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Abstract. Development of sign synthesis (also known as text-to-sign) can
benefit from studying the history of its older cousin, speech synthesis. As Klatt
[1] outlines the basic architecture of a speech synthesis application, 1 will
discuss the architecture of a sign synthesis application and mention some of the
applications and prototypes currently available. 1 will focus on SignSynth, a
CGl-based articulatory sign synthesis prototype | am developing a the
University of New Mexico. SignSynth takes as its input text a sign language
text in ASCII-Stokoe notation (chosen as a smple starting point) and converts it
to an internal feature tree. This underlying linguistic representation is then
converted into a three-dimensional animation sequence in Virtua Redity
Modeling Language (VRML or Web3D), which is automatically rendered by a
Web3D browser.
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1. Introduction - What |s Sign Synthesis?

More and more computer applications that deal with sign languages are being
developed. Many o these goplications involve some form of sign synthesis, where a
textual representation is converted into fluid signing. | will discuss what sign
synthesis is, give some posshle applications of sign synthesis technaogy, describe
the general architecture of sign synthesis, and gve asummary of the eisting sign
synthesis applications and prototypes that | am aware of. | will finish with a
description d the current state of SignSynth, the sign synthesis application that | am
developing at the University of New Mexico.

Over the past thirty years, linguists have shown that sign languages are full -fledged
languages, with a level of complexity and creativity smilar to spoken languages.
There ae significant typological differences, but it makes ®nse to assume that sign
language ad spoken language ae equivalent, unless there is a reason to believe
otherwise. It is important to note that this assuumption does not imply that any gven
signlanguageis“the same” as any spoken language.

My definition of sign synthesis thus parallels its gpoken-language eguivalent,
speech synthess. Sign synthesis is a way to convert sign language from a stored,
textua medium to afluid medium used for conversation.

2 Applications of Sign Synthesis Technology

There ae many applications of sgn synthesis technology. Some of the most
popuar are ideas that attempt to address the Communication Problem, but are
prohibitively complicated in reality. Others address problems that signers encounter
when dealing with technalogy. There ae ahandful that don't fit into either category.

2.1 Popular Applications: The Communication Problem

One group of computational sign linguistics applications deals with the
communication gap between the hearing and the Deaf in a given courtry. Most Deaf
people have difficulty reading the written form of a spoken language. The Gallaudet
Research Ingtitute found that young Deaf and hard-of-hearing adults aged 17 and 18
had an average reading score that was the same as that of the average ten-year-old
heaing child [2]. This means that Ded people have difficulty conversing with non-
signers, watching movies and television, and reading books and the World Wide Web.

Sign synthesis is seen as a potential solution to this Communication problem. If
Ded people understand sign, the assumption is that all that is necessary is to convert
speech or writing into sign, and the Communication problem is solved. Thus there are
prototype machine trandation applications for weather ([3] and [4]) and captioning
[5]. Speech-to-sign interpretation seemsto be of particular interest to postal systems,
thus there ae two prototype speech-to-sign interpreters that focus on pogt office
interactions. one developed with funding from the British Roya Mail [5] and now



part of the ViSICAST project, and one developed by the Communications Research
Laboratory in Japan [6].

The difficulty with this approach is that every sign language is different from any
spoken languege, more different than the other languages in its family. So converting
from a spoken language to a sign language is a wmplex undertaking. Some sign
synthesis applications try to avoid this problem by using “sgned” versions of various
spoken langueges (for example, at least one version of Signed English for Great
Britain and one for North America), but those ae not understood by Ded people
much better than the written versions of those languages.

The only way to convert from a spoken language into a sign language is with
machine trandation. Unfortunately, people have been trying to do this with closely
related Western European languages for yeas, and still have only achieved limited
success. The outlook is much less promising for a pair of languages that are &
divergent as (for example) English and American Sign Language.

Madhine trandation has shown significant promise when it deds with highly
conventiona texts in specidized domains, such as weather reports. For this reason,
the prototype machine trandation applications mentioned above are the most
promising of the gplications that target the Communication Problem. Of course, in
these @sesthe focusisonmadiine trandation; sign synthesisis only needed to tackle
the Record Problem.

2.2. The Record Problem and Its Correlates, the Storage and Bandwidth
Problems

The areas where synthesis siows the most promise deal with how we record and
represent sign languages. At the aore is the Record Problem. The most common way
of recording spoken languages is to write them, but sign languages are dmost never
written. There have been several attempts to create writing systems for sign
languages, but none have been adopted by any Ded community for widespread use.

