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Abstract—In this paper, we study an unmanned aerial vehicle
(UAV)-assisted mobile edge computing (MEC) architecture, in
which a UAV roaming around the area may serve as a computing
server to help user equipment (UEs) compute their tasks or act
as a relay for further offloading their computation tasks to the
access point (AP). We aim to minimize the weighted sum energy
consumption of the UAV and UEs subject to the task constraints,
the information-causality constraints, the bandwidth allocation
constraints and the UAV’s trajectory constraints. The required
optimization is nonconvex, and an alternating optimization algo-
rithm is proposed to jointly optimize the computation resource
scheduling, bandwidth allocation, and the UAV’s trajectory in an
iterative fashion. Numerical results demonstrate that significant
performance gain is obtained over conventional methods. Also,
the advantages of the proposed algorithm are more prominent
when handling computation-intensive latency-critical tasks.

Index Terms—UAYV, mobile edge computing, resource schedul-
ing, bandwidth allocation, trajectory optimization.

I. INTRODUCTION
A. Motivation and Prior Works

With the popularization of Internet of things (IoT) and the
increasingly complex mobile applications, such as virtual and
augmented reality, online gaming, automatic driving, etc., the
computing demands at user equipment (UEs) are reaching an
unprecedented level. Mobile edge computing (MEC), widely
regarded as the technology to help the resource-limited UEs
handle computation-intensive latency-critical tasks, has attract-
ed great attention from both the academia and the industry.
The standardization organizations and industry associations
such as ETSI and SGAA have identified several use cases for
MEC, from the intelligent video acceleration and application-
aware performance optimization to vehicle-to-everything and
massive machine-type communications, etc. [1,2].
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The rationale behind MEC is that UEs’ computing tasks can
be offloaded and completed at the edge of wireless networks
by deploying cloud servers at the access points (APs), so as to
liberate the UEs from heavy computing workloads and prolong
their battery lifetime [3,4]. Recently, MEC has been widely
used in cellular networks, focusing on improving the energy
efficiency or reducing the latency of various cellular-based
MEC systems [5-14]. A multicell MEC system was studied
in [5], where the total energy consumption was minimized by
jointly optimizing the radio and computational resources. In
[6], the resource allocation for minimizing the weighted sum
energy consumption of users was addressed with a derived
threshold-based optimal policy. Later in [7], the scenario of
a UE with multiple tasks was considered, where multiple
APs assisted the UE to reduce its total task execution latency
and energy consumption. A two-tier heterogeneous network
with the coexistence of edge and central cloud computing was
studied in [8], and the cloud selection was optimized to min-
imize the network’s energy consumption. In [9], a device-to-
device (D2D) fogging was explored to achieve energy-efficient
task completion by sharing computation and communication
resources amongst mobile devices. The sum of computation
efficiency defined as the calculated data bits divided by the
energy consumption was maximized in [10] with iterative and
gradient descent methods. In addition, the works in [11-14]
introduced the use of energy harvesting or wireless power
transfer (WPT) technologies into the cellular-based MEC
systems, which has enabled the UEs to have sustainable energy
support to their transmissions and computation, but at the cost
of increasing the computational complexity of the systems.

Due to the attractive advantages of unmanned aerial vehicle
(UAV) for its easy deployment, flexible movement, and line-
of-sight (LoS) connections, and so on, UAV-enabled wireless
communication networks have been much researched in recent
years [15-19]. For instance, an energy-efficient UAV commu-
nication was investigated in [16], in which an UAV flew at a
fixed altitude and had the initial and final locations preset on
its trajectory design. In [17], the UAV-enabled mobile relaying
systems were studied, where the throughput was maximized
by optimizing the transmit power allocation and the UAV’s
trajectory. Recently, [18] proposed a generic framework for the
analysis and optimization of the air-to-ground systems, and an
optimum altitude for UAV in maximizing the coverage region
with a guaranteed minimum outage performance was derived.
WPT technology was considered for UAV wireless networks
in [19], and the UAV trajectory was optimized to maximize
the sum energy or the minimum energy transferred to all the



UE:s. It was revealed that UAV-enabled WPT can significantly
enhance the WPT performance over the traditional WPT
system with fixed energy transmitters.

It is a great attempt to leverage the technology of the UAV in
MEC systems, and the performance improvement of the UAV-
enabled MEC architecture has been shown to be substantial
[20-22]. A UAV-based MEC system was investigated in [20],
where a moving UAV equipped with a processing server was
considered to help UEs compute their offloaded tasks. The
total mobile energy consumption was minimized by jointly
optimizing the task-bit allocation and the UAV trajectory
using the successive convex approximation (SCA) methods.
Later in [21], a wireless-powered UAV-enabled MEC system
was studied, where the UAV was endowed with an energy
transmitter and an MEC server to provide energy as well as
MEC services for the UEs. The computation rate maximization
problems were addressed under both the partial and binary
computation offloading modes by alternating algorithms. In
another study [22], the UAV acted as a UE rather than an MEC
server, which was served by multiple cellular ground base
stations to compute its offloaded tasks. The UAV’s mission
completion time was minimized by optimizing the resource
allocation and the UAV trajectory through an SCA algorithm.

B. Our Contributions

The aforementioned MEC works concentrate either on the
cellular-based MEC networks, where the UEs’ tasks are com-
pleted by using the computing resources at the APs; or the
UAV-enabled MEC architectures by exploiting the computing
capability of the UAV processing server. However, for the UEs
with seriously degraded links to the AP due to severe blockage,
it is impossible to take full use of the computing resources at
the AP directly. Besides, due to the size-constrained resource-
limited property of the UAVs, it is risky to rely only on the
UAVs to assist the UEs for completing their computation-
intensive latency-critical tasks. For these reasons, this paper s-
tudies a UAV-assisted MEC architecture, where the computing
resources at the UAV and the AP are utilized at the same time.
In addition, the energy-efficient LoS transmissions of the UAV
have been fully exploited since the UAV is not only served as a
mobile computing server to help the UEs compute their tasks
but also as a relay to further offload UEs’ tasks to the AP
for computing. To our best knowledge, this is the first work
considering the UAV-assisted MEC architecture by letting the
UAV act as an MEC server and a relay simultaneously.

Our main contributions are summarized as follows:

o UAV-Assisted MEC Architecture—We consider a UAV-
assisted MEC architecture where the cellular-connected
UAV is served as a mobile computing server as well as a
relay to help the UEs complete their computing tasks or
further offload their tasks to the AP for computing. This
architecture takes full advantages of the UAV’s energy-
efficient LoS transmissions, and makes proper use of the
computing resources at both the UAV and AP.

e Problem Formulation with Joint Computation Re-
source Scheduling, Bandwidth Allocation and UAV’s
Trajectory Optimization—Our aim is to minimize the

weighted sum energy consumption (WSEC) of the UAV
and the UEs subject to the UEs’ task constraints, the
information-causality constraints, the bandwidth alloca-
tion constraints and the UAV’s trajectory constraints, by
jointly optimizing the computation resource scheduling,
the bandwidth allocation and UAV’s trajectory iteratively.
The formulated problem is complicated and non-convex
due to the coupled optimization variables.

o Alternating Algorithm with Guaranteed Convergence
—An alternating optimization algorithm is devised to
decouple the optimization variables, through which the
formulated problem can be properly solved by addressing
three subproblems iteratively. Note that the computation
resource scheduling parameters, including the offload-
ing/downloading task sizes and the CPU frequencies at
each UE and the UAYV, as well as the bandwidth allocation
parameters are obtained in closed form by leveraging
the Lagrange duality method, and that the correspond-
ing Lagrange multipliers associated with the inequality
constraints can be obtained using the subgradient method
while those associated with the equality constraints can
be obtained through bi-section search. The subproblem
relating to the UAV’s trajectory optimization can be
efficiently solved by CVX [23] based on the SCA method.
Besides, the convergence of the proposed algorithm can
be guaranteed, and the required complexity appears to be
acceptable.

o Considerable Performance Improvement—Simulation
results are presented to show the optimized trajectories
of the UAV under different scenarios and the significant
performance enhancement by leveraging the proposed
algorithm when compared to existing schemes, such as
the one with a preset UAV trajectory, the scheme with
task offloading only, the scheme with equal bandwidth
allocation, and the local computing scheme without of-
floading. Moreover, the proposed algorithm is capable
of providing more stable performance in adapting to the
change in the operating environment, and its advantages
will become much more prominent when dealing with
the computation-intensive and latency-critical tasks.

