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Abstract Multi-agent systems are widely used to model components of a smart
living environment as autonomous intelligent agents. Accordingly, its advantages to
achieve the comfort and efficiency goals of smart home systems are well-documented
in many studies. However, there is a clear lack of systematic investigation targeted at
exploring the reasoning modules integrated into these systems. To close this gap, this
paper examines the literature on multi-agent based smart home systems and provides
a comprehensive overview of the essential requirements, assumptions, strengths,
limitations, challenges and future research directions of their proposed reasoning
systems. Moreover, it identifies the main technologies used to represent the home
environment as a multi-agent system and the reasoning approaches utilized to bring
decision-making ability into the smart living environment. As a result, this system-
atic literature review identifies the ability to learn, plan, predict, explain and reason
with incomplete knowledge as the major elements of a smart home reasoning sys-
tem. In addition, the findings of this work revealed the application of standard rule
conflict resolution strategies and sensor data contextualization as principal solutions
to address some of the problems caused by conflicting rules and agent goals. Further,
it underlines the importance of utilizing hybrid reasoning approaches and the need
to handle overlapping multi-inhabitant activities to realize the true potential of smart
homes.
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1 Introduction

The term “smart home” refers to a residence equipped with technology that facilitates
monitoring of residents, promotes independence and increases residents’ quality of
life [16]. Recently, smart homes have been widely used to provide services such as
energy management [34], healthcare [17], comfort [20] and entertainment [38]. To
deliver these services, the home system must be able to perceive the state of the home
through sensors and adapt the environment to its inhabitant needs through effectors.
One key feature of a smart home is the ability to reason, which enables the home
system to make an appropriate decision towards achieving comfort and efficiency
goals of its inhabitant and their surroundings. With this in mind, various artificial
intelligence techniques have been applied to bring decision-making ability into the
home environment. Among them, multi-agent system (MAS) architecture, which is
based on the interaction of autonomous intelligent agents, is considered as an ideal
candidate to cope with the dynamic and distributed nature of a smart home environ-
ment. As stated on [39], intelligent agents possess the following characteristics:

e Autonomy: agents operate without the direct intervention of humans or others,
and have some kind of control over their actions and internal state.

e Social ability: agents interact with other agents (and possibly humans) via some
kind of agent communication language.

e Reactivity: agents perceive their environment and respond in a timely fashion to
changes that occur in it.

e Pro-activeness: agents do not simply act in response to their environment, they
are able to exhibit goal-directed behaviour by taking the initiative.

Many studies have utilized these key properties of intelligent agents to demonstrate
the advantages of modeling smart environments using MAS approaches. However,
there is a clear lack of systematic investigation targeted at exploring their integrated
reasoning systems. Most existing reviews present a comprehensive overview of the
smart home system such as [3, 12] or explore in detail a specific smart home tech-
nology such as [8, 16]. While few others tailored their surveys to investigate the
application of agent-based decision support system for specific domains such as
medical data classification [30] and clinical management [18]. And, to the best of
our knowledge, none devoted their work to examine the reasoning approaches of
multi-agent based smart homes. To close the gap, this paper reports the prelimi-
nary results of a systematic literature review conducted to examine the previously
mentioned domain. In this regard, it aims to explore:

the main requirements of MAS based smart home reasoning system.

e the tools, technologies and methodologies used to develop the MAS environment,
and the reasoning approaches integrated into it.

the principal assumptions, strengths and limitations of the proposed techniques.
and, the reported challenges and future research directions of the field.
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Fig. 1 The systematic review process

The rest of the paper is organized as follows: Sect. 2 describes the review process
and the protocol underlining this systematic review. We present and discuss the
review results and findings in Sect.3 and we conclude and discuss future works in
Sect. 4.

2 The Review Process

A systematic literature review (SRL) is a method that enables the evaluation and inter-
pretation of all accessible research relevant to a particular research question, subject
matter, or event of interest. It aims to present a fair evaluation of a research topic
by using a trustworthy, rigorous, and auditable methodology [24]. Most common
reasons to perform an SRL are:

e The need to evaluate and summarize existing evidences concerning technology.
e And, to identify gaps in the technology that will potentially lead to topics for future
investigations.

