ﬂ Sensors

Article

Genetic Algorithm and Greedy Strategy-Based
Multi-Mission-Point Route Planning for Heavy-Duty
Semi-Rigid Airship

Shaoxing Hu "*, Bingke Wang (¥, Aiwu Zhang 2-3* and Yiming Deng *

check for
updates

Citation: Hu, S.; Wang, B.; Zhang, A.;
Deng, Y. Genetic Algorithm and
Greedy Strategy-Based
Multi-Mission-Point Route Planning
for Heavy-Duty Semi-Rigid Airship.
Sensors 2022, 22, 4954. https://
doi.org/10.3390/522134954

Academic Editors: Jaroslaw Pytka,
Andrzej Lukaszewicz, Zbigniew
Kulesza, Wojciech Giernacki and

Andriy Holovatyy

Received: 20 April 2022
Accepted: 26 June 2022
Published: 30 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China;
1920wangbk@buaa.edu.cn

Key Laboratory of 3D Information Acquisition and Application, Ministry of Education,

Capital Normal University, Beijing 100048, China

Center for Geographic Environment Research and Education, Capital Normal University,

Beijing 100048, China

Nondestructive Evaluation Laboratory, Department of Electrical and Computer Engineering of the College of
Engineering, Michigan State University, East Lansing, MI 48824, USA; dengyimi@egr.msu.edu

*  Correspondence: husx@buaa.edu.cn (S.H.); zhangaiwu@cnu.edu.cn (A.Z.)

Abstract: The large volume and windward area of the heavy-duty semi-rigid airship (HSA) result in a
large turning radius when the HSA passes through every mission point. In this study, a multi-mission-
point route planning method for HSA based on the genetic algorithm and greedy strategy is proposed
to direct the HSA maneuver through every mission point along the optimal route. Firstly, according
to the minimum flight speed and the maximum turning slope angle of the HSA during turning, the
minimum turning radius of the HSA near each mission point is determined. Secondly, the genetic
algorithm is used to determine the optimal flight sequence of the HSA from the take-off point through
all the mission points to the landing point. Thirdly, based on the optimal flight sequence, the shortest
route between every two adjacent mission points is obtained by using the route planning method
based on the greedy strategy. By determining the optimal flight sequence and the shortest route, the
optimal route for the HSA to pass through all mission points can be obtained. The experimental
results show that the method proposed in this study can generate the optimal route with various
conditions of the mission points using simulation studies. This method reduces the total voyage
distance of the optimal route by 18.60% on average and improves the flight efficiency of the HSA.

Keywords: multi-mission-point; route planning; minimum turning radius; optimal flight sequence;

shortest route

1. Introduction

The heavy-duty semi-rigid airship (HSA) is different from ordinary aerial photography
unmanned airships as the HSA has a large volume and can carry a heavy load for a long
voyage [1,2]. As a result, many HSAs have been widely used to perform observation,
transportation, and other missions across multiple cities or regions [3-5], such as Germany
Zeppelin NT airship [6], American ML866 airship [7], and China ASQ-HAA380 [8], to name
a few. The HSAs are also different from airplanes due to their large volume and windward
area, which result in a larger turning radius when performing flight missions. Therefore, in
the HSA route planning, the shortest route between two mission points is not a straight
line but a curve. How to obtain the optimal route so that HSAs can accurately pass through
all mission points, e.g., cities or regions, in sequence with the shortest flight route identified
to improve flight efficiency is critically important, however, multi-mission-point route
planning remains challenging.

The multi-mission-point route planning problem of the HSA can actually be reduced to
a traveling salesman problem (TSP) to solve [9], which is a famous combinatorial optimiza-
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tion problem. For HSA route planning, the problem can be specifically defined as finding
the shortest loop that does not repeatedly pass through all target cities [10-12]. To the
best knowledge of the authors, this problem has been extensively studied with numerous
algorithms developed for solving TSP problems including the greedy algorithm; genetic
algorithm [13-15]; simulated annealing algorithm [16,17]; ant colony algorithm [18,19];
and particle swarm optimization algorithm [20,21], etc. Lideng, P. and Xiaofeng, H. [22]
proposed a simple heuristic greedy method to solve the traveling salesman problem by
using the distance information between cities. Dengwu, M. and Wen, Y. [14] proposed an
optimization method based on an adaptive pseudo-parallel genetic algorithm based on a
basic genetic algorithm. The optimal flight route of the aircraft obtained by this method
strictly passes through the starting point and the target point of the aircraft. X. Yue, W.
Zhang [23] proposes a UAV route planning method based on the K-means algorithm and
simulated annealing algorithm. The K-means algorithm is used to classify the target points,
and the simulated annealing algorithm is used to draw the shortest route for all the target
points that the UAV will take, and maximize the UAV cruise coverage. The algorithm
improves the overall efficiency and cruise coverage of the UAV. X. Chen, Y. Dai [24] pro-
posed an ant colony algorithm integrating the genetic algorithm to solve the path planning
problem. The algorithm combines the advantages of ant colony algorithm and genetic
algorithm and reduces the number of iterations of the optimal solution as well as the
calculation time and cost. Based on the particle swarm optimization algorithm, Shu-Juan, T.
and Ke, Z. [25] which improved the global search ability of route planning and obtained a
more authoritative optimal route, this method solves the problem of single-machine path
planning problem detection and multi-machine cooperation, and achieves good results.
Although various algorithms have been proposed in the above literatures to solve the TSP
in aircraft route planning through optimization algorithms or multi-algorithm fusion with
success to some extent, it is worth noting that the influence of aircraft large turning radius
on route planning was never considered.

