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Abstract 
 

Aiming at the optimal placement of communication relay nodes (OPCRN) problem in 
manned/unmanned aerial vehicle cooperative engagement system, this paper designed a kind 
of fully connected broadband backbone communication topology. Firstly, problem description 
of OPCRN was given. Secondly, based on problem analysis, the element attributes and 
decision variables were defined, and a bi-level programming model including physical layer 
and logical layer was established. Thirdly, a hierarchical artificial bee colony (HABC) 
algorithm was adopted to solve the model. Finally, multiple sets of simulation experiments 
were carried out to prove the effectiveness and superiority of the algorithm. 
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1. Introduction 

Under the condition of modern information warfare, unmanned aerial vehicles (UAVs) 
possessing the capacity of situation awareness, independent decision-making and cooperative 
attack, have been widely used. UAVs can take the advantage of agile and flexible tactics, 
strong continuous combat capacity and low life cycle cost, to complete combat mission under 
the extreme miserable combat environment [1]. However, because the intelligent level of 
UAVs is not high, it is hard for UAVs to cope with the battlefield environment with high 
uncertainty and strong emergent. Hence, via combining UAVs with manned aerial vehicles 
(MAVs), and giving full play to the command art and combat experience of commanders, 
MAV/UAV cooperative engagement system will have complementary advantages and 
achieve the maximum combat effectiveness [2]. 

In MAV/UAV cooperative engagement system, combat planning department usually 
divides tasks with similar geographical location and resource demand into the same task 
cluster, and tasks in each task cluster will be performed by a number of MAVs and UAVs 
which form a certain task cluster coalition [3]. In the actual battlefield environment, due to 
communication capability limitations of MAVs and UAVs, it is impossible for different 
MAV/UAV task cluster coalitions to communicate with each other directly. Therefore, 
unmanned airships are usually used as communication relay nodes (CRNs), and through 
rational placement of these high-altitude CRNs,  a fully connected communication network 
among different MAV/UAV task cluster coalitions can be realized [4]. 

This paper focuses on the problem of designing the placement scheme of CRNs to satisfy 
the demand of MAV/UAV cooperative engagement system. Section 2 reviews the previous 
work in communication and network problem in MAV/UAV cooperative engagement system. 
Section 3 gives a detailed description about the problem of providing communication relay 
services to MAV/UAV cooperative engagement system by CRNs. In Section 4, we establish a 
typical bi-level model including physical layer and logical layer and adopt a novel hierarchical 
artificial bee colony (HABC) algorithm to solve the model in Section 5. Section 6 provides a 
numerical example to prove the effectiveness and superiority of the algorithm, and finally, 
Section 7 gives a summary and suggestion for future research. 

2. Related Work 
To the best of our knowledge, there have been few studies on the OPCRN problem of 
MAV/UAV cooperative engagement, Ref. [5] proposed a design framework for MAV/UAV 
communication system, and it did not go deep into the model level. The main research area 
addressing the OPCRN problem mainly included robot system, multi-agent system, wireless 
sensor networks (WSNs) system and multi-UAV system, and these research results could 
provide reference for this paper. 

In robot system, Ref. [6] presented a maintaining strategy for end-to-end communication 
links between multi-robots performing surveillance, reconnaissance and target search tasks, 
and then the authors proposed the construction of a Radio Signal Strength Map (RSSP), and 
designed reactive controllers to gurantee the communication link maintenance. In multi-agent 
system, Ref. [7] proposed a complex network model for the system, and designed evolutionary 
optimized networks, which took consensus and synchronization as the objective function. 
Simulation results showed that the convergence speed was faster than that of random regular 



54                  Zhong et al.: Optimal Placement of CRNs in Manned/ Unmanned Aerial Vehicle Cooperative Engagement System 

networks, and the results revealed that the connectivity had a great impact on network 
performance.  

