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UAV Trajectory Optimization for Joint Relay
Communication and Image Surveillance

Nguyen Van Cuong™, Graduate Student Member, IEEE, Y.-W. Peter Hong
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Abstract— This work examines the use of image surveillance
UAVs for relay communication between ground users and a
remote base station (BS). UAVs take aerial images of the sur-
veillance region and forward them to the BS while serving
the uplink transmission demands of ground users. We first
consider the single-UAV scenario and jointly determine the UAV’s
trajectory, task assignment, user association, and rate allocation
by maximizing the sum-log-throughput of the users subject to
constraints on the surveillance coverage, image transmission
requirements, and relay capacity. The resulting mixed-integer
nonlinear programming problem is solved by an inexact block
coordinate descent (BCD) algorithm where we inherit ideas
from the exact penalty method for mathematical programming
with equilibrium constraints to relax the integer constraints
and the successive convex approximation approach to address
the non-convexity of the trajectory optimization problem. Then,
we extend the proposed framework to the case with multiple
UAVs that are dispatched to cover a wide surveillance region.
The UAVs may complete both relay and surveillance tasks more
efficiently through cooperation and proper task allocation for
UAVs. A similar BCD algorithm is adopted to solve the problem.
Numerical simulations are provided to demonstrate the effective-
ness of the proposed scheme over several baseline methods.

Index Terms—UAV communication, trajectory optimization,
image surveillance, throughput maximization, proportional fair-
ness, successive convex approximation.

I. INTRODUCTION

NMANNED aerial vehicles (UAVs) have been widely

adopted in both military and civilian applications [1],
such as image surveillance, package delivery, disaster recov-
ery, and cellular communications. In image surveillance
applications (e.g., for traffic monitoring [2], infrastructure
inspection [3], border surveillance [4], or search and rescue
missions [5]), UAVs can be viewed as mobile sensing units that
are dispatched to collect physical information of the system
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or environment. In wireless communications, UAVs have been
utilized as aerial base stations (BSs) [6], [7] or mobile relays
[8]-[13] to enhance the coverage and throughput of cellular
networks (or even for secure communication purposes [14]).
The deployment flexibility allows UAVs to adapt their chan-
nels toward ground users based on the users’ locations and
the surrounding environment. By flying at a higher altitude,
the reliability of the link between UAVs and ground users
can be improved due to the increased line-of-sight (LoS)
probability. In Internet-of-Things (IoTs), UAVs can also be
dispatched to gather data from devices located in remote or
hazardous environments [15]. However, the use of dedicated
UAVs for separate sensing and communication tasks may be
costly in practice, which motivates the use of multi-purpose
UAVs to jointly fulfill the requirements of both tasks. This
is also desirable in many IoT applications that require multi-
modal information, e.g., through communication with ground
devices and sensing by onboard devices. For example, in traffic
monitoring, UAVs may need to capture images of the traffic
conditions while collecting digital information from roadside
units; in infrastructure inspection, UAVs may need to capture
images of bridges or buildings to detect structural damages
while collecting information from wireless sensors embedded
in the infrastructure.

In this work, we consider the use of image surveillance
UAVs as mobile relays to serve the data transmission demands
of ground users while fulfilling the image surveillance tasks.
In surveillance applications, UAVs are typically equipped with
cameras for taking photographs of the target region. For
example, in [2], multiple UAVs with mounted cameras were
used for detecting and tracking vehicles on city roads. UAVs
locally processed the photographs taken by their cameras to
infer information about the ground vehicles, such as their
moving speeds and directions. A similar traffic monitoring
application was also considered in [16], where UAVs were
dispatched to take images of certain events (e.g., traffic acci-
dents) at their respective locations. In [17], a UAV was utilized
for the surveillance of disaster areas. The UAV trajectory
was determined to maximize the nonredundant information
captured by the UAV-mounted cameras. Moreover, [18] con-
sidered the use of a video-streaming UAV and proposed to
jointly determine the UAV’s trajectory, video configurations,
and power allocation by maximizing the energy efficiency
of the system. Ref. [19] adopted energy efficiency as the
main objective to determine the computation and transmis-
sion scheduling of image surveillance tasks. The computation
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schedule determines whether the image data is pre-processed
at the UAV or not before being sent to the ground terminal.
Ref. [20] considered the autonomous tracking and video sur-
veillance of suspicious UAVs by legitimate monitoring UAVs.
The optimal UAV trajectory was determined by taking into
consideration both propulsion and thrust powers as well as
the solar energy harvesting process and the covertness of the
mission. In addition, the use of multiple UAVs in coordinated
formation for surveillance applications has also been examined
in, e.g., [21], [22]. In particular, [21] considered the use of
multiple UAVs for image surveillance and proposed a dynam-
ically alternating formation called DiagonalX to minimize the
sensing region overlap while reducing the travel distances.
In [22], the path planning of UAVs in triangular formation
was optimized by utilizing the particle swarm optimization
algorithm for real-time surface inspection. Notice that all of
the above works focused on using UAVs only for image
surveillance and did not consider the possible communication
services that the UAVs can provide. In addition to surveillance
applications, several works, e.g., [23]-[25], also considered the
use of UAVs for general mobile sensing tasks. However, these
works focused on how to efficiently deliver the information
sensed by the UAVs to the BS. The nature of the sensing
tasks and the use of UAVs as mobile relays for ground users
were not taken into consideration in their designs.

UAV trajectory designs for the sole purpose of relay com-
munication have also been examined recently in [8]-[13].
Specifically, [8] utilized the UAV as a mobile relay between
a source and a destination node, and jointly determined the
flight trajectory and transmit power by maximizing the overall
throughput. In [9], a UAV was deployed to assist the downlink
transmission from BSs to cell-edge users. The user association
and UAV mobility management, including trajectory, velocity,
and acceleration, were jointly optimized to maximize the
sum rate of the users subject to the minimum rate require-
ments of different users. In [10], the UAV’s trajectory was
determined jointly with the bandwidth allocation to ensure
maximum fairness among users. Moreover, [11] investigated
a UAV-aided relay network and proposed a low-complexity
solution for the joint design of the UAV trajectory, user
scheduling, and bandwidth allocation that aims to maximize
the users’ throughput under fairness considerations. In [12],
a UAV was also employed to provide relay communication
to multiple users using orthogonal frequency division mul-
tiple access (OFDMA). The users’ fairness throughput was
improved by jointly optimizing the communication mode (i.e.,
cellular mode or relay mode), subchannel allocation, power
allocation, and UAV trajectory. In [13], a UAV-assisted com-
munication relay network was proposed for IoT applications.
The UAV trajectory and resource allocation were jointly deter-
mined by maximizing the number of served IoT sensor nodes.
Notice that the above works employed dedicated UAVs for
relaying without the consideration of other potential tasks.
However, when employing surveillance UAVs to assist the
communication of ground users, as done in our work, the
additional constraints posed by the surveillance requirements
must also be taken into account in the communication and
trajectory designs.
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In this work, we examine the use of image surveillance
UAVs for relay communication between ground users and a
remote BS. The UAVs take aerial images of the surveillance
region using a downward-tilted camera and forward them to
the BS while serving the uplink transmission demands of the
ground users. Both the field-of-view of the camera and the
transmission rates of the users are affected by the UAVs’ loca-
tions and altitudes. The joint consideration of image surveil-
lance and relay communication brings two main challenges:
(i) the need to cover the entire surveillance region over time
and (ii) the sharing of the UAV-to-BS links for the transmission
of surveillance images and relay data. The former restricts
the trajectories of the UAVs from deviating far from the
surveillance region and also prevents the UAVs from hovering
above certain regions (e.g., regions with many ground users)
for an extended period of time so that the entire surveillance
region may be covered before the deadline. The latter relies
on the optimal assignment of image surveillance and relay
communication tasks to best utilize the available bandwidth on
the UAV-to-BS links. The problem is particularly challenging
in the multiple-UAV scenario, where it is necessary to further
determine the cooperative assignment of relay and surveillance
tasks as well as the joint coverage of the surveillance region.

