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Abstract. Mission decision-making is one of the most important techniques for 
cooperative combat of multiple unmanned combat aerial vehicles (UCAVs), 
while game theory is an efficient method in solving mission decision-making. 
In this paper, the game theory is applied to the air combat decision of multiple 
UCAVs. Then a weapon model for UCAVs’ air-to-air missiles is proposed to 
obtain the basic probability value of the D-S evidence theory. In order to obtain 
the Nash equilibrium point, the bimatrix problem is transferred into an optimi-
zation problem. In this way, the function "linprog" in MATLAB can be used to 
obtain the optimal solution, which can greatly simplify the steps of solving the 
bimatrix problem. Finally, the optimal strategy is obtained by optimizing calcu-
lation. Series of experimental results demonstrate the feasibility and effective-
ness of the proposed approach in solving the multiple UCAVs cooperative air 
combat decision problem. 

Keywords: UCAVs， Game Theory， Mission Decision-making， D-S Evidence 
Theory. 

1   Introduction 

Following with the development of unmanned combat aerial vehicles’ (UCAV) tech-
nology, cooperative unmanned aerial vehicles control will receive a great attention in 
the future. For many military missions, it is unthinkable to be taken on a single 
UCAV. And more instances show that it is more complicated and expensive to exploit 
a single UCAV than to create a multiple UCAVs’ system. Wang, H.L. analyzed a 
maneuvering-decision method for air-to-air combat [1], Yang, Y.C. proposed quanti-
tative air combat decision approach in [2], and Wang, Y.N presented an intelligent 
differential game on air combat decision [3]. Yao, Z.X. also presented the game the-
ory model to solve this problem, and tests prove that it can conduct the mission deci-
sion-making effectively [4], But these approaches to establish the basic probability 
value and solve the bimatrix are very complicated.  

To overcome the above-mentioned shortcomings, we present a weapon model of 
UCAVs’ air-to-air missiles to obtain the basic probability value. In order to solve the 
bimatrix, we transfer it into an optimization problem first, and then the function "lin-
prog" in MATLAB is used to solve the optimization problem. Furthermore, we apply 
the method on the issue of multiple UCAVs air combat, and design corresponding 
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strategy sets. Finally, series of experimental results are given to demonstrate the fea-
sibility and effectiveness of the proposed approach in solving the multiple UCAVs 
cooperative air combat decision problems. 

2   Introduction to Related Theories 

2.1   D-S Evidence Theory  

D-S evidence theory is proposed by Dempster in 1976, then his student Shafer devel-
ops and organizes it into a comprehensive mathematical theory. Through synthesizing 
several evidences, D-S evidence theory can improve the dependable degree of the 
proposition, now the theory has specifically applied on some areas, such as multiple 
sensors network, medical diagnosis and so on. In D-S evidence theory, the combinato-

rial formula is very important [5]. If θ  is the discriminating frame, 2θ is the aggre-
gate composed by all its subsets, m1, m2 are the basic probability values of the  

independent authentic function of 2θ , Ai and Bj are the focus respectively, then the 
D-S combinatorial formula is: 
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Where  Φ is the empty aggregate, Φ≠∩= B jAiC  is the focus to be fused. 
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2.2   Game Theory 

Game theory, defined mathematically by Nash J.F [11], has found its first applications 
in economics, especially to solve the problems concerning the decisions that have 
some effects on different and often competitive fields.  

In a model of game theory, three elements must exist. They are players, strategy 
set, and criterion. Each player has its own strategy set and its own criterion. When a 
game begins, each player searches its own best strategy in its search space to improve 
its own criterion with all the rest criteria fixed by others players. So there exists the 
exchange of strategies among the players. The frequency of exchangeδ is called the 
Nash frequency, generallyδ=1, which means the exchange of best strategies happens 
at the end of each generation. When no player can further improve its criterion, it 
means that the system has reached a state of equilibrium called Nash equilibrium[6]. 

