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Abstract This paper demonstrates the advantages of using
controlled mobility in wireless sensor networks (WSNs) for
increasing their lifetime, i.e., the period of time the network
is able to provide its intended functionalities. More specif-
ically, for WSNs that comprise a large number of statically
placed sensor nodes transmitting data to a collection point
(the sink), we show that by controlling the sink movements
we can obtain remarkable lifetime improvements. In order to
determine sink movements, we first define a Mixed Integer
Linear Programming (MILP) analytical model whose so-
lution determines those sink routes that maximize network
lifetime. Our contribution expands further by defining the
first heuristics for controlled sink movements that are fully
distributed and localized. Our Greedy Maximum Residual
Energy (GMRE) heuristic moves the sink from its current
location to a new site as if drawn toward the area where
nodes have the highest residual energy. We also introduce a
simple distributed mobility scheme (Random Movement or
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RM) according to which the sink moves uncontrolled and
randomly throughout the network. The different mobility
schemes are compared through extensive ns2-based simu-
lations in networks with different nodes deployment, data
routing protocols, and constraints on the sink movements.
In all considered scenarios, we observe that moving the sink
always increases network lifetime. In particular, our experi-
ments show that controlling the mobility of the sink leads to
remarkable improvements, which are as high as sixfold com-
pared to having the sink statically (and optimally) placed, and
as high as twofold compared to uncontrolled mobility.

Keywords Wireless sensor networks . Controlled
mobility . Mobile sensor networks

1 Introduction

Recent years have witnessed an increasing interest in wire-
less sensor networks (WSNs). These networks are made up
of wireless nodes endowed with sensing capabilities that are
deployed for implementing a host of different applications.
Typical examples of WSN applications include environmen-
tal monitoring, independent assisted living, disaster assess-
ment and recovery, control of industrial processes, etc. [3, 8].

From a networking perspective, WSNs generally follow
the well-established ad hoc paradigm of communication:
Data delivery between any two nodes follows a multi-hop
route. Differently from ad hoc networks, where any two
nodes can be source and destination of data packets, in
WSNs data generated by the sensor nodes are sent to one or
more data collection points (the sinks). Sinks are considered
resource-rich, i.e., energy, processing power and memory
are not considered a limitation for their prolonged function-
ing and operations. Sensor nodes are instead usually quite
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constrained in terms of battery power, storage, and computa-
tional capabilities. Due to the large number of sensor nodes
deployed and to their being often placed in hostile, unacces-
sible environments, it is not viable to recharge/replace their
batteries. Whenever a node depletes its energy it is consid-
ered “dead,” i.e., no longer able to perform its sensing or
communication duties.

Several protocols have been proposed so far for data de-
livery and dissemination in WSNs. One of the main aims of
these solutions is minimizing the nodes energy consumption
(mostly due to radio communications) in order to increase
the time that the network is able to perform its intended op-
erations (network lifetime). Independently of all the energy-
efficient techniques developed at the different layers of the
nodes protocol stack the ultimate problem concerns the de-
livery of the sensed data from all the sensors to the sink,
which imposes greater burden on nodes that are closer to
the sink. More specifically, when a sink is statically placed,
the sensor nodes that can directly communicate with it (the
sink’s neighbors) tend to deplete their energy faster than
other nodes. Not only they consume energy to communicate
their own data to the sink, but also for relaying to it the data
from any other node. This problem, here termed the “sink
neighborhood problem,” leads to a premature disconnection
of the network. The sink gets isolated from the rest of the
network due to the death of its neighbors while most of the
sensor nodes are still fully operational.

One way for mitigating—if not obviating—the sink neigh-
borhood problem is by exploiting the mobility of some of
the network components. The key idea is that of changing
the neighbors of the sink so that the energy consumption
for data packet relaying is balanced throughout the network.
Since moving the nodes would require extra power from the
already limited energy of a node, the most promising way
of changing the sink’s neighbors is to have the sink moving
to different parts of the deployment area, while keeping the
sensors static.

Protocols proposed so far for sink mobility differ on the
nature of the mobility itself. Uncontrolled sink mobility is
used in those applications where the sink is sent to gather
data through the network at times and along routes that
are out of the control of the network. Whether random or
deterministic, the sink movement proceeds according to a
schedule which is not determined by the prevailing net-
work conditions, such as data traffic or the nodes residual
energy.

More recently, several protocols have been proposed that
show how, by having the network controlling the mobility
of the sink, remarkable improvements can be obtained, es-
pecially for extending network lifetime [14, 31, 35, 53]. All
these solutions are centralized, in the sense that the proposed
schemes determine optimal sink routes and sojourn times
based on the knowledge of global network parameters.

This paper contributes in multiple ways to the investiga-
tion of using controlled sink mobility for extending WSN
lifetime.

We start by presenting a new Mixed Integer Linear Pro-
gramming (MILP) model that determines sink routes and
sojourn times at the sink sites (specific locations the sink can
visit). Differently from previous solutions, we include pa-
rameters and constraints that model realistic requirements of
a WSN. For instance, we consider the cost of moving the sink
from a site to another, both from a data latency point of view
(as data packets need to be buffered during the sink move-
ment) and from an energy consumption point of view (we
consider the cost of building and releasing data routes from
the sensors to the current position of the sink explicitly). We
also introduce constraints for considering the mobility rate
of the sink, imposing a minimum sojourn time for the sink
at the different sites. This allows us to investigate how lower
or higher sink mobility affects network lifetime. Although
data routing optimization could be easily incorporated in
our MILP model, we choose it to be routing-independent.
First of all, a centralized solution for routing is not viable
for WSNs. Moreover, deriving routing as part of the model
solution optimizes it only with respect to the sole metric of
network lifetime, whereas there are other relevant metrics
to be considered when designing efficient routing for WSNs
(e.g., packet throughput, data latency, control overhead, etc.).

ILP-based solutions are notoriously hard to compute [15],
and often times these models can be solved only for partic-
ularly small input scenarios. However, the simplicity of our
new model for sink mobility makes it possible to obtain op-
timal sink routes for non-trivial, quite realistic cases, such as
networks with hundreds of sensor nodes and several dozens
of sink sites. This allows us to use the MILP-generated op-
timum sink mobility as an upper bound for more suitable
distributed and localized solutions to be devised and de-
ployed.

MILP models provide centralized solutions. For instance,
in order to find lifetime-optimal routes and sojourn times for
the mobile sink one has to provide a global view of network
topology, communication costs, etc. Centralized solutions,
however, are unbearably time and energy consuming for most
WSNs applications.

The second contribution of this paper concerns the de-
velopment of decentralized, simple solutions. To this aim,
we introduce a completely distributed and localized proto-
col for sink mobility. Throughout the network lifetime the
sink moves as drawn by sink sites in energy-rich areas of the
network. More specifically, the sink keeps monitoring sur-
rounding sites with respect to the energy of the nodes around
them. When a site different from the current is in an area with
higher energy, the sink greedily moves at that new site. This
simple heuristic, termed Greedy Maximum Residual Energy
(GMRE), takes explicitly into account crucial parameters
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such as the costs of data route release and establishment
when the sink moves, different sink mobility rates, as well
as possible constraints on sink mobility. It is also completely
adaptive to different data routing protocols. To the best of
our knowledge, this is the first completely distributed and
localized solution for sink mobility in WSNs.

The third contribution of this work concerns a thorough
comparative performance evaluation of mechanisms for sink
mobility. To this aim, we have performed an extensive set of
ns2-based simulation experiments that compare the perfor-
mance of GMRE to that of the following protocols.

(1) The omniscient optimal solution provided by our MILP
model. Once crucial parameters are properly tuned we
observe that GMRE achieves average network lifetimes
that are only 22% shorter than the optimal ones in the
worst case. The average decrease in network lifetime of
GMRE vs. OPT is only 13.4%. Given that according to
GMRE the sink makes movement decisions based on
the local knowledge of the network, we consider this a
promising, remarkable result.

(2) A simple heuristic, here termed Random Mobility
(RM), that represents the uncontrolled sink mobility ap-
proaches often seen in the literature. In all considered
scenarios GMRE obtains average network lifetimes that
are from 50 to 100% longer than those achieved by RM.

(3) The case when the sink is statically and optimally placed
at the center of the deployment area. While the opti-
mum achieves improvements up to 500% with respect
to the static placement, and RM is able to provide longer
lifetimes (about 200% longer lifetimes), we show that
GMRE is always closer to the optimum, being able to
prolong network lifetime up to 4 to 5 times.

Our simulations go beyond a quantitative assessment of
the performance of the compared mobility schemes. Our aim
is to gain a clear understanding of the rationale beyond the
obtained results and a deeper comprehension of the impact
on network performance of protocol parameters and different
scenarios.

The experiments are organized in three parts. At first we
select a basic testing scenario to provide clear evidence of the
advantages of sink mobility and the effectiveness of a greedy
approach to it for longer network lifetime. We then proceed
by showing the effect of key protocol parameters over the
tested protocols. More involved scenarios, which comprise
different node deployment schemes, different data routing
protocols and sink site locations are finally considered in
our third set of experiments. Our experimental investigation
aims to more than showing betterment in network lifetime.
Other important metrics of interest, such as data latency,
protocol overhead and energy consumption over time are
also evaluated. For all the metrics considered, we provide
both quantitative results as well as an in-depth explanation

of the motivations behind the protocols behavior. The GMRE
heuristic is shown to provide good trade-offs in terms of all
the considered metrics.

The paper is organized as follows. In the next section
we review previously proposed solutions that exploit the
mobility of different network components (e.g., sink, relay
nodes and sensor nodes) according to different degrees of
mobility control. Section 3 defines in detail the problems of
controlled sink mobility and the scenarios we consider. The
following Section 4 defines the MILP formulation, outlining
also its novelty, generality and strengths. The new distributed
heuristics introduced in this paper are described in Section 5.
Simulation results are presented and explained in Section 6,
where we also draw conclusions on the comparison between
the different sink mobility schemes. Section 7 concludes the
paper.

2 Related works

Considering mobility as a “blessing” rather than a curse for
network performance has been widely discussed for ad hoc
and sensor networks in different contexts [11, 12, 17, 23, 26,
27, 30, 34, 56, 57]. The primary objective of these works is
to deliver messages in disconnected ad hoc networks and to
improve network throughput.

The work by Chatzigiannakis et al. [11] explores the pos-
sibility of using the coordinated motion of a small number
of users in the network to achieve efficient communication
between any pair of other mobile nodes. A fraction of the
network nodes acts as forwarding agents carrying packets for
other nodes: The packet is exchanged when the source node
and the agent are neighbors (i.e., in the radio vicinity of each
other), and it is then delivered to the intended destination
when the agent passes by it.

This basic idea has been introduced to WSNs by Shah
et al. in their works on data MULEs [23, 38]. Mobile nodes
in the sensor field, called MULEs, are used as forwarding
agents. The idea here is to save energy by having single-hop
communication (from a sensor to the MULE that is passing
by) instead of the more expensive multi-hop routing (from
the sensor to the sink): It is the MULE that will eventually
take the sensed data to the sink. The data MULE architecture
is effective for energy conservation in delay tolerant net-
works [39]. Energy is traded off for latency, i.e., the energy
needed to communicate a packet to the sink is decreased at
the cost of waiting for a MULE to pass nearby (and at the
cost of waiting for the mule to move to the vicinity of a sink).
Scheduling problems in sensor-to-sink transmissions within
this model have been studied in [41].

