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Abstract Heterogeneous systems comprising sets of inherent subsystems are challenging to integrate. In particular, testing for interoperability and conformance is a challenge. Furthermore, the complexities of such
systems amplify traditional testing challenges. We explore (1) which techniques are frequently discussed in literature in context of heterogeneous
system testing that practitioners use to test their heterogeneous systems;
(2) the perception of the practitioners on the usefulness of the techniques
with respect to a defined set of outcome variables. For that, we conducted
an exploratory survey. A total of 27 complete survey answers have been
received. Search-based testing has been used by 14 out of 27 respondents,
indicating the practical relevance of the approach for testing heterogeneous systems, which itself is relatively new and has only recently been
studied extensively. The most frequently used technique is exploratory
manual testing, followed by combinatorial testing. With respect to the
perceived performance of the testing techniques, the practitioners were
undecided regarding many of the studied variables. Manual exploratory
testing received very positive ratings across outcome variables.
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Introduction

Over the years, software has evolved from simple applications to large and complex system of systems [8]. A system of systems consists of a set of individual
systems that together form a new system. The system of systems could contain
hardware as well as software systems. Recently, system of systems has emerged
as a highly relevant topic of interest in the software engineering research community investigating its implications for the whole development life cycle. For
instance, in the context of system of systems, Lane [20] studied the impact on development effort, Ali et al. [2] investigated testing, and Lewis et al. [22] proposed
a process of how to conduct requirements engineering.
Systems of systems often exhibit heterogeneity [21], for instance, in implementation, hardware, process and verification. For the purpose of this study, we
define a heterogeneous system as a system comprised of multiple systems (system
of systems) where at least one subsystem exhibits heterogeneity with respect to
the other systems [13]. Heterogeneity may occur in terms of different system complexities [33], programming languages and platforms [44], types of systems [10],
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system supply (internal vs. third party) [19], development processes and distribution among development sites [15]. However, no frameworks are available as
yet to measure these heterogeneity dimensions. The system of systems approach
taken in development of heterogeneous systems give rise to various challenges
due to continuous change in configurations and multiple interactions between the
functionally independent subsystems. The challenges posed to testing of heterogeneous systems are mainly related to interoperability [28, 44], conformance [28]
and large regression test suites [2, 6]. Furthermore, the inherent complexities of
heterogeneous systems also pose challenges to the specification, selection and
execution of tests.
In recent years, together with the emergence of system of systems research
testing of heterogeneous systems received an increased attention from the research community. However, solutions proposed have been primarily evaluated
from the academic perspective, and not the viewpoint of the practitioner.
In this study, we explored the viewpoint of practitioners with respect to
testing heterogeneous systems. Two main contributions are made:
C1: Explore which testing techniques investigated in research are used by practitioners. Thereby, we learn which techniques practitioners are aware of, and
which ones are most accepted.
C2: Explore the perception of the practitioners of how well the used techniques
perform with respect to a specified and frequently studied set of outcome variables. Understanding the practitioners’ perception of the techniques relative
to each other allows to identify preferences from the practitioners’ viewpoint.
The findings will provide interesting pointers for future work to understand
the reasons for the findings, and improve the techniques accordingly.
The contributions are made by using an exploratory survey to capture the
opinion of practitioners.
The remainder of the paper is structured as follows: Section 2 presents the
related work. Section 3 outlines the research method, followed by the results
in Section 4. Section 5 presents a discussion of observations from the results.
Finally, in Section 6, we conclude this study.

2

Related work

The related work focuses on testing of heterogeneous systems, first discussing
testing of heterogeneous systems as such, followed by reviewing solutions of how
to test them. However, no surveys could be found that discuss any aspect of
testing of heterogeneous systems.
2.1

