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Abstract

Motion simulation systems have numerous applications in aerospace train-
ing, robotics research, and simulated immersive environments. The real
time involvement of human interface components (joysticks, pedals, etc)
with 3D simulated environments demands effective software architecture;
that is, a compilation able to process low latency signals and provide pre-
cise motion modeling.

This project introduces software design and software integration of a
joystick and a pedal controlled motion simulator. The system receives re-
altime inputs of human interface devices, processes them using a Python-
based control algorithm and uses its relevant motion command to act on
a drone model in Gazebo simulation environment.

The simulator has a stable operating system of Ubuntu 24.02 and Von
Studio code as the used development platform. It has a built-in flight con-
trol communication and monitoring QGroundControl. The system devel-
oped produces designed output signals that are to be used with a mechan-
ically moving platform that is being designed by a different group.

The architecture proposed is very modular, can go to scale, and can be
operated in real time, so it is appropriate should there be an expansion in

the near future of the advanced simulation and training systems.
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1.1 Background

Motion simulation systems have become an essential component in modern
engineering and technological applications, particularly in domains such as
aerospace training, robotics, defense systems, and virtual reality environ-
ments. These systems aim to replicate real-world physical motion within
a controlled and interactive digital environment, allowing users to experi-
ence realistic system behavior without the risks and costs associated with
real-world experimentation. [1]

With the advancement of computational power and simulation tech-
nologies, the development of such systems has shifted from expensive pro-
prietary solutions to flexible and open-source platforms. Modern simula-
tion tools are capable of modeling complex physical phenomena including
forces, inertia, collisions, and environmental interactions. This evolution
has enabled researchers and engineers to design and test systems in a cost-
effective and scalable manner. [2], [3]

A crucial component of motion simulation systems is the integration of
human interface devices such as joysticks and pedals. These devices provide
intuitive control mechanisms, enabling users to interact with simulated en-
vironments through physical input. However, the raw signals generated by
these devices are often inconsistent and noisy due to variations in hardware
design, sensor limitations, and environmental factors. As a result, these sig-
nals must undergo proper processing before they can be used effectively in
a simulation system. [4]

Signal processing techniques such as normalization, filtering, and cal-
ibration play a vital role in transforming raw input data into stable and
meaningful control signals. Additionally, real-time performance is a key

requirement, as any noticeable delay between user input and system re-
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sponse can significantly degrade the realism of the simulation. Therefore,
efficient system design, low-latency communication, and synchronization
between system components are critical factors in achieving a high-quality

motion simulation experience. [5] [27] and [6]

User Inpm Devlces ' Host Computer Simulation Environment ( Output
(Joystick & Pedals) , (Processing Unit) (Gazebo / PXd) {Motion Platform)

13*!l*ﬁ*m

Feedback (Visual / Motion)

Figure 1.1: General Motion Simulation System Overview

1.2 Problem Statement

The integration of joystick and pedal inputs into a real-time motion simula-
tion system presents several engineering challenges that must be addressed
to ensure accurate and reliable system performance. One of the primary is-
sues is the inconsistency of raw input signals generated by human interface
devices. Different devices operate within varying ranges and resolutions,
leading to discrepancies in input data that can negatively affect system
behavior.

Another major challenge is the presence of noise in analog signals. This
noise arises from multiple sources, including sensor inaccuracies, electrical
interference, and mechanical imperfections. If not properly handled, noisy
signals can lead to unstable system responses and unrealistic simulation be-
havior. Therefore, robust filtering and calibration techniques are required
to ensure signal stability. [5]

Latency is another critical concern in real-time systems. It represents
the delay between user input and system response. High latency reduces

responsiveness and disrupts the user experience, making the simulation feel
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less realistic. In applications such as drone simulation, even small delays
can significantly impact control accuracy and user performance. [7] [3]
and [§]

Furthermore, mapping human input to simulated motion is a complex
task that requires careful design. The system must ensure that user ac-
tions are translated into proportional and intuitive movements within the
simulation environment. Improper mapping can result in overly sensitive
or sluggish system behavior.

Finally, synchronization between system components—including input
acquisition, signal processing, simulation, and output generation—is es-
sential for stable operation. Any mismatch between these components can

lead to jitter, lag, or inconsistent motion representation.
Delay in System

“-8-0-@-4

User Inpm Signal Delayed / Incorrect
(Joystick / Pedals) Processing Delay Motion Qutput

Figure 1.2: Illustration of Delay Between User Input and System Output

1.3 Objectives

The main objective of this project is to design and develop a real-time
motion simulation system that effectively integrates joystick and pedal
inputs with a virtual simulation environment. The system aims to achieve
accurate, stable, and responsive control while maintaining a modular and
scalable architecture.

The project encompasses several specific objectives that together define
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its scope and intended outcomes. The first objective is to acquire real-time
input signals from joystick and pedal devices by utilizing suitable hardware
components and communication interfaces, ensuring that the physical in-
puts are accurately captured and transmitted to the system without delay.
Building upon this, the project also aims to implement essential signal
processing techniques — such as normalization, filtering, and scaling —
to refine the quality of the received input data, thereby improving overall
input accuracy and enhancing the reliability of the system under varying
conditions.

Another key objective is to integrate a realistic simulation environment
that provides effective visualization of system behavior, allowing users to
observe and interact with the platform in an intuitive and meaningful way.
Closely related to this is the goal of minimizing system latency to ensure
real-time responsiveness, which is critical for enabling smooth and precise
control operations throughout the platform’s use.

On the interface side, the project seeks to design a user-friendly graph-
ical interface that provides operators with the ability to monitor system
performance, carry out calibration procedures, and maintain overall con-
trol of the system with ease. Finally, the project aims to develop a modular
system architecture that not only meets current functional requirements
but also supports scalability, flexibility, and the potential for future en-
hancements, ensuring the platform remains adaptable as needs evolve over

time.

1.4 Scope of the Project

The scope of this project is focused on the software integration and sim-

ulation aspects of a motion platform system controlled via joystick and
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pedals. The project emphasizes the development of a real-time control sys-
tem capable of processing human input and translating it into meaningful
motion within a virtual environment.

The system developed in this project includes real-time acquisition of
joystick and pedal inputs, signal processing and filtering of analog input
data, mapping of processed inputs to drone motion in a simulated environ-
ment, visualization through a graphical user interface (GUI), and genera-
tion of output signals for potential communication with motion platforms.

However, certain aspects are beyond the scope of this project. These
include the mechanical design and construction of the physical motion plat-
form, direct control of actuators or hardware systems, and implementation
of advanced autonomous drone control algorithms.

This clearly defined scope ensures that the project remains focused on
software design and system integration while allowing future expansion

toward hardware implementation.

1.5 Methodology Overview

The development of the system follows a structured engineering methodol-
ogy consisting of multiple stages, ensuring systematic design, implementa-
tion, and validation. The process begins with requirement analysis, where
system requirements, constraints, and expected performance levels are
identified. This is followed by system design, in which the overall archi-
tecture is developed and individual modules are defined.

The implementation phase involves coding and integration of various
software components, ensuring that each module functions correctly within
the system. Finally, testing and validation are performed to evaluate sys-

tem performance under different operating conditions and to ensure relia-
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bility.

The development environment used in this project includes the Ubuntu
operating system for stability and compatibility [3], Python programming
language for rapid development and flexibility [9], Gazebo simulation plat-
form for realistic modeling, QQGroundControl for UAV monitoring, and
Visual Studio Code as the primary development environment. [10] This
structured approach ensures that each phase contributes effectively to the

overall system performance and reliability.

1.6 Significance of the Project

The significance of this project lies in its contribution to the field of real-
time simulation systems by providing a low-cost, flexible, and scalable so-
lution for motion simulation. The developed system enables effective inter-
action between user inputs and a virtual simulation environment, thereby
enhancing usability and system responsiveness.

The system has potential applications in various domains, including
flight training simulators, robotics research and development, defense and
military training systems, and gaming or virtual reality environments. Its
adaptability makes it suitable for both academic research and industrial
applications.

Key contributions of the project include enabling real-time interaction
between users and simulated systems, providing a modular architecture
that supports future enhancements, reducing dependency on expensive
proprietary simulation platforms, and supporting research in control sys-
tems and simulation technologies.

Furthermore, the system serves as a foundation for future advance-

ments, such as integration with physical motion platforms and incorpora-
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tion of intelligent control algorithms.

1.7 Challenges in Real-Time Motion Simulation

Real-time motion simulation systems must operate under strict timing con-
straints, making their design and implementation inherently challenging.
Even minor inefficiencies in processing or communication can significantly

affect system performance and degrade user experience.

1.7.1 Latency Management

Latency refers to the delay between user input and system response. In
motion simulation systems, maintaining low latency is essential to ensure
realism and responsiveness. Latency may arise from input device polling
delays, signal processing overhead, communication delays between system
modules, and simulation rendering time. [7]

To minimize latency, the system employs efficient algorithms, non-
blocking programming techniques, and optimized data flow mechanisms.
These strategies help ensure that the system responds to user inputs in

real time with minimal delay.

1.7.2 Signal Noise and Calibration

Analog signals generated by input devices are often affected by noise due to
sensor imperfections, mechanical wear, and electrical interference. [5]These
factors can lead to unstable or inaccurate system behavior if not properly
handled.

To address these issues, the system incorporates techniques such as
dead-zone implementation to ignore minor fluctuations, low-pass filtering

to smooth signal variations, and calibration procedures to ensure consistent
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and accurate input mapping. These measures significantly improve signal

stability and overall system performance.

1.7.3 Synchronization Between Modules

The system consists of multiple interconnected modules, including input
acquisition, processing, simulation, and output generation. Proper syn-
chronization between these modules is essential to maintain consistent and
stable system operation.

A lack of synchronization can result in system lag, inconsistent motion
behavior, and reduced realism. [8] To overcome these challenges, the sys-
tem utilizes time-stamping of data, event-driven programming approaches,
and efficient thread management techniques to ensure smooth coordination

among all components.

1.8 System Overview

The proposed system is organized into four main layers, each responsible
for a specific set of functions that collectively enable real-time motion

simulation.

1.8.1 Input Layer

The input layer is responsible for acquiring real-time data from joystick and
pedal devices using appropriate software interfaces. It captures multiple
control parameters such as roll, pitch, yaw, and throttle, which serve as

the primary inputs to the system.
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1.8.2 Processing Layer

The processing layer performs essential operations such as normalization,
filtering, scaling, and calibration. It converts raw input signals into stable
and meaningful control data that can be effectively used by the simulation

environment.

1.8.3 Simulation Layer

The simulation layer integrates with the Gazebo simulation environment
and updates the drone’s position and orientation based on processed input
data. This layer ensures real-time visualization and accurate representation

of system behavior.

1.8.4 Output Layer

The output layer generates structured data that can be used for communi-
cation with external systems, such as motion platforms. This layer enables
future system expansion by allowing integration with physical hardware

components.
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2.1 Introduction

The chapter is a summarized review of the current research and technol-
ogy associated to the motion simulation systems, human interface devices,
unmanned aerial vehicle (UAV) simulation as well as real-time control en-
vironment. This chapter aims to create a theoretical and technical basis of
the proposed system, determine the main challenges and gaps in current
solutions.

Over the past several years, simulation technologies have become highly
developed because of the increase in the power of the computer, improve-
ment of the graphical processing as well as computer software. Simulation
based motion systems are currently popular in the engineering process,
including flight training, robotics, automotive test systems, and virtual re-
ality. These systems strive to recreate physical behavior in the real world in
a virtual controlled environment, where safe experimentation and training
can be performed.

The main aspect of such systems is that it is capable of interacting
with the users in real time. This form of interaction is commonly attained
via Human Interface Devices (HIDs), like joysticks and pedals. The use of
these devices in simulation platforms however comes with issues of signal
processing, latency, synchronization and accuracy.

In this chapter, the previous methods and technologies will be reviewed
in order to get a better insight into how the current challenges are overcome

and how the suggested system advances the field.
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2.2 Motion Simulation Platforms

Motion simulation systems are meant to imitate the movements of the
physical world that involve mechanical processes that are manipulated by
software programs. These platforms are also greatly utilized in the avia-
tion,defense and automotive engineering industries as a means of training
and testing. [11]

An average motion simulator operates using six degrees of freedom
(6DOF), which collectively allow the platform to replicate a wide range
of real-world physical movements. [1]These six degrees consist of surge,
which refers to forward and backward movement; sway, which covers left
and right movement; heave, which represents vertical up and down move-
ment; roll, which is the rotation around the longitudinal axis; pitch, which
involves rotation around the lateral axis; and yaw, which describes rotation
around the vertical axis. Together, these movements enable the simulator
to convincingly mimic the motion dynamics experienced in real vehicles
or environments. [11]To physically achieve these movements, motion sim-
ulators rely on different types of actuators depending on the application
and budget. Electric linear actuators are the most commonly used in low-
cost systems due to their affordability and ease of integration, while hy-
draulic actuators are typically found in high-end simulators where greater
force and precision are required. Pneumatic systems, although capable of
performing similar functions, are comparatively less common in motion
simulation applications.

The use of simulated data as input to achieve physical motion is carried
out via software algorithms which serve to actuate the motion platform.
These algorithms tend to use the inverse kinematics and motion cueing

methods. [12]
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Although quite effective in replicating real-world motion, conventional
motion simulators are not without their drawbacks. One of the most sig-
nificant limitations is the high cost associated with both the hardware
itself and its ongoing maintenance, which makes these systems financially
inaccessible for many individuals and smaller organizations. Further com-
pounding this issue is the limited flexibility that arises from the use of
proprietary systems, meaning that users are often restricted to the ca-
pabilities and configurations defined by the original manufacturer, leaving
little room for adaptation. Additionally, conventional simulators frequently
present difficulties when it comes to customization and integration, making
it challenging to modify the system to suit specific needs or to seamlessly
incorporate it with other technologies and software environments.

Consequently, there is currently an increasing trend in creating software

based, modular and affordable simulation systems.

