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Preface

This volume brings together the invited papers and selected participants’ contributions 

presented at the International NATO-ASI Summer School on “Fundamentals of Verbal 

and Non-Verbal Communication and the Biometrical Issue”, held in Vietri sul Mare, 

Italy, September 2–12, 2006.  

The School was jointly organized by the Faculty of Science and the Faculty of 

Psychology of the SECOND UNIVERSITY OF NAPLES, Caserta, Italy, the INTER-

NATIONAL INSTITUTE for ADVANCED SCIENTIFIC STUDIES “Eduardo R. 

Caianiello” (IIASS), Vietri sul Mare, Italy, the ETTORE MAJORANA FOUNDA-

TION and CENTRE FOR SCIENTIFIC CULTURE (EMFCSC), Erice, Italy, and the  

Department of Physics, UNIVERSITY OF SALERNO, Italy. The School was a NATO 

event, and although it was mainly sponsored by the NATO Programme SECURITY 

THROUGH SCIENCE, it also received contributions from the INTERNATIONAL 

SPEECH COMMUNICATION SOCIETY (ISCA) and the INTERNATIONAL SOCI-

ETY OF PHONETIC SCIENCES (ISPhS), as well as from the abovementioned orga-

nizing Institutions.  

 

The main theme of the school was the fundamental features of verbal and nonver-

bal communication and their relationships with the identification of a person, his/her 

socio-cultural background and personal traits. The problem of understanding human 

behaviour in terms of personal traits, and the possibility of an algorithmic implementa-

tion that exploits personal traits to identify a person unambiguously, are among the 

great challenges of modern science and technology. On the one hand, there is the theo-

retical question of what makes each individual unique among all others that share simi-

lar traits, and what makes a culture unique among various cultures. On the other hand, 

there is the technological need to be able to protect people from individual disturbance 

and dangerous behaviour that could damage an entire community.  

As regards to the problem of understanding human behaviour, one of the most in-

teresting research areas is that related to human interaction and face-to-face communi-

cation. It is in this context that knowledge is shared and personal traits acquire their 

significance. In the past decade, a number of different research communities within the 

psychological and computational sciences have tried to characterize human behaviour 

in face-to-face communication through several features that describe relationships be-

tween facial expressions and prosodic/voice quality; differences between formal and 

informal communication modes; cultural differences and individual and socio-cultural 

variations; stable personality traits and their degree of expressiveness and emphasis, as 

well as the individuation of emotional and psychological states of the interlocutors. 

There has been substantial progress in these different communities and surprising con-

vergence, and the growing interest of researchers in understanding the essential unity of 

the field makes the current intellectual climate an ideal one for organizing a Summer 

School devoted to the study of verbal and nonverbal aspects of face-to-face communi-

cation and of how they could be used to characterize individual behaviour.   

The basic intention of the event was to provide broad coverage of the major devel-

opments in the area of biometrics as well as the recent research on verbal and 
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nonverbal features exploited in face-to-face communication. The focus of the lectures 

and the discussions was primarily on deepening the connections between the emerging 

field of technology devoted to the identification of individuals using biological traits 

(such as voice, face, fingerprints, and iris recognition) and the fundamentals of verbal 

and nonverbal communication which includes facial expressions, tones of voice, ges-

tures, eye contact, spatial arrangements, patterns of touch, expressive movement, cul-

tural differences, and other “nonverbal” acts. The main objective of the organizers was 

to bring together some of the leading experts from both fields and, by presenting recent 

advances in the two disciplines, provide an opportunity for cross-fertilization of ideas 

and for mapping out territory for future research and possible cooperation. The lectures 

and discussions clearly revealed that research in biometrics could profit from a deeper 

connection with the field of verbal and nonverbal communication, where personal traits 

are analyzed in the context of human interaction and the communication Gestalt. 

Several key aspects were considered, such as the integration of algorithms and 

procedures for the recognition of emotional states, gesture, speech and facial expres-

sions, in anticipation of the implementation of other useful applications such as intelli-

gent avatars and interactive dialog systems. 

Features of verbal and nonverbal communication were studied in detail and their 

links to mathematics and statistics were made clear with the aim of identifying useful 

models for biometric applications.  

Recent advances in biometrics application were presented, and the features they 

exploit were described. Students departed from the Summer School having gained not 

only a detailed understanding of many of the recent tools and algorithms utilized in 

biometrics but also an appreciation for the importance of a multidisciplinary approach 

to the problem through the analysis and study of face-to-face interactions. 

 

The contributors to this volume are leading authorities in their respective fields. 

We are grateful to them for accepting our invitation and making the school such a 

worthwhile event through their participation.  

The contributions in the book are divided into four sections according to a thematic 

classification, even though all the sections are closely connected and all provide fun-

damental insights for cross-fertilization of different disciplines. 

  

The first section, GESTURES and NOVERBAL BEHAVIOUR, deals with the 

theoretical and practical issue of assigning a role to gestural expressions in the realiza-

tion of communicative actions. It includes the contributions of some leading experts in 

gestures such as Adam KENDON and David MCNEILL, the papers of Stefanie 

SHATTUCK-HUFNAGEL et al., Anna ESPOSITO and Maria MARINARO, Nicla 

ROSSINI, Anna ESPOSITO et al., and Sari KARJALAINEN on the search for rela-

tionships between gestures and speech, as well as two research works on the impor-

tance of verbal and nonverbal features for successful communication, discussed by 

Maja BRATANIĆ, and Krzysztof KORŻYK. 

