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Abstract

Testing of mobile applications is a crucial activity that aims to reveal bugs and defects
affecting software running on our smartphones. Usually, mobile applications feature com-
plex Graphical User Interfaces (GUIs) as the only interface with the human user, therefore
proper End-to-End testing of mobile applications should also include GUI testing. In re-
cent years, several automated testing methods have been proposed for mobile GUI test-
ing; however, due to the dynamic and interactive nature of GUISs, they often fail to create
realistic use cases. Exploratory testing is a popular GUI testing technique that involves
testers freely exploring the application under test. This technique heavily relies upon tes-
ters’ experience and creativity, and is negatively influenced by human factors like stress
and boredom, which are likely to appear in unmotivated testers. Gamification, i.e., the
introduction of game design mechanics to tasks of other nature, has recently gained much
popularity in business contexts, being applied to a wide range of software-related activi-
ties. In this article, we propose a gamification approach to mobile Exploratory Testing to
improve the effectiveness, efficiency, and engagement of the software testers. We measure
the impact of gamification with an in-vivo experiment involving students from a master’s
degree software engineering course, adopting a fully-randomized experiment design. On
the efficiency side, results show a positive impact of gamification on the explored pages
— a measure of effectiveness — and on the explored pages per unit of time — which we
adopted as an efficiency measure. Moreover, a final survey presented to students reveals
that most of them believe that it is a good idea to use gamification in Exploratory Test-
ing, and that they would use gamification in future if they had to do Exploratory Test-
ing. Finally, the majority of participants report having fun while using the system. Our
results highlight that gamification features can have a significant impact if introduced in a
classical testing environment, possibly increasing effectiveness, efficiency and perceived
engagement of the testers. We believe this research could serve as a starting point for
researchers approaching the mobile testing environment, as well as industry practitioners
working in the field.
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1 Introduction

Software testing is an essential part of the software development process. The goal of software
testing is to find as many defects as possible in the Application Under Test (AUT), before it
reaches the end users. End-to-End (E2E) Testing focuses on testing the application as a unique
thing, adopting the end users’ perspective. In web and mobile applications, this includes test-
ing through the main users’ interaction method: the Graphical User Interface (GUI).

Several methods have been proposed for GUI testing, which can be divided into two
main categories: methods involving human testers and automated methods. While auto-
mated testing methods are able to produce test cases fast and can reach good coverage of
the AUT, they may fail at generating realistic use cases (Evers et al., 2020; Wang et al.,
2017). Moreover, test cases generated through automatic methods are often hard to main-
tain (Shamshiri et al., 2018). Previous researchers have shown that manual methods are still
very popular among mobile developers and testers (Mahmud et al., 2025). A widely adopted
technique involving human testers is Exploratory Testing (ET) (Bach, 2019), an interactive
testing process which relies upon testers’ experience, creativity and intuition to create real-
istic use cases. With ET, test cases are not defined in advance. Instead, they are defined and
executed on the fly, while testers are free to explore the AUT with no particular constraints.

Surveys conducted on software testers have shown that software testing in general is per-
ceived as a boring and time-consuming activity (Straubinger & Fraser, 2023). Human fac-
tors like boredom, fatigue and stress can have a negative impact on performance in manual
testing activities.

We propose gamification, defined as the application of game design mechanics to non-
ludic contexts (Deterding et al., 2011), as a technique to overcome this limitation. Gamifica-
tion has recently become very popular, especially in business environments, being applied
to several software engineering-related activities, including software testing as well. Gami-
fication is used to turn repetitive, boring tasks into appealing and entertaining ones, thus
increasing the engagement level of human beings.

In the present paper, we present a novel approach to the testing of mobile GUI-based
applications by enriching the ET activity with gamification. Our main goal is to improve the
testers’ performances, focusing on effectiveness, efficiency and engagement.

Our research method consists of a randomized experiment where participants had to
perform exploratory GUI testing on two different applications. The testing tool has been
modified to include typical gamification features, like leaderboards, badges, customization
and progress bars indicating the current page coverage and incremental coverage (defined in
terms of widgets)'. One of the two testing sessions includes gamification, while the other is
Vanilla (i.e. the original Appium Inspector, without any gamified additions).

The paper is structured as follows: in Section 2 we present an overview of the current
State Of The Art, showing previous results which serve as motivation for our research. In
Section 3 we delve into our method: we formally define our research questions, explain our
experimental design, identify the measured variables and present our analysis method. In
Section 4 we present our main findings, both from a quantitative and a qualitative perspec-
tive. In Section 5 we discuss the main implications of our results. Finally, in Section 6 we
conclude our paper with some final considerations about potential future work.

'The testing tool is publicly available on Zenodo at the following link: https://doi.org/10.5281/
zenodo.14781340
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2 Background

Exploratory Testing (ET) was defined by James Bach as “simultaneous learning, test
design, and test execution” (Bach, 2019). This powerful creativity-based approach to
software testing has been extensively explored in the literature (Gebizli & Soézer, 2017,
Martensson et al., 2021; Leveau et al., 2022). One of the main advantages of ET is the fact
that it does not require a formal definition of test cases, which are instead generated and
executed on-the-fly. Creativity, experience and domain knowledge are central. ET puts an
emphasis on testers’ freedom, autonomy and learning, by letting them experiment with the
Application Under Test (AUT) (Costa & Oliveira, 2021). ET tools is very often used in
combination with automated testing tools (Pfahl et al., 2014) or scripted testing (Ghazi et
al., 2018), to improve the quality of test cases. By its nature, ET can easily be adapted to
dynamic Agile frameworks, like SCRUM, where it is considered ‘highly effective’ or ‘effec-
tive’ by practitioners (Neri et al., 2025).

The cost required by manual testing can be mitigated with Capture & Replay (C&R)
tools, i.e. tools that allow testers to record their actions during the testing session to rep-
licate them later (Di Martino et al., 2021). Tools like SikuliX and WebRR fall under this
category (RaiMan’s SikuliX, 2025; Long et al., 2020). Some effort has been put into creat-
ing C&R tools from existing testing frameworks. For instance, Espresso Test Recorder that
exploits the Espresso Testing Framework API to record and replicate user interactions on
the AUT from within Android Studio (Negara et al., 2019).

A further advancement in this field has been made with Augmented Testing (AT). AT
consists of displaying an additional visual layer on top of the AUT that provides useful data
to help testers make decisions during their ET session. AT has also been the object of an
industrial evaluation, with positive outcomes (Nass et al., 2019).

However, these tools do not address the main issue related to manual testing: even if we
can record tester’s actions, the testers still have to perform those actions manually. If they
are bored or tired, the whole performance will be negatively impacted (Deak et al., 2016).