Testing in Heterogeneous Systems

Testing heterogeneous systems is primarily considered to be a challenge emanating from the problem of integration and system-level testing [9] [41]. Therefore,
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the current research in the area of heterogeneous systems considers it as a subsystem interaction issue [41]. It is also observed that solving the inherent complexities underlying the testing heterogeneous systems is not a priority. Therefore,
most of the related research is focused on addressing the accidental complexities
in testing of heterogeneous systems by tuning and optimizing different testing
techniques and methods.
A number of research studies discuss system-level testing in general terms
without addressing specific test objectives. For automated functional testing,
Donini et al. [9] propose a test framework where functional testing is conducted
in an external simulated environment based on service-oriented architectures.
The researchers demonstrated that functional system testing through simulated
environments can be an approach to overcome the challenge of minimizing test
sets. The test sets identified were representative of the real operational usage
profile for the system. Wang et al. [41] study heterogeneous systems that exhibit
heterogeneity at the platform level and discussed different factors considered in
system-level testing of heterogeneous systems. Other than the studies focusing
on system and integration testing, a relatively small set of studies attempt to
discuss the problem of testing in heterogeneous systems in other test phases. Mao
et al. [23] study this problem in the unit test phase whereas Diaz [7] addresses
the problem of testing heterogeneous systems in the acceptance testing phase.
Research literature related to testing of heterogeneous systems frequently
discusses the interoperability as a common issue. Interoperability testing is also
a key test objective in different applications and technology domains. Xia et
al. [44] address the interoperability problem in the web service domain and propose a test method to automate conformance and interoperability testing for
e-business specification languages. Narita et al. [28] propose a method supported
by a testing framework for interoperability testing for web service domain focusing on communication in robotics domain. However, interoperability remains a
challenge in other domains as well. In context of large scale component based systems, Piel et al. [35] present a virtual component testing technique and demonstrated how virtual components can be formed using three different algorithms.
This technique was further implemented and evaluated in industrial settings.
Furthermore, Kindrick et al. [18] propose a technique combining interoperability
testing with conformance testing and conclude that combining the two techniques will reduce the cost of setting up and executing the test management
processes improving the effectiveness.
2.2

Testing Techniques

We surveyed techniques on testing heterogeneous systems that have been reported to be used in literature or industry for that purpose. These have been
identified through a systematic literature review and a case study [12] and represent three coarse categories of testing techniques, namely manual exploratory,
combinatorial, and search-based testing.
Manual Exploratory testing: Manual exploratory testing (ET) is an approach to test software without pre-defined test cases in contrast with traditional
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test case based testing. The main characteristics of exploratory testing are simultaneous learning, test design and execution [16, 40]. The tester has the freedom
to dynamically design, modify and execute the tests.
In past, exploratory testing was seen as an ad-hoc approach to test software.
However, over the years, ET has evolved into a more manageable and structured
approach without compromising the freedom of testers to explore, learn and
execute the tests in parallel. An empirical study comparing the effectiveness of
exploratory testing with test-case based testing was conducted by Bhatti and
Ghazi [4] and further extended (cf. [1]). This empirical work concludes that ET
produces more defects as compared to test case based testing where time to test
is a constraint.
Combinatorial Testing: Combinatorial testing is used to test applications
for different test objectives at multiple levels. A comprehensive survey and discussion is provided by Nie and Leung [29]. It has been used for both unit and
system-level testing in various domains. Combinatorial testing tends to reduce
the effort and cost for effective test generation [5]. There exist a number of
variants of combinatorial testing, which are used in different domains to test
heterogeneous systems.
The problem of testing web services is the most common area in heterogeneous systems that is addressed in literature using different test techniques as
discussed in Section 2.1. Mao et al. [23] and Apilli [3] proposed different frameworks for combinatorial testing to test component based software systems in a
web services domain.
Wang et al. [42] study the problem of how interaction faults can be located
based on combinatorial testing rather than manual detection and propose a
technique for interactive adaptive fault location. Results from this study show
that the proposed technique performs better than the existing adaptive fault
location techniques.
Changing configurations pose challenges to combinatorial testing techniques.
To that end Cohen et al. [6] conducted an empirical study to quantify the effectiveness of test suites. The study shows that there is an exponential growth of
test cases when configurations change and subsets of test suites are used, similar
to what is common in regression testing.
Mirarab et al. [27] conducted an industrial case study and propose a set of
techniques for requirement-based testing. The SUT was software for a range of
wireless, mobile devices. They propose a technique to model requirements, a
technique for automated generation of tests using combination strategies, and a
technique for prioritization of existing test cases for regression testing.
Search-Based Software Testing: In search-based testing meta-heuristics
are used to solve software testing problems by using, for example genetic algorithms, to search for a solution for a problem (e.g. to generate test data).
Marin et al. [24] present an integrated approach where search-based techniques are applied on top of more classical techniques to derive optimal test
configurations for web applications. The authors describe state of art and future
web applications as complex and distributed, exhibiting several dimensions of
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heterogeneity. The study describes an approach that integrates combinatorial
testing, concurrency testing, oracle learning, coverage analysis, and regression
testing with search-based testing to generate test cases.
Shiba et al. [38], proposed two artificial life algorithms to generate minimal test sets for t-way combinatorial testing based on a genetic algorithm (GA)
and an ant colony algorithm (ACA). Experimental results show that when compared to existing algorithms including AETG (Automatic Efficient Test Generator) [5], simulated annealing-based algorithm (SA) and in-parameter order
algorithm (IPO), this technique works effectively in terms of size of test set as
well as time to execute.
Another study by Pan et al. [31] explores search-based techniques and defines a novel algorithm, i.e., OEPST (organizational evolutionary particle swarm
technique), to generate test cases for combinatorial testing. This algorithm combines the characteristics of organizational evolutionary idea and particle swarm
optimization algorithm. The experimental results of this study show that using
this new algorithm can reduce the number of test cases significantly.
There are refinements of exploratory, combinatorial, and search-based testing. However, these have not been surveyed to keep the questionnaire at a manageable length in order to avoid dropouts. Manual exploratory testing is a manual
testing technique where the tester simultaneously learns, designs, and executes
tests. The thought process (e.g. whether a specific technique inspires the test
design) is not prescribed. Both combinatorial and search-based testing are usually supported by tools and automated, while they have different approaches in
solving the testing problem (see above).

