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Abstract: In this paper, a three-dimension envelope-based path
planning algorithm (3DE-PP) is proposed to automatically gene-
rate a collision-free trajectory for unmanned aerial vehicle (UAV).
Firstly, focusing on the defects of low efficiency of obstacle
modelling representation and large search space, an elliptical
envelope-based obstacle modelling method is proposed to faci-
litate the generation of obstacle avoidance waypoints and
improve the search efficiency. Then, considering safety and aim-
ing at minimum energy consumption, waypoint generation
strategies based on tangent guidance and minimum deviation
are designed. Meanwhile, aiming at the UAV motion constraint, a
three-dimension (3D) path construction method based on
improved Dubins is proposed. Finally, combined with the main
path generation algorithm based on saving algorithm, a safe and
feasible 3D flight path is constructed by considering the power
constraint of UAV and the access of charging stations compre-
hensively. The proposed 3DE-PP is compared with four algo-
rithms (SAS, Dubins-RRT*, APF, 3D-TG) by 15 examples gene-
rated from five typical environments, and the computational
results confirm its advantages. Furthermore, a real-world case is
introduced, and the key factors influencing path planning are
analyzed.

Keywords: ellipsoidal envelope, unmanned aerial vehicle (UAV),
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1. Introduction

Due to the great advantages in motility, cost and casual-
ties [1,2], small unmanned aerial vehicles (UAVs), also
named as drones, play an important role in a variety of
fields, such as cargo delivery [3], surveillance and secu-
rity [4], agriculture [5], communications [6], infrastruc-
ture inspections [7], along as well as search and rescue
[8,9]. Many companies, such as Amazon [10], Google
Wing [11], JD.com [12] and DHL [13], have also widely
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explored the applications of UAVs, especially in logis-
tics. The UAVs were first introduced in e-commerce
delivery in 2013 [14]. In 2019, united parcel service
(UPS) [15] applied drones for the delivery of medical
samples in North Carolina. Lee [16] proposed the appli-
cations of drones in food and beverage deliveries to avoid
congested urban traffics. The convenience of UAVs has
become increasingly evident, particularly since the advent
of the corona vius disease 2019 pandemic in 2020. UAVs
can transport supplies without direct contact, which sig-
nificantly mitigates the risk of viral transmission and con-
currently boosts operational efficiency. Path planning in
uban areas becomes a critical issue for UAV delivery.

In 3D urban space, UAVs need to traverse dense obsta-
cles and narrow corridor spaces, and the difficulty of path
planning increases exponentially due to range limitations
and increasingly complex kinematic constraints, a lot of
research has been carried out in order to plan a collision-
free path in complex environments.

Path planning methodologies currently in use can be
categorised into five distinct types [17]: graph-based
methods, sampling-based methods, potential field meth-
ods, intelligent optimisation methods, and artificial intel-
ligence-based methods.

In dense urban obstacle environments, the majority of
graph-based and intelligent optimization techniques rely
on traversing points to find paths, thereby increasing time
costs. Alternatively, methods based on tangents identify
paths by establishing tangents between obstacles. This
approach can reduce time costs. However, current
research in this field primarily remains confined to 2D
space.

The primary challenges of path planning within 3D
space encompass several key considerations. Firstly, the
modeling of architectural obstacles in low-altitude envi-
ronments is crucial to support effective path planning.
Secondly, the higher degree of freedom within the 3D
space results in a greater number of collision-free paths,


https://doi.org/10.23919/JSEE.2026.000126

ZHOU Yuzhen et al.: Three-dimensional path planning algorithm for UAV based on obstacle envelopes 1043

which complicates the search process. Consequently, it is
necessary to design logical path generation and search
strategies. Finally, the manieuvrability of UAV, includ-
ing factors such as minimum turning radius and pitch
angle, must be taken into account within the 3D space.

This paper investigates the path planning problem in
3D space. Current obstacle modelling methods suffer
from low representation efficiency and a vast search
space. To counter these issues, we propose an obstacle
modelling technique based on elliptical envelopes. Subse-
quently, three collision-free paths are generated from
both sides and above the obstacle, reducing large-scale
searches of the entire space. Furthermore, a path smooth-
ing method based on the modified Dubins’ model is pro-
posed to consider the UAV motion constraints, e.g., mini-
mum turning radius and maximum climb rate. Mean-
while, the main path generation algorithm using a saving
method is presented with consideration of the UAV range
and charging stations availability.

The key contributions of this study are summarized as
follows:

(i) A 3D envelope-based environmental modeling
method is proposed to model obstacles as combinations
of elliptic columns and ellipsoids, simplifying the cre-
ation of obstacle avoidance waypoints.

(i) A tangent-guided approach, coupled with a mini-
mum deviation strategy, is introduced to generate three
collision-free paths around obstacles when they are
encountered, which ensure the fast generation of collision-
free paths, select one of the paths according to the
designed heuristic rules, and repeat the above operation
until the destination is reached.

(iii)) A method for calculating angles is developed
according to UAV flight dynamics, in the context of a 3D
Dubins algorithm, aiming to reduce hovering during take-
off and landing of UAVs.

(iv) The efficacy of the 3D envelope-based path plan-
ning (3DE-PP) algorithm has been corroborated through
15 randomly generated cases in five classical environ-
ments, and a real-world scenario. The experimental
results indicate that 3DE-PP is capable of efficiently gen-
erating high-quality, collision-free paths in a variety of
obstacle-dense environments.

This paper is structured as follows. Section 2 reviews
relevant research. The problem and the modeling method
for obstacles in 3D environment is introduced in Section 3.
Then, Section 4 presents the 3DE-PP algorithm. To test
the performance of algorithm, contrast experiment on
stochastic examples is conducted in Section 5, as well as
sensitivity analysis on real instances. Finally, Section 6
gives conclusions and outlines future work.

2. Literature review

Path planning for UAVs refers to forming a feasible and
collision-free path from the starting point to the endpoint
in a complex environment with obstacles, based on evalu-
ation criteria such as path length, energy consumption,
and smoothness [18]. Detailed discussions on 3D UAV
path planning and obstacle avoidance technology could
be found in [19-21], while Phalapanyakoon et al. [22]
provided comprehensive insights into the modeling and
representation of the environment. This section presents a
brief overview of the current research status of UAVs.