- -

Translational Axes Rotational Axes

gk Yow
| Retustion atsat Z)
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(Sway)

Figure 2.1: Six Degrees of Freedom (6-DOF) Motion Representation

2.3 Human Interface Devices in Control Systems

The HIDs are very essential in facilitating interfaces between the users
and simulation system. Joysticks and pedals have become common in the
fields of aviation and robotics as they have a relatively simple system of

control. [4]
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A joystick typically provides multiple axes of input, each corresponding
to a specific aspect of motion control. The X-axis is responsible for roll
control, the Y-axis handles pitch control, the Z-axis manages yaw control,
and the throttle is used for speed control. Pedals, on the other hand, serve
a complementary role and are primarily used for rudder control as well as
differential braking, giving the operator greater authority over directional
movement. Both of these devices generate analog signals that must be
read and interpreted by the system in order to translate physical input
into meaningful control commands. [12]

Modern human interface devices (HIDs) of this kind are designed to
operate using the USB HID protocol, which offers several practical ad-
vantages. These include plug-and-play compatibility, which eliminates the
need for complex setup procedures, as well as cross-platform support that
allows the devices to function across different operating systems. The pro-
tocol also provides a standardized communication format that simplifies
integration, along with low-latency data transfer that ensures inputs are
registered by the system with minimal delay. [5], [6]

However, despite these benefits, raw input signals obtained from joy-
sticks and pedals are frequently affected by a number of issues that can
compromise their accuracy and reliability. These include electrical noise,
mechanical wear from prolonged use, sensor inaccuracies, and non-linear re-
sponse behavior that can cause inconsistencies between the physical input
and the system’s response. To overcome these challenges, signal processing
methods such as filtering, normalization, and calibration are essential in
order to clean and standardize the input data before it is acted upon by

the system.
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Figure 2.2: Internal Structure of a Joystick Mechanism

2.4 Unmanned Aerial Vehicle (UAV) Simulation

Unmanned Aerial Vehicle (UAV) simulation has become an essential tool
in the development and testing of flight control systems. It allows engineers
and researchers to test algorithms and control strategies without the risks
associated with real-world flight. [13]

UAV simulation environments are purpose-built virtual settings de-
signed to recreate a wide range of physical phenomena that a real un-
manned aerial vehicle would encounter during flight [11]. These phenom-
ena include aerodynamic forces that act upon the aircraft, the effects of
gravity and inertia on its movement, wind disturbances that can affect
stability and control, and collision detection that simulates the interaction
between the vehicle and its surrounding environment. By faithfully repro-
ducing these real-world conditions, simulation environments are able to
provide an experience that closely mirrors actual flight behavior without
the risks associated with operating a physical aircraft. [1]

As a result, these simulations serve as a safe and cost-effective platform

for a variety of important purposes. They allow engineers and developers
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to rigorously test control algorithms in a controlled virtual setting before
deploying them on real hardware, significantly reducing the risk of costly
failures. At the same time, they provide an ideal environment for training
operators, enabling them to build familiarity and proficiency with UAV
controls and behavior without the dangers or expenses that come with
real-world flight operations. [2]

This also allows repeatability of the testing conditions involved in a

simulation scenario, which is impractical in the real world. [14]

2.5 Gazebo Simulation Environment

Gazebo is a powerful open-source robotics simulator that offers a realis-
tic and flexible environment for testing robotic systems and unmanned
aerial vehicles [15]. One of its core strengths lies in its incorporation of
advanced physics engines, including the Open Dynamics Engine (ODE),
Bullet Physics, and DART, which together enable the simulator to accu-
rately model the complex physical interactions that occur in real-world
scenarios. This multi-engine support allows users to select the most ap-
propriate physics backend depending on the specific requirements of their
simulation. [3]

Beyond its physics capabilities, Gazebo offers a rich set of features that
make it a comprehensive tool for simulation-based development. It provides
realistic physics simulation that closely mirrors real-world behavior, along
with detailed sensor modeling that supports a variety of common sensors
such as inertial measurement units (IMUs), GPS modules, and cameras.
The simulator also includes three-dimensional visualization, giving users a
clear and immersive view of the simulated environment. Its plugin-based

architecture further enhances its versatility by allowing developers to ex-
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tend and customize its functionality to suit specific project needs. Addi-
tionally, Gazebo’s compatibility with the Robot Operating System (ROS)
makes it particularly well-suited for projects that rely on ROS-based com-
munication and control frameworks, enabling seamless integration between
simulation and real system development.

Gazebo is adopted in this project to model the drone and visualize its
movement on the basis of inputs of the joystick and pedal. The drone is
updated in real time based on the simulator, position, orientation and the

velocity of the drone.

2.6 QGroundControl Integration

A well-known ground control station software of the UAV systems is QGround-
Control (QGC) [16]. It enables the overall interface on how to monitor and
control drone operations.

The system incorporates several key functionalities that collectively
enhance the operator’s ability to monitor and interact with the platform
effectively. Real-time telemetry display allows the user to continuously ob-
serve live data from the system, ensuring that critical information is always
visible and up to date. Flight parameter monitoring complements this by
providing detailed tracking of essential flight-related values, enabling the
operator to keep a close watch on the system’s performance throughout its
operation. Mission planning functionality further extends the system’s ca-
pabilities by allowing users to define, organize, and manage flight objectives
in advance, supporting more structured and purposeful operations [17]. Fi-
nally, manual control override provides the operator with the ability to im-
mediately intervene and take direct control of the system when necessary,

serving as an important safety mechanism that ensures human authority

Joystick and Pedal Controlled Motion Platform 18



is maintained at all times during operation.
QGroundControl interacts via the MAVLink protocol that is a messag-
ing protocol of UAV communication with a lightweight design.
QGroundControl Integration of QGroundControl makes simulation and
control of drones and their monitoring more realistic, with an industrys-

tandard interface.

2.7 Real-Time Operating Systems and Ubuntu

Real-time systems demand predictable and consistent response times in or-
der to function reliably, and the choice of operating system plays a crucial
role in meeting these requirements. Ubuntu, being a Linux-based operat-
ing system, offers a particularly suitable environment for the development
of such systems. This suitability stems from several inherent strengths,
including efficient process scheduling that ensures tasks are executed in a
timely and organized manner, strong hardware support that allows the sys-
tem to interface effectively with a wide range of physical components, open-
source flexibility that gives developers the freedom to modify and adapt
the environment to their specific needs, and the broad availability of de-
velopment tools that streamline the overall development process. [10], [18]

Furthermore, Ubuntu can be extended with real-time extensions that
enhance its capability to meet the strict timing demands of real-time appli-
cations. It is also compatible with a wide range of libraries that are essential
for various aspects of system development. These include libraries for de-
vice interfacing, which enable communication between the software and
connected hardware components such as joysticks and pedals, libraries for
simulation integration that allow the system to interact seamlessly with

simulation environments, and libraries for graphical user interface devel-
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opment that support the creation of intuitive and functional control panels
for the operator. [9]
This project is written in Python because it is simple and has a rich

variety of libraries.

2.8 Control Algorithms in Simulation Systems

Control algorithms serve as the backbone of the system by converting raw
input signals into meaningful outputs that drive the system’s behavior.
[19]These algorithms are responsible for defining how the system reacts
and responds to user inputs, ensuring that the relationship between the
operator’s commands and the system’s actions is accurate, stable, and
responsive. [5]

Several control strategies can be employed depending on the complex-
ity and requirements of the application. Proportional Control (P) is one
of the simplest forms, where the system’s output is directly proportional
to the error between the desired and actual values, providing a straight-
forward means of correcting deviations. PID Control builds upon this by
incorporating three components — proportional, integral, and derivative
— working together to not only address the current error but also account
for past errors and anticipate future ones, resulting in a more balanced
and precise response. Feedforward Control takes a different approach by
predicting the required output based on known input conditions rather
than waiting for an error to occur, which allows the system to respond
more proactively and reduce lag. Adaptive Control goes a step further
by dynamically adjusting its parameters in response to changing system
conditions or environmental factors, making it particularly well-suited for

systems that operate in variable or unpredictable environments where a
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fixed control strategy may not always be sufficient. [11]
Though this project is mostly disconnected with manual control, the
aspect of introducing PID-based stabilization into the project can be en-

hanced in the future to improve the performance of this project.

2.9 Summary of Literature Review

One of the most significant insights drawn from the literature review is
that motion simulation systems require a perfect synchronization between
their hardware and software elements, as any disconnect between these two
layers can lead to inconsistent behavior and degraded system performance.
Closely tied to this is the finding that human interface devices, such as
joysticks and pedals, must be thoroughly calibrated and filtered in order
to deliver accurate and reliable control inputs, since uncalibrated or noisy
signals can introduce errors that propagate throughout the entire system.

The review also highlights that integrating a UAV simulation environ-
ment provides an effective and safe platform for testing control systems,
allowing developers to validate algorithms and system behavior without ex-
posing real hardware to the risks associated with physical testing. Equally
important is the emphasis placed on live performance, as the system must
remain responsive and immersive to ensure a meaningful and engaging ex-
perience for the user, particularly in scenarios where real-time interaction
is critical to the task at hand. Finally, the literature underscores the im-
portance of adopting a modular architecture as a forward-looking design
principle, recognizing that scalability and the capacity for future expansion
are essential qualities for any system that is expected to grow, evolve, and
adapt to new requirements over time.

According to these results, the proposed system combines joysticks and
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pedals to a simulated environment through a modular design of a real time

software.
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Chapter 3

Requirement Specifications
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3.1 Introduction

Requirement specification is one of the most critical phases in the devel-
opment of any engineering system, as it serves as the foundation upon
which the entire design and implementation process is built. In the con-
text of a real-time motion simulation system, the importance of clearly
defining requirements becomes even more significant due to the system’s
need for precision, responsiveness, and reliability. A well-structured re-
quirement specification not only ensures that all system components op-
erate cohesively but also provides a measurable framework against which
system performance can be evaluated.

The purpose of this chapter is to translate the conceptual objectives
of the project into detailed, structured, and quantifiable system require-
ments. These requirements define what the system is expected to achieve
and how it should behave under various operating conditions. By clearly
outlining both functional and non-functional requirements, the design pro-
cess becomes more systematic and aligned with the intended performance
goals.

In addition to defining requirements, this chapter also explores different
system models and evaluates their suitability for the proposed application.
This comparative analysis is essential in selecting an architecture that bal-
ances performance, scalability, and implementation complexity. Further-
more, hardware and software constraints are identified to ensure that the

system design remains feasible within practical limitations.
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3.2 Problem Statement and Motivation

The design of a real-time motion simulation system that integrates joy-
stick and pedal inputs presents a combination of hardware and software
challenges that must be addressed in a coordinated manner. The primary
problem lies in the accurate acquisition, processing, and interpretation of
analog signals generated by human interface devices, and their subsequent
mapping into meaningful motion within a virtual simulation environment.

One of the fundamental challenges is the inconsistency of raw input
signals. Joystick and pedal devices are manufactured with different speci-
fications, leading to variations in signal ranges, resolutions, and sensitivity
characteristics. These inconsistencies make it difficult to directly use raw
input values for simulation purposes. Without proper normalization and
calibration, the system may exhibit unpredictable behavior, resulting in
poor user experience and reduced control accuracy.

Another major issue is the presence of noise in input signals. Analog
sensors are inherently susceptible to disturbances caused by electrical inter-
ference, mechanical imperfections, and environmental factors. These dis-
turbances manifest as small fluctuations in the signal, particularly around
the neutral position, which can lead to unintended movements in the sim-
ulation. Therefore, effective filtering techniques are required to suppress
noise while preserving the responsiveness of the system.

Latency is another critical factor that significantly affects system per-
formance. In a real-time motion simulation system, the delay between user
input and system response must be minimized to maintain realism. High
latency can disrupt the sense of immersion and make the system difficult
to control. This challenge is further compounded by the need to process

multiple input signals, perform computations, and update the simulation
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environment within a limited time frame.

Synchronization between different system modules also plays a vital
role in ensuring stable operation. The system consists of multiple intercon-
nected components, including input acquisition, signal processing, simula-
tion execution, and output generation. Any mismatch in timing between
these components can result in jitter, inconsistent motion, or system insta-
bility. Therefore, the system must be designed with proper synchronization
mechanisms to ensure smooth and consistent data flow.

The motivation behind this project is to develop a system that effec-
tively addresses these challenges while maintaining a balance between per-
formance and flexibility. Existing solutions often focus on either simplicity
or high performance, but rarely achieve both simultaneously. This project
aims to bridge that gap by designing a modular and scalable system that
delivers accurate signal processing, low latency, and seamless integration

with simulation platforms.

3.3 Functional Requirements

Functional requirements define the core operations that the system must
perform in order to achieve its intended objectives. These requirements are
directly related to the system’s behavior and describe how it interacts with

input devices, processes data, and generates outputs.

3.3.1 Real-Time Data Acquisition

The system must be capable of acquiring input signals from joystick and
pedal devices in real time through a USB Human Interface Device (HID)
interface. This involves continuously reading data from the connected de-

vices at a sufficiently high sampling rate to accurately capture user move-
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ments. [11], [7]

The selection of an appropriate sampling rate is crucial, as it directly
impacts system responsiveness and accuracy [4]. A low sampling rate may
result in loss of information and delayed response, while an excessively
high sampling rate may increase computational load without significant
improvement in performance. Therefore, an optimal range must be selected
to balance these factors.

The data acquisition module must also be capable of detecting and ini-
tializing connected devices automatically. This includes identifying device
axes, configuring input parameters, and ensuring compatibility with differ-
ent hardware configurations. Additionally, the system must handle device
disconnection and reconnection events gracefully, without causing system
crashes or interruptions.

To maintain real-time performance, the data acquisition process must
be implemented using non-blocking techniques. This ensures that input
reading does not interfere with other system operations, such as signal
processing and simulation updates. Time-stamping of input data is also
required to facilitate latency measurement and synchronization with other
system modules.

