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Abstract 

For multiple unmanned aerial vehicles (multi-UAV) task allocation, a new method is 

given. Firstly, the capability function of UAV is established, and the calculation method of 

multi-UAV cooperative combat position is presented through the capability function of 

Jacobian matrix. The UAV's value income index function, damage index function, voyage 

index function and multi-UAV cooperative task allocation model are established further. 

The maneuvering decision making problem is modeled as the optimal control problem by 

using Receding Horizon Control (RHC). Then the optimal decision-making method of 

multi-UAV cooperative combat task allocation is gotten by the discretization of time and 

space in the whole process of decision-making and the calculation of the optimal 

maneuver strategy piecewise. Finally, the simulation experiment is conducted, the result 

of simulation shows that the method can get more profit and damage efficiency of the 

targets, and improve the capability of multi-UAVs cooperative combat. 
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1. Introduction 

The aircraft has played an important role in the modern war, and it has become the 

most useful and the most suitable weapon in the wide range of war all over the world. The 

research on the combat effectiveness of aircraft can not only help to improve the aircraft 

performance and promote the development of tactics, but also have the great significance 

to strengthen the national defense of our country. Although the single combat has certain 

advantages, it is far from satisfaction of combat with the complication of today's 

battlefield. The multi-UAV cooperative combat can cover the shortage of single combat. 

Compared with single combat the multi-UAV cooperative combat has advantages in the 

aspect of target detection, target attack and comprehensive fire. Therefore, the multi-UAV 

cooperative combat will be the main combat mode in the future, and it can enhance the 

combat effectiveness significantly 
[1]

. However, one of the key issues is the problem of 

proper coordination between the multi-UAV in a task 
[2]

. So it’s a hot topic that how to 

make a reasonable decision which UAVs could accomplish complex coordination task in 

the field of UAV research 
[3]

. At present, the research that the air combat task allocation 

of multiple unmanned aerial vehicles cooperative attack has made some valuable research 

results
 [4-7]

.In [4], the UAV cooperative combat task allocation model was proposed which 

is based on the bi-level programming theory. In [5], a mathematical model of multiple 

vehicles coordinated target assignment was built which was based on the evaluation of 

vehicle residual ability. In [6], the multiple UCAV cooperative task assignment model for 

attacking the ground targets was built and the particle swarm optimization (PSO) 
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algorithm for solving such a problem was proposed, based on proper task assignment 

solution to PSO particle mapping. In [7], according to multitask allocation problem of 

multi-shipboard UAV cooperative attack function model of the overall allocation 

performance was established based on task allocation of benefits and costs through 

reasonable assumptions to abstract and simplify the problem. In [8], the ACBAA 

(asynchronous consensus-based auction algorithm) algorithm was improved, and the 

method of air-combat decision-making for multiple UAV cooperatively attacking multiple 

targets in uncertain environment was proposed. In [9], the multistage influence diagram 

was used to solve the maneuvering decision, but its model was complex and the 

calculating amount is large, so it was difficult to meet the real-time requirements of 

decision making. However, in the prior literature, both the cooperative combat ability of 

multi-UAV and the value of the capability which the target was required were not 

considered in the model. 

Currently, the research of considering the capability function of robot in the task 

allocation of multi-robot has attracted the attention of scholars 
[10, 11]

.In [10], a new 

method of the task allocation of multi-robot system based on the utility function of robot 

was proposed. In [11], a task allocation of multi-robot system based on the utility function 

was proposed, the mathematical model of the utility function was established based on the 

vector of the robot’s capability and the vector of capability that the subtasks required, and 

then make the task assignment according to the size of the utility function. But so far, the 

papers about the task assignment related to the capability function of the multi-UAV 

cooperative combat task haven’t been reported in the literature. This paper proposes the 

method of calculating the positions of multi-UAV cooperative combat and the method of 

multi-UAV cooperative combat task allocation. The Receding Horizon Control (RHC) is 

a control technology which is based on on-line calculation and can solve the system 

optimal control problem by rolling optimization. In the process of optimization the 

real-time system information can be used to feedback compensation. The robustness of 

the system can be enhanced and the solution is relatively simple by using RHC. So we use 

the RHC to model the maneuvering decision making problem as the optimal control 

problem. The optimal decision-making method of multi-UAV cooperative combat task 

allocation is gotten by the discretization of time and space in the whole process of 

decision-making and the calculation of the optimal maneuver strategy piecewise. 

