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Multi-User Task Offloading in UAV-Assisted
LEO Satellite Edge Computing: A
Game-Theoretic Approach

Ying Chen
Jiwei Huang

Abstract—Unmanned Aerial Vehicle (UAV)-assisted Low Earth
Orbit (LEO) satellite edge computing (ULSE) networks can ad-
dress the challenge communications issues in areas with harsh
terrain and achieve global wireless coverage to provide services for
mobile user devices (MUDs). This paper studies the LEO-UAYV task
offloading problem where MUDs compete for limited resources in
the ULSE networks. We formulate the optimization problem with
the goal of minimizing the cost of all MUDs while meeting resource
constraint and satellite coverage time constraint. We first theoret-
ically prove that this problem is NP-hard. We then reformulate
the problem as a LEO-UAV task offloading game (LUTO-Game),
and show that there is at least one Nash equilibrium solution
for the LUTO-Game. We propose a joint UAV and LEO satellite
task offloading (JULTOQ) algorithm to obtain the Nash equilibrium
offloading strategy, and analyze the performance of the worst-case
offloading strategy obtained by the JULTO algorithm. Finally,
extensive experiments, including convergence analysis and com-
parison experiments, are carried out to validate the effectiveness
of our JULTO algorithm.

Index Terms—Game model, LEO satellite, Nash equilibrium,
task offloading, UAV.

1. INTRODUCTION

ITH the rapid development of beyond 5G/6G commu-
W nication systems, the number of mobile user devices
(MUDs) such as smartphones and tablets has surged. More and
more computation-intensive and latency-sensitive applications
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(such as natural language processing, virtual reality, face recog-
nition, etc.) are running on MUDs [1]. However, constrained by
CPU and battery capacity, most MUDs cannot effectively handle
computationally intensive applications all by themselves [2], [3],
[4]. The framework of mobile edge computing (MEC) [5], [6],
[7], [8] is considered as a viable solution, i.e., edge servers with
computing resources are placed on network access points close
to MUDs [9]. Then, MUDs can transmit task data to edge servers,
thereby utilizing the computing resources of edge servers to
process computing tasks [10], [11]. This reduces the application
processing latency of MUDs, thereby improving users’ quality
of experience (QoE) [12], [13].

Traditional MEC usually utilizes ground base stations as
network access points, which however may not meet the ubig-
uitous connection requirements [14], [15]. On the one hand,
it is difficult for ground network access points to completely
cover some complex terrains, such as oceans, deserts, and remote
mountainous areas. On the other hand, ground base stations are
vulnerable to damage from natural disasters such as earthquakes,
hurricanes, and tsunamis, resulting in communication interrup-
tions. In recent years, Unmanned Aerial Vehicles (UAVs) have
become popular because of their flexibility and low cost [16],
[17], [18]. Low-altitude UAVs can be regarded as base stations
to improve the performance of network systems [19], [20]. In ad-
dition, with the development of space communication networks,
satellite technology has developed rapidly. The on-ground de-
vices based on Low Earth Orbit (LEO) satellites can obtain better
signal strength and lower latency, which has received extensive
attention [21], [22], [23]. Therefore, deploying edge servers on
UAV and LEO satellites can effectively solve communication
and computing problems in areas with complex terrain and harsh
environments which has drawn extensive attention from both
academia and industry.

However, the problem of task offloading in ULSE network
systems faces challenges. First, there are heterogeneous re-
sources in the ULSE network, and the resources of UAVs
and LEO satellites are limited. MUDs in the system need to
compete for limited system resources to process tasks. Commu-
nication and computing resource allocation strategies face the
challenges brought by complex and heterogeneous network en-
vironments and user competition. Second, in addition to resource
constraints, the LEO satellite coverage time constraint should
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also be satisfied. For different MUDs, the upper bound of the
coverage time with different LEO satellites are different. How to
calculate the LEO satellite coverage time with different offload-
ing decisions, and obtain the decisions that satisfy both the cover-
age time and resource constraints is a challenge. Besides, MUD
has individual rationality, that is, it will not sacrifice its own
benefits to reduce the cost of other MUDs. Therefore, achieving
a balanced offloading strategy for all MUDs while minimizing
the cost of all MUDs in the entire system is also a challenging
problem. Finally, the solution space size of the problem increases
with the network system scale, and the complexity of finding the
optimal offloading strategy increases exponentially when the
number of MUDs, UAVs, or LEO satellites increases.

This paper studies the multi-user task offloading problem in
the ULSE networks. The optimization goal is to minimize the
cost of MUDs. The problem is reformulated as a LEO-UAV task
offloading game (LUTO-Game) model, and it is theoretically
proved that there is at least one Nash equilibrium solution for the
LUTO-Game. Then, we propose a joint UAV and LEO satellite
task offloading (JULTO) algorithm to obtain the task offloading
strategy and realize the balance of multi-MUD decision-making.
Finally, we perform both theoretical analysis and experiments
to evaluate the performance of the JULTO algorithm. The con-
tributions of this paper are summarized as follows.

® We propose a LEO-UAV task offloading framework which

utilizes the edge computing resources of LEO satellites and
UAVs. In this framework, satellites and UAVs with edge
servers can handle the tasks of MUDs. The offloading de-
cisions of MUDs are optimized with the objective of mini-
mizing the total cost of MUDs. When MUDs offload tasks,
they need to compete for limited transmission resources.
For UAV edge computing, UAVs transmit energy to MUDs
by applying wireless power transmission technology, and
the resource constraint is considered. For LEO satellite
edge computing, in addition to the restriction of resources,
satellite coverage time constraint is also considered. The
coverage time model for satellites in different situations is
discussed.

® We prove that the formulated task offloading problem is

NP-hard. Since MUDs are selfish, the multi-device and
multi-server task offloading problem in the ULSE system
is reformulated as the LUTO-Game model. The MUDs
in the system are game participants, focusing on reducing
their own costs. The desirable offloading strategy of the
problem is defined as the Nash equilibrium solution of
the LUTO-Game. Then, by defining a task offloading rule,
the potential function is given, and the LUTO-Game is
proved theoretically a potential game. Therefore, it can be
determined that LUTO-Game has at least one feasible Nash
equilibrium solution.

® The JULTO algorithm is proposed to obtain the Nash

equilibrium strategy of the task offloading problem. The
JULTO algorithm is implemented in a distributed manner,
and the MUDs make offloading decisions in parallel. On
the basis of the proposed JULTO algorithm, the price of
anarchy (PoA) is defined, which is the ratio of the worst
cost obtained by the Nash equilibrium unloading strategy
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to the cost obtained by the centralized optimal strategy.
According to the PoA, we theoretically analyze the perfor-
mance of the JULTO algorithm.

e Extensive experiments are carried out to evaluate the
JULTO algorithm. The experiment results show that the
JULTO algorithm can converge after a limited iteration
number. When the scale of the problem expands, the prob-
lem’s solution space experiences exponential growth, and
the growth rate of the iteration number required for the
game to reach the Nash equilibrium state is lower than
the linear speed. In addition, comparison experiments are
conducted. The results show that the cost for the JULTO
algorithm is lower than that obtained by other algorithms,
which verifies the performance superiority of JULTO
algorithm.