A dissemination protocol where a tree-like communica-
tion structure is built and maintained is described by Kim
et al. in [29]. The randomly moving sinks access the tree
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from specified sensor nodes in the tree (access points). Com-
munication between the sink and the access points can be
multi-hop. This happens when the sink moves away from
the access points. The protocol, termed SEAD (Scalable
Energy-Efficient Asynchronous Dissemination), is designed
for finding a trade off between the end-to-end packet delay
and the energy consumption spent for reconfiguring the tree
so that the access points are closer to the current position
of the sinks. SEAD is shown to be more effective for con-
serving energy than other solutions for data dissemination
in wireless sensor networks such as directed diffusion [22],
TTDD [55] and ADMR [25].

The problem of building and maintaining routes to a mo-
bile sink with the precise aim of minimizing the correspond-
ing overhead has been tackled with in [20, 21] and [2]. In
the first paper, local update techniques are described for de-
tecting disconnections and for performing route repair in
“sink oriented trees.” In [20], the ERUP protocol is proposed
for conducting route re-discovery only in the vicinity of the
damaged route. In [2], initial routes are constructed from the
nodes to the sink according to any viable WSN routing. If,
because of the movement of the sink, the routes are no longer
valid, forwarder nodes are designated to extend the current
routes.

Common to all these works is that the mobility of the sink
is unpredictable and uncontrollable. For example, in [29]
and [54] sinks move according to the random waypoint
model.

The use of mobile sinks with predictable mobility has
been more recently presented in [32, 45, 46] and [9]. In
these works the sinks (airplanes) fly over the sensor field and
gather the sensed data periodically. While the movement
of the sink is fully controllable, it is external to the net-
work infrastructure, i.e., the trajectories are not determined
by network components and activity. The main contribution
of these papers concerns the energy-efficient transmission to
the passing sink [45–47]. In [32] the authors consider hetero-
geneous sensor networks made up of two types of nodes, and
determine the densities of each type and the battery energy
needed to achieve a given network lifetime.

Inherent patterns of the sink movement are exploited in [4]
for the design of robust and energy-efficient routing. This pa-
per assumes that there is a certain degree of predictability
in the sink movement, such as the routine route of a ranger
patrolling a forest. Based on statistics and distributed rein-
forcement learning techniques, the sensor nodes learn about
the sink whereabouts at given times and use this information
to find routes to the mobile sink.

A model for sink movement is proposed in [9], where “ob-
servers” (i.e., the sinks) move along the same path repeatedly.
The sensed data are collected while the observer traverses the
network. When passing by sensor nodes, the observer wakes
them up and receives their data (if any). The authors describe

a prototype system developed at Rice University where the
observers are carried by campus shuttles, and the sensors are
spread out throughout university property. In particular, the
authors determine the transmission range needed to collect
data from a predefined percentage of the sensor nodes, given
the observer speed, the time required to transmit a piece of
information, and the traffic pattern. The correlation among
the various system parameters is investigated analytically.

The idea of using unmanned vehicles as data collectors has
been further investigated in [44]. The sensor nodes send their
data to nearby clusterheads via multi-hop routing. The vehi-
cles then pass by the clusterheads to collect the data. Three
different solutions are presented in the paper that define dif-
ferent schedules for the collectors to visit the clusterheads.
In this way, the collector has to visit only the clusterheads,
and not all the nodes, while multi-hop routing is reduced to
a smaller number of hops since the data is sent from a sensor
node to a clusterhead who is nearby. In this case the sink
(base station) is not really mobile, and the collectors return
to the base station periodically to deliver the data and for
recharging. The architecture of [44] has been recently ex-
panded in [43] to consider different classes of nodes, where
the collectors roam (controllably) among the clustered sen-
sor nodes some of which can be (uncontrollably) mobile.
Aim of the paper is to determine schedules for the collectors
to visit the nodes so that transmission energy, data latency
and buffer requirements at the nodes are minimized.

In this paper we are interested in techniques for pro-
longing the lifetime of a wireless sensor network, and in
particular in how network-controlled mobility can improve
data dissemination and collection, especially from an energy
consumption perspective. There are three major approaches
to the use of controlled mobility in WSNs: The sink itself
moves among the sensor nodes and collects the data; mobile
relays are used for data gathering and following delivery to
the (static) sink; and finally, the sensor nodes are mobile.

The first two approaches appear to be the more promising
for energy efficiency and longer network lifetime, since sink
and relays are usually considered resource-rich, and hence
energy consumption and network lifetime are not impacted
by the energy needed to move them. In the case the sensor
nodes move, a great deal of the nodes’ energy is spent on
the movement itself, thus having a detrimental impact on
the nodes’ lifetime. Works that consider mobile sensors are
mostly concerned with sensor deployment time and sensing
coverage. The costs associated with sensor movements as
well as the cost of transmitting sensed data are often not
considered, and network lifetime is rarely a metric of interest.
For results in this area, which goes beyond the scope of this
paper, the reader is referred to [16, 18, 19, 36, 48–51].

A first in-depth discussion on how to incorporate control-
lable mobile relays into the network infrastructure has been
presented in [28]. The authors describe an implementation of

Springer

834 Wireless Netw (2008) 14:831–858



a sensor network with an autonomous mobile relay (a robot)
that visits the (static) sensors, collects their data, and delivers
them to the sink. The idea of collecting data in a single-hop
fashion (i.e., when the robot approaches a sensor) is similar
to that of data mules. However, in this case the movements of
the robot adapt to data collection performance parameters,
which are dictated by the network application priorities. The
robot is part of the system, and it is the system that con-
trols its mobility. The testbed-based experimental results in
this paper concern the evaluation of methods for controlling
the speed of the robot for optimizing data collection. The
robot traverses networks with different densities following
a straight trail and collects the data that are then brought to
the sink. The authors further explore the use of controlled
relays in [24, 40]. The problem of controlled data MULE-
like mobility has been also recently addressed in [13]. The
authors first propose an algorithm for avoiding sensor nodes
buffer overflow while minimizing the speed of the mobile re-
lay. They also extend this algorithm to the case where some
of the packets have delay constraints (i.e., they are “urgent
messages” that have to be delivered to the sink within a given
time since their generation).

An investigation of the controlled use of relay nodes for
data collection and subsequent report to the sink has been
recently proposed in [52]. Although the authors recognize
that moving the sink directly yields better resource utiliza-
tion and hence longer lifetime, they argue that for certain
applications moving the sink might be infeasible. Therefore,
having one or more resource-rich mobile relay nodes is re-
markably helpful. Given that the sensor nodes know about
the current location of the relay node, routing protocols are
presented for delivering the data from the sensors to the re-
lay, from the relay to the sink, and finally for determining
the route of the relay. Improvements on network lifetimes
are fourfold with respect to the case of a static sink.

Works on performance of mobile relays show that moving
the sink appears to be more promising for achieving better
trade offs between energy consumption and data latency,
motivating research on mobile sinks. In this field, results on
reducing energy consumption and on the maximization of the
lifetime of a sensor network has been tackled with in [14] and,
more recently, in [35, 53] and [31]. In these works, central-
ized algorithms are presented where the sink moves among
the (static) sensor nodes and, while sojourning at given lo-
cations, collects data that are sent to it via multi-hop routes.
The first work is mostly concerned with energy minimiza-
tion. The authors present an ILP model to determine the loca-
tions of multiple sinks and the routes from the sensors to the
sinks. Time is divided into rounds. At the beginning of each
round information on the nodes’ residual energy is centrally
gathered and the ILP problem is solved to determine new,
feasible locations the sinks should travel to for minimizing
the maximum energy consumption spent at the nodes during

that round. Minimizing the energy consumption results in
increased network longevity. No constraints are enforced on
the sink movements, and there is no relation between the
number of the sinks and their position in subsequent rounds.

We have explicitly addressed the problem of network life-
time maximization through controlled sink mobility in [53]
for networks with a single sink. Sink locations (in this case
the sensor sites) and sink sojourn times at those locations are
determined that maximize the network lifetime via a new LP
formulation of the problem: Maximizing the network life-
time equals maximizing the sum of sojourn times of the sink
at the visited locations. Although the model is completely
general, the experiments performed in the paper refer to sce-
narios where n = L2 nodes are arranged in a L × L grid.
The sink has no limitation on the time tk ≥ 0 it can spend
at sensor k and can move from any location to any location
in the network. Improvements on network longevity are ob-
tained that are almost five-fold when the sink sojourns at the
nodes located at the four corner areas and in the central area
of the grid.

By combining the model presented in [53] and the LP for-
mulation for maximum lifetime routing described in [10], Pa-
padimitriou and Georgiadis [35] present another centralized
solution for the problem of maximizing network lifetime.
By turning a constant of the model in [53] into a variable,
the model presented in [35] jointly solves the problem of
determining the sink sojourn times at the given sites, and the
routing of the packets to the current position of the sink. This
(data) routing-dependent solution achieves improvements
with respect to the lifetime values of [53] that are twofold.

The problem of lifetime maximization has been formu-
lated as a min-max problem by Luo and Hubaux [31]. By
considering together sink mobility and data routing, a load
balancing solution is obtained that, while keeping the sink
moving along the external perimeter of the network, achieves
lifetimes 500% higher than when the sink stays in the center
of the network. Among the contributions of this work it has
to be noticed an explicit reference to the complexity of for-
malizing the optimization problem of maximizing network
lifetime via sink mobility with traditional analytical tools.

Finally, the problem of devising distributed solutions for
network controlled sink movements has been recently tack-
led with by the authors in [5, 6], where preliminary, promis-
ing performance results on network lifetime are shown for
the solutions presented in this paper.

3 Problem definition

We consider a scenario where a large number |N | of resource
constrained, static nodes with sensing and wireless commu-
nication capabilities are scattered in a given geographic area.
(In the following these nodes are referred to as sensor nodes,
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(a) Sensor nodes and sink’s sites (b) Sink movements and routes to the sink

Fig. 1 Typical WSN scenarios

or often, simply, nodes.) We assume periodic generation of
data packets at the sensor nodes: Node i ∈ N transmits at a
given data rate ri packets that are “convergecasted” to the sink
for processing. While the nodes are static, the sink can be mo-
bile. More specifically, we consider a set S = {1, . . . , q} of
q sink’s sites which are the points within the geographic area
the sink can visit. For instance, Fig. 1(a) shows a typical sce-
nario where 32 nodes (represented by circles) are scattered
randomly and uniformly on a bi-dimensional area, and 16
sink’s sites (squares) are organized according to a 4 × 4 grid.
A (solid) link between two nodes indicates that those two
nodes are neighbors (i.e., they can hear each other’s trans-
missions). A (dotted) link between two sites indicates that
the sink can move from one site to the other and vice-versa.