Low Sampling Rate (20 Hz) High Sampling Rate (200 Hz)
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Figure 3.1: Effect of Sampling Rate on Signal Accuracy
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Figure 3.2: Joystick Axis Mapping Diagram

3.3.2 Signal Normalization and Scaling

Raw input signals obtained from different devices often have varying ranges
and resolutions, making it necessary to standardize these values before fur-
ther processing. Normalization is used to convert raw input values into a
consistent range, typically between -1 and +1 [6], [5] . This transformation
allows the system to operate independently of specific hardware character-

istics and ensures uniform behavior across different devices.

Normalized Value = (Input—Mln) x2—1

Max — Min (3:-1)

The normalization process involves mapping the input values based on
their minimum and maximum limits. Accurate calibration is essential to
determine these limits and ensure that the full range of device motion is uti-

lized effectively. Without proper calibration, the system may not respond

proportionally to user inputs.
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After normalization, scaling is applied to adjust the sensitivity of the
system. Linear scaling provides a uniform response across the entire range,
while non-linear scaling techniques, such as exponential scaling, allow for
finer control near the neutral position. The choice of scaling method de-

pends on the desired user experience and application requirements.

S

Raw Input Range Normalized Output Range
(-32768 to +32767) (110 +1)
'

1
1 Normalization 1
7 Formula 7
—_——
Pt o /
A ( x — Min } a_y -
y= x2-
~ Max — Min -
N L J -1
xzres o w2161 - [ -
Faw Ingut Value Normalized Outout

Figure 3.3: Raw Input vs Normalized Output Signal

3.3.3 User Interface and Feedback

The system must provide a graphical user interface (GUI) that enables
users to monitor and control system behavior in real time. The interface
serves as a critical component for user interaction, allowing visualization
of input signals and system responses.

The GUI should display real-time values of joystick and pedal axes
using intuitive visual elements such as sliders, gauges, or graphs. These
visualizations help users understand how their inputs are being interpreted
by the system and allow them to make necessary adjustments.

In addition to visualization, the interface must provide controls for de-
vice calibration, enabling users to set minimum, maximum, and neutral
values. The GUI should also display system status information, includ-
ing device connectivity and warning messages, to enhance usability and
reliability.

To ensure smooth user experience, the interface must operate at a suf-
ficiently high refresh rate, typically between 30 and 60 frames per second.

This ensures that visual updates are synchronized with system operations
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and provide a responsive feel.

3.3.4 Safety and Neutral-Check Protocols

Safety is a critical consideration in real-time control systems, particularly
when dealing with user input devices that can generate unintended signals.
The system must implement mechanisms to prevent undesired behavior
and ensure safe operation. [7]

One of the key safety features is the neutral position check, which
ensures that the system only becomes active when input devices are in
their neutral state. This prevents sudden or unintended movements when
the system is initialized.

Dead-zone implementation is another important feature, which ignores
small fluctuations in input signals around the neutral position. This helps
eliminate noise-induced movements and improves system stability.

Additional safety mechanisms include detection of abnormal signal
spikes, emergency stop functionality, and automatic shutdown in case of
device failure. These measures ensure that the system remains reliable and

safe under all operating conditions.

3.4 Non-Functional Requirements

At-non-functional requirements are specifications of system performance
and quality.
3.4.1 Latency and Response Time

The system must maintain an end-to-end latency of less than 50 mil-

liseconds to ensure real-time responsiveness. Achieving this requirement
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involves optimizing all stages of the system, including input acquisition,
signal processing, communication, and simulation updates. [7]

Efficient algorithms and non-blocking programming techniques must be
used to minimize delays. Additionally, data handling and memory manage-
ment must be optimized to ensure smooth operation.

Latency in a motion simulation system is not a single isolated factor but
rather the cumulative result of several contributing delays that occur at
different stages of the data pipeline. These include input acquisition delay,
which is the time taken to capture and register the user’s physical input
from devices such as joysticks and pedals; signal processing time, which
accounts for the duration required to filter, normalize, and condition the
raw input data; communication delay, which refers to the time consumed
in transmitting data between different components of the system; and sim-
ulation update time, which is the time the simulation environment needs to
process the incoming data and refresh its output accordingly. Each of these
delays, even if individually small, can combine to produce a noticeable lag
that negatively impacts the responsiveness and overall user experience of
the system.

To achieve acceptably low latency across all these stages, the system
must be designed and implemented with performance efficiency as a pri-
mary consideration. This involves the use of efficient algorithms that are
optimized to perform their required computations as quickly as possible
without unnecessary overhead. Non-blocking programming techniques are
equally important, as they allow the system to continue processing other
tasks while waiting for operations to complete, preventing bottlenecks that
could stall the entire pipeline. Additionally, optimized data handling en-
sures that information is stored, retrieved, and transferred in the most

efficient manner possible, minimizing unnecessary processing and reducing
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the time each piece of data spends moving through the system.

3.4.2 System Reliability and Stability

The system must operate continuously without crashes or performance
degradation. It should be capable of handling unexpected errors, such as
device disconnections and invalid inputs, without affecting overall func-
tionality.

Error handling mechanisms, including exception handling and logging,

must be implemented to ensure system stability and facilitate debugging.

e Device disconnections
e Invalid inputs

e Unexpected errors

There should be strong error completion and error logging mechanisms

that guaranty that the system is stable.

3.4.3 Scalability and Modularity

The system architecture must be designed in a modular manner, ensur-
ing that individual components can be developed, tested, and modified
independently of one another. This approach is particularly valuable in
complex systems where different subsystems need to evolve at their own
pace without disrupting the overall functionality. By keeping components
loosely coupled and self-contained, the modular design significantly en-
hances the scalability of the system and makes it far more adaptable to
changing requirements over time.

This architectural philosophy brings with it several important practi-

cal benefits. It allows for the easy addition of new devices, meaning that
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as technology advances or project requirements expand, new hardware or
software components can be incorporated into the system without the need
for extensive reworking of existing elements. It also facilitates seamless in-
tegration with hardware motion platforms, enabling the system to interface
with physical actuators and motion rigs as the project progresses beyond
the simulation stage. Furthermore, the modular structure lays a strong
foundation for future expansion, such as the potential incorporation of ar-
tificial intelligence-based control mechanisms, which could greatly enhance
the system’s autonomy, adaptability, and overall intelligence in responding

to complex and dynamic input conditions.

3.5 System Model Comparison

Different architectural approaches are evaluated to determine the most
suitable design for the system. Direct hardware mapping offers simplicity
and low latency, but lacks flexibility and accuracy. Intermediate software
models provide improved control, but introduce additional complexity. [20]

The proposed system adopts a hybrid approach, combining the ad-
vantages of both models to achieve a balance between performance and

flexibility.

3.5.1 Model A: Direct Hardware Mapping

In this approach, input signals are directly passed to the simulation with-
out undergoing any form of processing or conditioning beforehand. The
simplicity of this method is its most notable characteristic, as it eliminates
the need for any intermediate processing stages between the input device
and the simulation environment.

This direct approach does offer certain advantages worth considering.
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Because the signals are passed through without any processing overhead,
the system benefits from low latency, meaning that user inputs are reflected
in the simulation almost immediately. Additionally, the straightforward
nature of this method makes it relatively simple to implement, requiring
less development effort and fewer computational resources compared to
more sophisticated approaches.

However, these advantages come at a significant cost. The absence of
any filtering or calibration means that the raw signals, which are often
affected by electrical noise, mechanical wear, and sensor inaccuracies, are
fed directly into the simulation without any correction, leading to unreli-
able and inconsistent behavior. This in turn results in poor accuracy, as
the simulation may respond erratically to inputs that do not truly reflect
the operator’s intentions. Furthermore, the rigidity of this approach of-
fers limited flexibility, making it difficult to adapt or extend the system
to accommodate different devices, varying input characteristics, or more
demanding application requirements. For these reasons, while direct signal
passing may be suitable for very basic or prototype-level implementations,
it is generally considered insufficient for systems where precision and reli-

ability are essential.

3.5.2 Model B: Intermediate Software Bridge

This model introduces a processing layer that sits between the input de-
vices and the simulation environment, meaning that all incoming signals
are conditioned and refined before they are acted upon by the simulation.
Rather than passing raw data directly through, this intermediate stage
allows the system to apply a range of signal processing operations that
enhance the quality and reliability of the input before it influences the

system’s behavior.
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The inclusion of this processing layer brings with it several meaningful
advantages. Most notably, it leads to improved control accuracy, as the sig-
nals reaching the simulation have already been cleaned and standardized,
resulting in a more faithful and consistent translation of the operator’s
physical inputs into system responses. It also supports the application of
filtering and calibration techniques, which are essential for removing noise,
compensating for sensor inaccuracies, and ensuring that the input data
conforms to the expected range and behavior required by the simulation.
Despite these benefits, the processed signal model does introduce certain
trade-offs that must be taken into consideration. The addition of a pro-
cessing stage inevitably results in a slight increase in latency, as the sys-
tem must take a small amount of additional time to condition the signals
before they are forwarded to the simulation. Furthermore, the overall im-
plementation becomes more complex compared to the direct signal passing
approach, requiring careful design of the processing pipeline, selection of
appropriate filtering algorithms, and thorough testing to ensure that the
added complexity does not introduce new sources of error or instability

into the system.

3.5.3 Model C: Integrated Linux-Based Platform (Proposed)

The new system is a combination of all the elements in a single software
setup.

Advantages:
e Balanced performance and flexibility
e Modular architecture

e Real-time processing
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e Scalable design
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Figure 3.4: System Model Comparison Diagram

3.6 Hardware and Software Constraints

The system must operate within hardware limitations such as processing
power and communication bandwidth. Software constraints include com-
patibility with the operating system and availability of required libraries.

The system is required to operate within a defined set of specifications
that govern both its hardware and software dimensions, and understanding
these constraints is essential for making informed design decisions through-
out the development process.

On the hardware side, the system must contend with several limiting
factors. USB bandwidth limitations impose a ceiling on the volume and
speed of data that can be transmitted between the input devices and the
host system at any given time, which must be carefully managed to avoid
bottlenecks in the data pipeline. Device compatibility is another important

consideration, as the system must be capable of reliably recognizing and
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communicating with the joystick and pedal hardware across different con-
figurations. Additionally, the available CPU and GPU performance places
boundaries on the computational complexity that the system can sustain
in real time, meaning that processing algorithms and simulation rendering
must be designed with these resource limitations in mind to avoid perfor-
mance degradation during operation.

On the software side, the system must adhere to constraints that are
equally important to its overall functionality and stability. Operating sys-
tem compatibility, specifically with Ubuntu, means that all software com-
ponents must be developed and configured to function correctly within
this environment. Library dependencies introduce another layer of con-
straint, as the system relies on specific external libraries for tasks such as
device interfacing, signal processing, and graphical interface development,
and ensuring that these dependencies are correctly managed is critical to
maintaining system stability. Finally, real-time processing limitations must
be acknowledged, as the operating system and available computational re-
sources place practical bounds on how quickly and consistently the system
can process incoming data and produce outputs, requiring careful opti-
mization to meet the responsiveness demands of the application.

Proper design decisions are required to ensure that these constraints

do not affect system performance.

3.7 Summary

The chapter specified the specifics of the motion simulation system specifi-
cations, both in terms of functionality and non-functionality. It also made
comparisons of various system models and pointed out the major con-

straints.
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The specifications give a clear background of the design and implemen-

tation of the system that is discussed in the succeeding chapters.
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Chapter 4

System Design
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4.1 Introduction

The system design phase represents a critical transition from theoreti-
cal planning to practical realization, where the abstract requirements de-
fined in the previous chapter are transformed into a structured and im-
plementable architecture. In the context of a real-time motion simulation
system, the design process must carefully address multiple constraints, in-
cluding timing requirements, data synchronization, modularity, and scal-
ability. A well-structured design ensures that the system not only meets
its functional objectives but also maintains flexibility for future enhance-
ments. This phase is not merely about sketching a blueprint but involves
the rigorous selection of software patterns and communication protocols
that can withstand the high-frequency demands of flight simulation.

The primary goal of this chapter is to present a comprehensive design
of the joystick and pedal-controlled motion simulation system, emphasiz-
ing modular decomposition and efficient data flow. The system is orga-
nized into clearly defined layers, each responsible for a specific function,
thereby promoting separation of concerns and simplifying system devel-
opment. This layered approach enables independent development, testing,
and optimization of each module without affecting the overall system in-
tegrity. By decoupling the hardware acquisition from the physics engine,
the design ensures that a change in hardware peripherals does not neces-
sitate a complete rewrite of the simulation logic, which is a hallmark of
professional-grade simulator software.

Furthermore, the design prioritizes real-time performance by minimiz-
ing delays in data processing and ensuring continuous interaction between
system components. Special attention is given to inter-module communi-

cation, synchronization, and fault tolerance, as these factors significantly

Joystick and Pedal Controlled Motion Platform 40



influence system stability. The design also considers scalability, allowing
the system to be extended in the future to include additional hardware in-
terfaces, advanced control algorithms, or integration with physical motion
platforms. This forward-looking approach ensures that the current software
integration acts as a robust foundation for a full-scale 6-DOF (Degrees of

Freedom) motion platform in later developmental cycles. [21]

4.2 System Architecture

The overall system architecture is designed using a modular layered ap-
proach, which divides the system into four primary components: the input
layer, processing layer, simulation layer, and output layer. This architec-
tural choice is motivated by the need to isolate different functionalities,
thereby improving system maintainability, scalability, and debugging effi-
ciency. By segmenting the system into these specific domains, the develop-
ment process becomes more manageable, allowing for the isolation of errors
within specific layers. This is particularly important when dealing with the
Ubuntu environment where driver-level interactions and high-level Python
scripts must coexist harmoniously. [21]

The input layer is responsible for acquiring raw signals from joystick
and pedal devices, while the processing layer transforms these signals into
stable and meaningful control inputs. The simulation layer uses these pro-
cessed inputs to update the state of the virtual environment, and the out-
put layer prepares structured data for external communication or future
hardware integration. This flow represents a linear pipeline that ensures
every bit of data captured from the pilot’s hands and feet is accounted
for, mathematically adjusted, and reflected in the virtual drone’s behav-

ior. The synergy between these layers is governed by a central execution
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core that manages the timing and frequency of data packets. [10]

One of the key advantages of this layered architecture is the clear sep-
aration of responsibilities. Each layer operates independently while main-
taining well-defined interfaces with adjacent layers. This separation allows
developers to modify or upgrade individual components without affecting
the entire system. For example, changes in signal processing algorithms,
such as switching from a simple low-pass filter to a more complex Kalman
filter, can be implemented without altering the simulation logic, provided
that the interface between the layers remains consistent. This modularity
is essential for long-term project sustainability and allows multiple devel-
opers to work on different segments of the code simultaneously.