In this study, we have carried out an SRL by adapting the guidelines proposed in
[24]. The review process (shown in Fig. 1) consists of three main phases: Planning
the review, Conducting the review, and Reporting the review. The rest of this section
discusses in detail our adopted approach and its principal components.
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2.1 Planning the Review

Before conducting a systematic review, researchers should identify and examine
existing systematic literature reviews on topic of interest, and ensure the need for
a systematic review. However, the most important pre-review activities are defining
the research question(s) that the review will address and producing a review protocol
(i.e. plan) by defining the basic review procedures [24].

2.1.1 Formulating Research Questions

The most important activity during an SRL is to formulate the research questions [24].
Hence, we defined the goal of this review through Goal-Question-Metrics approach
[37] as follow:

e Purpose: Explore, Analyze, Characterize, and Compare

e Issue: Reasoning Systems

e Object: Multi-agent based Smart Homes/Smart Living Environments
e Viewpoint: Researcher’s point of view.

To identify the major requirements and purposes of MAS based smart homes
reasoning systems, and to assess the contributions presented in the literature, based
on the above-defined goal, we formulated the following six research questions (RQ).

RQ1: What are the central purposes of the smart home systems?

RQ2: What are the primary requirements of multi-agent based smart home reason-
ing system?

RQ3: What are the major technologies used to develop the multi-agent based smart
home system? And, which reasoning approaches are used to provide agents
decision-making ability?

RQ4: Which of the proposed systems are tested and/or integrated into a real-world
living environment?

RQS: What are the strengths, limitations and assumptions of the proposed (MAS
based) reasoning systems?

RQ6: What are the main challenges and future research directions stated in the
literature?

2.1.2 Define the Review Protocol

The review protocol specifies the methods to be followed while conducting the sys-
tematic review. Based on [24], a review protocol should define the following activities
of the SRL: the strategy that will be used to search for primary studies selection; study
selection criteria; study quality assessment criteria; data extraction and dissemina-
tion strategies. In the rest of this section, we discuss how we specify and perform
each of these activities.
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2.2 Conducting the Review

This phase is composed of the following main activities: article collection, article
selection, data extraction and synthesis, where each of them is composed of several
sub-activities.

2.2.1 Article Collection

The aim of an SRL is to find as many primary studies as possible related to the
research question, using a repeatable search strategy [24]. Accordingly, to carry out
a comprehensive and exhaustive search for the primary studies, it is necessary to
define a search strategy and strictly apply it. Our article collection process consists
the following two main sub-activities:

I Definition of the search query: to build the search query' shown in Fig.2, we
adopted the following steps recommended in [6].

e Derive major search terms from the research questions.

Collect keywords from known primary studies for additional main search
terms.

Identify synonyms of the main search terms.

Construct search strings using Boolean “AND” to join the main terms and
“OR” to include synonyms.

II Conduct the search: with the aim of performing an exhaustive search, we identify

the following six electronic databases: ScienceDirect, SpringerLink, IEEExplore,
ACM Digital Library, Google scholar and Semantic scholar. Then, we perform an
automated search on each of them, except ACM Digital Library.” When required,
we adopt the basic search string to the search engine of each source.
The automated article collection is done through an in-house web crawler that
able to detect and ignore article repetitions. It also stops the gathering process
after detecting a sequence of ten articles that are unrelated to the query of interest.
The crawler detects the “unrelatedness” of an article by matching the title of the
paper with a predefined set of keywords.?

IThe search query is defined for a larger SRL, that we are conducting on smart home reasoning
systems. Therefore, it does not explicitly include MAS.

2 ACM End-user policy specifically prohibits automatic downloading of articles.

3The set of related keywords was defined according to the reviewers’ subjective knowledge and
experience on the field.
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(("smart home" OR "smart building" OR "smart house" OR "smart living environment" OR
"connected home" OR "context aware home" OR "context aware building" OR "context aware
living environment" OR "building automation", "home automation" OR "domotic" OR "ambient
assisted living" OR "active assisted living" OR "ambient intelligence") AND ("reasoning system"
OR "decision support" OR "expert system"))

