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Abstract. Recent studies reveal that there are different methodologies for developing Intelligent Environments.
Thus, it has become essential to scrutinize and evaluate the methodologies to increase our understanding of
their strengths, weaknesses and features. However, these concerns have not been the target of recent research
efforts. This paper presents an evaluation framework for qualitative evaluation of Intelligent Environment
methodologies. It is a step towards standardization of current Intelligent Environments methodologies. The
framework has been defined through studying, abstracting and unifying best practices from systems
engineering. It is based on a generic life cycle model. As an initial validation, we evaluated the User Centred
Intelligent Environment Development Process against the proposed framework. We note that this methodology
at its current state presents some limitations which will be addressed in future works.
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1. Introduction

Engineering Intelligent Environments (IEs) is a challenging endeavour due to the
dynamic nature of the operational conditions in which these systems have to function.
Such conditions include diverse set of hardware devices, complex human computer
interactions, unstable resource availability, utilisation of the system in situations that
were not originally anticipated and the occurrence of errors that are hard to predict [2].
According to recent studies, IEs are being developed using different methodologies due
to lack of any recognised standard one [3, 15, 26]. It is also reported that the
methodologies are disconnected from each other and each one of them is focused on
solving certain development issues [1]. It would therefore be useful to scrutinize and
evaluate IE methodologies to increase our understanding of their strengths, weaknesses
and features especially as this has not been a focus within recent research. However, few
attempts have been made to develop evaluation frameworks for IE methodologies.
Studies have investigated evaluation frameworks for related IE systems such as
Pervasive Computing [4, 24], Ambient Assisted Living [23] and Multi-Agent [29].
However, the focus has been mostly on evaluation of the systems rather than on
methodologies used to develop them.
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In this paper, we attempted to address this research gap by proposing an evaluation
framework for IE methodologies. The framework has been defined through studying,
abstracting and unifying systems engineering lifecycle models as well as considering
best practices from systems engineering (SE) [13]. The rest of the paper is organized as
follows: Section 2 discusses the engineering challenges for IEs, Section 3 explains the
rationale for choosing systems engineering, Section 4 presents our proposed framework,
Section 5 describes application of the User-Centred Intelligent Environments
Development Process (UC-IEDP) to build a smart irrigation system, Section 6 reports on
an initial evaluation of UC-IEDP against the evaluation framework and Section 7
highlights the study limitations. The paper is concluded in Section 8 with some directions
for current and future work respectively.

2. Background

IEs emphasize developing systems that incorporate both a smart environment and
ambient intelligence and are based on the ubiquitous availability of services that will
enhance occupants’ experiences [2]. Accordingly, every IE should be able to satisfy
certain basic design goals [2]. IE projects are inherently complex; both from a technical
and management perspective. Moreover, according to a landmark study carried by [12],
the development of intelligent systems poses a number of challenges as a result of
increasing complexity. While these systems are often multidisciplinary, they require
involvement of diverse stakeholders during the entire systems development process.
Therefore, it is imperative to have proper communication and cooperation beyond the
limits of individual specialist disciplines. This infers that ensuring a standard system
understanding represents a key challenge. Moreover, according to [20], these systems
require compliance to numerous quality attributes such as robustness, availability,
extensibility, safety, security, timeliness and efficiency. This further reinforces careful
management of systems requirements during the systems development process and
beyond.

IEs also consist of numerous components or sub-systems interfacing with each other.
Only complete control over the interfaces enables successful system integration. The
increased interactions and interfaces between the individual components further
enhances the design complexity of the overarching system to deliver the emergent effect
that each individual component cannot provide on its own. To this end, human machine
interfaces are also of particular concerns. In [22], the author asserts that testing alone is
not sufficient for these systems due to their complexity level and the consequences of
their failure. As a result, integration of suitable verification and validation methods is
critical for truly dependable systems. As such, system architecting and engineering tools
must be adopted to manage the level of complexity in these types of systems.

