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Abstract 
Background: Due to their ability to do a variety of tasks more quickly and effectively than traditional methods, 
drones have become more and more popular in recent years. Drones are used in many different industries, 
such as agriculture, surveying, photography, and search and rescue. However, piloting a drone requires 
specific knowledge and training due to the advanced nature of the technology. Materials and Methods: Drone 
pilot training can be challenging and costly because it calls for practical experience as well as knowledge of 
safety regulations. One possible solution to the challenges of drone pilot training is the use of simulators. 
Operators can refine their skills and gain experience in a safe, controlled environment without worrying about 
damaging their equipment or injuring others thanks to simulators. Creating an immersive drone flight training 
system that blends in smoothly with the actual environment and gives users a higher level of involvement 
without motion sickness is the current problem. Results and Discussion: For authenticity, the simulation must 
use physics that accurately replicate the dynamics of drone flying rather than using fictitious models. 
Implementing a user interface that provides precise telemetry readings is essential to achieving this goal since 
it gives pilots a thorough grasp of important realistic factors while in flight. In order to ensure expertise in 
drone operation through real-world scenarios, the system also requires an advanced training module that 
conveys practical skills and information. Drone pilot training is hampered by the limitations of simulators, such 
as their resemblance to virtual reality games rather than genuine training settings. Using programs like 
Unity3D and Blender, we meticulously model the virtual world to replicate the real environment in order to 
address these issues. Furthermore, using RPM data from the open-source flight planner ArduPilot, attempts 
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have been made to replicate the drone's physics by adding static and dynamic propeller thrust. By allowing 
users to alternate between different viewpoints, such as first person, third person, and fixed views, this effort 
also seeks to provide users’ control. A hoop course system was used in the testing process. This required a 
proficient drone pilot to navigate through more demanding courses, which were made more difficult by 
elements like smaller hoops, more complex maneuvers, more hoops, and less lighting. Conclusion: The 
benchmark was the pilot's score and timing. The program was then tested by inexperienced pilots, and their 
times and scores were noted. The course became more challenging as they got closer to the standard. 
 
Keywords: Drone Pilot, Augmented Reality, Virtual Reality, Mixed Reality, ArduPilot, Simulation etc.,  

Introduction  
 

This paper presents a Mixed Reality drone simulator, driven by the need to offer secure, affordable, and 
entertaining environments for operating actual drones. Understanding this endeavor's larger context and 
related terms is the goal of this undertaking. Introduction to Mixed Reality Users' interactions with computer-
generated environments have been profoundly altered by virtual reality (VR) and augmented reality (AR). AR 
incorporates digital content into the physical world, whereas VR immerses viewers in virtual environments. 
However, AR is hampered by the obvious division between the real and virtual worlds, which also lessens user 
immersion. [5]. By smoothly fusing the actual and virtual worlds, Mixed Reality (MR) solves this problem. It 
depicts a spectrum where computer-generated content is mixed with an individual's experience of the real 
world [4]. This is achieved using a dynamic interface that enables interaction between virtual and physical 
items. [6]. This enables the user to engage with his environment normally while also providing a dynamic and 
engaging user experience [5]. The benefit of VR and MR is the higher degree of immersion wherein users are 
free to move their heads around without any limitations on how they perceive their surroundings. [1]. 
Additionally, the resolution is thought to be superior to that of computer screens, VR headsets made for the 
same purpose, and printed rendered images. [3].  
 
Objectives 
 

1. Virtual World Modelling 
o Develop a virtual environment replicating real-world scenarios. 
o Implement realistic features and landscapes within the virtual space. 

 
2. Drone Physics Simulation 

o Construct a comprehensive physics model for an accurate drone simulator. 
o Ensure the simulation mirrors the behaviour of real-world drones. 

 
3. Integration with ArduPilot 

o Establish seamless connectivity with ArduPilot for real-time interaction. 
o Enable the virtual drone to mimic the actions and responses of an actual drone. 

 
4. Mixed Reality Implementation 

o Integrate mixed reality features to provide a visual transition between the real and virtual 
worlds. 

