
applied  
sciences

Article

Automated Enemy Avoidance of Unmanned Aerial
Vehicles Based on Reinforcement Learning

Qiao Cheng * , Xiangke Wang *, Jian Yang and Lincheng Shen

College of Intelligence Science and Technology, National University of Defense Technology, Changsha 410073,
China; yj_ntx@163.com (J.Y.); lcshen@nudt.edu.cn (L.S.)
* Correspondence: qiao.cheng@nudt.edu.cn (Q.C.); xkwang@nudt.edu.cn (X.W.)

Received: 23 November 2018; Accepted: 8 February 2019; Published: 15 February 2019
����������
�������

Abstract: This paper focuses on one of the collision avoidance scenarios for unmanned aerial vehicles
(UAVs), where the UAV needs to avoid collision with the enemy UAV during its flying path to the goal
point. Such a type of problem is defined as the enemy avoidance problem in this paper. To deal with
this problem, a learning based framework is proposed. Under this framework, the enemy avoidance
problem is formulated as a Markov Decision Process (MDP), and the maneuver policies for the UAV
are learned based on a temporal-difference reinforcement learning method called Sarsa. To handle
the enemy avoidance problem in continuous state space, the Cerebellar Model Arithmetic Computer
(CMAC) function approximation technique is embodied in the proposed framework. Furthermore,
a hardware-in-the-loop (HITL) simulation environment is established. Simulation results show that
the UAV agent can learn a satisfying policy under the proposed framework. Comparing with the
random policy and the fixed-rule policy, the learned policy can achieve a far higher possibility in
reaching the goal point without colliding with the enemy UAV.

Keywords: enemy avoidance; reinforcement learning; decision making; hardware-in-the-loop
simulation; unmanned aerial vehicles

1. Introduction

Unmanned Aerial Vehicles (UAVs) have received considerable attention in many areas [1], such
as commercial, search and rescue, military, and so on. In the military area, there are applications
such as the surveillance [2,3], target tracking [4,5], target following [6,7], and so on. Among these
applications, collision avoidance is one of the most important concerns [8], especially in unsafe
environment. In such cases, a UAV should keep safe separation with various kinds of objects, such
as static obstacles [9,10], teammates [11], and moving enemies. The strategies toward different
approaching objects are different due to specific requirements in dealing with those objects. This
paper focuses on avoiding the collision with moving enemies. There are many researches on collision
avoidance problems. However, relatively fewer works are on the avoidance of moving enemies,
comparing with those on the avoidance of static obstacles and flying teammates. Furthermore, the
uncertain motion of enemies and the necessity to attack enemies create more challenges on the
avoidance of moving enemies than avoiding other objects. Besides, the mission of the UAV, such as
reaching a specific goal destination, should also be considered. Therefore, the avoidance of moving
enemies is a challenge problem, and such a problem is defined as the enemy avoidance problem in this
paper.

There are many approaches to handle the collision avoidance problem in different stages [12].
Many of those approaches rely on models for the dynamic of the environment and UAVs. However,
the accuracy of these models can sometimes greatly affect the performance of those methods. Moreover,
building these models is not easy work, and is even impractical. On the other hand, a complex model
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means heavy computation load when making decisions. Therefore, learning methods are increasingly
used in collision avoidance problems, which are based on collected data. However, most of these
learning methods are used to predict the effect of the decision, not directly used for the decision
making. Different from other learning methods, reinforcement learning is a very popular method
for sequential decision making problems [13]. It can learn to make decisions incrementally based
on feedback from the environment. Therefore, it can generate a good policy even if the models of
the environment are unknown. Since a sequence of appropriate actions are required to avoid the
enemy UAV, the enemy avoidance problem can be regarded as a sequential decision making problem.
Therefore, this paper proposes a framework which incorporates the reinforcement learning to deal
with the enemy avoidance problem.

Many methods for the collision avoidance problem discretize the state space to make decisions
[14,15]. However, this paper studies the enemy avoidance problem in continuous state space. Therefore,
the function approximation technique, which can handle continuous space, is also embodied in the
proposed framework.

As for the UAVs, most researches [16–18] focus on quadrotors rather than fixed-wing UAVs
in collision avoidance problems. However, the dynamics of quadrotors and fixed-wing UAVs are
different. In addition, the UAV in the enemy avoidance problem has the mission to reach the goal
point, and thereby needs to keep away from the enemy UAV and even attack enemy UAVs. In practical
application, the fixed-wing UAVs are more suitable for such a problem scenario for their better mission
fulfillment properties, such as higher endurance and greater speeds. Therefore, this paper focuses on
the enemy avoidance problem of fixed-wing UAVs.

Since learning the policy on the real UAV platform would bring about great consumption,
a hardware-in-the-loop (HITL) simulation system is constructed. With hardware-in-the-loop, the
simulation system can provide very consistent properties to that of the real environment, which highly
respects the kinecmatic and maneuver constraints of the UAVs. Furthermore, it saves the energy to
build a model for the related hardware, which is usually very hard to build accurately. Comparing
with the real UAV platform, the HITL simulation system can repeat the experiments as many times as
needed without worrying about UAV costs.

The contributions of this paper are summarized as follows.

(i) An interesting new problem called the enemy avoidance problem is defined, which can be a
good adding up scenario to the collision avoidance problem. The newly defined problem is
different from most of the existing collision avoidance problems, for it is to avoid the collision
with the enemy UAV rather than static obstacles or moving teammates.

(ii) A novel framework is proposed to learn the policy for the decision making UAV. The proposed
framework formulates the enemy avoidance problem as a Markov Decision Process (MDP)
problem, and solves the MDP problem by a temporal-difference reinforcement learning
method called Sarsa. The Cerebellar Model Arithmetic Computer (CMAC, [19]) technique
is also embodied in the proposed framework for the generalization of the continuous state
space. With this framework, such a decision making problem is transformed from the usual
computational problem to a learning problem. Besides, it can learn the policy with an unknown
environment model, and can make decisions based on continuous state space rather than discrete
ones like most existing works do.