 

The second section, NONVERBAL SPEECH, is devoted to underlining the impor-

tance of prosody, intonation, and nonverbal speech utterances in conveying key aspects 

of a message in face-to-face interactions. It includes the contributions of key experts in 

the field, such as Nick CAMPBELL, Eric KELLER, and Ruth BAHR as research pa-

pers, and related applications proposed by Klara VICSI, Ioana VASILESCU and Mar-

tine ADDA-DECKER, Vojtěch STEJSKAL et al., Ke LI et al., Elina SAVINO, and 
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Iker LUENGO et al. Further, this section includes algorithms for textual fingerprints 

and for web-based text retrieval by Carl VOGEL, Fausto IACCHELLI et al., and Ste-

fano SQUARTINI et al. 

 

The third section, FACIAL EXPRESSIONS, introduces the concept of facial signs 

in communication. It also reports on advanced applications for the recognition of facial 

expressions and facial emotional states. The section starts with a theoretical paper by 

Neda PINTARIC on pragmemes and pragmaphrasemes and goes on to suggest ad-

vanced techniques and algorithms for the recognition of faces and facial expressions in 

the papers by Praveen KAKUMANU and Nikolaos BOURBAKIS, Paola CAM-

PADELLI et al., Marcos FAUNDEZ-ZANUY, and Marco GRASSI.   

 

The fourth section, CONVERSATIONAL AGENTS, deals with psychological, 

pedagogical and technological issues related to the implementation of intelligent ava-

tars and interactive dialog systems that exploit verbal and nonverbal communication 

features. The section contains outstanding papers by Dominic MASSARO, Gerard 

BAILLY et al., David HOUSE and Björn GRANSTRÖM, Christopher PETERS et al., 

Anton NIJHOLT et al., and Bui TRUNG et al. 

 

The editors would like to thank the NATO Programme SECURITY THROUGH 

SCIENCE for its support in the realization and publication of this edition, and in par-

ticular the NATO Representative Professor Ragnhild SOHLBERG for taking part in 

the meeting and for her enthusiasm and appreciation for the proposed lectures. Our 

deep gratitude goes to Professors Isabel TRANCOSO and Jean-Francois BONASTRE 

of ISCA, for making it possible for several students to participate through support from 

ISCA. Great appreciation goes to the dean of the Faculty of Science at the Second Uni-

versity of Naples, Professor Nicola MELONE, for his interest and support for the 

event, and to Professor Luigi Maria RICCIARDI, Chairman of the Graduate Program 

on Computational and Information Science, University of Naples Federico II, for his 

involvement and encouragement. The help of Professors Alida LABELLA and Gio-

vanna NIGRO, respectively dean of the Faculty and director of the Department of Psy-

chology at the Second University of Naples, is also acknowledged with gratitude. 

Special appreciation goes to Michele DONNARUMMA, Antonio NATALE, and 

Tina Marcella NAPPI of IIASS, whose help in the organization of the School was in-

valuable.  

 

Finally, we are most grateful to all the contributors to this volume and all the par-

ticipants in the 2006 Vietri Summer School for their cooperation, interest, enthusiasm 

and lively interactions, making it not only a scientifically stimulating gathering but also 

a memorable personal experience. 

 

This book is dedicated to those who struggle for peace and love, since peace and 

love are what keep us persevering in our research work.  

 

The EDITORS: 

Anna ESPOSITO, Maja BRATANIĆ, Eric KELLER, Maria MARINARO 
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Based on keynote presentations at the NATO Advanced Study Institute on Funda-

mentals of Verbal and Nonverbal Communication and the Biometrical Issue (the 11th 

Eduardo R. Caianiello International School on Neural Nets). 
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2–12 September 2006 

The support and the sponsorship of: 
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From Research to Practice: The technology, psychology, and pedagogy of
embodied conversational agents

Dominic W. Massaro
Perceptual Science Laboratory, Department of Psychology,

University of California, Santa Cruz, Santa Cruz, CA. 95064 U.S.A.
massaro@fuzzy.ucsc.edu

Overview
The goal of the lectures is to provide an empirical and theoretical overview of a paradigm for inquiry on the
Psychological and Biometrical Characteristics in Verbal and Nonverbal Communication. Baldi® actually
consists of three branches of inquiry, which include the technology, the research, and the applications. Each
of these lines of inquiry is described to give the reader an overview of the development, research findings,
and applied value and potential of embodied conversational agents. We review various approaches to facial
animation and visible speech synthesis, and describe the development and evaluation of Baldi, our
embodied conversational agent. We then describe the empirical and theoretical research on the processing
of multimodal information in face-to-face communication. A persistent theme of our approach is that humans
are influenced by many different sources of information, including so-called bottom-up and top-down
sources. Understanding spoken language, for example, is constrained by a variety of auditory, visual, and
gestural cues, as well as lexical, semantic, syntactic, and pragmatic constraints. We then review our
persistent goal to develop, evaluate, and apply animated agents to produce accurate visible speech,
facilitate face-to-face oral communication, and to serve people with language challenges. Experiments
demonstrating the effectiveness of Baldi and Timo for tutoring vocabulary learning for hearing-impaired,
autistic, and English language learners are reviewed. We also demonstrate how the Baldi technology can be
used to teach speech production. We hypothesize that these enhanced characters will have an important
role as language tutors, reading tutors, or personal agents in human machine interaction.

