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Abstract— A multi-agent and multi-criteria routing strategy
with a fuzzy orientation based on Tarantula mating behavior has
been proposed in this research study. The strategy as proposed in
this study is applied on a traffic network. The particular
interesting behavior of Tarantula mating is that the female
spider sometimes eats the male spider just after their mating to
satisfy immediate need for food. In order to implement the
proposed routing strategy, a hierarchical structure of agents has
been considered where the worker agents at the leaf level
calculate shortest paths, congestion, number of intermediate
nodes and so on. A master agent at the top of the hierarchy takes
the final decision based on these data by PROMETHEE multi-
criteria decision analysis with fuzzy concept. A traffic network
has been used in order to implement the proposed Tarantula
mating based routing strategy. The experimentation shows
successful application of the proposed strategy.

Keywords— Multi-Agent Based Strategy; Tarantula Mating
Behavior; PROMETHEE; Routing Strategy; Fuzzy Theory; Traffic
Network

I. INTRODUCTION

This paper is based on the view that in dynamic
environments, it is very difficult to decide over the entire
optimum path before the journey begins, since, the data, such
as, the congestion data, deadlock data, shortest path data may
change over time. Thus by the time, when a particular job
reaches a particular node, there is a chance that the previously
determined optimum path may not be optimum anymore.
Thus, instead of finding the entire point-to-point optimum
path, the research study as presented in this paper chooses the
next best node to route a job towards the destination by a
hierarchical agent based framework and Multi-criteria
decision analysis with fuzzy orientation.

The hierarchical multi-agent framework shown in this
paper imitates the interesting mating behavior in routing jobs
in a network. Agents are independent, autonomous, decision
making components in a system. Therefore, there are various
characteristics of agents which actually make them flexible
and adaptive to dynamic environments. The characteristics of
agents are depicted in Figure 1 [2].
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Fig. 1. Characteristics of Agents

In this paper, a hierarchical multi-agent framework has been
proposed. This paper also proposes the application of
PROMETHEE multi-criteria decision analysis technique in
order to make final decision making. MCDA techniques are
the tools or aids for decision making where decision depends
on more than a single criterion. Each MCDA technique has
some given alternatives and a set of criteria as inputs.
Depending on the various requirements of the decision maker
and the type of comparison, a particular MCDA technique is
applied. Although MOEA and MCDA are closely related but
there is distinct difference between these two approaches.
MOEA techniques provide a population of solutions called the
Pareto optimal solutions as output of the method whereas
MCDA technique selects an alternative among several given
alternatives based on the pre-specified criteria. The values of
these criteria may be optimized beforehand. There are a large
number of MCDA techniques as seen in the existing literature.
Some of these techniques include SMART (Simple Multi-
Attribute Rating Technique), Analytic Hierarchy Process
(AHP), Analytic Network Process (ANP), Aggregated Indices

Randomization Method (AIRM), Data Envelop Analysis
(DEA), Elimination and Choice Translating Reality
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(ELECTRE), Measuring Attractiveness by a Categorical
Based Evolution Technique (MACBETH), Multi-Attribute
Utility Theory (MAUT), PROMETHEE, Technique for
Ordering of Prioritization by Similarity to Ideal Solutions
(TOPSIS), Weighted Sum Model (WSM), Weighted Product
Model (WPM) and so on. This paper applies fuzzy
PROMETHEE outranking multi-criteria method for final
decision making purpose. The technigue PROMETHE will be
described while explaining the results in this paper. Since the
paper also applies fuzzy concept, thus a brief introduction to
fuzzy concept is provided below.

In this research study, the fuzzy concept has been applied in
two places — in the calculation of the weights of the criteria in
PROMETHEE multi-criteria decision analysis technique and
in fuzzy Dijkstra algorithm for finding shortest paths, through
the use of fuzzy number as the length of the edges in a
network.