(iii) A hardware-in-the-loop (HITL) simulation environment for the enemy avoidance problem is
constructed, which is used for the policy learning and policy testing experiments. Different from
the simulation environment in most of the existing works, this HITL simulation system saves a
lot of model designing trouble, and has better consistency to the real environment, such as the
environment noise. When comparing with real environment platforms, the HITL simulation
system has the advantage of saving experimental cost.

The remainder of this paper is outlined as follows. Section 2 gives some reviews on the related
literature. The enemy avoidance problems are presented in Section 3. The proposed framework for
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the enemy avoidance problem is elaborated in Section 4. Section 5 details the construction of the
hardware-in-the-loop simulation environment. Simulation experiments and results are illustrated in
Section 6. Finally, Section 7 concludes the whole work and discusses future works.

2. Literature Review

There are many researches on collision avoidance problems, and different methods are used to
solve different collision avoidance problems. Therefore, this section will give a summary about several
widely used methods in collision avoidance problems, as well as a comparison between our work and
these existing works.

One of the most widely used methods is to formulate the collision avoidance problem as an
optimization problem, while considering all kinds of constrains. Therefore, to avoid collision is to
solve the optimization problem with appropriate methods under different constrains. The work
in [20] formulates the collision avoidance problem as a convex optimization problem, and seeks for
a suitable control constraint set for participating UAV based on reachable sets and tubes for UAVs.
This method is limited to linear systems. The collision avoidance in work [21] is formulated as a
set of linear quadratic optimization problems, which are solved with an original geometric based
formulation. To handle flocking control with obstacle avoidance, work [22] proposes a UAV distributed
flocking control algorithm based on the modified multi-objective pigeon-inspired optimization (MPIO),
which considers both the hard constraints and the soft ones. Our previous works [23,24] formulate
the conflict avoidance problem as a nonlinear optimization problem, and then use different methods
to solve such an optimization problem. The work in [23] proposes a two-layered mechanism to
guarantee safe separation, which finds the optimal heading change solutions with the vectorized
stochastic parallel gradient descent-based method, and finds the optimal speed change solutions
with a mixed integer linear programming model. The work in [24] uses the stochastic parallel
gradient descent (SPGD) method to find the feasible initial solutions, and then uses the Sequential
quadratic programming (SQP) algorithm to compute the local optimal solution. Even for the obstacle
avoidance problem in other areas, the optimization methods are also used. For example, two swarm
based optimization techniques are used in work [25] to offer obstacle-avoidance path planning for
mobility-assisted localization in wireless sensor networks (WSN), which are grey wolf optimizer and
whale optimization algorithm. The main difference between the collision avoidance for UAVs and
the obstacle-avoidance path planning in WSN lies in the constrains and objective of the optimization
model. Usually, solving the optimization problem requires a lot of computation. Therefore, our work
does not formulate the enemy avoidance problem as an optimization problem, but formulates it as an
MDP problem and solves the MDP incrementally by interaction with the environment.

Another kind of method for solving collision avoidance problems is to predict the potential
collision with certain techniques. The work in [26] proposes an approach based on radio signal
strengths (RSS) measurements to obtain position estimation of the UAV, and to detect the potential
collisions based on the position estimations, and then to distribute the UAVs at different altitudes to
avoid collision. The work in [27] proposes a model-based learning algorithm that enables the agent to
learn an uncertainty-aware collision prediction model through deep neural networks, so as to avoid the
collision with unknown static obstacles. The work in [28] proposes a data-driven end-to-end motion
planing approach which helps the robot navigate to a desired target point while avoiding collisions
with static obstacles without the need of a global map. This approach is based on convolutional neural
networks (CNNs), and the robot is provided with expert demonstrations about navigation in a given
virtual training environment. One of the problems for such kind of methods is that high capacity
learning algorithms like deep learning tend to overfit when little training data is available. Therefore,
the work in [29] collects a lot of crash samples to build a dataset by crashing their drone 11,500 times.
The used data driven approach demonstrates such negative data is also crucial for learning how to
navigate without collision. However, to collect both positive data and negative data for prediction is
very costly. Different from these works, our work aims to obtain a policy with the proposed framework.
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The policy is a mapping from the state directly to the action, therefore, no prediction of the collision
is needed.

As reinforcement learning gains its popularity in decision making problems, there are works
that use different reinforcement learning to solve the collision avoidance problem. The work in [30]
proposes to combine Model Predictive Control (MPC) with reinforcement learning to learn obstacle
avoidance policies for the UAV in a simulation environment. In this method, the MPC is used
to generate data at the training time, and the deep neural network policies are trained with an
off-policy reinforcement learning method called guided policy search based on the generated data.
The work in [31] proposes a geometric reinforcement learning algorithm for UAV path planning,
which constructs a specific reward matrix to include the geometric distance and risk information. This
algorithm considers the obstacles as risk and builds a risk model for the obstacles, which is used in
constructing the reward matrix. The work in [32] models the UAV collision avoidance problem as a
Partially Observable Markov Decision Process (POMDP) and uses Monte Carlo Value Iteration (MCVI)
to solve the POMDPs, which can cope with high-dimensional continuous-state space in a collision
avoidance problem. The work in [33] formulates the problem of collision avoidance as an MDP and
a POMDP, and uses generic MDP/POMDP solvers to generate avoidance strategies. Though the
framework proposed in our work is also based on reinforcement learning, many details are different
from the these works. For example, this paper uses neither special data generating process, nor
complex reward function designing. Besides, the environment transition model is unknown in this
paper, and a different reinforcement learning method is adopted.