The rest of this paper is organized as follows. In Section II,
we introduce our system model and then formulate the op-
timization problem. The proposed method that decouples the
problem into three subproblems then solving it iteratively is
presented in Section III. Section IV provides the simulation
results. Finally, we conclude the paper in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig. 1, a UAV-assisted MEC system is consid-
ered, which consists of an AP, a cellular-connected UAV, and
K ground UEzs, all being equipped with a single antenna. The
UAV and UEs are all assumed to have an on-board communi-
cation circuit and on-board computing processor powered by
their embedded battery, while the AP is capable of providing
high-speed transmission rate with grid power supply and is
endowed with an ultra-high performance processing server.
It is also assumed that each UE has a bit-wise-independent
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Fig. 1. An illustration of the UAV-assisted MEC architecture, where the UAV
serves as an MEC server to help the ground UEs compute their offloaded tasks
or as a possible relay to further forward the offloaded tasks to the AP with
more powerful computing resources.

computation-intensive task, and the UAV acts as an assistant
to help the UEs complete their computation tasks by providing
both MEC and relaying services. For providing MEC service,
the UAV shares its computing resources with the UEs to
help compute their tasks; while for the relaying service, the
UAV forwards part of the UEs’ offloaded tasks to the AP for
computing with the purpose of saving its own energy.

A. Channel Model and Coordinate System

A three-dimensional (3D) Euclidean coordinate system is
adopted, whose coordinates are measured in meters. We as-
sume that the locations of the AP and all the UEs are fixed
on the ground with zero altitude, with the location of the AP
being Vo = (2o, y0,0). Let £ = {1,..., K} denote the set of
the UEs, with v, = (2, yx, 0) representing the location of UE
k € K. Tt is assumed that the locations of UEs are known to
the UAV for designing its trajectory [16]. We assume that the
UAV flies at a fixed altitude H > 0 during the task completion
time 7', which corresponds to the minimum altitude that is
appropriate to the work terrain and can avoid buildings without
the requirement of frequent descending and ascending.

For ease of exposition, the finite task completion time 7" is
discretized into N equal time slots each with a duration of
7 =T/N, where 7 is sufficiently small such that the UAV’s
location can be assumed to be unchanged during each slot.
The initial and final horizontal locations of the UAV are preset
as u; = (x1,y1) and up = (zp,yr), respectively. Let N =
{1,..., N} denote the set of the N time slots. At the n-th
time slot, the UAV’s horizontal location is denoted as u[n] =
u(nt) = (z[n],y[n]) with u[0] = u; and u[N] = up. It
is assumed that the UAV flies with a constant speed in each
time slot, denoted as v[n], which should satisfy the following
maximum speed constraint

v[n]

where Viax is the predetermined maximum speed of the UAV,
and Viyax > |lup —uypl| /T establishes to make sure that at least

T

one feasible trajectory of the UAV exists.

Similar to [16], the wireless channels between the UAV and
the AP as well as the UEs are assumed to be dominated by
LoS links, which is verified by recent field experiments done
by Qualcomm [24].! Thus, the channel power gain between
the UAV and the AP and between the UAV and UE k at the
time slot n can be, respectively, given by
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where hg is the channel power gain at a reference distance of
dy = 1m; dap and dj, are respectively the distances between
the UAV and the AP as well as the UE k at the n-th time slot
with vo = (z9, yo) and v, = (2, yx) denoting the horizontal
locations of the AP and UE k, k € K. It is assumed that
the channel reciprocity establishes in our considered scenario,
and thus the offloading and downloading channels between the
UEs and the UAV are identical. In this paper, the direct links
between UEs and the AP are assumed to be negligible due
to e.g., severe blockage,”> which means that the UEs cannot
directly offload their task-input bits to the AP unless with the
assistance of the UAV. The motivation behind this scenario
is based on the fact that it is more important to guarantee
the UEs’ computation tasks being completed within the given
limited time 7" with as little UEs’ energy as possible, than
dropping their tasks or letting the UEs compute their takes
locally at the cost of exhausting their energy.

B. Computation Task Model and Execution Methods

The computation task of UE k € I is denoted as a positive
tuple [y, Cy, Ok, Tk], where Ij; denotes the size (in bits) of
the computation task-input data (e.g., the program codes and
input parameters), C}, is the amount of required computing
resource for computing 1-bit of input data (i.e., the number
of CPU cycles required), O € (0,1) is the ratio of task-
output data size to that of the task-input data, i.e., the output
data size should be Op1j, and T}, is the maximum tolerable
latency with T, < Tk € K. In this paper, we only consider
the case that T, = T for all k£ € K. It should be noted that
the UEs’ task-input bits are bit-wise independent and can be
arbitrarily divided to facilitate parallel trade-offs between local
computing at the UEs and computation offloading to the UAV
or further to the AP with the assistance of the UAV. In other
words, the UEs can accomplish their computation tasks in a
partial offloading fashion [4] with the following three ways.

1) Local Computing at UEs: Each UE can perform local
computing and computation offloading simultaneously since
local computing at the UEs does not need radio resources
such as bandwidth. To efficiently use the energy for local
computing, the UEs leverage a dynamic voltage and frequency
scaling (DVFS) technique, and thus the energy consumed for
local computing can be adaptively controlled by adjusting

't is of great value to extend our work on the probabilistic LoS and Rician
fading channel models when we consider the scenarios where the UAV’s flying
altitude changes according to the work terrain.

>The general case with direct links between the UEs and the AP will be
considered as one of our future works.



the UEs’ CPU frequency during each time slot [25]. The
CPU frequency of UE k during time slot n is denoted as
fx[n] (cycles/second). Thus, the computation bits and energy
consumption of UE k during time slot n for local computing
can be, respectively, expressed as®

Lyn] = 7 fx[n]/Ck, k€ K,n e N, @)
E}Cocal[n] — T"fkf]g)[nL k e IC7’I7, < N, 5)

where xy, is the effective capacitance coefficient of UE k£ that
depends on its processor’s chip architecture.

