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Abstract— To design efficient algorithms for improving the
lifetime of wireless sensor networks, one must strike a balance
between minimizing the unused residual energy in the sensors
nodes’ batteries at the network death moment, and minimizing
the energy spent to report sensory information to the sink node.
A centralized greedy algorithm does this by exploring both realtime channel state and residual energy information. This paper
presents a modified greedy algorithm that relax on the realtime requirements of the greedy algorithm, bringing flexibility
between privileging equalized energy consumptions at the expense of reduced lifetimes, or privileging burst-like transmissions
in favor of longer lifetimes. Instead of exploring current channel
and residual energy information, the new algorithm uses past
information on expected consumptions of the sensor nodes, thus
yielding a less complex implementation. Comparisons with the
greedy algorithm are made to demonstrate the potential lifetime
improvements achieved with the proposed one.
Keywords— Lifetime improvement, mobile wireless sensor
networks, greedy algorithm.

I. I NTRODUCTION
The presence of mobile sink nodes, mobile sensor nodes
or both in a wireless sensor network (WSN) characterizes
a mobile wireless sensor network (MWSN) [1]. MWSNs
are suitable to a myriad of applications, such as military
surveillance and reconnaissance, target detection, vehicle or
personnel tracking, environmental monitoring, smart homes,
health monitoring, manufacturing control, smart transportation
systems, security, social interaction, and other applications
in telematics [1]. A potentially interesting future application
is related to the WSN for military applications: a dedicated
or multipurpose WSN sensor network can be the primary
source for gathering information in military operations that
require situation awareness of a battlefield. Due to the dynamic
characteristics of the environment, the WSN should be able to
adapt its sensing and transmission schemes in order to achieve
the optimal result for the application [2].
Due to their dynamic topology, MWSNs impose restrictions
to the system design, for instance in what concerns routing
and medium access control (MAC) protocols, and quality of
service (QoS) control mechanisms. Nonetheless, mobility can
be explored to improve coverage, to increase the network
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lifetime and to handle energy control [1], particularly in
military applications [3]. In this context, energy management
is an important issue to be considered, since most of the
sensor networks have their lifetime (or lifespan) increased if
the limited energy residual of the sensor nodes can be saved
somehow. This is particularly important if the sensor nodes’
batteries cannot be replaced or recharged.
Lots of efforts have already been spent to prolong the
lifetime of wireless sensor networks; see for example [4], [5],
[6], [7], [8], [9] and references therein. Many of these attempts
act on the energy spent during the task of communication
among sensor nodes or between sensor nodes and sink nodes.
In [10], based on solid guidelines for lifetime improvement,
a greedy algorithm is proposed for controlling the communications between the sensor nodes and the sink node. In
this algorithm, the balance between minimizing the unused
residual energy at the network death moment in the sensors
nodes’ batteries, and minimizing the energy spent to report
sensory information to the sink node is achieved by selecting
a single sensor node at a time for communicating with the
sink node, based on real-time channel state and residual energy
information.
This paper presents a modified greedy algorithm that relax
on the real-time requirements of the original greedy algorithm.
The main attributes of the proposed algorithm are:
•

•

Instead of exploring current channel and residual energy
information, the new algorithm uses past information on
expected consumptions of the sensor nodes, thus yielding
a more feasible and less complex implementation when
compared with the original greedy algorithm.
It brings flexibility to the choice between (i) privileging
equalized energy consumptions at the expense of reduced
lifetimes, or (ii) privileging burst-like transmissions in
favor of longer lifetimes. Equalized consumptions allows
for more frequent communication with the sink node
and make the sensor nodes die altogether. Burst-like
transmissions allows less frequent communication with
the sink node, but is more energy-efficient.

