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Ensuring safety and providing obstacle conflict alerts to small unmanned aircraft is vital
to their integration into civil airspace. There are many techniques for real-time robust drone
guidance, but many of them need expensive computation time or large memory requirements,
which is not applicable to deploy onboard of an aircraft with limited computation resources.
To provide a safe and efficient computational guidance of operations for unmanned aircraft, we
provide a framework using deep reinforcement learning algorithm to guide autonomous UAS
to their destinations while avoiding the static and moving obstacles through continuous control.
After offline training, the model only requires less than 100KB of memory, and the online
computation for the conflict resolution advisory only takes 2ms. For the algorithm verification
and validation, an airspace simulator is built in Python and numerical experiments show that
the trained model can provide accurate and robust guidance with the environment uncertainty.

Nomenclature

St = aircraft state at time step ¢
as action at time step ¢

V(s) = value function for state s

R(s;,a;) = reward function at time step ¢

dyg = the distance from the UAS to its goal
Vx = UAS velocity in x-axis

Vy = UAS velocity in y-axis

Py = obstacle’s position in y-axis

I. Introduction

FROM delivery drones to autonomous electrical vertical take-off and landing (eVTOL) passenger aircraft, modern

unmanned aircraft systems (UAS) can perform many different tasks efficiently, including goods delivery, surveillance,
public safety, weather monitoring, disaster relief, search and rescue, traffic monitoring, videography, and air transportation
[LL 2]. With the fast improvement of modern technology and the dramatic decrease in the prime cost of UAVs, the
amount of UAVs will be growing rapidly within the next 20 years [3| 4]]. With the fast development of UAVs, more
drone operations are likely to occur in metropolitan areas close to buildings or airports, thus advanced conflict resolution
tools and decision-making approaches will be needed to manage this influx of UAS under UAS Traffic Management
(UTM) [2].
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In future UTM, the technical challenge is to provide concepts, technologies, and procedures that enable safe and
efficient flight operations for orders-of-magnitude UAS, to avoid conflicts with other UAS, buildings, and static obstacles.
For UAS conflict resolution systems, research efforts can be divided into centralized algorithms and decentralized
algorithms.

In centralized methods, the conflicts between aircraft are resolved by a central supervising controller (centralized
Air Traffic Controller). Under such scenario, the state of each aircraft, the obstacle information, the trajectory constraint
as well as the terminal condition are known to the centralized controller, which in return designs the individual whole
trajectory for all aircraft before the flight, typically by formulating it as an optimal control problem. These methods can
be based on semidefinite programming [5], nonlinear programming [6, /7], mixed integer linear programming [8-11]],
mixed integer quadratic programming [[12], sequential convex programming [[13| [14], second-order cone programming
[L5], evolutionary techniques [[16}17]], and particle swarm optimization [[18]]. These centralized methods often pursue
the global optimum for all the aircraft. However, as the number of aircraft grows, the computation time of these methods
typically scales exponentially. Moreover, these centralized planning approaches typically need to be re-run, as new
information in the environment is updated (e.g. a new aircraft enters the airspace).

On the other hand, decentralized methods scale better with respect to the number of agents and are more robust since
they do not possess a single point of failure [[19], which relies on aircraft being sufficiently equipped and automated that
they can operate relatively independently from the existing ATC system and are therefore not subject to its capacity
limits [20H22]]. Model Predictive Control [23} 24] can be used to solve the collision avoidance problem but the
computation load is relatively high. Potential field method [23]] is computationally fast. However, a navigation function
is required to make it a complete path planner [26] 27], which involves discretizing the configuration space. Geometry
based algorithms [28H31]] can be applied for conflict resolution and the computation time only grows linearly with the
increasing number of aircraft. The drawback of these geometric approaches is that it cannot look ahead for more than
one step and the outcome can be local optimal in the view of the global trajectory. Monte Carlo Tree Search algorithm
[32] [33] can look ahead for several time steps, but the aircraft can only adopt several discretized actions and the online
computation load is relatively high. With offline training, the reinforcement learning 34, [35] for conflict resolution can
be executed online efficiently with a promising performance.

