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Fig.1 Example of a constraint
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Fig.2 Example of nonlinear utility space for a single
agent
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Fig.3 Sampling the utility space and adjustment of
sampled contract points
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SN: The number of samples

T: Temperature for Simulated Annealing

V: A set of values for each issue, V,, is for an issue
m

1: procedure bid-generation_with_ SA(Th, V,
SN, T)

2: Psmpl = (Z)

3:  while |Psmpi| < SN

4: Pompt = Psmpt U {p;} (randomly selected
from P)

o

P:=1" v, Py, :=0
for each p € Py, do

p’ := simulated Annealing(p, T),
Py i= Poa U{p'}

for each p € Ps, do
u:=0,B:=0, BC:=0

© ®

10: for each c € C do
11: if ¢ contains p as a contract and p satisfies
c then
12: BC := BCUcg,
U :=Uu-+ v
13: if u >=Th then
14: B := B U (u, BC)

[Step 4 : Winner Determination] 000000
gbooobogoobobbobbobobooboon
gboobooboobobooboobooboobon
gboooboooboboboboobooboobon
goboobooobooboobooobooboobo
goooboooboooobooooboboooboo
oooobooobobooooboooooboobobogo
goboobooooobbooooobooboooboo
oooobooobooooboooobobooooboo
oooobooobobooooboooooboobobogo
gbooobooobobobobboboobooboo
0000000 s). D0o0oU0oboooooLOoo
gboooboooboobooboobboobooboo
gboboobooobobobobboboobooboo
goooboooboooobooooboboooboo
ooo

gbooboobooobooboobooobooobog
goobooooobbooobboooobboooo
ooo

B: A set of bid-set of each agent (B =
{Bo, B1, ..., Bn}, a set of bids from agent i is B; =

{bi,0,bi,1, .., biym; })
1: procedure search_solution(B)

SC :=By,i:=1
while ¢ < |Ag| do
SC" =10
for each s € SC do

2
3
4:
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Fig.5 Winner determination

for each b; ; € B; do
s i=sUb;
if s’ is consistent then
SC':=8C"uUs
10: SC:=8C",i:=i+1
11:  mazSolution = getMaxSolution(SC')

12: return maxSolution
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I: A set of issues (I = {i1,%2,...,%n})

V: A set of values for each issue (V;, is for an issue
in)

1: procedure systematicLS(I,V)

2 S := initial solution (set randomly)

3 for each i € I do

4: for each j € V; do

5 N := S with issue i’s value set to j
6 if all agents accept N then S = N
7

return S
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Table 1 Optimality with linear utility function: HC
Protocol (4 agents)

oo 2 3 4 5 6
HC | 0.991 0.998 0.989 0.986 0.987
od 7 8 9 10

HC | 0.986 0.996 0.988 0.991
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Fig.6 Social welfare with nonlinear utility functions
(4 agents)
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Table 2 Optimality with linear utility function: AR
Protocol (4 agents)

oo 2 3 4 5 6
AR [0.992 0.998 0.989 0.986 0.986
oo 7 8 9 10

AR | 0.980 0.978 0.949 0.943
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Table 3 Failure rate with scaling-up of problems [%)]
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Fig.9 Optimality rate for different numbers of sam-
ples (4 agents)

04 000D00D0000O0D0OO0O00O0O000 [%)
ooooooooo40
Table 4 Failure rate for different numbers of sam-
ples[%] (4 agents)
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oo | 100 300 500 700 900
2 1 0 2 0 0
3 0 0 0 0 0
4 2 0 1 2 3
5 4 6 4 10 9
6 4 5 13 13 19
7 5 10 20 14 20
8 9 10 13 27 19
9 6 16 17 30 31
10 7 18 26 19 31
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Table 5 Failure rate for different thresholds[%] (4
agents)
oo
0o | 200 300 400 500 600 700 800 900 1000
2 3 20 43 77 92 99 100 100 100
3 1 2 3 15 30 64 76 80 95
4 2 3 3 5 9 14 19 42 66
5 5 6 1 7 5 12 16 25 40
6 6 5 8 6 9 10 12 20 30
7 11 6 6 10 10 14 17 19 31
8 6 14 15 10 9 16 18 23 28
9 10 10 14 20 12 12 17 23 20
10 11 15 12 9 16 12 9 23 25

good
gboobooooboobobooboobooobooooa

tobooobooobooboooobobooobooo

ubobooboobooboobooobo

5. DO0O0OO0OOooOoooobobooobooon

gbooboooboobooboobooooboooboo
obooobooboobooboooboobobooobooo
toobooooboooboooboooboobooboooog
oooobooooooooooooboOoooooboo
oooobooooooooooooooboooobod
O0000000000000000Grovesd00O00O
0[Bo0o00o00oobooooooooooooo
bobooooboobooboobobooooboooobooon
00000000 [402.0000000000000O
gboboobooboobooboobooobooboooboobo
toboooobooboooooboobooooboooboo
ooooboooooooooooooooooobod



