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Summary 
 

 

 

This Thesis presents two related lines of research work contributing to the general fields of 

Human-Technology (or Machine) Interaction (HTI, or HMI), computational linguistics, and 

user experience evaluation. These two lines are the design and user-focused evaluation of 

advanced Human-Machine (or Technology) Interaction systems. 

The first part of the Thesis (Chapters 2 to 4) is centred on advanced HMI system design. 

Chapter 2 provides a background overview of the state of research in multimodal conversational 

systems. This sets the stage for the research work presented in the rest of the Thesis. 

Chapers 3 and 4 focus on two major aspects of HMI design in detail: a generalised dialogue 

manager for context-aware multimodal HMI, and embodied conversational agents (ECAs, or 

animated agents) to improve dialogue robustness, respectively. Chapter 3, on dialogue 

management, deals with how to handle information heterogeneity, both from the 

communication modalities or from external sensors. A highly abstracted architectural 

contribution based on State Chart XML is proposed.  

Chapter 4 presents a contribution for the internal representation of communication 

intentions and their translation into gestural sequences for an ECA, especially designed to 

improve robustness in critical dialogue situations such as when miscommunication occurs. We 

propose an extension of the functionality of Functional Mark-up Language, as envisaged in 

much of the work in the SAIBA framework. Our extension allows the representation of 

communication acts that carry intentions that are not for the interlocutor to know of, but which 

are made to influence him or her as well as the flow of the dialogue itself. This is achieved 

through a design element we have called the Communication Intention Base. Such 

r pr s ntation of “non-  clar  ” int ntions allows th  construction of communication acts that 

carry several communication intentions simultaneously. Also in Chapter 4, an experimental 

system is described which allows (simulated) remote control to a home automation assistant, 

with biometric (speaker)  authentication to grant access, featuring embodied conversation agents 

for each of the tasks. The discussion includes a description of the behavioural sequences for the 

ECAs, which were designed for specific dialogue situations with particular attention given to 

the objective of improving dialogue robustness. 

Chapters 5 to 7 form the evaluation part of the Thesis. Chapter 5 reviews evaluation 

approaches in the literature for information technologies, as well as in particular for speech-

based interaction systems, that are useful precedents to the contributions of the present Thesis. 

The main evaluation precedents on which the work in this Thesis has built are the Technology 
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Acceptance Model (TAM), the Subjective Assessment of Speech System Interfaces (SASSI) 

tool, and ITU-T Recommendation P.851. 

Chapt r 6 pr s nts th  author’s work in  stablishing an  valuation fram work and 

m tho ology appli   to th  us rs’  xp ri nc  with multimo al HMI syst ms. A nov l us r-

acceptance Subjective Quality Evaluation Framework was developed by the author specifically 

for this purpose. A class structure arises from two orthogonal sets of dimensions. First we 

identify three broad classes of parameters related with user acceptance: likeability factors (those 

that have to do with the experience of using the system), rejection factors (which can only have 

a negative valence) and perception of usefulness. Secondly, the class structure is further broken 

 own into s v ral “us r p rc ption l v ls”; at th  v ry l ast: an ov rall syst m-assessment level, 

task and goal-related levels, and an interface level (e.g., a dialogue system with or without an 

ECA). 

An empirical evaluation of the system described in Chapter 4 is presented in Chapter 7. 

The study was based on the abovementioned precedents in the literature, expanded with 

cat gori s cov ring th  inclusion of an ECA, th  us rs’ s lf-assessed emotions, and particular 

rejection factors (privacy and security concerns). The Subjective Quality Evaluation Framework 

proposed in the previous chapter was also scrutinised. Factor analyses revealed an item structure 

very much related conceptually to the usefulness-likeability-rejection class division introduced 

above, thus giving it some empirical weight. Regression-based analysis revealed structures of 

dependencies, paths of interrelations, between the subjective and objective parameters 

considered. The central mediation effect, in the Technology Acceptance Model, of perceived 

usefulness on the dependency relationship of intention-to-use with perceived ease of use was 

confirmed in this study. Furthermore, the pattern of relationships was stronger for variables 

covering more broadly the likeability and usefulness categories in the Subjective Quality 

Evaluation Framework. Rejection factors were found to have a distinct presence as components 

in factor analyses, as well as distinct behaviour: they were found to moderate the relationship 

between intention-to-use (the main measure of user acceptance) and its strongest predictor, 

perceived usefulness.  

Insights of secondary importance are also given regarding the effect of ECAs on the 

interface of spoken dialogue systems and the dimensions of user perception and judgement 

attitude that may have a role in determining user acceptance of the technology. Despite 

observing slightly better performance values in the case of the system with the ECA, subjective 

opinions regarding both systems were, overall, very similar. Minor differences between two 

experimental groups (one interacting with an ECA, the other only through speech) include a 

more direct effect of dialogue problems (e.g., non-understandings) on perceived dialogue 

robustness for the voice-only interface test group, and a more positive emotional response for 

the ECA test group. Our findings further suggest that the ECA generates higher initial 

expectations, and users seem slightly more confident in their interaction with the ECA than do 

those without it. Finally, mild evidence of social effects of ECAs was also found: the perceived 

friendliness of the ECA increased security concerns, and ECA users may tend to blame 

themselves rather than the system when dialogue problems are encountered, while the opposite 

may be true for voice-only users. 



 

iii 

 

Resumen 
 

 

 

En esta Tesis se presentan dos líneas de investigación relacionadas y que contribuyen a las áreas 

de Interacción Hombre-Tecnología (o Máquina; siglas en inglés: HTI o HMI), lingüística 

computacional y evaluación de la experiencia del usuario. Las dos líneas en cuestión son el 

diseño y la evaluación centrada en el usuario de sistemas de Interacción Hombre-Máquina 

avanzados. 

En la primera parte de la Tesis (Capítulos 2 a 4) se abordan cuestiones fundamentales del 

diseño de sistemas HMI avanzados. El Capítulo 2 presenta una panorámica del estado del arte 

de la investigación en el ámbito de los sistemas conversacionales multimodales, con la que se 

enmarca el trabajo de investigación presentado en el resto de la Tesis. 

Los Capítulos 3 y 4 se centran en dos grandes aspectos del diseño de sistemas HMI: un 

gestor del diálogo generalizado para tratar la Interacción Hombre-Máquina multimodal y 

sensible al contexto, y el uso de agentes animados personificados (ECAs) para mejorar la 

robustez del diálogo, respectivamente. El Capítulo 3, sobre gestión del diálogo, aborda el 

tratamiento de la heterogeneidad de la información proveniente de las modalidades 

comunicativas y de los sensores externos. En este capítulo se propone, en un nivel de 

abstracción alto, una arquitectura para la gestión del diálogo con influjos heterogéneos de 

información, apoyándose en el uso de State Chart XML. 

En el Capítulo 4 se presenta una contribución a la representación interna de intenciones 

comunicativas, y su traducción a secuencias de gestos a ejecutar por parte de un ECA, diseñados 

específicamente para mejorar la robustez en situaciones de diálogo críticas que pueden surgir, 

por ejemplo, cuando se producen errores de entendimiento en la comunicación entre el usuario 

humano y la máquina. Se propone, en estas páginas, una extensión del Functional Mark-up 

Language definido en el marco conceptual SAIBA. Esta extensión permite representar actos 

comunicativos que realizan intenciones del emisor (la máquina) que no se pretende sean 

captadas conscientemente por el receptor (el usuario humano), pero con las que se pretende 

influirle a éste e influir el curso del diálogo. Esto se consigue mediante un objeto llamado Base 

de Intenciones Comunicativas (en inglés, Communication Intention Base, o CIB). La 

r pr s ntación  n  l CIB    int ncion s “no   clara as” a  más    las  xplícitas p rmit  la 

construcción de actos comunicativos que realizan simultáneamente varias intenciones 

comunicativas. En el Capítulo 4 también se describe un sistema experimental para el control 

remoto (simulado) de un asistente domótico, con autenticación de locutor para dar acceso, y con 

un ECA en el interfaz de cada una de estas tareas. Se incluye una descripción de las secuencias 
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de comportamiento verbal y no verbal de los ECAs, que fueron diseñados específicamente para 

determinadas situaciones con objeto de mejorar la robustez del diálogo. 

Los Capítulos 5 a 7 conforman la parte de la Tesis dedicada a la evaluación. El Capítulo 5 

repasa antecedentes relevantes en la literatura de tecnologías de la información en general, y de 

sistemas de interacción hablada en particular. Los principales antecedentes en el ámbito de la 

evaluación de la interacción sobre los cuales se ha desarrollado el trabajo presentado en esta 

Tesis son el Technology Acceptance Model (TAM), la herramienta Subjective Assessment of 

Speech System Interfaces (SASSI), y la Recomendación P.851 de la ITU-T. 

En el Capítulo 6 se describen un marco y una metodología de evaluación aplicados a la 

experiencia del usuario con sistemas HMI multimodales. Se desarrolló con este propósito un 

novedoso marco de evaluación subjetiva de la calidad de la experiencia del usuario y su relación 

con la aceptación por parte del mismo de la tecnología HMI (el nombre dado en inglés a este 

marco es Subjective Quality Evaluation Framework). En este marco se articula una estructura de 

clases de factores subjetivos relacionados con la satisfacción y aceptación por parte del usuario 

de la tecnología HMI propuesta. Esta estructura, tal y como se propone en la presente tesis, tiene 

dos dimensiones ortogonales. Primero se identifican tres grandes clases de parámetros 

r laciona os con la ac ptación por part    l usuario: “agra abili a ” (likeability: aquellos que 

tienen que ver con la experiencia de uso, sin entrar en valoraciones de utilidad), rechazo (los 

cuales sólo pueden tener una valencia negativa) y percepción de utilidad. En segundo lugar, este 

conjunto    clas s s  r pro uc  para  istintos “niv l s, o focos,    p rc pción   l usuario”. 

Éstos incluyen, como mínimo, un nivel de valoración global del sistema, niveles 

correspondientes a las tareas a realizar y objetivos a alcanzar, y un nivel de interfaz (en los casos 

propuestos en esta tesis, el interfaz es un sistema de diálogo con o sin un ECA). 

En el Capítulo 7 se presenta una evaluación empírica del sistema descrito en el Capítulo 4. 

El estudio se apoya en los mencionados antecedentes en la literatura, ampliados con parámetros 

para el estudio específico de los agentes animados (los ECAs), la auto-evaluación de las 

emociones de los usuarios, así como determinados factores de rechazo (concretamente, la 

preocupación por la privacidad y la seguridad). También se evalúa el marco de evaluación 

subjetiva de la calidad propuesto en el capítulo anterior. Los análisis de factores efectuados 

revelan una estructura de parámetros muy cercana conceptualmente a la división de clases en 

utilidad-agradabilidad-rechazo propuesta en dicho marco, resultado que da cierta validez 

empírica al marco. Análisis basados en regresiones lineales revelan estructuras de dependencias 

e interrelación entre los parámetros subjetivos y objetivos considerados. El efecto central de 

mediación, descrito en el Technology Acceptance Model, de la utilidad percibida sobre la 

relación de dependencia entre la intención de uso y la facilidad de uso percibida, se confirma en 

el estudio presentado en la presente Tesis. Además, se ha encontrado que esta estructura de 

relaciones se fortalece, en el estudio concreto presentado en estas páginas, si las variables 

consideradas se generalizan para cubrir más ampliamente las categorías de agradabilidad y 

utilidad contempladas en el marco de evaluación subjetiva de calidad. Se ha observado, 

asimismo, que los factores de rechazo aparecen como un componente propio en los análisis de 

factores, y además se distinguen por su comportamiento: moderan la relación entre la intención 
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de uso (que es el principal indicador de la aceptación del usuario) y su predictor más fuerte, la 

utilidad percibida. 

Se presentan también resultados de menor importancia referentes a los efectos de los ECAs 

sobre los interfaces de los sistemas de diálogo y sobre los parámetros de percepción y las 

valoraciones de los usuarios que juegan un papel en conformar su aceptación de la tecnología. A 

pesar de que se observa un rendimiento de la interacción dialogada ligeramente mejor con 

ECAs, las opiniones subjetivas son muy similares entre los dos grupos experimentales (uno 

interactuando con un sistema de diálogo con ECA, y el otro sin ECA). Entre las pequeñas 

diferencias encontradas entre los dos grupos destacan las siguientes: en el grupo experimental 

sin ECA (es decir, con interfaz sólo de voz) se observó un efecto más directo de los problemas 

de diálogo (por ejemplo, errores de reconocimiento) sobre la percepción de robustez, mientras 

que el grupo con ECA tuvo una respuesta emocional más positiva cuando se producían 

problemas. Los ECAs parecen generar inicialmente expectativas más elevadas en cuanto a las 

capacidades del sistema, y los usuarios de este grupo se declaran más seguros de sí mismos en 

su interacción. Por último, se observan algunos indicios de efectos sociales de los ECAs: la 

“amigabili a ” p rcibi a    los ECAs  staba corr la a con un incr m nto    la pr ocupación 

por la seguridad. Asimismo, los usuarios del sistema con ECAs tendían más a culparse a sí 

mismos, en lugar de culpar al sistema, de los problemas de diálogo que pudieran surgir, 

mientras que se observó una ligera tendencia opuesta en el caso de los usuarios del sistema con 

interacción sólo de voz. 
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Introduction 
 

 

 

 

 

 

 

 

Computing systems, in general machines that process information, are increasingly becoming 

present in all aspects of our everyday lives. We move around in spaces that, with increasing 

independence (compared, for instance, to the programmable home devices, such as VCRs, to 

which we are already long accustomed), sense and react to our presence, from the humble 

automatic light, to s l ctiv  acc ss control in “smart” buil ings, an  pr s nc -detecting traffic 

lights. Computers themselves, as independently identifiable machines, are at hand in most of the 

scenes in which our lives unfold. Perhaps more significantly, wherever we go we are followed, 

and make ourselves followed, by increasingly sophisticated information-handling devices. Two 

prime examples are smartphones, with their expanding plethora of apps, and cars that have 

begun talking to us. The view ahead from this technological scenario is a future in which many 

objects around us will be able to acquire meaningful information about their environment and 

communicate it to other objects and to people. This is the basic idea supporting the concept of 

“Int rn t of Things" (Sundmaeker et al., 2010) and Mark Weiser's influential vision of 

Ubiquitous Computing (Weiser, 1991). 
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1.1 Advanced HMI systems 

Three basic functional aspects characterise information-handling and -communicating systems: 

collecting, processing and using the information. Collecting and using information may involve 

interaction with human users. This interaction can be direct, or explicit, with system and user 

openly communicating with one another, through messages, prompts, actions (e.g., pressing a 

button); or it can b  implicit, with th  syst m coll cting information about th  us r’s b haviour 

and activity and acting on her environment (Schmidt, 2012). Explicit interaction can be 

multimodal, involving more than one channel of communication, such as speech, gestures and 

touch. Apart from interaction with users, task-based information-handling systems typically 

collect, or have access to, other local or remote data that is relevant to whatever the application 

may be. 

The information from all of the heterogeneous sources in play –the stored data accessed 

locally and remotely, the real world observations provided by sensors, and the various 

interaction modalities in play– has to be integrated to form a coherent picture of the situation at 

any particular moment in time. Obtaining an internal representation of the relevant aspects of 

the real world for the task the system has been designed to perform requires selecting and 

combining the information arriving from the available sources. Further processing is needed to 

decide what actions to take at each particular moment. In Human-Machine Interaction (HMI), 

deciding what to do involves producing a message, or more generally information output, for 

the human user. 

As human-machine interaction acquires an increasingly important role in a growing 

number and variety of applications, the forms and contexts of the communication are, 

correspondingly, broadening and becoming both more complex. At the same time it is desirable 

that the interaction should become more natural to humans. The growing diversity of 

information sources and technologies, and the direct contact with people, pose two broad types 

of challenges. First there is the general problem of integration both of information (as was 

mentioned above) and of the different technologies involved, in order to present a coherent user 

interface. The challenges posed by the need to achieve these two related kinds of integration, of 

information and of technologies, are mainly challenges of system design. 

The increasing proximity of information handling systems to human users in an expanding 

variety of scenarios, mediated by ever richer interaction possibilities, poses a second major set 

of chall ng s r lat   to th   valuation of th  us rs’  xp ri nc . That is, qu stions aris  as to 

how to assess the quality of the interaction, in terms both of actual performance and of the 

us rs’ subj ctiv   xp ri nc  with the particular systems or applications with which they interact.  

Both of these aspects, design and evaluation, of the study of what we might call advanced 

human-machine interaction systems will be the focus of this Thesis.  

Broadly speaking, in this Thesis advanced HMI systems are taken to be those that feature 

one or several of the following characteristics: 

 They utilise more than one information channel to communicate with human users. This 

multimodality can be either in the input from the user to the automated system, in the 

output from the system to the user, or both. 



Introduction 

  

 

3 

 

 Th  combination of communication mo aliti s may  xhibit “p rsonification”, that is, 

elements introduced to create the illusion of a human-like presence with which the user 

is interacting, possibly with distinct personality traits. (A particular kind of HMI system 

featuring an animated agent, exhibiting specifically designed conversational behaviour, 

will be a major focus of discussion in this Thesis.) 

 They may incorporate other information inputs that allow modelling relevant features of 

the context in which the interaction is taking place. 

 They may run concurrently with other tasks. It may also be required that the HMI 

system take into account the activity in the concurrent tasks. 

1.2 Objectives 

As advanced above, the overarching goal of this Thesis is to present a set of central themes that 

require further study concerning the design of the interaction manager and of the interaction 

processes themselves, and the evaluation of the interaction p rformanc  an  th  us rs’ 

subjective experience with it. Original research contributions are also offered in these areas. The 

functional variety, thematic scope and technological diversity of HMI systems that are 

“a vanc  ” in th  abov  s ns , how v r, make it difficult to envisage a unified approach to 

their study, and even more so to obtain conclusions that are generalizable to all systems and 

contexts of use. It is necessary to approach the challenges of design and evaluation of these 

systems from more focused perspectives, delimited by the distinctive features of particular 

systems. 

1.2.1 Functional elements studied  

In the present Thesis three important angles of approach are identified that are still in need of 

significant research contributions. They will be followed here, represented by specific 

technological exemplars, to delimit the characteristics of the systems under discussion: 

 First it is useful to take an incremental approach to communication modalities. Starting 

from the case of a single channel of communication, namely, natural speech input and 

output, the design problems associated with adding further channels (i.e. multimodality) 

will be explored. This incremental approach to communication modalities will be 

exemplified with an analysis of interface output personification using human-like 

animated characters called embodied conversational agents (described in Section 2.5). 

 Secondly, the nature and peculiarities of the tasks that are carried out may affect the 

interaction that is designed to fulfil them, and how users perceive it. Two cases will be 

discussed: biometric access (in particular, speaker recognition), with special focus on 

the security concerns of users; and remote access to home automation systems, where 

privacy concerns may come into play. 
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 A third element of analysis of interaction systems with which this Thesis will be 

concerned is the context of the interaction. Here it is of interest to consider two distinct 

int rpr tations of th  t rm “cont xt”: First, cont xt may r f r to th  s t of imm  iat  

circumstances in which the user is interacting that may affect the objective (e.g., 

p rformanc ) an  subj ctiv  (th  us r’s  xp ri nc ) param t rs in play. Second, the 

context of the interaction may be understood as the broader body of information about 

events in the real world exterior to the human-machine interaction, which are taken into 

consideration either in the functioning of the tool that motivates the interaction (e.g., the 

system may inform the user of events in the world) or in the flow of the interaction 

(external events may demand an interruption of the interaction or changes in the way it 

proceeds –e.g., the presence of noise may advise switching from spoken to visual 

interaction–). Syst ms with th s  capabiliti s ar  sai  to b  “cont xt-awar ”. Context-

aware systems receive information (e.g., from specialised sensors) with which they 

construct an internal representation of relevant aspects of the world. Design challenges, 

and possible architectural solutions, will be discussed regarding the management of 

contextual information in multimodal HMI systems. 

1.2.2 Design and evaluation 

We have just outlined the general area of concern of this Thesis: the challenges of design and 

evaluation of advanced HMI systems, focusing particularly on multimodal interaction, 

biometric access and personal assistance tasks and internal handling of contextual as well as 

multimodal information. Correspondingly, the Thesis is divided into two parts, one discussing 

issues of design, the other exploring questions of evaluation of these systems. 

Though presented here for the most part separately, design and evaluation are mutually 

dependent. Fundamental questions such as whether HMI systems should reproduce the 

functionality of human-human communication, or replicate human communicative behaviour, 

or whether their internal design should be a parallel of the way humans perceive and process 

communication, are obviously dependent on how users perceive and appraise (speech-based) 

human-machine interaction, and should be informed by research in this area. Conversely, 

questions concerning evaluation research may depend on system design. For instance, should 

evaluation categories follow known categories in user perception, or, rather, system 

characteristics? The closer the design of a HMI system follows known perceptual processes the 

more the two possibilities blend into each other. Perception of interaction is studied partly 

through experimentation with systems, so how these experimental systems are designed (at least 

functionally) may influence the subjective appraisal categories related to perception that may be 

found, as well as their interrelations. Thus, the balance that has to be struck between the 

research of design and evaluation is a delicate one. On the one hand, conceptual clarity needs 

separation of design and evaluation concerns, but on the other it is necessary to allow interplay 

between the two. The point of interconnection chosen in this Thesis for this purpose is the 

syst m’s multimo al output,   sign consi  rations of which, as w  shall s   pr s ntly, ar  

conn ct   to th  improv m nt of th  flow of th  int raction as w ll as th  us rs’ satisfaction, 

which in turn are central evaluation concerns. 
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1.2.2.1 Design 

Regarding design, three fundamental questions immediately arise when describing the above 

sort of advanced, context-aware multimodal interactive system under consideration, questions 

which correspond to the three fundamental aspects of information-handling systems: how to 

collect, how to process and how to use the information. 

 Collecting the information: This thesis will not be concerned with technological 

questions regarding the part of the process of collecting either kind of information that 

is external to the information processing element of the system, which is called the 

interaction manager. That is, we will not be concerned with sensor systems or user 

input technologies such as speech recognition. However, regarding user input, we will 

consi  r th  possibility of influ ncing th  us r’s communication b haviour through th  

careful preparation of the syst m’s output. 

 Processing the information: Context-aware multimodal HMI systems receive two kinds 

of input: input from external sensors, and input from the channels used to communicate 

with the user (the communication modalities). Associated with this influx of different 

kinds of information from different sources is the problem of how to integrate them to 

form a coherent interpretation of the situation (dialogue stage + context). 

 Using the information: The information an interactive system receives, summarised and 

processed into a particular interpretation, is used to generate a response in the form of a 

message output for the user. This Thesis touches two aspects of the generation of the 

message: the first is how to represent complex messages (with more than one 

communication intention and involving more than one communication channel) in the 

interaction manager in a way that facilitates the performance of the message in the form 

of output behaviour. The second aspect is determining what the output behaviour should 

be in different stages of the dialogue with the user, particularly in delicate situations 

(e.g. turn transitions from system to user and vice versa) or when interaction problems 

occur ( .g. r cognition  rrors). Th  syst m’s ability to facilitate a good interaction flow 

in these situations determines its robustness. Dialogue robustness, its determinants and 

its effects constitute the major specific focal points of concern in both the design and 

the evaluation parts of this Thesis.  The behavioural output part of the contributions to 

the design of HMI systems is guided by the goal of improving dialogue robustness, and 

it is tightly related to the discussion in the portion of the Thesis devoted to evaluation. 

1.2.2.2 Evaluation 

The evaluation of both objectiv  int raction p rformanc  an  us rs’ subj ctiv  appraisal of th ir 

experience interacting with an advanced HMI system poses challenges that are still far from 

being resolved. A first family of challenges concerns the identification of the appropriate objects 

of the evaluation, i.e. what objective and subjective variables are relevant in the sense that 

design considerations may be extracted from their observation that will have an impact on the 

us rs’ int raction  xp ri nc . N xt, it is n c ssary to   v lop models explaining how the 
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identified variables are interrelated, to in turn understand how changes in interaction design can 

aff ct th  us rs’ subj ctiv   xp ri nc . Th  contributions of th  pr s nt Th sis to both of th s  

areas are of three kinds:  

 Conceptual: shedding light on the variables (and their properties) that play a significant 

rol  in th  us rs’ appraisal of th  int raction an  of th  syst m. 

 Methodological: proposing methods of experimental analysis to uncover structured 

relationships between those variables. 

 Empirical: presenting the results of analyses performed on user tests with a particular 

experimental system, with substantive (though tentative) conclusions drawn with 

implications for the conceptual and methodological points. 

1.3 Outline of the Thesis 

Following this overview of the research topics, the technological focus and the objectives that 

this Thesis is concerned with, the Chapter structure is as follows. 

 

 Chapter 2 presents a broad introduction to the concept and characteristics of speech-

based human-machine interaction systems, and includes a review of the relevant 

literature. The chapter begins with design-related and philosophical considerations 

regarding the desired characteristics of such systems. The discussion of features of 

flows from purely speech-based interaction systems to conversational systems that have 

an added visual channel of communication, coordinated with the spoken output, in the 

form of animated figures onscreen called embodied conversational agents. The 

particular design concern covered in the Thesis is introduced in relation to these 

systems: dialogue robustness, or the ability of a dialogue system to prevent 

communication errors and to recover from errors when they occur. In the case of 

embodied conversational agents, in addition to their reported effects on human-system 

communication, the discussion also reviews their observed or suspected social effects. 

 Chapter 3 discusses the problem of information heterogeneity in context-aware 

multimodal HMI systems (this is the problem, described briefly above, of managing and 

interpreting information of various types and from different sources). A simple 

extension to architecture recommendations and technologies for the management of 

multimodal HMI systems is proposed for integrating data coming from external sensors. 

 Chapter 4 is the second chapter describing the contributions made in this Thesis to 

selected design questions (see above). It deals with the generation of multimodal output; 

in particular, spoken and gestural output performed by embodied conversational agents. 

The chapter has two distinct parts: 

o The first part explores a novel scheme for the internal representation of 

communication intentions (extending early proposals of a representation 
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scheme for animated agent messages), allowing for multiple simultaneous 

communication intentions in a single message, and also the specification of 

non-  clar   int ntions which con ition th  ag nt’s b haviour with th  goal of 

influ ncing th  us r’s b haviour without h r b ing aware of it. 

o The second part describes an interaction scenario and an associated 

experimental dialogue system, featuring embodied conversational agents, that 

presents test users with two tasks: a speaker authentication task and a personal 

assistant task (checking the functioning state of various home devices). The 

behaviour of the agents is described for particular dialogue situations. It was 

designed to promote the smooth flow (i.e. the robustness) of the interaction with 

the user. This experimental system was used for the empirical evaluations 

presented in the second part of the Thesis. 

 The portion of the Thesis devoted to evaluation begins with Chapter 5, which provides a 

 iscussion of th  main approach s in th  lit ratur  to th   valuation of th  us rs’ 

experience with technology in general and with speech-based interaction systems in 

particular. Limitations of these approaches are noted, in preparation for the original 

contributions presented in Chapters 6 and 7. 

 Chapter 6 introduces an original conceptual framework of types, or classes, of 

subjective factors (variables) which generalises the main variables in the influential 

Technology Acceptance Model (TAM; previously described in Chapter 5). Rejection 

factors are posited as a distinct class in addition to those in our framework that extend 

the variables in TAM. Extensions to the set of subjective variables considered in the 

main works in the literature of dialogue system evaluation are also proposed, to cover 

user perceptions associated with their emotions during the interaction, the presence and 

behaviour of the embodied conversational agents, and postulated rejection factors. 

 Chapter 7 presents contributions to the methodology of analysis of experimental data 

related to the subjective variables and classes outlined in the previous chapter, and 

discusses experimental results obtained with the application of the methods proposed. 

o The methodology used to explore both subjective and objective (interaction 

performance) elements makes use of a variety of techniques from the area of 

inferential statistics, drawing particularly on a regression-based analytical 

framework that allows exploring a range of indirect effects between variables. 

This is very useful when exploring the structure of interrelations of the 

variabl s that ar  r l vant to th  us rs’ int raction  xp ri nc . Obs rving th s  

structur s provi  s a    p r un  rstan ing of how th  us rs’ appraisal of th ir 

interaction experience is formed than what is possible solely by identifying and 

quantifying each variable separately. 

o Experimental observations of interactions with the system described in Chapter 

4 are presented, testing whether there is agreement with the central structure of 

the Technology Acceptance Model. In addition, the conjecture, introduced in 

Chapter 6, that rejection factors are a distinct class of subjective factors is 
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examined, as well as the properties such factors may have, particularly in 

relation to user acceptance. Effects attributable to the embodied conversational 

agents in the interface are also explored. 

 Finally, Chapter 8 extracts conclusions from both the design and the evaluation parts of 

the Thesis and summarises the main contributions of the work. The chapter and Thesis 

ends with a brief discussion of open questions pointing to further directions of research. 

 

The Thesis also has a collection of Appendices, the contents of which are as follows: 

 Appendix A gives a more detailed exposition of the methods of regression-based 

analysis of indirect effects discussed in Chapter 7. 

 Appendix B describes the objective (interaction performance) variables and the 

subjective variables (derived from questionnaire responses) extracted for the analyses 

presented in the empirical parts of the Thesis (Chapter 7 and Appendix C). 

 Appendix C presents a complementary study based on the same experiment, in which 

observations for a test group interacting with a system featuring embodied 

conversational agents are compared with those made for a test group that were given 

spoken output only. The objective of this comparative study is to explore possible 

effects, benefits and disadvantages of such agents in these particular contexts of use. 

 Appendix D lists all of the questionnaire items. Tables are given relating these items to 

those in influential studies and recommendations in the literature. This appendix also 

includes scale components (lists of questionnaire items) and statistics (internal 

consistency measures) for compound variables extracted and used in the analyses. 

 Appendix E lists the main questionnaires in the literature that guided the questionnaire 

design and the analyses in the empirical evaluation presented in this Thesis: 

o The perceived usefulness and perceived ease of use scales in the Technology 

Acceptance Model. 

o The SASSI (Subjective Assessment of Speech System Interfaces tool) 

questionnaire. 

o Möll r an  coll agu s’ qu stionnair  following ITU-T Recommendation P.851. 
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Conversational Human-Machine 

Interaction. General concepts, 

robustness and embodiment 
 

 

 

 

This Thesis is concerned, first, with the design of speech-based interaction systems that 

incorporat  oth r chann ls of information  ith r to communicat  or to  nrich a “worl vi w” 

with which to decide courses of action; and secondly, it explores the particularities of evaluating 

the experience of humans exchanging information (i.e., communicating) through speech. This 

chapter begins with a brief introduction to the main notions underlying human-machine 

communication and the experience of interacting, followed by brief reflections on what the 

desirable essential qualities of human-machine interaction should be, featuring in particular the 

ability to combine several channels of information in different modes. A literature review of 

speech-based interaction systems then follows. After outlining the general functional structure 

of speech-based multimodal interaction systems, the focus turns to the discussion, first, of 

interaction problems, and secondly, of spoken interaction systems featuring animated figures 

that giv  th  int rfac  an “ mbo im nt”. Th s   mbo i   conv rsational ag nts hav  b  n 

proposed in a variety of application contexts, to enhance the richness and naturalness of human-

machine conversational interaction and to make it more robust by preventing and helping to 

recover from interaction problems. 
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2.1 Introduction: general concepts 

The term experience will b  consi  r   in  ith r of th  following two s ns s: first, th  p rson’s 

conscious perception and appraisal of the interaction process. Here the focus is on the human 

us r’s p rsp ctiv . Th  s con  int rpr tation r f rs to th   xt rnal obs rvation of the interaction 

to obtain an overall view of the process, and also to try to capture effects on the user’s 

experience of which she might not be aware. In this case the focus is on the interaction process. 

Using the system will involve performing actions on it and exchanging information with it 

in order to achieve a goal (or goals). The type of system considered is, thus, limited to devices 

that are capable of receiving information from a human user, processing it and offering 

information back to the user. The information may be conveyed through a variety of physical 

devices (controls, keyboards, screens, microphones, speakers, and so on), channelled in one or 

s v ral communication ‘mo aliti s’ (t xt, sp  ch, animation, gestures, touching, etc.).
1
 

The goals that take the user to interact with the system will be framed within a particular 

context of activity. Ideally, this context should be taken into consideration for the purpose of 

guiding the design of a set of tasks that the automated system presents to the user. 

At first glance it might not seem very important to specify what I mean by such simple and 

innocent looking concepts. I have chosen to do so (briefly), however, following the reasoning in 

Hewett et al. (1992), where human-computer interaction is defined as follows: 

‘Human-computer interaction is a discipline concerned with the design, evaluation 

and implementation of interactive computing systems for human use and with the 

study of major phenomena surroun ing th m.’ 

The authors –who ar  th  m mb rs of ACM’s
2
 Computer-Human Interaction Curriculum 

Development Group
3
– th n point out that th  g n ral notions of “human”, “computing 

machin ” an  “int raction” ar  vagu , an  unl ss th y ar    fin   mor  pr cis ly the field of 

enquiry in question –human-computer interaction, or HCI– remains too open for coherence 

(ibid.). Th  int r st group th n off rs a ‘rough charact rization’ of th  fi l  of HCI (ibid.): 

‘Human-computer interaction is concerned with the joint performance of tasks by 

humans and machines; the structure of communication between human and 

machine; human capabilities to use machines (including the learnability of 

interfaces); algorithms and programming of the interface itself; engineering 

concerns that arise in designing and building interfaces; the process of 

specification, design, and implementation of interfaces; and design trade-offs. 

Human-computer interaction thus has science, engin  ring, an    sign asp cts.’ 

This characterisation of HCI contains various elements with which this thesis will be 

concerned. First and foremost, it underlines the importance of considering the machine and its 

human users as actors that work together dynamically to achieve a goal or a set of goals. 

                                                      
1
 For a detailed definition of the term modality see Bernsen (2002). 

2
 The Association for Computing Machinery (http://www.acm.org/). 

3
  www.sigchi.org/cdg/ 
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Coupled with the earlier definition, it also suggests the important aspect of evaluating how well 

(how fully, how efficiently and how satisfactorily) the interaction led to achieve the goals. 

Finally, the ultimate focus is on the user. 

User-centred design is, according to psychologist an    sign  xp rt Don Norman, “a 

philosophy based on the needs and interests of the user, with an emphasis on making products 

usabl  an  un  rstan abl ” (Norman, 1988). Interestingly, looking more closely at the user and 

her needs has also led to a rethinking of the nature of the artefact with which the user interacts, 

as well as the nature of the interaction itself. Indeed, ever since this new user-centred focus on 

how technology is developed and what it is developed for started to be taken, the scope of the 

approach on the side of the automated system has been constantly widening. First Computer-

Human Interaction switched around commonly in the literature to Human-Computer Interaction. 

Then the term Human-Machine Interaction (HMI) gradually became more prominent as the type 

of automated-interactive machines considered expanded from computers in their usual 

workstation functions, to those embedded in contexts that are not usually associated with 

computers, such as home-automation applications (which enable people to program the settings 

and control the functioning of a variety of devices in their homes) and navigation systems on 

board cars. As new functionalities have evolved and newer ones are proposed, the very nature of 

the relationship of human users with their automated systems is changing and becoming ever 

more complex and, in a sense, abstract, much less tied to the physical and more elevated into the 

domain of the conceptual. Such evolution of functionalities results in the gradual inclusion of 

information exchange and processing capability on a growing array of technological products 

such as cars, refrigerators and home-automation systems. Accordingly, the term Human 

Technology Interaction (HTI) is now sometimes favoured, as in Thüring and Mahlke (2007). 

The term chosen in this Thesis to refer to the speech-centred systems, however, is Human-

Machin  Int raction. “T chnology” is too broa  to b  m aningful wh n appli   to concr t  

t chnological art facts, whil  “comput r” still has carri s th  (albeit rapidly dissolving) 

connotation of a piece of machinery that that performs calculations. Th  t rm “Machin ”, whil  

also having a very general meaning, seems to the author to allow the term HMI to strike a better 

balance and focus on the essence: interaction between a person and an artificial system.
4 

2.2 Natural interaction 

Human-Machine Interaction theorists have long envisioned artificial systems with which human 

beings could interact as they would with each other, in other words, in a natural way (see, e.g., 

Noll, 1980; Weinstein, 1998). But what makes a particular type of interaction natural, and how 

can we measure its degree of naturalness? More fundamentally, is it an appropriate design goal, 

and if so how can it be beneficial, for us to interact with an artificial system as we do with other 

people? How close does this come to personifying a thing? What are the conceptual and 

                                                      
4
 The grounds for this decision regarding nomenclature are not solidly consolidated and they certainly 

may be challenged. Nevertheless, the author considers the briefly expounded reasons to be an adequate 

justification for adopting one term to refer to the technological object that motivates the inquiry in this 

Thesis. 
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practical consequences of it? Does it even make sense to do so? Philosophical commentary in 

this area is abundant (see, e.g., Shneiderman, 1990), as are more general reflections on whether 

it is possible, even desirable, to endow machines with certain human qualities (see, e.g., Gómez 

Pin, 2006, and Ali, 2001). However, González Quirós (1998) warns against the sort of 

prejudiced criticism oft heard in humanist circles that is based on humanist technophobia. 

These intriguing questions are important and may inform, and be informed by, various 

aspects of empirical research, since they help give shape to what can be regarded as reasonable 

and desirable technological goals. In the work described in these pages, certainly, observations 

will be described, and comments given that touch on such issues. However, this Thesis is not 

the place to explore them in detail. The main overarching point to take into consideration is that, 

in the literature, naturalness of interaction is commonly equated –usually as an a priori 

assumption, perhaps even as a matter of definition– with similarity to human-human 

communication, and, especially, spoken conversation (see, e.g., López-Cózar and Araki, 2005). 

Before yielding to this assumption ourselves, there is one question that it may be 

advantageous for properly framing the discussion to consider here briefly: the question of 

personification of an artificial system. In much of the literature of interactive systems that 

perform functions –or take on social-like roles– as humans might normally be expected to do, 

human qualities are invariably attributed to the machines. Machines are said to be more or less 

intelligent, to listen, interpret, understand, misunderstand, make mistakes, and do many other 

such things that human speakers normally do. These are generally intended no more than as 

metaphors, perhaps necessary when speaking of concepts that resemble human activities which 

our language has developed the tools to describe. Sometimes, on the other hand, the usage 

appears to be literal, an interpretation that suits the present intellectual current of materialism 

that seems to be favoured particularly in technological theory circles. This interpretation, 

however, rests necessarily on accepting the conjecture of the existence of machine 

consciousness. The plausibility of this is far from having been established, and the phenomenon 

of consciousness remains a mystery, but even if it were accepted (ignoring formidable 

philosophical obstacles), the current state of science and technology are such that artificial 

replication of any aspect of conscious experience is well out of sight. Since this is the case, 

speaking literally of machine intelligence, understanding and mistakes is unreasonable. 

However –and this is the important point–, figurative use of these terms is so pervasive that 

in the discussion of particular aspects and properties of the artificial system and its interaction 

with the human user, it often seems that the fact that these are actually metaphors is lost. This 

happens, for instance, wh n sp aking of th  “m ntal stat ” of th  syst m l a s to a  ir ct 

transferring of linguistic and psychological discussions on intersubjectivity and viewing 

communication as the collaborative construction of a common understanding. An example of 

this (e.g., in Traum and Dillenbourg, 1996) is the literal application to artificial conversational 

systems of discussions on grounding processes in conversation between humans (grounding 

(Clark, 1996), as we shall see in Section 2.4.1.1, is the collaborative construction of a mutual 

basis of understanding between the parties engaging in dialogue), with no reference to the fact 

that in the case of the artificial system there is no actual grounding (because only one subject is 

involved: the user), and at best the interaction may proceed in some respects similarly to how it 

would through real grounding. Cassell and Tartaro (2007), on their part, apply to the study of 
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dialogue systems featuring animated agents (these agents will be described in Section 2.5) a 

notion of int rsubj ctivity accor ing to which ‘two participants in an int raction consi  r  ach 

oth r to b  similar  nough that th y can map th   ach oth r’s actions an  wor s onto th ir own 

motivations for similar actions an  wor s.’ This notwithstanding, Cassell and Tartaro do 

explain that their focus is on intersubjectivity that is merely evoked by the interaction. That is, 

animat   (“humanoi ”) ag nts  isplaying r alistic b haviour may  licit natural r actions from 

us rs, who might th n ‘unconsciously interact with the [artificial agent] using verbal and 

nonv rbal b haviors that th y woul  us  with anoth r human’ (ibid.). 

It is important to make these observations because the habit of describing artificial agents 

as if they were ontologically comparable to human agents, in an interaction context, may lead to 

the pursuit of unrealistic, or even undesirable goals, for either system design or behaviour. It 

could well turn out to be the case that the best solution for designing an artificial agent is not 

one that attempts to replicate the workings of the human mind, nor even one that displays a 

similar communicative behaviour. After all, intersubjectivity requires the presence of two or 

more subjects (Fusaroli et al., 2012), and human users must be aware, in dealing with a 

machine, that they are not interacting with another subject; they are alone. Cassell and Tartaro 

(2007) stat  th ir goal with conv rsational syst ms as b ing “natural int raction,” on  that 

resembles human-human interaction as closely as possibl ; but wh n on ’s int rlocutor is, in 

fact, not a subject, it may be questionable that the most natural way to deal with it is as if it were 

one. This seems to the author of this Thesis to put into question that human interaction with 

machines ought (necessarily, or optimally) to follow the same rules as with other humans, or 

that this could be strictly possible, even on the assumption that it is desirable. This view might 

also see limits to the applicability of purely conversational, as opposed to task-based, systems. 

From a more practical perspective, there are reasons to consider the design of the more 

open conversational systems with a prudent amount of reservation. Unconstrained natural 

language interaction that strives to replicate the naturalness of human conversation may be 

cause more problems and, thus, may be less useful and satisfying to users than simpler dialogue 

systems (Pieraccini and Huerta, 2005). Technological limitations of the dialogue systems 

components are made more apparent the more open, and hence more demanding, the interaction 

possibilities are, which makes errors more likely. Simpler systems, however, where the dialogue 

is directed according to strict structures and restricted to limited thematic domains that fit the 

particular purpose of the application the interaction system is made for, may be more successful. 

This is so not only b caus  th  syst m’s task is  asi r an  th r  will lik ly b  f w r  rrors, but 

because a simple, directed dialogue may be what is called for, and thus felt as more natural, for 

performing simple, structured tasks (ibid.). There is certainly a balance to be sought, as 

appropriate for each task and context of application, between more constrained, system-driven 

dialogue and more open dialogue that leaves more of the initiative to the user (McTear, 1998). 

These considerations notwithstan ing, r s arch has shown that c rtain “natural” human-

human communication principles can be gainfully applied to human-machine interaction, and 

that human users do attribute psychological states to these machines, to a certain extent, or at 

least they (the humans) sometimes react as if they did attribute them –of which they may or may 

not be aware–. There will be examples of this in the following sections. Consequently, whether 

it is theoretically sound, and practically useful, or not, it seems to be taken as the common sense 
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pursuit to simulate human-human interaction at the level of behaviour and even also in terms of 

‘thought’ proc ss s, an  this is r fl ct   in th  backgroun   iscussions that follow. 

2.3 Multimodality in Human-Machine Interaction 

The state of current technology makes it possible to conceive and construct automated systems 

with which the user can interact through a wide array of communication channels or modalities. 

We certainly are witnessing today a proliferation of studies that explore many different 

approaches to human-like HMI exploiting a variety of these modalities. Defining what exactly 

constitutes a modality is a complex matter on a theoretical level of analysis, and it is the subject 

of debate, there being, to name but one complication, ambiguous and even conflicting usage of 

terms in the literature. For instance, while Vernier and Nigay (2001) point out that the term 

‘mo ality’ is usually appli   to th  us rs’ inputs to th  syst m wh r as ‘m  ia’ is us   to r f r 

to the syst m’s output towar  th  us r, a goo  numb r of r s arch rs m t in    8 at th  annual 

symposium on ‘multimo al output g n ration’
5
. For López-Cózar and Araki (2005) the 

difference between multimodality and multimedia is that the former involves deriving the 

ov rall m aning of th  us r’s input, which r quir s int grating an  r pr s nting information at a 

higher level of abstraction than what is done in multimedia systems. Such discussions are 

beyond the scope of this Thesis. The interested reader may refer to B rns n’s s minal work on 

modality characterisation. In his Modality Theory Bernsen (1994) propos s a “g n rativ  

taxonomy” of output mo aliti s.
6
 Obr novic’s intuitiv    scription of multimo al int raction 

will suffice for our present purposes: 

‘Multimodal interaction is a characteristic of everyday human discourse, in which 

we speak, shift eye gaze, gesture, and move in an effective flow of 

communication.’ (Obrenovic et al., 2007) 

The promise of new forms of human-technology interaction that are easy, flexible, efficient 

and natural by virtue of their multimodality is generating a growing interest in this property and 

in how to design systems that manage to deliver the foreseen benefits (Reeves et al., 2004). 

Th s  b n fits r volv  mainly aroun  making HTI mor  lik  “natural human-human 

communication”, improving th  robustn ss of communication through th  r  un anci s an  

complementarities offered by the different channels or communication modalities (ibid.), and a 

flexibility that enables HTI in changing contexts and makes it available to a wider range of users 

(ibid. and Oviatt and Flickner, 2004). Beyond increasing the accessibility of computing and 

communication devices, multimodal systems have the potential to open new technological 

environments (Oviatt and Cohen, 2000). 

                                                      

5
 www.cs.tcd.ie/Ielka.vanderSluis/mog2008/ 

6
 B rns n  xplains that   signing int ractiv  multimo al int rfac s involv s, “[g]iven any particular set of 

information which needs to be exchanged between user and system during task performance in context, 

identify[ing] the input/output modalities which constitute an optimal solution to the representation and 

 xchang  of that information.” 
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Bernsen (2002) also observes the gradual increase in focus on the human in a quest for 

rich r an  mor  natural int raction  nvironm nts. In Oviatt’s wor s, 

‘As the design and implementation of new kinds of multimodal system becomes 

increasingly sophisticated, one reward will be a shift in the balance of human-

comput r int raction much clos r to th  human.’ (Oviatt, 2000) 

Thus, there is favour to be found in the literature for human-machine interaction that 

resembles human-human conversation, and face-to-face conversation in particular, which is 

believed to benefit from added communication channels. 

2.4 Spoken and multimodal dialogue systems 

As alluded to earlier, spoken dialogue is generally regarded to be the most natural form of 

communication (Minker et al., 2009; López-Cózar and Araki, 2005). This ‘naturaln ss’ mak s 

spoken interfaces attractive, as they allow computers and computer-based devices to be more 

accessible and easy to use for people who lack specific training. Further advantages of spoken 

interfaces over others –e.g., keyboards and screens– have been noted, such as the fact that 

speech frees the hands and the eyes, which can be used simultaneously to perform other tasks, 

including the exchange of other information complementing that carried in the speech (López-

Cózar and Araki, 2005). Speech itself is very expressive and it may carry different layers of 

information, as, for instance, intonation can add rich nuances to the meaning of the words 

themselves. Speech can even allow identifying the speaker (López-Cózar and Araki, 2005). 

During the past few decades major advancements in various fields, not least in automatic 

speech recognition and synthesis, have made it possible to develop increasingly complex spoken 

conversational interfaces. Typical spoken dialogue systems (SDSs) rely on the following core 

set of elements: automatic speech recognition (ASR), spoken language understanding, natural 

language generation (NLG), speech synthesis and dialogue management. In the ASR module 

th  us r’s au io signal (pr viously captur   by a microphon ) first trigg rs a voic  activity 

detector, which allows the system to discern when the user is speaking and when she is silent, 

and to isolate her individual utterances. The recogniser then analyses the signal and transcribes 

each input utterance as it best understands it (in more sophisticated systems a list of hypotheses 

may be produced, ordered according to a measure of confidence in their accuracy). From this 

transcription the language understanding module extracts an internal representation of the 

m aning of th  us r’s utt ranc , which is th n s nt to th   ialogu  manag r. Sp  ch-based 

dialogue management basically involves mechanisms to decide what to say or do at each 

particular point of the interaction with the user. Decisions are based on considerations such as 

which information items needed to accomplish specific interaction goals are known, or how 

well the system understood the utterance from the user. These are purely operational aspects 

focused on the speech and on specific pieces of information directly related to the task. 

Spoken dialogue systems can be unimodal, supporting natural language interaction only, be 

it spoken or typed on a keyboard (usually, though other means exist, e.g. for people with certain 
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disabilities); or they can be multimodal, a concept that was introduced in the previous section. 

The typical conceptual structure of a multimodal SDS is shown in Figure 1, in which the 

specific components for spoken interaction introduced above are highlighted. The input 

interface consists of a s ri s of   vic s to coll ct th  us r’s communicativ  contribution in th  

different, corresponding channels available. Apart from the natural language input, other 

channels may include gesture recognition, gaze tracking and touch-sensitive screens. The 

information from the different channels is given an internal representation and sent to 

multimodal processing, where first the information elements from the various active sources are 

combined (fused) to derive the overall intent of the user. The dialogue manager then decides the 

course of action and/or response that the system should take on the basis of this information, the 

accumulated information of the present interaction thread, the task goals (which motivate the 

interaction), and possibly other information about the context in which the interaction takes 

place. The dialogue manager and contextual aspects of the interaction will be discussed in some 

detail later. The response generator coordinates the operation of the appropriate output 

modaliti s, which tog th r pro uc  th  syst m’s r spons  to th  us r. Th  output mo aliti s 

may include natural language in either textual or spoken form, and static or animated graphic 

displays. (More detailed descriptions of spoken and multimodal interaction system components 

can be found, e.g., in Bohus (2007) and López-Cózar and Araki (2005), respectively.) 

 

 

 

Figure 1. Conceptual structure of a multimodal SDS. (Adapted from López-Cózar and Araki (2005).) 

2.4.1 Robustness in spoken dialogue systems 

Pervading difficulties are encountered by almost anyone who has had to deal with these systems 

as users, resulting in low quality, inefficient communication, or even the breakdown of 

communication altogether. Thus, in the worst case the successful completion of the interaction 

goals is prevented, and in any case interaction problems tend to make the interaction feel 

inefficient and unnatural, and contribute to the dissatisfaction of the user. 

2.4.1.1 Interaction problems and Clark’s model of communication levels 

Dialogue interaction problems in SDSs have been described profusely in the literature (see, e.g., 

McTear, 2008; Bohus and Rudnicky, 2005; Bulyko et al., 2005). Interaction problems include 

the following: 
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 Miscommunication: either not un  rstan ing at l ast part of th  int rlocutor’s 

message, or understanding the wrong thing. Miscommunication will be discussed at 

greater length in the following subsection; 

 Turn-handling problems: Turn transitions are particularly delicate in spoken 

dialogue. Verbal, intonation, inflexional and visual cues (the visual through body 

motion, gestures and facial expressions) are exchanged between the interlocutors to 

indicate that they are either handing over the floor or that they wish to take it or 

contribute a passing comment (Duncan, 1972). These cues have to be distinguished 

from verbal or paraverbal backchannel expressions, uttered by listeners as feedback 

to show that they are following what the speaker is saying  (e.g., “right” or “uh-

huh”), which do not constitute interruptions nor trigger turn-changes (Gravano and 

Hirschberg, 2009). With machines as interlocutors –they being more limited than 

humans, particularly if they lack a visual channel– users may get more confused as 

to when they can speak, or when they are expected to do so (Raux et al., 2006); 

 Identifying the current dialogue stage and following its progress: Failure to convey 

clearly and intelligibly to the user the stage of the dialogue, and how (or whether) it 

is progressing, is another source of confusion. The effect of an incorrect or unclear 

understanding of the state of the dialogue is that the user does not know whether or 

not the interaction process is working normally and progressing toward the goals 

that motivate it. This uncertainty can be the consequence of other interaction 

problems such as those mentioned above, and it can lead the dialogue to further 

error states that could be avoided.
7
 

Clark’s conv rsational groun ing mo  l for humans (Clark, 1996) has been adapted to the 

study of human-machine interaction (Bohus and Rudnicky, 2008). The model (Figure 2) 

presents two-way spoken interaction as a process in which both parties reach a common 

understanding on four levels. The highest is the conversation level, which contains the overall 

goals of the interaction; below it, concrete communicative intentions are formed throughout the 

interaction, in pursuit of said goals, intentions that are then put into words at the lexical level. 

The words are finally uttered and the speech signal reaches the auditor (in K n on’s usag  of 

th  t rm, m aning ‘a participant who  o s not claim th  sp aking turn at any giv n mom nt’ 

(Duncan, 1972)), who th n   co  s it to obtain an int rnal r pr s ntation of th  sp ak r’s 

message and how it affects, or informs, the pursuit of the interaction goals. According to 

grounding theory, communication is jointly managed by the participants at each of these levels. 

Each of the communication levels involves complementary actions on the part of the speaker 

and the auditor (of course, the roles are interchanged throughout a conversation). From the 

bottom up, the complementary actions in each level are vocalisation/attention, 

presentation/identification, meaning/understanding, and proposal/uptake (Clark, 1994). These 

                                                      
7
 Indeed, let us assume that uncertainty regarding the state of the dialogue may be reasonably related to an 

increase in cognitive processing by the speaker, attributable partly to an increase in the difficulty of 

planning the content and structure of the next utterance. An increase in planning has been found to be 

connected to an increase in disfluencies in speech (such as corrections, repetitions, and introduction of 

fillers) (Oviatt, 1994). Thus, on the assumption just made, uncertainty may lead to disfluencies, and in 

turn disfluencies may lead to other interaction problems, such as recognition errors, due to current 

technological limitations in dealing with complex spontaneous speech phenomena such as disfluencies. 
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actions are coordinated: vocalisation only occurs when the speaker believes to have the 

a  r ss  ’s att ntion; the speaker presents an utterance and makes sure the listener identifies it 

as such; th  sp ak r an  th  list n r form th  “mutual b li f” that th  latt r has un  rstoo  th  

meaning of the former –Clark calls this the grounding criterion (Clark, 1994)–; at the top level 

coor ination of th  proposal an  acc ptanc  (“uptak ”) of a “joint proj ct” is r quir   (ibid.).  

 

 

Figure 2. Clark’s conv rsational groun ing mo  l for humans (Clark, 1996), adapted to the study of 

human-machine interaction. (Bohus and Rudnicky, 2008). 

 

 

Within this theoretical framework, the causes of interaction difficulties can be interpreted 

in t rms of ‘ iff r nc s in p rsp ctiv ’ r gar ing th  s t of goals, m anings an  availabl  

information on the two sides of the conversation (McTear, 2008). H r  th  t rm “p rsp ctiv ” is 

meant in a broad sense, and includes the meaning given by the listener to the message she 

receives and decodes from the speaker, which may coincide to a varying degree with the 

perspective of the latter, i.e., with the meaning the speaker intended. The more the two 

perspectives coincide, the greater the mutual understanding, or common ground, achieved 

(common groun  h r  m ans ‘th  mutual b li f that th ir  ialogu  utt ranc s an  obligations 

hav  b  n un  rstoo ’ (McTear et al., 2005)); the greater the dissonance, the greater the 

interaction difficulties. 

2.4.1.2 Miscommunication and robustness 

Miscommunication can arise at different linguistic levels, from the lexical –misinterpreting the 

meaning of the words in the message– to the discourse and pragmatic levels –misinterpreting 

the intention with which the message was communicated. Beyond problems with grounding the 

content (the referential aspect), it is also worthwhile to consider misalignments of the mutually 

interpreted emotions (the affective aspect) of the parties engaged in conversation, considering 
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that miscommunication between humans often occurs at this level (McTear, 2008). However, 

the most common source of errors in spoken human-computer interaction has been found to be 

the automatic speech recognition (Bohus and Rudnicky, 2008; McTear, 2008). It is, thus, 

particularly important and challenging to design spoken language dialogue systems that are able 

to detect and recover from problems related to the quality of speech recognition when these 

probl ms occur, an   o so staying within a normal, or “natural”, flow of th   ialogu , without 

disrupting it. A major problem, then, with spoken dialogue systems today is their lack of 

robustness to speech recognition problems (Bohus and Rudnicky, 2008). 

What is commonly implied in the literature by describing a dialogue system as robust, is 

that during its operation few errors are likely to occur, and when they do occur the system is 

capable of dealing with them, recovering from them with ease and minimal disruption of the 

flow of the interaction, leading to successful completion of the task. Interactive systems, 

however, have the peculiarity that their operation requires the active collaboration of the user, 

and the problems that may arise, as well as the way they are dealt with and whether or not the 

end result is success or failure, depends on this collaboration dynamic.
8
 Nevertheless, it is 

reasonable to adopt the following broad working definition:
9
 The robustness of a spoken 

dialogue system is a multifaceted property that combines the prevention of (mis)communication 

problems –such as those mentioned above and those discussed in a little more detail below– and 

the ability to detect and recover from them. 

In this Thesis we will be concerned with the following broad classes of difficulties related 

to speech recognition: non-understandings, misunderstandings, no-inputs and dealing with low 

confidence in recognition. We now describe each of them briefly: 

 Non-understandings occur when the system cannot find a complete and unequivocal 

int rpr tation of th  us r’s utt ranc . Th r  may b  various r asons for this, from th  

inability to  xtract any m aningful wor  s qu nc  from th  us r’s utt ranc  (an ASR 

problem), to higher-level grounding discrepancies, such as out-of-grammar utterances 

(of which the system cannot extract the meaning, as they go beyond its expressive 

repertoire), or the invoking on the part of the user of a function that the system does not 

have (for instance, if a user asks a hotel reservation system for a flight booking). 

 In the case of misunderstandings, the system obtains a response which fits the 

vocabulary an  mak s s ns  in th  cont xt of th   ialogu  task at han , but it  o sn’t 

match what the user actually said (for example, the user of a home automation system 

says “living room” and the system understands “bathroom,” which would be a valid 

response but it happens not to be the correct one). 

 No-inputs have to do with speech recognition conceptually, even though technically 

they usually do not arise in the automatic speech recognition (ASR) module, but a step 

lower, in the Voice Activity Detection (VAD) module. No-inputs are situations in 

which no utterance from the user is detected within a reasonable lapse of time. If the 

                                                      
8
 Also, as will be discussed in the chapter on evaluation, in a conversational system, especially if it is not 

rigidly task-based, it is harder to define criteria for what should be regarded as functioning well, and for 

measuring how well (or poorly) a dialogue interaction goes. 
9
 This definition will be broadened slightly more shortly, to include other interaction problems such as 

those related with turn handling. 
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r ason is that th  us r  i n’t say anything, th  probl m may b  on  of coor ination 

b tw  n th  us r an  th  syst m or misalignm nt of us r’s an  th  syst m’s 

understanding of the current state of the dialogue, but not one of speech recognition. 

How v r, it may happ n that th  us r sp aks but th  voic    t ction unit  o sn’t 

activate, perhaps because the user spoke too softly or because it was during a system 

turn in which user interruptions happened to be disabled and VAD or ASR were 

inactive. Conceptually, we can take this (in a rather unorthodox manner, it has to be 

said) as a special case of misunderstanding in which the system takes it that the user has 

not made an utterance when in fact she has. 

 Confidence scores: Along with the textual transcript of what was recognised as a result 

of a user utterance, ASR modules usually provide a score that indicates their own 

degree of confidence in the accuracy of the recognised message –i. ., it’s th  syst m’s 

own estimation of how lik ly it is that it int rpr t   th  us r’s utt ranc  corr ctly. 

Typically, recognition hypotheses are rejected if the confidence score lies below a 

threshold value. Confidence scores, with their associated threshold values, are not 

always very reliable (McTear, 2008), and there is always a risk of rejecting a correctly 

recognised utterance (this is called a false rejection) because of a confidence score that 

drops below a threshold that is too conservative (conservative confidence threshold 

values help prevent misunderstandings). 

The most common problems with SDSs are rooted in the limitations of speech recognition, 

but they may affect other stages of the process toward the generation of the output. For instance, 

a non-understanding is, first of all, an ASR problem (the ASR module fails to render any 

int rpr tation of th  us r’s utt ranc ), but it also cr at s a probl m at th   ialogu  manag m nt 

level since it has to decide how to deal with not having understood what the user has said; it has 

to decide what to do next. There may be a variety of strategies available for a particular situation 

( .g., asking th  us r to r p at or r phras  what sh  sai , or r p ating th  syst m’s pr vious 

utterance (Bohus and Rudnicky, 2008)), and the decision should be taken in accordance with the 

goal of maximizing robustness to the problem encountered; i.e., detecting it and recovering 

from it, preventing further complications, with minimal disruption of the flow of the dialogue. 

When recognition difficulties are detected it is advisable to initiate a recovery process to 

find out what the correct communicative intention of the user is. Unfortunately, this may 

produce frustration in the user (Goldberg et al., 2003). In fact, once an error occurs it is common 

to enter an error spiral, because as the user becomes increasingly frustrated the system will 

typically find it more and more difficult to understand her, so further errors are made (Oviatt 

and VanGent, 1996; Oviatt et al., 1998). Apart from increased user frustration, another reason 

why error spirals happen is that speakers tend to hyperarticulate, that is, to speak with a 

‘styliz   an  clarifi   form of pronunciation’ (Oviatt et al., 1998), in a conscious or 

unconscious effort to make themselves better understood. Unfortunately, automatic speech 

recognition is less likely to work properly when users deviate from their normal speaking style, 

and hyperarticulation has been observed to increase recognition error rates (Shriberg et al., 

1992). A syst m’s robustn ss will   p nd on how it deals with all of these situations, though 

other elements also have an effect. 
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In order to improve the robustness of a spoken dialogue interface it is necessary to take into 

account not only the accuracy and reliability of the speech recognition engine but also the 

capabilities of the dialog manager and the design of the interaction flow. More specifically, 

turn-taking and interruption handling provide another family of problems that fit this slightly 

broader notion of robustness. In other words, good floor management (in particular, turn-taking 

and interruption handling) is central to achieving a high degree of dialogue robustness in a 

broad sense. For the dialogue to flow smoothly, turn possession must be clearly understood and 

turn changes seamlessly negotiated. Uncertainty in this area is connected with confusion in the 

us r’s min  r gar ing th  stat  of th   ialogu , i. ., what information th  syst m has alr a y for 

the purpose of reaching the objectives of the interaction, what it expects the user to do (provide 

a piece of new information?; confirm information that was already given?; repeat or rephrase an 

utterance?; wait until the system says or does something?), or whether the dialogue is 

progressing normally or some sort of failure has occurred. 

The classical model of turn-taking describes it as both depending only on the local context, 

and a predictive phenomenon where turn endings can be anticipated by following combined 

syntactic, semantic and prosodic signals (Sacks et al., 1974). It feels natural enough in human-

to-human conversation (especially face-to-face), but in a two-party spoken dialogue knowing 

when to speak and when to listen can be difficult, especially if one of the parties is a machine. 

Some SDSs allow barge-in, essentially enabling the user to interrupt the system at any 

time. The obvious risk is that the system may take noise, background speech or user 

backchann l att ntion cu s ( .g., fill   paus s such as “aha”) as barg -in attempts by the user, 

resulting in confusion and, possibly, the beginning of a frustrating and unfruitful stretch of 

 ialogu . Anoth r common probl m in  ialogu  syst ms aris s wh n th  us r isn’t sur  what th  

system has understood, what it is doing and whether or not the dialogue process is working 

normally. In other words, as we anticipated in the previous paragraph, the user may be confused 

as to the state of the dialogue at a particular point in time (Oviatt, 1994). 

2.4.2 Management of communication problems 

Communication problem management in dialogue systems deals with the prevention, detection 

and graceful recovery from these delicate situations (López Mencía, 2011). 

2.4.2.1 Prevention of recognition errors (and other problems) 

We mentioned previously that speech recognition errors are the main source of communication 

problems, at different linguistic levels, in dialogue systems. An obvious approach to reduce 

these errors is to improve the performance of the relevant modules in the system, particularly 

th  ASR. Unfortunat ly, sp  ch r cognition is still ‘inh r ntly unr liabl ’ (Bohus and 

Rudnicky, 2008), with word error rates (the percentage of words in user utterances that are 

incorrectly recognised (ITU-T, 2005)) in the order of 20-30% in typical usage scenarios. 

Another approach to avoid problem situations is to improve dialogue design, that is, to find 

dialogue strategies that increase the ground of common understanding between the user and the 

system (to use the language of grounding theory, discussed previously). One way to do this is to 
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draw the user to restrict her expression to what the system is able to handle, influencing her 

communicative intentions by means of appropriately designed system dialogue turns. A typical 

example of this is a system that takes the initiative and offers simple prompts to the user, which, 

by so doing, will tend to elicit simpler responses that are focused within particular vocabulary 

and application domains. At a meta-communication level what is happening in such a case is 

that the system is implicitly letting the user know where its communicative ability lies. For 

instance, Lamel et al. (2002) focus on improving the natural language generation module with 

the Limsi ARISE system, incorporating implicit confirmation (to prevent misunderstandings, as 

explained below) and limiting the dialogue domain when problems arise. In fact, these are as 

much strategies to prevent problems as they are to detect and respond to them. 

2.4.2.2 Error detection 

Despite the fact that they can be unreliable, confidence scores can be used to define error 

detection strategies (San-Segundo et al., 2001; Bohus, 2007) to recover from errors as quickly 

as possible, in order to minimise their impact. For instance, if a modest confidence score lies in 

a region above the direct rejection threshold, then precautionary measures are usually in order to 

make sure that a misunderstanding did not occur. Such measures may involve asking more or 

less overtly for confirmation from the user that what the system understood is in fact correct: the 

two standard response strategies are explicit confirmation, with which the system openly 

r qu sts from th  us r confirmation that it un  rstoo  a sp cific pi c  of information ( .g., “Di  

you say th  lights?”), an  implicit confirmation, wh re the information to be confirmed is used 

in the reply, to show what the system takes to be the case, for the interlocutor to correct it, if 

n c ssary ( .g., “Which lights woul  you lik   imm  ?). Implicit confirmation has a high r risk 

of complicating the subsequent dialogue if the corresponding information is in fact incorrect. If 

this happens it can be confusing for the user (Bouwman et al., 1999), and she may have greater 

difficulty in knowing what to do to put things right (e.g., should one cancel and start again?; 

will the system accept a correction at this point?; and how to word it?). On the other hand, 

implicit confirmation helps to make dialogues flow better and take fewer turns than explicit 

confirmation (ibid.). They also make the system seem to the user to be more responsive and 

“int llig nt”, an  th  int raction is l ss t  ious. For th s  r asons, r spons  polici s
10

 might 

favour implicit confirmation if the recognition confidence level is deemed to be fairly 

acceptable, and preferably abstain from seeking any form of immediate confirmation if the 

syst m’s confi  nc  is high  nough, k  ping  xplicit confirmation in r s rv  for wh n 

confidence is lower or when communication problems have already been detected and a clear, 

direct request for specific information will help get the dialogue back on track. 

Apart from confirmation strategies to ensure the correctness of the information received 

and to find possible misunderstandings, other problem detection strategies include analysing a 

variety of param t rs  xtract   from th  us rs’ utt ranc s. Krahmer et al. (2001) rely on cues in 

user utterances to aid in the detection of communication problems. The chosen cues include the 

number of words (longer utterances were found to more likely indicate the presence of errors in 

th  syst m’s un  rstan ing), wh th r wor s ar  or  r   so that important information is 

                                                      
10

 See below, under Error recovery. 
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emphasised (which may indicate attempts to correct information slots previously misunderstood 

by the system), and the presence of disconfirmation mark rs ( .g., “no”), r p titions an  n w 

information. Walker, Wright et al. (2000) used automatic classification tools on a set of 

parameters related to the automatic speech recognition, the natural language understanding and 

the dialogue manager modules, to extract rules to predict speech recognition errors (in other 

words, to detect them with a certain degree of confidence in the currently parsed utterance). An 

example of the ASR-r lat   param t rs is ‘t mpo’ (th  numb r of r cognis   wor s  ivi    by 

the duration of the utterance), which could be relevant since research suggests that users tend to 

speak more slowly when they realise the system is having problems understanding them 

(Levow, 1998). Also, variations in tempo may indicate a variety of behaviours that may be 

related to the occurrence of recognition errors, such as repetitions, hesitations and interruptions 

(Walker, Wright et al., 2000). Oth r param t rs in Walk r an  coll agu ’s stu y inclu   a 

measure of inconsistency between the utterance as recognised and the task domain, the type of 

prompts previously given by the system as well as other features of the dialogue history. Litman 

et al. (2000) also found relationships between recognition errors and tempo, along with other 

prosodic parameters such as pitch and pause duration, which may be exploited to detect said 

errors. One limitation of these studies, however, is that they are based on machine learning 

techniques that give a set of rules to predict errors from the values of interaction parameters 

such as those just described. The mechanisms that connect parameter values with errors are lost 

with these techniques, and it would require close inspection of the interaction data to be able to 

explain how they are related. This greater understanding would make it possible to improve 

error management strategies further. 

Misunderstandings are challenging to detect, and strategies based on dialogue moves (e.g., 

confirmation prompts) and user utterance analysis, some of which were mentioned above, are 

devised to do so. Non-understandings, on the other hand, are usually much easier to detect: 

detection is trivial when the system is unable to make sense of th  us r’s utt ranc , an  th  

problem only arises when deciding whether to reject recognised utterances because of a low 

confidence score, as a precautionary measure (to avoid incurring in a misunderstanding). 

2.4.2.3 Error recovery 

When the system realises there has been a recognition error, it must try to steer the situation 

toward accomplishing the interaction goals as efficiently as possible. This usually involves 

adopting dialogue strategies to elicit the correct information from the user with as little 

disruption as possible. This usually means taking immediate steps to obtain the correct 

information. In certain contexts, situations and applications, however, it may be better to follow 

a softer recovery approach that is more in tune with natural human conversation (McTear, 

2008), or even to simply move on to another part of the task (Bohus and Rudnicky, 2005), if 

immediate clarification of the error is not crucial to the continuation of the task. 

 In fact, th  ‘mov  on’ strat gy just m ntion   has b  n r port   by (Bohus and 

Rudnicky, 2005) to be the most successful one from among a set of ten typical recovery 

strategies, with success defined as obtaining a correct recognition of the user utterance 

following the one that was failed to be properly understood by the system (a misunderstanding 

or a non-understanding), and, of course, directly following the system recovery turn the success 
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of which is the question. Other recovery strategies tested included the following (listed from 

most to least successful): 

 ‘Full h lp’: clarifying for th  us r th  stat  th  syst m tak s th   ialogu  to b  in, an  

guiding the user as to what her options are and how she may express them; 

 ‘T rs  “you can say”’: bri fly sugg sting what th  us r can say at that particular point 

in the dialogue; 

 ‘R prompt’: th  syst m simply r p ats th  pr vious prompt; 

 ‘Ask r phras ’: th  syst m asks th  us r to r phras  h r pr vious utt ranc ; 

 ‘Ask r p at’: th  syst m asks th  us r to r p at h r pr vious utt ranc ; 

 ‘Yi l ’: th  syst m r mains sil nt. 

Recovery policies (Bohus, 2007) are needed to choose between the different recovery 

strategies available to the system. The common approach is to establish a set of rules with which 

to determine what to do in each particular situation that may arise. For example, (McTear et al., 

2005) Queens Communicator system relies on different qualities of the information received in 

th  us r’s utt ranc , inclu ing wh th r th  information was n w, r p at  , mo ifi   an  

n gat  , as w ll as th  ‘  gr   of confirm  n ss’, and applies rules to respond appropriately in 

each situation, taking these qualifiers into account. 

The problem of what to do when communication problems arise has been studied from the 

point of view of psychology. Nass and Brave (2005) analysed three approaches to react to 

misunderstandings: taking responsibility for the situation, blaming the user, and suggesting that 

the cause of the problem lies elsewhere. Each of these strategies has pros and cons, and 

choosing among them requires judging the situation carefully. By taking the responsibility for 

the problem upon itself, the system displays politeness, which users normally like, but it also 

tends to be seen as incompetent. The opposite is true of blaming the user, while the more 

positive response tends to be obtained by blaming other circumstances (such as the presence of 

background noise, for example), when this is plausible. 

2.4.2.4 Other approaches to robust interaction design 

Spoken dialogue interfaces need not be static systems that present a range of set-in-stone 

strategies for different miscommunication problems. Adaptation to different contextual 

situations and to changing user needs (and to changing users) has been explored in research. An 

interesting aspect of adaptation is the exploitation of affect. This may consist in taking into 

consi  ration th   motional int rplay with th  us r,  ith r int rpr ting th  us r’s  motions, or 

having the system show emotion, or both. Another possibility is the manipulation of th  us r’s 

emotions to try to promote a particular state of mind or particular feelings in the user with 

regard to the interaction. Error management strategies usually consider referential aspects, i.e., 

the main content of the messages exchanged between the interlocutors. However, 

miscommunication between humans often arises at the affective level, for which reason it is 

being explored increasingly (McTear, 2008). 

An important context of use in which adapting to changing environmental situations is 

crucial is that of mobile applications, such as in-car interaction systems. As an illustration of the 

possibilities for adaptation in mobile interaction on board cars, Shioya et al. (2007) propose a 
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dynamic adaptation scheme which takes into account the workload the user, i.e. the driver, is 

bearing at all tim s. In th ir stu y, th   riv r’s workloa  is simply tak n to b  th  sum of th  

workloads of the driving and the interaction tasks. The aim is never to surpass the capacity of 

the driver to deal with the tasks, with driving taking priority. When certain manoeuvers increase 

the driving workload (e.g., when changing lanes, overtaking another vehicle or turning a 

corner), Shioya and colleagues recommend simplifying the interaction task or interrupting it 

altogether, so as not to impose a total workload that is gr at r than th   riv rs’ capacity to cop . 

Moving beyond purely spoken communication between people and artificial systems may 

offer new prospects to overcome robustness problems. According to Oviatt (2003), recognition 

problems can be reduced using multimodal interfaces. Also error recovery may improve, 

becoming more efficient and robust (Oviatt and VanGent, 1996). Walker et al. (2004) have 

found it beneficial, in terms of interaction efficiency and user satisfaction, to adapt system 

multimodal output to user preferences with regard to content (in the case of the cited work, a set 

of restaurant characteristics), modality (text or speech) and language style (in this case, several 

degrees of conciseness). The Mask Kiosk project (Lamel et al., 2002) seeks to confer 

naturalness to a fairly complex dialogue system featuring an interface combining touch-screen 

and speech for both input and output, incorporating also a very simple avatar which, however, 

does not play a significant role in the interaction. 

The purpose of the application also conditions what kind of interface is more appropriate. 

Consequently, new forms and combinations of interaction modalities and dynamics are being 

favoured, not only to address communication problems, but also following novel shifts in 

application domains which afford new purposes to interact (Poppe et al., 2007). While most 

dialogue systems to date have been very much task oriented, confined to very specific purposes 

in information acc ss applications an  ‘comman -and-control’ sc narios (Paek and Horvitz, 

2000; Rudnicky et al., 1999), we are beginning to see more flexible personal assistants (Bohus 

and Rudnicky, 2005), interactive tutors (Rickel et al., 2001) and embodied conversational 

agents –such as Cass ll an  coll agu s’ Mack (Cassell et al., 2002) or th  MIT’s FitTrack 

system (Bickmore and Picard, 2005). 

2.5 Embodied conversational agents 

A particularly interesting element that can be incorporated into a visual channel is an animated 

character –a face and sometimes also a body– with anthropomorphic characteristics, including a 

certain degree of conversational capability (i.e., displaying the capacity to understand spoken 

natural language and give appropriate spoken answers in return) which to some extent 

p rsonifi s th  us r’s int rlocutor. Animat   charact rs with th s  f atur s hav  b  n call   

embodied conversational agents, or ECAs (Cassell, Bickmore, Campbell et al., 2000a). 
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2.5.1 Concept of ECA 

For Justine Cassell, ECAs are representations of ‘virtual humans’ that ar  capabl  of  ngaging 

in conversation with humans, understanding what their interlocutors –humans or other ECAs– 

say and reacting accordingly (and according to its interaction goals) through speech, movement, 

gesture and facial expression, but also suggesting new paths along which to lead the 

conversation. (Cassell and Tartaro, 2007) write: 

‘[I]f on  mak s th   ffort to buil  a humanoi  int rfac , it stan s to r ason that on  

should follow the metaphor of embodiment and anthropomorphism to its logical 

conclusion, and one should rely on the affordances of human-human b havior.’ 

Thus, according to this metaphor, an ECA proper (as opposed to simpler animated figures) 

should possess advanced communicative abilities similar to those displayed in face-to-face (or 

“full- upl x”) conv rsation b tw  n humans. In    , accor ing to Cass ll, in or  r to achi v  

natural interaction a dialogue system must be designed following human-human communication 

principles (Cassell, 2000). According to Cassell, in order to be able to follow these principles, 

th  abiliti s of ECAs shoul  inclu   th  following ‘v ry human abiliti s: 

 Recognising and responding to verbal and nonverbal input; 

 Generating verbal and nonverbal output; 

 Dealing with conversational functions, such as turn-taking, feedback, and repair 

mechanisms; and 

 Giving signals that indicate the state of the conversation, as well as contributing 

n w propositions to th   iscours .’ (Cassell, 2000) 

A system that can read and interpret th  us r’s g stur s in the visual channel may have a 

greater potential to improve dialogue flow, making it more symmetrical, than one that lacks this 

ability (Ruttkay et al., 2004). A visual input channel may introduce new problems, however, 

such as the possibility of misint rpr ting th  oth r party’s g stur s. In any cas , it s  ms 

worthwhile to explore the possibilities that interaction so enriched may offer. More research in 

ECA design has been done to study the output modalities (ibid.) than on integrating multimodal 

conversational input from the user (i.e., speech, gestures and facial expressions), although the 

latter is gaining prominence (for instance in the context of new entertainment technology 

(N β lrath an  Al xan  rsson,    9) and human robot interaction (Burger et al., 2012)). 

How v r, b caus  of th   ifficulty to (accurat ly) r cognis  an  int rpr t th  human us r’s 

gestures and facial expressions, most research systems with animated figures that are given 

descriptions equivalent to ECAs, do not actually process user gestures, but only verbal input 

(this is the case of the Ville and DEAL language training ECAs developed at the KTH Centre 

for Speech Technology (Wik and Hjalmarsson, 2009), for example). This limitation, along with 

the lack of sufficient intelligence to interpret the intentions of users with precision and depth, in 

addition to performance limitations of other technological elements that are commonly present, 

such as ASR, make communication with ECAs currently fall short of being truly full-duplex. 

