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Maximizing network connectivity while maintaining a useful lifetime period without exceeding cost con-
straints is a challenging design objective for wireless sensor networks. Satisfying such objective becomes
even a more intricate task with 3-D setups and harsh operational conditions found in typical large scale
environment monitoring applications. While much work has been performed in environment monitoring,
only few have addressed the unique characteristics of such applications. In this paper, we introduce a
novel 3-D deployment strategy, called Optimized 3-D deployment with Lifetime Constraint (O3DwLC),
for relay nodes in environmental applications. The strategy optimizes network connectivity, while guar-
antying specific network lifetime and limited cost. Key to our contribution is a very limited search space
for the optimization problem, in addition to a revised definition for network lifetime that is more appro-
priate in environment monitoring. The effectiveness of our strategy is validated through extensive sim-
ulations and comparisons, assuming practical considerations of signal propagation and connectivity.

� 2012 Published by Elsevier B.V.
1. Introduction Harshness of the environment arises because of the nature of
Wireless sensor networks (WSNs) enable long-term environ-
ment monitoring at scales and resolutions that are difficult, if not
impossible, to obtain using conventional techniques. WSNs can
be re-tasked after deployment in the field based on changes in
the environment, conditions of the sensor network itself, or scien-
tific endeavor requirements [3]. However, most environmental
applications require all seasons data gathering under inconsiderate
conditions, and thus long-lasting tightly-connected networks in
the monitored field are mostly wanted in order to have better
understanding of the monitored phenomena such as life cycle of
huge redwood trees [34], or to satisfy specific application objec-
tives for several years as in forestry fire detection [31].

One of the most efficient techniques used for maintaining long-
lasting connected networks is achieved by deploying Relay Nodes
(RNs) [19]. Relay nodes can have extra storage space and much
more powerful transceivers in order to forward sensed data for
long distances in huge monitored sites, and thus energy at Sensor
Nodes (SNs) is saved for further data sensing and gathering. Never-
theless, deployment of relay nodes [11,24] in environmental appli-
cations is a challenging problem due to harsh environments and
required 3-D setups.
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outdoor monitoring applications where sensor networks may work
under heavy rain, extreme temperature variations and sometimes
during stormy days destroying the deployed nodes and/or their
communication links (edges). Nodes and communication links
may also be destroyed by unexpected visitors such as birds and
wild fauna. Moreover, due to dense trees and growing foliage, com-
munication links are attenuated and connectivity availability is af-
fected. Hence, nodes and links are prone to several risks leading to
high probabilities of failures and many nodes may become discon-
nected which also degrades the overall network lifetime. As a rea-
son of that, we are characterizing harshness of the monitored
environment by the Probability of Node Failure (PNF) and Probabil-
ity of Disconnected Nodes (PDN). Due to high PNF and PDN in envi-
ronmental applications, it is reasonable to have redundant nodes in
the deployed sensor networks [23]. In the scope of this paper, a
redundant node is the node which can be removed from the net-
work without affecting the targeted data. Contrarily, irredundant
node is defined as a unique source of information in the monitored
site that cannot be recovered by other nodes in the network.

Meanwhile, deployment in environmental applications be-
comes more challenging when 3-D setups are required. In environ-
mental applications, relay nodes are not only forwarding data from
different variations in the horizontal plane, but also from different
vertical levels (e.g. on trees, at soil surface and even underground).
For instance, in monitoring the gigantic redwood trees in Califor-
nia, some experiments required sensor placements at different
heights on these trees spanning a range of several tens of meters
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[34]. There is also increased interest in 3D environmental applica-
tions such as CO2 flux monitoring and imagery [31], where sensors
are placed at different vertical levels to fulfill coverage and data
accuracy requirements. Accordingly, communication links be-
tween deployed sensor nodes has to be considered in 3-D space
rather than 2-D plane only, raising more complexity in terms of
the deployed network connectivity [12,26].

Nonetheless, existing deployment schemes for such applications
[28,29,31] are not always based on sound connectivity models, but
rather on simplified lifetime models. They have not efficiently ad-
dressed the problem of connectivity in 3-D space, which is a natural
model in environmental applications. For example, deployment in
Ref. [18] focused on connectivity in 2-D outdoor applications.
Deployment algorithms are proposed in Refs. [25,33] to guarantee
the 2-D connectivity and/or ensure survivability in case of node fail-
ure without lifetime considerations. In contrast, the deployment in
Ref. [15] aimed at maximizing the network lifetime under specific
energy budget. The energy provisioning and relay node placement
are formulated as a mixed-integer linear programming problem
in 2-D plane. Heuristic algorithms are then introduced to overcome
the computational complexity. Nevertheless, relay nodes in Ref.
[15] are assumed to adapt their transmission range to reach any
other node in the network and hence, connectivity is not considered
as an issue (which is not practical in environmental applications). A
hybrid approach has been proposed in Ref. [35] to balance connec-
tivity and lifetime in 2-D outdoor deployments. Even in the most re-
cent papers in environmental WSNs applications, including volcano
[30] and harsh industrial [21] environment monitoring, network
connectivity is considered in a 2-D plane with the assumption of
a very basic binary communication disc model which is not the case
in reality. Thus, these approaches are very prone to failure in prac-
tical large-scale environmental applications.

It is worth mentioning that there are some attempts towards
the 3-D deployment. As an example, authors in Ref. [18] studied
the effects of sensing and communication range on connectivity
in 3-D space. However, connectivity optimization with lifetime
constraints has not been investigated so far in 3-D environmental
applications. As noted in Ref. [37], many of the popular deploy-
ment strategies which are optimally solved in polynomial time in
2-D plane, become NP-Hard in 3-D settings.

We also remark that relay nodes in environment monitoring are
generally more expensive than sensing nodes due to the cost of the
wide-range transceivers used to cover large-scale areas, like forests
and cities. Therefore, efficient 3-D deployment must maintain con-
nectivity and lifetime that limits the number of these expensive
nodes. In efficient environmental deployments it is also undesirable
to re-visit the monitored sites (e.g. for node replacement or battery
recharging). Therefore, the deployed wireless sensor network must
be guaranteed to function for a pre-specified lifetime period. For
more accurate and practical lifetime guarantees, environment-
specific lifetime definition should be considered. Even though
there are several definitions for WSNs lifetime in the literature,
there is no agreement on a definition for lifetime in environmental
applications. Inappropriate definition might lead to incorrect life-
time estimation and hence, may cause a waste of resources.

In this paper, we investigate an efficient way for the relays
placement that address aforementioned challenges and desired
WSNs features in environmental applications. Such nodes’ place-
ment problem has been shown in Ref. [5] to be NP-hard. Finding
non-optimal approximate solutions is also NP-hard in some cases
[13]. To address this complexity, we propose an efficient
two-phase relay node deployment in 3-D space, called O3DwLC
strategy. The first phase of O3DwLC is used to setup a connected
network backbone using minimum number of relay nodes for cost
efficiency. In the second phase, we aim at finding a set of a rela-
tively small number of candidate positions, such that we optimize
the relay nodes placement on these positions to achieve the max-
imum backbone connectivity for guaranteed lifetime period within
a limited cost budget. This two-phase deployment scheme will
provide a reliable interaction with the network end users monitor-
ing outdoor environments. It will optimize the relay node deploy-
ment in forests to detect fires and report wild life activities, and in
water-bodies to record events concerning floods, water pollution,
coral reef conditions and oil spills, in addition to targeting other
rural and hazardous areas such as deserts, polar and volcanic
terrains, and battle fields.

