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Methods for reducing space complexity in distributed pseudo tree optimization
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Fig.1 Constraint network and pseudo tree
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Costa;,p(a;) (dp(a;)) =

it e, forten(dindp)  Cles) =
ming,ep, { fi,P(z;)(di, dp(c;)) otherwise
+szec( OOStwk zi ( )}

1)

(2) BERDRE
a2 FOREOR, & —F i E, BRI d

EWRUCL DRSS B, 2 ORTAOHS BIEIC (1]
Thy T ¥ RSN,
d; =

argmindiEDi fivp(zi)(di7 d;(zi)) Clzi) = ¢

argming, ¢ p. {fi,p(z;)(di; dp(,,)) otherwise
+ sz €eC(z;) COStIkvzi (dl)}

2)

—J, 7RI ) D BRI AR AR I X% IR
WHPEET D, ZO7®, BFHEEEZEHT 2729
WiE, &/ —Ra; l22o0T, $l/—F P(x;) O£k
DAL TiE 72, /—FRa RETHHIAL
%R TR 52T D AL/ — K PP(x;) D2
DMK 2 a2 FOFEBSBECLD. ZDTk
W x; THEIND A b Costy, p(s,;) I3 hyper-cube
W25, Tk xE, 1(b) ®/ — Kz DFEIT,
Coslyy p(ay) 1T s € Do x Dy \ZHF 23 A ek
—J7, /= F a3 DBEIL, Costyy p(ag) (T s € D1 i
®TBHaRNERT

B2 ARIZ DWW Tk S 7= B AYFH A D
fRIETH S DPOP 9] OFFiE 2K 2 (oRd. ®Y
2 OFHeE 1IN (1)(2) TRLE, 2 X FORE, K
AR TE, O 2 BeMEN S 72 20 %, £k hyper-
cube ZHWT—ILL7Zb D THD. F72, X 2(A)
BB PP(x) L, /— Rz 2805 P(x;),PP(z:),
BLOz, B"E2TOF/ —FRap POZFE LI X ME
W Costay, o, CEEND ) — RN %G, Ok
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[Initialize]
agentview; «— ¢;
if z; is a leaf node then
compute_Cost(Cost,; ps,));
send (COST, ;, Cost,, p(s,)) to P(z:); endif
[COST_message_handler(COST, zi, Costy, ;)]
store Coste, s}
if COST messages arrived from all z; in C(x;)
then
if x; is the root node then
choose_optimal(d;);
send (VALUE, z;, {(zi,d;)}) to all C(x;);
else compute_Cost(Cost,; p,));
send (COST, z;, Costy, p(a;)) to P(xi);
endif endif
[VALUE _message_handler(VALUE, z;,
agentview; )]
agentview; «— agentview;;
choose_optimal(d;);
send (VALUE, z;, agentview; U {(zi,d;)})
to all C(x;);
[compute_Cost(var Cost,; p(s;))]
X « PP()); (A)
foreach d € H Dz] do
Costy,; p(z;)(d) — ming,ep, { fi, p(zs) (di, dp(ay))+
szepp(zi) fii(di, dlj) +
szec(zi) Costyy,,z; ((37 di))};
[choose_optimal(var d})]
d; «— argming, ¢ p {fi,p(a;)(dis dp(z,))+
Desepp(ey i (dinda;) +
D epcO(a;) COStay o, ((agentview;, di))};

zGX

2 DPOP 73U XA
Fig.2 DPOP Algorithm
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Fig.3 Partial backtracking
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K L ORBFIETH D, BLUNRAROEZEBRE L
e, B/ — FOMBELTIRBEEIVA yE—V OV
A ZADOHIEFEICOWTRA L. BEFEL, K 1(b)
DEHIT, BUBIRAPNEROBEY & 5 o REki>
—HIRG G ERIGET 5. L, T2 TIEEAE
BHAZT 572012, K 3(a) ITRTHIEZR / — KA
DER 2R N5

