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GAINE - A Portable Framework for the Development of
Edutainment Applications Based on Multitouch anadible
Interaction

Andrea Bottino, Andrea Martina, Francesco Stradajirhosein Toosi
Dipartimento di Automatica e Informatica
Politecnico di Torino, Torino, Italy

Abstract— In the last few years, Multitouch and Tangible Usr Interfaces have emerged as a powerful tool to
integrate interactive surfaces and responsive spasdhat embody digital information. Besides providig a
natural interaction with digital contents, they allow the interaction of multiple users at the same itne, thus
promoting collaborative activities and information sharing. In particular, these characteristics haveopened
new exploration possibilities in the edutainment cotext, as witnessed by the many applications succéglly
developed in different areas, from children’s collaorative learning to interactive storytelling, cultural heritage
and medical therapy support. However, due to the ailability of different multitouch and tangible int eraction
technologies and of different target computing pldbrms, the development and deployment of such apghtions
can be challenging. To this end, in this paper wergsent GAINE (tanGible Augmented INteraction for
Edutainment), a software framework that enables rapd prototyping and development of tangible augments
applications for edutainment purposes. GAINE has tw main features. First, it offers developers highdvel
context specific constructs that significantly redees the implementation burden. Second, the framewkris
portable on different operating systems and offeréndependence from the underlying hardware and trackg
technology. In this paper, we also discuss severase studies to show the effectiveness of GAINESmplifying
the development of entertainment and edutainment ggications based on multitouch and tangible interaton.

Keywords—Multitouch Interfaces, Tangible User Intirces, Edutainment, Entertainment, portable framexko

I.  INTRODUCTION

The integration of Multitouch and Tangible Userelfiices is a powerful approach to improve the way
users interact with digital information. Multitoudnterfaces (MTIs) provide a direct and more ndtura
interaction with on-screen contents through theaisaultiple fingers and gestures. Tangible Uséeriaces
(TUIs) enable the interaction with digital infornmat through the manipulation of physical objectshs real
world [50]. The integration of these two approacluéfers a seamless information representation and
interaction that spans both digital and physicallag [48]. This is particularly relevant in edutaiant
contexts for enhancing learning and discovery #s; especially in applications featuring shadeplays,
which allow the interaction of more than one udea dme and, thus, promote collaboration, infoiorat

sharing and the rise of social experiences.



A body of literature explores the opportunities eofid by MTIs and TUIs to edutainment and
entertainment in various fields, from classroomlatmirative learning [12][40][2] to children's ddois
making and cooperation support [8], interactivengadling [13][14], pervasive games [15] and museum
exhibits [16][17]. While most of these approachely on large interactive displays, commercial MTUHT
games developed for mobile devices are becomingasmgly available [49][51]. A large variety of ks
have started exploiting these technologies to imprihe accessibility to edutainment and entertanime
applications of different categories of users, ldteldren and the elderly [39] or people with plogdior
psychological disabilities. For instance, intenaettabletops games have been used to teach, imprave
exercise social and communicational skills amonidddn with autism spectrum disorders [5][6][7]. &h
potentialities of such games in supporting medicatapies have been also explored. Examples céouhd
in [10], which describes a game developed for caiidwith cerebral palsy, or in [11], where VirtuReality
training based on a tabletop game was found to bmlde adjunct to conventional physical therapy in
facilitating motor learning in patients with trauticgbrain injuries.

Despite the capabilities offered by interactiveptiigys and tangible objects, developing applicatithas
fruitfully exploit them presents some inherent idiffties and requires complex technical and prognarg
skills. To this end, we have designed and implestera software framework called GAINEaiGible
Augmented INteraction for Edutainmgnt@imed at simplifying the prototyping and devetwmt of
interactive applications in educational and entem&nt contexts, which integrates both MTI and TUI
approaches. The contribution of our work is thriefo

- providing an abstraction layer that hides the cexip} of the underlying hardware architecture and

software libraries necessary to manage a tangilgjmanted interactive game;

- supporting a “write once — deploy everywhere” depetient model, which enable the portability of

the application on a variety of platforms, fronglainteractive tables to mobile devices like tahlet

- offering developers advanced features and a lag®fshigh level constructs, which can be easily

integrated for the rapid development of edutainnagpliications.

While GAINE shares some characteristics with othmolkits presented in the literature, such as
[19][25][27][36], our framework further simplifiehe application design by offering developers sable,
semi complete application that can be totally austed through an XML-style scripting language. The
effectiveness of using GAINE in the design and tgyaent process is demonstrated through several cas
studies discussed in the paper.

A preliminary version of this work has been presdnin [41]. The main extensions introduced in this
paper are the following:

- the original framework was designed for interactizieles only and could be ported only on the main

desktop operative systems (Windows, Linux, Mac@s)g, we integrated GAINE into the Unity 3D
environment to target other computing platforme. (idevices running iOS or Android);



- we extended the range of tangibles that can belmgédte framework by designing an extensible low-

level interaction layer capable of managing MTI aidl data acquired with different technologies;

- we increased the functionalities offered by GAINte athus, the opportunities offered to developers t

design novel and compelling applications.

The rest of the paper is organized as follows.doti®n Il we review the current state of the alatexd to
the recognition and tracking of tangible widgetsd ato the toolkits supporting tangible-augmented
interaction. In Section Ill we describe the GAINErhework and Section IV and Appendix discuss the
implementation, on different platforms, of sevapplications using GAINE. Finally, conclusions datire

works are outlined in Section V.

Il. RELATED WORKS
A. Object tracking for tangible interaction

The problem of using physical objects to controlnmanipulate virtual items on big interactive touch
screens has been initially tackled using opticethnelogies [18]. Recent studies demonstrated tlssilpitity
of porting this specific user interaction to otkewices relying on capacitive or magnetic trackaghniques.
These works are particularly interesting since t@éyw extending TUIs to portable screens like ¢ééble.g.,
iPads or Android based devices).

With optical techniques, tangibles objects are e¢dggith fiducials and both touch and fiducial remitign
rely on an infrared light (IF) illuminating the tabsurface and being reflected towards an IF-caméren
fingers or fiducials hits the surface. The imagéshe IF camera are then processed to extractaiction
data. Tabletop illumination can use either Diffusidmination (DI) or Frustrated Total Internal Redtion
(FTIR) techniques. With DI, the table surface Isnlinated from IF emitters placed below the surfi¥,
while with FTIR [22] the lights come from the sidad is transmitted into the surface material, whech
usually a special Enlighten acrylic.