Major contributions of this paper are listed as follows. We ex-
plore the most suitable lifetime definition in environment moni-
toring. The appropriateness of the proposed definition is
evaluated and compared to other lifetime definitions in the litera-
ture based on harsh environmental characteristics. We introduce a
generic 3-D relay node placement problem, which aims at maxi-
mizing connectivity with constraints on wireless sensor network
cost and lifetime. We propose an efficient two-phase solution for
the 3-D deployment problem, which considers a limited search
space, generic communication model, most appropriate lifetime
definition, and harsh operational conditions. Performance of the
proposed two-phase solution is evaluated and compared to cur-
rently used strategies in environmental applications in the pres-
ence of varying probabilities of node failure and disconnectivity.

The remainder of this paper is organized as follows. In Section 2
related work is outlined. Practical system models and placement
problem are presented in Section 3. In Section 4 our two-phase
deployment strategy is described. The performance of the pro-
posed strategy is evaluated and compared to other deployment
strategies in Section 5. Finally, conclusions and future work are gi-
ven in Section 6.
2. Related work

Extensive work has been reported in the literature relating to
relay node deployment strategies which are classified into random
vs. grid-based deployments [37]. In random deployment, nodes are
randomly scattered and are organized in an ad hoc manner. While
in grid-based deployment, nodes are placed on grid vertices lead-
ing to more accurate positioning and data measurements. In addi-
tion, applying grid deployments in 3-D space has several other
benefits. Such deployments precisely limit the search space of re-
lay nodes positions and possible paths between them, as well.
Thus, the formulation of the placement optimization problem is
simplified. Moreover, grid models can reflect channel conditions
using specific signal propagation models that consider harsh envi-
ronment characteristics, and hence better connectivity can be
maintained. Due to the interest of environmental applications in
the exact physical positioning of sensor and relay nodes, grid-
based deployment is the most appropriate and is adopted in this
work. However, more efficiency is required in grid-based deploy-
ments to enhance the deployed nodes connectivity and limit their
huge number of candidate positions (or grid vertices) in large-scale
environmental applications.

Connectivity of the deployed grid-based network could be pre-
sented as k-connectivity. k-Connectivity has two different mean-
ings, namely, k-path connectivity and k-link connectivity [17].
The k-path connectivity means that there are k independent paths
between every pair of nodes, while k-link connectivity means that
each node is directly connected to k neighboring nodes. Neverthe-
less, a wireless sensor network could be disconnected even if k-link
connectivity is satisfied. With k-path connectivity where k P 1, the
network can tolerate some node and link failures. At the same
time, the higher degree connectivity improves communication
capacity among nodes. In some cases, it may not be necessary to
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maintain k-connectivity among all of the network nodes, but only
among nodes which form the communication backbone of the net-
work, and thus is adopted in this paper. Nodes constructing the
network backbone are called irredundant (critical) nodes, in this re-
search. Fail of connectivity between these nodes may lead to sever
effects on the WSN performance such as network partitioning and
data loss. Accordingly, node redundancy, in Ref. [8], is used to over-
come such connectivity problems. Redundant nodes are deployed
and the ones that are not being used for communication or sensing
are turned off. When the network becomes disconnected, one or
more of the redundant nodes is turned onto repair connectivity.
In Ref. [22], the lowest number of redundant nodes is added to a
disconnected static network, so that the network remains con-
nected. Similarly, authors in [20] focus on designing an optimized
approach for connecting disjointed WSN segments by populating
the least number of relays. The deployment area is modeled as a
grid with equal-sized cells. The optimization problem is then
mapped to selecting the fewest count of cells to populate relay
nodes such that all segments are connected. In addition, overlap-
ping clusters of sensor nodes, which rely on the concept of redun-
dancy as well, are used to enhance the network connectivity in
[37]. In Ref. [1], a distributed recovery algorithm is developed to
address 1- and 2-connectivity requirements. The idea is to identify
the least set of nodes that should be repositioned in order to rees-
tablish a particular level of connectivity. Nonetheless, redundant
nodes deployment becomes an intricate task in huge 3-D spaces
where numerous positioning options are possible with different
connectivity levels (degrees). Therefore, more efforts are required
to optimize the deployment process under such circumstances.

Meanwhile, grid-based deployment should not only guarantee
connectivity in harsh environment monitoring but also should
guarantee specific network lifetime. Lifetime has several defini-
tions in the literature. One of the most common lifetime definitions
states: ‘‘it is the time till the first node death occurs’’ [15]. Such def-
inition may not be appropriate if we are monitoring forest temper-
ature or humidity because if a node dies, we can still receive
similar (or redundant) information from other nodes in the same
area. Therefore, this definition may only be considered as a lower
bound of other lifetime definitions and should not reflect the actual
network lifetime. Similarly, the definition, which says that ‘‘it is the
time till the last node death occurs’’, can serve as an upper bound
of other definitions. Both of these definitions are unrealistic for
environmental applications. Another way to define lifetime could
rely on the percentage of alive nodes (which have enough energy
to accomplish their assigned tasks) [15]. But choosing such per-
centage threshold is usually arbitrary and does not reflect the
application requirements. In addition, being alive does not mean
that the node is still connected. Therefore, other approaches to
evaluate network lifetime are relying on connectivity and network
partitions [9]. Still these definitions do not satisfy the environment
monitoring applications. For instance, if a set of nodes are de-
stroyed because of the movement of wild animals or falling trees
in the monitored site, the network can still be considered func-
tional as long as some other nodes are still alive and connected.
In Refs. [6,32], the lifetime definitions rely on the percentage of
covered area in the monitored site. But they are not suitable for
environmental applications which are data-driven. In data-driven
applications, we are more interested in sampling data from the
monitored site rather than providing full coverage. Tightly con-
necting these data gathering nodes can reduce redundant informa-
tion transmissions and hence, prolong the overall network lifetime.

Motivated by the benefits of device heterogeneity, as well as,
the 3-D grid model our research provides an efficient grid-based
deployment for provisioning WSNs of maximum backbone (critical
nodes) connectivity degree under lifetime constraints and limited
cost budget in environmental applications. For more efficiency
and unlike other grid-based deployments, we are finding the most
feasible grid vertices to be searched for the optimal deployment
rather than searching a massive number of grid vertices in large-
scale environmental applications.
3. System models and problem definition

In this section, we outline our assumed wireless sensor network
models, in addition to introducing a general definition for the tar-
geted relay node deployment problem. We assume hierarchical
network architecture to address the node heterogeneity problem.
A graph topology is considered for easy network extend, and accu-
rate (mathematical) connectivity computation. Furthermore, a de-
tailed discussion of the utilized cost and communication models is
proposed, and the appropriateness of the considered lifetime defi-
nition is examined.
3.1. Network model and placement problem

In this paper, a two-layer hierarchical architecture is assumed as
a natural choice in large-scale environmental applications, in addi-
tion to providing more energy-efficient deployment plan. The lower
layer consists of sensor nodes that sense the targeted phenomena
and send measured data to Cluster Heads (CHs) in the upper layer,
as shown in Fig. 1(a). Usually these sensor nodes have fixed and lim-
ited transmission ranges and do not relay traffic in order to con-
serve more energy. The upper layer consists of cluster heads and
relay nodes which have better transmission range (=r) and commu-
nicate periodically with the base station to deliver the measured
data in the lower layer. Cluster heads aggregate the sensed data
and coordinate the medium access, in addition to supporting relay
nodes in relaying data from other CHs to the BS in the upper layer.
Assuming sensor nodes have enough energy to perform their effort-
less tasks, we focus this work on the upper layer devices which are
relay nodes and cluster heads. The topology of the upper layer is
modeled as a graph G = (V,E), where V = {n0,n1, . . .,nnc} is the set of
nc candidate grid vertices, E is the set of edges in graph G, and
(i, j) 2 E, if nodes at ni and nj have enough probabilistic connectivity
percentage to establish a communication link (edge). We remark
that deployment of relay nodes in this research is independent of
the underlying Medium Access Control (MAC) protocol, where we
assume a transmission rate limit T for each node during a one time
unit (measured in days). This limit can be adjusted to comply with
any MAC protocol. For simplicity and without losing generality, we
assume S-MAC protocol [35] is handling the medium access in this
research with a 50% duty cycle and only six bytes controlling fields
in the exchanged packets for more energy savings. Moreover, the
assumed traffic generation model is flexible enough to support dif-
ferent requirements of numerous WSNs applications. As we have
specific parameters; T and Y, controlling the assumed packet trans-
mission rate and arrival rate, respectively. For example, if we in-
crease T, packets will be generated more frequently. If we
decrease Y, packets will spend more time to reach the destination,
and thus more congested network can be experienced. In this re-
search, we assume that the arrival rate Y is following a passion pro-
cess which is very nature in WSNs simulations.

