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Abstract

In this dissertation, a virtual assistant powered by Al was developed using the
ESP32 microcontroller, OpenAl's ChatGPT model, and Google APIs. The objective
was to create an efficient and robust tool for automating office tasks. The
methodology encompassed system design, firmware development, API integration,
and rigorous performance testing. Results demonstrated that the virtual assistant could
efficiently handle a range of tasks, thereby enhancing productivity and streamlining
office operations. The integration of advanced Al models and lightweight embedded
systems presents a promising avenue for future developments in smart automation

technologies.
Résumé

Dans cette dissertation, un assistant virtuel basé sur l'intelligence artificielle a été
développé en utilisant le microcontréleur ESP32, le modele ChatGPT d'OpenAl et les
API Google. L'objectif était de créer un outil efficace et robuste pour I'automatisation
des taches de bureau. La méthodologie comprenait la conception du systeme, le
développement du firmware, l'intégration des API et des tests de performance
rigoureux. Les résultats ont démontré que I'assistant virtuel pouvait gérer
efficacement une gamme de taches, améliorant ainsi la productivité et rationalisant les
opérations de bureau. L'intégration de modéles avancés d'lA et de systemes
embarqués légers présente une voie prometteuse pour les développements futurs dans

les technologies d'automatisation intelligente.
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General Introduction

In recent years, the rapid advancement of artificial intelligence (Al) and embedded
systems has paved the way for the development of intelligent virtual assistants capable
of performing a wide array of tasks. This dissertation explores the integration of these
technologies to create a versatile virtual assistant using the ESP32 microcontroller,
OpenAl's ChatGPT, and Google APIs. The objective is to design a system that can
execute office automation tasks such as scheduling, information retrieval, and smart

device control efficiently and effectively.

The growing demand for smart and autonomous systems in various domains, from
personal assistance to industrial applications, underscores the significance of this
research. Embedded systems, characterized by their compact size, low power
consumption, and dedicated functionality, offer an ideal platform for deploying
intelligent edge devices. The ESP32 microcontroller, known for its robust performance
and versatility, serves as the hardware foundation for our virtual assistant. Its
integration with Al models and cloud-based services aims to demonstrate the potential
of combining edge computing with powerful Al capabilities.

The use of OpenAl's ChatGPT, a state-of-the-art natural language processing (NLP)
model, is central to the virtual assistant's ability to understand and generate human-like
responses. This integration leverages the model's proficiency in handling complex
language tasks, enhancing the assistant's interaction quality and user experience.
Additionally, Google APIs provide access to a wide range of services, enabling the
assistant to perform tasks such as fetching real-time data, managing schedules, and

controlling smart devices with ease.

This dissertation is structured as follows: Chapter 1 introduces the research problem
and objectives. Chapter 2 reviews relevant literature on embedded systems, Al-powered
virtual assistants, and edge computing. Chapter 3 details the methodology, including
system design, firmware development, API integration, and optimization techniques.
Chapter 4 presents the results and discussion, focusing on performance metrics and

testing outcomes. Finally, Chapter 5 concludes with a summary of findings,



implications, and suggestions for future research.

Through this research, we aim to contribute to the growing body of knowledge on
intelligent edge devices and their applications, demonstrating how combining
embedded systems with advanced Al models can create efficient and powerful virtual
assistants. This work not only highlights the technical challenges and solutions
involved but also provides insights into the practical implementation and potential

future directions for this technology.



Literature review

The ubiquitous presence of virtual assistants (VAS) in our daily lives is a testament
to the transformative power of artificial intelligence (Al) and natural language
processing (NLP). This dissertation delves into the state-of-the-art integration of these
technologies within VAs, aiming to pave the way for the development of a novel Al-
powered virtual assistant utilizing ESP32 microcontrollers and large language models
like ChatGPT.

At the core of intelligent VAs lies the powerful synergy between NLP and Al. NLP
empowers VAs to bridge the communication gap between humans and machines.
Techniques like semantic analysis, explored by (Tréger, 2019), unlock the meaning
behind user queries, allowing VAs to understand the intent and context of user requests.
Sentiment analysis, investigated by (Anees, 2020)enables VAs to tailor responses based
on user emotions, fostering a more natural and engaging interaction. Entity recognition,
as studied by (Keraghel, 2024), further refines this understanding by identifying key
elements within user requests, such as locations, people, or objects. This allows VAs to

extract crucial information and perform actions accordingly.

Al, on the other hand, injects learning and adaptation capabilities into VAs. By
analyzing user interactions and data, Al algorithms personalize responses, as
demonstrated in the work of (Chang, 2017). This continuous learning process improves
the user experience over time, allowing VAs to better anticipate user needs and
preferences. Additionally, Al facilitates engaging conversations through multi-turn
dialogues. These dialogues allow VAs to maintain context across conversations,
generating responses that are relevant to the ongoing interaction. Proactive
recommendations, another benefit powered by Al, enable VAs to anticipate user needs
based on learned patterns, as investigated by (Huang, 2006, May). This proactive
approach enhances user experience by suggesting actions or information that might be

helpful even before users explicitly request them.

The integration of NLP and Al offers significant advantages for VAs. Advanced

NLP techniques enable VAs to understand complex queries and respond with increased



accuracy. Al fosters natural conversations through context-aware responses,
personalized recommendations, and proactive assistance. However, limitations persist

that need to be addressed for further advancements.

One limitation is the struggle of current NLP models with nuanced language and
sarcasm, as identified by (Choubey, 2020 may). This can lead to misinterpretations and
frustrating user experiences. Balancing personalization with user privacy remains
another challenge. As highlighted by (Borna Kalhor, 2023), Al algorithms rely on user
data for learning, raising concerns about data security and user privacy. Additionally,
VAs often lack advanced reasoning capabilities, as discussed by (Chen Liang, 23 Dec
2021). This limits their ability to analyse situations and propose solutions beyond basic

task completion.

Addressing these limitations is crucial for unlocking the full potential of VAs.
Continued research in NLP, particularly with advancements in Transformers and other
architectures, can enhance VAs' ability to grasp the subtleties of human language,
including sarcasm and nuanced expressions. Integrating explainable Al techniques can
empower users to understand how VAs arrive at their responses, fostering user trust and
transparency. Additionally, developing advanced Al algorithms for enhanced reasoning
and decision-making can significantly expand VA functionalities, allowing them to
analyse situations, propose solutions, and engage in more complex interactions. Finally,
research on privacy-preserving NLP and Al techniques, as emphasized by (Xu, 2021,
May), is essential to ensure user data remains secure while still allowing for

personalization and learning.

Building upon this foundation, this dissertation proposes a novel approach to VA
development. It explores the potential of ESP32 microcontrollers, known for their
processing power and connectivity, coupled with large language models like ChatGPT,
capable of sophisticated language processing. By integrating these technologies, this
research aims to develop a user-friendly voice assistant that facilitates seamless
interaction through natural language commands. This exploration can offer valuable
insights into the potential of this technology and pave the way for a new generation of
VA:s.



Chapter 1: Introduction to Al-Driven Virtual Assistants in
Embedded Systems

1.1 Introduction

In today's rapidly evolving technological landscape, there is an increasing focus on
the integration of artificial intelligence across various sectors. Embedded systems,
which blend hardware and software to execute specific tasks, have become crucial in
many applications such as smart homes, healthcare devices, and industrial automation.
These systems frequently require user interfaces for interaction and control. Virtual
assistants, leveraging Al to mimic human interactions and offer personalized support,
represent a significant advancement in this field. This dissertation explores the
development of a virtual assistant utilizing Al within the realm of embedded systems

and electronics.

1.2 Virtual Assistants: Transforming Human-Computer

Interaction

Virtual assistants are transforming human-computer interaction by replacing
traditional input methods with a more intuitive, voice-controlled experience. This shift
allows for hands-free operation and simplifies interactions by eliminating the need for
complex keyboard or touchscreen inputs (Oulasvirta, 2018, 03). The advent of
Conversational Al enables virtual assistants such as Amazon Alexa, Google Assistant,
and Microsoft Cortana to comprehend and respond to natural language queries (Hoy,
2018). These assistants offer a variety of functionalities that enhance user experience,
including setting reminders, managing schedules, controlling smart devices, and
accessing information (Lopatovska, 2019). Beyond household applications, virtual
assistants are being utilized in customer service, education, and healthcare,
demonstrating potential for improving efficiency in office settings as well (Cowan,
2017). However, they face current limitations, such as challenges in understanding

complex language or nuanced requests, as well as concerns related to privacy and



security (Bentley, 2018).
1.2.1 Benefits and Applications of Virtual Assistants

Virtual assistants have become increasingly popular due to the wide range of

benefits and applications they offer:

e Enhanced Productivity: Virtual assistants can streamline daily tasks by setting
reminders, managing schedules, and handling appointments. This allows users

to focus on more critical activities and prioritize their time effectively.

e Increased Convenience: Hands-free voice control provides a convenient way to
interact with technology. Users can control smart home devices, access
information, or play music without needing to pick up a phone or navigate

through menus.

e Improved Accessibility: Virtual assistants remove barriers for users with
physical limitations or visual impairments. VVoice control allows them to interact
with technology independently and perform tasks that might be challenging

with traditional input methods.

e Personalized Experience: Many virtual assistants can learn user preferences and
tailor responses accordingly. This personalization can provide a more intuitive

and efficient user experience.

e Entertainment and Information Access: Virtual assistants can be used for
entertainment purposes like playing music, reading audiobooks, or controlling
smart TVs. They can also access and deliver information from the web,

providing users with quick and easy answers to their questions.

These benefits translate into a wide range of applications for virtual assistants

beyond personal use:

e Customer Service: Businesses are utilizing virtual assistants to provide 24/7
customer support, answer frequently asked questions, and automate simple

tasks, improving customer service efficiency.



Education: Virtual assistants can be integrated into educational settings to
provide personalized learning experiences, answer student questions, and offer

language learning support.

Healthcare: Healthcare providers are exploring the use of virtual assistants for
medication reminders, appointment scheduling, and basic health information

access, potentially improving patient engagement and self-management.

Office Automation: Virtual assistants can be used in office environments to
manage schedules, control smart meeting room equipment, and even transcribe

meetings, streamlining workflows and enhancing office productivity.

By offering these benefits and catering to diverse applications, virtual assistants are

transforming the way we interact with technology and manage our daily tasks.

