m‘“‘\

Escuela de Doctorado Universidad de Valladelid

Universidad deValladolid

PROGRAMA DE DOCTORADO EN INFORMATICA

TESIS DOCTORAL:

ENTRENAMIENTO DE LA PROSODIA EN
PERSONAS CON SINDROME DE DOWN
MEDIANTE EL USO DE UN VIDEOJUEGO
EDUCATIVO

Presentada por MARIO CORRALES ASTORGANO para optar al grado de
Doctor por la Universidad de Valladolid

Dirigida por:
David Escudero Mancebo
César Gonzalez Ferreras






Agradecimientos

Esta tesis ha sido realizada en el grupo de investigacion ECA-SIMM
del Departamento de Informatica de la Escuela de Ingenieria Informati-

ca de la Universidad de Valladolid.

Quiero agradecer a David Escudero Mancebo y a César Gonzélez Fe-
rreras su apoyo y dedicacién durante todo el transcurso de la tesis.
También agradecerles especialmente su busqueda de financiacién que
me ha permitido completar el trabajo. Agradecerles también el buen
ambiente de trabajo que ha ayudado mucho en los momentos mas
complicados. Sumo a este agradecimiento a Valentin Cardenoso Payo,

que me ha apoyado mucho con sus conocimientos y experiencia.

A Cristian Tejedor Garcia, que ha sido un companero de laboratorio
estupendo. Con él he compartido multitud de conversaciones y viajes,

y espero seguir compartiéndolas en el futuro.

Quiero agradecer especialmente a todas las personas con las que he co-
laborado a lo largo del trabajo de esta tesis. En primer lugar, agradecer
a Lourdes Aguilar, profesora del departamento de Filologia Hispédni-
ca de la Universidad Auténoma de Barcelona y experta en prosodia,
su confianza en el ano 2014 para que yo fuera el técnico informati-
co encargado de desarrollar la primera version de un videojuego para
la practica de la prosodia en personas con sindrome de Down, en

el transcurso del proyecto Resercaixa. Mi trabajo fin de Master se



baso en el trabajo desarrollado en los comienzos de este proyecto, y
mi tesis doctoral continué a partir de ese momento. Lourdes siguié
presente durante los siguientes anos, con el proyecto PRADIA, cuyo
objetivo era introducir mejoras el videojuego educativo desarrollado
en Resercaixa, y participando en algunas publicaciones y comunica-
ciones a congresos realizados durante este tiempo. También quiero
agradecerle a Yurena Maria Gutiérrez Gonzalez, lingiiista y profesora
asociada en la Universidad Auténoma de Barcelona, su paciencia y
dedicacién en la configuracion de las actividades de entrenamiento y
primeros niveles del videojuego, asi como en la revisién de las imple-
mentaciones del mismo junto a Lourdes Aguilar. Agradecer a Ferran
Adell, experto en videojuegos y educacion, sus aportes en el diseno
de la narrativa y otros elementos del videojuego. También agradecer
a Patricia Sinobas su colaboracion realizando los disenos de todos los
elementos graficos que componen el videojuego. Agradecerles a Valle
Flores Lucas, profesora titular en el departamento de Psicologia de la
Universidad de Valladolid y experta en desarrollo del lenguaje en per-
sonas con sindrome de Down, y a Pastora Martinez Castilla, profesora
en el departamento de Psicologia Evolutiva y de la Educacién de la
UNED y experta en trastornos del neurodesarrollo, su aportacion en
todo lo referente a las personas con discapacidad intelectual, que ha
sido imprescindible para alcanzar los objetivos de esta tesis, asi co-
mo su gran dedicacién en la escritura de las diferentes publicaciones
derivadas del trabajo de esta tesis y de sus proyectos relacionados.
Agradecerles también a todos los centros de educacion especial y a su
personal laboral su colaboracion en las diferentes sesiones de juego y,

por supuesto, a los chicos y chicas que acuden a estos centros, que son



una parte imprescindible sin la que esta investigacion no tendria sen-
tido. Los centros que han colaborado en esta investigacion han sido la
escuela Niu (Barcelona), la fundaciéon Aura (Barcelona), la fundacién
sindrome de Down de Madrid, la escuela de educacion especial “El
Pino de Obregén” (Valladolid) y la asociacién de sindrome de Down
de Valladolid. Dentro del personal de estos centros de educacion es-
pecial, agradecerle especialmente su colaboracion a Yolanda Martin,
que ha estado presente desde las primeras versiones del juego y que
sigue estando presente con los proyectos en vigor. Sus aportaciones y

experiencia han sido fundamentales para el éxito de esta investigacién.

Y por supuesto a Viki, sin la que no estaria aqui. Su apoyo y compren-
sion durante estos anos ha sido fundamental en los buenos y malos
momentos. Y a mi perro Sarri, companero fiel siempre. Gracias por

todo.



Resumen

Las personas con sindrome de Down tienen una serie de limitaciones
cognitivas que afectan, entre otras cosas, al desarrollo de sus habilida-
des lingiiisticas. Dentro de las dreas del lenguaje afectadas se encuen-
tra la prosodia, que es la rama de la lingiiistica que estudia aspectos
suprasegmentales del habla, como la entonacion, el tono, el acento o
el ritmo. La utilizacién de forma combinada de estos aspectos comple-
menta la intencién comunicativa de una produccion oral, aportando
matices fundamentales para la correcta transmisién del mensaje re-
querido por el hablante, como pueden ser la expresion de emociones o
la adecuacion a un contexto social concreto. La utilizacién incorrecta
de la prosodia puede afectar negativamente a la integracién social de
las personas que presentan problemas en su uso. La presencia de estas
deficiencias en la poblacién con sindrome de Down motiva la existen-
cia de terapias del habla orientadas a la mejora de sus habilidades
comunicativas. Los profesionales que realizan estas terapias pueden
contar con el apoyo de herramientas tecnolégicas que facilitan la rea-
lizacion de las mismas. Entre este tipo de herramientas se encuentran
los videojuegos educativos, que estan centrados principalmente en el
entrenamiento de determinadas habilidades por encima del mero en-
tretenimiento. Dentro de las limitaciones cognitivas que presenta esta
poblacion se encuentran los problemas de memoria a corto plazo o el

déficit de atencién, que les dificultan realizar tareas complejas durante



un largo periodo de tiempo, por lo que es muy importante que este
tipo de herramientas puedan motivar a los usuarios con el objetivo
de potenciar el uso de las mismas. Se ha observado que los video-
juegos pueden ser utiles para incrementar la motivacion de personas
con sindrome de Down a la hora de realizar tareas de entrenamiento.
Sin embargo, la existencia de este tipo de herramientas enfocadas a la

practica de la prosodia en personas con sindrome de Down es limitada.

El objetivo principal de esta tesis es la definiciéon de un videojuego
educativo enfocado al entrenamiento de algunos aspectos del lengua-
je, especialmente los relacionados con la prosodia. Para lograr este
objetivo, es necesario tener en cuenta las limitaciones cognitivas de
las personas con sindrome de Down que afectan al uso de este tipo de
herramientas y sus particularidades en el empleo de la prosodia. Tan-
to el diseno del videojuego como la interaccién entre éste y el jugador
deben motivar a los usuarios a completar las actividades de entrena-
miento. Ademsds, otro de los objetivos es definir un sistema de anélisis
de la calidad de las producciones orales centrado en la prosodia, con
el objetivo de poder evaluar automéaticamente dichas producciones de

los jugadores y potenciar el uso auténomo de la herramienta.

En el trabajo de esta tesis se realiza la definicién del videojuego, con el
foco en el diseno de las actividades de entrenamiento, la interfaz y la
interaccién con el usuario. Ademas, se realiza una evaluacion del uso
del videojuego por parte de usuarios reales con el objetivo de analizar
la idoneidad de las decisiones de disenio tomadas, asi como detectar los
posibles problemas no resueltos inicialmente. Por otro lado, es necesa-
rio definir objetivamente los criterios que definen la calidad prosédica

de una produccion oral y cémo se relacionan con las caracteristicas



acusticas de la senal sonora. La existencia de corpus de habla de perso-
nas con sindrome de Down es limitada, especialmente los orientados al
estudio de la prosodia, por lo que la herramienta sirve también para re-
colectar muestras de voz de esta poblacién. Utilizando las grabaciones
obtenidas mediante el uso del videojuego, se realiza una comparaciéon
entre algunas caracteristicas actsticas extraidas de estas grabaciones
con las extraidas de grabaciones realizadas por personas con desarro-
llo tipico, con el objetivo de detectar las particularidades en el uso de
la prosodia de las personas con sindrome de Down. Estas caracteristi-
cas estan relacionadas con la frecuencia fundamental, la energia, el
ritmo o el espectro de la senal acistica. Ademas, se realiza un anélisis
de la relacion entre los criterios de calidad prosddica definidos y las
caracteristicas actsticas de las grabaciones de personas con sindrome
de Down. Esto se ha efectuado tomando como referencia la evaluacion
de las grabaciones realizada por expertas en prosodia, cuyo criterio se
pretende reproducir utilizando las caracteristicas acusticas extraidas
de las grabaciones. Para ello se han utilizado métodos estadisticos y de
aprendizaje automatico, como tests no paramétricos para comprobar
las diferencias entre los grupos o el uso de clasificadores autométicos
para clasificar las muestras como las maquinas de soporte vectorial,

los arboles de decisién o los perceptrones multicapa.

Los resultados obtenidos en los experimentos realizados muestran que
la herramienta consigue mantener la atencién de los jugadores con
sindrome de Down durante toda la sesién de juego y que las activida-
des desarrolladas cumplen el propésito de detectar y entrenar los pro-
blemas relacionados con la prosodia en esta poblacion. Ademaés, se han

identificado diferencias significativas en los dominios de la frecuencia,



energia, temporal y espectral cuando se comparan las caracteristicas
acusticas extraidas de las grabaciones de personas con sindrome de
Down y de las grabaciones de personas con desarrollo tipico. La tasa
de clasificacién obtenida en la tarea de clasificar una grabacién como
proveniente de una persona con sindrome de Down o de una persona
con desarrollo tipico estd por encima del 95 % utilizando combinacio-
nes de las caracteristicas actsticas extraidas. Por tltimo, al analizar
la relacion entre las evaluaciones realizadas por expertas en proso-
dia y las caracteristicas acusticas de las grabaciones de personas con
sindrome de Down, se consigue una tasa de clasificacion de 79,3 %
cuando se utilizan estas caracteristicas para entrenar algunos clasifi-
cadores automaticos con el objetivo de predecir las evaluaciones de
las expertas en prosodia. Ademas, la tasa de falsos positivos, que es
el porcentaje de grabaciones clasificadas como incorrectas por el cla-
sificador pero evaluadas como correctas por la experta en prosodia,
es del 10.1%. Este resultado es importante para reducir la frustra-
cion de los jugadores en una posible implementacién de la evaluacién
automatica dentro del videojuego. Cuando se analizan los resultados
para cada usuario, se ha detectado que la heterogeneidad inherente a
esta poblacién afecta considerablemente a los resultados, obteniendo
mayores tasas de concordancia cuando el nivel cognitivo de los hablan-
tes es alto y menores tasa de concordancia cuando el nivel cognitivo

de los hablantes es bajo.

Los resultados relacionados con la evaluacién del videojuego mues-
tran la importancia que tiene realizar un disenio de las actividades y
de la interaccion del mismo teniendo en cuenta las limitaciones de las

personas con sindrome de Down. Las decisiones tomadas en este sen-



tido son fundamentales para aumentar la motivacién de los jugadores
hacia el uso del videojuego y para detectar y entrenar las deficiencias
mas importantes de estas personas en el uso de la prosodia. Ademas,
la comparacion realizada entre las voces de personas con sindrome
de Down y personas con desarrollo tipico muestran diferencias en-
tre algunas caracteristicas actsticas extraidas de las grabaciones de
ambos grupos. Estas diferencias revelan la importancia de la proso-
dia a la hora de identificar una voz como atipica. Por ultimo, se ha
observado la influencia que tiene el perfil lingiiistico y psicoldgico de
los hablantes en la evaluacién automatica de la calidad prosddica de
sus grabaciones. La heterogeneidad de las personas con sindrome de
Down debe de ser tenida en cuenta a la hora de realizar este tipo de

sistemas de evaluacion automaéatica.



Abstract

People with Down syndrome have some cognitive problems that affect
the development of their language skills. Prosody is one of the affec-
ted areas and it is concerned with some suprasegmental aspects of
speech, such as intonation, tone, accent or rhythm. The combination
of these aspects can complement the communicative intention of the
speaker, adding some fundamental elements to produce, for example,
emotions or social context adaptation. The low control of prosody can
stigmatize speakers and limit their options to get integrated in society.
Due to these prosody problems, some speech therapies have been used
to improve the communication skills of people with Down syndrome.
Technological tools can be useful to help speech therapist in their
work. One of these tools are educational video games, which are focu-
sed on training some specific skills instead of just being entertainment.
People with Down syndrome present other cognitive limitations, such
as short term memory problems or attention deficit. These limitations
make it difficult for them to perform hard tasks during a long period
of time, so these technological tools have to motivate users with the
aim of reducing the impact of these limitations on the use of them. It
has been observed that video games are useful to improve motivation
in people with Down syndrome. However, little attention has been
paid to the development of technological resources that specifically

consider the learning of prosody in students with Down syndrome.



The main aim of this work is the definition of a video game focused
on training some language skills, specifically those ones related with
prosody. The cognitive limitations and prosody deficits of people with
Down syndrome have to be taken into account in order to achieve
this aim. The video game design as well as the user interaction must
motivate users to complete the training activities included in the video
game. In addition, the creation of an analysis system to evaluate the
prosodic quality of users’ utterances is a necessity to improve the use

of the video game in an autonomous way.

In this work, the definition of the training activities, the interface and
the user interaction of the video game are made. In addition, an eva-
luation of the use of the video game by real users is made, with the
aim of analyzing the efficacy of the design decisions. On the other
hand, a prosodic quality criteria have to be defined, as well as its re-
lationship with some acoustic features of the speech. There are few
speech corpus of people with Down syndrome focused on prosody, so
the video game is used to record some speech samples of this popu-
lation. A comparison between some acoustic features extracted from
the recordings of this corpus and the same features extracted from ut-
terances recorded by people without intellectual disabilities is done.
This comparison has the aim of detecting differences on the use of pro-
sody in people with Down syndrome. The acoustic features are related
with fundamental frequency, energy, rhythm or the spectral domain of
the speech signal. Furthermore, an evaluation of the recordings of the
speech corpus of people with Down syndrome is done by a prosody ex-
pert using the defined prosodic quality criteria. To find a relationship

between this evaluation and the acoustic features extracted from the



recordings, some statistical methods and machine learning techniques
are used. Specifically, the acoustic features and the expert evaluation
are used to train three automatic classifiers (support vector machines,
decision trees and multilayer perceptron) with the aim of predicting

automatically the expert evaluation using only the acoustic features.

The results show that the video game is useful to keep the atten-
tion of the players with Down syndrome during all game session. The
training activities can detect and train the specific problems related
with prosody of this population. In addition, some statistically sig-
nificant differences are found between people with Down syndrome
and people without intellectual disabilities in the frequency, energy,
temporal and spectral domain. The accuracy of identifying a recor-
ding as produced by a person with Down syndrome or by a person
without intellectual disabilities is up to 95 %. Finally, an accuracy of
79.3 % is achieved in the task of predicting the prosodic expert evalua-
tion using an automatic classifier trained with the acoustic features
extracted from the recordings of people with Down syndrome. The
percentage of recordings evaluated as correct by the prosody expert
and evaluated as incorrect by the automatic classifier is only 10.1 %.
This is an important result because evaluating a correct recording as
incorrect can produce frustration on the players in an implementa-
tion of an automatic evaluation of prosodic quality inside the video
game. The heterogeneity of the people with Down syndrome affects
the results when they are analyzed individually. The agreement bet-
ween the prosodic expert and the therapist depends on the speaker’s
developmental levels, obtaining better agreement values when the de-

velopmental level of the users is high and worse agreement values



when the developmental level of the users is low.

The results related with the evaluation of the video game show the im-
portance of designing the training activities and the user interaction
taking into account the limitations of people with Down syndrome.
These design decisions are essential to improve the motivation of the
users to play the video game and to detect and train the prosodic
deficits of this population on the use of prosody. In addition, the
differences found between the acoustic features extracted from the
recordings of people with Down syndrome and the acoustic features
extracted from the recordings of people without intellectual disabili-
ties show the importance of prosody in order to identify a voice as
atypical. Finally, the results related with the automatic evaluation of
the prosodic quality show the influence of the psychological and lin-
guistic profile of the speakers in these results. The heterogeneity of
people with Down syndrome has to be taken into account to develop

this kind of automatic evaluation systems.
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Capitulo 1

Introduccion



1. INTRODUCCION

El trabajo de tesis que se desarrolla en esta memoria se centra en la definicién
de una herramienta tecnolégica que ayude en el entrenamiento de ciertas habi-
lidades lingiiisticas, en especial la prosodia, en personas con sindrome de Down.
Como herramienta concreta se propone un videojuego educativo, con el objetivo
de mitigar las limitaciones cognitivas que presentan las personas con sindrome de
Down en relacion a realizar tareas de entrenamiento que requieran una dedicacién
cognitiva alta. Las decisiones de diseno relacionadas con las actividades de entre-
namiento incluidas en el videojuego, la interfaz y la interaccién con el usuario son
claves para motivar a los usuarios a completar dichas tareas de entrenamiento.
La caracterizacién de las voces de personas con sindrome de Down en el uso de
la prosodia y la evaluacion automatica de las actividades de entrenamiento con
el objetivo de promover el uso auténomo de la herramienta son otros aspectos
fundamentales del trabajo de esta tesis.

La seccién 1.1 describe los problemas en el uso de la prosodia de las personas
con sindrome de Down, las soluciones existentes para paliar estas dificultades
y las propuestas que este trabajo de tesis plantea para abarcar las limitaciones
que estas soluciones presentan. La seccién 1.2 describe los objetivos iniciales de
esta tesis en relacion a las limitaciones encontradas previamente. La seccion 1.3
detalla el marco de trabajo propuesto y la seccién 1.4 especifica la metodologia

a desarrollar para alcanzar los objetivos definidos.

1.1. Motivaciéon

El sindrome de Down es la causa mas frecuente de discapacidad intelectual de
origen genético [21]. Concretamente, el sindrome de Down se produce por la pre-
sencia de una tercera copia del cromosoma 21 (trisomia 21). En 2008, se estimé

que aproximadamente 8 de cada 10.000 personas tenian este sindrome en Estados



1.1 Motivacion

Unidos [41] mientras que en Espana se estimé que existian unas 35.000 personas
con este sindrome en el mismo ano [26]. El sindrome de Down puede aparecer en
la descendencia de personas de todas las razas y niveles socioeconémicos, pero
la probabilidad de tener descendencia que presente este sindrome se incrementa
significativamente en mujeres mayores de 35 anos. También se ha observado una
relacién entre la edad paterna y la probabilidad de tener hijos con sindrome de
Down [22]. El aumento de la edad en la que se tienen hijos en Europa ha producido
un aumento de los nacimientos de personas con sindrome de Down, de una media
de 16 por cada 10.000 nacimientos en 1990 a una media de 23 por cada 10.000
nacimientos en 2015 [29]. Este sindrome provoca una serie de efectos fisiolégi-
cos y psicolégicos en las personas que lo padecen, como pueden ser limitaciones
cognitivas, hipotonfa muscular o enfermedades de oido. Estos problemas afectan,
entre otros aspectos, al desarrollo de sus habilidades lingiiisticas [32]. Aunque las
personas con sindrome de Down presentan problemas en la adquisicion de voca-
bulario, es en el uso correcto de la sintaxis donde tienen mas dificultades [17].
Con respecto al uso de la pragmatica, entendida como la adecuacion del uso del
lenguaje a un contexto especifico, las personas con sindrome de Down presentan
problemas en la distincién entre preguntas y enunciados neutros, en la discrimi-
nacién de emociones, en el uso coherente del discurso o en el entendimiento y
produccién de figuras retéricas [27; 32]. A nivel fonoldgico, la inteligibilidad esté
afectada debido a una produccién incorrecta de algunos fonemas, a la eliminacién
de algunas consonantes o la simplificacién sildbica [30].

Otra de las areas del lenguaje que también estd afectada es la prosodia. La
prosodia estudia aspectos supra-segmentales del habla, como la entonacion, el
tono, el acento o el ritmo. Estos aspectos combinados se utilizan para comple-
mentar el significado de una oracién, destacando otros elementos del lenguaje que

no estan representados en la gramatica o en el vocabulario concreto utilizado [15].



1. INTRODUCCION

Por esta razén, la prosodia es un aspecto fundamental en la comunicacién, ya que
contribuye, por ejemplo, a la identificacion de la modalidad de una frase o a la
expresion de emociones. Un uso incorrecto de la prosodia puede afectar negati-
vamente a la integracion social de las personas que presentan problemas en su
uso [50]. Segun diversos estudios, en el caso concreto del sindrome de Down, estas
personas presentan disfluencias en el habla (tartamudeo) asi como limitaciones en
la percepcién, imitacién o produccién espontanea de algunas funciones prosédi-
cas [27; 39; 46]. De la propia senal actistica generada al hablar se pueden extraer
una serie de caracteristicas que estan relacionadas con los aspectos que estudia
la prosodia. Cuando se analiza la prosodia utilizando la senal de voz, se emplean
la frecuencia fundamental (entonacién y el tono), la duracién (ritmo), la energia
(acento) y algunas caracteristicas espectrales. Existen estudios que han encontra-
do diferencias en algunas de estas caracteristicas actusticas cuando se comparan
la voces de las personas con sindrome de Down y de las personas con desarrollo
tipico [27]. Debido a las dificultades cognitivas de la poblacién con sindrome de
Down, la grabacion de un corpus de voz enfocado en esta poblacién es una tarea
complicada, lo que dificulta la realizacién de un estudio centrado en la medicion y
comparacion de variables actsticas extraidas directamente de los audios incluidos
en un corpus.

Existen terapias del habla cuyo objetivo es entrenar y mejorar diferentes habi-
lidades comunicativas en personas que presenten alguna disfuncion en las mismas
[4]. Centrandonos en el ambito tecnolégico, existen herramientas denominadas
Herramientas de terapia del habla y lenguagje asistidas por ordenador (Computer-
Aided Speech and Language Therapy, CASLT, por sus siglas en inglés), que tienen
como objetivo el entrenamiento de personas con problemas en el lenguaje median-
te el uso de la tecnologia. Estas herramientas abarcan diferentes problemas del

lenguaje, como el entrenamiento de habilidades basicas de fonacion y compren-



1.1 Motivacion

sién del lenguaje en personas con alteraciones en el lenguaje [44; 45], la diagnosis
y entrenamiento de personas con problemas de tartamudeo [47] o la mejora de
la pronunciacion de un idioma por parte de personas no nativas en el mismo
[48]. También existen herramientas tecnoldgicas centradas en el entrenamiento de
la prosodia orientadas a la lectura expresiva [37]. Sin embargo, no existen ape-
nas herramientas exclusivamente orientadas al entrenamiento de la prosodia en
personas con discapacidad intelectual, carencia que motiva la realizacién de este
trabajo de tesis.

La caracterizacion de la prosodia es una tarea complicada debido, entre otras
razones, a la dificultad de establecer un modelo de validez prosddica que pueda
ser utilizado para evaluarla. Es complicado establecer qué aspectos del uso de la
prosodia pueden ser considerados como indicadores de calidad, ya que la prosodia
puede ser utilizada de diferentes formas para expresar un mismo significado [25].
La adecuacién al contexto en el que se produce una oracién también puede influir
en la evaluacion de la calidad prosédica. Ademas, la tarea se vuelve mas compli-
cada cuando se analiza la prosodia en voces patoldgicas [38]. Estas dificultades
pueden explicar esta falta de herramientas especificas. Para potenciar su utilidad
dentro de la terapia del habla, es recomendable que este tipo de herramientas
incluyan algtin tipo de evaluacién de la validez de las producciones orales que
realizan los usuarios en las mismas, ya que esta informacién puede ser muy ttil
tanto para los propios usuarios como para los terapeutas que acompanan a los
usuarios en estas terapias.

Los problemas cognitivos especificos de las personas con sindrome de Down
pueden condicionar la efectividad de las herramientas tecnoldogicas desarrolladas
para esta poblacién. Entre estos problemas cognitivos se encuentran el déficit de
atencion [33], una baja tolerancia a la frustracién [20], dificultad para procesar

informacién que proceda de varios canales simultdneamente [28], falta de motiva-
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cién [51], problemas con la memoria a corto plazo [6] o dificultades para entender
el significado de cierta iconografia [52]. A pesar de todas estas dificultades, las
personas con sindrome de Down son capaces de utilizar la tecnologia para realizar
diversas tareas en su dia a dia [20], por lo que el uso de herramientas tecnolégicas
enfocadas al entrenamiento de personas con sindrome de Down es posible, pero
hay que tener en cuenta todas las limitaciones mencionadas anteriormente a la
hora de disenar dichas herramientas.

Dentro de las herramientas tecnolégicas enfocadas al aprendizaje, se ha ob-
servado que los videojuegos tienen gran potencial para aumentar la motivacion y
la disposicién a realizar actividades de los usuarios en entornos educativos [35].
Existen videojuegos orientados al entrenamiento de diferentes habilidades en per-
sonas con discapacidad intelectual, como, por ejemplo, los videojuegos que tienen
como objetivo promover la interaccién con otras personas en entornos laborales
o el uso del transporte publico [49]. Otros videojuegos se centran en la terapia de
ninos con trastornos en el habla [5]. Con respecto a la poblacién con sindrome
de Down, existen videojuegos orientados a la practica de diferentes habilidades,
como el entrenamiento de la vocalizacién en edades tempranas o el entrenamien-
to de la lectura [3], o la practica de habilidades mateméticas [23]. Sin embargo,
estas propuestas presentan las actividades de entrenamiento de forma aislada,
sin introducir un contexto general donde estas actividades estén directamente
integradas.

En resumen, el uso de herramientas tecnoldgicas, incluidos videojuegos, para
el entrenamiento del lenguaje en personas con sindrome de Down es un enfo-
que a analizar. Sin embargo, es imprescindible conocer las limitaciones de esta
poblacion para poder desarrollar cualquier herramienta tecnolégica enfocada es-
pecificamente a personas con sindrome de Down, poniendo especial énfasis en el

diseno de la interfaz de usuario y en la manera de plantear la interaccién entre la
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herramienta y el usuario de la misma. Para que este tipo de herramientas puedan
ser utilizadas en terapias del habla es necesario ofrecer algin tipo de evaluacion de
las actividades que se realicen con la herramienta. Comprender las caracteristicas
especificas del habla de las personas con sindrome de Down, asi como los indica-
dores que influyen a la hora de determinar la validez de una produccién concreta,
especificamente los relacionados con la prosodia, es fundamental en este tipo de
herramientas. La grabacién de un corpus de voz centrado en la prosodia que con-
tenga las frases que se reproducen en las actividades del videojuego es necesario,
yva que las grabaciones contenidas en este corpus pueden ser analizadas para la

caracterizacion y evaluacion de las voces de personas con sindrome de Down.

1.2. Objetivos

En el apartado anterior se exponen los problemas relacionados con el uso de la
prosodia que presentan las personas con sindrome de Down a la vez que se reflejan
los beneficios que los videojuegos educativos producen en el entrenamiento de
ciertas habilidades en personas con discapacidad intelectual. Ademés, también se
plantean algunas limitaciones de las soluciones existentes. La falta de un diseno
especifico orientado a paliar las dificultades de las personas con sindrome de
Down a la hora de interactuar con herramientas tecnologicas o el entrenamiento
especifico de la prosodia en esta poblacién son algunas de ellas. Estas limitaciones

motivan el objetivo general de esta tesis, que es:

= Definir un videojuego educativo que permita entrenar algunos aspectos del
lenguaje, especialmente los relacionados con la prosodia y que se adapte a

las limitaciones cognitivas de las personas con sindrome de Down.

Como se ha visto en la seccién 1.1, las personas con sindrome de Down pre-

sentan una serie de limitaciones fisicas y psicologicas que influyen en el uso de
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herramientas tecnolégicas asi como en la capacidad de atencién para realizar una
tarea compleja. La eleccion del género del videojuego, la adecuacion de las activi-
dades de entrenamiento a las dificultades principales de la poblacién con sindrome
de Down en el uso de la prosodia y el disenio de la interaccion entre el usuario
y la herramienta son aspectos clave a tener en cuenta. Ademas, la evaluacion
automatica centrada en la prosodia de las locuciones realizadas en las actividades
de entrenamiento puede ayudar al uso auténomo de la herramienta por parte de
los usuarios. Teniendo en cuenta estos aspectos, el objetivo principal se puede

desgranar en los siguientes objetivos especificos:

» O1: Disenar y evaluar un videojuego educativo centrado en el entrenamiento

de la prosodia en personas con sindrome de Down.

e O1.1 Definir un diseno del videojuego, de las actividades de entrena-
miento y de la interacciéon con el usuario que motive el uso del mismo

a las personas con sindrome de Down.

e O1.2 Evaluar la adecuacion de las actividades y diseno del videojuego

con respecto a las limitaciones de las personas con sindrome de Down.

= O2: Definir un sistema de analisis de la calidad de las producciones orales

de los jugadores centrado en la prosodia.

e O2.1 Analizar las caracteristicas actisticas mas importantes a la hora
de diferenciar una voz de persona con sindrome de Down con respecto

a una voz de persona con desarrollo tipico.

e 02.2: Realizar una evaluacion automatica del uso de la prosodia utili-
zando las caracteristicas acusticas extraidas de las locuciones realiza-

das durante las sesiones de juego.



1.3 Marco de trabajo

Videojuego

Evaluacion

Figura 1.1: Marco de trabajo general planteado para el desarrollo de herramientas educativas
enfocadas en personas con sindrome de Down.

1.3. Marco de trabajo

La figura 1.1 muestra el marco de trabajo general planteado en esta tesis para
el desarrollo de herramientas educativas orientadas a personas con sindrome de
Down. Como eje central, se plantea la herramienta como un videojuego educati-
vo que incluye las actividades de entrenamiento enfocadas a la practica de una
habilidad especifica, en este caso la prosodia. Ademds, con el objetivo de que las
herramientas desarrolladas basandose en este marco de trabajo puedan ser utili-
zadas en terapias del habla, es necesario tener en cuenta no solo a los usuarios que
presentan problemas en el habla, sino también a los terapeutas que desarrollan
las propias terapias.

Por un lado, es necesario que el género del videojuego elegido, las activida-
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des disenadas y la narrativa en la que se incluyen se ajusten a los objetivos de
aprendizaje definidos para la herramienta y a las caracteristicas especificas de las
personas con sindrome de Down (elemento Narrativa y actividades de la figura
1.1). Con respecto al diseno de las actividades, es necesario analizar los problemas
relacionados con el uso de la prosodia que presentan las personas con sindrome
de Down, tanto en la percepcion como en la produccién de la misma. Partiendo
de estas limitaciones, las actividades deben ser disenadas con el objetivo de que
sean efectivas para el entrenamiento de la prosodia en esta poblacion. Ademas,
es necesario desarrollar una narrativa que incluya estas actividades.

Relacionado con el punto anterior, un correcto diseno de la interfaz de usuario
y de la interaccién entre el videojuego y el jugador es clave a la hora de construir
estas herramientas (elemento Interfaz e interaccion de la figura 1.1). El disefio de
la interfaz de usuario debe adaptarse también a los problemas cognitivos de esta
poblacion. Por ello, es necesario analizar las particularidades de esta poblacion
a la hora de interactuar con el videojuego asi como validar que las decisiones de
diseno tomadas se adecuan a esta poblacién. Con respecto a la interaccion entre
el jugador y el videojuego, se han de aplicar conceptos de usabilidad generales
adaptando lo necesario para paliar las dificultades que presentan las personas
con sindrome de Down a la hora de interactuar con dispositivos electrénicos. La
presencia del terapeuta puede ayudar en el caso de que se produzcan bloqueos
o desmotivacién por parte de los jugadores, motivando y facilitando el uso de la
herramienta a estos tultimos. Ademas, el terapeuta también tiene que interactuar
con el videojuego para evaluar algunas actividades, por lo que se debe disenar
una estrategia de interacciéon que no sea intrusiva para los jugadores.

Por otro lado, es importante definir los criterios de evaluacién de las acti-
vidades realizadas por los jugadores y como estos criterios son implementados

dentro del videojuego (elemento Fvaluacion de la figura 1.1). Un aspecto clave
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es la evaluacion de las actividades de produccion oral que se desarrollen durante
el transcurso del videojuego, ya que son las mas complicadas de evaluar debido
a que hay que extraer la informacion de una senal sonora y analizarla. Por este
motivo, es necesario analizar las caracteristicas acusticas de las producciones rea-
lizadas por los jugadores y relacionarlas con los criterios de validez definidos para
una produccion oral correcta, especificamente los relacionados con la prosodia.

Con respecto a la adaptacion al usuario (elemento Adaptacion al usuario de la
figura 1.1), la narrativa disenada debe ajustarse a las limitaciones cognitivas que
presentan estas personas, de manera que sea motivante para continuar jugando y
que sientan que las actividades insertadas respetan el contexto narrativo donde se
estan desarrollando. La inclusion de elementos del mundo real, como escenarios,
objetos o personajes que pueden encontrarse en la vida cotidiana de estas perso-
nas, puede ayudar a la transferencia de los conocimientos aprendidos durante el
videojuego a las situaciones reales. Estos dos puntos son claves en la motivacién
y disposicién de los jugadores hacia el videojuego. Ademsds, esta adaptacién se
refiere a la adecuacion de las diferentes actividades del juego al nivel del usuario,
teniendo en cuenta tanto la informacién de la sesiéon de juego en curso como la
de sesiones anteriores.

El marco de trabajo incluye adicionalmente otro aspecto a tener en cuenta,
como es la generacién de informes de las sesiones de juego (elemento Generacion
de informes de la figura 1.1). La generacién de informes se enfoca en la realizacién
de informes sobre las sesiones de juego del jugador, de manera que el terapeuta
pueda consultar los resultados de las diferentes sesiones de juego y observar la
evolucion de los jugadores a lo largo del tiempo. Esta informacién puede ser ttil

de cara a utilizar la herramienta en sesiones reales de terapia del habla.
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1.4. Metodologia

En esta seccién, se expone la metodologia empleada para alcanzar los objetivos
planteados en la seccion 1.2. El trabajo realizado esta descrito en profundidad en
cada uno de los articulos del compendio de publicaciones incluidos en esta tesis
(ver seccién 2).

