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Abstract: -

Controlled mobility represents a paradigm shift in wireless sensor
networks (WSNs), transforming them from passive, static systems into
dynamic, self-managing, and resilient infrastructures. This evolution is
driven by the need to overcome the inherent limitations of static
deployments—such as "hotspot™ issues, coverage holes, and routing
inefficiencies—that compromise network longevity and performance.
The effective implementation of mobility is intrinsically linked to
sophisticated Information and Communication Technologies (ICTs) that
enable intelligent decision-making, real-time control, and seamless
integration with broader digital ecosystems like the Internet of Things
(1oT).

This report presents a comprehensive review of the subject, first
exploring the motivations and a systematic taxonomy of controlled
mobility, which includes mobile sensor nodes, sinks, and specialized
entities such as data mules and mobile agents. It then provides a detailed
analysis of the management protocols and algorithmic mechanisms that
govern mobility, including those for autonomous node deployment,
dynamic routing, and energy balancing. A critical discussion of the
technical and operational challenges—including hardware constraints,
network scalability, and Quality of Service (QoS) trade-offs—is also
provided. Finally, the report concludes by examining how emerging
trends, particularly the application of artificial intelligence and machine
learning, are shaping the future of this field, enabling a new generation
of proactive, cognitive, and autonomous sensing systems

Introduction:

Wireless Sensor Networks (WSNs) are

unique features. They normally consist of
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a special category of wireless networks with ~ sensing, computation and communication

several wireless devices (nodes) that have

capabilities that form networks tasked to relay
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data to the sinks, normally in a hop-by-hop

fashion. Their applications vary, but normally
they are deployed in particular areas to

monitor specific events. In several cases,
depending on the application, they periodically
report to the sink, while in others, triggered by
an event, the nodes within the sensed area
become active and start transmitting
information towards the sink, where all data
from the network are collected. The routing of
packets within the network, in a hop-by-hop
manner, is based on criteria that are specified
by the application. Such criteria are usually the
number of hops from sink, the remaining
energy, delay, etc. Wireless sensor nodes
exhibit unique characteristics but also come
with some important limitations, such as
energy, memory and computational power.
Energy is a limitation of great importance for
the lifetime of wireless nodes and, as a
consequence, the whole network depends on it.
The energy limitations restricts node’s memory
and computational power.

The main task of WSNs is, in principle,
to sense the environment specified by the
application, collect data, process them, and
finally forward them to the sink(s). The
applications of WSNs can be classified into
two major categories: monitoring and tracking.
Examples of monitoring applications include
conditions

environmental sensing, and

hazardous environment exploration, and health
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monitoring. Tracking applications are found in
natural disaster relief operations, tracking
animals (usually in wildlife settings), and
tracking objects or humans.

Due to the increase of traffic demand in
applications, many problems arise in WSNSs.
The hop-by-hop communication method from
the sensor nodes to the sink and the limited
energy are the main reasons of the problems.
As a result, the network may suffer from
energy holes or hot-spots, that may frequently
result in congestion and network partitioning.
An approach for solving these problems is the
use of mobile elements. Mobile sink(s) are
able to move around the network and collect
the data from the network, reducing the
possibility of network partitioning caused by
exhausted nodes. Mobile nodes are able to be
used as extra-resources in the network. They
can either replace failed static nodes and
reconnect the network, or assist the static
nodes by getting the excess traffic way from
the congested/overloaded areas.

In our view, Internet of Things (10T) is the new
emerging technology, a descendant of WSNSs.
The IoT defines the ‘things’, as devices, that
are connected to the Internet. WSNs can be
defined as a subset of an loT-based system,
loT-enabled WSN [7], where each
loT-enabled

sensor node that will monitor the environment

called

sensor node is defined as an

and collect real-time data. loT-enabled WSN
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consists of a collection of sensor nodes that are

connected to a base station, which acts as an
access point and is also connected through
Internet to an end-user.