However, to the best of our knowledge, there are not many papers discussing using deep RL algorithms for UAS
in high-level contexts, such as navigation, monitoring, or other complex task-based applications in continuous action
space. This paper presents a method for using deep reinforcement learning to allow the UAS to navigate successfully in
continuous action space. The benefit of calculating in continuous space is that there is no need to discretize the state
space or smooth results after the algorithm running. Additionally, accuracy is improved comparing with discretized
state/action space. The model can also take uncertainty into consideration. The development of such a model is very
valuable for UAS traffic management.

The paper is organized as follows. In Section II, the backgrounds of Markov Decision Process and Deep Reinforcement
Learning are introduced. Section III presents the model formulation using Markov Decision Process for UAS conflict
resolution in continuous action space. In Section the numerical experiments are presented to show the capability of
the proposed approach to make the UAS learn to avoid conflict. Comparisons between the different obstacle scenarios
are provided. Section[V]concludes this paper.

I1. Background
In this section, we briefly review the backgrounds of Markov Decision Process (MDP) and Reinforcement Learning
(DRL).

A. Markov Decision Process (MDP)

Since the 1950s, MDPs [36]] have been well studied and applied to a wide area of disciplines [37H39], including
robotics [40l41]], automatic control [42]], economics, and manufacturing. In an MDP, the agent may choose any action a
that is available based on current state s at each time step. The process responds at the next time step by moving into a
new state s’ with certain transition probability and gives the agent a corresponding reward r.

More precisely, the MDP includes the following components:

1) The state space S which consists of all the possible states.

2) The action space A which consists of all the actions that the agent can take.

3) Transition function 7 (s;+1|ss, a;) which describes the probability of arriving at state 5,1, given the current state

s; and action a;.



4) The reward function R(s;, a;, sy+1) which decides the immediate reward (or expected immediate reward) received
after transitioning from state s to state s’, due to action a. In general, the reward will depend on the current state,
current action, and the next state. However, the reward function may only depend on the current state s,, which
will be the case in this paper.

5) A discount factor y € [0, 1] which decides the preference for immediate reward versus future rewards. Setting
the discount factor less than 1 is also beneficial for the convergence of cumulative reward.

In an MDP problem, a policy x is a mapping from the state to a distribution over actions (known as stochastic policy)

7 : S — Prob(A)
or to one specific action (known as deterministic policy)
n:8S—> A 1

The goal of MDP is to find an optimal policy n* that, if followed from any initial state, maximizes the expected
cumulative immediate rewards:

T
nt = argmaxE[Z R(ss,a,)|7] )
T 1=0

Q-function and value function are two important concepts in MDP. The optimal Q-function Q*(s, a) represents the
expected cumulative reward received by an agent starting from state s and picks action a, and chooses action optimally
afterward. Therefore, Q*(s, a) is an indication of how good it is for an agent to pick action a while being at state s. The
optimal value function V * (s) denotes the maximum expected cumulative reward when starting from state s, which can

be expressed as the maximum of Q*(s, a) over all possible actions:

V*(s) = max Q*(s,a), VYseS 3)

B. Deep Reinforcement Learning

Reinforcement learning [43] is an efficient algorithm to solve the MDP problem. With the advent of deep learning,
Deep Reinforcement Learning (DRL) achieved much success recently, including game of GO [44], Atari games
[45,!46], Warcraft [47]. In general, deep reinforcement learning can be divided into value-based learning [45} 48] and
policy-based algorithm [49-51]]. In this paper, we consider a policy-based DRL algorithm to generate policies for the
agent. Comparing with value-based DRL algorithms, the policy-based algorithm can learn stochastic policies, which is
beneficial when there is uncertainty in the environment.

