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Abstract

Collision avoidance is an important issue in the field of the autonomous operations of
aerial vehicles in dynamic and uncertain urban environments. This paper introduces a risk-
bounded and fairness-aware path planning algorithm for multiple electrical vertical take-off
and landing (eVTOL) aircraft operating in such environments. This algorithm advances the
sampling-based path planning with the risk domain formulation to generate stochastically
safety assured collision-free paths that are robust to both vehicle and environmental obstacle
uncertainties for multiple eVTOL aircraft. To address the concern of flight fairness between
different eVTOLs in the free flight airspace, the strategy of permit assignment is introduced.
By incorporating the risk domain formulation into the sampling-based path planning
with the strategy of permit assignment, the algorithm proposed in this paper not only
inherits the computational advantage of the sampling-based methods, but also guarantees a
stochastically feasible flying zone at every time step. Simulation studies demonstrate the
promising performance of the proposed algorithm.

Keywords: Urban Air Mobility, eVTOL, Risk Domain, Fairness-awareness, Risk-bounded
Path Planning

1. INTRODUCTION

1.1. Motivations

Urban air mobility (UAM) envisions a safe and efficient air transportation system that
employs autonomous aircraft operating at lower altitudes within urban and suburban areas.
Enabled by the technological advancements in automation, electrification, and vertical
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take-off and landing, autonomous applications using electrical vertical take-off and landing
(eVTOL) aircraft in UAM, such as passenger mobility [1], goods delivery [2], and drone-
assisted urban logistics [3], are drawing increasing attention in recent years. Compared with
traditional fixed-wing aircraft or helicopters, eVTOL aircraft combine the advantages of
high-speed cruising and flexible maneuvering. At present, most studies of UAM concentrate
on the structured airspace where corridors are specified and eVTOL aircraft need to follow
the fixed routes inside the corridors for conservative safety assurance. In contrast, the
notion of the free flight airspace was presented for future air transportation and it is capable
of utilizing more airspace volume than the structured airspace. Despite the great benefits,
the development of free flight still faces great challenges, among which flying safety and
flight fairness are two of the most critical concerns for the successful operations of a team
of eVTOLs in UAM.

For flying safety and reliability, the requirement of collision avoidance should be fulfilled
in path planning for eVTOLs [4, 5]. In a free flight framework, every aircraft is responsible
for its own safety assurance. Without the protection of structured airways, eVTOLs need to
rely on the collision avoidance system to detect and avoid conflicts. However, the presence
of various forms of uncertainties in real scenarios may cause the failure of eVTOL operations
based on the current collision avoidance systems. Ideally, we expect to find trajectories
for a team of eVTOLSs so that no collision will occur if all the eVTOLSs in the team follow
the found trajectories. This is infeasible because of the presence of location uncertainty.
Alternatively, we propose to generate trajectories which guarantee the probability of loss of
sufficient separation is bounded by a risk level if eV TOLs follow the generated trajectories.
Flight fairness among different aircraft is another important concern when it comes to free
flight in UAM [6]. Without considering flight fairness, the running of the developed path
planning algorithm may lead to the delay of certain eVTOLSs in the system, which does
not make sense in real scenarios. Instead, strategies like adjusting the flight priority can be
designed to help improve the flight fairness between different eVTOLs.

To address the aforementioned issues, it is critical to find a proper balance between
path planning safety/fairness and efficiency. In this paper, we develop a risk-bounded and
fairness-aware path planning algorithm based on a sampling-based method that generates
probabilistically guaranteed collision-free paths for a team of eVTOLs under different forms
of uncertainty.

1.2. Related Work

The location uncertainty is an important concern when it comes to planning the collision-
free path for a team of eVTOLs. Two different forms of uncertainty are usually found in path
planning scenarios involving collision avoidance [7, 8]. One is vehicle uncertainty, which arises
from factors such as the inaccurate measurement of self-position or disturbance of wind, and
is associated with every eVTOL in the team; the other one is obstacle uncertainty, which is
caused by the inaccuracy of eVTOLs’ onboard sensors, and is associated with every obstacle
to be evaded by all the eVTOLSs. To address vehicle uncertainty, Prentice et al. considered a
linear system subject to Gaussian process noise to achieve the desired probability of feasibility
[9]. Pepy et al. sought guaranteed feasibility for a nonlinear system subject to bounded
state uncertainty of the vehicle [10]. In addition to the vehicle uncertainty, many existing
works have also focused on the obstacle uncertainty. Luders et al. studied probabilistic



robustness to both process noise and uncertain dynamic obstacles following deterministic
trajectories [11]. However, these works treated vehicle uncertainty and obstacle uncertainty
separately, which made design and analyses complicated. In this paper, we introduce the
transformation of relative uncertainty, which reduces different forms of uncertainty into
a common one. This provides a unified and efficient way to address different forms of
uncertainties.

For a single eVTOL operating in a complex and dynamic environment, one effective
way to achieve a balance between the planning conservatism and efficiency is through
formulating the probabilistic bound for collision with obstacles as the chance constraints,
meaning that the probability of constraint violation does not exceed a prescribed threshold
[12, 13]. This can be achieved by converting probabilistic constraints into equivalent
deterministic ones through a transformation. In previous studies, Blackmore et al. proposed
a chance constraints formulation for a system subject to Gaussian noise, by assuming that
all environmental obstacles have static and deterministic locations [14, 15]. Toit et al.
developed a chance constrained framework that considered other types of uncertainties
[16]. Luders et al. extended the chance constraints formulation to allow for dynamic and
probabilistic obstacles [11]. Manuel et al. restricted each polyhedral obstacle to be a cuboid
and then obtained a tight quadratic bound for collision avoidance analytically [17]. In
contrast to these studies, we propose a different risk domain formulation in this paper.
Compared to existing methods which established an approximate convex polygon and then
found the distance between a point and a straight line, our method is an ellipse that has
an explicit mathematical expression and we figure out an exact solution to the distance
between a point and an ellipse. Also, we take into consideration the safety ranges of the
eVOTL aircraft.