The remaining of the paper is organized as follows: the
problem statement and system models are presented in Section
II. In Section III, the original greedy algorithm presented in
[10] is briefly described. Section IV is devoted to the proposed
algorithm. Numerical results and discussions are given in
Section V. Section VI concludes the paper.
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II. P ROBLEM S TATEMENT AND S YSTEM M ODELS
It is considered an MWSN consisting of a number of
sensor nodes whose communication tasks are controlled by a
sink node, or other central node, in a time-frequency-division
basis. The sensor nodes that can be directly controlled are
those inside the sink node coverage area. Nonetheless, indirect
control of all nodes or a large portion of them can be achieved
by means of multi-hop communication with proper routing
[11], [12], [13]. In order to decouple the performance of
the proposed approach from any routing protocol that could
be working in parallel, only direct communication with a
mobile sink node is assumed, characterizing the SENMA
(sensor network with mobile access) architecture [10]. Such a
decoupling is also considered in the greedy algorithm of [10].
A. Problem Statement
It is assumed that the sensor nodes spend most of their
energies during communication events with the sink node.
We associate the term activity level, which was coined in
[14], to the amount of time or time-frequency resources
allocated to these events. Since the communication process
is typically organized in frames (or superframes), and each
frame is divided in time or time-frequency slots, then the
activity levels define the fraction of slots in a frame that each
sensor is allowed to use for communication purposes. Due to
the node mobility, the problem is to determine dynamically
the activity levels assigned to the sensor nodes so that the
network lifetime is prolonged. In this context, the proposed
algorithm can be applied to any wireless sensor network that
employs a centralized manager to maintain network schedule,
e.g. WirelessHART [15], ISA100.11a [16], [17], and IEEE
802.15.4e [18], [19].
B. Proposed System Model
Let the k-th lifetime improvement event denotes the moment
in which the sensor nodes are controlled by the action of
the central node, for k = 1, 2, . . . , K. Each of these control
events acts on groups of F frames indexed by f = 1, 2, . . . , F ,
based on information on the energy consumption of the sensor
nodes in the preceding F frames. Thus, low mobility or fixed
WSNs will demand less frequent control events, i.e. large
F , whilst WSNs with high mobility nodes will need more
frequent control, i.e. small F or even F = 1. The value of
KF is associated to the interval of analysis corresponding to
KF frames indexed by t = f +(k −1)F = 1, 2, . . . , KF , and
represents the time over which the network is in operation.
The number of sensor nodes is denoted by N , and they are
indexed by n = 1, 2, . . . , N . A single sink node is assumed.
The energies in the sensor nodes’ batteries associated to the
f -th frame and k-th control event are given by the residual
energy N -dimensional vector sf (k). The activity level vector
is defined by xf (k), with xf (k)  0 and 1T xf (k) = 1,
where  represents component-wise inequality, 1 is the allone N -dimensional vector, and the superscript T denotes
transposition. If, for instance, an element xn,f (k) of this vector
is 0.1, it means that the n-th sensor node may occupy 10% of
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the slots during the f -th frame pertaining to the k-th block of
F frames.
During the f -th frame associated to the k-th control event,
the energies that are expected to be consumed by the sensor
nodes are given by bf (k) ◦ xf (k), where the symbol ◦
denotes the Hadamard product (element-wise multiplication),
and bf (k) is the maximum consumption vector containing
the energies that the sensor nodes are expected to spend if the
maximum activity level of 1 is assigned to them. The elements
of bf (k) depend on the positions of the sensor nodes relative
to the sink node, which is assumed to be known. Notice that
gathering this information is by far simpler than performing
channel estimation, which is a computational costly process
that contributes with increased energy consumption and system complexity. Specifically, each element of bf (k) will be
proportional to the transmit power necessary for a target error
rate in the received data at the sink node, which in turn will
depend on the physical layer specifications. Assume that this
target error rate is achieved if the received signal power at the
sink node is Ptarget . From the log-distance path loss model
[20, pp. 199-202],
Ptarget =

