WordMelodies: Supporting the Acquisition of Literacy Skills by
Children with Visual Impairment through a Mobile App

DRAGAN AHMETOVIC, Universita degli Studi di Milano,

CRISTIAN BERNAREGGI, Universita degli Studi di Milano,

BARBARA LEPORINI, Istituto di Scienza e Tecnologie dell'Informazione, CNR,
SERGIO MASCETTI, Universita degli Studi di Milano,

WordMelodies is a mobile app that aims to support inclusive teaching of literacy skills for primary school students. Thus it
was designed to be accessible both visually and through screen reader, and it includes over 80 different types of exercises for
practicing literacy skills, each with adjustable difficulty levels, in Italian and in English. WordMelodies is freely available for
i0S and Android devices. However, it has not been previously evaluated with children having visual impairments. Thus, in
this paper, we evaluate the app usability, its perceived ease of use, appreciation and children’s autonomy while using it, as
well as the characteristics of the end users. To achieve this, we conducted a user study with 11 primary school students with
visual impairments, and we analyzed app usage logs collected from 408 users in over one year from the app publication. We
show that app usability is high, and most exercises can be completed autonomously. The exercises are also perceived to be
easy to perform, and they are appreciated by the participants. Finally, we provide insights on how to address the identified
app limitations and propose future research directions.
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1 INTRODUCTION

Primary school teaching materials, both print-based (e.g., textbooks) and digital (e.g., educational apps), often use
graphical content as a means to engage very young students. Additionally, illustrations are also used to convey
complex concepts, for example in geometry or mathematics [6]. The illustrations also provide the bridge between
listening and early reading behavior [39], and therefore they are also invaluable for the early formation of literacy
and phonemic skills.

However, such materials ‘may not be accessible for children with severe visual impairments or blindness
(VIB) [27]. For these children, the lack of adequate teaching materials is a critical limitation for the development
of literacy skills [12, 22]. While accessible alternatives, such as braille books [18] or tactile drawings [39], exist,
these have a number of limitations. They are difficult to design and produce, they are commonly available only in
special education settings [17], but rarely present among the resources of inclusive classes [47], and they are not
inclusive to sighted students, which may contribute to social exclusion of students with VIB [57].
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To address these issues, we present WordMelodies [2, 43], a mobile application to support children in the
acquisition of basic literacy skills. The app was designed to be inclusive for children with and without VIB,
thus promoting interaction between them. WordMelodies also supports children in exercising basic touchscreen
interactions on mobile devices, thus promoting digital literacy as well.

The app design involved teachers of children with visual impairments and accessibility specialists, through
multiple, user-driven iterations, with a universal design approach [60]. Currently, it features over 80 different,
language-specific exercises, in English and Italian languages, with 5 unique exercise families, each with a different
interaction modality. WordMelodies was developed as a cross-platform software, and it was published for free
on mobile app stores for both Android! and iOS platforms?. The app was publicised through associations of
people with VIB, during classes with children with VIB, and through blogs for accessible learning for people with
VIB [21].

We previously presented a preliminary evaluation conducted with adults with visual impairments to assess app
usability and accessibility [2]. Study results unveiled that the app is indeed accessible and usable by people with
VIB. After the publication we also initiated anonymous remote collection of app usage data, aiming to investigate
how end users interact with the system.

1.1 New Contributions

This paper extends our prior work [2], presented at the 18th International Web For All Conference, with two
additional key contributions:

e Our conference paper presented a limited user study with 4 adults with visual impairments, aimed only
at assessing the app accessibility and usability. In this extension we present the results of a user study
conducted with 11 children with VIB that used WordMelodies under the supervision of an educator. The
focus of the study is to evaluate the usability of the system perceived by children, and to assess whether the
five proposed exercise families are perceived by the educators to be easy to use, appreciated and suitable
for autonomous usage by the children.

e During our prior work we initiated remote collection of usage data from end users, reporting only basic
statistics on the first month of the collected data. After over a year of collecting data, we analyze it to
improve our understanding of: a) the adoption of the system, considering user language, the device used,
and screen reader usage b) exercise usage, in particular considering usage frequency, error frequency and
distribution by types of exercises, user language, and screen reader usage.

Results of our user study show that WordMelodies is perceived to be highly usable by the children, with an
average System Usability Scale (SUS) [36, 53] score of 79. Most participants were also able to complete the
exercises without assistance, including exercises based on the drag&drop interaction. This is notable because
this form of interaction is known to be particularly challenging for users with VIB [34]. Since the drag&drop
interaction was particularly successful we provide some details on how we designed it.

Most exercises were considered easy to use and were appreciated by the participants. However, exercises
involving the selection of multiple elements in a table were perceived to be more difficult to perform autonomously.
Indeed, 6 participants had to be assisted and one did not manage to complete these exercises at all. The difficulties
with table exercises might be associated to the high number of elements that need to be explored, and the need to
keep track of those elements that have been selected.

