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a b s t r a c t

Collecting sensory data using a mobile data sink has been shown to drastically reduce energy consump-
tion at the cost of increasing delivery delay. Towards improved energy-latency trade-offs, we propose a
biased, adaptive sink mobility scheme, that adjusts to local network conditions, such as the surrounding
density, remaining energy and the number of past visits in each network region. The sink moves proba-
bilistically, favoring less visited areas in order to cover the network area faster, while adaptively stopping
more time in network regions that tend to produce more data. We implement and evaluate our mobility
scheme via simulation in diverse network settings. Compared to known blind random, non-adaptive
schemes, our method achieves significantly reduced latency, especially in networks with non-uniform
sensor distribution, without compromising the energy efficiency and delivery success.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Wireless sensor networks are visioned as large collections of
very small autonomous devices, that can sense environmental con-
ditions in their immediate surroundings and have limited process-
ing and communication capabilities. These smart nodes form ad
hoc distributed, sensing and data propagation networks that collect
quite detailed information about the ambient environment. In a
usual scenario, such networks are largely deployed in regions of
interest for fine grained monitoring in different classes of applica-
tions. The sensor devices are battery powered thus energy is the
most precious resource of a wireless sensor network, since period-
ically replacing the battery of the nodes in large scale ad hoc
deployments is infeasible. The collected data in wireless sensor
networks is usually disseminated to a static control center (called
data sink) in the network, using node to node – multi-hop data
propagation [1–3]. Such settings have increased implementation
complexity and sensor devices consume significant amounts of
energy, since a distributed routing protocol for disseminating data
towards the sink is executed in each sensor node. Also, in the area
around the control center, nodes need to heavily relay the data
from the entire network, thus a hotspot of increased energy con-
sumption emerges and failure, due to strained energy resources,
of these nodes leads to a disconnected and dysfunctional network

[4–6]. Towards a more balanced and energy efficient data collec-
tion sink mobility can be used.

1.1. Sink mobility: opportunities and challenges

In recent years, a new category of important sensor networks
applications emerges, where motion is a fundamental characteris-
tic. In such applications sensors may be attached to vehicles, ani-
mals or people that move around large geographic areas, while
robotic elements may be present as well. Data exchange between
individual sensors and infrastructure nodes will drive applications
such as traffic and wild life monitoring, smart homes and pollution
control.

Motivated by these developments, a new approach has been
introduced that shifts the burden of acquiring the data, from the
sensor nodes to the sink. The main idea is that the sink has signif-
icant and easily replenishable energy reserves and can move inside
the region the sensor network is deployed, in close proximity to a
(usually small) subset of the sensor devices, collecting the recorded
data from the sensor nodes at very low energy cost.

This data collection paradigm has many attractive properties.
The major advantage of having a mobile sink (or more) is an in-
crease in system lifetime. In sensor networks, the sustainable life-
time is severely limited by the battery capacity of the sensor nodes,
since replacing or recharging of batteries can be extremely costly
and impractical. A mobile agent that moves closer to the nodes
can help conserve energy since data is transmitted over fewer
hops, thus reducing the number of transmitted packets. The extra
energy spent for the operation and movement of the sink does
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not affect overall sensor network lifetime since the mobile sink is
considered an external to the network factor, e.g. could be a man
navigated vehicle or an unmanned robot that periodically returns
to a fixed point in order to recharge itself. Another important
advantage is that connectivity of the network is not required, thus
sparse networks can be better handled, and additionally, fewer
sensor devices may be deployed, to reduce the operational cost
of the network. Also, the sensor devices can reduce their transmis-
sion range to the lowest value required to reach the mobile infra-
structure, thus saving energy. Moreover, the mobile sink can
navigate through or bypass problematic regions where sensor de-
vices cannot operate, such as small lakes, large boulders that block
the propagation path.

Moreover, increased throughput and data fidelity can be
achieved, In networks with a mobile sink, since the number of
transmissions decreases, thus the probability of transmission er-
rors and collisions is also reduced. This further reduces the energy
spent at the resource constrained static nodes by reducing the re-
quired retransmissions. Also, for applications where security is
concerned, with the use of a mobile sink it is more difficult to over-
hear information. Only the information regarding a small area can
be collected by an adversary, since few low power transmissions
are used and data does not traverse many hops. Furthermore, at-
tempts to compromise or destroy hub sensor nodes to hinder the
operation of the network become irrelevant since there are no
hot spot areas where messages are routed.

