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ABSTRACT
The ubiquity of software has wide-ranging conse-
quences for its development and testing. Increa-
singly often, software is developed and tested by 
engineers specialized in other areas. Embedded 
software, for example, is developed ad-hoc, for 
each product, by systems and domain engineers. 
Supporting testing activities in this context requi-
res a highly flexible approach, powerful enough to 
create useful test cases, yet simple enough to not 
require specialized training in software testing.

Search-based software testing promises the ability 
to generate and evaluate large numbers of test 
cases at minimal cost. It is, however, a set of com-
plex techniques that cannot be used off-the-shelf 
as part of the software development process of a 
company.  

The objective of the work presented in this thesis 
is to investigate the applicability of Search-Based 
Software Testing in an industrial environment. A 
second objective was identifying additional know-
ledge gaps relating to integrating such techniques 
in existing software development processes. In-
vestigating how meaningful interaction is to take 
place, what information is needed in order for 
both stakeholders to be able to achieve their ob-
jectives is a third goal.

The findings are obtained by means of a series of 
case studies in a company developing both em-
bedded software and the tools to enable embed-
ded software development. A prototype Interacti-
ve Search-Based Software Testing (ISBST) system 
was developed that uses user interaction to drive 
the search-based component towards interesting 
test cases. 

The ISBST system was evaluated constantly, and 
improved based on the findings of each case study. 
The latest case study was an empirical evaluation 
of the system with the engineers, both software 
engineers and domain specialists, in the company. 

The empirical work includes both qualitative and 
quantitative data, with a focus on the exploratory 
study of the practical factors affecting the use of 
the ISBST system.

A key early finding is that interactivity is essential 
when implementing search-based techniques in 
the industrial context described above. Repeated 
validations conducted with the company yielded 
additional information on the practicalities of in-
teraction.

The strength of SBST proved useful in investiga-
ting areas of the test space that were normally 
overlooked due to limitations in terms of resour-
ces. At the same time, developers were able to use 
their experience and intuition to guide the SBST 
system towards test cases that were more likely 
to be problematic.

Overall, the results obtained indicate that the se-
arch-based techniques provide a useful comple-
ment to existing testing techniques. 

SBST, in its interactive form, can be a useful comple-
ment to existing testing techniques. An Interactive 
SBST (ISBST) system has been developed as a re-
sult of this research. Results show that this system 
is usable by the developers of embedded software, 
that often specialize on acquiring domain knowled-
ge rather than software engineering expertise.
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Abstract

The ubiquity of software has wide-ranging consequences for its development
and testing. Increasingly often, software is developed and tested by engineers
specialized in other areas. Embedded software, for example, is developed ad-
hoc, for each product, by systems and domain engineers. Supporting testing
activities in this context requires a highly flexible approach, powerful enough to
create useful test cases, yet simple enough to not require specialized training in
software testing.

Search-based software testing promises the ability to generate and evaluate
large numbers of test cases at minimal cost. It is, however, a set of complex
techniques that cannot be used off-the-shelf as part of the software development
process of a company.

The objective of the work presented in this thesis is to investigate the ap-
plicability of Search-Based Software Testing in an industrial environment. A
second objective was identifying additional knowledge gaps relating to integrat-
ing such techniques in existing software development processes. Investigating
how meaningful interaction is to take place, what information is needed in order
for both stakeholders to be able to achieve their objectives is a third goal.

The findings are obtained by means of a series of case studies in a company
developing both embedded software and the tools to enable embedded software
development. A prototype Interactive Search-Based Software Testing (ISBST)
system was developed that uses user interaction to drive the search-based com-
ponent towards interesting test cases.

The ISBST system was evaluated constantly, and improved based on the
findings of each case study. The latest case study was an empirical evaluation
of the system with the engineers, both software engineers and domain specialists,
in the company.
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The empirical work includes both qualitative and quantitative data, with a
focus on the exploratory study of the practical factors affecting the use of the
ISBST system.

A key early finding is that interactivity is essential when implementing
search-based techniques in the industrial context described above. Repeated
validations conducted with the company yielded additional information on the
practicalities of interaction.

The strength of SBST proved useful in investigating areas of the test space
that were normally overlooked due to limitations in terms of resources. At the
same time, developers were able to use their experience and intuition to guide
the SBST system towards test cases that were more likely to be problematic.

Overall, the results obtained indicate that the search-based techniques pro-
vide a useful complement to existing testing techniques.

SBST, in its interactive form, can be a useful complement to existing testing
techniques. An Interactive SBST (ISBST) system has been developed as a result
of this research. Results show that this system is usable by the developers of
embedded software, that often specialize on acquiring domain knowledge rather
than software engineering expertise.

Keywords: Interactive Search-Based Software Testing, Search-Based
Software Testing, Search-Based Software Engineering, Industrial Validation
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Chapter 1

Introduction

1.1 Overview

Software is now an essential component in a wide array of systems and prod-
ucts across different domains. In most cases, these systems need specialized
software, adapted to the particular domain, or even the particular application.
Software is increasingly developed by non-software engineers, whose training
and experience enables a good understanding of the context, but they are not
focused on software development and software testing. Henceforth, we will refer
to these engineers as ‘domain specialists’, to emphasize their domain knowledge
and skill, as well as their relatively limited experience with software engineering
and software testing.

Software testing in particular is often overlooked or quite unstructured.
Many companies that develop their own embedded software lack the exper-
tise to conduct extensive and structured software testing, choosing instead to
focus on overall system tests at the end of the development cycle. This is a
reasonable choice, since system performance is dependent on the quality of all
components, not just that of the software. Since acquiring a completely new set
of skills, i.e. software development and testing, would be prohibitively costly,
companies opt to increase their core competencies instead.

General observations of software testing, for example the benefits of early
discovery of faults for reducing cost in terms of time and resources, are even
more important in the context of embedded systems. Delays due to faults,



2 Introduction

however minor, are likely to propagate through the entire system, leading to
even higher costs and longer delays.

While general considerations regarding software testing do apply, there are
also a number of domain-specific concerns that drive the software development
process in this type of context. Companies will adapt their strategies to their
customers and their market, and this often means emphasizing their edge over
their competitors in terms of core competencies. Software development and
software quality are, in this context secondary concerns for both competitors
and clients, since their effect is likely to be indirect.

The problem of increasing software quality with a minimal increase in cost is
a general problem. The restrictions described above, however, are often particu-
lar for embedded software and vary greatly between subdomains and sometimes
between applications.

Ideally, we would like to offer a solution that combines good practices of
software testing with domain knowledge and experience with application-specific
quality assurance procedures. This is a difficult thing to achieve, made more
difficult still by budget limitations and resource scarcity.

In the remaining pages of this chapter, Section 1.2 provides a brief descrip-
tion and analysis of the context of our industrial partner. Section 1.3 discusses
other work in the area of Search-Based Software Testing (SBST) [2, 3] and In-
teractive Evolutionary Computation (IEC) [4, 5, 6] and positions our efforts
with respect to that work. Section 1.4 goes into greater detail on defining the
purpose of the research presented in this thesis, while section 1.5 describes the
methods used to achieve that purpose. The results obtained in each paper are
briefly described in section 1.6, and a brief description of the ISBST system
can be found in section 1.7. A brief discussion of the overall study is found
in section 1.8, together with a brief look at the threats to its validity. Poten-
tial directions for future research are discussed in section 1.9, and section 1.10
concludes the chapter.

1.2 Context

Our industrial partner for the studies presented in this thesis will be referred to
as D, a company developing the hardware and software used in control systems
for off-highway vehicles.

These are hardware systems that have an important software component,
though that component does not receive the highest priority. The competi-
tive edge that the company seeks with these products is more likely to revolve
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around domain-specific capabilities and enhanced core competencies, than from
improved software development.

D also develops the DomainDevEnvironment tool, a programming environ-
ment aimed at enabling domain specialists to develop and modify software for
their own applications. The tool allows the user to select the type of hard-
ware controller that will be used and then enables them to access the input
and output signals of that controller. Standard modules can be combined and
connected to the inputs and outputs to described desired behaviors. Basic func-
tions and elementary operations are also provided, to allow users to define their
own modules. The complexity of the user defined modules can range from basic
components to large control system with multiple sensors and controllers.

Once the model is complete, the tool verifies that the model is syntacti-
cally correct, and generates the code that is deployed on the hardware. The
software can also be tested manually, by means of a simulator, or tested after
being deployed on the hardware. Testing after deployment is done by means of
specialized testing rigs and software environment simulators.

The DomainDevEnvironment tool allows the company’s clients to use con-
cepts they are already familiar with, e.g. working with signals and filters, to de-
velop embedded software that is then deployed to specific hardware platforms.
This means that developing embedded software for the hardware platforms in
question is more accessible, since it does not require the developers to acquire
a completely new set of skills. It also means, however, that introducing testing
concepts into the process is a more complex task.

Testing that the resulting embedded software is appropriate semantically,
and not just syntactically, is a resource-consuming task. Typically, the person
that developed a new module is also in charge of creating the test cases, manually
specifying inputs and observing the outputs.

Both the selection of the inputs and making the decision of whether or not
the outputs conform to expectations depend heavily on the user’s experience
and knowledge of the module they are developing. Experienced users focus on
types of inputs that they expect will result in faulty behavior in the module, or
in its components. Samples of typical expected values in normal use can also
be included.

There is, however, a downside of basing test procedures on the developers’
previous experience. First, developer experience may vary between developers,
leading to the creation of modules with varying degrees of quality. A more
systematic method of testing would decrease the level of uncertainty regarding
the degree to which a module was tested.
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Secondly, the developed module is tested by users that have to thoroughly
understand the system behavior. This means that, when developing the test
cases, they will focus on types of inputs known to cause problems, based on
their experience, previous cases, and knowledge of the module in question; this
means, in most cases, a focus on limit cases and extreme values. If a new fault
was introduced or an undesired behavior exists outside those types of inputs,
this process is unlikely to catch those faults.

An automated means of developing test cases would solve some of these
problems. By providing a more systematic way of developing test cases, the
behavior of the module could be described with more confidence. In addition,
automation would allow an increase in the number of tests, and thus remove the
need to focus solely on known problem areas. This would increase the chance
of identifying undesired behavior and rare faults.

An attempt to develop an automated testing system, on the other hand, is
faced with a different set of problems. To allow such a system to quickly and
effectively check a large number of test cases, it must have access to an oracle: A
model that describes the desired behavior of the module being tested, that can
clearly decide if a set of outputs is acceptable or not. Moreover, the oracle would
have to be developed anew for each context and each module, further increasing
the difficulty and the resources needed for such a task. A domain specialist
can, however, identify unwanted behavior, based on their understanding of the
module itself, its intended application, and context limitations.

In conclusion, this type of context is one that would benefit from the large
number of test cases and the systematic approach of an automated system. An
automated system that is difficult and costly to develop and requires software
expertise to properly use is, however, a poor fit for this context. In short, the
main users of the DomainDevEnvironment tool develop software, but are not
software experts. Moreover, companies often focus their improvement efforts
on core competencies, so resources available for improving the software testing
process are often scarce and is likely to continue to be so.

Thus, the problem is to develop a software testing system that is flexible
and robust enough to adapt to changes in context and testing needs, while, at
the same time, accessible enough to allow domain specialists to use it without
requiring them to develop additional skills or adapt to new domains.

Search-Based Software Engineering (SBSE) [1], or Search-Based Software
Testing (SBST) [2, 3] as it’s application on testing problems is called, could po-
tentially offer a flexible and robust means of approaching the problem described
above. Efforts have also been made to complement some of its techniques with
interactive elements [4, 5, 6], potentially allowing domain specialists to con-
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tribute their knowledge and expertise to the search process. In the following we
describe our work on extending these previous interactive, search-based system
approaches further for applied software testing in industry.

1.3 Related Work

As presented above, the mechanism chosen to provide the flexibility and ro-
bustness required for the solution described above was Search Based Software
Engineering. In the following we present the key concepts and related work.

The term Search Based Software Engineering (SBSE) describes the applica-
tion of metaheuristic techniques, e.g. genetic algorithms, evolutionary compu-
tation, ant hill optimization, to software engineering problems, and was coined
in 2001, by Harman and Jones [1] even though similar ideas had been inves-
tigated earlier [7, 8, 9]. Search-based techniques have been applied to a vari-
ety of sub-areas of software engineering [10], including several types of testing
problems [2, 3], object-oriented containers [11], and dynamic programming lan-
guages [12].

Due to the context described above, we are interested in including domain
specialists in the search process, to allow our solution to benefit from their ex-
perience and knowledge. The inclusion of human judgement in search-based
approaches is one of the potential directions for search-based software engineer-
ing that was identified in a study by Harman [13].

Takagi [4] describes the application of Interactive Evolutionary Computation
(IEC) in different areas, from graphic art and music to industrial design and
robotics. While software engineering is not directly included in that research,
some parallels can be drawn.

As an example of interaction in search-based software engineering, Feldt [5]
described an interactive development environment where tests are created as
the engineer write the program code or refine the specification. The system
used the interactions of the engineer to help guide the search but the effect on
the fitness function was indirect and opaque. It was not clear for an engineer
how to affect the fitness function in order to direct the search in a particular
direction. This might limit usefulness.

Simons et. al. [6, 14] describe two episodes where a human designer is
involved in steering an evolutionary, multi-objective search. Transposed to the
context of this paper, human involvement means allowing a human domain
specialist to guide the search both by direct fitness evaluations and by allowing
them to modify the fitness function of the search-based system.
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One issue that arises when discussing potential interaction between a hu-
man and search-based system is that of human fatigue. Search-based systems
use the fitness function to evaluate large numbers of potential solutions. This
means that involving a human factor in the search is not as straightforward as
replacing the existing fitness function with the human domain specialist. Such
an approach could give rise to fatigue, especially decision fatigue [13, 15].

Moreover, while the exact limits of human awareness and the conditions
when such decision fatigue may come into play are not precisely determined,
some limit exists to the human capacity to handle information over a short
period of time [16, 17]. This makes overcoming the fatigue problem essential in
allowing a human to provide useful guidance to a search-based system.

User centered, or human centered, design offers a way of potentially ad-
dressing many of the problems related to user interaction. In the context of
this paper, the focus of the user centered approach [18] is to involve the domain
specialists that will use the search-based software testing system in the design,
to understand how the they will interact with the system, what their needs are
and what functions are best left to the human specialist and which are to be
taken over by the system.

Looking at existing work by Takagi [4] and Bush [19], several approaches
can be found to allow interaction between a user and a search-based system.

The most involved is that of hyper-interactivity, defined as a “form of IEC
in which a human user actively chooses when and how to apply each of the
available evolutionary operators, playing the central role in the control flow of
evolutionary search processes” [19]. Here, the human acts as a direct guid-
ing hand into each individual’s development rather than as a substitute fitness
function, evaluating individuals after they have been generated.

One approach by Takagi [4] is that of having the human act as a regular
fitness function, i.e. they analyze each of the candidate solutions and assign a
fitness score to it.

More general still is to present the human with the individuals to be eval-
uated; the human then chooses those that are remarkable, either selecting the
‘good’ individuals for promotion to the next generation or selecting the ‘bad’
ones for exclusion. This helps guide the search by ensuring that desired char-
acteristics are always represented in the population and have a higher chance
of propagating to the next generation. In effect, the user guides the search by
selecting those individuals deemed to be the “best current representation of the
goal” [20].

A final option is that of Visualized EC, where the human selects a solution
based on the fitness values for several objectives, rather than analyzing the
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individuals themselves. (The approach is described in more detail in [21].) One
such example is presented by Bavota et al. [22] where an individual candidate
is one proposed distribution of software components into clusters. Rather than
evaluating each candidate itself, the user is required to decide if two components
belong in the same cluster or not.

An interesting parallel can be made with EvoSuite, a search-based software
testing (SBST) tool [23] that aims to produce test cases that achieve high cov-
erage for Java programs. While it uses search-based techniques to achieve a
similar scope, i.e. generating test cases, there are significant differences between
the context that EvoSuite is meant to support and the one presented here. Evo-
Suite uses high coverage as a primary means of evaluating the suitability of test
cases and employs a white-box approach to testing, both assumptions in direct
contradiction with the limitations of the context of this thesis. Even though
the EvoSuite approach, and other similar SBST approaches, could complement
what we are aiming for here we do not consider them further in the following.

An example of interaction being used to guide an IEC is PicBreeder, a service
that uses input from online users to evolve images [24]. The user of PicBreeder
selects a picture that is aesthetically pleasing to them and guides the system to
use that image as a basis for further evolution. The system can be further guided
by allowing the user to choose to focus on ‘big’ or ‘small’ changes. While this
is not applied on a software engineering problem, it is an interesting practical
example of an IEC which has gathered a lot of attention and interest.

