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ABSTRACT Unmanned Aerial Vehicle (UAV) clustering is promising for performing large-scale mis-
sions because of high mobility and easy deployment. However, the connectivity problems caused by the
high mobility of UAVs and the interferences are mostly ignored in existing UAV mission executions.
Rapid restoration of UAV network connectivity is essential for preventing communication disruption and
improving the overall network performance. Thus, a graph coalition formation game that integrates the
UAV time-varying topology graph with the coalition formation game is proposed to rapidly restore the
connectivity of the UAV network in need. The method improves the utility of UAV clustering and ensures
the network connectivity. Then, a graph coalition formation game algorithm based on the shortest path tree
(SPT-GCF) rapidly forms an approximately optimal coalition structure. The simulation results show that
the proposed approach increases the average utility of UAV clustering by 6.5% and 14.5% respectively
when compared with the existing non-overlapping coalition formation game (NOCFG) and the coalition
formation game without considering the cluster connectivity.

INDEX TERMS UAV cluster, connectivity, overlapping coalition formation game, graph coalition
formation game.

I. INTRODUCTION

UNMANNED Aerial Vehicles (UAVs) have been very
popular in performing tasks in certain domains [1], [2],

[3], such as natural disaster management [4], aerial recon-
naissance [5], anti-terrorism arrest, and other civilian and
military fields [6], [7]. Unlike a single UAV, UAV clusters
can provide connectivity to other flying UAVs that can be
linked to carry out missions individually or collaboratively.
Thus, it is believed that UAV clustering can be more effi-
cient than a single UAV when executing missions [8], [9].
However, such UAV clusters are hard to operate with existing

methods due to a broad range of challenges, including
interference mitigation [10], [11], reliable communication,
and energy saving [12]. For further study, existing works
relevant to the UAV clustering connection are to be reviewed
next.

A. LITERATURE REVIEW
Many existing works have studied the deployment of UAVs
that can be cluster-connected to enhance their operations
[13]. However, loss and interruption of communication data
between UAVs might be inevitable probably because of
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the high mobility of UAVs and the malicious interferences
in the process of task execution [14], [15], [16]. Thus,
the communication in multi-UAV networks must be routed
in a way that the negative effect of UAVs’ mobility and
the malicious interferences can be minimized to reduce
network delays, energy consumption, and disconnection.
Since UAV nodes demand for fast and low energy con-
sumption data dissemination, a well-established multi-UAV
network connection could be capable of guaranteeing a high
communication reliability [17], [18], [19], [20], [21]. In
other words, connectivity recovery approaches that adapt
to the UAV clustering are required to improve communica-
tion performance. Literature [22] provided the boundary of
average outage probability and cluster density of UAV to
eliminate interference, but with restricted influences due to
the neglect of the dynamic uncertainty of UAV clusters.
To counter the direct link failure between UAVs in sce-

narios of dynamic disconnection, an ad hoc UAV network
can be applied to temporarily restore connectivity. Unlike
the static UAV assumptions in [22], the multi-hop transmis-
sion method of dynamic UAV networks has been studied
in recent works [23], [24], [25]. Reference [23] modi-
fied a dynamic source routing protocol based on the ant
colony algorithm to realize an efficient routing selection.
Reference [24] proposed a novel multi-agent deep reinforce-
ment learning-based algorithm, named multi-agent QMIX
(MAQMIX), to tackle the challenges of dynamic networks
and coordinate the trajectories among UAVs. Besides, alter-
nating optimization and successive convex programming
were adopted to obtain a locally optimal solution by design-
ing the connection between UAVs and ground users as a
multi-hop relay deployment problem [25], [26], [27], [28].
However, ad hoc UAV networks are featured by great node
mobility, fast network topology variance, and complicated
appliance situations, which have brought great challenges for
the time-varying network connectivity assurance of UAVs.
The above said challenges induce a possible solution

through network topology management. For instance, [29]
presented a group-based topology control algorithm frame-
work to solve the UAV connectivity and energy consumption
problems. Moreover, [30] solved the time-varying formation
control problem of UAVs by using the second-order integral
characteristic. Despite of the above achievements, it is still
challenging to determine the connectivity of a time-varying
UAV network due to the intricate nature of time-varying
network topology.
Graph theory is an important tool to analyze the character-

istics of interconnected systems, including formation stability
and control ability. It can analyze the connectivity of time-
varying UAV networks well [31]. In [32], by applying graph
theory and convex optimization to the UAVs connected, the
UAV trajectories were optimized to minimize the UAV travel-
ing time while ensuring that each UAV was always connected
with at least one base station. Meanwhile, in [33], an SINR
graph was constructed based on the channel gain maps and
their loading factors in a cellular-connected UAV network.