One often-advocated solution to the Record Problem is video, but that brings up
two other problems, the Storage Problem and the Bandwidth Problem. The amount of
disk space needed to store one average written sentence in a spoken language is less
than 100 bytes. The anount of disk space needed to store one average written
sentence in a sign language @an vary with the writing system, but in genera is well
under 1024 bytes (1KB). The amount of disk space needed to store an audio recording
of one average sentencein a spoken language islessthan 200 KB. The amount of disk
space needed to store a video recording d one average sentence in a sign languege is
more than IMB (the Storage Problem). As video takes up more storage space, it takes
propartionally longer to transmit from one place to another (the Bandwidth Problem).

Sign synthesis techndogy can solve these problems. For a given passage (speech,
poem, love letter, contract) to be stored, all that is necessary is for it to be written
down, by the author or by a third party, using one of the &isting writing systems. It
can then be stored and transmitted in written form, and synthesized into fluent sign
whenever it needsto be accessed.



Dictionaries. One specific gpplication of this lution is electronic dictionaries. For
the first sign language dictionaries, the Record Problem was lved using pictures of
each sign, often hand drawings. They took upa lot of space, and only allowed for a
simple glossof a spoken-language term. They did not allow a spoken-language term
to be defined in any detail. Significantly, they did na alow for the sign language
equivalent of Webster’'s dictionary: a mondingual dictionary where signs are defined
in terms of other signs.

More recent multimedia sign dictionaries are overcoming the limitations of the
hand drawings by using video, but they run into the Storage Problem. There is only
enough room on a CD-ROM for a few hundred signs, without sign definitions. There
is likely nat enough room on a DVD-ROM for all the definitions necessary for the
equivalent of a Webser's for sign. By overcoming the Record Problem, sign
synthesis can dlow sign language dictionaries to take up nomore space than similar
spoken language dictionaries.

Computer-Assisted Learning. There ae many computer learning applications that
use prerecorded and synthesized speech to teach a wide variety of subjects and skills
to children and adults. The analogous applications for sign language run into the
Storage and Bandwidth problems, which can be solved with sign synthesis. VCom3D
[7] has produced several educational applications that use their sign synthesis
techndogy, but unfortunately they only produce aNorth American variety of Signed
English, which is nat the kind of true sign language that can be understood by most
Ded people.

2.3 New ldeas

There ae two other applications for sgn synthesis that have been discussed. One
of these is cartoons. There ae very few cartoons with sign language. Sign synthesis
has the potential to generate catoon charactersthat sign fluently with much lesseffort
than it takesto draw the signs by hand, and these characters can be combined to create
stories. VCom3D has taken stepsin this direction with a catoon frog that can produce
Signed English.

Categorical perceptionis an ideathat is based on anaogy with speech synthesis.
One of the erly speech synthesis applications was to study the way that hearers
perceive ategory bourdaries[8].

3. Sign Synthesis Architecture

Sign synthedsis essentially the same task as speech synthesis; the difference isthe
form of the output. The architecture of a sign synthesis application is thus amost
identical to a speech synthesis application.



3.1 Basic Architecture

Klatt [1] describes the basic architecture of a speech synthesis application: Inpu
text is acted on by some anadysis routines that produce an abstract underlying
linguistic representation. This representation is fed into synthesis routines that
produce output speech. The achitecture is summarized in Figure 1.

ABSTRACT

ANALYSIS UNDERLYING SYNTHESIS . OUTEUT

INPUT TEXT =" poUTINES Y ONGUISTIC ROUTINES SPEECH
REPRESENTATION

Diagram from Klatt (1987), page 738
Fig. 1. Diagram from Klatt [1], showing the achitecture of a speech synthesis application.

In the following sections, | will discussthe analogs of these three stages (input text,
underlying linguistic representation, and output speech) in sign synthesis.

3.2 Input Text

In the early stages of development, speech synthesisreally had no “inpu text”; the
inpu was al in the underlying lingudtic representation. But eventually speech
synthesis had to be able to analyze input text. The notion of “input text” bears some
close scrutiny when it comes to sign languages. What do we really mean when we
talk about “text-to-sign”?

The most common assumption among newcomers to signisthat theinput text isin
one of the nationa sandards (e.g. Standard English for predominantly English-
speaing countries). As we have seen abowe, this requires a machine trandation
component in addition to the synthesis component. Another form for the input text
that has been suggested (in the United States) is English glosses in American Sign
Langauge word order, perhaps with grammatical markings smilar to that used in the
Baker and Cokely textbooks[9].