Through remote logging, we collected usage data from 408 users. The participants had an explorative behavior,
accessing many exercises before choosing the one to solve. This indicates that the exercise selection interaction
should be modified to make it easy for the users to find the intended exercise. Another finding is that Italian

Ihttps://play.google.com/store/apps/details?id=com.wordmelodies
Zhttps://apps.apple.com/it/app/id1495831516
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users also tried exercises in English, showing that the app could be useful for learning foreign language literacy.
Language-specific exercises were also among the most commonly used ones, indicating that correct localization
and internationalization of exercises is a top priority. Errors in exercises were uneven, indicating that some
exercises might require more training to develop the associated literacy and interaction skills.

2 RELATED WORK
2.1 Development of Literacy Skills in Sighted Students and Students with VIB

Primary school teaching materials for developing literacy skills often rely on illustrations and visual cues [65]
because visual reminders support the early formation of literacy and phonemic skills [39]. Thus, similar learning
activities are invaluable to engage students and to support the understanding of more complex concepts [11, 66].
Moreover, in the last decades, there has been extraordinary growth in the use of animations and multimedia
[15, 32, 49] to teach literacy skills.

In recent years, an increasing number of mobile device applications have been proposed for teaching basic
literacy skills through gamification [10, 26]. Such solutions have been adopted in primary school programs
as well as in homework activities to foster emergent literacy skills [5, 50]. Indeed, research findings indicate
that preschoolers and students in early classes of primary school show significantly higher basic literacy skills
(e.g., letter name and sound knowledge, print concepts, name writing skills) after hours of exposure to similar
edutainment games [26].

Prior literature suggests that similar sensory and interactive strategies are needed also for children with VIB to
support the development of oral language and literacy [12, 22]. Indeed, while family support can to some degree
improve the literacy skills in children with VIB [14], prior works suggest that first hand experience with literacy
exercises is needed for promoting literacy among children with VIB [61]. However, visual-based educational
strategies and technologies, adopted to teach literacy to sighted young students, are not accessible without sight.
Thus, they are not adequate to engage and teach the same concepts to students with severe VIB [16, 27].

2.2 Education Materials for Students with VIB

Printed teaching materials, and in particular those that use illustrations, are not accessible to students with
severe VIB [19]. For these students, accessible solutions, such as Braille books or tactile drawings, are often
used [18]. These solutions are an effective support for teaching activities aimed at children with severe VIB [17].
However, such instruments are rarely available outside special education classes [47]. Typically, tactile materials
are also difficult to produce since illustrations are complex to render non-visually [19]. Therefore they are seldom
available for children with severe VIB [17, 27]. Furthermore, tactile materials cannot be modified once created
and their interactivity is limited. Additionally, tactile materials are commonly designed solely for the support of
people with VIB, without considering the inclusiveness and collaboration with other children [63], which can
potentially lead to social exclusion [57].

Similarly to printed materials, digital teaching materials also use visual interactions, animations and drawings
to stimulate learning, which often makes them inaccessible to students with severe VIB [54, 58]. To address this
issue, approaches using haptic devices to access graph data have been investigated [9, 67]. However, these devices
are uncommon and haptic representations need to be specifically designed. Approaches based on touchscreen
interactions on mobile devices have also been proposed. These solutions can convey spatial information through
the proprioceptive exploration of the touchscreen surface [41]. They have been used to convey mathematical
concepts [24], learn simple shapes [3, 42] or visualize graph data [51]. Such approaches are convenient because
commodity devices can be used, they are highly interactive, and they are also inclusive since visual representations
can be associated to non-visual touchscreen exploration.
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Tactile materials, augmented with digital interactions to increase their interactivity, have also been investigated.
One possible solution are 3D printed models embedding touch sensors [55]. Other approaches detect interaction
using computer vision detection through external devices [56]. These solutions, however, are complex to design
and produce. Approaches using tactile overlays for touchscreen devices [33, 46] mitigate the production costs
required for 3d printed models. They are more inclusive as visual touchscreen access is still possible, and overlays
can be easily swapped. However, the overlays still need to be carefully designed and printed.

2.3 Education Materials for Developing Literacy Skills in Students with VIB

Prior literature stresses the importance of using adequate materials to support emergent literacy in children
with VIB [28, 61]. However, only few works propose education materials for this goal [16]. An exploratory study
reports positive effects of tactile illustrations on storybook comprehension by children with VIB [8]. One prior
work [61] describes a specific program developed by the American Printing House for the Blind which includes a
handbook and 27 tactile-visual read-aloud story books. Others propose design and usage guidelines for tactile
materials, indicating advantages in supporting emergent literacy skills for children with VIB [31, 39, 44].

