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Summary

Distributed Constraint Optimization problems (DCOPs) have been studied as a fundamental model of multi-

agent cooperation. In traditional DCOPs, all agents cooperate to optimize the sum of their cost functions. However,
in practical systems some agents may desire to select the value of their variables without cooperation. In special
cases, such agents may take the values with the worst impact on the quality of the result reachable by the optimization
process. Similar classes of problems have been studied as Quantified (Distributed) Constraint Problems, where the
variables of the CSP have existential/universal quantifiers. All constraints should be satisfied independently of the
value taken by universal variables. In this paper, a Quantified Distributed Constraint Optimization problem (QDCOP)
that extends the framework of DCOPs is presented. We apply existential/universal quantifiers to distinct uncooperative
variables. A universally quantified variable is left unassigned by the optimization as the result has to hold when it
takes any value from its domain, while an existentially quantified variable takes exactly one of its values for each
context. We consider that the QDCOP applies the concept of game tree search to DCOP. If the original problem
is a minimization problem, agents that own universally quantified variables may intend to maximize the cost value
in the worst case. Other agents normally intend to optimize the minimizing problems. Therefore, only the bounds,
especially the upper bounds, of the optimal value are guaranteed. The purpose of the new class of problems is to
compute such bounds, as well as to compute sub-optimal solutions. For the QDCOP, we propose solution methods
that are based on min-max/alpha-beta and ADOPT algorithms.
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main(){
initialize();
until(forever){
until(receive loop is broken){
if(—trm;){ receive messages; }else{ purge messages; } }
if(—((waiting initial s;)V¢rm;)){ maintenance(); }}

initialize(){
di < d € Dj; s; < &; trm; «false; ptrm; «false;
foreach d € D;, j € Chld;{ (sq,j, lbq,j, ubg, ;) (2, 0, 00); }
if (i is root){ trm; «true; Maintenance(); }
}
when received (VALUE, j, s, ptrm){
update s; using s;
ensure child_cost_consistency;
if(s is not old){
if(j = parent;){ ptrm; «— ptrm; }}

when received (COST, j, s, 1b, ub){
d—d st (z;,d) € 558 — s\{(z;,d") };
update s; using s;
ensure child_cost_consistency;
if(s is not old){
update (sq,;, Ibg, ;. ubg, ;) using(s, Ib, ub); }

maintenance(){
if(ptrm; A 1D = ub}){
if(q; = I{ di — ds.t. ubs(d) =1b}; }
else{ d; < ds.t. Ib;(d) = ub}; }
trm; <—true;
}else if(lbi (dz) = ub,- (dz)){
d; — ds.t. 1bj(d) # ub;(d) if such d exists; }
foreach j € Chld;{
send (VALUE, 4, s; U{(z;,d;)}, trm;) to j; }
foreach j € Nbori\Chid;{
send (VALUE, ¢, {(z;,d;)}, null) to 5; }
send (COST, i, s;, Ib], ub}) to parent;;

}

0 3 min-max ADOPT
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initialize(){
d; — d € D;; s; — &; rlvl; < 0; trm; «false;
ptrm; «false; (sf‘ﬁ, rlvlf‘ﬁ
foreach d € D;, j € Chld;{
(Sa,5> Tlvla,j, b, 5, uba,j, 1637, uby”, aa j» Ba )
—(s4, rlvl;, 0, 00, 0, 00, 0, c0); }
if(z is root){ trm; «true; maintenance(); }

s o, Bi)—(s3, rlvl;, 0, 00);

