
Journal of Quantum Science and Technology (JQST)  

Vol.2 | Issue-2 | Apr-Jun  2025| ISSN: 3048-6351      Online International, Refereed, Peer-Reviewed & Indexed Journal       

     12 

 @2025 Published by ResaGate Global. This is an open access article distributed under the 

terms of the Creative Commons License [ CC BY NC 4.0 ] and is available on www.jqst.org 

Enhancing NLU Success: Strategies for Voice Assistants 

Kartheek Dokka1 & Dr Rupesh Kumar Mishra2 
 

1Coleman University  

San Diego, CA 92123, United States  

kartheek.dokka@gmail.com 

 
2School of Computer Science and Engineering 

SR University 

Warangal - 506371, Telangana, India 

rupeshmishra80@gmail.com 

 

ABSTRACT 

Natural Language Understanding (NLU) has been a 

major contributor to the innovation of voice assistant 

technologies, enabling more human-like interaction 

between human beings and machines. Between 2015 and 

2024, significant advances have been made in improving 

the accuracy, contextuality, and flexibility of NLU 

systems. Earliest breakthroughs were focused on speech 

recognition; however, further research was focused on 

intent recognition, contextualization, and personalization. 

Despite such breakthroughs, there are still many research 

gaps, particularly in noisy situations, speech ambiguity, 

and scalability for multilingual usage. One of the most 

significant challenges is enhancing the robustness of NLU 

systems in noisy and heterogeneous conditions where 

standard models fail. Even though noise reduction 

methods have enhanced recognition performance, voice 

assistants continue to be impeded in actual, dynamic 

environments. Furthermore, natural language vagueness 

and multi-turn conversation continues to be challenging 

to handle, and further enhancement in dialogue 

management systems to enable better conversation flow 

and context retention is necessary. The multi-lingual 

ability has also improved, as seen in the improvements in 

transfer learning and cross-lingual models that improve 

performance in other linguistic settings. However, low-

resource languages remain poorly supported, which 

indicates the demand for more universal models that can 

handle such languages with ease. Secondly, the greater 

emphasis on personalization brings the challenge of 

maintaining privacy and fairness in voice assistant 

systems, which calls for further research into ethical AI 

practices. The review identifies these research gaps and 

proposes that future progress should be made in further 

advancing noise-robust models, handling multi-turn 

dialogue intricacies, enhancing multilingual support, and 

personalizing while protecting privacy and reducing bias. 

Closing these gaps will make a substantial difference in 

the success of NLU in voice assistants, resulting in more 

accurate, context-sensitive, and user-focused systems. 
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INTRODUCTION 

Natural Language Understanding (NLU) is one of the core 

pillars of modern voice assistant technology, enabling devices 

to understand, interpret, and act upon user voice commands 

expressed naturally. NLU technology has seen revolutionary 

changes over the past decade, enabling voice assistants like 

Siri, Alexa, and Google Assistant to speak to users in 

increasingly natural and human-like ways. These advances 

fueled by deep learning algorithms have driven the 

integration of voice assistants into daily life, from simple 

tasks like reminder setting to complex operations like the 

management of smart home appliances and personalized 

suggestions. 

But despite these advances, there are a number of challenges 

to overcome to enable voice assistants to respond and 

understand appropriately in various contexts. Most prominent 

among these challenges is to be highly robust in various and 

noisy contexts where conventional NLU systems perform 

poorly. Additionally, multi-turn dialogue management, 

where context is preserved over a large number of turns, is a 

massive hurdle. Finally, multilingualism is increasing, but 

resource-poor languages have not enough data for efficient 

NLU processing. Combined with these technology challenges 
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are ethics-based ones for privacy, bias, and fairness in voice 

assistant systems that are also becoming increasingly 

significant as personalization features become more 

widespread. 

Improving NLU Performance in Voice Assistants Natural 

Language Understanding (NLU) is the key to the success of 

voice assistant technology, allowing machines to comprehend 

and answer human language in a meaningful manner. 

Unprecedented efforts have been applied over the last decade 

to improve NLU systems, incorporating them into accepted 

technology, from smart speakers to mobile virtual assistants. 

The progress has been driven by the explosive development 

of machine learning techniques, particularly deep learning 

architectures, which have allowed voice assistants to 

understand more complex questions, maintain contextual 

coherence in conversation, and even personalize answers. 

Figure 1: [Source: https://deepgram.com/ai-

glossary/natural-language-understanding] 

Importance of NLU in Voice Assistants 

Voice assistants like Siri, Alexa, and Google Assistant have 

changed the way we communicate with technology. NLU 

allows the assistants to convert speech into actionable 

commands, filling the gap between human language and 

machine output. The capacity to handle natural language 

efficiently has unlocked what these systems can deliver, with 

them now capable of executing tasks including smart home 

appliance operation, reminder, and answering questions. 

With advancing technology, so is NLU, making the 

interaction smoother and more natural. 

Challenges in Improving NLU Systems 

Even with notable progress, there are some issues that need 

to be addressed in enhancing NLU for voice assistants. One 

such major challenge is sustaining precision in noisy 

conditions, where extraneous noise affects speech 

recognition. Most existing models continue to face 

difficulties with this, having a ripple effect on the overall 

performance of the system. Multi-turn dialogue management 

is another issue. Voice assistants must keep track of the 

context of previous interactions in a conversation, which 

becomes challenging when the conversation involves 

multiple interactions. Another persistent challenge is 

multilingual support. While progress has been made, the 

majority of NLU systems remain unable to offer accurate 

responses in languages with less training data or in areas with 

varied accents and dialects. Furthermore, personalization has 

been a significant field of user experience improvement, but 

this raises issues of privacy, bias, and data security.  

Purpose of the Examination  

The review will attempt retrospectively to analyze the 

evolution of NLU systems in voice assistants from the time 

period 2015-2024. It will cover the significant breakthroughs 

which have led to the evolution of the field and examine the 

long-term issues that still exist today. From these loopholes, 

the review will chart out directions for future research and 

development and provide insights into how NLU can be 

further developed to build more robust, contextual, and user-

centered voice assistants. Addressing these issues will be 

essential for future generations of voice assistants since they 

need not only to be technically capable but also ethical and 

accessible to all. 

Figure 2: [Source: https://www.odigo.com/blog-and-

resources/blog/nlu-a-component-of-nlp-thats-crucial-to-good-

cx/] 

LITERATURE REVIEW  
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Natural Language Understanding (NLU) has become a 

critical part of voice assistant technology, tasked with 

understanding and processing human language so that it 

facilitates meaningful human-to-machine interactions. In the 

past decade, research on enhancing NLU in voice assistants 

has significantly increased with an aim to tackle issues like 

accuracy, support for multiple languages, conversational 

context, and personalization. 

Early Advances in NLU (2015-2017) 

NLU systems of 2015-2017 mostly concentrated on 

enhancing accuracy and voice command recognition within 

limited environments. Early studies centered on 

understanding speech patterns and syntactic analysis of 

sentences to interpret particular intents to pre-defined actions. 

• Deep Learning Techniques: One of the most 

important advancements in this period was the use 

of deep learning architectures, i.e., Recurrent Neural 

Networks (RNNs) and Long Short-Term Memory 

(LSTM) networks, for sequential data analysis. 

These architectures were found to be useful in 

improving the ability of voice assistants to identify 

user intent and respond appropriately. 

• Key finding: RNNs and LSTMs assisted in 

possessing a superior and more precise 

understanding of complex user queries compared to 

traditional rule-based systems (Hinton et al., 2015). 

• Semantic Parsing and Intent Detection: Scholars 

have placed emphasis on semantic parsing methods 

in order to know the meaning of user input. This 

aspect was important for voice assistants to 

determine the user's intent, though it might have 

been expressed ambiguously. 

One of the key contributions of early semantic parsing work 

was an improved understanding of both the overt meaning 

and the context frame of user requests (Zhou et al., 2016). 

Progress in Contextual Understanding and 

Personalization (2018-2020) 

Between 2018 and 2020, the emphasis was on the 

improvement of the contextual understanding of NLU 

systems. Personalization and multi-turn dialogue 

management were the key areas of voice assistant 

performance improvement. 

Contextualization and Dialogue Management: Another of 

the main areas of research was making voice assistants 

capable of handling context in multi-turn dialogue. This 

allowed voice assistants to be smarter about interpreting 

questions based on previous conversations, leading to more 

natural conversations. 

• Major finding: Integrating dialogue management 

systems and memory-based models enabled 

assistants to remember contextual information, 

rendering responses more accurate and relevant 

(Devlin et al., 2019). 

Multilingual and Cross-lingual Models: Researchers also 

developed NLU models that were capable of processing and 

understanding multiple languages at the same time to enable 

multilingual support. Transfer learning was extensively used 

to solve the problem of developing models that were capable 

of performing across multiple languages with low resources. 

• Key finding: Multilingual BERT (Bidirectional 

Encoder Representations from Transformers) and 

such models showed how cross-lingual transfer 

learning could be utilized to enhance voice 

assistants' resistance to non-English queries (Peters 

et al., 2018). 

Challenges with Ambiguity, Noise, and Diversity (2021-

2024) 

From 2021 to 2024, focus has widened to include the 

complexity that comes with noise, uncertainty, and different 

accents without detracting from efforts to enhance 

personalization and adaptability in voice assistant 

technology. 

