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ABSTRACT

Stereoscopic agriculture, as an advanced method of agricultural production, poses new challenges for multi-task
trajectory planning of unmanned aerial vehicles (UAVs). To address the need for UAVs to perform multi-task
trajectory planning in stereoscopic agriculture, a multi-task trajectory planning model and algorithm (IEP-AO)
that synthesizes flight safety and flight efficiency is proposed. Based on the requirements of stereoscopic agricultural
geomorphological features and operational characteristics, the multi-task trajectory planning model is ensured by
constructing targeted constraints at five aspects, including the path, slope, altitude, corner, energy and obstacle
threat, to improve the effectiveness of the trajectory planning model. And combined with the path optimization
algorithm, an Aquila optimizer (IEP-AO) based on the interference-enhanced combination model is proposed,
which can help UAVs to improve the trajectory search capability in complex operation space and large-scale
operation tasks, and jump out of the locally optimal trajectory path region timely, to generate the optimal trajectory
planning plan that can adapt to the diversity of the tasks and the flight efficiency. Meanwhile, four simulated
flights with different operation scales and different scene constraints were conducted under the constructed real
3Dimension scene, and the experimental results can show that the proposed multi-task trajectory planning method
can meet the multi-task requirements in stereoscopic agriculture and improve the mission execution efficiency and
agricultural production effect of UAV.
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1 Introduction

Agriculture is of critical importance to the development of human society. Currently, the quality
of land in many areas is gradually degrading due to soil erosion, reduction of inorganic quality
and pollution. Moreover, with the continuous development of urbanization, a lot of arable land
has been used for the construction of infrastructure such as houses and highways, resulting in the
continuous reduction of arable land area. Thus, to meet the challenges facing global agriculture in
terms of land cultivation, it is necessary to actively adopt various means to improve the productivity
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and sustainability of agricultural cultivation and contribute to global food security and sustainable
development [1].

Stereoscopic agriculture is a modern pattern of agriculture that utilizes stereoscopic space for
agricultural production, which is a modern, efficient and sustainable model of agriculture compared to
traditional horizontal farming, helping to meet the demands of agricultural development in the context
of population growth and urbanization, as well as meeting the challenges posed by the environment
and resources. Stereoscopic agriculture can maximize the use of limited land resources through the use
of vertical space [2] and cultivation in multi-level agricultural systems at different altitudes. However,
the operating area of stereoscopic agriculture is usually characterized by small cultivated areas and
uneven terrain, which makes it difficult to adapt traditional agricultural techniques and mechanical
equipment to the operating area of stereoscopic agriculture. On the contrary, unmanned aerial vehicles
(UAVs) [3], as a new type of small machinery and equipment, can play a role in stereoscopic agriculture
in a variety of aspects such as monitoring and investigation, fertilizer application and spraying, plant
protection and disease monitoring, intelligent irrigation and water resource management, as well as
automated and intelligent agricultural operations. Their ability to provide high-precision data and
intelligent solutions can help the development of stereoscopic agriculture and improve the efficiency
and sustainability of agricultural production.

Regarding the current challenges of UAV trajectory planning, decision makers find that there
are usually many complex constraints, such as the flight speed, altitude, and flight radius of the
UAY, as well as the need to avoid collisions with obstacles such as base stations and buildings.
The combination of these factors makes it difficult for traditional optimization algorithms to deal
with them comprehensively and effectively, thus making them prone to errors or impossible to
apply. Application of metaheuristic algorithms has been introduced to provide a new solution to
this challenge. And the main motivation for using meta-heuristic algorithms to solve the UAV
trajectory planning problem lies in their excellent multiple constraints processing capability and
global optimization ability, which can quickly adapt to changes in complex and dynamic agricultural
environments and provide efficient, reliable and flexible path planning schemes, which in turn support
the intelligent and refined management of agriculture.

Meta-heuristic algorithms [4] are a class of computational methods based on adaptive, iterative
optimization to find near-optimal solutions to complex problems by simulating processes such as
evolution and group intelligence in nature. Compared with traditional algorithms, metaheuristic
algorithms have the advantages of high adaptability, low requirements on problem constraints, and
high parallelism. Such algorithm types include, but are not limited to, Genetic Algorithm (GA) [5],
Ant Colony Optimization Algorithm (ACO) [6], Particle Swarm Optimization (PSO) [7], Difference
Algorithm (DE) [§], and so on. Meanwhile, metaheuristic algorithms currently show extraordinary
potential in many problem domains. For example, in combinatorial optimization [9], traveler’s problem
[10], path planning [1 1], and resource allocation [12], meta-heuristic algorithms are able to find near-
optimal solutions efficiently. In addition, metaheuristic algorithms are widely used in many fields such
as engineering optimization [13], image processing [14], data mining [15] and machine learning [16].

The Aquila Optimizer (AO) [17] is a new swarm intelligence-based optimization algorithm
proposed by Abualigah et al. in 2021, which is inspired by the behavior of Aquila in nature during
prey capture, and has a powerful global exploration capability, high search efficiency, and fast
convergence speed. At present, due to the outstanding optimization ability of the AO algorithm has
been widely applied in parameter optimization [! 8], scheduling optimization [19], system control [20],
gene selection [21], and other related fields. In the face of the UAV trajectory path planning problem,
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the AO has a powerful global search capability, multi-objective optimization capability, constraint
processing capability, adaptability and flexibility, and scalability, which makes it an effective algorithm
to solve the UAV trajectory path planning problem, and it can help the UAV to find the optimal path
to satisfy different objectives and constraints.

Nevertheless, the operational characteristics of stereoscopic agriculture will lead to the existence
of different levels of operational objects and operational endpoints at different altitudes in the
operational scheduling area. Then, UAVs performing multi-task trajectory planning operations in
the background of stercoscopic agriculture will increase the complexity of the search space due
to the increase in spatial dimensions, large coverage, multi-objective optimization, and dynamic
environmental constraints, and it is difficult to some extent to generate a trajectory planning scheme
with lower flight costs, higher stability, and higher safety. For this reason, to enhance the ability of
UAVs to perform multi-task trajectory planning in the background of stereoscopic agriculture, and
to enrich the current state of research in the field of UAVs performing multi-objective multi-task
trajectory planning, this paper proposes an interferometric image enhancement model-based, adaptive
weight factor-driven by Aquila optimizer (IEP-AO) for solving the problem of multi-task UAV
trajectory planning in a stereoscopic agricultural environment. Among them, the main contributions
of this paper are as follows:

e A multi-task trajectory planning model and algorithm (IEP-AQO) that synthesizes flight safety
and flight efficiency is proposed to address the need for UAVs to perform multi-task trajectory
planning in stereoscopic agriculture.

e Proposed Aquila Optimizer (IEP-AO) driven by a combination of interferometric image
enhancement model, adaptive weighting factors and Bernoulli mapping.

e Constructed a realistic three-dimensional stereoscopic agricultural trajectory planning scenario
with a variety of constraints and obstacle models.

e Experimental results show that IEP-AO has stable and significant optimization and planning
capabilities in four simulated trajectory planning tasks with different challenges.

2 Related Works
2.1 Literature Review

In recent years, with the rapid development of UAV technology, UAV trajectory planning has
attracted extensive attention and research. This chapter will review the relevant literature on UAV
trajectory planning and summarize the research directions and methods therein.