ECA technologies have a long way to go yet to produce virtual humans that possess such 

demanding qualities as those needed for full humanlike face-to-face conversation. Nevertheless, 
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humanlike animated figures that combine and coordinate state-of-the-art spoken dialogue 

system elements with gestures and facial expressions do exist and are getting ever closer to their 

ideal: the human-human face-to-fac  spok n communication ‘b nchmark’ (Cassell and Tartaro, 

2007). The current rise of ECA systems (Cassell, Bickmore, Vilhjálmsson et al., 2000; Rist et 

al., 2003; Johnson et al., 2000) is built on recent advances in various related disciplines, 

including those that deal with intelligent agents, multimodal interfaces, natural language, 

computer graphics and vision processing. A relatively immature technology, ECAs have already 

been studied from a variety of perspectives (Ruttkay and Pelachaud, 2004; see also, e.g., Brave 

et al., 2005, and Bickmore and Cassell, 2004). They are an object of attention in artificial 

intelligence and software agent technology, and they can be seen as a piece of (multimedia and 

multimodal) interface technology. ECAs in dialogue are being studied to explore what they can 

offer beyond speech by bringing into the scene a visual channel for communication, which can 

be very powerful and which opens up possibilities in the social and psychological domains. 

The most commonly used procedures to extract the information necessary to develop a 

gesture sequence are based on the observation of human-human communication (Cassell, 

Bickmore, Campbell et al., 2000b). Indeed, classic literature on human nonverbal behaviour is a 

widely employed resource to develop ECA gestures (Rosis et al., 2003). In order to develop 

more specific gestures, human actors are often used, existing videos analysed (Kipp, 2001) or 

user tests conducted in specific contexts (Theune et al., 2007). 

As regards the implementing the gestural repertoire of ECAs, one approach is to do so 

automatically. For instance, the BEAT system allows the automatic annotation –in XML– of 

text with gestures, which are then performed through the action of a gesture execution rule set 

(Cassell, Vilhjálmsson et al., 2001), an  mor  r c ntly Zoric an  coll agu s’ approach of 

generating gestures from the prosody of the speech signal (Zoric et al., 2009). Another, simpler, 

route is to tailor gestures for specific situations (with speech and gesture synchronization, 

therefore, done by hand (Theune et al., 2007)). The latter is the approach followed for the design 

of the experimental system described in Chapter 4. 

2.5.2 Effects of ECAs 

To the extent that an ECA follows human-human communication principles, it is possible, at 

l ast in th ory, for it to conv y “natural” cu s through g stur  an  g n ral   m anour which 

may help the user follow the progress of interaction more easily (see, e.g., the abovementioned 

studies of Cassell). Clearly, an advantage of following these principles is that users already 

know them and can simply do what they already do with other humans, to interact with artificial 

systems (Poppe et al., 2007). As argued earlier, it may be questionable, however, whether or to 

what extent it is apt, or convenient, or natural for a user to interact with a machine the same way 

as she does with another human being. Nevertheless, based on well over a decade of experience 

designing and evaluating ECAs, in a circular process with human-human interaction behaviour 

as the benchmark, Cassell and Tartaro (2007) claim that ‘[th ] b havioral r alism [of ECAs] 

l a s to “r alism” (smooth, uns lf-conscious naturaln ss) in th  us r’s b haviors as w ll’.
11

 

                                                      
11

 Quotation marks in the original source. 
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It is g n rally b li v  , among thos  int r st   in improving th  us rs’  xp ri nc  with 

spoken dialogue systems, that, as human-like figures that can engage more naturally with the 

user, ECAs can be beneficial to the communication process by allowing a more effective, 

affective and user-friendly interaction (see, e.g., apart from the various works by Cassell 

mentioned above, (Foster, 2007)). Adequate, broadly accepted cognitive and operational models 

explaining how humans combine speech and gesture have not yet been found (Kopp et al., 

2008). Nevertheless, empirical evidence is growing that shows that ECAs provide a supra-

linguistic communication channel that, through gestures and other visual cues, may be used to 

add semantic richness, improve intelligibility by adding redundancy, and display attitudes and 

moods that open the scope for emotional and empathic dialogue strategies (Buisine et al., 2004; 

Cassell, Bickmore, Vilhjálmsson et al., 2000; Picard, 2003). 

2.5.2.1 Communication benefits through added information 

The main aspect of the visual communication offered by a human-like figure is primarily in the 

form of gestures, designed with the purpose of conveying supra-linguistic information, that is, 

information which accompanies the main content or meaning of the dialogue, frames it and 

allows it to flow along the lines constantly negotiated between the interlocutors (throughout the 

shared process of grounding). The visual channel provided by an ECA can convey different 

kinds of information. 

Cassell and Thórisson (1999) speak of three main types of feedback, verbal and/or 

nonverbal, in response to input from the human user. Centring the discussion on the nonverbal 

channel, the feedback can be either: 

a) Content, adding to the message carried by the spoken part of the communicative act, or 

conveyed on its own, in the absence of speech (e.g., nodding to express assent). 

b) Envelope feedback, the purpose of which is to regulate or otherwise affect the process 

of the interaction. Examples are nodding while listening to indicate attention, or 

gesturing with the hands to signal attempts to give or take the floor (ibid.). 

c) Emotional feedback, to display what the person is feeling, or in the case of an artificial 

agent, to give external manifestations of feelings so as to portray a character that has 

them; that is, to give this effect. Facial gestures especially intervene in the expression of 

emotional responses, as in smiling or frowning. 

Experimentally, envelope feedback was found to be more important than emotional feedback, 

resulting in more fluid interaction and a higher sense of lifelikeness as judged by test users 

(ibid.). Cassell and Thórisson also remark that nonverbal behaviour may serve further functions, 

such as performing social formulae, like bowing, or polite smiles (ibid.). Interestingly, these 

researchers point out, further, that the same behaviour sequences can serve different functions. 

Already in the illustrations given there has been a repetition of the nodding and smiling 

behaviours. Smiling can show emotion or it can be used with a social function, while the 

illustrations chosen for nodding served a content conveyance function and an envelope function. 

This idea is exploited in Chapter 4, where the possibility of producing communication acts with 
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several simultaneous levels of intention, even including intentions that are not overtly shared 

with the interlocutor,
12

 is discussed. 

Within the general functional categories just given, further distinctions can be made to 

discuss nonverbal behaviour in relation to the verbal part of the corresponding communication 

acts. In this respect, remaining on the more general level of analysis, in face to face 

conversation people have been observed to accompany utterances with gestures that either offer 

the same information as the verbal message (or part of it), that is, they convey redundant 

information, or they provide information that completes the content of the message, 

complementing the information contained in the verbal part of the message (Cassell, Stone et 

al., 2000). Nonverbal behaviour that is redundant or complementary to the verbal message will 

generally serve to convey content. Apart from the linguistic –or literal– meaning, further content 

may be conveyed through gestures. One type of such information was given above: emotional 

display; but there can be others, such as giving visual signs of what the speaker is thinking, 

beyond the content delivered in words but perhaps referring to this content (e.g., thoughts about 

what one is saying, such as showing mental effort to provide a reply in a certain situation). 

Finally, envelope functions would still be needed to regulate the flow of the interaction. 

Let us consider these different functions of nonverbal behaviour briefly, in the specific case 

of an embodied conversational agent: 

 It can offer redundancy over the spoken message, stressing words or gesturing certain 

features of the meaning that the words convey (for example, making a walking gesture 

with the fingers while speaking of walking). 

 It can provide information that complements the speech. This is typical of multimodal 

interaction, and it may allow considerable simplifications over the communicative 

process that would be needed to convey the same information over just one of the 

modalities (López-Cózar and Araki, 2005) –for instance, by virtue of its multimodal 

nature, through mutual disambiguation of the different (e.g., visual and speech) 

communication channels (Oviatt, 1999); for example, an ECA guide in a museum might 

give a visitor directions such as “Room 16 is that way”, while pointing in a certain 

direction. Thus, through complementary use, modalities can be mutually reinforcing. In 

such cases, overall meaning must be extracted from the combination of what each of the 

modalities (here, speech and gesture) conveys. To give another an example, pointing to 

a certain object, without naming it, while asking the interlocutor to pick it up, 

constitutes a complete communication act (complete in terms of meaning and of sharing 

the interaction goal, i.e., what the communicator intends to achieve with said act, and 

what it implies that the interlocutor should do for this purpose). 

 It can provide visual cues that help regulate the flow of the interaction, or, again, to 

reinforce or complement the information conveyed verbally concerning the state of the 

dialogue. Gaze, gestures, intonation and body posture all play an important role in 

creating adequate conversational behaviour when initiating and terminating the 

                                                      
12

 Performing hidden functions is useful for affecting th  int rlocutor’s r spons  in ways that woul  not 

be possible if she were aware of the intention. For instance, asking someone to stay calm may annoy the 

person and achieve the opposite of the intended effect, while speaking and gesturing in a certain manner, 

without openly asking the user the same thing, may be more effective in producing the desired effect. 
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dialogue, taking and giving turns, handling interruptions, providing feedback and 

correcting errors (Cassell, Bickmore, Campbell et al., 2000b). Although a few limited 

studies have failed to find that facial and verbal feedback helps turn-taking and user 

interruption handling to go more smoothly (White et al., 2005), body language and 

expressiveness have been used with some success, beyond reinforcing the spoken 

message, to help regulate the flow of the dialogue (Bickmore and Cassell 2005). 

Research also suggests that synchronisation strategies overlapping gesture and speech 

can be devised to improve user satisfaction with turn-taking mechanisms (ter Maat and 

H yl n    9), an  ECAs hav  b  n us  , to th  gr at r satisfaction of us rs, as ‘visual 

fill rs’ to improv  turn manag m nt in applications that k  p th  us r on hol  for 

extended lengths of time (Edlund and Nordstrand, 2002). Breazeal et al. (2005) 

underline the importance of non-verbal communication (in human-robot interaction) to 

reduce user confusion regarding the state or flow of the dialogue (i.e., where the 

dialogue is at any particular time and where it is heading), and Marsi and Van Rooden 

(2007) have shown that users prefer visual cues over verbal ones in the face of 

uncertainty. Moreover, visual feedback from the ECA featuring gestures with a 

communicative function (e.g., gaze effects to signal turn giving or taking, or finger-

tapping to indicate continued attention) has been observed to improve the efficiency of 

interactions (Cassell and Thórisson, 1999). In the opposite direction, verbal cues from 

the user, and also visual cues, if visual input from the user is available, can be used by 

the system to detect when the user wishes to take the floor. An example of this is REA, 

an ECA developed in the Gesture and Narrative Language Group at the MIT Media Lab 

(Bickmore and Cassell, 2004; Cassell, Bickmore, Campbell et al., 2000b).  

 Also complementing the spoken message, it supports supra-linguistic levels of meaning 

–of content–, such as information regarding expectations, mental processes and 

emotions (see, e.g., McNeill, 1992; Ekman, 1993; Montepare et al., 1987; Poggi et al., 

2003; Leßmann et al., 2004). For instance, the ECA might display meta-cognitive 

g stur s sugg sting what it is “thinking”. It coul  wink to show that what was sai  was 

meant humorously or with irony (Kopp et al., 2008). A great amount of emotional 

content can be conveyed through facial expressions. Not only that, but according to the 

‘facial f   back’ hypoth sis, th   motions th ms lv s ar  partly aff ct   by th  facial 

expressions (Aguado Aguilar, 2005). 

All of these elements can be explored to improve dialogue robustness. The result should be 

a smoother and more robust dialogue flow. 

2.5.2.2 Mental states, appearance, learning and social effects 

Mental and behavioural aspects such as personality traits, social role, emotional state and 

discursive attitude (e.g., passive vs. proactive) are also aspects to take into account when 

designing (and evaluating) ECAs, for their communicative value and for the effect they may in 

turn hav  on th  us rs’ b haviour an  on th ir subjective experience (López Mencía, 2011). 
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Psychological effects with direct impact on communication robustness 

Hone (2006) has observed that static (i.e., non-animated) embodied agents can help limit user 

frustration in error recovery processes when affective communication strategies are employed. 

These strategies aim to show the user that the system empathises with her when potentially 

frustrating situations occur. They have been found to be beneficial even when they are delivered 

only in textual form (Klein et al., 2002; Hone, 2006), but they can be used to greater effect with 

a static embodied agent appearing in the interface to deliver the same text (that is, not speaking 

it, but giving the message in a text bubble coming out of the embodied agent) (Hone, 2006). 

Int r stingly, in Hon ’s stu y a f mal   mpathic  mbo i   ag nt was foun  to hav  a gr at r 

soothing effect than a male one (ibid.). A study by Brave and colleagues also suggests that 

outgoing (other-regarding) emotion display by an embodied ag nt (h r  th  “ECA” was 

implemented simply as static photos of a real person, showing different facial expressions of 

neutral, positive and negative empathic emotion, communicating through text in speech 

bubbles) led users to find the system more caring, likeable and trustworthy (Brave et al., 2005). 

No effect was found for intelligence, on the other hand. It is to be expected that a gesturing 

ECA, showing emotions appropriate to each situation with its face, would have even greater 

positive effects. As a r sult of using aff ctiv  strat gi s, th  us rs’ motivation an  trust in th  

system can rise while their stress is reduced (Cassell and Tartaro, 2007). 

Since what it brings to the interface is a visual presence, an important aspect of embodied 

conversational ag nt   sign an   valuation is th   ff ct of an ECA’s physical app aranc , as 

distinct from what it may be able to add in terms of communication of information. Research 

suggests that the closer the physical appearance of an ECA to a real human, the more users tend 

to expect of its intelligence and the more they are predisposed to trust its ability (i.e., taking 

trust to m an ‘th  r lativ  ability l v l which th  human us r attribut s to a c rtain softwar  

 ntity’) (King and Ohya, 1996). At the same time these higher expectations will translate into a 

more demanding attitude when judging the system, which may result in dissatisfaction if the 

syst m fails to m  t th  unr alistic  xp ctations it g n rat s in us rs, an  th ir ‘susp nsion of 

 isb li f’ collapses (Höök, 2004). Moreover, unrealistic expectations may lead to 

communication problems, as users then tend to communicate with richer language and explicitly 

or implicitly attempt to invoke cognitive functions that the system lacks. From a design 

perspective, these effects conflict with the error prevention goal, discussed in Section 2.4.2, of 

guiding the user input toward communicative behaviour that the system can understand. 

Social effects, learning and long-term interaction 

Beyond their potential to improve dialogue robustness and flow, these possibilities for richer 

communication also open the field to broader and deeper interaction, with a whole new range of 

strategies for message representation and dialogue management. The goals of interaction could 

then become less task- and domain-specific and more open and social in nature, perhaps even 

allowing meaningful long-term relationships to develop between the user and an animated agent 

that shows som  form of “p rsonality” (López Mencia et al., 2008).  

Th  pr mis  of R av s an  Nass’ The Media Equation (Reeves and Nass, 1996) is that 

people establish a relationship with communication technology that has a strong social 

character, resembling in important aspects the way they engage with other people. In fact, from 
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a series of experiments Nass and colleagues reported what is presented as clear evidence that 

people respond to computers socially, in their attitudes and behaviour, and in the qualities they 

attribute to the machines (Nass et al., 1994). In these experiments findings from social 

psychology and sociology were put to the test substituting computers for humans as the 

interaction counterparts, and the same results were obtained as would be expected with human 

counterparts, according to the original theories. These were the main observations: 

 users responded more positively to evaluation questions about the computer if the 

computer itself was asking the questions;  

 prais  of th  comput r’s p rformanc  was s  n as fri n li r if a  iff r nt machin  gav  

it rather than the computer in question itself, while with criticism the opposite was true 

–this may b  int rpr t   as an in ication that notions of “s lf” an  “oth r” are attributed 

to computers, and hence a sense of personal identity;  

 voice is a powerful identity-forming cue, and users tended to attribute the same identity 

to different machines (and react accordingly, e.g., in terms of evaluation of friendliness 

of “s lf” an  “oth r” criticism an  prais ) if th y ha  th  sam  voic ;  

 gender stereotyping was observed in tests with male and female voices. (This finding is 

in line with those of other authors regarding the psychological effects of gendered 

interfaces, such as Hon ’s, m ntion   in th  pr vious subs ction (Hone, 2006).) 

Th s  r actions an  attributions of a social natur  w r  foun  to b  ‘automatic an  

unconscious’ (th  t st us rs w r  not naïv  an  w r  w ll awar  that comput rs ar  not 

humanlike in any way), easy to generate (with only a few roughly implemented cue imitations, 

such as the voices), and, the authors of the research conclude, unavoidable (Nass et al., 1994). 

These findings are, of course, very relevant to the study of ECAs. 

It is reasonable to posit that ECAs have (or they conceivably can be designed to have) the 

power to personify an interface, that is, to have users attribute to them (if not rationally at least 

unconsciously) certain qualities of real people, and react, relate and behave with it accordingly. 

Through their visual presence they can certainly be made to display a greater array of social 

cues than the systems used in the studies of Nass and colleagues. The conjecture that ECAs can 

elicit social responses from human users drives much of the work, in a wide variety of 

application areas, to explore the potential of ECAs to mediate a more effective, efficient, 

intuitive and natural interaction with people and to open up a social and emotional dimension. 

Early research efforts already looked into the motivating effects a humanlike presence can 

have simply by being in an interface. Animated agents in learning assistants have been found to 

have a positive effect on the users perception of the learning process (see, e.g., Van Mulken et 

al., 1998; Lester et al., 1997). This has been called the persona effect (Lester et al., 1997). Lester 

and colleagues (ibid.) found that the motivation of students increased with animated agents, 

which the researchers tentatively linked with an improvement, which was also observed, in the 

actual learning results of the students. This objective learning improvement effect, however, 

was not found by Van Mulken and colleagues in their study (Van Mulken et al., 1998).  

The social and psychological effects animated agents can have by their presence and 

behaviour can be exploited for a wide variety of purposes. Worthy of note are educational 

applications for children in which animated agents are used in different roles such as virtual 
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peers or virtual teachers (Tartaro and Cassell, 2008), to  nhanc  th  pupils’ motivation through 

a sense of trust engendered by the ECAs (Atkinson, 2002; Gratch et al., 2007), or as support for 

learning through imitation by exaggerating both verbal and non-verbal expression (Engwall, 

2008; Massaro et al., 2001). In the EU-funded Companions Project
13

 ECAs are used as a 

‘humanising’ face for a system that enquir s about how th  us r’s  ay has b  n an  th n 

responds empathically giving comfort, encouragement, advice and a sense of companionship 

through speech and gesture (Cavazza et al., 2010). Long-term studies on remote medical 

monitoring and nursing assistance applications, by Bickmore and colleagues, have shown ECAs 

to foster improved learning and motivation to follow treatments, and to develop relationships of 

trust with patients (Bickmore et al., 2009 ;Bickmore and Picard, 2005). ECAs are also being 

us   as fri n ly virtual assistants ( .g., Cass ll an  coll agu ’s (1999) r al  stat  ag nt REA), 

as learning assistants (e.g., the aforementioned Ville and DEAL ECAs developed at KTH (Wik 

and Hjalmarsson, 2009), and the Emo and Animaddin special education tools developed at the 

GAPS group at Universidad Politécnica de Madrid for the Infanta Elena School in Madrid 

(Mencía et al., 2013)), with ECAs as guides for a variety of physical spaces (e.g., Kopp et al.’s 

(2005) museum guide), and to help the user conceptualise an intelligent system with ubiquitous 

qualities (e.g., a home assistant (Amores et al., 2007) or an on-board assistant in a car (Dausend 

and Ehrlich, 2008)) by providing a physical, corporeal anchor. 

2.5.3 Pros and cons of ECAs, and concluding comments 

Could ECAs, then, really help in the face of communication problems? What is the relationship 

between the believability of an ECA as a human-like interlocutor and their usefulness as 

interaction facilitators? Do users really expect ECAs to be, and perceive and treat them, as equal 

conversational partners? These questions are currently the matter of active research debates.  

Detractors point out that no interaction improvements have ever been proved, except for, in 

some cases, their aesthetic or entertainment value. ECAs may be taken as a particularly poignant 

example of an anthropomorphic interface element. While some authors see anthropomorphism 

as a good thing (Lester et al., 1997), others point out that it can lead users to have false 

expectations and false mental models of the capacities of the ECA, as has already been 

mentioned (again, see, e.g., Höök, 2004), and this in turn leads to frustration when those 

expectations are not met (Koda and Maes, 1996). Shneiderman has offered widely-cited 

criticism that anthropomorphic interfaces may seem appealing on first contact, but they soon 

become annoying and distracting (Shneiderman, 1995). Though many of these critics refer to 

the broader notion of anthropomorphism of interfaces and agent metaphors, rather than 

specifically to ECAs, their comments are relevant to these embodied agents since they 

incorporate the central characteristics discussed in said criticisms. So ECAs can be misleading 

and can make the user have false expectations, and they can be distracting. They have also been 

foun  to b  confusing, an   v n incr as  us r anxi ty an  r  uc  th  us rs’ s ns  of control, 

which is the opposite of the effect they should have (Xiao, 2006; Catrambone et al., 2002). 

                                                      
13

 COMPANIONS, European Commission Sixth Framework Programme Information Society 

Technologies Integrated Project IST-34434, http://www.companionsproject.org. 
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In contrast to the caution, and in some cases pessimism, of the detractors, proponents of 

ECAs insist on their potential benefits, as we have seen. Some of the problems that researchers 

like Shneiderman have cautioned against were conceived thinking of early multimodal interface 

an  ag nt t chnology in th  9 ’s, or may b tt r s rv  as r min  rs that t chnologi s shoul  b  

introduced carefully and for the proper applications. In this respect, as long as the appearance 

an  b haviour of ECAs accurat ly conv y to us rs what syst m’s communication limits ar , 

using them to improve dialogue flow and robustness may be a promising application. 

Furthermore, Cassell points out that early criticism of anthropomorphic interfaces referred to 

interfaces that were just that: human-looking, but they did not behave like humans; they did not 

 isplay ‘conv rsational  mbo im nt’ (Cassell, 2000). Well-designed systems that do possess 

verbal and visual conversational abilities based on human face-to-face communication 

behaviour, however, may offer interaction benefits beyond interfaces that lack them (ibid.). 

To reiterate, it has been suggested that an animated character, if well designed, may help 

the user understand the conversation (what is being said) with the system better, and make it 

s  m mor  “natural”. Apart from groun ing th  cont nt, visual int ractional information 

including, for instance, gestural cues for turn management, clues as to how well the system is 

understanding what the user is saying, and even emotional strategies to keep the user relaxed 

and in a good mood even in the face of errors –this being not only desirable in itself, but also 

crucial to prevent making error situations even worse (Boyce, 1999)–, could potentially be very 

helpful in improving the flow of the dialogue. This would be a major benefit since, as was 

discussed earlier, robustness is a major problem with SDSs. Communication problems are 

common and hard to recover from, and error recovery strategies are prone to cause even more 

confusion among users as the dialogue takes unexpected twists. It is interesting to study whether 

an  how ECAs can h lp normaliz  th  proc ss by provi ing visual cu s about what’s going on 

with the syst m’s oral compr h nsion. This was one of the objectives of the comparative tests 

described in Appendix C. 

The role ECAs may play in reducing communication errors and improving the flow of the 

dialogue, however, has not yet received enough attention, in spite of an intensification of efforts 

in recent years. One problem evinced by the debate over the pros and cons of animated 

interaction agents is that the sometimes unjustified benefits derived from the human-like 

appearance of ECA interfaces are still far from being proven in realistic scenarios. How well 

ECAs can really work in improving HMI parameters and user satisfaction? And what 

characteristics should ECAs have in order to produce such improvements? Research in these 

areas is still in early days, and the dimensions involved and parameters to control are still only 

vaguely defined. Therefore, slow and careful trial-and-error searching for answers is a central 

necessity. Evaluation approaches, including original contributions presented in this Thesis, and 

an experiment with a system featuring ECAs, are discussed in Chapters 5 to 7 and Appendix C. 
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3  

 

 

HMI system design for handling 

modalities and external 

information 
 

 

 

 

In Chapter 2 an overview was given of the structure of a multimodal interaction system. This 

chapter describes some of the major challenges designers face to create advanced interaction 

systems that handle various sources of information. Specifically, the focus will be on the 

following two points: 

The first set of challenges is posed by the need to handle various sources of information 

input in the dialogue manager, including multimodal input and data from external sensors to 

provide context awareness. An overview will be given of the main difficulties involved in 

designing dialogue managers with these general characteristics, and an architectural solution is 

proposed based on, and slightly extending, th  Worl  Wi   W b Consortium’s (W3C) 

Multimodal Interaction (MMI) reference architecture. This is the focus of the present chapter. 

The second major series of design challenges discussed in this Thesis emanates from the 

question of how to represent and play out rich communicative intentions that are potentially 

multimodal and multi-layered –i.e., combining several levels of intention–, so that they may be 

carried through to appropriate output behaviour. The specific type of output that will be 

considered is that which is performed by embodied conversational agents, and therefore has 

both spoken and gestural components. This will be the focus of the next chapter. 
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3.1 The challenge of heterogeneity: approaches to 

information access and management 

It is an ambitious goal to design HMI systems that work well, can handle the growing 

compl xity an  fl xibility of th  tasks n      to cr at  “smart  nvironm nts”, an  ar   asy to 

use. To better achieve these aims there is much ongoing research to make HMI feel natural to 

the human party. Multimodal interaction, usually featuring spoken dialogue along with other 

communication channels, adds a number of benefits, by making the information exchange 

richer, more flexible, adaptable and robust (by exploiting redundancies and complementarities). 

Multimodal interaction is more challenging to develop, however, as it involves more, and more 

heterogeneous, sources of information to integrate and make combined sense of, and more 

output channels to coordinate intelligibly and optimally for the benefit of the human user. 

Now, smart  nvironm nts n    to  o mor  than “just” int ract with humans. Th y n    to 

be richly context-aware, incorporating into their internal model of the situation in which they 

ar  working oth r information   scribing r l vant asp cts of th  us r’s  nvironm nt (Minker et 

al., 2009). It also may be necessary for many applications that can be envisioned to incorporate 

in the syst m’s situational mo  l information from r mot  locations (for instanc , a us r may 

need to know whether it is raining at a distant location). Local and remote sensors, potentially of 

a very diverse nature, are needed to provide the data with which to construct the picture. 

In this Thesis it is proposed that the same principles, and even the same tools, for 

combining information from different communication channels in multimodal interaction 

systems can be applied to combine, process, use and share information from different sensor 

sources. Furthermore, HMI information and sensor data can be combined to expand the 

possibilities both of interaction systems and smart environments relying on sensor information. 

Indeed, we also wish to underline the complementary notion that in designing context-aware 

HMI systems it is increasingly important to rely on recent developments in sensor information 

access and sharing technologies, most notably recent concepts such as the Sensor Web. 

The need to make HMI systems more intelligent by incorporating and reasoning with 

information from multiple sources has already been recognised in the literature (see, e.g., 

Minker et al., 2009). The problem is two-fold. First, the different external (and possibly remote) 

sources of information that are relevant to the application and to the interaction it motivates 

have to be made readily accessible to the HMI system. The second problem is how to integrate 

and process the received information from the different sources, which in general will be of very 

diverse nature. In other words, the HMI system has to make sense of all the different 

information elements it receives. Both problems, access and management, require overcoming 

the difficulty posed by the heterogeneity of information –in terms of type of information and of 

what it denotes and how it is represented in the systems that handle it– and the heterogeneity of 

its sources. The first problem, access, requires solutions external to the HMI system (which, 

therefore, lie beyond the scope of the present Thesis), while the second, management, concerns 

its internal design. Figure 3 illustrates the idea, suggesting sources of sensor information –on 

weather, traffic and smart power grid services– that will be featured later in an example of a 

sensor-enhanced HMI service. An outline follows of what these challenges entail. We begin 
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with the problem of integrating different sources of heterogeneous information. 

 

 

 
 

Figure 3. Two broad challenges for context-aware HMI systems: external and internal heterogeneity of information. 

3.1.1 “Internal” information heterogeneity: interaction management 

Multimodal HMI designers are already facing the task of combining, processing and 

interpreting information from heterogeneous sources. The interaction manager is the central 

component in HMI systems, in charge of combining information arriving in different forms and 

from various sources, to construct a picture of the situation that both the user and the application 

are in, and with it decide what to do next, which involves creating appropriate messages and 

deciding how to deliver them to the user, combining the available output modalities (for details 

of the processes in multimodal dialogue systems in particular, see López-Cózar and Araki 

(2005)). In a simplified view, the interaction manager in a HMI system can be conceived of as a 

set of possible states, in each of which different information is presented to the user. Transitions 

from one state to the next depend on the input (both user-generated and, as we stress in this 

chapter, contextual information) received while in the current state (Levin et al., 2000). There 

are different approaches for developing interaction managers, which broadly fall into two 

classes: deterministic interaction managers, based on rules for interpreting input information 
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and updating the interaction state, or stochastic interaction managers, in which state transition 

probabilities are estimated using machine learning techniques (Levin et al., 2000; McTear, 

1998). A lot of recent HMI research presents machine learning as having strong potential to 

greatly impact future robust and intelligent HMI systems (Lemon and Pietquin, 2011; Pietquin 

et al., 2011). Most of the discussion in this Thesis in relation to the architecture of spoken 

dialogue systems, and by extension that of multimodal HMI systems, assumes a deterministic 

approach (in particular, the architecture presented in Sections 3.2 and 3.3), or at least it uses the 

language employed to describe this approach. It is hoped this is done without much loss of 

generality. In particular, the problem of how to integrate heterogeneous data is similar in both 

architectural approaches, deterministic and stochastic. 

The interaction manager needs to coordinate, or orchestrate, a number of components. It is 

a general design question what functions should fall within the responsibilities of the interaction 

manager and which should be taken by other components (for instance, how much of the 

application flow should it control, or whether it should integrate contextual information) (Traum 

and Larsson, 2003). General as it is, this problem will also complicate the discussion of 

information integration and processing in multimodal and context-aware HMI. The more 

functions incorporated in the interaction manager, the more complex the problem of internal 

design will be, especially as regards the development of guidelines to adequately separate the 

different functions. Solutions in this case are likely to be more heavily application-dependent. 

On the other hand, the more modular the approach, the greater the complexity of coordinating 

the various components, of managing the communication flow between them and of keeping a 

consistent representation of the real situation, integrating state of the interaction plus relevant 

contextual information. And where and in what form is this representation kept? Should it be 

centralised or distributed across various components? Do s on  c ntral  l m nt n    to “know 

it all”, or can th  syst m work with a s t of constituting  l m nts  ach of which knowing only 

part of the overall picture? And if a central omnisapient component is needed, to what extent 

can it delegate functions? (Would we be back with a monolithic interaction manager model?)  

In any case, a context-aware multimodal interaction manager will need to communicate 

with components that realise the communication with the human user in a set of modalities. By 

extension, it will also need to communicate with components that provide data from local or 

remote sensors. In Section 3.2.1 we will present a design framework recommendation that is 

being developed by the W3C, which defines a basic set of elements and principles to design 

multimodal systems. In extending it to handle sensor information, we will see that an as yet 

unresolved problem is how to combine data that come not only from different domains, but 

which do not have a common representation scheme. 

3.1.2 “External” heterogeneity: the sensor world 

Various approaches to develop context-aware HMI systems have been proposed relying on 

middleware that allows accessing contextual information without having to deal directly with 

the primary information providers (i.e., all the different physical devices, sensors and so forth). 

The middleware shields the HMI system from the underlying variety of data types, formats, 

access procedures, etc. 
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Middleware for context-aware systems offers support for gathering and managing context 

information, simplifying the development of applications and facilitating sharing information 

and sensing components among different applications (Henricksen et al., 2005). The Context 

Toolkit (Salber et al., 1999) is one of the early middleware proposals for context-aware systems. 

It is based on the development of reusable software components that can be used for accessing 

and integrating context data without the need of knowing low-level details. Other middleware 

for context-aware systems has given support to advanced reasoning with the integration of 

ontologies and semantic technologies, building their context models over standards such as RDF 

or OWL. This is the case of initiatives such as the SOCAM (Service-Oriented Contex-Aware 

Middleware) project (Gu and Pung, 2004), CoBrA (Context Broker Architecture) (Chen et al., 

2003) or CoCA (Collaborative Context-Aware Service Platform) (Ejigu et al., 2007). 

Though some frameworks such as these have been proposed as middleware layers between 

sensors and applications, on the whole recent advances in sensor networks have been ignored. 

Thus, th y fail to provi   th  crucial bri g  ‘b tw  n th  sophisticat   high-level programming 

and query abstractions expected by context-aware applications and the simpler abstractions 

provided by present- ay mi  l war  for s nsor n tworks’ (Henricksen and Robinson, 2006). 

A related problem is that the middleware developed is typically application-dependent, 

which severely limits interoperability (Minker et al., 2009). It is, therefore, necessary to find 

interoperable solutions to access real world information in a homogeneous manner. Such 

interoperable solutions are, in fact, increasingly being proposed in and around the ambit of the 

evolving concepts of the Internet of Things or the Sensor Web (e.g., Sheth et al., 2008). It is, no 

doubt, a worthwhile effort to study the related benefits and challenges of integrating these 

middleware solutions with HMI systems. 

Making local and remote sensor resources accessible to HMI systems, would enable HMI 

systems to work with much richer situational knowledge, which would redound to these systems 

having greater capacity to assist in complex tasks that require reasoning with information from 

diverse sources, greater proactiveness and adaptability to users and their preferences and moods 

(Minker et al., 2009); in sum, greater context-awareness, where the notion of context should be 

understood in a broad sense as the information the system gathers outside that which is 

communicated by the user directly, and which is relevant to the interaction (for instance, 

information from the outside world that should be given to the user, or information that may 

affect how the interaction proceeds –e.g., if the level of ambient noise rises beyond a threshold 

it may be advisable to abandon spoken interaction for a different modality). 

Opening a homogeneously accessible sensor world to HMI systems can provide the 

additional advantageous possibility of presenting HMI systems themselves as virtual sensors 

(Baldauf et al., 2007) of the information obtained through interaction with human users. By 

interacting with the appropriate application, users can communicate high-level knowledge of a 

particular state of affairs that it would be hard, or in some instances even impossible, to obtain 

by other, automated, means. To give a simple example, a driver might report through an in-car 

interactive system that a lane on the road is blocked by a fallen tree, or simply inform of her 

intended route. The knowledge acquired through interaction with human users could be useful 

both to local applications and remotely (this is related to the idea of Human Sensor Web 

(Jürrens et al., 2009; Foerster et al., 2010; Goodchild, 2007). 
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Having HMI systems produce information requires further adapting them so that they are 

able to publish it, and also adapting the Sensor Web so that it can recognise such objects and the 

kind of information they provide, namely, human-generated observations. No such details are 

discussed here. The idea of developing HMI systems that function as prosumers of information, 

consuming (accessing, combining and reasoning with) local and remote sensor data, and in turn 

producing information generally of a higher conceptual (semantic) order for which it can be 

regarded as a sensor, for third parties to use, has been explored elsewhere (Sigüenza et al., 2012; 

Sigüenza Izquierdo, 2013), and it will receive no more than a passing mention in the present 

Thesis. The focus of this Thesis, as sketched in the introduction, is both on technological 

aspects of information handling –potentially from various different sources– within interaction 

manag rs, an  on th   valuation of th  int raction an  th  us rs’  xp ri nc  with th  syst m. 

3.2 A design framework for multimodal and context-

aware Human-Machine Interaction 

In the previous section we introduced the general problem of extending interaction manager 

design and sensor middleware in order to combine the HMI and the sensor information spheres. 

We now further discuss the HMI design side of the problem, basing it on the World Wide Web 

Consortium’s (W3C) proposed architecture for multimodal systems, as described in the 

Multimodal Architecture and Interfaces Recommendation (or MMI) (W3C, 2012). 

The W3C has defined an architecture recommendation for the design of multimodal 

interfaces, as well as a series of mark-up languages to implement its various components (W3C, 

2012). In this section we give a brief overview of the elements of the MMI architecture that, we 

propose, may be applied to the processing of sensor data, and we present the main properties of 

the mark-up language that the W3C proposes for the implementation of the interaction manager 

and, in our broader case, the component that coordinates the flow and processing of 

information: State Chart XML (SCXML). 

3.2.1 The W3C MMI reference architecture 

The MMI architecture the W3C proposes is grounded on a set of general design principles that 

have already gained widespread favour in software engineering (W3C, 2012). They include 

encapsulation: the various components of a system are treated as black boxes; recursiveness: 

components may contain other components, generating a hierarchical design structure, with 

lower levels invisible to the higher ones (to respect encapsulation); and modularity in the sense 

of a separation of concerns inspired in the model-view-controller (MVC) paradigm (Krasner and 

Pope, 1988). The main elements of the MMI architecture are the following (Figure 4): 

 A set of Input and Output Modality Components which handle the pieces of information 

coming in from and out to the available communication channels with the human user. 

The MMI reference architecture regards modality components as black boxes, leaving 



HMI system design for handling modalities and external information 

 

 

41 

 

their internal design unspecified. Obviously, it is required that the interaction manager 

(introduced next) interface with the modality components correctly. The modality 

components correspond to the views in the MVC paradigm. 

 An Interaction Manager that coordinates the flow of communication in the different 

modalities. We propose viewing the Interaction Manager as the application itself (rather 

than part of the interface of an application), governing the workflow as it decides the 

overall communication strategy in response to the successive inputs from the user. The 

Interaction Manager corresponds to the controller in the MVC paradigm. 

 A Data Component that stores the data the Interaction Manager needs to perform its 

functions, most importantly the relevant information extracted from the interaction with 

the user. The Data Component corresponds to the model in the MVC paradigm. 

 

 
 

Figure 4. The W3C MMI reference architecture (as proposed in (W3C, 2012)). 

 

 

In addition to these components, as also shown in Figure 4, the W3C MMI Architecture 

includes an event-based communication layer to carry events between the Modality 

Components and the Interaction Manager. The Interaction Manager receives ordered sequences 

of events from the Modality Components and decides what to do with them. Events may be for 

th  Int raction Manag r’s own consumption (i. . int rnal application’s control logic), th y may 

be forwarded to other Modality Components or they may result in the generation of new events 

by the Interaction Manager. 

An interesting aspect of the MMI reference architecture is that it is recursive. This means 

that the whole structure in Figure 4 can be taken as a modality component of an interaction 

manager at a higher level of knowledge composition. 
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3.2.2 Integrating sensor data in the W3C MMI architecture 

As mentioned above, the W3C MMI reference architecture (of which we have merely given a 

high-level overview) is based on general design principles that confer the adaptability that 

makes it useful as a framework to develop multimodal interaction systems, whatever the desired 

configuration of input and output modalities may be. This flexibility could just as well be 

exploited to extend the types of information handled, beyond user-system communication 

modalities, to include input channels from local and remote sensors. Similarly, output could be 

generated for actuators or for smart systems that consume and possibly process the information 

further.
14

 If this output carries information regarding the human-machine interaction, 

particularly information provided by the user, the interactive system could be regarded as a 

“virtual s nsor” of this human us r-generated information.  

 

 

 
 

Figure 5. Sensor components integrated in the W3C MMI reference architecture. 

 

 

Figure 5 shows th s  “s nsor input compon nts” (h r  w  hav  obviat   possibl  output 

channels), carrying information from both local and remote sources, alongside the user interface 

input/output modality components. The idea is that the local and remote sensor components 

communicat  with th  int raction manag r  ss ntially th  sam  way th  us r’s mo ality 

components do, i.e., by delivering information –in the form of events– through the 

communication layer. Thus the interaction manager acquires the responsibility of processing 

                                                      
14

 Indeed, the current W3C MMI Recommendation contemplates the possibility of the interaction 

manag r han ling ‘communication with  xt rnal  ntiti s’ (W3C, 2012), in addition to coordinating and 

directing the modality components and controlling the overall application flow. 
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and coordinating the components providing both types of channels: user-system interaction 

modalities and contextual information from sensors. 

 

This rather general view of HMI – Sensor World integration, raises important challenges. 

How can the interaction manager integrate sensor observations with both application-specific 

data and human user input and infer further knowledge from this? How do remote sensor 

components discover and access remote sensor data sources? How do they make the data 

available through the event communication layer? How can the HMI system itself be described 

as a (virtual) sensor system and its observations shared with other systems acting as consumers? 

The following discussion addresses the question of information integration within the 

interaction manager. 

3.3 Extending interaction manager design to integrate 

sensor information 

We now turn to those major challenges outlined above regarding information exchanges (events 

and data) between HMI systems and the external sensor world that are related to the 

functionality of the interaction manager, namely, combining information from the human user, 

the application it is a part of, and sensor sources, on the one hand, and producing appropriate 

information to f    back to th  us r (an  conc ivably also to oth r “smart” syst ms). This is th  

task of the interaction manager extended to handle sensor information. 

As mentioned above, there are many different approaches to the design of interaction 

managers, some deterministic, some stochastic. For present purposes a deterministic approach 

will be taken, on the assumption that the same challenges will also apply to future machine 

learning approaches. We begin, then, by introducing a versatile markup language that is being 

proposed by the W3C (Barnett et al., 2012; W3C, 2012) for designing these systems: SCXML. 

3.3.1 SCXML-based interaction management (to integrate sensor and 

user-generated information) 

State Chart eXtensible Markup Language (SCXML) is a generic event-based state-machine 

execution environment based on Harel statecharts (Harel, 1987) that is being proposed from the 

W3C for the design of multimodal interaction managers. The notion of statecharts, introduced 

by Harel, extends that of finite state machines (FSMs) with a few additional properties that 

make them particularly useful for designing the controlling elements of systems that must 

coordinate a variety of different components, as is the case with interaction managers in HMI 

systems. Indeed, statecharts are being used with success in the design and implementation of 

multimodal interaction managers in research (Jokinen and Wilcock, 2007). SCXML has 

interesting qualities in its favour, particularly the possibility of composing statechart structures 

within other statecharts, having a dedicated data element and an internal event queue. Such 
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properties align well with the requirements of the MMI reference architecture. In addition to the 

general properties of statecharts, SCXML offers further advantages in practice (see, e.g., 

Kronlid and Lager, 2007; Wilcock, 2007): it is relatively simple and intuitive; it is extensible, so 

new features may be added easily; and it is a language of the XML family, developed to provide 

easy interoperability among a wide array of interface implementation tools. In this section we 

give a brief overview of the main properties of statecharts. A more detailed treatment of 

SCXML statecharts can be found in Barnett et al. (2012) and Sigüenza Izquierdo (2013), and of 

statecharts in general in the abovementioned original proposal by Harel. 

States in statecharts serve two important purposes. First, actions may be executed in states, 

generally when they are entered or exited. Thus, a statechart describes a structured flow of 

execution of actions. Secondly, the collection of active states in a statechart constitutes a system 

configuration that, in a sense, represents part of, or perhaps the whole real-world situation in 

which the current application run is framed. (The representation of the real-world situation 

includes the information state (Traum and Larsson, 2003) associated with the specific 

interaction history with the user.) 

Another way to create an internal representation of relevant elements of the real-world 

context is through the data model. In SCXML a data model can be defined containing data that 

is shared by all the states in the document. This provides a means for statecharts to store and 

access data. It may also serve the purpose of information representation, as the data stored may 

be connected to relevant situations to be modelled. This is useful because the configuration of 

active states on its own usually cannot represent all of the situation-relevant information an 

application needs to handle (for instance, it is not well suited to represent quantitative data, such 

as sound volume, room temperature or battery charge level). Furthermore, while a configuration 

of active states may serve as an implicit representation of a current situation, and one that is 

useful internally, the data model makes it possible to codify this information in a body of 

variables that can be made available more readily for external consumption. 

Statecharts have two particularly important properties that make it easier to design 

interaction managers and allow a more straightforward introduction of complex functionalities. 

These properties are hierarchy and concurrency (see Barnett et al. (2012) for more details): 

 Hierarchy: All states in a statechart can contain other states, whereby a hierarchy of 

stat s is  stablish   (through r lations of “contain  -in” an  th  r ciprocal, “contains”). 

This nesting of states allows the composition of system components from lower-order 

elements, which may result either from a top-down design approach, where components 

(i.e higher level states) are refined into constituent states; or from a bottom-up approach, 

where states are clustered in a containing state. 

 Concurrency: In a running state either one or all of the states it contains may be active 

at the same time. In the latter case the parent state specifies that its children (and all of 

its children) run in parallel. Parallel states run mostly independently. However, it is 

possible to coordinate the activity of parallel states through the use of conditional 

expressions the evaluation of which depends on whether another state in a parallel 

element is active or not. Another way for parallel states to affect each other is by 

broadcasting events that may drive transitions elsewhere in the statechart (see below). 
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By combining concurrency and hierarchy it is possible to create highly structured components, 

while limiting the complexity that a finite state machine with similar functionality would need 

to have (this can easily be seen, for example, in that an FSM would have to have a specific state 

to represent a situation in a statechart machine in which two statecharts running concurrently 

were in states X and Y respectively. Thus, an equivalent FSM would need a specific state for 

every possible combination of concurrently running states in a statechart). With statecharts 

functions can be broken down easily and divided into different parts running largely 

independently, though with as much coordination as needed.  

Figure 6 illustrates the properties of hierarchy and concurrency of statecharts, applied to the 

design of a multimodal interaction system. In Section 2.4 (Figure 1) we presented the typical 

architecture of a multimodal interaction system. A similar (not identical) architecture is shown 

in the example in Figure 6, in simplified form for clarity. States (or statecharts) are represented 

here as round-cornered rectangles with a grey header to identify them, and typically contain 

execution instructions that are not shown in the figure. The outer multimodal HMI coordinator 

statechart contains three statecharts that run in parallel (delimited in the figure by dashed lines). 

This second level of the statechart hierarchy consists in the dialogue manager and the input and 

output interface statecharts. The input interface contains three statecharts, running in parallel 

also, which control (communicate with) the input modality components. Likewise, the output 

interface has two statecharts that control two output modalities. A highly simplified schematic 

illustration of the internal structure of the dialogue manager is given. It does not contain states 

running in parallel (which would be separated by dashed lines), so only one of the states shown 

can be active at any given time. Possible transitions between states are indicated with arrows. 

Transitions may be triggered by the arrival of internal or external events, and by conditions 

dependent on a certain state being active in another part of the root statechart running in parallel 

–e.g., from the Initiation state (which is the default state, as indicated by the arrow with the dot) 

a transition might occur to State 1 if a state within the Modality 2 control statechart becomes 

active. 

 

 

 
 

Figure 6. Example of a human-machine interaction unit designed with SCXML, illustrating statechart hierarchy and 
concurrency. 
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Another central element of statecharts is broadcast communication of internal and external 

 v nts. Ev nts ar   ff ctiv ly “broa cast” to all stat s in th  stat chart,  ach trigg ring in all 

active states whatever particular transitions may be dependent on their arrival. Internal events 

may be generated by active states in the interaction manager, while external events arrive 

through the event communication layer in the MMI architecture from modality components 

(and, in the generalisation we propose, from sensor components). 

The data model and the broadcast communication provide the necessary foundation on 

which to develop an interaction manager that fits in the MMI framework. The data component, 

which is accessed exclusively by the interaction manager in the MMI architecture, can be 

implemented as the data model of the SCXML document defining the interaction manager. An 

SCXML-based interaction manager stands between the modality components and the data 

model. It receives all of the information from the outside world through an event queue, and it 

communicates with the modality components by invoking them as external processes (i.e., 

processes external to those defined in the interaction manager SCXML document). Through its 

internal statechart structure, the interaction manager determines the actions that will be carried 

out when processing each event from the queue, which might involve updating the data model 

or transitioning to a new configuration of active states, possibly leading to the issuing of events 

targeted at the modality components (i.e., invoking them). 

The last notable feature specifically of SCXML statecharts that we mention in this 

overview is the ability to invoke external processes. This allows SCXML to control and 

coordinate the different modality components through the suite of mark-up languages that are 

being developed to implement them, such as VoiceXML for speech. For example, in a particular 

state (i.e., in a specific dialogue situation) a particular VoiceXML document can be invoked to 

run the subdialogue that is appropriate for the current situation. 

Notice that nothing constrains these features to the realm of multimodal interaction. They 

may all be applied, with simple extensions, to managing sensor information. Indeed, SCXML is 

being proposed for interaction manager design by the W3C because of how readily it can be 

used to articulate and bring together heterogeneous sources of information. All of these benefits 

make SCXML a suitable technology to implement interaction managers for context-aware HMI 

system acting as prosumers of the Sensor Web. 

3.3.2 An SCXML-based context-aware interaction manager in the 

MMI architecture 

Sensor data and human interaction data are not only distinct conceptually (the latter pertaining 

directly to the application run goals, while the former to the broader context in which the run 

takes place), they will also have different representation formats. Integration efforts are being 

made to harmonise the handling of multimodal interaction information on one hand, and of 

sensor data on the other. As regards multimodal interaction data, the W3C proposes the use of 

the Extensible Multimodal Annotation markup language (EMMA) (Baggia et al., 2009) for 

annotating inputs from users, whatever form these may take (keystrokes, speech, haptic input, 

etc.). On the sensor side also, efforts to standardise information representation and access 

mechanisms are currently being made. A prominent initiative in this regard is that of the Open 



HMI system design for handling modalities and external information 

 

 

47 

 

G ospatial Consortium’s (OGC) S nsor W b Enabl m nt (SWE), in which it is propos   that 

real world observations originating in sensors be represented using a markup language called 

O&M (“obs rvations an  m asur m nts”). 

It seems necessary to handle these two different kinds of information, HMI and sensor data, 

separately before deriving an overall representation of the state of the world that covers both the 

state of the interaction and the context in which it takes place. A natural internal structure for the 

context-aware multimodal interaction manager, therefore, is to have three main elements: one 

for each of the two information realms and a third to derive a consistent overall picture. That is, 

more specifically, a multimodal HMI coordinator, in charge of managing the information 

pertaining directly to the interaction with the human user, a context composer to put together a 

coherent picture of the situation in which the interaction takes place as inferred from the diverse 

inputs coming in from local and remote sensors, and, thirdly, an interaction-context integrator. 

An interaction manager with these internal elements could be implemented in SCXML as a 

statechart containing three statecharts functioning in parallel, one implementing the multimodal 

HMI coordinator, the second being the context composer and the third the interaction-context 

integrator. Figure 7 shows this SCXML-based interaction manager substituted in the extended 

W3C MMI reference architecture proposed in Figure 5. The periphery consists of a collection of 

input and output components controlling the exchange of both sensor and user interaction data. 

The central element is the context-aware multimodal interaction manager, governing the 

application flow in response to interaction patterns and the sensed context in which it is running. 

All information exchanges between the interaction manager and the external world (sensor and 

interaction data) are done through the event communication layer. Events coming from the 

modality components, and coded in EMMA, trigger activity (state transitions) in the multimodal 

HMI coordinator, while events arriving from the sensor components are taken up by the context 

composer, perhaps still coded in O&M (though other possibilities could be envisaged). 

Internally, the multimodal HMI coordinator could have a similar structure to that of the 

statechart depicted in Figure 6. However some of the functions of the dialogue manager in 

Figure 6 would have to be transferred to the interaction-context integrator in Figure 7. How 

much control ought to remain in the multimodal HMI coordinator is subject to discussion. Let 

us now consider this question. 

There are several possible approaches to design these three elements of the interaction 

manager and the distribution of responsibilities between them.
15

  A variety of considerations 

may be taken into account to define a particular approach. Here we have mentioned two: the 

first is whether the relevant information describing the interaction up to and at a certain point in 

time is contained in a data structure (the data model) or is implicit in the configuration of active 

states; or some combination of both approaches. The second matter to consider is how much 

control is given to the component we have called the interaction-context integrator.  

Let us consider first the question of control. The interaction-context integrator can function 

in essence like a generalised interaction manager that takes into account the context, in which 

case it has total control of the interaction, carrying all the information provided by the specific 

                                                      
15

 In fact, the problem of deciding what components an interaction manager should have and which is in 

charge of what is a general one in dialogue system design (see, e.g., Traum and Larsson, 2003), and not 

specific to the integration of sensor data or other kinds of contextual information. The inclusion of sensor 

data further complicates the matter, however. 
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int raction an  cont xt information compon nts, which in turn ar  “m r ” p riph ral 

components receiving and translating (or perhaps simply mapping) information in their 

respective domains to an internal representation for the interaction-context integrator to work 

with. Alternatively, the role of the interaction-context integrator can be simply to ensure that 

bringing together the information from the interaction domain and the context (local and remote 

sensor) domain results in a coherent overall picture, solving whatever inconsistencies might 

arise. In this case both the context and the interaction components (i.e., what we have called, 

abov , “cont xt compos r” an  “multimo al HMI coor inator”, r sp ctiv ly) r tain much of th  

control of their respective domains. In particular, the multimodal HMI coordinator will continue 

to act as the central interaction manager, checking for consistency with the interaction-context 

integrator. 

 

 

 

 

Figure 7. A context-aware multimodal interaction manager following the W3C MMI reference architecture, desiged 

using SCXML. 

 

 

As regards whether the overall information state should be encoded in the data model or in 

the configuration of active states, or a mixture of the two, it is worth noting that SCXML lends 

itself naturally to any such solution. This is very advantageous since the ideal design will be 

application dependent. Particularly in the case of context-aware interaction systems that in 

addition to consuming sensor information also produce information that can be shared with 

other (generally remote) systems, in the interest of this information sharing it is may be more 

propitious to have most of the extended information state (i.e., including the relevant contextual 
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information) coded explicitly in the global data model, including at least the information that 

may be published and the data used by the interaction and context components to check for 

consistency. This way it is straightforward for all elements in the system to access any and all of 

the information parts defining the current situation, and to extract those parts that should be 

made public. 

If the design decision is to encode the information state in a global data model (including 

both interaction-related and contextual information), a straightforward way to provide flexibility 

and ease of implementation is to limit the responsibility of the interaction-context integrator to 

the overall application flow and to ensuring the consistency of the extended information state, 

with the specific interaction and context components retaining control of their respective 

domains. Consequently, the data model should be divided into three parts, one for each of the 

specific data domains (interaction and context), and one to represent high-level interpretations 

of the overall situation (relevant to the interaction and context components). 

3.3.3 An application example: connected electric cars and smart grid 

management 

An in-vehicle HMI scenario for electric cars will illustrate the discussion so far in the section. 

This is an interesting area of application for two reasons. First, vehicles in general are 

functionally well suited to incorporate technologies that make them connected objects with 

embedded HMI systems.  Second, battery level management in electric cars is still an 

unresolved issue (Ipakchi and Albuyeh, 2009). Both of these matters are connected: on the one 

hand, drivers will benefit from intelligent context-aware HMI systems that help them find the 

best station to recharge; and on the other, smart grid infrastructures need to be aware of, and 

adapt to the recharge demands in a specific geographical area in order to plan efficient electric 

energy distribution. 

Consider, then, the following scenario with an electric car embedding a HMI system and a 

local sensor measuring the car battery level. In the simplest case, a low battery level 

measurement makes the HMI alert the driver of the need to recharge. However, a richer and 

smarter context-aware interaction could be possible if we consider a connected car featuring 

web access to sensor information resources, through V2V (Vehicle-to-Vehicle) and V2I 

(Vehicle-to-Infrastructure) communications provided by the smart roads and ITS (Intelligent 

Transport Systems). By so doing the car can receive recent charging service times for other 

vehicles, real-time occupancy levels of nearby recharging stations, energy prices, weather 

conditions, etc. With this information the in-car HMI can provide better recommendations to the 

driver on the most suitable charging station to stop at. Furthermore, once the HMI system 

coll cts th   riv r’s   cision to r charg  in a particular ar a or station, this   cision can b  

published on the Sensor Web, making accurate real-time electric energy demand available to 

smart grid management systems (Ipakchi and Albuyeh, 2009). 

Let us return to the three-part interaction manager model proposed in the previous 

subsection. In the in-vehicle interaction example, a derived high-level semantic interpretation 

may involve certain application-relevant user intentions. After receiving a recommendation of a 

charging station the user might indicate that she wishes to stop there, but since she is in a hurry 
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she will not r charg  th  car’s batt ri s but only buy som  groc ri s at th  station shop, l aving 

th  batt ry r charging for lat r. Sh  might  o this by v rbally  xpr ssing som thing lik  “Next 

stop just to buy groceries,” an  s tting th    stination to th  r charging station. Upon observing 

that the next planned stop is the charging station it had suggested, the context-integrator might 

infer, erroneously, that the plan is to recharge there, which could lead to it sharing this belief 

with the charging station, where resources would be needlessly allocated for this car. The 

interaction-cont xt int grator can pr v nt this, how v r, by inf rring th  us r’s plans, putting 

together the intended activity (buying groceries) and the location (the recharging station 

previously sugg st  ), an  s tting th  appropriat  variabl  in th   ata mo  l to “No recharge.” 

The context component can then adjust its belief by checking this variable and possibly also 

doing other consistency checks. So as not to over-complicate the example scenario, we have 

given a somewhat simplistic example that might otherwise be solved simply by data sharing or 

event communication or state coordination between the interaction and the context components. 

Obviously, in more complex systems with a broader set of functions deeper interpretation 

consistency problems will arise, for the resolution of which it will be very beneficial to have a 

dedicated component such as the interaction-context integrator proposed above. 

3.4 Further challenges for the management of 

heterogeneous information 

The preceding discussion has left open questions regarding the integration and management of 

multimodal and sensor information. In this concluding section of the chapter we identify three 

particularly salient areas in which problems remain: guaranteeing modularity, efficient and 

consistent event management, and combining interaction and sensor information which are 

originally expressed in different languages. These problems concern information management 

within the context-aware multimodal HMI system. One further question is presented which 

refers to the internal representation of communicative intentions, which will be explored in the 

next chapter. 

3.4.1 Modularity 

It is not clear how SCXML can be used to implement the proposed MMI architecture 

accurat ly. In particular, th  possibility of stat chart composition on its own  o sn’t allow 

building recursive architectures, a desirable feature according to the W3C MMI 

recommendation (see Section 3.2.1), while retaining strict modularity. This is so since an 

SCXML document has but one data model and an event queue to process external events, and 

these elements are equally accessible to all states in the document regardless of their place in the 

statechart structure. This means that the MVC paradigm cannot be replicated strictly within a 

single statechart, whichever way it may be composed. Thus the question arises as to how it is 

best to implement an HMI system, whether allowing recursive structures or not, and if allowing 
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them, whether to implement them imperfectly within a single statechart structure or, 

alternatively, having independent statecharts run concurrently and communicate with each other 

through external events. The latter solution would respect the proposed MMI paradigm more 

closely, but statechart composition plays no role in the separation of concerns of the different 

elements implemented as statecharts. This solution, with several statecharts running 

concurrently, may also place stronger runtime demands on the system, and efficiency could 

suffer. If, however, different architectural elements are conceived as state structures within the 

same statechart, they must be well coordinated and well behaved, for example each limiting its 

data updating capacity to specific sections of the data model. In the architecture proposal 

described in Section 3.3.2 the single composed statechart solution was favoured, at the price of 

renouncing the advantages of pure modularisation. 

3.4.2 Event management 

Adequate management of events is another concern, also with architectural repercussions. Both 

the speed at which events are processed and the order in which events arrive are important 

considerations. There is only one internal event queue in an SCXML element, which could be a 

bottleneck for complex statecharts (with many states running in parallel). On the other hand, 

dividing concerns between different elements requires a greater control of the timing of events 

when the order in which they are received can lead to different conclusions (e.g., regarding the 

direction in which cause and effect can be established) and thus affect the inferred knowledge. 

Housing both interaction and context (and their integration) in the same SCXML element, as we 

have proposed for our relatively simple system, makes internal event management easier (if the 

SCXML engine can be trusted), though events coming from the external elements from which 

the sensor and interaction data arrives have to be interpreted with care. The problem is only 

pushed further out in the architecture. A possible solution might be to provide timestamps 

accompanying the sensor observations, but this would not eliminate the problem of 

synchronising the different elements involved in the broader system of which the interaction 

manager and the sensor information sources are a part. Once again, an exploration of such 

solutions lies outside the scope of this Thesis. 

3.4.3 Fusion of heterogeneous data 

When managing concurrent events it is necessary to fuse data from different sources and of 

different nature. Multimodal fusion is already an active area in HMI research (see, e.g., (Dumas, 

2010)). In th  MMI archit ctur , a singl  us r’s mo ality component can be combined or fused 

with other modalities. As mentioned earlier, the W3C proposes the use of the EMMA markup 

language for annotating inputs from users, either from a single mode or a composite input 

combining information from multiple modes (speech, natural language text, graphical user 

interface, ink input, etc.). An even more difficult issue will be the development of flexible 

mechanisms to fuse the (possibly multimodal) interaction information with data from different 

sensor sources. More specifically, if observed data arrives expressed in O&M, integration of 
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EMMA and O&M emerges as another open challenge. In the future, semantic technologies 

might be used to obtain richer representations of both user and sensor inputs, making them 

suitable to be combined with greater homogeneity. In turn this would allow the use of more 

powerful inference techniques in the interaction manager. 

3.4.4 Internal representation of communicative intentions 

By the term communicative intentions we refer to the meanings of the (multimodal) messages 

interpreted from the user inputs, on the one hand, and on the other, the overall interaction goals 

and the content, the immediate objectives and the desired effects of the (multimodal) messages 

constructed by the system as output back to the user. All of this is the information content in the 

conv rsation an  int ntion l v ls of Clark’s conv rsational groun ing mo  l, which was 

outlined in Chapter 2 (Section 2.4.1.1).  

This information, forming the substance of the multimodal input and output, has to be 

represented internally in the context-aware multimodal HMI manager. This problem is distinct 

from those discussed so far in this chapter, which have dealt with architectural solutions to 

exchange heterogeneous information with the modality and sensor components and combine 

and manage it within the context-awar  multimo al HMI manag r. This inclu  s th  “physical” 

content of the multimodal messages exchanged with the user, i.e. the words to be said, the 

gestures to be performed by an embodied conversational agent, etc. We now refer to the 

intentions underlying the messages, and which motivate and guide their construction (output) or 

interpretation (input). Where communicative intentions are represented within the system 

depends on the distribution of responsibilities within the HMI manager. Depending on the 

design approach (see the preceding discussion in this chapter), the main reasoning module as 

regards the interaction (which is the central function of the system we are concerned with) may 

be either what we have called the multimodal HMI coordinator or the interaction-context 

integrator. In any case, the internal representation of intentions is at a higher level of abstraction 

(th  conv rsation an  int ntion l v l in Clark’s mo  l), than th  r pr s ntation of th  signal an  

channel elements of the messag s (continuing with Clark’s mo  l) which hav  occupi   th  

discussion in this chapter. 

The range of questions to be addressed concerning the internal representation, the 

interpretation and the generation of communicative intentions is very broad and touches many 

different lines of research. In the first part of Chapter 4 we will discuss an original contribution 

to the internal representation of complex generative communicative intentions (i.e., intentions 

underlying output messages to be generated, which may have either multiple simultaneous 

readings or which correspond to multiple objectives). We will focus in particular on spoken and 

gestural output performed by an embodied conversational agent. 
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4  

 

 

Designing ECA behaviour for 

interaction robustness 
 

 

 

Having discussed in the previous chapter the organisation and combination of information –

particularly incoming information– in the interaction manager, the present chapter proposes a 

scheme to represent information –particularly communicative intentions– internally in the 

system, for the purpose of generating the appropriate output. A high-level description of an 

intent representation scheme will be given which allows multiple levels of communicative 

intentions to be carried through to behaviour generation (possibly multimodal output), covering 

cont nt for th  int rlocutor, int ntions to influ nc  th  int rlocutor’s r spons , an  int raction 

control indicators (e.g., for turn handling). 

What the communicative intentions should be, and how they should be executed, are 

important questions, particularly when considering the goal of improving the robustness of 

conversational interaction processes. It was suggested in Chapter 2 that embodied 

conversational agents (ECAs) may be advantageously used with this goal in mind. However, it 

is difficult to determine precisely how ECAs may help, and what behaviour (utterances, facial 

expressions and body gestures) is required in any particular interaction situation to ensure a high 

degree of communication robustness. Extensive research with both empirical and theoretical 

contributions is still needed to shed light in this area (Ruttkay and Pelachaud, 2004). 

Here, two ECAs are described which were developed for the purpose of studying the 

contribution of context-specific behaviour sequences to interaction fluidity and robustness, as 

well as user satisfaction. The first ECA works in a biometric application based on speaker 

recognition, while the second ECA is integrated in the interface of a simple (simulated) 

application to remotely check the status of various home appliances. Both are combined in 

succession in a single interaction scenario. User experiments carried out with this combined 

scenario are described and discussed in Chapter 7 and Appendix C. 
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4.1 Multimodal communication acts: technological and 

communication theory foundations 

Let us first consider the problem of how to represent the communicative intentions decided by 

the interaction manager at each stage of a dialogue with a user. According to (Poggi et al., 

2000), an important thing to bear in mind when designing a system that features a 

conversational agent with expressive communication abilities is to define how th  ECA’s 

communication acts are constructed as coordinated verbal and nonverbal messages. This is 

currently a hot area of research, and a most noteworthy effort is that behind the SAIBA 

framework (Kopp et al., 2006) to define and standardize ECA verbal and gestural 

communication. 

The purpose of the SAIBA approach is to develop languages for ECAs with which to 

represent communication acts in a way that is both domain and technology independent, and 

which s parat s also ‘functions’ from ‘b haviour’ (i. ., what the ECA does as its 

communication output for the user). The solution sought (the matter is still open) is to first 

  fin  th  syst m’s communicativ  int nt, an  r pr s nt it in a ‘Functional Mark-up Languag ’ 

(FML) for a second module to take as its input together with information of the current context 

of the user-syst m int raction. Th  purpos  of this s con  mo ul , call   th  ‘b haviour 

plann r’, is to   ci   how to communicat  th  int ntion   ci    by th  int nt plann r, i. . how 

the ECA will speak the message (with what intonation and emotion) and with what body and 

facial g stur s. All of this shoul  b  sp cifi   in a ‘B havioural Mark-up Languag ’ (BML) that 

a module specialised in output production will implement (making the ECA say and do the 

specified things). Figure 8 summarises the process. 

 

 

 

 
Figure 8. From communication intent to system output in the SAIBA model. (Adapted from Oijen (2007).) 

 

 

The SAIBA scheme is a fairly linear one, although the possibility of having feedback of 

information between the successive modules or stages of communication act generation is 

considered in the framework, and also contextual information may be taken into account, 

particularly at the behaviour planning stage. More importantly, it is a fairly flat model. Only one 

level of interpretation of the meaning of the message and the goals and intentions of the speaker 

(in this case, the automated conversational system) is considered. 

Most communication has more levels of meaning beyond the simplest, basic literal 

meaning, either intentionally introduced in the message by its producer or tacitly assumed in the 

social context of the interaction. Furthermore, there may be more than one level of interpretation 

of the intentions of the speaker that motivate him or her to produce the message, and not all of 
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the intentions need be overt; some may be deliberately concealed from the listener (e.g., when 

th  sp ak r wish s to aff ct th  list n r’s b haviour without him or h r b ing awar  of it, as is 

the case with deception, for example). 

Erving Goffman expounded an influential theory, frame analysis (Goffman, 1974), which 

deals with the social interaction aspects of these layers of interpretation. Goffman speaks of 

strips, which are sequences of basic actions, and frames, which are structures of meaning 

associated with strips and which allow social interpretation potentially at multiple levels. A 

primary framework provides the base level of interpretation. For instance, a strip consisting of a 

particular sequence of gestures and sentences can be understood as a primary framework 

describing a greeting. This greeting may carry another interpretation provided by a secondary 

framework that involves joking. This in turn may be part of a tertiary framework that 

contextualises the greeting joke as part of an attempt to break the ice in the social situation that 

motivates the interaction; and so on. 

Focussing on the message itself, theories relevant to the assertions made above include 

symbol theory (Langer, 1942), according to which the meaning (or meanings) of certain 

expressive efforts arise from representations that are conceptually different from the symbols (in 

this case, the expressive action) used to evoke them; and speech-act theory (Searle, 1969), 

which identifies in a message four different acts: utterance (the physical execution of the 

message), proposition (the face value of the message; what it asserts), illocution (the intention 

attached to the message) and perlocution (the influence the message has on the recipient). 

It seems clear that in order to create a believable and to an extent socially sophisticated 

artificial interlocutor we need to extend current conceptual models and implementations for 

artificial communication act production. The goal must be to make it possible to form 

communication acts that carry intentions that are not for the interlocutor to be consciously aware 

of, but which are necessary to influence him or her as well as the flow of the dialogue itself in 

order to achieve some purpose or other that suits the context of the interaction. Successful 

r pr s ntation of “non-  clar  ” int ntions is a major part of th  construction of communication 

acts that are semantically as well as illocutionarily and perlocutionarily layered, and this surely 

plays an important role in achieving socially rich, deep and convincing simulations of intelligent 

and empathic interlocutors. 

 

In the next section of this chapter a modular structure is proposed to define communication 

acts with verbal and nonverbal elements. This structure emerges from efforts to conceptually 

adapt to a SAIBA-like model (see Section 4.2.1.1) the actual design implementation of an ECA 

engine that was designed for use in a variety of application domains (see Pardo et al., 2008).
16

 

This system was created following principles to some extent compatible with the SAIBA model. 

We suggest adding a communication definition level above that defined in FML, and we 

propose a category expansion in FML to express a certain kind of intentions of communication. 

                                                      
16

 The system was designed in collaboration between Telefónica I+D and this Th sis’ author’s r s arch 

group (the Signal Processing Applications Group at Universidad Politécnica de Madrid), in the first stage 

of the Companions project (COMPANIONS, European Commission Sixth Framework Programme 

Information Society Technologies Integrated Project IST-34434, http://www.companionsproject.org). 
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4.2 A modular scheme to define multimodal 

communication acts for ECAs 

Overall, a multimodal interaction system can be thought of as a black box that receives input 

information from the user through a variety of modes of interaction and produces an 

information output, also choosing a combination of interaction modes, as a reaction to the input. 

How the system actually reacts, precisely what information is provided as output and how it is 

provided will depend on a variety of contextual parameters, most importantly, of course, on the 

application that motivates the interaction and the associated communication goals (we refer here 

to the major goals directly related to the overall object of the interaction, not the message-bound 

communication goals that may exist at any particular moment during the interaction). The 

design approach favoured in this Thesis is one which considers that contextual parameters, and 

not m r ly th  us r’s input, aff ct th  communication goals th ms lv s, an  th r for  should be 

taken into account when designing the structure of the multimodal output generation system. 

4.2.1 Main interaction modules 

The multimodal interaction model proposed here for generating the multimodal expression of 

communication goals conceptually has three main internal modules: the interaction manager, the 

multimodal communication act definer, and the behaviour generator. 

4.2.1.1 The interaction manager 

First th  us r’s input is captur  . In th  g n ral cas  it may b  simultan ously or s qu ntially 

multimodal (users may freely employ speech, text, and haptic modes of interaction, for 

instance). The input is then fed to the interaction manager module, together with the contextual 

parameters that are to be taken into account. These include the following: 

 Knowledge of the particular interaction scenario and application in which the current 

interaction is framed. (Note that in a flexible multi-purpose system scenario an 

application may chang  at th  us r’s r qu st, an  w  woul  also  ncount r transition 

interactions corresponding to such requests; and transitions may have peculiarities that 

may call for special treatment.) 

 Knowl  g  of th  us r’s curr nt int raction capabiliti s. For instanc , th  us r’s voic  

may be different than usual, or she might be having difficulty in speaking, in which case 

it may be wise to adopt an interaction strategy that requires the user to speak as little as 

possibl . It might b  us ful to monitor th  stat  of th  us r’s s ns s. For  xampl , if sh  

n   s glass s an  isn’t w aring th m, this should be taken into account when putting 

together the combination of output modes and how their visual element is shown. 

 Knowl  g  of th  us r’s  motional stat . For instanc , it is us ful to know wh th r th  

user is getting frustrated (by analysing th  physical charact ristics of th  us r’s voic , 
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her choice of words or the flow of the dialogue), since such knowledge may be applied 

to put together specific interaction strategies (for instance, to try to reduce user 

frustration), which will generally have a gestural component. 

Taking this information, the interaction manager analyses the specific situation the 

interaction is in at each particular moment and produces a communication intention base (CIB). 

Th  CIB   fin s th  ECA’s r spons  on a pr -verbal level. It is composed of three elements: 

interaction control, open discourse and non-declared intentions.  

 The interaction control element defines turn management (which involves, mainly, turn 

offering, turn giving, turn requesting and turn taking) and theme structure (i.e., how the 

various content elements will be put together following a discourse strategy). It also 

inclu  s what Cass ll an  coll agu s call ‘int ractional information’, which involv s th  

production of cues to regulate the flow of the conversation, such as verbal (e.g., “aha”, 

“I see”) and nonverbal (i.e., gestural: e.g., nodding with the head, or smiling) indications 

that the ECA is following what the user is saying (Cassell et al., 1999). 

 The open discourse (or open communication) element deals with the literal meaning the 

system wishes to communicate. In other words, it defines what is to be communicated in 

words (and or gestures). 

 The non-declared communication element describes an intention –with regard to the 

syst m’s int raction goals– behind the literal meaning of the message. One important 

observation is that there may be hidden intentions that are quite separate from the literal 

meaning communicated. 

 

Here is a brief example to clarify these ideas. Suppose we are using the biometric access 

application and trying to verify our identity through voice recognition, and suppose the system 

 o sn’t positiv ly r cogniz  us at th  first att mpt, aft r provi ing th  syst m with a sampl  of 

our voice (by answering a question the system asked us, for  xampl ). If w  ar  tol  that th r ’s 

been a verification failure we are likely to become somewhat frustrated and perhaps anxious, 

which besides being undesirable states of mind in themselves may also affect our voice in 

further attempts making it decreasingly likely that the system will manage to recognise us. In 

such a situation the best thing the system can do is to have us provide new voice samples while 

trying to ensure good sample quality by getting us to speak calmly. A possible strategy the 

interaction manager might adopt to achieve this is, firstly, to hide from us the fact that a 

recognition failure has occurred and make us speak again as if it were all part of the normal 

verification process (of course, experienced users might realise that something odd is going 

on!), and secondly, to make the verbal request with a certain attitude (e.g., calmness) and 

complement it with an ECA gesture sequence designed with getting the speaker to focus and 

stay calm in mind. These general attitudinal and gestural indications would constitute the non-

declared part of the CIB provided by the interaction manager when adopting this specific 

int raction strat gy, whil  th  syst m’s  xplicit v rbal int ntion woul  constitut  th  op n part. 

Note that the actual gesture sequence corresponding to the general gestural indications 

given by the interaction manager will be determined later. This provides flexibility, very much 
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in the FML-BML vein, to allow for pursuing the same goal (gestural intention) with different 

gesture sequences as the context or culture may require. 

4.2.1.2 The multimodal communication act definer 

The communication intention base (CIB) generated by the interaction manager is passed on to 

the multimodal communication act definer. The function of this module is to specify the verbal 

output to be generated and to tag the text with specific gestural indications (as opposed to the 

general gestural indications of the non-declared part of the CIB). The behaviour descriptor is 

the collection of tags pointing to their corresponding places in the text. In the behaviour 

descriptor the verbal intention conveyed in the CIB is now converted into text in the form of a 

set of successive linguistic units. 

The output of the phrase generator is, thus, functionally similar to FML, although the 

mo  l propos   h r   o sn’t follow any particular sch m  propos   in th  spars  FML 

literature. Two peculiarities of the present approach should be stressed: 

1. The flow of the interaction is entirely determined by the interaction manager. Hence, 

although all tags are introduced at this stage (since no text exists before), the 

composition of interaction-level tags, such as those related to turn management for 

instance, is already established in the CIB. 

2. For the proposed scheme to be in greater harmony with FML, the latter should include 

tag categories corresponding to our non-declared communication level, so that this 

information may be carried down together with all the rest to the gesture implementation 

stage. A subset of these tag categories is described in greater detail in Section 4.2.3. 

4.2.1.3 The behaviour generator 

Finally, the behaviour generator concatenates the linguistic units produced by the phrase 

generator and translates the gesture tag structure into specific ECA body gestures and facial 

 xpr ssions to b  p rform   in synchrony with th  v rbal r n ition of th  t xt. Th  ECA’s 

behaviour is thus assembled. 

4.2.2 Adapting to (an extended) FML 

The previous subsection described how the message at the pre-textual level is defined using a 

structure that was given the name communication intention base (which is the output of the 

interaction manager module). Next, an architecture is proposed which allows the information 

contained in the CIB to be carried down through an FML structure. In other words, an FML 

structure is described with which it is possible to carry the information determined in the CIB 

through to the behaviour generation module. Figure 2a succinctly illustrates the stages through 

which ECA’s v rbal an  g stural b haviour is put tog th r (FML is not us  ), as just   scrib  . 

Figure 2b shows the proposed links between the CIB and the FML level. 
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Figure 9. Description of the modular verbal and gestural communication act generation: (a) Implemented system; (b) 

Correspondence between the CIB and FML. 
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The open discourse part of the CIB is the primary basis on which the textual message is 

formed together with all the ECA gesture tags directly associated with the text (for instance, 

marks to emphasise particular words). In this sense the tags are literal: they express the text 

through gesture. Non-declared intentions could also modulate the gestures attached to the verbal 

message, through the literal tags, partly determining how the ECA says a message (mainly in 

or  r to achi v  a c rtain  ff ct, such as influ ncing th  us r’s r spons ). Continuing with th  

example introduced in Section 4.2.1.1, if the objective is that the user stay calm and be unaware 

of an error, the system may try making the animated agent smile while emphasising (verbally or 

perhaps also through gesture) a particular part of its utterance. Both the smile and the emphasis 

can b   xpr ss   with r gular “lit ral” FML tags lik  “ mphasis ” an  “aff ct”, but  ith r th ir 

presence or the quality of the smile may be influenced by the non-declared intentions. 

The most important function of the non-declared intentions, however, is to determine a 

non-literal communication level that defines behaviour that is not directly related to a verbal 

m ssag . This allows two things: a) to   fin  “t xt-fr  ” ECA b haviour (i.e., gesturing without 

saying anything); and b) while speaking, to display behaviour that is overlapped with the 

expression of the verbal message, but is semantically independent of it (or at least not directly 

related to it). In this sense it can be sai  to “ov rarch” (both in t rms of m aning an  

simultaneity) the textual part of the message. 

Allowing text-fr   b haviour coul  b  us ful to sp cify ECA b haviour  uring th  us r’s 

turn. This could be a waiting gesture if the user remains silent, for instance. By text-free we 

m an “lacking a v rbal basis from th  ECA.” How v r, in  sp cially a vanc   syst ms t xt-free 

behaviour performed by an ECA could be dependent on the verbal message from the user, as a 

reaction to it (thus, user-text-dependent). This provides a way to represent internally, from an 

early stage of intent specification, the introduction of gestural reactions to what the user is 

saying, while she is still speaking. 

The interaction control element in the CIB can be carried through in three different ways. 

Considering turn-giving cues, for instance, these could be defined a) via a literal interactional 

tag associated with some verbal indication that the ECA wants to give the turn to the user; b) 

via a non-literal tag overarching a verbal message that has nothing to do with turn management 

(e.g., the ECA gives visual cues to invite the user to speak, while finishing (overarching) an 

utterance to give the user several response options); or c) via text-free tags (the ECA performs a 

turn-giving gesture without saying anything). 