In WSNs system, aiming at the important limitation of two genetic algorithms (NSGA-II, 
SPEA2) in optimizing traditional static WSNs by adding relay nodes, i.e., the computation 
time was high, Ref. [8] parallelized both algorithms using OpenMP to reduce the computation 
time, and achieved a quite good efficiency. Ref. [9] aimed at deploying a minimum number of 
relay nodes to realize the maximum coverage, it presented different polynomial-time 
approximation algorithms to solve different problems with different coverage requirements, 
and it proved the mathematical complexity of the algorithms.  

In multi-UAV system, Ref. [10] pointed out that the communication system of multi-UAV 
was an important factor influencing the system operational effectiveness, and gave a detailed 
account of the development status of several typical communication systems. From the 
perspective of the relationship between communication topology and distributed auction 
algorithm performance, Ref. [11] proved convergence and optimality of the algorithm under 
the condition of a changing topology, i.e., communication topology structure had a great effect 
on algorithm convergence speed. Ref. [12] took communication coverage and communication 
service quality as optimization objectives, and adopted distributed dynamic optimization 
method based on game learning to realize the optimal placement of network node. Aiming at 
the problem of establishing full connectivity and meeting communication traffic constraints 
between disconnected ground clusters by deploying as few as CRNs at appropriate places,   
Ref. [13] transformed the problem into a constrained clustering problem and adopted the 
deterministic annealing clustering algorithm to solve it. To optimize the connectivity of a 
wireless network, Ref. [14] summarized four types of network connectivity, and addressed the 
problem of utilizing CRNs to improve the communication condition, after that, targeted 
algorithms were proposed to determine the deployment and movement of CRNs. 

Due to the complexity of battlefield environment, it is difficult for all platforms to master 
global information, while a consistent understanding of battlefield situation is the precondition 
to realize self-synchronization engagement [15]. In fact, self-synchronization in task level is 
closely associated with topology in communication level [16], i.e., a usable, credible and 
controllable communication topology is the basis of converting information consistency to 
decision consistency. Hence, the communication relationship of MAV/UAV cooperative 
engagement system has a direct impact on combat effectiveness, and it is vital to design a 
reasonable communication relationship for the system. 

Actually, in the field of communication relay planning, the optimization factors generally 
included number of relay nodes [17], connectivity [18,19], capacity [20,21], and safety [22]. 
However, few of literatures once in consideration of comprehensive objectives, besides, there 
were a few differences between MAV/UAV cooperative engagement system and other fields, 
i.e., (1) the communication capacities of MAVs and UAVs are different, (2) the dynamic 
character of UAVs is stronger than that of MAVs, (3) the communication functions of MAVs 
and UAVs are different. Hence, it is of great significance to carry out research on OPCRN 
problem in MAV/UAV cooperative engagement system according to system characteristics. 

3. Problem description 
According to the different task granularities, a typical MAV/UAV cooperative engagement 
system can be divided into two-layer coalitions, i.e., MAV/UAV task cluster coalition and 
MAV/UAV task coalition, thus simplify the scale of problem.  

To illustrate the problem, we take Fig. 1 as an example. For a typical task set, by adopting 
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a clustering algorithm, all tasks can be clustered into different task clusters according to their 
geographical distance and resource demand. In order to perform a particular task cluster, some 
MAVs and UAVs in the platform set will form a corresponding task cluster coalition by 
adopting an intelligent optimization algorithm, and the formation principle is to maximize 
decision-making capability cost and resource capability cost. While for tasks in each task 
cluster, by adopting an intelligent optimization algorithm, some UAVs in the particular task 
cluster coalition will form corresponding task coalitions to perform them, and the formation 
principle is to minimize the task completion time and maximize the task completion quality. 

