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Abstract

Multi-touch technology has become one of the most emergent technologies and has
had an enormous growth since its initial steps in the eighties to be widespread accepted
and used in the present. On the one hand, multi-touch technology relies on the direct
manipulation interaction style which gives users the advantage to view the objects and
actions of interest, replace typed commands by pointing actions and to perform rapid,
reversible and incremental actions avoiding using complex instructions. On the other
hand, several works have evaluated the virtues when joining direct manipulation with
direct-touching showing that it solves the problems inherent in other interaction
devices, such as those involving mouse or keyboard. Hence, taking advantage of the
intuitive and natural interaction provided by multi-touch technology it seems an ideal
way to support educational scenarios targeted to kindergarten children. Although
several works have assessed the suitability of using the direct manipulation style with
children, there is a lack of works addressing the use of touchscreen devices by this
specific type of users.

Moreover, there is a growing trend of designing educational and playful applications
targeted to kindergarten children based on touchscreen devices such as smartphones
and tablets. In addition, several reports point out that children use touchscreen devices
even before they are able to speak and they are frequent users of devices such as
smartphones and tablets.

However, despite this growth in the use of multi-touch technology by children and its
apparent suitability to be used to develop applications targeted to young children, there
is a lack of standardized and universally accepted interactions for young children when
using touchscreen devices since only two basic gestures are commonly used (basically,
consisting of only one-finger touch for selection and one-finger drag for movement).
Hence, there is a need of carrying out empirical studies to help and advance in the
design of applications that adequately support and fit with children’s development and
skills.

Therefore, this thesis proposes, designs and evaluates several usability and
communicability strategies tailored to children in their early development stage to
establish the design and development of future applications targeted to kindergarten
children. These strategies will lead to define appropriate design strategies that enable
infants to take full advantage of multi-touch technology, would make it possible to
develop attractive new applications and, eventually, could also aid children’s cognitive
and motor development.






Resumen

La tecnologia multi-tactil se ha convertido en una de las mas emergentes tras
experimentar un enorme crecimiento desde sus pasos iniciales en los afios ochenta
hasta su amplia aceptacién y uso en la actualidad. Por una parte, la tecnologia multi-
tactil se basa en el estilo de interaccién de manipulacion directa el cual proporciona a
los usuarios la ventaja de ver los objetos y las acciones de interés, sustituir comandos
escritos por acciones de sefialado y, ademas, permite la realizacion de acciones rapidas,
reversibles e incrementales evitando el uso de instrucciones complejas. Por otra parte,
diversos trabajos han evaluado las virtudes derivadas de utilizar conjuntamente la
manipulacion directa con el toque directo mostrando que es posible evitar los
problemas inherentes a otras técnicas de interaccion como el raton y el teclado. Por lo
tanto, aprovechando la interaccion natural e intuitiva proporcionada por la tecnologia
multi-tactil, ésta parece una forma ideal para dar soporte a la creacion de escenarios
educativos dirigidos a nifios en edad preescolar. Sin embargo, a pesar de la existencia
de diversos estudios que evalGan la idoneidad de utilizar el estilo de interaccion de
manipulacion directa, existe una falta de trabajos abordando el uso dispositivos
basados en superficies tactiles con nifios de una temprana edad.

Asimismo, en la actualidad existe una creciente tendencia a disefiar aplicaciones
educativas y ladicas dirigidas a nifios en edad preescolar utilizando dispositivos multi-
tactiles como los teléfonos inteligentes o las tabletas. Ademas, diversos informes
sefialan que los nifios son usuarios frecuentes de este tipo de dispositivos y los utilizan
incluso antes de ser capaces de hablar.

Sin embargo, a pesar de este crecimiento en el uso de la tecnologia multi-tactil y su
aparente idoneidad para ser utilizado en el desarrollo de aplicaciones educativas para
nifios en edad preescolar, no existen unas interacciones universales y estandarizadas
para preescolares a la hora de utilizar dispositivos tactiles ya que habitualmente s6lo se
utilizan dos gestos basicos (basicamente, el toque con un dedo para seleccionar y el
arrastre con un dedo para el movimiento). Por lo tanto, existe una clara necesidad de
llevar a cabo estudios empiricos para contribuir y avanzar en el disefio de aplicaciones
que den un soporte adecuado y encaje con las habilidades de los nifios en su temprano
desarrollo.

Por tanto, esta tesis propone, disefia y evalla diversas estrategias de usabilidad y
comunicabilidad adaptadas a los nifios en edad preescolar para establecer la base para
el disefio y desarrollo de futuras aplicaciones basadas en dispositivos tactiles dirigidas
a preescolares. Estas estrategias llevaran a la adecuada definicion de guias de disefio
que permitirdn a los nifios aprovechar al méaximo la tecnologia multi-tactil, haran
posible el desarrollo de nuevas y atractivas aplicaciones y, eventualmente, también
podrén ayudar al desarrollo cognitivo y motor de los nifios.







Resum

La tecnologia multi-tactil s’ha convertit en una de les més emergents després
d’experimentar un enorme creixement des dels seus passos inicials als anys vuitanta
fins I’actualitat on es ampliament acceptada i utilitzada. D’una banda, la tecnologia
multi-tactil es basa en ’estil d’interaccid de manipulacid directa, el qual proporciona
als usuaris I’avantatge de veure els objectes i les accions d’interés, substituir comandos
escrits per accions d’assenyalament i, a més, permet la realitzacié d’accions, rapides,
reversibles 1 incrementals evitant 1"is d’instruccions complexes. D’altra banda,
diversos treballs han avaluat les virtuts derivades d’utilitzar conjuntament la
manipulaci6 directa amb el toc directe mostrant que és possible evitar els problemes
inherents a altres técniques d’interaccié com el ratoli i el teclat. Per tant, aprofitant la
interaccié natural i intuitiva proporcionada per la tecnologia multi-tactil, aquesta
sembla una forma ideal per donar suport a la creaci6é d’escenaris educatius per a xiquets
en edat preescolar. No obstant aix0, malgrat I’existéncia de diversos estudis que
avaluen la idoneitat d utilitzar 1’estil d’interaccié de manipulacio directa, existeix una
manca de treballs abordant 1’Gs de dispositius basats en superficies tactils amb xiquets
d’edat primerenca.

Aixi mateix, en I’actualitat existeix una creixent tendéncia a dissenyar aplicacions
educatives i ltdiques dirigides a xiquets en edat preescolar utilitzant dispositius tactils
com els teléfons intel-ligents o les tauletes. A més, diversos informes assenyalen que
els xiquets son usuaris freqiients d’aquests tipus de dispositius i els utilitzen fins i tot
abans de ser capagos de parlar.

Malgrat aquest creixement en 1’s de la tecnologia multi-tactil i la seua aparent
idoneitat per a ser utilitzada en el desenvolupament d’aplicacions educatives per a
xiquets en edat preescolar, no existeixen unes interaccions universals i estandarditzades
per a preescolars a ’hora d’utilitzar dispositius tactils ja que habitualment només
s’utilitzen dos gestos basics (basicament, el toc amb un dit per a seleccionar i
I’arrossegament amb un dit per al moviment). Per tant, hi ha una clara necessitat de dur
a terme estudis empirics per a contribuir i avancar en el disseny d’aplicacions que
donen un suport adequat i s’ajusten amb les habilitats dels xiquets en el seu primerenc
desenvolupament.

Per tant, la tesi proposa, dissenya i avalua diverses estratégies de usabilitat i
comunicabilitat adaptades als xiquets en edat preescolar per tal d’establir la base per al
disseny i desenvolupament de futures aplicacions basades en dispositius tactils
dirigides a preescolars. Aquestes estratégies portaran a I’adequada definicié de guies de
disseny que permetran als xiquets aprofitar al maxim la tecnologia multi-tactil, faran
possible el desenvolupament de noves i atractives aplicacions i, eventualment, podran
també ajudar al desenvolupament cognitiu i motor dels xiquets.
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Chapter 1

Introduction

1.1. Motivation

Since its initial steps in the eighties, even before the adoption of graphical user
interfaces, to its widespread acceptance today, multi-touch technology has had huge
advances (Buxton, 2013). With its growth, new sophisticated input and processing
mechanisms have emerged enabling users to interact in a more natural and intuitive
way (Smith, Burd, & Rick, 2012). Multi-touch technology makes use of the direct
manipulation interaction style and direct-touching to bring users more natural and
intuitive interfaces. As Shneiderman and Plaisant (Shneiderman & Plaisant, 2004)
pointed out, there are three ideas behind the concept of direct manipulation: (1)
visibility of objects and actions of interest; (2) replacement of typed commands by
pointing-actions on objects of interest; and last but not least, (3) rapid, reversible and
incremental actions that help to keep users engaged, give them control over the
technology and avoid complex instructions. Additionally, there is evidence that direct-
touch is preferred over mediated pointing devices like the mouse as it provides a more
direct way of selecting options on the screen (Hourcade, 2007). All these facts have
triggered a new trend to develop applications targeted to very young children. As
pointed out by Rideout (Rideout, 2011), children are real users of multi-touch
technology even before they start to talk. Moreover, Rideouts’ study shows that 38% of
these young users have used a Smartphone, iPad or a similar device at least once and
among this group, 10% were between 0 and 23 months and 39% between 2 and 4 years
old. In this line, Johnson et al. (Johnson, Adams, & Cummins, 2012) strengthen this
evidence identifying mobile devices such as smartphones and tablets as one of the two
most emerging technologies suitable for young children.

