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Abstract

This letter aims to present a novel approach for unmanned aerial vehicles (UAV)’ path planning
with respect to certain quality of service requirements. More specifically, we study the max-min fairness
problem in an air-to-ground communication system where multiple UAVs and multiple ground stations
exist. We jointly optimize the UAVs trajectories and power allocation as well as the user scheduling. To
this end, we propose an effective iterative algorithm that relies on the successive convex approximation

and the block coordinate descent techniques.
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I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs) have drawn significant research interests [1,2].
This is mainly due to the significant decrease in the production costs of these systems [3]], added
to their flexible deployment and high maneuverability. Traditionally, the use of UAVs was only
dedicated to military applications in the late 90s [4]. However, research and development of
UAVs have enabled the emergence of several new applications. As a matter of fact, the drones
have started to be used in cargo delivery, traffic control, weather forecasting, farming [5], etc.

Motivated by this context, earlier research started by studying single UAV systems. To begin
with, they studied the problem of path planning that consists into scheduling the areas to visit
in a given time period. For instance, the authors in [6] presented a multi-colony algorithm that
optimizes the UAV path planning with obstacle avoidance.

After that, recent research has investigated the use of multi-UAV systems. In fact, it has
been proved that, compared to a single UAV system, the use of a fleet of UAVs allows to

perform more complex and challenging missions with higher speed and especially with increased



performance and efficiency. However, with the use of a multi-UAV system, we are facing a new
kind of problems such as interference, energy efficiency, path planning and user scheduling.
For instance, the work in [7]] has treated the path planning problem for a multi-UAV system
using genetic algorithms and Bezier curves. Furthermore, a game theoretic approach has been
presented in [8]] to reduce the interference between the UAVs. However, there is only the work
in [9] that considered working on all these problems combined. However, in that work, every
single one of these problem was optimized separately. In the same context, we will conduct
different optimization approach to get better fairness among served users.

In this letter, we study a multi-UAV aided wireless system where a group of UAVs are used
to provide down-link communication to a group of ground stations (GT) in a two dimensional
area given certain quality of service requirements in communication. The objective here is to
maximize the minimum average rate among ground stations in order to achieve fair performance
among them during a given finite period. To this extent, we consider a joint optimization problem
in which we have to provide an efficient flight trajectory solution for every UAV with specifying
the optimal UAV-user association and power allocation at each time. To that end, we propose an
iterative algorithm based on the successive convex approximation (SCA) and the block coordinate
descent (BCD) techniques. The proposed algorithm and the resulting fairness will be verified by

simulation results.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a wireless communication system where M UAVs are employed to communicate
with K ground stations. Furthermore, we assume that every ground station k (k = 1,.., K) has a
fixed position wy, = [z, yx] on the ground, while all the UAVs (m = 1,.., M) fly on the two di-

mensional coordinate q,,(n) = [z,,(n), y.(n)] at a fixed altitude Thus, the distance between

an UAV m and a ground station k is expressed by dy..,(n) = v/H2 + ||qm(n) — wi||2. For ease
of exposition, we assume that the high altitude of UAVs enables them to effectively establish
line-of-sight (LoS) link and the Doppler effect caused by their mobility is well compensated at

the receivers. Therefore, the time-varying channel between an UAV m and a ground station &

"We suppose here that the trajectory optimization problem is intractable over continuous time. For ease of exposition, we use
the discrete linear state-space approximation. This method consists of discretizing the time horizon 7" into N time slots with a
step size dt. So, we have t = ndt with n = 0,1,..., N. Thus all the formulas in this letter will be defined as a function of the

discrete time instant 7.



follows the free-space path loss model, which can be expressed as hy,,,,(n) = 7 +”qm[’;%)7wk”2,

where [, represents the channel gain at reference distance (d = 1 m).
We also assume that all the UAVs operate in the same frequency band. Thus, the corresponding
received signal to interference plus noise ratio (SINR) at user k£ from UAV m is computed as

pm(”)hk,m(n)
2%1 pi(n)hy;(n) +op
J#Em

Vem(n) = ey

where p,,(n) denotes the down-link transmit power of UAV m, o2 represents the variance of

additive white Gaussian noise (AWGN) at the receiver and the term Z]J\/[zl p;j(n)hy j(n) stands
for the co-channel interference (CCI) received by ground station k dugnn;g its communication
with the UAV m at time n. We consider the power control of the signals transmitted by UAVs to
ground stations at each time n in order to manage co-channel interference to the other users. The
down-link transmit power of an UAV m at time instant n is constrained on 0 < p,,,(n) < Pz,
where P,,,, denotes the maximum allowable transmit power at the UAV.