2) Task Offloaded to the UAV for Computing: The UEs’
remaining task-input data should be computed remotely, first
by offloading to the UAV, and then one part of the data being
computed at the UAV while the other part further offloaded to
the AP for computing. In order to avoid interference among the
UEs during the offloading process, we adopt the time-division
multiple access (TDMA) protocol. Each slot is further divided
into K equal durations 6 = T/(NK), and UE k offloads
its task-input data in the k-th duration. Let I;[n] denote the
offloaded bits of UE k in its allocated duration at time slot n,
and thus the corresponding energy consumption of UE £ at
slot n for computation offloading can be calculated as

B3 [n] = dpi[n]
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where pg[n] is the transmit power of UE k for offloading I, [n]
computation bits to the UAV at time slot n, Bf[n] is the
corresponding allocated bandwidth for UE k, and Ny denotes
the noise power at the UAV.*

Assume that the UAV also adopts the DVFS technique to
improve its energy efficiency for computing, and its adjustable
CPU frequency in the k-th duration of slot n for computing UE
k’s offloaded task is denoted as fy x[n]. Hence, the completed
computation bits and the energy consumption of the UAV for
computing UE k’s task at slot n can be, respectively, given by

LUJC[H] :5fU,k[n]/Ck, k GIC,RGN, (7
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where xy is the effective capacitance coefficient of the UAV.
Note that computing Ly x[n] bits of UE k’s task-input data
will produce Oy, Ly [n] bits of task-output data, which should
be downloaded from the UAV to the UE k later.

3) Task Offloaded to the AP for Computing: Part of the
UEs’ offloaded task-input data at the UAV will be offloaded to
the AP’s processing server for computing. To better distinguish
the offloading signals from different UEs, the TDMA protocol
with K equal time divisions (6 = T'/(NK)) is also adopted in
this case. Let I¢/7, [n] denote the number of UE k’s task-input
bits being offloaded from the UAV to the AP at time slot n.
Thus, the corresponding energy consumption of the UAV for
offloading UE £’s task at slot n can be calculated as

off _ off
EU,k[”] = 5PU,k[”]
3All the energy consumption in this paper uses the unit of Joule.

4Without loss of generality, we assume that the noise power at any node
in the system is considered the same as No.

1§ ()

— 5]\70 2753%% il
hAp [n]

1), keK,neN, )

where p%ffk [n] and B%ffk [n] are respectively the transmit power
and the allocated bandwidth of the UAV for offloading UE
k’s task to the AP at time slot n. After computing the I¢fT, [n]
input bits at the AP, Ol¢fT,[n] bits of computation results
for UE k will be generated. As the AP is integrated with an
ultra-high-performance processing server, the computing time
is negligible. The AP will send the computation results back
to the UAV in the TDMA manner using a separate bandwidth.
Since the AP is supplied with grid power and can support
ultra-high transmission rate, the download transmission time
from the AP to the UAV is also assumed negligible.’

For the later two offloading methods, the generated com-
putation results at the UAV (including the results from UAV’s
computing and received from the AP) will then be downloaded
back to the corresponding UEs. It is assumed that the UAV
is equipped with a data buffer with sufficiently large size,
and it is capable of storing each UE’s offloaded data and
the corresponding computation results separately. Besides, we
assume that the UAV operates in a frequency-division-duplex
(FDD) mode in each UE’s operation duration § with separate
bandwidths allocated for task reception from UEs ({ B [n]}),
task offloading transmission to the AP ({B¢ff [n]}). and task
results downloading transmission to the UEs ({B{’}"[n]}),
with a total bandwidth B satisfying the constraint

B [n] + BN [n] + BEY ) = B, ke K,n e N. (10)

The UEs’ computation results are subsequently transmitted
by the UAV using TDMA similar to the UEs’ offloading
process, each with an equal duration § in each time slot. Let
I°¥™[n] denote the bits of task-output data being downloaded
from the UAV to UE £ at time slot n. Hence, the corresponding
energy consumption of the UAV can be calculated as

B ) = o3 ]
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where p{°i"[n] is the transmit power of the UAV for down-
loading UE k’s task-output data at time slot n.

Note that at each time slot n, the UAV can only compute
or forward the task-input data that has already been received
from the UEs. By assuming that the processing delay, e.g., the
delay for decoding and computing preparation, at the UAV is
one time slot, then we have the following information-causality
constraint:

n 5 i n—1
Z( Jul] +l%ﬂk[z‘]) < DIl (12)
° C ’ °
=2 i=1

Once the AP receives the forwarded l%ﬁk [n] bits input data from the UAV
in the k-th duration of the n-th time slot, it will immediately decode, compute
the data, and then send the induced Okl%ffk [n] bits of output data back to the
UAV, all with ultra-low latency that is negligible compared with the length of
each duration §, which means that the UAV can receive the task-output data
from the AP in the same duration of its offloading process.



forn € Ny and k € K where Ny = {2,..., N —1}. Similarly,
at each time slot n, the UAV can only transmit the task-output
data corresponding to the task-input data that has already been
computed at the UAV or offloaded for computing at the AP.
Thus, we have another information-causality constraint:

S S (Sfusli
Suri< oy (Tt i), oy
=3 =2

forn € N3 and k € K where N3 = {3,...,N}. It is clear
that the UEs should not offload at the last two slots, while the
UAV should not compute or forward the received input data of
UEs’ at the first and the last slots as well as not transmit the
output data to the UEs in the first two slots. Hence, we have
N — 1] = W[N] = 0, fusll] = furlN] =0, g [1] =
IR [NT = 0, and I{Py™[1] = I{PR[2] = 0.

C. Problem Formulation

Considering the fact that the traditional battery-based UEs
and UAVs are usually power-limited, one major problem the
UAV-assisted MEC system faces will be energy. Hence, in this
paper, we try to minimize the WSEC of the UAV as well as
all the UEs during the whole task completion time 7'. In the
previous subsection, we have obtained the energy consumption
of the UEs and the UAV for task offloading/downloading
and computation. In fact, the energy consumption for UAV’s
propulsion is also considerable which is greatly affected by
the UAV’s trajectory, and hence should be taken into account.
With the assumption that the time slot duration 7 is sufficiently
small, the UAV’s flying during each slot can be regarded as
straight-and-level flight with constant speed v[n]. Taking a
fixed-wing UAV as an example [16, 26], its propulsion energy
consumption at time slot n can be expressed as

Y n] =T(91v3[n]+f[;}>, nenN, (14)
where 67 and 0, are two parameters related to the UAV’s
weight, wing area, wing span efficiency, and air density, etc.
Combining with the above analysis, we obtain the total energy
consumption of UE k and the UAV in each time slot n as

Ep[n] = EXn] + B 0], ke K,neN, (15)
K
EU [n] = Z (EUJc[n] + E%f)fk[n] +
k=1
B n)) + B Il ne N, (16)

In our considered scenario, the UEs’ CPU computing fre-
quencies {f[n]}, their offloading task-input bits {l;[n]} and
the corresponding allocated bandwidth { B$f[n]}; the UAV’s
CPU computing frequencies { fy x[n]}, its forwarding (further
offloading) task-input bits {l%ffk [n]} and downloading task-
output bits {l%‘f‘,;"“ [n]} as well as the corresponding allocated
bandwidths {B{fT, [n]}, {B{’}"[n]} for different UEs; along
with the UAV’s trajectory {u[n]} will be optimized to mini-
mize the WSEC. To this end, the WSEC minimization problem
can be formulated as problem (P1) given below

(17a)
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where z £ {z[n]}tkecnen and B £ {Bi[n|teexnen

with z[n] £ {fuln], i), foxlnl. 195, ], 18 ]} and
Bi[n] £ {B{[n], B [n], By  [n]}, respectively, denote
the sets of the computational resource scheduling variables
and the bandwidth allocation variables for UE k in time slot
n, u = {un]},en denotes the set of the UAV’s horizontal
locations for all the slots, i.e., the trajectory of the UAV, and
M ={1,...,N —2}. In (P1), (17a) is the objective function
for minimizing the WSEC where wy and {wyg }rexc represent
the weights of the UAV and UEs, respectively, which trade-offs
between the UAV and UEs, and the priority/fairness among the
UEs. Also, (17b) and (17¢) are the two information-causality
constraints, while (17d)—-(17f) are the UEs’ computation task
constraints to make sure that all the UEs’ computation task-
input data has been computed and the task-output data has
been received. The bandwidth constraints are in (17g), while
(17h)—(170) ensure the non-negativeness of the optimization
variables. (17p) and (17q) specify the UAV’s initial and final
horizontal locations, and its maximum speed constraints.

