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Abstract. Most sensornetworkarchitectures typically assume thatnodes
are stationary after deployment. However, a number of recent papers have
shown that theuseofmobilenodesormobiledata collectors (MDC)can sig-
nificantly improve the performance of a network. In thismodel, the network
can be viewed as a three-tier architecture, where the lowest-tier consists of
a set of sensor nodes. The middle-tier contains a number of higher powered
relay nodes, each acting as a cluster head for a number of sensor nodes in the
tier below, and one or more mobile data collector(s), constitute the upper-
tier. For such hierarchical architectures, there are a number of important
design problems such as determining the number of relay nodes that are
neededand their locations, determining theappropriatebuffer capacities in
the relay nodes to ensure there is no data loss due to buffer overflowand cal-
culating a suitable trajectory for each MDC. In this paper, we first propose
an integrated integer linear program (ILP) formulation that calculates the
optimal number and positions of the relay nodes in the middle-tier, along
with the requisite buffer sizes. We then present an algorithm for calculating
the trajectory of the MDC, based on the relay node locations and the load
on each individual relay node, in a way that minimizes the maximum en-
ergy dissipation of the relay nodes. Experimental results demonstrate that
our approach is feasible for networks with hundreds of sensor nodes.

1 Introduction

The performance benefits of hierarchical sensor networks [1], [6] has been well
investigated in the literature. In such networks, sensor nodes are grouped into
clusters and transmit their data to their respective cluster heads. The cluster
heads collect the data from all nodes in their own cluster and transmit their data
to the base station(s), using an appropriate routing scheme. Since the cluster
heads are required to transmit large amounts of data over longer distances,
compared to individual sensor nodes, the use of specialized nodes for cluster
heads has gained considerable support in recent years [1], [3], [5], [9]. These
specialized nodes, often called relay nodes, are typically equipped with enhanced
capabilities in terms of energy provisioning, buffer capacities and transmission
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ranges. The resulting architecture, where a large number of low-power, sensor
nodes with limited capabilities form the lower-tier and relatively fewer relay
nodes with enhanced capabilities form the upper-tier, has been shown to improve
network performance in a number of areas including network lifetime, load-
balanced routing and fault-tolerance [1] – [7].

For the above two-tier architecture, the lifetime of the network is primarily
determined by the lifetime of the upper-tier relay node network. Each relay
node is responsible for receiving (and possibly aggregating) the data from all
sensor nodes in its cluster and then transmitting the data to (or towards) the
base station, using either single-hop or multi-hop paths [6], [8], [9]. The energy
dissipation of the relay nodes increases rapidly with the distance between the
sender and the receiver (either another relay node or the base station), and has
a significant impact on the lifetime of the network. A number of energy-aware
routing strategies have been proposed to extend the lifetime of the relay node
network [6], [8], [9]. However, such strategies are of limited use for relay nodes
that are far away from other nodes and must therefore transmit over a large
distance, or for nodes near the base station that must transmit data from many
other nodes, in case of multi-hop routing. In fact, for sparse networks it is even
possible that no feasible routing scheme exists, since the distance to the nearest
neighbor may be greater than the transmission distance of a node.

A number of recent papers have shown that the use of some mobile nodes
or mobile data collectors (MDC) can significantly improve the performance of a
network in terms of lifetime, coverage, and connectivity [15], and techniques for
effectively utilizing the unique capabilities of mobile nodes have been attracting
increasing research attention in the past few years [19] – [25]. In this paper, we
consider a new network model that extends the traditional two-tier architecture,
by adding a third tier consisting of one (or possibly more) mobile data collector(s)
(MDC), above the relay node network (which now constitutes the middle-tier).
The MDC, which is not power constrained, visits all relay nodes in the middle-
tier, following a fixed trajectory [15], collects data from them, and delivers the
collected data to the base station. Thus, the relay nodes are relieved from the
burden of “routing” data towards the base station, possibly over long distances,
resulting in considerable energy savings at these nodes.