We take a two-player game to present the process of Nash equilibrium. 
Let A be the search space for the first player, B the search space for the second 

player, a strategy pair (x*, y*) ∈ A⋅ B is said to be a Nash equilibrium iff: 
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Where Af is the gain for the first player, Bf is the gain for the second player.  
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3   Mission Decision-Making Method 

3.1   A Mission Scenario 

The red UCAV formation attacks the blue ground target, its main task is to attack the 
blue airport (G1). The formation includes an unmanned fighter-bomber (R1) and m-1 
UCAVs (R2,R3,…,Rm). The unmanned fighter-bomber’s mission is to bomb the blue 
airport and the other UCAVs are to help it complete the bombing mission. m-1 
UCAVs are exactly the same, i.e. they have the same flight performance and weapon 
performance. Each UCAV carries several air-to-air missiles and they are their main 
tools for fighting. Air-to-air missile’s shooting average is determined by q situation 
factors (such as distance, angle and speed and so on) in a battlefield situation. The 
unmanned fighter-bomber’s maneuverability is lower. Except for air-to-air missiles it 
carries air-to-surface missiles to bomb the blue airport yet. (In the following paper , 
we don’t distinguish the unmanned fighter-bomber and the m-1 UCAVs and all are 
named as UCAVs). 

The blue k UCAVs (B1,B2,…,Bk) composed an attack formation. Their mission is to 
prevent the fighter-bomber from bombing the airport and annihilate them. The 
UCAVs in the formation are also exactly the same, i.e. each UCAV carries air-to-air 
missiles and they are their main tools for fighting. Air-to-air missile’s shooting aver-
age is determined by q situation factors (such as distance, angle and speed and so on) 
in a battlefield situation. 

The blue strategy set ),,2,1(1 ααα wS = includes w strategies. The aggregate com-
posed by the blue k UCAVs is defined as WU. The aggregate composed by all subsets 
of the WU is 2WU , so in the blue strategy set, the strategy αi : 

 

 
 

denotes the blue puts the UCAVs in aggregate Ti1 attack the target R1 cooperatively, 
puts the UCAVs in aggregate Ti2 attack the target R2 cooperatively and so on. 

The red strategy set ),,2,1(2 βββ dS = includes d strategies. The aggregate com-

posed by the red m UCAVs is defined as DU. The aggregate composed by all subsets 
of the DU is 2DU , so in the red strategy set, the strategy βi : 

 

 
 

denotes the red puts the UCAVs in aggregate Ti1 attack the target B1 cooperatively, 
puts the UCAVs in aggregate Ti2 attack the target B2 cooperatively and so on. 

Therefore the model of game theory in this paper is: G =〈N, S1 , S2 , u1 , u2〉,N = 
{1, 2}, 1 denotes the blue formation (including k UCAVs), 2 denotes the red formation 
(including an unmanned fighter-bomber and m-1 UCAVs). S1 is the blue strategy set, S2 
is the red strategy set. u1 is the blue payoff function, u2 is the red payoff function. 
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3.2   Evidence Syntheses 

D-S evidence theory uses the synthesis of multiple evidence to make decision. It has a 
great deal of flexibility in dealing with the unknown and uncertainty. In this paper, the 
high-level evidence is obtained through the synthesis of low-level evidence until the 
effectiveness (income) and the invalidity (price) of some attack (or defense) strategy 
are obtained. 

The D-S basal combinatorial formula of the mission decision-making method is 
below: 
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denotes the basic probability value when the n-th UCAV in blue formation attacks the 
t-th UCAV in red formation considering q momentum factors ( in this paper q=3, i.e. 
the distance between two UCAVs, the speed of the UCAVs and the angles between 
the UCAVs). 

The basic probability value when the blue p UCAVs attack the red t-th UCAV co-
operatively can be expressed as follows: 
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The basic probability value when the blue selects the strategy αi can be expressed 
as follows: 
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The basic probability value when the blue p-th UCAV attacks the red t1-th, t2-
th…tq-th UCAV at the same time can be expressed as follows: 
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By the same token, we can synthesis the red every evidence nt
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is defined as the blue payoff function when the blue selects the strategyαi and the red 
selects the strategyβj. 
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is defined as the red payoff function when the blue selects the strategyαi and the red 
selects the strategyβj . 
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All of the above evidence has both the effectiveness and invalidity. The letters "a", 

"b" are used to characterize the both separately: )(1 am iα and )(1 bm iα are defined as the 
effectiveness and the invalidity of attack when the blue selects the strategy 
αi. )(2 am j

β and )(2 bm jβ are defined as the effectiveness and the invalidity of attack when 

the red selects the strategyβj . Therefore, the blue payoff matrix ( )
lkija

×
=A and the red 

payoff matrix ( )
lkijb

×
=B can be obtained. 

