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Abstract

Fundamental technologies in the evolution of human-computer interaction (HCI), hand
gestures and human action recognition enable more natural, intuitive, and accessible
interfaces across sectors including assistive technologies, robotics, virtual reality, and
surveillance. Using the MSRA Hand Gesture Dataset and the UCF101 Dataset, this
paper presents a thorough comparative analysis of state-of- the-art deep learning and
transformer-based models for hand gesture recognition and for human action recognition.

Comprising 76,500 depth images distributed over 17 gesture classes, the MSRA Hand
Gesture Dataset offers a strong basis for spatial feature extraction. ResNet101 obtained
the highest Fl-score (0.9978) among all architectures; closely followed by DenseNet 169
(0.9919) and DenseNet 201 (0.9901). MobileNetV2 demonstrated a good balance between
computational efficiency and accuracy with an Fl-score of 0.9847; VGG variants lagged
since they lacked sophisticated architectural elements.

Human action recognition using the UCF101 dataset—which consists of over 13,000
video clips in 101 action categories—was driven with an eye toward the 50 most frequent
classes to guarantee computational feasibility and class balance.With F1l-score 0.9997,
transformer-based models especially ViT Tiny Patch surpassed even the deepest CNNs.
While MobileNetV2 once shown efficiency in settings with limited resources, VGG16bn’s
performance revealed the limits of older CNN architectures for demanding tasks.

The results underline how architectural innovations including residual connections,
dense connectivity, and attention mechanisms help to raise recognition accuracy and
computational efficiency. The paper claims that transformer-based models are redefin-
ing benchmarks even if deep CNNs continue to be strong candidates. More particularly,
considering hybrid CNN-transformer designs, explicit temporal modeling, and advanced

augmentation techniques helps to increase recognition capacities in pragmatic settings.

v



Contents

Candidate’s Declaration

Certificate

Acknowledgement

Abstract

Content

List of Tables

List of Figures

List of Symbols, Abbreviations

1 INTRODUCTION

2

1.1
1.2
1.3

The Evolving Landscape of Human-Computer Interaction (HCI) . . . . . .
Motivation: The Quest for Advanced Recognition Systems . . . . . . . ..
Research Objectives and Contributions . . . . . . . . ... ... ... ...

LITERATURE REVIEW

2.1

2.2

2.3

24

Foundations and Evolution . . . . . . . .. .. ... ... 0.
2.1.1 Handcrafted Features to Classical Machine Learning . . . . . . . ..
2.1.2  Depth Sensors and Multi-Modal Data . . . . . ... ... ... ...
2.1.3 Deep Learning Approach . . . . . . . .. .. ... L.
2.1.4 Transformer-Based and Hybrid Architectures. . . . . . . . . .. ..
Hand Gesture Recognition: Techniques, Datasets, and Challenges . . . . .
2.2.1 Taxonomy of Hand Gesture Recognition Methods . . . . . . .. ..
2.2.2  Key Datasets for Hand Gesture Recognition . . . . . . . .. .. ..
2.2.3 Evolution of Deep Learning in Hand Gesture Recognition . . . . . .
2.2.4  Challenges and Open Issues in Hand Gesture Recognition . . . . . .
Human Action Recognition: From Still Images to Videos . . . . . . . . ..
2.3.1 Early Methods and the Shift to Deep Learning . . . . . . . . .. ..
2.3.2 Datasets for Human Action Recognition . . . . .. ... ... ...
2.3.3 Deep Learning Architectures for Action Recognition . . . . . . . ..
2.3.4 Challenges and Future Directions in Action Recognition . . . . . .
Comparative Analysis and Synthesis . . . . . . .. ... ... ... ....
2.4.1 Architectural Innovations and Their Impact . . . . . . .. ... ..
2.4.2 Trade-Offs and Practical Considerations . . . . .. ... .. .. ..
2.4.3 Open Issues and Future Research Directions . . . . . . . .. .. ..

ii

iii

iv

vii

viii

ix



3 METHODOLOGY
3.1 Dataset Selection and Justification . . . . . . ... ...
3.1.1 Hand Gesture Recognition: MSRA Hand Gesture Dataset . . . . .
3.1.2  Human Action Recognition: UCF101 Dataset . . . ... ... ...
3.2 Data Preprocessing . . . . . . . . ... L
3.2.1 Image and Video Frame Preparation . . . ... .. ... ... ...
3.2.2 Data Augmentation . . . . . . . ... Lo
3.2.3 Dataset Partitioning . . . . . . ... ... oL oL
3.3 Model Architecture Selection and Adaptation . . . . . .. ... ... ...
3.3.1 CNN-Based Architectures . . . . .. .. ... ... ... ......
3.3.2 Transformer-Based Architectures . . . . ... ... ... ... ...
3.3.3 Model Adaptation for Task-Specific Requirements . . . . . . . . ..
3.4 Training Protocols . . . . . . . ..
3.4.1 Optimization and Regularization . . . . ... ... ... ... ...
3.4.2 Data Loading and Augmentation During Training . . . . . . . . ..
3.5 Model Evaluation . . . . . . . . .. ...
3.5.1 Metrics . . . ...
3.5.2  Cross-Validation and Statistical Robustness . . . . . .. .. .. ..
3.5.3 Model Comparison and Visualization . . . . .. ... ... .. ...
3.6 Task-Specific Considerations . . . . . . . . ... .. ... ... .......
3.6.1 Hand Gesture Recognition (MSRA) . . . . .. ... ... ... ...
3.6.2  Human Action Recognition (UCF101) . . .. ... ... ... ...

4 RESULTS and DISCUSSION
4.1 Hand Gesture Recognition on the MSRA Dataset . . . . .. ... .. ...
4.1.1 Experimental Setup and Evaluation Metrics . . . . . .. ... ...
4.1.2 Comparative Model Performance . . . ... ... ... ... ....
4.1.3 Training Dynamics and Convergence Analysis . . . . . .. ... ..
4.1.4 Discussion: Architectural Insights and Practical Implications . . . .
4.2 Human Action Recognition on the UCF101 Dataset . . . . . . . . ... ..
4.2.1 Experimental Setup and Evaluation Metrics . . . . . .. ... ...
4.2.2 Comparative Model Performance . . . .. ... ... ... .....
4.2.3 Training Dynamics and Convergence Analysis . . . . . .. ... ..
4.2.4  Discussion: Architectural Insights and Practical Implications . . . .
4.3 Cross-Task Synthesis and Broader Implications . . . . . . . .. ... ...
4.3.1  Model Selection for Application Scenarios . . . . .. .. ... ...
4.3.2 Trade-offs: Accuracy, Efficiency, and Real-Time Feasibility . . . . .
4.3.3 Limitations and Future Directions . . . . . . . .. .. .. ... ...
4.4 SUmMmary . . ... e

5 CONCLUSION AND FUTURE SCOPE
5.1 Conclusion . . . . . . . . ..
5.2 Future Scope . . . . . ..

A Dataset Details
A.1 MSRA Hand Gesture Dataset . . . . . . . . . . . . . . . . .. ... ...
A.2 UCF101 Human Action Recognition Dataset . . . . . . . .. ... .. ...

B Data Preprocessing and Augmentation

vi

13
13
13
14
14
14
15
15
16
16
16
16
17
17
17
17
17
17
18
18
18
18

19
19
19
19
20
21
21
21
22
23
23
24
24
24
24
24

25
25
26

27
27
27

28



B.1 Hand Gesture (MSRA) . . . . . . ... . ..
B.2 Human Action (UCF101). . . . ... ... .. . . ...