To date, very few digital solutions support emergent literacy in children with VIB. The lack of accessible
digital teaching materials is particularly relevant in situations that require remote teaching, without being
able to use materials available in class, as during the school lock-down due to the COVID-19 pandemic [38].
Considering mobile applications, most of those available for children with VIB are designed to teach basic Braille
literacy: Exploring Braille with Madilyn and Ruff [62], Braille Buzz [4], and Braille Sheets [52]. Even though
these applications support Braille literacy, they are limited in scope. Exploring Braille with Madilyn and Ruff and
BrailleBuzz are specifically designed for early-stage braille learning, and in particular they teach how to identify
and produce single Braille letters. Braille Sheets can be used with pre-printed Braille sheets superimposed on an
iPad touchscreen. This solution is limited due to the type of interaction with the pre-printed braille sheets, which
does not allow the student to interact with the iPad in the same way that their sighted peers are interacting with
literacy games (e.g., literacy exercises based on drag&drop, complete the word with missing letters, unscramble
words, delete the wrong letter, and so on).

3 SYSTEM DEVELOPMENT

The idea behind WordMelodies was suggested by a teacher for children with VIB from USA who reported that there
is a lack of accessible apps to practice literacy skills for primary school children. Guided by this observation, the
research team started the app development with an iterative design process. The design involved two iterations
with educators for children with VIB, accessibility experts, and researchers. In the following we report the main
design principles, identified after the two iterations, the strategies adopted to implement these principles, and the
key characteristics of the final app. Additional details on each iteration can be found in our previous paper [2].

3.1 Problem Analysis

We first aimed to identify which exercises could be more effective in supporting the learning of children with
VIB. For this, we created a list of 56 possible exercises®, defined based on current teaching standards [13, 29, 45],
existing educational apps (most of which were inaccessible), and informal interviews with three domain experts:
the same teacher who reported the problem, a congenitally blind expert in assistive technologies (a co-author of
this paper), and a primary school teacher from Italy.

After creating the list of the potential exercises, we presented each exercise to two of the domain experts, also
providing an example of how children with VIB could interact with the app while performing the exercise. Then,
we asked the experts to specify, for each presented exercise, a subjective evaluation of the exercise usefulness,

3https://wmel.netlify.app/
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and optionally to provide additional comments. The results of this formative activity were used, in the following
development phases, to select which exercises to implement within the app. Informal interviews with the
two domain experts were also conducted to elicit key design principles that were then used to guide the app
engineering and implementation.

The design principles that were identified are:

o Inclusiveness. The app should be usable by both sighted children and children with VIB.

e Entertainment. To engage and keep the children interested the app should be entertaining.

e Independence. Children should be able to use the app also without supervision by adults.

e Consistency. Interactions and interfaces should be consistent among different exercises. For example,
interactive elements having the same functionality should have the same colors and positions in all the
screens. The interactive elements should possibly be close to the screen corners.

e Beyond tap. Interviews with the domain experts highlighted that the app should help children to exercise
common yet complex interaction gestures, like drag&drop. This is the opposite of the “simple gesture”
principle adopted in similar applications [1, 24].

o Scalability. New exercises should be easy to create.

e Multi-platform. To reach all potential users, the application should be available for all mobile systems
(i0S and Android) and device form factors (smartphones and tablets).

3.2 Design

To implement the outlined design principles, WordMelodies adopts a number of strategies, the most important
being the following*:

(1) To enable inclusive and entertaining interactions WordMelodies adopts specific design principles
to support visual access, as well as the accessibility by people with low vision and screen-reader users.
Specifically, to support access by people with low vision, WordMelodies uses large text, high contrast
visual elements, and consistent color coding. Furthermore, system accessibility services, such as zoom
and negative color filter can also be used. To support inclusive access to blind people, people with low
vision, and sighted people, WordMelodies uses audio-icons [23], interface elements which combine visual
and auditory aspects and interactions. Indeed, all interactive elements are accessible by hearing and sight.
Consider the example in Figure 1(a): upon touching the picture of the lion, the audio of its roar is played.
Then, when the child slides the finger among the letters on the touchscreen, if the screen reader is active, it
reads each letter and a corresponding word to support the comprehension of the letter (e.g., “I for ice”).

(2) To support children in learning and exercising common touchscreen interactions WordMelodies
defines 5 exercise families, each requiring a different interaction. The way to interact with each exercise
is explained through a tutorial that can be accessed from the exercise itself. Furthermore, carefully designed
verbal messages are provided during the interaction explaining each step of it. The five exercise families
are presented in detail in following section.

(3) To ease scalability and consistency, the five exercise families can be used as a template to create many
different exercises having a common interaction mode. For example “select the antonym” (see Figure 1(d))
and “select the rhyme” are different exercise types in the same family. With this approach, different
educational goals can be pursued with the same interaction, hence increasing consistency. This approach
also eases scalability. Indeed exercise families are implemented so that exercises for each family are defined
in a static file. Hence, adding new exercises within the same family does not require writing additional
code, only extending the static file.

