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ABSTRACT:

This paper presents a comprehensive overview of developing a virtual mouse system that utilizes hand gesture recognition and computer vision techniques,
implemented primarily in Python. Such a system allows users to control the computer's mouse cursor and perform actions like clicking and scrolling through
intuitive hand movements captured by a standard webcam. This technology offers a touchless and more natural alternative to traditional input devices. The paper
details the system architecture, including image acquisition, hand detection and tracking, gesture identification, and mapping gestures to mouse functionalities.
Key Python libraries and algorithms central to this implementation are discussed, along with methodologies for feature extraction, model training (if applicable),
and real-time performance. Furthermore, the paper explores evaluation metrics, common challenges such as varying lighting conditions and gesture ambiguity,
and potential future enhancements to improve robustness and user experience.

1. Introduction

Traditional computer input devices like the mouse and keyboard have been standard for decades. However, with advancements in computer vision and
machine learning, alternative human-computer interaction (HCI) methods are emerging. A virtual mouse system controlled by hand gestures represents
one such innovation, offering a more intuitive, natural, and touchless way to interact with computers. This is particularly beneficial in scenarios where
physical contact with devices is undesirable (e.g., sterile environments, public kiosks) or for individuals with certain physical limitations.
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Figure 1: Co-ordinates or landmarks in the hand using Mediapipe

1.1 Importance and Applications

e  Enhanced Accessibility: Provides an alternative input method for users who find traditional mice difficult to use.

®  Touchless Interaction: Crucial for hygiene in public interfaces, medical settings, or during presentations.

e Intuitive Control: Leverages natural hand movements, potentially reducing the learning curve for new users.

e  Gaming and Virtual Reality (VR) / Augmented Reality (AR): Offers more immersive and natural control schemes.

®  Presentations: Allows presenters to control slides and pointers seamlessly without being tethered to a computer.
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1.2 System Goals

The primary goals of a hand gesture-based virtual mouse system are:
e  Accurate Hand Detection and Tracking: Robustly identify and follow the user's hand in real-time.

e  Reliable Gesture Recognition: Correctly interpret specific hand postures or movements as predefined commands (e.g., pointing, clicking,
dragging).

e Smooth Cursor Control: Translate hand movements into fluid and precise mouse cursor movements on the screen.
e  Real-time Performance: Ensure minimal latency between gesture execution and system response.

e  User-Friendliness: Provide an intuitive and easy-to-use interface.
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Figure 2: Dataflow Diagram for Virtual Mouse using Hand Gesture Recognition

2. Literature Review

[1]. OpenCV (Open Source Computer Vision Library) is an open-source, cross-platform computer vision and machine learning software library.
Originally developed by Intel, it is now maintained by the OpenCV.org foundation. The library contains more than 2,500 optimized algorithms and
supports real-time image and video processing tasks such as object detection, face recognition, motion tracking, and gesture recognition.

[2]. MediaPipe is a cross-platform framework developed by Google for building multimodal, customizable, and efficient perception pipelines for
computer vision and machine learning applications. It supports a wide range of functionalities such as face detection, object tracking, and hand gesture
recognition through a modular and reusable architecture.

[3]. This study explores the application of machine learning (ML) and convolutional neural networks (CNNs) for the task of hand gesture
recognition, a key component of human-computer interaction (HCI). The authors present a system that captures hand gestures through a webcam,
processes the image data, and classifies the gestures using trained CNN models.

[4]. This paper presents the design and implementation of a virtual mouse system controlled by hand gestures, aiming to replace physical input
devices with a more intuitive and touchless human-computer interaction method. The authors leverage computer vision and gesture recognition
techniques using Python, OpenCV, and MediaPipe for hand tracking.

[5]. This paper presents a practical approach to real-time hand tracking and gesture recognition using Python and OpenCV, with a focus on
building interactive systems for human-computer interaction (HCI). The work emphasizes simplicity and efficiency, making it accessible for
implementation without requiring deep learning or complex hardware.

[7]. This seminal review paper provides a comprehensive overview of the techniques, challenges, and future directions in the visual interpretation of
hand gestures for human-computer interaction (HCI). It discusses the role of hand gestures as a natural and intuitive interface for communication
between humans and machines, moving beyond traditional input devices like the keyboard and mouse.