1.4 Research Purpose

The overall goal is to investigate the viability of search-based techniques for
generating test cases for real-world, industrial software projects and to assess
the potential impact such techniques can have. A practical implementation is
needed, however, in order to perform such an assessment. Furthermore, the
main focus of our efforts thus far has been to develop an Interactive Search-
Based Software Testing tool and apply it in the specific context of our industrial
partner.

A key goal, given the context, is to support domain specialists in developing
high quality software, by improving the testing process. Such improvements,
however, will have to be done without requiring extensive knowledge of software
testing or the tools that support it.

Given their knowledge and experience, domain specialists can evaluate the
correct behavior when they see it, although they might not be able to find a
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good way of constructing tests or of completely specifying the desired behavior
of the system they are developing.

Techniques for automating tests exist, but they require specific knowledge
from the area of software engineering, e.g. domain specific languages or model-
based approaches. Incorporating the knowledge of the domain specialists in the
operation of such approaches would require a significant investment of limited
time and resources, both for training the domain specialists in their use and in
their day-to-day operations. For many companies it is not a viable solution.

As discussed previously, SBST is potentially flexible enough to adapt to a
new context and interaction in a search-based context has been shown to be
effective in other applications [4, 24]. Furthermore, the fitness function of a
search-based system provides a natural way of getting feedback from a user and
thus allowing them to guide the search.

As a result of this reasoning, an interactive SBST system is an interesting
candidate for enabling domain specialists to improve their testing process. The
research questions, therefore, focus on the design, development and evaluation
of such a system.

The primary research goals of this thesis are to answer the questions:

1. How can an ISBST system be designed and developed, given the limita-
tions in terms of software engineering expertise described in the industrial
context previously mentioned?

2. Does the practical development and validation of the ISBST system raise
any obstacles that affect the performance of the underlying search-based
approach?

(a) Is the method still applicable, given the practical limitations enforced
by the context?

3. How can the interaction between the domain specialist and the ISBST
system be designed, to allow both parties access to the information needed
to perform their tasks?

(a) What kind of knowledge does the domain specialist require to suc-
cessfully guide the search?

(b) What information does the ISBST system require in order to provide
useful solutions?

An overarching objective is to provide an example of the successful imple-
mentation of SBST in an industrial setting. This example includes the resulting
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tool itself, the results of repeated evaluations and the design decisions that
resulted from those evaluations.

1.5 Research Methods

The choice of research methods is a result of the research purposes chosen for
this thesis. From a methodological perspective, the key issues were to explore
the possibility of implementing a new technique in a specified industrial context,
and, where necessary, further developing that technique to fit the needs identi-
fied in that context. The exploratory goals also require a flexible methodology,
allowing modifications to be made in response to emerging information.

Several research methods were considered, but ultimately found unsuitable.
A controlled experiment would help explain the phenomena that were identified,
but there is too little information available for a good experimental design to
be possible. A simple example concerns how a test case may be displayed. A
method of display that is not in accordance with the standard practice of the
domain specialists taking part in the experiment may be ignored, misunder-
stood or misused by them, resulting in misleading findings. The practicalities
of the interaction between the domain specialist and the system are still to be
explored and an experiment is not flexible enough to allow new information to
be integrated into the study.

A survey could provide a good description of the interaction described above,
but it is also undermined by a lack of information. As an example, an ambi-
guity in the initial evaluation lead to some of the participants misinterpreting
the interaction mechanism. It was only after having a chance to interact with
a working prototype that the misinterpretation was discovered and corrected.
Moreover, the context and the approach we are using both rely heavily on
experienced domain specialists. Such domain specialists are not available in
the numbers that would make survey results useful. This and the inability to
accurately determine the relative level of experience between several domain
specialists make it difficult to properly formulate and validate a set of survey
questions.

Action research can provide a useful tool for follow-up studies, but it cannot
be regarded as a reasonable alternative. The first argument for this view, once
again, is the lack of suitable information. While the theoretical background
has been shown to be promising, the uncertainties related to implementing a
heretofore untried approach make it a less convincing option for the company.
Gorschek et al., in a study in 2006 [25], show that an initial evaluation in
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academia and static validation in industry are needed to reduce the risks as-
sociated with doing active changes and dynamic validation in industry. The
difficulty of integrating with existing processes and working in an active project
also advocate for an initial phase focused on gathering more information on the
context and the proposed method.

The concept of design science was formulated as early as 1995, by March and
Smith [26]. In 2004, Hevner et al. developed a framework and clear guidelines
for the application of design science in Information Systems [27].

The approach taken for this thesis match those guidelines [27]. A viable
artifact, i.e. the ISBST system, is produced to provide a technology-based solu-
tion to a relevant industrial problem. Design evaluation is performed through a
series of four case studies, and research contributions are provided in the areas
of the design artifact and of the design methodology. The artifact was rigorously
validated and the results of these validations influenced its further development.
The efforts presented in this thesis were aimed at developing an effective arti-
fact, utilizing available means and satisfying laws in the problem environment.
Finally, the research is presented both to technology-oriented audiences, via sci-
entific publications, and to management-oriented ones, via workshops with our
industrial partner.

A closer look at the Design Evaluation Methods [27] also shows conformance
with the framework. The current study includes four case studies, aimed at
investigating phenomena in their context [28]. Static analysis was performed,
as described by Gorschek et al [25] and mentioned above, and the artifact itself
focuses on functional, i.e. black-box, testing.

The artifact in question is the Interactive Search-Based Software Testing
(ISBST), incorporating all the information that emerged from the case studies
and allowing for a practical, albeit static, validation of the obtained information.
Each additional case study provided new information, as well potentially new
questions to be investigated. The constant validation of both the emerging
information and the new questions was a means of ensuring that each case
study had relevant goals and was built on accurate information.

The main sources of information were those common to all the case studies.
Semi-structured and unstructured interviews were conducted with the various
stakeholders, i.e. developers, engineers and managers. Observations provided
information regarding the current processes, the training received by engineers,
and the way engineers interact with the proposed solution. Multiple sources
of information allowed for triangulation of data sources and data collection
methods.
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The use of a series of case studies created a constant validation loop, with
new information being uncovered, validated with the relevant stakeholders, and
integrated into the proposed solution. Finally, the ISBST system as a whole
was validated against stakeholders’ expectations. This approach allowed for a
deeper understanding of the behaviors being observed and the reasoning behind
those behaviors. It also provided a greater degree of confidence in the relevance
and accuracy of the results.

1.6 Summary of Papers Included in the Thesis

This section contains a brief summary of the chapters and details how they
relate to each other and the main topic.

1.6.1 Paper P1: A Concept for an Interactive Search-

Based Software Testing System

The first paper describes how a search-based software testing system can be
designed to allow for interaction with its users, without requiring the latter to
become proficient in software engineering.

This was the first step in applying search-based software testing in the spe-
cific context and to the needs of our industrial partner. The concept proposed
in this paper is designed to enable this application, by proposing a novel means
of interaction with the user, in this case a domain specialist. To allow the user
to make full use of their experience and intuition without requiring any them
to acquire additional skills, the proposed system introduces the notion of an
Interactive Fitness Function (IFF). This is a fitness function that dynamically
changes to match the user’s understanding of the problem. As the user, hence-
forth called ‘domain specialist’, gains further insights into the nature of the
problem, the desired solution also changes. The flexibility introduced by the
IFF allows these changes in the desired solution to be communicated to the
system, by means of changes in the search objectives, and therefore enables the
system to continue the search in a relevant direction.

At the time of publication, the concept proposed in this paper was validated
by means of workshops with engineers from our partner company. The results
of this validation were encouraging enough to allow for the development, and
later validation, of the prototype ISBST system.

Since that first study, the Interactive Search-Based Software Testing system
has been constantly refined. It is a practical implementation of the concepts
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presented in this paper and follows roughly the design presented here. Any dif-
ferences that do exist are due to new information becoming available, either due
to the need to solve practical problems or as a result of the constant validation
efforts.

1.6.2 Paper P2: Practitioner-Oriented Visualization in an

Interactive Search-Based Software Test Case Cre-

ation Tool

This paper focuses on evaluating the interaction component of an early ver-
sion of the Interactive Search-Based Software Testing (ISBST) system from an
industrial perspective.

The evaluation focuses on the successful interaction between the engineers
participating in the evaluation and the system itself. The interaction approach
was considered successful because it achieved two major goals. First, engineers
with limited training in search-based concepts were able to interact with the
system, understand the solutions it offered, and were able to use the search
objectives to adjust the search to their goals. Secondly, the interaction between
the engineers and the system was shown to have a clear effect in the solutions
that were obtained. Thus, this showed that successful interaction between the
ISBST system and the intended users can be achieved and that this interaction
does indeed lead to different solutions, more suited to the expectations of the
those users.

1.6.3 Paper P3: Objective Re-Weighting to Guide an In-

teractive Search-Based Software Testing System

This paper focuses on evaluating an early version of the Interactive Search-Based
Software Testing (ISBST) system.

The evaluation focuses on the Interactive Fitness Function (IFF) mechanism
and the means by which this function is created. The ISBST system dynamically
creates the IFF through the composition of a number of search objectives. The
domain specialist adjusts the weights of each objective to match their current
goal. The IFF is then modified accordingly and is used to guide the search
further.

The adoption of a new type of fitness function, however, had to be validated
before being put into practice. This was done to ensure that the changes that
were done to the basic search-based approach did not negatively impact its
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capabilities. The key success factor was preserving the diversity of the candidate
solutions throughout various interaction scenarios. The evaluation showed that
certain patterns of interaction have a negative impact on diversity. Nevertheless,
the impact is not of a sufficient magnitude to threaten the usefulness of the
mechanism of interaction between the ISBST system and the user by means of
objective re-weighting.

This paper also highlights the process of constant validation that the ISBST
system underwent during development. Validation efforts ranged from sanity
checks during discussions and interviews, workshops with company engineers,
to practical evaluations of system functionality and of the ISBST system as a
whole. In addition to confidence in the validity of the concept and the system,
these efforts also provided a constant stream of improvements and potential
improvement ideas.

1.6.4 Paper P4: An Initial Industrial Evaluation of Inter-

active Search-Based Testing for Embedded Software

This paper describes a complete evaluation of the ISBST system with engineers
from the company.

This evaluation targets the ISBST system itself, by having the resulting can-
didate solutions evaluated by domain experts. Improvements in the solutions
being offered provide practical evidence that the underlying search-based system
evolves candidates as expected and provides validation of the mechanism chosen
to guide the search. The successful interaction, complemented by suggestions
for further improvement, validate the approach taken to handle the interaction
with the domain specialist. Interaction-specific concerns proved to be seldom
investigated and considered, but nevertheless vital elements to successfully ap-
plying a tool in a practical setting.

In addition, the evaluation was also concerned with integrating the ISBST
system in the current quality assurance process that the company and their
clients use. Proper integration with the existing process is a key element in
gaining the acceptance and support from the domain specialists and, therefore,
a major concern when developing any new method or tool.

This evaluation validated the concept of the ISBST system as a whole, show-
ing that the domain specialists can use their experience and intuition to suc-
cessfully guide a search-based system towards useful solutions.
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Figure 1.1: A generalized evolutionary algorithm.

1.7 The Interactive Search-Based Software Test-

ing System

This section describes in brief the components of the ISBST system and how
they relate to SBSE in general.

Figure 1.1 shows a general form of a evolutionary algorithm.
The Initialization step randomly creates a candidate population. The Fit-

ness Function evaluates how suitable each of the candidates is as a solution
to the given problem. The Fitness Function is the key element in encoding a
problem for use with the SBST system. Selection is the process by which some
of the solutions are chosen for the next optimization step, e.g. inclusion in the
next generation. The next generation is obtained from the selected candidates
by means of Mutation/Crossover.

An Interactive Evolutionary Algorithm integrates the user’s input at one
of the steps. For example, Tagaki [4] replaces the Fitness Function with the
results of the user’s evaluation, while the hyper-interactivity approach proposed
by Bush [19], uses the input to drive the Mutation/Crossover step.

Figure 1.2 shows an overview of the ISBST system. The ISBST uses user
input to dynamically develop the Intermediate Fitness Function. This function
then drives the search, until changes in user input result in the recalculation of
the Intermediate Fitness Function.

The search-based system is composed of the Intermediate Fitness Function
and the Optimizer, in this case a Differential Evolution algorithm. It is part of
the Searcher, a back-end component that handles the search itself, the building
of the Intermediate Fitness Function from the user input, and the interactions
with the SUT.
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The Searcher and the SUT Interface are part of the back-end, the component
focused on ensuring the proper functioning of the search-based software testing
system, based on the interaction with the domain specialist. The front-end is
concerned with handling that interaction, providing the domain specialist with
the means to guide the search, as well as providing the information needed to
achieve that goal.

The practical application of an SBST system, especially in its interactive
form, requires careful consideration of the context and the intended users. In
this case, the search-based algorithm was encapsulated, with the exception of the
Interactive Fitness Function. This will allow changes to the algorithm itself to
be performed without any adverse effect on the users’ experience in interacting
with the ISBST system.

Moreover, practical implementation of any theoretical idea should also in-
clude the integration of that idea with existing processes. The interactive com-
ponent of the ISBST system is, from the point of view of search-based theory,
a relatively minor concern. Nevertheless, it is a vital component of any system
that is to be implemented in practice.

1.8 Discussion

This section will discuss the overall approach and how each of the subsequent
chapters fit into this approach. It will also provide a brief look at the limitations
and validity threats of the study.

We will use as a baseline the research approach and technology transfer ap-
proach proposed by Gorschek et al. [25]. The first study includes Steps 1 and 2:
Problem identification in industry and problem formulation. Problem identifi-
cation relied on information from training sessions, interviews and literature and
was validated in workshops with company stakeholders. This created the basic
starting point for problem understanding and allowed development to being at
the artifact that would become the ISBST system.

Studies P2 and P3 were conducted simultaneously, but had different focal
points. P2 was practitioner focused and aimed at statically validating the in-
teraction component of the artifact. The validation was performed by means of
workshops, interviews and observations. Software engineers and embedded soft-
ware developers from our partner company participated in a workshop where
they provided feedback on the artifact that had been developed: a partially
functional ISBST system. In terms of the technology transfer approach, P2
comprised the loop between step 3, formulating a candidate solution for inter-
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action, and step 5, static validation of that interaction solution. In this case
step 4 was skipped, since the company engineers were able to provide a much
more relevant evaluation.

P3 was conducted at the same time and used the same artifact as P2. But the
focus for P3 was investigating the viability of the search-based approach given
the current implementation. This was more academic in focus and involved less
industrial input, aside from the regular sanity checks. This study comprised the
loop between steps 3 and 4, candidate solution formulation and validation in
academia. Confirming the viability of the underlying search-based solution was
a vital step in developing a fully functional prototype.

The last study, P4, was an overall evaluation of the functional prototype, by
means of a test, with industrial code and personnel from the company. Most
of the information derived from observations of the interaction between the
ISBST system and the software engineers and embedded software developers
working with our industrial partner. Additional information was provided by
semi-structured interviews with the participants in the test. From the point
of view of the technology transfer approach, this study comprises the loop be-
tween step 3, formulating and improving the candidate solution, and step 6, the
dynamic validation by means of a small test.

Overall, the work presented in this thesis has slowly shifted from a more
academic focus to a more industrial one, with the artifact being slowly enriched
with additional functionality and with static and dynamic validations of that
artifact. From the technology transfer perspective, we have slowly moved from
the initial, problem identification and formulation steps, to proposing a candi-
date solution and validating that solution. Regular validations have also meant
regular changes and updates to the candidate solution, and, therefore, the need
for further validation. Nevertheless, moving from an academic, to a static and
finally to a dynamic validation, albeit small, shows the potential of the candidate
solution.

No discussion would be complete without a look at the threats to the validity
of this study.

The primary threat to validity is the specific, and limited, context in which
the study took place. The study was conducted on one company and a limited
number of subjects took part in the various validations. Moreover, the sub-
jects were quite homogeneous in terms of experience, origin and training. This
severely limits any claims to generalizability that the study may have. Thus,
we do not make any claims at generalizability in this study. We have set out
to explore a hitherto unknown context, and determine if the solution we have
proposed, that of an ISBST system, is viable in this context. This goal has been
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model proposed by Gorschek et al. [25] (the steps of Gorschek et al’s model
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positioning of the papers, from academically focused on the bottom towards
industrial focus up on top.
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achieved. Attempts to generalize the findings to other companies, contexts or
types of software development will be discussed in section 1.9, that deals with
future work.