In such a three-tier architecture, we assume that the lower-tier sensor nodes
have already been deployed, and the number and locations of these sensor nodes
have been determined by the monitoring needs of the specific application. There-
fore, our goal is to design the middle and the upper tiers of the network. In this
context, we address the following design problems in this paper:

i) Find the locations of the relay nodes constituting the middle-tier, such
that each sensor node is covered by at least one relay node (i.e. there is at
least one relay node within the transmission range of each sensor node),
and the number of the relay nodes is minimized. This is the relay node
placement problem.

ii) Determine the set of sensor nodes assigned to the cluster of each relay node,
such that the overall buffer requirements for the relay nodes is minimized.
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iii) Determine a suitable trajectory for the MDC(s), such that the energy
dissipation rate of the relay nodes is minimized (or is below a specified
level). Restricting the energy dissipation allows the network to remain
functional for a specified minimum period of time.

In this paper we first propose an integer linear program (ILP) formulation that,
given a set of potential locations of relay nodes in a network, optimally solves
the relay node placement problem. Our formulation also computes the buffer
requirements for the relay nodes, so that data generated by the lower-tier sensor
nodes can be stored at the relay nodes and delivered to the MDC without any
loss of data (i.e. without buffer overflow). We also provide a modification of
our ILP that, given the maximum number of relay nodes to be used in the
middle-tier, finds the locations of the relay nodes and minimizes their buffer
requirements. Once the locations of the relay nodes has been determined, we
present an algorithm for calculating the trajectory of the MDC, such that the
energy dissipation of the relay nodes due to data transmission is minimized.

The remainder of the paper is organized as follows. In section 2, we review
the relevant work. In sections 3 and 4, we present our ILP formulations and
algorithm for trajectory computation respectively. We discuss our experimental
results in section 5 and conclude in section 6.

2 Review

2.1 Relay Nodes Placement, Clustering and Routing

The relay node placement problem deals with placing a minimum number of relay
node such that each sensor node can send its data to at least one relay node. This
is an NP-hard problem [3], and has been widely investigated in the literature
[3], [7], [10], [11], [13] and [14]. In [3], the authors solve the placement problem
by dividing the entire region into cells, finding an optimal solution for each cell,
and then combining the solutions. They consider single and double connectivity
problem, both at the sensor level, as well as, at the relay node network level.
An approximation algorithm to achieve single and double connected network is
proposed in [10]. In [11], the authors propose a two-step approximation algorithm
to obtain 1-connected (in the first step) and 2-connected (in the second step, by
adding extra back-up nodes to the result of the first step) sensor and relay
node network. A mixed-integer non-linear program, and a heuristic algorithm
in proposed in [7], that focuses on prolonging the lifetime of sensor networks by
deploying relay nodes within the networks.

The network connectivity and the fault-tolerance is also addressed in [13],
where the authors propose an ILP-based approach for the appropriate place-
ment of the relay nodes in a sensor network. This approach optimally selects
the minimum number of relay nodes from a given set of “potential positions”
of the relay nodes, obtained from the area of the network deployment. Noting
that the number of potential positions in a real plane can be infinite, the au-
thors use a heuristic to limit such locations to a level so that the ILP becomes
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computationally tractable. This heuristic views the entire networking area as an
imaginary grid, and the potential relay node locations are taken at the center
and the corner positions of each cell. The authors shows that such an approach
provides good solutions, especially when the network area is small and the sensor
nodes are densely deployed. They also shows that a finer grid leads to a better
solution.

The clustering and the routing schemes, for two-tiered networks, are addressed
in a number of recent papers, including those in [1], [2], [6], [9], [12]. In [1], the
authors focus on load balanced clustering and propose a heuristic solution for
the problem. Fault tolerant clustering is addressed in [2], and in [12], the authors
investigate the problem of maximizing network lifetime by appropriately placing
nodes, which are not energy constrained (e.g., connected to a wall outlet). A
Tenet architecture for tiered sensor networks is proposed in [4] that simplifies
application development and reuses mote-tier software. In [5], [6] and [9], the
authors focus on clustering and routing schemes that maximize the network
lifetime. These approaches do not consider the problem of minimizing the number
of relay nodes and finding their locations.

