
Bulletin of Electrical Engineering and Informatics 

Vol. 13, No. 1, February 2024, pp. 473~481 

ISSN: 2302-9285, DOI: 10.11591/eei.v13i1.5305  473  

 

Journal homepage: http://beei.org 

Developing a model for unmanned aerial vehicle with fixed-

wing using 3D-map exploring rapidly random tree technique 
 

 

Omar I. Dallal Bashi1, Husamuldeen K. Hameed2, Yasir Mahmood Al Kubaisi3, Ahmad H. Sabry4 
1Mosul Medical Technical Institute, Northern Technical University, Mosul, Iraq 

2Department of Telecommunications and Information, High Institute of Telecommunications and Post, Baghdad, Iraq  
3Department of Sustainability Management, Dubai Academic Health Corporation, Oud Metha, Dubai, United Arab Emirates 

4Department of Computer Engineering, University of Al-Nahrain, Baghdad, Iraq 

 

 

Article Info  ABSTRACT  

Article history: 

Received Nov 20, 2022 

Revised Apr 17, 2023 

Accepted May 3, 2023 

 

 While the motion planning algorithms consider the obstacles that were 

known in the map, it is possible to use obstacle avoidance algorithms to take 

over and send commands to theunmanned aerial vehicle (UAV), when there 

is an unknown obstacle on the way. The rapidly random tree (RRT) 

algorithm is used to plan paths for a quad-copter or a fixed-wing UAV. This 

work develops a model for UAV with fixed-wing using a 3D map exploring 

the RRT technique. The first step is to obtain a 3D occupancy map from the 

map data stored in the UAV city to provide a map with some pre-generated 

obstacles. The contribution of this work is to use RRT planning for 3D state 

space, where the motion segment or motion primitive connecting the two 

consecutive states should be defined in a 3D space while satisfying the 

motion constraints of a UAV. The simulation includes setting up a 3D map, 

providing the starting and destination pose, planning a way using RRT and 

3D Dubins moving primitives, smoothing the acquired trajectory, and 

simulating the UAV flight. The results obtained demonstrate that the 

smoothed-generated waypoints significantly improved tracking in general 

with shorter paths. 
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1. INTRODUCTION 

Unmanned aerial vehicles are now a common tool in the business, industry, and science sectors due 

to their lower operational costs and enhanced robustness. They are appealing for a variety of applications due 

to their speedy mapping and surveillance of broad areas. In emergency situations like avalanches [1], 

earthquakes [2], floods [3], creating a map in real-time are crucial for first responders. It may also enable 

other aerial vehicles (UAVs) to localize themselves without the need of global positioning systems [1], [4]. 

The work flow starts by loading the map of a 3D environment then selects the desired start and goal 

locations on this map. Then the path planning algorithm works to find an obstacle free path between the start 

and the goal location. While doing that, visualizing the path helps us to see what optimizations maybe 

required, this brings us to the last step that is optimizing or making the path smoother. The workflow of the 

3D unmanned UAVmotion planning and obstacle avoidance can be demonstrated as in Figure 1. 

Several questions that may arise here such as; where does the map come from? [5] or how will the 

UAV follow the planned path and avoid unknown obstacles? The planning and control algorithms of UAV 

include generating 3D occupancy maps, where it is possible to test the planning algorithms [6]. The UAV 

https://creativecommons.org/licenses/by-sa/4.0/
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control algorithm can also create a 3D map by scanning a simulated world using a LiDAR sensor model [7]. 

Once obtaining the waypoints from the motion planning algorithms, it is possible to model the aerodynamics 

constraints of a UAV and tune waypoint following algorithms to make the UAV follow the planned path. 

While the motion planning algorithms consider the obstacles that were known in the map, it is possible to use 

obstacle avoid algorithms to take over and send commands to the UAV, when there is an unknown obstacle 

on the way.  

 

 

 
 

Figure 1. Workflow of the 3D UAV motion planning and obstacle avoidance 

 

 

Therapidly random tree (RRT) algorithm is used to plan paths for a quad-copter or a fixed-wing 

UAV [8]. This work is focused on path planning for fixed-wing UAVs. A UAV with fixed-wing is non-

holonomic in character that has to obey aerodynamic restrictions such as airspeed, flight path angle, and 

maximum roll angle as move among waypoints [9].  