Literature Review 
 
 Mixed Reality Training Systems in Aviation enables projector users, remote experts, and drone players 
to engage in shared virtual flying scenarios. Interestingly, bidirectional communication is made possible by the 
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integration of Ultra-Wideband (UWB) sensors, which gives drone players control over virtual components. 
Potential uses in a range of sectors, such as entertainment, defence, and firefighting, are envisaged by the study. 
Subsequent investigations endeavour to appraise the system's usability via user evaluations, tackle detected 
challenges, and enhance the system according to professional advice [10]. Moving on to air taxi simulation [1] 
an extensive investigation conducted involved the construction of four different mixed reality environments. 
The level of immersion varied among these setups, and Varjo's marker tracking technology was essential in 
keeping the virtual cabin model and the real cabin mock-up in line. The evaluation considered variables like 
the total rating, user interface interaction, and a comparison of MR setups between virtual and actual cabin 
scenarios. Notably, compared to the real and mixed setups, participants thought the virtual cabin setup was 
more immersive. The study offers important insights into the effectiveness and user experience of various MR 
configurations for air taxi simulation. It made use of the Varjo XR 3 and a custom air taxi mock-up. It sheds 
light on the benefits and drawbacks of each configuration, especially regarding user interaction, immersion, 
and the realism of the flight simulation [1]. 

 

 
 

Figure 1. The four different mixed reality setups presented on the HMD. In the RC setup (4a) most of the 
environment is real and only the out-the-window view is virtual. At the other end of the spectrum, the VC 

setup (4d) shows a fully virtual environment. MCRI (4b) and MCVI (4c) represent intermediate between these 
two extrema.[1] 

 
The XR-OOM system was presented by [11] in the field of mixed reality driving simulation. It smoothly 
combines virtual and physical components to provide realistic driving simulations. A real car, a Varjo XR 
headset, and metrics on driving behaviour, presence, engagement, and overall satisfaction are all included in 
this immersive system, which analyses user performance. High levels of user engagement and satisfaction are 
demonstrated by the XR-OOM system, which also responds quickly to user actions. A performance evaluation 
of the system reveals robust sensor and XR components, excellent usability, minimal latency, high accuracy, 
and seamless integration with current tools. Evaluations based on particular situations show how different 
design approaches work to accomplish goals like increasing safety and decreasing driver distraction [11,16]. 
With an emphasis on drone flight control, [12] suggested an interactive training system that pairs a remote 
trainer with a drone player in a dual-role interaction. Without the drone player present, the trainer which has 
a head-mounted display (HMD) conducts remote flight control training scenarios. Drone players can operate 
first-person-view (FPV) drone flight control in open areas with few obstacles by creating and adjusting training 
scenarios with ease using the Scenario Timeline & Attention Dock (STnAD) user interface. The drone player 
and trainer can communicate easily through voice thanks to Photon Unity Networking and Photon Voice. To 
further enhance mixed reality rendering during the drone player's experience, the system incorporates the ZED 
software development kit to provide relative drone coordinates, orientation, and 3D depth [12, 17]. Examining 
the possible advantages and disadvantages of extended reality (xR) technology in the context of flight training 
and aviation [13]. The study uses a Likert scale to measure participants' comfort level with virtual reality (VR) 
and the environment's applicability to flight training. It collects performance, cognitive load, and eye-tracking 
data in both virtual and real-world settings. Procedure task completion and altitude and airspeed control 
performance show notable improvements following 1.5 hours of Virtual Reality Learning Environment (VRLE) 
training. According to the findings, immersive virtual reality training could be a useful alternative to drone 
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operator training for reskilling and forecasting human performance in real-world flying scenarios [13]. Finally, 
[8] adds to the conversation by evaluating flight deck training exercises for pilot procedures and skilled drone 
teleoperation using virtual reality goggles and 2D monitors. Time completion and accuracy are used in the 
study as performance metrics, and they are graded on a three-point system. In addition, usability and comfort 
metrics are considered, with mean values displayed next to the student's p-values. The findings show that 
when using the Head-Mounted Display (HMD) instead of the Desktop Monitor (DM), users were able to locate 
instruments on the Cessna dashboard more quickly, saving an average of 64% of the time. In addition, the 
HMD performed with more accuracy than the DM. The checklist took about the same amount of time to finish, 
but the DM was far more accurate [8]. 
 