 

Task set

Platform set

Clustering algorithm Intelligent optimization algorithm Intelligent optimization algorithm

Phase II
Task clustering

Phase III
Task cluster coalition formation

Phase IV
Task coalition formation

Phase I
Initialization

Task MAV UAV

 
Fig. 1. Phased-assignment of tasks in MAV/UAV cooperative engagement system 

 
From the above analysis, we can see that MAV/UAV cooperative engagement system is a  

three-layer system, respectively, 0C  (MAV/UAV cooperative engagement system itself), 1C  
(MAV/UAV task cluster coalition) and 2C  (MAV/UAV task coalition). Fig. 2 shows the 
relationship of three-layer structure in MAV/UAV cooperative engagement system. 
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C0：MAV/UAV cooperative engagement system        C1：MAV/UAV task cluster coalition
C2：MAV/UAV task coalition

…… ……

 
Fig. 2. The relationship of three-layer structure in MAV/UAV cooperative engagement system 

 
Considering that the dynamism, isomerization and wide distribution characteristic of 

UAVs in cooperative engagement system, meanwhile, the communication capability of 
MAVs is stronger, and MAVs can always keep them over a relatively fixed location, thus, it is 
easy for MAVs to establish stable or approximately stable links. Consequently, when building 
communication topology of cooperative engagement system, MAVs are taken as gateway 
nodes, and through communication relay, a fully connected broadband backbone network (BN)  
among MAVs is formed. UAVs in each task cluster coalition communicate to MAVs and 
other UAVs in respective task cluster coalition by adopting opportunistic access method, and 
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in this way can realize cooperative share of status information, intelligence information, 
command and control (C2) information and attack information [23].  

As shown in Fig. 3 and Fig. 4, they reveal that how CRNs provide communication services 
and what logical network of cooperative engagement system is like. In this paper, in order to 
reduce the complexity of the problem, we assume that the flight altitude of all CRNs remains 
unchanged. 

CRN MAV UAV

MAV
MAV

MAV
MAV

UAV

UAV UAV
UAV

UAV

UAV
UAV

UAV

UAV

UAV UAV

UAV

BN
Ad hoc

Ad hoc

Ad hoc

 
Fig. 3. CRNs provide communication services      Fig. 4. Logical network of engagement system 

4. Problem modeling 

4.1 Definition of element attributes and decision variables 
First of all, it defines the element attributes and decision variables of OPCRN problem, within 
which element attributes contain task cluster coalition set, MAV set and CRN set, while 
decision variables contain MAV-task cluster relationship decision variable, MAV-CRN 
relationship decision variable and CRN-CRN relationship decision variable. Next, a detailed 
introduction is given. 

(1) Task cluster coalition set { }1 2, , ,= 

tccNTCC tcc tcc tcc , where tccN  is the number of 
task cluster coalitions. 

(2) MAV set { }1 2, , ,= 

mNM m m m , where mN  is the number of MAVs, and coordinate 

position of the jth MAV i.e., jm , in −X Y  coordinate system is ( ),=
j jj m ma x y . 

(3) CRN set { }1 2, , ,= 

zjNZJ zj zj zj , where zjN  is the number of CRNs, and projection 

coordinate position of the kth CRN, i.e., kzj , in −X Y  coordinate system is ( ),=
k kk zj zjb x y . 

(4) δ ij  is the decision variable indicating whether jm  belongs to itcc , =1δ ij  represents 

jm  belongs to itcc , while =0δ ij  represents not. 
(5) ξ jk  is the decision variable indicating whether jm  is covered by kzj , =1ξ jk  represents 

jm  is covered by kzj , while =0ξ jk  represents not. 
(6) ζ ik  is the decision variable indicating whether itcc  transmits information to other task 

cluster coalitions through kzj , =1ζ ik  represents yes, while =0ζ ik  represents not. ζ ik  is a 

logical layer decision variable, the necessary condition of =1ζ ik  is =1
1δ ξ =∑ mN

ij jkj . 
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(7) '
'ς →

→
i i
k k  is the decision variable indicating that when itcc  transmits information to 'itcc , 

whether there is a transmission path from kzj  to 'kzj , '
' =1ς →

→
i i
k k  represents yes, while '

' =0ς →
→

i i
k k  

represents not. '
'ς →

→
i i
k k  is also a logical layer decision variable, the necessary condition of 

'
'ς →

→
i i
k k =1 is that, 1)  1ζ =ik , 2) ' ' 1ζ =i k , and  3) there exists a physical link between  kzj  and 

'kzj , either one-hop or multi-hops. 

