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We propose a simple obstacle model to be used while simulating wireless sensor networks. To the
best of our knowledge, this is the first time such an integrated and systematic obstacle model for
these networks has been proposed. We define several types of obstacles that can be found inside
the deployment area of a wireless sensor network and provide a categorization of these obstacles
based on their nature (physical and communication obstacles, i.e. obstacles that are formed out of
node distribution patterns or have physical presence, respectively), their shape and their change of
nature over time. We make an extension to a custom-made sensor network simulator (simDust) and
conduct a number of simulations in order to study the effect of obstacles on the performance of some
representative (in terms of their logic) data propagation protocols for wireless sensor networks. Our
findings confirm that obstacle presence has a significant impact on protocol performance, and also
that different obstacle shapes and sizes may affect each protocol in different ways. This provides an
insight into how a routing protocol will perform in the presence of obstacles and highlights possible
protocol shortcomings. Moreover, our results show that the effect of obstacles is not directly related
to the density of a sensor network, and cannot be emulated only by changing the network density.

Keywords: Applications in computer networks, sensor networks, modeling and simulation environ-
ments, parallel and distributed computing, performance evaluation, obstacle avoidance, routing

1. Introduction

Wireless sensor networks are large collections of small,
low-power, low-cost sensor devices that collect and re-
port detailed information about their surrounding physi-
cal environment. Large numbers of such devices can be
deployed in areas of interest (such as inaccessible ter-
rains, disaster-struck areas, or embedded in our every-
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day environment) and form a sensor network using self-
organization and collaborative methods. Each one of these
devices carries a number of sensors and a transceiver, en-
abling it to sense its environment and communicate with
other network nodes, respectively.

Because of their nature, i.e. the inherent restrictions in
energy, cost and processing power, wireless sensor net-
works nodes are more prone to hardware failures and ad-
versarial effects than nodes participating in other wireless
networks, and should also consume considerably less en-
ergy in order to operate for very long periods of time. Fur-
thermore, these networks are expected to be deployed in
‘difficult’ or even hostile environments. Fault tolerance,

Volume 83, Number 8 SIMULATION 587

 © 2007 Simulation Councils Inc.. All rights reserved. Not for commercial use or unauthorized distribution.
 by guest on August 2, 2008 http://sim.sagepub.comDownloaded from 

http://sim.sagepub.com


Chatzigiannakis, Mylonas, and Nikoletseas

low energy consumption and obstacle presence should
therefore be taken into consideration. All of the above
characteristics and restrictions make the design of proto-
cols for wireless sensor networks a real challenge.

The flexibility, fault tolerance, high sensing fidelity,
low cost and rapid deployment features of wireless sen-
sor networks helped to create many new and exciting ap-
plication areas for remote sensing. This wide range of ap-
plications is based on the use of various types of sensors
(i.e. thermal, acoustic, magnetic, etc.), in order to moni-
tor a wide variety of conditions (e.g. temperature, object
tracking, humidity) and report them to one or more con-
trol centers (fixed or mobile). This control center could be
some human authorities responsible for taking action upon
the realization of some crucial event or a server forward-
ing readings from the sensor network to the Internet for
further use. Sensor networks can therefore be used in im-
portant areas such as (1) environmental applications, such
as fire detection, flood detection and precision agriculture�
(2) health applications, such as telemonitoring of human
physiological data� and (3) home applications, e.g. smart
environments.

The initial vision of sensor networks has been extended
to include additional characteristics, such as heteroge-
neous sensor networks, i.e. networks consisting of nodes
that have different resources (processing power, energy
supplies, etc.), or networks with actor nodes, i.e. nodes
that carry actuators apart from sensors. For a basic survey
of wireless sensor networks, see Akyildiz et al. [1].

1.1 The Problem – Motivation

As mentioned above, a wireless sensor network consists
of a large number of nodes that are usually scattered in
an area of interest and form a sensor network, as shown
in Figure 1. Each of these scattered nodes has the ability
to locally collect and route data to one or more control
centers. Data is propagated to the control center using a
multi-hop data dissemination protocol running on every
sensor network node.

Assume the realization of a series of K crucial events
Ei , with each event being sensed by a single node pi
�i � 1� 2� � � � � K �. We then define the multiple event prop-
agation problem as: how can each node pi , via coopera-
tion with the rest, propagate the information info�i� re-
garding event Ei to the control center of the network in an
efficient and fault-tolerant way.

Due to the nature of wireless sensor networks, i.e. the
very large number of nodes, real network deployments are
expensive and difficult to maintain, and this is one of the
reasons few real large sensor network deployments cur-
rently exist. Although such deployments are crucial for
accurately testing the actual performance of the proposed
network protocols, wireless sensor network simulations
provide many advantages over real world deployments,
e.g. the ability to easily test a great variety of parame-
ters in protocols and deployment settings. Simulation also

Figure 1. Sensor nodes forming a wireless sensor network

provides researchers with a number of other significant
benefits, including repeatable scenarios, isolation of para-
meters and exploration of a variety of metrics. It is gen-
erally not feasible or too strenuous to run such extensive
tests in this manner over a real wireless network. Further-
more, simulation represents a very useful complement to
rigorous analysis of algorithms in the context of compu-
tational complexity. In order to obtain asymptotic results
and investigate network scalability, such analysis is per-
formed on simplified models that do not capture important
aspects, such as detailed technical specifications and net-
work conditions. Because of the importance of simulation
in wireless sensor networks, a need has arisen for the use
of more realistic network models.

A large part of the simulations included in research
dealing with wireless sensor networks make many simpli-
fying assumptions in order to conduct experiments with
many nodes over a reasonable time� however, the sim-
plifications lower the overall simulation complexity. Even
though there has been a vast amount of research in simu-
lating wireless sensor networks, a common simplification
made by the majority of the network models is that of un-
obstructed areas, i.e. areas without any obstacles present
in the network deployment area. Mainly implicit model-
ing assumptions on obstacles (i.e. on the node density)
have appeared and such assumptions are certainly unable
to model real obstacles realistically. It is our belief that
the inclusion of obstacles has a great impact on both the
design of protocols for wireless sensor networks, as well
as on the simulation and evaluation of the performance of
these protocols. In order to be more realistic, since wire-
less sensor networks are expected to be deployed in hos-
tile environments and/or outdoor areas with harsh envi-
ronmental conditions, obstacles should be taken explicitly
into consideration while designing a protocol for such net-
works and also while evaluating its performance via sim-
ulation. In addition to physical obstacles, virtual obstacles
such as the local absence of functioning nodes can emerge
during the network’s operation (e.g. when the energy of
sensor nodes in an area runs out).
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The need for an obstacle model specifically for sensor
networks arises from the special characteristics of these
networks. Because of the inherent locality and simplic-
ity of the protocols of sensor networks, the constrained
resources in the network and the lack of global network
knowledge, the presence of obstacles is expected to affect
protocol performance (and even correctness) in a number
of ways and should be taken into account. In this sense,
a model adequate for simulating ad hoc networks may be
unsuitable for wireless sensor networks, or may need ad-
ditional features to produce good results.