Gamification consists of applying game-design elements to diverse types of tasks to
increase motivation and possibly improve performance. Several frameworks have been
developed, encompassing the main gamification techniques. One of the most popular and
widely adopted in industry is the Octalysis Framework by Chou (2015), which identifies 8
typical game elements called Core Drives. Gamification has been applied to all phases of
the software development process, including software testing, with systematic mappings
documenting its adoption across development, testing and education (Pedreira et al., 2015;
Porto et al., 2021). Most primary studies focus on the educational field; the majority report
positive effects (Ren, 2023; Fasolino et al., 2024). In particular, Blanco et al. conducted
a controlled experiment comparing gamified and non-gamified testing courses (Blanco
et al., 2023). Their results show that gamified students were more engaged and achieved
better results.. Fraser et al. introduced Code Defenders — a mutation analysis game — in
a university-level software testing course (Fraser et al., 2019). They reported an overall
improvement in the students throughout the course, with good engagement and satisfaction
levels. Beyond education, gamification has been applied to unit testing through CI tools.
Straubinger and Fraser developed Gamekins, a Jenkins plugin that motivates developers to
write more and better tests by incorporating challenges, quests, leaderboards, and achieve-
ments tied to commits. In a subsequent study, they explored whether gamification could
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also support exploratory unit testing directly within the IDE with an in-vivo experiment,
with participants gathering nearly 90% line coverage and detecting most of the bugs (11 out
of 14) (Straubinger & Fraser, 2024). Valle et al. applied the concept of gamification in an
industrial training environment (Valle et al., 2021), highlighting positive outcomes on the
engagement of testers and the quality of test cases. Regarding the possible benefits of gami-
fication on manual exploratory software testing, the most relevant related work has been
made by Coppola et al. (2024). This work provides the most complete empirical study on
gamified exploratory GUI testing to date. They augmented a Capture & Replay web appli-
cation testing tool with a leaderboard, a progress bar and exploration highlights, comparing
the original and gamified versions in a controlled experiment with 144 participants, measur-
ing effectiveness, efficiency, test cases realism and user experience. Results are mixed, but
confirm that gamification can have a tangible effect on how testers create test cases, thus
warranting further research. Our work differs along three key dimensions: first, we target
mobile applications via the Appium framework, and touch-specific interaction paradigms;
second, our gamification feature set explicitly covers autonomy and identity dimensions
grounded in Self-Determination Theory (avatar, username customization) (Deci & Ryan,
1985) (that we will introduce and expand in Section 3), and third, our experiment involves
238 participants, providing greater statistical power and generalizability than the previous
studies, and extends the empirical evidence to a new platform domain where no prior gami-
fication study exists. Recently, Fulcini et al. performed a multivocal literature review on
the existing relationship between gamification and software testing (Fulcini et al., 2023),
observing a majority of positive opinions on gamification from the literature, especially on
the user experience side. These results encourage further investigation into the topic.

3 Method

The goal of this study is to investigate the effects of gamification on exploratory testing
of mobile applications from three different perspectives: effectiveness, efficiency, and
engagement. Our approach in this sense is guided by the Goal Question Metric framework,
by Basili and Weiss (1984).

3.1 Goal and research questions

Table 1 presents our goal definition scheme, based on the GQM template. The GQM tem-
plate allows to define research questions starting from high level goals. In particular, the
research questions are derived from the Action “With respect to”. The research questions we
derived for the experiment are the following:

o RQ1: Does the adoption of gamification mechanics have a positive impact on the ef-
fectiveness of mobile exploratory testing?

o RQ2: Does the adoption of gamification mechanics have a positive impact on the ef-
ficiency of mobile exploratory testing?

o RQ3: Does the adoption of gamification mechanics have a positive impact on the per-
ceived engagement of mobile exploratory software testers?

@ Springer
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Table 1 Formulatiqn of the goals  Action Object
of the paper accordlr}g to the Analyse The effects of gamification
Goal-Question-Metric template
on ET
For the purpose of Evaluation
With respect to their Effectiveness, efficiency,
engagement level
From the point of view of Testers
In the context of Software Engineering course

3.2 Experimental setup

The study aims to investigate the impact of gamification on exploratory testing with an
in-vivo experiment. The experiment was designed as a within-subjects 2 x 2 full factorial.
Participants had to test two different existing Android applications in which some bugs had
been injected. Participants were not aware of the bug injection; they were just told to seek
possible bugs and report them. The choice of the applications to be tested was based on the
following criteria:

The applications must be open-source, to allow us to perform bug injection.
The applications should be under active development (last commit <2 years).
The applications should have a sufficient level of explorability.

The applications should be known for other experiments in the literature.

Ealb el e

Regarding number 3 criteria, during a preliminary evaluation of the tool, it became clear that
the depth of exploration rarely exceeded three pages; for this reason, a study-specific heuris-
tic was used, even though there is no established definition in the literature for the level of
explorability. Conversely, applications with only 1-2 web pages are considered extremely
limiting for capturing interactions. Therefore, we judge a ‘sufficient level of explorability’
as having at least three pages where the contained widgets change and the functions pro-
vided by the pages are different. This allows us to exclude single-page applications (like, for
example, an audio recorder). Typically, an application with a main landing page, a settings
page and an edit content page will just suffice.

As a result, we chose two popular open-source applications taken from the F-Droid
mobile catalogue (Fdroid, n.d.): OmniNotes (federicoiosue, n.d.) — a note-taking app — and
PassAndroid (ligi, 2025) — an app that manages tickets, coupons, loyalty cards, board-
ing passes, etc. Both applications have been adopted in other experiments (Mikhaltsov &
Sorokin, 2022; Mukherjee et al., 2022; Coppola et al., 2020; Romdhana et al., 2022). Table 2
shows the complexity of the AUTs. For the complexity analysis we used Lizard, a widely
known and open-source static analysis tool (terryyin, n.d.), and shellscript-based parsing (to
get the number of activities and fragments). As it can be seen, OmniNotes is a significantly
larger application, with approximately six times the non-commented lines of code (17188
vs 2817), and nearly seven times the number of functions (1347 vs 197), indicating substan-

Table 2 Complexity of the two AUTs

AUT nloc avg nloc avg CCN #functions #activities #fragments
OmniNotes 17188 9.6 22 1347 12 14
PassAndroid 2817 8.3 2.6 197 13 58
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tially greater size and functional scope. PassAndroid, despite the smaller codebase, exhibits
a richer Ul structure, with 59 fragments compared to 14 in OmniNotes, suggesting a more
complex architecture and a higher number of distinct UI states that testers may encounter.
Both apps show comparable and relatively low average cyclomatic complexity (CCN) (2.2
and 2.6 respectively), below the threshold of 10, commonly considered indicative of high
complexity (McCabe, 1976) and similar average function lengths (9.6 and 8.3 nloc).

The tasks for the participants in the experiment consisted of testing the applications using
two distinct tools. We provided the student with two different versions of the Appium Inspec-
tor testing tool (Welcome - Appium Inspector, n.d.): the Vanilla (unmodified) version and the
Gamified version (GAppium Laudadio et al., 2025); in this latter version, we implemented
a few typical gamification mechanics: Coverage Progress Bars, Badges, Customization and
Leaderboards. These elements are depicted and highlighted with different colors in Fig. 1.

