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Abstract: As a typical cyber-physical system, networked unmanned aerial vehicles (UAVs) have re-
ceived much attention in recent years. Emerging communication technologies and high-performance
control methods enable networked UAVs to operate as aerial sensor networks to collect more com-
plete and consistent information with significantly improved mobility and flexibility than traditional
sensing platforms. One of the main applications of networked UAVs is surveillance and monitoring,
which constitute essential components of a well-functioning public safety system and many industrial
applications. Although the existing literature on surveillance and monitoring UAVs is extensive, a
comprehensive survey on this topic is lacking. This article classifies publications on networked UAVs
for surveillance and monitoring using the targets of interest and analyzes several typical problems
on this topic, including the control, navigation, and deployment optimization of UAVs. The related
research gaps and future directions are also presented.

Keywords: cyber-physical systems; unmanned aerial vehicles (UAVs); drones; autonomous systems;
navigation; deployment; control; surveillance; monitoring; wildlife monitoring

1. Introduction

Surveillance involves the monitoring of a person, a group of people, behaviours,
activities, infrastructure, or buildings to collect, influence, manage, or guide information.
There are several different methods of surveillance, including camera observation, GPS
tracking, radio surveillance, and biometric surveillance, among others. Typical surveillance
tasks include border patrol, construction management, power grid inspection, traffic
monitoring, environmental monitoring, etc. A typical surveillance environment could
be large scale and scattered. It is difficult for traditional manual surveillance methods
to efficiently locate and reach the locations of concern or faults in facilities.In addition,
traditional surveillance is a labour-intensive task: many repetitive tasks in various work
scenarios require much manpower, and the labour costs increase year-by-year. With the
development of unmanned aerial vehicles (UAVs), computer vision, and sensor technology,
UAV systems are becoming increasingly stable and mature in order to solve these difficult
tasks at a lower cost and with higher security and reliability [1,2]. UAVs can quickly cover
large and difficult-to-reach areas, reducing the labour costs, and they do not require much
space for the operators [3]. They have become advanced tools to replace human labour in
completing surveillance and in monitoring work efficiently and safely [4]. Figure 1 shows
some typical UAV surveillance application scenarios.

Using only one UAV for a specific mission may be risky because the UAV may en-
counter technical issues or other problems. In a reconfigurable or robust network of UAVs,
if one UAV fails, the rest of the UAVs can still carry out the mission [5]. Generally, various
tasks can be performed more efficiently by deploying a network of UAVs because they can
collect more spatiotemporal data than a single UAV [6,7]. Moreover, networked UAVs al-
low system designers to equip different units in the network with different types of sensors,
which in turn allows them to collect a wider range of data [8]. In addition, a flight formation
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using a combination of various types of UAVs of different sizes and configurations can
be used to conduct complex tasks. As a type of sensor-based, communication-enabled au-
tonomous system, networked surveillance UAVs can be considered a typical cyber-physical
system. In recent years, networked UAVs have become one of the most important topics in
UAV research [9]. In particular, a large and growing body of literature has investigated
UAVs for surveillance and monitoring tasks and has presented a variety of technologies and
methods. Performing a search using keywords such as “UAVs”, “Drones”, “Surveillance”,
and “Monitoring” on the Web of Science Core Collection, we see that the research related
to surveillance UAVs has increased rapidly since 2011, as indicated in Figure 2.

Figure 1. Typical application scenarios for UAV surveillance, including border patrol, construction
management, power grid inspection, and traffic and environmental monitoring.

Figure 2. Number of publications on surveillance UAVs from the Web of Science Core Collection.

1.1. Motivation for This Review

Although the number of previous publications on surveillance and monitoring per-
formed by UAVs is extensive, the existing surveys on this topic are not comprehensive.
Some researchers reviewed works related to surveillance UAVs from different perspectives
and for different applications, such as Uma et al. [10] on crop monitoring, Di et al. [11]
on harmful algal blooms, Balmukund et al. [12] for search and rescue, and Francesco
et al. [13] on railway surveillance. The existing surveys mostly focused on UAV hard-
ware [10,13], related policies [10], and computer vision (image processing) [11,13]. In
contrast, in this paper, we present a more comprehensive survey on this topic, with a
particular focus on navigation and deployment optimization of UAVs. Furthermore, much
attention has been paid to coordination among multiple UAVs.

We selected some representative publications and classified them according to the
target of interest. Networked unmanned aerial vehicles are used in numerous applications,
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and this research area is growing quickly. It is impossible to cover all of these applications
in a relatively short survey article. Therefore, we concentrated only on four very important
application areas. Specifically, we present a review on the use of UAVs for general target
surveillance, traffic monitoring, wildlife monitoring, and radio surveillance, as shown
in Figure 3. We also present the related research gaps and future directions. These four
selected categories encompass the practical applications of UAVs that have been widely
studied [14,15].

Applications of Surveillance 
UAVs

General Targets 
Surveillance

Traffic 
Monitoring

Wildlife 
Monitoring

Radio 
Surveillance

Figure 3. Surveillance UAV applications categorized by the target of interest.

1.2. Paper Organization

The rest of the paper is organized as follows: Section 2 reviews approaches related
to applications involving general target surveillance. In particular, this section focuses on
common issues including navigation and deployment optimization in these applications.
Section 3 presents a review on traffic-monitoring UAVs and follows a similar pattern.
Section 4 reviews the literature on wildlife-monitoring UAVs, followed by the limitations
of existing approaches and possible solutions. Section 5 introduces the publications on
UAV base stations (UAV-BSs) for radio surveillance. Finally, Section 6 concludes the paper.