Small UAVs have demonstrated considerable potential as tools for swiftly and affordably gathering 

aerial photography. A team of tiny UAVs rather than a single giant UAV has also showed promise as a more 

reliable, quicker, and less expensive way to capture visual data over a vast region. Unfortunately, small 

unmanned aerial vehicles still lack the autonomy necessary to be trusted to gather high-quality aerial imagery 

without guidance or supervision from humans [10]. Small fixed-wing UAVs are getting better and better at 

flying in confined spaces and at low altitudes [11]. Physically, a class of contemporary small fixed-wing 

unmanned aerial vehicles is capable of doing extraordinary aerobatic feats [12]. Path planning is essential 

forUAVs to carry out autonomous military missions in difficult situations [13], [14]. One of the important 

tasks in completing the mission ofUAVs is path planning to prevent collisions with moving objects or other 

UAVs in motion [15]. 

Guo et al. [13] presented a new method named as a star flight-cost exploring rapidly random tree 

(FC-RRT) expanding the traditional RRT star by dealing with the flight constraints and safety requirements 

for UAVs within a compound 3D map. Although this algorithm solved some UAV path planning issues by 

the flight constraints, the flight cost function, and front-end by inspiring new nodes expanding, it was 

complicated and requires large memory and processing speed. Levin et al. [11] addressed these problems by 

automating a fixed-wing flight of UAV. The experiments conducted used only on-board sensing and 

computing but with an extremely inhibited environment. Ramana et al. [10] also proposed a UAV fixed-wing 

motion planning by employing RRTs with known destination and starting locations over a map with 

statically obstacles. This work generated an optimal path close to obstacle loaded map in a extremely short 

time gap, which was concentrated on the RRT algorithm on a 2D environment. Although this work combined 

a method to pursuit line of sight guidance law and guidance law to track 3D amp-based UAVs, its finding 

limited to demonstrate the guidance law performance only. 

Jackson [16] proposed increasing the autonomy level UAVs in independent and reliable gather 

worth aerial images. The study presented an algorithm to control small fixed-wing UAVs to optimize image 

quality by on board cameras. The study discussed the fixed-wing UAVs in RRT model. However, the 

considered iterative sampling Gaussian strategy of the RRT didn’t show how to design a 3D random 

occupancy map. Lee and Shim [17] proposed a path planning approach according to RRTs for UAVs with 

fixed-wing. The technique used a pre-defined movement set to expand RRT and to reproduce the dynamic 

ability of the path towards the destination point with collision avoidance. However, this work didn’t 

determine the exact target positions with respect to the arrival time. Levin et al. [12] offered a methodology 

to include the knife-edge and maneuvers of RRT-based motion planning. Although a demonstration for the 

interaction of knife-edge maneuvers with the motion planning was discussed, the motion planner was limited 

to a modified version of RRT method. Ma et al. [18] presented a fixed-wing UAV real-time obstacle 

avoidance algorithm in also complex surrounding map. The RRT technique is employed here to adapt the 

RRT with fixed-wing environment with some extensions. However, this method only provided worthy results 

in the autonomous stage of UAV elevation. 

Huang and Savkin [19] focused on applying a UAV powered by solar within mountain sites 

environment for the purpose of rescue and safety. This algorithm initially found a feasible path to satisfy the 
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required energy residual and next shortened the waypoints when there are some abundant energy residual on 

the ending. However, this method successful in restricted environment. Saravanakumar et al. [15] discussed 

the growth of UAV path planning techniques due to sampling. The RRT was chosen with a small number of 

development were made in RRT by shortening the node connection techniques to create feasible waypoints 

satisfying the working surroundings constraints. However, the proposed 3D-map exploring RRT was not 

effectively used to optimize the path towards the destination target. Huang et al. [20] mainly discussed the 

rapid reconstruction and obstacle avoidance of UAV formation. This work used a hybrid path planning 

approach according to a dynamic model of potential field fluid RRT to recover the capability of UAV 

formations in dynamic complex environments [21]. 

The aim of the study is to develop a model for UAV with fixed-wing using 3D-map exploring 

theRRTtechnique, which will make it possible to generate smoothed waypoints as an improved tracking with 

the shorter path as compared with traditional RRT technique. To achieve this aim, the following objectives 

are accomplished: 

− To generate 3D random occupancy map using an automatic random positionings with different 

dimensions and number of obstacles. 

− To simulate of a UAV follows path planning with Dubinspath. 

− To simulate UAV trajectory and smooth Dubinspath. 

