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With increasing interest in computer-assisted educa-
tion, Al-integrated systems become highly applicable
with their ability to adapt based on user interactions.
In this context, this paper focuses on understand-
ing and analysing first-year undergraduate student
responses to an intelligent educational system that
applies multi-agent reinforcement learning as an Al
tutor. With human—computer interaction at the centre,
we discuss principles of interface design and educa-
tional gamification in the context of multiple years of
student observations, student feedback surveys and
focus group interviews. We show positive feedback
from the design methodology we discuss as well as
the overall process of providing automated tutoring in
a gamified virtual environment. We also discuss stu-
dents' thinking in the context of gamified educational
systems, as well as unexpected issues that may arise
when implementing such systems. Ultimately, our de-
sign iterations and analysis both offer new insights
for practical implementation of computer-assisted
educational systems, focusing on how Al can aug-
ment, rather than replace, human intelligence in the
classroom.

KEYWORDS

computer-assisted education, human—computer interaction,
serious games

ABERA

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no

modifications or adaptations are made.

© 2024 The Author(s). British Journal of Educational Technology published by John Wiley & Sons Ltd on behalf of British

Educational Research Association.

Br J Educ Technol. 2024;00:1-18.

wileyonlinelibrary.com/journal/bjet

1


www.wileyonlinelibrary.com/journal/bjet
mailto:
https://orcid.org/0000-0003-3318-2034
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:harer6@rowan.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbjet.13526&domain=pdf&date_stamp=2024-10-16

British Journal of
2 | Educational Technology HARE ET AL.

Practitioner notes

What is already known about this topic

+ Al-integrated systems show promise for personalizing learning and improving stu-
dent education.

* Existing research has shown the value of personalized learner feedback.

» Engaged students learn more effectively.

What this paper adds

» Student opinions of and responses to an HCIl-based personalized educational
system.

* New insights for practical implementation of Al-integrated educational systems
informed by years of student observations and system improvements.

* Qualitative insights into system design to improve human—computer interaction in
educational systems.

Implications for practice and/or policy

+ Actionable design principles for computer-assisted tutoring systems derived from
first-hand student feedback and observations.
» Encourage new directions for human—computer interaction in educational systems.

INTRODUCTION

With modern Al approaches, education faces a transformative era in terms of the facil-
itation and personalization of learning (Kumar et al., 2023). By helping to automate tra-
ditional teaching or providing analytics on learner performance (Alloghani et al., 2018;
Anantharaman et al., 2018), new Al methodologies continue to push education forward.
Using Al, educational systems can be made more automated, providing more effective
(Chaudhry & Kazim, 2022) and personalized educational experiences to students (Limna
et al., 2022), often through intelligent tutoring systems (ITSs) (Lin et al., 2023). ITSs lever-
age the power of human—computer interaction (HCI) to create or enhance students' class-
room experiences beyond what is typical. However, the successful implementation of such
systems requires both advanced Al methodologies and careful attention to the HCI as-
pects, ensuring that integration enhances the learning process without any negative effects
on students' learning.

When implementing Al-assisted educational systems, research in educational technology
consistently highlights the importance of both personalized feedback (Zheng et al., 2022)
and learner engagement (Bond & Bedenlier, 2019) when trying to effectively deliver edu-
cational content and experiences. However, many unforeseen challenges can arise when
implementing such systems in a real classroom setting, and controlled lab environments
can often fail to reveal potential issues. Furthermore, learner engagement and effective
education are often heavily dependent on user perceptions, which can fail to align with
designer intent. This work explores both possible unexpected challenges in a classroom
implementation and how learner feedback can be used to inform better HCI design in an
educational system. With that exploration in mind, this paper aims to answer the following
research questions:
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RQ1. What central aspects of educational system design are important to improve
the system's usability and utility to students and ultimately enhance students' learning
experience?

RQ2. What unexpected or uncontrollable issues interfere with students' learning during
implementation of an educational system?

RQ3. Does an iterative design process informed by student questionnaires lead to im-
proved student perceptions about system usability and utility?

In pursuit of these questions, we provide design insights for effective HCI in classroom
settings informed by the implementation and testing of an Al-driven gamified ITS. We focus
on student survey responses and results from personal focus group interviews where stu-
dents detailed their thought processes and opinions on system design, all gathered during
a design-based research study. Participating students were all first-year university students
in an engineering program, with the serious game in question created as a gamified lab
experience in a foundational course. Through our qualitative analysis, we provide other re-
searchers with important design principles and considerations when implementing this type
of system, all of which may not be obvious in a study focused purely on quantitative analysis.
We focus on the nuance of human—Al interaction and detail how such systems can be de-
signed and implemented to maximize not just the educational benefits but also the learner
experience. And ultimately, we aim to provide insights from our development to inform other
researchers' designs and implementations.