4.2 Physical layer 
4.2.1 Constraint analysis 
The placement of CRNs has to satisfy the following two conditions, the first one is that, for 
any task cluster coalition itcc , there must have at least one MAV jm  locating within the relay 
range of kzj , the second one is that, for any CRN 'kzj , there must have at least one another 
CRN kzj can be connected to. Fig. 5 shows the placement situation of CRNs satisfying the 
above two conditions simultaneously. 
 

 

Fig. 5. The placement situation of CRNs 
 

So, communication connection constraint of OPCRN problem is 

 10
min , 1,2, , ; 1,2, ,
δ

δ
≠

− ≤ ∀ = ∃ = 

ij
ij j k m zja b R j N k N  (1) 

 ' 2max min , , ' 1,2, , , '− ≤ ∃ = ≠k k zjb b R k k N k k  (2) 

where ⋅  is Euclidean distance computing operator, 1R  is communication range between 
MAVs and CRNs, 2R  is communication range between CRNs and CRNs. The first constraint 
guarantees that any MAV/UAV task cluster coalition can be covered by at least one CRN, the 
second constraint guarantees that any CRN can be connected to at least one another CRN.  

Once Formula (1) and Formula (2) are established, a fully connected broadband backbone 
structure among different task cluster coalitions will be formed. 
4.2.2 Objective function analysis 
Considering the high value of CRNs, it is necessary to use as few CRNs as possible to provide 
communication relay services for MAV/UAV cooperative engagement system, and objective 
function of the model is defined as 
 min zjN  (3) 
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To sum up, this paper establishes the mathematical model of physical layer as 

 10

' 2

min

min , 1,2, , ; 1,2, ,
. .

max min , , ' 1,2, , , '
δ

δ
≠

 − ≤ ∀ = ∃ =


− ≤ ∃ = ≠

 



ij

zj

ij j k m zj

k k zj

N

a b R j N k N
s t

b b R k k N k k

 (4) 

4.3 Logical layer 
4.3.1 Constraint analysis 
Constraints in logical layer are closely related to relationship between logical layer decision 
variables and phisical layer decision variables. The details are as follows. 

(1) Considering the limit of communication link bandwidth, communication bandwidth 
provided by each CRN must not be greater than its communication bandwidth threshold, i.e., 
 

max=1
, 1,2, ,ζ ≤ ∀ =∑ 

tcc

i

N
ik tcc zji

B B k N  (5) 

where itccB  is communication bandwidth demand of itcc , maxB  is communication bandwidth 
threshold of all CRNs. 

(2) Considering the relationship among δ ij 、ξ jk  and ζ ik , there is  
 

=1
, 1,2, , ; 1,2, ,δ ξ ζ≥ ∀ = ∀ =∑  

mN
ij jk ik tcc zjj

i N k N  (6) 

established. 
(3) In addition, the existence of a logical link is based on the premise that there exists a 

physical link, hence, 
 ( ) '

' 2 ' , , ' 1,2, , , ; , ' 1,2, , , 'ς →
→− ≤ ≥ ∀ = ≠ ∀ = ≠ 

i i
k k k k tcc zjBool b b R i i N i i k k N k k  (7) 

where ( )⋅Bool  is Boolean function. 
4.3.2 Objective function analysis 
Objective functions of logical layer are defined as the reciprocal of average communication 
service quality and the average number of hops. 

(1) In general, communication service qualities provided by CRNs to each MAV/UAV 
task cluster coalition are different, the values of which depend on received transmitting power 
of communication antenna by MAVs, and MAVs’ allocation situation, i.e., the value of ζ ik  
and '

'ς →
→

i i
k k . The detailed solving process is as follows. 