Then, the optimal UAV path was proceeded by leveraging the
obtained SINR graph. However, though interesting, the coop-
erative communication through coordinated UAV clustering
transmission was not considered, which was a prominent
connectivity guarantee tool.
Coalition formation game (CFG) has been widely studied

as a cooperative communication method for task imple-
mentation in UAV networks in [34], [35], [36], [37],
[38], [39], [40] to improve the mission execution effi-
ciency. For instance, [38] adopted an overlapping coalition
formation game (OCFG) for UAV spectrum resource allo-
cation and relay selection to increase the systems’ capacity.
Reference [40] proposed a group-buying coalition forma-
tion auction method that made sensors to form coalitions
to bid for UAVs’ service. Recently, the architecture design
and performance optimization for UAV-enabled networks’
connection have attracted much attention. In specific, a coali-
tion game between UAVs and the Internet of Connected
Vehicles (IoCVs) was designed to determine the option strat-
egy of content distribution and extend the connectivity of the
Internet of Things (IoT) [41]. The CFG and the distributed
air-ground integrated deployment method [42] were studied
to improve the data transmission efficiency while ensuring
communication connection. In this case, the CFG has paved
the way to ensure the connectivity of UAV clusters.
Nevertheless, the cooperation and connectivity of UAV

clusters will still face following challenges: first, the com-
munication performance of UAV clusters is unstable owing
to wireless interference, leading to high transmission delays
[43]; second, the dynamic network topology and the commu-
nication between UAVs may be invalid sometimes because
of the high mobility of UAV clusters [8]; finally, without
incentives, UAVs with energy capacities may be selfish and
unwilling to assist the communication [44] with disconnected
UAVs. Therefore, it is still a vital issue to design an effec-
tive mechanism to ensure connectivity between UAV clusters
under a dynamic and interference environment.

B. CONTRIBUTIONS
Motivated by the above issues, a graph overlapping coali-
tion formation game method is proposed. Firstly, areas with
strong and weak communication connectivity are differen-
tiated for UAV clusters according to whether an area is
interfered, and the connectivity recovery of UAV clusters
in different areas is analyzed. Secondly, a UAV can join in
multiple coalitions and assist the transmission of multiple
users at different time points to ensure the connectivity of
UAV clusters. Thus, a graph connectivity metrics is proposed
to reflect the connectivity values of clusters. In this way, the
connectivity of the entire network can be achieved by form-
ing a stable overlapping coalition structure to realize the
effective cooperative transmission of UAV clusters. Thirdly,
a trade-off optimization between network connectivity con-
tribution, end-to-end transmission delay, and UAV energy
consumption is designed as a coalition utility to encour-
age the formation of coalitions. Finally, a graph coalition
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formation game algorithm based on the shortest path tree
(SPT-GCF) is proposed to rapidly form an approximate
coalition structure. The main contributions of this paper are
threefold:

• A novel mobility model that effectively analyzes
connectivity guarantee problems under different
interferences of UAV clusters. The communication
scenario of a UAV cluster is divided into strong
and weak connectivity areas according to whether
an area is interfered. Different connectivity areas
have different communication benefits.

• A graph coalition formation game method integrat-
ing graph connectivity metrics with coalition game
theory is proposed for UAV cluster connectivity
guarantee. Specifically, the time-varying network
topology of UAV clustering is abstracted as a set of
undirected graphs with continuous time slots, and
UAVs forming a coalition based on the undirected
graphs.

• An SPT-GCF algorithm is proposed to reduce com-
munication delay and energy consumption while
keeping the connectivity of UAV clusters, in which
reward mechanisms are designed for different con-
nectivity areas so that UAVs can be encouraged to
form different coalitions to ensure connectivity.

The rest of this paper is structured as follows. Section II
describes the system model of the proposed solution.
Sections III and IV respectively present a graph coalition for-
mation game and a graph coalition formation algorithm based
on the shortest path tree. Numerical results are analyzed in
Section V and conclusions are drawn in Section VI.

II. SYSTEM MODEL
Fig. 1 depicts a scenario where a swarm of UAVs executes
missions. Note that there are strong and weak-connectivity
areas that divide the UAVs’ flight ranges. Specifically, the
UAV communication is interrupted in weak-connectivity
areas while not in strong-connectivity areas. The total task
execution time is divided into T equally spaced time slots,
that is, T = {1, 2, . . . , t, . . . ,T} represents continuous time
slots. The set of UAVs at time t can be represented as
N (t) = {u1, . . . , uk, . . . , uN(t)} if N UAVs are distributed
over the task area to perform the task at time t. In areas with
strong connectivity, there is no malicious interference, that is,
UAVs can communicate normally within the communication
range. Otherwise, some UAVs in the cluster may be dis-
connected in areas with weak connectivity due to malicious
interference.
To guarantee successful information transmission between