[8]. This paper introduces a novel approach to hand gesture recognition using 3D Convolutional Neural Networks (3D-CNNs), which capture both
spatial and temporal features from video sequences. The method addresses limitations of traditional 2D-CNNSs in recognizing dynamic gestures
where motion over time is a key distinguishing factor
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Several existing systems and research prototypes have demonstrated the feasibility of vision-based virtual mice, each with varying levels of accuracy,
robustness, and supported gestures.

3. Methodology
The development of a virtual mouse system using hand gestures typically involves the following stages, forming a pipeline:
3.1 System Architecture

A typical system architecture includes:
1. Image Acquisition: Capturing video frames from a webcam.
2. Hand Detection & Tracking: Locating the user's hand(s) in each frame and tracking its movement.
3. Preprocessing: Preparing the hand region for feature extraction (e.g., resizing, normalization, background removal).
4.  Feature Extraction: Extracting relevant information from the hand region to describe its posture or motion.
5. Gesture Recognition: Classifying the extracted features into predefined gestures.

6.  Gesture-to-Mouse Mapping: Translating recognized gestures into corresponding mouse control commands.
3.2 Image Acquisition

e A standard webcam is used to capture a continuous stream of video frames.

e  Frame rate and resolution are important factors affecting real-time performance and accuracy.
3.3 Hand Detection and Tracking

This is a critical step. Common approaches include:

®  Color-based Segmentation: Using skin color models (e.g., in HSV or YCbCr color space) to segment the hand region. This is simple but
sensitive to lighting conditions and background colors.

e  Background Subtraction: If the background is static, it can be modeled and subtracted to isolate moving objects like hands.
e  Contour Detection: After segmentation, finding the contour of the hand.
®  Machine Learning / Deep Learning based Detectors:

o  Haar Cascades / HOG+SVM: Traditional ML object detectors.

O  CNN-based Detectors (e.g., MediaPipe Hands, YOLO, SSD): These provide much higher accuracy and robustness, often
detecting hand landmarks (keypoints like fingertips, knuckles) directly. MediaPipe Hands is particularly popular for its real-time
performance and detailed landmark output.

Once detected, the hand's position (e.g., centroid or a specific landmark like the index fingertip) is tracked across frames.
3.4 Preprocessing of Hand Region

®  Region of Interest (ROI) Extraction: Cropping the detected hand region.

®  Resizing: Normalizing the hand ROI to a fixed size.

®  Grayscale Conversion: Often sufficient for gesture recognition and reduces computation.
e  Filtering: Applying smoothing filters (e.g., Gaussian blur) to reduce noise.

e  Thresholding/Binarization: Creating a binary image of the hand silhouette.
3.5 Feature Extraction

Descriptive features are extracted from the processed hand region.

e  Geometric Features:
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o  Centroid of the hand.

O Number of extended fingers: Often determined using convexity defects of the hand contour or by analyzing distances between
landmarks.

o  Fingertip locations.

O Hand orientation.

O  Aspect ratio of the hand bounding box.
e  Contour-based Features: Shape descriptors derived from the hand's outline.
e  Appearance-based Features:

O  Histograms of Oriented Gradients (HOG).

o  Pixel intensities directly (used by CNNs).

e Hand Landmark Coordinates (from models like MediaPipe Hands): The 2D or 3D coordinates of keypoints on the hand provide rich
features directly.

3.6 Gesture Recognition

This module interprets the extracted features to identify predefined gestures.

e  Rule-based Systems: Simple gestures can be recognized using heuristic rules. For example:
o  Pointing (Cursor Movement): Index finger extended, other fingers closed. The tip of the index finger controls the cursor.
o  Clicking: A specific gesture like bringing the thumb and index finger together (“pinching"), or closing a fist.
o Scrolling: Two fingers extended (e.g., index and middle) and moving them up/down.

(] Machine Learning Classifiers:
O  Ifadataset of labeled gestures is available, classifiers like SVM, k-NN, Random Forests can be trained on the extracted features.
o  Deep Learning Models (CNNs): Can learn to classify static hand postures directly from the hand ROl image.

e  Dynamic Gesture Recognition (for more complex actions):

o  HMMs, RNNs (LSTM/GRU): If the gesture involves motion over time.
3.7 Gesture-to-Mouse Event Mapping

Once a gesture is recognized, it's translated into a mouse command.