2.2 Mobility in Sensor Networks

Improving the performance of sensor networks, exploiting some mobile entities,
has been investigated in [19] – [25]. In [19], multiple mobile base stations, which
might be required to move periodically, is considered to prolong the network
lifetime. The authors propose an ILP formulation to compute the new loca-
tions of the mobile base stations. In [20], multiple mobile base stations, which
move in parallel straight paths, are considered, and is shown that such mobility
can achieve scalability and load-balancing. In [26], the authors focus on optimal
data collection, and propose a protocol that extends the lifetime of the net-
work. Their approach takes into account both the base station mobility and the
multi-hop routing. In [22], the authors focus on fault-tolerance. They propose a
scheme that uses K-means clustering and TSP-based shortest path approaches to
achieve resiliency. In [23], a three-tiered network is considered where mobile data
collectors, lie in the middle-tier, move randomly within the network and pick-up
data from the sensor nodes. A sensor node transmits data only when a MDC
enters the direct communication range of the node. In [24], the authors propose
a queuing theory based mathematical model that analyzes the performance and
trade-offs of the three-tier architecture. Partitioning Based Scheduling (PBS)
heuristic that computes the trajectory of MDC is used in [25]. The focus here
is to reduce sensor buffer overflow. They propose a solution that has two parts.
In the first part, nodes are partitioned into groups based on their locations and
the data generation rates. Then, a node visiting schedule is generated within a
group. Finally, the solutions of these groups are combined to obtain the final
path of the MDC. The problem of delivering data to multiple mobile sinks is
addressed in [26], [27] and [28].

A hierarchical sensor network architecture, using higher powered relay nodes
as cluster heads, which utilizes a MDC to collect data from the cluster heads has
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been discussed in [17], and [18]. The objective, in both works, is to extend the
overall lifetime of the network. In [17], an ILP formulation is proposed, which
optimally selects the relay nodes, from a set of potential relay nodes positions,
such that i) the number of relay nodes are minimal, and ii) the length of the
trajectory of the MDC is as short as possible. In [18], the authors focus on
reducing the length of the trajectory of the MDC, by allowing the MDC to visit
the neighborhood of each relay nodes, instead of visiting their exact locations.
The authors propose two heuristic solutions for the problem.

2.3 Network Power Model

The power needed for data communication is the dominant factor in power
consumption in sensor networks. We have considered the first-order radio model
[8] to account for the energy consumption due to communication where receive
(transmit) circuitry consumes α1 nJ/bit (α2 nJ/bit) of energy. The total energy
to receive b bits is given by, ERx(b) = α1b while the total energy needed to
transmit b bits over a distance d is given by ETx(b, d) = α2b + βbdq, where
q is the path loss exponent, 2 ≤ q ≤ 4 [8] and β is the amplifier energy to
transmit unit bit of data over unit distance. In our experiments, we have used
α1 = α2 = 50nJ/bit, β = 100pJ/bit/m2 and the value of path-loss exponent,
q = 2.

3 Network Design Exploiting Node Mobility

3.1 Network Model

We consider a three-tiered wireless sensor network, where the lower-tier consists
of a set S of n sensor nodes, i.e., |S| = n. We assume that the deployment of the
sensor nodes ensures the appropriate coverage of the sensing area. We consider
a set R of m potential locations of relay nodes, i.e., |R| = m. A subset R of R
will constitute the middle-tier network. Each element of R would act as a cluster
head. We also consider a MDC, lying in the upper-tier of the network. The MDC
visits all relay nodes in R, collects their data, and delivers the data to the base
station. Each relay node has a buffer size B. We assign, to each node, a unique
label as follows:

i) for each sensor node, a label i, 1 ≤ i ≤ n,
ii) for each possible location of the relay nodes, a label j, n+1 ≤ j ≤ n+m,

and
iii) for the MDC, a label n+m+ 1.

If a sensor node i ∈ S is covered by a relay node at location j (we shall refer to
such relay node as relay node j), then i can transmit its data directly to j. A
sensor node imay be covered by more than one relay node, however, our objective
is to design the relay node network such that each sensor node belongs to exactly
one cluster, Cj , corresponding to a relay node j. Our proposed formulation
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i) determines the minimum number and the positions of the relay nodes,
which will act as the cluster heads, and form the middle-tier network,
and

ii) assign sensor nodes to clusters such that the relay nodes buffer require-
ments are minimized.

We assume that the positions of the sensor nodes are known (or can be deter-
mined, e.g. using GPS), and the relay nodes can be placed at the computed
locations. This approach is feasible for many applications (e.g., monitoring in-
dustrial environments, road condition, and habitat). We have used a grid based
approach [13] to generate R. However, our ILP formulation does not depend
on how R is generated and other approaches such as approach given in [3] can
easily be used.