4see our previous paper [2] for the full list
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3.3 Exercise Families

Currently WordMelodies defines five exercise families (see Figure 1), with a total of 82 exercise types (46 in English
and 36 in Italian). The five exercise families are:

o drag (drag the correct element). Exercises in this family require the child to drag one or more elements to
one or more destination areas. Hints can be provided in the form of an audio-icon or a word that is read
aloud. In the example in Figure 1(a) there is an audio-icon representing a lion and the letters “L", blank
space, “O”, “N”. In the line below, there are three draggable letters “I", “E", “O". Another exercise in the
same family is “reorder the letters in the alphabet” (see Figure 2) in which there are three empty spaces and
three letters (i.e., draggable elements) to reorder.

e keyboard (write with software keyboard). In these exercises the child has to insert one or more letters
selecting them from a simplified soft keyboard. Hints can be provided in the form of an audio-icon or a
text that is read aloud. In the example of Figure 1(b) upon touching the speaker icon the text “I for ice” is
read aloud. Then, the child has to insert the right letter in the box. Another exercise in the same family
requires the child to complete a word by inserting the right letters into a list of empty boxes (e.g., to write
the “dog” word).

o baskets (drag an item to the correct basket). Exercises in this family present one element in the screen
center that should be dragged to the right target on the left or the right of the screen. The example of
Figure 1(c) shows the element “duchess” that should be dragged over the “male” or “female” targets. Another
exercise in the same family requires to distinguish between nouns and verbs.

e selection (select the correct answer). In these exercises the child has to select the correct answer from
a set of possible answers by tapping it. In the example of Figure 1(d) the child has to select which is the
antonym of “difficult” selecting among “easy”, “hard”, “joy”. Another exercise in the same family requires
the child to select the word (in a set of three) that rhymes with a given word.

o table (select multiple answers in table). In this exercise the child has to select, by tap, one or more answers
from a set of possible ones, and then press “done”. The exercise is correct if all the related elements (which
can vary in number) were selected. For example, in Figure 1(e) the child has to select all the words related
to the word “beach”. There are nine choices, five of which are related (e.g., “wave”, “sand”) , and four are
not (e.g., “giraffe”, “television”).

3.4 Drag&Drop Design

Learning and performing the Drag&Drop interaction on touchscreen via screen reader is known to be difficult
for people with VIB [34]. In this interaction the users first select the target object to move, by exploring the
touchscreen surface with the finger or by swiping left/right to sequentially traverse the available objects. Then
they perform a double tap and hold the finger on the screen to start dragging the selected element. This latter
gesture is independent from the position of the selected element on the screen. Then, the users can drag the
finger on the screen, thus moving the selected element and receiving indications of the areas traversed. However,
in the default implementation of this interaction it is not clear whether an element can be dragged, whether a
traversed area is an eligible target area, and whether the target area is already occupied.

We describe the design principles that we adopted to improve the accessibility of this type of interaction in
the drag family exercises. Note that the following design principles do not apply to the basket family exercises
as they have a much simpler interaction (e.g., there is only one draggable element and two eligible areas that
cannot be occupied). Specifically, we implemented personalized solutions for people with low vision and for
screen-reader users.

For users with low vision, we made sure that all interactive elements are clearly distinguishable. Specifically,
the draggable objects are all highlighted in ochre yellow, the target areas are painted in light grey, the starting
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(d) Select the correct answer

SELECT THE WORDS RELATED TO THE GIVEN WORD

BEACH
TELEVISION PAJAMAS SHELL
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LIFEGUARD SAND SEA

@ ___ DONE___

(e) Select multiple answers in table

Fig. 1. Examples of exercises in WordMelodies from the five different exercise families.

area of a dragged element is in dark grey, and the background is in light blue. While the ability to adapt the actual
colors to the specific users needs might be useful, we argue that the design principle of clearly distinguishing
these elements eases the interaction. For screen-reader users we carefully designed a series of voice messages to
be read during interaction (the following examples all refer to Figure 2):

o draggable objects are indicated with an hint ( e.g., “O for Orange [pause] draggable element”).

e upon starting the drag gesture, the object being dragged is repeated (e.g., “You are moving O for orange”).

o the user is informed when the dragged object enters a target area and if the target area is already occupied
(e.g., “Empty Box 17).

o the user is informed when the dragged object leaves a target area (e.g., “Box 1 left, release to cancel”).

o the user is informed when the dragged object is placed in a target area (e.g., “O for Orange placed in Box
).
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Fig. 2. Drag&drop example (screenshot taken while the letter “O” was being dragged).

We also limited the number of elements to drag to a maximum of 3. Since there are few elements, it is possible
to represent them in large dimensions also on smartphone devices. In turn, this eases readability for people with
low vision and simplifies interaction for screen-reader users. Finally, we highlight that the corresponding tutorial
exercise was also carefully designed to explain how to perform the drag&drop gesture step-by-step.

4 USER STUDY

In our previous work, we described the accessibility evaluation of the app, conducted with adults with VIB [2].
Here, we describe a new study, conducted with a group of children with VIB, aimed at evaluating the app usability
and assessing the participants’ perceived autonomy, ease of use and appreciation of the touchscreen interaction
modalities implemented in the five exercise families. The evaluation of the educational efficacy of WordMelodies
is beyond the scope of this paper.

