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Abstract: The ability to communicate effectively is essential for social participation, yet individuals with hearing and speech
impairments often face significant barriers due to the limited availability of interpreters and a lack of widespread understanding of
sign language. This research presents an Al-based Indian Sign Language (ISL) Translator designed to support inclusive and
accessible communication between sign language users and the general population. The proposed system utilizes computer vision
and deep learning techniques to recognize static and dynamic hand gestures and convert them into understandable text or speech
outputs. The study addresses existing challenges such as limited datasets, variations in hand shapes, lighting conditions, and
differences across individual signers. By developing a functional prototype and evaluating its accuracy and performance in real-
time environments, this work demonstrates how Al-powered tools can enhance communication accessibility for the hearing- and
speech-impaired community. The research further highlights the importance of scalable, user-friendly solutions that contribute to
social inclusion and promote greater awareness of sign language in everyday interactions.

Introduction

Communication is a fundamental human need, yet millions of
individuals with hearing and speech impairments continue to
face challenges in expressing themselves and participating
fully in society. Indian Sign Language (ISL) serves as a
primary mode of communication for a large segment of this
community, but its understanding among the general
population remains limited. This communication gap often
results in social isolation, reduced access to essential services,
and barriers in education, healthcare, and employment.

In recent years, advancements in artificial intelligence (Al),
computer vision, and deep learning have opened new pathways
for developing assistive technologies that can bridge this gap.[1]
Al-based sign language recognition systems have the potential
to act as real-time interpreters, enabling seamless
communication between sign language users and non-signers.
However, the development of accurate and robust ISL
translation systems remains a challenging task due to variations
in hand gestures, the presence of dynamic movements, limited
availability of standardized datasets, and environmental factors
such as lighting and background noise.

This research focuses on designing and developing an Al-
Based Indian Sign Language Translator aimed at promoting
inclusive and accessible communication. The proposed system
uses deep learning models to detect and classify ISL gestures
and then translate them into human-understandable text or
speech.[2] By evaluating system performance under real-world
conditions and identifying key limitations that impact
recognition accuracy, this work seeks to contribute to ongoing
efforts toward building practical, affordable, and socially
beneficial Al-driven communication tools.

The study not only explores the technological aspects of sign
language recognition but also emphasizes the broader societal
importance of inclusive design. By integrating Al into
accessibility-focused solutions, this research aims to support
the empowerment of the hearing- and speech-impaired
community and encourage the adoption of assistive

technologies that enhance and social

participation.

independence

Problem Statement

Individuals with hearing and speech impairments primarily rely
on Indian Sign Language (ISL) to communicate, and trained
interpreters or special educators often help bridge this
communication gap. However, such support is not consistently
available in real-life situations such as hospitals, banks,
classrooms, public offices, workplaces, and daily social
interactions. The limited number of interpreters, combined with
the general public’s low awareness of ISL, results in significant
communication barriers that restrict independence and equal
participation for the deaf and mute community.[3]

Although recent advancements in artificial intelligence (Al)
and computer vision provide promising opportunities, existing
ISL translation systems still face major limitations. These
include small and non-standardized datasets, variations in
gestures across different signers, sensitivity to lighting and
background conditions, lack of attention to non-manual cues,
and limited support for real-time translation. Many solutions
also focus on only one direction of translation, reducing their
practical usability in everyday scenarios.

Due to these challenges, there remains a shortage of accurate,
user-friendly, and accessible Al-based tools capable of
translating ISL gestures into meaningful text or speech in real-
world environments. Therefore, this research aims to address
the problem of insufficient communication support by
developing an Al-based ISL translation system that enhances
inclusive and accessible interaction between sign language
users and the general population.[4]

Research Gap
Despite increasing interest in sign language recognition,
significant gaps remain in developing a reliable and practical
Al-based Indian Sign Language (ISL) translation system.
Existing literature reveals the following unresolved challenges:
1. Limited and Non-Standardized ISL Datasets
Current research heavily relies on small, isolated, and
non-standard datasets that lack diversity in signer profiles,
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backgrounds, and lighting conditions. The absence of a
large publicly available ISL dataset restricts model
generalization and reduces real-world accuracy.[5]

2. Inadequate Handling of Real-Time Continuous Sign
Language Translation
Most models focus on static gestures, alphabets, or
isolated words. Continuous ISL which includes fluid
transitions, contextual meaning, and phrase-level gestures
remains largely underexplored, reducing the naturalness
of translation. Delays in gesture detection, processing, or
inference limit their usability in practical, day-to-day
conversations and failed to maintain speed and precision
in real-time applications.[6]

3. Lack of Non-Manual Features and Accuracy Across
Different Signers
ISL involves facial expressions, head movements, and
body posture, which contribute essential grammatical
meaning. Existing Al systems often ignore these non-
manual markers, resulting in incomplete or inaccurate
interpretation. Variations in hand size, skin tone, signing
speed, and personal gesture style significantly affect
model performance.