C Model Training and Evaluation Protocols
D Hardware and Training Environment
List of Publications

Bibliography

List of Publications

vil

29

30

31

31

36



List of Tables

4.1 Performance Comparison of Different Models MSRA DataSet .
4.2  Performance Comparison of Different Models UCF101 Dataset

viil



2.1
2.2

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4

List of Figures

MSRA Dataset . . . . . . . .
UCF101 Dataset . . . . . . .

Different Classes in MSRA DataSet . . . . . . . .. ... ... ... ....
Top Classes with highest occurrence in UCF101 Dataset . . . . . .. . ..
Class Distribution in MSRA Dataset . . . . ... ... ... ... .....
Class Distribution of top 30 classes in UCF101 Dataset . . . . . . . .. ..

F-1 score versus epochs for all the models for MSRA Dataset. . . . .. ..
Validation loss versus epochs for all the models for MSRA Dataset.

F-1 score versus epochs for all the models for UFC101 Dataset. . . . . ..
Validation loss versus epochs for all the models for UFC101 Dataset.

1X



List of Symbols

HCI Human-Computer Interaction
GUI Graphical User Interface
WIMP Windows, Icons, Menus, Pointers
UXx User Experience

NUI Natural User Interface

VR Virtual Reality

AR Augmented Reality

CNN Convolutional Neural Network
NLP Natural Language Processing
ViT Vision Transformer

DeiT Data-efficient Image Transformer

MSRA Microsoft Research Asia (Hand Gesture Dataset)
RGB Red, Green, Blue

SVM Support Vector Machine
RNN Recurrent Neural Network
LSTM Long Short-Term Memory
GNN Graph Neural Network

TSN Temporal Segment Network
GCN Graph Convolutional Network
HMDB Human Motion Database
DHG Dynamic Hand Gesture

IoT Internet of Things

ONNX Open Neural Network Exchange



Chapter 1

INTRODUCTION

1.1 The Evolving Landscape of Human-Computer In-
teraction (HCI)

Human-Computer Interaction (HCI) stands as a dynamic and multidisciplinary field ded-
icated to the design, evaluation, and implementation of interactive computing systems
for human use and the study of major phenomena surrounding them.Fundamentally, HCI
aims to comprehend and maximize the interaction between humans and computers, so
improving the usability, accessibility, and efficiency of technology in so enhancing hu-
man capabilities and experiences. From command-line interfaces and basic graphical user
interfaces (GUIs) to the sophisticated, intuitive, and progressively natural interaction
paradigms we see today, HCI has experienced a tremendous evolution over the past few
decades. Fast developments in computing power, sensor technology, artificial intelligence,
and a better knowledge of human cognition and behavior have propelled this evolution.

Early HCI was mostly system-centric, stressing computer technical capabilities with
less regard for user needs or cognitive load. Often rigid, interactions demanded users
to learn difficult commands and adjust to the machine’s limitations. A major change
towards user-centric design came with the arrival of the personal computer and later de-
velopment of GUIs pioneered by companies like Xerox PARC and popularized by Apple
and Microsoft. Leveraging human visual processing and spatial reasoning, these inter-
faces—which feature windows, icons, menus, and pointers (WIMP)—made computers
more approachable to a larger audience.

The spread of the internet and mobile devices in the late 20th and early 21st centuries
transformed HCI still more. New modalities of interaction made possible by touchscreens,
voice assistants, and pervasive connectivity led to more direct manipulation and context-
aware computing based on considering elements like engagement, emotion, and general
satisfaction. The emphasis moved beyond simple usability to include user experience
(UX). Natural user interfaces (NUIs) first emerged in this age and seek to make inter-
actions feel as simple and easy as interacting with the physical world or another human
being. By using human capacities including speech, touch, gesture, and even gaze, NUIs
reduce the need for explicit instruction of abstract commands.

Among this changing terrain, hand gestures and human action recognition have be-
come especially interesting and transforming tools for HCI. In human-machine communi-
cation, these technologies seem to open hitherto unattainable degrees of naturalism and
expressiveness. Fundamental to human communication, hand gestures can transmit a
wide range of meaning, feeling, and knowledge. Including gesture recognition into com-
puting systems enables touchless control, which is not only handy but also essential in



places like public kiosks or sterile medical environments where physical contact is either
unacceptable or unworkable.

Applications range from controlling smart home appliances with a wave of the hand,
navigating complex menus in virtual reality (VR) and augmented reality (AR) environ-
ments, to facilitating communication for individuals with speech or hearing impairments
using sign language translating systems, and allowing sophisticated control of robotic
systems in manufacturing or exploration.

Likewise, a wide range of applications requiring situational awareness and behavioral
understanding depend on human action recognition—that is, the capacity of a system
to identify and understand human actions from video or sensor data. Automated action
recognition can support public safety enhancement, crowd monitoring, and detection of
suspicious activity in surveillance and security. Content-based video retrieval lets users
search enormous video archives for particular events or actions. Action recognition in pa-
tient monitoring, senior fall detection, and rehabilitation assessment all help healthcare.
Using this technology, sports analytics tracks game statistics, examines player perfor-
mance, and offers tactical analysis. Action recognition is also used in interactive enter-
tainment and gaming systems to produce more realistic and interesting interactions.

Still, there are many difficult obstacles in the way strong and accurate gesture and
action recognition systems develop. Generalization is challenging because of the natural
variability in human gesture and action performance influenced by personal style, cultural
background, emotional state, and physical context. Further complicating the recognition
challenge are environmental elements including changing illumination, background clutter,
and occlusions—that is, hiding of parts of the hand or body from view. Capturing and
interpreting the intricate spatio-temporal patterns of motion adds still another level of
difficulty for dynamic gestures and actions. Classical machine learning techniques and
handcrafted elements were common components of conventional methods of recognition.
Although these techniques showed some success in limited settings, they usually lacked
the scalability and resilience needed for practical implementation.

1.2 Motivation: The Quest for Advanced Recogni-
tion Systems

The limits of conventional recognition methods and the growing need for more intelligent
and natural HCI systems have given research on more potent and flexible recognition
models a great incentive.

Deep learning, especially convolutional neural networks (CNNs), signaled a paradigm
change in the field of computer vision including gesture and action recognition. CNNs have
the amazing capacity to automatically learn hierarchical feature representations straight
from raw pixel data, so saving the time required for careful hand feature engineering.
This capacity has produced innovations in many image and video understanding projects.
CNNs can efficiently learn discriminative spatial features from either individual video
frames or stationary images for hand gesture detection. Architectures like 3D CNNs and
two-stream networks—combining spatial and temporal information—have shown notable
advancements over previous approaches for human action recognition.

Even with CNNs’ success, though, there are still difficulties particularly in accurately
capturing global contextual information and modeling long-range temporal dependencies.
Originally designed for natural language processing (NLP), transformer-based models



have lately become rather important in computer vision. Treating image patches as se-
quences, Vision Transformers (ViTs) and their variants apply self-attention techniques
to balance the importance of various areas and model global relationships. For tasks re-
quiring an awareness of complicated interactions and long-range dependencies, such those
inherent in dynamic human actions, this method has shown to be especially successful.
Notwithstanding these developments, thorough comparative studies evaluating the
performance, computational efficiency, and practical feasibility of several deep learning
and transformer architectures across standardized benchmarks remain much needed.
Such studies are crucial for several reasons:

e Guiding Model Selection: Practitioners and researchers need clear guidance on
which models are best suited for specific applications, considering trade-offs be-
tween accuracy, speed, and resource requirements.

e Identifying Architectural Strengths and Weaknesses: A systematic comparison can
illuminate the specific architectural innovations (e.g., residual connections, dense
blocks, attention mechanisms) that contribute most to performance gains.

e Benchmarking Progress: Standardized evaluations help track the progress of the
field and identify areas where further research and development are needed.

e Fostering Innovation: Understanding the current state-of-the-art can inspire the
development of novel hybrid architectures or further refinements to existing models.