 
 

Figure 2. The cockpit dashboard (Cessna 152) [8] 

Proposed System 
 
This proposed model provides a thorough explanation of the architecture of the system, including the 
frameworks utilised, the physical setup, and the integration of the ArduPilot framework with the Unity game 
engine for realistic drone physics. This part also explains how the physics of a drone work, as well as the various 
manoeuvres and how they are recreated in our system. Finally, it discusses how this arrangement would be 
used for training, as well as numerous scenarios. 
 
Architecture 
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Figure 3.1: Architecture of the proposed system  
 

The user is situated inside a fake cockpit that has a drone joystick controller, as shown in Figure 3.1. 
Through a USB connection, this controller is linked to the ArduPilot Software in the Loop (SITL) that is 
operating within the Mission Planner application. The RC channels of Mission Planner, which continuously 
gathers data from the joystick, are mapped to the joystick controls.The Meta Quest Pro headset's Unity program 
connects wirelessly via UDP to the ArduPilot SITL. This application allows users to fly a virtual drone in a 
virtual world. Additionally, the headset displays a real-world passthrough of the cockpit. The ArduPilot SITL 
sends a JSON object to the Unity application. The computed Pulse Width Modulation (PWM) values for each 
motor are contained in this item. The virtual drone can hover or move in a specific direction when the 
application applies these values to its four motors. The ArduPilot SITL receives another JSON object from the 
Unity application in exchange. The position, speed, acceleration, and other characteristics of the virtual drone 
in flight are all contained in this item. Continuous data interchange between the ArduPilot SITL and the Unity 
application enables real-time control and feedback of the virtual drone's flight.  
 
3.1 Configuration of simulation environment 
ArduPilot 

ArduPilot is an open-source autopilot firmware that works with a variety of vehicles, including 
multi-copters, rovers, and helicopters. It is commonly used on hobby UAVs and may be combined with 
ground control software to enable additional functionality such as real-time communication. The firmware 
employs a controller that receives input from the vehicle's sensors and sends output to devices like as the 
ESC (Electronic Speed Controller), servos, and so on. 

In a physical setup in which ArduPilot is operated on a flight controller, the input to the flight 
controller is provided by a radio receiver with at least four channels for Throttle, Yaw, Roll, and Pitch 
inputs, as well as optional auxiliary channels. The sensory data is then used by ArduPilot to do complicated 
mathematical calculations, such as the usage of Karman filters and PIDs, to calculate the proper individual 
motor speeds to stabilize and propel the vehicle. It then communicates with the ESCs (Electronic Speed 
Controllers) via PWM (Pulse Width Modulation), a technique used to manage the average power given to a 
load, in this case a brushless motor, by varying the width of the pulses. This entire procedure is done 
indefinitely in a loop. 
 

ArduPilot can be integrated with a Ground Control Station (GCS) software, which runs on a PC. 
The GCS is used to set up the drone, visualize the telemetry data sent by the drone during flight, and plan 
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and execute autonomous missions. The GCS can also be used to control ArduPilot drones in real-time. By 
connecting a USB joystick to the PC running the GCS, pilots can manually control the drone. The joystick 
control values are sent over a telemetry radio link to the drone. The most widely used opensource GCS is 
Mission Planner which is shown in Figure 3.2. 

 
 

Figure 3.2: The Mission Planner Application. 
 

1.2 Working Principle 
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Figure 3.3: Forces acting on a drone while hovering stationarily. 
 

The four primary forces acting on a drone while hovering stationarily are lift (L), gravity (G), thrust 
(T), and drag (D), each playing a crucial role in the flight dynamics of the drone as shown in figure 3.3. 

Lift (L) is the upward force that is generated by the drone's propellers. The amount of lift generated 
depends on the speed of the propellers (ω), their size (A), and their pitch (α). This is shown using equation 
3.1. 

  =       2         (3.1) 

where    is a constant that depends on the air density and the shape of the propellers. 

Gravity (G) is the downward force exerted on the drone by the Earth. It is calculated as: 
  =       

 
where m is the mass of the drone and g is the acceleration due to gravity. 

Thrust (T) is the forward force that propels the drone. It is generated by tilting the drone, which 
redirects some of the lift force horizontally. The thrust can be represented as: 

  =        ( ) 
 
where θ is the tilt angle. 

