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Abstract

This paper presents an implemented system for automatically producing prosod-
ically appropriate speech and corresponding facial expressions for animated, three-
dimensional agents that respond to simple database queries in a 3D virtual environ-
ment. Unlike previous text-to-facial animation approaches, the system described
here produces synthesized speech and facial animations entirely from scratch, start-
ing with semantic representations of the message to be conveyed, which are based
in turn on a discourse model and a small database of facts about the modeled world.

1 Introduction

As research on the simulation of autonomous virtual human agents progresses, two
major issues in human-machine interaction must be addressed. First, proper intonation
is necessary for conveying the information structure of utterances with respect to the
underlying discourse structure, expressing important distinctions of contrast and focus
([27, 24, 25]). Realistic facial expressions and lip movements help in providing relevant
information about discourse structure, turn-taking protocols and speaker attitudes ([8,
9, 18]). Moreover, in a face-to-face conversation, facial displays play an important
communicative role.

Simulating this communicative role for animation requires symbolic specification
of the semantics and pragmatics of movements. Faces change expressions continuously,
and many of these changes are synchronized with what is going on in concurrent con-
versation. Facial expressions are linked to the content of speech (scrunching one’s nose
when talking about something unpleasant) as well as affect (smiling when remember-
ing a happy event). They can replace sequences of words (e.g. “the food was [wrinkle
nose, stick out tongue]”) as well as accompany them [9], and they can serve to help dis-
ambiguate what is being said when the acoustic signal is degraded. They do not occur
randomly but rather are synchronized to one’s own speech, or to the speech of others
[6, 15]. Itis therefore important that the specification of facial expressions takes many
different levels of organization into account. We propose that integrating models for
generating proper intonation and facial expressions will improve the intelligibility and
naturalness of utterances produced by meaning-to-speech systems as well as by more
elaborate systems involving virtual animated human agents (e.qg. [3]).

The intonation generation model is based on Combinatory Categorial Grammar
(CCG - cf. [27]), a formalism which easily integrates the notions of syntactic con-
stituency, prosodic phrasing and information structure. Based on the CCG grammar, a
simple discourse model and a small knowledge base represented in Prolog, the system
produces spoken responses to database queries with appropriate intonation. Given the



precise timings for phonemes and intonational phenomena in the speech wave, we pro-
duce precise specifications for generating the lip movements and facial expressions for
a graphical model of a human head. Results from our current implementation demon-
strate the system’s ability to generate a variety of intonational possibilities and facial
animations for a given sentence depending on the discourse context.
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Previous work in the area of intonation generation includes studies by Terken ([29]),
Houghton and Pearson ([13]), Isard and Pearson ([14]), Davis and Hirschberg (cf. [7,
12]), and Zacharslet al. ([31]). Benoitet al. ([1]), Brooke ([2]), Coheret al. ([4]),

Hill et al. ([11]), Lewis et al. ([16]) and Terzopoulost al. ([30]) have worked on
synchronizing lip movements with speech, producing quite striking results. Taletuchi

al. ([28]) implemented a user-interface in which a 3D facial model responds to queries
posed by a user. In this system, the generation of the facial expressions accompanying
the answer depends on an analysis of the conversational situation and the selection of
facial expressions from a database of facial displays.

The system described here expands the work of the aforementioned researchers
by linking contextually appropriate intonation with the corresponding facial expres-
sions, and generating the 3D facial animations automatically from semantic, informa-
tion structural and discourse structural representations [21].

2 The Implementation

Using the CCG theory of prosody outlined in [27, 24, 25], the implemented system un-
dertakes the task of specifying contextually appropriate intonation and facial animation



for spoken responses to database queries. The process, which is illustrated in figure 1,
begins with a fully segmented and prosodically annotated representation of a spoken
query, as shown in example (1), which involves a simple database of facts about stereo
components. The notational system representing the intonation contour in example (1)
is an adaptation of the widely used system developed by Pierrehumbert([E8)).
simplicity, we show accented words in capital letters without regard for the different
possible types of accents. A simple CCG parser determines the semantics of the ques-
tion, dividing it into itsthemewhich identifies what the sentence is about, andigsne

which identifies what is important or salient about the theme. We refer to this division
of the utterance into theme and rheme a@itsrmation structure Certain elements of

the theme and rheme may be particularly salient because they are new to the discourse
or serve to distinguish among entities or propositions that are already firmly established
in the discourse. We say such items aréoicus and mark them with the * operator, as
shown in examples (2).

