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Abstract

This paper presents a novel approach to human-computer interaction through a hand-tracking-based
mouse control system using computer vision. The system utilizes OpenCV, MediaPipe, and the Cvzone
Hand Tracking Module to identify and monitor hand movements in real-time. By utilizing hand
landmarks, the system maps finger positions to cursor movement and enables essential functions such
as clicking, scrolling, and double-clicking. The primary motivation for developing this system is to
create a touchless alternative to traditional input devices, offering enhanced accessibility and
usability. The methodology involves capturing video input via a webcam, detecting hands using
MediaPipe's pre-trained models, and implementing a gesture recognition algorithm to interpret user
actions. Cursor movements are mapped through an interpolation function, while clicking and scrolling
gestures are detected based on finger positions and distances between key landmarks. Performance
evaluation indicates an average response time of 20 to 30 ms, ensuring real-time usability. The system
achieves an accuracy rate of 95% in controlled lighting conditions. However, challenges such as
lighting variations and occlusion remain key areas for improvement. To mitigate unintended gestures,
delays and threading mechanisms are incorporated. Future enhancements will focus on improving
gesture classification with artificial intelligence models, addressing lighting-related limitations, and
incorporating multi-hand interactions for increased functionality. This research contributes to the
field of gesture-based computing, offering a cost-effective, hardware-independent solution for modern
human-computer interaction.
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INTRODUCTION

Traditional input devices such as mice and keyboards have long been the primary modes of
interaction with computers. Nevertheless, progress
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alternative to traditional pointing devices. Additionally, the system is designed to be adaptable to
different environments and lighting conditions, ensuring robustness and reliability [2] This technology
is particularly useful in accessibility applications, enabling individuals with motor impairments to
interact with computers without the need for a physical mouse or keyboard. It also finds applications in
public or shared environments where minimizing physical contact is essential, such as hospitals and
public kiosks [3].

The proposed system leverages the MediaPipe Hand Tracking Module and OpenCV to identify and
process hand gestures, translating them into cursor movements and mouse actions. The approach
involves mapping the user's hand position to screen coordinates, ensuring smooth and responsive
interaction. Various gestures, such as finger pinching and tapping, are used to perform left-click, right-
click, and scrolling operations. An additional adaptive calibration mechanism is incorporated to
optimize accuracy based on user-specific hand dimensions [4].

This paper presents an in-depth analysis of the system's design, implementation, and performance
evaluation, demonstrating the feasibility of hand-tracking for mouse control. Furthermore, the paper
discusses potential real-world applications and the challenges associated with widespread adoption.
Overall, this research contributes to the development of gesture-driven interfaces, paving the way for
more immersive and accessible computing experiences [5].

LITERATURE REVIEW

Several studies have explored gesture-based interaction for virtual mouse control. Recent
developments in hand pose estimation models such as MediaPipe and OpenCV-based deep learning
allow precise detection of hand landmarks, enabling accurate cursor control. Compared to previous
methods relying on infrared sensors or wearable gloves, our approach offers a cost-effective and
hardware-independent solution [6].

Additional studies have addressed the challenges of gesture recognition under varying lighting
conditions and complex backgrounds. Our research builds on these findings by integrating adaptive
thresholding techniques and incorporating noise reduction methods to enhance accuracy and robustness
in practical scenarios [7].

The incorporation of deep learning-based gesture classification models has shown promising results
in recent research. Techniques such as convolutional neural networks (CNNs) and transformer-based
models have demonstrated improved accuracy and faster inference times. We build upon these
advancements by incorporating lightweight models suitable for real-time applications, ensuring
efficient performance even on low-specification hardware [8].

METHODOLOGY

The methodology adopted for the development of a hand-tracking-based mouse control system
involves a systematic approach that integrates computer vision techniques and gesture recognition
algorithms. The process can be broken down into distinct stages, including data acquisition, hand
detection, gesture recognition, cursor control, and performance evaluation. By leveraging robust
frameworks like OpenCV and MediaPipe, the system ensures real-time responsiveness and accuracy [9].

SYSTEM ARCHITECTURE
The system architecture consists of the following modules (Figure 1):
e Video Capture
o Captures live video input from a webcam using OpenCV.
o Streams the video frames continuously for processing.
o Supports different camera resolutions for flexibility.
e Hand Detection
o Utilizes the HandDetector from the Cvzone library, built on top of MediaPipe, to detect 21
key hand landmarks.
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o Employs a lightweight and efficient pipeline to ensure minimal computational latency.

o Implements adaptive thresholding to enhance detection accuracy under varying lighting
conditions [10].