000000D0D0OD xxxx/xx Vol. Jxx—X No. xx

0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
0000000000000 00000000000
ooo

0000000000 O00O MOOOOODOO
00 MOOOODODOOOOODO X, 000000
000 s()0000000000000000000
0000+ 0000000000000000000
0Di000060000000C,O00000 w; O
0000000000000006; = (Ci,w) 00
D00000wi =), we)000.0006;00
000000+00000000000000000
00000 MOOO0OO0O0O0O0OO

00000 MOOODOOOOOCOOOOi0000
00000éD0000DN00NONONA0OOODOD
00000000000000000000000
6=(6,,...6y) 0000000000000
argmax Z zi(s, 01),

sE€S,s is consistent
i

s°(0) =

0000SO000000(s,6;) 006, 00000
0000004:000000000s0000000
000D00s00000000004AD00000D0
000D00000z(s,6;,) 000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000
000000+0000000000000000
D0O0O0Groves 000000000000000D0

ta0) = hi(0-5) = > 2(s"(6),0,) 2)
J#i

0ooooo () 00000000 ¢000DO0OO
oooooobooooooooooOooooobooa

00000004, 00000000004+0000
oooooooo

u(0:) = zi(s* (), 0:) — (D) (3)

000 10 0000oMMOO0O0O0O0OO0OO0OO0OO0OO0O00
uooooooboooooboooo

000 10 Groves 0 0O O0OO0OO0OOOOODOOO
gooooooooooooo 3 oooo

10

ul(0:) = 2(57(0),0:) — t:(0) = z(s"(0:),0:) +
>4 2i(57(0),0;) —hs(0—)DDDOODDOO00D
i0 h(6_,)000000000000000000
i000000000000000 z(s*(6:),6:) +
>4 2i(s7(0),6;,)(0 (1)) 000000000000
00000 MOO0000000000000000

oooooog Dargmaxzizi(sﬁi). gopopoooag
seS

0000000000000 00argmax|z(s,0:) +
s€S

>,4:%(s6;)). 000000000000 ()00
0000000006;=6000000000000
00000000000

6. O O

000000000000000000000000
0000000000000000000 [3][1][150
000000000000000000000000
0000 [16)000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000D000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000 20000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000 [177000000000000
00000D0000000000000000000
00000000000000000D0000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000D0000000000000
00000000 0oneto-one 0000000000
000000000000000000000000
0000000000000D00000000000
000000000000000000000000



0obooodoooooooooooooooooooooooooooooooooooo

000000000000000000000000
000000000000000000000000
0000000000000004.00000000
000 200000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000 18] 0000000 onfof 0000000
000000000000000000000000
0000000000000000000000000
000000000000000000000000
000000000000000000000000
003000000000000000000000
0270 (=3x3x3)00000000000000
0000000000000000000000000
00000,000000000000000000
00000000000000000(5 00000
000D0D00000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000

00000000000000000000000
000000000000000000000000
000000000000000000000000
00D [19][2000000000000000000
000000000000000000000000
00000000000 0000”007 00000
000000000000000000000000
000000000000000000000000

000000000000000000000000
000000000000000000070070
000000000000000000000000
00000D0000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0[21][22]0000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000

7. 0000

gooooooooooooooooooobooo
gooooooooooooooooobooobooo
goooooooooooboooooooooboooo
gooooooooooooooooooooboooboo
goooooooooooboooooooooboooo
oooooocoooooo

goooooooooooooobooooooon
O0000003.0 [Step3] DO O0O0DODOOODO
goooooodooobooooooooboooooa
goooooooooooooooooooooboa
goooooooooooooosoooooobod
gooooooocooooooooooo1ooboo
gooooooooooooooooooooboooboo
goooooooooooooooooooooboo
goooooooooooooooooooobooboo
gooooooooooooobooooooobood
goooooodooboooooooooooooa
gobooooooooooocooooooobooon
gooooooooooooooooooooood
ob04.20000000000000000C0O00OO0
gooooooooooooooooooooooboo
goooooooooooooobooooooooboo
gooooooooooooooooooooooboo
gooooooooooooobooooooobood

11



000000D00D0D xxxx/xx Vol. Jxx—X No. xx

boboobooboobooboooooboooobooon
uboboobooboobooobobobooobooo
ubobooboobooboooboooooboooobooon

goooooooboooobooobooooooobooo

oooobooooooooooooooooooboo
oooobooooooooooooOoooooboOod
ocboooooooooooboooooobooooa
ooooobooooooooobooooooobooon
Groves 0000000000 O0O0O0OCOOOOO
oooooooooo

(1

(2]

(3]

[4]

5]

6]

(7]

8]

9]

(10]

(11]

12

a a

P. Faratin, C. Sierra and N. R. Jenning: “Using sim-
ilarity criteria to make issue trade-offs in automated
negotiations”, Artificial Intelligence, pp. 142:205-237
(2002).