RELATED LITERATURE

Research in HCI is heavily intertwined with the development of educational technology, as
the way users interact with a system directly influences its effectiveness as an educational
tool. Therefore, HCI research emphasizes the importance of user-centred design (Hasani
et al., 2020) to ensure widespread usability for educational systems (Cruz et al., 2015;
Gonzalez-Gonzalez et al., 2015), as the target audience in educational settings often varies
greatly in their prior knowledge, past experiences and expectations about their interactions
with such systems (Yi et al., 2021). Ultimately, if educational technology aims to supplement
human-driven instruction in any meaningful way, the design aspects surrounding the user's
experience and interfacing must not interfere with the delivery of educational content, as
poor user interface design can greatly impact system usability (Miya & Govender, 2022) and
user retention (Priyadarshini, 2024). Furthermore, education-specific systems often suffer
from poor integration with their target curricula (Kalmpourtzis & Romero, 2020).

A key challenge in this area is the discrepancy between designers' visions surrounding
a system's use and how users interact with it (Duvaud et al., 2021). Designers, especially
those with heavy engineering backgrounds, tend to prioritize technical efficiency and func-
tionality over usability or minute details of the user experience. As a result, educational
software often encounters challenges with interface design, user friendliness and usability
(Ahmad Faudzi et al., 2023; Faghih et al., 2013). In fact, oversight in usability can cause
significant issues with the software's effectiveness as an in-classroom educational tool.
Furthermore, when design teams fail to properly test and receive feedback from students,
system use can fail to align with designer intent, potentially leading to poor or incorrect de-
livery of educational content, which could harm students in the long term. With those chal-
lenges in mind, this paper details an iterative, feedback-driven approach to our design of a
gamified educational tool, focusing on how users' experiences and perceptions can be used
to inform design changes that improve the overall educational experience. Our insights into
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and details around our iterative design process can inform future researchers regarding var-
ious design nuances that improve the effectiveness and usability of educational software.

ITERATIVE DESIGN

This paper details our design process and student feedback from the implementation and
testing of an Al-driven gamified educational system. Ultimately, our insights presented here
aim to inform researchers on future projects about proper design processes, as well as
how students react to specific aspects of gamified educational systems. With those goals
in mind, this section details the principles and process for our iterative design, the various
changes made to our gamified education system, how student feedback informed those
changes and students' resulting feedback after said changes were implemented.

Logic model for educational serious games

First and foremost, to help detail our design process, we have encapsulated our focus and
ideas within a logic model shown in Figure 1. This logic model provides a structured ap-
proach to our planning, implementation and evaluation all throughout our iterative design
process.

Mission: To design an effective gamified educational system that can improve education for students.

Inputs |—>| Activities H Outputs H

Development: Design and development of
an initial game system and integrate Al-

Outcomes

Funding driven tutoring.
Deliverable: Final,
Technical In-classroom refined game system
Infrastructure: Testing that provides
Necessary servers effective education Short-term: More engaging classroom
and software to both for all students. experiences through system use.
develop educational Positive student feedback.
software and to Documentation:
conduct necessary Iterative Student History of changes Long-term:
testing and data Design <€ Feedback and motivations Educational Impact: Overall improved
collection. > Updates —»{ behind them helps to —»  educational effectiveness through
inform future system integration.
Partmlpan_ts: Testing: In-classroom pilot testing allows for: projects. Re_se:_irch Impact: Insights and
Collaborhatlng researcher observations, informal student motivation for other researchers to
researchers, S X : Reports: Write-ups pursue more developments in Al-driven
students, and questioning, and system data collection. on student feedback, educational systems and gamified
educators to ensure Feedback: Formal student surveys and usability studies, and education.
that all participants interviews .give more directed feedback educational impact of
are suitably ’ the system's
ir:;:fzir?:: F'Jr:;jr;iltr Iteration: Student feedback is interpreted implementation.
) by the development team and used to add,

remove, or update game components to
improve the experience for future students.

