Bh 6 2s%^%k%A%(!<%8%’%s%H$H6(D47W;;%o!<%/%7%g%C%W ( MACC’97 ) J,;6IT40A4@)Ls=<B-LdBj Distributed P artial Constrain t Satisfaction Problem � J?;3 >!IR y 2#Hx ?? z y ?@8M>&A%Bg3X ") 658 ?@8M;TElFg6h?<9>FnD. 5-1-1 E-mail: hira y ama@ti.kshosen.ac.jp z NTT %3%_%e%K%1!<%7%g%s2J3X8&5f=j ") 619-02 5~ETI\Aj3Z74@:2ZD.8wBf 2-2 E-mail: y ok oo@cslab.kecl.n tt.co.jp 35MW Man y problems in m ulti-agen t systems can b e de- scribed as distribute d Constr aint Satisfaction Pr ob- lems (distributed CSPs), where the goal is to �nd a set of assignments to v ariables that satis�es all con- strain ts among agen ts. How ev er, when real problems are formalized as distributed CSPs, they are often o v er-constrained and hav e no solution that satis�es all constraints. This pap er provides the Distribute d Partial Constr aint Satisfaction Pr oblem (DPCSP) as a new framework for dealing with ov er-constrained situations. W e also present new algorithms for solving Distribute d Maximal Constr aint Satisfaction Pr oblems (DMCSPs), which b elong to an imp ortant class of DPCSP . The algorithms are called the Syn- chr onous Br anch and Bound (SBB) and the Iter ative Distribute d Br e akout (IDB). Both algorithms were tested on hard classes of ov er-constrained random binary distributed CSPs. The results can b e sum- marized as SBB is preferable when we are mainly concerned with the optimality of a solution, while IDB is preferable when we wan t to get a nearly op- timal solution quickly . 1 $O$8$a$K AI $K $* $1$k B?$/ $N LdBj $O @)Ls =< B-Ld Bj !J Constrain t Satisfaction Problem: CSP !K$H$7$F5- =R$G$-$k$?$a!$ $3 $l $^ $G $K B? $/ $N 8& 5f <T $,!$ $= $N @- <A $d %" %k %4 %j %: %‘ � The english version of this material is published in Princi- ples and Pr actic e of Constr aint Pr o gr amming { CP97 , LNCS 1330, pp.222{236 (Springer-V erlag) $K 4X $9 $k M} O@ E*!$ <B 83 E* $J 8& 5f $r 9T $J$C $F $- $?!% $7 $+ $7 $J$,$i!$ 6aG/!$ AI $, $h$j8= <BE* $JLdBj $r07$& 5!2q $, A} $($k $K$D $l!$ CSP $H$7 $F 5-=R $G$- $kLd Bj$K $b8B $j$, $" $k $3 $H $, ;X E& $5 $l!$ $= $N OH AH $r 3H D% $9 $k ;n $_ $, $J $5 $l$F$$$k!% [14] $G $O!$ 7W ;; 5! %M%C %H %o!< %/ >e $N J# ?t $N %(!< %8%’ %s %H $, 4X $o $k Ld Bj $r 5- =R $9 $k 0l HL E* $J OH AH $H $7 $F J, ;6 @) Ls=<B- LdBj!J distributed CSP !K $,Ds0F$5 $l$F$$ $k!% J, ;6 CSP $G $O!$ CSP $K $* $1 $k JQ ?t $* $h $S @) Ls $, J# ?t %(!< %8%’ %s %H $K J, ;6 $5 $l $F $* $j!$ %(!< %8%’ %s %H $, 8_ $$ $K >p Js 8r 49 $7 $J $, $i!$ $9 $Y $F $N @) Ls $r K~ $? $9 $3 $H $, MW 5a $5 $l $k!% %^ %k %A %(!< %8%’ %s %H %7 %9 %F %‘ $K $* $1 $k B? $/ $N Ld Bj!$ Nc $( $P!$ J, ;6 2r <a Ld Bj [8] !$ J, ;6 ;q 8; G[ J, Ld Bj [3] !$ J, ;6 %9 %1 %8%e!< %j %s %0 Ld Bj [10] !$ %^ %k %A %(!< %8%’ %s %H TMS[6] $J$I $OJ, ;6 CSP $H $7$F 5-=R $9$k $3$H $, $G $-$k!% 0l J}!$ %G %6 %$ %J $, 8= <B $N Ld Bj $r CSP $H $7 $F 5- =R $9 $k :]!$ @) Ls $, 6/ 2a $. $F 2r $, $J $$ $H $$ $& >l 9g $, $h $/ $" $k $,!$ $3$N $h $&$J 2a@) Ls$J CSP $K BP$7!$ => Mh$N @)Ls =<B- %" %k %4 %j %: %‘ $O!$ $? $@ 2r $, $J $$ $3 $H $r H/ 8+ $9 $k $N $_ $G $"$C $?!% $= $N $? $a!$ B? >/ $N @) Ls $O 0c H? $7 $F $h $$ $+ $i 2? $i $+ $N CM $, M_ $7 $$ >l 9g $K $O!$ %G %6 %$ %J $, IT MW $J @) Ls $r :o $k $J $I $7 $F!$ CSP $, 2a @) Ls $K $J $i $J $$ $h $& Cm 0U ?< $/ 5- =R $9 $k I, MW $, $" $k!% $3 $N $h $& $J 2a @) Ls $J CSP $r 07 $& OH AH $N 0l $D $H $7 $F , [4] $G $O!$ IT 40 A4 @) Ls =< B- Ld Bj !J Partial CSP !K $, Ds 0F $5 $l $F $$ $k!% IT 40 A4 CSP $G $O!$ $b$H $N2a @)Ls $J CSP $N @)Ls $r5v MF$G $-$k HO0O Fb$G 4K OB $7!$ $= $N 4K OB $7 $F F@ $i $l $? Ld Bj $N 2r $r F@ $k $3 $H $, MW5a$5$l$k!% %^ %k %A %(!< %8%’ %s %H %7 %9 %F %‘ $K $* $1 $k Ld Bj $K $* $$ $F $b!$ $= $l $r J, ;6 CSP $H $7 $F 5- =R $7 $? >l 9g $K 2a @) Ls $H $J $k $3 $H $O == J, $K 9M $( $i $l $k!% $= $N $? $a!$ J, ;6 CSP 1

$K IT 40 A4 CSP $N %" %$ %G %" $r F3 F~ $7 $F!$ 2a @) Ls $J J, ;6 CSP $r 07 $& $3 $H $, $G $- $k $h $& $K OH AH $r 3H D% $9 $k $3 $H $O M- 1W $G $" $k $H 9M $( $i $l $k!% K\ O@ J8 $G $O!$ 2a @) Ls $J J, ;6 CSP $r 07 $& $3 $H $, $G $- $k J, ;6 IT 40 A4 @) Ls =< B- Ld Bj !J Distributed Partial CSP !K $rDs 0F$9 $k!%$^ $?!$J, ;6 IT40A4 CSP $N FC<l $J>l 9g $H$7 $F!$J, ;6:G Bg@) Ls=< B-Ld Bj!J Distributed Maximal CSP !K$r Ds 0F$7!$ $= $l$r 2r $/ %" %k %4 %j %: %‘ $H $7 $F!$ F1 4| 7? J, ;^ 8B Dj K!!$ H? I| J, ;6 %V%l%$%/%"%&%HK!$rDs0F$9$k!% <! @a 0J 9_ $N K\ O@ J8 $N 9= @. $O <! $N DL $j $G $" $k!% 2 @a $H 3 @a $G J, ;6 CSP $H IT 40 A4 CSP $N 35 MW $r @b L@ $9 $k!% $^ $?!$ 4 @a $G J, ;6 IT 40 A4 CSP $r Dj 5A $7!$ <! $K $= $N 9= @. MW AG $r FC Dj $7 $F J, ;6 :G Bg CSP $H $$ $& It J, %/ %i %9 $r F3 F~ $9$k!% 5 @a $G $O J, ;6 :G Bg CSP $r 2r $/ %" %k %4 %j %: %‘ $r M? $(!$ 6 @a$G$=$l $i$N%"%k%4 %j%:%‘$r<B 83$GI>2A$9 $k!%:G 8e$K 7 @a$r$^$H$a$H$9$k!% 2 J,;6@)Ls=<B-LdBj CSP $O!$ JQ ?t!$ JQ ?t $N CM 0h!$ JQ ?t 4V $N @) Ls $+ $i $J $k!% JQ ?t $N CM 0h $H $O!$ JQ ?t $, <h $j F@ $k CM $N =8 9g $G $" $j!$ 0l HL $K M- 8B $+ $D N% ;6 E* $@ $H 2> Dj $9 $k!% $^ $?!$ JQ ?t 4V $N @) Ls $H $O!$ J# ?t $N JQ ?t $K BP $7 $F 5v $5 $l $k CM $N =8 9g !JBP1~$9 $k CM0h $ND> @Q >e$N ItJ, =8 9g!K$G $"$k!% CSP $r 2r $/ $H $O!$ $9 $Y $F $N @) Ls $r K~ $? $9 $h $& $J JQ ?t $X $N CM $N 3d$jEv$F$r#1AH$^$?$OA4AH5a$a$k$3$H$G$"$k!% 0lJ}!$ J, ;6 CSP $O!$ CSP $K $* $1 $k JQ ?t $d @) Ls $, J# ?t %(!