The path planning of multiple eVTOLSs in a complex and dynamic environment has also
been investigated [7]. A team of eVTOLs can accomplish multiple tasks in parallel and
perform far more complicated tasks than a single eVTOL operating alone. Compared with
a single eVTOL, the path planning for a team of eVTOLs needs to consider not only the
collisions with environmental obstacles but also the collisions between different eVTOLs
[18]. To address this challenge, Scerri et al. proposed a deconfliction strategy in which
the team must reach a consensus on path feasibility for any updated path [19]. Another
remarkable approach was proposed by Purwin et al., in which vehicles reserve regions of
the map to move in and must reach a consensus on any modifications to these regions [20].
Reachability-based planning approaches have also been studied for collision avoidance along
intersecting paths [21, 22]. Desaraju et al. proposed an algorithm for multi-aircraft systems
with complex constraints [23]. However, in the aforementioned studies, either the aircraft
in the team or environmental obstacles are assumed to be deterministic, which is a strong
assumption in realistic operations. In this paper, we propose a path planning algorithm for
a team of eVTOLSs operating in complex and dynamic environments under uncertainties.
For the conflict detection and avoidance of a team of multiple eVTOLs, the risk domain
formulation of the conflict between one pair of eVTOLs in the team is first considered. Then
that formulation is applied to every pair of eVTOLs in the team, so that we can ultimately
perform inter-agent conflict checking between any two eVTOLs in the team. In addition,
the priority between flights is a major issue when it comes to the air traffic management
(ATM). For the free flight in UAM, this issue hasn’t been fully investigated yet [6]. In this



paper, we present a strategy to address the concern of flight fairness, especially in the free
flight airspace of UAM.

There are various methods which contribute to solving such a path planning problem, like
mixed-integer linear programming (MILP) [24], nonlinear programming [25], mixed-integer
quadratic programming [26], second-order cone programming [27]. However, the intensified
computational load will lead to the intractability of those aforementioned computational
methods when the dimensions of the space grow. Different from those computationally
intensive optimization approaches which scale poorly with the number of constraints imposed
by the complex environment, the sampling-based methods can efficiently model complex
dynamics and constraints and scale well [28]. The rapidly-exploring random tree (RRT)
29, 30] and Monte Carlo tree search (MCTS) [6] are two state-of-the-art representatives of
the sampling-based methods, which grow trees to search the configuration space and perform
trajectory-wise collision checking. However, the traditional sampling-based methods didn’t
consider the probabilistic constraints within their formulations, leading to the consequence
that they cannot be used to directly deal with obstacles whose locations are uncertain. Also,
the existing methods have been rarely used to solve problems involving the flight fairness
between different flights in a system consisting of multiple eVTOLs [6]. To break through
this limitation, we incorporate the risk domain formulation into the development of the
proposed path planning algorithm based on the essentials of the sampling-based method of
tree search, and address the flight fairness concern using the strategy of permit assignment.
The resulting method not only inherits the computational advantage of the traditional
sampling-based methods, but also guarantees probabilistic feasibility for the planned path
at every time step.

1.8. Contributions and Structure

In this paper, we come up with a risk-bounded and fairness-aware path planning algorithm
based on sampling-based method of tree search for the guidance of a team of eVTOLs in
the free flight airspace of UAM. The major contributions of this paper are summarized as
follows:

1. An efficient risk domain formulation is presented to deal with location uncertainty. It
transforms the original stochastic uncertainty into deterministic ones, which greatly
saves computational time while guaranteeing collision avoidance with high probability.
The formulated risk domain has an explicit mathematical expression, and also takes
the safety ranges of all the eVTOLs and obstacles into consideration.

2. The method of relative uncertainty transformation is introduced and implemented
within the free flight airspace of UAM, and thus different forms of uncertainties can
be transformed into a common one. This provides a unified and efficient way to deal
with different forms of uncertainties.

3. The strategy of permit assignment is proposed to solve the path planning problem
involving flight fairness between different eVTOLSs in a system consisting of multiple
aircraft. This helps achieve a trade-off between planning efficiency and flight fairness
in the free flight airspace of UAM.



4. The risk-bounded and fairness-aware path planning algorithm based on the sampling-
based method of tree search is developed for a team consisting of multiple eVTOLs. It
is integrated with the risk domain formulation to provide safety assured and feasible
trajectories for all the eVTOLs in the team. The strategy of permit assignment is
also combined with the algorithm to address the concern of flight fairness in path
planning for UAM.

The remaining part of this article is organized as follows. In Section 2, the problem
statement is presented. In Section 3, the efficient risk domain formulation is proposed and
fully discussed. In Section 4, the proposed risk domain formulation is incorporated into the
development of the sampling-based path planning algorithm for eVTOLs, combined with
the strategy of permit assignment to ensure flying safety and flight fairness. In section 5,
the feasibility of the proposed algorithm is verified through simulation studies. Finally, we
conclude this article in Section 6.

2. PROBLEM STATEMENT

For an aerial vehicle, its location x; at a particular time ¢t may be stochastic, due to
vehicle uncertainty arising from factors like the inaccurate measurement of self-position or
the disturbance of wind. Especially, under the assumption of Gaussian distribution, the

location @; obeys
x; ~ N (g, Z) (1)

where N (p,,, X,) represents a Gaussian distribution with a time-varying mean u,, and a
time-invariant covariance X,.

To operate safely in a dynamic uncertain environment, each eVTOL should seek to avoid
collisions with other eVTOLs and environmental obstacles in the system. This can be
achieved by introducing the following constraints

Lt Q Xta Vi

N-1 (2)
where X} := (U Xn‘)
i=1

In the above constraints, we use Xj; to denote the area in which obstacle/eVTOL ¢ may
be located at time ¢ due to location uncertainty, where i € {1,2,..., N — 1} and N is the
total number of all the eVTOLs and environmental obstacles involved. Thus, from the
perspective of the current aircraft, the remaining N — 1 aircraft and environmental obstacles
are viewed as obstacles to evade. X} is formed by all the other eVTOLSs and environmental
obstacles that the current eVTOL seeks to avoid. We call such an area the possible region.
Note that, from the perspective of the current eVTOL, all the other eVTOLSs in the system
actually can be viewed as dynamic obstacles to avoid. The time dependence of &; allows
the inclusion of either static or dynamic obstacles. For the current eVTOL in the system,
all the other eVTOLS need to be treated as dynamic ones. In what follows, if not specified,
when it comes to obstacles, we always refer to both environmental obstacles and the other
eVTOLs except the current eVTOL.



From the perspective of the current eVTOL, the possible region A}; formed by an obstacle
1 at time step t is modeled by the following equation, assuming the location ¢;; of the
obstacle i obeys Gaussian distribution,

Xi— {w e R | — cal <71, Vi 3)
Cy; NN(Ntiazi)

where 7; is the safety range for the current eVTOL to stay away from the ith obstacle to
ensure safety, which depends on the speed of the obstacle [31]. For simplicity, r; is assumed
to be a constant for every obstacle ¢ and it may vary across different obstacles. In addition,
c;; represents the position of the ith obstacle at time ¢, which is an independent Gaussian
random variable, i.e., ¢;; ~ N (p;, X;) with a time-varying mean p,; and a time-invariant
covariance ;. In cases of static obstacles, u,; = p,. Note that this formulation applies to
both single- and multi-aircraft systems.