 

 

2. METHOD 

This work presents a demonstration of motion planning for an UAV with fixed-wing based on 

exploring RRT technique [22] for a 3D map known destination and start pose. A UAV with fixed-wing is a 

naturally nonholonomic and should follow aerodynamic restrictions such as the airspeed, flight path angle, and 

maximum roll angle when there is a movement between two points on the map. The approach includes the 

following:i) setting up a 3D map, ii) providing the starting and destination pose, iii) planning a way using RRT 

and 3D Dubins moving primitives, iv) smoothing the acquired trajectory, and v) simulating the UAV flight. 

 

2.1.  Setting the random number generator seed for repeatable result 

By looking at this map, we can select a start and goal location in the free space. Since it’s a fixed 

wing UAV, we need to provide 𝑥 𝑦 𝑧 and a heading angle for both the start as well as the goal state. The first 

step is to obtain a 3D occupancy map from the map data stored in the UAV city. This provides a map with 

some pre-generated obstacles. We generate 3D random occupancy map through an automatic or random 

positions and selection for the varying dimensions number of obstacles over the map according the flowchart 

and the corresponding algorithm shown in Figure 2. 

 

2.2.  3D Dubins motion primitives to plan a path with rapidly random tree 

Using 3D Dubins motion primitives in conjunction with rapidly exploring random trees (RRT) is a 

powerful approach for path planning in three-dimensional space, particularly for autonomous drones, robots, 

or vehicles. The Dubins motion primitives allow you to generate feasible paths for vehicles with minimum 

turning radii. The motion planners with RRT designs a scan tree increasingly due to arbitrary models for a 

known state-space. The tree ultimately extents the explore gap and joins the starting and the destination 

states. 

 

2.3.  Defining the state space object 

We define a custom state space to incorporate the UAV aerodynamic constraints. We use the 

workspace goal region property from the state space class to specify the target pose and the target goal area 

about it. This helps to define how big the goal workspace gold area about the target pose is. That is employed 

to bias the gold area sampling. Now we have our state space defined, next we define the state validator.  

The new in this work is that here we use RRT planning for 3D state space, that means the motion 

segment or motion primitive connecting the two consecutive states should be defined in a 3D space while 

satisfying motion constraints of a UAV. Now the UAV Dubian’s connection object needs to be defined 

within a state space before we dive further into the implementation, let’s quickly refresh on how we define 

the state space and the planner. The four-step motion planning workflow we used in this UAV work is shown 

in [23]. We use a MATLAB helper function UAV state space, which helps to define the state space and 

provide the UAV constraints. The state space is defined with the position and the heading angle for the UAV. 

We know that the flight path angle limit, airspeed and highest roll angle will be used to define the UAVS 

Duban’s path segments. We will also set the bounds to identify the orientation and position restrictions of 

UAVs. This work offers a pre-identified path planning state-space. The state spaces can be identified by: 

[𝑥 𝑦 𝑧 ℎ𝑒𝑎𝑑𝑖𝑛𝑔_𝐴𝑛𝑔𝑙𝑒], where [𝑥 𝑦 𝑧] indicates the UAV location, the ℎ𝑒𝑎𝑑𝑖𝑛𝑔_𝐴𝑛𝑔𝑙𝑒 in radians. We use 
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a Dubins-based object to represent the kinematic UAV model, which is restricted by an optimal flight path 

angle, airspeed, and roll angle. Creating the object state-space through indicating the optimal flight path 

angle, airspeed, and roll angle, this bounds the UAV properties by (name-value) pairs. Using (name-value) 

pairs argument to indicate the orientation and position UAV boundaries by 4 − 𝑥 − 2 matrix within the 3D 

map occupancy where the final row refers to the heading angle in the range [−𝜋, 𝜋] radians. Setting the 

bounds of the threshold for the workspace according to the target destination pose. The workspace goal 

region approach uses bias sampling to determine how large the target workspace goal area should be around 

the goal posture. 

 

2.4.  Defining the state validator object 

The purpose of state validator is to validate the connectivity between the sample states. It determines 

that a state is valid or invalid based on the information if the state is occupied or free on the plan. A 

movement between each state is satisfied just if all the in-between conditions are satisfied, which leads that 

the UAVs do not go through some occupied cell on the environment. Here we use out-of-the-box state 

validator for 3D state spaces from MATLAB navigation toolbox [24]. So we create a validator occupancy 

map 3D object by identifying the inflated map and the object state space and. After that we set the 

confirmation space with meters to interpolate among the states. The object of validator occupancy 3D 

map indicates invalid state when the𝑥𝑦𝑧-position is engaged within the map. A moving between couple states 

is applicable just when all in-between states are applicable indicating that the UAV does not go by any 

occupied map position. 