UAYV path planning methods are classified as graph-
based, sampling-based [23], potential field methods [24],
intelligent optimization methods [25] and artificial intelli-
gence methods [26].

Szczerba et al. [27] introduced a graph-based tech-
nique, sparse A* search (SAS), designed to efficiently
identify collision-free paths in 3D environments. Subse-
quently, Liu et al. [28] and Zhang et al. [29] formulated a
3D jump-point search, which enhances the search speed
by pruning the neighbors of the nodes under considera-
tion. This approach significantly reduces computational
overhead compared to the traditional A* method.

Rohnert [30] first proposed a tangent method to find
paths based on the common tangent of convex polygons.
Liu et al. [31] studied path planning using a tangent graph
between polygonal and curved obstacles and proved that
the tangents are locally shortest straight-line paths. Liu et
al. [32] constructed the entire tangent map before path
planning. In order to overcome the time-consuming and
large storage requirements for calculating the common
tangent of polygonal obstacles, Chen et al. [33] modelled
obstacles as circles. To better characterize the narrow bar-
riers and corridors, Liu et al. [34] modelled the obstacles
as ellipses. Although ellipses help with route smoothing,
the entire roadmap still needs to be built in a tangent map,
which hinders real-time planning. Thus, Liu et al. [35]
proposed an autonomous path planning algorithm based
on tangent intersection and target guidance strategies for
2D environments. Yang et al. [36] proposed a 3D path
planning method based on convex polyhedra. Liang et al.
[37] and Liu et al. [32] investigated a cube-based 3D
UAYV path planning.

Rapid exploration random tree (RRT) [38] is the most
commonly used sampling-based method, but it has been
proven not to be optimal [39]. Therefore, Gammell et al.
[40] proposed Informed RRT* to overcome this and
speed up the search by introducing tree increments and
limiting the search range.

Artificial potential fields (APFs) [41] perform well in
path planning in general environments, while they may
fall into local optima in dense cluttered environments.
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Intelligent optimisation methods have received a lot of
attention due to their global optimisation capabilities.
Roberge et al. [42] used genetic algorithm (GA) and par-
ticle swarm optimisation algorithms to generate feasible
paths in 3D environments. Wu et al. [43] investigated 3D
path planning based on ant colony algorithm. In recent
years, deep learning [26] and reinforcement learning [44]
have also been applied to 2D path planning. Motions such
as height adjustments and turns increase energy loss, so
smoothing the path as much as possible can reduce
energy consumption. Among these methods, the B-
splines [45] and dubins methods [46,47] are usually used
to smooth the paths.

From the above review of the related literature, we can
find that: (i) To the best of our knowledge, no researcher
has so far successfully extended the elliptic tangent-based
approach from 2D to 3D. (ii) It is still a challenge to bal-
ance time and solution quality in 3D path planning.

3. Problem formulation

In the example presented in Fig. 1, the UAV is used to
deliver cargo from depot W to customer E. The multiple
crowed buildings in the environment and the limitation of
UAV endurance prevent the UAV from flying directly
from W to E. Therefore, it is necessary to plan a collision-
free and flyable path from point W to point E. The red
curve in the diagram is the traditional 2D obstacle avoid-
ance path, which is planned by assuming that the UAV is
flying at a fixed altitude. The UAV has to navigate
between the crowded buildings and achieve obstacle
avoidance by changing its flight direction several times.
The yellow curve shows a 3D obstacle avoidance path
where the UAV can adjust its flight altitude according to
the height of the obstacle. For some dense obstacles that
do not exceed the maximum flight altitude of the UAV
(as shown in the top right corner of Fig. 1), the UAV can
fly over the building after raising its flight height, which
obviously consumes less energy.

— : Fly-over path;

: Fly-around path.
Fig.1 UAY delivery and charging scenarios
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Besides, since the energy consumption from the depot
W to the customer E exceeds the capacity of UAV bat-
tery, it is supposed to select an appropriate charging sta-
tion, where the UAV can be recharged for successful
delivery.

Compared to 2D planar obstacle avoidance path plan-
ning, 3D path planning needs to consider the motion con-
straints of the UAV in both horizontal and vertical direc-
tions, i.e., the projection of the UAV’s turning radius in
3D space must not exceed the minimum turning radius in
the horizontal direction and must not violate the maxi-
mum climb rate constraint in the vertical direction. This
integrated horizontal and vertical control strategy in 3D
space makes it more difficult to solve for the UAV’s fly-
able path. In addition, the UAV has to consider the maxi-
mum flight altitude and maximum range in flight. In
order to describe these types of UAV constraints more
clearly, the modelling of UAV motion constraints is pre-
sented in the following subsection.

3.1 Motion constraints of UAV

To obtain a feasible and flyable UAV path, the following
UAYV motion constraints must be satisfied. The notations
used to character the UAV are listed in Table 1.

Table 1 Definition of notations describing UAV

Notation Description
Ymax Maximum UAV power
P; The waypoint
E (P i P j) The energy consumption between P; and P;
my The net weight of the drone
mq The weight of the battery
mi The weight of the cargo
0, The lift-to-drag ratio, related to speed
n The energy transfer efficiency
g The gravitational acceleration
v The flight speed
Ruin The minimum turning radius
Rinax The limb rate
r The minimum safety distance
Hipax The maximum altitude
L; The obstacles (i =1,2,--- ,N)
Xis VisZi The coordinates of the centre point of the obstacle
li,wi h; The length, width and height of the obstacle

(i) Maximum endurance Y,.,: The maximum
endurance capacity Y., must be taken into account dur-
ing the planning of the UAV path due to its limited bat-

tery power. If the energy consumption to the next cus-
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tomer point exceeds the maximum endurance, the UAV
needs to visit an appropriate charging station to get
recharged. Assuming that there are M points
(P,,P,,--+,Py) in the flight path, then the energy con-
sumption y; when the UAV reaches point P; (1 <i< M)
can be calculated as

{yi =y,_1+E(Pi_,,P;), P, isacustomer point )

vi=E(Pi_,P;), P, isarechaging station

where the flown energy capacity would be reset when the
UAV visits a charging station.

