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ABSTRACT

The studies targeting cognitive training via computerized applications focused on suggesting varied
types of working memory (WM) tasks rather than offering those tasks in a user-friendly way or
suggesting practical guidelines targeting the end-user. Therefore, the purpose of the current study
is to adopt the design-based research method (DBR) to design, develop, and evaluate a cognitive
training application in the light of a set of proposed guidelines. This developed application is targeting
children with LDs at primary schools. The current study focused on end-user testing by evaluating the
children’s perceived experience during and after engagement in the application. The results showed
that most of the children (86.5%) perceived a good experience with the application, and their verbal
and non-verbal WM performance improved significantly after the training period. A set of theoretical
and practical implications derived from the study was embedded for future research.
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1. INTRODUCTION

In the mainstream classrooms in the United Kingdom, any pupil who needs additional support
compared to his peers to succeed is categorized as having special education needs (SEN) (Department
for Education-UK, 2016). In the United Kingdom and the United States, between 14% and 30% of
children at schools require extra support to learn (Department for Education-UK, 2018; McFarland et
al., 2019). Children and young people with SEN often have learning difficulties (LDs) that hold them
from learning compared to their peers. Learning difficulties do not affect general intellect, although
they can cause a person to face problems in a traditional classroom setting (Mencap, 2021). Thus,
children with LDs have normal intelligence, but this is not matched with their low learning potential
or scholastic achievement (Chen et al., 2017).

Recently, WM deficit has been considered a significant contributing factor of LDs (Peng &
Fuchs, 2016; Zhang et al., 2018). For instance, a meta-analysis of 29 studies revealed that all the

DOI: 10.4018/JGIM.20211101.0a47

This article published as an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/) which permits unrestricted use, distribution, and production in any medium,
provided the author of the original work and original publication source are properly credited.


https://orcid.org/0000-0002-8012-5852

Journal of Global Information Management
Volume 29 - Issue 6

groups with LDs (with reading difficulties, mathematics difficulties, or both) showed deficits either
in verbal or numerical WM (Peng & Fuchs, 2016). In the current study, children with LDs refer to
those children in the mainstream classrooms who have a poor WM capacity, which hinders their
learning process, and as a result, they have lower academic achievements compared to their peers,
irrespective of their normal intelligence.

Working memory (WM) is the capability of the brain to retain and manipulate some information
for a short time. According to the integrated model of Baddeley and Hitch (Baddeley, 2000), WM
consists of four sub-systems: the main system (the central executive) and three slaving systems: the
phonological loop, the visuospatial sketchpad, and the episodic buffer. The central executive is an
attentional control system responsible for allocating attention within the WM system via focusing,
dividing, and switching attention; and three slaving systems: the phonological loop which is taking
charge of holding and manipulating sounds and speech; the visuospatial system, which is performing
a similar function with non-verbal materials; and the episodic buffer which is acting as a coordinator
to link between the various WM components and long-term memory (Baddeley, 2000). Children
with LDs often have a limited WM capacity, this means they fail to meet the required amount of
information needed to be processed and held while learning new skills. As soon as those children
are able to overcome their WM limits, they would be able to learn as effectively as others (Gupta &
Sharma, 2017).

Research has suggested that WM capacity can be enhanced by intensive cognitive training
because its underlying neural systems remain flexible throughout the lifespan (Klingberg et al., 2005;
Mahncke et al., 2006). The cognitive training focuses on enhancing the trainee’s WM capacity mainly
by expanding the extent of information that can be kept and manipulated in the WM components
(Wong et al., 2014). It is recommended that WM training should take place for 20 days in a 4 to
7-week period with sessions of approximately 30 - 45 min per day (Wong et al., 2014).

However, cognitive tasks usually require effort and can be considered repetitive and frustrating,
which often impact negatively on participant engagement. This, thereby, might negatively influence
the quality of the collected data and/or reduce the effect of the intended intervention (Lumsden et
al., 2016). Regarding tackling this problem, using game elements as a vehicle to provide learning
and cognitive training, can motivate and engage participants (Dichev & Dicheva, 2017; Lumsden
et al., 2016) because of the pleasure and the excitement that these activities offer. Consequently,
researchers such as Ninaus et al. (2015) embedded a group of specific game elements, e.g., progression
bars, setting, and points, into one of the conventional WM training systems to motivate a group of
university students; the results showed that the performance, as well as efficiency in a WM task, could
be improved. By contrast, other studies showed that applying different game elements could increase
cognitive load levels via inducing unwanted stress or bringing new cognitive demands. These game
elements could also divert the trainees from the main purpose (Katz et al., 2014; Nebel et al., 2016;
Turan et al., 2016). As a result, incorporating some game elements into the applications designed to
train the WM of children with LDs should be applied with caution, considering their characteristics
and needs, not overloading WM, or burdening their cognitive abilities.

To our knowledge, there is little research in training programs to train WM of children with
LDs, and the majority of the studies targeting WM training include children with Attention deficit
hyperactivity disorder (ADHD) (Peijnenborgh et al., 2016). Boyle et al. (2011) recommended that
future studies target various categories of LDs, utilizing various training programs (e.g., gaming
environment) due to the growing prevalence rates in LDs.

