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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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Table 1 Limit of the Number of Bids
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Fig.4 An example of a cluster-bid
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A: a set of agents

C: the constraints for an agent

1: function createClusterBids (C)

2: CP := the center points for the constraints in C
3: CL := clustering (CP,|A|-th root of 6400000)
4: B:=0

5: foreach cluster ¢l € CL do

6: d = 0;

7: foreach constraint ¢ included in ¢l do

8: d := d U the domain of ¢

9: end foreach

10: B := BU{(d)}

11: end foreach

12: return B
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Fig.5 An Exapmle of a Widest Bid
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C': the agents’ set of constraints

R: an overlap region (identified in round 1)

limgmp: the number of simulated annealing searches
performed per overlap

lime: the maximum number of bids allowed per overlap

1: function create WidestConstraintBids (C,R,limsmp,limo)

2 foreach constraint ¢ € C do
3 if ¢ overlaps with R then
4 O := O U overlapping region between ¢ and R
5: end foreach
6: foreach overlapping region o € O do
7 for i < (limsmp/|O|) do
8 p := randomly picked point within o
9: p’ := simulatedAnnealing (p)
10: d:=0
11: foreach constraint ¢ € C (c is satisfied by p’) do
12: if ¢’s domain is bigger than d then
13: d := the domain of ¢
4: v := the value of ¢
15: end if
16: end foreach
17: B := B U {(d,v)} (iff {(d,v)} is not redundant)
18: end for
19: end foreach
20: n 1= min(|B|,limg)
21: B’ := the n bids in B with the highest volume
22: return B’
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C': the agents’ set of constraints

R: an overlap region (identified in round 2)

limgmp: the number of simulated annealing searches
performed per overlap

lime: the maximum number of bids allowed per overlap

1: function createPeakBids (C,R,limsmp,limo)

2 foreach constraint ¢ € C do

3 if ¢ overlaps with R then

4: O := O U overlapping region between ¢ and R

5: end foreach

6: foreach overlapping region o € O do

7 for i < (limsmp/|O]) do

8 p := randomly picked point within o

9: p’ := simulatedAnnealing (p)

10: d := intersection of every ¢ € C (c is satisfied by p’)
11: v := the value of p’/

12: B := B U {(d,v)} (iff {(d,v)} is not redundant)
13: end for

14: end foreach

15: n = min(|B|,limo)

16: B’ := the n bids in B with the highest volume

17: return B’
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A: a set of agents
DL: the upper limit on how many overlaps can be returned
1: procedure iterativeNegotiation (A,DL)

2: o= teClusterBids (C
‘EA{CTeae usterBids (C;)}

i
(C;: a set of constraints of an agent i)

3 Sep = identification (C'B)

4 Sep 1= 0

5 foreach s € S, do

6: R := a covering region by s

7 EB := UieA{createWideleonslTamLBzds (C;, R, lim)}
8 if |EB| = |A| then

9: Sep i= Sep U identification (EB)

10: if the number of overlaps > DL then break
11: end if

12: end foreach

13: Sfin =0

14: foreach s € S do

15: R := a covering region by s

16: FB := UieA{cTﬁatePeaszds (Ci, R, lim)}

17: if [FB| = |A| then

18: Sfin 1= Spin U identification (F B)

19: if the number of overlaps > DL then break
20: end if

21: end foreach

22: return the best solution in Sfi'n.