 

The following subsection presents a small set of tags belonging to the non-literal category, 

which  xpan s th  r gular “lit ral” s t of tags typically foun  in FML   scriptions. 

Accompanying the discussion is a set of further examples that illustrate how the main ideas 

proposed in this chapter might be expressed in extended pseudo-FML fashion. 

4.2.3 Non-literal tags 

The purpose of non-literal tags is to define behaviour that is not directly related to the verbal 

message, but may be superimposed on it. Such behaviour may be useful in pursuing intentions 
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that are hidden or not openly declared to the interlocutor. Three general non-literal tag types are 

proposed here: empathy, knowledge and persuasion. In Section 4.3 we will present examples of 

their application to generate ECA behaviour aiming to improve dialogue robustness. 

 

Empathy: This tag defines the ECA’s attitu   towar  th  us r (kin  an  un  rstan ing, or 

aggressive, for example – the precise definition of the attitude is complemented with the verbal 

message). In a simple implementation of empathic expression the main attributes overarching 

the verbal part of the communication act may reasonably be valence and level: 

 Valence values: positive, neutral or negative. 

 Level: strong, medium, weak. 

Displays of  mpathy can b  us ful in many situations. For instanc , if th  syst m coul n’t 

make sense of an utterance of the user, a response strategy might be to show regret while 

remaining positive in the intent to understand the user. This could be realised as a general 

positiv   mpathic attitu   combin   with “sa n ss” in th  appropriat  plac . Th   xt n    

pseudo-FML representation might look like this: 

 

<empathy valence=“positive” level=“medium”> 

<performative type=“inform”> 

     <affect type=“sadness” stance=“intended” 

         I’m sorry, 

     </affect> 

         I didn’t understand what you just said. 

</performative> 

<performative type=“request”> 

         Could you say it again? 

</performative> 

</empathy> 

 

Knowledge: The <knowledge> tag deals both with information related to dialogue 

management that the ECA wants to suggest but not put in words (because the system considers 

that by doing so the fluency of the dialogue can be improved), and with deceiving or hiding 

information from the user. The following types of non-literal knowledge tags are distinguished 

here: 

 Dialogue stage: defines behavioural cues that may clarify for the user the stage the 

dialog is in. Examples: If the system is waiting for the user to say or do something, this 

tag could be used to indicate the generation of a waiting gesture. Behavioural sequences 

are typically defined for dialogue initiation and termination, and they would fall under 

this tag type. The ECA could indicate through gestures that it wants to give the turn to 

the user (as we discussed earlier) or that it wants to take the turn from the user. 

 Recognition confidence: defines what sort of visible reactions the ECA should perform 

to show the user how confident the system is that it has correctly understood what the 

user has said. This behavioural stance would be superimposed on whatever gestures are 
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performed to express the verbal message the ECA is giving at the time. Another option 

woul  b  to intro uc  it in th  us r’s turn, whil  sh  is sp aking (an instanc  of us r-

text-dependent reactive behaviour). 

In a first approach there might be four types of recognition confidence tags: high, 

intermediate, low and rejection (the latter to respond in the case of non-understandings). 

(For instance, an indication to perform low confidence cues at the FML level, could be 

translated at the BML level into a leaning of the head and squinting.) 

 Manipulation: to manipulate the information offered to the user. It may be useful to 

distinguish three subtypes of manipulation tags: 

o Conceal: to hide information from the user. For instance, hiding the fact that 

r cognition has fail   in or  r to maintain th  us r’s trust (an  th n trying to 

obtain the correct information further along in the dialogue). 

o Focus: to  raw th  us r’s att ntion to, or away from, c rtain facts th  syst m 

has to tell the user. 

o Deceive: to try to make the user believe something that is false. (The difference 

with outright lying is that deceit, in this case, would be attempted through 

g stural b haviour, not saying som thing that isn’t tru  (th  latt r could be 

implemented with ordinary literal tags). 

 

Persuasion: The <persuasion> tag marks behaviour to influence the user so that she responds 

in a certain manner. There could be many types of persuasion marks. Two are proposed here: 

 Negotiation: defining behaviour to influence the user in a negotiation regarding a course 

of action. 

For instance, if in a cooking recipe application the ECA is trying to persuade the user 

not to take a desert, it might decide to perform gestures to try to put the user off 

(perhaps involving an expression of disgust constructed in the BML stage) while the 

ECA says som thing on th  lit ral l v l as innoc nt as “Are you sure you want to eat 

that?” 

The corresponding extended FML section could read: 

 

<persuasion type=“discourage”> 

<performative type=“enquiry”> 

   Are you sure you want to eat 

   <emphasise> 

that? 

   </emphasise> 

</performative> 

</persuasion> 

 

 Speech: influencing the way the user says something. A relatively simple attribute could 

b  “rhythm”, to try to g t th  us r to follow a certain rhythmic pace when speaking. 
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The example that began in Section 4.2.1.1 presented a situation in which a speaker 

verification system fails to identify the speaker. The system decides to conceal this fact 

from the user and act as if a second round of verification were normally needed. Then, 

the new verification sequence is given with a marked isochronous cadence. Later, at the 

behaviour realisation stage, the verbal stress can be highlighted further with up and 

 own mov m nts of th  han  (“b at g stur s” Cassell and Thórisson (1999)). 

The FML representation for the persuasion tag with the speech-rhythm attribute could 

read as follows: 

 

<knowledge type = “Manipulation_Conceal”> 

<performative type = "inform"> 

<affect type="happiness"> 

Alright 

</affect> 

</performative> 

<performative type=“request”> 

Now please repeat the following sequence 

</performative> 

</knowledge> 

<persuasion type=”speech_rhythm”> 

<performative type = "inform"> 

<emphasise level="medium" > 

isochrony (one | four | three | eight) 

</emphasize> 

</performative> 

</persuasion> 

 

In Section 4.3.3 we will describe the resulting gesture sequence using the rhythm 

attribute: a train of beat gestures accompanying an enumeration of digits for the user to 

repeat (the effect sought is that the user repeat the sequence at the same pace). 

4.2.4 Playing with other interface modes 

Beyond the literal and non-literal tags, it may be useful for some applications to think of yet 

another category to take into account other nonverbal information that may affect the 

interaction. An example of such information would be the presentation of pictures on the screen 

alongside the ECA. It would open interesting possibilities to be able to conveniently define how 

the ECA reacts to (or uses) these other visual information elements in the interface. 

It is possibl  to think of int raction  xampl s that involv  all thr   kin s of “FML” tags. 

Tak , for instanc , th  syst m’s r spons  to th  us r’s r qu st for a list of r cip s containing 

carrots. A list (perhaps with pictures) might then appear on screen, and the ECA could start 

reading it. This would involve gesturing on the literal level (adding expression to the reading of 

the recipes). Performing deictic gestures to point successively at the different elements of the 
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list th  ECA is m ntioning woul  involv  tags that link th  ECA’s v rbal an  g stural b haviour 

to other interaction elements (in this case in visual/textual modes). Finally, non-literal 

knowledge manipulation tags might be introduced to implement behaviour to  raw th  us r’s 

att ntion away from th  it m “carrot cak ” (p rhaps by turning th  h a  an  looking 

uninterested) which the system knows is too calorie-laden but which it must mention because it 

is on the list requested. 

It is, of course, debatable whether such extra-conversational mode driven tags are really 

needed, or indeed whether any non-literal tags are needed for that matter, or if, on the contrary, 

everything in the CIB could be translated into gestures tightly synchronised with the verbal 

message, as specified in ordinary FML. We believe, however, that at the very least the new tag 

categories we propose add a considerable degree of conceptual clarity. 

4.3 Behavioural strategies for dialogue robustness 

This section will be concerned with the design of behavioural sequences for embodied 

conversational agents, for the purpose of helping to prevent and recover from basic difficulties 

related to speech recognition. ECAs designed for the particular purpose of helping to improve 

dialogue robustness need not possess cognitive abilities that are much higher than those of 

typical speech-only dialogue systems. Interaction problems related mainly to speech recognition 

difficulties were discussed earlier, in Section 2.4, while related research on ECA design and 

what these agents can offer to address robustness problems was the focus of Section 2.5. The 

model for the representation of layered communication intentions proposed in the previous 

section, which was presented with examples for responding to frequent problem situations in 

dialogues with an interface featuring an ECA, could be put to use to generate behavioural 

sequences for these situations if a complete and mature enough design framework were in place 

(to int rpr t us r utt ranc s an  b haviour as w ll as to r pr s nt th  syst m’s own 

communication intentions). In the absence of such a framework, the experimental system 

described in this section was designed manually. Nevertheless, the idea of non-declared 

communication intentions was introduced into the manual design. 

In what concerns dialogue design, ECAs in research have been approached mainly from 

linguistic and social interaction perspectives, and from Artificial Intelligence-related fields.
17

 

Th  latt r approach s (AI)   al with constructing appropriat , “int llig nt” r spons s to us rs or 

other agents in a particular context of interaction (as in the ICT virtual human project (Lee et al., 

2008); the former are concerned with a variety of elements in a hierarchy of linguistic and, more 

generally, conversational functions (Heylen and ter Maat, 2008), and they tend to focus 

primarily on high level aspects such as interpersonal stance (Bickmore, 2008) and social 

relations (see, e.g., Samtani et al., 2008). Surprisingly, however, relatively little attention has 

                                                      
17

 A snapshot of efforts containing elements along these lines was offered in the Functional Markup 

Language workshop at the AAMAS conference in 2008, from which the example references in the 

paragraph have been taken. 
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been given to studying how ECAs can affect dialogue when miscommunication occurs at the 

lower yet most common levels, and in particular at the speech recognition level. 

In the rest of this chapter a relatively simple experimental dialogue system is presented, 

which was designed for the purpose of identifying a set of basic dialogue situations that arise 

when problems occur (for instance, a no-input or a no-match), or situations that are prone to 

lead to interaction problems (e.g., turn-taking). The process of designing ECA behaviour for 

each of these situations is also described. The goal is to illustrate how ECAs can help in these 

low-level interaction problem cases (compared with a system without ECAs
18

), and also to 

present the overall design, validation and user-centred testing process as a common sense 

example of a general approach that, it is proposed, may be applied to interaction problems 

higher in the hierarchy of communication levels.
19

 As will become clear, some of the 

behavioural strategies involve an affective element, which is introduced for two reasons: first, to 

influ nc  th  us rs’  motions  uring th  int raction so as to obtain a   sir   r sult such as 

succ ss with an  rror r cov ry strat gy; an , ultimat ly, to try to improv  th  us rs’ subj ctiv  

opinion of the system –even, and in fact especially, when there are interaction problems, 

particularly situations in which r cov ry strat gi s  on’t work w ll an  th  task is accomplish   

inefficiently or fails altogether. 

Th  ECAs’ coor inat   v rbal an  g stural b haviour was   sign   manually, as mentioned 

above, with behavioural sequences tailor made for particular dialogue stages and situations. It is 

important to underline, however, that it would be possible to generate the behavioural sequences 

automatically, or at least in pre-programmed fashion, from the specification of a communication 

intention base followed by the insertion of (extended) FML tags, then passed down to a 

behaviour generator, following the scheme proposed in the previous section. Non-literal tags 

proposed in Section 4.2 that could be used to specify the behavioural sequences described below 

will appear associated with them in Table 3, as we will see shortly. 

The following discussion of the experimental system, featuring specific behavioural 

sequences designed to give support in dialogue stages that can potentially affect robustness, 

begins with a description of a scenario that will serve as an example of use of the system with 

the ECAs. 

4.3.1 Description of an experimental dialogue system: The scenario 

Our dialogue system allows users to conduct two independent but related tasks in succession. 

This is the scenario: 

Guill rmo is away from hom , l t’s say h ’s att n ing a conf r nc  on human-machine 

interaction, and suddenly he is struck by the suspicion that, just like poor Passepartout after 

setting off to travel around the world with Phileas Fogg, he may have forgotten to turn the 

heating off. With beads of cold sweat starting to form on his forehead, he immediately picks up 

                                                      
18

 This comparative approach was covered partly in two previous theses (López Mencía (2011) and 

Hernández Trapote (2011)), and further analyses are presented here, in Appendix C (the comparative 

aspect of different interface characteristics was not the main focus of the evaluation contributions in the 

present Thesis). 
19

 Contributions to user-centred testing are presented in Chapters 6 and 7. 
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his mobile phone and calls his home automation system. When the system answers, Isidro, a 

male ECA, appears on th  scr  n of Guill rmo’s phon  an  asks him to provi   a voic  sampl  

(a sequence of numbers) so that the system may biometrically authenticate his identity using its 

sp ak r r cognition unit. Guill rmo’s first att mpt is unsucc ssful b caus  th  sequence of 

digits recognised by the system does not match the requested sequence (i.e., there has either 

been a speech recognition error or Guillermo simply said the wrong numbers), so the ECA 

politely asks Guillermo to repeat the sequence. His second attempt isn’t goo   nough –in a 

sense it fails–, this time not because the system recognised an incorrect sequence of digits but 

b caus  th  syst m coul n’t match th  acoustic f atur s  xtract   from Guill rmo’s utt ranc  

closely enough with those stored as his model at the time of enrolment. That is, the speaker 

verification module remains undecided as to whether the person speaking is really Guillermo or 

an impostor. The system then seeks to obtain a further sample of speech from Guillermo in 

order to have more acoustic material with which to increase its level of certainty either way. So, 

Isidro asks Guillermo to say another digit sequence (i.e., he is given a second chance –of a total 

of three that the biometric access system allows before it declares finally that verification has 

failed–; th  first att mpt  o sn’t count b caus  of th  sp  ch r cognition  rror). At this point 

Guillermo, who is already impatient enough to get through, is getting rather annoyed and 

frustrated, and this increases the chances of further recognition errors (of both types: speech and 

sp ak r). N v rth l ss, aft r Guill rmo’s thir   igit s qu nc  utt ranc  th  syst m finally  o s 

decide it is certain enough that Guillermo is the person who is speaking (i.e., it succeeds in 

verifying Guill rmo’s i  ntity), an  Isi ro grants him acc ss to th  r mot  hom  automation 

system. Isabel, a female ECA, welcomes Guillermo and asks him what he would like to know or 

do. Guillermo then asks Isabel whether he left the heating on. She responds affirmatively, to 

Guill rmo’s   spair, so h  asks h r to turn it off. Isab l forwar s th  r qu st to th  h ating 

control unit, checks that the heating has in fact been switched off, and then she informs 

Guillermo, who breathes a sigh of relief. 

The scenario, as we can see, has two phases: the biometric identity verification (speaker 

recognition) phase and the remote home automation phase. To underline the separation between 

the two in the mind of the user we employ two different ECAs, one male and the other female. 

Some authors have suggested that users tend to prefer interacting with a male or female 

personality depending on the application (McTear, 2008). For instance, Nass and Brave (as 

noted in McTear (2008)) have observed that a male voice or, by extension, a male ECA tends to 

be associated with authority. For this reason we have left the task of letting users in or keeping 

them out to Isidro. A female voice (or ECA), on the other hand, tends to be perceived as being 

more sensitive to and demonstrative of emotions (ibid.), which partly motivated our decision to 

let Isabel handle the remote home automation application. 
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4.3.2 Description of an experimental dialogue system: The dialogue 

phases in detail 

The biometric access phase 

From the point of view of the system, the goal of this phase, to state it once again, is to 

authenticate the identity of the user (or to reject impostors) through the recognition of 

distinctive qualities in his (or her) voice in order to grant him (or her) access to the home 

automation phase. The goal from the point of view of the user is, obviously, to gain access to 

the next phase. 

Applying dialogue systems to speaker recognition is an area of research that has received 

relatively little attention. Seeking to maximise efficiency, and so as not to tire users, instead of 

making them provide one long sample of speech most systems ask users to produce a series of 

shorter voice samples, for example by asking them to read or repeat a short text, until the 

acoustic parameters collected are sufficient to make a match with a level of confidence that is 

higher a pre-established threshold, or until a certain number of failed matching attempts have 

been made, at which point the verification task is declared unsuccessful (Eckert, 2006). Anxiety 

may creep into the user with every new utterance he (or she) is asked to produce, however. This 

brings us to our goal, as designers, with this dialogue phase: we would like to see whether an 

expressive embodied conversational agent that empathises with the user aids a dialogue strategy 

already designed to try to maximise efficiency, effectiveness and user satisfaction, and so leads 

to better results than when no ECA is present. 

The dialogue in this stage follows a request-answer scheme: In order to collect a sample of 

th  sp ak r’s voic  th  syst m (Isi ro) asks th  us r to r p at a short (4-digit) random number 

sequence. The user then replies, and if the utterance (as understood by the speech recogniser) 

does not coincide with the requested number sequence he (or she) is asked to repeat it. If it does 

coincide, the utterance is passed on to the speaker verification unit. Then the dialogue proceeds 

according to the outcome of the verification attempt. The system does not inform the user when 

it is unable to reach an authentication decision (acceptance or rejection). Instead, a new 

(different) random sequence of digits is presented. The reason for not telling the user that the 

auth ntication r sult was inconclusiv  is to limit th  us r’s frustration at th  syst m’s 

“incomp t nc ” an  to try to k  p him (or h r) in a positiv  moo . As soon as th  acoustic 

mat rial, accumulat   from all of th  us r’s  igit s qu nc  utt ranc s from th  b ginning of th  

interaction up to that instant, is enough for the system to accept or reject th  us r’s claim   

identity with a high enough degree of certainty (i.e., the match with his (or her) stored acoustic 

features is deemed to be close enough), the system informs the user that his identity was 

successfully authenticated. But after three consecutive inconclusive speaker recognition 

outcom s, or aft r th  first “conclusiv ” r j ction –which could be a false rejection–, the 

authentication task is deemed to have failed. 

In the system design that we put together for testing we asked the test users to verify their 

identity with the system three times, and we explained that each time they would have three 

attempts to succeed in entering. However, the output of the speaker recognition unit was 

actually ignored (not so that of the speech recognition unit!) and in its place we substituted a 

predetermined verification outcome. We did this for two reasons: first, our focus is on speech 
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recognition problems and other closely related dialogue situations; we were not on this occasion 

particularly interested in looking at speaker recognition rates. Secondly, we wanted all of our 

users to experience all and the same biometric verification outcomes: success on the first 

attempt (with one digit sequence, but correct recognition of the digit sequence itself, as opposed 

to r cognition of th  sp ak r’s voic , may r quir  s v ral r p titions by th  sp ak r), succ ss on 

th  s con  att mpt, an  failur  to v rify th  us r’s i  ntity aft r thr   att mpts (an “acc ss 

  ni  ” situation). So, th  syst m ask   us rs to v rify their identities three times in a row, one 

for each of the predetermined outcomes we have just described. Importantly, as mentioned 

above, speech recognition was active, and system and user had to resolve whatever 

miscommunication issues arose (misunderstandings, non-understandings, no-inputs, etc.). Thus, 

the task is exactly the same for all users with respect to the outcome of verification attempts, 

an  th  us rs’ opinions of th  syst m will not  iff r as a r sult of actual  iff ring succ ss with 

the biometric access task, although different users might have differing impressions of their 

success with the task and, in fact, observing whether this is indeed the case is an important part 

of the experiment. As was just mentioned, all of the users were made to “fail” in on  of th  thr   

verification tasks they were required to perform, and it is interesting to see whether the presence 

of an  mpath tic ECA can  x rt a positiv  influ nc  on th  us rs’ subj ctiv   xp ri nc  with th  

system even when they have faced task failure. 

The remote home automation phase 

After the biometric access phase the user enters the remote home automation phase. Here the 

goal is one of information retrieval: th  sc nario is a s rvic  with which us rs call “hom ” using 

mobile phones (simulated on a computer screen) to check the state of various home appliances. 

At th  b ginning of  ach “call” th  syst m sp aks a w lcom  m ssag  an  r min s th  us r of 

what the application does: provide information about various home devices –lights, TV, fan, 

heating, etc.– and/or carry out actions with them –e.g., switch them on or off. The 

communicational goal in each call is for the system to collect the three information items that 

form th  us r’s r qu st: a   vic , a location (a room) an  an action. Once the system is 

confident it has correctly understood which device, which room, and which action the user 

wants, it answers appropriately. The experimental system used for the tests described in Chapter 

7, however, only recognised one action (checking the state –on or off– of the household 

  vic s), so compl ting th  “  vic ” an  “room” information slots was  nough for th  syst m to 

respond with the requested information, which indicated task success. 

Misunderstandings and non-understandings may occur at the item (or slot) level (i.e., the 

system might not properly get what device or which room the user inquired about). Recognition 

confidence –high or low– is also evaluated at the slot level, and it can happen that the system 

understands part of the information (e.g., the place) with a high degree of confidence and 

another part (e.g., the device) with low confidence. Dialogue strategies will be different 

depending on the combination of recognition confidence levels. 

Table 1 shows an example of a complete interaction through both phases: the speaker 

verification and the home automation dialogues. The table highlights some of the dialogue 

situations for which we have designed a behavioural strategy, which are described in the next 

subsection.  
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Table 1. Complete dialogue example. 

Dialogue Description of the situation  

 The user calls the remote home automation 

control system. 

SYSTEM:  In order to grant you access to this system 

I need to verify your identity. Please 

repeat the following sequence of 

numbers: five, four, six, eight. 

Initiation of the speaker verification task. 

The ECA reads out the number sequence 

marking the regular tempo with its hands. 

USER:  Five, four, six, eight. 

SYSTEM:  I’m sorry. I’ve heard the wrong number 

sequence. Could you repeat, please? 

Wrong number sequence recognised (the 

syst m ‘h ar ’ “five, four, three, eight”). 

USER:  Five, four, six, eight. 

SYSTEM:  Now please repeat the following number 

sequence: two, three nine, four. 

The acoustic features extracted from the 

us r’s utt ranc   o not match th  t mplat  

r cor    at th  tim  of th  us r’s  nrolm nt 

closely enough. Response: the system asks 

the user to produce another spoken 

sequence (but does not explain the reason so 

as not to worry or frustrate the user). 

USER:  Two, three nine, four. 

SYSTEM:  Positive authentication. 

There is a good enough match with the 

registered acoustic features. The task is 

successful. 

SYSTEM:  Welcome to the remote home automation 

control system, Guillermo. What can I do 

for you? 

Initiation of the remote home automation 

control task. 

USER:  I want to know if the lights in the 

bathroom are switched off. 

Requesting information regarding the status 

(on/off) of a device. 

SYSTEM:  In which room do you want to check 

whether the lights are switched off? 

Failure to understand one of the information 

slots, and implicit confirmation of the rest 

of th  us r’s r qu st. 

USER:  In the bathroom. 

SYSTEM:  Could you say that again, please? 

Non-understanding. 

USER:  In the bathroom. 

SYSTEM:  Did you ask about the bedroom lights? 

Low confidence in the recognised utterance. 

Response: explicit confirmation. 

USER:  No. 

SYSTEM:  I’m sorry. I misunderstood. Could you 

tell me what you want again? 

Acknowledgement of misunderstanding. 

USER:  Are the bathroom lights off? 

SYSTEM:  The lights in the bathroom are switched 

on. 

High confidence in the complete recognised 

utterance. Response: answer the query. 
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4.3.3 ECA gesture design for selected dialogue situations 

A set of ECA behaviours and animation effects were designed to respond to a set of dialogue 

situations in which robustness (or the lack of it) can be an issue, as we discussed previously. 

These ECA behaviours have a verbal component and a gestural component. That is, the ECA 

says something appropriate to the situation and also moves or performs a gesture.  

In the following subsections specific dialogue situations are highlighted, together with the 

ECA behaviours that were designed for them in the dialogue system developed for user tests. 

The general goal is to get the dialogue to move forward as easily and efficiently as possible 

while trying to keep the user in a positive attitude. The strategies involve managing the 

communication of information, including complementarity and redundancy provided by 

gestures, and manipulating affect (e.g., showing empathy with the user). In addition, mild visual 

 ff cts (involving lighting int nsity an  “cam ra”  istanc  to th  ECA) have been added to 

stress turn possession. 

The structure of the rest of the section is as follows: for each of the selected dialogue 

situations the associated ECA behaviour is explained, underlining the motivation for each 

behavioural response. The communicative elements each response carries are also identified. As 

was mentioned above, the gestural behaviour can have an affective role and/or convey 

information that complements, provides redundancy over, or anticipates the verbal message. 

The focus on the complementarity and redundancy of verbal and non-verbal information is 

motivated by the discussion in Kopp et al. (2008) and Cassell, Bickmore, Campbell et al. 

(2000b).  

The gesture repertoire of the ECAs presented here is partially based on relevant gestures 

described in (Cassell, Bickmore, Campbell et al., 2000b; Bickmore and Cassell, 2005; 

Pelachaud and Paragraphe, 2003), as well as on recommendations in (Cassell, Nakano et al., 

2001; Kendon, 1990) and San-Segundo et al. (2001). These recommendations were 

incorporated freely and complemented with a few original contributions to suit the specific 

application and interface design sought for the user tests. Specific sources are given, as 

appropriate, in the corresponding subsections for the dialogue situations. 

The resulting situation-specific behaviour sequences designed for the ECAs were subjected 

to user validation tests (following Hartmann et al. (2005)). The results of these tests were 

reported in (López-Mencía et al., 2007). It was found that the gestures worked acceptably well 

with the test subjects: overall, they were correctly interpreted, regarded as natural, and they did 

not generate undesirable or unexpected effects.
20

 

 

                                                      
20

 This is a brief description of the validation experiment: First the users were asked to watch a system 

simulation (a video recording of a user interacting with the system), so that they could see the ECA 

performing the gestures in the context of a real dialogue. After watching the simulation the users were 

asked to fill out a questionnaire. The questionnaire allowed users to view isolated clips of each of the 

dialogue gestures. To each gesture clip there were associated questions basically covering the aspects of 

gesture interpretation, gesture design and user expectations. Due consideration was given to useful 

comments such as, “I would like it better if the ECA would move faster when switching dialogue turns”, 

which led only to some minor changes. 



Designing ECA behaviour for interaction robustness 

 

 

71 

 

Table 2. Critical  ialogu  situations an  associat   ECA’s behaviour strategies. 

Dialogue stage Gesture design 

references 

ECA behaviour  (movements, 

gestures and other cues) 

Dialogue initiation  

 

Kendon (1990) 

 

Look straight at the camera, smile, wave 

hand. 

Zoom in for task explanation. Start 

speaking. 

Zoom out, lights dim. Stop speaking. 

Speaker verification success Own suggestion Smile and nod. 

Speaker verification task failure 

(wh n th  us r’s i  ntity coul  not b  

verified – a false rejection) 

Own suggestion. (Remorse 

inspired by Pelachaud and 

Paragraphe (2003)) 

Sad and remorseful expression, head 

leaning down, slight sideways shake of 

the head. 

Acknowledgement  of 

misunderstanding 

(when the system realises that it has 

misunderstood what the user has said) 

Own suggestion (inspired 

by Pelachaud and 

Paragraphe (2003)  - sorry 

for + show interest) 

Apology: Head tilted to one side, raise 

inner eyebrow, head down, eyebrow of 

sadness (to show remorse). Start speaking. 

Request (repetition or rephrase): Show 

expression of interest by opening eyes, 

and smiling slightly. Stop speaking. 

Marking speech cadence 

(tempo marking for enumeration) 

Own suggestion (inspired in 

Cassell, Stone et al. (2000)) 

Beat g stur  (up,  own an  up “chop”) 

with one hand for each number in the 

sequence. 

Turn management 

Take turn (the system starts to speak) 

Give turn (the system prepares to listen 

to the user) 

Bickmore and Cassell 

(2005), Cassell, Bickmore, 

Vilhjálmsson et al. (2000) 

and Own suggestion 

(proxemic effect) 

Take Turn: look straight at the camera, 

raise hand into gesture space. Camera 

zooms in. Start speaking. Light gets 

brighter. 

Give Turn: look straight at the camera, 

raise eyebrows. Camera zooms out. Lights 

dim. Stop speaking. 

Waiting 

(no input after two timeouts waiting for 

the user to speak) 

Own suggestion (inspired 

by Fagerberg et al. (2003)) 

Slight leaning back, one arm crossed and 

the other touching the cheek. Shift of 

body weight. 

Confirmation (high recognition 

confidence)  

(the system judges it has recognised the 

us r’s r qu st corr ctly, an  r pli s 

giving the requested information) 

Cassell and Thórisson 

(1999) (show willingness to 

chat) 

Start speaking. Nod gesture, smile, eyes 

fully open. Stop speaking. 

Non-understanding Own suggestion (inspired 

by Pelachaud and 

Paragraphe (2003)) 

Slight leaning of the head to one side, stop 

smiling, mildly squint. Start speaking. 

Error recovery with correction 

(when the user has corrected a 

recognition error, the system confirms 

the correction – s   “Confi  nc  in th  

accuracy of r cognition”) 

Own suggestion (inspired 

by Cassell, Nakano et al. 

(2001) - emphasize 

information and Pelachaud 

and Paragraphe (2003) - 

show interest) 

Start speaking. Lean towards the camera, 

beat gesture. Stop speaking. 
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Table 3. Critical dialogue situations, associated communicative functions and proposed non-literal tags to represent 

communicative intent in (extended) FML. 

Dialogue stage.  Main communicative 

functions 

Non-literal (extended) 

FML tags 

Dialogue initiation  

 

Social (greeting and other formulae) 

Content (provide instructions of use 

for the application) 

Envelope (establish the terms of the 

interaction and its limitations) 

Empathy – positive, medium 

Initiation (generic stage tag to 

trigger the behaviour described, 

which would be preset) 

Speaker verification success Emotion 

Redundancy 

Empathy – positive, strong 

Speaker verification task failure 

(wh n th  us r’s i  ntity coul  not b  

verified – a false rejection) 

Emotion 

Redundancy 

Empathy – positive, strong 

Acknowledgement  of 

misunderstanding 

(when the system realises that it has 

misunderstood what the user has said) 

Content – redundancy and 

complementarity 

Emotion 

Empathy – positive, medium 

Marking speech cadence 

(tempo marking for enumeration) 

Complementarity Persuasion – speech rhythm 

Turn management 

Take turn (the system starts to speak) 

Give turn (the system prepares to listen 

to the user) 

Envelope (cues to regulate the flow of 

the dialogue) 

Knowledge – dialogue stage 

Waiting 

(no input after two timeouts waiting for 

the user to speak) 

Envelope (cues to regulate the flow of 

the dialogue) 

Speech-independent problem 

prevention (anticipation) 

Knowledge – dialogue stage 

Confirmation (high recognition 

confidence)  

(the system judges it has recognised the 

us r’s r qu st corr ctly, an  r pli s 

giving the requested information) 

Content – redundancy and 

complementarity 

Emotion 

Empathy – positive, strong 

Non-understanding Emotion 

Meta-cognitive cues (trying to 

understand) 

Content - redundancy (over verbal 

message) 

Empathy (with appropriate 

modifiers) 

Knowledge – recognition 

confidence (rejection) 

Error recovery with correction 

(when the user has corrected a 

recognition error, the system confirms 

the correction – s   “Confi  nc  in th  

accuracy of r cognition”) 

Redundancy Knowledge – manipulation, 

focus 
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Most of the subsections that follow have a figure depicting one or several phases of the 

ECA’s b havioural s qu nc , which is composed of gestures and some visual effects –the 

“g stur  lin ” in th  figur s– and the verbal output –th  “sp  ch lin ”. In addition, the figures 

show the time intervals during which the ASR engine is operating. This is important, especially 

in the turn-taking sequences, as will become clear, due to the fact that this particular dialogue 

interface did not allow barge-ins.
21

 

Table 2 shows each dialogue stage, what prompts it, and the associated ECA behaviour. 

Table 3 summarises, for each ECA behaviour sequence described (again, with its corresponding 

dialogue stage), the main communicative functions involved in the non-verbal part of the 

communication act, together with non-literal extended FML tag suggestions with which it may 

be useful to complement the internal representation of the communicative intent, as proposed in 

Section 4.2. An interaction manager modelled as described in that Section could readily employ 

such a r pr s ntation (in our “ xt n    FML”) to sp cify th  communicativ  int ntion to b  

carried down to the natural language generation and the ECA behaviour realisation modules. 

Dialogue initiation 

An ECA t n s to “humanis ” th  syst m in th   y s of th  us r (Oviatt and Adams, 2000), who 

may, as a result, have higher expectations regarding the communicative capability of the system 

than he otherwise would. This can lead to disappointment and even to worse dialogue 

p rformanc  if th  us r has spok n mor  compl x utt ranc s b caus  of th  ECA’s pr s nc . 

Furth rmor , ECAs can b  pot ntially  istracting an  hin  r th  us rs’ conc ntration (n w us rs 

especially) on the goals of the interaction (Schaumburg, 2001; Catrambone et al., 2002). Thus, 

the goal is to present a human-like interface that is not too distracting upon first contact and 

which cl arly “s ts th  rul s” of th  int raction an  conv ys to the user the realistic limits of 

conv rsation with th  syst m. Th  ECA’s behaviour sequence at dialogue initiation should 

therefore seek to capture the attention of the users, focus it on the interaction goal and guide 

users directly in its pursuit. 

With the previous goals in mind, welcome gestures were designed for both ECAs based on 

the recommendations in Kendon (1990): a smile and a wave of the hand. We have also played 

with th  “cam ra zoom” (th  siz  an  th  position of th  ECA on th  scr  n). Figure 10 shows 

the gesture for Isabel, the female ECA. It also shows that after speaking the welcome message 

Isabel performs the turn-giving gesture routine to invite the user to speak. (Note that the give-

turn routine itself is not shown here. It will be described later, in its own dedicated subsection.) 

 

 

                                                      
21

 A mock-up interaction sample video featuring some of the designed gesture sequences can be found at: 

http://www.gaps.ssr.upm.es/es/investigacion/interaccion-multimodal. (The real system works in Spanish.) 
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Figure 10. Behavioural routine for dialogue initiation. 

 

Speaker verification success 

If th  syst m was abl  to v rify th  us r’s i  ntity (i.e., the system considers there was a close 

enough match), Isidro, the male ECA, informs the user, smiles and nods. The object of this 

simpl  b haviour is to conn ct with th  us r’s satisfaction at having succeeded in the 

verification task and gained access to the next phase (the home automation application), to give 

the user the impression that the system shares his satisfaction. 

From the point of view of communicative value or content, here the ECA conveys an 

emotion (which complements the message) and, partly by so doing, provides redundancy over 

the spoken confirmation of task success. The nodding is purely to reinforce this redundancy. 

Speaker verification attempt and task failure 

As described in the detailed interaction description, and in line with the example given in 

Section 4.2.1.1 (when introducing the notion of non-declared communication intentions), when 

the system is unable to verify the identity of the user with sufficient confidence after one or two 

valid attempts (i.e., an attempt is considered valid when the recognised utterance corresponds to 

the number sequence the system requested), Isidro (the male ECA designed for the biometric 

access task) hides from the user the fact that the verification attempt has failed by simply 

smiling and initiating a new attempt (i.e., he presents a new number sequence for the user to 

repeat). No specific gesture sequence was designed for this situation in the experimental system 

described here. However, the non-literal extended FML tag could be specified as a Knowledge-

manipulation-conceal type, as shown in the last example in Section 4.2.3. Identifying the 

communication act like thus enables the generation of specific behavioural sequences, if this 

were desired. 
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If the system positively rejects the identity of the user –i.e., it is confident that the acoustic 

features collected in the attempts made so far do not match those that correspond to those of the 

user which were stored at enrolment, so it takes her to be an impostor–, or after three indecisive 

attempts, the authentication task is terminated in failure (since the test user is, in fact, not an 

impostor, this occurrence can be labelled as a false rejection). When this happens, Isidro kindly 

informs the user: 

“I’m sorry. I was unable to verify your identity.” 

Isidro says this with a sad expression on his face to show remorse (i.e., he implicitly takes the 

blame for the failure) and empathise with the user, aiming to control her frustration and keep her 

in a calm mood. Again, the experimental goal is to see whether an empathetic ECA makes for a 

better subjective experience even when a task ends in failure. To observe this, several 

authentication tasks were performed in succession by test users. 

Acknowledgement of misunderstanding – Wrong digit sequence 

A particularly delicate situation arises when the system misunderstands the user. If the user tries 

to correct the system or point out that it has misunderstood, the system will hopefully realise 

what has happened. The system realises immediately in the verification task, of course, if it 

“h ars” th  wrong  igit s qu nc  (s   th   ialogu   xampl  in Table 1). If the speech 

recognition unit produces an output which does not correspond to the digit sequence it had 

requested, then we can assume that there has been a recognition error (since the utterance the 

user is asked to provide is a simple, concise sequence of digits, which would be hard to get 

wrong if a user is cooperating). 

The strategy for the ECA in this situation is to try to keep the user in a positive attitude and 

avoid her distrust while seeking to obtain the correct information. The dialogue scheme to 

pursue this consists of an apology followed by a kind request for a repetition or rephrase. A 

two-part behaviour sequence (Figure 11) is synchronised with the utterances: first the ECA 

Isidro displays a facial  xpr ssion that involv s low ring th  h a  an  putting on an ‘ y brow 

of sa n ss’ –elements that Pelachaud (2003) has associated with remorse– while he says: 

“I’m sorry. I’ve heard the wrong number sequence.” 

Then Isidro lifts his head up, opens his eyes, smiles and says: 

“Could you repeat, please?” 

The sequence is designed to show remorse at having made a mistake followed by an 

expression of interest. Again, the motivation for this is to show empathy toward the user and let 

her know that the system is trying its best to understand what she says and remains optimistic 

that it will succeed, thus, it is hoped, infusing the user with optimism and motivation. 

Th r for  communicativ  cont nt of th  ECA’s non-verbal behaviour provides redundancy 

of information regarding both the current state of the dialogue –there has either been a speech 

recognition error or the user has said something different to what she was supposed to– and 

what the user is expected to do next. Again, it also complements the verbal message by 

conveying that the system is trying its best to understand. 

 



User Experience in Human-Technology Interaction 

 

 

76 

 

 

 

 

Figure 11. Wrong number sequence routine. 

 

Marking speech cadence (tempo-marking for enumeration) 

A common situation in a dialogue system that includes speaker verification is that during 

training (enrolment) the user speaks (specifically, in the experimental system described here, the 

user repeats a sequence of numbers) at a slow pace, but then, once she acquires familiarity with 

the system, she will tend to repeat the requested sequence of numbers at a significantly higher 

pace. This can be a source of verification errors because verification algorithms perform better 

when a similar rhythm of speech is followed in the training phase and in the verification 

attempts. 

The approach tested in the work presented in this Thesis is to implement an ECA strategy 

to try to get users to follow the same constant tempo when repeating the requested number 

sequence in both enrolment and verification, but without explaining this explicitly to the user, 

lest the system seem overly cumbersome to use. 

 

 

 

 

Figure 12. ECA speech and gesture lines in a number sequence presentation. 

 



Designing ECA behaviour for interaction robustness 

 

 

77 

 

The behaviour sequence designed for this situation is to read the digits at a regular pace and 

p rform a s ri s of upwar  an   ownwar  “b at g stur s” with th  han  (up-down movements 

of the forearms, palms facing each other, fingers extended), in succession, marking each digit in 

the sequence as the system utters it. An implementation of the verbal-gestural communication 

act is shown in the Figure 12. 

Turn management: taking and giving turns 

Turn changing is crucial to maintain a good, smooth flow of utterance exchanges. It involves 

two basic actions: taking turn and giving turn. Dialogue fluency improves and fewer errors 

occur if alternate system and user turns flow in orderly succession with the user knowing when 

it is his turn to speak. 

 It is important to stress that barge-in was not allowed in the system described here (i.e., 

th  us r cannot int rrupt th  syst m b caus  th  syst m  o sn’t list n to th  us r  uring its turn, 

as the speech recogniser is then inactive). This makes for a less flexible dialogue than may be 

generally desirable, but it is hoped it offers at least two advantages: firstly, in the sort of 

problem situations we are interested in exploring it may advisable not to allow the user to 

interrupt while the system is trying to reach stable, mutually understood ground. Secondly, if 

us rs try to sp ak  uring th  syst m’s turn (our us rs ar  not tol  th y cannot int rrupt th  

system) this usually leads to no-inputs (when the system remains waiting for an utterance that 

the user has already uttered), non-understandings and misunderstandings (because the system 

only listens to an incomplete utterance). Turn management then becomes more critical, and the 

cons qu nc s of confusion r gar ing who’s turn it is mor  obvious. Thus, any  ff ct an ECA 

may have on the mutual understanding of turn possession and turn transitions should be more 

visible. 

Th  g stural b haviour   sign   for th  syst m’s ECAs is as follows (Figure 13 (a) and 

(b)): Wh n it’s th  ECA’s turn th  cam ra zooms-in slightly and the light becomes brighter. 

Whil  th  ECA approach s it rais s a han  into th  g stur  spac  to ‘announc ’ that it is going 

to sp ak. Wh n it’s th  us r’s turn th  cam ra zooms out, lights dim and ECA raises the 

eyebrow. 

The sequence is not symmetric in that when the system initiates the turn-taking routine the 

ASR is disabled from the beginning (see Figure 13 (a)). After all, the system took the turn in the 

first place because it detected that the user had stopped speaking. When the system gives the 

turn, on the other hand, it allows the user to speak during the turn-giving transition routine, as is 

shown in Figure 13 (b). This seems the more natural way to do it, and it was anticipated that test 

users might start speaking in the middle of a transition, as soon as they realized they were being 

handed the floor. 
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Figure 13. (a) Isab l’s tak -turn routin : visual s qu nc  of turn transition from us r to ECA. (b) Isab l’s tak -turn 
routine: visual sequence of turn transition from ECA to user. 

 

 

This strategy is a combination of gesture and other visual effects. It has been shown that 

users tend to prefer a gestural approach to indicate who has the floor –system or user– over 

other visual signs such as a light going on and off, a colour code or an hourglass (Edlund and 

Nordstrand, 2002). Since only turn transitions are marked with gestures, it was deemed 

reasonable to suppose that adding information that remained visible throughout an entire turn 

might help the user distinguish when it is the system’s turn an  h  shoul  not sp ak from wh n 

he is expected to do so. For this reason, gestures for the transition were combined with other 

visual cues that remain in view once a transition has finished. Hopefully users learn to associate 

different gestures, camera shots and levels of light intensity with user turns and system turns. 

This gestural and visual strategy complements the verbal cues indicating that the ECA has 

stopped speaking and, it is hoped, in this way it is more socially engaging. 
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Waiting – no input 

A no-input is a situation in which the system is waiting for the user to say something for a lapse 

of time long enough to indicate that there may be a problem. The problem may be that the user 

does not know it is her turn yet, or that she is confus   an   o sn’t know what to  o, or mayb  

sh  is trying to sp ak but th  VAD mo ul   o sn’t   t ct her voice, or perhaps the user spoke 

b for  th  ASR was  nabl   an  th  us r  o sn’t r alis  it is still her turn since the system 

 i n’t r gist r his utt rance. 

 The no-input recovery routine is shown in Figure 14. The system decides there is a no-

input situation when there has been a timeout. At this point the ECA does nothing. After a 

second timeout the ECA performs a gesture sequence to show that it is waiting: Isabel (or 

Isidro) leans back slightly, crosses her arms and brings her left hand to her face, and she shifts 

h r ‘w ight’ slightly onto h r l ft leg. (This gesture sequence is largely an original design, but 

inspiration was drawn from Fagerberg et al. (2003).) If the user still does not react before a third 

timeout then the ECA takes the turn and says: 

“I haven’t heard you say anything yet. You can ask me for help, if you need it.” 

This lets the user know that the system was expecting her to say something but heard nothing, 

and it also suggests a line of action (asking for help) in case the cause of the problem was that 

the user is unsure of what she is supposed to say. 

 The gestural strategy in this case anticipates the verbal message. The goal is to solve the 

problem (i.e., get the user to say something) before having to resort to taking the turn from her, 

which would make the dialogue more inefficient and could cause further problems (e.g., barge-

in attempts if the user finally reacts when it is no longer her turn). 

 

 

 

 

Figure 14. Behavioural routine for no-input situations. 

   

Confidence in the accuracy of recognition 

Onc  th  us r’s utt ranc  has b  n r cognis  , information confirmation strat gi s ar  

commonly us   in  ialogu  syst ms. Th  syst m’s int rpr tation of a us r utt ranc  is qualifi   

by an estimation of the probability of having made a mistake. Different strategies are followed 
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  p n ing on th  l v l of confi  nc  in th  corr ctn ss of th  sp  ch r cognition unit’s 

int rpr tation of th  us r’s utt ranc  (San-Segundo et al., 2001). If this probability is high 

(higher than a pre-determined threshold) the system then checks to see if it has all the pieces of 

information it needs –the action, the device and the location. If it does, it performs the action 

(e.g., it r spon s to th  us r’s qu ry). If on  or mor  slots of information ar  missing it asks th  

user following a strategy of implicit confirmation of the known piece of information (to give the 

user an opportunity to correct the information if, against the estimated odds, the system has got 

it wrong). For instance: 

“Which lights do you want me to turn on?” 

No specific gestural behaviour was associated with this situation, however. 

 If th  syst m’s confi  nc  in having un  rstoo  th  us r corr ctly is low, on th  oth r 

hand, the recovery strategy is one of explicit confirmation, e.g., 

“Did you ask about the bathroom lights?”. 

Now, a common problem with explicit confirmation in these cases is that users will often 

r ply with a short utt ranc  lik  “yes” or “no” an  without putting too much effort into it. Such 

utterances are hard for the system to detect, and easy to get wrong if it does detect them. 

In order to prevent the occurrence of this sort of problem a second part was added to the 

ECAs behaviour, reiterating that the system needs the user to confirm the accuracy of a certain 

pi c  of information (“Am I correct?”). Accompanying this utt ranc  is a g stur    sign   both 

to show interest and to engage optimistically with the user. Again, as with the non-

un  rstan ing, th  ECA l ans forwar  slightly to catch th  us r’s att ntion an  to  nhanc  th  

social engagement and enter a space of mutual trust. The gesture combines elements from the I 

propose intention gesture in –“h a  forwar , rais    y brow, look at [th  us r]”– and the hope 

affective state gesture –“rais    y brow, larg   y  ap rtur ”– suggested in Pelachaud and 

Paragraph  (   3). Th  obj ct of this optimistic str ssing of th  utt ranc  is to  l vat  th  us r’s 

motivation and induce her to increase the energy, and perhaps also the amount of words, she 

puts into her response. 

The communicative content of this gesture sequence therefore complements the utterance 

with a display of interest combined with information to the effect that the system believes that it 

understood correctly. It also engages affectively with the user. 

Non-understanding 

A non-understan ing occurs wh n th  syst m fails to obtain a r pr s ntation of th  us r’s 

utterance that is intelligible within the scope of its grammar (Bohus and Rudnicky, 2008). When 

this happens it is important to make sure that the user realises what has happened, and also to 

get her to try again. But we also want to avoid a build-up of anxiety, frustration or 

disappointment in the user, which would reduce her motivation to continue to engage with the 

system. 

 The motivating idea for the ECA behaviour designed to respond to non-understandings 

is that, by engaging more closely with the user, chances are that she may feel more encouraged 

to try to resolve the communication problem. Figure 15 shows the gesture sequence: Isabel first 
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stops smiling and brings her head forward very slightly, and turns it to one side while mildly 

squinting. One purpose it is hoped this may lead to achieve is to enhance the sense of 

engagement with the user by subtly closing the distance with her, but without making it too 

obvious, as then the movement could be seen as threatening. Indeed, it has been suggested that 

confidence can be manipulated by altering the interpersonal distance (Altman and Vinsel, 1977).  

We also want to show that the system is making an effort to understand and to recover from the 

situation –which is taken seriously, so the ECA stops smiling–, sending the encouraging 

message that the system probably expects the problem will be easily solved. Our gesture takes 

some elements from the wh-question intention gesture and the sorry-for and sadness affective 

state gestures suggested in Pelachaud and Paragraphe (2003). 

The verbal response that accompanies the gesture sequence is chosen randomly from 

one of the following: 

a. “Could you say that again, please?”  

b. “I didn’t catch that. Please tell me what you want again.”  

Notice that (a) and (b) are different recovery strategies. (a) is a typical request for the user to 

repeat the last utterance (although the user may choose to rephrase). With (b), on the other hand, 

the system first notifies the user of the non-understanding, and adds a request which reminds the 

user broadly of what she is expected to do –that is, to query the system or instruct it to do 

something– without biasing her toward repeating or rephrasing. In neither strategy does the 

system apologise. It could seem more polite to do so, and indeed apologising would imply 

taking the blame for the problem, which is a common psychological strategy in dialogue system 

design (although some authors tend not to recommend it –see, e.g., Nass and Brave (2005)). 

However, not including an apology was the preferred approach here, to distinguish this situation 

from the more blameful and dangerous one of misunderstanding something the user says (i.e., 

taking the user to have said something different to what she actually said, rather than simply not 

understanding the utterance). An example of a misunderstanding recovery strategy with apology 

for th  “wrong numb r s qu nc ” situation was giv n  arli r. 

 The gestural strategy is the same for messages (a) and (b). It is both an affective and an 

informative strategy which complements the verbal message by manipulating the interpersonal 

distance between the system and the user and showing that the system is making an effort to 

understand. The same gesture also adds redundancy over the verbal component to reinforce the 

message that the system did not un  rstan  th  us r’s utt ranc . 
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Figure 15. Behavioural routine for non-understandings. 

   

Explicit correction from the user 

If the user points out that recognition errors have taken place and gives the correct information 

at th  sam  tim  ( .g., “No, I m an th  bathroom lights.”), th  ECA r p ats th  corr ct   

information emphasizing it by leaning towards the camera and marking the relevant words with 

beat gestures of the hands: 

“So, do you want to know if the [ECA beat gesture begins] lights in the bathroom [ECA 

beat gesture ends] are switched off?” 

 

 

 

 

Figure 16. Explicit correction from the user. 
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4.4 Concluding note 

The foregoing description of the embodied conversational agent behavioural sequences for 

specific dialogue stages and situations that can have a significant effect on dialogue robustness, 

brings to an end the discussion in this Thesis regarding interaction design (and underlying 

architectures). The second half of the Thesis (Chapters 5 to 7) is devoted to the user-centred 

evaluation of speech-based interaction systems, in the general case with added features such as 

an ECA in the interface. The experimental system described in the present chapter was used in 

the empirical tests discussed in Chapter 7 following the evaluation approach proposed in 

Chapters 6 and 7. 
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5  

 

 

Evaluation of the users’ experience 

with HMI 
 

 

 

 

 

Advanced speech-based Human-Machine Interaction systems that orchestrate and make sense of 

a variety of information streams, examples of which have been discussed in previous chapters, 

underlie a naturalness and immediacy that promise to make them the ideal interfaces for an ever 

growing rang  of “smart”  nvironm nts. How v r, t chnological limitations, such as low 

speech recognition accuracy and other usability problems, have so far hindered the success of 

systems relying on spoken dialogue. Adding elements such as further communication modalities 

(e.g., a visual channel) and contextual information can enrich the communication and make it 

work better, but these improvements have to be evaluated experimentally. The performance of 

the different parts of the system, as well as the system as a whole, needs to be tested. This has 

been referred to as instrumental (Möller, 2002; Thüring and Mahlke, 2007) or objective (López-

Cózar and Araki, 2005) evaluation, since it involves measures of predefined interaction 

parameters that can be extracted from test interactions, either by recording them automatically 

or through expert observation. Further technological progress can be made by seeking insights 

to improv   ialogu    sign through n w approach s in th   valuation of th  us rs’  xp ri nc , 

focusing particularly on their subjective experience. 

This chapter outlines the main contributions to the evaluation of speech-based interactive 

systems found in the literature, upon which the original contributions presented in this Thesis 

(in Chapters 6 and 7) build. 
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5.1 The object of evaluation – user acceptance 

The first major challenge is defining precisely what the object under evaluation is when 

sp aking of th  us rs’  xp ri nc  with (possibly advanced, or in some way extended) speech-

based HMI systems. In addition to consi  ring th  us rs’  xp ri nc , what ar  th    sir   

qualities of conversational interaction systems (with perhaps one overriding quality)? Many 

influential approaches to the evaluation of information systems in general focus on the notion of 

acceptance, or acceptability. Much could be pondered about the meaning of the term 

acceptability, first regarding the subject, and second regarding the object. That is, to whom is 

what acceptable? And why is this relevant (i.e., what does acceptance entail)? These 

fundamental questions notwithstanding, acceptability is usually understood simply in 

connection with the willingness or intention to use a particular system (Davis, 1989; Möller, 

2002).  

In this section we look at early approaches to the evaluation of interactive technologies. 

The influential Technology Acceptance Model in particular will be highly relevant to the 

conceptual and empirical evaluation contributions of this Thesis. These contributions will be 

presented in the following chapters. 

5.1.1 GOMS 

Early approaches to the study of human-machine interaction processes, mainly from fields 

related to cognitive psychology, were motivated by the goal of learning how to ensure that 

int rfac s ar  ‘ asy,  ffici nt,  rror-free— v n  njoyabl ’ to us  (Card et al., 1983), which 

impli s th  assumption that th s  qualiti s incr as  p opl ’s willingn ss to us  th  syst ms in 

question, and that willingness will lead to actual use. One notable such early approach was 

GOMS (Goals, Operators, Methods, and Selection rules), developed by Card and colleagues 

with th  int ntion of contributing to th  cr ation of an ‘information-proc ssing psychology’, 

based on a model of the human mind and human behaviour as an information-processing system 

(Card et al., 1983). Very succinctly, in the GOMS model users have Goals (possibly divided 

into subgoals), i.e. things they want to achieve through their interaction with the system, in 

pursuit of which they carry out elementary actions, or Operators. Sequences of operators and 

subgoals are called Methods for the corresponding goals, and the user may have to resort to 

Selection rules (generally known to the user from past experience) to choose between several 

possible methods, when more than one is available. The GOMS approach was successful in 

estimating the effort an interaction task requires, mainly in terms of the time required to perform 

it, by breaking down the interaction process into sequences of basic elements involving 

perceptual, motor and cognitive processing by the user. This estimate of effort can be 

int rpr t   as th  inv rs  of a m asur  of  as  of us , accor ing to th    finition of “ as ” 

favoured by Davis and colleagues for their Technology Acceptanc  Mo  l: ‘fr   om from 

 ifficulty or gr at  ffort’ (Davis, 1989). As Davis observes, however, the measures of ease of 

use stemming from GOMS are objective, but subjective measures would be better predictors of 

willingness to use (ibid.). 
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5.1.2 The Technology Acceptance Model 

The Technology Acceptance Model (TAM) has been highly influential to research on the 

subj ctiv    t rminants of us rs’ acc ptanc  of information t chnology tools. TAM was 

developed to analyse acceptance of these tools, that is, to predict p opl ’s willingn ss to us  

them, specifically in the context of the workplace. 

5.1.2.1 The original TAM 

Buil ing on  arli r r s arch, th  mo  l posits that th  two main   t rminants of p opl ’s furth r 

use of an information technology tool are the perceived usefulness (PU) and perceived ease of 

use (PEU) of the tool (Davis et al., 1989). It is important to underline that these are subjective 

variables, as appraised by the users themselves.
22

 The model is shown in Figure 17. From left to 

right, external variables (e.g., system characteristics) affect both PU and PEU; these in turn 

influ nc  th  forming of an int ntion to us , also r f rr   to as ‘behavioural intention’ (BI) (or 

“acc ptanc ”, following th  int rpr tation  iscuss    arli r), which pr c   s actual usag  of th  

tool. In this Thesis we will refer to PU, PEU and BI as the central TAM variables (or subjective 

dimensions). 

 

 

 

 

Figure 17. The Technology Acceptance Model (TAM). Adapted from (Davis and Venkatesh, 1996). 

 

 

The importance of PU and PEU as determinants of both self-predicted and actual usage 

was initially observed in experiments reported in Davis (1989), which also served to develop 

and validate psychometric measures for both predictor variables. The questionnaires forming the 

scales for PU and PEU are given in Appendix E.
23

 In many subsequent tests since TAM was 

proposed, these scales have been found to have a Cronbach alpha reliability greater than 0.9 

                                                      
22

 It has been observed that people may either underestimate or overestimate the performance benefits a 

tool offers for carrying out a task. The latter possibility suggests, since people act according to their 

subj ctiv  ju g m nt (h nc  th  r l vanc  of th  mo  l’s pr  ictor variabl s), that acc ptanc  may not 

always be desirable (Davis, 1989). 
23

 Behavioural intention was recorded as the average of just two virtually identical items based on the 

ass rtion “[…] I pr  ict I will us  [th  syst m] on a r gular basis in th  futur ”, th  sol   iff r nc  

between the two items being the adjectives used as end-point anchors: “lik ly/unlik ly” an  

“improbabl /probabl ”. 
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(Davis and Venkatesh, 1996). Questions in the scale for PU, particularly, are formulated in 

terms of improved capacities of the users doing their job (e.g., performance, productivity, 

speed). PU was found to be the more important factor. PEU seems to operate on usage (actual or 

self-predicted) primarily through its effect on perceived usefulness, with evidence strongly 

suggesting that PU acts statistically as a mediator between PEU and BI.  

Based on these observations, Davis suggests the interpretation that a causal chain flows 

from PEU to PU (hence the arrow between the two in Figure 17) and from PU to intention to 

use. He also found that practice diminished the importance of PEU (that is, with practice, self-

evaluation of ease of use is significantly less correlated with willingness to use). The conceptual 

explanation given in Davis (1989) is, first, that people decide to use a tool primarily because of 

what it allows them to do (because of how useful it is), and considerations of ease are 

secondary. If a tool is easy to use, however, it will take less effort to use it, freeing the user to 

devote effort to other things (Radner and Rothschild, as cited in Davis (1989)), thus improving 

their job performance (it is worth underlining, again, that in TAM the scale for usefulness is 

built in terms of job performance, so the meaning of the term should be interpreted 

accordingly). Then, while on the one hand a tool that is not easy to use will tend to be seen as 

less useful (though with time the connection becomes weaker), with the corresponding effect on 

motivation to use (i.e., the three variables are correlated), on the other hand, people will not be 

motivated to use a tool that they do not deem useful, no matter how easy to use it may seem.  

These observations regarding TAM, particularly the fundamental one connecting 

acceptance (understood as willingness to use) primarily with PU and PEU, the two being 

correlated but distinct factors, will be relevant for the discussion of the conceptual evaluation 

framework proposed in the next chapter (Section 6.1), as well as for the empirical evaluation 

presented in Chapter 7. 

5.1.2.2 Criticism and revised versions of TAM 

In spite of its influence and relative success, since it was proposed TAM has also received 

criticism (Chuttur, 2009), even from one of its original proponents. Bagozzi (2007) identifies 

some theoretical and practical shortcomings of TAM. To begin with, Bagozzi questions the two 

main links in th  causal chain un  rlying TAM: th  on  linking th  in ivi ual’s r actions to h r 

usage experience to intention to use (BI), and the one linking intention to use to actual usage. 

Th  latt r, Bagozzi argu s, is ‘probably the most uncritically accepted assumption in social 

sci nc  r s arch’ (Bagozzi, 2007), pointing out that the link cannot be direct because of a great 

number of factors, and possibly long stretches of time, that may intervene between the forming 

of an int ntion (which may b  vagu  to b gin with) an  an in ivi ual’s acting on it, an  th n 

actual behaviour need not be an end in itself, but a means to achieve other goals (these being 

ignored in TAM). Regarding the first link, that relating reactions to the experience of use 

(perceived usefulness and ease of use) and intention to use, Bagozzi observes that people may 

perceive reasons to act and yet have no desire or no intention to do so, the latter being 

determined by many other factors, emotions and social context being important in this respect. 

From a mor  philosophical point of vi w, Bagozzi also fin s fault in TAM’s  xc ssiv  

determinism, arguing that the model does not leave room for human agency, with causes 

inevitably leading to effects. In contrast, Bagozzi proposes separating desires from intentions, 
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and introducing self-regulation to operate on their relation, moderating the influence of the 

desires on the intentions, potentially even to the point of cancelling it. The idea is represented in 

Figure 18. Bagozzi calls it th  ‘t chnology us r acc ptanc    cision making cor ’ (Bagozzi, 

2007), and it looks at the link between appraisal (PU and PEU) and behavioural intention in 

TAM. The goal-setting causes explicitly considered are somewhat broader than in TAM, and 

include perceived usefulness, perceived ease of use, relative advantage, affect and expectations, 

among other antecedents. At the other end, rather than observable actions associated with use of 

the technology in question (since Bagozzi questions the link to these from the behavioural 

intentions), he speaks of effects of intentions to act, which include planning, striving for goals, 

overcoming impediments and monitoring progress. The influence of the formed desires on 

intentions is modulated by self-regulatory processes, which in turn are influenced by three kinds 

of factors: social emotions, social identity, and feelings for others (such as empathy). 

 

 

 

 

Figure 18. Bagozzi’s vi w (simplifi  ) of th  rol  of s lf-r gulation in   cision making (th  ‘t chnology 

us r acc ptanc    cision making cor ’). A apt   from a   tail of Figur  1 in Bagozzi (   7). 

 

 

Self-regulation here consists of more transcendental objects related to the exercise of the 

will, such as self-regulatory reasoning, identification with the usage and its implications 

(r spon ing to qu stions such as “Am I th  kin  of p rson to  ngag  in this activity?”), an  

appraisal with regard to the values held by the person, in particular self-evaluative standards and 

moral values. That is, behaviour should not be thought of as resulting automatically from a set 

of likes, dislikes and desires motivated by the actual and the perceived characteristics of a 

system. A major role in the process leading to behavioural intention, Bagozzi argues, is played 

by th  ag nt’s r asoning to pro uc  an int ntional r spons  (Bagozzi, 2007). 

With all due caution, however, and useful as it is to bear in mind that there may be 

moderating considerations to take into account, the author of the present Thesis is not convinced 

that this reflection regarding self-r gulation bas   on th  ag nt’s will a  s anything that might 

not have already been considered implicitly in the original TAM, and explicitly in later 



User Experience in Human-Technology Interaction 

 

 

90 

 

revisions of the model.
24

 Indeed, it seems that an important determinant of self-regulation is 

social influence,
25

 which was added as a factor directly affecting behavioural intention in TAM2 

and later in the Unified Theory of Acceptance and Use of Technology (UTAUT), albeit with the 

mor  limit   int ntion of r fl cting a ‘subj ctiv  norm’ of what us rs in work  nvironm nts 

(i. ., in ‘man atory s ttings’) f  l is  xp ct   of them (Venkatesh et al., 2003). More 

fundamentally, speaking of the will is a relevant philosophical exercise, which is hard to 

translate into, or relate with, the material quantities with which scientific endeavours are 

concerned. This observation notwithstanding, in practice it could be applied, if rather loosely, to 

the distinction between actions that are performed without much thought, almost automatically 

by force of habit, and actions that are executed after careful pondering, balancing such things as 

desire and prudence.
26

 Whether such a distinction is useful will depend on the role it plays in the 

theoretical models proposed to explain appraisal, decision-making and behaviour. However, 

nothing in TAM or in lat r r visions of th  mo  l pr clu  s th  int rpr tation that a p rson’s 

will is involved, say, in moving from appraisal to forming a behavioural intention, or from the 

latter to a certain behavioural response. The greater or lesser influence of the will on the 

workings of the model, depending on circumstances and user characteristics may then be 

reflected in the statistical and probabilistic properties of the models (e.g., means, variances, 

correlations, probabilities associated with transitions –such as the arrows in Figure 17, if a 

probabilistic approach is chosen–), and, thus, it may be a factor transversal to the entire model, 

for which reason it may be difficult to include it explicitly in the same. Moreover, perhaps said 

statistical and probabilistic properties are alone enough to counter the charge made by Bagozzi 

of excessive determinism in TAM. Probabilistic interpretations are surely within the bounds of 

the underlying theory, and they would serve to account for the influence of aspects not 

considered explicitly, or simply to allow modelling relationships with different degrees of 

indeterminism. 

Leaving aside these open discussions, the notion of factors moderating links in the model is 

an interesting one. It will be used in Chapter 6 to introduce a class of acceptance-related system 

appraisal factors with mo  rating  ff cts, which w  call “r j ction factors”. Exp rim ntal 

evidence of the moderating effect of rejection factors is then given in Chapter 7. 

                                                      
24

 The reader is reminded that this Thesis is not a work in psychology or by a psychologist, and therefore 

it is beyond its scope to try to elucidate or contribute to the controversies of that field. The purpose of the 

discussion here is to lay out a theoretical background (which, for research on the experience of use, must 

rest on theories in psychology) to draw from for establishing the methodological approach described in 

Chapters 6 and 7. 
25

 It should be borne in mind, however, that th  array of conc pts consi  r   in Bagozzi’s  iscussion is 

compl x,  istinctions ar n’t  ntir ly cl ar-cut and there may be a degree of overlap in their structuring, 

making descriptive assertions about it somewhat uncertain. 
26

 In fact, this sort of distinction of the more practical (material) kind seems to be what Bagozzi has in 

min . H  writ s (Bagozzi,    7): ‘Much of human b havior giv s th  illusion of control […] or  ls  is 

automatic with little or no thought and application of action. By automatic I mean we have beliefs, values, 

subgoals, etc. that drive our felt desires, and we act more or less straightaway in response to our felt 

desires. However, under some circumstances or for some decision makers, people become aware of their 

  sir s (or lack of   sir ) an   xamin  th m with an aim to  ngag  in practical   cision making.’ 
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5.1.3 Usability 

Beyond the two major determining factors identified in TAM (to reiterate, perceived usefulness 

and perceived ease of use), a finer-grained analysis of the reasons for user acceptance of 

technological tools is necessary in practical approaches to the critical design and evaluation of 

specific systems.
27

 A first step revolves around the notion of usability.  

There is no precise, universally agreed meaning of usability, despite the fact that the term 

has been defined in the ISO Standard 9241-11 as the 

 

‘ xt nt to which a pro uct can b  us   by sp cifi   us rs to achi v  sp cifi   goals 

with effectiveness, efficiency and satisfaction in a specified cont xt of us ’ (ISO, 

1998). 

 

This definition has its roots in work on the MUSiC (Metrics for Usability Standards in 

Computing) proj ct, wh r  usability was un  rstoo  as a m asur  of ‘quality of us ’ (‘th   xt nt 

to which a product satisfies stated and implie  n   s wh n us   un  r stat   con itions’), 

underlining the importance of taking into consideration the specific tasks (each independently) a 

system could be used for, and relevant particularities of the users themselves and of the broader 

work environment providing the context of use (Bevan, 1995). 

The ISO definition of usability combines objective (effectiveness and efficiency) and 

subjective (user satisfaction) measures. Effectiveness is th  ‘accuracy an  compl t n ss with 

which users achieve specified goals,’ an  efficiency th  amount of ‘r sourc s  xp n    in 

r lation to th  accuracy an  compl t n ss with which us rs achi v  goals.’ Eff ctiv n ss an  

efficiency may be thought of as the objective counterparts of perceived usefulness in TAM 

(since this measure focuses on increased job performance by the user), but it is the latter, the 

usefulness that the user perceives, which is needed for estimating user acceptance, according to 

TAM. If objective measures are used for this purpose, they ought to be put in relation with their 

subj ctiv  appraisal. It isn’t cl ar that th  us r satisfaction m asur , r gar    as th  thir  fac t 

of usability in the ISO definition, makes this connection. It is too vaguely described for this: 

‘fr   om from  iscomfort, an  positiv  attitu  s towar s th  us  of th  pro uct’. R s arch 

efforts undertaken with interactive systems, and more specifically speech-based systems 

(possibly with further elements such as additional modes of communication), to analyse user 

satisfaction and its constituting elements, and how it is all related to objective measures and 

overall system acceptance of these systems in particular, will be reviewed in Section 5.2. 

Ni ls n’s view of usability fits more easily with TAM. (Nielsen, 1993) sees usability as an 

aspect of usefulness, combining both objective and subjective attributes, namely, learnability 

(whether it is easy to learn how to use a system), efficiency, memorability (how easy it is, over 

time, to remember how to use a system), the possibility and seriousness of committing errors 

when using a system, and user satisfaction. This attribute structure theoretically replicates 

Davis’ fin ing that  as  of us  op rates on acceptability through usefulness (although Davis and 

colleagues considered these conceptual categories as perceived by the users, while the 

                                                      
27

 There may be a variety of reasons, of different sorts, for whatever level of acceptance a particular 

technological tool may have, reasons which may be facets of perceived usefulness or ease of use, or 

which may supplement these factors or explain them (i.e., causally precede them). 
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 istinction b tw  n actual an  p rc iv    as  of us ,  ffici ncy an  so on isn’t  ntir ly cl ar in 

Ni ls n’s vi w). In Ni ls n’s approach, apart from usability, anoth r asp ct of us fuln ss is 

‘utility’, which can b   quat   to ‘ ff ctiv n ss’ in th  ISO   finition, so it is anoth r obj ctiv  

attribute. Nielsen considers other factors as affecting acceptance, however, such as economic 

cost and reliability. Furthermore, another aspect of acceptability proposed by Nielsen is social 

acceptability. These are interesting extensions, especially if they are conceptualised as user 

concerns that may discourage use and which operate concurrently with, and independently from, 

usefulness, ease of use, pleasantness and other aspects of subjective satisfaction in use. 

 

This brief, general outline of the object and purpose of evaluation will provide the 

background to the discussion on the evaluation of spoken conversational systems which now 

follows. Later, in Section 6.1, we will return to some of the aspects of quality evaluation 

introduced above, to introduce an evaluation framework for advanced HMI systems. 

5.2 Evaluating spoken interaction 

As with any technological development, before their release into real contexts of use, 

conversation-based interaction systems have to be evaluated in test environments. Hone and 

Graham (2000) suggest that the probabilistic nature of speech recognition is an important 

distinguishing characteristic of spoken dialogue systems, and more generally systems with 

speech input, with respect to other forms of interaction. This quality poses particular difficulties 

for evaluation approaches. Recognition hypotheses will almost never be held by the system with 

absolute certainty, and it may be difficult to judge the relative merit of recognition results, and 

even more so of th  syst m’s r spons s. Th  possibility of  rror intro uc s th  n    to 

incorporate feedback and error recovery strategies, the dynamics of which may be hard to 

assess. The preconceptions users have regarding spoken interaction, based on the human-human 

case is yet another feature to which evaluation efforts have to be sensitive (ibid.).  

Speech-based interactive systems, and in particular those that involve two-way dialogue, 

pose another especially difficult evaluation challenge in that the characteristics of the system 

per se are not relevant as the direct object of evaluation, but the qualities and limitations that are 

of interest emerge with the interaction itself. It is the dialogue process which characterises the 

system that produces it in conjunction with the user. Furthermore, the personal characteristics of 

 ach us r will aff ct how  ach  ialogu  turns out. Conv rs ly, th  us rs’  xp ri nc  is of c ntral 

concern, particularly in conversational interaction evaluation, more so than with other 

technologies, because to a greater or lesser degree dialogue systems should create an impression 

of a human-like interlocutor. To the extent that a system succeeds in this respect, the human 

users will be psychologically and socially engaged. For this reason their opinions regarding the 

interaction are of interest, not simply because, just as with other technological objects or 

services, they may be taken as a sample of the subjective reactions of a broader public, which 

should be taken into account to gaug  th  pot ntial succ ss of th  obj ct or s rvic . Th  us rs’ 

experience with dialogue-based interactive systems is important more fundamentally, as the 
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interaction that is experienced is itself the technological object and service in question. Thus, it 

is necessary to find methods and measures with which to characterise the quality of the 

performance and the experience, while striving to ensure that the subjectivity that is part of the 

sought observations does not distort their interpretation. 

5.2.1 Objective and subjective evaluation 

As mentioned in the introduction to this chapter, the evaluation of dialogue systems can rely on 

“obj ctiv ” or “subj ctiv ” information an  th  associat   m tho s to obtain it. Obj ctiv  

information refers to performance-related parameters that can be observed experimentally, and 

by subjective information what is meant is a collection of user impressions on system 

performance and other aspects of the interaction experience, obtained through interviews or 

questionnaires. López-Cózar and Araki (2005) also analyse evaluation tools and methods on the 

basis of the distinction between subsystem and whole system evaluation. 

Subsystem evaluation focuses on the performance of specific modules, usually in isolation. 

For instance, the performance of an automatic speech recogniser (ASR) can be evaluated by 

looking at word error rates. Such quantitative performance measures are commonly used for 

subsystem evaluation, although methods relying on subjective information are also possible.  In 

fact, subjective methods may be more suitable to evaluate certain aspects of dialogue systems, 

such as sp  ch int lligibility an  “naturaln ss” in r lation with sp  ch synth sis,  ialogu  

manager performance and natural language generation quality (Dybkjær et al., 2004). These 

subj ctiv  m tho s gaug  t st us rs’ impr ssions r gar ing th  int raction  xp ri nc , through 

interviews and questionnaires. The subjective variables under examination may cover a number 

of different dimensions, such as prior expectations, perception of the quality of various aspects 

of the system performance, and the feelings felt during the interaction. For example, an 

evaluation of a natural language generator (NLG) carried out by Meng and colleagues (Meng et 

al., 2003) relied on subjective measures related with the Gricean maxims for effective 

communication (Grice, 1975). The evaluation tool was simply a set of single questionnaire 

items, on 5-point Likert response formats, enunciating the maxims directly: accuracy and 

corr ctn ss of th  syst m’s r spons  (r f rring to th  maxim of quality), wh th r th  syst m 

gave enough information in its response (maxim of quantity), relevance of the response (maxim 

of relation), and clarity of the response (maxim of manner), with the addition of an item 

addressing overall satisfaction. 

Whole system evaluation usually involves experiments in which test-users interact with the 

system following scenarios which should approximate as closely as possible what can be 

foreseeably expected in real cases of use. This can be difficult and costly. Some aspects of 

evaluation at the system level are objective. Typical performance parameters investigated 

include task success rates, completion times and the frequency of occurrence of objectively 

identifiable interaction problems (Dybkjær et al., 2004), arising for instance due to turn-

handling coordination problems, better analysed at the system level rather than the component 

level. The EAGLES Handbook (Fraser, 1997), an outcome of the EAGLES programme to 

develop guidelines for the design and evaluation of language technologies in general (Dybkjær 

et al., 2004), recommends a variety of interaction parameters for dialogue system evaluation, 
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including, e.g., turn duration and contextual appropriateness. A more comprehensive list of 

interaction parameters to measure is put together in ITU-T Supplement 24 to P-Series 

Recommendations (ITU-T, 2005), covering not only overall black-box system level interaction 

flow parameters, such as system response delay, task success rate and number of turns in a 

complete dialogue or sub-dialogue, but also component-related parameters like word accuracy 

and percentage of correctly/incorrectly parsed user utterances. 

However, subjective evaluation is necessary to complement the objective performance 

values, and it may even be regarded as more important, from the point of view of the 

approaches on the evaluation of user acceptance, such as those introduced in Section 5.1. The 

fact that, for instance, high task success rates do not always lead to high levels of user 

satisfaction, illustrates this point (Dybkjær et al., 2004). Part of the difficulty of whole system 

evaluation, then, comes from the fact that much of its focus has to be placed on human factors, 

and it involves subjective dimensions for which precise, universally accepted definitions are in 

many cases not available (Ruttkay et al., 2004). While subsystem evaluation usually relies on 

performance measures of a variety of quantitative objective parameters (though subjective 

parameters may also be used, as in Meng et al.’s (2003) study mentioned above), whole system 

evaluation has to address higher concepts related to the overall quality of the experience of 

using the system, and here subjective dimensions gain relevance. Möller et al. (2007) state that 

‘[t]h  quality of an SDS r sults from th  p rc ptions of its us rs’. But what is th  “ov rall 

quality of th   xp ri nc  of us ”? What aspects should it cover? And are there other things that 

should be considered? 

 

Conv rsational syst ms ar  m ant for  ngaging in ‘natural’ or ‘humanlik ’ communication 

with users. It therefore seems reasonable to begin by adopting a user-centred approach to 

evaluation that goes beyond merely observing operational parameters that are close to the 

underlying technology, such as recognition error rates and number of turns needed to complete a 

specific unitary task. The focus needs to shift more toward how users perceive the interaction 

and how satisfied they are with the experience (one that, it is hoped, is more socially engaging); 

in other words, a shift from usability to user experience (Poppe et al., 2007). This shift can be 

seen in the literature on the evaluation of HCI systems in general (i.e., not restricted to spoken 

dialogue systems). According to Poppe and colleagues (2007), the shift can be linked to the shift 

in the purpose of the systems people interact with, which is increasingly open and indefinite, to 

the point that even the interaction in itself can be the purpose, rather than a particular task. 

Dybkjær and Bernsen (2000) identify fifteen usability criteria, or areas that require attention 

(which th  r s arch rs r gar  as ‘k y issu s’), for spoken dialogue systems (SDSs), from input 

recognition accuracy and output speech quality, domain coverage, initiative, naturalness, and 

error handling, to user satisfaction itself. The possibility of evaluating the usability of 

multimodal SDSs is considered through a sp cific it m on ‘mo ality appropriat n ss’ –the 

chosen modalities of interaction should be appropriate for the application and the situation–, for 

which results from the fields of psychology and more specifically (Bernsen, 1994) Modality 

Theory may come into play (Dybkjær et al., 2004). These areas of attention are given 

“intuitiv ly” on th  basis of th   xp rtis  of th s  r s arch rs (ibid.), to serve as guidelines to 

perform evaluations with adequate coverage of the different aspects of usability for SDSs. Other 
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authors propose more empirically-based approaches, doing without much of the weight of 

preconceptions regarding what aspects are relevant and how the evaluation space will be 

segmented in quality- or acceptability-related factors. 

Among the subjective evaluation measures for information technology in general that have 

been proposed, it is worth mentioning the Software Usability Measurement Inventory (SUMI), 

developed at University College Cork (Kirakowski, 1996). SUMI is interesting both in content 

and as a methodological model. SUMI originated as part of the MUSiC project mentioned in 

Section 5.1 (Bevan, 1995), for the evaluation of the subjective part of what was to become the 

ISO definition of usability (see Section 5.1). It provides a multidimensional evaluation tool 

developed, as was TAM, as a set of psychometric measures, refining a large battery of questions 

down to 50, forming five component scales for usability: affect, efficiency, helpfulness, control, 

and learnability. As argued in Hone and Graham (2000), however, the peculiarities of speech-

based interaction systems (such as those described at the beginning of Section 5.2) require the 

development and use of specific evaluation tools. The same researchers proposed the first such 

specialised tool: SASSI (Subjective Assessment of Speech System Interfaces), described in 

Hone and Graham (2000). 

5.2.2 The SASSI tool 

Hon  an  Graham’s work on th  Subj ctiv  Ass ssm nt of Sp  ch Syst m Interfaces (SASSI) 

tool (Hone and Graham, 2000), for the purpose clearly stated by its name, was motivated by two 

main considerations. First, as discussed above, with conversational systems the object under 

evaluation, the interaction, is to a great extent an emergent joint creation of the user and the 

system, with errors potentially being an integral part of it, as well as their negotiation to lead the 

conversation ultimately to a conclusion of successful mutual grounding (see Section 2.4.1.1). 