Para alcanzar los objetivos O1.1 y O1.2, relacionados con el disefio del video-
juego, la evaluacion de las actividades y de la interfaz, se desarrolla la metodologia
representada en la figura 1.2, extraida del primer articulo del compendio de pu-
blicaciones incluido en esta tesis, seccién 2.1. La definicion del videojuego se basa
en un diseno centrado en el usuario, participando tanto expertos en sindrome
de Down como los propios usuarios y terapeutas. La narrativa y las actividades
incluidas en la misma son disenadas con el apoyo de expertos en sindrome de
Down y en terapia del habla. Para validar los disenos de la interfaz de usuario, se
ejecutan técnicas como el recorrido cognitivo [31; 36; 40|, que consiste en ponerse
en el lugar del usuario de la herramienta y realizar un recorrido de la interac-
cién prevista sobre prototipos iniciales del diseno de la interfaz. De esta manera
se pueden detectar tempranamente algunos errores del diseno. Esta fase cobra
especial importancia cuando el usuario objetivo tiene algiin tipo de limitacion
cognitiva, ya que es necesario que la interfaz sea lo mas intuitiva posible para que
estos usuarios sean capaces de usarla facilmente. Una vez implementada la herra-
mienta, se realiza una evaluacién de la usabilidad con usuarios reales, teniendo en
cuenta los aspectos definidos por [42], que son la facilidad de uso, la efectividad,
la eficiencia, la tolerancia a errores y la disposicién hacia el uso del videojuego.
Estas evaluaciones se realizan con 14 usuarios con sindrome de Down, 10 ninos
con desarrollo tipico y 10 adultos sin discapacidad intelectual. Para evaluar cada
aspecto se utilizan diferentes estrategias. Por un lado, se realiza un analisis de la

interaccién de personas con sindrome de Down con el videojuego, comparandola
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con la interaccién realizada por personas con desarrollo tipico (nifios y adultos).
Para ello, se utilizan los datos recopilados por el juego para medir y comparar
diferentes aspectos de la interaccién, como son los tiempos requeridos para com-
pletar la actividad, los resultados de dicha actividad, las ayudas proporcionadas
por el videojuego o el numero de clicks realizados. Para realizar esta compara-
cion, se utilizan test estadisticos no paramétricos, con el objetivo de analizar si las
diferencias entre los datos de las sesiones de juego de personas con sindrome de
Down y de las personas con desarrollo tipico son significativas estadisticamente o
no. Ademas, se efectiian una serie de cuestionarios a los jugadores para identificar
las sensaciones que los jugadores tuvieron con el videojuego. Las propias obser-
vaciones realizadas por el equipo de investigacién durante las sesiones de juego
también se utilizan para detectar los puntos fuertes y débiles del videojuego. Por
otro lado, se realizan entrevistas a los profesores que asistieron a las sesiones de
juego para analizar sus impresiones y observaciones sobre el uso del juego por
parte de los participantes con sindrome de Down. Por 1ltimo, para obtener unos
indicios de la eficacia y efectividad del videojuego para entrenar la prosodia, se
efectiian una serie de tests perceptuales comparando las producciones de los juga-
dores en las primeras sesiones con el videojuego con las realizadas en las ultimas
sesiones.

Para alcanzar el objetivo O2.1, relacionado con la identificacion de las carac-
teristicas acusticas y prosodicas que caracterizan el habla de las personas con
sindrome de Down, se sigue la metodologia mostrada en la figura 1.3, extraida
del segundo articulo del compendio de publicaciones incluido en esta tesis, sec-
ciéon 2.2. Las grabaciones obtenidas durante algunas sesiones con el videojuego
(349 frases obtenidas de 18 usuarios con sindrome de Down) se utilizan para ex-
traer caracteristicas acusticas relacionadas con los dominios de la frecuencia, de

la energia, temporal y espectral. Para poder realizar una comparacién entre el
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Figura 1.2: Estrategia de evaluacién del videojuego. Los 5 circulos representan las 5 dimensiones
relacionadas con la usabilidad que se evalian en el videojuego y los rectangulos representan
las diferentes estrategias de evaluacién desarrolladas. El tamano de los circulos representa la
importancia de cada dimensién dentro del estudio realizado.

habla de personas con sindrome de Down y el habla de personas con desarrollo
tipico, se llevan a cabo unas grabaciones de las mismas frases del juego, pero gra-
badas por personas adultas sin discapacidad intelectual (250 frases obtenidas de
22 usuarios sin discapacidad intelectual). Una vez obtenidas las grabaciones, se
extraen de ambos corpus una serie de caracteristicas actsticas utilizando el soft-
ware openSMILE [19] y el conjunto de caracteristicas eGeMAPS [18], que contiene
caracteristicas de cada uno de los dominios a estudiar. Para encontrar las carac-
teristicas mas discriminativas para diferenciar voces de personas con sindrome de
Down y voces de personas con desarrollo tipico, se comparan las caracteristicas
extraidas de las grabaciones de ambos grupos. De esta comparacién surgen las
caracteristicas con mayor capacidad de discriminacién entre los dos grupos, utili-
zando para ello tests estadisticos. Ademas, se entrenan tres clasificadores binarios

utilizando las caracteristicas con diferencias significativas y se realiza una com-
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paraciéon entre las caracteristicas de los diferentes dominios para analizar cudl es
mas relevante a la hora de clasificar una voz como proveniente de una persona
con sindrome de Down. Para realizar la clasificacion, se utiliza la técnica de va-
lidacién cruzada, que consiste en dividir todas las muestras en dos subconjuntos
mutuamente excluyentes. En este caso, el subconjunto de entrenamiento contiene
el 90 % de los datos y el subconjunto de prueba tiene el 10 % restante. El subcon-
junto de entrenamiento es utilizado para entrenar al clasificador y el subconjunto
de prueba es utilizado para evaluar dicho clasificador, obteniendo una tasa de
precision del clasificador con respecto al subconjunto de prueba. La valoracion
se realiza comparando la evaluacion efectuada por la experta en prosodia fren-
te a la evaluacién producida por el clasificador. Este proceso se repite 10 veces
creando subconjuntos diferentes en cada repeticion y posteriormente se realiza la
media de la precisiéon obtenida en cada repeticiéon. Como valores de calidad del
clasificador, se utilizan la precisién (porcentaje de elementos clasificados correc-
tamente frente al total de elementos) y el UAR (Unweighted Average Recall),
que consiste en calcular la media del porcentaje de elementos de cada tipo clasifi-
cados correctamente. Esta tltima medida es especialmente 1til cuando los datos
utilizados no estan balanceados. Finalmente, se realiza un test perceptual utili-
zando grabaciones creadas utilizando un algoritmo de transferencia de prosodia
entre algunas grabaciones de personas con sindrome de Down y otras grabacio-
nes de personas con desarrollo tipico. Para ello, se transfieren, fonema a fonema,
el tono, la energia y la duracién de una grabacién hacia otra perteneciente al
grupo contrario. Posteriormente, varias personas sin conocimientos especificos en
prosodia evaltian cada grabacién utilizando una escala Likert de 5 puntos, indi-
cando la seguridad con la que identifican cada grabaciéon como perteneciente a
una persona con discapacidad intelectual. Este test tiene como objetivo analizar

perceptualmente la importancia de la prosodia a la hora de identificar una voz co-
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Figura 1.3: Metodologia desarrollada para realizar la comparacion entre las voces de personas
con sindrome de Down y las voces de personas con desarrollo tipico.
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Figura 1.4: Metodologia desarrollada para el andlisis de una evaluacién automatica de las gra-
baciones del videojuego.

mo proveniente de una persona con sindrome de Down, y complementa el anélisis
de las caracteristicas actsticas extraidas de las grabaciones.

Finalmente, para la consecucion del objetivo O2.2, relacionado con la eva-
luacién automatica de las producciones del videojuego, se sigue la metodologia
definida en la figura 1.4, extraida del tercer articulo del compendio de publica-
ciones incluido en esta tesis, seccion 2.3. Para este estudio se utilizan tres corpus
de grabaciones del videojuego, pero obtenidos en momentos diferentes. El primer

corpus contiene grabaciones de 5 personas con sindrome de Down realizadas en
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4 sesiones con el videojuego, conteniendo 605 grabaciones en total. El segundo
corpus contiene grabaciones de otras 5 personas con sindrome de Down, con un
total de 168 grabaciones. El tercer corpus contiene grabaciones obtenidas con una
version previa del videojuego, con un total de 193 grabaciones procedentes de 13
personas con sindrome de Down. Estas grabaciones son evaluadas por una ex-
perta en prosodia, basandose en criterios como la entonacion, el acento, el ritmo
o la composicion de las frases. Siguiendo estos criterios, la experta utiliza una
evaluacién binaria, decidiendo si la grabacién tiene buena calidad o no. Ademas,
algunas de las grabaciones del corpus también estan evaluadas por terapeutas que
realizaron las sesiones de juego junto a los usuarios con sindrome de Down. De
las grabaciones ya evaluadas, se extraen una serie de caracteristicas acusticas y
prosddicas, tales como caracteristicas de frecuencia, energia y temporales, utiliza-
do el software openSMILE y el conjunto eGeMAPS. Con estas caracteristicas se
entrenan una serie de clasificadores automaticos (Decision trees, multilayer per-
ceptron y support vector machines) con el objetivo de predecir las evaluaciones
realizadas por la experta en prosodia. El proceso de entrenamiento y prueba de
los clasificadores es el mismo descrito anteriormente, utilizando la técnica de vali-
dacion cruzada. Para analizar las caracteristicas mas importantes para clasificar
las grabaciones en 5 usuarios concretos, se realiza un ranking de caracteristicas
basandose en la importancia de cada caracteristica aislada para clasificar las gra-
baciones de cada uno de estos 5 usuarios, usando para ello el Area bajo la curva
ROC, que es una medida de precision basada en variar el umbral utilizado por
los clasificadores para decidir si una muestra pertenece a un tipo o al otro. Este
analisis tiene como objetivo el mostrar como la heterogeneidad de la poblacién
con sindrome de Down influye en los resultados de clasificacion. Con este mismo
objetivo, se comparan las evaluaciones de las dos evaluadoras y los resultados de

un clasificador para estos mismos 5 usuarios. Por tltimo, se calcula la correla-

17



1. INTRODUCCION

cién de los perfiles psicolégicos (Test de vocabulario en iméagenes Peabody [16],
Escala de inteligencia de Wechsler para ninos [7] y Test de matrices progresivas
Raven [43]) y los resultados del test de habilidades prosédicas PEPS-C [34] con

los resultados de las evaluaciones y de un clasificador para estos 5 usuarios.

1.5. Organizacién de la memoria

La presente memoria se divide en los siguientes apartados. El presente capitu-
lo se divide en cuatro secciones. La seccién 1.1 describe los problemas en el uso
de la prosodia de las personas con sindrome de Down, las soluciones existentes
para paliar estas dificultades y las propuestas que este trabajo de tesis plantea
para abarcar las limitaciones que estas soluciones presentan. La seccion 1.2 des-
cribe los objetivos iniciales de esta tesis en relacion a las limitaciones encontradas
previamente. La seccién 1.3 detalla el marco de trabajo propuesto y la seccion
1.4 especifica la metodologia a desarrollar para alcanzar los objetivos definidos.

El capitulo 2 incluye los tres articulos del compendio de publicaciones que se
presentan en esta tesis. Cada publicacién se centra en uno de los objetivos de
esta tesis. La primera publicacién, incluida en la seccion 2.1, contiene un anélisis
en profundidad del estado del arte en relacion a los problemas en el lenguaje de
las personas con sindrome de Down, la utilizacion de herramientas tecnolégicas
para entrenar la prosodia y el uso de videojuegos para entrenar diferentes ha-
bilidades en personas con sindrome de Down. Ademas, se describe en detalle el
diseno del videojuego, con todos los elementos que lo componen y la justificacion
de su inclusién. También se describen en detalle las actividades de entrenamiento
incluidas en el videojuego, tanto las centradas en la prosodia como otro tipo de
actividades. Por ltimo, se detalla la estrategia de evaluacién del videojuego, los

resultados obtenidos en relacion a la interaccién con el videojuego, la motivacion
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hacia su uso y la mejora en la pronunciacion, y una discusiéon sobre los resultados
obtenidos. La segunda publicacion, incluida en la secciéon 2.2, describe el estado
del arte en relacion al uso de la prosodia por personas con sindrome de Down y sus
diferencias con respecto al uso de la prosodia por personas con desarrollo tipico.
Las diferencias descritas se centran principalmente en caracteristicas extraidas de
la senal actstica, como la frecuencia fundamental, la energia, el ritmo o las rela-
cionadas con el espectro de la senal. Ademas, se describe el proceso experimental
para identificar automaticamente una voz como proveniente de una persona con
sindrome de Down o de una persona con desarrollo tipico utilizando ciertas ca-
racteristicas acusticas extraidas de las grabaciones del videojuego. Por tltimo,
se describen los resultados obtenidos y una discusién sobre estos resultados. La
tercera publicacion, incluida en la seccién 2.3 describe los trabajos existentes en
evaluacion automatica de la calidad de una grabaciéon en voces patologicas, asi co-
mo las dificultades que entrana esta tarea. También se detallan los experimentos
realizados para evaluar automaticamente la calidad prosédica de las grabaciones
del videojuego. Estos experimentos se basan en obtener una evaluacién inicial
realizada por expertas en prosodia e intentar reproducir esta evaluacion utilizan-
do algunas caracteristicas acusticas extraidas de las grabaciones y entrenando
clasificadores automaticos. Por ultimo, se presentan los resultados de estos expe-
rimentos y la discusion sobre los mismos.

El capitulo 3 presenta un resumen y discusion de los resultados méas impor-
tantes surgidos de la investigacion realizada, estraidos de las publicaciones del
compendio incluido en esta tesis. Estos resultados son consecuencia de varios ex-
perimentos realizados con el fin de cumplir con los objetivos propuestos en el
capitulo 1. En la seccion 3.1, se muestran los resultados de la evaluacion con
usuarios reales del videojuego. En esta seccién se muestran algunas estadisticas

de uso del videojuego para cada tipo de usuario (sindrome de Down, adultos
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sin discapacidad, ninos sin discapacidad) y se comparan, ademds de mostrar los
resultados de los cuestionarios realizados a los usuarios al final de las sesiones
de juego. Con estos resultados se analiza si el videojuego consigue motivar a los
jugadores con sindrome de Down para realizar las tareas de entrenamiento de la
prosodia y se observa si las actividades y el diseno propuesto son apropiados para
esta poblacion. En la seccién 3.2 se muestra la comparacion entre algunas carac-
teristicas actsticas relacionadas con la prosodia y extraidas de las grabaciones
almacenadas por el videojuego para dos tipos de usuarios, jugadores con sindro-
me de Down y jugadores con desarrollo tipico. En la seccion 3.3 se muestran los
resultados de la evaluacién automatica del uso de la prosodia de las grabaciones
del videojuego centrandose en los cinco usuarios de los que se tienen el perfil
psicologico y sus resultados en un test de evaluacion de la prosodia. En la seccion
de resultados se incluye también una discusién sobre los mismos en relacién a los
objetivos definidos.

Por tltimo, en el capitulo 4 se incluyen tres secciones. La seccién 4.1 describe
las conclusiones del trabajo realizado basandose en los objetivos definidos y en los
resultados obtenidos en los diferentes experimentos realizados. En la seccion 4.2
se describen algunos aspectos que quedan pendientes de explorar en relaciéon con
el trabajo realizado y otros que se han estudiado pero en los que se puede profun-
dizar mas. Por ultimo, la seccién 4.3 enumera las publicaciones y comunicaciones
en congresos surgidos del trabajo de esta tesis, el corpus final recopilado, una
descripcion del videojuego utilizado para grabar el corpus y realizar la evaluacion
de la interaccion con los jugadores y los proyectos de donde deriva el trabajo

presentado en esta memoria de tesis.
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2. COMPENDIO DE PUBLICACIONES

En este capitulo se muestran las publicaciones del compendio incluido en esta
tesis en su formato original, segin fueron publicados en las tres revistas donde
se incluyen estas publicaciones. El primer articulo, titulado Engaging Adolescents
with Down Syndrome in an Educational Video Game fue publicado en la revista
International Journal of Human Computer Interaction, en 2017 (ver seccién 2.1).
En este articulo, el autor de esta tesis participé desarrollando el software utiliza-
do en la investigacion, realizando las evaluaciones del videojuego con los usuarios
de los colegios de educacién especial, procesando los datos almacenados durante
las sesiones de juego, redactando algunas secciones del propio articulo y revi-
sando el contenido final. El segundo articulo, titulado Acoustic characterization
and perceptual analysis of the relative importance of prosody in speech of people
with Down syndrome fue publicado en la revista Speech Communication, en 2018
(ver seccién 2.2). El tercer articulo, titulado Automatic Assessment of Prosodic
Quality in Down Syndrome: Analysis of the Impact of Speaker Heterogeneity, fue

publicado en la revista Applied Sciences, en 2019 (ver seccién 2.3).
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ABSTRACT

This article describes the design, implementation and evaluation of an educational video game that
helps individuals with Down syndrome to improve their speech skills, specifically those related to
prosody. Special attention has been paid to the design of the user interface, taking into account the
cognitive, learning, and attentional limitations of people with Down syndrome. The learning content is
conveyed by activities of production and perception of prosodic phenomena, aimed at increasing their
communicative competence. These activities are introduced within the narrative of a video game so that
the players do not conceive the tool as a mere succession of learning activities, but so that they learn
and improve their speech while playing. The evaluation strategy that has been followed involves real
users and combines different evaluation activities. Results show a high level of acceptance by partici-
pants and also by professionals, speech therapists, and special education teachers.

1. Introduction

Children and adolescents with Down syndrome (DS) are digital
natives that use the information and communications technolo-
gies (ICT) with relative ease. They enjoy interacting with compu-
ters and mobile devices, browsing the web and playing with video
games, just like any other people (Feng, Lazar, Kumin, & Ozok,
2010). There have been experiences that seek to exploit this fact to
test ICT educational tools with this group of users (Ng, Bakri, &
Rahman, 2014). Although in many cases they can use the same
tools as the rest of the users without any kind of adaptation, people
with DS present characteristics that determine the effectiveness
with which they can use the ICT educational tools (Pazos
Gonzélez, Raposo-Rivas, & Martinez-Figueira, 2015). Among
the characteristics that limit the effectiveness of the ICT educa-
tional tools is the fact that many people with DS present attention
deficit (Hernandez Martinez, Pastor Duran, & Navarro Navarro,
2011), low tolerance to frustration, delayed language development
(Chapman, Schwartz, & Bird, 1991), difficulty to process informa-
tion that comes from different channels simultaneously
(Lanfranchi, Cornoldi, Vianello, & Conners, 2004), lack of moti-
vation (Wuang, Chiang, Su, & Wang, 2011), problems with the
short term memory (Chapman & Hesketh, 2001), and difficulties
in understanding the meaning of iconic symbols (Yussof &
Zaman, 2011). All these limitations are an important challenge,
taking into account the fact that our objective was to build a tool
for speech training, thus requiring the development of a multi-
modal interaction system with both audio and visual input and
output.

There is a well developed literature on the potential of
games to improve motivation and engagement in education

(McFarlane, Sparrowhawk, & Heald, 2002), but limited infor-
mation on the advantages of using them to improve the
speech production and prosodic skills of people with Down
syndrome (Kent & Vorperian, 2013). Although some tools do
exist (Saz et al., 2009), they are not effectively used by people
with DS, since a high degree of motivation is required, which
is not easily achievable by this type of users.

In this article, we describe the design and evaluation of an
educational video game for speech training that has been
designed taking into account the specific limitations of people
with DS, in order to increase their chances of success in the
formative tasks. A combination of design decisions that affect
human-computer interaction (HCI) allowed us to achieve an
increase in user motivation, and thus, an improvement of the
effectiveness of the training sessions. The main idea is to
apply typical elements of computer games, such as feedback
and guidance (Kapp, 2012), in the development of an educa-
tional video game for speech training for people with DS
called “The Magic Stone”.

“The Magic Stone” is a serious video game grounded in the
genre of graphic adventure video games, in which the player
assumes the role of the main character in an interactive story
driven by exploration and problem-solving. Training activities
are inserted into the video game and users must perform the
activities in order to continue advancing in the adventure.
Moreover, some activities force players to interact with game
characters using their voice, which helps them to feel included
in the story. The use of a narrative where the learning activ-
ities are included is what makes the game immersive. The idea
is that the users feel like they are in the world that the game

CONTACT César Gonzalez-Ferreras @ cesargf@infor.uva.es @ Departamento de Informatica, Universidad de Valladolid, Paseo de Belén 15 47011, Valladolid, Spain.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/hihc.
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creates, so they do the learning activities in an unnoticed way.
Besides this, well established learning objectives concerning
prosodic skills allow the progress of the users to be monitored.

The evaluation strategy of the video game was developed to
answer three main research questions (RQ):

« RQ1: Do players with DS interact differently with the video
game than people without intellectual disabilities? In spite of
the fact that children and adolescents with DS are digital
natives who are used to interacting with computers, we assess
whether there are usability aspects affected by their special
characteristics that condition the training performance.

« RQ2: Does the video game engage players with DS and
keep them training? We evaluate whether the HCI elements
included in the video game sufficiently motivate the users to
keep on doing the training activities.

« RQ3: Do players with DS improve their communication
skills using the video game? We evaluate whether the activities
of the video game are effective from the point of view of
speech training.

The results of the pilot test show that the special character-
istics of users with DS cause a different use of the software
compared to users without DS. At the same time, the con-
ducted tests highlight the fact that the abundance and type of
reinforcements used allow effective training to be created for
pronunciation improvement. The results permit us to discuss
how the HCI techniques employed have allowed us to address
the users’ attention deficit, memory difficulties and low toler-
ance to frustration. We also discuss how the concurrent inter-
action between teacher and the student while using the
program is a key factor in obtaining a good training perfor-
mance. The system was also tested by people without intellec-
tual disabilities, with the aim of verifying if players with DS
interact differently with the video game than people without
intellectual disabilities.

The structure of the article is as follows. Section 2 reviews
related works of the state of the art. Section 3 describes the
features of the video game. Section 4 explains in detail the
activities that must be done by the users. Section 5 presents
the evaluation strategy and Section 6 shows the results. We
discuss in Section 7 how the HCI elements introduced in the
video game help to increase the users’ motivation. Finally, the
conclusions are presented in Section 8.

2. Background and related work

Several sources of knowledge are needed to design an educa-
tional tool addressed to people affected by DS. It is first of all
necessary to know the characteristics of the Down syndrome,
since their difficulties should be considered in the develop-
ment of the tool (Section 2.1). Second, since the video game
focuses on prosodic skills, an overview of prosody is also
necessary, as well as the existence of tools that help in the
learning of prosody (Section 2.2). Third, specific software and
video games for training people with DS has to be reviewed in
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order to know which kind of solutions have been adopted in
the state of the art (Section 2.3).

2.1. Down syndrome and language difficulties

Down syndrome, according to the new diagnostic classifica-
tion system DSM-5 (American Psychiatric Association, 2013),
is a subtype of intellectual developmental disorder (IDD).
IDD is characterized by significant limitations both in intel-
lectual functioning (with an intelligence quotient -IQ- score
equal to or below 70, with cognitive difficulties) and in adap-
tive behavior, showing difficulties in conceptual, social and
practical adaptive skills. Besides, this condition appears before
age 18 (Schalock et al., 2010).

Down syndrome is not the most common cause of IDD,
but it is the most frequent of genetic origin. It is not a
hereditary disorder and occurs equally in all ethnic groups,
cultures and social classes. Although a clear cause is unknown,
some risk factors have been established, among which the
most widely agreed is the age of the mother.

People with DS present profiles of development and diffi-
culties which are different in terms of different variables, such
as IQ score, severity, etc. However, they generally present
important difficulties in their language skills, with better lan-
guage comprehension than production (speech). Among their
most common language difficulties are: articulation, in some
cases their speech is almost unintelligible; phonological discri-
mination; more severe difficulties with the acquisition of mor-
phological and syntactic aspects of the language, e.g.
understanding and producing some complex morphological
marks; and a very poor comprehension and production of
syntax, so they do not understand or produce long and syntac-
tically complex sentences, such as compound sentences.
Although they have higher levels of lexical-semantic and prag-
matic development, they also have limitations in these compo-
nents: they have less vocabulary and problems to understand
complex semantic relations. Even though they have good gen-
eral conversational skills, they have difficulties with the use of
mechanisms of discourse cohesion (anaphora, ellipsis, distinc-
tion between information already given and new information,
etc.), difficulties to understand and produce indirect speech
acts and figurative language, etc. (Flores Lucas & Belinchon
Carmona, 2010; Kent & Vorperian, 2013; Martin, Klusek,
Estigarribia, & Roberts, 2009). Individuals with DS also have
limitations in the perception and production of prosody
(Pettinato & Verhoeven, 2009; Stojanovik, 2011). Chapman
(1997) concludes that interventions including language therapy
targeting the practice of expressive language can increase com-
municative effectiveness.

Regarding their cognitive difficulties, perhaps one of the
most severe and which compromises the following of the
video game, is their memory difficulties, specifically, their dif-
ficulties to retain and process auditory and serial information
(Chapman & Hesketh, 2001; Jarrold & Baddeley, 2001). They
also have deficits in the integration of information, as well as in
the processes of reasoning and deduction, thus making it
necessary to provide more explicit information to alleviate
their problems in making inferences. They also show difficul-
ties with executive control functions (Daunhauer et al., 2014),
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thus, among others, they have deficits with the inhibitory
response control, that is, they issue a response impulsively
without having analyzed all the information previously or tak-
ing time to stop giving a wrong answer.

2.2. Training speech prosody with ICT

When people talk or read, not only sequences of phonetic
segments are articulated, but also variations of the intensity,
the speaking rate and the tone. In linguistics, all this extra
information is referred to as prosody, which is relevant
because it conveys a huge amount of information. Prosody
is used in speech with a twofold purpose: 1) to indicate the
segmentation of the discourse and its organization for the
benefit of the interpretation of the messages and 2) to apply
different intonation and stress patterns to convey the intended
meanings, going from modality differences to nuances of
emotions. Moreover, the information that is transmitted by
prosody cannot be replaced by lexical or grammatical ele-
ments (Martinez Celdran & Fernéndez Planas, 2007).

Prosody has been managed by computers for a long time,
mainly due to the contribution of prosody to improving the
naturalness of TTS systems (Escudero-Mancebo, Gonzélez-
Ferreras, & Cardefioso-Payo, 2002; Taylor, 2009). There are algo-
rithms that permit the acoustic signal of speech to be processed so
as to code the relevant information encoded by prosody (Aguilar,
Bonafonte, Campillo, & Escudero, 2009; Escudero, Cardefoso, &
Bonafonte, 2002;  Gonzalez-Ferreras, Escudero-Mancebo,
Vivaracho-Pascual, & Cardefioso-Payo, 2012). These types of
algorithm are used by several tools, like the ones presented by
Saz et al. (2009) for training speech and prosody. Video games are
especially useful for studying and practising prosody with students
affected by DS as they allow the incorporation of audio files to
capture the differences between pronunciations (in order to work
in the perception domain) and to record their own productions
(in order to work in the production domain). Perception activities
focus on the discrimination between meanings that cannot be
attributed to lexical or grammatical elements (for instance, differ-
ences in the expression of emotions), while production activities
focus on acquiring utterances pronounced by the student until a
correspondence with the model is achieved.

There are tools that help in the learning of prosody. For
instance, a software that augments text with visual prosodic cues
to improve expressive reading (Patel, Kember, & Natale, 2014).
The idea is to provide cues of the underlying prosody: pitch,
duration and intensity. These authors carried out an experiment
with children whose results suggest that beginning readers could
benefit from explicit visual prosodic cues and thus enhance oral
reading expressiveness.

Other tools incorporate speech technologies to assist
speech therapy with patients that have a speech disorder.
For example, Shahin et al. (2015) describe a system for auto-
mated speech therapy in childhood apraxia of speech (CAS).
The system is able to identify the three main types of error
commonly associated with CAS: groping errors (delay in
sound production), articulation errors (incorrect pronuncia-
tion of phones) and prosodic errors (inconsistent lexical
stress). Rodriguez, Saz, and Lleida (2012) present another
computer program for providing speech therapy to
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individuals with speech disorders. The tool is used to train
such speech skills as voice production, intensity, blow, vocal
onset, phonation time, tone and vocalic articulation. An
experimental study of 27 subjects, the majority with cognitive
disabilities, showed improvements in the voice capabilities of
a remarkable number of users. Also interesting was the find-
ing that the use of the program motivated the subjects,
because they were attracted by the game-like applications.
The tool consists of a set of game-like applications that are
independent from each other. The main difference with our
work is that “The Magic Stone” is designed as a graphic
adventure game, and thus, all the activities are integrated
into a story. This allows the different linguistic activities to
be contextualized and increases the player’s sense of immer-
sion in the video game.

2.3. ICT and video games for training people with Down
syndrome

Children with DS are able to use computers in their daily lives
to perform many tasks. A study about how children and
young adults with DS use computers (Feng, Lazar, Kumin,
& Ozok, 2008) found that 83% of the 561 participants started
using computers at six years old. The majority of the children
use the computer for learning (80%) and entertainment
(95%). Educational software, video games and programs for
the Internet were the most used applications. They spent an
average of 3.5 hours a week using the computer at school and
4.94 hours a week using the computer at home.

The potential of games to improve motivation and
engagement in education has been examined (McFarlane
et al.,, 2002). The idea is to apply typical elements of com-
puter games, such as feedback, guidance, time pressure, and
rewards (Kapp, 2012). Moreover, these elements can be
included in non-gaming systems to improve user experience
and engagement (Darejeh & Salim, 2016; Deterding, Sicart,
Nacke, O’Hara, & Dixon, 2011). Games allow learners the
chance to practice in environments close to real world
situations. Rather than applying learning in a vacuum,
games provide a context for learning, allowing players to
apply what they have learned to solve real life problems
(Prensky, 2007). Modern theories of effective learning sug-
gest that learning is most effective when it is active, experi-
ential, situated, problem-based and provides immediate
feedback (Boyle, Connolly, & Hainey, 2011). Video games
can include activities which have these features.

Graphic adventures are a video game gender that use
graphics to convey the environment in which a story is devel-
oped during the game. Learners remember information more
easily when they learn that information in the form of a story
rather than from a bulleted list (Adams, 2013). Stories evoke
emotions and provide a context for placing information.
Involving a learner in a story can make the learning more
powerful. A well-crafted story focuses on helping learners to
solve problems, educates the learners, and is easily recalled
when the actual situation arises or when a learner is in a
similar situation.

In addition, there are some studies that show the effi-
ciency of ICT and video games in the cognitive
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rehabilitation and teaching of people with intellectual dis-
ability: improvement in choice reaction time (Standen,
Anderton, Karsandas, Battersby, & Brown, 2009), stimulat-
ing cognitive abilities of children (Brandao et al., 2010),
independent decision making (Standen, Rees, & Brown,
2009) and improvement in mathematical skills (Brown,
Ley, Evett, & Standen, 2011; Bruno et al.,, 2003; Gonzélez,
Noda, Bruno, Moreno, & Muifioz, 2015; Ortega-Tudela &
Gomez-Ariza, 2006; Shafie et al, 2013; Wan Ahmad,
Muddin, & Shafie, 2014). The program Phonics Alive!
(Phonics Alive!, 1996) was used in (Gallaher, van
Kraayenoord, Jobling, & Moni, 2002) to teach reading to a
young adult with DS. Tangible interfaces are used in
(Santana & Muro, 2011) to implement the reading method
described in (Troncoso & Del Cerro, 1999), which is spe-
cific for children with DS. Torrente, Del Blanco, Moreno-
Ger, and Fernandez-Manjon (2012) developed two games
whose main aim is to promote independent living for peo-
ple with intellectual disability, such as interacting with
others at work or the use of public transportation. A similar
idea is presented in (Lopez-Basterretxea, Mendez-Zorrilla,
Garcia-Zapirain, Madariaga-Ortuzar, & Lazcano-Quintana,
2014), where players learn how to go shopping.
Furthermore, other games are focused on therapy for chil-
dren with speech disorders (Cagatay, Ege, Tokdemir, &
Cagiltay, 2012). Reviews of educational software for people
with DS can be found in (Black, 2006; Ng et al., 2014; Pazos
Gonzalez et al., 2015).

On the other hand, the evaluation of the user interface is
important to guarantee the usability of the educational tool.
However, there is little research in human—computer interac-
tion literature related to people with DS. Lazar, Kumin, and
Feng (2011) reported an ethnographic observation that exam-
ined computer skills of expert users with DS and Kumin,
Lazar, Feng, Wentz, and Ekedebe (2012) carried out a usabil-
ity evaluation of multi-touch tablet devices by adults with DS.
Both studies report the great diversity in cognition, commu-
nication, skills, capabilities and computer experience of people
with DS.

The direct involvement of people with DS during the
design process is very challenging, due to their communica-
tion, cognitive and behavioral difficulties. One solution would
be for designers to work with parents and carers as proxies for
the user. Designers could also observe the interaction of the
users with prototypes. There are some examples of this
approach in the literature. A system that helps users with
DS to learn addition and subtraction is described in
(Gonzdlez et al, 2015). Different types of experts were
involved in the design process (teachers, experts in usability,
and experts in Down syndrome). Several prototypes were
evaluated by the experts and redesigned with the proposed
modifications. The final system was evaluated both by experts
and by users with DS. Carmien et al. (2005) presented a
system for supporting people with cognitive disabilities
using public transportation. The interaction of people with
cognitive disabilities was observed and interviews with specia-
lists who help them were carried out. In the testing stages,
there was a direct involvement of the users.
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3. System description

“The Magic Stone” is a video game whose main aim is to help
people with Down syndrome to improve communication
skills that have been affected due to their disability, especially
those related with prosody. To do this, players will have to do
some activities related with prosody and others not related
with language, such as puzzle-solving, that have been intro-
duced to add variety to the game. Another aim of the video
game is that it can be used by teachers or speech therapists in
special education centers as part of their educational activities.

The video game has the structure of a graphic adventure
game, including conversations with characters, getting and
using items and navigating through different scenes. Players
have to use the mouse to interact with the elements of the
game. Players go through different scenes where they have to
do some actions, like doing an activity or using an item. The
main innovation is that players have to record sentences using
their voice in some activities. The speech therapist or teacher
decides if the player has done it correctly or not. In other
activities, an audio is played in the context of a conversation
and the player has to choose between some options to continue
this conversation.

At the beginning of the game, the configuration screen is
shown, where players can introduce a user name and config-
ure their game profile. They can select an avatar, which
represents the player in the game, the difficulty level and
reader profile (reader/non reader). Then, a video is played
to introduce the story of the game.

The plot of the adventure is a mysterious story in which
the player takes the role of a hero who is responsible for
saving the city from environmental destruction. To do this,
the player has to retrieve the magic stone which has been
stolen and which will restore order in the city. The search for
the magic stone requires the user to carry out several activities
in order to progress in the game. Four activity types are
defined to practice speech, communication and prosodic
skills. The activities will be described in Section 4.

The development of the video game is based on multi-
media learning, presenting visual and verbal materials
together simultaneously (Mayer, 2002). In this way, the
users do not depend only on the textual channel to receive
important information, as it can be completed by information
with images, because this information modality has lower
difficulties for people with intellectual disabilities (Chapman
& Hesketh, 2001). In fact, it has been shown that using images
to support and complement verbal information is a better
educational strategy than using only verbal information
(Buckley & Sacks, 2002). Other studies using multimedia
learning systems have shown that it is an effective method
for this population (Khan, 2010).