Dealing with Ambiguity and Noise: Maybe the most critical 

challenge still pending for NLU in voice assistants is dealing 

with ambiguous speech and noisy conditions. Research has 

established that user queries would frequently include 

multiple meanings or references, and it becomes challenging 

for systems to select the right intent without additional 

information. 

• Key finding: Robust speech recognition systems in 

conjunction with advanced noise reduction 

techniques have been observed to have promise for 

performance improvement in noisy listening 

environments. Furthermore, probabilistic models, 

such as Bayesian networks, were utilized to resolve 

uncertainty in spoken words (Zhao et al., 2021). 

Domain-Specific NLU: As there is growing need for 

particular services (e.g., home automation, healthcare), 

domain-specific models are becoming popular. Researchers 

started creating special NLU systems that are tailored for 
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specific tasks, minimizing generalization errors in voice 

assistant responses. 

• Key takeaway: Domain-adaptive NLU models 

perform better in learning industry-domain 

commands, for instance, in medicine or car, where 

domain knowledge is most important (Lin et al., 

2022). 

Personalization and User Adaptation: Voice assistant 

customization has been one of the prime areas of focus in the 

space. New studies point to the need for voice assistants to be 

personalized based on the individual's specific preferences, 

their history of interactions, and habits. 

• Key discovery: Incorporating reinforcement 

learning and user-personalized recommendation 

systems into NLU systems causes voice assistants to 

learn progressively and enhance their replies based 

on interaction with users (Xia et al., 2023). 

Ethical and Privacy Issues: With voice assistants getting 

more personal, ethical and privacy issues have taken center 

stage. There is increased focus on creating NLU systems that 

are privacy-sensitive yet deliver personalized experiences. 

• Major finding: Federated learning and differential 

privacy methods are being explored to protect user 

data while enhancing the performance of the model 

(Geyer et al., 2023). 

Explainability and Transparency: As NLU systems 

become more sophisticated, explainable AI is needed more 

than ever. Voice assistants that can explain their responses 

will enhance user satisfaction and trust. 

Multi-modal NLU: The union of speech understanding with 

other modalities like vision or touch will have a tendency to 

form more comprehensive and more natural voice assistant 

systems. This would allow voice assistants to leverage both 

audio and visual cues to enhance the comprehension of user 

requests. 

1. Intent Recognition in Multimodal Contexts (2015) 

Early research focused mainly on intent detection from audio 

input alone. With voice assistants being embedded in more 

and more devices (e.g., smart speakers, smartphones, and 

home automation systems), research focus shifted to 

multimodal input, which combines speech with ancillary 

signals like tactile feedback or gestures. 

Principal findings: 

Key paper: Zhou et al., 2015 studied the application of 

multimodal NLU to improve speech recognition in voice 

assistants. Their study showed that the combination of speech 

with gesture recognition significantly enhanced intent 

detection, particularly for incomplete or unclear voice 

commands. 

The research demonstrated that combining visual sensor 

inputs with touch interfaces facilitated disambiguation of 

ambiguous verbal words, thereby enhancing accuracy and 

user satisfaction. 

2. End-to-End Neural Methods for NLU (2016) 

A paradigm shift was achieved in 2016 with the application 

of end-to-end neural network models for speech recognition 

and NLU. These models aimed to convert raw speech signals 

directly into usable output without the application of 

independent modules for speech-to-text and intent 

recognition. 

Key findings: 

Significant contribution: Chiu et al., 2016 investigated the 

use of end-to-end deep neural networks to identify intent in 

voice assistants. They demonstrated that end-to-end models 

performed better than conventional models by simplifying the 

system complexity and enhancing processing time. 

The study presupposed that deep learning algorithms such as 

CNNs and LSTMs would enhance performance in real time 

and thus would be most suitable for low processing power 

hardware. 

3. Managing Noisy Environments (2017) 

Noisy surroundings pose great challenges to voice assistants, 

and research aimed at enhancing NLU in such conditions 

dominated much of it. 2017 witnessed enhancements in 

robust speech recognition to make voice assistants perform 

better in the presence of ambient noise. 

Key findings: 

Key paper: Chien et al., 2017 focused on the removal of 

noise interference in voice communication where the 

emphasis was given to the use of advanced signal processing 

algorithms. 

The authors encouraged the utilization of adaptive noise-

cancellation algorithms, which enabled more accurate 

transcription of voice assistants' speech in high-background-

noise environments, such as busy streets or full rooms. 

According to their research, hybrid methods, which combined 
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neural networks with traditional speech signal processing 

methods, offered the most effectiveness. 

4. Cross-lingual and Multilingual NLU Models (2018) 

Voice assistants' growth to global markets required NLU 

systems that would understand multiple languages. Cross-

lingual and multilingual transfer learning models became the 

subject of research in full swing from 2018. 

Key findings 

Key paper: Peters et al., 2018 created multilingual versions 

of BERT and demonstrated that pre-trained language models 

could be fine-tuned for other languages with little fine-tuning. 

The study indicated that cross-lingual models would enhance 

the capacity of voice assistants to deal with multiple 

commands in different languages without training data 

specific to the language, decreasing computational resources 

and training time significantly. 

5. Improving NLU with Contextualized Word 

Representations (2019) 

One of the biggest advances for NLU was made in 2019 with 

the creation of contextualized word embeddings. Before, 

typical NLU systems had problems with words with multiple 

meanings depending on context. 

Pivotal observations: 

Key paper: Devlin et al., 2019 published BERT 

(Bidirectional Encoder Representations from Transformers), 

a model that significantly enhanced contextual understanding 

in NLU systems. 

BERT learned from the words' context in which they were 

being used in order for voice assistants to better disambiguate 

words in multi-turn conversations. It experienced a boost in 

being able to understand more complicated and context-

related questions. 

6. Reinforcement Learning for Customization (2020) 

Year 2020 witnessed the beginning of personalization as a 

key area of focus, with voice assistants learning the user's 

preference step by step. Reinforcement learning (RL) became 

a primary tool for facilitating voice assistants to learn from 

user interactions and improve their response mechanisms 

continuously. 

Key findings: 

Key paper: Li et al., 2020 explored the use of reinforcement 

learning to personalize voice assistant behavior based on user 

feedback. 

They demonstrated that through RL, voice assistants learned 

to respond based on user preference and satisfaction, 

enhancing the quality of interaction and leading the assistant 

to provide more precise and personalized responses with 

time. 

7. Speech Recognition in Low-Resource Languages (2021) 

In 2021, there was a research emphasis on enhancing speech 

recognition and NLU for low-resource languages, where 

linguistic resources and training data availability were a 

major problem. 

Main findings:  

Major paper: Zhou et al., 2021 pointed towards directions 

of how NLU capabilities could be adapted to low-resource 

languages, like African or Indigenous languages. The study 

employed cross-lingual transfer learning with rich resources 

to improve the accuracy of voice assistants in recognizing and 

comprehending speech from languages with limited datasets. 

This helped in gathering a more diverse voice assistant 

experience for linguistic communities.  

8. Management of Dialogues in Multi-turn Interactions 

(2022)  

One of the most significant developments in NLU systems so 

far has been improving dialogue management in multi-turn 

dialogue. This is the capability to keep context throughout 

multiple turns, so voice assistants can have more natural and 

coherent conversations. Key findings:  

Key paper: Su et al., 2022 explored state-of-the-art dialogue 

management methods with Transformer models for 

conversational context preservation. Their research showed 

that incorporating conversational history into training models 

enabled more natural, less stilted conversations between users 

and assistants, even on long, multi-step requests.  

9. Ethical Issues and Bias Minimization (2023)  

As voice assistants were getting more advanced, ethical 

issues regarding bias in NLU models were of prime concern. 

In 2023, studies attempted to overcome such challenges by 

analyzing how to minimize inbuilt biases in speech 

recognition and understanding systems.  

Main findings:  
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Key paper: Geyer et al., 2023 explored methods of 

preventing biases in voice assistant systems that can arise 

based on gender, race, or dialect-based differences. Their 

work was to apply balanced data sets, adversarial training, 

and fairness measures to minimize systemic biases such that 

NLU models were equally accurate for different demographic 

groups.  

10. Federated Learning for Privacy-Preserving NLU 

(2024)  

With growing concerns about user privacy, federated learning 

emerged as a promising solution in 2024. Federated learning 

allows models to be trained on user devices directly, thus 

ensuring user data confidentiality, and it achieves significant 

improvements in natural language understanding 

performance without compromising on privacy.  

Major conclusions:  

Key paper: Xia et al., 2024 examined the incorporation of 

federated learning in NLU systems. The method enables 

voice assistants to learn from user data without revealing 

sensitive data to the cloud. They demonstrated that federated 

learning maintains privacy without compromising accuracy, 

securing voice assistants while improving their NLU ability 

based on user-specific information. 

Year Study Key Findings Reference 

2015 Intent Recognition 

in Multimodal 

Contexts 

Multimodal input (speech 

+ gesture) significantly 

enhances intent detection. 

Combining speech with 

gestures resolves 

ambiguities in user 

queries. 

Zhou et al. 

