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Abstract—Several studies suggest that the teaching of software
testing should begin as early as possible, since introductory
programming courses. In this way, the teaching of both sub-
jects, programming and testing, becomes an integrated teaching
approach. Testing practices in this context can provide a timely
feedback to students while they are still working on programming
assignments and, as a result, increase the quality of their code.
Besides, developing students’ testing skills earlier is useful to
improve their programming skills as well, since both kinds
of skills are complementary. However, this integration is not
straightforward, because lecture hours and the coverage of
programming topics must remain the same, while testing concepts
and practices are introduced. For this reason, when designing an
educational approach to introduce testing practices to novice pro-
grammers, there is also the need to address potential difficulties
faced by both students and instructors. Considering this scenario,
this paper aims at identifying the challenges raised due to the
integration of software testing into introductory programming
courses. The goal is to provide support for instructors who intend
to adopt the integrated approach. The challenges have been
identified from the results of a systematic mapping we conducted
of the literature in this domain. The main contribution of this
paper refers to the establishment of a catalog of challenges faced
to integrate software testing into introductory programming
courses. We also discuss possible solutions to design courses using
the integrated approach and point out challenges that have been
scarcely addressed in the literature. Finally, we indicate directions
that can be explored in future educational empirical studies in
this context.

I. INTRODUCTION

Despite software testing being very important in industry,
students are majoring in computing programs with deficiencies
in their testing skills [21, 66]. This issue leads to rethinking
how software testing education is done in the Computer
Science curriculum.

Traditionally, software testing has been taught in upper
level computing courses, such as Software Engineering or
even elective courses on this subject [23]. However, by using
this approach, students are missing the opportunity to apply
software testing in their own programs written across previous
computing courses. Also, they are not being able to further
develop testing habits and skills [55].

There is a lot of effort in teaching students how to write code
in computing courses. However, there is not as much effort in
teaching them how to validate their own code, when in fact
this could lead them to think more critically while writing the
code. Therefore, in order to address this issue, the computing
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curriculum should give support to develop students’ testing
skills in parallel with their programming skills.

In this direction, it is widely recognized that, instead of
being an isolated topic, software testing should permeate
all computing curriculum in practical programming activities,
aiming to emphasize the importance of producing high quality
software [23, 55]. This curricular restructuring would imply
teaching software testing earlier, beginning from introductory
programming courses.

Firstly, factors related to how programming courses are de-
signed should be considered to determine how this integration
should be done. For instance, the programming language and
platform chosen to present programming concepts to students
define the supporting tools that can be used to conduct testing
practices.

Nevertheless, the focus of introductory courses is to teach
programming and it is not simple to add a new subject in
already packed courses [40]. The integration of software test-
ing into this context should be designed aiming to aggregate
value, in such a way that it does not jeopardize the content
and the flow of programming courses [56]. Instructors face
several challenges to design and conduct such courses with
testing practices. There are also challenges faced by students
to keep up with this integrated approach.

Considering this scenario, in this paper we present a catalog
of challenges raised by the integration of software testing
into introductory programming courses. We intend to help
instructors in the designing of such courses so that students
can take as much benefits as possible from this integrated
approach in terms of learning both programming and testing.
The challenges were identified from the results of a systematic
mapping we conducted in this domain.

The remainder of the paper is organized as follows. Sec-
tion II points out aspects that should be considered to design
the introductory sequence of programming courses. Section III
presents the systematic mapping we conducted and whose
results allowed to identify several difficulties reported by
other researchers/instructors. In Section IV we describe these
identified difficulties in the format of challenges that must
be considered to design programming courses with software
testing. Finally, Section V summarizes conclusions and future
work directions.



II. BACKGROUND

Programming skills are required in many technology areas
and, therefore, courses on this subject compose several under-
graduate programs, especially those related to computing, such
as Computer Science, Computer Engineering and Information
Systems [2, 45]. Given the relevance of this subject, there
is the need to explore different ways to design introductory
courses with the goal of providing a learning environment as
effective as possible to students.

The introductory sequence of computing courses involves
the teaching of fundamental programming concepts that are
supposed to support other following computing courses. How-
ever, there is not a consensus of how many courses should
compose this sequence, neither of how the content should be
distributed over them [16, 46, 70].