3. Why Systems Engineering?

According to the International Council on SE [16], “Systems Engineering is an
interdisciplinary approach and means to enable the realization of successful systems ...
Systems Engineering considers both the business and the technical needs of all customers
with the goal of providing a quality product that meets the user needs.” This implies that
SE addresses both the system to be developed and the associated project [12]. It is
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particularly concerned with guiding the systems engineering part in a stepwise way with
the goal of delivering a quality system that meets user needs. Traditionally, SE has been
extensively used to manage the engineering of highly complex systems such as those
used in aerospace, defense and security over the last decades [9, 10, 19, 28]. Often, these
projects were carried out by government agencies or large organisations and had strict
targets for time, cost and quality [5, 11]. There is also plenty of evidence in the literature
regarding the suitability of SE for effectively managing the engineering of complex
projects, reducing risks and creating successful systems [5, 7, 16, 18]. In a
comprehensive study by [17], it was established that common systems engineering
activities contribute towards overall success and technical quality.

However, SE has evolved considerably over the past two decades [27]. This has
spawned a number of standards and system life cycle process models such as linear, vee,
spiral, waterfall, agile and model based systems engineering. As a result, there is no
single model that is accepted worldwide that fits every possible situation [7, 27].
Fortunately, all life cycle models subdivide the system life into a set of basic steps that
separate major decision milestones. One such model is the generic life cycle model
proposed by [17]. It is representative of the majority of systems that are developed
including those containing significant software functionality at component level and is
based on the convergence on three major sources: the Department of Defence
Acquisition Model (DoD 5000.2), the International model ISO/IEC 15288 and the
National Society of Professional Engineers (NSPE) model. Hence, in this study we
adopted this generic lifecycle model as basis for our evaluation framework.

4. The proposed evaluation framework

The evaluation framework consists of three main stages as shown on Figure 1. The first
two stages cover the developmental part of the life cycle while the third the post
development period. The figure also shows the main inputs and outputs of each of the
stages: those above the blocks refer to specifications and documentation whereas those
below represent the evolution from concept to operational system.
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Figure 1: Principle stages in the lifecycle [13]

Concept development stage is the initial stage in the lifecycle. In [17], the authors
attest that the decisions made during this stage determine the outcome of the project. The
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aim of this phase is to formulate and define a system concept that will best satisfy valid
user needs. Therefore, the main objectives of the concept development stage are [17]:

e To establish that there are valid needs for a new system that is technically and
economically feasible.

e To produce and explore a spectrum of ideas and potential system concepts and
formulate a set of system quality requirements. Use of modelling and
simulation techniques is highly recommended to inform the decision.

e To select the most relevant system concept, define its functional and quality
characteristics, and develop a detailed plan for the subsequent stages of
engineering, production, and operational deployment of the system. Decisions
are made largely on analyses, simulations and functional designs.

The first activity during the engineering development stage is to identify and
minimize development risks. In particular, any new technology that may be required is
validated to avoid or mitigate risk of failure during later stages. Detailed system design
specifications and test plans for the selected concept are then produced taking into
consideration operational, quality, cost and schedule requirements. Following this, the
system’s functional design is implemented into hardware and software components using
a variety of tools and methods. Component testing may take place concurrently. Finally,
the components are integrated to produce a production prototype which is evaluated in a
realistic operational environment to ensure that it performs as expected and user needs
have been met satisfactorily. This is generally followed by formal design reviews. In
addition, the end users get the opportunity to provide crucial feedback to the system
developers and any implementation deviations are rectified. The postdevelopment stage
is mostly concerned with providing support and maintaining effective configuration
management strategies after the system has been released for production. Critical bugs
or unanticipated system failures are carefully addressed and monitored. Provisions are
also made for training users to use the system.

5. Application of the UC-IEDP methodology

The UC-IEDP methodology was used to build a low cost smart irrigation system
for small-scale planters in Mauritius. It serves as a guide to developers towards the
development of IEs [3]. It consists of three core stages represented as iterative loops:
initial scoping, main development and IE installation. It is also guided by an ethical
framework which ensures that ethical issues are properly managed. The aim of the
project was to provide a more efficient water irrigation system whereby wastage is
avoided as much as possible. Existing solutions are too expensive. The project started in
October 2018 and is expected to complete by end of April 2019. The system consists of
humidity and temperature sensors, a microcontroller, and a solenoid valve as an actuator.
Users can also monitor and control the system through a custom-built Android
application that connects via Wi-Fi to the microcontroller. A focus group consisting of 3
planters as primary users participated in the development process. They are also the
principal stakeholders in the project.