Since tablets and other capacitive displays camelgt on vision-based tracking, a vast majority of
researches have directly exploited the touch sarapacitive sensing technology whilst others haysoeed
the use of magnetic tracking. Most of the capagitidgets discussed in the literature are passeethey
need human contact to be sensed. CapWidgets [43]te aluminum knobs with two conductive touch
points on their base working as markers. Gesturstiie knob, like rotation or placement in hot tsp@an
be translated into specific actions within the aggtion. Capstones and Zebra Widgets [42] are basea
similar approach. Top and bottom surfaces of Cast@re equipped with 2x2 or 3x3 matrices of cotieic
markers and the number of active markers senséuebycreen can be changed by stacking Capstonesione
top of the other. The 3x3 layout also enables teadhe tangible orientation and two unique IDsbia
Widgets are a slider and a knob, which are chanaeteby two different marker patterns that enadevell
the detection of rotation and sliding gestures. Q48] uses a combination of passive material arivea
modulation circuits to create a hybrid of spatiad &requency tags. Spatial tags use three passvieens for
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conveying position information. Frequency tags aisengle marker per widget connected to an actresit
which delivers contact at a given frequency. Whilewing a hand-free use and requiring a singletain
point, the time encoding of the information incesmshe latency of marker data and the tangibleiresjan
external power supply. Passive Untouched Capaaitidgets (PUC, [47]), are another type of activelgeit.
PUCs ground themselves by electrically connectindtipte active and inactive intersections of thedo
screen grid. While the active intersection is seahihe inactive intersection serves as groundfamdctive

one is sensed as a touch. The obvious shortcomitigat PUCs require a larger size compared to other
passive markers.

A different approach is the one based on magnetisisg. Gauss Bricks and Gauss Stones [44] [45] are
basic blocks composed by two magnets enclosed trarsparent plastic case. Individual blocks can be
connected together via magnetic joints to form demghapes. The position of each magnet is senged b
Hall sensor grid attached on the back of the dysplatforms. A similar approach has been implenzime
Pico [31].

Recently, alternative techniques for finger tragkivere proposed (such as those relying on acouatin
waves and force sensing data). Hence, we can etfgeatailability of tangibles exploiting such taedtogies
as soon as they will become mainstream.

B. Software toolkits for tangible-augmented interactio

Various toolkits have been explicitly developedimplify the creation of applications based on Nihd
TUI. Most of them have been designed for devicsng on optical techniques and they are all caattern
the idea of allow developers to focus on the desifjtheir applications by abstracting (i) the urgeg
hardware level, and (ii) the complexity of the cdrgeraction functionality, i.e. touch and fiducial
identification and tracking.

The available toolkits can be broadly divided itk categories. The first includes libraries thadrety
deal with the low level input processing tasks hsag image segmentation, object recognition, rfdtseng
and calibration. Examples are reacTIVision [30]ghtiTracker [23], Touchlib [26] and Community Core
Vision [24]. These toolkits usually run as standalonodules which encode and send data to an ekterna
application. The TUIO protocol [30] has become #tendard de-facto for transmitting such interaction
information.

The second category of toolkits embraces highegl lrmmeworks, often built on top of libraries biet
previous class. PyMT [25] is a Python library teapports several multi-touch gestures and multhc@QUI.
However, it cannot handle tangible interaction. i&mcharacteristics are offered by uTableSDK [28H
DiamondSpin [28]. Tactive [36] is another librargr fthe development of MTI applications only. The
advantage of Tactive is that it is based on a ZayaA\PI that allows developer to use only welhtemlogies
and, consequently, to reuse available web appicatin a multi-touch context. More advanced featuae
provided by TUIO AS3 [27], an Actionscript 3 (AS®yapper of the TUIO protocol that support tangibles
ToyVision [19] is another AS3 wrapper based on Tédision toolkit which extends the set of tangible
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playing pieces available by including shape andrcolues in the recognition process. Another cbotion
is provided by the ROSS library, which providesadostraction of tangible platforms, full-body intetian
spaces and responsive objects (e.g. RFID tagst@maes), thus allowing a larger portion of the Bgace
to be exploited into any ROSS based applicationthiEobest of our knowledge, the only toolkit whish
multiplatform and supports different recognitionchrologies is GestureWorks [34], a commercial
framework which includes a large library of preidetl gestures and offers as well a gesture markup
language for defining new ones.

According to this taxonomy, the GAINE framework dissed in this paper falls into the higher level
toolkits category, further extending the simplifioas of the development process offered by othkitiens.
As a matter of facts, our frameworks offers (i) tmanagement of both MTI and TUI interaction, (ii)
independence from the computing platform, (iii) epéndence from the technology used to acquire
interaction information, and (iv) high level constts wich helps reducing the implementation burden.

. THE GAINE FRAMEWORK

As we stated in the introduction, GAINE is a softevdramework that supports rapid prototyping and
development of applications based on tangible actesn. We stress the fact that GAINE, rather thaimg a
general-purpose library, has been specificallygiesi for the development of projects with ententent
and edutainment purposes. In the following we thiérefore refer to any GAINE-based application the “
game”.

The framework is capable of handling different heaick setups, from interactive tables to tabletd, ian
portable on different computing platforms. In thelpninary version of this work [41], GAINE had bee
designed to target interactive tabletops only, Whace usually managed by desktop computers, running
Windows, Linux or MacOS operative systems, andftamework development had been based on several
portable Open Source C++ software libraries. Howewe devices running iOS or Android, the use afhsu
OS libraries raises several portability and integraproblems. To overcome this issue, we portedNEA
into Unity 3D, a cross-platform game engine thadpsurts a “write once — deploy everywhere” modelisTh
means that an application based on Unity can beldeed on any device and then deployed, with mihima
effort, in any of the supported platforms, whickclude mobile devices, web browsers, desktops and
consoles. This is possible since the game engni@iag language is built upon Mono [32], an Opaufke
and cross-platform porting of the Microsoft .NE@&arfrework. Another relevant characteristic of Un#ythat
it represents an “all-in-one” solution for the dpnent of complex interactive graphical applicasio
Besides providing advanced lighting and renderipgoas, Unity includes built-in support for spaizaid
audio, physics management, complex animations,itasKking, pipeline optimization and networking, shu
also allowing an extension of the features offdrngdhe preliminary version of GAINE [41].