(1) 1 know which components produegJDDY bass,
butwHICH components produceLEAN bass?
L+H* LH% H* LL$

(2) Proposition:
s @ Ax.component(x)&produce(x, *xclean(bass))
Theme:
s @ Ax.component(x)&produce(z, xclean(bass))/
(s : produce(z, xclean(bass))\np : x)
Rheme:
s : produce(x, xclean(bass))\np : ©

The content generation module has the task of determining the semantics and in-
formation structure of the response, marking focused items based on the contrastive
stress algorithm described in [25]. For the question given in (1), the strategic generator
produces the representation for the response shown in example (3), where the appropri-
ate theme can be paraphrased as “what produces clean bass”, the appropriate rheme as
“amplifiers”, and where the context includes alternative components and audio quali-
ties.

(3) Proposition:
s : produce(xampli fiers, xclean(bass))
Theme:
s : produce(z, xclean(bass))\np : x
Rheme:
np : xampli fiers

1The L+H* and H* markings represent different types of pitch accents in the fundamental frequency
contour. The LH% and LL$ markings represent prosodic boundaries. For a brief explanation of the
Pierrehumbert-style markings, see [26].

2A full explanation of the semantic and syntactic representation in (2) is beyond the scope of this paper.
The interested reader should refer to [27, 26].



Using the output of the content generator, the CCG generation module (described
in [24]) produces a string of words and Pierrehumbert-style markings representing the
response, as shown in example (4).

(4) AMPLIFIERS producecLEAN bass.
H* L L+H* LH$

The final aspect of speech generation involves translating such a string into a form
usable by a suitable speech synthesizer. The currentimplementation uses the Bell Labo-
ratories TTS system [17] as a post-processor to synthesize the speech wave and produce
precise timing specifications for phonemes. The duration specifications are then auto-
matically annotated with pitch accent peaks and intonational boundaries in preparation
for processing by the facial expression rules (see also [3]).

Most facial animation systems use the Facial Action Coding Systa@ 9, devel-
oped by Ekman and Friesen [10], to annotate facial action. The system describes the
visible muscular action based on anatomical studies, using basic elements called action
units (AU), which refer to the contraction of one muscle or a group of related muscles.

A facial expression is described as a sefbk.

Certain facial expressions, which sefaérmational structuraffunctions, accom-
pany the flow of speech and are synchronized at the verbal level. Facial movements
(such as raising the eyebrows or blinking while sayingPLIFIERS produceCLEAN
bass”) can appear during accented syllables or pauses. These function are based on the
following determinants: conversational signals, punctuators and manipula@ors-
versational signalgorrespond to movement occurring on accented or emphatic items
to clarify or support what is being said. These can be eyebrow movements (the most
commonly used facial expression), head nods, or blifksnctuatorsare movements
which occur on pauses, reducing the ambiguity of the speech by grouping or separat-
ing sequences of words into discrete unit phrases [5]. Slow head movement, blinks,
or a smile can accompany a paubtanipulatorscorrespond to biologically necessary
functions like blinking to wet the eyes.

As we have seen, a facial expression can have a variety of different meanings (e.g.
accentuating an element, punctuating a pause). We propose a high level programming
language to describe them, amounting to a formal notation for the different clusterings
of facial expressions. Indeed, rather than using a sétysfto specify facial expressions
in terms of intonational features in speech, it is more convenient to express them at a
higher level, directly denoting their function. These operations are then mapped onto
sequences oAUs so that we are able to model different facial “styles”, in the sense
that people differ in their way of emphasizing a word and in the number of facial dis-
plays they use. For example, Ekman [9] found that most people use raised eyebrows to
accompany an accent while the actor Woody Allen uses eyebrow positions (inner and
downward) which generally imply sadness.