4.1 Experimental Design

4.1.1 Participants. A group of children with VIB has been recruited by the Institute for Research, Training
and Rehabilitation (L.Ri.Fo.R.), which is a foundation managed by the Italian Union for Blind and Visually
Impaired People (UICI) to carry out specific research, training and rehabilitation activities for people with VIB.
All participants accessed the Italian version of the app. Participants’ demographic data is summarized in Table 1;
“TS experience” is the previous experience in the use of touch-screen, “AT used” is the assistive technology used
during the experiment.

Eleven participants with VIB (6 M, 5 F) with an age range between 5 and 11 (M = 8.91, SD = 2.34) participated
in the study. Two children (P6 and P9) were blind, and the other 9 had severe visual impairment. The two
participants who were blind, and P5 who could not interact with the app visually, used the screen reader. All
the other participants had sufficient residual vision to be able to interact with the app visually, and therefore
did not use any accessibility services (zoom, text enlargement, inverted colors). We believe that this is due to
the fact that WordMelodies already uses very large font and high contrast colors, as highlighted in Section 3.2.
Most participants had frequent prior experience with touchscreen interaction (P1, P3, P4, P5, P8, P10), while two
sometimes used touchscreen devices (P2, P6) and three never (P7, P9, P11).

4.1.2  Apparatus. The study was conducted at the Lri.Fo.R. institute in Pisa. During the tests, the participants
were supported by a typhloinformatics educator. For the study, an iPad air tablet with iOS 13 was used. For the
three participants that needed it, VoiceOver screen reader was used.

Data about the participants and the study was collected via questionnaires completed by the educator using
digital documents. Participants’ demographic data were collected anonymously and included sex, age, visual
condition, and self-reported touchscreen interaction experience (frequent, sometimes, never). Consent forms were

ACM Trans. Access. Comput.



WordMelodies « 9

Table 1. Participants’ demographic data. AT: Assistive technology, TS: Touchscreen

PID | Sex | Age | Visual condition | TS experience | AT used
P1 F 8 | Low vision Frequent None
P2 F 10 | Low vision Sometimes None
P3 F 10 | Low vision Frequent None
P4 M 11 | Low vision Frequent None
P5 M 11 | Low vision Frequent VO
P6 M 11 | Blind Sometimes VO
pP7 M 5 | Low vision Never None
P8 F 9 | Low vision Frequent None
P9 M 7 | Blind Never VO
P10 | M 11 | Low vision Frequent None
P11 | F 5 | Low vision Never None

collected for each participant. For each exercise family, we collected the educator’s assessment of the participant’s
autonomy in performing the exercise (autonomous, supported, not-completed), as well as the ease of use and
appreciation of the exercise with values on a 1-5 scale where 1 and 5 indicated low and high ease of use or
appreciation respectively. We also assessed the usability of the app through a version of the System Usability
Scale (SUS) [36] adapted for use with children [53].

4.1.3  Protocol. Before the study, the educator described the study to the child’s parents and had them sign
the study consent form. Afterwards, demographic data was collected for the participant performing the test.
The educator then introduced the app to the participant and initiated the study tasks. A set of 5 tasks has been
defined for the user test, one for each exercise family. Each task included a series of 4 exercises of the same type.
Specifically, the tasks were:

e keyboard, alphabet: write the correct letter of the alphabet in the box.
o selection, rhymes: select the word rhyming with a given word.

o baskets, vowels and consonants: drag the letter in the correct basket.
e drag, articles: drag the correct determinative article in the box.

e table, proper nouns: select proper nouns in the table.

The first exercise was used to show the participant how the interaction in the considered exercise family works
and it was not considered in the following data analysis. The participant was then asked to perform the other 3
exercises autonomously. This procedure was replicated for each task. Thus, a total of 20 exercises were performed
by every participant, of which 15 were observed and considered for data analysis purposes. The study took about
30 minutes for each participant. The educator was asked to observe the participant when performing the tasks
and to take notes while the user was interacting with the exercises on the touchscreen. More specifically, the
educator was asked to:

(1) take note of the start and end date/time of the test for each participant.
(2) take note of any difficulties the children encountered in performing the exercises.
(3) take note of whether the tasks were completed, and how (independently or with support).

For each task, the educator also assessed, on a Likert scale from 1 to 5, the ease of use and the perceived
appreciation by the participant, for the considered exercise. After all the tasks, the participant was also asked an
adapted version of the System Usability Scale (SUS) questionnaire [36], designed to be suitable for children [53].
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4.2 Results

4.2.1 Autonomy, Ease of Use, and Appreciation of Different Exercise Families. For most exercise families, the
participants were able to solve the exercises autonomously (see Table 2). 9 participants were able to solve drag
exercises autonomously, while 2 (P9, P11) required assistance. Keyboard, selection, and baskets exercises were
solved autonomously by 8 participants each. For keyboard, P2 and P9 required assistance, and P11 could not
complete the exercises. This participant could not complete selection exercises as well, while P7 and P9 required
assistance with them. Instead, for drag exercise family, P7 and P11 required assistance while P9 did not manage
to complete them autonomously. Table was the most problematic exercise family, with only 4 participants
(P2,P3,P5,P8) who were able to solve them on their own. Among the others, 1 participant could not complete
these exercises (P11) and the remaining 6 required assistance.

