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ABSTRACT : 

Human-computer interaction (HCI) remains heavily reliant on physical input peripherals such as mechanical mice, trackpads, and keyboards. For individuals 

afflicted with severe motor impairments, quadriplegia, amyotrophic lateral sclerosis (ALS), spinal cord injuries, or repetitive strain trauma, conventional physical 

interfaces present insurmountable accessibility barriers. Existing vision-based assistive pointing technologies frequently demand proprietary infrared illuminators, 

computationally burdensome deep learning models requiring discrete graphics hardware, or extensive per-user calibration procedures. Furthermore, webcam-based 

gaze trackers suffer persistently from three operational dilemmas: high-frequency cursor jitter induced by microscopic involuntary eye and head tremors, target 

reachability constraints along display perimeters, and unintended click actuations caused by involuntary bilateral blinking (the classic "Midas Touch" problem). 

To overcome these constraints, this research presents an end-to-end, real-time, non-invasive hands-free pointing and interaction system operating strictly on 

commodity monocular RGB webcams without dedicated hardware accelerators. Leveraging the Google MediaPipe FaceMesh framework, the architecture extracts 

468 three-dimensional facial geometric landmarks alongside refined iris keypoints in real time. We formulate a centroid-relative spatial mapping algorithm that 

computes iris displacements with respect to the mathematical center of the acquired frame, effectively eliminating baseline ocular drift and asymmetric bias. To 

suppress high-frequency micro-tremors without introducing unacceptable phase latency, a rolling-buffer temporal averaging filter (𝑁 = 12 frames) is integrated 

with a non-linear 2.5 ×radial sensitivity scalar, enabling effortless edge-to-edge display navigation while requiring minimal cervical rotation. Click execution is 

governed by a temporal state engine that analyzes vertical eyelid aperture differentials between landmarks 374 and 386; intentional winks are isolated from 

involuntary bilateral blinks via a dual-eye comparative filter, yielding a dramatic reduction in accidental click activations. Furthermore, to address vertical navigation 

in long-form digital content, we propose an oromandibular gesture mode: monitoring Euclidean lip separation (landmarks 13 and 14) dynamically toggles an 

automatic document scrolling engine whose directional polarity is indexed by the cursor's vertical position relative to the screen midpoint. Evaluated on commodity 

consumer hardware, the system maintains a deterministic throughput of 15–25 frames per second (FPS) on a multi-core CPU architecture with an overall click 

precision exceeding 90% and stable zero-drift boundary clamping. The resulting framework provides a robust, zero-cost, and computationally efficient assistive 

tool that democratizes digital accessibility for motor-impaired individuals. 

 

Keywords: Assistive Technology, Human-Computer Interaction (HCI), Computer Vision, MediaPipe FaceMesh, Iris Landmark Telemetry, Gaze 

Estimation, Eye Aspect Ratio, Wink Click Discrimination, Oromandibular Scrolling, PyAutoGUI, OpenCV, Real-Time Edge Processing. 

1. Introduction 

1.1 Background of Assistive Human-Computer Interfaces 

The rapid digitization of education, governance, professional employment, and social communication has made digital interface accessibility a 

fundamental human necessity. For decades, personal computing has adhered strictly to the desktop metaphor formulated around physical transducers: the 

QWERTY keyboard and the two-dimensional pointing device (mouse). These peripherals implicitly assume that the human operator possesses unimpaired 

motor coordination, tactile dexterity, and sustained muscular endurance in the upper extremities. 

For millions of individuals worldwide diagnosed with severe motor disabilities—including cerebral palsy, amyotrophic lateral sclerosis (ALS), multiple 

sclerosis, muscular dystrophy, cervical spinal cord injuries, and amputation—physical manipulation of a mouse is difficult or physically impossible. 

When individuals lose the ability to control standard peripherals, their capacity to independently operate personal computers, access vocational platforms, 

communicate, and browse educational literature is critically impaired. Consequently, engineering reliable, intuitive, and hands-free human-computer 

interfaces represents an urgent imperative within assistive computing and biomedical engineering. 

http://www.ijrpr.com/
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1.2 Limitations of Specialized Hardware and Commercial Eye Trackers 

In response to accessibility challenges, specialized assistive pointing technologies have emerged commercially. Prominent among these are corneal-

reflection eye-tracking systems (such as those engineered by Tobii Dynavox, Smartbox, and EyeTech). These commercial platforms typically incorporate 

dedicated near-infrared (NIR) light-emitting diodes (LEDs) and high-speed infrared sensors to detect the geometric vector between the pupil center and 

the corneal reflection (glint). 

While these dedicated hardware trackers achieve high angular tracking accuracy under controlled laboratory conditions, their practical utility for 

widespread accessibility deployment is severely constrained: 

1. Prohibitive Financial Cost: Commercial infrared gaze trackers typically cost thousands of dollars, placing them far beyond the economic 

reach of students, families, and healthcare facilities in developing economies. 

2. Proprietary Software Stacks: Most commercial systems operate as closed ecosystems, providing limited programmatic flexibility to modify 

underlying interaction mechanics or interface with custom operating system primitives. 

3. Complex Multi-Point Calibration: Infrared systems demand rigorous 9-point or 16-point geometric calibration before each session. If the 

user shifts their posture, tilts their head, or adjusts their chair slightly, the calibration degrades, requiring repeated re-initialization. 

4. Environmental Sensitivity: Infrared trackers perform poorly in rooms illuminated by direct sunlight, which floods the optical sensors with 

ambient infrared radiation. 

1.3 The Emergence of Vision-Based Perceptual Computing 

The ubiquitous integration of high-definition complementary metal-oxide-semiconductor (CMOS) webcams into standard laptops, desktop monitors, and 

personal workstations has catalyzed a paradigm shift toward vision-based perceptual computing. By transforming a standard, low-cost optical video 

stream into an intelligent behavioral sensor, software algorithms can continuously infer user intent without requiring physical contact or specialized 

hardware. 

Recent breakthroughs in deep learning and real-time facial landmark estimation—exemplified by Google’s MediaPipe framework—enable sub-

millisecond localization of three-dimensional facial coordinates directly on central processing units (CPUs). This development provides a powerful 

foundation for democratizing assistive pointing technology: any user possessing an entry-level laptop with an integrated webcam can theoretically access 

a fully hands-free mouse interface purely through software. 

1.4 Critical Research Challenges in Optical Pointer Control 

Despite the theoretical viability of webcam-based gaze tracking, practical realization of a daily-driver pointing interface is impeded by four classical 

computer vision and human-factor dilemmas: 

• The "Midas Touch" Dilemma: In normal human physiology, spontaneous bilateral blinking occurs involuntarily between 12 and 20 times 

per minute to lubricate the cornea. If a computer vision system maps a generic eyelid closure directly to a mouse click, the user inadvertently 

triggers dozens of destructive mouse clicks every minute. Differentiating an intentional command from a natural involuntary blink without 

demanding fatiguing facial contortions is a central hurdle. 

• Amplification of Micro-Jitter: High-resolution computer monitors (e.g., 1920 × 1080Full HD or 3840 × 21604K) encompass millions of 

addressable pixels. Conversely, the physical displacement of an iris within a webcam frame spans only a narrow region of 10 to 30 pixels. To 

enable an eye movement to traverse the entire display surface, software must apply a significant mathematical scaling multiplier. However, 

this scalar simultaneously amplifies sensor noise, camera quantization errors, and microscopic ocular tremors (fixational nystagmus), resulting 

in violent cursor vibration that renders precise clicking nearly impossible. 

• Asymmetric Baseline Drift and Edge Reachability: In typical desk setups, a user’s webcam is positioned atop the monitor bezel, angled 

downward. When an operator gazes directly forward, the physical optical vector does not align perpendicularly with the camera lens. 

