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Cooperative Problem Solving against Adversary: Quantified Distributed Constraint Satisfaction
Problem
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In this paper, we extend the traditional formalization of a Distributed Constraint Satisfaction Problems (Dis-
CSP) to a Quantified Dis-CSP, which includes several universally quantified variables, while all variables in a
traditional dis-CSP are existentially quantified. A universally quantified variable represents a choice of the nature
or an adversary. A Quantified Dis-CSP formalizes a situation where a team of agents is trying to make a robust
plan against the nature or an adversary. In this paper, we present the formalization of Quantified Dis-CSP.
Furthermore, we develop an algorithm for solving a quantified dis-CSP. This algorithm generalizes the asynchronous
backtracking algorithm for solving a dis-CSP. In this algorithm, agents communicate a value assignment called
good in addition to a nogood used in the asynchronous backtracking. Interestingly, the procedures executed by an
adversarial/cooperative agent for good/nogood are totally symmetrical.
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when received (ok?, (z;,value)) do
add (z;,value) to agent_view;
check_agent_view;
when agent is a leaf and agent_view contains all ancestors do
send_good; end do; end do;

when received (nogood, z;, nogood) do
add nogood to nogood_list
check_agent_view; end do;

when received (good, z;, good) do
add good to good_list
when received consistent good from all children
and agent_view contains all ancestors do
send_good; end do; end do;

procedure check_agent_view;
when current_value and agent_view are inconsistent do
change current_value to a new consistent value;
when cannot find such a value do backtrack; end do;
send (ok?, (z;, current_value)) to descendants;
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when received (ok?, (z;,value)) do
add (z;,value) to agent_view;
check_agent_view_adversary;
end do;

when received (nogood, z;, nogood) do
add nogood to nogood_list;
when nogood is consistent with agent_view and current_value,
and agent_view contains all ancestors do
backtrack; end do; end do;

when received (good, z;, good) do
add good to good_list;
check_agent_view_adversary; end do;

procedure check_agent_view_adversary;

when for some v € D;, v and agent_view are inconsistent do
backtrack; end do;

when for all v € D;, received good messages from all children
(or a leaf agent), and agent_view and v are consistent do
send_good; end do;

otherwise do
choose v € D; so that some children have not send good message yet;
change current_value to v;
send (ok?, (z;, current_value)) to descendants; end do;

X 2: B —Y = DA v — TR DAL

TV EBANRET S, R, =V r MNIRELE
nogood POEZFIN L, HlNEEXTEHINLTHD.

WA 7e e — = > h A CAEOFEEITHR L TETHO 10
bgood AvE—VEZELEEE, =—TUx2 MIZREL
7o good T O AR L, HIHNEMETE L0, T <ITBA~
good A v b—URBETS. —F, WoHHART—T = b2
good A vt —UEZFLIELEE, =—Vx v MIHIREEK
THEEZET. 20X RERRTNL, Thbb, ZOx—
Vv NOFOERHNEVELLETOMEICK LT good A >
T—UEZE LD, #l~good A v E—UREGFETD.

AL DT, RET LT U X L IERIEE R ATEED T >
DHERDD LD ET L. BT 21T8 77 2 EET 57
DI, FERELENTERZFF>=—V 2y MIFb%
g L7z good % ik L2 F LT e B 7200,

4.4 TF7NL3YXLOETH

TN Y XLOFETH K 3(@) R 3(a) 1%,
Q = Fz1VroIzzIzs, C = {nogood{(zx1,1), (z3,1)}, nogood
{(z2,1), (z3,2)}, nogood{(z2,2),(x4,1)}, D1 D,
D3 =Dy ={1,2} THEINLIMETH L.

9 21, T2 0D ok? A B —UEZE LT, 13, x4 D
agent_view ¥ {(z1,1), (z2, 1)} &£722% (X 3(b)). xs DfEIL
EH b b agentview EHIFIEE LR, 23 3B TH D
z2 ~nogood A v —VEREETDH. —F, zy ITHKIETL
TXLMERIRTEDHDOT, BLTHD 22 ~good A vE—v
ZEET D (K 3(c)). z2 IFZ D nogood A vtE— L good



The 28rd Annual Conference of the Japanese Society for Artificial Intelligence, 2009

(nogood, /
(G0,
agent_view, /

={(x,D}
(ok?, x,,1)

(nogood, /
{(x,,2), (x,, D) /
/

(nogood,
{(x,1), (x5,

(ok?, x,,1)

(a) agent_view, (b)  asent_view,  agent_view,
={(x,1),(x, D} ={(x,1), (5, 1D} = {10, (5, D)
// agent_view, /I //
=2} / ) /
/ (good, agent_view, /

{(%,2), 0, 1)) ={(x,2)}

(0k?,x,,2)

{good,
{(x,2),(x, DD
agent_view, (3

= {205}

agent_view, agent_view,

={(%,2),(6,2)} ={(%,2),(x,,2)}

agent_view,

={(1,2), (5, D} ={(%,2),(x,,2)}

agent_view,

)

@ (ok?, x;,1)
(ok?, x,,1) /
/
/

(nogood,

[ERINENID)]

(good,
{2, (2D

. / (nogood, /7 Joknxn.2)
agent_view, / ) (0k%,%,2 / ok?,x,,2)
={(x,1)) / ) /
:fonldf ERN) ﬁe('rilv)l)ewz I/ P
ERINES = ={(x,2)}

( ) agent_view, ageni_view, (d) agent_view, agent_view; agent-views
) sy =EDED) =D ) (o)) ={00 20}
agent_view, // :f::oj)‘))
={(,2)} / '
Ggood, / agent_view,

@)

agent_view,

=005} =((x,2),6,,2)}

{(%,2),(x,,2))) ={(x,2)}

agent_view,
={(%,2),(x,,2)}

agent_view,

@)

X 3: 7Y X ADFEFTH

Ave—VEZETD. x L, BN EZ—V2 N THD
72%, x1 ~nogood # vt —T%EET S (X 3(d)).