The features were selected based on the Self-Determination Theory (SDT) (Deci &
Ryan, 1985). SDT suggests that motivation increases when three psychological needs —
competence, autonomy, and relatedness — are satisfied. Progress bars and badges target com-
petence by providing feedback on coverage and recognizing achievement; customization
supports autonomy by fostering tool ownership; leaderboards address relatedness through
social comparison. These motivational effects are expected to translate into measurable per-
formance outcomes: progress bars are supposed to improve effectiveness and efficiency by
guiding test coverage; badges and leaderboards are supposed to drive effectiveness by incen-
tivizing thoroughness; customization and leaderboards are supposed to sustain engagement
over time. Table 3 summarizes the features, their motivational effect, the performances they
are supposed to target and the Octalysis Framework related Core Drives.

<|o|O @ cC Qo4 X

Source Commands Gestures Recorder Session Information

X gal &

350 @ © w4l ] Gamification < Selected Element
< e ® < Customization
o > @& @ F
NewNote # CrazyDiamond
Attribute Value

Hello World

Session Length 00:01:23 class android.widget LinearLayout
#ags

Currently Active App ID it.feio.android.omninotes.alpha

®

New Pages Found: 1 Q Badges and Leaderboards

Current Page Coverage: Bad g es
0% Badges
Incremental Coverage:
1%
Z Your Name (/] First Interaction
Progress bars
You changed your You performed your
username once! first interaction!
Leaderboards
UserName Score
Maurizio 400
ROs3mdry 380
p3bble 240
Y : 33
< @ Leaderboards

Fig. 1 A typical GAppium session
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As it can be seen, the implemented gamification features are related to Development &
Accomplishment, which consists in making progress and achieving mastery, and Ownership
& Possession, which is triggered from owning and improving things. We have decided to
implement these features because we deemed them to be the most suitable for this kind of
platform, although work is currently underway to implement additional ones.

It is worth to mention that the leaderboard is just simulated, i.e. it is not synchronized
among all the players, since the testing platform does not support any online multiplayer
feature currently. However, since it is not being updated in real time, there is no difference
between a fake leaderboard and a real one. A real leaderboard would only have a visible
impact if it was updated in real time during the sessions. “Fake” or “simulated” leader-
boards have been used in the past and are still used nowadays in experimental settings as
placebo effects (Heasman & Gillespie, 2019; Stoeve et al., 2022). Moreover, research has
demonstrated that in gamification, human behavioral responses are driven primarily by psy-
chological expectations and perceptions rather than objective reality (Brantley et al., 2021;
Winkler & Hermann, 2019). In conclusion, we do not believe that the usage of a fake lead-
erboard could have had a detrimental effect on the experiment outcome.

Participants were randomly divided into four groups of the same size. All groups were
exposed to both treatments in sequence. The order of execution for each group is depicted
in Fig. 2.

The study was conducted on 238 volunteer students from Politecnico di Torino. The
student attended the software engineering course — where software testing is part of the syl-
labus — of the MSc in Computer Engineering. Among the participants, 167 were physically
present in the experiment classroom, while 71 attended the experiment session remotely.
Students taking part in the experiment were given an additional point on the final course
grade. Apart from the university ID of the students, no other personal data possibly leading
to unique identification of the subjects was recorded in the artefacts. An informed consent
statement was available in the application form for the experiment. A preliminary analysis
of the demographics shows that only 31 students had more than 1 year of experience in
mobile application development, only 49 had more than 1 year of experience in software
testing, and only 3 had previously performed ET.

The participants were strongly encouraged to perform sessions lasting at least 15 min-
utes, with a maximum time of 30 minutes per session. These limits were chosen to have a
balance between the freedom of the participants and external time constraints deriving from
the classroom availability, and they are in line with durations adopted for similar experi-

Table 3 The psychological Feature Motivational ~ Performance  Core Drive
components satisifed by the Effect

implemented gamification fea-
tures, the performance outcome

Progress bars  Competence  Effectiveness, CD2 - De-

they are supposed to target, and Efficiency Velopmer_lt &

the Octalysis framework related Accomplishment

Core Drives. Badges Competence  Effectiveness ~ CD2 - De-
velopment &
Accomplishment

Leaderboards  Relatedness Effectiveness, CD2 - De-
Engagement velopment &
Accomplishment
Customization Autonomy Engagement CD4 - Ownership
& Possession
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| Session 1 | | Session 2 ‘
OmniNotes ‘ PassAndroid ‘
Group 1 %
Vanilla Gamified
‘ PassAndroid ‘ OmniNotes
Gamified Vanilla
PassAndroid | OmniNotes

Vanilla Gamified
| OmniNotes | PassAndroid
Gamified Vanilla

Fig. 2 Order of execution for the groups
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Fig. 3 Time distribution of the duration of the sessions among the participants

ments (Coppola et al., 2024; Straubinger et al., 2025; Garaccione et al., 2024). As it can be
seen from Fig. 3 the vast majority of the participants respected these soft constraints. Most
of them, however, closed their sessions immediately after 15 minutes.

During the experiment, a session report containing the data required for the analysis
was automatically recorded. Meanwhile, students had to fill in a spreadsheet form report-
ing all the bugs they had found, with a short description and the time of finding. At the end
of the session, participants were asked to answer a Likert questionnaire (Wikipedia, 2025)
containing questions aimed at measuring the engagement and satisfaction level, as well as
general usability questions adapted from the System Usability Scale (SUS) (Brooke, 1996)
and general demographic questions. Students were asked to upload these artefacts to a pri-
vate online university workspace at the end of the experiment.
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3.3 Variables

Our experiment defines four independent variables. Treatment is the main factor, i.e. the
application of gamification to the session, while Sequence, Order and AUT are co-factors.
Sequence relates to the time of execution of the session: its value is 1 if the session is the
first, 2 if the session is the second, while Order represents the order in which the treatment
is applied to the participants.

Considering the software testing aspect we are evaluating, we identified the following
dependent variables:

1. Effectiveness: The ISO 9001 standard defines Effectiveness as the “Extent to which
planned activities are realised and planned results are achieved.” (Standard, International
Organization for Standardization, 2015). Exploratory Testing effectiveness reflects the
ability to thoroughly explore the AUT and accurately identify defects. Following prior
work on gamified GUI testing, in our experiment, we operationalize effectiveness through
Explored Pages and Bug Report Precision/Recall. Explored pages — and similar metrics
— are typically adopted metrics related to the effectiveness of software testing (Bures
et al., 2018; Leveau et al., 2020). In white-box testing, we typically define coverage in
terms of code. In our case, testers do not have access to the code of the applications, so
we use the number of visited pages as a measure of exploration. To have a definition of
exploration compatible with web applications, we define a page as a specific ordered set
of widgets. In fact, the data structure representing a page is a concatenation of the names
of the widgets present on the screen at a given time. It follows that, in our experiment, the
number of explored pages will be equal to the number of unique strings representing the
concatenations of widgets that the testers are encountering in their paths. Precision and
Recall are also common metrics in data analysis, often used jointly. Bug Report Precision
is defined as the number of True Positive bugs (TPs) reported divided by the number of
all the bugs reported. Recall is defined as the number of TPs over the total number of
bugs in the AUT.