Thus, the UAV fight capacity y; must satisfies the fol-
lowing constraints: y; < Yy, where E (P;, P;) represents
the energy required between P; and P; and can be calcu-
lated by following [48]:

Pj
E(P,,Pj)sz eids (2)

where s denotes the distance and e. is the energy con-
sumption per unit length which is related to the UAV
characteristics and the position of P; and P;. Specifically,
the subscript ¢ denotes the cruising state of the UAV,
while d refers to the flight distance. When P; and P; are
at the same height,

_(m+my+m)g

i 36000,
otherwise:
.. = (m, +my +my)g N (m, +mg +my)gv
/ 3 6006,n n '

Therefore when the UAV is flying at a constant speed,
its energy consumption during climb differs from level
flight by a constant.

(i) Minimum turning radius R.;, & climb rate R:
Both rotary-wing and fixed-wing UAV cannot instantly
change their flight direction, and can only achieve turn-
ing under the limitation of the minimum turning radius
Ruin- Ruin 1s the radius of the UAV in the horizontal plane
during its extreme overload circular motion, which is cal-
culated as R, = v*/(gtan ), where ¢, indicates the
maximum roll angle of the drone. Climb rate is the height
that the UAV rises in unit time, and the climb rate is
mainly affected by the climb angle, so this paper limits
the UAV’s climb rate by limiting the minimum turning
radius of the UAV in the vertical horizontal plane. There-
fore, these two constraints must be considered while plan-
ning the 3D flight path of UAV.

(iil)) Maximum altitude H,,and minimum safety dis-
tance r: Due to urban policies and aviation system regula-
tions, UAVs are restricted in their flight altitude and have
a maximum flight altitude. For example, in China, light
and micro-UAVs can only fly below 200 m and 50 m,

respectively. In addition, drone flight areas should be
spaced apart from public buildings.

The mathematical description of the problem is as fol-
lows. Given the planning space A, the starting point W
and the end point E are pre-known, and there exist some
obstacles L;,L,,---,Ly and optional charging stations
CS,,CS,,---,CSy, in space A. The minimum safe dis-
tance between the UAV and the obstacle is denoted as r.
The problem is to find a feasible collision-free path for
the UAV, in which one or multiple charging stations
could be visited for recharging, so as to minimize the
overall energy consumption without wviolating the
endurance and kinematic constraints.

In terms of modeling obstacles, as the non-uniform
shape of obstacles would lead to expensive computations
and unsmooth paths, many methods would model obsta-
cles as regular geometry with smooth surfaces. However,
different from the existing methods treating obstacles as
ellipses [34], this paper would model the obstacles as a
combination of ellipsoid above and elliptical cylinder
below, which would better facilitate the construction of the
UAYV path to avoid obstacles in different directions. For-
mally, the center point of the obstacle L; is recorded as
(x;,¥:,2:), and the length, width and height of the obstacle
are denoted as 2/;, 2w; and h;, respectively. Detailed mod-
eling method of obstacles is presented in Subsection 3.2.

3.2 Modeling obstacles in 3D environment

To optimize the computational cost for the UAV path, all
buildings are modeled as uniform regular geometry in
Fig. 2, in which the upper part is a half ellipsoid and the
lower is elliptic cylinder. Other obstacles such as trees
and poles can be modelled similarly.

Fig.2 Envelope of obstacles
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At first, the envelope is built for each obstacle, where
the longest width of the obstacle is calculated as the long
axis of the elliptic cylinder and the obstacle length per-
pendicular to this direction is the short axis of the elliptic
cylinder correspondingly.

Then, to further simplify the calculation, when the
flight height z is less than the height #; of the obstacle L;,
which means there is no conflict, the obstacle can be
directly considered as an ellipse, and the elliptic equation
is

((x = x;)cos@ + (y — y;) sind)”
(a+r) i
((y—y;) cosf — (x — x;) sind)”
(b+r)

where @ is the inclination of the semi-major axis.
Conversely, if the UAV can successfully fly over the
obstacle, i.e., z > h;, the formula of the obstacle is
((x = x;)cosf + (y — y;) sind)’
(a+r) "
((x—x)cosf+ (y—y)sind)*  (z—h,)’
(a+r) TR

For the above two cases, each point P;(x;,y;,z;) on a
collision-free path must satisfy the following constraint:

(x—=x;)cosf+(y—y;) sinf)’ N

(a+r)y
. 2
(O =y)eost = (x, Zx)sini) ) - iz 120,
(b+r)
®)
((xj' - x,')COS o+ (yj - y,) sin 0)2 +
(a+r)y
((v; —yi)cost — (‘xzj - X;) sinf)” + (z- hi)z >,
(b+r) r
zzh;, i=1,2,---,N. (6)
4. Algorithm design

Traditional graph-based path planning algorithms gener-
ally consist of two main steps [49]: step one is to create a
road map and step two is to search for high-quality paths
on this map. To search for high-quality paths, they usu-
ally generate many candidate collision-free paths from
the starting point to the target on the roadmap.

With large storage space and low search efficiency,
this kind of methods is not applicable when the environ-
ment expands from 2D plane to 3D space. Thus, a 3DE-
PP method is proposed. When an obstacle is encountered,
instead of constructing an entire roadmap, the method
generates three sub-path points based on the constructed
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obstacle envelope by considering both fly-around and fly-
over via a tangent guidance strategy and a minimum devi-
ation strategy, respectively. Sub-paths are generated
based on the improved 3D Dubins path construction
method, and then design rules are used to select one of
the sub-paths considering the obstacle avoidance condi-
tions and sub-path energy consumption. The UAV flies
along the sub-path and iteratively adjusts its flight path to
avoid obstacles until the collision-free path extends to the
target. Based on this, combining the savings algorithm-
based main path construction method until the collision-
free path is extended to the target forms the final collision-
free path.

4.1 Notations

To better describe the 3DE-PP algorithm, the notations
involved in the algorithm is listed in Table 2. Note that the
set of points is S, containing customer points and charg-
ing stations, and the set of obstacles is L. Referring to the
definition in [7], we define the tangents from the starting
point or the end point to the obstacle as the starting point
tangent or the end point tangent, respectively. These tan-
gent lines would generate different waypoints. Through
judging whether paths through different waypoints are fea-
sible, two sets are constructed: the points in the set Pa are
flyable points, which can be connected through the Dubins
curves to determine the final collision-free flyable path,
while the set Ca records the infeasible points which
require further planning. For example, the tangent to the
ellipse through the starting point O and the ending point D
can generate two fly-around points, and the straight line
through OD could determine a fly over point, one of
which would be selected as a waypoint T based on heuris-
tic rules. If there is no collision in the Dubins path from
point O to T, T will be added to Pa; otherwise, it will be
included in the set Ca.