The use of obstacles in simulations should, in many
cases, have a large impact and could reveal inherent pro-
tocol design weaknesses (especially in the case of greedy
geographic routing algorithms) that may be difficult to
discover otherwise. Routing protocols that use geoloca-
tion information to make forwarding decisions comprise
a large part of the proposed routing algorithms for sen-
sor networks. This is due to the fact that usually such in-
formation is assumed to be available in sensor network
nodes, since much of the information extracted from these
networks is location-specific. Another attractive feature
of these protocols is that they require only a small ‘ta-
ble’ of information regarding their neighbors, as opposed
to larger routing tables. As an example, consider a sen-
sor network with one control center and a large wall in-
side the deployment area cutting off communication from
most sensor nodes to the control center. A purely greedy
forwarding scheme (i.e. one which forwards data only if
a neighbor nearer to the control center exists) used inside
such a deployment field will have little chance of over-
coming this obstacle. Also, purely geographic routing al-
gorithms could be trapped into dead ends formed by ob-
stacles, as will be explained in the following section.

In this work, we will emphasize the usefulness of in-
cluding obstacles in sensor network simulations and pro-
pose a realistic simulation model in order to produce cred-
ible results. Our obstacle model, apart from providing in-
sight to the effects of obstacle inclusion in routing pro-
tocol performance, is basically useful in detecting weak-
nesses in routing protocol design and discovering situa-
tions where routing protocols may fail.

2. Related Work and Our Contribution

2.1 Models for Obstacles inside Wireless Sensor
Networks

Although obstacle avoidance is a well-studied subject in
distributed computing in general, there has not been much
attention given to the modeling of obstacles in wireless
sensor networks. The study of various data propagation
protocols and their behaviour against obstacles in the net-
work deployment area has also been neglected. We pro-
vide a summary of some obstacle-related models.

2.1.1 Obstacles Modeled as Polygonal Objects

There is some related work concerning the placement of
obstacles inside the network deployment area in mobile ad
hoc networks. An obstacle mobility model for mobile ad
hoc networks has been proposed and evaluated [2,3], ver-
sus the random way-point and other more commonly-used
mobility models for ad hoc networks. This model uses
polygonal obstacles that may be present inside the net-
work deployment area, influencing the way mobile nodes
move and also wireless transmissions between nodes. The
obstacles model buildings and other structures that pro-
vide barriers to the movement of mobile nodes, thus being
more realistic than other models. Obstacles also have an
effect on the communication between nodes, the extent of
which depends on the wireless channel model used in the
simulations (from simple line-of-sight blocking to more
complex signal propagation models).

This approach is practical, but a little too general, since
it does not provide specific obstacle templates to be used
in simulations. Also, it is better suited for ad hoc net-
works and not wireless sensor networks as it does not
cater for the regions of very few or no sensors within the
deployment area, forming a virtual obstacle. This case is
quite common in sensor networks for a number of rea-
sons: nodes use up their energy sources or are destroyed
by external factors. Finally, in this model there is no refer-
ence to obstacles that have a limited lifetime or make their
appearance after the network has begun functioning. All
obstacles are therefore considered static and determinis-
tic in nature. Jardosh et al. [2] used a projection of some
buildings in the campus of University of California, Santa
Barbara, as an example of an obstacle map.

2.1.2 Randomly Covering the Network Area with
Obstacle Squares

Another approach to modeling obstacles in the environ-
ment is to divide the deployment area into equal-sized
square cells. Each cell is either occupied by an obstacle
(obstacles are static and do not move) or not. The obstacle
density is known in advance and obstacles are placed in
a random fashion by assigning an independent probability
to each cell of whether or not it will be occupied by an
obstacle. Alternatively, this probability is relative in some
way, leading to clusters of cells occupied by obstacles in
order to produce bigger obstacles.

This approach is useful and easy to implement while
simulating wireless sensor networks, but in general is not
as realistic as the other models presented in this section.
Moreover, the shape and size of the obstacles may also
have an effect on the network, and in this specific model
such features are neglected. Also, while this is a proba-
bilistic model for creating obstacles, all obstacles are cre-
ated before the network starts functioning.
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2.1.3 Obstacles Modeled as Routing Holes

An interesting approach is described by Fang et al. [4]
where all obstacles are modeled as routing holes, i.e. re-
gions without enough sensors to propagate the informa-
tion closer to its destination. Generally, routing holes are
defined as simple regions enclosed by a (possibly con-
cave) polygonal cycle which contains all the nodes where
information can be stuck, ceasing subsequent forwarding.

This definition of obstacles as routing holes is very
general and can have many interpretations. Apart from the
case of communication voids (areas with no or very few
sensor nodes), the meaning of routing holes can be defined
by specific application needs, or indicate geographical
characteristics of the sensor deployment area. For exam-
ple, in a forest fire detection application, the sensors in-
side the fire region will be destroyed and leave a routing
hole in the network. Identifying the area that is covered
by the routing hole is equivalent to detecting the area al-
ready covered by the fire. Massive drop-off of sensors on
irregular terrain leaves holes that correspond to mountains
or shadows. Holes can also be used to detect regions with
low sensor density due to the depletion of the energy sup-
plies of the nodes. Holes can therefore be thought of as
areas where adding new nodes will significantly improve
the overall connectivity of the network.

Although this approach gives an insight to the sig-
nificance of obstacles in wireless sensor networks, and
also what could be modeled as an obstacle, it is a bit
general and gives no reference obstacles to use in simula-
tions. This is critical, since in simulations there is always
the need to repeat experiments and compare a number of
methods against each other. It is, however, useful as a the-
oretical analysis tool.

2.1.4 Obstacles Modeled as Straight Walls

Another method of incorporating obstacles in wireless
sensor network simulations is that of Rao et al. [5]. Ob-
stacles are modeled as straight walls that are parallel to
the x or y axis with varying length and number (this no-
tion of obstacles modeled as walls is also used by Fon-
seca et al. [6]). In addition to walls, the case of voids, i.e.
areas of regular shape which contain no nodes, are also
explored [5]. However, all obstacles are placed before the
network starts to function, and so communication voids
that appear during the operation of the network cannot be
set explicitly.

A similar approach is followed by Kim et al. [7], where
obstacles (walls) are of fixed length, the center of each
wall is positioned randomly in the network field and it is
equally possible for each obstacle to be parallel to the x or
y axis. Shah et al. [8] considered one wall in the middle
of the network. Its length was varied as 0�5, 1 and 2 times
the radio range of the nodes.