Fuzzy number represents a number of whose value, we are
somewhat uncertain. They is a special kind of fuzzy set whose
numbers are the numbers from the real numbers. The function
relating member number to its grade of membership is called a
membership function and is best visualized by graphs. The

membership of a number x is often denoted by z(X). Fuzzy

numbers may be of almost any shape, but most frequent of
them are:

e Triangular (piecewise linear)
e  S-shape (piecewise quadratic)
e Normal (bell-shaped)

Fuzzy numbers may also be trapezoidal, with an interval
within which the membership is 1; such numbers are called
fuzzy intervals. Fuzzy intervals may have linear, s-shape or
normal tails, the increasing or decreasing slopes.

In this research study, we have used the triangular fuzzy
numbers in both the previously mentioned cases. A triangular
fuzzy number may be represented by a triplet (a, b, ¢). Here,

,uA(X) is the fuzzy membership function given by expression

).

0 , Xx<a
%:E , as<x<b
pp(x)=4°272 (1)
c—X
—— , b<x<c
c-b
0 , X>C

Where, A is the Universal set.
In this research study, fuzzy number has been expressed by
graded mean integration representation as provided in

expression (2) which has been used in fuzzy Dijkstra’s
shortest path algorithm and the mean representation as given
by expression (3) which has been used in calculating the fuzzy
weights from the preferences for the criteria in PROMETHEE
multi-criteria decision analysis technique.

p(A)=(a+4*b+c)/6 2
p(A)=(a+b+c)/3 (3)

Il. LITERATURE REVIEW

An agent is a computational system which is long lived, has
goals, self-contained, autonomous, capable of independent
decision making. Among the benchmark multi-agent
technologies, GAIA [3] is a hierarchical agent-based
architecture using the concepts of object-oriented analysis and
design. Wooldridge et al. [3] used some concepts from
FUSION [4]. GAIA is suitable for the development of the
systems like ADEPT [5], ARCHON [6]. In GAIA, every agent
has a role to play and they interact with each other in a certain
pre-defined way which is defined in their protocols.
ROADMAP [7] is another agent-based methodology which is
an extension of GAIA for complex open systems. Some of the
other significant technologies include PROMETHEUS [8],
TROPOS [9], PASSI [10], TAPAS [11] and so on. Some of
the agent based technologies as applied in manufacturing
include PROSA [12], ADACOR [13], HCBA [14] and so on.

The strategy as proposed in this paper has also used multi-
criteria decision analysis technique. MCDA techniques can be
categorized into 1) Value Measurement Models, such as, AHP
(Analytic Hierarchy Process proposed by Saaty [15], Simple
Multi-Attribute Rating Technique (SMART) proposed by
Edwards and Barron [16]; 2) Goal, Aspiration and Reference
Level Models, such as, TOPSIS (Technique for Order
Performance by Similarity to Ideal Solution); 3) Outranking
Models, such as, ELECTRE [17], PROMETHEE [18],
NAIADE [19]. Some of the significant research study
applying both multi-agent and multi-criteria techniques
include the research studies of Maione and Naso [20], Mikler
et al. [21], Eltarras and Eltoweissy [22]. Research study of
Gharajeh [23] may also be consulted for an application of
fuzzy concept as a reference. The following section 3
describes the multi-agent strategy as proposed in this paper.

I1l. THE PROPOSED STRATEGY

This paper has used a hierarchical structure of agents
(Figure 2) and PROMETHEE multi-criteria outranking
method with a fuzzy orientation. The leaf level of the
hierarchy contains worker agents. Each of the worker agents
performs a particular task. The worker agents considered in
this research study are 1) shortest path agent, 2) congestion
agent, 3) deadlock agent and 4) hops agent, 5) capacity (or
buffer) handling agent.
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The capacity handling agent is important since in order to
prevent deadlock condition because of the number of vehicles
at the junctions during peak hours of a day. Besides, this will
also help to manage the traffic at the junctions properly. The
Master agent takes the final decision from top of the
hierarchy. After performing the task, each of the worker
agents is killed by the master agent after taking the result of
the performed task from the worker agent. Thus, the
hierarchical structure does not exist after all the tasks are
performed by all the worker agents. The final decision is taken
by the master agent based on PROMETHEE multi-criteria
decision analysis technique based on the information provided
by the worker agents. The master agent gets notification after
killing each of the worker agents. The idea conveyed in this
research study stems from the mating incident of a type of
spider called Tarantula where the female spider eats the male
one after mating. The analogy of such interesting mating
behavior with the idea in this research study can be described
in Figure 3.