3.1. Learning objectives

The learning objectives of the video game are to:
o Perceive and discriminate the different sentence types:
declarative, interrogative and exclamatory.
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« Identify the correct sentence type (declarative, interrogative
or exclamatory) to use in a particular communicative
exchange.

o Associate the different sentence types with the corre-
sponding prosodic patterns.

o Produce the appropriate prosodic pattern according to
the type of sentence.

 Produce sentences keeping the rhythm of the utterance,
respecting the location and duration of pauses and the
form of intonation.

« Control the volume and intensity.

3.2. System architecture

Figure 1. shows the system architecture. Two users interact
with the system: the player and the trainer. The player is
normally a person with language deficits, specifically in pro-
sodic comprehension and production. The trainer is typically
a helper (teacher, speech therapist, family) that helps the
player during game sessions. When trainer and player are
working together on a game activity, the trainer will help
the player in the correct use of voice and also to configure
the system. The trainer evaluates the player’s recordings in
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production and prosodic activities, making the player repeat
the exercise when the result is not correct. To evaluate the
player’s recordings, the trainer uses the keyboard of the same
computer that the player is using. Therefore, the trainer has to
sit next to the player. The role of the trainer is essential to
maximize the educational potential of the game. The trainer
supports and guides players during the game, adapts the
difficulty level, encourages players to continue when they
have difficulties and helps them to solve such difficulties as
understanding the story and the activities.

During the game session, information about user interaction
is stored, as well as the audio recordings of the production
activities. This information can be used by the speech therapist
to analyze the evolution of the user in successive game sessions.

The application has a multimodal interface, as much for
input as for output. Input is performed using voice and
mouse. On voice training exercises, players will have to use
their voice. Output is performed using visual and sound
channels. The sound output channel is used for the voiceover
that narrates the story, to play character voices and to play the
voice of the virtual assistant. In any case, a recorded voice is
used instead of TTS, as it allows emotions to be included that
synthetic voices cannot yet express.

PLAYER
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OUTPUT INPUT AUDIO INPUT <
o
INTERFACE o
1t &
a
>
CONTROL
<~ = USER
ADAPTATIOI
11} ) L
> w Q
E E
P > =
4 = (2] .
< Q ) <] assistence
=z 1)
<
GAME DYNAMICS
1

jE)

(INTERACTION HISTORY ( )

< =

REPORTING MODULE

< =

TRAINER

Figure 1. System architecture.
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3.3. User profile

The video game encourages the improvement of skills in a
gradual way. Moreover, due to the variety of users that Down
syndrome includes and their respective cognitive abilities, it is
necessary for the video game to be able to adapt to the
particular needs of each person. Therefore, the video game
includes a number of levels and reinforcements adapted to the
individuality of each player.

The video game allows the trainer to define the user profile
of the player. First, the trainer chooses between “reader” and
“non reader”, as the reading difficulty is an important aspect.
The activities have more visual and audio instructions for non
reader users. Second, the trainer selects the difficulty level
(beginner, intermediate, advanced) which affects the complex-
ity of the activities and the instructions that players receive.

To improve the feeling of immersion within the game,
players can choose a personal avatar at the beginning of the
game. It represents the players’ image in the game, allowing
players to identify themselves with the character of the story.
This is important because promoting the presence of the
player in the game is necessary for the completion of the
maximum number of activities.

3.4. Virtual assistant

A virtual assistant is used to guide the player during the game.
This assistant is a parrot, as shown in Figure 2. This assistant
tells players to which place they must go or which object they
must find or use. It also reminds players of the current goal.

3.5. Interface design

The development of the scenes, items and characters has a
uniform design, close to cartoons, but without making them
too childish. Bright colors are used in accordance with the
scenes represented in the game. A simple text font is used,

with a larger size than usual to make it easier to read (Arial
Rounded MT Bold, size 19 pt).

The instructions of the activities are formulated in a way
easy to understand for the users. We use simple sentences and
high frequency words, so they can understand all the words
used. An expert on developmental and language disorders and
on intellectual disability revised the sentences to guarantee
that they are in accordance with the cognitive level of people
with DS. Furthermore, in all the activities, they are provided
with visual clues to facilitate the task (like the traffic lights in
the prosodic production tasks or the microphone in the other
speech tasks). In addition, the provided feedback is both
visual and auditory.

3.6. Narrative and game immersion

The scenes, characters and items that the players find in the
game are representations of real world elements. The objective
of this is that players can identify daily situations and be able
to transfer the game lessons to real world situations. For
instance, some scenes are the player’s home, a library, a bus
and a bookshop. The player will meet different characters,
such as the bus driver, the librarian or the bookshop assistant.
Some items that the player will find are: a wallet, a book, a
magnifying glass and a map. The story also includes some
imaginary elements to motivate the player.

3.7. Feedback

Each activity offers the users feedback according to the results
obtained. However, due to the difficulties presented by the
target users, it is important not to cause frustration that can
produce an abandonment of the game. For this reason, errors
are dealt with in a positive way. Thus, they are always allowed
to progress regardless of the results. A negative feedback is
shown when they go wrong, to show them that they com-
mitted an error. However, this feedback is complemented by a
positive message that helps them to keep playing and not get

Figure 2. Main game screen, in which the player’s avatar (the girl) and the virtual assistant (the parrot) are visible.
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demoralized, showing them that making mistakes is totally
normal. Moreover, in order to not stress the users, we avoided
the use of scores of any kind. For the same reason, the
available time is not shown to the users.

3.8. Learner model

An important feature of educational tools is the possibility of
monitoring the learning of the users. For this reason, the
video game stores the interaction history of each player.
Then, the reporting module analyses the sequence of opera-
tions performed in a session and provides useful information
to the instructors in order to see the evolution of the students’
skills along the different sessions of the game. The following
information is provided:

« Total time taken to finish the game.

« All the recorded audios of the players.

« For each activity:

- Time spent to complete the activity.

- Number of errors.

- Number of additional listenings of the phrase.

- Number of speech aids.

- Number of incorrect clicks.

- Number of phrase repetitions.

4. Activities

This section describes the activities included in the video
game. These activities are included in the general context of
the game and players need to do them in order to progress in
the game. Four activity types are defined to practice speech,
communication and prosodic skills. All the activities have
been planned according to the principles of learning that
have proven most effective for teaching and presenting infor-
mation to people with DS (Buckley & Bird, 2000, 2001).
Furthermore, we use visual clues to support the verbal

, S0y yo.
;Donde hay libros de
historia,por favor?

8i, soy yo.
Gracias por tu ayuda
con los libros de
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information, because this type of combination has proven to
be the best way for people with DS.

4.1. Comprehension activities

These activities are focused on lexical-semantic comprehension
and the improvement of prosodic perception in a specific con-
text, such as asking a question or asking for something politely.

These activities introduce players to different conversations
with game characters. They have to choose between a series of
sentences to continue the conversation, of which only one is
correct in the context (as shown in Figure 3). These sentences
are played at the beginning of the activity to complement the
textual information with audios, so users can get the informa-
tion from two channels to prevent possible reading problems.
Players have the option of replaying the sentences again. If
players choose the correct sentence, the activity ends, showing
a positive feedback. If players choose the wrong one, the
activity plays an audio and they can choose again. If, after a
given number of attempts (4 or 5 attempts, depending on the
activity), players are unable to choose the correct one, the
activity ends showing a negative feedback.

During the activity, the virtual assistant plays a series of
audio clues to guide the player. These clues are played to
explain the activity to players, when players choose an incor-
rect option, or when they do not do any action over a period
of time (the timeout is set to 20 seconds).

The player cannot perform actions in the activity when a
sound is played. This is to make audio instructions as effective
as possible, to prevent possible distractions (because of their
attentional deficits (Hernandez Martinez et al., 2011)) and to
avoid an impulsive answer without hearing or understanding
the instructions (because of their deficits in executive control
functions (Daunhauer et al., 2014)).

The difficulty level chosen modifies the complexity of the
sentences and their structure, but the mechanics of the activity
is the same. It also modifies the number of available options.

I

{Hola! Sf, soy yo.
¢Donde estael
lavabo, por favor?

historia.

\

Figure 3. Comprehension activity. The player has to choose the right option to continue the conversation.
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4.2. Production activities

These activities are focused on voice production, so players
have to practice with their voice on such prosodic aspects as
the tone of voice, the expression of emotions or the syllabic
empbhasis. Players engage in conversations with game charac-
ters, where they have to repeat different sentences related with
the context of the conversation (as shown in Figure 4).

As in the comprehension activities, at the beginning of the
activity, the virtual assistant introduces the activity, in order
to relate it to the conversation in progress. Later, the game
plays the sentence to be recorded. The player must record the
sentence shown on the screen in order to continue the con-
versation with the character. To do this, the player must click
on the microphone button and start recording. The trainer
must decide if the player has repeated the sentence correctly
or incorrectly. If the recording is correct, the game will show a
positive feedback on the screen. If it is incorrect, the player
can repeat the recording a certain number of times (2 or 3
times, depending on the activity). At the end, if the player
cannot make the recording correctly, the game will show a
negative feedback and the game continues.

These activities also have sound instructions during their
development, in case of error and in case the player does not
execute any action. As in the comprehension activities, the player
cannot execute any action when a sound instruction is being
played.

In these activities, the difficulty level also modifies the
complexity of the sentence that the player has to record.

4.3. Prosodic activities

The objective of these activities is to mimic the prosodic curve of a
sentence. To do this, players have to move an object (a bus) on the
screen using their tone of voice, as shown in Figure 5. In addition,
the text of the sentence is shown below the curve, highlighting the
ascent or descent of the curve, with the goal that the players can
connect the curve with the sentence and learn to modify their tone
of voice depending on the type of sentence (interrogative or

affirmative). To indicate when the player has to make a break,
the game uses a traffic light. Moreover, players are asked to
reproduce the sentence in the normal way and humming. The
objective is that players understand the intonation changes in both
ways.

Before players start the activity, an example is reproduced: the
game plays a recorded voice of the sentence and an object moves
automatically, following the tone of speech. In these activities, the
trainer also has to decide if the recording is correct or incorrect.

In order to translate the speech into object motion, we use
a pitch tracker based on the fast lifting wavelet transform
(FLWT) to extract the fundamental frequency of the user’s
voice in real time (Larson & Maddox, 2005). Production
activities previous to the prosodic activities are used to cali-
brate the pitch tracker and to adapt it to the current player.

4.4. Visual activities

The visual activities are more variable in their development. They
are introduced to increase the playability of the video game.

« Hidden pieces: the player has to search, using a magnify-
ing glass, for several pieces hidden between the pages of a
book. These pieces are only seen when the player passes
the magnifying glass over them.

Puzzle: the player has to form a drawing of the moon
using the pieces found in the previous activity.
According to the difficulty level, the player will have
more or less clues on how to build the shape. Also, a
sound stimulus will be played when the player puts a
piece incorrectly, in order to tell the player that an error
has been made.

Cookies: the objective of this activity is that the player
understands the difference between an offer (question)
and an affirmation (declarative), from the point of view
of the character of the game. Two options (a declarative
and a question) are presented and the player is asked to
select the option that can be used to offer cookies to
another person.

Rt

TN

Figure 4. Production activity. The player has to say the sentence to continue the conversation.
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Figure 5. Prosodic activity. The user has to reproduce the intonation contour and to make the breaks at the traffic lights.

« Dusting a bookshelf: the player has to clean the dust from
a bookshelf with a cloth handled by the mouse.

« Hidden map: this activity is similar to the hidden pieces
activity. This time, the player has to find a map hidden

on the bookshelf.

5. Evaluation strategy

Figure 6 shows the strategy that has been followed for the design,
implementation and evaluation of the video game. The goal of
the strategy is to answer the three research questions (RQ1, RQ2,

User centered design and development

Sketches of the game
world, the characters
and the interaction

Interviews
(trainers)

Pilot test

Users' observation | (Questionnaires
(research team) (players)

Implementation of improvements

Development with
an authoring tool

Final test

Cognitive
walkthrough
(research team)

interact differenty,, | -
0O 2",
o
\'b*
<Q

v

RQ3) presented in the introduction of the article. This fact
determines the relative weight of the different usability aspects
(represented by the size of the circles, according to (Quesenbery,
2003)) and the evaluation activities that have been performed.
We used user centered design, in which the users are the main
focal point and have a significant impact on the design decisions.
In this approach, the use of both usability inspection methods
and testing with real users is recommended, combining qualita-
tive and quantitative methods (Lewis, 2014).

The development of the video game started with a script
that specifies in detail the narrative of the graphic adventure

players with Dg impr
(S
Z

OB, Do

Perception
ABX Test

Easy

to
Learn [ fomsi
(players)

/)

Users' observation
(research team)

Cognitive
walkthrough
research team

Figure 6. Evaluation strategy. On the left, temporal sequence of the design, implementation and evaluation activities. On the right the five dimensions that describe
the different aspects of usability according to (Quesenbery, 2003) and their relation with the three research questions and the evaluation activities. The circles
represent the usability aspects (the size reflects the importance of the aspect), the rectangles represent the development and evaluation phases, and the rounded

rectangles are the evaluation activities with the participants in brackets.
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and the activities. A set of sketches was also used to
describe the different scenes, the characters and the inter-
action of the video game. Cognitive walkthroughs
(Mahatody, Sagar, & Kolski, 2010; Nielsen, 1994; Polson,
Lewis, Rieman, & Wharton, 1992) were applied by the
experts in DS of the research team to ensure that the
narrative and the activities were adapted to the way users
with DS process information and to their cognitive and
linguistic abilities. The goal was to make an attractive inter-
face that engages the users. Another objective was to ensure
an easy to learn interface that takes into account the special
characteristics of the users and that is tolerant to the
players’ possible mistakes. As a result of these cognitive
walkthroughs, a series of design principles, presented in
the discussion section, were collected. The authoring tool
(Adobe Flash) permitted us to adapt the interface to the
experts’ suggestions. In this way, the different prototypes
were reviewed by the experts under the perspective of the
users with DS and their special characteristics.

A pilot test was performed with real users. The goals were
to check the degree of engagement of the players, detect the
difficulties of use, observe the reaction of the users to the
video game feedback and check whether the system is effec-
tive for practicing pronunciation. Users did not have any
training before the pilot test. During the pilot test, one of the
researchers took the role of the trainer. One of the staff
members of the education center played the role of observer
during the test. In this test, objective and subjective evalua-
tion methods were combined. On the one hand, the game
itself recorded data about the interaction between the player
and the game. On the other hand, at the end of the game
session, evaluators gave a questionnaire on general aspects of
usability to the player; this was complemented by observa-
tions that evaluators collected during the test. In addition, at
the end of the questionnaire, the opinions of speech thera-
pists or teachers who are dedicated to special education were
collected. As the video game records the voice of the players,
we used these recordings in a perception test, to check
whether the players’ pronunciation improves as they use
the video game (see Section 6.3).

The pilot test was performed by 14 participants with Down
syndrome: 10 boys and 4 girls (chronological ages: 13, 16, 16,
17, 18, 20, 21, 22, 23, 24, 25, 25, 26 and 39). All of them have a
moderate intellectual disability. All tests were done face to
face at the place where the participants performed their edu-
cational activities for people with intellectual disabilities. In
particular, these tests were conducted at the Niu School
(Barcelona), Aura Foundation (Barcelona), and the School of
Special Education “El Pino de Obregon” (Valladolid).

In addition, tests were performed on 10 children aged
between 6 and 9 years and on 10 adults. These tests were
done with the purpose of comparing the results obtained with
the results of the players with DS. We can thus see if there are
significant differences in the use of the video game depending
on the different player profiles, in order to shed light on the
research question RQ1.

The questionnaire was prepared to obtain information
from the users relating to various aspects of the game, such
as the story, the assistant or the difficulty. We collected
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information from children and users with DS. We ignored
the information that adults could provide for being not rele-
vant to drawing conclusions about the game. The question-
naire contains a series of yes/no questions and some with two
possible answers. Moreover, in some questions, users were
asked to explain why they gave that answer or to give more
details of things that they would change in order to improve
the game. Children filled in the questionnaire on their own. In
the case of the users with DS, the questionnaire was used to
guide a short interview in which the evaluation team, with the
help of the teachers, retrieved the information while trying to
avoid the use of directed questions. The questionnaire is
included in Appendix A.

After the pilot test, an evaluation report was prepared
which is summarized in Section 6. A number of small changes
were done in the interface concerning the aspect and position
of the recording button, the simplification of the prosodic
activity, and some improvements on the audio instructions
and help messages.

Finally, the School of Special Education “El Pino de
Obregdén” made more field tests with real users (both players
and trainers). After two months’ work (two hours per week in
the language classes), they completed three sessions with each
of the children with DS from the school that participated in
the pilot test. We carried out a semi-structured interview with
the teachers of the school in order to know their opinions of
the video game and to get some feedback. We prepared a set
of open-ended questions (see Appendix B) and allowed the
teachers to respond in an open way. This interview triangu-
lates the information obtained in the pilot test to shed light on
the research questions RQ2 and RQ3, concerning the degree
of engagement of the players, and the effectiveness of the use
of the software for training pronunciation.

6. Results

In this section we present the results obtained in the different
tests. The results are grouped according to the research ques-
tion to which they relate.

6.1. Analysis of interaction difficulties of players with DS

The main source of information to address this topic is the log
file, which records the actions performed by the users during
the pilot test. The number of players that participated in the
pilot test and the total playing time are shown in Table 1.
There are significant differences in time between the three
user groups (p < 0.001 Kruskal-Wallis test). The game does
not offer a playable challenge to adults and children, so the
game is carried out without interruption. Adults play the
game faster than children (p = 0.005 Mann-Whitney test).

Table 1. Number of players and total time taken to finish the game in seconds
(mean and standard deviation for each type of player).

Time
Number of Users Mean SD
Children 10 942.2 1303
Adults 10 824.8 72.7
Down syndrome 14 13421 3014
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Moreover, the game time for people with DS is significantly
higher than for adults (p < 0.001 Mann-Whitney test) and
children (p < 0.001 Mann-Whitney test). There is also a high
standard deviation in people with DS, mainly due to their
heterogeneity. They have specific characteristics which could
produce varied response times. Therefore, people with DS
have more difficulty solving the challenges offered by the
game than adults and children.

Table 2 presents the data obtained in the comprehension
activities. This table contains average data on resolution time
in seconds, errors (wrong choice of sentence in conversation),
clicks on the speaker button (to hear a phrase again), sound aids
(those reproduced when the user takes more time than expected
to perform some action), and clicks that are made on the inter-
face when mouse clicks are disabled (e.g. when an audio is
playing). The Kruskal-Wallis test showed differences between
the three user groups in time (p < 0.001), errors (p = 0.003), and
clicks (p < 0.001). Resolution times are higher for people with DS
than for adults (166.0 vs. 105.9 with p < 0.001 Mann-Whitney
test) and for children (166.0 vs. 118.8 with p = 0.007 Mann-
Whitney test). Besides, people with DS made more errors than
adults (1.0 vs. 0.1 with p = 0.007 Mann-Whitney test) and
children (1.0 vs. 0.1 with p = 0.007 Mann-Whitney test).
Finally, the number of incorrect clicks made by children is
worth noting. It is higher than the number of incorrect clicks
made by adults (1.6 vs. 0.0 with p < 0.001 Mann-Whitney test)
and by people with DS (1.6 vs. 0.1 with p < 0.001 Mann-Whitney
test). This is because the audio instructions are numerous and
repetitive, something that is not harmful to people with DS, but
which slows the game down and makes children get impatient
because they want to move forward but they have to wait until
the audio ends.

Table 3 shows the data obtained in production activities (the
variables represented are the same as those shown in Table 2).
There are significant differences in time (p < 0.001), number of
errors (p < 0.001), phrase repetitions (p < 0.001), and clicks (p <
0.027) between the three user groups using the Kruskal-Wallis
test. Again, observed times are higher for people with DS (335.9
vs. 173.1 compared with adults, with p < 0.001; 335.9 vs. 189.5
compared with children, with p < 0.001; Mann-Whitney test), but
with greater differences with respect to the comprehension activ-
ities. The number of errors is much higher for people with DS, due
to the difficulties in speech production of this population (4.4 vs.
0.1 compared with adults, with p < 0.001; 4.4 vs. 0.3 compared
with children, with p < 0.001; Mann-Whitney test). Also signifi-
cant is the number of clicks on the speaker button (phrase repeti-
tions) that people with DS made (3.7 vs. 0.0 compared with adults,
with p < 0.001; 3.7 vs. 0.6 compared with children, with p = 0.012;

Table 2. Comprehension activities: time spent in seconds, number of errors,
number of additional listenings of the phrase, number of speech aids and
number of incorrect clicks (mean and standard deviation for each type of user
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Table 3. Production activities: time spent in seconds, number of errors, number
of additional listenings of the phrase, number of speech aids and number of
incorrect clicks (mean and standard deviation for each type of user in the 7
production activities).

Phrase Speech  Incorrect

Time Errors  repetitions aids clicks

Mean SD Mean SD Mean SD Mean SD Mean SD

Children 1895 313 03 07 06 1.1 01 03 62 60

Adults 1731 65 01 03 00 00 00 00 1.0 09

Down 3359 1026 44 23 37 37 16 28 22 35
syndrome

Mann-Whitney test). Some users with DS had problems with the
reading and needed to hear the sentence again in order to do the
recording better. In these activities, again, the children did a lot of
incorrect clicks, more than other user types (6.2 vs. 1.0 compared
with adults, with p = 0.013; 6.2 vs. 2.2 compared with people with
DS, with p = 0.026; Mann-Whitney test).

Table 4 presents the data of prosodic activities. This
activity was difficult for all users because the melodic
curve proposed was too demanding to follow in real time.
It has two parts, one with lexical content and another
without it, based on a humming activity. The part based
on the humming of the sentence causes confusion in all
players, because it is hard to remember the hummed pat-
tern once the recording starts.

The results of the visual activities are shown in Tables 5 and 6.
First, the average time spent in the hidden pieces activity is
shown. The Kruskal-Wallis test shows that there are significant
differences between the three user groups (p < 0.001). Again,
players with DS employ more time to complete the activity
(100.9 vs. 27.4 compared with adults, with p < 0.001; 100.9 vs.
50.1 compared with children, with p = 0.002; Mann-Whitney
test). This result is symptomatic of the deficits in executive
control functions, and more specifically in the inhibitory control
of response, which provides the ability to not answer a question
or stop giving the answer if it is not adequate (Daunhauer et al.,
2014).

Second, average time spent and average number of errors
is shown for the puzzle activity. There are significant differ-

Table 4. Prosodic activities: time spent in seconds, number of phrase repetitions
and number of humming repetitions (mean and standard deviation for each
type of user).

Time Phrase repetitions Humming repetitions
Mean SD Mean SD Mean SD
Children 995 7.1 0.1 0.3 0.0 0.0
Adults 98.6 10.0 0.1 0.3 0.1 0.3
Down syndrome 106.5 10.4 04 0.7 04 0.5

Table 5. Visual activities: hidden pieces (time spent in seconds), puzzle (time
spent in seconds and number of errors) and cookies (time spent in seconds and
number of errors).

in the 5 comprehension activities). Hidden
Phrase Speech  Incorrect pieces Puzzle Cookies
Time Errors  repetitions aids clicks Time Time Errors Time Errors
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Children 1188 172 01 03 12 13 00 00 16 15 Children 50.1 153 279 57 02 06 276 67 04 05
Adults 1059 74 01 03 03 05 00 00 00 00 Adults 274 86 215 23 00 00 221 50 00 00
Down 166.0 433 10 09 16 17 06 1.0 01 05 Down 1009 483 540 205 18 28 302 96 03 05
syndrome syndrome
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Table 6. Visual activities: dusting a bookshelf (time spent in seconds) and
hidden map (time spent in seconds).

Dusting a bookshelf Hidden map
Time Time
Mean SD Mean SD
Children 212 109 16.2 7.1
Adults 159 9.1 1.2 33
Down syndrome 333 17.7 55.9 475

ences between the three user groups (time: p < 0.001; errors:
p = 0.010; Kruskal-Wallis test). On the one hand, players
with DS take longer to perform the activity (54.0 vs. 21.5
compared with adults, with p < 0.001; 54.0 vs. 27.9 compared
with children, with p < 0.001; Mann-Whitney test). On the
other hand, adult and child players committed very few
errors in assembling the puzzle, but players with DS made
many more mistakes until they assembled the puzzle cor-
rectly (1.8 vs. 0.0 compared with adults, with p = 0.001; 1.8
vs. 0.2 compared with children, with p = 0.045; Mann-
Whitney test). People with DS have difficulties processing
information, because, in this population, the two types of
local and global processing seem to be dissociated (i.e. the
ability to attach pieces of information to a whole, or the
inverse, to segment comprehensive information into parts).
In addition, these people often have a bias toward global
information processing; they do not process and integrate
details appropriately, especially if they are not connected to a
whole, as in this case (D’Souza, Booth, Connolly, Happé, &
Karmiloff-Smith, 2016).

Third, the average time spent and average number of
errors is shown for the cookies activity. In this activity,
there is not much difference between the times of all types
of users (p = 0.051 Kruskal-Wallis test) or between errors
(p = 0.098 Kruskal-Wallis test). Finally, the average time
spent in the dusting a bookshelf and the hidden map
activities is shown. There are significant differences in
both activities between the three user groups (p = 0.001
for dusting a bookshelf; p < 0.001 for hidden map;
Kruskal-Wallis test). As can be seen, players with DS
take longer to perform both activities, especially searching
the map (dusting a bookshelf: 33.3 vs. 15.9 compared with
adults, with p = 0.001; 33.3 vs. 21.2 compared with chil-
dren, with p = 0.016. Hidden map: 55.9 vs. 11.2 compared
with adults, with p < 0.001; 55.9 vs. 16.2 compared with
children, with p < 0.001. Mann-Whitney test).

Apart from the actions recorded in the log file, the second
source of information for analyzing the differences between the
types of players is the pilot test questionnaire, whose results are
presented in Tables 7 and 8. The most relevant differences
between the answers of the children and the players with DS
are related to the understanding of the story (100% vs. 64.3%),
the perceived ease of use (100% vs. 78.6%), and the perception
that the video game is long (33.3% vs. 71.4%).

Users’ observation performed by the research team during
the pilot test confirms that, in spite of the fact that players
with DS can easily interact with the system, the differences
reported in the previous paragraphs are clearly observed dur-
ing the playing sessions: players with DS are slower and make
more mistakes.
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6.2. Degree of engagement of the players

Users” observation carried out during the pilot test and the
opinions collected in the teachers” interview performed after
the field test allow us to describe the behavior of the users
with DS during the gaming sessions as attentive, taking the
video game seriously; they like the video game and feel moti-
vated to play; and they focus their attention, even students
with attentional problems. Teachers reported:

“It seemed curious to us how quiet they are, even the ones
who are more active. Some of them are very focused”.

“They feel the responsibility of doing it well, they are super
serious and super formal”.

“It caught our attention how they remain staring at the
screen”.

“Paula is a girl that has attention deficit. [During the game
session] she has been very attentive, focused and giving the
answer immediately. She has done everything right. But above
all, the attitude of being calm, following everything correctly,
super responsible”.

“What I liked most is the responsibility of the children. The
video game motivates them. For instance, Paula is a hyperactive
girl and with the video game she is focused ... with full
attention, she was delighted, answering correctly”.

“The video game is useful for motivating the students in
their daily learning, for focusing their attention”.

Tables 7 and 8 show the results of the questionnaire for
each group of players interviewed after the pilot test. Players
expressed the fact that they liked to test the game and would
like to continue the story later. There was also fair unanimity
in relation to the assistant of the game and the opportunity to

Table 7. Questionnaire results (yes/no questions).

Down
Children syndrome
Yes No Yes No
The user likes video games 100.0% 0.0% 92.9% 7.1%
The user is used to playing video games 80.0% 20.0% 78.6% 21.4%
The user enjoyed trying the game 90.0% 10.0% 92.9% 7.1%
The user would like to play again in the 90.0% 10.0% 85.7% 14.3%
future /the user would like to know how
the story continues
The user understands the story 100.0% 0.0% 64.3% 35.7%
The user likes the story 90.0% 10.0% 78.6% 21.4%
The user likes the parrot as the adventure’s  90.0% 10.0% 85.7% 14.3%
companion
The user likes talking to the characters of 88.9% 11.1% 929% 7.1%
the video game
The user would like to create his/her own 88.9% 11.1% 64.3% 35.7%
avatar (face, eyes, mouth, clothes, etc)
The user manifests to have learned 70.0% 30.0% 78.6% 21.4%
something with the video game
The user likes the city images and the 100.0% 0.0% 857% 14.3%

people

Table 8. Questionnaire results (two options questions).

Children Down syndrome

Option1 Option2 Option1 Option2 Option1 Option2

The video game  Funny  Boring 88.9% 11.1% 857% 143%
seemed ...

The video game  Easy Hard 100.0% 0.0% 786%  21.4%
seemed ...

The video game ~ Short  Long 66.7% 333% 286% 71.4%
seemed ...
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talk to the characters of the game. Finally, the vast majority
were satisfied with the character graphics and game scenes.
Teachers reported that their students insisted on replaying
“The magic stone” even weeks after the playing sessions.
There was also much unanimity with respect to the entertain-
ment and ease aspects of the game. Most of the players
believed that the game is funny and easy (first and second
row of Table 8). The fun aspect is important to improve
motivation. The opinions about the ease of the game suggest
that the difficulty level is adequate. The overall assessment of
the game is thus positive, as described by the teachers:

“When they were finishing, we asked them for an assess-
ment: ‘what do you think?, do you like it?, don’t you like it?".
All of them said that they liked it a lot. ‘Is there anything that
you don’t like?, what would you remove?” They said no, that
they liked everything”.

Players with DS believe that the game is long, while the
children think that it is short (third row of Table 8). We
already mentioned in the previous subsection that players
with DS took more time to finish according to the actions
recorded in the log file (see Table 1). Although they had to
work longer, all of them kept working until the end of the
game session, which is also a consequence of the high degree
of engagement of the players with DS. The engagement is also
reflected by the fact that there is a high level of immersion in
the game, as commented by the teachers:

“Some children are so imaginative that they get so much
into the role that they are incorporated inside the video game,
they get into the video game. They are so imaginative. Some
of them have come to dream of the video game. A boy has

>

come to say: T am a hero™.

6.3. Analysis of the improvement in pronunciation

In order to assess the efficiency of the activities of production,
we analyzed the quality of the pronunciation of the players
with DS in the sentence “Hola tio Pau, j;sabes donde vive la
sefiora Luna?” (Hello uncle Pau, do you know where Mrs.
Moon lives?). This sentence has been selected because users
are required to repeat it several times during the video game
so that we can analyze whether the last production improves
with respect to the first one.

Seven evaluators judged in an ABX perception test (Pisoni
& Lazarus, 1974) which one of the utterances in a pair seems
more natural or appropriate. We selected people without any
specific background on speech therapies in this test, as we
were interested in the perception of normal people concerning
the possible improvement of the players. For that reason, we
decided not to make any more specific question about intona-
tion and prosody because we didn’t want to condition the
opinion of the evaluators. This is not an intelligibility test (the
spoken sentence was always the same) but a perception test of
the overall differences between a pair of utterances of the
same sentence.

The pair is composed of the first and last production of the
sentence during the working session. The first of them was
uttered after reading and listening to it. The second one was
produced after receiving a visual stimulus. The list of pairs
(one per player) of utterances are presented in a web interface.
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Utterance A and utterance B are assigned randomly to the
first and last production of the sentence. The evaluators can
listen to utterance A and utterance B as many times as they
consider necessary.

Two questions are presented to the testers:

e Ql: Do you perceive any difference between both

utterances?

+ Q2: Do you have any preference?

The possible answers to Q1 are in a 5-point Likert scale: 1
means “I do not perceive any difference” and 5 means “I perceive
the differences very clearly”. We obtained 98 answers (14 sub-
jects and 7 raters) with a percentage of consistency of 71.4%
(tolerance = 3). Table 9 shows the statistics per speaker. Low
values evidence small differences in all the cases. All the mean
values are over 3, which indicates that the evaluators perceive
differences between the utterances.

The possible answers to Q2 are: “I prefer utterance A”, “I
prefer utterance B”, “No preference: both are good”, “No
preference: none is good”, “No preference: I do not perceive
any difference”. We obtained 98 answers (14 subjects and 7
raters) with an inter-transcriber consistency Kappa Fleiss
index of 0.224 which is “Fair agreement” in the Landis and
Koch (1977) scale. Most of the judgments consider that the
last utterance is the best one (64.2% with p-value = 0.014
binomial test). Additionally, as can be seen in Table 9, there is
a clear dependence on the player. None of the evaluations
observed any improvement when evaluating the players spk2
and spkl0. After checking the control forms of the test, we
observed that these two players were not able to pay attention
to the game, which justifies the bad results. Indeed, the per-
centage of preference of the last utterance is 74.3%, after
removing these two speakers. The speakers that improve are
8 out of 14, as can be seen in Table 9.

Apart from this perception test, we have also obtained the
opinions of the teachers from the teachers’ interview performed
after the field test. Teachers think that the video game helps the
students to improve their pronunciation. Even in the same
session, they noticed pronunciation improvements. Players
also improve along the different sessions. Mainly, they noticed
improvements in the use of pauses and in the control of
intonation of interrogative sentences. Teachers reported:

“They have improved. Within the same session it may be
that they improve, but over the days they do clearly better”.

Table 9. ABX test.

Q1 Q2
Last Last Both None No
Speaker Mean SD  better worse are good is good difference
spk1 4.4 0.8 6 0 0 1 0
spk2 43 1.1 0 5 0 2 0
spk3 43 1.1 7 0 0 0 0
spk4 36 13 3 4 0 0 0
spk5 37 1.0 3 1 3 0 0
spké 37 1.1 5 1 0 0 1
spk7 43 1.0 4 3 0 0 0
spk8 3.0 13 4 2 1 0 0
spk9 3.0 12 3 2 2 0 0
spk10 31 13 0 6 1 0 0
spk11 4.4 0.8 7 0 0 0 0
spk12 3.1 1.2 1 3 3 0 0
spk13 33 14 4 2 0 0 1
spk14 3.0 12 5 0 0 0 2
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“Paula is a hyperactive girl ... She was making very short
breaks and she has corrected it a lot. She reads well, but she
read super fast and with low intonation, and with the repeti-
tion she has improved a lot. Of the girls you see that change,
amazing”.

“The video game allows us to work on interrogative sen-
tences and on pauses”.

When teachers were asked about the reasons for the
engagement and the improvement of the players, they
assessed that the context and the story of the video game are
appropriate, which is essential for developing the activities
with proficiency. Although players miss some details about
the story, the teachers assessed that the players understand the
main objective of the video game (searching for a magic
stone) and use of a significative context is very helpful for
interpreting the pragmatics of prosody. They commented:

“They do comprehension activities quite well. We are
surprised that they have been working so positively. They
understand the context, even when they have to choose
between three possible answers. It is not difficult for them,
just the opposite”.