Objective performance parameters may be used to quantify some aspects of the grounding 

process, but, for instance, it is hard to determine the amount, type and distribution of errors and 

their associated recovery strategies that are acceptable to users. A complete evaluation of 

conv rsational syst ms has to r ly mor  h avily on th  us rs’  xp ri nc  as p rc iv   by th  

users themselves. 

Secondly, the authors observed that previous research efforts to conduct subjective 

evaluations of speech-based interaction systems had not relied on rigorously validated measures 

and methods. Rather than establishing solid constructs based on empirical evidence and possibly 

theoretical considerations, previous work had been based on interviews and questionnaires with 

it ms inclu    to th  b st of th  r s arch r’s intuitions (how v r   ucat  ) appli   to th  

specific system and context of use under consideration, without further justification. It is also 

common to find studies in which theories inspire the evaluation too literally, with their elements 

translated directly into questions put to the test users, one-to-one (i.e., constituting single-item 

scales). An example of this is the direct translation of Gric ’s maxims into qu stions, in th  

study by Meng and colleagues (2003) mentioned earlier (in Section 5.2.1). 

Hone and Graham (ibid.) point to the deficiencies of these early approaches: the purpose of 

these evaluations cannot have a clear focus, since they do not solidly establish what is being 

measured. It should be user acceptance, and subjective dimensions that may affect it, but the 
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measures had been proposed without validation that their object is precisely this. Other basic 

properties of measures, such as reliability and sensitivity had not been tested either. In other 

words, the measures found in the literature at the time lacked the psychometric properties that 

should be expected for quantitative subjective data. 

General subjective usability measures, such as SUMI, had already been developed with 

good psychometric properties, but they were not suitable for speech-based interaction systems 

as they did not address important features specific to these systems (Hone and Graham, 2000). 

In view of this, Hone and Graham undertook a similar methodological approach to that which 

had led to SUMI. General usability measures, in particular SUMI, as well as some of the non-

validated approaches to the subjective evaluation of speech systems, together with Hone and 

Graham’s own ju g m nt bas   on th ir own  xp ri nc  working with sp  ch-based interfaces, 

provided sufficient items which the researchers pooled together to compose a large 

questionnaire with the purpose of refining it through empirical examination. After adjusting and 

pruning the questionnaire, in pilot tests, down to 50 well-balanced statements, the designers of 

SASSI gathered data resulting from four experiments with systems featuring user speech input 

recognition (though not all of them had speech output). Through exploratory factor analysis six 

main factors were obtained which were interpreted as possible distinct aspects of users’ 

perception of speech-based interaction systems. The factors found were given the following 

descriptive names: System response accuracy, Likeability, Cognitive demand, Annoyance, 

Habitability and Speed. The internal consistency reliability reported for the sub-scales 

corr spon ing to  ach of th s  factors is   scrib   as ‘a  quat ’ for th  first stag  in th  

  v lopm nt of a psychom tric tool, with valu s of Cronbach’s alpha ranging from  .69 to  .91. 

A brief description of these factors, with some commentary, will be useful here as background 

for the interpretation and comparison of the factor analysis results of the experiment presented 

in the next chapter. 

 System response accuracy: Th  it ms group   in this factor ar  r lat   to th  us rs’ 

appraisal of how well the system understood what they said (e.g., ‘the system was 

accurate’) an  wh th r it ma   many  rrors. It was th  factor with th  most w ight in 

the solution obtained, in terms of the amount of variance linked to it. From this the 

researchers conclu    that it may b  ‘a particularly […] sali nt asp ct of a us r’s 

int raction with a sp  ch r cognition syst m’ (Hone and Graham, 2000). This 

relevance may be due to the conspicuousness and relative pervasiveness of errors 

(particularly recognition errors) in spoken interaction, which gives weight to the 

authors’ working assumption that sp cific subj ctiv  m asur s ar  n      for th  

evaluation of speech systems (ibid.). 

 Likeability: Hone and Graham liken this factor to the Affect factor in SUMI, which 

cov rs it ms r lat   to th  us rs’  motional r spons , for which r ason th  cr ators of 

SUMI suggest the term Likeability is also appropriate to describe it. However, the 

‘Lik ability’ factor in SASSI has only a w ak conn ction with  motional r spons , 

mainly through th  it ms ‘the system is friendly’ an  ‘the system is pleasant’. Among 

th  oth r it ms it inclu  s ar  ‘the system is useful’ an  ‘it is easy to learn to use the 

system’, which corr spon  with th  two fun am ntal scal s in TAM, Us fuln ss an  

Eas  of Us ; an  ‘I would use the system’, with which th  us r is ask   to giv  a  ir ct 



Evaluation of th  us rs’  xp ri nc  with HMI 

 

 

97 

 

appraisal of “int nt to us ”, in oth r wor s, syst m acc ptanc , th  main asp ct 

motivating the evaluation, with which the previously mentioned two variables have 

been connected as predictors (see the discussion on TAM in Section 5.1). Further items 

on  as  of r cov ry from  rrors an  ov rall  njoym nt giv  SASSI’s Lik ability factor 

a good coverage of the different aspects of usability considered by Nielsen (1993) (see 

Section 5.1). Therefore, it may be considered that this factor amalgamates many of the 

main aspects of usability and acceptability identified in the literature, save those related 

with effectiveness, covered in the System Response Accuracy factor above, and 

efficiency, also mixed with System Response Accuracy and very plausibly also related 

to the Speed factor below. In fact, some of the aspects that the Likeability factor does 

seem to touch on are better covered by other factors in this list. This Likeability factor 

seems to combine a bit of everything. It may seem surprising, then, that as a sub-scale 

it had the strongest internal consistency of all of the sub-scales associated with the 

factor solution, with a Cronbach alpha of 0.91. For this reason, together with the fact 

that after System Response Accuracy it is the factor that accounts for the second 

greatest proportion of variance of the factor solution, Hone and Graham (2001) have 

recommended using the Likeability sub-scale as a measure of user satisfaction for 

speech-based systems. 

 Cognitive demand: A set of items related with the mental effort the users felt that was 

required of them while interacting with the system (e.g., ‘I felt tense’, ‘concentration is 

required’) l   to th  int rpr tation of th  m aning of this factor as in icat   by th  

name. It is interesting to obs rv  that on  of th  it ms was ‘The system was easy to 

use’, which is also an it m in th  TAM scal  for th   im nsion ‘Eas  of us ’ (Davis, 

1989). It seems, then, that ease of use, an important dimension in its own right, is 

tightly connected to mental effort, at least in speech-based interfaces. But it is not 

enough to say that they are connected: if they appear in the same factor, for the result 

to be interpretable there must be a meaningful underlying construct that is composed of 

aspects corresponding to the items loading on the factor. In the case of the 

interpretation given by the authors of SASSI, this construct is cognitive demand, for 

which th  us rs’  ir ct appraisal of  as  of us  woul  b  on    t rmining factor. In 

TAM, oth r it ms in th  ‘P rc iv   Eas  of Us ’ scal  w r  “cl ar an  un  rstan abl  

int raction”, fl xibility an  s ns  of control. Similar it ms can b  foun  in other SASSI 

factors. These two observations just made may suggest that the two main factors in 

TAM and the SASSI factor structure are to a certain extent mutually transversal. If this 

interpretation is plausible, it may be taken to imply that there may be different 

superimposed factor structures underlying the notion of acceptance, and one or another 

may emerge depending on the depth or angle of focus, with similar aspects (as in 

connection with corresponding questionnaire items) getting distributed differently 

depending on the factor structure emerging with one particular focus. 

 Annoyance: Negative feelings interacting with the system, including irritation and 

frustration were grouped together in this factor. Hone and Graham (ibid.) underline the 

peculiarity of the fact that these sentiments did not fall in their Likeability factor, but 

were grouped separately. They speculate that this result may be an indication of a 
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difference between speech and non-speech systems. In this thesis another interpretation 

will be suggested: the observation of the annoyance factor may evince the existence in 

users of a perceptual category related with sentiments and reasons for rejection of 

technology. (This new category will be included in the perceived quality factor 

framework proposed in Section 6.1. However, empirical evidence is given in Chapter 7 

suggesting that the nature of rejection factors and that of annoyance sentiments are 

different.) 

 Habitability: This factor groups items that are interpreted as being connected with the 

  gr   of corr spon  nc , or similarity, b tw  n th  us r’s conc ptual mo  l of how 

the system works and how it actually functions. More specifically, its items refer to 

how well the user felt she knew what stage the dialogue was in, and whether she knew 

what she should do or what the system was doing. 

 Speed: Two questionnaire items on interaction speed and system response speed, 

respectively, formed the sixth factor of the analysis. The researchers presumably did 

not expect these items to form a distinct factor, perhaps instead of grouping with other 

items in a factor related to interaction efficiency. In view of this result, however, they 

propose adding further items to the questionnaire to provide increased reliability to the 

sub-scale corresponding to this new factor. 

A s parat  ov rall quality it m was also inclu    in th  qu stionnair  (‘Overall I think this 

is a good system’). This it m corr lat   most strongly with Lik ability (r = 0.607), giving this 

factor more relevance as a general measure of user satisfaction. The next highest correlation of 

the overall single-item measure was with the Annoyance factor (r = -0.386). This lends weight, 

a priori, to the suspicion that rejection factors may form a specific aspect, or family of 

parameters, to take into account in subjective evaluations (although, as we will see, annoyance 

sentiments are not rejection factors!). 

Hone and Graham (ibid.) observe that developing a psychometric instrument that can 

deliver valid, reliable, sensitive and discriminative measures is an iterative process. What is 

described in their original paper is a first step, but the SASSI tool has yet to be consolidated 

through further rounds of testing. Another limitation acknowledged by the authors is that their 

questionnaire did not address aspects related to speech output, so it would have to be 

complemented with the same in order for it to provide a better coverage when evaluating 

interaction systems featuring two-way spoken dialogue. Nevertheless, the findings, in the form 

of the factor structure described above, are of interest in their own right. Indeed, they have 

served as inspiration, starting point and reference for later research efforts on the evaluation of 

speech-based interaction systems. 

5.2.3 Möller’s taxonomy of quality aspects and the ITU 

Recommendation for the evaluation of SDSs 

Inspired by SASSI, the ITU set out to develop a recommendation for conducting subjective 

evaluation of spoken dialogue system services (specifically those delivered over telephone 
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connections
28

): ITU-T Recommendation P.851 (ITU-T, 2003). SASSI identified a set of 

subjective factors that may play a role in determining user acceptance of a system. Taking a 

wide perspective of what factors may affect how users perceive a system (or service), one of the 

steps in the process of developing ITU Recommendation P.851 was to draw from a taxonomy of 

quality-related parameters proposed by (Möller, 2002). 

5.2.3.1 Möller’s taxonomy of Quality of Service aspects 

Möll r propos   a ‘taxonomy of Quality of S rvic  asp cts’ (Figure 19) that may be perceived 

by the user, and suggested connections to quality features (Möller, 2002). Terminology and 

definitions vary between different authors, and it can be difficult to interpret a nuanced 

approach such as Möll r’s. Quality f atur s, as Möll r un  rstan s th m, s  m to b  som thing 

like perceptual categories, or dimensions, according to which (and, perhaps, taken in 

conjunction) users judge the overall quality of a particular service. Quality elements, on the 

other hand, are actual system characteristics that the designers can work on. The notion of 

quality that is favour   in Möll r’s approach as a basis for th s    finitions an  th ir r lations 

comes from Jekosch (as cited by Möller (ibid.)): ‘Quality is th  r sult of th  ju gm nt of a 

p rc iv   constitution of an  ntity with r gar  to its   sir   constitution.’ That is, quality as 

perceived by the user involves a perception process and a judgement process in which the 

perceptual event is compared with a reference the user has (Möller and Ward, 2008).
29

 

The categories in the taxonomy are partly informed by factors proposed in the literature, 

which to a greater or lesser degree are based on theoretical considerations and empirical 

evidence. Categories are divided into aspects, and for each aspect a series of quality features are 

given. These are closely related to aspects considered in user questionnaires, in the form of 

questionnaire items, all taken from the literature available. Various features appear in different 

aspects and categories of the taxonomy. Naturalness of interaction, guidance, reliability, 

transparency, perceived system understanding/reasoning, feedback adequacy, repair adequacy 

and others, appear associated with different QoS aspects (e.g., Naturalness of Interaction is 

listed as a quality feature of both the Initiative aspect and the Partner Asymmetry aspect of the 

Dialogue Symmetry category, and it is also in other categories such as Dialogue Cooperativity 

and Communication Efficiency). It is interesting to note also that various efficiency categories 

ar  consi  r  : communication  ffici ncy (th   ffici ncy of th  ‘ ialogic int raction’, cov ring 

aspects such as speed, conciseness and smoothness), task efficiency (how well the system 

succeeds in allowing the user to successfully and easily carry out the task); and service 

 ffici ncy  (‘a  quacy of th  s rvic  as a whol ’ an  how it may compar  with oth r m ans to 

achieve the  same goal). It seems, then, that it is implicitly acknowledged that a different set of 

user perceptual dimensions cuts across the categories in the taxonomy.
30

 

                                                      
28

 The approach taken in this Thesis, however, is that this recommendation on evaluation is applicable to 

services featuring spoken interaction in general, regardless of the medium over which they are delivered. 

The rationale upon which the recommendation bases its conclusions is general enough for this. 
29

 Möll r’s approach may b  influ nc   by th  stu y of au io quality –where subjects may be said to be 

comparing an audio signal (such as a phone call, or synthesised speech) to a mental reference (e.g., 

natural speech)–, hence the narrow definition of quality. 
30

 The Subjective Quality Evaluation Frame proposed in Chapter 6 is an attempt to make these perceptual 

dimensions explicit. 
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Figure 19. Möll r’s taxonomy of quality-related aspects for speech-based services. (Möller, 2002) 
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Finally, objective performance categories are gathered from the literature (WER, ASR 

rejections, dialogue duration, barge-in attempts, help requests, etc. Expert judgement can also be 

us  , for instanc  to ass ss ‘cont xtual appropriat n ss’ (Möller, 2002), that is, how well system 

utterances fit the situation at the time they are produced. 

The connections between the different aspects of the framework correspond to the four 

major aspects that it is the purpose of evaluations to quantify (Möller and Ward, 2008): 

 System performance (given by metrics such as word error rate) 

 Quality as perceived by the user (following J kosch’s   finition abov : it involv s a 

perception process and a judgement process in which the perceptual event is compared 

with a reference the user has) 

 Usability (according to the ISO 9241-11 (1998) definition; see Section 5.1) 

 Acceptability (‘how r a ily a custom r will us  th  syst m or s rvic ’, but in this vi w 

it also has to do with an economic assessment connected to the proportion of people 

that may foreseeably be inclined to use a service) 

Exc pt for ‘cont xtual factors’, which hav  to do with broader aspects of service use, such 

as cost, availability and accessibility, all other factors, categories and aspects converge into (i.e., 

they directly or indirectly affect, or influence) usability. In addition to drawing on the definition 

in ISO 9241-11, usability is   fin   as th  ‘suitability of a syst m or s rvic  to fulfil th  us r’s 

r quir m nts’ (Möller, 2002). It mainly regards ease of use (under this aspect are subsumed the 

quality features: Service Operability, Service Understandability and Service Learnability), and it 

directly affects user satisfaction (no other arrows lead to this category in the taxonomy). Utility 

combines user satisfaction with service efficiency and other cost/benefit considerations (coming 

from the contextual factors excluded from the usability side of the taxonomy), resulting in a 

measure of how valuable the service is to the user (in later papers (Möller et al., 2007) perceived 

h lpfuln ss’ is a     as a f atur ). In turn, this aff cts th  us r’s r a in ss to use the service, 

i.e., its acceptability, which is a ‘multi im nsional prop rty’ into which all of th  abov  flows, 

according to this view. 

The taxonomy, which interrelates the above aspects drawn from various theoretical 

perspectives and from accumulated practical experience, needs to be validated experimentally. 

This may prove very challenging. The aspects and interrelations in question are supposed to 

correspond in some way to user percepts, that is, to psychological constructs or processes of the 

us rs’. What could plausibly be considered as validation of this? Ultimately, Möller (2002) 

 nvisag s that it coul  b  us   as a basis to   v lop a ‘multi-l v l pr  iction mo  l’. 

Möller and Ward (2008) provided their vision of what such an evaluation model might look 

like. They were in search of a model that would accommodate the following causal chain: 

Interaction problems degrade usability, which in turn influence the perceptual event experienced 

by the user, which affects the level of quality she associates with the system, thus potentially 

affecting the acceptability of the (speech-based) interaction system for them. The evaluation 

framework Möller and Ward propose has three components or stages: First a behaviour model 

predicts how the interaction will flow, from the system and user characteristics. Then, a 

perception and judgment model should explain how the interaction flow triggers perceptual 



User Experience in Human-Technology Interaction 

 

 

102 

 

events that, through comparison with a previously existing reference internal to the user, 

become associated with perceived quality events. These are translated into quality judgements 

that may be expressed through questionnaires. Psychometric measurement methods are used to 

identify perceptual quality dimensions. For this purpose valid questionnaires have to be 

developed, on the basis of multidimensional analyses such as SASSI (Section 5.2.2). A more 

ambitious goal is for models to be developed that can predict the values of the perceptual 

quality dimensions from the interaction parameters. An influential approach in this regard is the 

PARADISE framework, discussed below in Section 5.2.4 Non-linear effects likely abound, so 

they should be incorporated into the models (PARADISE provides linear models, however). 

Finally, a value model associates values with quality judgments. It is acknowledged that 

different users will have different preferences and value scales, favouring different aspects, so 

different models may be needed to describe the value attribution process for different types of 

user. 

5.2.3.2 ITU Recommendation P.851 

Möll r’s taxonomy r lating asp cts that influ nc  p rc iv   quality gui    the development of 

ITU Recommendation P.851. The recommendation mainly provides broad guidelines of aspects 

to take into account when designing subjective evaluation tests for speech-based systems. More 

concrete value can be extracted from the Recommendation’s sugg stions of qu stionnair  it ms. 

Thr   qu stionnair s ar  sugg st  : on  to coll ct information about th  us rs’ backgroun , on  

to be completed after each individual test interaction, and a final questionnaire covering the 

us rs’ ov rall impr ssions with the system. For each questionnaire general guidelines are given 

(e.g., addressing the accuracy, completeness, reliability and clarity of the information given by 

th  syst m, sp  ch input an  output ( rrors, int lligibility,…), s ns  of control of the 

interaction, system personality, ease of use, enjoyment, added value and expected usage), but 

also a fairly complete list of questionnaire items. These questionnaires, it turns out, are not too 

different from the SASSI questionnaire. In fact, many of the items are similar in both, and some 

are identical. 

5.2.3.3 Möller’s questionnaire: an adaptation of SASSI and ITU Rec. P.851 

Möller and colleagues (2007) conducted factor analyses on data from two experiments with 

task-based dialogue systems, using both a slightly modified SASSI questionnaire and a 

questionnaire derived mainly from ITU Recommendation P.851. The researchers were satisfied 

that comparable results (or at least not incompatible interpretations), in the form of factor 

structures with notable similarities, could be obtained with both. It is important to note that ITU 

Recommendation P.851, with its proposed questionnaire, still remains in an even more 

immature state of development as a measuring instrument of user satisfaction than the SASSI 

tool (or perhaps this should be expressed more precisely as: there have been no instantiations of 

ITU-T Recommendation P.851 for particular configurations of HMI systems, to the knowledge 

of the author of this Thesis, that have undergone a complete process of validation of the 

corresponding questionnaires through an appropriate number of test iterations with a sufficient 

number of test users). Möller et al. (2007) report tests carried out within the scope of the 
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INSPIRE project, funded by the European Commission (Möller et al., 2004), with factor 

analyses performed on subjective data collected with a questionnaire based on ITU-T 

Recommendation P.851 (PARADISE models were also explored (Möller, 2005a)), but the 

results, though interpreted to be to a certain extent concordant with those reported by Hone and 

Graham (2000) on the SASSI questionnaire, are based on a group of just 24 test users, each 

interacting three times and filling in a questionnaire each time (thus giving 72 not altogether 

independent cases to analyse). This is not enough even for a first round of testing for the 

purpose of developing a psychometric tool. To put this in perspective, research on SASSI, 

which reached only the first iteration stage of planned research efforts to develop a solid 

subjective measurement tool, was based on the analysis of 214 cases (taken from four different 

experiments) (ibid.). 

In an attempt to further advance the analysis, Möller (2005b) also reviewed several similar 

approach s which  xplor  through factor analysis possibl  ‘p rc ptual quality  im nsions’ of 

task-based systems featuring spoken interaction, including SASSI applied to eight different 

applications, and the factor analyses Möller conducted independently based on ITU 

Recommendation P.851 (the other experiments inclu    in Möll r’s comparativ  analysis w r  

mainly older contributions to the field of telephone service quality evaluation). Möller relied on 

the theory-based general quality aspects in his taxonomy (Möller, 2002) as guidance to classify 

the subjective factors extracted from the empirical approaches under consideration. According 

to his interpretation of where the factors of the different studies fell with regard to his 

taxonomy, Möll r consi  r   that th y align   w ll with fiv  ‘p rc ptual  im nsions’ which he 

interpreted as Acceptability (covering task success, self-prediction of future use and, perhaps 

surprisingly, enjoyment and frustration – remember that with SASSI Annoyance was a separate 

factor), Communication efficiency (interaction speed, pace, etc.), Cognitive effort (annoyance is 

included again in this factor, which may cause interpretation problems), System personality 

(including aspects such as perceived politeness and friendliness, but Möller also aligns this 

factor with other aspects less semantically related with this name, such as intelligibility and 

‘g n ral attitu   towar s th  syst m’), an  Smoothness (composed of sense of control, dialogue 

complexity, ease of use, among other aspects). Such interpretative efforts should be taken with 

great caution. It is a difficult enough proposition to derive from the extracted factors meaningful 

interpretations that are theoretically plausible in terms of correspondence with what actually 

goes on in the minds of people, and the common approach is to discuss possible interpretations 

in a group of  xp rts. To r int rpr t oth r r s arch rs’ r sults from  iff r nt stu i s on  iff r nt 

systems, projecting them onto a new set of factors is a highly speculative exercise. Nevertheless, 

it does have merit as an exploration of the ground that possible future syntheses of evaluation 

approaches may tread. 

5.2.4 Relating objective and subjective measures: PARADISE 

Among the attempts to understand the relationships between actual system characteristics and 

th  us rs’ subj ctiv  r actions to th m, an , ultimat ly, th ir inclination to us  a syst m in th  

future, are approaches that propose searching for concrete models of these relationships. An 

influ ntial contribution has b  n th  PARADISE ‘ valuation fram work’ (Walker et al., 1997), 
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which proposes to search for models with which to predict overall user satisfaction directly 

from objective system characteristics and performance measures. 

5.2.4.1 The idea 

The underlying goal of the PARADISE framework is to render subjective evaluation 

unnecessary, by predicting user satisfaction from performance metrics covering task success 

rat s an  a s t of int raction “costs”, by m ans of regression models based on these variables. 

The idea, based on decision theory, is to provide an evaluation tool to develop models relating 

user satisfaction and objective performance parameters, which are more easily obtainable and 

interpretable. These models, Walker and her colleagues argued (ibid.), could then be used to 

predict user satisfaction measures from the performance metrics, thus obviating the need to 

collect and interpret the former, subjective reactions from test users. This prospect makes the 

PARADISE approach very attractive. 

The task success rates in the proposed scheme are derived directly from the proportion of 

correct attribute values correctly understood by the system in pursuit of the dialogue goals, to 

the total number of attributes given a value by the system (which include uncorrected 

misunderstandings), correcting for the chance of randomly correct attributions. This 

presupposes that the dialogue motivated by the application is task-based, and the overall goal is 

for the system to fill in specific data slots, which for instance may define a query, and return the 

appropriate response to the user. More open conversational systems would require a different 

m asur  of task compl tion rat  or p rformanc  “succ ss”. Two typ s of costs ar  contemplated 

in the framework: efficiency related factors (e.g., dialogue duration and number of turns taken) 

an  ‘ ialogu  quality’ m trics (inclu ing param t rs such as th  numb r of tim outs, ASR 

rejections, help requests and barge-ins) (Walker, Kamm and Litman, 2000). As a metric for user 

satisfaction, Walker and colleagues (ibid.) have proposed using the aggregate score from a set of 

qu stionnair  it ms cov ring various asp cts of th  us rs’  xp ri nc  int racting with th  

system (these aspects include, e.g., how easy it was to understand the system, how well the 

syst m un  rstoo  th  us r, task  as , int raction ‘pac ’ an  s lf-predicted future use). The 

sought ‘p rformanc  function’ is as follows: 

 

       ( )   ∑    (  )
 
   , 

 

wh r  US is “us r satisfaction”, κ and ci are the independent variables, task success and costs, 

respectively, which appear normalised (N(·)) to make them all comparable regardless of their 

original (different) scales, and α and ωi are the coefficients to be determined through multiple 

linear regression analysis. 

5.2.4.2 Experiments with PARADISE 

PARADISE is a ‘fram work’, not a m asuring instrum nt, an  its authors l av  op n th  matt r 

of what characteristics should be covered and what specific metrics might be used, for each of 

the elements that compose it (i.e., those in the equation above). However, the framework has 

been tested with metrics commonly found in the literature.  
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Unfortunately, the amount of variance of the target subjective variable predicted by 

PARADISE models in experiments reported in the literature has been typically modest. Walker 

and colleagues themselves report values of the coefficient of determination, R
2
, between 0.39 

and 0.56 for the training data for three dialogue systems, using the metrics outlined above 

(Walker, Kamm and Litman, 2000). These values are typical for model training data (see also, 

e.g., Möller et al. (2007)), but PARADISE models applied to data from groups of test users 

different to those with which the model parameters were derived have been found to have 

significantly lower values of R
2
 (for instance, Möller et al. (2007) report values of R

2
 as low as 

0.07, although in this case the test groups were very small: 4 participants). Möller and 

colleagues explored a number of PARADISE models mainly for two concrete dialogue systems 

with different sets of interaction parameters as independent variables (Möller et al., 2008). 

Different subjective measures for the dependent variable were also tested, based on 

questionnaires directly derived from the ITU-T P.851 Recommendation: one measure tested 

was the arithmetic mean of all responses on the questionnaire (for one of the dialogue systems 

the SASSI questionnaire was also tested), another was simply the responses to a single item on 

perceived overall quality, and a third measure took the average responses of items loading on 

certain factors deemed particularly salient from these and other experiments (these were 

acceptability, efficiency and cognitive effort –this factor “m ta-analysis” of Möll r’s (2005b) 

was mentioned earlier, in Section 5.2.3)–. It turned out that the best model results, in terms of 

amount of variance accounted for (R
2
) in the target variable, were achieved when the target 

variable was the mean of the responses to all of the items in the questionnaire (with values of R
2
 

up to 0.56), and the general observation was that the more subjective elements covered, the 

better the derived models were at predicting their mean score. Substituting perceived task 

success for actual task success as an independent variable improved the predictive power of the 

models, but doing this undermines the objective of the PARADISE approach of predicting 

subjective reactions purely from objective interaction parameters.  

Despite the poor predictive power of PARADISE models, Möller and his colleagues tried 

looking at the averages of user judgements and how well models predicted these averages, 

rather than the usual approach of focusing on the prediction of individual responses 

(Engelbrecht and Möller, 2007; Möller et al., 2008). This new approach may be applied to the 

comparison of  iff r nt  xp rim ntal con itions ( .g., in th  t sts carri   out in Möll r’s 

research group, different levels of ASR performance). It was found that the averages for the 

predicted values of overall quality (a single item) did have similar discriminative sensitivity 

between experimental contrast conditions with regard to the real data, i.e., the real and predicted 

mean overall quality patterns obtained were similar enough to allow extracting similar 

qualitative conclusions from them –such as which values of the contrast variables work well and 

which are unacceptable in terms of average user satisfaction. This was true even following the 

leave-one-out method of deriving an instance of a prediction model for each test user, leaving 

out this us r’s r spons s (this is  on  to minimally r s mbl  th  pr  iction for  ata that wasn’t 

used in the generation of the model, and indeed the results obtained for R
2
s tend to be much 

poorer than with models derived from the complete test-data set (Möller et al., 2008)). 

Therefore, the researchers propose, PARADISE models can be used with greater accuracy than 

their typical R
2
 values suggest. This observation, the researchers continue, may have a 
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theoretical basis if we consider that R
2
 values are the result of individual, case-wise comparisons 

of real and predicted values of the dependent variable, but that with subjective tests what is 

usually  xamin   is th  av rag , or ‘ov rall  istribution’ for  ach qu stionnair  it m. Th  

authors remind us that the purpose and method of subjective measurement is to pool responses 

from respondents and often also over multiple questionnaire items (forming scales) to overcome 

the problem of inter-subject variability in interpretation and rating behaviour (which lead to 

measurement errors). Relying on variance prediction (R
2
), on the other hand, may be focusing 

on an inappropriat  l v l of   tail. Th  math matical prop rti s of this “av raging” approach 

should be looked into, however. The author of this Thesis suspects the methodological 

foundation may be weak. It may be only natural that average predicted scores from a model are 

close to the averages found in the actual data for the target variable (even for the leave-one-out 

variant), since the model parameters in linear regression are calculated precisely to fit the entire 

data set as closely as possible. The real test would be to observe the results with new sets of 

data, not with the training data. 

5.2.4.3 Critical assessment 

It may be concluded that PARADISE has not (yet) lived up to its promise. Perhaps the modest 

results in practice are to be expected, if criticism of the approach is heeded. The first problem is 

with the independent variables, which it is reasonable to believe do not cover all aspects that 

influence user satisfaction, such as aspects that do not leave an observable trace, for instance 

whether relevant needs of the users were satisfied in the course of their interaction with the 

system (Dybkjær et al., 2004). Also, it was mentioned earlier that user satisfaction is not 

necessarily determined by task success rates, although this criticism may not be particularly 

damning of the approach, since, if this were the case, in principle it could be accommodated in a 

model through a low α coefficient for κ. 

Much more fundamental criticism may be levelled at the dependent variable: user 

satisfaction. The proponents of PARADISE at most provide a small list of questionnaire items 

 rawing from th  sort of ‘on -off’ arbitrary approach s commonly foun  in th   arly speech 

system evaluation literature (as Hone and Graham (2001) observe), and then it is suggested (and 

the common method seems to be this) that the responses be averaged over all of them (Dybkjær 

et al., 2004). However, this method does not produce a recognisable, much less validated, 

subjective scale. In other words, the user satisfaction variable proposed in the PARADISE 

approach leaves the doors open to the development of models in which there is no guarantee 

that what is measured is an accurate, complete and valid measure of user satisfaction. The 

problem is exacerbated if we note that different users may have widely differing expectations of 

a system and may value different aspects (Dybkjær et al., 2004), although it could be argued 

that this is a difficulty inherent in any conceivable approach to subjective evaluation. This 

notwithstanding, the results obtained in the development of the SASSI tool suggest that 

trustworthy measurement instruments for user satisfaction with interactive systems with 

particular charact ristics n    to a  r ss various asp cts of th  us r’s  xp ri nc  (partly 

determined by these characteristics), something which cannot be achieved with general 

measures of user satisfaction such as are commonly proposed in studies following the 

PARADISE approach. 
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Möll r an  War ’s (   8) ‘fram work for mo  l-bas    valuation of SDSs’,  iscuss   

briefly above, seeks a way to reintroduce subjective dimensions in the model-driven prediction 

scheme, claiming that the PARADISE approach is fundamentally limited by aiming to ignore 

the poorly understood perception processes. PARADISE skips the central section of Möller and 

War ’s fram work  ntir ly, th  ‘p rc ption an  ju g m nt mo  l’ (s   S ction 5.2.3), which, if 

a  quat ly   v lop  , woul  allow th  pr  iction of ‘p rc ptual quality  im nsions’ (thos  that 

underlie the subjective factors measured with psychometric methods). In other words, 

PARADISE unduly ignor s th  us rs’ p rc ptual an  ju g m nt proc ss s. Möll r an  War ’s 

framework, however, may seem like a complicated way of saying simply that it is necessary to 

take into account not only objective parameters of the interaction, but also the subjective 

experience of the users, observed through their reactions, particularly those registered as 

questionnaire responses. This would mean that the premise upon which the PARADISE 

approach is articulated –that it may be possible to avoid the need to collect real user satisfaction 

measures by predicting them purely from objective performance parameters– is unrealistic. 

 

These problems and limitations notwithstanding, the PARADISE approach has been very 

influential. It may be noted that it played a major role in the DARPA Communicator project 

(see, e.g., Walker et al., 2002), which, with its aim to ‘support rapi    v lopm nt of multi-

modal speech- nabl    ialog syst ms with a vanc   conv rsational capabiliti s’ (ibid.), is 

considered a pioneer project with respect to evaluation, with its approach focusing on user 

satisfaction as the main goal (López-Cózar and Araki, 2005). 

5.3 Two general weaknesses of the previous analyses of 

perceived quality aspects of SDSs 

In previous sections we have seen that interaction with spoken dialogue systems has been 

studied in a variety of ways, from the purely instrumental to subjective analyses, combinations 

of both (e.g., PARADISE), and theoretical considerations regarding classifications of quality 

factors, aspects, features, and so on. Hopefully it has been made apparent that, beyond the 

limitations of the exposition here, the discussed approaches suffer from a number of 

fundamental problems. Of particular relevance to the discussion here are the lack of clarity and 

consistency of the concepts handled, and the lack of focus on the processes of perception and 

judgement in users. 

5.3.1 Conceptual clarity and consistency 

It has already been observed that the terms handled in the literature on evaluation tend to be 

defined with less clarity than could be desired. They are vague, loosely grounded in empirical 

knowledge, and they are used inconsistently. Some (at least apparent) incongruities may be 

found between different authors, regarding the way common concepts are used, combined or 
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classified, and if the scrutiny is close enough, they may be found even within the same paper. 

Examples include terms denoting observable interaction parameters related to parts of the 

system (e.g., speech input), parameters related to the dynamics of the interaction (e.g., dialogue 

smoothness), ease of use, satisfaction, and usability itself. 

Consi  r, for instanc , Möll r an  War ’s (   8)  iscussion on  valuation mo  ls, abov . 

O  ly, th  authors say that us r satisfaction is ‘influ nc   by th  usability of th  system, and 

also by other (e.g. hedonic) aspects like comfort, joy-of-us , fashion,  tc.’ Th r  s  ms to b , 

here, a conflation of two notions of usability: one that defines it as being composed of the three 

dimensions identified in the ISO 9241-11 (1998) definition, which includes user satisfaction, 

and the second taking user satisfaction to be a separate entity that can be influenced by usability. 

In the latter interpretation, usability might then be understood as something that comprises 

effectiveness, efficiency, and perhaps other things such as ease of use. These aspects would 

then, according to the statement, have an effect on user satisfaction, which is also affected by 

other considerations, such as the hedonic ones mentioned. 

Another interesting obs rvation is that th  conc ptual structur  propos   in Möll r’s (    ) 

taxonomy of quality aspects contrasts with the meanings given by Dybkjær et al. (2004): 

 

‘It is a w ll-recognised fact that too little is known about how to predict overall 

user satisfaction, i.e. how users will receive a particular SLDS. Some would argue 

that, from a practical standpoint, usability boils down to what users like and prefer 

although user satisfaction and usability is not one and the same thing. Others would 

argue that, since they are not identical, the field would do better to keep them 

separate. One reason why usability and user satisfaction are different quantities is 

that the latter is very much a function of a constantly changing environment of 

product availability, cost, and competing technologies, whereas the former is a 

constant which   p n s on human natur .’ 

 

So, for Dybkjær and Bernsen the combination of a variety of cost/benefit factors defines the 

user satisfaction category, whereas for Möller these considerations are combined in another 

cat gory call   ‘utility’ with a us r satisfaction bas    ss ntially on usability. Th r  s  ms to b  

no justification, on either part, for these conceptual structures and corresponding terminological 

choices, beyond scant, partial and weak references to theoretical approaches found in the 

literature, and personal practical experience and intuition. 

5.3.2 Disconnect with “real” perceptual categories 

The second major shortcoming of the evaluation approaches described is the apparent lack of 

attention to the processes that actually govern perception and judgement, and how the categories 

involved in these may be related to the system- and interaction-related categories identified in 

those theories, models and taxonomies. This is reflected in the confusion that can be found (not 

only in the form of inconsistencies between studies, but also within single studies) as to what 

quality perception implications a particular parameter has, and where in the general scheme of 

parameters proposed does the aspect in question apply. We have seen, for instance, that in 



Evaluation of th  us rs’  xp ri nc  with HMI 

 

 

109 

 

Möll r’s own taxonomy of quality asp cts th r  is consi  rabl  ov rlap in quality f atur s in 

various areas of the framework. This suggests that other levels of user experience-related 

aspects are being considered, perhaps implicitly, and instead of their intersections with, or their 

effects on, different parts of the postulated quality-related categories in the taxonomy, it would 

be wiser to envisage a structure in which these objects, the aspects of which are now being 

i  ntifi   all ov r Möll r’s an  oth r authors’ taxonomi s, coul  fin  th ir “natural” plac . In 

any case, the performance or perceived quality categories in most classifications are derived 

from theory, or in some cases, it would seem, simply from common sense. 

If the classifications of quality- or acceptability-related aspects aim to focus truly on the 

us r’s  xp ri nc , it woul  b  goo  to b  abl  to   riv  cat gori s that hav  a mor  p rc ptual 

basis, or that are supported by empirical evidence. Certain studies, including, as we have seen, 

Möll r’s an  Hon  an  Graham’s (    ) SASSI, in which ‘p rc ptual quality  im nsions’ 

(Möller et al., 2007) have been extracted with multidimensional analyses (mainly principal 

component analysis), are a step in this direction, as was TAM regarding psychological 

motivation to use technology in general. This is encouraging, in spite of the terminological 

confusion and inconsistencies, many of which arise because of the inherent difficulty of the 

process of interpreting the meaning of the statistical dimensions observed, and because of the 

weakness of the scientific foundations that are in place to connect them with actual 

psychological dimensions.  

In any case, little seems to have been achieved beyond this descriptive effort regarding the 

sort of categories involved in user perception and evaluation (quality judgement) processes. 

Tru , th  taxonomi s (or  l m nts of th m conn ct   with “p rc ptual quality  im nsions”) 

have then been used as a basis for predictive analyses, in particular using PARADISE. 

However, these approaches are overambitious, as indeed empirical results concerning the 

predictive power of the models derived with these methods suggest. But they are overambitious 

not only because they aim to predict an overall user satisfaction judgment
31

 from purely 

objective, operational, automatically extracted interaction parameters, many of which have to do 

with the functioning of elements of the system that the average user presumably has no 

conception of as such
32

, and more importantly, they attempt to do so obviating all subjective 

judgements and insights from the users. These approaches are also overambitious in the sense 

that they are overstretched, since no consideration is given to the underlying structure of quality 

perception-related categories and their interrelations. These do not necessarily follow 

conceptual, system element-inspired categories very neatly, however. In the prediction models 

produced, the categories (model variables) considered are typically included without much 

theoretical basis for their presence and their interrelations. 

 

The weaknesses just discussed not only make it difficult to compare different contributions 

an  to l t th m buil  off  ach oth r’s strengths, but they may also undermine to some extent the 

validity of individual approaches, and they make it difficult to interpret theoretical 

considerations and empirical results alike. They are both a hindrance to progress and a sign that 

                                                      
31

 Although, as was observed earlier, no valid and comprehensive scale for user satisfaction with HMI 

systems has been developed yet. 
32

 Reproducing th  us r’s m ntal mo  l of th  syst m might be a desirable quality of a subjective 

evaluation model, although perhaps it is not necessary. 
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the field is still in an early phase of searching for, and giving shape to, the concepts that are 

relevant to it. The road ahead is likely a long and uncertain one, since it is a multidisciplinary 

field the contributing sciences of which, most notably psychology, are still far from 

understanding the basic dimensions and processes involved in the appraisal (perception and 

subjective judgement) of interaction with other agents –be they other people or, especially, 

machines–. Hon  an  Graham’s (   1) call for a sci ntifically sound, solid and methodical 

approach to the definition of perceptual categories causally related to choices of use, and the 

discovery of the mechanisms by which they are connected with design-related aspects of 

interactive systems, still remains fully applicable. It is hoped that the ideas and findings 

presented in Chapters 6 and 7 may be regarded as a modest contribution to this pursuit.
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6  

 

 

A foundation for the evaluation of 

advanced HMI systems 
 

 

 

 

 

 

The concluding section of Chapter 5 drew attention to a certain vagueness and inconsistency 

with which th  conj ctur   conc pts r lat   to us rs’ appraisal of th  qualiti s of syst ms 

featuring spoken interaction have been handled in the literature. The standpoint taken in this 

Thesis is that, at the present stage of development of this multidisciplinary field of HMI design 

and evaluation, it is prudent to take a step back with regard to its theoretical underpinnings, 

leaving in the background as much as possible of the conceptual and terminological confusion 

that has arisen from attempting to pursue more detail than current knowledge and available 

methods of observation and analysis would allow. This step back, not in the sense of ignoring 

any recent useful contributions, but in elevating the viewpoint to extract essential 

commonalities, involves striving to establish a foundation of the basic elements with which we 

may have sufficient confidence, and from which to further explore all the relevant aspects of 

quality and user perceptions. 

The foundation consists in a small set of broad classes (or categories) of subjective quality 

evaluation aspects (subjective in the sense that the point of view is how the user perceives and 

judges them). A subjective quality evaluation framework (SQEF), which gives structure to the 

set of classes of subjective aspects subject to user appraisal, is proposed in Section 6.1. To 

reiterate, it is a framework of basic cat gori s r lat   to th  us rs’ appraisal of th ir  xp ri nc  

with HMI systems, that is, user perceptions possibly complemented with an element of 

judgement (i.e. perceived quality). The categories considered are based on the more common 

concepts found in the literature that are supported by solidly established knowledge. 
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Taking this conceptual framework as a reference, aspects potentially subject to user 

perceptions and judgements of speech-based HMI systems will be explored. The aim of this 

approach is to shed light on the structure of quality perception categories relevant to speech-

based HMI and their relation to system qualities that are susceptible to being perceived by users. 

It should also provide a workable structure on which to propose and test models that relate a 

variety of quality-related parameters. We will present, in Chapter 7, empirical evidence that the 

classes in our quality evaluation framework are interrelated in much the same way as the 

elements in the Technology Acceptance Model (described in Section 5.1.2), with the addition of 

a new class of technology rejection factors (described below, in Section 6.1.3.1) which, taking 

inspiration from the proposal in Bagozzi (2007) discussed in the earlier Section on TAM, reflect 

self-regulatory attitudes intervening between behavioural intention and its antecedents. 

The Subjective Quality Evaluation Framework is not intended to replace previous 

evaluation approaches for speech-based HMI systems. In fact, the Technology Acceptance 

Mo  l can b  accommo at   in th  SQEF, as can Hon  an  Graham’s (    ) SASSI tool an  

the other main precedents in the literature on HMI evaluation discussed in Chapter 5. This is 

necessarily so, if the SQEF is well thought out, since the structure is the result of a distillation of 

the general categories that can be recognised behind the aspects covered in these major 

preceding evaluation approaches in the literature. The SQEF can also help to extend these 

previous evaluation approaches in an organised fashion, in order to facilitate the exploration of 

other aspects of system use, related either to the user (e.g., emotions, workload, etc.), the system 

(e.g., the tasks it is designed for) or the interaction (e.g., dialogue problems and added 

communication modalities). Rejection factors are a class of aspects not considered in these 

previous approaches to the subjective evaluation of technology use in general and speech-based 

HMI systems in particular. As such, their inclusion in the SQEF for such systems represents a 

major addition to said previous approaches. 

The subjective evaluation aspects for which particular extensions are explored in Section 

6.2 for the experimental system described in Section 4.3 (and tested in Chapter 7), either with 

regard to TAM or the dialogue system evaluation guidelines discussed in Chapter 5 (the SASSI 

and ITU-T Recommendation P.851 questionnaires), are the following: 

 Dialogue problems and perceived dialogue robustness (an aspect not addressed in the 

Technology Acceptance Model) 

 Embodied conversational agents (th  us r’s appraisal of their emotional and social 

qualities, and their effects) 

 Feelings and emotions felt by the users during the interaction 

 Elements associated with rejection of the system. 

Spoken interaction robustness, is an aspect not addressed in the Technology Acceptance 

Model. The study of the interaction of actual (according to objective performance parameters) 

and perceived dialogue robustness with the Technology Acceptance Model is a novel 

contribution of this Thesis. With regard to added interaction modalities, a similar questionnaire-

bas   approach to that of Hon  an  Graham’s with th ir SASSI fram work can b  follow   to 

extend its evaluation so that communication modalities other than speech can be taken into 
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consideration through the addition of appropriate questionnaire items.
33

 The same ideas can be 

further exploited to evaluate the effects of emotions displayed by the system and emotions felt 

by the users. Extended dialogue modalities and emotions are aspects that are combined when an 

emotionally expressive embodied conversational agent is in the interface, which also endows it 

with a social dimension –the presence of a human-like figure which can “p rsonify” th  

interface. 

Certain aspects relevant to evaluation endeavours are especially important in particular 

application domains. An interesting case in point is that of biometric interfaces, with which 

privacy and security concerns can be expected to be particularly poignant. The same method of 

extending questionnaires with appropriate items can be applied when considering the nature of 

the tasks that the system is designed to perform. Since one of the tasks in our experimental 

system involves secure access with biometric technology (more specifically, a speaker 

authentication system), this offers the opportunity to study privacy and security concerns as 

exemplars of rejection factors. The evaluation of the effects of rejection factors is presented in 

this Thesis as a novel contribution.  

6.1 A HMI Subjective Quality Evaluation Framework 

(SQEF) 

The first step in the research approach described here is to propose a core set of elements which 

it may be said with reasonable confidence underlie, or in some fundamental sense characterise 

or describe, user perceptions and judgements,
34

 that will provi   a basis to  valuat  th  us rs’ 

subjective experience with speech-based interactive systems. Such a foundation should allow 

the proposal and testing of models relating target variables, such as user acceptance of the 

technology, with identifiable system characteristics that may be subject to modification. 

From the literature review on subjective evaluation presented in Chapter 5, perhaps the 

most solid ground on which to tread for this purpose is the Technology Acceptance Model 

(presented in Section 5.1.2). TAM has the desirable property of being clear and simple. It places 

the focus of the evaluation on behavioural int ntion (mor  sp cifically, th  us rs’ s lf-predicted 

future intention-to-use the system), widely accepted as the main indicator of user acceptance 

( .g., r call Möll r’s taxonomy of quality-related aspects, in Section 5.2.3.1), maximising which 

is a major goal in the development of most technology. It also provides a first step toward 

learning about the structure of effects relating the predictors of behavioural intention: in the 

cours  of   v loping TAM it was shown that ‘p rc iv   us fuln ss’ (PU) an  ‘p rc iv    as  

of us ’ (PEU) ar  th  major  ir ct pr  ictors of futur  us  (‘b havioural int ntion’, or BI) of an 

                                                      
33

 The limited scope of the experiment described in this Thesis, in terms of number of test users, time and 

other resources, necessarily make the approach here considerably more modest than the one which led to 

the original SASSI proposal. Here we aspire simply to demonstrate its viability and potential virtues. 
34

 The perceptive reader will no doubt observe that this is a somewhat informal way to talk about 

psychological concepts. We must all bear with this limitation, as the author of this Thesis is not a 

psychologist but an engineer! It is hoped, nevertheless, that the discussion will yield useful enough 

insights to make it worthwhile. 



User Experience in Human-Technology Interaction 

 

 

114 

 

information technology tool, with ease of use operating primarily through the mediation of 

usefulness. Furthermore, the psychometric scales developed for perceived usefulness and 

perceived ease of use have been robustly validated (Davis and Venkatesh, 1996), and the model 

has been confirmed empirically in numerous experiments on information technology tools 

(King and He, 2006). The same cannot be said of any aspect covered in the main evaluation 

approaches proposed in the literature for speech-based interactive systems, discussed in Section 

5.2. However, as we will discuss next, the central elements of TAM, PEU, PU and BI, can be 

conceptually identified with elements considered in these more specific approaches to the 

evaluation of speech interaction technology. In fact, commonalities may be extracted, with 

many of the aspects identified lying well aligned with the broad categories of usefulness and 

ease of use, not only from such studies but also in the broader field of usability. 

For the reasons we have outlined, TAM will be taken as an evaluation reference for the 

approach presented in this Thesis. 

6.1.1 Usefulness, ease of use and annoyance/concern – background 

and justification 

We argued in Section 5.1.3 that, to some extent, the empirically derived TAM model was 

align   with th  constituting  l m nts of usability as   fin   by Ni ls n (1993). In Möll r’s 

(    ) ‘taxonomy of quality asp cts’ (s   S ction 5.2.3), utility is considered to be the sole 

direct aspect affecting acceptability, and being defined in terms of perceived helpfulness and 

‘valuability’, an  r lat   to p rc ptions of s rvic   ffici ncy an  costs, it seems to correspond 

w ll with p rc iv   us fuln ss in TAM. Furth rmor , Möll r’s utility is also aff ct  , accor ing 

to his taxonomy, by ‘us r satisfaction’, un  rstoo  as how subj ctiv ly pl asing th  us rs fin  

the system or the interaction (the focus of many of the more fundamental aspects in the 

taxonomy is vagu ), which in turn is  ir ctly aff ct   by ‘usability’, un  rstoo  mainly in t rms 

of ease of use. In sum, the causal chain suggested in TAM is approximately reproduced in 

Möll r’s taxonomy: 

 

(perceived) ease of use (PEU)    (perceived) usefulness (PU)    acceptability. 

 

Items related to usefulness and ease of use were prominent in the stronger factors revealed 

by the SASSI analysis by Hone and Graham (2000) (see Section 5.2.2). In particular, the factor 

th s  r s arch rs call   ‘Lik ability’ touch   a wi   vari ty of fun am ntal asp cts, among 

which were the two from TAM that now concern us. All of this theoretical and empirical 

background suggests it is reasonable to consider perceived usefulness and perceived ease of use 

as fundamental categories related to user perceptions and quality judgements, with which to 

frame subjective acceptability analysis for spoken dialogue systems. 

 

Th  SASSI analysis also r v al   an ‘annoyanc ’ factor r lat   to frustration an  n gativ  

feelings. Certain costs (or the perception thereof) and other issues such as social acceptability 

(cont mplat   in Ni ls n’s (1993) g neral conception of acceptability, as discussed in Section 

5.1), as well as fears and concerns, may also generate negative sentiments. In some contexts 
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th s  “n gativ ” factors can acquir  a c ntral rol . Such is th  cas  of biom tric auth ntication 

technologies, as we shall see shortly. 

It has been suggested that adequate contextualisation is needed to adapt TAM and make it 

useful for studying acceptance and actual use of specific information technology applications 

(e.g., Holden and Karsh (2010), for health care environments). TAM was developed for work 

environments, in which efficiency and improved performance with work-related tasks are likely 

to be dominant considerations for the users. For personal applications motivation to use may be 

determined more strongly by a broader range of factors and circumstances, with the nature of 

each particular application heightening the importance of some over others. In the case of 

security systems based on biometrics, for instance, privacy and security concerns may strongly 

impact p opl ’s willingn ss to us  th  t chnology (Sasse, 2005), and this should be reflected in 

user experience evaluation. Whether the intention-forming processes, and their connections to 

behavioural response (i.e., use of technology), are based on reason (agency), emotion, social 

conditioning, or have some other psychological justification,
35

 we will consider certain negative 

factors in similar fashion to Bagozzi’s (   7) s lf-regulation input, that is, as potential 

moderators of the positive influence of system quality appraisal on intention to use.  

In consequence, as anticipated in the introduction, in addition to perceived usefulness and 

ease of use (or th  broa  r cat gory of “lik ability”), in th  work pr s nt   in this Th sis a thir  

cat gory (or “class”) of subj ctiv   valuation factors will b  intro uc   to tak  into 

consideration these concerns and negative reactions to technology –speech-based interfaces in 

particular– of the kind that generated the annoyance factor in the SASSI analysis. These 

n gativ  factors, which w  call “r j ction factors”, will b    scrib   b low, in S ction 6.1.3.1. 

6.1.2 A note on terminology 

In this Thesis the discussion of subjective evaluation of speech-based interaction will revolve 

around a set of subjective entities. The terms used to refer to them are now clarified. 

 Variables/factors: Subjective variables may be either individual questionnaire items, 

or they may be compound variables, or factors, that are a combination (e.g., the mean) 

of several items.  

 Classes (or categories): Subjective variables will be sorted into different broad classes, 

depending on the feature they focus on. In the following subsection we introduce a 

framework made of the subjective classes that will be considered in the Thesis. We 

postulate that the subjective classes are characterised by properties shared by the 

variables within them. For instance, class membership of a particular set of variables 

may determine the sort of relationships that may exist between them, and the place of 

each in those relationships. More generally, class membership may determine how the 

variable in question behaves. For instance, if, as suggested above, rejection factors act 

as self-regulatory moderators between system quality appraisal and intention to use, 

                                                      
35

 Again (see footnote 24 on page 90), it is beyond the scope of this Thesis to go too deeply into the 

complex debates in psychology over these notions. 
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then we may expect privacy concerns to have this moderation effect as well, since they 

are a kind of rejection factor (see Section 6.1.3.1). 

 Dimensions: The framework of classes introduced in Sections 6.1.3 and 6.1.4 is built 

in two dimensions. The first (or horizontal) dimension (Section 6.1.3) defines the 

general kinds of classes considered. As we will see shortly, these are likeability, 

usefulness, rejection and acceptance. The second (or vertical) dimension (Section 

6.1.4) defines the aspect of the system or the system-user interaction that is in focus. 

We will consider three major levels of focus: the interface, the task and a general or 

“syst mic” l v l. Thus, w  may sp ak of th  int rfac  lik ability class, th  task 

rejection class, etc. 

Subjective aspects may be any of the above, depending on the context. Notwithstanding the 

definition just given for dimension, this term will not be needed often with this meaning. On the 

other hand, occasionally we will refer to compound variables informally as subjective 

dimensions. This is also true of subjective variables that cover all the main items considered to 

belong to a particular class (e.g., the general/system likeability class). The term class is reserved 

for the concept. When an experimental variable is computed covering all or most items 

belonging to a class, this is a compound variable and may be referred to as a subjective 

dimension (e.g. the general likeability dimension). It is hoped that the context of use, and the 

usage notes given here, will sufficiently clarify the intended meaning in every case. 

6.1.3 Class structure 

Figure 20 shows the basic elements of the proposed user acceptance-oriented HMI quality 

evaluation framework (or SQEF).
36

 Based on the foregoing discussion, user acceptance, we 

posit, is influenced by three major classes of subjective variables: 

 Usefulness (as perceived by the user): This class involves all aspects relating to how 

well the user believes the system is suited to the pursuit of the goals she would expect 

or want to achieve by using it. It includes aspects of efficiency and effectiveness as 

cov r   also in TAM’s p rc iv   us fuln ss scal . To  valuat  a  ialogu  syst m a 

relevant question would be, for instance, how well users believe the system understands 

them; and for a voice authentication system, how well users believe the system can 

recognize them. Unless otherwise clarified or obvious in the context, in this Thesis the 

t rm “Us fuln ss” will r f r to th  pr s nt   finition of a broa  class of subj ctiv  

factors, while reserving the term “P rc iv   Us fuln ss” (PU) for th  som what 

narrower factor defined in TAM.
37

 

                                                      
36

 Note that this is not a model relating quality parameters. However, we do hope that this conceptual 

structure will prove useful for proposing and testing such models (serving as a sort of frame for 

modeling). 
37

 Obviously, both concepts cover aspects of perceived usefulness, but to avoid confusion we prefer to 

preserve for precisely this denomination (or its acronym, PU) its original denotation of a factor in TAM, 

and at the same time not relinquish the noun that best describes our general category of subjective factors. 

Thus, we refer to our class,   fin   abov , as “p rc ption of us fuln ss”, or simply “us fuln ss”. W  ar  
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 Likeability: This class includes all factors that have to do with the experience of using 

the system (rather than the practical goals covered under usefulness). For instance, 

usability-related factors such as pleasantness, dialogue clarity, and ease of use, as well 

as emotions and other sensations. It is a broad category that corresponds mainly with the 

factor of the same name resulting from the SASSI analysis in Hone and Graham (2000), 

although the part of the SASSI likeability that touches on efficiency and usefulness is 

left out, as it is covered in our usefulness class, above. This likeability class includes the 

aspects of perceived ease of use (PEU) considered in TAM. 

 Rejection: This class covers the concerns and general negative reactions users may 

have with the system. This is the main novelty in the proposed evaluation framework of 

quality aspects. Rejection factors are explained in detail, and the reasons for their 

consideration substantiated, in a separate subsection below. 

Us r acc ptanc  (or “acc ptability”), as   scrib   broa ly in Chapt r 5, is, of course, a 

fourth class, the estimation or prediction of which will be the object of most evaluation studies. 

 

 

 
Figure 20. User acceptance-oriented HMI Subjective Quality Evaluation Framework: quality-related 

aspect classes. 

 

 

When TAM was developed, perceived usefulness was found to be the most important and 

direct predictor of behavioural intention (i.e., self-predicted intention-to-use). As we shall see in 

Chapter 7, we have found this is also true in our user tests. Furthermore, the same pattern 

appears regarding our slightly more general categories, Usefulness and Acceptability. This 

particular relevance of the Perception of Usefulness class is reflected in its larger presence in the 

subjective factor class structure diagrams in Figure 20 and Figure 21. 

                                                                                                                                                            
confident that the fact that in the latter case the adjective that qualifies the usefulness as subjective is only 

implied will not cause confusion in the reader (we never speak of objective usefulness). 
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Factors in each of these classes may affect factors in the other classes, as suggested by the 

arrows in Figure 20 and Figure 21. Figure 20 also shows an example of intra-class relationship: 

one aspect of user perception of usefulness has to do with the needs the user perceives she has 

and her expectations regarding the extent to which the system will fulfil them. Both of these 

factors are qualified (as shown by the white double-h a    arrow) by th  syst m’s capabiliti s 

as s  n by th  us r, an  th  figur  illustrat s (th  curv   gr  n arrow from “usag ”) th  

possibility that these elements and their interrelations may evolve in time through usage 

experience. 

6.1.3.1 Rejection factors 

Rejection factors are qualitatively different from those in the other two categories, usefulness 

an  lik ability. Whil  in th s  th  us r’s r spons  may hav  a positive or a negative valence 

(they may like or dislike something, say the interface aesthetics, or they may find a feature 

useful or unuseful – in other words, a hindrance), rejection factors can only be negative. The 

strength of the rejection may vary, but its valance will always be negative, detracting from 

acceptability. Costs as understood in the PARADISE approach, for instance, are different: costs 

per se can be thought of in terms of negative valuations of relevant aspects, such as efficiency, 

and may have a corresponding effect on overall satisfaction; on the other hand, rejection in the 

sense here proposed is a reaction that causes willingness-to-use to drop directly, and thus we 

will assume it is more closely related to user acceptance. Whereas a consideration regarding 

performance quality may influence user acceptance negatively (e.g., because it is seen as an 

efficiency cost),
38

 we will regard as a rejection factor that can only reduce acceptability and is 

not itself a performance quality factor or any other system characteristic.
39

 That is, rejection 

factors are subjective reactions that contribute to lowering willingness-to-use because of 

perceived negative consequences or associations of the system or the task it is designed to 

perform, and not directly because of how well or how easily it is seen to perform it.
40

 

It is therefore conceivable that when rejection elements are present they may affect user 

acceptance in a different way from how negative values on likeability factors, such as ease of 

use, do. This provides one reason to study them separately (apart from the considerations based 

on Ang la Sass ’s work,  iscuss   b low). H r  w  focus on c rtain asp cts of privacy and 

security that are important in secure access systems, as they may cause rejection in users; 

namely, fear that unauthorized people may manage to access the system, fear that the biometric 

data may be misused, feeling observed and concerns about impersonation. We now give a brief 

overview of the work of Angela Sasse in this area, which provides the best background to the 

consideration of fears and concerns in the evaluation of biometric technologies. 

                                                      
38

 Again, note that a better opinion of the same performance-related aspect could transform its being 

perceived as a cost, and have a positive influence on overall satisfaction and consequently acceptance. In 

this sense, therefore, factors that can be seen as usage costs are qualitatively different from rejection 

factors (which can never contribute positively to acceptance). 
39

 Though it may be related to one. For instance, it is likely that an apparent high false-acceptance rate for 

a biometric system, which is an objective performance parameter for such systems, would cause users to 

be concerned about the risk of having impostors break in, which concern would have a negative impact 

on their acceptance of the system. 
40

 Unless poor performance may be connected to such concerns (see note 39). 
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Considerations for the evaluation of biometric technology 

When studying biometric technologies, it seems reasonable to assume that security and usability 

are closely connected (Hernández Trapote, 2011). Angela Sasse, a leading expert in human 

factors applied to security interfaces, has proposed a taxonomy (of sorts) of usability aspects,
41

 

its main components being performance (which covers effectiveness and efficiency), user 

satisfaction, and costs (Sasse, 2005). Costs include physical and mental effort, stress and 

concern for safety of use. The fact that a category of costs is identified as an independent aspect 

is interesting since it extends the approaches discussed thus far. Related to user satisfaction, in 

Sass ’s vi w, ar  subj ctiv  sp    to carry out th  task,  as  of us , comfort with th  

technology, and a set of other subjective factors connected to willingness to use. These last 

factors can be either positive, such as perceived increase in security (by using a biometric 

system), while others have a negative quality. The negative factors include concern over 

physical integrity (e.g., fear that using the system will hurt the person in some way) and security 

concerns stemming, for instance, from doubts in the reliability of the service (and as a result the 

fear of the consequences of poor reliability, such as, having identities mistaken or leaks of 

private data). Note that this reliability of service is different from the task reliability that 

commonly appears as a relevant subjective evaluation aspect for HMI systems. The latter is 

purely experienced as how facilitating or impeding the technology in question is for leading the 

task to its successful conclusion, and how much the user trusts the result obtained. As such, it 

may aff ct th  us r’s ju g m nt of how us ful th  syst m is. Conc rn ov r th  r liability of a 

biometric system, however, is about more than just perceived usefulness. Quite apart from how 

much the user trusts that the transaction with the system gives a correct result, the concern is 

that faults may lead to pernicious consequences that have nothing to do with the task itself that 

the user performs, consequences such as the granting of access to impostors, identity theft or the 

 iss mination of privat   ata (such as th  us r’s biom tric traits). Such conc rns, it is 

reasonable to posit, as Sasse does, affect the acceptance of a system directly, and not merely as a 

consequence of a perceived diminution of usefulness. In other words, they may cause users to 

reject the technology. This is an important conjecture. One of the central objectives of the 

experimental study presented in Chapter 7 is to find evidence of the effect of security and 

privacy concerns on user acceptance and on the perception of usefulness of an automated tool 

accessed through a biometric technology, and to shed light on how these factors are related. 

6.1.4 Loci of perception: The multi-layered SQEF 

We now turn to the vertical dimension of the Subjective Quality Evaluation Framework. This 

dimension determines the different aspects of the system or the system-user interaction that may 

be in focus when considering any of the major classes defined in the previous subsection (i.e., 

the horizontal elements of the SQEF: likeability, usefulness, rejection and acceptance). 

                                                      
41

 Again we encounter a different combination and interrelation of concepts and terminology: we will 

assume that when she speaks of usability Sasse is thinking of the idea of acceptability that has been 

favoured so far in this Thesis (although this assumption is to some extent speculative). 
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Overall user acceptance can be thought of as resulting from a process of appraisal based on 

various loci, or objects, of user perception (whether the user is aware of distinguishing each 

level or not). Each of these loci has a similar class structure (sharing some of the elements 

contained in the classes), and so they can be represented by levels, or layers, in which this 

structure is reproduced (i.e., in addition to the horizontal dimension, the SQEF is given a 

vertical dimension). Let us explain this idea and what motivates it in a little more detail.  

6.1.4.1 Motivation 

We believe that some of the confusion that was observed earlier in the literature of models and 

taxonomies may be accentuated by the fact that these have a flat structure: all of their elements 

are interrelated on the same plane. Consequently, different aspects of efficiency, naturalness, 

ease, etc., appear distributed in different places, confusing how they may be related to the more 

important factors of usefulness and acceptance. The identification of three major categories of 

user perception/judgement-related aspects could exacerbate the problem, when specifying the 

relationships of all factors to these general categories. Furthermore, depending on the aspect of 

system usage in focus, one factor may align more naturally with one category or other. For 

instance, certain errors (e.g., in spoken interaction, non-understandings that lead to repetitions or 

other unwanted extra dialogue turn cycles) may be analysed as an efficiency problem not great 

enough to be related to a judgement of usefulness, but affecting more notably the perception of 

ease or comfort of using the system, which are aspects related to what we have called 

likeability. In contrast, other errors, or perhaps even other consequences of the same kinds of 

error (e.g., if a string of non-understandings leads a user to give up on the task) may be better 

thought of as a cost of using the system (continuing with the example, part of this cost would be 

the time wasted in the portion of attempts to use the system that end in failure), related in this 

case more closely to judgements of usefulness, or even rejection. 

The relevance of distinguishing levels of focus is revealed more clearly by the concerns 

identified by Sasse (2005) for biometric systems (as discussed above). Some fears or concerns 

hav  to  o with th  task its lf, an  may l a  to us rs’ r j ction of the technology through their 

rejection of the task it is designed to perform. Other concerns, in contrast, may be connected to 

the way the task is carried out, either for what the system is perceived to do or for what the 

interaction design demands from the user, which might involve aspects of judgement regarding 

the interface, or perhaps for some other reason. It may be useful, then, to separate the analysis 

conceptually according to these different spheres of focus, such as task or interface. 

In particular, the nature of the task is a level of analysis that is mostly missing from the 

evaluation approaches discussed thus far. The SASSI tool and ITU Recommendation P.851, 

which focus on asp cts of th  spok n int raction an  th  us r’s r actions to it, conceivably may 

be applied to different systems designed for different tasks, and then results may be compared. 

How v r, no sp cific  im nsions ar  cont mplat   to account for asp cts of th  us rs’ 

experience with the system that are connected to the nature of the task and how well suited are 

the means the system offers to perform it (including, centrally, the interface).  

Explicitly separating the different aspects of the system that are discernible to user 

perception may help to better organise the corresponding subjective factors that are the object of 
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study, and to better understand the relationships that may be found between them. For these 

purposes we propose introducing a vertical dimension into the SQEF. 

6.1.4.2 Incorporating the vertical dimension into the SQEF 

The resulting layered structure of the quality aspect framework arises, therefore, from 

considering two conceptually orthogonal dimensions
42

: the basic classes of variables affecting 

user acceptance, and the focus of analysis (based either on system characteristics or on the 

 iff r nt  ntiti s  isc rnibl  to th  us rs’ p rc ption). G n ral acc ptability  m rg s from th  

top of th  r sulting “tow r” of perceived quality-related aspects. 

Here the simplest such multi-layered structure of basic evaluation aspects is proposed. The 

layers it distinguishes are the following: a global system-assessment layer, a task-related or goal 

layer (the function that the system or its various elements are designed to perform), and finally 

th r  is an “int raction-through-int rfac ” lay r,   aling with how things ar  pr s nt   to th  

user and how the user is expected to handle the system in order to achieve the desired goals (the 

layer is named this way to include explicitly both physical aspects of the interface and dynamic 

aspects of the interaction process; that is, the focus may be either on elements of the interface 

itself or on the interaction facilitated by the interface). Figure 21 represents the layered scheme 

for the SQEF. The task layer shown is composed of two sub-layers, one for each of the tasks, 

biometric access and remote domotic control, of the experimental system described in Section 

4.3 and studied experimentally in Chapter 7.
43

 It is, of course, possible to conceive further 

layers, such as, for instance, a layer focusing on social interactions –mediated by use of the 

tool– or the general social context.
44

 General acceptability is represented in the figure as the 

golden slab on top of the tower of perceived quality aspects (the SQEF).  

As Figure 21 reflects, based on the discussion above providing a justification of the layered 

framework structur , it is r asonabl  to b li v  that th r  may b  quality asp cts (lik  “Asp ct 

X” in th  figur ) that hav  th ir count rpart on  v ry p rc ption l v l, all influ ncing  ach other 

and affecting the overall counterpart. For instance, an aspect of the interface that is seen as 

useful may reasonably affect the perceived usefulness of the task and the system as a whole. 

There may also be aspects influencing others on different levels that belong to a different class 

(such as task-r lat   lik ability “Asp ct Y”, in th  figur , which aff cts us fuln ss “Asp ct X” 

at the overall system evaluation level). For example, it is quite conceivable that an aspect of the 

task the system is designed to perform, an aspect which the user feels makes the task easy, will 

not only have an effect on the perceived usefulness of the task, but that it may also affect the 

us r’s opinion of th  us fuln ss of th  syst m as a whol . 

 

                                                      
42

 Though not necessarily perceptually orthogonal. This conjecture would have to be shaped into precise 

theoretical hypotheses to be tested empirically. 
43

 Our interface layer, in both cases (the biometric and the domotic tasks), corresponds either to the 

Voice-only interaction experimental condition or to the ECA experimental condition, which are compared 

in Appendix C. 
44

 Although context in general might perhaps be better understood as a set of forces external to the 

structure, permeating the elements on its different layers. 
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Figure 21. Layered quality-aspect structure (the Subjective Quality Evaluation Framework), corresponding to the 

main system elements distinguishable to user perception for the system described in Section 4.3 and tested in Chapter 
7. (The interface may be either the ECA or voice-only interaction, depending on the experimental group.) 

 

 

In the quality aspect framework there may be hybrid aspects overlapping the borders of two 

(or, conceivably, more) basic categories (among usefulness, likeability, rejection). This, 

moreover, may happen for a particular quality aspect at one level of user perception focus but 

not at others, and the levels at which that aspect manifests itself will generally depend on the 

task at hand and the context of the interaction. For instance, in a biometric application, privacy 

concerns, which we would classify in the rejection category, will presumably overlap usefulness 

at the task level, and will also be connected intimately with overall acceptance. However, for 

applications in which personal information is not the main focus, privacy concerns should not 
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be observable at the task level, though perhaps they are at the interface level, and it would be 

interesting to see the effect they may have on overall acceptance. 

6.2 Extensions to previous evaluation approaches for 

speech-based systems 

It was remarked in the introduction that the purpose of the evaluation framework (the SQEF) 

introduced in Section 6.1 is not to replace previous subjective evaluation approaches, but to 

provide a foundation –a common denominator of sorts– in which to integrate previous 

influential subjective evaluation approaches, and from which to explore variants, 

particularisations and new elements. The work presented in this Thesis explores four notable 

aspects of the evaluation of speech-based systems not considered in the Technology Acceptance 

Model (TAM) nor in the two most relevant evaluation approaches discussed in Section 5.2, 

Hon  an  Graham’s SASSI tool an  th  ITU-T P.851 Recommendation as adapted by Möller 

for the subjective evaluation of specific task-based dialogue systems (see Section 5.2.3.3). The 

four aspects in question are: interaction fluency problems, a visual element in the form of a 

human-looking animated figure (an ECA), rejection factors (as defined in Section 6.1.3.1) and 

us r f  lings an   motions (“aff ct”). Th s  ar  all promin nt asp cts of th   xp rim ntal 

system on which the tests described in Chapter 7 were performed. For this reason the 

aforementioned evaluation approaches were complemented or extended accordingly to address 

these particular aspects. 

6.2.1 Subjective evaluation of interaction problems and robustness 

Interaction problems with speech-based systems were discussed in Section 2.4. Their evaluation 

from the subjective point of view of the user has been considered to some extent in Hone and 

Graham’s (s   S ction 5.2.2) an  Möll r’s (S ction 5.2.3) work, by including in the respective 

questionnaires items on the abundance of errors and the ease of recovery from them. The work 

presented in this Thesis builds on this precedent by recognising the central importance of 

int raction probl ms an  robustn ss both in t rms of th  us rs’ subj ctiv  appraisal an  of 

actual user-system interaction performance. Specific consideration of these aspects is made here 

to stu y how th y ar  r lat   to oth r asp cts of th  us rs’  xp rience with a dialogue-based 

interaction system. The combination of subjective and objective elements is reminiscent of the 

central idea of the PARADISE framework. 

Although TAM does not include in its scales (for perceived usefulness and perceived ease 

of use) items related to aspects of interaction problems and robustness, in the early stages of 

their development the scales did consider some such items. In particular, the initial scale for 

p rc iv    as  of us  inclu    th  it ms, ‘I make errors frequently when using [the system]’ 

an  ‘I find it easy to recover from errors encountered while using [the system]’ (Davis, 1989). 

However, these items were dropped after subjective semantic categorisation tests were 
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performed to refine the scales. It is worth noting here that the items mentioned focus on the 

agency of the user with regard to errors, hence their relation to perceived ease of use. The 

questionnaires that were developed for the user tests presented in this Thesis (collected in 

Appendix D) inclu   an it m from th  SASSI qu stionnair , ‘The system made many mistakes’, 

in which the agency lies in the system, i.e., the question is whether the system, not the user, 

makes many mistakes. We have deemed that in this case the conceptual connection is closer to 

system usefulness than to ease of use, particularly since the (spoken) interaction with the system 

is the central technological characteristic under evaluation. This will be of practical relevance 

when we develop an expanded scale for perceived usefulness adapted to the particular spoken 

interaction system evaluated in Chapter 7. 

6.2.2 Subjective evaluation of embodied conversational agents 

Extensions of the characteristics of spoken dialogue systems demand corresponding extensions 

of the evaluation tools. As anticipated in the introduction, the first and perhaps more obvious 

and methodologically straightforward extension to the evaluation of pure spoken dialogue 

systems is to consider conversational systems with added communication modalities. This 

Thesis will focus on the particular case of spoken interaction with an embodied conversational 

ag nt to r inforc  an  suppl m nt th  syst m’s spok n output (ECAs w r  intro uc   in 

Section 2.5). 

 There is as yet no established standard or commonly followed set of recommendations 

for the evaluation of multimodal dialogue systems (López Mencía, 2011). TAM being too 

generic in its focus (it being the broad scope of information technology), it offers little guidance 

for transitioning from the evaluation of interaction systems with different sets of characteristics. 

Having spoken of the PARADISE framework (in Section 5.2.4), it might be reasonable, if only 

for the sake of completeness, to mention here the existence of an initiative to extend 

PARADISE so that it may be applied to the evaluation of multimodal task-oriented dialogue 

systems. The initiative was called PROMISE, and it was proposed in the context of the 

SmartKom project, a project to develop a dialogue system with added gestural input and output 

(Beringer et al., 2002). PROMISE is based on the same ideas as PARADISE, basically 

expanding the costs considered, to take into account the multimodal characteristics of the 

syst m an  th  p culiariti s of coll cting compl x ‘information bits’ from mor  than a singl  

modality. Nevertheless, the same criticism can be leveled against PROMISE as has been done 

against PARADISE. Its main weakness is its failure to give adequate attention to the central part 

of the evaluation scheme: the subjective dimensions of user satisfaction. To this we now turn 

our attention. 

This extension of elements in the interface requires, for its evaluation, a corresponding 

extension in questionnaire categories. When Hone and Graham (2000) were developing the 

SASSI tool they explained that in order to arrive at an instrument that is complete, in the sense 

that it covers all relevant aspects of a us r’s  xp ri nc  int racting with th  syst m, futur  

developments would have to consider spoken output from the system, not just speech input from 

the user. The researchers were restricted to speech input in their study due to the fact that some 

of the interaction systems in the experiments from which the data were collected lacked spoken 
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output. An empirical approach to the extension would require testing questionnaire extensions 

covering the new aspects to be included –those related to spoken output in the case under 

consideration– a process involving initial item proposal and screening (of the semantic content), 

and refinement with psychometric techniques for the identification of factors and the definition 

of scales, followed by further empirical studies to establish the validity and reliability of the 

complete SASSI subjective measurement instrument. 

These final steps of development of the SASSI tool have yet to be taken, and they represent 

a major undertaking. It is, thus, certainly beyond the aspiration of the work presented in this 

Thesis to develop a fully mature instrument for the subjective assessment of dialogue systems 

extended even further to cover relevant aspects of the experience of interacting with a two-way 

spoken dialogue system featuring the visual presence of an animated, gesturing agent. The fact 

that an ECA is not merely an interface combining a visual and an acoustic modality but an agent 

whose presence may affect the interaction experience in more profound ways (e.g., with 

psychological and social effects), as discussed in Section 2.5.2, makes the evaluation design 

even more challenging. Nevertheless, following the general SASSI approach, what has been 

 on  is to consi  r asp cts of th  ECA that may hav  sp cific r l vanc  for th  us r’s 

experience, and to introduce questionnaire items to reflect said aspects. Most aspects of the 

multimodal interaction, however, will be adequately covered by more generally applicable 

categories that have already been proposed and to a certain extent established for spoken 

interaction. This simplifies the process of extension of the evaluation methods. 

 The rationale for this approach is given weight by findings in the field of modality 

theory. Bernsen and Dybkjær (1999) applied modality theory to published observations of 

unimodal and multimodal dialogue. They found that studies on spoken interaction systems 

ultimately relied on 18 basic modality properties, such as: ‘Arbitrary input/output mo aliti s 

impos  a l arning ov rh a  which incr as s with th  numb r of arbitrary it ms to b  l arn  ’, 

‘acoustic input/output mo aliti s ar  omni ir ctional’, th y ‘ o not r quir  limb (inclu ing 

haptic) or visual activity’, ‘synthetic speech output modalities, being less intelligible than 

natural sp  ch output, incr as  cognitiv  proc ssing loa ’, ‘Non-spontaneous speech input 

mo aliti s (isolat   wor s, conn ct   wor s) ar  unnatural an  a   cognitiv  proc ssing’, an  

‘Discours  input/output mo aliti s ar  situation   p n  nt’ (ibid.). Interestingly, Bernsen and 

Dybkjær observe that many of these modality properties are not exclusive to spoken interaction. 

Furthermore, an extensive review of multimodal studies revealed that in conjunction they were 

all based on no more than 25 modality properties, already including the 18 found for speech-

based systems. Therefore the unimodal studies needed to be extended only by seven non-speech 

properties to describe the findings reported in the studies of multimodal systems. Thus, it seems 

the evaluation of multimodal systems may need to be based on only a few extra properties 

beyond the speech-based ones. 

 Based on these observations, the approach taken in the work presented in this Thesis is 

the following: 

 To cover the general aspects recommended for spoken dialogue system evaluation 

contained the ITU-T Recommendation P.851, adapting them to the specificities of our 

experimental system; 
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 To draw questionnaire items as deemed appropriate from the SASSI tool (in its current 

stat  of   v lopm nt) as w ll as from Möll r’s qu stionnair  bas   on ITU-T Rec. 