Definition 1 (Collision Condition) A collision event occurs when the eVTOL is too
close to an obstacle i, i.e.,

|z — eull < 7o+ (4)

where x; and c¢;; are the locations of the current eVTOL and the obstacle ¢ at time t,
respectively. r, and r; are their safety ranges, respectively. Note that both x; and ¢;; are
random variables, and therefore eq. (4) corresponds to an event, denoted by collision, in
the probability space.

Given the collision condition defined above, this paper aims to find probabilistically
guaranteed collision-free paths for a set of eVTOLs to reach their target locations, such that
the probability of collision with any obstacle i at any time ¢ is less than a certain threshold,
ie.,

Pr(collision) < « (5)

where « is a prescribed threshold, called risk level.

3. RISK DOMAIN FORMULATION

In this section, we aim to bound the probability of an eVTOL avoiding collision with static
or dynamic obstacles in the presence of both vehicle and obstacle uncertainty. Firstly, we
study a simple case where the safety range of the current eVTOL and obstacle is negligible.
In this case, we transform the possible region &} in eq. (3) into a risk domain Dy; at a
given risk level a (or a confidence level 1 — «), which is proved to be a circle or an ellipse.
Based on this, we further discuss the general case where the safety range is non-negligible.
Finally, we introduce the concept of relative uncertainty to reduce both vehicle and obstacle
uncertainty into a common form of uncertainty to simplify the process of feasibility checking
for the probabilistic bounds.

3.1. Risk Domain Formulation for a Single Uncertain Obstacle

In this subsection, we consider a single obstacle whose location is subject to Gaussian
distribution, and formulate the risk domain at a given risk level « for the obstacle that the



eVTOL seeks to evade. The location, a;, of the eVTOL is assumed to be deterministic and
the safety ranges for both the obstacle and the eVTOL are assumed to be infinitesimal,
ie. r; =r, =0 — 0. For the general cases of multiple obstacles and non-negligible safety
ranges, we will discuss in Section 3.2 and section 3.3.
We first find the risk domain of a d-dimensional Gaussian random variable in Lemma 1.
Definition 2 (Risk Domain) A set D C R? that satisfies

Pr(X eD)>1-a (6)

is called the risk domain at risk level a of a random variable X.
Lemma 1 Let X € R? be a d-dimensional random variable that obeys a d-dimensional
Gaussian distribution Ny(p, X), then the following set

D= {X | (X - 'S (X - ) < ;' (1-a)) (7)

specifies the risk domain of X at risk level o, where F ! is the inverse mapping of the
cumulative distribution function (CDF) of the chi-squared distribution with d degrees of
freedom.

Proof: Since X ~ Ny(u,X), the probability density function (PDF) of X takes the

following form [32]

1

1
———exp[—= (X — )T (X - ]
PR p[ 5(X —n) (X — p)] (8)

F(x) -

where p € R? and 3 € R%? are the mean and covariance matrix of X, respectively.
According to the theorem of quadratic distribution [33], it follows that a new quadratic
random variable derived from X must obey a one-dimensional chi-squared distribution

Q= (X -p)'ENX —p)~xi (9)
where @ represents the one-dimensional quadratic random variable and 3 represents the
one-dimensional chi-squared distribution with d degrees of freedom.

The CDF of @ is then given by [32]

Fy(q) =Pr(Q<q) =P (g %) =p (10)

2
As Fy(q) : R™ — [0,1) is a bijective mapping, we can find the following inverse mapping

for Fy(q)

where P (4 %) is the regularized gamma function.
4q

q=F;'(p):[0,1) = R" (11)

Given a risk level « (or confidence level 1 — «), we have p = 1 — «a, then we can find a
value ¢;_, = F;'(1 — a) such that

PriQ<qio)=Pr(Q<FE;/'(1-a))=1-a (12)



According to eq. (9), it follows that the set
(X (X' (X —p) < qa=F'(1-a)} (13)

forms the risk domain D of the random variable X at risk level a. [ |

With Lemma 1, we can now formulate the risk domain at a given risk level « for the
obstacle that the eVTOL seeks to evade. In particular, by restricting our attention to
eVTOLs moving at the same altitude, i.e., d = 2, we can find the risk domain D;; for
obstacle ¢ whose location ¢y ~ N (p,;, ;) at time ¢, according to Lemma 1. Specifically,

Dy = {cu | (cu — .u‘ti)TEi_l(cti — Hy;) < F271(1 —a)} (14)

where
Fy'(1—a) = —2In(a) (15)
Fy(q) =1—- e (16)

Of note, the boundary of the risk domain D;; can be geometrically interpreted as a circle or
an ellipse, depending on the values of the covariance ;.

To ensure that the probability of collision is less than a particular risk level «, the
eVTOL’s location x; should be outside the corresponding risk domain D,; of obstacle i at
time t, i.e.,

(z — :u‘tz')T Ez'_l (2 — py;) > Fz_l(l —a), (17)
as
Pr(collision | eq. (17) holds)
=Pr(|lei —x|| <ri+1; =20 | & & Dyy)
< PF(Cti ¢ Dti)
= Pr((ci — py) B7 (€ — py) > Fy (1 - a))
= PI‘(Q > Q1—a)

=

In the above inequality, Pr(||cy; — x¢|| < 20 | &, € Dy;) < Pr(ey € Dy;) holds because § — 0,
and then the obstacle needs to be outside of its corresponding risk domain Dy; to meet the
collision condition.

Note that the constraint in eq. (17) is a deterministic quadratic inequality that is tractable
and can be easily implemented, compared with the probabilistic constraint in eq. (18).

Moreover, the above discussion can be easily extended to higher dimension problems, such
as d = 3.

(18)

3.2.  Risk Domain Formulation for Multiple Uncertain Obstacles

In this subsection, we consider a more general case where multiple uncertain obstacles
(either static or dynamic) are present. The safety ranges for both obstacles and the eVTOL
are still thought to be negligible.



To ensure the probability of collision with all the obstacles doesn’t exceed a given threshold
1, we apply the same idea presented in the previous subsection. In particular, suppose there
are N eVTOLSs and environmental obstacles in total, with the location of each obstacle ¢y
following a two-dimensional Gaussian distribution, i.e., ¢; ~ Na(py;, X;). According to the
analysis in the previous subsection, the risk domain Dy; of an obstacle ¢ can be captured by
eq. (14), where a = 9/(N — 1), and probabilistically guaranteed collision avoidance with
this obstacle can be ensured by enforcing the deterministic constraint in eq. (17).

