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Abstract: The proliferation of information technologies and the emergence of ubiquitous computing
have quickly transformed electronic devices from isolated islands of data and control into intercon-
nected parts of intelligent systems. These network-based systems have advanced features, including
Internet of Things (IoT) sensors and actuators, multiple connectivity options and multimodal user
interfaces, and they also enable remote monitoring and management. In order to develop a human
machine interface of smart home systems with speech recognition, we propose a new IoT-fog-cloud
framework using natural language processing (NLP) methods. The new methodology adds utterance
to command transformation to the existing cloud-based speech-to-text and text-to-speech services.
This approach is flexible and can be easily adapted for different types of automation systems and
consumer electronics as well as to almost every non-tonal language not currently supported by online
platforms for intent detection and classification. The proposed framework has been employed in the
development of prototypes of voice user interface extension of existing smart security system via new
service for speech intent recognition. Tests on the system were carried out and the obtained results
show the effectiveness of the new voice communication option. The speech-based interface is reliable;

it facilitates customers and improves their experience with smart home devices.

Keywords: smart system; smart home; voice user interface; speech command recognition; natural
language processing; natural language understanding; under-resourced languages

1. Introduction

A home automation system (smart home, smart house) is a communication network
comprising of home sensors, devices and appliances (lighting, fans, air conditioners, enter-
tainment systems, surveillance cameras, electronic doors, alarm systems, etc.) for access
and monitoring of home environment without human intervention [1]. If smart home
components (usually Internet of Things—IoT devices) are connected to the Internet, they
can send and receive data from the global network and thus be controlled remotely via
different communication protocols [2,3].

Typically, smart home systems employ three different computing layers for data
collection: processing and storage—edge, fog and cloud, respectively. The middle layer
(fog) of smart home architecture lies between physical IoT devices (edge) and traditional
data storage (cloud) levels. This intermediate layer extends the cloud infrastructure and
brings computations and storage closer to their data source, i.e., the edge. Distinct from
centralised cloud computing infrastructure [4,5], the fog layer consists of multiple nodes
which can build a decentralised computing ecosystem. When a fog node receives data, it
can decide whether to process it locally or send it to the cloud. In addition, the data can
be accessed offline as it can be stored locally. This is another key difference between fog
and cloud computing, where data processing and storage are only carried out by remote
servers [6-8]. Therefore, the fog layer is more effective than the cloud one in solving
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local tasks in real time, since it minimises transmission latency, improves response time,
decreases bandwidth consumption and reduces some cyber security risks [9,10].

In this study, we combine sensors and actuators, fog and cloud services in a single
information space to extend the capabilities of user interface of smart systems. Human-
machine interaction is an important factor for the adoption of new products by consumer
electronics market worldwide. On the one hand, smart user interface (SUI) increases sales
and improves the corporate image of smart system manufacturers and vendors. On the
other hand, an innovative human-machine communication is also useful for customers, as
they quickly appreciate the capabilities of new technologies that enter their everyday lives.
According to International Data Corporation (IDC), a market research company, worldwide
smart home devices market grew by 11.7% in 2021, with double-digit growth forecast as we
approach 2026 [11]. The results of Juniper Research study of digital technologies market [12]
show that there will be almost 13.5 billion home automation systems in active use by 2025
and voice capabilities are an increasingly common way to control digital devices, linking
them into the smart home ecosystem.

In the last decade, the spread of IoT and speech recognition technologies has led to the
development of a variety of smart devices that can be controlled from a distance by voice.
The advantages of Voice User Interface (VUI) compared to the classical interaction modes
are numerous:

1. VUl provides an additional control channel offering hands-free and eyes-free interac-
tion (multi-modality);

2. Itenables users to perform multiple actions while communicating (multi-tasking);

3. VUlis analogous to everyday conversation (intuitiveness and ease of use);

4. Itis also beneficial to people with physical and cognitive disabilities, who have
difficulties interacting with electronic devices through a conventional interface
(accessible design) [13].