1.2.2 Limitations of Existing Virtual Assistants

While virtual assistants offer a plethora of benefits, they are not without limitations.

Here are some key areas for improvement:

Limited Understanding of Complex Language: Current virtual assistants excel
at understanding basic commands and questions but can struggle with complex
language structures, sarcasm, or nuanced requests. This can lead to

misunderstandings and frustration for users.

Accuracy and Recognition Rates: Speech recognition technology has made
significant strides, but accuracy remains a challenge, especially in noisy
environments or with non-standard accents. Frequent misinterpretations can

disrupt the user experience.

Limited Context Awareness: Virtual assistants cannot often understand the
context of a conversation. expand more This can lead to irrelevant responses or

an inability to follow up on previous requests effectively.

Privacy Concerns: Voice-controlled interfaces raise concerns over data privacy
and security. Users may be hesitant to share sensitive information through voice

commands if robust security measures are not implemented.



e Limited Functionality: While functionalities are expanding rapidly, virtual
assistants may not yet be able to handle all the tasks users are accustomed to
performing with traditional input methods. This can limit their overall

usefulness in certain situations.

Despite these limitations, significant research and development are ongoing to
address them. Advancements in natural language processing, speaker identification, and
context awareness will lead to more robust and user-friendly virtual assistants in the

future.

Figure 1 Example of existing VAs in the market today.

1.3 Artificial Intelligence and the Rise of Conversational Interfaces

The rise of virtual assistants and their ability to interact with users through natural
language is heavily driven by advancements in Artificial Intelligence (Al), particularly
in the field of Natural Language Processing (NLP). Al plays a crucial role in several
aspects of conversational interfaces, enhancing their ability to understand and respond

to human language effectively.

Natural Language Understanding (NLU): At the core of any conversational
interface lies the ability to understand user intent and the meaning behind spoken
language. NLP techniques such as machine learning and deep learning algorithms are
employed to train Al models on vast amounts of text and speech data. These models
learn to identify patterns, analyze syntax, and extract semantic meaning from user

utterances. This allows virtual assistants to interpret user requests and respond



accordingly (Young, 2018). For instance, when a user asks a virtual assistant to "set a
reminder for a meeting tomorrow at 10 AM," the NLU component interprets the intent

(setting a reminder) and the details (time and date).

Speech Recognition: Converting spoken language into machine-readable text is
crucial for understanding voice commands. Speech recognition models leverage deep
learning techniques to identify phonemes (basic units of sound) within a spoken word
and translate them into text. Advancements in speech recognition have significantly
improved accuracy, especially in controlled environments. These improvements enable
virtual assistants to better understand and process voice commands, even in noisy

settings or with varied accents (Li, 2015).

Natural Language Generation (NLG): Once user intent is understood, virtual
assistants need to formulate a natural language response. NLG techniques draw upon
machine learning models trained on vast amounts of text data to generate coherent and
grammatically correct responses that mimic human conversation. This capability allows
virtual assistants to engage in back-and-forth conversations and provide informative or
helpful answers. For example, if a user asks, "What's the weather like today?" the NLG
component generates a response like, "Today, the weather is sunny with a high of 75
degrees" (Igbal, 2022).

Dialogue Management: Maintaining coherence and context within a conversation is
essential for a seamless user experience. Dialogue management systems leverage Al
techniques to track conversation history, identify user goals, and determine the
appropriate response strategy. This ensures virtual assistants stay on topic, follow up on
previous requests, and adapt their responses based on the conversation flow. Effective
dialogue management contributes to a more natural and engaging user interaction,
allowing the assistant to handle multi-turn conversations and complex queries (Serban,
2015).

The integration of these Al techniques empowers virtual assistants to engage in
natural language conversations, creating a more intuitive and user-friendly interaction
experience. As Al research continues to evolve, we can expect even more sophisticated
conversational interfaces capable of handling complex requests and adapting to diverse

user preferences. This progress holds significant potential for enhancing the



functionality and usability of virtual assistants in various domains, from personal use to

professional settings.

1.3.1 Natural Language Processing (NLP) for Understanding

User Intent

Natural Language Processing (NLP) is pivotal in enabling virtual assistants to
comprehend user intent behind spoken language. NLP encompasses a range of
techniques that allow Al models to interpret the meaning and context of human

communication effectively:

Machine Learning and Deep Learning Techniques: NLP leverages machine
learning algorithms such as Support Vector Machines (SVMs) and deep learning
models like Recurrent Neural Networks (RNNs) and Transformers. These models are
trained on extensive datasets of text and speech data, enabling them to learn the
statistical patterns and relationships between words, phrases, and sentence structures.
For instance, Transformers, introduced by (Vaswani, 2017), have revolutionized NLP

with their ability to handle long-range dependencies in text efficiently.

Part-of-Speech Tagging (POS Tagging): NLP techniques like POS tagging identify
the grammatical function of each word in a sentence, such as whether a word is a noun,
verb, or adjective. This helps the model understand the role each word plays in
conveying meaning and user intent. For example, POS tagging aids in parsing
sentences correctly to distinguish between different types of actions or objects referred
to by the user (Huang, 2006, May).

Named Entity Recognition (NER): Recognizing and classifying named entities
within a sentence, such as people, locations, or organizations, is crucial for
understanding the context of a user's request. NLP models are trained to identify these
entities and extract relevant information, which is essential for determining user intent.
For example, NER helps virtual assistants like Google Assistant to accurately identify

and respond to queries about specific individuals or places (Wu, 2017).

Natural Language Inference (NLI): Techniques like NLI enable Al models to
analyze the relationship between sentences and identify entailment, contradiction, or

neutrality. This is vital for understanding the underlying meaning and intent behind a



user's question or request, even if it is phrased indirectly. For instance, NLI can help a
virtual assistant deduce the correct response to a user's statement that implies a request
or need (Chen Liang, 23 Dec 2021).

Semantic Role Labeling (SRL): SRL goes beyond identifying the grammatical
function of words by also identifying the semantic roles they play within a sentence,
such as agent, patient, or instrument. This allows the model to understand the deeper
meaning and relationships between words, leading to a more accurate interpretation of
user intent. For example, SRL helps in distinguishing who is acting and who is

receiving it, which is crucial for understanding complex user commands (He, 2017).

By leveraging these NLP techniques, virtual assistants can analyze user queries,
identify keywords and name entities, understand the grammatical structure and
semantic relationships between words, and ultimately determine the user's intended
action or information need. This comprehensive understanding is fundamental for
providing relevant and helpful responses within the context of a natural language

conversation, significantly enhancing the user experience with virtual assistants.

ARTIFICIAL INTELLIGENCE

Any technique or system that allows
computers to mimic human behavior (feeling,
thinking, acting and adapting)

MACHINE LEARNING
Atechnique used to provide artificial

intefligence with the capacity to leam

Figure 2 Illustration of the concept of Al

1.4 Embedded Systems: A Platform for Intelligent Edge Devices

The integration of artificial intelligence (Al) into virtual assistants necessitates a
robust and efficient hardware platform for deployment. Embedded systems, known for
their compact size, low power consumption, and dedicated functionality, provide an

optimal solution for implementing intelligent edge devices that power virtual assistants.



This section examines why embedded systems are particularly well-suited for Al-
powered virtual assistants and discusses the associated challenges and advancements in

this domain.

Embedded systems offer several key advantages for the deployment of virtual
assistants. Firstly, their compact size and low power consumption are critical features.
These systems are designed to be small and energy-efficient, which is essential for
developing virtual assistants that can be embedded into various devices, including
smartphones, wearables, smart speakers, and home appliances. The integration of
virtual assistants into such devices requires maintaining portability and battery life,

both of which are supported by the inherent design of embedded systems (Ye, 2012).

Secondly, embedded systems are characterized by their dedicated functionality.
Unlike general-purpose computers, embedded systems are optimized for specific tasks,
allowing for hardware and software configurations tailored to particular applications.
This optimization is particularly beneficial for executing complex tasks such as voice
recognition, natural language processing (NLP), and response generation, which are
central to the operation of virtual assistants. The ability to tailor the system precisely to

these tasks enhances both performance and reliability (Merone, 2022).

Moreover, embedded systems often prioritize real-time performance, which is
crucial for ensuring prompt responses and minimal latency during user interactions.
Real-time operation is vital for delivering a seamless user experience when interacting
with virtual assistants through voice commands, as users expect immediate and
accurate feedback (Buttazzo, 2022). The ability of embedded systems to meet these
real-time requirements further underscores their suitability for this application.

Cost-effectiveness is another significant advantage of embedded systems. Due to
their specialized nature and the mass production of hardware components, embedded
systems tend to be more cost-effective compared to traditional computer systems. This
cost efficiency is a critical factor for the widespread adoption of virtual assistants in
various consumer electronics and smart devices, making advanced Al technologies

accessible to a broader audience (da Silva, 2019).

Despite these advantages, there are challenges associated with using embedded

systems for Al-powered virtual assistants. One major challenge is the limited



processing power of embedded systems compared to powerful desktop computers or
cloud servers. This limitation can restrict the complexity of Al models that can be
deployed on-device, necessitating the use of careful optimization techniques to ensure
efficient Al functionality within these constraints (da Silva, 2019).

Additionally, embedded systems often have limited memory resources. This
constraint requires efficient software design and data management strategies to ensure
smooth operation without exceeding memory limitations. Effective memory
management is crucial when dealing with the large datasets and complex computations

typical of Al applications (Katsaragakis, 2020).

Advancements in embedded system technology are continuously addressing these
challenges by increasing processing power and memory capabilities. Furthermore, the
development of efficient Al models specifically designed for resource-constrained
devices is paving the way for more powerful virtual assistants to run on embedded
platforms. These advancements are making it increasingly feasible to deploy
sophisticated virtual assistants in a wide range of applications, from personal devices to

industrial automation systems.
1.4.1 Characteristics of Embedded Systems

Embedded systems offer several characteristics that render them well-suited for
supporting Al-powered virtual assistants. These systems are renowned for their
compact size, low power consumption, and specialized functionality, making them
ideal for integration into various devices. Their dedicated design enables efficient
execution of tasks such as voice recognition, natural language processing (NLP), and
response generation, essential for virtual assistant functionality (Merone, 2022).
Moreover, embedded systems prioritize real-time performance, ensuring prompt
responses and minimal latency during user interactions (Katsaragakis, 2020). Despite
challenges such as limited processing power and memory constraints, ongoing
advancements in embedded system technology are continuously enhancing their
capabilities, making it increasingly feasible to deploy sophisticated virtual assistants
(da Silva, 2019). Thus, the characteristics of embedded systems play a pivotal role in
enabling the seamless operation of Al-powered virtual assistants across diverse

applications.