To ensure that the probability of collision with any of the obstacles is less than the
threshold ¢, the current eVTOL should avoid the risk domains formed by all the obstacles
at each time step ¢. This can be achieved by introducing the following constraint

(@~ py) B (@ — ) > Fy (- a), Yie {1, N1} (19)

as
Pr(collision | eq. (19) holds)

N-1
:PI'(HC,:Z‘—.’L'tH S?"*+Ti:2(5, Vi € {1, ,N—l}‘ L ¢ U th)

=1
< Pr( (e — Nti)TEi_l(Cti — M) > F271(1 - O‘)) (20)

< Z Pr(<cti — /J’tz')T X (i — py) > Fy (1= O‘))
<(N=1Da=19

3.8. Risk Domain Formulation with Safety Range

In this subsection, we consider the even more general case where the safety range of the
obstacle/eVTOL is non-negligible. For simplicity, the geometric shape of the safety range is
assumed to be a time-invariant circle.

As shown in Fig. 1, the radius of the safety ranges for the obstacle and the eVTOL are r;
and r,, respectively. The possible region X}; (as defined in eq. (3)) of the obstacle i at time
t can be represented by the union of a series of circles with radius r;, where the circle’s
center ¢y, i.e. the location of the obstacle i, follows a Gaussian distribution. As discussed
in Section 3.1, we can find the risk domain D,; for the obstacle ¢ at time ¢, according to
Lemma 1.

Furthermore, when considering the safety range r; of obstacle 7, the actual risk domain
for obstacle 7 at time step t is indeed the enveloping area of a series of circles whose centers
are inside or on the boundary of the risk domain D;;. We denote this actual domain as
D,"¢, which is a larger area than Dy;, as shown in Fig. 1.

Since there is no explicit expression of the actual risk domain D", we will check the
feasibility of the constraints by measuring the minimum distance between the eVTOL’s
location @; and the risk domain of ¢;;, which is denoted as d,,;,. In fact, d;, can be treated
as the distance from a point to an ellipse, which can be calculated explicitly according to
[34]. Then we check the feasibility of the constraints using the inequality

dmjn(a:t, th) > Ty —+ 7y (21)

9
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Figure 1: Schematic of the Safety Range

if it holds, then
Pr(collision | eq. (21) holds)

= PI'(HCCt — Cti“ S T + /r-j ‘ T, ¢ D;ange)
< Pr(cy & Dy)

=

(22)

Thus, given a risk level a which denotes the probabilistic bound on the chance that the
eVTOL collides with any obstacle ¢ at any time step ¢, we can transform the probabilistic
constraint eq. (22) into a deterministic constraint eq. (21) equivalently, in consideration of
the safety ranges of both obstacles and eVTOLs.

3.4. Transformation of Relative Uncertainty

So far we have only considered the scenario where obstacle uncertainty exists. In
this subsection, we consider both vehicle and obstacle uncertainty, and introduce the
transformation of relative uncertainty, which can reduce both vehicle and obstacle uncertainty
into one common uncertainty. With this, the risk domain formulation established above
can then be smoothly extended to scenarios where both forms of uncertainty exist.

For the simplicity of notation, let random variable X = (21, xg)T denote the location ¢y
of an obstacle ¢ and random variable Y = (y;,y2)" denote the location x; of the current
eVTOL at time step ¢t. Thus, under the assumption of Gaussian distribution, it follows that

X ~ N 7 T7|:0'11 012]
(('ul 'MQ) 021 022 )
(23)
Y ~ N ((v1,0 T’[Tll 7’12}
(( ! 2) To1 T22 )

Consider that both Var(X) and Var(Y') are expressed in a common coordinate system.
It follows that the relative random variable Z = (X —Y) = (21, 22)T = (21 — 91,22 — 0)"
denotes the relative position with uncertainty between the obstacle ¢ and the current eVTOL.
It obeys a new Gaussian distribution [35], which is displayed as

Z~N(p,x%)

~N(EX -Y),Var(X —-Y)) (24)

10



where the mean and covariance of Z are respectively represented by
p=EX-Y)
= E(X) - E(Y)
= (p1 — v, 2 — U2)T
Y=Var(X -Y)

T Var(z;) cov(zy, 22) ] (25)
L cov(z1,22) Var(zs)

_ [ Var(z1) + Var(y1) cov(z1, 22) ]
L cov(z1, 22) Var(xs) + Var(ys)

_[outm py/ Var(z1) Var(zs) ]
L py/Var(z1) Var(za) 029 + Too

and p represents the correlation coefficient between the first and second component of Z.
For simplicity, we assume p = 0 in this paper and the covariance of Z can be simplified as

Y=Var(X -Y)

= Var(X) + Var(Y) (26)

As a comparison to the aforementioned scenarios where both variances are expressed
in a common coordinate system, it is more often to see that Var(X) is expressed in the
body-fixed coordinate system of the obstacle i, whereas Var(Y') is also expressed in its own
body-fixed coordinate system of the eVTOL. Therefore, it’s necessary to perform coordinate
transformations before the further transformations of relative uncertainty:.

For reference, a ground coordinate system is first established. Relative to the ground
coordinate system, we can find the orientation vectors (cosa,sin )t of the obstacle i and
(cos 3,sin )T of the eVTOL at the same time ¢. Note that now both variances, Var(X) and
Var(Y'), are expressed in their own body-fixed coordinate systems and can be re-expressed
in the common ground coordinate system as follows

Var(X)' = J s Var(X)J

obs
, T (27)
Var(Y)" = Jyen, Var(Y)J .,

where ‘
T = [C‘os o —sin a}
sina cosa
(28)
g |cos £ —sinf
veh = lsin 8 cosfB

Therefore, the covariance of Z expressed in the ground coordinate system, denoted by
3, is displayed as
¥ =Var(X -Y)
= Var(X)' + Var(Y)’
For simplicity, the covariance of Z can be further diagonalized through a coordinate
transformation

(29)

Y =U"SU (30)

11



where X" is a diagonal matrix indicating the covariance of Z, and U is an orthogonal
matrix whose every column vector is the corresponding eigenvector of the inverse matrix
of 3. Also, the expected relative position p” = (m,n)T between the obstacle i and the
eVTOL takes the following form

p' =U" (1 —v1, 2 —v2)" (31)

Through the transformation of relative uncertainty as well as coordinate transformation,
the relationship between the location of obstacle X and eVTOL Y can be transformed to
the relationship between Z and origin (0,0), as shown in Fig. 2. In other words, through
the transformation, the original uncertain location of eVTOL Y (vehicle uncertainty) is
transformed to a deterministic location (0, 0) in the new relative coordination system, while
its location uncertainty is added to the location uncertainty of the obstacle X.