Another big difference between the existing works and our work is that the collision avoidance
problem in this paper is not exactly the same as those in previous works. First, the UAV in this paper
needs to avoid collision with a moving enemy UAV, not static obstacles [25] or teammates [11]. Besides,
the actions the UAV uses to avoid collision include both heading angle change and velocity change.
The work in [34] investigated strategies for multiple UAVs to avoid collision with moving obstacles,
which is a little similar with collision with enemy UAV. However, their work assumes all UAVs and
all obstacles have constant ground speeds, and the direction of the velocity vector of an obstacle is
constant. Therefore, they only consider change in direction of the UAV for collision avoidance, and
do not consider change in velocity of the UAV. Furthermore, this paper does not attempt to build an
environment model, but approximates it by continuous interaction with the environment. Similarlly,
work [35] also approximates the unmodeled dynamics of the environment, but it uses back propagation
neural networks and proposes a tree search algorithm to find the near optimal conflict avoidance
solutions. In addition, this paper considers continuous state space in the decision making process, not
the discrete one like many other related works do.

3. Problem Definition

We call the problem posed in this paper the enemy avoidance problem, which is different from
the usual collision avoidance problems or path planning problems. Before proposing methods to solve
this problem, we first give a detailed description for the enemy avoidance problem, as well as the
related assumptions and definitions.

3.1. Problem Description

For the convenience of the research, we define the enemy avoidance problem in a fixed region.
There are two UAVs flying toward each other in the region, namely the decision making UAV f and
the enemy UAV e. The fixed region is where the two UAVs may collide with each other. The decision
making UAV f enters the region from the left side, while the enemy UAV e enters the region from the
right side. Both UAVs are flying toward their own goal points. Let G f and Ge denote the goal point
of the decision making UAV f and that of the enemy UAV e, respectively. The goal point G f for the
decision making UAV f is located near the right edge of the region, while the goal point Ge for the
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enemy UAV e is located near the left edge of the region. Both goal points are on the middle line of the
region, as shown in Figure 1.

Gf

Ge F0 E0

Figure 1. The enemy avoidance scenarios.

In such a region, there is no hovering requirement or taking off and landing requirements,
therefore the fixed-wing UAV can be easily applied in such problem settings.

The mission of the decision making UAV f is to reach the goal point G f safely and with as little
cost as possible. However, the decision making UAV f and the enemy UAV e are flying in opposite
directions along the middle line of the region toward their own goal points, which poses the decision
making UAV f the danger of collision with the enemy UAV e. Therefore, the decision making UAV f
needs to avoid the enemy UAV e during its flight towards the goal point G f . Ways to avoid collision
with the enemy UAV include changing the heading angle or the velocity, and attacking the enemy
UAV. Though changing the heading angle can let the decision making UAV avoid flying directly into
the enemy UAV if the the enemy UAV happens to be in the heading direction of the decision making
UAV, inappropriate heading angle change may make the decision making UAV fly too far away from
the goal point G f . Similarly, changing the velocity at an appropriate time can also avoid collision
with the enemy UAV, such as accelerating to pass the enemy UAV before the collision or decelerating
to wait for the enemy UAV to pass. Successfully attacking the enemy UAV can also provide good
insurance for the decision making UAV to fulfill its mission. However, the attacking action may fail in
destroying the enemy UAV, and the decision making UAV suffers certain losses when using attacking
action. Therefore, the decision making UAV should not use the attacking action too often. To achieve
the mission requirements, the decision making UAV cannot use just one single avoiding action, but
should arrange all the actions in an appropriate sequence.

On the other hand, the enemy UAV simply flies toward the goal point Ge with constant velocity
and heading angle if the decision making UAV does not collide with it or attack it successfully.
The scenario is supposed to end as soon as the decision making UAV has collided with or successfully
attacked the enemy UAV, or the decision making UAV has reached the goal point G f successfully or
has been out of the region.

To arrange an appropriate action sequence is the process of decision making, which is also the
main focus of this work. In decision making, such an action sequence is called the policy. Based on
the action chosen by the on-board agent at each decision making step, the decision making UAV can
adjust its flying attitude or attack the enemy UAV. The agent makes decisions based on both its own
information from its on-board sensor system and the enemy UAV’s information from the ground
station. The action executed by the decision making UAV makes the UAV changes its state in the
environment. On the other hand, the enemy UAV also updates its states in the environment and senses
its own states from the environment with its on-board sensor system. The ground station captures all
UAVs’ information, and then transmits the information to the decision making UAV. Figure 2 presents
the overall decision making process of the enemy avoidance problem. Therefore, how the decision
making agent uses the gathered information to make decisions for avoiding collision with the enemy
UAV is what this paper is going to solve. Furthermore, the time and the location at which the enemy
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UAV enters the region are not fixed each time. Therefore, the decision making ability of the decision
making UAV should be able to generalize to different enemy avoidance cases.

Figure 2. The decision making framework.

3.2. Assumptions and Definitions

At first, we need to make some assumptions about the posed enemy avoidance problem.

Assumption 1. The enemy UAV has constant desired velocity and desired heading angle, while the actual
velocity and heading angle of the enemy UAV oscillate a little around the desired ones.

Assumption 2. The decision making UAV can change its attitude and attack the enemy UAV during its flight
according to the action decided by the UAV agent.

Assumption 3. The heights of the UAVs are not considered. Therefore, all the distances in the problem are
simply computed by two dimensions.

Assumption 4. Each UAV obtains its own position and attitude (velocity and heading angle) with its on-board
sensor system. The decision making UAV can obtain information about all the UAVs through the ground station.

Assumption 5. There are no other UAVs in the region except the decision making UAV and the enemy UAV,
as well as no obstacles in the region.