One common approach in the study of UAV trajectory planning is the optimization method
based on heuristic algorithms. Among them, Zhang et al. [22] proposed a multi-objective evolu-
tionary algorithm with a two-fold constraint-handling mechanism for multiple UAV path planning.
Zhang et al. [23] proposed a beetle swarm optimization (BSO), which was used to generate a
UAYV path that minimizes the ground risk and flight cost. Chen et al. [24] proposed a UAV path
planning method based on the opposition-based learning artificial bee colony (OABC) algorithm to
obtain more building surface information with fewer images. Wang et al. [25] proposed an improved
algorithm (GSPSODE) applied to UAV inspection path planning for urban corridors by introducing
a collaborative game between Spherical Vector Particle Swarm Algorithm (SPSO) and Differential
Evolution (DE) algorithm. Liu et al. [26] proposed a grey wolf optimization algorithm (NAS-GWO)
incorporating multi-strategy improvement for the agricultural UAV trajectory planning problem.
Phunget al. [27], for dealing with the UAV path planning problem in complex environments subject to
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multiple threats, transformed the path planning into an optimization problem containing requirements
and constraints on the feasible and safe operation of UAVs and based on this proposed a spherical
vector-based particle swarm optimization algorithm (SPSO).

Another common research method is UAV trajectory planning based on artificial intelligence
technology. Technologies such as deep learning and reinforcement learning are introduced in order to
achieve autonomous decision-making and route planning for complex environments. These techniques
can learn and optimize the UAV’s trajectory planning process through a large amount of training data
and intelligent algorithms so that it can adapt to different tasks and environments. Among them,
Li et al. [28] proposed a UAV coverage path planning algorithm based on double-deep Q-network
based on deep reinforcement learning theory and the characteristics of coverage path planning.
Barnawi et al. [29] extracted the desired area through a deep learning based segmentation method,
thus proposing an autonomous UAV-based mine detection framework to determine the coverage
routes for scanning the target area. From the perspective of optimization efficiency, Pan et al. [30]
found that deep learning (DL) has a high solution speed once it is trained with enough datasets, and
thus proposed a deep learning algorithm called genetic algorithm trained (DL-GA) that combines the
advantages of DL and genetic algorithm for improving the efficiency of multi-UAV data collection
path planning. Not only that, Yang et al. [31] proposed a reinforcement learning algorithm based on
intrinsic rewards and used it for the path planning problem of UAV base stations, which helped to
provide stable communication for multiple mobile users.

In conclusion, UAV trajectory planning is a complex and challenging problem involving multiple
aspects such as path search, constraint handling, and multi-objective optimization. In the above
literature review, methods based on heuristic algorithms, artificial intelligence techniques, and multi-
objective optimization are widely used in the field of UAV trajectory planning. Although the heuristic
algorithms and artificial intelligence techniques mentioned above in the literature each have their own
advantages in UAV trajectory planning, they are deficient in dealing with multi-tasking requirements in
a stereoscopic agricultural environment. These algorithms usually have limited adaptability to complex
terrains, poor multi-task coordination and real-time processing, and insufficient integrated processing
capabilities when facing multiple constraints. Therefore, it is necessary to propose a new meta-heuristic
algorithm and trajectory planning model, which can better adapt to the dynamics and complexity of
stereoscopic agriculture, improve the coordination and execution efficiency of multi-tasking, as well as
carry out effective path optimization under various constraints, so as to satisfy the needs of practical
agricultural applications, and can provide strong theoretical support and solution for the research of
trajectory planning in stereoscopic agriculture context.

2.2 Aquila Optimizer
The Aquila Optimizer is modeled by simulating four flight predation behaviors of Aquila, which

can flexibly change the hunting strategy according to different prey, and each stage is described as
follows:

A. Extended Exploration (X1)

In Expanded Exploration, the Aquila identifies prey areas and selects the best hunting area by
soaring high in a vertical stoop. Here, the Aquila soars from a high altitude to identify the area of
the search space, which represents the specific location of the prey to be searched. Eq. (1) below is the
mathematical model of the extended exploration behavior.

Xl (t + 1) = Xbesl (t) X (1 - Z/Maxiler) + rand ° (Xmmn (Z) - vaesl (t)) (1)
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where X; (¢ + 1) is the solution obtained under the current ¢ iterations generated based on the extended
exploration behavior, X, (¢) refers to the optimal solution generated during the iteration process and
reflects the approximate location of the prey, and X,,.., (f) denotes the average value of the current
solution under the current 7 iterations. rand refers to a random number in the range of [0, 1],  denotes
the current number of iterations, Max;,, denotes the maximum number of iterations, D denotes the
dimensional size of the problem, and N denotes the number of candidate solutions.

B. Narrowing of exploration (X2)

In the second method (X2), when the Aquila finds the prey area from high altitude, it hovers above
the target prey and prepares to launch the attack, which is called isometric flight for short glide attack.
At this time, the Aquila optimizer narrowly explores the selected area of the target prey in preparation
for the attack, the mathematical model of this behavior can be expressed by the following Eq. (3):

X, (t+1)=Xpmo Levy (D) + X, () + (v — x) @ rand 3)
Levy (D) = s X uola “4)
v
(1 + B) x sin (@)
o= : 5)
F(H_—'B) X B x 25
2
y=rxcos(d),x=rxsin(8) (6)
3n
r=r1+UxD1,9=—a)xD1+7 @)

X, (t + 1) represents the solution scheme generated in X, mode, Levy (D) represents the number
of Lévy flight distributions, X, (7) represents the random solution within the population at the z-th
iteration, and x, y are the behavioral expression models used to represent the spiral search pattern.
Meanwhile, r, is the number of fixed search cycles, r, C [1,20], D, is an integer in the range [1, D,], and
s, w, U all represent constants with values of 1.5, 0.005, and 0.00565, respectively.

C. Expanded development (X3)

During the third method (X3), when the Aquila locks on to the prey area, the Aquila prepares for
landing and attacking, and then descends vertically and performs a preliminary attack to test the prey’s
response, a behavior known as a low-flying and slow descending attack. The mathematical model of
the Aquila performing the low-flying and slow descending attack behavior is shown in Eq. (8) below:

X;(t+ 1) =a (X () — Xpean () — rand + 8 - (UB — LB) x rand + LB) ®)
There, X; (z + 1) is the solution scheme generated iteratively by the search method, « and § denote

the mining tuning parameters in the range [0, 1], and LB, UB represent the lower and upper boundaries
of the search space.
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D. Reduction in scope of development (X4)

In the fourth method (X4), the process of walking and catching the prey by the Aquila is mainly
simulated, when the Aquila gradually approaches the prey and launches the attack according to the
random movement of the prey, which is mathematically modeled as shown in Eq. (9).

X,(t+1) =QeX,, (1) — (G, e X, (1) x rand) — G, e Levy (D) )
2xrand — 1
- - 1
Q t(l - Adaxiter)2 ( 0)
G, =2x% (1 —t/Max,,) (11)

Among them, X, (7 + 1) is the solution scheme generated in the search method X,, Q is the quality
function used to balance the search strategy, G, denotes the various motions used to track the prey
during the search for the prey, and G, denotes the flight rate of the Aquila population, which decreases
in value from 2 to 0.

