
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 11, NOVEMBER 2019 11003

Task-Driven Relay Assignment in Distributed UAV
Communication Networks

Dianxiong Liu , Student Member, IEEE, Jinlong Wang, Senior Member, IEEE, Kun Xu, Yuhua Xu , Member, IEEE,
Yang Yang, Yitao Xu, Qihui Wu , Senior Member, IEEE, and Alagan Anpalagan , Senior Member, IEEE

Abstract—In this paper, we study the distributed relay assign-
ment problem in multi-channel multi-radio unmanned aerial ve-
hicle (UAV) communication networks. Multi-UAVs are driven by
the overall task and fly in certain formation, where UAVs with
different tasks have various transmission requirements. Source
UAVs equipped with multi-radio can select more than one relay
radios to achieve high data rate, and each relay radio can be shared
by multiple source UAVs. We construct distributed game models to
promote the global transmission performance by self-organizing
coordination among UAVs. Specifically, the channel competition
relationship between relay UAVs is modeled as a congestion game
model, while the task-driven relay selection among UAVs is mod-
eled as a many-to-many matching market without substitutability.
With the proposed game models, the optimizing of local optimized
process will lead to the improvement of global transmission results.
After that, we design algorithms for the stable and changeable
topology structures, respectively. Based on the given formation
shape of UAVs, a learning matching algorithm is proposed to
reach the optimum result with a large probability. A fast potential
matching algorithm is propose to deal with the topological change
of UAV networks. We prove that two proposed algorithms can both
achieve the stable matching results. Simulation results show that the
proposed relay assignment approaches yield good performances in
terms of the global transmission satisfaction and fairness. Partic-
ularly, the result of the learning algorithm is close to the global
optimum and the fast potential matching approach is robust to the
perturbation of UAV networks.

Manuscript received April 14, 2019; accepted September 5, 2019. Date of
publication September 18, 2019; date of current version November 12, 2019.
This work was supported in part by the National Science Foundation of China
under Grant 61771488, Grant 61901520, Grant 61801492, Grant 61931011,
Grant 61971439, and Grant 61701533, in part by the Natural Science Foundation
of the Jiangsu Province of China under Grant BK20191329, in part by the
Postdoctoral Science Fund of China under Grant 2018M633684, and in part
by the National University of Defense Technology under Grant ZK18-03-20.
This article was presented in part at the IEEE/CIC International Conference on
Communications in China, Qingdao, China, Oct. 22–24, 2017. The review of
this article was coordinated by Prof. W. A. Krzymien. (Corresponding author:
Yuhua Xu.)

D. Liu, J. Wang, Y. Xu, Y. Yang, and Y. Xu are with the College of Commu-
nications Engineering, Army Engineering University, Nanjing 210007, China
(e-mail: dianxiongliu@163.com; wjl543@sina.com; yuhuaenator@gmail.com;
sheep_1009@163.com; yitaoxu@126.com).

K. Xu is with the College of Information and Communication, Na-
tional University of Defense Technology, Wuhan 410073, China (e-mail:
xukunown@163.com).

Q. Wu is with the College of Electronic and Information Engineering, Nanjing
University of Aeronautics and Astronautics, Nanjing 210016, China (e-mail:
wuqihui2014@sina.com).

A. Anpalagan is with the Department of Electrical and Computer En-
gineering, Ryerson University, Toronto, ON M5B 2K3, Canada (e-mail:
alagan@ee.ryerson.ca).

Digital Object Identifier 10.1109/TVT.2019.2942095

Index Terms—UAV communication networks, distributed multi-
channel multi-radio, transmission requirement, game models,
matching without substitutability.

I. INTRODUCTION

UNMANNED aerial vehicle (UAV) communication has
become a hot area of research in wireless networks [1]–

[5]. In addition to being used in urban systems such as
cellular-connected UAVs and UAV-assisted terrestrial commu-
nications [1], [2], drones are also expected to perform many
tasks in the wild or dangerous places [3]–[5]. To play broader
applications such as a wider range of search, combat and patrol
tasks [5]–[7], multiple UAVs are expected to be deployed. Coop-
eration of UAVs is considered as an important research branch,
where the cluster based communication structure is regarded as
a useful model for the task driven UAVs [3]–[5].

The efficient information interaction in the UAV cluster is
important to maintain the flight and mission implementation.
Each UAV cluster head is responsible to collect and deliver the
information from cluster members to the ground controller [3]–
[5]. However, it is difficult to achieve entire network coverage
by one-hop transmission due to the limited transmission power
of UAVs. To tackle this problem, one solution is to perform
relay transmission, while the other is to change the position and
optimize UAV trajectories. Carrying distant mission, UAVs are
usually in formation flight to ensure the coverage of the ground
and the stability of the swarm [8]. The relative movement of
drones is likely to cause a collision risk. Frequent trajectory
changes also consume much propulsion energy, which is not
conducive to the endurance of swarms. By contrast, the relay
communication can improve the transmission rate and coverage
of networks without destroying the structure of the formation,
which is promising in UAV communication networks [4].

For the UAV swarms with multiple source and relay UAVs,
only efficient relay assignment can lead to improved perfor-
mances, while inappropriate methods may cause negatively in-
fluence [9]. Therefore, the assignment problem of relay resource
is considered to promote the transmission performance of task-
driven UAVs. The research on the relay assignment in UAV com-
munication networks is still in the infancy [10]–[13]. In a few
articles, Ho et al. [10] studied the single path selection problem
with the goal of minimizing the time and energy consumption.
Similarly, Zhang et al. [11] learned about the problem of route
selection in a three-dimensional UAV swarm. Mukherjee et al.
[12] tackled the problem of data resource scheduling through
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path selection. Sbeiti et al. [13] proposed a secure routing
protocol to face attacks in airborne mesh networks. The existing
work confirmed the importance of relay communication within
UAVs. However, these articles mainly studied the single-link
path selection problem. The limitations of channel resources
and the task-driven features of UAV networks were neglected.

Compared to UAV swarms, the relay selection problem has
been well studied in terrestrial communications. In [14], [15],
the authors optimized the single-link relay selection with goals
of maximizing the global transmission rate and the minimum
transmission rate, respectively. After that, many-to-one relay
models were studied, where one relay node can assist multi-
ple source nodes. In [16], Xu et al. studied the max-min and
max total throughput problem for many-to-one relay models by
centralized algorithms. Chen et al. [17] proposed a decentralized
learning to optimize the fairness performance of spectrum shar-
ing networks. Moreover, in buffer-aid relay model [18], [19]
or downlink transmission of non-orthogonal multiple-access
systems [20]–[22], one source node can select multiple relay
nodes (one-to-many) to improve the transmission performance.
The relay selection problem also can be considered joint the
other optimizing objectives such as channel assignment [23],
security [24] and so on. However, some differences and chal-
lenges should be concerned when extending relay technologies
from terrestrial networks to UAV networks.

Firstly, with the help of the centralized controller, the central-
ized approach [25], [26] can be used to optimize the resource
allocation in terrestrial networks. However, there may not be
a powerful central controller flying in the air [5], especially in
distant missions. The optimization problems for UAV commu-
nications are suitable to be solved in distributed manners [4].