3.3   The Acquisition of the Basic Probability Value 

In order to get the nt
im 11α , nt

im 21α ,…, qnt
im α1 , A database is established, the database 

can be obtained from a large number of air-to-air missile tests. Considering calculat-
ing easily, the database is put into an abstract linear. 

Table 1. Distance definition in weapon model of UCAVs’ air-air missiles 

DISTANCE(D) /km <=1 2 3 4 5 6 7 8 >=9 

Attack effectiveness 

)(1
)(

aptm ji βα
 

0.9500 0.8438 0.7375 0.6312 0.5250 0.4187 0.3125 0.2062 0.1000 

Attack  invalidity  

)(1
)(

bptm ji βα
 

0.0300 0.1162 0.2025 0.2888 0.3750 0.5012 0.6275 0.7538 0.8800 

Attack uncertainty  

)(1
)(
θptm ji βα

 

0.0200 0.0400 0.0600 0.0800 0.1000 0.0800 0.0600 0.0400 0.0200 

Table 2. Speed definition in weapon model of UCAVs’ air-air missiles 

SPEED(V) /m/s <200 300 400 500 600 700 800 900 >=1000 

Attack effectiveness  

)(2
)(

aptm ji βα
 

0.8900 0.7900 0.6900 0.5900 0.4900 0.3900 0.2900 0.1900 0.0900 

Attack invalidity   

)(2
)(

bptm ji βα
 

0.0800 0.1575 0.2350 0.3125 0.3900 0.5125 0.6350 0.7575 0.8800 

Attack uncertainty 

)(2
)(

θptm ji βα
 

0.0300 0.0525 0.0750 0.0975 0.1200 0.0975 0.0750 0.0525 0.0300 

Table 3. Angle definition in weapon model of UCAVs’ air-air missiles 

ANGLE (Sij ) /  180 160 140 120 100 80 60 40 20 0 

Attack effective-
ness    

)(3
)(

aptm ji βα
 

0.9900 0.9356 0.8811 0.8267 0.7722 0.7178 0.6633 0.6089 0.5544 0.5000 

Attack  invalidity  

)(3
)(

bptm ji βα
 

0.0100 0.0478 0.0856 0.1233 0.1611 0.1989 0.2367 0.2744 0.3122 0.3500 

Attack  uncertainty 

)(3
)(

θptm ji βα
 

0 0.0167 0.0333 0.0500 0.0667 0.0833 0.1000  0.1167 0.1333  0.1500 
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Table 3. (Continued) 

ANGLE (Sij ) /  -20 -40 -60 -80 -100 -120 -140 -160 -180  

Attack effectiveness 

)(3
)(

aptm ji βα
 

0.4456 0.3911 0.3367 0.2822 0.2278 0.1733 0.1189 0.0644 0.0100  

Attack  invalidity  

)(3
)(

bptm ji βα
 

0.4211 0.4922 0.5633 0.6344 0.7056 0.7767 0.8478 0.9189 0.9900  

Attack  uncertainty 

)(3
)(

θptm ji βα
 

0.1333 0.1167 0.1000 0.0833 0.0667 0.0500 0.0333 0.0167 0  

 
DISTANCE (D) is defined as the real length between the centers of two UCAVs. 
SPEED (V) is defined as the speed of the other side when one side calculates its basic 

probability value. ANGLE(Sij) is defined as ijijS αα −= which denotes the angle 

when one side calculates its basic probability value. 

 

Fig. 1. The relation of angle between two UCAV ( ijijS αα −= ) 

For example, when the blue i-th UCAV calculates its own basic probability value 
against the red j-th UCAV, the αi in Fig.1 stands for the angle composed of the blue i-
th UCAV’s velocity vector and its line of sight towards the red. The αj stands for the 
angle between the red j-th UCAV’s velocity vector and line of sight towards the blue.  

In addition, the basic probability value is defined when the uninhabited fighter-
bomber bombs the airport as: 

0.7345)(2 11 =am GR
jβ

,  0.2277)(2 11 =bm GR
jβ

,  0.0378)(2 11 =θβ
GR

jm  

By searching the database, the basic probability values can be obtained. If the 
number is not the existing numbers, it can be sought through the linear relationship. 
For example, if the distance between two UCAVs is d km, its corresponding basic 
probability values are: 
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In the similar way, the basic probability values based on speed and angle can be 

obtained: ( )(2
)(

aptim
jβα

, )(2
)(

bptim
jβα

, )(2
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θ
βα

ptim
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θ
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3.4   Solving the Bimatrix  

The bimatrix problem can be transferred into an optimization problem [7], and the 
bimatrix are as follows: 
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the formula (11) can be transferred into (11) ' and the formula (12) to (12) ': 
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In MATLAB, "linprog" is an efficient function to solve the above optimization  
problem. In this way, the Nash equilibrium point can be obtained. 

