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ABSTRACT

Automated Visual Speech Recognition (VSR), which is also known as lip reading, presents a tough challenge in the sphere of artificial intelligence, mainly due to
the inherent visual ambiguities in production of human speech. This research paper explains the application and evaluation of a character-based, end-to-end lip-
reading system that has been created by modifying the revolutionary LipNet [1] architecture. The main purpose of the system is to decipher sentence- level speech
from silent videos by using a deep neural network that learns spatio-temporal features directly from the raw pixel data. The methodology employs an efficient
architecture consisting of a stack of three Conv3D layers with 128, 256, and 75 filters for joint feature extraction across space and time, then followed by two
bidirectional RNN layers with LSTMCells to model the sequential nature of language. The entire model is trained holistically using a Connectionist Temporal
Classification (CTC) loss function[5][12], which removes the need for explicit, frame-level alignment between the video and text. The publicly available GRID
corpus [4][11], a large-scale audiovisual dataset with a constrained limited grammar, has been used as the experimental testbed for training and evaluation. The
performance of the implemented system is quantitatively assessed using standard metrics, achieving a Word Error Rate (WER) and Character Error Rate (CER)
that demonstrate the model's high efficacy on this benchmark task. The main finding of this project is the successful validation of this modified architecture's
capacity to effectively decode constrained, sentence-level speech from video, demonstrating a viable alternative for the domain of end-to-end VSR.

Keywords: Lip Reading, Visual Speech Recognition, Deep Learning, Conv3D, Bidirectional LSTM [6], CTC Loss [5][12], GRID Corpus [4][11],
Spatiotemporal Convolution.

1. Introduction to Visual Speech Recognition

Lip reading, or speech reading, is the difficult mental skill of understanding spoken language by visually reading and understanding the movements of a
speaker's lips, face, and tongue. While mostly associated with individuals who are hearing impaired or hard-of-hearing [2], speech perception is an
inherently multimodal process for all listeners. Visual cues from a talker's face are naturally mixed in with audio information, significantly increasing
speech understanding, particularly in challenging environments like noisy restaurants or public spaces. Historically, this ability has been an important
and useful compensatory mechanism for individuals with hearing loss, helping them with effective face-to-face communication by combining visual
information with any remaining hearing abilities.

Despite its usefulness, automated lip reading remains a very complex problem for artificial intelligence systems. The main difficulty arises from the
inherent ambiguity of the visual speech signal. This ambiguity shows itself in two primary forms: the phoneme-viseme discrepancy and the resulting
homophene problem.

A phoneme can be described as the smallest unit of sound in any language that differentiates one word from another. Spoken English, for example,
comprises of approximately 44 unique phonemes. However, when these sounds are produced, not all of them result in unique visual cues. A viseme is
the visual equivalent of a phoneme—a set of speech sounds that can't be visually distinguished on the lips. The mapping from phonemes to visemes is
many-to-one; there are far less visemes than phonemes because many sounds, such as glottal consonants or those involving little tongue movements
within the oral cavity, produce no distinguishable external movement. For instance, voiced and unvoiced consonant pairs like /p/ and /b/, or /s/ and /z/,
are visually identical.

This phoneme-viseme ambiguity creates the homophene problem. Homophenes are words that are pronounced differently and have different meanings
but appear the same when lip-read.

Classic examples include the set {"mat", "bat", "pat"} or the pair {"might", "bite"}, where the differentiating phonemes belong to the same viseme class.
This ambiguity is the main source of error and confusion for both human and machine lip readers. Some studies estimate that, if no additional context is
present, only 30% to 45% of the English language can be accurately decoded through lip movements alone.

The challenge of resolving this ambiguity is the main technical driver behind the use of advanced deep learning models in modern Visual Speech
Recognition (VSR). A static image of a mouth shape is very ambiguous. Human lip readers solve this by using temporal and linguistic context; the
meaning of a visually ambiguous mouth movement is inferred from the sequence of previous and later movements, as well as the broader semantic context
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of the conversation. This observation tells us that any successful automated system cannot just classify static images of mouth shapes. It must be able to
model complex temporal dependencies within a sequence of video frames. This requirement naturally leads to the use of sequential deep learning
architectures, such as those using Recurrent Neural Networks (RNNs), which are specifically designed to process and learn from sequential data.

