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Abstract. While early identification of children with dyslexia is crucial,
it is difficult to assess literacy risks of these children early on before they
learn to read. In this study, we expand early work on Dot-to-Dot (DtD),
a non-linguistic visual-motor mechanism aimed at facilitating the detec-
tion of the potential reading difficulties of children at pre-reading age.
To investigate the effectiveness of this approach on touchscreen devices,
we conducted a user study with 33 children and examined their task per-
formance logs as well as language test results. Our findings suggest that
there is a significant correlation among DtD task and series of language
tests. We conclude the work by suggesting different ways in which DtD
could be seamlessly embedded into everyday mobile use cases.

Keywords: Developmental dyslexia - Pre-reading assessment -
Literacy risk + Visual-motor tracing

1 Introduction

The ability to read fluently is considered as a prerequisite for children to be
successful in academic settings [59]. Thus, children with reading difficulties have
challenging times following class materials at school. It is also reported that
children who have trouble reading are more likely to have emotional and behav-
ioral problems compared to the children who do not have reading disorders,
and these problems may continue after adolescence [11]. Fortunately, previous
studies on children with reading difficulties report that early screening and inter-
vention can prevent from resulting in significant problems in school-age learn-
ing [12,14,33,52]. Therefore, it is especially important to screen the children
with reading difficulties and to conduct appropriate interventions in educational
setting as early as possible.
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To identify children who have trouble reading, language-based tests such as
TOWL (Test of Written Language) [19], DIBELS (Dynamic Indicators of Basic
Literacy Skills) [51], and CTOPP (Comprehensive Test of Phonological Pro-
cessing) [57] have been used by professionals. In these tests, children’s reading
abilities such as phonological awareness, decoding skills, reading fluency, and
rapid naming are evaluated through certain methods. However, since most chil-
dren with reading difficulties are screened during periods after the school year,
following the implementation of literacy education, it is a major issue to carry
out accurate screening for children at an earlier age before they learn to read for
effective interventions.

For this reason, numerous previous studies have been conducted to design-
ing tasks for efficient screening of the children with reading difficulties in their
early childhood [7,15,26]. Recently, Phonological Awareness (PA) test and Rapid
Automatized Naming (RAN) have been used as representative tasks to identify
children with reading difficulties before they learn to read. PA test measures
an individual’s meta-linguistic abilities to phonetic structures of oral sound to
estimate the child’s reading development [28]. RAN, on the other hand, is a task
consisted with the series of stimuli such as colors, numbers or familiar objects
where a participant is required to speak the stimuli as quickly as possible to pre-
dicting reading fluency [36]. These two tests have been reported to be strongly
linked to current literacy skills of children in early literacy stage, as well as to
future reading and academic achievements, and thus commonly used in clini-
cal settings [24]. Yet, these methods are time-consuming and expensive as these
require language specialists. Also, it is difficult to get tested unless referred to a
clinic by a parent or a teacher.

Meanwhile, there are screening tools which can save time and costs for requiring
specialists. For instance, most of these attempted to identify children with read-
ing difficulties by assessing their game performances on smart devices [3,29,44].
However, as language-dependent tools, they cannot be used for children who speak
different languages other than the supported ones. Even if the tool supports the
very language that the child speaks, a proper evaluation of the child’s underlying
abilities is not possible if she/he has not learned to read yet.

Inspired by studies on literacy and dyslexia suggesting that reading diffi-
culty is not only a language surface problem but also related to visual, sensory
and motor skills [9,41,54,58], we further investigated a non-linguistic approach
described as “Dot-to-Dot (DtD)” [4,37] which originally is a desktop application
designed to help identifying at-risk behaviors related to reading difficulties for
pre-schoolers. This utilizes a simple tracing mechanism, connecting a series of
dots, that can potentially facilitate the passive and implicit screening of children
at pre-reading age. Our contributions are threefold:

— We expand on the original DtD task which supported indirect, stylus-based
input to a separate display with the goal of significantly reducing the manual
scoring time and potential bias of experts via an automated screening pro-
cess (see Fig.1). We explore instead direct, touch-based input using a single
mobile device (see Fig. 3). Our motivation in the context of human-computer
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interaction (HCI) is the possibility of embedding DtD into everyday touch-
screen applications such as games or Ul manipulations (e.g., dragging) to
enable not only automated but also implicit screening.