III. ALGORITHM DESIGN

The problem (P1) is a complicated non-convex optimization
problem because of the non-convex objective function where
non-linear couplings exist among the variables [i[n] and
B [n], ¢ [n] and BYff[n], 1§78 [n] and By [n] for k €
K,n € N, and these variables are also strongly coupled with
the trajectory of the UAYV, i.e., u[n]. To address these issues,
we propose a three-step alternating optimization algorithm to



solve the problem. In the first step, the computation resource
scheduling variables in z are optimized by solving the problem
with given UAV trajectory u and bandwidth allocation B; and
then in the second step, the bandwidth allocation variables in
B will be optimized with the same given UAV trajectory u
and the optimized z obtained in the first step; and finally in the
third step, we focus on designing the UAV trajectory u with
the optimized variables z and B. The details for the three-step
algorithm are presented as follows.

A. Computation Resource Scheduling with Fixed UAV Trajec-
tory and Bandwidth Allocation

A sub-problem of (P1) is the computation resource schedul-
ing problem (P1.1), where the UAV’s trajectory u and band-
width allocation B are given as fixed. In this case, the
time-dependent channels {hap[n|}nen and {hx[n]}rec nen
defined in (2) and (3) are also known. Besides, the non-linear
couplings among the offloading/downloading task-input/task-
output bits (Ix[n], I¢f[n], [{°R" [n]) with their corresponding
allocated bandwidths (B [n],B%ffk [nl,B%‘f}Q’n [n]) no longer
exist. The resource scheduling problem (P1.1) is convex with
a convex objective function and convex constraints, which is
expressed as

N K
(PL.1) : min Z<wUE§})[n]+ZwkEk[n]> (18a)
k=1

n=1 =
s.t. (17b) — (17f), (17h) — (171), (18b)

K
where ES)[n] =3 (EU,k[n] + EOUHk[n] + E%Of:“[n]) In
k=1

order to gain more insights of the solution, we leverage the
Lagrange method [27] to solve problem (P1.1), and the optimal
solution of problem (P1.1) is given in the following theorem.

Theorem 1. The optimal solution of problem (P1.1) related
to UE k € K is given in (19)—(23) at the top of the next page,
where

B [n]hy[n]
= log, —k “ATEU 24
ok[n] 089 wkNol 5 n e N, (24)
By [n]hap(n]
off _ U, k
@y k[n] = log, TwuNgln2 n € Na, (25)
Bdown [n] hk [’I’L]
down o U,k
Ok l*logzinNoh12 , n € N3, (26)

are denoted as the offloading/downloading priority indicators
for the UEs in each given slot. Also, A} ,, > 0 and pj; ,, > 0 for
k € K,n € N are respectively the optimal Lagrange multipli-
ers (dual variables) associated with the inequality constraints
(17b) and (17¢) in problem (P1.1) (or P1), while n;;, pj. and 3},
are respectively the optimal Lagrange multipliers associated
with the equality constraints (17d)—(17f) for k € K.

Proof. See Appendix A. O

Remark 1. (Intuitive Explanation). From the expressions
relating to the computation resource scheduling parameters in
Theorem 1, we observe that {l;[n]}, {lOff [n]}, and {ldown[ 1}

are monotonically increasing with {apk[ 1} {pef Ukl ]} and

{@{°W™[n]} when they are positive. It coincides with the intu-
ition that more input (or output) data should be offloaded (or
downloaded) with larger {¢i[n]}, {ga% [n]} and {gdeW“[ 1}
corresponding to the scenarios with larger bandwzdths chan-
nel power gains and smaller weights for energy consumption.

Remark 2. (Decreasing Offloading and Increasing Down-
loading Data Size). Theorem 1 sheds light on the fact that [} [n]
decreases with the time slot index n while ldOW“* [n] increases

with n for the reason that Zl n+1 Ak and ZZ o M i
(20) and (23) decrease with n as A}, ; > 0 and uk > 0. Thls
indicates that the resource allocated for UEs’ task offloading
gradually decreases while that for UAV’s downloading grad-
ually increases as time goes by.

It is necessary to obtain the optimal values of the Lagrange
multipliers, i.e., \* = {)\Z,n}kej(:_’ne_/\/, = {uzm}ke;cmej\f,
n* = {nj trex, p* = {pi}rex and B* = {B; }rex since they
play important roles in determining the optimal computation
resource scheduling z* according to Theorem 1. In this paper,
we adopt a subgradient-based algorithm to obtain the optimal
dual variables in X* and p* related to the inequality constraints
(17b), (17¢), as described in the following Lemma 1.

Lemma 1. The dual variables { )\ ,} and {py n} obtained
at the (j + 1)-th (j = 1,2,...) iteration of the subgradient-
based algorithm are expressed as

A
Mgt = Mg — €V A ) ™, k€ Kon € Na, (27
Hen,j+1 = (K, — 6§“)Auk,n,j]+, kek,neNs, (28)
with the corresponding subgradients given as
n—1
* . 6f ? offx
Adlpn,j = Z Ui ld] — Z (%][] + 1 ]) ’ (29)
i= 1=2
_ 5fU k ]l l off downx*
AMk,n,j—OkZ T'l‘l[jk] ZZU’“] , (30)
=2
where eg-)‘) and 6§-“) respectively denote the iterative steps

for obtaining the dual variables in X and p at the j-
th iteration [28]. Also, {l} ;[nl}, {f{x ;[nl} {l%ff,’;j[ n)},
{l%og‘;*[ n|} are the compumtlon resource scheduling vari-
ables obtained through Theorem 1 with the dual variables
obtained at the j-th iteration, i.e., A\j = {Nin.j}kek,nen,
B = {pknjteecnen, M; = {nkjtkexs Pj = {pkjlrex
and B; = {B,j}rex-

Besides, the bi-section search method is used to obtain the
optimal dual variables in 17*, p* and 3" related to the equality
constraints (17d)-(17f), as summarized in Lemma 2.