“They do understand the story, they know that they have to
search for a magic stone”.

Teachers recommend the use of the video game, because of
the following reasons. First, because it has interesting activ-
ities, which they think are fun. Second, because students can
play independently. Finally, because it allows them to work
with the students in a different way. In regular lessons, tea-
chers are used to being in front of the students explaining the
exercises. However, using the video game, they do not need to
explain anything, just sit next to the players, help them if
required and evaluate the activities. Comments of the
teachers:

“I would recommend the video game to a colleague, to a
teacher of children with Down syndrome. I would recom-
mend the video game because it provides a dynamic of
repeating in a playful way, functional and quite independent.
I’m beside, not in front of them”.

“I would use the video game for repetitive learning, for
pauses, and for making interrogative sentences in a mechan-
ical way. For training it is great”.

“I would use it in the classroom”.

Teachers think that the instructions and the feedback of
the video game are suitable. Besides, they believe that the
virtual assistant is useful. Teachers also like the graphics of
the video game. They reported:

“The feedback provided by the video game, the applauses,
is wonderful”.

7. Discussion

The experimental results show that performing repetition
exercises using the video game can lead to improvements in
the production and use of prosody by speakers with DS.
Despite the fact that players with DS use the video game
with greater difficulty than other users (RQl1), they have a
high motivation to use it (RQ2), which makes them strive to
do the activities, with the consequent improvement (RQ3).
We think that this is an excellent result because it encourages
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a repetition of the strategy in other scenarios to achieve
engagement of users with DS in serious games. We give the
credit for this to the application of a number of HCI design
elements that have taken into account the special character-
istics of the users such as: deficits in language development,
problems with short term memory, attention deficit, lack of
motivation, bad response to frustration, problems to process
information coming from different channels, and difficulties
in understanding the meaning of iconic symbols. We focus on
these characteristics in the following subsections, referring to
the HCI design elements that could have influenced the
achievement of such results.

7.1. Motivating the users with a graphic adventure

People with DS usually have low motivation for difficult tasks
like educational ones, because of their cognitive and learning
problems. The inclusion of learning activities that must be
accomplished in order to progress in the game has been one
of the keys to motivating the users. The initial story (an
animated cartoon of about 3 minutes) engages the players
because they feel represented as the main character of the
action of the video game. For the users, doing the activities in
a proper way became a significant goal. As a result, almost all
the players keep doing the activities until the end of the game
without showing signs of fatigue or boredom.

The scenes of the video game represent real life situations
(for practicing prosody in context), but the narrative is based
on a fantastic story of a magic stone to be rescued. One of the
teachers argued this fact as an important engaging factor, as
many of the children and adolescents with DS have a remark-
ably imaginative character.

7.2. Attention deficit and multimodal interface

The teachers were surprised by the result of the game with
students with deficit of attention. Even the most problematic
students in terms of attention carried out the activities until
the end. We attribute this level of engagement to the high
motivation mentioned in the previous subsection, and to the
combination of attractive graphics and sound stimulation.

As for the aesthetics, bright colors are used, but we avoid
childish cartoons. One of the challenges of developing the video
game is to find an adequate content and design presentation.
People with DS are more competent in social and emotional
skills than in cognitive capabilities. As they grow older, their
preferences and tastes become more mature, but the cognitive
capabilities lag behind (Feng et al,, 2010). On the one hand,
computer programs that appeal to young people are usually too
advanced for adolescents with DS. On the other hand, pro-
grams to learn skills at the right level tend to be boring for
them, because they do not match their age and interests.

The sound stimulation consists of the voice of the voice-
over on the one hand, and on the turns of the assistant (the
parrot) on the other. Both voices use a friendly tone to help
and guide the user during the adventure. The attitude of the
voiceover and the assistant is patient, repeating the messages
as many times as necessary, with the aim that the user will
focus on the activity.
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7.3. Multimodal feedback and intolerance to frustration

Performing tasks that can cause experiences of failure may
demotivate people with DS, because of their low tolerance to
frustration. Therefore, the feedback offered to the user by the
game is always positive, both when the user performs the
activity correctly and incorrectly. When the player fails, a
sad face appears accompanied by a message that encourages
the player to try again. When the player performs the activity
successfully, the sound of applause and the corresponding
icon rewards the player. We have observed that, in spite of
the fact that this positive message is always the same, the users
respond positively to it, mostly with a smile. Moreover, after a
number of incorrect attempts, the video game continues with
the following activity.

We avoided the use of rankings, scores and other similar
rewarding strategies, because we didn’t want to stress the
users. Instead, the role of the teacher was shown to be very
relevant to assisting the student in improving and getting
positive feedback. The possibility of giving automatic feedback
was also abandoned because the risk of having an incorrect
feedback in real time is high, leading to potential undesirable
situations. We advise against the use of the game in autono-
mous mode (without the assistance of a teacher or a parent)
because we predict that some players would focus on progres-
sing in the graphic adventure without putting the required
effort into doing the activities (each activity has a maximum
number of tries after which the game continues).

7.4. Audio messages to help the abstraction of concepts

The icons and scenes of the video game are visually intuitive
and simple, with the goal of avoiding ambiguities.
Furthermore, the multimodal output helps the players as the
voiceover pronounces the name of the represented objects
when they appear (magnifying glass, book, map, etc.) and
also informs about the current scene (library, bus stop, etc.).

All the activities provide oral instructions to the user. At
the beginning of the activity, the voiceover explains what has
to be done in the activity. If the user gets stuck on the activity,
more instructions are provided. These instructions seem to
work properly, guiding the user through the different activ-
ities. In addition, the sound auxiliary aids, which are repro-
duced when the player does nothing for a certain time, are an
essential resource, as most players with DS need more time to
analyze the activity and do it.

In some cases, we could not avoid confusions, as we
observed that some players started talking before pushing
the microphone button, or pushed the speaker button to
record. This highlights the difficulties of users with DS to
understand clearly the purpose of each interface element.

7.5. Deficits on language development

The learning goals of the video game are related with the
training of a particular aspect of language such as prosody.
It has been shown that the repetition activities, in combina-
tion with the help of the teachers, result in the improvement
of the oral production of the players. Additionally,
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experimental results show that users with DS make more
mistakes and need more time to finish these activities than
adults and children. Therefore, comprehension activities
introduce some level of difficulty for users with DS, which
helps to improve both lexical-semantic comprehension and
prosodic perception in specific contexts.

The use of short and simple sentences that appear in the
messages of the program (both written and oral messages) has
been shown to be useful in minimizing the impact of these
language development deficits. The implementation of three
levels of difficulty permits the teacher to adapt the game to the
specific characteristics of each user.

7.6. Difficulties for processing information and poor
short term memory

Visual activities are introduced to increase the playability of
the game. The results obtained showed the difficulties of
people with DS to do these activities, because of their cogni-
tive difficulties. For instance, in the hidden pieces activity, the
pieces that the player has to look for are too small and some
players have trouble finding them. In the activity of dusting a
bookshelf, some users leave areas uncleaned, because those
areas are too small to be seen with the naked eye. In the
hidden map activity, some players have trouble locating the
map for the same reasons as in the hidden pieces activity.

Additionally, results show significant differences with
respect to the time taken to do the activities by the different
user groups. Users with DS are slower than the rest of the
users, and again, audio stimulus has been shown to be useful
to remind them of the activity’s goal when the players take
more time than expected to perform the task.

7.7. Problems to integrate information coming from
different sources

This article presents a good example in which people with DS
benefit from the use of multimodal information coming from
two different channels, such as audio and image. J. C. Martin
(1998) classifies the possible channel combination modes into
transfer, equivalence, specialization, complementarity and
redundancy. Redundancy has been shown to be useful to
disambiguate the icons and scenes of the video game and to
offer feedback to the user. The audio channel is specialized in
giving messages that reinforce the argument of the graphic
adventure and remind them of the goal of the activities, given
the poor short term memory of the users.

Problems for integrating information from different chan-
nels have been observed mainly in the prosodic activities. In
these activities, players have to move an object (a bus) on the
screen using their tone of voice. The objective is to mimic the
prosodic curve of the sentence. Players with DS find this
activity difficult to understand. Users able to read generally
focus on the text, ignoring the bus animation and the proso-
dic contours. Even for non reader users, teachers manifest
serious doubts about whether the players understand that the
bus movement is a result of their voice. The difficulty may
also be connected with the fact that the elements of these
activities are too abstract for users with DS.
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7.8. Limitations

We have included three levels of cognitive and linguistic
difficulty in the video game (see section 3.3), but this categor-
ization may not be accurate enough to adjust the game
dynamics to the specific profiles of all potential users. It
should be noted that there is great heterogeneity in the pro-
files of cognitive and linguistic development among people
with Down syndrome (Abbeduto, McDuffie, Thurman, &
Kover, 2016; Dierssen, Ortiz-Abalia, Arqué, Martinez De
Lagran, & Fillat, 2006). During the testing, the teacher or
speech therapist helped players with the obstacles they
found. We think that adapting the video game to the whole
possible spectrum of people with Down syndrome is a diffi-
cult challenge and may not even be possible. We assume that
even though we have made a remarkable effort in adapting the
interface, the role of the assistant teacher or speech therapist
remains key.

The video game is a tool of educational support in the
areas of prosody and pragmatics, while at the same time it
serves to build a corpus of knowledge about prosodic and
pragmatic limitations of the individuals affected by Down
syndrome. The perceptual test performed has demonstrated
that playing with the video game improves the quality of the
vocal production of the users (see section 6.3). In this
research, we have focused on the definition of the interface
that the players use to perform the activities, but the effec-
tiveness of the training was not measured in terms of each
particular prosodic ability, but in terms of the overall per-
ceived quality. In further steps of the project, specific tests of
prosodic abilities will be conducted to obtain qualitative and
quantitative measures of the learning of prosodic skills. The
results of these tests will serve to refine the activities, but the
structure and the elements of the interface will remain, since it
has been shown that they serve to engage and motivate
adolescents affected by DS.

8. Conclusions and future work

This article has described the design and implementation of a
video game whose main objective is to improve communica-
tion skills, especially those related to prosody, of individuals
with intellectual disabilities, in particular, those affected by
Down syndrome. The use of a video game proved to be a
promising research line, since it improves the motivation and
engagement in the learning process. There exist tools in the
field of speech therapy and audition that serve the profes-
sionals as assistance systems, but the innovative aspect of our
work is that it incorporates activities of production and per-
ception of prosodic phenomena through the combined stra-
tegies of reading aloud, imitative speech and resolution of
speech acts. Players have to do activities that involve compre-
hension, production and prosodic tasks, together with visual
activities. Nevertheless, due to the difficulties that people with
DS encounter in human-computer interaction, we have paid
special attention to the user interface, since it determines the
interaction of the players with the video game. This task has
turned out to be difficult, since there are not too many video
games oriented to this type of users.

39

In this sense, the following eight key elements have been
shown to be efficient in engaging and motivating adolescents
with Down syndrome in the activities of the video game.
The authors of this article encourage game designers and
designers of interactive applications to use them as guide-
lines for the development of tools for people with cognitive
impairments because they are founded in theoretical and
descriptive studies about limitations of individuals with
intellectual disabilities:

(1) Adapt the video game to the users’ needs with a
system of levels and reinforcements according to
their individuality. The use of several levels of diffi-
culty allows the complexity of the activities to be
adjusted. Positive reinforcements motivate users
when they succeed in the activities. In order to
avoid frustration, allow the players to continue the
game even if they do not succeed in the activities.
Adapt the design of the scenes, items and characters
to the specific difficulties of people with DS. Avoid
using an excessive number of graphic elements that
could distract attention from the relevant elements of
the activity.

Use short and simple sentences and high frequency
words. The instructions and sentences used in the
video game must be in accordance with the cognitive
level of people with DS.

Use audio messages to give instructions to the players
and to assist them when their response time is high.
The information provided by the audio channel helps
users when it is redundant with the visual
information.

Include visual clues in the scenes to help players
continue the game and prevent abandonment.
Highlight the visual elements needed to advance in
the interactive story.

Consider the inclusion of a virtual assistant to guide
the player during the game. The presence of this
assistant ensures that the player knows at every
moment what to do.

Use realistic scenes to favor game immersion and to
provide a context for learning. Real life situations
allow individuals affected by DS to better interact
with other people.

Use fantastic elements to maintain the play-oriented
nature of the proposed activities. These elements
reinforce the players’ interest in the video game.

(2

—

3

=

(4

Nt

(5

N

(6

N

(7

—

(8

=

The most relevant aspect of the results, due to the special
characteristics of the people with DS, is that the majority of
users kept playing throughout the video game with hardly any
distractions. The players understand the main points of the
narrative and are motivated by the fact that they have to solve
the problem faced by the residents of a city. In general, they
interact properly with the video game and succeed in doing
the different activities (comprehension, production, prosodic
and visual) and react well to positive reinforcement, even
when they do not complete the activity perfectly. The users
like to use the microphone to communicate with the
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characters of the game, and the different levels of difficulty in
the video game allow them to progress through the various
activities without getting blocked.

Another aim of the video game is that it can be used by
teachers or speech therapists in special education centers as
part of their educational activities. Related to this, the evalua-
tion carried out shows a high level of acceptance and that the
final product can be really useful for different areas of dis-
ability education.

Overall, we have succeeded in developing a tool that moti-
vates players with Down syndrome because it imposes chal-
lenges and, as a consequence, they are attentive and improve
their speech in a pleasant environment. Thus, we conclude
that the use of a video game to improve the oral and com-
munication skills of people with Down syndrome is a promis-
ing research line.

Further research includes the adaptation of the video game
to other collectives with intellectual disabilities that also pre-
sent communicative limitations, especially in prosodic and
pragmatic abilities, such as people with Williams syndrome
(Martinez-Castilla, Sotillo, & Campos, 2011; Martinez-
Castilla, Stojanovik, Setter, & Sotillo, 2012), fragile-X syn-
drome (Ferrier, Bashir, Meryash, Johnston, & Wolff, 1991)
or other neurodevelopmental disorders such as autism spec-
trum disorders (Filipe, Frota, Castro, & Vicente, 2014; Peppé,
Cleland, Gibbon, O’Hare, & Martinez-Castilla, 2011). Testing
the video game with users of new profiles will allow us to
determine whether the HCI elements that have succeeded
with adolescents with DS are also effective in other popula-
tions with intellectual disabilities.

The current version of the video game focuses on prosodic
and pragmatic limitations of adolescents with Down syn-
drome. It is future work to redesign the activities for the
users to train other linguistic levels, such as phonetics
(Rochet-Capellan & Dohen, 2015), syntax (Fortunato-
Tavares et al., 2015) or vocabulary.

Currently the game is only available in Spanish, but we
intend to extend the video game to users of other languages
(among others, Catalan, English and French). To do this,
besides the obvious aspects of translation, other modifications
may also be required to adapt the video game to the specific
cultural context.
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Appendix A. Script of the Interview with the Player

« Do you like video games?

« Have you ever played video games before?

« In general, did you like trying it?

« Would you like to play again in the future? Would you like to know
how the story continues?

« Did you understand the story?

« Did you like the story?

« Did you like the parrot as the adventure’s companion?

« Did you like talking to the characters of the video game?

« Would you like to create your own avatar (face, eyes, mouth,
clothes, etc)?

« Did you learn something with the video game? What?

« Did you like the city images and the people?

« The video game seemed funny or boring.

« The video game seemed easy or hard.

« The video game seemed short or long.
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Appendix B. Script of the Interview with the Teachers

« How have you used the video game?

« Do you think that the video game helped them to improve their
pronunciation?

« Do you think that the context and the story of the video game are
useful to perform the activities?

« Are the instructions suitable? Is the feedback suitable?

43

o Is it useful that the teacher can decide if the activity is right or
wrong?

« What is the reaction of the students during the game sessions?

« Do you think that the virtual assistant is useful?

« What do you think of the graphics?

« Would you recommend the video game?
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ARTICLE INFO ABSTRACT

Keywords: There are many studies that identify important deficits in the voice production of people with Down syndrome.
Speech characterization These deficits affect not only the spectral domain, but also the intonation, accent, rhythm and speech rate. The
Prosody main aim of this work is the identification of the acoustic features that characterize the speech of people with

Down syndrome
Intellectual disabilities
Automatic classification
Perceptual test

Down syndrome, taking into account the different frequency, energy, temporal and spectral domains. The
comparison of the relative weight of these features for the characterization of Down syndrome people’s speech is
another aim of this study. The openSmile toolkit with the GeMAPS feature set was used to extract acoustic
features from a speech corpus of utterances from typically developing individuals and individuals with Down
syndrome. Then, the most discriminant features were identified using statistical tests. Moreover, three binary
classifiers were trained using these features. The best classification rate, using only spectral features, is 87.33%,
and using frequency, energy and temporal features, it is 91.83%. Finally, a perception test has been performed
using recordings created with a prosody transfer algorithm: the prosody of utterances from one group of speakers
was transferred to utterances of another group. The results of this test show the importance of intonation and
rhythm in the identification of a voice as non typical. As conclusion, the results obtained point to the training of

prosody in order to improve the quality of the speech production of those with Down syndrome.

1. Introduction

Individuals with Down syndrome (DS) have problems in their lan-
guage development that make their social relationships and their de-
velopmental ability more problematic (Cleland et al., 2010; Martin
et al., 2009; Chapman, 1997). Many DS individuals have some phy-
siological peculiarities that affect their voice production, such as a
smaller vocal tract with respect to the tongue size or soft palatal shape,
among others Guimaraes et al. (2008). Muscular hypotonia also affects
their capabilities for performing a correct articulation, degrading the
quality of the spectral characteristics of sounds (Markaki and
Stylianou, 2011). In addition, hearing loss during childhood
(Shott et al., 2001) and fluency deficits (Devenny and Silverman, 1990)
influence the frequency, energy and temporal domains of the voice
signal.

Although problems derived from physiological peculiarities are
permanent (even if surgery Leshin, 2000 or prostheses
Bhagyalakshmi et al., 2007 could ameliorate them), intonation and
fluency deficits can be improved by speech therapy and training. There
are tools available for this goal (Saz et al., 2009b; Gonzalez-
Ferreras et al., 2017) based on perception and production activities to

* Corresponding author.

be performed with the assistance of therapists who help patients to
properly manage their breathing and intonation patterns. Although
there is general consensus about the importance of improving prosody
by training (see Kent and Vorperian, 2013 for a complete state of art
revision), there are very few works that provide empirical evidence of
the importance of the prosody related features (those belonging to
fundamental frequency, energy and duration domains) with respect to
other acoustic features belonging to the spectral domain.

The wuse of the video game described by Gonzalez-
Ferreras et al. (2017) has allowed the formation of a speech corpus,
which has been used in this work to analyze and characterize the
speech of people with Down syndrome. This corpus, described in
Section 3.1, contains recordings of people with Down syndrome and
typically developing people. Both groups recorded the same sentences,
so statistical and perceptual tests have been used to compare the
acoustic features of the two groups of speakers, so that the most re-
levant differences could be identified.

This work aims to find the best acoustic features to characterize the
speech of people with Down syndrome. To do this, features of fre-
quency, energy, temporal and spectral domains have been extracted
from the recordings of the gathered corpus. In addition, the relative
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weight of each domain in the characterization of people with Down
syndrome has been included in this paper, especially the comparison
between the spectral and the other domains.

The methodology described above was developed to answer two
main research questions (RQ):

® RQ1: Which are the most discriminative acoustic features between
the recordings of speakers with Down syndrome and typically de-
veloping speakers?

e Issue 1.1: Are there statistical differences between these features?
Issue 1.2: Are these differences in accordance with what is ex-
pected or described in the state of the art?

® RQ2: What is the relative weight of the spectral features in com-
parison with the rest of the domains?
Issue 2.1: What is the relative weight of the different features
when identifying atypical speech using automatic classifiers?
Issue 2.2: What is the relative weight of the different domains
when identifying atypical speech in a perceptual test?

The structure of the article is as follows. Section 2 reviews related
works from the state of the art and presents the innovation of our
proposal. Section 3 describes the experimental procedure, including the
corpus description, the features extraction process, the automatic
classification experiment and the perceptual test. Section 4 shows the
statistical test results of the different domain features, the automatic
classification results and the perceptual test results. Finally, Section 5
describes the discussion and Section 6 the conclusions.

2. Background and related work

The age of the population selected for the study seems to be im-
portant for the results obtained, due to the physiological differences
between children and adults. Concerning adults, Lee et al. (2009),
Rochet-Capellan and Dohen (2015), Albertini et al. (2010) and
Corrales-Astorgano et al. (2016) found significantly higher FO values in
adults with Down syndrome as compared to adults without intellectual
disabilities. In addition, Lee et al. (2009) and Seifpanahi et al. (2011)
found lower jitter (frequency perturbations) in adult speakers with
Down syndrome. As for energy, Albertini et al. (2010) found sig-
nificantly lower energy values in adults with Down syndrome. More-
over, Saz et al. (2009a) concluded that adults with Down syndrome had
poor control over energy in stressed versus unstressed vowels.
Albertini et al. (2010) found lower shimmer (amplitude perturbations)
in male adults with Down syndrome than in adults without intellectual
disabilities. Finally, temporal domain results depend on the unit of
analysis employed. Saz et al. (2009a) found that people with cognitive
disorders presented an excessive variability in vowel duration, while
Rochet-Capellan and Dohen (2015) and Bunton and Leddy (2011) re-
ported longer durations of vowels in adults with Down syndrome.

Table 1
Results of different studies in the state of the art.

Speech Communication 99 (2018) 90-100

Albertini et al. (2010) discovered a lower duration of words in male
adults with Down syndrome. Moreover, people with Down syndrome
present some disfluency problems. Although disfluency (stuttering or
cluttering) has not been demonstrated as a universal characteristic of
Down syndrome, it is a common problem of this population (Van Borsel
and Vandermeulen, 2008; Devenny and Silverman, 1990; Eggers and
Van Eerdenbrugh, 2017). These disfluencies can affect the speech
rhythm of people with Down syndrome.

On the other hand, Zampini et al. (2016) indicated that children
with Down syndrome had lower FO than children without intellectual
disabilities. Moura et al. (2008) found higher jitter in children with
Down syndrome than children without intellectual disabilities. In terms
of energy, Moura et al. (2008) indicated higher shimmer in children
with Down syndrome than in children without intellectual disabilities.

The unit of analysis and the phonation tasks used by the researchers
are different. Rochet-Capellan and Dohen (2015) used Vowel-Conso-
nant-Vowel by syllabes, Saz et al. (2009a) and Albertini et al. (2010)
recorded words, Rodger (2009) and Zampini et al. (2016) built
these corpora wusing semi-spontaneous speech and Corrales-
Astorgano et al. (2016) analyzed sentences. Lee et al. (2009) combined
words, reading and natural speech. The majority of the studies are fo-
cused on the English language (Kent and Vorperian, 2013), but there
are others focused on Italian (Zampini et al., 2016; Albertini et al.,
2010), Spanish (Corrales-Astorgano et al., 2016; Saz et al., 2009a),
French (Rochet-Capellan and Dohen, 2015) or Farsi (Seifpanahi et al.,
2011).

The use of spectral features to assess pathological voice has fre-
quently been applied in the literature. Dibazar et al. (2006) used MFCCs
and pitch frequency with a hidden Markov model (HMM) classifier for
the assessment of normal versus pathological voice using one vowel as
the unit of analysis. Markaki and Stylianou (2011) suggested the use of
modulation spectra for the detection and classification of voice
pathologies. Markaki and Stylianou (2010) created a method for the
objective assessment of hoarse voice quality, based on modulation
spectra, using a corpus of sustained vowels. The voice quality was
evaluated using the long term average spectrum (LTAS) and alpha ratio
by Leino (2009). Although these works do not refer to people with
Down syndrome, they do refer to some aspects that appear in this kind
of speakers and we refer to them in the discussion section.

Formant frequency and amplitude have also been studied in people
with Down syndrome. A larger vowel space in people with Down syn-
drome was found by Rochet-Capellan and Dohen (2015), while other
studies denoted a reduction of the vowel space in children (Moura et al.,
2008) and adults (Bunton and Leddy, 2011). Moreover, the voice of
people with Down syndrome showed significantly reduced formant
amplitude intensity levels (Pentz Jr, 1987).

In order to compare our study with the state of the art, a summary of
other similar studies is shown in Table 1. A description of the corpus
employed by these studies is shown in Table 2. To the best of our

Author Group Frequency Duration Loudness
Rodger (2009) Adults and No differences
Children
Zampini et al. (2016) Children Good control for linguistics low for
pragmatics. Lower FO.
Saz et al. (2009a) Adults and Good control in pronounced vowels Longer pronounced vowels. Dispersed Low control of intensity in unstressed
Children mispronounced vowels vowels
Albertini et al. (2010) Adults Higher FO Lower duration (only for men) Lower energy.Shimmer lower (only men)
Rochet-Capellan and Dohen (2015) Adults Higher FO Longer vowels
Lee et al. (2009) Adults Smaller pitch range. Higher FO.
Lower jitter.
Corrales-Astorgano et al. (2016) Adults Higher FO excursions More pauses to complete turns Different range
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Table 2
Description of the corpus used in the state of the art.
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Author Group Down syndrome  Control Type Size Language

Rodger (2009) Adults and 22 52 Semi spontaneous 5 picture descriptions per speaker English
Children

Zampini et al. (2016) Children 9 12 Semi spontaneous 20 minutes per speaker Italian

Saz et al. (2009a) Adults and 3 168 Words 9576 words (6 hours) Control. 684 words (38 Spanish
Children minutes) Down syndrome

Albertini et al. (2010) Adults 30 60 Words NA Italian

Rochet-Capellan and Dohen (2015)  Adults 8 8 Vowel-consonant-vowel 144 per speaker French

Lee et al. (2009) Adults 9 9 Vowel. Reading. Natural 3 vowels per speaker. 1 reading per speaker. 1 English

speech minute per speaker
Corrales-Astorgano et al. (2016) Adults 18 20 Sentences 479 utterances Spanish

knowledge, our study is one of the first to analyze some features from
the frequency, energy, temporal and spectral domains together. These
features were extracted from the same recordings, which can help in the
study of the relative importance of each domain in the characterization
of the speech of people with Down syndrome. The use of a standard
feature set (extended Geneva Minimalistic Acoustic Parameter Set,
eGeMAPS; detailed in Section 3.2 and Appendix A) can reduce the ex-
traction methodology dependence, which can make it easier to compare
the results of different studies.

Perceptual studies show mixed results. Moura et al. (2008) de-
scribed the voice of children with Down syndrome as being statistically
different from the voice of children without intellectual disabilities in
five speech problems: grade, roughness, breathiness, asthenic speech
and strained speech. Moran and Gilbert (1982) judged the voice quality
of adults with Down syndrome as hoarse. In addition, Rodger (2009)
noted discrepancies between perceptual judgments of pitch level and
acoustic measures of FO. In our study, we did not want to compare each
acoustic measure with a perceptual judgment of the same feature. Our
aim is the assessment of the domain relevance in the identification of a
recording as being from a person with Down syndrome, using automatic
classifiers and perceptual tests.

3. Experimental procedure

Fig. 1 shows the experimental methodology that we have followed.
Firstly, the speech corpus recorded by people with Down syndrome and
by typically developing people was gathered. Secondly, acoustic fea-
tures were extracted from all the recordings of each corpus and a sta-
tistical test to analyze the differences between groups was carried out.
Finally, the automatic classification experiment was carried out, in
which the features with significant differences were used.

Corpus collection

3.1. Corpus collection

We developed a computer video game to improve the prosodic and
communication skills of people with Down syndrome (Gonzélez-
Ferreras et al., 2017). This video game is a graphic adventure game
where users have to use the computer mouse to interact with the ele-
ments on the screen, listen to audio instructions and sentences from the
characters of the game, and record utterances using a microphone in
different contexts. The video game was designed using an iterative
methodology in collaboration with a school of special education located
in Valladolid (Spain). The feedback provided by teachers of special
education was complemented by research into the difficulties of this
population to use information and communication technologies. They
have some difficulties, such as attention deficit (Martinez et al., 2011),
lack of motivation (Wuang et al., 2011), or problems with the short
term memory (Chapman and Hesketh, 2001) that had to be taken into
account when developing the video game. The game was developed for
the Spanish language.

Inside the narrative of the game, some learning activities were in-
cluded to practice communication skills. There are three different types
of activities: comprehension, production and visual. Firstly, the com-
prehension activities are focused on lexical-semantic comprehension
and on improving prosodic perception in specific contexts. Secondly,
production activities are focused on oral production, so the players are
encouraged by the game to train their speech, keeping in mind such
prosodic aspects as intonation, expression of emotions or syllabic em-
phasis. At the beginning of these activities, the video game introduces
the context where the sentence has to be said. Then, the game plays the
sentence and the player must utter the sentence while it is shown on the
screen. The production activities include affirmative, exclamatory and
interrogative sentences. Finally, visual activities include other activities
designed to add variety to the game and to reduce the feeling of
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Fig. 1. Scheme of the experimental procedure which includes corpus collection, feature extraction and automatic classification.
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monotony while playing.

The video game collected examples of sentences with different
modalities (i.e. declarative, interrogative and exclamatory). Usually,
the intonation patterns vary depending on the modality. Neutral de-
clarative sentences usually end with a decline to a low tone, while total
interrogatives end with an upgrade to a high pitch. On the other hand,
partial interrogative sentences, which are characterized by an inter-
rogative element at the beginning of the sentence, start with a high tone
associated with that interrogative element and usually end with a fall.
Finally, exclamatory sentences are usually a marked variation of the
corresponding declarative, so the variation lies basically in such aspects
as the intensity, volume and tonal range used by the speaker.

Moreover, the combination of different sentences allows the inclu-
sion of inflections that indicate a particular segmentation in oral pro-
duction. Depending on the context and speed of elocution, these in-
flections may correspond to a pause, which implies a silence and,
normally, the end of the sentence, or a semi-pause, which implies an
intonation change in the same sentence. For instance, one of the ex-
amples collected in the corpus includes the three modalities and forces
the speaker to make a pause between sentences: jHola! ;Tienen lupas?
Queria comprar una. (Hello! Do you have magnifiers? I wanted to buy one).
In other cases, the tonal inflection corresponds to a semi-pause invol-
ving no change of modality or silence: jHasta luego, tio Pau! (See you
later, uncle Pau!). Thus, the combination of these types of inflection
allows the collection of examples with different segmentation. The
sentences recorded can be seen in Table 3.

The recording sessions were carried out in the same facilities of the
centers where the players attended their regular classes to assure the
comfort of the players. In addition, a staff member of the centers was
always with the players. The players were selected by the staff members
because the distinct cognitive abilities of each student limited their
possibilities as potential players, as some of them were not able to
follow the structured process of the game in a reliable way. Eighteen
speakers with Down syndrome participated, 11 males (chronological
ages: 16, 16, 18, 20, 21, 21, 23, 24, 25, 26 and 30) and 7 females
(chronological ages: 16, 17, 18, 19, 21, 22, 25). All of them were native
speakers of Spanish, aged 16 to 30. They were students of two special
education schools located in Valladolid and Barcelona (Spain) and have
a moderate or mild intellectual disability. Besides, to reduce the am-
bient noise in the recording process, the players used a headset with a
microphone incorporated (Plantronics USB headset). In addition,
players recorded a different number of sentences, depending on their
performance in the video game and the number of game sessions they

Table 3
Sentences included in the corpus.

Sentence in Spanish

Sentence in English

iHasta luego, tio Pau!

iMuchas gracias, Juan!

iHola! ;Tienen lupas? Queria comprar
una.

Si, la necesito. ¢Cuanto vale?

iHola tio Pau! Ya vuelvo a casa.

Si, esa es. jHasta luego!

iHola, tio Pau! ;Sabes dénde vive la
sefora Luna?

iNos vemos luego, tio Pau!

Has sido muy amable, Juan. Muchas
gracias!

iHola! ;Tienen lupas? Me gustaria
comprar una.

Si, necesito una sea como sea. ;Cuadnto
vale?

Si, lo es. Vivo alli desde pequefo.
jHasta luego!

iHola, tio Pau! Tengo que encontrar a la
sefiora Luna ¢Sabes dénde vive?

See you later, uncle Pau!

Thank you very much, Juan!

Hello, do you have magnifiers? I
wanted to buy one.

Yes, I need it. How much is it?

Hello uncle Pau! I'll be back home.
Yes, it is. Bye!

Hello uncle Pau! Do you know where
Mrs Luna lives?

See you later, uncle Pau!

You have been very kind, Juan. Thank
you very much!

Hello, do you have magnifiers? I would
like to buy one.

Yes, I really need one. How much is it?

Yes, it is. I have lived there since I was
a child. Bye!

Hello uncle Pau! I have to find Mrs
Luna. Do you know where she lives?
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Table 4
Number of users and recordings of each group of the corpus.

User type #Users #Recordings Length (seconds)
Control (TD) 22 250 650
Down syndrome (DS) 18 349 1442

did. It should be noted that for the production activities, not all
speakers with Down syndrome reproduced the target sentence exactly.
Some of them had hearing problems, while others had reading diffi-
culties or cluttering derived from their intellectual disability.

To obtain a control sample of the recordings, twenty two adult
speakers without any intellectual disability, 13 males and 9 females,
were recorded. Therefore, two groups representing different popula-
tions were thus obtained: typically developing adults (TD) and people
with Down syndrome (DS). Table 4 shows the number of users of each
group of speakers, the number of recordings made by them and the total
length in seconds of the recordings.

3.2. Feature extraction

Acoustic low-level descriptors (LLD) and temporal features were
automatically extracted from each recording using the openSmile
toolkit (Eyben et al., 2013). Two minimalistic feature sets were used.
On the one hand, these sets provided enough features to characterize
the audio recordings. On the other hand, we avoid the problem of
having too many parameters relative to the number of observations.
This problem can produce overfitting in the training phase, because the
classifier adapts to the concrete set of inputs. This adaptation can
produce good classification results for this particular set, but negatively
affects the generalization capacity of the classifier. The Geneva Mini-
malistic Standard Parameter Set (GeMAPS) and the extended Geneva
Minimalistic Acoustic Parameter Set (eGeMAPS), described by
Eyben et al. (2016), were selected. The features extracted from each
recording are sorted into four groups:

e Frequency related features: fundamental frequency and jitter.

e Energy related features: loudness, shimmer and
Harmonics-to-Noise Ratio.

e Spectral features: alpha ratio, Hammarberg index, spectral slope,
formant 1, 2, 3 relative energy, harmonic difference H1-H2, har-
monic difference H1-A3, formant 1, 2, 3 frequency and formant 1, 2,
3 bandwidth.

e Temporal features: the rate of loudness peaks per second, mean
length and standard deviation of continuous voiced and unvoiced
segments and the rate of voiced segments per second, approximating
the pseudo syllable rate.

