BEAT: the Behavior Expression Animation Toolkit

Justine Cassell
MIT Media Laboratory
20 Ames St., E15-315
Cambridge, MA 02139

1-617-253-4899

justine@media.mit.edu

ABSTRACT

The Behavior Expression Animation Toolkit (BEAT) allows
animators to input typed text that they wish to be spoken by an
animated human figure, and to obtain as output appropriate and
synchronized nonverbal behaviors and synthesized speechin a
form that can be sent to a number of different animation systems.
The nonverbal behaviors are assigned on the basis of actua
linguistic and contextual analysis of the typed text, relying on
rules derived from extensive research into human conversational
behavior. Thetoolkit is extensible, so that new rules can be
quickly added. It isdesigned to plug into larger systems that may
also assign personality profiles, motion characteristics, scene
constraints, or the animation styles of particular animators.
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1. INTRODUCTION

The association between speech and other communicative
behaviors poses particular challenges to procedural character
animation techniques. Increasing numbers of procedura
animation systems are capable of generating extremely redistic
movement, hand gestures, and facial expressions in silent
characters. However, when voice is caled for, issues of
synchronization and appropriateness render disfluent otherwise
more than adequate techniques. And yet there are many cases
where we may want to animate a speaking character. While
spontaneous gesturing and facial movement occurs naturally and
effortlessly in our daily conversational activity, when forced to
think about such associations between nonverba behaviors and
words in explicit terms a trained eye is called for. For example,
untrained animators, and some autonomous animated interfaces,
often generate a pointing gesture towards the listener when a
speaking character says “you”. (‘If yauwant to come with me,

get your coat on”). A point of this sort, however, never occurs in
life (try it yourself and you will see that only if “you” is being
contrasted with somebody else might a pointing gesture occur)
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and, what is much worse, makes an animated speaking character
seem stilted, as if speaking a language not her own. In fact, for
this reason, many animators rely on video footage of actors
reciting the text, for reference or rotoscoping, or more recently,
rely on motion captured data to drive speaking characters. These
are expensive methods that may involve a whole crew of people in
addition to the expert animator. This may be worth doing for
characters that play a central role on the screen, but is not as
justified for a crowd of extras.

In some cases, we may not even have the opportunity to handcraft
or capture the animation. Embodied conversational agents as
interfaces to web content, animated non-player characters in
interactive role playing games, and animated avatars in online
chat environments all demand some kind of procedural animation.
Although we may have access to a database of all the phrases a
character can utter, we do not necessarily know in what context
the words may end up being said and may therefore not be able to
link the speech to appropriate context-sensitive nonverbal
behaviors beforehand.

BEAT allows one to animate a human-like body using just text as
input. It uses linguistic and contextual information contained in
the text to control the movements of the hands, arms and face, and
the intonation of the voice. The mapping from text to facial,
intonational and body gestures is contained in a set of rules
derived from the state of the art in nonverbal conversational
behavior research. Importantly, the system is extremely tunable,
allowing animators to insert rules of their own concerning
personality, movement characteristics, and other features that are
realized in the final animation. Thus, in the same way as Text-to-
Speech (TTS) systems realize written text in spoken language,
BEAT realizes written text in embodied expressive behaviors.
And, in the same way as TTS systems allow experienced users to
tweak intonation, pause-length and other speech parameters,
BEAT allows animators to write particular gestures, define new
behaviors and tweak the features of movement.

The next section gives some background to the motivation for
BEAT. Section 3 describes related work. Section 4 walks the
reader through the implemented system, including the
methodology of text annotation, selection of nonverbal behaviors,
and synchronization. An extended example is covered in Section
5. Section 6 presents our conclusions and describes some
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we also rely on intonation (the melody of language), hand
gestures (beats, iconics, pointing gestures [23]), facial displays



(lip shapes, eyebrow raises), eye gaze, head movements and body animators to spend time on these time-consuming and thankless
posture. The form of each of these modalities— a rising tone vs. a  tasks.

falrl]lng tone, p0|nt!nlg; tovx;]ards oneself vs. p?]mtlng towards the {Animators also spend an enormous amount of effort on the
gt her - |s.ess|ent|a to t“e meaning. ?‘UI the co'-oktlzcurrenhce Olthankless task of synchronizing body movements to speech, either
ehaviors is almost equally important. There is a tight synchrony . in4ition, or by using rotoscoping or motion capture. And yet,

among the different communicative modalities in humans. \ e giiil have seen no attempts to automatically specify “gestemes”
Speakers accentuate only the important words by speaking more) . iha pasis of text, or to automatically synchronize (“body-

forcefully, gesture along with the word that a geeture illustrates, ynch”) those body and face behaviors to synthesized or recorded
and turn their eyes towards the listener when coming to the end o peech. The task is a natural next step, after the significant

allflhoughtc.i lf\/leznwh;le Ilsterll(ere nod er:r;;n ah'few hl;]ndred. existent work that renders communication-like human motion
milliseconds of when the speaker's gaze shifts. This synchrony iS¢ 5jigtic in the absence of speech, or along with text balloons.
essential to the meaning of conversation. Speakers will go 0pagearchers have concentrated both on low-level features of

great lengths to maintain it (stutterers will repeat a gesture over,,,vement and aspects of humans such as intentionality, emotion,
and over again, until they manage to utter the accompanyingang personality.  [5] devised a method of interpolating and

speech correctly) and listeners take synchrony“in.to account inmodifying existing motions to display different expressions. [14]
what they und’ersgand. (Readers can contrast ”th',s sEelmr have concentrated on providing a tool for controlling the
siggraph paper” [big head nod along with *stellar’] with *this is @ - g, ressive shape and effort characteristics of gestures. Taking