The subsequent sections of this paper are structured as fol-
lows. In Section II, related works are presented. Section III
describes the ULSE system model, and formulates the task
offloading problem. In Section IV, the problem is reformulated
as the LUTO-Game model. Then, a theoretical analysis of the
LUTO-Game is conducted. Section V proposes the distributed
JULTO algorithm, and analyzes theoretically the JULTO’s per-
formance. The experimental evaluation is given in Section VI.
Finally, Section VII presents the paper’s conclusion.

II. RELATED WORK

As a flexible and efficient mobile aerial platform, UAVs
have attracted widespread attention in both civilian and mili-
tary fields. [24] studied the problem of collecting data in the
UAV wireless networks, using the maximum age of information
(Aol) to measure information freshness. On this basis, [25]
proposed a combined optimization objective of minimizing the
maximum Aol. Liu et al. proposed an iteration-based trajectory
planning and sensor node association strategy to obtain the
optimal Aol solution. With the development of MEC, some
related works have studied UAV computing architecture deploy-
ing edge servers. In [26], by jointly optimizing UAV position,
transmission bandwidth, and CPU frequency, all devices’ com-
putation delay was minimized. The joint optimization problem
was solved by applying the successive convex approximation
technique. In [27], Han et al. adopted optimal transportation
theory and classical particle swarm optimization algorithm to
conduct joint optimization of UAV deployment and user associ-
ation, and finally realized the minimization of average delay. [28]
jointly optimized resource allocation, equipment scheduling,
and UAV trajectories. Han et al. proposed an iterative algorithm
based on alternating optimization and convex optimization.

Because of the global coverage characteristics of LEO satel-
lites, they can break through the geographical restrictions of
communication and become an important part of future com-
munication systems. For example, in [29], an ultra-dense LEO
satellite network was considered. A pricing mechanism was
designed based on Stackelberg game to incentivize ground and
satellite operators’ data reloading. In addition, some studies
have considered LEO satellites combined with MEC. In [22],
Li et al. studied the MEC deployed on LEO satellites. Service
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scheduling and placement were optimized using mixed integer
linear programming (MILP). However, they did not consider the
coverage of LEO satellites. In our model, we further consider that
users need to calculate the corresponding satellite coverage time
and perform task offloading on the premise of meeting time con-
straints. In [30], the joint optimization problem of LEO satellite
MEC network was studied. An algorithm based on Lagrangian
Dual Decomposition (LDD) was proposed. [31] proposed a
satellite MEC architecture based on federated learning and used
the blockchain framework to achieve data privacy and security
protection. [15] studied the task offloading problem based on
LEO satellite MEC, and formulated the optimization problem
as a partially observable Markov decision process. A multi-agent
algorithm was proposed to achieve resource allocation in a col-
laborative manner. [32] considered a satellite-ground network
using dual edge computing, with the optimization goal of cost
minimization. A double-edged computing offloading algorithm
was proposed to achieve computing resource allocation. [33]
established a system model for satellite edge computing task
offloading, and used queuing theory and game theory to optimize
utility function.

The above works did not consider the resource limitations
of satellite edge computing, i.e., it may not be sufficient to
meet the needs of all types of user devices. Therefore, it is
an effective method to combine UAVs and LEO satellites to
form a Space-Air system. The Space-Air system can serve as
a supplement to the ground network, overcoming the impact of
harsh environments on communication conditions and providing
various computation resources and reliable services for user
devices. Therefore, we combine UAV edge computing and LEO
satellite network to form a heterogeneous integrated air-ground-
space network, aiming to make up for the shortcomings and
limitations of a single type of edge server. Some similar works
exist. For example, [2] studied the edge computing architecture
of the Space-Air-Ground Integrated Network (SAGIN), jointly
optimized task scheduling and resource allocation, and used
learning-based methods to obtain the optimal flow strategy
and UAV flight strategy, thereby minimizing system costs. [34]
studied the task offloading problem in SAGIN. The optimization
goal was to minimize UAVs’ energy consumption and maximize
the number of tasks that meet the delay constraints. A solution
method based on reinforcement learning was proposed to obtain
the optimal offloading solution. Different from [2] and [34], we
consider the coverage time constraints and computing resource
constraints of different LEO satellites, as well as user competi-
tion for resources. A distributed method is proposed to obtain
offloading decisions, which achieves multi-user optimization
while balancing the performance and computation complexity
of the method.

III. SYSTEM MODEL AND PROBLEM FORMULATION
A. Network Model

Fig. 1 shows the ULSE framework. There are N MUDs
(D ={dy,...,dn}), M1 UAVs(U = {uy,...,up, }),and Mo
LEOssatellites (S = {s1, ..., S, }) inorbit. EachMUD d; € D

Fig. 1.

An ULSE scenario example.

has one computation task H; = (B;, C;) that needs to be pro-
cessed. C; is the CPU cycles number required to complete
H,. B; is the size of H; in bits. Ground base stations may
not be available in areas with harsh terrain or disasters. In the
ULSE networks, UAVs and LEO satellites are equipped with
edge servers (ESs) that can process the tasks of MUDs. There
are ¢* and ¢ wireless channels for UAVs and LEO satellites,
respectively. Table I summarizes the paper’s main notations.
Compared with MUDs, ESs have a larger computing capacity.
Therefore, MUDs can transmit computation-intensive task data
to ESs of UAVs or LEO satellites for processing. When channel
resources are insufficient, MUDs have to complete their tasks
locally. MUDs can choose an appropriate offloading decision to
process computation tasks according to their own demand.

The offloading decision of MUD d; is represented by o; €
{(0,0,0) J(a;, b;, c;)}. When MUD d; executes the task H;
locally, its decision is 0; = (0,0,0). 0; = (a;, b;, ¢;) represents
that MUD d; offloads the task H; to ESs. a; represents the
offloading way selected by MUD d;. Specifically, if MUD d;
offloads the task to ESs of UAVs, a; = 1. If MUD d; offloads
the task to ESs of LEO satellites, a; = 2. b; represents the UAV
or LEO satellite that is selected by MUD d; for task processing.
¢; represents the wireless channel that is selected by MUD d;
for task data transmission. When MUD d; offloads the task to
UAVs,i.e.,a; = 1,thend; € {1,...,Mi}and¢; € {1,...,c"}.
When MUD d; offloads the task to LEO satellites, i.e., a; = 2,
then b; € {1,..., M} and ¢; € {1,...,c"}. In addition, the
set of offloading decisions of all MUDs is called the offloading
strategy denoted by o = {o01,...,0n} .

In traditional mobile edge computing, terrestrial base stations
are used as network access points. When ground base stations
are damaged by natural disasters such as tsunamis, hurricanes,
and earthquakes, they may not meet the communication require-
ments of ground devices. Therefore, in this work, in order to cope
with the communication and computing challenges in areas with
complex terrain and harsh environments, a UAV-assisted LEO
satellite edge computing network framework is proposed.

