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a b s t r a c t

Mobile ad hoc networks (MANETs) can be useful for providing network coverage in harsh and
adversarial environments in many commercial and military applications where nodes may
become randomly or systematically disabled. For these networks to be reliable and scalable,
robust topology control algorithms must be developed to guide the deployment and geomet-
ric configuration of mobile nodes without a priori knowledge of the terrain. This article stud-
ies a disruption tolerant topology control mechanism based on differential evolution, called
TCM-Y, that directs the movements of autonomous vehicles to efficiently and dynamically
deploy themselves into a uniformly dispersed configuration. TCM-Y uses a Yao graph inspired
fitness function to maintain a minimum desired number of connections for a node with its
neighbors while uniformly dispersing autonomous vehicles over an unknown terrain.

We present a formal analysis of TCM-Y to show that it provides a disruption tolerant node
spreading mechanism since any node will have at least k neighbors at all times. The perfor-
mance of our TCM-Y was tested in hostile environments where nodes systematically or ran-
domly experience hostility and become disabled. The results from simulation experiments
show that mobile nodes running TCM-Y perform well in the face of neighbor losses with respect
to NAC, ADT, and average connectivity, while limiting the number of network partitions that
may occur as a result of node failures. The effectiveness of TCM-Y was evaluated by comparing
it with a popular non-deterministic node spreading mechanism that has similar objectives as
TCM-Y. The assessment shows that TCM-Y performs significantly better with respect to average
connectivity, pre-defined minimum number of neighbor connections, and average distance
traveled at the expense of lower normalized area coverage. We also developed a testbed to
perform real-time experiments with our TCM-Y implemented in laptops to guide the move-
ments of human operators towards a uniform distribution of mobile nodes. Real-time exper-
iments performed on the testbed verified the results from our simulation experiments.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

In many military and commercial applications autono-
mous vehicles may experience systematic or random dis-
ruptions due to natural disasters, hostile activities, or
other events that incapacitate network infrastructure.
Mobile ad hoc networks (MANETs) can be deployed for these
types of mission critical and time sensitive activities such
that mobile nodes can deploy themselves in unknown
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territories, adjust their locations when the terrain changes,
and provide disruption tolerant connectivity. Autonomous
topology control algorithms give unmanned vehicles the
ability to decide their own movements and perform net-
work tasks without a centralized controller. In addition,
these dynamic and decentralized methods for topology
control must be highly scalable and tolerant to autono-
mous vehicle failures (see Table 1).

In this article, we provide a differential evolution (DE)
based disruption tolerant vehicular self-organization for
MANETs, where each autonomous vehicle determines its
movements based on the information within its local sens-
ing area to create a MANET that is scalable and tolerant to
node failures. With this vehicular self-organization mecha-
nism, called TCM-Y, each autonomous vehicle uses DE [1]
with a Yao graph [2] inspired fitness function to adjust
its position while maintaining connectivity with a pre-
defined number of neighbors at all times.

1.1. Our existing research

In our earlier work, we presented preliminary results
for our DE-based topology control mechanism (called TCM-

DE) to uniformly disperse autonomous mobile nodes over

an unknown deployment area [3]. Uniformity metrics for
the performance evaluation of TCM-DE are presented in [4].
We introduced TCM-Y in [5] and experimentally demon-
strated that, for the disruption-free case, it maintains con-
nectivity with a pre-defined number of neighbors while
spreading autonomous vehicles. In [6], we present an ini-
tial sketch of formal analysis for TCM-Y to show that it will
maintain a pre-defined minimum number of neighbor con-
nections while dispersing mobile nodes to a targeted net-
work topology. To demonstrate the efficiency of TCM-Y, we
implemented simulation software using MASON [7] libraries.
The preliminary results for TCM-Y performance was com-
pared to a popular mobile node dispersion mechanism
[8]. In [9] we report the initial results for performance eval-
uation of our TCM-Y to uniformly spread autonomous vehi-
cles and maintain connectivity with a pre-defined
number of neighbors in harsh environments where nodes
become incapacitated due to random node failure or
destruction.

1.2. Contribution of this article

This paper builds on the results from our previous work
where TCM-Y and the performance metrics were introduced.
In this paper, we expand the existing research with the fol-
lowing contributions. The formal analysis of TCM-Y is
extended such that there are new theorems and a lemma
proving uniform coverage with different geometric config-
urations of autonomous mobile nodes. We present the
results of over 1000 simulation runs to evaluate the perfor-
mance of TCM-Y for various parameters including the mini-
mum number of neighbors and node loss rates for harsh
environments. This analysis shows that, as the pre-defined
minimum number of neighbor connections k is increased,
TCM-Y improves the average distance traveled (ADT), average
connectivity and avoids network partitioning; however,
these performance gains are achieved at the expense of
the normalized area coverage (NAC) since the mobile nodes
remain tightly bound together for larger k, and hence,
spread themselves less far apart. We performed simulation
runs to compare TCM-Y with a popular non-deterministic
algorithm, called the Artificial Bee Colony (ABC) algorithm
[10] and show that TCM-Y outperforms ABC. We demonstrate
that TCM-Y is disruption tolerant in harsh environments
where nodes systematically or randomly experience hos-
tility and become disabled. TCM-Y exhibits these capabilities
without requiring global information nor synchronization
between autonomous vehicles. We also developed a test-
bed implementation of our TCM-Y to verify the performance
observed in simulation experiments. In this testbed human
operators carry laptops, each of which autonomously runs
TCM-Y to direct operator movements by voice commands.
The results of the real-time experiments show that TCM-Y

is an effective tool to uniformly spread autonomous mobile
nodes and preserve network connectivity.

1.3. Article organization

Section 2 of this article reviews prior research on topol-
ogy control in MANETs and the use of DE for the deployment
of autonomous vehicles. In Section 3, we present our TCM-Y.

Table 1
Definitions of variables.

Variable Definition

Rcom Communication radius
Rmov Longest distance in a single step within Rcom

Ni Autonomous vehicle

N t
i

Chromosome for node Ni ’s current location

Xtþ1
i;0

Set of randomly selected speeds and directions

s Number of generations
Xi;s ith Generation at population s
xa;s A potential solution
va;s A mutant solution
F Scale factor in the range of 0;2½ �
ua;sþ1 A trial solution
b Each of D dimensions contained in the chromosome
w bð Þ Uniformly distributed random number in the range of

0;1½ �
CR Crossover threshold in the range of 0;1½ �
/ Randomly chosen index of the mutant solution
smax Final generation
xbest Fittest movement decision found after smax generations
q Number of Yao partitions within communication radius
Yf Number of Yao partitions occupied by autonomous

vehicles
dmin;p Distance to the closest autonomous vehicle within

partition p
Yd Set of mobile nodes that are closest in each Yao partition
k Amount of fault tolerance for vehicles running TCM-Y

Fmax Penalty fitness
dcrit Distance between a candidate location and the critical

neighbor(s)
uj;jþ1 Angle of separation between two adjacent neighbors

j; jþ 1
NAC Normalized area coverage
ADT Average distance traveled
f Yd;k

Fitness for node Yd;k

dðN0
i ;N

t
i Þ Total distance traveled by node Ni up to time t

jIj Set of all nodes in the deployment space
davg Average connectivity
U Number of network partitions
LR Loss rate
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