— We explore our approach via a user study with 33 pre-school and school-aged
Korean-speaking children, widening the participant pool of the original work
which reported on the performance of English-speaking children. The empir-
ical data collected from the study revealed that the completion time for DtD
task can be used to assess the potential risk of having reading difficulties given
the children’s age regardless of the input conditions. Direct input condition,
in particular, can be used to distinguish between children with low and high
literacy group.

— We analyze participant tracing performance using a wider but systematic set
of trace characteristics including amplitude, angle, or direction. Our goal is
to enable HCI designers and developers to embed DtD into their own applica-
tions and systems, e.g., the pervasive SwiftKey keyboard. This with the goal
of enabling the implicit assessment of not only children of pre-reading age,
but teenagers and adults during they everyday interactions with touchscreen
devices.

2 Related Work

Our work was inspired by prior work on dyslexia particularly for children and
digital assessment tools for cognitive abilities.

2.1 Possible Causes for Reading Difficulties

The Diagnostic and Statistical Manual of Mental Disorders (DSM-5) defines
reading difficulties such as developmental dyslexia within the category of learn-
ing difficulties. According to this criteria, reading difficulties refer to children who
have deficits in decoding and reading comprehension compared to their peers.
These children show significant difficulties in learning academic skills related to
reading accuracy, fluency, and recognition [2]; as is the definition we use in our
work when talking about developmental dyslexia. Previous studies have shown
that children with reading difficulties have lower phonological processing abilities
than peers without reading difficulties [6,8,10]. However, it is argued that the
reading difficulties cannot be explained only by phonological processing skills.
Previous studies have revealed that children with reading difficulties also show
a broader range of deficits such as sensory, cognitive, and visual-spatial prob-
lems. In particular, many studies have linked the poor visual processing skills
of children with reading difficulties to their literacy problems [13,16,53]. These
problems of visual processing in reading difficulties also affect the sequential pro-
cessing of specific stimuli. In addition, children with reading difficulties showed
lower performance in tasks using motor skills such as motor coordination [60]
and motor sequential learning [56] due to their visual processing deficits. We
investigated DtD for assessing literacy of children which involves hand-and-eye
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coordination on a touchscreen motivated by these prior findings that poor visual-
motor skills are closely related to the reading problem.

2.2 Early Identification of Dyslexia

Although the cause of dyslexia is still under debate, there is a widespread consen-
sus that early identification and intervention is crucial in both language remedia-
tion and in limiting the low self-esteem and behavioral difficulties often reported
in unrecognized dyslexia [48,52]. However, identifying dyslexia is often difficult,
time consuming, and expensive as it requires assessments by clinical profession-
als. As such, its formal identification in many schools typically occurs long after
children have failed to learn to read, and interventions are provided only after
[49]. Identifications of dyslexia may be further delayed when children do not
use their native language at school. Several screening tools have been developed
in recent years to estimate the risk of reading difficulties at an early stage in
primary-aged children (e.g., [34,50]) for offering early intervention. While effec-
tive, drawbacks exists since these often require specialists to administer the pro-
cedure and interpret results. Also, these tools lack engagements. While a number
of game-based tools have developed both in academia [3,17,18,29,42-44] as well
as commercial markets (e.g., Lezercise Screener', Nessy?), children who have
not acquired reading and writing skills (or who speak different languages) can-
not use these tools as they are language-dependent.

2.3 Dyslexia Screening Tools for Pre-schoolers

Others have proposed various approaches on early identification of dyslexia
for pre-school-aged children who have not learned to read yet. For example,
DIESEL-X [18] is a tablet game designed to predict the likelihood of having
dyslexia for pre-schoolers by measuring dyslexia-related indicators such as let-
ter knowledge and end-phoneme recognition while a child is playing the game
although the effectiveness of their prediction model is unknown. MusVis [43] and
DGames [42] utilize musical-visual cues instead of relying on existing knowledge
of literacy or phonological awareness, which pre-school children may not have.
While promising, limitations still exist because they can only be applied to chil-
dren who use specific languages, and they are difficult to use for young children
as these approaches screen reading difficulties in a way that assesses children’s
phonological knowledge involving letters. On the other hand, Bannach-Brown
proposed Dot-to-Dot (DtD) [4], a stylus-based dot-connecting task on a com-
puter as a screening tool for young children with potential reading difficulties
once they learn to read. Her approach is different from DIESEL-X or DGames
as it is entirely non-linguistic; no prior phonological knowledge is required and
thus language-independent. In addition, she showed that DtD could successfully
differentiate between children at ‘low’ and ‘high’ risks of developing dyslexia

! https://www.nessy.com/uk/product/dyslexia-screening.
2 https://www.lexercise.com/tests/dyslexia-test.
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Fig. 1. Photo from the original DtD experiment where participants interacted indi-
rectly with an external display via a stylus [37].