Li, R. and Xu, H. [26] proposed a UAV path planning approach based on modified ant
colony algorithm and DUBINS curve. The DUBINS curve is used to smooth the turning
angle to obtain a shorter and smoother flight path and improve the operation efficiency of
the UAV. Cheng, J. and Hu, X. [27] proposed an improved ant colony algorithm that can
solve feasible paths and speed up the convergence speed. At the same time, the DUBINS
curve is used to curve the solution path, so that the solution path can meet the requirements
of the UAV flight curvature. Hansen, K.D. and Cour-Harbo, A.L. [28] proposed a variable
radius trajectory generation and waypoint planning method based on DUBINS curve. This
method proposes an improved genetic algorithm, which optimizes the continuous heading
and target speed of the waypoints while optimizing the combined sequence. At the same
time, the generation method of DUBINS curve with variable radius is introduced. The
studies from the above literature use the DUBINS curve to solve the influence of the turning
radius on the route when planning the route.

The DUBINS curve is the shortest path connecting two points under the constraints of
curvature and tangent direction at the specified start and end points, and the target can
only travel forward. Under the constraints, there will be multiple curves feasible, so the set
of DUBINS curve D = {LSL, RSR, RSL, LSR, RLR, LRL}. The shortest route in the DUBINS
curve set is the optimal solution [29,30]. However, the DUBINS curve has limitations,
limiting the direction of the target and the direction of speed at the beginning and ending.
Therefore, the optimal solution in the DUBINS curve set is only the optimal solution in the
specific beginning and ending speed directions.

Table 1 summarizes the influence of whether the turning radius of the route planning
algorithm proposed in the above studies was considered in route planning.



Sensors 2022, 22, 4954

30f20

Table 1. Various route planning algorithms.

Consider Turning

Ref Proposed Method Radius Effects
[22] A simple heuristic greedy method NO
An optimization method based on an adaptive pseudo parallel
[14] . . NO
genetic algorithm
Combined the K-means clustering algorithm and simulated
[23] . . NO
annealing algorithm
[24] An ant colony algorithm integrating genetic algorithm NO
[25] Combined particle swarm optimization algorithm and genetic algorithm NO
[26] A UAV path planning approach based on modified Ant colony algorithm and YES
DUBINS curve
[27] Mixed ant colony Algorithm Based on DUBINS Path YES
[28] A variable radius trajectory generation and waypoint planning method based YES

on DUBINS curve.

When planning the route of the HSA, using the naive global search algorithm solely
to find the optimal route will increase the computational time significantly and make it
infeasible. Therefore, to address the aforementioned challenges, a multi-mission-point
route planning method for HSA based on the genetic algorithm and greedy strategy is
proposed in this paper. Firstly, according to the minimum flight speed and the maximum
turning slope angle of the HSA, the minimum turning radius of the HSA near each mission
point is determined. Secondly, the global search ability of the genetic algorithm is used to
determine the optimal flight sequence of the HSA from the take-off point through all the
mission points back to the landing point. Thirdly, based on the optimal flight sequence, a
route planning method based on the greedy strategy is proposed, which uses the greedy
strategy to decompose the optimal route problem of all mission points into the local optimal
route problem of every two adjacent mission points. Then, this method traverses the multi-
mission points in the optimal flight sequence in turn to obtain the shortest route between
every two adjacent mission points. Finally, the optimal route of the HSA from the take-off
point, through all the mission points, and back to the landing point is obtained. Figure 1
shows the flow chart of the proposed method that gives a holistic overview of the route
planning algorithm.

C Input the offline information )

v

Solving the minimum turning radius

v

The optimal flight sequence of multi-mission
points is obtained based on genetic algorithm

v

The shortest route between two mission points is
obtained by the route planning method based on
greedy strategy

Output the optimal route of
multi-mission-point

Figure 1. The overall flow chart of the route planning algorithm proposed. The input offline

information includes HSA take-off and landing points and route mission points, the minimum flight
speed, and the maximum turning slope angle of the HSA during turning.
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The method proposed in this paper combines the global search ability of the genetic
algorithm and the local optimal characteristics of the greedy strategy, which reduces the
amount of calculation and improves the computing efficiency. At the same time, this
method can accurately generate the optimal route and improve the flight efficiency. It can
be seen from Table 1 that the route planning algorithms proposed in the literature [14,22-25]
do not consider the influence of the turning radius, and the literature [26-28] proposed
to use the DUBINS curve to solve the influence of the turning radius on the route. The
DUBINS curve, however, has limitations, limiting the direction in which the target is
heading and the speed direction at the beginning and ending. Therefore, the method
proposed in this paper is compared with the multi-mission-point route planning method
based on the DUBINS curve, and the results show that the total voyage of the optimal route
obtained by the proposed method is reduced by 18.60% on average.

The rest of the paper is organized as follows: Section 2 introduces the multi-mission-
point route planning method for the HSA. In Section 3, the experimental analysis is carried
out. In Section 4, the findings are discussed. Finally, in Section 5, the conclusions are drawn.

2. Materials and Methods

In this section, the minimum turning radius of HSA is first introduced, and then the
two stages of the method are introduced in detail. First, the optimal flight sequence of
the multi-mission points is obtained based on the genetic algorithm. Second, the route
planning method based on the greedy strategy obtains the shortest route between every
two adjacent mission points in the optimal flight sequence.