4.1 HBEMLGROEZEERL-TEOHRBRE /Y

TSR TDEA

FLBOY A X&HET 5 HiEE LT, —Hofilfig
[ZOWT AL OZEEE A B E L CTHRRZEMZ BT 5
ZENEBEXBND. T2k xIiEM 3(a) TIIEHK z, 122
WTHE W(z;) =4 ThHY, COST AvykE—TDazx
MEH D hyper-cube X D,, X Dy x Dy, x Dj ThH %
n, B v, ZEBME d, £95Z LT, hyper-cube
¥ {dm} x Dy x Dy, x D; 720, ZOH A XLIE
Wi(z) =3 DEHEHELI LD, L, Mk
IREMRDIRRD T2 DITEBMEDOLEENMLETH D7
W, FESNTEEREZ 2 A FOEFBRICEET S.
Thhbb, —HMOEBIIONTNy I FT v 7 EEA
T5. 2&xIER 3(b) DX HIC, BED z, OEIC
DWVTH COST Avt—VIckbax hoERH T
2, BT Ay E— L 5T ay O dp, DEF %38
L, SHIZCOST A vE— kb ax NodEqH
EITH. ZOWMEIX | D,y | BIKEIND.

4.1.1 NvY SV IDRRET DEHMDIRE

Ny N7 w7 OME LT HEBITAAI L - T

4

[Intialize]
XM P(x;) U PP(x:); Xt — ¢, fi' — false;
if x; is a leaf node then
send (PRE, z;, X2, X!) to P(z;); endif
[PRE_message_Handler(PRE, z;, X{", X?")]
Xl xall UX]‘?”; XPt o Xt UX]z;t;
if PRE messages arrived from all z; in C(x;)
then
remove ; from X2,
if x; is included in Xf’t then
remove x; from X?; f
X = X W X7 - XY
while W > W do (A)
select xp
where zp, 21 € X Az £+ 21 AV, zr = x;
X7 XU {an)s
remove xj from X; W — | X& — XxPY|
enddo
send (PRE, z;, X2, XP) to P(x;);
endif

«— true; endif

B4 RILEE — Nv 2 Ty OR%RET DEROVE
Fig.4 Preprocessing for backtracking variables
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BOLEZ WD 0ERNH D, Fiz, 1(b) DX 7%
— AR e ARTIE, BV & S B ARIC D
WTEEHT LI NNy T 8T v 7 OFHZZET 5080
HBbH. FIT, KX TIRARRFED DL LT,
L0 N DEE Ny 7 N T w7 ORGE LTSRN
ICRIRT D TFEEHAND. Iy 7 b T v 7 okt
G LT HEHES — RTHIBIZL, KYIRRHOAK

DIBZHIRET 52 & 2BXT 5.

ATLEROME 2 X 4 (RT3, P CTHWLh D EHE

REBORBIIROLELBY THD.

o XM ) — Rz iIToWT D PP(x;) DR

o XM )—Fa,OLf /) —RTRYZ FFv 7D
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o fM =R a BRI LT v I DRBOEKT
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Z DIBTHH 2 ARITHE > THE ) — RO BIEICHR b
LT v FICFATIND. o BIE) —RDOEE, x4 13,
PRE # vt— lc ko Cdeonic, X0 XM %
Bl — R P(x;) lc@mt 5. %/ — Kz 1¥, £8CoOT
J—=Fap PHEELE X BLWY, Px:),PP(x:)
lCdkv X 2k, XA =PP(z;) &%, Zok
& | X = |PP(x:)| = W(z:) Th5.

0, W) >W ThHrHEAE, KL/ —FKo
Itk Ny b Ty OxBE LTGRRL, X108
M35, F/—Fap o@mEShiz X2 M e 28
tel X, ZEAFEO/FBRL LT X! b o 28T, =
DEE, fr=true L LTa DAY Z NT v 7 O%
HThHHLEREL, XV oTn ZHIRT 5.
7, 4 DWH L [FFFZ, £/ — Nz IZ20T,
x; HFICRET 575k — RN C(x;) UPC(z;) DD
B, FEOAROE TOANET D /) — R bRES
PC'vest(3,) 2R 5.