L.-K. Soh and X. Li:

multiagent negotiation strategy”,

“Adaptive, confidence-based
Proceedings of
the Third International Joint Conference on Au-
tonomous Agents and Multiagent Systems (AA-
MAS2004) (2004).

S. Fatima, M. Wooldridge and N. R. Jennings: “Opti-
mal negotiation of multiple issues in incomplete infor-
mation settings”, Proc. of Autonomous Agents and
Multi-Agent Systems (AAMAS2004) (2004).

R. Y. K. Lau: “Towards genetically optimised multi-
agent multi-issue negotiations”, Proceedings of the
38th Annual Hawaii International Conference on Sys-
tem Sciences (HICSS05) (2005).

M. Klein, P. Faratin, H. Sayama and Y. Bar-Yam:
“Negotiating complex contracts”, Group Decision
and Negotiation, 12, 2, pp. 58-73 (2003).

A. Chavez and P. Maes:
ketplace for buying and selling goods”, Proceedings

“Kasbah: An agent mar-

of the First International Conference on the Practi-
cal Application of Intelligent Agents and Multi-Agent
Technology (PAAM-96), pp. 75-90 (1996).

T. Ito and T. Shintani: “Implementing an agent ne-
gotiation protocol based on persuation: An approach
to implement a group decision support system based
on multi-agent negotiation”, Proceedings of the Fif-
teenth International Joint Conference on Artificial
Intelligence (IJCAI-97), pp. 592-597 (1997).

S. Saha and S. Sen: “Negotiating efficient outcomes
over multiple issues”, Proceedings of the Fifth In-
ternational Joint Conference on Autonomous Agents
and Multiagent Systems (AAMAS2006) (2006).

M. Yokoo, Y. Sakurai and S. Matsubara: “Robust
double auction protocol against false-name bids”, De-
cision Support Systems, 39, 2, pp. 241-252 (2005).
S. J. Russell and P. Norvig: “Artificial Intelligence :
A Modern Approach”, Prentice Hall (2002).

H. Raiffa: “The Art and Science of Negotiation”,

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

Belknap Press (1982).
G. A. Miller:

minus two: Some limits on our capacity for process-

“The magical number seven, plus or

ing information”, The Psychological Review, 63, pp.
81-97 (1956).

T. Groves: “Incentives in teams”, Econometrica, 41,
pp. 617-631 (1973).

L. M. Ausubel and P. Milgrom: “Ascending auctions
with package bidding”, Frontiers of Theoretical Eco-
nomics, 1, 1, pp. 40-47 (2002).

T. Bosse and C. M. Jonker:

behaviour in multi-issue negotiation”, In the Pro-

“Human vs. computer

ceedings of 1st International Workshop on Rational,
Robust, and Secure Negotiations in Multi-Agent Sys-
tems (RRS2005) (2005).

R. J. Lin and S. T. Chou: “Bilateral multi-issue nego-
tiations in a dynamic environment”, In the Proceed-
ings of the AAMAS Workshop on Agent Mediated
Electronic Commerce (AMEC V) (2003).

X. Luo, N. R. Jennings, N. Shadbolt, H. fung Le-
ung and J. H. man Lee: “A fuzzy constraint based
model for bilateral, multi-issue negotiations in semi-
competitive environments”, Journal of Artificial In-
telligence, 148, pp. 53-102 (2003).

M. Barbuceanu and W.-K. Lo: “Multi-attribute util-
ity theoretic negotiation for electronic commerce”,
Proceedings of the International Workshop on Agent-
mediated Electronic Commerce (AMEC2000) (2000).
Y. Sakurai, M. Yokoo and K. Kamei: “An efficient
approximate algorithm for winner determination in
combinatorial auctions”, Proceedings of the Second
ACM Conference on Electronic Commerce (EC-00),
pp. 30-37 (2000).