P.851 and again an adaptation of SASSI itself; 

 To add subjective evaluation aspects deemed to be relevant given the presence of the 

ECA, with specific questionnaire items to be tested. The tests should be regarded as 

pr liminary with r gar  to th s  “ xt nsion” it ms. 

6.2.3 Evaluation of affect 

Certain aspects of ECA beyond multimodal interaction, particularly psychological effects 

brought about by the ECA’s g stur s, facial  xpr ssions or its m r  pr s nc  (s   S ction 

2.5.2), r quir  looking into asp cts r lat   to th  us r’s  motional  xp ri nc . This is anoth r 

dimension, or set of dimensions, overlooked by the original Technology Acceptance Model, 

although the original model and especially the revisions that came later do make reference to 

factors that may act as determinants of perceived ease of use and perceived usefulness, but 

particularly perceived ease of use (PEU). Among the determinants of PEU are self-efficacy and 

(computer) anxiety (Venkatesh, 2000). Self-efficacy is a construct in social cognitive theory 

(Compeau et al., 1999),   fin   as th  ‘Ju g m nt of on ’s ability to us  a t chnology’ 

(Venkatesh et al., 2003). Self-efficacy influences emotional reactions (Gist and Mitchell, 1992). 

We may therefore expect to find that emotions are determinants of PEU. 

The same approach as the one to extend previous evaluation tools to cover ECA 

charact ristics will b  appli   to r gist r th  us rs’  motional r spons s to th  int raction, or (to 

us  a slightly broa  r t rm to r f r mor  g n rally to f  lings) ‘aff ct’ (Hudlicka, 2003). In a 

sense, this is a relatively straightforward extension as items related to affect were already 

included in the SASSI questionnaire. In the exploratory factor analysis these items fell into the 

two factors nam   ‘cognitiv    man ’ (it ms “I f lt confi  nt”, “t ns ” an  “calm”) an  

‘annoyanc ’ (“Th  int raction … is r p titiv ”, “boring”, “irritating” an  “frustrating”). Picar  

(    ), l aning on th  work of Ekman, Damasio an  oth r psychologists, sp aks of ‘visc ral’ 

an  ‘cognitiv ’  motions, th  latt r  manating from a proc ss of cognitive appraisal. All of the 

 motions, or s nsations, or ‘s ntic’ it ms (Picard, 2000) in the SASSI questionnaire have a 

cognitive basis; they might be described as secondary; none refer to basic emotions such as 

those identified by Plutchik (1980): fear, anger, sorrow, joy, disgust, acceptance, anticipation, 

and surprise. Furthermore, it seems not unreasonable to argue that the cognitive element of 

thos  f  lings in th  cognitiv    man  factor in SASSI has to  o with th  us r’s confi  nc  in 

her own competence with the system, whereas those in the annoyance factor tap into possible 

negative reactions of users that result from uncomfortable levels of mental workload imposed 

by the task required of them or by the interaction with the system that is necessary to perform it. 

These two sentic dimensions were incorporated into our questionnaires. These were then 

compl m nt   with it ms to r gist r us rs’ s lf-appraisal of basic emotions, including 

happiness, anger, discouragement and surprise. They were chosen or adapted from among the 

more common and applicable emotions in the comparative study by Ortony and Turner (1990), 
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which gives an overview of the main taxonomies of emotions that have been proposed 

(inclu ing Plutchnik’s abov ). 

Some of the aspects of affect that are touched in the aforementioned research approaches 

(e.g., boredom, confusion and pleasantness) are also considered in the work of (Hassenzahl et 

al., 2000) to  stablish an  mpirically v rifiabl   istinction b tw  n ‘ergonomic quality asp cts’, 

which hav  to  o with th  ‘tra itional usability’ attribut s of  ff ctiv n ss an   ffici ncy
45

, and 

‘hedonic quality asp cts’, which ar  a  iv rs  assortm nt of qualiti s r lat   to th  subj ctiv  

experience of usage, such as originality, entertainment value, aesthetic value and in general such 

qualiti s as hav  to  o with th  pl asur  of us . Furth r it ms of th  “h  onic” kin , on 

motivation and encouragement to use, desirability (in terms of pros versus cons) and interest (as 

opposed to boredom), were added to our questionnaires. 

Finally, it is worth noting the work of Niculescu (2011), who propos   a ‘taxonomy of 

quality of conv rsational int raction’ inspir   mainly by Möll r’s taxonomy of quality asp cts 

(see Section 5.2.3) and by Hass nzahl’s abov m ntion   sch m , from which Nicul scu  r w 

th  notion of inclu ing h  onic  l m nts (alongsi   ‘pragmatic’ asp cts). In Nicul scu’s 

taxonomy th  h  onic asp cts inclu   ‘fun’ an  ‘comfort’, both of which ar  conn ct   to 

‘social skills’, and both of which are considered also in the subjective evaluation approach 

described in the present Thesis. Social skills include aspects of naturalness, which we have 

included in the shape of general items in our questionnaires, as well as personality, the 

 xpr ssion of  motions (or “ xpr ssiv n ss”), fri n lin ss an  humour, which w  hav  us   

only in relation to the ECA (in consideration of the discussion on the social dimension of ECAs, 

above). 

6.2.4 Evaluation of rejection 

Rejection factors as we have defined them (Section 6.1.3.1) are related to emotions, most clearly 

to fear, or at least a milder version: concern. It seems reasonable to suppose that some of these 

conc rns may b  in som  way r lat   to SASSI’s ‘annoyanc ’. This is sp culativ , how v r. In 

any case, it is interesting to take an empirical look at the question of whether rejection factors 

really do merit separate consideration on account of a hypothetically distinct behaviour with 

respect to the rest of the variables in the subjective/objective evaluation of interactive systems. 

More specifically, we may ask whether rejection factors have a moderating effect on the 

relationship between user acceptance and its possible predictors, so that they might cancel said 

acceptance when it might otherwise have existed. The inclusion of items to gauge reactions of 

aversion to the technology or its use on account of such concerns is the fourth extension to the 

evaluation methods, and it will be explored for the purposes that have just been expressed. We 

have focused on concerns of two kinds: security and privacy. 

                                                      
45

 As defined in the ISO Standard 9241-11, discussed in Section 5.1.3. 
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6.3 Summary of the evaluation approach 

In the introduction to this chapter we asserted the need to identify elements of subjective 

evaluation in which we have sufficient confidence. These elements that can be trusted prima 

facie (partly on the basis of the literature review) are on the one hand broad classes of subjective 

dimensions –usefulness, likeability and rejection factors–, and on the other the Technology 

Acceptance Model together with subjective assessment guidelines proposed in the literature for 

spoken interaction systems. For the previous subjective evaluation approaches we have explored 

extensions for the evaluation of advanced spoken Human-Machine Interaction systems to take 

into account the subjective appraisal of interaction robustness, the possible presence of 

embodied conversational agents, user feelings and emotions, and rejection factors (in particular, 

privacy and security concerns). 

In the following chapter the elements of this evaluation approach are tested empirically 

following an original statistical analysis methodology to identify subjective variables that may 

be related to user acceptance, and to analyse the nature and structure of their interrelations. 
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7  

 

 

A generalised Technology 

Acceptance Model with the SQEF 

classes 
 

 

As we saw in Chapter 5, the focus of the study of subjective evaluation, for interactive systems 

in particular, has been, first, to identify the subjective factors involved as well as the objective 

parameters they may be related to. To a large extent lacking in the literature are successful 

attempts to link behavioural intention (in particular, intention of future use of a system) with its 

possible predictors (subjective and objective). This is a serious gap in knowledge, since self-

predicted behavioural intention has been posited conceptually, and found in practice, to be 

intimately connected with user acceptance. Since maximising user acceptance is a major design 

goal, the study of its pr  ictors an  th ir int rr lations is c ntral to th   valuation of th  us r’s 

experience. The Technology Acceptance Model (TAM) constitutes a first general step in this 

direction. The main goal of this chapter is to adapt TAM to speech-based interactive systems, 

and to begin to extend it to investigate the role of further variables. 

The first concrete objective in the present chapter is to see if the central Technology 

Acceptance Model relationship could be corroborated for the experimental interactive system 

considered in this Thesis (the system was described in Section 4.3, and an overview of the 

experiment is given below, in Section 7.2). We will see that this is indeed the case (Section 7.3). 

The next step is to build on this finding and determine whether the extensions to the evaluation 

approaches laid out in Section 6.2 affect the way the fundamental variables in TAM are related. 

Various expansions of TAM are explored: expansions in the sense of added elements 

(subjective variables
46

) and also in the sense of generalisations of the fundamental TAM 

variables themselves. 

                                                      
46

 See the terminological clarification in Section 6.1.2. 
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A generalised TAM is proposed, in which compound variables representing three of the 

main classes in the Subjective Quality Evaluation Framework (SQEF) proposed in Section 6.1 

(likeability, usefulness and acceptance) are substituted for the original TAM variables 

(perceived ease of use, perceived usefulness and behavioural intention), of which the former are 

regarded as generalisations. We will see that this generalised TAM holds for our experimental 

data, in the sense that the relationships between the generalised fundamental dimensions are 

analogous to the relationships between the variables in the original Technology Acceptance 

Model. 

As regards expansions to TAM with added variables, we will examine whether the ECA 

alters the model in any way, and where emotions may lie in the scheme. A particularly 

important point to consider is the role of rejection factors (privacy and security concerns). When 

describing our subjective quality evaluation framework in Section 6.1 we introduced the idea of 

rejection factors, qualitatively different from the dimensions typically encountered in the 

interface usability literature, and we posited a moderating role of such factors on whatever 

relation may be established between the rest and overall user acceptance. It turns out that this 

relation, essentially the characteristic TAM relation, is indeed moderated by rejection factors. 

Peculiarities regarding the different tasks, biometrics (enrolment and verification) and domotics 

are also explored. 

7.1 Methods 

We propose an original analytical approach for the purpose of identifying subjective variables 

r l vant to th  us rs’ appraisal of th ir  xp ri nc  with a sp  ch-based interactive system, and 

studying the nature and structure of the relationships that may exist between these variables 

(also taking into consideration objective interaction performance). The approach combines 

several statistical techniques within the general linear model. There are four main steps: 

1. Identifying the relevant variables (drawing on structural equation models, factor 

analyses and internal consistency testing). 

2. Mapping the correlations between the variables considered. 

3. Studying plausible relationships based on said mappings (using regression-based 

techniques). 

4. Iterating the process to particularise the Technology Acceptance Model to the HMI 

system under consideration, to generalise its components to study analogous models 

with indicators of the general classes in the subjective quality evaluation framework 

(Section 6.1), and to extend the TAM-related analyses to consider the effects of further 

subjective and objective aspects (namely, objective interaction problems, perceived 

dialogue robustness, emotions, subjective appraisal of the embodied conversational 

agents, and privacy and security concerns). 
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7.1.1 Outline of the approach 

7.1.1.1 Identifying subjective variables 

Guided by theoretical considerations and empirical findings in the literature,
47

 subjective 

variables (single-item and compound –see Section 6.1.2) suspected to be particularly relevant 

are first identified and tested using structural equation modelling (SEM), principal component 

analysis and internal consistency testing (computation of Cronbach’s α).  

The dialogue system on which the user-centred experiment was performed was described 

in Section 4.3. An overview of the experiment itself is given below, in Section 7.2. It includes a 

brief discussion of the main objective and subjective variables that were registered, the latter 

based on responses to questionnaires that are collected in Appendix D. The items in the 

questionnaires were first linked to similar (or identical) items in, or inspired by, the SASSI tool 

questionnaire, ITU-T R c. P.851, Möll r’s qu stionnair  (s   S ction 5.2.3.3), and the 

Technology Acceptance Model scales for perceived ease of use and perceived usefulness. 

Compound variables made of sets of individual questionnaire items were derived according to 

these theoretical associations, as a first guiding step, and then with iteratively refined structural 

equation models and principal component analyses. The subjective and objective variables 

considered in this Thesis are described in greater detail in Section 7.2.2 and Appendix B. 

Integrating into TAM-like analyses the subjective factors identified as relevant to the 

experience of use of spoken interaction systems, is a major contribution of this chapter and 

Thesis. In addition, as mentioned above, further important factors were explored: affect and the 

subjective appraisal of embodied conversational agents and their perceived effects on the 

interaction. 

7.1.1.2 Situating variables according to their interrelations 

Once the variables that will be investigated are identified and their values for the user sample 

calculat  , corr lation “maps” ar   rawn to hav  a visual representation of the correlations 

between the variables considered. The topology of correlations gives an initial idea of where 

relationships between variables can be found. 

The elements of the correlation maps presented in subsequent sections are to be interpreted 

as shown in Figure 22: 

 White circles with a light grey outline represent single-item subjective variables. 

 Shaded circles with a dark grey background represent compound factors (i.e., variables 

whose values are the means of the values of the set of items –or in some cases other 

compound variables– that define them) 

 White boxes with a black outline represent objective performance variables. 

                                                      
47

 Which were discussed mostly in Chapter 5, and some aspects –primarily rejection factor indicators 

such as privacy and security concerns– in Chapter 6. 
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 Different correlation strengths and significance levels are represented with different 

widths and styles of arrow (each figure will have a legend with the numerical 

correspondence for each type of arrow). Grey arrows represent negative correlations. 

 

 
 

Figure 22. Explanation of the symbols representing different kinds of variables in the correlation maps presented in 

this chapter. An example legend is included to show how the correspondences are made between styles of arrow on 

the correlation map and the strength and statistical significance of the correlations they represent (the precise 

correspondences will vary from figure to figure). 

 

7.1.1.3 Testing path structures of subjective variable relationships 

The correlation maps allow easy identification of those variables which may be interrelated 

according to a particular structure. As suggested in the introduction to this chapter, finding these 

structures of interrelation (such as the mediation effect of perceived usefulness on the 

relationship between perceived ease of use and behavioural intention, in the Technology 

Acceptance Model) is an important step toward understanding how the subjective experience 

with speech-based interactive systems works. 

In particular, we will look at indirect effects, which in addition may be conditional indirect 

effects. The methods to study these effects using regression analysis are explained in more detail 

in Appendix A. The following subsection provides a brief overview. 
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7.1.2 Analysis of indirect effects (overview with excerpts from 

Appendix A) 

Three general types of effect will be tested: mediation, moderation and moderated mediation. 

7.1.2.1 Mediation 

A mediation effect, exerted by a mediator variable, M, on the relationship between a dependent 

variable, Y, and a predictor, X, is an indirect effect of the predictor on the dependent variable 

that exists by virtue of an effect the predictor has on the mediator coupled with an effect the 

mediator has on the dependent variable. That is, the predictor has an effect on the dependent 

variable because it affects the mediator and, in turn, the mediator affects the dependent variable. 

When there is a significant mediation effect, the direct effect of the predictor on the dependent 

variable when the indirect path through the mediator is taken into account (that is, the part of the 

effect of X on Y that exists independently of the indirect effect through M) is weaker than the 

total effect (which is the sum of the direct and the indirect effects). Figure 23 illustrates the 

concept of mediation.  

 

 
Figure 23. Mediation of a total effect of X on Y, c (left diagram), through mediator M (right diagram). The total 

effect, c is split into a direct effect, c’, and an indirect effect, ab, which traverses the mediator. (From Preacher and 
Hayes (2004).) 

 

c, c’, a and b are the (unstandardised) regression coefficients for the corresponding paths 

shown in the figure. The indirect effect of X on Y through M (i.e., the mediation effect) is 

characterised by multiplying the regression coefficients of the two serial paths, a and b. As 

mentioned above, the total effect (c) is the sum of the direct effect (c’) and the indirect effect 

(ab). There is mediation when c – c’ ≠   with statistical significanc  (or,  quival ntly, wh n ab 

≠  , sinc  c – c’ = ab (Preacher and Hayes, 2004)). 

The statistical significance of a mediation effect can be determined by calculating its z-

score, ab divided by its standard error (the formula is given in Appendix A), if the sampling 

distribution of ab is normal. If this condition is not met (i.e., if the sampling distribution is not 

normal), it is still possible to test the statistical significance of a possible mediation effect using 

the bootstrapping technique. Bootstrapping consists in taking a large number of random 

resamples (with repetition of cases allowed in each sample) from the original data sample. ab is 

computed for each of the resulting samples. The mean of the values of ab for all of samples is 

taken as a population estimate of ab. Boundaries for confidence intervals for a particular 

statistical confidence level of α are determined as the highest and lowest values of ab of all the 
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samples that do not lie in the top or bottom (α/2)100% values, respectively.
48

 If these extremes 

have the same sign (i.e., if the confidence interval does not cover zero), then the indirect effect 

is taken to be statistically significant (for the chosen level of confidence). 

In order to compare different indirect effects it is useful to derive indicators of effect size. 

As an indicator of the size of a mediation effect we will take the indirect effect itself, ab, 

normalised for the independent (X) and dependent (Y) variables. This indicator is called the 

completely standardised indirect effect (Preacher and Kelley, 2011), and is denoted by abcs. abcs 

represents the number of standard deviations by which Y increases (or decreases) for every 

increase in 1 standard deviation of X, through the indirect path that traverses M. A supporting 

measure, also reported here when it provides a useful insight, is the ratio of the indirect effect to 

the total effect: PM = ab/c. 

7.1.2.2 Moderation 

Sometimes confused with mediation (Holmbeck, 1997), moderation is a distinct effect 

consisting in an influence that the level of a variable W, called the moderator, has on the 

intensity of the relationship between two other variables, an independent variable X and a 

dependent variable Y. That is, if the strength of the direct effect of X on Y (i.e., if the regression 

coefficient relating X to Y) varies for different values of a third variable, W, then W is said to 

moderate the relationship between X and Y. In other words, a moderator determines a condition 

under which (i.e., for what values of W) X predicts Y, and how strongly it does so, whereas a 

m  iator (partially)  xplains th  m chanism, th  ‘“how” or “why”’, by which X affects Y 

(Frazier et al., 2004). Figure 24 illustrates the concept of mediation. 

 

 

 
 

Figure 24. Conceptual model of a moderation effect of W on the relationship between X and Y. (From Hayes 
(2013).) 

 

Statistically, a moderation model based on linear regression has to express the fact that the 

regression parameters, the slope and the intercept term, are a function of W. Here only linear 

functions of W will be considered.
49

 The resulting regression equation is: 

 

                    , 

 

                                                      
48

 So, for instance if α = .01, after all the resampling values of ab have been ordered and the top and 

bottom 0.5% have been discarded, the remaining highest and lowest values of ab are taken as the 

boundaries of the 99% confidence interval. 
49

 Most of the analyses found in the literature are likewise limited to testing coefficients that are linear 

functions of W. 
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where ε is the error term. If this model has a significantly higher coefficient of determination 

(R
2
) than the model without the W terms (i.e., the model that does not take into account the 

effect of the moderator), or, equivalently, if the change in R
2
 (∆R

2
) is statistically significant, 

then W has a moderation effect. How the moderation works can be determined by computing 

points of significance for the indirect effect, (a1 + b1W). Typically, (a1 + b1W) is computed for 

the mean value of W and at one standard deviation above and below the mean, particularly if the 

W variable has been standardised. When W is the set of responses for a particular questionnaire 

item with a multilevel Likert response format, interpretation is made easier by computing the 

indirect effect for the different response levels. If there is moderation, the slope of the regression 

line of Y on X will vary as a function of W, and it may be significantly different from zero for 

some values but not for others. Thus, X will have a greater or lesser (even non-significant) 

effect on Y (i.e., variations in X will be associated with greater or lesser variations in Y) 

depending on the value of W, which is the idea of moderation. 

 The statistical significance of the moderation effect can be determined, as in the case of 

mediation, either by computing the z-score for the indirect effect (in this case, a1 + b1W), or by 

bootstrapping estimates of (a1 + b1W) for different values of W, and the corresponding 

confidence intervals. 

7.1.2.3 Conditional indirect effects 

Conditional indirect effects are more complex effects that combine moderation and mediation. 

The case most commonly considered is that of moderated mediation. One or several of the paths 

in the mediation model pictured in Figure 23 may be moderated by a fourth variable. Figure 25 

Illustrates the case when the path that is moderated is path b. Figure 26 shows the path diagram 

corresponding to the conceptual model of Figure 25. 

 

 

 
 

Figure 25. Conceptual model of moderated mediation, where W moderates the path from the mediator (M) to the 
dependent variable (Y). 

 

 

The conditional indirect effect of X on Y through M, when the path from M to Y is 

moderated by W, is determined by the coefficients that apply to X along the indirect route. First 

the route traverses path a, and then from M to Y the path is moderated by W. Hence the sought 

effect is given by: a(b1 + b3W). 

As with simple mediation, there are two ways to derive confidence intervals for the 

conditional indirect effect through the range of values that the moderator, W, can take: assuming 
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normality of the sampling distribution and deriving the corresponding formula for the standard 

error of the conditional indirect effect; or bootstrapping, which makes no distribution 

assumptions. 

 

 

 
 

Figure 26. Path diagram corresponding to the moderated mediation conceptual model in Figure 25. 

7.2 Experiment overview 

Having given an overview of the objectives of the study and the methods employed to pursue 

them, we are in a position to describe the experiment with test users from which the data for the 

statistical analyses were extracted. 

7.2.1 Experimental design 

The experimental dialogue system used for the evaluation was described in Section 4.3, where 

details were given of the test scenario, tasks, and interface. One version of the experimental 

system included an ECA with behaviour designed for specific dialogue situations, and another 

version had only speech as output. Test users were divided evenly between the two interface 

versions. 

The reader will recall that two functions were offered by the system: biometric access 

(identity authentication through voice, comprising two phases: enrolment and verification), and 

r mot  acc ss to an  control of a hom  automation syst m (which w  call th  “ omotics” 

phase). After each of the three experimental phases –enrolment, verification and domotics– a 

specific questionnaire was presented to the test users. There was also an opening questionnaire 

to l arn about th  us r’s prior  xp ri nc  an   xp ctations. A more detailed description of the 

experimental design is given in Appendix C. 
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7.2.2 Evaluation metrics 

Drawing in particular on the important precedent of the PARADISE framework (outlined in 

Section 5.2.4), in previous chapters we have referred to two general kinds of metrics to evaluate 

various asp cts of th  us rs’ int raction  xp ri nc  that may b  r lated to overall acceptance of 

the technology: those that measure objective interaction performance and those that gauge the 

us rs’ subj ctiv   xp ri nc , i. . th  int raction  xp ri nc  as apprais   by th  us rs th ms lv s 

(and registered through responses to questionnaires). Appendix B describes the precise 

measurement instruments used in the empirical analyses presented in the Thesis. In this 

subsection we give a brief overview. 

7.2.2.1 Objective interaction performance parameters 

The main interaction parameters used in the analyses presented in this Thesis were the 

following: Dialogue duration (DD), number of turns (#T) (user, system or total) taken in a 

dialogue (normally from initiation to task completion), and roughness (R). R was generally 

preferred as an indicator of the incidence rate of interaction problems, for reasons explained in 

Appendix B. 

Roughness is a parameter that summarises the incidence of various kinds of interaction 

problems. It is basically the sum of non-understandings (including low-confidence 

recognitions), detected misunderstandings, partial understandings (when only one of two slots 

of information in the domotic task were understood), no-input turns and any other situation that 

requires an extra request of information from the system to the user. Such a measure is useful 

for the purpose of introducing a single meaningful objective dialogue performance indicator in 

evaluation models with subjective variables, to see how the former may affect the latter. Taking 

a set of parameters directly from the ITU-T Recommendation would be impractical and would 

confuse the models rather than contribute to a better understanding of the relationships between 

interaction performance and the subjective dimensions. 

A complementary parameter, turn inefficiency, was defined as the total number of turns 

taken divided by the minimum possible turns per task, for the purpose of making inter-task 

performance comparisons more meaningful. Finally, the number of barge-in attempts by the test 

users is mentioned in some places, but it is of minor importance in the study. 

7.2.2.2 Subjective parameters: questionnaires 

Th  us rs’ s lf-appraisal of subjective interaction experience and overall satisfaction was 

registered through questionnaires filled in after each of the three experimental stages: biometric 

enrolment, biometric verification and the inquiries to the domotic system. An opening 

questionnaire was also administered at the beginning of the test to obtain relevant details of the 

t st us rs’ profil s, following th  ITU-T P.851 Recommendation (ITU-T, 2003). Questionnaire 

responses were collected on Likert-type 5-point response formats, with the points coded from 1 

to 5, a score of 3 being a neutral response, or one that is roughly equidistant (either semantically 

or in intensity, depending on the wording of the items) from the anchors in the extremes. At 

certain points in the questionnaires the test users had the option to provide written comments.  
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Specific sets of items were added to the questionnaires to cover the extensions to previous 

evaluation schemes discussed in Section 6.2. These were sets of items about the ECA, items 

about th  us rs’ s ntic  xp ri nc  (particularly f  lings an   motions), and items designed to 

tap into possible rejection factors. ECA and affect were discussed in sufficient detail in the 

aforementioned section. 

 The rejection factors considered were of two kinds: privacy concerns and security 

concerns. 

 Two different items covered privacy concerns explicitly: concern that by interacting 

with the system the user would lose some of her privacy directly, and concern that using 

the system may result in third parties misusing private information (for instance the 

biometric data) thus resulting in an indirect loss of privacy. Privacy concerns were 

relevant for both of the kinds of task in the experiment, biometrics and domotics. 

 The security concerns considered had to do with possible consequences of breaches in 

privacy. Two general cases were put to the test users (in the form of questionnaire 

items): concern that unauthorised people may gain access to the system, and concern 

that stol n  ata may b  us   maliciously (for  xampl  to hav  on ’s biom tric 

information illicitly used for other purposes). A third security item was introduced as a 

m asur  of th  us r’s ov rall opinion of th  syst m vi w   as on  whos  purpos  is to 

provide secure access (here perceived security and usefulness are blended). In this 

experiment security concerns of this sort were considered relevant only to the biometric 

tasks (enrolment and verification), and consequently they were only included in the 

questionnaires for these stages. 

 

Appendix B provides an overview of the development rationale of the questionnaires and 

their relation to the main subjective evaluation antecedents discussed in Chapter 5. Appendix D 

describes in detail the subjective parameters considered in this Thesis. The full questionnaires 

are collected in Section D.1, Appendix D. Also listed in the tables in Appendix D (Section D.3) 

are the conceptual correspondences of the questionnaire items with the elements in the 

subjective quality evaluation framework (SQEF) proposed in Section 6.1. This classification (or 

coding) of items according to their conceptual fit in the mentioned quality/acceptance aspect 

class structure will be useful when exploring extensions and generalisations of TAM. It also 

provides a basis on which to test the evaluation framework, and possible relations between its 

constituent parts, empirically. 

In addition to individual questionnaire items, compound factors which are the means of 

groups of individual questionnaire items, or groups of other compound factors calculated the 

same way, will be considered in the analyses that follow. The corresponding scales of all the 

compound factors discussed in this chapter are shown in Appendix D, Section D.4. 
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7.3 Empirical analyses around the Technology 

Acceptance Model after the domotics stage (final 

questionnaire) 

Elements identifiable with the TAM scales were extracted from subjective parameters 

(questionnaires) derived mainly from the SASSI questionnaire and ITU-T Rec. P.851.
50

 The 

first step to take is to determine whether and to what extent the central part of the Technology 

Acceptance Model fits our data, and which are the best scales for the relevant dimensions that 

can be derived from the data for this purpose. 

The final questionnaire is the richest of the study, and although it is designed to assess the 

 omotic task primarily, it also intro uc s  l m nts to  valuat  th  us rs’ subj ctiv   xp ri nc  

considering the biometric-domotic system as one whole. We therefore focus first on searching 

for TAM-related scales for the post-domotic questionnaire. 

7.3.1 Fitting TAM to the experimental data using SEM (domotics 

stage) 

The questionnaires used in the experiment do not contain all items in the original TAM scales, 

for reasons of length (since many other aspects had to be covered also) and adaptation to the 

application context (speech-based interaction) and to its established methods (SASSI and ITU-T 

Rec. P.851). Consequently, scales had to be derived from the items that could be related in 

meaning to perceived ease of use (PEU) and perceived usefulness (PU). Only one item (DQ44 – 

Would you use this system?) was chosen as an indicator of behavioural intention (BI), as in the 

original TAM studies.
51

 

Structural equation modelling (SEM) was the statistical method chosen for the initial 

approach to item selection for the purpose of testing the relations of the central TAM variables 

(PEU, PU and BI) on the data from the biometric/domotic HMI experiment. SEM allows 

modelling relations between latent variables, that is, variables for which direct measurements 

are not available but which are related to sets of parameters or observed variables (e.g. 

questionnaire items) for which observations are available. This is the situation when considering 

models based on latent variables such as perceived ease of use and perceived usefulness. The 

main advantages of SEM are, first, the fact that latent variables can be introduced in models 

explicitly while relying on the original data available for their associated observed variables (the 

questionnaire responses); second, that the models can include measurement error terms for the 

observed variables; and third, covariances between latent constructs are included in the models 

(Raykov and Marcoulides, 2006). A limitation of SEM, on the other hand, is that large samples 

are needed to determine well-fitted models. 

                                                      
50

 As mentioned in the previous section, the associations of items in our questionnaires with those in the 

TAM scales are detailed in Appendix D, Section D.3. 
51

 See footnote 23 (page 87). 
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 Several possibilities were tested, beginning with defining PEU (perceived ease of use) 

and PU (perceived usefulness) as the averages of all the items literally corresponding to items in 

the original TAM scales, or associated with them conceptually. Items were introduced and 

eliminated in a gradual process of refinement. This was necessary because TAM-like scales for 

spoken HMI systems have not been developed previously. The only way to overcome this 

problem would be through large-scale studies to develop and validate such scales applied to this 

evaluation context. The study presented here, therefore, can only be considered an exploratory 

first approach, particularly as the test sample is much too small to allow the pursuit of more 

definitive results. 

The best model found for the data (selecting and discarding items from among those 

labelled as semantically related to PEU, PU or BI) is shown in Figure 27. The details of the 

model are given and explained in Appendix A (Section A.1), and the questionnaire items 

corresponding to the codes used in the figure can be found in Appendix D (Section D.3). In this 

model four items are taken as indicators of PEU, another four of PU, and only one of 

b havioural int ntion (it m DQ44 in th   omotic qu stionnair : “Would you use such a system 

in the future?”).
52

 The latent variables in this structural equation model are PEU, PU and BI, 

measuring the constructs perceived ease of use, perceived usefulness and behavioural intention, 

respectively, of which the associated items are observable indicators (the observed variables). 

PEU is an independent latent variable, as no arrows end in it, while PU and BI are dependent 

latent variables (since they are influenced by other variables in the model). 

Figure 27 shows th  structural r gr ssion mo  l with th  factor loa ings (λi), the residuals 

(εi) of th  obs rv   variabl s (DQxx), th  structural r gr ssion co ffici nts (βi) and the residuals 

(ζi) for the corresponding dependent latent variables (PU and BI). The standardised values of 

each of these parameters are shown in parentheses. Standardised values allow comparing the 

relative magnitude of the factor loadings for each questionnaire item, since they all have the 

same metric. We observe that all of the components of both PEU and PU have similar weights, 

between 0.6 and 0.9, except DQ41, which has a factor loading of 0.44. DQ41 also has a 

r lativ ly high  rror t rm (ε7 = 0.90). In fact, only 19% of the variance of DQ41 could be 

predicted from PU (compared to values ranging from around 40% to 80% for the rest of the 

items). It was retained in the model, however, for reasons of interpretation. We are trying to 

define a subjective component measuring perceived usefulness, and DQ41 is the item that is 

s mantically th  most  ir ctly r lat   to p rc iv   us fuln ss: “A remote domotic control 

system such as this one is useful”.
53

 

 

                                                      
52

 Again, as mentioned in footnote 23 (page 87), Davis and colleagues themselves only included two very 

similar items to assess self-prediction of future use in their original studies leading to the proposal of 

TAM (Davis, 1989). 
53

 Another peculiarity of the model is that the structural regression coefficient for PU as a predictor of BI 

(β2) is 1, an  th  r si ual for this  quation (ζBI) is 0. This is a consequence of the fact that BI is only 

associated with one item (DQ44). This is a somewhat unorthodox approach, to posit a latent variable that 

predicts a single observed variable. Normally DQ44 would have been included as one more item 

associated with PU, without adding BI as an intermediary latent variable. However, doing the latter serves 

the illustrative purpose of introducing a conceptual separation between PU and BI, which of course 

respects the semantic difference between the two. It also foreshadows the regression analyses in following 

sections, which will corroborate the latent variable structure specified in the present structural regression 

model. 



A generalised Technology Acceptance Model with the SQEF classes 

 

 

141 

 

 

 
Figure 27. Structural equation model relating the central TAM dimensions (specifying component questionnaire 

items selected from the post-domotic phase questionnaire) that will be used as variables in subsequent analyses. The 

coefficients shown are factor loadings (λi), r si uals (εi) of the observed variables (DQxx), structural regression 

co ffici nts (βi) an  r si uals (ζi) for the corresponding dependent latent variables (PU and BI). (The questionnaire 

items corresponding to the observed variables, DQxx, are listed in Appendix X. Note that this is not a correlation map 

such as those shown in other sections, and the rectangles here do not represent objective variables; they are the 

standard graphic representation for observed variables (to differentiate them from latent variables which are 
represented by circles). The observed variables here are the responses to questionnaire items.) 

 

Goodness-of-fit indices (chi-square and RMSEA) for this model were very close to 

reference values recommended in Raykov and Marcoulides (2006) for reliable models (see 

Appendix A, Section A.1), though the small sample size gives cause for concern. In any case 

the model obtained was deemed acceptable as a starting point, since its main purpose was to 

identify the best components with which to construct the scale variables for PEU and PU. 

Furthermore, it serves as a first indication of the presence in our data of similar effects to those 

found in the original TAM studies. Indeed, from Figure 27 we may observe that the 

relationships modelled for the latent variables follow the fundamental finding reported by the 

creators of TAM: PEU and PU predict BI, with PEU operating on BI primarily through PU 

(Davis, 1989). Interestingly, a slightly worse-fitting structural equation model was derived when 

a direct path between PEU and BI was included. This underlines the suspicion that perceived 

usefulness is more directly related to behavioural intention than perceived ease of use. 
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Scales were derived for PEU and PU by taking the mean of their constituting items. The 

reliability of the scales is given by the Cronbach α measures listed in Appendix D, Section D.4. 

On  of th  it ms associat   with PU in th  mo  l was it m DQ4  (“Do th  pros of using the 

syst m outw igh th  cons?”), though conc ptually mor  g n ral than th  notion of us fuln ss, 

was included nonetheless because of its strong correlation with the rest of the indicators of PU, 

leading to a significant increase in the Cronbach α for the PU scale, and because of the related 

consequence that the resulting model improved significantly with its inclusion (i.e., it fit the 

data better).
54

 The scores computed for these scales were used as variables for the statistical 

analyses that follow involving PEU and PU. 

7.3.2 The central Technology Acceptance Model (domotics stage) 

The preliminary result obtained with SEM is moderately encouraging. We have identified 

dimensions that correspond to, and plausibly behave like, those in the original TAM studies: 

PEU, PU and BI. We now take a look at these compound subjective variables in our 

experiment: their mean values and how they are interrelated. 

7.3.2.1 Descriptive statistics 

Overall, scores for PEU were very positive (the mean of the PEU scores was µPEU = 4.3; σPEU = 

0.5). Also positive but slightly less so were the scores for PU (µPU = 3.7; σPU = 0.6). For no users 

were the composite scores for PEU or PU under 3 (the neutral score). The same positive 

tendency is observed for BI (µBI = 3.7; σBI = 0.9), although in this case five test users responded 

with a 2, which, being below 3, is a negative score (i.e., these users felt disinclined to use a 

similar system in the future). 

7.3.2.2 Correlations between the central TAM variables 

Following the methodological approach outlined above, we begin our analysis of the 

interrelations between the central TAM variables (PEU, PU and BI) by looking at the 

correlations between them. We observe in Figure 28 that the strongest correlation is that of PU 

with BI. The correlation of PEU with PU is also statistically significant, but not quite so the 

weak correlation of PEU with BI (p = . 5). Th  important thing to not  is that th  c ntral “TAM 

triangl ” app ars: PEU is corr lat   with PU, which is corr lat   with BI, with a mark  ly 

weaker correlation between PEU and BI. 

 

                                                      
54

 This exception was considered acceptable as the meaning of the item does not preclude its conceptual 

association with PU, it is simply broader. In fact, it may well be (and the data so suggests it) that a major 

part of th  t st us rs’ int rpr tation of the item was in terms of perceived usefulness. 
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Figure 28. Correlations between the central TAM variables (PEU, PU and BI) for the final questionnaire (domotics 
stage). * p < .01, ** p < .0001. Arrow thickness reflects correlation size. 

 

 

In the experimental development of the original TAM perceived usefulness was found to 

mediate between perceived ease of use and behavioural intention (Davis, 1989). The evidence 

given for this in those original studies was that PEU had an effect both on PU and BI, but the 

effect on BI is much weaker when PU is controlled for. Therefore, most of the effect of PEU on 

BI operated through PU. In other words, PEU affects BI indirectly because of the way it affects 

PU and the way PU, in turn, affects BI. We now present the results of statistical tests based on 

linear regression to corroborate or reject this conclusion based on the data from our experiment. 

The approach followed is that of indirect effect analysis based on linear regression (see Hayes, 

2013), which is explained in detail in Section 7.1.2 and Appendix A. 

7.3.2.3 The mediation effect of PU on the relationship between PEU and BI 

The possible effect of PU as a mediator between PEU and BI was tested. The path diagram of 

the effect tested is shown in Figure 29, together with the overall effect of PEU on BI (the direct 

effect disregarding the possible mediation of PU). 

 

 

 
Figure 29. Mediation of the overall (direct) effect of PEU on BI, c (left diagram), through mediator PU (right 

diagram). 

 

 

The corresponding regression models are, first for the overall effect of PEU on BI: 

              

 



User Experience in Human-Technology Interaction 

 

 

144 

 

And for the effect of PEU on BI mediated by PU: 

              

                   

 

The normal-theory point estimates of the regression coefficients in the above equations, as well 

as the indirect (mediation) effect, ab, are shown in Table 4. 

 

 

Table 4. Regression coefficients for the mediation model of PEU on BI through PU. 

Path Coefficient S.E. p-value 

c 0.12 0.07 .11 

a 0.46 0.17 < .01 

b 0.25 0.06 < .01 

c’ 0.00 0.06 .97 

ab (= c-c’) 0.12 0.05 .02 

 

 

Since we cannot assume that the sampling distributions for these coefficients are normal, 

these values can at most give us a rough idea of how the variables are related. First we observe 

that the overall effect of PEU on BI, as given by coefficient c, is not statistically significant (c is 

not significantly different from zero). This means that we cannot say with enough certainty that 

there is an effect of PEU on BI to mediate in the first place. Nevertheless, the indirect effect, ab, 

does seem to be statistically significant (barring possible problems with the sampling 

distribution of ab not respecting the normality assumption). That is, the overall (direct) path is 

weak, but the remaining direct effect after controlling for the mediator, c’, is significantly 

weaker (it all but disappears: the ratio of the indirect effect to the overall (total) effect, PM (= 

ab/c), of PEU on BI is 1). This situation is an instance of an effect that is technically not 

mediation, but it is nevertheless an indirect effect of PEU on BI through PU (Preacher and 

Hayes, 2004). 

Bootstrapping (with 10.000 resamples) confirms these results: the estimate of the indirect 

effect (ab) is .12, with 99% confidence intervals, CI99: (0.02, 0.23). We observe that this 99% 

confidence interval does not cross zero, which is why we can conclude that the indirect effect is 

statistically significant at the α = .01 level of confidence. The size of the effect, given by the 

bootstrapped completely standardized indirect effect, abcs, is 0.26, CI99 = (0.04, 0.50).  

This result confirms, at the mentioned confidence level, that most of the weak effect of 

PEU on BI operates through PU. This is a meaningful result, as it reproduces, with our dataset, 

the mediation-like effect found in the original TAM studies.
55

 

                                                      
55

 Although in those studies the mediation effect was not tested explicitly, as has been done here, but only 

suggested from the joint interpretation of separate pieces of evidence (the reader is referred to the 

pertinent discussion above). 
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7.3.3 TAM in relation to privacy concerns and perceived robustness 

(domotics stage) 

It is reasonable to assume at the outset that further factors should also be taken into account for 

the type of system under consideration, that is, a spoken dialogue system to access a domotic 

application remotely. Some of these factors are individual items from the questionnaires, while 

others are compound factors the values of which are the means of several questionnaire items. 

A first set of additional factors we may consider are the following: 

 Privacy concerns (Priv), to explore whether they have a moderating effect or some 

other kind of relation with the TAM dimensions. Verifying this would give weight to 

the notion of considering rejection factors as a relevant independent class of subjective 

quality assessment parameters. For the domotic task privacy concerns are represented 

by a singl  qu stionnair  it m, DQ4  (r spons  rang : 1 = not at all conc rn  ; …; 5 = 

very concerned). (See Appendix X.) 

 Perceived interaction robustness (Perc-R): For a system in which spoken interaction is 

a central functional element, it is reasonable to suppose that the perceived number of 

interaction errors and the ease of recovery from them, i.e., perceived robustness, will 

influence user satisfaction, and more specifically the central variables in TAM. 

 Roughness (R): It is, furthermore, reasonable to anticipate that the incidence rate of 

actual interaction problems, of which the Roughness variable defined in this Thesis
56

 is 

an indicator, will be to a greater or lesser extent related with its subjective (inverse) 

counterpart, perceived robustness. Introducing an objective interaction performance 

parameter and putting it in relation with a model with subjective dimensions is 

reminiscent of the PARADISE approach (see Section 5.2.4). 

7.3.3.1 Descriptive statistics 

Perceived robustness was generally positive (the mean of the Perc-R scores was µPerc-R = 3.7; 

σPerc-R = 0.8), with only eight cases lying under the neutral score of 3. The actual values 

obs rv   for obj ctiv  int raction roughn ss ar n’t v ry m aningful at this point, so w  omit 

them here (interaction efficiency results are discussed in Appendix C, Section C.2.2). 

Privacy concerns were on average low (µPriv = 2.3, below the neutral score of 3; σPriv = 1.2), 

although the score distribution was fairly even from 1 to 4, with somewhat higher response 

frequencies for 1 and 2 than for 3 and 4, as shown in the histogram in Figure 30. No responses 

w r  r cor    with a scor  of 5, how v r (non  of th  t st us rs f lt “v ry conc rn  ” about 

privacy when using the system). The fact that the responses for Priv are reasonably evenly 

spread out between all response levels from 1 to 4 will be relevant for the analysis of the 

moderation effects discussed a little later, in Section 7.3.3.3. 

 

                                                      
56

 See Section 7.2.2.1 and Appendix B, Section B.1.1. 
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Figure 30. Response frequencies for item 40 in the domotic questionnaire (DQ40): privacy concerns. 

 

7.3.3.2 TAM correlation map with Priv, Perc-R and R 

We now compose a correlation map to better understand the interrelations between our TAM-

like variables (PEU, PU and BI) and the additional factors described above. The results for the 

full test-user sample gauged after the domotic stage are shown graphically in Figure 31. 

 

 

 
 

Figure 31. Correlation map of Spearman correlation coefficients (rs) for TAM plus interaction performance factors 

and privacy concerns after the domotic task (at the end of the test), for the full test-user sample (N = 38). Correlation 

strengths and significance levels are represented in the width and style of line of the arrows, as shown in the legend to 

the right. Grey arrows represent negative correlations. The precise value of each correlation is given next to the 
corresponding arrow. 

 

 

Perceived interaction robustness is strongly related to both PEU and PU. Actual interaction 

roughness, however, is much more weakly correlated to PEU and it is not correlated 

significantly with PU. R is correlated also weakly with Perc-R. Privacy concerns are correlated 

both with PU and BI, strengthening the suspicion that they may affect the relationship between 

the two, which is the most important relationship in TAM. 
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It is perhaps surprising that R should not affect PU directly. A plausible explanation is that 

int raction p rformanc  aff cts th  us rs’ p rc ption of how  asy to us  th  syst m is, wh r as 

their appraisal of usefulness may go beyond these aspects, which are ultimately associated with 

the interface, and include valuation elements regarding the task itself and the usage costs 

perceived in relation to alternatives. 

7.3.3.3 The moderated mediation of TAM with privacy concerns 

As anticipated in Sections 5.1.2 and 6.2.4, we wish to investigate whether there is a special class 

of factors, which we have called rejection factors, that can have a moderating effect between 

behavioural intention (or self-pr  ict   “int ntion to us ”) an  its pr  ictors. W  hav  just s  n 

that a major predictor of behavioural intention is perceived usefulness, the latter channelling a 

smaller effect of PEU on BI. Having established this central mediation effect, we will now test 

the moderation effect of privacy concerns (which we classify conceptually as a rejection factor). 

We begin by testing privacy as a moderator of the PU  BI path, due to the major 

relevance of PU as a predictor of BI. The conceptual model tested is shown in  

Figure 32, and the corresponding path diagram in Figure 33. We have already seen that 

there is a statistically significant indirect effect of PEU on BI through PU. We now look at 

whether the coefficient (b3) of the interaction term (PU×Priv) is significantly different from 

zero, and if it is, then we test the statistical significance of the conditional indirect effect, a(b1 + 

b3Priv), for different values of Priv.
57

 Standardised versions of the model variables (of the 

predictors) were used in the statistical analysis.
58

 The regression models obtained are not of 

interest here. The only relevant parameter is the p-value for b3, which is .012. This means that 

the interaction term, PU × Priv, is statistically significant (at α < .05), and therefore the path 

from PU to BI is indeed moderated by Priv. 

 

 

 
 

Figure 32. Conceptual model illustrating the moderated mediation effect on the central TAM mediation model, with 
privacy concerns (Priv) moderating the path from PU to BI. 

 

                                                      
57

 See Appendix A for methodological details. The regression equations for this model are also given 

there. 
58

 See the pertinent discussion in Appendix A, Section A.2.2, footnote 81. 
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Figure 33. Path diagram for the moderated mediation model in  

Figure 32. 

 

 

For unstandardized variables (to aid in the interpretation of the results), the normal-theory 

point estimates of the conditional indirect effect for the different response levels of the privacy 

item are given in Table 5, together with bootstrap 95% confidence intervals. It seems reasonably 

meaningful to estimate the indirect effect at all response levels of Priv, since the frequencies of 

the responses may be regarded as being spread rather evenly, except for level 5 for which no 

responses were recorded, as discussed earlier. We may observe that the indirect effect (of PEU 

on BI through PU) grows stronger the higher the level of concern about privacy when using the 

system. At the lowest level of concern (Priv = 1) the indirect effect of PEU on BI is not 

statistically significant, but it becomes significant for higher values of Priv. Thus, the stronger 

the privacy concerns the greater the effect of PEU on BI (through the mediation of PU). 

 

 

Table 5. Indirect effect, a(b1 + b3Priv), estimates for different levels of privacy concern (Priv). 

Priv 
Indirect effect 

a(b1 + b3Priv) 
SE p 

CI95 

(lower) 

CI95 

(higher) 

1 0.13 0.17 .45 -0.22 0.53 

2 0.42 0.19 .03 0.14 0.79 

3 0.72 0.31 .02 0.26 1.22 

4 1.02 0.45 .02 0.34 1.78 

5 a — — — — — 
a No responses were registered at this level of Priv. 

 

 

The moderation effect of Priv on the central TAM mediation effect was also tested on the a 

path and on the a and b paths simultaneously, but the interaction terms in these cases were not 

significant, unlike the moderation effect on the b path, as we have just seen. Let us now focus 

on this particular path to study the simple moderation effect of Priv on the PU  BI 

relationship. 

Table 6 shows the summaries of the hierarchical multiple regression models fitted to test 

the sought moderation effect, obtained using standardised predictors. First we observe that 
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privacy concerns on their own do not significantly affect BI when PU is in the model also. On 

the other hand, the interaction term, PU×Priv, does contribute to the model significantly: the 

model including this term explains 9% more of the variance of BI than the model without the 

interaction term.
59

 We conclude that the way privacy concerns affect user acceptance is by 

altering the strength of the relationship between PU and BI. Similar results were obtained 

controlling for sex and experimental group (ECA or voice-only interface), so no evidence was 

found that these variables have a confounding effect. 

 

 

Table 6. Hierarchical regression models to test the moderation effect of Priv on PUBI. (The models are for 
standardised (µ = 0, σ = 1) versions of PU and Priv.) 

Step and variable B SE B β ∆R2 

Step 1     

Constant 3.66 0.12   

z(PU) 0.54 0.13 0.59**  

z(Priv) -0.11 0.13 -0.12** .42** 

Step 2     

Constant 3.82 0.13   

z(PU) 0.65 0.13 0.72**  

z(Priv) 0.07 0.14 0.07**  

z(PU)×z(Priv) 0.39 0.15 0.35** .09** 

* p < .05, ** p < .001 

 

 
Figure 34. Behavioural intention estimated from perceived usefulness for different levels of concern about privacy. 
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Figure 34 shows how the slope for perceived usefulness as a predictor of behavioural 

intention grows larger the stronger the privacy concerns. When users state they have no such 

concerns the model predicts that behavioural intention is almost constant (roughly around its 

mean value of 3.7 for the test sample) regardless of the level of perceived usefulness. This 

suggests that the effect of privacy concerns is to catalyse the sensitivity of behavioural intention 

to perceived usefulness. This is a somewhat surprising result. Below the mean of PU, the 

weak r th  privacy conc rns th  high r th  us rs’ b havioural int ntion, which is what w  

would expect. Why this relation between Priv and BI is reversed for high values of perceived 

usefulness is unclear. 

Some further insight into this surprising result may be yet obtained, however. A similar 

analysis of moderated mediation to the one just presented reveals that, in fact, PU mediates 

between privacy concerns and BI, in addition to the moderation effect of Priv on the 

relationship between PU and BI.
60

 The conceptual model is shown in  

Figure 35. The corresponding statistical model is discussed in Appendix X. 

 

 

 
 

Figure 35. Moderated mediation effect of privacy concerns on behavioural intention through perceived usefulness, 

with Priv itself moderating the PU  BI path. 

 

 

Privacy concerns tend to drive down perceived usefulness, which in turn drives down 

behavioural intention, but at the same time there is more variability in the scores of PU and in 

the score pairings between PU and BI (i.e., their correlation is lower) for lower levels of Priv (in 

fact, the variability in PU scores is higher, but BI is more constant, hence the lower correlation). 

This is why we find the slope effects in Figure 34. At least part of the reason for the increased 

variability in PU when Priv = 1 may be accounted for by the fact that this is the most numerous 

response subgroup (n = 13). At the same time, however, for Priv = 4 (n = 8), the values for PU 

are clearly the lowest, and we also find three of the five only negative responses (2s) for BI. 

Also key is that BI is less variable for a Priv of 1 or 2; but for these response subgroups 60 to 

70% of the responses for BI were 4s, whereas for a Priv of 4 seven out of the eight cases gave 

BI a 3 or less (including the three 2s just mentioned). So there clearly is deterioration in 

satisfaction for higher levels of privacy concerns. These seem logical results. With post-

moderated mediation analysis of slopes for each of the subgroups we are probably pushing the 

limits of the statistical power we have with our small overall experimental user sample size. 

Nevertheless, the results at least do point to the existence of a moderation effect of privacy 

concerns on the central TAM mediation relationship, PEU  PU  BI. 

                                                      
60

 Bootstrap estimate (10,000 resamples) of the indirect (mediation) path ab: -0.20; CI99: (-0.42, -0.05); 

interaction term for the moderation effect as above: PU×Priv = 0.39; p < .05. 
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7.4 Generalised TAM dimensions 

The mediation analysis performed in the previous section was reproduced in order to verify 

whether similar results can be obtained with these generalised TAM dimensions, so called here 

because they go beyond the items in the original TAM scales, and include items that are more 

specific to the type of system and interaction at hand in the present experiment. In Section 6.1 

w  intro uc   a “subj ctiv  quality  valuation framework” (SQEF) that classifi   subj ctiv  

factors related to user satisfaction into three main classes (apart from user acceptance itself: 

likeability, usefulness and rejection) and various (perceptual) foci of analysis. The items in the 

questionnaires were classified accordingly.
61

 Within this scheme, perceived ease of use (PEU) 

in TAM falls conceptually in the quality aspect class of Likeability (L), perceived usefulness 

(PU) straightforwardly in Usefulness (U), and privacy concerns are a particular type of 

Rejection factor (Rej). Scales were created for each of the questionnaires with all of the items in 

these three main quality factor classes considered in the SQEF. We now apply the analysis of 

indirect effects undertaken in the previous sections to these generalised variables, substituting L 

for PEU and U for PU. We will also slightly broaden the focus of the dependent variable from 

intention-to-use (behavioural intention, or BI) to acceptance (A), which allows more flexibility 

in choosing the items that form it. 

7.4.1 Generalised TAM dimensions for the domotics phase 

The abundance of questionnaire items after the domotics phase, and the fact that this was the 

final questionnaire in the test so users had at this point completed all the interactive phases of 

the experiment, made it possible to put together sufficiently populated scales for the 

combinations of classes along the two main dimensions in the SQEF: the aspects, or influencing 

factors, of user acceptance, L, U and Rej; and the aspects of the system or the interaction to 

which the factors apply: the interface (I), the task (T) or the system as a whole (G: a general 

level). In other words, there were enough items to construct scales with reasonably good 

Cronbach α’s a  r ssing g n ral syst m lik ability (GLD), general system usefulness (GUD), 

likeability of the interface (ILD), usefulness of the interface (IUD),  tc. (th  “D” subscript simply 

indicates that the variables have been derived from the questionnaire following the domotics 

stage –the final questionnaire). Thus, for the domotic questionnaire a compound variable, GLD 

was created with the average score for all of the items classified as likeability items at the 

general level (as opposed to those specifically concerning the interface or the task), and the 

same was done for the usefulness items, forming scale GUD. These compound variables, or 

scales, are listed in Appendix D, Section D.4. Only one item, DQ40 on privacy concerns (Priv), 

was classified as a rejection factor, so no Rej scale was computed. As regards overall 

acceptance (GAD), a compound variable was computed to represent it comprising item DQ44 

(th  it m on “int ntion to us ”, or BI), an  it m DQ1 “ov rall impr ssion”. This is a small 

extension of the BI variable considered in the analyses presented in Section 7.3. 

                                                      
61

 The correspondences are listed in the rightmost column in the tables of Appendix D, Section D.3. 
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As a first approach we are most interested in the general level, in the perception of the 

system as a whole. What follows is an analysis of indirect effects relating general likeability 

(GLD), general usefulness (GUD), and general acceptance (GAD). The model tested is shown in 

Figure 36, and the model parameter values are collected in Table 7. 

 

 

 
Figure 36. Domotic stage TAM mediation model for generalized (Likeability, Usefulness and Acceptance) 
dimensions. 

 

 

Table 7. Regression parameters for the mediation model of GLD on GAD through GUD. 

Path Coefficient S.E. p-value 

c 0.80 0.20 < .0010 

a 0.86 0.13 < .0001 

b 0.83 0.21 < .0010 

c’ 0.09 0.25 .7200 

ab (= c-c’)† 0.71 0.05 < .0010 

† Bootstrap estimates (avg. of 10,000 resamples): 
† ab = 0.71;  CI99%: (0.25, 1.35). 
† abcs = 0.49; CI99%: (0.20, 0.83). 
† PM = 0.89. 

 

 

There was a significant overall effect, c, of GLD on GAD. Furthermore, most of this effect 

was mediated through GUD (ab was stat. sig. at α = .001, and PM = 0.89), the remaining direct 

effect, c’, being negligible compared both to the indirect path ab and the overall effect without 

taking the mediated route into account (c). The mediation effect size, abcs, was twice as strong 

( .49) as that for “r gular” TAM r port   in S ction 7.3.2.3 (where abcs was 0.26). This means 

that for the generalised dimensions, the indirect effect of general likeability (GLD) on general 

acceptance (GAD), through the mediation of general usefulness (GUD), is such that 1 standard 

deviation increase in GLD is associated with an increase in GAD of almost half (0.49) of a 

standard deviation. 

Therefore, based on our experimental sample, the empirical support for the validity of the 

mediation model in TAM is even stronger when the intervening variables are generalised in 

scope and content, with the content being specialised for the type of system and context of use 

under examination. This lends further support to the central TAM model, and also to the 

conceptual approach of our SQEF. The items in each class (particularly L and U) are more 

diverse in content and less carefully chosen to form a scale than those in the original TAM 
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scales (for PEU and PU, respectively), but nevertheless the mediation structure is very clear.
62

 

Again, this suggests that the quality classes defined in the SQEF to guide subjective evaluation 

may be useful for this purpose, at least in the application context under consideration. 

As regards privacy concerns, on the other hand, they do not in any way moderate the 

mediation model just presented. The strong mediation interaction we have just reported is 

statistically significant for all levels of Priv. Nevertheless, Priv, considered on its own, does 

have a mild negative effect on BI (see regression parameters in Table 8). 

 

 

Table 8. Regression model for PrivBI. 

Item B SE B β R2 

Constant 4.25 0.25   

Priv -0.22 0.10 -0.36** .13* 

* p < .05. 

 

 

To conclude the discussion in this section we mention that, while the scales derived for 

specifically interface-related items of Likeability and Usefulness (ILD and IUD, respectively) 

were not found to be in a mediation-like relation considering behavioural intention (BI) as the 

dependent variable, a strong mediation effect of IUD was found when GAD is the dependent 

variable, as the figures in Table 9 show: there is a significant total effect (c), which combines a 

non-statistically significant direct effect (c’) and a significant indirect effect (ab) that accounts 

for 65% (PM) of the total effect. Therefore the central mediation effect of usefulness is also 

present when considering subjective aspects addressing the interface specifically, although only 

for the generalised TAM model with general acceptance substituted for behavioural intention as 

the dependent variable. Recall that the general acceptance variable was the mean of BI and OI 

(overall impression). 

 

 

Table 9. Regression parameters for the mediation model of ILD on GAD through IUD. 

Normal theory estimates Bootstrap estimates † 

Path Coefficient S.E. p Param. Value CI99% 

c 0.88 0.19 < .001 ab 0.57 (0.12, 1.09) 

a 0.77 0.14 < .001 abcs  0.40 (0.01, 0.47) 

b 0.75 0.19 < .001 PM  0.65 (0.10, 0.67) 

c’ 0.31 0.21 .160    

ab 0.57 0.18 < .01*    

† Means of 10,000 resamples. 

 

                                                      
62

 It should be noted that the possible disadvantage of having scales covering more disparate content is to 

some extent countered by the fact that, since these scales are richer in data, the statistical models have 

more nuanced information to work with to attain a better fit. 
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7.4.2 Generalised TAM for the biometric stages 

The clear mediation result obtained for the generalised Likeability (L), Usefulness (U) and 

Acceptance (A) scales for the test user responses after the domotic stage (the final experimental 

stage) encourages us to explore similar effects at the biometric stages, enrolment (the variables 

of which will b    not   by th  subscript “E”) an  v rification (variabl s   not   by subscript 

“V”). Du  to th  r  uc   l ngth of th s  qu stionnair s, th  corr spon ing scal s for th s  

stages were derived taking items from all the levels of the SQEF (general (G), interaction (I) 

and task (T) levels). These compound variables are also listed in Appendix D (Section D.4). 

7.4.2.1 Generalised TAM at biometric enrolment 

As was done for the analysis of the domotics stage, we begin with a brief look at the 

correlations of the compound variables of interest. These variables are: 

 LE, UE, AE: th  g n raliz   TAM “triangl ” (subscript “E”   not s th   nrolm nt 

stage); 

 Privacy (Priv) and security (Sec) concerns; 

 Dialogue Roughness (R) at enrolment. 

 

Figure 37 shows th  corr lation map. W  may obs rv  that a TAM “triangl ”  m rg s, an  that 

R negatively affects perceived usefulness, as should be expected. Privacy and security concerns, 

which are correlated, are not connected to the TAM variables or to R, however. 

 

 

 
 

Figure 37. Correlation map of Spearman correlation coefficients (rs) for compound variables related to TAM at the 

enrolment stage, for the full test-user sample (N = 38). Correlation strengths and significance levels are represented in 

the width and style of line of the arrows, as shown in the legend to the right. Grey arrows represent negative 
correlations. 
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We now turn to the regression analysis to test the mediation effect of UE on the LE  AE 

relationship. The relevant statistical parameters of the mediation tests (both the normal-theory 

and the bootstrapped versions –see Appendix A) are shown in Table 10 (the path notations are 

the same as for the previously presented mediation models). We find that there is an overall 

direct effect of LE on AE, just over half of which (PM) is accounted for (with statistical 

significance) by the mediation effect of UE. The estimated size of the effect is fairly small, 

however (abcs = 0.21). Nevertheless, the central (generalized) TAM mediation relationship is also 

found at this stage. This is immediately after the first encounter with the system, with a very 

different task: enrolment with the biometric (speech authentication) access tool. The spoken 

interaction pattern required by this task is markedly distinct (it is strongly directed and involves 

the repetition of sequences of numbers) from that of the domotic task (which consists in open, 

undirected inquiries). Notwithstanding the strong differences in tasks and interaction patterns, 

the central mediation relationship between the major subjective dimensions is of the same kind. 

No moderation effects were found for privacy or security concerns, as was the case at the 

domotic stage. This result is to be expected after examining the correlation map, where Priv and 

Sec are unconnected to the rest of the subjective or objective dimensions.  

 

 
Table 10. Regression parameters for the mediation model of LE on AE through UE. 

Normal theory estimates Bootstrap estimates † 

Path Coefficient S.E. p Param. Value CI99% 

c 0.49 0.16 < .010 ab 0.23 (0.01, 0.53) 

a 0.48 0.14 < .001 abcs  0.21 (0.01, 0.47) 

b 0.49 0.18 < .001 PM  0.52 (0.01, 1.79) 

c’ 0.25 0.17 .150    

ab 0.24 0.11 < .05*    

† Means of 10,000 resamples. 

 

7.4.2.2 Generalised TAM at biometric verification 

The correlation map with the same dimensions as for the enrolment stage is shown in Figure 38 

for the verification stage. We again find a strong TAM triangle. Two differences with the 

correlation structure at the enrolment stage stand out immediately. First, interaction roughness is 

not correlated significantly with the subjective dimensions. More relevant to the present 

discussion is the fact that privacy concerns (which are strongly correlated with security 

concerns) are correlated, if only mildly, with the three central TAM dimensions. Therefore now 

we do find that higher privacy concerns tend to accompany lower scores for likeability, 

usefulness and acceptance. 
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Figure 38. Correlation map of Spearman correlation coefficients (rs) for compound variables related to TAM at the 

verification stage, for the full test-user sample (N = 38). Correlation strengths and significance levels are represented 

in the width and style of line of the arrows, as shown in the legend to the right. Grey arrows represent negative 
correlations. 

 

 

Multiple linear regression analyses were performed with the variables considered in the 

correlation analysis for the verification stage (Table 11). The backward stepwise removal 

method was employed in these analyses. First security and privacy concerns fall from the 

model, indicating that they do not contribute significantly to AV in a direct way, although they 

may still have an effect on how other variables relate to AV (see below). The final model retains 

both UV and LV (talking the full sample they are slightly more strongly correlated with AV than 

with each other). 

 

 

Table 11. Regression model of predictors of user acceptance at the verification stage (AV). 

Step and variable B SE B β R2
adj 

Constant 0.08 0.52   

Likeability (LV) 0.48 0.17 .39*  

Usefulness (UV) 0.54 0.16 .46* .56** 

* p < .01, ** p < .001 

 

 

Regression analysis also reveals a strong direct effect of LV on AV, almost half of which is 

mediated through UV (see Table 12). This mediation effect is clearly statistically significant, and 

of around the same size as the ordinary TAM results at the domotic stage (recall, however, that 

the size of the TAM mediation effect at the domotic stage considering the generalised 

dimensions, L, U and A, was much larger (0.49)). We find, therefore, that the characteristic 

TAM relationships are gradually consolidated after some experience of use. 
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Table 12. Regression parameters for the mediation model of LV on AV through UV. 

Normal theory estimates Bootstrap estimates † 

Path Coefficient S.E. p Param. Value CI99% 

c 0.83 0.15 < .0001 ab 0.36 (0.03, 0.76) 

a 0.65 0.14 < .0001 abcs  0.28 (0.03, 0.53) 

b 0.54 0.16 < .0100 PM  0.44 (0.04, 1.05) 

c’ 0.48 0.17 < .0100    

ab 0.35 0.13 < .0100    

† Means of 10,000 resamples. 

 

 

Privacy concerns did not moderate the central mediation effect at a statistically significant 

level (the p-value of the regression coefficient for the interaction term, UV×PrivV was .12). The 

same was found for security concerns (although in this case the p-value dipped under .1). 

N v rth l ss, for Priv ≤   (“not conc rn   about privacy”) th  m  iation  ff ct of UV on the 

LVAV relationship is not statistically significant, while it is so for Priv > 2, suggesting that 

privacy concerns may have a moderating effect that could possibly be confirmed statistically 

with larger sample sizes. 

7.4.3 Cross-stage L-U-A relationships 

At this point it is interesting to ask whether relationships can be established between the major 

classes of subjective factors at the different experimental stages – enrolment, verification and 

domotics. Table 13 shows the correlations of L, V and A between the stages. 

 

 

Table 13. L, V and A correlations between enrolment, verification and domotic stages. 

L correlations  U correlations  A correlations 

  LE LV    UE UV    AE AV 

LV .81**   UV .63**   AV .55**  

LD .26 .41*  UD .43** .61**  AD .27 .30 

 

 

We may observe that the correlations of L between the biometric (E and V) and domotic 

(D) stages are of small to medium strength; the correlations of U between the biometric and 

domotic stages are strong; and the correlations of A between the biometric and domotic stages 

are weak. In short, U correlations between biometrics and domotics are strong, but those of L 

and A are much weaker. 

These observations suggest performing mediation tests mixing generalized TAM variables 

from biometrics and domotics to see if the results support the hypothesis that the responses in 

the final questionnaire are mainly related to the domotic task. Regression analysis reveals a 

direct effect of likeability at the verification stage (LV) on acceptance at the domotic stage (AD) 

(p < .05), but then no link between UV and AD, and hence no mediation effect. This result indeed 



User Experience in Human-Technology Interaction 

 

 

158 

 

supports the assumption that responses were focused on the immediately preceding test phase 

rather than the biometric/domotic system as a whole. 

7.4.4 Whole-system generalized TAM-based subjective appraisal 

dimensions 

The major subjective scales for each of the experimental stages were introduced in a factor 

analysis (specifically, a principal components analysis with varimax rotation – Table 14) to find 

the overall subjective dimensions for the system as a whole. It was found that the different 

aggregate generalized TAM variables cluster very clearly by experimental stage, biometric 

(component 1) and domotic (component 2), with privacy and security concerns at any stage 

forming a third distinct factor (component 3). Moreover, the respective factor scales have 

reasonably good Cronbach α’s, aroun  .9 .
63

 

 

 

Table 14. Principal compon nt analysis for “g n raliz   TAM” subj ctiv   im nsions at all stag s, an  r j ction 

factors. (Factor loadings for the main component defined by each variable were above .6, and over .3 higher than the 

loadings for the other two components (amply meeting the cross-loading criterion of Ferguson and Cox (in Hone and 
Graham,     ). Th s  “main” factor loa ings ar  shown in bol .) 

 

Subjective 

dimension 

Components a 

C1 C2 C3 

UE .776 .151 .030 

UV .774 .249 -.128 

LV .768 .277 -.323 

LE .762 .231 -.012 

AV .725 .326 -.211 

AE .676 .259 -.030 

GLD .243 .825 -.098 

GUD .401 .822 -.176 

ILD .344 .804 -.131 

IUD .403 .789 -.046 

GAD .149 .786 -.259 

PrivV -.115 -.235 .892 

SecV .012 .009 .877 

SecE .027 -.148 .852 

PrivD -.221 -.046 ,809 

PrivE -.147 -.201 ,665 
a KMO: .72. 71% variance explained.  

 

 

This result suggests that TAM analysis should be confined to each experimental stage, or 

be considered separately for different tasks in a multitask system. However, rejection concerns 

is an influencing factor that transcends the task. This class of subjective factors seems to operate 

at a mor  g n ral (p rhaps w  may say “syst mic”) l v l. Notic  also that all but on  of th  

other compound variables load negatively (and weakly, as is to be expected for items loading 

                                                      
63

 The scales are collected in Appendix D, Section D.4. 



A generalised Technology Acceptance Model with the SQEF classes 

 

 

159 

 

strongly on other components) on the rejection component (C3). This already gives an indication 

that r j ction factors hav  a n gativ   ff ct on th  us rs’ subj ctiv  appraisal of th  syst m an  

the interaction experience. 

The main observations extracted so far in this chapter, and in particular this last result 

regarding the factors extracted for the main compound TAM dimensions throughout the 

experiment, are relevant to understanding how the contents of the subjective quality evaluation 

framework (Section 6.1) are distributed and handled. The experimental evidence discussed thus 

far points to the coherence of the main quality factor classes in the SQEF. We now observe that 

division by task may be at least equally important. The exceptions are privacy and security 

concerns, which pervade all stages of system use. In other words, what we may be witnessing is 

that if such concerns appear at one stage connected to the use of the system, they may influence 

subjective appraisal of the experience of use at all stages in similar fashion. Whether or not this 

is a general characteristic of a separate class of acceptance-related factors we have called 

rejection factors is a question that needs to be addressed with further testing with different tasks 

and in different contexts of use. 

7.5 Extended TAM context 

We are now in a position to broaden the correlation and indirect effect analyses around the core 

TAM triangle, extending its context (i.e., adding variables around it), including in particular 

further factors correlated with behavioural intention. The variables added are questionnaire 

items and compounds combining several items. These compound variables were extracted in 

factor analyses which are presented in Appendix B (Section B.2.2). 

 In the following subsections, we first (Section 7.5.1) look at where emotions and overall 

feelings and opinion of the system fall with respect to TAM variables, privacy concerns and 

interaction robustness at the domotics stage (the final stage and the richest in number and 

variety of questionnaire items). Then (Section 7.5.2) we turn our attention to the subjective 

factors related to the ECA, and more importantly to the effects of the ECA vs. the voice-only 

interface. 

7.5.1 Emotions and overall impression at the domotics stage 

In this subsection we will introduce in the analyses those factors extracted in Appendix X that 

were found to be correlated with any of the variables in the first correlation map discussed 

earlier (in Section 7.3.3.2). 

The questionnaire items gauging feelings emotional reactions were grouped in three main 

factors extracted with principal component analysis (see Appendix B):  
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 EmoComp: Composed of items related to s ns  of comp t nc  (“I felt confident”, 

“clumsy”, “bored”
64
) an  primary  motions (“I felt happy”, “angry”). 

 EmoMWL: A factor related to discomfort stemming from high mental workload, 

combining sense of frustration and discouragement with stress and confusion (similar 

to the annoyance component in the SASSI approach (see Section 5.2.2)). 

  EmoL: A factor related to the overall feelings and likeability of the interactive system 

(it ms: ov rall f  lings, “pleasant experience” an  “interesting experience”). Inst a  of 

this factor, which seems conceptually too broad, for ease of interpretation in the 

analyses that follow only one of its component items will be used: Overall Feelings 

(OF).  

These three emotional elements were found to contribute meaningfully to the correlation picture 

of an extended Technology Acceptance Model. The only other factor found to be related to 

variables presented in earlier sections was perceived interaction speed (derived from factor C4 

in the PCA of Appendix B, Section B.2.2.1). Finally, th  us r’s overall impression of the system 

(OI), as captured by the single item DQ1 (see the questionnaire listings in Appendix D, Section 

D.3) were, as expected, found to play an important role.  

 

7.5.1.1 Extended domotics correlation map 

Th  r sulting “ xt n    corr lation map” for th   omotics stag  is shown in Figure 39. We first 

observe that PU is still by far the strongest predictor of BI. Next is perceived interaction speed, 

a subjective factor that has also been found in previous research to play a prominent role for 

spoken interaction systems (see, e.g., Hone and Graham, 2000). Emotional reactions to 

cognitive load (EmoMWL) are also mildly correlated with BI. Interestingly, BI is not significantly 

correlated with other general appraisal parameters, in particular with Overall Impression (rs = 

.30; p = .07) and Overall Feelings (rs = .22; p > .1), nor with dialogue performance (i.e. 

Roughness), and again, only very mildly correlated (not quite with statistical significance: p = 

.052) with perceived robustness. 

The second interesting observation that may be extracted from the correlation map is that 

Priv is still only correlated with PU and BI. It is not significantly correlated (in our dataset) with 

any other parameter that a priori might be considered relevant, such as PEU, OI, OF, emotions 

connected to mental workload (EmoMWL), or actual (objective) and perceived robustness. Since 

PU is th  strong st pr  ictor of BI, this “ xclusiv ” triangl  with Priv r inforc s th  r l vanc  

of the moderation effect of the latter on the relationship between the former two (discussed in 

Section 7.3.3.3), which is the important final step linking subjective appraisal and intention to 

use. 

                                                      
64

 The presence of the boredom item along with items associated with a sense of competence suggests that 

boredom may be a result of lack of interest for a task one does not feel very competent at. This idea has 

theoretical support. Sense of competence is related to self-efficacy (a concept defined in Section 6.2.3), 

and self- fficacy is ‘an important motivational construct [that] influ nc s in ivi ual choic s, goals, 

emotional reactions, effort, coping, an  p rsist nc ’ (Gist an  Mitch ll, 199 ). 
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Emotions related to mental workload (EmoMWL) and Roughness (R), while not correlated 

with perceived usefulness, are on the other hand correlated with perceived ease of use. There are 

a set of subjective items or factors related only to PEU, while others, most importantly 

perceived robustness, are related directly to both PEU and PU. Ultimately, PU is the (main) 

channelling variable from all subjective opinions to BI. Thus, PU may possibly mediate to BI 

not only for PEU but also for these other subjective factors. 

 

 

 
 

Figure 39. Extended correlation map (Spearman correlation coefficients (rs)) of factors related with the TAM core – 

domotics stage, for the full test-user sample (N = 38). Correlation strengths and significance levels are represented in 

the width and style of line of the arrows, as indicated in the legend to the right. Grey arrows represent negative 

correlations. (Abbreviations used: PEU (perceived ease of use), PU (perceived usefulness), BI (behavioural 

intention), R (dialogue roughness), Perc-R (perceived robustness), OI (overall impression), OF (overall feelings), 
EmoMWL (emotions related to mental workload).) 

 

 

Objective dialogue roughness is correlated with EmoMWL, overall impression (OI) and 

overall feelings (OF), and more weakly with PEU (but not with PU, as we saw in the earlier 

discussion) and with perceived robustness. Therefore, dialogue problems seem to have a direct 

 ff ct on th  us rs’ ov rall opinion of the system, as well as on their discouragement and 

frustration (as has been amply researched in the past). However, dialogue roughness does not 

have a direct effect on behavioural intention, nor even on perceived usefulness, which seems to 

be the channelling variable to BI. The route from roughness to behavioural intention seems to 

be one step longer, through perceived robustness and perceived ease of use. 

These findings support the extension of TAM made in Venkatesh (2000) which posited that 

subjective aspects (such as self-efficacy and anxiety with technology use) connected to 

emotions are determinants of perceived ease of use (see Section 6.2.3). 
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7.5.1.2 TAM-related indirect effects in its extended context 

Overall impression and overall feelings 

Overall impression (OI). It is surprising to see overall impression and behavioural intention 

(BI) uncorrelated and indeed in opposite corners of the correlation map. It turns out that they are 

connected indirectly via PU: there is an indirect effect (bootstrap estimate: ab = 0.31; p < .01), 

but not a significant overall effect. This connection may provide some insight as to why the 

generalised TAM –with likeability, usefulness and acceptance– worked so well. Acceptance 

was defined as the mean of BI and OI, and we see that OI is strongly correlated to the subjective 

factors conn ct   to PU “on th  oth r si  ”. By m rging both w  ar  tapping into a  im nsion 

that has firm bonds with PU on either side of the correlation map. On the left side are what we 

might regard as precursors of PU, and may be generalised under L, and the right side its 

behavioural effects (at least in terms of self-prediction). 

 

Substitution of OI and OF for PEU. When either overall impression (OI) or overall feelings 

(OF) are substituted for perceived ease of use in the mediation analysis, we find that also in 

these cases perceived usefulness mediates between them and behavioural intention (bootstrap 

estimates, for OI: ab = 0.31; p < .01; abcs = 0.31. For OF: ab = 0.34; p < .01; abcs = 0.33). These 

relationships help justify and explain the success we had generalising PEU (and to a lesser 

extent PU) to all likeability (and usefulness) items, when we studied the GLD  GUD  GAD 

mediation relationship (Section 7.4.1). This notion is strengthened further in the analyses 

presented below. 

 

Perceived robustness and emotions 

Among the variables in the correlation map of Figure 39, the main subjective predictors of 

perceived ease of use are perceived robustness (Perc-R) and mental workload emotions 

(EmoMWL) (Table 15). This result and the observations on the correlation map motivate the 

following discussion of tests substituting these variables for PEU in the central TAM mediation 

model. 

 

 

Table 15. Hierarchical regression analysis for the main subjective predictors of PEU (domotics stage). 

Step and variable B SE B β ∆R2
adj 

Step 1     

  Constant 2.19 0.37   

  Mental workload emotions (EmoMWL) 0.55 0.09 .70* .47* 

Step 2     

  Constant 1.70 0.32   

  EmoMWL 3.80 0.09 .49*  

  Perceived robustness (Perc-R) 3.10 0.07 .48* .18* 

* p < .001 
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Perceived robustness (Perc-R). Perceived robustness is highly correlated with both PEU and 

PU. In fact, just like PEU, Perc-R has an indirect effect on BI that is strongly mediated by PU 

(bootstrap estimates: ab = 0.50; p < .01; abcs = 0.43). This suggests that for spoken interaction 

systems perceived robustness is a direct indicator of perceived ease of use, and it plays the same 

subjective role. 

In fact, as a more specialised indicator for the spoken interaction context, Perc-R may be a 

better subjective precursor (that is, a better indicator) of perceived usefulness. Testing for a 

possible moderation effect of the categorical variable corresponding to the experimental 

condition (ECA vs. voice-only interface), on the mediation relationship Perc-R  PU  BI we 

find that there is no interaction effect and the mediation effect is present for both groups. This is 

not the case when taking PEU instead of Perc-R. In this case there is a moderation interaction 

with the experimental condition: the mediation relationship discussed in Section 7.3.2.3 is 

actually only statistically significant for the ECA group (we will come back to this in Section 

7.5.2.2). Therefore, Perc-R, being more closely connected to the causes of PEU in this context, 

is a more trustworthy predictor of PU (and ultimately BI) than PEU, less dependent on other 

interface particulars such as whether there is an ECA present or not. (Perceived robustness is 

similar for both interface groups, so we may rule out the confounding possibility that group 

differences in Perc-R cause differences in PEU and so on along the effect chain.) 

