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Abstract— Device placement is a fundamental factor in determining the coverage, connectivity, cost and lifetime of a Wireless
Sensor Network (WSN). In this paper, we explore the problem
of relay node placement in heterogeneous WSNs. We formulate
a generalized node placement optimization problem aimed at
minimizing the network cost with constraints on lifetime and
connectivity. Depending on the constraints, two representative
scenarios of this problem are described. We characterize the
first problem, where relay nodes are not energy constrained, as
a minimum set covering problem. We further consider a more
challenging scenario, where all nodes are energy limited. As an
optimal solution to this problem is difficult to obtain, a two-phase
approach is proposed, in which locally optimal design decisions
are taken. The placement of the first phase relay nodes (FPRNs),
which are directly connected to Sensor Nodes (SNs), is modeled
as a minimum set covering problem. To ensure the relaying of
the traffic from the FPRNs to the base station, three heuristic
schemes are proposed to place the second phase relay nodes
(SPRNs). Furthermore, a lower bound on the minimum number
of SPRNs required for connectivity is provided. The efficiency of
our proposals is investigated by numerical examples.
Index Terms— Cost, connectivity, device placement, facility
location problem, lifetime, minimum set covering, wireless sensor
networks.

I. I NTRODUCTION

W

E consider a formulation, in which (a) the number
and positions of sensing spots are deterministic and
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assumed known in advance [1][2]; (b) three types of devices,
Sensor Nodes (SNs), Relay Nodes (RNs), and a Base Station
(BS), are used [3]; (c) devices can be installed at deliberately chosen spots [4]. Such WSNs can have a wide range
of applications, such as building automation, environmental
monitoring, traffic monitoring, etc.
A WSN can be logically decomposed into a sensing domain,
which is dedicated to providing required coverage, and a
communication domain, which is dedicated to ensuring the
connectivity of the devices. Based on the WSN characteristics
stated above, design of the sensing domain is application
determined (e.g., [5]). In this paper, assuming the coverageoriented placement has been done, we will concentrate on
the connectivity-oriented placement in the communication
domain.
The major contributions of this paper are as follows. Firstly,
we introduce a device placement design framework for WSNs
with the objective of minimum device cost under the constraints of coverage, connectivity and lifetime. We formulate
a generalized optimization problem and exemplify two design
scenarios with different constraints. Secondly, we propose
optimal and heuristic solutions to two representative design
scenarios. We model the problem in the case where SNs
are energy constrained but RNs are not by the minimum set
covering problem [6][7]. For a more challenging scenario,
where both SNs and RNs are energy limited, we present
locally optimal two-phase placement heuristics to approximate
the overall optimal solution. The performance of different
heuristic algorithms is evaluated and compared with a derived
lower bound.
The remainder of this paper is organized as follows. In
Section II, related research efforts are outlined. In Section III,
the system models are described. The general device placement problem with the objective of minimizing device cost
under the constraints of coverage, connectivity and lifetime,
is formulated. In Section IV, the design problem with nonenergy-constrained RNs is examined. In Section V, two-phase
heuristic algorithms are proposed to solve the problem with
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energy-constrained RNs. In Section VI, optimality of the First
Phase Relay Node (FPRN) placement is discussed and a lower
bound on the minimum number of Second Phase Relay Nodes
(SPRNs) to guarantee connectivity is provided. In Section VII,
the performance of the proposals is evaluated. Finally, the
paper is concluded in Section VIII.
II. R ELATED W ORK
Extending lifetime and conserving cost/energy are of paramount concern in WSN design. Conventionally, such issues
have been addressed by devising various energy efficient
networking protocols, whose objectives are to reduce energy
wastage and/or balance the energy consumption ([8]-[9]).
Promising performance is observed in analytical studies and
simulations. On the other hand, device placement is another
design space for WSNs, which has significant impact on
energy efficiency and lifetime. Therefore, our interest is to
study the placement problem in the context of an ideal set
of energy efficient networking protocols, by which no energy
is wasted. Recently, the optimal placement of heterogeneous
devices has been considered ([1],[2],[10]-[11]). The research
in [1] assumed the location and initial energy of SNs and application nodes (i.e., RNs) were known. In order to maximize
the network lifetime, an optimal location was obtained for
the BS through theoretical analysis. A relay traffic allocation
scheme was developed to further extend the network lifetime.
Upper and lower bounds on the maximum topological lifetime
were also derived. In [10], based on a two-tiered network
model, RN placement algorithms were proposed to guarantee
network connectivity and/or ensure survivability in case of
node failure. Lifetime constraints were not considered. In [2],
aiming at maximizing the system lifetime under an energy
budget, the joint design problem of energy provisioning and
relay node placement was formulated as a mixed-integer nonlinear programming problem. To overcome the computational
complexity, heuristic algorithms were introduced. The paper
assumed that a RN could adapt its transmission energy to reach
any other RN in the network, so the connectivity was not a
problem. In contrast, the connectivity of nodes is an explicit
constraint in our paper. In [12], the heterogeneous node
placement problems were formulated with different objectives,
i.e., minimizing the number of sensor nodes, minimizing total
cost, minimizing energy consumption, maximizing network
lifetime, and maximizing nodal utilization. The paper considered a discrete and finite set of feasible placement sites
as the solution space. In contrast, our paper will search for
