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Drill and practice is a well-received approach to repeatedly train learners’ skills

through a series of exercises and to reward them with corrective feedback. How-

ever, drill-based training may not improve learners’ performance if its exer-

cises are badly designed (e.g., not fun, not relevant to the learning goal, and

becoming too difficult or too simple). To make drill-based training more effec-

tive, researchers have been designing two types of e-learning tools: educational

video games to motivate learners to practice and intelligent tutoring systems to

personalize the exercises. Nonetheless, the existing e-learning tools have two

main problems: (1) not providing situational context for training, which limits

learners’ ability to apply previously learned knowledge and skills to real-life

situations; (2) not designed for learners with specific learning disabilities (i.e.,

dyslexia, dyscalculia, and dysgraphia).

To design educational video games that provide situational context for train-

ing, I sought to leverage entertainment technologies (e.g., storytelling technol-

ogy) and AI technologies (e.g., computer vision technology). I tackled two spe-

cific projects. The first project was to improve anti-phishing training by simu-

lating actual phishing attacks in a role-playing game. The key design challenge

was to design an intensive workplace atmosphere that is easy for learners to

make mistakes but also keeps the pleasure of completing tasks. My approach

was to design an interactive storyline about building business as a banker and



to design tragic endings that are realistic but with a sense of black humor. The

second project was to teach vocabulary for objects located in the player’s im-

mediate vicinity. The key design challenge was to guide learners to interact

with learning materials in the physical world. To meet this challenge, I de-

signed a new selection highlighting mechanics for AR scenes and designed an

AR progress bar to indicate players’ selection progress. Evaluations showed

that my two educational video games for training were fun and also improved

learners’ post-test performance in practice.

To help learners with SLDs use math e-learning tools for math skills train-

ing, I started by conducting an interview study with teachers for SLDs to study

the difficulties that learners with SLDs faced in using e-learning tools. Accord-

ing to the interview study findings, learners with SLDs needed teachers to help

them manage negative emotions during drills and practice. However, teach-

ers were often unavailable during students’ independent exercises. Therefore, I

designed an intelligent tutoring system that detects and mitigates learners’ neg-

ative emotional behaviors. This system analyzes eye-gazing data together with

other traditional input data to detect learners’ negative emotional behaviors. I

also designed four intervention methods to mitigate the negative emotional be-

haviors: (1) praising for correct steps to solve the problem, (2) providing hints,

(2) switching to a simpler problem, and (4) offering brain breaks. I conducted a

formative study with teachers for SLDs to refine the design of the intelligent tu-

toring system. Teachers agreed that this system would help learners with SLDs

reduce negative emotional behaviors. They also suggested that the system, in

the future, should personalize the detection of negative emotional behaviors to

help students who have more severe learning disabilities.

Overall, my dissertation answered three main research questions: (1) how



to design educational video games that provide situational context to practice

skills; (2) whether and how learners with SLDs have difficulties in using the

existing e-learning tools to practice math skills; and (3) how should we design

the e-learning tool to intelligently tutor learners with SLDs. At the end of my

dissertation, I discuss the limitations of my doctoral work and propose potential

future directions for designing educational video games and intelligent tutoring

systems for drill-based training.
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CHAPTER 1

INTRODUCTION

To increase fluency in content knowledge and skills, learners need to repeat-

edly and persistently practice the skills. Drill and practice is a well-received

approach to repeatedly train learners to practice skills through a series of exer-

cises and to reward them with corrective feedback [116]. However, drill-based

training may not improve learners’ performance if its exercises are badly de-

signed (e.g., not fun, not relevant to the learning goal, or becoming too difficult

or too simple) [104, 82].

To improve the training outcomes of drill and practice, recent research has

studied using computer technology to design drill-based training that is en-

gaging and personalizable. Researchers designed two types of computer-based

drill and practice: educational video games (e.g.,[175, 197, 144]) and intelligent

tutoring systems (e.g., [39, 93, 83]).

The primary goal of designing educational video games is to engage learn-

ers in repetitive training, especially to motivate them to practice independently.

Prior research [134, 44, 138] has suggested that learners love playing educational

video games more than training in the traditional way (e.g., using flashcards).

Their studies also showed that the gaming group performed better than the tra-

ditional learning group in post-tests.

However, research studies [119, 159] found that learners could not fluently

use the in-game skills to solve real-world problems. For example, learners en-

joyed playing educational video games to quickly memorize and recall the pat-

tern of malicious URL addresses but they still could not recognize the suspi-
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cious URL addresses during daily online communications [159]. One plausible

reason is that the practice problems in the games (e.g., [14, 175, 127]) are simi-

lar to paper-based quizzes. But situated learning theory [113] has emphasized

that practice problems must be authentic and relevant to the situation in which

learners use the skills. Otherwise, learners may find it difficult to apply pre-

viously learned knowledge and skills to real-life situations. Many educational

video games, however, did not provide situational context.

Therefore, my first key research topic is to study how to design educational

video games that provide situational context for skills training. Prior research

on educational video games [75, 19, 50] has designed situational context for

games for K-12 education subjects. For example, ST Math [125] for math skills

training designed cute characters and animations to visualize math word prob-

lems. However, we still do not have a good design in situated learning games

for two training programs: anti-phishing training [159] and vocabulary learn-

ing [132]. So I tackled two specific educational video game design projects, one

for anti-phishing training and one for vocabulary learning.

The key challenge of designing a situated learning game for anti-phishing

training is to create an intensive workplace atmosphere in a virtual world that

makes learners fall for phishing attacks. Meanwhile, it is equally important to

design incentives for players to enjoy practicing the exercise in such an inten-

sive environment. My approach was to design an interesting story-line about

acquiring business contracts as a banker. I also adapted the document inspec-

tion game mechanics in Papers, Please to the anti-phishing context of processing

business emails. In case of learners being phished in the game, I designed tragic

endings that are not only realistic but also have a sense of black humor.
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I explain the gameplay design details and the implementation details in

Chapter 2. I also present in Chapter 2 the result of a user study that com-

pared my game with a standard form of training and a competing training game

(which does not simulate phishing attempts through role-playing). The results

suggested that my game is more engaging and effective in improving learners’

performance than the other two existing training methods.

My second educational video game design project was to design a vocabu-

lary learning game based on what the learner can see. Although recent work

has used AR technology to design vocabulary learning games that can recog-

nize the learner’s immediate vicinity [158, 92, 185], their games relied on using

QR-Codes or pre-installation. As a result, learners were not able to use the exist-

ing AR games to learn vocabulary anywhere at any time. To meet the learners’

needs, I researched using computer vision technology, specifically object detec-

tion and recognition neural networks, to design an AR vocabulary scavenger

hunt game.

I present in Chapter 3 the details of adapting computer vision technologies

for my AR game design. I also present my user study results in Chapter 3, which

showed that players found my AR game to be more engaging than a traditional

on-screen game and were more likely to remember learned vocabulary after a

five-day delay.

It is inadequate to only explore the design space of gameplay for situated

learning because individuals’ skill level and learning ability affect their learning

experience and performance. To personalize drill-based training, prior research

has developed intelligent tutoring systems [39, 93, 83] that can personalize ex-

ercise problems by analyzing learners’ learning activities and estimating their
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proficiency level. Take math skills training, for instance, many drill-and-practice

websites (e.g., ASSISTments and Lynnette) analyze the correctness rate of his-

torical answer submissions to choose the suitable math problem to present next.

Research [190] showed that intelligent tutoring systems effectively improved

general education learners’ math skills while reducing the total time spent on

drill-based training.

However, we do not know whether these e-learning tools are also effec-

tive for learners with specific learning disabilities (SLDs). SLDs predominantly

affect learners’ abilities to understand or use language, especially in reading

(dyslexia), math (dyscalculia), and writing (dysgraphia) [171]. Math skills train-

ing, for instance, is more challenging for learners with dyscalculia by definition,

and learners with other SLDs may also struggle with math problems that in-

volve reading and writing.

Since many existing math e-learning tools were not designed for learners

with SLDs, my second key research topic is to study whether and how learners

with SLDs have difficulties in using the existing math e-learning tools to prac-

tice math skills. Furthermore, if the current design of math e-learning tools does

not work well for learners with SLDs, how should people design the e-learning

tool to intelligently tutor learners with SLDs?

To study the difficulties that learners with SLDs faced in using math e-

learning tools, I conducted semi-structured interviews with teachers for learn-

ers with SLDs. I first talked to the teachers because they are the stakeholders

who incorporate e-learning tools into the curriculum. Teachers would evaluate

the effectiveness of e-learning tools then recommend their students the suitable

tools to use.
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By coding the semi-structured interviews, I found that learners with SLDs

had difficulties in using math e-learning tools because of the following reasons:

text-intensive user interfaces, inability to adjust difficulty levels, and not react-

ing to learners’ anxiety and negative emotional behaviors. Based on the find-

ings, I distilled design implications to help shape the design of more inclusive

and effective e-learning tools for students with SLDs. I present the details of my

findings and discuss the implications of my findings in Chapter 4.

To improve the usability of math e-learning tools for students with SLDs, I

designed an intelligent tutoring system that automatically detects and mitigates

learners’ negative emotional behaviors. Assisting learners in self-managing

negative emotions is an essential accommodation for learners with SLDs ac-

cording to the special education studies [73, 64]. However, as suggested by my

interview study, many existing math e-learning tools did not offer this accom-

modation, but relied entirely on the help of teachers. Therefore, I sought to

design an intelligent tutoring system that can automate the teacher’s help with

self-managing emotions. To form this design, I conducted formative studies

with five teachers for learners with SLDs.

I designed the intelligent tutoring system to automatically detect negative

emotional behaviors by analyzing eye-gazing activities, inputs on the touch-

screen, and response time. To confirm the system’s speculation, I also designed

a dialogue system that asks learners for their emotional state to decide how to

intervene in the exercises. To mitigate learners’ negative emotional behaviors,

the teachers and I designed four intervention methods: (1) praising for correct

steps to solve the problem, (2) providing hints, (2) switching to a simpler prob-

lem, and (4) offering brain breaks. I elaborate the preliminary design and report
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teachers’ opinions of my system in Chapter 5.

To summarize, my doctoral dissertation has three main contributions: (1)

explored two different approaches to design educational video games that pro-

vide situational context for drill and practice: one approach is to design a sim-

ulated virtual world using storytelling technologies; and the other approach is

to use computer vision technologies to augment the learning materials in the

real world; (2) studied the difficulties that learners with SLDs faced in using

e-learning tools to practice math skills; and (3) proposed the design of an intel-

ligent tutoring system that can detect and mitigate learners’ possible negative

emotional behaviors.

This paragraph describes the outline of the rest of my dissertation. Chapter

2 presents the design of What.Hack, which is the first type of anti-phishing train-

ing game that simulates actual phishing attacks in a role-playing game. Chapter

3 presents the design of CollectiAR, which is the first type of vocabulary learning

game that uses computer vision to create vocabulary scavenger hunt activities

in learners’ immediate vicinity. Chapter 4 reports a semi-structured interview

study with teachers for SLDs to study their experiences and their students’ ex-

periences in using existing math e-learning tools. Chapter 5 presents the design

of an intelligent tutoring system for students with SLDs, which helps the learn-

ers self-manage their negative emotional behaviors. Chapter 6 concludes the

dissertation with a summary of the contributions and the limitations of my re-

search and proposes potential future directions for designing educational video

games and intelligent tutoring systems for drill-based training.
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CHAPTER 2

WHAT.HACK: ENGAGING ANTI-PHISHING TRAINING THROUGH A

ROLE-PLAYING CYBER DEFENSE SIMULATION GAME

2.1 Introduction

Phishing is the act of deceiving people into divulging information or uninten-

tionally installing malware on their computers by sending the victim(s) coun-

terfeit emails [88]. These counterfeit emails work by misleading the victim into

thinking they come from a legitimate source. For example, a phishing email

can link to an imitation of the PayPal login screen. Victims who believe the

link is legitimate will enter their login credentials to the fake site, unwittingly

giving the hackers access to their PayPal account. In addition to financial gain,

government-backed hackers may disrupt elections by phishing specific persons

who are affiliated with powerful institutions. In the 2016 US election, John

Podesta, the chairman of Hillary Clinton’s campaign, clicked on the change

password link in a phishing email intended to look like a Google warning [200].

His action immediately unlocked some or all of his emails to the hacker.

To repel phishing attacks, phishing defense technology has evolved rapidly.

Recent automatic systems apply machine learning to classify phishing emails,

but these automated approaches are not foolproof [18]. There remains a non-

negligible probability of users receiving phishing emails and these users must

decide whether an email in their inbox is phishing or legitimate.

Research [62] shows that hackers can effectively and efficiently target end

users due to the public’s general lack of awareness regarding information secu-
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rity. People who are prone to taking risks are more likely to be phished [164].

Even if people are aware of phishing, simply knowing does not provide useful

strategies for identifying phishing attacks [65]. On top of this, phishing attacks

often convey a sense of urgency or utilize threats to pressure the recipient into

responding [112]. Due to these factors, people judge the legitimacy of incoming

message by visual cues, which can be easily copied by phishers [106]. There-

fore, user education is a vital approach to protect users against phishing. While

many organizations provide materials on how to defend against phishing at-

tacks, such as email bulletins or information security websites [48], studies [108]

found that these kinds of materials only work if people keep paying attention

to them.

To better engage learners and change user behaviour, several anti-phishing

games have been proposed. Although evaluations of these games have demon-

strated an improvement in their players’ ability to identify phishing websites,

existing games leave out email context that hackers often leverage to demand

immediate attention and encourage rash decision making. A person who can

quickly parse a URL might hurriedly click on the hyperlink syntax without

hovering on it because it seems to be an urgent request from the boss. More-

over, these game designs are not particularly effective at teaching players how

to detect combined phishing techniques. For example, some who have played

those games might not fall for malicious URLs in a phishing email, but they

might click on the malware attachment enclosed in the same email. Incorpo-

rating these combined phishing techniques into our game’s design can lead to

more engaging challenges and more practical knowledge.

To develop a comprehensive anti-phishing game, we designed What.Hack
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(pronounced what dot hack), an online simulation game that features an engag-

ing sequence of puzzles. Each puzzle requires players to study the anti-phishing

rules in a rulebook that help evaluate whether an email is legitimate or phish-

ing. Phishing emails in the game are generated by templates collected from real

phishing emails. Players need to carefully identify phishing emails or they will

encounter a bad ending (e.g. loss of integrity in the game).

To analyze the effectiveness of What.Hack, we tested the impact of the game

on players’ ability to recognize the real incoming phishing emails that came

from a database of emails collected by the authors’ university. We compare

it against the current non-gamified training that the university uses and a

good competing anti-phishing game, Anti-Phishing Phil [165]. We found that

What.Hack achieved a 36.7% improvement in players’ correctness in identifying

incoming phishing emails from pretest to posttest, but did not find a statisti-

cally significant improvement for the training materials or Anti-Phishing Phil,

which indicates that our context-based approach is effective for training people

to recognize and defend against phishing emails. Moreover, examination of the

feedback from players and logs of their play activity shows that players found

the game engaging.

2.2 Related Work

2.2.1 Games for Learning

Educational games can improve learners’ performance, especially knowledge

that is best learned actively through experience rather than passively. For ex-

9



ample, Crystallize [53], a 3D video game for learning the Japanese language,

showed that situated learning can be effective and engaging. Reduct [23] demon-

strated that novices can learn programming concepts by playing a game. This

suggests that gamifying education is potentially beneficial.

Anti-phishing education often struggles to capture the interest of end users.

Materials commonly used for cybersecurity training include notes, videos, and

email bulletins. However, these materials are often not very engaging and sep-

arate the learning material from the context in which employees routinely ap-

ply this information (e.g. email clients). Staff interviews by Conway et al. [48]

revealed a continued desire for engaging cybersecurity materials that tie into

daily experiences and practices. An investigation into the current state of cyber-

security education in industry produced similar conclusions [159]. According

to both reports, anti-phishing education is working and more people are aware

of the concept of phishing, but more work needs to be done. Our goal is to

replace training programs that typically emphasize readings on cybersecurity

with a role-playing game that mimics the actual situation of being phished.

2.2.2 Simulating Situational Context through Role-playing

Using the role-playing approach to engage students and improve their learning

transfer performance has been a well-known design strategy in gamified edu-

cation. For example, Quest Atlantis [28] is a 3D virtual learning environment

that allows students to work together to perform educational activities that are

known as Quests. There are other successful role-playing task-solving simula-

tion games designed for the purpose of science and ethics education [100, 162],

10



engineering internships training [43], etc. These games indicate the potential

for supporting increased levels of engagement and learning across different do-

mains.

Research in learning theory also supports the idea of presenting information

in context. The theory of situated learning [113] stipulates that “the potentiali-

ties for action cannot be fully described independently of the specific situation

” [20]:6. Shaffer [162] drew upon situated learning literature on communities

of practice [113] when introducing epistemic frames for supporting learning

transfer. According to encoding specificity theory [183], recall is highest when

the context in which something is learned is perceptually similar to the context

in which it is used. As Gee suggested, games that engage players in authen-

tic situated problem solving facilitates learning can be transferred out of the

game [75]. Experiments on tutorials in games [19] also showed evidence for the

efficacy of presenting information in context in the case of the protein-folding

game Foldit [50].

11



G
am

e
Ty

pe
&

D
es

cr
ip

ti
on

Sy
st

em
U

R
L

Sp
ea

r
Ex

am
pl

es
A

tt
ac

k
Ph

is
hi

ng
Ph

is
hi

ng

Bo
ar

d
G

am
es

Te
ac

h
hi

gh
-l

ev
el

se
cu

ri
ty

co
nc

ep
ts

.
X

X
X

[5
9,

16
9,

14
7,

19
1,

80
]

C
ap

tu
re

-T
he

-F
la

g
Le

tc
od

er
s

co
m

pe
te

fo
r

sc
or

es
by

de
fe

nd
in

g
th

ei
r

sy
st

em
s

an
d

X
[1

98
,1

55
,4

1,
24

,1
0,

13
9]

ha
ck

in
g

ot
he

rs
’.

Sy
s-

A
tt

ac
k

Si
m

R
PG

Te
ac

h
pl

ay
er

s
to

de
fe

nd
ag

ai
ns

tc
om

pu
te

r
sy

st
em

at
ta

ck
s

X
[4

7,
9,

13
,1

77
]

in
a

re
al

is
ti

c
sy

st
em

at
ta

ck
s

si
m

ul
at

io
n

ga
m

e.
N

on
-P

hi
sh

in
g

R
PG

Te
ac

h
pl

ay
er

s
to

id
en

ti
fy

ph
is

hi
ng

U
R

Ls
in

a
ca

rt
oo

n-
lik

e
ga

m
e

X
[2

2,
16

5,
12

7,
20

6]
w

it
ho

ut
ph

is
hi

ng
at

te
m

pt
s.

Ph
is

hi
ng

Si
m

R
PG

Te
ac

h
pl

ay
er

s
to

de
fe

nd
ag

ai
ns

tU
R

L
an

d
sp

ea
r

ph
is

hi
ng

at
te

m
pt

s
X

X
W

ha
t.H

ac
k

in
a

re
al

is
ti

c
ph

is
hi

ng
si

m
ul

at
io

n
ga

m
e.

Ta
bl

e
2.