 

Emotions. With the factor covering the self-appraisal of emotions attributable to mental 

workload (EmoMWL) substituted for perceived ease of use in the central TAM mediation model 

no significant mediation effect, EmoMWL  PU  BI, was found. Moreover, EmoMWL did not 

have a direct effect on behavioural intention (BI) nor did it moderate the relationship between 

PU and BI, unlike what we found for privacy concerns. This strengthens the evidence that 

r j ction factors may b  qualitativ ly  iff r nt to th  SASSI “annoyanc ” asp cts. The latter are 

probably more aptly classified as a type of likeability factor. 

Not shown in the correlation map of Figure 39, the emotional dimension related to basic 

emotions (joy and anger) and feelings of competence, EmoComp, is fairly strongly correlated (rs = 

.55; p < .001) with the emotional dimension connected to cognitive load: EmoMWL. Then, with 

EmoComp substituted for PEU in the central TAM mediation model we do find a small, but 

statistically significant, indirect effect on BI through PU (bootstrap estimates: ab = 0.23; p < 

.05; abcs = 0.17; the overall direct effect itself, EmoComp  BI, is not quite statistically 

significant: p = .08). However, EmoComp does not moderate the PU  BI relationship. As it 

happens, the mediation effect just described comes solely from the ECA interface subgroup 

(bootstrap estimates: ab = 0.59; p < .05; abcs = 0.26). This is a first indication that at least 

certain kinds of emotion may play a greater role with the humanising presence of an ECA, along 

the lines of evidence found in previous research (see the discussion in Section 2.5). Since this 

 motional factor is conn ct   to th  us r’s f  lings of comp t nc , this (t ntativ ) obs rvation 

agrees with previous research on the persona effect (according to which an ECA makes users 

evaluate their own learning process more positively – see Section 2.5.2.2). 
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7.5.2 ECA appraisal dimensions and comparisons between the two 

interface groups 

We mentioned above that the experimental condition (ECA vs. voice-only interface) influenced 

the mediation effect of PU on the PEUBI relationship, and that emotions connected to the 

cognitive load were relevant as predictors of BI mediated through PU only for the ECA 

interface. In this subsection we return to this result and present further evidence of interface-

related differences. 

We will consider the relations involving the two ECA-specific subjective dimensions 

(described in Appendix B, Section B.2.2.2), one gauging the perceived quality of the design of 

the ECA (ECAdesign), and the other evaluating the perceived social characteristics of the ECA 

(ECAsocial)). 

7.5.2.1 Biometrics stages 

Biometric enrolment 

The correlation maps specific to the ECA and the voice-only interface test groups for the 

enrolment phase are shown in Figure 40.  

 

 

 
 

Figure 40. Correlation maps (Spearman correlation coefficients (rs)) for compound variables related to (generalised) 

TAM at the enrolment stage, for the ECA interface (left) and the voice-only interface (right) test user groups. (N = 19 

for both test groups). Correlation strengths and significance levels are represented in the width and style of line of the 

arrows, as shown in the legend for each map. Grey arrows represent negative correlations. (The specific value of non-

significant (p > .05) correlations is given next to the corresponding dotted arrow.) 

 

 

The correlation diagram for the voice-only interface group is similar to the one for the 

entire test user sample, with the TAM triangle separated from rejection factors Sec and Priv. 

The diagram for the ECA group, in contrast, presents interesting peculiarities. LE is only 

weakly correlated with AE. Item ECA-helps, extracted from the factor ECAdesign, is more 

strongly correlated with AE. We already know acceptance is closely related to usefulness (e.g., 

“th  syst m works w ll”, “is s cur ”, “mak s mistak s”, “un  rstan s”,  tc.). Now we begin to 

see that the ECA, while also connected to usefulness, influences likeability aspects (such as 

comfort, ease of use and naturalness). If this is the case, we may test whether ECA-helps is in a 



A generalised Technology Acceptance Model with the SQEF classes 

 

 

165 

 

similar TAM-like relationship with BI as LE, with UE as a mediator. This is in fact so, and the 

mediation effect found is comparatively strong (bootstrap estimates: ab = 0.25; p < .01; abcs = 

0.45). There is a complete cancellation of a weak direct effect of ECA-helps on AE when UE is 

accounted for, which (as usual) means the ECA-helps affects AE only indirectly, through its 

effect on UE. 

Roughness is negatively correlated with ECA-helps. Interestingly, the correlation is 

stronger when barge-ins are included in the roughness score, which suggests that there may be a 

slight decreas  in th  trust in th  ECA’s capaciti s wh n barg -ins are unsuccessfully attempted 

(users soon learn to avoid barge-ins, however, especially in the ECA interface group: none were 

registered at the domotics stage). 

Finally, there is a positive correlation between security concerns and ECA-friendly (an 

element of ECAsocial). It would be interesting to confirm this very tentative observation with 

more data, as it would add to an effect found in previous research that an ECA on the interface 

of a biometric system heightens security and privacy concerns by its mere presence (Hernández 

Trapote, 2011). Now we see that the effect might be intensified by some sort of psychological 

association of social openness with diminished security. 

 

Biometric verification 

The correlation maps specific to the ECA and the voice-only interface test groups for the 

verification phase are shown in Figure 41.  

 

 

 
Figure 41. Correlation maps (Spearman correlation coefficients (rs)) for compound variables related to (generalised) 

TAM at the verification stage, for the ECA interface (left) and the voice-only interface (right) test user groups. (N = 

19 for both test groups). Correlation strengths and significance levels are represented in the width and style of line of 

the arrows, as shown in the legend for each map. Grey arrows represent negative correlations. (The specific value of 
non-significant (p > .05) correlations is given next to the corresponding dotted arrow.) 

 

 

Once again, the diagram for the voice-only group is similar to that of the entire sample 

taken together, which was discussed earlier. The same observations apply here: observed TAM 

triangle, influence of Priv and lack thereof (perhaps due to insufficient data) in the case of 

roughness. However, Priv is not found to be correlated with likeability (LV). The connection 

found taking the entire sample (both experimental groups together) was in fact due to a 
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comparatively strong link for the ECA test group. Remember that the general relationship found 

between privacy concerns and the TAM triangle was on the usefulness-acceptance side. On the 

other hand, the ECA dimensions are more closely linked to all of the elements of the TAM 

triangle, and in particular to likeability. It is plausible, then, that the link with Priv is an effect of 

the ECA. 

Most of the peculiarities found for the ECA test group at the enrolment stage are 

reproduced here. In particular, the link between ECAsocial and security concerns is strengthened. 

A correlation now appears between ECAsocial and acceptance (AV). An interesting question is 

whether security concerns moderate the relationship between the two. It turns out the 

moderation effect is not significant. However, the direct effect of ECAsocial on AV when 

controlling for Sec is slightly larger (c’ = 0.70) than the direct effect disregarding AV (c = 0.52), 

indicating that the total effect of ECAsocial on AV comprises a positive direct effect and a weaker 

negative effect through Sec. Hence, the social openness of the ECA would have a stronger 

 ff ct on acc ptanc  w r  it not for th  fact that at th  sam  tim  it incr as s th  av rag  us r’s 

security concerns, which have a negative effect on acceptance, resulting in a degree of negative 

feedback. Finally, once again we find an indirect effect between ECAdesign and AV through UV 

(bootstrap estimates: ab = 0.29; p < .05; abcs = 0.29). 

As regards the central TAM triangle and its relation to rejection factors, a moderated 

mediation effect was not found for the ECA group. For the voice-only interface test group, 

however, there was a significant UV×Sec interaction (p < .05): the higher the security concerns, 

the stronger the positive effect of UV on AV. 

7.5.2.2 Domotics stage 

Regarding the relationships between the compound variables we have been focusing on 

throughout this section, the main differences found between the two experimental groups at the 

domotics stage are three: 

 The PEU  BI conn ction in th  “TAM triangl ” is not pr s nt (at l ast not with 

statistical significance) for the voice-only interface test group. It only appears for the 

ECA group. This observation warrants a closer inspection with mediation analysis 

(below). 

 For the ECA test group there is a stronger connection between both perceived 

robustness and likeability aspects (including PEU itself!) and behavioural intention. 

 For the ECA test group objective dialogue roughness is more weakly connected to the 

subjective dimensions. In particular, for this group the overall dialogue problem 

incidence rate (R) is completely uncorrelated with perceived robustness (rs = -.12, p = 

.6), which in theory should be regarded as the inverse of the subjective counterpart of R. 

In contrast, for the voice-only group there is a fairly strong negative correlation between 

the two variables (rs = -.58, p < .01). 

The reasons for these differences, if indeed they can be confirmed with more data, are 

unclear. We may venture to say that with an ECA likeability aspects that do not have to do 

directly with interaction performance, such as naturalness, amusement, entertainment value or 
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perceived ease of use, have a greater impact on intention-to-use (BI) and overall opinion (OI), 

and these in turn are more closely linked to perceived robustness than to objective performance. 

In contrast, with the voice-only interface user judgements are more focused on interaction 

fluency and robustness, the appraisal of which are, in turn, more realistic (objective dialogue 

roughness being more strongly correlated to perceived robustness and also with perceived ease 

of use). We find that dialogue pace and fluency are more strongly correlated to naturalness and 

to each other for the voice-only interface (Table 16). These observations reinforce the idea that 

other factors beyond speech are influencing the assessment of naturalness for ECA users, who 

have a visual element to assess also. 

 

 
Table 16. Correlations (rs, two-tailed p) between items for dialogue pace, fluency and naturalness. 

 ECA interface Voice-only interface 

  Natural Fast Pace Natural Fast Pace 

Fast pace .04*  .64**  

Fluent .49* .49* .58** .72** 

* p < 0,05.  ** p < 0,01. 

 

 

In this regard it is relevant that, unlike with the voice-only test group, for the ECA group 

overall impression was strongly correlated, not only with perceived robustness, but also with 

it ms lik  “It was a fun experience” an  “The system’s dialoguing ability was surprising” (as 

shown in Table 17 and Table 18). It is uncl ar why th  latt r it m (DQ  : “surprising  ialogu  

ability”) shoul  b  corr lated with OI and Perc-R for the ECA group but not for the voice-only 

group, but it may be related precisely with these indications that with an ECA present other 

lik ability factors influ nc  th  us rs’ g n ral opinion an  th ir particular impr ssion of th  

spoken dialogue quality itself. Indeed, we find that item DQ20 is fairly strongly correlated with 

it m DQ 7, “th  animat   ag nt is h lpful” (rs = .61, p < .01). Again, these observations hint at 

ECA effects of a similar kind to the persona effect. 

 

 
Table 17. Correlations between selected items of the domotics questionnaire, for the voice-only interface group. 

  

DQ1)  

Overall 

impression 

DQ5b)  

Fun 

experience 

DQ20) 

Dialogue cap. 

surprising 

DQ5b) Fun experience .05***   

DQ20) Dialogue capability was surprising .20*** .31*  

Perceived Robustness .76*** .30* .17** 

 *** p < .001 

 

 

 
Table 18. Correlations between selected items of the domotics questionnaire, for the ECA interface group. 

  

DQ1)  

Overall 

impression 

DQ5b)  

Fun 

experience 

DQ20) 

Dialogue cap. 

surprising 

DQ5b) Fun experience .66**   

DQ20) Dialogue capability was surprising .67** .52*  

Perceived Robustness .67** .51* .66** 

* p < .05; ** p < .01 
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Turning back to th  “TAM triangl ”, in vi w of th  first of th  points highlight   abov , it 

is not surprising to find through regression analysis that PEU only predicts BI for the ECA 

group (we omit the details of these analyses). For this group we still find an indirect effect 

through PU.  

 

 
 

Figure 42. Conceptual model to test the moderation effect of the experimental condition (ECA interface vs. Voice-

only interface user test groups) on the PUBI path of the central TAM mediation model. A moderation effect was 
found: the mediation effect of PU is only statistically significant for the ECA group. 

 

Focusing now on the generalised TAM model (with GLD, GUD and GAD substituted for 

PEU, PU and BI, respectively), with which we found clearer results in the general case (all test 

users pooled together), we find that in the case of the voice-only interface there is a strong direct 

effect (c) of GUD on GAD (Table 19), no doubt thanks to the contribution to GAD of th  “ov rall 

impr ssion” it m. This  ff ct  isapp ars almost compl t ly wh n accounting for th  m  iation 

effect of GUD, which is comparatively strong (abcs = 0.54). Similar observations can be drawn 

from the ECA group (Table 20). Therefore, the general TAM mediation model is reproduced for 

both experimental groups. 

 

Table 19. Regression parameters for the mediation model of GLD on GAD through GUD, for the voice-only interface 
test group (N = 19) (domotics stage). 

Normal theory estimates Bootstrap estimates † 

Path Coefficient S.E. p Param. Value CI95% 

c 0.75 0.24 < .0100 ab 0.67 (0.09, 1.26) 

a 0.91 0.16 < .0001 abcs  0.54 (0.09, 0.94) 

b 0.75 0.33 < .0500 PM  – (0.07, 2.33) 

c’ 0.07 0.37  .8600    

ab 0.68 0.32 < .0500    

† Means of 10,000 resamples. 

 

Table 20. Regression parameters for the mediation model of GLD on GAD through GUD, for the ECA interface test 
group (N = 19) (domotics stage). 

Normal theory estimates Bootstrap estimates † 

Path Coefficient S.E. p Param. Value CI95% 

c 1.10 0.40 < .0500 ab 0.86 (0.17, 1.84) 

a 0.93 0.26 < .0100 abcs  0.43 (0.11, 0.78) 

b 0.92 0.31 < .0100 PM  0.81 (0.19, 1.62) 

c’ 0.24 0.44  .5900    

ab 0.86 0.38 < .0500    

† Means of 10,000 resamples. 
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7.6 Summary of findings 

We began this chapter formulating a methodological approach that combines a range of 

statistical techniques for the identification of subjective dimensions, the mapping of their 

interrelations and the exploration of the structure of said interrelations, with a focus on 

determining prediction paths for behavioural intention (BI). We then followed this approach, 

first to corroborate the Technology Acceptance Model with the data from a specific interaction 

experiment; second, to add further subjective (and also objective) elements to the analyses; and 

then to discover that analogous interrelations could be found involving the more general classes 

of the Subjective Quality Evaluation Framework proposed in Chapter 6. 

Evidence supporting the central TAM mediation model, particularly in its generalised 

version (Likeability  Usefulness  Acceptance), was found consistently at all experimental 

stages and for both experimental conditions (ECA and voice-only interface groups), although 

the effect becomes clearer the further into the experiment (which could be an indication that this 

effect is consolidated by experience of use). The generalised version is more reliable (it is a 

stronger, more pervasive effect), perhaps because behavioural intention, while closely 

dependent on perceived usefulness, on its own is not significantly correlated with other general 

appraisal parameters, whereas acceptance also includes overall impression, which is strongly 

linked to all the main likeability parameters (including perceived ease of use (PEU)). Moreover, 

we have seen perceived usefulness (PU) is the major channelling variable of the effects of other 

subjective factors on BI, including perceived interaction robustness, which of course is a factor 

of major relevance in a system based on spoken interaction. This notwithstanding, emotions 

were direct antecedents of perceived ease of use (PEU), not perceived usefulness (PU), in 

accordance with the extended Technology Acceptance Model proposed by Venkatesh (2000) for 

the inclusion of determinants of PEU. Thus, the major channelling variable between emotions 

and behavioural intention was perceived ease of use. 

Privacy concerns were found to moderate the relationship between perceived usefulness 

and behavioural intention: the greater the privacy concerns the stronger the influence of PU on 

BI. Evidence of the moderation effect of privacy concerns (Priv) on the PEUPUBI 

mediation relationship is strengthened in the extended model,
65

 by virtue of the fact that Priv is 

still only connected to PU and BI. Results also suggest that rejection factors function differently 

to annoyance factors (emotional reactions to interaction problems and cognitive demand, such 

as frustration and stress): these do not seem to have a modifying effect on the central TAM 

mediation model. Furthermore, whereas usability and likeability dimensions load on factors 

corresponding to the two main stages of the experiment (biometric and domotic), privacy and 

security concerns from both experimental stages (i.e. both tasks) all group together in one factor 

in the same principal component analysis. This is yet another indication that rejection factors 

operate differently to other subjective factors. 

                                                      
65

 That is, the TAM model with more added variables, not to be confused with the generalised model with 

only three central dimensions (L, U and A) which cover more aspects. 
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The link between interaction problems and perceived robustness is stronger for the voice-

only interface. When an ECA is present, other appraisal factors related more generally to 

likeability gain prominence. In short, with an embodied conversational agent user judgements 

are less confined to the fluency of the spoken interaction. The emotional reactions are in 

particular more closely related to intention-to-use for the ECA interface. At the same time, for 

ECA users perceived robustness is less correlated to actual dialogue performance than for voice-

only us rs, who s  m to b  mor  “r alistic” in this r gar , th ir ju g m nts not b ing as much 

the product of other considerations. 

Finally, rejection factors (privacy or security concerns) have specific effects for the ECA 

interface group. In particular, the friendlier the ECA is perceived to be, the stronger the security 

concerns related to system use. We may be witnessing yet another social or humanisation effect 

of the ECA, to add to those discussed in the literature (Section 2.5.2.2). 

Reconsidering the meaning of “acceptance” 

Turning back to the fact that the generalised TAM model works better when the overall 

impression item is included as an indicator of user acceptance with our experimental system,
66

 

this finding suggests reflecting on the very quality toward the estimation of which subjective 

evaluation should ultimately be directed. The Technology Acceptance Model was originally 

proposed for the subjective evaluation of the acceptance of IT tools in the workplace. In this 

context of non-voluntary usage (of the technology in question or of alternatives), intention-to-

use (or behavioural intention, BI) seems the more important subjective quality, and as such 

models should be directed toward its prediction. The environment of use of the experimental 

system presented in this Thesis, in contrast, is a speculative future application for personal 

assistance, which is of voluntary use. In such a context perhaps we should be interested in 

whether users like the system, rather than whether they can imagine themselves using it, since 

here users are not only not habituated to the tool, or to the interface, they are also not habituated 

to the task itself. Extrapolating from what Ajzen and Fishbein (as cited in Venkatesh et al. 

(2012)) attribut  to th  usag  of an IT tool: that ‘r p at   p rformanc  of a behavior can result 

in well-established attitudes and intentions that can be triggered by attitude objects or cues in 

th   nvironm nt’, it s  ms r asonabl  that attitu  s an  int ntions may also b  aff ct   by 

habituation to the activity or task itself. It furthermore stands to reason that habituation to the 

task will help mould usage intentions with regard to technological tools for performing said 

task. Without this experience it is reasonable to suppose, a priori, that test users will not have a 

strongly formed opinion regarding such intentions. These are all hypotheses that need to be 

tested empirically. Nevertheless, these open questions point to the relevance of examining the 

ov rall opinion (OI) of th  syst m as an  arly in icator of th  us r’s motivation to become 

habituated to the task in question, and to develop an intention to use the system as a tool to 

perform it. In this sense overall opinion may possibly reveal itself as a more useful measure of 

acceptance than behavioural intention, in early stages of adoption of an activity and in contexts 

of voluntary use. 
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 And with the due caution that our limited test-user sample advises. 
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This Thesis has presented, first, a discussion of the main desirable characteristics of advanced 

Human-Machine Interaction systems that are either multitask, multimodal or context-aware, or a 

combination of the three. Then it has identified a range of challenges for the design and the 

(user-centred) evaluation of such systems, and finally it has proposed contributions to address 

some of the more important of these challenges. In this concluding chapter we summarise the 

challenges and contributions concerning, first, the design of advanced Human-Machine 

Interaction systems (Section 8.1), and then their evaluation (Section 8.2). Naturally, 

considerations in each of these spheres (design and evaluation) have implications for the others. 

Areas that can benefit from future research are also identified. 
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8.1 Contributions to the design of advanced speech-

based HMI systems 

Designing advanced Human-Machine Interaction systems that combine, in the broadest case, 

multiple tasks, multiple interaction modalities and context-awareness of a diverse, externally 

sensed world, and which attempt to reproduce the naturalness of human-human conversation, 

presents various types of challenges. Three have been explored in this Thesis. The first set of 

challenges considered are those associated with combining and managing information from 

diverse sources (Chapter 3). The other two types of challenges (Chapter 4) are more closely 

related to each other, and are conn ct   with th  syst m’s communicativ  output to th  us r: th  

first concerns the internal representation of communicative intentions combining different 

purposes, in particular conveying the open message and a way of delivering it in order to affect 

the us r’s moo  or b haviour. Finally, concr t  b havioural strat gi s to improv  int raction 

robustness were proposed for ECAs acting as interfaces for a system combining a biometric 

authentication task and remote access to a home automation system. (The system, described in 

Section 4.3, was used in an experiment devised to test both the design considerations expounded 

in the first part of the Thesis, and the evaluation framework presented in the second. The results 

of the experiment were discussed in Chapter 7 and Appendix C.) 

8.1.1 Management of heterogeneous information 

Accessing and managing contextual information in combination with rich human-machine 

interaction, in other words, making human-machine interaction systems context-aware, expands 

the scope of the problems to which they may be applied, and increases their adaptability to said 

context and to the user herself. This requires making sense of information coming from external 

sensors as well as that exchanged with the user through various communication modalities. 

Chapter 3 explored some of the main challenges that have to be overcome to achieve the 

integration of interaction and sensor information in context-aware multimodal HMI systems. 

We propose that the same ideas, and to some extent the same tools, can be employed for 

multimodal integration and sensor data integration, and indeed for combining the two. The 

World Wide Web Consortium (W3C) has recommended the MMI architecture for multimodal 

system design based on the model-view-controller paradigm. This paradigm gives sufficient 

flexibility to allow adding components introducing external sensor information alongside the 

interaction modality components. Once the different threads of information are made available 

to the dialogue manager, its actions can be directed toward providing a coordinated response 

taking into account all of this information, which forms a picture of the interaction needs in the 

broader context in which it is taking place. Furthermore, the technical element proposed by the 

W3C to provide the flexible mechanisms to coordinate the functioning and simultaneous 

interpretation of the different modalities in a multimodal interaction system, State Chart 
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eXtensible Markup Language (SCXML), can also be used to incorporate other information from 

external sources (e.g. sensors). 

A basic internal structure was proposed for a context-aware multimodal interaction 

manager to be used in the extended MMI architecture to which we referred in the previous 

paragraph. This interaction manager has three main elements: 

 A multimodal HMI coordinator which exchanges information with the modality 

components. 

 A context composer which exchanges information with the sensor components. 

 An interaction-context integrator to maintain an overall information state combining 

the dialogue state and the knowledge obtained through the interaction with the human 

user, and the knowledge obtained of the relevant context of the interaction.  

Design alternatives were discussed in Chapter 3 for the distribution of responsibilities 

between these components. 

8.1.2 Internal representation of layered communication intentions 

The problem of the internal representation of layered communication intentions was explored in 

Section 4.2. A natural conclusion from the discussion is that, since said internal representations 

  t rmin  not only th  “how” but th  “what” it is possibl  to r pr s nt, particularly wh n th r  

are multiple simultaneous communicative intentions, this problem (of internal representation of 

layered communication intentions) emerges as a key point of research to advance the design of 

natural, smart and multimodal human-computer interfaces. 

With this goal in mind, a representation and architectural scheme was described in Section 

4.2 that has a number of correspondences with the SAIBA model (Section 4.1). The latter 

provides a clear conceptual demarcation of communication act elements and generation phases, 

and one that provides considerable implementation flexibility: communicative intentions can be 

played out through different (possibly multimodal) messages. Key aspects of the approach 

described here supplement the SAIBA concept, especially as regards the specification of a 

Functional Markup Language (FML) (adding categories to those proposed in Oijen (2007), for 

instance). 

Firstly, in our work on dialogue robustness and fluency it has become clear that interaction-

level information, such as that relating to turn management and to how the different available 

modalities for expression are going to be used (ECA voice and gestures, text and other on-

screen elements, etc.), should preferably be determined at an early stage that is close to when 

th  n xt cours  of action is   ci   , an  which com s b for  th  ECA’s sp cific v rbal 

intention is formed. This becomes apparent in the examples given in Section 4.2.3, and in the 

discussion of embodied conversational gesture design in Section 4.3. Conceptually, this sort of 

information would belong in a supra-FML level of communication act formation. We suggest 

this supra-FML level should also include general verbal and gestural indications corresponding 

both to explicit and non-declared communication intentions, but which are text-independent 
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(indeed, this is a pre-textual stage, prior to natural language generation). Together, all these 

information elements constitute what we have called the communication intention base (CIB). 

When forming the CIB a number of contextual parameters should be taken into account 

(scenario, user capability, user preferences and emotional state, modalities in use, interaction 

history, etc.). 

Secondly, we believe it may be useful to enhance FML by including categories to account 

for what we have called the non-declared communication level, which is the part of the 

communication act devised to achieve an interaction goal that is not explicitly declared to the 

interlocutor (for instance, a gesture strategy to produce an effect on, or to induce a certain 

reaction from, the interlocutor). The interaction goal in question may not only not be declared, 

but actually be intended to remain hidden from the user, a possibility that would allow 

specifying that a gesture sequence should be implemented, for instance, in such a way as to 

deceive the interlocutor. This idea can be applied to the design of ECA behavioural sequences, 

for instance with the communicative goal of eliciting clear, calm responses from the human 

interlocutor, implicitly and without openly acknowledging this intention verbally or gesturally 

(in order not to draw attention to the fact that the system is having difficulty understanding the 

user, with the ultimate aim of avoiding the negative consequences to dialogue robustness and 

user satisfaction that such knowledge can give rise to). 

8.1.3 ECA behaviour design for dialogue robustness 

ECA behaviour sequences with superimposed open and non-declared communication intention 

layers were designed for an experimental system to study robustness-promoting behavioural 

strategies as well as the evaluation of user interaction experience in general. These situation-

specific verbal and gestural sequences were described in Chapter 4, Section 4.3.  

The sequences were devised to complement the verbal message with important functions 

(delivered through gesture and visual effects), particularly redundancy, added complementary 

information on the state of the dialogue, and positive empathy toward the user, mostly with the 

non-declared objective (vis-à-vis the us r) of influ ncing th  us r’s styl  of r spons . Th  

overall goals were to improve dialogue fluency and robustness, as well as user satisfaction. The 

situations covered included dialogue initiation and termination, turn changes, 

miscommunication, information confirmations and no-inputs. The underlying strategy was to 

show a positive attitude, take the blame for problems, show interest in solving them, and align 

emotionally with the user (showing sadness when errors occur and happiness when tasks are 

completed successfully). 

Two versions of the same system, one with an ECA interface, the other featuring only 

spoken interaction, were tested empirically using a dual-task scenario combining biometric 

access by speaker authentication and remote personal assistance with home devices. 

Comparative evaluations across both versions of the system were already explored in previous 

work by colleagues, and complemented with further analyses presented in Appendix C of the 

present Thesis. The limited size and scope of the experiment discussed in this Thesis allowed 
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the extraction of only weak observations, but the slight improvements in the case of the ECA 

interface are a tentative indication that the chosen behavioural strategies are sound. 

More fundamentally, we have used our description of the aforementioned case study as a 

vehicle to compile and present a variety of aspects found in different projects, experiments and 

theoretical approaches in the literature on ECA development and evaluation the spoken Human-

Machine Interaction, from defining scenarios and contexts of use, to gesture design, 

coordination of different behavioural elements, user test design and the evaluation of the 

interaction itself (the focus of the second part of the Thesis (Chapters 5 to 7), summarised in 

Section 8.2 below). 

8.2 Contributions to the evaluation of advanced 

speech-based HMI systems 

The literature review of evaluation approaches for speech-based interaction systems (in Chapter 

5) began with the identification of user acceptance (and its prime indicator, intention-to-use) as 

the focal attribute of interest in user-centred evaluation of interactive technologies. The main 

precedents in the research of interaction system evaluation upon which the work presented in 

this Thesis has been based are, primarily, the Technology Acceptance Model (TAM) (Davis, 

1989), the Subjective Assessment of Speech System Interfaces (SASSI) tool (Hone and 

Graham, 2000), ITU-T Recommendation P.851 (ITU-T, 2003), and to a lesser extent the 

taxonomy of quality aspect proposed by Möller (2002) and the PARADISE framework (Walker 

et al., 1997). 

Conceptual incongruities were identified between the different studies, as well as a general 

lack of correspondence with perceptual categories (rather, the focus in prior research efforts has 

been on system characteristics), with the notable exceptions, in this respect, of TAM and the 

SASSI tool. Nevertheless, TAM is a general model for a wide variety of workplace 

technologies, which needs to be adapted, with appropriate details added, to the case of spoken 

interaction in voluntary contexts of use. The SASSI tool, for its part, is specialised on spoken 

interaction, but it lacks dimensions to deal with added modalities and affect. It also lacks 

structure: it says nothing of the kinds of relationships that may exist between the dimensions it 

identifies. Finally, PARADISE attempted to provide a method to find structure, but it neglected 

the subjective aspects. 

In this Th sis an  valuation approach (a “fram work”) has b  n propos   that aspir s to 

contribute to addressing the shortcomings of the previous approaches, just mentioned. The 

contributions to the evaluation of speech-based interactive systems presented in this Thesis are 

of three kinds: conceptual, methodological and empirical.  
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8.2.1 Conceptual contributions to evaluation 

The Subjective Quality Evaluation Framework 

The evaluation scheme has as its central element the Subjective Quality Evaluation Framework 

(SQEF) that organises its main classes of factors –likeability, usefulness and rejection– around 

user acceptance for different interaction aspects of which users may be aware (in particular we 

have explored interface, task and general system aspects). This framework of subjective classes 

(outlined in Chapter 6) affords clarity and simplicity, as did TAM. However, not being in itself 

a model relating subjective aspects, but a structure identifying and situating broader subjective 

classes, it further offers flexibility in exploring concrete models. For this reason this conceptual 

framework was taken as a starting point to develop models describing how the subjective 

parameters of the identified classes are interrelated, particularly in prediction models for 

intention-to-use. This central focus on intention-to-use, as an indicator of user acceptance, is 

another virtue which the SQEF shares with TAM. However, the SQEF offers a broader basis 

from which to explore more complex structures of interrelations involving user acceptance and 

its antecedents. Thus, the particularisations to spoken HMI systems to which we make reference 

in the next point, together with the extensions to previous evaluation approaches for these 

systems, can be accommodated readily within the SQEF scheme. 

Exploration of further subjective categories that characterise the interaction 

experience with advanced spoken HMI systems 

Another aspect of the approach, contributing to the study of subjective categories, was the effort 

to extend previous evaluation recommendations (particularly SASSI and ITU-T Rec. P.851) to 

cover affect, rejection aspects (a category in its own right in the SQEF) and dimensions relevant 

to an expressive and socially engaging embodied conversational agent. Also, particular 

emphasis was given to the study of subjective reactions to interaction problems and robustness. 

These features of speech-based interaction have been studied in terms of objective parameters in 

most research approaches found in the literature, with relatively little attention given to the 

related subjective aspects. 

8.2.2 Methodological contributions to evaluation 

The methodological contributions presented in Chapter 7 consist fundamentally in an original 

combination of statistical techniques, and in their novel application to find structure in the 

interrelations between subjective dimensions (and between these and objective interaction 

parameters), exploring extensions to the Technology Acceptance Model. The shifts from TAM 

in two directions, to the generality and to the details, supported by the different levels of focus 

that the SQEF allows, lead to richer models. This imposes the need to establish a 

methodological approach that enables a more precise identification of the constituting elements 

of said models, as well as their subsequent empirical evaluation. 
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The method of analysis proposed has four main steps:  

1. Identifying the underlying subjective dimensions that may be directly or indirectly 

relevant to the prediction of user acceptance. This involves preparing adequate 

questionnaires based on well-established prior research, testing the categories found in 

said research with structural equation models and factor analyses, as well as the 

int rnal consist ncy (computing Cronbach’s α) of the scales taken as indicators of the 

subjective dimensions proposed. 

2. Mapping the correlations between the subjective (and objective) variables that are 

relevant to the point of focus under consideration (be it testing the original or variant 

Technology Acceptance Models, or the predictors of user behavioural intention or 

acceptance). This is a useful step to guide the study of the path structures of the 

relationships between the variables in the next step. 

3. Studying direct, indirect and conditional indirect effects (mediation, moderation and 

combinations of the two) interrelating the variables identified and mapped in steps 1 

and 2. These analyses rely on an analytical framework of regression-based techniques, 

the formalisation of which into a coherent body is fairly recent (Hayes, 2013) and still 

developing. 

4. The iterative application of steps 1 to 3 for particularising, generalising and extending 

the Technological Acceptance Model. The particularisation is the adaptation of the 

TAM variables to the case of spoken interactive systems (with added features, such as 

ECAs). These variables are also generalised to test the relationships between the major 

subjective dimensions in the Subjective Quality Evaluation Framework proposed in 

Chapter 6, considering subjective aspects previously identified in the literature. The 

extension of TAM refers to the inclusion of further subjective elements (rejection 

factors, affect and ECA-related factors), which are added to the models as the focus 

shifts to  iff r nt asp cts of th  syst m or th  us rs’ int ractiv   xp ri nc . 

8.2.3 Empirical contributions to evaluation 

The primary contributions made in this Thesis to the evaluation of advanced speech-based HMI 

systems are the conceptual and methodological ones outlined in the previous two subsections. 

The empirical contributions are of secondary importance since the experimental data available 

for analysis (from a sample of just 38 test users) is insufficient to extract conclusive findings. 

Nevertheless, the empirical observations we have been able to make are valuable particularly as 

exploratory evidence of the soundness of the conceptual and methodological approaches. 

8.2.3.1 Empirical support for TAM adapted to spoken HMI 

Following the methodological approach summarised above has led to observations that 

represent empirical evidence of that structure of interrelations proposed for the central elements 
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of the Technology Acceptance Model works for the spoken interaction system in our 

experiment when taking subjective variables adapted to this technological context. More 

specifically, perceived usefulness (PU) is the primary predictor of intention-to-use (also referred 

to as behavioural intention, or BI), and, also, perceived usefulness (PU) mediates an indirect 

effect of perceived ease of use (PEU) on intention-to use (BI). This finding, from a study of a 

speech-based interaction system, supports the evidence found in numerous studies with other 

information technologies, where the pattern of relationships between PEU, PU and BI is very 

similar, with PU commonly acting as a complete mediator between PEU and BI (King and He, 

2006). 

Furthermore, generalising the central TAM elements to cover other aspects of the classes 

proposed in the Subjective Quality Evaluation Framework (SQEF) reveals that a similar 

structur  of int rr lations  xists b tw  n th s  class s (w  might call this th  “SQEF variant of 

TAM”). Th s  fin ings may b  tak n as th  first  mpirical support for the SQEF, as well as for 

the soundness and merit of the methodology of analysis itself. 

On a more particular note, we have seen that including overall opinion as an indicator of 

user acceptance produces clearer prediction models. This suggests that it may be a better 

parameter to associate with acceptance than behavioural intention, for a voluntary usage context 

with a novel activity, such as is the case with the experimental system presented in this Thesis. 

8.2.3.2 Rejection factors  

An important addition to the theory, for which empirical support was also found, is the 

existence of a distinct system/technology rejection category of subjective appraisal. 

Furthermore, insights were extracted as to how rejection operates on the other subjective 

dimensions, and particularly on intention-to-use. We now summarise the more interesting 

observations regarding rejection factors (as exemplified by privacy and security concerns). 

Rejection as a distinct subjective entity 

Privacy and security concerns consistently formed a separate component in the factor analyses 

performed on the questionnaire responses at all experimental stages (save for the final 

questionnaire, as it only had one item on privacy, which (meaningfully) loaded strongly on the 

PU/BI component). Another notable observation suggesting that rejection factors constitute a 

distinct subjective dimension is this: In an overall factor analysis on the likeability, usefulness, 

acceptance, privacy and security scales computed for the data from the biometric and domotic 

stages of the experiment, likeability, usefulness and acceptance (the other major subjective 

variables in our SQEF variant of TAM) were sorted conjointly into components related to the 

task (i.e, one component for the biometric stage and another factor for the domotic stage). 

Privacy and security concerns (our proposed instances of rejection factors) for all experimental 

stag s loa    tog th r on a s parat  “r j ction” compon nt. This striking  iff r nc  sugg sts, 

however tentatively, that not only do rejection factors indeed exist as a separate subjective 

construct, but they may also have distinct properties and behave differently to other subjective 

constructs. That is, rejection factors may constitute a class of their own of subjective aspects, as 
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conjectured theoretically in the SQEF. Further observations pointing to these notions are given 

below. 

Effects of privacy concerns on the relationships between other subjective dimensions 

A trend was observed according to which those users who had stronger privacy concerns 

expressed a weaker inclination to use the system (BI) in the future. More interestingly, privacy 

concerns were found to moderate the prediction effect of perceived usefulness (PU) on 

behavioural intention (BI), as well as the indirect effect of perceived ease of use (PEU) on BI 

through PU. The higher the privacy concerns the greater the observed change in behavioural 

intention per unit change in perceived usefulness. This effect was found to be coupled with a 

negative effect of privacy concerns on perceived usefulness itself. 

The moderation effect of privacy on the central TAM mediation relationship is particularly 

interesting if interpreted as an instance of the self-regulation between desires and intentions 

proposed by Bagozzi in his revision of TAM (see Section 5.1.2.2). If so, then we may have 

provided empirical evidence suggesting the validity of this model, while characterising privacy 

concerns (posited as a particular type of rejection factor) as a subjective dimension that 

functions as a regulator between intentions and their subjective antecedents. 

Interaction of rejection factors and the perceived social character of the ECA 

Security concerns were found to be positively correlated with perceived friendliness of the 

ECA. This is a very tentative observation,
67

 but the connection, if confirmed, is of interest. It 

could be reflecting a social effect of the ECA involving a rejection factor, in this particular 

context of use in which there is biometric access to a system that handles personal information. 

The implication is that a generally positive characteristic (friendliness), may have, in certain 

contexts of use, negative effects pulling users toward rejection of the technology. Such effects 

should be taken into account in the design process. 

In Appendix C it is reported that higher privacy concerns tended to be associated with 

lower usefulness scores, but only in the ECA interface group. This may be another indication of 

a social  ff ct of th  ECA, which may b  “p rsonifying” th  syst m. 

8.2.3.3 Other ECA-related effects 

The comparative study presented in Appendix C revealed further interesting differences in 

interaction performance and user opinions between the version of the system with the ECA in 

the interface and the version featuring voice-only interaction. For the sake of completeness we 

give a brief summary here. 

The rate of interaction fluency problems (dialogue roughness) throughout the experiment is 

slightly higher in the voice-only interface group than in the ECA group, and significantly higher 

during biometric enrolment phase (due to higher rates of barge-in attempts and no-inputs). This 

may be an indication (to be confirmed through further experimentation) that the ECA may be 

                                                      
67

 The sample size in this case is halved (N = 19), as questions related to the ECA are not relevant for the 

voice-only interface group. 
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helping users to realise when and how to speak to the system, and also to understand problem 

situations better when they arise, and so be better situated for their correction. It is reasonable to 

conjecture that these benefits, if indeed they can be confirmed, may be attributable to the 

complementary and redundant information conveyed by the ECAs over the verbal message with 

their gestural behaviour, although further research would be needed to understand the perceptual 

and cognitive mechanisms underlying these effects. 

There were also differences in subjective experience between the two experimental groups. 

The impact of interaction fluency problems (roughness) on perceived dialogue robustness was 

more direct for the voice-only group. In the ECA group likeability aspects, including emotions, 

were more important as antecedents of the central TAM variables (PEU, PU and BI) than 

objective interaction parameters, while the opposite was observed in the voice-only interface 

group. 

The ECA interface users gave, on average, more positive responses to items of affect. In 

this group  motions r lat   to th  us rs’ own s ns  of comp t nc  suff r   th  most for cas s 

with high incidence rates of interaction problems, whereas in the voice-only group the scores 

affected were those of emotions related with mental workload. Also interesting is that only in 

the voice group did users express some anger after having encountered many problems. This 

difference between the two experimental groups as regards emotional reactions to high 

incidence of dialogue problems suggests that a further social effect may be at work: the 

presence of an ECA may be making users more self-conscious and have a greater tendency to 

put the blame of the problems on themselves, while at the same time remaining in a slightly 

more positive mood. Again, these are highly speculative conclusion. Nevertheless, it identifies 

another aspect of the important family of psychological and social effects of ECAs that need to 

be investigated further, and of which evidence has already been given in the literature (see 

Section 2.5.2.2). 

It seems, therefore, that ECAs possess features that provide the opportunity to increase 

dialogue robustness. This realisation suggests applying the notion of affordance as used by 

Norman (1999) in th  fi l  of   sign (of “ v ry ay things” (Norman,     )) an  r stat   for 

‘smart t chnology  nvironm nts’ by Jokin n as a s t of r lationships between users and systems 

that allow th  latt r to “l n  th ms lv s to natural us  without th  us rs n   ing to think an  

r ason how th  int raction shoul  tak  plac  in or  r to g t th  task compl t  ” (Jokin n,    9, 

p. 125). Regarding the relationship between the user and an ECA interface, the expressive 

possibiliti s of ECAs, if prop rly coupl   with th  us r’s communicational ability, provi   th  

possibility (are an affordance) for rich, fluent, natural and robust dialogue between the two. 

The limitations of the experiment, particularly in number of test users, prevent the drawing 

of solid conclusions from concrete, substantive empirical observations such as those that have 

just been summarised. They are not main focus of this Thesis, however. The central 

contributions have been made in the conceptual and methodological areas. Nevertheless, the fact 

that the observations drawn in the comparative empirical study were facilitated by summarising 

and structuring the subjective data following said concepts and methods (Chapters 6 and 7) 

illustrates another benefit emanating from them. 
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8.3 Future research directions 

8.3.1 HMI design 

Research on the design of Human-Machine Interaction systems covers a wide range of areas. 

Numerous problems of functionality and internal structure and processing need to be studied. In 

this Thesis we have touched primarily on three particular aspects: high-level information 

management architectures to handle multimodal input and contextual data, the internal 

representations of the ideas and communication functions that are to be conveyed in messages, 

and embodied conversational behaviour to improve dialogue robustness. In this section we give 

an overview of some of the main questions that arise from the discussions in Chapters 3 and 4, 

pointing to open lines of inquiry. 

8.3.1.1 Architectures for context-aware, multimodal HMI management 

Three challenges were identified in Chapter 3 for the design of context-aware multimodal 

interaction systems, which should be addressed in future developments of the field: 

 The benefits of modularity (e.g., design flexibility, and functional and data integrity) 

are jeopardised to some extent not only as a result of the design solution for which a 

high-level outline was given above. The possibility of building truly recursive 

architectures using SCXML is in doubt due to the fact that, currently SCXML 

specifications allow for only one data model and event queue. Alterations to SCXML 

may be envisaged to address this limitation. 

 Event management is a concern in an architecture such as th  W3C’s MMI. A fl xibl  

and truly open solution requires asynchronous events. This, however, poses a number 

of logical problems, for instance when making inferences that require knowledge of the 

order in which events (particularly remote events) happened. Possible solutions may 

involve timestamping schemes or vector clocks (see, e.g., Babaoglu and Marzullo, 

1993). 

 Unified representation schemes are being developed for multimodal information (e.g. 

EMMA, by the W3C) and sensor data (e.g. O&M, by the OGC), respectively. If HMI 

syst ms ar  to publish information as “virtual s nsors”, th  corr spon ing  xt nsion 

should be developed for the sensor data representation language. As regards 

information handling inside the context-aware HMI system, it seems more difficult to 

extend languages that facilitate the coordination of multimodal components, such as 

EMMA, to incorporate the whole breadth of possibilities of the sensed world. The way 

forward may be through specialised, application-dependent approaches. These may 

involve a context composer module that receives the relevant types of sensor data and 

translates it to an internal representation that can be combined with that of the 

multimodal interaction. Advances in semantic technologies may facilitate this approach 
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by making it possible to have richer descriptions of interaction and sensor phenomena 

in a common representation scheme. Semantic technology also promises to put greater 

reasoning powers at the service of interaction managers. 

8.3.1.2 Representation of communicative intentions 

Research to develop a flexible, widely applicable Functional Markup Language has not been 

very active. There is a major problem with devising a solution that will fit different applications 

(e.g. a personal assistant, a work tool, a game, etc.), and indeed the research focus of the 

different fields of research in which conversational agents are studied (linguistics, social 

interaction, artificial intelligence, etc.), since they focus on widely differing types of 

communicative goals that may profoundly affect the message generation models and underlying 

architectures. The differing perspectives of what FML should be has hindered progress.  

The model and architectural proposals made in this Thesis suit a personal assistant 

application scenario with an embodied conversational agent in the user interface. It has only 

been developed at an abstract level, however, although important aspects of it were 

implemented in actual systems: the experimental conversational system described in Section 

4.3, and in ECA prototypes in the first stages of the Companions project. The ideas proposed in 

Section 4.2 of this Thesis are yet to be fully tested in a working system, as are the architectural 

ideas for designing a context-aware multimodal HMI manager discussed in Chapter 3. 

Future developments in communicative intention specification, representation and handling 

(transformation into messages) should also examine message interpretation, i.e. the extraction of 

intention from received messages, in a process that in some respects would be the reverse of that 

discussed in Section 4.2. 

8.3.1.3 Exploring ECA behaviour to improve robustness and user acceptance 

A considerable amount of further research is needed to understand in detail how different verbal 

and gestural (and other complementary visual) strategies affect the interaction. The case study 

presented here was designed for studying common situations that arise with a spoken dialogue 

system in which the flow of the interaction was guided to a certain extent, and the content 

domain was very limited. There are numerous initiatives that are beginning to propose more 

complex behavioural models based on the users’ f   back (Gratch  t al.,    6; Edlund and 

Beskow, 2007). The capacity to deal with more intelligent, broader and less guided interaction 

strategies is an important step towards which some efforts are currently being made (for 

instance, the Companions Project funded by the 6
th
 Framework Programme of the European 

Commission (Companions, 2007)). 

For significant progress to be made in the design of this new family of interaction systems 

it will be invaluable to develop ECA gesture collections. Typically, researchers design ECA 

behaviour by copying human behaviour or collecting the information from classic literature on 

human gesture generation or performance. It would be very useful to have a dynamic and 

standardized framework for gesture design that can support fast prototyping. 
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8.3.2 Subjective evaluation 

8.3.2.1 Consolidating subjective scales, factor classes and models 

An extensive amount of further work will be needed to consolidate appropriate evaluation 

methods, frameworks and recommendations for the context-independent embodied dialogue 

systems of the present and near future. The evaluation and analysis methods should be tested in 

further experiments with different applications and contexts of use, and featuring longer 

interaction exercises that give rise to richer dialogues. Subjective scales (for all but the TAM 

scales for perceived ease of use and perceived usefulness) are yet to be developed that have 

good, validated and reliable, psychometric properties. This emphasises the need for a much 

greater volume of interaction cases. Furthermore, language and culture, as well as user 

characteristics (background, personality, etc.), will have to be taken into account when defining 

subjective variables and studying the observable effects on them (for instance, translation 

problems aside, scales may well be different for studies with Spanish speakers and with English 

speakers). Further work in all of these areas would allow the development of more refined, 

richer and more reliable models relating objective and subjective variables. 

On a more theoretical level, one interesting line of research is to explore whether, and how, 

these interactions or relationships between the aspects and conceptual categories in the 

Subjective Quality Evaluation Framework (SQEF) might correspond to, or be influenced by, 

perceptual categories in the user: categories related to how the users perceive, without 

necessarily being aware of it themselves. That is, there may be a structure of perceptual 

categories that cut through the conceptual categories in the SQEF, partitioning it in a different 

way, so instead of the vertical levels of focus proposed here), conceivably areas of perception 

may be found which bind together elements in different conceptual layers, if for whatever 

reason they ar  intimat ly r lat   in th  us rs’ p rc ption proc ss. Anoth r way of vi wing this 

idea is that these new partitions might correspond to the projection of the actual mental 

categories working in the user onto the proposed layered conceptual framework, although such a 

conjecture would have to be confirmed by substantial connections to work in various areas of 

psychology. 

8.3.2.2 The defining nature of the rejection class, and identifying subjective factors 

in the class 

One particular element of the Subjective Quality Evaluation Framework proposed in this Thesis 

that merits special attention is the rejection class of subjective factors. We have found 

indications that such a class of factors that act as moderators between user acceptance and its 

predictors may exist as a distinct entity. Furthermore, we have posited that the effect they have 

may b  similar to, or  v n a sp cial cas  of, ‘s lf-r gulation’ in th  s ns  propos   by Bagozzi 

(2007), that is, the rational act of moderating the effect of desires on intentions. The existence of 

rejection factors, and indeed of self-regulatory processes in this sense, as well as their nature 

and how they operate in the process of forming intentional stances toward interactive 
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technologies are all questions that need to be studied in greater depth and detail. The application 

domain in which rejection factors have been studied in this Thesis has been a system that 

includes biometric authentication. In this domain privacy and security concerns are of prime 

importance. However, it needs to be confirmed by further experimentation that privacy and 

security concerns are in fact rejection factors exhibiting the central property mentioned above 

(that of moderation between acceptance and its antecedents, or self-regulation between desires 

and intentions). Further, in a conversational system, particularly with the potentially humanising 

presence of an embodied conversational agent, it would be interesting to study whether and how 

privacy and security concerns (and rejection factors in general) are related to the personification 

of the system or its interface in the mind of the user. Finally, the study of rejection factors, if the 

concept is sound and useful, should be extended to other application domains. All of these 

further developments will require more focused and extensive experimentation. 

8.3.2.3 Concurrency of HMI with other tasks: effects and management of priorities 

On  asp ct of int raction that hasn’t b  n cov r   in this Th sis (for lack of tim  an  spac ), but 

which is of central importance in the study of context-awareness (of which problems of internal 

design were discussed in Chapter 3), is the possibility of concurrency of the interaction (and the 

task motivating it) with other tasks. In this case there are many contextual aspects to be 

considered.  

The scenario of interacting with an information system while driving a car serves to 

illustrate and explore such contextual aspects. On the one hand, engaging in human-machine 

interaction while driving makes the act of driving a context that impacts the interaction directly, 

framing it as a s con ary task, as th   riving shoul  tak  priority in claiming th  us r’s 

attention. In another sense, if the HMI system received the necessary information from the 

outside world (e.g., the road network), it could take into account relevant features such as traffic 

signs, th  mov m nts of oth r cars on th  roa  an  th  us r’s own mano uvr s, an , 

accordingly, adjust how and when it communicates with her. In both cases the central 

consideration is the total workload imposed on the interacting driver, which may have effects on 

th  p rformanc  of both tasks an  on th   riv r’s subj ctiv   xp ri nc  p rforming th  tasks. 

We have conceived an experiment to study these effects, combining a standard Lane Change 

Test
68

 (Mattes and Hallén, 2009) with a dialogue task that requires that the user and the system 

exchange information regarding events occurring on the road (such as the presence of a tree 

blocking some of the lanes). To our knowledge no study has been published which analyses the 

 ff cts of th   riving task on a  ialogu  task an  th  us rs’ p rc ption of it. Th  us r t sts for 

this experimental system, and their analysis are possible next steps in the line of research 

presented in this Thesis. 

 

                                                      
68

 Briefly, a Lane Change Test is an experimental procedure of simulated driving along a straight road 

with three lanes. At roughly regular intervals sings appear instructing the test driver to change to a 

different lane as quickly as possible. The efficiency of the lane changes is measured, comparing the case 

of driving with and without a simultaneous (and potentially distracting) secondary task. 
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Appendix A  
 

Quantitative evaluation methods 
 

 

 

 

 

 

 

 

 

 

This Appendix gives a more detailed overview of the methods used to analyse the data from the 

interaction experiment as described in Chapter 7. While the methods are simple and for the most 

part broadly known –the statistics are all circumscribed within the general linear model–, they 

are sufficiently varied to make it desirable, for the sake of order and clarity, to lay them out 

here. 
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A.1 Structural equation model for the central TAM 

variables 

In Section 7.3.1 a structural equation model was presented primarily for the purpose of 

establishing the questionnaire items (for the domotic stage) that were to constitute the scales for 

the central TAM dimensions, perceived ease of use (PEU), perceived usefulness (PU) and 

behavioural intention (BI). In this appendix section details are provided regarding the 

specification and the goodness-of-fit tests for this model. The statistical analysis for the model 

was carried out using the EQS software package (Bentler, 2004), with the maximum likelihood 

method of parameter estimation.
69

 

The model parameters are the following: the variance of PEU (since it is an independent 

variable), the variances of the error terms (ε1 to ε9) associated with each of the nine observed 

variables (i.e., the variables containing the responses to the questionnaire items considered in 

the model), all but one of the factor loadings for each of the three latent variables (PEU, PU and 

BI) –for each latent variable the remaining factor loading is set to 1 to determine the scale of the 

latent variable–, the variances of the residuals of the dependent latent variables (ζPU and ζBI),
70

 

and the structural regression coefficients relating PEU with PU and PU with BI. In total, the 

model has 20 parameters to estimate. Since there are 9 observed variables, the number of non-

redundant elements in the covariance matrix is 45.
71

 Subtracting from this figure the number of 

parameters that have to be estimated from the data, we obtain the number of degrees of freedom 

of the model: 25. 

 The covariance matrix was fitted to the sample data (i.e., estimating the unknown 

parameters listed above) using the maximum likelihood method, and the resulting chi-square 

goodness-of-fit index for the model was found to be: χ
2
(25) = 26.12, p = .40. Therefore, at the 

.05 level of significance, we can accept the null hypothesis that the model fits the data. 

However, the chi-square goodness-of-fit index is strongly dependent on sample size (it is 

directly proportional to N) and it tends to be conservative for small samples such as ours.
72

 

                                                      
69

 Although the Maximum Likelihood (ML) method has been found to be valid when the data are mildly 

non-normal (Raykov and Marcoulides, 2006), the data we are using is not normally distributed (because 

of the response format and the small sample size). This notwithstanding, some studies have shown that 

with response formats of at least five levels the problems that may arise due to non-normality of the data 

when applying the ML method are usually minor (ibid.). The greater problem in our case is the limited 

size, much lower than what is typically recommended for SEM. Nevertheless, SEM is only used here as 

an exploratory starting point. 
70

 These represent the part of the variance of the dependent latent variable that is not explained by the 

other latent variable(s) it is regressed on. 
71

 9(9+1)/2. 
72

 In fact, what is proportional to N is the test statistic, T (with T = (N – 1) Fmin, where Fmin is the 

minimum of the fit function obtained through parameter estimation, in this case using the ML method). T 

approaches a chi-square distribution for large values of N (Raykov and Marcoulides, 2006). When N is 

small, as in our case (N = 38), the approximation of T to a chi-square distribution is likely to be poor. 
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Therefore, on its own, it is unreliable in this case. Raykov and Marcoulides (2006) propose 

using the root mean-square error of approximation (RMSEA) index when one is concerned 

about the influence of sample size, as it is one of the indices that is least affected by it. The 

RMSEA (  not   by π) can b   stimat   as (ibid.):
73

 

  √
(    )

(   )  
 

where T is the test statistic for the chi-square distribution (here T = 26.12), df is the number of 

degrees of freedom of the model (here df = 25), and N is the sample size (N = 38). Thus, for the 

mo  l w  ar  now consi  ring th  RMSEA (π) was foun  to be .03, and its confidence interval 

(.00, .14). Ideally, a value of RMSEA under .05 and a 90% confidence interval extending to the 

right not much over .08 are taken as good indications that the model fits the data closely (ibid.). 

Our values are not quite as impressive as this, unfortunately, but they are close. It is likely that 

not much more can be hoped for with only 38 cases with which to work. 

A.2 Analysis of indirect effects 

Indirect relations between variables have become increasingly an object of study in psychology, 

particularly since the publication of an influential paper by Baron and Kenny in 1986 (Preacher 

et al., 2007). The main purpose of that paper was to clarify the distinction between two types of 

effects involving three or more variables, and to outline a method to analyse each. These two 

distinct effects are mediation and moderation (Baron and Kenny, 1986). More complex models 

combining mediation and moderation effects, to which Preacher et al. (2007) give the general 

denotation of conditional indirect effects, are beginning to be studied systematically (see, e.g., 

Hayes, 2013). 

Mediation, moderation and more generally conditional indirect effects can be studied using 

linear regression, structural equation modelling and Bayesian inference, and, insofar as they can 

be interpreted as a set of cases falling under the purview of causal analysis, other techniques of 

causal modelling can also be applied (see Pearl, 2000). The approach chosen in this Thesis is 

that of linear regression (after a brief initial exploratory analysis using SEM, in Section 7.3.1), 

mainly for practical reasons: first, the limited experimental sample size we had to work with, 

which made it advisable to rely on simple, well-known techniques; and second, the recent 

development (as mentioned above) of a systematic framework to study conditional indirect 

effects with linear regression, including readily available tools to perform the pertinent 

numerical analyses. An overview of the regression-based techniques to study (conditional) 

indirect effects now follows. 

                                                                                                                                                            
Therefore what we should call into question, more precisely, is the reliance on the value of χ

2
 as an 

estimation of goodness-of-fit of the specified model to the data. 
73

 The estimate when T < df is π =  . 
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A.2.1 Mediation 

A variable M is said to mediate between an independent variable X and a dependent variable Y 

if a change in M is the causal link between a change in X and a change in Y; that is, if X affects 

Y because it affects M and then, in turn, M affects Y. Figure 43 illustrates the concept of 

mediation.  

 

 
Figure 43. Mediation of a total effect of X on Y, c (left diagram), through mediator M (right diagram). The total 

effect, c is split into a direct effect, c’, and an indirect effect, ab, which traverses the mediator. (From Preacher and 
Hayes (2004).) 

 

 

Without taking other variables into account, the regression model governing the overall 

(total) relationship between X and Y is 

          , 

where α is the model constant; c is the unstandardised regression coefficient, in other words, the 

direct effect of X on Y; and ε is the error term. This is what the left side of Figure 43 represents. 

The right hand side of the figure shows the path diagram of the mediation model. When M is 

introduced in the model as a mediator between X and M, two paths appear: path ab, which is the 

path through the mediator; and path c’, which is the remaining direct effect of X on Y when the 

mediator is taken into account (i.e., it is the part of the effect of X on Y that exists 

independently of the indirect effect through the mediator). To the mediator model there 

correspond two regression equations, one for the mediator, the other for the dependent variable: 

 

           

               

 

The mediation effect is said to be complete if there was a statistically significant direct 

effect (c) to begin with, and introducing the mediator reduces it to zero; that is, if the null 

hypothesis c’ = 0 cannot be discarded at a particular level of statistical significance.
74

 More 

generally, there is partial mediation when c – c’ ≠   with statistical significance (or equivalently 

when ab ≠  , sinc  c – c’ = ab (Preacher and Hayes, 2004)). 

                                                      
74

 The characterisation of the indirect effect as complete in this case has been disapproved of, however, 

since not having evidence of an effect is not conceptually the same thing as, and therefore cannot be 

equated to and described as, having evidence that an effect does not exist (see Preacher and Kelley, 

2011). 
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A.2.1.1 Assessment of the statistical significance of the indirect (mediation) effect 

Preacher and Hayes (2004) propose two methods to determine statistically whether there is a 

significant mediation effect. The first test, known as the Sobel test, relies on computing the 

critical ratio that results from dividing the point estimate
75

 of the indirect effect (ab) by its 

standard error, given by 

     √    
       

     
   

 , 

where sa and sb are the standard errors of paths a and b respectively. This gives a z-score that 

can be compared with the usual cut-off points for significant effects on a normal distribution 

table.
76

 The Sobel test operates under the assumption that the sampling distribution of the 

indirect effect is normal. This imposes a limitation since the condition is often not met, and 

especially with small samples (such as the one used in the experiment presented in this Thesis) 

one consequence is that the power of the Sobel test is reduced. 

The second approach proposed in Preacher and Hayes (2004) to determine the statistical 

significance of an indirect effect is bootstrapping. Bootstrapping is a resampling technique that 

is non-parametric and thus does not rely on any assumptions regarding the sampling distribution 

of the indirect effect. A large number, N (typically N is in the thousands), of random samples of 

the same size as the original sample are drawn, sampling with replacement. For each sample, i, 

so created, the indirect effect abi is computed. The point estimate of the value of ab for the 

population is calculated as the mean of all the sample estimates of ab (the abi’s), an  th  

estimate of the standard error is their standard deviation. The sample estimates of ab are then 

sorted from the lowest to the highest value. For a statistical confidence level of α (usually .05 or 

.01), the lower and the upper α/2 fractions of ab sample estimates are discarded. The remaining 

lowest and highest abi mark the lower and upper bounds, respectively, of the (1-α)100% 

confidence interval of the point estimate for ab. As usual in inferential statistics, if the lower 

and upper bounds of the confidence interval have opposite signs (i.e. if the confidence interval 

covers 0), then the null hypothesis that there is no indirect effect (i.e., that ab = 0) cannot be 

discarded. Otherwise we may affirm, with a probability of error lower than α, that there is either 

a positive or negative effect in the population from which the original test sample was drawn, of 

a magnitude that lies somewhere along the confidence interval. 

A.2.1.2 Assessment of the size of the indirect effect 

The size of the indirect effect, if one is found, can be measured using a variety of indices. 

Preacher and Kelley (2011) offer an excellent discussion of the desirable properties of effect 

size measures, and accordingly analyse the strengths and weaknesses of fifteen different indices. 

                                                      
75

 When speaking of point estimates derived from a sample, it is preferable to distinguish them 

notationally from the population values they estimate. A common way to denote the point estimate of a 

parameter   is as  ̂. However, omitting this notational distinction will not (we hope) cause confusion 

here, as the context will clearly indicate which concept is being discussed. 
76

 If the z-score is greater than 1.96 then the effect is significant at the .05 level; if the z-score is greater 

than 2.58 then the effect is significant at the .01 level; etc. 
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The sample point estimate of ab is in itself a reasonable measure of its own size, as it is 

independent of the sample size and confidence intervals can be derived for it, as we have just 

seen. However, the metrics of X and Y are generally arbitrary (particularly if they are derived 

from questionnaire scores), making it difficult to compare the relative sizes of indirect effects 

found for different models. 

The completely standardized indirect effect (ibid.) is defined as: 

       
  

  
 

where σX and σY are the standard deviations of X and Y, respectively. As with any standardized 

variable, abcs provides an interpretation of the indirect effect, not in terms of raw units of X and 

Y, but in terms of units of standard deviation of these variables.
77

 Thus, it is possible to state 

that Y increases (or decreases, if the sign of abcs is negative) by abcs standard deviations for 

every increase in 1 standard deviation of X, through the indirect path that traverses M. 

A problem with abcs is that it is unbounded, so it cannot provide an absolute indication of 

strength (unlike a correlation coefficient, for example). However, it is well suited to compare 

the relative sizes of two different indirect effects. An indirect effect size index (κ
2
) is proposed 

in Preacher and Kelley (2011) that shares all the good properties of abcs and is bounded, but its 

computation is much more complex. For the purposes of the analyses presented in this Thesis 

the completely standardized indirect effect is just as well suited and trivially computable from 

the point estimate of ab,
78

 for which reasons it is the one we have chosen to report. 

A supporting measure is also reported here when it provides a useful insight: PM, which is 

the ratio of the indirect effect to the total effect (Preacher and Kelley, 2011):
79

 

   
  

 
 

A.2.2 Moderation 

Sometimes confused with mediation (Holmbeck, 1997), moderation is a distinct effect 

consisting in an influence that the level of a variable W,
80

 called the moderator, has on the 

intensity of the relationship between two other variables, an independent variable X and a 

dependent variable Y. That is, if the strength of the direct effect of X on Y (i.e., if the regression 

coefficient relating X to Y) varies for different values of a third variable, W, then there is a 

moderation effect. W is then said to moderate the relationship between X and Y. Figure 44 

illustrates the concept of mediation. 

                                                      
77

 Note that the type of units in which the mediating variable is measured –providing the same linear 

correspondence is kept through a and b with X and Y– do not affect the value of the indirect effect. 
78

 It is also given in the output of the software tool (SOBEL) we have used to perform the tests for 

mediation effects (see Section A.2.4). 
79

 Preacher and Kelley (2011) caution, however, that PM is not a proportion, since it can be greater than 1 

or even negative. 
80

 Adopting the notation in Preacher et al. (2007). 
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Figure 44. Conceptual model of a moderation effect of W on the relationship between X and Y. (Hayes, 2013.) 

 

 

Statistically, a moderation model has to express the fact that the regression parameters, the 

slope and the intercept term, are a function of W. That is: 

    ( )   ( )    

Intended as a first approach, the analyses presented in this Thesis, as is the case in most of the 

literature reviewed, are limited to exploring moderation effects that are linear functions of W. 

Thus, 

   (      )  (      )    

Reordering this equation we obtain (Preacher et al., 2007): 

                     

The statistical diagram, or path diagram, corresponding to this linear regression model of 

moderation is given in Figure 45.
81

 

 

 

 

Figure 45. Path diagram of a moderation effect (W). (Adapted from (Baron and Kenny, 1986).) 

 

We are mostly interested in the effect of the moderator, W, on the slope of the regression 

equation, (b0 + b1W). More particularly, the quantity of interest is the coefficient (b1) of the 

interaction term WX. The traditional approach, in psychology and the social sciences, to testing 

                                                      
81

 It is commonly recommended that all the continuous predictor variables in the model be standardised to 

limit problems of multicollinearity between the predictor, the moderator and their interaction term 

(Frazier et al., 2004). Other authors, however, seem less concerned with such dangers and they 

r comm n  that th  choic  of scaling of th  mo  l variabl s b  ma   on th  basis of ‘int rpr tational 

conv ni nc ’ (Hay s an  Matth s,    9). In the analyses in Chapter 7 we have followed both approaches 

and obtained similar results. 
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moderation effects is to see whether the coefficient of determination, R
2
, of the model including 

the interaction term is greater (with statistical significance) than the R
2
 of the model without the 

interaction term (in fact, this is the model without any of the terms that include W) (Frazier et 

al., 2004). If the change in R
2
 (∆R

2
) is statistically significant, then the interaction term 

contributes to the model noticeably and a moderation effect can be said to exist. 

Preacher et al. (2007) propose a complementary approach consisting in the evaluation of 

the statistical significance of the regression coefficient for X, (a1 + b1W), as a function of W. 

For a normal sampling distribution the critical value is computed by dividing the point estimate 

of (a1 + b1W) by its standard error: 

 (        )   √   
         

       

    

As can be observed, the standard error of the indirect (moderation) effect also depends on W. In 

general, for some values of W the effect will be statistically significant while for others it is not. 

Thus, this approach allows Preacher and colleagues to employ the Johnson-Neyman technique 

for finding regions of significance. Using the formula for the variable standard error, confidence 

intervals for the point estimate of the indirect effect under examination, (a1 + b1W), can be 

determined for the whole range of possible values of W. The intervals of this range for which 

the confidence intervals of the indirect effect do not cross zero are called regions of 

significance, because, consequently, in these regions of W the moderation effect is statistically 

significant (for the chosen α, naturally). Again, this method to compute the confidence intervals 

of the regression coefficient (which includes the moderation effect of W) assumes that the 

sampling distribution of the standard error is normal. As in the case of mediation, Preacher and 

colleagues recommend the bootstrapping method (outlined above) to determine confidence 

intervals for several values of W, when the condition of normality of the sampling distribution 

is not met. 

A.2.3 Conditional indirect effects 

More complex relationships between variables may occur than simple mediation or moderation. 

For instance, there may be several moderators operating on the X  Y relationship; or there can 

be several mediators operating in parallel, each offering an indirect path for a (different) portion 

of the influence of X on Y; or indeed there may be a set of mediators offering a single serial 

path from X to Y via each individual mediator in succession.
82

 Another possibility is to find 

mediation and moderation in combination. The number of mediating and moderating variables 

may vary, as well as the complexity of the path diagrams connecting them. Preacher et al. 

(2007) gather all such complex interactions under the general term conditional indirect effects.
83

 

                                                      
82

 For example, with two mediators, M1 and M2, we might describe the indirect effect of serial mediation 

by saying that X (partially) “ xplains” M1, which in turn “ xplains” M2, which in turn “ xplains” Y. 
83

 The term makes intuitive sense: consider an indirect effect (e.g. a simple mediation) that is conditional 

on  the intervention of other variables (e.g., a moderator). 
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The simplest possibility is a mediation effect with one or more of its paths moderated by a 

fourth variable. This is what we have found in the data from the experiment described in 

Chapter 7, and to such cases we now confine the discussion. Preacher and colleagues (2007) 

discuss five models with one moderator and one or two mediators, differing in the paths, a or b 

in the mediation model, that are moderated by other variables. The diagrams, notation and 

analytical approach presented here are closely adapted from those proposed in said paper. 

The main effect found in the analyses presented in this Thesis is a moderated mediation 

with the path from mediator to dependent variable (path b) moderated by a fourth variable.  

Figure 46 illustrates the conceptual model for this variety of moderated mediation, and 

Figure 47 shows the path diagram of the corresponding statistical (linear regression) model. 

 

 
 

Figure 46. Conceptual model of moderated mediation, where W moderates the path from the mediator (M) to the 
dependent variable (Y). 

 

 
 

Figure 47. Path diagram corresponding to the moderated mediation conceptual model in Figure 46. 

 

The regression equations corresponding to the model in Figure 47 are as follows: 

           

                         

Sobel (1986) proposed a matrix algebra method to derive the point estimates of conditional 

indirect effects formally. However, for the simple model that now concerns us it is easy to see 

that the indirect effect goes from X to M via a, and then from M to Y via b1 and b3. Therefore, 

for this model the conditional indirect of X on Y through M must be  [ (      )]. 



User Experience in Human-Technology Interaction 

 

 

194 

 

As with simple mediation, there are two ways to derive confidence intervals for the 

conditional indirect effect through the range of values that the moderator, W, can take: assuming 

normality of the sampling distribution and deriving the formula for the standard error of the 

conditional indirect effect;
84

 or bootstrapping, which makes no distribution assumptions. 

Another model considered briefly in Chapter 7 is shown in Figure 48. Its corresponding 

statistical model is shown in Figure 49. In this case the conditional indirect effect can be 

expressed as  [ (      )]. The statistical significance of the effect can be analysed by the 

same means as for the previous models: the method based on normal theory and bootstrapping. 

 

 
 

Figure 48. Moderated mediation model where the independent variable is also the moderator of the path from the 
mediator and the dependent variable. 

 

 
 

Figure 49. Statistical model corresponding to the moderated mediation conceptual model in Figure 48. 

A.2.4 Computer methods to analyse moderation, mediation and 

conditional indirect effects 

Prof. Hayes, who is part of the group researchers that have authored most of the works 

referenced in this Appendix, thus contributing to give coherence to the formalized regression-

based study of indirect effects, has made available a set of software tools (SPSS macros) to 

perform the statistical analyses of moderation, mediation and a range of conditional indirect 

effects following the methods outlined here.
85

 The analyses of a variety of indirect effects 

presented in Chapter 7 have relied on these tools. Specifically, the SOBEL macro (Preacher and 

Hayes, 2004) was used to analyse mediation hypotheses, likewise MODPROBE (Hayes and 

Matthes, 2009) for moderation, and MODMED (Preacher et al., 2007) for moderated mediation. 

                                                      
84

 We direct the interested reader to Preacher et al. (2007), where the formula corresponding to the 

conditional indirect effect for this model can be found. 
85

 These tools can be found here: http://www.afhayes.com/spss-sas-and-mplus-macros-and-code.html. 
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Appendix B  

 

Objective and subjective variables 

used in the interaction experiment 
 

 

 

 

 

 

 

 

 

This appendix defines the interaction performance parameters (objective variables) (Section 

B.1) and the subjective variables (Section B.2) used in the experiment presented in Chapter 7 

(and in Appendix C). The questionnaire items are not listed in this appendix (this is done in 

Appendix D). Here the basis for th  choic  of asp cts to cov r r gar ing th  us rs’ appraisal of 

the interaction experience is explained, leaning on existing standards and recommendations. 

Also, the derivation of compound variables (that are used in the analyses presented in Chapter 

7) by means of factor analyses is presented in Section B.2.2 of this appendix. 
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B.1 Performance parameters (objective variables) 

B.1.1 Definitions of performance parameters 

ITU-T Suppl. 24 to P-Series Recommendation (ITU-T, 2005) lists the most common parameters 

for describing the interaction with a spoken dialogue system. A subset of parameters was 

selected from this recommendation, adapted to the task and dialogue design peculiarities of the 

experimental system under consideration here. We now give a brief description of these 

parameters.
86

 We also define a set of parameters created specifically for the system evaluation 

presented in Chapter 7 and Appendix C. 

 Dialogue duration (DD): Duration of each user-system spoken dialogue, adding all of 

the alternating individual system turn durations and user turn durations, from the task 

introduction given by the system to the confirmation of task success or failure also 

given in spoken form by the system. DD was calculated for each task (biometric 

enrolment, biometric verification and the 3 domotic tasks) and for experimental stage 

totals (biometric, domotic and overall). Variants were also computed, counting only 

system turns, only user turns, and subtracting the task introductions by the system, as 

these varied significantly from task to task, making inter-task comparisons more 

difficult without this correction. 

 Number of turns (#T): Number of turns, overall, or just system turns or user turns 

throughout the interaction or in a specified part (e.g., a particular task). 

 Mean turn duration (for the system: STD; for the user: UTD): This is the total duration 

of the system or of the user turns throughout the test or in a specified portion of the test 

(e.g., a specific task) divided by the number of turns of the same kind in the same 

period. 

 Mean user response delay: Amount of time from the end of a system turn to the 

b ginning of th  us r’s n xt utt ranc , av rag   for all syst m-to-user turn transitions 

in a given period. 

 Number of time-outs: When the system ends its turns it waits for the user to respond. 

After ten seconds a time-out is registered and the waiting continues; at twenty seconds 

a second time-out is registered, and in the version of the interface with the ECA, the 

ECA will perform a waiting gesture (this is the no-input sequence described in Section 

4.3.3); at thirty seconds a third time-out is registered and the system takes the floor. 

                                                      
86

 The interested reader will find a fuller description in López Mencía (2011) (where details are given 

regarding the technical procedures, manual and automatic, employed to extract the information from the 

test interactions). We also suggest looking at the ITU-T Recommendation itself. 
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The total number of timeouts in a given period (e.g., for a specific task) is computed in 

this variable. 

 Number of ASR rejections: This variable reflects the number of times, in a given period 

under inspection, that the automatic speech recognition module fails to provide an 

int rpr tation of a us r’s utt ranc , or wh n th  r cognition confidence level is low for 

all of th  slots of information th  syst m is  xp cting to fill from th  us r’s utt ranc . 

(In other words, these are non-understanding situations that require initiating a 

recovery subdialogue.) 

 Number of system reprompts (#Reprompt): Number of times the system needs to re-

request information from the user due to the occurrence of ASR rejections, low 

confidence in the correctness of a parsed utterance, or the detection of previous 

misunderstandings.
87

 

 Number of barge-in attempts: Number of times the user tries to speak to the system 

during system turns, when the ASR module is inactive (barge-ins are not allowed with 

the system setup used in the experiment). 

 Task success rate: Ratio of tasks completed successfully to total number of tasks. 

 Word Error Rate (WER): Ratio of wrongly understood words (determined through 

inspection a posteriori) to total number of user words registered by the system. 

 Percentage of user utterances parsed by the system, with three different levels of 

correctness: all requested information slots correct (#PA:CO), one or more (not all) 

slots correct (partially correct rate, or #PA:PA), and all slots incorrectly parsed 

(#PA:IC). 

 Roughness (defined below). 

 Turn inefficiency (defined below). 

Roughness 

Roughness is a secondary parameter (inspired by a similar parameter proposed in Weiss et al. 

(2010)
88

) derived from several of the above performance parameters that are related to 

complications in the interaction. The purpose is to give an overall measure of the dialogue 

problems with a greater impact on interaction efficiency. First Roughness (R) was defined for 

the domotic task as follows: 

 

RDomotic = #Reprompt + #PA:PA + #PA:IC + #Time-out. 

 

A similar measure was derived for the biometric phase, adapting the definition to suit the 

dialogue dynamics for this phase. Since the tasks were different in the biometric phase (more 

                                                      
87

 This last situation may arise when the user corrects the system –or the system believes the user is 

correcting it– after the system requests a confirmation that it has correctly understood information 

previously provided by the user, thus implying that the system had misunderstood said information. 
88

 This parameter they called smoothness, and it could be considered the complement or inverse of the 

roughness parameter defined in this Thesis. 
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constrained: simply to repeat series of numbers) to those of the domotic phase (freely requesting 

information regarding the operational state of household devices), the relevant dialogue 

problems were also slightly different. Misunderstandings in the biometric phase are 

immediately detected since the system knows the number sequence the user is supposed to say. 

Another problem may be the occurrence of non-understandings, which are here computed as 

instances of any number (or numbers) in any given sequence uttered by the user not being 

comprehensible to the system. Time-outs are included just as they were for the domotic phase. 

Roughness (R) for the biometric phase is, thus, defined as: 

RBiometric = #ASR rejection + #Wrong number sequence + #Time-out. 

A version of RBiometric including barge-ins was also computed. However, although it is 

possible that failure to obtain a response when the user barg s in n gativ ly aff cts th  us r’s 

experience, failed barge-in attempts (as all barge in attempts are with the system in the 

experiment under discussion) do not necessarily result in a decrease in dialogue efficiency. The 

user may simply try again when it is her turn. A barge-in attempt may sometimes result in an 

 rror, for  xampl  wh n th  us r starts to sp ak b for  th   n  of th  syst m’s turn an  th  

system catches –and fails to understand– th n  n  of th  us r’s utt ranc . Wh n this happ ns 

the consequences will normally be reflected in the other parameters computed to obtain the 

roughness score, particularly the number of ASR rejections. 

Turn inefficiency 

We define Turn Inefficiency as the total number of turns taken divided by the minimum possible 

turns per task. The latter is given for each task in Table 21 for each experimental phase. 

 

Table 21. Minimum number of turns possible per experimental 

phase, adjusted by excluding each final system turn to confirm 

task success or failure. (In brackets, #turns including the final 
system turns for each task.) 

Type of turn Enrolment Verification Domotics 

User 4 6 3 

System 4 (5) 6 (9) 3 (6) 

Total 8 (9) 12 (15) 6 (9) 

 

Thus: 

Enrolment User Turn Inefficiency = 
                          

 
 

Verification User Turn Inefficiency = 
                             

 
 

Domotics User Turn Inefficiency = 
                         

 
 

Enrolment System Turn Inefficiency (adjusted) = 
                            

 
 

Enrolment Turn Inefficiency = 
                     

 
 

Etc. 
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These parameters can be used as quantitative indicators of the abundance of interaction 

problems. In contrast to the main indicators used in this Thesis (namely, total number of turns 

per phase, dialogue duration and roughness), turn inefficiency allows a fairer quantitative 

comparison of the abundance of interaction problems at different stages of the experiment. 