2. General Target Surveillance

We can consider human beings and other objects in a certain area and even an area of
interest to be general targets. The related approaches can be classified according to their
optimization objective, target type, operating mode, and the number of UAVs; see Figure 4.

UAV Surveillance for General Targets 

Optimization 
aim

Number 
of UAVs

Operating 
Mode

Target 
type

Static 
target

Mobile 
target

Deployment 

Navigation

Proactive

Reactive

Single 
drone

Multiple 
drones

Figure 4. Summary and taxonomy of previous studies on UAV surveillance for general targets.

2.1. Optimization Objectives

From the optimization point of view, the literature on the deployment of surveil-
lance UAVs can be divided into four categories according to the optimization objectives
considered.
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Optimization Objectives of Surveillance UAVs’ Development

1: To minimize the number of UAVs necessary to monitor a given area;
2: To maximize the number of covered targets for surveillance and monitoring;
3: To maximize the quality of coverage of an area or targets for surveillance and
monitoring;
4: Joint objectives such as balancing a UAV’s energy consumption and the number
of covered targets.

Minimizing UAV number: The authors of [16,17] studied the minimization of the
number of UAVs for surveillance tasks. In detail, the authors of [17] investigated the
deployment of a group of UAVs for surveillance and monitoring of a ground region, with
the goal of minimizing the number of UAVs to observe every point of the region with
ground-facing cameras. To solve this problem, the authors of [17] developed an easily
implementable algorithm based on Kershner’s theorem from combinatorial geometry. The
results are proven to be asymptotically optimal in the sense that the number of UAVs
deployed is close to the minimum number of UAVs for large ground regions. Different
from [17], the authors of [16] considered the scenario of monitoring a very uneven terrain.
Specifically, UAVs are to be deployed over a very uneven terrain area with the goal of
covering every point of the area. The authors in [16] viewed the problem as a UAV version
of the 3D Art Gallery Problem. A computationally simple algorithm was proposed to
calculate an upper estimate of the minimal number of UAVs necessary. The proposed
algorithm also gives the locations of the UAVs. The limitation of [16] is that the considered
terrain model are simple polyhedrons, while real uneven terrains can be much more
complicated with many irregular structures. The authors of [18] formulated a set cover
problem to find the 3D positions of UAVs, with the objective of minimizing the UAV
number such that all of the sensor nodes monitored can operate without a time limitation.

Maximizing the number of covered targets: The authors of [19,20] provided some
formulations for the deployment of a single UAV by assuming the availability of target
locations. In particular, the authors of [19] presented an energy-efficient deployment
approach for covering the largest number of targets. This approach first finds the vertical
position of the UAV at an altitude, providing the maximal coverage, and then optimizes the
UAV’s horizontal position to maximize the number of covered targets while minimizing the
transmission power. To maximize the number of targets served, Reference [20] formulated
a mixed-integer nonlinear problem involving both the horizontal coordinates and the
altitude as variables rather than decoupling the deployment. The case of multiple UAVs
has also been investigated under the assumption of that the locations of the targets are
known [21]. UAVs are used to serve the greatest number of targets possible, provided that
each UAV has a service capacity.

Maximizing the quality of coverage: Reference [22] focused on deploying a network
of UAVs to surveil and monitor a set of static ground targets. To characterize the quality of
coverage of targets using surveillance UAVs, the authors in [22] proposed a novel cover-
age model and further presented a reactive collision-free three-dimensional deployment
algorithm to maximize the overall quality of coverage of targets by a group of surveillance
UAVs. In particular, the proposed algorithm consisted of two control laws for horizontal
submovement and vertical submovement of the UAVs in real-time. The authors analyzed
the computational complexity and proved the convergence of the algorithm. The authors
of [23] considered the deployment problem for a group of UAVs to maximize the quality
of coverage of an area for surveillance. The authors proposed a distributed optimization
model and coverage-maximizing algorithm to find the locations of the UAVs. The proposed
optimization model considered the constraint that a connected communication graph needs
to be maintained between the UAVs and some ground nodes. The proposed algorithm
does not require global information and can converge to a local maximum within a finite
number of steps. The authors conducted simulations with a real data set to demonstrate
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the effectiveness of their method. For high-quality surveillance of groups of moving pedes-
trians or vehicles on given paths with unknown speeds, the authors of [24] proposed a
computationally simple algorithm to determine the deployment of multiple UAVs. The
quality of coverage is calculated based on the distances between the UAVs and targets (the
closer, the better). The proposed algorithm only requires local information, with minimal
involvement of the central station. The authors proved the local optimality of the proposed
algorithm.

Optimizing the energy efficiency: For the joint objectives considering energy con-
sumption and the number of covered targets of surveillance UAVs, the authors of [25]
designed a control system containing a movement decision-maker and proposed a de-
centralized algorithm to reactively determine a fleet of UAVs’ positions in 3D space that
contributes more to the coverage. Their simulations indicated that the proposed method
achieves better network lifetime and target coverage. The authors of [25] only considered
targets on the ground and did not consider possible blockage caused by some high-rise
buildings.