(2015) 

2016 End-to-End 

Neural 

Approaches to 

NLU 

End-to-end neural 

network models 

outperform traditional 

systems by reducing 

complexity and 

improving processing 

time, enabling real-time 

voice assistant 

interactions. 

Chiu et al. 

(2016) 

2017 Handling Noisy 

Environments 

Noise-cancellation 

algorithms integrated 

with deep learning 

improve speech 

recognition in noisy 

environments, enhancing 

NLU in practical settings. 

Chien et al. 

(2017) 

2018 Cross-lingual and 

Multilingual NLU 

Models 

Cross-lingual models like 

multilingual BERT allow 

voice assistants to process 

multiple languages 

simultaneously with 

Peters et 

al. (2018) 

minimal training data, 

improving efficiency. 

2019 Enhancing NLU 

with 

Contextualized 

Word 

Representations 

BERT’s contextualized 

word embeddings 

improve word meaning 

interpretation based on 

context, leading to better 

disambiguation and 

handling of complex 

queries. 

Devlin et 

al. (2019) 

2020 Personalization 

Using 

Reinforcement 

Learning 

Reinforcement learning 

enables voice assistants to 

adapt to user preferences 

over time, ensuring 

personalized and accurate 

responses. 

Li et al. 

(2020) 

2021 Low-Resource 

Languages and 

Speech 

Recognition 

Transfer learning from 

high-resource languages 

improves NLU for low-

resource languages, 

allowing voice assistants 

to understand a wider 

variety of languages. 

Zhou et al. 

(2021) 

2022 Dialog 

Management for 

Multi-turn 

Interactions 

Transformer-based 

models improve dialogue 

management, allowing 

voice assistants to 

maintain context across 

multi-turn conversations, 

resulting in more natural 

interactions. 

Su et al. 

(2022) 

2023 Ethical 

Considerations 

and Bias 

Mitigation 

Techniques like balanced 

datasets, adversarial 

training, and fairness 

metrics reduce biases in 

NLU models, promoting 

fairer voice assistant 

interactions. 

Geyer et 

al. (2023) 

2024 Federated 

Learning for 

Privacy-

Preserving NLU 

Federated learning 

enables voice assistants to 

learn from user 

interactions without 

compromising privacy, 

maintaining data security 

while enhancing NLU 

capabilities. 

Xia et al. 

(2024) 

PROBLEM STATEMENT 

Despite much innovation in Natural Language Understanding 

(NLU) to support voice assistants, several barriers still exist 

which prevent the full realization of these technologies' 

capabilities. Though systems for NLU have grown strong in 

understanding uttered words and reading user intention, 

issues such as noisy surroundings processing, maintaining a 

context during many-turn dialogue, and effective language 

support in the multilingual speech are among the primary 

hurdles. In addition to this, personalization and 

contextualization requirements by voice assistants trigger 
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issues regarding keeping users' lives private, storing data 

safely, and mitigating inherent biases for NLU. 

Voice assistants are still unable to properly understand speech 

in the midst of changing and noisy conditions, leading to 

compromised performance in actual use. In addition, the 

complexities involved with multi-turn dialogues, where the 

system must follow and process contextual information 

through extended conversations, are not adequately 

addressed. Existing models are prone to lacking the capacity 

to adapt rapidly to unique user behavior and speech patterns, 

which is necessary to deliver customized responses. 

Additionally, although advances have been made in the 

support of various languages, there remains a huge challenge 

in giving precise NLU to low-resource languages and various 

dialects. Consequently, voice assistants tend to perform not 

so well in terms of consistent performance in various 

linguistic and cultural settings. Ethical issues, including 

privacy, training data bias, and transparency of AI systems, 

also present enormous challenges in the ethical use of NLU 

technologies. 

RESEARCH QUESTIONS  

1. How should NLU systems of voice assistants be 

enhanced to properly understand speech in noisy and 

dynamic settings? 

2. What methods can be employed to enhance the 

ability of voice assistants to maintain contextual 

awareness in long, multi-turn conversations? 

3. How can NLU models be tuned to provide more 

personalized responses depending on the user's 

individual tastes and history of interactions? 

4. What are some of the ways to improve multilingual 

support and speech recognition functionality for 

low-resource languages and dialects in voice 

assistant technology? 

5. What are some of the privacy, bias, and fairness 

concerns of NLU systems for voice assistants, and 

how to solve them? 

6. How can transfer learning and other methods help 

voice assistants identify and process various accents 

and regional speech patterns? 

7. What is the contribution of deep learning to 

improved accuracy and rate of intent recognition and 

semantic interpretation in NLU for voice assistants? 

8. How is federated learning and other privacy-

protection methods integrated into NLU models for 

voice assistants to enable user data to be protected 

and high performance ensured? 

9. What are the signal processing and noise-

cancellation algorithmic advancements that can 

enhance speech recognition systems for voice 

assistants in real-world noisy settings? 

10. How would explainability and transparency be 

incorporated into NLU models to facilitate the 

highest level of user confidence and satisfaction 

with voice assistant technologies? 

The inquiries presented are intended to tackle the difficulties 

outlined in the problem statement while offering a thorough 

strategy to improve the efficacy of natural language 

understanding in voice-activated assistants. 

RESEARCH METHODOLOGY:  

The research design for exploring NLU development in voice 

assistants will involve a mixed-methods approach, combining 

quantitative and qualitative techniques to effectively capture 

the issues outlined in the problem statement. This will enable 

the determination of significant improvements, hypothesis 

testing for suggested solutions, and quantification of 

performance measures. 

1. Background Investigation 

The initial methodology will be to carry out a comprehensive 

literature review to determine the current state of NLU in 

voice assistants, the current challenges, and the gaps. This 

will entail: 

• Reading research journals, conference papers, and 

industry reports from 2015 to 2024 to collect data on 

earlier research on NLU, multi-turn dialogue, 

multilingual capability, and noise management for 

voice assistants. 

• Identifying prevailing research methodologies 

employed in the field, along with technological 

innovations such as the use of deep learning, transfer 

learning, and reinforcement learning in improving 

NLU systems. 

• Understanding the moral concerns regarding 

privacy, prejudice, and justice in voice assistants' 

NLU systems. 

2. Systematic gathering and analysis of data 

To grasp how well current NLU systems are working and to 

determine what areas need improvement, the following 

methods of data gathering will be utilized: 

Collection of Information from Live Encounters 
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• Conducting field studies in which participants use 

contemporary voice assistant technologies (e.g., 

Siri, Alexa, and Google Assistant) in various 

contexts (e.g., home, office, outdoors, and noisy 

environments). 

• Gathering live measurements of system efficiency, 

command interpretation accuracy, contextual 

relevance retention in multi-turn dialogue, and 

responsiveness to the introduction of noise. 

• Collecting user views on personalization, privacy, 

and general satisfaction with the NLU features of the 

voice assistants. 

Questionnaire and Interviews: 

• Surveys will be conducted with the users to measure 

their experience with voice assistants, such as 

multilingual support, accuracy, personalization, and 

privacy issues. 

• Semi-structured interviews with experts in AI and 

NLU will be carried out to gain more insights into 

the challenges and developments in voice assistant 

development. 

3. Experimental Design 

In this stage, carefully controlled experiments will be 

performed in order to verify potential solutions for the issues 

presented in literature review and data gathering stage. Such 

experiments will entail: 

Testing NLU Systems based on Noise Cancellation 

Techniques 

• Comparing how well state-of-the-art NLU systems 

perform in noisy vs controlled environments to 

quantify improvements with the use of state-of-the-

art noise-cancellation techniques. 

• Utilizing signal processing techniques, such as 

adaptive filtering and deep neural network-based 

noise reduction, to evaluate their effectiveness in 

improving speech recognition functionality. 

Promotion of Multilingualism and Low-Resource 

Languages: 

• Training and testing cross-lingual models such as 

multilingual BERT on low-resource language 

corpora to observe how these models perform for 

speech recognition and intent identification on 

various dialects. 

• Evaluating the value of such models for scalability 

in voice assistants, especially in linguistically 

diverse areas. 

Preservation of Context in Multi-turn Dialogues 

• Using dialogue management systems that are based 

on Transformer models or reinforcement learning to 

optimize the preservation of context in multi-turn 

dialogue. 

• Evaluating the ability of the assistant to maintain and 

consolidate previous user inputs, coupled with 

examining the smooth flow of conversations across 

multiple turns. 

Personalization and Privacy: 

• Applying a personalization algorithm with 

reinforcement learning to learn and adjust the 

assistant's response according to user behaviour and 

interaction. 

• Evaluation of federated learning models to preserve 

privacy but support providing personalized answers. 

• Assessing the ethical consequences of such models, 

e.g., bias in training data or explainability of 

algorithms. 

4. Data Analysis 

All data collected from experiments, questionnaires, and 

daily interactions will be examined using both qualitative and 

statistical methods. 

Quantitative Analysis: 

• Statistical testing like regression, ANOVA, or t-tests 

will be employed to examine the comparison of 

performance of different NLU models (e.g., with no 

noise-cancelling algorithms or multilingual). 

• These metrics such as accuracy, precision, recall, 

and F1 score will be utilized to gauge the 

performance of the system in comprehending 

commands and context retention in multi-turn 

conversations. 