In order to define the UAV-user association and scheduling, we use a binary variable oy, (n)
that takes 1 during communication between an UAV m and a ground station k£ in time n.
Otherwise, it is equal to 0. Then, we can define the achievable rate of user k£ over the period N

is given by:

ZZakm 1) 1ogy (1 + Yk m(1)). )

nOml

Each UAV operates with a finite amount of energy due to the compact size requirement which
is limiting the serving time and data rate on flight. As explained in [?], we assume that the
communication energy consumption is much smaller than the propulsion energy consumption
and we only consider the propulsion power as the source of energy consumption, which can be

expressed by

Y | Nlan(m)|P
En = 3 allva®)*+ m )

n=0 || m
1
+ S0V = [V (OI) < B, Y, (3)

where c¢; and cy are constants, g is the gravitational acceleration, w is the mass of an UAV

and F,,,, is the maximum allowable propulsion energy during the period N. In Vin(n) and



a,,(n) are the velocity and acceleration of UAV m at time instant n which are approximated by
the first order Taylor expansion as
Vin(n+1) = vp,(n)+ a,(n)ot, 4)

Gn(n 1) = qu(n) + v (n)5t + %am(n)étQ. 5)

The velocity and acceleration speed are limited to

HVm(n) || < Viaz, Vmym, (6)
||am(n)” S Amazs vma n, (7)
V()| = Vinin,  Vm,n, (8)

where V.., and V,,;, are the maximum and minimum velocity during flight and a,,,, is the
maximum acceleration.
In order to avoid collusion, we add a constraint that sets a minimum distance between the

UAVs which is defined as

lam(n) —a;(n)| = dpin,  Vm.n,j#m )

We suppose that, at each time slot, each UAV serves at most one ground station and that
each ground station is served at most by one UAV. Thus, the constraints on association binary

variables are given by
K M
Zak,m(n) <1, Zak,m(n) <1, Vk,m,n. (10)
k=1 m=1

III. MAX-MIN RATE PROBLEM FORMULATION

In order to better understand the problem, we adopt the following notations :

o S={agm(n) Vk,m,n}: the user-UAV association.

e P={pm(n), VYm,n}: the transmit power of the UAVs.

o O={aqrm(n), Yk,m,n}: the UAVs’ trajectories.

o V={vim(n), Vk,m,n}: the UAVs’ velocities.

o A={ayn,(n), Vk,m,n}: the UAVs’ accelerations.

As explained in the first section, we want to jointly optimize the down-link communication

and the UAV-user scheduling as well as the trajectory, velocity and acceleration of each UAV in



order to maximize the minimum average rate among all users. To this end, if we set ;. = min 7,
ke

we end up with the following problem (P1) :

max 1
w,QV,AS,P
s.t. —
(P1) Ry >y, Yk an
0< pm(n) < Pmamy vm? n, (12)
agm(n) €{0,1}, Vk,m,n, (13)

Problem (P1) is challenging to solve due to the following reasons. To begin with, our problem
includes integer constraint that is expressed in due to the presence of the binary optimization
variables of UAV-user scheduling and association. Furthermore, the constraints (E[), @), @]), and
(21) are not convex with respect to either Q,V, A, P. Finally, all the optimization variables are
closely correlated. For instance, even a slight change of a given UAV trajectory can have an
enormous impact on the trajectories of the other UAVs. So, we need to jointly optimize these
variables in order to reach the better solution. All these constraints yield a mixed-integer non-
convex problem and, in general, there is no standard method for solving this kind of problems

efficiently.

IV. PROPOSED ALGORITHM

Our problem is a mixed-integer non-convex problem that involves integer constraints. To tackle
our problem of interest, we relax our problem by changing the binary variables of UAV-user

scheduling into continuous variables. So, the resulting problem (P2) is:

max 1
u,Q,V,AS,P
(P2) s.t. -
0 <apm(n) <1, Vk,m,n. (14)

This relaxation implies that the objective value of the new problem (P2) will be considered
as an upper bound of the problem (P1). Thus, from now on, we will optimize this new problem

(P2) which is still non-convex due to the constraints (3)), (8) and (21).



In order to do so, we use an iterative algorithm by leveraging the BCD method. Specifically,
we divide our optimization variables into two blocks; the first block is for the user scheduling
and association (S) and the second one is represented by the UAVs trajectory and power control
(Q,V, A, P). So, these two blocks are alternately optimized in each iteration. As a result, we
obtain two sub-problems of problem (P2).

In the first sub-problem, we only retain the constraints that are related to the user scheduling,
while other variables (Q, V), A, P) are fixed. Thus the first sub-problem (P2.1) can be expressed

as:

(P2.1) max g s.t.. (10), (1) and (14).