A secondary, but no less important, threat is that of the reliability of mea-
sures. This could be compounded by human factors, such as evaluation appre-
hension for the test subjects, or experimenter expectancies, for the researchers.
Our goal in this study was to assess the applicability of SBST, in its interactive
form, in an industrial setting and to evaluate that interactive form. The former
is heavily dependent on the willingness of engineers to use and accept such a
tool, while the latter is a solely personal preference. Both these objectives are
difficult to measure reliably.

To alleviate the dangers of human factors affecting either the test subjects
or the experimenters themselves, several steps were taken. First, we tried to
avoid evaluation apprehension by making it clear that the purpose of the test
was to evaluate the artifact, not the test subjects. Moreover, observations were
made during the workshops and evaluations to ensure that disturbances of any
kind were noted.

To address the issue of experimenter expectancies, the studies were designed
to minimize this danger. This was especially an issue in the latter validation
and evaluation steps. In these cases, clear instructions and explanations were
provided to the participants, in an effort to minimize the experimenter’s influ-
ence on their answers. Additional questions, and the answers provided, were
recorded and included in the analysis.

1.9 Future Work

The objectives thus far were to show an example of implementing and evaluating
a search-based software testing system in a practical context, and to assess it
feasibility. The results obtained provide that example; but they also provide
additional questions and highlight directions for further research.

The first such direction is integrating with existing search-based frameworks,
e.g. [29]. This will allow a greater number and variety of systems under test,
and a greater amount of information to emerge regarding the generalizability of
our findings. Integration with similar frameworks would also allow the method
presented here to benefit from related research, performance improvements and
information emerging from other studies. A long term goal, in this case, would
be a unified framework providing support for test case development for any
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type of software system. With a larger, collaborative effort this goal seems
approachable.

A second potential direction is that of making the tool more useful by au-
tomating the process of adopting a new SUT. This would make the tool more
relevant to our industrial partner. It would also open the possibility of a more
comprehensive evaluation of the tool in day-to-day operations. Thus, it would
allow a more accurate view of the impact such a tool would have on the soft-
ware development and testing process. Currently, there are a few manual steps
involved in adopting our tool to a particular SUT. The reason is more practical
than it is fundamental; there is currently little documentation on the interfaces
of the C code generated from the companies development tool. We consider it a
minor extension to rectify this; either by reverse engineering the interfaces from
a given set of generated output source code files or by talking directly to the
developers of the code generator at the company.

The interaction between the domain specialist and the ISBST system is also
an interesting area of future work. The nature and amount of the information
that is needed to achieve a meaningful interaction is not quite fully understood.
While some insights can be gained from the studies included in the current work,
they are specific to a particular domain, context and company. To allow for
more general conclusions, the mechanisms of the interaction must be explored
in greater depth. This would include separating information needs that are
domain specific from those that apply to all search-based systems, investigating
if different types of search-based systems have different information needs, as
well as the best ways of conveying that information to the domain specialist and
the best way for them to express their opinions and use their expertise.

From the studies presented in this thesis, it emerged that repeatedly dis-
playing hundreds of options is not the optimal way of interacting with a domain
specialist. Some future efforts could consist of an investigation of potential ways
of filtering the large number of test case candidates, and displaying only those
that are interesting or unusual in some way. This is a complex problem, since
what exactly is interesting behavior may vary from one system to another and
from one domain specialist to another. Clustering test cases, according to some
of their attributes can form a starting point for further efforts. This would allow
a system to display a representative of each cluster, with more being shown on
demand. Other means of filtering or identifying remarkable candidates, however,
may prove more appropriate.

On a more practical note, the interactive search-based approach shown here
could be used for testing legacy systems. A certain number of similarities exist
between the testing of legacy systems and the testing of embedded systems.
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In both cases there is limited knowledge of the inner workings of the systems,
thus leading to black-box testing becoming the key tool for quality assurance.
In both cases, exact specifications may be unavailable or inappropriate for the
task, requiring the experience of the developers to identify faulty behavior. The
interaction between the developer and any support system, therefore, increases
in importance. This research direction could result in extending the relevant
context for the results to the testing of legacy systems. The additional infor-
mation could also point at a clearer distinction between those factors affecting
the development, deployment and integration of search-based software testing
approaches and those that are only relevant for the context of each case.

1.10 Conclusions

In conclusion, we have started from the need to support the developers of em-
bedded software in creating higher quality software by means of improving the
quality of their testing process. This objective was to be achieved without the
need for extensive knowledge of software testing or tools.

We have decided on Interactive Search-Based Software Testing, as a potential
solution to this problem, allowing us to use both the power of search-based
approaches and the knowledge and experience of the domain specialists.

We have adopted a design science science approach, as an overall research
methodology for the thesis, with each paper included being a case study. The
centerpiece of this approach is the development of an artifact, in our case the
ISBST system, that is constantly developed and regularly validated. As each
study yielded additional information, our candidate solution became more com-
plex and complete and allowed us to move conduct validations in both an aca-
demic and an industrial setting.

The final step, the dynamic validation of a fully functional prototype is
the focus of the last paper included in this thesis. This dynamic evaluation
now forms the basis for several directions of future work that have also been
discussed above. Our general conclusion is that there is much potential in ap-
plying interactive search-based software testing in industry and the experiences
we have reported on here can help guide such future efforts.
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Chapter 2

A Concept for an ISBST

System

Bogdan Marculescu, Robert Feldt, Richard Torkar

Abstract

Software is an increasingly important part of various products, although not
always the dominant component. For these software-intensive systems it is com-
mon that the software is developed and assembled by domain specialists rather
than by software engineers. To leverage the domain specialists’ knowledge while
maintaining quality we need testing tools that require only limited knowledge
of software testing.

Since each domain has unique quality criteria and trade-offs and there is
large variation in both software modeling and implementation syntax as well
as semantics it is not easy to envisage general software engineering support for
testing tasks. Particularly not since such support must allow interaction between
the domain specialists and the testing system for iterative development.

In this paper we argue that search-based software testing can provide this
type of general and interactive testing support and describe proof of concept
system to support this argument. The system separates the software engineer-
ing concerns from the domain concerns and allows domain specialists to interact
with the system in order to select the quality criteria that will be used to de-
termine the fitness of potential solutions. We describe empirical, industrial evi-
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dence from designing an interactive search-based software testing system using
the methodology.

2.1 Introduction

There is an increasing integration of software into many products. This makes
software quality a relevant factor in the overall quality of all such products.
However, systems engineers and integrators are not software engineering experts
and, in particular, have little or no software testing experience.

One option to ensure proper quality of the software being integrated is to
involve dedicated software engineers to handle software development and testing.
There are, however, drawbacks to this approach. First, this approach is quite
costly. This is all the more valid for smaller companies that do not have the
resources to accommodate this expense. Another drawback is that software
engineers do no have the domain expertise required to test a software component
for the environment in which it will have to operate. Thus, if not adapted to
the context, the software in question may have a lower quality as a system
component, in spite of having high quality as a software component.

An alternative option is to package general testing solutions to be usable
by non-experts in software engineering, i.e. systems engineers and integrators.
This would allow the domain expertise of the systems engineers to be fully used,
whilst still applying proven solutions for software testing.

Search-Based Software Testing (SBST) is an excellent fit for the latter option.
It has been shown to be a good approach for many different types of testing [3, 2].
It consists of a very generic search component, while those components that are
domain-specific are those that systems engineers and domain specialists have
their expertise in. These domain-specific components are the representation of
the problem and the software as well as the quality criteria used for evaluation.

The contribution of this paper, therefore, is to propose a search-based soft-
ware testing system that will allow domain-specialist users to create test cases
for the software they produce, without the need for specialized knowledge of
software testing or search-based techniques.

2.2 Background

Search-Based Software Testing (SBST) is the application of search techniques to
the problem of software testing. SBST has been applied to a variety of testing
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problems [3, 2], from object-oriented containers [11] to dynamic programming
languages [12] and invariants [30]. SBST is a part of the wider area of Search-
Based Software Engineering (SBSE), a term coined by Harman and Jones in
2001 [1], but in use earlier, see e.g. [7, 8, 9]. Since search-based approaches have
been applied across the software development life-cycle [13], it is reasonable to
expect that any conclusions referring to the general area of SBSE can be applied
to the particular case of SBST.

The context of the system proposed in this work is that of software testing
performed by domain specialists with relatively little knowledge of software
testing or search-based techniques. The domain specialists would have extensive
knowledge of the capabilities of the system-under-development, its own context
and the limitations placed upon it, as well as the quality foci that they would
have to pursue for each component of that system.

The combination of non-specialist software developers and the importance
of domain knowledge and limitations makes it impractical to develop a fitness
function up-front. To develop an appropriate fitness function for the component
under test, the domain specialist would have to interact with the system and
make adjustments to the criteria being used.

2.3 Search-Based Testing System

2.3.1 Running Example

To better illustrate the concepts discussed in this section, we will present an
anonymized industrial example. The application we will use is that of a con-
troller enabling a joystick or set of joysticks to handle a mechanical arm. The
inputs for the controller software are the joystick signals and sensors that indi-
cate the speed of the basket at the end of the crane. The outputs are the signals
to the hydraulic pumps that drive the arm.

The System Under Test (SUT), in this case, is the software for the controller
component. The goal of the Search-Based Software Testing System is to gener-
ate test cases that ensure the system’s compliance to quality standards, ensure
that no constraints are broken and discover any additional faults or unexpected
behavior.

The Search-Based Software Testing System is the result of applying the
methodology presented in this work in the company in question. The system
is meant to be tailored for the specific context and company it is expected to



26 A Concept for an ISBST System

function in, yet be general enough to enable domain specialists to test new
applications within the confines of that context.

2.3.2 Overview and Components

The figure 2.1 shows the structure of a complex Interactive Search-Based Soft-
ware Testing system developed using the proposed methodology.

Interaction 
Handler

Domain 
Specialist

User Feedback

Solution 
Candidate 
Generator

Intermediate 
Fitness 

Function

I. Inner CycleII. Outer Cycle

Items Proposed for Evaluation

Figure 2.1: Overview of an ISBSE system.

Outer Cycle. The outer cycle is an interactive search-based system that uses
the human domain specialist as a fitness function. It mediates the interaction
between the domain specialist and the system by means of a component called
Interaction Handler. For the purpose of this discussion we call a potential
solution or a solution candidate, any individual that is part of the population
the human user is expected to evaluate.

The purpose of the Interaction Handler is to display the potential solutions
shown to the human domain specialist and to collect their feedback. Feedback,
in the type of system being proposed can refer to three separate issues:

• Solution Candidate Feedback. This describes feedback related to the
solution candidates. In addition to selecting potential solutions for the
next generation, the human domain specialist may assign values to each
solution candidate they select for the next generation, giving them an
evolutionary advantage.

• Display Feedback. This describes feedback related to the way solution
candidates are displayed, the number of candidates displayed, and any
additional information that is available or can be made available. Con-
sidering our running example discussed above, a domain specialist may
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choose to see memory required, response times for the output signals or
discrepancies between expected output signals and actual output signals,
in addition to the pass or fail status of each suite.

• Quality Focus Feedback. Since a search-based system can generate
more solution candidates that a human can be expected to evaluate, some
internal mechanism exists to enable a preliminary selection of potential
solutions. This type of feedback allows the domain specialist to set or
change the criteria by which this preliminary selection is performed. As
the search for appropriate test cases goes on, it may become necessary to
adjust the quality foci that set the selection criteria. As an example, an
initial requirement of the joystick controller in our example may concern
appropriate timing or accuracy of the output signal. Once the module
is considered satisfactory from that perspective, searching for large vari-
ations or undesired behaviors may become more important. This type of
feedback would allow the domain specialist to alter the focus of the search
without restarting the search, and thus preserving the characteristics of
the solution candidates already in the population.

The replacement of the fitness function with a human domain specialist
restricts the number of potential solutions that the system can process in this
manner. The additional information that the human can provide is an attempt
to compensate for the lower number of solution candidates being processed by
improving the selection mechanisms internal to the system.

Inner Cycle. The inner cycle is a search-based software testing system that
uses a flexible fitness function. The purpose of this system is to generate and
select the best solution candidates for the human domain expert to evaluate.
This approach allows a system to explore a wider solution space, while still
allowing on the human domain expert to apply their experience and insight.

The inner cycle itself has two components:

• Search Component. The purpose of the Search Component is to encap-
sulate the algorithm that creates the new generation of potential solutions.
Encapsulating this component allow the existing algorithm to be changed,
should the need for such a change arise.

• Intermediate Fitness Function. This component serves the purpose of
the fitness function in any search-based system: it assigns each potential
solution a fitness value. The difference consists of allowing changes to be
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made to this component during the search process. Such changes originate
in the feedback the human domain specialist provides and allows them to
influence the direction of the automated search as well as performing their
own selection.

The purpose of this component is not to replace human input, but rather
to provide an initial screening of solution candidates, so that only those
solution that are most likely to be successful are analyzed by the human
domain specialist.

The interaction between the inner and outer cycles will be achieved through
the populations of candidates, the evaluations made by the domain expert and
the feedback that will guide the Intermediate Fitness Function. The generation
and selection of the population, as well as the internal workings of the inner
cycle will be hidden from the domain expert.

2.4 Validation and Discussion

Validation efforts are focused on the development of a proof of concept system.
This system will be developed in cooperation with an industrial partner and the
initial validation will take place in that context.

The system presented here is designed specifically to address situations where
domain expertise is the deciding factor in successful testing. This can be due to
the complexity of the system under test and the influence external factors may
have in its operation, as well as limitations in terms of the resources available
for testing.

2.5 Conclusions

This paper has proposed a search-based software testing system designed to
allow domain specialists with little software testing expertise to develop test
cases for their applications. The value of such systems would be especially
relevant for contexts were software testing experts are not available or where
domain knowledge is the deciding factor in the success of the testing process.
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Abstract

Even hardware-focused industries today develop products where software is both
a large and important component. Engineers tasked with developing and inte-
grating these products do not always have a software engineering background.
To ensure quality, tools are needed that automate and support software testing
while allowing these domain specialists to leverage their knowledge and experi-
ence.

Search-based testing could be a key aspect in creating an automated tool
for supporting testing activities. However, domain specific quality criteria and
trade-offs make it difficult to develop a general fitness function a priori, so
interaction between domain specialists and such a tool would be critical to its
success.
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In this paper we present a system for interactive search-based software test-
ing and investigate a way for domain specialists to guide the search by dynam-
ically re-weighting quality goals.

Our empirical investigation shows that objective re-weighting can help a
human domain specialist interactively guide the search, without requiring spe-
cialized knowledge of the system and without sacrificing population diversity.

3.1 Introduction

Software is often developed as one part of a more complex system, by companies
whose core competencies lie in other fields. Such companies often lack the
software development and testing expertise needed to perform extensive software
quality assurance, choosing instead to focus their efforts on maintaining and
developing vital domain-specific knowledge. This reflects the reality that the
quality of software-intensive products depends on a series of trade-offs, and
software quality is just one concern among many. Increasing a company’s focus
to include software engineering and testing would incur significant costs, without
guaranteeing a significant increase in the overall level of quality of the product
in its entirety. An alternative to this approach is to use a pre-packaged software
testing toolbox to enable domain specialists to focus on applying their experience
and knowledge of the domain, rather than developing software testing skills. In
this context we use “domain specialists” to denote systems engineers and other
specialists in their own fields that have to develop, use and test software. The
importance of knowing domain-specific constraints and trade-offs outweighs that
of achieving proficiency in software testing.

It is in this context that interactivity becomes important. A pre-packaged
software testing toolkit is difficult to develop and optimize before the specifics of
the application become known. Moreover, the precise focal points of the testing
process may change from one project to another or may vary in time within
the same project, further emphasizing the importance of integrating domain
knowledge into any effective testing tool.

This paper focuses on the problems met by domain specialists in testing
software and proposes a solution to address, or at least alleviate, these problems.

In section 3.2, we consider existing approaches to interactive evolutionary
search, and discuss how our approach differs from them. Section 3.3 describes
the industrial context and a system we use as a running example. Then, sec-
tion 3.4 describes in more detail the objectives of this study and the way the
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system was designed to meet those objectives. A closer look at the implemen-
tation of that design can be found in section 3.5.

A brief empirical evaluation is described in section 3.6, with some of the
threats to the validity of the study discussed as well. Section 3.7 concludes.

3.2 Related Work

Search Based Software Engineering (SBSE) is a term coined by Harman and
Jones in 2001 [1] to describe the application of metaheuristic search techniques
to software engineering problems, e.g. [7, 31, 9]. The branch of SBSE concerned
with testing problems is known as Search Based Software Testing (SBST) and
has been applied to several types of testing problems [2, 3], from object-oriented
containers [11] to dynamic programming languages [12]. However, there has
been very few studies considering interactive SBSE.