the optimal solution in a continuous solution space. The
research in [13] explored the tradeoff between cost and gains
on lifetime and delivery rate when line-powered nodes are
used in a WSN, though no specific optimization objective was
considered.
While the efforts above attempt to extend the lifetime of a
deterministic WSN, where nodes can be placed at deliberately
chosen spots, some other efforts try to address similar problems for randomly deployed WSNs. In [14], with the objective
of minimizing the cost, optimal nodal intensities and nodal
initial energies are derived to guarantee a lifetime threshold
in a randomly deployed WSN using two types of nodes. The
research in [11] mapped the problem of placing transportation
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nodes (relay nodes) to an electrostatics problem. The optimal
node deployment density was calculated in various scenarios.
Motivated by the benefits of device heterogeneity, as well
as the wide range applications where device placement is
deterministic, our research provides a feasible approach to
provisioning WSNs of minimum cost under the constraint of
guaranteed lifetime.
III. S YSTEM M ODELS
In many WSN applications, sensor nodes are expected to
operate on duty cycle as low as 1% or less, such as home
automation and industrial control [3]. Therefore, the traffic
rate is low as compared to the bandwidth. This makes it easier
for networking protocols to coordiate packet transmission so
that collisions and network congestion are minimized. In other
words, we assume the network to be energy limited as opposed
to bandwidth limited. We model such a WSN as follows.
A. Network Model and Placement Problems
We consider a heterogeneous WSN composed of three types
of devices, i.e., SNs, RNs and a BS. An SN generates data
by sensing the environment and transmits the packets to a
neighboring RN in one hop. Individual SNs may differ in a
few aspects, for example, the physical properties they sense,
the rate at which they generate data, and their transmission
range, etc. However, all SNs have limited capability and unreplenished power supply. In order to conserve energy and
reduce the complexity of circuits, SNs usually have fixed and
limited transmission ranges and do not relay traffic for other
nodes. One example of such an SN is the Reduced Function Device (RFD) defined in the IEEE802.15.4 standard[3].
Moreover, the traffic pattern of individual SNs is assumed
predictable. An RN is assumed to have higher intelligence
and carry more power supply than the SNs. It can function as
a cluster header (CH) to collect data from SNs. In addition,
it is capable of relaying and routing traffic, coordinating the
media access in its proximity, and/or aggregating data. An RN
can transmit information to the BS in one or multiple hops.
A BS is located at a fixed position and it is the data sink for
the system.
We assume the placement of SNs is application determined
and is given. In this paper, we address the issue of the
optimal placement of RNs. A general RN placement problem
in a WSN is defined as follows: Given a specific sensing
task, determine the number and positions of heterogeneous
devices, so that the total network cost is minimized while the
constraints of lifetime and connectivity are satisfied.
As design circumstances vary, the problem outlined above
can be different from one case to another. Among all the
factors, transmission range and energy supply of an RN are
critical to distinguish the design scenarios. Depending on the
transmission range of RNs, we envision three types of scenarios: Type I – RNs with adaptive transmission range, where the
RNs can adjust their transmission power arbitrarily, so that the
transmission from a source RN can reach any destination in the
system; Type II – RNs with fixed transmission range, where
the RNs always transmit at a fixed power, thus the transmission
from an RN can only reach other RNs that fall in its fixed
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transmission range; and Type III – RNs with limited-adaptive
transmission range, where the RN can adjust its transmission
power within an upper bound. Note that the energy supply of
an RN can be limited or unlimited. In Sections IV and V, we
will describe several RN placement solutions.
B. Cost Model, Energy Model and System Lifetime
The cost of a device depends on its functionalities and
power supply. The more functionalities a device has, the more
complex and, thus, the more expensive it is. Also, there are
various means of power supply (e.g., battery, solar panel, wall
power) at different costs. In this paper, we assume that the
costs of individual nodes of the same type are the same.
We adopt the communication power consumption model used
in [1][8]. The energy consumption for receiving a packet of
length L is:
Jrx = Lβ

(1)

and the energy consumption for transmitting a packet of length
L over the distance d is


(2)
Jtx = L α1 + α2 dm
where α1 , α2 and β are hardware specific parameters, and m
is the path loss exponent.
This paper addresses the problem of minimizing cost with
constraints on lifetime. In the literature, the lifetime of a node
has been measured in various ways, such as the number of
cycles over which the data is collected in a synchronized network [8], or the cumulative active time until the node depletes
its energy [1]. In this paper, the nodal lifetime is represented
by the cumulative traffic volume until its energy is depleted.
In such a way, both synchronous and asynchronous traffic
patterns are accommodated. We remark that our research can
be easily modified for other lifetime measurements.
From the energy model above, it is clear that the communication energy consumption of a node depends on two factors,
namely, the traffic volume1 and the transmission distance. For
an energy-constrained node, in order that it functions for a
desired lifespan, its transmission radius and/or traffic volume
should be confined.
1) Confined Transmission Range for SNs: Given the average traffic rate for an SN, which can be obtained through
product specification or experimental measurement, the lifetime requirement can be converted into the traffic volume the
SN should transmit. In order to do so, the transmission power
of an SN has to be confined based on its power supply. Given
a fixed initial energy JSN , the confined transmission range
corresponding to a certain lifetime requirement, LSN , for an
SN can be calculated as:

1/m
JSN /LSN − α1,SN
dSN ≤
.
(3)
α2,SN

centered at the SN with the radius calculated by inequality (3).
Therefore, in order that an SN can function for the required
time and transmit its data to the BS via the RNs, an RN should
be placed inside the transmission disc of the SN to relay its
traffic.
2) Constraints for RNs: The major tasks of an RN are
receiving traffic from other nodes and transmitting data to
the BS or the next hop RN. For an RN, the incoming
traffic is equal to the outgoing traffic (assuming no traffic
aggregation is done).2 Given a fixed energy supply JRN , when
its transmission range is fixed and known, the cumulative
traffic amount an RN can handle can be bounded as:
JRN
.
(4)
LRN ≤
α1,RN + α2,RN dm
RN + βRN
Therefore, the initial energy of an RN determines the total
cumulative traffic amount it can handle, which is referred to
as the RN capacity, denoted by C in the remainder of this
paper. If the initial energy is unlimited (e.g., wall powered) or
sufficiently large relative to that of SNs, then C may be taken
to be infinite. In the following, we assume that if the amount
of traffic handled by an RN does not exceed C, its lifetime
constraint is satisfied.
IV. P LACEMENT OF R ELAY N ODES W ITHOUT E NERGY
C ONSTRAINTS
We first consider a basic version of the generalized problem.
SNs are energy constrained and transmit data over a small
distance. Individual SNs may have different transmission
ranges depending on their initial energy and surrounding
environment. RNs have large transmission distance and ample
energy supply (wall powered, solar powered, or high capacity
battery) so that their energy constraint is not a critical issue in
contrast to the SNs. RNs can send data to the BS in one hop or
multiple hops. In this scenario, as the connectivity and lifetime
constraints on RNs are not factors, the optimization problem
becomes: given a deployment of SNs, find a minimum number
of RNs and their positions so that each SN can reach at
least one RN in a single hop. We note that no assumptions
regarding routing are required for this problem, as SN lifetime
and connectivity constraints are satisfied if at least one RN
is placed within the transmission radius of each SN. We
formulate the problem of optimal RN placement (for the sake
of connectivity) as a set covering problem.
Let X = {o1 , o2 , . . . , oN } be the set of given SNs. If an
RN is placed at a strategic position where multiple SN discs
overlap, the corresponding SNs will all benefit from this RN.
We make the following definitions.

In reality, this confined transmission range can be enforced
during manufacturing, as a part of product specification. Thus,
each individual SN can be described by a transmission disc

Definition 1: Region. For a given set X of N SNs, let a subset s
of X denote the intersection of the corresponding discs. Then s
is called a region if this intersection is nonempty. For example,
the subset s = {o1 , o2 } denotes the nonempty intersection
of the discs of o1 and o2 . An RN placed in the intersection
corresponding to si can serve at least as many SNs as an RN
placed in the intersection corresponding to sj if sj ⊂ si , and
vice versa. Note that each SN disc is also a region by itself.

1 Only the uplink data traffic is considered for the energy consumption
calculation, as it counts for the majority of traffic.