. stellar siggraph paper” [big head nod during the silence]). existing gestures as input, their system can change how a gesture
When synchrony among different communicative modalities is g perceived. [1] have concentrated on realistic emotional

destroyed: as in low bandwidth videocpnferen.cir.lgl, satisfaction expression of the body. [4] and [3] have developed behavioral
and trust in the outcome of a conversation is diminished. When gnimation systems to generate animations of multiple creatures
synchrony among different communicative modalities is \yith varying personalities and/or intentionality. [8] constructed a
maintained, as when one manages to nod at all the right placegystem that portrays the gestural interaction between two agents as
during the Macedonian policeman's directions, —despite ney pass and greet one another, and in which behavioral
understanding not a word, conversation comes across ag)arameters were set by personality attribute “sliders.” [29]
successful. concentrated on the challenge of representing the personality of a
Although all of these communicative behaviors work together to synthetic human in how it interacted with real humans, and the
convey meaning, the communicative intention and the timing of specification of coordinated body actions using layers of motions
all of them are based on the most essential communicativedefined relative to a set of periodic signals.

activity, which is speech. The same behaviors, in fact, have quiterpere have also been a smaller number of attempts to synthesize
different meanings, depending on whether they occur along withy,man pehaviors specifically in the context of communicative
spoken language or not, ar_1d sm_mlar meanings are expressed quitgnis. [20] implemented a graphical chat environment that
differently when language is or is not a part of the mix. Indeed, o ;tomatically generates still poses in comic book format on the
researchers found that when people tried to tell a story withoutp,qis of typed text. This very successful system relies on
words, their gestures demonstrated entirely different shape and.qnventions often used in chat room conversations (chat
meaning characteristics — in essence, they began to resemblg: onyms, emoticons) rather than relying on the linguistic and
American Sign Language — as compared to when the gestureggntexual features of the text itself. And the output of the system
accompanied speech [23]. depends on our understanding of comic book conventions — as the
Skilled animators have always had an intuitive grasp of the form authors themselves say “characters pointing and waving, which
of the different communicative behaviors, and the synchrony occur relatively infrequently in real life, come off well in comics.”
among them. Even animators, however, often turn to rotoscoping

opurilo coprersatecas) v heumtate poiryal of s, 1TCE ity by hes sared fom
communication is of the essence. ying p vy

[10], a set of natural language instructions [2], or a state machine
3. RELATED WORK specifying whether or not the avatar or human participant was

Until the mid-1980s or so, animators had to manually enter thespeaking, and t_he direction Of_ the human participant’s gaze [15].
phonetic script that would result in lip-synching of a facial model However,_ starting from an |_ntent|on to communlcate IS too
to speech (c.f. [26]). Today we take for granted the ability of a computation-heavy, and_ requires the presence of a_hngwst ?n
system to automatically extract (more or less accurate) “visemes"Staff' Natural Ian_guage Instructions gu_lde the synthetic human_s,
from typed text, in order to synchronize lip shapes to synthesizedacnonsf’ but not its speech. And, while the state of spee(_:h IS
or recorded speech [33]. We are even able to animate a synthetigss_ent'al’ the content of spee_ch must also be addressed in the
face using voice i assignment of nonverbal behaviors.

faces, in accordance with recorded audio [7]. [27] go further in |n the current paper, we describe a toolkit that automatically
the direction of communicative action and generate not just suggests appropriate gestures, communicative facial expressions,
visemes, but also syntactic and semantic facial movements. Anchauses, and intonational contours for an input text, and also
the gains are considerable, as “talking heads” with high-quality provides the synchronization information required to animate the
lip-synching  significantly improve the comprehensibility of pehaviors in conjunction with a character's speech. This layer of
synthesized speech [22], and the willingness of humans to interachnalysis is designed to bridge the gap between systems that
with synthesized speech [25], as well as decrease the need fogpecify more natural or more expressive movement contours (such
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as [14], or [28] and systems that suggest personality or emotional
realms of expression (such as[3] or [29]).

4., SYSTEM

The BEAT system is built to be modular and user-extensible, and
to operate in rea-time. To thisend, it is written in Java, is based
on an input-to-output pipeline approach with support for user
defined filters and knowledge bases, and uses XML as its primary
data structure. Processing is decomposed into modules which
operate as XML transducers; each taking an XML object tree as
input and producing a modified XML tree as output. The first
module in the pipeline operates by reading in XML-tagged text
representing the text of the character’s script and converting it into
a parse tree. The various knowledge bases used in the system are
also encoded in XML so that they can be easily extended for new
applications.