There are several ecosystems for voice-based technologies that dominate the voice
control market such as Google DialogFlow (2014) [14,15], Microsoft Language Understand-
ing (LUIS) (2018) [16,17], IBM Watson Natural Language Understanding (2018) [18,19] and
Alibaba Cloud Intelligent Speech Interaction (2020) [20]. These platforms offer a plethora of
services, such as transcribing speech to text and vice versa, setting up reminders, searching
the Internet and responding to simple queries (weather, traffic or route navigation, playing
music or TV) in several languages. The above-mentioned voice service platforms, differing
from their predecessors (smart voice speakers and traditional voice assistants). are not
limited to specific hardware or operating systems. Instead, they are accessible on any
device that is connected to the corresponding cloud platform. The voice platforms also
have vertical integrations across multiple industries (retail, transportation, entertainment
and media, health) but unfortunately, they have some drawbacks:

1. Speech-to-Text (STT), Text-to-Speech (TTS) and especially natural language under-
standing (NLU) services are only available for a small subset of the world’s 7000+ lan-
guages and their variants, and often these services are paid (subscription is needed);

2. Service integration into smart home systems often requires computer science com-
petences (especially in the case of on-premises deployment), a significant amount of
time and effort, as well as technical support;

3. The list of recognised commands (skills) is usually domain-specific and needs to
be expanded.

The main goal of this research is to develop a new conceptual framework for enhanced
voice user interface in smart home systems. The proposed framework incorporates real-
time remote monitoring and control through various channels and supports voice interface
even for under-resourced languages.

The advantages of the new framework for home automation with voice control are
as follows:
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1. It allows for the implementation of intelligent user interface (IUI) with “understand-
ing” of domain-specific voice commands in natural language. This option is especially
important for under-resourced languages as there is no alternative online service for
their automatic intent recognition;

2. The proposed approach is a free of charge alternative to existing paid online NLU
services for the most widely used languages;

3. The new speech recognition service for voice control can be deployed in any layer
of the IoT-Fog-Cloud (IoTFC) architecture and in the case of positioning in edge or
fog level, it can minimise bandwidth loads, improve communication security and
increase the intelligent system’s efficacy.

The structure of the paper is as follows: in the next section, existing approaches for
development of voice user interface for smart devices have been analysed and discussed.
The third section presents the features of the proposed new framework for voice control
of smart house systems using NLP methods. The next section describes the prototypes
implemented to verify the new methodology and discusses its advantages. The last section
concludes and outlines our future research directions.

2. Related Work
2.1. Literature Review on IoTFC Architecture

The recent research topics on smart systems architectures can be categorised in two
main areas: (1) multi-layer frameworks and business processes for decentralised and real-
time data processing and (2) practical implementations of customer electronics systems.

Sun et al. [21] have formulated the computation offloading and resource allocation in
general IoTFC architecture as an energy and time cost minimisation problem. Then, they
proposed a new algorithm to solve this problem, improving the energy consumption and
completion time of application requests. In order to cope with big data and heterogeneity
challenges in an IoTFC ecosystem, Chegini et al. [22] designed automatic components for
fog resiliency. The advantage of the proposed approach is that it makes the processing of
IoT tasks independent of the cloud layer.

Kallel et al. [23] modelled and implemented two IoT-aware business processes. The
first one monitors behaviour of children with disabilities to guarantee their safety and
facilitate their parents’ intervention. The second model facilitates and accelerates the
detection of persons infected with coronavirus as well as monitors their movements to
reduce disease spread. Bhatia et al. [24] have employed a Multi-scaled Long Short Term
Memory (M-LSTM)-based vulnerability prediction for preventive veterinary healthcare
services. Moreover, a fog-assisted real-time alert generation module has been presented
in the authors’ framework to notify the concerned veterinary doctor in the case of
medical emergency.

The overview of existing approaches for the development of multi-layered architec-
tures for smart systems shows that the intelligent and coordinated management of the
three-layer IoTFC model has been the subject of many studies. In such an ecosystem, if a
task requires a large amount of computing resources or data storage space, the processing
should be performed in the cloud layer. In the case of a task needing low latency, the
sensors and devices should send the data to servers or computing devices in the fog layer.