2 With moderate modifications, the energy model can be extended to the
case with data aggregation.

WANG et al.: DEVICE PLACEMENT FOR HETEROGENEOUS WIRELESS SENSOR NETWORKS: MINIMUM COST WITH LIFETIME CONSTRAINTS

Definition 2: Densest Region. A region si is said to be a
densest region if there is no region sk , satisfying si ⊂ sk .
Let f denote an individual densest region and F denote the
set of all densest regions of the disc set X. For any region
sk of the set X, there must be a densest region fl ∈ F ,
such that sk ⊆ fl . If an RN is placed in the intersection
corresponding to sk , it can serve the same number or more
SNs if it is also placed in the intersection corresponding
to fl . Therefore, when designing the optimal placement of
RNs, the non-densest regions can be ignored. Hereafter, we
restrict our consideration to the intersections corresponding to
densest regions as the candidate positions for RNs. As such,
the problem of finding the optimal placement of RNs for a set
of SNs becomes equivalent to finding a minimum set cover for
the disc set X using its corresponding set of densest regions F
[6][7]. In practice, any point in the intersection corresponding
to a densest region is treated equally in the sense that an RN
placed anywhere in the intersection incurs the same cost while
satisfying the lifetime and connectivity constraints.
We state the minimum set covering problem as follows. We
are given a finite set X and a family F of subsets of X such
that for any x ∈ X there is at least one f ∈ F so that x ∈ f .
A set cover isa subset C ⊆ F whose members cover all of
X, i.e., X = f ∈C f . A set cover which has the smallest size
is called a minimum set cover from F for X.
The above RN placement problem can be viewed as a
special form of the un-capacitated facility location problem
in the area of operations research [15][16]. As such, many
techniques developed for the un-capacitated facility location
problem in the operations research literature can be considered here [17][18]. The minimum set covering problem is
NP-complete (so is the above RN placement problem). In
[6], a polynomial-time approximation algorithm, called the
GREEDY-SET-COVER algorithm, is presented. In [19], we
propose an optimal recursive algorithm that requires lower
computation than exhaustive enumeration. The proposed algorithm divides the overall minimum set covering problem into
a series of minimum set covering problems of a smaller size
iteratively and combines the results in an optimized manner.
V. P LACEMENT OF R ELAY N ODES W ITH E NERGY
C ONSTRAINTS
In this section, a more general and challenging situation
is considered. RNs are assumed to have limited energy and
fixed transmission range. Therefore, RNs connecting to SNs
can only relay a limited amount of traffic within a restricted
range. In general, RNs may not be able to transmit data
to the BS by themselves. Thus, a complete RN placement
solution should not only provide connectivity to the SNs, but
also ensure that each RN has at least one (multi-hop) path
to the BS. In addition, the lifetime constraints of RNs, or
the capacity constraints as described in Section III, should
be satisfied. As RNs are assumed to have identical cost, the
optimization objective is to minimize the number of RNs for
a given deployment of SNs.
For an arbitrary SN placement, the solution space for the
RN placement problem in this scenario is infinitely large and
finding the optimal one is highly non-trivial. As such, we

O2(3)

O1(5)
O3(4)
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O4(4)

O5(2)

A set of SNs= {o1 , o2 , o3 , o4 , o5 } and their traffic, denoted
by the numbers in brackets. Assume a RN can relay a
maximum traffic volume of 10 in order to meet the lifetime
constraint. Subsets, such as {o1 , o3 , o4 }, {o1 , o2 , o4 } are
regions. Each region, such as {o1 , o3 , o4 }, has an associated
intersection of the transmission disks. {o1 , o3 }, {o1 , o4 },
{o3 , o4 } are also regions. However, {o1 , o3 , o4 } is not
energy feasible as the sum of the traffic of its associated
nodes is greater than 10. {o1 , o3 }, {o1 , o4 }, {o3 , o4 } are
EFRs, as in each of them the total traffic of their component
nodes does not exceed 10. However, the EFR {o2 , o5 } is not
DEFR since it belongs to the EFR {o2 , o4 , o5 }.
Fig. 1.

An illustration of regions, EFRs, and DEFRs.

propose a two-phase RN placement approach. In each phase
the number and locations of RNs to be added are decided
in a locally optimal manner.3 In the first phase, a minimum
number of RNs are placed to ensure the connectivity of SNs.
We therefore call them First Phase RNs (FPRNs). In the
second phase, RNs are placed to provide a complete relay
path for the existing RNs. They are called Second Phase
RNs (SPRNs). In both phases, lifetime (i.e., capacity) and
connectivity requirements have to be satisfied.
A. The Placement of First Phase Relay Nodes (FPRNs)
The objective of FPRN placement is to ensure the connectivity of SNs as they have limited transmission range. It is
a similar problem as that described in the previous section.
However, due to the power limitation on RNs, the amount of
traffic that an RN can handle is limited (refer to Eq.(4)). As
such, some densest regions may not be energy feasible in the
sense that the total traffic volume of SNs associated with a
region is greater than the capacity of an RN. For example, in
Fig. 1, the total traffic volume of the SNs associated with
region f = {o1 , o3 , o4 } is 13 while the capacity of each
RN is only 10. We enhance the criteria of candidate FPRN
placement locations with an energy constraint. After finding
the eligible candidate locations by applying the enhanced
criteria, the minimum set covering model is applicable to the
FPRN placement problem. The new candidate locations are
called densest energy-feasible regions.
Definition 3: Energy-Feasible Region (EFR) and Densest
Energy-Feasible Region (DEFR). For a set of SNs, X =
3 The