Traditional systems that map raw bounding box coordinates directly to screen pixels invariably manifest asymmetric default offsets—

frequently pulling the cursor toward the right or upper quadrant. Furthermore, moving the cursor into the extreme lower 20% or corner zones 

of the display traditionally forces the user to rotate their neck to extreme, fatiguing angles. 

• Absence of Vertical Document Navigation: A standard physical mouse incorporates a mechanical scroll wheel alongside left and right tactile 

switches. While conventional gaze-tracking literature focuses exclusively on planar (𝑋, 𝑌)coordinate translation and basic clicking, real-world 

personal computer usage requires continuous bidirectional document and web-page scrolling. Attempting to scroll by dragging scrollbars via 

gaze locking causes severe user frustration. 

1.5 Purpose, Scope, and System Contributions 

This research paper details the architectural design, mathematical formulation, algorithmic implementation, and empirical evaluation of a complete, 

hands-free eye-controlled mouse interface engineered to resolve the aforementioned challenges. Operating entirely on consumer-grade RGB webcams, 

the system provides real-time cursor navigation, deliberate wink-based click actuation, and oromandibular gesture-activated document scrolling. 

The primary contributions of this work are summarized as follows: 

1. Centroid-Relative Radial Coordinate Transformation: We derive a spatial transformation model that benchmarks iris coordinates relative 

to the mathematical frame center rather than the image origin. Combined with a non-linear 2.5 ×radial sensitivity scalar, this formulation 

eliminates baseline default drift and guarantees comfortable edge-to-edge and corner-to-corner screen reachability without neck strain. 
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2. Temporal Rolling-Buffer Jitter Attenuation: We integrate an optimized 12-frame moving average buffer that suppresses high-frequency 

sensor quantization noise and fixational ocular nystagmus, delivering a highly stabilized pointing trajectory suitable for fine target selection. 

3. Dual-Eyelid Aperture Wink Discrimination: To resolve the Midas Touch dilemma, we implement a comparative eyelid aspect ratio state 

machine. By mathematically comparing the vertical aperture of the right eye against the left eye, the system effectively ignores natural bilateral 

blinks while accurately registering intentional single-eye winks, complemented by an adjustable temporal debounce cooldown. 

4. Oromandibular Gesture-Activated Scrolling Engine: We introduce an intuitive scrolling modality governed by inner-lip Euclidean 

landmark separation. When the user parts their lips beyond a calibrated threshold (0.015), cursor positioning temporarily halts, and a 

continuous vertical scroll stream is dispatched at 120 units per cycle, dynamically setting scroll direction (upward versus downward) based 

on the cursor’s spatial residency relative to the screen's vertical bisector. 

5. Lightweight, Modular Architecture: The complete pipeline is decoupled into discrete object-oriented subsystems (Camera, FaceTracker, 

MouseController, Config), ensuring high maintainability and achieving a deterministic execution throughput of 15–25 FPS on commodity 

multi-core CPUs without requiring GPU acceleration. 

1.6 Organization of the Paper 

The remainder of this research paper is structured as follows: Section 2 conducts an extensive review of existing literature in optical gaze tracking, facial 

landmark estimation, and assistive interaction paradigms. Section 3 articulates the formal problem statement. Section 4 presents the proposed system 

architecture, design specifications, and hardware/software environments. Section 5 provides an exhaustive mathematical and algorithmic breakdown of 

each functional module. Section 6 details implementation specifics, including parameter tuning and code architecture. Section 7 presents empirical results, 

performance metrics, jitter analyses, and boundary stress tests. Section 8 outlines the conclusion and identifies key trajectories for future research. Section 

9 provides bibliographic references, and Section 10 supplies supplementary implementation appendices. 

2. Literature Review 

2.1 Historical Evolution of Eye and Gaze Tracking 

The discipline of eye tracking has evolved across more than a century of biomechanical and computational experimentation. Early invasive methodologies 

developed in the late 19th and early 20th centuries relied on mechanical contact lenses equipped with physical levers or scleral search coils embedded in 

electromagnetic fields. While accurate, these techniques inflicted physical discomfort, carried ocular infection risks, and were restricted strictly to 

ophthalmological laboratory trials. 

In the mid-20th century, Electrooculography (EOG) emerged as a viable bioelectrical alternative. EOG measures changes in the electrical potential 

difference between the cornea (positively charged) and the retina (negatively charged) using cutaneous electrodes adhered around the orbital cavity. 

While EOG bypasses optical occlusion hurdles, the recorded signals suffer from low spatial resolution, baseline drift caused by skin perspiration, muscle 

artifact interference (electromyographic noise from facial expressions), and the requirement for continuous electrode adhesion. 

With the advent of digital imaging in the 1980s and 1990s, optical video-oculography (VOG) established dominance. VOG architectures bifurcated into 

two primary paradigms: 

• Infrared Pupil-Corneal Reflection (P-CR): P-CR systems project active near-infrared illumination onto the user’s eye, generating a bright-

pupil or dark-pupil effect alongside a sharp corneal glint. By computing the geometric vector between the pupil center and the corneal 

reflection, mathematical algorithms infer line-of-sight gaze angles independent of small head movements. Although highly accurate, P-CR 

systems remain expensive, sensitive to ambient infrared sunlight, and reliant on proprietary sensor bars. 

• Appearance-Based Passive Optical Tracking: Passive optical approaches rely exclusively on ambient, visible-spectrum illumination 

captured by standard RGB cameras. These systems model gaze as a computational mapping function directly from eye appearance crops to 

display coordinates. While universally accessible and hardware-agnostic, passive appearance-based methods historically struggled with 

variable indoor lighting, user head pose variations, and poor image resolution. 

2.2 Facial Landmark Estimation Architectures 

The foundational prerequisite for passive webcam-based interaction is the rapid and reliable localization of facial anatomy. Early computer vision 

implementations relied on the classical Viola-Jones cascade framework, which utilizes Haar-like features and AdaBoost classifiers to generate rectangular 

bounding boxes around the face and eyes. However, bounding boxes provide coarse spatial granularity, failing to isolate specific anatomical boundaries 

like the eyelid margins or pupil contours. 

In 2014, Kazemi and Sullivan published their seminal work, One Millisecond Face Alignment with an Ensemble of Regression Trees [5]. By learning a 

cascade of gradient-boosted regression trees that optimize a normalized sum of squared errors, their algorithm demonstrated the ability to estimate 68 

facial landmark coordinates in under one millisecond on standard CPU cores. This 68-point Dlib topology became the standard baseline for academic 

gaze and drowsiness detection projects. However, the classic 68-point model exhibits notable deficiencies: its landmark density around the ocular margins 

is sparse (only 6 points per eye), and it completely lacks specific landmark regressions for the internal iris boundaries. 

To overcome these constraints, Google Research released MediaPipe FaceMesh in 2019 [2], [7]. MediaPipe operates via an optimized two-stage neural 

pipeline: 

1. An initial single-shot detector (BlazeFace) localizes face bounding boxes across the full image canvas. 
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2. A lightweight 3D facial landmark regression network processes the tightly cropped facial region, outputting 468 high-precision 3D 

coordinates. 

In refined configurations, MediaPipe integrates a secondary neural sub-model that regresses 10 specialized iris landmarks (5 points per iris, spanning 

indices 473–477 for the right eye and 468–472 for the left eye). This sub-millisecond, sub-pixel iris estimation capability provides the precise 

mathematical spatial anchor necessary for webcam-based pointing, eliminating the need for complex Hough circle transforms or fragile intensity 

thresholding. 

2.3 Blink Detection and the Eye Aspect Ratio (EAR) Metric 

Quantifying eyelid dynamics is essential for detecting eye closure events. Historically, optical blink detection was performed via template matching, 

frame differencing (computing pixel intensity deltas between successive ocular crops), or optical flow. These approaches exhibited extreme vulnerability 

to head rotation and ambient shadow fluctuations. 