As a general overview, the GAINE framework is cosgmb by different intercommunicating functional
blocks (Fig. 1). The GameManager starts the agmitareads the configuration scripts, stores araves
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the application state and, finally, generates tipuis. The ObjectManager is responsible for hagdihe
creation, destruction and state evolution of thgitali playing pieces and of the application GUI.eTh
EventManager is responsible for handling and comaoating the events generated by both the usershend

application. In the following subsections, we pdeva detailed description of all these modules.

ObjectManager

el

EventManager

{ TUIOEventManager ] lCapacitiveEventManagerl

TUIO protocol T Unity Input API

@o TUIO tracker
axo application

Fig. 1. GAINE module diagram

A. EventManager

The EventManager implements a classic delegatet enedel, characterized by event sources (controls)
and event listeners (consumers) that receive thete¥rom the sources. As will be detailed in Sectil.C,
application designers can define handlers to sp#uif actions to be executed by the event receivers

The main event source of any GAINE applicationhe tangible user interface, which provides data
related to tracked fingers and tangible playingcg@se Since different target platforms offer diffarenput
methods and TUI data can be acquired with a plathadrtechnologies, from optical to capacitive or
magnetic-based systems, the EventManager moduléodes designed to provide an abstraction of the
hardware level. This objective has been achieved irhplementing the basic event management
functionalities into an abstract superclass, naBeehtManager, and the actual management of thébtang
interaction into a set of subclasses each interfaaiith a specific setup. In our current implemé&otawe
took into consideration two different configuratigmamely interactive tables relying on opticahtéques
and using tangible objects identified by fiduciahnkers, and tablets featuring capacitive displaysgre
finger data are natively available and tangiblesoty are tracked through custom capacitive markers.

Regardless of the way input data are obtained, Mtk are first translated by the base class into
multitouch gestures. Currently, ortlgp, drag, pinch androtate gestures have been considered but, as future
work, we are planning to handle other core gestia@s The three events generated by tangible thj@e
add removeandtransform(move or rotate). As for system events, user-@efiavents and those generated
by the GUI elements, the EventManager class simaqtly as a collector, pairing controls and consumers

In the following, we will describe the implementatiof the classes that interface interactive tapkeand
tablets with GAINE.



1) Interfacing interactive tables (TUIOEventManager)

We developed a custom multitouch interactive ta&xeloiting optical technologies and following sealer
similar approaches in the literature [54][14][15[[L8]. In our table we use a combination of DI AR,
which provides a more robust result since DI caialvly track the fiducials, as long as the surfecequally
illuminated, and FTIR offers a better solution ficacking fast finger movements. The table surfaedures a
rear-projection 1080p screen. The height of théetah110 cm and the screen size is 100x80 cm.tdlble
can be connected with a secondary output, i.e.xé&rr&al monitor or a projector, to provide either a
information screen (e.g. for displaying game diiag¥ or a different view of the game environmdsig( 2).

Fiducial and finger tracking is performed by thad@ElVision toolkit [53], which runs as a stand-adon
module that streams captured data to the applicatdtware according to the TUIO protocol. Thestada
include position and ID of detected fingers anditpms orientation, size, ID and class type (ilee symbol
drawn) of detected fiducials. The combination ofdbBd class type allows multiple instances of theesa
fiducial to be tracked. Since this module rece@gsnput pure TUIO interaction data, it can berfamed as

is to any interactive device for which a moduleatap of streaming TUIO data is available.

(1) Computer
2) Projector
(3) IR camera

(@ Mirror

(® Infrared Light
® IR Led

(@) External Screen

Fig. 2. A schematic of our multitouch interactiablie.

2) Interfacing Tablets (CapacitiveEventManager)

In order to enable tangible interaction with tablet devices equipped used with commercial capaciti
touch screens, we developed custom markers follpwmapproach similar to [46][47][48], i.e. expiog
passive markers characterized by unique pattergsrafuctive touch points that encode both theiitjoos
and ID. In particular, since usual tablets’ screees require the smallest markers to avoid soveelusion,
our design was aimed at reducing as much as pedsiblmarker size, which was the main limitation of
previous works. Besides that, other constraintevaken into consideration. First, most capaciseeens
limit to ten the number of detectable touches. 8dcwe experimentally found that a single contaehipcan

be reliably detected on different devices if itgesis greater than 6 mm and that two contact peenisbe told
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apart if the distance between their centers istgreaan 12 mm. All these constraints can be sunzein
these two conflicting design objectives: (i) minm@ithe number of contact points per marker while
maximizing the number of unique IDs, and (i) mime the marker size while guaranteeing a reliable
extraction of the required information (marker piosi, orientation and ID).

The solution we proposed was using four contachtpoper marker, where three of them define an
orthogonal Cartesian reference system capableowfging position and orientation information. Thaufth
one, the data point, defines the marker ID throitgjlguantized position, on a regular grid of sizead, in
the marker reference frame. As a result, the mihsize that allows for robust marker identificatin30
mm. With this size, the number of unique IDs theat be represented is 8, and a larger set of distiadkers
can be obtained increasing the marker size (se8Ji§ince recognizing a marker requires four bopaints,

a maximum of two markers and two finger touches lmamecognized contemporarily on a standard tablet.
For the construction of the markers we took adwgataf the recent availability of conductive grapken
filaments [52] on 3D printers, which were used teate the contact points, attached to a common date
enclosed in a plastic PLA shield (Fig. 4).

34.0 : 3 R
( T N ‘ ] . reference system
. ! possible locations
T of the data point
340 380 - minimal distance
T { :between contact
: ¢ E i = points
! o o @ e
6.0 la0l ] ]
8 configurations 22 configurations 34 configurations

Fig. 3. Different marker sizes and their correspogeiumber of unique 1Ds

Fig. 4. The capacitive tangible (c) consists irebaf contact points (a) enclosed in a PLA shield (
The extraction of marker information from the toymtints registered on screen is managed mmaeker
engine Its main input source is the Unity Input API, wihicommunicates the set of new, lifted or moving
touches during the last frame. This set of datthés used for recognizing new markers and tracking

removing previously identified markers.