 

2.5.  Executing path planning RRT 

Performing RRT-based path planning in 3D map, where the planners search for a collision-free path 

appropriate to a flight with fixed-wing. Now we have the required inputs ready for the path planner to work. 

We create the planner object and specify the state validator and state space as an input. We adjust the 

properties for the planners and the properties we specify here are maximum connection distance, which is the 

maximum length of a motion allowed in the tree another property is the goal bias, which is the probability of 

choosing the goal state during state sampling. Another in the other one is max iterations which is maximum 

number of iterations. We also identify a tradition target function, which decides to achieve the target pathway 

if the Euclidean space to the goal has a threshold less than 4 m. 

 

 

 
 

Figure 2. Flowchart for generating a 3D random occupancy map 
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Now based on all the specified properties for the planner the plan function executes the path 

planning to conduct the path planning with RRT into 3D space. It outputs path object where we can see all 

the states that the path includes. 

 

Algorithm generate 3D random occupancy map 

Obstacle Number = 1; 
while obstacle Number <= number Of Obstacles 

 width = randi ([ 1 50 ],1 );  % The biggest integer in sample intervals to get height, length, and width  
 length = randi ([ 1 50 ],1 ); % can be altered as required to generate unlike occupancy maps. 

    height = randi ([ 1 150 ],1 ); 

    x_Position = randi ([ 0 map Width-width ],1 ); 

    y_Position = randi ([ 0 map Length-length ],1 ); 

        [x_Obstacle, y_Obstacle, z_Obstacle] = meshgrid ( x Position: x Position+width, y Position: y 

Position +length, 0:height ); 

    Xyz_Obstacles = [x_Obstacle (:) y_Obstacle (:) z_Obstacle (:)]; 

        Check Intersection = false; 

      for i = 1:size(xyz_Obstacles,1) 

   if check Occupancy(omap 3D,xyz_Obstacles(i,:)) == 1 

            check Intersection = true; 

            break 

 end 

  end 
  if check Intersection 

        continue 

    end 

      Set Occupancy(omap 3D,xyz Obstacles,1) 

    obstacle Number = obstacle Number + 1; 

End 

[x_Ground, y_Ground, z_Ground] = meshgrid (0:map_Width,0:map_Length,0); 

Xyz_Ground = [ x_Ground (:) y_Ground (:) z_Ground (:) ]; 

Set_Occupancy (omap3D, xyz_Ground,1)  

Display the final occupancy map. Figure ("Name","3D Occupancy Map"), show( omap3D ) 

 

2.6.  Simulating of a UAV follows path planning 

Now to visualize the plant path we interpolate it according to based on the UAV dubin’s relations 

and design these interpolated conditions as a red line and the simulated states is plotted as a green line. 

This work provides a helper function to simulate the UAV and can visualize the UAV following this 

planned path. It requires these inputs such as the set of path, time to reach the goal and airspeed. This helper 

command uses fixed wing supervision form to simulate the UAV actions according to input control created 

by the path points. Both of these are part of the UAV toolbox. It also uses the waypoint follower to simulate 

the UAV following these waypoints: 

− Visualizing that path planning.  

− Interpolating the produced path planning according to the UAV Dubins joints.  

− Plotting the states of interpolation process with redlines. 

− Simulating the UAV flight employing a MATLAB commands “SimulateUAV” that involves using the 

airspeed, time to reach the goal, and waypoints (according to path length and airspeed). This command 

employs a command “fixedwing” guide modeling for simulating the UAV performance according to the 

way-path points of the generated control inputs.  

− Plotting the states that are simulated with a blue line. 

− Visualizing the 3D map. 

− Plotting the UAV Dubins connections with interpolated path planning. 

− Plotting fixed-wing guidance model of the simulated UAV trajectory. 

− Adding a buffer and computing the whole flight time. 

To make this path smoother, we simplify the 3D durability pad by employing the patch smoothing 

technique proposed in this work. 

