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a b s t r a c t
Recently, Wireless Sensor Networks (WSNs) emerged as a powerful and cost-efﬁcient solution for unattended Outdoor Environment Monitoring (OEM) applications. These applications impose certain challenges on WSN deployment, including 3-Dimensional (3-D)
settings, harsh operational conditions, and limited energy resources. To prolong lifetime
of the deployed WSN, while mitigating the effects of these challenges, we propose the
use of Relay Nodes (RNs) in addition to Sensor Nodes (SNs) in a distributed manner. While
RNs facilitate reaching distant destinations, SNs can reserve their limited energy resources
for sensing and data gathering. In addition, Mobile RNs (MRNs), which is a set of RNs capable
of being reallocated (i.e. mobilized) at any point within the network lifetime, can be used to
overcome possible link/node failure caused by the harsh conditions. It can also guarantee
minimal energy consumption through imposing a balanced trafﬁc distribution. This article
proposes a 3-D grid-based deployment for heterogeneous WSNs (consisting of SNs, RNs, and
MRNs). The problem is cast as a Mixed Integer Linear Program (MILP) optimization problem
with the objective of maximizing the network lifetime while maintaining certain levels of
fault-tolerance and cost-efﬁciency. Moreover, an Upper Bound (UB) on the deployed WSN
lifetime, given that there are no unexpected node/link failures, has been driven. Based on
practical/harsh experimental settings in OEM, intensive simulations show that the proposed grid-based deployment scheme can achieve an average of the expected UB.
 2014 Elsevier B.V. All rights reserved.

1. Introduction
Wireless networking and advanced sensing technology
have enabled the development of low-cost, power-efﬁcient
WSNs that can be used in various application domains such
as healthcare, military, and OEM [2]. The main building
block of a WSN is SNs. These nodes collect information,
i.e. sense, some physical and/or chemical properties of a
monitored environment and transmit their measurements
to a central node known as the Base Station (BS). This
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transmission can either be periodic or on-demand [1].
Amongst the various application domains of WSNs, OEM
attracted considerable attention due to its unique characteristics [3,4]. These include large monitored areas, isolated
and distant territories, harsh operational conditions, and
high probabilities of node and link failures [5,6].
Fortunately, a well-planned WSN deployment in such environments offers a reliable, yet cheap, means of decentralized data collection with minimal human intervention.
However, in order to maintain a prolonged and reliable
monitoring, the WSN needs to withstand the harsh operational conditions of outdoor environments, like heavy rains,
snowfalls, sandstorms, extreme temperature variations,
etc. These conditions may cause a signiﬁcant percentage
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of node and link failure [7,8], which can be captured and
statistically quantiﬁed using the Probability of Node Failure
(PNF) and Probability of Disconnected Nodes (PDN). Hence,
a well-planned WSN deployment should reduce these two
probabilities [9]. While PNF can partially be reduced
through proper placement and packaging of the nodes;
PDN can signiﬁcantly be reduced by a fault-tolerant deployment [10]. Fault tolerance is a pivotal step for a sustained
and reliable monitoring. It is achieved through injecting a
certain level of redundancy in the network such that it
can withstand a given percentage of failure while maintaining the desired monitoring level.
Due to the scarcity of energy resources in outdoor
environments, network nodes are almost always batterypowered. However, since a WSN in an OEM application is
envisioned to work unattended for long periods of time, a
stringent constraint is imposed on the energy consumption
per node. This becomes a serious challenge when the network monitoring area is huge. In this case, energy can be
drastically consumed if a distant BS is to be reached
directly by all the SNs with a blind knowledge of the
remaining energy budget per node in the network. To overcome this, a distributed system of RNs/SNs can be used
[15]. A RN is a dedicated communication node with larger
energy storage, i.e. larger battery, than regular SNs, capable
of collecting data from a cluster of SNs and passes it to the
BS. RNs can either be static or mobile. Unlike Static RNs
(SRNs) that are located once within the network lifetime,
Mobile RNs (MRNs) are given certain mobility features
such that they can be relocated on demand [16]. The use
of this type of RNs helps resolving bottleneck problems
during the network lifetime. In fact, MRNs can be seen as
a proactive solution to maintain connectivity and faulttolerance when some communication paths are running
out of energy or losing connectivity [17]. Also, one of the
unique features of OEM applications is the 3-D space monitoring where the height of a node is as important as its
horizontal position [12], which cannot be considered by
2D deployment algorithms. For instance, in monitoring
the gigantic redwood trees in California, some experiments
required placing the sensors at varying heights ranging
from the ground surface up to tens of meters [13]. Moreover, monitoring the intensity of certain gases, like CO2
[28,15,14], requires sensor placement at different heights
such that monitoring coverage and accuracy requirements
are met. Such a 3-D monitoring can easily be secured if the
coverage space is modeled as a 3-D grid, which is a typical
coverage model in OEM applications [2,28]. Hence, network nodes can only be placed at the vertices of this grid.
In fact, the grid model limits the search space to a ﬁnite
number of points. The shape of the grid building units
can either be a cube, a hexagonal, an octahedron or any
regular shape chosen to meet certain coverage levels
[19]. Other advantages of the 3-D grid modeling include
exclusion of all positions where node deployment is not
possible, and accurate description of the possible routing
paths [18]. In spite of the aforementioned grid advantages,
placing the WSN nodes on the grid vertices might affect
their deployment optimality. Nevertheless, this effect is
fortunately controllable by the grid edge length (i.e. the
deployment optimality is proportional with the count of
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vertices, and inversely proportional with the grid edge
length). Thus, a more restricted search space (without
affecting the deployment optimality) is required. Meanwhile, the overall network cost is proportional to the total
number of nodes deployed. Hence, the lower the number
of nodes, the lower the overall cost. However, communication reliability and fault tolerance require abundant node
deployment. Consequently, a tradeoff exists between the
overall cost and the network performance. Hence, the network deployment problem can be best modeled as an optimization problem. The objective is to maximize the
network lifetime through reducing the energy consumption, while the constraints are cost efﬁciency, communication reliability, and fault-tolerance. This problem will be
mathematically modeled in subsequent sections.
1.1. Related work
Recently, there have been several proposals for an
energy-efﬁcient, lifetime-maximizing WSN deployment.
These proposals differ both in the type of nodes used in
the network and their deployment strategies. In terms of
the type of nodes used, most of the work in literature has
considered the use of only sensor nodes deployed in a target area. Very few researchers have considered the use of
RNs to improve the communication range and network lifetime. PEDAP and its power-aware version, PEDAP-PA [31],
L-PEDAP [32], EESR [33], AND MLDA [34] are examples of
WSNs that consider only sensor nodes deployed in a target
area, and implement various schemes to improve the network lifetime. For instance, PEDAP considers minimizing
the total energy expended by the network in a round of
communication, but it does not consider the issue of balancing the energy consumption among the nodes. It consumes less energy to ﬁnd a route and is able to achieve a
good lifetime for the last node, but does not provide for load
balancing among SNs and reliable communication in the
network. PEDAP-PA is an improvised version of PEDAP that
considers balancing the energy consumption among the
SNs by computing their remaining energy using a cost function. However, this cost function considers only the transmitting nodes’ residual energy, and the routing tree is
recomputed after a pre-deﬁned number of rounds, which
is a major drawback when considering an improvement
in the reliability of the system. Moreover, both PEDAP and
PEDAP-PA are centralized algorithms that were designed
for smaller deployment areas and might be unsuitable for
large scale deployments such as OEM applications. EESR
and L-PEDAP consider the remaining energy levels at both
the transmitter and transceiver SNs to achieve better load
balancing. EESR uses Kruskal’s algorithm for the routing
tree construction and works best when the SN is in the
same transmission range and can communicate directly
with the sink. L-PEDAP is capable of automatically re-routing a packet to the destination when it ﬁnds that the energy
level of a node is less than the threshold value. Thus
L-PEDAP achieves both load-balancing and reliable communication as it is capable of identifying node failure and
recovering from it, unlike EESR. However, L-PEDAP fails to
minimize the energy consumption and communication
time. This is true even in the case of MLDA that fails to
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achieve the desired tradeoff between communication delay
and network lifetime in the system. Thus, none of these
works in existing literature have been able to satisfactorily
address the problem of maximizing network lifetime while
reducing the energy consumption, and considering the constraints of cost efﬁciency, communication reliability, and
fault-tolerance.
Moving on to node deployment strategies, they are
mainly classiﬁed as random and deterministic strategies
(see Table 1). In random deployments, nodes’ positions
can be chosen in a purely random deployment plan or,
based on a weighted random deployment plan, where
the distributed nodes’ density is not uniform in the monitored areas. For instance, K. Xu et al. [20], studied random
deployment of static RNs in a two dimensional (2-D) plane.
The authors proposed an efﬁcient deployment strategy
that maximizes the network lifetime when all RNs reach
the BS with a single hop only. Motivated by the weakness
of the uniform random deployment; the authors proposed
a weighted random deployment strategy with a gradually
increasing density of nodes as the distance to the BS
increases. This strategy compensates the number of RNs
for the energy needed to reach the BS. Hence, monitoring
reliability can be sustained for longer periods of time, i.e.
network lifetime is maximized.
In contrast, deterministic deployments aim at deploying nodes exactly on speciﬁc, predeﬁned locations. These
deployments can be accomplished through centralized or
distributed approaches (see Table 1). In centralized
approaches, global information gathering is required to
end up with the targeted nodes’ positions. For the most
part each node requires a complete knowledge of the
whole network topology. However, in distributed
approaches deployment decisions are made based solely
on some local knowledge per node. For example, a deterministic deployment strategy for mobile data collecting
nodes was proposed in [22], assuming centralized knowledge and decisions made at the Base Station (BS). These
mobile nodes move along a set of predeﬁned tracks in
the sensing ﬁeld. In the proposed deployment strategy,
SNs were able to relay data in addition to their sensing
duties. It was shown that using data collectors (mobile
relays) extends the network lifetime compared to conventional WSNs using static SNs only. In fact, data collectors
were used earlier in [23,24]. The network lifetime was