There ae afew other posshilities for text in sign languages. One of the most
popuar is SignWriting, a phaneticall y-based writing system with iconic symbols for
handshapes, movements and nonmanuals arranged iconically. SignWriting is used in
education of the Ded in several countries around the world [10]. Another, SignFont
[11], is somewhat iconically-based, but has a few techndogicd advantages over
SignWriting, including li near alignment and a much smaller symbol set. SignFont has
foundlimited acceptance up to this point.

3.3 Underlying Linguistic Representation

Speech synthesis gystems use aform of phonetic notation for their underlying
linguistic representation. Analogowy, numerous notation systems for sign languages
have been invented, and thus there ae several candidates for the form of the
underlying linguistic representation.

One of the erliest is Stokoe naotation [12], which uses a combination d arbitrary
andiconic symboals, arranged in almost-linear order. ASCII- Stokoe notation [13] isan
adaptation of Stokoe for the ASCIl character set and a purely linea ordering.



Unfortunately, Stokoe notation daes nat cover the full range of expresson that is
possblein signlanguages, and ndably has no way of notating nonmanual gestures.

SignFont is phanetically-based enough to serve & a possble form for the
underlying linguistic representation. The Literal Orthogaphy [14] is a similar, but
ASCII-based, forerunner to SignFont. Both systems have the alvantage of being more
complete than Stokoe, but easily machine-readable.

HamNoSys [15] is currently the most extensive gesture notation system. It is
composed of alarge set of mostly iconic symbadls, arranged linealy. Development is
underway on SGML, an XML-based variant of HamNoSys[16].

QualGest [17] is a representation system specifically designed to serve as the
underlying linguistic representation for the GesSyCa synthesis g/stem. It is based on
the Stokoe/Battison parameters of handshape, movement, location and arientation,
with facial expresson added.

SignWriting is also complete enouch and phondogicaly-based enouch to be used
for the underlying linguistic representation. SWML, an XML-based variant of
SignWriting, is also available [18].

3.4 Output Gesture

Speech synthesis gystems usualy have as their output speech a synthetic sourd
wave. For sign languages, there are afew passhilities for the form of the output
gesture. Deaf-blind users may require atactile output, such as a robatic hand, but for
sighted Ded usersit will be eaer to produce animated video.

Concatenative vs. Articulatory Synthesis. Klatt broadly groups geech synthesis
applications into two types articulatory, where the output speech is g/nthesized by
rules that are intended to correspond to the process by which humans articulate
speech, and concatenative, where prerecorded speech is broken down into small
segments that are recombined (with some smoothing) to creae new words. Almost all
currently available speech synthesis ysems are concatenative, but there is at least
one aticulatory synthesizer, CASY [19]. The same two types exist in sign synthesis.

A few concatenative synthesis aims to simply recombine videos of individual
signs. Most take gesture recognition data (often from a glove-type gesture recording
device) for individual signs and recombine them. Because e@h signisusually a word,
this is esentialy storing each word. Klatt discussed the problems inherent in this
strategy for speech synthesis

“However, such an approach is doomed to failure because a spoken sentence is
very different from a sequence of words uttered in isolation. In a sentence, words are
as dort as half their duration when spoken in isolation — making concatenated
speech seem painfully dow. The sentence stress pattern, rhythm, and intonation,
which depend on syntactic and semantic factors, are disruptively unretural when
words are smply strung together in a mncatenation scheme. Finally, words blend
together at an articulatory level in ways that are important to their perceived
naturalnessand intelligibility. The only satisfactory way to smulate these effectsisto
go through an intermediate syntadic, phorological, and phoretic transformation.”

The problems that Klatt describes all apply to sign synthesis, and are even more
significant because in al sign languages that have been studied, the “stress pattern,



rhythm and intonation” of sentences actually encodes grammaticd features that in
spoken languages are often encoded by affixes and function words.

The way that concatenative speech synthesis systems typically overcome these
problems is to use prerecorded single phoremes or diphanes, but the internal
organization of signs is more simultaneous than conseattive. To perform
concatenative sign synthesis well would require such a deep analysis of the sign data
that it ismore feasible to perform articulatory synthesisin most cases.

Humanoid Animation. All of the mgjor articulatory synthesis systems, and some of
the concatenative systems, use as output some form of three-dimensonal humanoid
animation. Many conform to the open standards of the Web3D Humanoid Animation
Working Group (a.k.a. H-Anim) [20]. Some systems use the keyframe animation and
interpolation provided by Web3D browsers, but others, like the latest ViSICAST
articulatory synthesis project [21], make naturalness of movement a priority and
provide intermediate frames to control the movement more closdly.