S S S S S S S S S S S S S SN S S S

|

External Factors: System implementation concerns; available funding; student access to computer hardware; student demographics;
students' familiarity with similar software; issues with implementation and classroom use

FIG

URE 1

external factors.

Logic model detailing our iterative design process, relevant components, stakeholders and
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Feedback-driven design improvements

With the aforementioned design process in mind, we now discuss issues that we faced in
early development and the changes that were made as a result of those issues. With feed-
back from earlier student testing, these developments aim to answer RQ1 and highlight key
aspects of the system's design that helped to improve the system's usability and utility to
students.

Game flow

First, to give a more general overview, our system covers content and materials for a first-
year introductory electrical engineering course. An accompanying lab assignment tasks stu-
dents with coding a traffic light, and the game system shares the same end goal, but with
varied content delivery. The game intrinsically motivates students at the start by showing a
simulated traffic accident caused by a faulty traffic light. In this way, students are encour-
aged to succeed on their lab project through a “real-world” context, solidifying the problem
as a “‘real” issue instead of just a lab assignment (King & Ritchie, 2012). This intrinsic motiva-
tion was present from the initial game version onwards.

As students play, they learn and reinforce necessary background concepts aided by their
interactions with the Al tutor, discussed in section “Al-driven student support.” The topics
presented are subdivided to allow for per-topic coverage and evaluation, giving students
necessary background information before they attempt their traffic light design. By scaffold-
ing information, the system ensures that students build solid foundational knowledge before
proceeding to solve the overall problem (Puntambekar, 2022). And ultimately, students then
submit their traffic light design, which the system automatically checks for functionality.

As in most Al-driven tutoring, our system requires measurements of student performance.
At intermittent points in the game, we evaluate students' knowledge on the presented con-
tent. Intermittent evaluations help to provide feedback on students' own knowledge, fostering
metacognition (Stanton et al., 2021) and encouraging self-reflection and self-assessment
(Andrade, 2019). As the game has no failure state, students can also retry evaluation mea-
sures as needed. In this repetition, students can reinforce their own concept knowledge
(Franzwa et al., 2014). Furthermore, between attempts the Al system provides aid to stu-
dents, further reinforcing the presented concepts.

When discussing usability and utility for students, evaluation emerged quite early on as
a key issue. For instance, Figure 2 shows an early version of the built-in evaluation met-
rics—multiple choice quizzes. Even early on, students often commented that quizzes and

(@ (b)

he Introduction Quiz

[Question - 4 i i i
Given the binary equation Y = (A+B)<C, if A= 1,B=0,and C = 1, what is Y equal to? How many states are

gi

FIGURE 2 Two example images from quizzes in our initial design. These quizzes show (a) a basic
question on binary logic and (b) a question regarding the expected traffic light design that students are meant to
complete.
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(a)

(i)

(3\ l/;ll)l\ {/é\ ﬂ)o;\

Get as many as you can as —
quick as possible! Begin Game

Check Solution f

FIGURE 3 Two of the subgames contained within our refined system. (a). “Binary Blaster,” a subgame for
testing students' knowledge of binary numbers. (b) Two-dimensional traffic light simulator, a subgame for testing
students' knowledge of traffic light state ordering.

more overt methods of evaluation detract from the overall experience. Students expect a
game to be enjoyable, and quizzes break their flow of play. Furthermore, quizzes are not
appropriate for some topics, with Figure 2b showing a question that simply asks students to
memorize their lab assignment. Finally, as the game is designed not to have a failure state,
students had as many attempts as needed, often leading them to simply memorize answers.
Considering Bloom's taxonomy of education, memorization is the lowest order skill in lesson
design (Anderson et al., 2000), so encouraging students to apply their knowledge can lead
to a deeper and more complete lesson.

Based on the feedback received, new game versions instead gamified the assessment;
that is, assessing students' knowledge through puzzles and subgames. Figure 3 shows a
few examples. Figure 3a shows “Binary Blaster,” a game that tests students' ability to con-
vert between binary and decimal numbers. In this game, students must quickly connect
matching numbers, applying their knowledge of how this conversion is normally calculated.
Figure 3b shows a two-dimensional traffic light simulator that tests students on their ability
to properly order the states of the traffic light. This subgame is especially notable when
compared to the quiz question in Figure 2b, which covered the same content, but relied on
memorization instead of application of knowledge. In other words, students are encouraged
to both know and apply the problem requirements to create a solution to a simplified version
of the same problem. In the end, the refined game allows for non-explicit testing with better
feedback from students, with students indicating that gamified assessments improve their
engagement with the system while allowing us to collect necessary data.