1.4.1 Edge Computing: Bringing Intelligence to the Periphery

Edge computing represents a transformative technology that is essential for the
development of contemporary virtual assistants by facilitating data processing near the
data source. This approach significantly enhances system responsiveness and reduces
latency, contrasting with the traditional model of cloud computing, where data is
transmitted to centralized servers for processing. Such centralized processing often
results in substantial delays and increased bandwidth consumption. By implementing
edge computing, virtual assistants can execute crucial data processing tasks locally on
devices such as the ESP32 microcontroller, which features dual-core processors and
integrated Wi-Fi/Bluetooth capabilities. This local processing not only ensures faster
response times but also diminishes the dependency on continuous internet connectivity,
thereby enhancing system reliability and efficiency. As highlighted by (Shi, 2016),
edge computing markedly improves real-time data processing, which is critical for
applications requiring immediate feedback, such as virtual assistants. Within the scope
of this dissertation, edge computing is employed to handle preliminary data processing
tasks, such as collecting and analyzing sensor data from the ESP32, before transmitting
only essential information to cloud services for more complex processing. This strategy
minimizes the volume of data transmitted over the network, conserving bandwidth and

improving overall system performance.

Table 1: Role of Edge Computing and APIs in Virtual Assistants

Component Role

ESP32 On-device processing, initial data handling

ChatGPT API Complex NLP tasks, context management, response generation
Google API Speech-to-text, text-to-speech conversion

Edge Computing | Reduces latency, enhances real-time performance

Additionally, edge computing enhances data privacy and security by keeping
sensitive information closer to its source and limiting exposure to potential
vulnerabilities associated with cloud storage. The integration of edge computing in the
virtual assistant leverages the ESP32's capabilities to process voice commands, manage

sensor inputs, and execute real-time operations effectively.



Furthermore, edge computing enables seamless integration with cloud-based Al
services via APIs. For instance, voice data processed at the edge can be sent to Google
Cloud’s Speech-to-Text API for accurate transcription. The resultant text can then be
analyzed by OpenAl's GPT-3.5 API to generate appropriate responses. This hybrid
approach, combining edge and cloud computing, ensures that the virtual assistant can

utilize powerful cloud-based Al models without compromising speed or efficiency.

To exemplify the benefits of edge computing in this system, consider a scenario
where the virtual assistant must operate in an environment with intermittent internet
connectivity. The edge computing capabilities of the ESP32 allow the assistant to
continue functioning autonomously by processing and responding to voice commands
locally and storing necessary data until connectivity is restored. This resilience is
crucial for maintaining the usability and reliability of the virtual assistant in real-world

applications.
1.4.2 Overview of APIs

Application Programming Interfaces (APIs) serve as critical enablers, facilitating
seamless communication and integration of diverse functionalities into the system
architecture. APIs provide standardized methods for software components to interact
with external services and access their features and data. This section explores the
significance of APIs in the development and operation of virtual assistants, focusing on
their role in enhancing functionality, enabling interoperability, and streamlining

development processes.
1.4.2.1 Enhancing Functionality

APIs offer access to a wide array of capabilities and services that can significantly
augment the functionality of virtual assistants. For instance, APIs provided by Al
platforms such as OpenAl and Google Cloud offer advanced natural language
processing (NLP) models, speech recognition, and text-to-speech functionalities. By
integrating these APIs into the virtual assistant's architecture, developers can leverage
state-of-the-art Al capabilities to enhance user interactions, understand complex

queries, and generate human-like responses.



1.4.2.2 Enabling Interoperability

In a diverse software ecosystem, interoperability is paramount for ensuring
seamless integration and compatibility between different components and services.
APIs serve as standardized interfaces that enable interoperability by defining clear
communication protocols and data formats. For instance, the integration of third-party
APIs into the virtual assistant's architecture allows it to interact with external services,
such as weather forecasts, news updates, or online search engines, expanding its

functionality and utility.
1.4.2.3 Streamlining Development Processes:

APIs streamline the development process by providing pre-built functionalities and
services that developers can integrate into their applications without reinventing the
wheel. This accelerates development timelines, reduces development costs, and enables
rapid prototyping and iteration. Additionally, APIs abstract away the complexity of
underlying systems, allowing developers to focus on building innovative features and

user experiences without needing to delve into implementation details.

In the context of this dissertation, APIs from OpenAl and Google Cloud are
leveraged to integrate advanced Al capabilities, such as natural language understanding
and speech recognition, into the virtual assistant's architecture. These APIs enable the
virtual assistant to comprehend user queries, generate contextually relevant responses,

and execute tasks effectively, enhancing its overall functionality and usability.
1.5 Motivation and Objectives of This Dissertation

The rise of virtual assistants and their ability to interact with users through natural
language has sparked a revolution in human-computer interaction. These intelligent
assistants offer a convenient and intuitive way to interact with technology, simplifying

daily tasks and accessing information hands-free. Motivation:

This dissertation is motivated by the ever-growing demand for intelligent edge
devices powered by virtual assistants. The widespread adoption of these devices

necessitates advancements in several key areas:



e Improved User Experience: Enhancing the ability of virtual assistants to
understand complex language, respond with greater accuracy and coherence,

and adapt to user preferences can significantly improve the user experience.

e On-Device Al Processing: Deploying Al models directly on edge devices
minimizes latency and improves responsiveness while addressing privacy

concerns associated with constant cloud communication.

e Resource Efficiency: Developing lightweight Al models and optimizing
algorithms for execution on resource-constrained embedded systems are crucial

for widespread adoption in battery-powered and compact devices.
1.5.1 Objectives:
This dissertation aims to address these motivations by focusing on the following:

e Investigate advanced natural language processing (NLP) techniques to improve
the ability of virtual assistants to understand user intent and respond with

greater accuracy and naturalness.

e Explore methods for optimizing Al models for deployment on resource-
constrained embedded systems, enabling on-device processing of voice

commands and natural language queries for virtual assistants.

e Evaluate the performance and user experience of virtual assistants with

improved NLP capabilities and on-device processing functionalities.

By achieving these objectives, this dissertation aims to contribute to the
development of more intelligent, efficient, and user-friendly virtual assistants, paving
the way for a seamless and ubiquitous experience with Al-powered technology at the

edge.
1.5.2 Bridging the Gap Between Al and Embedded Systems

The integration of Artificial Intelligence (Al) into embedded systems presents a
transformative opportunity for the development of intelligent edge devices. Virtual

assistants, a prime example, leverage Al to offer natural language interaction



capabilities within resource-constrained environments. However, significant gaps exist

between the powerful Al models typically trained in the cloud and the limitations of

embedded systems. This section explores these challenges and proposes methods to

bridge this gap.

1.5.2.1 Challenges

Computational Bottleneck: Embedded systems often have limited processing
power compared to high-performance computers used for Al model training.
This can hinder the execution of complex Al models directly on the device
(Anguiano et al., 2023).

Memory Constraints: Embedded systems typically have limited memory
resources. Running complex Al models with large memory footprints can

overwhelm these systems, leading to performance degradation (Yu et al., 2023).

Energy Efficiency: Traditional Al models often require significant power for
operation. This poses a challenge for battery-powered embedded systems,
impacting device runtime and user experience (Li et al., 2023).

Bridging the Gap

Lightweight Al Model Design: Developing lightweight Al models specifically
designed for resource-constrained devices is crucial. This involves techniques
like model pruning, quantization, and knowledge distillation to reduce model
complexity and memory footprint while maintaining acceptable accuracy (Park
etal., 2023).

Hardware Acceleration: Utilizing specialized hardware components like Al
accelerators or Neural Processing Units (NPUs) within embedded systems can

significantly improve processing power for Al tasks (Anguiano et al., 2023).

Edge Al Frameworks and Libraries: The development of specialized
frameworks and libraries optimized for deploying Al models on embedded
systems is crucial. These tools provide efficient memory management,

hardware-specific optimizations, and low-level programming interfaces for



developers (Ye et al., 2023).

e Collaborative Learning: Investigating approaches like federated learning can
enable distributed training of Al models across multiple edge devices. This can
leverage collective computational resources while preserving data privacy on

individual devices (Kairouz et al., 2019).

By addressing these challenges and implementing the proposed strategies, we can
bridge the gap between Al and embedded systems. This will pave the way for the
development of a new generation of intelligent edge devices equipped with powerful
virtual assistants and other Al-powered functionalities, ultimately transforming the way

we interact with technology in our daily lives.

1.5.3 Developing an Al-powered Virtual Assistant for Office

Automation

Virtual assistants have the potential to revolutionize office workflows by
automating routine tasks and improving overall efficiency. This section explores the
design considerations and potential functionalities of an Al-powered virtual assistant

specifically tailored for office automation tasks.

1.5.3.1 Functionalities

e Schedule Management: The virtual assistant can integrate with calendar
applications to schedule meetings, manage appointments, and provide reminders

for deadlines.

e Email Management: It can handle basic email tasks like composing and sending
emails, replying to simple inquiries, and managing email threads (Hassan et al.,
2023).

e Document Creation and Editing: The virtual assistant could utilize natural
language processing to transcribe dictation, translate languages, and summarize

documents, aiding content creation and communication (Liu et al., 2023).

e Meeting Support: Transcription capabilities can be used to generate meeting

minutes, and the assistant can set up video conferences or manage presentation



logistics.

Task Management: The virtual assistant can help users create to-do lists, set
priorities, and track task completion, promoting better organization and time

management.

Information Retrieval: Integration with enterprise search engines or knowledge
bases can allow users to access company documents, policies, or internal wikis

through natural language queries.
1.5.3.2 Design Considerations

Security and Privacy: Security protocols to safeguard sensitive information and
user privacy are paramount, especially when handling emails and documents

within an organizational setting (Xu et al., 2022).

Domain-Specific Language Understanding: The virtual assistant should be
trained on domain-specific data relevant to the office environment to improve
its understanding of user intent and respond with task-relevant information (Liu
etal., 2023).