divided into equal length time intervals, called rounds.
The data collectors are relocated at the beginning of each
round based on a centralized algorithm running at the Base
Station. The objective was to minimize the aggregate consumed energy during one round. It was shown that the
optimal locations according to this objective function
remain optimal even when the objective becomes to minimize the maximum energy consumed per SN. It should be
remarked that these two energy metrics are not suitable
for ﬁnding the optimal locations of mobile nodes since
the optimal solutions will not be functions of time, i.e.
time-independent. The reason is that the maximum or
aggregate energy consumed per round might not change
with time, and hence, locations of the data collector will
not change with time. Consequently, the locations calculated may be far from optimal. Despite the advantages of
these proposals, the deployed networks were prone to network partitioning and/or communication loss due to lack
of fault tolerance. In addition, these proposals are designed
for 2D deployment problem, which is not the case in OEM
applications. In OEM, a 3D deployment plan for environment sensors is a must to achieve the desired outdoor
observations [12,13]. Moreover, ignoring candidate sensory positions in the 3D space can waste numerous opportunities in reducing energy consumptions based on closer
locations and in achieving better connectivity performance. In [25], a fault-tolerant random deployment was
proposed. In particular, the authors proposed a distributed
deployment algorithm to achieve a desired level of fault
tolerance for all-SNs WSN. The transmission power of
every node is gradually increased until either the distance
between two neighboring nodes exceeds a speciﬁc threshold or the maximum transmission power is reached. In this
deployment, fault tolerance is achieved at the expense of
added cost. Transmission power adaptation requires complex hardware that raises the per-node cost, hence increasing the overall network cost. In addition, power adaptation
results in added energy consumption, hence causing lifetime reduction. In [26], another fault-tolerant WSN
deployment was proposed. The authors considered the
case where at least two disjoint paths exist between each
pair of SNs. To achieve a desired level of fault tolerance,
deterministic RN placement was used. The problem was
formulated as an optimization problem. However, it turned
to be NP-hard. Hence, a polynomial time approximating

Table 1
A comparison between various deployment proposals in the literature.
Reference

[9]
[11]
[14]
[20]
[22]
[23]
[25]
[26]
[27]
Our work
a

The

p

Considered performance metricsa
Cost
p
p
–
p
p
–
–
p
–
p

Connectivity
p
p
p
p
p
p
p
p
p
p

Deployment approach

Fault-tolerance

Lifetime

Type

Centralized/decentralized

Targeted space

–
–
p

–
p

Deterministic
Deterministic
Random
Random
Deterministic
Deterministic
Random
Deterministic (grid-based)
Deterministic
Deterministic (grid-based)

Decentralized
Decentralized
Centralized
Centralized
Centralized
Centralized
Centralized
Centralized
Centralized
Decentralized

2D
2D
2D
2D
2D
2D
3D
2D
2D
3D

–
–
–
p
p
p
p

–
–
p
p
–
–
p
p

in this column indicates that the corresponding metric is considered. The- means the metric is not considered.
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algorithm was proposed instead. This algorithm identiﬁes
candidate positions for RNs that cover the maximum number of SNs while assuming a regular communication range
shape. Thus, RNs positions may not be accurate since it
solely depends on the transmission ranges that are irregular in practice. Alternatively, fault tolerance could be
achieved through deploying spare (redundant) node. In
fact, faulty RNs are even more harmful to the network than
SNs. This behavior was shown in [3] for a deterministic,
grid-based deployment. Hence, an efﬁcient fault-tolerance
should account for faulty SNs as well as RNs.