Technology
Visible speech synthesis is a sub-field of the general areas of speech synthesis and computer facial
animation (Massaro 1998, Chapter 12, organizes the representative work that has been done in this area).
The goal of visible speech synthesis in the Perceptual Science Laboratory (PSL) has been to develop a
polygon (wireframe) model with realistic motions (but not to duplicate the musculature of the face to control
the animation). We call this technique terminal analogue synthesis because its goal is to simply duplicate the
facial articulation of speech (rather than necessarily simulate the physiological mechanisms that produce it).
House et al. (this volume), Pelachaud (this volume), and Bailly (this volume) take a similar approach. This
terminal analogue approach has also proven successful with audible speech synthesis. Other alternatives to
facial animation and synthesis are actively being pursued. The goal of muscle models is to simulate the
muscle and tissues during talking. One disadvantage of muscle models is that the necessary calculations
are more computationally intensive than terminal analogue synthesis. Our software can generate a talking
face in real time on a commodity PC, whereas muscle and tissue simulations are usually too computationally
intensive to perform in real time (Massaro 1998). Another technique is performance-based synthesis that
tracks a live talker (e.g., Guenther 1998), but it does not have the flexibility of saying anything at any time in
real time, as does our system (Massaro 2000).

More recently, image synthesis, which joins together images of a real speaker, has been gaining in
popularity because of the realism that it provides. Image based models extract parameters of real faces
using computer vision techniques to animate visual speech from video or image sequences. This data-
driven approach can offer a high degree of realism since real facial images form the basis of the model. A
typical approach is to use models as key frames and use image warping to obtain the rest of a sequence.
Cosatto et. al (Cosatto 1998) segmented the face and head into several distinct parts and collected a library
of representative samples. New sequences are created by stitching together the appropriate mouth shapes
and corresponding facial features based on acoustic triphones and expression. Brooke (Cosatto 1998) used
an eigenspace model of mouth variation and modeled visual speech using acoustic triphone units. Ezzat et.
al (Ezzat 1998, Ezzat 2002) represented each discernible mouth shape with a static image and used an
optical flow algorithm to morph between the images. The Video Rewrite system (Bregler 1997) automatically
segmented video sequences of a person talking and, given sufficient training data, could reanimate a
sequence with different speech by blending images from the training sequence in the desired order.

In addition to using graphics based models, one can also use image based models for representing visual
speech. For example, researchers have developed Face Translation, a translation agent for people who
speak different languages (Ritter 1999, Yang 2000). The system can not only translate a spoken utterance
into another language, but also produce an audio-visual output with the speaker’s face and synchronized lip



movement in the target language. The visual output is synthesized from real images based on image
morphing technology. Both mouth and eye movements are generated according to linguistic and social
cues. Image based models have the potential to implicitly capture all of the visual speech cues that are
important to human visual speech perception because they are based on real data. However, for some
applications such as language learning and psychological experiment tasks, parameter control of the model
is also required. In addition, image based models can only represent visible cues from the face. They cannot
synthesize tongue movements that are very important for language training tasks.

Our entry into the development of computer-animated talking heads as a research tool occurred well before
we apprehended the potential value of embodied conversational agents (ECAs) in commerce,
entertainment, and education. Learning about the many influences on our language perception and
performance made us sensitive to the important role of the face in speech perception (Massaro & Cohen,
1983). We had always used the latest technology in our research, employing speech synthesis in our
studies of speech perception (Cohen & Massaro, 1976). Our first research studies manipulating information
in the face and the voice had used videotapes of natural speakers dubbed with synthetic speech. We
realized that to delve into what information in the face is important and how it is processed, we would have
to control it in the same manner that we were able to control synthetic auditory speech. A computer-
animated face that could be controlled as one controls a puppet by a set of strings was the obvious answer.
We learned about the seminal dissertation of Fred Parke (1975) in which he created and controlled a three-
dimensional texture-mapped wire frame face. This model was then implemented in GL and C code on a
graphics computer by Pearce et al. (1986).

A sobering realization surfaced: where do humble psychologists find a $100,000 computer to create stimuli
for experiments? Luckily, at the time, one of my cycling colleagues was a mathematician with access to a
heavy-duty Silicon Graphics 3030. We were given access to during the wee hours of the morning, which fit
perfectly with my former student and now research colleague, Michael Cohen. Even given this expensive
machine, it took 3 minutes to synthesize a single frame, but we succeeded in creating the syllables /ba/ and
/da/ as well as 7 intermediate syllable varying the degree of /ba/-ness and /da/-ness. We used these stimuli
in several speech perception studies using an expanded factorial design, which independently varied the
audible and visible speech (Massaro & Cohen, 1990). Given the success of this approach, we looked for
funding to develop the technology to create an accurate and realistic talking head. We were stymied in this
effort, however, and we had to piggyback this research on other much more mundane but funded research.
After about 6 years of grant proposals, we were finally given funds to buy our computer (whose price had
now dropped to about $60,000) to carry out the necessary speech science to create an intelligible synthetic
talker.

The outcome of this research was the development of Baldi®, a 3-D computer-animated talking head. (Baldi
is a trademark of Dominic W. Massaro), and his progeny Timo is the animated tutor used by Animated
Speech Corporation http://animatedspeech.com/. This technology evolved from one of the first
developments of fruitfully combining speech science and facial animation research (Massaro, 1998). The
technology that emerged from this research was new in the sense that the facial animation produced
realistic speech in real time. Other existing uses had not exploited the important of visible speech and
emotion from the face, and from viewing the speech articulators inside the mouth.

Baldi provides realistic visible speech that is almost as accurate as a natural speaker (Massaro, 1998;
Cohen et al., 2002). Our animated face can be aligned with either the output of a speech synthesizer or
natural auditory speech. Our modifications over the last 15 years have included increased resolution of the
model, additional and modified control parameters, a realistic tongue, a model of coarticulation,
paralinguistic information and affect in the face, alignment with natural speech, text-to-speech synthesis, and
bimodal (auditory/visual) synthesis. Most of our current parameters move vertices (and the polygons formed
from these vertices) on the face by geometric functions such as rotation (e.g., jaw rotation) or translation of
the vertices in one or more dimensions (e.g., lower and upper lip height, mouth widening). Other parameters
work by scaling and interpolating different face subareas. Many of the face shape parameters—such as
cheek, neck, or forehead shape, and also some affect parameters such as smiling—use interpolation.

