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Abstract— We address the deployment issues in a hybrid sensor
network consisting of both static and mobile sensor nodes.
Existing deployment schemes often assume either known regular
boundaries of the region, or that mobile sensors are able to
detect the region boundary. This is overly idealistic especially
for unknown, outdoor environments. In our proposed two-phase
deployment scheme, following their initial random deployment,
the static sensors estimate the boundary of the unknown region by
using the right-hand rule. This phase results in the identification
of static boundary nodes, B-nodes. The mobile sensors are
assumed concentrated at one or more points within the target
area. In phase II, mobile sensor nodes spread in the target area
in a distributed manner using one of the proposed variations of
the Virtual Force Algorithm. Neighboring B-nodes form a Virtual
Boundary and exerts repulsive forces on mobile nodes to keep
them in the target area. Using simulations, we demonstrate the
effectiveness of our proposed scheme in uniformly deploying
mobile sensor nodes in a hybrid sensor network.

I. INTRODUCTION

Wireless sensor networks (WSN) are networks of tiny
autonomous devices that combine sensing, computing and
wireless communication capabilities [1]. Potential applications
include environmental monitoring, disaster recovery opera-
tions and target tracking etc.

In this paper, we seek to address the problem of deploying
mobile sensors nodes in an unknown outdoor environment.
Our system assumes a hybrid network consisting of a large
number of static sensors, which we assume are deployed
in a non-deterministic random manner, and a few mobile
sensors nodes. We assume that sensors cannot detect the
physical boundary of the region in outdoor environments that
is consistent with the real world capabilities of existing sensor
hardware. As we aim to uniformly spread the mobile sensors
in the unknown area, it is imperative to provide a notion of
boundary that define the extent of the area. For this purpose,
we employ a virtual boundary formed by the static nodes lying
on the perimeter of the deployed topology.

Our deployment scheme works in two distinct phases. Static
nodes estimate the boundary of the unknown region in Phase I.
Boundary estimation is done in a distributed manner resulting
in the identification of B-nodes, nodes lying on the perimeter
of the deployed topology. Neighboring B-nodes form the
virtual boundary of the region and help in deployment of
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mobile sensor nodes in phase II. Phase II aims at uniformly
spreading out the mobile sensors in the target area with
minimal expenditure of energy. The mobile nodes use one
of the variants of the Virtual Force Algorithm (VFA) for
distributed decision making to spread in the region. The B-
nodes keep the mobile nodes in the area bounded by the virtual
boundary by exerting repulsive virtual forces.

Note that we are not utilizing mobility at deployment time
to extend the coverage by going beyond the region currently
covered by static nodes or increase the coverage by filling
any coverage holes, areas not covered by any sensor, that
may exist in the topology. We focus on uniformly distributing
the available mobile sensors in the topology. This uniform
distribution can be utilized for clustering, wherein the mobile
sensors can act as cluster head, overlay network consisting of
mobile nodes with long-range and high bandwidth communi-
cation capabilities, hierarchical routing, and, fault repair using
mobile sensors [2], [3] etc. Our proposed deployment scheme
can also help in coverage maintenance as uniform distribution
minimizes the reaction time in relocating a mobile sensor for
replacing a low energy/faulty/dead sensor during the operation
of the WSN.

We have carried out extensive simulations, which demon-
strate that our scheme can uniformly deploy the mobile sensor
nodes with minimal expenditure of energy. The remainder of
this paper is organized as follows. We discuss related research
work in Section II. Sections III, and IV cover various phases
of our deployment scheme. Simulation setup and results are
discussed in Section V. Section VI concludes the paper.

II. RELATED WORK

Deployment of mobility capable sensors has been proposed
in various research efforts [4], [5], [6], [7] and, [8] etc. [4] pro-
posed three different deployment protocols that spread out the
mobile sensors once coverage holes are detected using Voronoi
diagrams. [5] and [8] are potential field based approaches both
assuming compact initial concentration of the mobile nodes.
[6] is a centralized, incremental deployment scheme deploying
sensors one by one and requiring line of sight among the
nodes. Similarly a centralized virtual force algorithm for the
movement of mobile sensor nodes is proposed in [9]. In [7] the
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coverage problem is solved by a moving robot that is guided
by the already deployed nodes for exploring poorly covered
areas.

Boundary estimation in WSN is usually referred to as esti-
mation of delineation between homogeneous sensing regions
using sensor data [10]. Boundary estimation in our work refer
to the detection of nodes lying on the boundary of the target
region. Algorithm for boundary estimation are presented in
[11], [12], and [13]. [11] proposed the BoundHole Algorithm
using the right-hand rule to identify nodes on the boundary
of geometric holes. [13] proposes a boundary estimation algo-
rithm without assuming that location information is available.