Fig. 1(b) depicts the 3-D grid model assumed in this paper,
where the grid edge length is supposed to be equal to a relay node
transmission range r. It is assumed that all relay nodes have a com-
mon transmission range r. We remark that our deployment plan-
ning is applicable for other types of grid models, not only the
cubic one. In this cubic grid model, each Sensor Node (SN) is placed
near to phenomena of interest for more accurate estimates in
terms of the spatial properties of the collected data. Cluster Heads
(CHs) are then placed on the most appropriate grid vertices; which



Fig. 1. (a) Two layer hierarchical architecture and (b) Cubic 3-D grid model for the targeted wireless sensor network deployment where dashed lines and empty circles
represent grid edges and vertices, respectively.

Fig. 2. An arbitrary shape of the communication range in 3-D space, due to
attenuation and shadowing affecting outdoor wireless signals.
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can serve the largest number of sensor nodes distributed around
each cluster head. The base station is placed based on the applica-
tion requirements in a fixed position and it is the data sink for the
system. Then, we seek to optimize the relay nodes positions on the
3-D grid to get cluster heads connected to the base station effi-
ciently; in terms of cost and network lifetime. Hence, we define a
general relay node placement problem in environmental wireless
sensor networks as follows:

Problem statement definition: Given a specific sensing task with
pre-specified SNs, CHs and BS locations, determine the positions
of RNs so that connectivity between CHs and BS is maximized
while lifetime and cost constraints are satisfied.

3.2. Cost and communication models

Device cost in environmental applications depends on its func-
tionalities and hardware components. The more functionality the
device has, the more complex and expensive it is. As relay nodes
are assumed to have more functionality and dominate other
devices in terms of transmission range, the cost is modeled in this
paper by the number of relay nodes placed in the monitored site.
We assume identical cost for these RNs.

For the communication model, we consider a probabilistic con-
nectivity between the deployed devices, in which wireless signals
not only decay with distance, but also are attenuated and reflected
by surrounding obstacles including trees, animals, hills, etc.
Accordingly, the communication range of each device must be rep-
resented by an arbitrary shape as depicted in Fig. 2. For realistic
estimation of the ability to communicate within this arbitrary
shape, we need a signal propagation model that reflects the effects
of the surrounding obstacles and the environment characteristics
on the propagated signals. This model can describe the path loss1

in the monitored environment as follows [28].

Pr ¼ K0 � 10c logðdÞ � ld ð1Þ

where Pr is the received signal power, d is the Euclidian distance
between the transmitter and receiver, c is the path loss exponent
calculated based on experimental data, l is a random variable that
follows a log-normal distribution function with zero mean and
variance d2 to describe signal attenuation effects2 in the monitored
1 Path loss is the difference between the transmitted and received power of the
signal.

2 Wireless signals are attenuated because of shadowing and multipath effects. This
refers to the fluctuation of the average received power.
site, and K0 is a constant calculated based on the transmitter, recei-
ver and monitored site mean heights.

Let Pr equal the minimal acceptable signal level to maintain
connectivity. Assume c and K0 in Eq. (1) are also known for the spe-
cific site to be monitored. Thus, a probabilistic communication
model which gives the probability that two devices separated by
distance d can communicate with each other is given by

Pc ¼ Ke�ldc
ð2Þ

where K0 = 10log(K).
Thus, the probabilistic connectivity Pc is not only a function of

the distance separating the wireless nodes but also a function of
the surrounding obstacles and terrain, which can cause shadowing
and multipath effects (represented by l). Thus, the ability to com-
municate between two nodes is defined as follows:

Probabilistic connectivity definition: Two nodes (devices) i and j,
separated by distance d, are connected with a threshold parameter
s(0 6 s 6 1), if Pc(i, j) P s.

Note that this communication model is generic in terms of the
parameters (K, l, s, and c), which specify the surrounding environ-
ment characteristics. Setting these parameters to values obtained
from experimental data would provide more practical connectivity
estimation and thus, more efficient deployment planning.

3.3. Lifetime model

Models in the literature differ in the way they consider a wire-
less sensor network to be still operational. These models can rely
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on connectivity of the deployed nodes or on percentage of alive
nodes (which have enough energy to accomplish their assigned
tasks) in the network. Connectivity-based (CB) and Percentage of
Alive Nodes (PAN) models are defined as follows, respectively:

Connectivity-based definition: Lifetime of a WSN is the time
span from deployment to the instant when a network partition
occurs.3

Percentage of alive nodes definition: Lifetime of a WSN is the
time span from deployment to the instant when the percentage of alive
nodes falls below a specific threshold.

However, losing a few nodes may not significantly affect the
overall wireless sensor network performance especially when
redundant nodes and communication links (edges) are used in tol-
erating high probabilities of disconnected nodes, as they did in
environmental applications. Generally, in environment monitoring,
several nodes are assigned to measure single specific criteria of the
monitored space, such as temperature in forestry fire detection
[31]. Consequently, the concept of node redundancy should be ad-
dressed. In addition, lifetime models relying on the aforementioned
definitions do not take into consideration the node type which
could be cluster head, relay node or sensor node. Therefore, we pro-
pose the following Environment-specific (Env.) lifetime definition.

Environment-specific lifetime definition: Lifetime of a WSN is
the time span from deployment to the instant when the percentage of
alive and connected irredundant nodes is below a pre-defined specific
threshold.

Using this definition we benefit from device redundancy by
considering the network to be operational as long as a specific per-
centage of cluster heads providing the targeted data, are still alive.
These cluster heads need not only be alive, but also must be con-
nected to the base station via single or multi-hop path(s). Note that
a cluster head i is connected to another node j, if Pc(i, j) P s, accord-
ing to the probabilistic connectivity definition.

In order to mathematically translate the aforementioned life-
time definitions, we assume number of rounds for which a wireless
sensor network can stay operational as the unit measure of the
network lifetime. A complete round is defined in this paper as
the time span tround in which each irredundant cluster head (i.e.
responsible for different sensor nodes) transmits at least once to
the base station without violating cutoff criteria of the lifetime def-
initions. tround is identical for all rounds due to a constant data
delivery assumed per round. In addition, we adopt the general en-
ergy consumption model proposed in [35], in which energy con-
sumed for receiving a packet of length L is:

Jrx ¼ Lb ð3Þ

and the energy consumed for transmitting a packet of length L for
distance d is:

Jtx ¼ Lðe1 þ e2dcÞ ð4Þ

where e1, e2 and b are hardware specific parameters of the utilized
transceivers, and c is the path loss exponent.

