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Abstract. Based on deep reinforcement learning, an intelligent tactical decision
method is proposed to solve the problem of Unmanned Combat Aerial Vehicle
(UCAV) air combat decision-making. The increasing complexity of the air
combat environment leads to a curse of dimensionality when using reinforce-
ment learning to solve the air combat problem. In this paper, we employed the
deep neural network as the function approximator, and combined it with
Q-learning to achieve the accurate fitting of action-value function, which is a
good way to reduce the curse of dimensionality brought by traditional rein-
forcement learning. In order to verify the validity of the algorithm, simulation of
our deep Q-learning network (DQN) is carried out on the air combat platform.
The simulation results show that the DQN algorithm has a good performance in
both the reward and action-value utility. The proposed algorithm provides a new
idea for the research of UCAV intelligent decision.

Keywords: UCAV � Intelligent decision � Deep reinforcement learning �
Combat simulation

1 Introduction

For the purpose of ensuring pilots’ zero casualty in the future air combat, Unmanned
Aerial Vehicle (UAV) will be gradually transformed into the protagonist of directly
implementing the air combat mission from battlefield’s supporting role, and Unmanned
Combat Aerial Vehicle (UCAV) may even become the main force of air combat
replacing manned aircraft [1]. At present, the man-in-the-loop ground station control
system cannot meet the needs of increasingly complex and changeable environment of
modern air combat [2], so it is necessary to study an intelligent decision method for
UCAV air combat, which can evaluate the air combat situation and generate the
corresponding maneuver command to perform combat missions autonomously. Expert
system, one of the traditional methods in intelligent air combat maneuvering decision,
can only be used to solve the known problems, but still need people involved when
encountering the unknown problems, which is not fully autonomous decision-making
[3]. In addition, the influence diagram [4], differential game [5], genetic algorithm [6],
artificial neural network [7], which are widely used in the study of air combat
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maneuvering decision, are mostly applied to fighter’s assistant decision or the UAV
decision of ground station control mode. It remains to be verified whether these
methods meet the requirements of UCAV online decision-making.

Recently, the successful application of machine learning techniques in many fields,
such as games [8, 9], intelligent driving [10, 11], robots [12, 13], etc., has provided a
new idea for the research of intelligent air combat decision-making. It is a powerful
way to apply reinforcement learning (RL) in air combat domain since it can interact
with the environment through trial and error, and obtain the optimal strategy through
iteration [14].

However, traditional RL approach is not suitable for solving the large-scale Markov
decision processes (MDP) like air combat due to computational overload caused by the
curse of dimensionality. The approximate learning method, combining approximate
technology with reinforcement learning, can alleviate the problem caused by curse of
dimensionality to a certain extent, in which the key operation is to approximate the
value function or the state space through a function approximator, to avoid accurate
solution [15, 16]. The performance of the approximate learning method is determined
by the ability of function approximator, including linear fitting function [17], nonlinear
fitting function [18], classifier [19], neural network [20], etc., but these methods may
not accurate enough to identify the complex state space. In this paper, a multi-layer
stacking deep neural network (DNN) is employed as the function approximator to
represent the complex state space accurately, due to its robust and accurate capacity.
A number of typical researches using the combination of deep learning and rein-
forcement learning in Atari game and AlphaGo [8, 9], provide a good thinking for
applying this approach to air combat missions.

In addition, for the purpose of maximizing the cumulative reward, the tradeoff of
exploration and exploitation is the content we need to study. On the one hand, it is
necessary to choose the action of highest reward using the learned experiences, so that
the system moves to a better state. On the other hand, what we need is to fully grasp the
environmental information and avoid falling into local optimum. Only by fully
exploring the environment and using what we have learned can we maximize the
cumulative reward. Consequently, we improved the algorithm by combining the deep
learning with reinforcement learning and verify the feasibility of the algorithm by the
battle in the air combat simulation platform. It lays the foundation for the further
realization of UCAV autonomous air combat capability.

In this paper, the 1 versus 1 UCAV air combat scene is modeled in Sect. 2,
including aircraft dynamics equation, states, actions, features and rewards. In Sect. 3,
the reinforcement learning method is briefly reviewed, and the deep Q-learning net-
work is built using some measures, such as experience replay and e� greedy policy. In
Sect. 4, the experiment results validate the effectiveness of the proposed algorithm.

2 UCAV Air Combat Model

UCAV air combat platform involves two opponent planes (the roles of red and blue;
red is the side that applies the approach proposed in this paper). The aircraft dynamics
equation is shown as follows.
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_w ¼ g
vxy

tan £ð Þ

_x ¼ v � cos wð Þ
_y ¼ v � sin wð Þ
_h ¼ vz;

ð1Þ

where v is the velocity of the aircraft, and v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2z þ v2xy

q
, in which vz is in the vertical

direction and vxy is in the horizontal direction. w 2 ½�p; p� is the yaw angle at which
the flight of the aircraft deviates from north (along the y axis). £ 2 ½�p; p� is the roll
angle of clockwise direction, whose value is changed to add or subtract change rate
following the left or right scrolling of the aircraft. g is the gravitational acceleration.