Assuming that the wireless communication channel is Rician channel [24,25], hence, 
signal power received by jm  from kzj  is 

 
2 2

1

α

ξ θ
=

+

k
jkk

j

P
P

h R
 (8) 

where h  is the height of kzj , kP  is the transmitting power of kzj , θ  is a constant, and α  is 
path attenuation factor. 

If jm  is covered by multiple CRNs simultaneously, to simplify, when communication 
interference is not considered, the effective signal power received by jm  is 
 

=1
ζ=∑ zjN k

j ik jk
P P  (9) 

Then, communication service quality obtained by itcc  is the maximum signal power 
received by all MAVs in itcc , i.e., 
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 ( )1 1 2 2( ) max , , ,δ δ δ= 

m mi i iN NP i P P P  (10) 

Hence, one of objective functions for logical layer is the average communication service 
quality obtained by all MAV/UAV task cluster coalitions, i.e., 

 ( )=1

1max max= ∑ tccN

i
tcc

P P i
N

 (11) 

(2) To maximize the information transmission efficiency in MAV/UAV cooperative 
engagement system, it is necessary to minimize the average number of hops from one 
MAV/UAV task cluster coalition to others. Firstly, calculate the number of hops from itcc  to 
all of other 'itcc , calculating formula is 
 '

' '=1 '=1 =1
, , ' 1,2, , , 'ζ ς ζ→

→+ + ∀ = ≠∑ ∑ ∑ 

zj zj zjN N Ni i
ik k k i k tcck k k

i i N i i  (12) 

Then, another objective functions for logical layer is the average number of hops from one 
MAV/UAV task cluster coalition to others, i.e., 

 ( ) ( )'
' '=1 =1 '=1 =1

1
min min

2
ζ ς ζ→

→

−
= + +∑ ∑ ∑ ∑tcc zj zj zjN N N Ntcc tcc i i

ik k k i ki k k k

N N
Q  (13) 

In conclusion, the mathematical model of logical layer is established as 

( )

max=1

=1
'

' 2 '

1min ,

, 1,2, ,

. . , 1,2, , ; 1,2, ,

, , ' 1,2, , , ; , ' 1,2, , , '

ζ

δ ξ ζ

ς →
→

 
 
 
 ≤ ∀ =

 ≥ ∀ = ∀ =


− ≤ ≥ ∀ = ≠ ∀ = ≠

∑
∑



 

 

tcc

i

m

N
ik tcc zji

N
ij jk ik tcc zjj

i i
k k k k tcc zj

Q
P

B B k N

s t i N k N

Bool b b R i i N i i k k N k k

 (14) 

In short, the upper planning objective of OPCRN problem is to minimize the number of 
CRNs, and the lower planning objective of OPCRN problem is to minimize the reciprocal of 
the average communication service quality and the average number of hops. 

5. Using HABC algorithm to solve OPCRN problem 

5.1 Standard ABC algorithm 
ABC algorithm is a kind of intelligent optimization algorithm whose working principle is 
simulating the harvest behavior of bees [26], and it divides bees into employed bees, onlooker 
bees and scout bees, which can be transformed under certain condition. In ABC algorithm, a 
honey source position represents a solution, and the amount of honey source represents the 
quality of solutions. Generally speaking, the computational process of ABC algorithm is as 
follows. 

(1) Initialization phase. If the number of population is ZQN , the dimension of honey source 
is WN , then every honey source position can be generated randomly in feasible interval. The 
calculating formula is 
 ( ) ( )min max min0,1= + × −ij j j jx x rand x x  (15) 

where max
jx  and min

jx  is the upper and lower bound of honey source position value, ( )0,1rand  
represents a random number evaluating at 0 to 1. 
 



60                  Zhong et al.: Optimal Placement of CRNs in Manned/ Unmanned Aerial Vehicle Cooperative Engagement System 

(2) Employed bee phase. Employed bees carry out local search near honey source, i.e., 
generate new honey source position according to Formula (16), 
 ( ) ( )' 1,1= + − × −ij ij ij kjz z rand z z  (16) 

where ≠i k , and kjz  is selected randomly from all honey sources, ( )1,1−rand  represents a 
random number evaluating at -1 to 1. Compare new honey source with old honey source, if the 
former one is superior to the latter one, then replace old honey source with new honey source, 
otherwise, remain unchanged. 