1:
G

am
e-

ba
se

d
C

yb
er

se
cu

ri
ty

Tr
ai

ni
ng

D
es

ig
ns

C
om

pa
ri

so
n

12



2.2.3 Game-based Cybersecurity Training Designs Review

Recent surveys [141, 169, 178] have summarized the current state of game-based

cybersecurity training designs. We categorized the list of games mentioned in

these surveys and compared their game type, target audience and design ob-

jectives with What.Hack in Table 2.1. We excluded cybersecurity games for chil-

dren [8, 12, 15, 98] because they have a slightly different game design goal. In

general, these games focus on introducing basic tips of staying safe online. Tips

for kids are easier to practice in general and some might even be considered

inapplicable under most real-world situations such as a corporate workplace.

For instance, Carnegie Cadets [8] suggests that one should look at the sender’s

username and the subject title to identify spam emails, which is a habit that is

actually exploited by some phishing attacks. In the following subsections, we

discuss each of the game types listed in Table 2.1.

Board Games. Control-Alt-Hack [59] is a board game that teaches players

high-level security concepts such as phishing, social engineering, etc. While

this does help to increase awareness and understanding of cybersecurity top-

ics as a whole, it is not sufficiently specific enough to simulate the low-level

decisions required for anti-phishing strategies in practical contexts. In general,

board games in information security [169, 147, 191, 80] are not meant to teach

hands-on security skills, such as how to identify phishing attacks, which are the

main focus in our game.

Capture-The-Flag. Capture-The-Flag (CTF) is a game-based computer se-

curity competition for students to practice skills of defending against hack-

ers. There are two types of cybersecurity CTF: attack-defend and Jeopardy-

style [56]. In attack-defend CTF, each team attacks other teams’ servers and pro-
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tects their own server. The “flags” are files in the defending computer that the

attack team attempts to retrieve as they compromise the computer. In Jeopardy-

style CTF, teams solve puzzles by using knowledge like cryptography, coding,

etc. Solving a puzzle means they capture a flag. The team with highest number

of flags wins. Researchers [56, 177, 126] have shown that CTF is an engaging

and effective way to motivate coders to learn how hackers think and how to

defend against them. However, these competitions usually require basic coding

background to learn about hacking techniques. Therefore, they are not directly

applicable for teaching the general public about anti-phishing techniques.

System-Attack Simulation Role-playing Game. To engage the general public to

learn how to defend a computer system or network settings from being compro-

mised, CyberCIEGE [177] and similar approaches [47, 9, 13] adopted an attack

simulation role-playing design that is similar to our game but focuses instead

on system attacks. A user study found CyberCIEGE to be engaging even when

students knowingly fail, but did not assess learning effectiveness [177]. In this

work, we further examine whether the potential for increased effectiveness and

self-efficacy in handling real-world cyber threats justifies the effort of designing

a role-playing game to simulate situated phishing attempts.

Non-Phishing Role-playing Games. Recently, new designs for anti-phishing

games [22, 127] have drawn inspiration from the popular game design frame-

work for anti-phishing training [21] and Anti-Phishing Phil [165], which do not

simulate situated phishing attempts. Anti-Phishing Phil is a representative Non-

Phishing RPG that teaches players how to identify phishing URLs. In each

round, players act as a fish to “eat” the worm that shows safe URLs and “re-

ject” the bait that shows phishing URLs. Visualizing URLs as worms makes the
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Figure 2.1: In What.Hack players process emails to acquire contracts and to protect
their network from cyber criminals (1). Player either select Allow Entry button to
let the email reach the recipient (2) or select Submit Phishing button to block it from
doing potential harm (3). If players cannot determine whether the email is danger-
ous, they can click Ask IS Advisor to take some time to analyze the email (4). Players
can refer to the rulebook to decide whether this email is legitimate or phishing (5).
Players need to process a number of emails within a time limit (6).

game fun, but it also takes the URLs out of context and does not simulate the

real experience of detecting phishing emails.

The authors of Anti-Phishing Phil mention two limitations. One is their focus

on URLs and domain names, which are only two of the phishing attack tem-

plates, leaving the player vulnerable to content-based attacks like spear phish-

ing attacks. The other limitation is their exclusive focus on URL syntax without

addressing URL semantics, meaning their players are still vulnerable to URL se-

mantics attacks (safe URL syntax redirects to forged URL address). These limi-

tations also apply to recent games [22, 127] that are extended from it. One of our

main goals with What.Hack is to achieve more holistic anti-phishing education.

An anti-phishing game design framework [21] includes design elements
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such as safeguard effectiveness and perceived susceptibility. Multiple Non-

Phishing RPGs [22, 127, 206] as well as What.Hack address all of these elements.

That said, we argue that this framework is sound but does not sufficiently ad-

dress the identification of real-world phishing threats if design elements are not

implemented in a context that resembles the one used by hackers. Evidence

from a psychological study [148] showed that certain types of phishing emails,

such emails that sound like they come from a friend or warn of some kind of

failure, are more effective than other types, such as emails that offer a deal,

regardless of the specific phishing templates the hackers use. Our goal is to im-

plement phishing attempts in a way that closely matches how they occur in the

real world.

2.3 Gameplay Design

We have developed a prototype game, What.Hack, which facilitates role-playing

for learning email phishing defense. A screenshot of What.Hack is shown in

Figure 2.1. What.Hack was designed with three primary learning goals: 1) teach

email phishing defense in context by replicating as many real-life conditions as

possible, 2) engage the player by setting clear goals and tasks that become more

difficult over time, 3) provide immediate feedback about the consequences of

decisions the player makes.

What.Hack attempts to teach phishing emails defense throu-gh the game me-

chanics themselves. The core game mechanics encourage players to screen in-

coming emails to determine whether they might be malicious, and provide a set

of constraints (“rules”) that players can use to evaluate an email. Over time, the
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rules become more specific and combine to create a complex rule set, simulating

the large amount of constraints that must be applied in real life.

The key challenge in constructing situated learning approaches for anti-

phishing centers on how to replicate the perceptual characteristics of the sit-

uations in which real people defend against phishing attacks in a way that is

fun, educational, and not tedious. To do this, we designed a training module

that provides rich visual and situational context. In What.Hack, the player as-

sumes the role of an employee working for a bank. To win, players need to help

their bank acquire contracts by processing business-related emails and avoiding

being phished at the same time.

2.3.1 Porting a Subset of Papers, Please Game Mechanics to a

Phishing Simulation Game

Since processing emails is not generally considered compelling, we investigated

existing games with game mechanics centered around document inspection. We

observed that Papers, Please [121], a popular and highly engaging game released

in 2013, focused heavily on document inspection. In this game, the player acts as

a border patrol officer. The player must review the passports and other support-

ing documents of entrants seeking admission to a fictional communist country.

To do this, the player must apply a set of rules specified by the border control

office, which are expressed to the player through a rulebook. The player is di-

rected to accept only passports that come with valid paperwork and reject or

detain those with improper forms.
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While designing What.Hack, we adapted some of these document inspection

mechanics to the anti-phishing context of processing business emails to foster

motivation for learning email safety rules. In our game, players can allow their

colleagues’ business emails to go through or to block them, which will affect

their company’s success. Learning email safety rules becomes necessary for

players to make progress in the game. With the shift of purpose to anti-phishing

training, players must now prevent their company from being hacked and help

it to prosper.

Papers, Please includes a range of game mechanics that we did not adopt in

What.Hack. Papers, Please makes a critique of Orwellian communist bureaucracy

and dehumanizing processes [131]. In addition to the narrative, the game intro-

duces several ethical dilemmas, forcing the player to choose between obeying

oppressive laws and taking risks to advance moral causes. Since we did not

incorporate critiques or ethical dilemmas into What.Hack, a significant portion

of what makes Papers, Please compelling and unique was lost in this conversion.

However, we consider this acceptable since our primary goal was to adapt the

document inspection mechanics for anti-phishing, not to raise questions about

the nature of the organization in which the player operates.

2.3.2 Simulating Email Processing Context

The following sections highlight four different ways in which What.Hack simu-

lates the real-world context of email processing: 1) workflows, 2) time pressure,

3) interactions with IT support and 4) harmful effects of phishing.
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Simulating email processing workflows

A major goal in our game design is to simulate the real-life trade-offs in process-

ing incoming emails. Although deleting every incoming email is a solid defense

against phishing attacks, this is implausible in many situations because legiti-

mate important emails will be missed. Therefore, in What.Hack, the player must

consider each email and decide whether to accept or reject it. The player must

make this decision without performing a dangerous action (such as opening an

email attachment that could potentially contain a virus).

The player interacts with a simulated operating system, as shown in Fig-

ure 2.1. From this screen, the player can launch other application windows. The

application that plays the biggest role in the game is the email client, in which

the player can view a stream of emails that have been sent to the player. Some of

these emails are related to legitimate business interests of the bank, and others

are not. Some emails are malicious phishing attempts.

The player indicates their intention to accept or reject an email by clicking

on the buttons in the lower right of the screen. If the email is business related

and safe then the player should select the “Allow Entry” button (highlight (2) in

Figure 2.1). Otherwise, the player should select the “Submit Phishing” button

(highlight (3) in Figure 2.1) to “shred” the email. If the player “shreds” too many

legitimate emails, the player’s manager will show up and inform the player

that they underperformed because their customers complained that the player

is unresponsive. This mechanism mimics the real-life decision process in which

every employee has to decide whether to trust an incoming email and figure out

the appropriate response.
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Simulating time pressure

A qualitative investigation by Conway et al. [48] indicated that employees are

more vulnerable to phishing links and attachments when they are swamped

by a large amount of work. Due to time pressure, they need to scan incom-

ing emails and react quickly if the email is relevant to their work so that they

can finish tasks in time. Therefore, it is critical to simulate the time pressure

that phishing victims often experience. This is implemented through a time

limit, indicated by highlight (6) in Figure 2.1. The game is organized into five

“shifts,” or levels, which require the player to process an average of six emails

in eighty seconds. Therefore, if the player takes too long to consider each email,

the player will not pass the shift. This also incentivizes the player to work fast

- the player will obtain a higher score if the player can accurately process more

emails than required.

Simulating interactions with Information Technology support

Since phishing remains such a prevalent problem, many IT departments have

developed mechanisms for staff to report phishing emails and they encourage

people to do so. This can sometimes help prevent other people from falling

victim to the same email. Since this is a key component of many people’s email

processing workflow, we simulated it in our game. The button for rejecting an

email is called “Submit Phishing” (highlight (3) in Figure 2.1).

Furthermore, many IT departments will provide consultation on whether or

not an email is safe. However, this takes time, creating a tradeoff for staff mem-

bers who experience pressure to process many emails quickly. Therefore, we
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Figure 2.2: After clicking on the “Ask IS Advisor” button, Cherise, the information
security advisor, appears and says: “It appears to be masquerading as a trusted do-
main. “@bgredbank.com” has a letter “i” missing. Also, 128.84.125.213 is the actual
URL address. Numerical address in this form is unsafe. You should submit this
phishing email.”. The corresponding email is highlighted.

implemented this tradeoff through the addition of a button that lets the player

refer the email to the Information Security (IS) advisor for help if they are uncer-

tain whether email is safe. After players click on the “Ask IS Advisor” button

(highlight (4) in Figure 2.1), the cybersecurity advisor will appear and tell the

player whether this email is safe or unsafe (shown as in Figure 2.2). If the email

is unsafe, she will also explain the reason. A small amount of limited game time

(2-4 seconds) are deducted to simulate the cost of communication. This mecha-

nism encourages player to think actively whether this email is a phishing email

before asking for help.
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Figure 2.3: What.Hack provides immediate feedback when the player makes a deci-
sion. Here, the player clicked “Allow Entry” for an email that contained a malicious
link. The player has now received a violation explaining the mistake. Violations
affect the player’s overall progress and score and acquiring too many violations in a
shift will result in the player being required to repeat that shift.

Simulating Harmful Effects of Phishing

A big challenge in cybersecurity training is teaching learners to appreciate the

risks of a bad decision. Existing training materials often state these risks at a

high level but do not really show the learner what will happen if something goes

wrong. Therefore, What.Hack simulates how the player’s decisions lead to vari-

ous outcomes, both positive and negative. From the standpoint of maximizing

engagement, a key consideration is how to give the player sufficient freedom to

make meaningful decisions that will have both short-term and long-term con-

sequences on the game, while still ensuring that the players understand what
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they do is right or wrong.

If the player makes a wrong decision, a violation note will appear, as shown

in Figure 2.3. If the player labels an unsafe phishing email as safe, the note

will state the specific rules that the email violates. Similarly, if the player thinks

a safe email is a phishing email then the note will remind the player that this

email is safe. This approach helps players reflect on unfamiliar anti-phishing

knowledge, which helps retain knowledge [51]. If the player fails too much, the

player’s bank loses trust and the player gets fired.

2.3.3 Structuring the learning content

Our goal for the level design of this first What.Hack prototype was to measurably

improve the player’s ability to recognize potentially malicious emails within a

short amount of play time. Therefore, we focused on three popular phishing

attack templates [159]: 1) similar domain attack, 2) URL manipulation, and 3)

malicious attachment.

In order to maximize engagement, we constructed the shifts so that they

combine concepts in order to form a progression that starts easy and grows

more difficult. The progression design motivated by the theories of flow [52],

elaboration [152], and the Zone of Proximal Development [189]. This contrasts

with existing anti-phishing training games that typically focus on only one con-

cept at a time, and only combine concepts on the last level [165, 22].

The progression generally increases one or two attack templates per shift

(level), and continually combines these attack templates with other templates
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introduced in previous shifts. The similar domain attack is first introduced at

Shift 1. The URL manipulation attack happens at Shift 3; and the malicious

attachment attack appears at Shift 4.

Figure 2.4: Players apply the rules from the rulebook to the email to determine if an
email is a phishing attempt or not.

Balancing Freedom and Learning through the Rulebook

Traditional email embedded training often relies on absolute rules like “never

click on links”, which are impractical in real life. To improve, the rules taught by

our game should be meaningful rather than purely prescriptive. Furthermore,

we designed the game so that players can perform actions at will but also learn

which actions lead to negative consequences. A key innovation of Papers, Please

is that the target skills (related to border control document verification) are com-

municated to the player through a rulebook, to which rules are gradually added

over the game. In What.Hack, we explored whether the same rulebook mecha-

nism could be used to deliver learning content related to phishing defense. The

rulebook is shown in highlight (5) of Figure 2.1. It can be viewed at will, thereby

serving as reference material for the learning progression.
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Figure 2.4 shows an example of how a player might use the rulebook to

determine whether an incoming email is malicious. Table 2.2 shows how the

rules are introduced in the learning progression.

Shift 1
Allow emails from Trusted domains
Block emails from Unsafe domains
Block emails masquerading as Trusted do-
mains

Shift 2
Block any email with inappropriate content
Block non-business related emails from un-
known domains
Allow business-related emails from un-
known domains

Shift 3 Block emails that contain hyperlinks to un-
known or suspicious URLs

Shift 4

Block all emails with attachment with the
following file types: EXE, COM and HTML
Block all emails with ZIP attachment that is
not from a trusted domain

Shift 5

Block all emails with DOC attachment that
is not from a trusted domain but DOCX at-
tachment is acceptable
Ask IS advisor about emails from unknown
domains that has a business-related attach-
ment

Table 2.2: The rules that are introduced in each shift. The ruleset for each shift grad-
ually grows in complexity, requiring players to make more realistic decisions in later
shifts.

2.4 Performance Evaluation

Attack Templates URL URL + Attachment Attachment + TotalOnly Domain Only Domain

# Phishing Emails 2 4 3 2 11

Table 2.3: Attack Templates in the Selected Phishing Emails for the User Study

Existing anti-phishing games that do not simulate phishing attempts

through role-playing have shown that they were more engaging and thus pro-
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vided better learning outcomes than non-gamified training [165, 22]. However,

as pointed out by the criticisms of gamified education [135], not all gamified ap-

proaches are equally effective. To the best of our knowledge, there is a real lack

of user study comparing two different approaches to the same gamified prob-

lem. Therefore, we ran an in-lab study to compare our game with a representa-

tive non-phishing role-playing game in addition to a non-gamified training.

2.4.1 Study Design

In order to evaluate the effectiveness of What.Hack, we conducted user studies

that measured the impact of the game on players’ ability to recognize phishing

attacks on a pretest and a posttest. In the process, we compared the game to two

anti-phishing training approaches.

We compared our game with Anti-Phishing Phil [165], a competing non-

phishing role-playing game that educates players to identify similar domain

and URL manipulation attacks, which has been cited for over 300 times. Its lat-

est version is also provided for cybersecurity training in Carnegie Mellon [14].

Its gameplay covers the key elements that are addressed in the most popular

game design framework for anti-phishing training [21]. The recent new de-

signs [127, 22] of anti-phishing games followed the fashion of Anti-Phishing Phil

gameplay. These evidences show that it is a representative anti-phishing game

with which we decided to compare.

In addition to Anti-Phishing Phil, we also compared with PhishLine training

materials [16] that are currently used by Cornell. PhishLine training materials

are the typical form of fact-and-advice training that have been widely used and
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studied [107, 193, 105]. PhishLine and What.Hack cover three popular phishing

attack templates: 1) similar domain attack, 2) URL link manipulation and 3) ma-

licious attachment. Anti-Phishing Phil only covers the first two attack templates.

What.Hack targets young professionals and adults. We recruited target play-

ers through fliers, face-to-face interactions and Cornell’s experiment sign-up

system. Participants who signed up using the university’s system received 2

experiment credits upon completion. We required the participants to be at least

18 years old and that they had never taken a cybersecurity class or participated

in anti-phishing training. We recruited 39 students at Cornell and randomly

assigned 13 people to each group.

The user studies consisted of an effectiveness evaluation session and an en-

gagement evaluation session.

In the first evaluation session, which targeted effectiveness, participants

were given a pretest in which they identified whether an example emails were

phishing or legitimate. After the participants completed the pretest, we ran-

domly assigned them to play What.Hack or play Anti-Phishing Phil or study

PhishLine training materials with equal probability. All participants were able

to finish their assigned game within half an hour. Participants were then given

a posttest using the same emails in the pretest. The posttest also asked players

to describe the knowledge that the participants thought they learned from the

game that they played.

In the second evaluation session, which targeted engagement, participants

played the game that they did not play in the first session. After finishing the

game, participants were asked to complete an exit survey about engagement.
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2.4.2 Test Design

The goal was to confirm whether What.Hack can improve the correctness of iden-

tifying phishing emails with a statistically significant result. Therefore, we pre-

sented participants with emails in the pretest and the posttest. We asked them to

decide whether an email is phishing or legitimate. We ask participants to choose

whether it is phishing or legitimate. In addition, they need to rate how confi-

dent they are about the answer using the 5-point Likert scale from 1 (random

guess) to 5 (very confident).

We selected and fine-tuned 11 real phishing emails from a database main-

tained by Cornell’s IT security office, which is a similar approach that [193]

took to select the first 12 phishing emails for their user study. The types of mes-

sages include suspicious account activity warning, financial document review,

university president announcement, shipment notification, etc. Table 2.3 shows

the number of phishing emails that use certain types of attack templates. These

phishing emails can be seen in our online appendix: osf.io/pven9/.

In addition to the 11 phishing emails, we also chose 9 authentic emails from

the communications database verified by Cornell’s IT security office. They are

not publicly available due to the privacy policy.