In addition to that, the studies targeting cognitive training, which either developed computerized
WM training tasks and/or embedded game elements to the training tasks, focused on suggesting
varied types of WM’s tasks rather than offering those tasks in a user-friendly way or suggesting
practical guidelines targeting the end-user. A clear example of that is the results of a meta-analysis
of 25 studies (Sinnari, 2019). In this study, Sinnari (2019) suggested that to design an effective WM
training for children with ADHD, it is better to use varied tasks to train the WM components such
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as visuospatial WM tasks (e.g., object sorting), and verbal WM tasks (e.g., recalling a sequence of
objects). A total of 25 studies offered different types of WM tasks, and none of them focused on how
those tasks could be designed in the light of guidelines based on a scientific design theory.

Furthermore, there is little research about the evaluation of the cognitive training applications
regarding the user experience, particularly for children with LDs. For example, Marcelle et al. (2018)
revealed that COGMED, which is considered to be the most common commercial WM training
program, was established by “leading neuroscientists” employing a top-down expert-driven method,
and none of the end-user validation research was implemented to assess the trainees’ experience.
Marcelle et al. (2018) also indicated the significance of active end-user participation while developing
cognitive applications, which can avoid the deployment of unbearable training models. Similarly,
Abdou & Jasimuddin (2020) indicated that involving the target users in the development process
may positively impact the effective development and behavioral intentions using the technology. For
instance, the ease and satisfaction of using the electronic system positively affect the acceptance of
that system.

Therefore, the current study adopted the design based-research method (DBR) to systematically
design, develop, evaluate, and refine a cognitive training application targeting children with LDs
in the light of a set of practical guidelines developed by the researchers that can be used by other
researchers as a guide while designing such applications. The developed application is bilingual
(Arabic and English) and is considered a pioneer brain game in Arabic counties. The application is
also free of charge, contrary to current WM commercial programs such as COGMED, which costs
$1035 per child (Roberts et al., 2016). Being the application bilingual could facilitate training the
cognitive abilities of a wide range of children with special educational needs, whether in the eastern
or western countries via the URL: http://www.wm-app.net/welcome.aspx.

Finally, the present study focused on end-user testing, where the children’s perceived experience
was evaluated during and after engagement in the application.

Hence, the aims of this study are to:

- adopting the DBR approach to develop a cognitive training application targeting children with LDs.
- Evaluating the perceived experience of the target users and their WM performance.

2 METHOD

2.1 Research Design

The current study utilizes a design-based research approach to design, develop, and evaluate a cognitive
training application targeting children with LDs to improve their WM capacity.

Design-based research (DBR) is a methodological framework aimed to help and guide the
researchers while developing or designing interventions. The framework is utilized to systematically
assess the efficacy of the embraced interventions to tackle real and complicated learning problems
and validate or enrich the existing theories (Jen et al., 2015; Kennedy-Clark, 2013). Once this study
focuses on developing and evaluating the perceived experience of a cognitive training application
through iterative processes to detect both the theoretical and practical implications of the cognitive
training applications’ design, the DBR will be ideal for addressing the purpose of this study.

DBR researchers often assess/test the effectiveness of multiple or complex interventions.
Therefore, DBR researchers usually combine quantitative and qualitative approaches to gather the
required data to refine the questions of their study (Brown, 1992; Jen et al., 2015). Consequently, in
the present study, various qualitative and quantitative approaches were adopted to assess the perceived
experience of the target users with the developed application.

In DBR, the intervention process is iterative and performed following a cycle of a couple of
stages of design, implementation, and feedback from implementation. Then flows into subsequent
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cycles of (re)design, (re) implementation, and refinement (Jen et al., 2015; Kennedy-Clark, 2013).
Therefore, in the current study, two design cycles were embraced, shown in Figure 1, to design,
develop, evaluate, and refine the cognitive training application.

Figure 1. The adopted DBR framework in this study
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The first iteration focused on analyzing the target users’ characteristics and the learning theories,
designing an interactive prototype, and performing a heuristic evaluation to get feedback to improve
the prototype’s usability.

The second iteration covered developing and applying the training application on a sample group
of children diagnosed as having LDs to assess their perceived experience during the training period
and evaluate the impact of the training application on improving children’s WM performance.

2.2 Participant Recruitment

In the first iteration, twelve experts participated in doing the heuristic evaluation/expert review for the
designed prototype. The twelve experts were selected from a range of specialisms: accessibility and UX
consultants (3 reviewers), experts in learning disabilities (3 reviewers), instructional technologists (3
reviewers), HCI and cognitive psychologist (one reviewer), educational psychologist (one reviewer),
and web developer (one reviewer). Ten reviewers were interviewed (two were interviewed face-to-face,
and eight via skype) to explain the prototype and answer their questions. Only two of the reviewers
were contacted through e-mail.

Regarding the second iteration, a sample of children with LDs, aged 8-9, from an Egyptian
primary school participated in the second cycle. Those children were selected as they have lower
academic achievement, irrespective of their normal intelligence, and they have a poor WM capacity.
Therefore, the following tests were performed:

- Academic Tests:

Two academic tests were developed, then statistically standardized before being applied. The two
tests (Arabic and Math) were used to pinpoint the students who show poor academic achievement



Journal of Global Information Management
Volume 29 - Issue 6

(<25th percentile) in Arabic and/or Math compared to other students in their classes. 26 out of 55
students in the 3rd grade were chosen, and they agreed to participate in the study.

- Intelligence Quotient (IQ) Test:

The abbreviated battery of the fifth edition of the Stanford-Binet intelligence scales was used
to test the sample 1Q (Farag, 2011). 5 out of 26 students did not agree to complete the full diagnosis
process, so they were excluded. The students who showed average intelligence (85-110) were chosen
and participated in the next screening stage; only 17 out of 21 students met this criterion.