(P2.1) is a standard linear problem. So, it can be solved directly by using some known opti-
mization tools.
In the second sub-problem (P2.2), we only retain the constraints that depend on the UAVs’

trajectory, velocity, acceleration and power control. Thus, (P2.2) is defined by

(P22) max pu s.t. =@, @1), ([@2).

u,QV,AP
The sub-problem (P2.2) is still non-convex due to the constraints (3), (), (9) and I). In order
to solve it, we first couple the trajectory and the transmit power variables by introducing an
auxiliary variable By ,,,(n) which is defined by Bj ., (n) = pm(n)hgm(n). As a result, Ry is

rewritten as

1 L& Biom(n)
R, = — ak,m(n) log, | 1+ k,m
N2 2 ’ zﬁ Byj(n) + a3
VE=40

Additionally, the constraint ((12]) is transformed into

BOPmar

0 < Bpmn) <
< Brnln) < g iqnin) = will?

Vk,m,n, (15)

which is still non-convex. Thus, if we set B= [By,,(n), Vk, m,n], we have the new problem

(P3) which can be formulated as

P3) max pu st @) -, @1, (17).

w,B,9,V,A
In the following, we will try to solve the sub-problem (P3) using the successive convex opti-

mization techniques. The main idea consists in finding another convex problem which represents



a lower bound of (P3). Then, we successively maximize the lower bound of (P3) via optimizing

the trajectory and the auxiliary variable.

Using the approximations in [((Appendix A)l we can find a convex problem (P4) for a given

trajectory, velocity and the auxiliary variable (Q", V", B") at iteration r defined by:

max tb

u't.B,Q.V, AN

S.t. — ([7])
N M M A
= Z > arm(n)logy | > Brj(n)+ o5 | — Ryl (n) >4 vk

n 0m=1 j=1

(P4) 0< Bk,m(n) < PrazBo <_W

a,(n)|? w
023 el + 52 (14 ) e R O < B

n=1
Am (n) > Vinin,  Ym,n
An(n)? < [lvi, (0)]? + 2(vi, (n)T (Vin(n) = vi,(n)),  ¥m,n

lam (n) —a;()]|* < llag, (n) — aj(0)|* + 2(ay, (n) — @j ()" (4, (n) = q;(n) — am(n) +dj(n)),  Vm,n,j

where A = {\,,(n) ,Vm,n} is a set of slack variables that we introduced to the problem, and

Hupper

the constants Dy (1), Fim(n) and Ry ., (n) are given by:

1 1
Dim(n) =2 (H (g, (n) — wilP? +H2>2>

o 1 o ) = wil? )~ wal?
’m lar, () = wil|> + H? (a5, (n) — w[]? + H?)? H?
M M
upper log ()
R () =) ? (Br.j(n) = B ;(n)) +1logy | Y Bi;(n) + 05
L j=1 Z] 1 By ( )+ 5 7 j=1 ’
j#m J#EmM VEL)

It is worthy noting that the feasible set of problem (P4) can be considered as a subset of
the sub-problem (P2.2). Thus, by solving iteratively the problem (P4), we will be successively
optimizing the lower bound of sub-problem (P2.2) in order to better approximate it. Thus, we
will end up with an efficient approximate solution of the latter. Finally, we present an overall

algorithm that synthesizes all the work done in this perspective:
Algorithm : (BCD) Algorithm for Problem (P2).

IHPUt : Locations of GTS’ Vmaxa Vmina Amaxa Pmaa:7 Emaa:7 0(2)7 BO: C1,C2 and ¢
1) Initialize Q°,V°, B® and r = 0
2) Repeat



a) Solve problem (P2.1) for given Q",V",B", and denote the optimal solution as S"*1.
b) Solve problem (P4) for given S"*!, and denote the optimal solutions as Q"+, Y+ Br+1,
c) Update r =r + 1.

3) Until The fractional increase of the objective value of problem (P2) is below a threshold

€ .

4) Define p,,(n Zakm

As explained in our algorithm performs better at each iteration and is guaranteed
to converge. Also, the complexity of our algorithm is of order © ((K M)3N + (KMN)*>(KMN + @))
But due to space limitation, the proof of convergence and complexity are shown in the companion
report [10]. Also, it has been proved in [[11] that the convergence complexity of our algorithm
in terms of number of iterations is O(1/r) (ie.f (z") — f* = © (1), where f* is the optimal
objective value and f («") is the objective value at iteration r). Thus, this indicates that our
algorithm converges in a few iterations. We will prove that our algorithm performs very well by

testing its effectiveness on some examples.

V. NUMERICAL RESULTS

We consider a system model composed of M = 2 UAVs at a fixed altitude H = 100 m
and K = 6 GTs on the ground that are arbitrarily distributed in an area of 500 x 500 m? for
simulation purpose. For channel gain, we set P,,,, = 0.1 Watt, 5, = —60 dB and 02 = —110
dBm, respectively. For propulsion energy and flight dynamics, we set V,,,;, = 1.5 m/s, V.. = 50
m/S, Upar = D M/s%, Eype = 2 % 1057, ¢; = 9.26 x 10* and ¢, = 2250, respectively. Simulation
period is N = 100 with step size dt = 1 sec.