In particular, we jointly determine the optimal UAV tra-
jectory, surveillance task assignment, user association, and
rate allocation for both the single-UAV and the multiple-UAV
scenarios. Our main contributions are summarized as follows:

o We propose the use of UAVs for multiple purposes,
namely, image surveillance and relay communication,
to reduce the cost of deploying many UAVs in the field,
and examine how the requirements of one task may
impact the performance of the other.

o First, in the single-UAV scenario, we maximize the sum-
log-throughput of the ground users subject to constraints
on the surveillance coverage, the image transmission
requirements, and the relay capacity over the entire time
horizon. The sum-log-throughput is utilized as a measure
of proportional fairness among users [26]-[28]. A trans-
mission causality constraint is imposed to ensure that the
image and user data are received by the UAV before
being forwarded to the BS. We introduce auxiliary task
assignment variables to ensure coverage of the entire
surveillance region over time and to determine the image
data to be transmitted in each time slot, which are both
difficult to address otherwise.

o We propose an inexact block coordinate descent (BCD)
algorithm to solve the resulting mixed-integer nonlinear
programming (MINLP) problem. Here, the integer con-
straints are relaxed by incorporating ideas from the exact
penalty method (EPM) for mathematical programming
with equilibrium constraints (MPEC) to ensure solutions
close to 0 and 1. Moreover, to address the non-convexity
of the UAV trajectory optimization problem, we adopt
a successive convex approximation (SCA) procedure to
convert the problem into a sequence of tractable convex
optimization problems.

o Then, we extend our proposed framework to the
multiple-UAV scenario where many UAVs may be
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dispatched to cooperatively perform the image surveil-
lance and relay communication tasks over a broader
region. The flight trajectories, surveillance task assign-
ments, user association, and rate allocation are jointly
optimized over all UAVs by adopting a similar inexact
BCD algorithm. In this case, some UAVs may be allo-
cated more resources for communication if they are better
positioned to serve the ground users whereas other UAVs
may be assigned larger surveillance regions to cover.

o Numerical simulations are provided to demonstrate the
effectiveness of the proposed scheme. The results show
that the proposed scheme significantly outperforms base-
line schemes that employ uniform trajectory and/or near-
est association in terms of the sum-log-throughput.

It is worth noting that the use of UAVs to serve multiple
purposes or applications simultaneously has also been con-
sidered in many existing works. For example, [29] utilized
the UAV to perform wireless power transfer to charge the
users in the downlink while collecting data from the users that
send back the information using harvested energy; [30] inves-
tigated a UAV-enabled wireless powered cooperative mobile
edge computing system, where the UAV was used to provide
both energy and computing services to sensor devices on the
ground; and [31] considered the use of a single UAV to serve
multiple networking tasks, including information relay, energy
relay, and mobile edge computing tasks. While the UAVs
serve multiple purposes in the above works, these purposes
are related to the radio frequency (RF) transmission of either
energy or communication which has similar considerations in
terms of channel, path loss, and energy consumption. While
the use of multi-purpose UAVs for non-RF-related tasks was
considered in [32], the focus was on efficient package delivery
under coverage requirements. The communication throughput
was not considered explicitly in their work.

The remainder of the paper is organized as follows.
In Section II, we present the system model and problem
formulation for joint relay communication and image sur-
veillance by a single UAV. In Section III, we propose a
solution for the single-UAV scenario using EPM and SCA. The
proposed framework is extended to the multiple-UAV scenario
in Section IV. Numerical results for verifying the proposed
solution are provided in Section V for both the single-UAV
and multiple-UAV scenarios. Finally, we conclude our paper
in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Let us consider an image surveillance UAV that is responsi-
ble for capturing images from a specified surveillance region
while also serving as a wireless relay to forward information
from the ground users to a distant BS, as illustrated in Fig. 1.
The surveillance region takes on the shape of a long strip (or
straight band) with length L and width W, such as the case in
traffic monitoring or water pipe inspection. The UAV travels
along the length of the strip to capture images of the entire sur-
veillance region while relaying information for ground users
that are located along and on both sides of the region. The
surveillance region is described by the area [0, L] x [%, %]
on the z-y plane. We assume that the surveillance mission
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Fig. 1. TIllustration of the joint image surveillance and relay communication
task by a single UAV.

must be completed within N time slots, each with duration
7. The image captured by the surveillance camera and the
information received from the ground users in each time slot
can be stored by the UAV and forwarded to the BS in the
current or later time slots. The UAV’s trajectory over N time
slots is denoted by (z[n], y[n], h[n]), forn =1,..., N, where
x[n] and y[n] are the horizontal and vertical coordinates in slot
n and h[n] is the height (or altitude). Here, we first consider
the trajectory design of a single UAV that traverses the region
along the length of the strip. The UAV serves both as a
cellular user that generates data from the surveillance mission
and also as a part of the cellular infrastructure that assists
the communication by ground users. The single-UAV case
provides initial insights on the main challenges encountered
in the proposed problem and the techniques needed to address
these challenges. The extension to the multiple-UAV case,
which further involves the cooperative task assignment among
UAVs, will be discussed in Section IV.

Image Surveillance Model. In the surveillance task, the
surveillance images are taken by a downward-tilted camera
mounted on the UAV. The camera has a horizontal field-of-
view (HFOV) and a vertical field-of-view (VFOV) that is
aligned with the = axis and the y axis, respectively, as illus-
trated in Fig. 2. Given the horizontal and the vertical angles-
of-view ¢, and ¢,, the HFOV and VFOV of the camera
in time slot n can be written as HFOV[n] = 2h[n] tan%
and VFOV[n] = 2hn] tan% [33], respectively. Therefore,
by taking a snapshot at location (x[n],y[n],h[n]) in time
slot n, the UAV is able to capture an image that covers the
rectangular region [z[n] — h[n]tan 2, z[n] + h[n] tan 2] x
ly[n] — hn]tan 2=, y[n] + h[n] tan &]. We assume that the
digital image sensor in the camera consists of I pixels that are
equally spaced in both the horizontal and vertical dimensions.
Therefore, the resolution of the captured image, which is
measured by the number of pixels per meter square (PPM?),
is given by

I I
PPM?[n] = = :
HFOV[n]-VFOV[n] ~ 4tan tan%ehn)2

ey
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Fig. 2.  Example of the coverage of the image surveillance tasks over N
time slots.

Notice that, in practice, the diameters of each pixel are often
assumed to be the same in both dimensions and thus the image
resolution can be equivalently measured by the number of
pixels per meter (PPM) [34] (i.e., PPM[n] = I),/JHFOV[n] =
I, /VFOV|n|, where I}, and I, are the number of pixels in
the horizontal and vertical dimensions, respectively). However,
we consider the definition of PPM?[n] instead for notational
convenience. The UAV is assumed to traverse the surveillance
region from left to right while taking an image in each
time slot. The union of the images taken over IV time slots
must together cover the entire surveillance region. To do so,
we introduce the auxiliary task assignment variables {¢[n]}"_,
to determine the subregions that the UAV must cover in each
time slot. In particular, by letting 0 = £[0] < /[1] < --- <
¢[N] = L, we effectively partition the surveillance region into
N segments [¢([n — 1], ¢[n]] x [ZX, %] for n = 1,..., N,
and let each segment be captured by the image taken by the
UAV in the corresponding time slot. In this case, the UAV’s
position at time slot n must satisfy the following constraints:

tn—1)> afn] — hfn] tan 2 (2a)
{ln] < afn] + hln] tan 2, (2b)
vln] + hin tan & > W (20)
y[n] — hin] tan % < % (2d)

The above constraints ensure that both the length and the width
of the segment assigned to time slot n are covered by the
HFOV and the VFOV of the camera, respectively. Notice that
there is no restriction on the minimum size of the segment
that must be captured in each time slot. Hence, it is possible
to have ¢[n — 1] = {[n] if no image is to be captured by the
UAV in time slot n. Moreover, we also impose a minimum
resolution requirement on the captured image in each time slot
such that PPM? [n] > n?, for all n, or equivalently

1 I

On o
21\ tan S+ tan 5

hin] < , n. 3)

A minimum UAV altitude h,;, is also imposed to account for
possible security regulations. For convenience, we define the
set of feasible flight trajectories and task assignments under
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time slots | 1 | 2 | n

sub-time slots

user-to-UAV | UAV-to-BS |
51 I T2 I

Fig. 3. [Illustration of the communication frame structure. Each time slot is
divided into two sub-time slots with durations 71 and 7o L 71 that are
used for the user-to-UAV and the UAV-to-BS transmissions, respectively.

the constraints given above as
7 2 {{aln], yin). hln], €]}y 0 < 1) < -
< ([N) = L, @), 3), and hfn] = huwin, ¥} (4)

Notice that 7 is a convex set since all the constraints speci-
fying the set are linear.