UAVs in the weak-connectivity area, and considering the
real-time network topology of UAV clustering, the graph
coalition formation game is adopted to model the cooperation
between UAVs, and game participants include all UAVs.
Fig. 1 demonstrates the presence of malicious interference
in the mission area leading to the failure of connectivity
between some UAVs in clusters in the weak-connectivity

FIGURE 1. One illustrative UAV cluster task execution scenario.

area. Due to limited energy and communication capabilities
of a single UAV, multiple UAVs are encouraged to form a
coalition according to the real-time network topology to help
those with connectivity failure to cooperatively recover their
communication. UAVs only need to exchange their position
information to complete the coalition formation process.
We propose a multi-stage dynamic graph coalition for-

mation game, in which UAVs dynamically form different
coalitions according to the network topology at different
times to guarantee the connectivity of the entire network.
The coalition structure at time t is defined as the set of
UAVs containing part of the UAVs, i.e.,

S(t) = {S1(t), . . . , Si(t), . . . , Sn(t)}, n ∈ N , (1)

where n represents the number of UAV communication pairs
that need to establish communication at time t. Without
changing the network topology, the same UAV in the same
time slot can join other coalitions to assist other communica-
tion pairs whose connectivity has failed to be resumed, i.e.,
Si(t)

⋂
Si(t) �= ∅, ∃i �= i′. The coalition formation at each

moment can be divided into three stages: 1) Information shar-
ing stage: a UAV cluster shares its own location information
in real time to judge the connectivity of the network and build
the initial network topology with connectivity information;
2) Initial coalition formation stage: the UAV cluster forms
the initial coalition according to the initial network topol-
ogy to solve the connectivity failure problem to speed up
the final coalition formation; 3) Coalition adjustment stage:
the UAV members in the initial coalition adjust their actions
according to their own utility and coalition utility, and finally
form a stable coalition structure to ensure the connectivity
of the entire network.

A. UAV COMMUNICATION MODEL
Without loss of generality, this paper assumes that the com-
munication between UAVs in the air is a free-space path loss
model, then the channel gain between UAV nodes uj and uk
at time t is

gj,k(t) = (
dj,k(t)

)−α
, (2)

where α represents the path loss index, dj,k(t) is the distance
between UAV nodes uj and uk at time t. Given that the
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FIGURE 2. Schematic diagram of UAV dynamic connectivity restoration.

transmit power of UAV uj at time t is Pj(t), the signal-noise
ratio (SNR) of the receiver of UAV uk can be expressed as

γj,k(t) = Pj(t)gj,k(t)

β · Ij(t) + σ 2
, (3)

where Ij(t) is the interference to the UAV uk at time t; σ 2 is
the Gaussian white noise variance; β is the indicator function
to determine whether the transmitter UAV is located in the
strong or weak-connectivity area, i.e.,

β =
{

0, uj is located in the weak-connectivity area,
1, uj is located in the strong-connectivity area,

(4)

β = 0 indicates that the UAV is located in the strong-
connectivity area with no malicious interference; β = 1
indicates that the UAV is located in the weak-connectivity
area with malicious interference.
Based on (3), we can obtain the transmission rate between

UAV nodes uj and uk at time t, that is,

Rj,k(t) = Bj,k(t) log2
(
1 + γj,k(t)

)
, (5)

where Bj,k(t) is the transmission channel bandwidth between
the UAV nodes uj and uk at time t. To guarantee the
normal transmission between UAVs, the communication
between neighboring UAVs should satisfy the condition that
its SNR is greater than or equal to the SNR threshold,
i.e., γj,k(t) ≥ γth. Then, the one-hop communication range
between UAVs can be expressed as

rj(t) ≤
(

Pj(t)
(
β · Ij(t) + σ 2

)
γth

)−α

. (6)

B. TRANSMISSION DELAY MODEL
Considering the limited communication range of UAVs, long
distance communication between UAVs and that between
UAVs with connectivity failure during task execution often
require the cooperation of other UAVs and the multi-hop
information transmission, which asks for low communica-
tion delay of the whole network to ensure the communication
timeliness. Assuming that there is a coalition Si(t) in the
network to help information transmission between UAV com-
munication pairs that cannot communicate directly at time

t, the information transmission delay in the coalition Si(t)
at the time slot t can be expressed as

TSi(t) =
∑

s,p∈Si(t)
Ts,p =

∑

s,p∈Si(t)

Fi(t)

Rs,p(t)
, (7)

where, Ts,p is the transmission delay between two adjacent
nodes s, p of the coalition Si(t); Fi(t) is the amount of data
that needs to be transmitted between the communication pair
i at the time slot t.