two-phase approach first appears in our earlier work in [20].
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{o1 , o2 , . . . , oN }, a region is energy feasible if an RN deployed in the intersection corresponding to this region can
relay all traffic from the associated SNs while meeting the
lifetime constraint.4 Such a region is called an Energy-Feasible
Region (EFR). An EFR R is a DEFR if there is no other EFR
R such that R ⊂ R.
The concepts of region, EFR, and DEFR are illustrated in
Fig. 1. It is safe to assume that the capacity of an RN is not
less than the cumulative traffic volume of any individual SN.
Therefore, each SN should be associated with at least one
RN in a DEFR. By finding a minimum set covering for X
among DEFRs using such algorithms as in [19], the FPRN
placement solution can provide the connectivity to all SNs.
The placement problem of FPRNs can also be viewed as a
special form of the un-capacitated facility location problem.
B. The Placement of Second Phase Relay Nodes (SPRNs)
By the end of the first phase placement, every SN has found
an RN to forward its traffic. Next, we need to place more
RNs so that every FPRN will be able to find the neighbor(s)
via which it relays traffic to the BS. To the best of our
knowledge, there is no existing model for such a problem.
We should note that with energy and transmission constrained
RNs multiple hops are generally required to relay data from
SNs to the BS. Therefore, any placement solution depends on
the underlying routing protocol taking sufficient advantage of
the RN placements to realize the desired network lifetime.
In this paper we assume that the routing protocol used is
sufficiently energy efficient so that the target network lifetime
can be realized. Alternatively, in the construction of each of
our placement solutions the level of traffic on each network
link is specified, and a centralized routing scheme [21] that
enforced these levels of traffic would ensure the target network
lifetime. We first identify two essential design principles, then
present three heuristic algorithms to implement the principles.5
1) Far-Near and Max-Min Principles:
Far-Near Principle. This refers to the principle that the placement decision in the second phase should first consider the
RN which is farthest from the BS and evolves step-by-step
to the RNs that are closest to the BS. The rationale is that
data are to be forwarded towards the BS. Hence RNs that are
closer to the BS should relay traffic for other farther nodes.
This principle helps to avoid energy wastage incurred due to
unnecessary detouring of relayed traffic.
Max-Min Principle. This refers to the principle to maximally
utilize the capacity of existing RNs, while introducing a
minimum number of new RNs. Specifically, from far to near to
the BS, each RN will distribute its workload to other existing
neighboring RNs first. Only when the existing neighboring
RNs of a given RN cannot handle its traffic load, a new RN
will be added. In order to implement this principle, we assume
that a supportive energy-aware routing protocol or an optimal
traffic allocation mechanism is available. This is outside the
4 In this research, we assume an SN only transmits its traffic to one RN
during its lifetime. In the case that an SN transmits its traffic to multiple RNs,
one needs to find a fractional solution to this problem [16]-[18].
5 The preliminary results of the proposed schemes were shown in our earlier
work in [22].

Step 0: (Initialization) Set U = V .
Step 1: Pick a node vi that is farthest from the BS among the
nodes in the set U . If di ≤ r, delete vi from U , go to
Step 3. Otherwise, go to Step 2.
Step 2: (Traffic Distribution with Nearest-To-BS-First) Calculate
the remaining capacity (RC) of the neighboring nodes
of node vi as follows:
RC = (C − wk ), where the sum is over all k such
that dik ≤ r and dk < di .
If RC ≥ wi then
vi distributes its traffic load to the neighboring nodes
by first filling up the capacity of the node nearest to the
BS, then of the node next nearest to the BS, and so on.
In case there are two or more neighboring nodes having
the same closest distance to the BS, one is chosen
arbitrarily. Delete vi from U , go to Step 3.
Else
A new RN, vnew , is deployed on the line from vi to
the BS at the point that is distance r away from vi .
Set wnew = wi , add vnew into U , delete vi from U ,
and go to Step 3.
Step 3: If U = φ, EXIT. Otherwise, go to Step 1.

È

Fig. 2.

Nearest-To-BS-First algorithm.

scope of this paper. However, such issues have been addressed
in [21][9].
2) Localized Heuristic Algorithms: Following the principles above, three heuristic algorithms are proposed, which
differ in the way the traffic load of an RN is forwarded and
distributed to neighboring RNs.
We can abstract the SPRN placement design as a procedure
of constructing a directed graph G(V, A), where V is the set
of RNs and A is the edge set. Initially, V = {v1 , v2 , . . . , vN }
is the set of FPRNs. Each RN has an associated weight which
indicates the traffic load it handles. Let di denote the Euclidean
distance from vi to the BS, dij the Euclidean distance from
vi to vj and r the fixed transmission radius of an RN. There
would be a directed edge from vi to vj if dij ≤ r and dj < di ,
i.e., if the transmission by vi can reach vj and vj is closer to
the BS than vi . Furthermore, we define the workload, wi , as
the sum of vi ’s relayed traffic loads, and its residual capacity
as the difference between its capacity, C, and its workload.
A. Nearest-To-BS-First algorithm (NTBF): Starting from the
farthest RN, say vf ar , if the workload of vf ar , say wf ar , does
not exceed the total residual capacity of its adjacent neighbors,
then its workload is distributed to its adjacent neighbors, by
first filling up the capacity of the node nearest to the BS, then
to the node next nearest to the BS, and so on. In case there
are two or more neighboring nodes having the same closest
distance to BS, one is chosen arbitrarily. Otherwise, a new
RN will be introduced as its next hop relay. The algorithm is
described in Fig. 2.
B. Max-Residual-Capacity-First algorithm (MRCF): We observe that by using the NTBF algorithm, the workloads
among the nodes could become unbalanced, since the traffic
distribution is sensitive to the distance between a node and
the BS. A tiny difference in distance to the BS could lead to
significant variance in the workloads of two nodes. Thus, some
potential traffic path segments may become jammed causing
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vi [5]

v1 (2)

v0 [8]

[a] – Traffic
(b)

BS

v2 (3)

Load

Residual Capacity
First Phase Relay Node
Second Phase Relay Node Placed by NTBF
Second Phase Relay Node Placed by BER

Fig. 3.