< %8%’ %s %H $K J, ;6 $5 $l $? Ld Bj $@ $H 8+ $J $9 $3 $H $, $G $-$k!%7A<0E*$K$O<!$N$h$&$KDj5A$5$l$k [14] !% � %(!<%8%’%s%H$N=89g 1 ; 2 ; : : : ; m $,B8:_$9$k!% � 3F JQ ?t x j $K BP$7 $F!$ $=$N B0 $9 $k%(!< %8%’ %s%H i $, Dj 5A $5 $l$k!% $J $*!$ JQ?t x j $,%(!< %8%’ %s %H i $KB0 $9$k$3$H$r b elongs( x j , i ) $HI=$9!% � %(!< %8%’ %s %H $O A4 BN $N @) Ls $N $& $A 0l It $N $_ $r CN$C $F $$ $k!%%(!< %8%’ %s%H i $, @) Ls C l $r CN$C $F$$ $k $3 $H$r known( C l ; i ) $HI=$9!% 0l HL $K $O!$ %(!< %8%’ %s %H $O <+ J, $K B0 $9 $k JQ ?t $K 4X $9 $k @) Ls $N $_ $r CN $k!% $^ $?!$ %(!< %8%’ %s %H $, CN$C $F $$ $k @) Ls $N Cf $K $O!$ B> $N %(!< %8%’ %s %H $K B0 $9 $k JQ ?t $r 4^ $‘ $b $N $, $" $k!% $3 $l $r %(!< %8%’ %s %H 4V @) Ls $H $h $V!% 5U $K!$ <+ J, $K B0 $7 $F $$ $k JQ ?t $@ $1 $+ $i $J $k @) Ls $r %(!< %8%’ %s %HFb@)Ls$H$h$V!% <! $N >l 9g $K!$ J, ;6 CSP $, 2r $1 $? $H $$ $&!% $9 $Y $F $N %(!<%8%’%s%H i $K$*$$$F!$ � 8 x j b elongs( x j ; i ) $K $D $$ $F!$ x j $N CM $, d j $K 7h Dj $5$l$k!% � 8 C l known( C l ; i ) $J $k@) Ls$,!$ x 1 = d 1 ; x 2 = d 2 ; : : : ; x n = d n $N$b$H$G??$H$J$k!% ?^ 1: Example of CSPs !J 4-queens problem !K ?^ 1 $O!$ CSP $N Nc $H $7 $F NI $/ MQ $$ $i $l $k n-queens Ld Bj $G n =4 $H $*$$ $? >l 9g$G $" $k $,!$3F %/ %$!< %s$K BP 1~ $9 $k FH N) $J %(!< %8%’ %s %H $, B8 :_ $7!$ $= $l $i $N %(!< %8%’ %s %H $, <+ J, $N %/ %$!< %s $N 0L CV $r 7h Dj $7 $h $& $H $7 $F $$ $k $H9M$($l$P!$$3$NLdBj$OJ,;6 CSP $H$7$F5-=R$G$-$k!% 3 IT40A4@)Ls=<B-LdBj IT 40 A4 CSP $O!$ 2a @) Ls $J CSP $r 07 $& OH AH $N 0l $D $G $"$j!$7A<0E*$K$O<!$N$h$&$K5-=R$5$l$k [4] !% h ( P ; U ) ; ( P S; � ) ; ( M ; ( N ; S )) i $3$3$G!$ P $O!$0lHL$K2a@)Ls$G2r$,$J$$ CSP $G$"$k!% U $O!$ P $NJQ?t$N@x:_E*$JCM$N=89g$G%f%K%P!<%9!J uni- verses !K$H$$$&!% ( P S; � ) $OLdBj6u4V!J problem space !K $H $h $P $l!$ P S $O!$ 0l HL $K P $r 2? $i $+ $N J} K! $G 4K OB $7 $? CSP $N =8 9g $G!$ $= $N MW AG 4V $K $O H> =g =x � $, F3 F~ $5 $l $F $$ $k!% $^ $?!$ Ld Bj 6u 4V >e $G $O!$ P S $N MW AG $G $" $k CSP $H P $H $N 4V $N 5w N% $r B, $k 5w N% 4X ?t !J distance function !K M $, Dj 5A $5 $l!$ $5 $i $K $= $N 5w N% $K 4X $7 $F I, MW CM !J necessary b ound !K N $H =< J, CM !J su�cient b ound !K S $,Dj 5A $5 $l$k!% IT 40A4 CSP $N 2r $H$O!$ P S $N MW AG $G $" $k CSP $N $& $A!$ P $H $N 5w N% $, I, MW CM N L$ K~ $N=< B- 2DG= $J CSP $H$= $N2r $N$3 $H $G$" $k!%$^ $?!$$= $l $i $N2r $N$& $A P $H $N5w N%$, S 0J2< $G $"$k $b $N$, 8+ $D $+ $k $H C5 :w $r =* N; $9 $k $3 $H $, $G $- $k!% $J $*!$ P $H $N 5w N% $,:G >.$H $J$k 2r $rIT 40A4 CSP $N :GE, 2r$H $$$$!$ $=$N $H$-$N5wN%$r:GE,5wN%$H$$$&!% IT 40 A4 CSP $N =E MW $J It J, %/ %i %9 $N 0l $D $K :G Bg CSP !J Maximal CSP !K $,$" $k!%:G Bg CSP $G$O!$ P $+ $i@) Ls $r <h $j =| $$ $F F@ $i $l $k 2D G= $J CSP $N =8 9g $, Ld Bj 6u 4V $H $J $j!$ <h $j =| $$ $? @) Ls $N ?t $, $= $N Ld Bj $H P $N 5w N% $H $J$k!% :G Bg CSP $N:G E,2r $r5a $a$k $3 $H$O!$ <h$j =|$/ @) Ls $N ?t $, :G >. $G $" $k =< B- 2D G= $J Ld Bj $H $= $N 2r $r 5a $a $k $3 $H $@ $,!$ $3 $l $O!$ P $N JQ ?t $X $N 3d $j Ev $F $N $& $A!$ 0c H? $9 $k @) Ls $N ?t $, :G >. $N $b $N $r 5a $a $k $3 $H $K Aj Ev $9 $k!% 4 J,;6IT40A4@)Ls=<B-LdBj 4.1 F05! %^ %k %A %(!< %8%’ %s %H %7 %9 %F %‘ $K $* $1 $k Ld Bj $K $* $$ $F $b!$ $=$l $rJ, ;6 CSP $H$7 $F 5-=R $7$? >l9g $K2a @)Ls $H$J 2

$k$3$H$O==J,$K9M$($i$l$k!% Nc$($PJ,;6 2r<aLd Bj [8] $G$O!$ 8D!9$N%(!< %8%’%s%H $, %; %s %5 %G!< %? $N 0l It $r C4 Ev $7 $F 2D G= $J 2r <a $r @8 @. $7!$ $= $l $i $r 8r 49 $7 $J $, $i A4 BN $H $7 $F L5 L7 =b $J 2r <a $r 9= @. $9 $k!% $7 $+ $7!$ %; %s %5 %G!< %? $N %N %$ %: Ey $N 86 0x $K $h $j %(!< %8%’ %s %H $, 8m$C $? 2r <a $r @8 @. $7!$ $= $N $? $a A4 BN $H $7$FL5L7=b$J2r$,B8:_$7$J$$$H$$$&2DG=@-$,$"$k!% $^$?!$ J, ;6 ;q 8; G[ J, Ld Bj $r 2r $/ <j K! $N 1 $D $G $" $k %^ %k %A %9 %F!< %8 %M %4 %7 %(!< %7%g %s [3] $G $O!$ %(!< %8%’ %s %H $, %4!< %k !JJQ ?t!K $H %4!< %k $r C# @. $9 $k $? $a $N J# ?t $N %W %i %s !JCM 0h!K $r $b $A!$ $^ $?!$ %W %i %s <B 9T ;~ $K I, MW $J ;q 8; $N Mx MQ $K 4X $7 $F %(!< %8%’ %s %H 4V $G 6% 9g $, B8 :_ $9 $k !J@) Ls!K $H $$ $& @_ Dj $N $b $H $G!$ A4 %(!< %8%’ %s %H $N %4!< %k $r C# @. $9 $k %W %i %s $r 5a $a $k!% $3 $N >l 9g!$ %(!< %8%’ %s %H $N %4!< %k $d ;q 8; $N >u BV $K $h$C $F $O!$ 2a @) Ls $J Ld Bj $K $J$k2DG=@-$,$"$k!% J, ;6 CSP $r 2r $/ => Mh $N %" %k %4 %j %: %‘ [14][13][5][15] $O!$ @) Ls $r A4 $F =< B- $9 $k JQ ?t $X $N CM $N 3d $j Ev $F $r 2r $H $7 $F 5a $a $k $,!$ $= $b $= $b Ld Bj $K $= $N $h $& $J 3d $j Ev $F $, $J $$ >l 9g $K $O!$ C1 $K $= $N ;v <B $r H/ 8+ $9 $k $N $_ $G $" $j!$ JQ ?t $X $N CM $N 3d $j Ev $F $K 4X $7 $F $O 2? $b J] >Z $7 $J $$!% $= $N $? $a!$ B? >/ $N @) Ls $O 0c H? $7 $F $b 9= $o $J $$ $+ $i 2? $i $+ $NCM$, M_$7 $$>l 9g $K$O!$ =>Mh $NJ, ;6 CSP $NOH AH$G $OIT ==J,$G$"$k!% [12] $G $O!$ 2a @) Ls $J J, ;6 CSP $K BP $7!$ @) Ls $N =E MW EY $r H? 1G $7 $? @) Ls 3, AX [1] $r F3 F~ $7!$ =< B- 2D G= $J :G E, $J 3, AX $r 5a $a $k $H $$ $& Ld Bj $, Ds 0F $5 $l $F $$ $k!% $= $l $K BP $7 $F!$ K\ O@ J8 $G $O!$ [12] $N Ld Bj $b 07 $( $k!" $h $j 0l HL E* $J %" %W %m!< %A $H $7 $F J, ;6 IT 40 A4 @) Ls =< B- Ld Bj !J Dis- tributed Partial CSP !K $r Ds 0F $9 $k!% [12] $N Ld Bj $d 8e =R $9 $k J, ;6 :G Bg CSP $O J, ;6 IT 40 A4 CSP $N It J, %/ %i %9 $H$7$F0LCVIU$1$k$3$H$,$G$-$k!% 4.2 LdBj$NDj5A J,;6IT40A4 CSP $O!$<!$N$h$&$K5-=R$5$l$k!% � %(!<%8%’%s%H$N=89g 1 ; 2 ; : : : ; m $,B8:_$9$k!