Our work is different to these proposed approaches in
several ways. Almost all of the existing mobile sensor de-
ployment schemes either assume regular, known deployment
regions without taking into account practical boundary esti-
mation/detection or assume indoor deployment where mobile
nodes are able to detect the walls as obstructions. We assume
an outdoor, obstacle free environment and employ a realistic
boundary estimation mechanism using the static sensors nodes.
Our proposed algorithm is inspired from the Jarvis walk
proposed in [14]. The Jarvis walk is a centralized approach
to find the convex hull of a set of points in plane. We propose
a simple and distributed boundary estimation mechanism that
does not require flooding the deployed network for gathering
the topology information. In addition, we propose a localized
and distributed variant of the VFA for spreading out the mobile
sensors as opposed to the centralized VFA employed in [9].
We also propose the simulated movement approach for energy
efficient movement of mobile sensor nodes. This simulated
approach is different from the proxy based logical movement
approach proposed in [15] where static sensor nodes are
utilized as proxies for message passing.

III. PHASE I-BOUNDARY ESTIMATION BY STATIC NODES

This phase starts with the deployment of static nodes in the
target area. We assume a random non-deterministic deploy-
ment of static nodes and that location information is available
using any existing sensor network localization scheme. This
phase aims to identify the B-nodes, i.e. nodes lying on the
boundary/perimeter of the topology formed by the deployed
static nodes. A naive approach is to collect the deployed
topology information at the sink/base station by flooding prob-
ing packets in the whole network. The topology information
once gathered can help in identification of boundary nodes
by geometric computation for convex hull. This approach is
centralized and involves high communication and computation
cost and does not scale well with the size of the network. A
localized and distributed boundary node selection algorithm is
thus desired.

We propose a B-node selection algorithm, based on the
simple geometric right-hand rule, for identification of bound-
ary nodes. This algorithm is executed at B-nodes only and
it consists of two parts; application of right-hand rule to
compute the next B-node and sending of a B-message to the
next selected B-node. After neighbor information has been
exchanged, a node that receives a B-message marks itself
as a B-node. It then sweeps clock-wise from the direction
of the sending node and selects the first node that intersects

the sweeping line from its neighbor list (by simple geometric
calculations as location information of neighbors is available).
Note that our algorithm is different than the Jarvis walk in
that we compute the angles for neighbors only (nodes in
communication range) as compared to all points in the plane.
The node then unicasts a B-message to the next selected
node and stores the information about previous B-node (node
from which the B-message was received) and the next B-node
(node to which B-message is sent). The node that initially
originated the B-message is referred as OB-node (originating
B-node). The B-message continues through the perimeter of
the deployed topology till the B-message reaches back the
OB-node.

The B-node selection algorithm is simple, distributed and
only involves nodes lying on the perimeter of the topology.
Some of the related issues are discussed below.

A. Selection of the Originating B-node

The data from a deployed WSN is often collected at a base
station or sink for analysis. We assume that a sink node is
available (outside the WSN convex region) and that it can
communicate with a set of deployed nodes. After learning the
location information of the neighboring static nodes that are
within its communication range, the sink selects the neighbor
static node with the least relative x-coordinate as the OB-node.
The sink unicasts a B-message to the selected node to trigger
the B-nodes selection algorithm. The OB-node applies the
right-hand rule by sweeping clock-wise from the direction of
the sink(see Figure 1 (a)) to select the next B-node. Note that
the sink is only used for starting the B-node selection process
and it does not participate any further in the selection process.
Also the OB-node does not mark the sink as its previous B-
node, the correct previous B-node will connect with the OB-
node when the B-node selection terminates.
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Fig. 1. Right Hand Rule, (a) Selection of OB-node (b) Selection of B-nodes

B. B-nodes are a subset of Perimeter Nodes

The set of nodes that get selected as B-nodes depends
on the node communication range and are a subset of all
boundary/perimeter nodes. As an example see Figure 1 (b).
Node X has nodes Y, A, B,C, and D in its neighbor list.
Node X applies the right-hand rule and selects node D from
its neighbor list. The selected perimeter is Y XDFE and is
possible because node D is within the communication range of
node X . Note that nodes A, B, and C' have not been selected,
although the perimeter can also be traced as Y XABCDE if
we use a shorter communication range.
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C. Local Minima

Consider Figure 2. Node X receives the B-message from
node Y. X applies the right-hand rule and selects node A
as the next B-node. As node A has only one neighbor, node
X, it cannot select any new B-node except node X. We
call this special case as the local minima for the algorithm.
Recall that each node maintains the previous and next B-
node information. Node A sends the B-message, with a local
minima flag, back to previous B-node X without marking
itself as a B-node. Node X removes node A as the next B-
node, continues with the right hand rule and selects node Z
as next B-node now. In case a node receiving the B-message
with local minima flag has no other neighbor to select than
its previous B-node, it again sends a local minima B-message
to the previous B-node (see Figure 2 (b)). The algorithm can
thus recover from a local minima.