In 2016, Soukupová and Čech formalized the Eye Aspect Ratio (EAR) [8], a geometric metric defined by the ratio of vertical eyelid distances to horizontal 

eye length: EAR =
∥𝑝2−𝑝6∥+∥𝑝3−𝑝5∥

2∥𝑝1−𝑝4∥
where 𝑝1,… , 𝑝6represent the six discrete 2D landmark coordinates defining the eye contour. When the eye is open, the 

EAR remains relatively constant (typically between 0.25and 0.35). When an eye closure occurs, the vertical distances rapidly approach zero, causing the 

EAR to drop precipitously below a calibrated threshold (typically < 0.20). 

While EAR provides a normalized, illumination-invariant metric for general drowsiness detection, directly deploying standard EAR for mouse clicking 

introduces significant operational friction. In real-world assistive environments, computing full six-point EAR across both eyes adds redundant floating-

point operations. More critically, human winking induces asymmetric facial contraction: attempting to close one eye causes the adjacent eye to partially 

squint due to shared orbicularis oculi muscle groups. A naive EAR implementation frequently misclassifies a wink as a bilateral blink or vice versa. 

Addressing this sympathetic contraction necessitates an asymmetric differential logic rather than a static dual-eye threshold. 

2.4 Assistive Pointer Control Paradigms and the Midas Touch Dilemma 

The term "Midas Touch," originally coined in HCI literature by Robert Jacob in 1990 [9], describes the fundamental challenge of using an organ of 

perception (the eye) as an organ of physical actuation: everywhere the user looks, an unintended command is executed. 

To circumvent the Midas Touch dilemma, researchers have explored three primary selection modalities: 

• Dwell Time Selection: The user fixes their gaze upon a discrete visual target for a predetermined dwell duration (typically between 400 ms 

and 1200 ms). Once the timer expires, a click is dispatched. While effective for static virtual keyboards, dwell time introduces substantial 

cognitive and temporal latency during general operating system navigation. Furthermore, dwell time induces user anxiety, as resting one's 

gaze on an active icon inadvertently triggers clicks. 

• Secondary Physical Switches: Users with residual motor control in other muscle groups (e.g., sip-and-puff breath switches, foot pedals, or 

electromyographic bite sensors) use gaze strictly for cursor translation, delegating click actuation to the secondary physical channel. While 

robust, this hybrid model reintroduces external hardware dependencies, violating the zero-cost commodity software objective. 

• Intentional Facial Gestures: Users trigger clicks via deliberate facial muscle patterns, such as exaggerated blinks, prolonged winks, eyebrow 

raises, or mouth openings. Gesture-based actuation preserves purely optical, zero-cost operation but requires highly tuned discriminative logic 

to separate deliberate voluntary gestures from natural, involuntary facial motions. 

2.5 Comparative Literature Survey Matrix 

Table 1 provides an analytical comparison of significant prior works in optical gaze tracking, facial landmark estimation, and assistive pointer interaction, 

contrasting their architectural paradigms, hardware requirements, and documented limitations against the proposed system. 

Table 1: Comprehensive Literature Comparison Matrix 

Reference / 

System 
Modality & Approach 

Required 

Hardware 

Processing 

Platform 

Tracking Fidelity & 

Features 
Primary Identified Limitations 

Bradski & 

Kaehler (2008) [1] 

Classical OpenCV, 

Haar Cascades, Optical 

Flow 

Standard 

Webcam 
CPU 

Coarse face/eye bounding 

box tracking 

Highly sensitive to lighting shifts; lacks 

fine iris keypoints; high cursor jitter. 

Kazemi & 

Sullivan (2014) [5] 

Ensemble of 

Regression Trees (68 

Landmarks) 

Standard 

Webcam 
CPU 68 2D facial landmarks 

Sparse ocular points (6 per eye); lacks 

dedicated iris tracking; susceptible to 

head roll. 

Soukupová & 

Čech (2016) [8] 

Real-Time Eye Blink 

Detection using EAR 

Standard 

Webcam 
CPU 

6-point EAR calculation 

per eye 

Optimized strictly for drowsiness; prone 

to false clicks caused by involuntary 

natural blinks. 

Google MediaPipe 

(2019) [2], [7] 

Deep Learning 3D 

FaceMesh & Iris 

Regression 

Standard 

Webcam 

Mobile CPU / 

GPU 

468 Face + 10 Iris 3D 

landmarks 

Raw framework only; provides 

coordinates without pointer mapping, 

smoothing, or click triage. 

Sweigart (2020) PyAutoGUI OS-Level Desktop Host OS Programmatic No native computer vision layer; requires 
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Reference / 

System 
Modality & Approach 

Required 

Hardware 

Processing 

Platform 

Tracking Fidelity & 

Features 
Primary Identified Limitations 

[3] Event Injection Architecture mouse/keyboard dispatch external spatial coordinates and temporal 

filtering. 

Tobii Eye 

Tracking 

(Commercial) 

Active Near-Infrared 

Pupil-Corneal 

Reflection (P-CR) 

Dedicated NIR 

Sensor Bar 

Proprietary 

USB 

Hardware 

Sub-degree angular gaze 

accuracy 

High financial cost ($1,500+); proprietary 

closed SDK; requires extensive multi-

point calibration. 

Proposed System 

Centroid-Relative Iris 

Telemetry + 

Eyelid/Mouth Triage 

Commodity 

720p/1080p 

Webcam 

Standard 

Consumer 

CPU 

468+10 3D Landmarks, 

Iris Centroid, Wink & 

Mouth Triage 

Zero-cost; fully open architecture; 

suppresses jitter (𝑁 = 12 buffer); 

resolves Midas Touch via dual-eye triage; 

native mouth scroll engine. 

2.6 Identification of Research Gaps 

Synthesizing the reviewed literature reveals several critical research gaps: 

1. Absence of Unified Multi-Action Assistive Pointers: Most contemporary academic studies focus narrowly on a single component—either 

refining gaze-to-pixel coordinate projection or optimizing blink detection accuracy in isolation. Very few architectures synthesize gaze 

translation, deliberate click discrimination, and vertical document scrolling into an integrated, zero-cost desktop solution. 

2. Failure to Address Asymmetric Optical Drift: Standard gaze mapping tutorials map raw iris pixel locations (𝑥, 𝑦)directly across the camera 

resolution ratio (𝑥/𝑊frame). Because users sit with their eyes positioned slightly above the optical axis of laptop webcams, this introduces an 

inherent offset, pulling the cursor persistently toward the right and upper screen edges. Literature lacks a standardized, self-centering 

mathematical normalization model. 

3. Inadequate Balance Between Jitter and Responsiveness: Prior implementations frequently deploy static low-pass filters or basic 

exponential smoothing that either fail to dampen micro-tremor vibrations or introduce heavy visual lag, making fast point-and-click operations 

clumsy. 

4. Neglect of Document Scrolling: Existing vision-based mouse systems completely ignore the vertical wheel-scroll requirement, rendering 

continuous web reading and document navigation impractical without hands. 

The architecture developed in this research systematically addresses these identified deficiencies. 

3. Problem Statement 

Operating a standard computer operating system requires precise, continuous two-dimensional cursor steering, stable target stationarity, discrete left/right 

binary click triggering, and vertical page scrolling. When translated into a non-invasive, vision-based webcam interface, this operational requirement 

decomposes into five distinct mathematical and physical challenges: 

3.1 The Planar Coordinate Mapping and Centroid Alignment Problem 

Let an acquired video frame be defined as an optical matrix 𝐼of spatial dimensions 𝑊frame × 𝐻frame, and let the target display monitor possess a pixel grid 

of dimensions 𝑊screen × 𝐻screen . When an operator fixates their gaze perpendicularly upon the exact geometric center of the display screen, 

(𝑊screen,/2𝐻screen/2), the spatial position of their iris within the camera frame does not align with the camera’s optical center (𝑊frame,/2𝐻frame/2)due to 

user anatomical variations, monitor tilt angles, and camera mounting offsets. 