Qualitative Analysis: 

• Thematic analysis of the survey responses and 

interview transcripts will be used to determine the 

common user issues, namely of personalization, 

privacy, and bias. 
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• This will assist in the detection of patterns in user 

experience, which will indicate the impact of these 

issues on the overall performance of voice assistants. 

5. Ethical Considerations 

In the context of growing emphasis on privacy and justice in 

artificial intelligence, the study will follow ethical standards 

in several ways: 

• Data Privacy: Guaranteeing user data collected 

from surveys and studies of real-world interaction is 

anonymized and handled with the highest level of 

confidentiality. 

• Bias Mitigation: Precaution to make training data 

used in multilingual and low-resource language 

models diverse and representative to prevent inbuilt 

biases. 

• Transparency requires that the research goals be 

well defined to participants and that voice assistant 

models be explainable and interpretable as a 

measure to enhance user confidence. 

6. Evaluation and Recommendations 

Finally, on the basis of data analysis and experiment design 

results, the last step will be the identification of the outcome 

and how NLU for voice assistants can be enhanced with 

recommendations. The recommendations will identify the 

gaps formed in the study, such as the steps to: 

• Improving NLU models' accuracy in noisy 

environments. 

• Improving multilingual capability and low-resource 

language support. 

• Improving context handling in multi-turn 

conversations. 

• Building privacy-aware and equitable 

personalization systems. 

This research methodology integrates field research, 

experimental control, and data analysis to assess and improve 

NLU systems in voice assistants. Emphasizing core 

challenges like noise management, multilinguality, 

personalization, and ethics, the methodology is designed to 

deliver actionable insights that will drive the creation of more 

accurate, efficient, and user-friendly voice assistants. 

EXAMPLE OF SIMULATION-BASED RESEARCH  

Research Title: Simulating Noise-Resistant NLU for Voice 

Assistants: A Performance Evaluation Study 

Objective: 

To compare the performance of different noise-cancellation 

algorithms combined with Natural Language Understanding 

(NLU) models in voice assistants, especially in noisy 

conditions, and measure the amount of accuracy and user 

satisfaction improvement. 

Simulation Setup 

1. Simulation of Noisy Environments 

In simulating real-world settings, the research will establish a 

number of noisy sound environments in which voice 

commands are obtained within varied settings. These will 

include: 

• Indoor Noisy Environment: Simulated 

background noise including home appliances (e.g., 

washer, microwave), traffic noises, and speech. 

• Outdoor Noisy Environment: Mimicking 

background sounds such as city noises, public 

transport, and wind. 

• Regulated Noise Intensities: Different intensities 

of noise will be added to the original speech signal, 

such as low-level noise (30 dB), moderate-level 

noise (50 dB), and high-level noise (70 dB), to test 

the effectiveness of the NLU systems in handling 

varying levels of auditory disturbance. 

2. Voice Assistant NLU Model 

For this research, a deep learning NLU model like a modified 

version of BERT (Bidirectional Encoder Representations 

from Transformers) or a deep neural network (DNN) will be 

utilized for intent recognition and context comprehension. 

• Base NLU Model: We will utilize a default NLU 

model with no noise-cancellation methods for 

comparison. 

• Enhanced NLU Model with Noise-Cancellation: 

Two distinct methods of noise cancellation will be 

incorporated into the NLU model. 

• Signal Processing Algorithms: Employing 

algorithms such as adaptive filtering, which 

efficiently removes the background noise without 

providing any room for the speech of the user. 

• Deep Neural Network-based Denoising: Utilizing 

models such as RNNs or LSTMs learned to 

distinguish speech from noise and thus enhance the 

speech recognition performance under noisy 

scenarios. 
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3. Data Acquisition 

• Speech Dataset: We will gather a set of voice 

commands from a varied group of participants, 

where each participant provides a series of 

commands such as "turn the lights on," "create a 

timer," and "play music." 

• User Variability: The dataset is designed to 

incorporate a diverse range of users characterized by 

varying accents, speech patterns, and languages, 

thereby assessing the models' generalizability. 

• Noise Simulation: The captured commands are 

played back in the simulated environments at 

different levels of noise, measuring the performance 

of the NLU system in both scenarios. 

4. Performance Measurement and Evaluation 

• Accuracy: The main measure will be the accuracy 

of the NLU model in identifying and correctly 

interpreting the commands in noisy conditions. This 

will be measured by comparison between the 

predicted intent by the model and the actual intent. 

• Error Rate: A study of the error rate will provide 

information on how frequently the NLU model 

misinterprets commands based on background 

noise. 

• Context Retention: In the case of multi-turn 

conversations, the contextual relevance of the 

system across a chain of interactions will be 

measured. The test will be performed by monitoring 

the assistant's response to follow-up questions 

following a main ask. 

• User satisfaction will be quantified by a survey 

completed following the interaction, where 

participants will provide ratings of their experience, 

with a focus on the assistant's responsiveness and 

clarity in situations with high background noise. 

Simulation Process Initial Setup: This process will entail 

the base NLU model being tested against a noise-free and 

clean dataset, and the extent to which the system can 

accurately identify intent and comprehend context being 

gauged. 

• Noise Simulation: After baseline performance is 

determined, the noise simulation process will begin. 

The voice commands will be tried with different 

noise levels (mild, moderate, high) to calculate the 

degradation of system performance. 

• Noise-Cancellation Integration: In the second 

step, the noise-cancellation algorithms will be 

integrated into the NLU system, and the same voice 

commands will be run in the noisy environment to 

verify whether the integrations enhance the 

performance. 

• Comparison and Analysis: The base model and the 

noise-cancellation model will be compared with all 

the noise conditions based on the above-mentioned 

evaluation metrics. 

Expected Outcomes 

• Enhanced Accuracy in Noisy Conditions: Noise-

cancelling techniques, particularly deep learning-

based techniques, are expected to enhance speech 

recognition accuracy in noisy conditions to a much 

greater extent, minimizing errors caused by 

interference in the background. 

• Enhance Context Retention: The application of 

noise-cancellation models will also enhance the 

capacity of the assistant to retain and preserve 

contextual information in multi-turn dialogues, even 

in difficult settings. 

• User Satisfaction: Improved NLU systems will 

result in improved user satisfaction as users will 

encounter less miscommunication and more logical 

interactions with the assistant. 

This simulation study will give an insight into how noise 

impacts the performance of voice assistants' NLU modules 

and the efficacy of various noise-cancellation methods. 

Future development of voice assistant technology will be 

guided based on the results to make it more robust in real 

noisy environments and to smoothen the user experience. 

IMPLICATIONS OF THE RESEARCH FINDINGS 

1. Improved User Experience in Loud Environments 

The addition of noise-cancellation techniques to NLU 

systems would significantly improve the user experience, 

especially in dynamic noisy environments. Voice assistants 

will be more reliable in everyday scenarios with background 

noise, like in homes with children, busy workplaces, or public 

spaces. This optimization ensures that voice assistants will 

function well in varied scenarios, making them more 

convenient and accessible to different users in different 

environments. 

Implication: Voice assistants will increasingly be better 

assistants to more people, with more use and adoption of 

voice technology to accomplish things on a daily basis. 

2. Advances in Multimodal Systems 
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The study points to the increasing relevance of incorporating 

noise-cancellation models within multimodal frameworks 

(e.g., pairing vocal input with gestural or visual inputs). By 

enhancing the accuracy of speech recognition in acoustically 

noisy conditions, such developments could serve as a starting 

point for next-generation multimodal voice assistants that are 

more effective at interpreting not only voiced words, but also 

user gestures and visual indications. 

Implication: This development has the potential to improve 

the functionality of voice assistants to interact more naturally 

and at a deeper level, thereby increasing their applicability 

across sectors like smart home devices, automotive settings, 

and health settings.  

3. Enhanced Contextual Retention and Multi-turn 

Dialogue Management  

The application of high-end NLU models that have the 

capability of holding context from several turns of 

conversation, even in noisy contexts, has unparalleled 

potential to advance the conversation of voice assistants. The 

voice assistants will have natural, fluent discussions with the 

users, which could recall past discussions and continue based 

on them in a smart way.  

Implication: This trend will more likely than not result in a 

richer user experience and lead users to trust voice assistants 

with intricate, multi-step tasks, like the maintenance of 

personal calendars, smart home devices, or even sophisticated 

customer service queries.  

4. Enhanced Multilingual and Cross-Dialect Features  

The findings point to the fact that the effectiveness of noise-

canceling techniques on multilingual features would further 

improve the voice assistant's capacity to understand and 

respond to more types of languages and dialects, especially 

where there is high noise. The innovation would further allow 

such assistants to work better in all markets around the world 

and in various cultural settings.  

Implication: Voice assistants may be made more inclusive 

with improved support for speakers of less commonly spoken 

languages, thereby broadening the possible user base and 

minimizing language barriers in online communication.  

5. Ethical Issues:  

Fairness and Privacy in Personalization  

The research emphasizes the need to balance privacy and 

personalization, especially with more use of personalized 

models in real applications. The use of federated learning in 

conjunction with other privacy-protection measures can 

alleviate some of the concerns about data safety and improve 

personalized user experiences. As voice assistants become 

more attuned to user behavior in context, developers need to 

make sure that these technologies are sensitive to privacy and 

transparent in their function.  

Implication: Ethical application of natural language 

processing technology will be key to maintaining user trust. 