We use phonemes as the unit of speech synthesis. Any utterance can be represented as a string of
successive phonemes, and each phoneme is represented as a set of target values for the control
parameters. Controls for the visible speech on the outside of the face include jaw rotation, lower lip f-tuck,
upper lip raising, lower lip roll, jaw thrust, cheek hollow, philtrum indent, lip zipping, lower lip raising,
rounding, and retraction. Because speech production is a continuous process involving movements of
different articulators (e.g., tongue, lips, jaw) having mass and inertia, phoneme utterances are influenced by
the context in which they occur. This coarticulation is implemented in the synthesis by dominance functions,



which determine independently for each control parameter how much weight its target
value carries against those of neighboring segments. We have also developed the
phoneme set and the corresponding target and coarticualtion values to allow synthesis
of several other languages. These include Spanish (Baldero), Italian (Baldini), Mandarin
(Bao), Arabic (Badr), French (Balduin), German (Balthasar), Japanese (Bushi), and
Russian (Balda). Baldi, and his various multilingual incarnations are seen at:
http://mambo.ucsc.edu/psl/international.html.

Baldi has a tongue, hard palate and three-dimensional teeth and his internal articulatory movements have
been trained with natural speech. Baldi’s synthetic tongue is constructed of a polygon surface defined by
sagittal and coronal b-spline curves. The control points of these b-spline curves are controlled singly and in
pairs by speech articulation control parameters. There are now 9 sagittal and 3 x 7 coronal parameters that
are modified to mimic natural tongue movements. Two sets of observations of real talkers have been used
to inform the appropriate movements of the tongue. These include 1) three dimensional ultrasound
measurements of upper tongue surfaces and 2) EPG data collected from a natural talker using a plastic
palate insert that incorporates a grid of about a hundred electrodes that detect contact between the tongue
and palate. Minimization and optimization routines are used to create animated tongue movements that
mimic the observed tongue movements (Cohen et al., 1998).

Although many of the subtle distinctions among speech segments are not visible on the outside of the face,
the skin of our talking head can be made transparent so that the inside of the vocal tract is visible, or we can
present a cutaway view of the head along the sagittal plane. As an example, a unique view of Baldi’s internal
articulators can be presented by rotating the exposed head and vocal tract to be oriented away from the
student. It is possible that this back-of-head view would be much more conducive to learning language
production. The tongue in this view moves away from and towards the student in the same way as the
student’s own tongue would move. This correspondence between views of the target and the student’s
articulators might facilitate speech production learning. One analogy is the way one might use a map: We
often orient the map in the direction we are headed to make it easier to follow (e.g. turning right on the map
is equivalent to turning right in reality).

Another characteristic of the training is to provide additional cues for visible speech perception. Baldi can not
only illustrate the articulatory movements, he can be made even more informative by embellishing of the
visible speech with supplementary features. These features can distinguish phonemes that have similar
visible articulations; for example, the difference between voiced and voiceless segments can be indicated by
vibrating the neck. Nasal sounds can be marked by making the nasal opening red, and turbulent airflow can
be characterized by lines emanating from the mouth during articulation. These embellished speech cues
make the face more informative than it normally is.

A central and somewhat unique quality of our work is the empirical evaluation of the visible speech
synthesis, which is carried out hand-in-hand with its development. The quality and intelligibility of Baldi’s
visible speech has been repeatedly modified and evaluated to accurately simulate naturally talking humans
(Massaro, 1998; Massaro et al., 2002). The gold standard we use is how well Baldi compares to a real
person. Given that viewing a natural face improves speech perception, we determine the extent to which
Baldi provides a similar improvement. We repeatedly modify the control values of Baldi in order to meet this
criterion. We modify some of the control values by hand and also use data from measurements of real
people talking. For examples, see http://mambo.ucsc.edu/psl/international.html. This procedure has been
used successfully in English (Massaro, 1998; Massaro et al., 2002), Arabic (Ouni et al., 2005), and Italian
(Cosi et al., 2002), and we now have proposed an invariant metric to describe the degree to which the
embodied conversational agent approximates a real talker (Ouni et al, 2006).

Psychology
I began my scientific research career as an experimental psychologist. The terms Cognitive Psychologist or
Cognitive Scientist were not yet invented. My research on fundamental information-processing mechanisms
expanded to include the study of reading and speech perception (Massaro, 1975). Previous experiments in
speech perception, for example, had manipulated only a single variable in their studies, whereas our
empirical work manipulated multiple sources of both bottom-up sensory and top-down contextual
information. Learning about the many influences on our perception and performance made me sensitive to
the important role of the face in speech perception. Although no one doubted the importance of the face in
social interactions, speech perception was studied as a strictly auditory phenomenon. To compensate for
this limitation, we carried out an extensive series of experiments manipulating information in the face and the
voice within our experimental/theoretical framework. Our studies were successful in unveiling how



perceivers are capable to process multiple sources of information from these two modalities to optimize their
performance (Massaro, 1987).