In total, there are 25 LLD. The arithmetic mean and the coefficient
of variation are calculated on these 25 LLD. Some functionals are ap-
plied to fundamental frequency and loudness: 20-th, 50-th, and 80-th
percentile, the range of 20-th to 80-th percentile, and the mean and
standard deviation of the slope of rising/falling signal parts. All these
functionals are computed by the openSmile toolkit. In addition, the
process used by the openSmile toolkit to extract the eGeMAPS features
did not differentiate between silences and unvoiced regions, which can
produce errors in the functions applied to each feature. Therefore, the
Praat software (Boersma, 2006) was used to extract all silences from
each recording and these silences were excluded from the analysis
process.

Furthermore, 4 additional temporal features were added: the silence
and sounding percentages, silences per second and the mean silences.
These new features were added to improve the information about the
temporal characterization of the recordings. In this case, the initial and
final silence of each recording were excluded from the analysis process
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because their lengths were different due to the recording process. To
sum up, the acoustic feature set contains 88 features from the eGeMAPS
feature set and 4 new features introduced from the research team (92
features).

A statistical test was used to detect the significant differences be-
tween the features extracted from the recording of each group. The
Mann-Whitney non-parametric test was used. Only the features with a
p-value lower than 0.01 were selected for analysis and classification.

3.3. Automatic classification

In order to make an automatic classification of the recordings, the
Weka machine learning toolkit (Hall et al., 2009) was used. This toolkit
permits to a collection of machine learning algorithms to be accessed
for data mining tasks. Three different classifiers were used to compare
their performance: the C4.5 decision tree (DT), the multilayer percep-
tron (MLP) and the support vector machine (SVM).

In addition, the 10-fold cross validation technique was used to
create the training and testing datasets. To avoid classifier adaptation,
all folds were created by recordings of different speakers. Therefore, the
recordings of each speaker were joined in the same fold and each fold
was balanced in terms of the number of recordings.

To analyze the performance of the classification, we used the clas-
sification rate. The unweighted average recall (UAR) (Schuller et al.,
2016) was also used. This metric is the mean of sensitivity (recall of
positive instances) and specificity (recall of negative instances). UAR
was chosen as the classification metric because it equally weights each
class regardless of its number of samples, so it represents more precisely
the accuracy of a classification test using unbalanced data.

3.4. Perception test

In order to evaluate the impact of prosody in the perception of the
listeners, we used prosody transfer techniques. These techniques have
previously been used in other studies of the state of the art. For in-
stance, Luo et al. (2017) investigated the role of different prosodic
features in the naturalness of English L2 speech. The prosodic mod-
ification method was applied to native and L2 learners’ speech. Later,
they used a perceptual test to evaluate the impact of prosody mod-
ification. A similar methodology was used by Escudero et al. (2017),
where the characteristic prosodic patterns of the style of different
groups of speakers was investigated. After the prosodic modification of
the utterances, the characteristic prosodic patterns were validated using
a perceptual test. The procedure described in Escudero et al. (2017) for
transferring prosody is used in the experiments reported in this paper.

Test preparation
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Fig. 2 shows the experimental procedure used to perform the per-
ception test. The sentence jHola tio Pau! ;Sabes donde vive la sefiora
Luna? (Hello uncle Pau! Do you know where Mrs Luna lives?) recorded by
all the speakers was selected. This sentence was selected because of its
prosodic richness (combining an affirmative and an interrogative sen-
tence), because it was used in another of our studies (Gonzalez-
Ferreras et al., 2017) and because it was the most recorded sentence. To
obtain a phonetic segmentation of the recordings, the BAS web services
(Schiel, 1999; Kisler et al., 2017) were used. This tool returns the time
intervals of each phoneme using the audio file and the transcription as
inputs. Manual revision of the segmentation was necessary to correct
transcription errors. The sentence was recorded by 22 TD speakers and
by 16 speakers with DS. However, each speaker did not have the same
number of recordings. In total, there were 62 recordings.

Once the segmentation was corrected, a prosody transfer algorithm
implemented in Praat (Boersma, 2006) was executed. This algorithm
transfers, phoneme by phoneme, the pitch, energy and duration from
one audio to another. Therefore, the new audio file contains the original
utterance but with the prosody transferred from another utterance. The
algorithm was executed combining the audios of each speaker with the
audios of the rest of the speakers, so, in total, 3525 audio files were
generated (not all the speakers had the same number of recordings). As
a result, there are four types of audio files, as shown in Fig. 2. Five
audio files of each type were selected randomly for the perception test,
so the test included twenty audio files, balanced in terms of gender.

The perception test was performed using a web application. First,
personal information of the evaluator was collected. Then, the twenty
audio files selected in the previous phase were shown randomly. The
evaluators have to answer the following question for each utterance:
keeping in mind the way of speaking, do you think that the person who is
speaking has intellectual disabilities? Ignore the audio distortion produced by
the non natural voice synthesis. The possible answers to the question were
in a 5-point Likert scale: 1 means “no way” and 5 means “very sure”.
Thirty evaluators judged each utterance using this scale. People without
any specific background on speech therapies were selected for this test,
as we were interested in the perception of normal people concerning
the importance of prosody in the identification of speech from people
with intellectual disability.

4. Results
4.1. Characterization results

Table 5 shows the features with statistically significant differences
(Mann-Whitney test with p-value < 0.01) related to frequency, energy
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Fig. 2. Experimental procedure followed to perform the perceptual test. The utterances used in the test were: TDutt+ TDpro (utterance of a TD person with prosody transferred from an
utterance of another TD person), DSutt + TDpro (utterance of a person with DS with prosody transferred from an utterance of a TD person), TDutt + DSpro (utterance of a TD person with
prosody transferred from an utterance of a person with DS) and DSutt + DSpro (utterance of a person with DS with prosody transferred from an utterance of another person with DS).
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Table 5
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List of frequency, energy and temporal features with higher statistically significant differences (Mann-Whitney test with p-value < 0.01), sorted by mean differences. The meaning of the
features in column Variable can be seen in Appendix A. The units are reported in (Eyben et al., 2016).

Variable Control Control (CI 95%) Down syndrome Down syndrome (CI 95%)
FO domain

FO_stddevRisingSlope 166.17 + 231.44 (137.35,195.01) 220.85 * 273.67 (192.08,249.62)
jitter_stddevNorm 1.15 = 0.39 (1.11,1.21) 1.46 + 0.47 (1.42,1.52)
jitter mean 0.04 = 0.02 (0.045,0.050) 0.03 = 0.01 (0.035,0.039)
FO_pctlrange 463 = 1.9 (4.4,4.88) 391 + 288 (3.61,4.22)
FO_percentile20 26.89 = 4.49 (26.33,27.45) 30.32 = 4.63 (29.84,30.81)
FO_percentile50 29.18 = 4.22 (28.66,29.71) 32.33 + 4.28 (31.89,32.79)
FO_mean 29.3 = 411 (28.79,29.82) 3238 + 4.14 (31.95,32.82)
FO_stddevNorm 0.13 = 0.07 (0.129,0.147) 0.12 *= 0.07 (0.116,0.132)
FO_percentile80 31.52 * 4.34 (30.99,32.07) 34.24 + 4.67 (33.75,34.73)
Energy domain

loudness_percentile20 0.95 = 0.38 (0.91,1.01) 1.77 +* 1.03 (1.66,1.88)
loudness_percentile50 1.93 = 073 (1.84,2.02) 3.29 £ 222 (3.06,3.53)
loudness_mean 2.09 = 0.78 (1.99,2.19) 3.37 £ 1.99 (3.17,3.58)
loudness_percentile80 315 = 1.24 (3,3.31) 49 *= 294 (4.6,5.22)
loudness_pctlrange 219 = 0.96 (2.08,2.32) 3.13 £ 2.06 (2.92,3.35)
loudness_stddevRisingSlope 153 + 7.18 (14.41,16.2) 19.63 + 14.24 (18.14,21.13)
loudness_stddevNorm 0.57 = 0.07 (0.57,0.58) 0.49 = 0.07 (0.48,0.5)
shimmer_mean 1.55 = 0.38 (1.51,1.61) 1.36 = 0.37 (1.32,1.4)
shimmer_stddevNorm 0.86 = 0.14 (0.84,0.88) 0.78 = 0.16 (0.77,0.8)
Temporal domain

silencePercentage 01 *= 0.11 (0.09,0.12) 0.22 = 0.19 (0.2,0.24)
silencesMean 0.16 = 0.2 (0.14,0.19) 031 = 0.3 (0.28,0.35)
StddevVoicedSegmentLengthSec 0.15 = 0.08 (0.14,0.16) 025 = 0.2 (0.23,0.27)
MeanVoicedSegmentLengthSec 0.26 * 0.15 (0.25,0.29) 0.44 *+ 0.39 (0.41,0.49)
silencesPerSecond 0.39 = 0.38 (0.35,0.44) 057 = 0.4 (0.53,0.62)
VoicedSegmentsPerSec 342 = 1.06 (3.29,3.55) 2.47 + 1.04 (2.37,2.59)
loudnessPeaksPerSec 576 = 1 (5.64,5.89) 439 = 0.94 (4.29,4.49)
MeanUnvoicedSegmentLength 0.05 = 0.02 (0.05,0.06) 0.06 = 0.03 (0.06,0.07)
soundingPercentage 0.89 = 0.11 (0.88,0.91) 0.77 = 0.19 (0.76,0.8)

and temporal domains, sorted by mean differences. In the case of fre-
quency, 9 of 12 features present significant differences. The first rows
(from FO_stddevRisingSlope to jitter mean) refer to the temporal evo-
lution of the FO contour. In all cases, figures present a higher value for
speakers with Down syndrome, both when the stddev value is analyzed
or the Risingslope and jitter (jitter value is lower because it focuses on the
periods, which are the inverse of the FO values). The last rows refer to
mean values, coefficient of variation, ranges and percentiles of the FO
contour (from FO_pctlrange to FO_percetile80). Speakers with Down
syndrome exhibit higher values than the speakers of the control group
in all the cases, with a lower coefficient of variation in the Down syn-
drome group. These results seem to indicate that the participants with
Down syndrome use higher FO values with more temporal changes in
the FO contours.

There are 9 of 14 energy features that present statistically sig-
nificant differences (Mann-Whitney test with p-value < 0.01), as shown
in Table 5. The first four rows (from loudness_percentil20 to loud-
ness_pctlrange) refer to mean, range and percentile values. Values are
higher for speakers with Down syndrome in all the cases. The last
columns refer to the temporal variation of the energy values. In this
case, Down syndrome speakers exhibit lower values. These results seem
to indicate that participants with Down syndrome speak louder with
less variation in the energy.

With respect to the temporal features displayed in Table 5, 9 of 10
features presented statistically significant differences (Mann-Whitney
test with p-value < 0.01). Speakers with Down syndrome use more
pauses and they are longer (higher silencePercentage, silencePerSecond
and silenceMean). The length of the voiced segment is longer, in-
dicating that participants with Down syndrome speak more slowly.

As for spectral features (Table 6), 34 of 56 features showed statis-
tically significant differences (Mann-Whitney test with p-value <
0.01). Results show that the LTAS could be a useful instrument to detect
differences, as clear differences appear when the features related with
slope, Hammarberg and alpha index are taken into account. Formant 1

95

and Formant 3 (to a lower degree) also allow differences to be identi-
fied. As expected, MFCC values (the four analyzed) permit both groups
to be separated. With respect to the variables related with the harmonic
differences, only two variables appear in the list: log-
RelFOH1A3 stddevNorm and logRelFOH1A3_mean.

4.2. Classification results

Table 7 shows the classification results in the task of identifying the
group of the speaker (TD or SD) of each utterance. The classifiers ex-
plained in Section 3.3 and the selected features presented in the pre-
vious section were used. Only the features with significant differences
between TD and DS groups are used. DT shows the lower classification
results in all feature groups. MLP shows a better performance using
frequency (UAR 0.64), temporal (UAR 0.78), frequency +energy
+temporal (UAR 0.91) and all (UAR 0.95) feature groups. SVM works
better with energy features (UAR 0.78). The results using spectral fea-
tures are the same in MLP and SVM classifiers (UAR 0.87).

In addition, the best classification results are obtained using all
features, independently of which classifier is used. Frequency features
show the worst performance when they are used alone. Energy and
temporal features have similar results, with only 9 features per group.

When frequency, energy and temporal features are used together,
the performance is noticeably better than using each group separately.
Finally, spectral features show a slightly worse performance than all
and frequency + energy + temporal features.

4.3. Perception test results

Table 8 shows the results of the perception test and Fig. 3 visually
presents the differences between the groups. When the prosody of TD
speakers was transferred to utterances of TD speakers, 84% of the an-
swers identified the audios as TD speakers (answer 1 of row TDutt
+TDpro). In this case, the doubts in the identification of the audio files
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List of spectral features with higher statistically significant differences (Mann-Whitney test with p-value < 0.01), sorted by mean differences. The meaning of the features in column
Variable can be seen in Appendix A. The units are reported in (Eyben et al., 2016).

Variable Control Control (CI 95%) Down syndrome Down syndrome (CI 95%)
LTAS related features

slopeV0500_mean 0 *= 0.03 (0,0.01) 0.05 * 0.03 (0.056,0.063)
slopeUV0500_mean —0.06 + 0.04 (-0.07,-0.06) 0.05 * 0.03 (0.02,0.03)
slopeV0500_stddevNorm —-1.12 + 13.82 (—2.85,0.6) 0.69 * 264 (0.41,0.97)
alphaRatioUV_mean —12.06 = 11.37 (—13.48,-10.65) 1.07 + 6.37 (0.41,1.75)
hammarbergIndexUV_mean 20.79 + 13.51 (19.11,22.48) 54 + 7.24 (4.64,6.16)
alphaRatioV_mean —-11.79 + 5.52 (—12.49,-11.11) —8.46 =* 5.55 (—9.05,-7.88)
hammarbergIndexV_mean 20.8 = 7.06 (19.93,21.69) 16.35 = 7.14 (15.61,17.11)
hammarbergIndexV_stddevNorm 0.48 *= 0.67 (0.4,0.57) 0.57 = 1.01 (0.47,0.68)
slopeV5001500_mean -002 = 0 (-0.03,-0.02) -0.02 = 0 (-0.021,-0.020)
spectralFlux_mean 1.96 += 1.09 (1.83,2.1) 2.94 + 232 (2.7,3.19)
spectralFluxUV_mean 14 = 1.35 (1.23,1.57) 21 = 211 (1.88,2.32)
spectralFluxV_mean 211 = 112 (1.98,2.26) 3.13 = 2.53 (2.87,3.4)
spectralFlux_stddevNorm 0.72 = 0.19 (0.7,0.75) 0.67 *= 0.12 (0.66,0.69)

MFCC related features

mfce3_stddevNorm 0.25 *= 2492 (—2.85,3.36) —54.35 * 1039.94 (—163.68,54.98)
mfcc2V_mean 149 = 741 (0.58,2.42) —2.45 *+ 6.88 (-3.17,-1.73)
mfcc4_stddevNorm 1.54 + 44.52 (—4.01,7.09) -2 * 19.36 (—4.04,0.03)
mfcc2_stddevNorm 1.97 = 26.17 (-1.29,5.23) -1.16 = 27.11 (—4.01,1.69)
mfcc2_mean 4.05 = 7.08 (3.18,4.94) —2.32 £ 6.45 (-3,-1.64)
mfcc4V_stddevNorm —-1.23 +* 951 (—2.42,-0.05) —-0.45 * 473 (—0.96,0.04)
mfcc4_mean —-11.17 += 7.74 (-12.14,-10.21) -17.34 +* 991 (—-18.39,-16.3)
mfce3V_stddevNorm —-0.78 + 71.43 (—9.68,8.11) —-0.28 + 21.18 (—2.51,1.94)
mfcc4V_mean —14.75 = 8.58 (—15.82,-13.68) —-18.3 = 10.83 (—19.44,-17.17)
mfcclV_mean 26.42 = 7.31 (25.51,27.34) 20.93 = 9.61 (19.93,21.95)
mfccl_mean 2252 = 7.73 (21.56,23.49) 18.16 = 9.95 (17.11,19.21)
Formants related features

F3amplitudeLogRelFO_stddevNorm -1.18 + 0.25 (-1.22,-1.16) -1.36 £ 0.41 (—1.41,-1.32)
F2amplitudeLogRelFO_mean —49.47 + 17.65 (—51.68,—47.28) —42.63 *+ 20.55 (—44.79,-40.47)
F2amplitudeLogRelFO0_stddevNorm -1.35 * 0.26 (-1.39,-1.32) —-1.54 * 0.61 (—1.61,-1.48)
Flbandwidth_stddevNorm 0.2 * 0.08 (0.19,0.21) 0.23 *= 0.09 (0.22,0.24)
Flfrequency_stddevNorm 0.35 = 0.09 (0.34,0.37) 0.4 = 0.09 (0.39,0.41)
F3frequency_stddevNorm 0.09 = 0.02 (0.095,0.102) 0.1 + 0.02 (0.1,0.11)
F3frequency_mean 2665.98 + 145.97 (2647.81,2684.17) 2643.51 + 203.27 (2622.15,2664.89)
F3amplitudeLogRelFO_mean —53.64 * 17.44 (—55.82,-51.47) —45.02 * 19.5 (—47.08,—42.98)
Harmonic differences features

logRelFOH1A3_stddevNorm 1.6 += 16.02 (—0.39,3.6) 0.18 *= 7.44 (-0.6,0.97)
logRelFOH1A3_mean 1891 =+ 6.26 (18.13,19.69) 15.86 + 7.09 (15.12,16.61)

Table 7

Classification results for identifying the group of the speaker. Classification rate (c. rate)
and UAR using different feature sets and different classifiers are reported. The features
used are those with significant differences between TD and DS groups. The classifiers are
decision tree (DT), support vector machine (SVM) and multilayer perceptron (MLP). # is
the number of input features in each set.

SVM MLP DT
Set # C.Rate UAR C.Rate UAR C.Rate UAR
Frequency 9  62.67 0.61 64.33 0.64 60.17 0.60
Energy 9 7933 0.78 76 0.76 72.5 0.71
Temporal 9 76.83 0.76 77.83 0.78 74.33 0.75
Frequency + Energy 27 90 0.9 91.83 091 82 0.82
+ Temporal
Spectral 34 87.33 0.87 87.33 0.87 84.33 0.84
All 61 94.17 0.94 95.17 0.95 86.5 0.87

as TD or DS represent only 2% of the answers (answer 3 of row TDutt
+TDpro). On the other hand, when the prosody of DS speakers was
transferred to utterances of DS speakers, 73% of the answers identified
the audios as DS speakers (answers 4 and 5 of row DSutt+ DSpro). In
this case, the doubts in the identification of the audio files as TD or DS
represent 18% of the answers (answer 3 of row DSutt +DSpro), and the
identifications as TD are only 8% (answers 1 and 2 of row DSutt
+DSpro).

The answers given about the audio files that combined utterances of
one group with prosody of the other group present much more varia-
bility. However, prosody had more influence in the identification
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Table 8

Number of responses of the perception tests for each type of audio file. A response of 1
means “no way” and 5 means “very sure” in the identification of the audio file as a
speaker with Down syndrome. NR means no response. TDutt +TDpro means utterance of
a TD person with prosody transferred from an utterance of another TD person; DSutt
+TDpro means utterance of a person with DS with prosody transferred from an utterance
of a TD person; TDutt+DSpro means utterance of a TD person with prosody transferred
from an utterance of a person with DS; and DSutt+DSpro means utterance of a person
with DS with prosody transferred from an utterance of another person with DS.

Type 1 2 3 4 5 NR Total
TDutt+ TDpro 124 15 3 1 4 3 150
DSutt +TDpro 42 42 31 18 11 6 150
TDutt+ DSpro 17 21 34 43 31 4 150
DSutt+DSpro 1 11 26 49 56 7 150

process than the original utterance. When the prosody of TD speakers
was transferred to utterances of speakers with DS, 58% of the answers
identified the audios as TD speakers (answers 1 and 2) versus only 20%
of DS identifications (answers 4 and 5). On the other hand, 51% of the
answers identified the audios as speakers with DS (answers 4 and 5)
when the prosody of speakers with DS was transferred to an utterance
of TD speakers, versus only 26% of TD identifications (4 and 5 an-
swers). In both cases, the number of answers 3 is relevant (22% and
23% of answers 3, respectively).

Moreover, two statistical tests were used to compare the answers
obtained. The results of the Kruskal-Wallis non-parametric test showed
significant differences (with a p-value < 0.001) between the answers
given to the four groups (TDutt+TDpro, DSutt+ TDpro, TDutt+ DSpro
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Fig. 3. Results of the perception tests for each type of audio file. TDutt+TDpro means
utterance of a TD person with prosody transferred from an utterance of another TD
person; DSutt + TDpro means utterance of a person with DS with prosody transferred from
an utterance of a TD person; TDutt + DSpro means utterance of a TD person with prosody
transferred from an utterance of a person with DS; and DSutt +DSpro means utterance of
a person with DS with prosody transferred from an utterance of another person with DS.

TDutt+DSpro DSutt+DSpro

and DSutt+DSpro). Furthermore, the Mann-Whitney non-parametric
test was used to compare each group with the others, in groups of two.
All the comparisons showed significant differences (p-value < 0.001).

5. Discussion
5.1. Characterization of the speech of people with Down syndrome

Fundamental frequency is significantly higher in speakers with
Down syndrome. The same results were found by Albertini et al. (2010),
Rochet-Capellan and Dohen (2015) and Lee et al. (2009). In addition,
the FO range is lower in speakers with Down syndrome, which can be
explained by a less melodious intonation. Continuing with frequency,
jitter is significantly lower in the DS group, as found by Lee et al. (2009)
and by Seifpanahi et al. (2011).

Concerning temporal features, on the one hand, the number of
continuous voiced regions per second is lower in the speakers with
Down syndrome, which means that the oral production of speakers with
Down syndrome was slower than that of control speakers. Reading
difficulties that some people with Down syndrome present can have
influenced these results. On the other hand, Van Borsel and
Vandermeulen (2008) found disfluencies in Down syndrome speaking,
such as cluttering and stuttering. These disfluencies can produce the
insertion of more silences and the presence of more temporal variety in
the speech of people with Down syndrome, as found in this study.

In terms of energy, loudness features were found to be significantly
higher in the speakers with Down syndrome and its range was higher.
This result contradicts that reported by Albertini et al. (2010), which
showed lower energy values in speakers with Down syndrome. Another
study focused on vowels (Saz et al., 2009a) found an increase in the
energy of unstressed vowels in Down syndrome speakers. Energy is
always a difficult variable in the analysis of prosody, as its values are
very dependent on the recording conditions: the dynamic range of the
microphone and the distance between the speaker and the microphone.
On the other hand, some of the participants have slight hearing pro-
blems, which may be another possible explanation for the higher en-
ergy values.

Our corpus also permitted the detection of differences related with
the spectral features. Table 6 highlights the fact that LTAS has been
proposed in Gauffin and Sundberg (1977) for the identification of
breathy and hypokinetic voice. The relative amplitude of the first
harmonic was also related with breathy voices by Hillenbrand and
Houde (1996). The speech of people with DS is described as breathy by
Wold DC (1979) and dysphonic by Moran (1986). MFCC features are
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commonly used in speaker recognition applications (Martinez et al.,
2012), as they are representative of the vocal tract shape (Dusan and
Deng, 1998). The relative importance of the MFCC features on the
characterization of the speech of people with DS (as shown in Table 6)
could thus be justified by the special anatomy of the tongue, palate,
jaw, etc. of this type of speaker (Rodger, 2009). MFCC has also been
used to identify nasality by Yuan and Liberman (2011) which is another
aspect that has been related with the speech of people with DS in many
works (Kent and Vorperian, 2013). The relative position of the formants
has been associated with the degree of nasality in many works (House
and Stevens, 1956; Huffman, 1989) which was also highlighted in our
results table.

Finally, people with DS present hypotonia of muscles and difficul-
ties in motor control, which affect the movement of the lips, tongue and
jaw, with the consequent impact on spectral features already men-
tioned. The lack of muscular strength could also be another reason
justifying the slower speech. As hypotonia could also affect the dia-
phragm, the energy values should have been lower. We hypothesize
that the reason why higher values of energy were obtained could be due
to the extra effort made by students to correctly complete the activities.

5.2. Relative impact of prosody

The experimental results obtained show that the features con-
cerning the frequency, energy and temporal domains have the same or a
greater impact than the spectral domain features to identify the speech
of people with Down syndrome:

o There are a high number of features out of the spectral domain that
present significant differences between speakers with Down syn-
drome and speakers without intellectual disabilities.

e Spectral features achieve high classification rates (up to 87%), but
classification rates of frequency, energy and temporal features to-
gether are higher than spectral features (up to 91.83%).
Utterances of control speakers with transferred frequency, energy
and phoneme duration from speakers with Down syndrome are
mostly perceived as anomalous voice. In the same way, utterances of
speakers with Down syndrome with transferred frequency, energy
and phoneme duration from control speakers are mostly perceived
as typical speech.

To the best of our knowledge, there are few studies that assess, in an
experimental way, the relative weight of prosody in the perception of
speech of people with Down syndrome as a non typical voice. The
differences between speakers with Down syndrome and control
speakers in the spectral domain can be derived from physiological pe-
culiarities in their phonological system. Some could be corrected by
surgery, but others are impossible to be corrected. However, frequency,
energy and temporal characteristics can be trained using speech
therapy techniques focusing on breathing and repetition of activities.
The results obtained in this paper show the potential benefits of pro-
sody training.

The distance between the prosodic features of speakers with Down
syndrome and those of control speakers can be used to devise a quality
metric to be included in computer assisted pronunciation training ap-
plications. Our future work on the implementation of an automatic
evaluation module of voice quality is expected to benefit from the re-
sults of this paper. This module is to be included in our speech training
tools (Gonzdlez-Ferreras et al., 2017), so spectral features will be useful
to identify a recording as a non typical speech, while prosody analysis
will be necessary for the evaluation of the players’ improvement over
the different game sessions.

5.3. Limitations

The corpus size in speech analysis studies is very important to
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achieve representative results. The recording of a corpus of speech of
people with Down syndrome is always challenging because of the
special characteristics of these speakers (attention deficit and problems
with short term memory, among others). Our video game has allowed
the recording of a speech corpus whose size is bigger than other speech
corpora used in other studies (see Table 2). Although the corpus size
could be larger, the statistical tests carried out guarantee that the
corpus has the necessary size to obtain significant results. In addition,
new recordings are currently being obtained due to the use of the video
game in a school of special education.

The heterogeneity of the population with Down syndrome can have
an influence on the correct generalization of the results. However, the
methodology presented in this paper can be applied to individuals with
the aim of identifying the concrete features that they are using wrongly.
Moreover, the relative impact of these features in the identification of
their speech as pathological can be analyzed.

6. Conclusions

The speech characterization experiment presented in this article has
allowed us to find significant differences between the speech of in-
dividuals with Down syndrome and those of the control group that
affect the use of a set of acoustic variables related to frequency, energy,
temporal and spectral domains. The use of these variables in an ex-
periment of automatic identification allows very high classification
rates (above 95%) to be obtained. If these variables are used in-
dependently, the classification rates decrease, the highest being those
obtained using the spectral features. However, the importance of the
rest of the variables becomes clear, because when only the variables
related to frequency, energy and temporal domains are used, the clas-
sification rate can be higher than that obtained using the spectral

Appendix A. Description of the features
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features.

A perception experiment, based on prosody transfer, allowed us to
verify the high relative importance of the prosodic variables of fre-
quency, energy and temporal domains regarding the perception of
atypical speech. An adequate control of these variables in utterances of
speakers with Down syndrome allows us to change the perception of
them, even though the voice quality is not modified. Besides, trans-
ferring the prosody from speakers with Down syndrome to speakers of
the control group means the utterances will be perceived, to a large
degree, as if they were from speakers with Down syndrome. This result
encourages the use of methodologies for training prosody as a means for
improving the overall quality of the oral production of Down syndrome
speakers.
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The tables included in this appendix describe the features used in each of the domains. Frequency features are presented in Table A.9. Energy
features are described in Table A.10. Temporal features are explained in Table A.11. Spectral features are presented in Tables A.12 and A.13.

Table A.9

Frequency features explained. All functionals are applied to voiced regions only. Text in brackets shows the original name of the eGeMAPS features .

Feature

Description

FO_stddevRisingSlope (FOsemitoneFrom27.5Hz_sma3nz_stddevRisingSlope)
jitter_stddevNorm (jitterLocal_sma3nz_stddevNorm)

jitter_mean (jitterLocal sma3nz_amean)

FO_pctlrange (FOsemitoneFrom27.5Hz_sma3nz_pctlrange0-2)
FO_percentile20 (FOsemitoneFrom27.5Hz_sma3nz_percentile20.0)
FO_percentile50 (FOsemitoneFrom27.5Hz_sma3nz_percentile50.0)
FO_mean (FOsemitoneFrom27.5Hz_sma3nz_amean)

FO_stddevNorm (FOsemitoneFrom27.5Hz_sma3nz_stddevNorm)
FO_percentile80 (FOsemitoneFrom27.5Hz_sma3nz_percentile80.0)

Standard deviation of the slope of rising signal parts of FO

Coefficient of variation of the deviations in individual consecutive FO period lengths

Mean of the deviations in individual consecutive FO period lengths

Range of 20-th to 80-th of logarithmic FO on a semitone frequency scale, starting at 27.5 Hz
Percentile 20-th of logarithmic FO on a semitone frequency scale, starting at 27.5 Hz
Percentile 50-th of logarithmic FO on a semitone frequency scale, starting at 27.5 Hz

Mean of logarithmic FO on a semitone frequency scale, starting at 27.5 Hz

Coefficient of variation of logarithmic FO on a semitone frequency scale, starting at 27.5 Hz
Percentile 80-th of logarithmic FO on a semitone frequency scale, starting at 27.5 Hz

Table A.10

Energy features explained. All functionals are applied to voiced and unvoiced regions together. Text in brackets shows the original name of the eGeMAPS featurese.

Feature

Description

loudness_percentile20 (loudness_sma3_percentile20.0)
loudness_percentile50 (loudness_sma3_percentile50.0)
loudness_mean (loudness_sma3_amean)

loudness_percentile80 (loudness_sma3_percentile80.0)
loudness_pctlrange02 (loudness_sma3_pctlrange0-2)
loudness_stddevRisingSlope (loudness_sma3_stddevRisingSlope)
loudness_stddevNorm (loudness_sma3_stddevNorm)
shimmer_mean (shimmerLocaldB_sma3nz_amean)
shimmer_stddevNorm (shimmerLocaldB_sma3nz_stddevNorm)

Percentile 20-th of estimate of perceived signal intensity from an auditory spectrum
Percentile 50-th of estimate of perceived signal intensity from an auditory spectrum

Mean of estimate of perceived signal intensity from an auditory spectrum

Percentile 80-th of estimate of perceived signal intensity from an auditory spectrum

Range of 20-th to 80-th of estimate of perceived signal intensity from an auditory spectrum
Standard deviation of the slope of rising signal parts of loudness

Coefficient of variation of estimate of perceived signal intensity from an auditory spectrum
Mean of difference of the peak amplitudes of consecutive FO periods

Coefficient of variation of difference of the peak amplitudes of consecutive FO periods
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Table A.11
Temporal features explained.
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Feature

Description

silencePercentage
silencesMean

StddevVoic

MeanUnvoicedSegmentLength
silencesPerSecond
VoicedSegmentsPerSec

loudnessPeaksPerSec
MeanVoicedSegmentLengthSec
soundingPercentage

LengthSec

Duration percentage of unvoiced regions
Mean of unvoiced regions

Standard deviation of continuously voiced
regions

Mean of unvoiced regions

The number of silences per second

The number of continuous voiced regions per
second

The number of the loudness peaks per second
Mean of continuously voiced regions
Duration percentage of voiced regions

Table A.12

Spectral features explained (partl). If nothing is said, the features are applied to voiced and unvoiced regions together. Text in brackets shows the original name of the eGeMAPS features .

Feature

Description

mfce3_stddevNorm (mfce3_sma3_stddevNorm)
slopeV0500_mean (slopeV0-500_sma3nz_amean)
mfcc2V_mean (mfcc2V_sma3nz_amean)
mfcc4_stddevNorm (mfcc4_sma3_stddevNorm)
slopeUV0500_mean (slopeUV0-500_sma3nz_amean)

slopeV0500_stddevNorm (slopeV0-500_sma3nz_stddevNorm)

mfcc2_stddevNorm (mfce2_sma3_stddevNorm)

mfcc2 mean (mfcc2_ sma3_amean)

alphaRatioUV_mean (alphaRatioUV_sma3nz_amean)
logRelFOH1A3_stddevNorm (logRelF0-H1-A3_sma3nz_stddevNorm)

hammarbergIndexUV_mean (hammarbergIndexUV_sma3nz_amean)

mfce3V_stddevNorm (mfee3V_sma3nz_stddevNorm)
mfcc4V_stddevNorm (mfcc4V_sma3nz_stddevNorm)
mfce4_mean (mfcc4_sma3_amean)

spectralFlux_mean (spectralFlux_sma3nz_amean)
spectralFluxUV_mean (spectralFluxUV_sma3nz_amean)
spectralFluxV_mean (spectralFluxV_sma3nz_amean)

Coefficient of variation of Mel-Frequency Cepstral Coefficient 3

Mean of linear regression slope of the logarithmic power spectrum within 0-500 Hz band in voiced regions
Mean of Mel-Frequency Cepstral Coefficient 2 in voiced regions

Coefficient of variation of Mel-Frequency Cepstral Coefficient 4

Mean of linear regression slope of the logarithmic power spectrum within 0-500 Hz band in unvoiced
regions

Coefficient of variation of linear regression slope of the logarithmic power spectrum within 0-500 Hz band
in voiced regions

Coefficient of variation of Mel-Frequency Cepstral Coefficient 2

Mean of Mel-Frequency Cepstral Coefficient 2

Mean of the ratio of the summed energy from 50 to 1000 Hz and 1-5kHz in unvoiced regions
Coefficient of variation of the ratio of energy of the first FO harmonic (H1) to the energy of the highest
harmonic in the third formant range (A3) in voiced regions

Mean of the ratio of the strongest energy peak in the 0-2 kHz region to the strongest peak in the 2-5kHz
region in unvoiced regions

Coefficient of variation of Mel-Frequency Cepstral Coefficient 3 in voiced regions

Coefficient of variation of Mel-Frequency Cepstral Coefficient 4 in voiced regions

Mean of Mel-Frequency Cepstral Coefficient 4

Mean of the difference of the spectra of two consecutive frames

Mean of the difference of the spectra of two consecutive frames in unvoiced regions

Mean of the difference of the spectra of two consecutive frames in voiced regions

Table A.13

Spectral features explained (part2). If nothing is said, the features are applied to voiced and unvoiced regions together. Text in brackets shows the original name of the eGeMAPS features .