2.1. Communication model
In practice, the signal level at distance from a transmitter varies depending on the surrounding environment.
These variations are captured through the so called lognormal shadowing model. According to this model, the signal level at distance from a transmitter follows a log-normal distribution centered on the average power value at
that point [29]. Mathematically, this can be written as

Pd ðdÞ ¼ Ps  Ploss ðdÞ
¼ Ps  Ploss ðr 0 Þ  10n log

1.2. Paper contributions
In this article, a comprehensive network deployment
problem is considered based on decentralized algorithms
running not only at the system sink (BS), but also at the core
network nodes (SNs/RNs). SNs and RNs are jointly deployed.
In addition, some MRNs are used to release the pressure
from overloaded paths and ﬁx any connectivity problems.
Thus, the targeted problem can be stated as follows: Given
a 3D deployment space and a limited number of SNs and static/mobile RNs, ﬁnd the optimal positions that prolong the network lifetime1 while maintaining connectivity & certain faulttolerance constraints. Accordingly, our main contributions
towards solving this problem can be summarized as
1. We overcome the huge search space of the candidate RNs positions by ﬁnding a subset of the grid
vertices for these RNs based on their intersecting
communication ranges.
2. The optimization problem is divided into initial
deployment and periodic redeployment. In the initial
deployment, the optimal locations of all nodes are
found. In the periodic deployment, MRNs are relocated based on a decentralized decision made by
deployed nodes at their present positions.
3. Efﬁcient energy metrics, the minimum node residual
energy and the total energy consumed, are used to
maximize the network lifetime. These two metrics
guarantee an inﬂuential MRN relocation.
4. An upper bound for the maximum network lifetime
in ideal operation conditions is derived. This bound
is used to show the performance gains achievable
by the proposed two-phase solution.
The remainder of this paper is organized as follows. Section 2 describes the system model and the mathematical
framework. The proposed deployment strategy is presented and discussed in Section 3. Section 4 presents the
numerical results, while conclusions are drawn in Section 5.
2. System models
In this section we describe the communication model,
the network architecture, and the lifetime model used in
this article. All three models were tailored to suit OEM
applications.
1

See Deﬁnition 1.

 
r
þ v;
r0

ð1Þ

where Ps is the transmission power, Ploss(r0) is the path loss
measured at reference distance r0 from the transmitter, n is
an environment dependent path loss exponent, and v is a
normally distributed random variable with zero mean and
variance r2, i.e. v  N ð0; r2 Þ. With the aid of this model,
the probability of successful communication between two
nodes separated with a distance r can be calculated as follows. Assume Pmin is the minimum acceptable signal level
for successful communication between a source S and a destination D separated by distance r. The probability of successful communication is q[S, D] = Pr[Pd(r) P Pmin]. After
some mathematical manipulations, q[S, D] can be written as

q½S; D ¼ Q



Pmin  Ps  Ploss ðr0 Þ  10n logðr=r0 Þ

r

;

ð2Þ

where
Q()
is
the
Q-function
deﬁned
as
R 1 t2 =2
Q ðxÞ ¼ p1ﬃﬃﬃﬃ
e
dt. In this paper, the probability of suc2p x
cessful communication between nodes i and j should
exceed a certain threshold, s1. Hence, the condition q[i,
j] P s1 will be used. The percentage of successful connectivity s1 is a design parameter. In fact, if identical transceiver speciﬁcations are used for all nodes; choosing a
particular s1 automatically speciﬁes the maximum distance between any two directly communicating nodes.
2.2. Network model
Consider a WSN where nodes are logically grouped into
two layers, a lower layer consisting of the SNs, and an upper
layer consisting of all the RNs. SNs forward their sensing
data to a neighboring RN in the upper layer. On the other
hand, RNs communicate periodically with the BS, either
directly or via other RNs, to deliver the aggregated trafﬁc
from the SNs. Since these RNs have longer transmission
range compared to Sensor Nodes (SNs), SNs in such a 2-tier
architecture can invest their energy only in data gathering,
and RNs can take care of communicating the gathered data
to the BS. This helps to prolong the lifetime of the WSNs,
which is very desired in OEM applications operating in
harsh and energy-constrained environments.
In the grid-based network architecture, the grid-edge
length is the transmission range r. Nodes can only be placed
at the vertices of the 3-D grid such that the maximum number of Event Centers (ECs) is monitored. An EC is a location
where the targeted phenomena can be monitored. The network topology is modeled as a graph G = (V, E), where
V = {n0, n1, . . ., nv1} is the set of v candidate grid vertices,
E is the set of bidirectional links (edges) between the
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deployed nodes. Furthermore, the link between vertices i
and j belongs to E if and only if the condition q[i, j] P s1 is
met. The network consists of QSN SNs and QRN RNs. If we
and aRN
be two binary variables such that aSN
let aSN
i
i
i ¼ 1 if
¼ 1 if a RN is placed at vertex
a SN is placed at vertex i; aRN
i
RN
¼ 0 otherwise, then we can write
i, and aSN
i ¼ 0; ai

X

Eicons ¼

aSN
i ¼ Q SN ;

ð3Þ

i¼1

v
X

aRN
¼ Q RN :
i

ð4Þ

i¼1

To achieve complete network coverage, the QSN + QRN
nodes should be distributed such that: (1) every EC is covered by at least one SN, (2) every SN is connected to at least
one RN, and (3) every RN is connected to the BS either
directly or indirectly via other RNs. These three requirements can mathematically be written as follows. Let bi, j
be a binary variable whose value is 1 if the ith vertex is a
candidate position to sense the jth EC and 0 otherwise.
Consequently, the ﬁrst requirement can be written as
v
X

aSN
8j 2 SEC ;
i  bij P 1;

ð5Þ

i¼1

where SEC is the set of ECs. To guarantee the communication between the lower layer and the upper layer in the
network, the second requirement can be written as
v
X

RN
aSN
P 1; 8i 2 V & j 2 NðiÞ;
i :aj

ð6Þ

i¼1

where N(i) is a set of neighboring indices such that j 2 N(i)
if the jth vertex is within the transmission range of the ith
node, i.e. q[i, j] P s1. Finally, to guarantee that every RN
can reach the BS either directly (one hop) or indirectly
(multiple hops), the third requirement can be written as

X

!