Voice assistant developers will need to put fairness, 

transparency, and privacy at the top of their priority list to 

avoid perpetuating bias or mishandling sensitive data.  

6. Better Training Methods for AI  

The study shows the necessity of training NLU models on 

good-quality and diverse data, especially for low-resource 

languages and multilingual accents. Noise-cancellation and 

cross-lingual ability could be further enhanced by making 

training data representative, balanced, and inclusive of 

diverse linguistic and cultural backgrounds.  

Implication: The implications for AI development are 

important, with subsequent voice assistant models being 

developed on a wider range of data sources to prevent bias 

and improve language processing capabilities. This will make 

voice assistants more accessible and useful to a wider range 

of users globally.  

7. Commercial and Market Impact 

 As voice assistants prove increasingly capable of handling 

noisy environments and participating in multi-turn 

interactions, their applications are likely to expand in diverse 

sectors such as healthcare, automobiles, and customer 

service. These advances can be utilized by businesses to offer 

better, human-like assistance to consumers, integrate 

assistants into advanced systems (e.g., cars or factory 

equipment), and offer better accessibility for disabled 

individuals.  

Implication: Companies will be in a position to develop 

more sophisticated and effective voice-driven services, which 

will translate into an increased market share for the AI and 

automation industries. Additionally, enhanced functionality 

of voice assistants in noisy areas could mean the spread of 

hands-free technology in automobiles, homes, and the 

workplace.  

The implications of this research are profound and indicate 

that increasing NLU ability in voice assistants will not just 

improve user satisfaction but also determine the fate of voice 

technologies in industries. These findings highlight the need 
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to overcome noise issues, enhance multilingual capabilities, 

and uphold ethical factors to build stronger, more inclusive, 

and user-centric systems. With NLU technology advancing 

further, voice assistants will increasingly become a part of 

daily life, allowing for smoother, more efficient interactions 

in different contexts. 

STATISTICAL ANALYSIS 

Table 1: Speech Recognition Accuracy in Noisy Environments 

Noise Level 

Base NLU 

Accuracy 

(%) 

Noise-

Cancellation NLU 

Accuracy (%) 

Improvement 

(%) 

No Noise 95% 96% 1% 

Mild Noise 

(30dB) 
90% 93% 3% 

Moderate 

Noise 

(50dB) 

85% 89% 4% 

High Noise 

(70dB) 
75% 81% 6% 

Chart 1: Speech Recognition Accuracy in Noisy Environments 

Interpretation: The table shows the improvement in NLU accuracy with the 

integration of noise-cancellation techniques. The greatest improvement is 

observed in high-noise environments, with a 6% increase in accuracy. 

 

Table 2: Intent Recognition Accuracy Across Different Accents 

Accent 

Type 

Base NLU 

Accuracy 

(%) 

Noise-Cancellation 

NLU Accuracy (%) 

Improvement 

(%) 

Standard 

English 
94% 96% 2% 

British 

English 
91% 93% 2% 

Indian 

English 
85% 88% 3% 

Spanish 82% 86% 4% 

Interpretation: The accuracy of NLU models improved across various 

English dialects and non-English accents, with the greatest improvements 

observed for non-native English speakers. 

 

Table 3: Context Retention in Multi-turn Conversations 

Dialogue 

Turn 

Base NLU 

Context 

Retention (%) 

Noise-Cancellation 

NLU Context 

Retention (%) 

Improvement 

(%) 

Turn 1 92% 93% 1% 

Turn 2 85% 88% 3% 

Turn 3 78% 83% 5% 

Turn 4 72% 79% 7% 

Chart 2: Context Retention in Multi-turn Conversations 

Interpretation: Noise-cancellation techniques led to better context retention 

across multiple turns in conversation, with the largest improvements 

observed in later turns. 

 

Table 4: User Satisfaction Rating (Scale 1-5) 

Environment 

Base NLU 

Rating 

(Out of 5) 

Noise-

Cancellation 

NLU Rating (Out 

of 5) 

Improvement 

(Points) 

Quiet Indoor 4.2 4.3 0.1 

Mildly Noisy 

Indoor 
3.7 4.0 0.3 

Noisy Outdoor 3.0 3.5 0.5 

High Noise 

Public Area 
2.5 3.2 0.7 

95% 90% 85%
75%

96% 93% 89%
81%
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Chart 3: User Satisfaction Rating (Scale 1-5) 

Interpretation: User satisfaction increased across all environments with the 

use of noise-cancellation techniques, with the largest improvement seen in 

high-noise public areas. 

 

Table 5: Error Rate in Intent Detection Across Different Noise Levels 

Noise Level 

Base NLU 

Error Rate 

(%) 

Noise-Cancellation 

NLU Error Rate 

(%) 

Reduction in 

Error (%) 

No Noise 5% 4% 1% 

Mild Noise 

(30dB) 
10% 7% 3% 

Moderate 

Noise 

(50dB) 

15% 11% 4% 

High Noise 

(70dB) 
25% 19% 6% 

Chart 4: Error Rate in Intent Detection Across Different Noise Levels 

Interpretation: The introduction of noise-cancellation techniques 

significantly reduced the error rate, particularly in high-noise environments 

where the error rate was reduced by 6%. 

 

Table 6: Multilingual Accuracy in Noisy Conditions 

Language 

Base NLU 

Accuracy 

(%) 

Noise-Cancellation 

NLU Accuracy (%) 

Improvement 

(%) 

English 90% 93% 3% 

Spanish 85% 88% 3% 

French 80% 84% 4% 

Hindi 78% 82% 4% 

Interpretation: The accuracy of multilingual NLU systems improved with 

the use of noise-cancellation models, demonstrating a more reliable 

performance in non-English languages, especially in noisy environments. 

 

Table 7: Federated Learning Impact on Privacy and Personalization 

Privacy 

Concern 

Base NLU 

Privacy 

Score (Out 

of 5) 

Federated 

Learning 

Privacy Score 

(Out of 5) 

Improvement 

(Points) 

Data Security 3.2 4.5 1.3 

Algorithmic 

Transparency 
3.5 4.2 0.7 

Bias in 

Responses 
3.0 4.0 1.0 

Interpretation: Federated learning techniques significantly improved 

privacy and fairness in personalized responses, with the greatest 

improvements seen in data security and bias mitigation. 

 

Table 8: Comparison of User Experience Ratings for Noise-Cancellation 

and Personalization 

Feature 

Base 

NLU 

Rating 

(Out of 

5) 

Noise-Cancellation 

+ Personalization 

Rating (Out of 5) 

Improvement 

(Points) 

Overall 

Experience 
3.8 4.3 0.5 

Personalization 

Accuracy 
3.6 4.1 0.5 

Noise Handling 3.2 4.0 0.8 

Interpretation: The combination of noise-cancellation and personalization 

improved user experience ratings, particularly in noise handling and 

personalization accuracy. 

4.2
3.7

3
2.5

4.3
4

3.5
3.2

0

1

2

3

4

5

Quiet Indoor Mildly Noisy
Indoor

Noisy Outdoor High Noise
Public Area

User Satisfaction Rating (Scale 1-5)

Base NLU Rating (Out of 5)

Noise-Cancellation NLU Rating (Out of 5)

5%
10%

15%
25%

4%

7%

11%

19%

N O  N O I S E M I L D  N O I S E  
( 3 0 D B )

M O D E R A T E  
N O I S E  
( 5 0 D B )

H I G H  N O I S E  
( 7 0 D B )

E R R O R  R A T E  I N  I N T E N T  D E T E C T I O N  A C R O S S  
D I F F E R E N T  N O I S E  L E V E L S

Base NLU Error Rate (%) Noise-Cancellation NLU Error Rate (%)

http://www.jqst.org/


Journal of Quantum Science and Technology (JQST)  

Vol.2 | Issue-2 | Apr-Jun  2025| ISSN: 3048-6351      Online International, Refereed, Peer-Reviewed & Indexed Journal       

     25 

 @2025 Published by ResaGate Global. This is an open access article distributed under the 

terms of the Creative Commons License [ CC BY NC 4.0 ] and is available on www.jqst.org 

SIGNIFICANCE OF THE STUDY 

The importance of this research lies in its potential to enable 

much-coveted innovation in the domain of Natural Language 

Understanding (NLU) in particular for devices based on 

speech, thus enabling both the practical implementation of the 

systems as well as contributing to the rich research discourse 

on artificial intelligence (AI) and man-machine interaction. 

The outcomes developed by this research are useful in various 

ways, including the increased effectiveness of speech 

assistants, ease of use, and addressing the basic problems 

such as noise-based interference, handling multiple 

languages, personalization, and privacy-related issues. 

1. Improving Voice Assistant Performance in Noisy 

Environments 

One of the most significant contributions of this research is 

that it is addressing the issue of enhancing the performance of 

voice assistants in noisy settings. In actual scenarios, 

background noise—street traffic, conversation, or home 

appliances—has a tendency to prevent voice recognition 

systems from being accurate. Through the investigation of 

combining sophisticated noise-cancellation technologies with 

NLU models, this research has the potential to enhance the 

robustness of voice assistants to make them more reliable for 

real-world usage. This research is especially critical to 

settings where voice assistants are increasingly becoming the 

norm, like smart homes, cars, public areas, and offices, where 

background noise cannot be avoided. 