Differences in the nature of the tasks at each stage should be to some extent accounted for by 

scaling the indicators by a factor equal to the inverse of the minimum number of turns, which is 

the case of a faultless interaction. 

By introducing a scaling factor equal to the ratio of minimum number of turns between two 

stages, it is possible to extend inter-stage comparisons also to the Roughness and dialogue 

duration indicators. In the case of DD, however, there may be stage-specific influencing factors 

not correctible through such scaling factors. For instance, the kind of utterances users must 

construct are different for the biometric and the domotic tasks, and the differences may induce 

different levels of uncertainty or confusion which may lead to differences in speech rate and 

user turn duration. 

Given the definition of Roughness (which includes the number of system reprompts or the 

direct causes of these), it makes sense to consider scaling based on minimum number of user 

turns. Thus we define: 

 

Roughness to user turn minimum at stage X = 
                     

   (           )           
 

B.1.2 Comparison of problem indicators for the biometric phases 

In the correlation and regression analyses presented in Chapter 7, dialogue roughness was taken 

as the primary indicator of objective interaction performance. Interaction problems are counted 

in the Roughness variable (R), but they obviously also affect dialogue duration (DD) and the 

number of turns taken (#T), which are two common indicators of the fluency and overall quality 

of spoken interaction. This section provides justification for our choice of R in the mentioned 

analyses. 

DD, #T and R were compiled for the enrolment and verification phases, and summed to 

obtain totals for the entire biometric task, thus obtaining three measurement points (one the sum 

of the other two) for each indicator. First we look at the correlations between the three 

indicators (Table 22). 

 

Table 22. Correlations (rs) between problem indicators for the biometric phases. 

  Enrolment  Verification  Enrolment + Verification 

   R 

R incl. 

barge-ins DD  R 

R incl. 

barge-ins DD  R 

R incl. 

barge-ins DD 

R including 

barge-ins 
 ,87    ,97    ,89   

DD  ,86 ,76   ,91 ,90   ,91 ,78  

#T  ,74 ,72 ,56  ,84 ,77 ,74  ,83 ,68 ,80 

All correlations significant at the 0,01 level (two-tailed). 
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We may observe that for all of the measurement points R is more correlated with DD and 

#T when barge-ins are not counted (the difference is only slight for the verification stage 

because here there were very few barge-ins –in fact, in all only one user barged in (albeit 5 

times) in the verification phase–, so th  R’s ar  practically i  ntical). This is an indication that 

barge-ins have less of an effect on the dialogue as a whole than the sum of misunderstandings, 

non-understandings and timeouts. Moreover, since barge-ins only occurred in the biometric 

enrolment phase, but not during verification (again with the one exception) nor in the domotics 

phase, the R without barge-ins seems the more reasonable indicator to compare all stages of the 

experiment. We therefore favour this R over the other. 

R is strongly correlated with both DD and #T at all measurement points. The latter two are 

slightly less correlated with each other than with R. The reason may be that some dialogue 

hiccups result in the need for more interaction turns (to solve the problem), but, although there 

will obviously be some correlation, this need not result in an increased DD (perhaps the 

problem arises precisely because the user takes too little time in his or her turns, so more are 

needed but they are shorter). Conversely, confusion, or simply style of speech, may lead a user 

to take longer turns without this necessarily leading to more of them, unless response delay 

leads to running into time-outs or the confusion also increases the chances that the user will 

utt r s nt nc s outsi   th  syst m’s  omain of un  rstan ing. Both possibilities are taken into 

consideration in R, which also reflects quantity of turns (in particular, turns with interaction 

problems). 

R at enrolment is only mildly correlated with R at verification (rs = .36; p =.03), there as 

the respective enrolment and verification measures for DD and #T are not correlated. Therefore, 

in our data R carries over more uniformly than DD and #T between experimental stages (i.e., to 

a certain extent seeing interaction problems at enrolment one can expect them also during 

verification, whereas dialogue durations and quantity of turns are more independent). In the 

experiment, interaction problems at one stage were generally poor predictors of the same at 

another stage. This is confirmed by a Wilcoxon signed rank test: no differences are detected 

between R at enrolment and verification, while significant differences are found for DD (Z = -

3.92; p < .001) and #T (Z = -5.39; p < .001). These differences, however, reflect the fact that the 

tasks and the dialogues were different, and necessarily of different length, at enrolment and 

verification. 

This provides another reason to prefer R over DD and #T as an indicator of spoken 

interaction problems: R reflects the presence of these problems directly, rather than their 

possible consequences (which would be increased dialogue duration in the case of DD and 

increased number of turns for #T). The consequences of interaction problems, however, are 

more task-dependent than the interaction problems themselves (because interaction problems 

can result in different DD and #T effects depending on the task), making it difficult to separate 

differences in these variables due to differences in task from those due to differences in 

incidence rates of interaction problems. (It is reasonable to assume also that these consequences 

of int raction probl ms ar  mor    p n  nt than R on th  us r’s styl  of sp  ch,  sp cially DD, 

even considering that some styles may be more problem-prone –e.g., with more barge-in 

attempts or leading to higher ASR rejection rates– than others.) 
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B.2  Subjective variables 

B.2.1 Questionnaire items 

B.2.1.1 Correspondence with ITU-T Rec. P.851 guidelines 

The questionnaire items were organised in conceptual blocks following the ITU-T P.851 

Recommendation guidelines. 

The opening questionnaire 

Th  op ning qu stionnair  a  r ss   th  following asp cts of th  t st us rs’ backgroun , as 

suggested in ITU-T Rec. P.851: 

 Personal information: age, gender and profession; 

 Prior experience with relevant technology; 

 Task-related information: expectations regarding spoken interaction in the application 

contexts presented in the experiment (including comparative opinions with reference to 

other forms of interaction for similar tasks), predicted motivation to use similar 

systems. 

A block of items addressing privacy and security concerns (as foreseen by the user) was added 

as part of the implementation of the extension for the evaluation of rejection factors outlined in 

Section 6.2.4. 

The post-task questionnaires 

The questionnaires served after each experimental phase addressed, first of all, the guidelines 

for ‘questions related to the individual interaction’ in ITU-T Rec. P.851: 

 Information obtained from the system, particularly as regards reliability and clarity; 

 Speech input/output capability: perceived system understanding, frequency of system 

errors, intelligibility, etc.; 

 System interaction behaviour: reliability, flexibility, distribution of the initiative, 

int raction control capability, a  quacy of th  syst m’s h lp m chanisms,  as  of 

recovery from interaction problems, naturalness of the interaction, length and 

smoothness of the dialogue, speed of the interaction, etc.; 

 Perceived system personality (only for the ECA interface version): friendliness, 

expressiveness and politeness; 

 Impression on the user: in place of this category a set of items was substituted 

addressing user feelings and emotions (as explained in Section 6.2.3), including items 

related to perceived cognitive demand, as suggested in ITU-T Rec. P.851. 
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 Perceived task fulfilment: task success and reliability of the results given by the system. 

 

In the case of the questionnaire filled in at the end of the experiment, after the domotic phase, in 

a  ition to it ms corr spon ing to th  abov  ‘qu stions r lat   to th  in ivi ual int raction’ 

applied to the domotic tasks, this final questionnaire also covered parts of the recommended 

s ction on ‘user’s overall impression with the system’ (ITU-T, 2003): 

 Us r’s ov rall impr ssion of th  syst m; 

 Comfort of use; 

 Perceived usability (ease of use and habitability (as in SASSI –see Section 5.2.2)); 

 Likeability (here, enjoyment); 

 Appropriateness and helpfulness of the system for carrying out the task; 

 Added value of the system (pros vs. cons), comparative judgements regarding other 

ways of performing the task; 

 Expected future use of the system (or similar systems). 

B.2.1.2 Correspondence with previous evaluation schemes, item progressions and 

limitations 

In addition to following the ITU-T P.851 Recommendation guidelines, as many items as 

deemed appropriate for the purpose of adaptation to our experimental system were taken, either 

exactly in their original form or modified to a greater or lesser extent, from the SASSI 

qu stionnair  an  from Möll r an  coll agu s’ own a aptation of ITU-T Rec. P.851 and the 

SASSI questionnaire in Möller et al. (2007), which they had applied to a similar domotic 

system.  

The inclusions and adaptations for the experiment presented here were made taking into 

account the nature of the tasks, where possible including the same or very similar items at each 

of the three experimental stages (enrolment, verification and domotics), and also some items 

were the same in the opening questionnaire. This was done with a view to compare prior 

expectations to opinions after use. These repetitions allow studying the progression of user 

opinions for the aspects in question. Equivalent items that were included in exact or adapted 

form in the questionnaires at different experimental stages (i.e., item progressions) are listed in 

Section D.2, in Appendix D. 

The enrolment and verification questionnaires were significantly shorter than the final 

questionnaire (after the domotic experimental phase) so as to disrupt the flow of the test runs as 

little as possible, as well as to preserve the sense in the user that the scenario formed a coherent 

whole, with an access procedure (the biometric phase) flowing into the accessed service itself 

(the domotic phase). Because of this, the resulting item list for the biometric tasks was terser 

and most scales had to be condensed into fewer items, while striving at the same time to 

preserve the more interesting items to perform longitudinal progression analyses across 

experimental stages. 



Appendix B. Objective and subjective variables 

 

 

203 

 

In order to keep the questionnaires manageable in length, not all dimensions could be 

covered with enough items to build rich scales. For the same reason –in order to cover more 

ground with fewer items–, for a variety of items it was deemed better, at the outset of the 

experimental design process, to condense two or more separate declarative statements of 

opinion with th  r spons  format “strongly  isagr   … strongly agr  ” into bipolar a j ctiv  

rating scal s. For instanc , inst a  of having two s parat  it ms such as “Th  ag nt’s [ECA’s] 

g stural r p rtoir  is insuffici nt” an  “Th  ag nt’s [ECA’s] g stural r p rtoir  is 

ov rwh lming”, both w r  m rg   into a singl  it m with “insuffici nt” an  “ov rwh lming” as 

opposites on the same rating scale. The decision to do this was based on the practical reasons 

just outlined, even though there are problems associated with it, as Hone and Graham (2000) 

warn. The main drawback is that it is difficult to select terms that are precise antonyms to ensure 

that both serve as opposite anchors to the same concept. Seeking to strike a conceptual blend 

that is distinct in the minds of the respondents for these combined items, the danger is to 

confuse the respondents, reducing the meaningfulness of their responses and thus introducing 

noise in the collected data. This danger notwithstanding, the absence of completely developed 

and validated psychometric instruments to measure many of the aspects plausibly related to 

perceived quality and/or acceptance made it an attractive possibility, at the time when the 

questionnaires were designed, to introduce such compromises. At the data analysis stage, on the 

other hand, interpretation problems were encountered with some of these items. It is hoped, 

nevertheless, that this study may be one of many that contribute to a refinement and 

prioritisation of relevant aspects and the scales used to measure them, at which point it will be 

easier to prepare questionnaires that are more focused and terse (a goal Hone and Graham (ibid.) 

share regarding the future steps to be taken with SASSI), and also closer to the impeccable 

ideal.  

The resulting questionnaires included several items that corresponded exactly, closely or in 

some cases more loosely –as required for adaptation purposes– to items in the TAM scales for 

Perceived Usefulness and Perceived Ease of Use. These were deemed sufficient to provide 

metrics for these important perceived quality factors. The inclusion of additional TAM items 

from these scales was not deemed necessary or appropriate, in the first place so as not to extend 

the length of the questionnaires beyond reason, but also because of the focus of the original 

TAM, which is different to that of the interactive systems we are presently concerned with. 

TAM was originally developed for professional environments where the scenario of use of the 

tools under investigation is that performance of the task the tools are designed for is 

compulsory. Thus th r  is an  mphasis on how th  tool impacts th  work r’s ability to  o th  

work, whether it be better, more efficiently or with less effort (or the opposite). The main 

perspective of these aspects is that of (increased or decreased) productivity. Productivity is not a 

concern in the personal environment scenarios under consideration here, so the TAM items that 

were more strongly associated with productivity are less relevant for our purposes. Hence the 

questionnaires were not extended to include them. 

Correspondences of items with those in the SASSI questionnaire, ITU-T Rec. P.851, 

Möll r an  coll agu s’ (   7) own a aptation of th  pr vious two, as w ll as with it ms in th  

original TAM scales (Davis et al., 1989) are listed in Section D.3, in Appendix D. 
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B.2.2 Factor analyses on user responses 

To better understand the dimensions involved in the subjective evaluations of our test users, 

further exploratory factor analyses were performed (specifically, Principal Component Analyses 

(PCA)) on the four questionnaires filled out by the test users. 

For a sample as small as ours (38 users) it has been suggested that only factor loadings 

greater than 0.7 can be considered significant (Stevens, 1992). In some cases, however, we have 

taken into account items loading only 0.6 when interpreting the meaning of factors. We found 

that the interpretation of the factors was easier and more coherent when we did include such 

items, and our choice is further justified by the fact that we obtained increased alpha scores of 

internal consistency for the corresponding scales. Before reaching stable factor solutions, 

questionnaire items had to be screened out either because they were found not to correlate 

significantly with the other items or because they did not load significantly on any factor 

resulting from the analysis, or in order to obtain an acceptable value for the Kaiser-Meyer-Olkin 

(KMO) measure of sampling adequacy (Kaiser, 1970). 

The main round of PCAs was done for all experimental stages, setting aside all items 

related to affect, in order to obtain an acceptably stable factor solution without too great a 

conceptual range to cover. The results are presented in Section B.2.2.1, next. Items related to the 

ECA were also excluded from the overall analyses, as responses to them were available only 

from half of the test user sample. Separate analyses are presented for these specific aspects of 

affect and ECA in Section B.2.2.2. 

B.2.2.1 Main analyses by experimental phase 

Opening questionnaire 

The opening questionnair  inclu    it ms to   t rmin  us rs’ pr vious  xp ri nc  with human-

machine interaction technology, and in particular with spoken dialogue systems, and also items 

related to expectations regarding systems such as the one that they will encounter in the test. 

Aft r  xclu ing som  of th  qu stionnair  it ms, thr   factors w r  obtain   with Kais r’s 

criterion of selecting factors with eigenvalues greater than 1 (Kaiser, 1960). The KMO measure 

of sampling adequacy yielded a result of .64, which is mediocre (not high enough to indicate 

clear patterns of correlation in the data) (Field, 2009), and the three factors extracted account for 

67% of the variance of the items included in the analysis. The three factors did not correlate 

significantly with each other, which confirms the adequacy of the Varimax rotation applied. 

Th  strong st an  most consist nt factor (α = .74) was charact ris   by four qu stions (all 

loa ing ov r  .6) inquiring about th  us rs’ privacy an  s curity conc rns r gar ing voic  

authentication and remote domotic systems (note that at this stage we are dealing solely with 

 xp ctations). This factor falls cl arly into th  “r j ction” (R j) cat gory of us r acc ptanc  

dimensions. A second factor was interpreted as perceived usefulness and practicality (U), and 

the third factor had to do with the pleasantness –or “lik ability” (L)– of using such systems. 
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Thus the L, U, Rej division of aspects in the conceptual SQEF
89

 emerges even before contact 

with the experimental system, in the form of user expectations. 

Post-enrolment and post-verification questionnaires 

Both the post-enrolment and the post-verification questionnaires yielded the same three factors: 

L, U and Rej (the same items loaded more than 0.6 on the respective factors in each 

questionnaire). Relevant parameters for the factor solution
90

 extracted for the post-enrolment 

questionnaire are the following: KMO: .77; total variance accounted for: 76%; uncorrelated 

factors. For post-verification, KMO: .77; total variance explained: 82%; two correlated factors 

(r = .64). These are rather good figures considering the limited size of the sample of users. With 

the necessary caution in these conditions, this gives confidence that the factor solution is 

r fl cting r l vant  im nsions of th  us rs’ subj ctive experience with the system.) 

The first factor had to do with system performance quality. Moreover, the items loading 

highly on th  factor (which inclu   “How well did the system understand what you were 

saying?” along with “How well did the enrolment process work?”) sugg st that us rs tak  th  

system functionality to be primarily that of speech recognition. We have interpreted this factor 

as falling in th  “us fuln ss” cat gory. A s con  factor involv   pl asantn ss an  p rc iv   

speed of the interaction. This factor falls b tw  n th  “us fuln ss” an  “lik ability”  im nsions 

(suggesting a connection between the two). Finally, a third factor was found that was very stable 

and was composed of three questions regarding privacy and security concerns 

The likeability and performance factors were correlated at the verification stage. Perhaps 

this reflects an effect of the forced false rejections in said stage. In any case, these factors are 

not corr lat   with th  “r j ction” factor, which sugg sts th  latt r behaves differently. 

These results add weight to our tentative Usefulness-Likeability-Rejection classification of 

user acceptance factors, and further suggest it may be appropriate to analyse them separately. 

Final questionnaire (after the domotic query task) 

The final questionnaire was the most difficult one to analyse because of the large amount of 

items it contains, the variety of aspects it addresses, and the limited number of user cases we 

have to work with. It was necessary to carry out a rather severe pruning of the question set 

(which contained close to 50 items) in order to obtain an acceptably stable factor solution. The 

stable solution we report here is shown in Table 23. 

 

 

                                                      
89

 The SQEF, though conceptual, is based on literature, part of which has empirical support. 
90

 Direct Oblimin rotation was applied in this case, due to the strong asymmetries found in the factor 

covariance matrix. 
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Table 23. Exploratory Factor Analysis results for the final questionnaire. (KMO: .71; 72% data-set variance 

accounted for; Varimax rotation applied.) 

 

Items* 
Components† 

C1a C2b C3c  C4d C5e 

Easy to recover from misunderstandings by the system ,813     

It was easy to learn how to speak to the system ,781     

Easy to use the system having learnt how to handle it ,718     

The system make many mistakes ,614     

The interaction felt natural  ,876    

The system worked well  ,719    

It is comfortable to remotely control home devices with this system  (,541)    

You always knew what to say to the system   ,855   

You sometimes lost control of the dialogue   -,814   

It is easy to learn how to use the system   .705   

The pace of interaction was fast    ,790  

The dialogue was too long    -,762  

The interaction with the system flowed nicely    ,624  

You would feel uncomfortable using the system because it may 

compromise your privacy 
    -,844 

The pros you see in the system outweigh the cons      ,639 

This remote home automation control system is useful     ,614 

You would use a system/service like the one we have described     (,540) 

* Five-point Likert response formats, with anchors 1 = strongly disagree; 5 = strongly agree. 
† Only loadings higher than 0.6 are shown. (Two items load lower than 0.6 on all factors. For these we 

show the highest loading in brackets.) 

a C1: Dialogue robustness + ease of use 
b C2: Perceived overall performance quality and naturalness of the interaction 
c C3: Habitability 
d C4: Dialogue speed and flow 
e C5: Perceived usefulness and inclination to use the system (future use)  

 

We interpreted the five factors extracted as follows: 

C1.  Dialogue robustness and ease of use. 

C2.  Technical quality (not  that it is also r lat   to th  p rc iv   “naturaln ss” of th  

interaction). 

C3.  Habitability. We borrowed the term from the corresponding factor extracted by Hone 

and Graham with their SASSI tool (see Section 5.2.2). Th y  xplain: “‘Habitability’ 

refers to the extent to which the user knows what to do and knows what the system is 

 oing. It can b  un  rstoo  in t rms of th  a  quacy of th  us r’s conc ptual mo  l of 

th  […] syst m as a  ialogu  partn r.” 

C4.  Dialogue speed and flow.  

C5.  Perceived usefulness and inclination to use the system (PU/BI, following TAM 

terminology). Interestingly, this factor is dominated by an item on privacy concerns, 

which sugg sts that this factor plays a promin nt rol  in th  us rs’ practical 

acceptance of the system (in terms of how interested they may be in using it). 



Appendix B. Objective and subjective variables 

 

 

207 

 

Factors 1 an    combin   can b  int rpr t   as “syst m r spons  accuracy”, to us  Hon  

an  Graham’s t rminology (again, th  r a  r may r f r to th    tail    iscussion in S ction 

5.2.2). They relate to how well the system is perceived by users to do what it is supposed to do, 

bearing in mind that our users seem to regard the system primarily as a speech recognition 

syst m. W  hav  alr a y s  n that habitability is a factor also i  ntifi   in Hon  an  Graham’s 

stu y, as is “sp   ”. This is  ncouraging, an  it sugg sts that our  ialogu  syst m, with a visual 

communication channel for half of the users, is perceived along general dimensions already 

found for a speech-only system. 

Furthermore, the factors we have identified in each of the questionnaires (the reader may, 

of course, agree or not; these are, after all, subjective interpretations) are easily related to the 

“us fuln ss”, “lik ability” an  “r j ction” cat gori s that w  propos  as fun am ntal buil ing 

blocks with which to int rpr t th  us r’s  xp ri nc . 

 

B.2.2.2 Other factor analyses 

Affect 

A separate analysis was conducted to study the dimensional structure of affect. The best factor 

solution found, after screening out some a priori relevant items, is summarised in Table 24. 

 

Table 24. Principal component analysis of affect-related subjective dimensions, for the domotic questionnaire. 

(KMO: .77; 67% data-set variance accounted for; oblimin rotation applied. Factor loadings for the main component 
defined by each variable were above .6, and highlighted in bold. Other factor loadings greater than .4 are also shown.) 

Item 
Components a 

C1+ C2+ C3+ 

DQ4c) Felt happy -,803     

DQ4b) Felt confident (safe) -,707     

DQ4g) Felt clumsy ,678   ,427 

DQ4d) Felt bored ,676     

DQ4f) Felt angry ,623     

DQ5a) Pleasant experience   ,803   

DQ3) Overall feelings   ,720   

DQ5c) Interesting experience   ,701   

DQ5e) Confusing experience     ,741 

DQ4a) Felt stressed     ,710 

DQ5d) Frustrating experience   -,514 ,699 

DQ4e) Felt discouraged     ,663 

a  C1: Sense of own competence + primary emotions. 

C2: General likeability. 

C3: Cognitive load (annoyance). 

 

The three factors that emerge from the PCA can be described as follows: 

C1.  EmoComp: Confidence, or sense of competence, coupled with primary emotions (joy 

and anger). 

C2.  EmoL: It ms broa ly  ncompassing th  s mantic scop  of “lik ability”. 
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C3.  EmoMWL: Similar to th  “annoyanc ” factor in th  SASSI stu y (s   S ction 5.2.2), but 

the combination of items, combining frustration and discouragement with stress and 

confusion, suggests that the underlying dimension has to do with discomfort stemming 

from high mental workload. 

Dimensions of ECA appraisal 

Most ECA-related items fell into two categories: items related to the perceived quality of the 

design of the ECA (realism, naturalness, clarity of the gestures, etc.), and items related to the 

perceived social characteristics of the ECA (e.g., expressiveness, friendliness and politeness). 

Only 19 test users were in the ECA interface group, so these results must be taken with even 

greater caution than those involving the whole sample of test users. 

 After some item pruning, at the enrolment stage these two ECA factors are not very 

clearly separated, but they are at the verification stage (Table 25).  A similar result was obtained 

for the domotics stage, after excluding four of the ECA-related items (Table 26). 

 

 

Table 25. Principal component analysis of ECA-related subjective dimensions, for the verification questionnaire. 

(KMO: .64; 81% of dataset variance accounted for; varimax rotation applied. Factor loadings for the main component 
defined by each variable were above .6, and highlighted in bold.) 

Item 
Components a 

C1+ C2+ 

VQ 13 ECA helps ,894 -,123 

VQ 14 ECA is well designed ,911 ,233 

VQ 15 ECA gestures are clear ,891 ,239 

VQ 16 ECA is expressive ,110 ,876 

VQ 17 ECA is friendly ,078 ,831 

a  C1: ECA design. 

C2: ECA social. 

 

 

Table 26. Principal component analysis of ECA-related subjective dimensions, for the domotics questionnaire. 

(KMO: .67; 84% of dataset variance accounted for; varimax rotation applied. Factor loadings for the main component 
defined by each variable were above .6, and highlighted in bold.) 

Item 
Components a 

C1+ C2+ 

DQ 26 ECA is surprising ,924 ,146 

DQ 28 ECA is well designed ,909 ,179 

DQ 27 ECA helps ,882 -,246 

DQ 29 ECA gestures are clear ,866 ,340 

DQ 32 ECA is expressive ,104 ,913 

DQ 33 ECA is friendly ,074 ,858 

a  C1: ECA design. 

C2: ECA social. 
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Appendix C  

 

Comparative study: interaction 

with and without an ECA 
 

 

 

 

 

 

 

 

The design of spoken dialogue systems and the inclusion of an embodied conversational agent 

were the focus of Chapters 2 to 4. They were followed by a discussion of evaluation 

frameworks for such systems (Chapters 5 and 6). Then, in Chapter 7, ideas presented in the 

previous chapters were tested empirically. This appendix complements the presentation of 

experimental results in Chapter 7, with a comparative study of objective performance and 

subjective user appraisal of interaction with two version of the same system, the system used for 

the study in Chapter 7: one version with an embodied conversational agent in the interface, and 

the other featuring only spoken output. 

 The appendix is structured as follows: We begin with a general description of the 

experiment, its motivation and its objectives (Section C.1). Next, a descriptive statistical 

analysis of the data collected is given in Section C.2. Comparisons of the levels of the different 

objective and subjective variables (of which an overview was given in Appendix B, as well as 

derived (compound) variables defined in Chapter 7 and Appendix D) between the two versions 

of the system are analysed in Section C.3. The main statistical tests used are Mann-Whitney and 

Wilcoxon signed rank tests. Objective and subjective information are combined in Section C.4, 

which presents the result of comparisons of the opinions of users depending on the amount of 

dialogue problems they experienced. Final conclusions are extracted in Section C.5. 
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C.1 Description of the comparative element of the 

interaction experiment 

C.1.1 Introduction 

The experimental dialogue system used for the evaluation was described in Section 4.3. Two 

functions were offered by the system: 

 Biometric access: Identity verification through voice (enrolment and verification tasks), 

and 

 Domotic tasks: Remote access to and control of a home automation system. 

These two parts of the experimental system were described in detail, respectively, in two 

previous doctoral theses: the biometric phase in (Hernández Trapote, 2011) and the domotic 

phase in (López Mencía, 2011). Relevant parts of the raw dataset that will be the focus of the 

analyses and discussion in this appendix were examined previously in these works. The research 

presented here brings the two parts of the experiment together, analysing the interaction 

experience with the system considered as a whole, and expanding the range of hypotheses under 

examination as well as the range of methods of analysis. 

A major objective of the experiment was to compare the performance and subjective 

experience with two distinct interfaces. This was the main line of inquiry followed in the two 

previously mentioned theses, and it was expanded in the work presented here. Two versions of 

the same system were set up, one with an ECA in the interface (i.e., visually present on screen) 

and the other with speech output only. Having two interfaces opens the possibility of 

introducing a comparative element in the analyses. Test users were divided in equal numbers 

between these interface setups, and subsequently the interaction performance results and 

questionnaire responses were contrasted between both groups. In this Thesis we shall refer to 

the fact that the test users were assigned to two different types of interface, ECA or voice-only, 

as the experimental condition. It was the only manipulation introduced in the experiment. Both 

interface setups, with and without ECA, were equipped with the same underlying spoken 

dialogue system (speech recognizer, speech output, dialogue manager, etc.). The only difference 

was the presence of the ECA in one of the setups. Some system turns, however, were slightly 

longer with the ECA, to allow the full execution of gesture sequences. In all other respects both 

scenarios and systems were identical. Both the verbal and the gestural strategies were described 

in Chapter 4. The main purpose of this dual interface setup was to learn whether differences in 

objective performance and/or subjective experience could be detected and attributed to the 

presence and visual behaviour of an ECA (which was designed with the aim of making it 

contextually appropriate and to help the user understand the state and flow of the dialogue, 

especially with a view to improve robustness when interaction errors occur). For th  “ECA user 

group” a  itional qu stionnair  it ms sp cific to th  ECA w r  intro uc   to stu y th ir 

possible associations with other variables, as explained in Chapter 6 (Section 6.2.2). 
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C.1.2 Technical overview of the test architecture 

The architecture of the test environment was based on web technology, with which a mobile 

phone interface was simulated. The system was implemented on a web page that contains two 

frames. In the left frame there is a column of labels that show the test user what stage of testing 

he or she is (not to be confused with the dialogue stage which is not indicated). The main 

interface is displayed in the right frame and shows a mobile phone running a videotelephony 

application. 

All the technical elements of the evaluation environment were hosted on an Apache 

Tomcat web server. Throughout the test, users face a series of evaluation questionnaires and 

dialogue interactions. The questionnaires are implemented using HTML forms, and the 

information collected on them is transferred to JSP files and then stored in a database. Our test 

environment uses Nuance Communications’ sp  ch r cognition t chnology (www.nuanc .com). 

The ECA character was created by Haptek (www.haptek.com). The dialogues are implemented 

with Java Applet technology, and they are all packed and signed to guarantee fast download and 

access to the audio r sourc s. Dialogu   ynamics ar  programm  . Nuanc ’s sp  ch 

recognition engine provides a useful Java API that allows access to different grammars and 

adjusting a range of parameters depending on the characteristics of each application. Interaction 

parameters (such as utterance durations, number of turns, number of recognition errors, etc.) 

were recorded automatically during the test interactions. 

Testing was carried out in a small meeting room. Users were seated at the head of a table in 

front of a 15” screen. Two different views of the user interacting with the system were video-

r cor    to provi   us with visual  ata to insp ct an  annotat  th  subj ct’s b haviour: A 

frontal vi w was tak n from th  top   g  of th  us r’s scr  n an  a lat ral vi w was r corded 

from a wide-angle position to the right of the user. Both views were taken with Logitech 

Quickcam Pro 4000 webcams. Users spoke to the system through a headset microphone, and the 

system prompts were played through two small speakers. 

Figure 50 shows a screenshot of the verification task for the interface featuring an ECA. 

Also in the picture is a still of the frontal camera recording of the test user during the 

interaction. 
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Figure 50. Test user interacting with the ECA interface for the speaker verification task. 

C.1.3 Experimental procedure 

The system was tested with 40 users divided into two groups of 20. Each group was assigned to 

a different setup: one with an ECA in the interface and the other with only speech output from 

the system. Two users (1 from each group) encountered test system errors and their interactions 

had to be excluded from the analysis. We were, thus, left with 19 test users for each of the 

interface set ups. Users were mainly students (28 out of the 38 (74%)) and under 24 years of age 

(25 out of the 38 (69%)). As much gender balance as possible was sought, as a result of which 

the distribution of test users was 16 females to 22 males. The test users were split equally by 

gender between the two interface setups (so there were 8 females and 11 males in both the 

voice-only interface and the ECA interface). 

All user-system dialogue was in Spanish. The entire test procedure was designed to take 

roughly 30 to 45 minutes, with minimal intervention on the part of the experimenter. An English 

translation of a dialogue example was given in Section 4.3.2 (Table 1), showing the two phases 

of the dialogue corresponding to the two kinds of task presented in the test:  biometric access 

(by speaker authentication) and home automation (remote control of a domotic system). For the 

experiment described in these pages, the two phases have been regarded as forming one 

conc ptual  ialogu  whol . How v r, in th  t st proc  ur  this “whol ” was  ivi    

(minimising the amount of disruption of the scenario) in order to captur  th  us rs’ subj ctiv  

impressions at each stage of the dialogue. The complete test procedure comprised the following 

stages: 
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1.  Brief explanation: Th  us r is tol  what th  g n ral purpos  (to “ valuat  automatic 

 ialogu  syst ms”) an  m tho ology of the evaluation are, as well as the tasks that lie 

ahead for him/her. 

2.  Opening questionnaire to l arn about th  us r’s prior  xp ri nc  an   xp ctations. 

3. Training phase: The user is asked to enrol in a secure access system, which requires 

interacting in guided dialogue with an application that registers his/her voice traits. (The 

system asks the user to repeat four four-digit sequences.) 

4.  Post-enrolment questionnaire to captur  th  us r’s opinions on th  form of acc ss an  

related aspects such as privacy and security. 

5.  Verification phase (secure access task): The user does three successive verification 

exercises (as was discussed above). 

6.  Post-verification questionnaire: Similar to the post-enrolment questionnaire, to see if 

us rs’ opinions chang  aft r using th  biom tric acc ss syst m. 

7.  Domotic dialogue phase (query task): Users are asked to find out the state (on/off) of 

thr   hous hol    vic s (“th  bathroom lights”, “th  fan in th  b  room”, an  “th  

living-room t l vision s t”). 

8.  Final questionnaire: To obtain th  us r’s ov rall impr ssion of th  syst m, its main 

elements and the most important aspects of using it. Some questions are the same as in 

previous questionnaires, so that we may observe how user perceptions evolve 

throughout the various stages of using the system. 

 

Before embarking on the comparative analyses, we set the stage with an overview of the 

general experimental results obtained for the main objective and subjective parameters. 

C.2 Full sample descriptive statistics 

After the initial step just described, we continue this first level of analysis with a look at the 

overall scores (for the full test user sample) for the objective and subjective parameters included 

in the experiment. Only the more informative scores are shown, to give a general feel of how 

the test users fared in their interactions and whether their subjective experience and opinions 

were positive or negative. All of the statistical summaries and tests reported in this Thesis were 

carried out using version 15 of the SPSS statistical software package, with the exception of the 

structural equation model presented in Section 7.3.1, which was extracted using EQS (see 

Appendix A). 
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C.2.1 Distribution of test users according to prior experience with 

relevant technologies 

We present here the distribution of test users according to their prior experience with various 

technologies, as well as gender. This is useful for at least three reasons. First, it provides an 

informative description of relevant aspects of the test users from which the data we will use 

originated. Second, it provides various ways to divide the test users into groups and analyse 

differences between them in performance and subjective experience. Third, in preparation for 

further analytical steps, it provides the basis for check for the possibility of encountering 

confounding effects, in particular the possibility that any experimental effects found are really a 

consequence of differences in prior experience (or gender). 

The distribution of test users according to experimental condition (ECA or voice-only 

interfaces) and gender was already discussed when describing the experiment, in Section C.1.3: 

test users were distributed as evenly as possible across the four combinations of these two 

dichotomous variables, although the sample was slightly biased in favour of males. Now, 

introducing the information collected in the opening questionnaire regarding prior experience, 

the number of test users with different amounts of experience with relevant technologies prior to 

the experiment (as declared by the test users themselves) is shown in Table 27. 

Most of the test users (32 out of 38, or 84%) stated they had had at least some previous 

experience with interactive systems featuring automatic speech recognition. However, 2 of the 6 

who declared they had had no such experience with ASR then stated that they had had some 

experience with spoken dialogue systems, which of course feature ASR.
91

 In any case, a strong 

majority of the test users had had prior experience with ASR. Only 18 out of the 38 (53%) test 

users had had some prior use experience with more sophisticated SDSs. Of these only four 

(11%) rated their experience positively (with a score of 4), nine were neutral (a score of 3) while 

five described their prior experience with SDSs as having been bad (a score of 2). Thus, the 

average prior opinion of SDSs among those users who had tried them was modest, certainly not 

generally positive. 

Only five users declared they had had any previous experience with speaker authentication 

technology. This is what we should expect given the fact that the deployment of this technology 

is still limited. Naturally, our test users were much more acquainted with answering machines 

and similar devices, though perhaps not as much as might be expected: 15 test users stated they 

had never used such devices.
92

 Finally, a fairly large number of test users among those assigned 

to the ECA interface setup (13 out of 19, or 68%) said they had previously encountered 

animated agents. Presumably very few, if any, had interacted with an actual ECA –given that 

few have been deployed beyond experimental settings–, but the question was worded more 

                                                      
91

 It is difficult to extract an exact picture of the distribution of our test users according to their previous 

experiences, because of certain inconsistencies that appear in the responses. These inconsistencies may 

result from differing interpretations of the meaning of the questions, or in some cases from a lack of 

knowledge of how technology works. The latter seems to be the reason for the inconsistency in the 

present case. 
92

 It is possible that these respondents interpreted the question as referring to physical devices such as the 

older answering machines, which have of course fallen into disuse, and the younger generations (the 

majority of our test users were under the age of 24) may not have encountered them. 
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broadly to capture previous experience with any form of visual agent, however lacking in 

spoken and gestural conversational capability. 

 

 

Table 27. Frequency table for test user self-assessment of prior experience with interactive technologies. 

Item (from the opening questionnaire: OQ) None Some Regular use 

OQ 1.a:  Experience with ASR 6 31 1 

OQ 1.b:  Experience with SDSs 20 18 0 

OQ 1.c:  Experience with speaker authentication 

(biometrics) 
33 4 1 

OQ 1.d.1:  Experience with remotely accessible telephone 

devices (answering machines) 
15 22 1 

OQ 1.d.2:  Experience with other remotely accessible home 

devices 
36 1 1 

OQ 1.e: Experience with animated agents a 6 12 1 

a Item applies to the ECA interface test user group only (N = 19). 

 

 

 Contingency tables are useful as a rough indicator of the possible incidence of 

interaction effects between the categories of users established with these prior experience 

variables as well as gender and the experimental condition of interface type (voice-only or 

ECA). This is useful for introducing some degree of protection against confounding effects 

when comparing scores (for either the objective or subjective metrics described in Section 7.2.2) 

between the sample partitions created by these variables. The small overall sample size (38) 

makes it difficult to control these confounding effects statistically. For instance, if a difference 

is found in the score for any objective or subjective parameter between the test users for the two 

different experimental conditions (voice-only or ECA interfaces), could this really be reflecting 

a difference in the interaction experience of men and women? If most of the men happened to 

fall in one of the interface conditions and most of the women in the other, it would be hard to 

distinguish whether the discovered effect is due to the difference in interface or due to the 

difference in gender across the sample partition. In general, if the distribution of test users 

across the sample partition under consideration were to reflect a strong imbalance for another 

relevant criterion for partitioning the sample, it would be difficult to attribute any differences in 

scores between the groups uniquely to either of the two partitioning conditions. A roughly equal 

distribution, on the other hand, while by no means guaranteeing the absence of an interaction 

effect, would render its presence much more unlikely. This problem of confounding imbalances 

in one potentially relevant partition with respect to another was avoided by experimental design 

for the example just given, as the same number of males and females were assigned to each of 

the experimental conditions (ECA or voice-only interface). For other combinations that could 

not be controlled by design we computed contingency tables. Only pairwise contingency tables 



User Experience in Human-Technology Interaction 

 

 

216 

 

are presented here since the test user number counts for each category are rapidly diluted with 

more divisions.
93

 

 

Table 28 shows that the test users in the full sample (N = 38) were distributed reasonably 

evenly across both types of interface for the two main partitions according to prior experience 

(those users that have none and those that have some) either with SDSs or with remotely 

controllable domotic systems. This makes it less likely that any differences in scores found 

between the test users with and without such experience should be related to the type of 

interface encountered, rather than the difference in experience itself. 

Table 29 focuses on the ECA group (N = 19), to check for imbalances in the distribution of 

test users across the two exhaustive levels of prior experience with animated agents defined as 

“non ” an  “som  to a lot” (th r  is a  iff r nc  in th  numb r of t st us rs that fall in  ach of 

these categories: 6 vs. 13), when considering either gender or different levels of experience with 

SDSs and remotely controllable domotic systems. For both sexes the split across the user group 

partition according to experience with animated agents is fairly even, so it do sn’t s  m g n  r 

will confound results involving this type of experience in any detectable way. The same is the 

case for prior experience with SDSs: the level of such experience does not serve to predict the 

level of prior experience with animated agents, or vice versa, in our sample of test users. The 

situation is different, however, when it comes to experience with remotely controllable domotic 

systems. In this case all users (always circumscribed within the ECA interface experimental 

subgroup) who had never used an ECA had used, on the other hand, remotely controllable 

domotic systems (mostly answering machines –the definition was broad). Thus, differences in 

scores found between users with and without experience with animated agents may be 

connected, instead, to differences in experience with answering machines.
94

 With this 

knowledge, any such difference will be interpreted with caution. 

The results for the rest of the cross tabulations examined here suggest that interaction 

effects between the different conditions are likely to be weak, and if in any case there were any 

they would be difficult to discern with our (small) sample of test users. 

 

 

                                                      
93

 This is one limitation of the present study, a consequence of the fact that the total sample is relatively 

small (although of the order of magnitude of those in other influential studies, it should be emphasised). A 

significantly larger experimental sample would not only allow deriving meaningful interpretations from 

deeper contingency tables (i.e. with more levels), but would make it possible to detect, analyse and 

neutralise possible confounding effects through the inclusion of the relevant covariates in the statistical 

models. 
94

 Observe that the reverse cannot be inferred from the same table. Experience with animated agents is 

unlikely to confound differences in scores found across the two levels of experience with remote home 

automation, because in this case the 19 test users of the voice-only interface condition would have been 

added to the analyses in question in which the score differences were revealed (from  

Table 28 we see, more specifically, that 8 of the voice-only users would be added in the analysis to the 

group with no experience with remote home automation, and 11 to the group with some experience with 

these systems), making the asymmetrical distribution of users across levels of experience with animated 

agents among those test users assigned to the ECA interface a lesser influence. 
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Table 28. Contingency tables for experimental condition vs. prior experience. 

Prior experience: 

How often have 

you used… 

 Interface 

Total Voice-

only 
ECA 

… SDSs? 

 

 

Never 9 11 20 

A few times 10 8 18 

Total 19 19 38 

… systems to 

remotely control 

home devices? 

 

Never 8 7 15 

A few / many times 11 12 23 

Total 19 19 38 

 

 

Table 29. Contingency tables for prior experience with animated agents vs. gender 
and other aspects of prior experience. 

 

 How often have you used 

an animated agent? 
Total 

Never 
A few / 

many times 

Gender 

 

 

Male 3 8 11 

Female 3 5 8 

Total 6 13 19 

How often have 

you used SDSs? 

 

 

Never 3 8 11 

A few / many times 3 5 8 

Total 6 13 19 

How often have 

you used systems 

to remotely control 

home devices? 

Never 0 7 7 

A few / many times 6 6 12 

Total 6 13 19 

 

C.2.2 Objective parameter scores for the full test-user sample 

The descriptive statistics for selected objective parameters are given in  

Table 30. Recall (from Section B.1.1) that the roughness score contains information regarding 

system non-understandings and misunderstandings, as well as user no-input instances (when 

they are long enough to trigger time-outs). Other objective performance parameters such as 

dialogue duration or number of turns taken until completion of the task are less informative on 

their own (that is, without introducing a comparative perspective), as their values will depend 

on the task and the nature of the dialogue. Turn inefficiency, however, may have some value 

(though limited) as an absolute indicator, and is also included in the table. 
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Table 30. Descriptive statistics for objective performance parameters. 

Parameter a Median Mean Std. Dev. 

Enrolment phase    

User turn inefficiency 1.0 1.2 0.2 

Total turn inefficiency 1.3 1.3 0.2 

Roughness (R) 1 1.4 1.6 

R to user-turn-minimum (4) ratio 0.25 0.36 0.41 

Number of barge-in attempts 2 2.4 1.5 

Verification phase    

User turn inefficiency 1.2 1.3 0.5 

Total turn inefficiency 1.2 1.3 0.4 

Roughness (R) 1 2.0 3.1 

R to user-turn-minimum (6) ratio 0.17 0.32 0.51 

Number of barge-in attempts 0 0.1 0.8 

Domotic phase    

User turn inefficiency 2.7 2.8 1.1 

Total turn inefficiency 2.7 2.8 0.7 

Roughness (R) 3.5 4.5 3.4 

R to user-turn-minimum (3) ratio 1.17 1.5 1.15 

Number of barge-in attempts 0 0.0 0.0 

 a See definitions in Section B.1.1. 

 

 

Overall, the levels of roughness at the biometric stage are low, and slightly higher and 

more variable for the verification phase (relative roughness, is very similar in both biometric 

stages, however, and slightly lower for the verification phase). Barge-in attempts are on average 

not too frequent, and they practically only occur at the enrolment phase. In consonance with 

these observations, turn inefficiency levels are low at the biometric stage, with values around 

1.2 (this means that users on average needed to take about 20% more turns than the minimum 

necessary to carry out the task). Roughness and turn inefficiency for the domotic stage is 

noticeably higher than at enrolment and verification, with users needing to take on average 

nearly three turns for requests that ideally should take only one (combining two slots of 

information in a single utterance). The difference in dialogue efficiency between the biometric 

and domotic phases reflects the fact that the tasks are different. The domotic phase is more 

complex, with an open dialogue requiring free phrasing on the part of the users, rather than the 

strongly directed dialogue of the biometric phases consisting simply in repeating strings of 

numbers. 

C.2.2.1 Progression of DD, #T and R throughout the experiment 

Dialogue duration (DD) at any stage was uncorrelated with DD at any other stage, from 

enrolment to domotics (save for a weak correlation between the DDs of domotic dialogues 2 
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and 3 (rs = .37; p < .05). Similarly, number of turns (#T) and roughness (R) for the biometrics 

phases were uncorrelated with those for the domotics phase. We therefore extract the interesting 

observation that the test users had different problem incidence rates at different stages of the 

experiment. This means that, in general, if a user experienced good dialogue performance at one 

stage, we cannot predict that at another stage her interaction will have fared well also. There 

w r  som  consist ntly “goo ” us rs, an  v ry f w consist ntly “ba ” on s, but roughly half of 

the test sample (19 users) had a particularly high problem incidence rate at some stage of the 

experiment. These users were evenly divided between the two experimental conditions (10 were 

in the ECA interface group and 9 in the voice-only interface group). 

Focusing on average dialogue duration in the domotics phase, there was improvement from 

task 1 to task 3, with average DD getting shorter.
95

 Specifically, DD diminished significantly 

from task 1 to task 2.
96, 97

 This is an indication that the general tendency was for users to learn to 

interact with the system more efficiently after the first task. 

C.2.3 Subjective scores for the full test-user sample 

C.2.3.1 Prior expectations of the users 

Scores for selected items of the opening questionnaire are shown in Table 31. The average 

(mean and median) scores in the opening questionnaire for expected usefulness, comparative 

ease of use, comparative naturalness of the spoken interface, comparative usefulness and 

intention/willingness to use such a system in the future are all above 3 and close to 4, the second 

highest level in the 5-point response format. Therefore, overall there are positive initial user 

expectations about the system regarding ease of use, usefulness and behavioural intention (to 

put it in TAM terms). However, neutral averages (i.e., average scores of around 3) were found 

for comparative speed and reliability (with respect to alternative methods of interaction), 

sugg sting that our t st us rs  i n’t know what to  xp ct r gar ing th   ffici ncy of spok n 

interaction for the tasks proposed, perhaps influenced by previous experiences with this 

technology (however, the opinion of SDSs given by those users who stated they had had such 

experience was in fact not correlated with the responses for expected speed and reliability). 

Finally, privacy concerns are low, but security concerns are stronger, dipping slightly into the 

positive (average scores slightly above 3). 

 Expectations generally were in agreement with scores for the same items (when also 

present) in the post-domotics phase questionnaire at the end of the experiment (Table 34). This 

is the case of usefulness, naturalness and ease of use of the interface compared to available 

alternatives to carry out the same task, conc rn ov r  ir ct loss of privacy (loss through on ’s 

own system use), and self-predicted intention to use similar systems in the future (that is, BI), 

for which the test users on average responded positively. These are all important variables in the 

                                                      
95

 MdnTask-1 = 37.3 s, MdnTask-2 = 26.0 s, MdnTask-3 = 22.4 s; Friedman test: χ
2
(2) = 22.16, p < .001. 

96
 Wilcoxon signed rank test: z = -3.2, p < .01. 

97
 The dialogue durations considered had the introduction given by the system removed, as it was longer 

for task 1, so its inclusion would have prevented a fair comparison. 
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TAM scheme, as we have seen in previous sections. We may conclude, therefore, that the 

syst m match   th  t st us rs’  xp ctations with r gar  to th  major param t rs of us r 

satisfaction. 

 

 

Table 31. Descriptive statistics for selected items in the opening questionnaire (OQ). 

Item Median Mean Std. Dev. 

OQ 2:  Expected usefulness 5 4.6 0.6 

OQ 3.1:  Expected ease of use of a spoken interface 

(compared to alternative interfaces) 
4 3.7 0.9 

OQ 3.4:  Expected naturalness of a spoken interface 

(compared to alternative interfaces) 
4 4.0 0.9 

OQ 3.5:  Expected reliability of a spoken interface (compared 

to alternative interfaces) 
3 2.7 0.9 

OQ 3.6:  Expected speed of a spoken interface (compared to 

alternative interfaces) 
3 2.8 1.0 

OQ 3.7:  Expected usefulness of a spoken interface (compared 

to alternative interfaces) 
4 3.8 0.7 

OQ 4:  The interface is motivating to use 3 3.3 0.8 

OQ 5:  Privacy concerns – direct loss (through interacting 

with the system) 
2 1.9 1.0 

OQ 6:  Privacy concerns – indirect loss (through misuse of 

information) 
2 2.5 1.0 

OQ 7:  Security concerns – unauthorised access 4 3.3 1.1 

OQ 8:  Security concerns – malicious use of stolen data 

(e.g., impersonation) 
3.5 3.3 1.0 

OQ 10: Expected intention to use in the future 4 3.8 0.7 

 

 

C.2.3.2 Biometric phases 

User responses were generally favourable to the system in both the biometric enrolment (Table 

32) and the biometric verification phases (Table 33). They found both tasks easy and the 

interface comparatively natural (with respect to alternatives), easy to understand, intelligible and 

motivating to use. Privacy concerns
98

 were low, while security concerns were around the mid-

point of the scale. The overall impression was positive. As regards the ECA, the corresponding 

test group thought that the agent is helpful and its gestures are well designed. The only negative 

aspect was comparative error incidence rate (the test users thought the system made more 

mistakes than viable alternatives). 

 

 

                                                      
98

 At the biometric stage the item on privacy concerns focused on indirect loss of privacy, through misuse 

of information by third parties. 
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Table 32. Descriptive statistics for selected items in the post-biometric enrolment questionnaire (EQ). 

Item Median Mean Std. Dev. 

EQ 1.2:  The biometric enrolment process was fast 3.5 3.5 1.0 

EQ 1.4:  The biometric enrolment process was easy 5 4.5 0.6 

EQ 2:  Overall opinion of the form of access 4 3.8 0.7 

EQ 4.2:  Abundance of errors (compared to alternatives) 2 2.6 0.8 

EQ 4.4:  Naturalness (compared to alternative interfaces) 4 3.8 0.9 

EQ 5:  Comprehension capability of the system 4 3.8 0.8 

EQ 6:  It was clear what one was supposed to do 5 4.4 0.8 

EQ 7: Int lligibility of th  syst m’s sp  ch 5 4.9 0.3 

EQ 8:  The interface is motivating to use 4 3.7 0.8 

EQ 9:  Privacy concerns – indirect loss (through misuse of 

information) 
2 2.4 1.1 

EQ 10: Th  l v l of s curity is… 

 insufficient (1) — adequate (3) — excessive (5) 
3 2.9 0.3 

EQ 11:  Security concerns – unauthorised access 3 3.2 1.1 

EQ 12:  Security concerns – malicious use of stolen data 

(e.g., impersonation) 
3.5 3.1 1.1 

EQ 13: Th  ECA…  istracts (1) — helps (5) a 5 4.3 1.0 

EQ 14: Th  ECA’s g stur s ar  w ll   sign   a 4 3.4 1.0 

a Item applies to the ECA interface test user group only (N = 19). 

 

 

Table 33. Descriptive statistics for selected items in the post-biometric verification questionnaire (VQ). 

Item Median Mean Std. Dev. 

VQ 1.2:  The biometric verification process was fast 3 2.8 1.0 

VQ 1.4:  The biometric verification process was easy 4 4.2 0.7 

VQ 2:  Overall opinion of the form of access 4 3.6 0.8 

VQ 4.2:  Abundance of errors (compared to alternatives) 2 2.5 0.8 

VQ 4.4:  Naturalness (compared to alternative interfaces) 4 3.8 0.9 

VQ 5:  Comprehension capability of the system 3 3.3 0.7 

VQ 6:  It was clear what one was supposed to do 5 4.5 0.8 

VQ 7: Int lligibility of th  syst m’s sp  ch 5 4.9 0.3 

VQ 8:  The interface is motivating to use 4 3.4 1.0 

VQ 9:  Privacy concerns – indirect loss (through misuse of 

information) 
3 2.7 1.2 

VQ 10: Th  l v l of s curity is… 

 insufficient (1) — adequate (3) — excessive (5) 
3 2.9 0.4 

VQ 11:  Security concerns – unauthorised access 3 3.2 1.0 

VQ 12:  Security concerns – malicious use of stolen data 

(e.g., impersonation) 
3 3.0 1.1 

VQ 13: Th  ECA…  istracts (1) — helps (5) a 4 4.1 1.0 

VQ 14: Th  ECA’s g stur s ar  w ll   sign   a 4 3.5 0.9 

a Item applies to the ECA interface test user group only (N = 19). 
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A relevant difference between the enrolment and verification phases was found for two 

it ms: th  syst m’s p rc iv   ability to understand the user, which was rated on average lower 

at verification (Mdn = 3) than at enrolment (Mdn = 4),
99

 and privacy concerns, which rose from 

enrolment (Mdn = 2) to verification (Mdn = 3).
100

 A tentative explanation or both differences is 

that the v rification phas , which consist   in thr   cons cutiv  “login” tasks by sp  ch 

verification, was designed to admit users on the first attempt in the first task, but fail after three 

attempts in the second task, and only admit users after the second attempt in the third 

verification task. In other words, task failure (and also task success) was built into the 

experimental design, to give all users the same success/failure experience. Perhaps as a result 

w  s   a wors ning in confi  nc  in th  syst m’s natural language comprehension abilities, as 

well as slightly stronger privacy concerns. 

 

C.2.3.3 Domotics phase 

Again, for th   omotics phas  us rs’ g n ral opinions w r  positiv  (s   Table 34), indeed very 

positive for the single items ease of use (item DQ 37, Mdn = 5) and usefulness (item DQ 41, 

Mdn = 5), and responded they would be inclined to use a system like this (BI) (Mdn = 4). 

Privacy concerns were again low (Mdn = 2). The only negative aspect was an important one, 

however: the perceived speed of the interface (Mdn = 2). 

 

 

Table 34. Descriptive statistics for selected items in the post-domotic phase questionnaire (DQ). 

Item Median Mean Std. Dev. 

DQ 1:  Overall opinion of the system 4 3.8 0.9 

DQ 14:  Performance of the system compared to expectations 4 3.8 0.9 

DQ 17:  Abundance of errors 4 3.3 1.0 

DQ 18.1: Ease of use (compared to alternative interfaces) 4 3.7 0.9 

DQ 18.4: Naturalness (compared to alternative interfaces) 4 3.8 0.9 

DQ 18.6: Speed (compared to alternative interfaces) 2 2.5 1.0 

DQ 21:  Comprehension capability of the system 4 3.6 1.0 

DQ 22.b: Int lligibility of th  syst m’s sp  ch 5 4.8 0.5 

DQ 37: Ease of use 5 4.5 0.6 

DQ 40: Privacy concerns – direct loss (through interacting 

with the system) 
2 2.3 1.2 

DQ 41: Usefulness 5 4.5 0.6 

DQ 44: Intention to use in the future 4 3.7 0.9 

DQ 27: Th  ECA…  istracts (1) — helps (5) a 4 4.3 1.0 

DQ 28: Th  ECA’s g stur s ar  w ll   sign   a 4 3.5 1.0 

a Item applies to the ECA interface test user group only (N = 19). 

                                                      
99

 Wilcoxon signed rank test: Z = -3.5; p < .001. 
100

 Wilcoxon signed rank test: Z = -2.3; p < .05. 
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C.3 Straight parameter comparisons between the two 

interface groups 

Noteworthy differences were found between the objective and subjective scores of the ECA 

interface and the voice-only interface test-user groups, as well is in how the scores progressed 

through the various experimental stages. Differences in interaction performance were also taken 

into account, and their subjective effects studied. 

It is pertinent to mention that no other test user groupings, be they by gender or by previous 

experience with relevant interactive technologies (automatic speech recognition, spoken 

dialogue systems, biometric authentication through speech, animated agents or remote control 

of household appliances).
101

 Therefore we may reasonably discard the possibility of there being 

confounding effects associated with these categories. At the same time these observations also 

highlight the relevance of the effects that, in contrast, were found for the experimental condition 

(ECA vs. voice-only interface). 

Straight comparative analyses across the interface conditions for the different phases of the 

experiment were already summarised in Hernández Trapote (2011) (concerning the biometric 

phases) and López Mencía (2011) (observations pertaining to the domotics phase). The main 

observations extracted in those studies are reproduced here and supplemented with new 

analyses. 

C.3.1 Objective interaction parameters 

C.3.1.1 Biometric phases 

Statistically significant differences in performance between the two experimental groups were 

found for the enrolment phase, all favouring the ECA interface. Statistics are collected in Table 

35. Differences in dialogue duration and number of turns are largely due to a higher rate of 

barge-ins and timeouts in the voice-only group. Voice-only users lack the visual cue of the ECA 

group to know when to speak. There were many instances of voice-only interface users 

speaking before the ASR unit was active, and then waiting unfruitfully for a response while the 

syst m r main   waiting for th  input that ha n’t b  n   t ct  . H r  w  s   a cl ar in ication 

that the ECA acts as a visual cue to implicitly let the user know when the system expects her to 

                                                      
101

 The only clear exception was that users in the ECA interface group (N = 19) who stated that they had 

had some prior experience interacting with animated agents (n = 13), felt the system as a whole was more 

natural (compared to available interface alternatives) than did the users in the same subgroup who stated 

they had never before interacted with an animated agent (n = 6). This may possibly reflect that these users 

thought this system was more natural than others they had encountered previously with animated agents, 

thus exceeding their expectations. Furthermore, prior experience with interactive animated characters 

made users more confident that they could understan  th  ECA’s b haviour in th   xp rim ntal syst m, 

and they also rated most items pertaining to the ECA significantly more positively (the statistical details 

are omitted in this footnote. The effect was observed after enrolment and after verification, but not after 

the domotics phase. This may be an indication that people become accustomed to the ECA through use, 

and with previous experience this happens earlier. 
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speak. In the verification phase the number of barge-in attempts dropped nearly to zero in both 

groups (from 30 occurrences at enrolment to 0 at verification for all of the ECA group, and from 

62 to 5 for the voice-only group), suggesting that the test users in both groups had learnt when 

to take their turns. There was also considerable improvement with time-outs (from 5 to 1 for the 

ECA group, and from 24 to 9 for the voice-only group). 

Other interaction performance parameters were roughly the same for both user groups at 

the verification stage. This happens as a result of both an improvement in relative roughness for 

the voice-only group and deterioration for the ECA group. What did go worse for the ECA 

group at verification is the 4-digit sequence recognition, which went from a total of 4 

recognition errors at enrolment to 30 at verification (for the entire ECA user group). The reasons 

for this deterioration in speech recognition performance for the ECA group are unclear, but the 

result is a similar digit sequence recognition error rate at verification to that of the voice-only 

group. For the latter the number of digit sequence misunderstandings increased from 18 to 27, 

which is a difference proportional to the difference in recognition tasks (digit sequences) 

required at each stage (4 at enrolment and a total of 6 for the three consecutive verification 

tasks). However, since for this test group there was improvement in relative roughness (partly 

related, indirectly, to the decrease in barge-in attempts), we should expect an improvement, 

from enrolment to verification, in the relative rate of digit sequence misunderstandings. But 

there was no improvement regarding this parameter. 

 

 

Table 35. Medians of selected interaction parameters at the biometric enrolment and verification stages for the ECA 
and the voice-only interface groups, with Mann-Whitney test statistics (comparing across groups). 

Parameter 

Enrolment Verification 

MdnECA MdnVoice U p MdnECA MdnVoice U p 

DD 85.5 101.0 98.0 < .050 110.0 114.3 153.0 .40 

#T (user + system) 10.0 12.0 63.5 < .001 17.0 17.0 157.0 .50 

#Time-outs 0.0 1.0 98.5 < .010 0.0 0.0 113.5 < .01 

#ASR rejections 0.0 0.0 171.0 .600  0.0 0.0 161.0 .30 

#Digit sequence 

misunderstandings 
0.0 1.0 88.5 < .010 1.0 1.0 165.5 .60 

#Barge-ins 2.0 3.0 62.0 < .001 0.0 0.0 171.0 .30 

Total turn 

inefficiency 
1.20 1.42 63.5 < .001 1.32 1.25 157.0 .30 

Relative roughness 

(R to user-turn-

minimum ratio) 

0.13 0.58 45.5 < .001 0.32 0.32 146.5 .30 

 

 

Thus, both experimental groups did worse than expected for system misunderstandings of 

user utterances. A plausible explanation is that, since task failure (i.e., failure to authenticate the 

us r’s i  ntity) was built into th   xp rim ntal   sign (an  thus experienced by all of the test 

users), the test users may have strained their utterances (e.g., through the common phenomenon 
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of hyperarticulation in when there are speech recognition errors (Oviatt et al., 1998)), which in 

turn caused an increase in the number of misunderstandings by the system.
102

 Upon inspection 

of the video recordings of the interactions, it seems the test users react similarly to identity 

recognition failure and speech recognition errors, suggesting that either their mental model of 

the syst m  o sn’t  istinguish w ll b tw  n th  two situations, or th y instinctiv ly f  l th  

same reaction will increase their chances of correct recognition in both distinctly perceived 

cases. The former possibility is suggested by the decline in the subjective score for system 

comprehension ability that was discussed in Section C.2.3. 

 

C.3.1.2 Domotics phase 

Differences in interaction performance between the two experimental groups were smaller at the 

domotics stage, slightly favouring the ECA interface group. Mean user response delay (the 

us r’s r action tim  to tak  th  floor) was on av rag  short r for this group.
103

 There were also 

slight, statistically non-significant differences in average user turn duration (µECA = 1.82 s, µVoice 

= 2.01 s) and dialogue roughness (MdnVoice-only = 4, MdnECA = 3). These mild differences may be 

the result of an advantage conferred by the ECA, but further testing with larger test-user 

samples would be necessary to confirm it. 

A little further insight can be inferred, in any case, if we look at the basic descriptive 

statistical parameters of the dialogue durations for the three domotics tasks (Table 36). The 

stan ar    viations for  ialogu   uration (with th  syst m’s intro uction to  ach task 

subtracted) are consistently higher for the voice-only group (particularly so for the first 

domotics dialogue), and the maximum values reached in this group are much higher than those 

for the ECA group. This suggests that, with our dialogue system, interactions generally run 

smoothly, but when things do go wrong they can go very wrong without an ECA; certainly a lot 

worse than with one. 

 

 

Table 36. Mean, standard deviation and maximums for adjusted dialogue duration for each of the three domotics 
tasks, per experimental group (ECA and voice-only interface). 

Statistical parameters 

for (DD - intro) (sec.) 

Domotics dialogue 1 Domotics dialogue 2 Domotics dialogue 3 

ECA Voice-only ECA Voice-only ECA Voice-only 

Mean 38.600 52.900 29.10 29.100 24.800 25.700 

Std. Dev. 11.900 41.200 12.00 16.100 10.200 14.700 

Max. 57.000 182.600 54.60 72.000 44.400 63.600 

 

 

All of these observations regarding objective interaction parameter scores give us reason to 

suspect that our ECAs may be helping users, first avoid interaction problems, and then to 

                                                      
102

 The non-understanding –ASR rejection– rates remained almost at zero, however. The rate rose slightly 

for the ECA test-user group (µE = 0.05, µE = 0.32; Wilcoxon signed rank test: z = -1.6, p = .1), but the 

difference was due to a single user who registered 4 ASR rejections. 
103

 MdnVoice-only = 1.98 secs., MdnECA = 1.33 secs.; U = 76.5, p < .01. 
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recover from them more easily when they do occur. However, we must be cautious in asserting 

this cause and effect relationship (i.e., in attributing the slightly better performance to the 

presence, and possibly the behaviour, of the ECA), until mechanisms by which the ECA helps 

are identified and described. This would require further experimental studies designed 

specifically to shed light on this point. 

C.3.2 Subjective parameters 

In Section C.2.3 we saw that perceived system comprehension capability declined from 

enrolment to verification (and at the same time privacy concerns grew), and in Section C.3.1 we 

have just seen that digit-sequence misunderstanding rates and relative roughness worsened 

considerably for the ECA group, while for the voice-only interface group relative roughness 

improved slightly, so that at verification relative roughness was equal for both experimental 

groups. Looking now at th  both qu stionnair  it ms, “p rc iv   syst m compr h nsion” an  

“privacy conc rns”, for  ach int rfac  group s parat ly, only “p rc iv   syst m 

compr h nsion” at  nrolm nt was slightly high r in th  ECA int rface group (Table 37).
104

 But 

we discover that the differences in scores from enrolment to verification are only statistically 

significant for the ECA interface group.
105

 Again, the performance for both groups was 

objectively comparable, but the ECA users encountered more interaction problems at 

verification than at enrolment, and their initial expectations may have been let down as a result. 

There is also the possibility that the ECA itself made the users expect more of the system (this 

was observed in previous studies; see Hernández Trapote (2011)). 

 

 

Table 37. Medians for items 5 and 9 of the questionnaires for the biometric enrolment and verification stages, for the 
ECA and the voice-only interface groups, with Mann-Whitney test statistics (comparing across groups). 

Item 
Enrolment Verification 

MdnECA MdnVoice U p MdnECA MdnVoice U p 

Q 5: Syst m’s compr h nsion 

capability 
4.0 4.0 110.5 < .050 3.0 3.0 174.0 .80 

Q 9: Privacy concerns (indirect 

loss) 
2.0 3.0 177.5 .900 3.0 3.0 166.0 .70 

 

 

By chance the voice-only interface test group had slightly higher prior expectations 

(recorded in the opening questionnaire) than the ECA group regarding the reliability compared 

to alternative interfaces
106

 and usefulness
107

 of a spoken dialogue interface for the tasks 

                                                      
104

 Since the medians are the same in both groups, to see the difference we also need to look at the means, 

which are: µECA = 4.1, µVoice = 3.5. 
105

 Wilcoxon signed rank test: z = -3.2, p < .001; z = -2.1, p < .05; for Q5 and Q9, respectively. 
106

 Mdnvoice-only = 3, MdnECA = 2; U = 98.5, p < .01. 
107

 The average usefulness factor scores from the PCA analysis were (with statistical comparison – Mann-

Whitney): Mdnvoice-only = 0.5, MdnECA = -0.3; U = 110, p < .05. 
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proposed. Nevertheless, after enrolment the opinions of the ECA group were slightly more 

positive, as we saw above with perceived system comprehension capability, and there was also 

a  iff r nc  with it m EQ1.4, “th   nrolm nt proc ss works w ll”.
108

 For the rest of the 

experimental stages subjective scores were similar, though slightly favouring the ECA, as did 

the objective performance parameters (the differences generally not reaching statistical 

significance). Therefore, on average the progression of test-user judgements seem roughly to 

follow objective performance. 

C.3.2.1 Generalised TAM variable scores 

To complement the extensive analyses of the relationships of the generalised subjective 

dimensions in TAM presented in Chapter 7, we now look at the score progressions for these 

compound variables for the two experimental groups. The medians of likeability (L), usefulness 

(U) and acceptance (A) for the full test sample derived from the data for the three stage 

questionnaires are given in Table 38. There is a slight dip in the scores for L, U and A at the 

verification stage.
109

 Again, we suspect this low point in opinion at the verification stage may be 

related to the task failure experiences programmed into this phase. 

 

 

Table 38. Medians for Likeability (L), Usefulness (U) and Acceptance (A) dimensions at each experimental stage 

and for the full test sample (N = 38). 

Dimension Enrolment Verification Domotics 

L 3.9 3.8 4.1 

U 3.3 3.0 3.8 

A 4.0 3.8 3.8 

 

 

Table 39. Medians for Likeability (L), Usefulness (U) and Acceptance (A) dimensions at each experimental stage 
and for each experimental group (ECA and voice-only interface). 

Dimension 
Enrolment Verification Domotics 

ECA Voice-only ECA Voice-only ECA Voice-only 

L 4.0 3.9 3.9 3.6 4.2 4.0 

U 3.5 3.0 3.0 3.0 3.8 3.8 

A 3.5 4 3.5 4.0 3.5 4.0 

 

 

Table 39 shows the scores for the same variables for each interface group. It appears the 

overall decline in the appraisal of usefulness (U) was due only to a decline for the ECA group 

from enrolment to verification (observe that the U score for the ECA group at enrolment was 

3.5, then dropping to 3 at verification, while for the voice group the score for U at both stages 

was 3).
110

 This adds to earlier observations that opinions drop at the verification stage 
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 Mdnvoice-only = 4, MdnECA = 4; U = 110, p < .05 (µvoice-only = 3.6, µECA = 4.2). 
109

 A Friedman test confirms the existence of a quadratic trend for L (χ
2
(2) = 12.25, p < .01) and U (χ

2
(2) 

= 42.99, p < .001). 
110

 Wilcoxon signed rank test: z = -3.3, p < .001. 
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particularly for the ECA group. We hypothesise two possible reasons: the first possible 

explanation is that ECA users are coming from a better average experience at enrolment, while 

for voice-only test-users interaction problems decline. We should leave aside the fact that there 

is task failure involved in the verification phase, as this is the same for both interface groups. 

Nevertheless, this brings us to the second possibility: it may be the case that task failure 

disappoints ECA users more due to their having higher expectations. This opens two further 

possibilities: ECA users may have higher expectations either because of a psychological effect 

produced by the ECA,
111

 or again because of their objectively better interaction experience at 

enrolment. 

The decline in the appraisal of usefulness for the ECA group is coupled with an increase in 

privacy and security concerns (combined in one compound variable: Rej
112

), also exclusive for 

the ECA group.
113

 This may be a direct consequence of the greater decline in U for this group. 

However, the presence itself of an ECA may contribute to heightened privacy and security 

concerns particularly when a biometric recognition attempts end in failure, as has been observed 

in previous studies, though not conclusively (see Hernández Trapote, 2011). In any case, in 

subsequent studies it may be worthwhile to pay attention to this possible connection between 

privacy and security concerns (and perhaps other rejection factors) and perceived usefulness, in 

the presence of an ECA. If confirmed, further observation might characterise this effect as 

stemming from a personification (humanisation) of the system in the mind of the user. At this 

point, however, these reflections remain speculative. 

C.3.2.2 Anger 

There is one other detail that deserves attention. Response values for the item exclusive (as all 

it ms of aff ct) to th   omotics qu stionnair , “Did you feel angry?” (DQ 4f), w r  low ov rall. 

However, all ECA users responded with a 1 (the lowest score). The median for the voice-only 

group was also 1, but there were nine users in this group (roughly half of the group) that gave 

the item a higher score (five 2s and four 3s). 

At this final experimental stage (the domotics stage) voice-only users who expressed anger 

also had other less positive emotions and feelings, particularly related to confidence
114

 and 

mental workload.
115

 They also thought the interaction was not fluent, which was the opposite 

reaction to those who gave the minimum score on anger.
116

 Habitability (the adequacy of the 

us r’s mental model of the system, how it works and how to carry out the task at hand), and all 

of the individual items comprising this compound variable from the PCA analysis (always knew 

what to say; got lost; easy to learn how to speak to the system), were all significantly lower for 

                                                      
111

 However, without a “theory” of how and at what level the ECA may be working, this observation is 

speculative. 
112

 See the scale definition of Rej in Appendix D, Section D.4.¡Error! No se encuentra el origen de la 

eferencia. 
113

 Wilcoxon signed rank test: z = -2.2, p < .05. 
114

 MdnVoice only|Anger>1 = 3.0, MdnVoice only|Anger=1 = 4.3; U = 3, p < .001. 
115

 MdnVoice only|Anger>1 = 4.8, MdnVoice only|Anger=1 = 3.2; U = 7, p  < .01. 
116

 MdnVoice only|Anger>1 = 2, MdnVoice only|Anger=1 = 4; U = 18.5, p < .05. 



Appendix C. Comparative study: interaction with and without an ECA 

 

 

229 

 

users expressing some degree of anger compared to those who responded that they felt none;
117

 

and similarly for the perceived ease of use dimension,
118

 while no difference was found for 

perceived usefulness. 

These observations suggest that anger and negative feelings may be more closely connected 

with a sense of confusion (low habitability and perceived ease of use) than with actual 

interaction problems. It could be that, while higher confusion does not necessarily lead to a 

higher incidence of interaction problems (at least in a simple system such as this one), the 

former is more annoying and/or discouraging than the latter. 

The difference in anger (the fact that only the voice interface group users express any anger 

at all) suggests the ECA helps users to be in a more positive mood. The mechanism is unclear, 

however. Habitability was associated with mental workload in the voice-only group (rs = .65, p 

< .01), and correlated also with the anger item (rs = .54, p < .05), which suggests that the key 

may be that lower habitability leads to higher frustration, and so on. But where does this lower 

habitability come from? In the ECA group habitability is only correlated with feelings to do 

with self-appraisal of competence (rs = .56, p < .05). Furthermore, habitability is roughly equal 

for both experimental groups among those with lowest anger (if anything slightly lower for the 

ECA group). So the ECA per se  o sn’t mak  habitability ris  (th   iff r nc  is not stat. sig. for 

the comparison across the entire sample). However, it may be the case that an ECA makes it 

more likely that a user will feel less lost and confused, and all the associated effects that have 

been discussed, including, perhaps, a small (and statistically not significant) difference in 

roughness. Perhaps some users are more sensitive to interaction problems (roughness) than 

others, and the threshold only matters, or is lower, in the voice-only group (some ECA users 

suffer high roughness, of up to 9, but none state they are at all angry). This would mean that it is 

more likely for anger and other negative emotions to appear (coupled with drops in habitability 

and PEU) the higher the roughness, only, or especially, with the voice-only interface. A result, 

indirectly, users are more likely to feel anger with this interface. 

Much of the above is speculation. Nevertheless, whatever the underlying reason may be, the 

ECA seems to make users more benign in their judgement even when errors are encountered. If 

this can be confirmed, what we are describing is a social effect associated with the presence of 

the ECA.
119

 

C.4 Comparisons across different incidence levels of 

interaction problems (domotics stage) 

Up to now we have only considered the incidence of interaction problems –mainly through an 

in icator w  hav  call   “roughn ss” (R)– with regard to how it was correlated with the main 
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 MdnVoice only|Anger>1 = 2.9, MdnVoice only|Anger=1 = 4.6; U = 15, p < .05. 
118

 MdnVoice only|Anger>1 = 3.8, MdnVoice only|Anger=1 = 4.5; U = 12.5, p < .01. 
119

 It could be a novelty effect also, but the mechanism is unclear. No general differences were found for 

interest, fun or amusement. 
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variabl s through which w  captur   th  t st us rs’ subj ctiv   xp ri nc  with th   xp rim ntal 

system. We now explore the important question of how different levels of roughness affect user 

perceptions. We will see that the ECA and the voice-only interaction test-user groups differ in 

this respect also. We confine the study to the system-user interactions at the domotics phase and 

the corresponding questionnaire responses for this phase.
120

 

We selected from the full sample of test users two subgroups, one of users with particularly 

low roughn ss scor s for th   omotics stag : R ≤   (NLow-R = 12); the other made up of users 

with particularly high roughn ss scor s: R ≥ 7 (NHigh-R = 13). Overall the scores were positive 

even for the high roughness group (with medians of 3 and above). The positive scores even after 

experiencing relatively high rates of interaction problems may result from the fact that that 

almost all tasks were finished successfully (only two cases ended in failure), so whatever 

interaction problems were encountered, they could be overcome in the end. This 

notwithstanding, there were meaningful differences in the user responses recorded for these two 

groups ( 

Table 40). Scores for the overall impression (OI) item were significantly higher for the high 

roughness group (i.e., for the users who experienced more interaction problems), as were the 

scores for aspects related to dialogue performance (system comprehension capability and 

perceived robustness), which indicates that particularly good and particularly bad objective 

interaction performance measures ar  r fl ct   corr spon ingly in th  us r’s appraisal of 

performance. Positive scores (above 3) were still registered in both groups for perceived ease of 

use (PEU), but they were significantly higher for the users who encountered few interaction 

problems (the average being very close to the top score of 5). Significant differences were 

registered also for overall feelings and emotions associated with mental workload: users with 

fewer problems also felt less confused and frustrated. These results are, perhaps, to be expected, 

as direct consequences of the difference in dialogue performance. 

It is important to note, however, that no differences were found in perceived usefulness 

(PU) or in behavioural intention (BI: self-predicted intention to use), where we might have 

expected them also, following the difference in PEU. The indirect effect of PEU on BI through 

PU, which we have found to generally exist, nevertheless seems not to be strong enough to 

reflect an effect due to the relatively small difference in PEU registered between the two groups 

now under consideration (again, the average score was positive –4 and above– for both). It is 

somewhat surprising that PU should not be affected by relatively large differences in dialogue 

roughness. However, we already found (in Section 7.3.3.2) that roughness (R) was correlated 

with PEU and perceived robustness (Perc-R), and that these dimensions were in turn correlated 

with PU, though R was not directly correlated with PU (which, importantly, is the only major 

predictor of BI). We suggested that PU may be related to other aspects apart from interaction 

fluency (R), which could explain a reduced influence of the latter on the former. 

 

                                                      
120

 It is the phase for which the greater amount of data was collected. A second reason to restrict our 

presentation to the domotics phase is that for the biometrics phases too few cases were identified with 

particularly high roughness to perform statistical inferences with enough confidence. Analyses were 

carried out, but no interesting observations were extracted beyond a few that have already been discussed 

in previous sections. 
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Table 40. Medians for selected items and dimensions at the domotics stage for low and high roughness users, with 

Mann-Whitney test statistics (comparing across both of these groups). 

Item or subjective dimension MdnLow-R MdnHigh-R U0 p00 

DQ 1: Overall impression (OI) 4.5 3.0 9.5 < .010 

DQ 3: Overall feelings (OF) 4.0 3.0 8.5 < .010 

DQ 21: How well did the system understand you? 4.0 4.0 110.5 < .001 

Perceived robustness (Perc-R) 4.3 3.3 27.5 < .010 

Perceived ease of use (PEU) 4.8 4.0 34.0 < .050 

Emotions associated with mental workload (EmoMWL) 4.7 3.8 22.0 < .010 

 

 

Restricting our focus now on the voice-only interface group, we generally find the same 

differences in scores as for the full sample between users who experienced low (NVoice-Low-R = 6) 

and high (NVoice-High-R = 7) roughness. Some of these differences are now not quite statistically 

significant, probably because of the reduced number of cases. The differences in PEU and 

perceived robustness are still statistically significant.
121

 As for the general case, this is an 

indication that for the voice-only interface users subjective appraisal aligns rather well with 

objective performance. In fact, there is a very strong correlation (rs = .92, p < .0001) between 

perceived robustness and PEU in this subsample of voice-only interface users with especially 

high and low roughness scores. Again we observe that perceived usefulness is uncorrelated with 

roughness (rs = -.07, n.s.), but it is correlated with perceived robustness (rs = .55, n.s.), though 

more weakly than in the case of PEU. 