Lemma 2. With the obtained Ajy1 and ;. above,
the corresponding m;,,, pj41 and B;,, can be obtained
by bi-section search of {Byibier € [0, {Bimasbrcr)
where B max = SCkka;k(ITC )2. For each given Br,j+1 €
[0, Bk,max), the corresponding ny jy1 and pg j+1 can be

obtained with another two bi-section searches within ny, j11 €
[ low

Mie,j+1> ", wi1) and prjp € [p}c‘i?+1,pzf}+1] to make the
expressions satisfy (B.1)=(B.2) and (B.1)=(B.3), respectively,

in Appendix B, where the expressions ofnk IRy e 4D pk T



[BR]*

inl =4/ —="—, nenN, 19
frn] 3Crwern’ (19)
N-1 +1t
y 6B [n] | on[n] + log [ /\*i—l—ﬁ*—n*} , n €N,
k[n] — k [ ][ [ } 2 iﬂzH_l k, k k (20)
0, n=N-—-1lor N,
N-1 +
[ — Okp, + Ok Z ll‘k > /\Z,i:|
fokln] = ot = €N 2n
' 3Cka/fU » T 2
0, n=1or N,
N N-1 47+
) | P [so%ffk ]+ 1083 |1~ Oupi 4 O 3 s = Y- Vi ] N g
1=n+1 =n
0, n=1or N,
N +1t
- 6Bdown down n| + lo l: * * ’L:| , e N ,
0, n=1or2,
1n2
and p" .| are given in (B.5)~(B.8) in Appendix B. The - k(] L nEN,
optimal B j41, Mk, j+1 and py i1 should satisfy (B.1)=(B.4). By g[n] = q §Wo[22( i’; u hAP [n]Igf, [n])= ] (33)
Proof. See Appendix B. O 0, n= 1102 ]:
2 YU,k
The optimal dual variables A", p* and n*, p*, 8% can be fi-  pdowns 1 _ 02 Phom p) 5, n € N3,
) P = W [ 22 (L py []1doym 34
nally obtained when the subgradient algorithm converges, and v ] o[ wg Ml ) ?] G
the bi-section searches terminate. Note that the corresponding 0, n=Tlor2,
convergence can be guaranteed according to [27]. where ¢ = 621;\{25%2 with {Vz,n}kelc,nej\f being the optimal

B. Bandwidth Allocation with Fixed UAV Trajectory and Com-
putation Resource Scheduling

Here, another sub-problem of (P1), denoted as the band-
width allocation problem (P1.2) is considered to optimize B
with the same given UAV’s trajectory u and the optimized
computation resource scheduling parameters in z. The band-
width allocation problem (P1.2) is expressed as

N K
(P1.2) : min Z<wUEg>[n]+ZwkEzﬁ[n]> (31a)
k=1

st (17g), (17m) — (170), (31b)

K
where EEJQ ] =S (E%f,fk [n] + EFR [n}) It can be easily

proved that probllfczr_n1 (P1.2) is convex with convex objective
function and constraints. To gain more insights on the structure
of the optimal solution, we again leverage the Lagrange
method [27] to solve this problem, and the optimal solution
to problem (P1.2) is given in the following theorem.

Theorem 2. The optimal solution of problem (P1.2) related
to UE k € K is given by

ln2l [ }
off x 2¢kn 1 ,TLENL
By [n] = q Wo[B2 (22 hy[n]lk[n]) 2] (32)
0, n= N— lor N,

Lagrange multipliers (dual variables) associated with the
equality constraints in (17g) of problem (P1.2) (or P1), and
Wo(x) is the principal branch of the Lambert W function
defined as the solution of W (x)eWO(‘”) =ux [29].

Proof. See Appendix C. O

Lemma 3. (Exclusive Bandwidth Allocation). According
to the optimal bandwidth allocation results in Theorem 2
combining with the equality constraints in (17g), we have

BY™[n] = B, if ly[n] > 0,15 [n] = I [n] =0, (35)
BYfiin] = B, if 1{f.[n] > 0,1k[n] = I [n] =0, (36)
By [n] = B, if ldOW“[ ] > 0,lx[n] = Iy [n] =0, (37)

where the whole bandwidth is exclusively occupied when only
one of li[n], 1gf[n], l%(j}’:“ [n] is positive for any k € K, n €
N. Also, it is always sure that

BY™1] = B, BY™[N] =B, keK. (38)

The optimal Lagrange multipliers {I/Zn} for obtaining the
optimal bandwidth allocation in Theorem 2 correspond to
{®k.n}, which should make the equality constraints in (17g)
satisfied. In fact, ¢y, ,, can be obtained effectively with the bi-
section search when the bandwidth is not exclusively occupied,
i.e., at least two of lx[n], ZO‘Lf w1, ldo‘”“[n] are positive, since

{B(I;ﬁ*[n]}HGNN {B([)J,k[ ]}HGNQ and {Bdown*[ ]}n€N3 are



all monotonically decreasing functions with respect to (w.r.t.)
{¢k n} according to the property of the Wy function. Besides,
we can obtain tight search ranges using the results in Lemma 4.

Lemma 4. A tight bi-section search range of ¢r., (k € K)
for any slot n € N with non-exclusive bandwidth is given as

Grn €] g};{‘, Ikrf?lx] where
¢mm (or ¢p1) = min (or max) (39)
{ouEkn(B/3), U ko (B/3), 65k (B/3)}, case 1
{OUEkn(B/2), U kn(B/2)}, case 2
{$uB.ka(B/2),¢750(B/2)}, case 3
(0%, (B/2), 6074 (B/2)},  case 4

where case 1-case 4 are distinguished by the values of lj[n),
19t [n] and Iy [n] for each n € N. For case 1, all the three
parameters have positive values; for case 2, ldown[ ] =0; for
case 3, I9fT, [n] = 0; for case 4, Iy[n] = 0. In (39),

wilg[n]  twininz
PUBkn(T) = 52;2%@ L kekK,neN, (40
wUl%f’flC [n]  ®finme
() = Faham¢ " heKne N, (al)
w ldown n ldown[n] In2
doun (o _ WOIOR" D] IR N @)

= 52a2hifn] ©

which are the value of ¢y, ,, obtained by letting the expressions
of BY™[n], By [n] and B%‘?‘,Z“* [n] in (32)-(34) equal 1o x.

C. UAV Trajectory Design With Fixed Computation Resource
Scheduling and Bandwidth Allocation

Here, the sub-problem for designing the UAV’s trajectory
u is considered, which we refer to it as the UAV trajectory
design problem (P1.3), by assuming that the computation
resource scheduling z and bandwidth allocation B are given
as fixed with the previously optimized values. Hence, the UAV
trajectory design problem (P1.3) can be rewritten as

N K
(P1.3): muin Z (wUESS) [n] + ZwkEzH[nO (43a)
k=1

n=1
s.t. (17p), (17q), (43b)

K
where Eg)) [n] = E%y[n} + > (E%ffk [n] + E&R™ [n]) It is
k=1

noted that the E%y [n] defined in (14) with v[n] in (1) is not a
convex function of u. In order to address this issue, we define
an upper bound of E%y [n] as follows

ENn) = T(@lvs[n] + ;EZ})’ nenN,
by introducing a variable v[n| and a constraint v[n] > v[n],
which is equivalent to |[u[n] — u[n — 1]||> > v2[n]72. This
constraint is still non-convex, and we leverage the SCA tech-
nique to solve this issue. The left hand side of the constraint is
convex versus u and can be approximated as its linear lower
bound by using the first-order Taylor expansion at a local point
u;, where ¢ = 1,2, ... denotes the iteration index of the SCA

(44)

method. Hence, the additional constraint can be approximated
as a convex one as follows

P[n]r? — 2(ui[n] — wiln — 1) T (u[n] —ufn — 1))  (45)
< lwi[n] — w;[n —1]||, n € N.
The approximated problem of (P1.3) with {Egy [n]}, {v[n]}

and the additional constraint (45) is convex w.r.t. u and {v[n]}.
However, the UAV’s locations in different slots are coupled
with each other as in (17q), and thus it is difficult to obtain
a closed-form solution of u. In this case, we resort to the
software CVX [23] to solve the approximated problem of
(P1.3).