Table 2 Definition of notations

Notation Description
S Points set
L Obstacle list
T Generated path points
Origin and destination points, i.e., two vertices of
0,D
each sub-path

P Set of determined waypoints used to generate

4 collision-free edges in order
Ca Set of candidate waypoints
Ba Set that records the obstacles avoided
H The cruising altitude
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4.2 3DE-PP algorithm

The 3DE-PP algorithm first generates the elliptical cylin-
drical envelope of the obstacle based on the model of
obstacles (Line 3). Then, without the consideration of
obstacles, the order of visiting customer points and charg-
ing stations is obtained with the improved saving algo-
rithm (Line 4). Thirdly, for each adjacent two points W, E
in the path (Line 6), add W to waypoints set Pa and E to
the candidate waypoints set Ca (Line 7). Fourthly, while
Ca is not None, repeat the following process. Determine
the take-off and landing angle of the UAV, generate the
Dubins paths (Lines 9—11). Check whether there are obsta-
cles on the path (Line 13). If there is a conflict, a new way-
point is generated according to the obstacle avoidance path
algorithm generateWaypoint (Line 16), and add the node
T into the set of candidate points (Line 17). Finally, when
a collision-free path between W,E is formed, i.e., Ca is
None, add the path to Pt (Line 20). The pseudo-code of
3DE-PP can be described as Algorithm 1.

Algorithm 1 3DE-PP

1 Input Points set S, Obstacle list L
2 Output Path Pt

3 Generate the models of obstacles

4 Visit sequence Seq = Saving(S)

5Pt={}

6 ForW,E in Seq:

7 Pa={W}, Ca={E}

8 While Ca is not None:

9 O =Pa(end), D = Ca(end)

10 Determine the angles of O,D, Ang,,Ang, =
Angle (0O, D)

11 Build the Dubins path Path,, between OD (Sub-
section 4.2.1)

12 Detects if there is a conflict in the path Path,),

13 If collision-free:

14 Added D to Pa, Remove D from Ca

15 Else

16 T = generateWaypoint(O, D, L) (Subsection
4.2.2)

17 Added T to Ca

18 Endif

19 End while
20 Added Pa to Pt
21 End for

4.2.1 Improved saving algorithm

An improved saving algorithm is used to generate the ini-
tial sequence of visiting points. The saving algorithm
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[50], also known as the Clarke-Wright saving (CW) algo-
rithm, is a classical constructive heuristic algorithm to
solve the vehicle routing problem.

First, the CW algorithm generates paths without con-
sidering the range time constraints of UAVs. These paths
are subsequently adjusted to account for the range time
constraints, and their feasibility is ensured by strategi-
cally inserting charging stations using a greedy approach.
we do not directly account for the linear energy consump-
tion between waypoints when integrating charging sta-
tions. Instead, we assess the consumption based on the
3D path and introduce a specific threshold to ensure the
drone’s successful arrival at the charging station. For
example, the 3D path energy consumption of node P; and
node P; is its linear energy consumption E(P;,P;) plus
the energy consumption from take-off to cruise altitude
and the energy consumption from cruise altitude down to
ground level, to which a certain threshold is added. By
this algorithm, the order of visiting customers and charg-
ing stations can be obtained.

4.2.2 Improved 3D Dubins path construction method

To generate a collision-free path that satisfies the UAV’s
performance constraints, an improved Dubins algorithm
is used to construct 3D path, which incorporates a new
flight dynamics-based angle calculation method.

The traditional Dubins path, also called the Dubins car
path, is the shortest feasible path limited by the minimum
curvature between two directed points in 2D plane.
Unlike 2D Dubins curves which have only left and right
turns in their path, 3D Dubins curves have countless turn-
ing directions, which leads to many possible paths to the
final point. Several methods to obtain 3D Dubins paths
have been developed, such as adding turnings [51] or an
additional intermediate arc [52] in the path. Among these
methods, Hota et al. [53] proposed an exact algorithm,
which obtains the best flyable path between two points
based on 3D spatial geometry. As shown in Fig. 3, given
the starting point O(x,y0,20), the ending point
D(xp,yp,zp) and minimum radius R,;,, the optimal path
can be constructed as long as the heading angle ¢ and
flight path angle y are provided.

Line

Ground

Fig.3 Three-dimensional Dubins curves
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The heading angle denotes the deviation of the path to
the left and right, and is defined as the angle between the
horizontal plane projection of the flight direction and the
x-axis, and takes values in the range [—m,m]. The path
flight angle, on the other hand, establishes the pitch of the
aircraft. It is the angle between the path trajectory and its
projection in the horizontal plane and takes values in the
range [—m/2,m/2]. A positive angle indicates that the
UAV is ascending, while a negative angle suggests that
the UAV is descending. In the construction of a 3D
Dubins path, if the heading angle and path flight angle do
not match the direction of the next waypoint, the UAV
needs to complete an aerial turn, which results in an
increase in energy consumption. Furthermore, the UAV
may initially and ultimately trace circles to ensure it
meets the minimum flight radius and maximum climb
rate, which results in varying energy consumption. Con-
sequently, to minimize energy use during take-off and
landing, this subsection proposes an angle calculation
method designed to reduce unnecessary turns.

An angle algorithm based on 3D aircraft kinematic
model and practical flight experience is designed to deter-
mine the flight angles, including the heading angle ¢ and
flight-path angle y.

As shown in Fig. 4, the UAV needs to fly from node
O (x0,Y0,20) to next node D (xp,yp,zp). To avoid unne-
cessary detours, in real life, aircraft generally take off
directly towards the next point. Similarly, in order to
avoid unnecessary turns in the generated Dubins path, the
heading angle ¢ and flight-path angle y at D are deter-
mined by the direction vector V (x,y, z) = (xp — X0, Yp — Yo,
2Zp—20).

k(Up)
J(West)
i(North) e D

Flight altitude

XO

Veosy

Horizontal component of
airspeed vector

k(Up) D
$@
Veosy By
y
| v
§ i(North) Ground

Fig. 4 Graphical representation of aircraft kinematic model

According to the dynamic equations [54], the relation-
ship between the heading angle  and flight-path angle y
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and the vectors is as follows:

X VCOSyCOoSYs
y |=]| vcosysiny N
Z vsiny

where v =||V]|.
Thus, we can get the following formula:

Y = arctan );} )

y = arcsin S )

According to the above equations, the heading angle
and flight-path angle y at each waypoint can be deter-
mined by the predecessor node. Besides, the angle of the
initial point is determined by the first point to be visited.
This method of calculating angles enables the UAV to fly
directly towards the target point in most instances,
thereby avoiding unnecessary detours.

