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Abstract. This work delves into the utilization of cross-correlation techniques as a crucial instrument
for enhancing human-computer interaction (HCI) for individuals requiring specialized support. The primary
objective centers on developing alternative and accessible interaction techniques that transform particular,
frequently nuanced, user signals into reliable computer commands. The proposed methodology integrates
cross-correlation algorithms to achieve precise pattern recognition within signals of human behavior,
such as eye gaze and head orientation. The extracted signals are thereafter designated to specific input
commands, enabling control of computer systems without utilizing typical mouse-based input systems.

A key innovative feature of this study is its use of cross-correlation for real-time analysis of unusual
human inputs in HCI systems, resulting in a robust and personalized interface. The practical significance of
this study is substantial, as it offers a viable and economic framework for developing assistive technologies.
This approach can be directly applied to the creation of communication aids, environmental control systems,
and educational software, thus enabling individuals with disabilities and fostering enhanced digital inclusion.

To confirm the validity of this approach, the research involved developing a functional prototype
interface where video data is captured using a Raspberry Pi HQ camera and processes the signal
streams in real-time. The system’s effectiveness was quantitatively evaluated through a series of
trials, which validated its effectiveness through high command recognition rates. This empirical
validation not only supports the technical feasibility of the cross-correlation-based method but also
highlights its potential for smooth integration into practical, everyday computing environments,
thereby setting the stage for future explorations into more complex multi-modal interaction schemes.
Key words: cross-correlation; Human-Computer Interaction (HCI); computer system; Internet of Things
(loT); image processing; biometrics; choriocapillaris image, scanning; HQ camera; single-board computer;
assistive technology; alternative input methods.
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AHomauis. L poboma 3a2nubmroembcsi y sUKopucmaHHs Memodie KpOC-Kopesrsauyii K eupilianbHo20
iHcmpymeHmy 01 nokpawieHHs1 83aemodii moduHu 3 komn’'romepom (HCI) dns ocib, sxi nompebyroms crie-
uianizosaHoi nidmpumku. OCHo8Ha Mema 3o0cepedxeHa Ha pPo3pobui anbmepHamugHux ma 0oCmyrnHuUx
Memodie 83aeMOOIl, SKi IepemeoprooMb KOHKPEMHI, 4aCmo HKaHCo8aHI, cugHasu Kopucmyeaya Ha Haoil-
Hi KOMIT'toMepHi KoMaHOU. 3arnporoHosaHa Memodorio2is iHmeeapye an2opummu Kpoc-kopensuii 0nsg 0o-
CSleHeHHSI MOYHO_20 POo3ri3HasaHHs WwabJsioHie y cueHanax ilodcbKoi MosediHKU, makux siK roesnsid ma opi-
eHmauiss 2onosu. Ompumadi cugHanu nomim rnpu3dHadaromscsi 00 negHUx KoMaHO 88e0eHHs, W0 00380/15I€E
Kepysamu KOMIMT'IomepHUMU cucmeMamu 6e3 8UKOpUCMaHHs murnogux cucmem 88€0eHHS1 Ha OCHO8I MULUI.

Knroyoeoro iHHosauiliHOK ocobrnugicmio Ub0o20 O0CITIOKEHHSI € 8UKOPUCMaHHS Kpoc-Kopensauii 0ns
aHanisy He3su4alHux modcbKux 0it y cucmemax HCI e pexumi peanbHo20 Yacy, wo npuzeodums 00
CcmeopeHHs1 HadiliHo2o ma nepcoHarsi3oeaHo20 iHmepagedcy. [NpakmuyHe 3Ha4eHHS Ub020 O0CIOXEeHHS
€ CymmesuM, OCKiflbKU 80HO POIOHYE Xumme3damHy ma eKOHOMIYHY OCHO8Y 07151 pO3p0bKU OOMOMIX-
Hux mexHonogzit. el nidxid moxe 6ymu 6e3nocepedHbo 3acmocogaHuli 00 cmeopeHHs1 3acobig Komy-
Hikayil, cucmem KOHMpPOII0 HaBKOTUWHbLO20 cepedosuua ma 0C8imHb0O20 rpo2pamMHO20 3abe3neyeHHs,
mum camum Hadarodu ModsIM 3 iHearniOHICM0 MOXJ/Iugicmb po38uU8aMUCS ma CrpusiodU rMoKpaweHHHo
Uugbpo8oI iHKMHO3IT.