The routing strategy considered in this research study finds the
next optimum neighboring node through agent based
technique, instead of finding the entire source-to-destination
path. Thus the worker agents and then the master agent will
start functioning whenever there will be a need to route a job
to the next optimum neighboring node and whenever a new
job enters the system. The master agent invokes and initiates
the actions of the worker agents, just like the female spider
chooses a male spider for mating. The worker agent, after
performed their tasks, return the results to the master agent,
just like the male spider transfers the genetic material to the
female spider during mating. The master agent Kills the
worker agents after receiving the results from the worker
agents, just like the female spider kills and eats the male
spider after mating. The master agent gets the notification of
the killing of the worker agents, just like the female spider
takes the male spider as food. The various functions as
performed by various worker agents and the master are
described in the following subsections.
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Fig. 2. Hierarchy of Agents
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Fig. 3. Analogy with Tarantula Mating Behavior

A. Shortest Path Agent

The shortest path agent finds the fuzzy shoretst path towards
destination node from the each of the neighbors of the current
node. The fuzzy shortest path is determined by the fuzzy
Dijkstra’s algorithm following the research study of Deng et
al. [24]. The algorithm is depicted in the Figure 4. Here,
perm[] represents Permanent node; v[] holds the distance to
each node from current node. In this algorithm, the edge
lengths are triangular fuzzy numbers from which the fuzzified
edge lengths are calculated from the fuzzy numbers by using
expression (4) below.

Pr, )

- <
Z Pr;
i=1
Where, V;; is the normalized value of the preference and an

entry in the i-th row and j-th column in the matrix containing
normalized values for the i-th decision maker and the j-th

criterion; Prij is the respective original preference value
delivered by i-th decision maker, for the j-th criterion.

Vi

rlnput’ Seot of adges (£), Set of vartex (V), d]), source noda (5), destination node (d)
Output: Shortest Path from s to d of length contained in v[d]

1. initialize
Foreach adge e <%
Set Fuazy Number W, < (g, +4 %L, +c )/ 6
End For
Setd{s) €0anddli]l®m, Vi les
Set permanent node p€s
2. Foreach neighbor | & neighbor{p)
Set v[i] € minimum {d[j], dipi+e..)
Set prad[j]€p
End For
3. Find mini
Set min € w
For sach vertexve V
W v is not permanent node Then
Hd[v] < min Then

%t node:

among P

Set min€dlv]
Setjf€v
End If
Ena
End For

4. Set next permanent node p€ |
5. Repeatstepa 2~ 4 until all the nodes become parmanent or the destination is
g reached

Fig. 4. Fuzzy Dijkstra’s Shortest Path Algorithm
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For each neighbori
Record number of jobs on arc (src, i)
End For
For each neighbori
Find the nextnode n of i on SP{i)
Record number of jobs on arc (i, n)
End For

Fig. 5. Congestion Finding Algorithm

For anch neighbor nl
For easch neighbor n2
Fml e n2 Then
If neighbar[nil] 12 neighbar[n2] Than
Safa[nil] =1
Safa[n2] =1
Erel If
End If
Enel For

Fig. 6. Deadlock Finding Algorithm

For each neighbor i
Find shortest path 5P(i) to destination d froam i
Set count[i] € 0
For each node from n on 5P(i)
Set count[i] € count[i]+1
End
End For

Fig. 7. Hops Algorithm

B. Congestion Agent

The congestion agent checks for the congestion of the edges
from the current node to each of the neighboring nodes and
from each of the neighboring nodes to their immediate
neighbors on their shortest paths towards destination (Figure
5). Although the congestion can be represented by more than
one factor, but in this research study, congestion is represented
by the number of jobs travelling on a particular edge.