1 1L, z2 MHE[E &7z nogood A v E—T XY, 1 =1
DHFNER 2B SR T & EMD. ZIT, =1 1, HE 2
WCEFE L, TH~ok? A vt—T%%ET5 (K 3(e)).

D ok?AvtE—TVESZE L xo,x3,24 X, TOMEE
agent_view \ZFiEkT 5. H 1 BHRNEHE T 5729, x3 1
T9 ~good A v E—UEEETDH. xq ITHHKI AN E T HE
N DT, x9 ~good A vE—VEEET D (X 3(f)).

EHTDHE, TETOTFNLME1LICK LT, good %#3%2(5
L7icZ &2/ d. FZTabE, (HIKEXEZIE Z 9 ATaetEn
FoTND)E2%LE 1, ok? A v —V&EETD (X 3(g)).

3, T4 1%, TDok?AvE—V%EZEL, agent_view |ZME
LT D, a3, x4 EHITHIKNETRT DML L HZENT
25720, 12 ~good A vE—VEEET D (K3(h). Zo
good A vt —V% @ BRIETDHE, 22 BEVFHETOM
P ZRE TE 5728, 22 1L x1 ~good A v E—T%EF
T5 (K 331). =1 1%, BENRZ—Y =2 b THDHTZD, B
TEDHEZTRY, Z2HEAD good AT 5. ZEHEED good I
e led, 2 TORIKEZET 2MOFELR LT,

4.5 THLIYVXLOEE/TEHE

K7NATY ZNE, Br—T = b TEESD nogood H315
LNIE, PATFELRWI EREN, #IET5. Ro—
Y x v NTHEERD good B LIV, MEPFELET DI &N
REN, TAITYANIEILTD. LiedosT, KT ALIYX
LD L SERAMEZ R TICIELL T O 2 82 FEH T L.

1. #7-72 nogood/good % £ 5 7o 8O DAL FFRERAYICIE
LW, bbb, iR—T = FTZEESD good 1355
v, fEMFEEL, ZEEAD nogood NG HIVIVE, fiR
ITAFLE L7200,

2. R — = N T nogood & %\ T good DZEEADHE DL
DEANCEIL LY, MBOMEL—T 12D 2 L ITHE.

ZIIT, o281, EH2 T35,

FE 1 R —T = FTZEEED good DER I N D72 Bif
BEEL, Bo—T =2 hTEEAD nogood ERSND 72
DFRITTFAE L2V,

FE 2 AT NVITY ALEFT LSS, Rx—Y 2 FTZ
EEHD good B DT nogood DBENNLHENEILLIZY, 4L
HOMBPAL—TIZMD Z L1370,

R 1, EE 2 IXHERNIEE AV CGER T 5. !

5. hHYIC

AFRICTIE, BT EEEE — b L7 R EfE BT &
BRI TR ME A RE L. AT —Y = FOF—20
UKL 27 7 VA EET 2R EER(L LIZETH 5.
F7o, KiasClk, FEERMAY 7 VT yx T AT X LE
JEIR L, FREFLSAT & SHGN R RMELZ RS 7T Y A 8%
REL-.

SHOBEE LTL, il bR~ ILE, REE
BT E D BHI T R FEE M < X 0 MR LT Y X ADB
FEPEF LS.

S5 Xk

[Chen 04] Chen, H. M.: The computational complexity of
quantified constraint satisfaction, PhD thesis, Ithaca,
NY, USA (2004), Adviser-Kozen,, Dexter

[Mackworth 92] Mackworth, A. K.: Constraint Satisfac-
tion, in Shapiro, S. C. ed., Encyclopedia of Artificial In-
telligence, pp. 285-293, John Wiley & Sons, New York
(1992)

[Yokoo 92] Yokoo, M., Durfee, E. H., Ishida, T., and
Kuwabara, K.: Distributed Constraint Satisfaction for
Formalizing Distributed Problem Solving, in Proceedings
of the Twelfth IEEE International Conference on Dis-
tributed Computing Systems, pp. 614-621 (1992)

[Yokoo 01] Yokoo, M.: Distributed Constraint Satisfac-
tion: Foundation of Cooperation in Multi-agent Systems,
Springer (2001)

[Zhang 02] Zhang, L. and Malik, S.: Towards a Symmet-
ric Treatment of Satisfaction and Conflicts in Quantified
Boolean Formula Evaluation, in CP, pp. 200-215 (2002)

1 MRIBOHA b, EHOGEINIIENET 5. FHMIEESR O F CHliig s
.