Because of the sink’s neighborhood problem the sink
moves throughout the network in an attempt to balance the
energy consumption among the nodes. Every time the sink
reaches a new site, it floods a packet f to all the network
nodes making them aware of its current site. A node that
receives f starts sending/relaying its packets toward the new
site of the sink. Every routing scheme that works with the
topological information provided by f , such as geographic
or shortest paths-based routing, is a viable routing for data
delivery to the sink. We observe that the independence from
the particular routing protocol yields a twofold advantage.
First of all, it guarantees the longest possible network life-
time given the specific routing. Furthermore, it allows the
network users to design or choose the routing algorithm that
best meets the WSN applications requirements in terms of
a host of different metrics of interest (not just the lifetime).
Every time the sink leaves a site, it again floods a packet to
all nodes to communicate that it is no longer reachable at
that site. Upon receiving this second packet, a node stops
forwarding data (remaining packets are buffered), and waits
to receive a new packet f from the sink, carrying its where-
abouts. When the new packet f arrives and routes to the new
site of the sink are formed, packet transmission is resumed.

There is virtually no bound on how far the sink can travel
between two sites. However, we note that while the sink is
traveling, the sensors do not transmit. Therefore, if new data
are sensed, these are buffered. This implies the possibility of
high delays for data packets. In order to contain this delay, we
introduce a new parameter dMAX which represents an upper
bound on the distance that the sink can travel from a site to the
following one. Thus, the pair (S, dMAX) uniquely defines a
graph of sink’s sites where there is a link between two sites if
and only if their (Euclidean) distance is ≤ dMAX. Figure 1(b)
shows the three sites (darker squares) the sink (the triangle)
can reach from its current position. The dotted lines between
the sites of Fig. 1 indicate that the sink can only move hori-
zontally or vertically in the 4 × 4 grid. (Routes from selected
sensors to the current site of the sink are also shown.)

We observe that in case of high sink mobility and low
data traffic the energy cost for route construction and release
can be significant. Therefore, this cost is explicitly taken into
account. In order to evaluate the impact of different (higher
or lower) sink mobility rates, we introduce the parameter
tmin to represent a mandatory minimum time the sink has to
sojourn at a site.

We will solve the following problem via mathematical
modeling and by designing distributed protocols:

Determine the starting site and the route for the mobile
sink over the graph (S, dMAX), together with the sojourn
times tk ≥ tmin of the sink at each visited site k ∈ S so
that network lifetime is maximized.

4 Mathematical model

In this section we present a Mixed Integer Linear Program-
ming (MILP) formulation of the problem described above.
We start by defining the sets, the parameters and the variables
used for formalizing our problem.

Springer

836 Wireless Netw (2008) 14:831–858



Sets and parameters

� S is the set of sink’s sites, i.e., the locations at which the
sink may sojourn: S = {1, . . . , q}.

� N is the set of the network nodes: N = {1, . . . , n}.
� e0: Initial energy (Joules) of each node.
� fik : Energy consumption (Joules) at node i ∈ N for setting

up/releasing routes when the sink moves to site k ∈ S.
� cik : Power consumption (Watts) for receiving and trans-

mitting packets at node i ∈ N when the sink sojourns at
site k ∈ S.

� tmin: Mandatory minimum time (secs) for which the sink
is required to stay at site k ∈ S.

� d jk : Euclidean distance (meters) between any two sink
sites j, k ∈ S.

� dMAX: Maximum distance (meters) the sink is allowed to
travel each time it moves.

� A: The set of directed edges joining sink sites whose dis-
tance is less than or equal to dMAX, i.e., A = {( j, k) ∈
S × S : j �= k, d jk ≤ dMAX}.

� O: The set of directed edges (0, k), k ∈ S, joining a ficti-
tious site 0 (origin) with the sites in S.

� D: The set of directed edges (k, q + 1), k ∈ S, joining the
sites in S with a fictitious site q + 1 (final destination).

� X : The union of A, O and D.

Variables

� tk : Sojourning time (secs) of the sink at site k ∈ S.
� yk : Binary variable taking the value 1 if the sink sojourns

at site k ∈ S (tk > 0); 0 otherwise (tk = 0).
� x jk : Binary variable indicating the status of ( j, k) ∈ X .

x jk = 1 if and only if arc ( j, k) is on the sink movement
route; x jk = 0 otherwise.

� uk : Auxiliary variable used to enforce a unique sink path.

MILP formulation

Max
∑

k∈S

tk (1)

subject to:
∑

k∈S

cik tk +
∑

k∈S

fik yk ≤ e0 (i ∈ N ) (2)

tmin yk ≤ tk ≤ Myk (k ∈ S) (3)
∑

k∈S

x0k = 1 (4)

∑

k∈S

xk,q+1 = 1 (5)

∑

j∈S∪{0}
( j,k)∈O∪A

x jk =
∑

j∈S∪{q+1}
(k, j)∈A∪D

xk j (k ∈ S) (6)

∑

j∈S∪{0}
( j,k)∈O∪A

x jk = yk (k ∈ S) (7)

u j − uk + qx jk ≤ q − 1 (( j, k) ∈ A) (8)

tk, uk ≥ 0 (k ∈ S) (9)

yk ∈ {0, 1} (k ∈ S) (10)

x jk ∈ {0, 1} (( j, k) ∈ X ) (11)

The objective function (1) maximizes the sink’s total time
at sojourning sites,

∑
k tk , which is the effective network life-

time. Constraint (2) states that the combined energy spent at
node i for data delivery (

∑
k∈S cik tk) and for data route con-

struction and release (
∑

k∈S fik yk) during
∑

k tk (the time be-
fore the death of the first node) should not exceed the node’s
initial energy e0. The right part of double inequality (3) forces
yk to take the value 1 if the sink sojourns at site k (tk > 0),
thus linking the binary variable yk (constraint (10)) with the
continuous variable tk . M is a significantly large number. The
left part of double inequality (3) restricts the sojourn time tk
to be at least equal to the mandatory minimum sojourn time
tmin if the sink sojourns at site k (yk = 1) and at the same
time forces yk to take the value 0 if the sink does not sojourn
at site k (tk = 0). The first sojourning site in the sink’s move-
ment route is allowed to be any site in S. To implement this,
a fictitious fixed initial site 0 (origin) is introduced. At the
beginning of the sensor network’s lifetime, the sink moves
in zero time (and cost) from the origin to some site α ∈ S,
determined by the model. This is that particular site such that
x0α = 1 (Eq. (4)), namely, it is the optimum starting point of
the sink journey. Then, the sink sojourns at that first site and
at subsequent other sites in S to be determined by the model.
Finally, from the last sojourning site ω the sink moves to
a second fictitious site “q + 1” (destination), again in zero
time (Eq. (5)). The site ω completes the sink route started
at site α. This is the last site at which the sink sojourns,
and marks the end of the sensor network lifetime. The arcs
( j, k) ∈ X on the sink route are associated with binary vari-
ables x jk equal to 1. The variable x jk is equal to 0 for all
the ( j, k) ∈ X that do no belong to the route. Equivalently,
one can think of a unit of flow moving from the origin to the
destination. Constraint (4) induces a unit of flow from the
origin to some node α ∈ S, while constraint (5) causes the
destination to absorb a unit of flow coming from some node
k ∈ S. Constraint (6) forces flow conservation at all sites
k ∈ S, thus ensuring the generation of a route. Constraint (7)
ensures that the sites k ∈ S on the generated route are sites
at which the sink sojourns (k|yk = 1). To elaborate, if yk in
constraint (7) equals 1, then the sink sojourns at site k, and
therefore there must be one and only one arc on the sink’s
movement route reaching site k. On the other hand, if yk

equals 0, then there will not be any incoming arc to that site.
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Fig. 2 Sink optimum routes produced by constraints (4) to (7)

Finally, constraint (5) induces a unit of flow from the last
node in the sink route (ω) to the fictitious final node q + 1.

Figure 2(a) shows a possible optimum sink route that
goes from the initial site α = 2 to the final site ω = 24.
Constraints (4) and (5) ensure that, independently of α and
ω, respectively, there is only one initial site and one final
site for the sink route, since the corresponding arcs (x0α

and xωq+1) must be 1. The combination of constraints (6)
and (7) takes care of generating the route between α and ω

that passes through all the sites where the sink has to sojourn
for maximizing the network lifetime. In particular, the first
constraint mandates that there must be one outgoing arc xkl

for every incoming one x jk (with the natural exception of the
two fictitious sites 0 and q + 1). For instance, this is the case
of arcs x34 and x49 in Fig. 2(a), which are both set to 1. The
remaining arc out of site 4, namely, arc x45, is forced to be
0. According to constraint (7) for every site k where the sink
sojourns (yk = 1) there must be a way to get there, i.e., there
must be exactly one site j (which includes the fictitious site
0) from which k is reachable (x jk = 1). At the same time, the
sink should not pass through sites where it does not sojourn.
For instance, sites with k = 2, 3, 4, 9, 10, 15, 20, 25 and
24 in Fig. 2(a) are all and only those for which yk = 1, i.e.,
these are all and only those sites that can be in the sink route.
All other sites h are such that yh = 0.

We note that flow conservation constraints (6) and (7) do
not prevent the formation of cycles disjoint from the route
from the origin to the destination. The (disjoint, non simple)
route depicted in Fig. 2(b) comprising nodes 2, 3, 4, 9, 10,
15, 20, 25 and 24 and nodes 16, 17, 22 and 21 (cycle) is pos-

sible according to our model up to constraint (7), since none
of these constraints is violated by having y16 = y17 = y21 =
y22 = 1 as well as x16,17 = x17,22 = x22,21 = x21,16 = 1. This
situation is undesirable, since quite unrealistic. It is practi-
cally impossible, for instance, to have the sink moving from
site 9 (a site in the connected route from site 2 to site 24) to
site 17 (a site in the cycle): Sites 9 and 17 are not directly con-
nected, i.e., their distance is ≥ dMAX. Constraint (8) ensures
that no such cycles are formed. (A similar constraint has been
used in the integer programming formulation of the Traveling
Salesman Problem (TSP) to avoid sub-tours [33].) According
to constraint (9) a site k is associated with a “weight” uk ≥ 0.
Constraint (8) imposes that the sites visited by the sink are
traversed in increasing order, i.e., if x jk = 1 then u j < uk .
This renders clearly impossible to return to the same node,
and hence to form cycles like the one in Fig. 2(b).

Some comments are in order. The parameter tmin has been
introduced to assess the effect of different (higher or lower)
sink mobility rates on network performance. For a given
tmin the model will produce the sink route and sojourn time
tk ≥ tmin at site k that maximizes network lifetime. By vary-
ing tmin we can explore a number of trade-offs. For instance,
at higher tmins we expect to have lower overhead (e.g., for
route construction and release). Shorter tmins result in better
choices of sojourn times at different sites (which might result
in a longer network lifetime) at the price of increasing over-
head. Depending on prevailing network conditions, there is
a value of tmin for which the advantage of a finer granularity
of sojourn times is outpowered by the energy consumption
increase due to the extra overhead.
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Fig. 3 Two adjacent physical sites, six logical sites and their intercon-
nections

The model is flexible in letting the user employ any
method for determining the power consumption rate cik of
each node i ∈ N when the sink sojourns at site k ∈ S. This
cost depends on both node i’s transmission rate ri and on
the particular protocol for routing the packet to the sink
sojourning at site k. The costs ciks could be computed ana-
lytically [53], or they can be provided as input to the model
from simulations [5] or from real-data traffic traces. In short,
the model can be customized to find the optimum lifetime for
different routing protocols (by computing the corresponding
values of fik and cik).