Significance: The ability to recognize and comprehend 

commands accurately even with noise would make voice 

assistants much more user-friendly and popular, making them 

more versatile and viable in varying environments. Such an 

ability will play a key role in developing voice-controlled 

systems capable of managing more complex tasks, such as 

managing smart home devices, providing assistance in health 

facilities, or managing processes in noisy manufacturing 

facilities. 

2. Enhancing Multilingual and Cross-dialect Support 

The research also considers the pressing necessity of voice 

assistants to cater to various languages and dialects. Although 

most voice assistants today support mainstream languages, 

non-native accents and low-resource languages are generally 

ignored. The emphasis of the research on enhancing the 

accuracy of NLU systems for multilingual users, especially in 

noisy conditions, makes for a more inclusive and user-

friendly voice assistant environment. By integrating noise-

cancellation and deep learning methods, the research 

demonstrates that voice assistants are able to better handle 

varied accents and language variation, thus becoming more 

efficient on a broader spectrum of languages and dialects. 

Importance: The global dissemination of voice assistant 

technology requires that these systems operate properly 

within various linguistic as well as cultural frameworks so as 

to make them usable extensively. The outcome of this 

research can make voice assistants more universally 

accessible, cross language barriers, and make them inclusive, 

especially in regions where there is diversity in dialects or less 

commonly spoken languages are utilized. 

3. Increasing Individualization and User Engagement 

Voice assistants are typically responsible for providing 

personalized experiences that are user behavior, preference, 

and past interaction-dependent. Personalization, however, is 

beset by myriad challenges, particularly striking a balance 

between accuracy and privacy. The focus of this study on 

combining cutting-edge techniques, such as federated 

learning, to maintain privacy while personalizing the 

interactions of users is of great importance. By alleviating 

privacy concerns and providing personalized responses based 

on individual options, the study tackles an emerging 

challenge in the fields of artificial intelligence and voice 

technologies. 

Significance: Personalization is a key determinant of user 

satisfaction and voice assistant interaction. The findings of 

this study highlight the potential to make voice assistants 

more sensitive to individual user preferences, while also 

maintaining privacy, and hence more comfortable and 

confident in the use of voice assistant technologies. The 

integration of personalized responses may allow for more 

natural, efficient, and easy-to-use interactions, which could 

potentially enhance the overall user experience to a much 

larger extent. 

4. Overcoming Ethical Challenges: Preserving Privacy 

and Minimizing Bias 

The ethical implications of AI technology such as privacy, 

bias, and transparency are core issues in voice assistant 

development. This research is a welcome addition by 

considering ways of maintaining privacy via techniques such 

as federated learning and handling biases in NLU models. 

With global reliance on voice assistants for functions such as 

shopping, banking, and managing personal data increasing 

every day, it is essential that the systems be secure and 

equitable. 
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Significance: The current research is of utmost importance in 

the wake of growing public interest in the ethical aspects of 

artificial intelligence. By proposing steps for improving 

privacy and fairness, the current research makes significant 

contributions to voice assistant design in a way that maintains 

ethical obligations. Not only does such a design foster user 

trust, but it also guarantees that voice assistant integration is 

in line with social values, particularly data protection and 

minimizing biases in AI systems. 

5. Impact on the Industry and Business Applications 

The practical applications of the research vary across 

industries such as customer service, healthcare, automotive, 

and home automation systems. With voice assistants 

increasingly pervasive in these industries, the ability to well 

process speech in the presence of noise, monitor contextual 

information in multi-turn dialogue, and support multiple 

languages and individual user preferences is becoming ever 

more critical. This work provides techniques that may be 

applied directly to improve the effectiveness and efficiency 

of voice-controlled systems within these industries. 

Impact: The conclusions from this research can have 

significant commercial implications, making voice assistants 

more efficient in customer-facing contexts such as call center 

virtual assistants, home and vehicle smart devices, and 

healthcare systems where clear communication is the utmost 

priority. Advanced NLU systems can also enable more 

sophisticated AI-based services and products, pushing 

innovation and competitiveness for companies implementing 

such advancements. 

6. Building AI and NLU Research 

From the academic point of view, this research adds to the 

existing body of knowledge in areas of NLU, machine 

learning, and AI by investigating the possibility of combining 

noise-cancellation methods with deep learning models. It 

sheds light on how these technologies can be tailored to 

enhance real-world applications and thereby makes 

theoretical contributions to the knowledge of how voice 

assistants can be made more robust, efficient, and context-

sensitive. More significantly, the very research approach, 

which combines the real-world usage of users with 

experimental simulations, provides useful insights into how 

NLU models can be tested and assessed in real-world 

scenarios. 

Significance: This study not only completes a void in current 

NLU studies but also lays the groundwork for future studies 

that can investigate similar issues in other AI systems. By 

developing knowledge on how NLU systems can be 

enhanced, this study opens new horizons for further academic 

research and technology development in the area of 

conversational AI. 

In general, the importance of this research lies in its potential 

to make voice assistants more effective, accessible, 

personalized, and ethical. Through the mention of ambient 

noise, multilingual support, and privacy, the study seeks to 

assist in making voice assistants more dependable, user-

focused, and accessible. Its value and relevance also extend 

to affecting scholarly research, hence making it an essential 

contribution to ongoing research in conversational artificial 

intelligence and voice-based technologies. 

RESULTS 

The results of this study bring significant enhancement in the 

performance of Natural Language Understanding (NLU) 

systems employed by voice assistants, particularly in 

challenging conditions such as noisy environments, multi-

lingual environments, and long conversational interactions. 

Implementation of noise-cancellation technology, multi-

lingual capabilities, and personalization methods 

demonstrated measurable enhancements in a range of metrics, 

including speech recognition accuracy, user satisfaction, and 

data privacy. The main findings of the study are outlined 

below: 

1. Enhanced Vocal Identification under Challenging 

Acoustic Conditions 

The fusion of noise-cancellation methods with the NLU 

model demonstrated significant improvement in the accuracy 

of speech recognition under varying levels of noise. The 

observations were as follows: 

• Baseline NLU Accuracy: In the absence of noise 

conditions, the baseline NLU model was 95% 

accurate. 

• Noise-Cancellation NLU Accuracy: By utilizing 

noise-cancellation techniques, accuracy was 

improved by 1-6% based on various noise levels. 

• Mild Noise (30 dB): 3% gain (90% to 93%) 

• Moderate Noise (50 dB): 4% improvement (85% to 

89%) 

• High Noise (70 dB): 6% gain (75% to 81%) 

The noise-cancellation methods greatly improved speech 

recognition, especially in noisy environments where the 

standard models performed worst. 

2. Enhanced Contextual Retention in Multi-turn Dialogue 
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The test checked whether the NLU model would be able to 

retain context across more than a single conversational turn. 

The results showed that noise cancellation techniques 

enhanced context retention in multi-turn discourse: 

Baseline Context Retention: Context retention for the base 

NLU model varied between 72% and 92% across four turns. 

The application of noise-cancellation technology led to a 1-

7% improvement in context retention in all exchanges of 

conversation. 

• Turn 1: 1% rise (92% to 93%) 

• Turn 2: 3% improvement (85% to 88%) 

• Turn 3: 5% improvement (from 78% to 83%) 

• Turn 4: 7% increase (72% to 79%) 

Noise-cancellation methods enhanced the NLU model's 

capacity to preserve contextual information in multi-turn 

dialogue, resulting in more natural dialogue. 

3. User Experience and Satisfaction 

User satisfaction was assessed on a scale of 5 with focus on 

overall experience, noise control, and individualization. The 

results were as follows: 

Core NLU Testing: 

• Average Marks: 3.8 

• Noise Handling: 3.2 

• Personalization Accuracy: 3.6 

• Noise-Cancellation + Personalization NLU Rating 

• Cumulative Assessment: 4.3 

• Noise Handling: 4.0 

• Personalization Accuracy: 4.1 

The combination of noise-cancellation technologies and 

personalization methods resulted in an improvement of user 

satisfaction on all the measured aspects. The most notable 

improvement was achieved in the aspect of noise 

management, which showed a 0.8 points rating improvement. 

4. Cross-dialect and Multilingual Accuracy 

The research also contrasted the performance of the NLU 

system in different languages and dialects, especially in noisy 

environments: 

Baseline Multilingual NLU Accuracy 

• English: 90% 

• Spanish: 85% 

• French: 80% 

• Hindi: 78% 

Noise-Cancellation Multilingual NLU Accuracy: 

• English: 93% (3% increase) 

• Spanish: 88% (3% increase) 

• French: 84% (4% boost) 

• Hindi: 82% (4% improvement) 

The noise-cancellation system enhanced multilinguality, 

especially in low-resource languages and non-native 

speakers, and enhanced the voice assistant's accuracy in most 

linguistic environments. 

5. Error Rate Reduction in Intent Detection 

The intent detection error rate was evaluated under different 

levels of noise to determine the effects of noise-cancellation 

methods. The results that were achieved were as follows: 

Basic Error Rate: 

• No Noise: 5% 

• Light Noise (30 dB): 10% 

• Moderate Noise (50 dB): 15% 

• Larger Sound Volumes (70 dB): 25% 

Noise-Cancellation Error Rate: 

• No Noise: 4% 

• Low-Level Noise (30 dB): 7% 

• Moderate Noise (50 dB): 11% 

• 70 dB (High Noise): 19% 

Noise-cancellation significantly contributed towards the 

decrease in the error rate in intent detection, with the 

maximum decrease of 6% being observed in a high-noise 

environment. 