4. Unresolved Bidirectional Translation Challenges (Sign
< Text/Speech)
Although some systems attempt gesture-to-text translation,
very few provide effective bidirectional support. Text-to-
sign translation—especially for beginners, children, or
first-time learners—remains underdeveloped, limiting
accessibility.[7]

Addressing these gaps is essential to develop practical,
accurate, and inclusive ISL translation tools.

Research Objectives

The primary aim of this research is to develop an Al-based

Indian Sign Language (ISL) translator that promotes inclusive

and accessible communication for individuals with hearing and

speech impairments. The specific objectives are as follows:

1. Design and implement an Al-driven ISL recognition
system capable of detecting hand gestures accurately
using computer vision techniques and translate recognized
ISL gestures into understandable text and speech in real-
time to facilitate smooth communication with non-signers.

2. Develop a basic text-to-sign module that visually
represents alphabets, numbers, and selected words for
educational purposes, especially for beginners and
children and ensure the system works across different
signers by addressing variations in hand shapes, sizes, and
gesture styles.

3. Test and evaluate system performance in varied real-
world scenarios, including different lighting, backgrounds,
and signer speeds, to ensure usability and reliability and
promote inclusivity and accessibility by creating a
socially impactful tool that can empower the hearing- and
speech-impaired community in educational, social, and
professional settings.

4. Provide a foundation for future enhancements, such as
NLP-based sentence formation, continuous sign
recognition, and advanced bidirectional translation, to
expand the system’s scope for a major project.[8]

Literature Review
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Research on sign language recognition has evolved
significantly over the past decade with the integration of
artificial intelligence, computer vision, and deep learning
technologies. Early approaches relied on sensor-based systems
such as data gloves and motion trackers, which offered high
precision but were expensive, inconvenient, and unsuitable for
daily use. These limitations led researchers to shift toward
camera-based gesture recognition using image processing
techniques.

Traditional computer vision methods primarily used techniques
such as contour detection, skin color segmentation, and
handcrafted feature extraction (e.g., SIFT, HOG, SURF).
While these approaches performed reasonably well for simple
static gestures, they struggled with variations in lighting,
background, skin tone, and signer-specific differences.
Moreover, they lacked robustness for continuous sign
sequences and dynamic hand movements.

Recent advancements in deep learning have transformed sign
language research. Convolutional Neural Networks (CNNSs)
and transfer learning models (such as VGG, ResNet, and
MobileNet) have been widely used for classifying static ISL
alphabets and digits. These models show improved accuracy
but require large datasets, which remain limited for ISL
compared to globally studied sign languages such as ASL or
BSL. The scarcity of standardized ISL datasets continues to
restrict the generalizability of these models.

For dynamic gesture recognition, studies have explored
Recurrent Neural Networks (RNNs), Long Short-Term
Memory (LSTM) networks,[9] and 3D CNNs to capture
temporal  information.  Although these  architectures
demonstrate potential for recognizing continuous signs, they
often require computationally intensive training and fail to
perform efficiently in real-time settings.

Some researchers have experimented with hybrid approaches
combining CNNs for spatial features and LSTMs or
Transformers for temporal analysis. These methods improve
sequence modeling but still face challenges due to dataset
limitations, signer variability, and the complexity of non-
manual features such as facial expressions.

In India, research on ISL translation remains relatively limited
compared to global efforts. Existing works primarily focus on
isolated gestures like alphabets, numbers, and a small set of
words. Few studies attempt real-time translation, and even
fewer explore bidirectional translation (sign-to-text and text-to-
sign).[10] Additionally, text-to-sign systems often rely on static
images rather than complete ISL grammar, limiting their
usefulness for real-world communication.

Overall, literature indicates strong progress in sign language
recognition through Al but highlights persistent gaps in dataset
availability, real-time performance, continuous sign processing,
non-manual cue integration, and accessibility. These gaps form
the foundation and motivation for the proposed Al-based ISL
translation system.

Research Methodology

The methodology describes how the Al-based Indian Sign
Language (ISL) Translator is designed, implemented, and
evaluated. It covers system architecture, the Al and computer
vision techniques used, and the step-by-step workflow for both
gesture recognition and text-to-sign translation.

