 F@$i $l $? 3 E@ @) Ls$K $h$C $F , %N!<%I X $N B8 :_$9 $k NN 0h$, 3 $D$N %N!<%I A , B , C $N$&$A 2 $D $rDL$k D>@~$K BP $7$F FCDj $N J}8~ $K$J $k $3$H $,J, $+ $l$P , A4BN $H $7$F <B:] $N%N!< %I$N 0L CV4X 78 $KBP $7$F I= , $^$? $O N"$N $$ $:$l $+$N 4X 78 $K $" $k Dj @- E* 6u 4V %b %G %k $r F@ $k $3 $H $, $G $- $k . $^ $? , $$$: $l$+ 1 AH $N 3 $D$N %N!<%I$N 0LCV 4X78 $,M?$( $i$l $F$$$l$P , Dj@-E*6u4V%b%G%k$OM#0l$K7hDj$G$-$k . Nc $( $P ?^ 13 $N $h $& $J 3 E@ @) Ls $, F@ $i $l $F $$ $k $H $- , A , B , C $N0L CV4X 78 $, AB C : + $G $"$k $3 $H$, J, $+$C $F$$$l$P B C X : � $H $J$j , AB C : � $G$"$k $3$H$,J, $+$C$F$$$l$P B C X : + $H$J$k . 5

?^ 13: Dj@-E*6u4V%b%G%k$X$NJQ49 ?^ 14: 2 E@$K$h$kI=8= 3.6 9M;! Dj @- E* 6u 4V %b %G %k $O G$ 0U $N 2 $D $N %N!< %I $K $h$C $F :n $i $l $k D> @~ $K BP $7 $F 3F %N!< %I $N B8 :_ $9 $k J} 8~ $r I= 8= $9 $k . $3 $N 6u 4V %b %G %k $K $* $1 $k @) Ls $O , 3 $D $N %N!< %I $K 8B $i$: 0l HL$K n 8D$N %N!< %I ( n � 2) $N $& $AG$ 0U $N 2 $D $r DL$kD>@~$rAH$_9g$o$;$FI=8=$9$k$3$H$b2DG=$G$"$k . � 2 $D$N %N!<%I $K$h $kI= 8=!’ 2 $D$N%N!< %I$K $h$C$F 2 $D $NNN0h$,Dj$^ $j , $= $l$>$l$KB8:_ $9$k%N!<%I$,<( $5 $l $k . $7 $+ $7 $3 $N I= 8= $G $O , ?^ 14 $N $h $& $K 4Q B, $K $h$C $F F@ $i $l $k @) Ls $+ $i 3F %N!< %I $N B8 :_ NN 0h $rFCDj$9$k$3$H$O$G$-$J$$ . � 3 $D$N %N!<%I $K$h $kI= 8=!’ 3 $D$N%N!< %I$K $h$C$F 7 $D $N NN 0h $,Dj $^ $j , 3 E@ @) Ls$K $h$C $F 4QB, $K $h$C $F F@ $i $l $? @) Ls $+ $i MF 0W $K 3F %N!< %I $N B8 :_ $9 $k NN 0h $rFCDj$9$k$3$H$,$G$-$k . � n 8D $N %N!< %I ( n � 4) $K $h $k I= 8=!’ %N!< %I $N 0L CV $d JB$V=g=x$,JQ 2=$9$k$H , $=$l$K$h$C $FDj$^$kNN0h $b B? MM $K JQ 2= $9 $k ( ?^ 15). =>$C $F , 4Q B, $K $h$C $F F@ $i $l $k @) Ls $+ $i 3F %N!< %I $N B8 :_ $9 $k NN 0h $r FC Dj $9$k$N$O:$Fq$G$"$k . 4 $D 0J >e $N %N!< %I $N AH $_ 9g $o $; $G I= 8= $5 $l $? @) Ls $O , 3 E@ @) Ls $N AH $_ 9g $o $; $G I= 8= $G $- $k . =>$C $F , 3 E@ @) Ls $O 4Q B, $K $h$C $F F@ $i $l $k @) Ls $r Dj @- E* 6u 4V %b %G %k $K $* $1$k@)Ls$KJQ49$G$-$k:G$bC1=c$J@)Ls$G$"$k$H8@$($k . 