Real-world Priorities. Any discusson of the output format should include amention
of some of the priorities set by real-world applications of the technology. A 1971
census of Ded people in the United States fourd that they earned twenty-five percent
lessthan the national average [22], and it is likely that similar situations exist arourd
the world. This means that although some ingtitutions might be able to afford the
latest in 3D animation technology, the average Ded individud canna, and Deaf
individualsin lessindustridlized areas have even lessaaessto technology. Whatever
systems are used shoud be ale to work with older, lessadvanced computers.

The highest priority, of course, is the ability of Deaf people to understand the
signing. An interesting correlate of this is that redism is a low priority, as far as it
fail s to contribute to understanding. In fact, it is possble that redism may detract
from understanding. In comic books, for example, the more detail in the characters,
the more they are perceved as individuals, and the words they say are perceived as
less generic [23]. If the Sgn synthesis is part of a artoon, the athor may want
individual characters, but if it is meant to deliver an official message, or if the source
isunknown, then it is important to avoid introducing too much individual detail.

4. Current Sign Synthesis Systems

There ae several groups around the world that are working on sgn synthesis
applications, and one group (Vcom3D) has released an appli cation to the public.

4.1 Gloss-based/Concatenative Synthesis

There ae several concatenative synthesis applications. Hitachi’s Central Reseach
Laboratory [24] reported a prototype madhine interpreting system that trandated from
written Japanese into Japanese Sign Language, and then synthesized the Japanese
Sign Language. It used a concatenative synthesis s/stem based on dita collected with
a DataGlove.



VCom3D [7] has rdeased a system that produces sgned English (a North
American variety), not a sign language. It takes English text (marked up with
notations for nonmanuas) as inpu and produces H-Anim-compliant Web3D as
output. The underlying technology is proprietary, but apparently involves
concatenation with asignificant amount of smoathing.

The English company Televirtual produced a prototype cationing system known
as Simon the Signer [5], which also produced Signed English (a British variety).
Simon used English text as input and produced concaenated signs based on
DataGlove data. The successor to Simon is known as the ViSICAST project.
ViSICAST is moving towards a more articulatory model, but some ViSICAST
applications gill use mncatenations of DataGlove data. The Ingtituut voor Doven in
the Netherlands is a ViSICAST member organization, and their prototype aeates a
simple trand ation from a cntrolled set of posshble Dutch sentences into a glosshased
representation of Sign Language of the Netherlands, which is then signed using
concatenative synthesis[3]

The Communications Reseach Laboratory in Japan hes a mncatenative synthesis
system as part of its speech-to-sign interpretation prototype [6], which takes a gloss
based input from the “dialog manager” component.

4.2 Articulatory Synthesis

There ae dso a number of articulatory synthesis prototypes. Sister Mary O’ Net
[25], developed at the University of Delaware, used an XML -like articulatory notation
system for the underlying representation and Java animations for the output.

The GesSyCa system [17] is an articulatory synthesis prototype developed at the
LIMSI labs in France. For the underlying representation it uses a system called
QualGest that was gecificaly developed at LIMSI for that purpose. The output
gesture is produced by another LIMSI system known as SIAM, which works with
OpenGL on SGI hardware.

Ancther articulatory synthesis prototype is being developed at the 13D labs, also in
France. The input is dore with a custom editor that produces a hierarchical markup-
type underlying linguistic representation based on principles outlined by Stokoe [12]
and Battison [26]. The output gesture isa simple animated-polygonfigure.

As mentioned above, ViSICAST is working towards an articulatory model and is
developing SGML, an XML-based variant of HamNoSys, to use as the underlying
representation. The output gesture will be in H-Anim-compliant Web3D.

The next section of this paper will focus on SignSynth, a prototype that | am
developing at the University of New Mexico. SignSynth currently uses ASCII- Stokoe
for the underlying representation, and produces H-Anim-compliant Web3D.

5. Description of SignSynth

SignSynth is a prototype sign synthesis application currently under devel opment at
the University of New Mexico. It uses Perl scripts through the Common Gateway
Interface (CGI) to convert input text in American Sign Language into Web3D
animations of the text as sgned.



5.1 Features

SignSynth has a number of features that set it apart from other sign synthesis
prototypes and applications. It is free, non-profit and open-source (except for the
third-party inverse kinematics library). It conforms to open standards, so the output
can be viewed on any Web3D browser. It has a smple humanoid, which is quick to
download and render even on older equipment. The Perl CGl itsdf runs on any web
server. It can be accessed through a low-level underlying representation interface, and
a higher-level input text interface will eventualy be available. It performs articulatory
synthesis, and can produce true sign language, including the full range of nonmanual
gestures used with American Sign Language. Its modular architecture makes it
flexible and easy to expand.