(3) Onlooker bee phase. After all employed bees have completed local search, position 
information of honey sources is shared to onlooker bees by employed bees’ swing dance. Then, 
onlooker bees adopt tournament selection operator to select a honey source, i.e., randomly 
select two honey sources 1Z  and 2Z , then compare the corresponding fitness values, 1F  and 

2F , if there is  
 

1 2F F  (17) 
established, then select 1Z  to update according to Formula (16), else, select 2Z  to carry out 
the same operation, where   represents Pareto non-inferiority. 

(4) Scout bee phase. After Limit  iterations, if the fitness value of a certain honey source 
position has not improved, then the corresponding employed bee will be transformed into 
scout bee, old honey source will be abandoned and new honey source will be generated 
according to Formula (15). 

When adopting ABC algorithm to solve multi-objective problem, sorting result of fitness 
value is achieved by non-dominated ranking and crowding distance calculation, then Pareto 
front will be obtained. 

5.2 HABC algorithm 
5.2.1 Basic procedure 
Considering that OPCRN problem is a multiple decision variables bi-level programming 
problem, it is an important concern for encoding and decoding. For convenience, this paper 
does not consider decision variables defined in Section 2.1 as code elements, while consider 
coordinate positions of CRNs as code elements. Take population Z  for example, its row 
number is ZQN , each row represents a solution, its column number is WN , in which, odd 
columns represent horizontal coordinates and even columns represent vertical coordinates. 

To simplify the problem, δ ij  is predetermined, and in specific population Z , by 
calculating the relative positional relationship between MAVs and CRNs, or between CRNs 
and CRNs, the value of ξ jk  and '

'ς →
→

i i
k k  is determined, while the value of ζ ik  depends on ξ jk  

and setting in specific solving process. 
Based on the game theory of dual decision makers, a novel HABC algorithm is proposed to 

solve OPCRN problem. During the evolution of the algorithm, upper and lower layers are 
optimized according to each other’s evolutionary result, with the increasing of iterations, the 
whole system is gradually in equilibrium. 

The basic procedure of HABC algorithm is as follows. 
Step 1 Initialize upper planning population Z , set iteration number (assuming that outer 

iteration number is equivalent to iteration number of ABC algorithm). The upper and lower 
bounds of odd column values are the upper and lower bounds of all MAVs’ horizontal 
coordinates, while the upper and lower bounds of even column values are the upper and lower 
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bounds of all MAVs’ vertical coordinates. 
Step 2 By taking Z  as input, optimal solution of lower level planning ∗W  is obtained 

through adopting ABC algorithm. 
Step 3 By taking ∗W  as input, optimal solution of lower level planning *Z  is obtained 

through adopting ABC algorithm. 
Step 4 If it is the first iteration, constraint handling for *Z  and ∗W  is carried out, then 1

∗Z  
and 1

∗W  are obtained. The fitness values of 1
∗Z  and 1

∗W  are calculated respectively, then 
non-dominated ranking and crowding distance calculation for all 2 ZQN  fitness values are 
carried out, and the corresponding solutions of the former ZQN  fitness values are selected to 
form new population Z . If it is not the first iteration, constraint handlings for Z , ∗Z  and ∗W  
are carried out, then 1Z , 1

∗Z  and 1
∗W  are obtained. The fitness values of 1Z , 1

∗Z  and 1
∗W  

are calculated respectively, then non-dominated ranking and crowding distance calculation for 
all 3 ZQN  fitness values are carried out, and the corresponding solutions of the former ZQN  
fitness values are selected to form new population Z . 

Step 5 If it has reached the maximum iteration number Iter , 1Z  is obtained after 
constraint handling for Z , and then the fitness value of 1Z  is calculated. Afterwards, 
non-dominated ranking and crowding distance calculation for all ZQN  fitness values are 
carried out, and the population corresponding to optimal fitness values is selected as optimal 
solutions, otherwise, return to Step 2.  