2.1. Minimum Turning Radius

Since the HSA has a large volume and windward area, there is a large turning radius
when passing through each mission point. Therefore, in the HSA route planning, the
shortest route between two mission points is not a straight line but a curve. It is necessary
to consider the influence of the turning radius on route planning. The turning radius of an
airship [31,32] can be found by:

TAS?

R:gxtan'y @

Pa
TAS = IAS, | PTzO 2)

where TAS is the vacuum velocity of the airship; IAS is the indicated airspeed of the airship;
g is the local gravitational acceleration; - is the slope angle when the airship turns; Pa is the
current external air pressure value of the flight; Pag is the standard sea level pressure value.

From Equation (1), it can see that the turning radius of the HSA is affected by the flight
speed and the turning slope angle. The HSA has a fixed maximum turning slope angle
during turning, so the smaller the flight speed of the HSA is during turning, the smaller
the turning radius will be. Before route planning, according to the minimum flight speed
Vinin of the HSA and the maximum turning slope angle ymax during turning, the minimum
turning radius R of the HSA during turning can be obtained by Equations (1) and (2).
Therefore, in the following route planning, the turning radius of the HSA passing through
each mission point adopts the minimum turning radius R.

2.2. Genetic Algorithm Based Approach for Optimal Flight Sequence of Mission Points

After the HSA enters the working altitude, it will traverse all the selected mission
points from the take-off point. References [9,33] simplified this problem as a traveling
salesman problem, which aims to find a closed loop with the shortest distance in a series
of nodes. As every route of the HSA starts from a fixed take-off point, the route planning
problem for HSA can be described as a closed loop that traverses n mission points from the
take-off point. In this way, the route distance of the HSA can be shortened, and the flight
efficiency can be improved as well.
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Among the various algorithms for solving the TSP problem, the genetic algorithm is
an intelligent algorithm that searches for the optimal solution by simulating the natural
evolution process. Furthermore, the genetic algorithm has the global search ability, which
has a good effect on the TSP problem to quickly obtain better optimization results. It
is worth noting from the above analysis that the influence of turning radius needs to
be considered when HSA turns. In order to improve the flight efficiency of an airship,
HSA adopts the minimum turning radius R. Therefore, before route planning, this paper
investigated and demonstrated the global search ability of the genetic algorithm to obtain
the optimal flight sequence of HSA passing through the multi-mission points. The specific
steps of the proposed genetic algorithm are as follows:

1. Input the coordinates of take-off and landing point Pp and mission points P;
(i=1,2,3,...,n), and the number of nodes N = n + 1;

2. Set the maximum genetic algebra, crossover probability, and mutation probability;

3.  Calculate the distance Dij (i, =1,2,3,..., N) between every two adjacent mission points;

4.  Initialize the population and randomly generate multiple individuals starting from
the take-off point;

5. Selection operation: calculate the fitness value of each individual in the population,
and select the individual with a large fitness value as the new population to replace
the original population;

6. Crossover operation: every two adjacent individuals in the population have a cer-
tain crossover probability. According to the single point crossover, the partial node
sequences of the same length in the two adjacent individuals are cross exchanged to
generate new individuals to replace the original individuals;

7. Mutation operation: each individual in the population has a certain mutation probabil-
ity. The individual performs partial mutation, that is, two nodes in the node sequence
are randomly selected and their sequence is exchanged;

8.  Repeat steps 5-7 until the genetic algebra is the maximum genetic algebra, and output
the individual with the maximum fitness in the evolutionary process;

9. According to the node sequence in the optimal solution individual, the coordinates of
take-off and landing point, and mission points are output.

Note: the fitness value is the reciprocal of the total distance of the route.

2.3. Route Planning Method Based on the Greedy Strategy

The greedy strategy means that the agent always makes the best choice at present, in
other words, the choice made by the greedy strategy is only a locally optimal solution in a
certain sense. The main idea of the greedy strategy is to divide the problem into several
sub-problems, solve each sub-problem to obtain the local optimal solution, and finally
synthesize the local optimal solutions of all sub-problems into the optimal solution for the
original problem.

From the above, the minimum turning radius during the HSA flight and the optimal
flight sequence of the HSA passing through all multi-mission points can be obtained. Thus,
the main goal of route planning becomes how to find an optimal route with the shortest
distance and improve flight efficiency. Therefore, this paper proposes a route planning
method based on the greedy strategy. This method adopts the idea of the greedy strategy
to decompose the optimal route problem of all mission points into a local optimal route
problem of every two adjacent mission points. The novel method reduces the computational
complexity and improves the computational efficiency. Additionally, this method helps to
traverse the multi-mission points in the optimal flight sequence in turn to determine the
shortest route between every two adjacent mission points. Finally, the complete optimal
route of the HSA from the take-off point to the landing point through all mission points
can be obtained.

In order to simplify the problem and facilitate efficient calculation, this paper does not
consider the direction of HSA at take-off and landing points, the following assumptions
are proposed and met:
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Assumption 1. The HSA takes off along the positive semi-axis direction of the X axis of the global
coordinate system of the input multi-mission points.

Assumption 2. The HSA can return to the landing point from any direction.
Assumption 3. The take-off and landing point of the HSA coincide with the same point.
The detailed steps of the proposed route planning method are presented as follows:

1.  Input the initial information, such as the coordinates of the multi-mission points of
the optimal flight sequence of the HSA;

2. Translation transformation of the coordinate system, the translation of the global
coordinate system of the input multi-mission points is transformed into the local
coordinate system of the mission point P; |1, and the parameter expression of the
coordinates of the circle center O; 1 can be obtained;

3. Determine the coordinates of the circle center O;’ in the route P;P;,, according to
the coordinates of the circle center O; in the route P;_1 P;, the coordinates of the circle
center O, can be determined;

4. Determine the shortest route of the route P;P; 1, the expression of the total voyage
distance of the route P;P; is expressed by the coordinates of the circle center O;,4,
and the shortest route of the route P;P; 1 is determined by changing the coordinates
of the circle center O;1;

5. Coordinate transformation of the shortest route, converting the shortest route from
the local coordinate system back to the global coordinate system;

Note: Steps 2-5 could be repeated if necessary. When traversing back to the landing
point of the HSA, the method will output the optimal route of the HSA from the take-off
point through all the mission points back to the landing point.