% � G$0U$N%(!<%8%’%s%H i $OIT40A4 CSP: h ( P i ; U i ) ; ( P S i ; � ) ; ( M i ; ( N i ; S i )) i $r$b$D!% � 8D!9 $N %(!< %8%’ %s %H $N 5w N% $+ $i!$ %(!< %8%’ %s %H A4 BN $N 5w N% $r 5a $a$k Bg 0h 5w N% 4X ?t G : < m ! < $, Dj5A$5$l$k $3$3$G %(!< %8%’ %s %H i $KBP $9 $k IT 40A4 CSP $N $& $A!$ ( P i ; U i ) $O $= $l $> $l!$ $b $H $N 2a @) Ls $J CSP $H $= $N JQ ?t $KBP$9$k%f%K%P!<%9!$$^$?!$ ( P S i ; � ) $OLdBj6u4V!$ ( M i ; ( N i ; S i )) $O$=$l$>$l!$5w N%4X?t$H P i $H$N5wN%$NI, MWCM $H =< J, CM $G $" $k!% $3 $l $i $O %(!< %8%’ %s %H $4 $H $K @_ Dj $5 $l$k0J30$O!$ 3 @a$G@bL@$7$?DL$j$G$"$k!% %(!<%8%’%s%H i $O!$ P S i $K4^$^$l$k CSP $N$&$A!$ P i $H $N 5w N% $, N i L$ K~ $N $b $N $r =< B- $5 $; $h $& $H $9 $k!% $9 $Y $F $N %(!< %8%’ %s %H $, $3 $l $r C# @. $7 $? $H $- J, ;6 IT 40 A4 CSP $, 2r $1 $? $H $$ $$!$ $= $N $H $- $N A4 %(!< %8%’ %s %H $N CSP $H $= $N 2r $r J, ;6 IT 40 A4 CSP $N 2r $H $$ $&!% $^ $?!$ $9 $Y $F $N %(!< %8%’ %s %H $, 5w N% S i 0J 2< $N CSP $H $= $N 2r $r 8+ $D $1 $k $H!$ J, ;6 IT 40 A4 CSP $N 2r $H $7 $F $O =< J, $G $" $j C5 :w $r =* N; $9 $k $3 $H $, $G $- $k!% $^ $?!$ J, ;6 IT 40 A4 CSP $N2r $KBP$7 $F!$Bg0h 5wN% 4X?t G $rMQ $$$F%(!< %8%’ %s %H A4 BN $N 5w N% $, 7W ;; $G $- $k $,!$ $= $N CM $, :G >. $H $J $k 2r $r J, ;6 IT 40 A4 CSP $N :G E, 2r $H $h $S!$ $= $N $H $- $N G $NCM$r:GE,5wN%$H$h$V!% K\O@ J8$G$O!$ J,;6IT 40A4 CSP $N$$ $/$D $+$N@_ Dj$r<! $N$h$&$K6qBN2=$7$?J,;6:GBg CSP !J Distributed Max- imal CSP !K $rF3 F~ $9 $k!% G$ 0U $N%(!< %8%’ %s %H i $K $D $$ $F!$ � P i $+ $i $$ $/ $D $+ $N @) Ls $r =| $$ $? CSP $, P S i $N MW AG $H $J $k!% 2D G= $J <h $j =| $- J} $9 $Y $F $K $D $$ $F P S i $NMWAG$,BP1~$9$k!% � P S i Fb $N Ld Bj P 0 i $H P i $N 5w N% $O!$ =| $$ $? @) Ls $N ?t $G$"$k!% � %(!<%8%’%s%H i $N5wN%$r d i $H$7$?$H$-!$ G ( d 1 ; d 2 ; : : : ; d m ) = max i d i $G$"$k!% J, ;6 :G Bg CSP $G G$ 0U $N %(!< %8%’ %s %H i $O!$ P i $+ $i N i 8D L$ K~ $N @) Ls $r <h $j =| $$ $? =< B- 2D G= $J CSP $H $= $N 2r $r 5a$a $k!% 8@ $$49 $( $k$H!$ P i $N JQ?t $K BP $7$F!$ 0c H? $9 $k @) Ls $N ?t $, N i 8D L$ K~ $H $J $k $h $& $J 3d $j Ev $F $r 5a $a $k!% A4 %(!< %8%’ %s %H $, $= $N $h $& $J 3d $j Ev $F $r 5a $a $? $H $-!$ J, ;6 :G Bg CSP $, 2r $1 $? $H $$ $$!$ $= $N $H $- $N A4 %(!< %8%’ %s %H $N CSP $H $= $N 2r $r J, ;6 :G Bg CSP $N 2r $H $$ $&!% $^ $?!$ $9 $Y $F $N %(!< %8%’ %s %H $, @) Ls 0c H? ?t $, S i 0J 2<$N 3d$j Ev$F $r 8+$D $1$k $H!$J, ;6:G Bg CSP $N2r $H$7 $F $O =< J, $G $" $j C5 :w $r =* N; $9 $k $3 $H $, $G $- $k!% $^ $?!$ J, ;6 :G Bg CSP $N 2r $N $& $A!$ max i d i !$ $9 $J $o $A!$ %(!< %8%’ %s %H $N @) Ls 0c H? ?t $N :G Bg CM $r :G >. $K $9 $k 2r $r :G E, 2r $H $h $S!$ $= $N $H $- $N 0c H? ?t $N :G Bg CM $r :G E, 5w N% $H $$ $&!% J, ;6 :G Bg CSP $O!$ @x :_ E* $J 1~ MQ $N 2D G= @- $d %" %k %4 %j %: %‘ @_ 7W $N MF 0W $5 $N E@ $+ $i $b =E MW $J Ld Bj $@ $H 9M $( $i $l $k!% $b $A $m $s!$ B> $N %" %W %m!< %A $H $7 $F!$ Nc $( $P!$ J, ;6 :GBg CSP $N B>$N @_Dj $O $=$N $^$^ $K$7 $F!$Bg 0h5w N%4X ?t $r max i d i $G $O $J $/ P m i =1 d i $H $7 $? Ld Bj $b 9M $( $i $l $k!% $7 $+ $7!$ $3 $N Ld Bj $K $O!$ @) Ls 0c H? ?t $N OB $O :G >. $@ $,!$ 0c H? $7 $? @) Ls $, FC Dj $N %(!< %8%’ %s %H $K =8 Cf $9 $k $h $& $J :G E, 2r $r 5v $7 $? $j!$ 8z N( $N $h $$ %" %k %4 %j %: %‘ $N @_ 7W$,:$Fq$G$"$k!$$J$I$NLdBjE@$,$"$k!% 3

?^ 2: Distributed 2-coloring problem 4.3 Nc ?^ 2 $N J, ;6 ?’ EI $j Ld Bj$r MQ $$ $F!$ J, ;6 :G Bg CSP $r 6q BN E* $K @b L@ $9 $k!% $3 $N ?^ $G %0 %i %U $N D: E@ $O JQ ?t !J%(!< %8%’ %s %H!K!$ JU $, JQ ?t 4V $N @) Ls $r I= $7!$ 8_ $$ $K JU $G $D $J $,$C $F $$ $k D: E@ $I $& $7 $, 0[ $J $k ?’ $K $J $k $h $& $K!$ A4 BN $r 9u $H Gr $N 2 ?’ $G EI $j J, $1 $k!% %(!< %8%’ %s %H $O 1 $D $N D: E@ $r C4 Ev $9 $k $,!$ $= $N D: E@ $K $D $J $,$C $F $$ $k JU $G I= $5 $l $k @) Ls $N $_ $r CN$C $F $$ $k $H $9 $k!% Nc $( $P %(!< %8%’ %s %H 1 $O @) Ls f a; c; d g $N $_ $r CN$C $F $$ $k!% $3 $N >l 9g!$%(!<%8%’%s %H 1 $N:G =i$NLd Bj P 1 $O!$CM 0h$, f 9u!$ Gr g $G $" $k JQ ?t 1 $H @) Ls f a; c; d g $G $" $k!% JQ ?t $X $N CM $N 3d $j Ev $F $, ?^ 2 $N DL $j $G $" $k $H $-!$ %(!< %8%’ %s %H 1 $N @) Ls 0c H? ?t $O 1 $J $N $G 8= :_ $N 5w N% $O 1 $K $J $k!% B> $N %(!< %8%’ %s %H $K $D $$ $F $O!$ %(!< %8%’ %s %H 2 !$ %(!< %8%’ %s%H 5 !$ %(!< %8%’ %s%H 6 $N 5w N%$, 1 !$ %(!<%8%’ %s %H 3 $H %(!< %8%’ %s %H 4 $N 5w N% $O 0 $G $" $k!% :#!$ $9 $Y $F $N %(!< %8%’%s %H $N5w N% $N I, MW CM N i $, 2 $@ $H$9 $k $H!$ ?^ 2 $N 3d $jEv$F $GJ, ;6 :GBg CSP $N 2r$, F@$i $l $F$$ $k!%$7 $+$7!$ 1 $@ $H $9 $k $H!$ %(!< %8%’ %s %H 3 $H %(!< %8%’ %s %H 4 0J 30 $N %(!< %8%’ %s %H $N 5w N% $, 1 L$ K~ $G $J $$ $? $a!$ $3 $N 3d $j Ev $F $G 2r $O F@ $i $l $F $$ $J $$!% $J $*!$ $3 $N 3d $j Ev $F $G $N %(!< %8%’ %s %H A4 BN $N 5w N% $O!$ 8D!9 $N %(!< %8%’ %s %H $N 5w N% $N :G Bg CM $G 1 $K $J $k!% $3 $N Nc $G $O!$ %(!< %8%’ %s %H $, $I $N $h $& $K CM $r 3d $j Ev $F $F $b A4 BN $N 5w N% $r 1 L$ K~ $K $9 $k $3 $H $O $G $- $J $$ $N $G!$ $3 $N 3d $j Ev $F $O :G E, 2r $r M? $(!$:GE,5wN%$O 1 $K$J$k!% 5 J,;6:GBg@)Ls=<B-%"%k%4%j%:%‘ <!$K!$J,;6:G Bg CSP $N:GE, 2r$r5a $a$k %"%k%4 %j%:%‘ $r3+H/$9$k 1 !% $b$C$H $b C1 =c $J %" %k %4 %j %: %‘ $H $7 $F $O!$ =8 Cf 7? $N %" %k %4 %j %: %‘ $, 9M $( $i $l $k!% =8 Cf 7? $N %" %k %4 %j %: %‘ $G $O!$ $^ $: %(!< %8%’ %s %H 4V $G %j!< %@!< $r A* =P $7!$ $9 $Y $F $N %(!< %8%’ %s %H $N Ld Bj $r %j!