As is shown in Fig. 6, is the cycle game of population in HABC algorithm. 

Z

W*

Z*

W1
*

Z1
*

P_L

P_U

CH

CH

NDR
CDC

P_L： Upper layer programming

P_U： Lower layer programming 

CH：   Constraint handling

NDR ：Non-dominated ranking 

CH Z1

CDC ：Crowding distance calculation 

 

Fig. 6. The cycle game of population in HABC algorithm 
 

5.2.2 The upper bound value of WN  and constraint handling 
This section determines the upper bound value of  WN  and constraint handling method for 
HABC algorithm. 

(1) The upper bound value of WN . As the code elements are coordinates of CRNs, during 
the running time of HABC algorithm, the number of CRNs has been constantly changing. In 
addition, a large WN  will lead to the increase of algorithm search space, and reduce the 
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solving speed of the algorithm, while a small WN  will increase the difficulty to satisfy 
constraint conditions. Therefore, it is necessary to set a reasonable WN  value. 

This paper sets the upper bound value of WN  to be 1.5 times higher than the number of 
CRNs needed to realize the minimum cover of all MAVs. 

(2) Constraint handling. OPCRN problem is a multi-constraints optimization problem, at 
present, non-feasible solution treatment technology in combinational optimization problem 
mainly includes two categories [27]. The first one is to reserve non-feasible solutions, and then 
defines constraint violation function, constraint penalty function, or adopts constrained- 
dominance technology to deal with non-feasible solutions. The second one takes non-feasible 
solutions as input, and converts them into feasible solutions by adopting a series of operators. 
The selection of treatment technology depends on the structure of solution space, if feasible 
solutions take a larger percentage, then the former one is more suitable, while if non-feasible 
solutions take a larger percentage, then the latter one is more suitable. Considering that it is 
difficult to estimate the solution space of OPCRN problem, from the perspective of algorithm 
feasibility, the latter technology is adopted. The detailed steps are as follows. 

Step 1 Redundancy removal. Delete CRNs which do not affect communication connection, 
the criteria is that after deleting a certain CRN, the following two conditions are still valid. 1) 
The value of δ ξij jk  does not change before and after the deletion of a certain CRN. 2) The 
value of '

'ς →
→

i i
k k  does not change before and after the deletion of a certain CRN. 

Step 2 The first stage of inadequate supplement operation, judge that whether all task 
cluster coalitions are covered by at least one CRN, i.e., judge that if =1 =1

1δ ξ ≥∑ ∑m zjN N
ij jkj k  is 

established. If there is, go to Step 3, if there is not, select a task cluster coalition itcc , which 

satisfies =1 =1
0δ ξ =∑ ∑m zjN N

ij jkj k , and select a MAV jm  satisfying 1δ =ij  randomly, then center 

at the position of jm  to make a circle with radius 1R , and take any one position in the newly 

generated circle as the coordinate of added CRN, until there is =1 =1
1δ ξ ≥∑ ∑m zjN N

ij jkj k  
established. 

Step 3 The second stage of inadequate supplement operation, judge that whether 
undirected graph which is formed by all CRNs is fully connected, i.e., judge that whether there 
is '

', '=1
1ς →

→ ≥∑ zjN i i
k kk k  established. If there is, go to Step 4, if there is not, select any two of 

connected components, and then choose the nearest two CRNs in respective connected 
components, make a line segment s  between the two selected CRNs. Start from any one of 
CRN, take the point on the line segment s  as the central coordinate of circle for added CRN 
with step size ( )20,2R , until there is '

', '=1
1ς →

→ ≥∑ zjN i i
k kk k

 established. 
Step 4 Redo the redundancy removal operation until all constraints are satisfied. 