This paper presents a minor project focused on this very challenge. The goal is to implement, train, and rigorously evaluate a model based on the LipNet[1]
model, a leading end-to-end deep learning architecture that has been designed for sentence-level, character-based lip reading. The model will be trained
and tested on the GRID corpus [4][11], a foundational dataset in the VSR community, to validate the efficacy of spatio-temporal deep learning in
attempting to solve the problem of visual speech ambiguity.

2. A Review of Automated Lip Reading Techniques

The field of automated lip reading has gone through a huge transformation over the past few decades, evolving from multi-stage, feature-engineered
pipelines to sophisticated, end-to-end deep learning architectures. This evolution clearly shows broader trends in computer vision and machine learning,
where data-driven approaches have almost always been advantageous over traditional methods.

2.1 Early Approaches and Traditional Pipelines
Before the widespread adoption of deep learning, VSR systems were characterized by a modular, multi-stage pipeline. This process usually involved
three unique steps:

1. Mouth Region Detection: The first step was to detect and isolate the speaker's mouth in each video frame.

2. Hand-Crafted Feature Extraction: Researchers would then apply complex algorithms to extract a set of pre-defined visual features from the
cropped mouth region. These were mostly geometric features, like the width, height, and perimeter of the lips, or appearance-based features
derived from image transforms like the Discrete Cosine Transform (DCT) or Active Appearance Models (AAMs). The success of the whole
system was massively dependent on the quality and relevance of these engineered features.

3. Classification and Temporal Modeling: Finally, the extracted feature vectors were fed into a classification model. Because of the sequential
nature of speech, Hidden Markov Models (HMMs) became the first choice for this stage. HMMs could model the temporal dynamics of the
feature sequences and predict the most probable sequence of words or phonemes.

These traditional pipelines suffered from some big important limitations. The reliance on hand- crafted features made them brittle and unable to understand
the full complexity of lip movements. Moreover, each stage of the pipeline was optimized independent of each other, leading to a creation of cascading
errors. Any inaccuracy or error in the initial mouth detection stage would move forward and be amplified in the following feature extraction and
classification stages, permanently degrading the final prediction.

2.2 The Advent of End-to-End Deep Learning

The deep learning revolution caused major changes in VSR, moving the field away from

modular pipelines toward integrated, end-to-end trainable models. The pivotal innovation of this approach is that the model learns to extract relevant
features directly from the raw pixel data, removing the need for manual feature engineering.

Early deep learning systems for VSR usually combined two types of neural networks.
Convolutional Neural Networks (CNNs) were used as a powerful front-end to automatically

learn spatial features from individual video frames. The output of the CNN was then fed into a Recurrent Neural Network (RNN), such as a Long Short-
Term Memory (LSTM) [6] network,

which worked as the back-end to model the temporal dependencies between frames. While
these hybrid models showed a significant advance, many of the initial efforts were still limited to classifying isolated words or phonemes rather than
decoding continuous, sentence-level speech.

2.3 LipNet[1]: A Milestone in Sentence-Level VSR

The introduction of LipNet by Assael et al. in 2016 [1] marked a revolutionary moment for the field. LipNet [1]was the first deep learning model capable
of performing true end-to-end, sentence-level sequence prediction for lip reading. This breakthrough was made possible by a "pipeline collapse," where
the complete process from raw pixels to the final text transcription became a single, jointly optimized differentiable function. This overall optimization
strategy avoids the added up errors of traditional methods and allows the feature extraction and sequence modeling components to be adapted together,
resulting in the discovery of more powerful, task-relevant features.

LipNet's [1] architecture introduced two new important innovations that made this possible:
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1.  Spatiotemporal Convolutions (STCNNs): Instead of using 2D CNNSs to process frames independently, LipNet [1] used 3D convolutions that
operate across the spatial dimensions (height, width) and the temporal dimension simultaneously. This allowed the model to learn features that
inherently capture motion and dynamics, which are very important for understanding speech.