1: function identification (B)

2: S = UjeBo{bO‘j};i:l
3: for i < |A| do

4: s’ =0

5: foreach s € S do

6: foreach b; ; € B; do
7 s/ i=sUb;

8: if s/ is consistent then
9: s'i=58"us’
10: end if

11: end foreach

12: end foreach

13: s:=s’

14: end for

15: return S
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I: A set of issues, I = {1,149, ..., in}

V: A set of values for each issue, Vp, is for an issue n
1: function systematicLS (I,V)

2 S := initial solution (set randomly)

3 foreach i € I do

4 foreach j € V; do

5 S’ := S with issue i’s value set to J
6: if all agents accept S’ then S = 8/
7 end foreach

8 end foreach

9

return S

00000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000 [0,9]
00000000000000 10000000000
000 1000000HCOODO0O000O0O0O00000
0000000D0000000000000000
000000000000000000000000
000000000000000000000000
oo [5]0
00000000000000000000000
e 00ODOODO20 10
e 00O0DO0DOOD 1000000000 [0,9]
e 00DODODODOOOODODOODOO500
010000000000000000000000
0000000000 3000000 7000000
00000000D00000000@MO00000
00D000[2,6),2,800000000000000
000000000 [1,100000000000000
oooo
00000000000000000000000
000000000000000000000000
0000 1000000000000000000 5
000000000000000000000000
00000000000000000000000

goooooooooooooooooooobooo
goooooooooooboooooooooobooboo
gooooooooooooooooooooooboo
goooooooooooooooooboooooo
goooooooooooOoOOOOODOOOODOOO
goooooOoooOoOoooOoOoooOooooooo
goooooooooooooooooooooboo
gbooooooOoooooooooooooooon
goooooooooooooooooooobooo
goooooooooooooooooooobooboo
goooooooooooooooooobooboo
goooooooooooooooooooooboo
goooooooooooooooooooobooboo
goooooooooooocoooboooooooboo
goooooooOooooooooOooooooboo
goooooooooooooOoobooooooooo
goooooooooooooboOooooooboon
goooooooooooooboooooooboo
goooooooooooooooooooooboo
goooooooooooooboooooobooo
0000000 oOo0ooooOOooolo00100(0,91 0
gooooo3ovoooooosooooooooo
goooooooooooooooooboooooo
goooooooooooooooooooobood
gooooooooooooocoooooo oo
goooo"ooooooooooooooooboo
goooooooooooooooooooboooboo
goooooooooooooooooooooboo
goooooooooooroooooooo oo
gooooooooooobooooooobooobooono
gooooooooooooocOoooooooboon
goooooooooooooooooooobood
goooooooooooooooOooooooboo
gooooooooooooocOooooobooboo
goooooooooooooooooooo oo
gooooooooroooobooooooooboo
goooooooooooooboooooooboo
goooooooooooooooooooobooo
goooooooooorooboooooo oo
0dododoooooooooooooooooooo
goooooooooooooooOooooooboo
oooooooooooo
j.2000000000000000000000
goooooooooooooooooboooobooo



0d0o0oooooooooooooooooooooooooooooooooooooo

[2%] Anewndo

1
3

5
Number of 7
Shared
Clusters

Number of Agents

06 000DO00ODO0OOODODOOOODOOODODOODODO
Fig.6 Utility Values for the Small Cluster Case
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Fig.7 Failure Rates for the Small Cluster Case
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Fig.8 Utility Values for the Medium Cluster Case
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Abstract Multi-issue negotiations are a central part of many coordination challenges, and thus repre-
sent an important research topic. Almost all previous work in this area has assumed that negotiation issues
are independent, but this is rarely the case in real-world contexts. Our work focuses on negotiation with
interdependent issues and, therefore, nonlinear (multi-optimum) agent utility functions. Since the utility
functions are typically very complex, the challenge becomes finding high-quality negotiation outcomes with-
out making unrealistic demands concerning how much agents reveal about their utilities. Since negotiations
often involve more than two parties, the approach should also be scalable. In this paper, we propose a novel
protocol for addressing these challenges, wherein agents approach agreements by iteratively narrowing the
space of possible agreements. In the early stages, agents submit rough bids representing promising regions
from their utility functions. In later stages, they submit increasingly narrow bids for the subset of those
regions that the negotiating parties all liked. We show that our method outperforms existing methods in
large nonlinear utility spaces, and is computationally feasible for negotiations with as many as ten agents.

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