4 J,;6;k3P%7%9%F%‘$X$N1~MQ 4.1 35MW J, ;6 ;k 3P %7 %9 %F %‘ [5]( ?^ 16) $O <B 4D 6- $K Kd $a 9~ $^ $l $? B? ?t $N ;k 3P %; %s %5 , $* $h $S $= $l $i $r @\ B3 $9 $k %M%C %H %o!<%/$K$h$C$F 9=@.$5$l$? %7%9%F%‘ $G$"$k . $3 $N%7%9%F ?^ 15: 4 E@$K$h$kI=8= ?^ 16: J,;6;k3P%7%9%F%‘ | 39%b%G%k %‘ $O 4D 6- $r ;k 3P E* $K G’ <1 $7 , MM!9 $J >p Js $r J, @O , Ds 6! $9 $k$b $N$G $" $k$, , %7%9 %F %‘$, 3F;k 3P %;%s %5$N 0L CV4X 78$r CN$C$F $$$l $P , ?M $d%m %\%C %H$J $I $NMx MQ <T$X $N>p Js Ds6! $K$*$$$FM-Mx$G$"$k . $3$l$^ $G$K=R $Y$? Dj@-E* 6u4V %b%G%k $N3MF@ <jK! $r , $3 $N J, ;6 ;k 3P %7 %9 %F %‘ $K $* $1 $k ;k 3P %; %s %5 $N Dj @- E* $J 0L CV4X78$N3MF@$K1~MQ$7 , %7%_%e%l!<%7%g%s$r9T$C$? . %7%_%e%l!<%7%g%s4D6-$O<!$N$H$*$j$G$"$k . � 30m � 30m $N J? LL >e $K 35 Bf $N ;k 3P %; %s %5 $H 8 $D $N0\ F0 J*BN $, B8:_ $9 $k ( ?^ 17). ?^ $NGr $$ @~$O ;k Ln $r<W$kJI$G$"$k . � 0\F0J*BN$OF;O)>e ( ?^$NGv$$3%?’$NNN0h ) $r 10cm/step (1 step $O %7 %_%e %l!< %7%g %s $N :G >. ;~ 4V C1 0L ) $N B. $5$G%i%s%@%‘%&%)!<%/$9$k . � 3F;k3P %;%s%5$OA4J}0L ;k3P%;%s%5$G$" $j , $" $i$f$k J} 8~ $K B8 :_ $9 $k J* BN $r 4Q B, $9 $k $3 $H $, $G $- $k . %; %s%5$N3QEYJ,2r G=$OL58B$G$"$j , J* BN$N0\F0J}8~$r 8m $j $J $/ 8! =P $9 $k $3 $H $, $G $- $k $, , %; %s %5 $+ $i Ls 6

?^ 17: %7%_%e%l!<%7%g%s4D6- ?^ 18: A4J}0L;k3P%;%s%5$K$h$C$FF@$i$l$k2hA| 10m 0J >e N% $l $? J* BN $r 8! =P $9 $k $3 $H $O $G $- $J $$ . ?^ 18 $O , ?^ 17 $N ;k 3P %; %s %5 14 $K $h$C $F F@ $i $l $?2hA|$NNc$G$"$k . $J $* @) Ls EA GE $K 4X $7 $F $O , ?^ 9 $K <( $7 $? J, 3d $N $& $A (7) !A (15) $N J, 3d $O J# ;( $G 7W ;; NL $, B? $$ $N $G , $3 $N %7 %_%e%l!< %7%g%s $K$* $$ $F$O (1) !A (6) $N J,3d $N$_ $r MQ$$ $? . 4.2 <B837k2L ?^ 19 $O %7 %_%e %l!< %7%g %s $r 3+ ;O $7 $F $+ $i 20,000 step 8e $K F@ $i $l$? %N!< %I ( ;k 3P%; %s %5 ) $N 0L CV4X 78 $K 4p $E$$$F , IUO?