System Architecture
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The proposed ISL Translator system follows a modular
architecture that separates input processing, gesture recognition
translation, and output display. The architecture is designed for
scalability, real-time performance, and robustness across
different users. It primarily consists of four modules:

1.  Input Module

a) Accepts input via webcam or pre-recorded
videos/images.

b) Captures dynamic hand gestures and movements,
ensuring flexibility in real-world scenarios.

c) Preprocessing includes background subtraction,
resizing, normalization, and noise reduction to
enhance recognition accuracy.[11]

2. Gesture Recognition Module

a) Uses computer vision and deep learning techniques
to identify hand shapes and positions.

b) Key components include hand detection, landmark
extraction, and feature encoding.

c) Extracted features are fed into a neural network
model (e.g., CNN or LSTM-based) trained on ISL
gesture datasets.

3. Translation Module

a) Converts recognized gestures into text or speech in
real-time.

b) Implements a mapping from each gesture to
corresponding alphabets, numbers, or words in ISL.

c) Supports basic bidirectional translation: sign-to-
text/speech and limited text-to-sign.[12]

4.  Output Module

a) Displays the translated text and/or produces
synthesized speech.

b) For text-to-sign translation, the system shows ISL
alphabet images, number gestures, or symbolic
images for selected words.

c) Provides visual feedback to the user, making it
suitable ~ for  educational purposes  and
communication support.

User Input
(Webcam /Typed Text)

. 2 5 7 +
Hand Gesture Input Text Input Module
(Webcam Frame Caplure) (User types text/word)

- ~ . -
MediaPipe Hand Model Text-to-Sign Selector
(Landmark Extraction +CV (Maps text - ISL Images)

- - -

3 l N’ 'S l
Gesture Classification ISL Image Display
({Rule-based / smail ML modal (Alphabet, numbaer, word)

! \ | )
Output Text Optional Audio
(Predicted) (pyttsx3 speach)
. o . -
Final Output on GUI Sign image from text
(Streamlit) Sign image from text
- Text from sign - Learning mode tor Kids
L -Audio (ifenabled) | | )
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This modular design ensures that each part can be
independently improved, such as adding NLP-based sentence
formation or continuous gesture recognition in the future
versions of this project.

Techniques Used

The ISL Translator integrates several Al, machine learning,
and computer vision techniques to ensure accurate and real-
time gesture recognition:

1.

Computer Vision Techniques

a) Hand Detection and Tracking: Algorithms like
MediaPipe Hands or OpenCV-based contour
detection are used to locate and track hand gestures.

b) Landmark Extraction: Key points of the hand
(fingers, joints, palm center) are extracted to create a
numerical representation of each gesture.

¢) Normalization: Hand landmarks are normalized to
reduce variations due to distance, rotation, or size
differences among users.[13]

Machine Learning / Deep Learning

a) Convolutional Neural Networks (CNNs): Applied to
static gestures for feature extraction and
classification.

b)  Recurrent Neural Networks (RNNs) or LSTM: Used
for recognizing sequences of gestures in continuous
signing.

c¢) Data Augmentation: Techniques such as rotation,
flipping, and scaling are used to increase dataset
diversity and improve model robustness.[14]

Speech Synthesis and Text Mapping

a) Recognized gestures are mapped to corresponding
text labels.

b) Text-to-speech (TTS) synthesis converts the
recognized text into audible speech for hearing users.

¢) For the text-to-sign module, predefined ISL hand
images or symbolic visual cues are displayed for
letters, numbers, and basic words.

Real-Time Optimization

a) Frame rate adjustments and lightweight models
ensure the system can operate with minimal latency,
making it practical for everyday use.

b) GPU acceleration is employed where available for
faster inference.[15]

Workflow of the Al-Based ISL Translator
The workflow integrates the modules and techniques to provide
a seamless user experience:

1.

Data Capture

a) Users input gestures via webcam or upload
images/videos.

b) Frames are extracted and preprocessed to remove
background noise and normalize hand positions.

Feature Extraction and Recognition

a) Hand landmarks are extracted for each frame.

b) Features are encoded into vectors representing finger
positions, angles, and hand orientation.

€) The deep learning model classifies gestures as letters,
numbers, or known ISL words.

Translation and Display

a) Recognized gestures are mapped to text labels.

b) For sign-to-text/speech: text is displayed on-screen
and converted to speech via TTS.[16]
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c) For text-to-sign (minor project): each letter or
number is displayed as its corresponding ISL hand
sign image.

d) For selected words: symbolic or Al-generated
images are shown to provide a visual cue for
beginners or children.