The flow chart of this method is shown in Figure 2 with detailed algorithms described
as follows:

(Input the initial information)

Translation transformation of
coordinate system

v

Determine the coordinates of circle
center O, in the route PP

i+1

Determine the shortest route of

the route PP,

Coordinate transformation of
shortest route

v

Return to landing No
point F,?

# Yes

Output the optimal route of )

the multi-mission points

Figure 2. Flow chart of route planning method based on the greedy strategy. The initial input
information includes the coordinates of the multi-mission points of the optimal flight sequence of the
HAS and the coordinates of the circle center O of the take-off point Pp.
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2.3.1. Input the Initial Information

From the above, the optimal flight sequence of the HSA from the take-off point,
through all the mission points, and back to the landing point can be obtained by using the
global search ability of the genetic algorithm. At the same time, according to Assumption
1, the HSA takes off along the positive semi-axis direction of the X axis of the global
coordinate system OXY, so the coordinates of the circle center O of the take-off point Pp
are set as (xp,,yp, + R).

Therefore, the input initial information includes the coordinates of the multi-mission
points of the optimal flight sequence of the HSA and the coordinates (xp,,yp, + R) of the
circle center Op.

2.3.2. Translation Transformation of the Coordinate System

The input multi-mission-point coordinates are located in the global coordinate system
OXY, in order to obtain the shortest route P;P; 1 from the mission point P; to the mission
point P;; for convenience. The global coordinate system OXY is translated to the position
where the origin coincides with the mission point P;,1, so the local coordinate system
O'X"Y’ of the mission point P, is obtained. The translation transformation equation of
the coordinate system is:

{xi, IR )
yi' =vi—yp,

where x;/, ;" are the x-coordinate and y-coordinate of each point in the local coordinate
system O'X'Y’; x;,y; are the x-coordinate and y-coordinate of each point in the global
coordinate system OXY; xp, 1/ Yp,, are the x-coordinate and y-coordinate of the mission
point P; ;1 in the global coordinate system OXY.

The coordinates of the circle center O; 1 of the mission point P;,1 in local coordinate
system O'X'Y’ are parameterized as follows:

xo,,,” = Rcos#
(om0 €02) @
where xo, | ! Yo, +1/ are the x-coordinate and y-coordinate of the circle center O;, 1 in the
local coordinate system O’X’Y’; 6 € [0,27) is the angle parameter, where each parameter 6
corresponds to a circle center O; 1 coordinate. Under different circle center O, coordi-
nates, the total voyage distance of the route P;P; will be different. Therefore, by changing
the value of 6, when the total voyage distance of the satisfied route is the smallest, the
corresponding route will be the shortest route.

2.3.3. Determine the Coordinates of the Circle Center O;’ in the Route P;P; 1

According to the shortest route P;_; P; from the mission point P;_; to the mission point
P;, the coordinates of the circle center O; of the mission point P; can be obtained. Then the
mission point O;, the mission point P;, and the mission point P;;; form a corner ZO;P;P; .
The size of ZO;P;P; ;1 can be divided into two cases: ZO;P;P; 11 < 90° and ZO;P;P;1 > 90°,
which are discussed separately as follows:

Case 1: ZO;P;P;11 <90°:

When ZO;P;P; ;1 < 90°, the circle center O;’ of the mission point P; in the route P;P; 4
coincides with the circle center O; of the mission point P; in the route P;_1P;, then the
coordinates of the circle center O;’ are:

Xo,/, = Xo./
i i 5
{]/O,»’, = ]/Oi, ( )

where xp,', yo,' are the x-coordinate and y-coordinate of the circle center O; in the local
coordinate system O'X'Y’; xo./,yo,’ are the x-coordinate and y-coordinate of the circle
center O; in the local coordinate system O'X'Y’.
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Case 2: ZO;P;P; 1 > 90°:

When ZO;P;P; ;1 > 90°, the circle center O;’ of the mission point P; in the route P;P; 4
and the circle center O; of the mission point P; in route P;_1 P; are symmetrical about the
mission point P;, then the coordinates of the circle center O, are:

xo/' =2 xxp' —x0, ©)
yo;' =2xyp' —yo,

where x.//, Yo,/ are the x-coordinate and y-coordinate of the mission point P; in the local
coordinate system O'X"Y".

2.3.4. Determine the Shortest Route of the Route P;P;

The distance Do,/ Pt from the circle center O;’ to the mission point P, is:

Doyp,,, = \/(xoif' —xp. )+ o, — yp,) @)
where xp, | "y P, +1/ are the x-coordinate and y-coordinate of the mission point P;; in local
coordinate system O'X"Y".

Regarding the geometric relationship between the distance Do,/p,, , and the minimum
turning radius R, there are three cases: Do,p,,, > R, Do,p,,, < R,and Do, p, | = R, which
are discussed separately as follows:

Case 1: Do,p,,, > R:

As shown in Figure 3, when the distance Do,/p,,, is greater than the minimum turning
radius R, the route P;P; 1 includes three parts: the arc route where the mission point P; is
located, the arc route where the mission point P;; is located, and the straight line in the
middle. Among them, the arc route where the mission point P, is located and the arc route
where the mission point P;; is located are both inferior arcs.