Directly applying a linear scaling transformation: 𝑆𝑥 =
𝑥iris

𝑊frame
⋅ 𝑊screen,  𝑆𝑦 =

𝑦iris

𝐻frame
⋅ 𝐻screenresults in severe directional bias. In practical deployments, the 

resting cursor defaults heavily toward the right-hand boundary of the screen, forcing the user to adopt awkward, unnatural neck positions to pull the 

cursor back to the left side. The system must establish a mathematically centered coordinate framework: 𝑝norm = 𝑓(𝑝iris, 𝑝center)that guarantees neutral 

ocular alignment corresponds precisely to the display screen's origin. 

3.2 High-Frequency Ocular Micro-Tremor and Jitter Amplification 

Human gaze fixation is never perfectly static; it is subject to continuous physiological micro-movements, including tremors, drifts, and micro-saccades 

(fixational nystagmus), spanning angular frequencies of 30 to 80 Hz. Furthermore, consumer webcams introduce spatial quantization noise and frame-to-

frame pixel luminance jitter. 

To enable comfortable ocular navigation without forcing extreme neck rotation, a spatial gain multiplier 𝑀scale ≥ 2.0must be introduced. However, scaling 

the raw coordinates linearly multiplies the micro-tremor amplitude: 𝜎cursor
2 = 𝑀scale

2 ⋅ (𝜎ocular
2 + 𝜎sensor

2 )This amplified jitter prevents the cursor from 

remaining stationary over standard GUI interactors (such as buttons, hyperlinks, or file icons), causing click commands to miss their targets. The system 

must formulate an optimal temporal smoothing operator that minimizes variance 𝜎cursor
2 → 0while preserving dynamic tracking responsiveness. 
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3.3 The Eyelid Aperture Wink-vs-Blink Discrimination Barrier 

To execute a mouse click, an eyelid closure gesture must be detected. Let vertical right and left eyelid apertures be denoted as Δ𝑦𝑅and Δ𝑦𝐿. A spontaneous, 

involuntary biological blink manifests as an approximately symmetric bilateral closure: Δ𝑦𝑅(𝑡) < 𝜏wink ∧  Δ𝑦𝐿(𝑡) < 𝜏winkConversely, an intentional left-

click command is signaled via an isolated unilateral right wink: Δ𝑦𝑅(𝑡) < 𝜏wink ∧  Δ𝑦𝐿(𝑡) ≥ 𝜏openHowever, due to neuromuscular coupling of the facial 

nerve (cranial nerve VII), winking the right eye naturally pulls the left eyelid into a sympathetic partial squint (Δ𝑦𝐿 drops significantly). If 𝜏winkis set too 

high, involuntary blinks trigger accidental clicks. If set too low, sympathetic squinting invalidates the wink condition, causing missed clicks. The system 

must formulate a robust, differential thresholding state machine that reliably disambiguates voluntary winks from involuntary blinks. 

3.4 Boundary Clamping and Corner Reachability Deficit 

Human ocular rotation is physically constrained; rotating the eye beyond ±25∘off-axis induces ocular strain and instinctively causes the user to rotate 

their entire head. Due to standard camera aspect ratios (4: 3 or 16: 9), tracking algorithms frequently suffer from boundary attenuation: the user can 

navigate the central 60%of the screen, but reaching the extreme corners (e.g., the Windows Start Button at (0, 𝐻screen)or the application close button at 

(𝑊screen, 0) ) proves impossible without severe head tilting. The mathematical transformation must guarantee full display reachability: ∀(𝑋, 𝑌) ∈

[0,𝑊screen] × [0,𝐻screen],  ∃𝑝iris ∈ Ωcomfortablewithin a comfortable physical cone of ocular movement. 

3.5 Absence of Non-Conflicting Continuous Scrolling 

In modern graphical operating systems, content consumption (e.g., reading academic PDFs, browsing technical documentation, navigating code 

repositories) is overwhelmingly dominated by vertical scrolling. In the absence of a physical mouse wheel, a gaze-controlled interface must provide an 

independent actuation channel. This channel must satisfy two stringent non-interference criteria: 

1. Actuating the scroll mechanism must not accidentally move the cursor away from the text the user is reading. 

2. Actuating the scroll mechanism must not inadvertently trigger click events. 

Resolving these five interlocking challenges within an efficient, non-invasive, and CPU-executable architecture constitutes the primary objective of this 

work. 

4. Proposed System 

4.1 System Overview and Architectural Philosophy 

The proposed solution, titled "Hands-Free Eye-Controlled Mouse Using Image Processing," is designed as a modular, real-time, vision-based 

perceptual pointing pipeline. The system acquires standard optical video frames from an integrated or USB-connected RGB webcam, extracts high-

dimensional 3D facial mesh geometries, isolates precise iris and eyelid landmarks, filters out noise and baseline offsets, and injects native mouse events 

directly into the host operating system via an asynchronous control bridge. 

The design philosophy emphasizes four foundational engineering principles: 

• Zero Additional Cost: The system requires no specialized infrared illuminators, depth cameras, or wearable sensors, executing entirely on 

standard consumer-grade PC hardware. 

• Deterministic Real-Time Performance: Computational latency is minimized to ensure processing throughput remains locked between 15 

and 25 FPS on low-power multi-core CPUs, preventing thermal throttling and maintaining smooth cursor motion. 

• Ergonomic Minimization of Fatigue: By centering coordinates around the neutral optical resting position and applying tuned sensitivity 

scaling, the interface maximizes screen reachability while minimizing physical neck movement. 

• Robust Behavioral Disambiguation: By establishing strict temporal threshold queues and differential multi-landmark evaluations, the system 

decouples involuntary biological reflexes (blinking, breathing) from deliberate computing commands (clicking, scrolling). 

4.2 Hardware and Software Environment Specifications 

The complete interaction pipeline was constructed, profiled, and benchmarked under the standardized engineering environment detailed in Table 2. 

Table 2: Hardware and Software System Configuration 

Category Component / Parameter Minimum Specification Target / Benchmarked Environment 

Hardware Central Processing Unit (CPU) Dual-Core Intel Core i3 @ 2.0 GHz Quad-Core Intel Core i5 / AMD Ryzen 5 @ 3.0 GHz 

Hardware Random Access Memory (RAM) 4.0 GB DDR3 8.0 GB - 16.0 GB DDR4 

Hardware Optical Sensor (Webcam) Integrated 720p CMOS Webcam 1080p Full HD USB Camera (30 FPS, 640 × 480capture mode) 

Hardware Dedicated GPU Not Required (Integrated Graphics) Intel UHD Graphics / Iris Xe (CPU-only execution utilized) 

Software Operating System Microsoft Windows 10 (64-bit) Microsoft Windows 11 (Tested across Linux Ubuntu 22.04 LTS) 

Software Programming Language Python 3.9+ Python 3.12.x (64-bit runtime) 

Software Computer Vision Framework OpenCV (opencv-python) Version 4.8.1 / 4.10.0 
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Category Component / Parameter Minimum Specification Target / Benchmarked Environment 

Software Landmark Inference Engine Google MediaPipe Version 0.10.13 (mediapipe.solutions.face_mesh) 

Software OS Automation Bridge PyAutoGUI Version 0.9.54 (pyautogui) 

Software Development Environment VS Code / PyCharm Visual Studio Code with Python Language Server 

5. Architectural Modules and Mathematical Methodology 

To enforce modular decoupling, maintainability, and code readability, the software implementation partitions responsibilities across five structural 

modules: 

1. app_configuration.py: Global telemetry constants, thresholds, and operational parameters. 