C. UAV ENERGY CONSUMPTION MODEL
In the scenario considered in this paper, as shown in Fig. 2,
when the static network cannot guarantee the connectiv-
ity of a UAV cluster, there will be free nodes, specifically,
nodes that are not in other coalitions, that can fly to suitable
locations to restore the failed connectivity between nodes.
Considering that the communication between UAVs needs
to be established to restore connectivity, the suitable node
for the final flight of free UAVs is selected as the location
where the straight-line distance between the disconnected
nodes and the nodes in need of communication is the maxi-
mum one-hop communication range. As shown in Fig. 2(a),
when UAV nodes u2 and u4 are disconnected, there will
be a maximum communication range circle of free node u5
by flying to node u2 and the intersection point A of the
line between the communication demand pair u1 and u7. In
this way, as shown in Fig. 2(b), the communication between
u2 and u4 is established so that the normal communication
between u1 and u7 is ensured.
This paper ignores the communication energy consumption

of UAVs because the energy consumption of UAV flight is
much greater than the communication energy consumption
in practice [45]. For rotorcraft UAV, the energy consumption
model proposed in [45] is adopted in this paper. The energy
consumption per flight distance of a UAV can be expressed as

E0(V) � P(V)

V

= P0

(
1

V
+ 3V

U2
tip

)

+ Pi

(√

V−4 + 1

4v4
0

− 1

2v2
0

)1/2

+ 1

2
d0ρsAV

2, (8)
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FIGURE 3. One illustrative topological graph of the network.

where V is the flying speed of the UAV; P0 and Pi are two
constants about the weight of UAV, rotor radius, air density
and other environmental parameters; Utip represents the tip
velocity of the rotation; v0 is the average rotor induction
speed; d0 represents airframe resistance ratio, ρ represents air
resistance; s represents the fixation of the rotor; A represents
the area of the rotor disk. Then the flight energy consumption
of the UAV node uj flying to the appropriate position at the
time slot t is

Ej,a(t) = E0(V) · dj,a, (9)

where dj,a represents the distance between the UAV uj and
the appropriate location.

D. NETWORK TOPOLOGY CONNECTIVITY MODEL
The time-varying network topology of UAV clustering
is represented as an undirected graph, namely, G =
{G(1), . . . ,G(t), . . . ,G(T)},T ∈ T with continuous time
slots. Where G(t) = (V(t),E(t)) represents the network
topology of UAV clustering at time slot t, and V(t) rep-
resents the node set, namely, the UAV set in the network at
time slot t; E(t) represents the set of edges, that is, the set of
communication links between UAVs in the network. Fig. 3
shows the topological graph of the network at time slot t,
where the nodes in the task area are divided into strongly
connected nodes (hollow circular nodes) and weakly con-
nected nodes (triangular nodes), and the nodes within the
one-hop communication range are connected by an undi-
rected edge. Fig. 3 contains two connected subgraphs, where
the black solid node is their cut point.
To enable the internal cooperation of a UAV cluster to

guarantee the connectivity of the whole network, we express
the connectivity contribution of the network topology in t
time slots as K times the number of cut points N(t) in
the network. In addition, considering it is more difficult
to guarantee the connectivity between UAVs in the weak
connectivity areas, we set the connectivity contribution of the
network in the weak connectivity area to E times that of the
strong connectivity area. Then the connectivity contribution

of the coalition Si(t) established at time slot t to guarantee
the communication to i is

CSi(t) =

⎧
⎪⎪⎨

⎪⎪⎩

K · NSi(t), Si serves strong
connectivity areas,

ε · K · NSi(t), Si serves weak
connectivity areas.

(10)

From the above analysis, it can be seen that the task exe-
cution efficiency of a UAV cluster is not only related to its
internal connectivity, but also related to the communication
delay between the UAVs and the flight energy consump-
tion of the UAVs at time slot t. Therefore, the optimization
objective in this paper is the trade-off optimization of con-
nectivity between UAVs, transmission delay between UAVs,
and energy consumption of UAVs. Then, the utility of the
whole network at time t can be expressed as

U(t) =
∑

Si∈S(t)

(
w1 · CSi(t) − w2 · ESi(t) − w3TSi(t)

)
, (11)

where w1, w2, w3 is the trade-off factor used to adjust the
weight of the optimization index, and w1 + w2 + w3 = 1.

Therefore, the optimization objective is to maximize the
utility of the whole network, namely

P : max
T∑

t=1

U(t)

s.t. Pmin ≤ Pj(t) ≤ Pmax,∀t ∈ T, j ∈ N (12)

rj(t) ≤
(

Pj(t)
(
β · Ij(t) + σ 2

) · γth

)−α

,∀t ∈ T, (13)

where, (12) is the transmission power constraint of UAVs,
and (13) is the communication range constraint between
UAVs. Obviously, the optimization problem P is a typi-
cal NP-hard (Non-Deterministic Polynomial hard) problem,
and the non-convexity of this problem makes it difficult to
be solved efficiently by traditional optimization methods.
Although the traditional centralized optimization tools can
obtain high-quality approximate optimal solutions, they are
not suitable for high-dynamic scenarios with rapid changes
in network topology due to the extremely high computa-
tional complexity required. Hence, the optimization problem
is modeled as a graph coalition formation game problem, and
a graph coalition formation algorithm based on the shortest
path tree is designed to make it converge to the equilibrium
of the game quickly.