Table 2. Exercise families completed autonomously (A), with support (S) or not completed (NC)

PID
P1

P2

P3

P4

P5

P6

pP7

P8

P9
P10
P11
Tot. A
Tot. S
Tot. NC
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As shown in Figure 3(a), table exercises were also perceived as the most difficult ones (M = 2.91, SD = 1.04)°.
Indeed, keyboard (M =4.45, SD = .93), selection (M = 4.36, SD = 1.21), baskets (M = 4.55, SD = .82), and drag
(M = 4.27, SD = 1.35) exercises all had significantly lower perceived difficulty (y? = 23.05, p < .001), based on
Friedman test and post hoc Dunn test with Bonferroni correction (all pairwise p < .05). No significant differences
were found between other exercise families. For all the exercise families, the perceived appreciation was high
(see Figure 3(b)). The lowest scoring one was drag (M = 3.55, SD = 1.13) and the highest selection (M = 4.45,
SD = .52). No significant differences were found between the exercise families considering this metric.

4.2.2  System Usability. The average SUS score, measured on the participants’ responses, was 79.09 (SD = 11.20).
This score is considered excellent, based on benchmarks available in prior literature [7]. It is also higher than
the average (72) for educational mobile apps [64]. Considering the separate SUS items (see Figure 4), all had
better scores than the average reported in prior benchmarks [37]. Only the last item had a score worse than the
benchmark score. This item corresponds to the following statement: “I needed to learn a lot of things before I
could get going with the system”. This is not surprising given that the app’s goal is to teach literacy skills and

>We report means for multipoint items as they were found to better indicate central tendency than medians [35].
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touchscreen interactions to the users. However, we also note that, despite this, participants did not feel that they
needed technical support to use the app, and they found the app easy and quick to learn.

Considering separate SUS scores for each participant, we notice that lowest scores were reported by those
participants who required assistance most or could not solve some exercises. Indeed, P9, who could not complete
one exercise family (drag) and needed support with all others had assigned a SUS score of 70 to the app. P11,
who needed assistance with baskets and drag exercises, and could not complete all the other exercises assigned
an even lower SUS score of 52.5.

5 REMOTE USAGE DATA ANALYSIS

In addition to the user study, we also conducted remote usage data collection, which ran between April 2020
and December 2021, for a total of 21 months. During the data collection, we publicised the app to associations
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of people with VIB, teachers of children with VIB, and through blogs for accessible learning for people with
VIB [21]. Data from the user studies, described in the previous section, was omitted from the remote usage data
analysis.

The data was collected anonymously. It included information about the platform used (device model and
0S), related system settings (if the screen reader was active, language in use) and information about the app
functionalities used, including screens visited and exercises performed by the user. For the exercises, we collected
information about the exercise family and type, and whether the user performed the exercise correctly and after
how many attempts.

In total WordMelodies has been used by 408 unique users. Most (280, 69%) started using the app within the first
two months from the publication, while the app was actively publicised. Of these, 79 (28%) stopped using the app
shortly afterwards, which is in agreement with normal app abandonment behavior [40]. Instead, the majority
(211, 72%) continued accessing the app in the following months. During the data collection, 29, 489 log records
were registered. Half of these (14, 822) were collected within the first two months from the publication of the app.

5.1 App Usage by Device Type and Model

With 276 (68%) users in total, iOS devices were more commonly used. This was-expected because iOS devices are
generally more popular among people with VIB [48]. However, Android was in use on 32% of the devices (132).
This is more than we expected based on prior literature, which suggest that iOS users with VIB are about 80% of
the total [25].

The majority of the users accessed WordMelodies from a smartphone (223, 55%), while 185 (45%) used tablets.
However, tablet usage was higher than expected considering that smartphones are much more common than
tablets (about 10 to 1 proportion) [59]. In particular, iOS users favored tablets, with 162 (59%) using iPads, and
111 (41%) using iPhones. Instead, only 20 (15%) Android users accessed WordMelodies from a tablet, while 112
(85%) used a smartphone. Another interesting finding is that many of the iOS devices were quite dated: 32 (29%)
iPhone users and 89 (55%) iPad users had a device older than 2017.

5.2 User Characteristics

366 (90%) users accessed WordMelodies in English and 42 (10%) in Italian. This was expected as the app was
publicised more actively on English websites [21] and social networks. Of the 42 Italian-speaking users, 30 (71%)
also tried English exercises. This result highlights the need to also exercise foreign language literacy, which is
reported as a challenge for children with VIB [20].

During the data collection, the app was publicised with associations, teachers and web communities of people
with VIB. While we cannot be certain, we therefore expect that most users were people with VIB. Of those who
used the app, 329 (81%) users never used the screen reader, 37 (9%) used it sometimes and 42 (10%) users always
had it active. This confirms prior findings that only a small portion of mobile users with VIB actually use the
screen reader [30]. Only 6 (8%) screen reader users were on Android, and 2 of them used the screen reader only
sporadically. This confirms that blind users (more in general screen reader users) prefer iOS over Android [48].