This work attempts to provide a comprehensive view on the possibilities of modern
deep learning models by concentrating on two different but related tasks: human action
recognition from RGB videos (UCF101 dataset) and hand gesture recognition using depth
images (MSRA dataset).

While the UCF101 dataset presents the complexity of action recognition in uncon-
strained ”in-the-wild” videos, the MSRA dataset with its depth information enables an
evaluation targeted on spatial feature extraction in a rather controlled environment. From
established CNNs like VGG, ResNet, and DenseNet to efficient networks like MobileNetV2
and innovative transformers like ViT and DeiT, the choice of a varied range of models
guarantees a complete evaluation of the present architectural scene.

Moreover, a fair and rigorous comparison depends on the emphasis on a consistent
training and evaluation framework including consistent preprocessing, data augmentation,
and cross-validation techniques. The results of this study are meant to be insightful for the
academic community and industry practitioners, so helping to shape more strong, clever,
and intelligent HCI systems. The ultimate aim is to progress the state of the art in
gesture and action recognition, so opening the path for a future whereby human-machine
interaction is really seamless and natural.



1.3 Research Objectives and Contributions

The main goal of this work is to perform a thorough and exact comparison of well-known
deep learning and transformer-based architectures for hand gesture recognition and human
action detection. This main objective is divided into several particular research goals:

1. Comprehensive Performance Evaluation:

(a) To meticulously evaluate the performance of selected CNN architectures (VGG16bn,
VGG19bn, DenseNet169, DenseNet201, ResNet101, ResNet152, MobileNetV2)
and transformer-based architectures (DeiT3 Base Patch, ViT Base Patch, ViT
Small Patch, ViT Tiny Patch).

(b) To similarly evaluate these architectures (where applicable, with appropriate
modifications for video data) on a significant subset of the UCF101 Dataset
for human action recognition.

(c) To use a consistent set of evaluation metrics, with a primary focus on the
F1-score, complemented by accuracy, precision, recall, and training/validation
loss, to provide a multi-faceted view of model performance.

2. Analysis of Architectural Efficacy and Trade-offs:

(a) To analyze and compare the effectiveness of different architectural paradigms
(e.g., deep sequential layers in VGG, residual connections in ResNet, dense
connectivity in DenseNet, depthwise separable convolutions in MobileNetV2,
self-attention in Transformers) in extracting salient features and achieving high
recognition accuracy for both static depth images and dynamic video sequences.

(b) To investigate the trade-offs between model accuracy, computational complex-
ity and potential for real-time feasibility across the evaluated architectures.
This is crucial for understanding the practical deployability of these models,
especially in resource-constrained environments such as mobile devices or em-
bedded systems.

3. Investigation of Training Dynamics and Generalization:

(a) To study the training dynamics of each model, including convergence speed,
stability of learning (as observed from loss and Fl-score curves over epochs),
and susceptibility to overfitting, particularly in the context of the 10-fold cross-
validation strategy.

(b) To assess the generalization capabilities of the models by evaluating their per-
formance on unseen test data and across different folds of the cross-validation
process.

4. Derivation of Insights and Guidelines:

(a) To synthesize the empirical findings into a set of actionable insights and guide-
lines that can assist researchers and practitioners in selecting appropriate deep
learning architectures for specific gesture and action recognition tasks.

(b) To highlight the strengths and limitations of current state-of-the-art models
and identify promising avenues for future research and development in these
domains.



The contributions of this report are anticipated to be manifold:

A Unified Comparative Benchmark: This work provides a side-by-side comparison
of a wide range of influential deep learning models for two key HCI tasks, using
consistent evaluation protocols.

e In-depth Analysis of Transformer Models for Action/Gesture Recognition: While
transformers are increasingly popular, their comparative performance against well-
established CNNs, especially for hand gesture recognition from depth data and
action recognition within a unified framework, is a valuable contribution. The report
specifically explores different sizes of ViT models (Base, Small, Tiny), providing
insights into the impact of model scale.

e Elucidation of Architectural Advantages: The study will clarify which particular
architectural elements—e.g., skip connections, dense blocks, attention layers—are
most advantageous for the nuances of hand gesture patterns versus dynamic human
actions and how these components help to overcome obstacles including feature
repetition, vanishing gradients, and modeling long-range dependencies.

e Practical Considerations for Model Deployment: Examining not only accuracy
but also elements like computational efficiency (implied by model choice like Mo-
bileNetV2 or ViT Tiny) and parameter count helps the work offers insights relevant
to the pragmatic implementation of these recognition systems.

e Identification of Research Gaps and Future Directions: The thorough review and em-
pirical analysis will help to identify present constraints and motivate future research
paths, so guiding perhaps even more effective and efficient recognition models.

This work intends to advance the knowledge of how several deep learning paradigms
can be efficiently used to address the complexity of hand gesture and human action
recognition, contributing to the more general objective of building more intelligent, simple,
and human-centric computing systems.



Chapter 2

LITERATURE REVIEW

2.1 Foundations and Evolution

2.1.1 Handcrafted Features to Classical Machine Learning

Driven by the necessity for more natural and expressive human-computer interaction
(HCI), hand gestures and human action recognition have been main subjects in computer
vision for decades. Early studies concentrated on extracting handcrafted features from
images or video sequences including optical flow, contours, skin colour segmentation, and
motion trajectories [1, 2, 3].

Hidden Markov Models (HMM), Support Vector Machines (SVM), and decision trees
among other classical machine learning algorithms—were fed these elements to classify
gestures and actions [1, 3]. Although these methods attained some success, their resilience
was limited by high sensitivity to background clutter, illumination changes, occlusions,
and the variability of human appearance and motion [2, 3].

For hand gesture recognition, for instance, techniques based on skin color segmentation
or edge detection frequently failed in complex backgrounds or under changing illumination
conditions [1]. In action recognition, too, handcrafted elements found it difficult to depict
the temporal dynamics and minute variations between like actions, especially in free
environments [2]. Consequently, the recognition rates frequently traded off computational
power with temporal resolution [3].

2.1.2 Depth Sensors and Multi-Modal Data

The depth sensors of Microsoft Kinect indicated a major progress in gesture recognition
[4, 5]. Depth-based feature extraction helped to more precisely segment hands, improve
spatial representation, and lower background noise effect. Structured depth images using
3D skeletal data from sources such as the MSRA Hand Gesture [4] and SHREC17 [6]
allow one to evaluate both conventional and deep learning techniques in more controlled
surroundings.

Combining RGB, depth, and sometimes electromyography (EMG) signals or skeleton
data, multi-modal techniques started to show up in action recognition [7, 8, 9]. By
means of the complementing strengths of several modalities, these approaches enhanced
the system’s capacity to control occlusions [10, 11], several points of view, and complex
scenes [7].



2.1.3 Deep Learning Approach

By letting automatic learning of hierarchical spatial features from raw data, deep learn-
ing—especially convolutional neural networks—revolutionized gesture and action recog-
nition [12, 13, 14]. CNNs obtained state-of- the-art performance in stationary gesture
recognition and image-based action classification [12], hence they eliminated the need for
hand feature engineering.