2. Connectionist Temporal Classification (CTC) Loss [5][12]: To train the model without needing extensive, frame-by-frame character
annotations, LipNet [1] used the CTC loss function [5][12]. CTC smartly resolves the alignment problem between the variable-length video
input and the text output, allowing the model to be trained directly on pairs of videos and their corresponding sentence-level transcriptions.

On the benchmark GRID corpus [4][11] dataset, LipNet [1] achieved exceptional results, significantly outperforming not only previous automated systems
but also experienced human lip readers on the same constrained task. This landmark achievement solidified the viability of end-to-end deep learning for
sentence-level VSR and opened the gates for much of the subsequent research in the field.

3. The GRID Corpus [4][11]: A Foundation for Lip Reading Research

The dataset used for this project is the GRID audio-visual sentence corpus [4][11], a foundational resource that has been pivotal in the development and
benchmarking of many VSR systems, including LipNet [1]. This section provides a detailed description of the dataset's structure, the preprocessing
pipeline used to prepare the data for model training, and a detailed analysis of its inherent limitations.

3.1 Dataset Structure and Composition

The GRID corpus [4][11]is a large, multi-talker dataset specifically designed for research in speech perception and automatic speech recognition. Its key
characteristics are as follows:

e  Speakers and Sentences: The corpus contains high-quality audio and video recordings from 34 different speakers (18 male and 16
female). Each speaker was recorded speaking 1000 unique combinations of words, resulting in a total of approximately 34,000 video
clips. However, some files missing or corrupt (like all of speaker 21's videos), leaving a usable total of around 32,746 videos.

e  Constrained Grammar: The most important feature of the GRID corpus[4][11] is its highly structured and constrained grammar. Every
sentence sticks to a fixed six-word format: command(4) + colour(4) + preposition(4) + letter(25) + digit(10) + adverb(4).

e  Limited Vocabulary: The vocabulary is visibly very small, comprising only 51 unique words. These are broken down into categories:
4 commands (e.g., 'bin', 'lay’, 'place’, 'set’), 4 colors (e.g., 'blue’, 'green’, 'red’, ‘white'), 4 prepositions (e.g., ‘at', 'by’, 'in’, ‘with'), 25 letters
of the alphabet (excluding ‘'w'), 10 digits (‘zero' to 'nine'), and 4 adverbs (‘again’, 'now’, 'please’, 'soon). An example of a sentence from
the corpus is "place red at C zero again".

e  Video and Alignment Data: Every video is exactly 3 seconds long, recorded at 25 frames per second (fps), equaling a total of 75 frames
per video. The dataset also includes word to word time alignment files, which specify the start and end times for each word spoken in the
every video.

3.2 Data Preprocessing Pipeline

To prepare the raw video data from the GRID corpus [4][11]for input into the LipNet [1] (or similar) model, a standardized preprocessing pipeline is
used. This pipeline is important for separating the relevant visual information and normalizing the data to facilitate effective learning. The steps are as
follows:

1. Video Loading: The process begins by loading each video file (typically in .mpg format) and extracting its individual frames using a computer
vision library such as OpenCV.

2. Color Space Conversion: Each frame is converted from its original RGB colour space to grayscale. This step very much reduces the
computational load (from 3 channels to 1) without losing important information, because the shape and motion of the lips are mostly
independent of color.

3. Mouth Region of Interest (ROI) Extraction: This is the most important preprocessing stage. For each video sequence, a face detector, such
as the one provided by the DLib [10] library, is first used to locate the speaker's face in the first frame. After a successful detection, a facial
landmark predictor (shape_predictor_68_face_landmarks.dat) is used to identify a set of 68 key points on the face [8]. The landmarks that
represent to the outer boundary of the mouth are used to determine the coordinates for a standardized mouth region of interest (ROI). This
initial mouth coordinate mapping is then used to extract consistent 120x60 pixel crops from all remaining frames in the sequence. If face
detection fails in the first frame, the process iterates to next frames until a face is successfully detected and mouth coordinates are noted. This
approach ensures that the model receives standardized, mouth-centered input while massively improving computational efficiency by
performing face detection only once per sequence rather than on every individual frame.