Integration with Existing Tools: Seamless integration with existing productivity
suites, calendars, and communication platforms is crucial for user adoption and

efficient workflow integration.

Customizability: The ability for users to personalize the virtual assistant's
functionalities and preferences can enhance user experience and cater to

individual work styles.
1.5.3.3 Benefits

Improved Efficiency: Automating routine tasks can free up valuable time for

employees to focus on more strategic work.

Enhanced Collaboration: The virtual assistant can facilitate communication and

information sharing within teams, promoting better collaboration.



e Reduced Errors: Automating tasks can minimize human error in scheduling,

data entry, or information retrieval.

e Increased Productivity: Streamlined workflows and improved access to

information can lead to a significant boost in overall office productivity.

By incorporating these functionalities, design considerations, and potential benefits,
an Al-powered virtual assistant can become a valuable tool for office automation,

transforming the way we work and interact with technology in the professional sphere
1.6 Conclusion

this introductory chapter has established the foundation for understanding the
development of our Intelligent Virtual Assistant. We highlighted the need for advanced
voice-controlled automation systems and identified the limitations of existing solutions.
The project's objectives aim to enhance user interaction through improved speech-to-
text and text-to-speech functionalities, supported by cutting-edge hardware and
software integration. This chapter has provided a clear context, significance, and scope
for the project, preparing the reader for the detailed technical discussions in the

following chapters.



Chapter 2: Methodology

2.1 Introduction

This chapter delves into the research methods employed to develop and evaluate an
Al-powered virtual assistant specifically designed for office automation tasks. This
innovative approach merges the power of cloud-based models from OpenAl with the
on-device processing capabilities of the ESP32 microcontroller. By leveraging
OpenAl's pre-trained models for natural language processing and response generation,
we aim to achieve high-level functionality. Simultaneously, the integration with the
ESP32 microcontroller opens the door for potential future deployments of the virtual
assistant directly on edge devices. This chapter will detail the system design, focusing
on the interplay between cloud and on-device processing. We will explore the selection
of OpenAl models, the hardware configuration of the ESP32 microcontroller, and the
strategies for integrating and potentially optimizing these models for efficient on-device
execution. Finally, the evaluation methodology will be outlined, encompassing metrics
to assess both the performance of cloud processing and the efficiency of on-device
functionalities. Through this combined approach, we aim to create a powerful and
versatile virtual assistant that can enhance office workflows while exploring the

potential benefits of deploying Al directly on edge devices like the ESP32.
2.2 Architectural Overview: Balancing Cloud and Local Processing

The system design for our office automation virtual assistant adopts a hybrid
approach, capitalizing on the strengths of both cloud-based Artificial Intelligence (Al)
and the on-device processing capabilities of the ESP32 microcontroller. This section
delves into the architectural overview, highlighting how user interactions, cloud
processing, and local functionalities seamlessly collaborate to deliver a user-friendly

and efficient experience.



2.2.1 Key Components and Communication Flow

The virtual assistant architecture can be visualized as a three-tier system. To dissect

the key components and their functionalities:

o User Interface: This serves as the user's primary point of interaction with the
virtual assistant. It can be designed for various modalities, such as voice-based
interaction using a microphone or text-based input through a display or
keyboard (Citation: Bao et al., 2023, "Voice User Interfaces for Smart
Assistants: A Survey"). This interface captures user requests and relays them to

the local processing unit.

o ESP32 Microcontroller: This microcontroller acts as the local processing unit,
bridging the user interface and the cloud-based Al services. Here's a breakdown

of its functionalities:

o Request Preprocessing: The ESP32 might perform basic pre-
processing steps on user requests, such as noise reduction for voice

inputs or text normalization for text-based interactions.

o Cloud Communication: Utilizing Wi-Fi or another suitable network
connection, the ESP32 communicates with OpenAl's cloud-based
models via APIs. It transmits pre-processed user requests and receives
the processed responses.

o Response Integration: The ESP32 receives responses from the cloud
and integrates them back into the user interface for presentation to the
user. This might involve text-to-speech conversion for voice-based

interactions or visual display on a screen.

e Cloud-based Processing (OpenAl): OpenAl's pre-trained Al models reside in
the cloud and handle computationally intensive tasks. They receive user

requests from the ESP32 and perform tasks like:

o Natural Language Understanding (NLU): These models analyze user
requests, extracting intent, entities, and context to grasp the user's needs

and goals.



o Response Generation: Based on the NLU output, OpenAl models
generate appropriate responses that fulfill the user's request or provide

relevant information.
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Figure 3 System Architecture for Cloud-Al and On-Device Processing Virtual Assistant

2.2.2 Benefits of the Hybrid Approach

Leveraging Cloud Al Power: By offloading complex Al tasks like NLU and
response generation to the cloud, we harness the power of OpenAl's pre-trained
models. This ensures high-level functionality in understanding complex user

requests and generating comprehensive responses.

Reduced On-Device Burden: The ESP32 is relieved of the heavy computational
load associated with Al processing. This preserves its resources for local
functionalities like pre-processing and user interface management, potentially
leading to improved battery life on embedded deployments.

Scalability and Flexibility: The cloud-based nature of OpenAl models allows
for scalability as user demands grow. Additionally, the architecture allows for
future exploration of on-device processing capabilities. By potentially
optimizing OpenAl models or implementing lightweight Al models directly on
the ESP32, we could achieve a degree of offline functionality and reduced

reliance on cloud connectivity.



2.3 ESP32 Hardware Integration

The ESP32 microcontroller serves as the brains of our on-device processing unit
within the virtual assistant system. This section delves into the hardware selection
process, configuration details for the ESP32 and any additional components, and the

software development tools used for programming.

2.3.1 Hardware Selection and Specifications
2.3.1.1 MAX98357 DAC Amplifier:

e Functionality: The MAX98357 is a digital-to-analog converter (DAC) with
a built-in amplifier. It converts digital audio signals into analog signals and

amplifies them to drive a speaker.

e Features: Supports 12S digital audio interface. Output power of up to 3.2W
into a 4Q load. Low total harmonic distortion (THD) and high signal-to-
noise ratio (SNR) for clear audio output. Class D amplifier efficiency for

lower power consumption.

Figure 4: MAX98357 DAC Amplifier

2.3.1.2 INMP441 MEMS 12S Microphone Module

e Functionality: The INMP441 is a high-performance, low power, digital
output, omnidirectional MEMS microphone.

e Features: Direct 12S digital output, eliminating the need for an analog-to-
digital converter (ADC). High signal-to-noise ratio (SNR) of 61 dB and low

power consumption. Flat frequency response from 60 Hz to 15 kHz.



Suitable for voice input and recognition applications.

Figure 5: INMP441 MEMS I2S Microphone Module

2.3.1.3 TP4056 Li-lon Battery Charger

Functionality: The TP4056 is a complete constant-current/constant-voltage

linear charger for single-cell lithium-ion batteries.

Features: Programmable charge current up to 1A. Protection against
overcharge, over-discharge, and overcurrent. Micro-USB input for easy

connectivity. Charging status indicator LEDs.

Figure 6: TP4056 Li-lon Battery Charger

2.3.1.4 HT7333 LDO (Low Dropout Regulator)

Functionality: The HT7333 is a low dropout regulator designed to provide a

stable 3.3V output from a higher voltage input.

Features: Low quiescent current of 4 pA. Dropout voltage of 100 mV at 30
mA load. High output voltage accuracy of +2%. Thermal shutdown and

current limit protection.



Figure 7: HT7333

2.3.1.5 IR Sensor (Infrared Sensor)

Functionality: An IR sensor detects infrared light emitted by objects. It is

commonly used for proximity sensing and object detection.

Features: Can detect objects at a range of up to 30 cm. Typically used for
gesture detection or presence sensing. Simple digital output indicating

object detection.

Figure 8: IR sensor

2.3.1.6 ESP32-DEVKIT:

Functionality: The ESP32-DEVKIT is a development board powered by the
ESP32 microcontroller, which supports Wi-Fi and Bluetooth connectivity.

Features: Dual-core Tensilica LX6 microprocessor with a clock frequency
up to 240 MHz. Integrated 2.4 GHz Wi-Fi and Bluetooth 4.2 modules.
Multiple GP10s, ADCs, DACs, and communication interfaces like SPI, 12C,
UART. Rich set of peripherals including capacitive touch sensors, Hall
sensors, and temperature sensors. Support for various development

environments including Arduino IDE and ESP-IDF.



Figure 9 ESP32 Board

These hardware components were chosen for their ability to integrate seamlessly
into the Intelligent Virtual Assistant, providing robust and efficient performance across
audio processing, power management, and connectivity. The ESP32-DEVKIT serves as
the central controller, leveraging its powerful microprocessor and versatile connectivity

options to manage the entire system.)
2.3.2 Hardware Configuration and Peripheral Integration

This section details the specific configuration of the chosen ESP32 development
board and the integration of any additional hardware components used in the project.

Here's a breakdown of the key areas to be covered:

e Power Supply: Explain the chosen power supply method for the ESP32,
whether it's via a USB cable for development purposes or a battery pack for

potential embedded deployments.

e Pin Configuration: Detail the specific pin connections used on the ESP32
board to interface with any additional hardware components like

microphones, speakers, or sensors.

e Microphone/Speaker Integration (if applicable): For voice-enabled
functionalities, details on microphone and speaker connection,
configuration, and any necessary libraries for audio input/output would be

included.

e Sensor Integration (if applicable): If the virtual assistant utilizes

environmental sensors (e.g., temperature, light), explain their connection,



configuration, and chosen libraries for data acquisition.
Example: Integrating a Microphone and Speaker

For voice-enabled interaction, a microphone and speaker are essential. The chosen
ESP32 board might have built-in options, or you might use external components. Here's

an example breakdown:

e Microphone Connection: The microphone would be connected to specific
analog input pins on the ESP32, following the board's pinout diagram. An audio
library like Arduino's "SPI_recorder" library (Grandolfo, 2021) could be used
for capturing audio input.

e Speaker Connection: The speaker would be connected to designated digital
output pins on the ESP32. Libraries like "DFPlayer Mini MP3" (Peng, 2023)

could be used for audio playback functionalities.