Seizing the opportunity provided by the multi-touch technology, several works have
assessed several dimensions in the suitability of touchscreen devices usage by children.
For instance, the inherent ability of touch systems to engage users’ attention from
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prescholers to adolescents has been proved (Sluis et al., 2004), (Khandelwal &
Mazalek, 2007), (Couse & Chen, 2010). Moreover, some works have pointed out the
potential of touchscreen devices to give support to scenarios in which collaboration
between peers is promoted (Rick et al., 2010)(Rick & Rogers, 2008), (Fleck et al.,
2009) or creativity tasks are fostered (Helmes, Cao, Lindley, & Sellen, 2009), (Catala,
Jaen, van Dijk, & Jorda, 2012).

However, the increasing interest in multi-touch technology has not given rise to studies
on the design of multi-touch systems for the youngest age range (i.e. preschool
children) yet (Hourcade, 2007). Hence, when aiming to use multi-touch screen devices
to give support to kindergarteners educational activities, the technological support to be
used when developing collaborative and creative skills in kindergarten children is
critical since the choice of the underlying supporting technology has a great impact on
the nature of the pedagogical activities to be performed in a learning context.
Therefore, finding out how kindergarten children are able to interact with multi-touch
screen devices becomes a critical issue.

Taking into account all the stated above, this thesis is focused on designing, developing
and assessing different usability and communicability strategies for interactive surfaces
when used with Kkindergarten children in order to establish the basis to create
educational scenarios based on touchscreen devices which enrich the learning process
for children in early childhood. This proposal is a step forward because of the
following reasons: (1) the suitability of the interactive surfaces to support social
learning since several subjects share the same physical space and, as it happens in
traditional technology-free games, the communication during the creation process,
experimentation and reflection is direct and not mediated by a computer. (2) The
collaborative nature of the technologic infrastructure, in which users can carry out
different tasks in parallel and on the same table; and (3) the creative nature of the
infrastructure in which users select the game elements and the reactive behavior that it
offers. The goal is that also educators have a tool on which they can design in an
effective way learning activities with a technology tailored to early childhood
development boosting the engagement and motivation of users in the activity.

In order to provide these strategies on the use of touchscreen devices by kindergarten
children, this thesis explores multi-touch technology in four dimensions; (1)
contextualization, which covers the evaluation of the types of interaction that can be
performed by kindergarten children in multi-touch surfaces. (2) Assistance, which
involves the definition of several assistive techniques of interaction that allow the
increase of effectiveness of kindergarteners’ interactions. (3) Communicability, the
definition of effective mechanisms to communicate information about the application
understandable to both, children and caretakers through visual languages when using
the multi-touch technology. Finally, (4) adaptability to provide several strategies and
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design guidelines to allow the adaptation of the assistance and communicability
mechanisms to the specific skills of each user.

1.2.  Research Hypothesis

Relying on the elements stated in the previous section, the initial hypothesis for this
thesis deals with both, the technological aspects needed to build the approach and the
suitability of the solution for its use in actual scenarios based on interactive surfaces
with kindergarten children. It can be expressed as follows:

“Usability and communicability strategies can be effectively designed to establish a
basis for the development of applications based on touchscreen interfaces targeted to
kindergarten children taking into account their development stage and abilities. This
basis will provide an added value in terms of user experience, performance,
engagement and quality of the educational activities and dialogues with teachers or
caretakers”

1.3. Research Methodology

As stated above, this work attempts to provide a solution based on touchscreen devices
to create appropriate scenarios targeted to kindergarten children fostering engagement
and giving support to learning activities. To reach this goal, the Design Science
research methodology (Hevner, March, Park, & Ram, 2004) was applied, as it enables
the design and validation of approaches to practical problems. In the words of Hevner
et al., “the design-science paradigm seeks to extend the boundaries of human and
organizational capabilities by creating new and innovative artifacts”. The Design
Science process in Information Systems firstly identifies the problem, sets the
objectives of the solution, and then the solution is designed and developed, followed by
an evaluation of the outcomes. In addition to applying Design Science as the main
methodological approach, it was decided to adopt Wieringa’s methodological proposal
(Wieringa, 2009), which structures the research in nested sets of problems and tasks.
As shown in Figure 1, this thesis is composed of different problem descriptions or
discussions, artifact designs, evaluations, and extensions to the designs.

1.4. Goals and Contributions

The overall aim of this thesis is to advance in the development of suitable educational
scenarios targeted to kindergarten children making use of interactive surfaces. To
achieve this goal, the suitability of using touchscreen devices with kindergarten
children is explored in several dimensions. First, usability issues related to the usage of
touchscreen devices by children in their early developing is assessed. Then, once it is
known how kindergarten children are able to interact in an effective and efficient way,
the thesis explores different mechanisms to communicate information about the



Kindertivity: Usability and Communicability Strategies for Interactive Surfaces and Pre-
Kindergarten Children

application (such as the gestures to be performed by the users to achieve the task or
giving cues about where the interactive elements of the virtual world are placed). In
more detail, the thesis addresses the following requirements:

e Define and evaluate a set of interaction gestures on interactive surfaces
feasible to kindergarten children. This will provide with usability
contextualization strategies and guidelines that assist and facilitate the use of
multi-touch technology devices.

e Find out the level of accuracy that can be demanded to kindergarten children
when performing multi-touch gestures.

e Provide a mechanism to move an object in a virtual 2D world tailored to
children in their early development.

e Assess whether kindergarten children are able to use the virtual world beyond
the screen limits.

e Define and evaluate visual languages to communicate the gestures required by
the application to fulfill a specific task.

e Define and evaluate several visual languages to communicate where the
interactive elements of the virtual world are located.

e Explore the impact of using different communicative visual languages
simultaneously.

e Define and evaluate different assistive techniques and strategies which allow
the customization of the usability and communicability techniques previously
evaluated to the actual children development.

e Develop and assess a real scenario in which different usability and
communicability strategies are included when the virtual world is cluttered by
several interactive elements.

The contributions of the thesis are manifold: first, the definition of a basic set of multi-
touch gestures feasible to be performed by preschool children and the design of several
indirect techniques suitable to kindergarteners; second, a set of design guidelines to
help application developers to appropriately include touch interactions; third, the
definition of several visual languages with different communication goals
understandable by young children; fourth, a gamified application which adapts an
actual educational activity by using the basis established with the usability and
communicability strategies defined in this work; and, finally, a discussion of the
potential use of all the strategies defined in this work to design and develop
applications based on touchscreen devices which gives support to collaborative and
creative processes in learning scenarios.
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(in circles).
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1.5. Outline of the Thesis

In order to explore the items described in this chapter and depicted in Figure 1, this
dissertation has been divided into four parts. The first one (in which this chapter is
included) serves to state the problems to be faced, to introduce the state of the art of
multi-touch technology with kindergarten children and to motivate its potential use in
terms of education and fostering creative collaborative activities with kindergarteners.
The second part covers the contextualization work of the thesis in which the usability
of different types of interaction that can be performed by pre-kindergarten children in
multi-touch surfaces is evaluated. The third part explores and evaluates different
communication mechanisms that allow both children and supervisors to gain awareness
of different data about the applications. Moreover, this part explores the use of the
usability and communicability guidelines described in the previous chapters in a real
scenario. Finally, the last part of the dissertation provides a general discussion of the
conducted research and draws the lines to follow in future works. A detailed
description of the chapter structure is provided below:

e Part I: Preliminaries. Besides the present chapter, this part includes two
additional chapters as an introduction to the field of children-computer
interaction and the use of touchscreen devices. Moreover, it includes another
additional chapter motivating the thesis and describing dimensions to be
explored through the thesis work.

-Chapter 2. This chapter contains the publication entitled Interactive
Technologies for Preschool Game-Based Instruction: Experiences and
Future Challenges (Nacher, Garcia-Sanjuan, & Jaen, 2016b). Aiming to
give a general sight on the use of technology with kindergarten children,
this work explores the state of the art of game technologies that support
kindergarteners’ development. From the analysis conducted, it was
observed that different technologies such as traditional computers,
interactive surfaces and robots have been previously evaluated being the
last two the most emerging. However, the review shows that despite the
huge growth in the number of existing educational applications based on
touch devices targeted to kindergarten children, the multi-touch technology
does not seem to be fully exploited for them.

-Chapter 3. This contains the publication entitled Multi-touch Technology
in Early Childhood: Current Trends and Future Challenges (Nacher &
Jaen, 2015c). Once the multi-touch technology is revealed as one of the
most emergent technology to design educational application targeted to
kindergarteners, this paper focuses on the state of the art of the multi-touch
technology and explores different works dealing with usability issues of
young children when using touchscreen devices. In addition, several future
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challenges to be addressed to contribute in the Children-Computer
Interaction field are identified.

-Chapter 4. This chapter contains the paper entitled KINDERTIVITY: Using
Interactive Surfaces to Foster Creativity in Pre-kindergarten Children
(Nacher & Jaen, 2015b). This paper motivates the need of exploring the
multi-touch technology to facilitate creative learning taking into account
the cognitive and interaction limitations of very young children. Moreover,
this work points out the milestones to achieve to design and develop
suitable educational touchscreen scenarios.

Part 11: Usability. This part is focused on the design and evaluation of the
types of interaction that can be performed by kindergarten children in multi-
touch surfaces. Aiming to give a starting point to design scenarios based on
touchscreen devices, in this part several usability evaluations are made with
users. Beginning with the study of a basic set of touch gestures based in direct
manipulation, this part opens its scope and finishes testing more complex
interactions such as indirect techniques. In addition, several assistive
techniques of interaction which allow the increase of effectiveness of
kindergarteners’ actions are defined.