We examined the conceptual knowledge and procedural knowledge that

participants retained. After they completed the quantitative test in the pretest

and in the posttest, participants were asked to answer the question: “What is the

strategy you used to process these emails? Please write in bullet points.” This

question allowed us to better understand how they make the decision before

and after playing the game.
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In addition to participants’ strategy for identifying phishing emails, we

asked them the following question at the end of the posttest to identify what

else they had learned from the game:

“Did you learn any new concepts or skills from this training that will help

you prevent yourself from being hacked by unsafe or phishing emails? Please

write in bullet points.”

To evaluate engagement, we asked participants the following 5-point Likert

scale rating questions in the exit survey:

“On a scale from 1 (very boring) to 5 (very engaging), how would you rate

the engagement of each training?”

“On a scale from 1 (strongly disagree) to 5 (strongly agree), how likely are

you to recommend this training if your friends want to learn how to defend

attacks from phishing emails? ”

2.4.3 Results

We measured the effectiveness of our game by examining the correctness per-

centage, the false negative rate and false positive rate before and after the game.

A false positive is when a legitimate email is incorrectly regarded as a phishing

email. A false negative is when a phishing email is incorrectly regarded as a le-

gitimate email. In our case, the false negative rate is more important because it

would expose people to the danger of phishing if they mistrusted the phishing

email.

Evidence that the game improves correctness. We derive a measure for the
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Figure 2.5: The correctness percentage. Our game improved players’ correctness in
identifying phishing emails by 36.7% (statistically significant), whereas neither of
the control groups achieved a statistically significant improvement.

change of correctness percentage between the pretest and the posttest using

one-way ANOVA. There was a significant effect of training for the three con-

ditions (F(2, 36) = 18.53, p < .01) with a large effect size (η2 = .507).

Post hoc comparisons using the Tukey HSD test indicated that the score in-

crease for What.Hack (M = .239, SD = .106) was significantly different than Anti

Phishing Phil (M = -.004, SD = .107, p < .01) and different than PhishLine (M =

-.007, SD = .138, p < .01). However, Anti Phishing Phil condition did not signifi-

cantly differ from PhishLine condition (p = .90).

Evidence that the game enhances anti-phishing self-efficacy. The result shows

that participants became more confident about their judgments after playing

What.Hack. The average confidence rating increased from 3.33 (variance = .368)

to 4.08 (variance = .329). The distributions between the two sets differed sig-

nificantly (Mann-Whitney U = 32.5, Z = -2.64, npre = npost = 13, p = .0083, two-

tailed). While participants made a wrong decision after playing What.Hack, their
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confidence rates did not significantly change. This evidence meets our overall

educational goal that players should be more confident of identifying phishing

emails correctly while not making hasty decisions. We did not observe the con-

trol groups enhancing participants’ confidence in a statistically significant way:

the average confidence rating of Anti-Phishing Phil was 3.38 pretest (variance =

.332) and 3.51 posttest (variance = .517); the average confidence rating of Pish-

Line was 3.51 pretest (variance = .307) and 3.58 posttest (variance = .415).

Evidence that the phishing simulation game facilitates learning transfer. To com-

pare each group of participants’ ability to transfer the knowledge they have

learned from the game or materials to identify whether an email contains mali-

cious content, we removed 3 email examples that requires knowledge of attach-

ment file types to make informative decisions because Anti-Phishing Phil does

not teach how to identify malicious attachments. We run the analysis on the

rest 17 emails that can be determined by validating the domain address and/or

the URL hyperlink. The training games/materials still makes a statistically sig-

nificant impact on the change of correctness percentage between the pretest and

the posttest for the three conditions (F(2, 36) = 13.34, p < .01) with a large effect

size (η2 = .426) using one-way ANOVA.

Post hoc comparisons using the Tukey HSD test indicated that the score in-

crease for What.Hack (M = .199, SD = .11) was still significantly different than

Anti-Phishing Phil (M = -.013, SD = .12, p < .01) and different than PhishLine (M =

-.02, SD = 0.14, p < .01). However, Anti-Phishing Phil did not significantly differ

from PhishLine (p = 0.90).

Evidence that the game is engaging. There was a statistically significant dif-

ference between the engagement ratings of three training games/materials
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(Kruskal-Wallis H(2) = 44.121, p < .01), which a median rank of 4 for What.Hack,

3 for Anti-Phishing Phil and 3 for PhishLine (a score of 4 is positive, 3 is neu-

tral). The median rank of rating of recommending three games/materials to

friends who want to learn about defending phishing email were What.Hack: 4,

Anti-Phishing Phil: 3, PhishLine: 3; the distributions in the three groups differed

significantly (Kruskal-Wallis H(2) = 28.75, p < .01). Figure 2.6 and 2.7 are the bar

charts of the engagement ratings and the recommendation ratings respectively.

Evidence that players learned new anti-phishing skills from What.Hack. We find

evidence from the posttest questionnaire that some participants learned to de-

fend the classic URL semantic phishing attacks after playing What.Hack: ‘you

need to hover your mouse to check the actual link’; ‘the actual link will appear after

hover my mouse on it’. And some participants learned to not rely solely on the

sender’s identity or the content of the email to identify phishing emails: ‘do not

download exe even if it’s forwarded by Cornell ppl’; ‘the content is not most reliable way

to identify phishing emails’.

2.5 Discussion

We believe that What.Hack is the first anti-phishing game that simulates phish-

ing attempts through role-playing. Our evaluation indicated that What.Hack

is effective and engaging, when compared to Anti-Phishing Phil and PhishLine.

The results showed strong evidence that leveraging situated learning theory can

also enhance anti-phishing training, in addition to domains such as science and

ethics education [28, 100, 162].

Design implications. The user study participants thought that Anti-Phishing
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Figure 2.6: The engagement ratings. 95% of the participants find What.Hack being
engaging or very engaging. The number is 44% for Anti-Phishing Phil, and 23% for
PhishLine.

Phil was more engaging but less recommended than watching videos. The qual-

itative measures showed that participants retained more conceptual knowledge

by playing a game than watching videos. Unlike What.Hack, however, Anti-

Phishing Phil players could not practice using the conceptual knowledge to vet

phishing contents. While What.Hack could enhance anti-phishing self-efficacy in

the user study, Anti-Phishing Phil failed to provide the same result. This feeling

of “I know it, but I am unsure how to use it” could be the reason for the dispar-

ity in ratings for Anti-Phishing Phil. What.Hack avoided this issue, which implies

that gamified cybersecurity education should teach both conceptual knowledge

and how to use it.

Another implication is that gamified cybersecurity education should do the

best to simulate all factors that affect learning outcomes to avoid unwanted side-

effects. In our case, the cognitive load impacts susceptibility to phishing [202].

What.Hack prepares players for a heavy cognitive load that they would experi-
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ence in handling real threats, but Anti-Phishing Phil does not. The Anti-Phishing

Phil paper [165] reports that some players did not look further to avoid phish-

ing attacks if the URL text did not raise suspicion, which did not happen to

What.Hack players in the user study.

Limitations and future work. What.Hack did not fully utilize social engagement

in situated learning like other role-playing games did for language learning [54]

and science education [100]. Phishing, especially social engineering attacks, is a

crime of deceiving people through online social interactions. Therefore, a multi-

player extension of What.Hack could potentially enhance anti-phishing training.

What.Hack has a broader design goal than Anti-Phishing Phil and PhishLine,

which may introduce unfairness when comparing our game with these two con-

ditions. We integrate conceptual knowledge into an email processing game and

let the player internalize what kinds of URLs are dangerous, whereas the other

two conditions only focus on conceptual knowledge, such as URL mechanics.

However, we believe the most important consideration is the ability of anti-

phishing training to prepare people to handle real email threats, and we found

that our game is more effective in this regard.

Speaking of the tests result, we noticed that the pre-test performance differs

across three conditions. However, the score difference is not large enough to

claim that the What.Hack group on average made one more mistake than the

other two groups. Therefore, we are still confident that three groups share the

same anti-phishing skill level. That being said, the pre-test performance indi-

cates that the What.Hack group may be able to improve more than the other two

groups after the training, which potentially affects the study’s effectiveness.
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Figure 2.7: The recommendation ratings. 92% of the participants agree or strongly
agree that they will recommend What.Hack. The number is 33% for Anti-Phishing
Phil, and 33% for PhishLine.

To further determine the impact of our game, especially on long-term reten-

tion of phishing attack methods and defenses, we would like to conduct a field

study in the future.

What.Hack offers a good starting point for the development of other similar

game-based experiences in the field of cybersecurity education. For example,

fake news is a trending global problem and new game designs for training peo-

ple to identify fake news are rare and ad hoc [11]. Our game design can be re-

skinned to introduce this issue. We would like to explore in the future whether

such training is also more effective by using our game design.
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2.6 Conclusions

The main goals of What.Hack are to 1) teach players anti-phishing techniques by

simulating some of the circumstances in which people routinely defend against

phishing attacks, 2) engage players by offering them freedom to experiment and

observe narrative consequences, and 3) deliver a set of learning content through

a task progression that starts easy and gradually grows more complicated. We

presented results from a lab study demonstrating that What.Hack was able to

improve players’ correctness in identifying incoming threats by 36.7%, whereas

a control group that played a different game did not achieve a statistically sig-

nificant improvement. The results indicated that situated learning plays an im-

portant role in improving learning outcomes by engaging learners in a relatable

simulation world.
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CHAPTER 3

COLLECTIAR: MAKING VOCABULARY LEARNING FUN THROUGH A

COMPUTER VISION-BASED AUGMENTED REALITY GAME

3.1 Introduction

Vocabulary acquisition is crucial in language learning. However, learning and

retaining vocabulary is a formidable challenge. Long-term retention of vo-

cabulary typically involves constant repetitive retrieval practices [194]. How

to help learners develop a growing love for vocabulary learning has been a

long-standing research topic. Although virtual flashcard applications, such as

Anki [1] and Quizlet [7], are widely perceived as convenient and effective tools

for vocabulary learning, studies [111, 29, 209] found that students are not en-

gaged and there is still vast room for improvement. To help people learn vocab-

ulary in a more productive way, recent work [181, 68, 182, 37, 158, 92, 185, 53]

has focused on context-based learning. Context is valuable to language learning

because associating a word’s meaning with learners’ context helps them recall

the word [34, 183].

Previous designs for vocabulary learning use contextual information, such

as websites [181], GPS locations [68] and chat history [37], to pick relevant

foreign words for rote memorization. The user studies of these projects have

shown collective evidence that learning assisted by contextual information pro-

vides better outcomes. However, these projects did not completely solve the

problem of long-term engagement, which is critical to vocabulary learning be-

cause it requires persistent effort.
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Figure 3.1: A screenshot of onboard experience of CollectiAR when the player is
trying to collect그그그릇릇릇 geulues, which means bowl in Korean.

With advances in augmented reality (AR) technology, recent projects [158,

92, 185] attempt to further engage learners by overlaying virtual information

on the learner’s view. These projects share a similar design approach. They

display the form, the pronunciation, and the meaning of a foreign word in the

vicinity of its corresponding real-world object. They aim to engage learners by

connecting new materials to the learner’s spatial context, which provides a more

immersive experience in which people can naturally infer the meaning of words

by analyzing their surroundings. A user study [71] also finds that participants

have more accurate recall of new information if it is visually associated with

specific locations.

The study results of these AR vocabulary learning tools align with the hy-

potheses that learners are more engaged compared with flashcards and they

are able to build a stronger memory as opposed to the approach that has no
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direct connection to the player’s physical environment. That being said, previ-

ous work leveraged physical context for learner engagement without focusing

on playful interaction design, which may be inadequate in order to motivate

people to explore and learn a second language for long periods of time.

In our view, teaching language in context creates two demands. First, learn-

ing applications should immerse the learner to the greatest extent possible in or-

der to utilize the learner’s real-world context. However, this may not be enough

to sustain motivation by itself. Therefore, a second demand is how to design in-

centive structures or other game-like elements [61] to engage learners for a pro-

longed period. With an aim of motivating learners to stay and play, we would

like to simulate an immersive experience similar to what people experience in

the real world as they actively analyze their surroundings and look for visual

cues that relate to the foreign word.

We drew inspiration from existing video games that teach a second language

in a virtual environment. Influent [89] and Crystallize [53] have the player ex-

plore a virtual world to collect new words that are associated with the objects in

that virtual world. The idea of sending players off on a scavenger hunt to dis-

cover vocabulary words has been an exciting way to engage students in learn-

ing [55]. In order to implement this game in the real world, we need to solve two

critical challenges. First, the game should be able to recognize objects in the en-

vironment. Second, the game should utilize its knowledge of the environment

to engage the player.

With this in mind, we present CollectiAR. We explore how AR can be used to-

gether with computer vision in order to identify objects located in the player’s

immediate vicinity and to engage them in finding these objects by generating
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clues for scavenger hunt in a foreign language. Computer vision alone does

not solve our first challenge. Given that computer vision is inaccurate, we need

to ensure that recognition accuracy is as high as possible and that the game is

playable even when objects are incorrectly recognized. The second challenge is

to alert the player the presence of detectable objects in their environment and

to design a scaffolded learning process that associates physical objects with cor-

responding foreign words. We discuss our solutions to these challenges, which

will help AR game designers because these two challenges are specific not only

to our game but also occur generally in any AR game design that aims to engage

players with context-sensitive content.

To evaluate the impact of our game, we conducted an in-lab user study with

42 players. We compared CollectiAR to a popular flashcard-based learning ap-

proach, Quizlet. The key findings show that: 1) CollectiAR is more engaging than

Quizlet; 2) participants perform better on a vocabulary quiz after one week if

they learn these words by playing CollectiAR instead of Quizlet. The result indi-

cates a strong potential future for computer vision-based AR games in learning.

The core contributions of this paper are: 1) a computer vision-based AR

game design that explores how language learning games can engender long-

term engagement, 2) a general solution to reduce the impact of computer vision

inaccuracy in an AR learning game, and 3) a user study suggesting that a game

that leverages physical context is more engaging and may improve long-term

retention of vocabulary.
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3.2 Related Work

3.2.1 Contextual Learning

Learning theories have emphasized the positive impacts of using real-world

context in education [173, 149]. Particularly in individuals’ language learning

processes [75], real-world experience plays a more important role compared to

abstract prepositional reasoning. Situated cognition theorists also highlight the

presence of context in content learning. Likewise, empirical evidences suggest

that the recall rate is the highest if the context and the use are perceptually sim-

ilar [183].

Using language with reference to specific instances and objects, namely

grounding, is important for all parties in communication. There are four lev-

els of semantic grounding, that are attending, identifying, understanding, and

considering, identified in a game in which a participant is instructed to assem-

ble LEGO blocks [46]. A common language with a shared reference system

allows the instructor and the participant to ground their communication to the

identical objects.

Mainstream popular language learning tools do not have the ability to lever-

age physical context yet. For example, DuoLingo [188] and Rosetta Stone [5] do

not currently allow learners to use a smartphone camera to learn language us-

ing objects in the vicinity of the smartphone. The academic community has

started to notice the importance of context in language learning. For example,

MicroMandarin is a smartphone tool that uses the learner’s real-world location

to suggest relevant vocabulary words [68]. Dearman et al. used a desktop wall-

41



paper to teach vocabulary drawn from interactions with a mobile phone [57].

Trusty et al. augmented the website to teach second-language vocabulary [181].

Although these tools do utilize “the real world’,’ the use of context is pas-

sive and does not involve manipulating the environment. Ideally, learners could

learn by directly interacting with objects in their environment. We envision learn-

ing experiences that allow vocabulary (e.g. “bowl”) to be taught in a plausible

physical context (e.g. with an actual bowl).

3.2.2 Multimedia Learning

Multimedia learning [123, 124] is an important cognitive theory that suggests

guidelines for designing multimedia applications for education that can effec-

tively improve people’s learning outcomes and reduce people’s cognitive load

in the meanwhile. We believe that multimedia learning theory should guide our

design because AR is a type of multimedia technology used for education [115].

Multimedia learning makes three assumptions [123, 124]. First, humans can

process auditory and visual knowledge separately at the same time. Second,

humans can only process a limited amount of knowledge at a time. Third, hu-

mans learn by actively engaging in processing this knowledge. Based on these

assumptions, multimedia learning identifies the following cognitive processes

that take place in learning: (1) selecting relevant words and images from the

presented information concurrently, (2) organizing the selected words and im-

ages into a coherent representation in separate channels, and (3) integrating the

visual and verbal representations and connecting them to prior knowledge.
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Multimedia learning has served as the theoretical basis for many studies in

technology for language learning. Studies [45, 146, 207, 118, 117] on the ef-

fectiveness of vocabulary learning and retention have shown that annotating

words with pronunciation audio and illustration images helps students learn

vocabulary better than either one alone. The majority of flashcard software [201]

also supports adding audio and images to the flashcard to enhance learning.

Websites like FluentU [3] make use of videos with subtitles to teach language.

In addition to the traditional forms of multimedia, recent studies on optical

see-through AR displays [71, 192] observe that participants who are assisted

by AR are able to utilize the spatial factor to improve their learning process.

The spatial information refers to specific locations or the physical features of

the environment. This observation provides additional motivation to use AR to

design a game that engages people learning vocabulary.

3.2.3 Augmented Reality for Language Learning

The affordances of AR in learning have attracted a growing number of re-

searchers to introduce AR into pedagogical scenarios, especially language learn-

ing. Language learning applications that are based on the GPS location sen-

sors [163, 143, 130] or embedded sensors [160, 79] claim to have used AR tech-

nology. They collect the virtual real-world information nearby the user to sug-

gest relevant learning materials. However, these applications do not directly

manipulate the physical environment perceived by the user.

Ideally, users could directly interact with physical objects in the AR learn-

ing environment, which is a demanded feature suggested by several literature
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reviews of AR in education [208, 109]. This feature can integrate learners’ visual-

spatial processing into the learning process. It would provide more immersive

experience than sensor-based AR because people can naturally infer the mean-

ing of words by analyzing their surroundings.

Recently, new AR designs started to address this need by projecting the form,

the pronunciation and the meaning of a foreign word nearby its corresponding

real-world object [158, 92, 185]. Two projects [158, 92] evaluated their AR de-

signs against basic digital flashcards. They found positive results that partici-

pants performed significantly better on the delayed vocabulary recall test when

they learned through optical see-through AR displays.

However, it is arguable whether students are able to focus on internalizing

the vocabulary on their own for a long period of time without any active inter-

actions with the augmented environment. If the student becomes distracted and

bored then the benefits of contextual learning and multimedia learning brought

by AR would become ineffective.

A set of AR games for language learning have been developed to better en-

gage students by using incentive structures or other game-like elements. Elec-

tric Agents [153] teaches vocabulary by interacting with a TV show through AR

and mobile device sensors. Hsu [90] designed an AR English spelling game that

is related to physical objects. The AR Ole Cierraojos [179] is a story-based AR

game for practicing reading comprehension that pops up from a detectable fig-

ure in the book. The evaluations of the games show collective evidences that the

games are engaging to the target learners and significantly enhance the learning

outcomes.
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Figure 3.2: In CollectiAR, players solve a scavenger hunt puzzle in their immediate
vicinity where they can explore and collect the highlighted objects. The spying bear

tells players to find the target object that is described in a foreign language (1).
Players can move their handheld device to focus on an object (2). The detectable

object is highlighted by a box bounding around it and has its label and
pronunciation in foreign language attached to it (3). Players can review the

collections of scavenger hunt puzzles in the form of flashcards (4). Players can skip
and report the detection error if they could not find such an object in the scene (5).