6. Simulation experiment 
To verify the effectiveness and superiority of HABC algorithm, this paper carries out three 
groups of simulation experiments by using MATLAB 2010a as simulation platform in Lenovo 
computer, of which CPU configuration is Intel Dual-Core 3.06GHz, to compare HABC 
algorithm with hierarchical particle swarm optimization (HPSO) algorithm.  
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In the setting of scenario parameters, set 7=tccN , 13=mN , 1 12=R  in Group 1 simulation 
experiment and Group 3 simulation experiment, and 1R  is set to be a variable in Group 2 
simulation experiment, set 2 12 24= =R R , 20=h , 0 10=P , 1θ = , 2α = . Besides, MAVs’ 
allocation situation is that, 1m  and 2m  belong to 1tcc , 3m  and 4m  belong to 2tcc , 5m  
belongs to 3tcc , 6m , 7m  and 8m  belong to 4tcc , 9m  and 10m  belong to 5tcc , 11m  and 12m  
belong to 6tcc , 13m  belongs to 7tcc . 

In the setting of HABC algorithm, set 20=zqN , 30=Iter , 5=Limit . Table 1 shows the 
coordinate information of MAVs. 

 
Table 1. The coordinate information of MAVs 

SN Coordinate SN Coordinate SN Coordinate 
      1 (22.18,72.44) 6 (25.82,15.50) 11 (30.26,50.45) 

2 (20.35,78.14) 7 (31.52,18.62) 12 (34.89,44.62) 
3 (62.41,65.72) 8 (28.13,18.43) 13 (55.78,31.56) 
4 (54.86,70.79) 9 (89.34,34.30) -- -- 
5 (8.06,35.54) 10 (77.98,34.63) -- -- 

 
Group 1 To verify the effectiveness of HABC algorithm, HABC algorithm runs for 

generating a typical solution. As shown in Fig. 7, is a typical solution by adopting HABC 
algorithm, it can be seen that the typical solution satisfies all constraints, and Fig. 8 displays 
the distribution of solutions by adopting HABC algorithm. 
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Fig. 7. A typical solution                          Fig. 8. Distribution of Pareto solutions 
 
Group 2 To verify that the objective function values are affected by key parameters,  1R  is 

set to be 9, 12, 15, 18 and 21 respectively to test the effect of  on all objective function values. 
It can be seen from Fig. 9 that, 1R  has an important impact on all three objective functions, 
and with the increase of 1R , the values of all three objective functions will be better. 
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Fig. 9. The influence of 1R  
 

Group 3 To verify the superiority of HABC algorithm comparing to HPSO algorithm, this 
paper takes typical performance indexes as comparison items, i.e., coverage index (C-index), 
evenness index (E-index) and distribution index (D-index), among which C-index and D-index 
are income type indexes, while E-index is cost type index. 
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Fig. 10. Comparison result in C-index 
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Fig. 11. Comparison result in E-index                  Fig. 12. Comparison result in D-index 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 1, January 2019                              65 

 
As is shown in Fig. 10, Fig. 11 and Fig. 12, are comparison results of HABC and HPSO 

algorithm in three indexes, blue polyline represents the change of particular perform index, red 
line represents the average value of the corresponding perform index. As can be seen, in terms 
of C-index, HABC is significantly superior to HPSO, and in the aspect of E-index and D-index, 
HABC is overall better than HPSO. 

7. Conclusion 
MAVs, along with UAVs, to perform combat mission by forming a cooperative engagement 
system, is the main air engagement pattern in the future, and MAVs and UAVs organized in 
the form of coalition is an important development direction. One of the key problems is how to 
provide stable and efficient communication services for all task cluster coalitions, hence, this 
paper according to the combat characteristic of MAV/UAV cooperative engagement system, 
and established a bi-level programming model by taking the number of CRNs as upper 
planning objective, and reciprocal of average communication service quality as well as 
average number of hops as lower planning objective, and then, it adopted HABC algorithm to 
solve the model. Next step, it is need to aim at the movement of MAVs and UAVs, and carry 
out research on dynamic adjustment of CRNs. 
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