Constraint (8) renders infeasible all cycles formed by the
nodes in S, thus allowing only a unique simple path. We
notice, however, that the model can be easily extended to
allow the sink to sojourn at the same site multiple times.
A single “physical” site can be represented by h “logical”
sites, where h is the number of times we want the sink to
be able to pass through that site. The logical sites have no
arcs between them, and are connected to all the (logical)
sites of adjacent (physical) sites. Figure 3 depicts the case of
two adjacent physical sites and the corresponding six logical
sites (h = 3), along with their interconnections.

With this simple modification we obtain optimal lifetime
given that the sink is allowed to visit each site at most h times.
The global optimum is obtained by progressively running
the solver of the model on increasing hs until the lifetime
stabilizes.

Our MILP formulation improves over previously pro-
posed models in multiple ways. The model is independent
of a number of factors such as the specific sensor node de-
ployment and sensor density; the sink site topology; the size
and shape of the geographic area of deployment, and the
sensor node technical features (e.g., transmission radius, en-
ergy model, etc.). The given formulation includes a number
of realistic constraints, such as the non-instantaneous move-
ment of sink between sites potentially far apart from each
other. Most importantly, and differently from all previously
proposed LP solutions, our formulation explicitly includes
the costs for changing sink sites.

5 Distributed protocols

In this section we describe the details of the two new dis-
tributed protocols for sink mobility that we are going to

compare with the optimal routing strategy provided by the
MILP model.

The two protocols differ on the strategy used by the sink
sojourning at a site for choosing the next one.

In the Greedy Maximum Residual Energy (GMRE) proto-
col the sink greedily selects the site within dMAX surrounded
by nodes that have the most energy left. The idea is that in
time, this should most likely result into a balanced energy
consumption throughout the network, and hence into a longer
network lifetime. After spending a time tmin at a site, a sink
evaluates whether to move toward one of the adjacent sites or
to stay where it is. Two sites are adjacent if their distance is
≤ dMAX. In order to decide whether to move or not, the sink
gathers information about the residual energy at the nodes
around each of the potential future sites (we call this energy
value the residual energy at the site), and compare it with the
residual energy at the current site. If there are adjacent sites
with a residual energy higher than that at the current site,
the sink moves to the site with the highest residual energy
(selecting randomly among sites with the same residual en-
ergies in case of ties). Otherwise the sink stays at the current
location.

Key to the definition and implementation of GMRE is the
communication to the sink of the residual energies at the
adjacent sites. This communication proceeds in two phases.
First, for each of the adjacent sites, the sink identifies one
sentinel sensor node that will be in charge of measuring and
reporting the residual energy at that site when requested by
the sink. The second phase concerns the sink interrogation
of the sentinels. This is performed whenever the sink has to
decide whether to move or not.

To implement the first phase we take advantage of the
flooding performed by the sink when it makes the nodes
aware of its new location. For this heuristic protocol we as-
sume that a node that is in the “transmission vicinity” of a
site (i.e., whose Euclidean distance from a site is less than or
equal to the nodes transmission range) is aware of that. This
can be obtained by endowing the nodes with a suitable local-
ization mechanism (such as one of those described in [37]).
The flooding message contains the coordinates of the current
location of the sink. Upon receiving the flooding packet, a
node knows if it is in the vicinity of a possible future sink
site. In this case, it sends to the sink a (small) packet for its
candidacy as sentinel. Upon receiving such packets the sink
decides which is the sentinel for a given site. This mechanism
also allows the sink to identify those sites that are isolated
(no packet is received from nodes around that site). In this
case, the sink will not consider that site as a possible future
one.

The second phase starts when the sink has to decide
whether to move to a new site or not. At this time, the sink in-
terrogates the selected sentinels about the residual energy at
their sites. This is accomplished by sending a (small) packet
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to the sentinels. When interrogated, the sentinels query their
neighboring sensor nodes about their residual energy and
communicate back to the sink the minimum of the obtained
values (or any suitable function that can express how critical
for the network lifetime is to place the sink in that area).

The second, simple protocol for sink mobility that we
propose here captures the case of uncontrolled, random mo-
bility of the sink. Every tmin the sink selects randomly and
uniformly the new location among all the sites within dis-
tance dMAX from the current. In case a site different from the
current is selected, the sink moves to that site. This simple
scheme, referred to in the following as the Random Move-
ment heuristic (RM), generalizes data gathering protocols
previously proposed in the literature (e.g., the data mules
approach [23]) to the case of multi-hop data routing. We use
RM mainly as a benchmark for assessing the effectiveness
of GMRE in prolonging network lifetime.

6 Simulation results

In this section we discuss the results of a thorough ns2-
based [42] performance evaluation of the presented proto-
cols. In particular, we have compared the following four
sink mobility schemes.

(1) The sink is static. This is a degenerate mobility scheme.
So degenerate, in fact, that the sink does not move. In
this case, that we name STATIC, the sink is placed at the
geographical center of the deployment area, which is the
position that maximizes the network lifetime.

(2) The sink moves along the optimum route derived by the
MILP model presented in Section 4 (OPT mobility in
the following).

(3) The sink moves according to the RM scheme.
(4) The sink moves as specified by the GMRE heuristic

described in Section 5.

The performance of the four schemes have been compared
with respect to the following metrics.

� Network lifetime, i.e., the time until the first node dies
having fully depleted its energy.

� Per node residual energy over time. Investigating this met-
ric allows us to determine the actual energy consumption
associated with the different mobility schemes as well as
to verify how balanced is the consumption itself.

� End-to-end packet latency. This is the time that goes from
packet generation at a sensor node to the successful deliv-
ery of that packet at the sink.

� Overhead (bits/s). The overhead incurred by a protocol
is defined as the number of bits/s sent on average by
each node for route maintenance (building and releasing
routes when the sink moves) and for gathering information

needed by the sink for deciding whether to move or not
and where.

� Delivery ratio. The percentage of packets generated at the
sensor nodes that are successfully delivered to the sink. In
the low traffic scenarios considered here we observe that
we are always able to successfully transmit all the packets.

� Sink sojourn times at the different sites. This metric cap-
tures the time spent by the sink on average at the different
sites and is a key figure to correlate sink behavior with
network performance (overhead, latency, and energy con-
sumption).

We also examined the mobility pattern followed by the
sink for a given sink mobility scheme over different runs
to identify common patterns and obtain an in-depth under-
standing of the rationale behind the sink movements.

6.1 Simulation scenarios and parameters

Our evaluation has been performed according to three major
sets of experiments. We have initially focused on a simple
scenario in which n = 400 sensor nodes generating data at
the constant rate of 0.5 bit/s (i.e., a packet is injected into the
network around every 13 min) are deployed in a grid-like
topology over a square area of side L = 400 m. The sensor
nodes transmission range R is fixed and equal to 25 m. This
means that all nodes which are not on the perimeter of the
area have a “cross-like visibility” of their neighbors (i.e.,
they have four neighbors). A single sink moves through |S|
possible sites. Sink sites are arranged into a 4 × 4, 6 × 6,
8 × 8 grid. Data are delivered to the sink according to the
routing protocol presented in [7]. The route construction
process is sink initiated. The sink floods a packet via
which the nodes calculate their hop distance from the sink.
Forwarding happens based on this simple (and unchanging)
information: A node that is i hops away from the sink will
send data packets to one of its neighbors whose distance is
i − 1. The specific neighbors can be different each time, and
one is chosen among the neighbors randomly and uniformly.

Channel capacity and MAC settings are typical of sensor
networking (250 Kbps and CSMA/CA, respectively) and we
consider the sensor nodes to be all alike. Sensor nodes initial
energy is set to 50 Joules. The energy model used in our
experiments follows the specifications of the TR 1000 radio
transceiver from RF Monolithics [1], i.e., the energy con-
sumption corresponding to transmission, reception, or sleep
mode is 14.8 mW, 12.5 mW and 0.016 mW, respectively.1

1 In order to assess the advantages of sink mobility independently
of the particular awake/asleep schedule used for energy conservation
we did not consider the energy consumed by a node while being idle.
This choice corresponds to using an ideal awake/asleep schedule where
nodes are awake only when they are involved in message transmission
and reception.
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Fig. 4 Neighboring sink sites

In this basic scenario the model parameter dMAX has been
set to 190 m. The set of sites the sink can move to from its
current position depends on dMAX and on the cardinality of
S. Figure 4 shows the set of adjacent sink sites when the sink
can select where to sojourn among 4 × 4 and 8 × 8 sites.
The sink is indicated as a triangle. The first circle encloses
adjacent sink sites when dMAX = 190 m. The parameter tmin

has been varied between 50,000 s and 1,000,000 s.
This first set of experiments aims at demonstrating the

bare effectiveness of the proposed MILP and heuristic solu-
tions for extending network lifetime with respect to the static
case.

Our second batch of simulations aims at quantifying the
impact of key protocol parameters on OPT, GMRE and
RM performance. First of all, we have considered a wider
nodal transmission range, 30 m. In this case nodes have an
“asterisk”-like connectivity (i.e., each non-border node has
eight neighbors), which leads to different routes with respect
to when the transmission range is 25 m and hence to different
values of both cik and fik . This allows us to investigate the
impact of different forwarding schemes on sink routes and
network lifetime.

We have then evaluated the effect of varying dMAX. This
changes the set of adjacent sites the sink can move to from
its current one. (See Fig. 4, where the larger dotted circle
refers to dMAX = 325 m. Values of dMAX greater than 570
m corresponds to unlimited sink mobility.) When R = 25 m
we have compared the performance of the different mobility
schemes for dMAX = 190 m, 325 m, and 1,000 m.

In our third and final set of experiments we assess whether
relaxing the assumptions made for node deployment, routing
and sink site locations changes the insights gained on the
effectiveness of the different sink mobility schemes. In this
batch of experiments we have first investigated the case when

the sink cannot freely roam throughout the network, but it is
constrained to travel only within certain areas. The impact
of different data routing has been evaluated by considering
a protocol based on geographic forwarding [58, 59] instead
of the shortest-paths based routing used before. Finally, we
have changed the way sensor nodes are positioned in the
deployment area. We consider scattering the nodes randomly
and uniformly rather then placing them more regularly on a
grid.

Table 1 sums up the wide variety of parameters used in
our investigation.

All the presented results achieve a 95% confidence level
within a 5% precision.

6.2 First set of experiments: A basic testing scenario

In this section we summarize the results of our first group
of experiments, aiming at assessing the performance of the
different sink mobility schemes for the basic scenario.

Table 1 Simulation parameters

Parameter Value

Area side L 300 m, 400 m
Number of sensor nodes 400, 600
Node deployment grid, random and uniform
Nodal transmission radius 25 m, 30 m
Nodal data rate 0.5 bit/s
Channel data rate 250 Kbs
Data routing shortest-path like [7], GeRaF [59]
Nodes initial energy 50 J
Energy model RF Monolithics nodes [1]
Sink sites 16, 36, 64
dMAX 142 m, 190 m, 325 m, 1000 m
tmin 50,000 s, . . . , 1,000,000 s
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Fig. 5 Average network lifetimes for increasing tmins

Figure 5 shows the sensor network lifetime in networks
with different numbers of sink sites and for values of tmin

that vary between 50,000 s and 1,000,000 s.
Each figure compares the lifetime obtained by OPT,

GMRE, RM and STATIC. The lifetime in the static case is
equal to 7,013,801 s (of course independently of tmin). This
is the time when one of the four sink’s neighbors (i.e., the
nodes that relay all the network data to the sink) dies because
of energy depletion. The other three nodes remain with neg-
ligible amount of energy, dying immediately after the first.
This leaves the sink isolated from the rest of the network.