The authors of [26] studied the application of area-monitoring UAVs. The authors
considered the problem of scheduling UAVs to perform either monitoring or recharge tasks
so that the network lifetime is maximized given a set of UAVs and a charging depot on
the ground.The energy-efficient deployment of a UAV for covering ground targets was
discussed in Reference [27]. The power received from a UAV at a target is calculated as a
function of the target’s horizontal distance from the UAV and the UAV’s altitude [27]. The
optimal position in the horizontal and vertical dimensions was then decoupled in [27]. The
horizontal position was determined using the centre of the smallest circle that covers the
given set of targets, and the vertical position was determined using the least amount of
transmitting power to cover that circle. Another recent paper [28] used a single UAV to
cover a wireless sensor network. The main contributions here were scheduling a wake-up
time for sensor nodes and planning the UAV’s trajectory so that the maximum energy
consumption of sensor nodes is minimized rather than minimizing the UAV’s energy
consumption.

2.2. Coordination of UAVs

The deployment and navigation of UAVs involve a number of hot research topics
such as motion control [29,30], path planning [31,32], trajectory tracking [33], etc. We
now introduce some representative work on navigation of the surveillance UAV. The
problem of navigating surveillance UAVs to periodically monitor a set of moving targets
was studied in [31,34]. Specifically, to periodically monitor a group of moving ground
targets on the 3D terrain, the authors of [31] proposed a reactive sliding mode control
algorithm to navigate a team of communicating surveillance UAVs with ground-facing
video cameras. Particularly, the authors of [31] adopted a Voronoi partitioning technique
to decrease the movement range of the UAVs and to reduce the revisit times of the targets.
Reference [34] studied the navigation of a group of solar-powered UAVs for periodical
monitoring of a set of scattered mobile ground targets in urban environments. In the
considered scenario, the number of targets is larger than that of the UAVs, so that the UAVs
need to carry out periodical surveillance. In addition, the authors considered the existence
of tall buildings in urban environments, which may block the Line-of-Sight (LoS) between
a UAV and a target. The tall buildings may also create some shadow region, so that the
solar-powered UAV may not be able to harvest energy from the sun and the surveillance
may become invalid. In [34], such a periodical surveillance problem is formulated as an
optimization problem to minimize the target revisit time while considering the impact of
the tall buildings. To solve this problem, the authors proposed an autonomous navigation
algorithm based on rapidly exploring random tree (RRT) to guide the movements of the
UAVs in real-time. To further narrow UAVs’ area in which they can move and to reduce the
target revisit time, a partitioning scheme was also adopted to group targets. The limitation
of [31,34] is that the considered targets are all assumed to move on some given trajectory.
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When these trajectories are unavailable, the accuracy of the target position predictions
may significantly decrease and the UAVs may lose some targets. To solve this problem,
some search operations can be adopted during the surveillance mission. In the problem
of monitoring a moving disaster area using UAVs equipped with ground-facing cameras,
the authors of [35] proposed a sliding-mode control algorithm that navigates the UAVs
to monitor the faster-moving segment of the disaster area’s frontier. The authors in [35]
proved that the proposed method tracks the fastest spreading parts of the frontier of the
moving disaster area and converges to the global maximum in the optimization problem
considered. The proposed method requires the initial positions of the UAVs to be near the
frontier of the moving disaster area.

2.3. Research Gap and Future Directions

Different from the widely studied target tracking for surveillance, which requires a
target to be within the field of view of a UAV, a few recent publications have investigated
covert surveillance for security purposes [36,37], which aims at avoiding being noticed by
the target. The authors of [38] studied the problem of navigating a UAV to carry out covert
video surveillance on a single mobile target. It proposed a novel metric to characterize
the disguising performance of a UAV with respect to a target. Based on this metric, the
authors developed an online trajectory planning method with a balanced consideration of
the energy efficiency, covertness, and manoeuvrability of the surveillance UAV. The authors
in [38] first designed a new metric to quantify the covertness of the UAV. Specifically, the
UAV disguises its intention by changing the relative UAV-target angle and distance as
drastically and frequently as possible. Then, they formulated a multi-objective trajectory
planning problem to maximize the disguising performance and to minimize the trajectory
length of the UAV and presented a forward dynamic programming method to solve the
problem. A similar study can be seen in [39], in which the authors proposed a bioinspired
bearing-only navigation law for a video-surveillance UAV to covertly monitor a moving
target. In particular, the proposed method is based on sliding mode and is inspired by
motion camouflage stealth behaviour observed in some attacking animals. It can navigate
the UAV to monitor a moving target while concealing its motion with respect to the
target’s visual system. Moreover, the proposed navigation law is based on bearing-only
measurements, i.e., directions from the UAV’s current position to the moving ground target.
It does not require any information on the targets’ velocity and the distance to the target.

Clearly, covert surveillance by UAVs is relatively less investigated in the literature.
The existing publications have only considered a single UAV. Moreover, experimental
validation is lacking. Therefore, promising research directions include the investigation of
multiple UAVs on covert surveillance and experiments to confirm the effectiveness.

3. Traffic Monitoring

With the increase in urban population and the rapid increase in the number of private
vehicles, many roads have become more congested than ever. Road traffic monitoring
plays a crucial role in traffic management. Currently, traffic monitoring mainly relies on
static roadside units, which passively collect traffic information. Many traffic-monitoring
devices can only capture traffic conditions at fixed and discrete locations. This results in
many units being required to monitor a road segment [40]. Instead of deploying static
roadside units, UAVs can be temporarily deployed during some particular time along with
certain road segments. Undoubtedly, this is promising to reduce the installation cost. More
importantly, since UAVs have a high probability of obtaining LoS with ground vehicles,
they are more likely to achieve a better quality of monitoring than conventional roadside
units. For traffic monitoring, two directions have been widely investigated in the research
community. The first one focuses on traffic information processing, and the second one
is about the control and collaboration of a UAV network. Figure 5 shows an example
illustrating traffic-monitoring UAVs.
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Figure 5. An example illustrating traffic-monitoring UAVs, where the blue dots stand for groups
of monitoring targets (pedestrians or vehicles) and the red circles stand for the sensing range
of UAVs. With the targets merged and then separated, the UAVs navigate to the locations with
better coverage of the targets. A video recording how these UAVs move is available here: https:
//youtu.be/OEGr5-0zuyg, accessed on 1 July 2021.