2. Efficiency: Defined by ISO 9001 as the “Relationship between the result achieved and
the resources used”. On this side, we define three dependent variables: explored pages
per unit of time, number of TPs per unit of time, and Precision/Recall per unit of time.

3. Engagement: to assess the engagement of testers during their testing activities, we
defined a set of questions with answers on a Likert scale. Some questions are more
related to the overall User eXperience (UX) and usability of the system, and taken from
a classical System Usability Scale (SUS) questionnaire?, while others are more specific
to the engagement. Engagement and Usability were measured using non-overlapping
questionnaire items, targeting affective/motivational responses and perceived ease-of-
use, respectively.

The considered variables are reported in Table 4.

21t is worth noting that usability and engagement may not be fully independent constructs in this context. We
assume that a system perceived as easy to use and consistent may lower cognitive load, thereby freeing atten-
tional resources that can be redirected toward engagement with the gamification elements. Conversely, high
perceived complexity or frustration may suppress engagement regardless of the gamification design. This
potential mediation effect — where usability acts as a prerequisite for engagement — is however an assumption
of this study and was not formally tested; we acknowledge it as a direction for future work.
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3.4 Testing environment
The testing environment was composed of the following components:

o The two versions of the Appium Inspector testing tool (respectively with and without
gamification)
® The two AUTs: PassAndroid and OmniNotes.

Participants received instructions on how to set up the environment for testing on their
personal computers 10 days before the actual experiment. On the experiment day, students
received live instructions on how to run the testing applications and to run the testing activ-
ity. Before the experiment trials, a 30-minutes lecture about Exploratory Testing was pro-
vided. The students were taught the basics of scenario-based testing and the way manual
exploration of the GUI of a webapp can be conducted to follow the main routes that a user
can perform. Examples were provided to the students about how to detect a bug in a sample
application, and how to create a bug report within the spreadsheet they were provided with.
Remote students received a video tutorial with the same content.

Before starting the bug injection process, we identified 4 bugs which were already pres-
ent in the PassAndroid application. The injected bugs belong to the three classes of mutants
defined by Alegroth et al. in previous works (Alegroth et al., 2015): Remove Listener,
Duplicate/Insert and Modify. Table 5 lists the bugs injected in both AUTs. Bug IDs marked
with an asterisk (*) were already present before our injection process.

At the end of the bug injection process, we wanted both the applications have the same
number of known bugs, including the ones which were already present before the injection.

Table 4 The considered variables

Name Description Values Indep./Dep.

Treatment The type of treatment applied to the Gamified, Vanilla 1
subject

Sequence The sequence number of the session 1,2 I
(1 if it is the first session, 2 if it is the
second)

Order The order in which treatments are Gamified-Vanilla, 1
administered to the subject Vanilla-Gamified

AUT The application which is being tested ~ PassAndroid, I
in this session OmniNotes

Bug Report Precision The bug report precision value ob- Real numbers D
tained by a tester during the session

Bug Report Recall The bug report recall value obtained ~ Real numbers D
by a tester during the session

Explored pages The number of pages visited during Integer numbers D
the session

True positives/time The number of true positive reports Real numbers D
per unit of time

Explored pages/time The number of pages explored per unit Real numbers D
of time

Precision/time The bug report precision per unit of Real numbers D
time

Recall/time The bug report recall per unit of time ~ Real numbers D
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Moreover, thanks to the experiment, we identified one additional bug in the PassAndroid
AUT that we were not aware of at the time of bug injection.

After the experiment, each of the bugs reported by students was labelled as True Posi-
tive (TP) or False Positive (FP) by a member of our team. The labelling protocol can be
expressed as follows:

® A bug is labelled as TP if it was originally present in the list of known bugs or if it is
possible to reproduce it within the AUT after the experiment.

e Abug is labelled as FP if it was not originally present in the list of known bugs and it is
not possible to reproduce it within the AUT after the experiment.

All the other bug reports (e.g. bug reports for which the description was not clear or bug
reports which refer to the testing application rather than the AUT) were discarded.

3.5 Analysis procedure

To answer the proposed RQs, we formulated the hypotheses in Table 6.

We performed the statistical analysis through R (R Core Team, 2025). We implemented
non-linear models for repeated measurement data, specifically with the n1me package (Pin-
heiro et al., 2025).

We analysed each dependent variable separately using a linear mixed-effects model of
the following form:

X =co+cp-Treatment + ca - AUT + co - Order + cg - Sequence + Error(Subject)

Table 5 The list of bugs injected in both AUTs

AUT BugID Description Category

PA BROKEN_SELECT_ICON* Select icon button is broken REMOVE_LISTENER

PA BROKEN_FOOTER* Add footer image button broken =~ REMOVE_LISTENER

PA BROKEN_HEADER* Add header image button broken =~ REMOVE_LISTENER

PA BROKEN_LOGO* Add logo image REMOVE_LISTENER

PA BROKEN_SORT_PASS Sort type in settings not working ~ MODIFY

PA BROKEN_SHARE Share pass not working REMOVE_LISTENER

PA BROKEN_CONDENSED Condensed mode does not change REMOVE_LISTENER
anything

PA DUPLICATE_PASS Create pass creates two passes DUPLICATION

PA BROKEN_VOUCHER VOUCHER breaks category REMOVE_LISTENER
change

ON BROKEN_INFO Info not working REMOVE_LISTENER

ON BROKEN_PIN Pin note not working REMOVE_LISTENER

ON BROKEN_NOTIFICATION Notification not working REMOVE_LISTENER

ON BROKEN_APPTOUR App tour not working REMOVE_LISTENER

ON BROKEN_SORT_NOTE Sort not working MODIFY

ON DUPLICATE NOTE Reduced view duplicates notes REMOVE_LISTENER

ON MISSING_STATISTICS Some statistics are missing (only REMOVE_LISTENER
titles)

ON BROKEN_FILTER Category filter not working DUPLICATION

ON BROKEN_CHECKLIST OPTIONS  Options related to checklists are ~ REMOVE_LISTENER

not memorized
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Table 6 Correlation and p-values  Name Hypothesis
for Precision and Recall

Hpo Gamification has no statistically significant impact
on Bug Report Precision and Recall.

H.o Gamification has no statistically significant impact
on page exploration.

Hipt o Gamification has no statistically significant impact
on the number of TP bug reports per unit of time.

Hpri0 Gamification has no statistically significant impact
on precision and recall per unit of time.

Hc o Gamification has no statistically significant impact
on the number of explored pages per unit of time.