III. GRAPH COALITION FORMATION GAME
A. GRAPH COALITION FORMATION GAME MODEL
The traditional coalition formation game divides the set
of players into several disjoint sets through the cooper-
ation between users, and the players of the game pur-
sue the maximization of their own interests. In this section,
the time-varying network topology is used to characterize
the potential game structure in the real environment, and the
communication problem between multiple UAVs cooperating
to recover the communication nodes with connectivity failure
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is constructed as a graph coalition formation game. In the
constructed graph coalition formation game, the UAV clus-
ter, as a participant of the game, acts as whether to establish
communication with other nodes. According to the analysis
in Section II, the payoff of a coalition Si(t) in time slots t
is defined as the connectivity contribution of the connected
subgraph brought by the coalition as

vRSi(t) = CSi(t), (14)

The cost of coalition Si(t) in time slot t is defined as the
information transmission delay of the coalition and the flight
energy loss of the UAVs within a certain flight distance in
the coalition.

vPSi(t) = w2 · ESi(t) + w3TSi(t). (15)

Therefore, the value function of coalition Si(t) in time slot t
is defined as the difference between revenue and cost, i.e.,

vSi(t) = w1 · CSi(t) − w2 · ESi(t) − w3TSi(t). (16)

The value function of the coalition represents the revenue
available to the whole coalition. In the graph coalition for-
mation game with transferable utility, the gains obtained by
the coalition can be distributed among the coalition mem-
bers according to certain allocation rules. Combined with
the network topology of the coalition, this paper adopts the
allocation according to work criterion, that is, the utility of
UAVs is allocated according to the degree of the vertices
inside the coalition. Therefore, the utility of each UAV is

uj(Si) = LSi(j)∑
L LSi(j)

· vSi(t)|Si| , (17)

where LSi(j) = deg(j)
|V(Si)|−1 is the degree centrality and deg(j) =

|{{k, j} ∈ E : k ∈ Ci}| is the degree of the vertex.

B. ANALYSIS OF NASH EQUILIBRIUM (NE)
Definition 1: For any UAV k ∈ N and two coalitions

S1 ⊆ N and S2 ⊆ N , the altruism criterion is defined as the
following action

S1 
j S2 ⇔ uj(S1) +
∑

k∈S1\{j}
uk(S1)

+
∑

k∈S2\{j}
uk(S2\{j})

> uj(S2) +
∑

k∈S1\{j}
uk(S1\{j})

+
∑

k∈S2\{j}
uk(S2). (18)

The preference relationship of altruistic criteria between
coalition S1 and coalition S2 expressed in Definition 1 is
shown in Fig. 4. In this proposition, when UAV k joins a new
coalition, that is, finds an access point in the new coalition
to establish a communication edge between two points, the
total utility of UAV k and the new coalition of UAV k leaving
and joining is improved. According to the above analysis,

FIGURE 4. The schematic diagram of altruistic criterion.

the utility of UAVs is related to whether the nodes in the
new coalition establish communication.
Theorem 1: There is at least one stable coalition structure

under the altruism criterion, and the optimal deconstruction
of the utility maximization problem of the whole network is
a stable coalition structure.
Proof: Refer to Appendix A.

IV. ALGORITHM DESIGN FOR CONNECTED COALITION
FORMATION
In this section, we’ll focus on how to implement this ideal
solution in a practical way. Due to the complexity of the
problem under consideration, a real-time distributed method
need to be proposed, which can form coalitions according
to the time-varying network topology of the UAV cluster to
ensure the connectivity of the network, because the topology
of the UAV cluster changes rapidly during the task execution.
According to the analysis in Section III, the constructed

graph coalition formation game has a stable coalition struc-
ture. The traditional method of solving the graph coalition
formation game has a random selection strategy to obtain
the local optimal Nash equilibrium solution, but the con-
vergence speed of this method is slow and it is easy to
converge to the poor quality of the local optimal solution.
In this chapter, a graph coalition formation algorithm based
on the shortest path tree is proposed, which can converge
quickly and achieve better local optimal solution. The exe-
cution process of the algorithm is shown in Fig. 5. Fig. 5
shows the whole process from the broadcast phase to the con-
nected coalition formation phase for a certain disconnected
communication demand UAV in the UAV cluster. The whole
algorithm process is divided into five process: 1) broadcast
process. Unconnected UAVs with data transmission needs
broadcast their communication needs and exchange their
position information with other UAVs; 2) Initial alliance for-
mation process. The shortest path tree initialization method
is used to form the initial coalition structure will be found by
us, and calculate the initial coalition connectivity and utility;
3) Excess action process. In this process, the non-essential
members of the coalition, that is, the redundant members,
and execute the withdrawal action of the coalition, so that
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FIGURE 5. The execution process of the algorithm.