Next, in order to use our algorithm, we need to provide an initial scheme for the different
variables of our model. To that end, we start by providing a simple systematic circular trajectory

design for all the UAVs using the K-mean clustering algorithm to find the radius and center

(also called centroid) of each trajectory as explained in [(Appendix C). We also assume that the

initial speed of every UAV m is set to be constant during all the flight which are respectively
equal to 3 and 4m/s.
Regarding the user scheduling, at each time slot, every UAV m will communicate with the

closest ground station that belongs to its assigned cluster m that results from the A-mean



clustering algorithm. Also, the transmission power of all the UAVs is set to be at its maximum
level P, ...

Thus, we end up with an efficient initialization scheme for our problem due to the following
reasons. First, this method offers a feasible solution that is compliant with all the constraints
of our problem. Second, by using this method, we ensure that all the UAVs will provide full
coverage for the areas that contains the ground stations. As a result, all the ground stations will
be served equally during the flight. Thus, this will help achieve fair performance between all
the ground stations which represents our main goal from the beginning.

Finally, since the K-mean clustering algorithm divides the ground stations into clusters that
are generally far away from each other, we can guarantee that the UAVs are sufficiently separated
during their communications with the ground stations. As a result, this tends to minimize the
co-channel interference on the ground stations and thus, the achievable data rate at the ground

stations will be at its maximum level.

UAVS' trajectories

Y (m)
J“*\
\ I
\ |
51
1
Q
o

X (m)
(a) UAVS’ trajectory for 7' = 100 s (b) UAVs’ power transmission for 7' = 100 s
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(c) UAV’s velocity for T' = 100 s

Figure 1: Optimal parameters for our proposed algorithm

We note that, in the initial solution that we provided, the UAV 2 communicates only with two



ground stations which are represented by the red dots in Figure After applying our proposed
algorithm, the UAV 2 extended its trajectory in order to serve a third ground station that was
only served by the first UAV in the initial solution as shown in Figure [Ia]

We also note that every UAV tries to position itself near the ground station when there is a
communication between them. This is explained by the fact that this helps them achieve better
communication channel. For instance, all the UAVs tend to have a high velocity when they are
moving from a ground station to another and tend to have a minimum velocity when they are
hovering next to a ground station as displayed in the Figure However, the UAVs cannot
maintain a fixed position during their flight due to the minimum velocity constraint and the
constraint of energy. As a result, they continuously revolve around the ground stations as closely
as possible with a minimum velocity in order to preserve good communication channels.
According to the Figure [Ib] we note that the transmission power of the different UAVs is almost
always set at its maximum level P,,,,. This is explained by the fact that, in the resulting solution
of our algorithm, the UAVs are quite distant from each other during their communications with
the ground stations. As a result, our resulting solution could be assimilated to the combination
of two distant subsystems in which every one of them is composed of one UAV. However, The
impact of the power transmission would be more tangible if we adopted a system which is
composed of a large number UAVs. In that case, the communication channel would be highly
impacted by the interference at the level of users as there are a lot of UAVs that are close to

each other emitting the signals at the same time.

Remark: We can always consider working with a larger number of UAVs and ground stations.
For instance, Figure 2 illustrates the optimal trajectories of UAVs in the case where we consider

a system composed of 4 UAVs and 9 ground stations.

A. Convergence of our proposed Algorithm

Let us study the convergence behavior of our algorithm. It can be observed from the Table [I]
below that the max-min throughput increases in every iteration. We also note that our algorithm

converges quickly to a final solution within about 10 iterations.
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Figure 2: UAVs’ optimal trajectories for 7" = 100 s.

Table I: Convergence Behavior

r 1 2 [3] 4 |-| 8] 9 |10]11
Apt || 125 [ 165 | 8 [ 23| -103]02]02]01

B. Performance Analysis

Let us compare the performance of our proposed solution to a benchmark scheme with static
access point, placed in the geometric center of the ground nodes. In fact, the baseline scheme
allows us to achieve a performance of R = 17 Bps/Hz, which is much more negligible to the
performance achieved by our solution which is R = 208 Bps/Hz. This result strongly highlight
the benefit brought by UAV mobility in such problems.

Additionally, let us compare the performance of our proposed solution to the initial trajectory
solution. We note that our proposed solution allows us to achieve results that are significantly
better than those obtained from the initial solution. Indeed, the max min rate has increased from
R =70 Bps/Hz to R = 208 Bps/Hz for a duration 7" = 100 s. This represents an improvement

of nearly 150 Bps/Hz in the overall performance.