2.2. Literature Review on Design Peculiarities of Smart Home Systems with NLU Interface

Many authors have developed smart home systems with voice recognition interface
using classical and machine learning approaches. Intent classification from utterances
is typically performed in a two-stage pipeline: first, extraction of transcriptions using
Automatic Speech Recognition (ASR) and second, intent recognition. In order to reduce
the errors accumulated at the ASR stage and their negative impact on the intent classifier,
Desot et al. [25] have proposed an end-to-end model based on deep neural networks to
perform intent classification directly from raw speech input. Liu et al. [26] have applied
deep learning model to multi-intent detection task. Klaib et al. [27] have used Amazon
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Alexa in the new smart home system to a receive user’s verbal commands and then send
the request to Azure cloud to control home appliances. Yang [28] has designed and im-
plemented a new voice recognition smart home system with client-server architecture.
The intelligent terminal (client) interprets the voice signal as a specific voice command
using a hidden Markov model and a dynamic time warping algorithm. The control node
finds the system’s command corresponding to the voice command, sends it to the home
devices, and responds to the system’s control panel. Amin [29] has presented a smart
home system as a single portable unit that uses a voice-controlled Android application
to operate home devices. The new system utilises ThingSpeak cloud platform to collect,
review and store data from home appliances. A web server retrieves data from ThingSpeak
cloud and saves it into MySQL database. The new home automation system applies a
Google voice recognition service and a microcontroller to execute certain voice commands.
Stefanenko et al. [30] described a method for voice commands recognition based on fuzzy
logic. The developed fuzzy system has been employed to execute linguistically inaccurate
commands. The obtained results show that the proposed method increases the expressive-
ness of the voice control of a moving robot.

In the above-mentioned studies, the positive and negative characteristics of VUI have
been identified and various applications of VUI based on different speech recognition meth-
ods have been presented. After the analysis of the literature review for the development of
intelligent voice interface, the following conclusions can be drawn:

1. Voice user interface can be implemented only by integration of methods covering all
aspects of natural language processing (voice data entry, tokenisation, lemmatisation,
tagging, semantic analysis);

2. Intent detection methods can be categorised into three main groups:

e  Methods using statistical features (hidden Markov model, dynamic time warping,
naive Bayes, AdaBoost, support vector machines, logistic regression) [28];

e  Neural networks (convolutional neural networks, recurrent neural networks)
and deep learning (LSTM), distance-based (Term Frequency-Inverse Docu-
ment Frequency—TF-IDF) methods or combination of several deep learning
methods [25,26];

e  Other intelligent methods for semantic recognition of voice commands (fuzzy
logic [30], semantic patterns).

3. Since advanced-level voice recognition devices are costly for mainstream household
appliances, the developers preferred commercial speech recognition services, such as
Amazon Alexa [27], Google Assistant [29].

4. The implemented interactive user interfaces are only focused in a specific subject
area [25,27,28].

In summary, the authors of the above-mentioned studies have employed statistical
and machine learning methods for voice command classification in the most widely used
natural languages. The first issue of existing approaches is the limited number of supported
natural languages. There are several commercial NLU platforms available in the market
at affordable prices such as Alexa Skills (2015) [31], Azure Cognitive Services (2018) [32],
Watson Assistant (2020) [33] and Dialogflow CX (2021) [34]. Despite the fact that these
platforms offer general-purpose natural language services with a lot of functionality, they
have some disadvantages: (1) Their NLU services only support several languages (a
maximum of 13 to 87). Bulgarian and many other under-resourced languages are not
supported. (2) Natural language processing services are quite complex to test, set up and
maintain. Further challenges are as follows: time delays due to remote data processing in
the cloud, increased costs (as voice services are paid), and privacy and security issues due
the risk of personal data breach.

In order to achieve the goal of our research, it is necessary to develop a new NLU ser-
vice for speech recognition of domain-specific commands in an under-resourced language.
For this purpose:
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Each input user’s utterance needs to be converted to its semantic equivalent (intent).

2. Specific syntax for encoding structured semantic templates must be defined for smart
home commands (nodes, patterns and slots);

3. Speech-To-Text and Text-To-Speech services offered by Microsoft, Google and other

speech service providers are among the building blocks of the new intelligent voice

user interface. In the case of normal speed and reliable Internet connection, they could

be employed via the cloud or otherwise as on-premises software.

The same approach can be applied for any language with available STT and TTS
services and not supported intent recognition.

3. New Framework for Voice-Based User Interface

In order to achieve interconnection and interoperability of multiple devices, services
and applications in intelligent home systems, there are two main requirements for their
architectural design.