Feldt [5] described an interactive development environment where tests are
created as the engineer write the program code or refine the specification. The
system used the interactions of the engineer to help guide the search but the
effect on the fitness function was indirect. Feldt [31] and Parmee et al [32]
considered the use of interactive search to explore engineering designs and better
understand design constraints.

In a previous paper [33], we proposed a system that combines several of these
concepts, e.g. interacting with the system once in a number of generations,
rather than each generation [34]; and adds that of interacting with a ISBST
system by means of allowing the human to modify the fitness function. The
Intermediate Fitness Function (IFF) describes the current goal and contains all
the information available at a given moment. As a result, it is reasonable to
assume that it should be updated as that understanding changes or becomes
more refined, or as new information becomes available.

3.3 Industrial Context

The approach presented in this paper was developed as a result of input from
our industrial partner and is shaped by the context where they operate.

Our industrial partner develops products that involve embedded software,
but where software is not the main consideration. As a result, knowledge of the
domain and domain specific trade-offs has a greater impact on the overall quality
of the product than expertise in software development and testing. This type of
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situation emphasizes the importance of extensive knowledge of the domain and
experience with the context and limitations of the application being developed.
These allow a domain specialist to better assess quality characteristics that the
complete product must have, as opposed to the quality level of the software as
a separate entity.

We will use a running example to better illustrate the challenges we faced
and to clarify the approaches we used to address these challenges. The example
is that of a control mechanism for a electric motor, e.g. powering a mechanical
arm. Due to limitations of the motor itself and the potential for damage in
what the mechanical arm is handling, an average filter is necessary to convert
sharp changes in input into a smoother signal for controlling the motor. The
example is based on a model filter provided by our industrial partner. The filter
is relatively simple, but common enough to be included in the standard toolkit
of commonly used components.

The system under test (SUT) is the aforementioned average filter. In this
particular example, there are three major quality goals to be accomplished.
First, since the filter’s purpose is to smooth a signal for use as input in a motor,
it is important that the output is free from discontinuities which might damage
the motor itself, the arm or anything the arm might be handling at the time.
Second, there are limits to what inputs are acceptable to the motor, for the
same reasons. Last, it is important that an input signal is as short as possible,
to enable any test case to be human readable and understandable and to allow
assessment of the test case in a reasonable amount of time.

During the project we held discussions with our industrial partner and their
clients and took part in one of the training sessions for developing software using
a domain-specific tool.

The approach of selecting domain specialists and giving them training in
developing software using a domain specific tool illustrates the relative impor-
tance of domain knowledge and experience compared to expertise in software
development and software testing. This guided our approach toward developing
a support tool for domain specialists rather than trying to capture domain-
specific knowledge for the benefit of software engineers. In addition to domain
knowledge and experience, the system must account for the fact that the do-
main specialists may come from different, albeit related, backgrounds and are
developing different and quite disparate products.

As a result of these efforts, we have developed an Interactive Search-Based
Software Testing (ISBST) system. This system searches for test cases that
break, or come close to breaking, the quality goals stated above, under the
guidance of a domain specialist.
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3.4 Objective and Method

As touched upon in the previous sections, the software in this context is devel-
oped by domain specialists rather than software engineers. The main problem
identified as a result of our discussions with our industrial partner was that of
creating test cases that cover a significant part of the input space.

Currently, test cases are created ad-hoc for each module, based on the de-
veloper’s intuition and experience with similar modules in the past. While this
allows past lessons to be incorporated into the development work, it also means
that new problems are hard to identify.

To address this problem we propose an ISBST system that would benefit
from the exploratory potential of search based techniques, while still benefiting
from the experience and intuition that domain specialists rely on.

This study aims to answer the following research question:
RQ1: How can interaction between a human domain specialist and a search

based testing system be achieved?
To answer this question we propose Interactive objective re-weighting as a

means of interaction, especially in situations where:

• The domain specialist is not a software engineer and cannot be required
to obtain expertise in software engineering.

• The domain specialist cannot be expected to evaluate a significant pro-
portion of the candidates, due to the large number of candidate solutions
as well as their complexity.

• Maintaining population diversity throughout the process is an essential
part of the approach.

A secondary question is:
RQ2: If such an interaction can be successfully achieved, what limitations or

guidelines can be identified to ensure that population diversity is not negatively
affected?

To answer these questions, we have used a number of interviews and work-
shops, conducted with out industrial partner, as a basis to develop an SBST
system that would enable the domain specialist to interact by Interactive Ob-
jective Re-Weighting (IORW).

The Interactive Objective Re-Weighting approach relies on the notion of
“Interactive Fitness Function” or IFF. The IFF is a fitness function that can
be dynamically modified during the course of the search, to better match the
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current understanding of the requirements on the system. The IORW is one
means of achieving a workable IFF.

The IFF for a candidate j is computed as follows:

IFF (j) =
nObjectives�

i=1

Weighti ∗ V aluei,j (3.1)

where IFF (j) is the fitness value of candidate j, Weighti is the current
weight of the objective i, and V aluei,j is the fitness value of candidate j mea-
sured by objective i. An objective k can be deselected from the computation
by having Weightk = 0.

Our approach is to use the IFF as a surrogate, evaluating a number of n
optimization steps, between interaction events. An ‘interaction event’ is one
interaction between the system and the domain specialist. It consists of the
system displaying the current weighting and the best candidates according to
that weighting, and of the domain specialist conducting a re-weighting if they
feel it is needed.

This will help reduce the burden on the domain specialist without sacrificing
population diversity and size. The exact value of n may vary from one system
to another.

The IORW approach is presented in more detail in Algorithm 1.
The default setting for the IFF function is that of having the weights for all

objectives as having an equal weight, i.e. ∀j,Weightj = 1.
Thus, the domain specialists adjust the weights of the various objectives,

based on their understanding of their relative importance and, in doing so,
shape the IFF for the next set of optimization steps. The objectives are de-
fined and presented in domain-specific ways, thus allowing domain specialists
to dynamically generate a new IFF using only concepts that they are already
familiar with and actively using. This can be done without requiring the domain
specialist to achieve proficiency in software engineering in general, and in SBST
in particular.

3.4.1 System Design

Figure 3.1 shows the design of the ISBST system. The system is split into two
major components. The inner cycle deals with generating the candidates, run-
ning the candidates as inputs to the SUT and evaluating their fitness according
to the IFF. The outer cycle handles the interaction with the domain specialist,
i.e. displaying candidates and interpreting the feedback provided.
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set the IFF to default;
set currentStep = 0;
while acceptableSolution == false do

if currentStep == interactionStep then
begin Domain Specialist Interaction Step;
solutions are displayed and evaluated by the domain specialist;
if domain specialist accepts one of the proposed solutions then

acceptableSolution = true;
else

acceptableSolution = false;
end
if domain specialist adjusts objective weighting to better reflect
their goals then

change the IFF to reflect the objective re-weighting;
else

IFF remains unchanged;
end
currentStep = 0;

else
perform optimization step with the current IFF;
currentStep += 1;

end
end

Algorithm 1: Dynamic modification of the IFF via IORW
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Figure 3.1: Overview of the ISBST system

The design is shaped by the need to separate those components of the system
that require interaction from the domain specialist, from those that can be fully
automated. By achieving this separation, the exposure of the domain specialist
to the underlying SBST system can be better controlled.

The system keeps the overall structure presented in [33], while making al-
lowances for the increasing complexity inevitable in practical implementation.

The Outer Cycle. The outer cycle is an interactive search based software
system, where the domain specialist is presented with a set of candidates and,
based on those candidates, they decide if the current objective weighting is
appropriate. If it is not, then the objective weighting is changed to reflect the
current understanding of the current quality needs.

The design uses some of the fatigue reduction concepts defined in [34]: e.g.
requiring human interaction every n of generations rather than every generation,
reducing the overall number of solutions that have to be evaluated by the human
engineer, and focusing on aspects that do not require detailed evaluation of
each individual solution. The outer cycle captures those interactions, while
abstracting away the automated evaluations and removing the need for direct
involvement with the technical details.
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The human domain specialist guides the automated evaluation by providing
the objective weighting that serve as input for dynamically generating the IFF.
Moreover, this is done after the domain specialist is shown the fittest candi-
dates, as evaluated by the current IFF. All this functionality is provided by the
components of the outer cycle.

The Inner Cycle. The inner cycle contains the search based software testing
system developing the potential solution candidates, dynamically generates the
IFF from the objective weights, performs the automated evaluation of candi-
dates, and interfaces with the outer cycle and the SUT.

The interface to the SUT is concerned with the modules required to run the
SUT for evaluation. Apart from information strictly necessary for interaction,
the inner workings of the SUT are hidden.

The inner cycle functions as a traditional SBST system, with the Searcher
generating the candidates, using the SUT to run those candidates, and evalu-
ating them by means of the IFF.

3.5 Implementation

The outer cycle uses a combination of CoffeeScript, a variation of JavaScript
aimed at simplifying development, and the Data-Driven Document (D3) library
to display candidates and obtain feedback from the domain specialist. D3 is
a JavaScript library for the manipulation and display of data in a browser. It
allows visualizations to be dynamically created, without acting to change the
data itself. Since the outer cycle is concerned with displaying the candidates,
the combination of Coffescript and the D3 library is a good fit for the purpose.

The inner cycle and the SUT Interface are developed in Ruby. This was
chosen for the relative ease with which it interacts with other applications, e.g.
other SUTs, interfaces to simulators or interfaces to hardware test benches,
enabling the ISBST to be more extensible overall.

First, a population of candidate solutions is generated by the Searcher.
Each candidate is converted to a candidate object and run through the SUT
or, by means of the SUT Interface, through the hardware test bench. Each
candidate then receives a fitness score for each of the quality objectives that
were selected. These scores, together with the respective weights, combine to
form the IFF score, as discussed above.
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Encoding the Candidate Solutions. Our example is that of an average
filter, that receives a signal describing the desired level of output and a number
of steps to reach that level. In practice, our industrial partner uses a discrete
encoding for each signal. Our system uses a Frame object to contain the input
and output values at a given discrete step. Both are real numbers, with the
outputs being computed by running the inputs though the SUT.

The candidate object consists of the ordered set of Frames, and also encap-
sulates the fitness values measured for each of the objectives.

When user interaction is required, the candidate objects are packaged into a
JavaScript Object Notation (JSON) file and made available to the outer cycle.
Search-related meta-information, e.g. fitness values for each objective, is in-
cluded in the candidate object, and therefore available in the outer cycle. This
enables the system to more easily adapt to changes in display requirements.

3.6 Evaluation

This section presents an initial evaluation of the ISBST system presented above,
and in particular of the mechanism of Interactive Objective Re-Weighting (IORW)
used to handle the interaction with the domain specialist.

The criteria by which the success of this evaluation will be judged are as
follows:

• A system can be developed that enables a domain specialist not familiar
with SBST to guide a search using IORW. Successful use of IORW would
prove the viability of the ISBST system we are proposing.

• The interaction between the domain specialist and the ISBST system can
be shown to have an effect. In addition, identifying any potential differ-
ences between interaction strategies, would enable further studies to refine
our understanding of the interaction, its benefits and limitations.

The evaluation uses the SUT described above, which is a Ruby implemen-
tation of the filter described in section 3.3. The filter is a component of the
standard library used by our industrial partner and offered to their clients. It
was chosen for being a very simple, but common, component that is actively
used in practice. For the purposes of this evaluation, a number of discontinuities
were injected, to simulate faults in the software.

• Discontinuity (D). Measures the number of discontinuities found in a can-
didate. The aim is to maximize this objective.
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• Upper Limit (UL). Given an upper limit for the input signal, this objec-
tive measures how close a given value is to that limit and, if the limit
is exceeded, the difference between the limit and the actual value. The
objective is to be maximized, as the goal is to find the signals that might
exceed the maximum value.

• Length (L). For the purpose of this evaluation, we consider that a can-
didate should have close to a given length. As a result, candidates with
lengths lower than Min frames or higher that Max receive a positive cost,
while candidates with a length between the two values receive a negative
cost. This objective is to be minimized.

By formulating the interaction in terms of objectives and their weights, the
domain specialist interacts with representations and objectives that are familiar,
and do not have to acquire additional software engineering skills.

An instance of IORW signifies that the domain specialist has re-evaluated
their goals and priorities, either in light of new information becoming available
from outside the system, e.g. changes in goals, domain specific constraints, or as
a result of candidates noticed in the population of candidates being displayed.

In our example, a domain specialist starts their analysis of the SUT and
their first priority is identifying discontinuities in the system. The second most
important objective is the length of the candidate.

A set of interaction events were performed at regular intervals, once every
250 optimization steps. The weights are given as integers, from 1 to 5.

The set of interaction events in Table 3.1 shows an example of how a domain
specialist can interact with the system, by specifying the relative importance
of the respective objectives. In the example there, the first run is the default
setting, with all objectives of equal weight. The domain specialist can choose to
focus on one objective, e.g. Event 2, or try to find a more balanced approach,
e.g. Event 3.

Through all the interaction events, the domain specialist evaluates the im-
portance of each objective and the candidates they are shown, with the minutiae
of the underly process being hidden from view.

Table 3.2 shows the mean fitness values of the displayed candidates for each
quality objective.

An interactive objective re-weighting event, as expected, results in changes
in the candidates selected for display to the domain specialist, as well as in
changes to the IFF and the candidates that are generated. This increases the
confidence that the re-weighting has a significant impact on the ranking of the
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Table 3.1: Event sequence for investigating the impact of a single interaction
event on the candidates. The abbreviations: Ev - Event, D - Discontinuity, UL
- Upper Limit, L - Length

Ev Description
Weights

D UL L

1

Describes the status at the
beginning of the first in-
teraction event. Initially,
each objective is assigned
an equal weight

1 1 1

2

The weight of the Discon-
tinuity objective is raised
to 5, signifying that the
Discontinuity objective is
about 5 times more impor-
tant than the others

5 1 1

3

The weight of the Length
objective is raised to 3.
Finding a shorter candidate
is more important than the
upper limit, but less impor-
tant than finding a discon-
tinuity.

5 1 3

4

The relative importance of
Length and Discontinuity
are reversed. Finding a dis-
continuity is more impor-
tant than the upper limit,
but less important than
finding a short candidate.

3 1 5

5
Return to the prioritization
in step 3.

5 1 3
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Table 3.2: Means objective values of displayed candidates

Event Discon-
tinu-
ity

Upper
Limit

Length

1 2.333 13755 -6.2
2 3.6 12634 -0.333
3 3.8 5805 -0.533
4 2 3570 -8.866
5 3.333 15032 -2.266

candidates, as they are displayed to the domain specialist. Since the ranking is
based on the IFF, it is reasonable to claim that the re-weighting has an impact
on that function and, through it, on the SBST system.

The issue of validity also needs to be discussed. The study presented here
resulted from our efforts with one company, in one particular domain. To allevi-
ate this problem a general SUT was selected and, by treating the SUT as a black
box, the ISBST system is not tied to any particular implementation. These con-
siderations indicate that the approach could be generalizable. To ensure such
generalizability, however, further efforts are needed.

An additional issue is that the SUT used for the evaluation is a simple
component. While the filter itself is simple, it cannot be considered quite a toy
example: it is widely used and present in a toolbox of common components.

3.7 Conclusions

In this paper we presented an Interactive Search-Based Software Testing sys-
tem where the main method of interaction is that of objective re-weighting. The
approach is a novel type of interaction based on our experiences with our in-
dustrial partner and their clients, and is based on their current testing practices
and concepts. The approach does provide the flexibility and extensibility needed
and allows domain specialists to interact with an ISBST system. The empirical
evaluation indicates that the approach is viable; objective re-weighting can help
a human domain specialist, unfamiliar with SBST or SE, interactively guide the
search by adjusting their objectives alone.
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Interactive Search-Based

Software Test Creation Tool

Bogdan Marculescu, Robert Feldt, Richard Torkar

Abstract

Search-based software testing uses meta-heuristic search techniques to automate
or partially automate testing tasks, such as test case generation or test data
generation. It uses a fitness function to encode the quality characteristics that
are relevant, for a given problem, and guides the search to acceptable solutions
in a potentially vast search space.

From an industrial perspective, this opens up the possibility of generating
and evaluating lots of test cases without raising costs to unacceptable levels.
First, however, the applicability of search-based software engineering in an in-
dustrial setting must be evaluated.

In practice, it is difficult to develop a priori a fitness function that covers
all practical aspects of a problem. Interaction with human experts offers access
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to experience that is otherwise unavailable and allows the creation of a more
informed and accurate fitness function.