4.1.2 NyY +5vY%&BALI- DPOP

Ny 8T v 7 %EAL] DPOP 7 v Y XA A%
B 5ICmRY. ZOFETHE, 2 a By bTy
T OXMRTHDHEE ) — N 1 ZBHEOEHKE d; % BT
Ay —Tic kY PCYYest () ICEEND ) — FIT
WHT S, Flo, Nvl Ty MR TRVWELRMEIX
x IZXVFRL, FIEOAH BT X vE—IIC LY iEM
T 5.

J—Faz "BT AvkE—V%aZELEL X,
agentview; \ZHAED EAL ) — K OEEfE % fddk T
%. F7z, BT A vb— U CHEERH SIVRWEEE
1Z, COST A vt&—IXV 7%/ — R oaiks
N5, LY agentview; \ZIFBAEOME ) — K
OEBIENFEREIND . agentview; |[Z& FiLDLEMHE
Dk TIIEENEKIZ OV, B EEL, * T
& D EBUZ OV TR TE & RIS ER DM D =
A NOHEEITY. T2&x01E, K 3(b) TiE, z; 1220
T, agentview; = {(Tm, dm), (x1, %), (T, %), (z;,%)}
THY, Costy, p(a;) 1% Di X D x Dy IZOWCFHE
Ihs.

INETIET/ — R, 15315 LTz (agentviewy,
Costg, ;) [ZDOWT, agentviewy 7S agentview; &
TJET D L &EX, £D (agentviewy, Costy, z,;) 1LHI
FREND. T I T, agentviewy M agentview; (2
WCHESFETHD L X,

k
J

Vaj, (zj,dy) € agentviewy, (x;,d.) € agentview;,

dy = vds =dj

[Initialize]
agentview; < ¢; value_arrived < false;
if fibt then D; «— D;; select d; from Ei;
remove d; from D;; else d; «— *; endif
send (BT, z;, d;) to all PCle“f(xi);
[BT _message_handler(BT, z;, d;)]
if not value_arrived then
add (x;,d;) to agentview;; endif maintain();
[COST _message_handler(COST, z, agentviewy,
Costa,, z;)]
if not value_arrived then
replace agentview; by agentviewy; endif
store (agentviewk, Costxk,xi);
maintain();
[VALUE _message_handler(VALUE, z;,
agentview; )]
agentview; «— agentviewy;
value_arrived < true; maintain();
[maintain()]
forall stored (agentviewy, Costy,, ;) do
if agentviewy, is incompatible with agentview;
then remove (agentviewy, Costy, z;);
endif enddo
if COST messages arrived from all zx in C(z;)
then if f/* then
compute partial Cost,, p(s,) for di; (A)
if D; =+ ¢ then select d; from Dy;
remove d; from 51';
send (BT, z;, d;) to all PC*** (x;);
endif endif
if value_arrived or x; is the root node
then choose_optimal(d;);
if 2 then
send (BT, z;, d}) to all PC'**/ (;); endif
send (VALUE, z;, agentview; U {(z;,d;)})
to all C'(x;);
else compute_Cost(Cost,, p,)); (B)
send (COST, x;, agetview;, Costy, p(x;))
to P(z;); endif endif

5 DPOP &y 2 7w 7 OffH (DPOP+BT1)
Fig.5 DPOP with partial backtracking (DPOP+BT1)
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AWBH 5 current context & ZAEKEN + TERIND
GO T—RILLEELDTHD.

2 A b OFHE compute_Cost() 35 I UM fi D
HRE choose_optimal() XD EEAE L [EE S 4L
5Z&%BRWCDPOP LREETH D, Tk 2if, &
B BNy 7 NI ORRTHY, BUEDEN 4
ThdEx, o IZHET L RO/ —F e I8
Costy; p(a;) 1%, B x \IZHOWTHEDS Dy = {di}
ThHEE LRI D.