1.  Smart home systems have to provide intelligent user interface, aimed at maximum
user convenience.

Intelligent user interface can personalise and guide interaction. IUI is one of the
most important and distinguishing characteristics that determines, to a large extent, new
products adoption, especially in regional markets. Voice communication options improve
customer experience, increase consumer loyalty and create a competitive advantage for
new products. It also enables initial installation and configuration, periodic diagnostics
and maintenance, reconfiguration and optimisation of smart systems.

2. Home automation systems should guarantee effective remote communication be-
tween the control panel and other control systems (IoT networks, building manage-
ment system, etc.).

In order to meet this second requirement, data has to be transferred via a gateway.
In this case, the control panel of a smart home system should be transformed into a
hub, supporting standardised IoT communication protocols, such as WiFi and KNX,
a communication protocol developed for and widely used in home automation. The
voice control of smart home systems could be implemented through an Alexa Skills
mechanism or similar.

According to the two aforementioned aspects of smart home connectivity, the new
framework needs to combine an innovative user interface and diverse communication
capabilities between the control panel and other (external) control systems.

As pointed out in the previous section, the voice user interface can be implemented
in two ways:

e  The functionality is embedded in the control panel of the smart home systems, which
has a secured a connection to the cloud infrastructure;
e  The functionality is located in a separate layer within the structure of smart home systems.

The new conceptual framework for smart home systems with VUI follows the second
approach (Figure 1).

The diagram in Figure 1 visualizes the communications of smart home components
with system’s panel via two types of channels: (1) direct: to the peripheral devices and
external computer networks and mobile networks; and (2) indirect: to IP sensors, devices
and appliances, other control systems (KNX) and voice-based interface.

In the proposed framework, an integration server (a fog structure) is introduced as an
additional communication node. It allows for both the deployment of the intelligent user
interface as well as integration with existing IoT devices and control systems.

Another novel element in the proposed framework is that communications between
users (left) and external control systems (right) can be realised via virtual channels to a
variety of services offered by different providers, including by smart automation company.
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Figure 1. Framework for voice-based user interface. Note: Black arrows indicate direct communica-
tions between central panel (hub) and system’s elements, while yellow arrows show indirect ones.
The indirect communications consist of multiple requests to services.

The new software module implementing a dialog-based IUI can be deployed in any
layer of the smart home architecture. Placing the voice interface in a separate architectural
level offloads the control panel from non-core functionality and distributes computations
between different devices. This approach is preferred because:

e JUI development is relatively independent from system panel limitations;
e  The risks of security breaches are shifted away from the system core.

Another advantage of this approach is that multiplier effect can be utilised by
implementing the same intelligent interface module for an entire product family and in
different languages.

The proposed distributed multi-layer framework expands the capabilities of smart
home systems in comparison with classical IoTFC approach. Edge or fog voice services
can provide quick responses to requests with minimal delays because processing is located
where data is available or needed.

4. System Prototype Design, Implementation and Evaluation

This section presents the implementation of a smart home system in line with the pro-
posed framework for voice control combining local and remote natural language services
for under-resourced languages with visual illustrations and algorithms’ descriptions.
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4.1. Design of Interactions between User and a Smart Home System

The flowchart in Figure 2a and corresponding steps in Algorithm 1 represent the

voice-based interactions between a user and a smart home system as a sequence of requests
and responses.

Algorithm 1 User-smart home system interactions via speech command as a part of SUI

1.
2.

10.
11.

12.

Smart home user enters an utterance (speech) with a certain meaning (al);

The user device (computer, laptop, tablet, smartphone or wearable) records the speech and
transmits it as an audio stream (a2) to a service provided by the integration server;

IUI software module receives the message. The module sends a request (a3) to STT cloud
service, forwarding the audio data;

IUI receives a response (a4) to its request. It is a text that corresponds to the sent audio data.
IUI extracts the meaning of the input user utterance and generates a request containing the
obtained command for the smart home hub. The request (a5) is sent to the server in Cloud
of Home Automation Company (CHAC);

CHAC receives the request, verifies its authenticity and correctness, prepares and sends the
command (a6) to the smart home sub-system specified for it;

The smart home sub-system receives the command, executes it and returns the
corresponding response (a7);

The response is received by CHAC, which transforms it to an answer to an IUI re-quest and
sends this answer (a8) to IUT;

IUI receives the response from CHAC, prepares its own text response and sends it through a
request (a9) for conversion to TTS cloud service;

IUI receives the result of its request as an audio file (a10);

IUI prepares a response specifying the URI of the received audio file and sends it (all) to the
user device;

The user device plays the audio file (al2) received as a result of their request and the user
hears a speech response by the system to their utterance.