3 Multi-Task UAY Trajectory Planning Model Construction in a Stereoscopic Agricultural Environment
3.1 Minimal Trajectory Path Constraints

The essence of the multi-task UAV trajectory planning problem is to find the shortest trajectory
path by traversing the iterative search between the mission start point and multiple mission end points.
Usually, assuming that the UAV’s trajectory path point in three-dimensional space is R; = (xi,-, Vi Zi/') ,
this path node can indicate that the UAV’s position at this time is located at the j-th node of the
i-th path. Meanwhile, if the distance between two path points is to be obtained, then the distance
between two path points can be denoted as | R;R,;., | by introducing the Euclidean distance calculation
method. To this end, if M, is denoted as a 3D array containing n path nodes, the cost function Function,
associated with the shortest trajectory path constraint can be constructed denoted as:

n—1
Function, (M) = > | R,R, .| (12)

J=1

3.2 Security Trajectory Altitude Constraints

Safety trajectory altitude is an important safety guarantee to safeguard UAVs during dispatching
operations. In real flight rules, the navigational altitude of a UAV is usually influenced by both the
maximum altitude /., and the base altitude /,,;,. In the operation flight, suppose the height difference
of UAV at R, compared to the horizontal ground is H;. When the sailing altitude of UAV exceeds the
safe altitude constraint, the sailing altitude cost function V; can be obtained based on the altitude
penalty coefficient ¢ at a certain moment of time under the path point. In summary, the cost function
Function, related to the safe UAV trajectory altitude constraint can be expressed as:

¢ : (HI - hmzlx) Hij > hmax
0 hmin < I_Iz < hmax

¢ : (hmin - Hlj) O < Hif <] hmin (13)
0 hmin <0

Vif =

Function, (M;) = z V; (14)

j=1
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3.3 Safety Slope Constraints

Constructing slope constraint limitations is very important when multi-task UAV trajectory
planning in stereoscopic agricultural environments. Slope variations are very large in stereoscopic
agricultural environments, especially in multi-level greenhouses and crop stands. If the UAV trajectory
planning does not consider the slope constraint limitations, it may lead to instability and insecurity
throughout the flight, and may even lead to crashes and accidents. Assuming that the magnitude of
the slope between two flight path nodes R; and R;;,, is S/;, and the maximum slope constraint in a
stereoscopic agricultural environment is S/, then based on the slope penalty coefficient ¢ we can get
the cost function of the flight slope under the path point at a certain moment Function;.

| e (Sly — Shu) Sl > Sl
Slopec = { 0 Sl, < Sl (15)
Function; = z Slopec; (16)
j=1

3.4 Safety Corner Constraints

Multi-task trajectory planning tasks in stereoscopic agriculture usually require steering flights at
critical positions because of the different target positions of the operational objects and the different
operational areas, while the steering of UAVs usually includes horizontal and vertical steering. As

shown in Fig. | below, the principle that the Euclidean distance between two consecutive path points

—_—
and HR:‘J+1R1’,;'+2
the projection of the path segment in the two-dimensional plane can be denoted as R/R, ., R, R, .,.
For this purpose, the horizontal angle g; and vertical angle §; based on the projection plane can be

obtained based on the forward unit vector a of the coordinate axis as:

represent a complete flight path,

. . —
can represent a flight path, assuming that H R;R;

—_— _—
/ / — / / —_—
RR . |=7d x (RU.R,.JH X a) (17
R KR
B; = arctan — — (18)
! RiRij X Rij i Riji
Zij — Z,;
8; = arctan| =Y (19)
Rini.jH

Based on the above model, at this point, according to the horizontal cornering penalty coefficient
v and vertical cornering penalty coefficient p can be obtained the cost function Function, related to
the UAV navigation cornering constraint can be expressed as:

n—2 n—1
Function, (M;) = ¥ - Z ,3;,- +p0- Z (8;‘;‘ - 81‘,;'71) (20)

J=1 J=1
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18]

R. . R,

i, i, j+1

Figure 1: Schematic of UAV cornering model

3.5 Obstacle Threat Constraints

Constructing obstacle minimum threat constraints is considered important when performing UAV
trajectory planning in stereoscopic agriculture. This is because there are various obstacles in the
stereoscopic agriculture environment, such as fixed structures, plants, and base stations, which may
pose a threat to the safety and flight path of the UAV. By considering the location and threat level
of the obstacles, the safe flight of the UAV can be ensured and the damage to plants, facilities, etc.,
can be minimized. To this end, as shown in the example in Fig. 2 below, it is assumed that the center
coordinate of the threatening obstacle is x, and the threatening radius of the obstacle is R;. From

this, it can be obtained that the threatening area of the obstacle to which it belongs is Area,. As can
e

Rini,j-H
and the center of the obstacle. If the set consisting of obstacle threat zones is denoted as v, and the
obstacle threat penalty factor is denoted as 7, the relevant cost function Functions associated with the
navigational obstacle threat constraint can thus be obtained as:

n-((Arear + R;) — D) R; < D < Areay + R;
U (R/R,;11) = 0 Areag + Ry < D 1)
o0 D < R;

be seen from the illustration in Fig. 2, D represents the distance between a section of track )

i—1 v
Functions (M) = Z Z U (R;Rj.1) (22)

=1 j=1
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Figure 2: Schematic of the UAV obstacle threat model

3.6 Safety Energy Constraints

Energy consumption constraints are crucial to ensure the efficiency and safety of a mission. This
research defines the energy consumption constraint as the maximum flight time constraint, then
because the flight time is a direct indicator of energy consumption, which simplifies the complex
energy consumption calculation, and ensures that the UAV can successfully complete the mission
before running out of power by setting the maximum flight time. Assuming that the flight time at
the path point R; is Ej, if the maximum energy flight time that the UAV can reserve is ME,,,,, and the
penalty factor for exceeding the maximum flight time is v, the cost function with the flight energy
constraint can be shown by the definition of Functiong.

{xp x (E; — ME,,) E;> ME,,
0

Energ; = E, < ME,,,

(23)

Functiong (M;) = Z Energ; (24)

j=1

3.7 Multiple Factor Constraint-Based Cost Function

To uniformly portray the flight cost of UAVs in performing multi-task trajectory planning, this
paper starts from the effectiveness of the model, and hereby constructs a flight cost function £,
based on the weight ratio v multi-factor constraints, as follows, which is the mathematical model of
the function:

6
E;mti—ﬁl('tars (M) = Z (o Funczjonn (Ml) (25)

n=1

4 Design of a Multi-Task UAV Trajectory Planning Algorithm in a Stereoscopic Agricultural
Environment

4.1 Diversity Enhancement Mechanism Based on Bernoulli Mapping

Under the real operating scenarios of stereoscopic agriculture, due to the existence of different
levels of operating objects and different altitudes of operating areas, these challenges will force the
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meta-heuristic algorithms to suffer from local adaptation degradation, weakening of path selection
ability, and easy to fall into the local optimum at the early stage of the search in the process of
performing multi-task trajectory planning for UAVs. As a result, to improve the local adaptability and
the diversity of the trajectory search capability of UAVs executing the multi-task trajectory planning
problem in stereoscopic agricultural environments, this paper will help the meta-heuristic algorithms
to generate more reasonable path selections and overcome the path bottlenecks and other related
problems in executing the UAV trajectory planning through the introduction of Bernoulli mappings.

Bernoulli mapping is a randomization technique that produces sequences that are random in
nature and uniformly distributed. This allows the initial population information generated to have a
high degree of diversity, which in turn allows for a better coverage of the search space and enables the
algorithm to explore in multiple directions. When facing the path selection problem of UAV trajectory
planning, Bernoulli mapping can enhance the diversity of the population through the stochastic
character it possesses, thus improving the local adaptability of the algorithm and finding a better
trajectory planning solution to a greater extent. The following is the mathematical model of Bernoulli

mapping.