The image captured in each time slot is cropped so that it
includes only the portion of the image corresponding to the
assigned subregion, i.e., [([n—1], £[n]] x [52X, %] for time slot
n. In this case, the number of pixels in the remaining image of
interest will be W (£[n] — £[n— 1])PPM?[n]. Suppose that each
pixel is represented by b bits. For example, by considering
a 24-bit RGB color system with a compression ratio of p,
we have b = 24p bits per pixel. Then, the number of bits that
must be transmitted in slot n for the surveillance task can be

given by

Rc[n] = bW (¢[n] — £[n — 1])PPM?[n]
lin] — L[n — 1]

~TRE

)

where ¢ £ bl 5 It is worthwhile to note that down-

4 tan d)Th tan -
sampling or other types of compression techniques can also
be considered here, which may lead to different transmission
load requirements for the image data, and can be analyzed in
a similar fashion.

Transmission Model. Suppose that the UAV is also
employed as a mobile relay to serve the uplink transmission
demands of M ground users to the BS. To do so, we divide
each time slot into two sub-time slots with durations 7; and
5 £ 7 — 71 that are used for the user-to-UAV and the UAV-
to-BS transmissions, respectively, as illustrated in Fig. 3. The
UAV collects uplink data from the ground users in the first
sub-time slot and forwards the information (including both
the users’ data and the captured images) to the BS in the
second sub-time slot. We assume that the user-to-UAV and the
UAV-to-BS links are dominated by LoS links, as considered
in [35]. Then, for user m at location q,, = (T, Ym,0) and
BS at location qp = (25, yB, hi), the capacities of the user-
to-UAV and the UAV-to-BS links in slot n can be written as

Py /BN,
HMMwMJWm—qm2>(®

R,,[n] = 11 Blog, (1 +

and
Py /BNy
| (z[n], y[n], hn]) — QB|2>’ (N

Rp[n] = 12 Blog, (1 +
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where P, and Py are the transmit powers of user m and the
UAV, respectively, B is the transmission bandwidth, and N is
the noise power spectral density. Here, we assume that only
one user is served by the UAV in each time slot. The user
association is indicated by the binary variables a,,,[n] € {0, 1},
for all m and n, where a,,[n] = 1 if user m is served in slot
n, and a,,[n] = 0, otherwise. Therefore, the user association
variables must satisfy E%zl am[n] < 1, for all n. Moreover,
to ensure fairness, we further assume that each user is served
at least once over N time slots, i.e., Zﬁle am[n] > 1, for
all m. For convenience, we define the set of feasible user
association variables under the above linear constraints as

AL {{am ], ¥Yn,m} : Z am[n] < 1,Vn,

and Zam |>1 Vm} 8)

The rate allocated to user m in slot n (denoted by r,,[n])
must satisfy

Tm[n] < am[n]Rm[n]. 9)

Moreover, we assume that the information obtained from
both the user and the surveillance task in each time slot
must be transmitted to the BS over the UAV-to-BS link in
either the current or future time slots. In this case, the total
information received in the current and future time slots (e.g.,
slots n,n 4+ 1,..., N) must be less than the total UAV-to-BS
capacity over the same period. This results in the so-called
transmission causality constraint, which is given by

N M N
> (X < 3 Male),

') + Re [n’])
n'=n m=1 n'=n

for n=1,...,N. (10)

Problem Formulation. The main objective of this work
is to determine the optimal flight trajectory, surveillance
task assignment, user association, and rate allocation policy
that maximizes the sum-log-throughput of ground users sub-
ject to the surveillance requirements and the trajectory and
rate constraints over N time slots. The sum-log-throughput
is utilized as a measure of proportional fairness as done
in [26]-[28]. The problem is formulated as

z[n]ym ax Lo, z}lln;rm (11a)

am [n],rm[n ] VYm,n

subject to
{wln], ylnl, hlnl, €In]}5, € T, (11b)
{am[n],Ym,n} € A, (11c)
m[n] € {0,1}, Vn,m, (11d)
rm[ ]< am[n]Rm[n], Ym,n, (11e)
Z Zrm J+Re[n ) ZRB n, (1)
||(~’C[n]ay[N]7h[n]) = (2[n = 1], yln = 1], hln = 1)|?

<vmax ) VTLZ2,

(ITg)
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where (11b) includes linear constraints on the partitioning
of the surveillance regions and the UAV’s position to ensure
successful image capture in each time slot, and (11c) and
(11d) are constraints on the user association. Moreover, (11e)
is the constraint on the user-to-UAV transmission rate, (11f)
is the transmission causality constraint, and (11g) limits the
travel distance between consecutive time slots due to the
maximum velocity constraint. Here, vpax 1S the maximum
flight velocity. The above problem is a mixed-integer
nonlinear programming (MINLP) problem that is difficult to
solve efficiently in general.

It is interesting to remark that a tradeoff may exist between
the camera coverage and the relay throughput in each time slot.
In fact, the UAV can obtain a larger field-of-view by flying at a
higher altitude, but yields lower transmission rates between the
users and the UAV. Hence, the UAV may tend to fly at a lower
altitude and velocity when passing through areas with many
ground users so that the transmission rates between the users
and the UAV can be increased, and may fly at a higher altitude
and faster velocity in other time slots so that larger images can
be captured to rapidly cover the overall surveillance region.
Moreover, the efficient sharing of the UAV-to-BS link may also
significantly impact the performance of the two tasks. In fact,
more resources should be allocated for relaying when the UAV
is passing over areas with more ground users and for image
transmission in other time slots to fulfill the overall surveil-
lance mission. In the following, we inherit ideas from the exact
penalty method (EPM) for mathematical programming with
equilibrium constraints (MPEC) to relax the integer constraints
and adopt a successive convex approximation (SCA) approach
to address the non-convexity of the problem.

III. JOINT OPTIMIZATION OF UAV TRAJECTORY, TASK
ASSIGNMENT, AND USER ASSOCIATION VIA INEXACT
BLOCK COORDINATE DESCENT

In this section, we propose an efficient solution for the joint
trajectory design, task assignment, and user association prob-
lem in (11). Following the EPM for MPEC proposed in [36],
we impose an additional penalty term upon the relaxation of
the binary variables to regularize the solution towards O and 1.
Then, the UAV trajectory, the task assignment, the user asso-
ciation, and the auxiliary penalty variables are optimized in
turn until convergence using a block coordinate descent (BCD)
algorithm. The optimization of the UAV trajectory is non-
convex and, thus, is further addressed using a successive
convex approximation (SCA) approach.

Specifically, instead of adopting the standard linear pro-
gramming (LP) relaxation on the binary variables, where the
binary constraints a,,[n] € {0, 1}, for all m and n, are simply
replaced with the box constraints 0 < a,,[n] < 1, we adopt
the EPM to regularize the solution closer to 0 and 1. The main
insight is based on the following result from [36].

Lemma 1 ([36]): Let a,v € R4, Suppose that 0 < a < 1,
|I2v — 1|2 < d, and (2a — 1)T(2v — 1) = d, where 0 and
1 are d-dimensional all-zero and all-one vectors, respectively.
Then, a € {0,1}%, v € {0,1} and a = v.