User interface and instruction

A key issue with presenting educational topics through a virtual serious game is students'
familiarity with virtual games. Barr (2020) showed that 37% of university students did not
play video games (Barr, 2020). So design that might seem intuitive can often be confus-
ing to students who have never touched a virtual game or explored a virtual environment,
which many students indicated in our initial version. And ultimately, this impacts students'
ability to use the system to its full extent and receive the presented educational material.
Based on feedback from students, we focused on addressing this problem, ensuring that
goals and necessary interactable items are clearly marked. Furthermore, we added clear
in-game documentation on both how students progress and the control scheme used to
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control the virtual character. Figure 4 shows some examples of instructions presented to
students.

For indicating necessary steps to progress through the virtual environment, the design
team chose to utilize on-screen waypoint markers shown in Figure 5b, with Figure 5a
showing the same game section before waypoints and minor visual changes. In both
cases, it is necessary for students to approach the large computer console in the cen-
tre, but Figure 5b makes the needed action much clearer to students. Additionally, initial
game instructions indicate to students the purpose and appearance of these markers to
avoid possible confusion.

In our updated user interface, Figure 6 shows examples of markers indicating recom-
mendations to students and the availability of new content. These markers allow us to give
students the freedom to access content in any order if they choose while simultaneously
allowing the Al tutoring to recommend certain paths. In this case, students are not forced
to engage with help materials but rather are given optional recommendations on how to
progress. With this approach, the updated game system can work for self-driven students,
allowing them to engage in more self-regulated learning (Saiz Manzanares et al., 2020)
while simultaneously creating a clear and easy path for less motivated or lower-performing
students. Ultimately, to ensure the system is usable for students regardless of background,
guidance markers and helpful interface elements are key to ensuring that no students get
stuck, lost or confused as they progress through the game.

Al-driven student support

For the Al-driven personalization, the system first prompts students with a notification
marker like those shown in Figure 6. This allows students to decide whether they want to
seek assistance as part of our system's self-regulated nature. When a student does choose
to seek assistance, the Al in the system selects appropriate personalized assistance for the
student as determined by reinforcement learning.

The full reinforcement learning implementation has been adapted from prior literature
(Hare & Tang, 2023) and will be briefly outlined here. As students play, the system re-
cords data on their interactions: quiz scores, progression time and actions such as key
presses and mouse movements. Students' past data are then used to automatically build
a student profile to estimate that student's level of knowledge on a per-topic basis. When

(a) (b)

How to Play Gridlock

To look around your environment, use your mouse or
trackpad.

To move around, use the arrow keys or W, A, S, and D keys.

(_
4 The tablet can be toggled at any

-4 Qme by pressing 'tab’. Try it now_!)

Prompts will appear at the bottom of your screen if you are
near an interactable object.

FIGURE 4 Instructions present within the refined game showing students both a) How to play; and
b) providing a context-sensitive prompt for interacting with a new menu.
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(a) (b)

FIGURE 5 (a)Initial game and (b) refined game after adding waypoints. (b) Also includes environmental
design changes to help improve the appearance of the virtual environment.

(a) (b)

Traffic Lighp
Simulator

Simulate a traffic light
to practice ordering
the light states.

Traffic Light
Simulator

Simulate a traffic light
to practice ordering
the light states.

START ACTIVITY START ACTIVITY

GET ASSISTANCE GET ASSISTANCE

FIGURE 6 Notification markers in the refined game, indicating to students: (a) the “tablet” interface,
indicating that there is a new content in the learning module; (b) that assistance on a specific module is
recommended; and (c) that viewing a specific module is recommended.

the student seeks assistance, the system can then refer to that student's profile, providing
a single numerical response that the game then translates into a pre-made set of study
materials. These materials include videos, images, example problems and text, all with
varied levels of difficulty and different emotional tones. Then, when the student views this
assistance, the game instance observes that student's follow-up performance and uses
improvements (or declines) in performance as a numerical score to rate how good the
chosen assistance was given that student's initial performance data. With reinforcement
learning, this numerical score then informs the system's decisions for future students
with similar performance data with the end goal of choosing effective assistance for any
and all students. For a more technical overview of this process, we refer readers to the
technical literature on the topic (Hare & Tang, 2023).