- Working Memory tests:

Verbal (memory for sentences and last word) and non-verbal working memory tests (delayed
response and block span tasks) of the Stanford-Binet Intelligence Scale (Fifth Edition) were performed
on the 17 students to evaluate their working memory capacity. The results indicated that 16 of 17
students scored <50% in verbal and non-verbal tests, and therefore were selected and agreed to engage
with the WM training application.

Consequently, 16 children were recognized as having LDs depending on the former criteria:
lower level of academic achievement, with average intelligence on the 1Q scale (85- 110), and with
scores <50% in the working memory tests. Finally, those 16 students initially engaged in the training
process followed the evaluation process with parental consent.

Three out of the sixteen children attended the first three training sessions and could not complete
the training. The reason behind that the training was performed after finishing the scholastic term and
thereby the children’s parents could not take their children to the school daily, and they also did not
have internet access to the training from home. Finally, one more child attended only eight training
sessions intermittently. Thus, he/she was excluded. Consequently, twelve out of sixteen children
completed the whole training and participated in the evaluation process as well.

2.3 Procedures

The procedures of the design-based research approach employed in the current study are described
as follows.

2.3.1 First Iteration
The first iteration covered the following steps:
2.3.1.1.1 Needs Analysis and Learning Theories:

Xanthidis & Xanthidou (2021) indicated the significance of identifying the stakeholders’ interests,
needs, characteristics, and expectations while developing the electronic systems. Hence, the first
step was analyzing the children’s needs, characteristics, and the existing learning theories, as follow:

Research has shown that learning difficulties are closely associated with a WM deficiency (e.g.
(Maehler & Schuchardt, 2016; Peng & Fuchs, 2016; Zhang et al., 2018)). Furthermore, these children
also often have a lower level of motivation (Saputra, 2015; Zisimopoulos & Galanaki, 2009). Thus,
improving their limited working memory capacity by designing engaging and motivational training
applications (Melby-Lervag & Hulme, 2013; Saputra, 2015), and developing learning environments
that minimize the load on students’ working memory (the cognitive overload that might hamper
learning) (MacCormack & Matheson, 2015) would benefit in lessening the difficulties faced during
the learning process (Chen et al., 2017; Gathercole, 2009).

Alloway et al. (2009) indicated that children with poor WM capacity have short attention spans, a
high grade of distractibility, and difficulties creating new solutions to problems. Similarly, Gathercole
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(2009) revealed that it is difficult for those children to follow multi-step instructions or combine
processing with storage, and they show poor writing and reading capabilities. These characteristics
were taken into consideration during analyzing the learning theories and designing the prototype’s
activity.

In order to meet the needs and the characteristics of those children, a thorough review of the
literature on the principles of cognitive load theory and its frameworks, Human-Computer Interaction
(HCI) concepts (e.g., usability and user experience principles), and a set of games techniques has
been done to propose a set of 15 guidelines, as shown in Table 1, to design an interactive cognitive
prototype. The rationale behind choosing those guidelines is the following:

- Five guidelines covering the learning environment (interface and interaction) were extracted to
design a simple interface, minimize the distraction level, and exclude non-essential material.

- Six guidelines covering the tasks (learning materials) were derived to simplify the presented WM
activities that suit the limited WM capacity of the children.

- Four guidelines covering the target users were extracted to help, motivate, and make users managing
their applications, thereby improve the children’s experience with the training application.

In order to extract a set of activities to training the WM components, the integrated model of
Baddeley and Hitch (Baddeley, 2000) was adopted. The adopted WM model proposes that WM
includes four components: a key system (the central executive) along with three slaving systems:
the phonological loop, the visuospatial sketchpad, and the episodic buffer. According to the adopted
model (Swanson & Saez, 2003), a WM training application typically covers systematic and thorough
training on a set of standard tasks that target the WM components. These include phonological tasks
(e.g., forward digit span, letter-number sequence, and letter span task); visuospatial tasks (e.g., word
location, dot location task), and central executive tasks (e.g., operation - word span, two-back, and
dot matrix task). Hence, the current training focuses on enhancing the trainee’s WM capacity by
expanding the amount of information that can be kept and manipulated in the WM components with
engaging and motivating ways (Wong et al., 2014).

2.3.1.2 Design an interactive prototype.

Based on the suggested guidelines in Table 1 and the integrated model of Baddeley and Hitch
(Baddeley, 2000), six short activities (Numbers, Map, Letters, Hidden Objects, Compass, and Faces)
were suggested to train the WM capacity of the target users. A set of specific game elements (a
meaningful story, points, levels, incentives and rewards, virtual competitor, badges, virtual helper, and
progress reports) was used to make the suggested activities more game-like. Those game elements
were embedded in the prototype with caution to meet the characteristics of those children and motivate
them during the training period without overloading their limited WM capacity.

Finally, an interactive prototype was designed using the UXPin Platform. The interactive
cognitive prototype is presented in the form of a meaningful story, “The Treasure Hunt,” with six
short activities, as shown in Table 2. A virtual competitor (the pirate) was applied rather than using
external competition with others. The trainee plays against the pirate to get the treasure by collecting
more stars via correct responses; the goal is to defeat the pirate and get the treasure. The first two
levels of each activity were designed as interactive to declare the idea of the prototype activities.
However, the interactive prototype was not fully functional for all aspects of the application (e.g., it
does not support vocal sounds). Consequently, some hints and comments were used to describe the
vocal sounds and audio feedback.

2.3.1.3 Expert Review for the Prototype

An evaluation of the prototype was performed to assess the appropriateness of the suggested
guidelines for the application type and the target users generally and obtain feedback to improve the
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Table 1. The proposed guidelines for designing the training application.