In some cases, several steps of Algorithm 1 can be omitted and/or added (Figure 2b):

Audio data from the user device can be sent directly to STT service (skipping step a2),
and the received response is then submitted to IUI service (step b4 is added).
During the preparation of a response as an audio file, the call to TTS service might be
skipped (steps a9 and al0 can be omitted) if such response has already been made
and catalogued on the integration server. In this case, the URI to the already created
audio file is sent as a response to the user device.

The flowchart in Figure 2b visualises the shortest version of this interaction process.

In this way, the communication between user and smart home system takes less time and
is more efficient.

The proposed Algorithm 1 is composed according to the classical five-stage structure

of voice-controlled dialogue [35] (Table 1).

Table 1. Description of voice-controlled dialog in a smart home system (in two versions; a more
detailed and the shortest one).

Stage Detailed Version The Shortest Version
Voice Activity Detection al bl
ASR a2-a4, a9-al0 b2-b3
NLU ab b5
Decision Stage ab-a7 b6-b7

Communication Stage a8, all-al2 b8, b9-b10
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Figure 2. Step-by-step voice communication between user and smart home system, (a) long and
(b) short version, respectively.

The flowchart in Figure 3 and corresponding steps in Algorithm 2 depict the proposed
intent detection method (Algorithm 1, Step 5). In the algorithm description, a node rep-
resents a collection of predefined information structures, which is necessary to recognise
each possible executable command. They are stored as a list of nodes. Each node contains a
list of structural patterns, a list of slots, and command generation mechanism.

Each command structural pattern is defined by a specialised syntax and contains
word lemmas, synonym groups, parameter slots, etc. It defines the permissible positions
of keywords and parameter slots in the utterance. It is used as a basis for detecting the
correspondence between the utterance and the pattern.

Each slot corresponds to one parameter required by the command. Specific questions
for requesting the value of the corresponding parameter from the user are defined for it.

Command generation mechanism is a procedure in which the received command
parameter values are processed and a formal command is generated for the hub. It can
include other procedures, links to external services and URL references.

The list of commands can be easily extended with no coding required.
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Figure 3. Flowchart of intent-based voice command recognition.

Algorithm 2 Intent-based voice command detection from user utterance

1. User utterance is entered;

All nodes from the list of predefined application nodes are traversed sequentially. The

process starts with the first one in the list;

For each node, all structural patterns associated with this node are traversed sequentially;

The utterance is compared with the current structural pattern;

5. If there is a match, the traversal of the nodes stops and the command corresponding to the
current node is considered as recognised;

6.  If there is a recognised command, it is checked whether all required parameters are
available in the utterance or in the current context;

6a. If the context still does not contain values for all required parameters, the user is asked
clarifying questions about each missing value and upon receiving the answers, the values
are filled in the context;

6b.  If all required parameters have corresponding values in the context, a command is
generated, including the parameter values accumulated in the context, and it is sent to the
execution device;

7. Inthe case of missing match after traversing of all nodes and all their structural patterns, an
unrecognised command message is generated and sent to the user.

Ll
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In the next subsection, we present the peculiarities of software implementation of new
VUI for existing smart security system and the results obtained from demonstration of new
system prototypes in an operational environment.

4.2. Implementation Details and Evaluation

In order to validate the functionality of the new voice user interface, the existing
smart security system has been extended with additional embedded software and software
modules on the server as follows:

1.  System software for integration server has been developed.

The integration server has been positioned in the intermediate (fog) layer of the pro-
posed IoTFC framework. On this server, new software for voice command interface in
domain-specific Bulgarian has been deployed. The new user interface has been imple-
mented as a Web application. The interface has been connected to STT and TTS cloud
services (both in Bulgarian). The program code has been created in Node.js environment;

2. Several additional services have been added to the existing cloud of smart home
automation company;

3. New services have been created to handle remote users’ requests for control and
monitoring of the smart home system including from third party applications;

4. Anadd-on has also been created to employ Alexa Skills and other similar applications
for mobile access and control of system devices.

The main challenge during the development process of our smart voice interface was
intent extraction from the users’ utterances and its conversion into a specific structured
command. The issues that must be overcome are as follows:

1.  The computing power of personal and mobile devices is limited;
2. The computational complexity of STT, TTS and natural language understanding tasks
is significant.