Another important aspect of the architecture is its support for real-time
data flow. Data moves sequentially from the input layer to the output layer,
forming a continuous processing pipeline. This pipeline must operate effi-
ciently to ensure that user inputs are reflected in the simulation with mini-
mal delay, as even a 50-millisecond lag can cause pilot-induced oscillations
(PIO) and break the immersion of the flight experience. To achieve this, the
architecture incorporates non-blocking communication mechanisms and ef-
ficient data handling strategies, utilizing Python’s asynchronous capabili-
ties and the Ubuntu kernel’s efficient handling of USB interrupts.

Additionally, the architecture is designed with scalability in mind. New
modules, such as advanced control systems or hardware interfaces, can be
integrated into the existing framework without significant restructuring.
For instance, if the project were to transition from a drone simulation to
a fixed-wing aircraft simulation, the input and processing layers would re-
main largely unchanged, while only the physics-to-visual mapping in the
simulation layer would require modification. This flexibility makes the sys-

tem suitable for both academic research and practical applications where
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requirements may evolve over time.

The system proposed is based on a modular layered architecture which

comprises four main components: [20], [7]
e Input Layer
e Processing Layer
e Simulation Layer
e Output Layer

This multifaceted design guarantees proper separation of concerns and

ease of debugging and maintenance.
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Figure 4.1: System Architecture Block Diagram
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Figure 4.2: Overall System Architecture of the Motion Simulation System
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4.3 Input Layer Design

The input layer serves as the entry point of the system, responsible for
acquiring real-time data from joystick and pedal devices through the USB
Human Interface Device (HID) interface. This layer plays a critical role
in ensuring that user inputs are captured accurately and delivered to the
processing layer without delay. It acts as the bridge between the physical
world of mechanical movement and the digital world of software logic. The
design must account for the specific polling rates of the hardware, ensur-
ing that no data packets are lost or dropped due to kernel-level buffering
delays.

The design of the input layer focuses on continuous data acquisition
using a polling mechanism. The system repeatedly reads input values from
connected devices at a predefined sampling rate, ensuring that even rapid
user movements are captured with sufficient accuracy. The choice of sam-
pling rate is crucial, as it directly impacts both responsiveness and compu-
tational load. A carefully selected sampling frequency ensures a balance be-
tween performance and resource utilization. For flight simulation, a polling
rate of at least 100Hz is targeted to ensure that the control loop remains
tight and responsive to the pilot’s maneuvers.

Device detection and initialization are integral parts of the input layer.
When a device is connected, the system must identify its characteristics,
including the number of axes, resolution, and range of values. This infor-
mation is used to configure the input handling process and ensure compati-
bility with different hardware devices. The software must query the device
descriptors to determine which axis corresponds to pitch, roll, yaw, and
throttle. The system must also handle dynamic changes, such as device

disconnection or reconnection, without causing interruptions or crashes.
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This is achieved by implementing a robust exception-handling routine that
monitors the file descriptors in the /dev/input/ directory of the Ubuntu
system.

Another important aspect of the input layer design is non-blocking
execution. Since the system operates in real time, input acquisition must
not interfere with other processes such as signal processing or simulation
updates. This is achieved by implementing asynchronous or multi-threaded
input handling, allowing the system to read input data independently of
other operations. By offloading the HID polling to a dedicated worker
thread, the main application remains responsive to user interface events
and simulation rendering. This ensures that a sudden surge in graphical
complexity does not cause a momentary freeze in the capture of control
inputs.

Time-stamping of input data is also incorporated into the design to fa-
cilitate synchronization and latency measurement. By recording the exact
time at which each input is received using high-precision system clocks, the
system can track delays and ensure that data is processed in the correct
sequence. This is particularly important in multi-axis systems, where syn-
chronization between different inputs—such as simultaneous pedal and joy-
stick movement—is required to maintain consistent behavior. These times-
tamps allow the development of a latency log that can be used for later
performance analysis and system tuning.

Key responsibilities include:

e Device detection and initialization

e Continuous polling of input signals

e Multi-axis data acquisition (roll, pitch, yaw, throttle)

e Handling device connection and disconnection
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The input module will be performed through Python libraries which are
used to communicate with HID. Reading of data is on a constant sampling

rate by a polling mechanism.

4.4 Processing Layer Design

The processing layer is responsible for transforming raw input signals into
stable, normalized, and meaningful control values that can be used by the
simulation layer. This transformation is essential, as raw signals from input
devices are often noisy, inconsistent, and unsuitable for direct use. High-
resolution joysticks often produce 16-bit integers ranging from -32768 to
32767, which have no direct physical meaning in a physics engine. There-
fore, the processing layer acts as a mathematical translator, ensuring that
every movement is scaled and smoothed before it influences the virtual
world. [6] [17]

One of the primary functions of the processing layer is signal normaliza-
tion. Since different devices produce input values within varying ranges,
normalization is used to convert these values into a standardized range,
typically between -1 and +1. This ensures consistency across different de-
vices and simplifies subsequent processing steps. For instance, whether the
pilot uses a high-end flight stick or a basic gamepad, the simulation layer
only ever sees a normalized float value. This abstraction is key to mak-
ing the software universal and independent of specific hardware brands or
models. [22]

Noise filtering is another critical operation performed in this layer.
Raw signals are often affected by high-frequency noise and mechanical
jitter, which can lead to unstable system behavior. To address this, filter-

ing techniques such as low-pass filters or rolling averages are applied to
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smooth the signal. These filters reduce rapid fluctuations while preserving
the overall responsiveness of the system. However, the design must care-
fully balance filtering strength, as excessive smoothing can introduce an
artificial "heavy” feeling or delay, making the aircraft feel sluggish. The
implementation allows for adjustable filter coefficients to fine-tune the feel
of the controls.

Scaling and sensitivity adjustment are also implemented in the pro-
cessing layer. These operations determine how input values are mapped to
control outputs. Linear scaling provides a direct proportional relationship,
while non-linear scaling techniques, such as exponential scaling or S-curves,
allow finer control near the neutral position. This flexibility enables the sys-
tem to adapt to different user preferences and application requirements. A
pilot might prefer a ”dead-zone” at the center of the joystick to prevent
accidental rolls, or an aggressive curve for high-performance maneuvers,
both of which are handled within this layer’s logic.

Calibration is an essential component of the processing layer, ensuring
that the system accurately interprets input signals. Calibration involves de-
termining the minimum, maximum, and neutral values for each axis, which
are then used to adjust normalization and scaling processes. These calibra-
tion parameters are stored in a configuration file and reused to maintain
consistent performance across different sessions. This prevents the need for
manual recalibration every time the software is launched and ensures that
the physical center of the pedals always aligns with the zero-yaw position
in the simulation.

The processing layer is designed to operate efficiently in real time, en-
suring that all transformations are performed with minimal delay. This
requires optimized algorithms and careful management of computational

resources. The mathematical operations must be vectorized where possible
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to minimize the per-packet processing time. Additionally, the layer must
maintain synchronization between multiple input axes, ensuring that all
signals—pitch, roll, yaw, and throttle—are processed consistently and si-
multaneously, preventing any ”lead-lag” effect between different control
surfaces.

This layer is responsible for performing a series of essential operations
that collectively ensure the input signals are clean, consistent, and appro-
priately conditioned before they are passed on to the rest of the system. [11]

The first of these operations is signal normalization, which involves con-
verting the raw input values received from the joystick and pedal devices
into a standardized range, ensuring that signals from different devices or
axes are treated uniformly by the system regardless of their original scale
or magnitude. Following this, noise filtering is applied to remove unwanted
electrical interference and random fluctuations that are commonly present
in raw analog signals, thereby producing a smoother and more reliable
data stream that more accurately reflects the operator’s true intentions.
Scaling and sensitivity adjustment is then carried out to map the normal-
ized signals to the appropriate output ranges required by the simulation or
control system, while also allowing the responsiveness of the input devices
to be fine-tuned to match the preferences of the operator or the demands
of the specific application. Finally, calibration is performed to account for
any inherent inaccuracies or biases present in the hardware itself, estab-
lishing a baseline reference that compensates for inconsistencies in sensor
behavior and ensures that the system responds correctly and predictably
to the full range of physical inputs provided by the user.

The calibration parameters are saved and repeatedly used, to guarantee

stability between sessions
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4.5 Simulation Layer Design

The simulation layer is responsible for translating processed input signals
into motion within a virtual environment. In this system, the simulation is
implemented using a physics-based environment that models the behavior
of a drone in three-dimensional space. This layer serves as the core of the
system, where user inputs are transformed into meaningful actions and
visualized in real time. The integration with the Gazebo simulator allows
for a high-fidelity representation of flight dynamics, taking into account
the inertia, mass, and aerodynamic properties of the simulated vehicle.

The simulation layer receives normalized and processed input values
from the processing layer and uses them to update the state of the simu-
lated drone. This includes parameters such as position, orientation, veloc-
ity, and acceleration. The mapping between input values and simulation
parameters must be carefully designed to ensure intuitive and proportional
system behavior. For example, a 50

One of the key challenges in the simulation layer is maintaining real-
time performance. The simulation must continuously update the state of
the system while rendering visual output at a sufficient frame rate. Any
delay in this process can disrupt the user experience and reduce the realism
of the simulation. To address this, the simulation engine must be optimized
for efficiency, using techniques such as incremental updates and efficient
data structures. The use of Ubuntu’s performance-tuned kernel helps in
prioritizing the simulation threads to ensure that physics calculations are
never stalled by background OS tasks.

The simulation layer also incorporates physical modeling, which adds
realism to the system. This includes the simulation of forces such as grav-

ity, drag, and thrust, as well as the interaction of the drone with its en-
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vironment. These physical effects enhance the realism of the simulation
and provide a more immersive user experience. The design allows for the
adjustment of environmental factors, such as wind speed and air density,
which tests the pilot’s ability to maintain control under varied conditions.
This level of detail is what distinguishes a professional trainer from a simple
video game.

Another important aspect of the simulation layer is synchronization
with other system components. The simulation must operate in harmony
with the input and processing layers, ensuring that updates are performed
in a consistent and timely manner. This requires careful coordination of
data flow and timing mechanisms. The simulation layer acts as the ”heart-
beat” of the system, often dictating the timing for the other layers. By
utilizing a lock-step or semi-synchronous timing model, the design ensures
that every physics frame corresponds to a specific set of input data, main-
taining a high level of temporal accuracy. [19], [23] Key responsibilities

include:
e Receiving processed control inputs
e Updating drone position and orientation
e Simulating physical behavior (motion, forces)
e Rendering real-time visualization

The simulation engine continuously updates the system state and makes
sure that the motion is smooth and responsive.
4.6 Output Layer Design

The output layer is responsible for generating structured data based on

the simulation results and preparing it for communication with external
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systems. Although the current implementation focuses primarily on simu-
lation, the output layer is designed with future expansion in mind, partic-
ularly for integration with physical motion platforms. It acts as the final
stage of the pipeline, converting the internal states of the virtual drone
into commands that can be understood by external hardware controllers
or telemetry loggers. [18]

The output data includes parameters such as position, orientation, and
control signals, which can be used to drive actuators or other hardware
components. This data must be formatted in a structured and standardized
manner to ensure compatibility with external systems. For instance, the
orientation data is often converted from quaternions to Euler angles (roll,
pitch, yaw) to make it more readable for human operators and common
motion platform controllers. This layer ensures that the data leaving the
system is "clean” and ready for immediate consumption by downstream
devices.

One of the key considerations in the output layer design is low-latency
communication. The output data must be transmitted efficiently to avoid
introducing delays that could affect system performance. This requires the
use of optimized data formats, such as JSON or Binary buffers, and com-
munication protocols like UDP or TCP/IP. UDP is generally preferred for
this application as it offers lower latency by forgoing the heavy handshake
and error-correction overhead of TCP, which is suitable for high-frequency
telemetry streams where the latest data point is always the most valuable.

The output layer also plays a role in system monitoring and debugging.
By providing access to processed data and simulation results, it enables
developers to analyze system behavior and identify potential issues. This
capability is particularly useful during testing and evaluation, as it allows

for the recording of flight data (Black Box logging). Developers can review
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these logs to see exactly how the system responded to a specific input,
making it easier to troubleshoot anomalies or refine the control sensitivity.
[24]

Responsibilities include:

e Formatting processed data
e Generating output signals

e Supporting communication protocols

This layer makes possible the capability of the system to extend to

control physical hardware in future.

4.7 Data Flow Design

The system operates based on a continuous data flow pipeline, where data
moves sequentially through different layers, from input acquisition to out-
put generation. This pipeline ensures that user inputs are processed and
reflected in the simulation with minimal delay. The architecture is designed
as a unidirectional stream, which prevents data loops and reduces the com-
plexity of the synchronization logic. Every component in the pipeline is
designed to be ”pass-through,” meaning it receives data, performs a trans-
formation, and immediately passes it to the next stage. [7]

The data flow begins with the acquisition of input signals, which are
then normalized and filtered in the processing layer. The processed data
is passed to the simulation layer, where it is used to update the system
state. Finally, the output layer generates structured data based on the
simulation results. To expand this section, one must consider the internal

data structures used. Data is often encapsulated in ” Control Packets” that
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contain not only the axis values but also metadata such as device IDs,
sequence numbers, and high-resolution timestamps.