Guideline

How was it applied?

Guidelines for designing the learning environment (application interface design)

Use consistent elements throughout the application
(e.g., characters, colors, backgrounds, buttons, icons
etc.).

All the prototype’s backgrounds, characters, buttons, icons were designed to be related to the story
of a treasure hunt. For instance, using the island, water, pirate, parrot, pirate’s tools, fish, ships, etc.,
was acceptable.

Minimize distracting elements (e.g., movement,
scrolling, background music, the competition time) in
the application.

The user interface was designed to be simple in navigation with a limited number of icons and
animation.

In case of providing help, the helper/guide should have
a user-friendly tone and uses affirmative language with
the familiar word.

The parrot (virtual helper) used a human voice with a friendly tone to be familiar, clear, and
understandable for the children.

Alert users to errors or possible errors e.g., before the
exit or cancel orders.

Readable messages are provided to confirm actions (e.g. quit, and home).

Use sufficient contrast between the text and
background, and the text’s font should be clear and
readable (e.g., using sans-serif fonts such as Arial,
Verdana, Helvetica and Tahoma)

The family fonts of sans-serif fonts were used in the prototype to be clear and readable.

Guidelines for designing the learning materials

Presenting the working memory activities in the form
of a meaningful story was recommended.

The prototype, “The Treasure Hunt” represents a well-known meaningful story including six short
activities to help the child to get the treasure, as shown in Table 2.

Use a range of activities to train different components
of WM (such as verbal, visual, and central executive
activities)

The prototype consists of six activities: Faces and Map activities to train the visuospatial component,
Hidden Objects’ activity to train the visuospatial and central executive components, Numbers activity
to train the verbal component, and Letters and Compass activities to train the verbal and central
executive components.

The application’s activities are short, simple, have their
own goals, and the difficulty level of each activity
increases while the trainee progresses to higher levels.

The prototype consists of six short activities (below 5 minutes in duration) to improve children’s
‘WM components such as numbers, Letters, Faces, Map, and Hidden Objects, compass, as shown in
Table 2.

Points, presented as golden stars, were embedded to enhance children’s enjoyment. The trainee could
get a gold star if he achieved a correct response (level). The trainee should earn at least a score of
>80% (which is equal to around 24/30 golden stars in the 6 activities) to get the treasure.

Each activity involves five levels. The level of difficulty increases as the child progresses from the
first to the fifth level.

Minimize text input and rely on spoken (e.g., providing
a narration option) and visual inputs (e.g., using a
visual password).

A visual password was used to minimize the text input and the reading overload. The password
consists of a group of 9 images. The user can select three images to form his own password. In order
to enhance accessibility, a narration option was provided to turn all the icons, buttons, and main
elements readable while doing mouse hover.

Present a summarizing report regarding the trainee’s
achievement by the end of each activity and every
session or set of activities.

A concise report regarding the user’s achievement is shown after each activity, and a final report at
the end of each training session was provided to help the child celebrate with getting the treasure (if
the child combats the pirate).

Badges icon was used on the home page, as a reward, to the one who got the treasure, either the child
or the pirate.

Highlight the most important elements, such as the
options chosen by the users.

‘When a set of buttons were read, images were highlighted to attract the children’s attention.

Proposed user guidelines

Allow the user to be in control of the application via
support elements, self-pace progression, navigation.

The user can choose the application’s language (Arabic or English), select any activity/game, get
immediate help throughout the application, and progress in self-paced activities.

The application provides constructive feedback
(positive in tone and short) on a user’s actions for
correct and incorrect answers.

Constructive feedback (audio) for both correct responses (e.g., “excellent”, “good work”, “well
done™), and incorrect ones (e.g. “You can get it next time”, “keep trying”, and “you tried very hard”)
can also be included.

Provide the users with help (either auditory or visual)
whenever they need it throughout the application.

A virtual assistant (a parrot) was provided to help the users throughout the application and presents
an emulated example prior to each activity.

The application should be intrinsically motivating, such
as being in the form of a contest between the child and
a virtual competitor.

The application is designed in the form of a contest between the trainee and the virtual competitor
(the pirate). The user plays against the pirate to win the treasure via correct responses. Therefore, the
goal is to beat the pirate and get the treasure at every session (daily internal competition).
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Table 2. The prototype’s activities

Activity Description Interface Targeted WM component
& task’s type
Faces A pirate face is shown to the child. The Visuospatial component

&
(Pattern recognition)

child should memorize it before some of
its features are being hidden then he will
be asked to choose the right features to
complete the face of the pirate.

Map A group of treasure chests will appear on
a map. The child should memorize their
locations before being hidden, and then he
should click on the locations correctly.

Visuospatial component

&

(Remembering the location
and order of objects)

Hidden A set of images hanging on a rope will P-- . | Visuospatial and central

Objects appear in a particular order. The child should 3"%« M executive component
memorize them before being hidden and W_“L &
swapped. The child then should select them | (Recalling a sequence of
correctly. objects)

Numbers | A set of numbers will be heard by the child. Phonological loop (verbal)
He should memorize them, then select them component
in order (from the smallest to the biggest) &

(Object sorting)

Letters The trainee should hear and memorize a | o — Phonological loop (verbal)
group of letters then select them in reverse and central executive
order. : component

&
(Backward object verbal
recall)

Compass | The trainee should memorize one of the four Phonological loop (verbal)
directions he heard, and then he will see a and central executive
compass. He will be asked to choose (Yes, or component
No) according to if the direction matches the &
compass or not and then he should click on (Verbal recall and
that direction he has just heard as it will be comparison)

shown on the screen.

usability of the final application for children with LDs. Twelve experts participated in the evaluation
process via an online survey. The survey consisted of 24 questions based on the 15 guidelines with
responses on the standard 5-point Likert scale (Strongly Disagree= 1 credit, Disagree= 2 credits,
Neutral = 3 credits, Agree= 4 credits, Strongly Agree= 5 credits) along with free-text responses.
The respondents were provided with a link to the interactive prototype and were asked to review the
designed prototype against the guidelines to identify to what extent the designed prototype structure
was suitable for the target users.