In this formula, X represents the examined dependent variable, ¢, represent the regres-
sion coefficients estimated by the model for the corresponding independent variables, and
Treatment, AUT, Order and Sequence are the independent variables. Subject is the subject
ID variable. The model was fitted independently for each dependent variable; therefore,
no aggregation or weighting of different metrics was performed. For RQ3, we adopted a
descriptive statistics approach based on a diverging bar chart, which is more appropriate for
a questionnaire (GGLikert, n.d.).

Since we produce tests for seven dependent variables, we choose to apply the Bonferroni
correction method (Bland & Altman, 1995) , to compensate for the family-wise error rate.
Even though this approach is still object of debate, Perneger (1998) , it is recommended
in particular when seeking for connections without a preset set of hypotheses backed by
a consistent theory, and the tests are not independent (Armstrong, 2014). The Bonferroni
correction method consists in dividing the significance level value («) by the number of
hypotheses being tested (in our case, the number of dependent variables). With an initial
significance level of 0.05, we obtain a corrected significance level of:

ae = /7 =0.05/7 = 0.007

4 Results

In this section, we present our results related to effectiveness, efficiency and engagement.
After a first data cleaning step, 159 reports were chosen for the analysis. The excluded results
are mostly due to issues that occurred during the live experiment, which made it impossible
for the student to complete the two sessions and therefore upload the required artefacts.

4.1 RQ1 - Effectiveness

Table 7 shows the coefficients and the p-values obtained while computing the correlation
between precision, recall and explored pages against the considered factors.

Looking at the p-values, we cannot refuse H,,, o for treatment (Trtm). All the other fac-
tors do not have a statistically significant impact on precision or recall. A remarkable result
related to effectiveness is the fact that students discovered a bug in one of the two AUTSs
(namely PassAndroid) that was already present before the bug injection — however, this
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Table 7 Correlation and p-values for Precision, Recall and Explored Pages

Precision Recall Explored pages

Factor coeff. p-value coef. p-value coeff. p-value
Seqa -0.0026 0.9459 —-0.0027 0.8026 3.4043 0.0431
Trtmyg 0.0011 0.9757 —-0.0187 0.0799 8.5054 < 0.0001
AUTpa 0.0950 0.0129 0.0233 0.0305 -3.0152 0.0729
Ordgv 0.0383 0.4501 0.0056 0.6970 —1.4429 0.5680

+ gamified 1 ° treatment
)

§ m— vanilla
g I} gamited

amifie
= vanillaq ———— ——————— oo o ° 9
0 25 50 75 100

explored pages
Fig. 4 Page exploration

additional bug has no significant impact on the computed statistics, since it was reported by
a rather small number of participants (only 6 students).

We report a significant positive effect on page exploration related to the usage of Gami-
fication (p =< 0.0001), which allows us to reject H. . A noticeable result is the significant
positive effect of the sequence session number (2) on the explored pages (p = 0.0431). Fig-
ure 4 presents a boxplot graph showing the distribution of page exploration results, grouped
by the treatment factor.

4.2 RQ2 - Efficiency

Related to the efficiency, we define three metrics: number of TP bug reports per unit of time,
Precision and Recall per unit of time, and number of VPs visited per unit of time. In Table 8
we report the coefficients and p-values for the regression analysis performed on TP, Preci-
sion, Recall and Explored pages per unit of time. We do not experience significant effects
on TP/time, precision/time, nor recall/time. The explored pages per unit of time, instead,
is positively influenced significantly by the sequence number (2) and by the application of
Gamification. Order and AUT have no significant impact.
Figure 5 shows the effect of the treatment on the page exploration per unit of time.

4.3 RQ3 - Engagement

Regarding the perceived engagement of participants in the experiment, we collected answers
from 159 participants. Among the participants, 120 answered all the questions, while 38
missed one or more questions.

The list of questions is reported in Table 9. The questionnaire was the same for both ses-
sions; however, the gamified session included three more questions specific to the gamified
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Table 8 TP, precision, recall and explored pages per unit of time

TP/Time Precision/Time Recall/Time Explored pages/
Time
Factor coeff. p-value  coeff. p-value  coeff. p-value  coeff. p-value
Seq2 0.0004 0.9478 0.0002 0.9191 0.0001 0.8839 0.3167 0.0002
Trtmg —0.0086 0.1141 0.0000 0.9905 —0.0009 0.1221 0.3709 < 0.0001

AUTpe  0.0132 0.0166 0.0047 0.0188 0.0011 0.0621 —0.1671 0.0488
Ordgy  0.0034 0.6188 0.0020 0.4501 0.0003 0.6341 —0.1174 0.3250

= gamified - ° ° treatment
0]
% {[l— vanilla
g .
o amified
= vanillaq ' °

0 1 2 3 4 5

explored pages/time
Fig.5 Explored pages per unit of time

experience (marked with an asterisk (*) in the table). The questions prefixed with “SUS”
are related to the usability of the system, while the ones prefixed with “ENG” are related to
the engagement.

In Fig. 6, the distribution of the answers to the Vanilla-Likert questionnaire is shown. On
the usability side, most of the students reported not feeling like they may use the system
for testing activities in future (Q1), and the system is deemed more complex than necessary
(Q2). On the satisfaction and engagement side, most of the participants report not having
fun while using the system (Q11). Finally, a strong majority (55%) of the students think that
gamification mechanics could improve their productivity (Q16).

Figure 7 shows the distribution of the answers to the Gamification-related Likert ques-
tions. As can be seen, the number of students reporting their willingness to use the system for
testing activities in future rises from 36% to 41% (Q1). In general, the system is found to be
more usable than the Vanilla one (Q2 - Q9). Regarding gamification, 48% of the students find
the gamification elements clear and understandable (GQ17). A strong majority of them (63%)
believe that they would use gamification techniques in future if they had to do Exploratory
Testing (GQ18), and that it is a good idea to use gamification for Exploratory Testing (GQ19).
It is also interesting to observe that most of the participants (37%) had fun while using the
system (Q11). Finally, 58% of the students agree with the fact that gamification mechanics
could improve their productivity (Q16), which is in line with the Vanilla-Likert answers.