The limitation on these AR games is that they rely on marker-based tracking

or position tracking that may not always work well in outdoor environments or

rooms that do not allow tagging. This approach also requires initial setup and

maintenance effort that makes it hard to deploy.

Our goal is to combine the advantages of both incentive structures and op-

tical see-through AR so that the learner can be engaged in playful interactions

and can play the game anywhere at anytime.
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3.3 Vocabulary Scavenger Hunts

The primary goal of CollectiAR is to engage players in vocabulary learning by

providing an immersive learning experience that involves more than repetitive

memorization. Ideally, it should maximize the sense of immersive learning by

taking the advantage of presence. Presence has been explored by the VR game

for language learning, Crystalize [42]. Their study found that the players feel

more involved in Japanese culture while playing the game.

CollectiAR is inspired by the design of scavenger hunt that uses the player’s

presence as the gaming environment. If we are able to associate the meaning of

target vocabulary with players’ presence, then we can use target vocabulary to

generate scavenger hunts that motivate learners to explore and to learn target

vocabulary in their immediate surroundings.

To implement CollectiAR that makes language vocabulary learning fun, we

need to: (1) generate clues for scavenger hunt items in the real environment, (2)

provide immediate feedback in the game, (3) implement collection system for

long-term engagement, and (4) mitigate the negative impact of computer vision

inaccuracy from the interfaces design perspective.

3.3.1 Clues Generator for Scavenger Hunts

Our primary objective is to make language vocabulary acquisition fun. Bar-

tle [30] proposed several player types that he observed. One of these player

types is the explorer who finds great joy in exploring the world and discover-

ing unknown objects or hidden information. The design of promoting curiosity
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and hiding “treasures” from players is found to be an effective intrinsic motiva-

tor [122].

These insights lead us to design a scavenger hunt game in which words are

hidden and the learner is motivated to explore their immediate vicinity and

figure out the hidden words. To make the game challenging and fun, we need

to make a trade-off between the words that the game is going to show and the

words that the player is going to find. In order to make a successful trade-off

that turns the learning experience into a fun exploring game, we need to embed

our game design on the player’s real world. The design of player interactions

with the game environment should also be really easy to understand which

object is referred to.

Our first goal is to understand what is in the environment. Our second goal

is to scaffold the process of communicating to the player what objects are inter-

actable and helping the player to find the target object. Accomplishing the first

goal requires using computer vision to recognize objects in the environment.

Accomplishing the second goal requires using augmented reality to overlay

feedback on top of the physical views in the camera.

Before the game starts, CollectiAR requires the player to scan their surround-

ings so that it can use computer vision to recognize a number of objects that are

available for scavenger hunts. Upon completing the environmental analysis,

CollectiAR chooses a target from the list of recognized objects according to the

word frequency and the player’s historical performance in the game. To tell the

player which objects are interactable, as shown in Figure 3.2, CollectiAR high-

lights a bowl and a cup on the dining table in front of the player by using white

bounding boxes.
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After choosing a target, the CollectiAR bear tells the player to find the target

by displaying and pronouncing the target word in the foreign language. In the

example shown in Figure 3.2, CollectiAR chooses the bowl as the target. Hence,

the CollectiAR bear tells the player to find that bowl by pronouncing it as geu-

lues, which means bowl in Korean. By providing candidates’ bounding boxes

and the target information in Korean, CollectiAR bear asks the player to point at

the object that they think geulues refers to by turning the mobile phone to aim

the object’s bounding box with the telescopic sight ((highlight (2) in Figure 3.2).

In the example shown in Figure 3.2, learners can play CollectiAR in a dining

room. In addition to the objects on a dining table, CollectiAR should be able

to detect and teach objects that the majority of people would typically have. It

is highly likely that players can be immediately surrounded by home interior

objects every day. People learn a language and communicate in various envi-

ronments. One of the primary environments is people’s house. Therefore, we

choose 79 words for the current game prototype that are related to home living,

electronics and kitchen appliances, etc so that the CollectiAR can utilize the most

common physical context in which learners would like to play.

3.3.2 Short-term Feedback Design

To implement an immersing and engaging scavenger hunt game that enhances

good vocabulary retention, we must address three challenges: (1) we need to

limit the set of objects that the player needs to search through in order to find

the target; (2) we need to verify whether the player finds the correct object and

communicate the information to the player clearly; (3) we need to solidify the
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Figure 3.3: CollectiAR gives a hint to the player by automatically pronounce the
foreign word of the focused object.

knowledge of foreign words in the player’s head. We try to solve these chal-

lenges by using augmented reality.

When the player is surrounded by hundreds of objects, it becomes tedious to

the player to go through all objects one by one. Instead, one of the design goals

that CollectiAR must meet is to limit the set of objects that the player needs to

search through in order to find the target object. The upper bound of the number

of interactable objects is set to three in CollectiAR. First, the game filters out

detected objects whose computer vision detection confidence levels are lower

than 80%. Second, the game sorts the list of candidates according to the player’s

historical performance. Finally, the game picks the top three objects that the

player is least familiar with. For example, an object that the player got it wrong

on the first try or an object that the game detects for the first time.

The second challenge is to provide the mechanism to which the player can
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indicate which object they think is the target then the game can recognize that

the player is correct or not and communicate its decision back to the player.

A strawman solution is to immediately reveal the result to the player when it

detects an object being selected by the player. However, during the iterative

design process, we observed that players are uncertain of their decisions. They

hoped for more time and hints to help them recall and confirm. Therefore, af-

ter the player selects an object, CollectiAR immediately changes the color of the

bounding box into cyan and pronounces the selected object in the foreign lan-

guage. After two seconds, CollectiAR confirms the result of the object that the

player finds.

Figure 3.3 shows a particular scenario where the bowl is selected by the

player. The bowl’s bounding box color turns into cyan and its pronunciation

icon is highlighted which means the player is listening to the pronunciation of

bowl in Korean. The cyan arc that grows around the open sight is the progres-

sion bar. CollectiAR will reveal the result when the cyan arc grows into a circle.

Introducing auditory hint to the short-term feedback design not only serves

the purpose of engaging learners but also serves the purpose of improving

learning effectiveness. According to previous user studies [118, 117], auditory

information plays an important and positive role in long-term memory. The

learning effects of the audio reported to be maintained for two weeks with min-

imal attrition. Because the foreign word pronunciation is the key information

that the player uses to correctly identify the target object, we expect that Collec-

tiAR can potentially lead to better retention of words.
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Figure 3.4: CollectiAR provides the collection mode to allow the player to review the
words they collected from the real world in the flashcard form.

3.3.3 Long-term Incentive Design

Because one of the game design goals is to keep players playing for an extended

number of times, the additional challenge is how to encourage players to return

and play CollectiAR again. In the Bartle taxonomy of player types [30], he also

discusses the achiever who will devote themselves into achieving rewards that

confer them little or no gameplay benefit simply for the prestige of having it.

Pokemon Go is one of the most successful augmented reality game that attracts

this type of players.

Our long-term incentive design drives inspiration from the Pokemon Go col-

lection system. Pokemon Go players don’t necessary need to use all of their col-

lected monsters in a gym combat but they are satisfied to see that they are fill-

ing up the Pokemon collection and especially when they catch rare Pokemon.

Driven by the sense of satisfaction, Pokemon Go players constantly return to
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the game when they get to a new place to search for new or rare Pokemon. The

collection of Pokemon is categorized into different types. For instance, the types

include fire, water, grass, etc. Similarly, we categorize 79 foreign words in Col-

lectiAR into 9 types: including home living, electronics, kitchen appliances, etc.

CollectiAR keeps track of the collection status and allows the player to check

whether they complete any of the collection types. Figure 3.4 shows the collec-

tion mode that allows the player to review the items and new words that they

found in their office.

3.3.4 Mitigation of Computer Vision Inaccuracy

It is worth notice that CollectiAR replies on the computer vision to make many

critical decisions like deciding which foreign word should be the scavenger hunt

item and whether the player discovers it. However, unlike traditional video

game implementation that assumes the game logic is consistent and correct if it

is bug-free, computer vision has high inaccuracy rate.

For the current game prototype, we use the computer vision model, SSD

MobileNet V1 [91], for objects segmentation and recognition. The top-1 accuracy

rate is reported to be 70.6% [157], which suggests that in average 3 out of 10

times of recognizing an object provide a wrong answer. The inconsistency of

recognition results will cause players’ frustration and become a negative effect

to the gaming experience.

The biggest challenge in user experience design is to work around the tech-

nical constraints posed by current state of computer vision technology: (1) the

object recognition is unstable and falsely identifies objects with a high prob-
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ability, and (2) The player’s motion makes visual annotation anchoring a hard

problem. A high enough frame refresh rate is required to respond to the player’s

movements.

The first technical constraint is noticeably annoying while the player chooses

an object and waits for confirmation. In order to reduce the chances of missing

frames or changing labels during the confirmation phase, we designed an algo-

rithm shown as Algorithm 1 using the temporal smoothing technique.

Because computer vision is unreliable and can sometimes make mistakes, it

is also crucial that CollectiAR can inform the player when mistakes occurred. Be-

cause we need to prevent players from forming incorrect connections between

physical objects and vocabularies in the learning process. When actively chal-

lenging players to look for the matching object for the target foreign word, we

added native language labels for each identified objects on screen. This would

allow players to quickly discover falsely recognized objects by computer vision.

To circumvent the second technical constraint, we designed the foreign word

pronunciation to be played automatically and entirely during game play. One

scenario with unstable computer vision technology is that it successfully recog-

nized an in one frame, but failed in the next frame; therefore, players would

observe the bounding box surrounding that object appears and disappears on

screen. In order to allow players continue playing our game despite the blinking

bounding box caused by unstable object recognition, we designed Korean word

pronunciations to be played immediately and automatically as players point the

camera focus inside the bounding box of the object. The pronunciations would

be played entirely even if the object failed to be recognized by computer vision

in the next frame. Therefore, hearing the Korean pronunciations only requires
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Algorithm 1: Temporal Smoothing to Reduce Glitches During the Con-
firmation Phase

Input: nowDetection, nowImage
Output: resultDetection
Data: cachedDetection, labelsDictionary, hasMissed

1 if nowDetection is not null then
2 // show the highest frequency label
3 resultDetection = nowDetection;
4 labelsDictionary[nowDetection.label] += 1;
5 Replace resultDetection.label with labelsDictionary’s key that has the

max value;
6 cachedDetection = resultDetection; hasMissed = false;

7 else
8 if hasMissed is true then
9 resultDetection = null ;

10 Clear labelsDictionary and cachedDetection;

11 else
12 // check if previously detected object still stays there
13 hasMissed = true;
14 cachedBlock = the center 4x4-pixel block of cachedDetection’s

image;
15 nowBlock = the 4x4-pixel block in nowImage at the same location

of cachedBlock;
16 backgroundBlock[2] = two 4x4-pixel blocks in nowImage that are

outside of cachedDetection’s bounding box;
17 Calculate sum of absolute differences (SAD) between

cachedBlock and nowBlock;
18 Compare it with the SAD between cachedBlock and 2

backgroundBlocks repectively;
19 if SAD(nowBlock, cachedBlock) is min then
20 resultDetection = cachedDetection;

21 else
22 resultDetection = null ;
23 Clear labelsDictionary and cachedDetection;
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the objects to be recognized by at least one frame in our game. It is not necessary

for players to tap the sound icon inside the labels. The sound icon mainly serves

as an indicator that pronunciation is being played and players may choose to

tap the icon to hear the pronunciations again. Playing the pronunciations auto-

matically and entirely enables players to make decisions on whether an object

matches the target word and continue playing our game without solely relying

on visual feedback.

3.4 User Study Design

We conducted a user study to determine whether people find CollectiAR en-

gaging and evaluate how it compares in terms of efficiency and convenience

to basic digital flashcards software. We proposed the following 4 hypotheses

for the study: H1: Immediately afterwards, participants who played CollectiAR

will recall more words than participants who used digital flashcards; H2: After

a period of 5-7 days, participants who played CollectiAR will recall more words

than participants who used digital flashcards; H3: Participants will find Col-

lectiAR more engaging than digital flashcards; H4: Participants will pay more

attention when playing CollectiAR as opposed to using digital flashcards.

For this study, we chose Korean as a target language. In order to compare

CollectiAR to digital flashcards, we used the popular Quizlet digital flashcards

software. Participants used the same 10.5-inch iPad pro (2018 model) to use

both CollectiAR and Quizlet.
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3.4.1 Lab Setup

Participants were randomly assigned to one of two groups: Group A and Group

B. Group A used Quizlet and then played CollectiAR; Group B did this in the

reverse order: they played CollectiAR first and then used Quizlet. In order to

directly compare the correctness rate under a 2x2 within-subjects experimen-

tal evaluation, we generated two different word lists each containing 9 words

that were assigned to the first and second tool participants encountered, respec-

tively. In other words, the set of words that Group A could learn from CollectiAR

were the same as those that Group B could learn from Quizlet and vice versa.

These 18 words were a subset of the 79 words that CollectiAR could teach. The

other 61 words were not included in this user study.

In order to test how CollectiAR helps players learn words from their envi-

ronment, we constructed four different environments, which we will refer to

as “zones”. The set of words were separated into these 4 zones, each of which

mimicked one of the following real-life learning scenarios: living room, din-

ing room and office. Table 3.1 described each zone’s learning scenario and the

physical items that were placed in the zone. Participants in Group A played Col-

lectiAR in Zone 1.1 and 1.2. Group B learned the words in Zone 1.1 and 1.2 from

Quizlet. Similarly, Group B played CollectiAR in Zone 2.1 and 2.2 and Group A

learned those words from Quizlet.

Zone Items in the Zone

1.1 book, scissors, ball, racket, umbrella
1.2 book, scissors, vase, spoon, bowl, clock

2.1 chair, cup, knife, apple, cellphone
2.2 chair, cup, toothbrush, wineglass, bottle, backpack

Table 3.1: The setup of zones for CollectiAR.
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CollectiAR could teach 9 words in Zone 1.1 and 1.2 and another 9 words in

Zone 2.1 and 2.2. Zones 1.1 and 1.2 had two words that appeared in both zones

(in italic font in Table 3.1). The same was true for Zones 2.1 and 2.2. These words

referred to two a unique physical object in each zone. The cup in Zone 2.1 was

a teacup with a handle while the cup in Zone 2.2 was a Chinese teacup with no

handle. One of the books was opened while the other was in a stack of books.

The scissors and chairs had different colors and sizes.

We also developed two Quizlet study sets that were corresponding to Zones

1 and Zones 2. The set of flashcards consisted of the word’s forms (in Korean

characters and romanization and in English), one object image that depicted the

word and the word’s pronunciation in Korean.

3.4.2 Procedure

Our study had two learning sessions. In the first learning session, participants

were expected to learn 9 Korean words using one app for 10 minutes. In the

second learning session, they learned another 9 Korean words using the other

app for 10 minutes. The order of the apps depended on the group to which the

participant was assigned.

Before each learning session, we asked participants to take a pretest. Upon

completing the pretest, participants were instructed to review all 9 Korean

words and their corresponding English translations only once. To prepare play-

ers for the words they were expected to find in the session, we briefly showed

them a list on the iPad of words and translations. Participants were instructed

to quickly read through the list and only look at each word once and not mem-
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orize. Participants generally completed this preview in less than 30 seconds.

Figure 3.5: CollectiAR presents the progress status after participants collect or skip a
word in the user study.

When playing CollectiAR, participants needed to complete each zone in

order. Figure 3.5 shows how CollectiAR informed participants about their

progress. They were able to skip words if desired. Each time a participant

started exploring a new zone, the order of the words was randomized. Each

word only appeared once. If players finished exploring all two zones, we in-

structed them to start over again from the first zone until time was up.

When using Quizlet, participants were asked to study in Quizlet’s learn

mode [7] using the flashcards question type. If the learn mode’s progress reached

100%, participants were instructed to restart the learn mode and continue re-

viewing until time was up. Participants could stop using the app if they did not

want to continue to study but were not allowed to do anything else until time

was up.

Immediately after each learning session, we asked participants to complete

a posttest of the Korean words that they just learned. After participants fin-

ished both learning sessions, we also asked them to fill in a post-learning survey,

where they rated their perception of novelty, engagement level, and attentive-
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ness during the two learning sessions. We also interviewed them and collected

data on their previous AR experience, their overall experience and if they have

any suggestions on improvement of our game.

In order to evaluate H2, we needed to follow up with participants after a

delay to measure longer-term retention. Therefore, after a period of 5 days, we

sent out emails to participants and asked them to complete a delayed posttest

within 2 days.

3.4.3 Participants

CollectiAR targets young professionals and adults. With this in mind, we re-

cruited participants through fliers, face-to-face interactions, and our university’s

research participation system. A total of 42 university students (20 males and 22

females) participated in this study. Potential participants were screened based

on the criteria that they were 18 years or older and could not understand or

use simple Korean characters. Four of the 42 participants did not complete the

delayed posttest. Participants who signed up through the university’s research

participation system were compensated with course credits.

We observe that other languages spoken by some participants may have

helped them learn the meanings of a few Korean words. For instance, umbrella

is pronounced as usan in Korean and yüsan in Chinese. They share the same

number of syllables and the same ending syllable.
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3.4.4 Measures

Pretest, Immediate Posttest, and Delayed Posttest

We used the pretests, the immediate posttest and the delayed posttest to verify

hypothesis H1 and H2. These tests asked participants to type the English trans-

lation of Korean words using the Qualtrics online survey tool [6]. The Korean

words were presented in random order and the Korean pronunciations were

available. Participants took the pretest and the immediate posttest in the lab

within view of the physical zones used for CollectiAR. The delayed posttest was

the same as the immediate posttest but participants filled it out wherever they

were.

We calculated the correctness rate for the knowledge tests by dividing the

number of words with correct English translation by the total number of Korean

words. We still considered the answer correct even if it had a minor spelling er-

ror (i.e. missing double letters). Judging from a significant shift in responses, it

appears as though we simplified the English translation shown in both Collec-

tiAR and Quizlet from “teacup” to “cup” in the middle of the study. We treated

either answer as correct and analyzed the participants as one group because we

did not think this significantly affected retention.

Post-Learning Survey

To collect evidence to verify hypotheses H3 and H4, we asked participants to

fill out a post-learning survey to rate their learning experience for two learning

sessions on a 5-point Likert scale on the following measures:
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Novelty. “On a scale from 1 (almost none) to 5 (completely novel), how

likely does it provide you new learning experiences that you have never tried

before?”

Engagement. “On a scale from 1 (worst) to 5 (best), how much did you enjoy

studying the vocabulary?”

Attentiveness. “On a scale from 1 (strongly disagree) to 5 (strongly agree),

do you agree that you were focusing on the activity and not affected by any

external distractions?”

We also asked participants the following open-ended questions through the

survey and interviews about 1) their previous experience with AR apps, 2) their

willingness to use our game to learn a foreign language, 3) the pros and cons of

our game compared with flashcards, 4) any difficulties they had when playing

our game, and 5) any comments or suggestions to improve CollectiAR.

3.5 Results

We found evidence supporting hypotheses H2 and H3 but did not find evidence

to support H1 or H4.