when received (VALUE, j, s, rlvl, a, 8, ptrm){
update (s;, rlvl;) using (s, rivl);
ensure alpha_beta_consistency and child_cost_consistency;
ensure child_alpha_beta_invariant;
if(s and rlvl are not old){
if(j = parent;){
update (S?B, rlvl?ﬁ, oy, ;) using (s, rlvl, a, B);
ensure child_alpha_beta_invariant; ptrm; < ptrm; }}
}
when received (COST, j, s, lvl, Ib, ub, [b®?, ub®P){
d—d st (z;,d) € s; s — s\{(x;,d")};
update (s;, rlvl;) using (s, rivl);
ensure alpha_beta_consistency and child_cost_consistency;
ensure child_alpha_beta_invariant;
if(s and rlvl are not old){
update (sq,;, rlvlg, ;, lbg, ;, ubg ;, lbgg, ubgg) using
(s, rlvl, Ib, ub, b, ubP); }
}
maintenance(){
ensure alpha_beta_invariant;
ensure child_alpha_beta_invariant;
if(ptrm; A q; = 3 A ubf = o)
d; — ds.t. ubi(d) = ay; trm,; «true;
}else if(ptrm; Ng; =V A lb;k = ,@1){
d; «— ds.t. lb;(d) = Bi; trm; «—true;
Yelse if(ptrm; A rlvl; < i){
o —a; B Bisrivl; i
ensure alpha_beta_consistency;
if(qi = D{ s — /; Yelse{ B; — 3’5 }
ensure child_cost_consistency;
ensure alpha_beta_invariant;
ensure child_alpha_beta_invariant;
Yelse if(1627* ™ # ub®P* ™ A (d;) = ub®® (d)){
d; — d st 197 (d) # ub® (d) if such d exists; }
foreach j € Chld;{
send (VALUE, 4, s; U {(x;,d;)}, rlvls, aq, ;. Ba;,j. trmg)
tog; }
foreach j € Nbri\Chid;{
send (VALUE, ¢, {(zi,d;)}, rlvl;, null, null, null) to j; }
send (COST, 4, s;, rlvl;, 167, ub, 187", ub®* ™)
to parent;;

}

O 4 alpha-beta ADOPT

oo

3-4 alpha-beta ADOPT

alpha-beta OO0 00O O0O0OOOOCODOOOOCOOOO
000000 [Knuth 75, Russell 3]0 00000000
000000000 alphalDbeta 0000000000
0000000000000 0alpha0 00000000
00000000000 O0O0ObetaD 0O OOOOOO
00o000ooOo0ooooooooooooooooo
0000000000000 D0000000QDCOPO
oo UuUuUuUugg o
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o; 0 300000 o0 max(min(8;, 8), ) OO
O0o000o.00000000e; O ;00000
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min(max(a;, ), f) 0 000000000
update (sqj, rlvla, lba s ubqj, 105, ubl’) using
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0000000QDCOP OO0 bi-threshold ADOPT O
000 O00. backtracking threshold O alpha-beta O O O
OO0 alpha000000000OCdalpha-beta 00000
gbooooboboobobooboobobooobooon
backtracking threshold DD OO OO OOOOOOOOO
000000000 ADOPTOODOOODO backtracking
threshold 0 0000000000000 OOQOOOOO
gobooboobboobboobboobboon
O backtracking threshold D 00000000000 ¢ 0O
backtracking threshold 0 D00 O00000000O¢ 00O
a tf 0 ¢ O backtracking threshold D O 0D ¢g , 00O
t;.0j€Chld; 000 deD; 00000 backtracking
thresholds 00 OO DOOO0O0O ¢0 0000000000
000000000000001by, ubgj, bi(d), ubi(d),
by 000 wb; O00ODOO. bi-threshold ADOPTO OO OO
00000 b <t <t’ <ubr0000000000.
t2»000 ¢ 00000000000 s 000 root
level rivl{*’ 000000000, 000Ibg;, ubgy.tg;
000 ¢,00000 s¢; 0 rlvly; 00000000
g.0boogooobbobboooobbboooon
goo

threshold_consistency: sf-“ﬁ 0 rlvlﬁaﬁ O00oo00 s;
Or,0000000000000O00O0OO0ODO
00 (s, rlwl!®, 12,47y 0000 (sy, rlvl;, 0, 00)
goobooobao.