Marker recognition
New markers are detected by first identifying gmwd four touch points whose geometric properties

correspond to those defined by our markers. Thesdgspmust satisfy the following properties: (iyeb of
8



the points[v,,V,,V,], shall define two orthogonal vectors having a canmertex ¢,) and lengths equal to
d, the marker axis lengthand (ii) the fourth poin¥,, shall be included into the oriented bounding bbthe
first three points. Clearly, due to noise in thpuhdata, the verification of these properties aers a
suitable margin of tolerance. However, this noi$ecés as well the accuracy of all marker datainiprove
the precision, we defined the following linear keaquare regression problem. Consider the ideakenar
orthogonal reference systejr,, R, R;], with R, placed in the origin andlr, — R,|| = ||R, — R;|]| = d. In
absence of noise, the two reference syst¢msR, R;] and [V,,V, V5] are related by the following
transformation:

[V, V2, V3] =M * [Ry, Ry, R3] (Eqg. 1)

where:

cos(8) —sin(0) x;
M = (sin(8) cos(8) v,
0 0 1

is a roto-translational matrix defined by a rotattband a translationc{,y.). Due to noiseM cannot be
obtained directly, but it can be computed as th&imthat minimizes the sum of squared residuatsvben
the model R points) and the observatio points):

miny, Si||m <R - v|* (Eq.2)

This problem has the following closed-form solutiéior each paitv,, R, of points equation (1) can be
expanded as:
Vie = cos(8) * Ry — sin(8) * Ry, + x;
Viy = sin()* Ry, +cos() * Ry, + y;

and the whole set of equations can be summarizethirix form asA - x = b, where:

_Rlx _Rly 1 0_ I'le'l
Ry Ry, 01 cos(6) Viy
ARy =Ry 10 sin(6) Vo
A= . b=|y,
RZy Ry 01 Xt 2y
Rsy —Rszy 1 0 Ve | Vs |
Ry Ry 0 1 lV3yJ

Thus, the resulting solution of the minimizatiooiplem in equation (2) is:
x*= (AT-A)L-(AT-b)

Once we have*, we can update the values[of,v,,V;], and, consequently, the marker data (position,
orientation and its ID, which is obtained by prdyeg the data poinv, on the regular grid defined by
[V, V,,V3]). Once a new marker is recognized, it receivesique identifier that, paired with the marker ID,
allows again different instances of the same matrkée used at the same time.

Marker tracking and removal and Finger tracking

Markers are tracked exploiting the motion inforraatof their touch points. After tracking, we applyain
the same registration procedure previously destyities time exploiting as well the position of tbata

pointv,. When one or more of the marker touch points lagged as lifted, an event is raised signaling the

! pixel to metric conversion relies on the devicd DP



marker removal. Finally, the input touches not gesil to a new or tracked marker, are treated gerfin

touches and managed consequently by the base Earat)dr class.

B. Object Manager

This module is responsible for creating, evolvimgl @estroying all the digital contents of the gajme
the playing pieces and the GUI elements). Theseentscan be represented graphically as eitherr3IDo
elements and they can be divided into four differelasses, detailed in the following subsectiayeme
objects tiles, agentsandwidgets These digital elements are defined in two diffiénreference systems: the
screen space for widgets and the world space foregabjects, tiles and agents. The transformatiah th
relates the two reference systems is managed lglitgctJnity according to the current settings of thrtual
viewing camera.

We recall that a game deployed on our interacaiethas the added benefit of an optional secareisc
We will show at the end of this section that tiaattire is available for other devices and otheffgrtas as
well. The two screens are totally independent, #weddevelopers can choose which contents to shaw an

how they should be displayed on each of them.

1) Game objects

Game objects are the basic digital elements managdddisplayed by the game. Examples of game
objects are the game board on the tabletop surtaeebackground 3D scenario shown on the secondary
screen and interactive digital playing pieces. déeelopers can define all the characteristics efcthsses of
game objects in the configuration scripts. The nfie@ture of a game object is its graphic represientaOne
or multiple 2D or 3D texturized models, calleditchescan be associated to each class. Each switchecan b
static or animated, and its animation can be clettandipendentely (i.e. it can be started wherohject is
instantiated or when a specific event occurs,ntloalopped or not, and so on). The switch caniatdade a
particle system which allows effects like smokeg,fliquids or (why not?) magic spells to be sineda The
initial switch of a class instance can be chosattifierent ways (e.g. randomly or according to artefined
condition) and the actual switch can be changedrdow to events and game rules.

Game objects can be made interactive and the dmrslaan define a handler for each of the touchteve
involving the object (see Section IIl.A). As an exae, in a children’s game, a geometric shape bamge

its color when the user taps on it, and it cands&zed by pinching it.

2) Tiles
Thetiles are the digital elements representing the tangjblae pieces. Each tile class is associated to a
specific marker ID and is characterized by sevpebhmeters, most of which are inherited by the game
objects. As for the tile switches, they can havg size, both related or not to the physical sizehef
corresponding tangible playing piece. The posiaod orientation of the tracked tangible are autaraldy
10



used to translate and rotate the tile representatiavorld space. Having a switch for a tile is nandatory
and, in the case of a double screen, the switclalsanbe displayed on one or both the outputsirfsbance,
as we will show in Section IV, tangibles placedtia tabletop can be the building blocks of a 3p wihose
interactive navigation can be shown on the secoreks.

Tile classes can also be definedyesupable i.e. classes whose instances can be chainedé&rgetform
a compound digital model. Examples of groupabkestitan be road parts or single houses formingya cit
block. In order to allow a correct match betwees physical layout of the tangible objects and thyitad
representation of the tile group, groupable clagsast be associated to (i) square markers andiléi)
switches having a base with the same geometryiaaadsthe marker. Two instances of a groupablssctae
connected when the distance between their cerstéosver than a threshold related to the tile Samuped
tiles are then linked to construct a 4 connectedht®r graph and each group element is labeledrdicgpto
the number and position of its neighbors as (FigStart (tile with a single neighbor),inear (two neighbors
on the same grid directionGurve (two neighbors on different grid directiond)Shape(3 neighbors) and
Cross(4 neighbors). A different switch can be defined éach label and the actual switch of an instasce

instantaneously updated at every label changeyhen a tile is added or removed from the group.