Bernoulli,,, =

[Bernik/(l —A), Berni, € (0,1 — A] (26)

(Bern, — 1 4+ A)/X, Berni, € (1 —A,1)

Here, Bernoulli,,, is the current value of the generated k-th generation chaotic sequence, and A
is the control parameter, which is tested in this paper and found to have strong traversal and better
trajectory search effect when A takes the value of 0.6.

4.2 Nonlinear Parameter Update Mechanism Based on Cosine Function

The terrain of the operating environment belonging to stereoscopic agriculture is complex and
varied, this makes the search space for the multi-task UAV trajectory planning problem very large
and complex. Meanwhile, the variation of operational targets and the diversity of features may lead
to different trajectory planning schemes that may be adapted to different features and requirements.
Therefore, in this paper, to balance and enhance the exploration and exploitation ability of the AO
algorithm in performing the multi-mission UAV trajectory planning problem, a nonlinear parameter
updating mechanism based on the cosine function is introduced as a way to improve the solution
efficiency and better adapt to different task requirements.

The solution model of the AO algorithm, G, is a control parameter that decreases linearly from
a fixed value of 2 to 0, which represents the flight slope from the first to the last position when the
Aquila is tracking the prey. Based on the above analysis, this paper proposes a nonlinear parameter
decreasing model combined with the cosine function, the following Fq. (27) is the mathematical model
of this optimization mechanism, and the following Fig. 3 shows the iteration curves before and after
the model optimization schematically.

G, =2x%cos((wr et)/2x Max,,) (27)

Based on the new balance in the above equation, the algorithm retains larger parameter values in
the early stage of iteration, which enables the algorithm to make full use of the optimization idea of
Lévy flight in the original search model and maintains a larger search step size, which provides a better
exploration capability and maximizes the trajectory search in the solution space. On the contrary, the
parameter values of the algorithm decrease rapidly in the late iteration process, when the algorithm
is less affected by the large step size search, which prompts the AO algorithm to strengthen the local
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search ability under the influence of the optimal solution and the historical optimal solution, thus
improving the development ability of the algorithm in the late iteration.

oo ——

Initial linear function
. i -
181 ~. = === nonlinear convergence function

0 20 40 60 80 100
lterations

Figure 3: Schematic of parametric nonlinear convergence

4.3 Variational Perturbation Mechanisms Based on Interference Enhancement Modeling

Stereoscopic agricultural environments usually include vertically cascading crop cultivation sys-
tems, and thus UAVs need to fly and navigate between different heights and levels. At the same time,
since UAVs need to perform multi-task trajectory planning in operational areas at different altitudes
and levels, this will lead to meta-heuristic algorithms that are prone to fall into local optimality under
the mutual interference and conflict of different constraints and are unable to jump out of the fixed
trajectory track, thus making it difficult to find the optimal trajectory path scheme between different
operational areas.

In this regard, from the actual difficulties faced in the stereoscopic agricultural environment, the
optimal individual information generated by the initial search of the algorithm should be retained
and used as the effective information for the algorithm to perform update iterations and jump out
of the local optimum, due to the small influence of obstacle constraints, height constraints and slope
constraints encountered by the UAV during the departure phase and initial search phase of the pre-
setup trajectory search period. For this reason, in this paper, to improve the ability of UAVs to perform
complex trajectory planning in stereoscopic agriculture, and also to effectively solve the challenges
faced by UAVs in performing multi-task trajectory planning, a variational perturbation mechanism
based on interference augmentation modeling is proposed.

Interference enhancement model is a kind of variational perturbation model inspired by the
interference phenomenon independently proposed in this paper. The main idea of this model is to
construct a perturbation model of the algorithm for the trajectory planning of stereoscopic agricultural
multitasking UAVs by using the bright interference stripes produced by the interference of two beams
as the optimal individual information retained by the algorithm in the pre-trajectory search period,
and by using the difference in optical range between different beams as the basis for assigning weight
values to individuals of different populations. The definition and construction process of the model is
shown below:
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Definition 1: From the physical properties of the interfering bright stripes, the n interfering
enhancement points are defined as P,, where P, = {P,, P,, ..., P,}, and P; denotes the solution vector
holding a higher fitness value in the iterative update of the algorithm.

Definition 2: Define the relative distance between the n interference enhancement points as J;,
where J;, = {J,, J,,...,J,}. In the algorithmic model, assume that X is the current individual position
within the population, and X, is the best population individual abstracted from the interference
enhancement points P;, from which we can obtain the mathematical model of J; as:

J= D" 1X = X (28)
i=1

Definition 3: Define the weight of influence between » interfering enhancement points as W;, where
W, = {W, W,,..., W,}. In the algorithmic model, W, denotes the weights of the currently stated
population individuals affected by the optimal individual based on the relative distance J;, from which
the mathematical model of W, can be obtained as:

[ — (29)

(A+J)-2 W,
i=1

Definition 4: Define the interference enhancement perturbation model as X;(¢+ 1). In the
algorithmic model, by combining the influence weights W, and the individual position information
X; (¢), while introducing the modulation parameters ¢, y and the random vector v can be obtained as
the mathematical computation model of X; (¢ + 1):

X(t+D=¢- Pi=X)—y - (W,-v—-X) (30)

4.4 Pseudo-Code for the IEP-AO Algovithm

The pseudo code of the algorithm generated by the proposed algorithm IEP-AO under combinato-
rial optimization is shown below. Besides, IEP-AO still simulates the foraging behavior of hawks in its
algorithmic idea, and through extensive exploration and precise exploitation among the individuals
representing the possible flight paths of UAVs in the initial population, it repeatedly evaluates and
updates the adaptability of each path, especially focusing on the optimization of the path length, energy
consumption, obstacle avoidance and other factors, so as to gradually converge to the optimal or nearly
optimal flight trajectory that can meet the requirements of the complex dynamic environment, thus
ensuring the realization of efficient, safe and economical trajectory planning schemes in the following
trajectory planning:

1: Initialize the AO population and initialize the parameters.
: Updating of AO populations by Bernoulli mapping in Eq. (26).
Whilet < Max,,,
: Calculate the value of the fitness value function value.

fori=1,2,...N do

2
3
4
5: Determine the best obtained solution X,,, based on the fitness value.
6
7: Update the mean X, of the current solution.

8

: Update the convergence factor G, by Eq. (27) and update the values of each parameter again.
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9: ift <(2/3) % Max,,, do

10: if rand < 0.5 do

11: Execute extended exploration (X1).

12: Rank the fitness values of the current solution and keep the solution with better fitness value.
13: else do

14: Execute narrowing of exploration (X2).

15: Rank the fitness values of the current solution and keep the solution with better fitness value.
16: end

17: else

18: if rand < 0.5 do

19: Execute expanded development (X3).

20: Rank the fitness values of the current solution and keep the solution with better fitness value.
21: else do

22: Execute reduction in scope of development (X4).

23: Rank the fitness values of the current solution and keep the solution with better fitness value.
24: end

25: end

26: end

27: fori=1,2,...N do

28: Variant perturbations of the interference-enhanced model by Eq. (30) on the obtained
optimal solution.

29: end
30: end

5 Simulation Experiment and Result Analysis
5.1 Selection of Field Flight Scenarios for UAV Trajectory Planning

Scenario simulation in real terrain can help assess the adaptability of UAVs in different terrain
conditions. This is critical for performing agricultural operations in different environments, as changes
in the terrain may have an impact on the flight performance and stability of the UAV. Secondly, by
using real terrain simulations, a comprehensive safety assessment of the flight path can be performed.
This includes avoiding obstacles, identifying safe landing sites, and circumventing terrain features to
ensure the safety of the UAV during agricultural operations.