< %@!< $K =8 $a!$ %j!< %@!< $, $= $l $i $N Ld Bj $r :G Bg CSP $r 2r $/ MW NN $G 2r $/!% =8 Cf 7? $N %" %k %4 %j %: %‘ $O Bg 0h E* $J >p Js $r ;2 >H $G $- $k $H $$ $& Mx E@ $, $" $j!$ 8z N( LL $G $O M% 0L $H $J $k 2D G= @- $, $" $k!% $7 $+ $7!$ %^ %k %A %(!< %8%’ %s %H 4D 6- $K $* $$ $F $O!$ Ld Bj $r =8 1 :GE, 2r $r5a $a $k $?$a $K!$ G$0U $N %(!<%8%’ %s %H i $K$D $$ $F S i = 0 $,@.$jN)$D$H2>Dj$9$k $a $k %3 %9 %H $, Ld Bj $K $J $k $H $H $b $K!$ %W %i %$ %P %7!< $d %; %-%e %j %F%# $N 4Q E@ $+ $i $b!$ FC $K 8D ?M $K 4X $9 $k >p Js $r 4^ $‘ $h $& $J Ld Bj !J8D ?M $N %9 %1 %8%e!< %k $J $I!K $r =8 $a $k $3 $H $O K> $^ $7 $$ $H $O $$ $( $J $$!% $= $3 $G K\ O@ J8 $G $O!$ Ld Bj $, J, ;6 $5 $l $? >u BV $N $^ $^ <B 9T $5 $l $k J, ;6 7? $N %" %k %4 %j %:%‘ $H$7$F!$F1 4|7?J,;^8B DjK!!J Synchronous Branch and Bound !K $H H? I| J, ;6 %V %l %$ %/ %" %& %H K! !J Iterative Distributed Breakout !K$rDs0F$9$k!% 5.1 2>Dj %" %k %4 %j %: %‘ $N @_ 7W $K :] $7 $F!$ <! $N $h $& $J %(!< %8%’ %s %H 4V DL ?. $N %b %G %k $r A[ Dj $9 $k!% $3 $l $i $O!$ 0l HL $N Hs F14|DL?.%7%9%F%‘$H$7$FBEEv$J$b$N$G$"$k!% � %(!< %8%’ %s %H $O!$ %" %I %l %9 $r CN$C $F $$ $k %(!< %8%’ %s %H $K BP $7 $F!$ %a%C %;!< %8 $r D> @\ Aw $k $3 $H $, $G $- $k!% � %a%C %;!< %8 $K $O M- 8B $N DL ?. CY $l $, $" $k $,!$ $= $N >e 8B$O$o$+$i$J$$!% � G$ 0U $N 2 %(!< %8%’ %s %H 4V $G $O!$ %a%C %;!< %8 $O H/ ?. =g$K<u?.$5$l$k!% $5 $i $K!$ BP >] $H $9 $k Ld Bj $N %/ %i %9 $r <! $N $h $& $K 8B Dj $9 $k!% $3 $l $O!$ %" %k %4 %j %: %‘ @_ 7W $N C1 =c 2= $N $? $a $K @_ $1 $? $b $N $G $" $j!$ $3 $N %/ %i %9 $N Ld Bj $K BP $7 $F @_ 7W $7 $? %" %k %4 %j %: %‘ $r $h $j 9- $$ %/ %i %9 $N Ld Bj $K BP 1~ $G $- $k $h $& $K3HD%$9$k$3$H$OMF0W$G$"$k!% � 1 %(!<%8%’%s%H$OM#0l$D$NJQ?t$r$b$C$F$$$k!% � $9 $Y $F $N @) Ls $O 2 JQ ?t 4V $G Dj 5A $5 $l $F $$ $k !J$3 $N $h$&$J@)Ls$rFC$K%P%$%J%j@)Ls$H$$$&!K!% 5.2 F14|7?J,;^8BDjK! F1 4| 7? J, ;^ 8B Dj K! $O!$ J, ;^ 8B Dj K! $r J# ?t %(!< %8%’ %s %H $G %7 %_%e %l!< %H $7 $? $@ $1 $N :G $b AG KQ $J %" %k %4 %j %: %‘ $G $" $k!% $3 $N %" %k %4 %j %: %‘ $G $O!$ A0 $b$C $F JQ ?t =g =x !J%(!< %8%’ %s %H =g =x!K $H CM =g =x $, 8G Dj $5 $l!$ %Q %9 $H $h $P $l $k 0l $D $N It J, 2r !JA4 JQ ?t $N It J, =8 9g $K BP $9 $k CM $N 3d $j Ev $F!K $r %(!< %8%’ %s %H =g =x $K =>$C $F =g HV $K Aw $j!$ =y!9 $K $= $l $r ?- $P $7 $F $$ $/!% F0 :n $N 35 N, $O <! $N DL $j $G $"$k!% � %(!< %8%’ %s %H =g =x $G 1 HV L\ $K $" $? $k %(!< %8%’ %s %H $, %" %k %4 %j %: %‘ $r 5/ F0 $7!$ <+ J, $, $b $D JQ ?t $K BP $7 $F 1 HV L\ $N CM $r %Q %9 $H $7 $F!$ <! $N %(!< %8%’ %s %H $K Aw$k!% � %(!< %8%’ %s %H =g =x $, 1 $D A0 $G $" $k %(!< %8%’ %s %H $+ $i %Q %9 $r <u $1 <h $k $H!$ $= $l $r J] B8 $7!$ $= $N %Q %9 $H <+ J, $N JQ ?t $N 1 HV L\ $N CM $r 9g $o $; $F I> 2A $7 $F!$ %(!< %8%’ %s %H A4 BN $N 5w N% $N 2< 3& CM $r 8+ @Q $b $k!% 2< 4

3& CM $, 8= ;~ E@ $G $N >e 3& CM L$ K~ $G $" $l $P!$ %Q %9 $H $= $N CM $r ?7 $? $J %Q %9 $H $7 $F <! $N %(!< %8%’ %s %H $K Aw $k!% >e 3& CM 0J >e $G $" $l $P <! $N CM $G F1 MM $N I> 2A $r 9T $& $,!$ $3 $l $r 7+ $j JV $7 $F CM $, ?T $- $l $P A0 $N %(!< %8%’%s%H$K%Q%9$rAw$jJV$9!% � %(!< %8%’ %s %H =g =x $, 1 $D 8e $G $" $k %(!< %8%’ %s %H $+ $i %Q %9 $r <u $1 <h $k $H!$ %Q %9 Cf $N <+ J, $N JQ ?t $N CM $r <! $N CM $K JQ 99 $7 $F :F I> 2A $9 $k!% 2< 3& CM $, 8= ;~ E@ $N >e 3& CM L$ K~ $J $i ?7 $7 $$ %Q %9 $r <! $N %(!< %8%’ %s %H $K Aw $j!$ >e 3& CM 0J >e $J $i $5 $i $K <! $N CM $G F1 MM $K I> 2A $r 9T $& $,!$ $3 $l $r 7+ $j JV $7 $F CM $, ?T $- $l $P!$ 2a 5n $K <u $1 <h$C $F J] B8 $7 $F $$ $? %Q %9 $r A0 $N %(!< %8%’ %s %H$KAw$k!% %Q%9 $H $O!$ <B :] $K $O!$ JQ ?t!$ JQ ?t $N CM!$ $= $N CM $, 86 0x $G @8 $8 $F $$ $k 0c H? @) Ls $N ?t $N 3 $D AH $N %j %9 %H $G $" $k!% $h$C $F!$ %(!< %8%’ %s %H A4 BN $N 5w N% $N 2< 3& CM $O!$ %Q %9 Fb $N JQ ?t $4 $H $K 5a $a $i $l $F $$ $k 0c H? @) Ls $N ?t $N $& $A $N :G Bg CM $H $7 $F 5a $a $i $l $k!% $^ $?!$ >e 3& CM $O 2a 5n $K F@ $i $l $? A4 BN 2r $N I> 2A CM !J%(!< %8%’ %s %H A4 BN $N 5w N%!K $N $& $A $N :G >. CM $H $7 $F 5a $a $i $l $k!% %" %k %4 %j %: %‘ $N >\ :Y $r?^ 3 $K<($9!% F14| 7? J, ;^ 8B Dj K! $O!$ %(!< %8%’ %s %H 4V $G C‘ <! E* $K J, ;^ 8B Dj K! $N F0 :n $r %7 %_%e %l!< %H $7!$ J# ?t %(!< %8%’ %s %H $K J, ;6 $7 $F $$ $k C5 :w 6u 4V $r $7 $i $_ DY $7 E* $K C5 :w $9 $k!% $= $N $? $a!$ I, $: :G E, 2r $r 8+ $D $1 $k $H $$ $& %" %k %4 %j %: %‘ $N 40 A4 @- $O J] >Z $5 $l $k!% $7 $+ $7 8= >u $G $O!$ 0l $D $N %Q %9 $r ?- $P $7 $F $$ $/ $@ $1 $G $" $j!$ %Q %9 $r <u $1 <h$C $? %(!< %8%’ %s %H 0J 30 $O 2? $N F0 :n $b 9T $o $J $$ $? $a!$ J# ?t %(!< %8%’%s%H$K$h$kJBNs<B9T$NMxE@$O@8$+$5$l$F$$$J$$!% 5.3 H?I|J,;6%V%l%$%/%"%&%HK! 5.3.1 J,;6%V%l%$%/%"%&%HK! J, ;6 %V %l %$ %/ %" %& %H K! [15] $O J, ;6 CSP $r 2r $/ %" %k %4 %j %: %‘ $G!$ $= $N FC D’ $O!$ J# ?t $N %(!< %8%’ %s %H $, 8_ $$ $NF0:n $rAj 8_GS=| $7$J $,$i JBNs $K;3 EP$jK! [5] $r <B9T $9 $k $3 $H!$ %(!< %8%’ %s %H $, 5? ;w 6I =j :G E, 2r $K 4Y$C $? $H $- $N<jB3 $-$H $7$F%V %l%$ %/%" %&%H K! [9] $r:N MQ$7$F $$$k $3 $H$N 2 E@$G$"$k!% J,;6 %V %l %$ %/ %" %& %H K! $G $O!$ %(!< %8%’ %s %H $O :G =i $K <+ J, $N JQ ?t $K G$ 0U $N CM $r 3d $j Ev $F!$ $= $N 3d $j Ev $F $r 6a K5 !JF1 $8 %(!< %8%’ %s %H 4V @) Ls $r 6& M- $7 $F $$ $k %(!< %8%’ %s%H$N=89g ) $K ok ? %a%C%;!<%8 $H$7$FAw $k!%0J9_!$%(!< %8%’%s%H$O<!$N<jB3$-$r7+$jJV$9!% � 6a K5 $N A4 %(!< %8%’ %s %H $+ $i ok ? %a%C %;!