Feature

Description

alphaRatioV_mean (alphaRatioV_sma3nz_amean)
mfce4V_mean (mfcc4V_sma3nz_amean)
hammarbergIndexV_mean (hammarbergIndexV_sma3nz_amean)

mfceclV_mean (mfeclV_sma3nz_amean)

hammarbergIindexV_stddevNorm (hammarbergIndexV_sma3nz_stddevNorm)

mfccl_mean (mfccl_sma3_amean)
logRelFOH1A3_mean (logRelF0-H1-A3_sma3nz_amean)

F3amplitudeLogRelFO_mean (F3amplitudeLogRelF0_sma3nz amean)

F3amplitudeLogRelF0_stddevNorm (F3amplitudeLogRelF0_sma3nz_stddevNorm)

slopeV5001500_mean (slopeV500-1500_sma3nz_amean)

F2amplitudeLogRelFO_mean (F2amplitudeLogRelFO_sma3nz_amean)

F2amplitudeLogRelFO0_stddevNorm (F2amplitudeLogRelFO_sma3nz_stddevNorm)

Flbandwidth_stddevNorm (F1bandwidth_sma3nz_stddevNorm)
Flfrequency_stddevNorm (F1frequency_sma3nz_stddevNorm)
F3frequency_stddevNorm (F3frequency_sma3nz_stddevNorm)
spectralFlux_stddevNorm (spectralFlux_sma3_stddevNorm)
F3frequency_mean (F3frequency_sma3nz_amean)

Mean of the ratio of the summed energy from 50 to 1000 Hz and 1-5kHz in voiced regions
Mean of Mel-Frequency Cepstral Coefficient 4 in voiced regions

Mean of the ratio of the strongest energy peak in the 0-2 kHz region to the strongest peak in
the 2-5kHz region in voiced regions

Mean of Mel-Frequency Cepstral Coefficient 1 in voiced regions

Coefficient of variation of the ratio of the strongest energy peak in the 0-2 kHz region to the
strongest peak in the 2-5kHz region in voiced regions

Mean of Mel-Frequency Cepstral Coefficient 1

Mean of the ratio of energy of the first FO harmonic (H1) to the energy of the highest
harmonic in the third formant range (A3)in voiced regions

Mean of the ratio of the energy of the spectral harmonic peak at the third formant’s centre
frequency to the energy of the spectral peak at FO in voiced regions

Coefficient of variation of the ratio of the energy of the spectral harmonic peak at the third
formant’s centre frequency to the energy of the spectral peak at FO in voiced regions

Mean of linear regression slope of the logarithmic power spectrum within 500-1500 Hz band
in voiced regions

Mean of the ratio of the energy of the spectral harmonic peak at the second formant’s centre
frequency to the energy of the spectral peak at FO in voiced regions

Coefficient of variation of the ratio of the energy of the spectral harmonic peak at the second
formant’s centre frequency to the energy of the spectral peak at FO in voiced regions
Coefficient of variation of the bandwidth of first formant in voiced regions

Coefficient of variation of the centre frequency of first formant in voiced regions
Coefficient of variation of the centre frequency of third formant in voiced regions
Coefficient of variation of the difference of the spectra of two consecutive frames

Mean of the centre frequency of third formant in voiced regions
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Abstract: Prosody is a fundamental speech element responsible for communicative functions such as
intonation, accent and phrasing, and prosodic impairments of individuals with intellectual disabilities
reduce their communication skills. Yet, technological resources have paid little attention to prosody.
This study aims to develop an automatic classifier to predict the prosodic quality of utterances
produced by individuals with Down syndrome, and to analyse how inter-individual heterogeneity
affects assessment results. A therapist and an expert in prosody judged the prosodic appropriateness
of a corpus of Down syndrome’ utterances collected through a video game. The judgments of the
expert were used to train an automatic classifier that predicts prosodic quality by using a set of
fundamental frequency, duration and intensity features. The classifier accuracy was 79.3% and its true
positive rate 89.9%. We analyzed how informative each of the features was for the assessment and
studied relationships between participants” developmental level and results: interspeaker variability
conditioned the relative weight of prosodic features for automatic classification and participants’
developmental level was related to the prosodic quality of their productions. Therefore, since speaker
variability is an intrinsic feature of individuals with Down syndrome, it should be considered to
attain an effective automatic prosodic assessment system.

Keywords: prosody; automatic classification; Down syndrome; educational video games

1. Introduction

Prosody is a fundamental speech element that contributes to conveying important communicative
functions. For example, it contributes to establishing sentence-modality and conversational turns,
conveying emotions, segmenting the speech-chain and expressing the focus of an utterance [1].
The importance of these functions highlights how communication can be negatively affected in
individuals who present prosodic deficits [2]. Furthermore, in such cases, communication problems
may lead to social isolation, especially when other linguistic components are also affected [2]. This is
often the case of individuals with intellectual disability [2]. Intellectual disability can be caused
by different factors and, among those, genetics plays a relevant role. This is well illustrated when
considering Down syndrome, which is the most frequent genetic cause of intellectual disability [3].
Specifically, Down syndrome is caused by the presence of a third copy of chromosome 21 (usually
called “trisomy 21”). The syndrome provokes a cascade of effects: to mention a few, middle ear disease;
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immune and endocrine abnormalities; skeletal, heart and digestive system defects; cognitive, learning
and attentional limitations; and our concern, language delays [4]. All the areas of language may be
impaired, but not in the same degree, as described by Martin et al. [5]. Although lexical acquisition
is delayed, difficulties with morphology and syntax appear to be more pronounced (e.g., incorrect
use of morphemes; use of short sentences) [6]. With regard to pragmatics, individuals with Down
syndrome have trouble producing and understanding questions and emotions, signaling turn-taking,
or keeping to topics in conversation; while the study of Smith et al. [7] demonstrated that children
with Down syndrome are impaired relative to norms from typically developing children in all areas
of pragmatics. At the phonological level, speech intelligibility is seriously damaged by the presence
of errors on producing some phonemes, the loss of consonants and the simplification of syllables [8].
In spite of this general description, variability in the different linguistic skills of individuals with Down
syndrome has often been documented [4].

As far as prosody is concerned, Kent and Vorperian [9] report disfluencies (stuttering and
cluttering) and impairments in the perception, imitation and spontaneous production of prosodic
features; while Heselwood et al. [10] have connected some of the speech errors with difficulties
in the identification of boundaries between words and sentences. Nevertheless, characterizing
prosodic impairments in populations with developmental disorders is a hard task [11]. To fulfill
such an aim, prosody assessment procedures appropriate for use with individuals with intellectual
and/or developmental disabilities need to be employed. The Profiling Elements of Prosody in
Speech-Communication (PEPS-C) test has proved to be successful in this respect [12,13]. PEPS-C
follows a psycholinguistic approach by assessing both the skills needed to understand and express
prosodic functions and those required to discriminate and imitate prosodic forms [14]. When used with
English-speaking children with Down syndrome, a lower performance than expected by chronological
age is observed in all prosody tasks [15]. After comparisons with typically developing children matched
for mental age, impairments are also found for the discrimination and imitation of prosody [15].

To tackle linguistic impairments from a clinical perspective, technological tools aimed to facilitate
speech and language therapy have been developed. These tools are called Computer-Aided Speech
and Language Therapy (CASLT) tools and deal with a large variety of language problems. There are
tools that are focused on training basic phonation skills in children with neuromuscular disorders,
training the articulatory level of language or introducing the impaired child population to language
understanding [16,17]. Other tools incorporate speech technologies to assist automated speech therapy
in childhood apraxia of speech (CAS) [18], whereas others give a visual feedback of the positioning
of the articulatory elements to produce different sounds [19]. Diagnosing and training tools for
stuttering problems in children have also been developed [20]. However, despite the positive impact
that prosodic training would have on communication abilities, little attention has been paid to the
development of technological resources that specifically consider the learning of prosody in students
with special needs, in particular those with Down syndrome. This can be explained by considering the
difficulty of assigning a change in a suprasegmental feature to an intonational meaning in a unique and
unambiguous way (since those features-tone, intensity, duration- co-occur to express a wide range of
linguistic and paralinguistic meanings), together with the multiplicity of correct possibilities to reach
the same intonational meaning. To advance in the line of developing specific resources to minimize
the limitations concerning prosody and pragmatics in individuals with developmental and intellectual
disabilities, we have developed an educational video game to train prosody, “PRADIA: Mystery in the
city” [21,22] (see Section 2.1).

Automatic assessment of pathological speech has also been researched, but, in general, the studies
on the topic are related to specific aspects and populations. Some works focus on the speech intelligibility
of people with aphasia [23,24] or speech intelligibility in pathological voices [25,26]. Others try to
identify speech disorders in children with cleft lip and palate [27] or to predict automatically some
dysarthric speech evaluation metrics, such as intelligibility, severity and articulation impairment [28,29].
In addition, the recognition of speech emotions and autism spectrum disorders has also been
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investigated [30]. All these works include a subjective evaluation carried out by experts as a reference
to train the classification systems.

In this work, we analyze the difficulties of automatically predicting the quality of the prosody of
the speech produced by individuals with Down syndrome and propose a new approach that will serve
as a baseline for future work. Recordings of individuals with Down syndrome collected in different
sessions using the educational video game “PRADIA: Mystery in the city” gave us information about
the relevant features needed to make an automatic classification of the productions. The speech corpus
obtained during the game was examined by a therapist, who evaluated in real time the quality of the
oral productions, and by a prosody expert, who carried out an off-line evaluation. The judgments of
the expert were used to train an automatic classifier that predicts quality by using acoustic features
extracted from the recordings of the corpus. Results were related to measurements of participants’
developmental level, prosody perception and production performance, obtained in the PEPS-C test.

This methodology was followed to achieve two main objectives: (1) developing an automatic
classifier to predict the prosodic quality of the utterances produced by individuals with Down
syndrome when using the PRADIA video game; and (2) analyzing the impact of the speaker
heterogeneity in the classification results. The paper is structured following these objectives.
In Section 2, the experimental procedure is described, which includes a description of the video
game, the procedure for corpus collection and evaluation, the processing of speech material and the
classification of the samples. Section 3 describes the classification results (Objective 1) and the impact
of the speaker variability on the classification results (Objective 2). We end the paper with a discussion
of the relevance of the results (Section 4) to the assessment of the prosodic quality on people with
Down syndrome (Objective 1) and the dependence of the speaker in this assessment (Objective 2).
Finally, a conclusions (Section 5) is included.

2. Methodology

Figure 1 describes the experimental procedure followed in this work. The corpora are collected
using the PRADIA video game (described in Section 2.1). The video game allows real time therapist
decisions to be collected concerning whether the user has to repeat the production activity or continue
playing (Section 2.2 details the different corpora collected). Next, an expert evaluates the acceptability of
each of the utterances offline (Section 2.3 details both the therapist and expert evaluations). Section 2.4
describes the way prosodic features are computed and which features are selected to be included in the
classifiers. The automatic assessment process is thus made up of the classic feature selection, training
and testing sequence; details are given in Section 2.5.

Down —> Prosodic

Synd Aud Audio AUDIO features

bors ; i’ CORPUS — | PrRoCESSING |——Fp ECNCF){IIQ%TJESD
Therapist

Therapist ———J> judgments

A
Expert’
CORPUS EvaLUATION | 09N
COMPILATION. S
Prosodic
features +
Expert’
Models FEATURE judgments
SELECTION
+ + AUTOMATIC
Selected prosodic features ASSESSMENT

Figure 1. Experimental procedure scheme.
2.1. Game Description

PRADIA is an educational video game in which the learning objectives are integrated in the
process of the game, implemented as a graphic adventure. The graphic adventure is a genre in
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which the player assumes the role of a main character in an interactive story driven by exploration
and problem solving. This allows a process of immersion in the virtual world shown, causing an
identification of the individual with their character, which increases the user’s involvement in the
resolution of the story. This fact, at the same time, makes it easier for the person to integrate the
learning content into their daily life.

The main way in which the player interacts with the game is through the voice. Although some
of the activities may require some reading skill, the player is never asked to write. In order for the
player to advance in the game, they must interact with the rest of the non-player characters (an elderly
lady, a friend, a bus driver, etc.) and behave adequately in different communicative circumstances,
where prosodic features are the most relevant to achieve a correct pragmatic interpretation (Figure 2).
Priority is given to the suprasegmental features over segmental ones. Although the intelligibility of
the utterances of speakers with Down syndrome is seriously affected [7], prosodic mistakes are what is
mainly responsible for pragmatic failures in spoken communication, and this can lead to insecurities
and low self esteem in people with Down syndrome. Therefore, we argue that any improvement in the
suprasegmental domain will lead to an improvement in communication. The video game includes
both prosodic comprehension and prosodic expression tasks. The focus of the video game is to enable
the learner to communicate effectively and appropriately in the various situations in which they could
find themselves. To do this, it is important to differentiate between the prosodic content according to
the purpose pursued and to produce information with the appropriate prosodic features.

¢Me da un billete, por iUn billete!
favor?

[a

—
(e IS

Figure 2. Example of a type of perception activity in the video game: the player must choose which of
the two productions (Could I have a ticket, please? or A ticket!) is pragmatically adequate according to
the communicative situation.

Although the video game was designed with the aim of training prosody in individuals with
Down syndrome, it became a tool to collect their oral productions and thus to construct a prosodic
corpus. In its current version, the video game needs the constant presence of a person (ideally a
therapist) who guides the gamer throughout the adventure and who evaluates the success in resolving
the production activities. The assistance of the therapist has proved crucial to motivate individuals
with Down syndrome. Even so, it would be desirable to improve their autonomy and help trainers in
their therapies with new functionalities by including a module of automatic assessment of prosodic
quality. This is a difficult task, due to the high number of variables included in prosodic analysis and
the heterogeneity of the cognitive and learning capabilities of this population.
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2.2. Corpus Description

Table 1 describes the contents of the corpus compiled with the video game. A total of 966
utterances were collected corresponding to the oral turns of 23 players with Down syndrome. Although
all the audio samples were collected in similar conditions and with the same recording device (a
Logitech PC Headset 960 USB microphone), we distinguish the subcorpora C1, C2 and C3 as they
were recorded in different sessions that we detail in the following paragraphs. To build the subcorpus
C1, five young adults with Down syndrome (mean age 16.5 years) were recruited from a local Down
syndrome Foundation located in Madrid (Spain). For sample selection, teachers working at the
Foundation were asked to choose individuals with Down syndrome of different developmental levels.
To account for the variability of individuals with Down syndrome and get measurements of different
developmental variables, all of the participants were given the following tests. The Peabody Picture
Vocabulary Scale-III [31] was used to assess verbal mental age, the forward digit-span subtest included
in the Wechsler Intelligence Scale for Children-IV [32] was used to evaluate verbal short-term memory
and Raven’s Coloured Progressive Matrices [33] served as a means to measure non-verbal cognitive
level. The descriptive characteristics and scores obtained are shown in Table 2. The full PEPS-C
battery in its Spanish version [34] was also administered to participants in order to have specific
measurements of prosody level. The mean percentage of success in perception and production PEPS-C
tasks is also presented in Table 2. Once these assessments had been completed, participants played the
PRADIA video game. Each participant used PRADIA for a total duration of 4 h, distributed through
four sessions of 1 h per week. The participants were supported by a speech and language therapist
who knew them in advance and was an expert at working with individuals with Down syndrome.
The therapist explained the game, helped participants when needed and took notes about how each
session developed. Importantly, the therapist also assessed participants’ speech production and thus
monitored their rhythm of progress within the video game.

Table 1. Corpus description. Concerning the therapist decision, Cont.R (Continue Right) means that
the activity was rightly resolved, Cont (Continue) means that the activity was resolved but the response
could be better and Rep. (Repeat) means that the activity was faultily resolved. Concerning the expert
judgment, Right means that the recording was rightly produced and Wrong means that the recording
was wrongly produced.

Therapist Decision Expert Judgment

(Real Time) (Offline)

Speaker #Utterances Cont.R Cont. Rep. Right Wrong Corpus
S01 120 70 33 17 87 33 C1
502 106 90 16 0 81 25 C1
S03 97 93 3 1 78 19 C1
S04 131 19 51 61 75 56 C1
S05 151 21 54 76 77 74 C1
S06 30 X X X 19 11 Cc2
S07 34 X X X 13 21 Cc2
S08 28 X X X 23 5 Cc2
S09 43 X X X 20 23 Cc2
S10 33 X X X 29 4 Cc2
S11 57 X X X 31 26 c3
S12 12 X X X 7 5 c3
S13 7 X X X 2 5 c3
S14 11 X X X 3 8 c3
S15 33 X X X 19 14 c3
S16 10 X X X 6 4 c3
S17 8 X X X 5 3 c3
S18 11 X X X 6 5 c3
S19 10 X X X 6 4 c3
520 10 X X X 6 4 c3
S21 9 X X X 1 8 c3
522 7 X X X 3 4 c3
523 8 X X X 3 5 c3

Total 966 293 157 155 465 302
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Table 2. Description of the C1 subcorpus. For each speaker, this table shows Chronological age (CA),
Verbal mental age (VA), Short-term verbal memory (STVM), and Non-verbal cognitive level (NVCL).
Ages are expressed in months. In addition, the mean percentage of success in perception (MPercT) and
production (MProdT) PEPS-C tasks are included.

Speaker Gender CA VA STVM NVCL MPercT MProdT

S01 f 195 84 94 17 69.8% 48.3%
S02 m 204 99 134 18 76% 72.1%
S03 f 178 96 78 20 74% 74.7%
S04 m 190 60 below 74 10 60.4% 49.8%
S05 m 223 69  below 74 13 56.3% 45.7%

The C2 subcorpus was also recorded using PRADIA software. These recordings were obtained
through the video game in one session of software testing with real users. This test session was done
in a school of special education located in Valladolid (Spain). Five adults with Down syndrome, aged
18 to 25, participated in this test. The judgments obtained during this game session were discarded for
this work because the speech productions were not evaluated by a therapist. The oral productions
were judged in an offline mode by the expert in prosody.

The C3 subcorpus was recorded using an older version of PRADIA software, the Magic Stone [35],
with fewer types of production activities. Eighteen young adults with Down syndrome participated in
the different game sessions, which focused on how these users interacted with the video game. Five of
these 18 speakers also participated in the recordings of the C2 subcorpus, so their productions were
discarded from the C3 subcorpus. As in the C2 subcorpus, the judgments obtained from the assistant
that helped players complete the adventure were not considered in the classifications. Instead, the oral
productions were judged in an offline mode by the expert in prosody.

2.3. Corpus Evaluation

This section focuses on the methodology and criteria used to evaluate the prosodic quality of
speech samples by a therapist (C1) and by an expert (C1, C2, C3).

2.3.1. Evaluation Criteria

Following the categories of intonational phonology (that is, intonation, accent and prosodic
organization) [36] and the learning objectives included in PRADIA, the following criteria were used to
judge the participant’s production by both the prosodic expert and the therapist:

e Intonation: adjustment to the expected modality. That is, if the target sentence must be
interrogative and the speaker manages to model the intonation of a question, it is labeled as
correct; otherwise, for instance, in the set of exclamatory phrases, if the speaker fails to reproduce
an exclamatory intonation (within a range of intonation possibilities), the sentence is labeled
as incorrect.

e Accent: preservation of the difference between lexical stress (stressed versus unstressed syllables)
and accent (accented versus unaccented syllables). The loss of this difference can occur in
three directions: (a) when tonal prominence appears in all the syllables, creating an undesired
rhythmic effect; (b) when the speaker does not discriminate between stressed and unstressed
syllables, as shown by the absence of variation in any of the acoustic parameters of intensity,
duration and pitch; and (c) when there is tonal prominence variability but the syllable stress is
inappropriately allocated.

e  Phrasing: adjustment to the organization in prosodic groups and distinction between function and
content words. The sentence is labeled as incorrect if every word is pronounced as if it were in an
isolated context, without distinguishing between unstressed and stressed words. The sentence is
also considered incorrect when the pauses are inappropriately allocated within the speech chain.
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2.3.2. Therapist Evaluations

During the game sessions, a speech therapist sat next to the player and evaluated the production
activities in real time (in addition to guiding the player in the game and providing help if needed).
Due to the limited attention span of young people with Down syndrome and the varied motivational
and emotional states they demonstrated throughout the play sessions, the therapist could allow the
player to advance in the game and prevent them from getting frustrated and leaving the session. This
was achieved through the scale of three evaluation options offered by the video game. This allowed
the result of the oral activities to be evaluated by using the computer keyboard where the game is
installed, in which each assessment value is associated to a key. If the evaluation was Cont.R (Continue
with right result) or Cont. (Continue but the oral activity could be better), the video game advanced to
the next activity. If the evaluation was Rep. (Repeat), the game offered a new attempt in which the
player had to repeat the activity. For each activity, there was a predetermined number of attempts:
when the attempts finished, the video game went to the next screen to avoid frustration, even if the
activity was not successfully completed (and the therapist continued judging with Rep.).

Beside the criteria described in Section 2.3.1, for providing her judgments, the therapist also
took into consideration the motivational and emotional status of each participant in each session. For
example, if the participant was getting bored, anxious, or frustrated, the therapist, whenever possible,
made more use of the category Cont. to allow the speaker to continue playing in an attempt to reduce
any negative valence of the therapy context.

2.3.3. Expert Judgments

An expert in prosody evaluated the three subcorpora of oral productions of 23 speakers with
Down syndrome in an offline mode. In the offline evaluation, the external components implied in
the development of the game (level of frustration, among others) were left aside in benefit of the
examination of the prosodic variables: as a consequence, an evaluation system based on a binary
decision (Right or Wrong production) was used. With a website support, the prosody expert listened
to each audio file and decided whether the speaker had not achieved the required quality; or their
production was satisfactory. The judgments were made relying on a purely auditory basis focused
only on the intonational and prosodic structure of the recording, without any acoustic analysis of
the sentences. Related to this, factors of intelligibility, quality in pronunciation or adjustment to the
expected sentence were not taken into account. Even in the case of speakers with a low cognitive level
and serious problems of intelligibility, the main criterion was whether they had modeled prosody with
a certain success, even if the message was not understood. Just like the therapist’s evaluations, the
sentences were judged as right or wrong according to the categories of intonational phonology and the
learning objectives of PRADIA.

2.4. Feature Extraction and Selection

The openSmile toolkit [37] was used to extract acoustic features from each recording of the C1,
C2 and C3 subcorpora. The GeMAPS feature set [38] was selected due to the variety of acoustic and
prosodic features contained in this set, which includes frequency related features, energy related
features, spectral features and temporal features. The arithmetic mean and the coefficient of variation
were calculated on these features. Furthermore, four additional temporal features were added:
the silence and sounding percentages, silences per second and the mean silences. The complete
description of these features can be found in previous research [39]. In this work, only prosodic
features (frequency, energy and temporal) were used because spectral features improve speaker
identification, and classifiers can be adapted to each speaker in the classification process. In total, 34
prosodic features were employed (see Appendix A).

Finally, to rank features by their importance to each C1 speaker, the Caret R package [40] was used.
The importance of features was estimated by building an SVM model and ordered using the ROC
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curve value of each feature. The Receiver operating characteristic curve (ROC curve) is a graphical
representation of the results of a binary classifier system where the discrimination threshold is varied.
Some studies recommend using the area under the ROC curve (AUC) in preference to overall accuracy
for evaluation of machine learning algorithms, especially when the classes are unbalanced [41]. We
also used feature selection before training the classifiers: the features were selected by measuring the
information gain of the training set and discarding the ones in which the information gain equals zero
(column Feat. in Table 3).

2.5. Automatic Classification

As explained in Section 2.3, the recordings were evaluated by the therapist and the prosody
expert. Since the final aim of the module is to decide whether the gamer can continue the game
or should repeat the activity (without considering degrees of failure), the evaluation of the expert
was used to build the classifier. According to this, the outputs of the different classifiers were Right
(R) or Wrong (W), based on the prosody expert scoring. The Weka machine learning toolkit [42]
was used as well as three different classifiers to compare their performance: the C4.5 decision tree
(DT), the multilayer perceptron (MLP) and the support vector machine (SVM). The stratified 10-fold
cross-validation technique was used to create the training and testing datasets.

3. Results

3.1. Classification Results

Table 3 presents the performance of the different classification systems in the task of automatically
predicting the expert judgments. The different cases displayed in the table (case A to F) are based on
the different subcorpora. These subcorpora were recorded with a different version of the video game
and a different recording context and they were not balanced in terms of sample size and number
of speakers, so it was important to know how these differences would affect the classifier accuracy.
Therefore, the results of using the recordings of the three subcorpora, as well as all the combinations of
these subcorpora, were compared. The SVM classifier works better with all subcorpora and the worst
results are obtained using the DT classifier (best case is 79.3% vs. 64.9% baseline). The best results are
obtained in Cases A and D by using any of the three classifiers (UAR 0.83 with SVM classifier). The
classification accuracy decreases when the C3 corpus is entered (C, E, F and G cases), as the number of
speakers substantially increases. On average, we obtain 89.9% of true positives. This will be discussed
in the next section as a positive result for real time situations.

Table 3. Classification results depending on the corpus and the classifier used. The prosody expert
judgments were used to train the classifiers. This table shows the performance baseline (BL) of each
group of samples (number of samples of the most populated class divided by all the samples), Decision
trees (DT), Support vector machines (SVM), Multilayer Perceptron (MLP), classification rate (CR), Area
Under the Curve (AUC) and Unweighted Average Recall (UAR). The number of samples (utt.), the
number of speakers (SPK) and the number of features (Feat.) are presented. The output of the different
classifiers are Right or Wrong, based on prosody expert scoring.

DT SVM MLP
Corpora BL CR AUC UAR CR AUC UAR CR AUC UAR #Utt. #Feat. #SPK
Case A C1 65.8% 69.6%  0.68 074 785% 0.74 083  73.2% 0.7 0.79 605 21 5
Case B Cc2 61.9% 60.3%  0.58 061  72.7% 0.7 079 68.5% 0.67 0.73 168 16 5
Case C c3 50.8% 65.8%  0.66 0.66 61.6% 0.62 069 63.7% 0.64 0.64 193 7 13
Case D C1+C2 64.9% 70.8%  0.68 075 79.3% 0.76 083  72.6% 0.7 0.78 773 21 10
Case E C1+C3 62.2% 66.3%  0.65 0.69  72.3% 0.7 079 67.2%  0.65 0.74 798 20 18
Case F C2+C3 56%  60.9% 0.6 0.64 665% 0.66 0.75 64% 0.63 0.69 361 13 18
CaseG  C1+C2+C3  62.1% 66.9%  0.66 071  743% 071 081 69.4%  0.66 0.76 996 20 23
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Table 4 shows the prosodic features with more influence in the utterance assessment of each C1
subcorpus speaker. The data for all the speakers of the C1 subcorpus were used to remove the highly
correlated features (above 0.8 of Pearson correlation). After this redundant feature deletion, 22 of
the 34 features were selected. Within these 22 features, only 10 present a significant ROC area value
(above 0.6).

Table 4. Ranking of the correlated prosodic features (frequency, energy and temporal) between each C1
speaker and the expert evaluation. The first number represents the order of each feature in the ranking
and the second number shows the area under the ROC curve. These values were calculated using an
SVM classifier. The features are sorted by their importance when all data are used. Values in bold
represent an area under the ROC curve above 0.6.

Feature S01 S02 S03 S04 S05 All

silencesMean 4 (0.675) 6(0.638)  3(0.673) 2(0.744) 2 (0.662) 1(0.692)
silencesPerSecond 10 (0.6) 1(0.754)  2(0.696) 3(0.725) 11(0.581)  2(0.683)
jitterLocal_sma3nz_amean 1(0.688) 16 (0.534) 51(0.618) 8(0.683) 22(0.515) 3(0.65)

FOsemitoneFrom27.5Hz_sma3nz_stddevNorm 7 (0.646) 7(0.633) 22(0.506) 4(0.712) 17(0.559) 4(0.647)
jitterLocal_sma3nz_stddevNorm 2 (0.683) 2(0.681) 18(0.524) 6 (0.689) 9 (0.592) 5(0.631)
FOsemitoneFrom27.5Hz_sma3nz_stddevRisingSlope 5(0.662) 12(0.578) 7 (0.601) 9 (0.66) 3 (0.651) 6 (0.629)
FOsemitoneFrom27.5Hz_sma3nz_percentile80.0 17 (0.572) 3(0.67) 4(0.652) 16(0.548) 1(0.684) 7 (0.628)
FOsemitoneFrom27.5Hz_sma3nz_pctlrange0.2 11(0.598) 14(0.559) 15(0.545) 7(0.689) 18(0.544) 8 (0.626)
FOsemitoneFrom27.5Hz_sma3nz_stddevFallingSlope 3 (0.679) 8 (0.6) 8(0.6) 14 (0.595) 10(0.588) 9 (0.625)
StddevVoicedSegmentLengthSec 22(0.506) 4(0.66) 16(0.535) 1(0.762) 16 (0.561) 10 (0.601)
loudnessPeaksPerSec 12(0.595) 13 (0.563) 12(0.558) 17(0.533) 8 (0.603) 11 (0.586)
shimmerLocaldB_sma3nz_stddevNorm 9(0.601) 5(0.642) 11(0.58) 13(0.598) 14(0.563) 12 (0.583)
shimmerLocaldB_sma3nz_amean 6(0.651) 18(0.523) 1(0.698) 20(0.532) 21(0.528) 13 (0.583)
loudness_sma3_stddevNorm 18 (0.569) 10(0.585) 14(0.548) 11(0.615) 20(0.53) 14 (0.579)
MeanUnvoicedSegmentLength 8(0.617) 9(0.586) 20(0.518) 10(0.628) 19 (0.542) 15(0.557)
StddevUnvoicedSegmentLength 15(0579) 11(0581) 21(0511) 12(0.613) 13 (0.575) 16 (0.555)
loudness_sma3_meanFallingSlope 13(0.59) 15(0.549) 17(0.524) 15(0.578) 7(0.609) 17 (0.545)
VoicedSegmentsPerSec 16 (0.573) 19(0.517) 9(0.599) 21(0519) 12(0.577) 18 (0.521)
loudness_sma3_stddevFallingSlope 19(0528) 21(0513) 13(0555) 18(0.532) 5(0.624) 19 (0.519)
loudness_sma3_pctlrange0.2 20(0.512) 22(0.504) 10(0.586) 5 (0.696) 4 (0.63) 20 (0.514)
MeanVoicedSegmentLengthSec 14(0582) 20(0514) 6(0.617) 22(0.503) 15(0.562) 21 (0.514)
loudness_sma3_stddevRisingSlope 21(0.509) 17(0.523) 19(0.52) 19(0.532) 6(0.612) 22 (0.501)

3.2. Speakers Variability Results

The 22 selected features were ranked by their importance to each speaker of the C1 subcorpus
(Table 4). There is a high variability among speakers in the relevance of the different prosodic features.
The feature silencesMean is very relevant for all speakers, but the same is not true for the rest of the
features. For example, silencesPerSecond appears at the top for all speakers except for S05. In addition,
the features related to frequency (from 3 to 9 in the ranking) are relevant to all speakers, but the specific
feature and its importance greatly varies for each speaker. Finally, the intensity features and other
rhythm features are less relevant in general, but are present at the top of the ranking for some speakers
(speakers S02 and S03).

A high difference between speakers is also seen with regard to their developmental level and
prosodic skills, as can be inferred if we relate the figures of Table 2 with those of Table 5. S04 and S05
have the lowest scores in verbal mental age (60 and 69, respectively), short-term verbal memory (below
74 both speakers) and non-verbal cognitive level (10 and 13, respectively). In addition, both have the
lowest mean percentage of success in perception PEPS-C tasks (60.4% and 56.3%, respectively) and
lower mean percentage of success in production PEPS-C tasks (49.8% and 45.7%, respectively). These
low scores are related to the quality of the productions, with a higher percentage of W assignments
from the prosody expert (42.8% and 49% respectively) and higher percentage of Rep. from the therapist
(47% and 50%, respectively).
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Table 5. Percentage of coincidence between therapist decision, classifier (SVM in case D) and prosody
expert per speaker. Concerning the classifier, R represents the utterances classified as Right by the
classifier and W represents the utterances classified as Wrong by the classifier. Each row percentage is
relative to the number of each type of utterances of prosody expert evaluation.

Expert Judgment  Classified as Therapist Decision
Speaker #Total utt Type #utt R w Cont.R Cont. Rep.
S01 120 R 87 839% 161%  69%  241%  6.9%
W 33 57.6% 424%  303%  36.7% 33.3%
502 106 R 81 87.7% 12.4%  852%  14.8%  0.0%
W 25 28.0% 72.0% 84.0% 16.0%  0.0%
S03 97 R 78 974%  26%  949%  39% 13%
W 19 73.7% 263% 100.0%  0.0%  0.0%
S04 131 R 75 94.6% 53%  213% 44.0% 347%
\4% 56 411% 589%  54%  321% 625%
505 151 R 77 87% 13%  20.8%  50.7%  28.6%
w 74 29.7% 703%  6.8%  203%  73%
Total 605 R 398 89.9% 10.1%  80.2%  68.8% 35.5%
W 207 411% 589% 19.8%  312% 64.5%

In order to see the influence of the speaker in the classification results, we present results per
speaker in Table 5 and we focus on Case D to comment on them. Only the samples of corpus C1
are analyzed because they were evaluated by the two evaluators and because measurements of
their developmental level were available. Comparing the judgments of the expert with the classifier
predictions, there is a high recall in the R-R case for all speakers (S01 83.9%, S02 87.7%, S03 97.4%, S04
94.6%, S05 88%). The coincidence in the W-W case is lower: while S02 and S05 present a reasonable
classification rate (72% and 70.3%, respectively), results for SO3 go down to 26.3%. Furthermore, most
of the utterances judged as wrong by the expert were rated as right by the therapist (100% in cell
W-Cont.R for S3).

Concerning the therapist’s judgments, the Cont.R decision could be identified as a Right
assignment in a high percentage of cases for S01, S02 and S03 speakers (69%, 85.2% and 94.9%
respectively). These are the speakers with a higher developmental level, according to Table 2. Of these
three participants, the first, with more disagreement between the therapist and the prosody expert,
showed the lowest prosodic level from the outset. In general, the correspondence between real time
decisions and expert judgment is not straightforward, with a high variety in the contingency table.
Concerning the therapist’s Rep. decision, the highest percentages of agreement are obtained for S04
and S05 speakers (62.5% and 73.0%, respectively), who are the speakers with the lowest developmental
level in all the variables measured, as seen in Table 2.

To deepen our analysis of how the inter-individual heterogeneity can affect the assessment
results, Pearson correlation coefficients were calculated between the profile of the speakers of the C1
subcorpus and the assessment values. To ensure the appropriateness of the use of this correlation
coefficient, the normality assumption was first checked for all the variables under analysis [43]. The
Kolmogorov-Smirnov test showed that the assumption was fulfilled for all cases (p-value > 0.05).
Table 6 shows the Pearson correlation results. Short-term verbal memory (STVM) is not included in
this analysis because the values of the STVM of S04 and S05 were not high enough to be taken into
account. Verbal mental age (VA) is highly and significantly correlated with Non-verbal cognitive level
(NVCL), Prosodic perception (MPercT), percentage of Right expert evaluations (RRate) and all therapist
evaluations. The correlation is positive for the NVCL, MPercT, RRate and ConRRate features, while
the correlation is negative for the ContRate and RepRate features. NVCL is significantly correlated
with RRate and ContRRate (positive) and with ContRate and RepRate (negative). In addition, MPercT
is positively and significantly correlated with RRate and ContRRate, and negatively and significantly
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correlated with RepRate. Prosodic production (MProdT) is significantly correlated with ContRRate in
a positive way and is significantly correlated with ContRate in a negative way. Finally, the automatic
classification rate (CR) is highly correlated with the prosodic production competences (MProdT), but
the correlation did not reach statistical significance.