 

2. The Calculation of the UAV’s Capability Function and the 

Combat Range of Multi-UAV Cooperative 
 

2.1. The Establish of Capability Function of the UAV 

The capability function reflects the capability of UAV attack to the target, and it ’s 

based on the requirements and form of the task. The capability function is related to 

the factors such as the distance and azimuth between UAVs and targets. The 

capability function of multi-UAV is the sum of the capability function of the UAV. 

In order to simplify the analysis, we assume that the capability function is only 

related to the distance between UAV and the target, when the distance between the 

UAV and the target meet the requirements, the maximum capability value of the 

UAV will be achieved. The information of the position of UAV is stored in the 

3n matrix, n indicates the number of UAV. The information of the position of 

targets is stored in the 3n matrix, m indicates the number of targets. The initial 

position matrix of the UAV and target is as follow. 
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The distance ijd  between the i-th UAV and the j-th target is described as 

     
2 2 2

=ij Ui Tj Ui Tj Ui Tjd x x y y z z                  (2.2) 

Assume that the combat radius of UAV is
iD , the maximum capability of the function 

is 1, the capability function of the i-th target is described as iB , 
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The distance/km 

Figure 1. The Curve of the Capability Function of UAV 

Assume that the radius of tactical reconnaissance of UAV is 4.5km, in Figure 1, 

the capability decreases with the increase of the distance, when the distance between 

the UAV and the target is more than 4.5km, and the capability increases with the 

decrease of the distance, when the distance between the UAV and the target is less 

than 4.5km.Only when the distance between the UAV and the target is more than 

4.5km, the maximum capability value of the UAV will be achieved. 

 

2.2. The Jacobian Matrix 

For the UAV, in order to complete the task more effectively, we need to analyze 

the impact that the changes of the UAV’s position on the ability that the target is 

required. So the Jacobian matrix of the capability function is established as follow.  
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2.3. The Calculation of the Combat Position of Multi-UAV Cooperative 

The capability function is determined by the position of the UAV, and the 

relationship between the position and the change of the capability function as follow. 
T T

1 1 1 1y ym Jacobi U U U Un Un UnB B J x z x z
          

       
L L             (2.8) 

Assume that the ideal capability that the target j needed is
d

jB , and the ideal 

change of the capability function is equal to the difference between the current 

capability value jB and the ideal capability value
d

jB . To pre-allocate the UAV 

according to the allocation plan of UAVs to get the corresponding 1 2, ,... m

l l lB B B  ( m

lB  

is the capability value of the m-th target in the l- th allocation plan) as shown in (1.9)   

1
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Jacobi
J 

is the pseudo inverse of the Jacobian matrix JacobiJ  in (2.9). 

 
1

T TJ J JJ


                                   (2.10) 

J 
represents the pseudo inverse and 

TJ represents the transposition of Jacobian 

matrix. 

The positions of UAV need to be updated if the cooperative combat of multi-UAV 

can’t reach the ideal capability. To get the ideal changes
Uix
g

,
Uiy
g

and
Uiz
g

of the 

positions of UAV, according to (2.9), and the time step is t , that we can get the 

new positions of UAV at the (k+1)-th time step , and the equation that the UAV 

update their positions is shown as (2.11).  
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2.4. The Calculation of the Range of Multi-UAV Cooperative Combat 

We can get the new value of the capability of UAV by bringing the updated position 

coordinates into（2.2）and（2.3）, and update the position of UAV according to（2.1）

to (2.11）until reach the ideal value of the capability
d

jB .Then we can get all of the UAVs 

information of positions      0 0 0 1 1 1 g g g,x , , , x , , , x , , , ( 1,2,..., )l l l l l l l l l