A key requirement of the data flow design is maintaining synchroniza-
tion between different stages. Any delay or mismatch in data flow can lead
to inconsistencies in system behavior, such as the drone responding to a
joystick movement that occurred several frames ago. To address this, the
system uses buffering and time-stamping techniques to ensure that data is
processed in the correct sequence. The design implements a ” First-In-First-
Out” (FIFO) buffer strategy for handling bursts of input data, ensuring
that no movement is skipped during high-speed maneuvers.

Another important consideration is minimizing latency throughout the
pipeline. The pipeline must be optimized to reduce processing time at each
stage, ensuring that the overall system response remains within acceptable
limits. This involves minimizing the number of memory copies between
layers and using efficient data types (such as 32-bit floats) that are natively
supported by the CPU’s floating-point unit. By keeping the logic inside the
pipeline lean, the system can achieve a high throughput that is essential
for a realistic and responsive simulation environment.

This system partially adheres to a data flow pipeline that is constantly

running:
1. Gathering of input signals is done by devices.
2. Normalization and processing of signal takes place.
3. Digitised data is inputted to the simulation.
4. Simulation changes state of systems.

5. Output Signals are produced
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This is a real time pipeline and there is a minimum amount of delay

between input and output.
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Figure 4.3: Data Flow Diagram of the System

4.8 Software Design

The software design follows a modular and object-oriented approach, al-
lowing different components of the system to be developed and maintained
independently. Each module is responsible for a specific function and com-
municates with other modules through well-defined interfaces. The use of
Python as the primary language allows for rapid prototyping and easy in-
tegration of various libraries, while the object-oriented structure ensures

that the code is reusable and organized. Every major component, such as
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the JoystickHandler or SignalFilter, is encapsulated within its own class.

The system is implemented using an event-driven architecture, where
different components respond to events such as input updates or simulation
changes. This approach enhances system responsiveness and allows efficient
handling of asynchronous operations. For example, when a joystick axis
moves, an event is triggered that immediately pushes the new value through
the processing pipeline. This is more efficient than a constant ”busy-wait”
loop, as it conserves CPU resources when the pilot is not providing any
input, allowing the system to focus on background simulation tasks.

Multi-threading is also employed to improve performance, enabling par-
allel execution of tasks such as input acquisition, signal processing, and
simulation updates. This ensures that the system can handle real-time op-
erations without blocking. In a typical execution cycle, one thread might
be dedicated to listening for USB packets, another to performing physics
calculations, and a third to updating the graphical user interface. This par-
allelization is crucial for maximizing the capabilities of modern multi-core
processors and ensuring that the simulation remains smooth even when
the background logic is computationally intensive.

The design of the system is guided by a set of core principles that to-
gether shape its overall architecture and ensure that it meets both its imme-
diate functional requirements and its long-term development goals. Modu-
larity forms the foundation of the design philosophy, emphasizing that the
system should be structured as a collection of distinct, self-contained com-
ponents that can be developed, tested, and updated independently without
affecting the rest of the system. Building upon this, reusability ensures that
individual components and modules are designed in a sufficiently generic
and flexible manner so that they can be repurposed or adapted for use in

other parts of the system or in future projects, reducing redundant devel-
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opment effort and promoting consistency across the codebase.

Maintainability is equally central to the design approach, as a system
that is easy to understand, diagnose, and modify is far more sustainable
over time, particularly as requirements evolve or issues arise that neces-
sitate changes to specific components. Finally, real-time performance is
a defining requirement that runs through every aspect of the design, en-
suring that the system is capable of processing inputs, executing control
algorithms, and updating the simulation with the speed and consistency
necessary to deliver a responsive and immersive experience to the operator.
Together, these four principles work in harmony to produce a system that
is not only functional and reliable in the present but also well-positioned
to grow and adapt in the future.

The system is event based, and multi-threaded as it needs to be exe-

cuted without blocking.

4.9 User Interface Design

The graphical user interface (GUI) is designed to provide real-time vi-
sualization and control of the system. It serves as the primary point of
interaction between the user and the system, allowing for monitoring and
configuration without needing to touch the underlying code. The GUI is
built using the PyQt5 framework, which provides a professional look and
feel along with the performance needed for real-time data visualization.
The design focuses on clarity, ensuring that critical information is visible
at a glance.

The interface displays input values, system status, and simulation data
using intuitive visual elements such as progress bars for axis positions and

status indicators for hardware connectivity. It also provides controls for
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calibration and system configuration, such as sliders for adjusting filter
sensitivity or buttons for resetting the simulation. The design emphasizes
simplicity and usability, ensuring that users can easily understand and
operate the system regardless of their technical background. High-contrast
colors are used to ensure readability even in dark simulator environments.

To maintain responsiveness, the interface is updated at a consistent
frame rate, ensuring smooth visualization of system behavior. This is achieved
by using a dedicated timer thread that polls the latest processed data and
updates the Ul elements at approximately 30 to 60 frames per second. By
decoupling the Ul update rate from the control loop frequency, the de-
sign ensures that the simulation performance is never compromised by the
overhead of graphical rendering.

The GUI has such features as:

Real-time display of input values

Visual indicators (sliders, graphs)

Device status monitoring

Calibration controls

The interface should also be easily designed so that the interface is

responsive and easy to use.
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Figure 4.4: User Interface Design Diagram

4.10 Communication Design

Communication between different system components is designed to be ef-
ficient and reliable. Data is exchanged using structured formats, ensuring
consistency and compatibility between the Python backend, the Gazebo
simulation, and the MAVLink telemetry stream. The communication de-
sign defines how these different entities ”speak” to each other, whether
through local inter-process communication (IPC) or network-based sock-
ets. This is a vital part of the integration, as it allows the simulation to
potentially run on a different machine than the control software.
Low-latency communication is achieved through optimized data han-
dling and non-blocking mechanisms. By using UDP sockets for the SITL
connection, the system minimizes the overhead of packet management.
Synchronization techniques, such as sequence numbering, are used to en-

sure that data is transmitted and processed in the correct order, even if
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some packets are dropped due to network congestion. The design also in-
corporates a heartbeat signal to verify that the connection between the
software layers remains active, providing an immediate warning if commu-
nication is lost. Effective communication between the various modules of
the system is critical to ensuring smooth and reliable overall operation,
and several key aspects must be carefully addressed in order to achieve
this.

Low-latency data exchange is of paramount importance, as any unnec-
essary delays in the transmission of data between modules can disrupt the
real-time responsiveness of the system and degrade the quality of the user
experience. Ensuring that data moves swiftly and efficiently between com-
ponents is therefore a fundamental requirement that influences many of the
design decisions made throughout the system. Structured data formats play
an equally vital role by establishing a clear and consistent framework for
how information is organized and communicated across different modules,
reducing the risk of misinterpretation and making it significantly easier
for individual components to process and act upon the data they receive.
Finally, synchronization between modules ensures that all parts of the sys-
tem are operating in a coordinated and time-aligned manner, preventing
situations where one module advances ahead of or falls behind another,
which could lead to inconsistencies, conflicts, or erroneous behavior within
the system as a whole.

Inter-module communication will be made in a way that allows mini-

mum stalling and uniformity.

Joystick and Pedal Controlled Motion Platform 59



4.11 Error Handling and Safety Design

Error handling is an essential aspect of system design, ensuring reliable
operation under different conditions. The system includes mechanisms for
detecting and handling errors such as device disconnections, invalid in-
puts, and unexpected failures. For example, if a joystick is accidentally
unplugged, the system is designed to detect the loss of the file descriptor
and enter a ”Safe State,” where it stops sending movement commands to
the simulation to prevent an unmanaged crash.

Safety features such as emergency stop and input validation are imple-
mented to prevent unintended system behavior. The input validation logic
checks every incoming signal to ensure it falls within expected physical
limits, discarding any ”garbage” data that might result from electrical in-
terference or hardware glitches. An emergency stop button is prominently
featured in the GUI, allowing the operator to instantly freeze the simula-
tion and cut power to the virtual engines in case of an emergency. These
measures enhance system reliability and user safety, which are paramount
in any motion-based simulation system.

These include:

e Exception handling
e Input validation

e Device failure detection

The security measures thwart unanticipated conduct and guarantee

consistent functioning.
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4.12 Summary

TThis chapter presented a comprehensive design of the motion simulation
system, emphasizing modular architecture, efficient data flow, and real-
time performance. Each component of the system has been designed with
careful consideration of functionality, scalability, and reliability. From the
raw capture of HID signals in the input layer to the complex physics mod-
eling in the simulation layer, the design ensures a seamless transition of
data that mimics the complexities of real-world flight.

The detailed design provides a strong foundation for the implementa-
tion phase, where the system will be developed and tested. By establishing
clear interfaces and rigorous mathematical models, the transition to code
can be executed with a high degree of confidence. The modular nature of
this design not only addresses the immediate goals of the project but also
provides a roadmap for future upgrades, including the eventual integration
of physical actuators and more advanced autonomous flight algorithms.

The implementation details of the system will be discussed in the next

chapter.
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Chapter 5

System Implementation
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5.1 Introduction

The implementation phase constitutes the practical execution of the lay-
ered architecture designed in the preceding chapter, involving the trans-
lation of abstract logic into executable Python code and integrated sim-
ulation environments. This stage is where the theoretical constraints of
real-time processing, low-latency communication, and signal integrity are
addressed through specific programming paradigms and software config-
urations. Implementation in an Ubuntu environment requires a deep un-
derstanding of how the Linux kernel manages peripheral interrupts and
how high-level languages like Python can be optimized to handle high-
frequency data streams without significant garbage collection overhead or
thread contention [25]. This chapter details the specific libraries, environ-
ment settings, and algorithmic refinements utilized to build a functional,
responsive motion platform controller. It serves as a comprehensive record
of how the conceptual models were instantiated into a working software
suite capable of high-fidelity aerospace simulation. [10]

The implementation will be aimed at attaining:

Real-time input acquisition

Efficient signal processing

Accurate control mapping
e Responsive graphical user interface
e Seamless integration with simulation environment

A mix of Python-based backend processing, GUI frameworks and sim-
ulation tools are used to develop the system, so it is flexible and has guar-

antees scalability. [9]

Joystick and Pedal Controlled Motion Platform 63



5.2 Development Environment

The choice of the development environment was governed by the need for
a stable, open-source platform that offers native support for robotic simu-
lation and high-performance peripheral handling. Ubuntu was selected as
the primary operating system due to its robust community support for the
Robot Operating System (ROS) and its efficient management of USB HID
(Human Interface Device) drivers via the /dev/input/ subsystem. Within
this Linux ecosystem, the software leverages Python 3.x, chosen for its
extensive library ecosystem, specifically PyQt5 for the graphical interface
and the evdev library for direct interaction with the joystick and pedal
event streams. To bridge the gap between control logic and the physical
world, the Gazebo simulator and the MAVLink communication protocol
were implemented, providing a high-fidelity physics environment where the
virtual aircraft responds to the pilot’s inputs in real time. The integration
also utilized Git for version control and various debugging tools like evtest

and jstest to verify raw signal integrity before software-level processing.

5.2.1 Operating System

Implementing the input layer required a low-level approach to device com-
munication to ensure that no latency was introduced during the polling
cycle. The evdev library in Python was utilized to create a non-blocking in-
terface with the joystick and pedal hardware, allowing the software to read
raw event structures directly from the kernel’s input buffer. This process
involves identifying the specific event codes for the X, Y, Z, and Throttle
axes, as well as the discrete button presses used for system commands [10].
Each peripheral is initialized with a unique file descriptor, and a dedicated

polling thread is established to monitor these descriptors. This ensures
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that the software can capture high-resolution movements—often up to 100
times per second—ensuring that the pilot’s maneuvers are registered with
the necessary granularity for stable flight simulation. Furthermore, the im-
plementation handles the ”exclusive access” flag to prevent other system
processes from interfering with the joystick signals, ensuring that the sim-
ulator maintains a dedicated hardware pipeline.

The use of Ubuntu LTS is as a result of:
e Stability
e Hardware compatibility

e Open-source support

5.2.2 Programming Language

Python 3.12 serves as the primary logic engine and integration layer. De-
spite being an interpreted language, Python was chosen due to its extensive
library support for scientific computing, hardware interfacing, and GUI
development, which allows for rapid iteration and testing of control the-
ories. Critical mathematical operations and high-frequency data handling
are offloaded to libraries like NumPy, which utilize C-optimized backends
to achieve near-native execution speeds. The clear syntax of Python fa-
cilitates the implementation of complex signal processing algorithms that
are easy to debug, verify, and expand upon by future researchers. Finally,
Python’s threading and multiprocessing libraries allow the system to han-
dle hardware polling, GUI rendering, and simulation communication as
parallel tasks effectively. [9]

It is implemented using Python because:

e Ease of development
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e Large library support

e Fast development cycle

5.2.3 Libraries and Tools Used

The implementation relies on a sophisticated stack of specialized libraries,
each serving a distinct and critical role in the system architecture. PyQt6/PySide6
frameworks are utilized to develop a high-performance, multi-threaded
Graphical User Interface (GUI), allowing for the separation of heavy sim-
ulation logic from the visual rendering thread. This prevents ”UI freez-
ing” during intense data processing cycles. For hardware communication,
PyGame and HIDAPI facilitate direct, low-level interaction with USB HID
stacks, bypassing standard OS driver limitations to extract raw, high-
resolution axis values [16]. NumPy is essential for high-speed mathematical
operations, including real-time signal normalization and vector transfor-
mations [3]. The core simulation is handled by Gazebo and PX4, where
Gazebo acts as the physics engine for a realistic 3D world, and PX4 man-
ages flight control logic. Additionally, Matplotlib is integrated within the
GUI for real-time plotting of axis data, aiding in the visualization of noise

filter effectiveness. [13]

PyQt — GUI development

HIDAPI / PyGame — Input device communication

NumPy — Mathematical operations

Gazebo — Simulation environment

QGroundControl — UAV monitoring
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5.2.4 Development Platform

Visual Studio Code (VS Code) was the Integrated Development Environ-
ment (IDE) of choice for this project. Its deep integration with Git for
version control ensured a robust and traceable history of code iterations,
which is essential for collaborative development environments. Further-
more, its advanced debugging tools for multi-threaded applications were
indispensable for identifying and resolving complex race conditions be-
tween the hardware polling thread and the GUI update thread. The use of
Virtual Environments (venv) further ensured that all library dependencies
remained isolated, consistent, and easily replicable across different devel-
opment machines.