Moreover, our industrial partner has already expressed a view that the
knowledge and experience of domain specialists are more important to the over-
all quality of the systems they develop than software engineering expertise.

In this paper we describe our application of Interactive Search Based Soft-
ware Testing (ISBST) in an industrial setting. We used SBST to search for test
cases for an industrial software module and based, in part, on interaction with
a human domain specialist. Our evaluation showed that such an approach is
feasible, though it also identified potential difficulties relating to the interaction
between the domain specialist and the system.

4.1 Introduction

Software is often developed as only one component among many in complex, en-
gineered systems. In such a situation, not all system developers can be expected
to have software engineering expertise. Nevertheless, their domain knowledge
is often critical in creating and selecting test cases. Search-based software test-
ing can automatically create software test cases and thus potentially tap into
a broader experience base by presenting these test cases to the developers, and
allowing them to interactively select the most meaningful ones [2, 3, 5]. The
human experts, henceforth referred to as “domain specialists” are, therefore, an
integral part of software development, using their knowledge and experience to
make those trade-offs.

The tests thus developed need to be represented in a way that system devel-
opers, domain specialists, and even users, can understand and that enables an
informed selection to be made. This can be achieved by matching test represen-
tations to the domain, rather than to the traditional programming and testing
languages. Adopting domain specific representations, thus, allows information
to be presented in ways that are already familiar and avoids the added burden
of adapting to new representations.

In this paper we investigate the effectiveness of such representations for
interactive, semi-automated testing of software for embedded control systems
developed by a Swedish systems engineering and manufacturing company. The
company’s input was crucial in developing a prototype ISBST system, evaluating
our assumptions, and learning from these efforts. Our contribution is one of
the first deployments and evaluations of an Interactive Search Based Software
Testing (ISBST) system in actual, industrial practice.
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In Section 4.2 we present existing efforts with respect to interactive evolu-
tionary search and related approaches, and discuss how our approach differs
from them. Section 4.3 describes the industrial context that forms the basis
of this work. Our approach is described in Section 4.4, together with a brief
evaluation and a discussion on the lessons learned from this effort in Section 4.5.
Section 4.7 concludes the paper.

4.2 Related Work

A term coined by Harman and Jones in 2001 [1], search based software engi-
neering (SBSE) is the application of metaheuristic search techniques to software
engineering problems, e.g. [7, 31, 9]. Search based software testing (SBST) is
a branch of SBSE that deals with testing problems and has successfully been
applied to several types of testing problems [2, 3], from object-oriented contain-
ers [11] to dynamic programming languages [12].

An important concept for search-based systems is that of fitness function.
The fitness function can be seen as “the characterization of what is considered to
be a good solution” [1]. The fitness function is used to select the best solutions
in a population, and to guide the search towards good solutions.

Takagi defines Interactive Evolutionary Computation as “an EC that op-
timizes systems based on subjective human evaluation” [4]. This approach
relies on human interaction to evaluate the solutions being developed by the
interactive search system, allowing for situations where the choice of solution
is dependent on “human preference, intuition, emotion and psychological as-
pects” [4]. The original paper refers to art and animation, graphics and image
processing; in general applications where the evaluation of a candidate has a
strong subjective component. A prominent example of this is Picbreeder [35],
an online service where users evolve images, in a collaborative setting, using
interactive evolution. The users’ aesthetic preferences drive the evolution, not
any objective goal.

Nevertheless, we think that this can be generalized to any type of candidate
evaluation where not all the necessary information, e.g. domain specific knowl-
edge, experience, background information, or intuition, can be modeled into the
system or encoded in an automatic evaluation approach [33, 31]. From the per-
spective of the system, implicit knowledge can be seen as subjective evaluation,
thus avoiding the need to duplicate existing expertise.

Tagaki also identifies the problem of human fatigue [4]. This is a problem
that arises when a human user has to perform a large number of interactions
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with the system. This is an issue for any interactive system, since a human
suffering from fatigue will not provide the level of analysis and decision making
necessary to perform their duties appropriately. Therefore, a key element in an
interactive system will not function properly and may even hinder the system’s
ability to evolve a good solution.

Search based approaches have already been used as exploratory tools, in situ-
ations where there is an incomplete knowledge of the search space. Feldt [31] de-
scribes genetic programming being used to explore potential designs for aircraft
arresting system software, and identifies the importance of obtaining problem-
specific knowledge early in the design process. Parmee et al. [32] introduces an
Interactive Evolutionary Design System to support the early stages of design.
It identifies the importance of capturing “design knowledge through extensive
designer interaction”.

SBST systems, like EvoSuite [36], require software engineering expertise to
use. Adding interactivity to such a system in our context would require the
domain specialists to acquire additional skills in software engineering, a process
that would be costly in terms of time and resources.

Our system differs from previous approaches precisely in the issue of using
the current domain specific representation as a base for interaction, while trying
to shield the domain specialist from the software engineering specific details.

4.3 Industrial Context

Our industrial partner develops hydraulic and electronic products for off-highway
vehicles and machinery. These products use embedded software for a variety
of applications, from steering and transmission systems to sensors and displays,
where software is an important but not the main component.

In addition, the company provide their customers with a software develop-
ment tool, specifically designed to allow domain specialists to modify and de-
velop their own embedded software, to be used with general purpose controllers.
While the exact applications may vary greatly, in all these cases domain exper-
tise outweighs in important software engineering expertise.

As a result, while software is an important component in their respective
products, they focus their efforts and resources on other components.

In such a context, the quality of the resulting system depends on that of
the software, but not exclusively so. Trade-offs may be needed, e.g. restrictions
on software capabilities due to the need to use more robust and less capable
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hardware, that cannot be known ahead of time or may emerge during the design
process.

A domain specialist has knowledge of the domain, and experience with the
limitations and demands placed on the systems they are developing. This knowl-
edge enables them to better assess the quality characteristics of the complete
product.

A practical example is that of a mechanical arm: the hydraulic valves and
electric motors are all controlled by a micro-controller. The software for this
micro-controller is often developed ad-hoc for each application, so no generalized
test cases can be developed.

In the example here, we are developing tests for a module of the micro-
controller software. The system under test (SUT) is a filter that ensures that
a signal, e.g. the input for a motor from the user or other modules, does not
damage other components. It does so by ensuring that the signal does not
exceed a given upper limit and attenuating any sudden changes. This filter is a
relatively simple, but typical component: it is common enough to be included in
the basic function library that is provided with the development tool mentioned
above.

To gain a better understanding of the situation, we conducted discussions
with our industrial partner and attended a training session. Their approach is to
provide domain specialists with training in the use of the software development
tool, rather than trying to teach software engineers the domain concepts they
would need. The software development tool they provide uses concepts that are
already familiar to those working in the field, e.g. it expresses a component in
terms of signals and operations on signals, rather than programming concepts.
The trainees, in effect, create the types of models that they have been used to
develop, and those models are used by the tool to generate code.

We have developed an Interactive Search Based Software Testing system,
tailored to the specific need of the industrial partner and their development
tool, and based on the type of software applications that they usually develop.
The quality criteria we have used to evaluate this system and the resulting test
cases are based on our discussions with our industrial partners, their current
practices and their experiences. The ISBST system itself is a web-based add-
on, separate from the tool offered by our industrial partners. This means that,
while the current SUT and application are specific to the company, the ISBST
system can be extended to address other software problems. This will allow any
findings to be generalized to a wider set of problems and situations.
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Figure 4.1: Overview of the ISBST

4.4 The ISBST System

The ISBST system, described in more detail in [33], consists of a search-based
software testing system, where domain specialists can interact with and direct
the search for test cases for a SUT. The actual SUT being tested is the source
code generated from a visual model that the practitioner specifies with their
existing IDE; the models are similar to function block diagrams used in the
development of embedded control systems and software. The ISBST system
then searches for test cases that violate desired requirements of the SUT (‘don’t
exceed this output singlat limit’, and ‘avoid sharp discontinuities in the output
signal’, repsectively) while keeping test cases as short as possible.

The interaction allows domain specialists to use their experience to evaluate
and rank the solutions developed by the ISBST system. To allow this interaction
to take place in a meaningful way, the system uses representations that are
relevant to the domain specialist, combined input and output signal graphs as
well as tables of input and output pairs. By staying close to the way that the
practitioners currently think about and specify test cases there is less of a gap in
using the ISBST system. This type of domain specific representation, separating
the domain specialist from the minutiae of the underlying ISBST system, e.g.
they don’t need to care about how to represent the test cases to be amenable
to search etc.

This means that the specialists in question will continue to work with con-
cepts and ideas familiar to them and do not need to develop software-specific
skills to use the ISBST system to create test cases.
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The ISBST system (Fig. 4.1) consists of two nested cycles. The inner cycle
contains the search based software testing system that forms the basis of our
approach. The domain specialist guides the search indirectly, by selecting the
quality criteria that they consider important at a given time and prioritizing
them. The fitness function is then adapted to reflect those priorities. The
outer cycle handles the interaction with the domain specialist, including quality
criterion selection and prioritization, and the visualization of the candidates.

On a more technical level, the inner cycle is the back-end of the system and
has been developed in Ruby. It uses the differential evolution algorithm found
in the FeldtRuby library to evolve the candidate solutions, and then a variant
of Bentley’s Sum of Weighted Global Ratios [37] method for evaluating them.

The outer cycle uses combination of html and javascript to display the can-
didate solutions to the domain specialist. The Data-Driven Documents library
(D3) to provide a suitable graphical visualization for the candidate solutions.

As mentioned above, Takagi [4] identifies user fatigue as a main problem in
using interactive evolutionary computation. He also proposes some methods of
alleviating that problem.

In our system, the outer cycle handles any issues regarding the interaction
with the domain specialist, including the prevention of user fatigue. To this
end, some of the methods presented in [4] have been adopted. Only some of the
large number of solutions being generated are displayed, with the selection being
performed on the basis of the priorities the domain specialist has stated. Inter-
action events take place once every 500 optimization steps, to further alleviate
the problem of fatigue.

4.4.1 Use of the ISBST System

The current ISBST prototype is used via a web interface. It allows the domain
specialist to select from a list of objectives those that are relevant to them
currently and to provide a prioritization by assigning the appropriate weight to
each objective.

The weighting provided is used to dynamically develop the Intermediate
Fitness Function (IFF) that will be used by the ISBST to create the first set of
candidate solutions.

During the next interaction step, the domain specialist can evaluate the top
ranked solutions from that set. An overview of the candidate solutions allows
for an at-a-glance comparison (Fig 4.2), while individual views can provide
additional information.
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Figure 4.2: An overview of the best available candidate solutions during an in-
teraction. The diagram shows information regarding the score each candidate
solution obtained regarding the three objectives that were used for the eval-
uation: Length of the test case (Y axis), the degree to which each test case
approaches or even exceeds a set upper limit is given by the Upper Limit (X
axis) score, and the number of discontinuities that were discovered (color). This
diagram provides an at-a-glance way of comparing candidates. More informa-
tion on each candidate is also available in the form of an individual view.

It is also during the interaction step that the domain specialist to adjust
their selection and prioritization of the objectives by re-weighting them. Once
all these activities are complete, the process of dynamically computing the IFF,
developing a new set of candidate solutions and presenting the top ranked ones
for evaluation is repeated until one or more satisfactory candidate solutions have
emerged.

4.5 Empirical Evaluation

The empirical evaluation of the ISBST prototype has two goals: the wider
one of investigating the applicability of ISBST for companies in this industrial
domain, and the narrower evaluation of the interaction mechanisms chosen for
the prototype. These goals constitute an initial evaluation, part of the wider
goal of determining what is the level of quality of the tests found using this
method. An overview of the evaluation method can be seen in figure 4.3.

The first goal, the applicability of ISBST in this industrial context, was eval-
uated by the degree to which the prototype system evolved solutions according
to the search objectives and weightings set by the domain specialist.
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Figure 4.3: An overview of the stages and empirical work of this study.

The second goal, evaluating and improving the interaction mechanism used
by the ISBST prototype system. The mechanism is that of dynamically develop-
ing the Intermediate Fitness Function (IFF) based on the objective selection and
re-weighting. To evaluate this mechanism, we measure the degree to which the
diversity of the resulting test cases is affected by the choice of fitness function.

The empirical evaluation consisted of two stages. In the first stage, the choice
of interaction mechanism was validated in a laboratory setting. The second stage
consisted of evaluating the ISBST prototype with the company’s development
and testing team. In practice, the two stages overlapped into a Continuous
Development Stage (fig. 4.3), with new information being incorporated into the
system.

The table 4.1, shows a few of the strategies of use that were investigated as
part of the empirical evaluation. The effect of each of the strategies on candidate
population diversity can be seen in Figure 4.4.

The second stage consisted of workshops and interviews with the develop-
ment and testing team. These workshops provided further validation for the
interaction mechanism, as well as lessons regarding improvements that can be
made to the system.

The workshops also resulted in a set of lessons learned, described in Table 4.2.
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Table 4.1: Interaction strategies used to investigate the preservation of popula-
tion diversity

Scenario Description
A Non-dynamic, multi-objective fitness function.

B
Focus in on one single objective that completely and consistently
outweighs the others.

C
The objective under focus outweighs the others, but is changed at
the last step.

D
A more balanced approach. One objective outweighs the others,
but it is not the sole focus of attention.
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Figure 4.4: Population diversity after a set of Interactive Objective Re-
Weightings
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Table 4.2: Lessons learned as a result of the empirical evaluation

Lesson Description

1
Understandability. Providing clear, understandable, and accurate information to
the domain specialist is the key element in establishing a meaningful interaction be-
tween them and the ISBST system.

2
Variation. A single developer may work on several systems in a short amount of
time. In addition, there is a large amount of variation in terms of the types of systems
developed within the same company.

3
Individual Preferences. Even when faced with similar systems, different individual
domain specialists may have different preferences regarding how the interaction should
take place and what information should be made available.

4
Dynamic Validation. Dynamically validating the system allowed us to identify
potential problems in a timely manner and to develop a system that was relevant to
our industrial partners and that could, in turn, benefit from their experiences.

Overall the results indicate that the mechanisms we have used to handle
the interaction between the domain specialist and the ISBST prototype are
useful and usable. The domain specialists responded well to the prototype and
were extremely helpful both in evaluating it and in providing suggestions for
improvements in subsequent versions.

On a more practical level, a number of the tests generated were successful in
achieving the search objectives, i.e. identifying inputs that cause the system of
exceed the maximum value set or cause the output signal to have discontinuities.

4.6 Discussion

For future work, one medium term goal is to tap into the knowledge and ex-
perience of domain specialists to guide the ISBST system towards interesting
and meaningful test cases, thus improving quality without leading to prohibitive
costs. Another is to apply this concept in other domains that can benefit from
automated test case development, yet where domain knowledge is vital. Further
still, other phases of the software development process could also benefit from
the combination of human insight and automated computing power.

In the long term, we hope to enable human inspiration and experience,
things that cannot be captured in an automated system, to guide rather than
limit software development. Such human specific contributions would, therefore,
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actively improve the solutions rather than being abstracted away as inconvenient
or unpredictable.

In addition to this vision, however, some threats to the validity of this study
must also be discussed.

The ISBST prototype system was developed for a specific company and is
therefore limited by using a single set of procedures and relying on one source
of information and experience. That said, the company develops a wide range
of embedded software for a generic type of controller. Future studies will inves-
tigate the issue of generalizability further, but, based on current results, we feel
that this approach shows considerable promise.

4.7 Conclusions

This paper has presented an industrial application of search based algorithms.
The Interactive Search Based Software Testing (ISBST) prototype system we
have proposed and implemented uses the knowledge and experience of domain
specialists to guide the search algorithms towards interesting solutions.

Initial results are promising, showing that the interaction between domain
specialists and automated test case generation tools is a sound approach and
can yield useful results. The same results also show the importance of the
interaction mechanisms and of the information being provided to the domain
specialists, in order to make their decisions.

On a higher level, the importance of dynamic validation, with company per-
sonnel and in an industrial context is apparent, as practical use of the prototype
yielded more information that the preceding static validation efforts.
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An Initial Industrial

Evaluation of Interactive
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Embedded Software

Bogdan Marculescu, Robert Feldt, Richard Torkar

Abstract

Search-based software testing promises the ability to generate and evaluate large
numbers of test cases at minimal cost. From an industrial perspective, this offers
the possibility of increasing product quality without a matching increase in the
time and effort required to do so.

Search-based software testing, however, is a set of quite complex techniques
and approaches that does not immediately translate into a process for use with
most companies. For example, even if engineers receive the proper education
and training in these new approaches, it can be hard to develop a general fitness
function that cover all contingencies. Furthermore, in industrial practice, the
knowledge and experience of domain specialists are often key for effective testing
and thus for the overall quality of the final software system.
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This paper presents an Interactive Search Based Software Testing (ISBST)
system designed to operate in an industrial setting and with the explicit aim
of requiring only limited expertise in software testing. It uses SBST to search
for test cases for an industrial software module, while also allowing electrical
engineers and systems engineers (the ‘domain specialists’) to use their experience
and intuition to interactively guide the search.