4. Temporal Normalization: All video sequences are processed to ensure they have a fixed length of 75 frames, matching the standard duration
of the GRID corpus[4][11] videos.
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5. Pixel Standardization: Finally, the pixel values of all cropped mouth images across the whole training set are standardized. This is typically
done by subtracting the mean pixel value and dividing by the standard deviation of the training set. This centers the data around zero and
scales it to have unit variance, which helps to stabilize the training process and accelerates model convergence.

(A) ORIGINAL FRAME (B) FACIAL LANDMARK (C) STANDIATIZED
DETECTION MOUTH ROI

LipNet
Madel Inpu

Raw video frame, RGB color. Grays cale, landmarks detected Cropped, resized |( )]
mouth ROI identified . pixel

Figure 1: Data Preprocessing Pipeline

An illustration showing a sequence of transformations applied to a raw video frame from the GRID corpus[4][11]. The sequence shows (a) the original
frame with the speaker's face, (b) the frame with detected facial landmarks overlaid over it, especially highlighting the mouth region, and (c) the final
cropped and grayscale mouth Region (120x60px) of Interest (ROI) that is fed into the neural network.

3.3 Inherent Limitations and Research Implications
While the GRID corpus [4][11] has been pivotal for advancing VSR research, it is important to acknowledge its big limitations. The highly limited and

artificial nature of the dataset means it is not representative of real-world, "in-the-wild" lip-reading scenarios. The main limitations include:

° Constrained Grammar and Vocabulary: The fixed sentence structure and small vocabulary make the prediction task much simpler
than decoding natural, real life, unconstrained language.

° Controlled Environment: All videos were recorded in a studio setting with consistent lighting, a frontal camera view of the speaker,
and no background distractions.

° Lack of Diversity: The dataset lacks variations in head posing, lighting, and speaker accents (only english accent) that are bound to be
found in real-world videos.

These constraints tell us that models achieving very high accuracy on the GRID corpus[4][11] may be overfitting to its specific statistical regularities
rather than learning a truly generalizable model of visual speech. Therefore, performance on GRID [4][11] should be interpreted as a strong benchmark
for a constrained and limited task, but it does not necessarily tell us about the success on more challenging, unconstrained datasets.

4. Architectural Deep Dive: The LipNet [1] Model

The LipNet architecture [1] represents a smartly engineered solution where every component is specifically designed to tackle a fundamental hurdle in
the task of visual speech recognition. It is not just a collection of deep learning layers but a complete system that integrates spatio-temporal feature
extraction, sequential context modeling, and an alignment-free training mechanism into a single, end-to-end framework.

t frames STCNN + Spatial Pooling Bi-GRU  Linear CTC loss
(x3) (x2)

Figure 2: The LipNet [1] Architecture.
A diagram showing the data flow through the model. It begins with a sequence of 75 preprocessed mouth ROI frames as input. This input passes through
a front-end comprising of three stacked Spatiotemporal Convolutional (STCNN) blocks, each of them followed by 3D Max-Pooling. The resulting

sequence of features is then fed into a back-end of two stacked Bidirectional Gated Recurrent Unit (Bi-GRU) layers. Finally, a fully connected layer with
a softmax activation produces a probability distribution over the character vocabulary for each time step, which is used to compute the CTC loss[5][12].
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4.1 Spatiotemporal Feature Extraction (STCNN)

The first stage of the LipNet [1] model is a front-end for feature extraction which has been designed to learn discriminative visual representations from
the input video. Knowing that lip reading is an inherently dynamic process which needs the undersanding of motion, LipNet [1] moves beyond the
standard 2D convolutions, which process every frame in isolation.

Instead, the architecture uses a stack of three Spatio-temporal Convolutional Neural Network (STCNN) blocks. These blocks use 3D convolutions, a
powerful extension of the traditional 2D convolution. A 3D convolutional kernel has dimensions of depth, height, and width, allowing it to convolve
across the two spatial dimensions of the image as well as the temporal dimension (i.e., the sequence of frames). This structure allows the network to learn
filters that are sensitive not only to static spatial features (individual frames).

Each STCNN layer in the stack is followed by a Rectified Linear Unit (ReLU) activation function that introduces non-linearity, and a 3D Max-Pooling
layer. The pooling operation helps to downsample the spatial dimensions of the feature maps, which builds a degree of invariance to small shifts or
translations of the mouth within the frame. Importantly, pooling is applied only along the height and width dimensions, while the temporal dimension is
preserved completely, ensuring that no temporal information is lost before the sequence modeling stage.