An illustration of the Best-Effort-Relaying algorithm.

more new RNs to be added to set up new paths. As such, we
introduce the MRCF algorithm to maintain better load balance
among the RNs. The performance improvement by doing so
will be considered in Section VII.
The MRCF algorithm is similar to the NTBF algorithm,
except Step 2. When distributing the workload of a given RN
to its neighbors, it first fills up the capacity of the neighboring
RN with maximum residual capacity, then the neighboring RN
with second to maximum residual capacity, and so on. If two
or more neighboring nodes have the same highest residual
capacity, then the one nearer to the BS is chosen first.
C. Best-Effort-Relaying algorithm (BER): In the previous algorithms, a new RN is added if the neighbors of the farthest
RN cannot relay its workload. However, the capacity of its
neighbors is potentially wasted as its workload is totally
passed to the new RN without bothering the existing neighboring RNs. Therefore, we amend the previous algorithms to
utilize the existing RNs to relay traffic in a best-effort manner.
That is, the traffic relaying will be arranged even if an RN’s
neighbors cannot serve it all. In addition, when placing a new
RN, the location is picked not only to make the RN be as
close to the BS as possible, but also to be strategically placed
so as to serve as many existing RNs as possible. For example,
in Fig. 3, v1 and v2 are assigned a portion of the traffic load
from v0 , even though they cannot handle all the traffic load of
v0 . Meanwhile, one fewer SPRN is needed if using the BER
algorithm than using the NTBF algorithm.
To describe the algorithm, we define the following concepts
and notations. The residual load of a node refers to the
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Step 0: (Initialization) Set U = V .
Step 1: Remove from U all RNs that have zero residual capacity
and can reach the BS in one hop.
Step 2: From far to near, let each RN in U relay as much traffic
load as possible to its neighboring RNs which are closer
to the BS, using the Nearest-To-BS-First rule; Update
the residual capacity and workload for each RN; Remove
from U all RNs that are both fully loaded and have zero
residual capacity.
Step 3: Up to this step, we have a set of RNs that cannot distribute their workload using the existing RNs. Therefore,
we now add a new RN. Pick the RN in U farthest from
the BS and let vi denote this RN;
If vi has zero residual capacity, remove vi from U and
go to Step 5;
Else if the residual load of vi equals its capacity, go to
Step 4;
Else
Let N = INS(vi );
If (N = φ) go to Step 4;
Else
Set W = {vi };
Do the following:
Pick the RN vj ∈ N that is farthest from the BS;
If GIR({vj }) GIR(W ) = φ and the total residual
load of RNs in {vj } W is no more than the capacity of a new node, then update W ← W {vj }
and GIR(W ), and remove vj from N ;
Until the total load in W is equal to the capacity of
a new node or all vj ∈ INS(vi ) have been checked;
Place the new node in GIR(W ) as close to the BS as
possible and relay the load from RNs in the set W
to the new RN;
Update node residual capacities and workloads of
RNs in U ;
Remove all nodes in W from U and add the new
node to U ;
Go to Step 5.
Step 4: Place a new RN on the line joining vi to the BS as close
to the BS as possible, and assign the load from vi to the
new RN; remove vi from U ; add the new node to U .
Step 5: Repeat Steps 1, 2 and 3 until all nodes in U can reach
the BS in one hop.

Ì

Fig. 4.

Ë

Ë

Best-Effort-Relaying algorithm.

difference between its total traffic load and the traffic load
for which next step RNs have been assigned. Representing
an RN vi by a disc with radius r centered at the location of
vi , let INS(vi ) denote the intersecting neighbor set of vi , i.e.,
INS(vi ) = {vj ∈ V : dij ≤ 2r, j = i}. Let GIR(W ) denote
the geometrical intersecting region (i.e., the intersection) of
the transmission discs of all RNs in the RN set W . The BER
algorithm is described in Fig. 4.
VI. T HEORETICAL A NALYSIS
In Section V, we examined the placement problem for a
heterogeneous WSN when both SNs and RNs are energy
constrained. A two-phase placement approach is proposed.
The first phase placement is modeled as a minimum set
covering problem with DEFRs. One can easily verify that
the FPRN placement is optimal in the sense that it uses the
minimum number of RNs required to satisfy the condition
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that each SN can connect directly to at least one RN for the
duration of its lifetime.
For the SPRN placement, an optimal solution is unknown
to our best knowledge in a general scenario. We now derive a
lower bound on the number of SPRNs required to ensure that
each FPRN has at least one path to the BS. The notations in
Section V-B.2 are used. Also we define dmax = maxvj ∈V dj .
Given a BS and a RN set V , draw M concentric circles of
radii r, 2r, . . . , M r centered at the BS, where M = dmax /r.
Thus, all FPRNs are within the circle of radius M r. Define
shell m, denoted by Sm , to be the region between the mth
and (m + 1)th circles, m = 1, 2, . . . , M − 1, and shell 0 to be
the disc of radius r centered at the BS. For an FPRN vj , we
say that vj ∈ Sm if mr < dj ≤ (m + 1)r.
Let wj and rcj be the workload and residual capacity of
v
j . The total workload from all FPRNs in Sm is Wm =
w and the total residual capacity in Sm is RCm =
j:vj ∈Sm j
M−1
= Wm + . . . + WM−1 denote the
j:vj ∈Sm rcj . Let Wm
total workload in shells m, . . . , M − 1, for m = 1, . . . , M − 1,
and let C denote the total capacity of each RN.
Lemma. A lower bound on the optimal number of SPRNs is:
M−2