Drag (D) is the air resistance that opposes the motion of the drone. The amount of drag depends 
on the speed (v) and size of the drone (A), as well as the shape of the drone and its components. It can be 
represented as: 
 

  = 0.5        2          (3.2) 

where   is the air density,   is the velocity of the drone,    is the drag coefficient, and   is the cross-
sectional area of the drone. 
 
The transformation matrix for a drone in 3D space can be represented by the 

 
cos(θ) cos(ψ) −cos(φ)sin(ψ) + sin(φ)sin(θ)cos(ψ) sin(φ)sin(ψ) + cos(φ)sin(θ)cos(ψ) 
[cos(θ)sin(ψ) cos(φ)cos(ψ) + sin(φ)sin(θ)sin(ψ) −sin(φ)cos(ψ) + cos(φ)sin(θ)sin(ψ)] 

−sin(θ) sin(φ)cos(θ) cos(φ)cos(θ) 
 

, where  ,  , and   are the roll, pitch, and yaw angles respectively. This matrix is used to transform the drone's 
local coordinates to global coordinates. 
 

1.3 Pitch 
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Figure 3.4: Forces acting on a drone during pitch motion. 

The pitch motion in a drone is achieved by manipulating the speed of the rear motors. When the 
speed of the rear motors is increased, it generates a greater lift force at the back end of the drone compared 
to the front end. This differential in lift forces, 

   =       −        
causes the drone to tilt forward, creating a pitch motion. 
 

As the drone tilts forward, the thrust vector, which was initially pointing straight up opposing 
gravity, now has a component in the forward direction. This forward component of the thrust vector, 

         =           sin( ) 
where   is the tilt angle, generates a resultant force that propels the drone forward. 
 

It’s important to note that while the drone is pitching forward, the total lift force must still balance 
out the weight of the drone to keep it at a constant altitude. This is achieved by increasing the overall thrust 
(by speeding up all motors) while pitching. The vertical component of the thrust, 

 vertical =  thrust   cos( ) 
must equal the weight of the drone, 

         =  .   
where   is the mass of the drone and   is the acceleration due to gravity. The precise control of motor speeds 
for maintaining altitude while achieving the desired pitch motion is handled by the drone’s flight controller. 
1.3.1 Roll 
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Figure 3.5. Forces acting on a drone during roll motion. 
The roll motion in a drone is similar to the pitch motion, but it involves the manipulation of the left and 
right motors instead of the front and rear ones. 

When the speed of the right motors is increased, it generates a greater lift force on the right side of 
the drone compared to the left side. This differential in lift forces, 

   =        −       
causes the drone to tilt to the left, creating a roll motion. Conversely, increasing the speed of the left motors 
will cause the drone to roll to the right. 

As the drone tilts, the direction of the thrust vector changes. The vertical component of the thrust, 
 vertical =  thrust   cos( ) 

continues to oppose gravity and maintain altitude, where   is the tilt angle. The horizontal component of
 the thrust, 

 horizontal =  thrust   sin( ) 
Creates a sideways force that moves the drone in the direction of the roll. 
Here, 
 thrust is the total thrust force. 

While the drone is rolling, the total lift force must still balance out the weight of the drone to keep 
it at a constant altitude. This is achieved by increasing the overall thrust (by speeding up all motors) while 
rolling. The precise control of motor speeds for maintaining altitude while achieving the desired roll 
motion is handled by the drone’s flight controller. 
 

1.3.2 Yaw 

 

 
Figure 3.6: Torque acting on a drone during yaw motion. 

The yaw motion in a drone is achieved by creating a net torque (τ) around the drone’s centre of 
gravity as shown in figure 3.6. This is done by varying the speeds of motors spinning in opposite directions. 
The net torque can be calculated by 

     =  1 +  2 −  3 −  4 

Here,  1and  2 are the torques generated by the motors spinning counterclockwise, and  3 and  4 are the 
torques generated by the motors spinning clockwise. A positive net torque indicates a clockwise rotation, and a 
negative net torque indicates a counterclockwise rotation. 
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During yaw motion, the total lift force (F) remains constant to maintain the drone’s altitude. The 
total lift force can be calculated as: 

     =  1 +  2 +  3 +  4 

Even though the speeds of the motors are varied, the total lift force should remain constant. This 
means that any increase in force in one motor should be compensated by a decrease in force in the opposite 
motor. The drone’s flight controller manages these adjustments to ensure stable flight. 