Relative Uncertainty

R Z

L 2
A\ 4

4
(0,0) 0,0)

Figure 2: Schematic of the Transformation of Relative Uncertainty

According to the risk domain formulated in Section 3.3, we can also build the risk domain
for the relative position Z between the ith obstacle and the eVTOL at time ¢

(Z—p')"E""(Z - p') = Fy'(1-a) (32)

whose boundary is also a circle or an ellipse.

Similar to eq. (21), to check whether the eVTOL would collide with the obstacle, it’s only
required to check the minimum distance dy,;, between the origin (0,0) and the elliptic risk
domain eq. (32) whose center is p”" = (m,n)T. If dy;, is greater than the safety range, the
probability of collision will be bounded by the prescribed risk level a.

On the grounds of the discussion of relative uncertainty above, we successfully transform
the vehicle and environmental obstacle uncertainties into one common uncertainty, instead
of dealing with them separately.

4. RISK-BOUNDED AND FAIRNESS-AWARE PATH PLANNING

In this section, a risk-bounded and fairness-aware path planning algorithm based on the
sampling-based method of tree search is developed. Through incorporating the risk domain
formulation established in Section 3 and considering flight fairness, this proposed algorithm
applies to not only a single eVTOL, but also a system consisting of multiple eVTOLs, in
the presence of both vehicle and environmental obstacle uncertainties.

12
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Based on the essentials of the sampling-based method of tree search, the proposed
algorithm grows a tree to dynamically generate feasible trajectories, which satisfies the risk
bound of collision probability at each node. It means that following the trajectory planned
by the proposed path planning algorithm, the probability that the current eVTOL collides
with obstacles doesn’t exceed the prescribed risk level. The current eVTOL’s location
at each node is checked against the constraints with the nearby obstacles, by using the
transformation of relative uncertainty described in Section 3.4. If the constraint doesn’t
hold, i.e., dyin < 7r; + 7%, it means the probability of collision indeed exceeds the prescribed
value and the current node should be discarded; otherwise, the current node should be
reserved and may contribute to growing future paths.

We can use a directed graph G = (V, E) to represent the paths generated by the proposed
risk-bounded and fairness-aware path planning algorithm. In that way, a feasible path can
be interpreted as a vertex sequence (vq,s,...,V,), where v1 = Tgay and v, = Tgoa. The
edge (v;,v;41) € F represents a path connecting two neighbouring nodes.

4.1. Risk-bounded Path Planning for Single-aircraft Systems under Uncertainty

4.1.1. Static Uncertain Obstacles

To begin with, consider a simple scenario where all the obstacles present are assumed to be
static but uncertain. We utilize the risk domain formulation developed in Section 3, which
applies a fixed probability bound /(N — 1) across all the obstacles, leading to deterministic
constraints that can be computed at each time step. With the risk domain formulation, one
can determine whether the converted deterministic constraints are satisfied or not through
evaluating the relative position between a sample point @,.,q and the corresponding risk
domain D; of obstacle i for all time steps at a given risk level a. The sample point @;.,q is
a node of the tree generated by risk-bounded path planning algorithm that doesn’t violate
the risk domain D;. It is guaranteed that each node of the tree satisfies the probability
bound of collision with any obstacle ¢ through the risk-bounded path planning.

The steps of the risk-bounded tree search (RTS) algorithm intended for such a scenario
are presented in Algorithm 1.

4.1.2. Dynamic Uncertain Obstacles

Based on the risk-bounded path planning algorithm displayed in Algorithm 1, we proceed
to consider a more complicated scenario where dynamic obstacles subject to Gaussian
uncertainty are present. In particular, in this scenario, the risk domain D,; of each obstacle
1 varies over time. Such time dependence allows the inclusion of dynamic obstacles.

To address this scenario, we just need to figure out the risk domain D;; of each dynamic
obstacle ¢ at a particular time step t. The dynamic obstacle can then be viewed as a static
obstacle at the same time step. By doing so, we can generalize what we conclude in Section
4.1.1 here. Specifically, we can determine whether equivalent deterministic constraints are
satisfied or not by evaluating the relative position between a sample point x,,,q and the
corresponding risk domain Dy; of obstacle ¢ at this time step ¢t. Moving forward to the next
time step t 4+ 1, the same evaluation process can be performed again to check whether the
probability of collision exceeds the prescribed risk bound. However, different from Section
4.1.1 where D; is constant for the static obstacle, here the risk domain Dy; for the dynamic

13



Algorithm 1 RTS for Static Uncertain Obstacles

1: Vertex V < Tga, Edge E < 0, Iteration step k < 0;

2: Construct tree G by using V' and F;

3: while k£ < max

4:  Randomly pick a node x,,q;

5:  Find the node @, carest in the tree G nearest to xpang;

6: Generate a new node x,., outside tree G between & ecarest aNd Tyand;
7:  Generate a new path p, ., between Tycarest and Tpew;

8: if Nolntersect(p,ey: Di)

9: Add the new node @, to tree G;
10: Add the new path p ., to tree G;
11: if || Znew — Tgoal|| < €
12: break;

13: end if
14:  end if
15 k< k+1;

16: end while

obstacle is time-varying. Thus, Dy; at the previous time step ¢ should be updated by D41y
at the current time step ¢ + 1.

Another concern is that in most cases, the sequence number of a new node in the generated
tree is inconsistent with the number of time steps, because a parent node in the tree may
have more than one descendant node. To address this issue, we use the minimum number
of steps m from the new node to the start point, rather than the sequence number, to
correspond with the number of time steps.

The steps of the risk-bounded tree search (RTS) algorithm for dynamic uncertain obstacles
are presented in Algorithm 2.

4.2. Risk-bounded Path Planning for Multi-aircraft Systems under Uncertainty

4.2.1. Fized Order Path Planning

For the flying safety of a multi-aircraft system, in addition to environmental obstacles,
the possibility of collision between any two eVTOLs also needs to be considered. This
can be addressed by decomposing the problem into a set of single-aircraft path planning
sub-problems, with each sub-problem solved in a pre-fixed iterative order by the algorithm
of risk-bounded tree search.

