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Abstract

An ant-based algorithm inspired by the division
of labor in ant colonies is proposed and applied
to the the solution of an online scheduling prob-
lem. A painting facility is considered for illus-
trating the problem: Trucks leave an assembly
line to get painted in painting booths. The goal
is to minimize the makespan, that is, the time
needed for painting all given trucks. In this
paper we propose an extension of the dynamic
threshold model of Theraulaz et al. [8] which
is designed for handling the case in which all
booths are identical. In our extension we ad-
dress the heterogeneous case in which different
booths might require different processing times
for completing a same task. The paper con-
tains an empirical comparison of different insect-
based algorithms for the problem discussed.

1 Introduction

Swarm intelligence techniques [1] have been suc-
cessfully adopted in computer science, engineer-
ing, and operations research. For example, ant
colony optimization [4] performs as well as, or
even better than state-of-the-art combinatorial
optimization techniques.

In this paper we propose an ant-based algo-
rithm for tackling the Dynamic Task Allocation
(DTA) problem, a factory scheduling problem
in which tasks are to be allocated to process-
ing units. In previous works, multi-agent algo-
rithms have been developed for the homogeneous
case, that is, the case in which all agents (pro-
cessing units) are identical. In this paper we in-
vestigate the heterogeneous case in which agents
can differ in their processing speed. Think for
example of a factory with old and new machines

or with different sets of machines each optimized
for a different class of tasks.

Most of the previously proposed algorithms
use paradigms based on the specialization con-
cept: Agents tend to specialize for one type of
task in order to avoid unnecessary reconfigu-
ration. This typically increases the efficiency
of the whole system. Morley [6] has solved a
painting problem similar to the homogeneous
version of the DTA problem. His market-based
algorithm was adopted in a General Motors fa-
cility with a performance improvement of 10%
over the previously adopted centralized sched-
uler. Furthermore, different insect-based algo-
rithms have been successfully applied to the ho-
mogeneous case of the DTA problem [2, 3, 7].
These algorithms are inspired by the division
of labor in social ants and adopt the dynamic
threshold model proposed by Theraulaz [8]. Un-
fortunately, the performance of the aforemen-
tioned algorithms on the heterogeneous case is
not satisfactory. The aim of this paper is to
present an improved version of the threshold
model which takes into account the heteroge-
neous processing speeds of the agents.

Section 2 presents the problem using the ex-
ample of a painting facility. Section 3 discusses
the original threshold model and proposes an
improved version inspired by the division of la-
bor of ant castes. Section 4 proposes an experi-
mental analysis that highlights the performance
improvement obtained by our algorithm over the
ones previously presented in the literature. Sec-
tion 5 concludes the paper.

2 The problem

The problem considered here is a particular non-
deterministic scheduling problem that we refer
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to as the Dynamic Task Allocation (DTA) prob-
lem. In the following we describe the problem
using the example of a painting facility. A for-
mal definition is given in [5].

Trucks leave an assembly line and are assigned
to a painting booth. The number of available
colors is fixed and the color of each truck is
predetermined by a customer order. A paint-
ing booth is an agent able to paint a truck in
any available color. Booths may have differ-
ent processing times for the same type of tasks.
Moreover, each booth has a fixed queue length
which can be filled by trucks. If the color of a
painting booth must be changed, a setup time
is necessary. For example, if a booth is apply-
ing red and the following truck to be processed
by that painting booth requires white, a fixed
flush time is required before the booth can start
processing the task. If no setup is necessary,
the booth starts immediately to paint the next
truck in its queue. A setup may also be re-
lated to a monetary cost that could, for exam-
ple, represent the danger of failure when chang-
ing a color, or the amount of paint lost during a
swap. The problem consists in assigning trucks
to painting booths with the goal of minimizing
the makespan, that is, the completion time of
the last truck in the system.

In the formalization of the DTA problem, the
task generation process is not specified. For ex-
ample, the release dates and the colors may be
distributed exponentially or normally. The dis-
tributions may vary dynamically so that at a
random time the probability mix changes and
agents need to adapt to the new environment.

3 The threshold model

The threshold model by Theraulaz et al. [8] is
used by the ant-based algorithms for the DTA
problem. It describes the division of labor in
ant colonies.

Biological studies show that an ant colony
performs different activities simultaneously ex-
ploiting specialized individuals. Another key fea-
ture of division of labor is the plasticity of the
colony to the environmental changes. In the fol-
lowing, we detail the original and our improved
version of the threshold model.

3.1 Original version

Assume that m tasks need to be performed.
Each task j is associated with a stimulus s;,
the level of which increases if it is not satis-
fied. Let us consider IV agents and let §; ;, with
(i =1,...,N), be the response threshold of agent
i concerning task j. In the DTA problem, agents
are in charge of booths and autonomously bid
to paint trucks. Here a stimulus is associated to
the color of a truck. Each agent i has a thresh-
old value 6; ; for each available color j.
In the dynamic threshold model, agent 7 en-
gages in task j with probability
53

P(s;,0;,) = m

(1)
This equation shows that for s; <« 6; ;, the prob-
ability that an individual ¢ engages in task j, is
close to 0 and for s; > 0; ;, the probability is
close to 1. Therefore, an agent ¢ with a lower
threshold 6; ; is more likely to respond at a lower
level of stimulus s;.