Fig. 2. Local Minima

D. Algorithm Termination

The algorithm terminates when the B-message (without the
local minima flag) is received at the OB-node. Recall that an
OB-node is the one with least x-coordinate. This ensures the
protocol termination (see [14] for details).

IV. PHASE II-SPREADING OUT OF MOBILE SENSORS

Phase II aims at uniformly distributing the mobile sensor
nodes in the target area. For mobile sensors, we consider two
different initial deployment methodologies namely Island and
Normal distribution. In normal distribution, mobile sensors
form a single cluster at the boundary while in island distri-
bution they form different disconnected clusters at different
locations on the boundary. For spreading out of the mobile
sensor nodes, we propose to use the concept of Virtual
Forces from the robotics [5]. In this context we propose two
movement strategies namely Virtual Force Algorithm (VFA)
and VFA with Simulated Movements (VFA-SM). We make
the following assumptions.

o Location information is available.

o The target area is an unknown obstacle-free environment.

+ Mobile nodes have more initial energy than the static
nodes. For example, Robomote [16] has 4528 (3.7V
Lithium battery) while initial energy for Mica2 motes
is about 3000J (2 AA batteries). The difference in the
initial energies permits the relocation of mobile nodes
such that after movement, a mobile node has remaining
energy comparable with that of static nodes.

This phase starts with mobile nodes and B-nodes sharing
the location information with their neighbor mobile nodes
using HELLO messages. HELLO messages contain the sender
node ID, current location coordinates, and a status flag. A
mobile node on reception of a HELLO message marks the
node as current neighbor and stores the information contained
in the HELLO message. The mobile node now uses one of
the following movement calculation algorithm;

A. Virtual Force Algorithm (VFA)

We design a variant of VFA proposed in [5], [9] for
deploying the mobile sensors. VFA attempts to iteratively
spread the given mobile sensors in the target area by using
a combination of attractive and repulsive forces. Two mobile
sensors will exert virtual forces on each other if the Euclidean
distance, d;; = /(z; — x;)*> + (y; — y;)?, between them is
not between a given range of thresholds, T'hp,sn, and Ty,
(discussed in detail in a later Section). This virtual force, Fj;
is a pull or attractive force if the distance between the two
mobile nodes is greater than the pull threshold, T'hy,;, while
if the distance is less than the push threshold, T'hy,sp, a push
or repulsive force is exerted. Equation 1 shows the model used
for decision making.

. Fpush7 if dij < Thpush
Fij = 07 if Thpush < dv] < Thpull (1)
Fpull7 if dij > Thpull

where F} ; is the force exerted on mobile node S by neighbor
Sj. Taking the midpoint of range between T hy,sn, and Thpyy
as the desired distance between the mobile nodes, Equations
2 and 3 gives the push/pull virtual forces.

hpuii+ Th,
(T pull pu h)_di_
Fpush = 2 2 2 (2)

d,va _ (Thpu“+ Thpu h)
Fpull = 2 2 (3)

Note that half of the exerted force is absorbed by each
neighbor i.e. each mobile node will only move half of the
total distance due to the full virtual force. We can express
the total force applied on a mobile sensor S; by its k& mobile
neighbors, denoted by F;, as,

k
Fy = Z F;'j “4)

j= 1,71

where |F};| represent the magnitude of the force absorbed
by node 7. Note that F is the vector sum of all the forces acting
on mobile sensor node S;, the magnitude and orientation of
which can be easily calculated, e.g. Robomote [17] has an
on board compass for this purpose, which combined with
localization information is used for navigation.

We introduce and discuss here certain constraints and im-
provements in the proposed VFA while the pseudo code of
the modified VFA appears as Algorithm 1.
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1) Choice of Thresholds, Thpysn and Thyyy: The move-
ment triggering thresholds, Thp,; and Thy,sn, depends on
the link quality. These two thresholds when characterized on
the basis of radio link ensure continued connectivity during
movements and result in uniform distribution of the nodes.
Using a simple radio propagation model based on log-normal
shadowing, the path loss PL(in dB) at a distance d is given
by Equation 5.