Typically, the policy-based algorithm uses function approximator such as neural network to approximate the policy
n(s), where the input is the current state and output is the probability of each action (for discrete action space) or an
action distribution (for continuous action space). After each trajectory 7, the algorithm updates the parameter of the
function approximator to maximize the cumulative reward using gradient ascent:

T
Vol (o) = E | ) Vologms (ar]si) R(r) 4)
t=0

where J(mg) is the expected cumulative reward of policy m parameterized by 6, mg(a;|s;) is the probability of action a;,
for state s;, and R(7) is the cumulative reward gathered by the agent for state trajectory 7 in one episode. The general
idea of Equation [4]is to reduce the probability of sampling an action that leads to a lower return and increase the
probability of action leads to higher reward. But one issue is the cumulative reward usually has very high variance,
which makes the convergence speed to be slow. To address this issue, researchers proposes actor-critic algorithm [43]]
where a critic function is introduced to approximate the state value function V(s;). By subtracting the value function
V(s;), the expectation of the gradient keeps unchanged and the variance is reduced dramatically:

T
Vol (o) = E | ) Vologmg (arls:) (R() = V(s,)) 5)
t=0

where the function approximator V(s;) is updated to approximate the value function for s;.



ITI. Markov Decision Process Formulation
The objective of the proposed conflict resolution algorithm is to find the shortest path for a UAS to its goal while
avoiding conflict with other UAS and static obstacles. Guiding the UAS to its destination is a discrete-time stochastic
control process that can be formulated as a Markov Decision Process (MDP). In the following subsections, we introduce
the MDP formulation by describing its action space, state space, terminal state, and reward function. For this work, a
method of deep reinforcement learning, proximal policy optimization algorithm developed in [51], is adopted. The
reason and details are also introduced in this Section.

A. Action Space

The action in this study represents the change in the heading angle for the controlled UAS at each time step. Since
UAS is more flexible than manned aircraft and there is no available regularization on UAS heading change, the action
space is set to A = [—x, 1]. More specifically, at each time step, the agent will select an action a € A, and change its
heading angle ¢:

Vvl =Y +a (6)

In real-world applications, however, making a sharp turn is usually not desirable for the controlling of a UAS. Thus a
penalty of large heading change due to the power consumption may be considered in future work.

B. State Space

The state of the formulated MDP includes all the necessary information for an aircraft to make optimal actions. In
this paper we let s, denote the agent’s state at time 7. The state can be divided into two parts, that is s, = [s?, s} ], where
s? denotes the part that is related to the agent itself and the goal, and s,1 denotes the part related to the environment
such as obstacles. To speed up the training of the DRL algorithm, we transform the state by following the robot-centric
parameterization in [35], where the agent is located at the origin and the x-axis is pointing toward its goal.

More specifically, sto = > Vs vy], where d, is the agent’s distance to goal, vy, v, denote the agent’s velocity. The
position of goal is added only in the simulations of moving obstacle avoidance. We use w;, to denote the information
of environment (which represents moving/static obstacles in this paper) and set s! = [w!,w?,...,w"]. w! indicates the
information of obstacle i.

In the simulations of static obstacle avoidance, w§ = [P, d;], where P; is the position in y-axis of obstacle i and d;
is the agent’s distance to the center of obstacle i. P; is introduced to help the agent learn the global optimal solution, for
example, when approaching the obstacle, turn a small degree clockwise if P; is positive, which means the agent is on
the right side of the line passing the obstacle center and the goal.

In the simulations of moving obstacle avoidance, w! = [PL, P;, Vi, V;, d;], where V' is the velocity of intruder i and
d; is the ratio of the distance between the agent and the intruder to the separation requirement. It should be noted that
the agent and intruders are considered as a point mass in this study.

All the parameters are normalized when querying the neural network.