®  Cursor Movement:
O  The position of a tracked point on the hand (e.g., index fingertip or hand centroid) is mapped to screen coordinates.
O Smoothing algorithms (e.g., moving average filter) might be applied to reduce jittery cursor movement.
O Sensitivity adjustment (scaling factor between hand movement and cursor movement).

®  Mouse Clicks:
O  Left Click: e.g., index finger and thumb touching, or a quick fist closure.
o Right Click: e.g., middle finger and thumb touching, or a different static posture.
o  Double Click: Two quick click gestures.

e  Dragging:
o A'click-and-hold" gesture (e.g., maintaining a pinch) while moving the hand.

e  Scrolling:

o  e.g., Two fingers extended (index and middle) and moving them vertically. The direction and speed of hand movement determine
scroll direction and speed.
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4. Implementation using Python

Python is well-suited for this task due to its rich set_of computer vision and machine learning libraries.
Step 1: Add a file at path folder_name/requirements.txt
pyautogui==0.9.53

opencv-python==4.5.3.56

mediapipe==0.8.6.2

comtypes==1.1.10

pycaw==20181226

screen-brightness-control==0.9.0

Step 2:

conda create --name gest python=3.8.5

Step 3:

conda activate gest

Step 4:

pip install -r requirements.txt

Step 5: cd src

python Virtual_Mouse.py(run the saved file )
Importing Required Modules

Firstly we need to sets up the necessary dependencies for a Python program that may involve computer vision, audio control, and screen brightness
control.

import cv2
import mediapipe as mp
import pyautogui
import math
from enum import IntEnum
from ctypes import cast, POINTER
from comtypes import CLSCTX_ALL
from pycaw.pycaw import AudioUtilities, IAudioEndpointVolume
from google.protobuf.json_format import MessageToDict
import screen_brightness_control as sbcontrol
Convert Mediapipe Landmarks to recognizable Gestures
class HandRecog:
def __init__(self, hand_label):

self.finger =0

self.ori_gesture = Gest.PALM

self.prev_gesture = Gest. PALM

self.frame_count =0

self.hand_result = None



International Journal of Research Publication and Reviews, Vol 6, Issue 6, pp 1002-1009 June 2025 1007

self.hand_label = hand_label
def update_hand_result(self, hand_result):
self.hand_result = hand_result
def get_signed_dist(self, point):
sign=-1
if self.hand_result.landmark[point[0]].y < self.hand_result.landmark[point[1]].y:
sign=1
dist = (self.hand_result.landmark[point[0]].x - self.hand_result.landmark[point[1]].x)**2
dist += (self.hand_result.landmark[point[0]].y - self.hand_result.landmark[point[1]].y)**2
dist = math.sqrt(dist)
return dist*sign
def get_dist(self, point):
dist = (self.hand_result.landmark[point[0]].x - self.hand_result.landmark[point[1]].x)**2
dist += (self.hand_result.landmark[point[0]].y - self.hand_result.landmark[point[1]].y)**2
dist = math.sqrt(dist)
return dist
def get_dz(self,point):
return abs(self.hand_result.landmark[point[0]].z - self.hand_result.landmark[point[1]].z)
# Function to find Gesture Encoding using current finger_state.
# Finger_state: 1 if finger is open, else 0
e  NumPy: For efficient numerical operations, especially array manipulations for image data and feature vectors.

e  PyAutoGUI / pynput: Libraries to programmatically control the mouse and keyboard. PyAutoGUI is often simpler for basic mouse
movements and clicks.

e  Scikit-learn: If training custom ML models (SVM, Random Forest, etc.) for gesture classification based on handcrafted features.

e  TensorFlow / Keras/PyTorch: If developing or fine-tuning deep learning models (CNNs, LSTMSs) for gesture recognition.
4.2 Algorithm Details (Example using MediaPipe and Rule-based Gestures)