Gesture Recognition

o Identifies key finger gestures, including finger pinching, tapping, and finger spread.

o Uses the fingersUp() function to determine which fingers are active or inactive.

o Incorporates gesture smoothing algorithms to reduce jitter and enhance stability.

Cursor Mapping

o Maps the detected index finger coordinates to the screen space using the numpy.interp()
function.

o Calibrates screen coordinates dynamically to accommodate different display sizes and
resolutions.

o Implements pointer acceleration to improve precision in fine movements [11].

Click and Scroll Detection

o Detects click gestures by calculating the Euclidean distance between the thumb and index
finger.

o Implements left-click, right-click, double-click, and scroll functions based on finger pinch
and spread gestures.

o Incorporates drag-and-drop functionality for enhanced interactivity [12].

System Control

o Uses the mouse Python library to simulate mouse actions triggered by gesture recognition.

o Integrates threading mechanisms to introduce small delays between successive clicks to
prevent unintentional double-clicking [13].

Performance Optimization

o Uses multithreading to handle video capture and gesture processing simultaneously.

o Reduces CPU (central processing unit) usage by optimizing algorithmic complexity and
using efficient data structures.

o Implements delay management to balance responsiveness and accuracy [ 14].

Capture video from
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Figure 1. Data flow diagram.

Implementation Details

The implementation of the hand-tracking-based mouse control system involves the following
technical components (Figure 2):

e Hand Detection

o Uses OpenCV for video streaming and frame capture.
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o Leverages MediaPipe's pre-trained hand tracking models for detecting hand landmarks in
real time [15].
o Applies filtering techniques to eliminate noise and ensure consistent hand detection.
e Finger Recognition
o Implements the fingersUp() function to detect which fingers are extended and which are
folded.
o Uses distance calculations to differentiate between gestures such as pinch and spread.
o Adapts gesture recognition to support both left- and right-handed users.
e Cursor Control
o Employs numpy.interp() to map the detected finger coordinates to screen coordinates
efficiently.
o Integrates cursor smoothing to reduce sudden jumps and maintain fluidity in pointer
movement.
o Implements dynamic cursor speed adjustment to improve precision and usability.
e Mouse Actions
o Uses the mouse library to execute simulated mouse clicks and scrolls based on gesture
detection.
o Implements click confirmation by requiring a sustained gesture for a short duration to prevent
false triggers [16].
o Supports multi-click functions, such as double-click and right-click, through distinct gesture
combinations.
e Delays and Threading
o Uses Python threading to manage input events and avoid click flooding.
o Incorporates delays between clicks to maintain consistency and user control.
o Utilizes parallel processing for handling both cursor control and gesture recognition
concurrently.
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Figure 2. Entity relationship diagram.
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ALGORITHMS AND CONCEPTS FOR MAINTAINING ACCURACY

To achieve high accuracy in hand-tracking-based mouse control, it is crucial to integrate robust
algorithms and concepts that minimize errors and enhance gesture recognition. Various algorithms and
models are employed to ensure consistent and accurate performance across diverse environments [17].

Hand Tracking and Detection Algorithms

Hand tracking and detection are fundamental for accurate gesture recognition. Implementing reliable
algorithms ensures that the system can efficiently detect hand landmarks and movements. Key
algorithms include:

MediaPipe Hand Tracking: MediaPipe, developed by Google, is a lightweight, real-time hand-
tracking framework that detects 21 hand landmarks. It leverages machine learning models to
accurately map hand joints and finger tips, making it suitable for various HCI applications. The
system can operate at high frame rates with minimal latency, making it ideal for touchless mouse
control.

YOLO (You Only Look Once): YOLO is a state-of-the-art, deep-learning-based object detection
algorithm known for its speed and precision. It can be employed to detect hands and track their
movement, providing robust and fast hand detection even in dynamic environments. By
processing the entire image in a single pass, YOLO achieves low-latency results, making it
suitable for real-time applications.

OpenPose: OpenPose is a multi-person keypoint detection library that accurately tracks hand and
finger positions. It is capable of detecting hand movements and gestures in crowded or complex
scenes. OpenPose leverages convolutional neural networks to extract keypoints, making it
valuable for applications requiring multi-hand interaction.

Gesture Recognition for Mouse Control
Gesture recognition is the process of identifying specific hand movements and translating them into
mouse actions. Advanced techniques include:

Convolutional Neural Networks (CNNs): CNNs are widely used for classifying hand gestures,
such as clicking, scrolling, and dragging. They efficiently learn spatial hierarchies and are well-
suited for detecting complex patterns in hand movement data. CNNs can be trained on gesture
datasets to achieve high accuracy in recognizing common mouse actions.

