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The goal of WP2 is to research
and understand the mental
processes and thought
processes both experts and
students go through when
creating test cases. Based on
this, a cognitive model of
learning can be defined.

This document describes this
cognitive model that resulted
from the research performed.
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General research goal

In this project we concentrate on test case design, since we consider this to be one of the most
challenging and important parts of testing, since the test cases you execute determine the quality
of your testing. Looking at the existing literature on test case design we find two schools with
different views on how testing is done. One the one hand, there is the analytical school where the
emphasis is on better testing by relying on precise specifications and models of the Software Under
Test (SUT). This school has many proponents in academia. On the other hand, in the context-driven
schools the emphasis is on better testing by adapting to the circumstances under which the SUT is
developed and used, by exploring, learning and questioning. This model of exploratory testing has
more proponents in industry.

For years, both schools have been in fights related to terminology and what the process and craft of
testing is and what it is not. We believe both schools are right: testing is specification and model-
based and exploratory. Test case design requires information about the Software Under Test that
we get through sensemaking like exploring, questioning, studying, observing and inferring. Based
on this information we can make a more formal model that helps us design a good set of test cases
and know what we have tested. This combination of skills is not being taught well currently in
testing courses, neither in academia (that concentrates on the formal models) nor in industry (that
concentrates on the informality of testing). We need to combine both worlds and take the best of
each. We need to teach the technical model-based side of testing not ignoring the complexity and
creativity of the sensemaking part. We need to identify the gap between teaching techniques and
students, and then we need to clarify the skills needed to successfully perform the testing process
as a model-based exploratory process. To identify the gap, we first need to understand the mental
processes and thought processes both experts and students go through when creating test cases.
Next, we can define the cognitive model of learning. This is what this work package (WP2) has done.

The goal of WP2 was thus to collect the testing strategies applied by (untrained) students during
test case design: do they base their testing on specifications and models of the SUT, or do they test
in an exploratory way? We aimed to identify key strategies (how they do it) and the concepts
students base their strategy on. The strategies refer to how students address problem solving and
may refer to elements such as problem understanding, problem (re)formulation, research,
interpretation and communication. [Lombardi, 2013]. The concepts refer to a student’s domain
knowledge (which will be called “mental model” in what follows) and can be studied by considering
the words used while phrasing testing strategies.
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Research Methodology

To develop the initial model, we proceeded in three steps. First, we focused on how students
experience their testing courses. This has been investigated by means of a survey. Next, we
observed how students and experts perform a same testing task, and then we compared the
strategies they used and the concepts they referred to while executing this task.

Based on this, an initial model was built and reported in Deliverable D2.1 in February 2024.

To validate the model, a new survey was distributed to students and a new experiment was
conducted. The goal of the survey was to validate the theory on the deficiencies in mental
models and cognitive strategies for testing that are used by students when they need to deal with
test case design. The goal of the experiment was to gain a deeper understanding of the
relationships between the cognitive strategy constructs, allowing us to identify the cognitive
strategies.

To gain an understanding of students’ knowledge of software testing prior to taking any software
testing course, we built a questionnaire asking multiple choice questions about software testing
based on knowledge present in the ISTQB. A total of 27 questions, covering 7 different testing topics
were used. These topics are: general testing strategies, test case generation, accessibility testing,
test-driven development, agile testing, mutation testing, coverage and cases. The questionnaire
was distributed to bachelor, master and VET students.

In order to identify the cognitive strategy constructs that students apply, we collected usage logs of
students using the MERODE simulation toolkit to test a prototype application generated from a to-
be-validated model.

Aschematic overview of the data collection for Experiment 2 is given in .The MERODE toolkit
is actively being used in the KU Leuven course Architecture and Modelling of Management
Information Systems (AMMIS)!. The students enrolled in this course are master students in a
business degree programme, who generally have no software testing or software development
experience prior to the course. During the 2023-2024 course run, logs of the students' use of the
simulation tool were collected. The MERODE simulation tool is used throughout the entire course
for modelling exercises of varying levels of difficulty and educational support. For the different
exercises, the students were given a prototype application generated from the model to test that

! More information about this course can be found at
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they can use to simulate the functional properties of this model (black rectangles in ). Each
of these exercises consists of a set of questions given to the students in multiple choice formatin an
online course (MOOC, upper red lined box in ). The students are thus using the MERODE
prototyper (lower red lined box in ) to try answering the questions about the models they
are simulating.