Secondly, in terrestrial networks, the data transmission is
mainly generated by users selfishly in order to meet its own
needs. In contrast, the UAV swarm is mainly driven by overall
tasks, and the data transmission is mainly to ensure the task
satisfaction performance of global networks. With limited infor-
mation exchange, UAVs will easily interfere the performance of
other UAVs when maximizing its own transmission.

Thirdly, terrestrial relay networks are mainly interested in
one-to-one [14], [15] or many-to-one models [16]–[22]. In
distributed UAV networks, channel resource will be divided
and utilized in a shared manner. The single-link mode may
be difficult to meet the needs of UAVs when the transmission
services of UAVs are heterogeneous. With the many-to-many
relay model, drones can configure the number of radios and
channel selection strategies flexibly [27]. However, the many-
to-many transmission will also lead to more competition among
UAVs. Without suitable scheme of interference avoidance and
resource allocation, the performance of the whole network is
more difficult to guarantee.

Therefore, from the perspective of global transmission tasks,
we study the self-organizing resource assignment problem in
multi-channel multi-radio UAV relay communications. A dis-
tributed game model is constructed. Due to the sharing character-
istics of channel resources, the channel access problem of UAVs
is modeled as a congestion game model with player-specific
payoff functions [28], while the selection relationship between
UAVs is modeled as a many-to-many matching market [29].

We take the satisfaction experience of global task completion as
the performance metric. The contributions of this paper are as
follows,
� We study the multiple access relay selection system with

limited channel resource, where the transmission demands
among UAVs are considered. To the best of our knowledge,
it is the first work to optimize the relay assignment in many-
to-many UAV networks.

� The features of resource sharing and peer effects [30]
among UAVs make the classic matching model no longer
applicable. We model the relay selection model as a many-
to-many matching market without substitutability [4],
which is rarely studied in wireless networks.

� Combining with the potential game [31], we design a po-
tential matching framework to achieve the stable matching.
In this framework, the global result can be improved by
optimizing the local matching performance and thus the
equilibrium of the non-substitution model can be achieved.

� Based on the given shape of UAV formation, we propose
a many-to-many learning matching approach (MLMA)
to achieve the optimal performance with an arbitrarily
high probability. Aimed at the changeable topology, a fast
potential matching approach (FPMA) is proposed, which
spends a short time to converge and is robust to the dynamic
network. Both two algorithms are proved to achieve stable
matching results.

This paper is an extension of the paper [32]. Compared with
the preliminary work, the multi-channel multi-radio competition
problem is further modeled, and two algorithms are proposed
to achieve different objectives of optimizing requirements in
UAV networks. The discussion of the matching without substi-
tutability and the theory of the potential-matching framework
are systematically given.

The rest of this paper is organized as follows. In Section II,
the motivation of developing the potential matching model is
given. In Section III, the system model is provided and the
problem is formulated. In Section IV, the congestion model
is constructed for the channel access among relay UAVs. In
Section V, the many-to-many matching game for the task-driven
relay assignment is analyzed, and the matching approaches
without substitutability are studied. In Section VI, a joint al-
gorithm of channel access and relay selection is proposed. In
Section VII, simulation results are shown. The conclusion is
drawn in Section VIII.

II. THE MOTIVATION OF THE MATCHING GAME MODEL

Matching markets [29] are powerful distributed models to
address assignment issues in wireless networks. Compared with
other game models and other useful approaches for the dis-
tributed relay selection optimization of UAV communication
networks, the advantages of matching game models can be
summarized as follows, i) Players in classical game-theoretical
algorithms require the knowledge of other players’ actions [31].
However, it is difficult for source UAVs (SVs) to obtain all
strategy information of other drones. Matching game with in-
dependent decision-making will enhance the distributed im-
plementation; ii) Driven by diverse communication tasks, SVs
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and relay UAVs (RVs) have different communication demands.
Diversified transmission needs make the optimization method
more flexible; iii) Matching game can define individual utilities
for SVs and RVs. The available algorithmic implementations
can solve the resource allocation problem without obtaining
global information. Therefore, the UAV relay selection system
is modeled as a matching market, in which SVs and RVs have
decision-making capabilities to achieve their own transmission
needs.

The existing work of matching game mainly used one-to-
one or many-to-one markets [33]–[35] to solve the resource
assignment problem of wireless networks. With the development
of multiple access techniques, researchers began to focus on
the many-to-many matching market [36]–[38]. For example, Di
et al. [36] studied codebook-based resource allocation problem
by the matching game for an uplink sparse code multiple access
network. Similarly, Zhang et al. [37] studied relay networks with
non-orthogonal multiple access. It is noted that all of existing
work above referred to the matching market with substitutabil-
ity [35]–[38], where the relationship between players is solely
competitive. Players replace other competitors when they are
successfully accepted by players in the opposing set. Such work
does not mention the limited resource sharing. In distributed
UAV communication models, multiple UAVs have the same
opportunity to share resources equally, and they aim at finishing
the cooperative work. While improving own transmission rate,
UAVs should also consider the performance of other drones.
The model of resource assignment is much different from the
matching with substitutability.

Matching market without substitutability [4], [39] can be used
to model distributed networks with resource sharing. In this
matching game, the relationship between applicants is neither
bad or good, and the priority of players is not the criterion for
filtering. After received matching requests from players in the
opposite side, players do not accept or reject a matching con-
nection according to the unilateral performance of applicants.
The performance of the whole network and the applicants of
other connections will affect the matching process. This class is
suitable for the fully sharing networks, such as spectrum sharing
equally with unfixed quotas [4]. To solve the selection problem
in this kind of UAV networks, we combine the matching market
with the potential game according to the optimization objective
and the characteristic of matching game without substitutability.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. The Relay Model of UAV Communication Networks

Consider a UAV swarm maintaining a certain formation
shape to execute determined tasks. In the cluster-based system
shown as Fig. 1, cluster members perform various tasks such
as surveillance monitoring and patrol tracking, and then sum-
marize the collected data to the cluster head [4]. SVs at cluster
edge with limited transmission power have opportunities to be
assisted by RVs near the cluster head. The set of SVs, RVs and
UAV destinations are denoted by S = {1, . . ., s, . . ., S}, R =
{1, . . ., r, . . ., R} and d, respectively. Each UAV is equipped
with one or more radios so as to work on multiple channels
denoted by L = {1, . . ., l, . . ., L} at the same time. Without loss

Fig. 1. A multi-channel multi-radio UAV relay selection model.

Fig. 2. The transmission process of the UAV relay model.

of generality, we assume that L ≤ R ≤ S. Each radio of UAVs
can work on one channel at most, so each SV s can connect with
the number of channels that do not exceed the number of radios
it equipped with. That is,

∑

l∈L
δsl ≤ αs, (1)

where the number of radios of s is denoted by αs. δsl rep-
resents the number of radios that SV s works on channel l,
and 0 ≤ δsl ≤ 1 because there is no capacity benefit if two
different radios of one drone work in the same channel. Sim-
ilarly, there are

∑
l∈L δrl ≤ αr, δrl ≤ 1,

∑
r∈R δsr ≤ αs and

δsr ≤ min{αs, αr}, where αr represents the number of radios
of r. δsr is the number of links that RV r assists s. A RV can
provide multi-channel services for one SV by multiple radios.