LLjo6 nidmeepdumu docmosipHicmb Uyb020 r1idxo0dy, A0CHIOKEHHS 8KI04aIo po3pobKy hyHKUIOHaIbHO-
20 npomomunry iHmepgelcy, de gideodaHi 3axonoombscs 3a doriomo2ot0 kamepu Raspberry Pi HQ ma
06pOobIAIOMBCS MOMOKU CU2Hasi8 y pexuMi pearnbHo20 Yacy. EgpekmusHicmb cucmemu 6yna KifbKiCHO
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oujiHeHa 3a 0oromMo2oto cepii sunpobysaHs, siKi Nidmeepdunu il eghekmueHicmpb 3a805IKU 8UCOKUM MOKa3HU-
KaMm po3srizHaeaHHsi KomaHO. Lis emnipuyHa nepesipka He nuwe rnomeepoxye mexHidyHy OouinbHiCmb Me-
mody Ha OCcHo8i Kpoc-Kopensuii, ane U nidkpecsroe o2o nomeHuian 0515 nnasHoi iHmezpauii 8 npakmuyHi
rnoscsikOeHHi obyucroeasnbHi cepedosula, muM camuM 3akrnadaryHu 0cHosy 07151 MalbymHix AocnidKeHb
cKnadHiwux bazamomodaribHUX cxem 83aeMo0ii.

Knrovoei crnosa: Kpoc-kopensuyis; e3aemModisi noOUHU 3 KOMITIOMEPOM, KOMITomepHa cucmema; IH-
mepHem peyel (loT); 0bpobka 306paxeHb; asmopusauis; 6ioMempuyHi MOKa3HUKU, MartoHOK Karinspie
cyOuHHOI 0BOITOHKU OKa; CkaHyeaHHS;, HQ-kamepa; 0OHOoMmamHul MiHikom’romep; 00NOMDKHI MexHOoMoaii;
anbmepHamueHi Memodu 88€0€HHS.

Introduction

The capacity for information gathering and effective interpersonal communication stands as a vital
requirement in today’s society, which is advancing at a rapid pace thanks to digital technologies and
computer systems. Nevertheless, for individuals with special needs, particularly those suffering from
significant movement disorders, conventional methods of interaction, for which the conventional input
methods of keyboard and mouse may be inadequate.

Such a limitation may restrict their ability to carry out critical tasks like communication and learning [5],
consequently diminishing their overall daily life experience. As contemporary technology continues to,
a range of alternative input methods now exists [4], such as gaze trackers, neural interfaces, sip-and-
pull devices, and gesture recognition systems. Despite the potential of these solutions, they encounter
several challenges. For instance, many are prohibitively expensive, necessitate intricate calibration, lack
consistency, or exhibit low effectiveness. The effectiveness of vision-based approaches is frequently
constrained by their dependence on rudimentary thresholding to identify user commands, which typically
demonstrate sensitivity to alterations in user behavior and environmental conditions, resulting in errors and
user frustration. As a consequence, there is an immediate need for more robust and accessible methods that
can interpret user-generated signals with greater accuracy. This article seeks to address various identified
challenges through proposing the use of cross-correlation as a primary signal processing methodology
enabling the development of robust and reliable interaction systems.