-Chapter 5. This chapter contains the publication entitled Multi-touch
gestures for pre-kindergarten children (Nacher, Jaen, Navarro, Catala, &
Gonzélez, 2015). This paper provides several contributions. The first is a
study of the commercial perspective of the multi-touch technology targeted
to kindergarten children showing that most existing educational
applications for these users do not take fully advance of the technology.
The second contribution is the experimental confirmation that young
children are able to perform a basic set of multi-touch gestures. In addition,
cognitive and precision issues when children perform these gestures are
identified and corresponding design guidelines are proposed to minimize
their impact on the performance and usability in the interaction.

-Chapter 6. This chapter contains the paper entitled Improving
Pre-Kindergarten Touch Performance (Nacher, Jaen, Catala, Navarro, &
Gonzalez, 2014). This work evaluates the specific strategies defined in the
previous chapter to deal with the children issues when performing the
double tap and long press gestures. From the results of this work it can be
seen that the guidelines implementations have a positive effect on success
rates of these two gestures, being feasible their inclusion in touchscreen
applications targeted at children in early childhood.

-Chapter 7. This chapter contains the work entitled Evaluating the
Accuracy of Pre-Kindergarten Children Multi-touch Interaction (Nacher &
Jaen, 2015a). Once it has been proved that kindergarten children are able to
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perform basic multi-touch gestures with high success rates, this work
evaluates children abilities to perform gestures that require movement of
contacts in the surface when accuracy is required in the termination phase
of these gestures. Children abilities are revealed from the evaluation and
assistive strategies that adapt their behavior to the actual levels of motor
and cognitive development of each child are proposed.

-Chapter 8. This chapter contains the work Are Kindergarten Children
Ready for Indirect Drag Interactions? (Nacher, Ferreira, Jaen, & Garcia-
Sanjuan, 2016), which proposes and evaluates different techniques to be
used when the direct manipulation style is not feasible due to application
requirements. Three indirect drag techniques are evaluated and their
weaknesses and strengths are described.

Part 111 Communicability. This part of the dissertation focuses on the definition
of effective mechanisms to communicate information about the application
requirements and context through the use of visual languages understandable
to both children and supervisors. Languages to communicate two types of data
are explored in order to provide an effective mechanism that reduces the
number of technical scaffolding and fosters dialogues related to the learning
activity. The first two chapters present and assess languages to communicate
data about the gestures to be performed while the last one explores and
evaluates visual languages to provide directional awareness.

-Chapter 9. This contains the paper Exploring Visual Cues for Intuitive
Communicability of Touch Gestures to Pre-kindergarten Children (Nacher,
Jaen, & Catala, 2014). This work provides preliminary insights in the field
of using visual languages to communicate the expected touch interactions
to kindergarteners and caretakers. The evaluation reveals that using
animated visual languages may be an appropriate approach to communicate
the desired interactions to young users.

-Chapter 10. This chapter contains the publication Evaluating multi-touch
semiotics to empower pre-kindergarten instruction with interactive
surfaces (Nacher, Jaen, & Catala, 2017). This paper extends the work done
in the previous chapter by including a wider and comprehensive range of
basic touch gestures, including an evaluation of the languages’ learnability
and memorability and including a third visual animated language avoiding
the explicit use of a hand to communicate. Finally, based on the evaluation,
the best approaches are pointed out to effectively communicate touch
gestures to kindergarten children by using visual cues.

-Chapter 11. This chapter contains the paper Exploring visual languages
for communicating directional awareness to kindergarten children
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(Nacher, Jurdi, Jaen, & Garcia-Sanjuan, 2018). This work focusses on the
design and evaluation of different approaches to communicate directional
awareness to kindergarten children. Three different visual languages are
designed and evaluated providing a comprehensive description of the
efficacy and effectiveness of each approach in terms several factors such as
success rate, time spent by the users, positioning awareness and visual
interference. Moreover, this work assesses the suitability of using a virtual
world beyond the screen which is being underused in actual commercial
applications targeted to kindergarteners.

-Chapter 12. This chapter contains the publication entitled Evaluating
assistive communication languages with kindergarten children on
touchscreen devices (Nacher, Garcia-Sanjuan, & Jaen, 2018). This work
makes use of all the design guidelines and communication languages
explored in the previous chapters in order to assess whether their
simultaneous use in an actual educational application is feasible when
working with children in their early childhood. In this work, an actual
application targeted to hospitalized children is gamified and adapted to
kindergarteners’ development and abilities. The adapted design includes
most of the guides proposed in the previous chapters such as the use of
different multi-touch gestures, the use of the space beyond the screen
limits, the inclusion of two different visual languages to communicate data,
etc. This work is as an exemplification of how the work carried out in the
previous publications serves as a basis and a starting point to design and
develop appropriate educational collaborative scenarios targeted and
tailored to kindergarten children by using interactive surfaces.

e Part IV: Closure. This part of the thesis includes a discussion of the several
contributions and aspects addressed in this dissertation, as well as it highlights
the lines to follow in the future to design educational scenarios targeted to
kindergarten children using touchscreen devices.

To sum up, the work described in the thesis has produced 11 research papers: 6 read at
international conferences (4 CORE A, 2 international conferences), 3 published in
international scientific journals (1 JCR Q1, 1 JCR Q3) and 2 JCR scientific journals
which are still under review.
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Abstract

According to current kindergarten curricula, game play is an important basis for
children development and it is the main driving force when designing educational
activities during early childhood. This paper presents a review of the current state of
the art of game technologies that support pre-kindergarten and kindergarten children
development. Moreover, the most emergent technologies for developing educational
games for preschool children are identified and a set of future challenges are discussed.
The main goal of this work is to review the state of the art in interactive technologies
which will help educators, game designers and Human-Computer Interaction (HCI)
experts in the area of game-based kindergarten instruction.

2.1. Introduction

According to Huizinga, play is innate to human culture (Huizinga, 1985) and children
play in many ways and with different types of artifacts (Fein, 1981). The importance
and benefits of game play in early childhood education and development are manifold
as discussed by Singer et al. (Singer, Golinkoff, & Hirsh-Pasek, 2006) who studied
how play motivates and enhances children's cognitive and social-emotional growth,
and by Ginsburg (Ginsburg, 2007) who pointed out that play is essential for
development contributing to the cognitive, physical, social and emotional well-being.
Consequently, play should be a basic pillar in children education and development as
pointed out by Plato (Plato, 1955): “Enforced learning will not stay in mind. So avoid
compulsion and let your children’s lessons take the form of play”.

However, despite the large number of works addressing children play (e.g., (Barnett,
1990)(Samuelsson & Carlsson, 2008), (Morrow, 1990), (Frost, Wortham, & Reifel,
2011), (Veitch, Bagley, Ball, & Salmon, 2006)(Parten, 1933)) and the presence of
games in children educational curricula, considerable less research has focused on the
relationship between play, learning and technology in the context of early childhood
education. In this respect, traditional desktop computers have often been considered as
the main technological devices to be used, leaving new emerging technologies such as
interactive surfaces and robots, which could be exploited to obtain richer game
experiences, underused.

Therefore, in this paper we provide a review of works that use technologies to develop
games to help preschool children improve the three dimensions of their development
mentioned above: physical, socio-affective and intellectual. The analysis carried out
shows that despite there are technologies with suitable mechanisms to support very
young children instruction based on play, there are still missing aspects that need to be
addressed in order to fully support these dimensions in children’s development. Hence,
we provide a set of future areas of work that can be addressed in the near future. The
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end goal is to define a research path to give educators and designers appropriate
guidelines to design game activities using each technology and to devise games and
educational activities that smoothly combine all the evaluated technologies creating
environments that foster preschool children’s development.

2.2.  Technology-Supported Games for Preschool Children

In the literature, many previous works using technology-aided learning activities to
support preschool children (aged 2-6 years) development can be found. In this section,
these works are explored and classified by the main technological components they
rely on, namely traditional computers, interactive surfaces and also robots and other
technologically-enhanced toys. Their different interaction mechanisms are discussed,
as well as the affordances they present and their potential to design games that
stimulate preschooler’s physical, socio-affective and intellectual abilities. The works’
selection process involved the analysis of the main conferences and journals in the field
of HCI looking for technology evaluations with pre-kindergarten and kindergarten
children. Then, the obtained papers were classified in terms of the technology used.
Moreover, a representative set of studies/games in each category were selected.

2.2.1. Traditional Computers

In the past two decades, the main strand when developing intellectual and cognitive
abilities among kindergarten children through technology was the use of traditional
computers, which were mainly interacted via mouse and keyboard. Since regular
keyboards have too many keys and can cause difficulties for very young children to
interact with, some approaches required either disabling or removing some keys in
order to simplify interactions. Jones and Liu (Jones & Liu, 1997), for instance,
evaluated how 2 to 3 year-old children interact with a computer. For this purpose, they
designed a videogame which used visual stimuli, animations and audio to capture the
kid’s attention. The computer told the child to press a certain keyboard button, and
informed the user whether the interaction had been successful. Simplification was
achieved in this case by using only a few keys of the keyboard, disabling the rest. The
game contained educative contents in order to enhance vocabulary through learning
colors, toy names, food, computer parts, etc., and also to learn mathematical concepts
such as big/small, or logical relations like cause/effect (e.g., if a key is pressed,
something will happen on the screen). In their study, the researchers observed that
meaningful interactions with this kind of technology do not appear before 2.5 years of
age, but perhaps their findings were biased by having too many keys presented to the
participants, even though not all of them were responsive. Another example is the work
by van Daal and Reitsma (van Daal & Reitsma, 2000) which evaluated a computer
assisted program for learning to read and spell. The program includes several exercises
such as matching pictures with spoken words, indicating which letter sound is heard
and matching written words with pictures and spelling a word by its sound (see Figure
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2). The results showed that the children who used the computer-based reading and
spelling activities learned to name more letters and they were able to read more words
than the group of children who did not have access to the computer-based practice.
Hence, the proposed approach helped children in the improvement of their recognition
and decoding skills.