The transmission model of UAV communication networks is
shown in Fig. 2. To report own service data, RVs access and
share channel resources in competitive mechanisms [40]. The
transmission rate that r can achieve on l is:

ur(l, d) =
W

Arl
· log2 (1 + γrd) . (2)

where the channel bandwidth is denoted by W . For ease of
expression, the signal-to-noise-ratio (SNR) at the d coming from
RV r is denoted by γrd and γrd = Pr|hr,d|2/σ2 , where Pr is
the transmission power of the RV and the parameter σ2 is the
variance of additive white gaussian noise. hr,d represents the
path gain between r and d, where Doppler effects caused by the
mobility of UAVs are assumed to be compensated perfectly [26].
RVs share channel resources equally, and the number of RVs
choosing the channel l is denoted by Arl.
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RVs will occupy a part of channel resource to transmit their
own data, which is denoted by κ(r, l), 0 ≤ κ(r, l) ≤ 1. After
that, RVs sense and retransmit the data from SVs. For the relay
model, each radio works in a half-duplex mode and the commu-
nication pattern is frame-by-frame, where each frame is divided
into two time slots. The first time slot is used for the link of the
SV to the RV, while the second time slot is used for the link of
the RV to the destination. In this paper, the amplify-and-forward
(AF) relay mode is applied, and the proposed scheme can be
extended to other modes such as decode-and-forward (DF) or
hybrid modes [9]. Under the AF mode, RVs receive signals from
SVs and then amplify and transmit them to the destination.

In order to represent the performance of relay assignment
among SVs, we assume that the direct transmission diversity
between the SVs and destination would not exist. Therefore,
if one of radio of s is assisted by r, the ideal capacity can be
expressed as [9],

CAF (s, r, d) =
W

2
· log2

(
1 +

γsrγrd
1 + γsr + γrd

)
, (3)

where the SNR from s to r and s to d are denoted by γsr and
γsd, respectively. Due to the limited number of channels and
RVs, SVs also need to compete for resources with other UAVs.
Considering factors above, the available data rate that s assisted
by r on channel l can be given,

us(r, l, d) =
CAF (s, r, d) (1 − κr,l)

ArlAsrl
. (4)

The data rate of one pair is related to the number of transmission
pairs choosing the same radio of r [17], which is denoted by
Asrl. With the help of multiple relay radios, the data rate of
communication pair (s, d) denoted by us,d can be given,

us,d =
∑

r∈R

∑

l∈L
us(r, l, d)δsrl, (5)

s.t.
∑

l∈L
δsl ≤ αs, ∀δsl ∈ {0, 1}, (6)

∑

l∈L
δrl ≤ αr, ∀δrl ∈ {0, 1}, (7)

∑

r∈R
δsr ≤ αs, δsr ≤ min {αs, αr}, (8)

where δsrl is an indicator function, representing that s is assisted
by r on the channel l if δsrl = 1, otherwise δsrl = 0.

Driven by various tasks of data transmission, pairs have
different type of services, data rate requirements and tolerance
levels of service quality. SVs aim at finding the set of relay radios
as well as channels to meet the transmission demand. Let f(s, d)
indicate the satisfaction degree of the pair between s and d for
transmission rate, where the range of f(s, d) is [0, 1]. We assume
that the form of the satisfaction function is a universal sigmoid
function, which can describe diverse communication services of
SVs [41],

f(s, d) =
1

1 + exp
[
−λs,d

(
us,d − u′s,d +

ν
λs,d

)] , (9)

where u′s,d denotes the communication task requirement of s,
and we set ν > 7 so that f(s, d) ≥ 1

1+exp(−7) ≈ 1 when the ob-
tained data rate is higher than that of required, i.e., us,d ≥ u′s,d.
The satisfaction function is shown as a slightly S-shaped curve,
which is suitable to express different types of demands. The
trend-changing speed denoted by λs,d reflects the urgency of
transmitting tasks. Lower values of λs,d lead to lower slopes of
the utility curve which means the transmission task is not urgent.
Higher values of λs,d lead to steeper curve around u′s,d, which
indicates the urgent task and strong requirement of resource.

B. Problem Formulation

In the distributed UAV networks with limited resource, UAVs
should compete for relay and channel resources to achieve the
transmission requirements. However, the decision of one UAVs
will affect others, and even affect the performance of global
networks. Different from the terrestrial network, the task-driven
UAV network needs to ensure the task completion of global net-
work more than the individual respective transmission needs. We
study the problem of multi-channel multi-radio relay assignment
to improve the global satisfaction experience. The optimization
problem can be defined,

maxmize Λ =
∑

s∈S
f(s, d), (10)

s.t. (6), (7), (8),

ur(l, d)κr,l ≥ u′r,l,d, (11)

where the global transmission satisfaction is denoted by Λ. The
problem in (10) aims to maximize the aggregate satisfaction of
all SVs by optimizing their selection strategies. The constraint
in (11) represents that RVs optimize the transmission of SVs
under the premise of ensuring its own transmission, where the
service demand of r on l is denoted by u′r,l,d.

The objective function given by (10) is non-convex/non-
concave, which is difficult to be solved in distributed systems
with heterogeneous demand and multi-link competition. Both
SVs and RVs have capabilities of decision making. SVs need
to select appropriate RVs and channels for transmission, while
RVs need to access channels to transmit their own data and
assist SVs. We analyze and model the strategy of SVs and RVs
separately, and a joint algorithm is proposed to promote the
global transmission performance. The channel access strategy
of RV is identified as ζr, ζr ⊆ L. The relay selection strategy of
SVs is denoted by ψs, ψs ⊆ R(L), which means the radios of
R working on L.

IV. THE CONGESTION GAME MODEL FOR DISTRIBUTED

CHANNEL ACCESS OF RVS

RVs access channels to finish transmission tasks, and help
the transmission of SVs on this basis. Due to the sharing
characteristics of channel resources, the competition model of
RVs is modeled as a distributed congestion game model with
player-specific payoff functions [28].

Definition 1: The channel competition among RVs can be
defined as a tuple G(R,L, ζr, ur(ζr, ζ−r)). This model will
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reach a state of Nash equilibrium (NE) {ζ1, . . ., ζr, . . ., ζR} if
there is �{ζ1, . . ., ζ

∗
r , . . ., ζR} satisfying:

ur (ζ
∗
r , ζ−r) > ur (ζr, ζ−r) , (12)

where the channel access strategies of RVs except r is denoted by
ζ−r = {ζ1, . . ., ζr−1, ζr+1, . . ., ζR}, and ur(ζ∗r , ζ−r) represents
the utility of r when it changes strategies from ζr to ζ∗r . (12)
means that no RV can improve the utility function by changing
strategies unilaterally. According to (2), the utility of channel
access can be expressed as

ur (ζr, ζ−r) =
∑

l∈L

W log2 (1 + γrd)

Al (ζr)
, (13)

where the number of RVs choosing the same strategy with r on
channel l is denoted by Al(ζr). This type of model is proved to
have a stable solution with at least one Nash equilibrium (NE)
as follow. Based on Rosenthal’ s potential function [28]

φr (ζr, ζ−r) =
∑

l∈L

Al(ζr)∑

i=1

W log2 (1 + γrd)

i
, (14)

when one of radio of r changes the channel access strategy from
l to l∗, the effect of the unilateral change can be given:

ur (ζ
∗
r , ζ−r)− ur (ζr, ζ−r)

=
W log2 (1 + γ∗rd)

Al∗ (ζ∗r)
− W log2 (1 + γrd)

Al (ζr)
. (15)