Long Short-Term Memory (LSTM) Networks: LSTM networks are effective in capturing temporal
patterns in gesture movements. By maintaining memory of previous frames, LSTM models are
ideal for detecting continuous hand motions and reducing false positives in dynamic interactions.
Support Vector Machines (SVMs): SVMs are effective for classifying both static and dynamic
gestures. They can be trained on hand movement data to detect specific gestures, such as pinching
or finger spreading, which correspond to various mouse actions.

Noise Reduction and Robustness Techniques
To maintain consistent performance, the system must handle noise and environmental variations
effectively. Key techniques include:

Kalman Filter: The Kalman filter is used to smooth out hand-tracking data and reduce sudden
jumps or inaccuracies. By predicting the next position based on previous states, it enhances
gesture stability and tracking accuracy.

Adaptive Thresholding: Adaptive thresholding dynamically adjusts to changes in lighting
conditions, ensuring accurate hand detection even in variable environments. This technique
minimizes false detections caused by shadows or fluctuating brightness.

Histogram of Oriented Gradients (HOG): HOG enhances feature extraction by capturing edge
and gradient information. It improves robustness against noise and makes hand detection more
reliable, especially in low-contrast settings.
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Artificial Intelligence-Based Enhancement for Improved Accuracy

Advanced artificial intelligence (Al) models and learning techniques can further enhance accuracy

and adaptability. Some approaches include:

o Deep Learning Models (ResNet, MobileNet): These models are fine-tuned to perform accurate
gesture recognition under various conditions, leveraging deep feature extraction for precise
classification.

o Transformer-Based Models: Transformer networks improve sequence prediction by modeling
long-range dependencies between hand movements, enhancing the prediction accuracy for
complex gestures.

o Self-Supervised Learning: Self-supervised learning reduces the dependency on large labeled
datasets by leveraging unsupervised methods to generate high-quality feature representations.
This approach is beneficial when labeled gesture data is limited.

Multi-Hand Interaction Support
To expand functionality and usability, multi-hand interaction techniques are essential:

e  Dual-Hand Tracking: Dual-hand tracking enables users to perform multi-functional inputs
simultaneously, such as using one hand for navigation and the other for clicking or scrolling. This
interaction style improves efficiency in multitasking scenarios.

o  Dynamic Gesture-Based Actions: By detecting movement patterns and context-based
interactions, dynamic gesture-based actions allow for more natural and intuitive mouse control.
For example, swiping gestures can initiate scrolling, while pinching can trigger clicking actions.

TESTING

The system underwent rigorous testing to ensure accuracy, responsiveness, and reliability. Unit
testing was performed on individual modules such as hand detection, gesture recognition, and cursor
control. System testing validated seamless integration of all components under different lighting
conditions. Error handling mechanisms were tested to minimize false detections and improve
robustness. Overall, the testing phase ensured that the virtual mouse system met functional and usability
requirements for practical deployment as shown in Figure 3.

B Qoo - e e G ,q ’ Ae W PND
Figure 3. Testing.
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EXPERIMENTAL RESULTS
Following are the experimental results of the work.

Performance Evaluation
e Latency: The system achieves an average response time of 20 to 30 ms, ensuring near-
instantaneous cursor movement.
e Accuracy: The gesture recognition accuracy is measured at 95% under controlled lighting
conditions.
o User Experience: Informal user testing showed a smooth experience with minor limitations in
low-light conditions.

Discussion and Limitations
While the system performs well, some limitations exist:
o Lighting Dependency: Hand detection accuracy reduces in poor lighting.
o Occlusion Issues: Overlapping fingers may cause recognition errors.
o  Calibration Needs: Users may need a brief calibration period for optimal accuracy.

CONCLUSION AND FUTURE WORK

This study demonstrates the feasibility of hand-tracking-based mouse control for touchless HCI. The
suggested system employs advanced computer vision and machine learning methods to facilitate real-
time hand gesture recognition and smooth mouse operation. Future work includes enhancing robustness
to diverse lighting conditions by incorporating adaptive algorithms and fine-tuning gesture recognition
models for higher accuracy. Additionally, integrating more advanced Al models will allow for improved
gesture classification and prediction.

Another significant aspect of future work involves supporting multi-hand interactions, enabling
simultaneous control of different functions through dual-hand tracking. Incorporating user feedback
and real-world testing will further help refine system performance and usability. Moreover, the system
can be extended to include multi-modal interactions by combining voice commands and hand gestures,
providing an even more immersive and hands-free computing experience.

In the long term, research can focus on optimizing computational efficiency to reduce latency and
enable deployment on low-power devices. Addressing privacy concerns related to real-time video
processing can also foster wider adoption. By continually advancing gesture-based HCI systems, the
goal of creating highly accessible and intuitive human-computer interaction experiences will become
more achievable.
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