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Abstract. Intelligent environments are complex systems that may require a diverse set of hardware devices,
software libraries, networking and human computer interactions. New tools and techniques that can facilitate
the engineering of such systems are thus critical. However, given the size and heterogeneity of the literature
and in the light of, to our knowledge, there being only informal surveys restricted to specific issues have been
conducted, we have seen the need to organise and synthesise the existent research corpus to obtain a clear
idea on the main approaches that have been utilised for the development of IEs. To address this research gap,
this systematic literature review was carried out. This paper presents the review’s preliminary findings that
are expected to provide avenues for further research in this area. We find that there are different approaches
for developing IEs and the development cycle consists of several phases. However, not all phases have
received equal consideration. An evaluation framework which could offer guidance on the choice of the most
suitable techniques per phase should also be the target of research efforts.

Keywords. Intelligent Environments, engineering, systems development lifecycle

1. Introduction

An Intelligent Environment (IE) consists of a range of embedded devices, sensors,
network architectures and middleware, intelligent algorithms, and diverse human
computer interactions amongst others [4]. The underlying theories for IEs are from
pervasive/ubiquitous computing, smart environments and ambient intelligence. An IE
builds on concepts from these key areas by integrating smart environments with
ambient intelligence and is based on the pervasive/ubiquitous availability of services.
In simpler terms, this is how an intelligent environment is able to acquire and apply
knowledge about its occupants and their surroundings in order to improve their
experience by providing better comfort, security, efficiency and productivity. The
engineering of IEs is therefore a complex undertaking since it involves a wide range of
multidisciplinary areas. This, in tum, is driving the need for new tools and techniques
that can facilitate the design, implementation and management of such advanced
systems.

However, research in this field has been technology driven to a large extent [13]. A
lot of focus has also been placed on the development of applications for IEs rather than
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on the engineering of such complex systems [35]. In the context of IEs, where quality,
reliability, and safety of users are some of the key requirements, use of suitable
techniques is thus essential [4]. Therefore, it is imperative to study the various
processes and techniques involved in effectively conceptualising, designing and
implementing Intelligent Environments. There is the need to organise and synthesise
the existent research corpus to obtain a clear idea on the main approaches that have
been utilized for the development of IEs, what issues they addressed and what open
issues still need to be tackled. To address the research gap, this systematic literature
review seeks to identify, synthesize, and present the findings reported about
engineering of Intelligent Environments to date.

This paper consists of the following sections. In section 2, we explain the
systematic review process. Section 3 discusses the results of the review with a brief
discussion of the researchable issues on this topic. Section 4 concludes the paper.

2. Systematic review process

According to [25], “A systematic review is a means of identifying, evaluating and
interpreting all available research relevant to a particular research question, or topic
area, or phenomenon of interest.” The review process consists of several activities such
as the development of review protocol, the identification and selection of primary
studies, the data extraction and synthesis, and reporting the results. We followed all
these steps for the reported study as described in the following sections of this paper.

2.1. Definition of research questions

With the objective of developing an understanding of the state of research regarding
engineering of IEs, this study has been driven by the following research questions:

RQ1: How are IEs engineered from a systems development perspective?

RQ2: What are the stages of IE development process that have been mainly
considered?

RQ3: What are the techniques which are mainly adopted during each stage of the
development lifecycle for IEs?

RQ4: What are the open issues to be further investigated with respect to
development of IEs?

2.2. Data sources and search strategies

The search process was performed using automatic and manual search of specific
conference proceedings and journal papers since 2000. We only selected papers that are
written in English and available online. The search strategy included electronic
databases and manual searches of conference proceedings. The following electronic
databases were used.

o [EEEXplore (www.iceexplore.ieee.org/Xplore/)

e Scopus, Elsevier Science Direct (https://www.elsevier.com/solutions/scopus /)

e ACM Digital library (https://dl.acm.org/)

e Google Scholar (http://scholar.google.com/)


http://ieeexplore.ieee.org/document/www.ieeexplore.ieee.org/Xplore/
http://www.sciencedirect.com/
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e  SpringerLink (www.springerlink.com)
e  Web of Science (https://webotknowledge.com/)

We also searched the following conference proceedings:

International Conference on Intelligent Environments

International Conference on Ambient Assisted Living Technologies
International Conference on Pervasive Computing and Communications
International Conference on Cyber-Physical Systems

Different kinds of papers were considered for this study: industry experience
reports, theoretical, empirical and experimental academic papers. The review process
proceeded in four stages. In stage 1, the electronic databases were searched using every
possible combination of search items listed in Table 1. The Boolean “AND” operator
was used to combine the search items from Category 1 and 2. This resulted in a total of
4210 publications.