Al

1\

Figure 2. Example screen of the activity spelling a word by its sound (from (van Daal &
Reitsma, 2000)).

Instead, other works get rid of keyboards completely and replace them by other
intrinsically simpler devices. This is the case of Strommen et al. (Strommen, Revelle,
Medoff, & Razavi, 1996), who designed a videogame that consisted on directing a
Cookie Monster through a path up to a given target cookie for him to eat. They
designed the game to be controlled by a mouse, joystick or trackball, and performed an
evaluation to assess which input device improved precision tasks on 3-year-olds. The
results showed the trackball was the more accurate, but the slowest, way to interact.
Similarly, Ahlstrdm and Hitz (Ahlstrom & Hitz, 2013) evaluated precise pointing
interactions using mouse on children aged 48-58 months. In order to do so, they
proposed a game that consisted on selecting and dragging colored elements on the
screen. Results showed that an assistive technique can improve children’s pointing
accuracy. Navarro-Newball et al. (Navarro-Newball et al., 2014) reduced the
complexity of the interaction even further. They shied away from an interaction
mediated by keyboard and mouse and designed a videogame which required speech
interaction and gave visual feedback to children. The game, Talking to Teo (see Figure
3), was aimed at the rehabilitation of children with early diagnosed hearing
impairment. During the experiments carried out with a therapist it was evidenced that
the game resulted enjoyable and engaging for children when performing a task usually
boring for them such as repetitive speech mechanization sessions.
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Despite devising easier interaction mechanisms for children, scenarios with this type of
technology are mainly mono-user, where, if several users are present in front of a
computer, one tends to retain the control whereas the rest adopt a more passive
(observer) role. This could complicate the design of games to foster social abilities.
Besides, experiences are limited to happen in front of the computer, because these are
fixed to a single location. Therefore, it would be difficult for Kids to engage in games
that encouraged mobility and physical exercise using this kind of technologies.
However, other types of physical development, such as the improvement of fine motor
skills, could be trained using traditional computers. As an example, the Cookie Monster
game by Strommen et al. (Strommen et al., 1996) and the drag game by Ahlstrém and
Hitz (Ahlstrom & Hitz, 2013) require precision in order to succeed. Even though these
two works were not aimed at training any specific capacity, in our opinion, videogames
that require this type of precision could be used to improve fine motor skills on
children.
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Figure 3. Mini-games examples of Talking to Teo game (from (Navarro-Newball et al., 2014)).

2.2.2. Interactive Surfaces

The natural and intuitive way of interaction provided by the multi-touch technology
(Smith et al., 2012) makes it ideal for preschool children. The three basic ideas behind
the direct manipulation style that enables a natural interaction are stated by
Shneiderman et al. (Shneiderman, Plaisant, Cohen, & Jacobs, 2009): the first one is the
visibility of objects and actions of interest; the second one, the replacement of typed
commands by pointing-actions on the objects of interest; and, finally, the rapid,
reversible and incremental actions help children to keep engaged and give them control
over the technology avoiding complex instructions that complicate the interaction. In
recent years, several studies have focused on the use of multi-touch interactive
tabletops with educational purposes, not only because of the naturalness of the
interactions but also because they allow co-located experiences where social skills such
as collaboration can be fostered. For example, Kammer et al. (Kammer, Dang,
Steinhauf, & Groh, 2014) presented three applications to foster the development of
cognitive and motor skills on a tabletop with children aged 4 to 6 years. The
experiment conducted showed that preschool children were able to use this technology
and they enjoyed the task and collaborated in the multi-user activity. Tyng et al. (Tyng,
Zaman, & Ahmad, 2011a) developed a set of applications for teaching preschool
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mathematics also based on a multi-touch tabletop (see Figure 4-a). Their results
showed that despite the difficulty of children understanding the concepts of addition
and subtraction operations, the platform helped children learn them and the interactive
environment facilitated collaboration and engagement. Another interesting example is
the work of Mansor et al. (Mansor, De Angeli, & de Bruijn, 2009) who conducted a
comparison of a physical setting versus a collaborative multi-touch tabletop setting
with children aged between 3 and 4 years and suggested that kids should remain
standing during these operations because, otherwise, they would find it difficult to drag
objects on the surface due to bad postures. Finally, Huber et al. (Huber et al., 2016)
evaluated the transfer of learning from a touchscreen device to the real world in
children aged 4 to 6 years. The kids performed two tasks: first they learned how to
solve a problem, consisting on solving a Tower of Hanoi, using a touchscreen device;
then, they had to solve the same problem with physical objects. The results showed that
children got significant improvements from the practice irrespective of the type of
manipulation performed (physical objects vs touchscreen device). Hence, the authors
concluded that children’s learning on the touchscreen device was appropriately
transferred to the physical version.

(b)

Figure 4. (a) MEL-Vis from (Tyng et al., 2011a). (b) The Teaching Table from (Khandelwal &
Mazalek, 2007).

Multi-touch interaction on digital tabletops can be extended with the use of tangibles,
which provide a more natural and intuitive means of interaction. For example, Yu et al.
(Tyng, Zaman, & Ahmad, 2011b) presented a set of applications for children aged
between 5 and 6 years. These applications contributed to the development of
intelligence and linguistic, logical, mathematical, musical and visual-spatial
capabilities through activities such as listening to a word and picking out the picture
that represented it, shooting balloons with the right numbers, etc. Following the same
research path, Khandelwal & Mazalek (Khandelwal & Mazalek, 2007) presented the
Teaching Table system based on a tabletop for basic mathematics learning for pre-
kindergarten children (see Figure 4-b). This work showed that children aged between 3
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and 6 years were engaged with the platform and it allowed collaborative actions when
learning through play. Further, Sluis et al. (Sluis et al., 2004) designed Read-It, a multi-
modal, tangible and collaborative tabletop application that was shown to effectively
support children aged 5 to 7 to read.

Finally, Marco et al. (Marco, Cerezo, Baldasarri, Mazzone, & Read, 2009; Marco,
Cerezo, & Baldassarri, 2009) designed the Farm Game (see Figure 5); a virtual farm
with a farmer as a virtual agent shown on the screen. The interaction is carried out by
manipulating physical toys over the table surface and a visual recognition software
translates the real condition into a 3D virtual environment shown on a TV. The authors
pointed out that the platform could be used to implement a storytelling game and,
additionally, adding more complex behavior with emotional content could help to a
richer playing experience.

Figure 5. Children playing in the The Farm Game (Marco, Cerezo, Baldasarri, et al., 2009;
Marco, Cerezo, & Baldassarri, 2009).

2.2.2.1 Tablets and smartphones

In a similar way to computers, one drawback of tabletops is their reduced mobility,
hence not being very suitable to design games that might involve physical exercise.
Recent research (Réadle, Jetter, Marquardt, Reiterer, & Rogers, 2014) (Garcia-Sanjuan,
Jaen, Catala, & Fitzpatrick, 2015) has shown that tablets and smartphones, which are
nearly of common use nowadays, can be placed together on a flat surface and form a
multi-display environment that resembles a tabletop. Therefore, multiple children can
engage together in the same game in a co-located way where social skills can be
developed and these handheld devices can also be moved in order to add physical
mobility to the games.

Many sources have praised the suitability of tablets and smartphones for being used in
education with very young children, In this respect, the Horizon report (Johnson et al.,
2012) placed them as emerging technologies suitable for children aged under 2 years,
and Hirsh-Pasek et al. (Hirsh-Pasek et al., 2015) pointed out that the most popular
category in the Apple App Store is the “educational” category made of more than
80,000 applications. Indeed, several studies have recently delved into using tablets and
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smartphones in preschool instruction. Zaranis et al. (Zaranis, Kalogiannakis, &
Papadakis, 2013) conducted an experiment to evaluate the effectiveness of digital
activities on smart mobile devices (tablets) when teaching mathematical concepts to
kindergarten children such as general knowledge of numbers, efficient counting,
sorting and matching. Their results confirmed that the tablet-aided learning provided
better learning outcomes than the traditional (non-technological) teaching method.
Another study conducted by Chiong and Shuler (Chiong & Shuler, 2010) involved
audiovisual material on touch devices adapted to children aged 3 to 7 years and their
results showed that children obtained remarkable gains in vocabulary and phonological
awareness. Another work using tablets is the study by Berggren and Hedler (Berggren
& Hedler, 2014) in which the authors presented CamQuest, a tablet application that
enables children to move around and recognize geometric shapes in the real objects
that they see. The tablet shows the images from the camera and the application
integrates the geometric shape to look for (see Figure 6). This application combines the
learning of shapes (such as circle, square, rectangle and triangle) with active play since
children are investigating their surroundings. Moreover, the application can be used in
pairs therefore fostering collaboration, and enables defining roles between participants,
so that children develop their social skills.