child_cost_consistency: d € D; 0 j € Chld; 0000
0000, sq; O rivlg; 00000 s; O rivl; O
Oo000ooO0o0o0ooo00. 00000000, (sq,,
rlvlg j, Iba g, uba s 9 5. tg ) OO0 DO (s, rivl;, 0,
00,0,00)0000O0ODODO.

threshold_invariant: 167 < t* <¢’ <wubf 00000
00000000.40 00000 min(max(t?,
1b¥), ub?) O min(max(¢?, 1b7), ub) 000D DD
oo.

child_threshold_invariant: d € D; O j € Chid; OO
0000000k, <t§; <t; <uby; 00000
D0000000.#5;0 ¢, 00000 min(max(
t5 . 1baj), ubg ;) O min(max( ] , Ibg;), ubg ;) O
goboooog.

child_allocation_invariant: ¢ O tf 00ooooa g
000oO0o0oo0n.d;0jeChld; 00000
0D000tg ;05 0t =06(d) + 3 cona, 13,
O] =6:(di) + X ecna ty,; 000000000
gobobobooooooooooooobobooooooo
00000000+ ,000¢ ,00000000
0 O Ochild_threshold_invariant 0 0 0 0 000000

update (s;, rlvl;) using (s, rlvl): alpha-beta ADOPT
gbooooo.
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initialize(){
d; «— d € D;; s; «— @; rlvl; < 0; trm; «—false;
ptrm; «false; (szaﬂ, rlvlfaﬂ, £, tiﬂ)<—(si, rlvl;, 0, 00);
foreach d € D;, j € Chld;{
B
(8d,5> rlvla j, ba 5, uba,j. tg 5.ty ;)
—(s4, 7lvl;, 0, 00, 0, 00); }
if(é is root){ trm; «true; maintenance(); }

when received(VALUE, 7, s, rlvl, t*, t%, ptrm){
update (s;, rlvl;) using (s, rlvl);
ensure threshold_consistency and child_cost_consistency;
if(s and rlvl are not old){
if(j = parent;){
update (szaﬁ, rlvlf.aﬁ, e, t?) using (s, rlvl, t, t0);
ptrm; < ptrm; }}

when received(COST, j, s, rlvl, Ib, ub){
d—d st (z;,d) € s;5 —s\{(x;,d) };
update (s;, rlvl;) using (s, rlvl);
ensure threshold_consistency and child_cost_consistency;
if(s and rlvl are not old){
update (sq,;, Tlvlg, ;, Ibg,j, ubg,;) using (s, rlvl, b, ub); }

maintenance(){
ensure threshold_invariant;
if(ptrm; A q; = 3N ubf = t$){
d; — ds.t. ub;(d) =t$; trm; —true;
Yelse if(ptrm; A q; =V ALbE = t7){
d; — ds.t lbj(d) = tf; trm; «true;
Yelse if(ptrm; A rivl; < 0){
e — 1 8" — tf; rlvl; — 1;
ensure threshold_consistency;
if(q; = D{ t& —t/; Jelse{ tiﬂ —tf'}
ensure child_cost_consistency;
ensure threshold_invariant;
it < Ib;(dy) Vv ub (di) < t2){
di — ds.t. —(t% < Ib;(d) V ubi(d) < t7); }
Yelse if(t% < 1b;(d;) V ub;(d;) < t9){
di — d st ~(t% < Iby(d) Vubi(d) < t7);}
ensure child_threshold_invariant and child_allcation_invariant;
foreach j € Chld;{
send (VALUE, i, s; U {(z;,d;)}, rlvl;, tgi’j’ tgi e trm;)
toj;} '
foreach j € Nbrl\Chld;{
send (VALUE, 4, {(z,d;)}, rlvl;, null, null, null) to 5; }
send (COST, 1, s;, rlvl;, b}, uby) to parent;;