Pref (d0 )
,
(d/d0 )η

(1)

where Pref (d0 ) is a reference power at a close-in reference distance d0 from the sensor node transmitter, η is the
environment-dependent loss exponent, and d is the distance
of analysis. Typical values of η range from 2 in the freespace propagation scenario to 4 or even more in obstructed
areas. The energy consumed by a sensor node at a distance
d from the sink node will be proportional to Pref (d0 ) =
(d/d0 )η Ptarget . Given that Ptarget is constant and assuming
d0 = 1 meter without loss of generality, then the energy
consumption of a sensor node located at a distance d from
the sink node will be proportional to dη . Then, representing
the sensor and sink node coordinates by the vectors cs and
csk , respectively, each element of bf (k) will be proportional
to kcs − csk kη , where k · k stands for the Euclidean norm. The
actual proportionality will depend on the sensor node specific
hardware and battery characteristics and must be determined
in a case-by-case analysis.
It is assumed that the estimated consumption during the first
F frames is constant, yielding b1 (1) = b2 (1) = . . . = bF (1),
meaning that transmissions during the first frame are done
before the sensor nodes start moving. From the perspective of
a system simulation, the subsequent vectors bf (k) could be
determined by assigning a mobility model to the nodes and
computing the energy consumptions as previously described.
However, this would demand the adoption of a model for the
energy consumption of the nodes, which is beyond the scope
of this paper. Without loss of generality, the element bn,f (k) of
bf (k) can be the correlated values of a random variable that
will simulate variations in the energy consumptions as time
elapses. The correlation level will determine the rate of variation in the consumptions from one frame to the next due to
node mobility of any other cause. Specifically, let the auxiliary
parameters bmin and bmax denote the minimum and maximum
energy consumptions if the sensor node transmitter is on
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during the whole interval of a frame (which only happens if its
activity level is 1), when positioned at minimum and maximum
distances from the sink node, respectively. The elements of
bf (k) are made be uniformly distributed in [bmin , bmax ], with
a correlation coefficient ρ between the energy consumptions in
two consecutive frames. The method adopted for generating
the correlated uniform random variates implemented in the
present model is from [21], assuming a triangular correlation
function to guarantee the same correlation coefficient between
the consumptions during any two neighbor frames.
The lifetime of the network is defined here as the time
interval during which all sensor nodes are in full operation.
In other words, the instant at which the first sensor node
fails with high probability (does not work properly) or fails
permanently (ends its operation, or die) due to insufficient
energy will determine the network lifetime. This definition
has been adopted in several references, as for instance in [22],
[23], [10], [11], [12], [14], and references therein. The value
of t at which the residual energy of any sensor node becomes
less than or equal to a given fraction of its maximum stored
energy max{s1 (1)} is defined as the death instant, td , and the
corresponding residual energy is defined and the death energy
sd [14]. The death energy is a sensor-dependent parameter
that relies on the characteristics of the battery and on the
battery voltage level in which the sensor node starts to fail
in accomplishing part or the totality of its functions.
III. T HE G REEDY A LGORITHM R EVISITED
In the greedy algorithm [10], the sensor node exclusively
selected by a central node for transmission at a given moment
is the one with maximum energy-efficiency index
γn = en − Er (cn ),

(2)

where en is the residual energy in the sensor node n at
the beginning of a transmission, and Er (cn ) is the required
reporting energy as a function of the channel gain cn from the
n-th sensor node to the sink node. Adapted to our notation,
Er (cn ) corresponds to the element bn,f (k) of the maximum
consumption vector bf (k) at each k and f . The residual
energy en starts with sn,1 (1), i.e. the initial energy in the nth sensor battery, and is updated for each k and f according
to energy expenditure provided by the greedy algorithm, that
is en ← en − xn,f (k)bn,f (k), with xn,f (k) being the activity
state which is 1 for n = arg max γi , and zero otherwise. From
i

this formulation it is evident that the greedy algorithm uses
current (real-time) channel state information cn and residual
energy information en . Notice that the term activity state is
used here in the context of the greedy algorithm only to
represent the on (activity state 1) and off (activity state 0)
states of the sensor nodes’ transmitters as determined by the
algorithm, thus establishing consistence with the term activity
level defined in [14] and adopted in this paper.
IV. P ROPOSED M ODIFIED G REEDY A LGORITHM
The first modification with respect to the original greedy
algorithm is the computation of the energy-efficiency index
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(2) in two different ways, as follows:
γn = en − Er (cn ), if
γn = en ,
if