Table 1. Search terms used in the review process

Type Category Keywords

1 Primary term Intelligent Environment,
ambient assisted living, smart
environment, pervasive system,
cyber- physical system

2 Secondary term Engineering, development,
development methodologies,
development lifecycle

2.3. Screening papers

The titles of the articles were carefully examined in the second stage. Any title which
was clearly outside the scope of the review was removed from any further
consideration. Articles that address editorials, prefaces, discussion comments, news,
summary of tutorials, workshops, panels and poster sessions were also excluded.
During the third stage, each abstract of the remaining 608 articles from the previous
stage was investigated by the researcher. At the end of stage 3, 217 papers were left for
stage 4 of the selection process.

Finally during the last screening, the whole paper was read to determine its
relevancy. The following inclusion (I) and exclusion (E) criteria were applied:

I1: The paper should have some focus on the engineering of IEs; individual phase
or lifecycle.

12: Does the paper discuss application of a systems development methodology or
approach for IEs?

El: Posters, panels, abstracts, presentations and article summaries

E2: Publishing source not relevant

70 papers out of the 217 articles were selected by carrying out the quality
assessment based on these four screening criteria. In order to extract significant data
from the list of articles obtained, a data extraction form was created using Microsoft


http://ieeexplore.ieee.org/document/www.springerlink.com
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Excel, as shown in Table 2. The design of this form was motivated by [25]. The items
bibliographic references, approach identifier and approach aims allowed us to answer
RQI. Items phase in development cycle informed us about RQ2. Items phase in
development cycle, technique identifier and technique aims were aimed towards
answering RQ3. Finally, to answer RQ4, each paper was carefully scrutinised to gather
about limitations and future work as highlighted by its author(s).

Table 2. Data extraction form

General Concern Specific data

Study Paper identifier
Date of data extraction
Bibliographic reference: Author, year, title, source
Type of article

Approach Approach identifier
Approach aims
Phase in development cycle
Technique identifier
Technique aims
Limitations
Future work

3. Results and discussion

3.1. Overview of studies

In the following section, we present the main findings of our study. To begin with, we
synthesized the data by identifying themes emanating from the findings reported in
each of the reports reviewed in this study. Figure 1 shows the publication frequency of
the selected papers from 2000 until 2017. The majority of the studies are from
conference proceedings (54%) from 31 different conferences. Journals had 45% of the
studies from 18 different journals. Whilst the last couple of years may have seen a
statistical decrease in papers, over the decade there has been an ‘increasing trend.” This
could indicate an interest among researchers to consider applying some methodology
for development of IEs.

Publication tendency by year

NN RN

= Number of papers selected

Figure 1: Publication tendency by year
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3.2. How are IEs engineered from a systems development perspective (RQ1)?

As shown in Figure 2, a total of 15 distinct approaches were identified for engineering
IEs. However, we also noted adoption of mixed approaches in certain projects. Overall,
the user driven approach [1; 6; 9; 10; 14; 15; 17; 19; 23; 32; 34; 41] appeared more
frequently than the rest.
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Figure 2: Approaches for development of IEs

3.3. What are the stages of IE development process that have been mainly considered

(RO2)?

According to the study findings in Figure 3, requirements engineering as well as
analysis and design phases occupy the major share of attention compared to the other
three phases. However, the maintenance stage seems to have been largely overlooked.
Only one project [37] briefly mentioned about maintenance phase without offering any
mechanism or guidelines on change management for IEs.

Percentage coverage
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Requirements Analysis and Development Integration and Maintenance
Engineering Design Testing

Figure 3: Systems development phase discussed in the papers
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3.4. What are the techniques which are mainly adopted during each stage of the
development lifecycle for IEs (RQ3)?

Requirements engineering is a key process in systems development methodologies as it
defines what a customer or user expects from a new or modified product [40]. A closer
scrutiny of the selected papers has uncovered a multitude of techniques for gathering
requirements, as shown in Figure 4. However, two of the most prominent approaches
are the use of focus groups [6; 10; 15; 16; 18; 19; 21; 22; 31; 34] and scenarios [1; 2; 5;
30; 33; 36; 37; 38; 42; 43].