Especially Long Short-Term Memory (LSTM) networks, researchers integrated CNNs
with Recurrent Neural Networks (RNNs) for dynamic gestures and actions to capture
temporal dependencies [15, 16, 7]. Because hybrid CNN-RNN models could learn both
spatial and temporal patterns, they shown enhanced accuracy in sequential datasets.
By separating the modeling of spatial features (from still frames) and temporal features
(from optical flow), two-stream CNN architectures further advanced action recognition
and produced state-of-the-art results on benchmarks including UCF101 and HMDB [17,
18, 19).

2.1.4 Transformer-Based and Hybrid Architectures

More lately, transformer-based models have become rather popular in gesture and action
recognition. Originally designed for natural language processing, transformers capture
global dependencies and parallel process sequences using self-attention mechanisms. Par-
ticularly shining in modeling long-range spatial and temporal relationships, Vision Trans-
formers (ViT) and Data-efficient Image Transformers (DeiT) have set new benchmarks in
video understanding [9, 8, 20].

Transformers have been used on EMG signals [9, 8] for hand motions. Transformers-
based methods including CLIP have shown promise for action recognition [21, 19]. Lever-
aging the local feature extracting capabilities of CNNs with the global context mod-
eling of transformers [22; 20|, hybrid architectures combining CNNs and transformers
have also emerged [22, 20]. Particularly on large-scale databases such as Kinetics-400
and UCF101 [17, 19], these models have shown improved generalization and convergence
speed.Human action detection has also been accomplished with Graph Neural Networks

(GNNG [13, 23, 20].

2.2 Hand Gesture Recognition: Techniques, Datasets,
and Challenges

2.2.1 Taxonomy of Hand Gesture Recognition Methods

In general, hand gesture recognition methods fall into sensor-based and vision-based sys-
tems. Using EMG sensors, accelerometers, or data gloves, sensor-based techniques track
hand motions. They are less fit for natural HCI [2, 1] and intrusive even if their accuracy
is rather high. More natural but struggle with segmentation, background clutter, and
lighting changes vision-based methods—which rely on cameras to record hand images or
videos [3, 24].

Vision-based methods also differ in dynamic gesture recognition—that is, in recog-
nizing sequences of movements—from static gesture recognition—that is, in recognition
of fixed hand poses [4, 15]. Whereas dynamic gestures demand temporal modeling us-
ing video sequences or frame stacks [16, 25], static gestures are usually categorized using



image-based models.

2.2.2 Key Datasets for Hand Gesture Recognition

The development and benchmarking of hand gesture recognition algorithms have been
facilitated by several publicly available datasets:

e MSRA Hand Gesture Dataset: Nine subjects complete 76,500 depth images spread
over 17 gesture classes. Depth images improve feature extraction and help to lower
background noise, hence the dataset is perfect for assessing CNN-based architectures
on spatial aspects [4].

e Dynamic Hand Gesture (DHG-14/28) Dataset: Designed for testing temporal mod-
els such as RNNs and transformers [5], it offers frame sequences of dynamic hand
gestures using a depth sensor.

e SHREC17 Dataset: Provides 3D skeletal models and depth images of hand gestures,
so supporting hybrid and multi-modal recognition techniques.

These datasets vary in the number of classes, types of gestures (static vs. dynamic), and
modalities (RGB, depth, skeleton), providing comprehensive benchmarks for different
recognition tasks [3, 2, 1].

Figure 2.1: MSRA Dataset

2.2.3 Evolution of Deep Learning in Hand Gesture Recognition

Early vision-based approaches for hand gesture recognition drew on Haar-like features,
edge detection, and histogram analysis among other feature extraction methods. Particu-
larly in the presence of noise or complicated backgrounds [3, 2|, these characteristics were
sometimes limited in their capacity to differentiate between like gestures. CNNs let direct
learning of discriminative features from raw images, so greatly enhancing accuracy and
robustness [26, 24, 25]. Recent research has explored various CNN architectures, each
with unique strengths:

e VGG16/19: Deep sequential layers with small convolutional filters are computation-
ally costly but effective for hierarchical feature learning [2].

e DenseNet169/201: Effective gradient flow and feature reuse made possible by dense
connectivity help to lower parameter redundancy and enhance performance [3].
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e ResNet101: Residual connections solve vanishing gradients, so allowing the training
of very deep networks [2, 26].

e MobileNetV2: Edge [27, 24] and real-time compatible lightweight architecture using
depthwise separable convolutions.

Particularly for dynamic gestures [15, 7, 16], hybrid models such CNN-RNN and CNN-
LSTM architectures have been suggested to capture both spatial and temporal aspects.
By using self-attention mechanisms to model long-range dependencies [8, 9], transformer-
based models have lately shown promise especially for sequential data such as EMG
signals. Furthermore useful for efficiently modelling hand structure and dynamics are
graph-based models [10].

2.2.4 Challenges and Open Issues in Hand Gesture Recognition

Despite significant progress, several challenges persist in hand gesture recognition:

e Variability in Gestures: Generalization is challenging because of variations in hand
shapes, orientations, and motion patterns across people and settings.cite 3,12,17.

e Environmental Factors: Changes in background clutter, lighting, and occlusions can
all compromise recognition performance [24, 28].

e Real-Time Processing: Many deep learning models call for large computational re-
sources, which presents difficulties for real-time applications on embedded or mobile
devices [16, 27, 7].

e Data Scarcity and Annotation: Training deep models requires large annotated
datasets, but gathering and labeling such data is labor-intensive and expensive [2, 3].

Recent studies have concentrated on tackling these difficulties by means of lightweight
architectures, self-supervised learning, and sophisticated data augmentation [3, 2, 9].

2.3 Human Action Recognition: From Still Images
to Videos

2.3.1 Early Methods and the Shift to Deep Learning

Human action recognition (HAR) seeks to automatically find and categorize human ac-
tions from still images or video sequences. Early approaches often combined classical
classifiers like SVMs and HMMs with handcrafted features including motion trajectories,
spatio-temporal interest points, and semantic attributes [3, 29]. These methods battled
to adequately capture complicated temporal dynamics and the great variability of actual
video material.

Especially with convolutional neural networks (CNNs), the shift to deep learning al-
lowed end-to- end learning of hierarchical feature representations directly from raw video
frames [4, 8]. Two-stream architectures—which separately handle spatial (RGB) and tem-
poral (optical flow)—achieve notable improvements [4, 12] by capturing both appearance
and motion cues. Expanding this idea, temporal segment networks (TSN) segmented
videos to replicate long-range temporal structures [8].
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2.3.2 Datasets for Human Action Recognition

Several benchmark datasets have driven progress in HAR:

UCF101: Comprising 13,320 video clips across 101 action categories, UCF101 intro-
duces substantial variations in camera motion, background, and lighting, making it
a standard for evaluating deep learning models [5, 6].

HMDBb51: Includes 6,849 video clips across 51 diverse action categories, providing
a more challenging dataset due to higher intra-class variation and realistic scenarios
[5, 17].

Kinetics (400/600/700): These large-scale datasets contain hundreds of thousands of
annotated video clips spanning up to 700 action categories. Their scale and diversity

make them suitable for training and benchmarking deep CNNs and transformer-
based models [9, 21, 22].

These datasets provide diverse and realistic scenarios, enabling the evaluation of models
under challenging conditions.

Figure 2.2: UCF101 Dataset

2.3.3 Deep Learning Architectures for Action Recognition

Key deep learning architectures for HAR include:

CNNs are used to extract spatial features from individual frames or short clips
[4, 8, 30].

3D CNNs process video volumes, enabling simultaneous modeling of spatial and
short-range temporal features [3, 12].