Stakeholders were involved through a variety of activities such as face-to-face
interviews, questionnaires, workshops and project pilots. Successive prototypes were
generated following feedback from the focus group. A timeline of the focus group
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engagement activities is given in Table 1. It is to be noted that stakeholders participated
regularly in the development process.

Table 1. Timeline of focus group engagement activities

1D Type of Involvement Week Number
IT1 Interview 1
QSl1 Questionnaire 2-3
WS1 Workshop 4
MTI1 Meeting 7
MT2 Meeting 10
WS2 Workshop 14
1T3 Interview 16
QSs3 Questionnaire 19
WS3 Workshop 20
QsS4 Questionnaire 20-23
WS4 Workshop 24

Another salient feature of UC-IEDP is its flexibility: it may be applied in an iterative
manner or using more conventional waterfall based approach. In this project, an iterative
approach was favored to allow changes as feedback was received from the stakeholders
or requirements changed. This resulted in development of several prototypes as described
in the following sections.

5.1. First prototype

Stage 1

Initial scoping: The developer interviewed the planters to know their expectations.
Discussions also focused on identifying any specific ethical needs. They were then given
a questionnaire to fill in. These activities (IT1, QS1) were instrumental towards defining
the services the system should provide based on the problems identified in the
questionnaires by the planters. It was quite evident from initial observations that they
were moderately at ease with using mobile app technologies. A workshop session (WS1)
between the two parties was then held during which the set of services to be implemented
was refined and finalized. The developer also provided details of devices that would be
required and a consensus was reached based on constraints such as available funds,
availability of devices on the local market and time required to develop the system.
Following the workshop, the developer then generated an initial list of functional and
non-functional requirements. A use case model of the system was also prepared along
with low-fidelity mock-ups of the user interfaces for the application.

Stage 2

Main development: The first design was discussed during a meeting (MT1) in week 8.
Discussions also focused on clarifying the contexts under which the system will operate.
For example, the focus group shed more light on the approximate water required by
specific plants for optimal growth and the specific conditions under which this should be
automated. Feedback was also collected on the Ul mock-ups. Following this meeting,
the developer then finalized the list of requirements for the system, and proceeded with
more detailed designs using UML artefacts such as class diagrams, activity diagrams and
state chart diagrams. The test cases for validating the functional requirements were also
defined and a circuit diagram was designed using the Fritzing tool. Android material
design was used to refine the initial mock-ups into high fidelity prototype based on
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Nielsen usability heuristics. A second meeting (MT2) with stakeholders was then
organized during which the prototype was demonstrated and the design document signed
off. Consequently, the developer then implemented the system based on the final design
document. The mobile application was developed using Android studio. Arduino IDE
was used to code the sensing and actuating part as well as linking both the hardware and
the custom-built software. The system was tested using a white box testing strategy and
uncovered bugs were resolved duly.

Stage 3

IE installation: A second workshop (WK2) was then scheduled in week 14 whereby the
implemented system was demonstrated and explained to the focus group. The users then
had the opportunity of trying the system. Questions were asked to get their opinions and
recommendations to improve the current model. Feedback was generally positive.
However, the users suggested having an interface which would display the current
humidity and temperature values as well as a report displaying trends of water
consumption over a period of time.

5.2. Second prototype

Stage 1

Initial Scoping: Taking cognizance of the recommendations requested by the users, the
developer proceeded with a new set of requirements. Then, during an interview session
(IT3) in week 16, the users reported on their experience of using the system. They also
unanimously requested the ability to use finger print authentication to login into the
application. Mockups of the water consumption report was shown and feedback received.

Stage 2

Main Development: Based on feedback received, the developer then updated the
requirements specification document and consequently implemented the new
functionalities. Fingerprint authentication was added, a system’s overview display was
added for staying up to date at a glance and new report was implemented.