In these assumptions, Assumptions 1 and 3 are used to simplify the enemy avoidance problem,
so that we can focus more on other more important factors in the enemy avoidance problem. The
researched results then can be used as the basis of more practical problems. With Assumption 5, this
paper can focus on the collision avoidance of the enemy UAV, and does not need to consider collision
with other UAVs and obstacles.

Furthermore, we give some definitions that will be used in solving the enemy avoidance problem.

Definition 1. (Distance). The distance between two points a = (xa, ya) and b = (xb, yb) is calculated with
the following equation:

dab =

√
(xa − xb)

2 + (ya − yb)
2 (1)

Definition 2. (Reaching Goal). A UAV f is regarded as having reached a goal G when the following condition
is satisfied:

d f g < rg (2)

where d f g denotes the distance between the UAV f and the goal point G, and rg is the specified goal radius.

Definition 3. (Collision). A UAV f is regarded as having collided with the enemy UAV e when the following
condition is satisfied:

d f e < rc (3)

where d f e denotes the distance between the UAV f and the enemy UAV e, and rc is the specified collision radius.
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Definition 4. (Attacking Probability). The success of an attacking action is defined by the attacking probability
P, which is specified by the following equation:

P = e1−
d f e
30 (4)

4. Problem Sovling

This paper proposes a new framework to solve the enemy avoidance problem, which formulates
the enemy avoidance problem as the Markov Decision Process (MDP) and learns the decision making
policy for the enemy avoidance problem based on reinforcement learning. Firstly, the detail of
formulating the enemy avoidance problem as the Markov Decision Process (MDP) is presented,
which is the basis of the reinforcement learning. Secondly, how to learn the policy based on a
temporal-difference reinforcement learning method called Sarsa is elaborated, as well as the embodied
function approximator called CMAC for the generalization of the continous state.

4.1. Formulate the Problem as the MDP

Reinforcement learning has been widely used in sequential decision making problems which are
formulated as the Markov Decision Process (MDP). Typically, an MDP comprises of four elements:
the state set S , the action set A, the transition function T , and the reward function R. When an
agent is in a state s ∈ S , it can choose an action a ∈ A according to a policy π. After executing
the action a, the agent will enter into the next state s′ ∈ S according to the transition function T ,
and will receive an immediate reward r according to the reward functionR. In this enemy avoidance
problem, the environment transition function T is unknown, and will be learned by interaction with
the environment. To formulate the enemy avoidance problem as the MDP, the state space S , the action
space A, and the reward functionR are defined as follows.

4.1.1. State Space

In this enemy avoidance problem, the design of the state space mainly considers the positions
and attitudes of the UAVs, as well as the position of the goal point G f . However, these raw data are
not used directly as the state variables. Instead, higher-level variables based on these data are defined.
To be specific, the state space contains three sets of variables:

(i) Variables about the status of the decision making UAV f :

• v f : The velocity of the decision making UAV f .
• ψ f : The heading angle of the decision making UAV f .

(ii) Variables about the goal point G f :

• d f g: The distance from the decision making UAV f to the goal point G f .
• ωg: The angle between the north direction and the line from the decision making UAV f to

the goal point G f .

(iii) Variables about the status of the enemy UAV e:

• ve: The velocity of the enemy UAV e.
• ψe: The heading angle of the enemy UAV e.
• d f e: The distance from the decision making UAV f to the enemy UAV e.
• ωe: The angle between the north direction and the line from the decision making UAV f to

the enemy UAV e.

As we can see, there are 8 state variables in total. Figure 3 illustrates these state variables.
The value ranges for all the velocity variables are [10, 20], while the value ranges for all the angle
variables are [0, 360). Suppose the length and width of the region are l and w, respectively. Thus,
the value ranges of all the distance variables are (0, d), where d =

√
l2 + w2. The reference frame is
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set in this way: the X axis points to the North, and the Y axis points to the East. Besides, the system
neglects the rotation and acceleration of the earth, and the earth is assumed to be flat.

Figure 3. The denotations for the state variables.

4.1.2. Action Space

At each decision making step, the agent needs to decide an action for execution, so as to change
the altitude of the decision making UAV. Six actions are defined in this paper: flying toward the goal,
accelerating, decelerating, increasing the heading angle, decreasing the heading angle, and attacking
the enemy. Denote these actions with A = {a0, a1, ..., a5}. Each action corresponds to a way to change
the desired attitude. The details are listed as follows.

• a0: Fly toward the goal straightly, while keeping the desired velocity as the same in the previous
step.

• a1: Increase the desired velocity with ∆V and fly with the same desired heading angle as the
previous step.

• a2: Decrease the desired velocity with ∆V and fly with the same desired heading angle as the
previous step.

• a3: Increase the desired heading angle with ∆φ and fly with the same desired velocity as the
previous step.

• a4: Decrease the desired heading angle with ∆φ and fly with the same desired velocity as the
previous step.

• a5: Attack the enemy UAV, while the desired attitude changes as that of a0.

The desired height is set with a fixed value h in all cases, for the flying height is not considered in
this problem.

4.1.3. Reward Function

There are two types of rewards in this enemy avoidance problem, denoted by r1 and r2,
respectively. The first type of reward r1 is the usual reward given at each decision making step,
which aims to encourage the agent to reach the goal point in as few steps as possible. The other reward
r2 is the reward given at the end of the episode for different ending reasons. There are four situations
that will end an episode. Denote these four situations by ST = {sT1, sT2, sT3, sT4}, which are defined as
follows.

• sT1: The decision making UAV has collided with the enemy UAV.
• sT2: The decision making UAV has reached the goal point.
• sT3: The decision making UAV has attacked the enemy UAV successfully.
• sT4: The decision making UAV has been out of the region.