Discourse Model Knowledge

Word Timing

Behavior Generation

Behavior
Scheduling

Behavior
Selection
i

Behavior
Baggestion
'y

Language
Tagging

- L

W

| Translator |

Generator Set Filter Set

Text Input

Animation

Figure 1. BEAT System Architecture

New pipeline XML transducers, as well as nonverbal behavior
generators and filters (discussed in sections 4.3 and 4.4) can be
authored through Java subclassing to facilitate extensibility. The
system is real-time in that the time to produce an utterance is
typically less than the natural pause between speaker turns in a
diaogue (typically between 500 -1000ms). This is enabled by the
pipeline architecture in which al operations are performed on a
single XML tree within a single Java program.

XML provides anatural way to represent information which spans
intervals of text, and its use facilitates modularity and extensibility
by alowing users to add their own tags to the parse tree at any
stage of processing. The combination of XML and Java also
provide cross-platform portability, since both have been designed
with this as a primary design goal. Nonverbal behavior generators
and filters can aso be authored in XSL, an XML-based scripting
language, which provides extensibility without having to program
in Java. The use of a validating XML parser enables automatic
testing of the output from each module during development.
There are also many tools available for parsing, generating and
displaying XML, which provide great leverage during system
development.

An overview of the system is shown in Figure 1. There are three
main processing modules: Language Tagging, Behavior
Generation and Behavior scheduling. The stages of XML
trandation produced by each of these modules are shown in
Figure 2. The Behavior Generation module is further divided into
a Suggestion module and a Selection module, as our approach to
the generation process is to first suggest al plausible behaviors
and then use user modifiable filters to trim them down to a set
appropriate for a particular character. In Figure 1, user definable
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data structures are indicated with dotted line boxes. We will now
discuss each of these componentsin turn.

UTTERANCE

It is some kind of a virtual actor.

a. Input to L anguage Tagging M odule
The user provides a string of text.

UTTERANCE
CLAUSE

THEME HEME

é %ION OBJEC
N W

OT
i some kind of awrtual actor

b. Output from Language M odule / Input to Generation M odule
Language structure tags have been added and objects and actions identified.
Here “virtual actor” was identified as the instance ACTORL1 in the KB.

O JECT=ACTOR1

UTTERANCE
SPEECH PAUSE

GAZE TOWARDS

TONE=L-L%
GESTURE ICONIC
EYEBROWS
GAZE AWAY GESTURE BEAT
ACCENT=H* GESTURE BEAT
TONE=L- H% ACCENT=H*  ACCENT=H*
it is some kind of a virtual actor

c. Output from Generation M odule/ Input to Scheduling M odule
Behaviors have been assigned. Here iconic gesture and raised eyej
span “a virtual actor”, with high (H*) pitch accents on “virtual” and “actor”

<AnimEvent: GAZE w=1 t=0.0spec=AWAY_FROM_HEARER>
<AnimEvent: GAZE w=3 t=0.517 spec=TOWARDS_HEARER>
<AnimEvent: EYEBROWS_START w=3t=0.517 spec=null>

<AnimEvent: R_GESTURE_START w=4 t=0.717 spec=BEAT>
<AnimEvent: L_GESTURE_START w=7 t=1.338 spec=ICONIC VIRTUAL >
<AnimEvent: R_GESTURE_START w=7 t=1.338 spec=ICONIC VIRTUAL >
<AnimEvent: EYEBROWS_START w=7 t=1.338 spec=null>

<AnimEvent: L_GESTURE_END w=9 t=2.249 spec=null>

<AnimEvent: R_GESTURE_END w=9 t=2.249 spec=null>

<AnimEvent: EYEBROWS_END w=9 t=2.249 spec=null>

d. Output from Scheduling M odule (flattened tree)
Behaviors have been compiled into a linear script. Following the nam
the behavior is the word index, time from utterance start @tidral gecs

Figure2. XML Trees Passed Among M odules

4.1 Knowledge Base

A knowledge base adds some basic knowledge about the world to
what we can understand from the text itself, and therefore alows
us to draw inferences from the typed text, and consequently
specify the kinds of gestures that should illustrate it, and the kinds
of places where emphasis should be created. Currently, the
knowledge base is stored in two XML files, one describing
objects and other describing actions. These knowledge bases are
seeded with descriptions of generic objects and actions but can
easily be extended for particular domains to increase the efficacy
of nonverbal behavior assignment.

The object knowledge base contains definitions of object types
and instances of those types. Figure 3 shows three example
entries. The first defines a new object type PROFESS ONAL as of

rows
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the person class (vs. object or place) with symbolic features such
as TYPE, describing whether the professional is REAL or
VIRTUAL; and ROLE, describing the actual profession. For each
feature, typical values are described (e.g., rea professionals are
typical, while virtual ones are not), which is important since
people tend to generate iconic gestures for the unusua aspects of
objects they describe [34]. The second knowledge base entry
defines an object instance and provides values for each feature
defined for the type. The last entry is a description of a gesture
that could represent the value VIRTUAL.

<TYPE NAME="PROFESSIONAL" CLASS="PERSON">
<SYMFEATURE NAME="ROLE" TYPICAL="ANY"/>
<SYMFEATURE NAME="TYPE" TYPICAL="REAL"/>
<NUMFEATURE NAME="AGE" TYPICAL="25-65"/>
</TYPE>

<INSTANCE OF="PROFESSIONAL"
ID="ACTOR1"
ROLE="ACTOR"
TYPE="VIRTUAL"

s

<GESTURE TYPE="ICONIC" VALUE="VIRTUAL">
<RIGHTARM HANDSHAPE="virtual" TRAJECTORY="virtual'/>
</GESTURE>

Figure 3. Example KB entriesthat describe an
instance of a professional, that surprisingly isvirtual
— an attribute that has a defined gesture form.