Figure 7 shows the in-game help documentation before the addition of the Al assistance.
The prior document was all-encompassing, attempting to cover every topic for every stu-
dent, and many students found this overwhelming. Often, students would have to under-
stand what they did not know in order to seek assistance. With the new system, Figure 8
shows a few possible assistance documents. Students might be shown videos (Figure 8a),
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Introduction

Basics

FIGURE 7 An excerpt from the help documentation in the initial game, before personalization and the
addition of the Al support agent.

images (Figure 8b) or text with examples (Figure 8c) based on their past performance. This
updated assistance is more focused on students' measured areas of difficulty, ultimately
making the in-game help documentation significantly more useful for students.

Unexpected issues

To answer RQ2, we consider many unexpected issues that arose during implementation and
testing and briefly detail them here to help future research potentially avoid or prepare for
these issues. First and foremost, performance considerations are a major factor when deal-
ing with virtual environments like those in our serious game. All students who participated
in our study had personal computers, but many had lower-performing systems, which led
to performance issues that impacted some students' experiences. Further, some students'
computers had operating systems or hardware that we were unable to test on leading to
compatibility issues that also impacted several students' experiences. With these considera-
tions, future research on similar systems requires thorough testing on a variety of platforms,
as well as a greater emphasis on performance optimization to ensure that students can
participate properly.

Another significant issue was game distribution and Internet connectivity. To play the
game, students first needed to download and install it. This process took a significant por-
tion of the classroom time allocated for testing, giving students less time to interface with the
game and complete their lab assignment. After realizing this issue during initial pilot testing,
we began instructing students to download necessary software ahead of time to avoid tak-
ing up valuable classroom time.

Finally, no amount of development and testing can prepare such an educational system
for the massive variety of interactions that students will attempt. To name only a few, stu-
dents have: (1) given incorrect inputs to file submissions despite clear instructions; (2) dis-
covered broken geometry in the virtual world and becoming unable to progress; (3) found a
specific and untested sequence of inputs to lock a menu and prevent progression; and (4)
had unusual Internet configuration on their personal computer leading to failed data collec-
tion through our servers. With such specific edge cases, it is impossible to test thoroughly
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. ; that are created only using logic gates a inational | Ir i s
Introduction o ’ Introduction State Diagram

ns that the output or nds on the
Logic Gates an Binary u Finite State Machine
State Diagram
State Table The state diagram is a quick way of showing what the state
machine should do.

the combinational logic which
nd outputs based on the current

le of a state table fora
Close Help Close Help state v s only four different states,

introduction

If Statements
Modules
Module Structure Ve
Instances of Modules  performo
Internal Variables
Input and Output Ports
Parameters
Assigning Variables

Edge-sensitive

module not_gate (input a, output o)
if (@a==1b1)

- begin

Conditional =
If Statements
Case Statements e
Syntax and Symbols

0<=0'b1,

else
begin

Close Help 0<=1b1;

FIGURE 8 A few examples of the help documentation in the refined game showing a) video assistance;
b) images; and c) example code. Based on Al decisions, this help is populated with different content for each
student.

enough, and so as a final recommendation, it is very important to conduct observations and
informal student interviews during testing to ensure that such issues can be fixed for future
students.

METHODS

Our presentation here highlights 4years of design-based research and iterative design
changes based on student feedback. In each prior year, the game and system were tested in
a first-year course for computer engineering students, with participating students completing
feedback surveys after their experience. In spring of 2023, we also employed cognitive inter-
viewing, otherwise known as the Think-Aloud protocol, to explore students' use of metacog-
nitive strategies as they interacted with the game system (California State University, 2018;
Knoll, 2018). The intent of the Think-Aloud protocol was to gain insight into students' cog-
nitive and metacognitive processes as they played (Hacker, 2017), focusing specifically
on how they interacted with the system and the ways in which it supported their learning.
Throughout testing, our team also collected quantitative results on student performance,
which are analysed in a separate publication (Hare, Tang & Ferguson, 2024).
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Participants

For pilot testing, students in four lab sections of a first-year introductory university course
had the option to participate in the study. Participating students signed consent forms and
were randomly assigned to the standard lab assignment (control) or our current game with
adaptive HCI system (treatment), while control group students did not interact with our soft-
ware. As such, control group students are not represented in the results presented here,
as their participation focused more on a qualitative comparison between the two groups as
documented in prior literature (Hare, Tang & Ferguson, 2024). All students in the treatment
group were invited to respond to feedback surveys. Table 1 shows participation numbers.