This approach to modeling obstacles is useful, espe-
cially in the case of only one control center in the sensor

network and geographic routing as in this case walls ef-
fectively block greedy forwarding schemes. It is however
simplistic, and does not take into account parameters such
as the obstacle size and shape. This is important, as rout-
ing protocols may perform differently in scenarios with
different types of obstacles, as explained in the following
model.

2.2 Solutions to the Obstacle Avoidance Problem in
Wireless Sensor Networks – Simulation Studies

In order to simulate the effect of obstacles on the commu-
nication between nodes inside the deployment area, the
GloMoSim and ns-2 network simulators [2] models were
extended. These provide a mechanism for the placement
of obstacles within the simulation terrain, allowing the
user to define the position, shape and size of obstacles.
A calculation of the signal-blocking regions in which the
wireless signal is blocked due to the obstacles present in
the deployment area was utilized, and in [3] the authors
used a signal propagation model that simulates the fading
of a radio signal as it propagates through obstacles that lie
between a pair of nodes. A series of experiments was con-
ducted using again the GloMoSim and ns-2 network sim-
ulators, and their results in both works indicate that the
inclusion of obstacles in their network model has a sig-
nificant effect on the performance of the ad hoc protocols
they chose to study. This is partly due to the fact that their
mobility model also considers obstacles, whereas other
commonly-used mobility models do not.

Generally, the proposed solutions for providing ob-
stacle avoidance in wireless sensor networks have some
phase for locating the obstacles inside the sensor network
deployment area, and use this information to build a net-
work topology improving network connectivity. A large
part of such algorithms uses face routing on a planar sub-
graph, such as the algorithm in Bose et al. [9]. Depending
on the approach, this can occur as a setup phase before the
network starts operating, or during its operation.

The solution BoundHole has been presented [4] to
identify routing holes using a greedy algorithm. When en-
countering a situation where information cannot be prop-
agated further using a greedy logic, the main aim is to
find a directed closed cycle that encloses the routing hole.
This cycle starts from the node where the forwarding stuck
and, following a local rule at each node, goes back to the
same node, identifying the obstacle. Assuming geoloca-
tion abilities, this algorithm is local and simple, and each
node only stores information about its one-hop neighbors.

If after identifying the routing holes inside the network
and the information under propagation becomes stuck at a
node while using greedy forwarding, the routing scheme
changes and the boundary of the hole is chosen as the
propagation path. When a node that is closer to the desti-
nation than the original stuck node is encountered, greedy
forwarding is chosen as the forwarding scheme again.
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Another solution, without assuming geolocation abili-
ties (no GPS), is virtual coordinates [5]. The authors intro-
duce a protocol for assigning virtual coordinates to nodes,
reflecting network connectivity, in order to use a greedy
forwarding scheme. The algorithm for assigning these co-
ordinates is iterative. Different geolocation abilities as-
sumptions lead to different protocol complexity results
(more nodes with GPS abilities implies less iterations to
reach the best solution to the problem and message broad-
casts). A simplified version of this algorithm (as the orig-
inal version was deemed too complex) was implemented
in a real environment and tested while placing some small
obstacles in the network field [10].

Trading off the cost of obtaining a limited extra knowl-
edge of the network with the benefit of subsequently op-
timizing routing toward the control center using this extra
knowledge has been proposed [11]. This idea, although
general, can be used in order to locate obstacles early
enough and adjust accordingly. Finally, the obstacle model
presented here has also been used to evaluate the perfor-
mance of a geographic routing protocol under ‘difficult’
network conditions [12].

2.3 Other Related Work

In addition to modeling the obstacles that are present in
the network area, there is also a great deal of related work
in terms of signal attenuation and fading due to the pres-
ence of obstacles [13]. In a wireless network deployment
area with obstacles present, it is obviously possible for
two network nodes to be able to communicate with each
other via multipath signal propagation, even although an
obstacle is blocking the line of sight between them. Mech-
anisms such as reflection, distraction and scattering have
been studied both analytically and experimentally. A num-
ber of models for signal propagation have been proposed
to enable calculation of the strength of the received sig-
nal from a source to a point in the network field. These
models use formulae which include constants dependent
upon a number of parameters, such as the frequency of
the radio signal, the surrounding environment and the size
of the antennas, calculated experimentally. Also, in some
network simulators such as TOSSIM [14], obstacles can
be described indirectly by specifying available links be-
tween pairs of nodes, but no specific model is provided
to the user. Boukerche et al. [15,16] present the design
and implementation of the SwimNet network simulator.
This simulator concerns wireless networks in general, and
proposes a scalable parallel simulation testbed for wire-
less and mobile networks. This is in contrast to the work
presented here, which focuses on sensor networks and es-
pecially on the presence and impact of obstacles.

In general, models are provided for average use cases
(e.g. indoor office spaces) and do not consider the ef-
fect of the various physical obstacles or obstacles that are
formed out of node distribution patterns. Although using

such models may be more realistic for the average case,
it is not easy to trace specific protocol weaknesses due
to obstacles. Also, in the case of simulations, the adapta-
tion of such schemes introduces additional computational
overheads which may lead to prohibitive execution times
for experiments with a very large number of nodes.

2.4 Our Contribution

We propose a systematic and generic obstacle model to
be used in simulations of wireless sensor networks and
provide a categorization of the obstacle types, based on
a variety of criteria. We believe that the inclusion of ob-
stacles in wireless sensor network simulators will lead to
interesting and important findings and that the categoriza-
tion of obstacles is necessary in order to study the effect
of the various types of obstacles on the behavior of data
dissemination protocols for wireless sensor networks. Our
model caters for both physical and communication obsta-
cles and deterministic and probabilistic obstacles (defined
in Section 4). Furthermore, we include obstacles of var-
ious shapes that are expected to appear in more realistic
deployment scenarios. Also, obstacles of various shapes
in our model can be combined to produce more complex
shapes.

The advantages of employing our obstacle model are:

� such a model can be easily implemented and used�

� it covers a number of different obstacle types�

� it can be easily randomized and used to produce ran-
dom network instances in a network simulator�

� probabilistic obstacles may be used to produce more
realistic simulations, and can also be useful in cases
such as delay tolerant networks� and

� it produces more realistic network topologies, in-
stead of assuming homogeneous randomly de-
ployed nodes.

We have implemented our obstacles model in the sim-
Dust network simulator [17–22] in order to incorporate
the proposed obstacle model. In this way, we have created
a simulation environment that integrates a variety of net-
work topologies, protocols and obstacles. We provide ex-
perimental results comparing the performance of several
representative protocols for data propagation in wireless
sensor networks in various settings of obstacles and study
their behavior. Our findings demonstrate the crucial im-
pact of obstacles in protocol performance in general, as
well as the particular effect of certain obstacles to each
protocol.