(classified using LUCID Rapid [49]) based on an empirical evidence collected
from a user study with 68 English-speaking participants (4 to 8 years old).

We expand this work by exploring the effectiveness of DtD for assessing the
potential literacy risks of pre-schoolers via a user study with Korean-speaking
children. Moreover, we implemented the task for touchscreen devices to investi-
gate the effects of input modes (direct vs. indirect) on detecting potential reading
difficulties since direct hand-eye coordination involving one’s visual-motor skills
of standard touchscreen input is known to outperform indirect input performance
[21,45] — as employed in the original DtD work [4,37].

2.4 Digital Tools for Cognitive Assessments

A number of digital tools for assessing one’s cognitive abilities have been pro-
posed [5,25,38-40] as an alternative to traditional pen and paper based app-
roach where a trained expert (clinician) is required to examine the test results
manually. For instance, Prange et al. [39] proposed a multimodal speech-based
dialogue system for a questionnaire-based cognitive test called the Mini-Mental
State Examination (MMSE). The system could automatically run and evalu-
ate the test with high usability. On the other hand, drawing-based assessments
were investigated. Prange et al. also implemented a system for detecting signs of
dementia or monitoring the stroke recovery progress using the clock drawing test
[40]. They showed that their system can reduce the scoring time automating the
process and that the its results are clinically reliable. Similarly, Kuosmanen et al.
[25] developed a smartphone-based clinical tool to detect symptoms of Parkin-
son’s disease with the spiral drawing test. Researchers also focused on Trail
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Making Test (TMT) for assessing one’s cognitive performance. Barz et al. [5],
for instance, used TMT performance to predicted the task difficulties in terms
of cognitive load. They collected TMT data with six drawing patterns from the
Snijders-Oomen Non-verbal intelligence test (SON) with children from elemen-
tary school and showed high prediction accuracy. Moreover, a recent study on
TMT [38] proposed an automated system that monitors various pen features on
a tablet and provides a structured analysis report of the test with explanations
for clinicians.

Inspired by the approach for digitizing the assessment process of cognitive
performance, we designed an application that utilizes DtD test, which is similar
to TMT test but simpler for children, to assess the likelihood of having a dyslexia
using off-the-shelf device (e.g., a tablet, a smartphone) so that any sign of reading
difficulties can be detected without having to visit a trained expert.

3 The Design of Dot-to-Dot Task

Motivated by prior works on designing digital tools for assessing one’s cognitive
performance from pen-based tests such as spiral drawings [25] or trail making
tests [5,38], our work expands on “Dot-to-Dot” (DtD), a simple dot-connecting
task that involves visual-spatial, attentional, and motor mechanisms that often
occur in dyslexia [20,22,35]. DtD was initially developed following a series of
observations on children tracing their names that highlighted potential visual
and motor problems [37]. It was argued by the authors that the difficulty to
fixate one’s eyes on the screen while moving the stylus on an adjacent trackpad
distinguished this task from standard drawing where the eyes gaze just ahead of
the hand holding the pen. This ability to dissociate the gaze and the hand may
be related to divided attention, and was argued to be likely to reveal develop-
mental delay in control of sensorimotor processing (which may be compromised
in individuals with dyslexia).

While the original work by Bannach-Brown [4] and Piotrowska [37] focused
on DtD as proof-of-concept for an automated screening process using indirect,
pen-based input; we focus instead on the use of the index finger of the dominant
hand — a more prevalent form of input with modern touchscreen devices. By
exploring how different touch-based strokes relate to at-risk behaviors, we aim
to provide interaction designers working on mobile platforms with the knowledge
required to pick-up on such at-risk behaviors via already enabled user actions
in their mobile apps (or re-think new interaction techniques altogether around
these strokes). Regardless of how successful the original DtD task is, a single-
purpose application (i.e., a DtD app) will always have a limited reach. Our goal
instead is to facilitate the embedding of an implicit DtD screening process into
everyday apps and games, which would greatly expand the reach and impact of
this approach.