ACM/IEEE curricular guidelines also point out this existing
diversity in the introductory sequence and identify some
aspects that can vary in the design of these courses [4]:

o Context: The introductory courses differ greatly among
institutions. An important aspect to consider is whether
students are computing majors or not, since their needs as
well as their motivation to learn programming may vary.

o Programming focus: The ultimate goal of introductory
courses is that students learn basic computing concepts,
such as abstraction and decomposition. In general, these
concepts are taught by means of a programming language
and the construction of programs. However, these general
concepts can be taught without being tied to learning a
programming language syntax.

o Paradigm and programming language: The program-
ming paradigm choice is a decisive factor in the design of
a introductory course, since it can influence greatly on the
sequence that concepts are taught. Also, this choice can
determine the whole underlying model of the introductory
sequence (imperative-first, objects-first and functional-
first [3]). Naturally, the choice of programming language
is also related to the chosen paradigm. There are other
important factors, such as language popularity, industry
adoption (such as C, C++ and Java) or the simplicity of
the syntax (like Python) [28].

o Software development practices: Considering the larger
context of the software development process, program-
ming is just one of its composing activities. In this
sense, it is possible to include development practices that
support programming, such as unit testing, refactoring
and version control. The inclusion of such practices can
help students in programming assignments and improve
their notion of the development process.

o Parallel processing: The shift in computer hardware
to multi-core processors has been influencing changes
in Computer Science Education. There are initiatives to
introduce notions of concurrency even in introductory
courses [17, 44]. Still, it is more common that this
subject is postponed to more advanced courses, given its
difficulty.

o Platform: The diversity of platforms adopted during
introductory courses has grown beyond traditional com-
puters. For instance, there are initiatives to teach program-
ming using mobile devices and robots [26, 34, 60]. The
use of these alternative platforms can increase students’
motivation, and, depending on the needs of the target
audience, it can be very helpful. On the other hand, it is
important to analyze if the programming concepts learned
by means of such platforms are sufficient to establish the
foundation for other advanced computing courses.

Instructors need to evaluate the tradeoffs involved in each
one of these aspects to determine an appropriate design of
introductory programming course for a given context [4].
There is not a “silver bullet”, but being aware of these aspects
and their implications while making design course choices can
improve significantly the teaching of programming [83].

In particular, the use of testing practices stand out in the
context of Computer Science introductory courses. Software
testing is related to the aforementioned aspect of software de-
velopment practices. Comparing ACM/IEEE curricular guide-
lines from 2001 and 2013 [3, 4], it is possible to notice the
increase in the adoption of Software Engineering practices for
novice programmers.

Furthermore, the teaching of software testing in this con-
text not only is a supporting practice, but also composes
the recommended content for the introductory sequence of
computing courses, still according to ACM/IEEE curricular
guidelines. More specifically, the recommended topics are
testing fundamentals and test case generation and unit testing
[4]. These topics should be taught aiming to provide to
students a basic notion of how to validate their own code.

III. SYSTEMATIC MAPPING

Systematic mapping is a well-defined method to perform a
literature review about a given research topic [63]. This kind of
study supports gathering information from the literature in an
organized and repeatable way, allowing to form a non-biased
overview of the investigated topic.

We conducted this systematic mapping based on the guide-
lines from Petersen et al. [63]. Firstly, we defined the protocol,
which is the plan to conduct the review and establishes
the scope of the investigated research topic. The protocol is
composed by research questions, the search strategy and the
criteria to select relevant studies among the returned ones.

The goal of this study is to review the literature about
software testing in the teaching of programming fundamentals.
More specifically, the study was directed towards answering
the research question:

o What are the challenges faced to integrate testing prac-
tices into introductory programming courses?

Next, we performed an automatic search in the following
databases: ACM Digital Library', IEEE Xplore?, Springer
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Link®, Scopus* and Science Direct’. We selected these
databases because they are among the most used ones by
previous systematic literature reviews [87].

The search string was defined considering that the inves-
tigated research theme can be defined as the intersection
of three aspects: programming, testing and teaching/learning.
So, considering these aspects and after piloting, analyzing
and refining it, we organized representative terms from this
research theme as follows:

(“programming” OR “program” OR “code” OR “software”)
AND
(“testing” OR “test”)

AND
(“student” OR “course” OR “teaching” OR “learning”)

The inclusion criterion reflects the scope established by the
research question: included papers should discuss or investi-
gate software testing in the context of teaching programming
fundamentals in higher education. The exclusion criteria
were the following: duplicated studies, papers not written in
English, research about software testing outside the context
of higher education or that only address software testing in
advanced computing courses, such as Software Engineering.