Particularly, at the beginning of every new time step, when we are ready to extend the
trajectory for the current eVTOL in the multi-aircraft system, the possible trajectories for
any other eVTOLs within the same time step may have yet to be determined. In view of
this, for the current eVTOL to be planned, the positions of other eVTOLs within the current
time step are uncertain. Thus, when we perform the RTS algorithm given in Algorithm 2
to generate a new path for the current eVTOL in the system, all the other eVTOLs can
be formulated as dynamic obstacles obeying Gaussian distribution. In fact, for conflict
detection and avoidance for a team of eVTOLSs, the risk domain formulation of the conflict
between one pair of eVTOLs in the team is first considered. Then that formulation is
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Algorithm 2 RTS for Dynamic Uncertain Obstacles

1: Vertex V < Tga, Edge E < 0, Iteration step k < 0;
2: Construct tree G by using V and F;
3: while k£ < max

4: Randomly pick a node @x,.pq;
5: Find the node @ earest in the tree GG nearest to @ ang;
6: Generate a new node &, outside tree G between @, carest AN Trand;
7 Generate a new path p, .., between carest and Tpey;
&: Find minimum steps m from X,earest 10 Tstart;
9: Minimum steps from @,ey t0 Tgpary M < Mm + 1;
10: Find current time step t corresponding to m;
11: Find risk domain Dy; of obstacle ¢ at current time step ¢;
12:  if Nolntersect(p, ey D)
13: Add the new node &, to tree G;
14: Add the new path p,.,, to tree G;
15: if || Tnew — Xgoal|| < €
16: break;
17: end if
18: end if

19: k+ k+1;
20: end while

applied to every pair of eVTOLs in the team, so that we can ultimately perform inter-agent
conflict checking between any two eVTOLSs in the team. In doing so, the multi-aircraft
path planning problem is reduced to a set of single-aircraft sub-problems. To further reduce
the risk for one eVTOL to collide with the other eVTOLs in the team, we consider the
uncertainties of eVTOLs at not only the current time step but also the next few steps ahead
of time.

The steps of the RTS algorithm for multiple eVTOLs are summarized in Algorithm 3.
Different eVTOLs perform RTS path planning in a fixed order. n represents the number of
eVTOLs, and [ represents the number of steps ahead of time. @x; is the location of eVTOL
i at time step k. 7, is a set formed by the locations of eVTOL ¢ at the current time step k&
and the next [ steps. Il is a set formed by 7; s, for all the eVTOLs at the current time step
k. O, denotes the locations of all the other aircraft that the current aircraft 7 seeks to
avoid in the course of [ steps ahead of the current time step k.

4.2.2. Fairness-aware Path Planning

In Section 4.2.1, the strategy of fixed order path planning only ensures that the decisions
taken by individual eVTOLs don’t conflict. However, the rule of fixed order path planning
ignores any substantial benefit from changing order for every eVTOL in the team, which
could result in unnecessary delays. Alternatively, we present fairness-aware path planning
in this subsection to address these issues. It relies on the distance between any individual
eVTOL in the team and its respective goal position, and on the times of the eVTOL’s
delay caused by temporary stop. A score is introduced to reflect an eVTOL’s motivation
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Algorithm 3 RTS for Multiple eVTOLs

1: Start point &; x, ; g41, - - -, Tigrr Vi € {1,...,n};
Tik = {Tig: Tifs1s - Tigrt )
Initial time step k < 0;

2: while k < max

3: fori=1:n
4: Hk = {7171677-2,]67"'77;,167"'77;,/{};
5: Oir =Up —{Tir};
6: ﬁ,k = RTS(OZ,]C),
7.  end for
8 if || @i — Xgoal|| <€
9: break;
10: end if

11:  k+ k+1;
12: end while

to change its order rather than cycling through eVTOLs in the fixed order. Specifically,
the motivation of an eVTOL i to change its order can be quantitatively captured by the
following motivation score,

d(Si, gi) - d<wi,k7 gi)
d<8i7 gl)

The motivation score is composed of two terms. The first term is the ratio of the distance
d(xi, gi) between the eVTOL’s location and its goal position to the distance d(s;, g;)
between the eVTOL’s start position and goal position. The second term is the ratio of the
times of delay n; caused by temporary stop to the current time step k. (§ is a weighting
parameter which seeks to achieve a balance between the two terms.

At each iteration, a permit is used to identify which eVTOL owns the priority to perform
the RTS algorithm given in Algorithm 2. Every individual eVTOL evaluates its motivation
in a bid to be the permit holder. When the current permit holder finishes RTS path
planning, it passes the permit to the next eVTOL with the highest motivation score, and
so on. This procedure generates updated order path planning. eVTOLs that may benefit
most from changing order can do so sooner, without waiting for other eVTOLs which have
little motivation to change order. Note that if an eVTOL updates its order, the respective
constraints imposed on the other eVTOLs must also be updated accordingly.

Most often, the eVTOL that is closest to its goal will typically own the highest motivation
score, allowing it to complete its task sooner and then can be arranged to receive a new task,
which improves the efficiency in terms of resource allocation. Moreover, this strategy can
reduce the computation intensity and air traffic density, since once an individual eVTOL
achieves its goal, it can be removed from the team with no further path plannings needed.
Therefore, the distance between the eVTOL’s location and its goal position is added to the
first term of the motivation score.

There is also a great chance that an eVTOL with low motivation score may fail to find a
feasible path for the current time step (i.e., the number of iteration steps of computation

Score := + 6% (33)
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exceeds the maximum limitation). To address this concern, since the eVTOL is capable
of hovering in one place, we can introduce temporary stop nodes along the eVTOL’s path
where it can stop temporarily during the current time step in a bid to yield to other eVTOLSs
in the team. This not only saves computational time but also lowers the risk of collision
with other eVTOLs. However, the temporary stop during the current step can lead to the
delay of the eVTOL, and the delay contributes to decreasing the motivation score of the
eVTOL. The low motivation score in turn increases the delay of the eVTOL in the future.
To make a compensation, the number of the eVTOL’s delay caused by temporary stop
is added to the second term of the motivation score. This strategy to assign a permit to
the delayed aircraft to raise its priority helps improve the flight fairness between different
aircraft.

The steps of the risk-bounded and fairness-aware tree search (RFTS) algorithm with the
strategy of permit assignment are presented in Algorithm 4.