For cognitive interviewing, two students were selected from each of four lab sections to
participate, and they met with the research team during their normal lab class meeting time.
Interviews were held in a conference room down the hall from their lab session, with both
students present at each meeting time. Students were informed beforehand and given a
chance to ask questions and then asked to sign a consent form specific to the focus group
activity.

Procedure

As stated, students in the treatment group were asked to complete surveys after their par-
ticipation. Surveys asked about student interest in the game system and their perception of
the system's usefulness. Additionally, members of the research team were present in class-
rooms during testing, directly observing students' interactions to find design issues.

Focus group interviews first provided students with a set of instructions as to how a
think-aloud protocol works and an acknowledgement of the potential awkwardness of talking
while you play a game. Examples were given for the students to understand the intention
of the activity, and they were given the chance to ask questions and get used to the envi-
ronment and research team before the activity began. While students played, the research
team regularly prompted students to clarify their position in the game, their thoughts, the
reasoning for their decisions or actions, and other related prompts. This approach focused
on how students used the tools given, how they interacted with the system and the useful-
ness of the provided support.

Analysis
Student observation and feedback was key to the design process, directly informing the
design iterations discussed in third section. Survey data helped to demonstrate shifts in stu-

dents' responses as the system was adjusted year-by-year, and average survey responses
from all years of testing are shown in Table 2. For Think-Aloud sessions, two devices were

TABLE 1 Number of student participants in our research study and optional survey over the past 4 years.

Potential Treatment group Survey
participants Actual participants  size responses
Year 1 117 39 19 16
Year 2 110 36 17 6
Year 3 52 49 28 15

Year 4 79 41 23 22
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TABLE 2 Table of student survey responses by question, distributed among the possible choices listed.

Question

How interested were you in the
game scenario?

How interested were you in the
design problem?

How much did the problem
seem like a realistic
engineering task?

How interesting was the
problem?

How much fun was the
process?

To what extent did you have
the resources to solve the
problem?

How much did you learn?

To what extent did you
increase your understanding of
sequential circuits?

Number of students

Response Year 1
Very 9 (60%)
Somewhat 6 (40%)
Not very 0 (0%)
Very 7 (47%)
Somewhat 7 (47%)
Not very 1(7%)
More than a 10 (77%)
textbook

About the same as 3 (23%)
a textbook

Less than a 0 (0%)
textbook

More than a 8 (62%)
textbook

About the same as 5 (38%)
a textbook

Less than a 0 (0%)
textbook

More than a 13 (100%)
textbook

About the same as 0 (0%)
a textbook

Less than a 0 (0%)
textbook

More than a 3 (23%)
textbook

About the same as 10 (77%)
a textbook

Less than a 0 (0%)
textbook

More than a 4 (31%)
textbook

About the same as 8 (62%)
a textbook

Less thana 1 (8%)
textbook

More than a 4 (31%)
textbook

About the same as 7 (54%)
a textbook

Less than a 2 (15%)

textbook

Year 2

2 (33%)
3 (50%)
1 (17%)
4 (67%)
1 (17%)
1 (17%)
4 (67%)

2 (33%)

0 (0%)

3 (50%)

2 (33%)

1 (17%)

3 (50%)

2 (33%)

1 (17%)

4 (67%)

2 (33%)

0 (0%)

3 (50%)

2 (33%)

1 (17%)

2 (33%)

2 (33%)

2 (33%)

Year 3
5 (33%)
8 (53%)
2 (13%)
3 (20%)
10 (67%)
1(7%)
11 (73%)

4 (27%)

0 (0%)

7 (47%)

8 (53%)

0 (0%)

5 (33%)

9 (60%)

1 (7%)

6 (40%)

8 (53%)

1(7%)

6 (40%)

9 (60%)

0 (0%)

9 (60%)

6 (40%)

0 (0%)

Year 4
2 (9%)
16 (73%)
4 (18%)
3 (14%)
16 (73%)
2 (13%)
11 (50%)

10 (45%)

1 (5%)

10 (45%)

12 (55%)

0 (0%)

11 (50%)

11 (50%)

0 (0%)

9 (41%)

11 (50%)

2 (9%)

7 (32%)

14 (64%)

1 (5%)

7 (32%)

15 (68%)

0 (0%)
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TABLE 2 (Continued)