In addition to presenting the system, this paper reports on an evaluation
of the system in a company developing a framework for embedded software
controllers. A sequence of workshops provided regular feedback and validation
for the design and improvement of the ISBST system. Finally, a small individual
test was conducted, where four engineers from the company attempted to use
the system to develop test cases for a commonly used module. The results
validate the importance that automated software testing tools in general, and
search-based tools, in particular, can leverage input from domain specialists
while generating tests. Furthermore, the evaluation highlighted benefits of using
such an approach to explore areas that the current testing practices do not cover
or cover insufficiently.

5.1 Introduction

Software, especially embedded software, is an essential part of a variety of com-
plex systems in a variety of domains. The companies developing such systems
focus their core competencies on domain specific knowledge and experience,
rather than software engineering and software testing. As a result, they often
lack the expertise to perform systematic software testing and quality assurance,
focusing instead on testing the product as a whole. Therefore, the quality of
the developed products depends on a series of trade-offs, where software quality
assurance is often not a priority concern. Moreover, the cost of finding software
faults at the later stages of product testing is also very high. Developing in-
house software expertise is prohibitively expensive and companies often prefer
to focus their resources on improving domain specific competitive advantages.
In this context, product quality is influenced more by domain specific knowledge
than expertise in software testing. We will use the phrase ‘domain specialists’
to describe system engineers and other specialists who use, develop and test
software, even though their focus is firmly on their particular domain.

It therefore becomes important to enable domain specialists to improve the
quality of the software they develop, without shifting their focus away from
their primary concerns. One potential mean of doing so is by developing a
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pre-packaged software testing toolkit, that would offer the best practices in
software development without the need to master the details behind the tool.
This concept is sound, but developing such a package before the specifics of the
application become known is a difficult task. Moreover, the exact applications
and the ways they are tested may change, or may change between different
testers and domain specialists involved, further emphasizing the importance of
being able to use domain knowledge as an integral part of the testing process
and have a flexible tool that can adapt to different scenarios and types of usage.

This paper proposes a system for testing embedded software by enabling do-
main specialists to contribute their knowledge and experience, without requiring
them to move their focus away from domain-specific concerns. The system works
by allowing a general automated software testing solution, in this case Search-
Based Software Testing [2, 3], to interact with a domain specialist in developing
test cases that are appropriate in a given context. SBST is the application of
Search-Based Software Engineering [1, 10] to the area of software testing. The
interaction itself is inspired by existing work in Interactive Evolutionary Com-
putation [4, 6, 19], and is designed to make it easy for the domain specialist to
make their contribution, while shielding them from the implementation details
of the tool itself.

In Section 5.2, we consider existing approaches to interactive evolutionary
search, and discuss how our approach differs from them. Section 5.3 describes
the industrial context and a system we use as a running example. Then, Sec-
tion 5.4 describes in more detail the objectives of this study and the way the
study was designed to meet those objectives. The section also contains a de-
tailed look at the ISBST system we are proposing, and at the means by which
the system was validated.

The results of the empirical evaluation of the system are described and an-
alyzed in Section 5.6, and discussed in Section 5.7. Section 5.9 concludes this
paper.

5.2 Related Work

Search Based Software Engineering (SBSE) is a term coined by Harman and
Jones in 2001 [1] to describe the application of metaheuristic search techniques to
software engineering problems, see e.g. [7, 31, 9]. The branch of SBSE concerned
with testing problems is known as Search Based Software Testing (SBST) and
has been applied to several types of testing problems [2, 3], from object-oriented
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containers [11] to dynamic programming languages [12]. However, there has
been very few studies considering interactive SBSE or SBST.

Feldt [5] described an interactive development environment where tests are
created as the engineer write the program code or refine the specification. The
system used the interactions of the engineer to help guide the search but the
effect on the fitness function was indirect. Other work by Feldt [31], but also
Parmee et al. [32], considered the use of interactive search to explore engineering
designs and better understand design constraints.

The notion of interactive involvement in a search process is not entirely
new. Takagi describes Interactive Evolutionary Computation (IEC) as “an EC
that optimizes systems based on subjective human evaluation” [4]. This ap-
proach uses the human as a replacement fitness function in situations where the
optimization goal is dependent on “human preference, intuition, emotion and
psychological aspects” [4]; this includes applications such as arts and animation,
computer generated graphics and image processing.

The paper [4] also identifies three main approaches to human interaction
with an Evolutionary Computation (EC) system. First, the human can act as a
regular fitness function, by assigning to each of the candidates being presented
to them a fitness score. This means that each candidate must be analyzed and
evaluated.

The second approach is to present the human with the individuals to be
evaluated; the human then chooses those that are remarkable, either selecting
the ‘good’ individuals for promotion to the next generation or selecting the ‘bad’
ones for exclusion. Only a subset of individuals need to be marked, ranked or
graded, in this approach. This helps guide the search by ensuring that desired
characteristics are always represented in the population and have a higher chance
of propagating to the next generation. In effect, the user guides the search by
selecting those individuals deemed to be the “best current representation of the
goal” [20].

The third approach identified is that of Visualized EC, where the human
selects a solution based on the fitness values for several objectives, rather than
analyzing the individuals themselves. The approach is described in more detail
in [21]. One such example is presented by Bavota et al. [22] where an individual
candidate is one proposed distribution of software components into clusters.
Rather than evaluating each candidate itself, the user is required to decide if
two components belong in the same cluster or not.

One additional concept related to IEC is that of hyper-interactivity, defined
as a “form of IEC in which a human user actively chooses when and how to ap-
ply each of the available evolutionary operators, playing the central role in the
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control flow of evolutionary search processes” [19]. Here, the human acts as a di-
rect guiding hand into each individual’s development rather than as a substitute
fitness function, evaluating individuals after they have been generated.

All these approaches require that the human being interact with the system
at least once each generation. The first two approaches imply that the human
should assess and evaluate each candidate before assigning fitness scores or
making their selections. These individuals may be quite complex constructs,
leading to difficulties in making consistent, impartial and accurate evaluations.

By having the human analyze each individual, to a greater or lesser degree,
the number of individuals that can be processed is reduced. The problem of de-
cision fatigue has already been identified and efforts have been made to address
it or, at least minimize its effects [34].

One proposed way to address the problem of human fatigue, especially deci-
sion fatigue, is that of finding a way of measuring fitness that does not require
the user to interact with the system each generation. Tonella et al. provide an
example of a system that requires user input when the existing fitness function
prioritization results in a tie [38], thereby decreasing the demands on the human
user.

Visualized EC requires only that a human evaluate the fitness scores that
each individual has already received, rather than the individual itself. This,
however, still means that each individual must be considered and compared to
the others. Hyper-interactivity means that the human user should be extremely
involved not just with evaluating each candidate, but with developing candidates
as well, applying the evolutionary operators.

An alternative approach, that is quite different from the above, is that of
developing surrogate fitness functions aimed at standing in for human behavior.
Chou et al. [39], and Sun et al. [40] go into greater detail on how this would be
achieved.

While it does resemble our purpose, the key difference is that the quality
criteria we are investigating can suffer dramatic changes as new information
becomes available. In our context, the human subjective evaluation is a way
for domain specialists to contribute their knowledge and experience, while still
keeping the focus firmly on objective quality criteria rather than aesthetic ones.

Closer to our context is the work of Liapis et al. [41], where a user selects
their preferred solution and the system re-weights the quality objectives until
the user-preferred solution has the highest fitness. In contrast, our goal is to
actively work to ensure that the fitness function is a close match to the domain
specialist’s current understanding of the priorities and relative importance of
the quality objectives. Thus, even if the candidates currently displayed do not
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exhibit the qualities the domain specialist requires, they can still guide the
search according to their estimation of what quality criteria the system should
fulfill.

In a previous paper [33], we proposed a system that combines several of these
concepts, e.g. interacting with the system once in a number of generations,
rather than each generation [34]; and adds that of interacting with a ISBST
system by means of allowing the human to modify the fitness function. The
Intermediate Fitness Function (IFF) describes the current goal and contains all
the information available at a given moment. As a result, it is reasonable to
assume that it should be updated as that understanding changes or becomes
more refined, or as new information becomes available.

5.3 Industrial Context

The approach presented in this paper was developed as a result of input from
our industrial partner and is shaped by the context where they operate. For the
purpose of this paper, we will refer to our industrial partner as ‘D’.

D develops off-highway vehicles and components: Products that involve em-
bedded software, but where software is not the main consideration. As a result,
knowledge of the domain and domain specific trade-offs has a greater impact
on the overall quality of the product than expertise in software development
and testing. This type of situation emphasizes the importance of extensive
knowledge of the domain and experience with the context and limitations of the
application being developed. This allows a domain specialist to better assess
quality characteristics that the complete product must have, as opposed to the
quality level of the software as a separate entity.

To enable their customers to develop their own products and to adapt com-
ponents to their own particular application, D also provides a programming
environment that uses a drag and drop interface to create control systems,
which we will refer to as ‘DomainDevEnvironment’. This environment allows
their clients’ engineers to use concepts they are familiar with to create software
for D micro-controllers. The code that will be deployed to those controllers is
automatically generated from the graphical designs engineers produce.

We will use an example to better illustrate the challenges we faced and to
clarify the approaches we used to address these challenges. The example is that
of a control mechanism for a electric motor, e.g. powering a mechanical arm.
Due to limitations of the motor itself and the potential for damage in what
the mechanical arm is handling, a SoftRamp component is necessary to ensure
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that sharp increases or decreases in the input signal do not damage the motor.
The system presented in this paper uses production code for the SoftRamp, a
common component in the DomainDevEnvironment toolkit. The system under
test (SUT) is the aforementioned SoftRamp component.

During the project we held frequent discussions and workshops with com-
pany engineers in order to get a more accurate idea of what information is
needed as part of this software development approach. A training session for
customers using the DomainDevEnvironment tool was also a source of informa-
tion regarding the information a typical user of the development environment
requires in order to perform their tasks. All these efforts have reinforced the
initial assumption that, in this context, the importance of domain knowledge
and experience outweighs that of software engineering or testing expertise.

The approach of selecting domain specialists and giving them training in
developing software using a domain specific tool illustrates the relative impor-
tance of domain knowledge and experience compared to expertise in software
development and software testing. This guided our approach toward developing
a support tool for domain specialists rather than trying to capture domain-
specific knowledge for the benefit of software engineers. In addition to domain
knowledge and experience, the system must account for the fact that the do-
main specialists may come from different, albeit related, backgrounds and are
developing a wide variety of different products.

The Interactive SBST approach presented here is tailored to the specific
context of our industrial partner, based on the type of SUT that they commonly
develop. Moreover, the quality objectives developed for and included in the
ISBST are derived from our discussions with our industrial partner and their
clients, frequently updated according to their perceptions, and based on their
experiences.

5.4 Method

5.4.1 Research Questions

We are interested in evaluating the performance of the ISBST system in the
context of embedded software development at D. In particular, we are interested
in the domain specialists evaluation as to the usability and usefulness of the
system.

To better address these concerns, we have structured them around several
research questions:
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1. Can an ISBST system be developed that allows domain special-
ists to develop tests with limited software testing experience?

2. How effective is the interaction with the domain specialists in
terms of conveying the information needed to use the system?

3. How effective is the interaction with the domain specialists in
terms of using input to guide the search? Are the results ob-
tained by the domain specialist evolving as expected?

4. Are the results obtained comparable in terms of quality with
the manually developed test cases currently in use?

5. How is the ISBST system used by the specialists? Can any
insights be obtained for further improvements based on the
current usage of the system?

6. What is the domain specialists’ evaluation of the ISBST system
in terms of usefulness and usability?

Interaction between the domain specialist and the ISBST system is a crucial
element in the operation of the latter. Therefore, we deem the interaction to be
effective if two conditions are met:

• First, the ISBST system has to provide information that allows domain
specialists to evaluate the candidates. An effective interaction provides
the domain specialist with the information needed to quickly identify can-
didates that are likely to be interesting. There is a fine line between
providing enough information to allow for an informed decision, and in-
formation overload. Moreover, the information that is displayed has to
match the expectations of the domain specialist and the standards of the
field. Non-standard representations may be useful, but their added value
must exceed the effort the users spend to adapt. For this study, we have
chosen to focus on commonly used representations. Any new represen-
tations that are proposed are alternatives rather than replacements for
existing ones.

• Second, the ISBST system should provide information that allows the do-
main specialist to provide meaningful guidance for the search. An effective
interaction is one where the domain specialist has a clear understanding
of what actions they can take to shape the IFF and what resulting test
cases should be favored by the IFF. Constantly being faced with candi-
date solutions that have different characteristics than those desired is a
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sign that the ISBST system is not providing clear enough information to
allow for an informed decision.

The last question concerns usefulness and usability.
The ISBST system is said to be usable if a domain specialist can, as a result

of a set of interactions, obtain test cases that fit the goals they have defined.
Therefore, the system is usable if it achieves the purpose it set out to achieve.

We deem the ISBST system useful, if using it provides added value to the
domain specialists, by increasing the quality of the developed test cases, by cov-
ering situations that regular test cases don’t take into account, or by providing
any new insights into the SUT’s operation and behavior.

5.4.2 Study Design

This section details the design of the study presented in this paper. To answer
the research questions stated above, we evaluated the ISBST system on a case
study conducted over a period of 2 years. An overview of the study design is
shown in Figure 5.1.

The ISBST system suffered several changes throughout the study, but the
main focal points of the study remained constant: the applicability of the system
in an industrial context by interacting with domain specialists, without the need
for software engineering expertise.

Initial efforts focused around participating in training sessions with the com-
pany developers and domain specialists from the company and their customers.
The aim of this was to achieve sufficient familiarity with the overall domain to
enable informed choices regarding system development.

The second stage was the development of the ISBST system. Regular work-
shops and interviews were used to provide initial validation of the system and
to provide input for further development. This approach allowed a number of
improvements to be made before the system reached a form suitable for a more
meaningful validation effort.

One of the key decisions in the development of the ISBST was deciding
what would be tested in practice and at what level. As stated previously, the
DomainDevEnvironment tool allows developers to use a graphical interface to
design software for a micro-controller. This graphical design is then automat-
ically translated into C code, that will then be deployed on the device. The
choice was made to have the ISBST system test the production code that is
transferred to the device, i.e. the C code that results from the development
environment. We assume that the generated code is a good representation of
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Figure 5.1: Overview of the Study Design

the graphical model the domain specialist has designed and that it is, from a
syntactic point of view, fault free.

This ensures that the ISBST system investigates the behavior of the em-
bedded software being deployed onto the hardware, and validates it against the
expectations of the domain specialist.

The latest stage of this study was to conduct an on-site validation with
domain specialists from the company. The purpose of this was to validate the
ISBST system within the context it was designed for, with production code, and
under realistic conditions.

5.4.3 Evaluation Methodology

This section will describe the methodology for the on-site evaluation that was
conducted with our partner company’s engineers.

The evaluation’s purpose was to observe how the engineers interact with the
ISBST system, to determine if the system can be successfully used to develop
relevant test cases, and to make a comparison between the manually developed
test cases currently in operation and those developed by means of the ISBST
system.
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The evaluation was scheduled to take place in a single day, at the D site
in Älmhult, Sweden. The evaluation was estimated to include between 4 and 5
participants. Efforts was made to ensure the participants were varied in terms of
experience and previous education. The participants included, as far as possible,
both software developers and domain specialists.

The evaluation began with a brief presentation to the assembled participants,
to clarify the purpose of the evaluation, and how it relates to the company and
its activities. In addition, the procedure to be followed for this evaluation was
also be made clear to those attending.

The steps of the evaluation was then as follows:

1. Initial evaluation of the demographic (5 minutes). An initial set of five
questions used to determine the subject’s previous experience, both in
their position and with the SoftRamp SUT, as well as education back-
ground and any impression on the evaluations of the previous versions of
the system, if any.

2. Understanding SBST and the ISBST prototype (10 minutes). This section
contained a brief demo of the ISBST system, its operation, answers to any
questions the subjects had, and clarifications to any of the practical issues
regarding the use of the ISBST system.

3. Current testing procedures (10 minutes). At this stage, the candidate
discussed current test case development strategies and establish a baseline
for the type, number and quality of test case that the developer could
create un-assisted.