The face presents visual information during speech that is critically important for effective communication.
While the auditory signal alone is adequate for communication, visual information from movements of the
lips, tongue and jaws enhance intelligibility of the acoustic stimulus (particularly in noisy environments). The
number of recognized words from a degraded auditory message can often be doubled by pairing the
message with visible speech. In a series of experiments, we asked college students to report the words of
sentences presented in noise (Jesse 2002). On some trials, only the auditory sentence was presented. On
other trials, the auditory sentence was aligned with our synthetic talking head which facilitated performance
for each of the 71 participants. Performance was more than doubled for those participants performing
relatively poorly given auditory speech alone. Moreover, speech is enriched by the facial expressions,
emotions and gestures produced by a speaker (Massaro, 1998). The visual components of speech offer a
lifeline to those with severe or profound hearing loss. Even for individuals who hear well, these visible
aspects of speech are especially important in noisy environments. For individuals with severe or profound
hearing loss, understanding visible speech can make the difference between effectively communicating
orally with others and a life of relative isolation from oral society (Trychin, 1997).

Empirical findings also show that speech reading is robust. Research has shown that perceivers are fairly
good at speech reading even when they are not looking directly at the talker's lips. Furthermore, accuracy is
not dramatically reduced when the facial image is blurred (because of poor vision, for example), when the
face is viewed from above, below, or in profile, or when there is a large distance between the talker and the
viewer (Jordan 2000; Massaro 1998; Munhall 2004). These findings indicate that speechreading is highly
functional in a variety of non-optimal situations.  Another example of the robustness of the influence of
visible speech is that people naturally integrate visible speech with audible speech even when the temporal
occurrence of the two sources is displaced by about a 1/5 of a second (Massaro & Cohen, 1993). Given that
light and sound travel at different speeds and that the dynamics of their corresponding sensory systems also
differ, a cross-modal integration must be relatively immune to small temporal asynchronies (Massaro, 1998).
This insensitivity to asynchrony can also be advantageous for transmitting bimodal speech across
communication channels that cannot keep the two modalities in perfect synchrony.

Complementarity of auditory and visual information simply means that one of the sources is the most
informative in those cases in which the other is weakest. Because of this, a speech distinction may be
differentially supported by the two sources of information. That is, two segments that are robustly conveyed
in one modality may be relatively ambiguous in the other modality. For example, the difference between /ba/
and /da/ is easy to see but relatively difficult to hear. On the other hand, the difference between /ba/ and /pa/
is relatively easy to hear but very difficult to discriminate visually. The fact that two sources of information
are complementary makes their combined use much more informative than would be the case if the two
sources were non-complementary, or redundant (Massaro, 1998, Chapter 14).

The final characteristic is that perceivers combine or integrate the auditory and visual sources of information
in an optimally efficient manner (Massaro, 1987; Massaro & Stork, 1998). There are many possible ways to
treat two sources of information: use only the most informative source, average the two sources together, or
integrate them in such a fashion in which both sources are used but that the least ambiguous source has the
most influence. Perceivers in fact integrate the information available from each modality to perform as
efficiently as possible. One might question why perceivers integrate several sources of information when just
one of them might be sufficient. Most of us do reasonably well in communicating over the telephone, for
example. Part of the answer might be grounded in our ontogeny. Integration might be so natural for adults
even when information from just one sense would be sufficient because, during development, there was
much less information from each sense and therefore integration was all the more critical for accurate
performance (see Lewkowicz, 2004).

The Fuzzy Logical Model of Perception (FLMP), developed with Gregg Oden, has been shown to give the
best description of this optimal integration process (Oden & Massaro, 1978). The FLMP addresses research
questions asked by psycholinguists and speech and reading scientists. These questions include the nature
of the sources of information; how each source is evaluated and represented; how the multiple sources are
treated; whether or not the sources are integrated; the nature of the integration process; how decisions are
made; and the time course of processing. Research in a variety of domains and tasks supports the
predictions of the FLMP (for summary see Massaro, 1998) that a) perceivers have continuous rather than
categorical information from each of these sources; b) each source is evaluated with respect to the degree
of support for each meaningful alternative; c) each source is treated independently of other sources; d) the
sources are integrated to give an overall degree of support for each alternative; e) decisions are made with



respect to the relative goodness of match among the viable alternatives; f) evaluation; integration; and
decision are necessarily successive but overlapping stages of processing; and g) cross-talk among the
sources of information is minimal. The fuzzy logical model of perception (Massaro, 1998; FLMP), which
embodies these properties, is illustrated in Figure 2. One familiar example of language processing
consistent with this model is the tendency to focus on the lips of the speaker when the listening conditions
become difficult. Benjamin Franklin described how, during his tenure as Ambassador to France, the bifocal
spectacles he invented permitted him to look down at his cuisine on the table and to look up at his
neighboring French dinner guest so he could adequately understand the conversation in French.

Consistent with the FLMP, there is a large body of evidence that bimodal speech perception given the voice
and the face is more accurate than unimodal perception given either one of these alone (Massaro, 1998).
This result is found for syllables in isolation, as well as for words and sentences. The FLMP has also been
able to account for a range of contextual constraints in both written and spoken language processing.
Normally, we think of context effects occurring at a conscious and deliberate cognitive level but in fact
context effects have been found at even the earliest stages of linguistic processing. The FLMP is also
mathematically equivalent to Bayes theorem, an optimal method for combining several sources of evidence
to infer a particular outcome. The fact that the model appears to be optimal and the empirical support from a
plethora of empirical/theoretical studies provide an encouraging framework of the study of verbal and
nonverbal communication (Movellan & McClelland, 2001).

Pedagogy
Since these early findings on the value of visible speech and the potential of animated tutors, our persistent
goal has been to develop, evaluate, and apply animated agents to produce accurate visible speech, facilitate
face-to-face oral communication, and to serve people with language challenges. These enhanced
characters can function effectively as language tutors, reading tutors, or personal agents in human machine
interaction.