3.1. UAV Video-Processing Techniques

Regarding traffic information processing, some research focuses on processing the
videos taken by UAVs when they hover at some fixed positions for purposes of road detec-
tion [41,42], vehicle detection and tracking [43,44], and traffic-parameter extraction [45,46].
In particular, the convolutional neural network (CNN) has been used to estimate traffic pa-
rameters from videos captured by a UAV [47], and Reference [48] investigated vehicle speed
estimation based on two consecutive frames of a UAV’s video. Though these approaches
achieve good performance, they are only suitable for the case where the UAV can main-
tain its attitude. When there is some disturbance such as wind gust, the aforementioned
methods may not perform well. To this end, researchers have studied the ego-motion issue,
which may be generated by an intentional effect from a remote pilot or an external factor
such as wind. Two main approaches have been seen in the literature. The first one is an
intuitive method called image registration, which targets turning the moving background
into a fixed background [49,50]. Then, many traditional methods on background subtrac-
tion can be applied. The second one is the optical flow-based ego-motion estimation [51,52].
Optical flow is an effective method to extract motion patterns from videos, and it is often
combined with unsupervised learning to estimate the UAV ego-motion. We refer readers
to recent surveys for more information about video-processing techniques [53,54].

3.2. Coordination of UAVs

With the sensing techniques in hand, another issue that practitioners are often con-
cerned about is the motion control of a single UAV and the coordination of multiple UAVs.
The authors of [55] investigated the path-planning problem for a single UAV. The UAV is
used to survey a given set of road segments, and the authors developed a real-time routing
method by considering the time-varying traffic-monitoring demand. Still focusing on road
patrolling, the authors of [56] paid attention to the scheduling problem of multiple UAVs,
and the charging issue has been accounted for in the formulated model. Moreover, in
the context of multiple UAVs, Reference [57] formulated a multi-objective optimization
problem for a group of UAVs to patrol some road segments. The overall flight distance
of the UAVs, the number of UAVs, and the satisfaction level of customers were jointly
optimized. The authors of [58] proposed a decentralized autonomous navigation algorithm
for the surveillance UAV to detect traffic blockage and to then effectively gather to the
blocked area and monitor the majority of targets. The proposed algorithm consists of
stages: initial, searching, accumulating, and monitoring. The UAVs only need to share
measured information and their positions with their neighbours. A limitation of [58] is that
the proposed navigation laws are for a planar motion only, and 3D mobility of the UAVs
was not utilized. Another study on road-traffic monitoring by UAVs can be seen in [59], in
which the authors proposed a distributed navigation algorithm based on Voronoi partition
for a UAV network to maximize the quality of surveillance of a group of targets moving
along a curvy road with unknown time-varying speeds. The convergence of the UAVs

https://youtu.be/OEGr5-0zuyg
https://youtu.be/OEGr5-0zuyg


Future Internet 2021, 13, 174 8 of 21

positions to the local optimal locations was also proved in [59], but the global optimality
was not guaranteed.

3.3. Research Gap and Future Directions

Although there is a good number of publications discussing the solutions to traffic
monitoring by UAVs, there are still some interesting directions to investigate. For the
sensing technique, the available methods often work well in good environmental conditions
but do not perform well enough in conditions with weak light and on foggy days. Thus,
developing sensing techniques to overcome the influence of environmental factors would
greatly promote the usage of UAVs in traffic monitoring. For the control and coordination
of UAVs, existing publications mainly focus on the 2D scenario, i.e., the UAVs fly on a
certain plane. Though this helps simplify the method design, it does not fully exploit
the 3D mobility of UAVs. Therefore, developing approaches for 3D movement with the
consideration of fundamental sensing techniques is also an interesting research direction.

4. Wildlife Monitoring UAVs

Wildlife living conditions are deteriorating as a result of global climate change. To
protect endangered wildlife and to design better wildlife management strategies, policy-
makers and ecologists rely on wildlife monitoring to acquire the necessary information
on the health of wildlife populations and ecosystems [60]. The inability to reach wildlife
habitats due to complex terrains is a major problem in wildlife monitoring. With superior
manoeuvrability and flexible operations, UAVs can help solve these problems. In particular,
UAV technology has opened up new ways to monitor wild animals, such as counting
animal groups and determining gender using visible or thermal imaging [61]. With their
ability to accurately estimate wild animal numbers and distribution at previously inac-
cessible areas and spatial resolutions, UAVs have the potential to revolutionize ecological
research paradigms. In addition, UAV monitoring can provide important ecological in-
sights by providing a wide aerial viewpoint that allows for a clear view of the animals’
interactions with their surroundings.