 

2.7.  Simulating UAV trajectory and smooth Dubins path 

There is another helper function that is provided to implement the path smoothing algorithm this 

purpose eliminates intermediate 3D dubin’s poses according to an iterative approach. The created planning 

https://www.mathworks.com/help/uav/ref/fixedwing.html
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path includes some avoidable rolls throughout its navigation towards the destination. The proposed method 

simplifies the 3D Dubins’ waypoints using the smoothing path technique [25]. This algorithm removes in-

between 3D Dubins facades according to an iterative approach. Using the smoothing path technique joins 

non-sequential 3D Dubins facades every other as long as there are no collisions. The smoothed waypoints 

produced due to this function improves tracking characteristic of fixed-wings simulation models. The 

simulating of the fixed-wings UAV model by the new smoothed path consists of: i) plotting 3D map; ii) 

plotting smoothed path according to UAV Dubins joints; and iii) plotting the fixed-wing guide model of the 

simulated flight path. 

 

 

3. RESULTS AND DISCUSSION 

3.1.  Generated 3D random occupancy map 

Consider the ground as an obstacle since a UAV must avoid hitting the ground while in flight. As a 

result, mark the ground plane’s (x-y plane) occupancy as 1, indicating that it is an obstruction. The generated 

3D random occupancy map is shown in Figure 3. 

 

3.2.  Selection of an unoccupied starting and destination poses 

This section includes loading the 3D map occupancy and pre-generated obstacles. We assume 

unknown spaces to be unoccupied and by means of a reference points on the map, we select an unoccupied 

starting and destination poses as shown in Figure 4. We see it created an object O map for occupancy map 

3D class in the workspace. The grid resolution is said to be one cell per meter by default for the map. We 

have set the threshold for free and occupied cells to be the same so any probability values between 0.65 will 

be considered as an obstacle free and above that will be considered as an occupied cell. Now we plot this and 

visualize the start and goal on the occupancy map. The next step is to plan a path between the start and the 

goal location. So, the state space is a representation of the map in a way that the UAV understands. That 

means it needs to account for the aerodynamics constraints of the UAV the tree finally crosses the search in 

the state space to connect the goal states by the start state. 

 

 

  
  

Figure 3. The generated 3D random occupancy map Figure 4. Selection of an unoccupied starting and 

destination poses 

 

 

3.3.  The produced path planning according to the UAV Dubins joints 

The produced path planning according to the UAV Dubins joints is shown in Figure 5.It is observed 

that the UAV simulation flight was slightly deviated with respect to the produced path planning due to small 

tracking control error. In addition, the Dubins 3D path algorithm supposes that the changes of the UAV roll 

angle are instantaneous. However, the real dynamics responses with a slower rate to rolling instructions. 

Another method to compensate this delay is by planning paths of additional conventional aerodynamic 

restrictions. 

 

3.4.  Smoothing strategy of path planning according to the UAV Dubins joints 

The smoothing strategy of path planning according to the UAV Dubins joints is shown in Figure 6. 

In these simulated results, the flight of a UAV deviates a little from the path planning due to small errors of 

control tracking and also the 3D Duben’s path supposes immediate varies over roll angle of the UAV, other 
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than the real dynamics has a slow reaction to these role instructions. Another method to recompense of these 

lags is to map the path with more traditional aerodynamic restrictions. Now we have our visualization and 

simulation working next we would like to smoothen the path. The creative plant pathway builds some 

superfluous rotates while find the way towards the target. The smoothing strategy the smooth path generated 

by this process is much shorter and improves tracking properties of the fixed-wing model simulation. The 

results obtained demonstrates that the smoothed generated waypoints is significantly improved tracking in 

general with shorter path. 

 

 

  
  

Figure 5. Interpolating the produced path planning 

according to the UAV Dubins joints 

Figure 6. Smoothing strategy of path planning 

according to the UAV Dubins joints 

 

 

4. CONCLUSION 

This work presented a demonstration of motion planning for an UAV with fixed-wing based on 

exploring RRT technique for a 3D map known destination and start pose. A UAV with fixed-wing is a 

naturally nonholonomic and should follow aerodynamic restrictions such as the airspeed, flight path angle, 

and maximum roll angle when there is a movement between two points on the map. This work concluded as: 

i) the 3D random occupancy map has been generated using an automatic random positioning with any 

different dimensions and number of obstacles; ii) the work successfully simulated the fixed-wing UAV 

model that follows path planning using Dubinspath algorithm. However, it was slightly deviated with respect 

to the produced path planning due to small tracking control error; and iii) the work simulated UAV trajectory 

path with smooth Dubinspath to improve tracking characteristics and shorten the path between the start and 

goal points. 
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