With this in mind, the DtD task we designed for our study requires the
user to connect a series of targets (dots) that consecutively appear on a tablet
screen as quickly and accurately as possible (without lifting their fingers from the
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display). At the start of a new task two targets are displayed: the first target in
the sequence in red, and the next target in green. Once the user successfully drags
his/her finger from the red to the green targets, the next target in the sequence
is displayed in green and the previous targets disappear. The user continues to
drag its finger towards the latest green target until the sequence is complete. If,
for whatever reason, the user lifts the finger from the display during the task, a
red target is displayed at the location where this took place. Users can resume
the task by moving their fingers from this red target to the green target they
were previously pursuing. Five sequences (or patterns) of growing difficulty were
designed using eight sequential targets, or seven unique traces, varying index of
difficulty and angle to the next target with fixed target width of 0.6 cm:

— Index of difficulty (approx. amplitude): 1.5 (1.10cm), 2 (1.80cm), 2.5
(2.79cm), 3 (4.20cm), 3.5 (6.19 cm)
— Angle to the next target: 0, 30, 60, 90, 270, 300, 330 degrees

Indez of difficulty (ID) was calculated using Shannon’s formulation [30,47]):
ID = logQ(% + 1), where A is the amplitude of movement, and W the target
width. The five patterns designed can be seen in Fig. 2, accounting for 35 unique
traces.

4 User Study

To evaluate the effectiveness of the DtD task in touchscreens, we conducted a
user study with 33 children where they were asked to perform a series of dot-
connecting tasks. The study was approved by the institutional review board
(IRB) of the university where the researchers are affiliated with.

4.1 Participants

Thirty-eight preschool and school-aged children (18 males, 20 females) living in
South Korea were initially recruited for this study. We excluded five children
from the analysis because two scored less than 85 standard scores on the non-
verbal intelligence test, and three had difficulty in handling the tablet PC and
thus were severe outliers in the data. As a result, we report on the data from 33
participants in analysis below (13 males, 20 females, mean age of 89.33 months,
SD = 24.29). Participants were recruited through online and offline advertising
on bulletin boards at a private child development center and daycare center;
and all children met the following criteria: (1) chronological age was between
5 to 12; (2) the standard score of non-verbal IQ test [31] was higher than 85
(—=15D); (3) they speak only Korean; and (4) did not show sensory impairments
or psychological problems, as reported by parent and the nursery teacher. Note
that we recruited both pre-school (aged 5) and school-aged children (aged 6 to
12) to capture a wide set of data on children with different reading skills and at
different points of their development.
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Fig. 2. Patterns 1 to 5 from top to bottom, representing 35 unique traces (5 IDs x 7
angles). These are incrementally harder, represented by traces with average amplitudes
of: 2.33 cm, 2.61 cm, 2.85 cm, 3.15 cm, and 5.14 cm. Numbers indicate the tracing order.
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DIRECT CONDITION INDIRECT CONDITION

Fig. 3. Our experimental setting for direct (left) and indirect (right) conditions; the
latter emulating the indirect approach of the original study, now via touch input.

4.2 Apparatus

DtD was implemented using the Processing programming language. To make
the task more appealing, one out of three recordings of children cheering (<1s)
would play every time a green target was reached. User performance was cap-
tured locally in the form of z- and y-coordinates representing finger positions at
approximately 60 Hz.

4.3 Input Conditions

In addition to direct manipulation mode where participants could connect the
dots by directly touching the dots that appear on the entire screen as described
in Sect.3 (direct mode), we investigated indirect input mode where the par-
ticipants were only able to use the bottom half of the screen to manipulate a
cursor on the top half of the screen; an additional red target were displayed at
the bottom half of the screen to indirectly manipulate the cursor on the top
(indirect mode); see Figs.4 and 3. We investigated these two input modes
to examine if and how DtD performance vary depending on which input mode
is used assuming that different levels of visual-motor skills would be required
depending on the input mode for performing the DtD task [37].
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Fig. 4. Procedures of direct (top) and indirect (bottom) conditions. Starting dot was
colored as red and the target dot was colored green. (Color figure online)

4.4 Procedure

In accord with IRB regulations, researchers explained the procedure and ben-
efits of the study and received consent from the children and their guardians.
All children participated in a language development test, literacy-related tasks,
and DtD test. Additionally, we conducted the Korean Receptive and Expressive
Vocabulary Test [23] to assess children’s language development through evalua-
tion of vocabulary skills. REVT is divided into two tests: the receptive vocabu-
lary test (REVT-R) and the expressive vocabulary test (REVT-E); in which we
presented a series of pictures corresponding to different vocabulary (ranked by
difficulty level), and evaluated whether the child could vocalize and understand
each picture. The total raw scores were kept for further statistical analysis.