Based on Eqs. (3) and (4), in addition to knowing the initial en-
ergy Ei of each node with its relative position to other nodes, we
can calculate the remaining energy Er per node after the comple-
tion of each round by

Er ¼ Ei � TJtx � RJrx � AJa ð5Þ

where T, R and A are the arrival rates of transmitted, received and
aggregated packets per round, respectively, that follows a Poisson
distribution, and Ja is the energy consumed for a single packet aggre-
gation. Considering Er calculated in Eq. (5) and assuming the cutoff
criterion associated with each lifetime definition is represented by
3 Network partition occurs when one or more nodes are not able to communicate
with the base station.
a binary variable4 C, we can calculate the total number of rounds
for which a wireless sensor network can stay operational for.

To assess the environment-specific definition, we use simulation
to compare it to Connectivity-based and Percentage of alive nodes
definitions using four main performance metrics: (1) Percentage
of alive CHs, (2) Percentage of disconnected CHs/RNs, (3) Ratio of
Remaining Energy (RRE), and (4) Total rounds, which are described
as follows. Percentage of alive CHs is the percentage of cluster heads
which have enough energy to aggregate and forward data to the
base station at least once. Percentage of disconnected CHs/RNs is
the percentage of cluster heads and relay nodes which have en-
ough energy to aggregate and forward data at least once but are
not able to communicate with the base station. Ratio of remaining
energy is the ratio of total energy amount still available at all nodes
(CHs/RNs) to the total energy at deployment when the network is
not operational. The network is not operational when the cutoff
criterion of the lifetime definition is satisfied. Finally, total rounds
is the total number of rounds in which a wireless sensor network
can be considered operational. These four performance metrics
are chosen to reflect the ability of environment-specific lifetime def-
inition to: (1) accurately estimate the network lifetime and (2)
effectively utilizing the network (i.e. maximize network opera-
tional time by delaying the assumption of the network death). Thus
much better energy and resource utilization can be achieved.

Using Matlab, we simulate randomly generated wireless sensor
networks which have the hierarchical architecture and the graph
topology proposed in Section 3.A. Each generated network consists
of 12 CHs and a total of 50–80 RNs which are randomly deployed
on grid vertices in 700 � 700 � 200 (m3) 3-D space using Linear
Congruential random number generator. The parameters used in
the simulations are listed in Table 1.

Therein, s is set to high value for practicality in simulating fluc-
tuated and attenuated signals in environment monitoring applica-
tions [28]. For simplicity, we apply cubic 3-D grid model with
identical grid edges of the length equal to 100 (m). We assume a pre-
defined fixed time schedule for traffic generation (=100 packets per
round from each CH) and a Probability of Node Failure (PNF) varying
from 10–60%. We define the PNF as the probability of physical dam-
age for each node in the network, which is very common in outdoor
environment monitoring. Thus, a higher PNF indicates a higher pos-
sibility for the node to be damaged; while still having enough en-
ergy to sense and communicate. We intended to assume a very
high PNF (up to 60%) to reflect some actual situations in outdoor
environmental applications. Three different cutoff criteria are used
for the simulated network to be considered operational. According
to Environmental-specific (Env.) lifetime definition and the proposed
network model, the network is still operational as long as the per-
centage of connected irredundant cluster heads which have enough
energy to communicate with the base station is greater than or
equal to 50%. The CB definition considers the network non opera-
tional when one or more irredundant cluster heads are unable to
reach the base station. Finally, the network is not operational, based
on PAN definition, when 50% or more of the nodes run out of energy.
After the network is considered not operational, we measure the
aforementioned performance metrics. This experiment is repeated
500 times. The average results are reported in Figs. 3–6. We remark
that the average results hold a confidence interval no more than 5%
of the average (over 500 runs) at a 95% confidence level.

Fig. 3 shows the percentage of disconnected nodes obtained
when the network becomes non-operational. Obviously, CB defini-
tion underestimates the network lifetime by considering it non
operational while it has very low percentage of disconnected
nodes. Dependency of the disconnected nodes percentage on the
4 The cutoff criterion is not satisfied and the network is still considered operational
if C = 0 and vice versa if C = 1.



Table 1
Parameters of the simulated WSNs.

Parameter Value Parameter Value

s 70% L 512 (bits)
nc 110 (vertex) Ei 15.4 (J)
e1 50e-9 (J/bit) T 100 (packet/round)
e2 10e-12 (J/bit/m2) Pr �104(dB)
b 50e-9 (J/bit) tround 24 (hour)
c 4.8 K0 42.152
d2 10 r 100 (m)
Ja 50e�7 (J) PNF 10–60%
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Fig. 3. Percentage of disconnected CHs/RNs vs. different probabilities of CH/RN
failure.
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Fig. 4. Percentage of alive CHs vs. different probabilities of CHs/RNs failure.
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Fig. 5. Comparison of the three different definitions in terms of Ratio of Remaining
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0 10 20 30 40 50 60 70
-10

0

10

20

30

40

50

60

Probability of node failure (%)

Li
fe

tim
e 

(r
ou

nd
s)

Env.

CB
PAN

Fig. 6. Comparison of the three different definitions in terms of total rounds.
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PNF values, confirms its unsuitability for environmental applica-
tions. Using Env. definition we observe that the simulated wireless
sensor networks can remain operational even when the percentage
of disconnected nodes is much higher than the percentage
achieved by the CB definition. Unlike CB definition, Env. definition
shows very close percentages of disconnected nodes under differ-
ent probabilities of node failure when the network is considered
non operational. This steady state in lifetime estimation is pre-
ferred under the varying probabilities of node of failures in outdoor
environments. In Fig. 4, percentage of alive CHs when the network
becomes non operational is shown. In this figure we can see how
definitions relying on percentage of alive nodes waste network re-
sources by stopping the network while it still has significant per-
centage of alive CHs. Furthermore, PAN definition considers that
the network is not operational based on unpractical percentage
of alive nodes which ignores node type (whether it is CH or RN)
and does not differentiate between redundant and irredundant
CHs. Therefore, PAN is not suitable for environmental applications.
Fig. 5 shows that based on the Env. definition the wireless sensor
network can remain operational even when the RRE is less than
20%. On the other hand, using CB and PAN definitions, the network
is non operational even when it has around 60% of the initial de-
ployed energy. Thus, Figs. 4 and 5 indicate how irrelevant lifetime
definitions may lead to sever waste in resources (e.g. functional
nodes, remaining unexploited energy, etc.) by assuming the net-
work is dead while it stile have the ability to continue its assigned
task. Fig. 6 depicts the total rounds counted based on the three life-
time definitions. It elaborates on how lifetime models relying on CB
and PAN definitions can underestimate the overall network life-
time. It indicates the appropriateness of Env. definition in practice
under harsh outdoor operational conditions. Consequently, Env.
lifetime definition is imposed in our deployment strategy that is
described in the following section.
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4. Deployment strategy

The relay node placement problem proposed in this paper has
infinitely large search space and finding the optimal solution is
highly non-trivial. Therefore, we propose a 3-D grid model that
limits the search space to a more manageable size. Grid models
have well-organized vertices, distributed in regular lattice
structures. These vertices can be organized in different structures
(e.g. cubes, octahedrons, pyramids, etc.) in 3D space to provide
more accurate estimates in terms of the spatial properties of the
targeted data.