Table 6. Correlation values (Pearson correlation coefficient) between C1 speakers’ profile variables
(Table 2) and evaluators’ assessment (Table 5). RRate means the percentage of Right judgments of the
prosody expert. ContRRate, ContRate and RepRate mean the percentage of Cont.R, Cont. and Rep.
evaluated by the therapist, respectively. CR means the classification rate of the SVM classifier. Values
in bold represent statistically significant correlations with p-value < 0.05.

CA VA NVCL MPercT MProdT RRate ContRRate ContRate RepRate CR

CA 1.0 -029 -0.36 —0.53 —0.49 —0.64 —0.52 0.53 0.5 —0.16
VA 1.0 0.96 0.93 0.84 0.91 0.97 —0.91 —0.96 0.42
NVCL 1.0 0.87 0.76 0.9 0.95 —0.92 —0.93 0.29
MPercT 1.0 0.83 0.98 0.96 —0.86 —0.99 0.36
MProdT 1.0 0.81 0.89 —0.93 —0.83 0.80

4. Discussion

4.1. Analysis of the Classification Results

The results presented in Table 3 show different accuracy results depending on the classifier used
and the subcorpus included to train the classifiers. Focusing on SVM, which is the most accurate
classifier, the best results were obtained with the subcorpus C1, and C1+C2 subcorpora. However, the
classifier trained with C3 subcorpus presented the worst results. The C3 subcorpus included more
speakers than the other subcorpora, but much fewer samples of each speaker. This result indicates that
the sample size is more important than the number of speakers to obtain a better classification accuracy.

In the PRADIA video game, it is very important to avoid evaluating as wrong a correct utterance;
otherwise, frustration may arise. This is even more important when individuals with Down syndrome
are the players, since they can be particularly susceptible to this feeling [4]. Bearing in mind that the
video game aims to engage and motivate the users, the percentage of false negatives must be as low as
possible. Table 5 shows that only 10.1% of the samples evaluated as Right by the expert are classified
as Wrong by the classifier.

An additional strength of the classifier developed here arises when comparing it with prior work
on automatic assessment of disordered speech, such as aphasic speech [44] or dysarthric speech [45],
where prosodic features and pronunciation scores are combined. In our study, instead, prosody was
assessed by leaving aside the well-known difficulties of pronunciation of individuals with Down
syndrome. Regardless of their intelligibility problems, prosody alone makes the speech of these
individuals sound atypical [39]. Therefore, the development of an automatic speech assessment only
focused on prosody in Down syndrome represents a relevant contribution. In addition, in the context
of the PRADIA video game used in this study, the development of an automatic prosody assessment
system in which pronunciation problems are not considered is important. Thus, for this video game
to become a valuable prosody self-learning tool, communicative skills that provide an appropriate
handling of prosody (production and distinction of sentence modalities and accents, among others)
need to be prioritized.

4.2. Impact of Variability on Assessment

As shown in Table 2, the chronological age of the participants for whom both the therapist and
prosody expert evaluations were available was similar. However, their skills for reasoning, recalling
auditory verbal material and understanding vocabulary were clearly different. Given the sample
selection criterion (see Section 2.2), the heterogeneity found in these developmental measurements
was expected.
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As shown in Table 6, when the developmental level is low, the quality of the prosodic productions
is also low (positive high correlation with the VA-RRate and the VA-ContRRate and negative high
correlation with the VA-ContRate and the VA-RepRate). This has an impact on the raters’ assessment
and on the likelihood of their agreement as to the appropriateness of the output. The speakers 501, 502
and S03—who had the highest developmental and prosodic level (Table 2)—present higher values of
agreement in right cases (R-Cont.R) than the S04 and S05 speakers (Table 5). This shows the difficulties
inherent to the task being carried out. Furthermore, even in the cases of a higher cognitive level,
variability in the linguistic profile can also play a role. Thus, levels of vocabulary are not necessarily
paired with those of prosody perception and production (Table 2). A high prosodic perception level
seems to help players to obtain a better assessment in their speech productions (positive highly
correlated MPercT-RRate, MPercT-ContTRate; negative highly correlated MPercT-RepRate). A high
prosodic production level seems to be related to a good assessment of the recordings, but the correlation
is only significant with ContRRate and ContRate (Table 6). The lack of statistical significance in
other high correlation coefficients (e.g., MPercT-ContRate) can be explained by considering the small
sample size.

In short, agreement between the prosodic expert and the therapist depends on the speaker’s
developmental levels and the type of sentence produced (right or wrong). In addition, differences in
the evaluation context can also explain raters’ disagreements. Thus, while the expert only based her
decisions on intonational criteria, the therapist also took into consideration the progress of the player
while playing the video game. In doing so, avoiding frustration was a priority; therefore, levels of
frustration tolerance and number of failures influenced the therapist’s decisions.

The high variability of the speech of individuals with Down syndrome has also been
shown in our experimental results regarding the use of prosodic features. Table 4 shows the
differences in the correlated features with the expert evaluation per speaker. Some rhythm
and frequency features appear above in the ranking of all the speakers (from silencesMean to
FOsemitoneFrom27.5Hz_sma3nz_stddevFallingSlope on Table 4). However, intensity features seem to
be very important to the S03 and S05 speakers, but present lower importance to the others. Speaker
S04 presents higher ROC area values than the other speakers in his features, so the lower importance
of these features to the other speakers can affect the performance of the automatic classifiers. This
heterogeneity complicates the automatic assessment of prosody quality, because automatic classifiers
show poorer generalization power.

In addition, this inherent inter-speaker variability of acoustic features in Down syndrome may
have also been a source of the disagreements between the therapist and the expert. In fact, prior
research has shown that, as compared to typical voices, the speech signal in pathological voices may be
characterized by a higher variability of specific acoustic parameters. As a consequence, a lower level
of agreement among perceptual judgments may be found when evaluating pathological voices [46].

4.3. Limitations and Future Work

Although the amount of prosodic productions analyzed was large (605 utterances, as shown in
Table 5), the number of informants, especially in C1 subcorpus, is low. We have reported statistically
significant correlations by using these samples, but the statistical power of these results needs to
be strengthened with future recordings of more participants. Nevertheless, the sample size has not
prevented us from fulfilling the first aim of the paper. Thus, an accurate automatic classification system
with a low rate of false negatives was successfully developed. Moreover, the criterion for sample
selection (see Section 2.2) by which teachers were asked to choose individuals with Down syndrome of
different developmental levels ensured that the sample was representative of the variability inherent to
the population of individuals with Down syndrome. This allowed us to analyze how the heterogeneity
of these individuals can affect the assessment results and therefore reach our second aim. Even so, it
should be noted that further research should compile a bigger and more balanced corpus of the speech
of individuals with Down syndrome and should also record a reference corpus of people with typical
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development. A bigger corpus will have to be compiled in order to explore new approaches such as
end-to-end deep learning methods, which have shown promising results in the assessment of atypical
prosody in other populations with intellectual disabilities, such as Autism Spectrum Disorder [47].

The differences between the therapist and prosody expert evaluations highlight the importance
of evaluation contexts. If the automatic evaluation module aims to be included in a real time video
game, aspects different from prosody should also be considered, in the line of what the therapist did in
her evaluation. In addition, the evaluation scale can be improved by adding more dimensions to be
scored by the experts. Instead of having a global score of the prosody of a recording, the experts could
assign a different score to different prosodic dimensions (intonation, accent, phrasing), with the aim of
making a more precise classification. These features could then also be automatically classified.

As already mentioned, the fact that 10.1% of the samples evaluated as Right by the expert are
classified as Wrong by the classifier is a good result, because evaluating a recording as Wrong when the
recording was Right can affect the motivation of the player. Yet, reducing this rate of false negatives
in order to obtain the best possible reliable evaluation system is work in progress. To reach this goal,
inter-speaker variability should be taken into account as an intrinsic feature of individuals with Down
syndrome, so that both the reference for correct pronunciation and the particular limitations of the
speaker should be taken into account to ensure an effective automatic prosodic assessment.

Knowing the variables that contribute to variability in the quality of the prosodic productions
of individuals with Down syndrome paves the way for the design of the best possible automatic
classification system for the PRADIA video game as an intervention tool, in particular, or for other
future intervention programs, in general. Having such an automatic classification module would
allow the player to have more autonomy, which in turn would have a positive impact on his/her
self-confidence and motivation. At the same time, the automatic classification module would release
resources for the therapist, who could use the time needed to support individuals with Down syndrome
in the PRADIA intervention tool for other intervention activities. Therefore, our results represent a
first step for the future development of useful intervention materials. Thus, our results could benefit
future clinical practices.

5. Conclusions

In this study, we have developed an automatic classifier to predict the prosodic quality of the
utterances produced by individuals with Down syndrome. The study has also analyzed how the
heterogeneity of people with Down syndrome can affect the assessment of the prosody quality of their
utterances. By doing this, the study shows some of the variables that contribute to accounting for the
difficulties of conducting an automatic evaluation of prosody in speakers with Down syndrome.

The acoustic features that are important for classifying a recording as Right or Wrong differed
depending on each speaker of the C1 subcorpus. Evaluation results were highly dependent on the
different speaker profiles. We found significant correlations between VA, NVCL and mean percentage
of success in perception PEPS-C tasks with the therapist and expert evaluations. In addition, the
coincidence between evaluators was highly dependent on the prosodic quality of the recordings and
the speakers’ heterogeneity. The agreement was high in the assessment of high prosodic quality
utterances (values above 80%). However, the agreement was lower when the prosodic quality of the
recordings was poor. To sum up, variability in the cognitive and linguistic skills of individuals with
Down syndrome is common. To build an automatic evaluation of these recordings, this variability has
to be taken in account.
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Appendix A. Description of the Features

The tables included in this appendix describe the features used in each of the domains. Frequency
features are presented in Table Al. Energy features are described in Table A2. Temporal features are
explained in Table A3.

Table Al. Frequency features explained. All functionals are applied to voiced regions only. Text in
brackets shows the original name of the eGeMAPS features.

Feature Description

FO_mean
(FOsemitoneFrom27.5Hz_sma3nz_amean)

FO_stddevNorm
(FOsemitoneFrom27.5Hz_sma3nz_stddevNorm)

Mean of logarithmic FO on a semitone frequency scale,
starting at 27.5 Hz

Coefficient of variation of logarithmic FO on a semitone frequency scale,
starting at 27.5 Hz

FO_percentile20
(FOsemitoneFrom27.5Hz_sma3nz_percentile20.0)

Percentile 20-th of logarithmic FO on a semitone frequency scale,
starting at 27.5 Hz

FO_percentile50
(FOsemitoneFrom?27.5Hz_sma3nz_percentile50.0)

Percentile 50-th of logarithmic FO on a semitone frequency scale,
starting at 27.5 Hz

FO_percentile80
(FOsemitoneFrom?27.5Hz_sma3nz_percentile80.0)

Percentile 80-th of logarithmic FO on a semitone frequency scale,
starting at 27.5 Hz

FO_pctlrange
(FOsemitoneFrom27.5Hz_sma3nz_pctlrange0-2)

Range of 20-th to 80-th of logarithmic FO on a semitone frequency scale,
starting at 27.5 Hz

FO_meanRisingSlope
(FOsemitoneFrom27.5Hz_sma3nz_meanRisingSlope)

FO_stddevRisingSlope
(FOsemitoneFrom27.5Hz_sma3nz_stddevRisingSlope)

Mean of the slope of rising signal parts of FO

Standard deviation of the slope of rising signal parts of FO

FO_meanFallingSlope

(FOsemitoneFrom?27.5Hz_sma3nz_meanFallingSlope)

Mean of the slope of falling signal parts of FO

FO_stddevFallingSlope
(FOsemitoneFrom?27.5Hz_sma3nz_stddevFallingSlope)

Standard deviation of the slope of falling signal parts of FO

jitter_mean
(jitterLocal_sma3nz_amean)

Mean of the deviations in individual consecutive FO
period lengths

jitter_stddevNorm
(jitterLocal_sma3nz_stddevNorm)

Coefficient of variation of the deviations in individual
consecutive FO period lengths
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Table A2. Energy features explained. All functionals are applied to voiced and unvoiced regions
together. Text in brackets shows the original name of the eGeMAPS features.

Feature

Description

loudness_mean
(loudness_sma3_amean)

Mean of estimate of perceived signal intensity from an auditory
spectrum

loudness_stddevNorm
(loudness_sma3_stddevNorm)

Coefficient of variation of estimate of perceived signal intensity from an auditory
spectrum

loudness_percentile20
(loudness_sma3_percentile20.0)

Percentile 20-th of estimate of perceived signal intensity from an auditory
spectrum

loudness_percentile50
(loudness_sma3_percentile50.0)

Percentile 50-th of estimate of perceived signal intensity from an auditory
spectrum

loudness_percentile80
(loudness_sma3_percentile80.0)

Percentile 80-th of estimate of perceived signal intensity from an auditory
spectrum

loudness_pctlrange02
(loudness_sma3_pctlrange0-2)

Range of 20-th to 80-th of estimate of perceived signal intensity from an auditory
spectrum

loudness_meanRisingSlope
(loudness_sma3_meanRisingSlope)

Mean of the slope of rising signal parts of loudness

loudness_stddevRisingSlope
(loudness_sma3_stddevRisingSlope)

Standard deviation of the slope of rising signal parts of loudness

loudness_meanFallingSlope
(loudness_sma3_meanFallingSlope)

Mean of the slope of falling signal parts of loudness

loudness_stddevFallingSlope
(loudness_sma3_stddevFallingSlope)

Standard deviation of the slope of falling signal parts of loudness

shimmer_mean
(shimmerLocaldB_sma3nz_amean)

Mean of difference of the peak amplitudes of consecutive FO periods

shimmer_stddevNorm

(shimmerLocaldB_sma3nz_stddevNorm)

Coefficient of variation of difference of the peak amplitudes of
consecutive FO periods

Table A3. Temporal features explained. The first four features are not included in the eGeMAPS feature set.

Feature Description

silencePercentage Duration percentage of unvoiced regions
silencesMean Mean of unvoiced regions

silencesPerSecond The number of silences per second
soundingPercentage Duration percentage of voiced regions
loudnessPeaksPerSec The number of the loudness peaks per second
VoicedSegmentsPerSec The number of continuous voiced regions per second

MeanVoicedSegmentLengthSec

Mean of continuously voiced regions

StddevVoicedSegmentLengthSec

Standard deviation of continuously voiced regions

MeanUnvoicedSegmentLength

Mean of unvoiced regions

StddevUnvoicedSegmentLength

Standard deviation of unvoiced regions
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3. DISCUSION DE RESULTADOS

En este capitulo se realiza un resumen de los principales resultados obtenidos en la
investigacién realizada en esta tesis y una discusion sobre los mismos. Una descripcién
mas detallada de los resultados puede obtenerse en los articulos que forman el com-
pendio de articulos de este trabajo de tesis (ver capitulo 2). La seccién 3.1 describe los
resultados relacionados con la evaluacién del disenio del videojuego y de la interaccién
de los jugadores con el mismo, asi como una discusién sobre los resultados obtenidos
y sus implicaciones. La seccién 3.2 detalla los resultados del anélisis realizado de las
caracteristicas acusticas extraidas de las grabaciones del videojuego y la comparacién
realizada entre las grabaciones de personas con sindrome de Down y las grabaciones
de personas con desarrollo tipico. Por tultimo, la seccién 3.3 describe los resultados
obtenidos de la evaluacién automaéatica de la calidad prosédica de las grabaciones del
videojuego y cémo afecta la heterogeneidad de las personas con sindrome de Down a

dichos resultados.

3.1. Evaluacion del diseno e interaccion

Con el objetivo de evaluar si las decisiones de diseno y de interaccion del videojuego
han servido para motivar a los jugadores con sindrome de Down a usar el mismo
(objetivo O1.1) y de analizar la adecuacion de las actividades y el disefio del videojuego
con respecto a las limitaciones de las personas con sindrome de Down (objetivo 01.2), se
han extraido una serie de estadisticas de la informacién almacenada autométicamente
por el videojuego. Esta informacion se extrae de sesiones de juego realizadas por ninos,
adultos y personas con sindrome de Down, centrandose en las actividades principales
del videojuego, las actividades de comprensién y producciéon prosédica. Ademds, se
analizan las respuestas a los cuestionarios realizados a los participantes después de las
sesiones de juego, con el objetivo de comprobar si el videojuego es capaz de motivar a
los jugadores a realizar las actividades de entrenamiento propuestas.

La tabla 3.1 muestra los resultados obtenidos en las actividades de comprensién por

los tres grupos que realizaron las sesiones de juego. Estos datos se calculan utilizando
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3.1 Evaluacion del diseno e interaccién

Tabla 3.1: Resultados de las actividades de comprension: tiempo necesario para completar la
actividad en segundos, numero de errores, nimero de escuchas adicionales de la frase, nlimero
de ayudas sonoras y nimero de clicks incorrectos (media y desviacién tipica para cada tipo de
usuario en 5 actividades de comprension).

Tiempo Errores Repeticiones de  Ayudas Clicks
frase sonoras incorrectos
Media DT Media DT Media DT Media DT Media DT
Nifios 1188 172 0,1 0,3 1.2 1,3 0,0 0,0 1,6 1,5
Adultos 105,9 74 0,1 0,3 0,3 0,5 0,0 0,0 0,0 0,0

Sindrome de Down 166,0 43,3 1,0 09 16 1,7 0,6 1,0 0,1 0,5

la informacién que el videojuego almacena automaticamente durante el transcurso del
mismo. El test no paramétrico Kruskal-Wallis muestra diferencias significativas entre
los tres grupos en el tiempo requerido para completar la actividad (p < 0,001), en el
ntmero de errores (p = 0,003) y en el nimero de clicks incorrectos (p < 0,001). Ademas,
utilizando el test no paramétrico Mann-Whitney, se observan diferencias significativas
entre las personas con sindrome de Down y los adultos en el tiempo necesario para
completar la actividad (166,0 vs 105,9 con p < 0,001) y en el nimero de errores (1,0 vs
0,1 con p=0,007). Lo mismo ocurre al comparar personas con sindrome de Down con
ninos (166,0 vs 118,8 con p=0,007 en tiempo necesario para completar la actividad y 1,0
vs 0,1 con p=0,007 en nimero de errores). Tanto el tiempo necesario para completar la
actividad como el nimero de errores es méas alto en el grupo de personas con sindrome
de Down en comparacién con los otros grupos. Ademds, la desviacion tipica en estas
mismas variables es alta en el caso de las personas con sindrome de Down.

La tabla 3.2 muestra los resultados obtenidos en las actividades de produccién por
los tres grupos que realizaron las sesiones de juego. Existen diferencias significativas
en el tiempo empleado (p < 0,001), en el nimero de errores (p < 0,001), en las
repeticiones de la frase (p < 0,001) y en el nimero de clicks incorrectos (p = 0,027)
entre los tres grupos usando de nuevo el test Kruskal-Wallis. El tiempo necesario para
completar la actividad es significativamente mayor en las personas con sindrome de
Down comparando con adultos (335,9 vs 173,1 con p < 0,001) y ninos (335,9 vs 189,5

con p < 0,001). El niimero de errores también es significativamente mayor en las
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3. DISCUSION DE RESULTADOS

Tabla 3.2: Resultados de las actividades de produccién: tiempo necesario para completar la
actividad en segundos, nimero de errores, nimero de escuchas adicionales de la frase, niimero
de ayudas sonoras y nimero de clicks incorrectos (media y desviacién tipica para cada tipo de
usuario en 7 actividades de comprension).

Tiempo Errores Repeticiones de  Ayudas Clicks
frase sonoras incorrectos
Media DT Media DT Media DT Media DT Media DT
Ninos 189.,5 31,3 0,3 0,7 0,6 1,1 0,1 0,3 6,2 6,0
Adultos 173,1 6,5 0,1 0,3 0,0 0,0 0,0 0,0 1,0 0,9
Sindrome de Down 3359 102,6 44 23 3,7 3,7 1,6 2,8 272 3,5

personas con sindrome de Down con respecto a los adultos (4,4 vs 0,1 con p < 0,001)
y ninos (4,4 vs 0,3 con p < 0,001). Por ultimo, el nimero de repeticiones de la frase a
producir es significativamente mayor en personas con sindrome de Down con respecto
a los adultos (3,7 vs 0,0 con p < 0,001) y a los ninos (3,7 vs 0,6 con p=0,012).

Los resultados presentados en las tablas 3.1 y 3.2 muestran que los usuarios con
sindrome de Down cometen mas errores y necesitan mas tiempo para completar di-
chas actividades que los usuarios con desarrollo tipico. Estos resultados muestran las
dificultades de las personas con sindrome de Down a la hora de completar tanto las
actividades de comprensién como las actividades de produccién. Estos datos pueden
ser utiles para detectar los problemas especificos de cada jugador relacionados con el
uso de la prosodia, de manera que el terapeuta pueda enfocarse en dichos problemas y
entrenar las habilidades relacionadas con cada actividad con el objetivo de mejorarlas.

La tabla 3.3 muestra las respuestas a los cuestionarios que se realizaron después
de la sesién de juego. Este cuestionario sélo se realizé a los ninos y a las personas con
sindrome de Down. En general, a las personas con sindrome de Down que jugaron al
videojuego les gustd el mismo y querrian volver a jugar en el futuro. El acompanante
elegido parece adecuado y los graficos introducidos son satisfactorios. Existe menos
unanimidad cuando se trata de entender la historia contada en el videojuego, ya que
las limitaciones cognitivas de estas personas dificultan retener detalles concretos de la
historia.

Los resultados relacionados con la evaluacion del videojuego muestran una alta mo-
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3.1 Evaluacion del diseno e interaccién

Tabla 3.3: Resultados del cuestionario realizado a los jugadores con sindrome de Down y a los
ninos (posibles respuestas si/no).

Ninos Sindrome de Down
Si No Si No

Al usuario le gustan los videojuegos 100,0%  0,0% 92,9% 1%
El usuario suele jugar a videojuegos 80,0% 20,0% 78,6% 21,4 %
El usuario disfruté jugando 90,0% 10,0% 92,9% 71%
El usuario quiere volver a jugar en el futuro / el usuario

quiere saber como continua la historia 90,0% 10,0% 85, 7% 14,3 %
El usuario entiende la historia contada en el videojuego  100,0% 0,0% 64,3% 35,7%
Al usuario le gusta la historia contada en el videojuego 90,0% 10,0% 78,6% 21,4 %
Al usuario le gusta que le acompane un loro durante

el juego 90,0% 10,0% 85, 7% 14,3%
Al usuario le gusta comunicarse con los personas que

aparecen en el juego 88,9% 11,1% 92,9% 71%
Al usuario le gustaria crearse su propio avatar

(cara, ojos, boca, ropa, etc) 889% 11,1% 64,3% 35,7%
El usuario manifiesta haber aprendido algo durante

el videojuego 70,0% 30,0% 78,6% 21,4%
Al usuario le gusta las imdgenes del juego 100,0% 0,0% 857% 14,3%

tivacion por parte de los usuarios con sindrome de Down para completar las actividades
del videojuego. Las personas con sindrome de Down tienen ciertas limitaciones cogniti-
vas que les producen dificultades para realizar tareas que requieran gran concentracién,
como las tareas de entrenamiento. La inclusién de las actividades dentro de una na-
rrativa es una de las principales claves para conseguir esta motivaciéon. A pesar de que
algunos usuarios indicaron que no entendian ciertas partes de la historia propuesta, el
objetivo del videojuego es que realicen las actividades de entrenamiento, por lo que esta
falta de entendimiento no es problematica. Los comentarios obtenidos por parte de las
terapeutas de los centros de educacién especial mostraron que, en general, los jugadores
con sindrome de Down estuvieron concentrados durante toda la sesién de juego y que
estaban motivados a realizar las actividades de entrenamiento que se les proponian.
Ademas, la herramienta ha servido también para recopilar un corpus de voz cen-
trado en la prosodia de personas con sindrome de Down. Este resultado es importante
ya que no existen apenas corpus de este tipo, principalmente debido a las limitacio-

nes cognitivas de estas personas que dificultan la realizacién de tareas que requiere
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concentracién durante un largo periodo de tiempo. La motivacién que el videojuego
proporciona para realizar las actividades de entrenamiento también es 1til para reali-
zar la grabacion del corpus de voz que permite realizar los experimentos detallados en

los siguientes apartados.

3.2. Analisis de las caracteristicas acusticas

Uno de los objetivos de esta tesis es caracterizar la voz de las personas con sindrome
de Down en relacién al uso de la prosodia comparando sus voces con las de personas con
desarrollo tipico (objetivo O2.1). Para realizar este anélisis se han utilizado las muestras
de voz recopiladas en un corpus mediante el uso del videojuego, que contiene grabaciones
de 18 personas con sindrome de Down y un total de 349 grabaciones. Para poder
realizar la comparativa, se han utilizado 250 grabaciones procedentes de 22 personas
con desarrollo tipico. El objetivo es extraer una serie de caracteristicas acusticas de
las grabaciones de ambos grupos y compararlas utilizando métodos estadisticos y de
aprendizaje automatico.

La tabla 3.4 muestra los resultados de clasificacion de la tarea de clasificar una
grabacién como proveniente de una persona con sindrome de Down o de una persona
con desarrollo tipico. Se han utilizado tres clasificadores distintos (SVM, MLP y DT)
para comprobar con cual se obtienen mejores resultados. Sélo se han utilizado las ca-
racteristicas en las que se han encontrado diferencias significativas entre las grabaciones
de personas con sindrome de Down y personas con desarrollo tipico, utilizando el test
no paramétrico Mann-Whitney para realizar esta comparacién. Con estas caracteristi-
cas se han formado varios subconjuntos dependiendo del tipo de caracteristica extraida
(frecuencia, energia, temporal o espectral), asi como combinaciones de caracteristicas
de los diferentes tipos. El DT muestra los peores resultados de clasificacién para todos
los subconjuntos. MLP obtiene los mejores resultados en los subconjuntos de frecuencia
(UAR 0,64), temporal (UAR 0,78), la unién de frecuencia, energia y temporal (UAR
0,91) y con todas (UAR 0,95). E1 SVM obtiene mejores resultados con el subconjunto de
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Tabla 3.4: Resultados de clasificaciéon para la tarea de identificar el grupo al que pertenece
un grabacién (sindrome de Down o sin discapacidad). Para cada subconjunto y clasificador, se
muestra la tasa de clasificacién (TC) y el UAR. Las caracteristicas utilizadas en cada subconjun-
to son las que muestran diferencias significativas entre los grupos de hablantes. Los clasificadores
son arboles de decisién (DT), maquinas de vectores de soporte (SVM) y perceptrén multicapa
(MLP). # es el nimero de caracteristicas utilizadas en cada subconjunto.

SVM MLP DT
Subconjunto # TC UAR TC UAR TC UAR
Frecuencia 9 62,67 061 64,33 0,64 60,17 0,60
Energia 9 7933 0,78 76 0,76 72,5 0,71
Temporal 9 7683 0,76 77,83 0,78 74,33 0,75
Frequencia+Energia+Temporal 27 90 0,9 91,83 0,91 82 0,82
Espectral 34 8733 0,87 8733 0,87 84,33 0,84
Todas 61 94,17 094 9517 095 86,5 0,87

energia (UAR 0,78). Los resultados utilizando el subconjunto de espectrales son iguales
al utilizar MLP y SVM (UAR 0,87). Ademds, los mejores resultados se obtienen cuando
se utilizan todas las caracteristicas juntas, independientemente del clasificador utiliza-
do. El subconjunto de frecuencia obtiene los peores resultados con cualquiera de los tres
clasificadores. Cuando se unen los subconjuntos de frecuencia, energia y temporales, los
resultados son mejores que los obtenidos con cada subconjunto por separado.

Para analizar estos resultados, tomamos como referencia de un buen uso de la pro-
sodia las grabaciones de personas con desarrollo tipico. Las caracteristicas acusticas
relacionas con la frecuencia fundamental, con la energia y con el ritmo seleccionadas
por separado muestran resultados més bajos que las espectrales, pero la combinacién
de los tres tipos mencionados obtiene mejores resultados que las espectrales solas. Las
caracteristicas relacionadas con el dominio espectral suelen estar relacionadas con par-
ticularidades especificas del sistema fonolégico de las personas con sindrome de Down,
por lo que es complicado o imposible mejorarlas con entrenamiento. Sin embargo, las
caracteristicas relacionadas con los dominios de la frecuencia, la energia y temporal
pueden mejorar mediante el entrenamiento, como por ejemplo practicando la respira-
cién para controlar el ritmo en el habla. La posible mejora en estas caracteristicas se

puede ver reflejada en un mejor uso de la entonacién, el tono, el acento o el ritmo en
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Tabla 3.5: Numero de respuestas al test de percepcién para cada tipo de audio con la prosodia
transferida. El 1 significa poca seguridad y el 5 mucha seguridad en la identificacién del audio
como proveniente de una persona con sindrome de Down. NR significa No sabe/No contesta.
TDutt+TDpro es una grabacion proveniente de una persona con desarrollo tipico con la prosodia
transferida de otra grabacion de persona con desarrollo tipico. DSutt+TDpro es una grabacién
proveniente de una persona con sindrome de Down con la prosodia transferida de una persona
con desarrollo tipico. TDutt+DSpro es una grabacién proveniente de una persona con desarrollo
tipico con la prosodia transferida de una persona con sindrome de Down. DSutt+DSpro es una
grabacién proveniente de una persona con sindrome de Down con la prosodia transferida de
una persona con sindrome de Down.

Tipo 1 2 3 4 5 NR Total
TDutt+TDpro 124 15 3 1 4 3 150

DSutt+TDpro 42 42 31 18 11 6 150
TDutt+DSpro 17 21 34 43 31 4 150
DSutt+DSpro 1 11 26 49 56 7 150

el habla de las personas con sindrome de Down.

La tabla 3.5 muestra el niimero de respuestas al test de percepcion para cada ti-
po de audio con la prosodia transferida. Los dos grupos de hablantes existentes son
las personas con sindrome de Down (SD) y las personas con desarrollo tipico (TD).
Cuando la prosodia de una grabacion proveniente de una persona TD es transferida
a una grabacién proveniente de una persona TD, el 84 % de las respuestas de los eva-
luadores identifican la grabacién como proveniente de una persona TD (respuesta 1 de
TDutt+TDpro). En este caso, no existen apenas respuestas que indiquen duda en esta
afirmacion (2% de las respuestas, respuesta 3 de TDutt+TDpro). Cuando la prosodia
de una grabacion proveniente de una persona SD es transferida a una grabacién pro-
veniente de una persona SD, el 73 % de las respuestas de los evaluadores identifican la
grabacién como perteneciente a una persona SD (respuesta 4 y 5 de DSutt+DSpro).
La identificacién de estas grabaciones como TD tiene un porcentaje muy bajo, el 8%
(respuestas 1 y 2 de DSutt+DSpro). Al observar los resultados para las grabaciones
que combinan la senal acustica y la prosodia de grupos opuestos, los resultados son
mds variables. Cuando la prosodia de una grabacién proveniente de una persona TD es
transferida a una grabacién proveniente de una persona SD, el 58 % de las respuestas de

los evaluadores identifican la grabacién como perteneciente a una persona TD (respues-
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tas 1y 2 de DSutt+TDpro) y sélo el 20 % identifican la grabacién como perteneciente
a una persona SD (respuestas 4 y 5 de DSutt+TDpro). Por el contrario, cuando la pro-
sodia de una grabacién proveniente de una persona SD es transferida a una grabacién
proveniente de una persona TD, el 51 % de las respuestas de los evaluadores identifican
la grabacién como perteneciente a una persona SD (respuestas 4 y 5 de TDutt+DSpro)
y s6lo el 26 % identifican la grabacién como perteneciente a una persona TD (respuestas
1y 2 de TDutt+DSpro). Ademds, los resultados de realizar el test no paramétrico de
Kruskal-Wallis entre las cuatro combinaciones muestran diferencias significativas entre
ellos (p < 0,001). Al realizar el test no paramétrico de Mann-Whitney para comparar
las combinaciones en grupos de dos, los resultados muestran diferencias significativas
entre todos los pares contrastados (p < 0,001).

Estos resultados muestran la importancia de la prosodia en la identificaciéon de una
voz como atipica. Las grabaciones de personas con desarrollo tipico con la frecuencia,
energia y duracién de fonemas de las grabaciones de personas con sindrome de Down
son identificadas en su mayoria como voz atipica. Al mismo tiempo, las grabaciones de
personas con sindrome de Down con la frecuencia, energia y duraciéon de fonemas de
las grabaciones de personas con desarrollo tipico son identificadas en su mayoria como

voz tipica.

3.3. Evaluacién automatica de la calidad prosodi-

Ca

Para analizar qué caracteristicas son mas relevantes a la hora de evaluar automaéti-
camente una grabaciéon como correcta o incorrecta basandose en el uso de la prosodia
(objetivo 02.2), se han realizado varios experimentos utilizando las grabaciones almace-
nadas por el videojuego. En este caso, el corpus contiene 966 grabaciones de 23 usuarios
con sindrome de Down. Las grabaciones estan previamente evaluadas por una experta

en prosodia, y para algunos usuarios, también por la terapeuta de uno de los centros de
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Tabla 3.6: Porcentaje de concordancia entre la evaluacién de la terapeuta, el clasificador (SVM)
v la experta en prosodia por usuario. R representa las grabaciones clasificadas como correctas
por el clasificador y W representa las grabaciones clasificadas como incorrectas por el clasifi-
cador. Cont.R., Cont. y Rep. representan las grabaciones clasificadas como buenas, regulares y
malas por la terapeuta, respectivamente. Cada porcentaje en cada fila es relativo al nimero de
grabaciones de cada tipo clasificadas por la experta en prosodia.