Our main goal in this paper was to propose and imple-
ment a new model for obstacles and also investigate its
suitability and applicability to the evaluation of the per-
formance of protocols used in wireless sensor networks,
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under the presence of obstacles. We focused on the prob-
lem of data propagation (routing), since it is severely af-
fected by obstacles and also because routing functionality
is fundamental for higher level services and applications.
Because of this fact, we believe that our findings also pro-
vide significant insight to the impact of obstacles on other
problems� we plan to use our model to explicitly investi-
gate this impact.

Regarding routing, we chose to evaluate a few pro-
tocols that evolve in different, characteristic ways (i.e. a
greedy, single-path protocol and its adaptive extension, as
well as an optimized redundant protocol that uses multiple
paths). Our purpose was to investigate whether our frame-
work is able to demonstrate the different impact of various
obstacles to each protocol. Other routing protocols from
the state-of-the-art could have served this purpose equally
well. Again, we plan to investigate the behavior of other
protocols in our future work.

This paper is an extended version of the work included
in Chatzigiannakis et al. [23]. We have extended the moti-
vation section in the introduction, describing the necessity
of using obstacles particularly in sensor network simula-
tions, especially in the case of greedy geographic rout-
ing algorithms. The related work section has been rewrit-
ten, and now includes a detailed presentation of all obsta-
cle models (to our knowledge) previously used in simula-
tions of wireless sensor networks. Each model is presented
and analyzed, along with its advantages and its shortcom-
ings. Finally, the section describing simulation results fea-
tures additional figures, which describe experimental re-
sults concerning multiple circular obstacles, and greater
discussion on the interpretation of these results.

3. A Model for Sensor Networks

Based on the technological specifications of existing wire-
less sensor systems, each node is a fully-autonomous com-
puting and communication device with constrained re-
sources, equipped with a set of monitors (e.g. sensors for
temperature, humidity, etc.) and characterized mainly by
its available power supply (battery) and the energy cost
of computation and transmission of data. The communi-
cation equipment broadcasts messages to nearby devices
within transmission range �, and can also use a directed
transmission of angle � around a certain line, possibly us-
ing some special kind of antenna (Figure 2). The transmis-
sion range � can vary (i.e. the transmission power can be
set at appropriate levels), while the transmission angle is
fixed and cannot change throughout the operation of the
network since this would require a modification or move-
ment of the antenna used. Note that the protocols consid-
ered in this work (see Section 5) can operate even under
the broadcast communication mode i.e. � � 2� .

We consider a simple sensor network for the remote
surveillance of a region or for data collection in an ambi-
ent intelligence setting. In practice, such a network may

Figure 2. A directed transmission of angle �

consist of several hundreds or thousands of sensor devices
deployed within that region. Let n be the total number
of sensor devices that are present in an area of size �.
In some cases, the devices may be deployed in a regu-
lar fashion (e.g. a 2-dimensional lattice, or a linear array)
within that region. More generally, however, communica-
tion and networking protocols cannot assume structured
sensor fields. In our remote surveillance network we as-
sume that the sensor devices do not move and that they
are not able to change their physical position.

A particular user of this remote surveillance system,
which we refer to as the control center � and which is not
resource-constrained as in the other nodes of the network,
may contact the sensor devices (e.g. via a long-range ra-
dio link) in order to acquire information regarding the en-
vironmental conditions. In this manner, the user injects
sensing tasks in the network, i.e. by broadcasting mes-
sages with a task description� the system can support a
variety of task types [24]. Those sensor devices match the
task description report to the control center using multi-
hop wireless communication and routing mechanisms de-
scribed in Section 5. In this work, we assume a single,
static (not mobile) control center.

In this paper we focus on some of the physical char-
acteristics of the deployment area and their effect on the
performance of the data propagation mechanism used.
Our approach addresses some fundamental issues that are
present in sensor networks and is presented in detail in the
following section.

4. A Model for Obstacles

4.1 Physical and Communication Obstacles

Initially, we define two classes of obstacles: physical ob-
stacles and communication obstacles.
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Defenition 1 (Physical Obstacle �phy) A physical ob-
stacle corresponds to an obstacle that prevents the phys-
ical presence of sensor devices – a device that is posi-
tioned over the obstacle is automatically ‘destroyed’. In
this sense, the network area that is occupied by the obsta-
cle is virtually empty of sensor devices.

Defenition 2 (Communication Obstacle�com) A com-
munication obstacle corresponds to an obstacle that
causes disruption to the wireless communication medium.
In particular, we assume that if the line of sight between
two devices crosses the obstacle, then communication is
blocked. Even although some sensor devices may be de-
ployed on top, or even inside the obstacle, no communica-
tion with other devices can take place.

Essentially, the class of physical obstacles relates to sit-
uations where there is a lack of sensor devices in specific
parts of the area of deployment, i.e. the local network den-
sity is zero. Those devices that are on the boundaries of
the physical obstacle are still able to communicate as long
as they can overcome it by possibly increasing the trans-
mission power. On the other hand, for the class of com-
munication obstacles, although some sensor devices can
be located inside (or on top of) the area affected, no com-
munication with the rest of the network is possible. Of
course, an obstacle can fall within both classes, blocking
any physical presence of devices and communication ac-
tivity.

4.2 Obstacle Shape

We present now a collection of geometric elements that
can be used to describe the shape of an obstacle. These
basic elements can be used to represent simple real ob-
jects, or can be combined to produce more complex ob-
jects (Figure 3).

Rectangular (Orthogonal) Obstacles: this type of obstacle
roughly corresponds to buildings and large vehicles. Ob-
stacles of this shape are not meant to be too big compared
to the overall network plane dimensions. Obstacles of this
type can be found mostly in urban environments.

Defenition 3 (Rectangular Obstacle �rect�p� l� ��) A
rectangular-shaped obstacle is positioned on point p of
the deployment area with dimensions l � � (where l is
length and � is width). The position of the obstacle is
defined in terms of its upper left corner.

Circular Obstacles: this type of obstacle roughly corre-
sponds to craters, large rocks, lakes, ponds and (large) tree
logs. Objects of this type can be found in outdoor environ-
ments, countryside and battlefields, etc.

Defenition 4 (Circular Obstacle �circ�p� r�) A
circular-shaped obstacle is centered on point p of the
deployment area with radius r .