Many other studies have focused on the feasibility of multi-touch interactions on these
small devices for such group of users. For instance, the works by Nacher et al. (Nacher
et al., 2015), (Nacher, Jaen, Catala, et al., 2014), not only reveals the huge growth in
the number of existing educational applications targeted to pre-kindergarten children,
but also evaluates a set of basic multi-touch gestures (tap, double tap, long pressed tap,
drag, scale up, scale down, one finger rotation and two finger rotation) in a tablet with
children aged between 2 and 3. Their results showed that pre-kindergarten children are
able to perform successfully the tap, drag, scale up, scale down and one-finger rotation
gestures without assistance, as well as the long pressed and double tap gestures with
some assistive techniques that fit the gesture to the actual abilities of children. Another
interesting study was conducted by Vatavu et al. (Vatavu, Cramariuc, & Schipor, 2015)
who evaluated the tap, double tap, single hand drag and double hand drag gestures (see
Figure 7) with children between 3 and 6 years with tablets and smartphones. Overall,
their results showed good performance except for the double hand drag gestures, which
were affected by some usability issues. Moreover, their results showed a correlation
between children with higher visuospatial skills (i.e. having better skills for
understanding relationships between objects, as location and directionality) and a better
performance in the drag and drop tasks and the accuracy when performing tap gestures.
The work by Nacher and Jaen (Nacher & Jaen, 2015a) goes a step further and presents
a usability study of touch gestures that imply movement of the fingers on the tablet
(drag, scale up, scale down and one finger rotation) requiring high levels of accuracy in
the termination phase of the gestures. Their results showed that very young children
(from 2 to 3 years old) are able to perform these gestures but with significant
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differences between them in terms of precision depending on their age since they are in
the process of developing their fine motor skills. Finally, the authors proposed as a
future work an adaptive mechanism that fits the required accuracy to the actual level of
development of each child.
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Figure 6. Child interacting with CamQuest (extracted from (Berggren & Hedler, 2014)).

Nacher et al. (Nacher, Jaen, & Catala, 2014) (Nacher et al., 2017) also made an
analysis of communicability of touch gestures comparing three visual semiotic
languages (see Figure 8). The results showed that the animated approaches had higher
success rates and they overcame the iconic one. The results also showed that the
animated approaches had better success rates with dynamic gestures (i.e. those
requiring movements of contacts on the surface) reaching a 90% of success in gestures
such as drag, rotation, scale up and scale down. Hence, basic reasoning related to the
interpretation of moving elements on a surface can be effectively performed during
early childhood. Moreover, since the results did not showed differences between the
two animated languages, the explicit representation of a hand is not a mandatory
element for communicability with prekindergarten children. The work by Hiniker et al.
(Hiniker et al., 2015) evaluated different types of prompts for eliciting gestures such as
double tap, horizontal and vertical swipe and shaking the tablet. They evaluated
prompts such as in-app audio, on-screen demonstrations (with hand demos or changing
the visual state of the item) and instructions by an adult model with children aged
between 2 and 5. Their results showed that despite the most effective one was the adult
guidance, children aged 3 years or older were able to follow other types of cues. These
languages or prompts could help children identify direct mappings between visual
stimulus and their associated touch gestures. Therefore, the use of these languages
could be particularly interesting in the development of games in which preschool
children could play autonomously. Moreover, the use of these semiotics might help
children in developing their symbolic thinking. Although the studies listed above
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developed their applications for experimental purposes, these or similar applications
could be used as games in order to help children in their fine-motor and visuospatial
skills development through interactive surfaces.

Figure 7. Child performing simple and double drag gestures (extracted from (Vatavu et al.,
2015)).

—ill

Figure 8. Description of the animated hand (top), the animated object (middle) and the iconic
(bottom) language for the scale up gesture (extracted from (Nacher et al., 2017)).

2.2.3.Robots and Technologically-Enhanced Toys

Unlike computers or interactive surfaces, tridimensional toys and robots have the
capacity of being grasped, hence serving as a sort of tangible user interface (TUI),
which presents an added value in childhood education “as they resonate with
traditional learning manipulatives” (Strawhacker & Bers, 2014). The research activities
to design robots for (pre-)kindergarten children have focused on developing intellectual
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capacities such as linguistic aptitudes. In this respect, Ghosh and Tanaka (Ghosh &
Tanaka, 2011) designed a Care-Receiving Robot (CRR) to give support in English
learning to children aged between 3 and 6 years. Two games were proposed: a game to
learn colors and another to learn vocabulary about animals. In the first one, called
Color Project, the kids showed a colored ball to the robot and told it which color it
was. Then, the robot touched the ball and guessed its color. In the second game,
Vocabulary Project, a series of flashcards were shown to the robot, and it had to guess
which animals they represented. The methodology used implied that children acted as
teachers and the robot adopted the role of the pupil. In both games, the kid had to
correct the robot when it was wrong, or to congratulate it when it answered correctly.
The results of the experimentation with children revealed that they were very motivated
at first, but tended to feel bored and frustrated quickly if the robot was too often right
or wrong, respectively, because the game became monotonous. Tanaka and Matsuzoe
(Tanaka & Matsuzoe, 2012) went further and revealed that kids aged 3 to 6 are capable
of learning verbs by playing with the CRR, and they even suggested that learning
through playing with the robot might be more effective than not involving such a
tangible artifact. Soute and Nijmeijer (Soute & Nijmeijer, 2014) also designed a robot
aiming to help in the language and literacy skills development. In this case, an owl-
shaped robot (see Figure 9-a) to perform story-telling games with children aged 4 to 6
was designed. The robot narrated partial stories that children had to complete by
showing flashcards to it. The small study session conducted showed that the system
was engaging for the kids.

(b)

Figure 9. (a) Owl-shaped robot (extracted from (Soute & Nijmeijer, 2014)). (b) Beelight (ex-
tracted from (Shen et al., 2013)).

Shen et al. presented Beelight (Shen, Qiu, Li, & Liu, 2013), a system composed of a
bee-shaped robot and a tabletop serving as its honeycomb (see Figure 9-b), aimed at
teaching colors to children aged 4 to 6 years. Two games were implemented with this
approach. On the one hand, Color Sharing, in which the kids would grab the robot and
show a color to it. Then, the bee would glow in said color and, if placed on the
honeycomb, it would be colored as well. The second game, Color Searching, would
consist of the bee being illuminated with a given color and the children having to
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search for some object of said color and place it on the honeycomb. In case of success,
the honeycomb would play a song. After the experimentation, the authors reported that
the platform caused excitement and astonishment on the kids.

In addition to the use of robots for training intellectual abilities, they could also be used
to develop spatial capabilities. For example, Tanaka and Takahashi (Tanaka &
Takahashi, 2012) designed a tangible interface for kids aged 3 to 6 in the form of a
tricycle (see Figure 10-a) to remotely control a robot. When children moved with the
tricycle, the same movements (i.e., forward, backward, left, right) were mapped to
movements of the tele-operated robot. Despite the robot not being designed with this
purpose in mind, this type of interfaces could be used to stimulate spatial mappings and
develop spatial sense on kindergarten children.

One of the main advantages of using robots is that they can move. Therefore, they
could be used to enhance physical development. Exploiting this idea, Tanaka et al.
(Tanaka, Fortenberry, Aisaka, & Movellan, 2005) presented a humanoid robot called
QRIO. QRIO was designed to be introduced in a toddlers’ classroom to make the kids
move and dance, hence encouraging physical exercise. The interaction with this robot
was however limited since it would dance autonomously to the music (see Figure 10-b)
and react to the movements of a dancing partner (i.e, to his’/her hand movements or

clapping).

Figure 10. (a) Tricycle interface (extracted from (Tanaka & Takahashi, 2012)). (b) Children
dancing with QRIO (extracted from (Tanaka et al., 2005))

Another interesting approach of an enhanced toy to foster physical exercise and the
training of spatial abilities is shown in the work by Garcia-Sanjuan et al. (Garcia-
Sanjuan, Jaen, Nacher, & Catala, 2015). In this case, the technological platform
presented (see Figure 11) was aimed at supporting learning activities for pre-
kindergarten children (up to 5 years) using a TUI-mediated mobile robot. Their results
showed that the platform caused high excitement among children and most of the kids
were able to drive the robot successfully. Moreover, children aged 3 or older are able to
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guide the robot through predefined paths (Nacher, Garcia-Sanjuan, & Jaen, 2016a).
Therefore, the interaction proposed was proven simple and intuitive enough for these
specific and special users that are kindergarteners. Additionally, in their work the
authors pointed out possible educational activities identified by actual educators in
which the robot could be involved. For example, it could be used to train some
psychomotor skills by making the robot move, possibly reproducing a sound to attract
the attention of the children, and stimulate them to follow it. Additionally, the platform
could be useful when teaching concepts such as “move/stop”, “forwards/backwards”,
“left/right” or “quick/slow”. Other learning activities could be designed by using
physical objects that represent concepts to be learned and by asking children to drive
the robot until reaching the position of said physically-represented concept.

Figure 11. Children driving a mobile robot (extracted from (Garcia-Sanjuan, Jaen, Nacher, et
al., 2015)).

The use of robots is also being considered with commercial purposes. Recently, Fisher
Price presented Code-a-Pillar’, a robotic caterpillar to teach programing to children
aged from 3 to 8 years. Several segments can be attached to the motorized head of the
caterpillar and each one works as an instruction to be executed sequentially. Each block
has a functionality such as go forward, go back, turn left/right or stop and play a song
(see Figure 12). As Fisher Price points out, the Code-a-Pillar robot is aimed to inspire
logical thinking and foster problem solving skills in the youngest.