4. Practical evaluation (15 minutes). This section involved the subject in
attempting to use the ISBST system to develop test cases for the SoftRamp
component. The participant had the freedom to choose the ultimate goal
of the activity, so that the comparison to their regular testing procedure
would have a common basis. No further answers or clarifications were
available during this phase. The interaction between the subject and the
search-based system was logged, including the weights assigned to each
objective for each interaction step. Further notes on the preference for
certain strategies or objectives as well as any other information deemed
interesting was also noted.

5. Debriefing and final questions (5 minutes). This phase consisted of a brief
interview to collect feedback regarding the system, impressions regard-
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ing the interaction and the resulting test cases, and gave the subject the
opportunity to provide any additional comments or suggestions.

The same procedure was followed for each of the participants to the experi-
ment. Any departure from this procedure was noted. If the departure from the
procedure was severe, then the data provided by the participant in question was
eliminated from the analysis.

5.5 The ISBST System

5.5.1 System Structure and Evolution

There were two major goals shaping the design. First was the need to separate
that part of the system that is application-specific from the generalizable com-
ponents. Adding additional modules to test, may include adapting the solution
encoding, solution representation, or adding any specific objectives that might
be relevant. All these components have been isolated to minimize the amount
of effort needed to add new SUTs.

The generalizable components are those components that are either com-
mon, regardless of the SUT being used, or are easily gathered in a toolbox of
common options. These components include an encapsulated ISBST system,
the Searcher, that may be changed without affecting the rest of the system,
most of the display and interaction components, and those objectives that can
be included in general toolboxes.

The second major goal is that of separating the components meant for
domain-specific interaction from those components that require software engi-
neering or software testing expertise. This ensures that the domain specialist in-
teracts with the system in ways that are familiar; using familiar representations
for signals and systems, and using the testing objectives previously identified to
guide the search. Thus, the interaction can guide the search, while abstracting
away the underlying complexity of the search based software testing system.

Quality Objectives To allow the domain specialists to interact with the
system without requiring detailed knowledge of software engineering, we sought
a better understanding of how testing is currently performed. Based on training
sessions, interviews and workshops, we agreed on a set of quality objectives
that were commonly used, and therefore easily comprehended, by the domain
specialists, yet were precise enough to allow them to be encoded and used to
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guide the search. A more detailed look at these objectives can be found in
section 5.5.3.

Intermediate Fitness Function The ISBST system was designed around
the Intermediate Fitness Function, or IFF. It provides a dynamic, user-designed,
fitness function that allows the domain specialist to guide the search.

The IFF for a candidate j is computed as follows:

IFF (j) =
nObjectives�

i=1

Weighti ∗Valuei,j (5.1)

where IFF (j) is the fitness value of candidate j, Weighti is the current
weight of the objective i, and Valuei,j is the fitness value of candidate j mea-
sured by objective i. The value of IFF (j) is the sum of the weighted fitness
values for all nObjective objectives. An objective k can be deselected from the
computation by having Weightk = 0.

Our approach is to use the IFF as a surrogate fitness function, evaluating
a number of n optimization steps, between interaction events. An ‘interac-
tion event’ is one interaction between the system and the domain specialist.
It consists of the system displaying the current weighting and the best candi-
dates according to that weighting, and of the domain specialist conducting a
re-weighting if they feel it is needed. This will help reduce the burden on the
domain specialist without sacrificing population diversity and size. The exact
value of n may vary from one system to another.

The default setting for the IFF function is that of having the weights for all
objectives as having an equal weight, i.e. ∀j,Weightj = 0.5.

Thus, the domain specialists adjust the weights of the various objectives,
based on their understanding of their relative importance and, in doing so,
shape the IFF for the next set of optimization steps. The objectives are de-
fined and presented in domain-specific ways, hence allowing domain specialists
to dynamically generate a new IFF using only concepts that they are already
familiar with and actively using. This can be done without requiring the domain
specialist to achieve proficiency in software engineering in general, and in SBST
in particular, as we will see later.

Figure 5.2 shows the design of the ISBST system. The system is split into
two major components. The inner cycle deals with generating the candidates,
running the candidates as inputs to the SUT and evaluating their fitness ac-
cording to the IFF. The outer cycle handles the interaction with the domain
specialist, i.e. displaying candidates and interpreting the feedback provided.
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The system keeps the overall structure presented in [33], while making al-
lowances for the increasing complexity inevitable in practical implementation.

The design is shaped by the need to separate those components of the system
that require interaction from the domain specialist, from those that can be fully
automated. By achieving this separation, the exposure of the domain specialist
to the underlying SBST system can be better controlled [33].

The Outer Cycle The outer cycle is an interactive search based software
system, where the domain specialist is presented with a set of candidates and,
based on those candidates, they decide if the current objective weighting is
appropriate. If it is not, then the objective weighting is changed to reflect the
current understanding of the quality needs.

The design uses some of the fatigue reduction concepts defined in [34], e.g.
requiring human interaction every n generations rather than every generation,
reducing the overall number of solutions that have to be evaluated by the human
engineer, and focusing on aspects that do not require detailed evaluation of
each individual solution. The outer cycle captures those interactions, while
abstracting away the automated evaluations and removing the need for direct
involvement with the technical details.

The human domain specialist guides the automated evaluation by providing
the objective weighting that serve as input for dynamically generating the IFF.
Moreover, this is done after the domain specialist is shown the fittest candi-
dates, as evaluated by the current IFF. All this functionality is provided by the
components of the outer cycle.

The components of the outer cycle enable the human domain specialist to
guide the automated evaluation by selecting and weighting those objectives that
are considered important at the time of each interaction. Those objectives and
their weights are then used to develop or update the IFF used by the automatic
evaluation. This design allows the domain specialist a level of control over the
automated evaluation without involving them directly in the inner workings of
the ISBST system.

The outer cycle, therefore, contains functionality that allows the system
to appropriately display the needed information for each solution and enables
the domain specialist to select the appropriate solution or adapt the objectives
and their weights to better reflect their priorities. This can be achieved by
selecting functionality from the existing toolbox, or extending that toolbox to
fit application specific needs.
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The Inner Cycle The inner cycle contains the search based software testing
system developing the potential solution candidates. The high-level require-
ments put on the Inner Cycle are to dynamically generate the IFF from the
objective weights, perform the automated evaluation of candidates and inter-
face with the outer cycle and, indirectly, the SUT.

The interface to the SUT is concerned with the modules required to run the
SUT for evaluation. Apart from information strictly necessary for interaction,
the inner workings of the SUT are hidden.

The interface with the SUT is concerned mostly with the encoding of the
candidate solutions, the encoding of the Quality Objectives, especially those
specific to this application, and the transformation between the candidate solu-
tion as a phenotype of the genetic algorithm and other relevant representations.

The remaining components of the inner cycle are generalizable. The ISBST
system is encapsulated to allow the algorithm itself to be changed with minimal
impact on the entire system, the objectives and objective weighting informa-
tion are used to develop the IFF, and the interactions with the human domain
specialist are performed via the display and feedback functionality contained in
the outer cycle components.

The inner cycle functions as a ‘traditional’ SBST system, with the Searcher
generating the candidates, using the SUT to run those candidates, and evalu-
ating them by means of the IFF.

The SUT Interface While the inner and outer cycles focus more on general-
izable components, the SUT Interface comprises most of the application specific
code. The solution candidate encoding, developed for each application, will be
present in this component. In addition, specialized candidate display code and
specialized quality focus encoding are added here, if needed.

The SUT Interface is a means of isolating application specific code from
more generalizable components and to allow modifications to be performed with
a minimal impact on the rest of the system.

5.5.2 System Implementation

The outer cycle uses a combination of CoffeeScript1, a variation of JavaScript
aimed at simplifying development, and the Data-Driven Document (D3) library2

to display candidates and obtain feedback from the domain specialist. D3 is a

1http://coffeescript.org/
2http://d3js.org/

http://coffeescript.org/
http://d3js.org/
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JavaScript library for the manipulation and display of data in a browser. It
allows visualizations to be dynamically created, without acting to change the
data itself. Since the outer cycle is concerned with displaying the candidates,
the combination of Coffescript and the D3 library is a good fit for the purpose.

The inner cycle and the SUT Interface are developed in Ruby. This was
chosen for the relative ease with which it interacts with other applications, e.g.
other SUTs, interfaces to simulators or interfaces to hardware test benches,
enabling the ISBST to be more extensible overall.

First, a population of candidate solutions is generated by the Searcher.
Each candidate is converted to a candidate object and run through the SUT
or, by means of the SUT Interface, through the hardware test bench. Each
candidate then receives a fitness score for each of the quality objectives that
were selected. These scores, together with the respective weights, combine to
form the IFF score, as discussed above.

Encoding the Candidate Solutions Our example is that of an average
filter, that receives a signal describing the desired level of output and a number
of steps to reach that level. In practice, our industrial partner uses a discrete
encoding for each signal. Our system uses a Frame object to contain the input
and output values at a given discrete step. Both are real numbers, with the
outputs being computed by running the inputs though the SUT.

The candidate object consists of the ordered set of Frames, and also encap-
sulates the fitness values measured for each of the objectives.

When user interaction is required, the candidate objects are packaged into
a JavaScript Object Notation (JSON) file3 and made available to the outer
cycle. Search-related meta-information, e.g. fitness values for each objective, is
included in the candidate object, and therefore available in the outer cycle. This
enables the system to more easily adapt to changes in display requirements.

5.5.3 Quality Objectives

Requiring the domain specialist to develop a new IFF every time they interact
with the ISBST system is contrary to our goal of minimizing the amount of soft-
ware engineering knowledge the specialists are expected to have. Nevertheless,
a dynamic IFF is the key to our approach to applying SBST in an industrial
setting.

3http://www.json.org/

http://www.json.org/
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The key to enabling a dynamic IFF, without the need for search-based soft-
ware testing or software engineering experience, if to formulate the IFF calcu-
lation in terms that are familiar to the domain specialists. The constant sanity
checks, workshops and interviews yielded an overview into how the current soft-
ware testing process is handled. The domain specialists, after developing a
module, select inputs based on previous experience and domain knowledge, and
test the module behavior for those inputs. If any of those test cases cause a fail-
ure or an unexpected output behavior, they are analyzed further. Unexpected
output behavior can range from large increases or decreases in the output signal,
to output signal values constantly higher than a desired value, or oscillations
around 0. These unexpected output behaviors, together with necessary limits
on the peak output and mean output, form the basis for the Quality Objectives.

The Quality Objectives are components that capture certain characteristics
of the output signal. This representation of the quality objectives was chosen
both for being a good fit for the context and for the domain experts relative
familiarity with it: since experts in this context use signals to define and develop
their systems, it is reasonable to use the same representation as the main basis
for the quality objectives as well.

Depending on the module being tested, the exact context, and the system
where the software is meant to be deployed, different quality objectives may be
relevant at different times. The domain specialist chooses the quality objectives
that are relevant at a given time and assigns each a weight, based on their
relative importance. They are then used to compute the IFF, without requiring
the domain specialist to adapt to new context and new representations.

The table 5.1 shows an overview of the current objectives, a brief description,
and whether the aim of the system is to maximize or minimize that objective.

5.5.4 The Interaction Event

An overview of the interaction between the domain specialist and the ISBST
system can be seen in figure 5.3.

The first step is for the domain specialist to decide the module to be tested
and to begin the search process.

The second step in the figure consist of the ISBST system initiating the
interaction event. The ISBST system shows the domain specialist the first gen-
eration of candidate solutions. The domain specialist can change the weighting
of the various objectives and send that information to the ISBST system, in
step 3. This changed weighting allows the ISBST system to resume the search
with an IFF computed from the new weighting. The system uses the new IFF
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Table 5.1: An overview of the current Quality Objectives

No. Objective Description Aim

1 Large/
Small
Signal at
Least Once

The more extreme value of the output, the higher
the fitness value

Maximize

2 Mean Out-
put

Looks for an increase in the mean output. The higher
the overall mean, the higher the fitness value.

Maximize

3 Above/
Below
Important
Limit at
Least Once

For certain systems, there is a maximum (or mini-
mum) value that is acceptable. This objective looks
for extremes in the output signal that are outside
those acceptable values, or as close as possible to
those values. The fitness value is much higher if the
output signal does exceed the acceptable limits.

Maximize

4 Above/
Below
Impor-
tant Limit
Overall

Given the same acceptable extreme value as above,
this objective gives higher fitness values to test cases
where the mean of the output signal exceeds those
extremes. If the extreme is not exceeded, the closer
the mean is to the extreme, the higher the fitness
value.

Maximize

5 One Large
Increase/
Decrease

Large variations in the output signal may dangerous
themselves, by damaging other components. They
may also be indicative of internal faults in the mod-
ule. By using the extreme values of the first order
derivative, this objective identifies test cases where
the output signal varies sharply.

Maximize/
Minimize

6 Swings
Through
Zero

Computes the number of times the output signal in-
creases through 0. This objective is an indicator of
potential oscillations that may be damaging to the
other components or indicative of internal faults.

Maximize

7 Diversity This is an overall measurement of how different a
test case is from the population in the previous in-
teraction event. This allows the domain specialist to
determine how wide-reaching the search area should
be, based on the previous population they have seen.

Maximize
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to develop a new generation of test cases, and then goes back to step 2, this
time displaying both the current generation of candidates and that immediately
preceding it.

Once the domain specialist has found a set of desirable solutions, they can
be exported to other formats to enable their inclusion into existing test suites,
further analysis, or to replicate interesting behavior.

The interaction between the ISBST system and the domain specialist consists
of three major components.

• Search Guidance.

The search guidance panel allows the domain specialist to view the quality
objective weighting selected in the previous interaction event, resulting in
the current population, and to set the weighting for the next interaction
event.

This is the means by which step 3 is achieved: once a new quality objective
weighting has been decided upon, the search guidance panel allows the
domain specialist to send that information to the ISBST system and,
thus, to resume the search.

The search guidance panel, seen in figure 5.4, lists all the quality objec-
tives and their respective weights. The domain specialist assigns a weight,
ranging from 0.0 to 1.0, to each objective. The weighting shows the rela-
tive importance of each objective with respect to the others. For example,
setting all the weights at 0.5 or 1.0 will result in the same IFF, since the
weights are all equal and, therefore, the objectives are all equally impor-
tant.

• Overview of the Test Case population.

The Test Case Exploration panel displays the populations resulting from
the latest two interaction events. Based on the relative scores each test
case obtained for each of the quality objectives, two dimensional plots are
shown to the domain specialist. Two graph options are offered: a matrix
of scatterplots of paired objectives (figure 5.5) and a single scatterplot
allowing the domain specialist to select the axes they are interested in
(figure 5.6).

This panel allows the domain specialist to obtain an overview of the cur-
rent population and to compare it against the previous generation. This
comparison allows the domain specialist to observe changes in the popula-
tion, and to determine if the population is evolving in a desirable direction.
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Figure 5.4: Search Guidance panel.

Figure 5.5: Scatterplot Matrix example.
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Figure 5.6: Single Scatterplot example.

In both figure 5.5 and 5.6, the current population candidates are shown
in light blue, while the previous population are shown in orange. Candi-
dates from both populations can be selected for detailed visualization and
exported, if needed.

All the graphs use relative scales, based on the range of values in the two
populations.

• Test Case Exploration

Selected test cases can be visualized and analyzed in detail in this panel.
The panel displays all the selected test cases as entries in a table. A test
case can also be visualized individually, with graphs displaying the input
and output signals, e.g. figure 5.7.

This approach to displaying a test case in in line with the domain spe-
cific ways of visualizing this type of information and does not require the
domain specialist to adapt to new representations.

Due to the nature of the module being tested, large differences in scale
may exist between the input and the output signals. The output signal is
also shown in a separate graph, to allow a better view of its behavior.
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Figure 5.7: A detailed view of one of the test case candidates.

This panel also allows the domain specialist to export the selected can-
didate for inclusion into the test suite, further analysis, or to replicate
observed behavior.

Together, steps 2 and 3 form an interaction event.

Frequent interaction events allow a domain specialist more control over the
search and enable them to make quick corrections, should the search develop
in an undesirable direction. A downside of having frequent interaction events
is that improvements may not be immediately apparent. This is especially a
problem, since not seeing significant changes may cause the domain specialist
to lose patience with the system.

Having less frequent interaction events means that the ISBST system con-
ducts the search for longer and should result in clearly different candidate pop-
ulations with an increased level of diversity. The downsides to this approach
are, first, that a longer time between interaction events may lead to fatigue or
loss of interest, as the human domain specialist loses focus on the immediate
task. A second drawback is that the search will be allowed to continue for a
longer time before any potential faults can be identified and corrected.
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5.6 Results

The validation was conducted with four engineers from D. The two engineers
from the Software Development Team (working with the GUIDE embedded
software development environment itself) had software development and testing
experience, while the two engineers from the Application Software Team (devel-
oping embedded software using the GUIDE environment) had extensive domain
experience.