We consider that a sensor node i ∈ S generates data at a rate of bi bits
per unit time, and transmits to the corresponding cluster head. The value of
bi, ∀i ∈ S can either be the same, or may vary. In our model, each relay node j,
receives data from the sensor nodes belonging to its own cluster Cj , and buffers
them until j can transmit buffered data to the MDC, while it is visiting j. Data
buffering is essential for applications where it is important not to lose any data
generated by the sensor nodes. In our model, the MDC visits each relay node j,
periodically, at fixed time intervals. Once transmitted, the buffer of j is cleared
so that the buffer can be reused to store data until the next visit by the MDC.
A relay node j transmits its buffered data only when the MDC is closest to j, in
its trajectory. The MDC traverses at a constant speed following a predetermined
trajectory, and it needs Tr time units to complete the trajectory. That is, the
time interval between any two successive visits by a MDC to a relay node j is
known and is equal to Tr.

3.2 Notation Used

In our formulation we are given the following data as input:

• n: The total number of sensor nodes, with each sensor node having a
unique label i, 1 ≤ i ≤ n.

• m: The total number of possible positions of relay nodes, each position
having a unique label j, n+ 1 ≤ j ≤ n+m.

• j: The relay node at location j, n+ 1 ≤ j ≤ n+m.
• n+m+ 1: The label of the MDC.
• rmax: The transmission range of each sensor node.
• di,j : The Euclidean distance between node i and node j.
• bi: Number of bits generated by sensor node i in unit time.
• Cj: The set of sensor nodes belonging to the cluster of relay node j.
• W1, W2: Positive constants.
• Tr: Time required by the MDC between two successive visits at any relay

node j.
• ymax: Maximum allowable number of relay nodes.
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We also define the following variables:

• Xi,j : Binary variable defined as follows:

Xi,j =

⎧
⎨

⎩

1 if the sensor node i selects
relay node j as its cluster head,

0 otherwise.

• Yj : Binary variable defined as follows:

Yj =

⎧
⎨

⎩

1 if relay node at location j is included
in the middle-tier network,

0 otherwise.

• Rj : Continuous variable indicating the total number of bits generated
(during the period Tr) by the sensor nodes belonging to the cluster Cj . of
the relay node j.

• Bmax: A Continuous variable such that Rj ≤ Bmax, ∀j, n+1 ≤ j ≤ n+m.

3.3 ILP Formulation for Minimizing the Number of Relay Nodes

In this section, we propose our ILP formulation. Our formulation

i) ensures that each sensor node is covered by at least one relay node,
ii) minimizes the number of relay nodes, and
iii) minimizes the maximum buffer capacity of any relay node j, which is

included in the middle-tier, as a secondary objective.

Using the notations discussed in section 3.2, we present our formulation as
follows:

Minimize W1 ·
n+m∑

j=n+1

Yj +W2 · Bmax (1)

Subject to:

a) A sensor node i can transmit data to a relay node j, only if the distance
between i and j is less than the transmission range rmax of the sensor node i.

Xi,j · di,j ≤ rmax ∀i, 1 ≤ i ≤ n,

∀j, n+ 1 ≤ j ≤ n+m

(2)

b) The relay node at location j must be included in the middle-tier network, if
it is selected as a possible cluster head by at least one sensor node i.

Yj ≥ Xi,j ∀i, 1 ≤ i ≤ n,

∀j, n+ 1 ≤ j ≤ n+m

(3)

c) A sensor node transmits data to exactly one relay node.

n+m∑

j=n+1

Xi,j = 1 ∀i, 1 ≤ i ≤ n (4)
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d) Compute the total number of bits buffered at the relay node j during the
interval Tr.

Rj = Tr ·
n∑

i=1

bi ·Xi,j ∀i, 1 ≤ i ≤ n,

∀j, n+ 1 ≤ j ≤ n+m

(5)

e) The total amount of data to be buffered by any relay node in one round of
data gathering cannot exceed Bmax.