Results 
  
Performance Parameters  
 

Comprehending and measuring critical performance metrics is essential for the thorough assessment of 
pilot performance in the context of drone simulation across five distinct levels of complexity. This subheading 
explores the complexities of evaluating pilot proficiency by closely examining three key metrics:  
  
1. The accuracy of manoeuvring through hoops   
2. The efficiency demonstrated by the completion time   
3. The time taken to complete these manoeuvres   
  
Testing Rubrics 
Our assessment framework includes three important metrics: Hoops Missed, Collided Hoops, and Time Taken. 
This scoring scheme is designed to reward accuracy, speed, and fairness in the completion of the task, 
guaranteeing a thorough and impartial evaluation. 

 
Table 4.1. Penalty System for Hoops 

Penalty On Missing Hoops Penalty On Collision 
2 1 

  
Table 4.2. Penalty System for Time Taken 

Time Taken Points Deducted 
0 – 2 mins 0 
2 - 3 mins 10 
3 – 4 mins  20 
4 – 5 mins 30 
5 - 6 mins 40 

Above 6 mins 50 
Formula: 

Score=100−(α+β+γ) 
 Where: 

 α represents the Penalty on Missing Hoops, calculated as the Number of Missed Hoops 
× Penalty Per Missed Hoop. 

 β represents the Penalty on Collision, calculated as Number of Collided Hoops × 
Penalty Per Collided Hoop. 

 γ represents Time Taken Points, with deductions based on the predefined time 
brackets  

 
Novice 1 Before Training:  

Table 4.3. Novice 1 Pilot’s Performance Before Training 



 
 
 
 

Mixed Reality-Based Simulator for Drone Pilot Training 
 

 

Levels  Total Number of 
Hoops  

Hoops 
Missed  

Collided Hoops  Time Taken  Score  

Level 5  15  4 8 317s  48 
 

Novice 1 After Training:  
Table 4.4. Novice 1 Pilot’s Performance After Training 

Levels  Total Number of 
Hoops  

Hoops Missed  Collided Hoops  Time Taken  Score  

Level 1  10  3  2  283s  62 
Level 2  10  2  2 275s  64 
Level 3  12  3 3  277s  61 
Level 4  12  2 1  267s  65 
Level 5  15  1  2  259s  66 

  
Total Score = 63.6 
 Performance improvement = 22.31% 
Novice 2 Before Training:  

 
Table 4.5. Novice 2 Pilot’s Performance Before Training 

Levels  Total Number of 
Hoops  

Hoops Missed  Collided Hoops  Time Taken  Score  

Level 5  15  3 5 308s  49 
 Novice 2 After Training:  
  

Table 4.6. Novice 2 Pilot’s Performance After Training 
Levels  Total Number of 

Hoops  
Hoops Missed  Collided Hoops  Time Taken  Score  

Level 1  10  3  2  309s  52 
Level 2  10  1  1  292s  67 
Level 3  12  2  3  301s  53  
Level 4  12  1  1  289s  67  
Level 5  15  1  2  294s  66  

   
 

Total Score = 61 
Performance improvement = 24.49%  
Novice 3 Before Training: 

 
Table 4.7. Novice 3 Pilot’s Performance Before Training 

Levels  Total Number of 
Hoops  

Hoops Missed  Collided Hoops  Time Taken  Score  

Level 5  15  2  8  310s  48  
 
Novice 3 After Training:  

Table 4.8. Novice 3 Pilot’s Performance After Training 
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Levels  Total Number of 
Hoops  

Hoops Missed  Collided Hoops  Time Taken  Score  

Level 1  10  3  3  302s  51 
Level 2  10  1  2  291s  66 
Level 3  12  2  4  315s  52  
Level 4  12  2  2  287s  64  
Level 5  15  2  3  278s  63  

   
Total Score = 59.2 
 Performance improvement = 23.33 %  
  
Novice 4 Before Training:  

Table 4.9. Novice 4 Pilot’s Performance Before Training 
Levels  Total Number of 

Hoops  
Hoops Missed  Collided Hoops  Time Taken  Score  

Level 5  15  4  8  325s  44  
  
Novice 4 After Training:  