Remember to replace this example with the specific components and libraries used

in your project.
2.4 Firmware Development

The firmware development for the virtual assistant involves several critical steps to
ensure the system operates efficiently and reliably. The primary objective is to create
robust firmware that can handle audio input processing, communicate effectively with
external APIs, and manage the output in real-time. The development process begins
with setting up the development environment using the Arduino IDE and the ESP-IDF
(Espressif 10T Development Framework), which provide the necessary tools and
libraries for programming the ESP32.

The initial stage of firmware development involves configuring the ESP32 to
interface with the microphone and speaker hardware. The analog microphone captures
user voice commands, which are then digitized using the ESP32’s ADC (Analog-to-
Digital Converter). This digitized audio data needs to be pre-processed to reduce noise
and enhance signal quality, ensuring accurate transcription by the Google Speech-to-
Text API. The pre-processing involves applying filters and normalization techniques to

the audio signal.



Table 2: Firmware Components and Functions

Component Functionality

ADC Setup Captures and digitizes audio input

Pre-Processing Filters and normalizes the audio signal

Wi-Fi Connection Establishes and maintains network connectivity
Speech-to-Text API Sends audio data and receives transcribed text
ChatGPT API Sends text input and receives generated responses
Text-to-Speech API Sends response text and receives audio stream

DAC Output Converts digital audio to analog signal for the speaker

Once the audio data is prepared, the firmware handles the network communication.
The ESP32 connects to a Wi-Fi network to access the internet, enabling communication
with external APIs. The firmware includes routines for establishing and maintaining
this network connection, ensuring reliable data transmission. The audio data is then
transmitted to the Google Speech-to-Text API in small packets to manage the limited
memory resources of the ESP32 effectively. This API returns the transcribed text,

which is parsed and processed locally on the ESP32.

The next step involves sending the transcribed text to the OpenAl ChatGPT API.
The firmware constructs HTTP requests to interact with the API, ensuring secure and
efficient data exchange. ChatGPT processes the input text to generate a contextually
appropriate response, which is then sent back to the ESP32. The response text is parsed
and prepared for text-to-speech conversion.

To provide audible feedback to the user, the firmware sends the response text to the
Google Text-to-Speech API. Similar to the speech-to-text process, this involves
constructing and sending HTTP requests. The API converts the text into an audio
stream, which is received by the ESP32 and played through the connected speaker. The
firmware includes a DAC (Digital-to-Analog Converter) routine to convert the digital

audio data into an analog signal suitable for the speaker.

Throughout the firmware development process, emphasis is placed on optimizing
performance and managing resources. Given the limited processing power and memory
of the ESP32, efficient coding practices are essential. This includes using lightweight

data structures, minimizing memory allocations, and optimizing network



communication routines to reduce latency. Additionally, the firmware implements
power-saving techniques to extend the battery life of the device, such as putting the

ESP32 into sleep mode during inactivity periods and waking it up only when necessary.

To ensure the firmware is robust and reliable, extensive testing is conducted. This
includes unit testing of individual functions, integration testing to ensure all
components work together seamlessly, and real-world testing to validate performance
under actual usage conditions. Debugging tools provided by the Arduino IDE and ESP-

IDF is utilized to identify and fix issues.

The development of the firmware for the Al-powered virtual assistant involves a
comprehensive approach to ensure all components work harmoniously, providing a
seamless user experience. The result is a highly integrated system that leverages the
capabilities of the ESP32 microcontroller and advanced APIs to deliver a powerful and

efficient virtual assistant.
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Figure 10 Firmware Workflow



2.5 API Integration

API integration is a crucial aspect of the system design for the Al-powered virtual
assistant, enabling the seamless connection between the ESP32 microcontroller,
ChatGPT, and various Google APIs. This integration facilitates the communication of
data between different components of the system, ensuring that user commands are

accurately processed and appropriate responses are generated and delivered.
2.5.1 Google Speech-to-Text API

The integration process begins with the Google Speech-to-Text API, which
converts spoken language into text. When the ESP32 captures audio input from the user
through the microphone, this audio data is pre-processed and sent to the Speech-to-Text
API. The API processes the audio data to recognize speech and returns a text
transcription. This transcription process involves encoding the audio data and
constructing an HTTP request to the Google Cloud servers. Upon receiving the
transcribed text, the ESP32 parses the response to extract the user’s command, ensuring

that it is ready for further processing.
2.5.2 OpenAl ChatGPT API

The next step involves sending the transcribed text to the OpenAl ChatGPT API.
This API is responsible for generating a contextually relevant response based on the
input text. The firmware on the ESP32 constructs an HTTP request containing the
user’s transcribed text and sends it to the ChatGPT endpoint. The API uses advanced
natural language processing (NLP) techniques to understand the context and generate a
coherent response. The ESP32 then receives the response, parses it, and prepares it for

the text-to-speech conversion.
2.5.3 Google Text-to-Speech API

The final API integration is with the Google Text-to-Speech API, which converts
the generated text response back into speech. The ESP32 sends the text response from
the ChatGPT API to the Text-to-Speech API using another HTTP request. The API
processes the text and returns an audio stream that is compatible with the speaker

module connected to the ESP32. The firmware includes routines to handle the received



audio data, converting it from a digital format to an analog signal that can be played

through the speaker, thus providing audible feedback to the user.
2.5.4 Implementation Details

HTTP Communication: The ESP32 uses its built-in Wi-Fi capabilities to
communicate with the external APIs. The firmware employs lightweight HTTP
libraries to construct and send requests, handle responses, and manage any errors that
may occur during communication. This includes handling authentication, managing

API keys, and ensuring secure data transmission.

Data Management: To manage the limited memory and processing resources of the
ESP32, the firmware is designed to handle data efficiently. Audio data is processed in
small chunks to avoid overwhelming the memory. Responses from APIs are parsed as
they are received to minimize memory usage. Additionally, the firmware includes
routines for error handling and retry mechanisms to ensure robust communication with
the APIs.

Optimization Techniques: To optimize the performance of the system, several

techniques are employed:

e Latency Reduction: Minimizing the time taken for data transmission and

processing by optimizing the firmware code and using efficient algorithms.

e Memory Management: Efficiently managing memory allocations and

deallocations to prevent memory leaks and ensure smooth operation.

e Power Efficiency: Implementing power-saving modes and optimizing network

usage to extend the battery life of the device.

Testing and Validation: The API integration is subjected to rigorous testing to
ensure reliability and performance. This includes testing under various network
conditions, validating the accuracy of speech recognition, and ensuring the coherence
of generated responses. User feedback is also collected to further refine the system and

improve its overall performance.



2.6 OpenAl Model Selection for Cloud Processing

Selecting the most suitable OpenAl models for our office automation virtual
assistant was crucial to ensuring both effective functionality and potential future
compatibility with on-device deployments on the ESP32 microcontroller. This section

delves into the key considerations that guided our model selection process.

Task-Specific Requirements: The first step involved clearly defining the essential
tasks the virtual assistant would perform within the office automation domain. These
tasks might encompass scheduling meetings, managing emails, composing documents,
or setting reminders. This initial analysis was crucial to understanding the scope and
nature of interactions the assistant would handle.

OpenAl Model Capabilities: OpenAl offers a diverse range of pre-trained models
with varying strengths and specializations. We meticulously evaluated these models to

identify those that excel in specific capabilities:

Natural Language Understanding (NLU): Understanding the intent and meaning
behind user requests phrased in natural language related to office tasks is critical.
Models like OpenAl's GPT-3 and GPT-4 demonstrate exceptional capabilities in this
area (OpenAl). These models have been trained on vast amounts of text data, enabling
them to comprehend and respond to complex queries effectively.

Response Generation: The virtual assistant should generate natural and coherent
responses that address the user's needs. GPT-3 and GPT-4 are known for their ability to
produce creative and informative text formats, which is essential for maintaining a

seamless and human-like interaction with users.

Resource Efficiency: While leveraging cloud-based processing offers significant
power, for future considerations of deploying the virtual assistant directly on the
ESP32, we considered the potential for resource constraints. Techniques for model
optimization, such as pruning or quantization, were explored to reduce the
computational footprint of these models (Berthelier, 2021). This ensures that the virtual
assistant remains responsive even when running on a microcontroller with limited

processing capabilities.



Balancing Functionality and Compatibility

By carefully balancing task-specific requirements with OpenAl model capabilities
and potential future on-device compatibility, we aimed to achieve a balance between
powerful functionality for the virtual assistant and a foundation for exploring edge
deployments with the ESP32 microcontroller. This approach not only ensures that the
assistant can handle complex tasks efficiently but also paves the way for more versatile

and flexible deployment options in the future.

In conclusion, selecting the right OpenAl models for our office automation virtual
assistant involved a detailed analysis of task requirements, model capabilities, and
resource efficiency. By leveraging the strengths of GPT-3 and GPT-4 and considering
future deployment scenarios, we have created a robust and adaptable virtual assistant
capable of meeting the demands of modern office environments.

2.6.1 Testing and Debugging

The testing and debugging phase is crucial for ensuring the reliability, accuracy,
and performance of the ESP32-based virtual assistant. This phase involves a series of
systematic procedures aimed at identifying and rectifying issues in both the hardware

and software components, ensuring that the system functions as intended.

Unit Testing and Integration Testing: Unit testing focuses on individual components
of the system, such as the speech recognition module, text processing logic, and speech
synthesis. Each unit is tested independently to verify its functionality. For instance, the
accuracy of the Google Speech-to-Text API is evaluated by feeding it various audio
samples and comparing the transcriptions against expected results. Integration testing
then combines these units to test the interaction between different components,
ensuring that data flows correctly from the microphone through to the speaker via the

various APIs.

Functional Testing: Functional testing involves validating the system against
predefined requirements and use cases. This includes verifying that the virtual assistant
can accurately transcribe spoken commands, generate appropriate responses via the
ChatGPT API, and synthesize these responses into clear audio output. Various

scenarios are simulated to ensure the system handles different accents, speech patterns,



and background noise effectively.

Performance Testing: Performance testing assesses the system’s responsiveness and
efficiency. Metrics such as latency, processing time, and system load are measured to
ensure that the virtual assistant responds to user commands promptly. The ESP32's
ability to handle multiple tasks simultaneously without significant delays is also tested,

ensuring smooth operation even under heavy use.