Since the mission of the decision making UAV is to reach the goal point successfully, the agent
will be rewarded with a very big value when the mission is fulfilled. Cases that the decision making
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UAV needs to avoid, such as colliding with the enemy UAV or out of the region, should be punished.
Successfully attacking the enemy UAV can guarantee the fulfillment of the mission for the decision
making UAV, therefore it should be rewarded. However, since the attacking action is costly and may
fail, it will be better to limit the use of the attacking action. Considering this, a small punishment is
given when attacking action is used. Therefore, we define the reward r = r1 + r2, where r1 = −1, and
r2 is defined as below:

r2 =



−20 a = a5;

−100 s = sT1;

−100 s = sT4;

2 s = sT3;

500 s = sT2.

(5)

4.2. Learning Policy with the Sarsa Method

In the first part of the new framework, the enemy avoidance problem has been formulated as an
MDP. For the second part of the new framework, the agent of the decision making UAV is allowed to
learn the policy based on the Sarsa reinforcement learning method.

There are mainly three classes of methods for solving the reinforcement learning problem [13]:
dynamic programming, Monte Carlo methods, and temporal-difference (TD) learning. Dynamic
programming methods require a complete and accurate model of the environment (the transition
function T ), while the Monte Carlo methods are not suitable for step-by-step incremental computation.
Only the temporal-difference methods require no model and are fully incremental. In the enemy
avoidance problem, the environment transition function T is unknown, and the policies need to be
learned by continuous interaction with the environment. Therefore, the temporal-difference methods
are more suitable for the enemy avoidance problem. As one of the temporal-difference reinforcement
learning methods, the Sarsa method is chosen to be used in the proposed framework to learn the policy
for the enemy avoidance problem.

Since the state space in the enemy avoidance problem is continuous, it is impractical to visit
each state with each action infinitely often. Therefore, certain function approximations are needed to
generalize the state space from relatively sparse interaction samples and with fewer variables than
there are states. In this paper, the CMAC (cerebellar model arithmetic computer, [19]) technique is also
embodied in the proposed framework to approximate the Q-value function when learning with the
Sarsa method.

The details of how the proposed framework embodies the Sarsa method and the CMAC function
approximator to learn the policy for the enemy avoidance problem are elaborated as follows.

4.2.1. Sarsa Method

The Sarsa method is an on-policy temporal-difference learning method, where the agent attempts
to update the policy that is used to make decisions for the decision making UAV f at the same time.
Different from most reinforcement learning methods where the main goal is to estimate the optimal
value function, the Sarsa agent learns an action-value function Q(s, a) rather than a state-value function
V(s). For the enemy avoidance problem, the Sarsa agent updates its action-value function Q(s, a) after
every transition from a state s ∈ S, where s is not an episode ending situation. That is to say, s /∈ ST . If
the state s′ ∈ ST , then Q(s′, a′) = 0.

The updating rule is given in Equation (6), where γ is the discount rate, and α is a step-size
parameter. Every element of the quintuple of the enemy avoidance events, (s, a, r, s′, a′), are used in
this updating rule. Such a quintuple makes up a transition from one state-action pair of the enemy
avoidance problem to the next, and therefore gives rise to the name Sarsa for the algorithm.

Q(s, a)← Q(s, a) + α(r + γQ(s′, a′ −Q(s, a)) (6)
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In the proposed framework, the Sarsa algorithm [13] is adapted into the enemy avoidance problem
for the agent to learn the policy, which is presented in Algorithm 1.

Algorithm 1 Sarsa Algorithm for the Enemy Avoidance Problem

1: Initialize Q(s, a) arbitrarily
2: for each episode do

3: Initialize s as all the UAVs having entered the problem region
4: Choose a ∈ A for s using policy derived from Q with ε−greedy
5: for each step of episode do

6: Take action a, observe r, s′

7: Choose a′ ∈ A for s′ using policy derived from Q with ε−greedy
8: Q(s, a)← Q(s, a) + α(r + γQ(s′, a′)−Q(s, a))
9: s← s′; a← a′

10: end for
11: until s ∈ ST
12: end for

4.2.2. CMAC Function Approximation

In the proposed framework for the enemy avoidance problem, the state space is continuous.
Therefore, the learning agent for the decision making UAV needs to use function approximation to
generalize from limited experienced states. With function approximation, the action-value function
Q(s, a) of the enemy avoidance problem is maintained in a parameterized functional form with
parameter vector

−→
θ . In this framework, the linear function form is used, as presented by Equation (7),

where
−→
φ (s,a) is the feature vector of the function approximation.

Q(s, a) =
−→
θ T−→φ (s,a) (7)

The CMAC (cerebellar model arithmetic computer, [19]) is one of those linear function
approximators, and thus is used to construct the feature vector

−→
φ (s,a) in the proposed framework. To

update the parameter vector
−→
θ , the gradient-descent method is adopted in the proposed framework

as well.
The CMAC discretizes the continuous state space of the enemy avoidance problem by laying

infinite axis-parallel tilings over all the eight state variables and then generalizes them via multiple
overlapping tilings with some offset. Each element of a tiling is called a tile, which is a binary feature,
as shown by Equation (8).

φ(s,a)(i) =

{
1 tile i is activated.

0 otherwise.
(8)

Therefore, the CMAC maintains Q(s, a) of the enemy avoidance problem in the following form:

Q(s, a) =
n

∑
i=1

θ(i)φ(s,a)(i) = ∑
i∈I(
−→
φ (s,a))

θ(i) (9)

where I(
−→
φ (s,a)) is the set of tiles that are activated by the pair (s, a) in the enemy avoidance problem,

whose tile values are 1.
The parameter vector

−→
θ is adjusted by the gradient-descent method, whose updating rule is

as follows: −→
θ t+1 =

−→
θ t + αδt (10)

where δt is the usual TD error,
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δt = rt+1 + γQt(st+1, at+1)−Qt(st, at) (11)

5. Simulation Environment

Since it is hard to build an accurate environment model for the enemy avoidance problem,
and the RL agent needs to approximate the environment model through continuous interaction with
the environment, this paper builds a hardware-in-the-loop (HITL) simulation system for the enemy
avoidance problem. In this HITL simulation system, the kinecmatic and dynamic of UAVs are modeled
by the X-plane simulators, while the maneuver and control properties of the system are confined by
the hardware controller called Pixhawk. With such a HITL simulation system, the simulation can be
more consistent to real flying, and can reduce the energy of building a complex environment model
and save the cost of a real flying test.