3

Research method

The survey method used in this study is an exploratory survey. Thörn [39] distinguishes statistical and exploratory surveys.
In exploratory surveys the goal is not to draw general conclusion about a
population through statistical inference based on a representative sample. A
representative sample (even for a local survey) has been considered challenging,
the author [39] points out that: “This [remark by the authors: a representative
sample] would have been practically impossible, since it is not feasible to characterize all of the variables and properties of all the organizations in order to
make a representative sample.” Similar observations and limitations of statistical
inference have been discussed by Miller [26].
Given that the focus of this research is specific to heterogeneous systems,
the population is limited. We were aware of specific companies and practitioners
that work with such systems, but the characteristics of companies and their
products were not available to us. Hence, an exploratory survey was conducted to
answer our research questions. Though, aim was to gather data from companies
with different characteristics; different domains, sizes, etc. represented; for the
obtained answers, external validity is discussed in Section 3.5.
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3.1

Study purpose

The goal of the survey is formulated based on the template suggested in [43] to
define the goals of empirical studies. The goal for this survey is to explore the
testing of heterogeneous systems with respect to the usage and perceived usefulness of testing techniques used for heterogeneous systems from the point of view
of industry practitioners in the context of practitioners involved in heterogeneous
system development reporting their experience on heterogeneous system testing.
In relation to the research goal two main research questions (RQs) were asked:
RQ1: Which testing techniques are used to evaluate heterogeneous systems?
RQ2: How do practitioners perceive the identified techniques with respect to a set
of outcome variables?
3.2

Survey Distribution and Sample

We used convenience sampling to obtain the answers. Of interest were practitioners that were involved in the testing of heterogeneous systems before, thus not
every software tester would be a suitable candidate for answering the survey. The
sample was obtained through personal contacts as well as postings in software
engineering web communities (e.g. LinkedIn and Yahoo Groups). 100 personal
contacts were asked to respond, and to distribute the survey later. Furthermore,
we posted the survey on 32 communities.
Overall, we obtained 42 answers, of which 27 were complete and valid. One
answer was invalid as each response was given as “others”, without any further
specification. The remaining respondents did not complete the survey. We provide further details on the respondents and their organizations in Section 4.1.
3.3

Instrument Design

The survey instrument is structured along the following themes1 .
– Respondents: In this theme information about the respondent is collected.
This information is comprised of: current position; duration of working in
the current position in years; duration of working with software development;
duration of working with testing heterogeneous systems.
– Company, processes, and systems: This theme focuses on the respondents’
organizations and the characteristics of the products.
– Test coverage: Here the practitioners rate the importance of different coverage criteria on a 5-point Likert scale from “Very Important” to “Unimportant”. The coverage criteria rated were specification-based, code-based,
fault-based, and usage-based.
1