Number of students

Question Response Year 1 Year 2 Year 3 Year 4
To what extent did you increase  More than a 8 (62%) 3 (50%) 10 (67%) 6 (27%)
your interest in electrical textbook
engineering? Aboutthe same as 4 (31%) 2 (33%) 5 (33%) 16 (73%)
a textbook
Less than a 1 (8%) 1(17%) 0 (0%) 0 (0%)
textbook

Note: Some students did not answer some questions, leading to inconsistent totals compared to those listed in Table 1.
Percentages shown are based on the total number of students who answered the question in that year, and the highest value in
each year is bolded.

used to record student and researcher comments, and transcripts were analysed for mean-
ing making upon completion. Coding and analysis followed a constant comparative ap-
proach (Fram, 2013), using inductive coding and sorting to organize data around the primary
attributes, and then comparing the developing concepts against the data iteratively until
all major components were identified and explored throughout the data. The intention in
analysis was to understand students' interactions with the game and their metacognitive or
problem-solving strategies on display in the think-aloud.

RESULTS AND DISCUSSION
Central design ideas and system usability

As stated in the Method section, our presented results focus primarily on qualitative stu-
dent feedback to support the insights presented in prior sections and to demonstrate posi-
tive responses to the changes made during our design process. With that in mind, we first
focus on student feedback in the context of addressing RQ1; that is, feedback that supports
the central design ideas presented in third section. For instance, after a test in year 2,
one student's survey response requested “more direction ... to let the user know what they
should be doing,” while another student mentioned that “the Ul is poorly designed,” causing
some frustration when they participated in the study. After interface adjustments and added
guidance aligning with our principles in third section, our open-ended surveys received no
similar comments. Furthermore, Table 2 shows that students consistently rated the game
as enjoyable throughout all 4 years of testing. The rating dropped slightly in year 3, but that
coincides with the addition of the educational support and guidance, meaning that the edu-
cational aspects of the game were more noticeable, contributing to a lowered rating. After
adding the gamified evaluations in year 4, the average score for enjoyment increased again.

Additional support for our design principles came from our focus group Think-Aloud pro-
tocol. As our study focuses on student—system interactions, codes in our focus group data
specifically highlight students' problem-solving strategies and thought processes, as well
as how they approach the game and use in-game tools. When students interacted with the
provided Al assistance, it was generally helpful, with one student stating that they had pre-
viously been stuck on how to progress:

But | felt like ... once | did [find the help tools] it kind of gave me a little bit better
understanding of, like, what we were supposed to do.
(Focus Group 3 (FG-3))
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Moving towards evaluation, more gamified evaluation methods do help in inducing a
deeper learning process in students. One student, who had been stuck on the traffic light
simulator in Figure 3b, shared a more developing approach in their play, noting:

| felt like when | went to the help section | saw, like, the order of the traffic lights.
So | was like oh oh, | guess that's what they want me to do. And then it kind of,
it just kind of worked itself out, yeah.

(FG-1)

Upon viewing a figure provided by the support system, the student grasped the correct
steps. Another clear example of a student working through a problem in the game was seen
in group two, where a student first voiced a question about the traffic light simulator and then
answered their own question as they worked through it:

Quick question. So like the outputs are like GN, RN or GE, which one is sup-
posed to be like green light or like? Display when it's green was, like, is like, GN
supposed to be like green, not...it's not or...Oh wait! Never mind. | got it, north
and east. Yes. Yep, | remember that.

(FG-2)

When students take time to explore and think through the game from a learning per-
spective, they do appear to develop a better understanding of the intentions of the game.
And our observations and focus group interactions indicate that non-standard evaluation
methods help to engage students in said exploration and thinking rather than presenting as
a barrier to their gameplay. As an additional consideration from the focus group, it is clear
that students in general do benefit from taking a short pause and thinking through or even
discussing their learning process, and how best to encourage this metacognition and self-
reflection exists as a potential focus for future design iterations.

Design issues

In addition to the positive insights gained from our Think-Aloud interviewing, the more per-
sonal format also helped to highlight further unexpected issues in our design. For instance,
one student noted:

| was really just trying to speed through the game, to be honest, so.
(FG-3)

And based on observations, this is not a unique approach. Among similar students, stan-
dard evaluation measures such as quizzes tend to encourage students to throw themselves
at the problem repeatedly while avoiding a longer learning process. At the same time, stu-
dents with mentalities similar to the above tend to be experienced in virtual games, or as
one student put it:

“I'm a gamer, so...” with a quick shrug and a grin.
(FG-2)

This specific mentality seems to place heavy focus on completion, and as such, students
in this mindset are more inclined to skip documentation, miss instructions, and overall view
evaluations and educational materials as barriers instead of aids to their learning process.
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An important consideration then for gamified systems is how best to encourage these stu-
dents to slow down and engage more with learning materials.