The aim of this work is to survey the
algorithms that employ mobile entities in
WSNs. The use of mobile entities in the
network is a solution that can maximize the
possibility of solving a problem that an
existing, for example, congestion or topology
control algorithm fails to resolve.
Understanding Mobility In Wireless Sensor
Networks (WSNs)

Mobility in Wireless Sensor Networks

(WSNSs) refers to the ability of nodes, sinks, or
the monitored targets to move within the
sensing field while maintaining network
performance. Unlike traditional static_WSNSs,
where sensors remain fixed after deployment,
mobility introduces a dynamic dimension that
can either enhance or hinder network
operations. Proper understanding of mobility is
essential for designing control mechanisms,
communication  protocols, and  energy
management strategies in modern ICT-based
applications.

1. Types of Mobility in WSNs:

Sensor Node Mobility: In this case,

the sensing devices themselves are mobile.
Sensors can be attached to vehicles, animals,
enable flexible

robots, or drones to

monitoring.
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For example, sensors mounted on
agricultural robots can measure soil moisture
at different locations in real time. Advantages:
improved coverage, reduced need for dense

deployment.  Challenges, high  energy
consumption, constant need for
localization,frequent topology changes.

Sink  Mobility  (Mobile  Data

Collectors or Data Mules): A sink node is
responsible for collecting and aggregating data
from sensor nodes. Traditionally static, mobile
sinks move across the network field to reduce
energy consumption of faraway nodes.

Example: A drone flying periodically
over a forest WSN to collect fire risk data.
Benefits: balanced energy use, minimized
long-distance transmission.

Limitations: requires careful
scheduling to-avoid data delivery delays.

Target/Object Mobility: The
monitored entity itself (human, vehicle,
animal, etc.) is mobile, and sensors track its
movement. This is common in healthcare
(patient monitoring), wildlife tracking, and
transportation systems.The challenge lies in
designing  real-time, adaptive tracking
algorithms.

Hybrid Mobility: A combination of
mobile sensors and mobile sinks. For instance,
in disaster recovery operations, drones (sinks)
gather data from ground robots (mobile

sensors) while also tracking moving survivors

Volume-4, Issue-5, October, 2025



(targets).

Offers maximum flexibility but
introduces the highest level of complexity.

2. _Mobility Models

Mobility models define how nodes or sinks

move in the sensing field. They can be
classified as:
Random Models: Random Walk,

Random Waypoint — movement without

predefined paths, suitable for simulating
unpredictable environments.
Deterministic Models: Movement

follows a fixed schedule or trajectory, such as
a mobile sink moving along a circular path.
Controlled/Adaptive Models:
Movement decisions are ICT-driven, based on
network demand, energy distribution, or
data traffic. This is the most promising
approach in smart WSNs.
3. _Implications of Mobility

Positive Impacts:
@ |Increases coverage and connectivity.
@ Reduces communication overhead by
bringing sinks closer to sensors.
< Balances network workload.
Negative Impacts:
@ Frequent topology changes lead to
unstable routing.
& Higher localization and
synchronization overhead.
@ |ncreased

energy consumption if

mobility is uncontrolled.
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4. Role of ICT in Understanding Mobility

Information and

Communication
Technologies (ICTs) provide the tools to
monitor, analyze, and control mobility:

Localization Systems (GPS, RFID,
anchor nodes).

Routing Protocols adapted to dynamic
topologies (e.g., LEACH-M, PEGASIS, DTN
protocols).

AIl/ML Algorithms predicting mobility
patterns for proactive control.

Cloud/Edge Computing platforms for
real-time mobility management.

Challenges of Control Mobility in
Wireless Sensor Networks (WSNs) in ICTs
Wireless Sensor Networks (WSNs) are an
integral component of modern Information and
Communication Technologies (ICTs). They
consist of spatially distributed sensor nodes
that monitor, collect, and transmit data about
their environment to a central sink or base
station. The concept of mobility control in
WSNs

management of mobile nodes, sink nodes, or

refers to the regulation and
mobile agents within the network to optimize
coverage, connectivity, energy efficiency, and
data delivery. While mobility enhances
flexibility and extends network lifetime, it also
brings several challenges in the ICT-based
implementation of WSNSs.

Key Challenges of Control Mobility in

WSNs
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Energy Efficiency

@ Sensor nodes are resource-constrained
with limited battery power.

@ Controlling mobility consumes extra
energy due to movement, frequent
communication, and  path  re-
establishment.