In this section, how the HITL simulation system is constructed will be detailed. After this,
the simulation process for an episode will be given.

5.1. System Construction

The X-plane flight simulator is used in this paper to simulate the flying dynamics of both the
decision making UAV and the enemy UAV, and each X-plane is controled by a Pixhawk (PX4) flight
controller. The Pixhawk is a hardware which is also used in controlling the real UAVs. In the simulation
system, there is a ground station which can broadcast the information of all the UAVs to every UAV.
The PX4 can control the flying of the UAVs according to the desired attitude. The desired attitude
is composed of the desired velocity, the desired heading angle, and the desired height. In each UAV,
there is an on-board sensor system which is used to sense the position and the attitude information
of the UAV. Besides, each UAV has an agent for the communication and the decision control. To be
specific, the agent for the decision making UAV has three modules: communication module, decision
making module, and translator module. The on-board sensor system sends the sensed information
to the agent through the communication module, while the communication module also sends the
received information to the ground station and receives the enemy UAV’s information from the ground
station. Based on all the information received by the communication module, the decision making
module then decides which action the decision making UAV should take, while the translator module
interprets the action into desired attitude and sends it to the PX4 for the UAV flying control. Since the
enemy UAV in this paper is assumed to fly towards the goal point Ge directly all along the process,
there is no decision making module in the enemy agent. Therefore, the enemy agent is composed of
two modules: communication and control module. The communication module of the enemy agent
has the same function as that of the agent for the decision making UAV. In the enemy agent, the control
module sends the desired attitude to the PX4, where the desired velocity and the desired height are
fixed at the initialization of the simulation, and the desired heading angle is calculated based on the
relationship between the goal point and the position of the enemy UAV.

The structure of the simulation system is illustrated by Figure 4.

Figure 4. The structure of the simulation system.
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Since another purpose of this paper is to explore the collision avoidance solution for the fixed-wing
UAV, the X-plane simulator is set to use the fixed-wing simulation model. The simulation environment
is shown as in Figure 5.

Figure 5. The simulation environment.

Beside receiving and sending the flying information of the UAVs, the ground control station also
needs to send commands to all the UAVs. With these commands, the simulation process can be well
controlled by the ground station.

5.2. Simulation Process

In order to collect as many samples as possible for the policy learning, the simulation should be
carried for many episodes. Each episode is run with the same process, as shown by Figure 6. There are
five steps for an episode, listed as follows.

(i) Both PX4s are set on the mission mode, so as to control the two UAVs to loiter around their own
loiter points outside of the region. The loiter points are send to the PX4 from the ground station
before the simulation begins.

(ii) The ground station sends a command asking all the UAVs to fly to their goal points. Both PX4s
are set to the offboard mode, so that the UAV agents can guide their own UAVs to fly towards
their goal points. In this stage, the agents use the simple-fly pattern to guide the flying of the
UAVs. In the simple-fly pattern, the desired heading angle of the UAV is the angle toward the
goal point directly, while the desired velocity and the desired height stay unchanged.

(iii) When both UAVs have entered the region for the enemy avoidance problem, the ground station
sends a command to inform both UAV agents that the new episode begins. Upon receiving
this command, the decision making agent changes into its decision making pattern from the
simple-fly pattern, during which the agent can either learn the policy with reinforcement
learning or make decisions with certain policy. On the other hand, the enemy agent still guide
the enemy UAV fly straightly toward its goal point Ge with simple-fly pattern during this stage.

(iv) When the simulation meets one of those ending conditions, the ground station sends a command
to both UAVs to inform the ending of the episode. Both PX4s are set back to the mission mode
after receiving this command from the ground station.

(v) Under the mission mode, both PX4s control their own UAVs fly back to their loiter points again,
since the loiter points remain as their next point in the mission mode. When both UAVs have
returned to their loiter points, the ground station sends the command to make both UAVs fly
into the region again for the start of the next episode.
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Figure 6. The simulation process.

6. Implementation and Results

Based on the HITL simulation environment built in Section 5, the decision policy for the enemy
avoidance problem will be learned with the new framework constructed in Section 4. Furthermore,
a fixed-rule policy and a random policy are designed to compare with the policy learned by the Sarsa
based framework.

The experiment settings are as follows. The region for the enemy avoidance problem has a length
of l = 600 m and a width of w = 450 m. The outside loiter center of each UAV is 100 meters away from
the nearest region edge, and the loiter radium is 100 m. The goal point G f is inside the region, which is
150 m away from the right edge of the region. The decision making UAV loiters around the goal point
G f with a loiter radium of 50 m when it has arrived the goal point G f , and the goal radius is rg = 100
m. The collision radius is rc = 40 m. Set ∆V = 1.0 m/s and ∆φ = 5.0 degree.

6.1. Learning with the Sarsa Based Framework

First, we use the newly constructed framework based on the Sarsa method and the CMAC
function approximator to learn the policy for the enemy avoidance problem in the HITL simulation
environment.

As in reinforcement learning, the goal is to maximize the expected accumulate rewards, thus the
action-value function Q is an effective metric to measure the performance of the policy learning.

Considering the mission of the decision making UAV, it has to reach the goal point G f successfully
as soon as possible. On the other hand, the number of steps that an episode lasts can partially indicates
how long it takes the decision making UAV to reach the goal point G f . Therefore, the number of steps
for an episode can be used as a metric to measure the performance to some extend.