The user logs of the students are collected (blue dotted box in ) after they have finished
answering the questions of the exercise. From these user logs a process map can be made. This is
done using the process mining software Disco®. To draw a more nuanced picture of the different
behaviours that students exhibited in their simulations, the user logs are also categorized (labelling
in ) into three categories. These categories are based on the achieved coverage of the model
during the simulation (model coverage measurement in ).

The model coverage is measured by means of summing the coverage of the different coverage
criteria of TesCaV (Marin et al., 2020) . These coverage criteria can be subdivided into three
categories: transition-based, class diagram and data-based criteria. They respectively concern the
transitions and states of a state chart, the associations, multiplicities and attributes of classes and
data sets for test case executions. User logs with a coverage higher than 75% are categorized as

high-coverage (green in ), user logs with a coverage between 50% and 75% are categorized
as average-coverage (orange in ), user logs with a coverage less than 50% are categorized
as low-coverage (red in ). After this categorization, for each of the different types of user

logs, a separate process map can be made.

Itis important to note that with this experimental setup the students were testing models that were
provided to them, rather than testing their own models. As the user logs are categorized individually
it is possible that the user log of a student for the first exercise gets categorized as high-coverage,
while the user logs of that same student for the second exercise could be labelled as low-coverage.

The students are given a model that correctly implements the requirements and we assume that
the students have understood the requirements. Given these assumptions, we can categorize each
action in the generated prototype application as either a positive test (success) or a negative test
(failure). In addition, when the user requests a test coverage report, they are considered to be
gaining confidence in the test suite. When the user requests to view the conceptual model of the
application, the student is assumed to try understanding the artefacts.

Usingthe collected user logs, process mining can build a process model based on cases (one student
doing one exercise) and events (recorded cognitive strategy constructs), allowing to identify the way
and order in which the students apply the cognitive strategy constructs into different cognitive
strategies they apply when designing test cases.

2 More information can be found at
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From the first part of the study (reported in Deliverable 2.1), two main observations were made
concerning the student’s cognitive model.

1. Theresults showed that students who are familiar with programming and have some basic
knowledge of testing perform mainly exploratory testing and use scenarios as the main
testing technique. They, however, refer very little to testing knowledge.

2. Experts have a more balanced mentioning of key cognitive strategies. They however rarely
give the motivation behind the test cases. Similarly, experts refer even less to testing
concepts. This might be an indication that experts have internalized their knowledge. In
order to transfer their expertise to junior testers, it is important that expert testers make

explicit the concepts they base their testing strategy on.

Atotal of 201 students filled in the questionnaire. These students were recruited from different
courses as shownin Table 1.
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TABLE 1: COURSES WHERE THE SURVEY WAS DISTRIBUTED

Partner

CESUR
CESUR

KULeuven
KULeuven

UPVv
UPVv
UPV
UNINA
up
UNINA

Within the respondents, a distinction is made between students who have followed a prior software
engineering course in which a limited number of hours were devoted to software testing and
students who have never seen anything about software testing in a prior course at all. The prior we
will call Software Testing (ST) students, the latter we will call Non-Software Testing (NST) students.
A total of 66 ST students and 135 NST students were identified. Students who followed a full

Name of the course # students
mailed

Test Driven Development 20
Integrating Testing Practices in Agile 20
Frameworks

Softwareontwerp en Programmeren 2 20
Requirements Engineering & Domain 100
Modelling

Software Quality 20
Software production processes 20
Software Engineering 20
Software Testing 30
Programming Fundamentals 393
Software Architecture Design 30

software testing course were excluded from the survey.

For each question we look at the number of ST and NST students who answered the question
correctly. The results hereof are shown in Figure 2. Considering the seven topics covered, we can

see the following:

1. Forgeneral testing strategies, the ST students consistently answered the questions better

than the NST students.