We assume knowledge of the 3-D terrain of the monitored site
ahead of the deployment planning time. Hence, practical candidate
positions on the grid vertices are pre-determined; non-feasible
positions are excluded from the search space. We use candidate
grid vertices to apply the deployment strategy in two phases.
The first phase is used to place a minimum number of relay nodes
on the grid vertices to establish a connected network. The second
phase is used to choose the optimal positions of extra relay nodes
required to maximize the network connectivity with constraints
on cost and lifetime. This two-phase deployment strategy is
called Optimized 3-D Grid Deployment with Lifetime Constraint
(O3DwLC).
5 In terms of the vertices count separating the two nodes.
6 Reliability here is defined by the existence of an operational path from all CHs to

the BS even in the presence of nodes and links failure.
4.1. First phase of the O3DwLC strategy

The first phase is achieved by constructing a connected Back-
bone (B) using First Phase Relay Nodes (FPRNs). Locations of these
nodes are optimized in order to use minimum number of FPRNs
that can connect cluster heads to the base station. Towards this
end, we apply the Minimum Spanning Tree (MST) algorithm as de-
scribed in Algorithm 1.

Algorithm 1. MST to construct the connected backbone B

1. Function ConstructB (IS: Initial Set of nodes to construct B)
2. Input:
3. A set IS of the CHs and BS nodes’ coordinates
4. Output:
5. A set CC of the CHs, minimum RNs, and BS coordinates

forming the network Backbone
6. begin
7. CC = set of closest two nodes in IS;
8. CC = CC [minimum RNs needed to connect them on the 3-

D grid;
9. IS = IS � CC;
10. Nd = number of remaining IS nodes which are not in CC;
11. i = 0;
12. foreach remaining node ni in IS do
13. Calculate Mi: Coordinates of minimum number of RNs

required to connect ni with the closest node in CC.a

14. i = i + 1;
15. end
16. M = {Mi}
17. while Nd > 0 do
18. SM = Smallest Mi;
19. CC = CC [ SM [ ni;
20. IS = IS � ni;
21. M = M �Mi;
22. Nd = Nd � 1;
23. end
24. end

a This is achieved by counting the minimum number of adjacent grid vertices,
which establish a path from the separated CH at vertex ni to a currently Connected
Component CC
Algorithm 1 aims at constructing the MST using the grid
vertices representing the 3-D space candidate positions. Line 7 of
Algorithm 1 search for the closest5 two nodes in the initial set IS,

which have the CHs and BS. If the closet two nodes are not adjacent
on the 3-D grid (i.e. Pc 6 s), it adds at line 8 the minumum number of
grid vertices on which the relays have to be placed to establish a
path between these two nodes. After connecting the closest two
nodes (i.e. establishinging a Connected Component CC), we iterativ-
elly look for the next closest node that has to be connected to the CC.
this has been achieved through lines 12–22 of Algorithm 1.

For more ellaboration on placement of the FPRNs using
Algorithm 1, consider the following example.

Example 1. Assume we have seven cluster heads preallocated
with the base station on the grid vertices as in Fig. 7(a), then we
seek the minimum number of relay nodes (=NMST) required to
connect these cluster heads with the base station as dipicted in
Fig. 7(b). Positions of these NMST relay nodes are determined by
applying Algorithm 1. The algorithm first constructs the Initial Set
IS consisting of cluster heads and base station coordinates. Then, a
Connected Component CC set is initiated by the closest two nodes’
coordinates in IS, which are cluster heads at vertices 15 and 17, in
this example. These coordinates are then removed from IS.
Obviously, by adding only one relay node at vertex 14, cluster
heads at 15 and 17 become connected. Hence, coordinates of that
relay node is added to CC and remaining number of nodes Nd in IS is
set to 6. Now, we calculate Mi for the remaining nodes at vertices 1,
5, 19, 23, 25 and 27 in IS, which would have 2, 0, 2, 0, 1 and 1
candidate relay node coordinates, respectively. Since the set M1,
associated with the base station placed at vertex 5, has the smallest
number of required coordinates (=0), we put M1 in the set SM and
CC becomes equal to {15, 17, 14, 5}. M and IS are then updated and
Nd is decremented by 1. By repeating this process until Nd is equal
to 0, we obtain the final connected component CC that is shown in
Fig. 7(b) where relay nodes in this figure are the FPRNs of the
wireless sensor network to be deployed. The deployed FPRNs with
the cluster heads and the base station construct the network
backbone. h

Connectivity of the Backbone B generated in this phase of the
deployment is measured by considering B as a connected graph
which has a Laplacian matrix L(B) [14]. The Laplacian matrix is a
two dimensional matrix that has �1 at the element (i, j), if there
is a connection between nodes i and j. It has an integer positive
number at the element (i, i) that represent number of edges con-
nected to the node i (see Fig. 8). Given L(B), the backbone connec-
tivity (or algebraic connectivity) is mathematically measured by
computing the second smallest eigenvalue k2. Where k2 indicates
the minimum number of nodes and links whose removal would
disconnect the graph B (see Fig. 8 for more elaboration on k2). By
maximizing k2 of L(B), we maximize the required number of nodes
and communication links to disjoint (disconnect) paths in the net-
work backbone. This is because of the proportional relationship be-
tween the value of k2 and the number of nodes/links which can
cause network partitions according to Fig. 8. Hence, more reliable6

environmental wireless sensor network can be achieved due to the
ability to overcome significant topology changes caused by commu-
nication quality changes and node failures using tightly connected
backbones. In order to maximize the backbone connectivity k2, extra
relay nodes (SPRNs) are placed in the second phase of the O3DwLC
strategy.



Fig. 7. An example of FPRNs placement using Algorithm 1.

Fig. 8. (a) A graph with 8 nodes and 13 links. The graph’s connectivity characteristics are: one node to disconnect (removal of node 8), two links to disconnect (removal of
links connecting node 8 to nodes 2 and 4), Laplacian matrix of this graph is shown in (b) and k2 of the matrix in (b) is equal to 0.6277. As k2 increases the node/link count
required to partition the network increases.

Table 2
Notations used in the placement problem.

Notation Description

ai A binary variable equals 1 when RN at vertex i in the 3-D grid is allocated and 0 otherwise
Ai Incidence matrix that results by adding RNi in the 3-D grid; Ai = [a1,a2, . . .,am], where ai is the vector that consists of n elements that can take a value of either

0, 1 or � 1 and m is the total number of edges that is produced by adding RNi. For example, if adding RNi will establish a connection between node 1 and 3,
then 1st element is set to 1 and 3rd element is set to �1 and all of remaining elements are set to zeros

n Summation of NCH + NMST + 1 (which is the total of CHs, FPRNs, and BS)
Li Initial Laplacian matrix produced by the allocated CHs, FPRNs, and the BS nodes
Inxn Identity matrix of size n by n
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4.2. Second phase of the O3DwLC strategy

In this phase, we optimize positions of SPRNs such that k2 of the
backbone generated in first phase is maximized with constraints
on cost and lifetime. For simplicity, we start by maximizing k2

without lifetime constraints. Assume we have nc grid vertices as
candidate position for SPRNs. We want to choose the optimum
NSPRN relay nodes amongst these nc relays with respect to connec-
tivity; where NSPRN is constrained by a cost budget. We can then
formulate this optimization problem, with reference to Table 2, as

max k2ðLðaÞÞ; ð6Þ

s:t:
Xnc

i¼1

ai ¼ NSPRN; ai 2 f0;1g;

where
LðaÞ ¼ Li þ
Xnc

i¼1

aiAiA
T
i ð7Þ
However, an exhaustive search scheme is required to solve (6),
which is computationally expensive, especially for the naturally
large nc values in large-scale environmental applications. This is
due to the involved computations required for finding k2 for a large

number ¼ nc
NSPRN

� �� �
of Laplacian matrices. Therefore, we need a

computationally efficient means to solve (6), in addition to more
limited search space that reduces the value of nc.