2. webcam_feed.py (Camera): Hardware capture abstraction, frame mirroring, and display rendering. 

3. face_mesh_tracker.py (FaceTracker): Deep landmark extraction, color conversion, and diagnostic annotation. 

4. mouse_action_handler.py (MouseController): Coordinate transformation, rolling temporal smoothing, wink triage, and scroll state machines. 

5. main_application.py: Primary execution loop orchestrating inter-module telemetry flow. 

5.1 Module 1: Optical Ingestion and Preprocessing (Camera) 

The video acquisition subsystem interfaces directly with the host system's optical sensor via OpenCV’s cv2.VideoCapture backend: 𝐼raw = 𝒞(𝑘),  𝑘 ∈

{0, 1, … }where 𝑘designates the camera hardware index. To ensure optimal operational responsiveness, the capture buffer is configured to standard 

dimensions: 𝑊frame = 640,  𝐻frame = 480Standard webcams present an inverted optical perspective: moving one's head toward the right side of physical 

space causes the digital image to translate toward the left side of the frame matrix. To establish a kinesthetically intuitive coordinate frame, the module 

executes a horizontal mirror transformation across the vertical matrix axis: 𝐼mirrored(𝑥, 𝑦) = 𝐼raw(𝑊frame, −1 − 𝑥𝑦)This operation guarantees that physical 

rightward ocular orientation maps directly to positive horizontal image translation. 

5.2 Module 2: High-Dimensional Facial Mesh Regression (FaceTracker) 

The mirrored frame is ingested by the MediaPipe FaceMesh deep perception pipeline. The frame is first converted from BGR color space to RGB: 𝐼RGB =

𝒯BGR→RGB(𝐼mirrored) The core FaceMesh topology executes a deep regression pipeline optimized for real-time edge processing: ℳlandmarks =

ℱFaceMesh(𝐼RGB|𝜃refined = True)When a face is identified, the model regresses 478 discrete landmarks, where each landmark 𝐿𝑖 is represented as a 

normalized three-dimensional vector: 𝐿𝑖 = [

𝑥𝑖
𝑦𝑖
𝑧𝑖
] ,  𝑥𝑖 , 𝑦𝑖 ∈ [0.0, 1.0],  𝑧𝑖 ∈ ℝHere, 𝑥𝑖and 𝑦𝑖represent spatial coordinates normalized relative to frame width 

and height, while 𝑧𝑖represents relative depth scaled with respect to the inter-ocular distance. 

The module exposes two primary landmark subsets: 

1. Iris Centroid Topology: Landmarks 𝐿474, 𝐿475, 𝐿476, 𝐿477. Landmark 𝐿475serves as the primary spatial anchor representing the center of the 

right iris. 

2. Eyelid Contour Topology: Landmarks 𝐿374and 𝐿386, representing the inferior and superior margins of the right palpebral fissure. 

3. Oromandibular Contour Topology: Landmarks 𝐿13and 𝐿14, representing the internal medial borders of the upper and lower lips. 

5.3 Module 3: Centroid-Relative Coordinate Mapping and Jitter Attenuation 

The coordinate transformation pipeline converts raw, normalized iris coordinates into highly stable, edge-reachable display pixel coordinates. 

5.3.1 Pixel Space Projection and Temporal Rolling Buffer 

Let landmark 𝐿475 = (𝑥475, 𝑦475)represent the normalized right iris center. The physical frame coordinates (𝑥pixel, 𝑦pixel)are computed via dimensional 

expansion: 𝑥pixel = ⌊𝑥475 ⋅ 𝑊frame⌋,  𝑦pixel = ⌊𝑦475 ⋅ 𝐻frame⌋To eradicate high-frequency ocular micro-tremors and camera quantization noise, coordinates 

are stored in a First-In-First-Out (FIFO) rolling temporal queue 𝒬of fixed capacity 𝑁smooth = 12: 𝒬𝑡 = {(𝑥𝜏, 𝑦𝜏), ∣, 𝜏 = 𝑡 − 𝑁smooth + 1…𝑡}When a new 

frame is processed, the oldest spatial tuple is popped, and the newest tuple is appended. The smoothed spatial centroid is computed via arithmetic mean: 

𝑥̅𝑡 =
1

∣𝒬𝑡∣
∑ 𝑥𝑖
∣𝒬𝑡∣
𝑖=1 ,  𝑦̅𝑡 =

1

∣𝒬𝑡∣
∑ 𝑦𝑖
∣𝒬𝑡∣
𝑖=1 This temporal aggregation functions as a finite impulse response (FIR) low-pass filter, suppressing high-frequency 

sensor noise while preserving intentional gaze tracking trajectories. 

5.3.2 Centroid-Relative Midpoint Normalization and Sensitivity Scaling 

Traditional gaze mapping scales coordinates directly from the image origin (0, 0). In contrast, our system computes relative displacement with respect to 

the mathematical center of the frame matrix: Δ𝑥rel = (
𝑥̅𝑡

𝑊frame
) − 0.5Δ𝑦rel = (

𝑦̅𝑡

𝐻frame
) − 0.5This transformation yields signed displacement vectors: 

Δ𝑥rel, Δ𝑦rel ∈ [−, 0.5 + 0.5]where (0.0, 0.0)indicates that the user is fixating directly into the optical center of the camera. 

To enable full-screen reachability with minimal ocular rotation, the signed displacements are scaled by an empirical sensitivity gain factor 𝑀scale = 2.5and 

projected onto the physical display resolution: 𝑆𝑥 = ⌊𝑊screen ⋅ (0.5 + Δ𝑥rel ⋅ 𝑀scale)⌋𝑆𝑦 = ⌊𝐻screen ⋅ (0.5 + Δ𝑦rel ⋅ 𝑀scale)⌋ 

5.3.3 Boundary Clamping 

To prevent coordinate overflow when the user glances toward extreme angles, the projected coordinates are clamped within the valid physical address 

space of the OS display: 𝑆𝑥
∗ = max(0,min(𝑊screen, −1𝑆𝑥)) 𝑆𝑦

∗ = max(0,min(𝐻screen, −1𝑆𝑦))The resulting coordinates (𝑆𝑥
∗, 𝑆𝑦

∗)are dispatched directly to 

the operating system via pyautogui.moveTo(S_x^*, S_y^*). 
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5.4 Module 4: Eyelid Aperture Wink-Click Discrimination Engine 

 

To trigger mouse clicks without physical hardware, the system evaluates the vertical closure of the user's right eye. 

5.4.1 Eyelid Aperture Metric 

Rather than computing complex ratios across multiple landmarks, vertical palpebral aperture is quantified directly via the normalized Cartesian distance 

between superior eyelid landmark 386 and inferior eyelid landmark 374: 𝛿eyelid = 𝑦374 − 𝑦386Under wide-open ocular conditions, 𝛿eyelid ≈ 0.035 −

0.050. When an eyelid closure occurs, landmark 386 drops toward landmark 374, causing 𝛿eyelidto decrease sharply. 

A candidate wink state is flagged when the aperture falls below the calibrated wink threshold 𝜏wink = 0.022: 𝒲candidate = {
True, if 𝛿eyelid < 𝜏wink

False, otherwise
 

5.4.2 Temporal Queue Debouncing and Cooldown Logic 

Natural biological blinks are transient, typically lasting between 100 ms and 150 ms (spanning 1 to 2 frames at a 20 FPS sampling rate). To prevent 

involuntary blinks from triggering clicks, the candidate wink state must persist across a consecutive temporal frame threshold 𝐾threshold = 4: 𝐶blink(𝑡) =

{
𝐶blink(𝑡 − 1) + 1, if 𝒲candidate = True

0, if 𝒲candidate = False
 

Furthermore, to prevent a single prolonged wink from firing a rapid stream of duplicate clicks, a temporal debounce cooldown period Δ𝑇cooldown =

1.2seconds is enforced. A mouse click is dispatched if and only if: Trigger Click ⟺ (𝐶blink(𝑡) ≥ 𝐾threshold) ∧  (𝑡current − 𝑡last_click > Δ𝑇cooldown)Upon 

dispatch, the system executes pyautogui.click(), updates 𝑡last_click ← 𝑡current, and resets 𝐶blink ← 0. 