(b)

Figure 3. Schematic diagram of route planning when the distance Do, p,,, is less than the minimum

turning radius R. (a) is the schematic diagram of route planning at ZO;P;P;;1 < 90, (b) is the

schematic diagram of a route planning at ZO;P;P; 1 > 90, the red line is the calculated shortest route.

By defining the tangent point between the arc route where the mission point P; is
located and the straight route as T;; and defining the tangent point between the arc route
where the mission point P, is located and the straight route as T; 1, it can be seen from
Figure 3 that the geometric relationship ZP,0;/O;,1 = ZP,0;/T; + 90° is valid, so

cos (LPZ-Ol-’Ti)Z ~+ cos (ZPI'OZ'/OZ‘_H)Z =1 (8)

which leads to

2 2
N (O/Piz +0//0i11% — Oi+1Pi2) _q 9
2 x O/Pi X Oi’OiH

(Oilpiz + Oi/Tiz - TiP,'Z)
2 X Oilpi X Oi/Ti
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where O;'P; and O;'T; are equal to the minimum turning radius R; T;P; is the distance from
the tangent point T; to the mission point P;; O;'O; 1 is the distance from the circle center
O;41 to the circle center Oi, ; Oiy1P; is the distance from the circle center O;, 1 to the mission
point P;.

The tangent point T; is located on the circle with center O;/, so O;'T; = R, that is:

(.X'OI,// — XTI./)Z + (]/Oi// — ]/T,-/)z = Rz (10)

As it can be seen from the above, ZO;'P;P;,1 < 90°, and ZO; P;P; 1 + ZT;P;P; ;1 < 90°,
SO ZTiPiPl'+1 S 900, that is:

TiP? + PPiy1® — TiP;yy?
2TiP X Pipz'+1

>0 (11)

where P;P; is the distance from the mission point P; to the mission point P;; T;P;;1 is
the distance from the tangent point T; to the mission point P; .

It can be seen from Equations (9)—(11) that the coordinate (xT].’ , yT,-/ ) of the tangent
point T; can be obtained. Similarly, the coordinate (xt,,,’,yr,,,") of the tangent point T;
can also be obtained.

Therefore, the route P;P; 1 includes arc route P;T;, straight route T;T; 1 and arc route
Ti+1Pi+1. The voyage distance of each part of the route is:

S —x7.! 2+ - ‘/ 2
l; =2R x asin( \/(Xpl xT; )2R (yl’, yT, ) )

L= \/(le.’ - xTi+1/)2 + (yTi/ - yTiH/)z (12)
7

2
(wxp,.ﬂf—xriﬂw ) )
2R

I3 = 2R X asin

where /1 is the distance of the arc route P;T;; I, is the distance of the straight route T;T; 1; I3
is the distance of the arc route T; ;1 P;11.
Then, the total voyage distance / of the route P;P; 4 is:

I=hL+h+]1; (13)

Change the value of parameter 6(0 < 6 < 277). When 6 satisfies that the total voyage
distance ! of the route P;P;; at the minimum value, the corresponding route is the optimal
route. At this time, the coordinates of the circle center O; 1 corresponding to the 6 are:

{xom’—RcosG (14)
P
Yo,,, = Rsin®

Case 2: Do,p,,, < R:

As shown in Figure 4, when the distance Do,/p, , is less than the minimum turning
radius R, the route P;P; 1 includes three parts: the arc route where the mission point P; is
located, the arc route where the mission point P;; is located, and the straight line in the
middle. Among them, the arc route where the mission point P; is located is the inferior arc,
and the arc route where the mission point P;; is located is the superior arc.
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(a) (b)

Figure 4. Schematic diagram of route planning when the distance Do, p,,, is less than the minimum

turning radius R. (a) is the schematic diagram of route planning at ZO;P;P;.q < 90, (b) is the
schematic diagram of a route planning at ZO;P;P; ;1 > 90, the red line is the calculated shortest route.

Similarly, let the tangent point between the arc route where the mission point P; is
located and the straight route be T;; let the tangent point between the arc route where the
mission point P; 1 is located and the straight route be T; 1.

It can be seen from Equations (9)—(11) that the coordinate (x7,,yr1,’) of the tangent
point T; and the coordinate (xt,,,’,y1,,,") of the tangent point T;;; can be obtained.

Since the arc Tj;1P;1 is the superior arc, the arc Tj;1P; ;1 is equally divided into
two sections, and the midpoint of the arc T;;1P;; is taken as M;;1. According to the
explicit method of locating the midpoint of the arc in the Cartesian plane mentioned in
reference [34], the coordinates of the point M;; of the arc T;;1P;;1 can be obtained as
(xMi+1/’ YM,-H/)'

Therefore, the route P;P;;; includes: arc route P;T;, straight route T;T;;; arc route
Ti+1M; 1 and arc route M;1P;; 1. The voyage distance of each part of the route is:

S —x7.! 2+ . ‘/ 2
ll = 2R % ﬂSin( \/(xpl *T; )ZR (yP, YTI ) )

= \/(fo, - xTi+1/)2 + (yTi/ - yTi+1/)2

2
(WxM,.H'—xTM') )
2R

2 (15)

. (Mg =xp )V n = Ye, )
15 = 2R % asm(\/ i+1 i+1 e i+1 Piiq )

l4 = 2R X asin

where I, is the distance of the arc route T;, 1 M;1; I5 is the distance of the arc route M; 1 P;1.
Then, the total voyage distance / of the route P;P;{ is:

l=hLh+bL+Il4+15 (16)

Similarly, change the value of parameter 6(0 < 6 < 27r). When 6 satisfies that the total
distance / of the route P;P; ;1 at the minimum value, the corresponding route is the optimal
route. At this time, the coordinates of the circle center O; 1 corresponding to 6 are shown
in Equation (13).