Ui Ui Ui Ui Ui Ui Ui Ui Uiy z y z y z i n  in 

the g  time steps under the l-th allocation plan, and get the range of UAV of every 

strategies. The calculation of range is shown as (2.12).  
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3. The Establishment of the Multi-UAV Cooperative Task Allocation 

Model 

When making multi-UAV task allocation, the main factors need to be considered 

are the following two aspects. One is the attack earnings and the other is the cost in 

the process of attacking targets. The cost of our side can be consisted by two parts, 

one is the cost of flight, and the other is the damage cost caused by the antiaircraft 

fire of targets. Assuming that the number of UAV is n , and the number of target 

is m . 

 

3.1. The Index Function of the Target Value Income 

The target value income refers to the loss that our UAVs bring to the targets. In 

the process of the cooperative combat of multi-UAV, the benefit of the target value 

is an important indicator to be considered. Assuming that the damage probability 

matrix of our UAVs to the targets is 1 2[ ]j j mjP P P P 　 　　　 , so the Kill 

probability that the i-th UAV to the target is as follow. 

in

iijP )1(1                                       (3.1) 

i
 is the probability that the antiaircraft fire j of the target destroyed by an UAV 

during 1k kt t t   . To consider the closer the distance between an antiaircraft fire 

and an UAV, the bigger the
i

 , that: 

    

( 1 / ) ,

0,i

ij m m ij m

ij m

d u d u

d u


  
 



　

　                       
    (3.2) 

in is the number of weapons that carried by the i-th UAV, and the attack of an 

UAV to a target is an independent event. ijd is the distance between the i-th UAV 

and the j-th target, mu is the effective firing range of the UAV, and [0,1]m   is the 

destroy effectiveness of the UAV. Assuming that the value set of the target 
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is
1 2{ , , , , , }d d d d

j mv v v vL L , and
max

dv  is the maximum of the income, that the income index 

function 1

ijR is as follow.    

1
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v p
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                                      (3.3) 

If there are q UAVs attacking the j-th target cooperatively at the same time, that 

index function of the target value income q

jR is as follow. 
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3.2. The Index Function of Damage Price 

The damage price refers to the loss that the targets bring to our UAVs. The attack 

of a target to an UAV is an independent event, 
' ( 1)ijP q   is the probability that the 

i-th UAV destroyed by the j-th target during 1k kt t t   , so the damage probability 

that the j-th target to the i-th UAV is as follow. 

'
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nM is the number of the target’s antiaircraft fire, ( 1)n q   is the probability that 

the i-th UAV destroyed by the j-th antiaircraft fire during 1k kt t t   . To consider 

the closer the distance between an antiaircraft fire and an UAV, the bigger 

the ( 1)n q  , that: 
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ijd is the distance between the i-th UAV and the j-th target, me is the effective 

firing range of the target, [0,1]m   is the destroy effectiveness of the target, 
i

av is 

the value of the i-th UAV, that the index function of damage price 
1C is as follow.   

   
1
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If q UAVs attack the j -th target cooperatively, that the index function of the 

damage price is as follow. 
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3.3. The Cost of Flight Route 

The cost of flight route is positively related the path of the flight, and the cost of 

flight route is as follow.  

2
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D
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In which, ijD is the actual flight distance of the i-th UAV, and maxD  is the 
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maximum actual flight distance of all the UAVs.  

If q UAVs attack the j -th target cooperatively, that the index function of the cost 

of flight route is as follow. 

1

2

max

1 q

ij

i

D
q

C
D




                               (3.10) 

 

3.4. The Overall Earning Model of the Multi-UAV Cooperative Combat Task 

The purpose of the task allocation is to get the maximum value profit and pay the 

minimum cost by attacking targets under the condition that the scheduled tasks can 

be accomplished by the formation of multi-UAV. Besides, the importance of every 

index is different, so the weight is different. The overall earning model of the 

multi-UAV cooperative combat task is as follow. 