The survey can be found at https://www.surveymonkey.com/s/RP6DQKF
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– Usage of testing techniques: We identified three categories of testing techniques through our ongoing systematic literature review that have been attributed and used in testing heterogeneous systems, namely search-based,
combinatorial, and manual exploratory testing (see also Section 2). The concepts of the testing techniques were defined in the survey to avoid any confusion. Two aspects have been captured, usage and evaluation. With respect
to usage we asked for the frequency of using the different techniques on a
7-point Likert scale ranking from “Always” to “Never”. We also provided the
option “Do not know the technique”.
– Usefulness of testing techniques: Each technique has been rated according to
its usefulness with respect to a set of outcome variables that are frequently
studied in literature on quality assurance techniques. The usefulness for each
technique for each variable was rated on a 5-point Likert scale from “Strongly
Agree” to “Strongly Disagree”. Table 1 provides an overview of the studied
variables and their definitions.
– Contact details: We asked the respondents for their company name and
e-mail address. The answer to this question was optional in case the respondents wished to stay anonymous towards the researchers.

Table 1. Surveyed Variables
Variable
Ease of use
Effectiveness in detecting critical defects
Number of false positives
Effectiveness in detecting various types of defects
Time and cost efficiency
Effectiveness in detecting interoperability issues
Effectiveness for very large regression test sets
External product quality

References
[17] [34]
[1]
[1]
[1]
[1] [34]
[32]
[14]
[30]

The design of the survey has been pretested by three external practitioners
and one researcher. The feedback led to minor reformulation and changes in the
terminology used to become clear for practitioners. Furthermore, the number of
response variables has been reduced to make the survey manageable in time and
avoid maturation. Furthermore, the definition of heterogeneous system was revised to be more understandable. We further measured the time the respondents
needed in the pretest to complete the survey. The time was between 10 and 15
minutes.
3.4

Analysis

For reflection on the data (not for inference) we utilized statistical tests to highlight differences for the techniques surveyed across the outcome variables. The
Friedman test [11] (non-parametric test) has been chosen given multiple variables
(treatments) were studied, the data being on ordinal scale.
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3.5

Validity Threats

Internal Validity One threat to capturing truthfully is if the questions asked
in the survey are misunderstood. To reduce this threat we pretested the survey
and made updates based on the feedback received. Another threat is maturation
where the behavior changes over time. This threat has been reduced by designing
the survey so that no more than 15 minutes were necessary to answer the survey.
Construct Validity Theoretical validity is concerned with not being able
to capture what we intend to capture (in this case the usefulness of different
techniques across different outcome variables). To reduce this threat we defined
variables based on literature, in particular focusing on variables that are frequently studied when evaluating quality assurance approaches. Given that the
study is based on the subjects’ experience, the lack of experience in search-based
testing limits the comparability, given that eight respondents did not know the
technique, and five have never used it. However, the remaining respondents had
experience using it. For the other techniques (manual exploratory testing and
combinatorial testing) only few respondents did not know them, or lacked experience. Given that the aim of the study is not to generalize the findings through
inference, but rather identify interesting patterns and observations in an exploratory way, threats related to statistical inference were not emphasized.
External Validity The exploratory nature of the survey does not allow to
statistically generalize to a population. However, as suggested by [39], interesting qualitative arguments can be made such studies. The context captured in
the demographics of the survey limits the external generalizability. In particular, the majority of respondents were related to the consulting industry (35.7%),
followed by computer industry (28.6%), and communications (25.0%), other industries only have very few responses and are not represented in this study (e.g.
accounting, advertising, etc.). With regard to company size, all four size categories are equally well represented. With regard to development models, agile
and hybrid processes have the highest representation. The data is hence not relevant for the other models. Overall, the external validity could be strengthened
by a higher number of answers. Though, given that the survey was focused on
heterogeneous systems the possible sample was reduced. In comparison, with a
similar strategy of distributing a survey on a wider topic (automated software
testing) over 100 valid responses could be obtained [36].
Conclusion Validity Interpretive validity is primarily concerned with conclusions based on statistical analysis, and researcher bias when drawing conclusions. Given that the involved researchers have no particular preference on any of
the solutions surveyed based on previous research, this threat can be considered
as being under control.