2. Fortest case generation, ST and NST students seem to perform equally well. This suggests
that basic levels of performance for test case generation can be achieved through intuitive

understanding.

No o w

ENACTEST

Level

VET
VET

Bachelor
Master

Master
Master
Bachelor
Master
Bachelor
Master

For accessibility testing, no significant difference can be found.
Test-driven development questions were better answered by ST students
The agile testing question was only answered correctly by ST students.
Mutation testing was consistently answered better by the NST students.
Coverage testing was slightly better answered by ST students.

Country

Spain
Spain

Belgium
Belgium

Spain
Spain
Spain
Italy
Portugal
Italy
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FIGURE 2: RATIO OF CORRECT ANSWERS BY ST AND NST STUDENTS

When considering mutation testing and accessibility testing we can compare these results to
(Tramontana et al., 2024), which identified the most commonly taught software testing topics in
software testing and software engineering courses in four European countries. They found that
accessibility testing was taught in zero software testing courses and only covered in 1 software
engineering course. This could explain the similar scores obtained by ST and NST students in our
results. They also found that structured-based test design techniques (to which mutation testing
belongs) are covered in 100% of software testing courses, and only in 31% of software engineering
courses. However, no explicit mention of mutation testing in the structured-based test design
techniques is found, possibly meaning that curricula focus on other structured-based test design
techniques such as statement and branch testing. We see that NST students perform better than ST
students which corresponds to a naive tester having a better conceptual understanding of mutation
testing than a more experienced tester.

We can also compare these results to the industry needs identified in D3.2. Namely, test
methodologies (CE4) which encompasses mutation testing, and accessibility testing which relates
to several identified industry codes.

The findings discussed in D3.2 reveal that test methodology (CE4), fundamentals of testing (CE6),
and testing techniques (CE8) are among the most commonly covered themes in educational
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capsules, with test methodology and testing techniques each covered by 82% of capsules. However,
the student survey results suggest a disconnect between educational coverage and actual learning
outcomes, particularly for mutation testing where NST students unexpectedly outperformed ST
students.

The mismatch between student performance on mutation testing and its supposed coverage in
software testing courses should be considered in the light of the industry's emphasis on "hands-on,
practical training methods such as mentoring and on-the-job learning" rather than theoretical
understanding alone, suggesting that academic coverage of testing techniques may need to better
align with industry's preference for experiential learning approaches. It remains to be seen if
addressing mutation testing better in academic courses should be given high priority in view of the
industry needs.

For accessibility testing on the other hand, the industry research identified accessibility testing
(CE45) as a needed skill, described as "ensuring software is usable for all, including disabled users"
with the explanation that "accessibility testing ensures inclusivity and legal compliance". This
aligns with Tramontana et al.'s finding that accessibility testing receives minimal coverage in
academic curricula, which could explain why both ST and NST students performed similarly poorly
on accessibility questions.

Besides these two areas, the D3.2 report also highlights that communication skills (CE39) emerged
as critical areas for development, along with "a stronger connection between testing practices and
business goals". This suggests that while technical testing methods like mutation testing are
important, the industry equally values soft skills and business alignment - areas that may not be
adequately assessed through technical knowledge questionnaires alone.

Furthermore, the industry analysis revealed that 79% of identified industry needs are covered by
current educational approaches, but "certain important topics remain underrepresented,
particularly Al-related skills and knowledge transfer tools". This indicates that while foundational
testing concepts are being addressed, emerging areas like Al testing represent significant gaps
between academic preparation and industry expectations.

Based on the analysis of the user logs, the following insights could be collected.

We see that in most (55%) cases, the first activity is understanding the artefacts. This is a positive
indication that students do not start testing at random but first study the system that has to be
tested. Moreover, a positive trend can be seen between starting by interpreting the artefacts and a
high coverage.
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All the process maps show that irrespective of the coverage achieved, there is little and shallow
focus on negative testing, with a similar disproportionality between positive and negative testing
for both SE and NSE students. This suggests that most students’ thinking is focused on problem
solving, rather than the opposite: thinking about scenario’s where a system is not being used as
intended.