Fig. 2 Basic search strings

Exclude non-

287 MAS papers
ScienceDirect 155 Papers 27 Papers
-128
Google 635
Scholar 317 Apply second selec-
tion criteria
SpringerLink 347
' 472 Papers '
Semantic 518
Scholar
1703 Apply initial selec-
ACM Digital 54 tion criteria
Library
IEEExpore 334 ‘2175 Papers

Fig. 3 Article collection and selection process

2.2.2 Article Selection

As shown in Fig. 3, our search process elicited 2175 articles. To select appropriate
studies for inclusion in the review the following two sets of inclusion and exclusion
criteria were specified:

I Initial Selection: as the number of collected papers are vast to consider for full
text analysis, in this phase we evaluated the papers based on their abstract, title
and list of keywords. The inclusion and exclusion criteria applied for this phase of
selection are listed below. A paper was included if it met all inclusion criteria and
eliminated if it met any exclusion criterion.
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Inclusion criteria:

e Papers whose title indicates that it deals with reasoning systems in smart living
environments.

e Papers whose keywords match with some of the search terms defined.

e Studies which presented very general decision support techniques for perva-
sive/ubiquitous environments and that can be directly applied to smart living envi-
ronments.

e In addition, articles that focus on smart home inhabitants activity recognition,
learning and monitoring are included as potentially relevant articles, to determine
if their proposed technique can be applied to the problem domain.

e Similarly, studies on home appliance optimization, planning and scheduling are
included, only if the results of these studies are used for decision making/reasoning
processes in the home environment.

Exclusion criteria:

e Duplicates reports of the same study, in this case only the most recent and complete

version is included.

Papers that are not published in the English language.

e Studies that focused on smart grids, smart cities, non-residential buildings, and
applied for outdoor intelligence services.

e Studies tailored for smart home appliances (e.g. smart fridge, smartphone, smart
mirror, domestic robots...), but do not generalize their solution for smart living
environments.

e Grey literature.

As abstracts might be insufficient to rely on when selecting, if there was any doubt
whether a study should be included, it was added to the list of potentially relevant
studies. The outcome of this selection stage was 472 papers, i.e., we have excluded
1703 papers.

II Secondary Selection: in this phase, the potential of an article to be included as
a primary study assessed by skimming over the full-text of the contribution.An
article must satisfy both of the following criteria to be part of in the primary study.

A Contribution: The primary contribution of the study should be towards
the definition of theoretical foundation and/or the provision of empirical
evidence (through implementation, tests, critical analysis, or critical evalu-
ations) for constructing a reasoning system.

B Context: the study should be defined in the context of domotics and/or other
closely related domain. In addition, a study proposed to address a broader
concept but can be mapped into a smart home scenario, is considered to
meet this criterion.
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After the execution of this selection stage, we remain with 155 papers. However,
as this SRL scopes on articles presented based on Multi-agent approaches, another
128 papers were excluded. Consequently, the articles to be explored reduced into
27 papers.

2.2.3 Data Extraction

To extract the data needed to answer our research questions the selected primary
studies were read in-depth. Then, we kept a record of the extracted information in a
spreadsheet for subsequent analysis. Some of the fields of our data extraction form
are: paper ID, publication year, targeted purpose, article abstraction, MAS technolo-
gies (i.e. tools, frameworks and techniques), reasoning technologies (i.e. approach,
methodology, and tools), strengths, assumptions, limitations, future works and chal-
lenges. The assumptions, limitations and strengths of an article were determined
based on the knowledge of the reviewers, who are experts both in MAS and reason-
ing systems.

2.3 Data Synthesis

During an SLR, the extracted data should be synthesized in a manner suitable for
answering the questions that an SLR seeks to answer [24]. For this SLR, we perform
descriptive synthesis of the extracted data and present part of the result in a tabular
and diagrammatic form.

To answer RQ1 (Sect.3.1), we grouped purposes of the contributions into three
categories. For the purpose of answering RQ2 (Sect. 3.2), “requirement” was consid-
ered as any property, characteristics or feature of the smart home reasoning system.
And, to answer RQ4 (Sect.3.3.1), we grouped the way an article is presented into
three groups and explored in detail the employed MAS technologies and their rea-
soning systems. Whereas, RQ3 (Sects.3.3.2-3.3.4), RQ5 and RQ6 (Sects. 3.4 and
3.5 respectively) are answered by performing descriptive synthesis of the extracted
data and summarizing the results.