The action knowledge base contains associations between domain
actions and hand gestures that can depict them. An example entry
is

<GESTURE NAME="MOVE" TYPE="ICONIC™>

<RIGHTARM HANDSHAPE=5, TRAJECTORY= “moves from CC towards L ..."

</GESTURE>

which simply associates a particular gesture specification with the
verb to move.

As mentioned above, the system comes loaded with a generic
knowledge base, containing information about some objects and
actions, and some common kinds of gestures with prototypical
form. Those common gestures include the beat, which is a
formless flick of the hand, the deictic, which is a pointing gesture,
and the contrast gesture (see Section 4.3.4). The other mgjor kind
of gesture, an iconic, represents some object or action, and may be
performed differently by different speakers and in different
contexts. These gestures are added to the database by the
animator.  All gestures are specified using a compositiona
notation in which hand shapes and arm trajectories for each arm
are specified independently. This makes the addition of new
gestures easier, since existing trajectories or hand shapes can be
re-used.

4.2 Language Tagging

The language module of the Toolbox is responsible for annotating
input text with the linguistic and contextual information that
allows successful nonverba behavior assignment and scheduling.
The toolkit was constructed so that animators need not concern
themselves with linguistic analysis. However, in what follows we
briefly describe afew essential fundamental units of analysis used
in the system. The language module automatically recognizes and
tags each of these units in the text typed by the user. It should be

>
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noted that much of what is described in this section is similar to
or, in some places identical, to the kind of tagging that alows
TTS systems to produce appropriate intonational contours and
phrasing along with typed text [17]. Additiona annotations are
used here, however, to alow not just intonation but aso facia
display and hand gestures to be generated. And, these annotations
will alow not just generation, but aso synchronization and
scheduling of multiple nonverbal communicative behaviors with
speech.

The largest unit is the UTTERANCE, which is operationalized as
an entire paragraph of input. The utterance is broken up into
CLAUSEs, each of which is held to represent a proposition. To
detect clause boundaries the tagging module looks for punctuation
and the placement of verb phrases.

Clauses are further divided into two smaller units of information
structure, a THEME and a RHEME. The former represents the
part of the clause that creates a coherent link with a preceding
clause and the latter is the part that contributes some new
information to the discussion [16]. For example in the mini-
dialogue "who is he?' "he is a student”, the "he is' part of the
second clause is that clause’s theme and "student" is the rheme.
Identifying the rheme is especially important in the current
context since gestural activity is usually found within the rheme of
an utterance [9]. The language module uses the location of verb
phrases within a clause and information about which words have
been seen before in previous clauses to assign information
structure, following the heuristics described in [18].

The next to smallest unit is the word phrase, which in the current
implementation either describes an ACTION or an OBJECT.
These two correspond to the grammatical verb phrase and noun
phrase, respectively. Actions and objects are linked to entries in

the knowledge base whenever possible, as follows. For actions,

the language module uses the verb head of the corresponding verb
phrase as the key to look up an action description in the action
database. If an exact match for that verb is not found, it is sent to

an embedded word ontology module (using WordNet [24]), which
creates a set of hypernyms and those are again used to find
matching descriptions in the knowledge base. A hypernym of a

word is arelated, but a more generic -- or broader -- term. In the

case of verbs, one can say that a certain verb is a specific way of
accomplishing the hypernym of that verb. For example “walking”
is a way of “moving”, so the latter is a hypernym of the former.
Expanding the search for an action in the action database using
hypernyms makes it possible to find and use any descriptions that
may be available for a super-class of that action. The database
therefore doesn’t have to describe all possible actions, but can
fqmly wwfigtateyeliastiandcErgosiedor\Waem an action description
match is found, a description identifier is added to the ACTION
tag.

For objects, the module uses the noun head as well as any
accompanying adjectives to find a unique instance of that object
in the object database. If it finds a matching instance, it adds the
unique identifier of that instance to the OBJECT tag.

The smallest units that the language module handles are the words
themselves. The tagger uses the EnglLite parser from Conexor
(www.conexor.fi) to s

word. The module also keeps track of all previously mentioned
words and marks each incoming noun, verb, adverb or adjective
as NEW if it has not been seen before. This “word newness”



helps to determine which words should be emphasized by the The current set of behavior generators implemented in the toolkit
addition of intonation, eyebrow motion or hand gesture [18]. includes the following:

Words can also stand in contrast to other words (for example “14.3.1 Beat GestureGenerator

went to buyred apples but all they had wegeeen ones”), a Beats, or formless handwaves, are a "default" gesture, in that they

property o_ften marked with hand gesture and intonation and are used when no additional form information is available to
therefore |mpor_tant to_ Ial:_)el. The Ia_nguage module currently generate a more specific kind of gesture, and they account for
!abels (_:ontrastlng a_djectlves by_ using WordNet to sup_ply roughly 50% of the naturally occuring gestures observed in most
|nformat|on about which words might be synonyms_and which contexts [23]. Thus, they are typically redundantly generated
mlgh_t be antonyms to one another [18]. Each word in a contrast, hen other types of gestures are appropriate, but they are given a
pair is tagged with the CONTRAST tag. low priority relative to other types of gestures so that they will

In sum, the language tags that are currently implemented are: only be selected when no other gestures are available. Like all
gestures that occur during speech, beats occur primarily during

* Clause . X .
the introduction of new material (rheme).
e Theme and rheme
. Word newness 4.3.2 Qurprising Feature Iconic Gesture Generator
«  Contrast A study of individuals describing house floor plans showed that

gestures representing some feature not described in accompanying
speech were used 80% of the time during the description of house
4.3 Behavior Sugg&stion features which were "surprising” or unusual in some way, [34].