RNNs and LSTMs are employed to capture temporal dependencies across frames
and are often integrated with CNNs for feature extraction [31, 10].

Two-Stream Networks explicitly model spatial and temporal components using RGB
and optical flow inputs [4, 12].

Graph Convolutional Networks (GCNs) represent skeletal or object-based interac-
tions, improving the recognition of complex and fine-grained actions [1, 11, 32].
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e Transformer-Based Models, such as Vision Transformers (ViT), DeiT, and hybrid
CNN-Transformer combinations, utilize self-attention mechanisms to capture long-
range dependencies in both space and time [9, 20, 21, 22].

Hybrid models combining CNNs for localized feature extraction with transformers for
global contextual modeling are especially effective on large-scale datasets [8, 20]. Addi-
tionally, skeleton-based recognition is a prominent subfield, leveraging joint coordinates
and their dynamics to enhance model robustness [11, 32].

2.3.4 Challenges and Future Directions in Action Recognition

Despite advances, HAR faces ongoing challenges:

e Complexity of Real-World Videos: Recognition accuracy is hampered by camera
motion, occlusions, cluttered backgrounds, and diverse action execution styles [3, 5,
33].

e Temporal Modeling: Especially in untrimmed or multi-action videos, long-range
temporal dependencies and action progression remain challenging to adequately
model [8, 9, 21].

e Computational Efficiency: Deep CNNs and transformers are limited in use in real-
time or edge applications due to their often high computational demand [7, 16, 26,
27].

e Data Annotation and Generalization: Manual labeling is labor-intensive; current
models find it difficult to extend over domains or to new, unseen actions [13, 19, 34].

Recent work has concentrated on knowledge distillation, self-supervised learning, multi-
modal fusion, and the development of lightweight, efficient architectures [7, 8, 13, 21].
These challenges are addressed here. Particularly interesting for efficiently capturing
local and global features in complex video data are hybrid models including CNNs, trans-
formers, and GCNs [8, 20, 22, 32].

2.4 Comparative Analysis and Synthesis

2.4.1 Architectural Innovations and Their Impact

The literature consistently highlights the importance of architectural innovations in ad-
vancing the state of the art in gesture and action recognition:

e Residual Connections (ResNet) reduce vanishing gradients, so enhancing both ac-
curacy and convergence speed [12, 35, 36, 37] and enabling the training of very deep
networks.

e By means of effective gradient flow and feature reuse, Dense Connectivity (DenseNet)
lowers parameter redundancy and improves discriminative power [12, 37].

e Crucially for modeling complex actions and gestures in sequential data, self-attention
mechanisms (transformers) capture global dependencies and long-range relation-
ships [8, 9, 21].
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e Excellent performance and generalizing capacity have been shown by hybrid archi-
tectures combining the strengths of convolutional neural networks (CNNs) for local
feature extraction and transformers for global context modeling [8, 20, 22].

2.4.2 Trade-Offs and Practical Considerations

In gesture and action recognition, model choice entails compromises between feasibil-
ity for real-time applications, computational economy, and accuracy. For settings with
limited resources, such mobile or embedded devices [26, 9, 27|, lightweight models such
MobileNetV2 and ViT Tiny Patch provide a reasonable mix. On the other hand, al-
though requiring more computational resources, deeper architectures like ResNet 152 or
ViT Base Patch generate better accuracy [35, 22, 38]. By means of techniques including
transfer learning and data augmentation, extensive application helps to improve model
generalization and reduce dependency on large annotated datasets [17, 24, 13].

2.4.3 Open Issues and Future Research Directions

Key open issues identified in the literature include:

e Generalization to Unseen Scenarios: Many models struggle in novel settings, sub-
jects, or action classes not observed in training [3, 5, 29].

e Data Efficiency: Using self-supervised or semi-supervised learning techniques [13, 19,
21, 39] will help to strongly push reliance on big labeled datasets towards reduction.

e Real-Time and Edge Deployment: Key issues still remain ensuring that high-accuracy
models satisfy the latency and resource constraints of real-time or edge deployment
[7, 16, 27].

e Multi-Modal Fusion: Combining several data modalities (e.g., RGB, depth, skeleton,
radar, EMG) is progressively seen as a path to improve recognition robustness and
accuracy.Also wrist-wearable electromyography (EMG)-based hand gesture recog-
nition systems.[10, 8, 9, 32, 40].
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Chapter 3

METHODOLOGY

This section describes the complete approach used in the comparison between deep learn-
ing and transformer models for hand gesture recognition (using the MSRA dataset) and
human action recognition (using the UCF101 dataset). The approach is set up to guar-
antee consistent, fair, and exact evaluation for both projects. Dataset selection and
justification, data preparation, augmentation, partitioning techniques, model architec-
ture selection and adaptation, training protocols, and evaluation metrics comprise the
process.

3.1 Dataset Selection and Justification

3.1.1 Hand Gesture Recognition: MSRA Hand Gesture Dataset

Especially in depth-based analysis [41, 18], the MSRA Hand Gesture Dataset is a ma-
jor benchmark in vision-based gesture recognition. It features 76,500 depth images
spread over 17 gesture classes executed by nine people. Gathered with a depth cam-
era, the dataset minimizes lighting and background clutter—limitations typical of RGB
datasets—while introducing variability in hand shape, motion, and orientation.

Figure 3.1: Different Classes in MSRA DataSet

The structure of the dataset helps to guarantee strong spatial feature extraction ca-
pability of models. Its thorough coverage of gesture variants and clean, noise-free depth
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images makes it perfect for hand gesture recognition benchmarking CNN and transformer
architectures. Recent polls and studies also routinely cite the dataset as the main tool
for assessing new algorithms in this field [41, 18, 42].

3.1.2 Human Action Recognition: UCF101 Dataset

The UCF101 dataset is chosen for human action recognition because of its size, variety, and
standing as a field standard benchmark. Inspired from YouTube, it features 13,320 video
clips spanning 101 action categories covering a wide range of real-world events including
sports, musical performances, human-object interactions, and more [43]. Variations in
camera motion, object appearance, background clutter, and illumination conditions define
the complexity of the dataset, so reflecting real-world challenges [5, 6]. This work uses

Figure 3.2: Top Classes with highest occurrence in UCF101 Dataset

the top 50 most frequent classes in computational manageability and to address class
imbalance [9, 5, 21]. This subset lets effective training and evaluation of deep learning
models while maintaining the variety of human activities.

3.2 Data Preprocessing

3.2.1 Image and Video Frame Preparation

e Image Resizing: Every image and video frame is cropped to 224 by 224 pixels.
Typically expecting inputs of this dimension, this size is selected for compatibil-
ity with standard deep learning architectures (including VGG, ResNet, DenseNet,
MobileNet, and ViT)[31].

e Normalization: To stabilize training and avoid bias resulting from different intensity
scales, pixel values are scaled to a consistent range usually 1 or [-1, 1].

e Depth Data Handling: Depth images for the MSRA dataset are kept grayscale,
preserving the spatial structure vital for gesture. recognition[41].
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Figure 3.3: Class Distribution in MSRA Dataset

3.2.2 Data Augmentation
To enhance model robustness and generalization, extensive data augmentation is applied:

e Hand Gesture Recognition (MSRA):

— Rotation: Random rotations simulate various hand orientations.

— Flipping: Horizontal flips account for left- and right-handed gestures.

Contrast Adjustment: Varies illumination to make models invariant to lighting
changes.

— Gaussian Noise: Simulates sensor noise, improving robustness.

e Human Action Recognition (UCF101):

— Temporal Sampling: From every video, ten equally spaced frames are taken
to preserve computational efficiency while capturing the temporal evolution of
motions.