< %8 $r <u $1 <h $k $H!$ <+ J, $, $b $D JQ ?t $N 8= :_ $N 3d $j Ev $F $r I> 2A $9 $k!% I> 2A CM !J%3 %9 %H!K $O!$ $= $N 3d $j Ev $F $N $b $H $G 0c H? $7 $F $$ $k @) Ls $N =E $_ OB $H $9 $k!% $3 $3 $G @) Ls $N =E $_ $H $O!$ @) Ls $4 $H $K Dj 5A $5 $l $? @0 ?t $G!$ $= $N =i 4| CM $O 1 $G $" $k!% $^ $?!$ JL $N CM $K 3d $j Ev $F $r JQ 99 $7 $? >l 9g $N %3 %9 %H $N 2~ A1 NL $N :G Bg CM !J impr ov e $H $h $V!K$r 7W ;;$7!$ $= $NCM $r impr ov e %a%C %;!< %8 $H$7$F6aK5$KAw$k!% � 6aK5 $N A4%(!< %8%’%s %H $+$i impr ov e %a%C %;!<%8 $r <u $1 <h $k $H!$ $= $l $> $l $N impr ov e $r <+ J, $N $b $N $H Hf 3S $7!$ $b $7 $b Aj <j $N CM $N J} $, Bg $- $1 $l $P!$ <+ J, $N <! 2s $N 3d $j Ev $F JQ 99 $O 9T $o $J $$!% $^ $?!$ impr ov e $N CM $, F1 $8 >l 9g $O!$ N> %(!< %8%’ %s %H $N <1 JL ;R $r MQ $$ $F %? %$ %V %l %$ %/ $9 $k!% 6a K5 $N A4 %(!< %8%’ %s %H $H $N Hf 3S $, =*$C $? CJ 3, $G!$ 3d $j Ev $F JQ 99 $, 2D G= $J %(!< %8%’ %s %H $O JQ ?t $N 3d $j Ev $F $r JQ 99 $9 $k!% $= $7 $F 3d $j Ev $F $r JQ 99 $7 $J $+$C $? %(!< %8%’ %s %H $b 4^ $a $F!$ $9 $Y $F $N %(!< %8%’ %s %H $, 8= :_ $N 3d $j Ev$F$r6aK5$K ok ? %a%C%;!<%8$H$7$FAw$k!% $3 $l $r 7+ $j JV $9 $@ $1 $G J, ;6 CSP $N 2r $, 5a $a $i $l $k $3 $H $b $" $k $,!$ B? $/ $N >l 9g!$ $" $k %(!< %8%’ %s %H $, 5? ;w 6I =j :G E, 2r $K 4Y $k!% 5? ;w 6I =j :G E, 2r $H $O!$ $" $k %(!< %8%’ %s %H $N 8= :_ $N 3d $j Ev $F $N %3 %9 %H $, 0 $h $j Bg $- $/ !J$D $^ $j!$ 0c H? @) Ls $, 1 $D 0J >e $" $j!K!$ $7 $+ $b!$ 3d $j Ev $F $r $I $& JQ 99 $7 $F $b %3 %9 %H $, 2< $, $i $J $$ >u BV $r $$ $&!% J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ 5? ;w 6I =j :G E, 2r $K $$ $k %(!< %8%’ %s %H $, 3d $j Ev $F $r JQ 99 $9 $k >l 9g!$ $= $N ;~ E@ $G 0c H? $7 $F $$ $k @) Ls $N =E $_ $r >e $2!$ 0J 9_ $K F1 $8 >u BV $K $J$C $? $H $7 $F $b!$ $= $3 $+ $i $9 $0 $K =P $i $l $k $h $& $K I> 2A 4X ?t $r =$@5$7$F$*$/!% J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ $" $k %(!< %8%’ %s %H $, 3d $j Ev $F $r JQ 99 $9 $k :]!$ 6a K5 $N F0 :n $O M^ @) $5 $l $k $,!$ $= $l 0J 30 $N %(!< %8%’ %s %H $N F0 :n $O M^ @) $5 $l $J $$ $N $G!$ 8D!9 $N F0 :n $N 3N <B @- $r J] >Z $7 $J $, $i!$ A4 BN $H $7 $F $O JB Ns $K 3d $j Ev $F $, JQ 99 $5 $l $k!% $= $N $? $a!$ 2r $, B8 :_ $9 $k Hs >o $K :$ Fq $J Ld Bj $K BP $7 $F!$ FC $K 8z N( $, $h $$ $3 $H $, <( $5 $l $F $$ $k [15] !% $^ $?!$ 2r $r H/ 8+ $7 $? $3 $H $r 8! =P $9 $k %" %k %4 %j %: %‘ $, Kd $a 9~ $^ $l $F $$ $k $3 $H $b J, ;6 %V %l %$ %/ %" %& %H K! $N Mx E@ $G $" $k!% => Mh $N %" %k %4 %j %: %‘ $G $O!$ $= $N 8!=P $K!$ J,;6 %9%J%C %W%7%g%C %H [2] $J $I$N JL$N <jB3 $- $r 8F $S =P $9 $3 $H $, A0 Ds $K $5 $l $F $$ $?!% 0l J}!$ J, ;6 %V %l %$ %/ %" %& %H K! $N 7g E@ $O 40 A4 @- $, J] >Z $5 $l $J $$ $3 $H $G $" $k!% $9 $J $o $A!$ 2r $, B8 :_ $7 $? $H $7 $F $b $= $l $r 8+ $D $1 $k $3 $H $, $G $- $k $H $O 8B $i $J $$ $7!$ $^ $?!$ 2r $, $J $$ $3 $H $r H=Dj$G$-$J$$!% 5.3.2 H?I|J,;6%V%l%$%/%"%&%HK! H? I| J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ J, ;6 :G Bg CSP $K BP $7!$ J, ;6 %V %l %$ %/ %" %& %H K! $r 7+ $j JV $7 E, MQ $9 $k!% 4p K\ E* $J F0 :n $O <! $N DL $j $G $" $k!% $^ $:!$ G$ 0U $N %(!< %8%’ %s %H i $N IT 40 A4 CSP $N I, MW CM N i $K 6& DL $N CM ub $r Be F~ $7!$ J, ;6 %V %l %$ %/ %" %& %H K! $r <B 9T $9 $k!% $3 $N J, ;6 %V %l %$ %/ %" %& %H K! $O!$ $= $l $> $l $N %(!< %8%’ %s %H $N 5w N% $, N i L$ K~ $K$J $k $H =* N; $7!$$= $N $3 $H $r $"$k %(!< %8%’ %s %H $, 8! =P $9 $k!% 8! =P $7 $? %(!< %8%’ %s %H $O <! $N N i $N CM $r 5

?^ 3: Synchronous Branch and Bound. V ariable/agen t and v alue orderings are giv en in adv ance, and b oth n i and s i for 8 i hav e uniform v alues as their initial v alues. The initial v alue of s i should b e zero when searching for an optimal solution. The pro cedure should b e initiated only b y the �rst agent in the ordering. 6 ub � 1 $K $9 $k $h $& $K B> $N %(!< %8%’ %s %H $K %a%C %;!< %8 $r EA GE $5 $; $k!% $3 $l $r <u $1 <h$C $? %(!< %8%’ %s %H $O :F EY J, ;6 %V %l %$ %/ %" %& %H K! $r <B 9T $7!$ 0J 2< F1 MM $K 7+ $j JV $9!% $3$N7+$j JV$7$O!$ $"$k%(!< %8%’%s%H $, 8 i ( N i = 1) $N$H $-$N2r$rH/8+$7$?$H$-$K=*N;$9$k!% H?I| J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ J, ;6 %V %l %$ %/ %" %& %HK! $H F1 $8 ok ? %a%C %;!< %8$H impr ov e %a%C %;!< %8 $,MQ $$ $i $l!$ $^ $?!$ $= $l $> $l $r <u $1 <h$C $? $H $- $K <B 9T $5 $l $k <j B3 $- $b J, ;6 %V %l %$ %/ %" %& %H K! $N <j B3 $- $N 0l It $r JQ 99 $7 $? $b $N $K $J$C $F $$ $k!% $= $N $? $a!$ 0J 2< $G $O <g $J JQ 99 It J, $K $D $$ $F $N $_ =R $Y!$ J, ;6 %V %l %$ %/ %" %& %H K! $H 6& DL$9$kItJ,$K$D$$$F$O [15] $K>y$k!% � <B 9T A0 $K!$ 3F %(!< %8%’ %s %H $, $b $D IT 40 A4 CSP $N 6& DL $N I, MW CM ub $r 7h $a $k!% ub $O!$ ok ? %a%C %;!< %8!$ impr ov e %a%C %;!< %8 $H $H $b $K $d $j <h $j $5 $l $k!% � 6a K5 $N A4 %(!< %8%’ %s %H $+ $i ok ? %a%C %;!< %8 $r <u $1 <h$C $? $H $-!$ %(!< %8%’ %s %H i $O!$ <+ J, $, CN$C $F $$ $k @) Ls $N $& $A 0c H? $7 $F $$ $k @) Ls $N ?t $, I, MW CM N i L$ K~ $J $i $P!$ 8= :_ $N 3d $j Ev $F $N %3 %9 %H $r Nm $K $9 $k!% N i 0J >e $J $i $P J, ;6 %V %l %$ %/ %" %& %H K! $H F1 MM $K0cH?@)Ls$N=E$_OB$H$7$F%3%9%H$r7W;;$9$k!% � J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ $" $k %(!< %8%’ %s %H $N ter mination counter $H$$$&FbItJQ?t$NCM$,!$%(!< %8%’ %s %H $r D: E@!$ %(!< %8%’ %s %H 4V $N O@ M} E* $J DL ?. %j %s %/ $r JU $H $9 $k %0 %i %U $N D> 7B 0J >e $K $J $k $H $-!