Case 3: Do,p,,, = R:

As shown in Figure 5, when the distance DO,»’ Pi is equal to the minimum turning
radius R, the mission point P; and the mission point P, are located on the arc of the circle
center O; at the same time. At this time, the route P;P;,; only includes the arc route P;P; 1.
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Figure 5. Schematic diagram of route planning when the distance Do,/p,,, is equal to the minimum
turning radius R. (a) is the schematic diagram of route planning at ZO;P;P;y; < 90, (b) is the
schematic diagram of a route planning at ZO;P;P; ;1 > 90, the red line is the calculated shortest route.

In order to prevent the arc P;P;; from being the superior arc, the midpoint of the arc
P;P; 1 is taken as M;. Then according to the explicit method of locating the midpoint of the
arc in the Cartesian plane mentioned in reference [34], the coordinates of the midpoint M;
of the arc P;P;1 can be obtained as (xp,’,y,,.)-

Therefore, the route P;P;, 1 includes arc route P;M; and arc route M;P; 1. The voyage
distance of each part of the route is:

- X 2+ I ‘/ 2
le = 2R x arcsin( \/(XP] M )2R (]/P; Ym; ) )

(17)

( Vo =xp Vv,

I = 2R X arcsin R )

where [ is the distance of the arc route P;M;; I7 is the distance of the arc route M;P; .
Then, the total voyage distance / of the route P;P; is:

l=lg+1y (18)
At this time, the circle center O; 1 coincides with the circle center O;’, which coordi-
nates are: ) ,
{xoiﬂ/ i xoi/ (19)
Y0i1 = Yo,

2.3.5. Coordinate Transformation of the Shortest Route

The shortest route P;P; ;1 and the coordinates of the circle center O; in the above
process are all located in the local coordinate system O’X’Y’. In order to obtain the shortest
route of the entire route, it necessary to convert back to the global coordinate system OXY..
The translation transformation equation of the coordinate system is:

/
(e @)
Yi =Yi T Y,

Therefore, the shortest route P;P; 1 and the coordinates of the circle center O;, 1 in the
global coordinate system OXY are obtained.

By repeating steps 2-5 of the proposed route planning method based on the greedy
strategy, the method traverses the mission points in the optimal flight sequence in turn
to obtain the shortest route between every two adjacent mission points, and outputs the
optimal route of the HSA as shown in Figure 6.
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Figure 6. Schematic diagram of optimal route. Py is the take-off and landing point of the HSA,
Py, P, P3, Py are the input multi-mission points, Po — P, — P4 — P3 — P; — Pp is the optimal

3. Experimental Analysis

flight sequence based on the genetic algorithm, and the red line is the optimal route obtained by the
route planning method based on the greedy strategy.

Input

Multi Mission Paints

Poiygon
Set Param Load Param |  Save Param
Set Mission Load Route Generate
Multi Mission Points
Longitude Latitude
Save Input Load Input Modify
Qutput
Route Distance(m) E Load Route
Initial Angle{®) E Save Route
Waypoints
Longitude Latitude

Figure 7. Layout of route planning simulation software developed for multi-mission-point route
planning. After selecting the “Multi-Mission Points” mode, the user can click “Set Mission”, then

click on the map to set the coordinates of the multi-mission points, and finally click “Generate”. And
the optimal route will be displayed on the map.

In this paper, the simulation study and analysis adopted the Zeppelin NT airship as
a representative HSA as shown in Figure 8, which is 75 m long and 20 m wide. During

the simulation, the flight speed of the HSA is set as Vinin = 100 km/h and the maximum
in Figure 9.

turning slope angle as ymax = 20°. Randomly selected multi-mission points are illustrated

To validate the method proposed in this paper, this paper leveraged the simulation
software of the plant protection UAV route planning developed by the authors [35] and
further developed simulation software for the multi-mission-point route planning of the
HSA. The software interface and layout are shown in Figure 7.
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Figure 8. Representative HSA, Zeppelin NT airship adopted in the simulation study and validation.

Figure 9. The mission point selection diagram, where the unnumbered point represents the take-off
and landing point, and the marked points numbered 1~9 represent the nine mission points selected
in sequence.

Firstly, according to the minimum flight speed Vipin = 100 km/h and the maximum
turning slope angle ymax = 20° of the HSA when turning, by Equations (1) and (2), the
minimum turning radius of the HSA can be obtained as:

Vinin? 1002
R e — =05, ~ 220 21
g X tanymax 9.8 x tan20° m (21)

Secondly, the optimal flight sequence of the multi-mission points is obtained based on
genetic algorithm. First, enter the take-off point coordinates of the HSA, and the coordi-
nates of the randomly selected mission points 1~9. Then, set the maximum evolutionary
generation to 1000, the crossover probability to 0.9, and the mutation probability to 0.1.
Finally, based on the genetic algorithm, the optimal flight sequence of mission points 1~9 is
obtained as: start 49 -7 -6 >4 —-5—-8—>3—>2—>1—end;

Then, according to the route planning method based on the greedy strategy proposed
in this paper, the multi-mission points in the optimal flight sequence are traversed in turn,
and the shortest route between every two adjacent mission points start -+ 9,9 — 7,7 — 6,
6—+4,4—5,5—+8,8—=+3,3—2,2—1,and 1 — end are obtained. Among them,
the route of mission points 2 — 1 belongs to the situation where the distance Do,p,, , is
greater than the minimum turning radius R in the above; the route of mission points 8 — 3
belongs to the situation where the distance Dg,/p,,, is less than the minimum turning radius
R in the above. Figure 10 is the partial enlarged view of the shortest route of mission points
8 — 3.