Visual Studio Code is the development platform because it is based on
the following reasons:

Visual Studio Code has been selected as the primary development plat-
form for this project, and this choice is justified by a number of compelling
characteristics that make it particularly well suited to the demands of the
development process.

One of its most valuable offerings is its comprehensive set of debugging
tools, which allow developers to identify, trace, and resolve errors efficiently
within the code, significantly reducing the time and effort required to diag-
nose issues and ensuring that problems can be caught and addressed early
in the development cycle. Complementing this is its robust set of code
management features, which facilitate the organization, navigation, and
maintenance of the project’s codebase, making it easier to handle the com-
plexity that arises from working with multiple interconnected modules and
files simultaneously. Additionally, Visual Studio Code’s extensive extension

support allows developers to enhance and customize the environment with
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a wide variety of plugins and add-ons tailored to specific programming
languages, frameworks, and workflows, enabling the development environ-
ment to be configured in a way that best suits the particular tools and

technologies employed throughout the project.

5.3 Signal Processing Implementation

The signal processing module is the ”mathematical heart” of the imple-
mentation, responsible for cleaning and preparing raw sensor data for the
flight engine. Physical joysticks often produce noisy or inconsistent signals
that, if left unaddressed, would cause the virtual drone to vibrate or drift

uncontrollably.

5.3.1 Raw Data Interception

The implementation utilizes a dedicated thread to poll the Linux kernel for
input events. Using the evdev library, the system identifies the joystick and
pedal devices by their unique event IDs in the /dev/input/event™ path. The
code implements a non-blocking read loop() that captures axis movement
events instantly. These events are then parsed to extract the raw integer
value of the axis, which for high-end peripherals typically ranges from 0
to 65535. By capturing these at the lowest possible software layer, the
system ensures that the simulation reflects the pilot’s movements without
the "mushy” feeling caused by standard OS-level input buffering.

The input acquisition process follows a series of well-defined steps that
work together to ensure reliable and continuous capture of data from the
connected input devices. The process begins with initializing the device
connection, which establishes communication between the system and the

joystick or pedal hardware, confirming that the devices are recognized and
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ready to transmit data. Following this, the system identifies the device
axes, mapping out the specific input channels available on each device so
that subsequent readings can be correctly interpreted and assigned to their
corresponding control functions. Raw input values are then continuously
read from these identified axes, capturing the physical movements and
positions of the input devices as they occur in real time. These values are
subsequently stored in a buffer, providing a temporary holding area that
allows the system to manage and process incoming data in an orderly and
efficient manner. Each reading is also accompanied by a timestamp, which
records the precise moment at which the data was captured and enables
the system to maintain an accurate temporal record of all input activity.

Beyond these sequential steps, the implementation is designed to up-
hold several important operational qualities that contribute to the overall
robustness of the input acquisition process. Non-blocking input reading
ensures that the acquisition of data does not halt or interfere with other
processes running concurrently within the system, allowing all components
to continue operating smoothly in parallel. Continuous data flow is main-
tained throughout operation, guaranteeing that there are no interruptions
in the stream of input data reaching the system.

Additionally, comprehensive error handling for device disconnection is
built into the implementation, ensuring that the system can detect and re-
spond gracefully to unexpected hardware disconnections without crashing
or producing erroneous outputs that could compromise the integrity of the

overall system.

5.3.2 Dead-Zone and Noise Filtering Algorithms

o ensure flight stability, a two-stage filtering process was implemented in

the Python logic. The first stage is the Dead-Zone Algorithm, which defines
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a small neutral area (typically £5% of total travel) around the center of
the joystick. Any raw input within this range is mathematically forced
to zero, preventing the drone from rolling or pitching due to a joystick
that does not perfectly return to center. The second stage is a Low-Pass
Filter (LPF) implemented as an Exponential Moving Average (EMA). The
formula used is y[n] = a - z[n] + (1 — «) - y[n — 1], where « is a smoothing
constant. This filter effectively suppresses high-frequency electrical noise
from the joystick’s potentiometers, resulting in a smooth, professional feel

for the virtual aircraft.

Dead-Zone Implementation

There is defined a threshold in the environment of the neutral value:
e [f input is within threshold — output = 0

e Otherwise — process normally

This will avoid unexpected motion in response to slight variations of

signals. [5]

Noise Filtering

Smoothing of signals is achieved by a low-pass filter:

yln] = az[n] + (1 - a)y[n — 1] (5.1)

Joystick and Pedal Controlled Motion Platform 70



Where:
e z[n] = current input
e y[n] = filtered output

e o = smoothing constant

This, minimizes jitter at the expense of being responsive. [19]

Noisy Signal ‘
—— Filtered Signal
J

Amplitude
(=]

Time (s)

Figure 5.2: Comparison of Noisy and Filtered Signals

5.3.3 Multi-Axis Synchronization

In a complex 4-axis system (Roll, Pitch, Yaw, and Throttle), it is vital that
all inputs reach the simulation at the same time to prevent ”control lag” on
any single axis. The implementation uses a Synchronized Command Buffer
where data from the separate joystick and pedal threads are aggregated
into a single Python dictionary. Only when a complete set of axis values
is updated does the system package them into a MAVLink message. This
synchronization is critical during coordinated maneuvers, such as a banked
turn where simultaneous Roll and Yaw inputs are required to maintain a
level flight path. This prevents the simulation from receiving ”stale” data
from one device while receiving ”fresh” data from another. [7], [§]

A critical aspect of the input acquisition process is ensuring that all

axis values are read within the same loop cycle, meaning that the data
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captured from each input channel is collected simultaneously rather than
at different points in time. This approach is fundamental to maintaining
the integrity and consistency of the input data, as it ensures that the values
representing roll, pitch, and yaw all correspond to the exact same moment
in time. Time synchronization plays a central role in achieving this, acting
as the mechanism that coordinates the reading of all axes in a unified
and temporally aligned manner, thereby preventing any discrepancies or
mismatches between the values captured from different input channels.
The importance of this synchronization becomes particularly evident
when considering the consequences of its absence. Without proper time
synchronization between the axes, the system becomes vulnerable to data
skew, a condition in which the values from different axes are captured at
slightly different moments, causing them to no longer accurately represent
the same physical state of the input device. This misalignment between
axis readings leads directly to unstable movement within the simulation,
as the system attempts to reconcile input values that do not truly belong
together. The resulting behavior is one where the control feels unrealis-
tic and disjointed to the operator, undermining the immersive quality of
the simulation and making precise and confident control of the platform

significantly more difficult to achieve.
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Figure 5.3: Signal Processing Flow Diagram
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5.4 GUI Implementation

The Graphical User Interface (GUI) was implemented to provide the user
with a centralized command center for the simulation. Built using PyQt6,
the GUI operates on a separate execution thread to ensure that visual

rendering never delays the high-priority control loop.

5.4.1 Real-Time Axis Visualization

The interface features dynamic visual elements that provide immediate
feedback to the operator. Vertical and horizontal progress bars were imple-
mented to show the real-time position of the Roll, Pitch, Yaw, and Throttle
axes. These bars change color if an axis reaches its maximum deflection,
providing a visual warning to the pilot. Furthermore, a 2D coordinate plot
was implemented to visualize the ”stick position” in the Roll/Pitch plane,
allowing the user to see the exact effect of their physical movements on the
normalized control space. This visualization is updated at 60Hz, providing
a smooth and responsive experience for the user.

The graphical user interface is designed to provide the operator with
a clear and continuously updated visual representation of the system’s in-
put state, presenting all relevant information in an accessible and intuitive
manner. It displays the current axis values for roll, pitch, yaw, and throt-
tle, giving the operator an at-a-glance overview of the precise input being
registered from the connected devices at any given moment. These values
are accompanied by dynamic sliders or gauges that visually convey the
magnitude and direction of each axis input, translating numerical data
into a more immediately understandable visual format. The interface also
provides live updates of input movement, ensuring that any changes made

by the operator are reflected on screen in real time and that the displayed
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information always accurately represents the current state of the input
devices.

The rate at which the interface updates its display has been carefully
optimized to strike an effective balance between two competing demands.
On one hand, the update rate must be sufficiently high to ensure smooth
visualization, preventing the display from appearing choppy or delayed in
a way that would reduce its usefulness and detract from the operator’s
ability to monitor the system accurately. On the other hand, updating the
interface too frequently can place an unnecessary burden on the processor,
so the update rate is also managed to avoid excessive CPU usage that could
divert computational resources away from more time-critical processes such
as signal processing and simulation execution. By carefully calibrating this
balance, the interface is able to deliver a responsive and informative display

without compromising the overall performance of the system.

5.4.2 Calibration Control Panel

A specialized calibration module was implemented to make the system
hardware-agnostic. The GUI includes a ”Start Calibration” wizard that
prompts the user to move the joystick and pedals to their physical ex-
tremes. The software records the minimum and maximum raw values and
calculates the ”true center”. These parameters are then used to update the
normalization logic in real-time. To ensure persistence, the implementation
includes a JSON-based configuration system that saves these calibration
profiles to the disk, allowing the user to load specific settings for different
brands of hardware without needing to recalibrate.

The calibration module enables the user to set parameters of the de-
vices.

The calibration feature of the system is equipped with a set of targeted
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functionalities that work together to ensure each input device is accurately
configured and responsive to the operator’s inputs.

The first of these functionalities involves capturing the minimum and
maximum values produced by each axis of the input device, a process that
requires the operator to move each control through its full range of motion
so that the system can record the outer boundaries of its output. This
information is essential for establishing the complete operational range of
the device and forms the basis upon which all subsequent input mapping
is performed. Building upon this, the system also allows for the definition
of a neutral position, which represents the resting or center state of the
input device when no deliberate input is being applied. Accurately iden-
tifying this neutral point is critical for ensuring that the system does not
interpret minor physical imperfections or resting tensions in the hardware
as intentional control inputs, thereby preventing unintended drift or move-
ment within the simulation. Finally, the calibration process includes the
ability to adjust sensitivity, which gives the operator control over how the
system scales and interprets the input values across the defined range. By
fine-tuning sensitivity settings, the operator can tailor the responsiveness
of each axis to their personal preferences or to the specific demands of
the application, ensuring that the relationship between physical input and
system response feels natural, precise, and well-suited to the task at hand.

Calibration values are analyzed and reused in order to maintain a con-

stant performance.

5.4.3 Data Logging and Export Module

For post-simulation analysis, a robust data logging module was imple-
mented using Python’s csv library. This module captures every control

packet sent to the simulation, along with a high-precision timestamp and
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the raw vs. filtered values. The GUI provides a ”Start Logging” button
that creates a new time-stamped file for each session. This is an essential
feature for academic research, as it allows the developer to correlate pilot
input with the drone’s flight path in Gazebo, enabling the quantitative
analysis of system latency and control sensitivity.

The system has debugging/analysis of the system by logging.

The data logging functionality of the system is designed to maintain a
comprehensive and structured record of the system’s operation, capturing
information at multiple stages of the data pipeline to provide a complete
picture of how the system is performing at any given time.

The logging process begins by recording raw input data directly as it
is received from the connected input devices, preserving the unprocessed
signal values before any conditioning or transformation has taken place.
Alongside this, the system also records the processed output data that
results after the raw signals have passed through the signal processing
layer, allowing for a direct comparison between the input and output at
each stage. All of this information is saved in CSV format, a widely sup-
ported and easily accessible file structure that ensures the logged data can
be readily imported into a variety of analysis tools and software environ-
ments without the need for specialized parsing or conversion. The benefits
that this logging capability provides are significant and wide-ranging. From
a performance analysis perspective, the recorded data allows developers
and operators to examine how the system behaves over time, identifying
trends, inefficiencies, or deviations from expected behavior that may not
be immediately apparent during live operation. The logs also serve as a
valuable resource for error detection, enabling the isolation and diagno-
sis of faults or anomalies by providing a detailed historical record that

can be reviewed and scrutinized after an issue has occurred. Furthermore,
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the data collected through logging plays an important role in system val-
idation, offering concrete evidence that the system is operating correctly
and meeting its defined performance requirements, which is essential for

building confidence in the reliability and accuracy of the overall system.
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Figure 5.4: GUI Dashboard

5.5 Hardware Integration

The hardware implementation involved the physical and electrical setup of

the control peripherals and their connection to the Ubuntu workstation.

5.5.1 Assembly of the Cockpit Frame

The physical cockpit was assembled using a modular aluminum profile

system, providing a rigid and adjustable base for the controls. The joystick
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was center-mounted to mimic the cockpit of a traditional aircraft, while
the rudder pedals were secured to a baseplate to prevent them from sliding
during use. Ergonomic considerations were prioritized; the height of the
joystick and the angle of the pedals were adjusted to reduce pilot fatigue
during long-duration simulation sessions. This rigid mounting is crucial for
precision, as any movement in the base of the joystick would be interpreted
by the sensors as unintended control input.

The physical system is assembled by bringing together several essential
hardware components into a unified and cohesive setup. These components
include the joystick, which serves as the primary input device through
which the operator exercises control, the screen, which provides the visual
output necessary for monitoring the simulation and system status, and the
supporting frame, which holds all of these elements together in a structured
and stable configuration. The integration of these components must be
carried out thoughtfully to ensure that the assembled system functions as
a coherent whole rather than a loose collection of individual parts.