Algorithm 4 RFTS for Multiple eVTOLs

1: Current time step k;

2: Evaluate the motivation score for all the eVTOLs;

3: Pass permit to the eVTOL with highest motivation score;
4: fori=1:n

5:  if the current eVTOL ¢ holds permit
6: if iteration < max
7 Perform RTS to generate a new path for the current eVTOL 1;
8: else
9: Temporary stop for the current eVTOL i;
10: end if
11: Pass permit to the next eVTOL with highest motivation score;
12:  else
13: Swap the index of the current eVTOL i and the permit holder;
14: if iteration < max
15: Perform RTS to generate a new path for the permit holder;
16: else
17: Temporary stop for the permit holder;
18: end if
19: Pass permit to the next eVTOL with highest motivation score;
20:  end if
21: end for

5. SIMULATION STUDY

In this section, several simulation cases are evaluated to verify the probabilistic feasibility
of the proposed RTS/RFTS path planning algorithm for a single eVTOL or multiple
eVTOLs. The proposed algorithms were implemented in Python3.8 and simulations were
run on an Intel Core i7 1.90GHz laptop with 16GB of RAM.
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5.1. Experimental Setup

All the locations of the obstacles (either static or dynamic) in this section are assumed
to be uncertain and the safety ranges are assumed to be circles. The radius of the safety
range is set to r = 0.3 for the environmental obstacles and r = 0.1 for the eVTOLs.
The static obstacle is located at Xgops = (2, y) ~ N (Hgps, Dsobs) With pep. = (3,3) and
Yeobs = [3 0; 0 57]. The dynamic obstacle is located at Xaops = (2,9) ~ N (Bqobs: Sdobs)
with Bgops = [§ 0; 0 o], while gy, is a time-varying parameter determined by its known
trajectory for all time steps. For the simplicity of notation, we denote all the covariances
here as . The location of an eVTOL is set to Xcvror = (2,y) ~ N (evroL, ZevToL)
with Xevror, = [i 0; 0 %], while ptoyror, is time-varying and determined by the nodes of
path generated by the proposed RTS/RFTS algorithm at each time step t. We compare
the performance of our proposed RTS/RFTS algorithm with the traditional RRT algorithm
which doesn’t incorporate chance constraints formulation and Zhu et al.’s approximation
method which linearizes the collision conditions to obtain linear chance constraints [18].

For a given risk level a in each case, the simulation is divided into two stages:

1. Stage I: RTS/RFTS Path Planning

e Formulate risk domain for every obstacle i at every time step t at the given risk
level a.

e Run RTS/RFTS algorithm to find a path with the desired probabilistic feasibility
for each eVTOL in the system.

2. Stage II: Validation with Random Trials

e Given a planned path, generate random points from the associated distribution,
which represent the realization of each obstacle ¢ and eVTOL at every time step
t.

e Check whether the planned path under the given risk level a for each eVTOL
given in stage I collides with each realized obstacle ¢ whose location is generated
randomly at every time step t.

e Perform random trials for 100 times for each risk level v under the current case.
Count the number of collision occurrences.

5.2. Case 1: Static Uncertain Obstacle + Single Deterministic eVTOL

In this case, a static uncertain obstacle and a single deterministic eVTOL are considered.
Figs. 3a-3c demonstrate sample paths generated by our proposed RTS at o« = 0.20, o = 0.10,
and a = 0.05 respectively under the same covariance 3. The red line indicates the planned
path, the blue circle or ellipse indicates the risk domain of the static obstacle, and the
yellow circle indicates the realized position of the static obstacle with safety range in a
random trial. As shown in Tab. 1, the path planned by our proposed RTS can ensure that
the probability of collision with the static obstacle at any time step t does not exceed the
risk level a.

Tab. 2 compares the performances of different planning algorithms with different levels
of covariances under the same risk level a = 0.05. It illustrates that compared with the

18



Table 1: Efficiency and Safety of RTS under Different Risk Levels

Case # | Algorithm | o Avg. Length Avg. Chance of Collision
0.20 18.1 %
Case 1 RTS 0.10 18.6 4%
0.05 20.9 3%
0.20 18.4 5%
Case 2 RTS 0.10 20.3 2%
0.05 21.7 1%
0.20 214 6%
Case 3 RTS 0.10 24.8 3%
0.05 26.2 2%

Table 2: Efficiency and Safety of Planning Algorithms under Different Covariance Levels (L: Avg. trajectory
length; CC: Avg. chance of collision; CT: Avg. computational time in ms)

. 1/45 S 4%
Case 7 | Algorithm ' ——Fs—c7 T cc ©r [ L CC CT
RTS 192 3% 16.6 [ 209 3% 188 |22.1 4% 224
Case 1 | Approximation | 21.7 2% 17.0 | 229 3% 19.2 | 253 3% 23.5
RRT 154 52% 152 | 16.3 57% 152 | 20.5 65% 15.2
RTS 195 1% 193 | 21.7 1% 225 | 242 3% 26.7
Case 2 | Approximation | 22.0 1% 205 | 238 1% 24.0 | 265 2% 27.9
RRT 16.3 51% 182 | 17.2 53% 18.2 | 214 62% 18.2
RTS 235 1% 34111262 2% 385.6 |29.1 3% 457.1
Case 3 | Approximation | 26.4 1% 359.8 | 28.5 1% 4352 ] 30.6 2% 548.9
RRT 20.7 51% 311.2|21.6 55% 311.2|259 68% 311.2

traditional RRT which doesn’t consider chance constraints, our proposed RTS algorithm
and Zhu et al.’s approximation method both effectively identify probabilistically feasible
paths for the eVTOL in the presence of a static and uncertain obstacle. Thanks to the
more accurate bound offered by our proposed risk domain formulation than Zhu et al.’s
approximation method, the RTS algorithm achieves the same level of safety guarantee
with a shorter trajectory. The efficiency of our algorithm becomes more significant as the
covariance increases.

5.8. Case 2: Static Uncertain Obstacle + Single Uncertain eVTOL

In this case, a static uncertain obstacle and a single uncertain eVTOL are considered.
Figs. 4a-4c depict paths generated by our RTS algorithm at three risk levels o = 0.20,
a = 0.10, and a = 0.05, respectively. Here, the red ellipse indicates the risk domain of the
eVTOL due to its vehicle uncertainty, others are the same with Case 1. The transformation
of relative uncertainty is applied to convert both risk domains of the eVTOL and the static
obstacle into a common one. The simulation results under different risk levels with the
same covariance X are summarized in Tab. 1, which illustrates that the proposed RTS
can effectively identify a probabilistically feasible path for the eVTOL in the presence of
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(a) « =0.20 (b) & =10.10 (¢) & =0.05

Figure 3: Case 1 RTS for Static Uncertain Obstacle + Single Deterministic eVTOL

both vehicle and static obstacle uncertainty. Similar to Case 1, Tab. 2 indicates that as
compared to Zhu et al.’s approximation method and the traditional RRT algorithm at the

same risk level a = 0.05, our algorithm generates shorter paths while satisfying the safety
requirement.