The domain specialists and software engineers that took part in the evalu-
ation ranged in experience between 2–19 years. In terms of direct experience
with the SoftRamp, the SUT chosen for the evaluation, their experience ranged
from understanding the principle and using it as a component, for the Software
Development Team, to regular use and development and testing experience on
the component itself, for the Application Development Team. In terms of ed-
ucational background, the Application Development team had domain specific
training, while the Software Development team had a mixed domain and com-
puter science background.

5.6.1 Direct System Evaluation Results

The interface received a positive evaluation, with the information presented
being considered useful and interesting. Some issues were identified in terms
of clarity of presentation of the available information, and suggestions to make
the interface more intuitive resulted from the evaluation. Overall, the interface
provided the appropriate information, in the appropriate manner and allowed
the engineers to conduct their activities without getting bogged down in the
complexities of search based software testing.

The evaluation of the resulting test cases varies, based in part of the expec-
tations of the engineers. Not all the participants were able to create test cases
that were comparable in quality with the manually developed ones, but it is
worth noting that all participants created test cases that were quite different
from those regularly developed, in terms of what types of behaviors were ex-
plored. Most candidates stated that they would add some of the developed test
cases to the current test suite.

The answers to the Initial Questions can be seen in Figure 5.8. Two of
the four participants had not attended the previous evaluation, thus the ‘No
Opinion’ answers for the last three questions. Overall, the participants felt that
the initial presentation of the tool, its uses, and its goals was clear.
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Figure 5.8: Answers to the Initial Questions.

The answers to the follow-up questions are shown in Figure 5.9. The answers
to some of those questions warrant a more detailed discussion.

On Question 3 of the final set,“Would you add any of the additional test cases
to the regular tests?”, most participants agreed, with one giving no opinion,
either positive or negative. That said, the participant did emphasize that the
resulting test cases were interesting and worth developing further, but had not
yet reached the level of quality they required.

A second issue worth discussing is that of comparing test cases with existing,
manually developed, test cases, and the somewhat mixed answers to that ques-
tion. While the answers to Question 5 of the final set were a lot less positive, it
is worth noting that all participants agreed that the test cases that resulted from
the ISBST system were different from the existing ones. The somewhat mixed
evaluation of quality further emphasizes the differences that exist between indi-
vidual developers, even if they work on similar projects, in similar contexts and
for the same company.

Overall, the ISBST system yielded good results, considering the short time
available for training in its use and for developing tests. The fact remains,
after only 15 minutes of using the system, with some time for preparation, the
engineers could come up with interesting test cases, understand the test cases
and reason about them.

In addition to this evaluation of the method and the resulting test cases,
our efforts validated some of the assumptions that were made. The importance
of domain experience was further emphasized by the discussions on manually
developing test cases and the current testing approach. Participants stated that,
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Figure 5.9: Answers to Final Questions.

based on previous experience with similar components and on the experience
developing a component, they had a rough idea where failures are likely to occur.
This type of knowledge is difficult to capture for an automated system.

Further information and feedback on the interface was also a key outcome
from the evaluation. Further development of the ISBST system will also in-
corporate this feedback, as well as trying to experiment with new interaction
approaches.

5.6.2 Strategies of Use

One of the remarkable results of the evaluation was the variety of strategies the
domain specialists used to interact with the system. This section will describe
some of the different approaches and their implications.

The strategies discussed here emerged from two major sources. Firstly, all
the participants were aware of the relatively limited time for the evaluation. As
a result, the elements of the system they chose as the foci of their attention give a
glimpse into their priorities when testing a system. Secondly, the evaluation also
included a discussion on the current test practices and one on the interaction
with the system, at the end of the evaluation.

The first noticeable strategy consisted of isolating certain quality objectives
that were related, based on experience. After the first interaction event, the
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participant then tried to focus on the candidates that had performed best overall
and worst overall and subject them to closer analysis. During the discussion,
the participant stated that their current approach to testing was to investigate
extreme values. Their experience was that most faults emerged in those areas. A
limited selection of intermediate values were checked, as a sanity check measure.
In terms of interaction, this strategy resulted in a limited number of interaction
events and small variations in the weights assigned to the various selected quality
objectives. This is due to the participant focusing their attention and time on
the quality objectives, trying to find correlations between objective combinations
and the resulting test cases.

A second strategy was to focus on candidates that differed greatly in terms
of one quality objective, but very little in terms of the others. Pairs of such
candidates were identified and selected, and the detailed views of each candi-
date were used for conducting the comparison. The interaction was focused on
analyzing the graphs of each pair of candidates and attempting to ascertain the
reason behind the differences that were identified.

The third strategy revolved around increasing the number of interactions
with the system and looking at several generations of candidates. The weight-
ing of quality objectives changed a lot during interaction events, with certain
objectives being dropped altogether. The participant focused on the outlier
candidates and looked for unexpected behavior. The use of the system was to
investigate groups of inputs that were not normally included in manual test
cases and check if any outliers exhibited unwanted behavior. The interactions
between this participant and the systems were focused on the overview of the
entire population, identifying outliers and looking at the differences between the
current generation and the previous generation. This strategy was the one most
in line with our expectations of how the system would be used.

In addition to the information provided by the different strategies, the par-
ticipants’ approaches to interaction highlighted the variable nature of personal
experience and expectations. It is important for a system that relies so heavily
on interaction and the experience of its users to allow for variation in terms of
how those users interact with it. This evaluation reinforces the importance of
having a robust system that can interact with the domain specialists on their
terms and according to their strategies. It also shows that the ISBST system
has this flexibility and robustness.
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5.7 Discussion

Any discussion of the results should start with the statement that this was an
evaluation of an ISBST system, developed for a particular context and evaluated
within one particular company. As a result, it can only be claimed that these
findings apply in this context, and conclusions more general than that cannot
be drawn at this stage.

That said, we believe that the results indicate that ISBST is a potentially
viable tool for use in industry. Domain specialists at D were able, after a brief
tutorial session and with limited time, to create interesting test cases. In some
instances, the created test cases were comparable in quality to manually crafted
test cases, and all the participants agreed that the tests were useful in terms
of investigating behaviors that are not currently covered by tests, or provided
insights into the workings of the SoftRamp module.

While the results of this study cannot be generalized to other contexts or
other companies, they do provide a hint that this type of application can be
achieved, as well as a potential means of applying SBST in an industrial context.

Next, we will discuss answers to the research questions we posed in Sec-
tion5.4.

1. Can an ISBST system be developed that allows domain special-
ists to develop tests without software testing experience?

Using a search-based approach in a practical, industrial, setting is possible;
the ISBST system presented in this paper is such an example. Domain
specialists were able to develop tests for the SoftRamp component without
expertise in software testing.

2. How effective is the interaction with the domain specialists in
terms of conveying the information needed to use the system?

The interaction approach chosen for the ISBST system was successful in
conveying the information the domain specialists needed to operate the
system successfully. The interaction interface lacked the required clarity
and was not as intuitive as it should have been to allow for easy operation.
Further improvements in this area will be pursued in follow-up efforts.

Overall, participants in the evaluation were able to use the information
provided to guide the search. The system was able to interpret the feed-
back it received, conduct the search based on that information, and pro-
vided the domain specialists with solutions that evolved as they expected.



84 Chapter 5

Apart from the interface issues, the interaction can be considered a suc-
cess.

3. How effective is the interaction with the domain specialists in
terms of using input to guide the search? Are the results ob-
tained by the domain specialist evolving as expected?

The system was able to use the input obtained from the domain specialists
to guide the search. Participants stated that the results obtained evolved
as expected. While difficult to ascertain precisely the effectiveness of the
interaction in this case, the evaluation presented in this paper does provide
a useful baseline against which further efforts can be compared.

4. Are the results obtained comparable in terms of quality with the
manually developed test cases currently in use?

The evaluation showed that test cases resulting from the use of the ISBST
system are different enough to make comparison to manually developed
test cases difficult. In brief, the results developed with the ISBST system
were not unanimously considered comparable to existing test cases.

That said, all participants agreed that the test cases obtained by using
the ISBST system were useful in terms of exploring system behaviors that
would not have otherwise been tested. The difference in quality to existing
test cases can be attributed to a variety of factors, from the novelty of the
tool and the technique, to the short amount of time available for using it.
While not directly comparable in quality to existing test cases, the results
were deemed a useful addition to existing methods.

5. How is the ISBST system used by the specialists? Can any
insights be obtained for further improvements based on the cur-
rent usage of the system?

The domain specialists had several approaches for using the ISBST system.
As a result of the evaluation, we determined that the ISBST system is
flexible enough to allow the various strategies domain specialists might
use. In addition, further insights into how the ISBST system is used can
hint at the various ways it will be used to complement existing techniques.

6. What is the domain specialists’ evaluation of the ISBST system
in terms of usefulness and usability?

In terms of usability, the domain specialists’ evaluation was mixed, with
suggestions emerging as to how this aspect could be improved. A more
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intuitive interface and better clarity of the objectives used were identified
as key improvements. The system was unanimously considered useful as an
additional technique to complement existing approaches. All participants
stated that they would use such a system on a regular basis.

Overall, the evaluation of the ISBST system can be considered a success.
The evaluation confirmed our assumption on the importance of domain exper-
tise and validated our ISBST system. Furthermore, clear avenues for further
improvement of the ISBST system have been identified.

One example of such a potential improvement consists in investigating the
effort needed to extend the ISBST system to other modules, other companies
and other contexts. The ISBST system was designed to be modular, specifically
to allow relatively easy changes. Adopting a new module as a SUT involves
changes in the SUT interface component where a certain amount of coding is
still necessary. Furthermore, some changes in the front-end, specifically the Dis-
play Component will also be required to ensure appropriate interaction. Adapt-
ing the ISBST system to other companies in the same domain would be more
involved, as it could also require changes in the way a candidate solution is
represented. All the changes, however, would take place in the Front-end, to
ensure that all the information is properly displayed, and in the SUT Interface,
to correctly interact with the new SUT. To ensure best results, the quality ob-
jectives currently in use would also have to be validated in the new context, to
make sure they are still relevant.

Therefore, the improvement goal is to automate the integration of new SUTs
in the same context, and to provide a clear roadmap for attempts to reuse the
ISBST system in a new context. Changes of context could also be made easier
by developing editors that would allow the creation of new representations, new
quality objectives, and that would synchronize the display mechanisms to the
other components.

5.8 Validity Threats

This section will discuss some of the validity threats identified with respect to
this study.

The Number of Participants Our evaluation consisted of four participants,
rendering futile any meaningful attempt at analyzing statistical significance.
However, this study make no claims of generalizability. This problem can be
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addressed by increasing the number of participants, but this cannot be done
while maintaining the same level of domain expertise. Therefore, increasing the
number of subject may address the problem of the low number of data points,
but would introduce other problems.

The reliability of measures Our goal in this study is to evaluate the ISBST
system from the perspective of interactivity and to assess the applicability of
SBST in an industrial setting. The former is related to the preferences of the
engineers participating in the evaluation, since the effectiveness of the interac-
tion is quite a personal issue. The latter, the applicability of the ISBST system
in an industrial setting, is also dependent on the willingness of engineers to use
it and accept it as part of everyday work. In such a context the measurements
are, by necessity, subjective.

Reliability of the treatment implementation and the risk of random
irrelevancies in the setting These two issues are somewhat related, since
interruptions or other random events in the setting would also compromise the
reliability of the treatment. All participants were provided with the same infor-
mation, asked the same questions and given the same amount of time to perform
their tasks.

During the study, every effort was made to isolate participants from distrac-
tions during the conduct of the evaluation. When an interruption occurred, the
compromised data was removed from the analysis.

Random heterogeneity of subjects Differences between individuals are a
validity threat, due to the low number of participants. However, all participants
are engineers working in the same context and for the same company. Differences
in skill and training may exist, but they are not expected to be of great enough
magnitude to derail the findings of this evaluation.

Issues of internal validity The evaluation was conducted in one day, and
participants were requested not to discuss the evaluation until the process had
been completed. This was done in order to prevent any of the information and
knowledge acquired as a result of the evaluation from influencing the results.

Mono-operation and mono-method bias Several types of observations
were ultimately recorded: The participants’ opinions, observations regarding
their use of the ISBST system, and a set of system logs from their work with
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the ISBST system. That said, both of these biases constitute significant threats
to the study presented here. No general theoretical result can, therefore, be
claimed for the study. The study itself shows that we are only in the initial
stages of applying ISBST in an industrial setting.

Evaluation apprehension The current validation effort is focused not on
evaluating participant performance, but rather on evaluating the ISBST system
and the choices made in developing it. The participants were made aware of
this focus. As a result, we do not expect that participants felt any apprehension
regarding this evaluation. Observation of the participants during the evaluation
showed no signs of apprehension or unease.

Furthermore, since the participants are not familiar with SBST beyond a
general level and the evaluation itself was largely exploratory, we deem it un-
likely that there was any attempt to guess the ‘intended result’ that would
endanger our findings.

Experimenter expectancies This is a considerable validity threat, and ad-
dressing it was an important part in the evaluation design. Any questions that
participants had were only answered before the evaluation itself began, with
any assistance or advice limited to answering questions and providing a brief
demo of the ISBST system. No participants asked for any further clarification
doing the evaluation phase. Had there been any questions, the question itself,
the answer provided, and their perceived effect on the participant, would have
all been recorded and included in the analysis.

5.9 Conclusions

In this paper we have presented an Interactive Search-Based Software Testing
(ISBST) system, and have evaluated its applicability in an industrial setting.
The system itself is designed to interact with domain specialists, in order to
fully benefit both from their experience and from the power of search based
software testing methods. Simple, intuitive interaction with domain specialists
is a key factor in industrial applicability, since it makes such a system easier to
use and be accepted in a professional setting.

The evaluation of the system showed that ISBST is a useful addition in
the context of our industrial partner, and complements existing testing meth-
ods. The evaluation also showed that, while the test cases that were produced
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were interesting and useful, interaction with the human domain specialist is an
essential element in the way such a system is perceived.

Overall, an ISBST system can be used by a domain specialist unfamiliar
with search-based techniques to develop test cases for an embedded software
module, while requiring a minimal effort in terms of training or acquiring new
skills.
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ABSTRACT
The ubiquity of software has wide-ranging conse-
quences for its development and testing. Increa-
singly often, software is developed and tested by 
engineers specialized in other areas. Embedded 
software, for example, is developed ad-hoc, for 
each product, by systems and domain engineers. 
Supporting testing activities in this context requi-
res a highly flexible approach, powerful enough to 
create useful test cases, yet simple enough to not 
require specialized training in software testing.

Search-based software testing promises the ability 
to generate and evaluate large numbers of test 
cases at minimal cost. It is, however, a set of com-
plex techniques that cannot be used off-the-shelf 
as part of the software development process of a 
company.  

The objective of the work presented in this thesis 
is to investigate the applicability of Search-Based 
Software Testing in an industrial environment. A 
second objective was identifying additional know-
ledge gaps relating to integrating such techniques 
in existing software development processes. In-
vestigating how meaningful interaction is to take 
place, what information is needed in order for 
both stakeholders to be able to achieve their ob-
jectives is a third goal.

The findings are obtained by means of a series of 
case studies in a company developing both em-
bedded software and the tools to enable embed-
ded software development. A prototype Interacti-
ve Search-Based Software Testing (ISBST) system 
was developed that uses user interaction to drive 
the search-based component towards interesting 
test cases. 

The ISBST system was evaluated constantly, and 
improved based on the findings of each case study. 
The latest case study was an empirical evaluation 
of the system with the engineers, both software 
engineers and domain specialists, in the company. 

The empirical work includes both qualitative and 
quantitative data, with a focus on the exploratory 
study of the practical factors affecting the use of 
the ISBST system.

A key early finding is that interactivity is essential 
when implementing search-based techniques in 
the industrial context described above. Repeated 
validations conducted with the company yielded 
additional information on the practicalities of in-
teraction.

The strength of SBST proved useful in investiga-
ting areas of the test space that were normally 
overlooked due to limitations in terms of resour-
ces. At the same time, developers were able to use 
their experience and intuition to guide the SBST 
system towards test cases that were more likely 
to be problematic.

Overall, the results obtained indicate that the se-
arch-based techniques provide a useful comple-
ment to existing testing techniques. 

SBST, in its interactive form, can be a useful comple-
ment to existing testing techniques. An Interactive 
SBST (ISBST) system has been developed as a re-
sult of this research. Results show that this system 
is usable by the developers of embedded software, 
that often specialize on acquiring domain knowled-
ge rather than software engineering expertise.
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