Rj ≤ Bmax ∀j, n+ 1 ≤ j ≤ n+m (6)

3.4 Justification of the ILP Equations

Equation (1) is the objective function for the formulation, and consists of two
terms. The primary goal (represented by the first term) is to minimize the total
number of relay nodes used to form the middle-tier network. As mentioned ear-
lier, a relay node j is included in the middle-tier network (i.e., Yj = 1), only if j
selected as a cluster head by at least one sensor node i. Therefore, by counting
the number of relay nodes selected to be the cluster heads, we can determine
the number of relay nodes needed in the middle-tier network. This is exactly the
value calculated by the first term in the objective function. The second term is
used to minimize the maximum buffer capacity of the relay nodes, which is the
secondary objectives. By choosing appropriate values for W1 and W2, we can
select the relative importance of the two objectives being minimized. For exam-
ple, if we set W2 = 0, then the only parameter we are interested in minimizing
is the number of relay nodes.

a) Constraint (2) specifies that a sensor node can communicate with a relay
node j, only if j is within the transmission range of the sensor node.

b) Constraint (3) ensures that if a relay node j is chosen as a cluster head by at
least one sensor node, then j must be included in the middle-tier network. If a
relay node j is not selected to be a cluster head by any sensor node, normally
it should not be selected. This is not specifically enforced by any constraint,
but is taken care of by the objective function, which will set Yj = 0, if this
does not violate any other constraints.

c) Constraint (4) requires that each sensor node belongs to exactly one cluster
and transmits data to the corresponding cluster head.

d) If a relay node j is selected to be included in the middle-tier and a sensor
node i belongs to its cluster Cj, then Xi,j = 1. Constraint (5) thus calculates
the total number of bits, Rj , buffered in j during the interval Tr, by summing
the data transmitted to it from all the sensor nodes belonging to the cluster
Cj and then multiplying this value by the interval Tr.

e) Constraint (6) ensures that if a relay node j is selected, then the total bits
buffered at j during the interval Tr do not exceed the buffer size Bmax. The
left hand side of constraint (6) is the total amount of bits buffered at j during
the interval Tr. The right hand side Bmax, of constraint (6), must be greater
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than or equal to the maximum of the amount of bits buffered by the relay
nodes. Since the objective function is to minimize Bmax, constraint (6) forces
Bmax to be the maximum buffer capacity required by any relay node.

3.5 ILP Formulation for Minimizing the Buffer Size of Relay Nodes

The ILP formulation given in Section 3.3 minimizes the total number of relay
nodes required to form the middle-tier network, and considers the buffer size as
a secondary objective. This gives the lower bound for the number of relay nodes.
However, it some cases, the total number of relay nodes may be given, and the
problem is to find out the placement of the given number of relay nodes such
that the maximum size of the buffer is minimized. This can be easily achieved
by the following modification of the ILP formulation, given in Section 3.3.

Minimize Bmax (7)
Subject to:

a) - e) Constraint (2) - Constraint (6).
b) Maximum number of relay nodes cannot exceeds ymax.

n+m∑

j=n+1

Yj ≤ ymax ∀j, n+ 1 ≤ j ≤ n+m (8)

Equation (7) is the objective function that minimizes the maximum buffer ca-
pacity requirement of any relay node. Constraint (8) enforces the limit on the
maximum number of relay nodes.

4 Computation of Trajectory

In this section, we present a heuristic approach to compute a trajectory for the
MDC, such that the maximum energy dissipated by any relay node is minimized.
A number of papers have considered the use of complex trajectories, where the
MDC visits each node individually [25], [17], [18]. However, in this paper the goal
is to use a very simple trajectory that can be easily traversed by the MDC. So,
we consider the case where the MDC travels back and forth along a straight line.
A straight line trajectory has been shown to be a practical and useful option for
mobile nodes in [20].

Given the positions and the expected loads of the relay nodes, our approach
finds a straight line, to be used by the MDC as the path to collect the data
from the relay nodes, such that the energy dissipation by the relay nodes are
minimized. We note that the energy minimization can be accounted as the sum
of the energy dissipated by the relay nodes. In such case, any standard weighted-
regression analysis method, using the communication cost as discussed in Section
2.3, can be applied to compute the best fitting trajectory. However, in our net-
work model, if any relay node depletes power, then all sensor nodes belong to the
relay node become inaccessible, and the network may fail to meet the reliability
standard. In this case, to extend the lifetime, it is important to minimize the
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Fig. 1. Computation of the (a) initial trajectory, (b) improved trajectory by rotating
the orientation of the axis

maximum energy dissipated by any relay node in the network. We propose a
simple approach that can be used to compute a suitable straight line trajectory.