We also collected answers on the individual gamification features implemented in the test-
ing application. The distribution of the answers is depicted in Fig. 8, while the questions are
listed in Table 10 (the questions are the same for each gamification feature). Coverage indica-
tor (i.e. progress bars) was the most appreciated feature, with 83% of the participants agreeing
on its usefulness (coverage.Q1) and 76% expressing their appreciation. Instead, customization
was deemed the less useful and motivating feature (customization.Q1, customization.Q4).
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Table 9 List of questions from questionID
the questionnaire

vanilla.SUS1
vanilla.SUS2
vanilla.SUS3
vanilla.SUS4
vanilla.SUS5
vanilla.SUS6
vanilla.SUS7
vanilla.SUS8
vanilla.SUS9
vanilla.SUS10
vanilla.ENG1
vanilla.ENG2
vanilla.ENG3
vanilla.ENG4
vanilla.ENG5
vanilla.ENG6

Fig. 6 Likert Vanilla

30%
24%
37%
36%
24%
1%
47%
26%
42%
1%
1%
46%
33%
29%
36%
7%

question

SUS1
SUS2

SUS3
SUS4

SUS5
SUS6

SUS7

SUS8

SUS9

SUS10

ENGlI
ENG2

ENG3
ENG4
ENGS
ENG6

ENG7*

ENG8*

ENGY*

I may use this system for testing activities in future
The system appeared to be more complex than
necessary

The system was easy to use

I think I would need technical support to use the
system

The system functionalities were well integrated

I think there was too much inconsistency in the
system

Most of the people could learn to use the system
in little time

I needed many information before starting using
the system

The explanations of the instructors were clear
enough

It was easy to choose which path to explore to test
the application

I had fun while using the system

While using the application I lost the cognition of
time

I found using the system frustrating

I felt autonomous while using the system

I felt self-confident while using the system

I think that gamification mechanics could improve
my productivity

Gamification elements were clear and
understandable

If I had to do Exploratory Testing in future I would
use gamification techniques

I believe it is a good idea to use Gamification for
Exploratory Testing

19%
19%
30%

6% 29%
B 22%
6% 35%
11% 36%
20%
59%) 37%
5% 36%
29%
16% 30%
21%
[ ] 24%
7% 29%
6%

50%

. Completely Disagree

33% 33% B 36%
29% 36% 1% | 4%
34% 25% L] 29%
23% 32% (9% | 41%
45% 28% ] 31%
40% 17% I 19%
26% 23% W 27%
20% 41% [ 12% | 54%
27% 22% 55 31%
23% 25% [10% | 36%
31% 24% [ ] 28%
28% 22% W 27%
29% 33% B 37%
35% 27% [10% | 37%
30% 28% 6% 33%
38% 36% A 55%
0% 50%
Disagree Neutral Agree . Completely Agree
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gamified.SUST-  24% 16% 35% 35% 6% 4%
gamified.SUS2 | 24% B 2% 35% 33% 9% | 42%
gamified.SUS3-  33% 28% 33% 30% ] 34%
gamified.SUS4- 31% 26% 25% 33% [10%] 44%
gamified.SUS5 - 20% | 19% 39% 37% ] 4%
gamified.SUS6 - 45% 38% 39% 15% | 16%
gamified SUS7  45% 9% 36% 20% 28% 6% 35%
gamified.SUS8 - 29% 24% 22% 38% [11% | 49%
gamified.SUS9 - 43% 33% 25% 24%  |E5A 32%
gamified.SUS10-  31% 26% 28% 33% 8% 4%
gamified ENGT 31% 26% 32% 30% 6% 37%
gamified ENG2- 41% 32% 34% 19% BEA 25%
gamified. ENG3 - 41% 28% 31% 23% BH 28%
gamified ENG4 - 25% B 2% 34% 34% 7% 41%
gamified. ENG5 | 37% 6% 32% 28% o7% A 34%
gamified. ENG6 - 5% | 38% 1% 7% | 58%
gamified. ENG7 - 24% B 2% 28% 33% [ 15% | 48%
gamified ENG8 | 8% 17% 28% 46% L 17% | 63%
gamified. ENG9 5% | 28% 45% | . A
50% 0% 50%
. Completely Disagree Disagree Neutral Agree . Completely Agree

Fig.7 Likert gamified

To further disentangle usability perceptions from gamification-driven engagement, we
computed the correlation between SUS scores and engagement scores across participants,
for the gamified experience. The correlation matrix, represented by Table 11, shows that the
relationship between usability and engagement items is weak to moderate and non-uniform
rather than systematically strong. Across all 90 SUS-ENG pairs, the average absolute cor-
relation is 0.25, with the majority of pairs (62/90) falling below 0.3. A small subset of pairs —
notably SUS2/SUS3 with ENG3, ENG4 and ENGS — show moderate-to-strong correlations
(Ir] > 0.4). We also report the correlation matrix heatmap, for convenience, in Fig. 9. The
implications of these results will be discussed in Section 5.

coverage.Q1
coverage.Q2
coverage.Q3
coverage.Q4
badges.Q1
badges.Q2
badges.Q3
badges.Q4
leaderboards.Q1
leaderboards.Q2
leaderboards.Q3
leaderboards.Q4
customization.Q1
customization.Q2
customization.Q3
customization.Q4

4%
8%
5%
9%
5%
19%
5%
13%
8%
20%
8%
20%
17%
26%
13%
28%

| 8%
I

| 8%
16%
|

B 0%
[ BA
14%
| GA
14%
B 2%
A 18%
EA
B 9%
8% 20%
EA

50%

. Completely Disagree

Fig. 8 Likert gamified mechanics
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Table 10 Questions related to ID Question
individual gamification features - -

Ql I think that the feature is useful

Q2 I think that the feature influenced my usage of GAppium

Q3 I appreciated the feature

Q4 The feature motivated me doing exploratory testing
Table 11 Correlation matrix among SUS and ENG answers from the gamification questionnaire

ENG1 ENG2  ENG3 ENG4  ENGS ENG6  ENG7  ENG8 ENG9

SUS 1 0.51 0.09 —0.40 0.38 0.29 0.23 0.24 0.40 0.33
SuS 2 —0.43 —0.07 0.56 —0.48 -0.43 —-0.16 —-0.33 -0.32 -0.17
SUS 3 0.38 0.10 —0.58 0.44 0.51 0.14 0.27 0.27 0.26
SUS 4 —0.26 0.05 0.29 —0.35 —-0.25 —-0.13 —0.32 -0.22 —0.15
SUS'5 0.26 0.13 -0.37 0.32 0.40 0.10 0.26 0.14 0.20
SuUS 6 —0.25 —0.14 0.35 —-0.30 —0.41 —0.11 -0.23 —-0.16 —-0.13
Sus 7 0.24 0.18 —-0.40 0.28 0.29 0.11 0.22 0.11 0.21
SUS 8 —0.14 0.03 0.19 —0.24 —-0.36 —-0.07 —0.12 —-0.09 —0.12
SUS 9 0.30 0.01 -0.28 0.15 0.32 0.22 0.35 0.17 0.17
SUS10  0.26 0.02 —0.20 0.34 0.30 0.16 0.30 0.25 0.19

Correlation Matrix between Usability and Engagement

& 8 8 & 8 8 & & 8
& & & & @ &© & & &
;
sust .
0.8
sus2
0.6
suss .
0.4
sus4
0.2
suss
0
suse
-0.2
sus7
-0.4
suss
-0.6
SUs9
-0.8
SUS10

Fig. 9 Heatmap showing the correlation among the SUS and ENG questions
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5 Discussion

In this study, we aimed to investigate the impact of gamification on effectiveness, efficiency,
and engagement of mobile exploratory testers.