The literacy-related tasks included the Rapid Automated Naming (RAN) and
Phonological Awareness (PA) test. The RAN test [46] presents a 6x6 matrix on
a computer monitor and randomly placed red, yellow, blue, and green colors
inside each cell. Children were asked to speak the colors in the cells as quickly
as possible, and the time required for the children to speak all the name of
colors was measured and used for analysis. The PA is a test that evaluates
children’s abilities to recognize and modify sound during speech, and consists of
two subtests: phonological segmenting and phonological blending. These subtests
were conducted at phonemic and syllabic levels, and the total score obtained
from this process was recorded. Both RAN and PA have been shown to be
strong predictors of a child’s literacy skills [15,55].

In our DtD task, participants were asked to trace various sequence of dots on
a tablet PC (LG-X760, 10.1”) as accurately as possible with their index fingers
(without lifting their fingers from the display). The dots in each pattern and
condition were presented from left to right as shown in Fig. 2. Motivated by our
goal of embedding DtD into everyday mobile devices and by the findings in [3],
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where children were reported to prefer direct touch (i.e., finger) over indirect
touch (i.e., mouse, stylus) due to the intuitiveness of the physical interaction,
we examined two input modes. In the direct input condition children were task
to place their fingers on the red dot and move this to the green dots that are
presented sequentially. In the indirect input condition this red dot was presented
with a vertical offset to the sequential green dots, and children had to perform
this tracing task indirectly. The particulars of each experimental condition are
presented in Fig. 4.

We used a tablet stand to minimize any occlusion that can occur from chil-
dren’s hands covering the next green dot to follow. The tablet was placed at the
height of participants heads, at a distance of approximately 30 cm (see Fig. 3).
All parents received a report from specialists (licensed speech-language pathol-
ogists in South Korea) on the child’s language and cognitive abilities after the
study as a benefit to participation.

4.5 Data and Analysis

The DtD task performance of all children was analyzed using task completion
time and the frequencies of finger lifts per condition and pattern. Each par-
ticipant’s finger lift pattern and trace was represented using z-, y-coordinates.
Based on this data, we conducted a series of statistical tests to: (1) examine
whether the children’s DtD performance correlated with the language develop-
ment level literacy-related skills; (2) identify whether there is a significant cor-
relation between specific DtD patterns with language and literacy task results;
and (3) determine whether there is a significant group difference on DtD perfor-
mance between high and low literacy groups. For the study purpose, Pearson’s
correlation and Mann-Whitney U test were conducted using SPSS (v. 26.0).

4.6 Findings

In our study, we found that DtD performance was highly associated with chil-
dren’s reading related variables where the degrees of association between chil-
dren’s age, literacy skills, and the input condition and patterns of the task varied.

Overall Performance in DtD and Literacy-Related Tasks. Prior to the
correlation analysis, we examined descriptive statistics of children’s literacy-
related tasks and DtD performance (see Table 1). Overall, language ability and
literacy-related variables, as well as the performance of DtD tend to improve
with age. Paired t-tests showed that the time required for performing the direct
condition was significantly shorter (¢ = —5.481, p < .001), and that the number
of finger lifts was less frequent in the direct condition than in the indirect con-
dition (¢ = —3.099, p = .004). These indicate that the overall difficulty of DtD
was lower in the direct condition as expected [21,45].

Correlation Analysis Across Age Groups. To identify correlations between
DtD performance and children’s language development and literacy skills,
we computed Pearson’s correlation coefficients between these. The results
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Table 1. Descriptive statistics in age subgroups where DtD-D and DtD-I refer to direct
and indirect conditions respectively. Overall, participants who have relatively higher
literacy skills took a shorter time to perform the DtD task with fewer finger lifts for
both direct and indirect conditions.