An increasing number of countries and organizations have adopted UAVs to conduct
observations of wildlife in hard-to-reach places. From monitoring sandhill cranes in
Colorado and counting waterbirds in Florida to investigating orangutan dens in Indonesia
and seals in Arctic waters, UAVs fly at safe distances, protecting endangered wildlife and
enabling environmentalists to work more safely, accurately, and economically. A summary
of the existing publications on UAVs for wildlife monitoring can be seen in Table 1. The
examples of wildlife-monitoring UAVs for protecting whales, koalas and elephants are
as shown in Figure 6. We now introduce some of the representative works on UAVs for
wildlife monitoring.

Figure 6. Examples of wildlife-monitoring UAVs for protecting whales, koalas and elephants.
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Table 1. Summary of existing publications on wildlife-monitoring UAVs.

Applications Species References

Health Monitoring
Whale [62,63]

Ungulates [64]

Forest [65–68]

Population Survey

Feral horse [69]

Penguin [70]

White-tailed deer [71]

Sumatran orangutan [72]

Sea Lion [73]

Sea turtles [74]

Shark [75]

Koala [76]

Behaviour Research

Sea turtles [61]

Whale [77]

Crocodiles [78]

Salmon [79]

Habitats Investigation

Proboscis monkey [80]

Raptor [81]

Waterbirds [82]

Anti-poaching
Rhinoceros [83]

Elephant [84,85]

For marine biology, the ’SnotBot’ project [62] uses a modified DJI Inspire 2 UAV to
conduct whale research. In particular, SnotBot collects blowing samples of whales as
they surface and exhale. The collected blow samples contain the whale’s DNA, micro-
bial communities, tissue particles, stress and pregnancy hormones, and viruses, all of
which are important indicators of the whale’s health. In addition to being a non-lethal
and non-invasive approach to ocean research, protective UAVs such as SnotBot are also
democratizing opportunities for ocean research. Whale research has long been confined
to a privileged few because the chartering of expensive marine ships and equipment re-
quires serious financial support. However, now, UAVs in oceanography are making data
collection affordable, replicable, and scalable for researchers everywhere.

In 2019–2020, an unprecedented bushfire swept more than 12.6 million hectares of
land across Australia and caused the death of more than 61,000 koalas (one of the iconic
marsupials in Australia). Sadly, even before the bushfire crisis, koalas were considered
vulnerable to extinction due to threats posed by hunting, land development, food degra-
dation, drought, and disease. After the bushfires, finding surviving koalas in burned and
unburned areas became an urgent problem. To solve this problem, Australian ecologists
presented an infield protocol for wild koala surveillance UAVs, which provides real-time
validation of high-resolution thermal signatures of koalas [76]. The authors also provided
detectability considerations relative to wildlife–UAV interactions, temperature, survey
time, and detection of non-target species, which can be used to further inform UAV survey
protocols. Once a koala is located, a hyperzoom vision camera on the same UAV helps first
responders determine whether they need medical help. Mapping wildlife using thermal
UAVs is much cheaper and more efficient than using traditional survey methods because
koalas have strong camouflage abilities and are hard to be spotted. Moreover, thermal
imaging UAVs have also become a powerful tool in the areas of fire protection. From
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detecting invisible hot spots and preventing secondary fires to collecting wildfire data at
night, thermal imaging UAVs have become an important technology to improve the safety
of firefighters and civilians.

Elephants are important ecosystem engineers, helping to maintain the biodiversity of
forests and grasslands. However, despite the international ban on ivory trade, 20,000 to
40,000 elephants die from poaching each year. The situation is so bad that African elephants,
previously classified as “vulnerable” by the International Union for Conservation of Nature
(IUCN), were promoted to the “endangered” list last month because studies have shown
that the number of African forest elephants has declined in the past three decades by more
than 86%. Conservation efforts to protect elephants are challenging due to their vast habitat
range [84]. To combat the elephant-poaching problem, anti-poaching UAVs have been used
by conservation organization and researchers [85]. With thermal imaging anti-poaching
UAVs, poachers can be found both during the day and at night. Besides anti-poaching,
UAVs can record and forward real-time videos to ground teams that are usually miles
away, and they can even record videos for later analysis.

All wildlife-monitoring results are shared with rangers and police. The use of anti-
poaching UAVs has had a profound effect on detecting and stopping poachers [84]. Partic-
ularly, the authors in [84] proposed methods for identifying spatial distribution patterns of
elephant-poaching incidents based on point pattern analyses in the Tsavo National Parks
area in Kenya. The geospatial analyses on the physical environment were performed to
create a risk map based on how land cover, water features, and roads correlate to poaching
incidents. The UAV flight paths were also modelled based on UAVs flight characteristics
and the horizontal view angle for a selected thermal camera. The authors in [84] found that
poaching incidents were geographically clustered and followed a predictive (deterministic)
process and were dominantly close to roads and water features. They conclude that a
combination of GIS-based risk analysis and aerial surveillance enable conservation teams
to improve the efficiency of their anti-poaching efforts with limited budgets.

Research Gap and Future Directions

However, the use of UAVs raises biological and ethical concerns. When UAVs are
used to monitor wild animals, one of the biggest issues is the resulting disturbances to the
animals. Recent studies [86–88] have revealed that UAVs can cause significant interference
to certain species, and many animals react negatively to the presence of UAVs in ecological
field research. Unmanned aircraft systems have become a new source of disturbance
for wild animals, according to a recent systematic literature review [89]. For instance,
studies have shown that UAVs have negative impacts on various bird species [86]. Birds’
typical negative reactions to UAVs include panic, delayed return times to the nest, and
nest abandonment [90]. The impact of UAVs on terrestrial animals has also been studied.
Ditmer [87] found that, when UAVs flew overhead, black bears had consistently strong
physiological responses, such as raised heart rates. Bennitt [88] deployed two UAVs to
approach different species of terrestrial mammalian wild animals (e.g., elephant, giraffe,
zebra, etc.). The findings show that UAVs can elicit behavioural responses in a wide range
of species. As a result, the authors concluded that strict regulations on the use of UAVs in
wildlife areas are required to reduce disturbance.