Table II: Performance achieved by the different ground stations

GT No. 1 2 3 4 5 6
Data rate
209.1 | 208.6 | 209.4 | 210.1 | 208.8 | 208.4
(Bps/Hz)
Connection time
34 31 31 32 36 31

(sec)

We also note from the Table |l that the UAV's have planned their movements so that the users

have the same duration of communication with them. Additionally, we note that the ground

stations have received roughly the same rate which is equal to R = 208 Bps/Hz. Thus, we

consider that the objective of achieving a fair performance among all users is achieved.

C. Impact of the energy on the solution

In this section, we study the impact of the energy constraint on the performance of our system.

So in the beginning, we denote E,, as the energy consumed by the UAVs in the first example

provided in Section V for T = 100s. Next, we solve our problem for different values of E,, ..

and compare the results that we obtain with the first solution provided in Section V.

o =09 £,

UAV' s trajectories.

X (m)

Figure 3: UAVs’ trajectories with constrained energy when F,,,, = 0.9F,,



We note that that the UAVs managed to find trajectories that are different from those we

have in Figure [3] But, it succeeded to preserve the same max min rate R = 208 bps/Hz.

o Eiae=0.6 L,
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Figure 4: UAVs’ trajectory with constrained energy when F,,., = 0.6F,,

Our algorithm succeeded to converge to a final solution which is represented in Figure
However, we note that the value of the max min rate has fallen drastically compared with
the initial solution, from R = 208 bps/Hz to R = 183.6 bps/Hz.

o Fnu=03 E,
We note that our algorithm failed to converge because it was not able to find a feasible set

for our problem that is compliant with the different constraints of energy and velocity.

VI. CONCLUSION

In this letter, we have investigated the max-min fairness problem between users in wireless
communication with multiple UAVs. The main objective behind this problem was to design an
efficient solution that jointly optimizes the UAVs’ trajectories, the transmission power and the use
scheduling that meet certain quality of service requirements. To this end, we proposed an effective
iterative algorithm that regroups the BCD and the SCA techniques. Then, we demonstrated the
effectiveness and performance of our algorithm compared to the baseline circular path planning

scheme.



APPENDIX A

In this section, we will solve using the successive convex optimization techniques. Let
us first start by the constraints and (8). The resulting sets of these constraints are not convex
with respect to V. Thereby, we start by introducing a slack variable \,,(n) and replacing it with
|[Vin(n)|| . As a result, by defining A = {\,,(n) ,Ym,n} we obtain the following problem

(P3.a)] :

max T

u't,B,Q.V, AN

S.t. *([7]),

N 2
®3a) 0= Y alvnl + 52 (14 220 ) B, I = v 1) < Bt
n=1 m
A (M) > Vinin,  Vm,n (17)
Am(m)? < v, ()17, ¥m,n (18)

A is now considered as a new decision variable set. Additionally, we have also two new con-
straints and (I8). It is worth noting that at the optimal solution of this new problem
we must have \,,(n) = ||v,,(n)|. Otherwise, we can enlarge the feasible region corresponding
to the constraint by increasing A, (n). Therefore, we can say with certainty that the problem
is equivalent to the previous problem [(P3)|

In addition, with this new reformulation, the resulting set of the energy constraint (16) is now
convex with respect to (V, A, A). The constraint is also convex with respect to A. However,
the new constraint is non-convex with respect to V.

Next, As stated earlier, we are trying to solve approximately by solving iteratively a
series of convex problems that represent a lower bound to this latter. So, as we want to maximize
1, our approach consists into shrinking the feasible set of the non-convex constraints by making
some approximations in order to make them convex.

Specifically, we apply the successive convex optimization. So, we define the given velocity
of an UAV in the r** iteration as V" ={v’ (n) ,Vm,n} which represents the solution of V"

computed at the (r — 1) iteration. Then, we use the following lemma:

Lemma 1. If f is a convex (respectively concave) function with respect to a certain variable
x € X. Then f is lower (respectively upper) bounded by its first order Taylor expansion at any

point x,y € X. Thus:

o flx) > fly)+ fly)(x—y), if fis convex
C @) < F)+ F@)— ), if f is concave



Since f(z)= ||z||* is convex, we apply the previous lemma by taking = = v,,(n) and
Yy = vi(n)
Consequently, we have the following result:
Vi ()2 = V7, ()P + 2 (vi, (1) (Vin(n) = V7, ().

As a result, we define the new constraint

An(n)? < Vi ()|* +2 (vi,(0)" (Vin(n) = v}, (n)), Ym,n
This new constraint is convex with respect to (V, A).
Let us consider now the constraint which is non-convex with respect to B. In order to deal
with it, we first write the left-hand side of the constraint as a difference between two concave

functions with respect to the auxiliary variable B. So, we have:

Rim(n) = logy | 1+ —57

where Ry ,,(n) = log, (ZJ 1 By j(n) + o

As the first and the second terms of Ry ,,(n) are concave, we cannot study the convexity
of Ry m(n). To tackle this problem, we can use the successive convex optimization in order to
approximate R} ,,(n) by a more controllable function at a given local point. Specifically, we
define B” ={Bj ,,(n) Vk,m,n} which represents the given auxiliary variable calculated in the
(r — 1)™ iteration.