Firstly, we can get each state in the air combat model, described with 12-dimension
vectors.

s ¼ fxr; yr; hr;£r;wr; vzr; xb; yb; hb;£b;wb; vzbg; ð2Þ

where subscript r and b represent red and blue respectively. And state moves from s to
s
0
after executing action of red and blue ður; ubÞ with Eq. (1).

s !
ur;ub

s
0
: ð3Þ

The actions taken in the simulation model consist of five single actions. The move
list is shown as follows.

movelist ¼ ½turnleftup ; turnrightup ; turnleftdown ; turnrightdown ;maintain�: ð4Þ

Secondly, the features were extracted by preprocessing the state data for the pur-
pose of making the convergence of approximate function faster and closer to the real
utility. The chosen features in this paper are related to pilot’s experience of determining
the air combat situation, shown in Table 1.

state !£ðsÞ feature; ð5Þ

where aspect angle (AA) is the angle between the connecting line from target to attacker
and the tail direction in body longitudinal axis of the target plane. Antenna train angle
(ATA) is the angle between the direction of nose in body longitudinal axis of attacking
plane and its radar’s line of sight (LOS). Relative range (R) is the relative distance [21].
Their geometric description is shown in Fig. 1.
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The reward function is also defined according to features.

R
0 ¼

1� AAj j
p

� �
þð1� ATAj j

p Þ
2

2
4

3
5e�ð Rj j�Rdkp Þ; ð6Þ

where Rd is the best shooting distance of airborne weapon. The constant k is used to
adjust the weight of the distance factor in the reward function (unit is m/rad).

3 Method

3.1 Reinforcement Learning

Reinforcement learning (RL) is one of machine learning methods that agent learns a
mapping from environmental state to behavior by interacting with the environment,
whose goal is to maximize the cumulative reward. The schematic diagram of the basic
principle is shown in Fig. 2.

Table 1. Feature vectors

Features Description

AA+ Symbol of AA
AAj j Absolute value of AA
ATA+ Symbol of ATA
ATAj j Absolute value of ATA
R The relative distance between the two planes
_AA The changing ratio of AA

A _TA The changing ratio of ATA

/r Red roll angle
/b Blue roll angle

AA

Enemy

My plane

Enemy

My plane

ATA

LOS of 
Radar

Fig. 1. The description of AA and ATA (Color figure online)
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RL’s mathematic model is Markov decision process (MDP), and air combat can be
described with five-tuples fS;A;P;R;Vg in MDP. S is the set of states, S ¼ fsg. A is all
optional actions in aircraft flight, A ¼ fag. P s; a; s

0� � 2 ½0; 1� is the state transition

probability from s to s
0
by performing action a. RðsÞ is the reward of the current state s.

VðsÞ is the utility function of the state s [22]. The goal of agent is to obtain optimal
policy to maximize the total expected reward:

V sð Þ ¼ maxpE R s0; a0ð Þþ cR s1; a1ð Þþ c2R s2; a2ð Þþ � � �� �
; ð7Þ

where c 2 ð0; 1Þ is the discount factor to make sure V converges eventually, which
indicates that the latter state has a smaller impact on the total reward. The
state-to-action mapping is defined as policy function p : S! A. In order to evaluate the
quality of policy, a value function V sð Þ or state-action value function Q s; að Þ is defined
as the expected discounted cumulative reward when performing policy p at the state s.

V sð Þ ¼ E R s0ð Þþ cR s1ð Þþ c2R s2ð Þþ � � � js0 ¼ s; p
� � ð8Þ

Vp s0ð Þ ¼ R s0ð Þþ c E R s1ð Þþ cR s2ð Þþ c2R s3ð Þþ � � �
� �� �

¼ R s0ð Þþ cVpðs0 Þ ð9Þ

VpðsÞ ¼ R sð Þþ c
X

s0 2S P
a
s;s0V

pðs0 Þ: ð10Þ

There is an optimal policy p to get an optimal V� sð Þ:
V� sð Þ ¼ maxpV

p sð Þ: ð11Þ

The Bellman equation of the above formula is as follows.

V� sð Þ ¼ R sð Þþmaxa2Ac
X

s0 2S P
a
s;s0V

�ðs0 Þ: ð12Þ

Then the optimal policy p� : S! A is as follows.

p�ðsÞ ¼ argmax
a2A

V� sð Þ ð13Þ

Agent

Environment

ac on
at

state
st

reward
rt

rt+1

st+1

Fig. 2. Reinforcement learning framework
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The relationship between value function and RL is shown in Fig. 3. RL updates the
value function by evaluating the policy, and uses the value function to determine the
policy. The optimal value function and policy can be found step by step through this
iteration.