5.3 Functionalities Used

Among the collected log records, the majority marked exercise starts (10, 254, 35%). However, only one third of
the exercises (3, 144) were completed. The others were started but never finished. We expected this behavior to
be indicative of new users, who would try out the app rather than diligently doing exercises. However, further
analyses revealed that this behavior was consistent for both new and regular users. One possible way to explain
this behavior is that the users "browse" different exercises, starting them and exiting immediately, until they find
the ones they are interested in.
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7797 (26%) log records were associated to menu navigation, such as exercise or topic selection, while there
were 545 (2%) accesses to tutorial exercises, of which 42 (8%) referred to the drag&drop functionality. Tutorials
were activated by 188 (46%) different users, while the language selection functionality was accessed 365 (1%)
times by 137 (34%) different users. However, only 30 users actually performed exercises in both languages. These
were all users who first performed some exercises in Italian; and then tried some exercises in English.

5.4 Exercises

Of the 3144 exercises completed by the users, 2678 (85%) were in English and 466 (15%) in Italian. 40 of the 46
(87%) available English exercises were completed at least once. As shown in Figure 5, the most popular exercise
was “Write the letter of the alphabet in the box”; solved 647 times (24%). This was also the first exercise on the
exercise list inside the app. Others were much less used: “Select the rhyming word” was completed 224 times
(8%), “Drag the word into the correct basket” 215 (8%) times, “Drag the word to complete the sentence” 214 (8%)
times, and “Listen and complete the sentence” 147 (7%) times. It is worth noting that “’Complete the sight words”,
an English language-specific exercise was the 6th most popular exercise, with 104 (4%) completions. The great
variety of performed exercises, and the fact that the most popular exercise was the first one on the list was
probably due to new users exploring the app.

For the Italian users, 24 out of 36 (67%) available exercises were completed at least once. Figure 6 shows the
number of completions for the six most popular exercises. The most frequently completed exercise was “Drag the
correct ending letter”, with 96 (20%) runs, followed by “Drag the word into the correct basket”, completed 76 (16%)
times. “Write the letter of the alphabet in the box”, the first exercise on the list, had a much lower count of 39
(8%) runs. “Drag the correct indeterminate article” was completed 35 (7%) times, “Identify the correct statement”
28 (6%) times; and “Choose the related words from the table” 25 (5%) times.

2467 (78%) of the completed exercises were correct at first try. Similar results were obtained for both English
2088 (78%) and Italian 379 (81%). Instead, 554 (22%) exercises were answered incorrectly and thus had to be
repeated at least once, 485 (22%) for English and 69 (19%) for Italian. Most commonly, the repeated exercises
were also the most popular ones. However, repetitions over total attempts varied across different exercises, and
between the two languages. We note that the exercises belonging to the table family, which were the most
difficult ones during the user study, also had a higher number of repetitions than the average: 33% in English and
25% in Italian.
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Among the most popular exercises in English, “Select the rhyming word” was the most frequently repeated
one (61 times, 27%). “Drag the word to complete the sentence” was also repeated more than average (23%, 49).
Other exercises were less frequent, with “Write the letter of the alphabet in the box” and “Complete the sight
words” repeated 19% (125) and 18% (19) of the time, respectively. In Italian, “Drag the correct ending letter” was
the exercise with most repetitions among the six most popular ones (26, 27%). All other popular exercises had
less than average amount of repetitions. “Choose the related words from the table” had 4 (16%), “Write the letter
of the alphabet in the box” had 6 (15%), “Drag the word into the correct basket” had 11 (14%), and “Identify the
correct sentence” had 3 (11%). “Drag the correct indeterminate article” was repeated in only 1 occasion out of 35
(2%). The analysis of the exercises that are frequently repeated could be indicative of which literacy skills require
more training for the students in general. More specifically, educators, parents, and teachers‘can benefit from
knowing which specific exercises are more difficult for the children.

6 DISCUSSION AND LIMITATIONS
6.1 Drag&Drop Usability

Drag&drop is known to be a problematic touchscreen interaction for people with VIB. This emerges in the
scientific literature [34] and was also reported by two of the domain experts during analysis. Instead, our results
suggest that the drag&drop gesture in WordMelodies is accessible to children with VIB and does not impact the
system usability. Indeed, most children completed the exercises with the drag&drop interaction without needing
any support from the educator. We believe that such a positive result is due to the characteristics of our design of
the interface elements and the interaction, which was refined through several iterations conducted with people
with VIB.

In our design, the elements are made to be as big as possible, with large text, distinctive colors and consistent
behavior. This makes the draggable elements and drop areas easy to distinguish for people with low vision, and
text content easy to read. For blind users, the interaction is coupled with explicative messages that clearly explain
what the user is doing or can do with each interface element. Furthermore, WordMelodies implements a tutorial
that provides step-by-step instructions on how to use the drag&drop gesture, which can be activated in each
exercise that uses this interaction. Remote usage data analysis confirms that the tutorial functionality is indeed
frequently used by app users and therefore could be a contributing factor to the accessibility of Drag&Drop
exercises.