The reviewer’s suggestions and amendments were taken into consideration while developing the
application in the second iteration.
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2.3.2 Second lteration

2.3.2.1 Development of the application and testing its usability.

The training application was developed as a web-based application consisting of six fully functional
activities to train different WM components based on the designed interactive prototype and its
evaluation outcomes. After finishing the development process of the application, it becomes accessible
for both the trainer and the target users using the following URL (http://www.wm-app.net/welcome.
aspx).

Abdou & Jasimuddin (2020) demonstrated that there is a positive relationship between the degree
of ease associated with the use of the developed technology and the behavioral intention to use that
technology. Therefore, in this paper, the researchers developed usability testing to ensure that the
developed application is easy to use and functional. The usability user test seeks to measure the three
usability components: the capability of the child to finish a task completely (effectiveness), smoothly
(efficiency), and enjoyably (the level of user satisfaction). Nielsen (2012) revealed that ““a usability
test carried out by only five users will find out 85% of the usability problems”. Hence, a group of five
children aged 8-9 years, having LDs, participated in the usability testing of the developed application.

The researchers prepared two observation checklists covering a set of tasks (for the login and
logout and for playing the application activities/games) to assess the effectiveness and the efficiency
within the application. The level of satisfaction was measured using a questionnaire applied to children
after they finished playing the application.

The average of the three usability components: the effectiveness, efficiency, and satisfaction
rates, were calculated to measure the overall usability.

The results showed a set of usability issues that were tackled before implementing the developed
application.

2.3.2.2 Implementation of the developed application.

Targeting at the adopted WM model (Baddeley, 2000), WM training takes place for 20 days in a
4 to 7-week period with sessions of approximately 30 - 45 min per day (Wong et al., 2014). In the
present study, each trainee in the experimental group (12 out of 16 children) took part in daily training,
lasting from 20 to 35 minutes a day, 5 days a week from the 11" of April to the 16™ of May (roughly
5 weeks) - a total of 27 sessions. Each child also participated in the process of evaluation prior to,
through, and after the training. The training occurs at a computer lab in one of the primary schools
in Egypt where there is internet access. The procedures of the study were approved by the Ethical
Committee of Fayoum University-Egypt with written consent from the parents, and the children
participated voluntarily.

2.3.2.3 Evaluating the Perceived Experience (UX) & WM Performance

A usability survey (qualitative and quantitative) and an unstructured observation (qualitative) was
employed to assess the trainee’s perceived experience while engaging with the application over a
training period of five weeks:

Usability Survey
The usability survey (closed and open-ended) assesses the trainees’ experience generally with the
application, particularly with the embedded game elements from the end users’ perspective.

Closed-Ended Questionnaire

This part of the questionnaire initially consisted of 16 items (closed-ended) created by the researcher
in the light of the suggested guidelines for developing the current application (see Table 1), and the
examples given in the studies of (Nielsen, 2000; Seo & Woo, 2010). The trainees (one-to-one) were
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required to rate the questions on a standard 3-point Likert scale (1= Disagree, 2= Neutral, 3= Agree),
or they could choose one of 3 smiley faces.

Interview-Based Questionnaire

This part covered 5 items (open-ended) developed by the researcher in light of the examples shown in
(Seo & Woo, 2010) usability study. In the interview, all the trainees were inquired, on an individual
basis, three questions regarding their perceived experience with the developed application such as
“what games do you like to play? And Why?”, “what are the games you do not like to play? And
Why?”, and ““What do you like most about the treasure application?”. Additionally, 2 extra questions
about their preferred alterations and suggestions about the application were given. Finally, a good
opportunity was given to the trainees to talk about their replies and recommendations regarding the
application with the researchers.

Unstructured Observation

The unstructured observation method was used to observe how every child engaged with the application
to evaluate the perceived experience. Over the training period, all the trainees were observed and
monitored to assess and identify the activities they liked to play and opted to begin the sessions with;
the activities they did not like and deferred playing until last; the children’s responses and reactions
on different aspects of the application; and their enthusiasm or hesitancy to complete the training.
The competition between the trainees and the pirate (virtual competitor), and their feeling (positive/
negative) regarding the application were also observed and documented. Finally, the trainer created
a report about every child by the end of the training.

2.3.2.4 Evaluating working memory performance:

The verbal and non-verbal working memory tests of the Stanford-Binet Intelligence Scale (Fifth
Edition) were applied before and after the training period (as pre and post-tests) to assess the children’s
working memory performance before and after the training.

3. THE RESULTS

The results of evaluating the interactive prototype, usability user testing, evaluation of the entire
perceived experience with the application, and the WM performance will be discussed.

3.1 Expert Review/Heuristic Evaluation of the Prototype

The survey showed a high-reliability degree, with an Alpha Cronbach score of 0.873, which suggests
that the survey is consistent and stable in assessing the application prototype.

Reviewers generally agreed that the application prototype met the suggested guidelines, at 84.6%.
The responses produced a mean value (M) of 4.23 out of 5 with a standard deviation (SD) of 0.92
for all survey items.