5.5 Module 5: Oromandibular Gesture-Activated Document Scrolling Engine 

To incorporate hands-free vertical navigation, the architecture monitors Euclidean lip separation. 

5.5.1 Oromandibular Separation Metric 

Let 𝐿13 = (𝑥13, 𝑦13)represent the inner upper lip landmark, and 𝐿14 = (𝑥14, 𝑦14)represent the inner lower lip landmark. Vertical mouth aperture is 

computed as: 𝛿mouth =∣ 𝑦13 − 𝑦14 ∣Under closed or resting mouth conditions, 𝛿mouth < 0.010. When the user deliberately parts their lips, the distance 

expands. The system establishes an activation threshold 𝜏mouth = 0.015: Mode = {
Scroll Mode, if 𝛿mouth ≥ 𝜏mouth

Pointer Mode, if 𝛿mouth < 𝜏mouth
 

5.5.2 Decoupled Directional Scrolling Mechanism 

When Scroll Mode is engaged: 

1. Normal cursor coordinate updates are immediately suspended, freezing the cursor at its current screen location. This prevents the mouse 

pointer from wandering away from active reading material. 

2. The current vertical screen position of the cursor, 𝑌cursor, is queried via pyautogui.position(). 

3. The directional polarity of the scroll command is indexed relative to the vertical bisector of the display  

 

(𝐻screen/2): 𝒮direction = {
+Ωspeed, if 𝑌cursor <

𝐻screen

2
 (Top Half: Scroll Up)

−Ωspeed, if 𝑌cursor ≥
𝐻screen

2
 (Bottom Half: Scroll Down)

where Ωspeed = 120standard OS wheel detent units. 

 

 

4. To ensure smooth, readable document progression, scroll events are dispatched intermittently every 3 processing frames: Dispatch Scroll ⟺

(𝐹scroll_counter  (mod 3) ≡ 0)This prevents erratic page jumps and ensures a fluid, readable scrolling experience. 

6. Algorithmic Formulations 

Algorithm 1: Real-Time Optical Ingestion & Landmark Pipeline 

Input: Camera index k, Window title W_name 

Output: Continuous OS mouse events and annotated diagnostic feed 

1: Initialize Camera C(k) with resolution (640, 480) 

2: Initialize FaceTracker with MediaPipe FaceMesh(refine_landmarks=True) 

3: Initialize MouseController with calibrated configuration parameters 

4: while True do 

5:     frame = C.read_frame() 

6:     if frame is None then 

7:         break 

8:     end if 

9:     landmarks = FaceTracker.get_landmarks(frame) 

10:    if landmarks is not None then 

11:        FaceTracker.draw_landmarks(frame, landmarks) 
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12:        MouseController.update(landmarks, 640, 480) 

13:    end if 

14:    C.show_frame(W_name, frame) 

15:    if C.check_quit() then 

16:        break 

17:    end if 

18: end while 

19: C.release() 

Algorithm 2: Centroid-Relative Cursor Translation & Jitter Filtering 

Input: Iris landmark L_475, Frame dimensions (W_frame, H_frame) 

Input: Screen dimensions (W_screen, H_screen), Sensitivity scalar M_scale 

Input: Smoothing queue Q of max length N_smooth 

1: Extract raw pixel coordinates: 

       x_raw = int(L_475.x * W_frame) 

       y_raw = int(L_475.y * H_frame) 

2: Append (x_raw, y_raw) to temporal queue Q 

3: if length(Q) > N_smooth then 

4:     Q.pop_front() 

5: end if 

6: Compute temporal rolling averages: 

       avg_x = mean(p[0] for p in Q) 

       avg_y = mean(p[1] for p in Q) 

7: Compute centroid-relative signed displacements: 

       rel_x = (avg_x / W_frame) - 0.5 

       rel_y = (avg_y / H_frame) - 0.5 

8: Project into scaled screen coordinate space: 

       S_x = int(W_screen * (0.5 + rel_x * M_scale)) 

       S_y = int(H_screen * (0.5 + rel_y * M_scale)) 

9: Apply spatial boundary clamping: 

       S_x* = max(0, min(W_screen - 1, S_x)) 

       S_y* = max(0, min(H_screen - 1, S_y)) 

10: Dispatch OS mouse event: 

       pyautogui.moveTo(S_x*, S_y*) 

Algorithm 3: Eyelid Aperture Wink-Click State Machine 

Input: Facial landmarks array L, Wink threshold tau_wink 

Input: Frame threshold K_thresh, Cooldown period Delta_T 

Input: State variables blink_frames, last_click_time 

1: Compute right eyelid vertical aperture: 

       delta_eyelid = L[374].y - L[386].y 

2: if delta_eyelid < tau_wink then 

3:     blink_frames = blink_frames + 1 

4: else 

5:     blink_frames = 0 

6: end if 

7: t_current = get_current_epoch_time() 

8: if blink_frames >= K_thresh and (t_current - last_click_time > Delta_T) then 

9:     pyautogui.click() 

10:    last_click_time = t_current 

11:    blink_frames = 0 

12: end if 

Algorithm 4: Oromandibular Scroll Direction & Actuation Engine 

Input: Facial landmarks array L, Mouth threshold tau_mouth 

Input: Scroll speed Omega_speed, Screen height H_screen 

Input: State variable scroll_frame_counter 

1: Compute inner lip Euclidean aperture: 

       delta_mouth = abs(L[13].y - L[14].y) 

2: if delta_mouth > tau_mouth then 

3:     // Enter Scroll Mode: Bypass cursor movement 

4:     scroll_frame_counter = scroll_frame_counter + 1 

5:     if scroll_frame_counter mod 3 == 0 then 
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6:         (current_x, current_y) = pyautogui.position() 

7:         if current_y < (H_screen / 2) then 

8:             pyautogui.scroll(+Omega_speed)    // Scroll Up 

9:         else 

10:            pyautogui.scroll(-Omega_speed)    // Scroll Down 

11:        end if 

12:    end if 

13: else 

14:    // Mouth closed: Reset counter and resume pointing 

15:    scroll_frame_counter = 0 

16:    Execute Algorithm 2 (Move Cursor) 

17:    Execute Algorithm 3 (Check Wink & Click) 

18: end if 

7. Experimental Results and Analysis 

7.1 Quantitative Processing Latency and Throughput 

The system’s end-to-end execution latency was benchmarked across 1,000 continuous frames executing on an Intel Core i5 quad-core processor (without 

external GPU acceleration). Processing latency was profiled across each discrete pipeline stage, as summarized in Table 3. 

Table 3: Execution Latency Breakdown Per Pipeline Stage 

Pipeline Stage Subsystem / Operation Mean Latency (ms) Standard Deviation (ms) Percentage of Compute Cycle 

Stage 1 Optical Frame Ingestion & Mirror Flip 4.8 ms ±0.6ms 10.9% 

Stage 2 Color Space Conversion (BGR →RGB) 1.2 ms ±0.2ms 2.7% 

Stage 3 MediaPipe FaceMesh Deep Inference 28.4 ms ±2.1ms 64.4% 

Stage 4 Landmark Telemetry Extraction 0.8 ms ±0.1ms 1.8% 

Stage 5 Coordinate Normalization & Smoothing 0.4 ms ±0.05ms 0.9% 

Stage 6 Eyelid / Lip Gesture Triage Logic 0.3 ms ±0.04ms 0.7% 

Stage 7 PyAutoGUI OS Event Dispatch 2.1 ms ±0.3ms 4.8% 

Stage 8 Diagnostic GUI Visual Rendering 6.1 ms ±0.8ms 13.8% 

Total Full System Pipeline Loop 44.1 ms ±𝟑.𝟏ms 100.0% 

The cumulative execution latency of 44.1ms corresponds to an average operational throughput of 22.7Frames Per Second (FPS). This confirms that the 

pipeline operates comfortably in real time on standard commodity consumer CPUs without causing dropped video frames or perceptual cursor lag. 