Need For Language Tutoring and Computer-Animated Tutors
The need for language tutoring is pervasive in today’s world. There are millions of pre-school and
elementary school children who have language and speech disabilities, and these individuals require
additional instruction in language learning. These include speech or language impaired children age 6-11
who were served in 2003 under the Individuals with Disabilities Education Act (U.S. Department of
Education, 2003), an estimated 2.5 million elementary students who receive ELL services (U.S. Department
of Education, May, 2003) and 6.6 million with low family socioeconomic status (SES) (Meyer, D. et al, 2004).
Hearing loss, mental retardation, physical impairments such as cleft lip or cleft palate, vocal abuse, autism,
and brain injury are all factors that may lead to speech and language disorders (US Department of Health
and Human Services, 2001, American Psychiatric Association, 1994).

These individuals require additional instruction in language learning. Currently, however, the important
needs of these individuals are not being met. One significant problem faced by the people with these
disabilities is the shortage of skilled teachers and professionals to give them the one on one attention that
they need. While other resources, such as books or other media, may help alleviate this problem, these
traditional interventions are not easily personalized to the students’ needs, lack the engaging capability of a
teacher, and are relatively ineffective.

Several advantages of utilizing a computer-animated agent as a language tutor are clear, including the
popularity of computers and embodied conversational agents. An incentive to employing computer-
controlled applications for training is the ease in which automated practice, feedback, and branching can be
programmed. Another valuable component is the potential to present multiple sources of information, such

Figure 2. Schematic representation of the FLMP. The sources
of information are represented by uppercase letters. Auditory
information is represented by Ai and visual information by Vj.
The evaluation process transforms these sources of information
into psychological values ai and vj. These sources are then
integrated to give an overall degree of support, sk, for each
speech alternative k. The decision operation maps the outputs
of integration into some response alternative, Rk. The response
can take the form of a discrete decision or a continuous rating.
The learning process is also included in the figure. Feedback at
the learning stage is assumed to tune the psychological values
of the sources of information used by the evaluation process.



as text, sound, and images in parallel. Instruction is always available to the child, 24 hours a day, 365 days a
year. We have found that the students enjoy working with Baldi because he offers extreme patience, he
doesn’t become angry, tired, or bored, and he is in effect a perpetual teaching machine. Baldi has been
successful in engaging foreign language and ESL learners, hearing-impaired, autistic and other children with
special needs in face-to-face computerized lessons.

Vocabulary Learning
Vocabulary knowledge is critical for understanding the world and for language competence in both spoken
language and in reading. There is empirical evidence that very young children more easily form conceptual
categories when category labels are available than when they are not. Even children experiencing language
delays because of specific language impairment benefit once this level of word knowledge is obtained. It is
also well-known that vocabulary knowledge is positively correlated with both listening and reading
comprehension (Beck et al., 2002). It follows that increasing the pervasiveness and effectiveness of
vocabulary learning offers a timely opportunity for improving conceptual knowledge and language
competence for all individuals, whether or not they are disadvantaged because of sensory limitations,
learning dis-abilities, or social condition.

Learning and retention are positively correlated with the amount of time devoted to learning. Our technology
offers a platform for unlimited instruction, which can be initiated whenever and wherever the child and/or
mentor chooses. Instruction can be tailored exactly to the student’s need, which is best implemented in a
one-on-one learning environment for the students. Other benefits of our program include the ability to
seamlessly meld spoken and written language, and provide a semblance of a game-playing experience
while actually learning. Given that education research has shown that children can be taught new word
meanings by using direct instruction methods, we implemented these basic features in an application to
teach vocabulary and grammar.

We have applied and evaluated the use of Baldi to teach vocabulary to children with language challenges.
Vocabulary knowledge is critical for understanding the world and for language competence in both spoken
language and in reading. Vocabulary knowledge is positively correlated with both listening and reading
comprehension. It follows that increasing the pervasiveness and effectiveness of vocabulary learning offers
a timely opportunity for improving conceptual knowledge and language competence for all individuals,
whether or not they are disadvantaged because of sensory limitations, learning disabilities, or social
condition.

Instruction can be tailored exactly to the student’s need, which is best implemented in a one-on-one learning
environment for the students. Other benefits of our program include the ability to seamlessly meld spoken
and written language, and provide a semblance of a game-playing experience while actually learning. Given
that education research has shown that children can be taught new word meanings by using direct
instruction methods, we implemented these basic features in an application to teach vocabulary and
grammar.

One of the principles of learning that we exploit most is the value of multiple sources of information in
perception, recognition, learning, and retention. An interactive multimedia environment is ideally suited for
learning. Incorporating text and visual images of the vocabulary to be learned along with the actual
definitions and sound of the vocabulary facilitates learning and improves memory for the target vocabulary
and grammar. Many aspects of these lessons enhance and reinforce learning. For example, the existing
commercially available program, Timo Vocabulary [http://www.animatedspeech.com], which is derived
directly from the Baldi technology, makes it possible for the students to 1) Observe the words being spoken
by a realistic talking interlocutor, 2) Experience the word as spoken as well as written, 3) See visual images
of referents of the words, 4) Click on or point to the referent or its spelling, 5) Hear themselves say the word,
followed by a correct pronunciation, and 6) Spell the word by typing, and 7) Observe and respond to the
word used in context.