nmin =

max 0,

m=0

M−1
Wm+1
− RCm
C

(5)

Proof. As all traffic transmission is towards and terminates at
the BS, traffic residing in Sm must be relayed across each
of the inner shells Sm−1 , . . . , S1 , S0 . Thus, starting from the
farthest shell SM−1 , WM−1 is the amount of workload that
must pass through SM−2 . As the capacity of existing FPRNs
is limited, some SPRNs may necessarily be added in SM−2 to
carry WM−1 . Also, if the existing RNs are utilized completely
before adding new nodes, the minimum number of SPRNs to
be added in SM−2 is:
(M−2)

nmin

=

0

WM −1 −RCM −2
C



if RCM−2 ≥ WM−1
otherwise.

(6)

Next the total workload relayed from SM−2 towards the
M−1
. In general, following the same line
BS will be WM−2
of logic, the total workload from Sm+1 towards the BS
will be the accumulated workload of all the nodes in the
M−1
. Therefore, the
shells SM−1 , SM−2 , . . . , Sm+1 ; i.e., Wm+1
minimum number of SPRNs to be added in the mth shell is:
(m)

nmin =

0

M −1
Wm+1
−RCm

C



M−1
if RCm ≥ Wm+1

otherwise.

(7)

M−2 (m)
Then
m=0 nmin is a lower bound to the number of new
nodes.

We note that this lower bound depends only on the capacity,
workloads and distances to the BS of the FPRNs. Further
improvements to the bound are possible with more detailed
knowledge about the physical locations of the FPRNs, though
we do not pursue this here. Also, the bound is tight in that
the equality is achievable for given capacity and workloads for
some configurations of FPRNs. The bound is an equality, for
example, when the FPRNs in shell Sm are fully utilized by
the cumulative workload from shell Sm+1 , . . . , SM−2 , SM−1 ,
for m = 0, 1, . . . , M − 2.

VII. P ERFORMANCE E VALUATION
As the placement of the FPRNs is optimal, in this section we
will demonstrate the performance of our proposed algorithms
for the placement of SPRNs by comparing with the lower
bound in various scenarios. We first conduct the experiments
in grid networks, and then check the algorithms in random
networks and compare their performance in a statistical manner.
A. Performance Evaluation on Grid Networks
In order to obtain insight into the features of the three
heuristic algorithms, we compare the number of SPRNs required by each algorithm in some representative scenarios,
assuming FPRNs have been placed in a grid network.
The grid network is set up as follows. Sixteen FPRNs are
placed at the vertices of a 4 × 4 grid with the BS to the left of
the grid. As depicted in Fig. 5, a is the grid length, the BS is
located at (−b, ), where  = 0.001a is a small perturbation
value so that distances from FPRNs to the BS are distinct, and
b = 0.55a. The nodes are numbered in an increasing order by
their distance to the BS, i.e, node 16 is the farthest, while node
1 is the closest. All RNs have the same capacity of 8, namely,
they can relay 8 units of traffic. The experimental scenarios are
distinguished by the initial workload and transmission range
of FPRNs.
We first conduct two groups of experiments with both the
NTBF and MRCF algorithms. In the first group of experiments, the transmission range of RNs is r = 1.2a, so that
each RN reaches its adjacent neighbors but not the diagonal
neighbors. In the second group of experiments, the transmission range of RNs is enlarged to r = 1.5a. Thus, each RN has
both adjacent neighbors and diagonal neighbors. Each group
consists of two experiments, wherein the initial workloads on
FPRNs (directly from SNs) are 2 and 4, respectively, in the two
experiments. Accordingly, the lower bounds on the optimal
number of SPRNs in the two experiments of the first group
are 2 and 7, and 2 and 6 for the second group, respectively.
Fig. 5 illustrates the placement of SPRNs by the NTBF
algorithm. The number of the SPRNs is 2 and 10, respectively,
when the transmission range is small. Contrary to intuition,
the number increases from 2 to 3 as the transmission range
increases when the traffic load is 2. This undesired increase is
due to the sensitiveness of traffic distribution to the distance.
Even though the distance (to the BS) differences of two RNs
are small, traffic will fill up the closer one first. For example,
on the right side of Fig. 5, node 9 is only a little closer to the
BS than node 10 is, but its final workload is twice that of node
10. This will further create an unbalanced traffic distribution
for other nodes closer to the BS. This problem is due to the
fact that the NTBF scheme prefers to fill up the capacity of
the RNs closer to the BS. As a result, some traffic paths are
inappropriately congested.
We examine the MRCF algorithm using the same two
groups of experiments as above. The results when r = 1.2a
are the same as those for the NTBF algorithm. When r = 1.5a
and the traffic load is 2, the MRCF algorithm does not exhibit
the load unbalance problem and the number of RNs is optimal
(the number of SPRNs placed by the algorithm is equal to the
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SPRN placement and traffic distribution by the NTBF algorithm.
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not only the farthest RN is considered, but also its intersecting
node set is taken into account. In this way two or more RNs
can share one common SPRN as their next hop relay and the
RNs can achieve better utilization.