However, there are several ending reasons. It can take very few steps to end the episode if the
decision making UAV collides with or attacks the enemy UAV at a very early stage of an episode.
Therefore, the number of steps alone is not enough to measure the performance of the learning in the
enemy avoidance problem. To this end, the numbers of episodes that ending for different reasons are
calculated, so as to measure more accurately how the learning changes the episode ending reasons.

The experiment for learning the policy with the proposed framework has been run for
14,362 episodes. The related parameter settings are: ε = 0.01, α = 0.1, γ = 0, and the number
of tiles laid for each variable is n = 32. The results of the above three metrics are presented as follows.

Figure 7 illustrates how the Q -value changes with the increase of the episodes during the policy
learning process. The figure is drawn with data filtered by a window of 1000 episodes. From Figure 7,
it can be seen that the Q-value increases as the number of episodes increases, and becomes stable after
around 10,000 episodes.
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Figure 7. The Q-value for each episode in the policy learning.

Figure 8 shows how the number of steps for each episode changes as the number of policy
learning episodes increases. The figure is also drawn with data filtered by a window of 1000 episodes.
In Figure 8, the number of steps fluctuates very much at the beginning, but converges to a
relatively small number as the number of episodes increases, and it comes to a plateau after around
10,000 episodes.
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Figure 8. The number of steps for each episode in the policy learning.

Figure 9 presents how the accumulated numbers of different ending reasons change during the
policy learning process. From Figure 9, it can be see that the episodes are mostly ended for collision
with the enemy UAV at the initial period of the learning process. After about 1500 episodes, the number
of episodes ending for reaching the goal begins to increase rapidly, which surpasses those of other
ending reasons very soon. The number of episodes ending for successfully attacking the enemy UAV
has a rise from about the 4000th episode to about the 8000th episode, and surpasses the number of
episodes ending for collision with the enemy UAV during this period. Except for ending for reaching
the goal point, the numbers of other ending reasons all stop to increase after about 9000 episodes.
These results mean that the learning agent gradually learns to avoid the enemy UAV and attack the
enemy UAV, and then it learns to limit the usage of the attacking action, and finally it has learned a
very good policy to reach the goal point.
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Figure 9. The numbers of different ending reasons in the policy learning.

From the above results for three metrics, it can be seen that the policy learning process under the
proposed framework converges after about 10,000 episodes. Such episode number for converging is
a reflection of the sample complexity of this learning based method. The proposed framework is to
reduce the computation cost on the price of the sample complexity. However, such policy learning can
be done before the real-time decision making, while decision making depending on some computation
methods need to bear those computation costs at each real-time decision making step. Therefore,
the proposed framework still has its advantages on these points.

6.2. Designing Comparison Policies

In order to show the effectiveness of the policy learned by the Sarsa based framework, we design a
set of rules to guide the flying of the decision making UAV based on human experience, which is called
the fixed-rule policy. As a more baseline comparison, a random policy is also used for the comparison.
The detail of these two comparison policies are introduced in the following.

6.2.1. Fixed-Rule Policy

The fixed-rule policy is designed with human experience. It composes of several if-then rules.
At each decision making step, the agent examines the current state and decides which rule can be used.
The detail of the designed rules are listed as in Algorithm 2.

The designing of these rules aims at guiding the UAV flying toward the goal as straightforward
as possible and trying to avoid the enemy UAV at the same time. However, these if-then rules are very
simple ones due to the limitation of the human knowledge. Therefore, the hypothesis here is that the
Sarsa based framework can help the agent discover more latent rules to guide the flying of the decision
making UAV.



Appl. Sci. 2019, 9, 669 16 of 22

Algorithm 2 Fixed-rule Policy

1: if the distance to the nearest enemy<100 m then

2: if decision steps from the last attacking action>10 decision steps then

3: execute the attacking action
4: else

5: fly to the goal
6: end if
7: else

8: if the enemy UAV in the flying direction (within 2.5 degree) then

9: if the enemy is on the right side then

10: increase the flying angle
11: else

12: decrease the flying angle
13: end if
14: else

15: fly to the goal
16: end if
17: end if

6.2.2. Random Policy

The purpose of designing this random policy is to set a fundamental baseline policy for the
effectiveness comparison of all other policies. The hypothesis is that those effective policies should all
have better performance than this random policy.

In this random policy, the agent chooses action at each decision making step randomly.
The probabilities of choosing each action are equal, so that no special favor is given to any action.

6.3. Policy Comparison Results

To test the effectiveness of the policy learned with the Sarsa based framework, another set of
experiments are carried on the same HITL simulation platform. For comparison, the fixed-rule policy
and the random policy are also tested with the same experimental settings. Each policy is run for
1200 episodes, and the results are summarized as follows.

Firstly, the numbers of steps taken in each episode for using different policies are compared in
Figure 10. The figure is drawn with data filtered with a window of 100 episodes. It can be seen that the
number of steps are stable in the testing process, no matter which policy is used. However, it takes
different numbers of steps to end an episode when different policies are used. Overall, the random
policy takes the least number of steps, while the policy learned with the Sarsa based framework takes
the most. Though more number of steps means more cost, it is also a reflection of higher possibility
to reach the goal point and better policy to avoid the enemy UAV. Such understanding is from the
following two aspects. First, the episode ending for reaching the goal point takes more steps than
the episode ending before reaching the goal point for other reasons, because of the longer distance.
On the other hand, it needs more steps to fly away to avoid the collision with the enemy UAV than to
fly straightly towards the goal. To more accurately show the performance of different policies, more
results are presented below.
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Figure 10. The steps of three policies.