 
Table 4.10 Novice 4 Pilot’s Performance After Training 

Levels  Total Number of 
Hoops  

Hoops Missed  Collided Hoops  Time Taken  Score  

Level 1  10  2  4  314s  52 
Level 2  10  3  3  302s  51 
Level 3  12  2  5  320s  51 
Level 4  12  2 6  296s  60 
Level 5  15  2  4  280s  62  

 
Total Score = 55.2 
Performance improvement = 25.45%  
  
Novice 5 Before Training:  

Table 4.11. Novice 5 Pilot’s Performance Before Training 
Levels  Total Number of 

Hoops  
Hoops Missed  Collided Hoops  Time Taken  Score  

Level 5  15  5 9 346s  41  
 

Novice 5 After Training:  
Table 4.12. Novice 5 Pilot’s Performance After Training 

Levels  Total Number of 
Hoops  

Hoops Missed  Collided Hoops  Time Taken  Score  

Level 1  10  4  8  315s  44 
Level 2  10  2  5  325s  51  
Level 3  12  2  6  340s  50  
Level 4  12  3  4  297s  60  
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Level 5  15  1  3  310s  55  
  
Total Score = 52 
Performance improvement = 26.83% 

 

 
 

Figure 4.1. Three-Dimensional Level Wise Comparison  
 

 
 

 
 

Figure 4.2. Training Statistics of Novice Pilots 
 

 
Comparative Analysis of Novice and Experienced Drone Pilots 
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The comparative analysis of the scoring formulas between inexperienced and experienced drone pilots 
provides a thorough understanding of the increasing levels of competence and proficiency attained when 
operating in virtual environments.   
  
To fully evaluate drone pilot competency, we carried out a detailed investigation with both inexperienced and 
experienced pilots flying our simulator courses. Five inexperienced pilots who are still in the training phase 
were compared to five seasoned professionals who have proven to have advanced drone piloting abilities.   
 
Experienced Pilots: 
 

Table 4.13. Experienced Pilot’s Performance 
 

Experienced Pilots Score  

Pilot 1  66.37 
Pilot 2  68.43 
Pilot 3  69.55 
Pilot 4  70.01 
Pilot 5  63.79 

 
 

Average Score =71.488 
 

 
Figure 4.3. Comparison of Novice vs Experienced Pilot  

 
Novice Pilots: 

Table 4.14. Novice Pilot’s Performance 
Novice Pilots  Before Training   After   

Training   
Performance  

Improvement   

Pilot 1  48 63.3 22.31% 
Pilot 2  49  61  24.49% 
Pilot 3  48  59.2  23.33% 
Pilot 4  44  55.2  25.4% 
Pilot 5  41  52  26.83% 
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Average Score Before Training = 46 
Average Score After Training = 67.63 

Average Performance of Performance Improvement = 24.47% 
 

 

 
Figure 4.4. Analysis of Average Metrics 

 
Conclusion 

In the current setup, the passthrough boundary is statically set to the boundary of the cockpit. This 
requires a setup where the headset is placed on a designated dock on the cockpit to adjust the boundary 
when starting the application, effectively tailoring the application to the cockpit. However, a more flexible 
solution could involve the headset tracking the cockpit using computer vision with markers or ideally 
active trackers. Unfortunately, the image quality of the cameras of the headset are not currently suitable for 
performing computer vision algorithms, and there are no active markers that work with the Meta Quest 
Pro. 
 
The parameters used in this application concerning the throttle curve, agility, etc., are left at their default 
settings to allow for wider acceptability to novice pilots. However, experienced pilots may prefer different 
curves and different modes of operation. This suggests a need for a setup and adjustment of parameters to 
tailor the simulator to different pilots, enhancing its usability and adaptability.The physics backend could 
benefit from using a description format like the Unified Robot Description Format (URDF). URDF is an 
XML-based file format used in the field of robotics to describe the structure and kinematics of a robot. This 
would allow for greater interoperability and usage with different types of vehicles. The cockpit 
could also be augmented with virtual gauges and displays that show information regarding the current 
flight such as altitude, velocity, and heading. This is currently directly augmented onto the virtual screen 
with the view of the drone. 
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