the structure of the coalition will not be too large and more
drones can serve the areas in need; 4) Join action process.
In this process, for the disconnected coalition, the free nodes
will be found by us, which are not in any coalition at the
current moment, and successively perform the action of join-
ing the coalition until the coalition is connected. 5) Switch
action process. The two coalitions in the connected state and
the members of the two coalitions for the exchange action
are randomly selected to obtain the coalition structure with
a higher payoff.
The algorithm is executed by each UAV individually and is

a distributed learning algorithm. Firstly, the shortest path tree
based on Floyd algorithm is used to initialize the coalition
formation and the utility of the initial coalition is calculated
according to Equation (16). Then, the exit and join actions of
the coalition are performed. In each iteration, the redundant
nodes in the initial coalition and the free nodes outside the
coalition are selected successively for policy update. The
selected UAV will choose to quit and join the action in
turn, and explore its utility value according to the result
of the action. After that, the selected UAVs will compare
their utility under the altruism criterion to decide whether to
keep the original action or perform the new action. Through
repeated iterations, it is known that convergence to the final
stable coalition structure is achieved, in which neither UAV
wants to deviate from the current mission choice.
Theorem 2: Under Definition 1, the proposed graph coali-

tion formation algorithm based on the shortest path tree can
converge to a stable coalition structure in a finite number of
steps, that is, maximize the utility of the network.

Algorithm 1: SPT-GCF Algorithm
Input: (xi, yi, zi), N , Rmax;
Initialization: S(t) = {S1(t), . . . , Sk(t), . . . , SK(t)},
t = 1, K = N, Sk(t) = {uk}, R = 0;
loop ∀n ∈ N

Broadcast requests to search for a possible
coalition structure updates.

1) Take the source UAV and destination node as
the initial coalition members, that is S ik(t) = {us, ud}.

2) Calculate the distance ds = {
ds,1, . . . , ds,n

}

between us and other UAVs.
3) Calculate the one-hop communication range

rj(t) by equation (6).
while ds,n � rj(t) do

Find the UAV u′
s closest to us;

us = u′
s;

S ik(t) = {
us, u′

s, ud
}
;

Repeat steps 2) and 3);
end while Sik(t) = S(t)

k ;
UAV n ∈ Sik(t) makes the coalition action to search the
optimal coalition structure solution.

4) Quiting action: UAV n leaves the current
coalition Sk(t) and as a free UAV node;

5) Joining action: Free UAV n leaves the current
coalition Sk(t) and joins another coalition Sj(t);

6) Switching action: UAV n ∈ Sk(t) and p ∈ Sj(t)
switch coalitions;
Calculate the utility vSk(t) of the original coalition
structure S(t) by the equation (16);
Calculate the utility ṽSk(t) of the changed coalition S̃(t)
structure by the equation (16);
if S̃(t) 
n S(t) then

S(t) = S̃(t);
else

R = R+ 1;
end if
end loop
Return S(t);

Proof: Refer to Appendix B.
The time complexity of the graph coalition game for-

mation algorithm based on the shortest path tree is further
discussed. The algorithm complexity of UAV cluster connec-
tivity maintenance is mainly determined by Algorithm 1. As
shown in Table 1, the number of iterations of the proposed
shortest path tree-based graph coalition formation algorithm
is denoted by. Detailed analyses are given as follows.

1) In Step 1 (namely, coalition formation request and
feedback), UAVs receive coalition formation requests from
disconnected UAVs. Then, UAVs can respond to these
requests based on their communication range constraint. The
time complexity of this step is denoted by O(C1V), where
C1 is a constant decided by the duration of request and
feedback.
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FIGURE 6. Convergence performance comparison.

TABLE 1. Time complexity analysis.

2) In Step 2 (namely, shortest path initialization), the
shortest path tree is searched in the undirected commu-
nication topology graph weighted by SPT algorithm. The
time complexity of this step is denoted by O(N3). This step
makes the initialization action closer to the optimal solution
to accelerate the convergence speed.

3) In Step 3 (namely, coalition structure exchange auc-
tions), UAVs estimate the received utility over a time slot
and decide to perform the exchange operation if proposed
order is satisfied. In the worst scenario, each UAV attempts
to make exchange operations with all other coalitions. So the
complexity is decided by O(C2N), where C2 is a constant
decided by the duration of estimation and decision.