In detail, the reviewers strongly agreed that the prototype application supported the users with the
required help and feedback at any anytime throughout the prototype, and the user can easily navigate
the throughout prototype. Furthermore, the reviewers strongly agreed that the prototype graphics are
appealing, the prototype’s elements are consistent, simple, readable, and familiar for users.

Additionally, the reviewers provided a set of qualitative feedback that will contribute to
improvements in the final application:

“The letters activity should be simpler (the letters are too much).”
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Therefore, the letters displayed in the aquarium will be reduced from 9 to 6 letters (see Figure
2(A)).

“Presenting images in the Hidden Objects activity needs to be visualized to facilitate remembering it.”

Therefore, the presentation of images in the Hidden Objects activity will be changed in the final
application such that instead of the images being hidden, they will be presented side by side with the
required image highlighted (see Figure 2(B)).

“Use fewer colors and fewer details in the picture on the interface page.”

Therefore, the images and icons were revised and simplified to reduce extraneous visual
information (e.g. see Figure 2(C), Figure 2(D)).

How can you ensure that the trainees have the same training chances (limit the frequency of every
game per day and the whole training)?

Therefore, the final application will have a login through a visual password at the beginning to
control the daily access. Additionally, it will be disabled for 12 hours on completion of each activity
(see Figure 2(E)).

Figure 2. Improvements in the final application

O s -':i"'

0
A) Letters game before and after.

E) Visual password and disabled games icon. F) Activity report with tume before and after,

“What about the time of every session? I did not find a clock for getting me aware of time”.
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Therefore, the addition of a time counter may increase anxiety; therefore, the progression in all
games is self-paced. However, in the final application, the activity report will indicate how long the
child has spent playing the activity to encourage them to complete it faster on subsequent attempts
(see Figure 2(F)).

“I think the compass activity needs more revision, some students with LDs can be easily confused
in detecting directions, and this may explain their wrong responses more than working memory”.

Therefore, pre-training about directions will be provided to familiarize the child through a
simulation at the beginning of the compass activity, which can also be accessed at any point during
the activity (through the interactive helper — the parrot).

Finally, the reviewers acknowledge that “the prototype application has been designed in an age-
appropriate manner’’; and “the prototype provides a clear mental image about the final application”.

3.2 Usability User Testing

After developing the training application, the data collected from applying the usability user test was
analyzed to calculate the overall usability of the application, as follows:

Effectiveness:

Table 3. The results of analyzing the effectiveness, efficiency, and satisfaction.

Effectiveness (12 items) Efficiency (14 items) Satisfaction (5 items)
Success Partial success failure Success S‘cl:;:; failure Agree Neutral | Disagree
Child 1 8 4 0 13 1 0 5 0 0
Child 2 9 3 0 8 4 2 5 0 0
Child 3 8 3 1 9 3 2 5 0 0
Child 4 11 1 0 11 3 0 5 0 0
Child 5 10 2 0 12 1 1 5 0 0
Subtotal 46 13 1 53 12 5 25x3=175 0 0

The observation checklist of the effectiveness consists of 12 items with 5 attempts per item, totaling
60 items attempts, as shown in Table 3. The successful task will be given one credit, the partially
successful task will be given a half credit, and the unsuccessful task will be given zero credit.
Therefore, the overall effectiveness rating of the application was calculated based on the following
equation (Ismail et al., 2011):

Effectiveness (%) = (Success + (Partial success x 0.5)) / Total x 100% = (46 + (13 x 0.5)) /60
x 100% = 87.5%

This means that usability testing with children has shown that the target users can use the
developed application effectively at 87.5%.

Efficiency:

Similarly, the overall efficiency rating of the application was calculated based on the following
equation.
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Efficiency (%) = (Success + (Partial success x 0.5)) / Total x 100% = ((53+ (12 x 0.5)) / 70 x
100% = 84.3%

This means that usability testing with children has confirmed that the target users can smoothly
play the application’s activities at 84.4%.

Satisfaction:

The satisfaction questionnaire consists of 5 items. The items and answers are structured using a
3-point Likert scale (Disagree=1 credit, Neutral =2 credits, Agree=3 credits). Therefore, the overall
satisfaction for the application was calculated based on the following equation:

Satisfaction (%) = Answer Point / Total Point x 100% = 75/75 x 100% = 100%.

This means that all the children felt satisfied with the developed application and enjoyed playing
its activities.

Generally, the overall usability of the application was measured by calculating the average of
the three usability components based on the following equation:

Usability (%) = (Effectiveness + Efficiency + Satisfaction)/3 x 100% = (87.5+ 84.3+ 100) /3
x 100% = 90.6%.

Hence, the children did manage to finish the application’s activities completely, smoothly, and
enjoyably, at 90.6%.

Furthermore, a set of usability issues was identified and then solved. For example, the children
could not understand the sign-up button, found the images of the faces’ parts in the Faces activity
small in size, and the narrating option distracted them.

The usability issues were fixed, and the application has become ready to be applied on a sample
of children to assess the perceived experience during the training period and their WM performance.

3.3 Evaluating the children’s Perceived Experience (UX)

The usability survey and the unstructured observation were utilized to assess the children’s perceived
experience during the training period:

3.3.1 Usability survey

The closed & open-ended usability survey was employed to evaluate the children’s experience
following engaging with the application:

Regarding the validation and reliability of the closed-ended usability survey, the survey’s content
was validated by a set of professionals in educational technology and HCI (4 researchers). 5 out of
16 items were deleted, and two items were reworded to be understandable for children. By using
the psych package in R (Revelle, 2020), the survey achieved a substantial reliability degree with a
Cronbach’s alpha(a): 0.91 and Omega Polychoric covariance matrix: 0.95, which suggests that the
closed-ended survey is consistent and acceptable in assessing the children’s perceived experience
with the developed application.