Single

Linear

N T N

Curve

z
—
=z

98¢

QARG €

Fig. 5. Labels assigned to a grouped tile accorttirtpe number and position of neighboring Tilest(€olumn) and examples of

label switches for two tile classes (Road, certodimn, and House, right column).

For groupable tiles, it is also possible to guagarst seamless junction between graphical elenmerds, if
tangibles are not perfectly aligned and connedibd is obtained by first creating an ideal gridtchang the
graph connections and aligned with the referenass.aXhis regularized grid is then used to updage th
position and orientation of the grouped tiles vathregression approach similar to the one descibselction
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I1I.LA.2). This process, if enabled, is applied gvéme a tile group has been modified. An examplgral

regularization is shown in Fig. 6.

Fig. 6. An example of a tile group before (up) afigr (down) grid regularization.

3) Agents

Theagentsare autonomous virtual characters that can bergeaeby the main scene (i.e. the game board
or the 3D scenario on the secondary screen) orditald game objects) and tangible (tiles) playpigces. In
the current implementation, the agents’ artifiarélligence is limited to provide them with thepedility to
navigate the environment in a ‘“life-like and imp@nal matter”, relying on the so-called “steering
behaviors” [4]. Actually, we offer an extension tbe basic steering behaviors available in UnityStde
Unity porting of OpenSteer [33], and new type odaors can be easily added according to the nefette
application designer. Examples of basic steeringabiers are wandering around the world or inside a
predefined area, move towards a static or dynaamget, follow a path and avoid obstacles. Complex
behaviors can be obtained by combining the bas#e,dre. following a leader avoiding obstacles odeiing
coordinated motion of groups of agents.

Different behaviors can be assigned to an agent erehtually, the agent behavior can be modified by
events/conditions. An example game is shown in Figvhere in a city scenario the house blocks gdeeas
agents the city dwellers, which are then free teeraround the city, and streets generate carriagesh are

constrained to move on the correct street laneaaramway, which follows a predefined circularipat

Fig. 7. Examples of autonomous agents generatéldehyylaying pieces.

The agent characteristics can be again definedhbydevelopers. Each agent can be represented by

multiple animated switches. The minimal/maximal tn@mof instances per class and the agent generation
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rules and rates can be set in the scripts. Agemtde optionally destroyed according to their fifee, as a
consequence of a system event or when the gergetadéfiile group has been removed from the intéoac
surface. Other parameters associated to agenteaarenaximal speed, the list of obstacles to awvhidng
navigation (e.g. a list of game object, tile anéragclasses) and a set of values to control themation.
When agents are generated by a groupable tiledekieloper can also decide the minimal group siaé th

allows the generation of agents, i.e. to avoid rgldars to a street composed by only two blocks.

4) Widgets
The widgets are the components of the game GUI lpeitpns, sliders, labels, image and video widgets
The various widget classes offer different prefuedi properties and generate events upon userdtitera
The framework includes a peculiar type of widgetd|/ed Sensible Areas, which are (invisible) polygo
regions defined on the interaction surface thaeran event when a marker moves within, entergiotheir
area. The event data (i.e., position, instancectass$ ID of the marker that generated the eveat),tisen be

used by the application to trigger specific actjiaswe will show in the examples in Section IV.

5) Game view control

GAINE provides a dual screen setup, which is ntiggailable for our interactive table and can ddex
as feature on other devices as well. To managest#mond screen, we implemented a client-server
architecture, where the server is the (primary@raattion screen and the client is the secondapubutate
synchronization between client and server is hahtiethe Unity networking API in a transparent mann
for the developer. In this way, interactive tablasere an external output is not available or devides
tablets can feature a second screen as well byysmnming client and server on two separate hosts.

The game view on the main screen or on both disptap be controlled by the developers. Each display
can define its own background (e.g. a 2D image/mfailéhe game board on the tabletop surface aBD a
environment for the secondary screen) and a camwiah can provide a 2D or a 3D view, either patadr
perspective. All the camera parameters (positioientation and field of view) can be modified dwyithe
game and multiple cameras can be defined in thptsand switched at run time according to evemts o
conditions. In a similar way, it is possible to idefmultiple lights, activate/deactivate them anatlify their
parameters. Game objects, tiles, agents and widgetde displayed, according to the developersicelsp
on one or both the display screens. For instamcaniaugmented chess game deployed into the ititerac
table, the tabletop surface can display both astitesd and the GUI elements to control the game. Th
tangible chess pieces can be represented as 30gmoda 3D virtual chessboard in the secondarylaysp

allowing the game audience a better comprehengitre@ame evolution (Fig. 8).
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Player #2 (black) Player #1 fwhite)
1241 1372

Fig. 8. A chess game developed with GAINE: the ipigyieces and their associated markers (left)aasapshot of the game

view displayed on the secondary screen (right).

c. GameManager

Game management and evolution follows the evemedriparadigm, in which the execution flow is
determined byventsand it is controlled bparametersandrules

Events handled by the EventManager module (Section )Jic&an be raised by user actions (i.e., tangible
interaction events), by the system (e.g., alertseourring events generated by the system clockletined
by the developers and associated to any GAINE elenk®r instance, an event can be generated Hg a ti
class when the number of instances is equal, egaaredrops below a predefined threshold or whegsea-u
defined parameter has reached a certain value GXINE element, including the system, can registeart
event defining a handler, which consists in a §etiles that are executed only when the eventasived.