In this regard, this paper decides to select Jiaogiao Town, Nanchang City, Jiangxi Province,
People’s Republic of China, as the main simulated flight scenario for the UAV to perform multi-task
trajectory planning in this paper based on the geographic environment characteristics of stereoscopic
agriculture. Jiaoqiao Town is located in Xinjian District, Nanchang City, Jiangxi Province, between
latitude 28°41'53” N and 28°49'20” N and longitude 115°44'57" E and 115°51'45” E. The area of the
town is 84.44 km?, and the slope range is 0-43.03°. The following map shows the topographic elevation
of Jiaogiao Township in Fig. 4.
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Figure 4: Elevation topographic map of Jiaogiao Town

5.2 Three-Dimensional Model Construction of Flight Scene Based on the Real Elevation Map

The acquisition of elevation maps enables the transformation of elevation changes and terrain
indication characteristics of the selected area through digital height values, which can be used as an
important data source for UAV trajectory planning. This paper adopts the composite function of the
following Eq. (31) and carries out simulation experiments of different scales and types in MATLAB
simulation software. The following Eq. (31) is the composite function model for generating 3D digital

elevation terrain:
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M(a,b)zZH,»exp [— (a;a,.) - (b;b') } (31)

In Eq. (31), M (a,b) represents the height value of the actual geographic coordinates, («;, b;)
represents the center value of the i-th mountain coordinate, H; is the regulating parameter mainly
used to control the height difference of the terrain. n represents the number of hills, and «,, b, are used
to constrain the inclination of the slope.

5.3 Simulation Experiments and Result Analysis of Trajectory Planning

Simulation experiments through real flight scenarios are an important way to test the effectiveness
of these algorithms for multitasking trajectory planning and trajectory path searches performed by
UAVs. In this paper, to confirm the theoretical validity of the proposed model and algorithms and
their efficiency in the real scenario operation, five significant meta-heuristic algorithms PSO, SCA [37],
WOA [33], AO, and IEP-AOQ are selected. Among them, PSO for stereoscopic agriculture in 3D terrain
features can explore and utilize the space through the global search capability of particle swarm, and
quickly adapt to the operational needs of different altitude layers. WOA due to its special encirclement
and spiral ascent strategy, so that the other can provide effective encirclement and approximation
strategy in the complex stereoscopic agricultural environment to help the UAV find the optimal path.
While SCA can simulate sine and cosine functions to adjust the position, enabling the UAV to move
accurately under subtle environmental changes. This is especially important in stereoscopic agriculture
which requires precision operations.

Meanwhile, to guarantee the fairness of the simulated flight principle and to improve the adapt-
ability of the simulated flight and the real flight, this paper, according to the terrain characteristics of
the flight environment in Jiaoqiao Town, hereby sets the minimum flight altitude of 3 m, the maximum
flight altitude of 520 m, and the maximum steering slope of 15°, Maximum one-way flight time is 45 s.
Moreover, the maximum number of iterations of each trajectory optimization algorithm is 500, and
each trajectory searching process is executed independently for 10 times.

Aiming to enhance the reducibility and realism of the simulation experiments in this work, the
following Table | shows the component parts and parameter information of each trajectory task.

Table 1: Multi-task trajectory flight parameter table

Task Trajectory Starting Destination Path node (pcs)  Obstacles (pcs)
Trajectory I (270,330,23)  (158,177,122) 10 obstacle-free
Task 1 Trajectory I1 (270,330,23)  (135,180,222) 10 obstacle-free
Trajectory III  (270,330,23)  (110,175,291) 10 obstacle-free
Trajectory I (270,330,23)  (158,177,122) 40 obstacle-free
Task II Trajectory I1 (270,330,23)  (135,180,222) 40 obstacle-free
Trajectory III ~ (270,330,23)  (110,175,291) 40 obstacle-free
Trajectory IV~ (270,330,23)  (70,183,230) 40 obstacle-free
Trajectory I (270,330,23)  (158,177,122) 40 Single type 5
Task III Trajectory 11 (270,330,23)  (135,180,222) 40 Single type 5
Trajectory III ~ (270,330,23)  (110,175,291) 40 Single type 5
Trajectory IV~ (270,330,23)  (70,183,230) 40 Single type 5

(Continued)



1364

CMC, 2025, vol.82, no.1

Table 1 (continued)

Task Trajectory Starting Destination Path node (pcs)  Obstacles (pcs)
Trajectory I (270,330,23)  (158,177,122) 40 Multi-types 7

Task IV Trajectory I1 (270,330,23)  (135,180,222) 40 Multi-types 7
Trajectory III ~ (270,330,23)  (110,175,291) 40 Multi-types 7
Trajectory IV (270,330,23)  (70,183,230) 40 Multi-types 7

5.3.1 Multi-Task Trajectory Planning Based on Simple Trajectory Tasks and Base Scenarios

In Task I, this paper presents the flight cost functions solved by each trajectory search algorithm
at the start and end positions of each operational object as shown in Table 2 below, and summarizes
the schematic diagrams of the multi-task trajectory path schemes solved by each algorithm as shown
in Fig. 5 below. Because the operation scale and difficulty simulated by Task I is small, it makes the
various algorithms can find more similar solutions in the optimization process, thus leading to a small
gap between the fitness value and the performance result. Among them, the maximum mean value of
these algorithms to solve the sum of multi-task trajectory flight costs is WOA, the optimal one is IEP-
AOQ, and the one with the strongest stability is SCA. It can be seen that, in the simulated flight of Task I,
not only does the effectiveness of these algorithms to perform multi-task trajectory planning in simple
Stereoscopic agricultural environments is verified in terms of the solution of the multifactorial cost
function, but also the effectiveness of IEP-AQO algorithms to perform multi-task trajectory planning
in the real stereoscopic agricultural operations when executing multi-task trajectory planning with a
small degree of significance.

Table 2: Flight trajectory cost function fitness value for Task I

Algorithm Trajectory Maximum Minimum Average flight  Cost standard
scheme flight cost flight cost cost deviation
Trajectory I 1.6881E+4-04 1.5230E+04 1.5910E+04 3.7643E+02
WOA Trajectory II 1.8866E+04 1.5881E+04 1.6939E+04 7.3393E+02
Trajectory III  1.8640E+4-04 1.6588E+04 1.7280E+04 5.7554E+02
Total 5.1176E+04 4.8365E+04 5.0129E+04 8.2595E+02
Trajectory I 1.6876E+04 1.5286E+04 1.5914E+04 3.6517E+02
SCA Trajectory II 1.6881E+4-04 1.5289E+-04 1.6020E+04 4.0790E+02
Trajectory III  1.7080E+4-04 1.5881E+4-04 1.6504E+04 3.8414E+02
Total 4.9291E+4-04 4.7041E+04 4.8438E+04 6.7982E+02
Trajectory I 1.6735E+04 1.4555E+04 1.5279E+04 5.7190E+02
PSO Trajectory 11 1.7018E+-04 1.5270E+4-04 1.5852E+04 5.4117E+02
Trajectory III  1.8661E+4-04 1.5603E+4-04 1.6879E+04 9.1009E+02
Total 5.1345E+04 4.5428E+04 4.8010E+04 1.5555E+403
Trajectory I 1.6916E+04 1.5001E+04 1.5595E+04 4.9888E+02
AO Trajectory 11 1.6918E+04 1.5270E+4-04 1.6117E+04 4.5956E+02
Trajectory III  1.7206E+4-04 1.5870E+4-04 1.6676E+04 3.9318E+02
Total 4.9723E+4-04 4.6980E+04 4.8388E+04 8.4467E+02