w = 0,
w = 1,

(3)

with w = 0 yielding an operation similar to the original
greedy algorithm, i.e. burst-like transmissions followed by
silent periods, and w = 1 yielding energy consumptions
more equalized and, thus, sensor nodes more continually
transmitting and dying almost together. When w = 0, the
node enabled for transmission by a central node is the one
with maximum energy-efficiency index, that is
xn,f (k) = 1,

n = arg max γi ,
i

xn,f (k) = 0, otherwise.

(4)

When w = 1, continuously variable activity levels are
assigned by the central node according to
γn − min γ
,
xn,f (k) = PN
i=1 (γi − min γ)

(5)

where γ is the vector with energy-efficiency indexes. These
activity levels are simply the energy-efficiency indexes γn
normalized in order be greater than or equal to zero, and to
add-up to one.
The additional most important modification with respect
to the original greedy algorithm is the use of residual and
consumption information from the past block of F frames to
compute the activity levels for the subsequent one, which can
be observed from the Algorithm 1. It is worth emphasizing
that the initial energies of the sensor nodes’ batteries must
be different from each other for the proper operation of the
algorithm when w = 1. This will be naturally accomplished
in practice, since it is virtually impossible that equality among
the stored energies holds.
V. N UMERICAL R ESULTS
The results presented in this section were obtained assuming
that the initial energy in the sensor nodes’ batteries and the
energy consumptions are not actual ones, but scaled so as
to anticipate the network death with respect to a real one,
thus preventing the simulations of lasting prohibitively large
intervals. Such a scaling has been also adopted for instance
in [10], and, though it changes the absolute lifetimes, it
does not affect the conclusions regarding relative lifetime
improvements or comparisons. Those results associated to
the non-controlled network were obtained by setting identical
equivalent activity levels x0n,f (k) = 1/N to all sensor nodes
during the whole interval of analysis. These activity levels
are nothing more than the average of the activity levels of all
sensor nodes, which add up to 1, up to the death instant of the
network. As a consequence, the sensor nodes’ residual energies
in the non-controlled network vary as determined by their
consumptions computed according to x0f (k)bf (k), with bf (k)
being the same maximum consumption vector considered in
the controlled network.
For the sake of a clear visualization of the results in the
graphs, firstly N = 10 sensor nodes is considered. Larger
numbers of nodes are analyzed subsequently. Whenever a
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Fig. 1 - Maximum energy consumptions of five sensor nodes during 400 frames, for ρ = 0.98.

Algorithm 1 - Modified greedy algorithm
Input:
Number of sensor nodes, N ,
Number of frames spanned by each control event, F ,
Initial energy levels of the batteries, s1 (1),
Estimated consumptions b1 (1) = b2 (1) = . . . bF (1),
Priority coefficient, w = 0 or w = 1.
Set en = sn,1 (1), n = 1, 2, . . . , N
for k = 1, 2, . . . (up to the network death), do
for f = 1, 2, . . . , F , do
if w = 0 then
Compute γn = en − bn,f (k), n = 1, 2, . . . , N
Compute xn,f (k) = 1, n = arg max γi
i

xn,f (k) = 0, otherwise.
end if
if w = 1 then
Compute γn = en , n = 1, 2, . . . , N
−min γ
Compute xn,f (k) = PNγn(γ
i −min γ)
i=1
end if
Update residual energies according to
en ← en − xn,f (k)bn,f (k), n = 1, 2, . . . , N .
end for
Compute vectors bf (k + 1), f = 1, 2, . . . , F , based on
information on past sensor nodes’ locations.
Assign time or time-frequency slots to the sensor nodes
according to the activity levels in xf (k), f = 1, 2, . . . , F .
end for