Preschool-age Lower grade Upper grade
(n=16) (n=10) (n=7)
Age 71.06 90.90 128.86
(month) (5.99) (10.94) (12.66)
6413 84.50 136.00
REVT-R
(10.65) (20.00) (23.97)
68.19 90.10 144.43
REVT-E
(15.33) (19.50) (23.49)
RAN 4231 39.80 23.43
(sec) (8.87) (25.29) (3.64)
35.00 73.00 9429
PA
(17.81) (26.83) (6.86)
DtD-D Time 60151.31 51084.60 35072.57
(ms) (19902.08) (12911.64) (9866.21)
DtD-I Time 91266.56 78160.20 45597 .43
(ms) (25610.86) (35102.15) (5967.74)
. . 92.50 480 0.14
DtD-D Finger Lift
(6.70) (5.92) (0.38)
. . 16.69 11.40 1.14
DtD-I Finger Lift
(11.74) (10.08) (2.27)

Values are presented as mean(SD)

showed that receptive vocabulary scores (REVT-R), expressive vocabulary scores
(REVT-E), and PA showed significant negative correlation with the task dura-
tion and the number of finger lifts both in direct and indirect conditions (p <
.050). The only exception was the correlation between RAN and the number of
finger lifts in both conditions (p > .050). Additionally, these results also show
that children’s age has a significant effect on overall performance on DtD task as
in the literacy-related tests. This suggests DtD has the potential for estimating
one’s literacy risk when compared to his/her peers in the same age group.

High Literacy vs. Low Literacy Group. We further examined the perfor-
mance in terms of the literacy skills of participants to explore the potential for
our DtD mechanism in detecting children with reading difficulties. For this anal-
ysis we rely on the RAN and PA subtests for evaluating children’s literacy skills,
and to group them based on this performance. Thus, the children who performed
below 0.5 standard deviations (SDs) from the mean in both RAN and PA tests
we considered part of the low literacy group, while children performing above
0.5 SDs where considered part of the high literacy group.
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Fig. 5. The average time for both direct and indirect conditions between high literacy
group and low literacy group with Mann-Whitney U test results.

Following this criteria, eight similarly aged children were selected: four from
each literacy group. As shown in Fig.5, Mann-Whitney U tests showed that
there was a significant difference between the two groups in terms of time only
for the direct condition (U = .000, p = .021); while the number of finger lifts was
not found to be significant for either of the two conditions. Still, the number of
finger lifts during direct input could also potentially be used to distinguish the
two groups with a larger sample size (U = 1.500, p = .056). This result implies
that DtD performance during direct input has potential to identify children with
low literacy skills (see Fig. 6 for trace examples produced by children in high and
low literacy groups).

Correlation Analysis by Patterns. To examine if the index of difficulty
(ID) of each pattern (i.e., trace amplitude) can be a relevant predictor of lit-
eracy risk, we conducted a secondary analysis focusing on the direct condition
results which were significantly correlated with RAN — one of the representative
literacy tests we used for the main analysis above (age-controlled). The results
of the correlation analysis suggest Pattern 5, with the highest ID, was positively
correlated with RAN results (r = .381, p = .031). Children’s pattern-specific
performance in the direct input condition and the results of correlation analysis
between patterns and RAN performance are presented in Fig. 7.

Analysis by Trace. Continuing our top-down approach, our last analysis
focuses on developing a deeper understanding of which individual trace prop-
erties can be helpful in predicting literary risk. In order to achieve this, we
consider four performance metrics (see Fig. 8): (1) the time to complete a trace
in ms (TT), (2) the distance between the farthest point of a trace to the best
fit in pz (MD; the shortest path between two successive points in a pattern), (3)
the average distance between each point in the trace to the best fit in pz (AD),
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(o

Fig. 6. Example traces from two children during Pattern 5 (P5): high literacy group on
the left and low literacy on the right. Noticeable differences include direction corrections
at almost every target for the child with low literacy skills. Further, the pattern on the
left was completed in a little over 7 s with no finger lifts; while the pattern on the right
was completed in over 25 s and included 6 finger lifts. The input direction is encoded as
a blue gradient towards a lighter shade of blue from left to right. (Color figure online)
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Fig. 7. Left: pattern-specific average time performance per pattern and per input con-
dition. Right: the correlation between time performance and RAN for each of the five
patterns. The order of the presentation was the same starting with the first pattern
(P1) to the last (P5), whose index of difficulty (ID) is the highest.

and (4) the time to correct the tracing direction at the start of a new trace in ms
(TD). While MD can be used to detect mistakes such as overshooting or sudden
changes in direction, AD reflects how well a participant were able to stay close
to the shortest path when connecting two dots during the task. TD is the time
it takes a participant to start a new trace in the direction of the latest point;
this is measured from the time a new point is displayed until the direction of the
participant’s trace is within 30°s of the target point to quantify visual-motor
challenges associated with each new trace if any.