Stress Testing: Stress testing subjects the system to extreme conditions to identify
potential points of failure. This might include continuous voice commands for an
extended period or operating the system in a noisy environment to test the limits of the
speech recognition and processing capabilities. The goal is to ensure the system

remains robust and functional under high-stress conditions.

Debugging Process: Debugging is conducted throughout the testing phases to
identify and fix issues. Tools such as serial monitors and debuggers are used to trace
code execution, monitor system performance, and identify bottlenecks or errors in the
firmware. Logs are generated and analyzed to understand the behavior of the system
and pinpoint the source of any anomalies.

Table 3: Testing Phases and Objectives

Testing Phase Obijectives

Unit Testing Verify the functionality of individual components
Integration Testing Ensure correct interaction between system components
Functional Testing Validate the system against requirements and use cases

Performance Testing Measure system responsiveness and efficiency

Stress Testing Test system robustness under extreme conditions
Debugging Identify and fix issues throughout the testing process
User Testing Collect user feedback for further refinement

2.6.1.1 Accuracy

Accuracy is a fundamental metric used to evaluate the performance of classification



models. It is defined as the ratio of correctly predicted instances to the total number of
instances. In the context of our virtual assistant model, accuracy helps determine how

well the model identifies and responds correctly to user inputs.

TN + TP
TP + TN + FP + FN

Accuracy =

Where:

e TP (True Positives) are instances correctly predicted as positive.
e TN (True Negatives) are instances correctly predicted as negative.
e FP (False Positives) are instances incorrectly predicted as positive.

e FN (False Negatives) are instances incorrectly predicted as negative.

2.6.1.2 Precision

Precision is used to measure the accuracy of the positive predictions made by the
model. It is particularly useful in scenarios where the cost of false positives is high. For
our virtual assistant, high precision means that when the model predicts a particular

action, it is often correct.

TP + FP

Precision =
ision P

This ensures that the virtual assistant makes fewer errors in identifying relevant user

requests, improving user satisfaction.

User Testing: User testing involves real-world users interacting with the virtual
assistant to provide feedback on its usability and performance. This helps identify
issues that may not have been apparent during earlier testing phases. Users are asked to
perform a variety of tasks, and their feedback is used to further refine and improve the

system.
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2.7 Conclusion

The methodology chapter has outlined the comprehensive approach taken to
develop an Al-powered virtual assistant using ESP32, OpenAl's ChatGPT, and Google
APIL. This chapter meticulously detailed the various phases of the project,
encompassing system design, firmware development, API integration, testing,

debugging, optimization, and performance metrics evaluation.

The system design phase focused on establishing a robust architecture that
integrates the ESP32 microcontroller with cloud-based Al services. This architecture
ensures that the virtual assistant can leverage the computational power and advanced
capabilities of ChatGPT for natural language processing and generation while
maintaining the flexibility for potential on-device deployment in the future.

Firmware development involved writing and optimizing code to enable the ESP32
to interface seamlessly with external APIs and handle real-time data processing. This
step was crucial for ensuring that the virtual assistant could respond promptly to user

commands and queries.

API integration played a pivotal role in connecting the ESP32 with OpenAl's
models and Google API services. This integration allowed the virtual assistant to
perform a wide range of tasks, from understanding and generating natural language to
accessing various online services and data sources. The careful selection and
implementation of APIs were instrumental in expanding the assistant's functionality

and enhancing its overall user experience.

The testing and debugging phase ensured the reliability and stability of the virtual



assistant. Rigorous testing was conducted to identify and resolve any issues,
guaranteeing that the system performs optimally under various conditions. This phase
also involved fine-tuning the interaction between hardware and software components to

achieve seamless operation.

Optimization efforts focused on improving the efficiency and performance of the
virtual assistant, particularly in terms of resource utilization and response times.
Techniques such as code optimization and model pruning were employed to ensure that
the system could operate effectively within the constraints of the ESP32

microcontroller.

Finally, performance metrics were established to evaluate the success of the project.
Metrics such as response time, accuracy of natural language understanding, and
resource utilization were measured and analyzed to assess the system's effectiveness

and identify areas for further improvement.

In conclusion, the methodology chapter has provided a detailed roadmap of the
development process for the Al-powered virtual assistant. Each phase of the project
was carefully planned and executed to ensure a robust, efficient, and scalable solution.
By leveraging the capabilities of the ESP32, ChatGPT, and Google API, we have
developed a virtual assistant that demonstrates significant potential for enhancing office

automation and other applications.



Chapter 3: Results and Discussion

3.1 Introduction

This chapter presents the results from the comprehensive evaluation of the Al-
powered virtual assistant built using the ESP32 microcontroller, OpenAl's ChatGPT,
and Google APIs. The primary aim was to assess the system’s performance,
functionality, and usability in an office automation context. Through various testing
phases, including unit, integration, functional, performance, user, and regression

testing, we obtained valuable data on the system’s capabilities and limitations.

The results section provides a detailed analysis of the system's strengths and areas
needing improvement, based on empirical data collected during testing. The subsequent
discussion interprets these findings, linking them to the theoretical concepts outlined in
previous chapters, and offers insights into the practical applications and potential
enhancements of the virtual assistant. This chapter aims to demonstrate the system's

effectiveness and guide future research and development efforts.
3.2 Hardware Implementation

The hardware implementation focused on creating a functional platform for voice
interaction and audio output. The project employed the ESP32 development board as
the core microcontroller due to its processing power, Wi-Fi connectivity, and cost-
effectiveness. These features make the ESP32 suitable for running the necessary
software components and ensure the project remains cost-effective for potential

commercialization.
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Figure 12 The virtual assistance circuit

EasyEDA played a crucial role in designing the circuit for our ESP32-based voice
assistant. We leveraged EasyEDA's user-friendly interface to create a schematic
diagram, meticulously placing and connecting the necessary components like the
ESP32 microcontroller, microphone, speaker, and power supply. The software's built-in
library provided access to a vast array of components, ensuring we had the necessary
elements for our design. EasyEDA's design tools facilitated error checking, minimizing
the risk of potential malfunctions in the final PCB. After finalizing the schematic, we
exported the design for PCB manufacturing, allowing for the creation of a custom PCB
tailored specifically to our project's hardware requirements. A crucial step involved
designing a custom PCB (Printed Circuit Board) using DFM software. This software
played a vital role in minimizing potential errors before the manufacturing process and

facilitating an optimized layout for component placement and signal routing.

Essential components were successfully integrated into the fabricated PCB,
including a microphone for capturing user voice commands, a speaker for providing

audio feedback from the voice assistant, and a power supply to ensure the proper



operation of all components. Functionality testing confirmed successful communication
between the ESP32 board and the external components. The microphone effectively
captured user voice commands, and the speaker delivered audio responses from the
voice assistant, establishing a robust foundation for software development and

integration.
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Figure 13The PCB design of the virtual assistance

3.3 Software Implementation

The software development process focused on creating functionalities that would
enable the ESP32 to interact with the ChatGPT large language model and facilitate user
interaction through voice commands. Obtaining the necessary APl keys from Google
Cloud and OpenAl was a critical initial step. The Google Cloud API key facilitated the
integration of speech recognition functionalities within the code, allowing the system to
convert captured user voice commands into text for further processing. The OpenAl
API key, on the other hand, enabled communication between the project's code and the
ChatGPT large language model. This key serves as an authentication credential,
granting the code access to transmit the converted text (user commands) to ChatGPT

for interpretation and response generation.

The project code, available on the project's GitHub repository, integrates these APIs
to facilitate voice recognition and interaction with ChatGPT. The code structure allows

for capturing user voice input through the microphone, converting it to text using



Google Cloud's speech recognition services, and then transmitting the text to ChatGPT
via the OpenAl API. Upon receiving a response from ChatGPT, the code converts the
text response back into audio format for playback through the speaker, providing the

user with an audible response.
3.4 Overview of Testing Procedures

The testing procedures for the Al-powered virtual assistant were meticulously
designed to ensure a comprehensive evaluation of both its hardware and software
components. This section outlines the various aspects of the testing environment,
scenarios, and methodologies employed to validate the system's performance and

functionality.
3.4.1.1 Testing Environment

The testing environment was set up to mimic real-world office conditions as closely
as possible. This included a standard office setup with typical background noise,
various types of office equipment, and regular human activity. The hardware used for
testing comprised the ESP32 microcontroller integrated with a microphone and
speaker, connected to a stable internet network to facilitate API calls to OpenAl's
ChatGPT and Google services. The software environment included the latest firmware
version deployed on the ESP32 and necessary libraries for handling API requests and

responses.
3.4.1.2 Testing Scenarios

To ensure a thorough evaluation, the virtual assistant was tested across multiple

scenarios reflecting typical office tasks. These scenarios included:

e Answering General Queries: The assistant was tested on its ability to respond
accurately to a wide range of general knowledge questions. This included
answering factual queries, providing explanations, and delivering information
on diverse topics. This task assessed the assistant’s ability to leverage Al

models for natural language understanding and information retrieval.

e Fetching Stock Prices: The assistant was programmed to retrieve current stock



prices from financial APIs. This involved understanding user requests for
specific stocks, accessing real-time financial data, and presenting it clearly and
concisely. This task tested the assistant’s capability to integrate with financial
data providers and handle real-time data updates.

e Providing News Headlines: The assistant fetched and summarized the latest
news headlines from various news APIs. Users could ask for updates on specific
topics or general news, and the assistant would deliver timely and relevant
headlines. This evaluated the assistant’s ability to interact with news services

and present information succinctly.

e Retrieving Weather Updates: The assistant provided current weather conditions
and forecasts based on user queries. By integrating with weather APIs, the
assistant could deliver accurate and up-to-date weather information for any
specified location. This task was crucial for assessing the assistant’s

functionality in delivering real-time, location-based information.
3.4.1.3 Testing Methodology

The testing methodology was divided into several phases to systematically assess

the system'’s capabilities:

Unit Testing: Each component, including voice recognition, natural language
processing, and API integration, was tested independently to ensure correct
functionality. For instance, the speech recognition accuracy was tested by providing a
diverse set of voice commands and comparing the recognized text to the intended

commands.

Integration Testing: After validating individual components, integration tests were
performed to ensure that these components worked seamlessly together. This phase
involved checking the flow of data from the microphone input, through the ESP32

processing, to the external APIs, and back to the user as a coherent response.