4.2.3 Waypoint generation

The enhanced 3D Dubins path construction technique
enables the creation of a path between two unobstructed
nodes. However, the path becomes unfeasible if obsta-
cles intervene between the nodes. To circumvent these
obstacles, we design a waypoint generation algorithm
based on the 3D envelope of obstacles.

This algorithm is integrated with the refined 3D
Dubins path construction method to produce a collision-
free trajectory between the nodes.

Before introducing the waypoint generation algorithm,
we delineate two methodologies for obstacle avoidance
by the UAV: fly-over and fly-around. These are depicted
in Fig. 5 using distinct colors, with the red line represent-
ing fly-over and the yellow line denoting fly-around.
When the UAV encounters obstacles during flight, three
flyable Dubins sub-paths are generated based on these
avoidance strategies. The UAV then selects one of these
paths according to predefined rules. This obstacle avoid-
ance procedure is repeated until the UAV reaches its tar-
get point, culminating in a collision-free 3D Dubins tra-
jectory from its starting point to its destination.

— : Fly-over path;

: Fly-around path.
Fig. 5 Flight avoidance of obstacles
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The waypoint generation algorithm is delineated in
three principal sections. Initially, the fly-around points
generation algorithm is devised, predicated on the princi-
ple of minimizing both the number of obstacles and
energy consumption on the origin tangent and end tan-
gent, utilizing the tangent guidance strategy. Subse-
quently, the fly-over points generation algorithm is for-
mulated, rooted in the concept of adhering as closely as
possible to the original path angle, employing a mini-
mum deviation strategy. Finally, the optimal waypoint
selection strategy is designed based on information such
as energy consumption, number of obstacles and height.
The process is repeated until a collision-free path
between nodes is generated. The specific process is
shown in Algorithm 2.

Algorithm 2 Generate waypoint algorithm
1 Input O, D, Obstacle list L

2 Output Waypoint set Pa
3LetPa=0,Ca=D

4 While Ca is not None:

5 O =Pa(end), D = Ca(end)

6 If Pathgp conflicts with an obstacle:

7 Records of conflicting obstacles OL,

8 Calculate the optimal fly-around point L =Fly
around(O, D,OL,)

9 Calculate fly-over point PQ = Fly_over(O,D,OL,)

10 Calculate optimal waypoint 7, = Waypoint
selection algorithm (L,PQ,OL,)

11 Add T, to Ca

12 Else
13 Added D to Pa, Remove D from Ca
14 Endif

15 EndWhile

(i) Generation and selection of fly-around points

Given that all obstacles have been modeled as a semi-
ellipsoid in the upper section and an elliptic cylinder in
the lower section, each obstacle is projected as an ellipse
on the plane corresponding to the UAV’s current flight
height. Subsequently, two fly-around points can be gene-
rated by calculating the origin-tangent and end tangent,
resulting in two distinct sub-paths.

An initial selection would be conducted between the
two sub-paths. Given that both paths have an identical lift-
to-drag ratio, the path length is inversely proportional to
the energy consumption. Based on this conclusion, four
rules would be referred:

i) Rule 1: Give preference to the path with the least

conflict with the origin-tangent. The existence of obsta-
cles will certainly increase the flight distance of the
UAV, so the less obstacles exist on the newly generated
sub-path, the shorter the flight distance of the UAV.

ii) Rule 2: Consider the last obstacle avoided and select
the path that does not conflict with it. Paths that conflict
with the last obstacle need to fly in the opposite direction
first to get around the obstacle, which leads to more
detours and thus increases the path length.

iii) Rule 3: Choose the path with the least conflict with
the end tangent. The whole path is composed of the origin-
tangent and the end tangent, considering the length of
subsequent paths is more conducive to obtaining the opti-
mal path.

iv) Rule 4: The path with the shortest length is pre-
ferred. When the number of obstacles is the same, the sub-
path with the shortest length should be selected to gene-
rate the final optimal path.

Fig. 6 illustrates examples of obstacle avoidance path
selection. The UAV flies from node O to node D, B, is
the first conflicting obstacle. Two fly-around paths
O—-L —-D and O— L, —» D can be obtained. It is
obvious that origin-tangent OL; would conflict with B,
while origin-tangent OL, is collision-free. Thus, the sub-
path O — L, — D is selected according to Rule 1. How-
ever, when the UAV flies from node L, to node D, it
conflicts with obstacle B, and both generated sub-paths
L,—» L;— D and L,— L, » D comply with Rule 1, in
this case, the sub-path with the shortest path length
L,— L; —» D is selected according to Rule 4, which
results in the final path O - L, — L; — D.

— » : Heuristic path 1; — » : Heuristic path 2; — : Selected path;
: Heuristic path 3; : Heuristic path 4.

Fig. 6 Selection of fly-around points
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(i1) Generation of fly-over points

The determination of fly-over point coordinates is
influenced by several factors: the height of the impend-
ing obstacle, the existing flight altitude, the safety dis-
tance, and the cruising altitude. By considering the height
of the preceding obstacle, we can ensure that the UAV
maintains a consistent altitude, thereby minimizing
energy consumption fluctuations associated with varying
heights.

As shown in Fig. 7, firstly, two points O,D’ are
obtained from the projection of O,D in the height plane
of the obstacle. Then, the straight line O'D’ intersects
with the obstacle model at P, Q. Finally, the height coor-
dinates of the fly over points P,Q are denoted as
max{h, +r,h,+r,H}. h; represents the height of the con-
flict obstacle, r denotes the safety distance, &, stands for
the current flight altitude and H is the cruising altitude. If
max{h, +r,p+r,H} < Hy,, then P,Q are used as the
alternative waypoints for fly-over, otherwise fly over of
the current obstacle is not allowed.

— —»: Fly-over path;

: Safety distance.
Fig. 7 Selection of fly over points

(iii) Selection of optimal waypoints

Once the fly-over and fly-around points have been gen-
erated, the way in which the UAV bypasses the obstacle
is determined according to an optimal waypoint selection
strategy.