Lemma 1 ensures that, when (2a — 1)7(2v — 1) = d, the
solution for a must be exactly binary. This equality is often
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referred to as the equilibrium constraint in the literature [37],
[38]. Moreover, it can be shown that (2a—1)7 (2v—1) < d, for
any feasible a and v, and thus the binary solution is attained
when the term (2a — 1)7(2v — 1) is maximized under the
constraints 0 < a < 1 and ||2v — 1|2 < d. In our problem,
the vector a can be viewed as the vector of values a,, [n], for
all m and n, and, thus, the dimension is d = M N. Hence,
to ensure that the solution of a yields entries that are close
to 0 or 1 after the LP relaxation, we impose an additional
regularization on the term (2a—1)7(2v — 1) and reformulate
the problem in (11) as

M N
max 1n rmln

z[n],y[n],h[n], 2 ; [n]
L[n],am[n],rm[n],
v [n],Ym,n

+ Ai i (2am[n]—1) (2v,—1) (12a)

subject to 0 T;m[;}<1 Ym, n, (12b)
Z Z 20m[n] — 1)2 < NM, (12¢)

(7;1;;? (1110) and (11e)-(11g).  (12d)

Here, v,,[n], for all m and n, are the auxiliary penalty
variables that form the vector v in Lemma 1. With \ suffi-
ciently large, the solution of both a,,[n] and v,,[n], for all
m and n, can be forced close to O or 1. The problem in
(12) can then be solved using a BCD algorithm, where the
block variables Xy = {z[n],y[n], h[n], £[n], 7m[n], ¥Ym,n},
Xy = {am[n],rm[n],Ym,n}, and X3 = {v,,[n],¥m,n} are
optimized in turn until convergence. Moreover, the transmis-
sion rates of the ground users are included in both A} and
Xy to avoid strong locality of their solutions, as will be
clear in the following discussions. Without adopting the pro-
posed regularization, the solutions of the user association
variables may deviate significantly from 0 and 1, which
may misguide the optimization of the UAV trajectory, task
assignment, and rate allocation in other subproblems. Let
2On], yO[n], hOn], O], r5) [0, afi)[n], and v [n],
Vm,n, be the solution obtained at the end of iteration
t. Then, the updates in iteration ¢ + 1 can be described
as follows.

A. Subproblem I: UAV Trajectory and Task Assignment
Optimization

First, given the user association and penalty variables, i.e.,
all) [n] and v(f)[ ],¥m,n, and by introducing an auxiliary
variable rc[n] > Rc[n],Vn, the optimization of the UAV
trajectory and the task assignment (along with rate allocation)
in iteration ¢ + 1 can be written as

> Yl

[n]yy’ll[}:l[]’]’ m=1 n=1
rc[n],vm,n N M
A D (20 ) 1) (20 (] 1) (13a)
n=1lm=1
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subject to
P,./BN,
mln] <a®n]m Bl (1 >
rm{n] < el Blogs (Ut e Rl —anlP
vm,n, (13b)
Z(Zrm +TC ])
Py /BNy )
< B1 1 , Vn,
‘Z: ng( Ty e —asl2)
(13¢)
14 lin—1
reln) > ew h[n[]ﬁ L v, (13d)
(11b) and (11g), (13e)

where (13b) and (13c) are obtained by substituting (6)
and (7) into (1le) and (11f). In the above problem, the
constraints in (11b) and (11g) are convex with respect
to {(z[n],y[n], h[n], £[n])}Y_,, but the constraints in (13b),
(13¢), and (13d) are not. To handle these constraints, we
adopt an SCA approach where the non-convex constraints
are replaced by convex approximations around the solution
obtained in the previous iteration. The approximations are
chosen such that the constraints yield solutions that are also
feasible in the original problem.

Specifically, let us first consider the approximation of the
constraint in (13b). Notice that logy(1 + £) with a > 0 is
convex, for z > 0, and, thus, can be lower-bounded by
its first-order Taylor expansion at any point zg > 0, i.e.,
logy(1+2) > logy(1+:5)— 11{1’;‘;0 (z—x0) log, e. By taking
the approximation at the solutions z(*)[n], y(*)[n], h(®[n], and
¢Mn] for all n, obtained in iteration ¢, the right-hand-side
(RHS) of (13b) can be lower-bounded as

P,,/BNy )
1(z[n], y[n], hln]) — qm||?
[

> o) [nlr B{QY [n] = WO () [||(wln), yln], hln]) =
@O,y Ol kO ) - a2}

(t)[ |71 B log, (1 +

(14)

1 a P,/ BNo
where Qu[n] = logy |1+ qemrr @i sty —anye ) and
Pm,/BNU lo
5 log, e
(H(w(“ (n),5 D (1], A () —am 12)”

(t)[ ] 2

. By replacing

Pm /BNg

)—am |12

\ (@® 0],y [n], R0 [
the RHS of (13b) with its hrst order Taylor approximation,
we obtain an approximate convex constraint as given below:

'rm[n]
< asﬁ)[n]ﬁB{Q%}[n] — U] [||(x[n], yln], h[n]) — qm |

~ @O,y O, KO — aml?] .

The approximate constraint is stricter than the original con-
straint in (13b). That is, the solutions that are feasible under
(15) are also feasible under (13b). Moreover, since the bound
in (14) is tight at the point (z(Y)[n],y® [n], R®[n], £O[n]),
this point must also be feasible under (15).

5)
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Following arguments similar to that in (14), the constraint
in (13c) can also be approximated by the convex constraint

5 ( S ] + rel))

n’=n “m=1
N

< 3 nB{oPM] -

@Oy ) RO W) - azl?] },

where Qg) [n] £ log, §1+ TG
(Py)BNg)logg e

@ n o WD)y O w0 m))— apl??
\IIB[n]*lJr Py /BN
Iz 01,50 [0/, h O [(n/]) —ap 12

Furthermore, by taking logarithms on both sides, the con-
straint in (13d) can be written as

Inra[n] +2Inhn] > (W) + In(ln] — ¢n —1]). (17)

Notice that the RHS of (17) is strictly concave and, thus,
can be upper-bounded by its first-order Taylor expansion. This
yields the following convex constraint

Inrc(n] 4+ 21nhln]
> In(§W) + Q' [n]

+ U] (fn) — fn —1] = O[] + P —1])  (18)
In ((D[n] — (O[n — 1]), and \Ilg)[n] =

O[], y[n'], b)) —as]|?

(16)

Py /BN,
T [ A [nq)qunz) and

]

(®) s

where Q5'[n] =

In summary, suppose that 2" [n], y®[n], h®[n], 1P [n],

aﬁf,,) [n], and vT(ﬁ,) [n] for all n,m, are the solutions obtained

in iteration ¢, Then, in iteration ¢ + 1 of the SCA algorithm,

we replace the constraints in (13b), (13c), and (13d), with their

convex approximations, respectively, in (15), (16), and (18).
This yields the approximate convex optimization problem

Z In Z Tm[n

z[n], y

l[n],rmn
rl}[]]V'En]n N M
+AD Y (20 [n]-1) (200 ] -1) (19a)
n=1m=1
subject to (15), (16), (18), (11b) and (11g). (19b)

The problem is then convex and can be solved effi-
ciently by off-the-shelf convex optimization tools, e.g.,
CVX. The resulting UAV trajectory, task assignments,
and transmission rates over N time slots are denoted
by {2V [n], y D ], AW}, (€D}, and
{fgffl [n],Vm,n} respectively, and the resulting objective
value is JIt—|r1

B. Subproblem II: User Association Optimization

Given UAV trajectory {(z** D n], yt+D[n],
RFDR)IN_ |, task assignment {¢(FD[n]}N 1 and
penalty variables {v,(,tl) [n],¥m,n}, the problem in (12)
reduces to the following:

Zanrm

n=1

Inax
am[n] n],Ym,n
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N M
/\Z Z 2am[n]—1) (208 [n] - 1)
o (20a)
subject to 0 < a,[n] <1, Vm,n, (20b)
(11c), (11e) and (11f). (20c)

Notice that the regularization guides the solution of a,,[n]
towards the direction of v’ [n] in the previous iteration. The
transmission rates of the users, i.e., ry,[n], Vn,m, are again
jointly optimized with the user association variables a.,[n],
Vn,m, since they are strongly coupled through (11e). The
optimization problem in (20) is convex and can be solved by
standard convex optimization solvers. The resulting solution
is denoted by {a(H_l)[ ,¥Ym,n} and {r(H_l)[ ],¥m,n} and

the resulting objective value is denoted by JI(It ),

C. Subproblem III: Penalty Variables Update

Given user association (i.e., {aﬁfl,ﬂ) [n],Vm,n}) from the
subproblem II, the penalty variables can be updated by solving

the following problem

N M

o ZmZ (2045 [0]-1) (20m[n] 1) 21a)

subject to ZZ 20 [0 —1 < NM. (21b)
n=1m=1

The problem yields a closed-form
(t+1) B NM(za('“)[ 1-1)
vm' 0] =

2\/2

(t,+1)[n]71)2
if a 7£ 55 for some m and n, and can take on any
feasible solution, otherwise.