— Rotation and Flipping: To accommodate camera angle and action direction
variation, frames are rotated randomly (within £15 degrees) and flip horizon-
tally.

— Spatial Cropping: Random crops reduce background clutter by concentrating
the model on action-relevant areas.

3.2.3 Dataset Partitioning

e MSRA: The dataset comprises 33,989 testing images and 42,402 training images.
Ten-fold cross-validation is used to minimise overfitting and guarantee strong per-
formance assessment. Ten percent of the data is used for validation and ninety
percent for training across each fold.

e UCF101: Training and validation follow an 80:20 stratified split, so maintaining class
distribution. Furthermore used for thorough evaluation is ten-fold cross-valuation.
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Figure 3.4: Class Distribution of top 30 classes in UCF101 Dataset

3.3 Model Architecture Selection and Adaptation

3.3.1 CNN-Based Architectures

e VGG16bn and VGG19bn: Deep sequential CNNs with batch normalisation, applied
as spatial feature extraction baselines.

e DenseNet169 and DenseNet201: Feature-dense designs that encourage feature reuse
and gradient flow help to lower parameter redundancy.

e ResNet101 and ResNet152: Deep residual networks enabling the training of very
deep models by using skip connections to fight vanishing gradients.

e MobileNetV2: Designed for efficiency and fit in edge computing situations, a lightweight
network using depthwise separable convolutions and inverted residuals.

3.3.2 Transformer-Based Architectures

e DeiT3 Base Patch: Particularly useful for video-based tasks, a data-efficient Vision
Transformer model makes advantage of self-attention for spatial-temporal modeling.

e ViT Base Patch, ViT Small Patch, ViT Tiny Patch: Variations of the Vision Trans-
former architecture with different model size and patch resolution. Excellently cap-
turing global dependencies, these models divide input images into non-overlapping
patches and treat them as sequences.

3.3.3 Model Adaptation for Task-Specific Requirements

e Hand Gesture Recognition: Adapted for single-frame classification, models empha-
size spatial feature extraction from depth images.

e Human Action Recognition: Models trained on individual frames for video data
generate final predictions for each video by averaging the class probabilities over
the sampled frames, so capturing temporal context.
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3.4 Training Protocols

3.4.1 Optimization and Regularization

e Optimizer: Adaptive learning rate features of the Adam optimizer enable effective
convergence by themselves. Included to regularize weights and stop overfitting is a
weight decay value—let say 0.05.

e Learning Rate Scheduling: Starting at 0.0001, a cosine annealing schedule or step
decay is used to progressively lower the learning rate during training so guaranteeing
steady convergence.

e Dropout: Particularly in fully connected and transformer layers, dropout layers with
rates up to 0.3 are included to help to further prevent overfitting.

e Early Stopping: If validation loss does not increase for three straight epochs, training
is stopped, so avoiding needless computation and overfitting.

3.4.2 Data Loading and Augmentation During Training

e Dynamic Data Loaders: Custom data loaders dynamically apply augmentations and
shuffle data to avoid order bias and improve generalizing capability.

e Mini-Batch Processing: Gradient updates are stabilized and training is accelerated
using effective mini-batch processing.

e Temporal Sequence Sampling: Sequence samplers guarantee that frames from the
same video are grouped for UCF101 so preserving temporal order for models that
can take advantage of it.

3.5 Model Evaluation

3.5.1 Metrics

e F'1-Score: Especially appropriate for multi-class classification with imbalanced data,
the main metric for model comparison balances recall and accuracy.

e Accuracy, Precision, Recall: Recording complementary metrics helps to give a whole
picture of model performance.

e Training and Validation Loss: Monitored across epochs to analyze convergence and
detect overfitting.

3.5.2 Cross-Validation and Statistical Robustness

e Ten-Fold Cross-Validation: guarantees that models are tested on several subsets of
the data, so generating strong approximations of generalization performance and
lowering the overfitting risk to particular data splits.

e Ensemble Predictions: Where relevant, ensemble techniques—such as averaging
forecasts from several trained models—can help to increase resilience and lower
result variance.
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3.5.3 Model Comparison and Visualization

e Validation Curves: Plotting loss and Fl-score curves for every model throughout
epochs helps one to see training dynamics and convergence behavior.

e Confusion Matrices: Used to examine per-class performance and spot typical mis-
classifications.

e Parameter Count and Inference Speed: In order to guide trade-offs between accuracy
and computational efficiency, where feasible the number of parameters and inference
speed are noted.

3.6 Task-Specific Considerations

3.6.1 Hand Gesture Recognition (MSRA)

e Spatial Feature Extraction: Using CNN’s strengths and transformer models in learn-
ing from structured spatial data, the aim is to extract discriminative spatial features
from depth images.

e Data Augmentation: Focus on modeling actual changes in hand orientation, illumi-
nation, and noise level.

3.6.2 Human Action Recognition (UCF101)

e Temporal Modeling: Although models learn on individual frames, temporal mod-
eling is approximated by averaging predictions across frames. Explicit temporal
modules—e.g., LSTM, temporal transformers—may find place in future work.

e Class Imbalance Handling: Choosing the top 50 most often occurring classes guar-
antees a balanced dataset, so enhancing the validity of performance evaluation.
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Chapter 4

RESULTS and DISCUSSION

The experimental results for human action recognition (using the UCF101 dataset) and
hand gesture recognition (using the MSRA dataset) are systematically analyzed in this
part. The debate is set to underline the relative performance of all assessed models,
examine convergence and generalization, and offer ideas on architectural trade-offs, com-
putational economy, and pragmatic application.

4.1 Hand Gesture Recognition on the MSRA Dataset

4.1.1 Experimental Setup and Evaluation Metrics

Comprising 76,500 depth images across 17 gesture classes, the MSRA Hand Gesture
dataset consisted in 42,402 training images and 33,989 testing images. Robust perfor-
mance estimate and overfitting minimization were guaranteed by means of a 10-fold
cross-valuation system. To improve generalization, data augmentation—rotation, flip-
ping, contrast adjustment as well as normalizing was used. The F1l-score was the main
assessment tool; additionally recorded were accuracy, precision, and recall.

4.1.2 Comparative Model Performance

Key Findings:

Table 4.1: Performance Comparison of Different Models MSRA DataSet

Model Training Accuracy | Testing Score | F1 Score
(%) (%)
DenseNet169 99.94 99.91 0.9919
ResNet101 99.96 99.95 0.9978
DenseNet201 99.93 99.91 0.9901
VGG16_bn 99.58 99.40 0.9404
MobileNetV2 99.89 99.84 0.9847
VGG19_bn 98.67 98.34 0.8495

e With an Fl-score of 0.9978 ResNet101 proved to be most adept in differentiating
between gesture classes and reducing false positives and negatives. Its deep residual
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architecture reduces vanishing gradients so that, even at higher depth, stable and
accurate learning is enabled.

e Closely following with use of dense connectivity to maximize feature reuse and pre-
serve strong gradient flow were DenseNet 169 (0.9919) and DenseNet 201 (0.9901).
The continuous learning curves and great generalization of this architecture mirror
their parameter efficiency.

e With an Fl-score of 0.9847 MobileNetV2 offered a good compromise between com-
putational efficiency and recognition accuracy. Though with a small accuracy com-
promise relative to deeper models, its lightweight design using depthwise separable
convolutions makes it well-suited for real-time and edge applications.

e Underperforming relative to more modern designs were VGG16bn (0.9404) and
VGG19bn (0.8495). The performance decline, especially between VGG16bn and
VGG19bn, draws attention to the constraints of raising depth without architectural
innovations including residual or dense connections.