23121 CwCwRwL                            (3.11) 
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                                        (3.11b) 

1321  www                                     (3.11c) 

1w , 2w and 3w are the weight of the benefit of the target value, the damage price 

and the cost of flight route. The formula (3.11a) means that every UAV can be 

allocated to one target at most, and the formula (3.11b) means that the number of the 

UAV to attack a target cooperatively is h  at most. 

 

4. The RHC and its Numerical Solution 
 

4.1. The RHC Method 

In the RHC, the decision of the control variable u  is made at the discrete 

time t k t  , k is the step counter , and t  is the interval of decision time. The 

state of kt is denoted by ( )kx t , and we can get the optimal open loop 

control
( )*( )

kt
u x  by the following model which is on the time domain [ , ]k k Tt t t  . 

( ) ( , , ) ( ( ), )

. . ( , , ), ( )

( , , ) 0

( ( )) 0

k

k

t T

k k k
t

k k

k

L u L x u t dt V x t T t T

s t x f x u t x t x

g x u u

h x t T



   

 



 


:

g

g

                      (4.1) 

The integral part is the accumulated value of the indicator function L on the 

planning time domain ( )T T t  , ( )V  is value function which is used to  approach 

the optimal price from the optimal price to the final state. 

In order to make the current state of measured value as the initial conditions, to 
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solve the problem as the Euler-Lagrange trajectory optimization, and calculate the 

optimal control solution *u online, then carrying out the control *u  in time domain T  

until the system gets the new state measurements and making the new state 

measurements as the new initial condition. Repeat the above process and calculate 

the optimal control solution of the finite time domain until meeting the requirements, 

so we can get a group of state feedback control law. The RHC method can avoid the 

dimension disaster of Hamilton-Jacobi Bellman (HJB). 

 

4.2. The Numerical Solution of RHC 

The general solution for the optimal control problem is to convert the optimal 

control problem into a parameter optimization problem, then using the Non-Linear 

Optimization (NLP) to solve the problem. In this paper, we use the method that 

directly targeting the parametric to convert the optimal control problem into the NLP 

problem. Firstly, discretize the time
0 1 .... n

k k k k kt t t t t T      , and parameterize 

the controlled quantity ( ) , 0,...,i

k iu t u i N  .The NLP problem that converted is as 

follow. 

1
1

0 1

0

( ,..., ) ( , , )( ) ( , )

. . ( , , ) 0, 0,...,

( ) 0

N
i i i N

N i i k k k N k

i

ii i

N

F u u L x u t t t V x t

s t g x u u i N

h x

  










  

 




g

                 (4.2) 

Then we give the control vector iu and initial state
0( ( ))i i kx x x x

  

 , the system state 

1ix



of 

1i

kt


 can be got by the step time integral of state equation, the SNOPT 

toolbox is used to solve the problem. 

 

5. The Flow Chart of the Multi-UAV Cooperative Air Combat Task 

Allocation 

The flow chart of the multi-UAV cooperative air combat task allocation is expressed as 

Figure 2. 
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Figure 2. Flow Chart of the Task Allocation 
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6. Simulation Results and Analysis 

In this paper, four UAVs to attack two targets of the ground. Assuming that the 

number of weapon that the UAV carried is [1 1 1 1], and the number of anti-aircraft 

fire that every target has is one. The effective firing range of UAV is 12km and the 

effective firing range of the target is 10km. The destroy effectiveness matrix of 

UAVs to targets is [0.95 0.94 0.96 0.93], and the destroy effectiveness matrix of 

targets to UAVs is [0.95 0.96].Besides, 

UAV

3.78 4.28 4.26

3.76 4.17 4.38

3.83 4.22 4.28

3.79 4.18 4.36

P

 
 
 
 
 
 

(km)   
t arget

0.95 0.52 0.53

0.93 0.55 0.51
P

 
  
 

(km), 
1

2

1.5

1.5

d

d

B

B

   
   
  

. 

There are six allocation schemes for four UAVs to attack two targets. The 

allocation plans are shown as the Table 1.  