However, many apparent difficulties arise as well since travers-
ing the network in a timely and efficient way is critical. Failure to
visit some areas will result in data loss, while infrequently visiting
some regions will result in high delivery delays. Also, routing and
localization problems in the case of mobile sinks become more dif-
ficult to cope with.

Additionally, critical issues arise in node to sink communica-
tions. For single hop communication, the sink should eventually
come within range of every sensor. Furthermore, to successfully
complete the communication, it must remain within the range of
the transmitter for the entire period that the message is transmit-
ted. This problem can be severe when there is high density of sen-
sors in an area or when some sensors have recorded a significant
amount of data. In such cases, the communication time between
the nodes and the sink is not enough to upload their data, thus they
need to wait for the sink to return. This results in high delivery de-
lays or even data loss when the nodes have limited buffers. This
problem can be mitigated or even completely eliminated if the sink
pauses the network traversal in order to collect the data. In our
work we investigate sink mobility strategies that follow this ap-
proach, since we introduce adaptive stop times which are propor-
tional to the local data traffic.

1.2. Our contribution

We propose biased sink mobility with adaptive stop times, as a
method for efficient (with respect to both energy and latency) data
collection in wireless sensor networks. We assume a weak model
of a single mobile sink and propose a strategy for network tra-
versal, which serves nodes in a balanced manner. The traversal is
performed on a per region basis: the sink visits regions one after
another, stopping at each region for an appropriate interval to col-
lect data.

When moving in a random manner, we propose an efficient
biased random choice method that favors less visited and more
dense areas. Also, our method locally determines the stop time
needed to serve each region with respect to some global network
resources. More specifically, we estimate an upper bound for the
available total pause time, based on the initial energy reserves of
the nodes and hence the expected lifetime of the network. We

disperse the total pause time, based on local, at each region, crite-
ria, stopping for a greater time interval at regions with higher den-
sity, and hence more traffic load. In this way, we achieve
accelerated coverage of the network as well as fairness in the ser-
vice time of each region.

Besides randomized mobility, we also propose an optimized
deterministic trajectory without visit overlaps, including direct
(one-hop) sensor-to-sink data transmissions only.

We evaluate our methods via simulation, in diverse network
settings and comparatively to related state of the art solutions.
Our findings demonstrate: (a) for both network traversal methods
(e.g. the randomized and deterministic) the introduction of stop
times (both constant and adaptive) reduces latency a lot, while
keeping high (or even increasing) the delivery success rate, and
also reducing the energy consumption and (b) especially in the
case of adaptive stop times, the latency improvements are very sig-
nificant; in fact, our adaptive random walk outperforms the opti-
mized deterministic traversal.

1.2.1. Information fusion perspective
The adaptive procedure for service time calculation can be con-

sidered a fusion process (see e.g. [7]) in three ways: (a) the design
of our method is based on local network densities; this information
is obtained throughout the network via gathering and combining
topology related data from multiple sensors in different regions.
This fusion based approach leads to a more accurate and complete
inference of topology features; also, it is dynamic and can capture
network topology changes; (b) at the potential application level,
again our approach is based on fusion, in the sense that the sink
adaptively stops at each network region for time depending on
the local density; thus, the sink stays more in areas with plenty
of data generation so the data collected is more complete and
can be combined and fused to become more accurate and depend-
able; (c) our method can also be smoothly combined with fusion at
the sensors level, e.g. when nearby sensors aggregate and/or com-
press data.

1.2.2. Information fusion versus latency
As previously mentioned, the adaptive service time calculation

procedure can be considered as a fusion process, since multiple
information gathered by the sink is combined to decide the stop
time. However, simple fusion techniques, such as aggregation
and compression [7], could be utilized by the sensor nodes too,
in order to summarize data produced, thus reducing energy con-
sumption and bandwidth needed for communication with the sink.
In such a case, higher latency should be expected, since those tech-
niques need extra time and data may not be ready to be sent at the
time when the sink arrives at their region.

2. Related work and comparison

In mobile settings, the protocols and findings of previous re-
search on static wireless sensors networks cannot be (at least di-
rectly) applied. Efficient solutions in the state of the art become
inefficient or even inoperable. Even well studied algorithms need
to be redesigned; as an example [8] proposes a leader election
algorithm suitable for mobile networks. Also, new problems arise
due to the high dynamics, e.g. maintaining system integrity [9]
and security [10] becomes more difficult.

Recently, applications that motivate mobility in wireless sensor
networks appeared. In [11] the authors address sensory mobility
by investigating the computational power of networks of small re-
source-limited mobile agents. Two relevant new models of compu-
tation based on pairwise interactions of finite-state agents in
populations of finite but unbounded size are defined. With a
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