}

O 5 bi-threshold ADOPT

update (s'*°, rivl!®?, 12, t7) using (s, rivl, t*, t°):
s 0 el 00000 s0 rllD0D00OOD0
0.t¢0¢ 00000+« 0+#00000000.
t*000 0000w 000000000
00 thresholdnvariant 0 0 0000000

update (sq ;, rlvlg ;, 1bg ;, ubg, ;) using (s, rivl, b, ub):
54,0 rlvly; 00000 sO rlol00000000.
lbg; O ubg; O (b0 uwb OO 0O min-max ADOPT

goooocoooo.

ooo00ooOooooooooo0oo Ssooo.ooo
O min-max ADOPTODOOOOOOOOOOODOCOCODO
00000000000 0000000min-max/alpha-

oooooooono 280 10 DO201300

beta ADOPTO000000D00O0O0D0OO 36,3800
o < Ibi(di) Vubi(d;) <t 0D0D0O0 ¢; 000000
00000000000

bi-threshold ADOPTO 0 0000000000000
0000000 0alpha-beta ADOPT 00000000
000000000.000000000000000
00 alpha-beta ADOPTOO0O0DD000O0O0000

3-6 DOOOOODOOOO

Min-max/bi-threshold ADOPT O 0O 00O ADOPT OO
O00000000000000D000000000 QD-
copOO0O0O0OUOODOOOOOOOOOOOOOO
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00000000 alpha-beta ADOPTOOODOOODOO
0000003400000 0000alpha-beta 000
OO000000 alphal0O0 betaODODOOOOOOODO
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000000000000 ooooooooooooon
O00O00O0O0O0O0OOOalphal betaODOOOOOOO
godooboobouooooobooobouooooooo
godoobooooooooboooobooobouooon
goboodoooooboooooooobooooooon
gbodooboooooboooooooboooooon
O00ooooooooooooogd

000000000 alpha-beta ADOPT O alphall beta
goboobooboobooboobooobbobbo
00000000000 0O0000ODOO0Ogon alphad
beta0OODOOODOOODDOODOOOOODOOODO
goboooboooboooboooboooboo
OalphaO00betaD 00000000 DOOOOOOO
000000000000 000000000alpha-beta
ADOPTOUOOOOOODOOOOOOOOO

337 00000

000000000 ADOPT [Modi 05] 000000
0000000000000000000000000
00000D00000000000000000000
000000000000 e00000000DO0
b} +e>ub000000000000000000D0
0000000 ubi(d)=wb0000000000000
00 Ib(d)=1b; 000000000000000000
000d0000000000000000000000
00 o =F;=ub (00 t¥=¢ =wb)DOODODD
000000000 a; =6, =000 t& =17 =1b7)
0000000000000000ay,8,t%t2 000
0000000000 0 @00 tH0000 ubl O
4000000000 e00000000D0000
000000000000000000000000
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obOoOOoO0OODOO0O0U0U00oUUobOoUoooUooo
goopbob —cocooooooobobooog
000000000 Oalpha-beta ADOPT 00O OO0
child_alpha_beta_invariant 0 0000000000 0OO
O00o00o0ooOooUoUoUOUOOoUOoUoUOoOOod
0070 Bg;0cc000000000000D0ODOO
gopooO00ooOo0oOooooooboooooogoooo
ggobooboboobboooboooooboooo
gogoboooooa