With the strategies change of RV r, we have Al∗(ζ
∗
r) =

Al∗(ζr) + 1 and Al(ζ∗r) = Al(ζr)− 1. The deviating value of
the potential function is

φr (ζ
∗
r , ζ−r)− φr (ζr, ζ−r)

=

Al∗ (ζr)+1∑

i=1

W log2 (1 + γ∗rd)
i

+

Al(ζ
∗
r)∑

i=1

W log2 (1 + γrd)

i

−
Al∗ (ζr)∑

i=1

W log2 (1 + γ∗rd)
i

−
Al(ζr)∑

i=1

W log2 (1 + γrd)

i

=
W log2 (1 + γ∗rd)
Al∗ (ζr) + 1

− W log2 (1 + γrd)

Al (ζr)

=
W log2 (1 + γ∗rd)

Al∗ (ζ∗r)
− W log2 (1 + γrd)

Al (ζr)
. (16)

Combining with (15), there is

φr (ζ
∗
r , ζ−r)− φr (ζr, ζ−r) = ur (ζ

∗
r , ζ−r)− ur (ζr, ζ−r), (17)

which always holds with ∀r ∈ R, ∀ζr, ζ−r ⊆ L. Based on [28],
the proposed multi-channel access model is an exact potential
game (EPG) [31] with (14). The most important properties of
the EPG can be given, 1) a Potential game has at least one
pure strategy NE; 2) global or local maximum potential function
constitutes a pure strategy NE.

As shown in Algorithm 1, we propose a distributed channel
access algorithm based on the best response (BR) to achieve the
NE point. In the initialization, RVs access available channels

Algorithm 1: Distributed Channel Competition Algorithm.
Stage I: Initialization

– Every radio of RVs accesses one channel randomly.
Stage II: Evolution of channel competition
Repeat in location interaction N

– RVs detect and calculate the expected rewards of the
channel access.

For t = 1, 2, 3. . .
– RVs sense and listen to the channel state and
competes for opportunity of the update strategy on the
selected channel.
– Pick one drone r to select channels with maximal
utility function as the strategy ζr(t+ 1) which satisfies:

ζr (t+ 1) = arg max
ζr⊆L

ur (ζr, ζ−r|t) , (18)

while the other RVs repeat previous strategies of channel
access, that is ζ−r(t+ 1) = ζ−r(t).

end
Until all of RVs maintain the strategies of channel selection.

randomly, which is subject to (7). After that, the loop of channel
competition among RVs starts with (18) in Stage II, where the
decision update iteration of RVs is denoted by t. RVs sense to
the channel state and compete for update opportunity on the
selected channel at each moment. One RV r can change ζr to ζ∗r
at time t+ 1, and the other RVs remain the original strategies
ζ−r(t+ 1) = ζ−r(t). Finally, the stable strategies of channel
access can be determined with the evolution of the Stage II.
According to [31], the optimal or sub-optimal result of channel
access can be achieved by the proposed distributed algorithm in
finite iterations among RVs.

V. A MANY-TO-MANY MATCHING GAME FOR GLOBAL

SATISFACTION-AWARE RELAY ASSIGNMENT

A. Many-to-Many Matching Game Model

RVs will assist the transmission of SVs after occupying a part
of channel resource. In the multi-UAV communication network,
each SV s ∈ S will be assigned to one or multiple radios of
RVs with occupied certain channels r(l) ∈ R(L). Each relay
radio can also be shared by multiple SVs. As discussed in
Section II, the many-to-many matching game is suitable to model
the selection problem, and the definition [38] is given as follows.

Definition 2: A many-to-many matching μ is a mapping by
two sets of players (S,R(L)) and two preference relations

s,
r(l). Each player s ∈ S and r(l) ∈ R(L) constructs pref-
erence lists over one another, ranking players in S and R(L),
respectively. The matching process is constrained to,
� μ(s) ⊆ R(L) and μ(r(l)) ⊆ S , respectively;
� |μ(s)| ≤ qs for ∀s ∈ S;
� s in μ(r(l)) if and only if r(l) in μ(s),

where the preference relation 
 is defined as a complete and
reflexive binary relation between players in S and R(L). μ(s)
means the subset of relay radios which is connected by SV s, and
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Fig. 3. The shortcoming of the classic matching game model and the compar-
ison with optimum result.

μ(r(l)) is the subset of SVs connecting to relay r with channel
l. The quota is the maximal number that each player can match,
denoted by q. The second constraint implies that quotas of SVs
are fixed while quotas of RVs are dynamic. The third constraint
ensures that the matching between two sets of players is by
mutual consent. Therefore, the matching game can be expressed
as a tuple G(S,R(L),
s,
r(l), qs).

Remark 1: The unfixed quotas of RVs lead to peer effects
among SVs, which perplexes the problem of matching game.

In classic matching games, quotas of players in two sets are
both fixed. However, quotas of RVs in the UAV relay model are
unfixed. One relay radio can serve a dynamic number of SVs
simultaneously, where SVs connecting with the RV will share
the time resource equally. Therefore, the strategy decision of
one SV depends on not only the communication quality of the
selected relay radios but also the number of SVs having the same
strategies. Such problems in the matching game are defined as
peer effects [30], these situations cause SVs’ decision-making
process becoming more complicated.

Remark 2: The matching game with substitutability devel-
oped in the existing work is unsuitable for the sharing multi-
access UAV communication networks.

Existing researches of the matching game in wireless net-
works mainly developed the matching with substitutability. One
player will pursue the best targets within its range of the quota
and the other candidates will be rejected. The classic matching
game is inapplicable to the resource sharing system mentioned
in this paper. Due to unfixed quotas of the RVs, it is reasonable
to model the proposed UAV communication networks as a
matching market without substitutability.

Moreover, the classic matching game mainly focuses on the
individual performance and stable state, but not the global per-
formance. The traditional approach encourages each player to
choose and accept the best matching item. For example shown
in Fig. 3, even if the global performance obtained by Fig. 3(b)
will be better than that by Fig. 3(a), the connection result of the
classic matching approach will become Fig. 3(a) because the
higher priority of s2 takes more initiative.

The peer effects, dynamic quotas and the matching without
substitutability motivate us to develop new schemes that sig-
nificantly differ from existing applications of matching game
theory in wireless networks such as [33]–[37]. Therefore, the
many-to-many matching without substitutability is proposed.

B. Proposed Model of The Matching Game Without
Substitutability

In the proposed game, SVs and radios of RVs select elements
in the opposing set according to individual matching criteria.

1) For SVs Preferences: With heterogeneous types of ser-
vice, each SV s seeks to find relay radios with high data rate so
as to achieve its demands.

fs (ψs, ψ−s) → 1 ⇒ us (ψs, ψ−s) ≥ u′s,d

⇒ find μ(s) = {r(l)|r(l) ∈ R (L)} , (19)

s.t. (6), (8), (20)

where the relay selection strategy of s is denoted by ψs, the
strategy of the other SVs is denoted by ψ−s, and ψs, ψ−s ⊆
R(L). us(ψs, ψ−s) represents the utility of s according to (5)
with strategies (ψs, ψ−s). fs(ψs, ψ−s) → 1 means that s tries to
the desired transmission rate u′s,d, and swill search for suitable
relay radio with occupied channel rather than the blind pursuit
of high throughput. According to data rate requirements, the
preference of s can be expressed as,

(s, rn(li))
s (s, rm(lj)) ⇔ us (rn, li, d) > us (rm, lj , d) ,

(21)

where rn, rm ∈ R, li, lj ∈ L, rn(li) �= rm(lj). us(rn, li, d) and
us(rm, lj , d) represent the estimated data rates of s assisted by
rn(li) and rm(lj), respectively. Therefore, relay radios which
can provide better services will obtain higher priorities. The
available resource of s is dynamically influenced by the other
SVs’ choices. Because strategies of the other SVs are uncertain,
the preference ordering of one SV is dynamic in each matching
iteration according to the obtained data rate.