C. Terminal state
In the current study, the conflict is defined to be when the distance from the agent to the obstacle is less than a
minimum separation distance. A risked-based anisotropic safety bound proposed in [52] can be considered in future
work. To encourage exploration, the terminal state of this MDP includes two different types of states:
The distance from the agent to the static obstacle center is less than the summation of the obstacle
o Conflictstate: 4 size and minimum separation distance,
The distance from the agent to the intruder is less than the minimum separation distance.
o Goal state: the agent reaches the goal position.

D. Reward Function

To guide the agent to reach its goal and avoid conflict, the reward function is developed to award accomplishments
while penalizing conflicts or not moving towards the goal.

In the simulations of static obstacle avoidance, the reward function, R(s;,a,), is expressed as the following form,
where we set a reward for the goal state and a penalty for the conflict state. For other states, the reward reflecting the



distance to the goal is used.

10, if s is goal state,
R(s,a) = {-0.001 - d, — 0.05 — 16, if s is conflict state, 7
—0.001 - dg - 0.05, otherwise.

In the simulations of intruder avoidance, the reward function, R(s;, a;), is expressed in the following form, similar to
Equation (7).

65, if s is goal state,
R(s,a) = {—cg - dg —co— 2 c1i - el~di/exitesiy+esi _ 20, if s is conflict state, (8)
—Cg - dg—Co— XicCli- el=dileaitesi)+es; otherwise.

In this reward function, cg, co, c1;, €24, €34, €4; are coeflicients of different cost, and should be balanced to help the agent
learn conflict resolution and achieve the goal simultaneously.

The exponential formula with third order is to make the agent get large penalty when it is close to the minimum
separation with the intruder. With the coefficients set in the three-intruder case in Section [[V.B.2] the exponential
function part, —10 - e-%/ 20_0'7)3“, is shown as follows. When the distance from agent to obstacle/intruder decreases
from 400m to 250 m, the reward function value will gradually decrease from O to -25. This reward setting is able to help
the agent avoid conflicts with other intruders at a relatively early stage.
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Fig. 1 Reward related to the distance from the agent to the intruder.

E. Proximal Policy Optimization Algorithm

One drawback of Vg J(7rg) proposed in [43]], also shown in Eq. (3), is that one bad update can lead to large destructive
effects and hinder the final performance of the model. Proximal Policy Optimization (PPO) algorithm [51]] was proposed
to solve this problem by introducing a policy changing ratio describing the change from previous policy to the new
policy:

mo(a|s;)

ﬂgo]d(at |st)
where 6,4 and 6 denote the network weights before and after update.

By restricting policy changing ratio in the range [1 — €, 1 + €] with € set to 0.2 in this paper, the PPO loss function
for the actor and critic network is formulated as follows:

r(6) = 9)

Lz(6) = = E [min(r¢(0) - Ar,clip(r:(6), 1 — €, 1 +€) - Ar] = 5 H(n(:[51)) (10)

Ly = IR = V(so)ll Y



where € is a hyperparameter that bounds the policy changing ratio r,(6). In Equations and (TT), the advantage
function A; := R; — V(s;) measures whether or not the action is better or worse than the policy’s default behavior.
Also, the policy entropy 8 - H(n(:|s;)) is also added to the actor loss function which used to encourage exploration by
discouraging premature convergence to sub-optimal deterministic polices.

In the implementation, we use two layers Multilayer perceptron (MLP) with 64 hidden units each for both actor and
critic networks. Tanh function is chosen as the activation function for the hidden layers. A linear activation function is
used for the output layer of the actor and critic network.

IV. Numerical Experiments
Numerical experiments are presented in this section to evaluate the proposed conflict resolution model in continuous
action space. There are two simulation cases: static obstacle avoidance and moving obstacle avoidance. As for static
obstacle avoidance, we investigate the performance on different obstacle shapes and sizes, and uncertainty in UAS
operation. We also study the two-intruder and three-intruder cases for moving obstacle avoidance. In all the simulations,
one pixel in the figure represents 10 m in the real world. The implementation of PPO algorithm is conducted by OpenAl
Baselines [53]].