4. O g

goboooboooboooboooobobogon
gboobooboooooo

4.1 DoOoOoOooooo
QbcorPUOoOoOoOoOoOoODDOODOOOOOO DCOP
gboboboboobobobobobobobobo
gobooooooobooooooooooooooog
obbooobooooboooobooboooooooooa
gobobooooooOocOoOooOoOoobOoOoOoboboOooonn
gog
max-CSP: 000 0000000000000 00.0
ooooooooOoooooobooo0o 1000000
00000 10000000¢004000 50
guod
COor:.000ODCoOPOOOOOOOOOOODODODO
ooooooooooooooO oooooooo
oo
0000 n0030000000000001Ixn0O
0200000000000 !00000000000
goboooooooboooobbooooooood
uobobooooooooooobooooboboOooooag
o000 /=2000000000000000000
gbobooboobotbboobg«dubobooooo
ooooooooooOoooooooooooosond
gboboboboboooooooobobobon
000000000000 min-max: min-max ADOPT.
al-bt: alpha-beta ADOPT. bi-thr: bi-threshold ADOPT.
ubooooooooooboooboooboooooboooon
gbobbobobodooooboooobooboooooon
gboboboboboboboboboboboobo
gbobobobobobobobboboboboon
gobodobooooboooooooooooooog
gobboooooooboooooooooooooon
00 10°000000000000000000000
gbooobodoboboootbodouoooobuoboobboaba
gboboboobobobobooboood

53

4.2 O O

00000D00000000000000D0000 6(a),
b)000 (c)0000max-CSP,n=1500000u=1
00000 100000000 al-bt,bi-thr 000000
O000oo0o0o0oooooooooooooooo
O000On=2000000000000000000C0
gpoboobboobobooobboooboobooboo
ggd n:15DDDDDDDDDDmaxCSPDt:%
O00Omin-max 00 000000000000O00C0OO
ooooooooooooooooooooooooo
oooooooooo0oo0 100000000000
O00oooO0o0oooooooooooooooooOon
ggooboooboooboooboooboooboo
O00000mn-max 00 0000000000000OO
00000000 0Omin-max 00 00000003-30
000000000 0oooO00oo0oooo0oooBDon
O000ooo0o0o0oooo0o0oooo0booooooo
000000000000 al-btO bi-thr 0000000
000000000 min-max 000000000000
O0o0Oo00ooOO00ooOooodw=100000000
O000000000000<u<0.7500000al-btO
bi-thr 0 min-max OO0 00000000

bi-thr O al-bt 00000000 O0O0OOOO0ODOO
gogboooobooobooobooobooobog
ggooboobobooboboobobbuooboooo
ooooooooooOooooOoo0oooooOooo
ooooooooooooooooooooooooo
ooo0ooooo0oooooOo0o0ooooooooon
0000000000 al-bt000O00O0OQCObi-thr O
O0000000000000000000000bi-thr
ggoooo

al-bt 00 0000000000000 40 41,4200
gobooboooboobboobboobboon
000000000ooooooooooooobi-thr00O
00000000000 s03839000000000
00000000 backtracking threshold D0 OO0 OO
O000ooo0o0oooooooooooooooon
O000oo0o0o0ooooooooobooooooo
000000000000 000D0000 max CSPO
gooboobooboboobboobbobooboda
bi-thr 0000000000

ooooooOoO0o0ooooOoooooooooooo
goooodd0a-bt0000O00O0OOOO0OODOOO
0000000000 0D0000D0000000 alpha,
beta 00O ODODO00ODOO0ODDOOODOOODOOODO
ooooooooooooooooooooooooo
ooo0oooooO0o0oo0oooO0o0oooooooon
00000000000 Obi-thr0O0O0O0OOO00OO0O0OO
O backtracking threshold D 0000 00000OCOCOO
OO0000O0C0O00DOOO00OOooOoOOa-btooonon
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00000oooOoooooooooogobi-thr0O0O0O
iU b oo
godooobobooooooboooooooooogo
max CSP O t:gDDDmin-maXDDDDDDDDD
0000000000000 0D0000Oal-btd bi-thr O
w=0000000000000000000O00O0000
000000000 oobOOoobobooobobooon
COP [ cost=[0,10) DO Omin-max 00000000
oo uobuoboooobobooo
Jddddoooogoooobbobbobobobobobbob
0000000000o0o0ooooOoooooooooo
O000o000000oooooooooooooon
ooooooooo
0<u<0500000bi-thr 00000000000
000000000000000000000Obi-thr O
O000000000000000000bi-thr 00000
000000D0O000oooooooog AbDOPTO OO
g UdUUUg o
00000 D0D000DooDoDoDooooooo [Al
05,Matsui 9]0 0000000000000 OOOOO
0000000 DCcopPOUOOOOOOODOOOOOOO
O0000000o00oo0ooooOooooooooooo
00000000000 al-btd0bi-thr 0OOO0OO0OO
gdddddddddddouogbboboboboobobobo
Jdodddddddooooooooa
00000oo0o0o0oooo0ooooooooooo
20000rcot000 global OO OODOOCOODOOOO
g g g
0000000000 0Oratio0Oroot0 0O 0OOOOO
0000000 global DOODOOOOOOOOOOOO
000000000000 UooO0o0o0ooooooo
000000000o00o0o0o0oooooooooooo
goooooad
O00000O00o0o00oooooooooo 300
OOtee-VALUEOOOOOOOOOOO VALUE OO
O0O0O0linear-tree 0000000000000 O0OOO
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OooOooQbcopPOUOOOODODUOOOOOODO
0000000000000 VALUEOOOOOOOO
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le+7 "‘/-—@ ______ ‘e"‘":@ff:";@