normalized energy value is called, it means that its value was
normalized with respect to the maximum initial stored energy
in the sensor node’s batteries. When it is stated that a single
realization of random consumptions was adopted, it means
that the maximum energy consumptions of the sensor nodes
were generated for the whole interval of analysis according
to the correlation coefficient ρ = 0.98, bmin = 0.001 and
bmax = 1, and stored to be reused. The death energy was set
to 5% of Smax . It is important to notice that the apparently
high correlation ρ = 0.98 represents in fact high mobility
nodes. This can be verified from Fig. 1, where the maximum
consumption of 5 sensor nodes are shown for the interval of
400 frames, assuming ρ = 0.98: observe that the consumptions
indicated by the tick dashed line changes from the maximum
(the corresponding sensor node is farthest away from the sink
node) to the minimum (the sensor node is close to the sink

node) in less than 30 frames, which is a quite fast change from
a practical standpoint.
Fig. 2 shows the residual energies attained with the proposed
algorithm for w = 0, N = 10, K = 400, F = 1,
ρ = 0.98, bmin = 0.001, bmax = 1, and approximately
identical initial energies s1 (1) ≈ 10. The residual energies
in the non-controlled network is also shown for reference.
From this figure it can be noticed the lifetime improvement
of approximately 244% achieved by the controlled network
with respect to the non-controlled one (the death instants are
identified by the big dots). Moreover, it can be observed the
burst-like nature of the transmissions, which in this figure
is associated to the steep residual energy changes followed
by silent periods during which the residual energies are kept
unchanged. The burst-like transmissions can be more clearly
observed in Fig. 3, where the stems indicate the activity levels
(states on or off in this case) of the sensor nodes’ transmitters;
only the interval of the first 100 frames is shown in this figure.
Figs. 4 and 5 show the residual energies and activity
levels attained with the proposed algorithm, now for w = 1.
The remaining parameters are the same as those adopted for
plotting Figs. 2 and 3, that is N = 10, K = 400, F = 1,
ρ = 0.98, bmin = 0.001, bmax = 1, and s1 (1) ≈ 10.
The residual energies in the non-controlled network is also
shown for reference in Fig. 4, from where it can be noticed
the lifetime improvement of approximately 190% achieved by
the controlled network with respect to the non-controlled one
(again, the death instants are identified by the big dots). In
this scenario, it can be observed that the burst-like nature of
the transmissions is not occurring, which can be concluded
from Fig. 4 by observing that no steep changes or stable
periods appear in the residual energy record. In other words,
when w = 1 the proposed algorithm prioritizes equalized
consumptions, at the cost of a reduced lifetime improvement
with respect to the situation when w = 0. From Fig. 5 one
can observe that the activity levels are not anymore zeros
or ones, but vary continually as time elapses, maintaining
a more frequent communication between the sensor nodes
and the sink node. This can be particularly useful to avoid
the waste of communication resources characteristic of the
burst-like transmission when a given sensor node is enabled
without having enough data to be reported to the sink node.
Furthermore, a more frequent communication also avoids the
need of storing sensory data up to the moment when the node
is allowed to transmit them.
As a closing set of results, Fig. 6 shows the average lifetimes
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Fig. 2 - Residual energies attained in the controlled and non-controlled
networks for w = 0, N = 10, K = 400, F = 1, ρ = 0.98, bmin = 0.001,
bmax = 1, s1 (1) ≈ 10.

Fig. 4 - Residual energies attained in the controlled and non-controlled
networks for w = 1, N = 10, K = 400, F = 1, ρ = 0.98, bmin = 0.001,
bmax = 1, s1 (1) ≈ 10.

Fig. 3 - Mutually exclusive sensor nodes’ activity states during each frame in
the controlled network during 100 frames. These states are associated to the
residual energies in Fig. 2.

