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Abstract: This paper presents SignO, a novel real-time bidirectional sign language translation system that
seamlessly integrates Convolutional Neural Network (CNN) based hand tracking, transformer-based natural
language processing, and artificial intelligence-driven avatar animation to support multiple sign languages
including American Sign Language (ASL), British Sign Language (BSL), and Indian Sign Language (ISL).
The system addresses the fundamental challenges in sign language translation through innovative
implementations of self-supervised sign pose learning, multilingual transformer architectures, and
photorealistic 3D avatar rendering. Our approach tackles gesture ambiguity, lighting variance, and data
scarcity through pose-conditioned Generative Adversarial Networks (GANSs), multistream graph neural
networks, and low resource pretraining methodologies. SignO achieves 94.7% accuracy in sign-to-text
translation and 91.2% accuracy in text-to-sign conversion across evaluated languages, maintaining real-time
performance at 30 frames per second. The system incorporates advanced features including voice-to-sign
conversion, offline mode functionality, and automatic dialect detection, significantly advancing accessibility
solutions for the deaf and hard-of-hearing community worldwide.

Index Terms - sign language translation, computer vision, transformer networks, CNN, accessibility
technology, human-computer interaction

I. INTRODUCTION

Sign language serves as the primary communication modality for approximately 70 million deaf individuals
globally [1], representing sophisticated linguistic systems with intricate grammatical structures and rich
cultural heritage. Despite its fundamental importance, persistent communication barriers between sign
language users and hearing populations create significant obstacles in educational institutions, professional
environments, and social interactions [2]. Contemporary assistive technologies frequently demonstrate
inadequate performance in delivering real-time, accurate, and culturally appropriate translation services.

The development of automated sign language translation systems has accelerated with advances in deep
learning [16], computer vision, and natural language processing technologies. However, existing solutions
exhibit substantial limitations including restricted vocabulary coverage, inadequate real-time performance,
absence of bidirectional translation capabilities, and insufficient support for diverse sign languages [3]. These
constraints arise from complex technical challenges including gesture ambiguity, temporal dependencies in
sign sequences, environmental variations in lighting and background conditions, and the scarcity of large-scale
annotated datasets [4].
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This research introduces SignO, a comprehensive real-time bidirectional sign language translation system
engineered to address these challenges through innovative integration of multiple artificial intelligence
technologies. Our system synergistically combines CNN-based hand tracking for precise gesture recognition
[10], transformer-based natural language processing for semantic understanding and generation [9], and Al-
driven avatar animation for natural sign language production [8]. The architecture provides comprehensive
support for multiple sign languages while incorporating advanced functionalities including voice-to-sign
conversion, offline operation capabilities, and automatic dialect detection.

The primary contributions of this work encompass:

1) Development of a novel multimodal architecture integrating CNN and transformer models for enhanced
translation accuracy,

2) Implementation of pose-conditioned GANSs for data augmentation and robust gesture recognition [12],

3) Creation of self-supervised learning techniques for low-resource sign language adaptation [19],

4) Establishment of a comprehensive evaluation framework for bidirectional translation systems,

5) Deployment of real-time 3D avatar animation with lip synchronization capabilities for natural sign
language production.

1. RELATED WORK

A. Deep Learning Approaches in Sign Language Recognition

Contemporary sign language recognition systems have evolved significantly with the integration of deep
learning methodologies [16]. Convolutional Neural Networks (CNNs) have demonstrated remarkable
capability in extracting spatial features from sign language videos [7], while Recurrent Neural Networks
(RNNs) and Long Short-Term Memory (LSTM) networks have proven effective for modeling temporal
dependencies in sign sequences [22].

Recent transformer based architectures have revolutionized the field by enabling end-to-end learning
without intermediate representations [17]. These models process sign language videos directly, learning to map
visual features to semantic meanings through attention mechanisms [9]. The elimination of gloss-level
tokenization has simplified the translation pipeline while improving accuracy [18].

B. Multimodal Learning in Sign Language Processing

The integration of multiple modalities including hand gestures, facial expressions, and-body posture has
emerged as a crucial factor in achieving robust sign language understanding [10]. Multimodal approaches
combine visual, spatial, and temporal information to create comprehensive representations that capture the full
complexity of sign language communication [24].

Advanced fusion techniques, including early fusion, late fusion, and attention based fusion, have been
explored to optimally combine different modalities [23]. These approaches address the challenge of temporal
synchronization between different modalities and enable more accurate semantic interpretation.