! http://www.fisher-price.com/en_US/codeapillar/index.html
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Figure 12. The Code-a-Pillar robot presented by Fisher-Price.

2.3. Discussion

In Table 1, the works listed above are classified in terms of several factors. On the one
hand, the age of the users involved and the capacities, inferred from (Jefatura del
Estado, 2006), that the proposed technologies can improve: physical development (P),
socio-affective development (S) and cognitive and intellectual development (I). For
each capacity there are several areas of improvement: related to physical development
the analyzed works address physical exercise (P-p) and fine motor skills (P-f); in the
social development we can identify the collaboration area (S-c); and in the cognitive
and intellectual development we can find the areas that target spatial (I-s), linguistic (I-
), logic and mathematic (I-m), and the exploration and discovery (l-e) skills. The
works are also categorized by the technology used, namely computers (C), tablets (T),
mobiles/smartphones (M), tabletops (TT) or robots (R). And, finally, the last dimension
covers the type or means of interaction: tangible (T), keyboard (K), mouse (Mo),
joystick (J), multi-touch (M), body gestural (G) or vocal (V).

2.3.1. The Technological Evolution.

The previous review of works suggests that not all the technologies considered fit in
the same way into the children’s development and the requirements that the educational
activities should fulfill. The use of traditional computers limits the creation of
educational activities targeted to preschool children since they are placed in a fixed
location and this prevents designers from developing activities that involve children’s
movement along the space where the activity is been carried out. Moreover, traditional
computers use a mediated interaction (mouse and keyboard) which is not very natural
or intuitive for this specific type of users who have not fully developed their fine motor
skills yet. In addition, the use of these mono-user mediated interactions with a mouse
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and a keyboard obstruct collaborative activities with children. The use of tabletop
technologies solves several limitations of the traditional computers. Firstly, the way in
which users interact with the technology changes to a direct-touch approach (tangible
or tactile interaction), which, as Hourcade points out (Hourcade, 2007), is preferred
over mediated pointing devices by children. Secondly, the tabletop’s form factor and
size offers more opportunities for supporting collaboration between peers than the
traditional computers do. In this respect, several works have evaluated the suitability of
tabletops for supporting collaboration (Fleck et al., 2009; Rick et al., 2009, 2010) and
even for fostering creativity (Catala et al., 2012; Helmes et al., 2009). Regardless of
these advantages, tabletops are also fixed to a location and are very expensive
preventing the acquisition of large number of devices in education centers. Finally, the
use of tablets and smartphones solves these two limitations. These devices allow the
movement of children with the device along the area where the activity is being carried
out. Besides, tablets have a much lower cost which makes them an affordable
technology for most schools. Finally, looking at the year of publication of the works
listed, there is a trend to leave the use of traditional computer and tabletop technologies
behind and choose the tablets and smartphones for developing games for the youngest.
Moreover, the works published in recent years also use robot technologies for
developing educational games for preschoolers. Robots, as well as tablets and
smartphones, can be moved (or move autonomously) around the space and foster
children’s movement and physical exercise. The interaction with robots is usually
carried out by using tangible or gestural interaction overcoming the mediated
interaction of traditional computers (Han, Jo, Park, & Kim, 2005). Additionally, robots
gather several people around simultaneously and support collaborative and cooperative
activities. Seeing that the most emergent technologies when designing educational
games for the youngest are robots, tablets and smartphones, the multi-touch and
tangible interactions seem the most promising techniques that will need further
research efforts to analyze their adequacy and limitations when applied to this specific
type of users.

2.3.2. A Future Challenge: Ubiquitous games.

The reviewed technologies may be used simultaneously for creating Ambient
Intelligence (Aml) environments that monitor children and adapt the activities to them
depending on their actions in a natural and undetectable way (IST Advisory Group,
2001). A first step was made by Steurer and Srivastava (Steurer & Srivastava, 2003)
who presented a smart table that automatically monitors kid's interaction (with tangible
blocks) on the surface and enables educators to follow the children’s learning progress.
Another example in this direction is the work by Bobick et al. (Bobick et al., 1999)
with the KidsRoom which immerses children in a fantasy adventure in which children
must cooperate together to explore a fantasy story. The story goes ahead when
cooperative actions are made by children (e.g. rowing a virtual boat or yelling a magic
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word) and the actions are captured with cameras and microphones in the room (Figure
13).

Table 1. Comparison of works

Work Age Capacities  Areas Technology Interaction
(years)
(Tanaka et al., 2005) 0-2 P P-p R T,G
(Jones & Liu, 1997) 2-3 | I-1, I-m C K
(Nacher et al., 2015) 2-3 P p-f T M
(Nacher et al., 2014) 2-3 P p-f T M
(Nacher & Jaen, 2015a) 2-3 P P-f T M
(Nacher, Jaen, & Catala, 2-3 | I-1 T M
2014)
(Nacher et al., 2017) 2-3 | -l T M
(Hiniker et al., 2015) 2-5 | -l T M
(Garcia-Sanjuan et al,, 2-5 I,S I-s, S-c R T
2015)
(Nacher, Garcia-Sanjuan, et  2-5 I,S I-s, S-c R T
al., 2016a)
(Strommen et al., 1996) 3 P P-f C Mo, J, B
(Marco et al., 2009) 3-4 S S-c TT T
(Mareco, Cerezo, & 34 S S-c TT T
Baldassarri, 2009)
(Mansor et al., 2009) 3-4 | l-e,S-c  TT M
(Khandelwal & Mazalek, 3-5 | I-m TT T
2007)
(Vatavu et al., 2015) 3-6 P p-f T-M M
(Ghosh & Tanaka, 2011) 3-6 | I-1 R V, G
(Tanaka & Matsuzoe, 2012) 3-6 | I-1 R V, G
(Tanaka &  Takahashi, 3-6 | I-s R T
2012)
(Chiong & Shuler, 2010) 3-7 | -l T M
(Navarro-Newball et al., 3-11 | -l Cc \%
2014)
(Ahlstrom & Hitz, 2013) 4-5 P P-f C Mo
(Berggren & Hedler, 2014)  4-5 I,S IkmS-c T M
(Zaranis et al., 2013) 4-6 | I-m T M
(Kammer et al., 2014) 4-6 I, P I-, P-p TT M
(Tyng et al., 2011a) 4-6 | I-m TT M
(Huber et al., 2016) 4-6 | I-s M M
(Soute & Nijmeijer, 2014) 4-6 | I-l R G
(Shen et al., 2013) 4-6 | I-l R T
(Tyng et al., 2011b) 5-6 | I-1,1-s, TT M
I-m
(Sluis et al., 2004) 5-7 I,S I-l, S-c TT M
(van Daal & Reitsma, 2000)  6-7 | I-1 C Mo, K
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Another example is the work by Chen et al (Chen et al., 2002) who presented
SmartKG, a sensor-instrumented environment for early childhood education. The
system uses unobtrusive sensors (microphones, video cameras and motion detectors) to
continuously monitor the interactions between children, teachers and the objects
located in the classroom. In addition, a sensor-instrumented badge has to be worn by
children and teachers in order to provide to the system meaningful location
information. The environment collects, interprets and presents the data in a user-
friendly way for helping educators to widely explore the children learning process
through both, their progress in the proposed activities and their social behavior. In the
same line of providing children’s information to teachers, Hwang et al (Hwang et al.,
2012) proposed a system to monitor children’s behavior in out-of-classroom activities
like field trips. In this case, children worn a backpack equipped with a sensor mote and
a smartphone for sensing the data (see Figure 14). Moreover, the authors tried to
include a camera in a cap in order to have accurate data about children’s point of view
but it was too obtrusive for children since a cap is not a regular clothing accessory for
them.

Figure 13. The Kidroom from the three cameras used to sensor (extracted from (Bobick et al.,
1999)).

These systems are a step forward in the development of ambient intelligent
environments but they are unable to adapt dynamically the characteristics of the
learning/game environment by analyzing the context information obtained by the
installed sensor infrastructure.
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Figure 14. The backpack used for tracking in (Hwang et al., 2012).

Going over the previous list of works that address the design of a ubiquitous game, we
can see that some of them are outdated and most of them are focused in monitoring
children and provide their data to teachers and not to develop an environment that
enriches children’s activities through the use of technologies. Hence, new approaches
are needed that take advantage of the newest technologies available to design ambient
intelligent games that support children’s development and satisfy children's
expectations when playing. These new approaches should use the new technologies to
augment the real space but not replace the natural and real-world activities which
children are comfortable with. Moreover, these environments should provide fully
engagement activities and immersion at the same time that support collaborative play
and fosters creativity and imagination in children. According to the works reviewed
above, these characteristics could be achieved with the technologies that have been
discussed here and, in this respect; the current state of HCI is quite advanced to provide
natural interactions. However, as Cook et al (Cook, Augusto, & Jakkula, 2009) pointed
out, Aml environments should also sense users’ actions and the state of the activity,
reason about this information and, finally, make decisions and act accordingly to this
information. In this respect, there remains a long way of research in the areas of
sensing children movement and developing Artificial Intelligence algorithms that use
this information for acting accordingly. These areas should be the focus of future
research to enable the creation of Aml games targeted to the youngest.