3.5.1 Evidence of Increased Effectiveness

We conducted a two-way repeated measure ANOVA to examine students’

knowledge of Korean words before, immediately after and 5-7 days after two

learning sessions in the lab. Overall, participants were able to significantly re-
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Figure 3.6: The correctness rate. No differences in immediate retention rates
between playing CollectiAR and using Quizlet, but playing CollectiAR results in
23% higher retention (statistically significant) than using Quizlet after 5-7 days.

call more foreign words after using CollectiAR and Quizlet (F(1, 37) = 8.54 , p

< 0.01). There was a statistically significant interaction between the effects of

time and learning methods on vocabulary retention (F (2, 74) = 11.59, p <0.001),

suggesting that the effects of learning methods differ over time.

As shown in Figure 3.6, The average correctness rate immediately raised

from 0% to 95% after playing the CollectiAR and dropped to 75% in the delayed

post-test after 5-7 days. We observed a similar trend in the case of using Quizlet:

the average correctness rate rocked up from 1% to 94% in the immediate post-

test but dropped further down to 61% after 5-7 days than the case of playing the

CollectiAR.
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Specifically, simple main effect analysis suggested that there was no differ-

ences in the correctness rate between playing CollectiAR and Quizlet immedi-

ately after learning (p > 0.5). Participants did not recalled significantly more

words learned playing CollectiAR compared to words learned through digital

flashcards in the immediate post-test. This result did not support our hypothe-

sis, H1, that our game is not more effective for vocabulary retention than online

flashcards immediately after learning. It aligned with previous research that

frequency-based method is effective in the short term.

The simple effect analysis supported our hypothesis, H2, on long-term vo-

cabulary retention. The result showed that participants recalled 23% more

words learned playing CollectiAR compared to words learned through online

flashcards in the delayed post-tests (p < 0.001), which supported our hypothe-

sis that CollectiAR is more effective than digital flashcards in the long term. The

result also aligned with related work that showed the visual and spatial context

is more effective for learning in the long term.

3.5.2 Evidence of Increased Engagement

We compared the scores of the 5-point Likert scale using Wilcoxon signed-rank

test. Figure 3.7 visualizes the rating results.

We did not observe a difference in level of attention (Z = -1.4501, p > 0.05)

between CollectiAR (median = 4) and Quizlet (median = 4). The result does not

support our hypothesis, H4, that participants will pay significantly more atten-

tion while playing our game compared to learning through flashcards.
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Figure 3.7: 5-Likert Scale ratings by 42 participants. 93% of the participants agree or
strongly agree that CollectiAR is novel and the number is 4% for Quizlet. 88% of the
participants agree or strongly agree that CollectiAR is engaging and the number is
12% for Quizlet. 74% of the participants agree or strongly agree that CollectiAR is

attentive and the number is 55% for Quizlet.

In another study [158], however, researches found that the learners pay less

attention to the digital flashcards. One possible reason to explain this phe-

nomenon is that that’s because our in-lab study is relatively shorter than their

study. In their study, participants are required to use the app to learn for a week,

whereas we only required a one-time in-lab study for 30 to 40 minutes.

The data on engagement showed that the level of engagement was statis-

tically higher for the our game (median = 4) than the flashcards (median =

3) group using Wilcoxon signed-rank test (Z = -4.7752 , p < 0.01). Therefore

participants were more engaged while learning vocabularies using our game,

compared to learning using online flashcards. This supports our hypothesis,

H3, that our game is more engaging and the result also aligned with existing

research [132] that “gamification introduces higher level of engagement than

traditional instructional methods”.
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3.5.3 Overall Impressions

We asked participants open-ended questions in the post-learning survey and

interviewed them about their overall experience with our game. We looked

into their responses and many participants expressed that our game is fun and

engaging. For example, “More engaging. Can be used as a dictionary to look up

things in real world.”; “More interesting because you need to actively looking for the

objects in the room”; “The content of Flash cards are predesigned and less adaptive but

the AR app is more flexible in terms of finding different instances that can be described

by the given words.”.

We also asked participants whether they would use our game to learn a new

language. Many participants reported they would used our game in the future

for language learning. As some of our participants explained: “It depends on the

purpose of learning. I would choose this if I want more fun during my study.”; “I will.

Quizlet is too static. It’s less meaningful and less interactive.”.

We also received constructive criticism about CollectiAR’s inconvenience and

limitations that we are going to discuss in the next section: “my main concern is

that the vocabulary is limited if I only study words that represent physical objects I can

see around me.”; “Object detection was not faster enough, and sometimes the objects are

identified incorrectly as something else.”.

3.5.4 Limitations of the study

In our study, participants used vocabulary learning tools in a controlled lab

setup. These conditions may differ from the usage patterns that players would
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typically demonstrate in the wild; for example, players might open CollectiAR or

Quizlet multiple times during the day for a short duration. Therefore, further in-

vestigation in the field is necessary to understand whether the benefits observed

here would translate into more typical use. Nevertheless, these results provide

preliminary evidence that an AR game can enhance the vocabulary learning ex-

perience.

3.6 Discussion

Our study showed that the user ratings of engagement and performances on de-

layed vocabulary tests were significantly higher for CollectiAR when compared

to Quizlet. The results suggested that CollectiAR met two design goals: a vocab-

ulary learning game that is both engaging and effective in knowledge retention.

To engage players in learning, we used game mechanics to actively challenge

users as opposed to passively memorizing predefined words and images. We

leveraged computer vision technology so that players can use their immediate

vicinity as the gaming environment instead of using predefined markers that

are unintelligible outside of a game.

To effectively facilitate memorization, we used contextual learning method

in addition to the design of repetitive practice. We enable users to sponta-

neously associate multiple knowledge of a word, such as pronunciation, text,

visual and spatial information.

However, we observed that CollectiAR is not so convenient as Quizlet for

students to learn as many words as possible. players can not use the current
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prototype of CollectiAR to learn an arbitrary set of words that are available in

Quizlet. Besides, CollectiAR is less convenient than Quizlet when players need to

learn without walking in environment. That said, CollectiAR is more convenient

than existing AR vocabulary learning games that rely on predefined markers

because players are able to play CollectiAR anywhere at anytime. Figure 3.8

visualizes the comparison between CollectiAR’s overall performances and those

of Quizlet in our study.

Passive Spaced Repetition

An Ideal App

EFFECTIVE 

ENGAGING

CONVENIENTCONVENIENT

EFFECTIVE 

ENGAGING

Quizlet
Active Contextual Learning for Vocabulary Learning

EFFECTIVE 
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Figure 3.8: Comparison between CollectiAR’s overall performances in the user
study and those of Quizlet.

3.6.1 Design Implications

We summarize two critical limitations from our study that affected the overall

player satisfaction and propose solutions to address them: 1) players cannot

learn words that do not associate with the physical objects that the AR game

can detect; 2) players cannot play the game smoothly if the computer vision AI

continuously makes mistakes. These limitations would be imposed on any AR

game design that aims to engage players with context-sensitive content.
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Need to generate virtual 3D objects in the real environment. Our current Col-

lectiAR prototype cannot teach words that do not directly correspond to phys-

ical objects located in the immediate vicinity of the learner. In order to break

free from this constraint to teach more words, the next version of CollectiAR

would ideally be able to use AR technology to project virtual 3D objects into

the player’s immediate vicinity. For example, players who do not keep a cat

as a pet could learn foreign words for cat by capturing a virtual cat in their

room. Because most of the screen real estate (i.e. the real world) is out of con-

tent designers’ control, the ability to mix virtual and physical objects in the real

environment also provides them the freedom to design progression in gaming

and learning.

The biggest technical challenge is to make virtual objects look real in the en-

vironment. To achieve this goal, an AR game needs to detect firstly the ground

and walls for perspective and secondly the depth of physical objects for occlu-

sion. We were not able to implement occlusion in AR while we developed the

current prototype of CollectiAR because we did not have a depth sensor for the

mobile phone. We found that the deep learning approach [69] is too computa-

tionally expensive to run on a mobile phone for the present. Alternatively, we

suggest that AR mobile game developers should consider implementing this

feature using a depth sensor that directly provides dense point clouds informa-

tion.

Need to design a feedback loop between the player and the computer vision AI. If

the computer vision AI continuously makes mistakes, players can be confused

and thus quickly loose interests in the game. In our case, CollectiAR constantly

mistakes a knife for a pair of scissors. A solution to improve the computer vi-
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sion AI’s accuracy is to use players’ feedback to retrain the computer vision AI.

An option is to ask players to confirm a bunch of recognition tests during the

scanning phase before the game starts. Another option is to allow players to

flag wrong recognition instances during the game.

It is worth noticing that privacy concerns need to be addressed when design-

ing such a feedback loop. Asking for the user’s permission to send data to the

server only once when opening the app for the first time cannot protect users’

privacy in this case. Different images (and their metadata for AI training) con-

tain different levels of user’s sensitive information. Ideally, players should be

informed and able to understand what exact data will be uploaded to the server

before they permit or reject.

3.6.2 Study Limitation

The user study for CollectiAR game showed that the participants who played

the AR game performed better in the delayed test than the participants who

used flashcards to learn Korean words. Although the result showed that the AR

game was more effective than the traditional flashcard approach, we did not

specify the reason behind this phenomenon. It is unclear if the higher delayed

recall is due to motivating the participants to spend more time on learning Ko-

rean words after the experiment; or it is due to the theory about recalling the

details of a learning activity more easily if the activity is kinesthetic rather than

on-screen; or both. To distinguish the mechanisms that contribute to learning

performance, in the future we would also compare CollectiAR game with an AR

vocabulary e-learning tool that is not a game.
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3.6.3 Applicability to Other Learning Scenarios

We observe that CollectiAR’s design can be re-skinned to address other peda-

gogical scenarios. For example, a similar design could be used to teach people

how to identify plants, animals, museum artwork, etc. Existing educational

games addressing these topics often teach within pre-designed virtual world.

For example, Quest Atlantis [28] is a game that encourages students to explore

a 3D virtual learning environment to solve puzzles together. A puzzle, called a

Quest, can be “looking for an example of a given species”. We believe that our game

design could be extended to implement something like an outdoor exploration

version of Quest Atlantis. Instead of asking players to find the object that corre-

sponds to an unknown foreign word, the game could ask the names of plants

and animals.

3.7 Conclusion

Facilitating language learning through technology is a challenging research

topic. An ideal vocabulary learning app should be engaging, effective and con-

venient to use. To achieve these goals, especially engagement, we designed a

foreign word scavenger hunt mobile game, CollectiAR, that uses computer vi-

sion and augmented reality.

We conducted a 2x2 within-subjects experimental evaluation (N = 42) to

evaluate the performance of CollectiAR compared to a passive spaced repeti-

tion digital flashcards software, Quzilet. The results supported two hypotheses:

1) CollectiAR outperforms Quzilet on productive recall tests administered after
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5-7 days by 23% (p < 0.01). 2) the self-reported ratings showed that CollectiAR’s

learning experience was more enjoyable than Quzilet’s. Although the current

prototype of CollectiAR is less convenient than Quzilet because of two critical

limitations, there are plausible solutions to overcome the limitations. Our study

indicated that computer vision-based AR games can be beneficial for language

learning and other pedagogical purposes.
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CHAPTER 4

TEACHER VIEWS OF MATH E-LEARNING TOOLS FOR STUDENTS

WITH SPECIFIC LEARNING DISABILITIES

4.1 Introduction

According to the National Center for Education Statistics [133], five percent of

public school students in the US were identified as having a specific learning

disability (SLD) in 2019, although the National Center for Learning Disabilities

believes the real figure is even higher [40]. SLDs predominantly affect students’

abilities to understand or use language, especially in reading (dyslexia), math

(dyscalculia), and writing (dysgraphia). While students with dyscalculia have

difficulty with math by definition, students with other SLDs also tend to strug-

gle with math problems that involve reading and writing [40].

Nevertheless, research shows that many students with SLDs can develop

proficiency in math skills when teachers provide one-on-one support and per-

sonalized instruction that adapts to students’ learning styles, abilities, and inter-

ests [97, 151]. For example, teachers can present content using various sensory

modalities and adjust the difficulty or length of assignments, according to the

needs and preferences of each student. However, employing these strategies

is time- and resource-intensive [36, 60], making it challenging for teachers to

support a large group of students with diverse learning needs.

Recently, new math e-learning tools have gained popularity across the

US [142], many of which support personalized math practice. For instance,

drill-and-practice websites (e.g., Khan Academy [101]) and educational digital
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games (e.g., Prodigy [170]) allow students to practice math exercises indepen-

dently and receive immediate feedback on their performance. These tools have

the potential to provide personalized support to some students while teachers

are helping others, or otherwise not available.

A few math e-learning tools (e.g., The Number Race [204] and Calcularis [95])

were designed specifically for students with SLDs. These tools use interactive

visual media and symbols to present problems to students who struggle with

processing text-based math problems. For example, The Number Race [204] is a

game that challenges students with SLDs to read digital symbols that are rep-

resented by a car’s speedometer in simulated car racing games. A lab study

conducted by Wilson et al. [205] showed that students with SLDs made fewer

mistakes in whole number calculations after playing The Number Race. While

these results were promising, they are limited because they were conducted in

the lab, removed from the complexities of a classroom setting. In fact, to the

best of our knowledge, all prior research evaluating math e-learning tools for

students with SLDs has involved only lab studies where students completed

tasks using the tools in isolated sessions [95, 205].

While lab studies can tell us whether a tool can help a student learn a par-

ticular concept over a short period of time, they cannot tell us about the use

patterns, challenges, and effectiveness of these tools in real life. In the context

of real life, e-learning tools must be integrated into the student’s curriculum as

homework or classwork. Teachers must select and assign tasks on these tools

as part of their teaching. So, while prior research has shown the potential of

e-learning tools for helping students with SLDs learn certain math concepts, we

do not know whether they support students’ needs in the math classroom. To
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address this gap, we first turned to the student’s teachers. Specifically, we asked

the following research questions:

1. Which math e-learning tools are teachers using?

2. Why and how do teachers use these tools?

3. How do teachers perceive the effectiveness of these tools for students with

SLDs?

To answer these questions, we conducted semi-structured interviews with 12

US-based teachers who have experience teaching math to students with SLDs

in grades five to eight. We focused on this grade range because little atten-

tion had been paid to it by prior research [137]. In terms of e-learning tools,

we mostly focused on recent websites and applications that could provide per-

sonalized exercises, such as drill-and-practice websites and educational digital

games, rather than calculators or interactive whiteboards. We asked our partic-

ipants about their use of math e-learning tools in teaching students with SLDs,

their challenges in adopting the math e-learning tools, the accessibility issues

that their students faced in using the math e-learning tools, and their teaching

strategies for students with SLDs.

We found that our participants used five drill-and-practice websites and six

educational digital games for math skills training, none of which were specif-

ically designed for students with SLDs. Overall, participants used these tools

for four main purposes: (1) independent practice in the classroom, (2) moti-

vation and engagement, (3) assessment, and (4) tracking student performance.

Participants found four critical challenges that made it difficult for them and

their students to use these tools for the aforementioned purposes: (1) drill-and-
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practice websites were text-intensive; (2) e-learning tools provided insufficient

feedback to teachers about their students’ performance; (3) e-learning tools did

not allow teachers to adjust difficulty levels; and (4) e-learning tools were dif-

ficult for teachers to setup and maintain. Participants also mentioned that they

wanted their students to use assistive technologies (e.g., text-to-speech, closed

captioning) within the e-learning tools but they had difficulty acquiring and us-

ing them. Based on these findings, we propose design implications for math

e-learning tools that address gaps noted by our participants. For example, math

e-learning tools should not depend on typing or multiple-choice answers for in-

put but instead allow students to communicate math content using additional

modalities, such as using voice-to-text and moving math manipulatives.

In summary, we contribute a study that sheds light on real-life patterns and

challenges of using e-learning tools for students with SLDs from their teachers’

perspectives. Since teachers are the ones who incorporate e-learning tools into

the curriculum, our study represents an important first step into understanding

how e-learning tools can support students with SLDs. We further contribute

design implications which can help shape the design and creation of more in-

clusive and effective e-learning tools.

4.2 Related Work

In this section, we present related work on helping students with SLDs succeed

in learning math. First, we present research on the learning difficulties that

students with SLDs experience and identify pedagogical strategies that support

these students. Second, we present research on recent math e-learning tools and
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their use by students with SLDs. Finally, we present research on the challenges

that teachers face when adopting e-learning tools in their teaching.

4.2.1 Math Education for Students with SLDs

Students with SLDs have neurological differences that affect their abilities to

understand or use language, especially in reading (dyslexia), math (dyscalcu-

lia), and writing (dysgraphia) [176]. Dyslexia is characterized by labored, inac-

curate, and slow reading, along with spelling difficulties; dyscalculia causes

difficulty with math concepts, calculating, number sense, number language,

and problem-solving; and dysgraphia affects writing, including handwriting,

spelling, and organizing written language.

Karagiannakis et al. [94] categorized the math learning difficulties of stu-

dents with dyscalculia into four categories: (1) number sense, (2) working mem-

ory, (3) visuospatial skills, and (4) reasoning. Number sense refers to the abil-

ity to recognize number symbols, to compare quantities, and to perform cal-

culations; working memory lets people hold on to information temporarily for

processing, like a mental sticky note; visuospatial skills involve the ability to

mentally process and manipulate visual objects in more than one dimension;

and reasoning is the ability to make structured and logical inferences from sup-

porting arguments and evidence. Furthermore, Soares et al. [171] added that

students with dyscalculia might have an additional SLD in reading (dyslexia)

or writing (dysgraphia) that further affects their ability to solve math problems.

Nevertheless, studies [180, 199] have shown that specific instructional interven-

tions can help students with SLDs achieve math proficiency. One such strat-
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egy is multimodal instruction, in which teachers both present contents using

multiple sensory modalities (e.g., sight, sound, touch, and movement) and also

offer students opportunities to express their understanding through multiple

modes [199]. For example, a teacher might use math manipulatives, such as

base 10 blocks, to engage tactile learners in a lesson on whole number calcu-

lations. Another effective strategy for teaching students with SLDs is differen-

tiation [180], in which teachers adjust aspects of their lessons (e.g., difficulty

level and length), based on each student’s needs. A third strategy is think-

ing aloud, in which teachers model their thought process while solving prob-

lems and prompt students to share their thought processes. All of these ap-

proaches require one-on-one attention from teachers, making them both time-

and resource-intensive [36, 60].

Although prior work has investigated the difficulties that teachers encounter

in employing certain pedagogical strategies, it has not investigated whether and

how math e-learning tools can support or detract from use of these strategies.

Our study is the first to investigate whether and how teachers are integrating

math e-learning tools as they adjust their teaching to their students with SLDs.

4.2.2 Math E-Learning Tools for Students with SLDs

Math e-learning tools serve a wide range of roles in math education, from pro-

viding a simple function like calculation to teaching math. A decade ago, re-

searchers found that students with SLDs benefited from light-tech tools such

as calculators and interactive white boards [32]. Recently, new math e-learning

tools that provide richer features have emerged, such as video lessons [101],
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math exercises [93], and virtual manipulative objects [33]. Research on recent

math e-learning tools for students with SLDs has mainly focused on: (1) per-

sonalizing math skills training and (2) making digital math content accessible.

Math Skills Training Personalization.