The process maps show that students think about positive testing first and rely on the feedback
about coverage to guide their further testing efforts. Conversely, they see negative testing as an
afterthought and as a complement to positive testing rather than something that should be guided
by the artefacts.

For positive testing, the test cases are mostly guided by gaining confidence in the test suite. The
students do not seem to have a structured approach and feel the need to be guided by the on-
demand feedback of their coverage (gaining confidence in the test suite), rather than directly
inferring test cases from the artefacts (understanding the artefacts). This corresponds to the
students being guided by an adequacy criterion.

In almost half of the cases (49%), the testing of the model is stopped after gaining confidence in the
test suite, meaning that stopping testing is based on satisfaction with an adequacy criterion, in this
case, model coverage. Nevertheless, another significant group of students tends to end the testing
process with positive testing: these students are less driven by achieving high model coverage and
more driven by successfully completing the exercise.

The process map of the students achieving a low-coverage shows that the activities are almost
divided into two distinct processes. On the one hand, 55% of the cases start with understanding the
artefacts and move back and forth to gaining confidence in the test suite until they finish testing.
On the other hand, 35% of the cases start with positive testing and move back and forth to negative
testing until they finish testing. This shows that in these cases, the students view the process of
testing to be either testing things ad-hoc without looking at the artefacts or an adequacy criterion
for guidance or testing the system in their mind by merely looking at the artefacts and the adequacy
criterion without actually trying out their test cases. This behaviour could also be due to students
having difficulties with the tool and not knowing how to perform testing or checking the model and
test completeness in the tool.

Looking at the different process models and the aforementioned insights, several key cognitive
strategies can be identified. These are discussed below.
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The coverage chasers prioritize maximizing test coverage over solving exercises. Their testing—
both positive and negative—is primarily driven by the need for confidence in their test suite.
Additionally, they use this confidence as a stopping criterion, designing test cases based on
coverage adequacy and ceasing testing once they reach a satisfactory coverage level.

The problem solver focuses on solving the exercise as effectively as possible. Unlike coverage
chasers, these students prioritize understanding the artefacts, using both positive and negative
testing to enhance their comprehension. While they still seek confidence in their test suite, their
testing is more about ensuring completeness rather than purely maximizing coverage.

The blind tester simply alternates between positive and negative testing while neglecting the
artefacts and barely gaining confidence in the test suite, thus testing blindly without need to
understand the artefacts or check the coverage.

The mind tester alternates between understanding the artefacts and gaining confidence in the test
suite but does not actually perform any positive or negative testing. This could be due to not
knowing how to test (in which case we are dealing with clueless students) or to being sufficiently
confident to test “in the mind” based solely on the artefacts and an adequacy criterion, rather than
simulating it in the tool.

Implications for education of software testing

Based on these findings and cognitive strategies, several suggestions for software testing
education can be made. These suggestions can be taken into account to improve existing
educational approaches and tools and to guide the development of new ones.

Highlighting negative testing. Given that testing that a software system's response to unexpected
behaviour (negative testing) is equally important as testing a system's support for expected
behaviour (positive testing), software testing tools should also focus on raising students' awareness
of negative testing.

Test cases should be driven from the artefacts. While it is good to check the completeness of
testing against one or several adequacy criteria, full satisfaction of an adequacy criterion is often
insufficient to test a system completely. We advocate shifting the focus from program coverage to
problem coverage by providing students with examples where an adequacy criterion is fully
satisfied but there are still bugs present in the system.

Guiding the mental model. We found that the mental model of NSE students is not very similar to
that of software testing experts (as defined by ISO/IEC/IEEE 29119). Education should therefore try
to align the mental model of NSE students with that of software testing experts by covering software
testing techniques and approaches in more detail. As providing a complete, in-depth overview of
the existing software testing techniques and approaches within a single course is too difficult, a
closer integration with software development courses is needed. For example, in an introductory
programming course, the exercises can be slightly adjusted to make students more aware of the
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need and how to test their programs. Such approach is also useful for training the future "functional
analysts" and "business analyst": they also need to know about testing. By offering such a tight
integration, students will develop software testing attitudes that they should have even when not
formally taking the role of software tester.