The search returned 16496 papers in total, 158 of which
were selected. The low percentage of selected papers is due
to the difficulty we had to determine more specific terms that
aggregate more precision to the string. The selected studies
were analyzed with the objective of determining the answer
to the research question, which is presented in the next section.

IV. CHALLENGES

The analysis of the selected studies from the systematic
mapping allowed to identify difficulties and concerns reported
in the literature. These identified elements expose the expe-
rience and evidence obtained by instructors/researchers that
investigated and/or applied the integration of software testing
into introductory courses. Next, we organized the results of
this analysis in the format of challenges that instructors face to
design programming courses with the integration of software
testing.

A. Determine how and when software testing should be intro-
duced in the curriculum

The first challenge refers to determine how the subjects of
programming and testing should be connected and delivered
in this context. This connection is not straightforward since
programming courses are already packed [33, 40]. Jones [55,
56] suggests that this integration should be done in a holistic
approach, with different kinds of testing practices that increase
in terms of difficulty as students progress in the introductory
courses.

If this integration is not carefully analyzed, the addition of
software testing can greatly increase the effort required by
both students and instructors. With regard to students, there is
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the risk of leading them to a cognitive overload. Students can
learn only so many things at the same time, and the design of
programming courses should ensure that they are being able
to follow and apply the proposed practices. Otherwise, they
would not be able to perceive software testing as a helpful
practice (see Section I'V-B).

Concerning the additional effort required by instructors,
there may be a large increase in terms of work overload.
Firstly, there is extra effort to prepare course materials and
assignments [31, 85]. Assignments must be testable and, if
test cases are provided to students, instructors also need to
prepare those too. On the other hand, if students are required
to write test cases, instructors have the additional responsibility
of assessing students’ tests. Additionally, instructors would
have to provide feedback somehow for students, if possible,
while they are still working on programming assignments. In
general, the use of supporting tools can help considerably to
reduce instructors’ workload (see Section IV-F).

B. Help students appreciate the value of software testing

There is a widespread agreement that novice programmers
are reluctant to conduct software testing [18, 20, 47]. When it
is not made compulsory by the instructor, students tend not to
do it [11]. Usually, to force students to conduct testing, part
of their grade depends on it. However, this imposition can be
increasing even more students’ resistance, because while they
do not really appreciate the value of testing, they can continue
see it only as an unnecessary burden [30].

Students should be able to perceive in practice the benefits
of testing their own programs. However, in general, projects
from introductory courses (such as CS1 and CS2) are too
simple to justify the additional effort of creating and executing
thorough tests [5]. Students tend to superficially test their
programs. After the submission they are often surprised to
receive a grade that they do not expect, since their superficial
testing went well [21]. This kind of late feedback probably will
not help students’ to improve their code, since they already
finished working on the code.

Overall, there is the need of ensuring quality in program-
ming assignments [24, 32, 85], so students feel the need to
conduct software testing. In this direction, an appropriate con-
figuration of testing activity to be applied during programming
assignments (Section IV-C), timely feedback (Section IV-D)
and the use of supporting tools (Section IV-F) can help to
design an approach that helps students to indeed benefit from
software testing in this context.

C. Determine how the testing activity should be conducted in
programming assignments

When considering the binding of programming and testing
activities, one can notice the widespread adoption of TDD
(test-driven development) [30]. It consists in one of the key
practices of the agile development methodology eXtremme
Programming. TDD is a recurrent approach in introductory
programming courses and its influence can be recognized
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in several other proposals of educational approaches in this
context [9, 22, 30, 50, 52, 61, 62, 65, 67].

In TDD, there is a well-defined order for the activities of
programming and testing. At first, the programmer develops
test cases. This aspect is known as test-first programming.
Next, he/she executes the test cases and finally writes the code
to the ones that failed and apply refactoring as needed. This
sequence of steps is repeated iteratively until the code unit is
complete.

Still considering the order in which programming and
testing activities should happen, the choice between test-
first and test-last approaches is another important decision.
According to the studies of Janzen and Saiedian [50, 53],
early programmers are very reluctant to adopt a test-first
approach, but their willingness increases as they move forward
in programming courses.

From a general perspective, when considering the testing
activity as a separate process, it can be composed by the
following steps [29]:

« planning, where the testing strategy and needed resources
are defined;

« test cases design, that consists in writing test cases, ide-
ally based in established testing techniques and criteria;

e program execution, run the code along with the test
cases; and

o result analysis, which consists in evaluating the results
of test cases execution.