@ Energy balancing between static and
mobile nodes is complex.

Localization and Tracking

& Mobile nodes require accurate location
information for data routing and task
execution.

& GPS-based localization increases cost
and energy consumption, while GPS-
free methods often lack accuracy.

Routing and Connectivity Maintenance

@ Node mobility leads_to. frequent
topology changes.

& Maintaining stable routes and avoiding
packet loss becomes difficult.

<@ Traditional static routing protocols are
not well-suited for mobile WSNs.

Data Latency and Reliability

@ Mobility introduces delays in data
transmission due to dynamic link
establishment.

< Ensuring reliable data delivery under

45

& Controlled mobility is often used to
maximize coverage or balance energy
consumption.

& However, determining optimal

movement patterns (path planning,

scheduling) is computationally
intensive.

Scalability and Coordination

ICT-based WSN

deployments  require

& Large-scale

coordination
among multiple mobile nodes.

& Synchronizing their movements
without  collisions or  redundant
coverage is complex.

Security Concerns

& Mobile nodes are more vulnerable to
attacks such as  eavesdropping,
spoofing, and node capture.

& Secure- mobility control protocols add
overhead to already  resource-
constrained networks.

Cost and Hardware Limitations

& Adding mobility (robots, drones,
mobile sinks) increases deployment
and maintenance costs.

@ Physical wear-and-tear of mobile
platforms further limits long-term

sustainability.

frequent disconnections is a challenge. Benefits of Control Mobility in Wireless

5. Coverage and Network Lifetime Sensor Networks (WSNs)
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1. Energy Efficiency and Prolonged

Network Lifetime

= In static WSNSs, nodes closer to the sink
(base station) often drain energy faster
due to repeated data forwarding.
Controlled mobility (e.g., mobile sinks
or mobile data collectors) helps balance
energy consumption by reducing multi-
hop transmissions.

= This leads to longer network lifetime,
which is a crucial factor in ICT-based
applications like environmental
monitoring, smart farming, and disaster
management.

Improved Data  Collection and

Reliability

= Mobility control ensures better
coverage and reduced packet loss, as
mobile collectors can directly gather
data from sensor nodes in remote or
sparse areas.

= This reduces communication
bottlenecks, improving the quality of
service (QoS)
in ICT-based systems.

Enhanced Coverage and Connectivity

= Controlled mobility can fill coverage
gaps in sparse deployments where
static nodes cannot cover the entire
monitoring region.

= This ensures seamless data availability
for ICT applications such as health
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monitoring, smart cities, and military

surveillance.

4. Scalability and Flexibility

= Mobility control allows WSNs to adapt
to dynamic environments. For
example, in smart transportation
systems, a mobile sink (e.g., a vehicle)
can gather data from roadside sensors
without requiring a dense deployment

of fixed nodes.

5. Reduced Latency in Data Transmission

= By strategically moving towards high-
data regions, mobile nodes or sinks can
minimize the delay in
communication, which is essential for
time-sensitive ICT applications like
disaster alerts, medical emergencies, or

battlefield monitoring.

6. Cost-effectiveness

= Instead of deploying a large number of
static sensors to cover wide areas,
controlled mobility allows the use of
fewer mobile nodes for effective data
gathering, thereby reducing the overall
deployment cost of ICT-enabled WSN
solutions.

7. Support for Heterogeneous ICT
Applications

= Controlled mobility enables cross-
domain  applications, such as

integrating  WSNs with 10T, cloud

computing, and Al in ICT systems.
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For example, in precision agriculture,

drones (as mobile data collectors) not only
gather sensor data but also send it to cloud-
based ICT platforms for real-time analytics.
Problems of Control Mobility in Wireless
Sensor Networks (ICTs)

Control mobility in Wireless Sensor
Networks (WSNSs) refers to the ability of
mobile nodes (such as mobile sinks, cluster
heads, or robots) to move within the network
to collect data, balance energy consumption, or
enhance coverage. While mobility brings
benefits like improved connectivity, coverage,
and energy balancing, it also introduces
several problems and challenges:

1. Energy Consumption

= Mobility of control nodes requires
additional energy for_ computation,
communication, and movement.

= Frequent relocation of mobile sinks or
cluster heads may increase overhead
and reduce network lifetime.