Parametersare variables associated to the various applitcalements. Several parameters are already
pre-defined in GAINE, such as the system date am@ tor the execution time. Standard parameters
associated to tile and game object instances a#& position, orientation and current switch. Class
parameters, such as the number of created instaareeavailable as well for game objects, tiles agents.
Furthermore, developers have the possibility taateréheir own parameters and associate them to any
element of the application. These parameters czm la¢ defined as a function of other parametery. An
application element using a parameter (i.e. a ¢mmdio be checked or a function to be evaluateG A
label showing its value, and so on) is immediatalified when the parameter value has been modified

Therules are sequences of actions that modify the game abgect state. Examples of such actions are
an update of one or more parameters, the raise efent and the play of a sound or the creatiotrige®n
of different elements (e.g. a game object, a messagdow, a video widget, and so on). Rules castaed-
alone or associated to an event. Stand-alone mardesalways associated with a conditional statement
involving different parameters and are executed drd parameter in the condition has been upd&ezhd-
alone rules are associated with a priority, angetevalue defaulted to one that can be updatedhby t
developer, and executed in descending priorityroldecase of events, an event handler is defiisea set of

rules, where each rule can be associated with aanap condition and a priority. Event rules aréhaated
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when the event has been notified and only if thesiibe condition is verified. In other words, ifeonf the
condition parameters has been updated but the basntot been raised, these rules are not executed.

In the Appendix, we report a detailed example shgwhow these elements can be combined in the
implementation of a GAINE based interactive game.

IV. CASE STUDIES AND DISCUSSION
The GAINE framework has been used to develop skeatartainment/edutainment applications, ranging
from simple games to interactive stories for cle@ldrSome of these applications have been brie#iychled
in the previous sections. Here we describe in ndetails several case studies and we report sonaetalat

show how the use of GAINE impacts the developméatraultitouch, tangible augmented application.

A. Tic-Tac-Toe

The first example is a tangible augmented versiahe classic Tic-tac-toe game. Tic-tac-toe is agie
and-paper game for two players which take turnskimgra 3x3 grid with their own symbol (either a “X”
cross, or a “O”, naught). The player who first ®exts to place three symbols on a row, column aodial
wins the match. If all marks have been placed witlgowinner, the game ends with a draw.

This case study has been chosen for three mainngaBirst, it is simple enough to allow us to fhyie
discuss its whole implementation. Second, it hanhesed to record some metrics to show the eftautiss
of GAINE in supporting a rapid application develagmh Finally, it demonstrates how the same apjdinat
can be ported, with a minimal effort, on both auteractive table and an Android tablet with a da@ken
setup (Fig. 9). In the Appendix, we also presemies@xcerpts of the scripts of this applicationlligsirate
how the different GAINE elements are combined thimplementation.

In the tangible-augmented digital version of thengathe Tic-Tac-Toe board shows the 3x3 playind gri
(Fig. 9(a)). The tangible playing pieces are thegits and crosses, which are marked with two differ
markers (Fig. 9(b)). Their corresponding 3D tiles shown on the secondary screen (Fig. 9(c)) tegetith
a 3D perspective view of the game board. Eachatdhe digital playing grid is associated with asible
area that updates the cell value when a tangiblelased on or removed from the cell and raises the
corresponding event. These events are then usgeetk for possible wins and eventually for conahgdihe
game with a draw. When the game is finished, tlagquk’ scores are updated and the new game buatton i

enabled to start a new game.
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& New Game

TIC TAC TOE

Fig. 9. (a) The Tic-tac-toe tabletop interface,wimy the playing grid (where the dotted numberegbses highlight the sensible
areas, which are not actually visible), the GUklaland the start button; (b) the tangible playeges; (c) the 3D game view on

the secondary screen; (d) images of the tabletorecd the game and of its second screen

The whole development process of the game (whicludies digital content and tangible pieces creation
script writing, testing and debugging) requiredtlt of five man-hours and the number of code linethe
scripts is 372. In order to provide an initial haligh partial, indication of the capabilities of éi@amework to
support a rapid application prototyping, we asked of our Computer Science MT students, an exyzent u
of Unity, to develop from scracth the multi-scregangible Tic-Tac-Toe game in Unity. For a fair
comparison, we provided him with the EventManad@sses and the digital contents to be used indheeg
As a result, there was an increase of +172% imtimeber of code lines required to define the gargie land
the game management, while the development timesildoubled.

B. Torino 150

The second example discussed is “Torino 1507, artagiment application designed for children aged
between 6 and 13. Torino 150 has a gameplay sitoildrat of the well-known SimCity game ([38]).idta
cooperative game exploiting the interactive taldeirivolve the players in the task of founding and
developing their own version of the city of Torimp1861, the year when the city became the capftte
newly proclaimed united Kingdom of Italy. The gameimed at communicating to children a piece ef th
history of their own city. The digital contents athe information displayed are the legacy of To\(iRrino
Virtual Adventure), a Virtual Heritage project aichat constructing a realistic and historically aete 3D
model of Torino in 186 according to information lected from various sources, such as photos ofahctu
buildings or historical documents like maps, draysiand paintings (Fig. 10).
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The tangible playing pieces represent the diffepenitings of the city, that is houses, marketdicpaand
fireman stations, industries and streets. Somekbjauch as the theatre, cathedral and royal patacebe
unlocked only reaching certain scores in the gdrhe.players’ task is to reach the highest levéiaifare”
for citizens, i.e. a proper balance among positerg. presence of hospitals, markets, public trarapon)
and negative factors (e.g. criminality, pollutitaxxes). The game has three selectable difficultglte which
(directly) affect the level of taxations and (irelity) many other system parameters, thus makinge mo

challenging to achieve the game goals.

Fig. 10. Examples of models used by Torino 150iepfdn and of reference documents used to crbata.t

The current value of the welfare and of otheresparameters are computed as a function of the ype
numbers of pieces placed on the table. Players tte@dd a proper balance between the played el&snen
since they can have a mutual influence. For ingtanomputation of welfare involves parameters tike
population, the general health and richness andetied of criminality: the population increases hwvihe
number of houses, the health increases with thebeuraf hospitals and decreases with the number of
industries, the criminality is a function of poputa, richness and number of police stations, andrs Thus,
children need to discuss their choices in ordg@regress with the game.

This application exploits the second screen to imm@layers in a 3D reconstruction of the virtugy ¢
they are building in the game (Fig. 11). This \attenvironment can be observed by different petspeor
navigated either using an interactive camera awjin a first-person camera attached to any of itieees
moving in the environment. The current viewing ceanean be selected and updated through the game GUI

The virtual city is populated by different autonamagents. House blocks generate the city dwedlails
the street blocks create horse-drawn trams andagas (see Fig. 7). Some system events were also
introduced. For instance, if the cathedral has Ip@red on the table, it rings the bell at predsfimtervals
to announce a religious function causing citizenggproach the church. As another example, we added

earthquake event, which can be raised either ralydbynthe system or explicitly by players with a GU
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button, which introduces additional challenges aysing the partial or total collapse of some hoasesa
consequent population decrease.