4.2 Sequential Modeling with Bidirectional GRUs

The output of the STCNN front-end is a sequence of high-level feature vectors, where each vector represents a time step in the input video. The second
stage of the LipNet [1] model is a back-end designed to model the long-range temporal dependencies and linguistic context within this feature sequence.

To tackle this, LipNet [1] uses a stack of two Bidirectional Gated Recurrent Units (Bi-GRUs). A Gated Recurrent Unit (GRU) is an advanced type of
Recurrent Neural Network (RNN) that uses gating mechanisms to control the flow of information through time. This allows the network to selectively
remember or forget information, allowing it to detect and capture dependencies over long sequences while mitigating the vanishing gradient problem that
affects simple RNNs.

The "bidirectional aspect of the Bi-GRU is of significant importance for lip reading. A standard RNN processes a sequence in one direction (forward in
time), whereas, a Bi-GRU consists of

two separate GRU layers: one that processes the sequence from start to end in the forward direction, and another that processes it from end to start in the
backward direction. The outputs of these two layers are added (concatenated) at each time step. This structure allows the prediction for a character at any
given point in the sequence to be calculated by both the preceding (past) and succeeding (future) context. This ability to look ahead is very important for
resolving the ambiguities of homophenes; the model can use the visual information from a later part of a word or sentence to help resolve the ambiguity
of an earlier, visually uncertain part.

4.3 End-to-End Training with CTC Loss [5][12]

The final output of the Bi-GRU layers is a sequence of vectors, which is then passed through a fully connected (linear) layer followed by a softmax
activation function. This produces, for each of the 75 time steps (frames), a probability distribution over the set of all possible output

characters (e.g., 'a’-'z', 'space’, '1'-'9", 'I', '?"), plus a special 'blank' token which is required by the training algorithm.

A significant challenge in training such a sequence-to-sequence model is the absence of a direct, frame-by-frame alignment between the input video and
the output character sequence. It is very time consuming to manually label which video frame corresponds to the pronunciation of which character. The
Connectionist Temporal Classification (CTC) loss function [5][12] provides an elegant solution to this alignment problem.

CTC [5][12]works by treating the network's output as a probability distribution over all possible sequences of characters of length 75 (the number of time
steps). It then intelligently sums up

the probabilities of all possible alignments of the ground truth text that could have been produced. For example, the word "cat" can be produced by
alignments like _c_a t ,cc_aa_tt, or ca_t_ (where' "is the blank token). The CTC loss function[5][12] efficiently calculates

the total probability of the correct label sequence across all these potential alignments. During decoding, repeated characters are collapsed (merged
together), and blank tokens are removed to yield the final text prediction. This powerful method enables the LipNet [1] model to be

trained end-to-end, directly from pairs of videos and their sentence transcriptions, without requiring any pre-aligned data.

5. Experimental Setup and Implementation

To ensure the reproducibility of this project, this section will provide a detailed account of the model configuration, training protocol, and evaluation
metrics used. The implementation choices are based on the original LipNet [1] paper and other common practices within the VSR research community.
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5.1 Model Configuration and Hyperparameters

The LipNet [1] based model was implemented and trained with the following specific configuration and hyperparameters:

e  Vocabulary: The model's output vocabulary consists of 40 characters: 26 lowercase English letters (‘a' through 'z'), a space character ('
"), numbers from 1-9,special symbols like " ", "1", "?", and an unknown token to handle any out-of-vocabulary characters. Including the
special blank token required by the CTC loss function[5][12], the final output layer of the network has 41 neurons.

®  STCNN Layers: The feature extraction front-end is composed of three STCNN blocks.

e  Block 1: 3D Convolution with 128 filters, kernel size (3, 3, 3), ReLU activation, followed by 3D Max-Pooling with pool size
1,2,2

e  Block 2: 3D Convolution with 256 filters, kernel size (3, 3, 3), ReLU activation, followed by 3D Max-Pooling with pool size
1,2,2

e  Block 3: 3D Convolution with 75 filters, kernel size (3, 3, 3), ReLU activation, followed by 3D Max-Pooling with pool size
1,2,2

Each convolutional layer is followed by batch normalization and a 3D Max- Pooling layer with a pool size of (1, 2, 2).