C. Self-Supervised Learning Paradigms

Self-supervised learning has addressed the fundamental challenge of limited annotated data in sign language
research [27]. By leveraging large quantities of unlabeled sign language videos, these approaches learn
meaningful representations without requiring extensive manual annotation [15].

Contrastive learning methods have shown particular promise, learning to distinguish between different signs
by maximizing similarity between positive pairs and minimizing similarity between negative pairs. Masked
prediction techniques, adapted from natural language processing, enable models to learn temporal
dependencies by predicting missing segments in sign sequences [14].

D. Generative Modeling for Sign Language Synthesis

Generative models have opened new possibilities for sign language synthesis and data augmentation [12].
Variational Autoencoders (VAEs) and Generative Adversarial Networks (GANSs) have been successfully
applied to generate realistic sign language videos from semantic inputs. Recent advances in neural rendering
and 3D avatar animation have enabled the creation of photorealistic sign language avatars capable of producing
natural looking sign language [20]. These developments are crucial for text-to-sign translation systems that
require high-quality visual output [13].
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I1l. SYSTEM ARCHITECTURE

A. Overview

As shown in Fig. 1, SignO employs a modular architecture consisting of four primary components: (1)
Visual Input Processing Module, (2) Multimodal Feature Extraction Network, (3) Transformer-based
Translation Engine, and (4) Avatar Animation and Rendering System. This architecture enables bidirectional
translation between sign language and spoken/written language while maintaining real-time performance.

; L TEXT PRE-PROCESSING
INPUT PROCESSING
ey ————
| SPEECH/TEXT INPUT |
Z || LowErcask FARTS OF
FORSHELOMINMUTS TOR TEXT INI'UTS 1™ - . . g - ‘PEE
= CONVERSION [ TORKENIZATION|—  SPEEC l‘l‘
4 Z TAGGING
3 z
\.( -
=
:. Ul
=) SPEECH MU I;T}"I\L:,\((.)l AL
& |RECOGIITION |'\(‘l-iﬂlll'rl'\1’
4 |(Google Speech tof | ™ S r
o | Te GENERATION ADD TENSE | TENSE
ext) 3 LEMMATIZATION} : T i
(Google Tramlate) F INDICATOR DETECTION

~
SIGN LANGUAGE GLOSS

| ANIMATION CREATION

ANIN N MATCHING
ANIMATION MATCHING ‘. (BLENDER)

ANIMATION RENDERING

|
!\'lSl',\l. SIGN LANGUAGE DISPLAY
|

Figure 1. System architecture
Key innovations in our hand tracking approach include:
1) Temporal smoothing using Kalman filters to reduce jitter in landmark detection,
2) Adaptive thresholding for robust performance under varying lighting conditions,
3) Multi-hand tracking with occlusion handling for two-handed signs.
The system maintains tracking accuracy of 98.3% across diverse lighting conditions and hand orientations
[21].

Transformer-based NLP Engine

The NLP engine employs a modified transformer architecture optimized for sign language translation tasks
[9]. The model utilizes a multi-head attention mechanism with positional encoding adapted for temporal sign
language sequences. The encoder-decoder structure processes sign language features through multiple attention
layers, generating contextually appropriate translations [17].

The transformer model incorporates several sign language-specific modifications:

1) Temporal attention weights adjusted for sign language grammar,

2) Cross-lingual attention for multilingual support [25],

3) Adaptive vocabulary expansion for handling sign language-specific terminology.

The model achieves perplexity scores of 3.2 for ASL-to-English translation and 3.7 for cross-lingual sign
language translation.

Pose-Conditioned GAN Architecture

To address data scarcity and improve generalization, SignO incorporates pose-conditioned GANs for data
augmentation and synthetic sign generation [12]. The generator network takes key points as input and produces
realistic sign language video sequences. The discriminator network evaluates the authenticity of generated
sequences, incorporating both spatial and temporal consistency checks.

The GAN architecture includes:
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1) A pose encoder that processes hand and body keypoints,

2) A temporal generator that produces coherent sign sequences,

3) A multimodal discriminator that evaluates visual quality and linguistic accuracy.

This approach increases the effective training data by 400%, significantly improving model robustness
across different signers and conditions.

V. METHODOLOGY

A. Self-Supervised Sign Pose Learning

Our self-supervised learning approach adapts masked language modeling techniques to sign language video
data [15]. The model learns to predict masked hand poses and facial expressions from surrounding temporal
context. This pretraining strategy enables effective learning from large unlabeled sign language video datasets
[27].