1. Setup: Initialize webcam, MediaPipe Hands solution, and PyAutoGUI. Get screen dimensions.
2. Frame Capture: Read a frame from the webcam.
3. Hand Landmark Detection: Process the frame with MediaPipe Hands to get landmark coordinates for the detected hand(s).
4.  Gesture Logic:
O  Cursor Control:
- Identify the index fingertip landmark (e.g., landmark[8]).
= Convert its normalized coordinates (0-1 range from MediaPipe) to screen coordinates.
= Apply smoothing (e.g., weighted average with previous cursor position) to reduce jitter.
®  Use pyautogui.moveTo() to move the cursor.
o  Click Detection (Example: Pinch Gesture):

=  Get coordinates of the thumb tip (landmark[4]) and index fingertip (landmark[8]).
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= Calculate the Euclidean distance between them.
= [f the distance is below a small threshold, register a "pinch™ (potential click).

. Implement a debouncing mechanism or state machine to differentiate between a hold (for dragging) and a quick pinch
(for a click).

= Use pyautogui.click() or pyautogui.mouseDown() / pyautogui.mouseUp().
o Scroll Detection (Example: Two Fingers Up/Down):

= Check if index finger (landmark[8]) and middle finger (landmark[12]) are extended (e.g., their y-coordinates are
significantly above their respective MCP joints).

=  Track the vertical movement of the midpoint between these fingertips.
= Use pyautogui.scroll() with positive or negative values.
5.  Display: Optionally, draw hand landmarks and gesture information on the output frame using OpenCV.

6. Loop: Repeat from step 2.

5. Evaluation Metrics

Evaluating the performance of a virtual mouse system involves assessing:
e  Gesture Recognition Accuracy: Percentage of gestures correctly identified by the system.
e  Cursor Control Precision: How accurately the user can position the cursor. This can be measured using Fitts's Law tasks.
®  Response Time (Latency): The delay between performing a gesture and the system's response.
e  Task Completion Time & Error Rate: Measuring user performance on standardized pointing and clicking tasks.
®  Robustness: Performance under varying lighting conditions, different backgrounds, and with different users.

e  User Experience (UX): Subjective feedback from users regarding ease of use, intuitiveness, and comfort, often collected via questionnaires
(e.g., System Usability Scale - SUS).

Output:

v =) >

Welcome to Virtual Mouse

.

Figure 3: GUI Interface Figure 4: Roading pomnts of right hand Figure S: Cursor moving

Figurve 6: [ off Clhck Figure 7: Right Click [Figure 8: 2ioving horizontally brightness control]l

1. When run the .py file: GUI will be open

2. Click on Track Mouse Button: Webcam will be open to capture hand gestures.

3. No action performed : When all the five figures up then the cursor will stop moving.

4. Cursor Moving: When both index and multiple fingers up.

5.  Left Button Click: Lower the index finger and raise the middle finger.

6. Right Button Click: Lower the middle finger and raise the index finger.

7. Brightness Controll: Make pinch of index finger and thumb and raise all the rest of fingers and move hand horizontally.

8) Volume Control: Make pinch of index finger and thumb and raise all the rest of fingers. Move hand vertically.
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Figure 9: Volume Control

6. Conclusion and Future Work

Virtual mouse systems using hand gesture recognition and computer vision offer a promising alternative to traditional input methods, with Python
providing a powerful and flexible platform for their development. The integration of advanced libraries like MediaPipe has significantly simplified the
implementation of accurate hand tracking. While challenges related to robustness and user experience persist, ongoing research in computer vision and
machine learning continues to drive improvements.

Future work could focus on:

e  Improved Gesture Set: Designing more complex and nuanced gestures, possibly including dynamic gestures for a richer set of commands.

®  Personalization: Allowing users to define their own custom gestures or adapting the system to individual user styles.

e  Context-Awareness: Making the system aware of the application context to adapt gesture mappings or sensitivity.

®  Reduced Computational Load: Optimizing algorithms for smoother performance on less powerful hardware or for integration into
embedded systems.

e 3D Hand Pose Estimation: Utilizing 3D landmark data for more robust gesture recognition, less susceptible to viewpoint changes.

e Integration with Other Modalities: Combining hand gestures with voice commands or eye tracking for a multimodal interaction
experience.

e  Advanced Feedback Mechanisms: Providing users with clearer visual or haptic feedback about recognized gestures.

e  Addressing Fatigue: Designing interaction techniques that minimize physical strain.
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