D. Algorithm, Convergence and Complexity

Based on the aforementioned analysis of the alternating
optimization for the computation resource scheduling z, the
bandwidth allocation B and the UAV trajectory u in each
subproblem, Algorithm 1 is proposed to solve the original
problem (P1) for obtaining the solution {z*, B* , u*}.6

Algorithm 1 Three-Step Algorithm for Solving Problem (P1)
1: Set BT, N, K, ho, Ny, H, Viyax, 01, 02, ur, up, wu, KU,
vo, {Vk, Wk, Ik, Ck, Ok, Kk } ek two tolerant thresholds
€1 and ¢, and the iterative steps {5 } and {5 }
Initialize the iteration index ¢ = 1 and uy, Bl,
Repeat 1
Initialize j = 1, as well as Ay, pq;
Step 1: Repeat 1.1
a) Obtain nj, pJ, B, with Aj, p; through Lemma 2;
b) Obtain 2, = {{f,[nl} {1 [n)}, {Fir00),
{191 ;I }} {l%o‘,i”;* n]}} through Theorem 1 with
Aj, 1y, M5 pj» By and ue, Be;
¢) Calculate the WSEC E( ) by substituting ZC o B¢,
u. into the objective functlon of problem (P1.1);
dj=j+1
e) Update A; and p; according to Lemma 1;

7:  End Repeat 1.1 until convergence, i.e. \E(l) E(l)l\ <
€1 (j > 1), and obtain optimal z¢yq = z{ ;3

8:  Step 2: Bi-section search of {v},} to find the optimal
{v}:,,} and obtain the B¢ 1 = Bf = {{B™*[n]},
{B%ff;[ I}, {B&ER™[n]}} according to Theorem 2,
Lemma 3 and Lemma 4 with given u; and z¢y1;

9:  Step 3: Solve the approximated problem of (P1.3) by
CVX based on the SCA method, so as to obtain the
optimal solution uc1 with the given z¢11, Beyy;

10: (=¢+1;

11: Calculate the WSEC E¢, by substituting z¢, B¢, and u¢

into the objective function of problem (P1);

12: End Repeat 1 until convergence, i.e., |EC — Ec,l\ <€

(¢ > 2), and obtain the minimum WSEC E with the
solution z* = z¢, B* = B¢, u* = ug;

A

The convergence of Algorithm 1 is easy to prove in light of
the guaranteed convergence of the loop Repeat 1.1 in Step 1,

6The proposed method is not theoretically optimal due to problem non-
convexity, but its performance gain is verified by the simulation results.



the bi-section search in Step 2 and the CVX solving process
based on the SCA method in Step 3 [27]. The lower-bounded
objective function of problem (P1) will monotonically de-
crease with the iteration index ¢ by optimizing z, B and u
alternatingly in each sub-problem, which further guarantees
the convergence of the algorithm.

In addition, Algorithm 1 is easy to implement and the corre-
sponding complexity is acceptable. In Step 1, the complexity
mainly comes from the subgradient method for obtaining
{Men}s {Mk,n}, and the bi-section searches of {8k}, {px}
and {n;} in each iteration of Repeat 1.1. Let g5, > 0, and
€8,€p,€n > 0 denote the computational accuracies of the
subgradient method and the bi-section searches for {5y}, {px }
and {ny}. Thus, the corresponding complexity can be calcu-
lated as O(1/=2,, + K logy(1/25) (loga (1/2,) +logy(1/2,)).
In Step 2, the complexity is from the bi-section search of
{Vk,n}, which is calculated as O(K N logy(1/e,)), where
€, is the corresponding computational accuracy. In Step 3,
the complexity mainly focuses on solving the approximation
problem of (P1.3) by CVX, which is acceptable in general.

IV. SIMULATION RESULTS

In this section, simulation results are presented to evalu-
ate the performance of the proposed algorithm against the
benchmarking schemes. The effects of the key parameters will
be analyzed, including the relative location of the AP (vq),’
the computation task sizes of UEs (I for &k € K), the task
completion time for UEs (7T), the size ratio of task-output
data to task-input data (Oy, for k € K), the weight for energy
consumption of the UAV (wy), and the iteration index of the
alternating optimization algorithm (¢). The basic simulation
parameters are listed in Table I unless specified otherwise.

A. Trajectory of the UAV

In this subsection, numerical results for the trajectory of the
UAV are given to shed light on the effects of the task sizes of
UEs ([I1, I2, I3, I4]) and the relative location of the AP (vy).
In Fig. 2, the UAV’s flying trajectories are depicted in different
scenarios. It should be noted that the total task size of UEs
is same for the cases in (a), (c¢), (d) and (f), i.e., 1400 Mbits,
while the cases for (b) and (e) are with larger total task size,
e.g., 1800 Mbits. From these results in Fig. 2, we can observe
that the trajectory of the UAV is heavily reliant on the relative
location of the AP and the distribution of UEs’ task sizes.

For the scenario of vo = (0,0), the AP is surrounded by
the UEs and at the center of the UEs’ distributed area. We
can observe that the UAV tends to fly close to the UEs with
large task sizes and tries to be not too far away from the AP
when the total task sizes of UEs are moderate as the results
in cases (a) and (c). When the total task size becomes larger
and the distribution of UEs’ task sizes becomes more average,
the UAV tends to fly close to the AP as the result in case (b).
These three cases indicate that for the scenario where the AP is
located at the center of UEs’ distributed area, the distribution

In order to properly show the effects of the relative location of the AP
to UEs on UAV’s trajectory and the performance, we fix the locations of the
UEs and vary the location of AP even though AP is usually fixed in practice.
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Fig. 2. The trajectories of the UAV in the situations with different location of
the AP and task size allocation of the UEs: vo = (0,0) for (a), (b) and (c),
vo = (10,5) for (d), (¢) and (f); [I1, I2, I3, I4] = [6,2,4,2] x 10°Mbits
for (a) and (d), [I1,I2,I3,I4] = [6,4,6,2] x 102Mbits for (b) and (e),
[I1, I2, I3, I4] = [2,2,6,4] x 102Mbits for (c) and ().

of the UEs’ task sizes plays an important role on the UAV’s
trajectory, while the effect of the AP’s location will become
more dominant when the UEs’ total task size becomes larger,
which coincides with the intuition that more task-input data
will be offloaded to the AP in this situation so as to reduce
the WSEC by making use of the super computing resources
at the AP. For the scenario of vg = (10, 5), the AP is located
outside the distributed area of the UEs and its average distance
to the UEs is relatively larger than the above scenario. In this
situation, the effects of AP’s location on the trajectories are
more prominent, where the comparison between (a) and (d),
(b) and (e), (c) and (f) can properly explain this.

The reason behind these results in Fig. 2 is that there exists
a tradeoff between the distribution of UEs’ task sizes and
the relative location of the AP to the UEs. In other words,
getting close to the UEs with large task sizes can reduce
UEs’ offloading and UAV’s downloading energy consumption,
while being closer to the AP will reduce the UAV’s offloading
energy consumption, and thus the UAV has to find a balance
between these two factors meanwhile taking its own flying
energy consumption into consideration, so as to minimize the
WSEC through optimizing its flying trajectory.