T. Sandholm, S. Suri, A. Gilpin and D. Levine:
“Winner determination in combinatorial auction gen-
eralizations”, Proceedings of the First International
Joint Conference on Autonomous Agents and Multi-
agent System (AAMAS-02), pp. 69-76 (2002).

J. Davin and P. J. Modi:

tralization in distributed constraint optimization al-

“Impact of problem cen-

gorithms”, Proceedings of the Fourth International
Joint Conference on Autonomous Agents and Multi-
agent System (AAMAS-05), pp. 1057-1063 (2005).
B. Faltings and S. Mancho-Gonzalez: “Incentive
compatible open constraint optimization”, Proceed-
ings of the Second International Joint Conference
on Autonomous Agents and Multiagent Systems, pp.
986-987 (2003).



WS IR A R D L — Y 2V b DO DF — 7 v a VIO ZH e Fal

CPRE xx 4 xx I xx H3ZA})

RER &FE  (ER)

2004444 b R L3RR B LoEmtgekt
o i IR e R i G
(I2%) . 200440 & HAREAHRB SRR 0T
78 (PD). 20044E2>5 2005412221 T
B N T — VKRR EIZEE. 20064k
E~4F 2 —+ v Y TEKY: Sloan School
of Management& HiffJE H. BIfEICT 2, 20034F ELIEHRAL
HPE R RERARSTNEZH, vV FI—C 2V P AT A,
BRI, MEPER, el —y v oty
R R S = A DR FD, AAAL, BT EIEERA,
NTAMREY S, Fmys, HAY 7 7 = 7REAEEA.

FEE Z17  (ER)

P 12 AR LR R A B LA
ZERHE LR E T, M (L), P
I 1T AED 6P 13 4E12 22 1 T H AR
IRELZRFIIZER (DC2 MO PD) . Pk
12D 5 13FIPTTHAY 7 4L
=7 K% Information Sciences Institute
(USC/ISI ) &EMIEE. Pk 13k ait Bl AR i R 22k
ERGERBIABEM T v 8 — BB, FE 15 E L D At E T
HERFREGNER LA GBI EEL, T 795 57K 18412
M TCKRE N — 23— F K% Division of Engineering and Ap-
plied Science % HfZLE KLY, KE w4 F 2 —t v v LTRRE
Sloan School of Management#% EHiff%e 2. i 184FE L h 4
iR TR P IerE g oy Bz, BifEIcR %, 2006
4E International Joint Conference on Autonomous Agents
and Multi-Agent Systems (AAMAS2006) 55 i CE 52
H. 20054 EHAY 7 b7 = 7 RIS CHZHE, TR 164
FEIPA K 7 b0 = TABEHEA — =7 V-V AE, B
66 [l AL F R R ER A EFE R ORENEHZE, <V —
PV bYAT L, GERNADZALTYA Y, A—=0va
VPG, R SR ICEIR 2 RO, AAAL, ACM, &
BoE(E AR, BB, HAY 7 b7 = 7REAS, AL
e, FHIHEE B Ea&2E

Mark Klein

Dr. Mark Klein is a Principal Re-
search Scientist at the MIT Center for
Collective Intelligence, an Affiliate at
the MIT Computer Science and Al
Lab, affiliate faculty at the New Eng-
land Complex Systems Institute, and
co-director of the Robust Open Multi-Agent Systems
(ROMA) research group. His research focuses on co-
ordination science, a discipline that attempts to under-

stand the cross-cutting fundamentals of coordination and
apply it to help create better human organizations and
software systems. He has made contributions in the ar-
eas of computer-supported conflict management for col-
laborative design, design rationale capture, business pro-
cess re-design, exception handling in workflow and multi-
agent software systems, service discovery, negotiation al-
gorithms, understanding and resolving ’emergent’ dys-
functions in distributed systems and, more recently, 'col-
lective intelligence’ systems to help people collaboratively
solve complex problems like global warming.

13



Abstract Multi-issue negotiation protocols represent a promising field since most negotiation problems
in the real world involve multiple issues. The vast majority of this work has assumed that negotiation issues
are independent, so agents can aggregate the utilities of the issue values by simple summation, producing
linear utility functions. In the real world, however, such aggregations are often unrealistic because many
real-world negotiation problems involve interdependent issues, i.e., the utility function is nonlinear. In this
paper, we address this important gap in current negotiation techniques. We propose a negotiation protocol
where agents employ adjusted sampling to generate proposals, and an auction mechanism is used to find
social-welfare maximizing deals. Our experimental results show that our method substantially outperforms
existing methods in large nonlinear utility spaces. Further, we show that our protocol is incentive compatible

in ideal cases.

Key words Multi-issue negotiation, Nonlinear utility, Auction, Multi-agent Systems
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