Taking advantage of the constructed network backbone in first
phase, SPRNs may be placed on any grid vertex as long as it is with-
in the probabilistic communication range of the largest number of
CHs/FPRNs in B. This in turn can further finite the search space



Fig. 9. An example of a maximum covered grid unit in 2-D plane. Numbers inside
the bounded squares represent the node ID covering these squares.

8 Equivalent in terms of the covering CHs/FPRNs. In other words, the placement of a
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without affecting the quality of the deployment plan. To explain
our method of finding such a finite search space, we introduce
the following definitions.

Ideal set definition: A finite set of positions P is ideal iff it satisfies
the following property:

There exists an optimal7placement of SPRNs 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 relays’ positions
are not including all of the grid vertices but a subset of these ver-
tices that has the most potential to enhance the network connec-
tivity. Moreover, since the computational complexity will be
proportional to the cardinality of this ideal set, we should find a
set with reasonably small size.

Covered grid unit (CGU) definition: A covered grid unit a is a
grid unit that has a connected center with at least one CH or FPRN.
Let C (a) denote the subset of the CHs/FPRNs coordinates covering a.

We assume that the considered virtual 3-D grid can have a
building unit, called grid unit. For example, the grid unit of the 2-
D grid shown in Fig. 9 is the small square drawn by dashed lines
while in 3-D it will be a cube (in cubic grid models). Each grid unit
is supposed to has a center of mass represented by its position
coordinates (black dots in Fig. 9). We decide whether a grid unit
is covered by a specific node (CH/FPRN), if the probabilistic connec-
tivity Pc between the grid unit center and that node is greater than
or equal to the aforementioned threshold s.

Maximal covered grid unit (MCGU) definition: A covered grid
unit a is maximal if there is nocovered grid unit b, where C(a) # C(b).

For more illustration, consider Fig. 9 in the 2-D plane. It shows
four wireless nodes with respect to the grid units. Each wireless
node has an arbitrary communication range. The covered grid units
are bounded by solid lines, and the maximal covered grid units
(MCGUs) are solid black squares. These MCGUs have the highest
potential to place the SPRNs due to their ability to establish the
highest number of new edges between already deployed FPRNs/
CHs. Accordingly; we have to show that an ideal set can be derived
7 Optimal in terms of connectivity.
from the set of MCGUs. Towards this end, we state the following
Lemmas.

Lemma 1. For every CGU b, there exist a MCGU a such that
C(b) # C(a).
Proof. If b is a MCGU, we choose a to be b itself. If b is not a MCGU
then, by definition, there exist a covered grid unit a1 such that
C(b) � C(a1). If a1 is a MCGU, we choose b to be a1, and if a1 is
not maximal then, by definition, there exists another covered grid
unit a2 such that C(a1) � C(a2). This process continues until a max-
imal covered grid unit ax is found; we choose a to be ax. Thus,
Lemma 1 holds. h
Lemma 2. Finding a MCGU takes at most (n � 1) step, where n is
number of nodes constructing the backbone B.
Proof. By referring to the proof of Lemma 1, it is obvious that
jC(ax)j 6 n, and jC(a)j < C(a1)j < jC(a2)j < . . . < jC(ax) 6 n; where jCj
represents the cardinality of the set C. Consequently, the process
of finding the maximal covered grid unit ax takes a finite number
of steps less than or equal to n � 1. h

Then, we introduce the following theorem.

Theorem 1. A set P that contains one position from every MCGU is
ideal.
Proof. To prove this theorem, it is sufficient to show that for any
arbitrary placement Z we can construct an equivalent8 placement
Z0 in which every SPRN is placed at a position in P. To do so, assume
that in Z, a SPRN i is placed such that it is connected to a subset J of
CHs/FPRNs. It is obvious that there exists a covered grid unit b, such
that J # C(b). From Lemma 1, there exist a MCGU a such that
C(b) # C(a). InZ0, 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
CHs/FPRNs in J. By repeating for all SPRNs, we construct a placement
Z0 which is equivalent to Z, and thus Theorem 1 holds. h

In order to find all MCGUs, we need a data structure associated
with each grid unit to store coordinates and total number of CHs/
FPRNs covering the grid unit. We represent this data structure by
the covered grid unit set C(i), where i is the center of the grid unit.
By computing C(i), "i 2 V,we can test whether a covered grid unit
centered at i is maximal or not by searching for a set that has at
least all elements of C(i). In the following, Algorithm 2 establishes
the data structures in O(n). It associates each grid unit center with
its total covering nodes. In line 9 of Algorithm 2, we computes the
probability of the grid unit center i being connected with each
backbone node individually based on Eq. (2). This is repeated by
lines 5–15 until all probabilities between the grid units’ centers
and all backbone nodes are computed and the data structure is
formed. Algorithm 3 tests whether a covered grid unit is maximal
or not. In line 11 of Algorithm 3, we search for any set (other than
Ci) in C that has the same backbon nodes which cover the grid cen-
ter i. if such a set is found, Algorithm 3 returns false, otherwise it
returns true; meaning that the set Ci is maximal. Algorithm 4 uses
Algorithms 2 and 3 to construct an ideal set P by finding all MCGUs.
The overall complexity of Algorithm 4 is O(nlogn).
SPRN at position i, within the communication range of the CHs x and y, is equivalent
to the placement of the same SPRN node at position j within the communication
range of the CHs x, y and z.



144 F.M. Al-Turjman et al. / Computer Communications 36 (2013) 135–148
Algorithm 2. Build up grid units data structure.

1. Function FindGridUnitCoverage (B: Backbone constructed
by CHs & FPRNs)

2. Input:
3. A set B of the CHs and FPRNs nodes’ coordinates.
4. Begin
5. foreach grid unit center i do
6. C(i) := £;
7. foreach CH/FPRN j do
8. Compute Pc(i,j);
9. If Pc(i,j) P s
10. C(i) := j [ C(i);
11. endif
12. endfor
13. endfor
14. End
Algorithm 3. Testing whether a grid unit set C(i) is maximal or
not.

1. Function Maximal (C(i), all non-empty grid unit sets)
2. Input:
3. A set C(i) for a specific grid unit center i.
4. All non-empty sets of the grid units’ centers.
5. Output:
6. True if C(i) is MCGU and False otherwise.
7. Begin
8. If C(i) := £ do
9. return False;
10. endif
11. Search for a set C0 such that C(i) # C0.
12. If C0 := £ do
13. return True;
14. else
15. return False;
16. endif
17. End
Algorithm 4. Finding all Maximal Covered Grid Units MCGUs.

1. Function FindMCGUs (B: Backbone constructed by CHs &
FPRNs)

2. Input:
3. A set B of the CHs and FPRNs nodes’ coordinates.
4. Output:
5. A set P that contains one position from every MCGU.
6. Begin
7. P := £;
8. FindGridUnitCoverage(B);
9. foreachC(i) do
10. If Maximal(C(i), all non-empty grid unit sets) do
11. P := {i} [ P;
12. endif
13. endfor
14. End

Once we obtain the set P which contains one position (grid ver-
tex coordinates) from each MCGU, the search space of the problem
formulated in (6) becomes much more limited.
In order to efficiently solve the optimization problem in (6), we
reformulate it as a standard semi-definite program (SDP) optimiza-
tion problem [7,14], which can be solved using any standard SDP
solver. By relaxing the Boolean constraint a 2 {0,1} to be linear
constrainta 2 [0,1], we can represent the problem in (6) as

max k2ðLðaÞÞ; ð8Þ

s:t:
Xnc

i¼1

ai ¼ NSPRN; 0 6 ai 6 1;

The optimization problem in (8) is convex with linear constraint [7].
Thereby we introduce the following lemma.