PL(d) = PL(d0) +10-n - log((%) + X, (3)

where

d0 = Reference distance

n = Path loss component, indicating the rate at which the
path loss increases with distance

X, = Zero-mean Gaussian distributed random variable
(in dB) with o-variance (shadowing, also in dB)
PL(d0) = Mean path loss at reference distance d0.

X, in Equation 5 captures various environmental factors re-
sulting in different received signal values at different locations
although the distance between the two sensors is the same.
PL(d0) can be measured experimentally for a given event
and sensor characteristics or can be calculated using free space
path loss model [18].

Each sensor has a receive threshold value ~ that describes
the minimum signal strength that can be correctly decoded at
the sensor. The probability Pr that the received signal level,
Pr.. at a sensor will be above this receive threshold, v, is
given by Equation 8, with @)-function to compute probability
involving the Gaussian process. The Q-function is defined as

Q(z) = \/%7_/ emp(—%)dm (6)

Q(z) =1-Q(=2) ©)
Y = Prec(d)

g

where

Pr[Prec(d) > '7] = Q[ ] (®)

For a given transmit power and receive threshold value, we
can calculate the probability of receiving a signal above the
receive threshold value, v, at a given distance using Equations
6 and 8 as shown in Figure 3.
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Fig. 3. Change in communication probability with distance

Following the terminology in [19], there are three distinct
reception regions in a wireless link: connected, transitional,
and disconnected. The transitional region has highly unreliable

links and its region bounds can be found either by analytical
or empirical methods [19]. Let d;,. represent the point where
the transitional region begins. Regions between T'hp,; and
dir, and dy, and Thy,s, reflects the tolerance to the errors
in localization and odometry during navigation of the mobile
nodes. As long as the final position after movement is within
this range, the deviation from the ideal trajectory during
movement can be tolerated by our movement algorithm. d,.,
Thpush, and Thy,,; are represented in terms of probability of
correct packet reception in Figure 3.

2) Boundary considerations: Notion of boundary is mod-
elled by B-nodes exerting virtual forces (F;;) on mobile sensor
nodes. This is to ensure that mobile sensors do not “fall off”
the boundary of the target region while moving in the unknown
environment. .

A virtual force Fj;,, based on the mobile node distance from
a B-node, is included in resultant vector sum of all virtual
forces. The new total force is then expressed as,

k n
Fo= Y Fj+) Fa ©)
j=1,571 b=1

where ﬁib is the repulsive force exerted on the mobile node
Si by n neighbor B-nodes and is modelled by Equation 10.

ol
o

= . (Thpw n+ Thypuit)
:{?’ﬁ%<h2” (10)

otherwise

The repulsive force ﬁb is given by Equation 11 where d;;
is the distance between the node and the B-node.

- Thyus Thy,

As B-nodes are all static nodes, mobiles nodes absorb all of
the virtual force resulting from the B-nodes. As a final check,
mobile nodes should not cross the virtual boundary formed by
the known B-nodes.

—dsp

3) Energy considerations: To safeguard against a node
exhausting a major portion of its energy in the spreading out
phase, we define two roles for the mobile sensors namely
Active and Passive. Initially a mobile node participates in
the VFA as an active node until its current remaining energy
falls below K; x E;, where K is a tunable parameter that
controls the amount of energy consumption permitted for this
deployment phase and E; is the initial energy. After becoming
passive, HELLO messages broadcast by the node have a
special passive flag set indicating that the node is in passive
mode and cannot move from its current location. Neighbors of
this passive node calculate and absorb all of the virtual force
resulting from the passive node.

M)_d..
2 7

Thpull + Thpush
- 13
SR (13)

Equations 12 and 13 are used for passive mobile neighbors
while Equations 2 and 3 are used for all active neighbors.

Fpush = ( (12)

Fpun = dij — (

665

Authorized licensed use limited to: IEEE Xplore. Downloaded on October 30, 2008 at 00:42 from IEEE Xplore. Restrictions apply.



Algorithm 1 Virtual Force Algorithm (VFA)

Notations :
M; = Set of mobile neighbors, Bj = set of B-nodes
Tround = Maximum time allowed for each round
INIT :
broadcast HELLO message
if HELLO message received then
store Nodeld, Location and flag in M; or By
Process :
1: set Round = 0
2: while Round < MaxRounds do
3:  for each neighbor j in M; do
4: Calculate F’ij using d;;, T'hpysh, T hpuir, and passive
flag
5 for each B-node k in B do
6: Calculate Fyp using d;j, Thpysh, and Thy,y
7. Fy=YFy;+ Y Fu,jin My,j #i,kin By
g o
9

Calculate (x,y)nert based on F;
: start moving toward (2, y)pest and start timer Tyound
10:  if T} ounq expires then

11: set Round = Round + 1

12: if Feyrrent < K1 X E; then
13: set passive flag = true

14: broadcast HELLO message

4) Oscillation control: Node oscillation can occur in suc-
cessive rounds of VFA because of distributed decision making.
A node may discover new neighbors, after the movement, that
may force it back towards its initial position. As an oscillation
control measure, a node should remember its last position from
the previous round of movement. If the current resultant virtual
force drives it towards the same direction, it only move half
of the calculated distance i.e. resultant virtual force become
F;/2. This will result in mobile node rapidly converging to its
final position without excessive movements due to oscillations.