As for the development issues, the only modelifigrefvas the adaptation of 3D models developedafor
previous project to the needs of a real-time VRliggfon and the modeling of the different switcliesthe
groupable tiles (houses and streets). The amounbdé required by the application scripts to camnfg
contents and implement the game logic sums up ®olibés only. We think this value can provide amoth

indication of the effectiveness of the framework.

Fig. 11. Torino 150 games: the playing pieces ascreenshot of the view on the secondary screen.

C. Shapes

Shapes is a tangible-augmented tablet version eofvéltious Shape Matching games aimed at helping
children to familiarize with the basic propertidsaonple geometric figures. By figuring out howdmp each
piece into its proper hole, children learn to catep and eventually name shapes. The capabiligxpboit
physical tokens on a tablet delivers a series okfis from the traditional version of the gameaskEiit is
possible to improve the user experience by addargpus feedbacks related to the accomplishmentverfye
matching task, such as sounds and visual effeetsorel, from a game design perspective, it is plessib
challenge players with more difficult task and dagzhan the mere matching.

For this application, we designed six tokens wittfecent geometrical shapes: triangle, square,leirc
rhombus, pentagon and hexagon. Players are requined number of levels of increasing complexity, t
match position and orientation of a shape displayedcreen with that of the corresponding tokertoor
create compound figures with the available tokens.

D. Colombo

Colombo is a tablet based collaborative game far prayers where the main objective is to navigate a
sailboat along a river avoiding collisions with ianks. The screen is divided horizontally in the areas
where each player can place his/her blower, reptedéy a tangible playing piece (Fig. 12(a)). T¢twvard
direction of the wind generated by each blowereitedmined by the line connecting the marker andotied
centers and it spans the wind zone, an angle detednby the marker orientation. The module of thedw
force is a function of both the marker-boat distamnd of the angle the wind direction makes with th

bisector of the wind zone (Fig. 12(b)). When bothypr tokens are placed, the resultant of the two
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coordination between players to fulfill the objges.

Fig. 12. Controlling the boat movements in Colombo

Roadl

Main character leaves school, the

main road forks and player can choose

which one to take

Road2

An old man is standing by his front
yard, it asks if you can help him cut the
grass, in exchange he will let you go
through his property to get home faster

Don't cut the grass Find keys

Cut the grass

while you are crossing the old man's
property you encounter a group of
aliens and their spaceship who want a
souvenir photo from earth, doing so

A man is looking for his car keys in his
yard, you can help him with your lens,

in exchange he will give you a ride
home

Don't find keys

bullies are blocking the road you can
either make them run with your sling or

take another road

—

corresponding forces is applied to the boat (FR(cl). Thus, the game requires both communicatiah a

they will let you drive their ship to your
home

Don't take picture

Don't flght the bullies F|ght the bullies
Take picture
a flock of sheep is blocking the road,
help their owner by building a fenced
area in which he can put them and free
drive the spaceship the road
home [
it has become dark, a man gives you a
v torch to help you illuminate the path
back home

HOME

Fig. 13. Outline oMy Way Homealynamic plot, where every block and every brarafitribute to the evolution of the storyline

E. My Way Home: Interactive Storytelling
Interactive storytelling is a form of narrative wlethe user is not bounded to a linear progressing
storyline [3]. On the contrary, the reader canvatyiinfluence the narrative evolution, either Btetmining
the main character’s actions or by altering tharenment in which the story takes place. To thid,ehe use
of MTI and physical tokens offer a direct and tétgirepresentation of the elements manipulatedhen t

digital world and, thus, it can improve the genérgdact and immersion into the storyline dynami|8s,[]).
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In order to show how GAINE can effectively suppiotieractive storytelling, we implementédy Way
Home the story of a boy who misses the bus right aftdiool and needs to find a way back home. On his
journey, he will face hurdles to overcome and nobiracters that can help him to fulfill his objeeti The
story evolves as a series of scenes in which edecision the player takes has an influence on tiwgy s
progress (Fig. 13). The player can use tangiblesake choices, to control the main character arekpdoit
tools in achieving her/his goals. As an example diory features a scene where an old man askdayer to
help him find the car keys he lost in the frontdyand the player can use a tangible-controlled frifgipg
glass” as a helper tool (Fig. 14). As a rewarda@uccessful search, the old man will kindly give boy a
ride home. Optionally, the player can choose tdawdnis request and proceed on his/her own exjboraf

the environment.

Fig. 14. Examples of tangible used as tools to rgesyin the story (magnifying glass, left, toraght)

V. CONCLUSIONS

In this paper we presented GAINE, a flexible fraragwfor the rapid prototyping and development of
edutainment and entertainment applications basedmatiitouch and tangible interaction. The main
contributions of GAINE are the following. First, firovides a set of high level constructs and gosog
language that allows both the characteristics efdigital contents and the game logic to be defimed
straightforward way, thus reducing the developntene. Second, the framework is portable on differen
hardware and platforms, thus supporting a largelraurof different devices and different types ofgiaie
objects. In the paper we provided several examplesdutainment applications developed with GAINE,
showing its effectiveness in supporting the raprdtqtyping of such tangible-augmented games. We
underline the fact that researchers from diffeametas (e.g. usability engineers, pedagogists, nagsts)
were involved in the design of our games, whichtum gave us ideas to improve the list of available
features. Hence, the development of our framewarkegl some indirect benefit from such multidisciphy
expertise.

As for future work, we are planning to expand tbactionalities offered by GAINE. We are currently
investigating the problem of extending the compieaf the Al offered by our agents. One option coioé to
integrate VIRTUAL-ME, a software library for Unitwe developed in a previous project [35]. VIRTUAL-
ME allows programmers to define and manage the htlika behaviour of autonomous characters in terms
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of tasks, needs, emotions, perception and memoeyb&lieve that such a feature would certainly ektie
range of applications that can be developed withNEA As another feature, following the ideas disadsin
[19] and [37], we are also planning to enhancedhgible interaction component by providing supforta
more varied set of playing pieces and responsiyectsh Finally, the design process would definitedyefit
from an IDE (similar to the Graphic Assistant désed in [19]) to define the characteristics of tjeme

elements and automate the script generation.