The uneven energy consumption of STATIC is shown
in Fig. 6, where we depict the distribution of the sensor
nodes average residual energy at network lifetime (expressed
as a percentage of the initial energy.) The remarkably high
variance among the residual energies is due to the different
distance of each node from the sink and, in general, to the
different number of sensor-to-sink paths to which a node
belongs, which implies different number of packets to relay.
Nodes along the “cross” centered at the sink tend to be the
preferred data relays. The closer these nodes are to the sink,
the higher the number of packets they receive and transmit,
and consequently the higher their energy consumption. This
implies that these are the nodes with the lower residual energy
at network lifetime.
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Fig. 6 Average nodal residual energy at lifetime (STATIC, 16 sink
sites)

In particular, when the first node dies the other sink’s
neighbors have a very low residual energy (≤0.03%), the
energy at the nodes along the cross arms averages at 71.07%,
while 42.75% of the network nodes have more than 95% of
their initial energy available! This incapacity of balancing
node energy consumption results in short network lifetime
and inefficient use of available resources. The sink is soon
disconnected from the network, while a large number of the
deployed nodes are still fully operational.

The idea of moving the sink stems from the attempt of
obviating the sink’s neighborhood problem demonstrated by
the experiments above. If the sink can move, then the nodes
which consume the largest amount of energy for data relaying
vary over time. Therefore, energy depletion is more balanced
among the nodes, which in turn results in increased network
lifetime. Improvements with respect to the static case can
be as high as 200% (350%) when the sink moves according
to GMRE in scenarios with 16 (64) sink sites. In this case
the GMRE lifetime is only 16% (28%) shorter than the OPT
lifetime when tmin is kept below ≤250K s.

Improvements on network lifetime are obtained even
when the sink moves randomly (RM heuristic). We have
observed improvements short of 100% in case the sink can
travel to 16 different sites, while longer lifetimes (up to
220% of the STATIC lifetime) are obtained in scenarios with
64 sink sites.

For all the different mobility schemes a higher number of
sink sites results in higher lifetimes. The greater number of
sites allows the sink to drain the energy of nodes in areas
which otherwise it could not visit.

In general, for both GMRE and RM, the lower the tmin,
the higher the network lifetime. This is due to the fact that at
higher tmins the sink cannot finely decide the time to spend at
each site, which implies a less uniform energy consumption
at the nodes. For very high tmins it is not even possible for
the sink to sojourn at all network sites: Lifetime is reached
before the sink can visit them all.

Even in the case of OPT mobility, lower tmins correspond
to longer lifetimes. In this case, however, the decrease in
the network lifetime when tmin grows is not as evident as
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for GMRE and RM. It is interesting to point out the reasons
for which this is the case. First of all, in the OPT case tmin

is simply a lower bound on the sojourn time: The sink has
to stay there for that time, but does not have to move after
it, and can stay an (optimum) amount of time after tmin and
then move. In case of GMRE and RM dictated sink mobil-
ity, the decision about whether to move or not is due every
tmin (after which the sink often moves). This has a twofold
consequence. On one side, increasing tmin is more imposing
for GMRE and RM than for OPT in terms of fine tuning
the sojourn time at a site. Moreover, being able of deciding
optimum sojourn times implies much lower sink mobility in
the OPT case, which corresponds to lower overhead for route
management and hence to lower energy consumption with
respect to that incurred by GMRE and RM. Secondly, GMRE
and RM do not have a global view of the network topology
and do not know the network traffic, i.e., how the nodes en-
ergy consumption evolves over time, resulting in decreased
performance with respect to OPT. The RM heuristic does
not enforce any energy-based criterion for sink movement,
resulting in the worst performance among all the mobility
schemes. Even if GMRE takes into account the nodes resid-
ual energy, the decision about whether to move or not, and
where, is based on the current status of the network and on
a local view of the residual energy. According to the best
“greedy” tradition, this could lead to a bad move with re-
spect to global network lifetime maximization. The impact
of such bad move is clearly higher for high tmins: The wrong
toll is paid for a longer time.

The OPT mobility performance also degrades for higher
values of tmin. In this case it converges to values that are typ-
ical of when the sink is kept static. For instance, for values
of tmin approaching 7,013,801 s the MILP model positions
the sink at the center of the deployment area and leaves it
there (static). However, as explained above, increasing val-
ues of tmin are less critical in the case of OPT mobility than
in the case of GMRE and RM, and OPT network lifetime
values start to decrease steeply at very high tmins (not shown
in the figures). Considering that OPT needs global informa-
tion for deriving optimum sink mobility and sojourn times,
and considering also the more “philosophical,” algorithmic
differences between OPT and GMRE mobility, the fact that
our heuristic never obtains network lifetimes more than 28%
lower than OPT’s, for relatively low sink mobility rate (small
tmins), can really be considered an excellent result. It is also
worth noticing that GMRE leads to considerably better per-
formance over RM not only in terms of average network
lifetime but also in terms of the network lifetime variance.
RM performance greatly varies depending on specific sink
random movements, resulting in a non-negligible probability
of very poor performance. In case the sink can choose among
16 sites and tmin = 50,000 s (tmin = 500,000 s), the RM net-
work lifetimes over multiple runs are (almost) uniformly

distributed in the range [12M, 17M]s ([6M, 16M]s). In the
same scenario GMRE lifetimes vary in the smaller range
[19.5M, 20.5M]s ([16.5M, 17.5M]s). This makes GMRE
performance much more predictable and much of a better
choice over uncontrollable mobility.

Network lifetime betterment due to sink mobility is paid
by increased data latency. The reasons are quite clear. First of
all, packets that are newly generated while the sink is moving
and those in transit toward the sink have to wait until routes
to the new position of the sink are established. Furthermore,
in order to balance energy depletion, the sink will spend time
not only at the center of the deployment area but also along
borders. This imposes longer average routes and hence a
higher packet latency than the latency experienced when the
sink is statically placed at the center. The latter is actually the
dominant reason for increased latency in low sink mobility
scenarios.

To better understand the average end-to-end latency ex-
perienced by a data packet, we investigate the sojourn times
of the sink in different parts of the deployment area accord-
ing to the considered mobility schemes. We observe that
the two sink mobility schemes that achieve the highest net-
work lifetimes, i.e., OPT and GMRE, tend to make the sink
sojourning at sites on the corners and along the perimeter.
This depends on the energy consumption at the nodes when
the sink stays at different sites. More precisely, when the
sink sojourns at a corner (say, in the lower left part of the
deployment area) the highest energy consumption happens
close to the sink site, for nodes at the lower and left sides
of the area. When the sink is on the perimeter (e.g., on the
lower side) the highest energy consumption occurs on the
perpendicular line intersecting the lower side at the sink lo-
cation, and less evidently on the lower side itself. When the
sink is located close to the center of the deployment area
nodes along the cross centered at the sink site are the most
stressed in terms of energy consumption (Fig. 7(a)). In the
latter case as there are more nodes within transmission range
from the sink they better balance the energy consumption
for delivering to the sink the packets generated by the other
nodes. This translates into a lower energy consumption ex-
perienced at the nodes close to the sink. However, nodes in
the central areas always consume energy, independently of
where the sink is located. The energy consumption for cen-
tral nodes can be very high not only when the sink is located
at the center but also when it is on the perimeter. Locating
the sink at the center thus drains energy from critical nodes
whose energy will be continuously depleted throughout the
network lifetime. Locating the sink at the corners for long
times, instead, appears to be a very promising strategy, as
it depletes the energy of nodes which experience very little
energy consumption when the sink is at any of the other
sites. This motivates the behavior of the GMRE and OPT
schemes. OPT leads to further improvements over GMRE
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Fig. 7 Node energy consumption and sink sojourn times

Fig. 8 Average data latency for increasing tmins

as it exploits the available global information on the energy
consumption per node when the sink stays at a site and on the
traffic to better select the sink sojourn times. For example,
if placing the sink at two sites stresses the same nodes, the
OPT scheme will tend to avoid spending long sojourn times
at both sites. Overall, the finer tuning of the sojourn times
leads OPT to better balance the energy consumption among
the nodes, and hence to longer lifetimes. At network lifetime
around 20% (60%) of the nodes have consumed more than
80% of their initial energy in GMRE (OPT). This was the
case for only the 1% of the nodes in STATIC.

Given its stochastic nature, the RM heuristic, posi-
tions the sink mostly at the center of the deployment
area, resulting in worse load balancing and lower network
lifetime. This is clearly shown in Fig. 7(b) which depicts the
average sojourn times per site in the case of networks with
64 sites, for OPT, GMRE and RM.

It is now possible to fully understand the latency perfor-
mance of the different schemes. Figures 8(a) to (c) depict the
average latency per packet in OPT, GMRE, RM and STATIC

when the number of sink sites varies from 16 to 64. When
the sink sojourns at perimeter or at corner sites (which is
typical of GMRE and OPT) we know that the lifetime in-
creases. However, these are also the cases when the average
length of the routes to the sink increases, which implies, in
turn, a higher packet latency. It is thus reasonable to expect
that lower latencies are experienced when the sink is stat-
ically placed at the center of the sensor deployment area.
The RM heuristic, which tends to move the sink to sites lo-
cated centrally, is the first best mobility scheme in terms of
latency. The increase of RM-induced latency with respect to
STATIC is expectedly lower when the number of sink sites
increases, since in this case central sites are closer to the geo-
graphical center of the deployment area. This increase never
tops 40%. As tmin increases the sink tends to stay less at
central sites, leading to higher average latencies experienced
by RM packets. The opposite trend is observed for GMRE.
For small tmins the sink stays at sites on the corners and on
the perimeter, which leads to average latencies up to 30%
higher than those experienced in the RM case. When tmin

Springer

844 Wireless Netw (2008) 14:831–858



 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 0  100000  200000  300000  400000  500000  600000  700000  800000  900000  1e+06

O
ve

rh
ea

d 
pe

r 
no

de
 (

bi
t/s

)

tmin
 0  100000  200000  300000  400000  500000  600000  700000  800000  900000  1e+06

tmin

GMRE - 16 Sink sites
GMRE - 36 Sink sites
GMRE - 64 Sink sites

STATIC
OPT - 16 Sink sites
OPT - 36 Sink sites
OPT - 64 Sink sites

(a) GM RE, OPT and STATIC

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

O
ve

rh
ea

d 
pe

r 
no

de
 (

bi
t/s

)

RM - 16 Sink sites
RM - 36 Sink sites
RM - 64 Sink sites

STATIC
OPT - 16 Sink sites
OPT - 36 Sink sites
OPT - 64 Sink sites

(b) RM, OPT and STATIC

Fig. 9 Average overhead per node

Fig. 10 Fraction of sink movements

increases the sink sojourns less at corner sites, which im-
plies a decrease in the average latency. Optimum sink mobil-
ity is not significantly affected by varying tmin in the selected
range, and the latency values are similar to those observed for
GMRE.