P 1; 8j R NðBSÞ;
aRN
i

ð7Þ

i2fNðBSÞ;MðNðBSÞÞg

where j 2 M(N(BS)) if the jth node can reach the BS either
directly or indirectly.
2.3. Lifetime & energy models
Due to the harshness of outdoor environments, nodes
and communication links are prone to failure. Losing some
nodes and links may isolate other functional nodes. This
problem can be overcome by deploying redundant nodes.
Hence, deployment of redundant nodes helps achieving
fault-tolerance, and thus prolongs the network lifetime.
This concept can formally be deﬁned as follows:
Deﬁnition 1 (Network Lifetime). is the time span (in
rounds) from network deployment to the instant when
the percentage of alive2 and connected irredundant SNs and
RNs falls below a speciﬁc threshold s2.
Notice that the remaining nodes, in addition to being
alive, need to be connected to the BS either directly or
indirectly. In order to measure the network lifetime, a
measuring unit needs to be deﬁned. In this work, we adopt
2
Alive nodes are those which have enough energy for at least one more
round.

X

J tr þ

Per round

v
X

aRN
j 

the concept of a round as the lifetime metric. A round is the
time span tround over which every EC reports to the BS at
least once. At the end of every round, the total energy
consumed by the ith node can be written as

J rec ;

ð8Þ

Per round

where Jtr = L(e1 + e2dn) is the energy consumed for transmitting a data packet of length L to a receiver located r meters
from the transmitter. Similarly, Jrec = Lb is the energy consumed for receiving a packet of the same length [21]. The
parameters e1, e2, and b are hardware speciﬁc parameters
of the used transceivers. Accordingly, if the initial energy
of the ith node, Eiinit , is known, its remaining energy, Eirem ,
at the end of the round can readily be calculated as
Eirem ¼ Eiinit  Eicons . At the end of every round, the total energy
consumed by all nodes can be written as
P
P
i
i
Etot
cons ¼
Q SN Econs þ
Q RN Econs . Since all RNs may transmit
and/or receive data in every round while all SNs transmit
their measurements, the total energy consumed per round
can be written as

Etot
cons

¼

v
X

a

i¼1

þ

X

RN
i

J rec f ij þ

j2NðiÞ

v
X

X

i¼1

j2NðiÞ

aSN
i

X

!
J tr f ij

j2NðiÞ

!

J tr f ij ;

ð9Þ

where fij is the trafﬁc from node i to j measured in bits per
second (bps). The way Eqs. (3)–(9) are presented lends the
network architecture and the energy model smoothly into
the lifetime maximization problem to be discussed in the
following section.
3. Deployment strategy
The deployment problem studied in this paper has an
inﬁnitely large search space. To limit this inﬁnite search
space to a manageable number of points, the 3-D grid model
is used. The objective is to ﬁnd the optimal locations of
QSN + QRN nodes among v grid vertices that maximize the
network lifetime. The deployment strategy consists of two
phases. The ﬁrst phase aims at ﬁnding the optimal positions
of all the nodes such that total energy consumption is minimized, and the second phase is launched at the end of every
round to ﬁx connectivity problem(s) and release the pressure from heavily loaded nodes. This two-phase deployment strategy is called Optimized 3-D grid deployment (O3D).
3.1. First phase of the O3D strategy
Let us start with the Simplest Deployment Scheme (SDS).
SDS aims at maximizing the network lifetime by ﬁnding:
(1) the optimal deployment of all nodes in the network,
and (2) the optimal routing paths from the SNs to the BS.
This can be stated as follows: what are the optimal deployment and routing strategies that need to be used to reduce the
energy consumed per round? While Eqs. (3)–(9) guarantee
that a total of QSN + QRN nodes satisfy the desired network
topology; additional constraints are needed to control the
routing paths. This can be done as follows. First, the trafﬁc
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needs to be fairly divided amongst the deployed RNs to
avoid node overload. Mathematically speaking, the
conditions

X

SN
aSN
8i 2 V;
i  f ij 6 g i ;

j2NðiÞ

X

aRN
i  f ij 

j2NðiÞ

X

ð10Þ

RN
aRN
8i 2 V
i  f ki 6 g i ;

ð11Þ

k2NðiÞ

need to be met. g SN
and g RN
are the generated trafﬁc from
i
i
the ith SN and RN, respectively, measured in bits per second (bps). Second, the limit of the available bandwidth
for every node needs to be maintained. This can be
achieved through the conditions
Algorithm 1. O3D First Phase Deployment.
Function OptIniDep (IS: Initial Set of ECs & BS
coordinates to construct N, V)
Input:
A set IS of the ECs and BS coordinates.
A set V of the candidate grid vertices.
Output:
A set N of the SNs, SRNs, and BS coordinates.
Begin
Initialize: k-values, v ; SEC ; g SN
i ,
SN
RN
g RN
i ; C i ; C i ; J tr ; J rec ; Q SN ,

aSN
8j 2 SEC
i  bij P k1 ;

QRN.

v
X

RN
aSN
P k2 ; 8j 2 V & j 2 NðiÞ;
i  aj

i¼1

aRN
j 
SN
i

a  f ij 6

C SN
i ;

X

ð16Þ

!
P k3 ; 8j R NðBSÞ:
aRN
i

ð17Þ

i2fNðBSÞ;MðNðBSÞÞg

8i 2 V;

ð12Þ

RN
aRN
8i 2 V;
i  f ij 6 C i ;

ð13Þ

j2NðiÞ
RN
where C SN
are the available bandwidths for the ith
i and C i
SN and RN, respectively, measured in bps. With the aid of
these constraints, the SDS optimization problem can be
summarized as follows P1 :

Minimize

ð15Þ

i¼1

j2NðiÞ

X

Deﬁnition 2. (Data Recovery). The existence of operational
redundant nodes capable of covering isolated or partitioned
ECs and nodes and routing their measurements to the BS.
With the aid of these deﬁnitions, we can summarize the
objective of the FSDS scheme as follows: maximize the
network lifetime through ﬁnding: (1) the optimal deployment of all nodes in the network, and (2) the optimal
routing paths from the SNs to the BS, such that the
deployed network is k fault-tolerant and data recovery is
guaranteed. In other words, the FSDS scheme is an
extension of the SDS with fault tolerance and data recovery
constraints. Let us start with the fault-tolerance constraint.
Every component in the network (EC, SN, or RN) shall be
connected to more than one element in the upper level to
achieve a desired level of redundancy. In other words,
every EC needs to be covered by k1 P 1 SNs, every SN
needs to be connected to at least k2 P 1 RNs, and every RN
needs to reach the BS through at least k3 P 1 routes.
Consequently, (5)–(7) can be rewritten as:
v
X