(Continued)
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Table 2 (continued)

Algorithm Trajectory Maximum Minimum Average flight Cost standard
scheme flight cost flight cost cost deviation
Trajectory I 1.5656E+-04 1.4560E+-04 1.4934E+04 3.3410E4-02
IEP-AO Trajectory 11 1.5866E+-04 1.5005E+-04 1.5446E+-04 3.1844E+-02
Trajectory III  1.6294E+04 1.5272E+-04 1.5861E+04 3.2627E+4-02
Total 4.7538E+-04 4.5414E+04 4.6241E+04 7.3823E+4-02
/ /
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Figure 5: Path scheme for the flight path of Task I

Besides, another important consideration of the trajectory planning problem is the effectiveness of
the resulting trajectory path scheme. The multi-task UAV trajectory planning problem, compared with
the single-task, has different endpoints, which causes the algorithm to fail to jump out of the original
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search trajectory under the corresponding path nodes in the first and middle phases of the path search
due to the similarity of the constraints, and it is difficult to traverse all the feasible path points. For this
reason, there will be a large number of similar solutions in the planned trajectory scheme, reducing the
effectiveness of real-time trajectory planning and the feasibility of executing operation scheduling.

In the trajectory path diagram of Task I, it can be noticed that the WOA and SCA algorithms
have a high degree of trajectory similarity and the problem of incomplete traversal search, which
leads to the resulting trajectory path scheme is not sufficiently adapted to the actual operational
requirements, and the feasibility is low. Secondly, for PSO and AO algorithms, although the feasible
paths are obtained under the requirements of different operational altitudes and operational objects,
the trajectory paths planned by them are less smooth due to the large changes in the search space at
the later stage of the search, which greatly reduces the safety of the UAV’s trajectory flight. Conversely,
the IEP-AO algorithm, due to its uniform and rich candidate populations under the optimization of
chaotic mapping, can help to obtain more effective and feasible trajectory paths under the same path
nodes with better smoothing and a more complete traversal search process.

5.3.2 Multi-Task Trajectory Planning Based on Complicated Trajectory Tasks and Base Scenarios

In Task II, this paper proposes to increase the scale of the trajectory path nodes and add the
corresponding operational tasks to test the ability of UAVs to perform complex trajectory planning
tasks in a stereoscopic agricultural environment.

As above, Table 3 below shows the cost function fitness values of each meta-heuristic algorithm
in solving each mission in Task II. From the statistical data in the Table 3, it can be realized that,
compared with Task I, due to the increase of path nodes and task size, the size of the search space
for the algorithm will be increased accordingly, which further leads to the algorithm needing to carry
out stronger exploitation and exploration, and requiring it to find better quality solutions in a more
complex search space. Meanwhile, the IEP-AO algorithm is still able to obtain large cost benefits in the
comparison algorithms and test tasks in terms of the average cost fitness value and standard deviation
of each task, but the standard deviation of the algorithm in Trajectory III is large, which affects the
stability of the algorithm in the process of solving the total cost of the trajectory.

Table 3: Flight trajectory cost function fitness value for Task II

Algorithm Trajectory Maximum Minimum Average flight  Cost standard
scheme flight cost flight cost cost deviation
Trajectory I 4.2351E+404 4.2015E+04 4.2137E+04 1.2517E+02
Trajectory II 4.3862E+4-04 4.1478E+04 4.2467E+04 7.8336E+02

WOA Trajectory III ~ 4.3726E+04 4.3186E+04 4.3361E+04 2.0180E+02
Trajectory IV 4.3186E+04 4.2015E+04 4.2775E+04 4.6263E+02
Total 1.7208E+05 1.6903E+05 1.7074E+05 1.1285E+4-03
Trajectory I 4.2387E+04 4.1215E+04 4.1550E+04 4.2554E+02
Trajectory II 4.2740E+04 4.1238E+04 4.1818E+04 5.2641E+02

SCA Trajectory III ~ 4.2772E+04 4.2309E+04 4.2538E+04 1.6538E+02
Trajectory IV 4.2888E+04 4.1531E+04 4.2132E+04 4.5748E+02
Total 1.6918E+05 1.6629E+-05 1.6804E+05 1.0372E+4-03

(Continued)
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Table 3 (continued)

Algorithm Trajectory Maximum Minimum Average flight  Cost standard
scheme flight cost flight cost cost deviation
Trajectory I 4.2592E+04 3.9457TE+04 4.1270E+04 1.0423E+4-03
Trajectory I1 4.3761 E+04 4.0862E+04 4.2328E+04 1.1734E+403
PSO Trajectory III ~ 4.7825E+04 4.1113E+04 4.4891E+04 2.2717E+403
Trajectory IV 4.4464E+04 4.2919E+04 4.3819E+04 6.8376E+-02
Total 1.7547E+05 1.6613E+4-05 1.7231E+405 3.4741E403
Trajectory I 4.2587E+04 3.9984E+04 4.1254E+04 9.8480E+-02
Trajectory I1 4.2515E+04 4.1884E+04 4.2115E+04 2.4199E+02
AO Trajectory III  4.3970E+04 4.2690E+04 4.3207E+04 4.3409E+02
Trajectory IV 4.2975E+04 4.2595E+04 4.2786E+04 1.4887E+02
Total 1.7045E+4-05 1.6823E+405 1.6936E+05 8.5178E+4-02
Trajectory I 4.2486E+04 3.9707E+-04 4.0896E+04 1.0178E+4-03
Trajectory 11 4.1905E+04 3.9873E+04 4.0784E+04 7.9456E+-02
IEP-AO Trajectory III ~ 4.2986E+04 4.0964E+04 4.1570E+04 7.2964E+-02
Trajectory IV 4.2015E+04 4.0451E+04 4.1064E+04 5.7040E+-02
Total 1.6741E+4-05 1.6124E+4-05 1.6431E+4-05 2.7109E+-03

In addition, when the number of path nodes increases, the complexity and difficulty of the
algorithm in traversing all the path nodes will increase. At this time, the ability to obtain effective
and reasonable trajectory paths under multi-task and multi-constraint situations is also an important
evaluation criterion for testing the model and search algorithm proposed in this paper.

As the following trajectory planning path diagram in Fig. 6 shows, when the operation scale is
increased, the trajectory paths planned by different meta-heuristic algorithms at this time will have
certain differences. Among them, except for the WOA algorithm whose trajectory plan reflects a
weak effectiveness, the other four algorithms are able to find the optimal trajectory path according
to their own model characteristics. For the SCA, PSO and AO algorithms, the smoothness of the SCA
algorithm’s trajectory scheme in the late search of Trajectory I and Trajectory III is insufficient, which
will increase the corresponding flight cost value. For the PSO algorithm, although the smoothness of
the path curves obtained by the algorithm for each trajectory task is good, the differences of the path
schemes in the pre-search stage are strong, which will lead to the lack of robustness of UAV trajectory
planning, while the AO algorithm can be clearly found through the trajectory schematic diagrams,
which shows that the effectiveness of the trajectory planning scheme presented by this algorithm is
insufficient in the middle and late stages of the path search and fails to meet the requirements of path
planning for the complex trajectory tasks. The IEP-AO algorithm maintains a stable and excellent
global exploration capability in the adaptive updating of the nonlinear convergence factor. After
ensuring sufficient population diversity and excellent exploration capability, the IEP-AQO is able to
fit the terrain characteristics of different operational levels and objects to obtain the most effective,
least costly and most stable trajectory solution.
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Figure 6: Path scheme for the flight path of Task 11

5.3.3 Multi-Task Trajectory Planning Based on Complicated Trajectory Tasks and Base Constraint
Scenarios

Since UAVs fly through non-operational areas in different environments as they travel from their
starting position to the operational area, which is mostly residential or flat farming areas, there are
a variable number and type of obstacles to UAV flights. Therefore, to further test the ability of the
UAV trajectory planning model and path search algorithm proposed in this paper to perform complex
trajectory planning tasks under basic constraint environments, we propose to construct basic obstacles
with different threat ranges in Task III, so as to test the ability of the IEP-AO algorithm to perform
multi-task trajectory planning in the target operational area.