4

Results

We first describe the study context as this allows companies to compare their
own context, and hence being able to determine to what degree the results are
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relevant for them. Thereafter, we characterize the heterogeneity dimensions of
the systems being reported by the practitioners. Thereafter, the answers to the
research questions are presented.
4.1

Context

Subjects Table 2 provides an overview of the primary roles of the subjects participating in the survey. The roles most frequently presented are directly related
with either quality assurance, or the construction and design of the system.
Overall, the experience in years in the current role indicates a fair to strong
experience level of the respondents in their current positions.
Table 2. Roles of Subjects
Responsibility
Percent Responses
Software developer (implementation, coding etc.)
22,2%
6
Software architect (software structure, architecture, and design)
18,5%
5
Software verification & validation (testing, inspection, reviews etc.)
18,5%
5
Software quality assurance (quality control, quality management etc.)
14,8%
4
Other
11,1%
3
System analyst (requirements elicitation, analysis, specification and validation
7,4%
2
etc.)
Project manager (project planning, project measurement etc.)
3,7%
1
Product manager (planning, forecasting, and marketing software products etc.)
0,0%
0
Software process engineer (process implementation and change, process and
0,0%
0
product measurement etc.)

Looking at the overall experience related to software engineering in years,
the average experience is 10.55 years with a standard deviation of 7.04. This
indicates that the overall experience in software development is very high.
We also asked for the experience of the practitioners in testing heterogeneous
systems themselves. The average experience in testing heterogeneous systems is
4.63 years with a standard deviation of 5.22, while 8 respondents did not have
experience as testers on heterogeneous systems themselves. The survey focused
on practitioners involved in developing heterogeneous systems though, as those
also often gain insights on the quality assurance processes (e.g. people in quality
management). Hence, those responses were not excluded.
Company, processes, and systems The number of responses in relation
to company size are shown in Table 3. All sizes are represented well by the
respondents, hence the results are not biased towards a specific company size.
The companies surveyed worked in 24 different industry sectors (one company
can work in several sectors, hence multiple answers were possible). The industries that were represented by the highest number of respondents were consulting
(9 respondents), computer industry (hardware and desktop software) (7 respondents), communications (6 respondents), and business/professional services (5
respondents).
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Table 3. Company Size (Number of Employees)
Size (no. of employees) Percent Responses
Less than 50
18.5
5
50 to 249
29.6
8
250 to 4499
29.6
8
5400 and more
22.2
6

The systems developed are characterized by different types as specified in [10].
As shown in Table 4 the clear majority of respondents was involved in datadominant software development, though all types were represented through the
surveyed practitioners.

Table 4. System Types
System type
Data-dominant software
Control-dominant software
Computation-dominant software
Systems software
Other

Percent Responses
63.0
17
25.9
7
25.9
7
22.2
6
14.8
4

The development models used in the surveyed companies are illustrated in
Table 5. The clear majority of respondents is working with agile development
and hybrid processes that are dominated by agile practices.

Table 5. Development Models
Model
Percent Responses
Agile
29,6
8
Hybrid process (dominated by agile practices, with few plan-driven practices)
29,6
8
Waterfall
11.1
3
V-Model
11.1
3
Hybrid process (dominated by plan-driven practices, with few agile practices)
11.1
3
Other
7.4
2
Spiral
3.7
1

Test coverage A key aspect of testing is the test objectives that drive the
selection of test cases (cf. [25]). We captured the objectives of the participating
industry practitioners in their test case selection as shown in Fig. 1. Specificationbased coverage is clearly the most important criterion for the studied companies,
followed by fault-based coverage. Overall, all coverage objectives are considered
important by at least half of the participants.
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Figure 1. Importance of test objectives

4.2

Heterogeneity of Systems

There exist no agreement in literature on the definition of heterogeneity in systems. However, individual papers defined different dimensions of heterogeneity.
In the survey, we asked the participants which dimensions are applicable to
them, as illustrated in Table 6. The table shows that systems of different complexity, platforms and programming languages, and types of systems were the
most common dimensions.
Table 6. Heterogeneity Dimensions in the Studied Systems
Heterogeneity Dimensions
System complexity
Programming language and platforms
Type of systems
System supply (internally developed and third party)
Development processes
Distribution of development systems in different locations

Percent Responses
70.4
19
59.2
16
55.56
15
48.1
13
40.7
11
25.9
7

The respondents could select multiple heterogeneity items, as several may
apply to their development context. For at least half of the systems the respondents selected three or more heterogeneity dimensions that apply to them. A
quarter of all systems surveyed is characterized by four or more dimensions (see
Fig. 2). Only few systems are only characterized by one of the dimensions.
4.3

RQ1: Usage of Testing Techniques

We captured the frequency of usage for the three different techniques introduced
earlier (search-based, manual exploratory, and combinatorial testing). The frequencies are illustrated in Fig. 3.
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Figure 3. Usage of Techniques in Heterogeneous Systems