& Reference: Akkaya, K., & Younis, M.
(2005). A survey on routing protocols
for wireless sensor networks. Ad Hoc
Networks, 3(3), 325-349.

2. Increased Latency

= Movement of mobile nodes may delay
data collection, as sensor nodes wait
for the mobile sink/collector to arrive.

= In mission-critical applications (e.g.,

healthcare, disaster management), such
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delays are problematic.

& Reference: Luo, J., & Hubaux, J. P.
(2005). Joint mobility and routing for
lifetime elongation in wireless sensor
networks. IEEE INFOCOM.

3. Complex Mobility Management

= Designing efficient mobility control

algorithms is complex due to

unpredictable node movement,

dynamic topology, and uncertain
wireless conditions.

= Synchronizing mobile node movement
with sensor data generation patterns is
difficult.

& Reference: Wang, Y., et al. (2010).
Survey on mobile wireless sensor
networks. IET Communications, 6(8),
1144-1162.

4. Communication Overhead
= Frequent re-routing and topology
updates are needed due to mobile
nodes, leading to high communication
overhead.
= This overhead consumes bandwidth
and energy, reducing overall efficiency.
Pantazis, N. A,
Nikolidakis, S. A., & Vergados, D. D.
(2013).

protocols in wireless sensor networks:

@ Reference:

Energy-efficient  routing

A survey. |IEEE Communications
Surveys & Tutorials, 15(2), 551-591.

5. Coverage and Connectivity Issues
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6.

= Mobility may lead to temporary
coverage holes or loss of connectivity
between static and mobile nodes.

= If mobility is not well planned, data
packets may be lost, and sensing
accuracy may decline.

& Reference: Yick, J., Mukherjee, B., &
Ghosal, D. (2008). Wireless sensor
network survey. Computer Networks,
52(12), 2292-2330.

Security Vulnerabilities

= Mobile nodes are more vulnerable to
physical attacks, eavesdropping, and
malicious node replication.

make

= Dynamic topologies

authentication, encryption, and
intrusion detection harder.

& Reference: Roman, R., Zhou, J., &
Lopez, J. (2011). On the features and
challenges of security and privacy in
distributed internet of things. Computer
Networks, 57(10), 2266-2279.

Scalability Challenges

= Managing mobility in
WSNs with hundreds or thousands of

nodes is difficult.

large-scale

= Algorithms may not scale efficiently,
leading to performance degradation.
F, Su, W,

Sankarasubramaniam, Y., & Cayirci, E.

@ Reference: Akyildiz, 1.

(2002). A survey on sensor networks.
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Communications

IEEE
40(8), 102-114.
8. Hardware Limitations

Magazine,

= Adding mobility capabilities (motors,
batteries, GPS) increases cost and size
of sensor nodes.

= Lightweight and low-power mobile
nodes are still a research challenge.

& Reference: Heinzelman, W. R,

Chandrakasan, A., & Balakrishnan, H.

(2000).

communication protocol for wireless

Energy- efficient
microsensor networks. IEEE HICSS.
Conclusion:

Control mobility in Wireless Sensor
Networks (WSNs) plays a crucial role in
enhancing the efficiency, and
ICT-based

effectively managing the movement of mobile

reliability,
adaptability _of systems. By
nodes, sinks, or data collectors, mobility

control addresses challenges such as energy

consumption, coverage, connectivity, and
latency. It enables dynamic resource
utilization, supports load balancing, and

extends the lifetime of the network while
ensuring quality of service (QoS). Despite its
benefits, control mobility also faces significant
challenges including high computational
complexity, unpredictable mobility patterns,
communication overhead, and security risks.

Therefore, designing intelligent and adaptive
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mobility control strategies—often integrating

artificial intelligence (Al), machine learning
(ML), and optimization algorithms—has
become essential in modern ICT-driven WSNSs.
In conclusion, mobility control acts as a bridge
between sensor networks and advanced ICT
applications such as smart agriculture,
environmental monitoring, disaster
management, and healthcare. With continuous
research and the integration of emerging
technologies, control mobility will remain a
key enabler for developing sustainable,
scalable, and intelligent WSN-based ICT
solutions.
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