®  Bi-RNN Layers: The sequence modeling back-end consists of two stacked Bidirectional RNN layers, each containing an LSTMCell
with 128 units for both the forward (from start to end) and backward (from end to start) passes. Dropout with a rate of 0.5 is applied after
each bidirectional layer to prevent overfitting.

e  Optimizer: The Adam [9] optimizer was used for training the model due to its efficiency and adaptive learning rate capabilities.

® Learning Rate: The initial learning rate was set to 1x107*. A custom learning rate scheduler was used that maintains the initial learning
rate for the first 30 epochs, then applies exponential decay with a rate of 0.1 for each following epoch, allowing for stable initial training
followed by finer convergence for fine truning.

e  Batch Size: The model was trained with a batch size of 1 sample per iteration.
5.2 Training Protocol

The training and evaluation procedures were conducted as follows:

e  Dataset Split: A speaker-independent (or “unseen speakers") split of the GRID corpus[4] [11] was used to provide a thorough test of the
model's ability to generalize. The data from speakers 1, 2, 20, and 22 was kept exclusively for the validation and testing set (4000 videos).
The remaining 30 speakers' data comprised the training set (29000 videos, out of which some were corrupt). This ensures that the model
is evaluated on individuals whose speaking traits it has never seen during training.

e  Training Loop: The model was trained for a total of 100 epochs. An epoch contains one full pass through the entire training dataset.
During each training step, a batch of preprocessed video sequences and their corresponding text labels were fed to the model. The CTC
loss [5] [12] between the model's predictions and the ground truth labels was calculated, and the model's weights were updated via
backpropagation using the Adam [9] optimizer. The model with the lowest validation loss observed during training was saved for final
evaluation.

e  Hardware: All training and evaluation experiments were conducted on a workstation equipped with an AMD Ryzen 5 5600 processor,
a single AMD RX6800 XT graphics processing unit (GPU) with 16 GB of VRAM (using DirectML [13] on windows) and 16 GB of
system memory.

5.3 Evaluation Metrics
The performance of the trained LipNet [1] equivalent model was quantitatively assessed using two standard metrics in the field of speech recognition:

Character Error Rate (CER) and Word Error Rate (WER).

e  Character Error Rate (CER): CER measures the dissimilarity between the actual text and the predicted text at the character level. It is
the minimum number of character- level edits (substitutions, deletions, and insertions) required to change the predicted sequence into the
actual reference sequence, divided by the total number of characters in the reference. It is calculated as:

S+D+1
N

where S = number of substitutions, D = number of deletions, | = number of insertions, and N = total number of characters in the actual reference text.

CER =
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e  Word Error Rate (WER): WER is analogous to CER but operates at the word level. It is the most common metric for evaluating
automatic speech recognition systems. It is calculated as:

S’u.‘ | -D'UJ |I I‘U.‘
M

where Sw = the number of word substitutions, Dw = the number of word deletions, Iw = the number of word insertions , and M = the total number of
words in the reference text.

WER =

For both metrics, a lower value means better performance.

6. Performance Analysis and Results

This section presents the experimental results obtained from training and evaluating the implemented LipNet [1] based model on the GRID corpus [4][11].
The analysis includes quantitative performance measurements, an examination of the model's training dynamics, and a qualitative review of sample
predictions to show a comprehensive assessment of the model's capabilities and limitations.

6.1 Quantitative Performance

The final model, which is selected based on the lowest validation loss during the 100-epoch training run, was tested on the remaining test set of unseen
speakers. The performance, measured by CER, WER, and sentence-level accuracy, is summarized in Table 1 and compared to the benchmark results
reported in the original LipNet [1] paper for the same speaker- independent task.