Since f(x) = log(z) is concave, we apply the previous lemma by taking
= Y41 Buy(n) + 03 and y = Y01 By (n) + o3

j#m j#m
We obtain the following result: Ry, ,,(n) < R, (n) = ZZ_}% Ay, j(n) (B j(n) — By, ;(n)) + Chj(n)
j#m

where the constants Ay ;(n) and Cj, ;(n) are given by

. _ log, (e)
Ak,] (n) - 21;?:1 B;Mj(n)J’»O-g
j#m

Cy,;(n) = log, (Z]J\izl By (n) + 08)
jFEmM



As a result, for a given trajectory B" defined in the 7" iteration, the non-convex constraint (21)

can be approximated by:

N M
-~ Z Z (ozk m (1) logy( Z By;(n) + a3) }_%Zﬁﬂ(n)> >
n=0 m=1

Now, Let us consider the constraint @ The resulting set of this constraint is not convex
with respect to Q. So, as explained in the beginning of this section, we need to find a lower

bound to the right-hand side of this constraint which is convex.

50Pmaz
H2+|[qm (n)—

function. As a result, after we define Q" ={Q’ (n) ,¥Ym,n} which represents the given trajectory

As shown in|(Appendix D)| the function By, ., max(n) =

7 1S a concave surrogate
wi|

calculated in the (r — 1) iteration, we have the following results:

Bmmaz (1) = PrnazBo (— ”qm(";{: L Dy ) () — o) (e ) — i) + Fk,m(n)) ,

where the constants Dy ,,(n) and Fj,,(n) are given by

1 1
Diom =92 _
o) = (H4 (IIq%(n)—Wkll2+H2)2>
1 2]l ap, (n) — wil|?
lar,(n) —wil? + H?  ([lay,(n) — wg* + H?)?

e () — wa?
HA

Fk7m(n) =

As a result, for a given trajectory Q" defined in the r** iteration, the non-convex constraint
(15) can be approximated by:

2
p qn(n) —w
maazﬁﬂ(_H ( )H.4 kH

+ Dign(n)(@m(n) — wi)" (a7, (n) — wi)

+ Frm(n))

IN

Finally, for a given trajectory, velocity and the auxiliary variable (Q", V", B"), we obtain the
problem (P4).

Thanks to the lower bounds that we adopted in the constraints @), @]) and (ﬂ;g[), the resulting
set of all the constraints of the problem [(P4)| are convex. As a result, the problem [(P4)] is now
considered as a convex optimization problem that can be solved efficiently using some predefined

optimization solvers.



APPENDIX B

PROOF OF THE CONVERGENCE AND COMPLEXITY OF OUR ALGORITHM
A. Proof of convergence

In order to prove that our algorithm converges, we first start by defining the objective values
of our main problem (P2)| 1 as well as the sub-problems [(P2.1)| and |(P4)| at the r*" iteration as
u'(S) = p" and p'*r (A, Q,V, S, B) = u!*" | respectively.

Since |(P2.1)|is defined as a sub-problem of [(P2)| for fixed (Q", B", V"), then when we optimize
[(P2.1)| over the user scheduling the objective value £ of the global problem [(P2)]is also maximized
for a given (Q", B",V"). Then:

M(Sra Q’I‘7 VT, Br) S M(ST+1; Qr) V'I" B?") (19)

Second, for given (8™, Q" V" B") in step of our algorithm , we can express the

following relationships:

—
S
=

M(sr—&-l; Qr’ Br7 Vr) Mlb,r(sr—}-l’ Qr’ VT" Br)

INE

Mlb,r(8T+17 QT+1, VT+17 Br—l—l)

INT

,U/(STJrl, Qr+17 VrJrl’ Br+1) (20)

where the first equation (a) holds since the surrogate functions in (15) as well as the first-
order Taylor expansions in (21)) and are tight at given local points. In other words, for given
(Q", V", B"), we can consider that problem has the same objective value as that of problem
(P2.2)

The second inequality (b) is derived from the fact that (Q" !, V"+1 B 1) represent the optimal
solutions of problem |(P4)|for given (S" ™!, Q" V", B") and thanks to the non-decreasing propriety

of the objective function in this problem (because we are maximizing p), this inequality holds.

The third inequality (c) holds since the objective function of the approximation problem [(P4)]
is considered as lower bound of that of the original sub-problem

Based on (19) and (20), we have the following result:



M(8T7 Qr’ VT,BT) S M(STJrl’ Q?"Jrl7 VT+1,BT+1)

As a result, we can affirm that, in each iteration, the objective value p of our main problem
[(P2)] increases or at least remains unchanged. Additionally, since the objective value is upper

bounded, the convergence of our algorithm is thus proved.