Functional Testing: This phase involved testing the virtual assistant's ability to
perform specific tasks, such as scheduling meetings or managing emails, as per the

defined scenarios. Functional tests were designed to validate the system’s response to



both typical and edge-case inputs.

Performance Testing: The system’s performance was measured in terms of response
time, accuracy of natural language understanding, and resource utilization. Performance
tests included stress tests where multiple tasks were given in quick succession to

evaluate how the system handled high demand.

User Testing: A group of users interacted with the virtual assistant in a controlled
environment. Their feedback was collected to assess the usability and effectiveness of
the assistant in real-world conditions. This phase helped identify any user experience

issues and areas for improvement.

Regression Testing: Whenever updates were made to the firmware or software,
regression tests ensured that the new changes did not adversely affect existing

functionalities.

3.5 User Interaction

The software development process also focused on establishing a user-friendly
interaction paradigm for the voice assistant. This section delves into the functionalities

designed to facilitate user interaction through voice commands.

e Voice Input Capture: The code leverages the Google Cloud API to enable real-
time voice recognition. This allows the system to capture user voice commands
through the integrated microphone and convert them into text for further

processing.

e Command Recognition and Routing: The converted text (user commands) is
then processed by the code to identify the intended action or request. Based on
the identified command, the code interacts with the appropriate functionalities,

potentially including:
Querying ChatGPT for information retrieval.

Instructing ChatGPT to perform specific tasks based on user requests (e.g.,

generating creative text formats like poems or code).



Controlling smart home devices if integrated into the system.

e ChatGPT Interaction and Response Delivery: Once the user command is
interpreted, the code utilizes the OpenAl API to transmit the text to ChatGPT
for processing. Upon receiving a response from ChatGPT, the code converts the
text response back into audio format for playback through the speaker,

providing the user with an audible answer or completion of the requested action.

e Error Handling and Feedback: The software incorporates basic error handling
mechanisms to address potential issues like unclear voice commands or
unavailable internet connections. In such scenarios, the voice assistant can
provide informative feedback to the user, such as requesting a clearer

pronunciation or informing the user about the lack of internet connection.

By incorporating these functionalities, the project establishes a foundation for user
interaction through natural language voice commands. This user-friendly approach

allows users to interact with the voice assistant more intuitively and conversationally.
3.5.1 Performance Metrics Results

The performance of the Al-powered virtual assistant was evaluated across several
critical dimensions: response time, accuracy, resource utilization, and user satisfaction.
This section presents the detailed results from our comprehensive testing procedures,

focusing on tasks related to information retrieval.
3.5.1.1 Response Time

Response time is a crucial metric for evaluating user satisfaction in real-time
applications. We measured the time taken from receiving a voice command to
delivering a response. The average response time across various information retrieval

tasks is summarized in Table 1.



Table 4: Average Response Time for Different Tasks

Task Average Response Time (seconds)
Retrieving Weather Updates 1.8
Providing News Headlines 2.2
Fetching Stock Prices 2.0
Answering General Queries 2.5

These response times demonstrate the system’s efficiency in processing and

responding to user queries within an acceptable timeframe.
3.5.1.2 Accuracy

Accuracy was assessed based on the system's ability to correctly understand and
execute user commands. This involved evaluating the speech-to-text conversion
accuracy, natural language understanding, and the accuracy of information retrieval.

The results are presented in Table 2.

Table 5: Accuracy Metrics for Different Tasks

Task Speech-to-Text Information Retrieval
Accuracy (%) Accuracy (%)

Retrieving Weather Updates 97 95

Providing News Headlines 96 93

Fetching Stock Prices 95 94

Answering General Queries 94 92

High accuracy rates indicate the system’s robustness in handling various

information retrieval tasks effectively.
3.5.1.3 Resource Utilization

The ESP32’s resource utilization was monitored to ensure efficient use of its
limited processing power and memory. Table 3 shows the average CPU and memory

usage during different operations.



Table 6: Resource Utilization Metrics

Task Average CPU Usage Average Memory Usage
(%) (KB)

Retrieving Weather Updates 55 70

Providing News Headlines 60 75

Fetching Stock Prices 65 80

Answering General Queries 70 85

These metrics confirm that the system operates within the resource constraints of
the ESP32 microcontroller, ensuring feasibility for embedded applications.

3.5.1.4 User Satisfaction

User satisfaction was evaluated through a user testing phase, where participants
interacted with the virtual assistant and provided feedback on their experience.
Satisfaction was rated on a scale of 1 to 5, with 5 being the highest. The average

satisfaction scores are shown in Table 4.

Table 7: User Satisfaction Scores

Task Average Satisfaction Score
Retrieving Weather Updates 4.6
Providing News Headlines 4.4
Fetching Stock Prices 4.5
Answering General Queries 4.3

High satisfaction scores indicate positive user experiences, highlighting the virtual

assistant’s usability and effectiveness in information retrieval tasks.
3.5.1.5 Discussion

The results indicate that the Al-powered virtual assistant meets the essential
performance criteria for information retrieval tasks. The response times are within
acceptable limits, accuracy rates are high, and resource utilization is efficient,
demonstrating the feasibility of deploying such a system on the ESP32 microcontroller.

User feedback further supports the system's practical applicability and satisfaction.



In summary, the performance metrics validate the effectiveness of the virtual
assistant in handling various information retrieval tasks, providing a solid foundation

for future enhancements and potential deployment in real-world applications.
3.5.2 Discussion of Findings

The results from the comprehensive performance evaluation of the Al-powered
virtual assistant, integrating ESP32, ChatGPT, and Google API, demonstrate promising
outcomes in various critical dimensions. This discussion synthesizes these findings,

highlighting the system's strengths and identifying areas for potential improvement.
3.5.2.1 Response Time and User Experience

The average response times for different information retrieval tasks, such as
retrieving weather updates, providing news headlines, fetching stock prices, and
answering general queries, were found to be within 2.5 seconds. This performance
aligns with user expectations for real-time interactions and ensures a seamless user
experience. The efficiency in response time underscores the capability of the ESP32
microcontroller to handle natural language processing tasks when combined with
cloud-based APIs. This efficiency is crucial for applications requiring quick turnaround

times to maintain user engagement and satisfaction.
3.5.2.2 Accuracy of Information Retrieval

The high accuracy rates, particularly in speech-to-text conversion and information
retrieval, are indicative of the robustness of the integrated systems. With speech-to-text
accuracy ranging from 94% to 97% and information retrieval accuracy from 92% to
95%, the virtual assistant demonstrates strong proficiency in understanding and
processing user commands. This high level of accuracy is essential for maintaining user
trust and reliability, as inaccuracies can lead to user frustration and decreased adoption

rates.
3.5.2.3 Resource Utilization and Feasibility

The resource utilization metrics reveal that the ESP32 microcontroller operates

within its resource constraints effectively. With average CPU usage between 55% and



70% and memory usage ranging from 70 KB to 85 KB across different tasks, the
system demonstrates efficient resource management. This is particularly noteworthy
given the ESP32's limited processing power and memory capacity. The findings
suggest that careful optimization of Al models and algorithms allows for the
deployment of sophisticated virtual assistants on resource-constrained embedded

systems.
3.5.2.4 User Satisfaction

The user satisfaction scores, averaging above 4.3 on a 5-point scale for various
tasks, indicate a high level of user acceptance and positive interaction experiences. This
positive feedback reflects the system's effectiveness in delivering relevant and timely
responses, which is crucial for user retention and continued engagement. High
satisfaction scores also validate the practical usability of the virtual assistant in real-

world scenarios, suggesting potential for broader application.
3.5.2.5 Areas for Improvement

While the performance metrics are generally positive, there are areas where
improvements can be made. Enhancing the natural language understanding capabilities
to better handle complex and nuanced queries could further improve user experience.
Additionally, exploring more advanced optimization techniques for Al models could
reduce resource consumption, allowing for more sophisticated functionalities to be
deployed on the ESP32.

3.6 Challenges and Limitations

While the project achieved significant success, it is important to acknowledge the
challenges and limitations encountered during development. Recognizing these
limitations is crucial for guiding future advancements and refining the capabilities of
voice-controlled 10T devices utilizing ESP32 microcontrollers and large language

models.

Reliance on Cloud Services: A key limitation lies in the current version's
dependence on cloud-based services for both voice recognition and interaction with

ChatGPT. This reliance on cloud services can introduce latency into user interactions,



especially in situations with weak or unstable internet connectivity. In offline scenarios,
the voice assistant's functionality would be significantly hampered. This limitation
highlights the need for exploring alternative approaches, such as on-device voice

recognition techniques, to improve responsiveness and enhance offline functionality.

Limited Offline Capabilities: Due to its reliance on cloud services, the current
version possesses limited offline capabilities. Without a stable internet connection, the
voice assistant cannot process user commands or access ChatGPT for response
generation. This limitation restricts the device's usability in situations where internet
access is unavailable, such as in remote locations or areas with unreliable internet
infrastructure. Exploring on-device processing techniques or pre-trained language

models could significantly enhance the project's offline capabilities.

Power Consumption: The current version's power consumption presents a challenge
for portable applications. Integrating a large language model like ChatGPT can increase
the processing demands placed on the ESP32, potentially leading to faster battery drain.
Optimizing the code and investigating techniques for reducing power consumption is
crucial for making the voice assistant more suitable for portable use and extending its

operational lifespan on battery power.

Security Considerations: Utilizing cloud-based services introduces security
considerations that require careful attention. Secure authentication and data encryption
protocols should be implemented to protect user privacy and safeguard the integrity of
communication between the voice assistant, cloud services, and ChatGPT. Addressing
these security considerations is paramount for building trust and ensuring user

confidence in voice-controlled devices that interact with cloud-based platforms.

By acknowledging and addressing these challenges, future iterations of the project
can be developed to overcome these limitations. The next section will explore potential
future considerations that could enhance the project's capabilities and address the

identified limitations.
3.7 Future Work

The successful development of the ESP32-based voice assistant with ChatGPT

integration lays the groundwork for further exploration and advancements in voice-



controlled 10T devices. This section explores potential future considerations that could
enhance the project's capabilities and address the limitations identified in the previous

section.

On-Device Voice Recognition: Investigating and implementing on-device voice
recognition techniques could significantly improve responsiveness and enhance offline
functionality. By incorporating on-device voice recognition models directly on the
ESP32, the project could potentially reduce reliance on cloud services for this task.
This would lead to faster response times, particularly in situations with weak or
unstable internet connections. Additionally, on-device voice recognition would enable
basic functionality even in offline scenarios, broadening the potential use cases for the

voice assistant.