PS1 = Solve P2 in (18).
N= Set of coordinates of SNs, SRNs, and BS in PS1.
End

X

network still needs to recover the isolated ECs and nodes.
This is achieved through the injection of redundant nodes
as mentioned earlier. Consequently, data recovery can be
deﬁned as:

Etot
cons

Subject to Eqs: ð3Þ—ð9Þ;
Eqs: ð10Þ—ð13Þ:

It should be mentioned here that the way (15)–(17) is written gives us ﬂexibility in choosing the level of tolerance at
all layers in the network. This allows more customized
fault tolerance. However, to make the entire network a k
fault tolerant network, we simply set k1 = k2 = k3 = k.
Finally, P1 can be rewritten with the modiﬁed constraints
to get the FSDS in the form of P2 :

Minimize Etot
cons

Subject to Eqs: ð3Þ—ð9Þ;
ð14Þ

Observe that we have intentionally divided the constraints
into two groups, network architecture constraints and
routing paths constraints. This division gives additional
insights into the performance of the proposed scheme as
shall be revealed in the results section. Despite that this
scheme allows optimal deployment of a given set of nodes
such that lifetime is maximized; the deployed nodes are
prone to isolation and/or failure that render some ECs
not covered. This is because no fault-tolerance constraint
was imposed. To achieve this tolerance, the Fault-tolerant
Simplest Deployment Scheme (FSDS) presents a fault-tolerant version of the SDS. Fault-tolerance is an energy consuming constraint that allows the network to withstand
a certain level of faulty nodes while maintaining a desired
level of coverage. Fault-tolerance can be quantiﬁed by the
number or percentage of faulty nodes tolerated. When the
number of non-operational nodes is less than k, the

Eqs: ð10Þ—ð13Þ;

ð18Þ

Eqs: ð15Þ—ð17Þ:
By solving this optimization problem at the system sink
(BS), a fault tolerant, maximized lifetime, WSN deployment
will be achieved, which is also the ﬁrst phase deployment
of the O3D strategy summarized in Algorithm 1. An additional degree of freedom can be brought to the network
through the use of MRNs. MRNs can be reallocated periodically such that a particular objective is achieved. In our
case, we shall use it to maximize the network lifetime by
reducing the energy consumption of a particular set of
nodes that have been overloaded, as described next.
3.2. Second phase of the O3D strategy
After performing the ﬁrst phase of the O3D in P2 which
considers all the available RNs, i.e. Q SRN static RNs and Q M
RN


mobile RNs, Q RN ¼ Q SRN þ Q M
RN , a relocation of the MRNs
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is performed in the second phase of the O3D strategy, as
shall subsequently be shown. However, since the second
phase deployment will take place during the network run
time, processing time is very critical and has to be very
limited. Thus, searching all the grid vertices, v, in largescale applications with large v like OEM applications, is a
computationally expensive and time consuming process.
This is due to the involved computational requirements
for ﬁnding the network lifetime for a large number,


v  Q SRN  Q SN , of possible node locations. Therefore, a
M
Q RN
limited search space with reduced v is needed. Taking
advantage of a distributed system running at the SNs and
the static RNs to provide a previous knowledge of their
positions to the BS, the MRNs may be placed on any grid
vertex as long as they are within the probabilistic communication range of the largest number of SNs and/or static
RNs. As a result, the search space is reduced while the
accuracy of the deployment plan is not affected. To explain
our method of ﬁnding this ﬁnite search space, we give the
following two deﬁnitions.
Deﬁnition 3 (Ideal Set). A ﬁnite set of positions P is ideal if
and only if it satisﬁes the following property: there exists
an optimal placement of MRNs in which each relay is
placed at a position in P.
We aim at ﬁnding such an ideal set in order to achieve
more efﬁcient discrete search space in which candidate
positions do not include all the grid vertices but only a
subset of it. This subset should have the highest potential
to prolong the network lifetime and sustain its fault
tolerance through maintaining the largest neighborhood.
However, since computational complexity is proportional
to the cardinality of P, a set with an even smaller
cardinality is needed.
Deﬁnition 4 (Candidate Grid Unit (CnGU)). A candidate
grid unit a is a grid unit that has a connected center with
at least k2 SN or k3 static RN. The subset of SNs and static
RNs coordinates connected to a is denoted by C(a).
The building unit of the 3-D grid is called a Grid Unit
(GU). A GU is said to be connected to a particular SN or
static RN if the condition q P s1 is met, where q is the
probabilistic connectivity parameter between the GU center and that node.
Deﬁnition 5 (Optimal Candidate Grid Unit (OCGU)). A candidate GU a is optimal if there is no candidate GU b, where
C(a) # C(b).
The OCGUs have the highest potential to place the
MRNs based on Deﬁnitions 4 and 5. Accordingly; we have
to show that an ideal set can be derived from the set of
OCGUs. Towards this end, we state the following Lemmas.
Lemma 1. For every CnGU b, there exist a OCGU a such that
C(b) # C(a).
Proof. If b is a OCGU, we choose a to be b itself. If b is not a
OCGU then, by deﬁnition, there exists a CnGU a1 such that