3 Review Results and Discussion

This section presents and discusses the findings of this review.

3.1 Purposes of Smart Homes

As shown in Fig.4, the majority of the analyzed papers are designed with the aim
of providing classical home automation services. Mainly, they tackle the control
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Fig. 4 Main purposes of smart homes

and management of context-aware lights, HVAC systems, consumer electronics and
entertainment devices. In addition, our study identified home energy management,
patient care and elderly assistance as the other most popular smart home services
addressed by the examined articles.

3.2 Requirements of a Smart Home Reasoning System

A review on agent technologies application [22], stated the ability to perceive its
environment and respond in a timely fashion to the changes that occur in it, as
well as the ability to exhibit goal-directed behaviour by taking the initiative, as two
most important properties of an intelligent agent. That means, an intelligent agent
which controls a smart home has to be capable of selecting the most appropriate
decisions based on the circumstances in the home environment, and autonomously
work towards fulfilling its inhabitant preferences (e.g. thermal comfort) while main-
taining its design objectives (e.g. energy efficiency). To realize such an intelligent
behavior, it is necessary for an agent to possess a diverse set of reasoning skills. In
the aim of identifying these fundamental expertises a smart home intelligent agent
should be equipped with, we carefully gathered and summarized the following list
of requirements from the primary studies investigated:

e Learning ability: the analysis of the studies highlights that self-learning is an
essential component to be integrated into smart home reasoning system. Thus, the
system will suit the dynamic household living patterns and adapt to small changes
without being explicitly requested.

e Planning ability: some of the studies underlined on the need to integrate a planning
component into the agent reasoning system. As a result, it will be able to develop
task plans and provide proactive solutions.

e Ability to predict: many examined studies stressed that an agent should be able
to make a prediction of inhabitants behaviour in the smart home environment.

e Ability to explain: few of the examined primary studies outlined the ability to
explain its decision as another key requirement of an agent’s reasoning system.
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Specifically, they stated that an agent should be able to explain its behaviour by
revealing relevant facts of its decision.

e Ability to reason with incomplete knowledge: examined studies [14, 33]
describe the open and dynamic nature of the ambient assisted living environments
and, the incomplete and ambiguous contextual knowledge generated from it. And,
stressed the importance of integrating different reasoning strategies to make the
agent reason with incomplete and inconsistent knowledge about the environment.

e Adaptability: though the ability to adapt hugely overlaps with learning abilities,
some of the analyzed studies specifically pointed out on the need for an agent’s
decision-making system to perceive environmental changes and provide adaptive
and proactive services to its users.

e Configurability: some of the investigated articles insisted that majority of smart
home users are non-technical people. As a result, they recommended the reasoning
system of a smart home to be highly customizable and easy to configure. Therefore,
it will allow the user to express his/her desires in a simple and natural way, and
integrate those changes with the rest of its behaviours.

e Context-awareness: almost all of the examined studies identified context-
awareness as a fundamental attribute of a smart home reasoning system, despite
the fact that, it highly overlaps with most of the aforementioned features. A specific
reason for this can be the need for a reasoning system to acquire and utilize infor-
mation about the context of the home environment. So that, it can provide efficient
services that are appropriate to the particular people, place, time and event.

e Non-disturbance: another interesting but roughly defined concept for a reasoning
system in a living environment by [20] is non-disturbance. The study insists on
the fact that an agent should be non-disturbing. As a result, the agent should not
bother the user more than necessary.

e Conflict Resolution Strategy: usually a multi-agent system environment is packed
with autonomous agents, which work towards attaining conflicting objectives (e.g.
a comfort agent tries to preserve inhabitant comfort by turning on a heater, while
an energy saving agent attempts to turn it off). In order to avoid such conflicting
situation [5, 34] underline on the need to have a global conflict resolution strategy
in multi-agent systems. Whereas, many others stressed on the need to implement
local conflict resolution strategy for the agent’s own decision support system. So
that, execution of conflicting actions that may result in an inconsistent state will
be avoided.