5.2 Architecture.

The fallowing figure shows the architecture of SignSynth:

ASCI-STOKOE —»| MENU CGI

MENLUS
ASCIFSTOKOE ASCIFSTOKOE CONVERSION VRML
ASCILSTOKOE — | M — .
iyl MINI-PARSER TREE MODULE ROTATIONS
FINGERSPELLING /
ROMAN TEXT —m MODULE
L
WRML SIGNGEN WVRML D
ROTATIONS *ImopuLE [ WRML " BROWSER ¥ AMIMATIONS

Fig. 2. Architecture of SignSynth.

SignSynth currently has three interfaces. The Menu CGI offers the user a set of
menus for each time the sign is held, by which he or she can specify the phonological
parameters for that hold. By using the menus, a user who does not know ASCII-
Stokoe can select the handshape, location and orientation for each hold. Additional
menus alow the user to specify the timing of the gesture and accompanying
nonmanua gestures. The ASCII-Stokoe Mini-Parser allows a more advanced user to
type in an underlying linguistic representation in ASCII-Stokoe, with additions for
timing and nonmanuals, which can be of any length. The Fingerspelling Module
allows a user to type in any text in the Roman Alphabet, to be fingerspelled using the
American Manual Alphabet.



Each of these modules outputs an ASCII- Stokoe Tree, stored in aPerl List of Lists
or nested hash table, which then serves as input to the Converson Module. The
Converson Modue produces a set of Web3D (a.k.a. VRML) rotation values for each
of the joints used (and Coord values for non-jointed articulators such as the lips),
based on the phorologica parameters contained in the ASCII- Stokoe Tree.

The ASCII- Stokoe Tree does nat specify the Movement values that were part of
the original Stokoe representation. Rather, it has a set of features for a given pant in
time, similar to the Movement-Hold Model of Liddell and Johrson [27]. However,
these points in time ae used because they work nicely with Web3D's keyframe
animation, and their use does nat imply that they have any psychological redlity.

Once these Web3D rotations have been created and stored in their own List of
Lists they are fed into the SignGen module, which integrates them with the chasen
Web3D humanoid to create afull Web3D “world” file with animation data. This
Web3D file is returned to the browser by the CGI, and then rendered by a Web3D
browser plugin such as Cortonainto 3D animated American Sign Language.

5.3 Current Application - Categorical Perception

SignSynth is currently being used for categoricd perception experiments as
mentioned above. A set of minimal pairs of signs were casen, and phanological
parameters for both members of each minimal pair were determined. A custom
interface was designed that produced synthetic signs along regular intervals between
the two members of each minimal pair. Each o these synthetic signs was converted to
video (AVI) files using a screen capture utility and integrated into an interactive test
program. The eperiment is currently being administered.

5.4 Future Developments

SignSynth is still in its ealy stages of development. It has produced signs that are
understandable, but there isa significant amount of work that remainsto be done.

One of the main challenges for articulatory sign synthesisis the inverse kinematics
problem. It is very difficult to determine the rotation values for elbow, shouder and
wrist that will result in the hand being placed in the desired position and angle. Thisis
partly because the human joint structure dlows for multiple solutions. For SignSynth,
the solution | have chosen is to use the IKAN (Inverse Kinematics with Analytical
methods) library developed at the University of Pennsylvania[28].

One of the reasons that SignSynth is currently nat as flexible or as extensive as
would be dedred is that it relies on ASCII-Stokoe as its underlying linguistic
representation. ASCII-Stokoe is a good start for a proof of concept, but it covers
nowhere nea the number of handshapes, locations and movements used in American
Sign Language, let alone other sign languages. It also does not provide away of
representing nonmanual gestures or timing. SignSynth currently uses additions to
ASCII- Stokoe in order to support nonmanual gestures and timing, but will eventually
be upgraded to use a more etensive and flexible system, such as the Literal
Orthogaphy [16] or HamNoSys/SIGML [18].



SignSynth should also al ow a true writing system as input, so that users who are
literate in the suppated system or systems will be ale to create text to be
synthesized. New input modules will alow a user to input texts in SignFont and
eventualy SignWriting or SWML.

Ancther limitation is Web3D, which currently requires any user to dowvnload and
install a separate browser plugin. There ae techniques like Shou3D for displaying
Web3D-like files with Java applets, rather than pugins. SignSynth can be dtered to
produce Shout3D-compatible output, which would eliminate the need for aplugin.
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