Crescent (Boomerang) Obstacles: this type of obstacle
roughly corresponds to a lake with a shape that resem-
bles that of a crescent or a boomerang. Such an obstacle
is defined by a circle and an ellipse, as shown in Figure 4.
Although obstacles of this exact shape may be hard to en-
counter in real environments, they represent a challenge
for routing protocols. This is due to the fact that such an
obstacle formulates a ‘loose’ dead-end, in the sense that
data propagation tends to be trapped in the concave part
of the crescent.

Defenition 5 (Crescent Obstacle �cres�p� r� s�) A
crescent-shaped obstacle is centered on point p of the de-
ployment area with radius r of the circle in which the ob-
stacle is inscribed and width s of the enclosing ellipse.

Ring Obstacles: this type of obstacle can represent areas
of the network that are somewhat isolated from the rest
of the nodes, i.e. the nodes on the inside of the ring are
separated from the rest of the network by the outer part of
the ring obstacle.

Defenition 6 (Ring Obstacle �ring�p� r�m�) A ring-
shaped obstacle is centered on point p of the deployment
area with radius r of the outer circle and radius m of the
inner circle, as depicted in Figure 5.

Stripe Obstacles: this type of obstacle roughly corre-
sponds to e.g. a river (communication obstacle) crossing
the network deployment area or a long wall (physical ob-
stacle) situated in the network deployment area. The main
difference from the rectangle obstacles is their size, i.e.
they are much bigger than rectangle obstacles should be,
and the way these obstacles are defined by the user.

Defenition 7 (Stripe Obstacle�strp�p� �� a�) A stripe-
shaped obstacle is positioned on point p of the deploy-
ment area with width � and angle a with respect to the
horizontal boundary of the area. The position of the ob-
stacle is defined in terms of its upper left corner.

4.3 Stochastic Presence of Obstacles

The third criterion in our obstacle model is whether ran-
domness characterizes the presence of obstacles.

Deterministic Obstacles: this category consists of all the
obstacles that are present throughout the duration of an
experiment (i.e. from the beginning to the end) and do
not change in any manner. They are defined by the user
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Figure 3. Combination of obstacle shapes in order to represent complex obstacles

before the beginning of the experiment. Deterministic ob-
stacles can belong to any type and shape of obstacles, as
described previously.

Probabilistic Obstacles: this category, on the contrary,
consists of obstacles that are not present throughout the
duration of a simulation experiment, but appear in a ran-
dom fashion for a period of time and even disappear. For

example, consider a train passing through the network de-
ployment area, or a even a road inside the deployment area
that is crossed by cars. These obstacles have a temporary
effect on the nodes situated in the area. Those nodes cease
to function throughout the life span of the probabilistic
obstacle by which they are capped. Furthermore, stochas-
tic obstacles may capture areas whose density drops sig-
nificantly over time (due to physical faults, permanent or
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Figure 4. A crescent-like obstacle

temporary, as well as software decisions, i.e. power-saving
schemes that put sensors to sleep). Probabilistic obstacles
can also belong to any type and shape.

In order to define a probabilistic obstacle, a simple
definition procedure is as follows. The user first defines
the type and shape of the obstacle, and then assigns to it a
start time and a duration. The duration can be defined to
be until the end of the simulation.

5. Protocols for Data Propagation

In this paper, we focus on distributed algorithms for the
network layer. We present below three representative (in
terms of their logic) protocols which aim to avoid flooding
the network, achieve good performance (with respect to
time and energy) and are robust. All three protocols use to
some extent geographic information to make greedy for-
warding decisions.

5.1 The PFR Protocol

The Probabilistic Forwarding protocol (PFR) [19] is in-
spired by the probabilistic multi-path design choice for
Directed Diffusion [25]. The basic idea of PFR is to min-
imize energy consumption by probabilistically favoring
certain paths of local data transmissions toward the con-
trol center.

The protocol avoids flooding by favoring, in a prob-
abilistic manner, data propagation along sensor nodes
which lie ‘close’ to the optimal transmission line E S that
connects the node detecting the event E and the control
center �. This is implemented by locally calculating the
angle � � ��E P S�, whose corner point P is the sensor
node currently running the local protocol, having received
a transmission from a nearby node, previously possessing
the event information. If � is equal to or greater than a pre-
determined threshold (�threshold), then p will transmit and
thus propagate the event information further. Otherwise,
it decides whether to transmit with a probability equal to

Figure 5. A ring obstacle

�	� . Because of the probabilistic nature of data propa-
gation decisions and in order to prevent the data propaga-
tion process from early failing, we initially use (for a short
time period which we evaluate) a flooding mechanism that
leads to a sufficiently large ‘front’ of sensors possessing
the data under propagation. When such a front is created,
we perform probabilistic forwarding.

Note that transmission along this line is energy opti-
mal. However, it is not always possible to achieve this op-
timality, for a variety of reasons. Essentially, PFR captures
the intuitive, deterministic idea ‘if the distance from E S
is small then send, else do not send’. This idea was en-
hanced by random decisions (above a threshold) to allow
some local flooding to happen with small probability and
cope with local sensor failures.

5.2 The LTP Protocol

In this subsection we give a short description of the Lo-
cal Target protocol (LTP) [21]. The basic idea is to try to
search for all active neighboring nodes and then use the in-
formation retrieved in order to forward i.e. propagate the
data towards the neighbor that is closer to the control cen-
ter. In this protocol, each node p� that has received info(�)
from p via, possibly, other nodes, goes through the fol-
lowing phases.

Phase 1: The Search Phase. It uses a periodic low en-
ergy broadcast of a beacon in order to discover a node
nearer to control center than itself. Among the nodes re-
turned, p� selects a unique node p�� that is ‘best’ with re-
spect to progress toward the control center. That is, the
node p��E which achieves the greatest progress on the p�S
line, among all nodes, should be selected.

Phase 2: The Direct Transmission Phase. p� then sends
info(�) to p�� and sends a success message to p (i.e. to the
node that it originally received the information from).

Phase 3: The Backtrack Phase. If consecutive repeti-
tions of the search phase fail to discover a node nearer
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to control center, then p� sends fail message to the node
that it originally received the information from.

In the above procedure, propagation of info(�) is done
in two steps: (i) node p� locates the next node (p��) and
transmits the information� and (ii) node p� waits until the
next node (p��) succeeds in propagating the message fur-
ther toward the control center. This is done to speed up the
backtrack phase in case p�� does not succeed in discover-
ing a node nearer to control center.

5.3 The VTRP Protocol

The Varying Transmission Range (VTRP) [17] basically
works in a search and forward way similar to LTP, and
also by varying the range of transmissions in order to
achieve better performance. This is compared to fixed
transmission range data propagation in some frequently
occurring situations such as (1) the case of low densities of
sensor nodes� and (2) when VTRP performs better in the
presence of obstacles or faulty/sleeping sensors because of
the possibility to increase transmission range. It also by-
passes certain critical sensors (such as those close to the
control center) that tend to be overused, thus prolonging
the network lifetime.

