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ABSTRACT
We present a multi-agent variant of the Single Machine To-
tal Weighted Tardiness Problem with Sequence-Dependent
Setup Times. Since, i.a., agents have an incentive to lie, cen-
tral planning is not feasible and decentralized methods such
as automated negotiations are needed. Hereto, we propose
and evaluate an iterative quota-based negotiation protocol.

Categories and Subject Descriptors
I.2.11 [Artificial Intelligence]:
Distributed Artificial Intelligence - Multiagent systems

General Terms
Algorithms, Economics, Experimentation

Keywords
Automated negotiation, Autonomous agents, Machine
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1. PROBLEM DESCRIPTION
In the following, we discuss the problem of single ma-

chine scheduling with several self-motivated, non-cooper-
ative agents – with applications such as allocation of process-
ing power, satellite data transmission , or terminal schedul-
ing in harbors – and present a negotiation protocol consti-
tuting a coordination mechanism to find beneficial agree-
ments. The Multi-Agent Single Machine Total Weighted
Tardiness Problem with Sequence-Dependent Setup Times
(MA-SMTWTP-SDST) is a scheduling problem where a set
of jobs J = {1, ..., j, ..., n} has to be processed by a single
machine, which can process only a single job at a time. Each
job j is assigned to an agent i of the set I = {1, ..., i, ...,m}
by an assignment variable aj . The agents aim at minimizing
their individual total weighted tardiness TWTi (see (1b)).
Each job comprises a processing time pj(> 0), a weight of
relative importance wj(> 0), and a due date Dj . A setup
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time sk,j occurs between a job j and its preceding job k
(see (3)) and cj denotes the completion time of job j. If a
job is not finished before its due date, a tardiness Tj arises
(see (2)). The objective of the problem is to find a job
sequence π = {π1, . . . , πn} (with πj as processing position)
minimizing the collective total weighted tardiness TWT (see
(1a)). Lawler [4] shows that the centralized problem (with-
out SDST) is already strongly NP-hard. Since the agents
have an incentive to lie (e.g., by declaring their jobs as more
important than they really are), revealed information about
due dates as well as job weights are worthless and not uti-
lizable. Hence, centralized planning is not feasible here.

min

m∑
i=1

TWTi (1a)

min TWTi =
∑

j∈J |aj=i
wjTj , ∀i ∈ I (1b)

Tj = max{cj −Dj ; 0} (2)

cj =
∑

k∈J |πk≤πj

s
k̃|(π

k̃
=πk−1),k

+ pk (3)

2. THE PROPOSED PROTOCOL
Here, we present our proposed negotiation protocol for

multi-agent coordination (see algorithm 1). The basic idea
is that agents overcome local optima by accepting deterio-
rating contract proposals [2][3]. The protocol is generic. At
first, a mediator generates a random initial contract c∗o that
represent the active contract (=current draft). In every it-
eration t, an acceptance quota pt for the set of proposals is
determined, which declines over time (first round: po; last

round: pT−1
!
= 1

L
). Subsequently, the mediator creates L−1

mutations c
′
t of the active contract c∗t . Those mutations and

the active contract constitute the set of contract proposals

C
′
. Afterwards, the agents decide whether to accept (=1)

or reject (=0) the proposals, but have to accept at least
qt(= pt ∗ L) contracts. We suppose that they accept the
qt ∗L best contracts as well as possible improving contracts.
The mediator selects one randomly from the overall accepted
contracts Cc; if there is none (Cc = ∅), the active contract
remains for the next iteration. Thereafter, the process starts
over and new proposals are generated using the (new) active
contract. Finally, after T iterations, the last active contract
c∗T−1 becomes the final contract c∗.



Algorithm 1 An Iterative, Quota-Based Protocol

c∗0 ← GenerateInitialContract()
for t = 0, 1, . . . , T − 1 do

pt ← p0 ∗ βt; qt ← pt ∗ L
Cc ← ∅; C′ ← {c∗t }
for l = {1, 2, . . . , L− 1} do

c
′
t ←Mutate(c∗t )

C′ ← C′
⋃
{c′t}

end for
for all i ∈ I do−→

Zi ← AcceptOrReject(C′ , qt)
end for
for all c

′
t ∈ C

′
do

if
∑
i∈I

Zi[c
′
t] = m then

Cc ← Cc
⋃
{c′t}

end if
end for
if Cc = ∅ then

c∗t+1 ← c∗t
else

c∗t+1 ← RandomlySelect(Cc)
end if

end for
c∗ ← c∗T−1

3. COMPUTATIONAL RESULTS
For the evaluation, we have used the 120 problem in-

stances of the SMTWTP-SDST benchmark library from [1]
and assigned the jobs to multiple agents in sequence. Since
there are loose and tight problem sets, we have normalized
the results: 100% represents the best found value of a prob-
lem set in the respective simulation data set.

There are three adjustable parameters: the number of it-
erations T , the number of proposals L − 1, and the initial
acceptance ratio p0. Another decision parameter is the me-
diator’s way of generating proposals such as, firstly, shifting
a single item to another position in the sequence and, sec-
ondly, swapping two items’ positions. Table 1 shows the
results of different parameterizations of p0 and L assuming
m = 5 agents and 100,000 iterations.

Table 1: Configuration of the Quotas

Mutation Shifting Swapping
L 10 25 50 10 25 50

p0 = 10% 429% 259% 246% 288% 159% 157%
p0 = 33% 156% 151% 148% 126% 116% 111%
p0 = 50% 138% 125% 134% 121% 112% 112%
p0 = 67% 129% 127% 127% 127% 112% 112%
p0 = 90% 134% 123% 127% 127% 113% 116%

As shown, the quota protocol needs a sufficiently high
absolute value of accepted contracts to succeed. The results
tend to be better if there are more proposals as well as higher
demanded quotas so we have chosen {L = 25; p0 = 0.67}
for the remainder of the paper. Concerning the mutation
method, swapping appears to perform better.

Regarding the number of agents, table 2 shows that the
TWT increases with more agents, although the jobs are the
very same. We trace this finding to a more difficult coordi-
nation process between the agents.

Table 3 shows a comparison between the quota-rule and
free decision making for different negotiation lengths. The

Table 2: Number of Agents
Agents 2 3 4 5 10 15 20
Tardiness (%) 102 114 119 126 135 141 150

performance is slightly increasing with a rising number of
iterations (but converging) and the quota-rule outperforms
free decision making by far.

Table 3: Iterations and Comparison

Iterations 10K 50K 100K 500K 1,000K
Quota 122% 110% 105% 108% 106%

No Quota 252% 244% 237% 247% 241%

Finally, we have approximated the Pareto frontier using a
multi-objective simulated annealing procedure (MOSA, see
[5]) with 5,000 runs. Figure 1 depicts the history of an ex-
emplary negotiation between two agents over one million
negotiation rounds as well as the Pareto frontier. The ne-
gotiation moves intensively through the contract space. At
the end, the negotiation has converged and is moving up and
down in the neighborhood of the Pareto frontier. The pro-
tocol finds even better results than the centralized MOSA.

Figure 1: Neg. History & Approx. Pareto Frontier
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