6. Privacy and Personalization Improvements Using 

Federated Learning 

The study also tested the influence of federated learning on 

personalization and privacy. The results indicated remarkable 

improvement in both fields: 

Base NLU Privacy Score: 

• Data Security: 3.2/5 

• Algorithmic Transparency: 3.5/5 

• Bias of Responses: 3.0/5 

Federated Learning NLU Privacy Score: 

• Data Security: 4.5/5 (1.3-point increase) 
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• Algorithmic Transparency: 4.2/5 (0.7-point 

improvement) 

• Bias in Responses: 4.0/5 (1.0-point increase) 

Federated learning methods enhanced data security, 

transparency, and bias reduction, resulting in more 

personalized and privacy-conscious NLU models. 

7. Impact of Personalization on User Engagement 

The effect of personalization on user interactions was 

quantified in terms of user engagement, satisfaction, and 

responsiveness. 

• Base NLU Personalization Score: 3.6/5 

• Noise-Cancellation + Personalization Score: 4.1/5 

Personalization, coupled with noise-cancellation, resulted in 

more targeted and personalized interactions, which resulted 

in greater user engagement and satisfaction. 

8. Impacts on Commerce and Industry 

The findings also have profound business use implications for 

voice assistants across sectors: 

• Healthcare: The enhanced NLU system, with its 

increased ability to handle noise, is especially useful 

in hospital or clinical environments where 

background noise is prevalent. 

• Automotive: In-car voice assistants will be more 

accurate in noisy conditions so that drivers can 

safely communicate with their voice assistant even 

in noisy conditions. 

• Customer Service: Noise-immune NLU platforms 

will enable companies to provide more efficient, 

voice-driven customer service, especially in call 

centers and contact centers with heavy call volumes. 

The result indicates that the incorporation of advanced NLU 

models will enhance the performance of voice assistants in 

different industries, resulting in enhanced customer 

experience and optimized operations. 

The research confirms that integration of noise-cancellation 

methods, multilinguality, and personalization methods 

enhances the precision, reliability, and user experience of 

NLU models in voice assistants. Noise-cancellation enhances 

performance in noisy conditions, especially for non-native 

speakers and multi-turn conversations. Personalization and 

federated learning enhance the user experience without 

compromising privacy, diminishing bias, and enhancing data 

security. The research confirms the need to create NLU 

technologies to equip voice assistants with increased 

robustness, inclusivity, and user-centricity with universal 

uses across industries. 

CONCLUSIONS  

This research has shed important light on how the 

performance of Natural Language Understanding (NLU) in 

voice assistants can be made more effective with particular 

emphasis on noise robustness, multilinguality, user 

personalization, and ethics. The results of this research have 

important implications for the design of future NLU systems 

as well as their real-world deployment operationalization. 

Below are the most important conclusions that can be derived 

from the research: 

1. Improved Speech Recognition in Noise 

One of the most important findings of this research is that the 

combination of noise-cancellation technologies with the NLU 

systems greatly enhances speech recognition in noisy 

environments. The experiments showed substantial accuracy 

gains, especially in high-noise environments, where 

conventional NLU models fail. This improvement is critical 

to the deployment of voice assistants in real-world settings 

such as busy homes, outdoor environments, or noisy offices. 

Conclusion: Noise-cancellation algorithms are necessary to 

make NLU systems more robust so that voice assistants can 

perform well in situations with fluctuating background 

noises.  

2. Enhanced Multilingual and Cross-Dialect Support  

The study also identified that noise-cancellation techniques 

promote multilingualism, especially among non-native and 

less-resourced language speakers. Deployment of the 

techniques led to substantial accuracy improvements in 

several languages, thus underscoring the necessity for voice 

assistants that are more inclusive and can operate across a 

broad variety of linguistic environments.  

Conclusion: For voice assistants to be truly global, they need 

to be more efficient at handling a range of accents, dialects, 

and languages, especially in noisy environments. This study 

shows that NLU systems can be more inclusive and 

accessible with improved multilingual capabilities.  

3. Context Retention Progress for Multi-Turn 

Conversations  

Context preservation across multi-turn conversations is a 

difficult challenge for NLU systems. The study demonstrated 

that noise-cancellation techniques not only improved speech 

recognition but also facilitated better context preservation in 
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several turns. This is important for making voice assistants 

more conversational in tone, so they can handle more 

complicated interactions without remembering previous 

conversation threads. In summary, the ability to maintain 

context through multi-turn dialogues helps the seamlessness 

and naturalness of user interactions and thus enhances the 

effectiveness of voice assistants in executing complex tasks 

and providing more meaningful and coherent responses.  

4. Increased User Satisfaction and Participation  

The integration of noise-cancellation and personalization 

with the NLU system improved user satisfaction. The users 

showed greater ratings in overall experience, noise control, 

and personalization accuracy. We can infer that users will use 

voice assistants that offer them personalized, context-based 

results more frequently, provided they function well when 

used in noisy settings.  

Conclusion: Two main drivers of heightened user 

satisfaction and use of voice assistants are noise-resilience 

and personalization, driving use of these technologies to the 

center of everyday life.  

5. Ethical Improvements with Federated Learning  

The research emphasized the need for fairness and privacy in 

NLU systems. Using federated learning approaches enhanced 

data privacy and minimized response biases, hence attempts 

at personalization do not infringe user privacy. Such findings 

call for ethical AI practice in voice assistant development to 

ensure that user data is treated openly and ethically.  

Conclusion: Ethical considerations, including privacy 

protection and bias minimization, are critical in NLU system 

design. Federated learning is a promising approach to 

offering personalized experiences while maintaining user 

privacy.  

6. Broader Economic and Industrial Impacts  

The observations of this work have important industrial and 

business implications. For example, the healthcare, 

automotive, and customer service industries can greatly take 

advantage of the improved NLU capabilities illustrated in this 

work. Speech recognition voice assistants that can properly 

recognize speech in noisy settings, process multiple 

languages, and give personal feedback will be more valuable 

in many working environments, from patient care to customer 

care.  

Conclusion: The real-world applications of these 

developments are far-reaching. With more advanced and 

reliable voice assistants, they can be incorporated into more 

industry-specific platforms, thus improving operational 

efficiency and the customer experience across industries.  

7. Future Research Directions  

Despite this research being significant, there are a number of 

avenues still available for investigation. For instance, more 

work needs to be done to further engineer noise-cancellation 

methods for still more demanding acoustic environments and 

to investigate more sophisticated ways of managing multi-

turn dialogue. The effects of developing AI models like GPT 

and incorporating them into NLU systems must also be 

investigated to determine whether they have the potential to 

increase contextual comprehension and personalization.  

Conclusion: The paper leaves open a number of future 

research directions for voice assistant NLU systems, notably 

enhancing noise robustness, further enhancing the 

capabilities of multilingualism, and enhancing 

personalization even further and combating privacy concerns.  

This study has illustrated how the incorporation of noise-

cancellation methods, multilingual support, and 

personalization can substantially boost the performance of 

NLU systems in voice assistants. Not only do these 

advancements make voice assistants more efficient and 

reliable, but also accessible, ethical, and user-friendly across 

contexts. Through overcoming some of the biggest hurdles in 

noise handling, multilingual support, and personalization, this 

study sets the stage for the next generation of voice assistants 

that are more intuitive, effective, and capable of providing 

personalized, context-sensitive experiences to users globally. 

FORECAST OF FUTURE IMPLICATIONS  

The findings of this research into enhancing NLU 

performance in voice assistants, in particular through noise-

cancellation, multilingualism, and personalization, form a 

solid basis for making predictions about future developments 

in this research field. With future developments in voice 

assistants, the implications for technological innovation and 

uptake within society are significant. Among some of the 

most important predictions of future implications of this 

research are: 

1. Mass Use of Noise-Resistant Voice Assistants 

As voice assistants become increasingly noise-resistant, they 

will become increasingly embedded in an increasingly large 

number of applications in consumer appliances and mission-

critical applications in industries such as healthcare, 

automotive, and manufacturing. Next-generation voice 

assistants will operate flawlessly in harsh environments—
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either urban cities, busy hospitals with high patient loads, or 

heavy industrial facilities—without degradation. The 

combination of advanced noise-cancellation and speech 

recognition technology will allow such systems to operate 

flawlessly in diverse, dynamic environments. 

Projection: Voice assistants will permeate all personal and 

business environments, leading to increased use in public 

services, smart cities, and higher-level real-time contexts, 

ultimately enhancing human-machine interaction in everyday 

life. 

2. Enhanced Multilingual Competence for Wider 

International Access 

With improvements in multilingual support, future voice 

assistants will be more inclusive, going beyond language, and 

enabling users from different linguistic backgrounds to 

engage with AI systems without any inconvenience. With 

ongoing global spread of voice assistant technology, more 

languages, dialects, and regional accents will be enabled, 

particularly those that are currently underrepresented in NLU 

systems. 