To solve this problem, a study by Jarrod [91] proposed the best practice for minimizing
UAV disturbance to wildlife in biological field research. They emphasized that minimum
wildlife disturbance flight practices need to be exercised and that UAV trajectories that are
potentially threatening should be avoided. There are growing appeals for researchers to
develop effective strategies to safely apply UAVs to monitor wild animals to minimize the
negative impacts [92,93]. The research to date has only proposed some basic disturbance-
reducing solutions such as increasing the UAVs’ altitude or keeping a maximum useful
distance to reduce disturbance [93,94]. However, other than these, more specific methods
for UAVs to perform covert monitoring of wildlife are still under investigation.
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Wildlife monitoring by UAVs can be broadly divided into two categories based on
the mission types. The first typically involves flying over the animals to monitor the
distribution of animals in a given area [92], referred to as “overflight”. The second category
is usually called “close-up” to closely inspect or observe a single animal or a small group of
animals whose locations are known ahead of the launch. In general, close-up monitoring
tends to induce stronger disturbance to subject animals. Several studies have emphasized
that great caution should always be exercised when conducting close-up animal monitor-
ing [91,92]. To reduce the negative impact (disturbance) of wildlife-monitoring UAVs, a
navigation control algorithm based on motion camouflage could be a possible solution.

Basic mechanism of motion camouflage: When a pursuer approaches a moving prey,
the former chooses its path so that it stays on a straight line segment connecting the current
position of the target and a fixed reference point); see Figure 7.

Pursuer motion

Target motion

Reference point Camouflage constraint line

Figure 7. Illustration of motion camouflage: a pursuer flies towards a moving target, camouflaging
its motion by staying on the continually changing camouflage constraint lines.

The target is unable to distinguish the moving pursuer from a stationary object be-
cause there is no optical flow on the target’s visual system when using motion camouflage.
Even without any advantage in speed, this motion strategy allows a pursuer to successfully
follow a target while concealing its motion [95]. Srinivasan [95] also shows how motion
camouflage can be used to conceal objects in both homogeneous and structured environ-
ments. Although the concept of motion camouflage is simple, experiments show that it can
fool even humans with our advanced visual system [96]. By designing guardians laws for
wildlife-monitoring UAVs based on motion camouflage, the visual disturbance induced by
UAVs to wild animals could possibly be reduced.

However, motion camouflage can not help reduce the noise disturbance of wildlife-
monitoring UAVs. Particularly, wild animals can respond to both visual and auditory
cues from UAVs in negative ways [89]. Studies show that, for animals in a noisy colony,
any sign of discomfort can be attributed to visual rather than auditory contact with the
UAVs [90] and vice versa for animals in ecosystems with little environmental noise [97].
There have been some commercialized quiet alternatives to standard UAVs. For example,
DJI Mavic Pro claims to be 60% quieter than other models [98]. In addition, a Canadian
company released the prototype of ultra-quiet UAV blades as their low-noise solution
to multi-rotor UAVs, and field tests showed that their blades can achieve 10 dB average
sound reduction [99,100]. A demonstration video can be seen at https://www.youtube.
com/watch?v=1LNKL92kMKE, accessed on 1 July 2021. Adopting such UAVs to monitor
animals can cause less noise disturbance.

5. Radio Surveillance by UAV-BSs

The deployment of unmanned aerial vehicles (UAVs) as UAV base stations (UAV-BSs)
has been considered a feasible solution to surveil network users and to provide network
coverage in scenarios where the conventional ground network is inaccessible or overloaded
due to emergency events. Due to its mobility, fast deployment, and corporation, UAV-BSs
can assist wireless communication networks in a variety of scenarios, such as serving

https://www.youtube.com/watch?v=1LNKL92kMKE
https://www.youtube.com/watch?v=1LNKL92kMKE


Future Internet 2021, 13, 174 12 of 21

users in severe shadow or interference conditions. For UAV-BSs, a fundamental research
problem is its optimal deployment. An increasing number of publications have investigated
the optimal deployment of UAV-BSs for improving network performance [20,101–111].
The search results from Web of Science Core Collection show that the research related to
the deployment/placement of UAV-BSs has increased rapidly since 2015, as indicated in
Figure 8. An example of UAV-BSs’ application scenario can be seen in Figure 9. We now
present a brief review of some representative work on this topic.

Figure 8. Number of publications on deployment/placement of UAV-BSs From the Web of Science
Core Collection.

Figure 9. Example of UAV-BSs’ application scenario.