Looking at the overall distribution of usage, it is clearly visible that manual
exploratory testing is the most frequently used technique, followed by combinatorial testing and search-based testing. There was not a single respondent
indicating of never having used manual exploratory testing.
Search-based testing is the least-used technique, as well as the technique
that is least-known. However, 3 respondents who mentioned that they always
use search-based testing are all test consultants. Another consultant mentioned
frequent usage of the technique along with 2 more respondents who are in education and professional services industries, respectively. Only very few respondents
are not aware of manual exploratory and combinatorial testing, while the usage
appears to depend on the role of the respondent.
4.4

RQ2: Perceived Usefulness

Fig. 4 provides the rating of the variables for the three different techniques
studied. To highlight patterns in the data, we also used statistical testing as
discussed in Section 3.4. The results of the test are shown in Table 7.
The highest undecided rates are observed for search-based testing. This can
be explained by the observation that people were not aware of the technique, or
never used it (see Fig. 3). Also, a relatively high undecided rate can be seen for
combinatorial testing, however, this cannot be attributed to the lack of knowledge about the technique, or that practitioners never used it, as the numbers

Page 1
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Figure 4. Practitioners’ Perceptions of Testing Techniques for Heterogeneous Systems
(1 = Strongly Disagree, 2 = Disagree, 3 = Uncertain, 4 = Agree, 5 = Strongly Agree)

on both items were relatively low. The opposite is true for manual exploratory
testing, where only very few practitioners were undecided.
Variables that are more unique and emphasized for heterogeneous systems
(effectiveness in detecting interoperability issues and effectiveness for very large
regression test sets) have higher undecided rates for all the techniques. That is,
there is a high level of uncertainty across techniques. In the case of regression
tests manual exploratory testing was perceived as the most ineffective. For interoperability testing no major difference between the ratings can be observed,
which is also indicated by the statistical tests shown in Table 7.
Of all techniques, manual exploratory testing is rated exceptionally high in
comparison to other techniques for ease of use, effectiveness in detecting critical
defects, detecting various types of defects, and in improving product quality.
The high rating is also highlighted through the statistical tests, which detected
this as a difference in the data sets (see Table 7). At the same time, it also
received the strongest negative ratings, which was the case for false positives
and effectiveness for very large regression test suites.
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Table 7. Friedman test statistics
Item
Easy to use
Effective in detecting critical defects
High number of false positives
Effective in detecting various types of defects
Time and cost efficiency
Effective in detecting interoperability issues
Effective for very large regression test sets
Helping to improve product quality