Theorem 2. The optimization problem in (8) is mathematically
equivalent to the following SDP optimization problem

max S ð9Þ

s:t: S Inxn �
1
n

11T
� �

^ LðaÞ;
Xnc

i¼1

ai ¼ NSPRN; 0 6 ai 6 1;

where S is a scalar variable and denotes the positive semi-definiteness
(i.e. all eigenvalues of the matrix are greater than or equal to zero).
Proof. Let V 2 Rn be the corresponding eigenvector of k2(L(a)).
Thus, 1TV = 0, and kVk = 1. Since,

LðaÞV ¼ k2V : ð10Þ

Hence,

VT LðaÞV ¼k2VT V ¼k2: ð11Þ
)k2ðLðaÞÞ¼ inf VfV

T LðaÞV j1T V ¼0; and kVk¼1gð12Þk2ðLðaÞÞ: ð12Þ

Let,

L0ðaÞ ¼ LðaÞ � S Inxn �
1
n

11T
� �

: ð13Þ

Thus for any kVknx1 where 1TV = 0,andkVk = 1, we get

VT L0ðaÞV ¼ VT LðaÞV � S VT InxnV � 1
n
ðVT 1Þð1T VÞ

� �

¼ VT LðaÞV � S: ð14Þ

Hence, for L0(a) to be positive semi-definite, the maximum value of
S should be

S ¼ inf VfVT LðaÞV j1T V ¼ 0; and kVk ¼ 1g: ð15Þ

From (12) and (15),

S ¼ k2ðLðaÞÞ: ð16Þ

Therefore, maximizing S in (9) is equivalent to maximizing k2(L(a))
in (8) if the constraints are satisfied. h

In order to add environmental lifetime constraints to Eq. (9), let
the backbone (generated in first phase) be operational for initial
number of rounds equal to IRs. Assume adding one relay node of
the SPRNs would prolong the network lifetime by extra rounds
ERi. Then, to guarantee that the network will stay operational for
a minimum number of required rounds RLT, the total extra and ini-
tial rounds must be greater than or equal to RLT as elaborated in
the following:

�
Xnc

i¼1

ERi 6 ðIRs� RLTÞ: ð17Þ

Since we are using the cutoff criterion of the environmental lifetime
definition in calculating both ERi and IRs, inequality (17) represents
a more environment-specific lifetime constraint in the O3DwLC
strategy.
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From (9) and (17), SPRNs positions that maximize k2 with con-
straints on lifetime and cost are found by solving the following9:

max S; ð18Þ

s:t: S Inxn �
1
n

11T
� �

6 LðaÞ;
Xnc

i¼1

ai 6 NSPRN;

�
Xnc

i¼1

ERiai 6 ðIRs� RLTÞ; 0 6 ai 6 1;

In the following, Algorithm 5 summarizes the second phase
deployment proposed in this section where the search space is lim-
ited to nc positions for grid vertices within the ideal set P.

Algorithm 5. SPRNs deployment

1. Function SPRNs (B: Backbone constructed by CHs, FPRNs &
BS, P)

2. Input:
3. A set B of the CHs, FPRNs and BS nodes’ coordinates.
4. An ideal set P of nc candidate positions for the SPRNs.
5. Output:
6. A set SP of the SPRNs coordinates maximizing connectivity

of B with practical lifetime and cost constraints
7. begin
8. Li = Laplacian matrix of B
9. IRs = number of rounds B can stay operational for
10. for(i = 1; i < nc; i++)
11. Ai = coefficient matrix corresponding to vertex i on the

grid
12. ERi = extra rounds achieved by allocating RN at vertex i
13. end
14. SP = Solution of SDP in (18)
15. End

For more ellaboration on Algorithm 5, consider the following
example.
Example 2. Assume we have up to two extra relay nodes (SPRNs)
to maximize connectivity of the backbone generated in Fig. 7(b)
and ensure at least 20 rounds the network can stay operational for.
In this case, NSPRN = 2,n = 12,andRLT = 20. We start by computing
the ideal set P to specify our search space in this problem using
Algorithm 4. Afterward, we calculate the initial Laplacian matrix Li

associated with the backbone to be used in Eq. (7), in addition to
computing initial rounds (IRs = 10) the backbone can stay opera-
tional for. With reference to Table 2, we set ai to 1 and calculate Ai

and extra rounds ERi for each element i in the ideal set P. Notice
that P in this example is the set of vertices 10, 13, 16, 2, 8, 20, 26, 6,
and 18 in Fig. 7(b), assuming that only nodes placed on adjacent
vertices are connected. Now we solve the SDP in (18) for this
specific example. As a result, the highest two values of k2 (i.e.
network connectivity with constraints on cost and lifetime) are
associated with vertices 10 and 26. By allocating the two SPRNs at
these two vertices we guarantee the network lifetime to be at least
20 rounds, in addition to maximizing the backbone connectivity, as
well. For instance, we can see how removal of a single node such as
FPRNs at vertex 4 or 14, in Fig. 7(b), can cause a network partition.
While using the SPRNs, allocated at vertices 10 and 26, at least two
nodes removal is required to cause the network partition. h

Finally, based on the output of Algorithms 1 and 5, locations of
relay nodes (FPRNs and SPRNs) are determined optimally in terms
9 SDPA-M Matlab package can be used to solve (18).
of maximum connectivity and limited cost budget, in addition to
practical lifetime considerations. This can be easily proven given
that the two solutions achieved by Algorithms 1 and 5 are optimal
and independent. We remark that this two-phase solution can be
easily extended to consider other constraints such as coverage,
data fidelity, fault-tolerance, etc. It is also important to notice that
Algorithms 1 and 5 are computationally efficient in practice with
complexity of O(n).
5. Performance evaluation

In this section, we evaluate the performance of our proposed
O3DwLC strategy under harsh environmental circumstances,
where numerous probabilities of node failure and isolation are
considered and 3-D setup is required. We compare our strategy
to an efficient deployment strategy, called the Shortest Path 3-D
grid deployment (SP3D). The SP3D strategy is usually used in envi-
ronmental applications such as forest fire detection and soil exper-
iments [29,31]. Moreover, SP3D strategy is used as a baseline in
this research due to its efficiency in maintaining a predefined life-
time and choosing the minimum number of relay nodes required in
constructing the network backbone. In SP3D, Algorithm 1 is used to
construct the network backbone by allocating the minimum num-
ber of relay nodes on 3-D grid vertices. These relay nodes connect
the pre-allocated cluster heads with the base station. Then, extra
relay nodes are densely distributed near to the network backbone
devices in order to enhance their connectivity. Both O3DwLC and
SP3D strategies are evaluated and compared using three different
metrics:

1. Backbone Connectivity (k2): this criterion reflects deployed net-
work reliability under harsh environmental characteristics
and ability to prolong lifetime. It indicates efficiency of the
designed wireless sensor network.

2. Number of CHs/RNs: this indicates the system cost effectiveness
in harsh environments.

3. Number of rounds: this is a measurement of the total rounds the
deployed network can stay operational for. It reflects efficiency
of the estimated wireless sensor network lifetime.

Two main parameters are used in this comparison: Probability
of Node Failure (PNF) and Probability of Disconnected (isolated)
Nodes (PDN). PNF is the probability of physical damage for the de-
ployed node. PDN is the probability of a node to be disconnected
while it still has enough energy to communicate with the base sta-
tion. We chose these parameters as they are key factors in reflect-
ing harshness of the monitored site in terms of weak signal
reception and physical node damage.
5.1. Simulation model

The O3DwLC and SP3D strategies are executed on 500 randomly
generated WSNs hierarchical graph topologies in order to get
statistically stable results. For each topology, we apply a random
node/link failure and performance metrics are computed
accordingly. Dimensions of the 3-D deployment space are
700 � 700 � 200 (m3). Twenty irredundant cluster heads (i.e.
responsible for different sensor nodes) in addition to one base sta-
tion are randomly placed on 3-D cubic grid vertices using a Linear
Congruential random number generator. We assume a predefined
fixed time schedule for traffic generation at the cluster heads. Posi-
tions of relay nodes are found by applying the O3DwLC and the
SP3D deployment strategies. We assume that each wireless sensor
network is required to be operational for at least 20 rounds (life-
time constraint) using at most 60 relay nodes (cost constraint).