Table 1: Model Performance on the GRID Corpus [4][11] (Unseen Speakers) [1]

Metric Achieved Score  Benchmark (LipNet [Assael et al., 2016])
Character Error Rate (CER)  6.7% ~4.8%
Word Error Rate (WER) 13.6% ~11.4%
Sentence Accuracy 86.4% 88.6%

The results show an impressive performance, with the our model achieving a sentence accuracy of 86.4%. This means that the model correctly decoded
over 8 out of 10 sentences from speakers that it had never seen before. The resultant WER of 13.6% and CER of 6.7% are competitive and come close to
the remarkable benchmarks for this challenging task. The slight difference between the achieved scores and the original benchmarks can be attributed to
small differences in implementation details (model configuration was modified for compatibility with AMD GPU and DirectML), hyperparameter tuning,
training quantity (epochs) and the specific random seed used for weight initialization and data shuffling.

6.2 Training Dynamics

The learning process of the model over the 100 training epochs was monitored by plotting the training and validation loss curves, as shown in Figure 3.
The loss function used is the CTC loss[5] [12], which measures the negative log probability of the correct text sequence given the video input.
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A plot showing the CTC loss [5][12] for both the training loss (black line) and the validation loss (blue line) across 100 training epochs. The x-axis is the
epoch number, and the y-axis is the CTC loss [5][12] value. Both curves show a steep initial decline, followed by a gradual plateau, indicating successful

model convergence.

The analysis of the loss curves reveals several key aspects of the training process:

e  Convergence: Both the training and validation loss decrease quickly and by a large number from their starting high values, later
plateauing towards the end of the training run. This smooth downward trend indicates that the model is successfully learning the
underlying patterns from the data and that the optimization process is stable.

e  Generalization: The validation loss curve closely resembles the training loss curve, with only a small gap being created between them
in the later epochs. This suggests that the model is generalizing well to the unseen speaker data and is not suffering from high degree of
overfitting. The use of dropout in the Bi-RNN layers likely contributed to this robust generalization.

e  Stability: The absence of large, abnormal oscillations in the loss curves suggests that the chosen learning rate works for the task, allowing
for stable convergence without causing the optimization to diverge.

6.3 Qualitative Analysis

To gain a more in depth understanding of the model's performance, Table 2 presents a selection of predictions made by the model on the validation set.
This qualitative analysis highlights both the model's strengths and the nature and extent of its errors.

Table 2: Sample Predictions from the Validation Set

Ground Truth
Sentence

"place blue by
m one now"

"set green with
s two soon"

"bin red at p
zero again”

“lay white in a
nine please"

"set blue by t
four now"

Predicted
Sentence

"place blue by
m one now"

"set green with
s two soon"

"binred at b
zero again"

"lay white in a
nine pleas"

"set blue by d
four now"

Analysis

Correct Prediction: The model successfully decodes the entire six-word
sentence without any errors.

Correct Prediction: Another example of a perfect transcription, demonstrating
the model's high accuracy.

Homophene Error: The model incorrectly substitutes 'p' with 'b". This is a
classic homophene confusion, as the phonemes /p/ and /b/ are visually
indistinguishable, both being bilabial plosives.

Minor Deletion Error: The model makes a single-character error, deleting the
final ‘e". This is a common type of error in sequence-to-sequence models and
contributes to the overall CER.

Homophene Error: Another example of a homophenous substitution. The
phonemes /t/ and /d/ are both alveolar plosives and have very similar visual
manifestations.
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The qualitative examples support the quantitative results. The model is highly accurate, often predicting perfect transcriptions. Importantly, the analysis
reveals that a large portion of the errors made by the model are substitutions between homophenous characters. This indicates that the model has
effectively learned to extract and interpret visual speech cues, and its main remaining failures occur in situations of inherent visual ambiguity, the most
common limitation of the lip-reading task itself.

7. Discussion

The experimental results demonstrated in the previous section provide a strong case for the LipNet[1] based model for character-based lip reading on the
constrained GRID corpus [4][11]. The achieved Word Error Rate of 13.6% and Character Error Rate of 6.7% on unseen speakers are highly competitive,
showing that the created system successfully learned to decode speech from silent grayscale video. This performance can be directly credited to the
smoothly coupled design of the model's architecture. The spatio-temporal convolutional front-end proved effective at learning discriminative features
that capture both the static shape (individual frames) and dynamic motion (temporal aspect) of the lips. Moreover, the bidirectional recurrent back-end
successfully modeled the temporal and linguistic context for the entire sequence of words, allowing it to make predictions that are contributed to by both
past and future visual cues. This ability to leverage context is very important to resolving some of the visual ambiguity that is inevitable in silent speech.