B. Service Coverage Model

1) UAV Service Coverage: In UAV edge computing, each
UAV serves a certain range of services, and only MUDs within
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TABLE I
KEY NOTATIONS
Notations | Definitions
N the number of MUDs
d; the ith MUD
D the MUD set
U the UAV set
H; the MUD d;’s task
B; the task H;’s size
M, the UAV number
c® the channel number for UAVs
S the LEO satellite set
Ms the LEO satellite number
el the channel number for LEO satellites
flocal the computing capability of d;
o MUD d;’s offloading decision, o; €
) {(07070) U(aivbivci)}
I, the height of a low-orbit satellite’s orbit above
the ground
I the distance from the MUD to the LEO satel-
lite
Lo the earth’s radius
rare the maximum arc length of LEO satellite
coverage
TL the longest communication time between
v MUD and LEO satellite
v, the velocity of the LEO satellite
Dr; MUD d;’s data rate
W, e the channel bandwidth for MUD d;
o? the background noise
f“ci the channel gain for MUD d;
LEO the computing capability allocated by the ES
@i of LEO satellite s;, to MUD d;
K,_,(0;) | the cost of MUD d;

the range of services can offload the computing task to the UAV
edge server for processing. In Fig. 2, (z%*?,y7*") and A}
represent the coordinates and flight altitude of the UAV u; € U,
respectively. R“*" represents the service coverage radius of the
UAV u; € U. (aMUD yMUD) represents the coordinates of the
MUD d; € D. Therefore, if MUD d; offloads the task H; to the
edge server of UAV u; for processing, constraint (1) should be
satisfied.

(e — gMUD)2 o (guaw — yMUD)2 < guev. (1)

2) LEO Satellite Coverage Time: Generally, LEO satellites
move continuously in orbit. MUDs and LEO satellites cannot
guarantee communication at any time, and data transmission
is limited by satellite coverage time. Specifically, in the ULSE
networks, the position of the LEO satellite is variable. Therefore,
there are constraints in communicating with LEO satellites.
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Fig. 2. The spatial configuration of the MUDs and UAVs.

LGFC

Fig. 3.

The spatial configuration of the MUD and LEO satellite.

Generally speaking, MUDs can only transmit data within the
coverage area of satellite signals.

In Fig. 3, L, is the LEO satellite’s orbit height, Lo the earth’s
radius, and « the minimum elevation angle from the MUD to
the LEO satellite. 5 is one-half of the LEO satellite coverage
area’s geocentric angle. According to the Law of Sines, there is

siny  sin(a+ 3)

Lo Ly + Ly
N cos( + a) __cosa
Ly Lo+ Ly
Ly
= Ccos(p + o) = ————cos«
(ﬁ ) Lo+ 14

Ly
= [ = arccos [ ————cosa | — a. 2
’ <L2 + Iy ) @)
L is the distance between the MUD and LEO satellites, there
exists

Ly + L
=== "y

L in 3. 3)

COS &

The maximum arc length L™ of LEO satellite coverage is

L€ = 2B(L1 + La). “

For multiple MUDs and LEO satellites, there may be different
elevation angles «; 3,,d; € D, s, € S. There are two cases, as
follows:
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Casel: a < a;p, < 3.
According to (2), there exists

L,
i b, = arccos | —————cosayp, | — Qip,- 5
6z,b7, <L2 +L1 i,b; i,b; ( )
Therefore, the remaining coverage range is

0o, = (B+ Bip,) (L1 + La). (6)

Case2: 5 < ajp, <7 —a.
Similar to Case 1, there are

L
Bip; = arccos (Lz-flq cos(m — ai,bi)> — (= ip,),
(7
L;,?h = (ﬁ - Bi,bi)(Ll + LQ) (8)

vy, denotes the speed of the LEO satellites. Based on the
analysis of Case 1 and Case 2, the maximum communication
time of MUD d; and LEO satellite b; is

LS,
Th = =0 )
vL

C. Communication Model

In the ULSE networks, UAVs and LEO satellites provide
multiple available channels for MUDs to transmit task data. Each
MUD can only transmit data to an ES through a wireless channel.
The MUDs that select the same channel interfere with each
other. Similar to the related works [35], [36], [37], the position
change of the UAV and the energy consumption associated with
UAV flight and hovering are beyond the scope of this paper. We
investigate the offloading decision in the current state. In the
optimization problem, the goal is to minimize the cost for all
MUDs.

When MUDs communicate with UAVs or LEO satellites,
the background noise variance is represented by o2. Similar
to [35], [38], [39], we consider that the Signal-to-Interference-
plus-Noise Ratio (SINR) of MUD communicating with a UAV
or LEO satellite is

bi,c;

Pig;
by,cr”

2 (10)
o°+ Zdz#dmm:m pig,

P =

. s bi,ci s i
p; is the transmission power of d;, g;*"" is the channel gain
between d; and UAV wy, or LEO s, on channel ¢;. The MUD

d;’s data rate is

(1)

where W}, ., is the channel ¢;’s bandwidth. When more MUDs
select the same channel, the data rate of MUDs decreases.

The MUD communicates with UAV through line-of-sight
links (LoS) and non-line-of-sight links (NLoS). As shown in
Fig. 2, (zMUD yMUD) is the coordinate position of MUD d;.
(z§*",y;*") is the horizontal coordinate position of UAV u;,
and hi*" is the hovering height of UAV w;. Referring to [40],
when the MUD d; communicates with the UAV u, the path loss

Dr’i = thci 1Og2(1 + Fl)a

is as follows:
47ch| |Pdl - Puj | ‘
c

Lff;th = 201log; ( > + LoS(6; ;)n;°

+ (1= LoS(8; ;))n"-°%,

where f. represents the carrier frequency, v represents the speed

of light. nf°% and 719 indicate the path loss of LoS and

K2

NLoS, respectively. According to [41], LoS(6; ;) indicates the
LoS probability when the MUD d; communicates with UAV ;.

1
LoS(6; ;) = I+ M;pz(&‘r#l)
0 180 arcta ( & >
ij = ——arctan | s—————~
i = [1Pa, — Pu, 1)

= \/(xl[VIUD_x;!'av)Z_;'_(yZ!WUD _y}mv)Q_’_(h;_mv)z

1 and po are the environment related parameters. 6; ; is the ele-
vation Angle of MUD d; to UAV w;. || Py, — P, || is the distance
between UAV u; and MUD d;, where P,,; = (23", i, hi}*")
and Py, = (xMUP yMUD () represent the position coordinate
of UAV u; and MUD d;, respectively. Therefore, when MUD
d; selects UAV edge computing, the channel gain is gf Do =
1070-1LF5 "

When the MUD d; selects LEO satellite edge computing,
the channel gain is g7 = G¥ GFadGEad(L, , YO"""  where
Gf is the antenna gain of MUD d; against satellite sp,,
GFaed ~ CN(0,1) is the complex Gaussian variable represent-
ing Rayleigh fading, L; 3, is the distance between MUD d; and
LEO satellite s, , and CPath s the path exponent. Similar to [42],
G5 = (gzp57 )2 A7, is the fading including shadowing
fading, rain, water vapor and other fading, where L, ;, is the
distance between MUD d; and LEO satellite s,, f. is the carrier
frequency, A§; = 10(BxEir;]/1001) g the attenuation due to
clouds and rain with L the height of a LEO and x the attenuation
through the cloud and rain in dB/km.