We have also investigated the overhead of the considered
mobility schemes. By overhead we mean the cost incurred
by the protocols for route management, i.e., for route set up
and release when the sink changes site as well as the cost
required for gathering information about residual energy at
adjacent sink sites. For OPT we make the ideal assumption
that the needed input (cik and fik) to the MILP formula-
tion is known. Therefore, the OPT overhead is associated to
route maintenance when the sink follows the mobility pattern
output by the model. Figure 9 shows the average number of
control bits that each node transmits per second (overhead/s)
according to OPT, GMRE, RM and STATIC. In particular,
Fig. 9(a) shows the overhead/s incurred by GMRE for vary-
ing number of sink sites and tmins, and the overhead imposed
by OPT and STATIC.

Figure 9(b) depicts the same metric for the RM heuris-
tic and compares it with OPT and STATIC. Both OPT and
STATIC impose negligible overhead (they are barely visible
in the figure). When the sink is kept static routes need to
be computed only once. In the case of OPT mobility, the
sink moves from one site i to the next one j only when
the whole sojourn time ti at site i has passed, resulting in
a reduced number of movements. According to the GMRE
and RM heuristics, instead, the sink makes a decision on
whether to move or not every tmin. As expected, the higher
the tmin, the fewer the movements, the lower the overhead per
second.

Figures 10(a) and (b) show the fraction of times the sink
decides to move according to the two heuristics. (This num-
ber is here expressed as the fraction of times the sink actually
moves over the times it considers whether to move or not.)

The pictures concern scenarios with 16 and 64 sink sites.
We observe that both GMRE and RM move the sink almost
always. This justifies the fact that the overhead/s is correlated
to the value of tmin. In RM the probability of staying at a site
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Table 2 Distance (per second) traveled by the sink

RM GMRE OPT

tmin (sec) 50 K 250 K 500 K 50 K 250 K 500 K 50 K 500 K

Distance traveled (16 sink sites) 0.00263 0.00051 0.00025 0.00181 0.00042 0.000237 0.000077 0.000077
Distance traveled (64 sink sites) 0.00243 0.00048 0.00023 0.00208 0.00043 0.00024 0.0000594 0.0000519

only depends on the number of adjacent sites. The higher
the number of sites, the denser they are, and the more likely
the sink movements are. This motivates the slight increase in
the overhead/s for a higher number of sites. It also justifies
the slight decrease in the percentage of sink movements for
high tmins. For these values the sink tends to sojourn more in
the external parts of the deployment area where the number
of adjacent sites of a given site is lower. This results into
lower sink mobility. In GMRE, sink mobility depends on
whether or not, after staying at least tmins at one site, one of
the adjacent sites has a higher residual energy. The higher the
tmin, the more the nodes close to the current sink site deplete
their energy during this sojourn, and the most likely one of
the adjacent sites has higher residual energy.

The cost associated with each sink movement is higher for
GMRE than for RM. Beside the cost incurred for construct-
ing and releasing routes (a network-wide flooding), GMRE
has also to transmit control packets for sentinel identification,
for the sink to inquire the sentinels about the residual energy
around the adjacent sites, and for delivering this information
to the sink. The higher the number of sites, the higher the
number of adjacent sites, the higher the cost associated for
gathering the energy information, the higher the overhead/s.
At tmin = 50,000 s a 60% increase in GMRE overhead is ex-
perienced when the number of sink sites is 64 over the case
where only 16 sites are available. However, the increase in
overhead/s experienced by GMRE over RM is always quite
limited, being the extra cost paid by GMRE for collecting
the energy information balanced, at small tmin, by the smaller
percentage of times the sink moves.

We have finally compared the distance traveled by the
sink as dictated by RM, GMRE and OPT. Results are shown
in Table 2 (the distance has been normalized to the network
lifetime). GMRE and RM have similar performances. As
observed in Fig. 10, for small and medium values of tmin RM
tends to have the sink moving more frequently, thus resulting
in longer distances traveled by the sink. In OPT the sink
travels much less. In fact, improvement are observed of up
to two orders of magnitude with respect to GMRE and RM.

6.3 Second set of experiments: Impact of varying protocol
parameters

In this section we investigate whether varying protocol pa-
rameters such as the transmission radius R and dMAX has
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Fig. 11 R = 30 m: Average network lifetime

an impact on the relative performance of the sink mobility
schemes. By comparing the performance of OPT, GMRE,
RM and STATIC when R = 25 m (cross-like node visibility)
and 30 m (asterisk-like visibility) we are able to understand
the impact of different forwarding strategies on optimum
sink mobility and on the performance of the two heuristics.
By varying dMAX between 190 m and 1,000 m (unbounded
sink mobility) we analyze whether looser bounds on the ac-
ceptable data latency (i.e., larger dMAX s) result in improved
performance or not.

In what follows we show results for networks with 64 sink
sites. Experiments with networks with 16 and 36 sites show
similar trends.

6.3.1 Varying the transmission range R

Figure 11 depicts the average network lifetime obtained by
OPT, GMRE, RM and STATIC when R = 30 m. The relative
performance of the different schemes shows a trend similar
to when R = 25 m.

For small tmins OPT achieves an average network lifetime
six times longer than STATIC (41,500,000 s). GMRE follows
closely, with a lifetime which is only 23% shorter. The RM
scheme induces a lifetime which is another 10% shorter. On
a wider range of tmins we observe that GMRE lifetime is
never lower than 28% of OPT lifetime. RM, instead, obtains
a lifetime which is up to 40% lower than GMRE’s.

While similar in trend and relative performance, network
lifetime values are significantly different from those obtained
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Fig. 12 R = 30 m: Node energy consumption and sink sojourn times

in networks with R = 25 m. When tmin = 50,000 s, for in-
stance, OPT has a lifetime which is 14% higher than when
R = 25 m. In general, all schemes (but STATIC) experience
increased network lifetime when R increases. The improve-
ments are due to the higher nodal density, which induces
shorter routes to the sink. This translates into decreased
power consumption for data delivery. Shorter routes bring
no advantage in the STATIC case, for which we observe no
improvement over when R = 25 m. The difference here is
made by the number of sink’s neighbors which are those
nodes that relay the packets of every other node, and their
own packets. Network lifetime is bound to the death of one
of these nodes. Energy consumption at the sink’s neighbors
depends on the packets they have to relay. The higher the
number of sink’s neighbors, the lower the number of pack-
ets each of them has to forward to the sink. The number of
sink’s neighbors (four) is the same for the two values of R,
resulting in comparable network lifetimes.

For a detailed understanding of the relative performance
of the considered sink mobility schemes we have investigated
the energy consumption per node when the sink sojourns at
different sites k, the sink sojourn times tk , and the nodes’
residual energy at lifetime in the four cases.

The following Fig. 12(a) shows the average energy con-
sumption per second experienced by each node when the
sink sojourns at the lower left corner, in the middle of the
lower side and at a central site, respectively.

A comparison with Fig. 7(a) immediately shows the dif-
ferent kind of network connectivity, and hence the different
data routes obtained when R = 30 m. Energy consumption
happens now along the diagonal(s) ending at the current sink

site. Differently from the case with R = 25 m, it appears that
corner sites are no longer the most convenient spots, since
staying at one of these sites heavily imposes on nodes along
the diagonals whose energy is also drained when the sink
stays at some of the side and central sites. When R = 25 m
(Fig. 7(a)), staying at the corners would drain energy from
nodes on the sides of the deployment area, which consume
negligible energy otherwise.

Figure 12(b) confirms this intuition. According to OPT
and GMRE the sink stays mostly on the sides rather than at
corner sites. In both cases the sink favors some of the sites
on the sides (namely, those close to the corners and those in
the middle of the side). This depends on the fact that staying
at these sites does not impose on the same nodes, while the
other sites on the perimeter drain energy from nodes whose
energy is already significantly depleted. We notice that OPT,
having a global view of the network and of the energy costs,
has the sink sojourning less at the corners, more in the middle
of the sides, and, for short times, even at some of the central
sites. This allows OPT to perform fine tuning of the sojourn
times and hence to obtain more uniform energy consumption
network wide. The percentage of nodes with less than 20%
(40%) of the residual energy at network lifetime equals 27%
(39%) in the OPT case. This percentage decreases to 6%
(28%) when the sink moves according to GMRE.

Being energy unaware, RM behaves the same as in the
case R = 25, i.e., the sink mostly sojourns at the central
sites. This results into less balanced energy consumption
and worse performance in terms of network lifetime.

Figure 13 shows the nodes’ residual energy at network
lifetime for OPT, RM and GMRE, respectively.
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Table 3 Average data latency
for different Rs STATIC RM GMRE OPT

tmin 50 K 1 M 50 K 1 M 50 K 1 M 50 K 1 M

R = 25 m .188 .188 .248 .263 .317 .289 .311 .311
R = 30 m .134 .134 .175 .182 .214 .214 .198 .197
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Fig. 13 R = 30 m: Node residual energy at lifetime

The plots refer to best cases, i.e., for each scheme we show
results from the one experiment that results in the highest
network lifetime. In all the different schemes nodes along
the perimeter have high residual energy at network lifetime.
This was not the case for R = 25 m where the sink sojourns
mostly at the corners, imposing on peripheral nodes. When
R = 30 m nodes along the diagonals to the sink are the ones
depleting more energy. Independently of where the sink is,
little energy is now drained from perimeter nodes. In case the
sink moves according to RM the residual energy is low only
at the center of the deployment area (where the sink sojourns
most of the time). At the periphery of the deployment area
nodes have 60% or more of the initial energy at network
lifetime. In GMRE almost all nodes have less than 40% of
the initial energy at lifetime. As expected, this improvement
over RM is even more evident for OPT. All but the nodes
located at the periphery of the deployment area have little
energy left at network lifetime.

Now, onto data latency. Table 3 lists the average latency
(in seconds) experienced by data packets traveling toward
the sink.

By placing and keeping the sink centrally, STATIC always
exhibits the best latency performance. RM comes very close
for the reason mentioned already (sink stays mostly close to
the center). Latency increases when the sink moves accord-
ing to GMRE and OPT, which have similar performance.
As expected, for all schemes the average data packet latency
when the transmission range is 30 m decreases with respect
to when R = 25 m because routes have fewer hops. We ob-
serve that RM yields latencies which are up to 21% shorter
than GMRE’s when R = 25 m. When R = 30 m RM’s av-
erage latency is only up to 18% shorter than that imposed
by GMRE. In this case GMRE leads the sink more to the

sides of the deployment area than to the corners, resulting in
shorter routes and improved latency performance. The same
is observable for OPT.

The last metric we investigate for the case R = 30 m con-
cerns the protocol overhead imposed by the different sink
mobility schemes. Not surprisingly, STATIC and OPT have
negligible overhead, similar to R = 25 m. When R = 30 m
GMRE experiences increased overhead with respect to the
case with R = 25 m because of the higher number of nodes
which now have to be queried by the sentinels about their
residual energy. Furthermore, the increased nodal density
imposes a higher number of acknowledgments. These are
needed for performing reliable route construction and re-
lease. This extra overhead is particularly relevant for smaller
tmin s. For instance, when tmin = 50,000 s, GMRE experi-
ences an average overhead which is twice as much the bit/s
needed when R = 25 m. The extra overhead suffered by
RM is due to increased flooding complexity, as noticed for
GMRE. This leads to an overhead that is almost twofold with
respect to when R = 25 m.