References [101–103] investigated the problem of deploying UAV-BSs to serve mobile
users based on a priori user distributions on a street graph. The authors assume that the user
distributions represent traffic demand at a specific location in the city. The 3D deployment
problem of UAV-BSs was formulated as a mixed-integer nonlinear problem (MINLP)
in Reference [20], and the problem was solved using the interior-point optimizer of the
MOSEK solver and bisection search. References [104,105] studied the UAV-BSs’ deployment
problem without pre-known locations of users, in which a searching mechanism was
adopted by the UAV-BSs to find the users. In addition to mobility, another major difference
between a UAV-BS and a ground BS is that UAV-BSs rely on wireless connections for the
backhaul links, whereas ground-BSs usually have fixed-wired backhaul links. Thus, one of
the biggest challenges in the deployment of UAV-BSs is the availability of reliable wireless
backhaul links. Existing literature has considered various aspects regarding UAV-BSs’
deployment for wireless coverage, but the backhaul limitations of UAV-BSs have not been
treated in many details. The backhaul links of UAV-BSs may be dedicated, satellite-based,
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or in-band. Specifically, dedicated backhaul links could be mmWave link or free-space
optical communication (FSO) between the core networks and the UAV-BSs. Satellite-
based backhaul links require the UAV-BS to be equipped with a satellite transceiver for
establishing the backhaul connections via satellites. As for in-band backhaul links, the
main technique currently used for wireless backhaul links of LTE or WiFi is based on radio-
frequency (RF) microwave [109]. Since the satellite transceiver is both energy-inefficient
and expensive, the UAV-BSs with in-band or dedicated backhaul links are more practical.

Existing publications have investigated various aspects regarding UAV-BSs’ deploy-
ment for wireless coverage. For example, the authors of [19,27] studied the optimal
deployment of UAV-BSs to achieve energy-efficient wireless coverage. The authors in [27]
formulated a problem to minimize the average transmit power of a UAV-BS that serves a set
of ground users with equal and non-equal transmit power to each user, respectively. Based
on the decoupling method, the authors proposed an optimal UAV-BS placement algorithm
when considering the equal transmit power to each user. For the non-equal transmit power
case, the authors in [27] further proposed a UAV-BS placement algorithm by using the
successive convex approximation (SCA) technique. Their simulation results verified the
power savings of the proposed algorithms. The paper [19] proposed an optimal placement
algorithm for multiple UAV-BSs that maximizes the number of covered users using the
minimum transmit power. To simplify the UAV-BSs’ deployment problem, the authors
in [19] decoupled the problem in the vertical and horizontal dimensions. They modelled
the UAV-BS deployment in the horizontal dimension as a circle placement problem and the
smallest enclosing circle problem. The simulations in [19] verified the transmission power
savings and increased in the number of covered users as the user heterogeneity increases
by applying the proposed method. To investigate the 3D deployment of a UAV-BS to maxi-
mize the number of covered users with different quality-of-service (QoS) requirements, the
authors of [19] modelled the deployment problem as a multiple circles placement problem
and proposed an exhaustive search (ES) algorithm over a 1D parameter in a closed region.
In addition to the ES algorithm, the authors of [19] also proposed a maximal weighted
area (MWA) algorithm to solve the placement problem, which is computationally efficient.
To investigate the UAV-BS deployment for minimum-delay communications, the authors
of [112] formulated a minimum-delay UAV-BS placement problem, subject to practical con-
straints imposed on the UAV-BS’ battery life and velocity. The authors in [112] transformed
the primal problem to the corresponding constrained Markov decision process (CMDP)
and provided a reinforcement learning-aided solution to the problems formulated under
various assumptions concerning the wireless teletraffic dynamics. Reference [111] studied
the placement optimization of multiple UAV-BSs, subject to minimizing the number of
UAV-BSs to cover every user in the considered area. To this end, the authors in [111]
proposed a polynomial-time algorithm with successive UAV-BSs placement, where the
UAV-BSs are placed sequentially starting on the area perimeter of the uncovered users
along a spiral path toward the centre, until all users are covered.

Previous studies recognized the key role played by the backhaul limitations while
designing and deploying UAV-BSs [108–110]. The authors in [110] proposed a framework
that utilizes the 3D mobility of the UAV-BSs as the major degree of freedom to find the
optimal precoder design for the backhaul links, UAV-BSs’ 3D hovering locations, power
allocations, and user-BS association by exhaustive search. Reference [108] studied the opti-
mal 3D deployment of a UAV-BS over an urban environment with users that have various
rate requirements, considering both the bandwidth of a UAV-BS and the wireless backhaul
peak rate as the limiting factors. In particular, the authors of [108] adopted the exhaustive
search and branch-and-bound method in a step size of 100 m to search for UAV-BS’s 3D
location to maximize the total number of served users and sum-rates. Such as solution,
however, has the same problem as in [110] in that the solutions are both inefficient and can-
not guarantee accurately optimal results. In addition, these two methods simply assumed
that the UAV-BSs are connected to remote ground-BSs, which is not practical for ignoring
the backhaul links’ communication range constraint. The authors in [102] introduced the
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use of a robust extended Kalman filter to estimate users’ positions with the received signal
strength indication (RSSI) and proposed a decentralized algorithm to find a locally optimal
result to maximize UAV-BSs’ coverage while considering both the backhaul limitations
and collision avoidance of UAV-BSs. However, the results may not be globally optimal.
Reference [113] studied a joint placement, resource allocation, and user association problem
for multiple UAV-BSs with constrained backhaul links. The authors first determined the
best resource allocation schemes based on various fronthaul and backhaul conditions and
then developed an efficient iterative algorithm to optimize user association and UAV-BSs
placement simultaneously. Specifically, they developed a bipartite graph matching-based
sub-process and dual-domain coordinated descent to identify an optimal user association
with nearby UAV-BSs. The authors of [114] investigated the backhaul-aware trajectory
optimization of fixed-wing UAV-BSs for continuous available long-time wireless service. In
detail, the authors of [114] adopted convex optimization theory to derive optimal resource
allocations for both in-band and out-band wireless backhaul schemes of UAV-BSs. The
energy-efficient trajectories were obtained by the sequential convex optimization method.
To solve the optimal 3D placement of UAV-BSs considering wireless backhaul limitation, au-
tonomous coverage hole detection, and user demand, the authors of [115] took advantage
of UAV-BSs’ mobility and Q-learning to autonomously detect coverage hole in a targeted
area and to then deploy UAV-BSs by considering wireless backhaul limitation with user
demand and the core network. Aimed at maximizing the number of associated users,
the authors formulated an optimization problem for 3D placement of UAV-BSs at various
angular positions and proposed a centralized solution to solve it.