If there is no optimal value, the mixed strategies needs to be solved. Assume 

),( ** yx is the Nash equilibrium point. If mixxxxx im ,,2,1),,,max( **
2

*
1

* === ,  

njyyyy jn ,,2,1),,,max(y **
2

*
1

* === . 

Where );,,,();,,,( *
2

*
1

***
2

*
1

**
nm yyyyxxxx == iα (Its probability is ix* ) is 

the strategy the blue should select. jβ (Its probability is jy * ) is the strategy the red 

should select. 

4   Simulation Experiments 

In order to investigate the feasibility and effectiveness of the proposed hybrid game 
theory and D-S evidence approach, a series of experiments are conducted in this section. 
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4.1   Mission Scenario 

 

Fig. 2. Multiple UCAVs battlefield situation (R1, R2, R3 belongs to the red, and B1, B2, B3 belon
gs to the blue) 

Table 4. The relations of distance, angle and speed between UCAVs  

 B1-R1 B1-R2 B1-R3 B2-R1 B2-R2 B2-R3 B3-R1 B3-R2 B3-R3 

Distance ( km) 8 4 10 4 11 5 5 7 7 

Speed   (m/s) 720 660 800 720 660 800 720 660 800 

Angle   ( ) 90 -10 -10 -90 -80 60 90 -12 0 

 R1-B1 R1-B2 R1-B3 R2-B1 R2-B2 R2-B3 R3-B1 R3-B2 R3-B3 

Distance(km ) 8 4 5 4 11 7 10 5 7 

Speed  (m/s) 360 660 800 360 660 800 360 660 800 

Angle  ( ) -90 90 90 10 80 12 10 -60 0 

The blue strategy set:             The red strategy set: 
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4.2   Simulation Results 

The blue payoff matrix: 
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The red payoff matrix: 

 
 
By calculating, the conclusion can be obtained : 

 

Fig. 3. The blue target allocation (B1 against R2, B2 against R3, B3 against R1) 

The blue should select the strategy ))1,3(,)3,2(,)2,1((3 RBRBRB=α and the value of 
its payment is 0.5426. The red should select the strategy ))3,3(,)2,1(,)1,2((4 BRBRBR=β  

and the value of its payment is 1.843. The blue and red target allocation results can be 
shown with Fig 3 and Fig 4. It is obvious that the target allocation is reasonable. In 
reality, they are corresponding with the actual situation. The simulation results dem-
onstrate the proposed approach to multiple UCAVs cooperative air combat decision is 
feasible and effective. 
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1103.3       66.507       50.692      85.314       235.76      113.31       59.153       862.56       1120.4      103.94      2.0818      1.5389 

74.821       4.5101       3.4377       5.7856       15.988      7.6840      4.0114       58.494       75.978     7.0489      0.1412      0.1044 

1.8147       0.1094       0.0834       0.1403      0.3878      0.1864      0.0973       1.4187       1.8428      0.1710      0.0034      0.0025 

70.314       4.2385       3.2306       5.4371       15.025      7.2212      3.7698      54.970       71.402      6.6243      0.1327      0.0981 

2753.9       166.00        126.53      212.95       588.46      282.82      147.65      2152.9       2796.5      259.45      5.1963      3.8411 

1β 2β 3β 4β 5β 6β 7β 8β 9β 10β 11β 12β
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7α
6α
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4α
3α
2α



 Hybrid Game Theory and D-S Evidence Approach 245 

 

Fig. 4. The red target allocation (B1 against R2, B2 against R1, B3 against R3 ) 

 

5   Conclusions 

This paper has proposed hybrid game theory and D-S evidence approach to multiple 
UCAVs cooperative air combat decision. Series of experimental results demonstrate 
the feasibility and effectiveness of the proposed approach in solving the multiple 
UCAVs cooperative air combat decision problems. Our future work will focus on 
applying the proposed hybrid method to real multiple UCAVs cooperative air combat 
in more complicated combating environments. 
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