A. Static Obstacle Avoidance

The simulation environment is the free flight airspace with 4km length and 4km width. The UAS speed is set to 20
m/s. During the training process, the starting position of the aircraft is randomly sampled from four edges of the airspace
boundary and is an array of the integer type for simplification. The goal is located at (2500, 2500) m. In this experiment,
we study two types of static obstacles: circular obstacle and rectangular obstacle, as shown in Fig.[2} The plus sign
represents the goal position and the blue region represents the no-passing area, including the obstacle itself and a buffer
for safety consideration. For each case, the deep reinforcement learning model is trained for 15 million time steps. The
learning curves are shown in Fig. [3] which shows the cumulative reward is growing and the policy is converging to the
optimal solution. To visualize the performance of the proposed conflict resolution model, we generate a testing set of
160 trajectories starting from different origins. The origin for testing is chosen every 100 m on each edge of the airspace
boundary. Heading angles in 160 trajectories are collected and the heading angle is plotted every 15 timesteps.
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Fig. 2 (a) Circular obstacle environment. (b) Rectangular obstacle environment.

1. Circular Obstacle Avoidance

The static obstacle setup for this case study is shown in Fig.[2(a)|and the testing result of 160 trajectories starting
from different locations on the airspace boundary is shown in Fig. ] The black arrow represents the agent’s selected
heading direction at each position.

From Fig. ] it can be seen that the agent is selecting the heading angle pointing to the goal and tending to avoid
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Fig. 3 The learning curve for (a) circular obstacle avoidance, (b) rectangular obstacle environment, and (c)
circular obstacle avoidance with uncertainty.
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Fig. 4 Results of circular obstacles avoidance.

the no-passing region. Also, the agent chooses the optimal behavior according to the relative position of the agent,
obstacle, and goal. When the agent is on the left side of the line passing the obstacle center and the goal, it takes a
counterclockwise turn to avoid the obstacle. For the 160 generated trajectories in Fig.[d] there are six failures where
the agent fails to maintain the separation with the static obstacle. For example, the most obvious failure is near the
upper-left obstacle, where one heading angle points towards the obstacle. The possible reason is the policy network gets
stuck at the local optimum since the two trajectories next to it behave well. It can be difficult for the agent to learn if the
origin is behind the obstacle and close to it, the same phenomena also exist for the other three obstacles.

2. Rectangular Obstacle Avoidance
The difference between this rectangular obstacle case and the previous circular obstacle case in simulation is the
condition when checking whether the agent is at conflict state. The environment for this case is shown in Fig. 2(b)|and



the testing result of 160 trajectories is shown in Fig.[5]
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Fig. 5 Results of rectangular obstacles avoidance.

The performance in Fig. [5]is similar to the result in Fig. @ Three failures that occur near the left two and the
lower-right obstacles. Compared to Fig. 4] the density of the arrows in this fixed airspace is different. In Fig.[5] the
agent is likely to pass the four lines connecting each vertex to the goal. Another high-density line is between the left two
obstacles. In Fig.[d since the obstacle located at the top-left corner is large enough to block the line connecting the
top-left vertex to the goal, the agent chooses to go down to bypass it. As for the upper right obstacle, the agent doesn’t
have a preference to avoid it shown in Fig. ] because it is almost on the line between the goal and the top-right vertex.
Results in Fig. ] and Fig. [5]show that the proposed model is able to make the UAS learn to find the shortest path and
also avoid obstacles for different obstacle sizes or shapes.