B. Performance Improvement

Here, we focus on the performance gain of the proposed
algorithm. The performance of the baselines is also provided
for comparison, including the “Direct Trajectory” scheme
where the UAV flies from its initial location to the final
location directly with an average speed; the “Offloading Only”
scheme where the UEs just rely on task offloading to the UAV
and the AP for computing without local computing by the
UEs themselves; the “Equal Bandwidth” scheme indicating the
solution that the whole bandwidth are equally divided by the
active B [n], BYff[n], and B{Py"[n], for n € N and k € K
without bandwidth optimization; and the “Local Computing”
scheme, where the UESs rely on their own computing resources
to complete their computation tasks without offloading. Note
that the former four schemes are all offloading schemes. To
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I (Mbit) for vy = (0,0) I (Mbit) for vy = (10,5)

Fig. 3. The WSEC of the UAV and UEs versus the uniform task size: I = Iy,
for k € K.

better illustrate the effects of AP’s relative location on the
performance, we present all the results in two scenarios given
in Fig. 2, i.e., vo = (0,0) and v = (10, 5).

Fig. 3 shows the WSEC results versus the uniform task
size I = I, for k € K. All the curves in the figures increase
with I as expected since more energy will be consumed by
completing tasks with more input data. It can be seen that great
performance improvement can be achieved by leveraging the
proposed solution in comparison with all the baseline schemes
in both scenarios. It is clear that the performance of the
“Local Computing” scheme is far worse that the other schemes
with computation offloading, verifying the importance of edge
computing through offloading. Specifically, the WSECs of the
“Proposed Solution” are almost one thousandth of that for
the “Local Computing” scheme, presenting the tremendous
benefits the UEs obtained by deploying the UAV as an
assistant for computing and relaying. In addition, the WSECs
of the proposed solution are half less than those of the “Equal
Bandwidth” scheme and they are almost quarter less than those
of the “Direct Trajectory” scheme. The “Offloading Only”
scheme performs well with relatively small task sizes, e.g.,

Parameter Symbol Value
The total system bandwidth B 30 MHz
The total task completion time T 10 seconds
Number of time slots N 50
Number of ground UEs K 4
The channel power gain at a reference distance of dp=1 m ho —30dB
The noise power Ny —60dBm
The fixed altitude of the UAV H 10 m
The maximum available speed of the UAV Viax 10 m/s
The UAV’s propulsion energy consumption related parameters| (61, 02) (0.00614,15.976)
The initial and final position of the UAV uy, up (—=5,-5), (5,—5)
The horizontal positions of the UEs vi, vo, v3, va | (5,5), (=5,5), (—5,—5), (5,—5)
The effective switched capacitance of the UAV and UEs Ky, ki(k € K) [10728
The weight for energy consumption of the UAV wy 0.2
The weight for energy consumption of the UEs wy, (k € K) 1
Required CPU cycles per bit Cr (keK) 1000 cycles/bit
UEs’ task-input data size I, (ke K) 400 Mbits
UEs’ task size ratio of output data to input data O (k€ K) 0.8
The tolerant thresholds €1 and € 10—1
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Fig. 4. The WSEC of the UAV and UEs versus the total task completion
time: 1" (s).

I = 400 Mbits, but its gaps between the “Proposed Solution”
are even larger than those of the “Direct Trajectory” scheme
when task sizes are large, e.g., I = 500 Mbits. All these results
verify that the proposed optimization on bandwidth allocation
and UAV’s trajectory, as well as making full use of the
computing resources at UEs have great effects on minimizing
the WSEC of the UAV and UEs. Note that the gaps between
the proposed solution and the baselines become larger when [
increases, which further indicates that the proposed algorithm
is more capable of handling the computation-intensive tasks.

In Fig. 4, the WSEC w.r.t. the total task completion time
T is depicted. We can see that the WSECs of all the schemes
decrease with 7', coinciding with the intuition that a tradeoff
exists between the energy consumption and time consumption
for completing the same tasks, and the energy consumption
will decrease when the consumed time increases. It is notable
that the proposed solution is superior than the four baseline
schemes in both scenarios, and the performance improvement
is even more prominent with strict time restriction (small 7),
which further confirms that the proposed algorithm is good
at dealing with the latency-critical computation tasks and can
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Fig. 5. The WSEC of the UAV and UEs versus the uniform size ratio of
task-output data to task-input data: O = Oy, for k € K.

achieve a better energy-delay tradeoff. Besides, some similar
insights can also be obtained as from Fig. 3.

Fig. 5 depicts the WSEC w.r.t. the uniform size ratio of the
task-output data to the task-input data O = Oy, for k € IC. We
see that the proposed scheme outperforms the baselines in both
scenarios as in Fig. 3 and Fig. 4. The WSEC of the “Local
Computing” scheme is constant w.r.t O, while the WSECs
of all the other schemes increase with O since more output
data will be downloaded to the UEs in the cases with larger
O. However, the curves of the “Equal Bandwidth” scheme are
almost unchanged for O € [0.2, 0.8] due to the fact that equally
allocated bandwidth to the downloading transmissions should
be sufficient to complete the downloading missions, and its
performance is much worse than the other offloading schemes
for smaller O because of the irrational bandwidth allocation.
Note that the gaps between the proposed solution and the
“Direct Trajectory” scheme decrease as O increases since it
becomes more difficult to balance the tradeoff between UEs’
task sizes and the relative location of the AP. In comparison,
the gaps between the proposed solution and the “Offloading
Only” scheme become large as O increases for the reason that
local computing may be an energy-saving way when with a
large O. In the scenario of vo = (10, 5), the “Offloading Only”
scheme performs even worse than the “Equal Bandwidth”
scheme when O = 1, which further verifies that the effect
of partial local computing in minimizing the WSEC.

Results for the WSEC versus the UAV’s weight wy are
shown in Fig. 6. It is clear that the proposed scheme still
performs best in both scenarios. All the curves increase with
wy except that for “Local Computing” scheme, since larger
proportion of UAV’s energy consumption will be calculated
into the WSEC with a larger wy. Note that the gaps between
the proposed solution and the “Direct Trajectory” scheme
become obviously larger as wy increases in both scenarios
especially compared with those gaps related to the “Offloading
Only” and the “Equal Bandwidth” schemes. This is due to
the fact that the energy consumption for UAV’s propulsion
contributes a larger part for WSEC of the “Direct Trajectory”
scheme without trajectory optimization, and thus its WSEC
increases much faster w.r.t. wy than the other schemes.
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From the above results, we can observe that the WSEC for
the scenario of vo = (10, 5) is higher than that for the scenario
of vg = (0, 0) for all the schemes. It is easy to understand that
more energy will be used for UAV’s offloading transmission
and flying because of the farther average distance between the
AP and UEs. The performance of the proposed scheme is also
more stable than that of the baseline schemes considering the
changing of the relative location of the AP to UEs since its
relative WSEC increment is the smallest among the schemes.

Based on Fig. 6, we depict the energy consumption of the
UEs (also the weighted energy consumption of the UEs with
wy = wy = w3z = wy = 1), the weighted energy consumption
and the energy consumption of the UAV versus wy in Fig. 7
(a), (b) and (c), respectively. It is clear that the weighted
energy consumption of the UEs and the UAV for the four
offloading schemes increase with wy as in (a) and (b), while
their energy consumption of the UAV decreases with wy as
in (c). This is due to the fact that we aim at minimizing the
WSEC, and the objectives increase with wy similar to the
results in Fig. 6. Meanwhile minimizing the UAV’s energy
consumption becomes more important as wy increases. From
this figure, we can better see the tremendous benefits obtained
by the UEs from the UAV, especially when wy is smaller.
In the case of wy = 0.2, the UAV consumes 120 Joule of
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energy to help the UEs decrease their energy consumption
from 2.56 % 10° Joule of the “Local Computing” scheme to 20
Joule of the “Proposed Solution”, by providing assistance of
task computing and relaying (further offloading to the AP for
computing) through the proposed algorithm.