As such, our analysis focused on 48 items: 4 performance metrics x (5IDs + 7
angles). Following the earlier analysis, we examined solely at the direct condition
and RAN performances. We began by filtering these features via a Pearson’s
correlation matrix between the 48 items and the RAN results, ignoring all items
with a correlation coefficient below 0.50. This resulted in six features: 30°-MD
(0.50), 90°-TT (0.59), 1.5-TT (0.61), 3.5-TT (0.51), 3.5-MD (0.55), and 3.5-TD
(0.58) — the latter three features were not surprising as they played a prominent
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Fig. 8. Participant performance by trace (IDs and angles), measured as: time to com-
plete a trace in ms (7'T); maximum distance to best fit in px (MD); average distance
to best fit in px (AD); and time to correct the tracing direction at the start of a new
trace in ms (7D).

role in Pattern 5. We then computed another correlation matrix between these.
When two features were correlated (>0.50), the one highest correlated with RAN
was selected. This resulted in three final features: 30°-MD, 90°-TT, and 1.5-TT
(see Fig.9). That is, the farthest distance to the best fit between two points at
30° s; the time it takes to drawn an upwards trace (90°); and the time it takes
to draw a trace with ID 1.5 (approx. 1.10 cm).

Finally, we computed a Decision Tree Regression using NumPy and Scikit-
learn (CART algorithm, default parameters). This reported a mean absolute
error (MAE) of 5.71 and root mean squared error (RMSE) of 8.50. The impor-
tance of each feature was reported as follows: 1.5-TT (0.84), 90°-TT (0.12), and
30°-MD (0.04). With mean RAN results of 37.55ms (SD = 16.61), a MAE of
5.71 ms represents an error 15.21% and is below 0.5 standard deviations repre-
senting the RAN results of our low literacy group (i.e., 8.31ms). In sum, these
results start to illustrate the potential of DtD as an implicit tracing mechanism
that can assess low literacy risk factors by simply measuring characteristic slow
and short traces, particularly if these are performed upwards.

5 Discussion

The purpose of this work was to determine whether DtD on touchscreen devices
is a suitable mechanism to assess literary-related factors.

5.1 Relevance to Literacy-Related Factors

Overall, children’s performance during the direct condition of DtD was highly
correlated with literacy-related variables. These results showed a consistent
tendency regardless of age effect, especially with rapid automatized naming
(RAN) performance. In other words, children who performed RAN quicker were
also were quicker at connecting the dots in the direct condition of the DtD
task. As such, it is expected that the properties represented by RAN — chil-
dren’s vocabulary development level, rapid naming, and phonological awareness
skills — can also be represented via the DtD task. Unlike vocabulary develop-
ment tests that recall and produce the lexical knowledge stored in long-term
memory, and phonological recognition tasks that manipulate speech sounds
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Fig.9. The Pearson’s correlation matrix between the most relevant features. When
two features are correlated (> 0.50), the one highest correlated with RAN was selected
for analysis.

based on phonemic knowledge and representation, the RAN task requires effec-
tive processing skills of visual information. Similarly, in the DtD task users need
to be constantly paying attention to moving target points and processing visual
information. Common features in performing these tasks can explain this corre-
lation between RAN and DtD performance.

While we found a significant correlation between DtD and RAN, the same
cannot be said of phonological awareness (PA) performance. This result is sup-
ported by previous work that demonstrates the literacy predictability of PA
decreases from the early states of reading education (while the predictability
of RAN gradually increases [27,61]). Most of the participants in this study had
indeed started to learn how to read, which further explains these observations on
RAN and PA performance. In sum, the performance in the direct input condition
of the DtD task can be considered as an assessment tool that reflects children’s
literacy ability; including visual information processing, linguistic features, and
the developmental characteristics necessary for reading.