Moreover, the analyzed studies specified other non-functional requirements to be
considered including reliability, fast performance, satisfactory response time, exten-
sibility, usability and interoperation with other already active client applications.
Since also the computational capabilities of most devices in ambient environments
are very restricted, [5] points on the need to keep the communication load not too
heavy, so that the system can quickly reach a decision, taking into account all the avail-
able context information that is distributed between the ambient agents. In addition,
[35] listed communication protocol, collaboration scheme, and resource management
as the major issues need to be addressed when designing a multi-agent based smart
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home system. Whereas, [2] shares an interesting point of view, on assessing psy-
chology and social sciences aspects of a reasoning system while designing ambient
assisted living environments. It also points on the importance of some additional sci-
entific backgrounds, which are necessary to model the emotional and psychological
state of a generic user that interacts with an immersive computing framework.

3.3 Technologies for Multi-agent Based Smart Homes

This section discusses the technologies employed for building a multi-agent based
smart homes. Specifically, it explores the development methodologies, frameworks
and the reasoning approaches proposed to be integrated into it.

3.3.1 Article Abstraction

To better study the feasibility of the research contributions, they were categorized
into the following three groups:

e Conceptual: articles which presented only theoretical contribution.

e Proof-of-concept (PoC): articles that illustrated the feasibility of its theoretical
contribution with a PoC implementation.

e Tested in a real-world environment: articles that integrated and tested its pro-
posed solution in a real-world environment.

And, as shown in Fig.5, 44.44% of the examined studies presented an entire
theoretical contribution, without any feasibility assessment of their proposed solu-
tion. Whereas, 29.63% of the articles experimented their contribution in a simulated
environment. The rest 25.93% of the examined articles integrated their proposed
multi-agent architecture either into a testbed or an actual home environment, and run
a series of experiments.

M Conceptual
O POC implementation

O Tested in real-world enviroment

29.63%

Fig. 5 Distribution of article abstraction
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3.3.2 Agent Models and Methodologies

Agent models are essential to describe the agent’s internal structure (belief, plans,
goals...), and their interaction in the environment [11]. Hence, six of the examined
articles utilized BDI agent model [9] to design their proposed system in a standard
way. On the other hand, [5] builds its solution based on Multi-Context Systems
paradigm [21], in which local knowledge of ambient agents is encoded in rule theories
(contexts), and information flow between agents is achieved through mapping rules.
Whereas, agents in [2] are modeled as Fuzzy Cognitive Maps. As depicted in Fig. 6,
none of the other examined articles specified the agent modeling technique adopted
for their work.

In addition, [26, 29], which adopted ASEME and Prometheus methodologies
respectively, were the only two articles claimed to design their solutions by adopting
a standard agent-oriented methodology.

3.3.3 Frameworks

As depicted in Fig.7, six of the proposed solutions were built on top of the well-
known Java Agent Development Framework (JADE) [4]. And, [19] demonstrated its
multi-agent based smart home system using Jadex agent framework [7]. Whereas,
[31] developed a PoC implementation of their systems by combining JASON [10]
and JADE technologies. However, the majority of the examined contributions were
presented as ad-hoc. Their choice of using tailor-made solution was justified by suc-
cessfully achieving the objectives of their study. Nonetheless, not embracing a proven
framework (e.g. JADE) will restrict the robustness, scalability, and interoperability
of the proposed solution.
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3.3.4 Reasoning Approaches

To effectively present the reasoning approaches integrated into the examined multi-
agent based smart home systems, we categorize them into the following three groups:

e Symbolic approaches: This group contains all symbolic artificial intelligence
techniques used to provide decision support abilities for the proposed systems.
Knowledge-based systems, Semantic web and ontology technologies, Search,
Optimization, and Planning techniques, are all grouped here.

e Statistical approaches: this group contains all modern decision support tech-
niques based on statistical artificial intelligence such as Artificial neural networks,
Bayesian networks, and Machine learning algorithms.

e Hybrid approaches: this group comprises reasoning techniques, which utilized a
combination of the above two approaches.

As shown in Fig. 8, this result is unsurprising, considering the strong and long-
established bond between knowledge-based systems and multi-agent technologies.
And, the fact that statistical approaches suffer from the problem of reusability and
scalability, ... i.e a model for an inhabitant may not be applicable for another, and
since every activity needs to be learned makes the adoption of such approaches
limited.