2) Preferences of Radios of RVs: RVs assist the transmission
of SVs to improve the global transmission performance. In the
matching process, RVs decide whether or not to accept the
request of SVs according to the preference criterion. Because
the selection strategy of one SV may disturb the other SVs that
have the same strategy sets, we define the utility function of relay
radios driven by s as,

Ur(l)(s, ψs) = fs(ψs, ψJs
)

+
∑

sk∈Js

[fk(ψk, ψJk
)− fk(ψk, ψJk\s)], (22)

where sk ∈ Js denotes SVs which may be impacted by the
decision of SV s. The preference lists of these SVs have partly
same elements with s. fk(ψk, ψJk

) is the satisfaction result of
the other SVs sk, and fk(ψk, ψJk\s) is the satisfaction of sk
if s gives up the selecting radio, which indicates the marginal
contribution utility [41].

It should be noted that not all the SVs in Js would exactly
choose the same radios even if their preference lists have over-
lapping parts. If sn exchanges its strategies of selection from
ψs to ψ̄s, it will affect the SVs which have the same choices of
radios. Therefore, the SVs influenced by s can be represented as

Is = {∀sk|δkrl = 1} , s.t. r(l) ∈ {ψ̄s ∪ ψs
}
, (23)
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where ψ̄s and ψs mean the prepared and the current selection
strategy of s, respectively. With the matching swap proposed by
s, the RVs in both current and prepared strategies will consider
the results of the swap. The information exchanges will happen
among the radios of RVs in r(l) ∈ {ψ̄s

⋃
ψs}. Only SVs in Is

can influence the transmission performance of s. Thus, it can be
found that,

fs (ψs, ψJs
) = fs (ψs, ψIs) . (24)

In this case, the satisfaction of SVs in Js\Is will not be influ-
enced no matter which relay radios are chosen by s. Thus, it can
also be found that

fk (ψk, ψJk
) = fk

(
ψk, ψJk\s

)
, k ∈ Js\Is. (25)

Based on (24)-(25), Ur(l)(s, ψs) in (22) can be simplified as

Ur(l)(s, ψs) = fs(ψs, ψIs)

+
∑

sk∈Is
[fk(ψk, ψIk)− fk(ψk, ψIk\s)], (26)

where the strategies of s will influence SVs sk ∈ Is and we de-
note the expected result of ψ̄s changing from ψs asUr(l)(s, ψ̄s),
that is,

Ur(l)(s, ψ̄s) = fs(ψ̄s, ψIs)

+
∑

sk∈Is
[fk(ψk, ψ̄Ik)− fk(ψk, ψ̄Ik\s)], (27)

where Is is constrained to (23). fk(ψk, ψ̄Ik) denotes the sat-
isfaction result of sk (k ∈ Is) when s changes its selection
strategy, and fk(ψk, ψ̄Ik\s) is the marginal contribution utility
of the strategy ψ̄s of s. Relay radios determine whether or not
to accept the strategy requests of s according to the comparison
of (26) and (27). If the utility can be increased, that is,

Ur(l)
(
s, ψ̄s

)
> Ur(l) (s, ψs) , (28)

the requests will be accepted. Otherwise, the request will be
rejected. Different from the classic matching, matching pro-
cesses in the proposed matching game without substitutability
are not substituted. Once one SV is accepted by the RV, it
will share resources of relay radios with other SVs rather than
replacing them. The stable matching of the matching game
without substitutability is defined.

Definition 3: A matching result is a global stable matching
if and only if no player can improve its matching utility by
deviating unilaterally, i.e.,

�Λ
(
ψ̄s, ψ−s

)
> Λ (ψs, ψ−s) , (29)

s.t. ∀s ∈ S, ψs ⊆ R (L) , |ψs| ≤ αs. (30)

Inspired by the potential function of potential games in [31],
we prove that the optimal solution of the distributed matching
problem in (19) and (26) will lead to the global satisfaction result
optimizing.

Theorem 1: Optimizing the local matching process, the
global network will achieve a stable matching result.

Proof: According to the system model and the optimization
objective, we construct the potential function [31] as,

Φ(ψ1, ψ2, . . .ψS) =
∑

s∈S
f (ψs, ψIs). (31)

It can be noted that Φ(ψ1, ψ2, . . .ψS) = Λ, i.e. the defined
potential function is equal to the global network satisfaction.
Based on (26), the change of matching results caused by the
SV’s unilateral change can be given,

Ur(l)
(
s, ψ̄s

)− Ur(l) (s, ψs) = fs
(
ψ̄s, ψIs

)− fs (ψs, ψIs)

+
∑

sk∈Is

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]
, (32)

where we suppose that s unilaterally changes its selection from
ψs to ψ̄s. The fk(ψk, ψ̄Ik) is the satisfaction experience of the
other SVs when the SV s changes its choice strategies. It can
be noted that the fk(ψk, ψIk\s) is eliminated in the subtraction
operation because the strategies of ψIk\s will not be influenced
by s.

Similarly, the change of the potential function caused by the
unilateral change of s can be given,

Φ
(
ψ̄s, ψ−s

)− Φ(ψs, ψ−s) =

⎧
⎨

⎩fs
(
ψ̄s, ψIs

)− fs (ψs, ψIs)

+
∑

sk∈Is

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]

+
∑

sk∈{Js\Is}

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]

+
∑

sk∈S\Js,sk �=s

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]
⎫
⎬

⎭ (33)

According to the mutual influence relation, the following equa-
tion can be given,

∑

sk∈S\Js,sk �=s

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]
= 0. (34)

where the preference list of sk ∈ S\Js, sk �= s has no common
elements with s and the strategies changes of swill not influence
sk. Moreover, since the action of s only affects partial SVs whose
choice of radio sets contain at least one of the selecting radios
of s, the following equation is known:

∑

sk∈{Js\Is}

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]
= 0. (35)

Therefore, (33) can be simplified as,

Φ
(
ψ̄s, ψ−s

)− Φ(ψs, ψ−s)

= fs
(
ψ̄s, ψIs

)− fs (ψs, ψIs)

+
∑

sk∈Is

[
fk
(
ψk, ψ̄Ik

)− fk (ψk, ψIk)
]
. (36)

When s takes a unilateral matching request, the change
of the utility is the same with that of the potential
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function, that is Ur(l)(s, ψ̄s)− Ur(l)(s, ψs) = Φ(ψ̄s, ψ−s)−
Φ(ψs, ψ−s). Thus, the result of each matching process will
lead to the same result as the global network performance. The
strategies of RVs are based on the properties of EPG, where
the definition of NE [31] is similar with the concept of stable
matching. Thus, the stable results can be achieved when we
optimize the local matching process. Theorem 1 is proved. �

The game model reduces the information exchange of drones
without affecting the quality of the communication. SVs needn’t
exchange information with the other SVs. RVs only need to
exchange information with a portion of the other RVs in the
same strategy sets of SVs.