B. Proof of complexity of our algorithm

In order to determine the complexity of our algorithm, we should determine the complexity
of both subproblems (P2.1) and (P4) defined in section IV of our paper.

First, problem (P2.1) is a standard linear problem that depends only on the user-UAV asso-
ciation parameters. As explained in [12], the complexity of such problems is of order © (a?b),
where a is the number of variables and b is the number of constraints. Following this, it is easy
to show that the complexity of (P2.1) is of order © (KMN + MN + KN + K)(KM)?).

Second, the problem (P4) is defined as follows:

b

max
1B,V AN
st. vip(n+1) =vy(n) + an(n)dt, (21)
Qo1+ 1) = (1) + Vi ()51 + S0 (n)0, 22)
[V ()| < Vinaz,  Vm,n, (23)
lam ()| < amaz,  Vm,n, (24)
| NoM M o
N Z Z ag.m(n) logy Z Byj(n)+od | — RZT;Z“ (n)) > pu',  Vk (25)
n=0m=1 j=1
T
0 B0 = P (192 D)) =90 e () w4 B ()
(26)
- s, © lam(m]?Y , w
0< nz::lclHVm(n)”‘3 + )\m?n) (1 + mg ) + g(HVm(N)HZ - ||Vm(0)||2) < Fnaz, Vm 27
A (n)? < vy, ()|? + 2(vy, ()T (Vin(n) = Vi, (n)),  Ym,n (29)

lem () —aj () |* < [l (n) = () > +2(ay, (n) = (n)) " (a7, (n) =4 () —am (n) +df(n)) , ¥m,n,j #m

(30)



Problem (P4) is a convex problem. As stated in [1], the complexity of (P4) is of order
O (maz(a®, a®b, F')) where a is the number of variables, b is the number of constraints and F is
the cost of evaluating the first and second derivatives of the objective and constraint functions.

« First, it can be easily proved that a = KMN +T7TMN + 1.

« Second, we can compute b by summing the number of constraints in the equations (2I)-(30)

which are represented in the following table:

Eq. 1) 2 3) @ | ©® (6) M| @& ©)) (10)
b || M(N=1) | M(N=1) | MN | MN | K | KMN | M | MN | MN | M08

Thus, we can totally calculate the number of constraints as b = KM N +4MN +2M (N —
1)+ K + M 4 MUY,

« Since F'is the cost of evaluating the first and second derivatives of the objective and con-
straint functions, a simple approach consists into computing the first and second derivatives
of the equations - with respect to each of the optimization variables (1, B, Q,V, A, A)

separately and then summing the number of operations required to compute every single

one of these quantities. By doing so, we get: F' ~ 122M N + (4M + 9)K M N.

It is clear that a?b is greater than a® and F. Thus, the complexity of (P4) is

@QKMN+TMN+D2GﬂﬂV+MﬂV+MﬂN—U+KHJW+%ngﬁﬁ))

Finally, the complexity of one iteration of our algorithm is nothing but the sum of the

complexities of the two subproblems which is

@OKMN+MN+KN+KWM@M—

(P2.1)

M(M —1)N
(KMN+7MN+U2OM@V+MMV+MHN—U+KHJW+—L7TJ—))

(.

(P1)
If we assume that K, M and N are much larger than one (> 1), then the complexity of 1

iteration of our algorithm can be reduced to the order of

O (KM)?N+ (KMN)? (KMN +
——

(P2.1) N ~
(P4)

M2N>
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APPENDIX C

K-MEANS CLUSTERING ALGORITHM
A. Definition

K-means clustering is an unsupervised learning algorithm which is mainly used in data mining
and statistics. This iterative method aims to partition the data into K clusters by allocating each
point to the cluster with the nearest mean. In other words, this method clusters automatically
similar data examples together.

The intuition behind K-means is an iterative procedure that is explained in the following

algorithm:

Algorithm : K-means Clustering Algorithm

1) Centroids initialization.

2) Repeat
a) Calculate distance between the points and the centroids.
b) Assign the points to the closest cluster.
c) Update the position of the centroids.

3) Until Convergence

As explained in the above algorithm, we first start by initializing the position of the centroids
(points that represent the center of the clusters). In the second step, for each point, we calculate
its distance to all the centroids and then assign it to the closest one. More formally, if we define
C as the set of centroids, then each point x is attributed to a cluster based on:

arg min(|le; —x||)

In the third step, we update the position of the centroids by taking the mean of the locations of

all the points assigned to that centroids cluster. More precisely, the new positions of the centroids

are given by :

1
Cizmzxia

CiESi
where S; and |S;| are respectively the set and the number of the ground stations that belongs to
the i cluster.
Finally, we repeat iteratively the second and third steps until there is no change in the position

of centroids.
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B. Application of the K-means Clustering Algorithm

We apply the K-means clustering algorithm in order to divide the ground stations into M
clusters. First, we randomly initialize the position of the M centroids. Then, as explained in
the previous subsection, we first assign every ground station to the closest centroid and then
we update the position of these centroids by taking the mean of the cluster. So, this process is
repeated iteratively until convergence to a final solution.