APPENDIX
Here we show some excerpts of the scripts implemgrhe Tic-Tac-Toe tabletop game described in

Section IV.A. In order to manage the game, theofaithg system parameters and events were defined:

<parameters>
<parameter name="winPlayerl" type="int" value="0"/> <!-- playerl = cross -->
<parameter name="winPlayer2" type="int" value="0"/> <!-- player2 = nought -->
<parameter name="gameActive" type="bool" value="true"/>
<parameter name="gameResult" type="int" value="-1"/> <!-- @: draw, "cross": playerl, "nought": player2 -->

<parameter name="grid[9]" type="int" value="{0,0,0, 0,0,0, 0,0,0}"/>
<parameter name="playedPieces" type="int" value="0"/>

</parameters>

<eventList> <event name="OnGameFinished"/> </eventList>

Grid is a vector of nine elements that records theipagieces placed on the grid cells (Fig. 9(a))psen
number is stored iplayedPieces. GameResult Stores the result of the current game (0O for avdoa the
marker ID of the pieces played by the winnennplayerx record the players’ scores agémeActive

indicates when a game is in progress. The twaldsses, cross and naught, are configured as fallow

<tile type="Nought" marker="105" />

<switch condition="gameResult == marker" model="models/nought_ani.unity3d" animated="true" loop="true" display="2"/>
<switch condition="gameResult != marker" model="models/nought.unity3d" display="2"/> </tile>

<tile type="Cross" marker="205" />

<switch condition="gameResult == marker" model="models/cross_ani.unity3d" animated="true" loop="true" display="2"/>
<switch condition="gameResult != marker" model="models/cross.unity3d" display="2"/> </tile>

Both tiles have two switches displayed on the se@apnscreen, a static one when the game is ruramdg
an animated one when the game ends with a win @fctirresponding player. The current switch is
determined by a condition @ameResult. Different system rules are used to check for vaimg draws:

<ruleList>
<!-- check possible win in the first grid row -->
<rule condition="gameActive and grid[1] == grid[2] and grid[2] == grid[3] and grid[3] != @">
<onTrue action="gameActive = false, gameResult = grid[3]" emitEvent="OnGameFinished" /> </rule>
<!-— we do not report, for the sake of brevity, the similar rules that check different combinations-->
<!— draw condition (this rule has a lower priority check first possible wins and eventually signal a draw) -->
<rule condition="playedPieces == 9" priority="0">
<onTrue action = "gameActive = false, gameResult = 0" emitEvent ="OnGameFinished" /> </rule>
</rulelList>

Each rule is guarded by a conditiorer{dition field) that, when verifiedoqTrue tag), can cause the
execution of some actionscfion field) and/or the raise of one or more evewrtgfevent field). The rule
conditions involve the grid values and the numbieplayed pieces, which are updated when a marker is
placed ondnsensibleAreaEntering event) or removed fronofsensibleArealeaving event) a sensible area.

Each sensible area defines an extra pararaeterthe index of the grid cell it is associated with:

<sensibleArea name="c1" vertices="(..)"> <parameter name="cell" type="int" value="1"> </sensibleArea>
<!— other cells from c2 to c8... -->
<sensibleArea name="c9" vertices="(..)"> <parameter name="cell" type="int" value="9"> </sensibleArea>
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The sensible area event handlers update the nuvhipéeces played and assigns the proper entryeof th
grid vector to the class ID of the played piece (foargible placed on the table) or to zero (for acesdl
tangible). Eventually, a modification of these \elucauses the raise of téameFinished event, which
determines the update of the current scores ansl thal game. When the “New game” button is presbed,

grid values are reset and a new game is startedfollowing handlers implement these behaviors:

<eventlListeners>
<event name="OnSensibleAreaEntering">
<rule action="grid[sender.cell] = sender.marker, playedPieces = playedPieces + 1" /> </event>
<event name="OnSensibleArealLeaving">
<rule action="grid[sender.cell] = 0, playedPieces = playedPieces - 1" /> </event>
<event name="OnGameFinished">
<rule action="gameActive = false, newGameButton.enable = true"/>

<rule condition="gameResult == 0">
<onTrue playSound="sounds/draw.wav"/> </rule>
<rule condition="gameResult == Cross.marker">
<onTrue action="winPlayerl = winPlayerl + 1" playSound="sounds/winl.wav"/> </rule>
<rule condition="gameResult == Nought.marker">
<onTrue action="winPlayer2 = winPlayer2 + 1" playSound="sounds/win2.wav"/> </rule>
</event>

<event name="OnButtonClicked">
<rule action="grid[] = {0,0,0, 0,0,0, 0,0,0}, gameResult = -1, gameActive = true,
newGameButton.enable = false, playedPieces = 0" /> </event>
</eventListeners>

The widget configuration fifecreates the labels displaying the players’ scareb the “New Game”

button, which is disabled at game start and raiastive and clicked, a default evemButtonclicked.

<label name="PlayerOnelLabel" .. displayedParameter="winPlayerl" />
<label name="PlayerTwolLabel" .. displayedParameter="winPlayer2" />
<button name="newGameButton" .. enable="false" />

Summarizing, the game execution flow is the follogvi (i) when a symbol is placed on a grid cell, an
event is raised causing an update of the cell yauneincrement of the number of pieces played, amd
evaluation of the rules including one of these peri@rs in their conditions; (i) eventually, the
OnGameFinished event is raised, halting the game, updating tbeescand the labels showing them, playing a
proper sound and activating the “New Game” buttba;tiles of the possible winner switch to theimaated
version; (iii) when the “New Game” button is pressgame variables are cleared, the button is dedet
and a new match can start.

The tablet version of the application has a difieraarker management. Since the device limits Heeai
a maximum of two tangibles at the same time, thekera act as molds to create, when placed on theng
grid, two gameObjects, a 2D one on the tablet sciam®d a 3D one on the second screen. Then, the
OnSensibleAreaEntering event handler includes &ma epndition to avoid placing a marker on a ckéady

occupied, and the OnSensibleArealLeaving handlenbialseen implemented.
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