Recent research on math e-learning tools for students with SLDs [27, 102, 142,

145, 150] has primarily aimed to increase students’ academic scores by pro-

viding supplemental math skills training without teachers’ direct support. Re-

cent math e-learning tools can be divided into two categories: drill-and-practice

training and game-based training [120]. We summarize prior work in these two

categories respectively.

Drill-and-practice training presents math practice in the form of standard-

ized tests and provides immediate feedback on whether the student’s answer is

correct or not. Many websites (e.g., Khan Academy, IXL Learning, CMP 3, Brain-

POP, and Flocabulary) provide K-12 math drill-and-practice training. Some of

the drill-and-practice websites also provide free video lessons for students to

learn corresponding math concepts independently. However, these websites

were not designed specifically for students with SLDs. One of the goals of our

study is to discover whether and how well teachers and their students with

SLDs use these websites in math education.

To our knowledge, Calcularis [66] is the only curriculum-based math e-

learning tool designed specifically for students with SLDs. This tool visually

represents elementary school math problems. For example, it teaches the con-

cepts of whole numbers, quantity, and distance by placing whole numbers on a
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number line from 0 to 100. It also automatically selects an appropriate practice

problem based on the student’s correctness rate. Research showed that, after

using Calcularis, students with SLDs attained higher scores on grade-level math

tests [114, 95]. While Calcularis shows promise, it is still unknown whether and

how teachers are integrating this and similar tools into their classes.

Game-based training aims to transform math practice into fun games with

visual representations of math concepts and concrete examples to contextual-

ize math skills. These games do not provide explicit feedback on incorrect an-

swers, but let the player keep trying until they find the correct answer [58].

Some educational digital games, such as ST Math [125] and Prodigy [170], cover

a wide array of math topics, spanning from whole-number calculations to two-

dimensional geometry. Other games target a specific math skill. For example,

Slice Fractions and Refraction assist in practicing arithmetic operations with frac-

tions. None of these games, however, were designed specifically for students

with SLDs.

Ke et al. [99] studied how three games designed for general education stu-

dents could improve students with SLDs’ performance in math. For example,

one of the games, Ker-Splash, presented players with a mathematical expression

and asked them to create one with a greater numerical value. Ke et al. observed

nine students with SLDs playing this game. They found that the game fostered

positive attitudes towards math practice, but only four students (44%) received

higher scores on a post-test after playing Ker-Splash. In addition, when asked

what they learned from the game, none of the students mentioned any math

concepts or problem-solving procedures. The study was limited by its small

sample size, and it did not compare the effects of different game features (e.g.,
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timed task, visualizing math symbols) on engagement and learning , so it is

difficult to draw conclusions.

The Number Race [204] and Number Catcher [4], two games designed by the

French National Institute of Health and Medical Research, specifically target

students with SLDs. Both games cover the recognition of whole numbers. These

games present Arabic, verbal, and visual representations of numbers together

for the player to decide which whole number is larger and which is smaller in

a timed game. Wilson et al. [204] conducted a user study with nine participants

with math difficulties, aged seven to nine years old, to find out whether these

children could gain numerical proficiency after playing The Number Race inde-

pendently for half an hour a day, four days a week, over a period of five-weeks.

Their results suggested that The Number Race could potentially help children

with math difficulties increase number sense over short periods of lab study,

but, as with other research in this area, more work is needed to test its use in a

real-life context.

Accessible Digital Math Content.

Another research direction related to math e-learning tools for students with

SLDs has focused on making digital math content accessible to students who

struggle with reading and writing. To achieve this, researchers have followed

two main approaches: leveraging speech technologies [31, 72, 174] and provid-

ing virtual math manipulatives [184, 167, 49].

Several tools [31, 72, 174] enable students to verbally communicate math

content. Mathtalk [174] reads algebra through text-to-speech. MathShare [31] is
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a specialized text editor to help students keep math work aligned, type math

symbols using shortcuts, and think out loud using speech-to-text. ViewPlus [72]

is an audio graphing calculator that allows students to plot y-versus-x graphs

using speech. To our knowledge, however, no prior work has studied whether

and how teachers would use these tools to personalize the math education of

students with SLDs.

Research has shown that using math manipulatives allows students with

SLDs to communicate math content more easily than using written or verbal

formats [129, 17]. Currently, several applications using virtual math manipula-

tives [184, 167, 49] are available on the market. For example, The Base Ten Blocks

mobile application [49] presents whole numbers with virtual blocks. NLVM

(National Library of Virtual Manipulatives) software [184] is a digital library con-

taining manipulatives for numbers, operations, and geometry. NLVM provides

virtual manipulatives in the toolbar, such as a single block representing 1 and

a 10-based block representing 10. If the user generated three single blocks and

five 10-based blocks in the central panel, then NLVM displayed the number 53.

Nevertheless, virtual manipulatives applications without math exercises

might not be effective for students in improving their math skills. Research [128,

203] found that the effectiveness of math manipulatives depended on whether

students understood the mathematical meaning of each action they performed.

Without the direct support of teachers, however, those virtual manipulatives

applications could neither teach students how to use the manipulatives to solve

math problems nor ensure students understand what they were doing with the

manipulatives.
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4.2.3 Adoption of E-Learning Tools by Teachers

Standalone e-learning tools are not effective unless teachers adopt the tools in

their teaching [78, 136]. Therefore, some recent research focused on addressing

teachers’ needs and challenges in adapting e-learning tools into their math in-

struction. For example, interview studies [38, 85] reported that teachers needed

to customize e-learning tools for individual students because teachers wanted to

manage different students’ learning progress, but could not do so. Vermette et

al. [186] identified the challenges that teachers faced in customizing e-learning

tools for varying student needs, including setting different difficulty levels of

learning content and customizing UI preferences. To enable teachers to quickly

identify individual students’ performance on drill-and-practice websites during

the class, Holstein et al. designed dashboards on computers [87] or on wearable

smart glasses [86] that visualized students’ statistical data to the teacher in real-

time. Prior work has investigated how to help teachers adopt e-learning tools

for general education students [87, 86], but comparatively little work considers

teachers for special education students, especially students with SLDs.

4.3 Methods

We conducted a semi-structured interview study to investigate which math e-

learning tools teachers were using when teaching students with SLDs, why and

how teachers used these tools, and how effective teachers felt the tools were for

their students with SLDs.
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4.3.1 Participants

Pseudonym Age/GenderState Teaching
Certifica-
tion

Teaching
Grade(s)

Teaching Environ-
ment(s)

Years of
Teaching

Carol 55/F WA Special
Ed.

Grade
3-6

Self-Contained 8

Marcus 32/M WA Special
Ed.

Grade
K-5

Self-Contained 5

Savannah 25/F NY Special
Ed.

Grade
5

Self-Contained
& Integrated
Co-Teaching

1.5

Helen 55/F NY Special
Ed.

Grade
K-5

Integrated Co-
Teaching1

35

James 48/M NY Special
Ed.

Grade
7

Integrated Co-
Teaching

5

Victor 27/M NY Special
Ed.

Grade
8

Integrated Co-
Teaching

6

Lisa 27/F NY Special
Ed.

Grade
6

Integrated Co-
Teaching

5

Amy 45/F GA Special
Ed.

Grade
6

Integrated Co-
Teaching

7

Selena 41/F NY General
Ed.

Grade
6

Integrated Co-
Teaching

16

Darcy 62/F NY General
Ed.

Grade
8

Integrated Co-
Teaching

27

Ian 34/M NY General
Ed.

Grade
8

Integrated Co-
Teaching2

10

Jennifer 53/F NY General
Ed.

Grade
8

Integrated Co-
Teaching

15

1 Helen was working as a math coach together with teachers in the classroom to help students with SLDs learn math.
2 Ian was teaching students with SLDs together with special education SETSS providers.

Table 4.1: Participant pseudonyms and demographic information.

We recruited via email and social media 12 US-based participants (eight fe-

males, four males) who had been teaching math to students with SLDs in pub-

lic schools. Participants had to be either (1) state-certified in special education

and have experience teaching math in grades five through eight, or (2) state-
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certified in general education and have experience teaching math in grades five

through eight alongside a special educator in an integrated co-teaching (ICT)

classroom. Two out of the 12 participants were only teaching students with

disabilities in self-contained classrooms that contained one special-education

teacher; nine participants were teaching students with and without disabilities

in integrated co-teaching (ICT) classrooms that contained two co-teachers; and

one participant had taught in both types of classrooms by the time of our inter-

view. Their ages ranged from 25 to 62 (mean=42). They had between 1.5 and 35

years of experience in teaching (mean=11.7). In terms of location, participants

were living in three states at the time of the interview: One in Georgia, two in

Washington, and nine in New York. Table 4.1 shows participant pseudonyms

and their demographic information.

4.3.2 Procedure

The study included a semi-structured interview that lasted 40 to 60 minutes.

Interviews were conducted face-to-face, over the phone, or via video confer-

ence software (Google Hangouts). Participants received a $ 20 Amazon gift

card upon completing the interview. We began by asking participants about de-

mographic information and their job duties. Then, we asked questions about

participants’ use of different e-learning tools, their experiences and challenges

with these tools, and their special teaching strategies for students with SLDs.

Our questions were grouped in the following categories:

1. Pedagogical strategies for students with SLDs: e.g., Could you give me an

example of using a special pedagogical strategy for students with SLDs
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and tell me why you use it?

2. Challenges of teaching students with SLDs: e.g., Have you encountered

any difficulties when tailoring math exercises for students with SLDs?

3. Use of math e-learning tools: e.g., Which e-learning tools have you used

to help students with SLDs learn math and how have you used the tools?

What is your purpose for using this e-learning tool?

4. Effectiveness of math e-learning tools: e.g., Do you think the e-learning

tool you used is effective for students with SLDs? If so, why?

5. Accessibility of math e-learning tools: e.g., Have your students encounter

any accessibility challenges when using the e-learning tool?

4.3.3 Analysis

We audio recorded then transcribed all interviews. The researchers coded the

transcriptions using qualitative coding based on constant comparative meth-

ods to find common themes across interviews, following the methods outlined

by Saldana [156]. The coding process was iterative. Initially, two researchers

coded three sample transcripts independently, then discussed the themes and

categories together. Then one researcher coded the rest of the transcripts based

on the agreed categories. After writing our initial draft and reflecting upon

our findings, we repeated the coding process. In the second iteration, two

researchers coded three sample transcripts independently, then discussed the

themes and categories. In the rare cases when coders disagreed, they discussed

the issue until they reached agreement. After that, they coded all transcripts

together based on the agreed categories.
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4.4 Findings

Website Topics Used by Description
IXL
Learning

Grades
K-12

James,
Darcy,
Victor,

and Ian (4
people)

Features: practice problems with text-
based hints;Input: choosing the cor-
rect answer or typing the final answer.

Khan
Academy

Grades
K-12

Selena,
Amy,
Darcy,

and Ian (4
people)

Features: practice problems with text-
based hints, video lessons with a
teacher giving a lecture and writing
on a blackboard, and an annotation
tool;Input: choosing the correct an-
swer or typing the final answer.

CMP 3 Grades 3-6 James,
Darcy,

and
Selena (3
people)

Features: practice problems without
hints, short animations that explain
and visualize math concepts, and an
optional annotation tool;Input: typing
the final answer.

Flocabulary Math
Vocabulary

Amy and
Lisa(2

people)

Features: practice problems without
hints and rap music videos that ex-
plain the meaning of math vocabu-
lary;Input: choosing the correct an-
swer.

BrainPOP Calculations,
Computa-

tions

Lisa (1
person)

Features: practice problems without
hints and video lessons that explain
math concepts using real-world exam-
ples; Input: choosing the correct an-
swer.

Table 4.2: Information for the drill-and-practice websites used by participants
including the math topics covered, pseudonyms of participants who used these

tools, key features, and methods for student input.
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Game Topics Used by Description
Kahoot! Designed

by Users
Jennifer

and Victor
(2 people)

Gameplay: a text-based trivia game with
single- and multi-player modes; in the
multi-player version, separate groups of
players compete against each other;Input:
choosing the correct answer.

ST
Math

Grades K-6 Amy and
Marcus

(2 people)

Gameplay: a single-player puzzle game
that uses visual elements to present math
problems and requires players to use
virtual manipulatives to solve the puz-
zles;Input: dragging-and-dropping vir-
tual manipulatives.

Prodigy Grades 1-8 Lisa
(1 person)

Gameplay: a single-player role-playing
game that presents text-based math prob-
lems that players must answer correctly to
defeat enemies;Input: choosing the correct
answer or typing the final answer.

DareDash Arithmetic,
Money

Darcy
(1 person)

Gameplay: a single-player role-playing
game that requires players to “drive” a ve-
hicle and calculate the cost of driving from
one place to another;Input: choosing the
correct number of coins (manipulatives).

Jungle
Math

Counting,
Whole

Numbers

Carol
(1 person)

Gameplay: a single-player puzzle game
that requires players to help a monkey col-
lect the correct number of bananas that
represents a given whole number;Input:
choosing virtual bananas (manipulatives).

Slice
Frac-
tions

Fractions Helen
(1 person)

Gameplay: a single-player puzzle game
that requires players to clear a path for a
woolly mammoth by slicing up the objects
in its way to form visual representations of
fractions;Input: slicing a virtual manipula-
tive into small pieces.

Table 4.3: Information for the educational digital games used by participants
including the math topics covered, pseudonyms of participants who used these

games, gameplay designs, and methods for student input.
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4.4.1 Use of E-Learning Tools for Math Education

Participants used a total of 11 math e-learning tools, which included five drill-

and-practice websites and six educational digital games. Interestingly, we found

that our participants were not using any math e-learning tools that were specifi-

cally designed for students with SLDs (e.g., Calcularis [66]). Instead, participants

used tools designed for general education to teach students with SLDs. We re-

port our findings on participants’ use of the different e-learning tools below.

Drill-and-Practice Websites. Table 4.2 shows key information for the five

drill-and-practice websites used by our participants. These websites incorpo-

rated two categories of math content: (1) complete curricula (IXL Learning, Khan

Academy, ST Math, and CMP 3) and (2) specific topics (Flocabulary and Brain-

POP). Additionally, four of these websites provided math lessons in the form

of videos (Khan Academy, CMP 3, and BrainPOP) or music videos (Flocabulary).

Two websites also provided students with text-based hints (IXL Learning and

Khan Academy), and two websites allowed students to write, draw, and annotate

word problems (Khan Academy and CMP 3). Finally, the five websites used two

modes of inputting answers: (1) selecting multiple-choice answers (IXL Learn-

ing, Khan Academy, Flocabulary, and BrainPOP) and (2) typing short answers (IXL

Learning, Khan Academy, and CMP 3). Figure 4.1 shows two screenshots of Khan

Academy and IXL Learning, which showcases that the drill-and-practice websites

presented and received most math content in text form.
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Figure 4.1: These are screenshots of two drill-and-practice websites: Khan Academy
and IXL Learning. In Khan Academy (Highlight 1), the student needs to choose an
answer to the math problem; In IXL Learning (Highlight 2), the student needs to
type the answer. IXL Learning displays the student performance score in a Smart

Score panel (Highlight 3).

Educational Digital Games. Table 4.3 shows key information about the six

digital games used by our participants. Overall, these games incorporated three

categories of math content: (1) user-designed content (Kahoot!), (2) complete

curricula (ST Math and Prodigy), and (3) specific topics (DareDash, Jungle Math,

Slice Fractions).

Additionally, these games supported three different gameplay styles: (1)

trivia competition (Kahoot!), in which competitors are asked questions (2) role-

playing game (Prodigy and DareDash), in which players assume the roles of char-

acters in a fictional setting and (3) puzzle game (ST Math, Jungle Math, and Slice

Fractions), in which players solve a math puzzle in each task.
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Figure 4.2: These are screenshots of two digital math games: Slice Fractions and ST
Math. In Slice Fractions (Game 1), players slice 1/3 of the blue ice cube down to the
ground to diminish the red lava cube that is blocking the wooly mammoth’s way; In

ST Math (Game 2), players select four shoes for two flamingos.

These games also used three different modes of input: (1) selecting multiple-

choice answers (Kahoot! and Prodigy), (2) typing short answers (Prodigy), and

(3) interacting with virtual manipulatives (ST Math, DareDash, Jungle Math, and

Slice Fractions). Figure 4.2 shows how players use virtual manipulatives to solve

math puzzles in two games, Slice Fractions and ST Math. In Slice Fractions, play-

ers slice the blue ice cube in the air in order to let part of the ice cube diminish

the red lava cube then clear the pathway for the wooly mammoth. In ST Math,

players learn multiplication by selecting the number of shoes that fit the number

of flamingos so that all the flamingos can run away from the scene.

Out of all the games, Kahoot! was the only one that supported a multiplayer

mode.
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Figure 4.3: The number of participants who used a specific math e-learning tool.
The drill-and-practice websites are in blue bars; the educational digital games are in

orange bars.

In Figure 4.3, we show the number of participants who used each of the math

e-learning tools listed in Table 4.2 and Table 4.3. More participants used drill-

and-practice websites than educational games. IXL Learning and Khan Academy

were the most commonly used websites while ST Math and Kahoot! were the

most commonly used games. While most of the websites were used by multiple

participants, the majority of the games were only used by one participant each.

Many participants used more than one math e-learning tool since they could

not find one tool that fulfilled their multiple needs. For example, Victor and

Amy used drill-and-practice websites to prepare students for their traditional

math tests, but they needed digital games to reduce students’ anxiety in prac-

ticing math exercises.
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To manage and share resources from different math e-learning tools, four

participants (Jennifer, Savannah, Selena, and Darcy) used learning management

systems, such as Google Classroom. These systems allowed their students to

follow URL links to find the resources or assignments supported by e-learning

tools. However, participants did not ask their students to submit math work on

learning management systems. Instead, students submitted their work directly

to the e-learning tool or to the teacher in person.

4.4.2 Reasons for Using E-learning Tools

Participants used math e-learning tools for four reasons.

Providing Independent Practice in the Classroom. Some participants used

the e-learning tools to give students independent math work, so that they could

provide one-on-one instruction to other students. For example, Darcy set up

Khan Academy accounts for every student so she could give them independent

tasks to work on while she and her co-teacher provided extra support and at-

tention to students who needed it most, including those with SLDs. As Darcy

mentioned, “So we use Khan Academy with them. What we do is to have it set

up in the class so I can give [students] assignments to work on. The special-ed

teacher and I will walk around and help out. The kids with learning disabilities

need a lot of support.”

Motivating and Engaging Students. Participants observed that students

with SLDs were more anxious and much less confident than their peers in solv-

ing math problems. As a result, these students would be reluctant to practice

math exercises even if they had the ability to solve the problems. As Savannah
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suggested, “A lot of [students with SLDs] have this preconceived notion that

they’re not good at math or they don’t like math.” Therefore, participants used

e-learning tools to make math more engaging and less intimidating.

The e-learning tool offered different sensory modalities to present content

(e.g., in videos, in songs or using manipulatives). Victor used websites that

provided video solutions to problems because “[students] don’t want to read

[the solution] to see what they did wrong.” Amy also used the video lessons on

many drill-and-practice websites for her students, and she added that, “[videos]

have to be short and to the point because, you know, [students with SLDs] just

have trouble focusing for long periods of time.” In addition to using videos,

Amy engaged her students by playing the songs in Flocabulary that explained

the meaning of math vocabulary. Participants said their students were more en-

gaged in solving math puzzles when they could use their hands to solve puzzles

or play around with the manipulatives. Their students told participants that the

digital games were fun to play.