C(b) # C(a1). If a1 is a OCGU, we choose b to be a1, and if a1
is not OCGU then, by deﬁnition, there exists another CnGU
a2 such that C(a1) # C(a2). This process continues until a
OCGU ax is found; we choose a to be ax. Thus, Lemma 1
holds. h
Lemma 2. Finding a OCGU takes at most (n  1) step, where
n ¼ Q SN þ Q SRN .
Proof. By referring to the proof of Lemma 1, it is clear that
jC(ax)j 6 n, and jC(a)j < jC(a1)j < jC(a2)j < . . . < jC(ax)j 6 n;
where jCj is the cardinality of C. Consequently, the process
of ﬁnding the OCGU ax takes a ﬁnite number of
steps 6 n  1. h
Then, we introduce the following Theorem.
Theorem 1. A set P that contains one position from every
OCGU is ideal.
Proof. To prove this Theorem, it is sufﬁcient to show that
for any arbitrary placement Z we can construct an equivalent3 placement Z in which every MRN is placed at a position
in P. To do so, assume that in Z, a MRN i is placed such that it
is connected to a subset J of SNs/SRNs. It is obvious that
there exists a CnGU b, such that J # C(b). From Lemma 1,
there exist a OCGU a such that C(b) # C(a). In Z, we place
i at the position in P that belongs to a, so that i is
placed at a position in P and is still connected with all
SNs/SRNs in J. By repeating for all MRNs, we construct a
placement Z which is equivalent to Z, and thus Theorem 1
holds. h
In order to ﬁnd all OCGUs, we need a data structure
associated with each GU to store coordinates and total
number of SNs/SRNs connected to the GU. We represent
this data structure by the CnGU set C(i), where i is the center of the CnGU. By computing C(i), "i 2 V, we can test
whether a CnGU centered at i is optimal or not by searching for a set that has at least all elements of C(i). In the following, Algorithm 2 is running independently at the SNs/
RNs by the end of each round to collect residual energy
and neighboring CnGUs per node. If any change occurs in
the resultant gathered information, it will be broadcasted
to update the system sink. Accordingly, Algorithms 3–6
will be executed at the system sink (BS). Algorithm 3
establishes the set of vertices that are within the communication range of a single GU based on the output of Algorithm 2; it runs in O(n) time. Algorithm 4 tests whether a
CnGU is optimal or not based on a local comparison
between the resultant output of each SNs/RNs. Algorithm
5 uses Algorithms 3 and 4 to construct the ideal set P by
ﬁnding all OCGUs. The overall complexity of Algorithm 5
is O(nlogn).
Once we obtain the set P which contains one position
(grid vertex coordinates) from each OCGU, the search space
3
Equivalent in terms of connected SNs/SRNs. In other words, the
placement of a MRN at position i, within the communication range of the
nodes x and y, is equivalent to the placement of the same MRN node at
position j within the communication range of the nodes x, y and z.
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of the optimization problem to be formulated, subsequently, becomes much more limited. To start formulating
the second phase optimization problem, we assume that
an FSDS deployment has already been performed and that
the network is running. Some nodes will be consuming
more energy than others such that network bottlenecks
start to appear.
Algorithm 2. Information Gathering.
Function InfoG (N)
Input:
A set N of the GUs’ coordinates.
Output:
LoCGU: List of covered GUs by a SN/SRN j.
E: remaining energy at SN/SRN j.
Begin
If SN
E = ESN
rem with reference to Eq. (9)
Endif
If RN
E = ERN
rem with reference to Eq. (9)
Endif
LoCGU(j):¼;;//list of covered GUs by node j
foreach GU center i do
Compute q[i, j];
If q[i, j] P s1
LoCGU(j):¼i [ LoCGU(j);
endif
endfor
End

Algorithm 3. Creating Grid Units.
Function FindCandidateGridUnit (N, LoCGUs)
Input:
N: set of the SNs and SRNs nodes’ coordinates.
LoCGUs: list of covered GUs by each SN/SRN.
Begin
foreach GU center i in LoCGUs do
C(i):¼;;
xi:¼0; //where xi represents number of nodes
connected to the GU centered at i.//
Li:¼;; //Li is the list of SN/SRN coordinates connected
to the GU center i.//
foreach SN/SRN j in LoCGUs do
If i is covered by a SN/SRN
xi = xi + 1;
Li = Li [ j;
endif
endfor
If (xi P k)
C(i):¼Li [ C(i);
Endif
endfor
End

Algorithm 4. Testing whether C(i) is Optimal or Not.
Function Optimal (C(i), all non-empty grid unit sets)
Input:
A set C(i) for a speciﬁc grid unit center i & All nonempty sets of the grid units’ centers.
Output:
True if C(i) is OCGU and False otherwise.
Begin
If C(i):¼; do
return False;
endif
Search for a set C such that CðiÞ # C.
If C :¼ ; do
return True;
else
return False;
endif
End
Algorithm 5. Finding all OCGUs.
Function FindOCGUs (N: Set of SNs & SRNs)
Input:
A set N of the SNs and SRNs nodes’ coordinates.
Output:
A set P that contains one position from every OCGU.
Begin
P:¼;;
FindCandidateGridUnit (N);
foreach C(i) do
If Optimal (C(i), all non-empty grid unit sets) do
P:¼{i} [ P;
endif
endfor
End
To help these nodes, a total of Q M
RN MRNs shall be
relocated. The objective of this relocation process is twofold: maximize the minimum residual energy amongst
all nodes per round, and minimize the total energy consumption. Notice that the ﬁrst part of the objective aims
at maximizing a time-and-node-dependent value; hence
relocation will always lead to new optimal locations
whenever applied. The objective function can be written
as
SN
RN
Minimize Etot
cons  Eres  Eres

ð19Þ

Algorithm 6. O3D Second Phase Deployment.
Function MRNsP (N: constructed by SNs, SRNs & BS,
P)
Input:
A set N of the SNs, SRNs and BS nodes’ coordinates.
An ideal set PS2 of v candidate positions for the
MRNs.
(continued on next page)
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Output:
A set PS2 of the MRNs coordinates maximizing
lifetime of N.
Begin
SN
RN
M
RN
Initialize: k-values, SEC ; g SN
i ; g i , C i ; C i ; Q RN , And
make V = P, v = jPj.
PS2 = Solve P3 in (23).
End

Finally, based on the output of Algorithms 1 and 6,
optimal locations of SNs and RNs in terms of maximum
lifetime and limited cost budget are determined, in addition to fault-tolerance and data recovery constraints. This
two-phase solution can easily be extended to consider
other constraints such as coverage, data ﬁdelity, as well
as delay-tolerance through formulating and adding it to
P3 .
3.3. Lifetime theoretical analysis

RN
where ESN
res and Eres are the minimum residual energy over
all SNs and RNs, respectively, at the end of the round.
Notice that RNs include both, static RNs and MRNs. To
guarantee connectivity for the entire round, these two
residual energies need to satisfy two conditions at the
end of the round. The ﬁrst one is

RN
ESN
res ; Eres P 0;

ð20Þ

while the second one is
SN
aSN
i Erem 

X

aSN
i J tr f ij 

j2NðiÞ
RN
aRN
i Erem 

X

X

SN
aSN
i J rec f ki P Eres ; 8i 2 V;

k2NðiÞ

aRN
i J tr f ij 

j2NðiÞ

X

RN
aRN
i J rec f ki P Eres ; 8i 2 V;

k2NðiÞ

ð21Þ
ESN
rem

ERN
rem

In the previous section, we examined the placement
problem for a heterogeneous WSN when both energy-efﬁcient and fault-tolerant design factors are considered. However, once the network starts being operational deployed
nodes start losing energy and facing harsh operational conditions that may lead to failures and increased risks of disconnection. Consequently, a second phase was proposed to
reposition MRNs in order to overcome such conditions,
and hence provide near optimal solutions in practical situations. As these conditions are scarcely predictable in practice, it is very difﬁcult to predict what would be the
maximum number of rounds a network can stay operational
for. Therefore, we derive an Upper Bound (UB) on the number of rounds a WSN can spend during its lifetime, given that
there are no unexpected node/link failures. Thereby, we
assume the same notations in the system models section.
Also, we deﬁne LTmax to be the maximum number of rounds

where
and
are the remaining energies in the SNs
and RNs, respectively. These two equations guarantee successful communication for at least one coming round. Furthermore, at the end of the relocation process, the number
of MRNs needs be the same; whether relocated or kept in
place. Hence, similar to (3) and (4), one can write

starts functioning, ESN
init is the initial available energy per

v
X

SN, and ERN
init is the initial available energy per RN.