100
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Fig. 6. Frequently completed exercises, at first try and repeated at least once (Italian)
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6.2 Difficulties in Performing Table Exercises Autonomously

Study results show that the exercises in the table family were the hardest, with only four participants who
completed them autonomously. Remote data confirmed this finding, indicating a higher than average number
of repetitions for table exercises. This is interesting because this family of exercises requires a simple form of
interaction (i.e., only element selection). So, one question emerges: what limits children autonomy in completing
exercises in this family? Answering this question would require a new set of experiments but we can make the
following hypothesis: the problems with these exercises emerged due to the large number of elements shown on
the screen. Indeed, exercises in the table family are the only ones showing up to 16 interaction elements (the
table cells). This can negatively impact the user experience of all users; for those with low vision, a larger number
of elements means that each element is smaller, while for screen-reader users there is an additional difficulty in
navigating among many items.

We believe that providing additional messages during screen reader navigation to highlight the current position
in the table, the selection status of the traversed elements and to list the currently selected elements would help
screen reader users. Instead, for users with low vision, we could improve the size of the table with respect to the
screen area, the color contrast of the table cells and the text, or provide zoom on the currently traversed element.
Additional iterations to improve the design of the tutorial for the table exercises could also help, as previously
experienced for the Drag&Drop exercises.

6.3 Finding the Desired Exercise

The analysis of the logs uncovers that users tend to start many exercises without completing them. We suspect
that this is due to the fact that it is not immediate to find one given exercise, hence users tend to start many,
before finding the intended one. Currently the app presents a list of topics (e.g., “Learn to write”) each containing
a list of exercise types, some of which have multiple difficulty levels. One problem is that the list of topics is long
(12 items in English) and many exercises could be suitable for more than one topic. Thus, it could be difficult for
the user to find the correct one. For example, the “learn to write” topic contains two exercise types but indeed
most of the other exercise types are designed to support the user to “learn to write” like those in the “alphabet”
topic.

So, one additional design requirement that we will address in future is that users should easily find the exercise
they intend to practice with. A number of solutions can be adopted to improve the system along this direction. It is
possible to re-organize the exercises into more meaningful topics, and provide a preview image and a meaningful
description of each exercise. It is also possible to implement a functionality to search for exercises by name or
filter them based on the child age or grade. Finally, it would be possible to define preferred exercises or allow a
caregiver to prepare a list of exercises (possibly of different types) that the child has to complete.

6.4 Edutainment App Localization

In our previous work [2], we higlighted that exercises should be specifically designed to address linguistic skills
required for each language. This is supported by the remote logging data analysis. Indeed, we note how popular
exercises in English and Italian are different. Most importantly, we notice that language-specific exercises, for
example exercises on sight-words in English, are among the most popular ones.

Furthermore, we also highlight that the majority of the Italian users of the app also accessed exercises in
English. This is consistent with prior works that identify foreign language learning as a challenge for children
with VIB [20]. Based on this finding, we think that WordMelodies could be an effective instrument for improving
foreign language literacy.
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7 CONCLUSIONS AND FUTURE WORK

This paper presents the evaluation of the WordMelodies mobile application [2] through a user study with 11
children, and the analysis of remotely collected usage logs. Results show that the app is usable, with a SUS score
of 79, which is higher than other educational mobile apps and considered excellent based on prior benchmarks.
The participants were autonomous in performing most of the exercises, even those based on the drag&drop
interaction, which has so far been considered challenging for users with VIB. We achieved this result by carefully
designing the interface elements and the screen reader messages provided while performing this interaction.
Our design could be adapted to be used in other mobile applications, thus improving the accessibility of the
Drag&Drop interaction in other mobile apps.

We also uncover two key limitations of the current app. First, the table exercise family is found to be more
difficult than the others, and often users need support to complete these exercises. Our intuition is that the users
find it difficult to visualize and navigate table exercises due to the presence of too many interactive elements.
We discuss a number of possible design principles that could improve the accessibility of table exercises, but
more generalizable findings, related to the accessibility of table content on touchscreens, could be drawn from
a thorough future investigation. Another possible improvement is to provide more detailed instructions for
the interaction with tables, similar to what we have done for the drag&drop exercises. We will also investigate
alternative table exercises that are easier to answer than word association exercises.

The second limitation is related to exercise selection; with the growing number of the exercises available
in WordMelodies, the current list-based selection is not effective. We propose a number of solutions, aimed to
simplify the search for a desired exercise, which we will explore as future work. Another major challenge that we
wish to explore as a future work is the evaluation of the educational efficacy of WordMelodies. We are planning to
achieve this through a longitudinal study that involves multiple children, with and without VIB, and educators.

Furthermore, other functionalities and personalization capabilities are also being investigated. As future work,
we will expand the creation of exercises in other languages and we will investigate the use of the system for
foreign language teaching. We are also working on a web-based dashboard for exercise creation and monitoring
of the responses to support teachers during the use of the platform in classroom. Finally, we will include the
support for the personalization of the app, including changing colors and verbal interaction messages.
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