When a node p� receives some info(�) from node p,
VTRP works in three phases. Phases 1 and 2 are identical
to LTP’s first two phases.

Phase 3: The Transmission Range Variation Phase. If
phase 1 fails to discover a node nearer to control center,
p� enters the transmission range variation phase. More
specifically, each node maintains a local counter 
 with
initial value 
 � 0. Every time the search phase fails, this
counter is increased by 1. Thus 
 is an indication of the
number of failures to locate an active node. Based on 
 ,
the node modifies its transmission range� according to a
change function ��
 �.

We consider here only one of the originally four differ-
ent change functions for varying the transmission range
defined in [17]: that of Multiplicative Progress. In this
case, the transmission range of the node is increased more
drastically. The change function is defined

��
 � � �new � �init ��init � m � 
�
where m is a small constant (m � 3).

This relatively drastic change leads to a bigger proba-
bility of finding an active node� however, it leads to higher
energy consumption.

6. The Simulation Environment

This section provides a description of the components
needed for conducting our simulation experiments, in-
cluding the simulation environment, the metrics used to

evaluate the experimental results and the simulation sce-
narios.

To evaluate the performance of the proposed protocols
we have conducted an extensive simulation analysis. In
this work, we use simDust [17–22], a lightweight network
simulator. simDust is implemented using C++ in Linux,
with the aid of the LEDA library, and provides efficient
data types and visualization capabilities. We chose C++
for its efficiency and LEDA because it provides a large
number of efficient data structures using a unified inter-
face, making their use sufficient for our purposes.

In contrast to other, more detailed, network simulators
such as the Network Simulator, simDust makes an ab-
straction of the physical and MAC layers. We make the
assumption that all packet collisions and other related is-
sues are dealt with in an underlying MAC layer, and do
not take them into account in our simulations. Although
this is fairly simplifying and simDust cannot provide de-
tailed measurements on parameters such as the number
of dropped packets or the precise execution time, this ab-
straction of the lower network levels allows simDust to
reduce the execution time of simulation experiments, en-
abling the study of very large network instances (in the
scale of tens of thousands).

One basic idea in this simulator is that a number of
general classes are provided to the programmer to imple-
ment new routing protocols for wireless sensor networks.
The whole network operates in a synchronized fashion,
specifically in what we refer to as simulation rounds. In
each round, each node of the network can do some in-
ternal processing, send or receive messages or sleep (i.e.
turn off transceivers and CPU). The programmer defines
what each node is supposed to do in the course of these
simulation rounds, i.e. what to do if an event occurs, if
a message is received, etc. Events in the network can be
triggered by the simulator which cause nodes in the area to
produce messages that need to be forwarded to the control
center of the network. In the current implementation of
simDust, each event is detected by only one node. Nodes
are placed in a rectangular-shaped field, with dimensions
defined by the programmer. Nodes are placed using some
random uniform distribution or are placed in a grid.

Regarding connectivity issues inside the network, each
node maintains a list of its neighbors, i.e. the nodes that
are inside a disk with the current node in the center and
with a radius equal to its transmission range. We make the
assumption that if a node is inside, this disk will receive
all messages transmitted from the current node. The trans-
mission range of each node can change independently, and
in this case neighborhoods are recalculated in the next
simulation round.

Apart from the simulation part of simDust, there is also
a visualization part that enables the programmer to have
a visual understanding of the simulated network’s opera-
tion. The programmer, using the class defined for the data
propagation algorithms and extending them to use some
data types provided by LEDA, can produce a visualiza-
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tion of the network’s inner workings. This capability was
implemented to provide easier understanding of each al-
gorithm’s functions and check the validity of our imple-
mentations.

Regarding the energy consumption of the devices, sim-
Dust implements a rather detailed energy cost model that
enables relatively detailed measurements of the energy
dissipation. Generally, each node in the sensor network
can be in one of three different modes at any given time
regarding its energy consumption. These modes are: (1)
transmission of a message� (2) reception of a message� and
(3) sensing of events.

Following Heinzelman et al. [26] for the case of trans-
mitting and receiving a message we assume the following
simple model where the radio dissipates Eelec to run the
transmitter and receiver circuitry, and eamp for the trans-
mitter amplifier to achieve acceptable signal to noise ratio.
We also assume an r2 energy consumption when transmit-
ting a signal with a range of distance r . Thus, to transmit
a k-bit message at distance r in our model, the radio ex-
pends

ET�k� r� � ET-elec�k�� ET-amp�k� r��

ET�k� r� � Eelec � k � eamp � k � r2�

and to receive this message, the radio expends

ER�k� � ER-elec�k��

ER�k� r� � Eelec � k�
where ET-elec, ER-elec represent the energy consumed by
the electronics of the transmitter and the receiver, respec-
tively. Concluding, there are three different kinds of en-
ergy dissipation:

� ET: energy dissipation for transmission�

� ER: energy dissipation for receiving� and

� Eidle: energy dissipation for idle state.

For the idle state, we assume that the energy consumed
for the circuitry is constant for each time unit and equals
Eelec (the time unit is 1 simulation round).

Regarding the blocking of signal transmission between
nodes, recall that we assume that two nodes can commu-
nicate directly (that is, if one node is in the communica-
tion range of the other) only in the case that there exists a
line-of-sight path between them. If no line-of-sight exists
between two random nodes, then they cannot communi-
cate directly. In our model, line-of-sight is blocked only
by physical obstacles.

Regarding the implementation of obstacles in our sim-
ulator, it was partly based on some data types provided by
LEDA, in particular the Circle and Segment data types

which correspond to circle and line segments, respec-
tively. These data types simplify the procedure of allocat-
ing space to each obstacle and positions for the nodes in-
side the network area. They also simplify the procedure of
detecting if an obstacle blocks the line-of-sight between
two random nodes in the network. Obstacles are defined
in text files that serve as input to the simulator. Such a text
file defines the type of the obstacle and its dimensions.
Each file can contain multiple obstacles.

In order to check the availability of line-of-sight be-
tween two random nodes, we can define a line segment
for each two such nodes and check whether this segment
crosses through any obstacle. If so, we decide that there
is no line-of-sight between the two nodes and that they
are not able to communicate with each other directly. This
check is performed for each pair of nodes and for each
obstacle in the network field, in order to determine the
network neighborhood of each node (i.e. the set of nodes
that can be contacted directly by the specific node).

Moreover, we make the assumption that the control
center is located on the middle of the right edge of the
network field. Because of this assumption, the direction
of crescent obstacles in the network field is always the
same.