1 —e— densenet169 score_train

—e— Mobilenet-v2 score_train
,ﬁgf ~e— densenet201 score_train
0.8 —e— ygg16_bn score_train
resnet101 score_train
) vag19_bn score_train
0.6 -
0.4

F1-Score

Epochs

Figure 4.1: F-1 score versus epochs for all the models for MSRA Dataset.

4.1.3 Training Dynamics and Convergence Analysis

e Convergence Speed: Validation loss curves for every model stabilized in six to eight
epochs. ResNet101 exhibited fastest initial loss reduction, suggesting quick conver-
gence. While VGG variants showed more fluctuation and overfitting despite batch
normalizing, DenseNet models also converged smoothly.

e F1-Score Evolution: ResNet101 kept constant excellence in Fl-score throughout
training, while DenseNet designs shown stable, high performance. Reflecting its
efficiency-oriented architecture, MobileNetV2’s F1l-score was lower but stable.

e Generalization: Ten-fold cross-valuation guaranteed that models were assessed on
several data splits, so lowering the overfitting risk and offering a consistent projection
of real-world performance.
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Figure 4.2: Validation loss versus epochs for all the models for MSRA Dataset.

4.1.4 Discussion: Architectural Insights and Practical Implica-
tions

e Residual Learning (ResNet101): ResNet101’s skip connections let gradients pass
more readily through deep networks, so enabling the model to learn intricate spatial
features vital for differentiating subtle hand gestures.

e Dense Connectivity (DenseNet): When memory economy is a factor, DenseNet is a
good choice since its feature reuse helps to achieve high discriminative power with
less parameters.

e Lightweight Design (MobileNetV2): The performance of MobileNetV2 confirms the
possibilities of effective models for deployment in settings with limited resources,
including embedded systems or mobile devices.

e Sequential Depth Limitations (VGG): The notable performance decline for VGG19bn
relative to VGG16bn highlights the declining returns of increasing depth without
addressing optimization problems inherent in deep sequential networks.

4.2 Human Action Recognition on the UCF101 Dataset

4.2.1 Experimental Setup and Evaluation Metrics

For computational feasibility, the 13,320 video clips in the UCF101 dataset—which spans
101 action categories—were filtered to the 50 most often occurring classes. From every
video, ten consistently sampled frames were resized, cropped, and augmented (rotation,
flipping). Applying 10-fold cross-validation, the dataset was split 80:20 for training and
validation. F1-score dominated the measurements; accuracy, precision, and recall were
also tracked.
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4.2.2 Comparative Model Performance

Key Findings:

Table 4.2: Performance Comparison of Different Models UCF101 Dataset

Model Test Accuracy | Val F1-Score Val Loss
(%)
ResNet152 98.74 0.9976 0.0115
ResNet101 98.46 0.9956 0.0107
MobileNetV2 98.53 0.9895 0.0020
VGG16_bn 94.58 0.8482 0.1148
DeiT3 Base Patch 98.90 0.9996 0.0008
ViT Base Patch 99.03 0.9925 0.0015
ViT Small Patch 99.17 0.9994 0.0005
ViT Tiny Patch 99.47 0.9997 0.0001

e With an Fl-score of 0.9997, ViT Tiny Patch outperformed all CNN-based mod-
els—including the rather deep ResNet152 and ResNet101. This reveals how effec-
tively transformer-based designs capture long-range spatial-temporal dependencies
in video data.

e DeiT3 Base Patch and ViT Small Patch also shown amazing performance with F1-
scores above 0.9994. These models’ self-attention mechanism helps to enable strong
modeling of challenging action sequences.

e Among CNNs, ResNet 152 and ResNet 101 performed rather well; but, the slight
improvement ResNet 152 over ResNet 101 points to declining returns with increasing
depth for this work.

e Retaining a strong Fl-score (0.9895), MobileNetV2 proved suitable for edge or real-
time deployment requirements.

e VGG16bn lagged clearly with an Fl-score of 0.8482, highlighting the limitations of
older designs for demanding recognition systems.

F1-Score Training Across Models
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Figure 4.3: F-1 score versus epochs for all the models for UFC101 Dataset.
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4.2.3 Training Dynamics and Convergence Analysis

e Transformer Models: ViT Tiny Patch and DeiT3 Base Patch shown fast convergence
as validation loss fell sharply in the first few epochs and F1-scores rose rapidly to
almost perfect levels. Moreover displaying lower final loss values, these models
suggested more consistent and effective learning than CNN .

e CNN Models: ResNet designs consistently improved loss and Fl-score, but peak
performance called for more epochs. MobileNetV2 converged rather well, but its
final accuracy was rather less than that of the best transformers.

e Generalization: Consistent performance across folds and low variance in F1-scores
propose strong generalization for the top-performance models.
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Figure 4.4: Validation loss versus epochs for all the models for UFC101 Dataset.

4.2.4 Discussion: Architectural Insights and Practical Implica-
tions

e Self-Attention Dominance: The better performance of transformer-based models
stresses the need of self-attention for obtaining global context and temporal rela-
tionships in video data even with limited parameter counts (e.g., ViT Tiny Patch).

e Depth vs. Efficiency: The small depth increase in CNNs (ResNet 152 against ResNet
101) indicates that architectural changes—rather than only adding layers—are more
crucial for improving performance.

e Resource-Constrained Deployment: Excellent MobileNetV2 performance confirms
its suit for uses requiring efficient inference, such mobile video analysis or real-time
surveillance.

e VGG Limitations: VGG16bn’s underperformance highlights the need of contempo-
rary architectures in video understanding, particularly in view of task complexity
rising.
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4.3 Cross-Task Synthesis and Broader Implications

4.3.1 Model Selection for Application Scenarios

e Image-Based Tasks (Hand Gesture Recognition): Deep CNNs with dense (DenseNet
169/ 201) or residual (ResNet 101) connectivity shine in extracting spatial features
from structured data including depth images. For edge deployment, lightweight
models (MobileNetV2) offer a reasonable compromise.

e Video-Based Tasks (Action Recognition): Even with smaller parameter footprints,
transformer-based models (ViT, DeiT') are now the gold standard for modeling intri-
cate spatial-temporal patterns. CNNs remain competitive, but as task complexity
and data scale rise their benefits fade.

4.3.2 Trade-offs: Accuracy, Efficiency, and Real-Time Feasibil-
ity

e Accuracy: While transformers shine in video-based applications, deep CNNs get
almost perfect F1l-scores on benchmark datasets.

e Efficiency: MobileNetV2 and ViT Tiny Patch offer outstanding low computational
cost performance for real-time and embedded systems.

e Generalization: While cross-valuation and ensemble methods boost resilience, future
work should look at domain adaptation and self-supervised learning to improve
generalization to hitherto unmet conditions.

4.3.3 Limitations and Future Directions

e Temporal Modeling: Explicit temporal modeling—e.g., temporal transformers, LSTM
layers—could enhance current frame-based methods for action recognition for even
higher accuracy.

e Multi-Modal Fusion: Especially in demanding situations, including other data sources
(e.g., skeleton, depth, audio) can help to increase resilience.

e Data Efficiency: By lowering dependence on extensive labeled datasets, advanced
augmentation and self-supervised learning help to enable more general application.