6.3.2 Varying dMAX

We have assigned the parameter dMAX values in the set
{190, 325, 1000}. Increasing values of dMAX result in in-
creasing numbers of adjacent sink sites. Figure 4 shows the
sites the sink can reach from its current site when dMAX =
190 m (sites within the smaller circle) and dMAX = 325 m
(larger dotted circle). When dMAX = 1,000 m every site is
an adjacent site of any other one (i.e., (S, dMAX) defines a
complete graph).

Results for the average network lifetime for the three val-
ues of dMAX are depicted in Fig. 14(a) (tmin = 50,000 s).
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Fig. 14 Average network lifetime and RM sojourn time for varying dMAXs

We have considered scenarios with 64 sink sites and
R = 25 m. (Results for R = 30 m show very similar
trends.)

Increasing values of dMAX yield slight increases for RM
lifetime. This is because the sink is less constrained at staying
in the central part of the deployment area (see Fig. 14(b)).
As a result, the RM energy consumption among the nodes is
more balanced and the lifetime improves. The improvement
is however quite limited, never exceeding 8%. For higher
tmins (not shown in Fig. 14(a)) network lifetime improves
more significantly with increasing dMAX. For high tmins it is
critical not to select repeatedly the same sink site or nearby
sites that impose on the same nodes. When dMAX increases,
the number of adjacent sites increases. It is therefore more
unlikely that the sink sojourns for long times in the same
area of the network. For the larger values of tmin and dMAX,
RM achieves a network lifetime which is 19% longer than
when dMAX = 190 m.

Varying dMAX has no observable impact on the perfor-
mance of GMRE and OPT. Network lifetime as well as so-
journ times at different sites are the same independently of
dMAX when tmin ≤ 250,000 s. According to both OPT and
GMRE when dMAX ≥ 190 m the sink sojourns only at sites
where it is convenient for it to stay. Even if one would ex-
pect that increasing the dMAX could be useful in different
situations (e.g., when a small dMAX would force the sink to
go through sites it would otherwise skip) this is not the case
in the considered scenarios. Different dMAX values lead to
completely different sink mobility patterns. However, the set
of visited sites is the same. More than this: When tmin is
small, and hence a finer tuning of the sojourn times is pos-
sible, OPT and GMRE converge toward the same amount
of time spent at the desirable sites independently of dMAX.
Therefore, increasing dMAX has only the detrimental effect
of increasing data latency, given that the nodes buffer data
packets while the sink travels to new sites, now potentially
for a longer time. A higher dMAX means the sink can select
among a larger set of sites every time it moves. This in turn
leads to a higher percentage of sink movements and hence to

higher overhead. The larger number of adjacent sites and the
higher cost for inquiring about their residual energy makes
the increase in overhead particularly evident for GMRE: For
unbounded sink movements (dMAX = 1,000 m) the overhead
is three times as much as when dMAX = 190 m. This also
explains the slight (< 2%) decrease in GMRE network life-
time when dMAX = 1,000 m and tmin = 50,000 s. For slower
sink movement (higher tmins) GMRE can benefit from larger
dMAXs. The extra overhead has to be paid less times and at
the same time a more global view of the sites residual en-
ergy makes wrong moves more unlikely. This explains the
11% increase in GMRE network lifetime when tmin is set to
1,000,000 s and dMAX varies from 190 m to 1,000 m.

6.4 Third set of experiments: Challenging initial
assumptions

We conclude our investigation about the advantages of sink
mobility by discussing whether relaxing the assumptions
made in the former sets of experiments affects the perfor-
mance of our mobility schemes. In particular, we are in-
terested in challenging the decisions made about nodes de-
ployment, data routing, and the freedom of movement of the
sink. Our main conclusion here is that, while the values of the
metrics of interest (such as network lifetime, latency, etc.)
are affected by changing some of the settings (as expected),
the relative performance of the mobility schemes does not
change. In our experiments, unless specifically noted, the
node transmission range R is intended to be 25 m, the num-
ber of sink sites is set to 64 and dMAX to 190 m.

We have performed three sets of experiments. The first
set concerns limiting the sink movements only to the central
sites, i.e., excluding those on the perimeter (where accord-
ing to the previous experiments, the sink would mostly so-
journ). The second batch of experiments gives back to the
sink its freedom of roaming throughout the 64 sink sites.
What changes in this case is data routing. Data are now de-
livered to the current position of the sink according to the
GeRaF routing protocol [58, 59]. Finally, in the third set of
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(a) Visitable sink sites
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Fig. 15 Constrained sink mobility: Sink sites and network lifetimes

Fig. 16 Constrained sink
mobility: Sink sojourn times
(tmin = 50,000 s)

experiments we modify the way sensor nodes are deployed.
Nodes are now scattered uniformly and randomly through-
out the area rather than placed on a grid. Data are delivered
by using the shortest path-like routing as in the basic testing
scenario.

6.4.1 Changing sink sites deployment

Figures 15(b) to 18 display results concerning the case of
limited mobility of the sink. More precisely, the sink is not
allowed to sojourn at any of the 28 sites on the perimeter of
the deployment area. The set of sites the sink can sojourn
at (called restricted area) is displayed in Fig. 15(a) (darker
sites).

OPT, GMRE and RM all experience a decrease in network
lifetime because energy cannot be drained from nodes at the
periphery of the network. However, depending on the spe-
cific mobility scheme considered the percentage of lifetime
decrease changes quite significantly. It is ≤ 4% for GMRE,
≤ 15% for RM, and ≤ 28% for OPT. A first reason of the
greater decrease for OPT is that this scheme is the best in
draining energy from all the different zones of the deploy-
ment area (i.e., it is the more balanced as for energy con-
sumption). Constraining the sink movement impairs OPT’s
ability of doing it.

A better understanding is achieved by investigating the
sink sojourn times and the nodes residual energy over time
according to the different schemes. RM sojourn times show
that the sink tends to spend the majority of the time at the very
center of the deployment area (rightmost plot in Fig. 16). This
is more evident in this case rather than in the basic scenar-
ios investigated above. The fact that the sink cannot move
to some of the sites corresponds to a lower sink mobility
rate, and to the sink sojourning at a restricted group of sink
sites. This results in degraded balancing and hence in lower
lifetime.

OPT sends the sink preferably to the corners of the re-
stricted area. The sink also spends significant time at the
sides of this area, at the four central sites, and at the sites con-
necting the corners with the central sites. It spends little time
in all the other positions. Here is why. When the sink is at the
corners, it imposes on nodes which are not too drained when
the sink stays at those other sites that are visited for longer
times. Specularly, the sites that the sink visits for little time
impose high energy consumption on nodes that are already
heavily involved in data forwarding while the sink sojourns
at those sites it visits longer. OPT exploits its global view
of the network for finely selecting the sites to visit and opti-
mally tuning the time spent at each of them. That is why the
balance in energy consumption among the nodes achieved
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Fig. 17 Constrained sink mobility: Node residual energy at lifetime (OPT and RM)
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Fig. 18 Constrained sink mobility: Average data latency

by OPT is quite impressive. The node residual energy at the
network lifetime is depicted in Fig. 17. Apart from the nodes
in the perimeter area that consume little energy having only
to transmit their own packets, all other nodes have depleted
almost all their initial energy. In particular, of the nodes in
the restricted area, 13% (15%, 40%) of the nodes have less
than 10% (20%, 40%) of energy left at network lifetime.

GMRE sojourn times for low tmins are depicted in Fig. 16.
Quite remarkably, our greedy distributed heuristic is able to
perfectly mimic OPT sink mobility, resulting in a network
lifetime which is only ≤ 2% lower than OPT’s. The local
view of the network status is paid with performance degra-
dation at higher tmin. At tmin = 1,000,000 s GMRE lifetime
is 25% lower than OPT’s.

Despite the constraints on sink mobility all three schemes
perform well. OPT still obtains fourfold improvement with
respect to STATIC (which is of course unaffected by the
restrictions). GMRE obtains lifetime improvements that are
between threefold and fourfold that of STATIC. RM shows
the worst performance. However, it still yields up to 200%
improvements over STATIC.

Figure 18 depicts the average data packet latency for OPT,
GMRE, RM and STATIC. When the sink is forced to sojourn
in the restricted (central) area the average data latency de-
creases. By comparing these latency values with those of
unconstrained sink mobility (Fig. 8(c)) we observe a de-
crease in latency which is up to 25% for OPT and GMRE
and up to 10% for RM. The decrease in all cases is due to
the overall shorter routes.

In terms of overhead all schemes but GMRE have basi-
cally the same performance as in the unconstrained mobility
case. The increase in GMRE overhead is 25%. This is due
to the control packet size, which depends on the current po-
sition of the sink. If the sink is located in more central sites
(as in this case), the number of adjacent sites is larger. The
control packet, which contains information about the adja-
cent sites for sentinel identification purposes, is consequently
larger, which explains the higher overhead. Furthermore, a
higher number of adjacent sites imposes higher overhead to
interrogate the sentinels.

6.4.2 Using geographic instead of shortest paths routing

Table 4 shows the lifetime values for STATIC, RM, GMRE
and OPT in case data delivery is performed by GeRaF, the
geographically-enabled routing protocol proposed for WSNs
in [58, 59]. Nodal transmission radius is set to 25 m, dMAX =
190 m and the sink can choose where to sojourn among 64
sink sites.

The network lifetime increase achieved by OPT over
STATIC is around 300%. GMRE falls short by a mere 20%.
RM also improves over STATIC but the improvements can
be as low as 10%.

Key to understanding the changes in sink mobility induced
by using the GeRaF protocol is the investigation of the energy
consumed by the nodes for data forwarding and the sink
sojourn times at different sites. Figure 19(a) shows the nodes
energy consumption when the sink stays at the lower left
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Table 4 GeRaF: Network
lifetime STATIC RM GMRE OPT

tmin (sec) 50 K 1 M 50 K 1 M 50 K 1 M 50 K 1 M

Network Lifetime (×106 s) 6.25 6.25 15.6 6.88 20.2 16.5 24.5 21.2

Fig. 19 GeRaF: Node energy consumption and sink sojourn times

Fig. 20 GeRaF: Node residual
energy at lifetime

corner, in the middle of the lower side and at one of the
central sites.

The sensor-to-sink routes differ quite significantly from
the ones obtained by shortest-path like routing (Fig. 7(a)).
This is due to the specific GeRaF forwarding strategy. When-
ever a node has a data packet to transmit, it sends it to the
one among its neighbors that is closest to the sink itself. This
neighbor will relay it further. Therefore, most of the sensor-
to-sink routes are made up of nodes that are on “diagonal
corridors” terminating at the current sink site. These are the
nodes that suffer the highest energy depletion. Similarly to,
and more significantly than for the case when R = 30 m and
routing is shortest path-like, corner sites are no longer the
best option, or at least going to the side and central sites
is a viable alternative option (since both corner sites and
central/side sites impose on overlapping sets of nodes).

The OPT sojourn times confirm this reasoning
(Fig. 19(b)). OPT sends the sink for longer times along the

perimeter of the deployment area, and, for shorter times, also
in the central area. The corner areas are now totally avoided
by the sink, since visiting them would stress on the same
nodes already drained when the sink stays at the other sites.