A more in depth analysis of the model's failure modes, as shown in the qualitative examples, is particularly revealing. The dominance of homophene-
based substitution errors (e.g., 'p' vs. 'b', 't' vs. 'd") is an important finding. These errors occur because these distinct phonemes produce visually same or
nearly same lip movements. The fact that these make up a major class of the model's errors tells us that the system is pushing the limits of what is possible
to be decoded with visual-only information. Even with the bidirectional context provided by the Bi-RNN layers, some ambiguities are no matter what,
unresolvable, without access to additional information (like audio) or a much higher-level semantic understanding of language (like context of
conversation or the ability to self-correct words based on the rest of the sentence). The model has learned the visual patterns of speech so well that its
most common errors are now based on the lip-reading task's most common enemy.

However, it is important to understand these high accuracy scores within the full context, which has been termed the "GRID Paradox". The GRID corpus
[4][11], with its fixed six-word grammar, very limited vocabulary, and highly controlled recording environment, represents an idealized and simplified
version of the lip-reading task. The model's success and accuracy on this dataset does not necessarily mean a general-purpose lip-reading ability applicable
to "in-the-wild" videos. It is highly possible that the model has not only learned the visual representations of characters but has also unknowingly learned
the rigid and limited grammatical structure and statistical regularities of the dataset itself. For example, it has learnt that the first word must be one of
four commands ('bin’, 'lay’, ‘place’, 'set’) and the second must be one of four colours (‘blue’, 'green’, 'red', 'white'). This embedded structural knowledge
significantly reduces the search space for predictions, contributing highly to the high performance. This important perspective is essential for academic
integrity; while the model has essentially “solved" the task as defined by the GRID corpus [4][11], its performance cannot be described as a direct measure
of its ability to understand unconstrained, natural human speech (in the wild).

8. Conclusion and Future Scope and Directions

In conclusion, this project has successfully implemented, trained, and validated a character- based lip-reading model based on the revolutionary LipNet
[1] architecture. The experimental results on the GRID corpus [4][11] prove the deep effectiveness of end-to-end deep learning models that use spatio-
temporal convolutions for feature extraction and recurrent neural networks for sequence modeling. The system's ability to achieve high accuracy on a
speaker- independent split of the dataset presents the power of this architecture to learn generalizable patterns of visual speech within a constrained
domain. This project serves as an in depth and practical demonstration of a landmark model that helped define the modern approach to automated Visual
Speech Recognition.

While the project achieved its goals, the field of VSR is advancing every day, and several high potential avenues for future work could be built upon this
foundation.

1.  Evaluation on "In-the-Wild" Datasets [3]: The most crucial next step is to test the model's true generalization capabilities by testing it on
more challenging, unconstrained datasets such as LRS2 (Lip Reading Sentences 2) or LRS3-TED. These datasets feature diverse speakers,
different head poses, unscripted language, and complex backgrounds, providing a much more realistic assessment of the model's capabilities.

2. Architectural Enhancements: The sequential modeling back-end of the LipNet [1] based model, based on RNNs, could be replaced with
more advanced and modern architectures. Exploring the use of Transformer-based models with self-attention mechanisms [7] could prove
beneficial, as these architectures have demonstrated much better performance in capturing very long-range dependencies in other sequence-
to- sequence tasks like machine translation and text summarization.

3. Improving Speaker-Independent Generalization: Performance decrease on unseen speakers is still a significant challenge in VSR,
originating from natural variations in facial structure, lip shape, and pronunciation styles. Future research could look into techniques
specifically aimed at improving speaker generalization, such as domain adaptation, adversarial training, or the use of larger and more diverse
training datasets.

4. Multimodal Fusion: To overcome the common limitations of visual-only speech recognition, a powerful extension would be to develop a
multimodal, audio-visual system. Such a model would take both the silent video and a potentially noisy audio stream as input. By learning to
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combine information from both sources, the system could more closely mimic human speech understanding, utilising visual cues to decode
noisy audio and vice versa. This approach holds the biggest potential for building robust speech recognition systems that can perform with
high accuracy in real-world environments.
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