In the proposed algorithm, the UAV trajectory design and
task assignment problem in (19), the user association problem
in (20), and the update of the penalty variables in (21) are
solved in turn until no further improvement can be obtained in
the objective value. The procedures are summarized in Algo-
rithm 1. Here, we initialize A with a small value to provide
more flexibility to the optimization of the user association
variables in early stages. The value of A is then gradually
increased over time until its maximum value A\, is reached.
Notice that, for A,.x sufficiently large, the solution of a,,[n],
Vm, n, will be close to 0 or 1 upon convergence. The values
of a,,[n] can then be quantized to yield the final solution. The
convergence for fixed A (which occurs when A, is reached)
is ensured by the following theorem.

Theorem 1: For fixed )\, the sequence of objective values
{JI({I) }e2, is monotonically non-decreasing and, thus, con-
verges.

Proof: Let 2 [n], y®[n], O [n], 10[n], v [n], al)[n],
and v} [n] be the solutions obtained at the end of iteration
t and the resulting objective value is JI({I) . Then, in itera-
tion t + 1, the solutions in Subproblem I is first obtained
by solving the optimization problem in (19) where the
constraints in (13b), (13c), and (13d) are replaced with
their convex lower bounds about the point (z(!)[n], y®[n],

h®[n], €O [n]), with given a')[n] and v [n], ¥Ym,n. These

solution given by
+ 1, vm,n [36],

'ml

)
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lower bounds are tight at the point (z(®[n], y®[n],
h®[n], £®[n]) and, thus, the solutions obtained in iteration
t are also feasible under the convex constraints (15), (16),
and (18). Hence, the maximization must yield an objective
value that is greater than that obtained with the solution
in iteration ¢, i.e., JI(H_D > JI(ItI) . Then, in Subproblem II,
the relaxed user association variables and the transmission
rates of the users are then optimized given the UAV’s loca-
tions {(a:(t“)[n],y(t“)gn],h(t“)[n])}ﬁy:l, task assignment
(eI and v [n], Vm, n. Since the solutions of
the user association variables agf,,) [n], Ym,n and the trans-
mission rates fgffl)[n], VYm,n obtained at this point are
also feasible in this case, further optimization over a,[n]
and 7,,[n], for all m and n, in this subproblem must also
yield an objective value that improves upon that obtained
in Subproblem 1, ie., J™ > JU Similarly, the opti-
mization over the penalty variables v,,[n|, Vm,n, in Sub-
problem III should also further increase the objective value
(i.e., JI(ItIJrl) > JI(IHI)). By combining the above arguments,
we have JI({;_ b > JI({I) , 1.e., the sequence of objective val-
ues {JI(ItI) }$2, is monotonically non-decreasing. Moreover,
since the objective function is bounded, the sequence must
converge. (|

Complexity Analysis. In the proposed algorithm, we con-
vert the MINLP problem in (12) into a sequence of convex
optimization problems that can be solved by the interior point
method that is underlying several optimization solvers, such as
CVX. The computational complexity of the trajectory and task
assignment in Subproblem I using the interior point method is
O((5N 4+ NM)?In 1) [39], where 5N + N M is the number
of variables and o > 0 is the required accuracy. Similarly,
the computational complexity of the user association in Sub-
problem II is O((2NM)?In 1). The solution in Subproblem
IIT can be obtained in closed-form and, thus, is negligible.
Hence, the overall complexity of the proposed algorithm
in the single-UAV case is given by O(T((5N + NM)> +
(2NM)%)In L), where T is the number of BCD iterations.

Remark 1: It is worthwhile to note that the image capture
and/or the user association need not be done on the same
timescale as the transmission time slots. For example, suppose
that the image task assignment and user association are to be
computed only at the beginning of every N time slots, and
that the total number of time slots N is an integer multiple
of N. With time slot duration T, this amounts to performing
the task assignment and user association once every interval
of duration N over a total mission time of Nt. This can be
done by setting {[n] = ([n] and/or am[n] = am[n'], for all
n, n' such that [ ] = [%].

IV. EXTENSION TO THE CASE WITH
MULTIPLE COOPERATIVE UAVS

In this section, we extend the proposed joint relay communi-
cation and image surveillance framework to the case with mul-
tiple UAVs. Here, we assume that the width of the surveillance
region is beyond the coverage of a single UAV and, thus, a fleet
of UAVs flying in coordination is dispatched to complete the
surveillance task. In this case, the scheduling of the image
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Algorithm 1 Joint Trajectory Design, Task Assignment, and

User Association via Inexact BCD

Initialize: the UAV’s locations (29 [n], y(©[n], h(®)[n]), task

assignments £(°)[n], user association a,’ [n], and penalty vari-

ables US,‘P [n] = 0, Vm,n. Also, penalty parameters A0 > 0,

Amax > 0, and o > 1.

1: Set t = 0 and Obj®) = 0.

2: repeat

3 Givenz®[n], y®[n], KO[n], €V [n], a2 [n], and v [n),
VYm, n, solve (19) in Subproblem I to obtain the solution
D [n), yHD[n], KE+HD[n], and £E+D[n], (and also
FS:;H)[n]), Ym,n.

4 Given (D[], ytDp], AEHD[n], ¢EHD[n], and
1)7(7? [n], ¥m,n, solve (20) in Subproblem II to obtain

the solution a§ﬁ+1)[n] (and also r{i ™ [n]), Vm,n.

5. Given alt™[n], ¥m, n, solve (21) in Subproblem III to
obtain the solution v,(,t[H) [n], Vm,n.

6:  Update AHD  — min(oA®, A\ay) after every T

iterations.
7: Sett «— t+ 1.
) . [Obj® —0obj(t— 1)
8: until one-o] <e€

9: The solution is given by z*[n] = 2 [n], y*[n] = y[n],
efnl = W), o] = (Oln, vy fn] = 732 [nl. a7, o] =
avy[n], and 7, [n] = v\ [n], for all m and n.

surveillance and relay tasks can be done cooperatively among
multiple UAVs, allowing some UAVs to focus on the relay task
in some time slots while having other UAVs be responsible
for the surveillance task in these time slots. The problem is
considerably more challenging in this case since the UAVs
must now take into consideration the joint coverage of their
captured images, the user association over both UAVs and time
slots, and the allocation of image data and relay information
that must be forwarded by the UAVs to the BS.

Let us consider the cooperative trajectory design of K UAVs
for the joint relay communication and image surveillance tasks
described in the previous sections. The image surveillance task
requires the UAVs to take images that fully cover the area
[0, L] x [, %] over N time slots. We assume that W is
large and, thus, can only be covered in each time slot by
employing multiple UAVs flying in coordination. To do so,
we again introduce the horizontal task assignment variables
{€[n]}]_, to first partition the strip region horizontally into N
segments [([n— 1], {[n]] x [Z2£, %], for n = 1,..., N, where
the boundaries are chosen such that 0 = £[0] < /[1] < --- <
¢[N] = L. Each segment is to be jointly covered by the images
captured by the K UAVs in the corresponding time slot,
as illustrated in Fig. 4. Then, to divide the task among UAVs in
time slot n, we further introduce the vertical task assignment
variables {wy[n]})_, for k = 0,. .., K, to partition each seg-
ment [([n — 1], £[n]] x [=£, ¥] vertically into K rectangular
subregions [{[n—1], ¢[n]] x [wk—1[n], wg[n]], fork =1,..., K,
where =¥ = wy[n] < win] < --+ < wk(n] = & Bach
subregion is to be covered by a UAV in the corresponding

time slot.
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imagesin imagesin images in images in
slot 1 slot 2 slotn slot N
w
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we[1]
o+ UAV2 UAV 2 UAV 2 vav?2 L
wi[1]
>
w VT Tuavs UAVL DAV | |2
2
HFOV
£[0] £[1] £[2] surveillance region  £[n] £[N]
Fig. 4. Illustration of the surveillance task assignment over K = 3 UAVs

and N time slots.