5.2 Feasibility as a Pre-reading Assessment Mechanism

In this paper we have used RAN and PA performances to categorize children’s
literacy skills as either high or low (above or below 30% from the average perfor-
mance of their peers). A comparative analysis of the two subgroups showed that
children with low literacy had low performance in the direct input condition of
the DtD task. Thus, this can be seen as a result of predicting a high probability
of diagnosis for children with literacy-related issues such as reading difficulties
and dyslexia. Our findings build on the preliminary DtD work showing similar
results with British children using indirect input (i.e., stylus pen) [37]. Taken
together, this highlights the language-independent features of the DtD task as a
potential literacy screening tool.

However, what further sets this work apart from the state-of-the-art is the
analysis that shows the potential for the DtD mechanism to work as an abstract
layer that can be embedded into every day touch-screen applications. This would
ultimately lead to continuous and unsupervised monitoring of literacy problems
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Malaysia

Fig.10. Input via the popular keyboard SwiftKey could be interpreted as a DtD
pattern. Future work should investigate if such everyday actions on mobile devices
could be used as a quick and seamlessly way to flag for signs of dyslexia in teenagers
and adults.

in preschool-age children — shown to interact with tablets as early as 2.5 years old
[32]. To do so, applications simply need to measure user performance matching
the three features identified in our study. These are highly viable in touch-
screen applications as they require short traces of approx. 1.10cm, combined
with upward traces.

5.3 Limitations and Future Work

Although our data showed the potential of using the DtD task as a screening tool
for detecting reading difficulties in children, a long-term investigation is needed
to confirm if DtD is indeed an accurate predictor. This will be done by following
up with children with low DtD performance and assess if they are diagnosed
with reading difficulties or dyslexia later on. Additionally, a future study on
reliability and feasibility tests for larger clinical groups will also be needed to
find out whether the patterns and methods used in DtD itself can be used as
a tool to screen children with reading difficulties. For example, a larger clinical
group would allow us to do a trace analysis by preschool-age, or by lower and
higher grades; allowing us to further validate and fine-tune our findings.
Finally, an exciting future direction for this work is to look at the validity of
the DtD task while embedded into various touch-screen applications. This can
be explored in children’s applications, but could also be used to flag for signs
of dyslexia in teenagers and adults. One such way would be to identify applica-
tions that already require users to provide direct input in manner resembling a
DtD pattern, i.e., applications that require users to sequentially swipe between
interface targets without lifting their fingers. One pervasive example would be
SwiftKey?3, a popular software keyboard for Android where users write text not
by typing, but by swiping between characters. Figure 10 illustrates how writing
Malaysia with SwiftKey would produce an input with a similar ID to Pattern 5

3 https://www.microsoft.com/en-us/swiftkey.
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(depending on screen size and resolution). A machine learning model could also
be trained to identify the trace features described earlier (e.g., 1.5-TT, 90°-TT,
30°-MD), potentially allowing the assessment of low literacy factors when users
perform slow and short upward traces. These are used often, not only between
characters in SwiftKey (e.g., between ‘x’ and ‘e’), but unlocking an iPhone,
dragging App icons on them main screen of most touchscreen devices, or vari-
ous videogames. Further studies would require us to test IDs that vary not only
length but target size, backwards traces, and traces that might engage muscle
memory in addition to visual-motor coordination (such as the ones performed in
SwiftKey). If successful, such approaches could quickly and seamlessly support
millions of undiagnosed adults [1] that go through life dealing with academic
failure, low self-esteem, and behavioral and motivational difficulties.

6 Conclusion

We have proposed a simple, non-linguistic touchscreen-based task with the goal
of predicting a child’s likelihood for experiencing reading difficulties based on
their visual-motor skills. The effectiveness of this approach was verified through
an empirical study conducted with children aged from preschool to elementary
school. Results show that children’s literacy-related variables have strongly corre-
lated to DtD performance. These results were significant not only in the correla-
tion analysis but also in the comparison analysis between low and high literacy
groups. Moreover, we identified specific DtD pattern and trace characteristics
that could be effective in screening future learning difficulties. Thus, DtD can
contribute to not only an early identification and intervention of children’s lit-
eracy problems but can also be embedded into any frequently used touchscreen-
based applications for implicit detection.
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