SPRN placement and traffic distribution by the MRCF algorithm.

lower bound), as shown in Fig. 6. When the traffic load is 4,
the MRCF algorithm requires the same number of RNs as the
NTBF algorithm does.
However, the MRCF algorithm does not always yield better
placement than what NTBF provides. We set up an experiment
in which the FPRNs do not have equal initial workloads.
Specifically, we set the FPRNs 1-4 with initial workload 2,
5-8 with initial workload 3, and 9-16 with initial workload
4. In the case r = 1.2a, the MRCF algorithm requires one
more RN than the NTBF algorithm. The results are shown in
Table I.
We further evaluate the BER algorithm in the above scenarios. In most cases, the BER algorithm achieves the optimal
results. The results of all experiments and lower bounds are
listed in Table I. The BER algorithm differs from the other
two algorithms in two respects. First, an RN forwards its traffic
load as much as possible to RNs closer to the BS. Thus, the
capacity of existing RNs is maximally utilized before any new
RN is added. Second, when adding a new SPRN at any time,

As the number of potential design scenarios is immense,
and the optimal placement is not available in general, in this
section the three algorithms are executed on randomly generated networks. Their performance is evaluated and compared
in a statistical manner.
The random network is on a square field of dimension
300 × 300, wherein the BS is located at the fixed position
(0, 0). A total of 100 FPRNs are distributed randomly in the
field. The coordinates of the four corners of the square field
are (20, −150), (320, −150), (20, 150), and (320, 150), the
transmission range of a RN is 15, and the initial workload
of the FPRNs has a uniform distribution on [25, 75]. Four
experiments are executed, in which the capacity of RNs is
set to 75, 100, 125, and 150 respectively. In each of the
experiments, 500 independent random networks are generated
and the results shown in this paper are the averages over the
500 runs. The simulation is written in C++. Simulation results
in all scenarios hold a confidence interval no more than 2%
of the average (over 500 runs) at a 95% confidence level.
Four metrics are used to evaluate the performance of the three
heuristic algorithms, as follows.
(1) Number of SPRNs. This criterion reflects the total
device cost incurred in a system.
(2) Composite Energy Cost. This is the sum of capacities of
all RNs required by each placement design. It indicates
the system cost in a unified manner and makes the placement designs comparable across the four experiments.
(3) Average Capacity Utilization. This is the ratio of the sum
of the workloads on RNs to the sum of their capacities.
In this research, we calculate the average utilization of
FPRNs and the average utilization of SPRNs separately.
(4) Coefficient of Variance (C.O.V.) of the capacity utilization. This is a measurement of load balance among
the RNs, defined for a given network as the standard
deviation of utilization of capacity divided by the average utilization over all nodes. The C.O.V. is computed
separately for FPRNs and SPRNs.
Fig. 7 (A-D) demonstrate the results by applying the three algorithms in random networks. From these figures, we observe
the following.
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Number of SPRNs

1) All three algorithms require fewer SPRNs as the RNÕs
capacity increases. This is a desirable property, as nodes
with higher capacity would be able to relay more traffic
than those with lower capacity.
2) For all three schemes the ratio of the number of SPRNs
obtained from experiments to the theoretical lower
bound is 1.1–1.3, which is quite acceptable.
3) The numbers of SPRNs used by the NTBF and the
MRCF algorithms are similar to one another with the
latter having smaller C.O.V. of the energy utilization,
which supports the assertion that the MRCF algorithm
achieves better load balancing among the nodes.
4) The BER algorithm outperforms the other two algorithms in terms of smaller number of SPRNs, higher
utilization, and smaller C.O.V., though the improvement
is moderate.
5) From Fig. 7 (B) and (C), we notice that with the increase
of individual node capacity the composite energy cost
increases while the resource utilization decreases. This
suggests that an energy economical system may prefer to
use a large number of devices with lower energy rather
than using a smaller number of devices with higher
energy. This could be helpful for the network designer
to choose the devices.
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