In addition to encouraging desired behaviour from students, interface design is also high-
lighted heavily in third section, ensuring that the game is usable and clear for all students,
regardless of background. The necessity to do so was also highlighted in our focus group in-
terviews. For instance, one student in the fourth focus group asked for more control options
as the game started, noting that the introductory sequence of the game was overwhelming,
requesting an option to pause the game:

Like all my there was too much information passing by. | was like, whoa, why
are [the cars] just stopping? So maybe if there was a button that's like, OK, stop,
pause, simulate.

(FG-1)

Or one student requesting more guidance in the game elements, sharing:

| think clear directions and some of the activities would be beneficial.
(FG-4)

The second remark indicates the necessity for not only clear guidance and instruction but
also a good balance of where and how to present that information. For example, in some
of the subgames, students are given “how to play” guidance at the beginning of the game.
However, if they skim over this guidance or forget some portion of it, adding functionality to
review the guidance even after starting the subgame is a key part of improving usability. And
familiarity with games (and virtual software in general) also factors in to this design. To notify
students of a recommended button, the game utilized exclamation marks as an “importance”
icon, and one student was very honest in sharing:

I'm just very oblivious when it comes to basic, like, game stuff like that ... if | saw
like the exclamation point, | would honestly start panicking there ... I'm like, oh,
God, what did | do wrong?

(FG-2)

This comment is indicative of the importance of fully explaining iconography through keys
or tutorials. With better explanation, inexperienced students can more easily navigate the
environment and engage with provided systems. And above all, the aforementioned feed-
back supports the idea that educational software must be accessible to all levels of techno-
logical familiarity.

Student surveys and design process effectiveness

The final goal of this paper as per RQ3 is to verify the effectiveness of our iterative de-
sign process with regard to students' perceptions of system usability and utility. As stated,
Table 2 shows student responses on several questions related to interest and usability of
the system. Results year-to-year on student surveys overall indicated a positive response
to the system compared to textbook learning overall during our iterative design changes.
In general, student interest did not trend particularly up or down as our design changes
were made, although there was a shift away from “very” and towards the “somewhat” op-
tion. This shift could be due to the expanded educational aspects of the game over later
years. However, students' responses regarding how fun the process remained consistent
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year-over-year, meaning the expanded educational components did not make the game no-
ticeably less enjoyable throughout our iterative changes. And as one student stated during
our focus group:

| think it is definitely more entertaining than just like a regular lab for sure.
(FG-3)

Notably, our question regarding the game providing useful resources had a higher aver-
age response of “about the same as a textbook” in earlier years. This coincides with updates
to the educational support, causing students in year 2 onwards to feel more strongly that the
system and supportive Al components provided greater resources than textbook learning.
This is further reflected in the question regarding students' understanding of the presented
content, where we saw less students respond negatively when asked if the system helped
increase their understanding of the material. Meanwhile, students consistently indicate that
the game is comparable to a textbook as an educational tool, indicating that despite the
gamified aspects and irregular content presentation, students perceive our system as useful
and effective in their classroom learning.

CONCLUSIONS

In this work, we focused on the iterative design of an HCI-based educational system for a
first-year university electrical engineering course. Through student surveys over 4 years, we
discussed positive shifts in student perception and opinions of our HCI-based system as we
iteratively improved the student experience. Our focus groups conducted using a cognitive
interviewing or Think-Aloud protocol provided valuable insights into the game experience
and the thought processes of students as they played. Altogether, these results give us a
varied perspective beyond what can be gathered by looking at numerical outcomes and
statistical analyses, which all provide valuable insights into designing meaningful and useful
HCI informed by the human element.

Ultimately, this research offers valuable insights into the interplay between gameplay,
thinking and problem solving. For future research, we highlight the importance of student
feedback, as well as the importance of fostering a learning environment that encourages
thoughtful problem solving. We also plan to continue iterating our design, focusing on
encouraging better self-reflection and metacognition in students, as well as further im-
provements to the Al-based student support system. Finally, with our design nearing com-
pletion, future studies aim to explore the wider statistical impact of system implementation
in classrooms, the long-term impacts on students' performance and overall success within
their program and the effects of implementation with a wider and more diverse student
population.
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