The pretraining process involves:

1) Temporal masking of sign sequences with adaptive masking ratios,

2) Contrastive learning between different views of the same sign,

3) Cross-modal alignment between visual features and semantic representations.

This approach achieves 87% of supervised performance using only 10% labeled data [28].

B. Multilingual Transformer Models

SignO supports multiple sign languages through a unified multilingual transformer architecture [25]. The
model learns shared representations across different sign languages while maintaining language-specific
adaptations. Cross-lingual transfer learning enables effective translation between sign languages with limited
training data.

The multilingual approach includes:

1) Shared encoder layers for common sign language features,

2) Language-specific decoder heads for individual sign languages,

3) Cross-lingual attention mechanisms for direct sign-to-sign translation.

This architecture achieves 89.4% average accuracy across ASL, BSL, and ISL translation tasks [6].

C. Low-Resource Pretraining Strategy

For sign languages with limited data, SignO employs a progressive pretraining strategy [28]. The model
first learns general sign language representations from high resource languages, then adapts to target languages
through few-shot learning and domain adaptation techniques [29].

The pretraining strategy incorporates:

1) Meta-learning for rapid adaptation to new sign languages,

2) Adversarial training for domain-invariant feature learning,

3) Curriculum learning with progressive difficulty increases.

This approach enables effective translation for sign languages with as few as 500 training samples.

D. Multistream Graph Models

To capture complex spatial and temporal relationships in sign language, SignO utilizes multistream graph
neural networks [10]. The model represents sign language as a graph structure with nodes representing hand
landmarks, facial features, and body poses, and edges representing spatial and temporal relationships.

The graph architecture includes:

1) Spatial graphs for modeling hand shape and configuration,

2) Temporal graphs for capturing movement dynamics,

3) Hierarchical graphs for multi-scale feature representation.

This approach improves recognition accuracy by 12% compared to traditional CNN-based methods.

V. ADVANCED FEATURES

A. Voice-to-Sign Conversion

SignO includes an innovative voice-to-sign conversion feature that processes spoken language input and
generates corresponding sign language animations [11]. The system utilizes automatic speech recognition
(ASR) followed by text-to-sign translation, enabling real-time conversion of spoken language to sign language.

The voice-to-sign pipeline incorporates:

1) Noise-robust ASR with domain adaptation for sign language terminology,

2) Contextual text processing for sign language grammar adaptation,
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3) Prosody-aware animation generation for natural sign language expression [13].
The system achieves 92.1% accuracy in voice-to-sign conversion tasks.

B. Offline Mode Operation

To ensure accessibility in environments with limited internet connectivity, SignO provides comprehensive
offline functionality. The system includes compressed models optimized for mobile devices while maintaining
translation quality. The offline mode utilizes model quantization and knowledge distillation techniques to
reduce computational requirements while preserving accuracy [26].

C. Automatic Dialect Detection

SignO incorporates automatic dialect detection capabilities to handle variations within sign languages. The
system can identify and adapt to regional dialects, ensuring culturally appropriate translations. This feature
utilizes clustering techniques and domain adaptation methods to recognize dialect-specific patterns.

V1. EXPERIMENTAL RESULTS

A. Translation Performance

As shown in Fig. 2, SignO achieved state-of-the-art performance across multiple evaluation metrics. The
system demonstrated 94.7% accuracy in sign-to-text translation and 91.2% accuracy in text-to-sign conversion.
Cross-lingual translation between different sign languages achieved 89.4% average accuracy, significantly
outperforming existing systems.
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Figure 2. Audio to sign language tool

B. Real-Time Performance

The system maintains real-time operation at 30 frames per second on standard hardware configurations.
Latency measurements showed average end-to-end translation delays of 150ms for sign-to-text and 200ms for
text-to-sign conversion, meeting accessibility requirements for real-time communication.

VIIl. CONCLUSION

This paper presented SignO, a comprehensive real-time bidirectional sign language translation system that
addresses fundamental challenges in accessibility technology. The integration of CNN-based hand tracking,
transformer based NLP, and Al-driven avatar animation creates a robust solution for multilingual sign language
translation. Our experimental results demonstrate significant improvements in translation accuracy and real-
time performance compared to existing systems.

Future work will focus on expanding language support, improving low-resource adaptation techniques, and
developing more sophisticated cultural adaptation mechanisms. The system's modular architecture enables
continuous improvement and adaptation to emerging sign language technologies.
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