$ J,;6 CSP $, 2r$1$F$$$k $3$H$,J]>Z$5 $l$F$$$k!%H? I| J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ F1 $8 >r 7o $N $H $-!$ $9 $Y $F $N %(!< %8%’ %s %H $N IT 40 A4 CSP $, 8 i ( N i = ub ) $N $b $H $G 2r $1 $F $$ $k $3 $H $, J] >Z $5 $l $k !J>Z L@ $N 35 N, $O 8e =R!K!% $3 $N $3 $H $r 8! =P $7 $? %(!< %8%’ %s %H $O!$ 8= :_ $N N i $N CM $r 1 $@ $1 2< $2!$ ?7 $? $J ub $H $7 $F ok ? %a%C%;!<%8!$ impr ov e %a%C%;!< %8$GB>$N %(!<%8%’%s%H$KAw$k!% � ?7 $7$$CM ub $r <u$1<h$C $?%(!<%8%’ %s%H$O!$ $=$NCM $r <+ J, $N I, MW CM $K Be F~ $9 $k $H F1 ;~ $K!$ br oadcast $H $$ $& Fb It JQ ?t $r ?? $K $9 $k!% $3 $N JQ ?t $, ?? $N 4V $O!$ A4 %(!< %8%’ %s %H $N I, MW CM $r 1 8: >/ $5 $; $k $? $a $N 8@ $o $P 2a EO >u BV $K $" $k $H 2r <a $G $-!$ $= $N 4V $O!$ ter mination counter $NCM$,Nm$K$J$k H?I| J, ;6 %V %l %$ %/ %" %& %H K! $N %" %k %4 %j %: %‘ $N >\ :Y $r ?^ 4 $K<($9!% 8 i ( N i = ub ) $H$J$k$"$k ub $K$D$$$F!$ ter mination counter $,%0%i%U$ND>7B0J>e$K$J$k$H$-!$$9$Y$F$N%(!< %8%’ %s %H $N IT 40 A4 CSP $, 8 i ( N i = ub ) $N $b $H $G 2r $1 $F $$ $k $3 $H $O <! $N ;v <B $+ $i 5" G< E* $K >Z L@ $5 $l $k!% $9 $J $o $A!$ I, MW CM $, N i = ub $G $" $k %(!< %8%’ %s %H i $,!$ termination counter $N CM $r d $+ $i d + 1 $K >e $2 $k $N $O!$ <! $N $3 $H $, F1 ;~ $K @. $j N) $D $H $-!$ $+ $D $= $N $H $- $N $_$G$"$k!% %(!<%8%’%s%H i $N6aK5$N$9$Y$F$N%(!<%8%’%s %H $N (1) I, MW CM $, ub $G $" $k!$ (2) @) Ls 0c H? ?t $, ub L$ K~ $G $" $k!$ (3) ter mination counter $N CM $, d 0J >e $G $"$k!% F1 4| 7? J, ;^ 8B Dj K! $,!$ JQ ?t $X $N CM $N 3d $j Ev $F $d @) Ls 0c H? $N %A%’%C %/ $r C‘ <! E* $K 9T $& $N $K BP $7!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $O!$ $= $l $i $, JB Ns $K <B 9T $5 $l $k $H $$ $& Mx E@ $r $b $D!% $7 $+ $7!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N 7g E@ $N 0l $D $O!$ %" %k %4 %j %: %‘ $N 40 A4 @- $, J] >Z $5 $l $J $$ $3 $H $G $" $k!% $^ $?!$ $b $& 0l $D $N 7g E@ $O!$ J, ;6 :G Bg CSP $N :G E, 2r $r F@ $? $H $7 $F $b!$ $= $l $r :G E, 2r$@ $H H= Dj $G $- $J $$ $3 $H $G $" $k!% $J $< $J $i!$ $" $k ub $, <B :] $K :G E, 5w N% $@$C $? >l 9g!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $G $O!$ 8 i ( N i = ub ) $N 2r $r H/ 8+ $9 $k $3 $H $O $G $- $F $b!$ <! $N 8 i ( N i = ub � 1) $G 2r $, $J $$ $3 $H $, H/ 8+ $G $- $J $$ $+ $i $G$"$k!% 6 I>2A F1 4| 7? J, ;^ 8B Dj K! $H H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N @- G=$r<B83$GI>2A$9$k!% BP >]$H $9 $k Ld Bj %/ %i%9 $O!$ h n; m; p 1 ; p 2 i $H $$ $& 4 $D $N %Q%i %a!<%? $GI= $5 $l$k %i%s %@%‘ %P%$ %J%j J,;6 CSP $G $" $k!% $3 $l $O!$ 4 $D $N %Q %i %a!< %? $N CM $K 1~ $8 $F @8 @. $5 $l $? %i %s %@ %‘ %P %$ %J %j CSP $N JQ ?t $H @) Ls $r J# ?t %(!< %8%’ %s %H $K J, ;6 $7!$ 3F %(!< %8%’ %s %H $O #1 $D $N JQ ?t $r $b $A!$ <+ J, $N JQ ?t $K 4X $9 $k @) Ls $N $_ $r $b $D $h $& $K $7 $? J, ;6 CSP $G $" $k!% $3 $3 $G!$ n $O JQ ?t $N ?t!$ m $O 3F JQ ?t $N CM0h $N%5 %$%: $G$" $k!%$^ $?!$ p 1 $O!$ n 8D $NJQ ?t$K BP $7 $FDj5A2D G=$J%P%$ %J%j@) Ls ( n ( n � 1) = 2 8D ) $KBP$9 $k <B :] $N @)Ls $N ?t $N3d 9g $G $"$k!% $= $7 $F!$ p 2 $O!$ 2 JQ ?t 4V $N 2D G= $J CM $N %Z %" ( m 2 8D ) $K BP $7 $F 3F @) Ls $, 6X ;_ $9 $k CM $N %Z %" $N 3d 9g $r I= $9!% FC Dj $N h n; m; p 1 ; p 2 i $K BP $7 $F!$ <B:]$N LdBj Nc$r$D $/$k :]!$ n ( n � 1) p 1 = 2 8D$N JQ?t $N %Z %" $r %i %s %@ %‘ $K A* Br $7!$ 3F JQ ?t %Z %" $K BP $7 $F!$ %i %s %@ %‘ $K A* $s $@ m 2 p 2 8D $N CM $N %Z %" $, 6X ;_ $5 $l $k $h $& $K@)Ls$rDj5A$9$k!% I>2A $K;HMQ $7$?$N $O!$%i%s %@%‘ %P%$%J %jJ,;6 CSP $N $& $A n = 10 !$ m = 10 !$ p 1 2 f 18 = 45 ; 27 = 45 ; 36 = 45 ; 45 = 45 g !$ p 2 2 f 0 : 8 ; 0 : 9 g $H $$$&%/ %i%9 $NLd Bj$G$" $k!% $3 $N %/ %i %9 $N %i %s %@ %‘ %P %$ %J %j CSP $O :G Bg CSP $N Ld Bj$H$7$FFC$K:$Fq$JItN‘$KF~$k [7] 2 !% <B 83 $O!$ J# ?t %(!< %8%’ %s %H $N JB 9T F0 :n $r %7 %_%e %l!< %H $9 $k N% ;6 ;v >] %7 %_%e %l!< %? $N >e $G 9T $&!% $3 $N %7 %_%e %l!< %? $G $O!$ %^ %M!< %8%c $H $$ $& 2> A[ E* $J %(!< %8%’ %s %H $r A[ Dj $9 $k!% %^ %M!< %8%c $O N% ;6 E* $J ;~ $r 9o $‘ ;~ 7W $r $b $A!$ $^ $?!$ %(!< %8%’ %s %H 4V $N %a%C %;!< %8 $N G[ Aw $r 0l <j $K 0z $- <u $1 $k!% A4 BN $N F0 :n $O!$ <! $N 0l O" $N =h M} $r 1 %5 2 :G Bg CSP $H J, ;6 :G Bg CSP $G $O Ld Bj $, 0[ $J $k $? $a!$ J, ;6 :G Bg CSP MQ $N %" %k %4 %j %: %‘ $r I> 2A $9 $k $N $K!$ $3 $l $i $N %/ %i %9 $N Ld Bj $, E, Ev $+$I $& $+$O IT L@$G $"$k!% $7 $+$7!$ M=Hw <B 83$K $h$j!$ $= $l$i $O J,;6 :G Bg CSP $NLdBj$H$7$F$b=<J,:$Fq$J$b$N$G$"$k$H3NG’$G$-$?!% 7

?^ 4: Iterative distributed breakout. Both n i and s i for 8 i hav e uniform v alues as their initial v alues. The initial v alue of s i should b e zero when searching for an optimal solution. The pro cedure should b e initialized b y each agen t b efore receiving any message. 8 problem class median cycle mean optimal distance h 10 ; 10 ; 18 = 45 ; 0 : 8 i 3500 1.0 h 10 ; 10 ; 18 = 45 ; 0 : 9 i 18262 2.0 h 10 ; 10 ; 27 = 45 ; 0 : 8 i 46247 2.4 h 10 ; 10 ; 27 = 45 ; 0 : 9 i 499841 3.4 h 10 ; 10 ; 36 = 45 ; 0 : 8 i 336416 3.6 h 10 ; 10 ; 36 = 45 ; 0 : 9 i 1985700 5.0 h 10 ; 10 ; 45 = 45 ; 0 : 8 i 3435984 4.9 h 10 ; 10 ; 45 = 45 ; 0 : 9 i 21834077 6.0 I= 1: Median cycles for the Synchronous Branch and Bound for �nding an optimal solution. %$ %/ %k $H $7 $? 7+ $j JV $7 $H $J $k!% (1) %(!< %8%’ %s %H $+ $i B> $N %(!