Fig. 8 shows the WSEC of the proposed solution w.r.t to the
iteration index ( under different settings. From the figure, we
can see that the proposed solution almost converges at ( = 3,
i.e., after twice iteration of optimizing z, B and u, regardless
of the UEs’ task sizes or the position of the AP.

V. CONCLUSION

This paper investigated the UAV-assisted MEC architecture,
where the UAV acts as an MEC server and a relay to assist
the UEs to compute their tasks or further offload their tasks
to the AP for computing. We minimized the WSEC of the
UAV and the UEs under some practical constraints, using an
alternating algorithm iteratively optimizing the computation
resource scheduling, bandwidth allocation, and the UAV’s tra-
jectory. The simulation results have confirmed that the UAV’s
trajectory is greatly affected by the relative location of the AP
and the distribution of UEs’ task sizes. Besides, significant
performance improvement and more stable performance can be
achieved by the proposed algorithm over the baseline schemes.

APPENDIX A: PROOF OF THEOREM 1

The partial Lagrange function of (P1.1) can be expressed
as

LY (2, 1,m,p,8) = i { i (wk (E}fcal[n] + Ez“[n})
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where A = {/\k,n}kelc,ne/\/7 = {1k,n}rex, neps M=
{mitrexc, p={prtrex, B = {5k}ke/c, Men = D i Mksis

M = Yl A Bibn = Doie, Hias and i =
Zin 41 Mk,i- The Lagrangian dual function of problem (P1.1)
can be presented as

d(l)(Aapﬂnapalg) = min £(1)<Z7A7N’T”p"6>
s.t. (17h) — (171).

(A2)

Hence, the solution of z with given dual variables \, ., n, p, 3
can be obtained by solving problem (A.2). If the given dual
variables are optimal, denoted as \*, u*, n*, p*, 3", then the
corresponding solutions are optimal, i.e., z*. According to the
structures of £(Y)(z, X, u,n, p,3) and the constraints (17h)-
(171), it is noted that the problem (A.2) can be equivalently
divided into K subproblems w.r.t. each UE k € K to facilitate
parallel execution. Apply the Karush-Kuhn-Tucker (KKT)
conditions [27] and let the derivations of £()(z, X, u, 1, p, B)
w.et. fr[n], lk[n], fukln], (g5 [n], 1578 [n] equal to zero, we
can thus obtain the corresponding optimal solution given in
Theorem 1 with some straightforward calculations.

APPENDIX B: PROOF OF LEMMA 2

With the achieved A4 and p 41 in Lemma 1, we can then
obtain the 1,4, p,; 4, and B, correspondingly. According
to the expressions of the optimal solution in Theorem 1 and the
equahl\y constralnts in (17d)—(17f), we can express the value
of o "Ik J+1[ n| in the following forms in (B.1)-(B.4)
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where X;mﬁﬂ, 3\:1{;7717]‘4_1, Bkom,j+1, and [y n j+1 are defined
similar to Agn, Akn, Hkn, and [y, in Appendix A. The
expression (B.1) is obtained from (17f), (B.2) comes from
the expression of {I} +1[ }}, (B.3) is derived from (17d) and

(17¢) with equation an U ialnl = O%c Zf:[ 3 l%o};”;’;l[ nj,
and (B.4) is obtained from (17d).



According to (B.1) and the facts that ZTZ:[:_lQlkJJ,_l[n] €
[0,Ix], fi[n] > 0, we can derive the range of Sy j+1 €
[0, Bk, max) With Bi max = 3C’kwk/€k(1kc’f) for k € K. It is
observed from (B.1)—(B.3) that 7 ;41 and pj ;11 are respec-
tively monotonic non-decreasing and non-increasing implicit
functions of Sy i1, which further shows that (B.4) is also a
monotonic non-decreasing function of 3y ;1. Hence, with the
obtained A;y1 and g4, and a given B ;11 € [0, Bimax)
we can derive the corresponding 7 j4+1 and pg ;41 from the
equations constituted by (B.1) in company with (B.2) and
(B.3), respectively, also using the bi-section search method
with the ranges of nxj11 € [7%, 1, M) and pr i1 €
[pk,]+17pk D41l where

1, /6= N 2 B [n)gy [n]
77};:})&1 = :\\k,N—2,j+1 -2 S ; B3 (n) , (B.5)
M1 = X141 + Br mas (B.6)
P}co,vjvﬂ = [k, N, j+15 B.7)
150 /5= N_3 BER  Inle {0y n]
Proir = Pk +2 s PR ., (B3)

which are obtained from (B.2) and (B.3) in combination with
the definitions of Ay, j4+1 and [k, 41, and the range of
Br,j+1. The optimal Bj ;41 and the corresponding 7 41,
Pk,j+1 should make the equation formed by (B.1) and (B.4)
satisfied, which indicates the termination of the bi-section
search of B, 11, k € K.

APPENDIX C: PROOF OF THEOREM 2
The partial Lagrange function of (P1.2) is defined as
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where v = {Vj » }rek nen- The Lagrangian dual function of
problem (P1.2) can be presented as

d?(v) = min £ (B,v)
(17m) — (170).

(C.2)

Hence, the optimal solution of B with optimal dual variables
v* can be obtained by solving (C.2). This problem can also
be equivalently divided into K subproblems w.r.t. each UE
k € K to facilitate parallel execution. It is easy to note that
the expressions of E9[n], E¢fT, [n] and E{°y™[n] have similar
structures w.r.t. BT [n], BT, [n] and Bdown[ ], and thus the
optimal solution of B¢f[n], BU’,C[ n| and Bdown[ ] should
have similar structures according to problem (C.2). Next, we
will take B9T[n] as an example to obtain its closed-form
optimal solution versus vy, for k € K,n € N. Applying
the KKT conditions [27] leads to the following necessary and
sufficient condition of B¢*[n):

oL?) (B,v) Ir[n]wy No In 2 [2]

— ok —2B°tf"[n]5 _ 0 C3
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where the optimal dual variable v, should make sure that
the equality constraint BST*[n] + BOH*[ ]+ Bdown*[ |=1B
is satisfied. It is not easy to obtain the closed- form solution

of By [n] through (C.3) directly. By defining & = 2L,
the equation in (C.3) can be re-expressed as *
vi  hi[n)lgn
g29¢ _ Vinhillls[n] 5 1 (C.4)
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By applying the natural logarithm at the both sides of (C.4)
leads to
InTz.

mg+5¥g: C.5)

Then applying the exponential operation at both sides of (C.5),

we can obtain that
In2
f

where e is the base of the natural logarithm. According to

the definition and property of Lambert function [29], we have

2¢ — Wo(20'7), and finally we can express BT [n] as
12214 [n]

SWo 132 (2 hy [n]iy [n]) 2]

Integrating with the cases BST* [V — 1] = BYT*[N] = 0, the
complete solution of B{T [n] in (32) can be obtained. The
solution of BOH*[ ] and Bdown*[ ] in (33) and (34) can be
obtained in a similar way [21].
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