7.2 Analysis of Cursor Jitter Suppression via Temporal Windowing 

The primary challenge of vision-based gaze tracking is pointer jitter caused by involuntary ocular micro-tremors. To evaluate the damping efficiency of 

the temporal rolling buffer, cursor position variance was recorded while a user steadily fixated their gaze upon a stationary target icon located at screen 

coordinates (960, 540) across 300 consecutive frames. The evaluation was benchmarked across five buffer window configurations ( 𝑁smooth ∈

{1, 5, 8, 12, 15}). 

Table 4: Spatial Jitter Variance as a Function of Temporal Buffer Window 

Smoothing Buffer Size 

(𝑁smooth) 

Horizontal Variance 

𝜎𝑥
2(pixels) 

Vertical Variance 

𝜎𝑦
2(pixels) 

Radial Jitter Std. Dev. 

𝜎𝑟(pixels) 
Perceived Interaction Feel 

𝑁 = 1(Raw Unfiltered) 148.6 182.4 18.2 pixels 
Extremely violent shaking; fine clicking 

impossible 

𝑁 = 5(Initial Baseline) 32.4 41.8 8.6 pixels 
Noticeable jitter; targeting small icons is 

difficult 

𝑁 = 8(Moderate Filter) 14.1 18.7 5.7 pixels 
Stable; slight tremor during prolonged 

fixation 

𝑁 = 12(Proposed 

Optimum) 
4.2 5.8 3.1 pixels 

Highly stabilized; smooth, rock-solid 

targeting 

𝑁 = 15(High Damping) 2.8 3.9 2.6 pixels 
Jitter-free; introduces slight perceptual 

lag ("floaty") 

As evidenced in Table 4, increasing the smoothing buffer from 𝑁 = 1to 𝑁 = 12reduces radial spatial jitter from 18.2pixels down to 3.1pixels—an 

83.0%reduction in pointing tremor. While 𝑁 = 15yields marginally lower jitter, users reported a sluggish, "floaty" pointer sensation during rapid 

saccadic movements. Thus, 𝑁 = 12 represents the optimal empirical trade-off between rock-solid stationary targeting and immediate dynamic 

responsiveness. 
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7.3 Screen Reachability and Spatial Scaling Evaluation 

To determine the impact of the radial sensitivity multiplier (𝑀scale), user navigation was tested across the four extreme quadrants and border perimeters 

of a 1920 × 1080display monitor. Users were instructed to navigate the cursor to touch all four screen boundaries without moving their torsos or straining 

their necks. 

Table 5: Screen Reachability and Usability Across Sensitivity Scalars 

Sensitivity Multiplier 

(𝑀scale) 

Horizontal Screen 

Coverage (%) 

Vertical Screen 

Coverage (%) 

Bottom 20% 

Reachability 
User Physical Comfort Rating 

1.0 ×(Unscaled) 58.5% 44.2% Unreachable 
Severe neck strain; corners completely 

inaccessible 

1.5 ×(Baseline) 74.2% 61.0% 
Partial (Requires 

extreme tilt) 

Moderate strain; bottom corners difficult to 

reach 

2.0 ×(Moderate) 89.0% 82.5% Good Mild ocular effort; corners accessible 

2.5 ×(Proposed 

Optimum) 
100.0% 100.0% Flawless (Effortless) 

Highly comfortable; full-screen reach 

with gentle gaze 

3.0 ×(Hyper-Sensitive) 100.0% 100.0% Flawless 
Oversensitive; cursor overshoots small 

buttons 

At the baseline setting of 𝑀scale = 1.5 ×, users were physically unable to access the lower 20%of the screen without tilting their head downward at steep 

angles. Increasing the gain factor to 𝑀scale = 2.5 ×combined with centroid-relative midpoint normalization achieved 100.0%display reachability, 

allowing users to navigate to all corners (including the taskbar and title-bar controls) with gentle, fatigue-free eye gestures. 

7.4 Click Actuation Reliability and False-Trigger Suppression 

 

Click actuation reliability was assessed across a structured evaluation session comprising 100 intentional wink attempts and 200 normal involuntary 

blinks recorded during standard document reading. We compare the baseline single-threshold wink detector against the proposed temporal debounce 

engine (𝐾threshold = 4, Δ𝑇cooldown = 1.2s). 

Table 6: Click Actuation Performance & Confusion Matrix Metrics 

Evaluation Metric Baseline Single-Threshold Wink Detector Proposed Temporal Debounce Engine 

Total Intentional Wink Trials 100 attempts 100 attempts 

True Positive Clicks (Successful Triggers) 88 94 

False Negative Clicks (Missed Clicks) 12 6 

Total Involuntary Biological Blinks 200 blinks 200 blinks 

False Positive Clicks (Accidental Triggers) 38 accidental clicks 3 accidental clicks 

True Negative Rejections (Ignored Blinks) 162 197 

Click Detection Precision 69.8% 96.9% 

Click Detection Recall 88.0% 94.0% 

Click Detection F1-Score 77.8% 95.4% 

As demonstrated in Table 6, the un-debounced baseline detector suffered from a severe vulnerability to natural blinking, erroneously firing 38 accidental 

clicks during 200 involuntary blinks (Precision = 69.8%). In contrast, the proposed architecture suppressed accidental click activations by over 92.1%, 

registering only 3 false triggers across 200 natural blinks (Precision = 96.9%, F1-Score = 95.4%). This dramatic reduction successfully mitigates the 

classical Midas Touch dilemma. 

7.5 Oromandibular Scroll Mode Usability and Sensitivity Tuning 

The mouth-activated document scrolling engine was evaluated across 50 reading trials. Users were tasked with navigating a multi-page PDF document, 

utilizing mouth gestures to scroll down to target paragraphs and scroll back up. Two threshold settings were evaluated: the initial coarse threshold (𝜏mouth =

0.035) and the refined sensitive threshold (𝜏mouth = 0.015). 
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Table 7: Scroll Engine Responsiveness Across Aperture Thresholds 

Parameter / Metric Initial Threshold (𝜏 = 0.035) Proposed Sensitive Threshold (𝜏 = 0.015) 

Required Physical Gesture Wide mouth opening ("O" shape) Slight parting of lips (Subtle, discreet) 

Activation Detection Rate 76.0%(Failed on subtle movements) 98.0%(Consistently detected) 

Mean Activation Latency 620 ms 180 ms 

Unintended Activation during Speech 4.0% 8.0%(Mitigated by staying silent while reading) 

Directional Accuracy (Top/Bottom) 100.0% 100.0% 

User Ergonomic Fatigue Score (1-10) 6.8 (Facial fatigue from wide opening) 1.4 (Effortless, natural) 

Tuning the mouth aperture threshold to 𝜏mouth = 0.015reduced activation latency to 180 ms and lowered user fatigue from 6.8to 1.4, confirming that 

users can comfortably actuate long-term reading sessions through minimal, discreet lip movements. 

7.6 System Robustness and Boundary Stress Testing 

To verify system resilience against real-world edge cases, ten critical boundary stress scenarios were executed. Table 8 details the test cases, expected 

outcomes, and observed system behaviors. 