As detailed in Table 4, the results of applying the closed-end survey indicated that most children
(86.5%) had a good experience with the training application, as compared to just 5% who did not
have that.

Concerning the application’s design, more than 90% of children reported that the navigation
across the application was easy, and the application is visually appealing. Similarly, most children
reported that their friends would like to play this application and use three images as a password to
log in to the application. This means that using a visual password was helpful because it mitigated
the burden of creating and memorizing text passwords.

Regarding the application’s activities, most children enjoyed playing the activities, and they
liked the story of the application as a contest to get the treasure. This suggests that employing the
meaningful story (treasure hunt), in the form of a contest with the virtual competitor (the pirate), as a
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Table 4. The children’s responses on the close-ended Usability Questionnaire

| ®,
* o
P =
N Items . - Mean SD
Disagree Neutral (2)
eutra
@)
Agree (3)
Designing the application
The games page
| l(homc page) 8% 0% 92% 2.83 0.58
interface is easy to
navigate

The treasure
2 application is 0% 8% 92% 2.92 0.29
visually appealing

I think my friends
would like to play

3 X I 8% 8% 83% 2.75 0.62
this application’s
games
Using three images

4 | asapasswordeased 8% 8% 83% 275 0.62
to log in to the
application
It was easy to

5 learn to use the 8% 25% 67% 2.58 0.67
application

Application’s Activities

6 | [enioyplaying the 0% 8% 9% 292 0.29
games
1 like the story of

7 the application as 0% 8% 929 292 0.29

a contest to get the
treasure

The games were
8 too hard to play 83% 8% 8% 2.75 0.62
(negative item).

Feedback and Instructions

The training video,
before each game,
helped me how to
play the games.

0% 8% 92% 292 0.29

1 think the parrot’s
10 voice is clear and 0% 8% 92% 292 0.29
friendly.

Positive feedback
such as excellent,
11 good work... 17% 0% 83% 2.67 0.78
motivated me to
keep playing

game element motivated the trainees to engage in the training. On the other side, only 8% of children
stated that it was too hard to play the application’s activities.

In terms of the feedback and instructions, more than 90% of children agreed that the training
video before each activity was helpful, and the parrot voice was friendly and clear. This indicates
good design with an appropriate gamification element (e.g., virtual helper) can be beneficial for
those children, and provide them with instant support during the learning process could be helpful.
Similarly, more than 80% of children reported that the positive feedback provided throughout the
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training helped them to keep playing the application’s activities. This goes in line with the results
of Farr & Lind (2019), which indicated that the continuity of the employees’ intention to work is
expected to boost by increasing the motivating language.

These results taken together indicate that the training application is developed with relevant
support, is well-designed and appropriate to train, motivate and engage those children.

Regarding the content validity of the Interview-Based questionnaire, only a question: “what are
the most attractive features in the treasure application?” was reworded to “what games do you like
to play? Why?

The interview-based questionnaire was conducted, and the responses were analyzed to assess
the children’s perceived experience over the five-week training period as follow:

The interview-based questionnaire was transcribed and then analyzed using the thematic analysis
research method (using Nvivo 12). In total, 133 codes were applied to data under four global themes
to summarize the five questions of the interview. The Four global themes are preferred activities, un-
preferred activities, the best thing about the application, and suggestions for improving the application.

In terms of the preferred activities, as shown in Figure 3, it is obvious that all the children (100%)
liked the Numbers activity the most. More than three-quarters of children reported that they like the
Compass, Map, Tools, and Faces activities. By contrast, only 40% of children liked the Letters activity.

Regarding the un-preferred activities, more than half of the children did not like the Letters
activity, 17% did not like the Faces and the Tools activities, and only 8% did not prefer both the Map
and Compass activities.

The children reported that the most encouraging aspect was their trials to get the treasure. Finally,
they suggested that the Letters activity must be modified to be easier to play and proposed 3 solutions;
reducing the number of letters needed to be remembered and recalled or recalling the letters in order
instead of reverse order or swapping the letters with numbers.

3.3.2 Unstructured observation

The unstructured observation method was employed to assess the children’s engagement and hence,
the user-perceived experience over the training period (5 weeks).

The unstructured observation was transcribed and then analyzed using the thematic analysis
research method (using the Nvivo 12). In total, 99 codes were applied to data under three global
themes to summarize the unstructured observation report. The three global themes are activities found
to be easy, activities found too difficult, and strategies.

As shown in Figure 4, it is obvious that all the children (100%) played the Map and Compass
activities easily, 92% and 75% of children played the Faces and Numbers activities smoothly, and
nearly 70% of children found the Tools activity was easy to be played. This is because the children
considered themselves in a contest with the pirate, which encouraged them to play hard to get the
treasure.

Conversely, all the children struggled to play the Letters activity, particularly the higher levels,
because they failed to repeat the letters in reverse order, some of them used to recall the letters in
order, and some of them could lose their patience while listening to the letters. It was also noticed
that narrating the letters distracted some children during playing. Similarly, 33% of children found
difficulties in playing Tools activity because they were found to be impulsive during memorizing
the places of images, particularly while playing the higher levels.