The digital game also engaged students in collaborating and competing as

a group. When Jennifer used Kahoot! for test review, she found that, “[My stu-

dents] compete against each other, and the kids love it.”

Assessment. James and Savannah reported that they needed to write the In-

dividualized Education Program (IEP) for students with SLDs. An IEP is a legal

document that states important information about a student’s unique strengths,

needs, and current levels of performance, as well as the special education ser-

vices, supports, and accommodations that the student is entitled to. Without

using e-learning tools, James found it difficult to determine at which grade level

his students were: “If I do a pretest with [a student] on seventh grade material,
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[I can determine that a student is] not doing well, but we don’t really have a

process to go back and say like, ‘Oh, you’re at a fourth grade level.’” By using

the IXL Learning diagnostic program, James was able to tell which exact level

(e.g., which year and month) his students were at for specific math skills.

Tracking Student Performance. Participants reported that many students

with SLDs needed more practice after class. Therefore, two participants (Savan-

nah and Selena) would ask their students to work on math e-learning tools as

homework. They chose e-learning tools over traditional homework formats so

that they could more easily and efficiently track student performance. For ex-

ample, Savannah sent students home with drills to do on IXL Learning. In this

way, Savannah could keep track of “how much time they spend and what type

of questions they were working on.”

4.4.3 Challenges with Using E-Learning Tools

Participants described four critical challenges that they encountered when using

math e-learning tools for students with SLDs.

Text-Intensive User Interfaces. Students with SLDs struggled with read-

ing comprehension, which further affected their ability to solve math problems.

Drill-and-practice websites required a lot of reading, with practice problems,

hints, and solutions all presented in text form. This was “just like a string of

steps and words” (Victor) to the students. They were intimidated and could not

make sense of them. Victor found that his students randomly guessed the an-

swers to questions because they did not want to read the words in the questions

or in the hints. To help students with difficulty decoding text, three participants
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(Savannah, Jennifer, and Marcus) used text-to-speech assistive technology. Al-

though they found that students somewhat benefited from this, reading was

only the first step of comprehending a problem. After decoding each word, stu-

dents needed to determine which information in the problem was important

and which math operations they needed to use.

When working with their students one-on-one, teachers read the problems

together with their students and used annotations to help students decode the

problem. For example, Lisa taught an annotation method called CUBES [76].

In this method, students annotated three key pieces of information: (1) circling

math symbols like numbers; (2) underlining the sentence that asked the ques-

tion; and (3) boxing the math vocabulary that described the operations. By

looking at these annotations, the student could evaluate what steps to take, and

then solve and check the answer. Using annotations was helpful for students

with SLDs, because it could “slow [students] down to really know step-by-step

what [the math operation] needs to be” (Carlo) and “help kids to see structural

things” (Ian), which referred to the numbers needed in math operations and

the math operations needed to produce the final answer. The e-learning tools

provided little to no ability to annotate problems. For example, users could only

highlight words in the math problem in yellow; they could not circle, underline,

box, or draw arrows between the words.

Another common strategy participants employed when working with their

students one-on-one was using manipulatives. Manipulatives are physical or

virtual objects that students could directly interact with (in other words, ma-

nipulate) to understand and communicate math concepts. For example, Carol

would translate word problems by using concrete, countable sticks to represent

95



the numbers in the problem. Carol found that, “As [a student] was able to move

[the sticks] around, he just caught [the concept].” However, only some of the

games and none of the drill-and-practice website provided virtual manipula-

tives.

Participants also observed that students with SLDs had trouble typing their

math work. Many websites required students to type their answers, which was

cumbersome. Two participants (Lisa and Marcus) mentioned that many stu-

dents with SLDs struggled with typing. Students also experienced challenges

in figuring out how to communicate special math characters on the keyboard.

As Ian said, “There are math characters like π , where’s the π key?” Participants

further suggested that it would be easier for these students if the e-learning tools

allowed them to write or draw.

Insufficient Feedback about Student Performance. Participants reported

that they kept track of students’ performance and managed students’ accounts

through the teacher dashboards of the e-learning tools they used. These dash-

boards typically included summaries of students’ performance on the practice

problems: (1) aggregated data about the average number of questions a student

solved, average time spent on practicing, etc., (2) individual students’ problem

solving records including their final answers, and (3) prediction of an individual

student’s math skills mastery level. Although this information helped identify

students who made mistakes, participants could not tell from their dashboards

why their students made those mistakes, because there was no way for students

to show their work or explain their final answers. For example, Carol wanted

to know how her students annotated word problems in Khan Academy, but only

their final answers were reported.
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Additionally, dashboards provided no way for teachers to know if their stu-

dents had been guessing randomly. Participants observed that repeated failure

in solving math problems would frustrate students with SLDs, leading them to

guess answers randomly. Many participants wished the e-learning tools would

alert them when their students started to randomly guess. Many e-learning

tools, including both games and drill-and-practice websites, allowed students

to repeatedly enter incorrect answers to the same question until they answered

correctly. As a result, participants had to constantly monitor their students

to determine whether they were actually using math reasoning and problem-

solving skills, or just guessing randomly. For example, Carol had to sit with

her students to make sure they were not guessing or getting frustrated from re-

peated mistakes. To address this problem, Lisa suggested that the e-learning

tools show students messages that encourage them to ask teachers for help

when they are unsure how to solve a problem or after they have repeatedly

entered incorrect answers.

Inability to Adjust Difficulty Levels. Participants needed to work on more

fundamental math skills with students with SLDs, reteaching many math skills

that were at lower grade levels than the student’s current grade. Three partic-

ipants (Amy, Darcy, and Carol) emphasized the importance of adjusting diffi-

culty levels of practice problems to adapt to the students’ actual abilities.

However, participants could not lower the difficulty level of the e-learning

tools, which frustrated the students. Carol remarked that “the kids throw iPads

when they get frustrated or shut down.” Similarly, Darcy found that when she

couldn’t find simpler problems on Khan Academy for students who needed to

practice lower grade-level math, “[students] shut it down and they don’t care.”
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Difficulties with Setup and Maintenance. Participants wanted to use e-

learning tools in the classroom rather than assign their use as homework. As

Selena said, “I mean homework is good because it’s good practice but like is

homework a lot of learning? No. I’m pushing a lot of learning in class. So, I

want to know more about what kids are doing in class.” However, they found

it challenging to set up the tools for their students during the limited class time

they had. For example, Selena mentioned that it took too long for students

to log into the drill-and-practice websites because during her lessons, students

only had 12 minutes or so to practice one math skill before they had to switch

to another exercise. Marcus also mentioned that using computer-based tools

was time consuming because of logging issues. Similarly, Savannah and Amy

felt frustrated about not having enough time to set up games for their students.

Amy explained: “I mean [students with SLDs] have so much skills that they

need to work on, and I’m still supposed to teach the sixth-grade content with

everyone else because we have to pass [the state test] at the same time.” Partici-

pants were already stressed by the need to provide supplemental instruction to

their students in addition to teaching the standard curriculum, and there was

no time to spare for frustrating technical issues.

Other challenges participants faced included difficulties with the devices

themselves. For example, Jennifer remarked, “We had tablets, but they all died.

We had Kindles in our rooms [...] but they’re like busted.” Additionally, Selena

explained that “There is a smaller set of 30 iPads, but people don’t usually use

it because it is hard to keep up. The apps need to be updated. And we have a

tech guy, but he didn’t do it.” Participants did not receive support for resolving

these various technical issues.
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4.4.4 Needs and Challenges in Using Assistive Technology

As mentioned above, some participants helped their students set up and use

text-to-speech to alleviate their reading challenges. Only one e-learning tool,

IXL Learning, provided text-to-speech by default, so participants showed their

students how to use built-in text-to-speech services on their devices. For ex-

ample, Savannah enabled the text-to-speech accessibility feature on Google

Chromebooks for her students. Similarly, Jennifer and Marcus told us that their

students used the text-to-speech feature built into iOS.

In addition to text-to-speech, Darcy used closed captioning when her stu-

dents watched video lessons on Khan Academy. She said that closed captioning

was helpful because many of her students with SLDs had trouble with audi-

tory processing. Closed captioning allowed them to use visual cues from the

captions to support their understanding of the spoken content in the videos.

Participants were unaware of standalone assistive technologies in general.

They were also less interested in using these technologies because they would

have to add standalone assistive technology tools to a student’s Individualized

Education Program (IEP), a time-consuming bureaucratic hurdle. Savannah

mentioned that “One student be like wanting something for [an assistive tech-

nology tool]. It took us like a whole year.” Rather than having to go through the

IEP process, participants preferred assistive technology that would be available

by default.

Another reason to use incorporated assistive technology was to avoid

stigma. Jennifer told us that, “Because it’s middle school, a lot of [students] are

embarrassed about [using a special tool or technology]. They don’t want to be
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different in front of their peers.” Savannah shared similar comments, “They’re

very conscious at this age about every little thing.”

4.5 Discussion

Our study answered our three research questions: (1) what math e-learning

tools are teachers using, (2) why and how are teachers using these tools; and (3)

how do teachers perceive the effectiveness of these tools for students with SLDs.

To summarize, we found that each participant used at least one e-learning tool

with their students, none of which were specifically designed for students with

SLDs. Most participants used educational games. They primarily used these

tools to let students practice math problems independently in the classroom

and make the work more engaging. In other cases, three participants also used

e-learning tools to assess their students’ abilities and track their performance in

math drill exercises after class. The effectiveness of the tools was hindered by

usability problems experienced by both the teachers and the students. The text-

intensive interfaces posed major barriers for the students who had difficulty

processing language. Meanwhile, the teachers did not receive enough feedback

about student performance to be able to adjust their teaching to the students’

needs. Teachers were not able to adjust the difficulty level of math exercise on

e-learning tools to accommodate students’ wide range of ability-levels either.

Additionally, mundane setup challenges of the hardware and software made

the tools difficult to use in a classroom full of students. To alleviate some of the

challenges that students faced, participants encouraged their students to use as-

sistive technology like text-to-speech when using the math tools, but they faced

challenges in getting and using the assistive technology.
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As e-learning tools become widely used in classrooms, designers have an

opportunity and responsibility to also make the e-learning environment more

inclusive. Therefore, based on our findings, we discuss design implications for

the creation of more inclusive and effective math e-learning tools.

4.5.1 Teacher-Oriented Design Implications

Our study suggested that teachers faced difficulties in using e-learning tools to

teach. To help improve the usability of e-learning tools for teachers, we present

five design implications, which range from short-term design suggestions to

longer-term research directions.

Involve special education teachers in the design of e-learning tools. Exist-

ing research on math e-learning tools for students with SLDs (e.g., [27, 95, 102,

137, 145, 150]) rarely included teachers in the design and evaluation process.

Our study revealed that teachers for students with SLDs wanted to use math

e-learning tools in teaching. However, they faced critical challenges in using

the e-learning tools, some of which were related to students’ learning disabili-

ties. Nor could they ascertain what confused and even frustrated their students

during independent practice. Because students learned most when they stud-

ied with their teachers, if teachers could not adopt these e-learning tools in their

teaching, students would be unlikely to benefit from the use of e-learning tools.

Although recent work started to investigate how to help teachers adopt math

e-learning tools [87, 86], it was limited to helping teachers in general education.

Future work on designing e-learning tools should also involve special education

teachers.
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Use manipulatives to present math concepts. According to our study, teach-

ers used manipulatives to explain complex and hard math problems (e.g., word

problems) to students with SLDs. However, none of the existing software ap-

plications (e.g., web-based [167, 184] and on the iOS system [49]) have com-

bined manipulatives with math problems. The future design of e-learning tools

should consider incorporating a set of commonly used manipulatives (e.g.,

blocks and fraction tiles) and allowing teachers to use the manipulatives to

translate the math problem for their students.

Detect and report students’ frustration to teachers. According to our study,

teachers needed to keep students actively solving math problems on the e-

learning tool. However, if the problem was too difficult, students would get

frustrated and then pretend to be working on the e-learning tool. As Jennifer

suggested, although her students found the games engaging, they did not ask

for Jennifer’s help when they got stuck on a math problem. Instead, “when

students [got] frustrated, [they] started randomly clicking on [things] like

‘options’” (Jennifer). One of the plausible reasons was that students might not

be willing to let teachers know, possibly out of embarrassment, that they could

not solve it like their classmates did. Researchers who studied people with other

disabilities using digital tools also discovered this phenomenon [210]. In such

situations, teachers needed to understand the root causes of students’ frustra-

tion and challenges, even if the students did not verbalize them. Therefore, in

the future, we should consider different ways to detect the students’ frustration

and report it to the teachers to help them better track the students’ emotional

status. One way to do that is by using AI to passively detect a student’s frus-

tration level by analyzing the pattern of students’ inputs. For example, in order

to identify a student’s different cognitive-affective states including frustration,
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Baker et al. developed deep learning technology to analyze the student’s mouse

activities and facial expressions [110, 84]. D’Mello et al. proposed to analyze the

eye gazing data to predict whether a student can no longer actively working

on the exercises [70, 67]. Another way is to design friendly user-interfaces to

encourage students to share their emotional status to their teachers.

Allow teachers to fine-tune difficulty levels. Based on our findings, teach-

ers sometimes needed to teach students with SLDs math skills at lower grade

levels. Prior work [180, 77] also found that differentiating math work for stu-

dents with SLDs was an effective teaching strategy. However, teachers were

not able to assign easier problems for their students on many math e-learning

tools. Designers should give teachers the ability to adjust the difficulty levels of

problems on the e-learning tool. Recently, learning analytics researchers devel-

oped AI algorithms [83, 96] to predict a suitable difficulty level for individual

students. Researchers should explore using such algorithms to assist teachers

in personalizing the e-learning tools.

Enable quick and easy set up for classroom use. Our study found that

teachers wanted to provide independent exercises in class. However, teachers

did not have enough time to set up the e-learning tools. According to our study,

teachers often wasted too much time on helping students to log in. For example,

they needed to help students who forgot their passwords. Our study also sug-

gested that teachers needed to teach multiple types of math skills in one lesson.

Thus, they needed to switch between the types of math skill training after every

10 minutes during the class. Based on our discussion, designers should design

a classroom mode, which has a quick login process and allows teachers to pre-

assign multiple 10-minute short math exercises in the students’ e-learning tool

103



account before the class begins.

4.5.2 Student-Oriented Design Implications

In our study, participants reported usability and emotional issues that students

with SLDs experienced when using the math e-learning tools with and without

assistive technology. To address these issues, we distil five design implications.

Provide a flexible annotation toolkit for word problems. According to our

study, teachers taught students with SLDs to reduce mistakes in comprehending

word problems by using annotation skills such as CUBES [76]. This was a very

powerful skill because it allowed students to slow down in order to find all math

symbols and math vocabulary and then see their relationships. While some of

the e-learning tools, such as Khan Academy, had a simple annotation function,

teachers found such features too limited. Designers should implement a flexible

annotation toolkit that allows students to circle, underline, and box words, to

draw arrows between words, and to highlight words in different colors.

Incorporate game design elements into drill-and-practice websites. Prior

work [120] suggested that there were two distinct approaches for designing e-

learning tools: drill-and-practice training and game-based training. Teachers

found that these two types of tools had their own pros and cons for students

with SLDs. On the one hand, game-based learning let students have fun when

solving math problems by playing around with virtual manipulatives or work-

ing in groups. On the other hand, drill-and-practice websites could prepare

students for their exams in solving traditional types of math problems. The cur-

rent drill-and-practice websites did not incorporate any game design elements
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that our participants praised in the interviews. As Selena suggested, there were

too many kinds of e-learning tools for her to manage. She wished she could

have had one tool that helped students prepare for their traditional math tests

in an enjoyable way. Therefore, future research should combine the advantages

of drill-and-practice training and game-based training in one tool.

Design AR manipulatives for math education. Our study showed that

teachers used physical manipulatives frequently in teaching students with

SLDs. While physical manipulatives are useful tools for students with SLDs,

past research has highlighted that students depend on their teachers to learn

how to use the manipulatives to solve math problems [128, 203]. Therefore,

we propose using AR technology to enable students with SLDs to use physical

manipulatives to solve math problems when their teachers are unavailable. Re-

searchers have used AR technology to detect students’ interactions with phys-

ical models and to teach students by combining digital information with the

physical models [161, 166, 74]. For example, Talkit [166] enabled students with

visual impairments to listen to information about components of a 3D printed

model by interacting with it. Nevertheless, none of the AR-learning tools were

designed for students with SLDs in math education. Future work may explore

this approach to help students with SLDs use physical manipulatives to solve

math problems.

Avoid using words that exacerbate students’ preconceived notions of be-

ing bad at math. Our study found that students with SLDs were more anx-

ious and much less confident than their peers in solving math problems. While

we reviewed the design of websites and games, we found that some e-learning

tools might deliver the unintended message to students that they are not good
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at math. For example, IXL Learning used “smart scores” (as shown in Figure 1

(Highlight 3)) to communicate the student’s progress towards completion of the

assignment. However, students who received low scores might internalize the

message from the website that they were not smart. Therefore, we suggest that

designers should carefully consider the words that are used on the dashboard

and in the point-and-reward system. A design suggestion given by O’Rourke

et al. [140] is that visualizing the progress of earning new points can encourage

students to develop a growth mindset in exercises.

Provide assistive technology in e-learning tools for general education. Shi-

nohara et al. pointed out that social acceptability was important in designing

assistive technology [168]. We learned from our study that middle school stu-

dents felt embarrassed when they were using a stand-alone assistive technology

tool because the tool revealed their disabilities in learning to their peers. This

finding aligned with a Norwegian interview study with teenagers with visual

impairments [172]. The teenagers rejected assistive technology if the technology

made them look less capable than their peers and wanted mainstream technol-

ogy to include built-in accessibility. This collective evidence likely explains why

stand-alone assistive technologies for digital math content [31, 72, 174] have not

been broadly adopted. Therefore, we suggest that, whenever possible, assistive

technology should be directly integrated into mainstream e-learning tools. For

example, according to our study, students should have the option to listen to a

word problem. We were glad to find that IXL Learning implemented a text-to-

speech feature (only for K-3), but designers should follow this practice moving

forward.
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4.5.3 Limitations and Future Work

Our study was limited by our convenience sampling method and the relatively

small sample size of 12 teachers. While such methods are standard in the field of

human-computer interaction, we did not include perspectives from teachers in

private schools and other school systems, nor did it represent teachers in most

states in the US and other countries. Our study participants only came from

three states in the US and taught public school students in fifth through eighth

grade.

That being said, we did reach saturation, finding a convergence of partici-

pants’ opinions regarding use of recent math e-learning tools for students with

SLDs. By analyzing the shared background and characteristics of our study par-

ticipants, we would suggest that they may represent the group of teachers who

teach tens of students from middle- and low-income families each year. They

often need to work with parents who do not have the ability and resource to

tutor their kids after school. To help every student make learning progress even

after class, these teachers are happy to try and use different e-learning tools.

As with qualitative studies of this type, our findings should not be used to

generalize patterns across all teachers or students, but rather to gain insight into

current use patterns and shed light into future design and research directions.

Researchers should interview more teachers from various locations (e.g., more

US states and other countries) to provide more generalizable results.