3.4 Evaluation of the Presented Solutions

This section summarizes the assumption made by the analyzed articles and discusses
the strengths and limitations of the proposed multi-agent based reasoning systems.
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Fig. 8 Reasoning
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Table 1 Summary of assumptions

Assumption Class Assumption Class
Collaborative Agent Ability to reason Agent

Ability to predict Agent No conflicting context | Reasoning system
Rationality Agent known inhabitant state | Agent

Ability to send unlimited messages | Agent Single inhabitant Reasoning system
Reliable communication channel Agent Consistent context Reasoning system
Willingness to share information Agent

34.1 Assumptions

Table 1 shows the summary of assumptions made by the examined studies. To effec-
tively denote wherein the system these assumptions are made they are marked either
as agent or reasoning system. The ones marked as an agent are the assumptions listed
in some of the papers to describe the behaviour of the intelligent agents in the pro-
posed smart living environment. Moreover, as most of the evaluated papers neither
address conflicting agent interests nor consider multiple inhabitants behaviour, the
assumptions marked as reasoning system were made to present their solutions.

3.4.2 Strengths

Most of the articles reviewed highlights the advantages of modeling smart home
environment as a Multi-Agent System by mapping some key features of ambient
intelligence such as autonomy, distribution, adaptation, proactiveness, interoperabil-
ity and responsiveness with the properties of software agents. Cavone et al. [13]
states that decentralized solution is a suitable alternative given the largely open and
pervasive nature of smart environments. It has also some clear advantages, such as
system scalability and the benefits to avoid a single point of failure. Further, [1] took
the full advantages of MAS, by proposing an open and extendable solution, which
allows new devices to join and leave the system without completely redefining the
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control mechanism. Another reviewed paper, [32] applies the concept of agent nego-
tiations for the decision-making purposes. Whereas, [5] attempts to deal with some
key concerns in ambient intelligent environments such as uncertainty, ambiguity, and
conflict in intelligent environments by proposing a solution based on argumentative
agents. In addition, [34] demonstrated how agent-based systems enable simultane-
ous usage of distinct technologies by integrating two complementary but mutually
exclusive rule-based approaches to enforce energy saving policies.

Fraile et al. [19] proposed a solution to enhance the planning and learning abilities
of agents. To achieve its objective, it incorporates Critical Path Method (CPM) into
the case-based reasoning—belief, desire, intentions (CBR-BDI) agents. Some other
reviewed articles approached the issue of rule conflicts by applying defeasible logic
techniques [28] and by defining superiority relation between them. To deal with a
similar problem, [5] proposes four alternative conflict resolution strategies, which
vary in the type and extent of contextual information that is used to evaluate the quality
of imported knowledge. Whereas, agents in [23] utilized semantic web technologies
to contextualize low-level sensor data into more meaningful outputs. It also utilized
the same technologies to develop ontologies which provide a context model for
supporting information exchange and interpretation of contexts. On the other hand,
agents in [2] exploit a novel extension of Fuzzy Cognitive Maps benefiting from timed
automata and formal method theories to represent human moods and enhance users’
comfort accordingly. In addition, it uses emotional, environmental and temporal
features of the ambient environment to distribute the most suitable and personalized
smart home services.

3.4.3 Limitations

The imperfect nature of contextual information generated within the Aml environ-
ment causes serious problems such as uncertainty, ambiguity, inconsistency and, con-
flicting rules and agents goals. However, the majority of the reasoning approaches
investigated in this study either simply neglect the need to address these problems
or handle them with ad-hoc solutions that cannot deal with the problem inherently.
For instance, the algorithm proposed by [36], picks one rule randomly, if two or
more rules have the same priority value. If not addressed properly using a standard
conflict resolution strategy this kind of solution can raise several issues. In addition,
most of the articles presented the decision process of an agent that can handle only a
single inhabitant situation and do not put into consideration multiple inhabitants and
overlapping user activities in the living environment. And, almost all of the examined
contributions do not mention about sensor data contextualization. This most likely
leads to the generation of massive amounts of data, that needs to be handled by the
reasoning system.