Sensors 2022, 22, 4954

14 of 20

The route distance of the mission points 2—1

Figure 10. The partial enlarged view of the optimal route of mission points 8 — 3. The red line with
arrows is the calculated best route, the marked points represent the mission point.

According to the route planning method based on the greedy strategy proposed in
this paper, the shortest route of mission points 2 — 1 is solved. The specific steps are as
follows:

First, the translation transformation of the coordinate system can obtain the parameter
expression of the coordinates of the circle center O; of the mission point P;. Second,
according to the coordinates of the circle center O; of the mission point P, in the shortest
route 3 — 2, the coordinates of the circle center O, of the mission point P, in the route
2 — 1 can be determined. Then, the distance D;; from the mission point P, to the mission
point P is greater than the minimum turning radius R, so the expression of the total
voyage distance of route 2 — 1 is as Equation (12). By changing the coordinates of the
circle center Oj, the shortest route of the route can be determined. Finally, the relationship
between the parameter 6 and the route distance of the mission points 2 — 1 is shown
in Figure 11a. When the parameter 6 is 274°, the shortest distance of the route 2 — 1 is
1742.76 m. Similarly, the shortest route of mission points 8 — 3 is solved by the route
planning method based on the greedy strategy proposed in this paper, and the relationship
between the parameters 6 and the route distance of the mission points 8 — 3 is shown
in Figure 11b. When the parameter 6 is 340°, the shortest distance of the route 8 — 3 is
1753.91 m.

The route distance of the mission points 8 —3

3500 T T 3500 T T
. I Route Distancel 5 I Route Distancel
—_—
< 3000 - 1 < 3000 1
<9 <
= =
S S
-2 2500 [ 1 -2 2500 [ 1
[=} a
] ]
= =
S 2000 |- . S 2000 - .
g 000 g 000
(274,1742.76) (340,1753.91) &—
1500 | ‘ | ‘ ! ‘ ! ‘ ; ; . 1500 . . . L . . . . . . .
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 60 90 120 150 180 210 240 270 300 330 360
Parameter0/° Parameter0/°
(a) (b)

Figure 11. Schematic diagram of the route distance of two adjacent mission points corresponding to
different parameters 6. (a) the relationship between parameter 6 and the route distance of the mission
points 2 — 1, (b) the relationship between parameter § and the route distance of the mission points
8 —3.
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Finally, the optimal route of the HSA from the take-off point, through all the mission
points, and back to the landing point is obtained. The total voyage distance of the optimal
route is 15,139.92 m, as shown in Figure 12.

Output

i Route Distance(m) »

Figure 12. Schematic diagram of the output result of the route planning software. The blue line with
arrows is the calculated best route, and the red line is the route that the simulated airship has traveled.
And the output shows that the total route distance of the optimal route is 15,139.92 m.

In the literature [26], the DUBINS curve is used to perform curve fitting on the solution
path, and the influence of the turning radius on the route is solved, as shown in Table 1.
The literature [29] proposed that the DUBINS curve has only six control combinations
that describe all the shortest paths: LSL, RSR, RSL, LSR, RLR, and LRL, as shown in the
Figure 13. Among them, the LSL control combination means that the HSA starts from the
beginning point P, first turns left, then goes straight line, and finally turns left to reach the
ending point Pr, as shown in Figure 13a.

The multi-mission-point route planning method based on DUBINS curve needs to
determine the speed direction of the airship at the beginning and the ending when solving
the shortest route between two mission points. Therefore, in the shortest route from the
mission point P; to the mission point P; 1, the speed direction of the beginning point P;
can be determined by the shortest route from the mission point P;_; to the mission point
P;. The speed direction of the ending point P;;; points to the mission point P;;,. The
simulation results are shown in the Figure 14. Among them, the shortest route of the
mission points 8 — 3 is the RSR in the six control combinations of the DUBINS curve. The
shortest distance of route 8 — 3 is 1857.47 m. Compared with this method, the method
proposed in this paper reduces the shortest distance by 5.58% in the route of mission points
8 — 3. At the same time, the total voyage distance of the optimal route is reduced by
18.77%, as shown in the route 1 in Table 2.
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(d) LSR (e) RLR (f) LRL

Figure 13. The main types of DUBINS path. Ps represents the beginning speed direction, Pg represents
the ending speed direction,S represents the straight line, R represents the right turn, and L represents
the left turn. (a) LSL means that the HSA starts from the beginning point Pg, first turns left, then goes
straight line, and finally turns left to the ending point Pr. (b) RSR means that the HSA starts from
the beginning point Ps, first turns right, then goes straight line, and finally turns right to the ending
point Pg. (c) RSL means that the HSA starts from the beginning point Ps, first turns right, then goes
straight line, and finally turns left to the ending point Pr. (d) LSR means that the HSA starts from the
beginning point P, first turns left, then goes straight line, and finally turns right to the ending point
Pg. (e) RLR means that the HSA starts from the beginning point Ps, first turns right, then turns left,
and finally turns right to the ending point Pg. (f) LRL means that the HSA starts from the beginning
point Ps, first turns left, then urns right, and finally turns left to the ending point Pr.