Based on the potential matching game, we design specific im-
plementation methods. We propose different selection schemes
for resource allocation in two various cases. For the UAV cluster
maintains certain formation shape during the flight, we propose
a learning algorithm to achieve the optimal relay allocation
result of the whole network with a large probability. Considering
the perturbation of UAV networks caused by the deployment
changes, a fast matching optimization scheme is proposed,
which spends a short time to converge and is robust to the
dynamic network.

C. Many-to-Many Learning Matching Approach (MLMA)

We study the problem of relay selection under the scenario
with partial information, in which each SV knows the channel
state information (CSI) so as to reorganize the preference order-
ing of relay radios.

The idea of learning algorithms achieving NE point can be
seen as promising schemes in the proposed matching game
without substitutability. Based on the Theorem 1, the optimum of
global satisfaction can be obtained if the optimal stable matching
is achieved. Although there is existing work such as [43] studied
the optimal solution by spatial adaptive play (SAP) to achieve
optimal NE with a large probability. SAP is not suitable for the
relay models since it implicitly needs a global controller and its
convergence speed is slow. Even in [44] we proposed a C-SAP
algorithm, it needs global available strategies information, which
may exchange with all of players in the network. SVs with
limited ability can not exchange information with the other
SVs during every matching process. In order to study the relay
selection with limited information exchanges, the distributed
learning matching approach is proposed in Algorithm 2.

Here, Algorithm 2 consists of the initialization and two stages
in loops: the utility computation of relay radio and the matching
evaluation. In the initialization, based on the location infor-
mation of relay systems, each SV forms its own preference
list by estimating payoffs. In Stage I, unsatisfied SVs choose
a set of available relay radios based on the mixed strategy
(37). In contrast, satisfied SVs maintain their strategies of ra-
dios selection. In Stage II, receiving requests from SVs, RVs
exchange information with relative RVs and decide to accept
or reject the exchange proposal according to (38), where the
parameter β balances the tradeoff between exploration and ex-
ploitation. The solution is referred to the Boltzmann exploration
strategy [45].

Algorithm 2: Distributed Many-to-Many Learning Match-
ing Approach (MLMA).

Initialization: Each SV estimates all available relay radio
according to the location information, then it forms the
preference list of RVs based on (21).
Loop in location interaction N ;
Stage I: Relay radios estimate and utilities computation

SVs reform the preference list of RVs based on the CSI
in each matching iteration.

Satisfied SVs maintain their strategies of radios
selection.

Each unsatisfied SV calculates utility function (9) over
its all available relay radio based on the CSI, then it
chooses a set of available relay radios based on the mixed
strategy, where the component denotes the probability of
radio selection ψ̄s in the mixed strategy is given as

p
(
ψ̄s
)
=

us
(
ψ̄s, ψ−s

)
∑
ψ̄s⊆R(L) us

(
ψ̄s, ψ−s

) . (37)

Stage II: Matching evaluation
Based on (26) and (27), RVs exchange information with

relative RVs and decide whether accept or not with a mixed
strategy, where the component contains “accept” (ψ̄s) or
“reject” (ψs).

P =
exp

{
β · Ur(l)

(
ψ̄s
)
, β · Ur(l) (ψs)

}

exp
{
β · Ur(l)

(
ψ̄s
)}

+ exp
{
β · Ur(l) (ψs)

} , (38)

for some learning parameter β > 0.
end Loop until � ∃μ can improve the satisfaction results.
Output: Convergence to a stable matching result.

Theorem 2: With a sufficiently large β, the proposed algo-
rithm achieves the global optimum of distributed relay channel
matching with an arbitrarily high probability [44].

Proof: Inspired by [44], we give the proof that the proposed
matching approach achieves the maximum potential function
values with an arbitrarily high probability.

Intuitively, SV changes the strategy from ψs to ψ̄s, with
a lightly guidance of performance estimation (37). RVs with
higher predicted data rate would achieve the demanded data rate
using shorter time resource. Connecting to the prior RVs, SVs
have relatively high probability to increase data rate. RVs receive
the connection proposals from SVs, judge the rationality of the
request and decide whether or not to accept the request according
to the (38). If the utility Ur(l)(ψ̄s) is better than Ur(l)(ψs), with
a large β, the following inequality holds:

exp
(
β · Φ (ψ̄))� exp (β · Φ(ψ)) , (39)

and it means that the better strategy can be chosen with an arbi-
trarily high probability. Similarly, the optimal result of matching
process is determined by Φmax = Φ(ψopt). When β becomes
sufficiently large, i,e, β → ∞, the comparison between optimal
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Algorithm 3: Fast Potential Matching Approach (FPMA).
Initialization: Each SV estimates all available relay radio
according to the location information, then it forms the
preference list of RVs based on (21).
Loop in location interaction N ;
Stage I: Relay radios estimate and utilities computation

SVs reform the preference list of RVs based on the CSI
in each matching iteration.

Unsatisfied SVs choose a set of available relay radios
which they preferred according to the preference list (21).

Satisfied SVs try to reduce one or more connections to
save the transmission power. If one SV reduces one radio
connection, the satisfaction performance (9) does not
become worse, it will quit the connection.
Stage II: Matching evaluation

Based on (28), RVs exchange information with relative
RVs and decide to accept the requsts from SVs or not.

RVs equally assign their time resource to SVs which
connect to them.
end Loop until � ∃μ can improve the satisfaction results.
Output: Convergence to a stable matching result.

results and the other results can be given:

exp (β · Φ(ψopt)) � exp (β · Φ(ψ′)) , ∀ψ′ ⊆ R(L)\ψopt.
(40)

In addition, it is assumed that there are one or more optimal
selection profiles indexed by ψopt1, ψopt2, . . ., ψoptK ,K ≥ 1,
based on (38) and (39), the optimal results have:

lim
β→∞

K∑

k=1

μ
(
ψoptk

)
= 1, (41)

and

lim
β→∞

μ
(
ψoptk

)
=

1
K
, ∀k = 1, . . .,K. (42)

Therefore, when β becomes large enough, the stationary
distribution over all the optimal relay selection profiles, and one
or more optimal selection strategies have equal probability to be
achieved with limited information exchange of RVs. �

D. Fast Potential Matching Without Substitutability (FPMA)

To achieve the global optimum of relay selection, the learning
algorithm requires a period of iteration for convergence, which
can be used in UAVs with stable topology structure. When the
network topology is disturbed by such as position changing, a
faster matching algorithm is needed to adapt to the dynamically
changing network environment.

We discuss the fast matching method without substitutability
in this section, shown in Algorithm 3. In the initialization, each
SV forms its own preference list according to the estimation of
data rate. Although SVs can obtain the CSI information, they
can’t understand either the strategies of the other SVs or what
influence would cause if they make a strategy. Therefore, each
SV constructs the preference list according to the estimated

value. After the initialization, each loop in the iteration N is
divided into two steps:

In Stage I, SVs reform the preference list of RVs based on the
CSI in each iteration. Each unsatisfied SV requests to its prior
RVs with the number smaller than that of its radios. In contrast,
in order to save the transmission power, SVs which satisfy their
data rates will try to reduce the number of connections. In Stage
II, receiving requests from SVs, RVs exchange information with
relative RVs and determine whether or not to accept matching
requests according to (28). It can be noted that if the change of
the matching results improves the local performance of RVs, the
requests of SVs would be accepted by RVs.