C. Deadlock Agent

The deadlock agent (Figure 6) checks whether the neighbors
of the current node faces any immediate cyclic path. Let the
current node is ¢ and the neighbors of ¢ are x, y and z. If the
immediate neighbors of two or more neighbor of the
neighbors X, y, z be same, then the algorithm marks those
neighbors (x and/or y and/or z) as unsafe, otherwise they are
safe. It can easily be realized that, in dynamic environment
where the number of jobs on each path vary continuously, it
will be less significant to find a cyclic deadlock throughout the
entire network. Thus instead of finding the cyclic deadlock in
the entire network, it will better to find such an immediate
cycle. The algorithm endeavors to avoid cyclic path since in
such path, there is more chance of facing a collision.

D. Hops Agent

The hops agent finds the number hops or intermediate nodes
on a path towards destination (Figure 7). Thus for each of the
shortest path from the neighboring nodes towards destination,
there is a particular number representing the number of
intermediate nodes on the way. The target is to choose that
particular neighbor as the better node which will have least
number of hops since, the greater the number of hops, greater

is the chance of facing more congestion, more deadlock, more
blockage at the nodes due to loaded buffers.

E. Capacity Handling Agent

Each of the nodes in a network is assumed to have fixed
capacity to station the number of vehicles. The capacity
handling agent provides two types of data on each of the
immediate neighbors — 1) the total capacity of each of the
immediate neighbors and 2) the capacity spent at each of the
immediate neighboring node.

F. Master Agent

The master agent takes the final decision based on the
information provided by the worker agents (Figure 8). The
shortest path agent provides the alternate path through
neighbor of the current node. Thus the number of alternate
paths equals the number of immediate neighbors of the current
node. The congestion agent provides the congestion data in
terms of the number of jobs travelling on the edge between the
current node and each of the neighboring nodes and the
number of jobs travelling on the edge between the immediate
neighbors of the current node and the neighbors of the
immediate neighbors. The deadlock agent provides the
boolean values indicating whether the immediate neighbors of
the current node are safe. The hops agent delivers the number
of hops or intermediate nodes between the current node and
the destination node on each of the alternate paths through the
neighbors. The capacity handling agent provides the total
capacity of each of the immediate neighbors and the capacity
spent at each of those immediate neighbors. Based on the
above data and information, the master agent takes decision
using a multi-criteria decision analysis technique known as
PROMETHEE by selecting best neigbor to which the job may
be routed next.

'- Input & network with fuszsy edge values )
Input source and destination nodes 3 and d respectively
Find naighber N of
For sneh naighborne N

Find shortast path p from n to d

bWNM

Stare pin PATH
End For
5. Foresch neighborna N
Find path p « PATH FROM N
Flnd number of jolbs an sdge (s, »)
Find numbeor of jJobs on edga (n, I}, i: neighborofnonp
Cheaek whethar thare is any deadieosk sysle winth
Caleulate number of hops fram non p
End Far
& Apply PROMETHEE to find the bec naighbar n

Fig. 8. Algorithm for Master Agent

IV. RESULTS AND DISCUSSION

The multi-agent and multi-criteria approach as proposed in
this research study has been applied on a network example
(Figure 9) with edge lengths represented by triangular fuzzy
numbers. The experimentation has been performed in C# of
Visual Studio .Net 2008 in a dual core PC with 2 GB memory.
The worker agents have been implemented by using threads
which run in parallel through thread synchronization. The
relevant details are shown in Figure 10.
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Next, a total of 4 decision makers is assumed and they all
assign their own preference to the sever criteria. The seven
criteria are — 1) Path length; 2) Number of jobs travelling on
the edge from current node (node 3) to immediate neighbors
(nodes 4, 5). The respective edges in this example are: 3-4, and
3-5; 3) Number of jobs travelling on the edge between the
immediate neighbors (nodes 4, 5) and their neighbors on their
respective shortest paths; 4) deadlock status of each of the
neighbors; 5) Number of intermediate nodes or hops; 6) the
total capacity at each of the immediate neighbors; 7) the
capacity spent at each of the immediate neighbors.