Fig. 5 - Non-mutually exclusive sensor nodes’ activity levels during each
frame in the controlled network during 100 frames. These levels are associated
to the residual energies in Fig. 4.

achieved with the proposed algorithm and with the greedy
algorithm of [10]. These results were obtained from 200 Monte
Carlo events for each number of sensor nodes, ranging from
N = 10 to N = 100 in steps of 10. The greedy algorithm was
simulated by configuring the Algorithm 1 with w = 0 and by
using the current information on the maximum consumptions
of the sensor nodes from the very beginning, instead of past
information spanning back to F frames. In this case, the
value of F does not matter, since the control of the sensor
nodes is made in a frame-by-frame basis and using real-time
information on the channel state and residual energy. The
minimum energy consumption bmin = 0.01 and the initial
energies in the sensor nodes s1 (1) ≈ 5 were set according
to the values adopted in [10], for the sake of consistency.
The value of bmax = 5 was empirically adjusted so that the
lifetimes at the end points of the curve associated to the greedy
algorithm approached the lifetimes reported in [10, Fig. 1].

The correlation coefficient between the energy consumptions
in neighbor frames was set to ρ = 0.98, with F = 1 and
F = 10 as the number of frames spanned by each control
From Fig. 6 it can be firstly observed that the network
event.
lifetime is proportional to the number of sensor nodes, which
is due to the fact that each sensor node has a reduced average
throughput as N is increased without increasing the communication resources, thus reducing the energy expenditures
on average. It can also be noticed that the greedy algorithm
attains the best performance, as expected, since it uses realtime information to control the communication states of the
sensor nodes. Nonetheless, the performance gap between the
greedy algorithm and the proposed one is small when F = 1
and w = 0, which is consistent with the burst-like transmission
in both cases, and with the high correlated past information
spanning only one frame with respect to the current one. The
performance gap becomes larger as N increases, when w = 1,

110

ISSN:1983 7402

which is characteristic of the lifetime penalty produced by the
proposed algorithm if the equalized energy consumptions are
prioritized by the choice of w = 1. As expected, the performance gap also becomes larger as F is increased, no matter the
value of w. This is due to increased uncorrelatedness between
the past and the current information spanning a block of F
frames regarding the energy consumptions. Then, if F is larger
than 10, or ρ is smaller than 0.98, or both, the advantage of the
original greedy algorithm relative to the proposed algorithm
would be more pronounced. Finally, one can conclude from
Fig. 6 that, if the number of nodes is small, more flexibility
is grated to the choice of w and F .

Fig. 6 - Average lifetimes achieved with the proposed algorithm and with the
greedy algorithm of [10] as a function of the number of sensor nodes N , for
ρ = 0.98, bmin = 0.01 , bmax = 5, s1 (1) ≈ 5, considering w = 0, w = 1,
F = 1 and F = 10.

VI. C ONCLUSION
This paper presented a flexible and simple method for
increasing the lifetime of fixed or mobile wireless sensor
networks. The method dynamically controls the so-called
communication activity levels of the sensor nodes in a way
that the fractions of time or time-frequency slots in a frame are
intelligently assigned to the sensor nodes to communicate with
the sink node, at the same time saving energy. The proposed
method is a modification of a greedy algorithm of [10], aiming
at a balance between the reduction of wasted energy, the
maintenance of throughput and the reduction of the energy
spent for reporting sensory information to the sink node. The
most significant practical appeal of the proposed method is
that it only uses past information on the energy consumptions reported by the sensor nodes, thus not demanding any
real-time information. Comparisons with the original greedy
algorithm, which uses real-time channel state and residual
energy information, unveiled that the proposed algorithm is
capable of achieving attractive performances. Specifically,
when the number of sensor nodes is small, more flexibility
is granted to the determination of how frequently the sensor
nodes are controlled, and to the choice between (i) privileging
equalized consumptions of the sensor nodes and more frequent
communication with the sink node, or (ii) privileging burst-like
transmissions for larger lifetime improvements. As the number
of sensor nodes increases, it is better to adopt burst-like
transmissions and to control the sensor nodes more frequently,
a situation in which the proposed algorithm performs closely to

ITA, 28 a 30 SET de 2016

the greedy algorithm of [10], but without using current channel
and residual energy information.
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