4) In Step 4 (namely, utility comparison), UAVs make
an exchange auction to obtain a new coalition structure.
The duration of one comparison is denoted by C3 and the
complexity is calculated as O(C3N).
To sum up, the time complexity of algorithm can be

expressed as O(C1V)+O(N3)+O(C2N)+O(C3N). Due to
the cost of the coalition formation, UAVs will not form a very
large coalition. Moreover, once the UAVs form a larger coali-
tion, the number of exchange operation before converging
to the stable coalition structure decreases since the feasible
operating space reduces. Consequently, the complexity of
exchange operations is affordable.

V. PERFORMANCE EVALUATION
In this section, The convergence behavior is the first to study,
and then evaluate the performance of SPT-GCF algorithm.
In the simulation, it is assumed that all UAVs fly at the
same height, and the specific simulation parameter setting is
shown in Table 2. In addition, the parameter settings related
to the energy consumption of UAV flight mainly refer to the

TABLE 2. Parameter settings.

literature [46]. First, consider an initial network topology
for UAV cluster task execution. Specifically, a 500m*500m
plane is considered, and a total of 12 UAVs are randomly
distributed in different areas in the mission area at any time.

A. CONVERGENCE PERFORMANCE
Fig. 6 shows the network convergence performance under
the proposed algorithm, the traditional combinatorial
optimization algorithm, the traditional non-overlapping coali-
tion formation algorithm, and the traditional algorithm
without considering connectivity. The specific simulation
parameters set as shown in Table 2. The simulation results
are obtained by 500 independent experiments and the
expected value is obtained.
Fig. 6 shows the convergence behavior from stage 1 to

stage 3 of the dynamic graph coalition formation game. From
the three algorithms compared in the figure, it can be seen
that the proposed SPT-GCF algorithm can converge to the
optimal solution faster, which reflects the superiority of the
graph coalition formation of the proposed algorithm.

B. CONNECTIVITY GUARANTEE PERFORMANCE
Fig. 7 shows the changing relationship of the average utility
of UAVs across the network with the change of the num-
ber of UAVs. It can be seen from the Fig. 7 that when the
number of UAVs increases, the average utility of UAVs rises
first and then decreases. The rising utility stage reflects the
advantage of cooperation between UAVs to guarantee com-
munication connectivity, while the falling stage reflects the
cost of cooperation. Because when the number of coopera-
tive UAVs reaches a certain level, the total revenue of UAV
cluster reaches saturation, so the cost of UAV will be dom-
inated by too many UAVs. In addition, Figure 7 compares
the average utility of UAVs under different algorithms, and it
can be seen that the performance of the proposed SPT-GCF
algorithm is better than other algorithms.
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FIGURE 7. The average utility of UAVs versus the number of UAVs.

FIGURE 8. The average utility of UAVs versus the speed of UAVs.

C. IMPACT OF UAV SPEED ON PERFORMANCE
Fig. 8 represents the relationship between the average util-
ity of UAVs in the network and the flying speed of UAVs
when the number of UAVs in the network is 12 and 10.
The Fig. 8 compares the average utility of UAVs under the
overlapping graph coalition formation game and the non-
overlapping coalition formation game. It can be seen that
at the beginning, the average utility of UAVs increases with
the increase of the flight speed of UAVs. However, when
the flight speed of UAVs increases to 10m/s, the increase of
its utility starts to become slow and gradually reaches the
peak. The reason is that although the flight speed of UAV
increases, the flight time of the same distance will be short-
ened, but at the same time, the flight energy consumption of
UAV will be increased, so the average utility of UAV will
not be improved all the time.

D. STRONG AND WEAK CONNECTIVITY PERFORMANCE
In addition, in order to better show the performance of the
proposed algorithm in different connected regions, Fig. 9
shows the comparison of the average utility of UAVs in
the strong and weak connected regions under different
algorithms. The result is obtained by several independent

FIGURE 9. Comparison of average UAVs utility between strong and weak
connectivity.

FIGURE 10. Variation of the number of UAVs in strong and weak connected areas.

simulation experiments and its expected value. From Fig. 9,
it can be seen that the performance of the proposed algo-
rithm is better than other algorithms in the strongly connected
region and the weakly connected region. What’s more, in the
strongly connected area, our proposed method increases the
average utility of the UAV by 6.5 %, while in the weakly
connected area, our method increases the average utility
of the UAV by 27 %. In addition, the advantage of the
proposed algorithm for maintaining the connectivity of the
whole network is more obvious in the weakly connected
area.
Finally, as show in Fig. 10, the changing trend diagram

of the number of UAVs in different connected areas is
presented. It can be seen from the figure that in the strong
and weak connected area where UAVs are evenly distributed,
because UAVs in the weak connected area have greater
communication demand and communication returns, UAVs
originally belonging to the strong connected area gradually
fly to the weak connected area to ensure the connectivity of
the weak connected area.