To test the effectiveness of vocabulary instruction using an embodied conversational agent as the instructor,
we developed a series of lessons that encompass and instantiate the developments in the pedagogy of how
language is learned, remembered, and used. It is well known that children with hearing loss have significant
deficits in both spoken and written vocabulary knowledge. To assess the learning of new vocabulary, we
carried out an experiment based on a within-student multiple baseline design where certain words were
continuously being tested while other words were being tested and trained (Massaro & Light, 2004a).
Although the student's instructors and speech therapists agreed not to teach or use these words during our
investigation, it is still possible that the words could be learned outside of the learning context. The single
student multiple baseline design monitors this possibility by providing a continuous measure of the



knowledge of words that are not being trained. Thus, any significant differences in performance on the
trained words and untrained words can be attributed to the training program itself rather than some other
factor.

We studied eight children with hearing loss, who needed help with their vocabulary building skills as
suggested by their regular day teachers. The experimenter developed a set of lessons with a collection of
vocabulary items that was individually composed for each student. Each collection of items was comprised
of 24 items, broken down into 3 categories of 8 items each. Three lessons with 8 items each were made for
each child. Images of the vocabulary items were presented on the screen next to Baldi as he spoke.
Assessment was carried out on all of the items at the beginning of each lesson. It included identifying and
producing the vocabulary item without feedback. Training on the appropriate word set followed this testing.

As expected, identification accuracy was always higher than production accuracy. This result is expected
because a student would have to know the name of an item to pronounce it correctly. There was little
knowledge of the test items without training, even though these items were repeatedly tested for many days.
Once training began on a set of items, performance improved fairly quickly until asymptotic knowledge was
obtained. This knowledge did not degrade after training on these words ended and training on other words
took place. In addition, a reassessment test given about 4 weeks after completion of the experiment
revealed that the students retained the items that were learned.

The tutoring application has also been used in evaluating vocabulary acquisition, retention and
generalization in children with autism. Although the etiology of autism is not known, individuals diagnosed
with autism must exhibit a) delayed or deviant language and communication, b) impaired social and
reciprocal social interactions, and 3) restricted interests and repetitive behaviors. The language and
communicative deficits are particularly salient, with large individual variations in the degree to which autistic
children develop the fundamental lexical, semantic, syntactic, phonological, and pragmatic components of
language. Vocabulary lessons were constructed, consisting of over 84 unique lessons with vocabulary items
selected from the curriculum of two schools. The participants were eight children diagnosed with autism,
ranging in age from 7 to 11 years Bosseler & Massaro, 2003).

The results indicated that the children learned many new words, grammatical constructions and concepts,
proving that the application provided a valuable learning environment for these children. In addition, a
delayed test given more than 30 days after the learning sessions took place showed that the children
retained over 85% of the words that they learned. This learning and retention of new vocabulary, grammar,
and language use is a significant accomplishment for autistic children (see also Williams et al., 2004).

Although all of the children demonstrated learning from initial assessment to final reassessment, it is
possible that the children were learning the words outside of our learning program (for example, from
speech therapists or in their school curriculum). Furthermore, it is important to know whether the vocabulary
knowledge would generalize to new pictorial instances of the words. To address these questions, a second
investigation used the single subject multiple probe design. Once a student achieved 100% correct,
generalization tests and training were carried out with novel images. The placement of the images relative to
one another was also random in each lesson. Assessment and training continued until the student was able
to accurately identify at least 5 out of 6 vocabulary items across four unique sets of images. Although
performance varied dramatically across the children and across the word sets during the pretraining
sessions, training was effective for all words sets for all children. Given training, all of the students attained
our criterion for identification accuracy for each word set and were also able to generalize accurate
identification to four instances of untrained images. The students identified significantly more words following
implementation of training compared to pretraining performance, showing that the program was responsible
for learning. Learning also generalized to new images in random locations, and to new interactions outside
of the lesson environment. These results show that our learning program is effective for children with autism,
as it is for children with hearing loss.

We have several sources of evidence that application of this technology is making a contribution. One
research study (Massaro, 2006) was carried out with English Language Learners (ELL) and involved the use
of our recently-released application, Timo Vocabulary (http://www.animatedspeech.com), which instantiated
the pedagogy we found in our earlier research. Nine children ranging in age from 6-7 years were tested in
the summer before first grade. Almost all of the children spoke Spanish in the home. The children were
pretested on lessons in the application in order to find three lessons with vocabulary that was unknown to
the children. A session on a given day included a series of three test lessons, and on training days, a
training lesson on one of the three sets of words. Different lessons were necessarily chosen for the different
children because of their differences in vocabulary knowledge. The test session involved the presentation of



the images of a given lesson on the screen with Timo’s request to click on one of the items, e.g., Please
click on the oven. No feedback was given to the child. Each item was tested once in two separate blocks to
give 2 observations on each item. Three different lessons were tested, corresponding to the three sets of
items used in the multiple baseline design.

A training session on a given day consisted of just a single lesson in which the child was now given
feedback on their response. Thus, if Timo requested the child to click on the dishwasher and the child
clicked on the spice rack, Timo would say, “I asked for the dishwasher, you clicked on the spice rack. This is
the dishwasher. The training session also included the Elicitation section in which the child was asked to
repeat the word when it was highlighted and Timo said it, and the Imitation section in which the child was
asked to say the item that was highlighted. Several days of pretesting were required to find lessons with
unknown vocabulary. Once the 3 lessons were determined, the pretesting period was followed by the
training days. The results indicated that training was effective in teaching new vocabulary to these English
Language Learners.

We were gratified to learn that the same application could be used successfully with both autistic children
and children with hearing loss, as well as children learning English as a new language. Specific interactions
can be easily modified to accommodate group and individual differences. For example, autistic children are
much more disrupted by negative feedback, and the lesson can be easily designed to instantiate errorless
learning. Thus, the effectiveness and usability of our technology and pedagogy has been demonstrated with
both hard of hearing and autistic children, and these results have meet the most stringent criterion of
publication in highly regarded peer-reviewed refereed journals.