The final waypoint is selected from the two ways of
flying around or flying over, based on the number of
existing obstacles on the sub-path and the energy con-
sumption. It is noteworthy that flying over a building may
sometimes lead to greater energy consumption. However,
maintaining a fly-over height can enable the UAV to
bypass multiple obstacles directly in subsequent paths,
thereby eliminating the need to shuttle between different
altitudes. Consequently, we take into account the height
of the subsequent obstacles to predict total energy con-
sumption, aiding in the selection of the optimal waypoint.
The pseudo-code of optimal waypoint selection algo-
rithm is shown as Algorithm 3.
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Algorithm 3 Waypoint selection algorithm

1 Imput O,D, optimal waypoint for fly-around L, fly
over points P, Q, fixed cruising altitude H

2 Output Waypoint

3 Calculate the obstacles that conflict with the paths OL,
OP,LD,QD, denoted as Cop,Cop,Cip,Cqp respectively.
41fhp>H:

5 Return L

6 Else

7 Ifh+r>Hforlin Cqgp:
8 If E(OLD) < E(OPQD):

9 Return L

10 Else

11 Return P, Q
12 Else

13 Continue

14 If num(Cop) +num(Cip) = num(Cop) + num(Cqp):
15 If E(OLD) < E(OPQD):

16 Return L
17 Else
18 Return P, Q

19  Elif num(Cop) +num(Cip) > num(Cop) + num(Cqp):
20 Return P, Q

21 Else

22 Return L

Firstly, if the height of the obstacle exceeds the maxi-
mum allowable height, the optimal choice is to fly-around
it. However, if there is a subsequent obstacle whose
height is greater than the maximum height, the option
with the lowest energy consumption should be selected.
In scenarios where none of the subsequent obstacles
exceed the pre-established maximum flight height, the
decision should be predicated on the quantity of conflict-
ing obstacles. In cases of equivalency, the selection
should once more favour the path that minimises energy
consumption.

5. Experiments and results

In this section, experiments based on randomly generated
examples are conducted to test the effectiveness of the
proposed algorithms. Furthermore, the sensitivity analy-
sis of some factors, including UAV cruising altitude and
safety distance, is carried out with a real case.

5.1 Experiment on random instances

5.1.1 Experiment design

Fifteen examples are randomly generated based on five
different environments [55], and the obstacles in diffe-
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rent environments have different densities and shapes.
The five kinds of obstacle distribution are shown in
Fig. 8, namely, sparse obstacles with corridors, cylindri-

NN
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(a) Sparse obstacles with corridors

(b) Cylindrical sparse obstacles
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cal sparse obstacles, dense obstacles with corridors, cylin-
drical dense obstacles, and cylindrical dense obstacles
with corridors.

(d) Cylindrical dense obstacles

(e) Cylindrical dense obstacles with corridors

Fig. 8 Example instances in five environments

Specifically, details of the 15 instances are shown in
Table 3. The first five examples (E1-E5) generate simu-
lated scenarios with a range of 1 kmx1 kmx0.1 km, while
the other examples (E6—E15) generate simulated scenarios

with a range of 2 kmx2 kmx0.1 km. The last five exam-
ples (E11-E15) further increase the number of obstacles in
addition to extending the map range. The height of all
obstacles is randomly generated in the range of 30—100 m.

Table 3 Details of the fifteen examples

Example Environment Number of obstacles Size/km Height of obstacles/m
El Fig. 8(a) 8 1*1 30-100
E2 Fig. 8(b) 8 1*1 30-100
E3 Fig. 8(c) 20 1*1 30-100
E4 Fig. 8(d) 40 1*1 30-100
ES Fig. 8(e) 30 1*1 30-100
E6 Fig. 8(a) 8 2%2 30-100
E7 Fig. 8(b) 8 2%2 30-100
E8 Fig. 8(c) 20 2%2 30-100
E9 Fig. 8(d) 40 2%2 30-100
E10 Fig. 8(e) 30 2%2 30-100
Ell Fig. 8(a) 32 2%2 30-100
El12 Fig. 8(b) 32 2%2 30-100
E13 Fig. 8(c) 80 2%2 30-100
El4 Fig. 8(d) 160 2%2 30-100
E15 Fig. 8(e) 120 2*2 30-100

In terms of UAV parameters, the minimum turning
radius is set at 10 m for both horizontal and vertical direc-
tions, the cruising altitude at 60 m and the maximum
flight altitude at 90 m. When calculating the energy con-
sumption of the UAV, different avoidance methods lead
to different energy consumption rates, and fly-over con-

sumes more energy than fly-around in the same time. The
UAYV parameters are referred to [48] and the maximum
total energy consumption of the UAV is set to 1 500 Wh.

5.1.2 Experiment result

Four algorithms, Dubins-RRT* [56], SAS [27],



1052
APF [57], and 3D-target guidance (3D-TG) [32],
are selected as comparison algorithms to verify

the superiority of the proposed 3DE-PP. Detailed
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calculation results are shown in Table 4 and Fig. 9,
including the energy consumption and the running
time.