$K<($9<jK!$K$h$C$FIA$$$?$b$N$G$"$k . ?^ 20 $N with propagation $O7hDj$5$l $?%N!<%I$N0L CV4X 78 $N?t $N ?d 0\$G $" $k . $^ $? , @) Ls EA GE$r MQ $$ $J$+$C $?>l 9g $r without propagation $H $7$F F1 ?^ $K <( $7 $F $$ $k . 2# <4 $O step ?t , =D <4 $O 7h Dj $5 $l $? 0L CV 4X 78 $N ?t $r I=$9 . $3$N%7 %_%e%l!< %7%g%s$G $O0L CV4X 78$NAm ?t , $9$J $o$A 3 $D $N %N!< %I $N AH $_ 9g $o $; $N Am ?t $O 35 C 3 = 6545 AH $G $"$k . @)LsEAGE $rMQ$$$: $K7hDj$9$k $3$H$,$G$- $k$N$OF1 ;~$K J*BN $r 4QB, $G$- $k %N!<%I $N0L CV 4X78 $N $_$G $"$j , $3 $l $r 9M N8 $7 $? >l 9g $O 7h Dj 2D G= $J 0L CV 4X 78 $N ?t $O $* $h $= 540 AH$H$J$k . ?^ 20 $N$h$&$K , @)LsEAGE$rMQ$$$J$+$C$? >l 9g $O $3 $l $i $N $& $A $N $[ $H $s $I $G $" $k 515 AH $N 0L CV 4X 78$, 7h Dj$5 $l $F$$ $k . $^ $? , @) Ls EA GE$r MQ $$$? >l 9g $O$3 $l$rBg$-$/>e2s$k 746 AH$N0LCV4X78$,7hDj$5$l$F$$$k . ?^ 19: ;k3P%;%s%5$NDj@-E*0LCV4X78 ?^ 20: 7hDj$5$l$?0LCV4X78$N?t $3 $N $h $& $K , K\ <j K! $K $h$C $F , 4Q B, $K $h$C $F D> @\ 7h Dj 2D G= $J %N!< %I $N 0L CV 4X 78 $N $[ $H $s $I $r 7h Dj $9 $k $3 $H $, $G$- $? . $^ $? @) Ls$r EA GE$5 $; $k $3$H $K $h$C$F , %; %s %5$N ;k Ln $J $I $N @) 8B $r D6 $( $F $5 $i $K B? $/ $N 0L CV 4X 78 $r 7h Dj $9$k$3$H$,$G$-$? . 5 $*$o$j$K J# ?t $N %i %s %I %^!< %/ $H $= $N 4V $r 0\ F0 $9 $k J* BN $N 1? F0 $H$N 4X78 $r4Q B,$7 , 4v 2?E* $J@) Ls$G $"$k 3 E@ @)Ls $rE, MQ $7 , @) Ls $rEA GE$5 $; $k$3 $H $K$h$C $FDj @- E*6u 4V %b%G %k$r 3MF@ $9 $k<j K! $r Ds0F $7 $? . $^$? , J, ;6;k 3P %7%9 %F %‘ $K$* $1 $k ;k 3P %; %s %5 $N Dj @- E* $J 0L CV 4X 78 $r 3M F@ $9 $k %7 %_%e %l!<%7%g %s $K$h$C $F , $3 $N<j K! $,M- 8z $G$" $k $3$H $r <($7 $? . :# 8e $N 2] Bj $H $7 $F , 4Q B, $7 $? J* BN ( $^ $? $O %N!< %I ) $N BP1~$N8m$j $r9MN8$9$k I,MW$,$" $k . 8=:_$OBP 1~$N8m$j$O $J$$ $b$N $H $7$F $k$, , FC $K%; %s%5 $H $7$F ;k3P %; %s%5 $rMQ $$ $? %7 %9 %F %‘ $G $O BP 1~ $N 8m $j $O IQ HK $K 5/ $- $k 2D G= @- $, 7