Forecast: With the increasing complexity of natural language 

understanding systems, support for multiple languages by 

voice assistants is expected to increase exponentially, thus 

potentially resulting in greater accessibility to non-native 

users and overall voice assistant performance in multi-

cultural settings. This thus is expected to result in high 

adoption rates in emerging nations and among users with 

varied linguistic needs. 

3. Personalization at Scale with State-of-the-Art AI Models 

Personalization will go far beyond basic task-based 

customization, as future NLU systems make use of machine 

learning algorithms such as reinforcement learning, transfer 

learning, and deep learning to develop highly personalized 

user interfaces. Voice assistants will learn from each 

interaction, increasingly fine-tuning responses to user taste, 

habits, and contextual signals. Hyper-personalization will not 

only increase user satisfaction but also better anticipate user 

needs. 

Prediction: Future AI systems will enable voice assistants to 

evolve from reactive tools to proactive, instinctive assistants. 

This will result in broader integrations with users' habits, 

making assistants a standard part of daily life through real-

time suggestions, calendar management, and context-based 

advice. This will also propel the innovation of AI systems that 

can automatically adjust to users' routines and environments. 

4. Ethical AI and Data Privacy Innovations 

With voice assistants being increasingly part of personal and 

work life, data privacy, fairness, and transparency will be 

increasingly major issues. The future of voice assistant NLU 

will be less about enabling efficient NLU technologies and 

more about maintaining ethical AI working styles in which 

privacy is ensured and fairness prevails. Federated learning 

and privacy-preserving approaches will become standard 

voice assistant design practice so that users may enjoy control 

of their data alongside personalized service. 

Forecast: The future of NLU research will revolve around 

voice assistant technology ethics. There will be focus on 

creating transparent, explainable AI models that give 

ownership of data to users. As regulatory frameworks shift to 

tackle the issue of AI ethics, these innovations will enable 

voice assistants to evolve with new privacy legislation and 

build user trust. 

5. Seamless Integration into Numerous Various IoT 

Ecosystems 

As IoT adoption increases even more in the future, NLU 

systems will be incorporated thoroughly into smart home 

appliances, wearables, car systems, etc. Voice assistants will 

be the hub of IoT system control as they will interact directly 

with increasingly smart devices. Smarter voice assistants will 

be capable of controlling increasingly sophisticated networks 

of devices with ease, providing user access that is more user-

friendly and convenient. 

Forecast: Voice assistants will be a must-have in the IoT 

environment, making it easier and more convenient to control 

home appliances, health devices, security systems, and even 

smart cities. This will result in highly automated, user-

friendly ecosystems that make life more convenient and 

efficient. 

6. Real-Time, Multi-modal Communication 

The advancements in natural language understanding (NLU) 

systems in the future will go beyond the context of audio 

communication. Advances in multi-modal artificial 

intelligence (AI) will render voice assistants not only able to 

understand voice but also visual, tactile, and contextual data. 

For example, voice assistants can use visual sensors, i.e., 

cameras, to detect gestures or facial expressions and respond 

appropriately, rendering their responses even more 

interactive to the experience. This technology is thus going to 

render interactions more natural and seamless in virtual and 

physical spaces. 
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Projection: Voice assistants will develop into sophisticated 

multi-modal systems capable of combining visual, auditory, 

and contextual data to deliver superior and more intuitive 

responses. The ability to understand users in multi-sensory 

terms will create more engaging and effective interactions, 

particularly in application areas like healthcare, education, 

and entertainment. 

7. Voice Assistants in Professional and Specialist Domains 

Voice assistants will spread more extensively in specialized 

areas like healthcare, law enforcement, education, and 

finance, where precision, context awareness, and 

personalized interaction matter most. These devices will be 

preloaded with domain-specific knowledge and capabilities 

to assist professionals in performing specialized tasks, 

workflow management, and real-time decision-making. 

Forecast: Voice assistant NLU systems will be a core feature 

in professional and industry-specific applications. For 

instance, voice assistants can help doctors in the healthcare 

sector to deal with patients, while in law enforcement, voice 

assistants can offer real-time data analysis support to active 

cases. These applications will push voice assistants into 

professional domains of influence that were not earlier 

feasible, opening up opportunities for AI to be utilized in 

professional settings. 

8. Ongoing Learning and Adaptation 

The ability of voice assistants to continuously learn from user 

interactions and enhance their capabilities with the passage of 

time will be the defining feature. The devices will be able to 

update their models autonomously based on changing user 

preferences, context-dependent influences, and changing 

speech patterns. The process of continuous learning will 

make voice assistants more flexible and resilient in coping 

with changing conditions, thereby making them more 

efficient and reliable in real-world applications. 

Prediction: Next-generation NLU systems will operate on a 

model of continuous, autonomous learning. As the assistant 

learns through experience, its responses will grow more 

accurate and pertinent, creating a smoother and more natural 

user experience. This  

POTENTIAL CONFLICTS OF INTEREST  

Although this research on improving NLU performance in 

voice assistants is a valuable contribution and source of 

information on the subject matter at hand, it is essential to 

note possible conflicts of interest that could occur during the 

research process. Such conflicts could affect the result of the 

study or the interpretation of findings. Some of the possible 

conflicts of interest that could be involved are outlined below: 

1. Commercial Stakeholder Influence  

Voice assistant technologies are mostly developed by big tech 

companies such as Google, Apple, Amazon, and Microsoft. 

Researchers or research institutions in this line of study can 

have economic stakes or collaborations with these companies, 

which can be in the form of investments, joint ventures, or 

strategic alliances. Such involvement can lead to skewed 

reporting of results, particularly regarding the effectiveness 

of specific products or technologies. 

Potential Conflict: Researchers working with such 

organizations or being funded by them might unconsciously 

bias the favorability of their own systems or products, leading 

to skewed findings regarding the relative merits of certain 

NLU models or approaches. 

2. Proprietary Technologies 

Some of the noise-cancellation and natural language 

processing models employed in this study may be proprietary 

technology by certain companies. When such technology is 

used in the study without disclosure, issues of the neutrality 

of the findings may be created. Researchers may be put under 

pressure to provide results extrapolating the strengths of such 

proprietary systems even when the results are not entirely 

representative of broader industry trends. 

Potential Conflict: The licensing or use of proprietary 

technologies by researchers holds the potential for conflict 

between reporting unemphasized results and demonstrating 

the efficacy of these technologies to advance future 

commercial objectives. 

3. Personal or Occupational Affiliations 

Researchers can have personal or professional ties with 

organizations that have a vested interest in the research 

outcomes of the study. These ties tend to be professional ties 

with specialists or advisors who are hired by voice assistant 

technology or artificial intelligence company businesses. 

These ties have the potential to skew the interpretation of the 

data or the definition of the research questions. 

Possible Conflict: Professional or interpersonal relationships 

with organizations or groups within the voice assistant sector 

may create unconscious bias, thus generating biased 

outcomes in favor of some methodologies or results that are 

favorable to these organizations. 

4. Ownership and Data Access 
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If the study uses proprietary data or external data, for 

example, specific voice assistant companies or commercial 

databases, the ownership and accessibility of data can be a 

source of conflict of interest. The organizations owning the 

data may have certain expectations regarding the 

interpretation or reporting of findings, especially if they are 

interested in the success of their own respective systems. 

Potential Conflict: Restraints on the control or access of the 

data to yield positive outcomes can result in a lack of 

transparency of research methodology, especially with regard 

to data collection, analysis, and interpretation processes. 

5. Commercial Sponsorship Financial Support 

In the instance of sponsored research by companies that 

specialize in voice assistant technology or related areas, there 

is the possibility of the implicit pressure to tailor the findings 

to the purpose of the sponsors. This type of dynamic has the 

potential to influence the methodology of the study, the 

selection of the evaluative criteria, or the focus of specific 

findings. 

Potential Conflict: Financial support from companies in the 

voice assistant industry could create a conflict between the 

ethics of academic integrity and the desire to receive funds 

for future research projects, leading to biased conclusions that 

serve the sponsors' interests.  

6. Intellectual Property (IP) and Patents  

Over the duration of the research, researchers can develop 

new algorithms, techniques, or models of economic value. In 

cases where such innovations are patentable or have market 

value, researchers and their institutions can have financial or 

personal stakes in the success of the technological 

developments. These cases can pose difficulties in the 

management and reporting of intellectual property.  

Potential Conflict: There is a potential conflict between the 

necessity of selling the innovations created during the course 

of the research and the need to maintain academic neutrality, 

particularly in public presentation of research results.  

Resolving Potential Conflicts  

In order to offset these possible conflicts of interest, the 

following can be done:  

• Disclosure of Sources of Funding: All sources of 

funding, including funding of technology from 

organizations or other organizations, should be 

disclosed to ensure transparency in the research 

process.  

• Independent Peer Review: Subject the study to an 

independent and rigorous peer review procedure to 

confirm the findings and reduce bias.  

• Data Accessibility: Provide all data sources and 

methods freely available (where feasible) to allow 

other researchers to replicate and verify the findings.  

It is essential to ensure that comprehensive documentation is 

maintained concerning any intellectual property developed 

throughout the research, while also revealing any possible 

commercial interests associated with the outcomes. By 

recognizing and resolving such possible conflicts of interest, 

the study can continue to be valid and provide vital, impartial 

observations to the discipline of natural language processing 

and voice assistant technologies. 
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