Local Text Processing and Pre-Trained Language Models: Exploring the feasibility
of local text processing or implementing pre-trained language models directly on the
ESP32 could further enhance offline capabilities and potentially improve processing
efficiency. This approach would involve storing pre-trained language models on the
ESP32 itself, allowing for basic text processing and potentially even limited interaction
with ChatGPT without relying solely on cloud services. This could offer a balance
between offline functionality and the advantages of leveraging a large language model
like ChatGPT.

Power Consumption Optimization: Investigating techniques for optimizing power
consumption is crucial for making the voice assistant more suitable for portable
applications. Optimizing the code to reduce processing demands and exploring low-
power hardware components could significantly extend battery life. Additionally,
implementing power-saving features like sleep modes when not in use can further

contribute to improved battery efficiency.

Security Enhancements: As the project evolves and interacts with cloud-based
services more extensively, implementing robust security measures becomes
increasingly important. Secure authentication protocols and data encryption techniques
should be incorporated to safeguard user privacy and protect the integrity of
communication between the voice assistant, cloud services, and ChatGPT. Utilizing

secure communication channels and implementing user authentication mechanisms will



build trust and ensure user confidence in voice-controlled devices that interact with

cloud platforms.

Advanced Functionality Integration: Future iterations could explore integrating
additional functionalities to expand the capabilities of the voice assistant. This could
involve connecting the voice assistant to smart home devices, allowing for voice-
controlled control of lights, thermostats, or other appliances. Additionally, exploring
integration with other cloud services could provide access to a broader range of

information and functionalities.

Exploration of Alternative Large Language Models: While ChatGPT demonstrates
the potential of integrating large language models, future work could explore utilizing
alternative models with different strengths and functionalities. Investigating other large
language models with specific capabilities tailored toward specific use cases could

further enhance the voice assistant's effectiveness in various domains.

By addressing the limitations and (Silva, 2020), exploring these future
considerations, the project can be further refined and developed. The successful
integration of ESP32 microcontrollers with large language models like ChatGPT paves
the way for a new generation of voice-controlled 10T devices with the potential to

transform how we interact with technology in the future.
3.7.1 Conclusion

In conclusion, the performance metrics and user feedback collectively indicate that
the Al-powered virtual assistant, leveraging the ESP32 microcontroller, ChatGPT, and
Google API, is both effective and feasible for real-time information retrieval tasks. The
system's ability to deliver accurate, timely, and resource-efficient responses highlights
its potential for widespread deployment in various applications. Future work will focus
on refining the natural language processing capabilities and further optimizing resource
utilization to enhance performance and expand the system's applicability. These
findings provide a solid foundation for the continued development and deployment of

intelligent virtual assistants on embedded system platforms.



General Conclusion

This dissertation presents a comprehensive exploration and implementation of an
Al-powered virtual assistant using the ESP32 microcontroller, ChatGPT, and Google
APIs. The primary objective was to develop a versatile and efficient virtual assistant
capable of performing various office automation tasks, including scheduling,
information retrieval, and smart device control, with a focus on leveraging the

capabilities of embedded systems for edge computing.

Key contributions include the meticulous system design, which incorporated the
ESP32 microcontroller due to its compact size, low power consumption, and cost-
effectiveness. This choice was complemented by the integration of advanced Al models
provided by OpenAl, in particular ChatGPT, interfaced through Google APIs. This
combination enabled the assistant to handle natural language processing (NLP) tasks
effectively, ensuring accurate understanding and generation of user commands and

responses.

The robust firmware developed for this system managed the interaction between the
ESP32 and APIs, optimized for real-time performance to ensure low latency and
efficient resource utilization. This aspect was crucial for maintaining the system's
responsiveness and reliability, which are essential for user satisfaction. The integration
of Google APIs facilitated seamless communication between the virtual assistant and
open Al ChatGPT services, enabling a wide range of functionalities from fetching real-

time data to executing complex tasks that require substantial computational resources.

the testing evaluated the system's performance across various metrics, including
response time, accuracy, and resource utilization. The results demonstrate that the
virtual assistant could operate efficiently within the ESP32’s constraints while
highlighting weaknesses for further optimization. Techniques such as model pruning
and quantization were suggested to enhance the system's performance on resource-

constrained devices.

The performance metrics indicated that the system could handle tasks like

retrieving weather updates, providing news headlines, fetching stock prices, and



answering general queries with high accuracy and acceptable response times. Resource
utilization metrics showed that the ESP32 could manage the computational demands

effectively, thanks to the optimized firmware and efficient API integration.

While the current implementation is successful, several ways for future research
and development are suggested. These include exploring more sophisticated Al models
and training techniques for advanced NLP capabilities, implementing robust encryption
and authentication mechanisms to ensure user data security and privacy, and
developing lightweight Al models specifically designed for edge devices to reduce

dependency on cloud services and improve response times and reliability.

In conclusion, this dissertation demonstrates the feasibility and effectiveness of
deploying an Al-powered virtual assistant on an embedded system platform. The
combination of the ESP32 development board, ChatGPT, and Google APIs provides a
flexible solution for various automation tasks. The project's success lays a strong
foundation for us in further advancements in the field of intelligent edge devices,

paving the way for more sophisticated and autonomous systems in the future.



References

Anees, S. S. (2020). Survey paper on sentiment analysis: Techniques and challenges.

EasyChair.

Bentley, F. a. (2018). Understanding the long-term use of smart speaker assistants.
Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous

Technologies, 1--24.

Berthelier, A. a. (2021). Deep model compression and architecture optimization for

embedded systems: A survey. Journal of Signal Processing Systems, 863--878.

Borna Kalhor, S. D. (2023). Evaluating the Security and Privacy Risk Postures of
Virtual Assistants. arXiv preprint, arXiv:2312.14633.

Buttazzo, G. (2022). Can We Trust Al-Powered Real-Time Embedded Systems? Third
Workshop on Next Generation Real-Time Embedded Systems (NG-RES 2022).
Schloss-Dagstuhl-Leibniz Zentrum f{\"u}r Informatik.

Chang, &. C. (2017, September). Source-Side Left-to-Right or Target-Side Left-to-
Right? An Empirical Comparison of Two Phrase-Based Decoding Algorithms.

Conference on Empirical Methods in Natural Language Processi.

Chen Liang, C. Y. (23 Dec 2021). S+PAGE: A Speaker and Position-Aware Graph
Neural Network Model for Emotion Recognition in Conversation. arXiv,
2112.12389v1.

Choubey, P. K. (2020 may). One Classifier for All Ambiguous Words: Overcoming
Data Sparsity by Utilizing Sense Correlations Across Words. Proceedings of the
Twelfth Language Resources and Evaluation Conference (pp. 5978--5985).

Marseille, France: European Language Resources Association.

Cowan, B. R.-S. (2017). What can i help you with?" infrequent users' experiences of
intelligent personal assistants. Dans Proceedings of the 19th international

conference on human-computer interaction with mobile devices and services
(pp. 1--12).



da Silva, L. T. (2019). EmbML Tool: Supporting the use of supervised learning
algorithms in low-cost embedded systems. 2019 IEEE 31st International
Conference on Tools with Artificial Intelligence (ICTAI) (pp. 1633--1637).
IEEE.

He, L. a. (2017). Deep semantic role labeling: What works and what’s next.
Proceedings of the 55th Annual Meeting of the Association for Computational

Linguistics (Volume 1: Long Papers, (pp. 473--483).

Hoy, M. B. (2018). Alexa, Siri, Cortana, and More: An Introduction to Voice
Assistants. . Medical Reference Services Quarterly, 37(1), 81-88.

Huang, O. &. (2006, May). Combining user modeling and machine learning to predict
users’ multimodal integration patterns. In International Workshop on Machine

Learning for Multimodal Interaction, (pp. pp. 50-62). Berlin, Heidelberg.

Igbal, T. a. (2022). The survey: Text generation models in deep learning. Journal of

King Saud University-Computer and Information Sciences, 34, 2515--2528.

Katsaragakis, M. a. (2020). Memory footprint optimization techniques for machine
learning applications in embedded systems. 2020 IEEE International
Symposium on Circuits and Systems (ISCAS) (pp. 1--4). IEEE.

Keraghel, M. &. (2024). A survey on recent advances in named entity recognition.

arXiv preprint, 30.

Li, J. a-U. (2015). Robust automatic speech recognition: a bridge to practical

applications. Academic Press.

Lopatovska, R. K. (2019). Talk to me: Exploring user interactions with the Amazon

Alexa. Journal of Librarianship and Information Science,, 51(4), 984-997.

Merone, M. a. (2022). A practical approach to the analysis and optimization of neural

networks on embedded systems. Sensors, 7807.

Oulasvirta, A. a. (2018, 03). Computational interaction}. Computational Interaction.
d0i:10.1093/0s0/9780198799603.001.0001



Serban, I. V. (2015). A survey of available corpora for building data-driven dialogue

systems. arXiv preprint arXiv:1512.05742.

Shi, W. a. (2016). Edge Computing: Vision and Challenges. IEEE Internet of Things
Journal, 637-646.

Silva, A. &. (2020). Intelligent Personal Assistants: A Systematic Literature Review.
Expert Systems with Applications.

Troger, L. K. (2019). Exploitation vs. exploration—computational temporal and
semantic analysis explains semantic verbal fluency impairment in Alzheimer's

disease. Elsevier.

Vaswani, A. a. (2017). Attention Is All You Need. Advances in neural information

processing systems.

Wu, Y. a. (2017). Clinical named entity recognition using deep learning models. AMIA
annual symposium proceedings (p. 1812). American Medical Informatics

Association.

Xu, Z. &. (2021, May). Topic-aware multi-turn dialogue modeling. In Proceedings of
the AAAI Conference on Artificial Intelligence, (pp. Vol. 35, No. 16, pp. 14176-
14184).

Ye, L. a. (2012). The challenges and emerging technologies for low-power artificial
intelligence IoT systems. IEEE Transactions on Circuits and Systems I: Regular
Papers, 4821--4834.

Young, T. a. (2018). Recent trends in deep learning based natural language processing.

ieee Computational intelligenCe magazine, 55--75.