In this paper, we select Q-learning, one of off-policy RL algorithms, to interact with
air combat environment, which replaces the value function V sð Þ with the state-action
value Q s; að Þ and update Q s; að Þ with Q� s; að Þ.

Q s; að Þ ¼ rþ c
X
s0 2S

Pa
s;s0 max

a0
Qðs0 ; a0 j a0 2 AÞ ð14Þ

Q� s; að Þ  Q s; að Þþ aðrþ c max
a0 2AðsÞ

Q s
0
; a
0

� �
� Q s; að ÞÞ ð15Þ

where a is the learning rate, and a ¼ 1:0 in this paper so that the iterative formula is
shown as follows.

Q� s; að Þ  rþ c max
a0 2AðsÞ

Q s
0
; a
0

� �
ð16Þ

3.2 Deep Q-Learning Network

In this paper, we built a deep Q-learning network (DQN) to approximate the
action-value function, which combines deep neural network with Q-learning algorithm.
The deep neural network (DNN) is a multi-layer structure and the connections between
layers are realized by the weights of multiple neurons. In the supervised learning, DNN
provide a complex and nonlinear hypothesis function hw;bðxÞ to fit the data by training
the sample set ðxðiÞ; yðiÞÞ. The parameters of model are recorded as ðW ; bÞ, in which W
represents the connecting weights between neurons and b is offset vector. In this paper,
activate function f : R! R is described as Rectified Linear Unit (ReLU) because of its
quick convergence velocity. And fully-connected layer is used to achieve the

Fig. 3. The relationship between value function and RL
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connection between the layers. And in the back propagation, we need define a loss
function to evaluate the difference between the output value of the network and the real
value, and optimize the objective function by parameter optimization, such as
stochastic gradient descent, to update the weights of the network. Dropout is used as a
measure to prevent overfitting. The parameters of function approximator are shown in
Table 2.

Some problems will be faced when combining deep learning with reinforcement
learning, including the strong correlations between the samples, noisy and delayed
reward signal and the changing data distribution with the new behavior. The method of
experience replay is proposed to overcome these problems, in which a replay memory
is established asMt ¼ fe1; � � � ; etg to store the agent’s experiences et ¼ st; at; rt; stþ 1f g
at each-time step in each training epoch (where the end of an epoch occurs when a
terminal state is reached). Then we obtain the experiences <s, a, r, s′> from the pool of
stored samples using uniform random sampling and use them to do mini-batch update.
During the experiment, we did not store all experiences due to memory limitations, but
maintained an experience queue M of length N following the rules of first in first out,
sampling samples from the queue when the update was performed. This approach
improves the utilization of data and avoids falling into local minimum.

In addition, e� greedy policy is proposed to balance the exploration and
exploitation by randomly selecting action. When selecting possible actions, agent will
select a best action from the current model with a probability of 1� e, and select a
random action with probability e. The value of e will gradually decrease over time.
Initial value of e is 1.0.

e ¼ max e� 1
total steps

; 0:1
	 


ð17Þ

action ¼ randint 0; 5ð Þ randomðÞ\e
argmaxQ others

�
ð18Þ

where the value of e will remain when reduced to 0.1. Action is selected from all
possible actions to collect environmental information for follow-up learning at the

Table 2. The parameters of function approximator

Name Description

Input layer A feature vector of 18 dimensions
1st-hidden layer The neuron number of 90 dimensions
2nd-hidden layer The neuron number of 36 dimensions
Output layer The Q-value of 5 actions
Activate function ReLU
Loss function MSE
Optimization function RMSProp
Dropout The probability is 0.2
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beginning of e close to 1. With the value of e decreasing, agent performs its learned
strategies when having more accurate prediction.

The process of DQN algorithm is shown below.

In this paper, we applied DQN approach to air combat scenario to evaluate our
agent. The overall framework of air combat model is shown in Fig. 4. With the agent’s
action, the UCAV Air Combat Model can generate a series of continuous states

Input 9 featuers

Fully 
connected

Fully 
connected

Fully 
connected

Output Q of 
ac on

12 states Make decision a based on 
the current model

UCAV Air Combat Model

Experience  replay memory

randomly sample to update weights

<s,a,r,s´>·····

Fig. 4. The framework of air combat model
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preprocessed as the inputs. The network is able to output the Q values of five actions,
only receiving the 9-dimonsion features. Then observed variables (current state, action,
reward, next state) are stored in the experience queue, from which the empirical
samples are sampled. These samples are transformed into tuples of training network to
update the weights according to the gradient information.