Table 3
Parameters of the simulated WSN.

Parameter Value Parameter Value

RLT 20 (round) NSPRN 0–60 (relay node)
Total grid units 98 PNF 0–60%
PDN 0–60% NCH 20
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Fig. 10. Connectivity vs. the deployed nodes’ count.
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Fig. 11. Lifetime vs. PDN.
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Fig. 12. Lifetime vs. number of nodes under PDN = 0.2 and RLT = 20.
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Fig. 13. Connectivity vs. probability of disconnected CHs/RNs.
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Fig. 14. WSN connectivity vs. probability of CHs/RNs failure.
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Based on experimental measurements taken in a site of dense
trees [28], we set our system model variables to be as described
in Tables 1 and 3. However, the nc variable, which represent the
search space size for the optimization problem in (18), will have
different values varying from one deployment to another based
on the locations of the backbone nodes reached by Algorithm 1
and their probabilistic communication ranges. Thus, the formu-
lated sets of CGUs and MCGUs will vary from one deployment in-
stance to another after applying Algorithms 2–4 on the resulted
network backbone in the first phase of the O3DwLC strategy. Sim-
ilarly, the values of NMST and IRS are assigned based on the results
of the first phase deployment, and consequently, they vary from
one instance to another. We assume fixed and equal transmission
ranges to simplify the presentation of results, in addition to apply-
ing identical grid edge lengths (=100 m). Nevertheless, the same
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simulation parameters are applicable in case of different transmis-
sion ranges varying from one device to another with unequal grid
edge lengths. For comparison purposes, we simulate the lifetime
and connectivity of different relay nodes counts and varying PNF
and PDN (0–60%) for both strategies, O3DwLC and SP3D. As we
aforementioned, each simulation experiment is repeated 500 times
and the average results hold a confidence interval no more than 5%
of the average (over 500 runs) at a 95% confidence level.
5.2. Simulation results

While the O3DwLC strategy optimizes locations of second phase
relay nodes in order to achieve the highest connectivity (k2), SP3D
attempts to find locations of extra relay nodes (deployed after con-
structing the optimized backbone) by distributing them on 3-D
grid vertices that are more likely to increase the network connec-
tivity as we described above. It is expected from O3DwLC to out-
perform the SP3D in terms of connectivity and total number of
nodes as shown in Fig. 10. Fig. 10 presents the average k2 for both
strategies using different total numbers of RNs nodes, where num-
ber of cluster heads is fixed to 20 to see the effect of relay node
placement, and PDN = 0.2. It is clear how an increment in the de-
ployed RNs leads to increment in connectivity even in the presence
of 20% disconnected nodes using O3DwLC strategy. Moreover,
Fig. 10 shows how efficient are the networks generated by O3DwLC
in terms of the utilized RNs count (and thus, the cost) to achieve a
specific connectivity requirement. For instance, using 30 nodes
only, O3DwLC strategy achieves a connectivity value higher than
the connectivity value achieved by SP3D using 70 nodes which
indicates a higher save in terms of the network cost.

We also investigate the effect of PDN, which varies from 0–60%,
on lifetime using both strategies as shown in Fig. 11. We select the
total number of nodes in this comparison to be 40 (20 CHs and 20
RNs) to avoid extreme cases where total number of RNs is too high
or too low. From Fig. 11, we can see how the WSNs generated by
O3DwLC can stay operational for longer time than the SP3D which
indicates high reliability, where there exist at least one operational
path from each cluster head to the base station even in the pres-
ence of 60% PDN [1]. From Figs. 10 and 12 we also observe that
increasing the connectivity value of the WSN will increase its life-
time since both figures are simulating the same WSNs with the
same total number of nodes.
In Fig. 12, we examine the effect of the lifetime constraint on
the O3DwLC and SP3D strategies when PDN = 20%. Under that
PDN, O3DwLC is still much better in terms of the total rounds a
network can stay operational for. This is a very attractive feature
in outdoor monitoring. Not surprisingly, the difference in lifetime
of the WSNs generated using both strategies decreases as the total
number of relay nodes increases due to node density increment
which makes the deployed networks tightly connected and harder
to partition.

Figs. 13 and 14 show how O3DwLC strategy outperforms SP3D
strategy under different PDN and PNF values, respectively. This
supports our O3DwLC deployment strategy efficiency in terms of
connectivity. Wireless sensor networks generated by O3DwLC
strategy stays connected even under PDN = PNF = 50%. This is an-
other desired and required performance issue in harsh outdoor
environmental applications. However, as the PNF/PDN values
achieve a specific level where the available number of functional
nodes cannot tolerate the failure, the WSN connectivity decreases
dramatically and network partitions occurs. This explains the
prominent degradation in WSN connectivity even when O3DwLC
strategy is utilized.

We remark that choosing an appropriate value of NSPRN is highly
dependent on the probability of node failure. Fig. 15 shows the ef-
fect of PNF on the choice of NSPRN. For low values of PNF only few
Extra Relay Nodes (E-RNs) are needed. On the other hand, at least
10 E-RNs are needed to guarantee connectivity in environments
with a 50% PNF. Considering such percentage of failure in the mon-
itored site during the early stages of the deployment plan would
have a great effect on the network performance in practice.
6. Conclusion

In this paper, we explored the problem of relays deployment in
WSNs applied in 3D outdoor environmental applications; aiming at
maximizing network connectivity with constraints on lifetime and
cost. Such deployment problem has been shown to be NP-hard.
Finding near optimal solutions is also an NP-hard. To address this
complexity, we propose an efficient two-phase relay node deploy-
ment in 3D space using minimum spanning tree and semi-definite
programming. The first phase is using the minimum spanning tree
to setup a connected network backbone with the minimum number
of relay nodes for cost efficiency. In the second phase, we found a
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set of a relatively small count of candidate positions. And we used
the semi-definite programming to optimize the relay nodes place-
ment on these positions to achieve the maximum backbone con-
nectivity for guaranteed lifetime period within a limited cost
budget. Towards more practical solution, application-specific signal
propagation and lifetime models were considered, in addition to
limiting the huge search space of the targeted deployment problem.

The signal propagation model provided more realistic commu-
nication properties between the deployed nodes in order to pre-
cisely describe their ability to communicate between each other.
As for the lifetime model, several lifetime definitions in the litera-
ture were discussed and compared based on practical metrics and
parameters to reflect the appropriateness of these definitions in
environmental applications. The extensive simulation results, ob-
tained under harsh operational conditions, indicated that the pro-
posed two-phase strategy can provide tightly-connected networks
and practically-guaranteed lifetime for environmental applica-
tions. Moreover, deployment strategy and results presented in this
paper can provide a tangible guide for network provisioning in
large-scale environmental applications which require 3-D setups.
In addition, they are applicable for different grid shapes and envi-
ronment characteristics (e.g. various signal attenuation and path
loss levels).

Future work would investigate optimal deployment problem in
further environment monitoring scenarios, where a subset of the
relay nodes may have the mobility feature to repair connectivity
and prolong network lifetime. Also, of practical interest is the node
placement under varying transmission range and/or different
power supply from one node to another for more energy-efficient
solutions.
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