Fie, No I b Ty ORNGETHLIE K v O/ —F
TiE, COST * vt—TIZL b ax sOEFITERE
DEKM d € Dy T TbND. ZD7h, K 5(A)
DEFTTH d [ZOWTD Costy, pz;) ZROTEE,
BN 5(B) OEFTT Vd € Dy IZOWTHRA S
T Costy, pa) BEBRTVE LD L LIz, 72, B
AEAHIET 2729018, Costy, pe,) PHEEHRITHIG
TOERME df bREFHL TS bDL L

4.2 NvY +3 vy OHEEOHIRE

4.1 T, Nv 7 bT v T ORR LT EERERE
THMERFEL LT, IV EfioZ#E Sy 7 b
T w7 OxtG e UTERIICRIT 5 PIEEEA L.
LinL, ZOXIBRFETIE, Ny M7 v 7 OBRIC
FEHR DM T4 2 A 23 TR 720 RSP K& S ATREPEAS
bbH. TmEzE, W —RE, RBbEWVWE —RED
MUCHIFI N B B HAIC, B — FOEKEEET 5
L, ThHbm2 /) — RETaR NoOFHERLEICA
D, —7%, PR AROEHIRRE %8 2 55T
NHDOHMDOEHSTDHDBENRH 5.

TOXDRIURMEERNRL, BRE R ADIEDIHIR
a2 DIy 7 8Ty 7 ZWAT 57291,
EBIZ, UTD 250K EEHNS.

(1) TR 72 AR DNE W (z;) 2HIRMEZ B 2 220 ) —
Rz TIX, EMOEE x B3y 7 T o7 OxHL
BOLETY o OETOEIBITHOVTO I X DG
2179, $£72, 2O LA TEILRIZAROE W (x;) 23]
MEZ AT — R lITOWT, x5 & PCYst(z))
WZBIL, ;2 o oD BT Ave—Vi%ETH
J—=ReT5. Thbb Ry 7 Ty ETO XD
T Z B I AR DOME A HIRE A B 2 5/ — RETL
ML T 5.

(2) BRI Z2ARDNE W (z;) PHIRMEZ B 2 720 ) —
RFa; TI&, /— KR, ZRETDHH TV I —IZ, o, D
Eff ) — Ko ® BT A v &—V%%ET 5/ — K3
LG, i ldry ORIy 7 VT v 7%

6

1T9. $hbbNy 7 NT v 7 %217 ) XD HAlZ#E
LRy 72 AR O g A I R AE % 88 2. 5B AT/ — FE T FLIC
BET 5.

7= & 21T 3(b) TIE, W = 3 OfIRIEIZIE U T,
Tm BNV NT v ORBRLELTNDER, &5, X
3(c) DEIIT, W(x:) >W LARDBEBLSDIRT Ny 7
N7 w7 OFPAZEFIRT 572D, Tm OEEOLE
4 z; TITV, zpm OEBEOZEL o TI75. 2
Ik v, E3(c) DO@DHE S TIE, =X MDA
D=HD COST A vt —VDERHKIE, 1 HDHET
ENB. —F, QDMWY T | D | EORKIER2FHE
179

ZODIZ 4.1 OFEERILET . ATy, X
4A) O W > W OHAEIT X ICES & BINT 5 4L
BIZMZ T, ZHERETLIUEZITS. Thbb,
W < W OB&1E, X ICEENIE- TR FMOL
OERET L. Fiz, BRELEEICO VL, /—
Fa;, TRy 8T v 708 E1TH. T72bBK 51T
BIFLNY T 5T w7 ORROIEFNT DN T OMER &
FEEIZ, BT A vt—VOREBIOY, SLKMHET L
» COST Avt—VIcLbaR hEHETH0HEE
119.

4.3 EUEEEE LTOFA

RO FHEREMA Ny 7 T v 71235 BREN
BREERERD 0, No 7 8T v DG LR HIEK
O L0 A v—I A 7 VD RS 013
MT 5. ZDed, EEMIZIE, HI2BRECMHOED
PALETR LT LTH, BONICEEHED Z &0
B\l D, LEROFEL Ny N7y ORGTH
DEBEOEL B ARIRT 52 & T, ks
HZENTED. AL TIHRFICHEARGE L LT,
4.1 DOFETNAY I T v 7 Oxtg L LT8R
BEOMEEVHMED £ F THERET 5 EHEIEICONT
a5,
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# 1 BEHZRAROES DL
Table 1 Average depth of pseudo-tree