In addition, most symbolic reasoning systems proposed in the reviewed literature,
are based on the assumption of perfect knowledge of the environment with a set of
predefined static rules, and no self-learning capabilities. This makes achieving the
above-mentioned requirements of smart home reasoning systems very difficult, if
not impossible. On the other hand, the investigated statistical approaches require
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a suitably large amount of dataset to learn from. Moreover, the reusability of the
generated activity is limited to the environment and scenarios that have produced the
dataset.

Therefore, in order to achieve all the above-identified requirement and make the
smart home environment adaptable to its user’s need, it is essential to combine the
advantages of both approaches.

3.5 Challenges and Future Research Directions

Most of the conceptual contributions examined in this study identified as their imme-
diate future work the PoC implementation of their proposed architectures using
standard multi-agent design methodologies (e.g. Prometheus) and frameworks (e.g.
JADE and EMERALD). Whereas, the evaluated empirical studies targeted to per-
form extensive experiments on the testbed. In addition, [25] aims at the development
of user behaviour pattern recognition agents and the integration of existing medical
and smart environments domain ontologies into the system. [15, 19] plan to test their
solutions on increasingly complex environments with multiple inhabitants.

Among the other investigated articles, [27] describes the need to include self-
learning abilities in the AAL system. And, it plans to apply data mining techniques to
automatically extract context patterns from the occupant’s habits. On the other hand,
[33] aims to integrate statistical artificial intelligence techniques for the integration of
hybrid agents into its proposed architecture. And, [5] outlines the need to deal with
incomplete, ambiguous, inaccurate and erroneous context knowledge in ambient
intelligence domain as the key subjects to be addressed in the near future.

The other most critical challenges of contextual reasoning in smart living envi-
ronments are the heterogeneity of local context theories and the potential conflicts
that may arise from the interaction of different agents [5]. On top of this, [34] insists
conflict resolution is the biggest challenge for agent scheduling and resource allo-
cation in the ambient assisted domain. It also aims to explore the applicability of
agent negotiation strategies for conflict resolution, by integrating more instances of
the same or different agent. Specifically, each agent will be assigned a sub-task or a
region within the building, and negotiate with the others towards achieving a certain
goal (e.g. comfort and/or energy savings).

Furthermore, [14] identifies an explanation feature, through a mechanism of
queries, where users cannot only trace the internal reasoning of agents but also
ask them for specific explanations as part of its future works.

4 Conclusion

This paper presents the preliminary results of a systematic literature review in the
smart home domain. The review was performed to identify and characterize the
reasoning systems of multi-agent based smart homes. It was focused to answer six
research questions and our main findings are:
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e Most smart homes are designed to provide classical home automation services
such as light and HVAC control. Nevertheless, patient-elderly care and energy
management are also the most popular services of smart homes.

e The main requirements of a smart home reasoning system include the ability to
learn, plan, predict, explain and reason with incomplete knowledge. In addition,
the reasoning system should be context-aware, adaptive, configurable and non-
disturbing. Moreover, it needs to be equipped with standard conflict resolution
strategy.

e Most proposed solutions are presented as conceptual contributions. Whereas, a
great deal of the empirical contributions were presented as ad-hoc solutions,
i.e. without adopting any standard agent models and frameworks. In addition,
most of the reasoning systems integrated into the MAS were based on symbolic
approaches, while few others presented their contributions based on either statis-
tical or hybrid approaches.

e And, most studies presented their solution by making an assumption of single
inhabitant behaviour and non-conflicting contexts in the home environment.

In performing this review we also noted a clear need:

e To address conflicting rules and agents goals, which is caused by the imperfect
nature of the data generated in smart homes. A starting point in overcoming these
problems can be the application of standard conflict resolution strategies and con-
textualizing sensor outputs.

e To integrate the best of symbolic and statistical reasoning techniques, thus most
of the above-mentioned requirements will be successfully achieved.

e And to propose more solutions which are capable of handling overlapping multi-
inhabitant behaviours.

The results reported in this paper are preliminary results of a larger systematic
review of smart home reasoning systems. In our future analysis, we aim to further
evaluate the remaining 128 articles of our primary studies and present a more fine-
grained view of the reasoning techniques proposed to give true intelligent behaviours
for the home.
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