< %8%’ %s %H $K 8~ $1 $F Aw ?. $5 $l $? %a%C %;!< %8 $r %^ %M!<%8%c$,$9$Y$F=8$a$k!$ (2) %^%M!<%8%c$,;~7W$N;~9o $r 1 C1 0L $9 $9 $a $k!$ (3) %^ %M!< %8%c $, =8 $a $? %a%C %;!< %8$r08@h$H$J$k%(!<%8%’%s%H$KFO$1$k!$ (4) 8D!9$N%(!< %8%’ %s %H $,!$ <u $1 <h$C $? %a%C %;!< %8 $K BP $7 $F =h M} $r $* $3 $J $$!$ B> $N %(!< %8%’ %s %H $K %a%C %;!< %8 $r Aw ?. $9 $k!% $3 $N %7 %_%e %l!< %? >e $G 2 $D $N %" %k %4 %j %: %‘ $r <B 8= $7!$ %5%$%/ %k?t !J%^%M!<%8%c $N;~ 7W$, 9o$s $@;~ 4V ) $r %3%9 %H $H$7$FI>2A$9$k!% 6.1 :GE,2r$N%3%9%H $^$:!$:GE,2r$rF@$k%3%9%H$rI>2A$9$k!% F14| 7? J, ;^ 8B Dj K! $G $O :G E, 2r $r F@ $k $3 $H $, J] >Z $5 $l $F $$ $k $? $a!$ $= $l $r F@ $k $^ $G $N %5 %$ %/ %k ?t $r 5a $a $k $3 $H$,$G $-$k!% <B 83$G $O!$%i %s%@ %‘ %P%$ %J%j J,;6 CSP $N 3FLdBj %/ %i%9 $KBP $7 $F 25 Nc$r %i%s %@ %‘$K @8@. $7!$ $=$l $> $l $K F1 4| 7? J, ;^ 8B Dj K! $r E, MQ $7 $?!% $J $*!$ F1 4| 7? J, ;^ 8B Dj K! $N JQ ?t =g =x $O!$ conjunctive width %R%e!< %j %9 %F%#%C %/ %9 $N width/domain-size $N >l 9g [11] $K =>$C $F 7h Dj $7!$ CM =g =x $O <- =q <0 =g =x $H $7 $?!% $^ $?!$ G$ 0U $N %(!<%8%’ %s%H i $N I, MW CM N i $K $O!$ =i4| CM $H$7 $F!$ 2r $/ Nc $K BP 1~ $9 $k @) Ls %0 %i %U $N :G Bg <! ?t $h $j 1 $@ $1 >. $5 $$ CM$rBeF~ $9$k!%F1 4|7?J, ;^8BDj K!$G$O!$ N i $r %Q%9$N I> 2A CM $N >e 3& CM $H $7 $F ;H $& $,!$ %Q %9 $N I> 2A CM $O @) Ls %0 %i %U $N :G Bg <! ?t $h $j Bg $- $/ $J $k $3 $H $, $J $$ $? $a $G $" $k!% $^ $?!$ =< J, CM S i $O Nm $H $7 $?!% I= 1 $O!$ 3F Ld Bj %/ %i %9 $4 $H $K!$ :G E, 2r $r F@ $k $^ $G $K $+ $+$C $? %5 %$ %/ %k ?t $N Cf 1{ CM!$ $* $h $S!$ :G E, 5w N% $N J? 6Q CM $r <( $7 $F $$ $k!% F1 4| 7? J, ;^ 8B Dj K! $G :G E, 2r $r 8+ $D $1 $k $K $O A4 HL $K %3 %9 %H $, $+ $+ $j!$ FC $K :G E, 5w N% $, Bg $- $$ Ld Bj $K BP $7 $F!$ $+ $J $j 87 $7 $$ 7k 2L $K $J$C $F $$ $k!% :G E, 5w N% $, Bg $- $$ >l 9g!$ C5 :w $N ES Cf $G ;^ 4" $j $K M- 8z $J $$ $$ >e 3& CM $r F@ $K $/ $$ $? $a!$ C5 :w $9 $k 6u 4V $, 9- $/ $J $j $, $A $G $" $k!% F1 4| 7? J, ;^ 8B Dj K! $O C‘ <! E* $J C5 :w $r 9T $& $N $G!$ C5 :w $9 $k 6u 4V $, 9- $/ $J $l$P!$$=$l$,D>@\%5%$%/%k?t$K1F6A$9$k!% 0lJ}!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $O 40 A4 $G $O $J $$ $? $a!$ :G E, 2r $K C# $7 $J $$ >l 9g $, $" $j!$ F1 4| 7? J, ;^ 8B Dj K! $H F1 MM $K $O I> 2A $G $- $J $$!% $7 $+ $7!$ $I $l $/ $i $$ :G E, 2r $X $N E~ C# $K <: GT $9 $k $+ $r D4 $Y $k $3 $H $O 2D G= $G $" $k!% :# 2s $N <B 83 $G $O!$ p 1 = 27 = 45 !$ p 2 = 0 : 8 $N 25 Nc $N $= $l $>$l$K $D$-!$ =i4|CM $rJQ $($F 10 2s$: $D9g 7W 250 2s$K EO$C $F H? I| J, ;6 %V %l %$ %/ %" %& %H K! $r <B 9T $7 $F $_ $?!% $J $*!$ 3F %(!< %8%’ %s %H $N I, MW CM $H =< J, CM $N @_ Dj $K $D $$ $F $O F1 4| 7? J, ;^ 8B Dj K! $N >l 9g $H F1 $8 $G $" $k!% 7k 2L $O!$ F1 $8 Ld Bj $K BP $7 F1 4| 7? J, ;^ 8B Dj K! $, :G E, 2r $r H/ 8+ $7 $? %5 %$ %/%k ?t $^$G $K:G E,2r $K C#$9 $k$3 $H$, $G $-$? $N$O 30 2s $G$"$j!$;D$j 220 2s$O$9$Y$F<:GT$7$?!% 6.2 Anytime Curves <! $K!$ F1 4| 7? J, ;^ 8B Dj K! $H H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N :G E, 2r $K ;j $k $^ $G $N F0 :n $r I> 2A $9 $k $? $a $K Any- time Curves $r IA $/!% Anytime Curves $H $O!$ %" %k %4 %j %: %‘ $r %9 %?!< %H $5 $; $F 0J 8e!$ ;~ 4V 7P 2a $H 6& $K Cf 4V 7k 2L $, $I $N $h $& $K 2~ A1 $5 $l $k $+ $r %0 %i %U 2= $7 $? $b $N $G $" $k!% $3 $3 $G $O!$ x <4 $K %" %k %4 %j %: %‘ $r %9 %?!< %H $5 $; $F $+ $i $N %5 %$ %/ %k ?t!$ y <4 $K Bg 0h 5w N% 4X ?t $N CM !J%(!< %8%’ %s %H $N @) Ls 0c H? ?t $N :G Bg CM!K $r $H $j!$ 3F %" %k %4 %j %: %‘ $4 $H $K!$ $" $k %5 %$ %/ %k ?t $^ $G $K F@ $i $l $? 2r $N $& $A!$ $b$C $H $b NI $$ 2r $N Bg 0h 5w N% $N CM $r %W %m%C %H $9 $k!% ?^ 5 $N <B @~ $O!$ n = m = 10 !$ p 1 = 27 = 45 !$ p 2 = 0 : 9 $N 1 $D $N Nc $K BP $9 $k F1 4| 7? J, ;^ 8B Dj K! $N Anytime Curve $r <( $7 $F $$ $k!% $3 $N %/ %i %9 $G $O!$ $3 $N Nc $K BP $7 $F!$ F1 4| 7? J, ;^ 8B Dj K! $O $b$C $H $b C; $$ %5 %$ %/ %k ?t $G :G E, 2r $r 8+ $D $1 $F $$ $k!% $^ $?!$ GK @~ $O!$ F1 $8 Nc $K BP $9 $k H?I| J,;6%V%l%$%/ %"%&%HK!$N Anytime Curv e $G$"$k!% H? I|J, ;6 %V%l %$%/ %" %&%H K!$G $O!$ =i4| CM$r JQ $($F 10 2s ;n9T$7!$$=$NJ?6Q$r%W%m%C%H$7$F$$$k!% ?^ 5 $+ $i L@ $i $+ $J $h $& $K!$ F1 4| 7? J, ;^ 8B Dj K! $N Any- time Curve $O!$ :G =* E* $K $O :G E, 5w N% $^ $G 8: >/ $7 $F $$ $/ $b $N $N!$ 8: >/ $9 $k B. EY $O $+ $J $j CY $$!% 0l J}!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N >l 9g $O!$ Hs >o $K Aa $$ CJ 3, $G 5^ 8: $7!$ 0J 9_!$ :G E, 5w N% $N 6a $/ !J=‘ :G E, 5w N% $H $h $V!K $G $[ $\ 0l Dj $H $J $j!$ $= $l 0J >e $O 2< $, $i $J $$!% $3 $l $i $H F1 9

?^ 5: An ytime curve for an instance of h 10 ; 10 ; 27 = 45 ; 0 : 9 i MM $N $3 $H $O!$ $3 $N Nc $N $_ $J $i $:!$ B> $N %/ %i %9 $N B> $N Nc $K $D $$ $F $b 4Q ;! $5 $l $?!% $^ $?!$ 3F %/ %i %9 $N Ld Bj $K $D $$ $F!$ @h $[ $I $H F1 MM $K Nc $r 1 $D 7h $a $F!$ $= $N Nc $K BP $7 $F F1 4| 7? J, ;^ 8B Dj K! $H H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N $= $l $> $l $, =‘ :G E, 5w N% $K C# $9 $k $^ $G $N %5 %$ %/ %k ?t $r 5a $a $?!%I= 2 $K$=$N 7k2L$r<($9!% $3$l$r8+ $k$H!$$9$Y$F $N>l 9g $K $* $$ $F!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N J} $, B. $/ =‘ :GE,5wN%$KC#$7$F$$$k$3$H$,$o$+$k!% H?I|J,;6%V%l%$%/%"%&%HK!$N Anytime Curve $,:G=i $K 5^ 8: $9 $k M} M3 $O <! $N DL $j $G $" $k!% H? I| J, ;6 %V %l %$ %/ %"%& %H K! $G $O!$ A4 %(!< %8%’ %s %H 6& DL $N I, MW CM $H $7 $F ub $r7h $a!