The implemented algorithm also employs a deep learning neural network, which is
pre-trained to recognise wake-up words through TensorFlow platform (in its JavaScript
version), installed on user devices. This approach eliminates redundant traffic that would
occur if user devices “listen” to any noise and forward it for recognition somewhere in
the network. The rest of the natural language understanding (Algorithm 2) is performed
on the server side. In this way, personal devices are unloaded from some tasks and the
know-how of manufacturer of smart security system is protected.

After the implementation of VUI for smart security system and its connections to local
and remote services, a demonstration of system prototypes in operational environment
was organised. Two different prototypes of wireless smart security system were presented.
They were configured to work with various wireless devices: passive infrared (PIR) sensors
in different zones, magnetic sensors, external siren, remote control devices, etc. During
the demonstration using voice control in Bulgarian, the following system components and
features were tested:

Wake-up of listening modules with a predefined word;
Activation (turn on) of security system in arm mode; an indication has been received
on the panel display that arm mode is turned on;

e Lights control in different rooms, with visual and verbal confirmation of recognised
and executed commands;

e Hints are provided for command options when a dialogue has already been started
but some slots are still empty;
Providing information about the projects (distribution of projects information);
Speech commands responses by two synthetic voice types (male and female);
Several command variations have been executed with different keywords, keywords’
derivatives and paraphrases and the extracted intent has been validated.



Electronics 2023, 12,116

110f13

New services based on the proposed framework for VUI have been built into an
existing smart security system and the systems’ prototypes has been demonstrated in
an operative environment. The test results have shown that the system can successfully
control security facilities through a predefined set of voice commands, taking into account
real-time environmental data. The experimental results also demonstrate that the new VUI
is reliable and flexible; it can execute speech commands with different variations in users’
utterances and voice nuances.

In this section, an intelligent home system, which employs the proposed IoTFC frame-
work, has been presented. The new system can react immediately to all events that are
signalled, i.e., the system operates normally in isolated (local) mode. This smart home
system can collect and process data generated by its peripheral (edge) devices (sensors,
devices and appliances) and control them remotely in real time. It can also communicate
with user’s smartphones and wearable devices, but in these cases, Bluetooth communica-
tion protocol is required. The proposed architecture for smart home allows for integration
with other external systems (for example, systems for building automation), acting as a hub
connecting different systems. The smart system can transmit IoT data to the fog layer via
REST HTTP protocol, which provides flexibility and interoperability in building RESTful
services. This feature ensures backward compatibility with legacy systems running in the
computational infrastructure of smart home automation company. Local computing entities
(fog nodes) can filter received data and either process it locally or send it to the cloud for
further processing. The voice user interface provides control and monitoring services using
real-time data about devices’ state and events occurring in the home environment. It can
be deployed in any layer of the smart home architecture. The voice user interface can be
implemented in any non-tonal language, including under-resourced ones, if STT and TTS
services are available for it.

5. Conclusions

Edge-Fog-Cloud computing and automatic speech recognition are among the most
dynamic areas of today’s computer science. In our manuscript, we combine IoT-Fog-Cloud
architecture and speech recognition methods to develop a new distributed framework for
smart home systems with voice user interface for under-resourced languages. The new
framework incorporates existing STT and TTS cloud services in speech recognition method
in a particular (smart home) domain.

The limitations of our study are as follows: (1) Defining patterns for smart home
commands requires very good knowledge in the respective language(s). For example,
since Bulgarian and the other Slavic languages belong to the group of morphologically rich
languages, special attention is needed to different word forms (morphological derivation)
in patterns of smart home commands. (2) The prototype implementation can only handle
a predefined set of domain-specific voice commands; for smart security system, in only
one language (Bulgarian). (3) The proposed methodology does not support VUI in tonal
languages and in languages without available STT and TTS services. (4) The commands
happen only at the sentence level.

Our future research directions are as follows: (1) implement the proposed framework
using small single-board computers; (2) modify the proposed framework for voice com-
mand interface for industrial automation systems; (3) enhance the prototype by adding
more voice commands for monitoring and controlling of smart home devices and appli-
ances in several natural languages. In the future, we also plan to apply fuzzy multi-criteria
decision-making methods in voice-controlled human-machine dialogues.
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