As often happens for the omniscient OPT, energy con-
sumption is remarkably balanced: 21.75% (36.25%) of the
nodes have less than 5% (20%) of their initial energy at net-
work lifetime. Figure 20, second plot, shows the OPT nodal
residual energy at network lifetime (higher residual energy is
depicted by a darker color). A large number of nodes (lighter
color) have almost no energy left at network lifetime. A bet-
ter appreciation of how sink mobility is crucial for more
balanced energy consumption is obtained by comparing the
OPT residual energy with that of STATIC (Fig. 20, right-
most plot). When the sink is statically placed in the center
of the deployment area, nodes on the line from each corner
to the sink experience high energy consumption. The closer
to the sink, the higher the power required to forward data.
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At network lifetime, only the sink neighbors have little (or
none) residual energy left and only 2% of the nodes have
consumed at least 80% of the initial energy. As it is clear
from the figure, most of the network nodes have almost all
their initial energy.

As in previous experiments, OPT obtains the most uni-
form distribution of residual energy and corresponding high-
est lifetime. This is because of its global knowledge of the
network topology and data relay costs that enables optimal
choice of sink sites and sojourn times.

The GMRE heuristic, being distributed and localized, is
able to perform only a coarser “tuning” of the sojourn times.
By greedily choosing the best possible next site GMRE can
avoid visiting sites whose surrounding nodes have already
been drained. Figure 19(b) shows clearly that GMRE recog-
nizes that staying at the corners is the alternative to visiting
sites on the sides and at the center. However, lack of global
knowledge of key network parameters does not allow GMRE
to find the best energy consumption balancing solution. As
shown in Table 4 and in Fig. 20 (first plot) GMRE coarser
tuning of the sojourn times results into lower network life-
time and more limited parts of the deployment area with little
or no energy at network lifetime. When the first node dies
11.5% (32%) of the nodes have less than 5% (20%) of their
initial energy.

RM has the sink blindly sojourning at the center of the
deployment area, thus stressing the same central nodes. This
is why it experiences much worse performance than GMRE
and OPT. At network lifetime only 1.5% of the nodes have
less than 5% of their initial energy, and only 5% have con-
sumed at least 80% of it (Fig. 20, third plot).

As latency is concerned, RM and OPT have similar per-
formances. In both schemes the sink avoids the most exter-
nal areas. The end-to-end latency increase with respect to
STATIC is never higher than 45%. GMRE pays a further
10 to 18% increase due to the sink spending most of the
time at sites in the corners of the deployment area, which
impose longer routes. Finally, overhead performances are
comparable to those observed in the basic scenario.

6.4.3 Changing node deployment

For the set of experiments concerning varying the deploy-
ment of the network nodes we have considered topologies
generated by scattering 600 nodes randomly and uniformly
in a square area of 300 × 300 square meters. The nodes trans-
mission radius R has been set to 30 m. (Results for the case
with R = 25 m show a similar trend.) In this scenario, each
node has an average of 18 neighboring nodes. Sink sites are
arranged according to a 6 × 6 grid. All the other parameter
values have been set as in the basic scenario, except for dMAX

which is now 142 m. This allows the sink to move to at most
21 possible adjacent sites.

Fig. 21 Random deployment of network nodes

The results we show here refer to the topology displayed
in Fig. 21. (Experiments run on 10 other topologies show
similar trends.)

In Fig. 22(a) we show the energy consumed by each node,
per second, while the sink sojourns at the lower left corner,
in the middle of the lower side, and in the center of the de-
ployment area, respectively. (The darker the color, the higher
the energy consumption.)

In all cases, the energy consumption pattern induced by
shortest paths routing is more “diffuse” as compared to the
more regular patterns observed in the grid-based deployment.
This makes it more difficult to find a combination of sojourn
times which results in balanced energy consumption. We
notice that nodes a few hops from the sink site are subject
to non negligible energy draining, sometimes comparable
to that of the sink’s neighbors. Independently of the sink’s
position, nodes in the central area tend to be among the most
stressed. As a consequence, central sink sites, that impose
the most on central nodes tend not to be selected by OPT and
GMRE. This is clearly shown in Fig. 22(b) which depicts the
average sojourn times for the three mobility schemes when
tmin = 50,000 s.

Given that RM is completely energy unaware, it drives
the sink as observed in previous experiments. Things change
substantially for OPT and GMRE. In the case of optimal
sink movements, the choice of the sink sites is carefully
performed so to impose energy consumption on almost
completely disjoint sets of nodes, a more challenging task
in this case! By investigating the nodal energy cost at each
node, we observed that OPT leads the sink to sites that
with very few exceptions do not impose on the same nodes.
In addition, sojourn times are selected so that the most

Springer

853Wireless Netw (2008) 14:831–858



Fig. 22 Random node deployment: Node energy consumption and sink sojourn times

Fig. 23 Random node
deployment: Node residual
energy at lifetime

energy-stressed nodes experience comparable drainage, i.e.,
their residual energy is fairly balanced.

GMRE mimics OPT operations. However, its myopic
view of the network does not allow it to optimally select
sites and times. This results in the sink staying for long times
at sites that sometimes impose on overlapping sets of nodes.
We observed that these sets of common nodes, although rel-
atively small, are bigger than those of OPT, which justifies
GMRE (limited) performance degradation in terms of net-
work lifetime and of balancing energy consumption.

The results shown refer to an optimized version of GMRE
that takes into account the residual energy of all the critical
nodes (not only the sink neighbors) for deciding about sink
movements. A critical node is a node that experiences a
very high energy consumption (comparable to that of a sink
neighbor) when the sink stays at a given site. According to
this variant, the sentinels learn who are the critical nodes
around them by collecting information about the estimated
costs at a node when the sink is at their associated site.
By achieving a more and more accurate estimate of the set
of critical nodes, and by inquiring them on their residual
energy and energy consumption, GMRE is able to make an
increasingly better guess of which node will have minimum
residual energy after the sink has moved to that site for tmin.

This knowledge is used for allowing the sink to make better
decisions about the next adjacent site to move to. Given the
incremental nature of critical node discovery (it is a learning
process), the process of selecting the next sink site improves
in time.

The ability of the four schemes in distributing energy con-
sumption throughout the network is shown in Fig. 23, which
displays the nodes residual energy at lifetime for GMRE,
OPT, RM and STATIC (from left to right). The plots refer
to best cases, i.e., for each scheme we show results from the
one experiment that leads to the highest network lifetime.
The parameter tmin is set to 50,000 s.

As expected, STATIC shows the worst performance: At
network lifetime the overwhelming majority of network
nodes (95%) have more than 80% of their initial energy
left. Network lifetime is reached because of the complete
energy depletion of just a few nodes. Only 0.62% (1.88%)
of the nodes remain with less that 20% (60%) of their initial
energy. Moving the sink leads to remarkable performance
improvement. Even with uncontrolled sink mobility (RM),
energy consumption is much more distributed throughout
the nodes. Only 45% of the nodes have more than 80% of
their initial energy at network lifetime. The 0.62% (15.09%)
of network nodes have consumed more than 80% (60%) of
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Table 5 Random node deployment: Network lifetime

STATIC RM GMRE OPT

tmin (sec) 50 K 50 K 250 K 500 K 50 K 250 K 500 K 50 K 250 K 500 K

Network lifetime (×106 s) 5.2 15 14 13 24 23 20 25.9 25.9 25.8

their initial energy at lifetime. However, RM’s marked pref-
erence for sending the sink at central sites leads to little
energy drainage from the peripheral nodes. Controlling sink
mobility (as in GMRE and OPT) is the needed step to level-
ing energy consumption. In both GMRE and OPT all nodes,
but the very external ones (those literally in the deployment
area borders), have consumed considerable energy at life-
time. Eighty percent of the nodes have less than 80% of their
energy left when the sink moves according to GMRE. In this
case, about 39% of the nodes have actually consumed more
than 40% of their energy at lifetime. We obtain similar values
for OPT mandated mobility. However, in this case, given the
better capacity of planning sink movement, there are more
nodes with very little energy left. The 7.54% of OPT nodes
is left with less than 20% of their initial energy, vs. the 5% of
GMRE nodes. This justifies OPT’s slightly higher network
lifetime.

Table 5 reports the network lifetimes obtained by STATIC,
RM, GMRE and OPT when tmin = 50,000 s, 250,000 s, and
500,000 s. With respect to STATIC, OPT achieves a fivefold
improvement. For small tmins GMRE performance is very
close to OPT’s, with lifetime decreases always below 8%.
When tmin increases, the GMRE learning process is not able
to converge fast enough to good estimates of the critical
nodes, leading to an increasing probability of “bad moves.”
These moves impose an energy toll which is particularly
detrimental to network performance at higher tmins. However,
GMRE lifetime decreases over OPT’s are never higher than
20%. The energy-unawareness is paid by RM by exhibiting
much worse performance. For all tmins RM network lifetime
is, on average, from 40 to 50% shorter than GMRE’s. In
addition, RM lifetime is also highly variable. RM obtains
alternatively poor and good performance results depending
on the particular run and on the specific random movements
followed by the sink. When tmin = 500,000 s or 1,000,000 s
RM network lifetime can be as low as 1,600,000 s, while it is
never lower than about 20,000,000 s for GMRE. When tmin =
250,000 s (50,000 s) RM achieves network lifetimes as low
as 7,000,000 s (12,000,000 s), which pales in comparison
to GMRE lifetime, which is never lower than 22,600,000 s
(23,400,000 s).

Results concerning data latency are consistent with those
observed in previous scenarios. STATIC and RM, keeping
the sink at central sites, achieve lower latencies because of
shorter routes. At tmin = 50,000 s STATIC imposes an av-
erage latency of 0.1 s. Average latency in RM is only 30%

higher. OPT’s latency is close to GMRE’s. Since the sink
mostly stays at peripheral sink sites, routes to the sink are on
average longer, and hence data delivery time from sensor to
sink is higher than for STATIC and RM. However, for small
tmins the average latency of the two schemes is only 11%
higher than the one imposed by RM.

7 Conclusions

This paper is concerned with prolonging the lifetime of wire-
less sensor networks. To achieve this goal, we exploit the mo-
bility of the network sink so that, by sojourning in the vicinity
of different sensors, energy consumption is more uniformly
distributed throughout the nodes. As a consequence, nodes
lifetime, and the network lifetime are increased. We have
introduced three schemes that represent different solutions
for sink mobility. The first scheme, termed OPT, computes
optimal sink routes and sojourn times based on a new MILP
formulation that considers realistic parameters of wireless
sensor networking and sink mobility. This scheme achieves
the best possible network lifetime by deciding sink move-
ments based on nodal transmission costs in a centralized way
that is typical of LP models. Controlled sink mobility is also
generated by our distributed heuristic GMRE. In this case
the sink greedily travels toward those areas whose nodes
have the highest residual energy. For the sake of bench-
marking we have also introduced RM, a simple distributed
scheme according to which the sink moves randomly—hence
uncontrollably—among the nodes. Via ns2-based simula-
tions on a host of different scenarios, we have demonstrated
that whether controlled or not, mobility is key for improving
network lifetime. In particular, controlled mobility is effec-
tive in prolonging lifetime up to 6 times than when the sink
does not move.
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