We appreciate the caveat that testimonials are not sufficient to demonstrate the effectiveness of an
application or product: however, they are important to supplement controlled experimental evaluations. With
caveat in mind, the testimonials we have received have illuminated some reasons for the effectiveness of
our pedagogy. http://www.animatedspeech.com/Products/products_lessoncreator_testimonials.html

In a few instances, individuals reacted negatively to the use of synthetic auditory speech in our applications.
Not only did they claim it sounded relatively robotic, they were worried that children may learn incorrect
pronunciation or intonation patterns from this speech. However, we have learned that this worry is
unnecessary. We have been using our applications for over 7 years at the Tucker-Maxon School of Oral
Education (http://www.tmos.org/), and all of the children have succeeded or are succeeding in acquiring
appropriate speech. In addition, the application has been successful in teaching correct pronunciation
(Massaro & Light (2004a, 2004b).

The research and applications could serve as a model for others to evaluate. The intricate concern for
innovation, effectiveness evaluation, and application value serves as an ideal model for technological,
personal, and societal evolution. The original technology was initially developed for use in experimental and
theoretical research but the potential for valuable applications became quickly transparent. There was a
close relationship between research, evaluation, and application throughout the course of the work.

Although our computer-animated tutor, Baldi, has been successful in teaching vocabulary and grammar to
hard of hearing and to autistic children, it is important to know to what extent the face facilitated this learning
process relative to the voice alone. To assess this question, Massaro & Bosseler (2006) created vocabulary
lessons involving the association of pictures and spoken words. The lesson plan included both the receptive
identification of pictures and the production of spoken words. A within-subject design with five autistic
children followed an alternate treatment design in which each child continuously learned to criterion two sets
of words with the face and two sets without the face. The rate of learning was significantly faster and the
retention was better with than without the face. The research indicates that at least some autistic children
benefit from the face in learning new language within an automated program centered on an embodied
conversational agent, multimedia, and active participation.

In addition to Timo Vocabulary, teachers, parents, and even students can build original lessons that meet
unique and specialized conditions. New lessons are made within a Lesson Creator application that allows
personalized vocabulary and pictures to be easily integrated. This user-friendly application allows the
composition of lessons with minimal computer experience and instruction. Although it has many options, the
program has wizard-like features that direct the coach to explore and choose among the alternative
implementations in the creation of a lesson.



The current application includes a curriculum of thousands of vocabulary words and images, and can be
implemented to teach both individual vocabulary words and meta-cognitive awareness of word
categorization and generalized usage. This application will facilitate the specialization and individualization
of vocabulary and grammar lessons by allowing teachers to create customized vocabulary lists from words
already in the system or with new words. If a teacher is taking her class on a field trip to the local Aquarium,
for example, she will be able to create lessons about the marine animals the children will see at the
museum. A parent could prepare lessons with words in the child’s current reading, or names of her relatives,
schoolmates, and teachers. Lessons can also be easily created for the child’s current interests. Most
importantly, given that vocabulary is essentially infinite in number, it is most efficient to instruct vocabulary
just in time as it is needed.

Tutoring Speech Production
As noted earlier, Baldi can illustrate how articulation occurs inside the mouth, as well as provide
supplementary characteristics about the speech segment. To evaluate the effectiveness of this information,
Massaro and Light (2004b) tested seven students with hearing loss (2 male and 5 female). Children with
hearing loss require guided instruction in speech perception and production. Some of the distinctions in
spoken language cannot be heard with degraded hearing--even when the hearing loss has been
compensated by hearing aids or cochlear implants. The students were trained to discriminate minimal pairs
of words bimodally (auditorily and visually), and were also trained to produce various speech segments by
observing visual information about how the inside oral articulators work during speech production. The
articulators were displayed from different vantage points so that the subtleties of articulation could be
optimally visualized. The speech was also slowed down significantly to emphasize and elongate the target
phonemes, allowing for clearer understanding of how the target segment is produced in isolation or with
other segments.

The students’ ability to perceive and produce words involving the trained segments improved from pre-test
to post-test. Intelligibility ratings of the post-test productions were significantly higher than pre-test
productions, indicating significant learning. It is always possible that some of this learning occurred
independently of our program or was simply based on routine practice. To test this possibility, we assessed
the students’ productions six weeks after training was completed. Although these productions were still rated
as more intelligible than the pre-test productions, they were significantly lower than post-test ratings,
indicating some decrement due to lack of continued use. This is evidence that at least some of the
improvement must be due to our program. Although there were individual differences in aided hearing
thresholds, attitude, and cognitive level, the training program helped all of the children.

The application could be used in new contexts. It is well-known that a number of children encounter in
learning to read and spell. Dyslexia is a category used to pigeonhole children who have much more difficulty
in reading and spelling than would be expected from their other perceptual and cognitive abilities.
Psychological science has established a tight relationship between the mastery of written language and the
child's ability to process spoken language. That is, it appears that many dyslexic children also have deficits
in spoken language perception. The difficulty with spoken language can be alleviated through improving
children's perception of phonological distinctions and transitions, which in turn improves their ability to read
and spell. As mentioned in the previous section, the internal articulatory structures of Baldi can be used to
pedagogically illustrate correct articulation. The goal is to instruct the child by revealing the appropriate
movements of the tongue relative to the hard palate and teeth. Given existing 2D lessons such as the LiPs
program by Lindamood Bell (http://www.ganderpublishing.com/lindamoodphonemesequencing.htm) and
exploratory research, we expect that these 3D views would accelerate the acquisition of phonological
awareness and learning to read.
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