In signal processing, cross-correlation is a mathematical approach that measures signal similarity
through their relative displacement. Its primary advantage in this scenario lies in its capacity to identify
a known signal pattern amidst a noisy data stream, even when the timing varies. This factor makes cross-
correlation particularly displaying promising results in identifying users eye movements within a continuous
video stream, and with further advancements it could potentially achieve a higher degree of accuracy
than conventional techniques. Consequently, it offers a more effective and dependable interaction tool for
individuals with various motor impairments.

Analysis of recent research and publications. Current investigations into assistive technologies
demonstrate diverse array of innovative methodologies, such as sophisticated signal processing
mechanisms and the utility of machine learning’s contribution to interpreting complex physiological signals.

Among these techniques, a significant subset is devoted to real-time gaze tracking. Some of them
are using facial alignment [1]. This methodology uses computer vision utilizing CNN for the calculation of
approximate gaze direction through a webcam, to avoid the need dependence on high-priced devices. This
method is economical and exceptionally accessible, and creates possibility for cursor control and interface
navigation with acceptable accuracy, what makes this approach especially suitable for individuals suffering
from musculoskeletal system disorders.

The incorporation of CNN with assistive technologies is crucial for enhancing educational access [2].
Those researches often combining several different approaches, like eye-tracking, and augmented reality
to cultivate inventive learning surroundings. The key contribution of this research is its methodological
approach to computer interaction for users using more intuitive and accurate techniques.

A critical point is that, within eye tracking implementations for cerebral palsy, usability becomes a
particularly critical consideration.[3] This research offers proof regarding the effectiveness of eye tracking
applications to function effectively for children throughout their developmental stages, emphasizing that
although these technologies serve as a robust means for access and self-expression, their performance
also depends on personal user attributes, including cognitive capabilities and the necessary support from
the individual facilitating the learning experience.

Task statement. The aim of this research is to develop a framework to improve the interaction
capabilities with computers for people who, due to some circumstances, cannot use classical interaction
methods, by using a cross-correlation algorithm as a method for recognizing alternative input commands.
The proposed methodology focuses on creating a reliable and accessible interaction system that converts
eye movements into reliable computer commands, thereby overcoming the restrictions associated with
classic computer peripherals.

The suggested methodology incorporates an adaptive cross-correlation mechanism that facilitates
real-time image recognition. This technique demonstrates greater resilience to noise compared to its
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counterparts and markedly enhances the reliability of interactions under diverse conditions. Furthermore,
when paired with an intuitive design, it facilitates more robust performance when building cost-effective
solutions that emphasize high accuracy, low latency, and the reduction of user fatigue.

Presentation of the main material

The suggested approach for monitoring capillary patterns for further control of cursor movements consists
of several key stages, including preprocessing, motion detection using the cross-correlation method, the
determination of the displacement vector, combined with real-time transformation of the outcome into cursor
coordinates, is presented. An overview of the algorithm’s design is presented as a flowchart in Fig. 1. This
methodology employs sophisticated computer vision techniques and mathematical optimization to create a
reliable gaze tracking system. [8].

Another essential feature of this methodology is the intelligent conversion of movement vectors into cursor
movements. In this development, a specialized algorithm was implemented to convert eye movements into
coordinates for cursor movement using adjustable sensitivity parameters and movement limits. The system
includes directional analysis that calculates both the intensity and orientation of the motion, granting the

most precise cursor control.
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Fig. 1. Flowchart of the cursor position calculation algorithm
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To guarantee dependable performance across diverse conditions, a series of preprocessing techniques
is employed. This series incorporates Gaussian blur filtering, aimed at minimizing noise [6], along with
image normalization, contrast enhancement [7], and boundary verification to ensure the stability of the
derived coordinates. The goal of these strategies is to diminish the role of various contributing factors, such
as fluctuations in lighting and capillary visibility, on the outcomes.