aMRN
¼ QM
RN :
i

ð22Þ

i¼1

Consequently, with the aid of these constraints, we can
rephrase our optimization to be written as P3 :

a WSN can stay operational for, and ESN
min=r to be the minimum
total energy consumed by SNs per round, and ERN
min=r to be the
minimum total energy consumed by RNs per round. Assume
Etot
init is the initial total available energy before the network

Theorem 2. The lifetime of the deployed WSN is upperbounded by:

SN
RN
Minimize Etot
cons  Eres  Eres ;

Subject to Eqs: ð3Þ—ð9Þ;
Eqs: ð10Þ—ð13Þ;
Eqs: ð15Þ—ð17Þ;

ð23Þ

LT max

8
>
>
>
>
<

9
>
>
>
>
SN
RN
=
Q SN :Einit
Q RN :Einit
"
#
"
#
;
¼ min
:
Q SN
Q RN
>
>
>
Q SN P k1 SN
Q RN P k2 RN >
>
>
>
>
ðJ tr þ Jrec Þ k2
:J tr k1
;
i¼1 g i
i¼1 g i

Eqs: ð20Þ—ð22Þ:
By solving this optimization problem, a further fault tolerant and maximized lifetime WSN deployment will be
achieved, which is also the second phase deployment
of our O3D strategy summarized in Algorithm 6. In light
of the large existing literature today on optimization formulations for lifetime in WSNs, it is worth pointing out
that the two energy metrics (residual and consumed
energy metrics) included in the objective function make
the proposed MILP unique and particularly distinguished.
As it makes the proposed approach more suitable for
ﬁnding the optimal locations of mobile nodes since the
optimal solutions will be a function of time, i.e. timedependent. This is a typical use of the proposed mathematical model under realistic settings in mobile
topologies.

ð24Þ
Proof. As the minimum consumed energy per round by
SNs is the required energy to deliver irredundant generated trafﬁc (sensed data), the minimum energy consumed
by these nodes per round is equal to the energy used in
transmitting from irredundant SNs. Since the number of
irredundant SNs is QSN/k1; the minimum energy consumed
per round is

2

ESN
min=r

Q SN
k1

3

6Q X SN 7
¼ J tr 4 SN
g 5:
k1 i¼1 i

ð25Þ

Similarly, the number of irredundant RNs is QRN/k2; hence
the minimum energy consumed per round is
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2

ERN
min=r

Q RN
k

3

2
6Q X RN 7
¼ ðJ tr þ J rec Þ4 RN
g 5:
k2 i¼1 i

ð26Þ

As the initial total available energy at SNs is equal to
Q SN :ESN
init , the maximum number of rounds the SNs can stay
SN
operational for is Q SN :ESN
init =Emin=r . Similarly, the maximum
number of rounds the RNs can stay operational for is
RN
Q RN :ERN
init =Emin=r . As the maximum number of rounds a

WSN can stay operational for is controlled by the lifetime
of SNs generating the sensed data, and the RNs relaying
this data, the maximum number of rounds a WSN can stay
operational for is

LT max

(
)
Q SN :ESN
Q RN :ERN
init
init
:
¼ min
;
ERN
ESN
min=r
min=r

ð27Þ

By substituting (25) and (26) in (27), we achieve the lifetime UB described above in (24). h
It is worth mentioning that this UB depends only on the
number of deployed nodes, initial node energy, node generation rate, redundancy level (i.e. k-value), and energy
consumed for transmitting/receiving a packet. Consequently, to increase LTmax one can either increase the initial
energy of the deployed nodes; decrease their energy consumption per packet, increase the number of nodes
deployed, or increase the redundancy level. This UB is
not only used in assessing the efﬁciency of our two-phase
deployment strategy, but also any other deployment strategy aiming at maximizing the WSN lifetime.
4. Performance evaluation & discussion
In this section, we evaluate the performance of our proposed strategy in practical settings with different PNF and
PDN conditions. We consider the SDS and FSDS schemes
along with the UB as a baseline to the proposed O3D
deployment strategy. In fact, simpliﬁed variations of SDS
and FSDS schemes are widely studied in the literature
[23,24]. To compare the performance of the three schemes,
the following four performance metrics are used. The ﬁrst
metric is the average lifetime deﬁned as the number of
rounds through which the network operates. The second
one is the average energy consumed per byte. This metric
reﬂects the energy utilization efﬁciency. In fact, it relates
energy consumption to network lifetime. The third metric
is the Ratio of Remaining Energy (RRE). RRE is the ratio of
the total remaining energy in all nodes to their total initial

energy. Finally, the fourth metric is the Percentage of Packet
Loss (PPL). PPL is the percentage of transmitted data packets that fails to reach the BS. It reﬂects the effects of bad
communication channels and node failures. In studying
these performance metrics, four parameters are used.
These are the level of fault-tolerance k, the PNF, the PDN,
and the (QSN + QRN) count.
4.1. Simulation model
The three deployment schemes: SDS, FSDS, and O3D,
are applied based on experimental and realistic parameters
that are typical in outdoor WSN applications [29,30].
Moreover, these schemes are executed on 500 randomly
generated WSNs hierarchical graph topologies in order to
get statistically stable results. The average results hold
conﬁdence intervals of no more than 2% of the average values at a 95% conﬁdence level. For each topology, we apply a
random node/link failure based on pre-speciﬁed PNF and
PDN values, and performance metrics are computed
accordingly. Dimensions of the monitored space are
900  900  300 m3. We assume the same predeﬁned
ﬁxed time schedule in [19] for trafﬁc generation at the
SNs and RNs, as it is a typical model for such hierarchical
topologies in WSNs. Nodes positions are found by applying
the three deployment strategies. We assume that each
WSN is required to be operational for the maximum number of rounds using a maximum of 15 RNs and 1500 SNs
(cost constraint). Based on real outdoor experimental measurements, the communication model parameters are set
as shown in Table 2 [30]. The simulator determines
whether or not a SN is connected to its neighbors according
to the probabilistic communication model described earlier in Section 2.1. To simplify the presentation of the
results, all the transmission ranges of SNs and RNs are
assumed equal to 100 m. We use MATLAB lp-solver v5.5
with a timeout of 15 min. In other words, the MILP of a particular round is solved during the last 15 min of the previous round. We remark that better lifetime performance can
be achieved at the cost of more computational time complexity. However, this is not an issue in a typical OEM
application, where a MILP can be left running for days
without affecting the targeted application.
4.2. Simulation results
While the SDS strategy ﬁnds the optimal locations of
the SNs and RNs in order to achieve the maximum network
lifetime with cost constraints, FSDS and O3D attempt to