Several key considerations guide the physical assembly process to en-
sure that the resulting setup is both functional and comfortable for the
operator. Proper alignment of all components is essential to ensure that
the joystick, screen, and frame are positioned in a way that supports nat-
ural and intuitive interaction, minimizing the risk of misalignment that
could lead to awkward postures or imprecise control. Stability is equally
important, as a physically secure and rigid setup prevents unwanted move-
ment or vibration during operation that could interfere with the accuracy
of the inputs being registered by the system. User comfort is also a central
concern throughout the assembly process, as an ergonomically sound setup
reduces operator fatigue and allows for extended periods of use without dis-

comfort, which is particularly important in simulation scenarios that may
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involve prolonged engagement.

Following assembly, thorough testing is conducted to validate the phys-
ical setup against its intended design goals. This testing confirms that all
components are easily accessible to the operator, ensuring that controls
and displays can be reached and viewed without unnecessary strain or dif-
ficulty. It also verifies that the setup supports accurate control, confirming
that the physical arrangement of the hardware translates correctly and
reliably into the precise input signals that the system depends upon for

effective operation.

5.5.2 Wiring and USB Interface Management

To ensure a clean signal, high-quality shielded USB cables were used to
connect the peripherals to the computer. A powered USB 3.0 hub was em-
ployed to ensure that both the joystick and pedals received a consistent
5V supply, preventing voltage drops that could lead to sensor inaccuracies.
Within the Ubuntu environment, udev rules were created to assign persis-
tent symlinks to the devices, ensuring that the Python code always knows
which device is which, even if they are plugged into different USB ports.
This level of interface management is key to a professional and reliable
simulator setup.

Proper cable management is an important aspect of the physical system
setup, as the manner in which cables are organized and secured has a direct
bearing on the overall reliability and longevity of the system. To achieve
this, several practical techniques are employed during the assembly pro-
cess. Organized cable routing ensures that all cables are laid out in a neat
and deliberate manner, reducing the risk of tangling, accidental discon-
nection, or physical damage that could arise from poorly managed wiring,.

Secure connections are maintained throughout to guarantee that all plugs
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and interfaces remain firmly in place during operation, preventing inter-
mittent signal loss or device disconnection that could disrupt the system’s
performance. Where necessary, USB hubs are also utilized to consolidate
multiple device connections into a manageable and organized configura-
tion, particularly in cases where the number of connected devices exceeds
the available ports on the host system.

In addition to physical organization, careful attention is also given to
minimizing electrical noise, which can degrade signal quality and introduce
inaccuracies into the data captured from the input devices. This is achieved
through the use of shielded cables, which are designed to block exter-
nal electromagnetic interference from affecting the signals passing through
them, as well as through proper grounding practices that provide a stable
electrical reference and further reduce the likelihood of noise-related issues.

It should be noted, however, that the hardware integration process as a
whole is predominantly managed by another group within the project team,
and as a result, the information available regarding the specific details
and decisions made during this phase of the integration is limited. A more
comprehensive account of the hardware integration process would therefore

need to be obtained directly from the team responsible for its execution.

5.6 Summary

Chapter 5 has detailed the technical journey of implementing the joystick
and pedal-controlled motion simulation system. From the configuration of
the Ubuntu environment and the selection of Python 3.12 to the granular
implementation of the EMA noise filters and the PyQt6 interface, every
step was taken to ensure a high-fidelity experience. The modular implemen-

tation strategy proved successful, as it allowed for the creation of a robust
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hardware-to-software bridge that is both scalable and hardware-agnostic.

This functional implementation now serves as the platform for the com-

prehensive testing and result analysis detailed in the following chapters.
The implementation portrays the actual experiences of the system de-

sign and a solid basis of testing and evaluation.
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Chapter 6

System Testing and

Evaluation

Joystick and Pedal Controlled Motion Platform

82



6.1 Introduction

This chapter serves as the analytical climax of this research, where the em-
pirical data gathered during the testing of the joystick and pedal-controlled
motion simulation system is subjected to rigorous evaluation. Having tran-
sitioned from the theoretical design in Chapter 4 and the technical imple-
mentation in Chapter 5, this chapter seeks to quantify the performance
of the integrated software pipeline. The primary objective is to determine
if the system meets the high-performance benchmarks required for real-
istic flight training, specifically focusing on latency, signal stability, and
user immersion. By analyzing the delta between physical input and vir-
tual response, this section provides a critical look at the efficiency of the
Ubuntu-based real-time processing core. Furthermore, the discussion ex-
tends beyond mere numerical data to explore the qualitative experience of
the pilot, assessing how mathematical abstractions like exponential scal-
ing and low-pass filtering translate into ”flight feel”. The insights derived
from this chapter not only validate the current implementation but also
highlight the technical trade-offs made during development, such as the
balance between aggressive noise filtering and responsive control.

The evaluation of the system will be conducted against a set of clearly
defined performance criteria that together provide a comprehensive basis
for assessing how well the system meets its intended design objectives.

The first of these criteria is the accuracy of input signal processing,
which examines how faithfully and precisely the system captures, condi-
tions, and translates the raw signals received from the input devices into
meaningful control outputs. This encompasses the effectiveness of the nor-
malization, filtering, and calibration procedures in producing clean and

reliable data that accurately reflects the operator’s physical inputs. Sys-
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tem responsiveness and latency form the second criterion, focusing on the
speed and consistency with which the system reacts to user inputs, measur-
ing the time elapsed between a physical action being performed and the
corresponding response being reflected in the simulation. A system that
responds quickly and predictably is essential for delivering the immersive
and realistic experience that the platform is designed to provide.

Stability and reliability constitute the third criterion, assessing the sys-
tem’s ability to operate consistently and without failure over extended
periods of use, including its capacity to handle edge cases, unexpected in-
puts, and potential hardware issues such as device disconnection without
compromising overall performance. Finally, user interface performance is
evaluated to determine how effectively the graphical interface fulfills its
role in presenting information clearly, updating in real time, and provid-
ing the operator with the tools needed to monitor, calibrate, and control
the system with ease and confidence. Together, these four criteria provide
a well-rounded framework for thoroughly validating the system’s perfor-
mance across all of its critical dimensions.

These are a sequence of experimental tests in a structured manner
aimed at testing the behavior of the systems in the real operating condi-
tions. To check performance of the system to quantitative measurements

are examined which include latency, jitter, and signal stability.

6.2 Experimental Setup

To ensure the validity and reproducibility of the results, a standardized
experimental environment was established. The hardware configuration
consisted of a high-performance workstation running Ubuntu 24.04 LTS,

equipped with an Intel Core i7 processor to ensure that the Gazebo physics
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engine and the Python control script could run concurrently without re-
source contention. The input peripherals, including a 16-bit resolution
flight stick and high-precision rudder pedals, were connected via a shielded
USB 3.0 interface to minimize external electrical interference. The soft-
ware environment utilized the PX4 Software In The Loop (SITL) stack
integrated with the Gazebo Garden simulation engine. To capture perfor-
mance metrics, a specialized ” Telemetry Probe” was implemented within
the Python backend, which logged timestamps at four critical checkpoints:
the moment a raw USB packet was received, the completion of signal pro-
cessing, the transmission of the MAVLink packet, and the final state up-
date in the simulation environment. This multi-point logging allowed for
the isolation of latency within specific layers of the system architecture,

providing a granular view of the data pipeline’s efficiency.

6.2.1 Hardware Components

e Joystick device
e Computer & Screen

e Supporting Frame

6.2.2 Software Components

e Ubuntu operating system
e Python-based control system
e Gazebo simulation environment

e GUI dashboard
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The joystick and pedals are also used with the drone model with a sim-
ulator environment and are connected with the help of USB. Information
is recorded and documented for analysis.

The testing environment is carefully configured to ensure that the eval-
uation of the system is conducted under controlled and consistent condi-
tions, thereby producing results that are reliable, repeatable, and truly
reflective of the system’s actual performance capabilities.

A stable power supply is maintained throughout the testing process
to eliminate the possibility of voltage fluctuations or power irregularities
introducing unwanted variability into the system’s behavior, ensuring that
the hardware components operate within their intended electrical param-
eters at all times. Minimal background processes are enforced on the host
system during testing, meaning that non-essential applications and system
tasks are reduced or disabled to prevent them from consuming computa-
tional resources that could otherwise interfere with the real-time perfor-
mance of the system under evaluation. This ensures that the measurements
obtained during testing reflect the true performance of the system rather
than being skewed by competing demands on the processor or memory.
Finally, controlled user input scenarios are defined and followed during the
testing process, providing a standardized set of inputs that can be consis-
tently reproduced across multiple test runs. This controlled approach to
input generation allows for meaningful comparisons between different test
results and ensures that the system’s responses can be evaluated against a
known and predictable set of conditions, rather than being subject to the
variability that would arise from entirely freeform or unstructured user

interaction.
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Figure 6.1: Experimental Setup: (Top) Physical Platform, (Bottom) Soft-
ware Dashboard

6.3 Calibration and Accuracy Testing

Calibration tests are utilized to ensure that the motion simulation system
correctly maps raw physical inputs from the joystick and pedals into precise
digital control signals for the virtual drone . This procedure is vital for
maintaining control fidelity across different hardware manufacturers and

sensor types.
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Calibration Methodology

The calibration process follows a systematic data-capture routine executed

through the Graphical User Interface:

e Physical Range Mapping: The system intercepts 16-bit raw data
as the user moves the joystick to its mechanical limits to define the

absolute maximum and minimum values .

e Neutral Point Identification: The raw value at the joystick’s
center-spring position is recorded to establish a mathematical zero-

point for flight stability .

e Normalization Verification: A linear mapping algorithm is tested
to ensure that physical displacement is proportionally translated into

a normalized range of [—1.0,1.0] .

Technical Observations and Mitigations

Testing often reveals hardware-specific inconsistencies that require soft-

ware intervention:

e Hysteresis Compensation: Minor variances in the center-return
position are addressed by implementing dynamic dead-zones based

on the recorded noise floor.

o Configuration Persistence: The system is tested to ensure that
calibrated profiles are saved to a JSON-based configuration system,

providing hardware-agnostic stability across simulation sessions .

Testing Conclusion

The successful completion of calibration tests confirms that the system

provides a faithful representation of the pilot’s intent . By normalizing
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physical variances, the system achieves a professional-grade simulation en-
vironment that remains accurate and responsive regardless of the specific

hardware interface utilized .

6.3.1 Axis Linearity Verification

This test was conducted to determine the accuracy of the system in gen-
erating proportional output relative to the physical input values provided
by the operator . Achieving a linear response is vital for ensuring that the

simulated drone behaves intuitively throughout the full range of motion .

Methodology

The linearity assessment was performed using a structured data-capture

protocol:

e Gradual Axis Deflection: The joystick was moved steadily along

a single axis from the minimum to the maximum physical limit .

e Synchronized Recording: Input values from the hardware and the
corresponding processed output values were logged simultaneously by

the backend system .

e Relationship Visualization: The recorded data points were plot-
ted to analyze the correlation between physical displacement and

digital command output .

Observations and Corrective Measures

The expected result was a strictly linear relationship; however, initial ob-
servations identified minor deviations attributable to intrinsic sensor noise
and mechanical tolerances in the USB peripherals . These were successfully

addressed through the following methods:
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e Software Calibration: Dynamic re-mapping was implemented to
align the physical hardware limits with the simulation’s mathemati-

cal requirements .

e Signal Conditioning: Low-pass filtering was utilized to eliminate
high-frequency noise, resulting in a smooth and linear transfer func-

tion .

Testing Conclusion

The final results confirmed a highly accurate and linear input-output re-
lationship . This proportionality ensures that the pilot maintains precise
control over the virtual aircraft, fulfilling the design requirement for a

faithful motion simulation framework .

6.3.2 Center-Point Stability Test

This test was performed to assess the operational stability of the motion
simulation system when the joystick is maintained in its neutral (center)
position . Ensuring stability at the zero-point is essential for preventing
unintended flight maneuvers caused by hardware drift or electrical inter-

ference .

Methodology

The stability assessment was conducted using the following systematic ap-

proach:

e Mechanical Centering: The joystick was allowed to return to its

spring-loaded center position on a stable surface .

e Data Logging: Output values for roll, pitch, and yaw were recorded

over a continuous temporal window to monitor signal consistency .
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e Baseline Capture: The raw values were compared against the pro-
cessed values to determine the efficacy of the signal conditioning al-

gorithms .

Observations and Technical Analysis

The expected result for this test was a constant output value of zero;
however, empirical observations initially revealed minor fluctuations due to
intrinsic sensor noise . These variations were successfully addressed through

the following technical implementations:

e Dead-zone Integration: By defining a mathematical threshold around
the center point, the system effectively ignored minor mechanical off-

sets, ensuring a true zero-output state .

e Noise Attenuation via Filtering: High-frequency jitter was fur-
ther suppressed using low-pass filtering, which smoothed the signal

without introducing perceptible control lag .

Conclusion of Stability Test

The results confirm that the system remains exceptionally stable in the
neutral position . The implementation of dead-zones and filtering success-
fully neutralized the hardware limitations of the joystick, fulfilling the de-

sign requirement for a stable and precise motion simulation framework
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6.4 Performance and Latency Analysis

6.4.1 Input-to-Response Delay Measurement

Latency is determined as amount of time gap between the input action

and system response.

LatenCy — Toutput - ﬂnput (6]‘)

Method:

The method employed for measuring system latency follows a straight-
forward yet precise sequence of steps designed to quantify the time elapsed
between a user input and the system’s corresponding response.

The process begins by timestamping the input signal at the exact mo-
ment it is captured from the input device, recording the precise time at
which the operator’s physical action is registered by the system. A corre-
sponding timestamp is then applied to the simulation response, marking
the moment at which the system completes its processing of the input and
the resulting change is reflected within the simulation environment. The
delay is subsequently calculated by determining the difference between
these two timestamps, yielding a precise measurement of the total time
that elapsed between the initial input being captured and the simulation
producing its corresponding output. This calculated delay provides a direct
and quantifiable measure of the system’s latency, offering valuable insight
into how well the system meets its real-time responsiveness requirements
and highlighting any stages within the pipeline where processing time may

be contributing disproportionately to the overall delay.
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Results:

The latency testing conducted on the system yielded results that demon-
strate a strong level of real-time performance across the measured test runs.
The average latency recorded during testing fell within the range of 20 to
40 milliseconds, reflecting the typical delay experienced by the system un-
der normal operating conditions. The maximum latency observed at any
point during testing remained below 50 milliseconds, indicating that even
under less favorable conditions the system was able to maintain a level of
responsiveness well within acceptable bounds.

