Three Steps of Aircraft 4D Trajectory Planning with Multi-Objectives

Problem Description:

The trajectory's constraint conditions include avoidance of no-fly zones and terrain obstacles,
collision avoidance with surrounding moving aircraft, trajectory smoothness, and constraints on
aircraft capabilities include speed and acceleration. The optimization goals for the trajectory
include minimizing the trajectory duration and maximizing comfort.

Idea of the Solution:

Due to the high-dimensional space complexity, directly optimizing to satisfy all constraints and
enhance optimization goals in 4D space is highly challenging and time-consuming. Therefore, |
decomposed the problem into 3 sequential path planning problems in 2D space.

First, a path planning is conducted in the horizontal plane (x-y coordinate system or
latitude/longitude) from the given starting point to the destination. Using the RRT* algorithm,
B-Spline smoothing, and STOMP optimizer, a relatively short and smooth path that avoids no-fly
zones is found. This step ensures smoothness, avoidance of static obstacles (no-fly zones) in
horizontal, satisfies horizontal turning radius, and achieves a relatively shorter duration (short
path length) objective. The outputs of this step is a sequence of (x, y) coordinates.

Second, the total horizontal distance is calculated for the obtained (x, y) sequence of paths. A
Cartesian coordinate system is established with the horizontal distance as the x-axis and altitude
as the y-axis. Combining height-direction physical constraints such as terrain databases and
adverse weather, the height information for each point on the x-axis is read, and obstacles
representing height constraints are placed in the generated 2D space. Then, in this 2D space, a
path is found using Dijkstra or A* algorithms, B-Spline smoothing, and the STOMP optimizer to
avoid high mountains, tall buildings, clouds that should not be penetrated, and achieve a
relatively short, smooth path that complies with climb and descent gradients. This step ensures
smoothness, compliance with climb and descent constraints, and avoidance of static obstacles in
the vertical direction (high mountains, tall buildings, clouds that should not be penetrated),
enhancing the objective of relatively shorter duration (short path length). The output of this step
is a sequence in (X, y, z) coordinates.

Third, and finally, a Cartesian coordinate system is established with time as the x-axis, and the
total distance calculated for the obtained (x, vy, z) sequence of paths as the y-axis. Based on the
future trajectories of surrounding moving aircraft, an analysis is conducted to determine during
which time intervals each aircraft will occupy which distance segments of the planned flight path.
Using this analysis, rectangular obstacles can be marked in the coordinate system to obtain a
distance-time graph. Moving obstacles in 3D space are represented as static obstacles in the 2D
space represented by the distance-time graph. In this 2D space, path planning is performed to
obtain velocity profile. The velocity profile must satisfy constraints on aircraft speed, acceleration,
moving obstacle avoidance, and optimize objectives for shorter duration and higher comfort. The
output of this step is the desired (x, y, z, t) sequence.
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Problem Definition

* Research on 4D trajectory planning method
* Known no-fly zone, known terrain and height limit, known future surrounding aircraft
trajectories, given the current aircraft position and target position, find a safe and
comfortable 4D trajectory.
* Hard constraints: obstacle avoidance (both static and moving), capabilities
constraints (speed, upper and lower limits of acceleration, turning radius,

climb and descent rate, etc.)

* Optimization goals: shorter distance, shorter time, smaller accelerations



Implementation

* Break the 4D planning problem into three 2D planning problems:

* First, on the horizontal plane, plan a path on a two-dimensional plane by considering the obstacle

avoidance in the no-fly zone and the minimum turning radius of the aircraft.

* Then in the vertical direction, the altitude of the entire journey is planned by considering the

terrain, the constraints of the maximum flight altitude, and the vertical performance of the aircraft.

* Finally, according to the trajectories of surrounding aircraft, the entire three-dimensional path is

speed planned to meet the constraints of obstacle avoidance, and the optimization goals of short

time and small acceleration are considered.

Step One: Horizontal Path Planning

* Path Planning:
* RRT*/BFS/Dijkstra/A*

* Path smoothing and optimization:
* B-Spline
* STOMP/CHOMP/other

¢ Qutput:

* (x,y) point sequence
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Step 2: Vertical height planning
H
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establish a horizontal distance-
height map space
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Step 3: Velocity Planning
* Based on the 3D path and other aircraft trajectory information, a
displacement-time graph space is established
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Preliminary proof of principle

* The following pages are only a preliminary conceptual
explanation, and not the final implementation version.

Preliminary proof of principle

* Environment and Static Obstacle Settings
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Preliminary proof of principle

* RRT* path planning

Preliminary proof of principle

* B-spline smoothing
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Preliminary proof of principle

* Introduce moving obstacles

* Moving along the pink line, the trajectory is known
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Preliminary proof of principle

* Create Displacement-time Graph
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Preliminary proof of principle

* Get a path in DTG

T(s)

Preliminary proof of principle - another example
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