D. Computation Model

The computation task H;, i € [1, N] can be processed locally
or can be offloaded to UAVs or LEO satellites for remote
processing through wireless channels.

1) Local Computing: MUD d; executes computation task H;
locally. Different MUDs may have different computing capabil-
ities (i.e. CPU cycles per second). The MUD d;’s computing
capability is denoted by f!°¢%!. The task H;’s local computing
delay is as follows:

Ci
flocal '
K3

téocal _

12)

Similar to [35], [43], the computing energy consumption is
elocal = 1¢Cy, (13)

where [§ represents the energy consumed by MUD d; per
CPU cycle while processing the task locally. According to (12)
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and (13), the cost of local computing can be obtained as

Kzlocal _ kgtéocal + )\’?eéocal’ (14)

where A! and A¢ are weighted parameters of delay and en-
ergy consumption respectively. There are Af,A¢ € [0,1] and
AL+ A¢ = 1. In practice, MUDs can appropriately adjust the
weighted parameters. When MUD d; pays more attention to
energy consumption, it can set 1! < A¢. When MUD d; pays
more attention to latency, it can set A} > A§.

2) Offloading to the UAVs: MUDs can offload tasks to the
ESs of UAVs for processing. UAVs can provide MUDs with
computing resources, and can also transfer energy to MUDs by
applying wireless power transfer technology. When MUD d;
offloads the task to UAV w;,, the task H;’s data transmission
delay is

B;

===
‘ D?"i

as)
The task computing delay is

AV _ Ci
fUAV ’

(16)
where fI2V denotes the computing capability (CPU cy-
cles/second) obtained by MUD d; on the edge server of UAV
up,. f74V is the computing capability of the UAV uy,, there
is ZdleDmbl _, SO < fIAY. According to (15) and (16),
the total delay of MUD d; ofﬂoadmg task H; to UAV wy, for
processing is

UAV _ 4t UAV
T; ="+t

a7

For UAV edge computing, the energy consumption of the
MUD offloading task and the subsequent energy harvesting (EH)
performed by the MUD as a receiver are considered. The energy
consumption of MUD d; is

= pit?”. (18)

MUDs can obtain energy from the UAV through wireless power
transfer technology after completing the task offloading. The EH
of MUD d; is

uav b »Ci

=np ; 19)

where 7) is the energy transmission efficiency, and p“®" is
the power of the UAV WPT. Therefore, the cost of MUD d;
offloading task to the UAV wy, is

KA =0T 4 5(e —e (20)

3) Offloading to the LEO Satellites: When MUD d; offloads
the task H; to the LEO satellite sp,, the computing delay is

h
i)

jeo _ _Ci
~ fLEO>
i,b;

ey

where f1FO denotes the computing capability obtained by
MUD d; on the edge server of LEO satellite sp,. bLiEO
is the LEO satellite s;,’s computing capability, there is
ZdleDﬁbl:bi flffo < beI_EO.In addition, the distance between
MUD and LEO satellites is relatively large. Therefore, MUDs
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suffer from propagation delays when communicating with LEO
satellites. The propagation delay is
= Libe

7 )

v

(22)

where L; ;, is the distance between MUD d; and LEO satellite
sp,. Therefore, the delay for MUD d; to offload task H; to LEO
satellite sy, is

THPO =t + 1 + 779, (23)
The cost of MUD d; offloading task to the LEO satellite s;, is
K}FO = )MTIPO 4 agelr. (24)
E. Problem Formulation
For each MUD d; € D, the cost function is as follows.
Kfocal7 = (07 0’ 0)
K, (o) = { K/, = (Lbi,c) , (29
KiLan 0; = (2,1)1',,(37:)

where o_; represents the set of offloading decisions of all MUDs
except MUD d;. The MUDs are subject to some constraints
in making decisions. The detailed problem formulation is as

follows:
min Z K, ,(0;)
d;eD

st. Cp: TEFO < Tk ifa; =2

Oy K, (05) < K, Vd; € D

Cs: > YV <A Yy, €U
d;eDNb; =71
LEO LEO
Cy Z LEO < fEEO vs;, €8, (26)
d;eDNb; =72

(1 is the coverage time constraint when the MUDs offload tasks
to the LEO satellites. C'> means that when the MUDs offload the
tasks, the cost obtained should be lower than the cost of local
computing; otherwise, the MUDs will not offload the tasks. C3
and C} are the computing resource constraints of UAVs and LEO
satellites, respectively.

Theorem 1: The problem (26) is NP-hard.

Proof: The problem can be proven to be NP-hard with
the multiple Knapsack (MK) problem. In the MK problem,
there are n items I = {imy,...,im,} and m backpacks B =
{bk1, ..., bky,}. The capacity of each knapsack bk; € bk is c;.
The income and weight of each item ¢m; € ¢vm are ie; and
w;, respectively. ¢; = {qi1,- - -, ¢i,m } indicates the decision to
the item 4m;. q; ; = 1 indicates that item ¢m; is packed into
the knapsack bk;, and ¢; = 0 indicates that it is not packed
into any backpack. I{P} is a condition function. If P is true,
I{P} = 1. Otherwise, I{P} = 0. The goal of the MK problem
is to maximize the overall income.

max Z ie;[{q; # 0}

im;elm
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s.t. Z wil{qi’j = 1} < Cj,kaj eB.

im;eIm

In the problem (26), there is a certain resource requirement
for each MUD and a certain user capacity for each wireless
channel. Thus, they can be seen as items and backpacks in the
MK problem, respectively. The goal of problem (26) can be
seen as a transformation of the goal of problem MK, and con-
straints C'3 and Cy are equivalentto ) 5, - w;l{q;; = 1} <
cj, Vbk; € B. Other constraints of problem (26) can be projected
as weights into the MK problem. Therefore, the problem (26)
can be transformed from the MK problem and is NP-hard. [J

According to Theorem 1, it is difficult to obtain the optimal so-
lution of problem (26) in polynomial time. The time complexity
required to obtain the optimal solution through the centralized
method is significant. Moreover, in problem (26), each MUD
focuses on its own benefit and competes for the limited system
resources. In other words, each MUD does not aim at reducing
the overall cost at the expense of increasing its own cost. How to
balance the benefits of the individual MUD and the benefits of
overall MUDs is a challenge. Therefore, we propose a distributed
approach based on game theory to solve this problem. With the
distributed approach, different MUDs are allowed to make their
own decisions and finally reach to an equilibrium state, i.e., the
Nash equilibrium state. In other words, the balanced benefits of
the individual MUD and the overall MUDs are achieved.

IV. LEO-UAV TASK OFFLOADING GAME

In this section, the LEO-UAV task offloading Game (LUTO-
Game) model is established, and the property of the game is
analyzed theoretically.

A. LUTO-Game Formulation

To solve this task offloading problem, the idea of game
theory is used, each MUD has a certain degree of au-
tonomy. We reformulate the problem as the LUTO-Game
G = (D,{0;}4,ep,{Ko_,(0i)}d;ep). D is a players set,
and MUD d; € D makes the offloading decision o; €
{(0,0,0) U(ai, bi,ci)}. O; is the set of available offloading
decisions, and K, ,(0;) is the cost of MUD d;. All players
compete for limited resources and minimize their own costs.
Definition 1 shows the detailed definition for the Nash Equilib-
rium (NE) solution of the LUTO-Game G.