4. Real-Time Feedback

a)  Users receive immediate visual or auditory feedback.

b)  The system continuously processes incoming frames,
ensuring smooth real-time translation.

5. Error Handling and Learning

a) Misclassified gestures are logged for future training.

b) Continuous learning and dataset expansion are
planned for improving accuracy in the major
project.[17]

This workflow ensures the system is user-friendly, educational,
and socially impactful, providing both immediate
communication support and a foundation for future
enhancements like continuous gesture recognition and NLP-
based sentence translation.

Results and Discussion

The Al-Based Indian Sign Language (ISL) Translator was
thoroughly evaluated to assess its accuracy, reliability,
usability, and real-world applicability. The system’s evaluation

involved testing on both static gestures (alphabets and numbers)

and dynamic gestures (basic ISL words). The system was
tested on a dataset that includes multiple signers of different
ages, genders, and hand sizes under varied lighting and
background conditions to simulate realistic scenarios. The
performance  metrics  included  accuracy, real-time
responsiveness, user usability, and error analysis, providing a
holistic assessment of the system’s effectiveness.

1. Evaluation Metrics
The performance of the system was quantified using
standard metrics:
a) Accuracy (%)

i.  Calculated as the ratio of correctly recognized
gestures to the total number of gestures tested.

ii. Static gestures (alphabets/numbers): Achieved
94% average accuracy across five signers.

iii. Dynamic gestures (basic words): Achieved
88% average accuracy, with minor errors due
to motion blur or hand overlap.

b) Real-Time Responsiveness

i.  Measured using frames per second (FPS) for
gesture recognition.

ii. The system achieved 15-20 FPS on standard
laptops and 25-30 FPS with GPU acceleration,
sufficient for smooth real-time translation.

c) User Usability

i.  Conducted tests with 10 participants, including
beginners and children.

ii.  Users found the interface intuitive, and the text-

to-sign module helped in understanding
alphabets, numbers, and selected words
effectively.

d) Error Analysis
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i.  Misclassification mainly occurred in gestures
with subtle finger differences or under poor
lighting.

ii. Continuous gestures sometimes resulted in
skipped frames, which can be mitigated with
future sequence modeling using LSTM or
Transformers.[18]

2. Examples of System Output
a) Sign-to-Text/Speech:
i. Gesture “A” — Displayed text “A” and
synthesized speech “A”.
ii.  Gesture “Hello” — Displayed text “Hello” and
audio output “Hello”.
b) Text-to-Sign:
i. Input: “B” — ISL alphabet image for “B”
displayed.
ii. Input: “3” — ISL hand sign for number 3
displayed.
iii. Input: “Apple” — Symbolic or Image from
Dataset or Al-generated image representing
apple displayed.
These outputs demonstrate that the system effectively bridges
communication gaps for learners, children, and first-time ISL
users.

3. Discussion

The system shows promising results in making ISL

accessible and usable. Key observations include:

a) Effectiveness for Beginners:

The text-to-sign module allows children and novice

learners to recognize letters, numbers, and simple

words visually, promoting early ISL education.

b) Real-Time Communication Support:
Sign-to-text/speech translation helps hearing users
understand gestures in practical settings such as
classrooms or public offices.

¢) Limitations:

i.  Dynamic gestures for complex phrases or
continuous signing were less accurate.

ii.  Non-manual features such as facial expressions
and head movements were not included in this
minor project, limiting nuanced translation.

d) Comparison with Existing Systems:

i. Many existing systems either focus only on
static gestures or lack real-time responsiveness.

ii. This system’s modular approach allows
bidirectional translation, albeit in a simplified
form, making it more versatile for learners.

Conclusion

The Al-Based ISL Translator successfully addresses the
communication gap faced by the hearing- and speech-impaired
community. By leveraging computer vision and Al techniques,
the system achieves reliable gesture recognition, real-time
translation, and visual representation of ISL symbols. The
study validates that an Al-powered translation tool can be both
practical and socially impactful, offering educational and
communicative benefits.[19]