Regarding effectiveness, the most notable result is the impact of gamification on explora-
tion. We measured a statistically significant positive correlation between the application of
the gamified treatment and the number of pages explored. This suggests to us that gamifica-
tion has a non-negligible impact on page exploration, therefore serving as a main motivation
factor for testers.

We did not measure statistically significant effects of the gamified treatment on the preci-
sion and recall. This is in line with our expectations: since bug detection is an activity which
requires experience and perspicacity, these skills cannot be acquired thanks to gamification,
especially in a short period of time.

Moving to efficiency, the most interesting result is the statistically significant positive
effect of the gamified treatment on the explored pages per unit of time. We can interpret this
result considering gamification as a major driver of motivation for testers. This outcome
contrasts with the results of Fulcini and Ardito (2022), who found no significant impact
of gamification on efficiency. A possible explanation for this difference might be related to
the specific gamification mechanics implemented and how they are presented to the par-
ticipants. The impact of gamification on True Positive bugs reported per unit of time is not
statistically significant. Finally, we witness a non statistically significant effect of gamifi-
cation on the precision and recall per unit of time. Again, this latter result confirmed our
expectations: gamification is not supposed to make testers better at doing their work; it can
just serve as a motivational drive.

Engagement was measured with a Likert-scale questionnaire, including generic questions
about the system usability and more specific ones related to gamification. Students were asked
generic questions taken from System Usability Scale questionnaires, adapted to our use case,
and more specific questions about gamification. The most important result is that a strong
majority of the students answered that they would use gamification techniques in future if they
had to do ET, that it is a good idea to use gamification for ET, and that gamification mechan-
ics could improve their productivity. One major response bias often encountered in surveys
is the acquiescence bias (Baxter et al., 2015): participants usually have a tendency to answer
positively to questions, without considering the actual content of the question, or their true
preference, however the distribution of the other answers suggests that the students were fair
enough in their evaluation of the questions — as an example, most of them report experienc-
ing too much inconsistency in the testing tool, both in the vanilla and in the gamified version.

The correlation matrix shown in Table 11 suggests that for some of the considered SUS-
ENG pairs (i.e. SUS2/SUS3 with ENG3, ENG4, ENGS) the perceived system consistency
and ease of use may be related to specific engagement facets. However, the overall pattern
indicates that usability and engagement, as measured, are not interchangeable constructs: most
engagement items (ENG2, ENG6, ENGS) show consistently weak correlations with usability
across the board. This provides empirical support that engagement, as measured, is not merely
a byproduct of perceived usability. Nonetheless, we acknowledge that the addition of gamifica-
tion elements inherently introduces new interface components, and we cannot fully exclude that
part of the observed engagement reflects a reaction to interface novelty rather than the moti-
vational mechanics themselves. We report this as a threat to construct validity in Section 5.1.
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5.1 Threats to validity

We report the potential threats to validity of our study according to the four categories
described by Wohlin et al. (2012).

Conclusion Validity threats concern issues that can have an impact on drawing the correct
conclusion about the relationship between treatments and outcomes. The tests we employed
had no statistical prerequisites. Measures were collected automatically; therefore, no human
errors should be involved in their collection. Participants were randomly assigned to the
groups, and no significant difference exists in terms of expertise. The result may have been
impacted by the allocation of participants to the groups; however, given the number of par-
ticipants, we consider this as very improbable.

Construct Validity threats regard the relationship between theory and observation.

One of the main threats in this sense is represented by the limited time of exposure to
gamification mechanics. In fact, other studies have reported the beneficial effect of gamifi-
cation on knowledge retention (Putz et al., 2020). An hour is too short an amount of time for
such an experiment to properly appreciate the effects of gamification on the long-term habits
of testers. However, increasing the exposure time is included among our future objectives.

Regarding the adopted metrics, in software engineering, there are no standard metrics
to measure effectiveness and efficiency, given their abstract nature. However, the metrics
we adopted — explored pages, precision, recall and their derivatives — are widely used in
the fields of software engineering and data science (Tan et al., 2018; Washizaki, 2024). A
potential concern regarding the use of explored pages as an effectiveness metric is that the
increase in the number of pages explored does not necessarily reflect higher-quality testing,
as testers could navigate through screens superficially without thoroughly verifying applica-
tion behavior. In our study, this concern is partially supported by the results: gamification
showed a statistically significant effect on the number of explored pages, but no significant
effect was observed on bug report precision and recall. This pattern is consistent with the
hypotesis that gamification may incentivize broader but not necessarily deeper exploration,
possibly as a side effect of mechanics such as progress bars and leaderboards that reward
coverage rather than defect detection quality. We acknowledge that the number of explored
pages, in isolation, is an imperfect proxy for testing thoroughness, and that the observed
coverage gains should be interpreted cautiously. Future studies should consider richer qual-
ity indicators, such as fault severity or test case realism (Coppola et al., 2024), and possibly
introduce other gamification mechanics that reward defect detection quality as well.

We injected bugs in the two AUTSs to measure the precision and recall of the participants,
following two principles:

1. The number of injected bugs must be the same in both AUTs.
2. The number of bugs for each class of mutants must be the same in both AUTs.

Where mutant classes are discussed in Section 3. We still have a researcher bias given by
the possible difference in discoverability of the bugs present in both AUTs. In fact, the dis-
coverability of bugs is related to their perceived visibility according to the researcher who
injected them.

An important limitation of our study relies on our definition of engagement: in fact,
engagement is a multidimensional construct comprising behavioral, emotional, and cogni-
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tive components (Fredricks et al., 2004). Our measurements primarily capture self-reported
perceptions related to emotional engagement, such as perceived enjoyment, interest and
motivation, as well as general user experience with the system. Also, we did not adopt a
standardized engagement evaluation tool. The relationship with behavioral and cognitive
engagement still remain to be investigated in future work, possibly adopting a standardized,
validated engagement measurement tool covering all dimensions.

Another potential threat concerns the separation between engagement and usability.
Since the gamified tool introduces new visual elements (progress bars, badges, leaderboard,
customization options) on top of the baseline interface, part of the variance in perceived
engagement could in principle reflect a reaction to interface novelty rather than to the moti-
vational mechanics of gamification per se. To assess the impact of this concern, we further
examined the empirical relationship between the two constructs through a correlation analy-
sis (see Section 4), which showed that the majority of SUS-engagement item pairs (69%)
exhibit weak correlation (|r| < 0.3), with an average absolute correlation of 0.25 across
all pairs. This suggests that, while not fully orthogonal, engagement and usability were
largely perceived as distinct dimensions by participants, supporting the interpretation that
the observed engagement effects are not merely a product of interface usability.