Itis observed that the total trajectory costs of the WOA and PSO algorithms are slightly decreasing
compared to those of Task Il in Table 4, unlike the SCA, AO, and IEP-AOQ algorithms, but the standard
deviation of WOA, which has a more pronounced fluctuation in the decrease, has increased by a factor
of three, which indicates that the stability of some algorithms is greatly weakened under the influence
of the obstacle threat. Nevertheless, the IEP-AO algorithm still maintains the optimal mean value of
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the total trajectory cost for the solved flight cost, which demonstrates the high performance and low
cost of the algorithm in performing trajectory planning in complex scenarios.

Table 4: Flight trajectory cost function fitness value for Task III

Algorithm Trajectory Maximum Minimum Average flight Cost standard
scheme flight cost flight cost cost deviation
Trajectory I 4.0775E+04 3.8644E+4-04 3.9830E+-04 7.9855E4-02
Trajectory I 4.1736E+04 3.9879E+-04 4.0839E+04 5.9930E+4-02
WOA Trajectory III  4.7833E+04 4.1429E+04 4.3248E+04 2.3342E+4-03
Trajectory IV 4.2997E+04 4.1262E+04 4.2136E+04 6.4681E+-02
Total 1.7292E+05 1.6341E+4-05 1.6605E+05 3.4870E+-03
Trajectory I 4.3815E+04 4.2940E+04 4.3178E+04 3.2786E+-02
Trajectory I 4.3911E+04 4.3140E+04 4.3480E+04 2.9589E+02
SCA Trajectory III  4.4698E+04 4.3677E+04 4.4245E+04 3.6360E+-02
Trajectory IV 4.4306E+04 4.3511E+04 4.3844E+04 3.4133E+402
Total 1.7582E4-05 1.7337E+05 1.7475E+05 9.4089E+02
Trajectory I 4.2902E+04 4.0912E+04 4.1866E+04 6.6930E+-02
Trajectory I 4.3243E+04 4.1737E+04 4.2490E+04 5.5922E+-02
PSO Trajectory III  4.4258E+04 4.2437E+04 4.3478E+04 6.8057E+02
Trajectory IV 4.3930E+04 4.2023E+04 4.3001E+04 6.2573E4-02
Total 1.7381E+4-05 1.6832E+05 1.7083E+05 1.9319E+03
Trajectory I 4.5865E+04 4.3784E+04 4.4482E+04 7.427TTE+402
Trajectory I 4.7358E+04 4.4673E+04 4.5819E+04 8.7677TE+02
AO Trajectory III ~ 4.9566E+04 4.8999E+04 4.9205E+04 1.9082E+02
Trajectory IV 4.8594E+04 4.6900E+04 4.8010E+04 7.1434E+4-02
Total 1.9138E+05 1.8567E+4-05 1.8752E+05 2.0506E+03
Trajectory I 4.0747E+04 3.9550E+-04 4.0144E+04 4.9719E+02
Trajectory I  4.1722E+04 4.0725E+04 4.1219E+04 3.6140E+402
IEP-AO Trajectory III  4.3846E+04 4.2138E+04 4.2777E+04 6.9351E+4-02
Trajectory IV 4.2894E+04 4.0737E+04 4.1876E+04 7.3887E+02
Total 1.6840E+05 1.6361E+405 1.6602E+05 1.5539E+03

Moreover, when obstacles threaten the trajectory, it is the most intuitive way to analyze the
trajectory scheme obtained by each algorithm by observing and comparing them. By observing the
trajectory paths in the following Fig. 7, it can be found that when the UAV encounters obstacle threats,
in order to satisfy different constraints and limitations and ensure a safe and effective trajectory path,
the algorithms will produce large differences in solving the trajectory paths for different tasks. Among
them, for WOA and PSO algorithms, to avoid collision with obstacles and ensure effective trajectory
path generation in their trajectory selection, both of them raise the flight altitude and carry out the
phenomenon of leapfrogging flight, which is uncertain and dangerous in the real situation. As for the



1370 CMC, 2025, vol.82, no.1

SCA and AO algorithms, the SCA algorithm has a higher degree of path overlap in the early stage, and
shows a weaker strain and adaptability, while the AO algorithm carries out a larger degree of equal-
area circling in order to ensure the effectiveness of the trajectory, leading to an increase in the cost of the
flight, and it is difficult to satisfy the needs of the actual operation. In contrast, the IEP-AO algorithm
can help the algorithm to have a certain diversity under the obstacle constraint limitations in the basic
obstacle constraint task by perturbing the interference model with timely mutation perturbation, so
as to obtain a safe, stable, and effective trajectory path scheme.
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Figure 7: Path scheme for the flight path of Task III

5.3.4 Multi-Task Trajectory Planning Based on Complicated Trajectory Tasks and Complicated Con-
straint Scenarios

To ensure the safety and adaptability of UAVs performing multi-task trajectory planning in the
background of stereoscopic agriculture, this paper examines the trajectory planning capability of UAVs
in complex trajectory tasks and complex constraint scenarios by adding the number and type of
obstacle threats in Task IV.
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As shown by the cost adaptation value statistics in Table 5 below, the vast majority of these
algorithms produce varying increases in the statistical values of each of their cost evaluation metrics
when confronted with multiple types and sizes of obstacle threat constraints. In particular, the WOA
and SCA algorithms face complex threat constraints, at which point the robustness of solving the
flight constraint cost function decreases substantially. However, unlike the PSO, AO and, IEP-AO
algorithms, they are able to have stronger search capability and optimization stability in some cases
when facing large-scale and high-complexity problems, which also proves the effectiveness of the
classical PSO algorithm in solving real-time problems, and moreover verifies the potential of the AO
algorithm in solving the multi-task UAV trajectory planning and the remarkable capability of the IEP-
AOQ algorithm. The potential of the AO algorithm in solving multi-task UAV trajectory planning and
the remarkable ability of the IEP-AO algorithm is also verified.