Techniques used during requirements engineering

Simulation to elicit senior needs and goals mmmm

Data provided by users n—

Predefined set of tasks  n—
Artifact based  m—"
Pattems =
Specification Language  mmm
Delphitechnique
AMOLA defines system actors and goals s
Explorative on sie study using semi structured interview s
Scene definition according to user's requirements -
AmiDesigner .
PervML to describe the system functionality s

UML  e—

RELAX for reqs spec.
Natural language for non-functional reqs s

Goal onented  —————
Stones =
Ontologies
Focus group: interviews, questionnaires, observation
Scenarios
0 2 4 6 8 10 12

Figure 4: Techniques used during requirements phase

The list of Systems Analysis and Design (SAD) techniques identified in the reports is
presented in Figure 5. We gathered that model based techniques were more often
utilized during this phase. Some examples are [2; 5; 11; 12; 26; 27; 32; 37; 38; 44].

Techniques used during analysis and design

Simulation E——
Rules
Tool suppor  —
Ontologies
Architecture platform s
Service specs
Flowchart
Use-cases
Storyboards
Co-design Workshap
Scenarios expressed in XML
Brainstorming to realise design of user interface
Wizard of 0Z
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umML
OWL SPEC
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Design sketch

Situation calculus and planning algorthms

)
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Figure 5: Techniques used during analysis and design phase
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As far as the development of IEs is concerned, we found a number of techniques as
shown in Figure 6. Although tool support [3; 8; 28; 29; 30; 43] appeared more
frequently, it is closely followed by techniques such as prototyping, simulations and
middleware.

Technigues used during development

Simulations _

woe |—
oo support |

Iterative development; incorporating stakeholders' feedback _
Modular companents and open source software '_

Java/08Gi code ._

OWL-DL for ontology _
iSapiens platform _
Compile and Check PRISM Model _

cse T
Prototyes
0 1 2 3 4 5 6 7

Figure 6: Techniques used during development phase

Figure 7 represents the list of techniques during integration and testing phase.
Conventional techniques such as unit and integration testing [6; 12; 34] were quite
popular. However, simulations [28; 37; 38] are also gaining in popularity. They enable
regulation of the environment, which appears to be relatively difficult in real situations.
They also offer the possibility of evaluating user interactions and algorithmic behavior
in a safer test environment before actual deployment to the real world [37].
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Figure 7: Techniques used during integration and testing phase
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3.5. What are the open issues to be further investigated with respect to development of
IEs (RQ4)?

For sake of brevity, we are only presenting the main themes which we have uncovered
from the study findings. The following papers [1; 10; 11; 24; 26; 27; 31] have
emphasized on the need for more real-world applications of IEs for more realistic
evaluation of IEs. Some authors have identified addressing usability issues and
improving tools which would allow end-users to develop their own IEs [18; 37; 43] as
priority. Consolidated efforts aiming to bridge the communication gaps between end-
users and designers of IEs were highlighted in the following papers [28; 33; 36; 43].

3.6. Discussion

The review has provided further insights into the techniques which are used by
researchers during each phase of the development cycle. However, the limitations of
the approaches are still open for further investigation. We note that, for the most part,
the IEs were developed in an ad hoc manner. Maintenance appears to be one of the
least considered phase. There are no perfect systems and bug fixes or upgrades will
always form part of a system life cycle [39; 40]. The review also raises the questions
why there is no consensus upon techniques used during a project’s phase and there is
not yet a standard systems development methodology for IEs. Current research effort is
looking towards developing an evaluation framework [20] which could offer guidance
on the choice of the most suitable techniques for engineering of IEs.

4. Conclusion

The main motivation for this study was to carry out a systematic literature review on
how Intelligent Environments are engineered. We largely followed the guidelines by
[26]. The initial search resulted in 4210 papers, out of which 70 were selected for
extraction. This report provides preliminary findings of our study.

In terms of an overall methodology, a user driven approach was found to be quite
prominent. However, not all phases in the development cycle have received equal
consideration. Focus groups seem to be the most accepted method for gathering
requirements followed by scenarios. For analysis and design, model based approaches
are quite popular. Tool support and prototyping are mostly used during development.
Unit and integration tests along with simulations are more frequent during integration
and testing. However, the results show that maintenance phase has been largely
overlooked.

It is also quite evident from these initial findings that there is no consensus upon
techniques used during a project’s life-cycle and there is not yet a standard systems
development methodology for IEs. Development of an evaluation framework which
could offer guidance on the choice of the most suitable techniques for engineering of
IEs is in the pipeline.
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