VI. CONCLUSION
This paper studies the UAV clustering communication con-
nectivity problem induced by interferences and high mobility
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of UAVs. The graph game is utilized to combine the
strong-weak connectivity partition and the time-varying char-
acteristic of the network topology. The time-varying network
topology of UAV clustering is abstracted as a set of time-
varying undirected graphs, and the connectivity benefits
between UAVs are associated with the cut points of the undi-
rected graphs. To improve the overall network performance,
UAVs form an overlapping coalition to rapidly restore the
network connectivity. The graph coalition formation game is
leveraged to balance the connectivity benefits, communica-
tion delay and energy consumption of UAVs. Then, a graph
coalition formation algorithm based on the shortest path tree
is designed to realize the rapid coalition division of UAV
clusters, and it is proved that the algorithm can converge
to the stable coalition structure. The simulation results jus-
tify the competitiveness of our approach against the existing
non-overlapping coalition formation game (NOCFG) and the
coalition formation game without considering cluster connec-
tivity by presenting respectively a 6.5% and a 14.5% increase
of the average UAV clustering utility.

APPENDIX
A. PROOF OF THE FIRST THEOREM
Considering the local cooperation between UAVs, the utility
function of UAV j is defined as

Uj
(
cj, c−j

) = uj
(
cj, c−j

)+
∑

k∈Soriginal

uk(ck, c−k)

+
∑

k∈Scj
uk(ck, c−k), (19)

where Soriginal represents the coalition that the UAV j leaves
and Scj represents the new coalition that the UAV j chooses
to join. The potential energy function is defined as follows

φ
(
cj, c−j

) =
∑

j∈N
uj
(
cj, c−j

)
. (20)

If the UAV unilaterally changes its mission choice from
cj to c̄j, then the UAV ground utility function changes by

Uj
(
c̄j, c−j

)− Uj
(
cj, c−j

)

= uj
(
c̄j, c−j

)− uj
(
cj, c−j

)

+
∑

k∈Soiginal

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Scj

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Scj

[
uk(ck, c̄−k) − uk(ck, c−k)

]
. (21)

On the other hand, since the UAV unilaterally changes its
mission selection, the change of the terrain energy function
is as

φ
(
c̄j, c−j

)− φ
(
cj, c−j

)

= uj
(
c̄j, c−j

)− uj
(
cj, c−j

)

+
∑

k∈Scj

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Sc̄j

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Soriginal

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Dj,k �=j

[
uk(ck, c̄−k) − uk(ck, c−k)

]
, (22)

Where Dj = {N \Scj\Sc̄j}, X\Y represents the deletion of
the set y from the set X. Since UAV h unilaterally changes
its mission choice, it will only affect the coalition where
UAV j leaves and joins, namely Scj and Sc̄j . Therefore, the
following equation holds

uk(ck, c̄−k) − uk(ck, c−k) = 0,∀k ∈ Dj, k �= j. (23)

According to the above analysis, we have

φ
(
c̄j, c−j

)− φ
(
cj, c−j

)

= uj
(
c̄j, c−j

)− uj
(
cj, c−j

)

+
∑

k∈Scj

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Sc̄j

[
uk(ck, c̄−k) − uk(ck, c−k)

]

+
∑

k∈Soriginal

[
uk(ck, c̄−k) − uk(ck, c−k)

]
. (24)

According to equations (22) and (25), the following
equation holds

φ
(
c̄j, c−j

)− φ
(
cj, c−j

) = Uj
(
c̄j, c−j

)− Uj
(
cj, c−j

)
. (25)

As can be seen from the above equation, since any UAV
j independently changes its mission selection, the variation
of ground utility function is the same as that of potential
energy function. Therefore, the constructed graph coalition
formation game is an exact potential energy game and there
is at least one pure strategy Nash equilibrium. No drones,
therefore, can choose by unilaterally changing its mission to
improve their effectiveness. Since the constructed potential
function is exactly equal to the utility of the whole network,
it can be concluded that maximizing the potential function is
equivalent to maximizing the utility of the task of the whole
network. Based on this, Theorem 1 is proved.

B. PROOF OF THE SECOND THEOREM
According to Definition 1, under the altruism criterion, the
UAV selected in each iteration will choose the action that
makes its utility increase. Therefore, when UAV j join a new
coalition, the total utility of UAV j and UAVs leaving and
joining the coalition increases. According to Theorem 1, the
change of utility function and potential function caused by
any UAV individually changing its mission choice are the
same. Therefore, an increase in the utility function of the
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selected UAV in each iteration also implies an increase in
the potential energy function. At the same time, due to the
limited number of UAVs and energy, the potential energy
function has an upper bound. Due to the boundability of
the potential function, there is a finite improvement path so
that the proposed SPT-GCF algorithm will converge to the
maximum of the potential function within a finite number
of iterations. Therefore, the algorithm can converge to the
stable coalition structure in a finite number of steps, and
this point is the maximum value of the utility of the whole
network. Therefore, Theorem 2 is proved.
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