Next, we attribute every cluster to a UAV m. So, every UAV m will communicate only with

the ground stations that are located in its given cluster.

Iteration number 1
400

Ground stations
%  Centroids

350

300

250

200 Is}

150 |

100 |

50 * " i } ) J '
0 50 100 150 200 250 300 350 400

Figure 5: Ground stations assignment in the first iteration
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Iteration number 3
400

Ground stations
360 % Centroids

300 | X
250 +
200 o
150 |

100 | 5

50 I I 1 1 1 I I )
0 50 100 150 200 250 300 350 400

Figure 6: Ground stations assignment in the third iteration

The figures [5] and [6 illustrate the iterative process that we used. So, in the end, we obtain two
clusters of ground stations in which the red dots are assigned to one UAV and the blue dots are
assigned to the other UAV.

Afterwards, we provide a circular trajectory as an initialization scheme for every UAV in
which the centroids that we obtained from the A -mean clustering algorithm will represent the
center of the circular trajectory of every UAV. Furthermore, the radius of this trajectory circles
will represent the average distance from the centroid to its assigned ground stations which belong
to the same cluster. In other words the radius r,, is defined by:

1
Tm = m Z Wi — |
Wj,ESm
where S,, and |S,,| represent respectively the set and the number of ground stations that

belong to the cluster m.
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Initial UAV's trajectories

400 r
Ground stations
350 (WENTY
Uz
300
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200 | o -
o
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100 a
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1] 50 100 150 200 250 300 350 400

Figure 7: Initial trajectories of the UAVs

APPENDIX D
Let us define f(x) = m ,where a and b are positive constants. Then, the function g
defined by:
al|x||? 1 1 T
= — 2 -
9(x[xo) 12 + 2a 2~ lalxo|? £ ) X" Xo

1 2a]x0||? aflxo|” 2

+ — Vx,x9 € R
allxol?+b " (alxoZ+0)2 62 TN

is a concave surrogate function of f.

In order to prove this, we use the following lemma:

Lemma 2. In order to prove that a function g(X|Xo) is a concave surrogate function of f(x),

g(x|xq) needs to satisfy the following conditions

f(x) = g(x[x) , VX
Vf(x) = Vg(x|x) ,Vx
g(x|xo) < f(x) , Vx
Proof:
1) It is easy to say that f(x) = g(x|x), Vx

2) We first calculate the gradient of f at any given point. So, we have:

Vf(x)= Wx, Vx
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Then we compute the gradient of g with respect to x. We obtain:

2ax 1 1
Vg(X‘Xo) = —bT + 2a (b2 - ((],”)(0|2—|—b)2> X0, Vx

Thus, it can be easily shown that:
Vg(x|x) = V(x), ¥x
3) Let us show that: g(x|x¢) < f(x), Vx

First we consider the mean value form of the Taylor series of the function f(x) — g(x|x) at

given point x,. Then we have:

769~ glxbxo) = (f(x0) — gloxolx0))
(V1 (x0) = Fgloxob0)) (x = x0)
5 0= x0) (V2 £(e) = Pglelxn)) (x = x0)
where € is between x and x,.

Since we proved in 1) and 2) that f(x) = g(x|x) and Vg(x|x) = V f(x), we can say that:
f(x) = g(x[xo) = 5(x — x0)" (V2f(€) — V2g(e[x0)) (x — xo)

Additionally, it can be easily shown that :

a?

2
« V(%) = arrer! e

o V2g(x|xq) = _b—%“[
We note that the eigenvalues of V2 f(e) are greater than the eigenvalues of V?g(e|xg). Thus

V2f(e) — V3g(e|xp) is a positive semi definite matrix.
As a result, 3(x —x0)T(V2f(€) — VZg(e|x0))(x — x9) > 0

Consequently , g(x|xq) < f(x), Vx u
Based on and [3)} g(x|x¢) is a concave surrogate function of f(x).

By substituting x = q,,(n) — Wi, Xg = q',(n) — Wy, b = H?, and a = 1 and multiplying
f(x) and g(x|x¢) by Praz0 in the third condition of the lemma, we obtain the following result:
Praafo (1952290 4 D (1) (i () — W) () = W) + Fio(n)) < opizssde s
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where the constants Dy ,,(n) and Fj, ,,(n) are given by:

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

(10]

(11]

[12]

1 1
D m =2 = —
m () (H <||q:n<n>—wk||2+H2>2>
_ | et (n) — wil|
T () — WP+ 22 (T (n) — welP + )2

Nl (n) = wi?
H4

Fk,m(n)
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