B. Virtual Force Algorithm with Simulated Movement

Mobile nodes move after each round of VFA due to the
virtual force exerted by its neighbors before settling down to
their final position in the topology. If we could calculate the
final position of a mobile node and move directly to that final
position, we can save energy by moving much lesser distances,
i.e. through the cut-through paths instead of the zig-zag paths
that result from the round-by-round operation of VFA.

VFA with Simulated Movement (VFA-SM) attempts to use
the cut-through paths for movement. Nodes go through the
VFA iterations and calculate new position after each round.
The difference is that node do not physically move after
each iteration rather they assume the new calculated virtual
position. The HELLO messages at the start of the next round
contain the new virtual positions enabling the recipients to use
this updated position information for the upcoming round of
VFA. Nodes only move once they have calculated their final
positions. This approach has a few disadvantages. Recall that
new neighbors in the unknown environment are discovered
by the per round movements in VFA. Consider a scenario
where initial mobile node deployment results in islands of

communications. If a fully simulated run of VFA is used, the
mobile nodes will never find out the presence of other mobile
nodes in the region. Similarly, during simulated movements
it is not possible to discover new B-nodes that model the
boundary forces for an unknown environment.

One way to offset this disadvantage is to use intermittent
simulated movement instead of fully simulated movement. In
VFA Intermittent Simulated Movement (VFA-ISM) approach,
nodes simulate the movement for  number of rounds. New
neighbors including the B-nodes are discovered with actual
movement after every  number of rounds e.g. in VFA-ISM2
nodes physically move after every second round.

V. SIMULATION RESULTS

TABLE I
SIMULATION PARAMETERS
Parameter Value
Transmit power P; 24.5 dBm
Receiving threshold () -65.0 dBm
Path loss exponent n (free space) 2
o 4 dBm
Th s /Th 4 25m/33m
Initial Energy 4528] (3.7v, 345mAh)
Energy consumed in movement | 8.274 J/m (Robomote [16])
Region 100m x 100m

We implemented the B-node selection algorithm, the VFA
and the simulated variants in NS2 with parameters listed in
Table I. Maximum number of rounds was set as 12. Each
simulations was run for VFA and different variants of ISM
(ISM2, ISM3, ISM4, and ISM6). Figures 4 and 5 show the
total distance covered by all mobile sensors with normal and
island initial deployment. The results are average over three
different topologies for each type of deployment. Topology
distribution are also shown in Figures 4 and 5. Small filled
circles represent static nodes, B-nodes are shown by connected
virtual boundary. Unfilled big circles are the initial deployment
position of the mobile nodes while filled big circles are their
final position.

ISM6 consistently moves the lowest distance and con-
sequently consumes the least energy than other movement
algorithms for all types of deployment. Comparing the same
movement algorithm across different initial deployments, is-
land deployment results in the least movement. Observing
the topology distribution achieved for different types of de-
ployment in Figure 4 and 5 (only 100-20 static-mobile nodes
scenario shown), VFA results in better uniform distribution
than all other movement algorithms while consuming the most
energy for both normal and island initial deployment.

The simulation results show that the virtual boundary
formed by the identified B-nodes successfully guides the
mobile sensor nodes and keeps them in the useful area. Results
also show that the intermittent simulated movements save
considerable amount of energy by moving lesser distances than
the VFA for different types of initial deployment. This saving
is at the cost of slight nonuniformity in the nodes distribution.
Performance of ISM3 is comparable to ISM4 and ISM6 in
terms of energy consumption and yet it achieves topology
distribution closer to the VFA. To summarize, VFA achieves
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better topology distribution but if we want to restrict the
amount of energy consumed in the deployment phase, ISM3
is a good compromise.

VI. CONCLUSION

In this paper, we have proposed a practical way for de-
ploying mobile sensors in an unknown environment. Boundary
of the unknown region is estimated by recognizing B-nodes,
nodes lying on the boundary, by applying an algorithm based
on the right-hand rule. The algorithm is localized, distributed
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