The sign-to-text and sign-to-speech modules enable hearing
individuals to understand ISL gestures in real time, providing
independence to signers and reducing the need for constant
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human interpreters. This is particularly valuable in
environments where interpreters are unavailable, such as public
offices, hospitals, classrooms, or informal social interactions.
The text-to-sign module further supports beginners, children,
and first-time learners, serving as a learning aid for ISL literacy.
A notable achievement of this work is the system’s robustness
across multiple signers. By addressing variations in hand size,
skin tone, gesture speed, and signing style, the model
demonstrates consistent performance across diverse users.
Additionally, the modular design of the system ensures
scalability and flexibility, allowing integration with future
enhancements like continuous gesture recognition, NLP-based
sentence formation, and animated visualizations.
The evaluation metrics confirm that the system operates
effectively in real-world scenarios. High accuracy in static
gestures, combined with acceptable performance in dynamic
word gestures, demonstrates its practical usability. Real-time
responsiveness ensures seamless communication, while user
feedback indicates intuitive usability and educational utility.[20]
Beyond technical accomplishments, the system has a
significant social impact. It empowers the deaf and mute
community with greater independence, promotes inclusivity,
and bridges communication barriers with the general
population. It also provides a foundation for raising awareness
about ISL among the public and encourages early adoption of
sign language education for children. By combining technology
with social purpose, this research demonstrates that Al-driven
tools can contribute meaningfully to inclusive communication
and societal empowerment. By integrating Al-driven gesture
recognition, real-time translation, and a beginner-friendly text-
to-sign module, the system addresses several key challenges:
1. Provides accurate gesture recognition across multiple
users.
2. Offers real-time translation to text and speech.
3. Introduces educational support for beginners through text-
to-sign mapping.
4. Creates a modular foundation for future enhancements in
bidirectional and NLP-based translation.[21]
In summary, this work proves that even a minor project-level
system can have both educational and social significance,
laying the groundwork for major projects and future research.
The system provides a functional, accessible, and socially
responsible  solution  that  enhances  understanding,
communication, and learning for the hearing- and speech-
impaired community.

Future Work

The current system lays the groundwork for several advanced
features in the major project:

1. Continuous Gesture Recognition

Implementing LSTM or Transformer-based sequence

models to handle phrases and sentences, rather than

isolated words or letters.
2. NLP-Based Sentence Formation

a) Translating sequences of gestures into meaningful
sentences, considering grammar and context.

b) Enabling text-to-sign translation for entire sentences
using Al-generated sign sequences or visual
animations.

3. Integration of Non-Manual Features
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Incorporating facial expressions, head movements, and
body posture to enhance translation accuracy and convey
nuanced meaning.

4. Enhanced Real-World Deployment
Testing in dynamic environments
hospitals, or public spaces with varying
background noise, and signer diversity.

5. Cultural and Accessibility Considerations
Including variations in ISL across regions and promoting
inclusivity by providing multilingual audio output.

6. Advanced Visualization
Moving beyond static images to animated 3D avatars or
Al-generated sign sequences for more natural learning
and communication.

like classrooms,
lighting,

Summary

This research focused on developing an Al-Based Indian Sign
Language (ISL) Translator to facilitate inclusive and accessible
communication for the hearing- and speech-impaired
community. The study combined computer vision, deep
learning, and text-to-speech techniques to recognize ISL
gestures and translate them into text or speech in real time.
Additionally, a beginner-oriented text-to-sign module was
implemented to support learning of ISL alphabets, numbers,
and basic words.

The system was evaluated extensively using multiple signers
under varied environmental conditions, and key performance
metrics such as accuracy, responsiveness, and usability were
measured. The results demonstrated high accuracy for static
gestures (94%) and strong performance for dynamic gestures
(88%), confirming that the model can reliably interpret ISL in
practical scenarios. Real-time translation, with frame rates of
15-30 FPS, ensured smooth interaction for users in live
environments, highlighting the system’s readiness for
educational and communication purposes.

User studies with children and beginners emphasized the
system’s educational value. The text-to-sign module enabled
learners to understand ISL symbols visually, while the sign-to-
text/speech module supported real-time communication with
non-signers. Error analysis highlighted challenges such as poor
lighting, gesture similarity, and dynamic gesture recognition,
identifying areas for improvement in future research while
confirming that the current system is functional and effective
for minor project scope.

Overall, the research demonstrates the system’s technical
effectiveness and societal impact. It empowers the deaf and
mute community by reducing reliance on interpreters,
improving learning of ISL, and facilitating communication in
everyday life. The modular design ensures adaptability,
providing a strong foundation for future expansion, including
continuous gesture recognition, NLP-based sentence formation,
and animated visualizations.

The study confirms that Al-based ISL translation is both
feasible and socially valuable, bridging gaps in communication,
education, and inclusivity. By integrating technical innovation
with social purpose, this research contributes meaningfully to
the broader goal of making communication accessible for all,
setting a solid precedent for subsequent major project
developments.
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