The Behavior Suggestion module operates on the XML treesFollowmg these results, this generator determines if any of the

produced by the Language Tagging module (such as the oneOBJECTS identified by the Tagger within the RHEME have

shown in Figure 2b) by augmenting them with suggestions forunusual features (based on informatiop in the objec@ knowledge
appropriate nonverbal behavior. This augmentation is intended tobase), and for each generates an iconic (representational) gesture
be liberal and all-inclusive; any nonverbal behavior that is based on the gesture specification defined on the unusual feature

possibly appropriate is suggested independent of any other. Thé{alue in the knowledge base.
resulting over-generated behaviors will be filtered down in the 433 Action Iconic Gesture Generator

next stage of processing to the f'F‘a' set to bg animated. Th'SThis generator determines if there are any actions (verb phrase
independence of behavior suggestions allows filters to be def'nedroots) occurring  within the RHEME for which gestural
for different personality types, situations, and scenes (for eXa‘mple'descriptions are available in the action knowledge base. For each

an arll_mattohr m;y _chogsgblto filter Oﬁtt ftehwer ghesture§ Wthen such action, an iconic gesture is suggested with the gesture
animating the eflusive bubbly personality than when animating specification used from the knowledge base.
the taciturn introvert).

Behavior suggestion proceeds by applying each of an extensiblé?-3.4 Contrast Gesture Generator

set of nonverbal behavior generators to all nodes in the XML tree The tagger identifies objects which contrast with other nearby
which meet criteria specified by each generator. When the criteriaobjects (e.g., "I don’t know if this is good thing or a bad

are completely satisfied a suggestion is added to the appropriatéhing.”). Such objects (even if they occur within a THEME) are
node. The pseudocode for the generator which suggests bedypically marked with either beats or a “contrastive gesture” if
gestures is shown in Figure 4 (behavior generators are actualljfhere are exactly two such objects being contrasted (gestures

e Objects and actions

implemented in Java). literally of the form "on the one hand...on the other hand") [11].
FOR each RHEME node in the tree This generatpr sugge;ts beats for cor)trast .items unless there.are
|F the RHEME node contains at | east exactly two items being contrasted, in which case the special
one NEW node o contrast gesture is suggested.
THEN Suggest a BEAT to coincide
with the OBJECT phrase 4.3.5 Eyebrow Flash Generator

Figure 4. Example Behavior Gener ator Raising of eyebrows can also be used to signal the introduction of

This pseudocode states that beat gestures are appropriate duringew material [27]. This generator suggests raising the character's
the description of objects (noun phrases), but only when thoseeyebrows during the description of OBJECTSs within the RHEME.
objects are part of the rheme (new information) and contain new
words. 4.3.6 Gaze Generator
. . . . - [12] studied the relationship between eye gaze, theme/rheme, and

E:;Za\i/:g;r?/:?gtisg;onasr:chstﬁ/icn;fg WgtrToﬁtge&::éjefé?el'g;\?ﬁctheturn-taking, and used these results to define an algorithm for
resolution), required animation degrees-of-freedom and anycontrolllng the gaze behavior of a conversational character. The

! . ' gaze generator that implements this algorithm is shown in Fig. 5.
specific information needed to render them (e.g., gesture

specification). Suggestions also specify whether they aan FOR each THEME

- - . g . I F at beginning of utterance OR
articulate, i.e., occur during other behaviors which use the same 70% of the tine
degrees of freedom. For example, beat gestures can co-articulate Suggest Gazi ng AWAY from user

i iti ; FOR each RHEME
with other gestures through the addition of a relative hand [t a2t end of utterance OR 73% of the time

displacement [10]. Suggest Gazi ng TOWARDS t he user
Figure 5. Algorithm for controlling conver sational gaze
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4.3.7 Intonation Generator
The intonation generator implements three different strategies for
controlling a Text-To-Speech (TTS) engine. The first strategy
assigns accents and boundary tones based on a theme-rheme
analysis, as described by [30] and shown in Figure 6.
Wt hin THEME:
Suggest L+H* accent for NEW objects
Suggest LHY% boundary tone at end of THEME
Wt hi n RHEMVE:

Suggest H+* accent on NEW obj ects
Suggest LL% boundary tone at end of RHEME

Figure 6. Algorithm for accent and boundary tone generation

The second intonation strategy suggests H* accents for all
CONTRAST objects identified by the Tagger, following [30].
The fina intonation strategy simply suggests TTS pauses at
CLAUSE boundaries.