Fig. 9. Network Diagram
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Fig. 10. Relevant Data on Network

Figure 11 shows the preferences as provided by the 4 decision
makers (DM), the fuzzy weights as calculated for the above
seven criteria. For calculating the fuzzy weights, first the
preferences for each DM are converted to probability values.
Thus there will be 4 probability values from each DM under
each criterion. Then the minimum, intermediate and maximum
values are found out from each of the 4-valued set for each
criterion. These three calculated numbers form the fuzzy
number for each criterion and then the fuzzified value of the
criterion is calculated following expression (3).

-~

Preference for 7 Criteria from 4 Decision Makers N
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Fig. 11. Preference Function Values and Weights
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Fig. 12. Data Values from Agents
Alternatives & ¢ ¢
Al -0.4523808 | 0.4523808 | -0.9047616
A2 0.4523808 | -0.4523808 | 0.9047616

Fig. 13. Outranking Flows

Next, the values as obtained from the seven agents are shown
in Figure 12. The preference index and the outranking flows
are calculated following expressions (5), (6), (7) and (8). The
value of @ is calculated by expression (9) (Figure 13). Since
higher the value of ®, higher is the preference of the
alternative, thus the ranked alternatives in the descending
order are: A2 > Al, A2 being the highest ranked alternative
and thus the next best neighbor is 5.

z(a,b) = iwj P;(a,b) ®)

7z(b,a) = iwj P, (b, a) (6)
1

(@) =—— 7

#@=0 —1);(”(&’ )
1

(@) = ——— 8

¢ (a) (n—l)gﬂ(x’ a) ©))

(@) =¢"(a)—¢ (a) )

Where, W is the weight of the j" criterion, P;(a,b) is the
preference function value for preference of a alternative a over
alternative b, 7(a,b) is the preference index, ¢* () is the

positive outranking flow, for alternative a, ¢ (@) is the
negative outranking flow for alternative a.

V. CONCLUSION

This paper proposes a routing strategy for manufacturing
networks where, instead of establishing a point-to-point
connection between source and destination nodes, a job or
message is routed to the next optimal neighboring node. A
hierarchical multi-criteria multi-agent based system s
considered with a master agent and several worker agents for
the proposed routing strategy. The number of worker agents is
same as the number of criteria considered for decision making
of the master agent. In this paper, a total of seven criteria have
been considered to determine the next optimum node to route a
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particular job. These criteria are — 1) shortest path length
between the each of the immediate neighbors and the final
destination; 2) the number of jobs on route between the current
node and each of the immediate neighbors; 3) the number of
jobs between each of the immediate neighbors and the
neighbors of the immediate neighbors; 4) the deadlock status
involving the current node; 5) the number of intermediate
nodes (hops); 6) the total capacity to station vehicles at each of
the immediate neighbors; 7) the capacity spent at each of the
immediate neighbors. The consideration for capacity is
required for proper management of traffic at the junctions,
especially during peak hours of a day. The master agent takes
all these inputs from the worker agents and selects the best
immediate neighbor using a multi-criteria outranking method
known as PROMETHEE. The entire idea is based on the
mating behavior of a species of spider known as Tarantula. The
female Tarantula sometimes eats the male Tarantula just after
mating to satisfy the intermediate need for food or for any
genetic reason. Specific example has been considered to
implement the proposed strategy.

As the future scope of this paper, the strategy can be
applied to various fields of study for any problem which can be
represented by a network. Thus primarily, this strategy may be
applied to manufacturing scheduling and routing problems,
supply chain networks, traffic networks, medical diagnosis and
many more real-life problems. The number and type of criteria
will vary accordingly.
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