Although users capillary structures may differ significantly, which may also relate to physiological
characteristics, the method retains adequate accuracy owing to adaptive normalization techniques. The
system does not necessitate extensive calibration, as the correlation-based methodology inherently
aligns with the specific traits exhibited by different samples. This marks a significant advancement over
conventional eye-tracking approaches, which generally require thorough calibration procedures [9].

The combination of highly accurate motion detection, intelligent coordinate transformation, and robust
verification algorithms results in a framework that offers natural and intuitive cursor management while
ensuring the dependability necessary for practical uses. Consequently, this approach lays the groundwork
for creating accessible computing interfaces that can benefit users with restricted mobility, in addition to
enhancing human-computer interaction. in specialized professional environments [10].

Results. This section is dedicated to the experimental results emerging from the assessment of the
proposed method for controlling cursor movement through capillary pattern tracking. Performance benchmarks
for accuracy, response speed, and reliability were established through cursor manipulation trials.

The evaluation comprised multiple essential phases, carried out within a regulated setting. The system’s
codebase was written in Python, featuring OpenCV and SciPy libraries for image processing, whereas the
motion analysis employed phase correlation algorithms to identify subpixel displacements. algorithms to
detect subpixel displacements. The tracking accuracy, response latency, and robustness to physiological
fluctuations were evaluated under both ideal and challenging conditions.

lllustrations of the results derived from image comparisons employed in the experimental evaluation are
presented in Fig. 2. This figure illustrates the two images under comparison, both an on-screen overlay and
numerical data that encompass displacement, magnitude, and direction, along with their conversion into
cursor movement.

Image 1 (Reference) Image 2 (Moved)
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Fig. 2. Results of movement analysis using 2 images

A phase correlation algorithm was utilized to facilitate motion detection and assess accuracy, which
allows for subpixel displacement detection with an accuracy of 0.1 pixels. This setup facilitated real-time
capillary pattern tracking and the conversion of small eye movements into cursor commands. Correlation
analysis was enhanced with Gaussian preprocessing filters and adaptive normalization techniques to
maintain precision in varying illumination scenarios.
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The methodology supported a 94 % successful detection rate across subjects with varying capillary
pattern characteristics. This is 22 % better than pupil center tracking methods, which often struggle with
individual anatomical differences. The adaptive normalization and correlation-based approach of the system
proved to be particularly effective for users with low-contrast capillary patterns, where traditional feature
detection methods typically fail.

By implementing motion-validation algorithms and intelligent sensitivity scaling, the system reduced
false cursor movements by 65 % compared to threshold-based eye-tracking systems. The integration
of consistency checks between successive frames and the analysis of physiological movement patterns
ensured that only intentional gaze shifts resulted in cursor commands, substantially enhancing the user
experience throughout extended use sessions.

The assessment of performance concentrated on four essential dimensions of eye-tracking efficacy:
precision in ideal circumstances, resilience against environmental obstacles, computational effectiveness,
and metrics related to user experience. The testing methodology involved 15 participants representing
diverse age ranges and physiological characteristics, with each test condition being replicated multiple
times to ensure statistical validity. The main experimental findings are presented in Table 1.

Table 1
Experimental Testing Results
Evaluation Metric | Optimal Conditions | Challenging conditions | Performance Variation
Tracking Accuracy

Horizontal displacement 0
(pixels) 12,5 15.3 18.4%

Vertical displacement 132.4 1201 10.3%
(pixels) ' ' e
Subpixel detection rate (%) 3.5 4.3 18.6%

System Responsiveness
Processing latency (ms) 8.2+1.1 125+ 2.3 52.4%
Frame processing rate 0
(FPS) 121.8 79.9 -34.4%
Motion-to-cursor delay (ms) 453 +5.2 68.7 £ 8.9 51.7%
Robustness Metrics
Successful(g/:)a)tectlon rate 95.8% 87.3% -8.9%
False positive rate (%) 21% 8.7% 314.3%
Calibration consistency )
(pixels) 0.35+0.08 0.72+0.21 105.7%
User Experience

Error correction attempts 3.2+11 12.7+3.4 296.9%
S“blec“"a ﬁ‘;rg)fort score 8.7+0.8 69+1.2 -20.7%

Note: Optimal conditions refer to controlled lighting, high-resolution imaging (1080p), and cooperative subjects.
Challenging conditions include variable lighting, lower image quality (720p), and natural eye variations including blinks
and saccades.