Definition 1: If no MUD can change its decision to decrease
cost, 0* = (07,05, ..., 0% ) can reach a Nash Equilibrium (NE)
for the LUTO-Game G = (D,{0;}4,ep,{Ko_,(0i)}d,cD)s
ie.,

Koii (O:) < Ko:i (01),le € D,Vo; € O,. 27

Then, for a set of NE decisions, each participant’s decision is
the best response decision to the other participants, described in
detail in Property 1.

Property I: Forthe offloading strategy o* = (0%, 05, ..., 0%)
of the LUTO-Game G, MUD d;’s offloading decision o} € O;
is the best response to the other MUDs’ decisions o” ;.

Proof: For MUD d;, if o} € O; is not the best response
decision, there must exist a decision o; € O; that can decrease its
cost, i.e., Ko (0;) > K, (0;). This hypothesis conflicts with
(27). Therefore, o} is the MUD d;’s best response decision. [

According to Property 1, the LUTO-Game allows each MUD
to make the offloading decision. Therefore, the offloading strat-
egy can be obtained in a distributed manner. This method can
reduce complexity and improve efficiency.

B. Analysis of LUTO-Game Solution

In order to solve the problem (26), a task offloading rule is
proposed to optimize the total utility of MUDs in LUTO-Game.
The offloading rule is designed based on the principle of overall
cost reduction, i.e., the decision update of any MUD can reduce
its own cost and the system cost. Suppose the current decision
of MUD d; € D is o; and it wants to change to decision 0} to
reduce cost. MUD d; changing decisions will affect its own cost
and the cost of other MUDs. The offloading rules are defined in
Definition 2.

Definition 2: (Task Offloading Rule) After MUD d; changes
the decision, the amount of costreductionis AK; = K, ,(0;) —
K, ,(0}), and the impact on other MUDs is AK_; =
>oaizd; Ko (01) = D424, Ko, (01). di can change the de-
cision if it reduces the overall cost after changing the
decision, i.e.,

AKi > AK,Z*. (28)

It guarantees that MUD reduces its own cost while reducing
the overall cost. Then, we analyze the existence of NE in the
LUTO-Game by proving that the game is a potential game. The
definition of a potential game is as follows.

Definition 3: For a game problem, if there is a function
Y (0;,0_;) that satisfies (29), then the game is a potential game.

K, (0}) < K, (0;) = Y (0},0-;) <Y(05,0-3), (29)

where d; € D and o;, 0; € O;.
Theorem 2: The LUTO-Game is a potential game, and (30)
gives the potential function.

Y (05,0-) = Z K,_.(0i)

d;eD

(30)

Proof: We assume that MUD d; € D has two decisions o;
and o}, and K, ,(0;) > K, ,(0};). According to Definition 2,
there is

Y (05,0-4) — Y (0;,04)

= Z K, ,(0;) — Z K, . (0;)

d;eD d;eD
= Ko—i(oi) + Z Ko—l (Ol)
di#d;
— Ko ()= Y Ko (o)

di#d;

= Ko—i (02) - KO*i (0/)

7
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—| X Ko ()= > Ko (o)
di#d; di#d;
=AK, —AK_ ;>0 (31)
Therefore,
K, ,(0;) > K,_.(0}) = Y (0;,0_;) > Y (0},0_;)
and Theorem 2 holds. 0

V. JOINT UAV AND LEO SATELLITE TASK OFFLOADING
ALGORITHM

This section proposes the Joint UAV and LEO Satellite Task
Offloading (JULTO) algorithm to solve the offloading problem
for the ULSE network. The theoretical analysis for the JULTO
algorithm is also given.

A. Algorithm Design

Based on Theorem 2, the game has a limited improvement
property (FIP [44]). As a result, the NE offloading strategy
can be obtained by a limited iteration number. To find the
LUTO-Game’s NE solutions, the JULTO algorithm is designed.
The JULTO algorithm operates in an iterative manner, where
each MUD makes offloading decisions independently. In each
iteration, each MUD searches for the best decision and then
competes with other MUDs for the chance to update the decision.
Then, the winner of the participant competition gets an update
opportunity and can update its decision. The algorithm continues
to iterate until no MUD wants to change its decision further,
at which point the algorithm terminates. Overall, the JULTO
algorithm provides an efficient method for obtaining the NE
solution based on FIP. By allowing MUDs to make offloading
decisions independently and compete for update opportunities,
the game can find solutions that satisfy the NE conditions. The
details are illustrated in Algorithm 1.

First, the algorithm needs to set the necessary parameters.
In the initial state, no MUD makes an offloading decision, and
the decisions of all MUDs are initialized to (0,0,0). Next, each
MUD updates its decision by iteration. The FIP guarantees
the convergence of the JULTO algorithm, and finally reaches
the Nash equilibrium state, that is, no MUD can change its
offloading decision.

In each iteration, each MUD calculates the current delay
and cost (Line 6). If the MUD d; € D does not choose local
computing, it is necessary to judge whether the utility at this time
is better than that of local computing (Lines 7-8). In addition, if
the MUD d; € D chooses to offload tasks to the satellite, it needs
to check whether the satellite coverage time constraint is met at
this time (Lines 9-10). Next, the total cost } _; . K, _,(0;) of
all MUDs is calculated (Line 11). After that, each MUD d; € D
finds a new decision 0] that can reach the minimum K, ,(0}) in
parallel (Lines 12-16). The new decision o of MUD d; needs to
be beneficial for both MUD d;’s cost and the overall system cost.
Therefore, the new decision needs to be guaranteed to reduce
the overall cost, i.e., >0y cp Ko, (0}) < > 4.cp Ko, (0i). The
MUD that wants to update the decision sends the new decision o
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Algorithm 1: Joint UAV and LEO Satellite Task Offloading
(JULTO) Algorithm.

Input: D = {dy,...,dn}, U= {us,...,un},
S = {s1,...,Sm, } and other parameters
Output: the task offloading strategy
1 Initialization:
2 0= {01702,...7
0; = (ai,bi,ci) =
3 End Initialization
4 repeat
5 for each MUD d; € D do

on }, the decision of MUD d; € D is
(0,0,0)

6 Calculate the delay T; and cost K,_,(0;)
7 if a; #0 and K,_,(0;) > K!°°® then

8 L 0; = (0,0,0)

9 if a; =2 and T; >TiL then

10 L 0; = (0,0,0)

u Calculate > a.ep Ko, (0)

12 for each MUD d; € D do

13 for each UAV uj;, € U and LEO satellite

5j, € S that MUD d; can select do

14 for each channel ¢, of UAV and CJLZ of
LEO satellite do

15 L Calculate the cost when d;’s task data

is offloaded by channel ¢}, or ck
J1 J2
16 Find a new decision o) that can reach the
minimum K, ,(0})
17 if ZdieD K, ,(0) < Zd,ieD K, _,(0;) and
ol # o; then
18 L Send 0} to the set of competing decisions
19 if d; is the winner then
20 | Update d;’s decision to o

21 until no MUD wants to update the decision for cost
reduction.;

22 return o = {o01,...,0n}

to a set of competing decisions. Then, these MUDs compete for
update opportunities (lines 17-18). In this paper, the competition
determines the winner in a non-deterministic manner such as a
random method. If MUD d; becomes the winner, it will get
an update opportunity and its decision o; will be updated to o
(Lines 19-20).