6.3.1. Results of the Random Policy

Figure 11 illustrates how the numbers of episodes ending for different reasons change as the
number of the total episode increases under the random policy. From Figure 11, it can be seen that there
are mainly three ending reasons for these episodes, which are collision with the enemy UAV, reaching
the goal point successfully, and attacking the enemy UAV successfully. Besides, there is nearly no case
for flying out of the region. The number of the episodes ending for reaching the goal point increases
slowest among the three main ending reasons, while the episode number for successfully attacking of
the enemy UAV increases the quickest. This indicates that it is easier to end the episode by attacking
the enemy UAV. The reason for this should be that ending the episode by successfully attacking takes
only an attacking action as long as the attacking action is executed at a relatively near distance from
the enemy UAV. On the contrast, to reach the goal point successfully is much harder, for it needs to
avoid the moving enemy UAV by taking many decision steps in an appropriate sequence.
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Figure 11. The numbers of different ending reasons when using the random policy.

Figure 12 presents the total episode numbers of different ending reasons when the random policy
is used. It can be seen more clearly that the number of episodes ending for reaching the goal point is
smaller than those for the other two ending reasons (collision with the enemy UAV and attacking the
enemy UAV successfully). Therefore, the random policy is unable to guide the decision making UAV
to fulfill its mission very successful, and the results of this policy only reflect different challenges for
achieving different ending reasons.
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Figure 12. The total numbers of different ending reasons when using the random policy.

6.3.2. Results of the Fixed-Rule Policy

When the fixed-rule policy is used, the numbers of episodes ending with different reasons increase
during the testing process, as shown in Figure 13. Still, there are three main ending reasons, which are
collision with the enemy UAV, reaching the goal point successfully, and attacking the enemy UAV
successfully. The number of episodes ending for attacking the enemy UAV is less than that of collision
with the enemy UAV, while the number of the episodes ending for reaching the goal point successfully
is nearly equal to that of collision with the enemy UAV. Compared with the random policy, these results
show that the fixed-rule policy can reduce the unnecessary use of the attacking action, and can increase
the use of some effective enemy avoidance actions so as to increase the probability of reaching the goal
point successfully.
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Figure 13. The numbers of different ending reasons when using the fixed-rule policy.

Figure 14 gives the total number of episodes for each ending reason in the fixed-rule policy
experiment. Compared with that of the random policy, the fixed-rule policy can obviously reduce the
number of episodes ending for attacking the enemy UAV, but is not effective in reducing the number
of episodes for colliding with the enemy UAV.
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Figure 14. The total numbers of different ending reasons when using the fixed-rule policy.

6.3.3. Results of the Sarsa Learned Policy

Finally, the policy learned with the Sarsa based framework is also tested in the platform. In this
experiment, the agent only takes action at each decision making step by following the learned policy,
without any further learning.

Figure 15 presents how the numbers of episodes ending for different reasons change when the
policy learned with the Sarsa based framework is adopted. Different from the other two policies,
there is only one main ending reason: reaching the goal point. The numbers of episodes ending for
both collision with the enemy UAV and attacking the enemy UAV are sharply reduced in the learned
policy, and can be neglected when compared with that of the reaching goal case. Obviously, the policy
learned with the Sarsa based framework can successfully guide the decision making UAV reaching the
goal point.
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Figure 15. The numbers of different ending reasons when using the policy learned with the Sarsa
based framework.

Figure 16 gives the total numbers of episodes ending for different reasons when the policy learned
with the Sarsa based framework is used. It can be seen that the number of episodes for collision with
the enemy UAV and the number of episodes for attacking the enemy UAV are both reduced to quite
small numbers, which indicates the effectiveness of the policy learned with the Sarsa based framework.
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Figure 16. The total numbers of different ending reasons when using the learned policy.

7. Conclusions and Future Work

In this paper, we have defined the enemy avoidance problem, which is quite different from
most collision avoidance problems. To solve the enemy avoidance problem, we have proposed a
new framework, which formulates the enemy avoidance problem as the Markov Decision Process,
and learns policy for the decision making UAV based on the Sarsa reinforcement learning method,
and generalizes the continuous state space with the CMAC function approximation technique.
Furthermore, we have constructed a HITL simulation system to learn the policy with the proposed
framework and to verify the effectiveness of different policies for the enemy avoidance problem.
The carried experiments show that the HITL simulation system is valid in presenting the enemy
avoidance problem, and also suitable for the RL based framework. The Sarsa based framework can
learn a satisfying policy for the enemy avoidance problem. Further experiments also show that the
policy learned with the Sarsa based framework outperforms both the random policy and the fixed-rule
policy in solving the enemy avoidance problem.

There are several advantages in our proposed method. Firstly, it does not require a mathematically
built environment model to be computed when making decisions. Secondly, it learns the policy off-line,
and the learned policy is a simple mapping from the state to the action. Therefore, little computation is
needed for the on-line decision making. Thirdly, the policy is learned in the continuous space, and
has good generalization ability. However, there are still some weaknesses in our proposed method.
Firstly, samples are needed for the learning, which could also be costly. Secondly, there are a lot of
simplifications in the researched problem, so inconsistency may occur if the method is applied directly
into some more practical real problems.

Therefore, some future works can be explored. Firstly, a more practical problem setting could be
studied. For example, equip the enemy UAV with more practical properties like changeable desired
attitude and the attacking ability, or extend the two dimensional problem into three dimensions, or add
noise like wind disturbance to the environment. Secondly, more efficient reinforcement learning
methods and even some other techniques could be applied, so as to shorten the learning process.
Thirdly, ways to combine the learning method with human experience could be explored, so as to
make use of human experience to facilitate the learning and to discover latent knowledge by agent
learning. Fourthly, methods which consider the collision with both obstacles and other UAVs would
be more useful in improving the autonomy of the UAVs, and therefore could be studied in the future.
Lastly, extending the problem to scenarios with more UAVs can be a very worth research area.
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