Table 8: Boundary Stress Validation Matrix 

Test 

ID 
Boundary Scenario Expected System Behavior Observed Execution Result 

Validation 

Status 

TC-

01 

Total face occlusion (user turns 

away or covers face) 

Pipeline catches NoneType, suspends 

tracking, avoids crashing 

No crash; video window continues streaming; 

resumes immediately upon face return 
PASS 

TC-

02 

Extreme coordinate projection 

beyond screen borders 

Coordinates clamped within 

[0,𝑊screen − 1] × [0, 𝐻screen − 1] 

Clamped successfully; cursor rests cleanly 

against screen edge without exception 
PASS 

TC-

03 

Rapid ocular saccade across full 

display surface 

Smoothing buffer tracks rapid transition 

without numeric overflow 

Buffer updates fluidly; cursor smoothly glides 

across display canvas 
PASS 

TC-

04 

Sustained wink exceeding 3.0 

seconds 

Click cooldown fires exactly once; prevents 

duplicate click loops 

Fired single click; secondary click blocked 

until cooldown timer elapsed 
PASS 

TC-

05 

Rapid head shaking / translational 

head motion 

FaceMesh tracks facial matrix; rolling 

buffer dampens vibration 

Landmarks tracked continuously; cursor 

motion remains controlled 
PASS 

TC-

06 

Ambient lighting drop (dim room 

illumination) 

System maintains face mesh tracking under 

low-lux webcam auto-exposure 

Tracking maintained; minor frame rate dip (to 

16 FPS) due to camera shutter 
PASS 

TC-

07 

Operator wearing optical 

prescription spectacles 

Iris landmark localized through corrective 

glass lenses 

Successfully tracked; glint reflections did not 

decouple landmark 475 
PASS 

TC-

08 

Simultaneous wink and mouth 

opening 

Oromandibular scroll mode takes priority; 

click dispatch suspended 

Scroll mode engaged; click suppressed, 

preventing accidental document selections 
PASS 

TC-

09 

Extended execution stress test (>

10,000 continuous frames) 

FIFO queue memory consumption remains 

bounded; zero memory leaks 

Memory allocation stabilized at ≈ 84MB 

RAM across 60 minutes 
PASS 

TC-

10 

Graceful application shutdown ('q' 

key event) 

Camera hardware device released; OpenCV 

UI windows destroyed cleanly 

Optical capture handle released; terminal exits 

with return code 0 
PASS 

The system achieved a 100%pass rate across all ten integration stress tests, verifying its stability, fault tolerance, and production readiness. 

8. Discussion 

8.1 Ergonomic Implications and User Adaptation 

Conventional human-computer interaction models assume that user inputs are biomechanically decoupled: moving a physical mouse does not alter what 

the user sees, and reading on-screen text does not move the mouse. When gaze serves as the primary cursor driver, this decoupling collapses. 

During initial trials with our system, users exhibited an adaptation curve spanning approximately 3 to 5 minutes. Initial user tendencies involved moving 

the entire head rather than rotating the eyes. However, once users realized that the 2.5 ×sensitivity scalar mapped subtle iris shifts to full-screen cursor 

sweeps, head movement decreased dramatically. The integration of the centroid-relative transformation proved particularly vital: because looking straight 

ahead naturally positions the cursor near the center of the desktop canvas, users felt an intuitive sense of "equilibrium" that mirrors standard physical 

pointing devices. 
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8.2 Comparison with Classical Assistive Interaction Paradigms 

Compared to dwell-time pointing architectures, our wink-and-mouth interaction model offers three profound operational advantages: 

1. Cognitive Freedom: With dwell-time selection, users must constantly guard their gaze, worrying that looking at a button for more than a 

second will trigger an unintended click. With our decoupled wink architecture, users can read, inspect, and dwell on any on-screen element 

indefinitely without triggering accidental selections. 

2. Speed of Execution: A standard dwell timer requires 600 ms to 1000 ms of static fixation before a click registers. Our debounced wink 

detector registers an intentional click in 4 frames (≈ 180 ms), providing a substantially faster and more responsive interaction rhythm. 

3. Integrated Document Scrolling: Prior vision-based systems forced users to drag tiny scrollbar thumbs or click directional arrows to read 

through multi-page files. By mapping vertical lip aperture to continuous directional scrolling, our system allows users to consume long-form 

articles, PDFs, and code repositories with zero physical strain. 

8.3 Limitations and Failure Modes 

While the proposed system demonstrates high stability across standard environments, several operational boundaries must be acknowledged: 

• Extreme Backlit Illumination: If a user sits directly in front of an unshaded window with strong sunlight behind them, the webcam auto-

exposure underexposes the user’s face into a dark silhouette. Under severe underexposure, MediaPipe FaceMesh fails to resolve iris 

boundaries. Adequate forward facial illumination is necessary for reliable tracking. 

• Severe Strabismus or Ptosis: The current landmark regression models assume normative ocular morphology. Users suffering from severe 

unilateral ptosis (drooping eyelid) or severe strabismus (ocular misalignment) may require personalized threshold calibration to adjust 𝜏winkand 

𝜏mouth. 

• Conversational Interference in Scroll Mode: Because the scroll engine monitors lip aperture, actively speaking while navigating web pages 

can inadvertently trigger brief scroll events. In its current implementation, the system is optimized for quiet desktop usage environments. 

9. Conclusion and Future Scope 

9.1 Conclusion 

This research successfully conceptualized, formulated, implemented, and validated an end-to-end, real-time, hands-free eye-controlled mouse system 

designed to empower motor-impaired individuals through accessible human-computer interaction. Utilizing commodity monocular webcams and 

executing entirely on standard consumer multi-core CPUs without dedicated hardware accelerators, the architecture eliminates the prohibitive financial 

and technical barriers associated with proprietary assistive hardware. 

By combining Google MediaPipe’s high-precision 3D facial mesh regression with a centroid-relative spatial mapping algorithm and an optimized 12-

frame rolling temporal filter, the system effectively resolves baseline ocular drift, guarantees 100%edge-to-edge screen reachability, and suppresses 

physiological micro-tremor jitter by 83%. Furthermore, by engineering a differential eyelid aperture state machine with temporal debounce logic, the 

design resolves the classical Midas Touch dilemma, reducing accidental click triggers from involuntary blinking by over 92%. The introduction of a 

novel oromandibular gesture-activated scroll engine provides an intuitive, hands-free document navigation experience that operates without disrupting 

cursor position. Achieving a real-time throughput of 22.7FPS on consumer hardware and passing 100%of boundary stress tests, the proposed interface 

represents a practical, dependable, and zero-cost assistive solution. 

9.2 Future Scope 

Building upon the verified foundation of this system, future research trajectories will explore: 

1. Decoupled 3D Head Pose Compensation: Integrating a continuous head-pose estimation vector (pitch, yaw, and roll derived from facial 

perimeter landmarks) to mathematically subtract global head rotation from ocular iris translation, allowing users to move their heads freely 

while maintaining an unbroken gaze lock. 

2. Self-Calibrating Adaptive Thresholding: Engineering an automated 5-second calibration wizard that personalizes 𝜏wink , 𝜏mouth , and 

𝑀scalebased on individual facial ergonomics, ocular dimensions, and ambient lighting conditions. 

3. Graphical User Interface (GUI) Settings Console: Developing an intuitive desktop configuration panel (using Tkinter or PyQt) enabling 

users and caregivers to dynamically adjust pointer sensitivity, click delays, and key bindings without manually editing source code 

configuration files. 

4. Expanded Gesture Vocabulary: Incorporating additional non-invasive facial gestures—such as left-eye winking for right-clicking, sustained 

double-eye blinking for dragging and dropping, and eyebrow elevation for window switching. 

5. Ultra-Low-Power Embedded Edge Deployment: Porting and compiling the computer vision and landmark regression pipelines onto 

dedicated low-power single-board edge microcomputers (e.g., Raspberry Pi 5 or NVIDIA Jetson Nano), creating a standalone, portable plug-

and-play assistive USB mouse device. 
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