Finally, in this study, we focused on teachers, who determine whether and

how e-learning tools are used in practice. As seen from our findings, they also

have keen insights into student experiences and pedagogical strategies. How-
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ever, students are, of course, the primary users of e-learning tools and their

first-hand experiences must be investigated. The parents of these students also

observe and are often involved in after-school educational experiences and their

perspectives merit consideration as well. As we move forward with our re-

search, we plan to study the experiences of these two important stakeholder

groups.

4.6 Conclusion

To understand the role of e-learning tools in supporting students with SLDs, we

conducted semi-structured interviews with 12 US-based teachers who taught

math to students with SLDs in grades 5-8. Our study revealed that recent math

e-learning tools are not sufficiently effective or inclusive for the large number

of students with SLDs. We have provided design implications and advocate

future work on math e-learning tools to expand the target users from students

to teachers-of-students. We hope that, by meeting both teachers’ and students’

needs, we can accelerate the adoption of math e-learning tools in the inclusive

educational model. As a result, many more students can improve their math

skills and engagement when they are using the math e-learning tools.
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CHAPTER 5

AN INTELLIGENT MATH E-TUTORING SYSTEM FOR STUDENTS

WITH SPECIFIC LEARNING DISABILITIES

5.1 Introduction and Background

Learning math is difficult. To help students learn math when they cannot get

a tutor, many e-learning tools (e.g., Khan Academy [101], ST Math [125]) have

been developed to provide independent math practice exercises. However, the

commonly used math e-learning tools were not designed for students with spe-

cific learning disabilities (SLDs). As a result, our prior research study [195]

showed that these students had difficulties in using math e-learning tools. For

example, the students struggle with reading problems, hints, and solutions that

are presented in text form. The students may also struggle when they have to

solve a problem that is beyond their math abilities. As the students struggle

in practicing math exercises, they build up feelings of frustration and irrita-

tion, which leads up to exhibiting negative emotional behaviors (e.g., randomly

guessing answers or even damaging the e-learning device).

Recent research on math e-learning tools for students with SLDs [17, 95, 150]

has mainly focused on helping students overcome text processing difficulty by

designing interactable manipulatives that can represent text-based math prob-

lems. For example, Calcularis [95] challenges students to compare the size of

two quantities by positioning two numbers on a number line from 0 to 100.

French National Institute of Health and Medical Research designed two games,

The Number Race [204] and Number Catcher [4], for the students. These games

present Arabic, verbal, and visual representations of numbers together to train
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students to compare which whole number is larger and which is smaller. How-

ever, if students struggle in using these e-learning tools, they can only receive

two types of help: feedback for wrong answers or step-by-step hints. These

types of help are not adequate to help students with SLDs, as mentioned in

Chapter 4.

The interviews of teachers for SLDs [196] suggested that teachers would like

to have a smarter virtual tutor who not only cares about the student’s cor-

rectness rate but also the student’s emotional state. Otherwise, without the

teacher’s active monitoring and in-time interventions, students with SLDs were

more likely to give up working on the math e-learning tool when they entered

a negative emotional state (e.g., getting frustrated or angry).

Although prior work on affect detection has proposed designs of intelligent

tutoring systems for student emotional self-management [25, 81], their work

did not consider the needs of students with SLDs. Their systems assumed that

students are willing to ask the system for help and that students can recover

from frustration by learning why they are wrong. As we mentioned in Chapter

4, none of these assumptions can be applied to students with SLDs. As a re-

sult, we do not know how we should design an intelligent e-tutoring system for

students with SLDs to reduce their negative emotional behaviors.
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Figure 5.1: An overview of the intelligent math e-tutoring system for students with
SLDs. Zone 1 presents the problem in text from (and highlights the sentence that
the system is reading). Zone 2 illustrates how students slice their finger across the
pizza to make half pizza slices. Zone 3 presents the dialogue system that asks the

students about their emotional state.

Therefore, to form our design, we worked together with a teacher for stu-

dents with SLDs to design an intelligent e-tutoring system (as shown in Fig-

ure 5.1) that reduces students’ negative emotional behaviors. Our system auto-

matically detects three negative emotional behaviors: (1) staring at the problem

without trying, (2) touching the screen agitatedly, and (3) being distracted away

from the screen. Our system uses eye-tracking data, inputs on a touchscreen,

and response time to model student behaviors. If our system detects that a stu-

dent exhibits one of these three behaviors, the system identifies that it is time to

confirm the student’s emotional state through dialogue. Because both teachers

and systems are just speculating about the negative feelings of the students, so

it is necessary to confirm with the students before deciding how to intervene.

We designed four methods to intervene when students is getting upset. To

prevent students from getting upset when they don’t have the ability to solve

the problem, our system provides hints or to switches to a simpler problem.
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To engage students who have been experiencing negative emotions (i.e., just

ok, tired, or angry), our system sends personalized encouraging messages or

provides brain breaks.

We also conducted a formative study with five teachers for students with

SLDs. During the studies, we demonstrated our design prototype to the partic-

ipants. We asked them to provide feedback about the system design based on

their experience in tutoring students with SLDs. The teachers thought it was

necessary for e-learning tools to check in with students’ emotional status. They

reported that our design of e-tutoring intervention methods would effectively

reduce the students’ negative emotional behaviors. Teachers also suggested that

we should personalize the detection of negative emotional behaviors for stu-

dents who have much severe learning disabilities. We present an intelligent

e-tutoring system for students with SLDs that can reduce the students’ nega-

tive emotional behaviors. We designed this system together with teachers for

SLDs and conducted formative study with teachers. In the future, we will con-

duct studies with students to get feedback from them. Our work will inspire

e-learning tool designers and developers to design inclusive e-learning tools for

students with SLDs.

5.2 System Design

5.2.1 System Prototype

We developed a math game prototype that uses the intelligent e-tutoring sys-

tem to manage students’ negative emotional behaviors. This prototype trains
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students in solving fraction problems. Students practice fraction skills by ma-

nipulating pizza in two ways: cutting a pizza into different slices and moving

the correct amount of pizza slices onto different plates (as shown in Figure 5.1,

Highlight Zone 2).

The prototype runs in Windows 10 operating system on a Windows Surface

Pro 7 tablet. Students use the touchscreen to play the game. A Tobii Eye Tracker

5 is stuck to the bottom of the tablet to detect where the student gazes at the

screen. The game prototype processes the eye-gazing data stream to identify

the in-game elements that the student gazes at, including texts, fraction num-

bers, pizza slices, plates, and UI buttons. The game prototype also logs the

running time and touchscreen inputs. All the student data are used for negative

emotional behavior analysis.

5.2.2 Triggering Intervention in Outstanding Behaviors

Many students with SLDs are reluctant to seek help when they were exhausted

or agitated, but they show specific negative emotional behaviors [195]. There-

fore, our system actively detects three types of negative emotional behaviors.

First, students are distracted away from the screen if their eyes have not gazed

on the screen for more than one minute. Second, students are touching the

screen agitatedly if they repeatedly pressed the screen more than three times

within 0.1 second. Third, students are hesitating to solve the puzzle if they have

not touched the screen for more than two minutes and they have spent more

than 70% of the time on gazing UI buttons and interactable but useless manip-

ulatives. After detecting that students are exhibiting one of the three behaviors,
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the system will confirm students’ emotional state through dialogue.

5.2.3 Interventions for Learning Difficulties

Students with SLDs build up frustration and irritation in using math e-learning

tools for two main reasons [195]. One main reason is that students have to solve

a math problem that is too difficult to solve. The other reason is that students

cannot manage their negative emotion when they feel exhausted or angry.

To help students who do not know how to solve a problem, we designed

two methods: providing hints or switching to a simpler problem. Providing

hints is a traditional method to point the students in the direction of the correct

answer. Nevertheless, if the students cannot comprehend the hint due to weak

math abilities, switching to a simpler problem that matches their math ability is

more useful than providing new hints.

Reducing the difficulty level of exercises, however, may not help students

recover from exhaustion or anger. Many students with SLDs, due to cogni-

tive differences, feel exhausted or angry quicker than general education stu-

dents [35]. Inspired by the guidelines for tutoring students with SLDs [154, 187],

we designed another two methods to help the students maintain or restore a

good emotion: praising for a correct problem-solving behavior or providing

brain breaks. The behavior-specific praise describes the approval of correct stu-

dent inputs (e.g., “Nice work slicing your finger across the whole pizza! You

made half pizza slices!”). The genuine approval is more effective in encour-

aging students with SLDs than generic encouragement (e.g., “you are doing

awesome!”) [187]. Nevertheless, students would need brain breaks instead of
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encouragement when they reach the tipping point of negative emotions [2]. A

brain break is a break from the current learning task that students are work-

ing on. Students can rest their eyes or take a physical exercise during a brain

break. Therefore, we designed a kind of brain break that temporarily hides all

e-learning interfaces and guides students to play a kinesthetic game (i.e., a body

dancing game that gets the student moving and grooving).

We mapped the e-tutoring interventions in exercises to three negative emo-

tional states (just OK, tired, and angry). If the students feel just ok, they will

receive behavior-specific praise. If the students feel confused, they may choose

to get a hint or to try a simpler problem. If the students feel tired, they can try a

simpler problem or take a brain break. If the students feel angry, they will take

a brain break then continue to a simpler problem.

5.3 Formative Study: Teacher Feedback

To form our design, we conducted a formative study with teachers for students

with SLDs (3 females, 2 males, between 0.5 and 7 years of experience in teach-

ing students with SLDs in grades 3-6). We started from interviewing teachers

because they have been designing and practicing interventions in tutoring the

students. We anticipated that teachers would be able to use their teaching ex-

perience to offer valuate insights in our current design. During the study, we

demonstrated our prototype to the participants. We asked them to give feed-

back on the design of e-tutoring intervention methods and the specifications to

detect negative emotional behaviors. We present two main themes that were

summarized from the teacher feedback.
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All the teachers mentioned that e-learning tools should intervene in exercises

when the student is experiencing negative emotions. One teacher explained, “I

know how important the emotional status affects these students’ ability to learn.

Like, if they are frustrated, or if they are stressed, their thinking brain is not

[turned] on.” They liked the design of our e-tutoring intervention methods, es-

pecially providing brain breaks for students with SLDs. One teacher said, “there

are kids who might be on a computer for a little while and they might get, you

know, overwhelmed or zoned-out [. . . ] For example, I have a kid who works

for like 10 or 15 minutes and then gets to break. That’s part of their IEP [Indi-

vidualized Education Program].” Therefore, our design provides an important

accommodation for the students as they practice math exercises independently.

Three teachers commented that the detection of negative emotional behav-

iors may not work for students who have much severe learning disabilities.

These students may take significantly longer time to decode information and

comprehend the problem. As a result, the current system may initiate chats

with these students too early, and thus interrupt the students’ thinking. To de-

tect whether students are struggling, teachers had been providing the students

both non-math exercises and math exercises to compare the differences of stu-

dent performance (e.g., response time and body gestures). Teachers will inter-

vene when the students behave much slower or agitatedly in math exercises.

However, there is no known way to automate this detection approach.
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5.4 Discussion: Increasing Algorithmic Fairness in ITS

Prior work on affect detection was designed for general education students [26,

25, 81, 63]. Although prior work claimed that they had successfully detected dis-

engaged behaviors and affect, we did not know whether they would work for

students with SLDs. As suggested by the recent study on algorithmic fairness in

education [103], most educational e-systems designed for the general students

would disable disadvantaged students including students with disabilities.

To overcome the unfairness that an algorithmic system like affect detection

would introduce to students, Kizilcec et al. emphasized that researchers need

to consider the needs of disadvantaged students when designing the system in

three phases [103]. The three phases are measurement, model learning, and ac-

tion. Our work focused on designing for the action phase of affect detection for

students with SLDs. Different from prior system designs [25, 81], our system is

aware of actions related to SLDs and communicates with the student about why

the system believes it should initiate help. This design follows the design guide-

lines for algorithmic interfaces to improve fairness, as summarized in Kizilcec

et al.’s paper [103].

The teacher feedback from the formative study shows that teachers appre-

ciated how we designed for the action step to meet the needs of students with

SLDs. Teachers also suggested that we should further explore the design of

measurement and model learning so that students with more severe learning

disabilities can benefit from the system too. Therefore, we can tell from our

work that the design guidelines for improving algorithmic fairness in educa-

tion are potentially useful and that future system design work should also try
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to follow the guidelines.

5.5 Conclusion and Future Work

We presented the design of an intelligent math e-tutoring system for students

with SLDs. The system provides four types of intervention methods to reduce

negative emotional behaviors. It automatically intervenes in exercises by de-

tecting students’ negative emotional behaviors then asking the students about

their emotional state to eventually determine which intervention method to use.

Teachers in the formative study mentioned that the system meets the needs of

students with SLDs. They also suggested that the detection of negative emo-

tional behaviors can be personalized to help students with more severe learn-

ing disabilities. In the future, we will explore the personalization of negative

emotional behaviors detection. We will also recruit students with SLDs to try

our prototype and to provide feedback. Our work provides a starting point

for e-learning tool designers and developers to leverage our design to develop

e-tutoring systems for students with SLDs.

118



CHAPTER 6

DISCUSSION AND CONCLUSION

6.1 Contributions

My doctoral dissertation answered three main research questions: (1) how to de-

sign educational video games that provide a situational context for skills train-

ing; (2) whether and how learners with SLDs have difficulties in using the ex-

isting e-learning tools to practice math skills; and (3) how should we design the

e-learning tool to intelligently tutor learners with SLDs.

To answer the first research question, I proposed two gameplay designs that

can provide situational context for game-based training. The first gameplay de-

sign is a role-playing game that can simulate the situation in which the learner

builds business by processing contracts and avoiding occasional phishing at-

tacks. I adapted the document inspection game mechanism in Papers, Please

to the anti-phishing context of processing business emails to foster motivation

for learning email safety rules. The second gameplay design is an AR game

that leverages computer vision technology to analyze the learner’s immediate

vicinity then use recognizable objects to provide a vocabulary scavenger hunt

game. To make this computer vision-based AR game playable, I developed

a time smoothing method to reduce the computer vision detection errors and

I designed a selection highlight and confirm interface to guide the learner to

“select” a physical object that they want and is also recognizable by computer

vision.

In addition to research how to embed realistic context into educational video
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games, the other contribution of my dissertation is to resolve the issues that

learners with SLDs face in using e-learning tools to practice math skills. To

achieve this goal, I started from interviewing teachers for SLDs to study the pros

and cons of the existing e-learning tools used by learners with SLDs. My study

found that educational video games were user-friendly for learners with SLDs

because the games replaced text-based information with visual information that

was also interactable. Nonetheless, the existing games could not help the learn-

ers self-manage their learning anxiety and negative emotional behaviors, which

has been a big issue for the learners. Based on the needs of learners with SLDs, I

designed an intelligent tutoring system that detects and mitigates learners’ neg-

ative emotional behaviours. This system especially analyzes eye-gazing data

together with other traditional input data to detect learners’ negative emotional

behaviors. I also designed four intervention methods to mitigate the negative

emotional behaviors. Two out of four intervention methods, praising learners

and providing brain breaks, were designed for learners with SLDs because they

need these interventions to take them out of the anxious mood.

Overall, during my Ph.D. study, I sought to make drill-based training fun

and effective, not only for general learners but also for learners who have SLDs.

6.2 Limitations

In this section, I discuss two major limitations in my research.

The user studies for What.Hack and CollectiAR were conducted in an ideal

lab environment. Study participants only had one or two chances to play the

game within a short period of time (20-40 minutes). However, one of the biggest
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characteristics for drill-based training is to be persistent in repeated training.

Therefore, although the lab studies’ results were positive, they did not indicate

that people will take the initiative to play educational video games from time

to time. In addition, some usability issues and other problems may not ap-

pear until the games are deployed in the real world. The anti-phishing training

game, What.Hack, has been adopted by a large company. The company’s report

showed that more than 870 employees continuously played the game, which re-

sulted in 90% drops in phishing offenses compared with the traditional training

group. However, CollectiAR game for second-language learners and the intelli-

gent fraction game for learners with SLDs were not publicly released yet. In the

future, I will deploy these games in the app store and to test their effectiveness

and usability issues by collecting and analyzing in-game data from hundreds of

online players.

The current design of the intelligent tutoring system for student emo-

tion management only detects negative emotional behaviors using a general

method. However, by nature, learners’ ability to process information is hugely

different; and their ways to express anxiety or depression may be different, too.

Therefore, this current detection method needs to be personalizable. To achieve

this goal, I need to first deploy the version that uses general detection method,

so that I can collect student data, which will be used to help us design machine

learning technology that can personalize the negative emotional behavior de-

tection.
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6.3 Future Directions

I envision that educational video games, in the future, will be available for any

type of skill training for both formal and informal learning. My dissertation

shows that we can design an effective game for anti-phishing training, which

is for informal learning; it also shows that we can design effective educational

video games for early language and math skills training, which is needed by

formal education.

As long as the skill is used to solve a complex task in real life, then we will

be able to design new gameplay or adapt an existing gameplay design to create

a fun and effective game to train this skill. Educational game designers should

design the core game mechanism based on simulating all factors that can repli-

cate the situation similar to what learners would experience when they need to

use the skills to solve problems. To design an effective educational video game

for situated learning, researchers should conduct interview studies with the in-

structors and learners to summarize all critical features that should be repli-

cated in the game. Then the next biggest research challenge will be making the

critical features part of the gameplay mechanism so that the replication is not

boring. Although I did not find a universal solution for all simulation training

programs, I believe that my role-playing attack simulation game design frame-

work would work for training that improves people’s ability to process complex

language-based information (e.g., fake news detection).

In addition, I envision that future educational video games are accessible

for all types of learners because they have an intelligent tutoring AI that not

only predicts the learner’s current skill level but can also recognize that learn-
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ers may have learning difficulties including language processing difficulties and

emotional management difficulties so that the educational video games can au-

tomatically offer personalized help including providing assistive technology or

emotional support. This is part of the whole solution for developing a fairer

intelligent tutoring system for special education students.

For special education students who have SLDs, I believe that future work

on educational video games and intelligent tutoring systems should study how

to help the learners learn how to self-manage their negative emotions during

drill and practice. My current work shows that to achieve this goal, the system

needs to design both the detection algorithms and the intervention methods.

My work has proposed a general scheme for the majority of learners with SLDs,

but it may not work for learners who have more severe learning disabilities.

Therefore, future research should focus on making the system personalizable for

both detection algorithms and intervention methods. For example, the system

may provide calm brain breaks as a breathing game for learners who have both

SLDs and ADHD, but provide active brain breaks such as a dancing game for

learners who have SLDs but not ADHD.

6.4 Conclusion

People have been trying to promote learning by playing educational video

games. Nonetheless, people enjoyed playing educational video games but had

difficulties to apply what they have learned in the game in practice. Therefore,

I tackled this problem by stretching the design space of gameplay to create sit-

uational and authentic context for training. I also studied the needs of learners
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with SLDs in using e-learning tools and I designed a new intelligent tutoring

system that detects and mitigates these students’ negative emotional behaviors

when playing educational video games. As a result, my dissertation takes one

step further towards the ultimate goal that educational video games are acces-

sible and effective for any types of skill training for both formal and informal

learning. In the future, I will continue exploring the design of new types of

educational video games and intelligent tutoring systems that can provide en-

joyable and useful learning experiences.
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