Stage 3

IE installation: After installation of the improved system, the primary users were allowed
to use the system for 3 weeks. They were also given a questionnaire with a set of tasks
to perform and to rate the system’s efficiency and usability. A workshop (WK4) was
scheduled in week 24 to discuss the results of the evaluations with the users. Work is
currently ongoing to improve the system based on latest feedback received. We also plan
to evaluate the system with a larger group of users in the near future.

6. Evaluating UC-IEDP against the proposed evaluation framework

An initial evaluation of UC-IEDP was then carried out with the evaluation framework
described in Section 4. The ethos of UC-IEDP is in how to put together technology and
create system which makes the infrastructure provide the required services [3]. There is
a strong focus on stakeholder involvement during the entire development process. UC-
IEDP is also informed by an ethical framework to embed ethics during development so
as to guard against violations of ethical principles. However, its focus is more on the
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technical side and to a lesser extent on project management. It does not explicitly define
project planning and control activities such as work breakdown structure, statement of
work and risk management. On the other hand, the evaluation framework addresses both
technical and project management aspects equally. Project planning would lead to better
coordination of efforts, especially if the project is large, and identification of critical
activities. Risk management is particularly important for IEs as it would allow to mitigate
potential risks with unproven technologies.

UC-IEDP is flexible enough to accommodate an iterative, linear or incremental
system development model. In the project described in Section 5, an iterative approach
was adopted. This allowed accepting changes in requirements as the system evolved. The
stakeholders were also kept in the loop and their regular feedbacks were particularly
instrumental towards informing the development of the irrigation system. A downside to
this approach is unavoidable delays if stakeholders are not available. On the other hand,
the evaluation framework follows a waterfall like approach. Compared to UC-IEDP, end
users experience the prototype system quite late during the engineering stage.

In both approaches, several potential concepts are considered before one is chosen
principally by the stakeholders. However, the evaluation framework recommends
carrying out modeling and simulations to analyse the behavior of the potential systems
to better inform the decision process. This is particularly important for IEs whereby
system developers can gain an understanding of how the systems will behave even before
they exist. The selected option is then subject to more elaborate designs. Additionally,
the evaluation framework advises on defining metrics such as measures of effectiveness
which, according to [21], leads to establishment of more meaningful and verifiable
system requirements. It also helps to define better testing criteria for the system.
However, UC-IEDP methodology does not particularly enforce such requirements and
is not explicit on which quality attributes to measure and assess against once the system
has been developed. [25] identified that quality attributes have a big impact on the
usability of Ambient Assisted Living Systems and this is definitely an area to improve
for IEs.

According to Lehman’s law of continuing change, any system will undergo
continual change. Usage of the system will entail additional functionality even though
the system has fulfilled all auditing requirements. Systems are also subject to periodic
upgrades or bugs may crop up post production. However, UC-IEDP does not offer any
guidance how configuration management should be handled.

7. Limitations

A known limitation of the presented study is that UC-IEDP methodology was applied to
a small project. Moreover, the impact of the adoption of the evaluation framework was
not measured systematically. However, based on lessons learnt through this process, we
were able to identify some of the strengths, weaknesses and features of UC-IEDP.

8. Conclusion
This study proposes an evaluation framework to scrutinize and evaluate IE

methodologies to increase our understanding of their strengths, weaknesses and features.
As an initial validation of the framework, we have evaluated the UC-IEDP methodology
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by applying it towards development of a smart irrigation system. UC-IEDP in its current
format has certain limitations. In particular, it focuses mostly on the technical aspect of
project development. We also recommend UC-IEDP methodology to provide guidance
to define suitable metrics and quality attributes for IEs. These should be identified and
defined more explicitly. They should be monitored and measured during systems
development for a more realistic evaluation of IEs. A proper configuration management
strategy should also be put in place within the UC-IEDP methodology. Our current
efforts are on improving UC-IEDP based on these initial findings and then applying it to
another IE project. As future work, we plan to improve application of the proposed
evaluation framework by developing a software tool.
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