Text-to-sp
Timing Estimates -

S

W ord-1 W ord-2 Word-3 Word-4
Final Gesture

-OR

T=0: Begin Speech
Timebased T=27: Begin Behavior-1
Scheduling T=32: Begin Behavior-2
Utterance bT:I44: End Behavior-2
Behavior-1 Behavior-2 Absolute Time Animation

-OR-

Event-based
Scheduling

follows. For each DOF, the behaviors which use that DOF are
considered in order of decreasing priority. For each behavior, a
check is made to see if any other behavior which uses the DOF
conflicts with it (overlaps in word indices when co-articulation is
not alowed, or starts on the same word index when co-
articulation is alowed). If a conflict exists, the lower priority
behavior is removed from the tree. This operation is O(Nd"2),
where Nd is the maximum number of behaviors that use any given
DOF (less than 10 for typical sentences).

4.4.2 Priority Threshold Filter
The priority threshold filter simply removes al behavior
suggestions whose priority falls below a user-specified threshold.

4.5 Behavior Scheduling and Animation

The last module in the XML pipeline converts its input tree into a
set of instructions which can be executed by an animation system,

Recorded Audio
Timing Analysis

¥

Begin

IF - 1 Event THEN Begin Behavior-1
IF - 3 Event THEN Begin Behavior-2
IF -edcEvent THEN End Behavior-2

Event-based Animation

Figure 7. Scheduling Process

4.4 Behavior Selection

The Behavior Selection module anayzes the tree that now
contains many, potentially incompatible, gesture suggestions, and
reduces these suggestions down to the set that will actualy be
used in the animation. The selection process utilizes an extensible
set of filters which are applied to the tree in turn, each of which
can delete behavior suggestions which do not meet its criteria. In
generd, filters can reflect the persondities, affective state and
energy level of characters by regulating how much nonverbal
behavior they exhibit. Currently, two filter strategies are
implemented: conflict resolution and priority threshold.

4.4.1 Conflict Resolution Filter

The conflict resolution filter detects all nonverbal behavior
suggestion conflicts (those which physically cannot co-occur) and
resolves the conflicts by deleting the suggestions with lower
priorities. Conflicts are detected by determining, for each
animation degree-of-freedom (DOF), the suggestions which co-
occur and require that DOF, even if specified at different levels of
the XML tree. For each pair of such conflicting suggestions (in
decreasing order of priority) the one with lower priority is deleted
unless the two can be co-articulated (e.g., a beat gesture on top of
an iconic gesture). However, even in the case of co-articulation,
two behaviors are not permitted to start using the same DOF at the
same point in time. The types of nonverbal behaviors, their
required DOFs, and co-articulation relationships are expressed in
an XML file referenced by the filter. The filter operates as
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or edited by an animator prior to rendering. In general, there are
two ways to achieve synchronization between a character
animation subsystem and a subsystem for producing the
character’s speech (either through a TTS engine or from recorded
audio samples). The first is to obtain estimates of word and
phoneme timings and construct an animation schedule prior to
execution (see Figure 7). The second approach is to assume the
availability of rea-time events from a TTS engine--generated
while the TTS is actually producing audio--and compile a set of
event-triggered rules to govern the generation of the nonverbal
behavior. The first approach must be used for recorded-audio-
based animation or TTS engines such as Festival [32], while the
second must be used with TTS engines such as Microsoft's
Whistler [19]. We have used both approaches in our systems, and
the current toolkit is capable of producing both kinds of animation
schedules, but we will focus our discussion here on absolute-time-
based scheduling with a TTS engine such as Festival.

The first step in time-based scheduling is to extract only the text
and intonation commands from the XML tree, trandate these into
a format for the TTS engine, and issue a request for word and
phoneme timings. In our implementation, the TTS runs as a
separate process. Thus part of the scheduling can continue while
these timings are being computed.

The next step in the scheduling process is to extract al of the
(non-intonation) nonverbal behavior suggestions from the tree,
translate them into an intermediate form of animation command,



and order them by word index into a linear animation proto-
schedule.

Once the word and phoneme timings become available, the proto-
schedule can be instantiated by mapping the word indices into
execution times (relative to the start of the schedule). The
schedule can then aso be augmented with facial animation
commands to lip-sync the phonemes returned from the TTS
engine. Figure 8. shows a fragment of an animation schedule at
this stage of compilation.
<VI SEME tinme=0.0 spec="A">

<GAZE wor d=1 tine=0.0 spec=AWAY_FROM HEARER>
<VI SEME tine=0.24 spec="E'>

<VI SEME tinme=0.314 spec="A">
<VI SEME time=0.364 spec="TH'>
<VI SEME tinme=0.453 spec="E"'>

<GAZE word=3 tinme=0.517 spec=TONRDS_HEARER>
<R _CGESTURE_START wor d=3 ti nme=0.517 spec=BEAT>
<EYEBROWS_START wor d=3 ti nme=0.517>

Figure 8. Example Abstract Animation Schedule Fragment

The final stage of scheduling involves compiling the abstract
animation schedule into a set of lega commands for whichever
animation subsystem is being used. This fina compilation step
has also been modularized in the toolkit. In addition to simply
trandating commands it must concern itself with issues such as
enabling, initializing and disabling different animation subsystem
tegiergs/meghate/bpat'oach, duration and relax times (the abstract
schedul e specifies only the peak time at start of phrase and the end
of phrase relax time), and any time offsets between the speech
production and animation subsystems.