Figure 14. Schematic diagram of the simulation results of the multi-mission-point route planning
method based on DUBINS curve. The red line with arrows is the calculated best route, and the blue
line is the route that the simulated airship has traveled. And the output shows that the total route
distance of the optimal route is 18,637.87 m.
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Table 2. Comparison of simulation results of two route planning methods.

Tl}e Numb(?r of Proposed Method Based on DUBINS Curve Optimization
Mission Points
Total voyage of route 1 9 15,139.92 m 18,637.87 m 18.77%
Total voyage of route 2 9 16,175.89 m 19,935.23 m 18.86%
Total voyage of route 3 9 13,350.61 m 16,446.26 m 18.82%
Total voyage of route 4 10 11,820.58 m 14,257.90 m 17.09%
Total voyage of route 5 24 42,841.27 m 53,194.56 m 19.46%
Average Optimization 18.60%

In order to prevent the accidental occurrence of the mission points selected for route 1,
this paper randomly selects five sets of route data for comparative experiments. The take-
off and landing points of routes 1~5 are the same, and the minimum turning radius of
the airship is also R = 220 m. The multi-mission points in the routes 1~5 are randomly
selected, and the number of multi-mission points is shown in Table 2. The route planning
method of multi-mission points based on DUBINS curve, and the multi-mission points
route planning method proposed in this paper are used to plan the five sets of route data,
respectively. The total voyages of the optimal routes of routes 1~5 are shown in Table 2. At
the same time, the experimental results show that compared with the multi-mission-point
route planning method based on DUBINS curve, the total voyage of the optimal routes of
routes 1~5 obtained by the proposed method is reduced by 18.60% on average, as shown in
Table 2.

From the simulation results, it can be seen that for various situations of multi-mission
points, the multi-mission-point route planning method for HSA based on the genetic
algorithm and greedy strategy proposed in this paper can generate the optimal route under
the influence of turning radius. Furthermore, this method can ensure the accurate passing
through multi-mission points and improve the flight efficiency of HSA. At the same time,
the total voyage distance of the optimal route was reduced by 18.60% on average. The
simulation results fully illustrate the feasibility of the route planning algorithm.

4. Discussion

Due to the large volume and large windward area of the HSA, there is a large turning
radius when passing through each mission point. However, the route planning algorithms
proposed in the literature [14,22-25] do not consider the influence of turning radius. The
literature [26-28] proposed to use the DUBINS curve to solve the influence of the turning
radius on the route, but the DUBINS curve has limitations, limiting the forward direction
of the target and the speed direction at the beginning and ending. Therefore, the optimal
solution in the DUBINS set is only the optimal solution in the specific beginning and ending
speed directions. As such, this paper proposed a multi-mission-point route planning
method for HSA based on genetic algorithm and greedy strategy. The method consists of
the following two parts:

1.  Optimal flight sequence: the global search ability of the genetic algorithm is used to
determine the optimal flight sequence of the HSA from the take-off point through all
the mission points back to the landing point.

2. Shortest flight route: a route planning method based on the greedy strategy is pro-
posed, which uses the greedy strategy to decompose the optimal route problem of
all mission points into the local optimal route problem of every two adjacent mission
points. The shortest route between every two adjacent mission points can be obtained.

Through the optimal flight sequence and the shortest flight route, the optimal route of
the HSA from the take-off point, through all the mission points, and back to the landing
point is finally obtained. The advantages and characteristics of this method are as follows:
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1. Under the influence of the large turning radius of the HSA, the optimal route can
be generated quickly and accurately, and the flight efficiency of the HSA is greatly
improved;

2. Combining the global search ability of genetic algorithm and the local optimal charac-
teristics of the greedy strategy to improve overall computing efficiency;

3. This method has a broader range of applicability and can be applied to various
complex mission situations between multiple mission points.

In the shortest flight route part, the method proposed in this paper can obtain the
global shortest route between two adjacent mission points. The multi-mission-point route
planning based on the DUBINS curve only obtains the local shortest route between two
adjacent mission points in the case of a specific beginning and ending speed directions.
Therefore, compared with the multi-mission-point route planning method based on DU-
BINS curve, the total voyage of the optimal route obtained by the proposed method is
reduced by 18.60% on average.

However, there are still some remaining challenges and future work as this paper
ignores problems such as the influence of environmental dynamics on the airship, especially
the influence of wind, and the dynamic process of acceleration and deceleration and
slope angle changes throughout the flight. The follow-up studies will take these into
consideration. In addition to those identified limitations, this research lacks the evidence of
flight experiments, which will be supplemented in the subsequent stage of research, where
this proposed method is expected to be continuously improved with more adequate and
realistic data.

5. Conclusions

In this study, a two-step approach considering the optimal flight sequence and the
shortest route sequence is used to obtain the optimal route of the HSA from the take-off
point, through all the mission points, and back to the landing point. The method proposed
in this paper combines the advantages of the genetic algorithm and greedy strategy to
enhance the adaptability of the algorithm and improve computational efficiency. The
experimental results show that in view of the various conditions of the mission points, the
method can generate the optimal route under the influence of turning radius, which greatly
reduces the total voyage distance and improves the flight efficiency of the HSA. Compared
with the multi-mission-point route planning method based on DUBINS curve, the total
voyage of the optimal route obtained by the proposed method is reduced by 18.60% on
average. At the same time, the feasibility and reliability of the route planning algorithm are
demonstrated through experimental studies and simulation.
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