Regarding the simulation parameters used for each ex-
periment, the programmer defines the total number of
nodes, the data propagation algorithm that will be used,
the total simulation time (in rounds), the total number of
events taking place inside the network, the possibility of
an event happening in a random simulation round and the
parameters regarding the network field and node place-
ment.

Regarding the output of the simulator, all results are
gathered in text files which contain information both for
the whole experiment and in greater detail: specifically,
for each 10 rounds. The statistics that are noted include,
among others, success rates (events that have successfully
reached the control center), the energy available in the
network, the number of alive nodes, the total number of
transmission and receptions and average number of hops
to reach the control center. As defined earlier, in the multi-
ple event propagation problem we have a series of K cru-
cial events Ei �E1� E2� � � � � EK � inside the network de-
ployment area. Let l be the number of events that were
successfully reported to the control center �.

Success Rate: The success rate Ps is defined as the frac-
tion of the number of events successfully propagated to
the control center over the total number of events, i.e.
Ps � l	K .

Total available energy: A straightforward way to com-
pare the performance of different protocols for wireless
sensor networks is to study the available energy over time,
both in each node and overall in the network. Let Ei be
the available energy for node i . We define the total energy
available in the sensor network as Etot � �n

i Ei , where
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Figure 6. Success rate of LTP, PFR and VTRP for various numbers of nodes (n � [500� 3500]), with initial transmission range � � 50 m

n is the number of nodes in the network. Clearly, the less
energy a protocol consumes, the better.

Number and distribution of ‘alive’ nodes: Another met-
ric of the protocols’ efficiency is the total number of alive
nodes in the network and the way they are distributed. By
alive nodes, we refer to nodes which haven’t run out of
energy supplies. As in the previous cases, the greater the
number of alive nodes, the better. Furthermore, the distri-
bution of these nodes is as important as their number, and
particularly the condition of critical sensor nodes, such as
nodes lying close to the control center.

7. Experimental Scenarios and Discussion of
Results

This section provides a description of the setup used in
our simulation experiments, regarding node density and
distribution, event and obstacle generation. We provide a
short description of each set of experiments and then dis-
cuss the results of that specific set of experiments. All ex-
periments were conducted in a network field of dimen-
sions 1000 units, using deterministic obstacles. (Experi-
ments using probabilistic obstacles are planned for the fu-
ture). We make the assumption that the lower left edge of

the field has coordinates �0� 0� and that the control cen-
ter of the sensor network is fixed and its coordinates are
�999� 499�. Finally, the nodes were placed in the network
field using a uniformly random distribution.

7.1 Experiments without Obstacles

Our first set of experiments involves sensor networks of
varying size (number of nodes) in a field with no obsta-
cles. More specifically, we position �500� 3500� nodes in
the network field in steps of 500 nodes, and generate 250
events to be propagated to the control center each time.
Our main purpose for this set of experiments was to de-
termine a network size at which all three protocols per-
form very well, in order to make a fair comparison for all
protocols for the following sets of experiments. Our only
criterion for this decision was the success rate of each pro-
tocol.

As it can be seen in Figure 6, the performance of the
three protocols increases with the network density and
VTRP achieves a high success rate earlier than the other
two protocols. Moreover, we notice that after the number
of nodes of the network reaches 2500, all three protocols
achieve very high success rate. For this reason, it is fair
to make a comparison between these protocols under this
condition (n � 2500).
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Figure 7. Success rate of LTP, PFR and VTRP in the presence of circular obstacles (�phy
circ�	500� 500
� ��) where � � [126� 488] is the radius

of the obstacle, for variable obstacle size, �xed node density and initial transmission range � � 50 m

7.2 Experiments with Circular Obstacles

For this set of experiments we created sensor networks
with varying size, containing one circular obstacle in the
center of the field, i.e. with coordinates �499� 499�. The
area covered from this circular obstacle ranged from 5% to
70% of the total network area, in steps of 5%. The size of
the sensor network for each obstacle size was varying, in
order to maintain the same network density as in the case
of no obstacles in the network. Also, our experiments were
conducted for both cases of physical and communication
circular obstacles.

For this set of experiments only one event was gener-
ated in each run of the simulator, more specifically in a
node with coordinates �0� 499�, in order to investigate the
case of the propagation of an event generated at a node
placed diametrically to the control center. Also, each run
of the simulator lasted for a specific number of simula-
tor rounds, meaning a specific amount of time for which
we wait for the report of the single event generated. This
event setup was used for 100 runs of the simulator, with
the position of the rest of the nodes in the field being re-
calculated each time.

The results for this set of experiments can be seen in
Figure 7. It is clear that LTP does not perform as well as

the other two protocols, especially VTRP, which performs
excellently regardless of obstacle size. PFR achieves good
performance for many obstacle sizes, but after a certain
point fails to propagate data to the control center. This
is probably due to the fact that the obstacle blocks the
creation of the protocol’s propagation front (as described
in Section 5), and it cannot overcome the obstacle any-
more. Moreover, communication obstacles prove to be
harder to overcome than physical obstacles, as expected.
Also, we notice that although we keep the network density
unchanged, i.e. the connectivity of the network remains
roughly the same, obstacles have a significant effect on
the performance of the protocols.

7.3 Experiments with Rectangular Obstacles

We created sensor networks of varying size, containing a
rectangular obstacle in the center of the field at coordi-
nates �499� 499�. We considered rectangular obstacles of
two different dimensions. In the first case, the length of
the obstacle is 3	2 times its width and the area covered
by it ranged from 5% to 50% of the total network area,
in steps of 5%. In the second case, we created a thin rec-
tangular obstacle with a fixed width of 50 units and vari-
able length, proportional to the length of the network field,
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Figure 8. Success rate of LTP, PFR and VTRP in the presence of rectangular obstacles (top: �com
rect �	500� 500
� �� 2

3��, bottom:

�phy
rect�	500� 500
� �� 50�), where � � [274� 822] is the length of the obstacle, for variable obstacle size, fixed node density and initial transmis-

sion range � � 50 m
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ranging from 5% of the field’s length to 70%, in 5% steps.
In both cases, we used the same event setup as in the cir-
cular obstacle case. We tested both cases of physical and
communication rectangular obstacles.

The results for this experiment set can be seen in Fig-
ure 8. On the one hand, LTP starts dropping its success
rate very early, due to the fact that when it reaches the
obstacle it cannot find any nodes to forward data, both in
physical and communication obstacles. On the other hand,
PFR and VTRP, especially in the case of physical obsta-
cles, achieve much higher success rates than LTP. Once
again, the presence of obstacles in the network area has a
significant impact on the operation of the sensor network,
although the network density remains the same.