Theorem 3: After a finite number of matching steps, SVs and
RVs become certain matching results, and thus the proposed
FPMA can converge to a stable matching result.

Proof: In the UAV communication system, the numbers of
both SVs and RVs are finite, thus the length of the preferences of
SVs is limited. For SVs s feeling satisfied, that is fs(ψs, ψ−s) =
1, there is no need to select other relay radios.

For SVs which are not satisfied with obtained data rates, they
will reform their preference lists before the strategies making and
then select the preferred RVs. RVs will filter the requirement
according to (28). According to Theorem 1, the acceptance
decision guarantees that,

Φ
(
ψ̄s, ψ−s

)
> Φ(ψs, ψ−s) , (43)

It can be noted that proposals from SVs will be accepted only if
the global performance can be promoted. Due to the upper limit
of global optimum, SVs will not be able to achieve results better
than the optimum, thus it will converge to a stable solution. �

Although there are a large number of selection strategies for
every SV, the reasonable selection is the RVs located closely.
With the filtration by the preference ordering, prior radios can
be quickly found. Therefore, in the model with finite number of
UAVs, the FPMA can fast converge to the stable matching.

VI. JOINT ALGORITHM OF CHANNEL ACCESS AND

RELAY ASSIGNMENT

In the previous two sections, we analyzed the models and
methods of channel access and relay selection, respectively. In
this section, the two models are combined together and a joint
algorithm of channel access and relay selection is proposed to
optimize both the transmission of RVs and SVs. The proposed
algorithm is shown in Algorithm 4.

The overall joint algorithm begins with random channel ac-
cess for RVs. RVs intercept part of the time resources κr,l
according to its own transmission requirements (11) and uses
the remaining resources to assist SVs. The relay allocation can
be divided into two ways according to the network environment.
When the UAV network is in a stable flight state, the optimal
result of the whole network is realized by Algorithm 2. When
the drone is disturbed, the Algorithm 3 is used to achieve rapid
response of the dynamic network. RVs and SVs iterate channel
access and relay selection at each moment. The relay selection
of SVs will affect the channel access of the next stage.
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Algorithm 4: Joint Algorithm of Channel Access and Relay
Selection.

Phase I: Initialization
– Perform the Stage I of Algorithm 1, where all RVs
randomly access channels.

Phase II: Double layer evolution
Repeat in location interaction N

– Radios of RVs occupy partial channel resources so that
ur(l, d)κr,l ≥ u′r,l,d, and remainder resources are used to
assist SVs.
– Perform Algorithm 2 or Algorithm 3 according to the
environment and the requirement of optimization.
– Perform Stage II of Algorithm 1, where utilities of RVs
are based on (13).

Until no selection strategy is changed at the previous
iteration.

Due to the sharing characteristics of channel resources, the
competition among RVs will result in an average utilization
of channel resources. In the UAV relay selection model, the
numbers of both SVs and RVs are finite, thus the length of the
preferences of SVs is limited. Based on the Theorem 1, proposals
from SVs will be accepted only if the global performance can be
promoted. Due to the upper limit of global optimum, SVs will not
be able to achieve results better than the optimum. When channel
access is in an average state, the relay selection will converge to
the stable results according to Theorem 2 and Theorem 3.

Remark 3: The complexity costs and the distributed imple-
mentation of proposed algorithms are discussed.

The convergence iterations of the MLMA and the FPMA are
denoted byN1 andN2, respectively. The complexity of SVs and
RVs estimating the received payoff can be expressed as O(C1),
where C1 is a constant decided by the time of the estimation
period [46]. For the MLMA, the procedure of updating the
relay selection involves finite sums and 1 scalar-vector product,
and the complexity can be expressed as O(C2), where C2 is a
small constant. The procedure of exchanging information among
RVs involves 3 exponents and 1 scalar-vector product, and we
denoted the complexity as O(C3). The total complexity of the
Algorithm 4 with MLMA can be given by,

N1

[(
S +

∑

r∈R
αr

)
(O (C1) +O (C2)) +

∑

r∈R
αrO (C3)

]
,

(44)

where the complexity of channel access in each iteration is∑
r∈R αr(O(C1) +O(C2)).
For the FPMA, satisfied SVs need not exchange information

with other drones. To calculate maximum complexity, we as-
sume that all SVs are unsatisfied during iterations. The procedure
of exchanging information among RVs involves operations of no
more thanL sums and 1 comparison, so its maximum complexity
can be expressed as O(C5), where C5 is a small constant. Thus,
the total complexity of the Algorithm 4 with FPMA can be

TABLE I
PARAMETER SETTINGS IN SIMULATIONS

Fig. 4. The UAV communication network topology of the simulation.

given by,

N2

[(
S +

∑

r∈R
αr

)
O (C1) +

∑

r∈R
αr (O (C2) +O (C5))

]
.

(45)

The complexity costs of both proposed algorithm have the
linear relationship with number of drones. If the centralized
method is applied, the complexity will be greatly increased
caused by

S∏

s=1

(
αs∑
r∈R αr

)
·
∏R

r=1

(
αr
L

)
, (46)

where αs and αr mean the number of radios of s and r,
respectively. Unlike the centralized control, the computational
pressure is dispersed to individual UAVs by the proposed meth-
ods, which reduces the load on the UAV cluster head. Therefore,
the proposed distributed algorithms are more suitable for self-
organizing UAV communication networks.

VII. SIMULATION RESULTS AND DISCUSSIONS

In a 2000 cubic meters topology, as shown in Fig. 4, there is
a destination located at the center of this topology. Several RVs
(represented by pentagrams) are close to the UAV destination
(50 m < Drd < 650 m) and cell edged SVs (represented by
squares) are randomly distributed (700 m < Dsd). Each UAV
is equipped with two radios. In order to compare the proposed
algorithms with the existing work [17], [23] of relay models, the
experimental parameters follow the simulation methodologies
of 3GPP specifications [47]. It can be noted that the numerical
results can be extended to the other communication environ-
ments such as in [25].
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Fig. 5. Evolution results of satisfaction performance with 20 SVs, 12 RVs and
10 channels.

The maximum transmission powers of SVs and RVs are
set to be 20 dBm and 30 dBm, respectively. The transmission
requirement u′r,l,d of RVs on channels l are randomly ranging
from 0-5 Mbps, and we optimize the transmission of SVs while
ensuring the requirements of RVs. SVs have individual data rate
requirements ranging from 5–25 Mbps randomly and the λs,d
of each SV s is also random (0.5 < λs,d ≤ 3). All results are
obtained by simulating 800 topologies independently and taken
the expected values. To balance the tradeoff between exploration
and exploitation, β = 1 + b×N is chosen in our simulation,
where N means the the iteration step and b is a constant which
equals to 0.5 in the simulation.