Table 4 Experimental results in simulated environment

Example : Energy consumption/kWh : Gap/% : Time/s
Dubins-RRT* SAS APF 3D-TG 3DE-PP Dubins-RRT* SAS APF 3D-TG 3DE-PP Dubins-RRT* SAS APF 3D-TG 3DE-PP
El 1.73 1.58 1.60 1.60 1.55 11.54 226 3.59 3.12 0.00 343.23 0.33 0.01 0.02 1.03
E2 1.60 1.57 1.57 1.59 1.53 4.75 290 2.99 4.02 0.00 539.25 0.56 0.01 0.00 0.91
E3 1.67 1.59 1.76 1.61 1.57 6.95 1.35 12.76 2.86 0.00 525.46 0.60 0.02 0.01 1.26
E4 1.85 1.57 187 1.56 1.61 18.76 1.11 20.47 0.00 3.48 556.02 0.02 0.02 0.01 1.11
ES 1.89 1.56 2.46 1.58 1.54 22.47 1.02 59.56 2.71 0.00 491.28 0.01 0.03 0.01 1.24
E6 3.10 3.09 235 282 2.72 31.52 31.18 0.00 19.87 15.56 693.71 0.09 0.01 0.44 0.96
E7 3.18 2.89 277 2.83 2.74 16.19 583 1.13 354 0.00 490.25 0.96 0.04 0.01 0.92
ES8 3.33 2.88 3.02 2.84 2.74 21.64 521 1033 3.72 0.00 509.06 1.09 0.03 0.02 1.17
E9 3.56 322 315 292 2.90 22.72 11.19 8.67 0.89 0.00 305.78 1.26 0.02 0.03 1.54
E10 2.84 292 330 284 2.81 1.16 395 17.65 1.27 0.00 775.14 1.84 0.07 0.01 1.71
Ell 3.79 296 292 2.78 2.77 36.97 6.89 5.63 0.56 0.00 402.80 0.07 0.05 0.01 1.31
E12 3.33 292 3.05 2.88 2.81 18.37 376 823 233 0.00 661.65 0.05 0.02 0.01 0.88
E13 3.59 292 350 2.83 2.89 27.01 3.20 23.73 0.00 2.14 920.22 0.53 0.04 0.03 1.76
El4 3.94 2.81 3.72 291 2.87 40.21 0.00 32.28 3.40 2.12 1017.64 0.24 0.10 0.03 1.74
El5 3.53 2.81 327 282 2.80 26.26 0.25 16.83 0.76 0.00 727.30 0.91 0.07 0.02 1.63
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(a) Comparison on energy consumption
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(b) Comparison on running time

:APF; —— :3D-TG.

Fig. 9 Comparison of five algorithms

As evidenced by Table 4, the designed 3DE-PP algo-
rithm generates better paths than the other four algo-
rithms on a larger number of cases. Calculating the diffe-
rence from the optimal solution by gap = solution—
optimal/optimal, the average difference from the optimal
solution for the Dubins-RRT* algorithm is about 20.4%,
while the average difference from the optimal solution for
the SAS algorithm is about 5.3%, for the APF algorithm
it is about 14.9%, and for the 3D-TG algorithm and our
algorithm the average difference from the optimal solu-
tion is 3.2% and 1.5%, respectively. In comparison, our

algorithm outperforms the other four algorithms overall.
Compared to Dubins-RRT*, which generates waypoints
by random sampling, our algorithm outperforms it signif-
icantly in terms of solution effectiveness and speed. We
have also noted that the average disparity between the
Dubins-RRT* algorithm and the 3DE-PP algorithm
exhibits an ascending trend, with the differences being app-
roximately 12% for E1-E5, 18% for E6—E10, and 30%
for E11-E15. This can be attributed to the increasing
size and complexity of the environment, which subse-
quently enlarges the search space and compounds the dif-
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ficulty of achieving superior solutions through random
sampling.

The SAS algorithm generates a degraded solution qual-
ity in the corridor environment and its solution time gra-
dually rises with the density of obstacles. The APF algo-
rithm performs well in scenarios with sparse obstacles but
begins to deteriorate as obstacles become denser, which is
due to the strong repulsive forces that may lead to the
oscillation of the UAV in the corridor environment. The
3DE-PP algorithm, on the other hand, focuses only on
obstacles in the direction of flight and does not search the
whole area, thus searching faster and getting better solu-
tions.

Fig. 9 shows the trend of energy consumption and
computation time for the five algorithms. It is evident that
the other four algorithms remain relatively unaffected by
the various cases. However, the Dubins-RRT* algorithm
exhibits a significant increase in computation time, which

is due to the fact that the algorithm searches for a feasi-
ble solution through a random search. The process
becomes increasingly complex and time-consuming as
the size of the region and the density of obstacles grow.

Overall, 3DE-PP outperforms the other methods in
most cases, and in terms of solution time, the last four
algorithms are all controlled to be around 1 s, except for
the Dubins-RRT* algorithm.

Fig. 10 shows the paths obtained through 3DE-PP for
the 15 cases. As can be seen from the figure, as the map
size and the number of obstacles increase, the UAV
prefers to fly over the obstacles, which saves more energy
and the total path deviates less from the original straight
path. It can also be seen from the figure that our algo-
rithm can jump out of the maze environment because it
can fly over buildings. In addition, the UAV path hardly
circles, which shows that our angular algorithm performs
well in reducing circling during takeoff and landing.

R

1400

(g) Result of E7

1 800
(h) Result of E8

(1) Result of E9
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(m) Result of E13 (n) Result of E14 (o) Result of E15
e : Customers; ¢ : Charging stations.

Fig. 10 Presentation of the path of the examples

In summary, the proposed 3DE-PP not only provides
flyable safe paths that satisfy the constraints of UAV
motion and cruise altitude, but also pays attention to the
obstacles in the direction of UAV motion, avoiding inef-
fective computation and improving the solution speed.
Moreover, by optimising the flight angle, the path gene-
rated by 3DE-PP is able to navigate closer to obstacles,

effectively avoiding unnecessary detours.

5.2 Case study

5.2.1 Case description

. . . . 7300
In this subsection, a real case study is built based on the
7200 +
distribution of buildings. As depicted in Fig. 11, an urban Fm ook 7@ —— —— —
7100+ 1 L3 C-- T ] ==
area is selected as the experimental space, encompassing 70000 | \C 3 i *:'
o1 qs . . . . @-——=—-L= e
14 buildings with heights ranging from 50 m to 200 m. 6oo0l ¥ e - !
oq 12 . . . | T
These buildings are potential obstacles in the UAV flight g 6800F . === b1
B I _ @571 Lb—=d !
path and are modeled to generate smooth geometries, as 6700 | // coEo /
illustrated in Fig. 13(a). Within this area, five customer 6600 - }_ TR ST c=57- /
| L ___ T /
locations and five charging stations are strategically dis- 6500 : - */ /
i . 6400f Lo K- _
tributed. The spatial arrangement of these obstacles and 6300 T
corresponding points is presented in Fig. 12. Fig. 12 cus- 60,@ °>°’6Q b@“ b@? b\@ b\@ @@ b,f? @@ bﬁ;? bb\@
tomer locations are denoted by blue dots, charging sta- m
tions are indicated by red pentagrams, and the depot is ~Hl-: Deport; - @ -: Customers; % — : Charging station.

represented by a black square. Fig. 12 Distribution of customers and charging station
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(a) 3D result of the actual case

Fig. 13 Results of the actual case

The minimum turning radius and climb rate of the
UAYV are set to 1 m according to [58], the safety distance
is set to 5 m, the cruise altitude is 60 m and the maxi-
mum flight altitude is set to 150 m.