Instructors can ease this process considerably for students,
so they do not need to be actively involved in all these steps.
In the selected studies, students performed only the last three
steps of the testing activity at most (test cases design, program
execution and result analysis). It is implied in all papers that
the instructor was responsible for the first step (planning the
test activity).

The step of test case design brings an important issue: if
students are going to be responsible for writing test cases or
not. Test cases can be either required as a deliverable together
with the solution code (student-written test cases) or provided
to students as an scaffolding to develop the solution code
(instructor-written test cases). Ultimately, instructors need to
find a good balance between provided tests and tests students
should write themselves [49].

Many factors can influence in this decision, such as in-
structor workload and students cognitive load, as discussed
in Section IV-A. Nevertheless, it is important to consider that
there may be a learning curve to learn how to write test cases
[49].

The instructor conduct the test planning deciding which re-
maining steps students should be responsible for and how they
will be conducted. Aiming to equip students to conduct the
test activity, instructors can teach them basic testing concepts
(Section IV-E) and stipulate the use supporting tools (Section
IV-F). Moreover, students should be able to get feedback about
their programming performance through the testing activity
(Section IV-D).

D. Provide timely and useful feedback

In a typical programming assignment, students receive feed-
back only on the end result, preventing them from improving
the quality of their solution [33]. Instead, students should
receive constant feedback while working on their solutions
in order to have the opportunity to improve their performance
and learn from their mistakes [10, 33].

This challenge is related to the kind of assessment students
will be subject to. Providing timely feedback is more related to
formative assessment, where students will be able to improve
their learning. If they only receive feedback after submitting
the code, the assessment model gets more closer to summative
assessment, and then students can miss the connection between
thorough testing and a good programming performance or even
the importance of developing high quality code [15, 43].

Therefore, the kind of feedback can also contribute to affect
students’ perceptions towards software testing, as discussed
in Section IV-B. There are also studies that investigate how
feedback can change students’ testing behavior [19, 20].

Besides determining when and how often feedback is pro-
vided to students, other important aspect is the content of
the feedback. Ideally, they should receive feedback on their
performance in programming and, when they are supposed to
write test cases, also in their testing performance.

The programming performance usually is calculated based
on the pass/fail rate from test cases (either written by instruc-
tor or student). However, there is also the need to evaluate and
provide feedback about students’ test cases. More importantly,
students should use this kind of feedback to improve their test
suite (see Section IV-E).

E. Help students to become better testers

An analysis of students’ test suites in [37] revealed that they
were writing test cases to cover only common behavior rather
than actually seeking to uncover errors on the solution code.
The authors called this behavior as “happy path testing”. These
results show that, if students are supposed to write test cases,
they should be instructed in how to write and improve a set
of test cases, aiming to appropriately test a given program.

Aiming to help students improve their testing performance,
we have identified the following important aspects to be
considered: how their test cases should be assessed, whether
students should receive instruction on fundamental testing
concepts and what kind of feedback about their testing per-
formance should be provided.

The most common way to assess quality in students’ tests
is through code coverage, that is, the percentage of code that
has been exercised while running the tests. However, code
coverage does not capture how much of expected behavior
the test cases check.

Other metrics to assess test cases have been investigated,
such as the ones based on all-pairs testing and mutation anal-
ysis [1, 38]. These metrics are better predictors of test quality
than code coverage [36, 73], but they are more computationally
expensive to obtain and raise some practical obstacles, mainly



related to scalability. There are also proposals towards dealing
with such obstacles [71, 72].

Although most studies adopt an approach with student-
written test cases, it is rare to observe instruction on how
to select values for test cases, with testing techniques and
criteria. There are a few exceptions, like the studies in [6, 9,
24, 25, 40, 41, 57, 80, 86], where students were instructed on
fundamental testing concepts. Without being aware of testing
concepts, students are not sufficiently equipped to improve
their testing performance [21].

On the same direction, the feedback provided to students
about their testing performance could also be tailored based
on testing concepts [21]. Feedback based on testing coverage
is useful, but it does not guarantee that students are actually
learning how to test better their programs. Besides, it can mean
that they are just relying on trial-and-error, dependent of the
test coverage tool to indicate pieces of code that were not
covered yet.