Finally, when no MUDs can change their decisions, the
JULTO algorithm ends (Line 21). At this point, the system
reaches an equilibrium state and the task offloading decisions
of all MUDs constitute the NE solution of the problem. During
the process, MUDs make their own task-offloading decisions
in parallel. Therefore, the JULTO algorithm is a distributed
algorithm.

B. Convergence Analysis

After a finite number of iterations, the LUTO-Game will
finally reach a Nash Equilibrium offloading strategy because of
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the FIP property. Next, we prove the upper bound of the number
of iterations, as in Theorem 3.

Theorem 3: There is an upper limit on the number of itera-
tions, which satisfies

FIP local _local
R < N(max{tmaz ) Cmazx

UAV _tr eh
- mln{tmzn + tmzn s Cmin T “max )

local Crmax local __ e r _
where tm,am flocal s €mazxr — lmamCmam’ tmzn -

Bmin tUAV _ Cumin etr

Woalog, (1} pmomgmey:  boin = gAY Cmin

PminBmin -h _
Winaz log2(1+%‘ém‘”) s e$na:v NPmax9mazs szn =

: e e local __
mlln{Cl'l,.. ZCN% Caw = max{l, ... 1%} fr00% = max
{floca Yooty f VA }’ Bmzn - HllIl{Bl, o 7BN}, Pmin =
mln{ph e ;PN}’ Pmax = maX{pla cee 7pN}7 Wmam -
max{Wjx,j € {1,...., M1}, k € {1,...,¢}}}, gmax = max

{g}" dieD,jef{l,.... M}, ke{l,...,ct}},  fUaV =
max{f’*, d; e D,j € {1,...,Mi}}.

Proof There are maximum cost and minimum cost for any
MUD d; € D. Based on the model of the problem, MUD d;
achieves the maximum cost when it chooses local process-
ing. There is K(0;,0_;) < max{K[°°®} = max{rttlocal +
rgelocall According to AL + 1§ = 1, we can obtain

K(Oi7 O,i) < max{tlocal elocal

max’ “max

Cmar
€
max{ Tocal * tmaz Cmaz ¢ -

min

IN

The MUD d; may obtain the minimum cost when it offloads
the task to the UAV for processing. There exists K (0;,0_;) >
min{ K4V} = min{A!TV4Y + ASel"}. We can obtain (32)
shown at the bottom of the this page.

If MUD d; updates its decision from o; to o}, d;’s cost
decreases, K,_,(0}) < K,_,(0;). According to Definition 3, the
potential function ¢_,(a;) meets

Y (0i,0-4) —Y(d,,0-;) > 0.

Therefore, the reduction of the potential function before and after
each iteration is at least 1. Therefore, Theorem 3 is proved. [J

C. Price of Anarchy in Total Cost

Generally, there are many different Nash equilibrium states in
the LUTO-Game. The Nash equilibrium solution obtained by the
JULTO algorithm may not be the global optimal solution. For the
problem (26), to evaluate the gap between the NE solution and
the global optimal solution, we consider an important attribute:
price of anarchy (PoA).

The PoA is a metric used in game theory to evaluate the
efficiency of Nash equilibrium solutions. It measures the ratio

equilibrium strategy and the outcome achievable by the optimal
solution to the problem. PoA is the ratio between the utility
of the least effective Nash equilibrium solution and the utility
of the globally optimal solution, used to evaluate and measure
the efficiency of LUTO-Game’s NE solution. In LUTO-Game,
A represents the set of all Nash equilibrium solutions, 6 =
{01, ..., 0N } represents a centralized optimal solution. The PoA
in the total cost is

maXO*EA{ZdieD KO’ii (07)}
ZdieD Kﬁﬂ' (6l) .

In the LUTO-Game, the PoA in total cost obtained by the JULTO

algorithm is analyzed, and its upper and lower bounds can be

given. Therefore, Theorem 4 can be obtained.
Theorem4: The PoA of the LUTO-Game in total cost satisfies

POAcost =

(33)

local _local
1< POA max{tmam ) Cmaz
— cost = {ttr tUAV tr > }
min min min > €min — Cmax

Proof: For any offloading strategy o* € A and optimal
offloading strategy 0, there exists ), .p K(0},0";) >
> a;en K(0},05))
ZdiED (017 ) Therefore, m 2 1.
There are maximum cost and minimum cost for any MUD
d; € D. We can obtain

Cmax
K(0;,0-;) < max{ local’lfnawcmaw}

mwn

tUAV tr eeh

min > “min ~ “mazx

K(0;,0-;) > min {t,, +

mn

For offloading strategy o* € A, there are

> Ko,

d;eD

Cm(lﬂf
e
) < Nmax{ Tocal U awCmaz ¢ -

min

The centralized optimal solution 6 satisfies

2 o tr UAV  _tr eh
K > len{tmzn t'"LZﬂ 7677LZ7L - emax N
d;eD

Therefore, Theorem 4 can be proved. O

D. Complexity Analysis

In each iteration, first, each MUD calculates its delay and
cost (lines 5-11), with only a few basic mathematical opera-
tions, the time complexity of which can be viewed as O(1).
Each MUD then searches for its own optimal decision in
parallel (lines 13-16) with a time complexity of O(M;c* +
Moycl). Therefore, the time complexity of each iteration
is O(1) + O(Myc* + Msct) = O(Myc* + Mach). Further,
Theorem 3 proves that the upper bound of the number of iter—
ations, that is, RF1F < N(max{tlocal elocalt _ min {¢tr

max? m(lJ, min

between the worst outcome achievable by adopting a Nash tU4V el ech 1) Therefore, the time complexity of
K(0i7 O*i) 2 min{Trg;?zV? :;,zn} mln{tmzn + tgt?nvﬂ efvszn - efrilax
= K(0;,0_;) > min + — NMPmazd . (32)
( v 2) {Wmam 10g2(1 + pma;gmaz) fn[{“,tqw\/ Wma:p 10g2(1 + pma;gmaz) mazrdmaz
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TABLE II
EXPERIMENT SETTINGS (1)

Parameter Value
The height of the LEO satellites 784 km
The bandwidth of Channel 5 MHz
Data size B; of task 3 MB~5 MB
The radius of the earth 6371 km
The computing capability 10 GHz
allocated to MUD by UAV
The computing capability of MUD 2 GHz
The computing capability 10 GHz

allocated to MUD by LEO satellite

B Delay cost
400 4 EEE Energy consumption cost
B Total cost

350 4

300
250
200
150 4
100
50

0

0.1 0.3 0.5 0.7 0.9
The weighted parameters of delay Af

Fig. 4. The total cost of MUDs with different weighted parameters.

the algorithm is O(N(Mic* + Mycl)(max{tlocal elocaly
min{ttr + tUAV tr eh ))

min min 1 Cmin — €maz

VI. PERFORMANCE EVALUATION
A. Parameter Configuration

We consider that multiple MUDs are randomly distributed in a
certain area, and UAVs and LEO satellites carrying edge servers
can provide MUDs with computing services. Each MUD gener-
ates a computing task that needs to be processed (task offloading
or local computing). The task H;’s data size B; is randomly set
between 3 MB and 5 MB. The CPU cycle C; required by task
H; can be obtained according to C; = B;v, where v = 1000
cycle/bit. The Table II shows the main parameter configuration.
For MUD d; € D, the transmission power p; = 1000 mWatts,
and the computing capability is 2 GHz. The wireless channel
bandwidth is 5 MHz [4]. For UAV u;, € U, the computing
capability gjﬁlv allocated to the MUD d; is 10 GHz. For LEO
satellite s;, € S, the satellite’s heightis 784 km. The computing
capability fZE© allocated by the satellite s;, to the MUD d; is

0]
10 GHz. The ;adius of the earth is 6371 km [39].