In the case of the ECA interface users (NECA-Low-R = 6, NECA-High-R = 6) we find a marked 

departure from the previous observations for the general and voice-only cases: there is no 

difference in perceived robustness or in perceived ease of use between those ECA users who 

experienced high dialogue roughness and those with low roughness.
122

 We already saw for the 

full ECA interface group that perceived robustness was uncorrelated with R, and this we find 

again for the reduced group. So although PEU is still strongly correlated with perceived 

robustness (rs = .74, p < .01), the connection is lost with R itself. From these observations we 

may extract the tentative conclusion that roughness affects ECA users differently to voice-only 

users: with an ECA on the interface interaction problems have a weaker impact on perceived 

robustness and perceived ease of use. This ties in with the observations made in Section 7.5.2.2, 

which pointed to there being, with an ECA, other factors aside from interaction fluency that 

influence how users perceive and judge an interactive system. 

As regards affect in the ECA interface group, feelings related to self-confidence (but not 

mental workload) were negatively affected by higher levels of dialogue roughness (high 

roughness ECA users felt more discouraged than low roughness ECA users
123

). This is another 

difference with regard to the voice-only group, for which higher dialogue roughness levels had a 
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 PEU: MdnVoice-Low-R= 4.6, MdnVoice-High-R = 3.5; U = 4, p < .05. Perc-R: MdnVoice-Low-R= 4.3, MdnVoice-

High-R = 3; U = 3.5, p < .05. 
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 There is a significant difference for one component of Perc-R, how v r: for th  it m “How well did the 

system understand you?” – MdnECA-Low-R = 4.0, MdnECA-High-R = 3.5; U = 7.5, p < .05. 
123

 MdnECA-Low-R = 1.0, MdnECA-High-R = 2.5; U = 4.5, p < .05. 
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negative impact on feelings associated with mental workload (but not self-confidence). This 

could be an indication (albeit a very tentative one) of yet another social effect of the ECA, 

which could be making users have a greater tendency to blame themselves for interaction 

problems (rather than be angry at the system) than if the ECA were absent. 

Looking at differences in subjective reactions between the ECA and the voice-only 

interface groups for those users who had higher incidence rates of interaction problems (i.e., 

higher roughness) reveals further evidence of social effects possibly channelled by the ECA. 

First we observe that no differences in roughness were found between these two subgroups of 

users, nor were differences recorded regarding indicators of perceived robustness. The ECA 

users with interaction problems were slightly more positive regarding perceived robustness, 

however.
124

 In any case, whatever differences in opinion are found, they cannot be attributed to 

differences in actual performance. Now, by chance voice-only interface users expected, before 

the experiment, to find the interface more motivating than did the ECA subgroup.
125

 In the final 

questionnaire, in contrast, voice-only users with high levels of interaction problems were less 

positive in terms of their emotional experience than the counterpart ECA subgroup: they felt 

more stressed,
126

 angrier
127

 and less happy.
128

 Could the ECA be making these users feel better 

in spite of the presence of interaction problems? We further observed that, while both subgroups 

of users were positive with regard to the ease of use, the ECA group was more so.
129

 In the 

presence of problems, with the ECA users view the system as easier to use than do voice-only 

interface users. If this observation can be confirmed, it is an instance of the persona effect 

(described in Section 2.5.2.2). 

C.5 Summary and conclusions 

This appendix has presented results from the comparative study of a remote domotic control 

system with biometric access through speaker authentication, with a spoken dialogue interface 

and two different output configurations: one with an embodied conversational agent (ECA) and 

the other without ECA (voice-only). Performance statistics and scores for questionnaires and 

derived subjective dimensions at the different test stages (enrolment, verification and domotic 

tasks) have been presented. This was followed by comparisons for these parameters across the 

experimental condition (ECA vs. voice-only interface) and across high and low levels of 

interaction problems in the domotic tasks. 

 Most of the interactions went smoothly, with some users (about half of the test sample) 

in both experimental groups having particularly high incidence rates of interaction problems at 
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 Mdnvoice-only = 3.0, MdnECA = 3.9, n.s. 
125

 OQ4. “Does this way to access the system encourage you to use it?”: Mdnvoice-only = 4, MdnECA = 3; U = 

8.5, p < .05. 
126

 Mdnvoice-only = 3, MdnECA = 1.5; U = 7, p < .05. 
127

 Mdnvoice-only = 2, MdnECA = 1; U = 6, p < .05. 
128

 Mdnvoice-only = 3, MdnECA = 4; U = 7.5, p < .05. 
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 Mdnvoice-only = 3.5, MdnECA = 4.5; U = 3.5, p < .05. 
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one or more stages of the test. Dialogue was less efficient in the domotics stage because of the 

more open nature of the utterances required, but there was improvement from task 1 to task 3.  

Voice-only users had a harder time at the beginning (in the enrolment phase) knowing 

when they should speak, possibly because they lacked the visual cues provided by the animated 

ag nt’s b haviour for th  oth r t st group. Ev n though on av rag  th   iff r nc s in 

performance were not large between the two experimental groups, there was greater 

performance variability in the voice-only group and the worst cases by far in terms of 

interaction problems were in the voice-only interface group. This is an indication that the ECA 

may be contributing to a smoother interaction by helping users better understand how and when 

to speak to the system, and how to recover from problems when they occur, although in such a 

short and simple interaction exercise the benefits cannot be major. In any case, overall, 

interaction went slightly more smoothly, and users could recover from problems a little more 

easily, with an ECA than without it. 

A plausible explanation for the slight benefits associated with the ECA is that the ECAs we 

designed may be complementing the verbal message with their gestural behaviour, adding to the 

overall meaning. To begin with, users are attentive to the presence of the ECA and to what it 

does, as was evidenced by the initial waiting for the ECA to do something and also the 

immediate responses to some of the gestures before the ECA had begun to say anything. There 

are no differences in task success between the two groups of users, probably because of the 

relatively straightforward nature of the tasks, but the complementary and redundant information 

conveyed by the ECA does seem to be helping users have a better grasp of where they are in the 

dialogue and what they can do or are required to do in each particular situation. In other words, 

interaction with the ECA turned out, in our experiment, to be slightly more robust than with a 

voice-only output. We have to be prudent, nonetheless, regarding the generalizability of our 

results due to the context and situation-specific nature of the observations on which they are 

based, as well as the relatively small sample size of test users.
130

 

Overall, user impressions were positive at all stages, marginally more so in the ECA group. 

Mild (though statistically significant) drops in opinion tended to accompany higher rates of 

interaction problems. Thus, user impressions tended to follow interaction smoothness, though 

not very closely. When studied separately, in the ECA group subjective opinions were largely 

independent of objective interaction performance, suggesting that other factors influence the 

us rs’ appraisal in this particular group. Th  most interesting differences in appraisal between 

the two interface groups can be seen when focusing only on those users who had particularly 

high dialogue roughness scores at the domotics stage. As just mentioned, in these problem-laden 

circumstances the ECA interface users had similar opinions about the system as those ECA 

users who fared significantly better in the interaction, particularly regarding perceived 

roughness and perceived ease of use, whereas significant differences were found for the voice-

only interface group. Voice-only users felt more frustrated than ECA interface users when 

problems occur, and were more prone to feeling slightly angered. The emotional response of 

ECA users was more positive. In their case the emotional dimension that seems to have been 
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 We must note, however, that our sample size lies within the usual range in this type of user studies in 

the general literature on human-machine interaction. 
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more affected by dialogue problems is that more closely related to self-confidence. It would be 

interesting to investigate further whether this could be an indication of a social effect of the 

ECA whereby its presence makes users more disposed to shift the blame for interaction 

problems onto themselves, and less so to blame the system. 

Surprisingly, for neither group did higher roughness significantly affect perceived 

usefulness (PU) or self-predicted intention to use (BI). Roughness mostly affected perceived 

ease of use (PEU), emotions and other likeability (L) factors, but not so much usefulness (U) 

factors.
131

 With high roughness cases, ECA users rated PEU higher than voice-only interface 

users. This observation could be related to the persona effect discussed in Section 2.5.2.2.  

Roughn ss  i  hav  a n gativ   ff ct on th  “ov rall impr ssion” it m, but not on int ntion 

to use, these two being the components of our generalised acceptance (A) indicator. It may be 

that test users associate usefulness and intention to use with the notion of the tool that is being 

presented to them, which they might find interesting and useful, independently of its 

implementation in the experiment and how they experienced the interaction with the system. 

Interaction problems then affect how easy people feel the system is to use, without this affecting 

their more abstract notion of what the system is trying to achieve, and, again, this is what is 

connected to usefulness and behavioural intention. 

In conclusion, there are objective and subjective effects related to the type of interface, 

speech-only or with an expressive ECA with contextually-relevant behaviour, that can be found 

with an experimental approach such as the one described in these pages. Moreover, 

summarising the data according to the general Technology Acceptance Model subjective 

dimensions helps to detect differences between the experimental groups, particularly as regards 

th  us rs’ r actions to int raction probl ms. This is anoth r benefit of deriving and structuring 

generalised subjective variables as was done in Chapters 6 and 7. 
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This appendix presents the questionnaires that were completed by the test users in the 

experiment discussed in Chapter 7 and Appendix C. The questionnaires were based on prior 

research and existing recommendations, as explained in Appendix B. 

 The questionnaires themselves are reproduced in Section D.1. Section D.2 highlights the 

items that are repeated (in identical or similar form) in the questionnaires for different stages of 

the experiment. The correspondences of each questionnaire item with items in relevant 

precedents in subjective evaluation research or in recommendations are shown in Section D.3. 

Finally, Section D.4 shows the item composition of the compound variables used in the study 

(Cronbach’s α is reported as a measure of internal consistency of each compound variable 

treated as a scale). 
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D.1 Questionnaires 

The following are the questionnaires that were presented to the test users of the interaction 

experiment (the English translation is given in Section D.1.1, and the originals in Spanish 

follow in Section D.1.2). The experimental procedure was outlined in Appendix C, Section 

C.1.3. Questionnaires were administered at the beginning of the experiment (the opening 

questionnaire, or OQ), after the biometric enrolment task (the enrolment –or post-enrolment– 

questionnaire: EQ), after the biometric verification task (the verification –or post-verification– 

questionnaire: VQ), and after the domotics task at the end of the experiment (the domotics 

questionnaire, or DQ). Each of these questionnaires is reproduced in the corresponding 

subsection (the post-enrolment and post-verification questionnaires were identical, so the items 

are listed in a single subsection for both). 

The questionnaires shown here include the items related to the embodied conversational 

agent (ECA), presented only to the users of the interface version that included the ECA. The 

questionnaires for the users that did not encounter an ECA were essentially the same, the only 

difference being that the questions concerning the ECA were excluded. 
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D.1.1 Questionnaires in English (translation from the original in 

Spanish) 

 

D.1.1.1 Opening questionnaire 

 

User particulars 

Sex 

Age 

Profession/area of study 

Prior experience 

1. How often have you used systems or services like the following? 

a. Systems with automatic speech recognition, i.e., that understand what you say (e.g., with which 
you can choose between several options by saying  a number or the name of the chosen option) 

 Never     A few times    Quite regularly 

b. Automatic spoken dialogue systems (i.e., systems with which you can speak normally to a 
machine, and the machine is able to understand you and answer you, simulating dialogue with a 
human being) 

 Never     A few times    Quite regularly 

b.1. If you have used such services, how would you describe your experience? 

     

Very bad Bad Fair Good Very good 

You may add a comment: 

c. Automatic authentication systems that recognise you identity through your voice 

 Never     A few times    Quite regularly 

d. Systems to automatically and/or remotely control home devices 

d.1. Telephone devices (e.g., answering machines) 

 Never     A few times    Quite regularly 

d.2. Other (specify which:) 

 Never     A few times    Quite regularly 

e. Information or help displays that show a human-like animated figure on screen 

 Never     A few times    Quite regularly 

First thoughts 132 

2. Do you think a system to remotely control home devices such as the one we propose can be useful? 

No, not at all       Yes, very much so 

3. Compared with other ways to interact with a system133 (e.g., pressing buttons to choose options from 
menus), you reckon spoken dialogue can be: 

                                                      
132

 For us th s  woul  corr spon  to th  us r’s  xp ctations (with r sp ct to th  functioning and use of the proposed 

dialogue system). 
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3.1. Much more 

difficult 
More difficult Just as easy/difficult Easier Much easier 

     

3.2. Much more 
tedious 

More tedious 
Neither more tedious 

nor more fun 
More fun Much more fun 

     

3.3. Much more 
unpleasant 

More 
unpleasant 

Just as pleasant/un 
pleasant 

More pleasant 
Much more 
pleasant 

     

3.4. Much less 
natural 

Less natural Just as natural More natural 
Much more 

natural 

     

3.5. Much less 
reliable 

Less reliable Just as reliable More reliable 
Much more 

reliable 

     

3.6. Much slower Slower Just as fast/slow Faster Much faster 

     

 
3.7. 

Much less useful Less useful Just as useful More useful 
Much more 

useful 

     

System use, privacy and security 

4. Does the way to access the system encourage or discourage you to use it? 

It discourages 
me strongly 

It puts me off 
slightly 

It doesn’t affect my 
inclination 

It encourages me 
slightly 

It encourages me 
a lot 

     

5. Would you feel uncomfortable using the remote control system for home devices because you think 

you would feel as though your privacy were being encroached on? 

No, not at all       Yes, very much so 

6. Do you think you would feel uncomfortable accessing the application via an automatic voice 
authentication system due to a sense of loss of privacy (for instance because you might fear that your 
biometric data may be misused)? 

No, not at all       Yes, very much so 

7. Do you think that you would have security concerns using the system, for instance because you fear 
that unauthorised people might manage to remotely “enter” your home and know and control the 
devices you have? 

No, not at all       Yes, very much so 

8. Would you be concerned about using your voice to prove your identity to gain access to the system 
because you fear someone else might be able to impersonate it? 

No, not at all       Yes, very much so 

General opinion 

9. Do the pros you see in the system outweigh the cons? 

No, the cons significantly 

outweigh the pros 
     

Yes, the pros significantly 

outweigh the cons 

10. Do you think you would use a system/service like the one we have described? 

Never       Very often 

                                                                                                                                                            
133 Two nuances are considered in this question: First, it introduces comparative judgement relative to other forms of 

interaction. Second, it focuses on the form of interaction with the system (spoken dialogue), unlike question 2 (and, 

mor  ambiguously, qu stions 9 an  1 ), which focus s on th  us r’s p rc ption of how us ful th  application is. 
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D.1.1.2 Post-enrolment / post-verification questionnaires (EQ / VQ) 

 
Overall opinion of the form of access  

1. The enrolment / identity verification process …  

1.1. 

… 
was 

very 
unpleasant 

 

unpleasant 

 

neither pleasant nor 
unpleasant 

 

pleasant 

 

very pleasant 

 

1.2.  

… 
was 

very slow 

 

slow 

 

average 

 

fast 

 

very fast 

 

1.3.  

… 
was 

very 
uncomfortable 

 

uncomfortable 

 

neither comfortable nor 
uncomfortable 

 

comfortable 

 

very 
comfortable 

 

1.4.  

… 
was 

very difficult 

 

difficult 

 

average 

 

easy 

 

very easy 

 

1.5.  

 

doesn’t work 
well at all 

 

doesn’t work 
very well 

 

average 

 

works fairly 
well 

 

works very well 

 

2. What is your overall opinion of the form of access to the system? 

Very bad      Very good 

3. Were you relaxed while you were enrolling into / verifying your identity with the system? 

No, very much the opposite      Yes, very relaxed 

4. Compared to password-based access, the system you have just enrolled into / verified your identity 
with seems: 

4.1. Much less 
secure 

 

Less secure 

 

Equally secure 

 

More secure 

 

Much more 
secure 

 

4.2. 
to make many 
more mistakes 

 

to make more 
mistakes 

 

to make more or less 
the same amount of 

mistakes 

 

to make fewer 
mistakes 

 

to make a lot 
fewer mistakes 

 

4.3 Much more 
uncomfortable 

 

More 
uncomfortable 

 

Just as comfortable 

 

More 
comfortable 

 

Much more 
comfortable 

 

4.4. Much less 
natural 

 

Less natural 

 

Neither more nor less 
natural 

 

More natural 

 

Much more 
natural 

 

Dialogue system 

5. How well did the system understand what you were saying? 

Very badly Rather badly Average Fairly well Very well 
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6. Was it at all times clear what you were supposed to do? 

No, absolutely 
not 

I felt a bit confused Average Yes, fairly clear Yes, perfectly clear 

     

7. How well could you understand the system’s voice? 

Very badly Rather badly Average Fairly well Very well 

     

System use, privacy and security 

8. Does the way to access the system encourage or discourage you to use it? 

It discourages 
me strongly 

It discourages 
me slightly 

It has no effect on 
my inclination 

It encourages me 
slightly 

It encourages me 
strongly 

     

9. Do you think you would feel uncomfortable accessing the application via an automatic voice 
authentication system due to a sense of loss of privacy (for instance because you might fear that your 
biometric data may be misused)? 

No, not at all       Yes, very much so 

10. Considering the type of service it offers, the system’s level of security feels: 

Very insufficient Insufficient Acceptable Excessive Very excessive 

     

11. Do you think that you would have security concerns using the system, for instance because you fear 
that unauthorised people might manage to remotely “enter” your home and know and control the 
devices you have? 

No, not at all       Yes, very much so 

12. Would you be concerned about using your voice to prove your identity to gain access to the system 
because you fear someone else might be able to impersonate it? 

No, not at all       Yes, very much so 

Conversational agent (the human animated figure that appears onscreen) 

13. Does the agent help? 

On the contrary, it 
is very 

distracting/annoying 

No, because it is 
slightly 

distracting/annoying 
me 

It has no effect, 
be it negative or 

positive 

Yes, it 
helps a bit 

Yes, it makes the 
interaction a lot clearer 

and more pleasant 

     

14. Are the agent’s gestures well designed? (i.e., do they look real/natural?) 

No, absolutely not       Yes, very much so 

15. Is the meaning of the agent’s gestures clear? 

No, absolutely not       Yes, very much so 

16. Is the agent expressive? 

No, absolutely not       Yes, very much so 

17. Is the agent likeable? 

No, absolutely not       Yes, very much so 
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D.1.1.3 Final –post-domotics phase– questionnaire (DQ) 

Overall impression and task success 

1. What is your overall impression of the system? 

Very bad      Very good 

2. Could you carry out the proposed task successfully? 

 No    I don’t know    Yes 

Feelings while using the system 

3. In general, would you say you had a good feeling or a bad feeling using the system? 

Very bad 
 

A bit negative 
 

Neither good nor bad 
 

Slightly positive 
 

Very good 
 

4. While you were using the system, did you feel 

a. Stressed?    No, not at all       Yes, very much so 

b. Confident?   No, not at all       Yes, very much so 

c. Happy?   No, not at all       Yes, very much so 

d. Bored?   No, not at all       Yes, very much so 

e. Discouraged?  No, not at all       Yes, very much so 

f. Angry?    No, not at all       Yes, very much so 

g. Clumsy?   No, not at all       Yes, very much so 

5. Would you say the experience has been 

a. Pleasant?   No, not at all       Yes, very much so 

b. Fun?   No, not at all       Yes, very much so 

c. Interesting?   No, not at all       Yes, very much so 

d. Frustrating?   No, not at all       Yes, very much so 

e. Confusing?   No, not at all       Yes, very much so 

6. Has anything in particular surprised you about the system? 

 No    Yes 

If you answered yes, please tell us what surprised you: 

7. Does using the system require a lot of attention? 

No, not at all       Yes, very much so 

8. Do you find the pace of interaction fast or slow? 

Too slow 

 

Somewhat 
slow 

 

The pace is just right 

 

A bit fast 

 

Too fast 

 

9. Did you find that the interaction with the system is fluent? 

No, not at all       Yes, very much so 

10. You may add a comment on the sensations you felt using the system: 

Information offered by the system 

11. Did the system always give you the information you wanted? 

No, not at all       Yes, very much so 
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12. Would you describe as clear or confusing the information offered by the system, 

a. With regard to the use of the system?  Very confusing      Very clear 

b. With regard to how to carry outthe task proposed? 
       Very confusing      Very clear 

c. With regard to the task results returned (i.e., the state of the devices you asked the system 
about)     Very confusing      Very clear 

13. If the system offered you help, was it all the help you needed? 

No, not at all       Yes, very much so 

System performance 

14. Did the system work better or worse than you expected? 

Much worse      Much better 

15. How logically and predictably did the system react? 

Totally unpredictably      Totally predictably 

16. Did you feel the system was responsive? 

No, not at all       Yes, very much so 

17. Did the system make many mistakes? 

Yes, very many      No, none 

18. Compared with other ways to interact with a system (e.g., pressing buttons to choose options from 
menus), you reckon spoken dialogue is: 

18.1. Much more 
difficult 

More difficult Just as easy/difficult Easier Much easier 

     

18.2. Much more 
tedious 

More tedious 
Neither more tedious 

nor more fun 
More fun Much more fun 

     

18.3. Much more 
unpleasant 

More 
unpleasant 

Just as pleasant/un 
pleasant 

More 
pleasant 

Much more 
pleasant 

     

18.4. Much less 
natural 

Less natural Just as natural More natural 
Much more 

natural 

     

18.5. Much less 
reliable 

Less reliable Just as reliable More reliable 
Much more 

reliable 

     

18.6. Much slower Slower Just as fast/slow Faster Much faster 

     

18.7. Much less 
useful 

Less useful Just as useful More useful 
Much more 

useful 

     

19. Would you trust this system to check the state of your home devices remotely, from your mobile 
phone? (I.e., do you think you would trust the system to give you correct information, or would you 
have doubts as to the actual state of your home devices?) 

No, I wouldn’t trust the system at all       Yes, I would completely trust the system 

 



Appendix D. Questionnaires and subjective scales 

 

 

243 

 

Dialogue 

20. Were you positively or negatively surprised by the system’s dialogue capability? 

Very negatively surprised      Very positively surprised 

21. How well did the system understand what you said to it? 

Very poorly      Very well 

22. Grade your level of agreement with each of the following assertions: 

a. You always knew what to say to the system. 

Strongly disagree      Strongly agree 

b. It’s easy to understand what the system is saying. 

Strongly disagree      Strongly agree 

c. The dialogue was too long. 

Strongly disagree      Strongly agree 

d. The dialogue wasn’t balanced because the system dominated it too much. 

Strongly disagree      Strongly agree 

e.  The dialogue wasn’t balanced because you had to take most of the initiative. 

Strongly disagree      Strongly agree 

f. Dialoguing with the system led quickly to solve the task proposed. 

Strongly disagree      Strongly agree 

g. You sometimes lost control of the dialogue and didn’t know what was going on. 

Strongly disagree      Strongly agree 

23. Was it easy to learn how to speak to the system? 

It was very difficult      It was very easy 

24. If the system misunderstood you at any point, did you find it easy to solve the problem and get the 
system to finally understand you? 

It was very difficult, even 
impossible at times 

     
It was very easy 

25. You may add a comment regarding the dialogue system: 

Conversational agent (the human animated figure that appears onscreen) 

26. Did the agent surprise you positively or negatively? 

Very negatively      Very positively 

27. Do you think the agent is helpful? 

On the contrary, 
it is very 

annoying/distracting  

No, because  
it’s a bit 

annoying/distracting 

It has no effect, 
positive or 
negative 

Yes, it 
helps 

somewhat 

Yes, it makes the 
interaction much clearer 

and more enjoyable 

     

28. Are the agent’s gestures well designed? (i.e., do they look real/natural?) 

No, not at all       Yes, very much so 

29. Is the meaning of the agent’s gestures clear? 

No, not at all       Yes, very much so 

30. The agent’s gestural repertoire is: 

Very insufficient Insufficient Acceptable A bit excessive Too overwhelming 
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31. The agent’s behaviour is: 

Very monotonous On the flat side Neutral Quite varied Very varied 

     

32. Is the agent expressive? 

No, not at all       Yes, very much so 

33. Is the agent likable? 

No, not at all       Yes, very much so 

34. Is the agent polite? 

No, not at all       Yes, very much so 

35. Is it comfortable to speak with the agent? 

No, not at all       Yes, very much so 

36. You may add a comment regarding the conversational agent: 

Use and overall evaluation 

37. Is it easy to use the system once you have learnt how to handle it? 

No, it’s very difficult       Yes, it’s very easy 

38. Is it easy to learn how to use the system? 

No, it’s very difficult       Yes, it’s very easy 

39. Is it comfortable to remotely control home devices with this system? 

No, it’s very uncomfortable       Yes, it’s very comfortable 

40. Would you feel uncomfortable using the remote control system for home devices because you think 
you would feel as though your privacy were being encroached on? 

No, not at all       Yes, very much so 

41. Do you think a remote domotic control system such as this one is useful? 

No, not at all       Yes, very much so 

42. Do the pros you see in the system outweigh the cons? 

No, the cons significantly 

outweigh the pros 
     

Yes, the pros significantly 

outweigh the cons 

43. Would you prefer to control domestic devices in a different way? 

 No    I don’t have a clear preference   Yes 

44. Do you think you would use a system/service like the one we have described? 

Never       Very often 

45. If you don’t think you would use this system very much, is it because you don’t think you’d want to 
remotely control your home devices? 

 Yes    I don’t have a specific reason 

 I wouldn’t use it due to other reasons. (Please specify:) 

46. You may add a comment on your experience using the system and your opinion of it: 
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D.1.2 Original questionnaires (in Spanish) 

For the sake of completeness, we include in this section the original questionnaires, in Spanish, 

that were presented to the test users. 

 

D.1.2.1 Opening questionnaire 

Datos personales 

Sexo 

Edad 

Profesión/estudios 

Experiencia previa 

1. ¿Cuánto has utilizado sistemas o servicios como los que se describen a continuación? 

a. Sistemas con reconocimiento automático del habla (por ejemplo, sistemas en los que pudieras 
elegir entre diversas opciones con la voz) 

 Nunca   Alguna vez    Con bastante frecuencia 

b. Servicios automáticos dialogados (en los que puedas hablarle normalmente a una máquina, y 
ésta te pudiera entender y responderte, de tal manera que la interacción se pareciera a un 
diálogo con una persona) 

 Nunca   Alguna vez    Con bastante frecuencia 

b.1. Si has utilizado servicios automáticos dialogados, ¿cómo calificarías tu experiencia? 

     

Muy mala Mala Ni buena ni mala Buena Muy buena 

 
Puedes añadir un comentario:  

c. Sistemas de identificación automática de la identidad a través de la voz  

 Nunca   Alguna vez    Con bastante frecuencia 

d. Sistemas de control automático y/o remoto de dispositivos domésticos 

d.1. Dispositivos de telefonía (p. ej., contestadores) 

 Nunca   Alguna vez    Con bastante frecuencia 

d.2. Otros (indicar cuáles: __________________________________________) 

 Nunca   Alguna vez    Con bastante frecuencia 

e. Sistemas de información o ayuda que mostraran en pantalla un personaje animado que habla 

 Nunca   Alguna vez    Con bastante frecuencia 

 

Reflexiones previas 

2. ¿Crees que puede ser útil un sistema de control domótico a distancia? 

No, en absoluto       Sí, mucho 
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3. En comparación con otras formas de interacción (p. ej., seleccionando opciones pulsando botones), el 

diálogo hablado te parece que puede ser: 

3.1. 
Mucho más fácil Más fácil 

Ni más fácil ni más 
difícil 

Más difícil 
Mucho más 

difícil 

     

3.2. Mucho más 
pesado 

Más pesado 
Ni más pesado ni más 

entretenido 
Más 

entretenido 
Mucho más 
entretenido 

     

3.3. Mucho más 
desagradable 

Más 
desagradable 

Ni más desagradable ni 
más agradable 

Más agradable 
Mucho más 
agradable 

     

3.4. Mucho menos 
natural 

Menos natural Ni más ni menos natural Más natural 
Mucho más 

natural 

     

3.5. Mucho menos 
fiable 

Menos fiable Ni más ni menos fiable Más fiable 
Mucho más 

fiable 

     

3.6. Mucho más 
lento 

Más lento 
Ni más lento ni más 

rápido 
Más rápido 

Mucho más 
rápido 

     

3.7. Mucho menos 
útil 

Menos útil Ni más ni menos Más útil Mucho más útil 

     

Uso del sistema, privacidad y seguridad 

4. La forma de acceder al sistema, ¿te anima a usar el servicio, o, por el contrario, te disuade de ello? 

Me disuade 
fuertemente 

Me echa algo 
para atrás 

No afecta a mi ánimo 
de uso 

Me anima un poco Me anima mucho 

     

5. ¿Te incomodaría usar el sistema de control a distancia de los dispositivos domésticos porque piensas 
que tendrías una sensación de pérdida de intimidad? 

No, en absoluto       Sí, mucho 

6. ¿Te incomodaría usar el sistema por considerar que tu privacidad se ve reducida al usar un sistema 
automático de identificación vocal (por ejemplo porque temas que pueda llegar a hacerse un mal uso 
de los datos correspondientes a tus características vocales)? 

No, en absoluto       Sí, mucho 

7. ¿Te inquietaría usar el sistema por motivos de seguridad, porque temas que personas no autorizadas 
puedan llegar a “entrar” virtualmente en tu casa y conocer y controlar los dispositivos domésticos que 
tienes en ella? 

No, en absoluto       Sí, mucho 

8. ¿Te preocuparía usar la voz para identificarte al acceder al sistema, por si alguien pudiera suplantarla? 

No, en absoluto       Sí, mucho 

Balance 

9. ¿Superan las ventajas que le ves al sistema a las desventajas? 

No, muy al contrario      Sí, de largo 

10. ¿Piensas que usarías un sistema/servicio como este? 

Nunca       Muy a menudo 
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D.1.2.2 Post-biometric enrolment / verification questionnaires 

Impresión general del sistema de acceso 

1. El proceso de entrenamiento / verificación te ha parecido: 

1.1. Muy 
desagradable 

 

Desagradable 

 

Ni agradable ni 
desagradable 

 

Agradable 

 

Muy agradable 

 

1.2. Muy lento 

 

Lento 

 

Normal 

 

Rápido 

 

Muy rápido 

 

1.3. Muy incómodo 

 

Incómodo 

 

Ni cómodo ni incómodo 

 

Cómodo 

 

Muy cómodo 

 

1.4. Muy difícil 

 

Difícil 

 

Ni fácil ni difícil 

 

Fácil 

 

Muy fácil 

 

1.5. Que funciona 
muy mal 

 

Que funciona 
mal 

 

Que funciona regular (ni 
bien ni mal) 

 

Que funciona 
bien 

 

Que funciona 
muy bien 

 

2. ¿Cuál es tu impresión general del sistema de acceso? 

Muy mala      Muy buena 

3. ¿Estabas relajado mientras te entrenabas con el sistema? 

No, muy al contrario      Sí, mucho 

4. En comparación con los métodos de acceso por clave-contraseña, el sistema con el que te acabas de 
entrenar te parece: 

4.1. Mucho más 
inseguro 

 

Más inseguro 

 

Similarmente seguro 

 

Más seguro 

 

Mucho más 
seguro 

 

4.2. Que comete 
muchos más 

errores 

 

Que comete 
más errores 

 

Que comete un número 
comparable de errores 

 

Que comete 
menos errores 

 

Que comete 
muchos menos 

errores 

 

4.3 Mucho más 
incómodo 

 

Más incómodo 

 

Igual de cómodo 

 

Más cómodo 

 

Mucho más 
cómodo 

 

4.4. Mucho menos 
natural 

 

Menos natural 

 

Ni más ni menos natural 

 

Más natural 

 

Mucho más 
natural 

 

Sistema de diálogo 

5. ¿Piensas que el sistema comprendía bien lo que le decías? 

No, en 
absoluto 

No, me comprendía 
bastante mal 

Regular 
Sí, me comprendía 

bastante bien 
Sí, me comprendía 

perfectamente 

     

6. ¿Veías en todo momento claro lo que tenías que hacer? 

No, en 
absoluto 

Me he sentido algo 
confuso 

Regular Sí, estaba bastante claro 
Sí, perfectamente 

claro 

     

7. ¿Entendías bien la voz del sistema? 

No, en 
absoluto 

No, se comprendía 
bastante mal 

Regular 
Sí, comprendía bastante 

bien 
Sí, comprendía 
perfectamente 
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Uso del sistema, privacidad y seguridad 

8. Esta forma de acceder al sistema, ¿te anima a usar el servicio, o, al contrario, te disuade de ello? 

Me disuade 
fuertemente 

Me echa algo 
para atrás 

No afecta a mi ánimo 
de uso 

Me anima un poco Me anima mucho 

     

9. ¿Te incomodaría usar el sistema por considerar que tu privacidad se ve reducida al usar un sistema 
automático de identificación vocal (por ejemplo porque temas que pueda llegar a hacerse un mal uso 
de los datos correspondientes a tus características vocales)? 

No, en absoluto       Sí, mucho 

10. El nivel de seguridad que ves en el sistema, en relación al tipo de servicio que ofrece, te parece: 

Muy insuficiente Insuficiente Aceptable Excesivo Muy excesivo 

     

11. ¿Te inquietaría usar el sistema por motivos de seguridad, porque temas que personas no autorizadas 
puedan llegar a “entrar” virtualmente en tu casa y conocer y controlar los dispositivos domésticos que 
tienes en ella? 

No, en absoluto       Sí, mucho 

12. ¿Te preocuparía usar la voz para identificarte al acceder al sistema, por si alguien pudiera suplantarla? 

No, en absoluto       Sí, mucho 

 

Agente conversacional animado (la figura humana animada que aparece en 
pantalla) 

13. ¿Piensas que el agente animado sirve de ayuda? 

Al contrario, 
estorba/distrae 

mucho 

No, porque 
distrae/molesta un 

poco 

Ni afecta 
negativamente ni 

aporta nada 

Sí, ayuda 
algo 

Sí, hace que la interacción 
sea mucho más clara y 
amena 

     

14. ¿Te parece que los gestos del agente están bien conseguidos? 

No, en absoluto       Sí, mucho 

15. ¿Te parece que el significado de los gestos del agente es claro? 

No, en absoluto       Sí, mucho 

16. ¿Te parece que el agente es expresivo? 

No, en absoluto       Sí, mucho 

17. ¿ Te parece que el agente es simpático? 

No, en absoluto       Sí, mucho 
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D.1.2.3 Post-domotic task questionnaire 

Impresión general y cumplimiento de objetivos 

1. ¿Cuál es tu impresión general del sistema? 

Muy mala      Muy buena 

2. ¿Realizaste con éxito la tarea propuesta?   No    No sé   Sí 

 

Sensaciones al usar el sistema 

3. ¿En general dirías que has tenido sensaciones positivas o negativas? 

Muy negativas 

 

Algo negativas 

 

Ni positivas ni negativas 

 

Positivas 

 

Muy positivas 

 

4. ¿Mientras usabas el sistema te sentiste 

a. Estresado?    No, en absoluto      Sí, mucho 

b. Seguro?   No, en absoluto      Sí, mucho 

c. Alegre?   No, en absoluto      Sí, mucho 

d. Aburrido?   No, en absoluto      Sí, mucho 

e. Desalentado?  No, en absoluto      Sí, mucho 

f. Enfadado?    No, en absoluto      Sí, mucho 

g. Torpe?   No, en absoluto      Sí, mucho 

5. ¿Dirías que la experiencia ha sido 

a. Agradable?   No, en absoluto      Sí, mucho 

b. Divertida?   No, en absoluto      Sí, mucho 

c. Interesante?   No, en absoluto      Sí, mucho 

d. Frustrante?   No, en absoluto      Sí, mucho 

e. Desconcertante?  No, en absoluto      Sí, mucho 

6. ¿Te ha sorprendido alguna cosa durante tu prueba del sistema? 

 No    Sí 

En caso afirmativo, ¿qué cosa (o cosas)? 

7. ¿Usar el sistema requiere mucha concentración? 

No, en absoluto      Sí, mucho 

8. ¿Encuentras que el ritmo de la interacción es lento o rápido? 

Es demasiado 
lento 

 

Es algo lento 

 

El ritmo es el adecuado 

 

Es algo rápido 

 

Es demasiado 
rápido 

 

9. ¿Te parece ágil la forma de interactuar con el sistema? 

No, en absoluto      Sí, mucho 

10. Si lo deseas, puedes añadir un comentario sobre tus sensaciones al usar el sistema: 
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Información ofrecida por el sistema 

11. ¿Era la información que te ofrecía el sistema en cada momento la deseada? 

No, en absoluto      Sí, la información era justo la deseada 

12. ¿Es clara o confusa la información ofrecida por el sistema, 

a. Relativa al uso del sistema?   Muy confusa      Muy clara 

b. Relativa a la tarea a realizar?   Muy confusa      Muy clara 

c. Relativa a los resultados finales  
ofrecidos (el estado de los dispositivos)? Muy confusa      Muy clara 

13. ¿Si el sistema te ha ofrecido ayuda, ha sido ésta suficiente? 

No, en absoluto      Sí, del todo 

Funcionamiento del sistema 

14. ¿El sistema funciona mejor o peor de lo que esperabas? 

Mucho peor      Mucho mejor 

15. ¿En qué medida reaccionó el sistema de manera lógica y predecible? 

Totalmente impredecible      Totalmente predecible 

16. ¿Sientes que el sistema te hacía caso? 

No, en absoluto      Sí, perfectamente 

17. ¿Cometió muchos errores el sistema? 

Muchísimos      Ninguno 

18. En comparación con otras formas de interacción (p. ej., seleccionando opciones pulsando botones), el 
diálogo hablado te parece: 

18.1. Mucho más 
fácil 

Más fácil 
Ni más fácil ni más 

difícil 
Más difícil 

Mucho más 
difícil 

     

18.2. Mucho más 
pesado 

Más pesado 
Ni más pesado ni más 

entretenido 
Más 

entretenido 
Mucho más 
entretenido 

     

18.3. Mucho más 
desagradable 

Más 
desagradable 

Ni más desagradable ni 
más agradable 

Más 
agradable 

Mucho más 
agradable 

     

18.4. Mucho menos 
natural 

Menos natural Ni más ni menos natural Más natural 
Mucho más 

natural 

     

18.5. Mucho menos 
fiable 

Menos fiable Ni más ni menos fiable Más fiable 
Mucho más 

fiable 

     

18.6. Mucho más 
lento 

Más lento 
Ni más lento ni más 

rápido 
Más rápido 

Mucho más 
rápido 

     

18.7. Mucho menos 
útil 

Menos útil Ni más ni menos Más útil Mucho más útil 

     

19. ¿Confiarías en este sistema para consultar el estado de los dispositivos domésticos desde tu móvil? 
(Es decir, ¿piensas que te confiarías en que te da la información correcta, o por el contrario te 
quedarían dudas con respecto al estado real de los dispositivos?) 

No, en absoluto      Sí, totalmente 
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Diálogo 

20. ¿La capacidad de diálogo del sistema te ha sorprendido positiva o negativamente? 

Muy negativamente      Muy positivamente 

21. ¿El sistema te entendía bien? 

No, me entendía muy mal      Sí, me entendía muy bien 

22. Indica tu grado de acuerdo con las siguientes afirmaciones: 

a. En todo momento he sabido qué decirle al sistema. 

Muy en desacuerdo      Muy de acuerdo 

b. Es fácil entender qué está diciendo el sistema. 

Muy en desacuerdo      Muy de acuerdo 

c. El diálogo era demasiado largo. 

Muy en desacuerdo      Muy de acuerdo 

d. El diálogo no era equilibrado porque el sistema lo dominaba demasiado. 

Muy en desacuerdo      Muy de acuerdo 

e.  El diálogo no era equilibrado porque tenía que tomar yo casi toda la iniciativa. 

Muy en desacuerdo      Muy de acuerdo 

f. El diálogo con el sistema te condujo rápidamente a solucionar la tarea propuesta. 

Muy en desacuerdo      Muy de acuerdo 

g. El diálogo se te iba a veces de las manos y no sabías qué estaba pasando. 

Muy en desacuerdo      Muy de acuerdo 

23. ¿Te ha resultado fácil aprender cómo hablarle al sistema? 

Me ha resultado muy difícil      Me ha resultado muy fácil 

24. Si te entendió mal alguna vez el sistema, ¿en general te resultó fácil resolver la situación y hacer que 
el sistema finalmente te comprendiera? 

Me ha sido muy fácil      
Me ha resultado muy difícil, e incluso en alguna ocasión no 

me ha sido posible 

25. Si lo deseas, puedes añadir un comentario sobre el sistema de diálogo: 
 

Agente animado 

26. ¿El ECA te ha sorprendido positiva o negativamente? 

Muy negativamente      Muy positivamente 

27. ¿Piensas que el ECA sirve de ayuda? 

Al contrario, 
estorba/distrae 

mucho 

No, porque 
distrae/molesta un 

poco 

Ni afecta 
negativamente ni 

aporta nada 

Sí, ayuda 
algo 

Sí, hace que la interacción 
sea mucho más clara y 

amena 

     

28. ¿Te parece que los gestos del agente están bien conseguidos? 

No, en absoluto       Sí, mucho 

29. ¿Te parece que el significado de los gestos del agente es claro? 

No, en absoluto       Sí, mucho 

30. El repertorio de gestos de parece 

Muy insuficiente Insuficiente Aceptable Excesivo Muy excesivo 
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31. El comportamiento del agente animado te parece 

Muy Monótono Algo monótono Neutro Bastante variable Muy variable 

     

32. ¿Te parece que el agente es expresivo? 

No, en absoluto       Sí, mucho 

33. ¿ Te parece que el agente es simpático? 

No, en absoluto       Sí, mucho 

34. ¿Te parece que el ECA es cortés? 

No, en absoluto       Sí, mucho 

35. ¿Es cómodo hablar con el ECA? 

No, en absoluto       Sí, mucho 

36. Si lo deseas, puedes añadir un comentario sobre el agente animado: 

Uso y balance final 

37. ¿Es fácil Usar el sistema una vez que sabes usarlo? 

No, es muy difícil       Sí, es muy fácil 

38. ¿Es fácil aprender a usar el sistema? 

No, es muy difícil       Sí, es muy fácil 

39. ¿Es cómodo controlar los dispositivos domésticos con este sistema? 

No, es muy incómodo       Sí, es muy cómodo 

40. ¿Te incomodaría usar el sistema de control a distancia de los dispositivos domésticos porque piensas 
que tendrías una sensación de pérdida de intimidad? 

No, en absoluto       Sí, mucho 

41. ¿Crees que puede ser útil un sistema de control domótico a distancia como éste? 

No, en absoluto       Sí, mucho 

42. ¿Superan las ventajas que le ves al sistema a las desventajas? 

No, muy al contrario      Sí, de largo 

43. ¿Preferirías controlar los dispositivos domésticos de otra manera? 

 No    No tengo una preferencia clara   Sí 

44. ¿Piensas que usarías un sistema/servicio como este? 

Nunca       Muy a menudo 

45. Si no crees que usarías demasiado este sistema, ¿es porque no crees que fueras a querer controlar 
los dispositivos domésticos de manera remota? 

 Sí    No tengo una razón concreta 

 No lo usaria por otros motivos. (Especifícalos:) 

46. Si lo deseas, puedes añadir un comentario sobre la experiencia de usar el sistema y tu opinión del 
mismo: 
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D.2 Repeated items 

It is useful to study the progression of the scores for items that are repeated throughout the 

questionnaires. This is done in Appendix C for selected items. For reference purposes, this 

section presents a table highlighting the items that are in two or more questionnaires, showing 

the correspondences through the item number in the respective questionnaires. Item numbers are 

given in parenthesis for items that are not identical to the item specified in this table, but are 

close in meaning (and therefore may elicit a similar response).  

 

 

Table 41. Item progressions. 

Item Opening 
Enrolment / 

Verification 
Final 

A system to remotely control home devices such as the one 

we propose can be useful 
2  41 

Compared with other ways to interact with a system (e.g., 

pressing buttons to choose options from menus), spoken 

dialogue can be: 

More difficult / Easier 

3.1  18.1 

More tedious / More fun 3.2  18.2 

More unpleasant / More pleasant 3.3  18.3 

Less natural / More natural 3.4 (4.4) 18.4 

Less reliable / More reliable 3.5 

(4.2: makes 

fewer 

mistakes) 

18.5 

Slower / Faster 3.6  18.6 

Less useful / More useful 3.7  18.7 

The way to access the system discourages / encourages you 

to use it 
4 8  

You would feel uncomfortable using the remote control 

system for home devices because you think you would feel 

as though your privacy were being encroached on 

5  40 

You would feel uncomfortable accessing the application via 

an automatic voice authentication system due to a sense of 

loss of privacy (for instance because you might fear that your 

biometric data may be misused) 

6 9  

You would have security concerns using the system, for 

instance because you fear that unauthorised people might 

manag  to r mot ly “ nt r” your hom  an  know an  control 

the devices you have 

7 11  

You would be concerned about using your voice to prove 

your identity to gain access to the system because you fear 

someone else might be able to impersonate it 

8 12  

The pros you see in the system outweigh the cons 9  42 

You would use a system/service like the one we have 

described 
10  44 

The enrolment process: 

Was unpleasant / pleasant 
 1.1 5a 
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Was slow / fast  1.2 (8) 

Was uncomfortable / comfortable  1.3 39 

Was difficult / easy  1.4 37 

Overall opinion of the form of access to the system  2 1 

You were relaxed while you were enrolling into the system  3 (4: stressed) 

How poorly / well did the system understand what you were 

saying? 
 5 21 

It was at all times clear what you were supposed to do  6 (22a: say) 

How poorly / w ll coul  you un  rstan  th  syst m’s voic ?  7 
(22b: easy to 

understand) 

Does the agent help? [It is distracting/annoying – it makes 

the interaction clearer and more pleasant] 
 13 27 

Th  ag nt’s g stur s ar  w ll   sign    14 28 

Th  m aning of th  ag nt’s g stur s is cl ar  15 29 

The agent is expressive  16 32 

The agent is likeable/friendly  17 33 
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D.3 Item correspondences with relevant 

recommendations 

This section goes through the questionnaires once more, associating the items to closely related 

it ms in Hon  an  Graham’s (    ) SASSI tool, ITU-T Rec. P.851 (2  3), Möll r  t al.’s 

(2007) adaptation of SASSI and ITU-T Rec. P.851 and the Perceived Ease of Use (PEU) and 

Perceived Usefulness (PU) scales in the Technology Acceptance Model (TAM) (Davis, 1989). 

Th  SASSI qu stionnair , Möll r  t al.’s qu stionnair  and the TAM items in the scales for 

perceived ease of use and perceived usefulness are included in Appendix E. 

In th  cas  of SASSI an  Möll r’s qu stionnair , which were the main references for the 

spoken interaction-related items (which formed the main portion of the questionnaires used in 

the studies presented in this Thesis), the number of the related item in those questionnaires is 

given in parentheses. The closeness of the correspondence is also stated (it may be an exact 

correspondence
134

, a close adaptation or a loose adaptation
135

)
136

. Correspondences with items in 

the TAM scales for PEU and PU are also given. In this case the correspondences are generally 

weaker, as the items in the questionnaires here were focused (spoken) interaction. The looser 

correspondences with TAM items are indicated putting the item in question in parentheses. If 

correspondences can be made with more than one item in the relevant source, all of the 

possibilities considered are listed. 

 A tentative (subjective) classification of each relevant item with factor classes in the 

Subjective Quality Evaluation Framework (SQEF) proposed in Section 6.1 is also given in the 

rightmost column of the table for each questionnaire. Each class is denoted by two terms 

separated by a hyphen. The first term denotes the vertical dimension in the SQEF: 

 A: Acceptance 

 G: General (or overall system) level of focus (GA: Acceptance-related item at the 

general level) 

 TB and TD: Task level of focus (TB: biometrics task; TD: domotics task) 

 I: Interface level of focus 

 

The second term denotes the type of class in the horizontal dimension: 

 L: Likeability 

 U: Usefulness 

 R: Rejection 

 

                                                      
134

 Although translated into Spanish. 
135

 Items including the same focal noun or adjective as the source, but formulated differently, e.g., as a 

comparison rather than a statement demanding an absolute appraisal were considered loose adaptations. 
136

 Obviously, this classification is highly subjective and should be regarded only as guidance. 
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Thus, for  xampl , “I-L”   not s an it m r lat   to th  lik ability of th  int rfac . Som  it ms 

may be associated with more than one class. In such cases all relevant class values are listed 

(with weaker associations shown in parentheses). 

 

D.3.1 Opening questionnaire (OQ) 

 

Table 42. Item correspondences with relevant recommendations, and with the SQEF classes, for the opening 

questionnaire (OQ). 

Item SASSI ITU-T Möller TAM Class 

2. A system to remotely control home 

devices such as the one we propose can be 

useful 

Close 

adapt. (q. 

10) 

— — PU 6 G-U 

3. Compared with other ways to interact 

with a system (e.g., pressing buttons to 

choose options from menus), spoken 

dialogue can be: 

3.1. More difficult / Easier 

Loose 

adapt. (q. 

23) 

Loose 

adapt. 

Loose 

adapt. (q. 

7.1) 

PU 5 I-L 

3.2. More tedious / More fun 

Loose 

adapt. (q. 

25) 

— 

Loose 

adapt. (q. 

6.4) 

— I-L 

3.3. More unpleasant / More pleasant 

Loose 

adapt. (q. 

11) 

Loose 

adapt. 

Loose 

adapt. (q. 

6.1) 

— I-L 

3.4. Less natural / More natural Removed 
Loose 

adapt. 

Loose 

adapt. (q. 

3.4) 

— I-L 

3.5. Less reliable / More reliable 

Loose 

adapt. (q. 

2) 

Loose 

adapt. 

Loose 

adapt. (q. 

2.5) 

(PU 4) I-U 

3.6. Slower / Faster 

Loose 

adapt. (q. 

33) 

Loose 

adapt. 

Loose 

adapt. 

(q. 4.1, 

5.5) 

PU 1 I-U 

3.7. Less useful / More useful 

Loose 

adapt. (q. 

10) 

— — PU 6 I-U 

4. The way to access the system discourages 

/ encourages you to use it 
— — — BI 

T, I (G) 

- A 

5. You would feel uncomfortable using the 

remote control system for home devices 

because you think you would feel as 

though your privacy were being 

encroached on 

— — — — TD-R 

6. You would feel uncomfortable accessing 

the application via an automatic voice 

authentication system due to a sense of 

loss of privacy (for instance because you 

might fear that your biometric data may 

be misused) 

— — — — TB-R 
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7. You would have security concerns using 

the system, for instance because you fear 

that unauthorised people might manage to 

r mot ly “ nt r” your hom  an  know 

and control the devices you have 

— — — — G-R 

8. You would be concerned about using your 

voice to prove your identity to gain access 

to the system because you fear someone 

else might be able to impersonate it 

— — — — TB-R 

9. The pros you see in the system outweigh 

the cons 
— 

Loose 

adapt. 

Loose 

adapt. (q. 

7.8) 

— G-A 

10. You would use a system/service like the 

one we have described 

Close 

adapt. (q. 

17) 

Close 

adapt. 

Close 

adapt. (q. 

7.7) 

BI G-A 

 

 

D.3.2 Post-enrolment (EQ) / post-verification (VQ) questionnaires 

 

Table 43. Item correspondences with relevant recommendations, and with the SQEF classes, for the post-enrolment 

/ post-verification questionnaire. 

Item SASSI ITU Möller TAM  Class 

18. The enrolment process: 

18.1. Was unpleasant / pleasant 

Close adapt. 

(q. 11) 

Loose 

adapt. 

Close 

adapt. (q. 

6.1) 

— TB-L 

18.2. Was slow / fast 

Loose 

adapt. (q. 

33) 

Loose 

adapt. 

Loose 

adapt. (q. 

5.5) 

— TB-L 

18.3. Was uncomfortable / comfortable Removed — 

Loose 

adapt. (q. 

7.3) 

— TB-L 

18.4. Was difficult / easy 
Close adapt. 

(q. 23) 

Close 

adapt. 

Close 

adapt. (q. 

7.1) 

PEU 6 TB-L 

18.5. Di n’t work w ll / Work   w ll — — — — TB-U 

19. Overall opinion of the form of access to 

the system 
— 

Close 

adapt. 

Close 

adapt. (q. 

1) 

— TB-A 

20. You were relaxed while you were 

enrolling into the system 

Loose 

adapt. (q. 

20, 21) 

Close 

adapt. 

Exact 

corr.  

(q. 6.2) 

— TB-L 

21. Compared to password-based access, the 

system you have just enrolled into / 

verified your identity with seems: 

21.1. Less / More secure 

— — — 
(PU 2, 

4) 
TB-U 

21.2. To make more / fewer mistakes 
Loose 

adapt. (q. 7) 

Loose 

adapt. 

Loose 

adapt. (q. 

4.5) 

— TB-U 
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21.3. Less uncomfortable / More 

comfortable 
Removed — 

Loose 

adapt. (q. 

7.3) 

— TB-L 

21.4. Less / More natural Removed 
Loose 

adapt. 

Loose 

adapt. (q. 

3.4) 

— TB-L 

22. How badly / well did the system 

understand what you were saying? 
— 

Exact 

corr. 

Close 

adapt. 

(q. 3.1) 

PEU 3 I-U 

23. It was at all times clear what you were 

supposed to do 

Loose 

adapt. (q. 

30) 

Close 

adapt. 

Close 

adapt. (q. 

3.1) 

PEU 3 I-L 

24. How badly / well could you understand 

th  syst m’s voic ? 
— 

Exact 

corr. 

Loose 

adapt. (q. 

3.3) 

PEU 3 I-L 

25. The way to access the system discourages 

/ encourages you to use it 
— — — BI 

T, I (G) 

- A 

26. You would feel uncomfortable accessing 

the application via an automatic voice 

authentication system due to a sense of 

loss of privacy (for instance because you 

might fear that your biometric data may 

be misused) 

— — — — TB-R 

27. Considering the type of service it offers, 

th  syst m’s l v l of s curity f  ls 

insufficient / acceptable / excessive 

— — — — TB-U/R 

28. You would have security concerns using 

the system, for instance because you fear 

that unauthorised people might manage to 

r mot ly “ nt r” your hom  an  know 

and control the devices you have 

— — — — G-R 

29. You would be concerned about using your 

voice to prove your identity to gain access 

to the system because you fear someone 

else might be able to impersonate it 

— — — — TB-R 

30. Does the agent help? [It is 

distracting/annoying – it makes the 

interaction clearer and more pleasant] 

— 
Loose 

adapt. 

Loose 

adapt. (q. 

7.5) 

(PU 5,6 

/ PEU 3) 
I-L/U 

31. The ag nt’s g stur s ar  w ll   sign   — — — — I-L 

32. Th  m aning of th  ag nt’s g stur s is 
clear 

— 
Loose 

adapt. 

Loose 

adapt. (q. 

2.2) 

PEU 3 I-L 

33. The agent is expressive — — — — I-L 

34. The agent is likeable/friendly 

Loose 

adapt. (q. 

12) 

Close 

adapt. 

Loose 

adapt. (q. 

4.2) 

— I-L 
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D.3.3 Post-domotics (DQ) questionnaire 

 

Table 44. Item correspondences with relevant recommendations, and with the SQEF classes, for the post-domotics 

task questionnaire. 

Item SASSI ITU Möller TAM  Class 

1. Overall impression of the system — 
Exact 

corr. 

Exact 

corr. 

(q. 1) 

— G-A 

2. Could you carry out the proposed task 

successfully? 
— 

Loose 

adapt. 
— — TD-U 

3. You felt bad / good using the system — — — — G-L 

4. While using the system you felt: 

a. Stressed 

Loose 

adapt. (q. 

20, 21) 

Close 

adapt. 

Exact 

corr. 

(q. 6.2) 

— G-L 

b. Confident 

Exact 

corr. 

(q. 19) 

— — — G-L 

c. Happy — — — — G-L 

d. Bored 

Close 

adapt. (q. 

25) 

— — — G-L 

e. Discouoraged — — — — G-L 

f. Angry Removed — — — G-L 

g. Clumsy Removed — — — G-L 

5. Your experience was: 

a. Pleasant 

Close 

adapt. (q. 

11) 

Loose 

adapt. 

Close 

adapt. 

(q. 6.1) 

— G-L 

b. Fun 

Loose 

adapt. (q. 

25) 

— 

Close 

adapt. 

(q. 6.4) 

— G-L 

c. Interesting — — — — G-L 

d. Frustrating 

Exact 

corr. 

(q. 27) 

— — — G-L 

e. Confusing — 
Loose 

adapt. 
— — G-L 

6. Has anything in particular surprised you about 

the system? 
— 

Loose 

adapt. 
— — — 

7. Using the system requires a lot of 

concentration 

Loose 

adapt. (q. 

22) 

Loose 

adapt. 

Exact 

corr. 

(q. 6.3) 

— G-L 

8. Do you find the pace of interaction fast or 

slow? 

Close 

adapt. (q. 

33) 

Close 

adapt. 

Loose 

adapt. (q. 

4.1) 

— I-L 

9. The interaction with the system is fluent 

Loose 

adapt. (q. 

28) 

Loose 

adapt. 

Loose 

adapt. (q. 

5.2, 7.4) 

— 
I-L /  

G-U 
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11. The system always gave you the information 

you wanted 

Loose 

adapt. (q. 

4) 

Close 

adapt. 

Loose 

adapt. (q. 

2.1) 

— G-U 

12. Would you describe as clear or confusing the 

information offered by the system, with 

regard: 

a. To the use of the system? 

— 
Close 

adapt. 

Close 

adapt. (q. 

2.2) 

PEU 3 I-L 

b. To how to carry out the task proposed? — 
Close 

adapt. 

Close 

adapt. (q. 

2.2) 

PEU 3 TD-L 

c. To the task results returned? — 
Close 

adapt. 

Close 

adapt. (q. 

2.2) 

PEU 3 TD-L 

13. If the system offered you help, was it all the 

help you needed? 
— 

Loose 

adapt. 
— — 

I-L /  

TD-L 

14. Did the system work better or worse than you 

expected? 
— — — — G-U 

15. How logically and predictably did the system 

react? [unpredictably / predictably] 

Loose 

adapt. (q. 

3) 

— 

Loose 

adapt. (q. 

4.3) 

(PEU 3) 
G-L /  

I-L 

16. The system was responsive (took notice of 

you and of what you said to it) 
— — 

Loose 

adapt. (q. 

4.8) 

— 
G-L /  

I-L 

17. The system made many mistakes 

Exact 

corr. 

(q. 7) 

Close 

adapt. 

Exact 

corr. 

(q. 4.5) 

— G-U 

18. Compared with other ways to interact with a 

system (e.g., pressing buttons to choose 

options from menus), you reckon spoken 

dialogue is: 

18.1. More difficult / Easier 

Loose 

adapt. (q. 

23) 

Loose 

adapt. 

Loose 

adapt. (q. 

7.1) 

PU 5 I-L 

18.2. More tedious / More fun 

Loose 

adapt. (q. 

25) 

— 

Loose 

adapt. (q. 

6.4) 

— I-L 

18.3. More unpleasant / More pleasant 

Loose 

adapt. (q. 

11) 

Loose 

adapt. 

Loose 

adapt. (q. 

6.1) 

— I-L 

18.4. Less natural / More natural Removed 
Loose 

adapt. 

Loose 

adapt. (q. 

3.4) 

— I-L 

18.5. Less reliable / More reliable 

Loose 

adapt. (q. 

2) 

Loose 

adapt. 

Loose 

adapt. (q. 

2.5) 

(PU 4) I-U 

18.6. Slower / Faster 

Loose 

adapt. (q. 

33) 

Loose 

adapt. 

Loose 

adapt. 

(q. 4.1, 

5.5) 

PU 1 I-U 

18.7. Less useful / More useful 

Loose 

adapt. (q. 

10) 

— — PU 6 I-U 

19. Would you trust this system to check the state 

of your home devices remotely, from your 

mobile phone? (I.e., do you think you would 

trust the system to give you correct 

information, or would you have doubts as to 

the actual state of your home devices?) 

Loose 

adapt. (q. 

2, 6) 

Loose 

adapt. 

Loose 

adapt. (q. 

2.5) 

— TD-U 
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20. Were you positively or negatively surprised 

by th  syst m’s  ialogu  capability? 
— 

Loose 

adapt. 
— — I-U 

21. How poorly / well did the system understand 

what you said to it? 
— 

Exact 

corr. 

Close 

adapt. (q. 

3.1) 

(PEU 2) I-U 

22. Grade your level of agreement with each of 

the following assertions: 

a. You always knew what to say to the 

system 

Exact 

corr. 

(q. 30) 

— 

Exact 

corr. 

(q. 3.2) 

(PEU 3) I-L 

b. It’s  asy to un  rstan  what the system is 

saying 
— 

Close 

adapt. 

Loose 

adapt. (q. 

3.3) 

PEU 3 I-L 

c. The dialogue was too long 

Loose 

adapt. (q. 

33) 

Exact 

corr. 

Exact 

corr. 

(q. 5.4) 

— I-L 

d. Th   ialogu  wasn’t balanc   b caus  

the system dominated it too much 
— 

Loose 

adapt. 

Loose 

adapt. (q. 

5.6) 

— I-L 

e. Th   ialogu  wasn’t balanc   b caus  

you had to take most of the initiative 
— — 

Loose 

adapt. (q. 

5.6) 

— I-L 

f. Dialoguing with the system led quickly 

to solving the task proposed 
— — 

Exact 

corr. 

(q. 5.5) 

(PU 1) I-U 

g. You sometimes lost control of the 

 ialogu  an   i n’t know what was 

going on 

Loose 

adapt. (q. 

18, 31) 

Loose 

adapt. 

Close 

adapt. (q. 

5.1) 

(PEU 2, 

3) 
I-L 

23. Was it difficult / easy to learn how to speak to 

the system? 

Loose 

adapt. (q. 

15, 16) 

— 

Loose 

adapt. (q. 

7.2) 

PEU 1 I-L 

24. If the system misunderstood you at any point, 

did you find it difficult / easy to solve the 

problem and get the system to finally 

understand you? 

Loose 

adapt. (q. 

13) 

Exact 

corr. 

Close 

adapt. (q. 

4.6) 

— I-L/U 

26. Did the agent surprise you positively or 

negatively? 
— — — — I-U 

27. Is the agent helpful? [annoying/distracting – 

clear/enjoyable] 
— 

Loose 

adapt. 
— — I-U/L 

28. Th  ag nt’s g stur s ar  w ll   sign   — — — — I-L 

29. Th  m aning of th  ag nt’s g stur s is cl ar — 
Loose 

adapt. 
— PEU 3 I-L 

30. Is th  ag nt’s repertoire is insufficient / 

acceptable / excessive? 
— — — — I-L 

31. Is th  ag nt’s b haviour monotonous / vari  ? — — — — I-L 

32. The agent is expressive — — — — I-L 

33. The agent is likeable/friendly 

Close 

adapt. (q. 

12) 

Loose 

adapt. 

Loose 

adapt. (q. 

4.2) 

— I-L 

34. The agent is polite — 
Loose 

adapt. 
— — I-L 

35. It is comfortable to speak with the agent — — 

Loose 

adapt. (q. 

7.3) 

— I-L 
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37. Is it difficult / easy to use the system once you 

have learnt how to handle it? 

Close 

adapt. (q. 

23) 

Exact 

corr. 

Close 

adapt. 

(q. 7.1) 

PEU 6 G-L 

38. Is it difficult / easy to learn how to use the 

system? 

Exact 

corr. 

(q. 16) 

— 

Close 

adapt. 

(q. 7.2) 

PEU 1 G-L 

39. Is it uncomfortable / comfortable to remotely 

control home devices with this system? 
Removed — 

Close 

adapt. 

(q. 7.3) 

— 
TB/TD - 

L 

40. You would feel uncomfortable using the 

remote control system for home devices 

because you think you would feel as though 

your privacy were being encroached on 

— — — — TD-R 

41. A remote domotic control system such as this 

one is useful 

Exact 

corr. 

(q. 10) 

— 

Loose 

adapt. (q. 

7.5) 

PU 6 
G/TB/ 

/TD - U 

42. Do the pros you see in the system outweigh 

the cons? 
— 

Loose 

adapt. 

Loose 

adapt. (q. 

7.8) 

— G-A 

43. Would you prefer to control domestic devices 

in a different way? 
— 

Close 

adapt. 

Exact 

corr. 

(q. 7.6) 

BI G-A 

44. Do you think you would use a system/service 

like the one we have described? [never – very 

often] 

Close 

adapt. (q. 

17) 

Close 

adapt. 

Close 

adapt. 

(q. 7.7) 

BI G-A 

45. If you  on’t think you woul  us  this syst m 
v ry much, is it b caus  you  on’t think you’  

want to remotely control your home devices? 

— — — — TD-A 
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D.4 Compound variables 

This final section in Appendix D gathers the main compound variables used in the analyses in 

this Thesis (the variables already listed in the factor analyses discussed in Appendix B, Section 

B.2.2, are not included here). The constituting items for each compound variable are listed. The 

values of the compound variables were computed as the mean of the values of its constituting 

items, for each experimental case. Thus, the compound variables may be regarded as scales 

(with the exception of those compound variables with lower constituting item counts –i.e., those 

derived from only two, and perhaps also three, items). Treated as scales, their internal 

consist ncy is in icat   by Cronbach’s α. 

 

D.4.1 Biometric enrolment stage (E) 

Likeability (LE): 

 

Cronbach α = .77 

 

Usefulness (UE): 

 

Cronbach α = .51 

 

Acceptance (AE): 

 

Cronbach α = .42 

 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

EQ 1.1 Pleasant .429 .409 .752 

EQ  1.2 Fast .637 .577 .712 

EQ  1.3 Comfortable .508 .430 .740 

EQ  1.4 Easy .412 .258 .756 

EQ  3 Felt relaxed .358 .282 .765 

EQ  4.3 Comparative comfort .738 .635 .690 

EQ  4.4 Comparative naturalness .475 .425 .745 

EQ  6 Clear task .223 .176 .786 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

EQ 1.5 Works well .436 .392 .310 

EQ 4.1 Comparative secureness .045 .251 .645 

EQ 4.2 Comparative error rate .506 .297 .217 

EQ 5 System understands .265 .395 .462 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

EQ 2 Overall impression .269 .072 — 

EQ 8 Access task encourages use .269 .072 — 
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Security concerns (SecE): 

 

Cronbach α = .93 

 

ECA design (enrolment): 

 

Cronbach α = .89 

 

ECA social (enrolment): 

 

Cronbach α = .65 

D.4.2 Biometric verification stage (V) 

Likeability (LV): 

 

Cronbach α = .86 

 

Usefulness (UV): 

 

Cronbach α = .80 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

EQ 11 Fear unauthorised access .872 .761 — 

EQ 12 Fear impersonation .872 .761 — 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

EQ 13 ECA helps .672 .452 .863 

EQ 14 ECA is well designed .761 .607 .779 

EQ 15 ECA gestures are clear .775 .621 .766 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

EQ 16 ECA is expressive .436 .190 — 

EQ 17 ECA is friendly .436 .190 — 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

VQ 1.1 Pleasant .603 .474 .847 

VQ 1.2 Fast .722 .716 .830 

VQ 1.3 Comfortable .775 .697 .825 

VQ 1.4 Easy .473 .344 .858 

VQ 3 Felt relaxed .502 .319 .859 

VQ 4.3 Comparative comfort .829 .746 .815 

VQ 4.4 Comparative naturalness .657 .536 .839 

VQ 6 Clear task .329 .310 .872 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

VQ 1.5 Works well .639 .652 .728 

VQ 4.1 Comparative secureness .415 .262 .838 

VQ 4.2 Comparative error rate .679 .475 .708 

VQ 5 System understands .735 .690 .690 
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Acceptance (AV): 

 

Cronbach α = .69 

 

Security concerns (SecV): 

 

Cronbach α = .87 

 

ECA design (verification): 

 

Cronbach α = .89 

 

ECA social (verification): 

 

Cronbach α = .65 

 

D.4.3 Domotics stage (D) 

Perceived Ease of Use (PEUD): 

 

Cronbach α = .78 

 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

VQ 2 Overall impression .549 .301 — 

VQ 8 Access task encourages use .549 .301 — 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

VQ 11 Fear unauthorised access .780 .609 — 

VQ 12 Fear impersonation .780 .609 — 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

VQ 13 ECA helps .709 .514 .898 

VQ 14 ECA is well designed .848 .739 .792 

VQ 15 ECA gestures are clear .800 .705 .822 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

VQ 16 ECA is expressive .494 .244 — 

VQ 17 ECA is friendly .494 .244 — 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 18.1 Comparatively easy interaction .563 .383 .756 

DQ 23 Easy to learn to speak to system .566 .410 .726 

DQ 37 System is easy to use .677 .472 .675 

DQ 38 Easy to learn to use .597 .373 .730 
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Perceived Usefulness (PUD): 

 

Cronbach α = .76 

 

General Likeability (GLD): 

 

† Responses to these items were inverted in this scale. 

Cronbach α = .89 

 

General Usefulness (GUD): 

 

Cronbach α = .79 

 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 18.6 Comparatively fast interaction .664 .509 .670 

DQ 18.7 Comparatively useful interface .592 .357 .691 

DQ 41 System is useful .382 .177 .787 

DQ 42 Pros outweigh cons .696 .499 .643 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 3 Overall feelings .685 .812 .881 

DQ 4a Felt stressed † .528 .592 .887 

DQ 4b Felt confident .536 .667 .887 

DQ 4c Felt happy .570 .630 .886 

DQ 4d Felt bored † .588 .659 .885 

DQ 4e Felt discouraged † .667 .652 .882 

DQ 4f Felt angry † .596 .590 .886 

DQ 4g Felt clumsy † .603 .753 .884 

DQ 5a Pleasant experience .592 .773 .886 

DQ 5b Fun experience .339 .637 .893 

DQ 5c Interesting experience .537 .817 .888 

DQ 5d Frustrating experience † .578 .729 .885 

DQ 5e Confusing experience † .428 .596 .891 

DQ 7 Concentration required † .325 .358 .894 

DQ 15 System is logical and predictable .390 .521 .891 

DQ 16 System is responsive .541 .593 .887 

DQ 37 System is easy to use .645 .795 .885 

DQ 38 Easy to learn to use .764 .811 .884 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 9 Interaction is fluent .595 .376 .748 

DQ 11 System gave desired information .532 .342 .763 

DQ 14 Works better/worse than expected .613 .443 .742 

DQ 17 System made many mistakes .622 .435 .740 

DQ 41 System is useful .357 .187 .797 

DQ 42 Pros outweigh cons .575 .421 .758 
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General Acceptance (GAD): 

 

Cronbach α = .41 

 

Perceived Robustness (Perc-R): 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 14 Works better/worse than expected .639 .447 .748 

DQ 17 System made many mistakes .685 .477 .724 

DQ 21 System understands .669 .504 .732 

DQ 24 Error recovery is easy .505 .273 .816 

Cronbach α = .81 

 

Interface Likeability (ILD): 

 

Cronbach α = .85 

 

Interface Usefulness (GUD): 

 

Cronbach α = .73 

 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 1 Overall impression .258 .067 — 

DQ 44 Would use system .258 .067 — 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 8 Interaction pace fast/slow .637 .714 .840 

DQ 9 Interaction is fluent .616 .632 .837 

DQ 12a Clear info. Given on system use .464 .585 .845 

DQ 13 System offered the help needed .275 .547 .852 

DQ 16 System is responsive .435 .533 .846 

DQ 18.1 Comparatively easy interaction .676 .778 .835 

DQ 18.2 Comparatively fun interaction .608 .713 .837 

DQ 18.3 Comparatively pleasant interaction .613 .690 .840 

DQ 18.4 Comparatively natural interaction .561 .679 .840 

DQ 22a Always knew what to say .461 .793 .845 

DQ 22b Easy to understand the system .202 .419 .854 

DQ 22c Dialogue too long .391 .607 .851 

DQ 22d System dominated dialogue .497 .521 .845 

DQ 22e User dominated dialogue .468 .515 .845 

DQ 22g Sometimes lost control of dialogue .496 .689 .845 

DQ 23 Easy to learn to speak to system .284 .681 .852 

DQ 24 Error recovery is easy .371 .680 .850 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

DQ 18.5 Comparatively reliable interaction .475 .567 .693 

DQ 18.6 Comparatively fast interaction .652 .490 .632 

DQ 18.7 Comparatively useful interaction .523 .548 .685 

DQ 20 Surprised (pos./neg.) by dialogue .341 .212 .726 

DQ 21 System understands .494 .297 .687 

DQ 22f Dialogue led to quick task success .355 .250 .731 



User Experience in Human-Technology Interaction 

 

 

268 

 

D.4.4 Cross-stage compound variables 

Generalised TAM overall scale – Biometrics (TAM-Biom): 

 

Cronbach α = .88 

 

Generalised TAM overall scale – Domotics (TAM-Dom): 

 

Cronbach α = .92 

 

Overall privacy and security concerns (Rej-overall): 

 

Cronbach α = .89 

 

 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

LE .693 .666 .863 

UE .641 .583 .870 

AE .604 .439 .875 

LV .775 .731 .847 

UV .742 .679 .852 

AV .738 .672 .857 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

GLD .747 .663 .907 

GUD .885 .803 .878 

GAD .742 .591 .917 

ILD .800 .718 .898 

IUD .818 .730 .892 

Item list 

Corrected 

item-total 

correlation 

Squared 

multiple 

correlation 

Cronbach α 

if the item is 

removed 

SecE  Security Concerns (Enrolment) .739 .780 .867 

SecV  Security Concerns (Verification) .741 .802 .867 

EQ 9 Privacy (misuse) concerns (E) .594 .517 .898 

VQ 9 Privacy (misuse) Concerns (V) .882 .809 .832 

DQ 40 Privacy (loss) Concerns (Domotics) .732 .647 .869 
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Appendix E  

 

Reference questionnaires 
 

 

 

 

 

 

 

 

 

This appendix collects the questionnaires that guided the design, and subsequent experimental 

data analysis, of the questionnaires used in the empirical study presented in this Thesis (shown 

in Appendix D, Section D.1): 

 

 The questionnaires forming the scales for Perceived Usefulness and Perceived Ease of 

use in the Technology Acceptance Model (Davis, 1989). 

 Hon  an  Graham’s (    ) SASSI qu stionnair . 

 Möll r an  coll agu s’ (   7) qu stionnair  a aptation of ITU-T Recommendation 

P.851 (ITU-T, 2003). 
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E.1 The Technology Acceptance Model scales 

The following are the items in the questionnaires that formed the scales for perceived usefulness 

(PU) and perceived ease of use (PEU) in the original TAM study (Davis, 1989). The item codes 

are used in Appendix D (Section D.3) to link the items in the TAM scales to similar items in the 

questionnaires used in the experiment described in this Thesis. 

 

 

TAM scale for Perceived Usefulness (PU): 

Item code Question 

PU 1 Using [the system] in my job would enable me to accomplish tasks more quickly. 

PU 2 Using [the system] would improve my job performance. 

PU 3 Using [the system] in my job would increase my productivity. 

PU 4 Using [the system] would enhance my effectiveness on the job. 

PU 5 Using [the system] would make it easier to do my job. 

PU 6 I would find [the system] useful in my job. 

Source: Davis (1989) 

 

 

TAM scale for Perceived Ease of Use (PEU): 

Item code Question 

PEU 1 Learning to operate [the system] would be easy for me. 

PEU 2 I would find it easy to get [the system] to do what I want it to do. 

PEU 3 My interaction with [the system] would be clear and understandable. 

PEU 4 I would find [the system] to be flexible to interact with. 

PEU 5 It would be easy for me to become skillful at using [the system]. 

PEU 6 I would find [the system] easy to use. 

Source: Davis (1989) 
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E.2 The SASSI questionnaire 

The final questionnaire derived from the factor analysis study undertaken by Hone and Graham 

(2000), as the initial stage in the development of a tool for the Subjective Assessment of Speech 

System Interfaces (SASSI), is as follows: 

 

 

1. The system is accurate. 

2. The system is unreliable. 

3. The interaction with the system is unpredictable. 

4. Th  syst m  i n’t always  o what I want  . 

5. Th  syst m  i n’t always  o what I  xp ct  . 

6. The system is dependable. 

7. The system makes few errors. 

8. The interaction with the system is consistent. 

9. The interaction with the system is efficient. 

10. The system is useful. 

11. The system is pleasant. 

12. The system is friendly. 

13. I was able to recover easily from errors. 

14. I enjoyed using the system. 

15. It is clear how to speak to the system. 

16. It is easy to learn to use the system. 

17. I would use this system. 

18. I felt in control of the interaction with the system. 

19. I felt confident using the system. 

20. I felt tense using the system. 

21. I felt calm using the system. 

22. A high level of concentration is required when using the system. 

23. The system is easy to use. 

24. The interaction with the system is repetitive. 

25. The interaction with the system is boring. 

26. The interaction with the system is irritating. 

27. The interaction with the system is frustrating. 

28. The system is too inflexible. 

29. I sometimes wondered if I was using the right word. 

30. I always knew what to say to the system. 

31. I was not always sure what the system was doing. 

32. It is easy to lose track of where you are in an interaction with the system. 

33. The interaction with the system is fast. 

34. The system responds too slowly. 
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E.3 Möller and colleagues’ questionnaire 

Möll r an  coll agu s’ (   7) qu stionnair  a aptation of ITU-T Recommendation P.851 (ITU-

T, 2003): 

 

 

1.  Overall impression of the interaction with the INSPIRE system. 

2.1  The system did not always do what I wanted. 

2.2  The information provided by the system was clear. 

2.3  The provided information was incomplete. 

2.4 Domestic devices can be operated efficiently with the system. 

2.5  The system in unreliable. 

3.1  I felt well understood by the system. 

3.2 I always knew what to say to the system. 

3.3  I had to concentrate to acoustically understand the system. 

3.4 The system voice sounded natural. 

4.1  The system reacted too slowly. 

4.2  The system is friendly. 

4.3  The system did not always react as expected. 

4.4  I was not always sure what the system expected from me. 

4.5  The system made many errors. 

4.6  I was able to recover easily from errors. 

4.7  The system reacted like a human. 

4.8  The system behaved in a cooperative way. 

5.1  I got easily lost in the dialogue flow. 

5.2  The dialogue was bumpy. 

5.3  I could direct the dialogue as I wanted. 

5.4  The dialogue was too long. 

5.5  The dialogue quickly led to the desired aim. 

5.6  The dialogue was balanced between me and the system. 

6.1  The interaction with the system was pleasant. 

6.2  I felt relaxed. 

6.3  A high level of concentration is required when using the system. 

6.4  The interaction was fun. 

6.5  Overall, I am satisfied with the system. 

7.1  The system is difficult to use. 

7.2  It is easy to learn to use the system. 

7.3  Operating domestic devices via speech was comfortable. 

7.4  The system is too inflexible. 

7.5  The system is not helpful for operating domestic devices. 

7.6  I prefer to operate domestic devices in a different way. 

7.7  I would use the system again in the future. 

7.8  System operation was worthwhile. 
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