Recall that, by letting (xx[n|,yx[n], hx[n]) be the 3D
coordinates of UAV £k at time slot n and by following
the definition of HFOV[n] and VFOV[n] in Section II, the
area of the image captured by UAV £k can be expressed
as [w[n] — heln] tan %, ae[n] + huln] tan %] x [yeln] —
hi[n] tan 2, yx[n] + hk[ ]tan 2] Therefore, to cover the
assigned subregion [£[n — 1],4[n]] X [wg—_1[n], wk[n]] in time
slot n, UAV k’s location at time slot m must satisfy the
constraints

lin — 1] > xx[n] — hi[n] tan %, (22a)
ln] < zg[n] + hi[n]t an%, (22b)
wiafn] > yin] — hifn] tan 2, (220)
wg[n] < yr[n] + hg[n] tan % (22d)

Furthermore, as in (3), the minimum resolution requirement
on the captured image in each time slot yields the constraints

1 I
hiln] < — ——— k.
2n tan b tan Lo o

Similar to the single-UAV case, we can again define the set
of feasible flight trajectories and surveillance task assignments
under the constraints given above as

(23)

= {{(xk[n]vyk[n];hk[n],’wk[n],g[n]),vnjk} .
0<(1]<---<{N]=L,
% Swl[n] S"'SW[{[TL]:%’

(22), (23), and hy[n] > hmin,Vk,n}. (24)

Notice that 7 is again convex since all the constraints speci-
fying the set are linear. In this case, the size of the image data
captured by UAV £ in time slot n (i.e., the number of bits that
UAV £k must transmit to the BS in slot n) is given by
wg[n] —wi—1[n])(£[n] —Lln —1
sl = el i)t = 1)
where ¢ is defined below (5). The boundaries in both the
horizontal and vertical directions, i.e., ¢[1], ..., ([N — 1]
and wy[n], ..., wr_1[n], for all n and k can be viewed as
surveillance task assignment variables that ensure the coverage
of the entire surveillance region over time.

(25)
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The UAVs are assigned orthogonal channels so that they
can concurrently receive and transmit data without mutual
interference. Each time slot is again partitioned into two
sub-time slots with durations 7; and 7 = 7 — 7y, respec-
tively, that are used for the user-to-UAV and the UAV-to-BS
transmissions. In this case, for user m at location q,, and
BS at location qp, the capacities of the user-to-UAV and the
UAV-to-BS links for UAV £k in time slot n are expressed

Pr /BN
as Ruiln] = miBlogy (1 + qopr B T qm||2) and
Py BN
Rp k[ ] = TQBlOgQ 1 + L EADETADR hk[gz]) asll?
Here, we again define the blnary user association variables

amk[n] € {0,1}, Vn, k, and m, such that a,, y[n] = 1 if
user m is associated with UAV £ in slot n and ay, x[n] = 0,
otherwise. By assuming that each UAV serves at most one user
and that each user can only be served by at most one UAV
in each slot, the user association variables must satisfy the
constraints Z%zl amk[n] < 1 and Zszl am k[n] < 1, for
all n, m, and k. Also, to ensure fairness, we further assume
that each user is served at least once over N time slots,
ie., Zkl,{:l Zﬁle am,k[n] > 1, for all m. For convenience,
we again define the set of feasible user association variables as

M
-/Zl £ {{am,k[n],Vn,m, k} : Z am,k[n] <1,
K K Nm:1
D am k] LYY am il
k=1

k=1n=1
Moreover, by considering the transmission causality constraint,
the rate that UAV £k allocates to user m in slot n (denoted by
T'm,k[1]) must satisfy

T k1] < @m g [n] R k0],

n| > 1,Vn,m,k}. (26)

for all m, and
N

Z(Zrmk ]+ Re[n > ZRBk

n’'=n n’'=n
for all n and k.

In the multiple-UAV case, we again determine the UAVs’
flight trajectories, task assignment, user association, and rate
allocation by maximizing the sum-log-throughput of the
ground users subject to the surveillance requirements and
the trajectory and rate constraints. The scheduling of the
image surveillance and relay tasks in this case can be done
cooperatively among multiple UAVs, allowing some UAVs to
focus on the relay task in some time slots while having others
take on more of the surveillance responsibility. The problem
is formulated as

M K N
Z lnz Z T, k|1

max (27a)
e M R B T
wi[n],Ym,k,n
subject to
{zx[n], yx[n], by [n], wi[n), £n), ¥n, k} € T, (27b)
{am/,k[n]? vm7 ka n} S A7 (27C)
am.kx[n] € {0,1}, Vn,k,m, (27d)
Tm k[N < am k[0 Rm k0], Y, k,m, (27e)
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N
Z(Zrmk ]+ Re k[n ) ZRBk . Vn, k, (27f)
[z [n], yr[n], hi[n])— (fck[n 1], yk[n—ll,hk[n—l])l\Q
<02 7% ¥n>2and Yk, (27g)
[(@x[n], yx[n], heln]) — (a;[n) y;ln], hyn]) P = din,
Vn and Vk # j. (27h)

The constraints are similar to those in the single-UAV case
but are now imposed over all UAVs. However, in the multiple-
UAV scenario, we further consider the user association con-
straint over different UAVs in A (i.e., (27¢)) and the minimum
safe distance between UAVs in (27h). The problem can be
solved using a similar inexact BCD algorithm as in the single-
UAV case.

To ensure that the solution of user association yields entries
that are close to O or 1 after the LP relaxation, the problem
(27) is reformulated as

>

m=1

K N
max Z Z T'm, k
zi[n], yr[n], hi[n], o
Tk (1], G k[0, -
U,k [1],€[n],
wi[n],Ym,k,n

M K N

+ A Z ZZ (Zam,k[n]

m=1k=1n=1

1) (2vm,k[n] —1)

(28a)
subject to
0 < ami[n] <1, Ym, k,n, (28b)
M K N
STSN Qualnl - 1)* < NMEK,  (28¢)
m=1k=1n=1
(27b), (27¢), and (27¢)-(27h), (28d)

where v, x[n] for all m,k,n are the auxiliary penalty vari-
ables that form the vector v in Lemma 1. Note that the
dimension of a and v in Lemma 1 in this case is d = NM K.

A. Subproblem I: Multiple-UAV Trajectory and Task
Assignment Optimization

o], 1), 0y [n), €00, and
, Yk, m,n are the solutions obtained in the ¢-th iteration
of the proposed algorithm. Then, given the user association
and penalty variables, i.e., a() 1] and v [ |, ¥n, k,m, and

by introducing the auxiliary Varlable re, k[ ] > Rc,k[ |, for
all k, n, the problem in (28) reduces to the following:

zp[n] hk[n] Z ermk

Suppose that a:( )[ ],
w'?
wy [n]

Tck[n] Z[ Jow m=1 k=1n=1
T,k (1], VM, k n
M K N
FADT DY (205 ] =1) (20,4 n) 1)
m=1k=1n=1

(29a)
subject to
T k(1] < aifl)’ wn]1 B
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. Py /BN,
1&G+u[]nmmw%

Z(Zm |+ realn ])

a |2),Vn,k,m, (29b)
m

N
Py /BNy >
< Bl 1 ,Vn, k,
*Zz o82 < @l ], el ) —asl?)
(29¢)

e o] > £ PO D Arl i = 1)) o

’ hi[n]?
(27b), (27g), and (27h), (29e)

where (29b) and (29c¢) are obtained by substituting the expres-
sions for R,, x[n] and Rp[n| into (27¢) and (27f). The
constraints in (27b) and (27g) are convex, but those in (29b),
(29¢), (29d), and (27h) are not. Following the approach in
the single-UAV case, we approximate the latter constraints by
convex approximations around their solutions obtained in the
previous iteration.