Table 1. Allocation Plans 

The plans Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 Plan 6 

The allocation 

matrix 

[1 2 3 4] [1 3 2 4] [1 4 2 3] [2 3 1 4] [2 4 1 3] [3 4 1 2] 

The allocation matrix of plan 1 is [1 2 3 4]. The matrix [1 2 3 4] means that the 

target 1 is attacked by the UAV 1 and UAV 2,and the target 2 is attacked by UAV 3 

and UAV 4. The following are similar. 

Now, we allocate the UAVs by two methods which are as follow. 

The method 1: To get the capability function of our UAVs, the Jacobian matrix, 

according to (2.3) and (2.4). Then calculate the gains of value, the cost of flight and 

the damage price according to (3.4) (3.7) and (3.8). At last we can get the earning 

value of every plan by using (4.2).The earning values are shown as Table 2. 

Table 2. Earning Values of the Allocation Plans of Method 1 

The plan Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 Plan 6 

The earning value 0.7338 0.7337 0.7109 0.7381 0.7111 0.7108 

We can see from the Table 2 that the biggest earning value belongs to the plan 

4,in which the allocation is [2 3 1 4] means the target 1 is attacked by the UAV 2 and 

UAV 3, and the target 2 is attacked by UAV 1 and UAV 4, and the earning value is 

0.7381. It can be seen from the simulation that the smaller the controlled quantity 

and the Change in position of UAV, and the longer the simulation time as the 

capability value closer to the ideal value 2. However, the damage effect can be got 

when the capability value reach 1.5. So the capability value1.5 can be regarded as 

the termination of the simulation condition. The capability that got by target 1 and 

target 2 in plan 4 is showed as Figure 3. 
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Figure 3. Capability Got By Target 1 and Target 2 In Plan 4 

We can see from Figure 3 that the capability value is calculated once every 10 

seconds, the capability of target 1can reach 1.5 after two times, and the capability of 

target 2can reach 1.5 after three times.  

The method 2: According to the previous method of multi-UAV task allocation 
[12]

, the capability function of multi-UAV cooperative attack and the capability that 

the targets needed are not considered, and the RHC is not used. In (3.10), ijd is the 

initial distance between the i-th UAV and the j-th target. Finally, we can get the 

earning value of every plan by simulation, and the earning value of every plan is 

shown as Table 3.  

Table 3. Earning Values of the Allocation Plans of Method 2 

The plan Plan 1 Plan 2 Plan 3 Plan 4 Plan 5 Plan 6 

The earning value 0.1037 0.1033 0.1036 0.1032 0.1038 0.1034 

We can see from the Table 6.3 that the biggest earning value belongs to the plan 5, in 

which the allocation is [2 4 1 3] means that the target 1 is attacked by the UAV 2 and 

UAV 4,and the target 2 is attacked by UAV 1 and UAV 3,and the earning value is 0.1038. 
As can be seen from the results of the two methods, the difference between the two 

methods mainly includes three aspects. Firstly, the results of the two methods are different 

completely, that the allocation plan of the method 1 is plan 4 and the allocation plan of the 

method 2 is plan 5, and the earning value of method 1 is bigger than the other. Secondly, 

the capability of multi-UAV cooperative attack and the capability that the targets needed 

are not considered in the method 2. Therefore, we can draw the following conclusions that 

the method 1 can get more profit and damage efficiency of the targets, and improve the 

capability of multi-UAV cooperative attack. 

 

7. Conclusion 

This paper presents a new method for multi-UAV cooperative combat task allocation 

through the establishment of the capability function and Jacobian matrix. Then we use 

RHC to model the maneuvering decision making problem as the optimal control problem, 

and the optimal decision-making method of multi-UAV cooperative combat task 

allocation is gotten by the discretization of time and space in the whole process of 

decision-making and the calculation of the optimal maneuver strategy piecewise. The 
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result of simulation shows that the method that considers multi-UAV cooperative task 

allocation capability can get more profit and damage efficiency of the targets, and 

improves the capability of multi-UAV cooperative combat compared with the multi-UAV 

cooperative task allocation capability is not considered, and it’s a new method for 

multi-UAVs task allocation. 
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