A. Satisfaction Performance

We consider a UAV communication network consisting of
20 SVs and 12 RVs with 10 available channels. The aver-
age convergence performance of proposed distributed potential
matching approaches are shown in Fig. 5, where the global
optimum result is obtained by the exhaustive searching solution.
Combined with Algorithm 1, both the FPMA and the MLMA are
applied. It is noted from Fig. 5 that the MLMA catches up with
the global optimum, while the FPMA achieves a stable matching
result by fewer iterations. The performance comparison of the
many-to-many matching with substitutability [42] and many-
to-one matching without substitutability [39] are given. It can
be seen from the figure that the proposed algorithms are more
effective than the matching with substitutability model and the
many-to-one matching model.

To demonstrate the performance of proposed algorithms un-
der different network sizes, the average satisfaction results for
different algorithms with varying numbers of SVs are compared.
We consider the UAV networks with 12 RVs and varies the
number of SVs working on 10 channels. Fig. 6 shows the
average global satisfaction values of various algorithms. It is
illustrated in Fig. 6 that, two proposed many-to-many relay
selection algorithms have significant advantage in the term
of satisfaction at all network sizes. Particularly, the global
satisfaction value of MLMA is higher than 0.95 when the number

Fig. 6. The comparison of average satisfaction among SVs with heterogeneous
requirements.

of source-destination pairs is no more than 26. It can be noted
that, with more time to learn the selection strategies, the MLMA
performs better than the FPMA.

In the simulation, the classic algorithm in the many-to-many
model and a many-to-one matching with substitutability are
given, respectively. When the number of SVs is less than 26,
the performance of the alternative many-to-one model is signif-
icantly lower than other algorithms. The many-to-many model
with substitutability declined significantly. When the number of
source nodes is greater than 26, the many-to-many matching
with substitutability has the lowest performance. The reason are
discuss as follow.

Although the many-to-many optimization model is conducive
to flexible resource utilization, the unreasonable allocation
method may intensify the competition between drones, resulting
in a drastic decline in performance. Reasonable many-to-many
optimization methods, such as the proposed two algorithms,
can ensure the improvement of transmission performance. The
optimization performance of FPMA tends to be stable with the
increase SVs, which indicates that the algorithm avoids resource
conflicts caused by many-to-many models under the premise of
fast convergence. Compared with the FPMA, the MLMA is more
robust to the dense networks.

Fig. 7 shows the performance variation of UAV network
with 25 SVs and 12 RVs as the number of channels increases
from 10 to 15. The figure verifies the effective performance of
the proposed algorithms under different channel resources. It
is noted that the flexibility of the many-to-many optimization
model has an obvious advantage on the improvement of network
performance with the increase of resources. Furthermore, the
result of the MLMA with random channel access shows that
unreasonable channel allocation scheme will result in reduced
network performance. The result verifies the satisfactory perfor-
mance of the proposed algorithm of channel access.

B. Fairness Performance

Here, the global fairness performance among various
algorithms is compared based on the Jains fairness index (JFI)
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Fig. 7. The comparison of average satisfaction among 25 SVs with 12 RVs
and varying number of channels.

Fig. 8. The comparison of fairness performance of satisfaction among SVs
with heterogeneous requirements.

[48], which is given as:

J =

(∑
s∈S f(s, d)

)2

S
∑
s∈S f 2(s, d)

, (47)

where f(s, d) is the satisfaction index in (9) and S is the number
of SVs. High satisfaction fairness of SVs will bring high value
of J which will arrive at the largest value 1 if all SVs have a
same level of transmission task completion.

As shown in Fig. 8, JFI of satisfaction performances of various
algorithms are compared in UAV networks consisting of 12 RVs,
10 channels and varying SVs. Similar to the satisfaction perfor-
mance, two proposed algorithms perform very good results in
fairness performance and MLMA has a better performance than
the FPMA. The proposed algorithms have significant advantage
in term of the JFI of satisfaction. These results demonstrate that
the proposed matching game approaches can achieve good fair-
ness performance among SVs under the premise of satisfaction
optimized. Due to the limited number of relay radios, the JFI

Fig. 9. The convergence performance of FPMA and MLMA with various SVs
in UAV networks.

performance of all the schemes decreases as the number of SVs
increases.

C. Convergence Performance

Fig. 9 shows the cumulative distribution function (CDF) for
the convergence time of two proposed algorithms. The simu-
lation results are calculated by 500 independent experiments.
It is seen that the convergence time of the FPMA does not
exceed 100 iterations for the network with 25 SVs and 12
RVs. More than 90 percent of the probability that the FPMA
achieves the stable matching within 30 iterations. The MLMA
needs more time than the FPMA to achieve the stable matching
so as to achieve the optimum. We can see that, the average
number of iteration increases due to the increase of the number
of players in the UAV network. With the number of drones
increases, the collisions among SVs also increase. However, the
collisions have a final upper boundary because the UAV network
becomes a saturated state. Fig. 9 demonstrates that the MLMA
has a reasonable convergence time that there is more than 80
percent of the probability to achieve the stable results within 400
iterations. These results validate the convergence performance
of the proposed distributed algorithms.

We verify the robustness of the FPMA in dynamic environ-
ment by assuming that the positions of UAVs are changing
during the flight process. Assume that the update interval for
location interaction of the UAV network is 100 ms, and the
position change range of each UAV in one iteration time is
lower than 15 meters. In the simulation, during the iteration time
between 50 and 350, the relative positions of all SVs vary ran-
domly and continually. The three subgraphs in Fig. 10(a) show
the effect on the transmission performance when the upper limit
of the position change is 5, 10 and 15 meters respectively. As the
magnitude of the change increases, the jitter of the transmission
performance is more severe. The statistical results are shown in
Fig. 10(b). When the movement range of UAVs ≤ 15 meters in
each iteration, the jitter of the transmission performance of the
global network remains within a stable range, which is below
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Fig. 10. The effect of SVs position change on the transmission stability.
(a) Jitter amplitude of global transmission performance with different varying
position change. (b) The statistical result.

Fig. 11. Dynamics of satisfaction performance with perturbations. At iteration
N = 20 and 35, 8 SVs leave the system and 6 new SVs enter the system,
respectively.

0.15%. Therefore, the proposed FPMA can better cope with the
dynamic changes of UAV network topology, so that the network
maintains stable performance in a dynamic environment.

The robustness of the self-organizing FPMA algorithm is
further investigated. Based on the topology in Fig. 4, we consider
S = 20 SVs sharing 12 RVs with 10 channels. At iteration
N = 20 and 35, we let 8 SVs leave the system and 6 new SVs
enter the system, respectively. The results in Fig. 11 show that

the proposed FPMA quickly converges to a stable matching
result after the perturbations occur. It verifies that the FPMA
is robust to the dynamics of communication tasks in the UAV
networks. In our future work, the dynamic situation of drones
will be considered in the real-time strategy making.

VIII. CONCLUSION

This paper modeled the multiple access relay assignment
system as a game model, where the channel access is constructed
as a congestion game for the shared competition characteristics,
and the selection relationship between UAVs is modeled as a
many-to-many matching market. To optimize the global satis-
faction performance among task-driven UAVs, we designed a
potential matching framework, in which the global satisfaction
performance can be improved by optimizing the local matching.
We proposed two distributed algorithms for different cases,
namely, the MLMA and FPMA algorithms, respectively. Both
two algorithms were proved to achieve the stable matching of
global networks. Numerical results shown that the proposed
algorithm improves both of the global satisfaction and fairness
performances. Specifically, the MLMA performs excellent sat-
isfaction results, while the FPMA has a remarkable convergence
performance which is robust to dynamic UAV communication
networks.
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