46 EXTENSIBILITY

As described in the introduction, BEAT has been designed to fit
into existent animation systems, or to exist as a layer between
lower-level expressive features of motion and higher-level
specification of personality or emotion. In our own tests of the
syssem we have used BEAT with a homegrown animator
(Pantomime), have used it to export a dope sheet for professional
animators to hand-animate (see the accompanying video), and are
currently collaborating with Alias’Wavefront to integrate BEAT
with Maya (for the BEAT-Maya Integration module, see
http://www.media.mit.edu/gr ). It has aso
been designed to be extensible in severa significant ways. First,
new entries can easily be made in the knowledge base to add new
hand gestures to correspond to domain object features and
actions. Second, the range of nonverbal behaviors, and the
strategies for generating them, can easily be modified by defining
new behavior suggestion generators. Behavior suggestion filters
can aso be tailored to the behavior of a particular character in a

As an example of the system’s extensibility, consider how one
would deal with the issue of multiple animated characters.
Suppose we were to construct a simulation of a training session,
where an animated teacher is telling an animated student about
various control panels. In this instance BEAT would need to
generate listener behaviors as well as speaker behaviors. Each
UTTERANCE tag already specifies the name of the speaker and
the hearer as XML attributes. The nonverbal behavior generators
can simply copy this attribute into their suggestions, that they
leave in the tree. Specific listener nonverbal behavior generators
can be built to suggest headnods and eyebrow movement at
certain key places during the speaker’s turn, following similar
rules as the currently implemented speaker behavior generators.
When the animation command translator receives the tree, it
would first collect all the speaker designated behaviors, followed
by the listener behaviors and compile those into two separate
scripts to be executed by the individual animated characters. To
incorporate the visual scene into the behaviors, such as pointing at
controls and looking at displays, these objects would have a
representation in the knowledge base. The language module can
map these objects onto references made in the text, and once
identified, the generators could decide when and how to react to
their presence through gesture and gaze.

This scenario also allows us to discuss how to deal with creating
individual styles of behavior for the two characters. This could be
done in two ways: modifying the behaviors either in a discrete or
in continuous manner. The former would take place at the
behavior selection stage, where custom filter rules can be built to
keep or filter out certain behaviors based on who the speaker or
listener is. Such a filter rule could, for example, simply decrease
the amount of gesturing one character would employ. The latter
could occur at any point in the pipeline after the behavior
generation stage. For instance, an intermediate module could be
built between the behavior generator and the scheduler to tweak
and tune the already assigned behaviors by modifying their
parameters or even add news ones that can be interpreted by the
particular animation engine used. Such an intermediate module
could set amplitude values for headnods or insert information
about the motion quality of gesture. As long as a new module can
return the behavior suggestion tree back into the pipeline
structurally intact, the flow won’t be affected.

5. EXAMPLE ANIMATION

To demonstrate how the system works, in this section we walk
through a couple of example utterances. A full animated example
can be found on the accompanying video tape.

particular situation, or to a particular animator’s style. Animation AS a first example, we trace what happens when BEAT receives as
module compilers can be swapped in for different target animationinPut the two subsequent sentences "It is some kind of a virtual
subsystems. Finally, entire modules can be easily re-implementeciCtor” and "You just have to type in some text, and the actor is
(for examp|e, as new techniques for text anajysis becomeable to talk and gesture by |tse|f". Lets |00k at eaCh sentence in
available) simply by adhering to the XML interfaces. Any kind of turn.

flexibility to the system derives from the ability to override the The language tagging module processes the input first, and
output from any of the modules simply by including appropriate generates an XML tree, tagged with relevant language information
tags in the original text input. For example, an animator could as described in section 4.1. The output of the language tagger is
force a character to raise its eyebrows on a particular word simplyshown in Figure 2b. Of particular interest in Sentence 1 is the
by including the relevant EYEBROWS tag wrapped around the classification of “a virtual actor” as an object and the ability of the
word in question. This tag will be passed through the Tagger, system to give it the unique identifier ACTOR1. This is because
Generation and Selection modules and compiled into the when looking for the object in the knowledge base, it found under

appropriate animation commands by the Scheduler.

a user-defined type PROFESSIONAL, an instance of an ACTOR
that in fact is of the virtual type, this was the only instance



matching on this attribute, so the instance name ACTOR1 was
copied into the value of ID in the object tag.

When the behavior generator receives the XML tree from the
language tagger, it applies generator rules to annotate the tree with
appropriate behaviors as described in section 4.3. Eyebrow
raising is suggested during the object “a virtual actor”, previously
identified as ACTOR1. Beats and intonational accents are
suggested for all the new lexical items (words) contained in the
rheme (i.e. “kind”, “virtual” and “actor”). Eye gaze behavior and

Lastly the behavior scheduling module compiles the XML tree,
including all suggestions not filtered out, into an action plan ready
for execution by an animation engine as described in section 4.4.
Thefinal schedule (without viseme codes) is shown in Figure 2d.