3. Circular Obstacle Avoidance with Uncertainty

This case is studied to see the performance of handling uncertainty by the proposed conflict resolution model. UAS
operation is stochastic and randomness exists in almost every aspect of UTM. Inclusion of uncertainty quantification of
aircraft operation is critical for future safety analysis (e.g., deviation from a trajectory plan due to wind, true speed,
positioning error) [54-H56]]. Thus, to model the uncertainties in the real world, the true position of UAS is assumed
to be within a circle of radius of 40 m and the predicted position as the center. Such uncertainty is considered when
calculating the agent’s position at the next time step after taking action a.

The testing results are shown in Fig.[6] In Fig.[6(a)] the agent’s position with uncertainty is plotted. While uncertainty
is not with the agent’s position in Fig.[6(b)| and the uncertainty of 40 m is added to the obstacle, which is indicated by
the red circle. As expected, the UAS tries to keep 40 m away from the obstacles. There are four failures in Fig. [6(a)] and
five failures in Fig.[6(b)] So either method can work when doing the simulations of collision avoidance.

B. Moving obstacle avoidance
For the moving intruder aircraft avoidance case, the simulation environment is the airspace with 2km length and
2km width. The speeds of both the agent and intruder are set to 20 m/s. The goal is located at the middle point of the
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Fig. 6 (a) Results with probabilistic agent’s position. (b) Results with deterministic agent’s position.

top edge, (1000, 2000) m. When the agent is within 200 m away from the goal, it is treated as mission completion.
There are two scenarios for moving obstacle avoidance: two-intruder and three-intruder cases. The minimum separation
requirement is 250 m for each case. The reward coefficients are listed in Table m For each case, the deep reinforcement
learning model is trained for 15 million timesteps. The learning curves are shown in Fig.[7} The blue lines are the plots
of reward at each timestep and the orange lines indicate the smoothed average result at each time step. To visualize the
performance of the proposed conflict resolution model, we generate a testing set of 500 episodes following the setting
during the training process. The minimum distance of the agent to the intruders within each episode is collected.

Table 1 Reward Coefficient

Coefficient Cg co cl1 c12 C13 2 c3j C4i
Two-Intruder Avoidance 0.005 0.1 4.5 4.5 NA 20 -0.7 1
Three-Intruder Avoidance 0.007 0.15 10 6 8 20 -0.7 1

1. Two-Intruder Avoidance
The study in moving obstacle avoidance starts from the case with two intruders. The starting position of intruder 1

is on the left edge, in the range of (0, 500) m and (0, 1000) m. Intruder 2 starts from the left edge, in the range of (2000,
1500) m and (2000, 2000) m. The heading angles of intruder 1 and intruder2 are fixed to § and %, respectively. The
origin of the agent is either (650, 0) m or (1350, 0) m. The result of minimum distance is shown as points in Fig. @ It
can be seen that the points are all above the line which represents the minimum separation requirement. There is no
failure case in the testing set.

2. Three-Intruder Avoidance

In the three-intruder case, intruder 1 starts from the top edge, in the range of (50, 2000) m and (350, 2000) m. Its
heading angle is %. The origins and heading angles of intruder 2 and intruder 3 are set to be the same as that of
intruder 1 and intruder 2, respectively in the two-intruder case. The origin of agent is either (800, 0) m or (1500, 0) m.
The result of minimum distance is shown in Fig.[9] There is no failure case, indicating the model succeeds to avoid the
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Fig. 8 Results of circular obstacles avoidance.

three intruders.

V. Conclusion

In this work, we present a method for using deep reinforcement learning to allow the UAS to navigate successfully
in urban airspace with continuous action space. Both static and moving obstacles are simulated and the trained UAS
has the capability to achieve the goal and do conflict resolution simultaneously. We also investigate the performance
on different static obstacle shapes and sizes, and under uncertainty in UAS operation. Intruders with a fixed heading
angle are considered in the training process of the moving obstacle experiments. To make the proposed algorithm more
practical in the real-world, future work would incorporate intruder aircraft with randomly sampled heading angles to the
simulation environment.
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