Students need to understand underlying testing concepts to
make the most of feedback based on obtained code coverage
[76]. This kind of feedback can be more useful to students (see
Section IV-D) and can help them to perceive purposefulness
in the testing activity (see Section I'V-B).

FE. Choose appropriate supporting tools

Supporting tools ease the integration of software testing into
introductory courses. Tools can help both students, in terms
of motivation and cognitive load, and instructors, in terms of
workload (see Section IV-A).

There are several types of tools, which automate different
aspects of testing practices. We have identified the following
types: automated assessment tools [35, 64, 75, 77, 84], online
judges [42, 69], games [12, 13, 81] and tutoring systems [40,
51].

There are also testing frameworks/libraries, which consist
in supporting mechanisms to write and execute test cases.
The most used one is JUnit, even in the educational context
[30]. However, frameworks and libraries like JUnit are not
specifically designed for novice programmers, and there is the
risk that their use can insert more difficulties into the learning
of programming, instead of reinforcing it.

So, it is possible to observe testing libraries developed
specifically to ease the learning curve for novice programmers,
such as in [8, 14, 74, 78, 79]. There are also libraries designed
to ease novice testing for concurrent programming and in other
platforms [7, 68].

Using testing frameworks to implement test cases allows to
perform automated testing of students’ programs. In general,
automated assessment systems run student code against test
cases, which can be student and/or instructor-written. There
are some proposals towards automating also the fest data
generation in these systems [48, 58].

An important detail that should be checked is the interface
conformance between the solution code and the test cases,
so they can be linked properly [54, 82]. Additionally, some
precautions can be taken for the execution, such as running

student code isolated in a sandbox to ensure security [59] and
having mechanisms to identify infinite loops [39].

V. CONCLUSIONS AND FUTURE WORK

In this paper we presented a catalog of challenges to
integrate software testing in the context of introductory pro-
gramming courses. This integrated approach can bring many
benefits and help students to further improve their program-
ming skills, but it also raises difficulties faced by both instruc-
tors and students. We aimed at presenting these difficulties
from instructors’ point of view, since they are responsible for
decisions on how programming courses should be designed.

The goals of this integrated approach can be seen from
two perspectives. From the perspective of teaching software
testing, the idea is to teach this subject earlier and develop
students’ testing skills since the beginning of the Computer
Science curriculum [27]. On the other hand, from the per-
spective of the teaching of programming, the idea is to apply
testing practices to reinforce programming skills that would,
otherwise, be left aside, such as comprehension and analysis
skills [33].

So, in general, there is the need to consider the challenge
of reconciling the goals from the teaching of both program-
ming and software testing. Students’ testing skills should be
developed progressively over the introductory sequence and,
at the same time, the introduction of software testing cannot
disrupt programming courses’ flow.

Students present a different level of programming skills in
each programming course. Accordingly, it is possible to design
testing practices of different levels of difficulty [56]. Therefore,
there is the need to determine what kind of testing practice
would be appropriate for each specific context of programming
course.

The first step in this direction could be to address the
challenges reported in this paper, since they summarize well-
known difficulties to deliver this integrated teaching approach.
Moreover, the conduction of empirical studies can help gath-
ering evidence to investigate approaches configured according
to different choices of course design. Ultimately, there is the
need to understand how to achieve the best possible results
for learning effectiveness of programming and testing.

In particular, we noticed some aspects that should be further
investigated in the literature. The most widespread reported
difficulty in the studies was the reluctance of students to
conduct software testing, even when they recognize the im-
portance of this practice in solving programming assignments.
In parallel, the most popular configuration of testing activity
is the TDD.

This combination arises the question if TDD is indeed the
most adequate configuration to be adopted in every intro-
ductory programming course as it has been advocated [32].
Some studies report interesting results and discussions in this
direction [5, 53], but it is still necessary to investigate the
effect of isolated factors and help instructors in their design
choices.



Other interesting aspect is the lack of instruction on fun-
damental testing concepts in this context [21]. It seems that
the idea of adopting testing practices earlier in the curriculum
is widely adopted, but the teaching of testing concepts, that
would equip students to conduct the testing practices, is not.
We are currently working in empirical studies to investigate
both of these aspects.

As future work, we intend to investigate separate factors
that influence this integrated approach, such as different con-
figurations of the testing activity, testing concepts that must
be taught, supporting tools that can be used etc. Also, we
intend to investigate which results can be observed in order
to assess learning effectiveness of programming and testing in
this context.
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