$"$k . $3$N>l 9g$O 3 E@@)Ls$rE,MQ $9$k:]$KL7=b$, 5/$3$k $?$a , E,@Z $J BP1~ $r5a $a $F@) Ls$r E,MQ $7 D>$9 <jK! $, I,MW $H$J$k . ;29MJ88% [1] T. S. Levitt and D. T. La wton, \Qualitativ e na v- igation for mobile rob ots," In t. J. Arti�cial In tel- ligence, v ol. 44, pp. 305{360, 1990. [2] B. J. Kuip ers and Y. T. Byun, \A rob ot ex- ploration and mapping strategy based on a se- man tic hierarc h y of spatial represen tations," J. Rob otics and Autonomous Systems, v ol. 8, pp. 47{63, 1991. [3] C. Sc hlieder, \Reasoning ab out ordering," Pro c. In t. Conf. Spatial Information Theory , pp. 341{ 349, 1995. [4] A. Muk erjee and G. Jo e, \A qualitativ e mo del for space," Pro c. AAAI, pp. 721{727, 1990. [5] H. Ishiguro, \Distributed vision system: A p er- ceptual information infrastructure for rob ot na v- igation," Pro c. In t. Join t Conf. Arti�cial In telli- gence, pp. 36{41, 1997. IU O? 3 E@ @) Ls $K 4p $E $/ %N!< %I $N 0L CV 4X 78 $N I=<( G$ 0U $N 3 $D $N %N!< %I $H $= $N B> $N %N!< %I $N 0L CV 4X 78 $K 4p$E $/%N!< %I $NDj @-E* $J 0LCV 4X78 $N I=<( $O , 0J2< $K <($9 <jK!$K$h$C$F9T$C$? . 1. A4$F$N%N!<%I$rE,Ev$KG[CV$9$k . 2. $"$k 3 $D$N%N!<%I A , B , C $K$*$$$F , %N!<%I X $r L7 =b$N$J$$NN0h $K0\F0$5$;$k NO F $r<! $N$h$&$K$7 $F5a$a$k . � X $,L7=b$7$?NN0h$K$"$k$H$- , F $O:G$b6a$$ , L7 =b $N $J $$ NN 0h $K 8~ $+ $& NO $H $7 , $= $N NN 0h $^ $G$N5wN%$r d $H$7$?$H$- , j F j / exp( d ) $H$9 $k ( ?^ 21). � X $,L7=b$N$J$$NN0h$K$"$k$H$- , F $O$=$NNN 0h$NCf?4$K8~$+$&NO$H$9$k . 3. G$ 0U $N 3 $D $N %N!< %I $K BP $9 $k 0L CV 4X 78 $r $b $H $K X $K F/ $/NO $r 5a$a , $=$N 9g NO$K 4p $E$$ $F X $rHy >.$K 0\F0$5$;$k . 4. $= $N B> $N %N!< %I $K $D $$ $F $b 2., 3. $N <j =g $G 0\ F0 $5 $;$k . ?^ 21: %N!<%I X $KF/$/NO F 5. A4 $F $N%N!< %I $N 0L CV $,Dj $^ $k $^ $G 2., 3., 4. $r 7+ $j JV$9 . C"$7 , %N!<%I $,L7=b $7$? 0LCV $K$" $k>uBV $G6I =j:GE,2r$K4Y$k $3$H$,$"$k$N$G , $= $N>l9g$O?M4V$, 2pF~$72sHr$9$k . 8