Evaluacion experto Clasificado como Evaluaciéon del terapeuta

Usuario #Total frases Tipo #frases R w Cont.R Cont. Rep.
S01 120 R 87 83,9% 16,1 % 69% 241% 6,9 %
33 57,6 % 42,4 % 30,3%  36,7% 33,3%

S02 106 R 81 87, 7% 12,4 % 85,2% 14,8% 0,0%
W 25 28,0% 72,0% 84,0% 16,0% 0,0%

S03 97 R 78 97,4 % 2,6 % 949%  39% 1,3%
W 19 73,7% 26,3 % 100,0%  0,0% 0,0%

S04 131 R 75 94,6 % 5,3% 21,3%  44,0% 34,7 %
W 56 41,1% 58,9 % 5,4% 321%  625%

S05 151 R 7 87 % 13% 20,8% 50,7%  28,6%
W 74 29,7% 70,3% 68%  20,3% 73%

Total 605 R 398 89,9 % 10,1 % 80,2% 688%  355%
W 207 411 % 58,9 % 198% 312% 645%

educacion especial donde se ha utilizado el videojuego. El objetivo de estos experimen-
tos es reproducir las evaluaciones de la experta en prosodia utilizando las caracteristicas
acusticas utilizadas en el experimento previo y clasificadores automaéticos entrenados
con las evaluaciones de la experta. Ademds, se analiza qué caracteristicas son las més
relevantes para realizar esta evaluacién automatica y cémo influye la heterogeneidad
de los usuarios con sindrome de Down en esta evaluacién.

La tabla 3.6 muestra la comparativa de las evaluaciones de la experta en proso-
dia, de la terapeuta y del clasificador que obtiene la mejor tasa de clasificacion. Esta
comparativa se muestra para los cinco usuarios de los que se tienen los perfiles psi-
colégicos y de los que sus grabaciones estdn evaluadas por la experta en prosodia y por
la terapeuta. Comparando las evaluaciones de la experta en prosodia y del clasificador,
se puede observar una alta coincidencia en el caso R-R para todos los usuarios (SO1
83,9 %, S02 87,7 %, S03 97,4 %, S04 94,6 %, S05 87 %). La coincidencia en el caso W-W
es menor: mientras que en S02 y S05 se observa una coincidencia alta (72 % y 70,3 %

respectivamente), la coincidencia para el usuario S03 baja hasta el 26,3 %. Comparando

84



3.3 Evaluaciéon automatica de la calidad prosdédica

las evaluaciones de la experta en prosodia con las evaluaciones de la terapeuta, existe
una alta coincidencia en el caso R-Cont.R. en los usuarios S01 (69 %), S02 (85,2%) y
S03 (94,9 %). Estos usuarios son los que tienen los niveles de desarrollo cognitivo més
altos (ver seccién 2.2, tabla 2). En el caso W-Rep., los mayores valores de coincidencia
se dan en los usuarios S04 (62,5 %) y S05 (73 %), que son los usuarios con el nivel de
desarrollo cognitivo més bajo. Cuando se tienen en cuenta todas las grabaciones de los
cinco usuarios, el porcentaje de coincidencia es alto en el caso R-R (89,9 %) y R-Cont.R
(80,2%).

Estos resultados muestran la importancia de la heterogeneidad de los usuarios con
sindrome de Down a la hora de evaluar su prosodia. La concordancia en la evaluacién
realizada por la experta en prosodia y la terapeuta depende del nivel de desarrollo cog-
nitivo de cada usuario y del tipo de evaluacién emitida (correcta o incorrecta), segin
muestra la tabla 3.6. Los diferentes contextos de evaluacién pueden influir también
en esta concordancia, ya que la experta en prosodia evalué las grabaciones basandose
s6lo en los criterios prosédicos definidos (entonacién, acento y ritmo) mientras que la
terapeuta evalué en tiempo real y durante el desarrollo del videojuego, por lo que no
solo tuvo en cuenta estos criterios sino que también debia evaluar el progreso del juga-
dor, de manera que pudiera evitar producir frustracién por el nimero de evaluaciones
incorrectas realizadas. Dentro del contexto del videojuego, es muy importante que el
porcentaje de producciones realizadas correctamente por los usuarios pero evaluadas
incorrectamente por el clasificador automatico sea lo mas bajo posible, con el objetivo
de no producir frustracién en los jugadores. Los resultados de la tabla 3.6 muestran que
solo el 10,1 % de las grabaciones evaluadas como correctas por la experta en prosodia
fueron evaluadas como incorrectas por el clasificador automatico.

La tabla 3.7 muestra los resultados de correlacion entre las medidas del perfil de los
cinco usuarios analizados anteriormente y las evaluaciones realizadas por la experta en
prosodia, la terapeuta y el clasificador automatico. La realizacién del test estadistico
Kolmogorov-Smirnov ha mostrado que se cumple la asuncién de normalidad necesa-

ria para la utilizacion del coeficiente de correlacién de Pearson para todos los casos
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Tabla 3.7: Valores de correlacién (Coeficiente de correlaciéon de Pearson) entre los perfiles de los
usuarios S01-S05 y la evaluacién de la experta en prosodia, de la terapeuta y del clasificador
automatico. CA representa la edad cronolégica de los usuarios. VA representa la edad verbal.
NVCL representa el nivel cognitivo no verbal. MPercT y MProdT representan los resultados
del test PEPS-C en percepcién y produccién prosddica, respectivamente. RRate significa el
procentaje de evaluaciones correctas de la experta en prosodia. ContRRate, ContRate, RepRate
significan el porcentaje de Cont.R, Cont. y Rep. evaluados por la terapeuta, respectivamente.
CR significa la tasa de clasificacion del clasificador SVM. Los valores en negrita representan
diferencias estadisticamente significativas en los valores de correlacién con p < 0,05.

CA VA NVCL MPercT MProdT RRate ContRRate ContRate RepRate CR

CA 1,0 —-029 -—036 —0,53 —049  —0,64 —0,52 0,53 05 ~0,16
VA 1,0 0,96 0,93 0,84 0,91 0,97 ~0,91 —0,96 042
NVCL 1,0 0,87 0,76 0,9 0,95 ~0,92 0,93 0,29
MPercT 1,0 0,83 0,98 0,96 ~0,36 —0,99 0,36
MProdT 1,0 0,81 0,89 ~0,93 -083 0,0

(p > 0,05). La edad mental (CA) estd altamente y significativamente correlada con
el nivel cognitivo no verbal (NVCL), con la percepcién prosédica (MPercT), con el
porcentaje de evaluaciones correctas de la experta en prosodia (RRate) y con todas
las evaluaciones de la terapeuta (ContRRate, ContRate y RepRate). La correlacién
es positiva para NVCL, MPercT, RRate y ConRRate, mientras que la correlacion es
negativa para ContRate y RepRate. La NVCL esta significativamente correlada con
RRate y ContRRate (de forma positiva) y con ContRate y RepRate (de forma nega-
tiva). Ademds, MPercT estd significativamente correlada con RRate y ContRRate (de
forma positiva) y con RepRate (de forma negativa). MProdT estd significativamente
correlada con ContRRate (de forma positiva) y con ContRate (de forma negativa). Fi-
nalmente, la tasa de clasificaciéon (CR) estd altamente correlada con MProdT, pero no
de forma significativa.

Estos resultados muestran que existe una dependencia entre el perfil psicolégico de
los usuarios y las evaluaciones realizadas. Existe méas acuerdo tanto entre la experta
y el clasificador automatico como entre la experta y la terapeuta en los usuarios con
un nivel cognitivo mas alto y, a su vez, existe menos acuerdo tanto entre la experta y
el clasificador automatico como entre la experta y la terapeuta en los usuarios con un

nivel cognitivo més bajo.

86



Capitulo 4

Conclusiones y trabajo futuro

87



4. CONCLUSIONES Y TRABAJO FUTURO

4.1. Conclusiones

En esta memoria de tesis se presenta la investigacién realizada en el contexto de un
marco de trabajo para el desarrollo de videojuegos educativos centrados en el entrena-
miento del habla de personas con sindrome de Down, especificamente orientados a la
practica de la prosodia. Concretamente, la investigacion se ha centrado en los aspectos
de usabilidad e interaccion entre los usuarios y el videojuego y en la evaluacién de la
calidad prosdédica de las actividades de produccién y percepcion oral incluidas en el
mismo.

Con respecto al diseno del videojuego, tanto el disefio de las actividades como de la
narrativa desarrollada alrededor de las mismas han sido realizados en colaboracién con
expertos en lenguaje y discapacidad. Ademas, se ha seguido un diseno centrado en el
usuario, implicando en todo el proceso a los usuarios y terapeutas de centros especiali-
zados en educacion especial. Este proceso ha sido de vital importancia a la hora detectar
posibles errores en los disenos y contenidos de las diferentes actividades y en la propia
interfaz del videojuego. La evaluacién realizada con usuarios con sindrome de Down,
utilizando los datos recopilados automaticamente por el videojuego y las observacio-
nes realizadas por los terapeutas, ha permitido la extracciéon de una serie de aspectos
clave a tener en cuenta cuando se desarrollan herramientas enfocadas a personas con
sindrome de Down. En primer lugar, es importante incluir refuerzos positivos cuando
se resuelvan las actividades correctamente, al mismo tiempo que hay que suavizar los
refuerzos negativos cuando la actividad no se supera. Esto es fundamental a la hora
de motivar a los jugadores con sindrome de Down a continuar jugando. Ademads, es
necesario incluir un maximo de errores por actividad con el objetivo de no producir
frustracién en los jugadores que pueda producir bloqueos y el abandono en el uso del
videojuego. En segundo lugar, hay que evitar anadir demasiados elementos graficos que
puedan distraer la atencién de los elementos importantes que se quieren destacar. La
inclusién de pistas visuales puede ayudar a un desarrollo fluido de la mecanica del jue-

go evitando de nuevo posibles bloqueos. Es importante destacar que, a diferencia de la
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mayoria de los videojuegos comerciales, en un videojuego educativo la atencién debe de
estar enfocada principalmente en las actividades de entrenamiento, usando los demas
elementos incluidos como soporte de esas actividades. Esta idea cobra especialmente
importancia cuando los jugadores objetivo tienen algin tipo de déficit de atencién. El
uso de instrucciones sonoras que complementen la informacién visual recibida por los
jugadores es otro aspecto clave a destacar. Es necesario dar este tipo de instrucciones
cuando el jugador se quede bloqueado en alguna actividad asi como durante el desarro-
llo de la narrativa propuesta, recordandole cada cierto tiempo la informacién necesaria
para continuar con el transcurso del juego. En esta tesis se ha experimentado con la in-
clusién de un asistente virtual que introduzca estas instrucciones cuando sea necesario.
Ademas, el lenguaje utilizado tanto en los textos como en los audios debe ser sencillo
y basico en el uso del vocabulario, de manera que sean comprendidas facilmente por
las personas limitaciones cognitivas, como es el caso de las personas con sindrome de
Down. Por tltimo, la inclusién de elementos y escenarios de la vida real es fundamental
para que se pueda producir la transferencia de los conocimientos adquiridos durante
las sesiones de juego a la vida cotidiana de estas personas.

La heterogeneidad inherente a la poblacién con sindrome de Down se pone de
manifiesto cuando se analizan las interacciones de estas personas con el videojuego.
Comparando algunos datos almacenados por el videojuego entre los propios jugadores
con sindrome de Down, se observa mucha variabilidad en los datos. Ademas, utilizan-
do métodos estadisticos para comparar los resultados entre poblaciones con sindrome
de Down y poblaciones con desarrollo tipico (adultos y ninos), se observa que los ju-
gadores con sindrome de Down obtienen resultados significativamente diferentes a los
obtenidos por personas con desarrollo tipico, principalmente en el tiempo requerido
para completar las actividades y en el nimero de errores. Asimismo, analizando los
datos recopilados en el videojuego se ha comprobado que las actividades incluidas en
el videojuego tienen un nivel de dificultad adecuado a la poblacién con sindrome de
Down. Estos datos pueden servir a su vez para detectar problemas particulares de cada

jugador analizando las actividades donde el jugador comete méas errores o tarda més
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tiempo en completarlas, de manera que los terapeutas puedan entrenar estos proble-
mas de manera especifica. Las observaciones realizadas por las terapeutas durante las
sesiones de juego destacan la motivacion hacia el uso del videojuego mostrada por los
usuarios con sindrome de Down. Este resultado es destacable ya que las personas con
sindrome de Down tienen una serie de limitaciones cognitivas que les dificultan realizar
una tarea compleja durante un largo periodo de tiempo, por lo que es positivo tener
una herramienta de entrenamiento que pueda mantener la atencién de los jugadores
durante toda la sesiéon de entrenamiento.

El uso del videojuego para el entrenamiento permite que, durante las sesiones de
juego, las producciones de los jugadores con sindrome de Down sean almacenadas au-
tomaticamente. Esto permite la creacién de un corpus especifico centrado en prosodia
de personas con sindrome de Down. Las frases incluidas en las actividades del video-
juego incluyen diferentes modalidades y estructuras sintacticas, lo que aporta variedad
prosddica al contenido del corpus. La posibilidad de grabar un corpus de voz utilizando
el videojuego es especialmente relevante cuando la poblacién objetivo tiene alguna limi-
tacion cognitiva, como es el caso de las personas con sindrome de Down. La grabacién
de este corpus ha permitido realizar una comparaciéon entre la prosodia de personas
con sindrome de Down y de personas con desarrollo tipico, poniendo el foco en las
caracteristicas acusticas extraidas de las propias grabaciones. Los experimentos rea-
lizados usando clasificadores automaticos con el objetivo de clasificar las grabaciones
como procedentes de personas con sindrome de Down o de personas con desarrollo
tipico muestran altas tasas de clasificacién, utilizando juntas las caracteristicas acusti-
cas de los cuatro dominios estudiados (frecuencia, energia, temporal y espectral). Si
se utilizan las caracteristicas de cada dominio por separado, los mejores resultados se
obtienen usando las caracteristicas espectrales. Este resultado es mas bajo que cuan-
do se utilizan las caracteristicas de los dominios de la frecuencia, energia y temporal
juntos. Estos resultados parecen indicar que, aunque existen diferencias especificas en
cada dominio entre los grupos estudiados, la combinacién de las caracteristicas de los

diferentes dominios es la que aporta mas discriminacion entre las voces de personas con
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sindrome de Down y las voces de personas con desarrollo tipico. Ademas, las carac-
teristicas espectrales suelen estar relacionadas con el sistema fonolégico utilizado para
producir sonidos, por lo que los problemas fisioldgicos que tienen algunas personas con
sindrome de Down determinan el valor de estas caracteristicas, por lo que no es posible
mejorarlas con entrenamiento. Sin embargo, las caracteristicas relacionadas con la fre-
cuencia fundamental, la energia o el dominio temporal si pueden entrenarse o mejorarse
con la practica, lo que produciria un mejor uso de la entonacién, el tono, el acento o
el ritmo a la hora de hablar. Por otro lado, el experimento perceptual realizado con
las grabaciones modificadas utilizando el algoritmo de transferencia de prosodia entre
los dos grupos revela la importancia de la prosodia en la percepcién de una voz como
atipica, lo que refuerza la idea de que el entrenamiento de la prosodia puede ayudar a
estas personas a integrarse mejor en la sociedad.

La heterogeneidad de la poblacion con sindrome de Down afecta también a la eva-
luacién automatica de las grabaciones y a la propia evaluacién perceptual realizada por
expertos. Se ha observado que existe una alta correlacion entre medidas del perfil cog-
nitivo de los participantes calculadas utilizando diferentes test de evaluacion lingiiistica
(edad verbal, nivel cognitivo no verbal y resultados de habilidades prosédicas) y los
resultados de las evaluaciones de los expertos. Los resultados del andlisis de la con-
cordancia entre la experta en prosodia y el clasificador automatico muestran tasas de
coincidencia por encima del 80 % en los casos en los que la experta evalué una graba-
cién como correcta y el clasificador automéatico también las evalué como correctas. En
los casos en los que la experta evalud las grabaciones como incorrectas y el clasifica-
dor también las evalué como incorrectas, la tasa de concordancia es mas baja y varia
dependiendo del usuario observado. Ademds, el porcentaje de producciones realizadas
correctamente por los usuarios (segun el criterio de la experta en prosodia) pero eva-
luadas incorrectamente por el clasificador automético es del 10,1 %. Este resultado es
destacable dentro del contexto del videojuego, ya que una alta tasa de evaluaciones
erréneas y negativas de las grabaciones puede provocar frustraciéon a los jugadores y

reducir la motivacién hacia el videojuego. También se han observado diferentes valo-
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res de concordancia entre la experta en prosodia y la terapeuta dependiendo del nivel
cognitivo de los usuarios, con mayores tasas de concordancia en los usuarios con los
niveles cognitivos més altos y con menores tasas de concordancia en los usuarios con
los niveles cognitivos mas bajos. Estos resultados sugieren que la utilizaciéon de un cla-
sificador automatico de propédsito general puede no ser la solucién 6ptima, sino que es
preferible tener en cuenta esta heterogeneidad a la hora de clasificar las grabaciones del

videojuego.

4.2. 'Trabajo futuro

El marco de trabajo planteado en esta tesis (Figura 1.1) muestra dos aspectos adi-
cionales que no han sido abarcados en este trabajo: la adaptacién de las actividades del
juego al perfil concreto del jugador y la generacién de informes sobre las sesiones de
juego. La adaptacién al usuario se plantea como un aspecto fundamental debido a la he-
terogeneidad de la poblacién con sindrome de Down. Dependiendo del perfil psicolégico
y lingiiistico de cada jugador, las actividades del videojuego pueden ser adaptadas para
ajustar la dificultad de las mismas y para entrenar aspectos concretos de la prosodia.
Esta adaptacién podria realizarse automaticamente utilizando la informacion sobre los
resultados en las actividades previas realizadas por ese mismo jugador.

La generacion de informes sobre los resultados obtenidos por los jugadores en las
diferentes sesiones de juego permitiria a los terapeutas poder realizar un seguimiento
de los avances de los jugadores y detectar cuales son los problemas concretos de un
jugador tanto en la percepcién como en la produccién de la prosodia. La combinacion
de ambos aspectos puede ser 1til para la integracién de este tipo de herramientas en
las terapias de habla realizadas en los centros educativos.

El trabajo presentado en esta tesis sobre la evaluacién automaética de las produc-
ciones de los jugadores es un primer acercamiento a la resolucién de esta tarea, pero
es necesario profundizar méas en este aspecto. Aunque el tamano del corpus utilizado
es suficiente para obtener resultados estadisticamente significativos, es necesario seguir

recopilando muestras de audio de personas con sindrome de Down con el objetivo de
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afianzar y mejorar los resultados obtenidos en la clasificacién automatica. Este aumento
del tamano del corpus puede facilitar la exploracién de nuevas estrategias de clasifica-
cién automatica, como el uso de redes neuronales profundas, que necesitan un gran
nimero de datos para obtener resultados fiables. Ademaés, actualmente la evaluacién de
las muestras de audio realizada por expertos es global a todos los aspectos de la pro-
sodia analizados. Sin embargo, los expertos podrian asignar una puntuacion diferente
a diferentes dimensiones de la prosodia (entonacién, acento o ritmo), con el objetivo
de utilizar esos datos en clasificadores automaticos mas especificos de cada dimensién.
Este enfoque es el elegido para desarrollar un proyecto actualmente en curso (Incorpo-
racion de un modulo de prediccion automdtica de la calidad de la comunicacion oral de
personas con sindrome de Down en un videojuego educativo, TIN2017-88858-C2-1-R).
Por ultimo, la obtencién de un corpus de voz méas amplio de personas con desarrollo
tipico con el que poder comparar las grabaciones de las personas con sindrome de Down

puede ayudar a mejorar los resultados de evaluacién automaética.

4.3. Logros y reconocimientos

4.3.1. Publicaciones

4.3.1.1. Publicaciones en revistas

1. La piedra magica. Un videojuego educativo orientado a la mejora de las habi-
lidades comunicativas orales como ventana a la inclusién social. Lourdes Agui-
lar, Yurena Gutiérrez-Gonzalez, Ferran Adell, David Escudero-Mancebo, César
Gongzalez-Ferreras, Valentin Cardenoso-Payo, Mario Corrales, Patricia Sinobas,
Valle Flores. Revista Sindrome de Down. Fundaciéon Sindrome de Down de Can-

tabria (Espana) Numero 127, volumen 32, paginas 148-157. Diciembre 2015 [2].

2. Acoustic analysis of anomalous use of prosodic features in a corpus of people
with intellectual disability. Mario Corrales-Astorgano, David Escudero-Mancebo,
César Gonzalez-Ferreras. International Conference on Advances in Speech and

Language Technologies for Iberian Languages (pp. 151-161). Springer, Cham.
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2016 [9].

3. Engaging Adolescents with Down Syndrome in an Educational Video Game.
César Gonzalez-Ferreras, David Escudero-Mancebo, Mario Corrales-Astorgano,
Lourdes Aguilar-Cuevas and Valle Flores-Lucas. International Journal of Hu-

man—Computer Interaction. 2017 [24].

4. Acoustic characterization and perceptual analysis of the relative importance of
prosody in speech of people with Down syndrome. Mario Corrales-Astorgano,
David Escudero-Mancebo, César Gonzalez-Ferreras. Speech Communication. Vo-

lume 99, 2018, Pages 90-100 [10].

5. Automatic Assessment of Prosodic Quality in Down Syndrome: Analysis of the
Impact of Speaker Heterogeneity. Mario Corrales-Astorgano, Pastora Martinez-
Castilla, David Escudero-Mancebo, Lourdes Aguilar, César Gonzélez-Ferreras,

Valentin Cardenoso-Payo. Applied Sciences. 2019, 9, 1440 [13].

4.3.1.2. Comunicaciones en congresos

1. Arquitectura para la interaccién en un videojuego para el entrenamiento de la
voz de personas con discapacidad intelectual. Mario Corrales, David Escudero,
Valle Flores, César Gonzalez, Yurena Gonzalez. XVI Congreso Internacional de

Interaccién Persona-Ordenador. 2015 [8].

2. On the Use of a Serious Game for Recording a Speech Corpus of People with Inte-
llectual Disabilities. Mario Corrales-Astorgano, David Escudero-Mancebo, Yure-
na Gutiérrez-Gonzalez, Valle Flores-Lucas, César Gonzélez-Ferreras and Valentin
Cardenoso-Payo Language Resources and Evaluation Conference (LREC) 2016
[12].

3. The magic stone: A video game to improve communication skills of people with in-
tellectual disabilities. Mario Corrales-Astorgano, David Escudero-Mancebo, César

Gonzalez-Ferreras, Yurena Gutérrez-Gonzalez, Valle Flores-Lucas, Valentin Car-
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denoso-Payo, and Lourdes Aguilar-Cuevas. Interspeech 2016. Pages 1565-1566
[11].

4. Acoustic analysis of anomalous use of prosodic features in a corpus of people with
intellectual disability. Mario Corrales-Astorgano, David Escudero-Mancebo, and

César Gonzalez-Ferreras. Iberspeech 2016 [9].

5. Towards an Automatic Evaluation of the Prosody of Individuals with Down Syn-
drome. Mario Corrales-Astorgano, Pastora Martinez-Castilla, David Escudero-
Mancebo, Lourdes Aguilar, César Gonzalez-Ferreras, Valentin Cardenoso-Payo.

Iberspeech 2018 [14].

4.3.2. Corpus

La tabla 4.1 muestra el corpus de personas con sindrome de Down almacenado
al final de este trabajo de tesis. El corpus cuenta con grabaciones de 23 usuarios con
sindrome de Down, con un total de 966 grabaciones que, en términos de duracién, hacen
un total de 3470 segundos. La disparidad entre los datos se debe al nimero de sesiones
que realizaron con el videojuego cada usuario y la versiéon del mismo. Ademsds, se ha
grabado otro corpus con grabaciones de personas con desarrollo tipico, que contiene
250 grabaciones de 22 usuarios, que hacen un total de 650 segundos.

El corpus incluye grabaciones de frases de diferentes modalidades (declarativas,
interrogativas y exclamativas). Normalmente, los patrones de entonacién varian depen-
diendo de la modalidad de la frase. Las frases declarativas normalmente acaban con
una bajada hacia tonos bajos, mientras que las interrogativas acaban con una subida
hacia tonos altos. Por otro lado, las frases parcialmente interrogativas, que estdn ca-
racterizadas por un elemento interrogativo al principio de la frase, empiezan con tonos
altos asociados a la parte interrogativa y acaban con una bajada hacia tonos bajos.
Las frases exclamativas son, normalmente, variaciones de las frases declarativas, por lo
que la variacién radica en aspectos como la energia, el volumen o la modulacion del

tono usado por el hablante. Ademds, la combinacién de diferentes frases con diferentes
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Tabla 4.1: Descripcién del corpus generado al final del trabajo de esta tesis.#Grabaciones
representa el numero de grabaciones por usuario. #Actividades diferentes representa el niimero
de actividades diferentes grabadas por cada usuario. La duracién representa la duracion total
en segundos de todas las grabaciones de un mismo usuario.

Usuario #Grabaciones #Actividades diferentes Duracién (segundos)

S01 120 32 364
S02 106 32 391
S03 97 35 244
S04 131 34 385
S05 151 40 544
S06 30 26 147
S07 34 25 196
S08 28 24 86
S09 43 30 251
S10 33 29 104
S11 57 7 171
S12 12 7 34
S13 7 6 34
S14 11 7 93
S15 33 7 130
S16 10 7 34
S17 8 6 24
S18 11 7 44
S19 10 7 40
S20 10 7 38
S21 9 7 46
S22 7 6 37
523 8 6 33
Total 966 3470 (50 minutos)

modalidades permite la inclusiéon de inflexiones que indican una segmentacién en la
produccién oral. Dependiendo del contexto y de la velocidad de produccion de la frase,
estas inflexiones pueden corresponder a una pausa (silencio) y a un fin de frase, o a una
semi-pausa, que implica un cambio de entonacién dentro de la misma frase.

La grabacién del sonido de voz en un soporte informatizado constituye un almace-
namiento de datos personales segin la Agencia Espanola de Proteccién de Datos, por lo
que los representantes legales de las personas participantes en la investigacién tuvieron
que firmar un consentimiento para la utilizacion de estos datos tinicamente para fines
de investigacion y especificamente para el grupo de investigacién ECA-SIMM de la Uni-

versidad de Valladolid. La distribucion de los datos almacenados durante el desarrollo
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de la tesis es interesante de cara a que otros grupos de investigacién puedan replicar los
experimentos realizados y realizar otro tipo de experimentacion, por lo que se ha creado
un repositorio donde se almacenan algunos archivos que permiten repetir experimentos
sin poner en riesgo la privacidad de los usuarios. Entre estos ficheros se encuentran los
que almacenan las caracteristicas extraidas de las grabaciones o algunos scripts utili-
zados. Los ficheros generados se pueden encontrar en Github (https://github.com/

macoas/tesis) y Gitlab (https://gitlab.inf.uva.es/marcorr/tesis)

4.3.3. Software

Como producto del trabajo realizado en esta tesis, se dispone del videojuego PRA-
DIA, que ha sido utilizado para realizar las grabaciones del corpus utilizado en esta
investigacién. El videojuego es una aventura grafica donde el jugador toma el rol de
protagonista, y tiene que avanzar en la historia resolviendo diferentes actividades. El
videojuego incluye conversaciones con diferentes personajes, el uso de diferentes objetos
y la navegacién por diversos escenarios. Para interactuar con el videojuego, el jugador
debe hacer uso del raton del ordenador donde se esta ejecutando el juego. Las activida-
des de entrenamiento estan incluidas como parte de la narrativa del videojuego, lo que
ayuda a la inmersién de los jugadores en el mismo. Existen tres tipos de actividades di-
ferentes: actividades de comprensién, actividades de produccién y actividades visuales.
Las actividades de comprension estan enfocadas en la comprensién léxico-seméntica
y en la mejora de la percepcién prosédica en diferentes contextos comunicativos. En
estas actividades, el jugador tiene que seleccionar entre diferentes opciones cudl cree
que es la mejor para continuar la conversacién en curso. Las actividades de produccién
(figura 4.1) se centran en el entrenamiento de la produccién oral, teniendo en cuenta los
aspectos prosédicos de la comunicaciéon como la entonacion, la expresion de emociones
o el acento. Al comienzo de estas actividades, el videojuego introduce el contexto de la
actividad mediante algiin personaje del juego, y el jugador debe responder usando su
propia voz. Estas actividades pueden ser de tres tipos: lectura, donde la frase a producir

se le muestra mediante texto al usuario; imitacién, donde la frase a producir se le repro-
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Si, la necesito. ; Cuanto vale?

Figura 4.1: Ejemplo de actividad de produccién, donde se le muestra al jugador la frase a
reproducir, tanto visual como textualmente.

duce oralmente al jugador; y produccién espontanea, donde el jugador no tiene ninguna
ayuda ni visual ni textual para resolver la actividad, por lo que tiene que interpretar
el contexto para producir la respuesta adecuada. Actualmente, estas actividades deben
ser evaluadas por un acompafiante externo, que suele ser el terapeuta que trabaja con
los jugadores. Para ello, utiliza el teclado del ordenador donde se estd ejecutando el
videojuego. Por tltimo, las actividades visuales estan incluidas para anadir variedad al
juego y para ejercitar otras habilidades no relacionadas con el lenguaje, como puede
ser la vision espacial, la coordinacién 6culo-manual o la memoria.

El videojuego incluye 3 episodios de més o menos 15 minutos de duracién cada uno.
El tiempo requerido para completar cada episodio puede variar segin las capacidades
y los resultados obtenidos por parte de cada jugador. Dentro de estos 3 episodios se
incluyen las diferentes actividades, entre las que se incluyen 40 dindmicas de produccién,
28 dinamicas de comprensién y 29 actividades visuales. El videojuego permite el acceso

a determinadas escenas de forma directa, con el objetivo de que los terapeutas puedan
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repetir sélo las partes que mads les interesen. En la pagina del proyecto PRADIA [1]
se puede acceder a la descarga del videojuego asi como a toda la informacién sobre el

proyecto.

4.3.4. Proyectos de investigacion

La investigacién realizada en la presente tesis doctoral ha sido desarrollada en el

contexto de los siguientes proyectos de investigacion:

= Titulo: Juguem a comunicar millor! La millora de la competeéncia prosodica com
a via d’integracié educativa i d’inclusié social de 'alumnat amb necessitats edu-

catives especials derivades de la discapacitat

e Investigador Principal: Lourdes Aguilar Cuevas — Universidad Auténoma

de Barcelona

e Fecha de Inicio: 01/01/2014

e Fecha de Finalizacién: 01/04/2016

e Entidad Financiadora: RecerCaixa, ACUP, Obra Social “la Caixa”

e Cantidad: 77.642,60€

e Referencia: PZ611683-2013ACUP00202

e Resumen: El proyecto Recercaixa 2013 «jJuguemos a comunicar mejor!» pre-
tende impulsar el desarrollo de la competencia comunicativa en el alumnado
con Necesidades Especificas de Apoyo Educativo derivadas de la discapaci-
dad. El objetivo es desarrollar una herramienta de autoaprendizaje basada
en el uso de un videojuego cuyos niveles se iran superando mediante prue-
bas de voz. De esta forma, creemos que los alumnos podrdn solucionar sus

dificultades de fluidez, ritmo, etc. con un método dindmico y sin necesidad

de supervisién profesional continuada.
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= Titulo: PRADIA: La aventura grafica de la pragmatica y la prosodia

e Investigador Principal: Lourdes Aguilar Cuevas — Universidad Auténoma

de Barcelona
e Fecha de Inicio: 20/10/2016
e Fecha de Finalizacién: 31/12/2017
e Entidad Financiadora: Fundacién BBVA
e Cantidad: 59.957,92€
e Referencia: CF613399

e Resumen: El propésito principal del proyecto es desarrollar una herramien-
ta de intervencion educativa, especificamente un videojuego, en el ambito
de las relaciones entre prosodia (entonacién, fluidez, entre otros aspectos)
y pragmatica (comprension de las situaciones reales de comunicacién) que
permita impulsar las habilidades comunicativas del colectivo de Sindrome de
Down. La investigacién, de caracter aplicado, se orienta hacia el desarrollo
de una aventura grafica (subgénero de los videojuegos de aventura), que per-
mita al alumnado con diversidad funcional adquirir de manera inadvertida
unos objetivos de aprendizaje relacionados con sus habilidades comunicati-
vas. Se plantea asi un uso innovador de las tecnologias de la informacién en
el tratamiento de una cuestion propia de las humanidades, como es el caso

de la vehiculacién de contenidos de lingiiistica en la educacion especial.

= Titulo: Incorporacién de un médulo de prediccién automatica de la calidad de la

comunicacién oral de personas con sindrome de Down en un videojuego educativo

e Investigadores Principales: David Escudero Mancebo y Valentin Cardenoso

Payo, Universidad de Valladolid
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Fecha de Inicio: 01/01/2018

Fecha de Finalizacién: 31/12/2020

Entidad Financiadora: Ministerio de Economia, Industria y Competitivi-

dad.

Cantidad: 79,140€

Referencia: TIN2017-88858-C2-1-R

Resumen: Se dispone de un videojuego serio para la préctica de la comu-
nicacién oral (pragmadtica y prosodia principalmente) de personas con dis-
capacidad intelectual desarrollado a lo largo de los cuatro ultimos afos en
el marco de dos proyectos de investigaciéon financiados por Resercaixa y
BBVA. El videojuego ha demostrado su utilidad al ser capaz de motivar a
los usuarios en la realizacién de ejercicios de tipo practico en compania de
un entrenador (tipicamente un profesor, logopeda o un familiar). También
ha demostrado su potencial para recoger corpus de voz de un colectivo de
usuarios particularmente dificil. El objetivo de este proyecto es la incorpora-
cion al videojuego de un componente inteligente que permita a los usuarios
realizar los ejercicios de forma auténoma, sin la necesidad de constante de

la presencia del entrenador.

= Titulo: Herramientas software ludificadas para la evaluacién y entrenamiento de

la pronunciacién

e Investigadores Principales: Valentin Cardenoso Payo
e Fecha de Inicio: 2018
e Fecha de Finalizacién: 2020

e Entidad Financiadora: Junta de Castilla y Ledn
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e Cantidad: 12,000€
o Referencia: VA050G18

e Resumen: Recientemente, las tecnologias del habla, un a&mbito tradicional-
mente dedicado a la sintesis y el reconocimiento de voz de locutor esta
siendo aplicada a la préactica de la pronunciacién asistida por ordenador.
El objetivo de este proyecto es profundizar en la aplicacién de la experien-
cia del GIR sobre tecnologias del habla en el ambito de la pronunciacién
asistida por ordenador en dos dominios diferentes: la practica de la pronun-
ciacién por parte de personas con discapacidad intelectual, y la practica de
la pronunciacién de estudiantes de un segundo idioma. Puesto que el grupo
de investigacién ha desarrollado ya proyectos en estas lineas, la financiacién
solicitada en este proyecto servird para consolidar las investigaciones en
estas lineas. Los resultados principales del proyecto a realizar en los proxi-
mos tres anos seran: el diseno de un médulo de evaluacién automatica de
prosodia de personas con discapacidad intelectual que sirva para mejorar
el componente Dashboard del videojuego ya desarrollado; el disefio de un
moédulo de evaluacion y diagnosis de la calidad de la produccién de fonemas
y prosodia en las herramientas de entrenamiento de pronunciaciéon basadas
en pares minimos; nos centraremos principalmente en el espanol y el inglés
como idiomas L2. Durante el proyecto estd previsto culminar las dos tesis
doctorales en desarrollo y servir de apoyo para solicitudes de proyectos de

investigacién competitvos de d&mbito nacional y europeo.
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