In particular, following the derivations required to obtain
(15) and (16), we approximate (29b) and (29c) with the
following convex constraints:

rm,k[n]
< o) [nlr B{Q), ] = w8, ] [ (e ], yeln), b )

=l = @yl 00D — @l . GO)
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S (3 rut et
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PR O OO 22
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+
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t ) n h
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similar to (18), we can also approx1mate (29d) by the convex
constraint

Inregn] + 21Inhyn)
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= (0[] =y [n)) | + Q8 4]
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t
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In addition, we further consider the constraint on the mini-
mum inter-UAV distance in (27h), which is again non-convex.
By replacing the LHS with its first-order Taylor expansion,
we approximate the constraint as

2| (2 1) i 1), 1 n]) = (2 ], " ], O] |

-[(:ck[nJ,yk[n],hk[n]) — (aynlyyln) hy )]

H ), B2 ]) — (&4 ol ], o] ||
> diin- (33)

By replacing the constraints in (29b), (29¢), (29d), and (27h)
with their convex approximations around the solution obtained
in the previous iteration, we obtain an approximate convex
optimization problem given as follows:

X )DL 3) S

z’“["]y’“ m=1 k=1n=1

ro,k [n],2n],win],
T’m,k[n],Vm,k,n

M K N

FAY DD (20, [n] = 1) (20, [n] 1)
m=1k=1n=1

(34a)

subject to  (30)-(33), (27b), and (27g). (34b)

The problem can be solved efficiently by off-the-shelf convex
optimization tools. Notice that, since the solution obtained in
the previous iteration is also feasible under the approximate
convex constraints, the objective value obtained by solving the
above problem must be non-decreasing.

B. Subproblem II: Multiple-UAV User Association
Optimization

Given the solutions of the trajectory optimization, i.e.,
x,(ctﬂ)[n], y,(fﬂ)[n] and h,(:H)[n], task assignment, i.e.,
¢+ D[n] and w(tJr )n], and penalty variables, i.e., v,(,?k[n],
VYm, n, k, the problem in (28) reduces to the following

M K N
Z lnz Z T, k|1

max
M K N
+FADD D (2amln] ~1) (25, 0] 1)
m=1k=1n=1
(352)
subject to 0 < amk[n] <1, Vm, k,n, (35b)
(27¢), (27¢) and (275). (35¢)

Notice that the problem in (35) is convex and, thus, can be
solved efficiently using standard convex optimization solvers.

C. Subproblem I1I: Multiple-UAV Penalty Variables Update

Given the user association variables agﬁl)[n], vYm, k,n,
obtained in the Subproblem II, the penalty variables can be
updated by solving the following optimization problem:

M K N

max 3y 2a§;+,j —1)(2umiln] — 1) (36a)
V”;;L’jn,k’ m=1k=1n=1
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K N
subject to Z ZZ 20, 1[n] —1)° < NMK. (36b)

m=1 k=1
A closed-form solution is given by vgﬁ:)[n] =
(4D,
VNME (2a [z](f+11)) iy m. . k.
2/ S T o e, el

if a(tﬂ)[n] * 2, for some m, n and k, and can take
on any feasible solution, otherwise.

Finally, the UAV trajectory optimization problem in (34),
the user association problem in (35), and the optimization
of the penalty variables in (36) are solved in turn until no
further improvement can be obtained in the objective value.
The convergence of the algorithm can be shown following
similar arguments as in Theorem 1. Similar to the single-
UAV case, the computational complexity of the trajectory and
task assignment in Subproblem I and the user association in
Subproblem II are given by O((N +5KN + KNM)*In 1)
and (’)(ZK NM)3In é), respectively. Hence, the overall com-
plexity of the proposed algorithm in the multiple-UAV case is
O(T((N +5KN + KNM)?+ (2KNM)*)In 1),

V. SIMULATION RESULTS AND
PERFORMANCE COMPARISONS

A. Experiments for the Single-UAV Case

In the single-UAV case, we consider a surveillance region
with length L = 2000 meters and width W = 50 meters.
The users are randomly distributed according to a uniform
distribution over the region [0, L] x [-5W,5W] = [0, 2000] x
[—250,250]. This scenario appears, for example, in traffic
monitoring, where the surveillance region may cover a long
road segment and the users may be pedestrians on two sides
of the road. A BS is placed at a random horizontal location
between [0, L], distanced L/2 meters away from the center
of the surveillance region in the vertical direction and the
height is set as hp = 50 meters. Unless mentioned otherwise,
we set the number of time slots as N = 100, the time slot
durations as 71 = 0.6s and 79 = 1.4 s, the maximum flight
velocity as vpax = 18 m/s, the minimum height as hyi, =
100 meters, and the UAV transmit power as Py = 40 dBm.
In addition, we set the channel noise as Ny = —100 dBm/Hz
and the bandwidth as B = 2 MHz. The above UAV and
channel settings are around the range of those used in [7],
[10], [12], and [23]. With regard to image surveillance, the
angles-of-view of the camera are defined by the image sensor
size and the focal length of the lens [33]. Here, we set the
horizontal and the vertical angles-of-view as ¢, = 58.4 and
¢, = 35 degrees, respectively, (which corresponds to a camera
with a 36 mm x 24 mm image sensor, a lens with focal
length 32 mm, and an aspect ratio of 16 : 9), the image
sensor resolution as I = 10 MP (megapixels), and the min-
imum pixel per meter square as 7> = 625 [40]. Moreover,
by encoding each pixel using 24 bits and by adopting a
compression ratio of p = 0.3, the number of information
bits per pixel is given by b = 24p = 7.2 bits. Unless
mentioned otherwise, we assume that the number of users is
M = 40 and the per-user transmit power is P,, =9 dBm, for

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on May 12,2025 at 15:33:38 UTC from |IEEE Xplore. Restrictions apply.



10188
all m. The experiments are averaged over 20 user deployment
realizations.

The proposed scheme is compared with four baseline
schemes: uniform trajectory with nearest association (Uniform
Traj. + Nearest Assoc.), uniform trajectory with the proposed
association (Uniform Traj. + Proposed Assoc.), the proposed
trajectory with nearest association (Proposed Traj. + Nearest
Assoc.), and the relay-only trajectory and user association
(Relay-Only Traj. and Assoc.) schemes. When adopting uni-
form trajectory, the boundaries of the assigned surveillance
regions in different time slots are assumed to be equally spaced
such that I[n] = n%, for all n, and the UAVs’ locations
are placed at the respective centers of these regions with the
height fixed at the midpoint between the maximum and the
minimum values (i.e., h[n] = % + ﬁ m, for
all n). In the nearest association scheme, we first compute the
user-to-UAV distances over all time slots, and assign to each
user the time slot associated to the closest UAV position. Then,
the remaining time slots are assigned in increasing order of
the user-to-UAV distances until no more time slots are avail-
able. The relay-only trajectory and user association scheme is
obtained by solving (11) without the surveillance constraints
in (2) and (3). Note that, since the surveillance constraints are
removed, only a small fraction of the surveillance region is
actually covered. However, for comparison, we consider the
ideal case where the complete image data is assumed to be
readily available at the UAV and can be sent to the BS in any
available time slot. Hence, the resulting sum-log-throughput
serves as an upper bound for all other schemes.

In Fig. 5(a), we show the average sum-log-throughput of
all users with respect to the per-user transmit power P, where
P,, = P, for all m. Recall that the sum-log-throughput is a
common measure of proportional fairness [26]-[28], and is the
objective of our problem in (11). Unlike performance metrics
in linear scale, the improvement in log-throughput may appear
to be small as observed in the above works, since it takes the
logarithm of the rates achievable by the users. We can see
that the sum-log-throughput increases with the transmit power
in all cases. However, the proposed joint trajectory and user
association design is able to outperform the baseline schemes
based on nearest association and uniform trajectory. This is
due to the fact that the uniform trajectory is not able to adapt
to the random users’ locations and the nearest association
scheme selects only users close to the UAV’s position in
each time slot without regard of the fairness among users
and the possibility of delaying the relay transmission to later
time slots. In fact, our proposed scheme is able to optimally
allocate the resources between the relay and surveillance tasks
depending on the channel conditions between the users and the
UAV over time. Moreover, as expected, the performance of the
relay-only trajectory and user association scheme serves as an
upper bound to all other schemes, since it ideally assumes
that the complete image data is available at the UAV at the
beginning of the mission and thus the UAV may move closer to
the ground users without being constrained by the surveillance
requirements. In fact, we observe that only 56.6% of the
surveillance region is actually covered by the UAV under the
relay-only scheme. Furthermore, to demonstrate the impact of
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Fig. 5. Average sum-log-throughput, average total throughput, and average
Jain’s fairness index versus per-user transmit power in the single-UAV case.

different timescale designs, as discussed in Remark 1, we also
show in the curves labelled by (*) and (**) the performance of
the proposed scheme for the case where 7 = 1s, N = 200 and
N = 2 and the case where 7 = 0.5 s, N = 400 and N = 4,
respectively. In these cases, the overall time of the mission
is divided into smaller time slots to better approximate the
operations in continuous time, while the frequency of the
task assignment and user association decisions are unchanged.
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Fig. 6.  Average sum-log-throughput versus number of time slots in the
single-UAV case.