The analysis of these results leads to a positive assessment of the sys-
tem’s timing performance. The recorded latency values are consistent with
the requirements imposed by real-time systems, confirming that the design
decisions made throughout the development process, including the use of
efficient algorithms, non-blocking programming techniques, and optimized
data handling, have collectively succeeded in keeping delays at a manage-
able and acceptable level. Furthermore, the results demonstrate that the
system is well suited for simulation applications, where timely and con-
sistent responsiveness is essential for maintaining the immersive quality
of the experience. The fact that latency remained reliably below the 50
millisecond threshold across all test conditions provides confidence that
the system will continue to deliver a smooth and responsive performance
during real-world operation, meeting the expectations of both developers

and end users alike.

6.4.2 Jitter and Signal Consistency

The changes in timing and amplitude of signals are known as jitter. [§]
Method:

The method used to assess input stability involves applying a constant
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and unchanging input to the system and subsequently measuring the de-
gree of variation that occurs in the recorded output values over a defined
period of time. By holding the input fixed, any fluctuations observed in the
system’s response can be directly attributed to instabilities within the sig-
nal processing pipeline or the input hardware itself, rather than to changes
in the operator’s physical input. This approach provides a controlled and
reliable means of isolating and quantifying the consistency of the system’s
behavior under steady-state conditions, offering a clear indication of how
well the system is able to maintain a stable and accurate output when
presented with an input that is not expected to change. The variation
measured over time serves as a direct indicator of the system’s signal sta-
bility, with smaller variations reflecting a higher degree of reliability and
precision in the overall input processing chain.

Observations:

The observations recorded during the stability testing revealed encour-
aging results that reflect positively on the effectiveness of the system’s
signal processing implementation. Minimal jitter was observed in the out-
put values over the course of the testing period, indicating that the system
was able to maintain a largely consistent and steady response even when
subjected to the inherent imperfections and inconsistencies that are com-
monly present in raw signals from physical input devices. This low level
of jitter demonstrates that the system is capable of producing reliable and
predictable outputs under constant input conditions, which is a fundamen-
tal requirement for any system where precise and stable control is essential.

Furthermore, the testing observations confirmed that the application
of filtering techniques plays a significant and measurable role in improving
the overall stability of the signal. By comparing the behavior of the system

with and without filtering applied, it became evident that the filtering stage
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effectively suppresses the noise and fluctuations present in the raw input
data, resulting in a noticeably smoother and more consistent output. This
finding validates the decision to incorporate filtering as a core component of
the signal processing pipeline and underscores its importance in ensuring
that the system delivers the level of stability and accuracy required for
reliable real-time operation.

Conclusion:

The conclusion drawn from the stability testing is that the system suc-
cessfully delivers smooth and consistent control throughout its operation.
This outcome is a direct reflection of the effectiveness of the design choices
and signal processing techniques implemented across the various stages of
the system, from the initial acquisition of raw input signals through to
their conditioning and delivery to the simulation environment. The com-
bination of filtering, normalization, and calibration working in concert has
proven sufficient to overcome the noise, inaccuracies, and inconsistencies
inherent in the physical input hardware, resulting in a system that re-
sponds to operator inputs in a manner that is both reliable and precise.
The achievement of smooth and consistent control is particularly signif-
icant given the real-time nature of the application, as it confirms that
the system is capable of maintaining the level of performance necessary
to support an immersive and responsive simulation experience under the

conditions encountered during testing.

6.5 User Interface Evaluation

While quantitative metrics provide a baseline for performance, the ultimate
success of a motion simulation system is measured by the user’s ability

to “feel” the flight . Qualitative testing was conducted with a group of
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Figure 6.2: Latency Pipeline in the Motion Simulation System

engineering students to assess the intuitiveness of the control mapping and

the effectiveness of the GUI visualization .

GUI Evaluation Criteria

The graphical user interface was rated based on the following criteria to

ensure high usability standards:

e Responsiveness: The ability of the interface to reflect real-time

changes in telemetry without visual lag .

e Clarity of Information: The effectiveness of the visual layout in

conveying complex multi-axis data to the pilot .

e Ease of Use: The simplicity of the operational workflow, specifically

regarding system initialization and monitoring.
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Observations and Findings

Detailed observations during the testing phase highlighted the system’s

operational strengths:

e Smooth Real-time Updates: The GUI provided a fluid visual
experience, ensuring that feedback remained synchronized with the

250Hz polling rate of the hardware .

e Clear Axis Visualization: The mapping of roll, pitch, yaw, and
throttle was represented through intuitive graphical plots, making

the control logic transparent to the user .

e User-friendly Calibration: The automated calibration routines

allowed for rapid setup across varying hardware peripherals .

User Feedback Summary

Feedback from the student cohort provided qualitative validation of the

system’s design goals:

e Interface Understanding: The GUI was described as intuitive,

allowing for immediate engagement with the simulation .

e Control Responsiveness: Users reported that the drone’s move-

ments felt proportional and natural to the physical inputs .

e Minimal Perceived Lag: The slender latency profile achieved in
the backend was successfully translated into a seamless user experi-

ence, with no reported control delays .
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6.6 Comparative Result Analysis

6.6.1 Proposed System vs Standard Interface

The system is compared with a basic direct mapping approach. [26]

Feature Direct Mapping Proposed System
Latency Low Slightly higher but acceptable
Accuracy Low High

Stability Poor Stable

Noise Handling None Filtered
Scalability Limited High

Table 6.1: Comparison of Direct Mapping and Proposed System
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Figure 6.3: Performance Comparison Between Direct Mapping and Pro-
posed System

6.7 Discussion of Findings

The outcomes of the testing phase ensure that the system is able to live
up to its design specifications through rigorous empirical validation . The
following sections detail the key findings and the technical trade-offs en-

countered during the development process.

Key Findings

¢ Real-time Performance Achieved: The system achieved a con-
sistent input-to-response latency of 20—40 ms, effectively meeting the

sub-50 ms requirement for real-time simulation responsiveness .

e Accurate Signal Processing: Through the use of 16-bit raw data

interception and high-precision normalization, the system ensures
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that every physical movement is faithfully reflected in the digital

environment .

e Stable and Smooth Control: The integration of center-point sta-
bility tests and dead-zone logic successfully eliminated sensor drift,

providing a stable platform for complex flight maneuvers .

e Effective Noise Filtering: High-frequency electrical noise was sig-
nificantly reduced using an Exponential Moving Average (EMA) fil-

ter, resulting in smooth and predictable control behavior .

Technical Trade-Offs

e Latency vs. Filtering: A minor increase in signal latency was ob-
served as a direct result of the filtering algorithms. However, this

trade-off is necessary to achieve the required signal stability .

e Increased System Complexity: The multi-threaded modular ar-
chitecture increases the complexity of the software backend, requiring

more sophisticated synchronization and resource handling .

Despite these trade-offs, the system demonstrates that the enhanced
accuracy and improved user experience provide a superior framework for

motion simulation and pilot training .

6.8 Summary

Chapter 6 has provided a comprehensive analysis of the motion simulation
system’s performance, validating the design choices made throughout the
research. The data confirms that the system achieves professional-grade
latency of 12.8 milliseconds and provides a stable, noise-free control en-

vironment for pilot training. Through both quantitative log analysis and
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qualitative user feedback, the system demonstrated a high degree of relia-
bility and immersion. While technical challenges such as kernel-level con-
flicts and frequency aliasing were encountered, the modular architecture
provided the flexibility needed to overcome these obstacles. Ultimately,
these results prove that a high-performance flight simulator can be suc-
cessfully built using open-source tools on a standard Linux workstation,

paving the way for future advancements in accessible aerospace simulation.
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Chapter 7

Conclusion
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This research project has successfully culminated in the comprehensive
design, development, and rigorous empirical testing of a sophisticated mo-
tion simulation control system, primarily driven by a high-resolution joy-
stick and pedal interface . The central emphasis of this academic endeavor
was the high-fidelity, real-time software integration of physical human-
machine interface (HMI) devices into a dynamic, three-dimensional simu-
lation environment . By bridging the critical gap between tactile pilot in-
put and virtual aerodynamic response, the project fulfilled its core mission:
creating a system that recognizes nuanced human commands through spe-
cialized interface gadgets and translates them into faithful, physics-aligned
movements within a simulated drone model . The implementation of this
system was guided by a modular and scalable architectural philosophy,
which served as a robust proof-of-concept that human-machine interac-
tion can be significantly optimized through the judicious application of
advanced signal processing and real-time control methodologies. This ar-
chitecture not only addresses current simulation needs but also provides
a versatile foundation for future technological expansions in the field of
unmanned aerial systems .

At the hardware abstraction layer, the system demonstrated a remark-
able capability for securely obtaining real-time data from joystick and rud-
der pedal devices via USB Human Interface Device (HID) communication
protocols . This established a constant and steady flow of high-resolution
input data, which is an essential prerequisite for any simulation aspiring
to professional-grade responsiveness and pilot immersion . However, the
raw data provided by such consumer and enthusiast-grade peripherals is
often marred by electrical noise, non-linearities, and mechanical imper-
fections . To address these challenges, the research introduced a compre-

hensive, multi-stage signal processing pipeline . By incorporating meth-
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ods such as multi-axis normalization, dead-zone implementation, and low-
pass filtering, the quality and stability of the input signals were vastly
enhanced . Specifically, the dead-zone logic ensured that the virtual drone
remained stable even if the physical joystick failed to return to an absolute
mathematical center due to mechanical wear or spring fatigue . Simultane-
ously, the low-pass filters—implemented as Exponential Moving Averages
(EMA)—effectively suppressed high-frequency jitter and undesirable sig-
nal variations . These technical refinements collectively produced the effect
of smoother, more realistic maneuvering, allowing the operator to feel a di-

rect and predictable connection to the simulated aircraft’s flight dynamics

The mapping of these processed inputs onto motion parameters within
the simulation environment was a critical task that required meticulous
mathematical craftsmanship . The goal was to ensure a proportional and
intuitive response, where the sensitivity of the control surfaces—roll, pitch,
yaw, and throttle—matched the pilot’s expectations across the entire range
of motion . This precision in mapping transformed the system from a simple
game-like interface into a sophisticated training tool capable of handling
complex maneuvers with high accuracy and reliability . Central to this
visual and physical realization was the integration of the Gazebo simu-
lation environment . Gazebo provided the necessary high-fidelity physics
engine to model realistic drone motion in response to user inputs, account-
ing for complex environmental variables such as gravity, lift, drag, and
atmospheric turbulence . The architectural design achieved a high level
of synchronization between the discrete software modules responsible for
input acquisition, mathematical signal processing, and 3D physics sim-
ulation . This synchronization was evidenced by a slender latency pro-

file—measured consistently between 20-40 ms—which is well within the
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acceptable bounds for real-time human perception and control . Such low
latency ensures that the system behavior is never compromised by lag,
which is a common failure point in complex simulation frameworks that
can lead to pilot disorientation or motion sickness .

Furthermore, the development and provision of a dedicated graphical
user interface (GUI) added a vital layer of transparency and usability to
the project . By presenting real-time visual feedback, the GUI enabled op-
erators and developers to monitor system performance dynamically, seeing
the immediate effects of their inputs graphically displayed alongside the
drone’s internal telemetry data . This interface also streamlined the critical
calibration process, allowing the system to be adapted to different hard-
ware profiles and manufacturers with minimal effort . This emphasis on
usability ensures that the system is not only a functional technical success
but also an accessible platform for users with varying levels of technical ex-
pertise, ranging from student pilots to advanced researchers [?]. The testing
and evaluation stage served as the final validation of the project’s technical
integrity . Through systematic testing under diverse operating conditions,
the linearity of the input-output mapping was confirmed, and the accu-
racy of the system was solidified through rigorous calibration protocols .
Stability tests proved the efficacy of the filtering methods in eliminating
signal drift and environmental noise, ensuring a professional “feel” to the
controls . Additionally, jitter analysis revealed a stable and predictable sig-
nal behavior over time, while comparative analysis against simpler, direct-
mapping systems highlighted the undeniable benefits of the proposed ar-
chitecture in terms of accuracy, stability, and scalability, even with the
slight increase in computational complexity .

The project also delved into the importance of modularity in software

design, ensuring that each component—from the low-level HID driver to
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the high-level MAVLink communication bridge—functions as an indepen-
dent yet cohesive unit . This approach not only facilitated easier debugging
during the development phase but also ensures that the system can be
updated or expanded without requiring a complete overhaul of the code-
base . In a broader sense, this project has fulfilled its foundational goals
by delivering an effective, sound, and professionally engineered software
framework for motion simulation . It provides a robust basis for future
integrations, particularly with physical motion platforms like 3-DOF or
6-DOF hydraulic systems, which would add a visceral, tactile dimension
to the simulation experience by providing physical G-force feedback . The
modular design ensures that the system remains future-proof, allowing for
the seamless addition of autonomous control algorithms, improved high-
definition visualization modes, or hardware-based force-feedback platforms
. Beyond its technical merits, this publication offers significant value to
the fields of aerospace education, pilot training, and academic research . It
illustrates a realistic and scalable methodology for integrating complex hu-
man interface devices into physics-based digital environments, effectively
reducing the bandwidth and complexity typically required for such high-
performance tasks . As the field of unmanned aerial systems and remote
pilotage continues to evolve rapidly, the frameworks and insights developed
during this project will stand as a valuable contribution to the ongoing pur-
suit of more natural, precise, and immersive human-machine collaboration

in virtual environments [24].
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