7.4 Experiments with Ring Obstacles

For this set of experiments, we created a ring obstacle
with its center in the center of the field, as in the previ-
ous cases. We studied three different widths of the ring
sector of the obstacle, setting it to 25%, 33% and 50% of
the inner circle radius (see Figure 5). In all three cases, we
used the same event setup as in the circular obstacle case.
We tested only the case of physical ring obstacles, as the
communication obstacle case is essentially the same with
the circular communication obstacle case.

The results for this set of experiments are depicted in
Figure 9. The general picture is the same for the three
ring width cases: LTP stops propagating data relatively
quickly, PFR is better than LTP and VTRP achieves high
success rate for all cases. From the point where the ring
width goes beyond the fixed transmission range of LTP
and PFR, this type of obstacle is identical to the physical
circular obstacle case for these two protocols.

7.5 Experiments with Stripe Obstacles

As mentioned earlier in the definition of stripe obstacles,
an obstacle of this type could be a river crossing the net-
work field. We placed such an obstacle with its center in
the center of the field, its length equal to the length of
the network area and its width proportional to the width
of the network area. Its width ranged from 5% to 45% of
the width of the network area. As in previous sets of ex-
periments, we used the same event setup as in the circular
obstacle case. This set of experiments concerns only phys-
ical stripe obstacles.

The results for this set of experiments can be seen in
Figure 10. As expected, LTP and PFR do not perform well
against stripe obstacles, because their fixed transmission
range cannot overcome the gap created by the obstacle.
Another interesting result is that VTRP does not achieve
high success rate when the stripe obstacle reaches a certain
size. This is due to the fact that the protocol requires a cer-
tain amount of time to alter the transmission range which,
apparently, is longer than the running time assigned to our
experiment set.

7.6 Experiments with Crescent Obstacles

Similar to the ring obstacle set of experiments, we placed
a crescent obstacle in the center of the field and examined
two cases with the crescent width set to 75% and 50%
of the radius of the obstacle (Figure 4). In all three cases
we used the same event setup as in the circular obstacle
case. In this set of experiments we tested only the case of
physical crescent obstacles.

The results for this experiment set are depicted in Fig-
ure 11. From these results, it is apparent that this is the
harder type of obstacle for all protocols to overcome, as it
forms a loose dead-end. LTP, as expected, performs poorly
and PFR’s performance drops very early, compared to the
other obstacle cases. VTRP performs very well for the
case where the crescent width is large, as it can overcome
the obstacle by increasing the transmission range. How-
ever, it begins to fail on the other case.

7.7 Experiments with Multiple Circular Obstacles

We also conducted a number of experiments with 2 and
3 circular obstacles in the network field. The obstacles
where placed with their centers on the line from the con-
trol center to the node where the single event in the net-
work is generated. More specifically, centers are located
at (333, 500) and (667, 500) in the 2-circle case and (250,
500), (500, 500) and (750, 500) in the 3-circle case. We
used the same event setup with the other experiment sets.

The results for this experiment set are displayed in Fig-
ure 12. LTP fails to produce any positive success rate,
while PFR’s performance is similar to that of the single
circular obstacle. Also, VTRP performs worse than the
single circular obstacle case. As we can see from these
results, changing the number of obstacles in the field, but
keeping the same network density and obstacle type (cir-
cular) produces totally different results.

This remark can also be deduced from Figure 13, where
we can see the performance of LTP and PFR for the vari-
ous types of obstacles. The type and number of obstacles
clearly affects the performance of protocols and also, net-
work density is not directly related to the success rate of
the protocols when there are obstacles present in the net-
work field.

8. Concluding Remarks

In this work we have proposed a systematic obstacle
model to be used in simulations of wireless sensor net-
works. We have also extended the simDust network sim-
ulator to incorporate this obstacle model and conducted
a series of experiments to study the effect of obstacles in
the performance of three representative protocols for wire-
less sensor networks. Our results indicate that the presence
of obstacles in the deployment area of a wireless sensor
network has, in certain cases, a significant impact on the
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Figure 9. Success rate of LTP, PFR and VTRP in the presence of ring obstacles (top: �phy
ring�	500� 500
� �� 1

4��, bottom:

�phy
ring�	500� 500
� �� 1

3��, next page:�phy
ring�	500� 500
� �� 1

2��) where � � [126� 488] is the radius of the circle enclosing the obstacle, for variable
obstacle size, fixed node density and initial transmission range � � 50 m
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Figure 9. (continued)

Figure 10. Success rate of LTP, PFR and VTRP in the presence of stripe obstacles (�phy
strp�	1000� 500
� �����) where � � [50� 450] is the

width of the obstacle, for variable obstacle size, fixed node density and initial transmission range � � 50 m
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Figure 11. Success rate of LTP, PFR and VTRP in the presence of crescent obstacles (top: �phy
cres�	1000� 500
� �� 3

4��, bottom:

�phy
cres�	500� 500
� �� 1

2��) where � � [126� 488] is the radius of the circle enclosing the obstacle, for variable obstacle size, fixed node density
and initial transmission range � � 50 m

604 SIMULATION Volume 83, Number 8

 © 2007 Simulation Councils Inc.. All rights reserved. Not for commercial use or unauthorized distribution.
 by guest on August 2, 2008 http://sim.sagepub.comDownloaded from 

http://sim.sagepub.com


A MODEL FOR OBSTACLES TO BE USED IN SIMULATIONS OF WIRELESS SENSOR NETWORKS

Figure 12. Success rate of LTP, PFR and VTRP in the presence of multiple circular obstacles (top: two �phy
circ�	500� 500
� �1�, bottom: three

�phy
circ�	500� 500
� �2�) where � � [89� 309] and �2 � 73� 230 is the radius of each of the circles in the network field, for variable obstacle size,

fixed node density and initial transmission range � � 50 m
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Figure 13. Success rate of LTP (top) and PFR (bottom) for different numbers of nodes (n � 500� 3500) when no obstacles exist and in the
presence of various types of obstacles, respectively, for fixed transmission range � � 50 m
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performance of protocols for such networks. Furthermore,
different obstacle shapes and sizes may affect each pro-
tocol in a different way� this provides useful information
on which protocol is best to use for each obstacle case.
Moreover, our results show that the effect of obstacles is
not directly related to the density of such a network, and
thus cannot be emulated by simply changing the density
of the network.

Regarding our future work, we plan to apply our model
to other sensor network simulators and also conduct simu-
lation experiments with other routing protocols for sensor
networks and study the effect of obstacles on their per-
formance. In particular, it seems relatively challenging to
design protocols capable of efficiently handling the cres-
cent and large rectangular types of obstacles. We also plan
to extend our model and add an attenuation factor to ob-
stacles. Mobility schemes are also considered as a means
to extend our model. Finally, we are considering using a
plethora of experimental scenarios for our obstacle model
and studying the effect of probabilistic obstacles in depth.
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