At the beginning of the training, 25% of children found it difficult to play the Numbers activity
because they struggled to differentiate between the smallest and the biggest numbers or put them in
order. Therefore, they were supported by watching some tutorial videos on how to sort numbers in
order during the training period. Similarly, one of the children could not identify the directions of the
Compass activity, so the child was advised to watch some embedded training videos (the simulated
examples prior to each activity).
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Figure 3. The results of analyzing the interview.
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Figure 4. The results of analyzing the observation.
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Hence, it is recommended that those particular learning groups be provided with a quiet learning
environment. At least, minimizing the background noise is favorable to avoid distraction easily.

3.4 Evaluating the Children’s WM Performance

In order to evaluate the impact of the training application on improving the children’s WM performance,
the verbal and non-verbal WM tests of the Stanford-Binet Intelligence Scale (Fifth Edition) as a
standardized test were applied before and after the training period. The Wilcoxon Signed-Rank Test
revealed that the engagement with the developed application produced a statistically significant
improvement in the verbal (Z=3.074, p <0.05) and non-verbal (Z=3.106, p <0.05) WM performance
of children with LDs with a medium effect size (0.63).

Similarly, the results of the verbal and non-verbal WM tests of the Stanford-Binet Intelligence
Scale were also compared, as shown in Figure 5. Obviously, all the children’s verbal and non-verbal
WM performance was improved after engaging in the training period, and this improvement was
better in verbal than non-verbal WM performance. This can be illustrated by the improvements in both
verbal and non-verbal WM capacity due to the nature of the developed application, which encompasses
six activities targeting the different components of the WM. Another explanation could be that most
of the experimental group have problems in the phonological loop (one component of the working
memory), evidenced by their lower verbal WM pre-test scores as compared to the non-verbal scores
as well as some studies, such as Maehler and Schuchardt (2016), revealed that children diagnosed
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Figure 5. The children’s verbal & non-verbal WM performance before and after the training.
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with dyslexia show deficits in phonological processing and storage. Swanson & Berninger (1996)
indicated that children with all types of LDs exhibit poor WM performance, particularly in verbal
and executive WM. Therefore, by training, the improvement was better in the verbal WM capacity,
which is the weakest aspect of the WM of the experimental sample group.

4. CONCLUSION

The current study employed the DBR approach to design, develop, evaluate, and improve a cognitive
training application for children with LDs. The DBR’s framework consists of two design iterations. In
the first iteration, an interactive prototype was designed, in light of a set of 15 guidelines suggested
by the researchers, after addressing the characteristics of the target users and reviewing some learning
theories. The prototype involved 6 activities to training different WM components and was evaluated
by 12 experts. The results of the expert review revealed that the guidelines are consistently applied at
84.6%, and a set of amendments was performed to improve the usability of the developing application.

In the second iteration, the prototype was developed into a full application and its usability testing
was performed on five children with LDs to explore any usability issues before implementing the
application on the experimental group. The usability user testing results revealed that the children
managed to finish the application’s activities completely, smoothly, and enjoyably, at 90.6%. The
application was applied to a sample of 16 children with LDs continuously to assess the entire perceived
experience during the training and evaluate their WM performance after the training. The children’s
verbal and no-verbal WM performance was improved significantly after the training period, and most
of the children (86.5%) had a good experience with the application. However, some children had some
difficulties while playing the Letters and the Numbers activities. Consequently, some suggestions
were outlined to tackle those difficulties.

Furthermore, this study presents a free bilingual application to train the WM capacity of children
with LDs, which could aid many families who cannot bear the costs’ burden of the WM commercial
applications. The case study was focused on the Arabic culture. However, the lessons learned can
be transferrable to children with learning disabilities of different ethnic backgrounds. Our work is
suitable and making research contributions to the community, since we provide a framework with
clear guidelines, case studies and a summary of recommendations.

Finally, the evaluation outcomes could also help other developers and designers wishing to
develop more engaging cognitive applications, as follows.

e  The current study recommends adopting the DBR to systematically develop effective cognitive
training applications for children with LDs because it enables the designer to identify and tackle
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usability problems. Therefore, the DBR framework presented in this study can be used as a guide
for designing and developing such applications, particularly this framework includes a set of
practical guidelines.

During designing the applications for children with LDs, the designers should carefully choose
the appropriate game elements not to tax the WM capacity or negatively influence the trainee’s
performance. For example, the designer can choose a meaningful story to keep all activities inter-
related, and as a result, motivate the children, as well as embedding an internal competition (virtual
competitor, acts as an intrinsic motivator) is highly recommended to maintain an appropriate level
of motivation and competition compared to using the external competition with other players
who cause anxiety and consequently increase the cognitive load level.

It is recommended that while designing verbal activities to use numbers rather than letters because
letters are difficult to be memorized particularly in reverse order.

Based on the results of the unstructured observation, those children could be supported via some
strategies, in the form of a tutorial video, to encourage them to find their own way (strategy)
to enhance their performance during training. For example, using their hands with each finger
representing one item to memorize a set of items or repeating those items can be used to repeat
the items in the form of a rhythm, etc. These strategies could be transferred to their daily learning
situations. These observations go in line with using external- memory tools such as a physical
scratchpad to help children overcome their working memory limits (Budiu, 2018).

To conclude, the cognitive training applications designed specifically for children with LDs have

to consider their needs and characteristics and should be designed based on practice guidelines to
engage the children, improve their perceived UX, and enhance their WM performance.

Future Research

The developed application can be applied to a bigger sample group of children with LDs to examine
further the effect of the application on improving the WM performance and assess if the effect of the
training on this application can be transferred to other cognitive abilities.
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