2.3.3. The Interplay between Age, Cognitive Skills and Interaction Modalities

On the other hand, regarding the dimensions of development that the reviewed works
address, there are a great number of efforts put into the development of the physical
and intellectual capacities of children. As for the physical capacities, most works
present activities and games that could give support to the development of fine motor
skills. However, in this dimension few works have been proposed with preschool
children when developing games that support their gross motor skills or promote health
and wellbeing through performing physical activity and active play. In our opinion, it
will be interesting to develop games that support this type of development and we think
that tablets, smartphones and robots are the best technological platforms for supporting
the gross motor skills development since they have the ability to be moved from one
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place to another and, hence, allow children’s movement. Regarding the cognitive and
intellectual dimension, most works focus on developing games that foster the logic,
mathematic and linguistic skills. Hence, there is a lack of works that develop games for
giving support to the development of spatial abilities or games supporting creativity,
exploration and discovery. According to this, future work should be done to develop
and design games that support these dimensions of children’ development.

On the other hand, despite there are several studies recognizing the social value of play
and game participation (Mead, 1934) (Piaget, 1975) and there are several works that
point out the suitability of the new technologies, such as tabletops, tablets, smartphones
and robots for collaborative playing, and children playing together can beat playing
alone (Inkpen, Booth, Klawe, & Upitis, 1995), the development of games that support
social and affective skills in preschool children is not fully exploited. Hence, a future
work to be addressed in the area is the use of these technologies for designing games
that allow, support and foster cooperative and collaborative play. Finally, none of the
works explored the areas in the social-affective dimension. Hence, future games
targeting preschooler’s development could focus on giving support to the development
of self-awareness, self-regulation and emotional intelligence of children as proposed in
(Garcia, Vela, Rodriguez, Arcos, & Zea, 2015) (Gonzélez-Gonzélez & Navarro-
Adelantado, 2015) and provide the caretakers and educators with a method to evaluate
these emotions in children’s playing (Padilla-Zea, Sanchez, Vela, Abad-Arranz, &
Lépez-Arcos, 2012). These unexplored areas will have to be the focus of intense
research in the near future to create games that support all the dimensions of preschool
children’s development identified.

Regarding the cognitive skills supported in each age, according to the data of Table 1,
when the targets are three years-old or younger children there is a trend to design game
technologies supporting physical and intellectual dimensions of children development.
However, for children older than 3 years the reviewed games mostly support social and
intellectual activities. Although the spatial and linguistic areas of the intellectual
dimension are commonly supported for all the age range evaluated, the logic and
mathematic area is only supported for children older than 3 years.

Finally, analyzing the type of interaction used when designing game technologies for
kindergarten children, we can observe that for children aged 4 years and younger the
most common ways of interaction are both the tangible and the touch interaction.
However, it is not the case for older children since despite the predominance of the
touch interaction in games targeted to them; new means of interaction such as mouse,
keyboard, vocal and body gestural emerge with these users taking advance of their
more developed cognitive and motor skills.
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2.4. Conclusions

Summing up, the contributions of this paper are manifold. First, a review of the current
state of the art of technology-aided activities that support pre-kindergarten and
kindergarten children’s development in three dimensions (physical, socio-affective and
cognitive) has been made. The analysis of the existent literature reveals that game
technologies are suitable for supporting the improvement and development of very
young children capacities. The second contribution is a set of future challenges that list
the unexplored areas of preschool children’s development in each technology in which
game technologies may have a real and noticeable impact. These identified areas have
to be the focus of intense research in the future to create games that support all the
dimensions of preschool children’s development effectively. Moreover, the most
emergent technologies for developing educational games for prekindergarten and
kindergarten children were identified. Further, this work points out the need of future
research combining technologies for giving support to Ambient Intelligence
educational games that promote children’s development.

Finally, since pre-kindergarten and kindergarten children are in their pre-operational
phase of their development, in this paper we have focused in the review of interaction
mechanisms that have been used in the past to support different forms of gameplay in
preschool instruction. The analysis of the effectiveness of these interaction mechanisms
is crucial for the creation of future applications usable by them. However, educators
and game designers would also take into account other aspects such as gameplay,
effectiveness of the learning, user adaptation, narrative or emotional experience when
choosing or developing game experiences for this specific type of users.
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Abstract

The advantages of the direct manipulation style make the multi-touch technology an
ideal mechanism to support learning activities for children. Moreover, although pre-
kindergarten children are becoming frequent users of the technology little work has
been done in the area to assess their actual abilities. This paper goes over the state of
the art of multi-touch technology targeting pre-kindergarten children and its use for
educational purposes. In addition, in this work we present future challenges that should
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be faced in the area in the near future to establish the basis on which designers will
develop educational applications for children that fully exploit the multi-touch
technology according to the actual abilities of pre-kindergarten children.

3.1. Introduction

Multi-touch technology has rapidly evolved in recent decades and nowadays it has
widespread acceptance (Buxton, 2013) because it provides users with a more natural
and intuitive way to interact (Smith et al., 2012). As pointed out in (Common Sense
Media, 2013) children between zero and eight years old are frequent users of digital
media in the USA and they meet with touch technology often before they can even
speak. Supporting these ideas the Horizon report (Johnson et al., 2012) places mobile
devices, such as tablets and smartphones, as one of the two emerging technologies
suitable for children aged under 2 years.

The three basic ideas behind the direct manipulation concept were listed by
Shneiderman and Plaisant (Shneiderman et al., 2009): (1) the visibility of objects and
actions of interest; (2) the replacement of typed commands by pointing-actions on
objects of interest; and (3) the rapid, reversible and incremental actions that help
children to keep engaged, giving them control over the technology and avoiding
complex instructions.

A detailed analysis of applications in the Apple store made by Shuler (Shuler, 2012)
reveals the growing use of educational applications for children based on touch
devices. This is specially the case for preschool children (Figure 15) who were the
target users of nearly 60% of these applications by 2011.
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Figure 15. Target age 2009 vs 2011 for Education cat. in the Apple Store (Shuler, 2012).

However, the increasing interest in multi-touch technology has not given rise to studies
on the design of multi-touch systems for the youngest age range (Hourcade, 2007).
Moreover, the lack of standardized and universally accepted interactions for these
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challenging users makes the design of well-designed multi-touch interactions even
more crucial (Ingram, Wang, & Ribarsky, 2012).

According to these facts, in this paper we carry out a review of the current state of the
literature of multi-touch technology with pre-kindergarten children and provide a set of
future challenges to be addressed in the future. The end goal is to define a research
agenda to make this technology usable by pre-kindergarten children and give
application designers the necessary guidelines to develop touch applications according
to the actual skills of pre-kindergarten children.

3.2. State of the art

Until very recently, there have been no research efforts addressing multi-touch
interaction with pre-kindergarten children (aged less than three years). Possibly this has
been the case because age is a limiting factor for experimental studies; young children
do not have the verbal and cognitive skills to express their likes and preferences
(Kremer, 2012) and, they are not able to carry out tasks for long periods or are easily
distracted (Egloff, 2004). However, according to Piaget (Piaget, 1973), children are in
a preoperational stage from 2 years old onwards, i.e., they begin to think in terms of
images and symbols, and develop symbolic play with imaginary objects, which means
they could be candidates for multi-touch technology. In addition, being aware of
children developmental abilities is critical when designing software for the very young
(Wolock, Ann Orr, & Buckleitner, 2006).

This has motivated recent studies that assess the abilities of pre-kindergarten children
to perform basic touch gestures. The work by Nacher et al (Nacher et al., 2015) reveals
that the advantages and features of multi-touch technology is not being fully exploited
in existing commercial applications since only the drag and tap gestures are being used
and no support for collaboration is given. Hence, the work evaluates a set of basic
touch gestures with children aged from two to three years (Figure 16) concluding that
even these young users are able to perform a set of basic touch gestures such as tap,
drag, scale (up & down) and one finger rotation. In addition, in this work a set of
design guidelines is proposed to deal with complex gestures such as double tap and
long pressed. These assisted strategies were evaluated later in (Nacher, Jaen, Catala, et
al., 2014) and results show that even these more complex gestures can be successfully
performed by pre-kindergarten children with basic assistance.

In the experimental studies in (Abdul Aziz, Batmaz, Stone, & Paul, 2013) and (Abdul
Aziz, Mat, Batmaz, Stone, & Paul, 2014) four applications are considered and the
interaction needed to play with them is evaluated. The gestures under test are the tap,
drag, rotate, drag and drop, pinch, spread and flick and the experiment involves
children aged 2 to 4 years. According to the results, the authors conclude that children
aged four are able to perform all the evaluated gestures. Those aged three only find
problematic the spread task. Finally, those aged two are able to perform the tap and
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drag gestures properly, learn quickly the flick gesture but they are less effective with
the more complex gestures such as drag and drop and pinch.

Figure 16. Examples of scale up and drag tests (extracted from(Nacher et al., 2015)).

Another interesting study is the work of Vatavu et al (Vatavu et al., 2015) who evaluate
touch gestures with children between 3 and 6 years using tablets and mobile devices.
They conclude that despite there is a significant performance growth with age, in
general, children have good performance with the tap, double tap and single hand drag
and drop gestures. However, in the case of the double hand drag and drop gesture (see
Figure 17) they do not reach these good results and the success rate drops to 53.7%. In
addition, authors correlate the results with a sensorimotor evaluation based on
children’s finger dexterity and their graphomotor and visuospatial processing abilities.
The correlation shows that children with higher visuospatial skills (i.e. having better
skills for understanding relationships between objects, as location and directionality)
perform better in the drag and drop tasks. Furthermore, the study also reveals that
children with more developed visuospatial skills tap closer to the center of targets in
the tap and double tap tasks since they have a better understanding of the targets’
geometries.