. ™| 25|50 100 | 200

n-1 6| 7 9] 11
1.125n 9|15 | 23| 44
1.25n 1118 | 32| 59
1.5n 12122 43| 77

# 2 B AROIED
Table 2 Average width of pseudo-tree

. ™| 25|50 100 | 200

n-1 1] 1 1 1
1.125n 3] 4 6] 11
1.25n 4] 6| 10| 20
1.5n 5110 | 18| 33

# 3 F¥YA 7V (DPOP)
Table 3 Average number of cycles (DPOP)

. ™| 2550 100 | 200

n-1 1114 17| 20
1.125n 17129 | 46| —
1.25n 21|36 | — -
1.5n 23|44 | — -

£ 4 COST AvbE—YDH A XOHMOF-E) (DPOP)
Table 4 Average of total size of COST messages

(DPOP)
n
c 25 50 100 | 200
n-1 72 147 297 | 597
1.125n 157 607 | 6020 -
1.25n 369 5147 — —
1.5n 1458 | 235975 — —
5. &% i

BEFEICHONTY I 2 b —a TRV EME L.
SCHR (9] TIREEAIRIRIBE E R/ NS N EBZ b DA
Ry MRV a— Vi FORMEEZFIEE LTHO T
0. Kim X CIEREOHEOFR 2 HEIZT 2720
(2, T A ATER SN 2 HEK TR 5 RME %
Bl E LTV, fkids  —KFi &b Dyl =3
& LTz, BRI RHS AT &7z B O FMmEE,
KO TR 5 2 DOEBOEOHAMAEDEITON
T, 1725 10 OFHfEE T o F KR LT

HFORE L — OMFE R - FED K 912, ROFIET
L7z, (1) £9, 2@TO/ =R KD LRHIEEND
TULMIE—D ) —FEERL, H—D /) — b
BHTTTERERTS. (2) /T 7ICEER TR
J—RET UKL 7 7ICEBMT . 2ok
&, FITIRAERKRIZRD IO, T LTEIRL

# 5 DPOP &y 7 b7 v 7 O (KOEOHIR=4)
Table 5 DPOP with partial backtracking (limitation

of width = 4
n 25 50 100
c 1.5n | 1.25n | 1.125n
num. of cycles
DPOP 23 36 46
DPOP+BT1 102 344 322
DPOP+BT2 41 115 126
total size of COST messages
DPOP 1458 | 5147 6020
DPOP+BT1 1854 | 7534 7134
DPOP+BT2 1612 | 5884 6757
max size of COST messages
DPOP 2187 | 6561 6561
DPOP+BT1, DPOP+BT2 81 81 81

£ 6 DPOP &1y 7 7 v 27 O (ROIEDHIIR=8)
Table 6 DPOP with partial backtracking (limitation

of width = 8
n 50 100 200
c 1.5 1.25 1.125
num. of cycles

DPOP 44 - -
DPOP+BT1 249 1188 4295
DPOP+BT2 84 217 891

total size of COST messages
DPOP 235975 - -
DPOP+BT1 271246 | 963243 | 4713141
DPOP+BT2 250409 | 823191 | 4480157

max size of COST messages
DPOP 177147 - -
DPOP+BT1, DPOP+BT2 6561 6561 6561
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REMEE L CTHET LI HDE L.
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DAy E—VEFEALHL, LEOBRIZESNTA Y
T UEREA vV Fa—ICEEAL. (2) %/ —
ROEFAvE—VFa—IlHBAvE—VE, HT
) —ROZEAYE—UF 2 —1CBET 5.
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BUREDHIFIMEI 6 LA S i e kOB S
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Abstract Distributed constraint optimization problem (DCOP) is an area of research of multi-agent
system and distributed cooperative problem solving. Recently, a dynamic programming based method for
DCOP has been proposed. The dynamic programming method is performed using pseudo-tree of con-
straint network. However, space complexity and message size of the method is exponential in width of the
pseudo-tree. In this paper, we propose efficient methods which reduce space complexity of the dynamic
programming based method. The proposed methods apply backtracking to several variables according to
width of the pseudo-tree. Additionally, range of the backtracking is cropped to reduce extra message pass-
ing. As another effective method, an approximate method is also shown. In the approximated method,
values of some variables are fixed in preprocessing using a heuristics. Experimental results show efficiency

of proposed methods.

Key words Distributed Constraint Optimization, Distributed CSP, Multi-agent, Pseudo-tree