Balance between empiricism and rationalism. The fact that SE students are less inclined to look
at the artefacts compared to NSE students, and that NSE students most often start testing by
looking at the artefacts may reflect the diverging schools of thought of context-driven (empirical)
and analytical (rational) software testing. We believe that software testing should be both empirical
and rational. We therefore advocate that educators balance the two schools when teaching
software testing. It is good that SE students rely more on software testing techniques and practices.
However, they should retain their exploratory nature to ensure a good balance between empiricism
and rationalism.

Conclusions

In this research, we aimed to identify the cognitive strategies that students use during test case
design. To do this, we set up a first experiment in which students were asked to test a software
system while thinking aloud. As reported in D 2.1, Several cognitive strategy constructs were
identified based on the coding of the transcripts of this experiment, and several insights were found
based on the differences between students enrolled in a software engineering degree and those
who are not.

To validate this initial cognitive model, a student survey was issued to verify which gaps need to be
addressed for students having little or no training in software testing. The survey on basic testing
knowledge revealed that for several areas, no major differences can be found between “naive”
students’ performance and the one of students having had some basic software testing training for
areas such as general testing strategies, test case generation and coverage-based testing. For other
subjects such as agile testing and test-driven development, the teaching clearly pays off. The
comparison with industry needs makes clear that accessibility testing needs to be addressed better
in software engineering eduction. On the other hand, while technical subjects such as mutation
testing are not yet sufficiently addressed in software testing education, addressing it seems not of
high priority for industry. Other subjects such as soft skills, business alignment and Al testing should
be considered first candidates to improve software testing courses.

Finally, using the identified cognitive strategy constructs, a follow-up experiment was conducted to
find the relationships between the constructs and, subsequently, the cognitive strategies used. In
this second experiment, students' user logs were analysed using a model-driven engineering
simulation tool. Process models were mined from these user logs. Several findings from these
process models were discussed.

Based on these two experiments, several findings concerning students' test case design were
discussed. Firstly, students often do little negative testing. Secondly, NSE students are more
devoted to understanding the task than SE students. Thirdly, SE students' mental model
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corresponds more to that of an industry software tester. Fourthly, students do not start testing at
random but first try to understand the artefacts of the system to be tested. Fifthly, negative testing
is often driven by positive testing rather than by the artefacts. Similarly, positive testing is often
driven by an adequacy criterion rather than the artefacts. Finally, an adequacy criterion is often
used as a stopping criterion for software testing.

The cognitive strategies that emerged from the process models and the findings above identified
several key cognitive strategies, which we have been baptized as the coverage chaser, the problem
solver, the blind tester and the mind tester. The coverage chaser is a cognitive strategy in which
students focus solely on satisfying an adequacy criterion, the problem solver is a cognitive strategy
in which students do not aim for a high coverage but rather to solve the problem stated in the given
exercise. The blind tester is a cognitive strategy in which students test blindly without considering
any adequacy criterion or the artefacts of the system under test. The mind tester is a cognitive
strategy in which the students do not execute any test scenario but rely on the artefacts and the
adequacy criterion to carry out the testing in their mind.

We make several suggestions for the future improvement and development of educational tools
and approaches based on the found cognitive strategies. Firstly, it isimportant to highlight negative
testing to ensure that students do not neglect this part of software testing. Secondly, test case
design should be driven by the artefacts rather than by an adequacy criterion, and these artefacts
should also form the stop criterion rather than the adequacy criterion forming the stop criterion.
Thirdly, students' mental models should be guided earlier on in computer science education to
ensure that their mental model is more like that of an industry software tester. Finally, there should
be a better balance in educational programs between empiricism, mostly prevalent in the industry,
and rationalism, mostly present in academia.

Further research can attempt to integrate our findings and, in particular our recommendations into
software testing education in order to improve it so that students are better prepared for software
testing at the industry level. With the collected data from this research, we can also delve deeper
into the specific cognitive strategies that students with higher grades have applied compared to
those with lower grades. From this, new process models can be developed and used to understand
which cognitive strategies are associated with the best course performance for students.
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