We can see that the performance is approximately the same in
all cases, indicating that the choice of 7 = 2 (i.e., N = 100)
is sufficient to obtain an accurate approximation of the design
in continuous time.

In Figs. 5(b) and 5(c), we show also the total throughput
and Jain’s Fairness index, which are metrics that are more
favorable for the nearest association and uniform trajectory
schemes. In fact, maximizing throughput requires serving
always the user with the best channel, which is done by
the nearest association scheme, and exact fairness is achieved
by serving each user equally, which motivates the use of a
uniform trajectory. By maximizing the sum-log-throughput,
we obtain a proportionally fair design that achieves a tradeoff
between throughput maximization and exact fairness. There-
fore, even though we do not directly maximize throughput or
fairness, our proposed scheme still performs fairly well under
both metrics.

In Fig. 6, we show the average sum-log-throughput with
respect to the number of time slots IV for fixed 7 = 2s. We can
observe that the advantage of our proposed scheme over
other baseline schemes improves as the number of time slots
increases, since more resources are available for allocation in
this case. However, when the number of time slots /N is small,
the UAV’s trajectory will be closer to that of the uniform
trajectory in order to cover the entire surveillance region.

In Fig. 7, we show the average sum-log-throughput with
respect to the per-user transmit power PP under non-uniform
user distribution. Here, we assume that the number of users
is split equally into 4 circular hotspot regions, each with
radius r, = 200 meters. The centers of the hotspots are
uniformly distributed within the region [ry, L — 4] X [-5W +
Tay DW — 1], and the users are uniformly distributed within
their respective regions. We can see that our proposed scheme
improves more significantly over cases with uniform trajectory
since users are no longer uniformly spread throughout the
network. The gain is more evident for smaller values of 7.

In Fig. 8, we show a realization of the UAV’s trajectory
and the coverage of the images captured by the UAV’s cam-
era. We can see that the width of the surveillance region is
always fully covered by the camera’s VFOV. Meanwhile, the
length of the surveillance region is completely captured by the
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Fig. 7. Average sum-log-throughput versus per-user transmit power in the
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Fig. 8. Example of the UAV trajectory and the coverage of the captured
images obtained by the proposed scheme.

combination of the camera’s HFOV over N time slots. More-
over, we can see that the UAV tends to fly at a lower altitude
over areas with more users to increase the average total
throughput. Consequently, the UAV must fly at higher altitudes
at other segments in order to cover the entire surveillance
region in N time slots.

B. Experiments for the Multiple-UAV Case

In the multiple-UAV case, the width of the surveillance
region is extended to W = 150 meters and the number
of UAVs is set as K = 3. The users are again randomly
distributed according to a uniform distribution over the region
[0,2000] x [—250,250]. We set the minimum safe distance
between two UAVS as d,,i, = 30 meters. Unless mentioned
otherwise, all other simulation parameters are set as in the
single-UAV case. For performance comparison, we employ
baseline schemes that are similar to those in the single-UAV
case, namely, the Uniform Traj. 4+ Nearest Assoc., the Uniform
Traj. + Proposed Assoc., the Proposed Traj. + Nearest Assoc.,
and the Relay-Only Traj. and Assoc. schemes. When employ-
ing uniform trajectory, the boundaries of the surveillance tasks
in different time slots are assumed to be equally spaced such
that I[n] = n& and wy[n] = k% — %, for all n and k, and
the UAVs’ locations are placed at the center of the assigned
surveillance regions in the respective time slots with altitude
hyln] = tmwn 4 ﬁ m, for all n and k. The nearest
association scheme is done simifarly as in the single-UAV case.

In Fig. 9(a), we show the average sum-log-throughput with
respect to the per-user transmit power P. We can again
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Fig. 9. Average sum-log-throughput, average total throughput, and average
Jain’s fairness index versus per-user transmit power in the multiple-UAV case.

observe that the average sum-log-throughput increases with
the user transmit power for all schemes, and that the proposed
scheme outperforms the baseline schemes over all values of
P. The advantage of the proposed trajectory over the uniform
trajectory scheme is more evident at small values of P since
the rate discrepancy may be larger and, thus, fairness may be
more difficult to attain in this regime. The advantages over the
baseline schemes are more evident in the multiple-UAV case
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Fig. 10.  Average sum-log-throughput versus number of time slots in the
multiple-UAV case.
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Fig. 11.  Example of the proposed scheme’s UAV trajectories and the
corresponding captured regions in the multiple-UAV case.

since the UAVs may more flexibly share the relay and sur-
veillance tasks among each other. The corresponding average
total throughput and average Jain’s fairness index are shown
in Fig. 9(b) and Fig. 9(c), respectively. Similar to the single-
UAV case, we can see that the proposed scheme outperforms
the uniform trajectory in terms of total throughput, while the
proposed association strategy yields a better fairness index
than the nearest association strategy. The relay-only trajectory
and association scheme again serves as an upper bound to
all other schemes, but on the average covers only 56.4% of
the surveillance region. In addition, by adopting the variable
timescale design, we show that the proposed trajectory and
user association scheme performs approximately the same for
N =100, N =200 (*) and N = 400 (**), implying that the
approximation is accurate in the multiple-UAV case as well.

In Fig. 10, we examine the average sum-log-throughput in
the multiple-UAV case with respect to the number of time slots
N. We can see that the advantage of our proposed scheme
increases with the number of time slots since more resources
are available for allocation among UAVs and also among the
different tasks. Different from the single-UAV case, the relay
and surveillance tasks may be allocated cooperatively among
different UAVs in the multiple-UAV case.

In Fig. 11, we show a realization of UAVs’ trajectories and
their captured surveillance regions. We can observe, as a result
of the proposed optimization, the UAVs tend to fly closer to
the ground users to yield communication links with higher
capacities while fulfilling the assigned surveillance task in
the different time slots. Moreover, the UAVs can collaborate
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to fulfill both the communication and surveillance tasks with
some UAVs taking on larger communication loads and others
taking on more surveillance responsibilities. For example,
within the horizontal segment from = = 1250 to 1500, UAV
1 flies at a lower altitude to maximize the capacities of the
links toward users in this segment. As a result, UAV 2 and
UAV 3 must then fly at a higher altitude to obtain a larger
camera coverage.

VI. CONCLUSION

In this paper, we investigated the use of an image surveil-
lance UAV for relay communication between ground users and
a remote BS. We first examined the single-UAV scenario and
jointly determined the UAV’s trajectory, task assignment, user
association, and rate allocation by maximizing the sum-log-
throughput of the ground users subject to constraints on the
coverage of the captured images and the image transmission
requirements over the UAV-to-BS link. The resulting MINLP
problem was solved by adopting an inexact BCD algorithm,
where EPM was adopted to regularize the relaxed binary
variables toward solutions that are close to 0 and 1, and an
SCA approach was adopted to address the non-convexity of the
problem. Then, we extended the proposed framework to the
multiple-UAV scenario, where the UAVs fly in coordination to
jointly accomplish the communication and surveillance tasks.
In this case, the UAVs’ flight trajectory was optimized jointly
with the cooperative task assignment and transmission rate
allocation among these UAVs. Simulation results demonstrated
the effectiveness of our proposed scheme compared to baseline
schemes using uniform trajectory and nearest association.
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