Figure 17. Child performing double drag gestures (extracted from (Vatavu et al., 2015)).
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Usability is not the only dimension that has been addressed by recent studies in the
field. Another topic of interest is that of communicability when pre-kindergarten
children are considered. The work in (Nacher, Jaen, & Catala, 2014) report a first
approach to evaluate mechanisms for applications to communicate pre-kindergarten
children the expected multi-touch gestures at a given moment. In this study, the authors
present and evaluate two visual approaches (iconic and animated) to communicate
touch gestures (see Figure 18). Three touch gestures are considered: the tap
representing in-place gestures (i.e. those in which the hand does not actually describe a
trajectory but taps at a very specific pace or in a specific way); the drag representing
one-contact point gestures that require a movement following a specific trajectory; and
the scale up gesture representing two-contact point gestures that require movement.
The results show, firstly, that none of the evaluated languages is effective to
communicate in-place gestures and, secondly, that the animated approach overcomes
the iconic one for gestures that require movement of contacts reaching success rates
above 85%. This fact suggests that even pre-kindergarten children are able to interpret
the direct mapping between the visual stimuli (i.e. a hand sliding on the surface) and
the gesture to be performed. Therefore, this work suggests that visual languages could
be an effective way to enable pre-kindergarten children autonomous interaction.

Figure 18. Description of the animated visual (top) and the iconic (bottom) language for the
scale up gesture (extracted from (Nacher, Jaen, & Catala, 2014)).

Exploring the educational dimension and the suitability of multi-touch surfaces to
support educational activities there are several works that strengthen the idea that this
technology provides benefits for pre-kindergarten children education. For example, the
work by Bebell et al (Bebell, Dorris, & Muir, 2012) shows a nine week study
comparing the improvement of kindergarten children taking early literacy lessons when
using tablets for learning or using a traditional non-technological method. Their results
show that the group that learned with tablets scored higher on early literacy
assessments, particularly these higher scores are present in the ability to recognize
sounds and represent sounds and letters. Following the same line, Chiong and Shuler
(Chiong & Shuler, 2010) conduct an experiment involving touch devices and
audiovisual material adapted to children aged three to seven years and their results
show that children obtain remarkable gains in vocabulary and phonological awareness.
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Moreover, Knoche et al (Knoche, Rasmussen, & Boldreel, 2014) point out that the
interaction of children aged between 16 and 33 months with interactive elements in a
tablet does not reduce their comments in dialogic reading activities. Another example
is provided by Zaranis et al (Zaranis et al., 2013) who conduct an experiment to study
the effectiveness of digital activities on smart mobile devices (tablets) to teach
mathematical concepts such as general knowledge of numbers, efficient counting,
sorting and matching with kindergarten children. Their results show that the tablet-
aided learning provided better learning outcomes for the students than the traditional
teaching method. Kammer et al (Kammer et al., 2014) present three applications to
foster the development of cognitive and motor skills on a multi-touch tabletop with
children aged from four to six years. The conducted experiment shows that even
preschool children are able to use this technology and they enjoy the task and
collaborate in the multi-user activity.

The results of these works suggest that pre-kindergarten children are prepared to use
multi-touch technology and the intuitive and natural interaction of direct manipulation
style of the multi-touch technology makes it ideal to support pre-kindergarten children
interaction and, hence, educational activities targeted to them. Moreover, these works
conclude that these particular users are able to perform a set of touch gestures
successfully and future applications designed for them do not need to be restricted to
only basic interactions such as the drag and tap gestures. However, these works reveal
that there is no consensus or standardization of the multi-touch interaction style for
users in these early ages.

3.3.  Future challenges

In this section we present a compilation of future works that we consider interesting
and necessary to complete the literature and shed light on the specific needs of pre-
kindergarten children when using multi-touch technology.

On the one hand, according to Hinrichs and Carpendale (Hinrichs & Carpendale, 2011)
who point out that there is evidence that some events are affected by previous and
subsequent ones and given that all the analyzed studies consider and evaluate the
gestures in isolation, an interesting strand of future work would be to evaluate these
same gestures that pre-kindergarten can do in isolation but when several interactive
elements are shown simultaneously. Users should perform different preset sequences of
these gestures in order to determine whether the cluttering of elements in the
interaction or the task chaining affect their performance. These results will help to
develop more complex applications which are not restricted to only one possible
interaction in each phase of the game.

Another interesting issue that remains to be addressed is the processing of the
unexpected touch events when children are holding the tablet with a finger resting on
the display or when part of the palm also touches the surface. This issue is difficult to
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address because children may not be aware of such unintentional contacts with other
parts of their body when their fingers approach the screen resulting in an unexpected
effect. It would therefore be interesting to explore potential improvements in multi-
touch usability, for instance by determining and filtering out unexpected blob contacts
wherever applicable.

Addressing the topic of the definition of effective mechanisms to communicate which
actions are expected from the user; and taking as a starting point the work (Nacher,
Jaen, & Catala, 2014), there is still a great deal of work to do to assess the best
approaches. This preliminary study points out that animated languages can be effective
to communicate touch gestures to pre-kindergarten children and help them to be
autonomous when using the multi-touch devices. However, as pointed out by the
authors, only three gestures were evaluated, hence, it remains to be evaluated whether
the inclusion of additional gestures has an impact on the overall performance and
effectiveness of the languages. Moreover, the gestures were tested in isolation;
therefore, languages should be studied when the interaction area is cluttered with many
touchable elements and their corresponding visual cues or with elements that may be
manipulated with several different gestures. With respect to communicability of touch
gestures, another possible future work can be the evaluation of other languages both
iconic and animated in order to find out which type of language fits better to
communicate touch gestures to infants. In addition, an interesting future work could be
to design and evaluate a similar approach to the method used by Balonian et al
(Baloian, Pino, & Vargas, 2013) for children between five and six years old. In this
work, each gesture was associated to a specific character in a way that the gestures
were “recallable”. Metaphors such as a walking ladybug for a drag gesture or a
jumping grasshopper for a double tap were used. Finding suitable metaphors that pre-
kindergarten children can understand could be very useful to develop autonomous
educational applications.

The studies in the literature point out that pre-kindergarten children have the necessary
skills to make use of multi-touch technology. However, these works implement
assistive techniques to deal with precision issues during the initiation and termination
phases of gestures since they assume that pre-kindergarten children are no able to
perform the gestures with high accuracy. This causes that the implemented interaction
styles do not allow children to have the control over the termination of the gestures
despite they are in the process of developing their motor skills and some of them may
have already the proper cognitive abilities to perform the gestures with higher levels of
precision. As a result, existing applications designed under these assumptions do not
benefit from the use of multi-touch technology to help children to develop their
precision-related cognitive and motor skills. According to this observation it would be
interesting to evaluate dynamic gestures (those that require movement of contacts over
the surface) demanding high levels of accuracy to users, specifically, it would be
interesting to evaluate how accurately they can rotate an object, how close they can
drag an object to a target and whether they are able to perform scaling gestures (up and

39



Kindertivity: Usability and Communicability Strategies for Interactive Surfaces and Pre-
Kindergarten Children

down) with enough accuracy to stop the stroke of the gesture in a specific moment to
reach a desired size. This would certainly help in understanding the limitations on
accuracy that should be fulfilled in applications targeting pre-kindergarten children. In
addition, the data collected during the experimentation could be used to develop
assistive strategies to deal with precision issues in an adaptive way for the users that
actually need it and not in an exhaustive way for every child as current systems do.

Finally, once known the actual capabilities and abilities of pre-kindergarten children,
the gestures that they can perform, the accuracy that they can achieve and evaluated the
communicative strategies suitable for them; interesting future works could be
developed for the definition, construction and evaluation of environments based on
multi-touch technology that foster creativity and allow collaboration between peers.
These environments could be integrated into classrooms and be used with educational
purposes to allow children to develop their creativity skills and allow educators to
monitor the progress of their students and create appropriate content for them. As
Rushton (Rushton & Juola-Rushton, 2008) points out, the creation of classroom
environments that enhance students expression and selection opportunities provides a
proper atmosphere towards helping children to learn at their own pace. A starting point
could be taking advance of (1) the portability of tablets that allow children and teachers
to use various locations in the classroom enabling the creativity and collaboration of
small groups of children; and (2) the more sophisticated interface of tablets that allows
both individual and mutual interaction between two or more users (Wakefield & Smith,
2012).

3.4. Conclusions

The contributions of this paper are twofold; firstly, a review of the state of the art of
multi-touch technology for pre-kindergarten children was made. The literature suggests
that the use of this technology is an ideal way to develop applications for these very
young users. In addition, the presented studies show that pre-kindergarten children are
able to perform more touch gestures than could be expected when analyzing existing
commercial applications. On the other hand, pre-kindergarten children are developing
their motor skills and, hence, in order to use the multi-touch technology, designers
should be aware of the actual capabilities of children when developing interfaces for
them. The second contribution is a collection of future challenges to be faced in the
near future when building multi-touch technology for preschool children. These
challenges are related to communicability, adaptability and usability of multi-touch
applications designed for these challenging users. We hope that the usability studies
and design guidelines compiled from these works and the future challenges discussed
in this paper will allow designers of future applications for pre-kindergarten children to
fully exploit the potential of multi-touch technology to support their cognitive and
motor development.
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