The second sentence is processed in much the same way. Part of

the output of the behavior generator is shown in Figure 9. Two
particular situations that arise with this sentence are of note. The

first is that the action, “to type in”, is identified by the language
module because an action description for typing is found in the

intonational boundary tones are suggested based on the divisiomction database. Therefore the gesture suggestion module can
into theme and rheme. Of particular interest is the suggestion forsuggest the use of an iconic gesture description, because the
an iconic gesture to accompany ACTOR1. This suggestion wasaction occurs within a rheme. See Figure 10 for a snapshot of the
generated because, upon examining the database entry fogenerated “typing” gesture. The second one is that although

ACTOR1, the generator found that one of its attributes, namely
the type, did not hold a value within a typical range. That is, the
value ‘virtual’ was not considered a typical actor type. The form

ACTOR1 (“the actor”) was identified again, no gesture was
suggested for this object at this time because it is located inside a
theme as opposed to a rheme part of the clause (that is, having

suggested for the gesture is retrieved from the database entry foalready been mentioned in the dialogue, it is no longer news).

the valuevirtual (a database entry that must be specified by the
animator); in this way the gesture highlights the surprising feature
of the object.

UTTERANCE
SPEECH PAUSE SPEECH PAUSE
GAZE AWAY GAZE TOWARDS GAZE AWAY

TONE=L-H% E=L-L% ONE=L-H%

GESTURE ICONIC GESTURE BEAT
EYEBROWS EYEBROWS

ACCT=N AFCT= H*

You justhaveto type insome text andtheactor ...

Figure 9. Part of the output XML treefor first example

Figure 10. “You just have to type in some text...”

When the behavior selection module receives the suggestions
from the generator module, it notices that two beats and an iconic
gesture were suggested inside ACTOR1. The first beat coincides
with the onset of the iconic, and is filtered out using the rule of
gesture class priority (beats being the lowest class in the gesture
family), the second beat is left in however, as it has a different
onset time and is a gesture type that alows co-articulation. No
further conflicts are noticed and no further filters have been
included in this example. The resulting tree is shown in Figure
2c.
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UTTERANCE
SPEECH PAUSE

GAZE AWAY GAZE TOWARDS
TONE=L-H% TONE=L-L%

/
CONTRST=R CONTRST=L
EVEBROWS EYEBROWS
ACCT=H*  H* H* I
e .

.this is agood thing or abad thing

Figure11. Part of the output XML treefor second example

Figure 12. “l don't know if this is a good thing or a bad thing”

As an example of a different kind of a nonverba behavior
assignment, let’s look at how the system processes the sentence “I
don’t know if this is a good thing or a bad thing.”. The output of
the behavior generation module is shown in Figure 11. As well as
suggesting the typical behaviors seen in the previous examples,
here the language tagger has identified two contrasting adjectives
in the same clause, “good” and” bad.” They have been assigned
to the same contrast group. When the gesture suggestion module
receives the tagged text, generation rules suggest a contrast
gesture on the “a good thing” object and on the “a bad thing”
object. Furthermore, the shape suggested for these contrast
gestures is a right hand pose for the first object and a left hand
pose for the second object since there are exactly two members of



this contrast group. When filtering, the gesture selection module
notices that the contrasting gestures were scheduled to peak at
exactly the same moment as a couple of hand beats. The beats are
filtered out using the gesture class priority rule, deciding that
contrasting gestures are more important than beats. See Figure
12. for asnapshot of the contrast gesture.

language tagging module was also designed to be extensible, and
as new linguistic algorithms and tools become available they can
be incorporated into the system.

Future work includes, in addition to improving the automatic
linguistic tagging, expanding the gesture ontology, including
some basic spatial configuration gesture elements. As it stands,
hand gestures cannot be assembled out of smaller gestural parts,
nor can they be shortened. When gesture descriptions are read
from the knowledge base, they are currently placed in the
animation schedule unchanged. The Behavior Scheduler makes
sure the stroke of the gesture aligns with the correct word, but
does not attempt to stretch out the rest of the gesture, for instance
to span a whole phrase that needs to be illustrated. Similarly, it
; > does not attempt to slow down or pause speech to accommodate a
who wish to maintain the most control over output, BEAT canbe —  complex gesture, a phenomenon observed in people. Finally,
seen as a kind of “snap-to-grid” for communicative actions: if oqitional nonverbal behaviors should be added: wrinkles of the
animators input text, and a set of eye, face, head and hanG,eneaq, smiles, ear wiggling. The system will also benefit from
behaviors for phrases, the system will correctly align the g g4l interface that displays a manipulatable timeline where
behaviors to one another, and send the timings to an animationyher the scheduled events themselves can be moved around or
system. For animators who wish to concentrate on higher levely . [ les behind them modified.

concerns such as personality, or lower level concerns such a3y the meantime, we hope to have demonstrated that the
motion characteristics, BEAT takes care of the middle level of ;. imators toolbox can be enhanced by the knowledge about
animation: choosing how nonverbal behaviors can best convey th&eqtre and other nonverbal behaviors, turntaking, and linguistic
message of typed text, and scheduling them. structure that are incorporated and (literally) embodied in the
In terms of evaluation of the BEAT system, it's useful to think of Behavior Expression Animation Toolkit.

evaluating it both as a tool for professional animators, and as a

way of doing interactive animation. In terms of the former, we 7. ACKNOWLEDGEMENTS
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looked more natural. On the other hand, this same animator sai

that there were definitely places where he wanted to override th:8- REFERENCES
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