Our algorithms incorporate synchrony ([6]), create coarticulation effects, emotional
signals, and eye and head movements ([19, 20]). The facial animation system scans the
input utterances and computes the associated movements for the lips, the conversational
signals and the punctuators. Conversational signals start and end with the accented
word. For instance, oamplifier, the brow starts raising on ‘a’, remains raised until the



end of the word, and ends raising on ‘r'. On the other hand, the punctuator signals, such
as smiling, coincide with pauses. Blinking is synchronized at the phoneme level, due to
biological necessity, accentuation or pausing.amplifier, for example, the eyes start
closing on ‘a’, remain closed on ‘m’ and start opening on ‘p’.

The computation of the lip shape is done in three passes. First, phonemes, which
are characterized by their degree of deformability, are processed one segment at a time
using the look-ahead model to search for the proximal deformable segments whose
associated lip shapes influence the current segment. For exampfepliiierthe ‘I
receives the same lip shape as the following vowel ‘i'—that is, the movement of the
‘I begins before the onset of its sound. Second, the spatial properties of muscle con-
tractions are taken into account by adjusting the sequence of contracting muscles when
antagonistic movements succeed one another (i.e. movements involving very different
lip positions, such as pucker movements versus the extension of the lips). And finally,
the temporal properties of muscle contractions are considered by determining whether
a muscle has enough time to contract before (or relax after) the surrounding lip shape.

The tongue, although not highly visible, is an important element of distinction be-
tween phonemic elements, especially when these elements are not differentiated by
their lip shapes. The tongue is composed of 2 parallel surfaces, each of them made of
10 triangles. A tongue shape is defined by varying the tongue parameters, including the
length of the edges of the triangles and the angles between each of the edges. Modifying
the length of the edges allows for the narrowing, flattening, stretching and/or compres-
sion of the tongue, while changing the value of the angles between edges allows the
tongue to bend, curve and/or twist. This model is a simplification of [22].

3 Examples

In the examples shown below, the speaker manifests different behaviors depending on
whether s/he is asking a question, making a statement, accenting a word or pausing.
When asking a question, the speaker raises the eyebrows and looks up slightly to mark
the end of the question. When replying, or when turning over the floor to the other
person, the speaker turns the head toward the listener. To emphasize a particular word,
s/he raises the eyebrows and/or blinks. During the brief pauses at the end of statements
and within statements, the speaker blinks and smiles.

(5) 1 know which amplifier produces cle@ass,

but which amplifier produces cleamREBLE?
L+H* LH% H* LL$

TheBRITISH amplifier produces cleanrREBLE.
H* L L+H* LH$



(6) | know which British component produces/DDY treble,

but which British component producesEAN treble?
L+H* LH% H* LL$

The BritishAMPLIFIER producesLEAN treble.
H* L L+H* LH$

In utterance (5), the worBritish is accented and accompanied by a raised eyebrow,
which indicates a conversational signal denoting contrast. In utterance (6), on the other
hand, the worcamplifieris accented and marked by the action of the eyebrows and
a blink (see figure 2 in Appendix). The same argument differentiates the appearance
of the movement on the wortleble in (5) and the worccleanin (6). Moreover, a
punctuating blink marks the end of (6), starting on the pause after thetwebtd In (5)

a blink coincides with the accented wdrdble(as a conversational signal) and with the
pause marking the end of the utterance (as a punctuator), resulting in two blinks emitted
in succession at the end of the utterance. In both examples, the pause between the two
intonational phraseshe British amplifierand ‘produces clean treblgis accompanied

by movement of the eyebrows.

Figure 2:‘amplifier

4 Conclusions

The system described above produces quite sharp and natural-sounding distinctions of
intonation contour, as well as visually distinct facial animations, for minimal pairs of



queries and responses generated automatically from a discourse model and a simple
knowledge base. The examples in the previous section (and others presented at the
workshop) illustrate the system’s capabilities and provide a sound basis for exploring
the role of intonation and facial expressions in a 3D virtual environment. Future areas
of research include evaluating results and exploring the relevance of our current system
to large scale animation systems involving autonomous virtual human agents (cf. [3]).
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