Table 2
Parameters of the simulated WSNs.
Parameter

Value

Parameter

Value

Parameter

Value

Parameter

Value

s1

L

512 (bits)
3000 (J)

d2

10
5

r
PDN

100 (m)
20%

QSN

70%
1500

e1
e2

50  109 (J/bit)
10  1012 (J/bit/m2)

ESN
init
V
Pmin

b

50  109 (J/bit)

n

4.8

300
104 (dB)

QM
RN
k
SN
gi

3
10 (byte/round)

QRN
C SN
i

15
1000 (byte/h)

tround

24 (h)

g RN
i

100 (byte/round)

C RN
i

2000 (byte/h)

PNF

20%

s2

70%

ERN
init

3000 (J)
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Fig. 4. Lifetime as a function of fault-tolerance level k.

Fig. 1. Lifetime as a function of the number of RNs.
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Fig. 2. Lifetime as a function of Probability of Node Failure (PNF).
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Fig. 3. Lifetime as a function of Probability of Disconnected Nodes (PDN).

ﬁnd locations of these nodes such that the network lifetime is maximized under certain cost and fault-tolerance
constraints. It is expected that the system lifetime (mea-

Fig. 5. Packet loss as a function of the fault-tolerance level k.

sured in rounds) improves as QSN and QRN increased in a
given terrain. This behavior is depicted in Fig. 1 below.
The more active nodes available in a given terrain the better the connectivity is and the lesser partitions are formed
in the network. Consequently, this prolongs the network
lifetime as mentioned earlier. The major effect of fault-tolerance constraints obviously appears in practical situations, where PNF and PDN are nonzero as depicted in
Figs. 2 and 3. According to results obtained by applying
Theorem 2, the mobility factor has a great inﬂuence on
the efﬁciency of the proposed two-phase deployment
scheme by which we can achieve an average of 97% of
the UB. The small difference between results obtained by
O3D and UB is due to the assumed probabilistic communication model that causes additional transmitting and
receiving processes when bad channel conditions are experienced. Moreover, comparing the number of rounds
achieved by the SDS and the FSDS strategies with those
achieved by the UB, clearly shows the performance gains
achieved by the O3D scheme over the two.
It is shown in Fig. 1 that the SDS and FSDS schemes
were only able to achieve an average of 50% of the UB val-
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can be seen that larger k values, about 80% more, are
needed for the FSDS to give the same lifetime as the O3D.
This feature is appealing in situations where node mobility
is either too expensive or even impossible. A similar
conclusion can be drawn from Fig. 5 for the PPL performance. Fig. 6 shows the monotonically increasing relation
between the average energy consumed and the PNF. It can
be seen that the higher the percentage of faulty nodes the
more energy is consumed. This causes poor connectivity as
well as extended communication delays, which are undesirable properties in OEM applications. However, combining the mobility feature with the fault-tolerance
constraint, in O3D, leads to stable energy consumption
per byte under varying PNF values. Fig. 7 illustrates the
dependence between the RRE and the PDN. It shows that
the higher the PDN, the energy is left unused, i.e. remained
in the nodes while the network is deemed dead. This
causes degraded connectivity which leads to more partitions, thus terminating the network’s lifetime. Fig. 7 also
shows how the RRE remains stable as long as the network
has enough fault-tolerance level. For example, the RRE of
the networks generated by FSDS remains around 23% as
long as the PDN is less than or equal to 20%. For
PDN > 20%, the RRE rapidly increases as the PDN increase.
However, this problem does not appear with the O3D strategy due to its ability to replace the deployed nodes at the
beginning of each round. Choosing an appropriate k-value
highly dependents on the PNF and PDN as illustrated in
Fig. 8. For low PNF, a low redundancy level is needed. On
the other hand, k must be at least equal to 4 to guarantee
the network functionality for at least 300 rounds in environments with a 50% PNF. Similar results can be obtained
to determine the choice of k under speciﬁc PDN values.
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Fig. 6. Energy consumed vs. the Probability of Node Failures.
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5. Conclusions

Fig. 7. Ratio of Remaining Energy (RRE) vs. PDN.

This paper proposed a jointly energy-efﬁcient and kfault-tolerant node deployment strategy for heterogeneous
WSNs. Intensive simulations showed that jointly considering energy-efﬁciency and fault-tolerance in node deployment can dramatically increase the network lifetime in
OEM applications. To maintain these two objectives during
the operation time, a certain number of MRNs is used.
These MRNs can be relocated based on decentralized deci-

ues. Fig. 2 compares the PNF with respect to average lifetime measured in rounds assuming QRN = 15 and
QSN = 100  QRN. Apparently, FSDS achieves better results
than SDS. This is also the case when PDN is compared
against average lifetime in Fig. 3. Fig. 4 compares the FSDS
and the O3D in terms of the network lifetime under different fault tolerance levels. PDN and PNF are set to 20%. It
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Fig. 8. Lifetime vs. the probability of node failure under three different fault-tolerance levels; k = 2, 3, and 4.
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sions made at certain points in time such that energy efﬁciency and fault tolerance are maintained. To ﬁnd the optimal positions of these MRNs, an optimization problem is
formulated where the objective is to jointly minimize the
total energy consumed and maximizing the minimum
residual energy. It was shown that the proposed combined
scheme with fault tolerance, energy efﬁciency, and MRNs,
outperforms the previously proposed schemes in withstanding the harsh OEM conditions causing both, node
and link failures. We evaluated the proposed scheme
extensively based on real outdoor dataset, and presented
a distributed implementation of WSN in OEM. This implementation introduces efﬁcient load-balanced reporting,
and shows that an improvement of 40% in the network lifetime can be achieved in comparison to classical approaches
in the literature, where the three factors: fault tolerance,
energy efﬁciency, and MRNs are ignored.
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