We acknowledge, however, that this analysis is correlational and does not allow us to
fully rule out interface novelty as a contributing factor to engagement. We assume, con-
sistent with cognitive load theory (Sweller, 1988), that usability acts as a precondition for
engagement — i.e., a usable interface frees cognitive resources that can be directed toward
the gamified experience — rather than a direct driver of it. This assumption was not for-
mally tested and is reported here as a limitation, to be addressed in future work through
designs that isolate interface changes from gamification mechanics (e.g., comparing a gami-
fied version against a non-gamified version with cosmetically equivalent UI additions).

Considering the final questionnaire, there is a potential researcher bias regarding the
choice of the questions. Regarding the usability questions, they were all taken from the
widely adopted SUS questionnaire. Other questions related to gamification were instead
conceived by us. This became necessary to measure the actual impact of gamification on
efficiency and effectiveness, and the usefulness and level of satisfaction for each gamifica-
tion feature.

Internal Validity threats regard potential additional factors that may have an impact on a
dependent variable. One potential issue related to the crossover design is the effect of fatigue
and learning bias. The experiment was performed in two parallel courses (Italian course,
English course). Students from the Italian course performed the experiment in a classroom
at Politecnico di Torino in two consecutive sessions, while students from the English course
performed the experiment remotely. We did not have control over when remote students
performed the two sessions; however, we asked them to perform the two sessions consecu-
tively. We enforced a minimum time requirement of 15 minutes and a maximum time of 30
minutes on the two sessions. The 2x2 factorial design mitigates learning biases by construc-
tion. However, since the gamified testing application derives from the vanilla one, the GUI
and interaction process are very similar between the two versions. Therefore, we still expect
the effect of learning bias on the results of the second testing session. The design of the
experiment is supposed to reduce the fatigue effects, which should be experienced during
the second session, when participants were evenly split among the two Treatments. Another
potential side effect is the carryover effect, which can be experienced when a treatment is
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administered right after another, and the effect of the first treatment is still in place. A conse-
quence is the fact that the second treatment may be less effective than expected (Vegas et al.,
2016). This effect might be revealed by analysing the impact of order (G-V or V-G) in the
analysis. We do not consider the additional point on the final grade as a sufficient incentive
for students to potentially have an impact on their motivation level (Jordan, 1986).

Other limitations arise from the testing tool. First, we implemented just a small set of the
Octalysis framework’s potential gamification mechanics. Other mechanics, like for example
online multiplayer features, storytelling, etc., could have been chosen. Second, also con-
sidering what has been done in other studies, the level of detail adopted for measuring the
exploration level (i.e. pages) may be too high to actually produce a reliable exploration
measure. Future improvements of the tool should take this into account by recording also
widget-level interactions.

Another limitation is related to the ecological validity of the leaderboard mechanic. Par-
ticipants competed against simulated rather than real peers, therefore itl remains unclear
whether the observed effects can be fully attributed to leaderboard-induced social compari-
son (Festinger, 1954), as the competitive pressure may not have been perceived as authen-
tic. Our questionnaire does not include items directly assessing perceived competitiveness
or leaderboard authenticity. However, participants’ responses to the leaderboard-specific
items provide partial reassurance: the leaderboard received above-neutral median scores on
usefulness (Mdn = 4.0) and appreciation (Mdn = 4.0), and moderate scores on perceived
influence on tool usage (Mdn = 3.0) and motivation to perform exploratory testing (Mdn =
3.0), suggesting that the mechanic was at least partially perceived as engaging despite the
simulated competition setting. However, we acknowledge this as a residual threat to internal
validity: the observed effects may underestimate the true impact of leaderboard-based gami-
fication in settings involving real peer competition. Future studies should include validated
items measuring perceived competition (Vorderer et al., 2003), and designs involving real
peers to isolate the social comparison mechanism.

External Validity threats concern the generalizability of the results. The selected AUTSs
are popular open-source Android applications which are currently under development. The
applications were selected because of the number of different pages they feature, and the
different widgets which they include. A sample of just two applications, however, is too
small to guarantee the generalizability of our results. While the selected systems represent
real authentic systems, their similarity and limited number reduce the extent to which the
findings can be extended to broader mobile development contexts. Variations in application
domain, interface organization, architectural design, and overall system complexity may
influence how gamification affects testing activities. In particular, characteristics such as the
scale of the application, the intricacy of user navigation flows, and the localization of defects
could lead to outcomes that differ from those observed in this investigation. We suggest this
as future work. Regarding the platform, the testing application is platform-agnostic; there-
fore, we expect that the same results hold for iPhone apps as well. We injected a fixed set
of bugs in both applications. However, these bugs may not be representative of real bugs in
mobile applications.

Another major limitation is related to the selection of the sample: it is crucial to acknowl-
edge that the participants were all Master’s students, and most of them had limited or no
prior hands-on experience in mobile development, software testing or exploratory testing.
This novice status acts as a significant moderator on the observed results, since ET is heav-
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ily based upon experience. The results derived from this sample are less about reflecting the
efficiency of an experienced tester, and more about demonstrating the potential for rapid
skill acquisition when exposed to gamification. Moreover, the motivation level of students’
can significantly vary from the one of working professionals. These specific issues, related
to the sample selection, might constitute a limitation to the generalizability of our results to
a non-academic environment.

6 Conclusion

In this paper, we have explored the potential impact of gamification on effectiveness, effi-
ciency and engagement of testers performing mobile exploratory GUI testing. Our main
contribution consists of an in-vivo experiment with participants from a master’s degree soft-
ware engineering course. Similar experiments have been run in different contexts (Coppola
et al., 2024), however, to the best of our knowledge, this is the first study targeting mobile
application exploratory GUI testing, with this degree of freedom. The experiment goal was
to extract quantitative and qualitative data to compare the two different treatments applied
to participants: vanilla and gamified, in terms of effectiveness, efficiency and engagement.
Our study found that subjects exposed to the gamified treatment explored, on average, more
pages than those exposed to the vanilla treatment. At the same time, gamification was also
found to have a significant positive impact on the explored pages per time unit (a measure
of efficiency) of testers. Finally, testers seem to have perceived more emotional engagement
with the gamified experience than with the vanilla one. Another result that is worth men-
tioning is the non-significant impact of gamification on precision and recall, precision and
recall per unit of time and true positive bug reports per unit of time. We can interpret these
results by saying that gamification can have a significant impact on the short-term motiva-
tion of users, but cannot have an effect on tasks which require previous knowledge and
experience. Future work should aim at overcoming the limitations described in Section 5.
A longitudinal study with a similar experimental design would be beneficial, since it would
highlight the long-term effects of the gamified approach. A different sample selection could
instead extend the generalizability of the study to other contexts and environments. The
testing tool itself could be further improved by adding other gamification mechanics, such
as storytelling, multiplayer features, etc. The analysis of engagement could be extended
to the other engagement dimensions: behavioral, cognitive and emotional. Finally, a more
in-depth behavioral analysis of the testers could reveal hidden patterns in their interaction
models, and produce a more robust understanding of the influence of gamification on tes-
ters’ behavior. The authors are currently working in this direction, to improve the data col-
lection pipeline, and to implement logging of the required data.
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