4 Experiment

To verify the validity of the algorithm, we take advantage of DQN agent fighting with
an enemy using the Min-Max algorithm in the air combat platform. The Min-Max
algorithm can make decisions by looking into future for steps [17]. Its depth is set as 3
steps in the simulation experiment taking into account the factors of computation time
and decision-making effect. We use the belligerent results of two agents at the same
simulation model, to demonstrate that our approach robustly learns more successful
policies with the following minimal prior knowledge: features and all possible actions.

The experiments are arranged as follows. The initial states are selected randomly in
Table 3.

The implementation of the experiment consists of two parts, training and testing,
after building DQN model. The training set is used to adjust parameters and improve
design, and testing set is used to evaluate the ability of DQN agent’s decision. Winning
or losing is determined by whether to enter the dominant area (that is 0:1\R\3 and
AAj j\1:105 and ATAj j\0:523). The value of is_win is set to 1 when red is dominant
position and is set to −1 when blue is dominant position.

In the training section, we trained 5000 air combat epochs, each of which consists
of one hundred steps, which means the Q-function is approximated after 500000 steps
of sampling. All hyperparameters in training model are provided in Table 4, which
consists of their values and descriptions.

In the testing section, we train 100 air combat epochs of 100 steps using the model
of every 5000 sampling steps to observe the merits of the strategy. The decision
performance is measured with 3 metrics: The average reward per epoch is defined that
the cumulative rewards of all steps in each war round are divided by the number of
fighting steps at the current round; The max Q-value, represents the expected discount

Table 3. Initial states

State Value

xr; xb [−20, 20]
yr; yb [−20, 20]
hr; hb [−10, 10]
£r;£b 0, horizontal fly
wr;wb [−p, p]
vzb; vzr 0, horizontal fly
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reward using the best action to the state S under the current model parameters; and the
total number of winning, losing and drawing in each epoch are recorded.

In order to observe the stability of the algorithm, the average reward in the training
process is represented through the broken line graph in Fig. 5. We use the weight
parameters of model every 5000 steps to test 100 air combat epochs and get average
reward of each model. It can be seen that the value of average reward is gradually
increasing with the optimization of model parameters, though there is still noise due to
random action selection of e� greedy. This demonstrates that the level of agent’s
decision-making is generally improved as the training epoch increases.

In order to evaluate the strategy more effectively, we observe the learning process
through another metric, that is action-value function. Before testing, a fixed set of air
combat states is collected to sample with 1 versus 1 air combat. Then we observe the
decision making of sampling states with the weight parameters of model every 5000
steps, which can be represented by the max Q value. The changes of this variable is
shown in Fig. 6. It can be seen that the max Q value is gradually increasing with the

Table 4. List of hyperparameters and their values in training model

Hyperparameters Value Description

c 0.9 Discount factor used in Q-learning update
e (0.1, 1.0) The range of e
Epochs 5000 The number of war rounds (where the end of an epoch

occurs when a terminal state is reached)
Batch size 500 The bitch of random sampling from experience replay

memory
Buffer size 50000 The length of replay memory
Observe 2000 The start size of replay
Total steps 5000 * 100 The number of all states

Fig. 5. Average reward per epoch
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improvement of air combat results. At the same time, the max Q value is gradually
converged to stability to demonstrate the feasibility of the learning model using deep
neural network to fit Q function.

The numbers of winning, losing and drawing are represented with red solid line,
blue dotted line, and green point broken line in Fig. 7, respectively. It is clear that the
numbers of winning and losing are almost the same at the beginning and the numbers
of winning are gradually increasing with the optimization of model parameters.

These results show that the approach combining deep neural network with rein-
forcement learning is effective and of high performance to resolve air combat problem.
The plane using DQN approach has a better ability of air combat decision-making
comparing with the plane using Min-Max approach.

Fig. 6. Max Q value

Fig. 7. Winning/lose/drawing numbers (Color figure online)
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5 Conclusion and Future Works

This paper studied the problem of UCAV air combat and employed an improved
Q-learning approach to interact with environment of 1 versus 1 air combat. The deep
neural network (fully connected layer) was used as the function approximator of DQN
approach. The selections of features and reward function depend on the pilot’s
empirical indicators judging air combat situation in the real world. The DNQ approach
involves the iteration of fitting functions and design of deep neural network. To break
the strong correlation between samples and improve the stability of fitting function, we
used experience replay, e� greedy policy, dropout, etc., to optimize the model
structure and get a better convergence. According to the simulation results, the
decision-making performance of DQN approach is quicker and more effective than
Min-Max recursive approach.

In the future work, we plan to employ the features extracted by convolution neural
network to replace artificial features for which the current features are too dependent on
subjective experience. It is worthy looking forward to extract better features auto-
matically by adding convolution neural network into the current network structure. And
one of the follow-up works is to compare with other methods of decision-making.
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