Research Gap and Future Directions

Previous studies on UAV-BSs’ deployment problem often assumed that the accurate
locations of network users are known a priori whereas the location of network users is
often unavailable, especially in disaster areas. Since cellphones will continuously search
for and automatically connect to available base stations nearby and UAV-BSs’ mobility
enables triangulation of a user’s location, UAV-BSs have the potential to sense users’
locations by themselves. Thus, the research on UAV-BSs’ deployment based on automated
sensing of users’ locations/distribution is has potential as a future direction. Specifically,
UTDOA (Uplink Time Difference of Arrival) positioning is one of the dominating methods
for locating cellular network users because of its high precision. Conventional UTDOA
positioning is basically conducted through the following procedure [116,117]:

Conventional UTDOA Positioning Procedure

1. As an integrated central processor in the network, Evolved Serving Mobile
Location Center (E-SMLC) requests the position of the user equipment (UE)
through the connected base station (BS).

2. UE replies by transmitting a reference signal called Sounding Reference Signal
(SRS). Afterwards, the time-of-arrival (TOA) measurements are captured from
the SRS received at each BS and sent to E-SMLC.

3. The time-difference-of-arrival (TDOA) between multiple BSs and a reference
BS (usually the closest BS to the UE) is then calculated from received TOA
information in E-SMLC.

4. Finally, E-SMLC calculates the distance difference between UE to BSs from
TDOA and estimates the UE position by solving the resulting hyperbolic
equations. The location of each BS is supposed to be known by E-SMLC.

The signal transmission process of UTDOA positioning is as illustrated in Figure 10.
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Figure 10. Signal transmission of conventional UTDOA positioning.

Note that conventional UTDOA positioning requires at least three BSs to locate the
UEs. With UAV-BSs’ mobility, we think it is possible to conduct UTDOA positioning using
a single UAV-BS through the following procedure:

Possible Solution of UTDOA Positioning by UAV-BS

1. E-SMLC requests at least three times the position of the UE that is covered by
a flying UAV-BS. The time gap between each request should be enough for the
relative distance between the UE and the UAV-BS to change significantly.

2. UE replies at least three SRSs, received by the UAV-BS successively. Then,
TOA measurements based on received SRSs are captured and sent to E-SMLC
together with the real-time locations of the UAV-BS while receiving SRSs.

3. E-SMLC calculates TDOA from received TOA measurements and calculates
the difference between the distances from the UE to the UAV-BS from TDOA.

4. Ultimately, the UE position is estimated by solving the resulting hyperbolic
equations based on the difference in estimate and the UAV-BS’ locations as in
conventional UTDOA positioning.

An illustration of the signal transmission process of the proposed UTDOA using a
flying UAV-BS can be seen in Figure 11.
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Figure 11. Signal transmission of the proposed UTDOA by UAV-BS.

6. Conclusions

In this paper, the applications of networked UAVs for surveillance and monitoring
were investigated. Several typical problems across applications such as the navigation,
deployment optimization, and coordination of UAVs were discussed. Specifically, we
select some representative publications and classify them by targets of interest. In detail,
we presented a review on the use of UAVs for general target surveillance, traffic moni-
toring, wildlife monitoring, and radio surveillance. The related research gap and future
directions in the form of limitations of existing approaches and possible solutions are also
discussed at the end of each main section. This paper mainly focused on some high-level
topics of surveillance UAVs. Some other aspects that are related to surveillance UAVs,
such as communication techniques between UAVs and low-level control techniques, are
not covered.

We notice that most of the existing publications on surveillance by UAVs have not
taken into account the noise produced by UAVs. They can make strong noise especially
when they are close to the targets of interest. While such noise may not impact monitoring
performance in certain scenarios such as using UAVs to monitor road traffic, it does make
a strong influence in sound-sensitive applications such as the surveillance of wildlife
animals and criminal suspects. As these types of targets may not behave as normal more
once, they realize that some unfamiliar objects (e.g., UAVs) are around. Thus, developing
low-noise UAVs would be a quite useful direction for future study. Additionally, there
is still room for the development of highly autonomous UAVs. State-of-the-art UAVs are
mainly trained for specific and well-structured environments. They are very likely to fail
to operate in unstructured or new environments. From this sense, developing UAVs that
are capable of learning and on-the-fly adaptation to environmental novelty is necessary
and challenging [118,119] . Moreover, off-the-shelf UAV products, especially rotary-wing
UAVs, are often restricted in operation time due to limitations in the payload. Therefore,
the next generation of UAVs needs to be more energy-efficient than current systems and
able to pursue complex goals in highly dynamic and even adversarial environments. Last
but not least, as counter-UAV systems have been studied and developed [120,121], the
development of smarter UAVs that can avoid detection and tracking by such a system is
meaningful, especially in military surveillance applications.
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