Let R be the set of relay nodes, where each relay node is given an unique
label j, 1 ≤ j ≤ |R|. Also, let the coordinate (jx, jy) specify the position of relay
node j, ∀j ∈ R. We start by assuming that, given the area of the network, the
trajectory is a horizontal line. Let the line be given by the equation y = c,
where c is a constant. We set the initial value of c as the midpoint of the y-
coordinate values of the uppermost and the lowermost relay nodes in the network.
Since a relay node j transmits to the MDC when the MDC is closest to j, the
transmission distance of j is the vertical distance (i.e., y-axis distance) of j,
projected on the trajectory line y = c. Using this initial trajectory, we find the
relay node p (q) that dissipates the maximum amount of energy, among all nodes
located in the above (below) the initial line. To minimize the maximum energy of
the relay nodes, we need to find a new value c′, qy ≤ c′ ≤ py, for the constant c, so
that the energy dissipation of nodes p and q is balanced (Fig. 1(a)). We achieve
this by setting the energy dissipation of nodes p and q (computed using the
model discussed in Section 2.3), corresponding to the trajectory y = c′, as equal.
Let the vertical distance of the node p and the node q, from the new trajectory
be dp and dq, respectively. Also, let the vertical distance between nodes p and q
be λ. Then, using the equation given in Section 2.3, and the notation given in
Section 3.2, we have:

d2
p − γd2

q = ξ (9)

dp + dq = λ (10)

Where γ = Rq

Rp
, and ξ = 1

β (α1 + α2)(γ − 1). The values of α1, α2 and β are
obtained from network power model discussed in Section 2.3. We obtain the new
value of c′(= qy + dq) by solving the above two equations. Using the new line,
we recompute p and q, and apply the process, in an iterative manner, until the
difference between the energy dissipation by p and q becomes less than a small
preset value.
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Based on the actual layout of the networking area and the distribution of
the sensor nodes, a different orientation, rather than strictly horizontal, for the
trajectory may be beneficial. Once we obtain the initial trajectory, we compute
the best orientation of the trajectory by rotating it in the range 0◦ − 180◦.
We rotate the line by a small angle ψ, at a time, and get a new orientation,
as shown in Fig. 1(b). At each orientation, we recompute the value of Emax,
using the approach described above. After the rotation is complete, we select
the orientation that gives the minimum among all orientations. As shown in the
Section 5.2, this rotation can substantially improve the solution, based on the
actual layout of the network.

5 Results

5.1 Simulation of ILP Formulation

In this section, we present the simulation results of our formulation for selecting
the relay nodes in the middle-tier of the network. We have conducted different
sets of experiments by setting different values for the parameters in our formu-
lation. In the first set of experiments, our objective is to jointly optimize the
number of relay nodes required to form the middle-tier relay node network, and
the maximum buffer requirement of the relay nodes. The relative importance of
each term is determined by the value of the constant W1 and W2, used in equa-
tion (1). Since our primary goal is to minimize the number of relay nodes, while
the secondary objective is to reduce the buffer requirement of each node, we set
W1 = 8000 and W2 = 0.1 for our simulations. We have used an experimental
setup, where the sensor nodes are randomly distributed over a 200×280m2 area.
We have assumed that rmax = 40m. The results are obtained by CPLEX 9.1
solver.

We have simulated our scheme with different number of sensor nodes, ranging
from 100—600. For each size of the sensor node network, we randomly generate
five different sets for the locations of the sensor nodes in the network, and com-
pute the results using each set. The results reported in the tables and figures in
this section reflect the averages of all the different runs for each network size.
As in [13], we have used a grid based approach to compute the initial potential
positions of the relay nodes. The number of potential relay node locations were
set to 48 (for coarse grid) and to 165 (for fine grid), indicated as 48-Grid and
165-Grid respectively in the following discussions of our results. We have also
assumed that each sensor node generates data at a rate of 100 bits/unit-time,
i.e., bi = 100, ∀i, 1 ≤ i ≤ n and Tr = 5.