Table 5: Flight trajectory cost function fitness value for Task IV

Algorithm Trajectory Maximum Minimum Average flight Cost standard
scheme flight cost flight cost cost deviation
Trajectory I 3.9908E+04 3.7517E+404 3.8436E+04 7.9284E+402
Trajectory I 4.2746E+04 3.9027E+-04 4.0495E+04 1.4261E+03
WOA Trajectory III  4.4590E+04 4.0379E+04 4.2493E+04 1.3635E+03
Trajectory IV 4.3932E+04 3.9940E+-04 4.1685E+04 1.2834E+03
Total 1.7118E+05 1.5686E+05 1.6311E+05 4.6028E+03
Trajectory I 4.6415E+04 4.3749E+04 4.5219E+04 8.6659E+02
Trajectory I~ 4.7057E+04 4.4716E+04 4.5927E+04 8.3611E+02
SCA Trajectory III  4.7602E+04 4.6585E+04 4.7105E+04 4.0943E+02
Trajectory IV 4.7211E+04 4.5809E+04 4.6604E+04 5.3769E+-02
Total 1.8796E+05 1.8126E+05 1.8485E+05 2.3877E+03
Trajectory I 4.2963E+04 4.0594E+04 4.1605E+04 8.5326E+02
Trajectory I 4.3108E+04 4.1790E+04 4.2550E+04 5.2030E+-02
PSO Trajectory III  4.5685E+04 4.2606E+04 4.3751E+04 1.0366E+03
Trajectory IV 4.3983E+04 4.2735E+04 4.3444E+04 4.6487TE+02
Total 1.7387E+05 1.7014E+05 1.7135E+05 1.3008E+03
Trajectory I 4.6472E+04 4.4546E+04 4.5801E+04 7.7351E+402
Trajectory I 4.7869E+04 4.6356E+04 4.6889E+04 5.8143E4-02
AO Trajectory III ~ 5.0014E+04 4.8792E+04 4.9546E+04 4.3253E+02
Trajectory IV 4.9656E+04 4.8284E+04 4.8765E+04 5.0349E+-02
Total 1.9243E+05 1.8985E+05 1.9100E+05 1.1366E+03
Trajectory I 4.0923E+04 4.0450E+-04 4.0647E+04 1.9385E+02
Trajectory I 4.1659E+04 4.0515E+04 4.1035E+04 3.6858E+402
IEP-AO Trajectory III  4.2966E+04 4.1577E+04 4.2458E+04 4.9719E+02
Trajectory IV 4.2996E+04 4.1325E+04 4.1949E+04 5.6377E+4-02
Total 1.6752E+05 1.6496E+05 1.6609E+05 8.7948E+02
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Similar to the above experimental analysis, Fig. 8§ below shows the trajectory planning scheme of
each algorithm obtained in Task I'V. For the WOA algorithm, to ensure the effectiveness of the multi-
task trajectory path, the WOA algorithm carries out the flight strategy around the obstacle within the
reliable radius of the obstacle threat. Although the trajectory path generated in this mode has a certain
degree of effectiveness, it is hard to meet the operational requirements in stereoscopic agricultural
tasks due to the longer time and energy consumption costs. For the SCA, PSO and, AO algorithms,
similarly, under the influence of multi-threat constraints, in order to ensure the smooth generation of
trajectories, they choose to raise the flight altitude outside the radius of the obstacle threat to carry
out leapfrog flight. Although the leapfrog flight around the obstacle can get the trajectory planning
scheme smoothly, there is uncertainty and danger in the real situation. On the contrary, the IEP-AO
algorithm is able to perform boundary flights within a reasonable threat radius under the limitations
of complex constraints and perform effective avoidance flights under the influence of multi-obstacle
constraints, obtaining the trajectory planning scheme with strong diversity, high adaptability, and
excellent stability.

(a) WOA (b) SCA
§o4 g
e ey
S J_o”"

(c) PSO (d) AO

——-Trajectory I
P'{r /
5

e o ---Trajectory II

J

L%
e : o Trajectory IV

-—Trajectory III

(e) IEP-AO

Figure 8: Path scheme for the flight path of Task IV
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6 Discussion

This paper focuses on issues related to the execution of multi-task trajectory planning by UAVs
in stereoscopic agricultural environments. To explore more thoroughly the contributions made and
results obtained in this work, this section will discuss and analyze the relevant experimental results
and experimental phenomena in a targeted manner based on the experimental results obtained from
the simulation experiments of UAVs in 3D scenarios at different levels and at different operational
altitudes.

The biggest difficulty of UAV trajectory planning in stereoscopic agricultural environments is the
height variation and irregular vegetation shape. Compared with traditional 3D trajectory planning, the
height and shape changes of vegetation in stereoscopic agricultural environments are more complex,
and UAVs need to avoid obstacles through precise height control and more complex obstacle avoidance
algorithms. Thus, this paper proposes an Aquila optimizer based on Interference Perturbation Model
(IEP-AO) in order to address the ability of UAVs to perform multi-task trajectory planning in
stereoscopic agricultural environments. The reason why the IEP-AO algorithm can help UAVs achieve
significant trajectory planning effects in stereoscopic agricultural environments is mainly due to the
following two aspects:

One, because of the existence of a large number of different levels and different altitudes in the
stereoscopic agricultural environment, when the UAV performs multi-task trajectory operations, then
for the meta-heuristic algorithm, the change of different operational endpoints and different opera-
tional terrains will require the algorithm to make the optimal response in a short period of time, which
is characterized by a significant adaptability and rich diversity. In other words, the meta-heuristic
algorithm iterates over the specified starting and ending positions to find the optimal solution, and the
search space of the algorithm becomes complex and decreases when the operational altitude changes
are elevated. When the information of individual populations is transmitted further, the optimal
individual information will be lost due to the reduction of search space, and the optimal solution may
not be found or may fall into the local optimum and fail to generate feasible paths. On the contrary,
the IEP-AO algorithm greatly improves the population diversity in the pre-search stage by combining
the Bernoulli mapping and the perturbation mechanism based on the interference-enhanced model,
and the interference-enhanced perturbation model can carry out mutation perturbation on the basis of
the optimal individuals, i.e., the individuals with the highest fitness values, to help the algorithm jump
out of the local optimum in time. As a result, when the complexity of the search space increases or the
effective range of the search space decreases, the IEP-AO algorithm can still traverse each candidate
solution in the limited search space to find the optimal trajectory paths for different tasks.

Two, because obstacles such as different types of drainage base stations, irrigation pipes or plant
stands are present in stereoscopic agricultural environments. Meta-heuristic algorithms often fail to
generate effective and stable trajectory paths due to the lack of search capability when encountering
obstacle threat constraints. Fortunately, the IEP-AO algorithm introduces a nonlinear parameter
update mechanism based on the cosine function, which helps the algorithm not only to improve
the exploration and survey capabilities, but also to balance the search weights of both exploration
and survey capabilities during the trajectory search process, which prompts the UAV to obtain more
comprehensive information, including various possible paths to avoid obstacles, and to be able to
comprehensively consider factors such as flight distance, obstacle information, energy consumption
and other factors to find the optimal trajectory planning solution.
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7 Conclusion

Regarding the problems and challenges faced by UAVs in multi- task trajectory planning in the
current background of stereoscopic agriculture, this paper proposes a multi-constraint integrated
trajectory planning model and a trajectory planning algorithm (IEP-AQO) based on the characteristics
of UAV operation and algorithmic path optimization.

To verify the ability of IEP-AO algorithm to perform multi-task trajectory planning in stereo-
scopic agriculture. In this paper, the town of Jiaoqiao is selected as a simulation scene of 3D
trajectory flight inspired by the geomorphological features of stereoscopic agriculture, and four kinds
of trajectory missions with different scales, different difficulties and different test effects are arranged.
The comprehensive results from the trajectory flight cost and trajectory path scheme can show that
IEP-AO has significant trajectory planning capability and stable trajectory planning scheme in multi-
task trajectory planning tasks.

Nevertheless, although this paper has initially conducted research on multi-task trajectory plan-
ning for UAVs in stereoscopic agricultural environments and achieved certain research results, the
current research only focuses on multi-task single-trip trajectory planning. In the future research, we
will further enhance the completeness and effectiveness of the study by constructing more targeted
constraint models based on practical challenges, completing the study of UAV trajectory planning for
multi-task and multi-travel in stereoscopic agricultural environments, and focusing on the effect of
delay differences of different algorithms on UAV trajectory planning in complex environments.
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