n let6 - Al

§. /},‘i::::’/ D —6— min-max (n=15)
é’ le+5 Z/::/ —&—al-bt (n=15)

2 @/ W —a— bi-thr (n=15)

'g le+d A ---©-- min-max (n=20)
g |: --{3--al-bt (n=20)

---&-- bi-thr (n=20)

le+3 T T
0 025 05 075 1

ratio of universal quantifier (u)

(@max CSP, [ =2,t=1

—6— min-max (n=15)
—B—al-bt (n=15)
—aA— bi-thr (n=15)

--©-- min-max (n=20)

--&-- al-bt (n=20)

num. of message cycles

le+d ‘ ‘ ‘ -—Ac=- bi-thr (n=20)
0 025 05 075 1

ratio of universal quantifier (u)

(b) max CSP, [ =2,t =2

le+7 @_
S:::\:- é:,,\.‘:__ O ,:_;-:r

g L E\\ L —O— min-max (n=15)
S . =
g /&U
& 1e+6 —B8— al-bt (n=15)
©
b E ) —&— bi-thr (n=15)
\g ---©-- min-max (n=20)
g -~ al-bt (n=20)
S less ‘ 1~ ‘ ~--Ae=- bi-thr (n=20)

0 0.25 0.5 0.75 1
ratio of universal quantifier (u)

(c) COP, [ =2, cost= [0, 10]

le+7

—6— min-max (n=15)

—8—al-bt (n=15)

D) —&— bi-thr (n=15)
---©-- min-max (n=20)

--{F-- al-bt (n=20)

num. of message cycles
o

1e+5 . . ---A--- bi-thr (n=20)

0 0.25 0.5 0.75 1

ratio of universal quantifier (u)

(d) COP, | = 2, cost= [—5, 5]

06 OODODODODOO

bi-thr 000 0000000000000 00000O0
OO0 DCopO OO0 ADOPTOOOCOOODOOO
goooooooooooQbcopoOoOoOOOOOO
cobooooboooooooooooboooooboooon
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02 O00000O0OO0O0O0DoOOoOoooooo
(max CSP,n=15,1=2,t=3)

u 0 0.5 1

algorithm root global  ratio root global  ratio root global  ratio

min-max | 360917 452636 1.25 [ 168015 221393 132 | 467045 580420 1.24
al-bt 54622 64442 1.18 | 33316 47156 1.42 [ 1380234 1688324 1.22
bi-thr 46623 51042 1.09 | 30616 38594 1.26 | 1380418 1449839 1.05

u=1 0 al-bt0 bi-thr 0000000000000 000000O0
goobo 40000000000
03 0000o0o0ooooooooooo@oooooooon)

(max CSP,n=15,1=2,t =3, u=0.5)
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