Fig. 2 shows the number of relay nodes needed in the middle-tier for different
number of sensor nodes distributions. We note that for the same distribution,
using 165-grid (fine grid) consistently leads to better solutions compared to 48-
grid. It is also interesting to note that, although the number of relay nodes
required increases with the number of sensor nodes, the rate of increase is not
very high. For example using the 165-grid only a few additional relay nodes are
required to cover 600 sensor nodes, as compared to 100 sensor nodes.
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Fig. 2. The number of relay nodes required to form the middle-tier network for different
number of sensor nodes

Next we consider the buffer requirements of the relay nodes selected for the
middle-tier. Fig. 3 shows the value of the maximum buffer size (Bmax) calcu-
lated by our ILP using 48-grid and 165-grid configurations. At first glance, the
figure seems to indicate that 48-grid produces better results (i.e. lower buffer
size) compared to 165-grid. However, we must remember that the 48-grid con-
figuration requires a higher number of relay nodes. This means that the same
amount of data is distributed over more relay nodes, resulting in a lower buffer
requirement per node. But, when we compare the total buffer requirements (as
shown in Fig. 4), we see that the 165-grid generates better results, both in terms
of the number of relay nodes and the total buffer size.
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sensor nodes

5.2 Simulation of Trajectory Computation Algorithm

The goal of our trajectory computation algorithm is to calculate the trajectory
of the MDC (along a straight line), such that the maximum energy dissipation
(Emax) of any relay node is minimized. Fig. 5 shows the average value of Emax,
for different size of sensor node networks, corresponding to the trajectory that
minimizes the value of Emax, for each configuration. As before, we note that
although the value of Emax appears to be lower for 48-grid, this is because it
requires more relay nodes resulting in lower energy dissipation per node. As
expected, the value of Emax increases steadily with the number of sensor nodes
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Fig. 5. The minimum of the maximum energy dissipation by the relay nodes in the
networks with different number of sensor nodes
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Fig. 6. Variation of the minimum of the maximum energy dissipation by the relay
nodes with the rotation of the axis, in the networks with different number of sensor
nodes with grid setting 165-Grid

for 165-grid case. However, for the 48-grid case, we notice an anomalous case,
where the value of Emax for 300 sensor nodes is actually higher than that for
both 400 and 500 sensor node distributions. This is because, the performance of
coarse grid configurations is not always reliable and may sometimes fail to find a
good solution (e.g. for the 48-grid and 300 sensor node case). On the other hand,
when we use finer grids (e.g. 165-grid), the computational complexity increases
but the we get more consistent and reliable solutions.

Finally, Fig. 6 shows how the value of Emax varies with the angle of the
straight line trajectory for the MDC. In general, the angle at which the value
of Emax is minimized will depend on the distribution of the sensor node and
the shape of sensing area. In our experiments the sensing area was a rectangular
shape (200m along x-axis and 280m along y-axis), and the sensor nodes were
randomly distributed in the sensing field. Therefore, we can expect that the best
trajectory will be a (nearly) vertical line. This is exactly what we find in Fig. 6,
where the minimum value of Emax is obtained at an angle of about 90◦ for each
sensor node distribution. We also note that the value of Emax varies widely with
the angle for higher values of n, but as n decreases, these variations are greatly
reduced.

6 Conclusions

In this paper, we have proposed a new formulation that, given a set of poten-
tial locations of relay nodes, optimally determines the minimum number of relay
nodes, along with their locations, in a hierarchical sensor network, which includes
a MDC that travels along a fixed trajectory. The placement is done in such a
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way that i) each sensor node is covered by at least 1 relay node, ii) no relay
node suffers from the buffer overflow, and iii) maximum buffer requirement of
the relay nodes is minimized. Our ILP is able to generate optimal solutions for
networks with hundreds of sensor nodes. We have also proposed a new heuris-
tic for calculating a straight line trajectory for the MDC that minimizes the
maximum energy dissipation of the relay nodes.

Although, we have focussed on straight line trajectories in this paper, our
approach can be adapted to consider other simple trajectories, such as a rectan-
gular or circular path. We are currently extending our approach to consider such
trajectories and to determine the most suitable path, based on different layouts
of sensing areas and different node distributions.
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