(a) @ =10.20 (b) @ =0.10 (¢) a=0.05

Figure 4: Case 2 RTS for Static Uncertain Obstacle + Single Uncertain eVTOL

5.4. Case 3: Dynamic Uncertain Obstacle + Single Uncertain eVTOL

In this case, two obstacles are considered. One is static and the other one is dynamic.
Both obstacles and the eVTOL are subject to Gaussian uncertainties.

Fig. ba visualizes the procedure of RTS path planning at a particular time step when
a = 0.05. The green ellipse which moves forward represents the risk domain of the dynamic
obstacle while the blue one represents the risk domain of the static obstacle. The red line is
the planned trajectory at the current time step and the light blue lines are the explored
trajectories. In Fig. 5b, the red line indicates the final trajectory of the eVTOL planned by
RTS, and the newly added green ellipse indicates the risk domain of the dynamic obstacle at
all time steps. Moreover, the transformation of relative uncertainty is applied to convert risk
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domains of both the eVTOL and the static/dynamic obstacle into a common one. Clearly,
our proposed algorithm can also handle the dynamic obstacle in uncertain environments.
Tab. 1 summarizes the simulation results under different risk levels with respect to the same
covariance . In general, a lower risk level produces more conservative solutions with a
less collision chance and longer paths, which is well demonstrated in all the above three
cases. The proposed RTS algorithm provides a quantitative bound to balance the risk and
efficiency. Furthermore, Tab. 2 suggests that our algorithm achieves a good balance between
the efficiency and safety.

10 +

=2 0 2 4 6 8 10 12 o 2 4 6 8 10

(a) planning process with red line as current planned (b) result of RTS for an eVTOL
trajectory and the blue lines as explored trajectories

Figure 5: Case 3 RTS for Dynamic Uncertain Obstacle + Single Uncertain eVTOL

5.5. Case 4: RTS for Multiple Uncertain eVTOLs

In this case, the risk-bounded path planning for a system consisting of three eVTOLSs in
the presence of a static obstacle is studied as a demo. The positions of both the eVTOLs and
the static obstacle obey the pre-defined Gaussian distributions with time-varying means.

The risk-bounded path planning is carried out with the risk level set to a = 0.05. Different
eVTOLs perform RTS path planning in a fixed order. As shown in Fig. 6a, when performing
the RTS algorithm for an eVTOL, the other two eVTOLSs are viewed as dynamic obstacles
at the current time step, and their uncertainties at the current time step as well as the next
two steps are considered based on their previous step’s planning, shown as green and purple
ellipses. Those three look-ahead steps help reduce the risk of collision in the future. In
Fig. 6b, the red, purple, and green lines indicate the paths generated by the RTS algorithm
for multiple eVTOLs in the team, respectively.

5.6. Case 5: RFTS for Multiple Uncertain eVTOLs

To improve the efficiency of multi-aircraft path planning with the risk-bounded path
planning algorithm, the new feature of fairness-awareness is introduced in this case as a
comparison to the strategy of fixed order path planning employed in Case 4, under the same
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(a) planning process with red line as current planned (b) result of RTS for multiple eVTOLSs
trajectory and the blue lines as explored trajectories

Figure 6: Case 4 RTS for Multiple Uncertain eVTOLs

risk level @ = 0.05 and the same covariance level 3. The maximum iteration is set to 500.
If the trajectory is identified within the maximum iteration steps, we deem it a feasible
risk-bounded path. The values are only computed from successful runs.

Fig. 7a shows that according to the RFTS algorithm, the eVTOL (the red point) which
is the permit holder, i.e., (10,5), will perform path planning earlier than the other eVTOLSs
in the team. Fig. 7b shows such a possibility that for an eVTOL (the red point) in the
team, its possible way to the goal position may be blocked by the other eVTOLs (black
ellipses) or the environmental obstacles, which makes it hard to find a feasible way (the red
line). By applying the RFTS algorithm, such an eVTOL can stop for a while (one time
step or more) to yield to the other eVTOLSs since the eVTOL is capable of hovering in one
place, which saves computational time. The delay of the eVTOL caused by the temporary
stop increases its motivation score and therefore raises its flight priority in the future, which
helps improve the flight fairness among different aircraft in the team.

Fig. 7c shows a scenario where an eVTOL has already reached its goal, and thus can be
removed from the system (only black ellipses need to be considered), which eases the traffic
density. The black, purple, and green line in Fig. 7d represent the paths generated by the
RFTS algorithm for all three eVTOLSs in the team at all time steps. Tab. 3 illustrates that
compared with the fixed order path planning in Case 4, the RF'TS algorithm can greatly
reduce the length of the trajectory and increase the success rate of the path planning for
the operation of multi-aircraft systems.
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Table 3: Case 5 Efficiency and Safety of RTS and RFTS

. Avg. Chance

Algorithm Path Found Avg. Length of Collision
RTS 5/10 37.5 4%
RFTS 10/10 27.4 2%
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-2 0 2 4 6 8 10 12 =25 0.0 2.5 5.0 7.5 10.0 125

(a) fairness-aware path planning (b) delay caused by temporary stop
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(¢) purple eVTOL exits (d) result of RETS for multiple eVTOLs

Figure 7: Case 5 RFTS for Multiple Uncertain eVTOLs

6. CONCLUSIONS

In this paper, a risk-bounded and fairness-aware algorithm based on the sampling-based
method of tree search is presented for the path planning of a team of eVTOLs in the free
flight airspace of UAM, which allows for either static or dynamic uncertain obstacles. By
converting possible regions of obstacles into corresponding risk domains, the probabilistic
constraints can be transformed into deterministic ones. Also, through the introduction of
relative uncertainty, this approach can be applied to scenarios where both eVTOL and
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environmental obstacle uncertainties exist. In addition, the strategy of permit assignment is
designed to help improve flight fairness. Simulation results show that while considering flight
fairness, the paths generated by the proposed path planning algorithm are probabilistically
feasible in terms of avoiding collisions, and are shorter than the ones generated by the
state-of-the-art algorithms.

In the future, we will consider scenarios where the communication network may fail.
We are also working on scenarios where the location uncertainties obey non-Gaussian
distributions by using non-parametric kernel density estimation.
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