B. Analysis of Parameter

Fig. 4 shows the MUDs’ total cost obtained by the JULTO
algorithms with different weighted parameters of delay A! and

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 24, NO. 1, JANUARY 2025

45} —&— JULTO
—{— optimal

Cost of MUDs
N w w S~
v =) 15 o
T T T

N
o
T

15t

0 5 10 15 20 25 30
Number of Iterations

Fig. 5. The JULTO algorithm’s convergence analysis.

TABLE III
EXECUTION TIME WITH DIFFERENT NUMBERS OF MUDS

UAV number (M;) = 2, LEO satellites
number (M5) = 1, channel number of UAV
(c*) = 1, channel number of satellite (c¢*) = 1

Number of | Centralized method’s | JULTO method’s
MUDs (N) | execution time (ms) execution time (ms)

5 60.84 0.33

6 386.97 0.56

7 2402.57 0.75

8 14560.04 1.09

9 87044.14 1.29

10 512096.68 1.78

energy consumption (1 — A%). We set N = 50, My = 5, My =
3, ¢* =3, and ¢* = 3. It can be found that the total cost of
MUDs increases with the increase in delay weight. Therefore,
in the cost function, the delay cost plays a more important part
in the cost.

Fig. 5 shows the JULTO algorithm’s convergence perfor-
mance. The optimal algorithm is a centralized method and can
obtain a globally optimal solution. The MUD number (V) is 10,
the UAV number (M) is 3, the LEO satellite number (M5) is 1,
and the wireless channel numbers of UAVs and LEO satellites
(c*and c)are 1.In Fig. 5, before the 12th iteration, the total cost
of MUD obtained by the JULTO algorithm gradually decreases.
After 12 iterations, the total cost of MUD reaches a stable
state. This verifies the JULTO algorithm is capable of reaching
convergence. In addition, the total cost obtained by the JULTO
algorithm is close to the optimal algorithm. This shows that the
JULTO algorithm can achieve good performance after iteration.

Table III shows the execution time of the centralized method
and our proposed JULTO method with different MUD numbers.
The numbers of UAVs, LEO satellites, and wireless channels
are 3, 1, and 1 respectively. As the number of MUDs increases,
the execution time of centralized method and JULTO method
increases. The execution time of the JULTO method is much
shorter compared to the centralized method.
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[_I|Vjhye]

Number of iterations
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Number of GUDs

Fig. 6. Iteration number versus MUD number.

Generally, the different hardware of the experiment machine
may lead to different convergence times of the algorithm. There-
fore, convergence time can be measured based on the number of
iterations. Specifically, in order to evaluate the iteration number
required for the JULTO method, we vary the number of MUDs,
wireless channels, UAVs, and LEO satellites.

Fig. 6 shows the iteration numbers for the JULTO algorithm
versus varying MUDs’ numbers. N is increasing from 10 to 100.
M is 5, My is 3, ¢* is 3, and ¢~ is 3. In Fig. 6, the number of
iterations increases as the number of MUDs increases. In addi-
tion, the growth rate of the number of iterations gradually slows
down. This shows that as N increases, the JULTO algorithm’s
convergence time grows slower than linearly. This is because of
the participant competition mechanism in JULTO’s algorithm. In
particular, when NV is small, there are enough resources to service
MUDs. As the number of MUDs increases, the competition of
MUD:s for resources intensifies, so the JULTO algorithm needs
more iterative processes to reach the equilibrium state. As N
increases to a certain number, system resources are insufficient.
At this point, the number of MUDs allocated to the edge server
has been saturated, and if the number of MUDs continues to
increase further, MUDs can only process tasks locally, without
competing with other MUDs. Therefore, the algorithm does not
need more iterations to reach the equilibrium state.

Figs. 7 and 8 respectively show the iteration number required
by the JULTO algorithm versus M; and M,. In Fig. 7, the
iteration number keeps increasing as M; increases from 2 to
10. When M; increases from 12 to 20, the iteration number
changes little. Similarly, in Fig. 8, as M5 increases from 1 to
5, the iteration number keeps increasing. When M, increases
from 6 to 10, the iteration number does not increase signifi-
cantly. This is because when M; or My is small, MUD has
more optional decisions as M; or M; increases. The JULTO
algorithm needs more iterations to get the equilibrium solu-
tion. However, for a fixed number of MUDs, system resources
become sufficient when UAVs or LEO satellites reach a cer-
tain number. Therefore, the iteration number does not increase
significantly.

Fig. 9 shows the iteration number with different numbers of
channels. N is 50, M7 is 5, M is 3, and ¢* and ¢” are increasing

. juLTo
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w
o

N
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Number of iterations

104
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Fig. 7. Iteration number versus UAV number.
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Fig. 8. Iteration number versus LEO satellite number.
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Fig. 9. Iteration number versus channel number.

from 1 to 10. In Fig. 9, the iteration number increases as c*
and ¢! increase. More wireless channels to choose from bring
more strategies to MUDs. However, while the solution space’s
size grows exponentially with the wireless channel number, the
iteration number of the JULTO algorithm grows shorter than
linearly.
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Fig. 10.  Total cost versus size of task.

C. Comparison Experiments

We compare the JULTO algorithm with 3 other comparison
methods to evaluate its performance. The comparison algorithms
are shown below.

e [CSOC: This method is an extension of the method of [45]
to solve the offloading problem. Particularly, each MUD
selfishly seeks to obtain the more resources to minimize its
cost while satisfying the constraints.

e (CCPM: This method is extended from [46]. In this method,
MUDs are ranked according to channel transmission condi-
tions. Then, according to the sequence of the sorted MUDs,
the decisions are updated to find the optimal decision.

® Random: In this method, each MUD makes a decision
randomly. When the LEO satellite coverage time con-
straints are met, the MUD randomly selects a method (local
computing, offloading tasks to UAVs or LEO satellites for
processing). Otherwise, the MUD randomly chooses one of
two ways to process the task (local computing or offloading
the task to the drone).

Fig. 10 shows the MUDs’ total cost obtained by the four
algorithms with different task sizes. N is 50, M; is 5, My is
3, c%is 3, and ¢” is 3. The larger the task size, the larger the total
cost of MUDs. This is because the task’s size becomes larger,
and the MUDs’ cost required to process the task data increases.
In addition, the proposed JULTO algorithm has a lower cost
compared with the other comparison algorithms.