5

N
27
27
27
27
27
27
27
27

χ2
22.522
19.500
0.090
17.848
3.797
7.000
1.509
25.400

df
2
2
2
2
2
2
2
2

p-value
0.000
0.000
0.956
0.000
0.150
0.030
0.470
0.000

Discussion

Based on the data collected, we highlight interesting observations, and present
their implications.
Observation 1: Interestingly, search-based testing was applied by several
practitioners in the scoped application of testing heterogeneous systems (in total 14 of 27 used it at least very rarely), even though in comparison it was the
least frequently applied technique. Literature surveying research on search-based
testing reported acknowledges that testing is primarily a manual process [25].
Also, in heterogeneous systems we only identified few studies in our search for
literature that used search-based testing. Hence, it is an interesting observation
that companies are using search-based testing. At the same time, many practitioners were not aware of it at all. This leads to the following lessons learned:
Lessons learned: First, given the presence of search-based testing in industry, there exist opportunities for researchers to study it in real industrial
environments and to collect experiences made by practitioners; Second, practical relevance of search-based testing in heterogeneous testing is indicated
by the adoption of the technique, which is encouraging for this relatively
new field.
Observation 2: Although, the survey was targeted towards a specific group
of practitioners that have experience with developing and testing heterogeneous
systems, the practitioners were largely undecided on whether the techniques used
are suitable for detecting interoperability issues. Fig. 4 shows that search-based
testing has comparatively high undecided rates for all the variables.
Lessons learned: Practitioners require further decision support and
comparisons to be able to make informed decisions about the techniques
given the high level of uncertainty. In particular, further comparative studies
(which were lacking) are needed in general, and for heterogeneous systems
in particular. If people are undecided, adoption is also hindered; hence one
should aim to reduce the uncertainty on outcomes for the variables studied.
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Observation 3: Manual exploratory testing is perceived as very positive
by practitioners for the variables “Ease of use”, “Effective in detecting critical
defects”, “Effective in detecting various types of defects”, "Time and cost effective” and “Helping to improve product quality”. On the other hand, it has been
perceived poorly in comparison to other techniques for the variables “High number of false positives” and “Effective for very large regression-test suites”. Given
the context of testing heterogeneous systems, these observations are interesting
to compare with findings of studies investigating exploratory testing. Shah et
al. [37] investigated exploratory testing and contrasted the benefits and advantages of exploratory and scripted testing through the application of a systematic
review combined with expert interviews. Their review is hence used as a basis
for the comparison with literature.
The finding with respect to ease of use was understandable, but could also be
seen as a paradox. On the one hand there are no perceived barriers as one does
not have to learn testing techniques; however, the quality of tests is not known
because there is such a high dependency on the skills of the testers (cf. Shah et
al. [37]), which could potentially lead to a wrong perception. Shah et al. identified
multiple studies indicating time and cost efficiency, and also confirmed that the
exploratory testing is good at identifying the most critical defects. Overall, this
appears to be well in-line with the findings for heterogeneous systems. With
respect to false positives, the practitioners were in disagreement on whether
manual exploratory testing leads to a high number of false positives. Literature
on the other hand suggests that fewer false positives are found. With respect to
regression testing, the findings indicate the potential for better regression testing
in case that sessions are properly recorded, but it was also recognized that it is
difficult to prioritize and reevaluate the tests.
Lessons learned: Even though not representative, the data indicates a
gap between industry focus and research focus. Therefore, research should
focus on investigating exploratory testing, how it should be applied, and
how efficient it is in capturing interoperability issues to support companies
in improving their exploratory testing practices.

6

Conclusion

In this study we explored the testing of heterogeneous systems. In particular,
we studied the usage and perceived usefulness of testing techniques for heterogeneous systems. The techniques were identified based on an ongoing systematic
literature review. The practitioners surveyed were involved in the development
of heterogeneous systems. Two main research questions were answered:
RQ1: Which testing techniques are used to assess heterogeneous systems?
The most frequently used technique is exploratory manual testing, followed by
combinatorial and search-based testing. As discussed earlier, it is encouraging for
the field of search-based testing that a high number of practitioners have made
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experiences with search-based testing. This may provide opportunities to study
the technique from the practitioners’ perspective more in the future. Looking
at the awareness, the practitioners were well aware of manual exploratory and
combinatorial testing, however, a relatively high number was not aware of what
search-based testing is.
RQ2: How do practitioners perceive the identified techniques with respect to
a set of outcome variables? The most positively perceived technique for testing
heterogeneous systems was manual exploratory testing, which was the highest
rated in five (ease of use, effectiveness in detecting critical defects, effective in
detecting various types of defects, time and cost efficiency, helping to improve
product quality) out of eight studied variables. While manual exploratory testing
was the most used technique in the studied companies, it is the least investigated
technique in the literature on testing heterogeneous systems.
In future work, based on the results of the study, several important directions
of research were made explicit:
– Given there are no frameworks available that can help identify, to what degrees one system is heterogeneous in comparison to other systems. Therefore,
a framework will be provided to measure different dimensions of heterogeneity.
– In order to reduce the uncertainty with respect to the performance of the
techniques comparative studies are needed. In particular, in the context of
heterogeneous systems variables more relevant to that context should be
studied (interoperability, large regression test suits). However, in general
more comparative studies may be needed, for instance by comparing their
performance on heterogeneous open source systems (e.g. Linux).
– Given the positive indications of the adoption of search-based in the industry,
the focus should also be on understanding how and with what success searchbased is used in the industry for heterogeneous and other systems.
– Interesting patterns identified and highlighted in the discussion should be
investigated in further depth, two examples should be highlighted: First, does
(and if so how) heterogeneity affect the performance of exploratory testing
in terms of false positives reported? Second, how could it be explained that
manual exploratory testing is so positively perceived? Possible propositions
are there is a low perceived entry level of using the technique, while it is
at the same time very hard to master given its dependence on the testers’
skills. Furthermore, interestingly it was perceived as being time- and cost
efficient, which should be understood further. Overall, large and complex
systems have many interactions that could require automation to be able to
achieve a satisfactory level of coverage.
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