4.4 Summary

For both hand gesture and human action recognition, this comparison analysis shows that
modern deep learning and transformer architectures have attained astonishing degrees of
accuracy and robustness. Important developments in architecture are residual and dense
connections in CNNs, self-attention in transformers. While transformer-based methods
are redefining video understanding, lightweight models allow practical deployment. These
realizations direct model choice for various HCI uses and point up interesting avenues for
next studies.
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Chapter 5

CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

Two important domains of human-computer interaction—hand gesture recognition (us-
ing the MSRA dataset) and human action recognition (using the UCF101 dataset)—were
thoroughly compared in this paper between efficient deep learning and transformer-based
models. From classical convolutional neural networks (CNNs) like VGG16bn, VGG19bn,
DenseNet169, DenseNet201, ResNet101, ResNet152, and MobileNetV2, to state-of-the-
art transformer models such as DeiT3 Base Patch and Vision Transformer (ViT) variants
(Base, Small, Tiny Patch)—under a unified experimental framework with consistent pre-
processing, augmentation, and cross-validation strategies. The work methodically evalu-
ated a wide spectrum of architectures. Key Findings:

e Hand Gesture Recognition: ResNet101 obtained the best Fl-score (0.9978) on the
MSRA dataset, so highlighting the value of deep residual learning for depth image
analysis. By means of dense feature reuse, DenseNet 169 (0.9919) and DenseNet
201 (0.9901) also performed well. For real-time use, MobileNetV2 presented a good
mix between accuracy (0.9847) and efficiency. Lacking modern additions like skip
or dense connections, VGG models trailed behind.

e Human Action Recognition: Transformers (ViT Tiny Patch, DeiT3 Base Patch) led
on the UCF101 dataset with Fl-scores up to 0.9997, so faithfully modeling spatial-
temporal dependencies. Though gains were less with depth, ResNet101 (0.9956)
and ResNet 152 (0.9976) also performed well. While VGG16bn lagged (0.8482)
reflecting its limitations for complex video tasks, MobileNetV2 balanced accuracy
(0.9895) and efficiency.

e Architectural Insights: Accuracy and generalization across both tasks depend crit-
ically on developments in residual connections, dense blocks, and self-attention.
While deeper architectures excelled where maximum accuracy is crucial, lightweight
models (e.g., MobileNetV2, ViT Tiny Patch) offered strong performance with great
efficiency, ideal for real-time use.

Implications: While transformer models are becoming the norm for video and sequence
modeling, this work emphasizes that deep CNNs are still useful for image-based tasks
including stationary hand gesture recognition. Architectural choice should strike a mix
between deployment requirements, efficiency, and accuracy.
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5.2 Future Scope

While this report provides a comprehensive benchmark and analysis, several promising
directions remain for further advancing gesture and action recognition systems:

1. Hybrid Architectures

(a) CNN-Transformer Fusion: Global context modeling of transformers combined
with CNN’s local feature extraction generates models that excel in both spa-
tial and temporal tasks. Early CNN and transformer features for sequence
modeling could help to boost resilience and accuracy.

2. Explicit Temporal Modeling

(a) Temporal Transformers and Sequence Models:

(b) Future work should investigate explicit temporal modeling—such as tempo-
ral transformers, LSTM/GRU layers, or 3D CNNs—to better capture action
dynamics and increase recognition of complex temporal patterns—this work
averaged frame-level predictions for video classification.

3. Edge and On-Device Inference:

(a) Real-time applications in robotics, AR/VR, and IoT depend on optimizing
inference for hardware constraints—e.g., by using TensorRT, ONNX, or custom
accelerators.

4. Generalization and Adaptation

(a) Domain Adaptation: Still a difficult task is developing models that extend
across several environments, subjects, and sensor kinds. Further investigation
should go into domain adaptation and transfer learning techniques.

(b) Robustness to Occlusions and Variability: Robust real-world systems will de-
pend critically on methods for managing occlusions, viewpoint changes, and
inter-subject variability.

5. Ethical and Societal Considerations

(a) Bias and Fairness: Especially for uses in healthcare, surveillance, and acces-
sibility, it is imperative that recognition systems function fairly across many
populations and avoid unintentionally encoding or amplifying prejudices.

(b) Privacy and Security: As gesture and action recognition systems spread, safe-
guarding user privacy and protecting sensitive data will need constant atten-
tion.

All things considered, this work provides a strong foundation for pragmatic advances
in gesture and action recognition as well as for next investigations. Rigorously bench-
marking a broad spectrum of deep learning and transformer models stresses architectural
innovations pushing ahead change and provides unambiguous direction on model selec-
tion.Along with improving model architectures and training approaches, the road forward
addresses more general issues of real-world deployment, generalization, and ethical use.
These systems will become ever more important as the field develops in allowing more
natural, intelligent, inclusive human-computer interaction.
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Appendix A

Dataset Details

A.1 MSRA Hand Gesture Dataset

The MSRA Hand Gesture Dataset is a benchmark collection for depth-based hand gesture
recognition, curated by Microsoft Research Asia. It consists of 76,500 depth images, each
representing one of 17 distinct gesture classes performed by nine subjects. Each gesture
was captured using a depth camera, ensuring diversity in hand shapes, orientations, and
motion patterns. The depth images are 320x240 pixels, and each gesture sequence is
accompanied by joint location data for 21 hand joints per frame, stored as 3D coordinates.
This dataset is particularly advantageous for spatial feature extraction because depth data
reduces the impact of background clutter and lighting variability. The dataset was split
into 42,402 training images and 33,989 testing images, with 10-fold cross-validation used
to ensure robust evaluation and minimize overfitting.

A.2 UCF101 Human Action Recognition Dataset

The UCF101 dataset is a widely used benchmark for human action recognition in videos.
It contains 13,320 video clips spanning 101 action categories, sourced from YouTube. The
videos are characterized by significant variations in camera motion, object appearance,
background clutter, and illumination. For this study, the top 50 most frequent classes were
selected to manage computational complexity and ensure class balance. Each video was
sampled to extract 10 uniformly spaced frames, resized to 224x224 pixels. The dataset
was divided into 100,372 training frames and 17,202 testing frames, with stratified 80:20
split and 10-fold cross-validation for comprehensive evaluation.
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Appendix B

Data Preprocessing and Augmentation

B.1 Hand Gesture (MSRA)

e Resizing: All depth images resized from 320x240 to 224 x224 pixels.
e Normalization: Pixel intensities normalized to 1 or [-1, 1].

e Augmentation: Random rotation, horizontal flipping, contrast adjustment, and
noise was added to increase data diversity and robustness against variations in hand
orientation and lighting.

B.2 Human Action (UCF101)

e Frame Extraction: 10 equally spaced frames per video to capture temporal dynam-
ics.

e Resizing: All frames resized to 224 x224 pixels.

e Augmentation: Included random rotations (£15°), horizontal flipping, and spatial
cropping to simulate camera viewpoint changes and action direction variability.

e Stratification: Ensured class balance in training and validation splits.
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Appendix C

Model Training and Evaluation Protocols

e Optimization: Adam optimizer with initial learning rate of 0.0001, reduced via
cosine annealing or step decay.

e Regularization: Dropout (up to 0.3) and early stopping (patience of 3 epochs with-
out validation improvement).

e Cross-Validation: 10-fold cross-validation for both datasets to ensure robust and
unbiased performance estimates.

e Metrics: Fl-score (primary), accuracy, precision, recall, and loss tracked per epoch.
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Appendix D

Hardware and Training Environment

e Hardware: Training was conducted on a workstation equipped with an Intel i7-
14650HX 2.20 GHz CPU, NVIDIA RTX5060 GPU, and 16 GB RAM.

e Software: Models implemented in PyTorch, with data augmentation and loading
handled by custom Datal.oader scripts.

e Training Duration: Each model was trained for up to 10 epochs, with early stopping
based on validation loss.
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