The 3DE-PP algorithm has been implemented to
address the given scenario, with the outcomes depicted in
Fig. 13. Where Fig. 13(a) presents the 3D situation and
Fig. 13(b) displays an overhead view. The cumulative
energy consumption at cruising altitude of 80 is 1766.437
units, with the computation being completed within 2 s. It
can be observed from Fig. 13(a) that the UAV would fly
over lower obstacles while fly around higher buildings.
From Fig. 13(b), the UAV flies over two obstacles and
around the three obstacles.

5.2.2 Sensitivity analysis

Two factors are considered in the sensitivity test, which
are the safety distance and the cruising altitude.

(i) Impact of the safety distance

Considering the safety of the UAV flying around
obstacles, a safety distance is set. To examine the effect
of the safety distance on the energy consumption,
the algorithm considering only fly-around is used as
comparison while the safety distance changes from
1 to 15. The results are presented in Table 5 and
Fig. 14. As displayed in Table 5, with the increase of
the safety distance, the path energy consumption of the
3DE-PP algorithm increased by 8.7% without fly-over,
while the same algorithm only led to a 3.5% increase in
path energy consumption. This demonstrates that our
algorithm is both stable and insensitive to the safety dis-
tance.
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(b) 2D result of the actual case
Table 5 Impact of safety distances
Energy consumption/Wh
Example -
3DE-PP without fly-over 3DE-PP
1 1807.586 1807.586
2 1812.672 1812.672
3 1843.703 1844.772
4 1848.161 1849.374
5 1765.162 1766.437
6 1829.947 1871.858
7 1820.236 1844.217
8 1788.739 1857.109
9 1830.160 1849.126
10 1818.768 1837.652
11 1825.433 1873.088
12 1873.707 1922.271
13 1877.794 1942.789
14 1879.739 1942.802
15 1872.559 1965.317
2 000
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=]
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Z
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1 23456 78 9101112131415
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I : 3DE-PP; B : 3DE-PP-without fly-over.

Fig. 14 Computational results under different safety distance
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As can be seen from Fig. 14, energy consumption
presents an overall upward trend rather than a monotonic
steady increase, since Dubins curves are adopted to gen-
erate flight paths between waypoints. At different flight
heights and safe distances, differences in surrounding
obstacles, distance to obstacles and flight angles can lead
to differences in Dubins paths.

(i1) Impact of the cruising altitude

In addition to the safety distance, the influence of
cruising altitude on energy consumption was also exam-
ined. For comparative purposes, the algorithm that solely
considers the fly-around strategy is utilized. The impact
on energy consumption was analyzed as the cruising alti-
tude varied from 50 m to 190 m. The corresponding
results are presented in Table 6 and Fig. 15.

Table 6 Impact of cruising altitude

. . Energy consumption/Wh
Cruising altitude -
3DE-PP without fly-over 3DE-PP
50 1749.775 1747.953
60 1774.064 1778.995
70 1794.236 1806.918
80 1818.768 1837.652
90 1842.041 1864.585
100 1872.544 1900.014
110 1916.557 1937.413
120 1962.366 1976.576
130 2003.496 2023.602
140 2046.078 2065.774
150 2089.969 2102.962
160 2147.589 2147.589
170 2205.839 2205.839
180 2239.936 2239.936
190 2287.467 2287.467
2500
2400
£ 2300
=
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2 2200
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Z 2100r
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> L
;:u)n 2 000
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Cruising altitude/m
I : 3DE-PP; W : 3DE-PP-without fly-over.

Fig. 15 Computational results under different cruising altitudes
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It can be seen that when the cruise altitude is 50 m, the
difference in energy consumption is small, when the
cruise altitude is 100 m, the difference in energy con-
sumption increases significantly, and when the cruise alti-
tude exceeds 150 m, the energy consumption tends to be
the same. It can be inferred that when the cruise altitude
is low, the difference between the obstacle height and the
cruise altitude is large, and flying over the obstacle will
lead to larger energy consumption, so flying around is a
better choice. As the cruise height increases, it is more
preferred to fly over the obstacles, and finally when the
cruise height is higher than the buildings, there is no con-
flict, so the energy consumption of both algorithms is the
same. The results show that our algorithms can be opti-
mal when choosing between different obstacle avoidance
methods such as fly-around or fly-over.

As illustrated in Fig. 15, which is because there is a
shift in the obstacle avoidance mode and therefore the
difference increases. However, the energy consumption
of the UAV does not increase steadily with the increase
of cruising altitude. It does not increase after reaching
150 m, this is because the maximum height of our obsta-
cles is set to 150 m, therefore, there is no obstacle above
this cruising altitude and the flight path is consistent.

6. Conclusions

In order to effectively plan smooth and safe paths for
UAVs in complex 3D environments and consider UAV
energy limitations, this paper proposes a 3D envelope-
based path planning method which takes the UAV’s turn
radius, maximum flight height, maximum climb rate and
UAYV energy limitations into account. The algorithm first
generates the initial route by considering UAV energy
limitations through an improved saving algorithm. Sec-
ondly, elliptical cylinders and ellipsoidal envelopes of the
obstacles are constructed to smooth them out. A 3D path
between the target points is then generated based on the
improved Dubins algorithm. If the path conflicts with an
obstacle, construct its fly-around and fly-over waypoints
based on tangent guidance strategies and minimum devia-
tion-based strategies, respectively. If the path conflicts
with an obstacle, its bypass and flyover path points are
constructed based on a tangent guidance strategy and a
minimum deviation-based strategy, respectively. The best
waypoints are determined by defined rules and Dubins
paths are constructed between these points. Recycle the
above process until a collision-free path is generated.
Random experiments are conducted in different envi-
ronments and the results show the effectiveness of the
algorithm. The algorithm can always find the path with
the least consumption. In addition, safety distances and
cruising altitude are considered in sensitivity analysis
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based on a real case. The experimental results show that
the algorithm tends to fly over the obstacles as the safety
distance increases, while it tends to fly around obstacles
as the cruising altitude decreases.

Although the algorithm in this paper can generate high-
quality collision-free paths, it does so under the condi-
tion that obstacles are known, and obstacles are not com-
pletely known in UAV online planning, so our next
research plan is to extend the above work to environ-
ments consisting of dynamic obstacles to better simulate
real-world scenarios.
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