Let & be the coefficient that describes learn-
ing (specialization) and ¢ the coefficient that
describes forgetting. If we consider a time-
incremental model, agent i specializes when per-
forming task j during a time period of At by
changing its threshold as follows:

Gi,j — Gi,j - fAt (2)

On the other hand, agent i forgets if it does
not perform task j for a time period of At by
changing its threshold as follows:

0;.; — 0;; + @At. (3)

3.2 Improved version

The definition of the DTA problem considers
agents that can have different processing time
for different task types. A number of algo-
rithms [2, 3, 7] based on the threshold model
can be applied to the DTA problem. Never-
theless, they do not take into account the differ-
ent processing speed of the agents, and therefore
their performance is rather poor. The problem
is that agents bid for a task considering only
their specialization level without taking into ac-
count their own characteristics, that is, their ca-
pacity to process a task quickly or slowly. In or-
der to have better results, we extend the thresh-
old model so that the faster an agent can per-
form a task, the higher is the probability that
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the agent bids for it. To this aim we introduced
the processing speed of agent i on task j into
the probability function P(sj,6; ;). The most
promising probability function is obtained mod-

ifying Equation 1 as follow:

2
55

P(s;,0;;) = 4
Y 8? + 91'2,j * (tproc,i,j — tMinproc,j + 1’

4)
where tproc,s,; is the time that agent i need to
process task j and tminprc; is the minimum
time needed by agents in the system for process-
ing task j. The added term serves as a weight-
ing factor of the specialization level in the bid-
ding process. This new probability function is
inspired by the division of labor between insect
casts observed by Wilson [9] in ant species Phei-
dole.

4 Empirical analysis

In this section different multi-agent algorithms,
some of which based on the dynamic threshold
model, are compared on a class of instances of
the DTA problem. In the following we present
the experimental setup, all the analyzed algo-
rithms and the results.

4.1 Experimental setup

The instances in our experimental analysis
model a typical working day of a painting fa-
cility. Trucks exit from the assembly line for a
time of 420 minutes. We consider 12 painting
booths. Each painting booth might be broken
or anyway unavailable with a probability of 0.02.
Each agent has a queue size equal to 5. In this
case there are two subsets of agents: the first
needs 3 minutes to process the first half of the
available types of tasks and 9 minutes for the
other half. The other subset has the opposite
characteristics. For both subsets the setup time
is 10 minutes.

The number of trucks exiting the assembly
line is always equal to 840, which is the maxi-
mum number of trucks that 12 booths can paint
considering an average process time of 6 min-
utes, no setups and no idle time. For this class
we extract the number of colors from the prob-
ability distribution presented in Figure 1. Color
types are assigned to the trucks according to the
two mixes:

1. One part of the n colors has a higher prob-
ability than the others. Let P(i) be the

o
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Figure 1: Probability distribution of the number
of colors for the DTA experiment.

probability of color i. The probability P(i)
is defined as follows:

S Pl =35 a4 PG)
P(1) == P(|n/2])
P(ln/2]+1)=---=P(n)

2. like the previous one, but after 210 minutes
the colors that appear more frequently ap-
pear more rarely and vice versa.

Each instance features either one mix or the
other, with the same probability.

4.2 Summary of the algorithms

In this analysis we compare 4 algorithms devel-
oped for the homogeneous DTA, and already
described in the literature. The first one is
a market-based algorithm proposed by Morley
(MBA) [6]; this algorithm is the one adopted by
General Motors in one of their painting facili-
ties. The other three algorithms use the origi-
nal version of the dynamic threshold model and
are respectively: the algorithms of Campos et
al. (ABA) [2], Cicirello et al. (R-WASP) [3],
and Nouyan (ATA) [7]. To evaluate the perfor-
mance of the improved model, we have applied
it to all the insect-based algorithms, which are
then named ABAc, R-WASPc, ATAc. Addi-
tionally, a trivial non-adaptive greedy algorithm
named LOCUST is introduced in order to have
a performance reference.

4.3 Results

We have run all the algorithms on 1000 instances
of the presented class after a rigorous parame-
ter tuning using an evolutionary algorithm. De-
tails are given in [5]. Figure 2 summarizes the
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Figure 2: Box plot of the makespan values all
the eight algorithms. The figure clearly shows
that the improved model gives a high improve-
ment of the performance especially to the R-
WASP algorithm.

makespan values achieved by each algorithm.
ATAc obtains the best results concerning the
makespan and is very close to the makespan
lower bound (420 minutes). On the basis of a
paired Wilcoxon test (o = .05) we can state
that: i) the adaptive algorithms perform signif-
tcantly better than the non-adaptive algorithm
LOCUST. ii) The algorithms that use the im-
proved model perform significantly better than
the respective algorithms that use the original
one. R-WASPc is the algorithm that benefits
the most from the improvement.

5 Conclusion

In this paper we have presented an ant-based al-
gorithm for the solution of a scheduling problem
in which tasks have to be assigned to processing
units. The algorithm is an extension of previ-
ously presented methods based on the dynamic
threshold model and it is specially designed for
the case in which the processing units are not
homogeneous. Further informations about the
algorithm, the procedure used for tuning the pa-
rameters, and the experimental results can be
found in [5] or at http://iridia.ulb.ac.be/
“rghizzioli/dta/.
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