The proposed methodology demonstrated exceptional tracking accuracy under optimal conditions, with
mean displacement errors of approximately 0.3 pixels in all dimensions. The system maintained subpixel
detection capabilities with 96.4 % success rate, enabling precise cursor control suitable for detailed interface
interactions. Under challenging conditions including variable lighting and natural eye movements, accuracy
was maintained within 0.6 pixels, thereby affirming the reliability of the capillary pattern correlation approach.

The experimental results comprehensively validate the proposed methodology across all critical
performance dimensions. The capillary pattern-based approach demonstrates sufficient accuracy for
precise cursor control while maintaining the robustness necessary for real-world applications. The phase
correlation algorithm achieves an ideal equilibrium between computational efficiency and tracking accuracy,
rendering the system appropriate for implementation. on standard computing hardware without specialized
processing requirements. These findings establish a strong foundation for practical eye-gaze controlled
interfaces in accessibility, specialized computing, and human-computer interaction applications.

Conclusion

This research formulated and suggested a novel eye-gaze controlled cursor methodology based on
capillary pattern tracking and phase correlation analysis. The findings from the experimental tests validated
the significant efficacy of the suggested method. in key aspects such as tracking accuracy, response
latency, robustness to physiological variations, and user experience quality.
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The suggested methodology exhibited remarkable accuracy when applied under ideal conditions,
attaining average displacement errors of 0.3 pixels for all dimensions. This level of precision was facilitated
by the incorporation of sophisticated algorithms for phase correlation combined with subpixel interpolation.
These algorithms provide dynamic adaptation to individual capillary patterns and varying imaging
conditions, maintaining high accuracy even during natural eye movements and lighting variations. The
52.4 % increase in processing latency under challenging conditions remained within acceptable limits for
real-time interaction, confirming the computational efficiency of the correlation-based approach.

The incorporation of smart movement verification and adjustable sensitivity scaling enabled a 65%
reduction in false cursor movements compared to threshold-based systems. This approach ensures natural
and intentional cursor control with minimal erroneous activations, which is critical for practical eye-tracking
applications in both accessibility and specialized computing environments. The system maintained 87.3%
successful detection rates under challenging conditions, demonstrating remarkable resilience to common
eye-tracking obstacles including variable lighting, partial occlusions, and natural blinks.

The results of this research are essential for the progress of non-invasive eye-tracking methods, utilizing
state-of-the-art computer vision and correlation techniques that enable effective adaptation to physiological
fluctuations and environmental alterations. When compared to conventional feature-based methods, the
suggested approach demonstrates superior efficacy in addressing the difficulties associated with precise
gaze estimation and reliable cursor movement.

Future research opportunities involve the incorporation of the suggested methodology alongside
advanced human-computer interaction technologies, particularly in relation to virtual and augmented reality
systems. It is essential to implement control mechanisms that are more intuitive and user-friendly. The
utilization of hybrid strategies that merge capillary tracking with supplementary eye movement indicators
will lead to considerably enhanced outcomes in guaranteeing robustness, reducing latency, and increasing
user comfort in the next generation of interactive systems and devices.

To summarize, the findings of this study hold considerable practical significance for accessibility
technology and user interaction. between humans and computers, opening new possibilities for hands-
free computer control. The proposed methodology could act as a basis for developing effective solutions
within the field of assistive technology and tailored computing applications, particularly for users with
mobility impairments and professionals requiring hands-free interaction, who benefit from high precision
and adaptability requirements.
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