$3F %(!< %8%’%s %H$, <+ J,$N 5w N%$, ub L$ K~ $K$J $k $h $& $K J, ;6 %V %l %$ %/ %" %& %H K! $r <B 9T $7!$ A4 %(!< %8%’ %s %H $, ub L$ K~ $K $J $k $H!$ <! $O ub � 1 $K $7 $F : : : $H 7+ $j JV$9$o $1 $@$,!$ ub $N CM $,Bg $-$$ $H $-$K $O!$ J,;6 %V%l %$ %/ %" %& %H K! $, $[ $H $s $I 5? ;w 6I =j :G E, 2r $K =P 2q $& $3 $H $J $/ =* N; $7!$ $9 $0 $K <! $N ub � 1 $N >l 9g $r %9 %?!< %H $G $- $k!% $= $N $? $a!$ H? I| J, ;6 %V %l %$ %/ %" %& %H K! $N =i 4| CJ 3, !J ub $N CM $, Bg $- $$ $H $-!K $K $O!$ Bg 0h 5w N% $, 5^ B. $K 8: >/ $9$k!% 0J>e $N 7k 2L $r $^ $H $a $k $H!$ %3 %9 %H $, 9b $/ $F $b :G E, 2r $, I, MW $J >l 9g $O!$ F1 4| 7? J, ;^ 8B Dj K! $, E, $7 $F $$ $k $,!$ =‘ :G E, 2r $G $b $$ $$ $+ $i %3 %9 %H $r M^ $( $? $$ >l 9g $K $O!$ H? I|J,;6%V%l%$%/%"%&%HK!$,E,$7$F$$$k$H$$$($k . 7 $^$H$a K\O@J8$G$O!$ 2a@)Ls $JJ,;6 CSP $r 07$& OHAH$H $7$FJ, ;6 IT 40 A4 CSP $r Ds 0F $7 $?!% $^ $?!$ 2a @) Ls $J J, ;6 CSP $X$N6q BNE* $JBP =h K!$H $7$F!$ J,;6 IT40 A4 CSP $NIt J,%/ %i%9$K $"$? $kJ, ;6 :GBg CSP $r <h$j >e$2!$ $=$l $r2r $/%" %k %4 %j %: %‘ $H $7 $F F1 4| 7? J, ;^ 8B Dj K! $H H? I| J, ;6 %V %l %$ %/%"%&%HK!$r3+H/$7$?!% :# 2s $O!$ J, ;6 :G Bg CSP $H $$ $& J} K! $G 2a @) Ls $J J, ;6 CSP $r 07$C $? $o $1 $@ $,!$ $3 $l $O!$ J, ;6 ;q 8; G[ J, Ld Bj $N $h $& $J Ld Bj $K BP $7 $F $O M- 8z $+ $b $7 $l $J $$ $,!$ Nc $( $P!$ J, ;6 2r <a Ld Bj $J $I $K BP $7 $F $O $" $^ $j 0U L# $, $J $$ $+ $b $7 $l $J $$!% $D $^ $j!$ J, ;6 :G Bg CSP $@ $1 $G 2a @) Ls $J J, ;6 CSP $r $9 $Y $F 07 $( $k $o $1 $G $O $J $/!$ :# 8e!$ $5 $i $K JL $N It J, %/ %i %9 $b 8! F$ $9 $k I, MW $, $" $k $H 9M $( $i $l $k!% :# 8e $N 2] Bj $O!$ %" %k %4 %j %: %‘ $N <B 8= 2D G= @- Ey $r 9M N8 $7 $J $, $i!$ 1~MQ HO0O $N$G $- $k$@ $19- $$J, ;6IT 40A4 CSP $N ItJ, %/ %i%9 $r C5$9 $3$H!$ $^ $?!$J, ;6:G Bg CSP $K BP$7 $F!$$5 $i$K8zN($N$h$$%"%k%4%j%:%‘$r3+H/$9$k$3$H$G$"$k!% ;29MJ88% [1] A. Borning, B. F reeman-Benson, and M. Wil- son. Constrain t hierarchies. In Lisp and Sym- b olic Computation , V ol. 5, pp. 223{270, 1992. [2] K. Chandy and L. Lamp ort. Distributed snap- shots: Determining global states of distributed systems. ACM T r ansaction on Computer Sys- tems , V ol. 3, No. 1, pp. 63{75, 1985. [3] S. E. Conry , K. Ku w abara, V. R. Lesser, and R. A. Meyer. Multistage negotiation for dis- tributed constraint satisfaction. IEEE T r ansac- tions on Systems, Man and Cyb ernetics , V ol. 21, No. 6, pp. 1462{1477, 1991. [4] E. C. F reuder and R. J. W allace. Partial con- strain t satisfaction. Arti�cial Intel ligenc e , V ol. 58, No. 1{3, pp. 21{70, 1992. [5] K. Hira y ama and J. T o y oda. F orming coali- tions for breaking deadlo cks. In Pr o c e e dings of 10 problem class nearly-optimal (optimal) cycle for IDB cycle for SBB h 10 ; 10 ; 18 = 45 ; 0 : 8 i 2.2 (1) 100 417 h 10 ; 10 ; 18 = 45 ; 0 : 9 i 3.6 (2) 46 585 h 10 ; 10 ; 27 = 45 ; 0 : 8 i 3.6 (2) 508 2052 h 10 ; 10 ; 27 = 45 ; 0 : 9 i 4.2 (3) 196 3716 h 10 ; 10 ; 36 = 45 ; 0 : 8 i 4.6 (3) 3416 6360 h 10 ; 10 ; 36 = 45 ; 0 : 9 i 6.0 (4) 344 200145 h 10 ; 10 ; 45 = 45 ; 0 : 8 i 5.8 (4) 438 258753 h 10 ; 10 ; 45 = 45 ; 0 : 9 i 7.3 (6) 90 45696 I= 2: Cycles to �nd nearly-optimal solutions First International Confer enc e on Multi-A gent Systems , pp. 155{162, 1995. [6] M. N. Huhns and D. M. Bridgeland. Multiagent truth maintenance. IEEE T r ansactions on Sys- tems, Man and Cyb ernetics , V ol. 21, No. 6, pp. 1437{1445, 1991. [7] J. Larrosa and P . Meseguer. Phase transition in max-csp. In Pr o c e e dings of the Twelfth Eu- r op e an Confer enc e on Arti�cial Intel ligenc e , pp. 190{194, 1996. [8] V. R. Lesser and D. D. Corkill. The distributed v ehicle monitoring testb ed: A to ol for inv esti- gating distributed problem solving netw orks. AI Magazine , V ol. 4, No. 3, pp. 15{33, 1983. [9] P . Morris. The breakout metho d for escaping from lo cal minima. In Pr o c e e dings of the Eleventh National Confer enc e on Arti�cial Intel ligenc e , pp. 40{45, 1993. [10] K. P . Sycara, S. Roth, N. Sadeh, and M. F o x. Distributed constrained heuristic searc h. IEEE T r ansactions on Systems, Man and Cyb ernetics , V ol. 21, No. 6, pp. 1446{1461, 1991. [11] R. J. W allace and E. C. F reuder. Conjunctive width heuristics for maximal constrain t satisfac- tion. In Pr o c e e dings of the Eleventh National Confer enc e on Arti�cial Intel ligenc e , pp. 762{ 768, 1993. [12] M. Y ok oo. Constraint relaxation in distributed constrain t satisfaction problem. In 5th Interna- tional Confer enc e on T o ols with Arti�cial Intel- ligenc e , pp. 56{63, 1993. [13] M. Y ok oo. Asynchronous w eak-commitmen t search for solving distributed constraint satisfaction prob- lems. In Principles and Pr actic e of Constr aint Pr o gr amming {CP95 , V ol. 976 of L e ctur e Notes in Computer Scienc e , pp. 88{102. Springer-V erlag, 1995. [14] M. Y ok oo, E. H. Durfee, T. Ishida, and K. Kuw abara. Distributed constraint satisfaction for formaliz- ing distributed problem solving. In Pr o c e e dings of the Twelfth IEEE International Confer enc e on Distribute d Computing Systems , pp. 614{621, 1992. [15] M. Y ok oo and K. Hira y ama. Distributed break- out algorithm for solving distributed constraint satisfaction problems. In Pr o c e e dings of Se c ond International Confer enc e on Multi-A gent Sys- tems , pp. 401{408, 1996. 11