The Random algorithm randomly selects the offloading deci-
sion for each MUD, and ultimately cannot guarantee the lowest
total cost. For the ICSOC method, MUDs greedily choose the
decision that can give themselves the lowest cost, which may
lead to conflicts between multiple MUDs and increase the total
cost. In the CCPM method, MUDs are sorted according to the
channel transmission conditions, and then appropriate decisions
are selected according to the order. When all MUDs go through
a round of decision selection, the CCPM method cannot further
optimize the total cost. At this point, there may be some MUDs
that can achieve lower costs by updating their decisions. For
the JULTO method, through multiple rounds of iteration and
competition among MUDs, the total cost will be relatively low
until no MUD changes the decision. Therefore, for the utility

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 24, NO. 1, JANUARY 2025

I JULTO
3 1CsoC
I CCPM
I Random

4000

3500 1

w
=]
o
5]

total cost

2500

2000

1500 A

The computing capability of MUD (GHz)
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Fig. 12.  Total cost versus transmission power.

comparison of these four methods, the proposed JULTO method
can outperform other methods and is close to the optimal total
cost.

Fig. 11 shows the total MUDs’ cost obtained by the four
algorithms for different computing capabilities of MUDs. The
total cost of MUDs decreases as the computing capability of
MUDs increases. This is because the latency of task processing
locally decreases as the processing power increases, causing the
total cost of MUDs to increase. Moreover, in Fig. 11, it can be
found that the utility achieved by the JULTO algorithm is better
than the other three algorithms.

Fig. 12 shows the total cost of the MUDs obtained by the four
algorithms when the transmission power is different. We can find
that the higher the transmission power of the MUD, the higher
the total cost. This is because increasing the transmit power
results in increased energy consumption for MUDs offloading
tasks to edge servers. Therefore, the total cost of all MUDs in-
creases. Furthermore, in Fig. 12, the performance of the JULTO
algorithm is better than the other three comparison algorithms,
which reflects the performance superiority of JULTO.

In addition, to analyze the JULTO algorithm’s performance
with different problem sizes, we establish three different exper-
iment settings, which are listed in Table I'V.

In Fig. 13, the four algorithms’ average cost with different
MUD numbers are shown. N is 10 to 100, M7 is 5, M5 is 3, c*
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TABLE IV
EXPERIMENT SETTINGS (2)

the MUD the UAV the satellite the channel
number number number numbers
(N) (M) (My) (c* and c)
10 ~ 100 5 3 3
50 2~ 20 3 3
50 5 1~10 3
50 5 3 1~10
B JULTO
354 3 ICSOC
I CCPM
B Random

304

N
w
L

Average cost
IS

40 50 60 70
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Fig. 13.  Average cost versus number of MUDs.
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Fig. 14. The average delay of MUDs with different numbers of MUDs.

is 3, and ¢! is 3. All four algorithms’ average cost increases with
N. In the experiment’s set, the edge server number and wireless
channel number are fixed. More MUDs are added, leading to the
exhaustion of communication and computing resources on the
system. Therefore, the number of MUDs processing tasks locally
increases, and the average cost gradually increases. In addition,
In Fig. 13, compared with other comparison algorithms, the
MUDs’ average cost implemented by the JULTO algorithm is
lower.

Figs. 14 and 15 respectively give the average delay and energy
consumption of the four algorithms under different MUD num-
bers. We vary the values of N from 10 to 100, and set M; = 5,
My =3, ¢* = 3, ¢ = 3. The average delay and energy con-
sumption of all four algorithms increase when the value of NV

I JULTO
351 @ ICSoC
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| I Random
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Average Energy Consumption
=
w

—
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v
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Fig. 15. The average energy consumption of MUDs with different numbers
of MUDs.
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Fig. 16.  Total cost versus number of UAVs.

increases. This is because with more MUDs the communication
and computing resources on the system tend to be insufficient.
When the communication resources are insufficient, the inter-
ference of the MUD’s task data transmission increases, and the
transmission delay and energy consumption of the MUD for task
offloading increases. At the same time, since the resources are
insufficient to support more MUDs to offload tasks, the number
of MUDs for local task processing increases, and the average
delay and energy consumption gradually increase. Nevertheless,
compared with other comparison algorithms, the average delay
and energy consumption of MUDs implemented by the JULTO
algorithm are the lowest.

Fig. 16 shows all MUDs’ total cost for the four algorithms
when M is 2 to 20. N is 50, My is 3, ¢* is 3, and ¢ is 3.
The total cost obtained by the four algorithms decreases with
the increase in M;. The reason is that as My increases, so do
transmission resources and computing resources increase. More
MUDs’ tasks can be offloaded to UAVs, and the total cost of
all MUDs is reduced. However, the cost does not improve much
when M, exceeds 16. This is because increasing the number
of UAVs does not improve MUDs’ utility when resources are
sufficient. In addition, in Fig. 16, it is easy to see that the
JULTO algorithm achieves a lower MUDs’ total cost than other
comparison algorithms.
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Fig. 17 shows the total cost for the different algorithms
when My is 1 to 10. N is 50, M is 53, ¢* is 3, and ¢ is 3.
As M, increases, more transmission resources and computing
resources are provided, and more MUDs can offload tasks to
LEO satellites. Therefore, we can see from Fig. 17 that the total
cost decreases with increasing in M. In addition, it is easy to
find that the JULTO algorithm achieves better performance than
the other three comparison algorithms.

Fig. 18 shows the change in the total cost obtained by the
four algorithms as ¢* and c” increase from 1 to 10. The total
cost obtained by the four algorithms decreases as c* and c”
increase. This is because ¢* and ¢” increase, leading to an
increase in transmission resources and an increase in MUDs
who choose task offloading increases. Thus, the total cost for
all MUDs is reduced. When ¢* and ¢” are less than 9, the total
cost obtained by the JULTO algorithm is lower than comparison
algorithms. However, when c¢* and ¢l exceed 9, the costs of the
three algorithms (JULTO, ICSOC and CCPM) do not have a
large gap. This is because when resources are already sufficient,
further increases of ¢* and ¢ do not affect the performance of
all algorithms.

VII. CONCLUSION

In this paper, the problem of task offloading in UAV-assisted
LEO satellite edge computing networks is investigated. We

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 24, NO. 1, JANUARY 2025

formulate the task offloading problem with the goal of min-
imizing the total cost of MUDs while satisfying the satel-
lite coverage constraints. We prove that the formulated task
offloading problem is NP-hard. Then, we redefine it as the
LUTO-Game model, propose the potential function, and prove
that the LUTO-Game is a potential game. Next, a distributed
JULTO algorithm is proposed to obtain the Nash equilibrium
offloading strategy. We then perform the theoretical analy-
sis for the utility of our JULTO algorithm in the worst-case.
Finally, we conduct both convergence analysis and compar-
ison experiments to verify the performance of the JULTO
algorithm.

An important future research direction is to model the position
changes, flight, and hovering of UAVs, taking into account
the energy consumption of UAVs and satellites in optimization
problems.
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