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Abstrac t 

This paper describes an implemented system that generates spo-
ken dialogue ,  includin g speech ,  intonation ,  an d gesture ,  usin g 
tw o copie s o f  a n identica l  progra m tha t  diffe r  onl y i n knowl -
edge o f  th e worl d an d whic h mus t  cooperat e t o accomplis h a 
goal .  Th e outpu t  o f  th e dialogu e generatio n i s use d t o driv e 
a three-dimensiona l  interactiv e animate d mode l  -  tw o graphi c 
figures  o n a  compute r  scree n wh o spea k an d gestur e accordin g 
t o th e rule s o f  th e system .  Th e syste m i s base d upo n a  formal , 
predictiv e an d explanator y theor y o f  th e gesture-speec h rela -
tionship .  A  felicitou s outcom e i s a  workin g syste m t o realiz e 
autonomou s animate d conversationa l  agent s fo r  virtua l  realit y 
and othe r  purposes ,  an d a  too l  fo r  investigatin g th e relationshi p 
betwee n speec h an d gesture . 

Introduction 

I n recen t  wor k (e.g .  Alibal i  an d Goldin-Meadow ,  1993 ;  Cas -
sel l  e t  al. ,  1993 ;  McNeill ,  1992 )  i t  ha s bee n argue d tha t  spon -
taneou s gestur e produce d unwittingl y b y speaker s an d th e 
speec h i t  accompanie s for m a n integrate d conceptua l  system . 
Thus ,  gestur e i s  no t  a  translatio n o f  speech ,  o r  irrelevan t 
t o speech .  Gestur e an d speec h ar e differen t  communicativ e 
manifestation s o f  on e singl e menta l  representation .  However , 
unti l  n o w researc h o n th e relationshi p betwee n gestur e an d 
speec h ha s bee n difficul t  t o evaluat e becaus e o f  it s  descriptiv e 
nature .  On e wa y t o m o v e fro m descriptiv e t o predictiv e theo -
rie s i s vi a forma l  models ,  whic h poin t  u p gap s i n knowledg e 
and fuzzines s i n theoretica l  explanations .  W e presen t  suc h a 
model ,  embodie d i n a  dialogu e generatio n progra m tha t  drive s 
tw o animate d huma n figures,  simulatin g conversationa l  inter -
action . 

The dialogu e generatio n i s a  nove l  generalizatio n o f  ear -
lie r  wor k b y Power ,  1977 ,  Houghto n an d Pearson ,  1988 ,  an d 
extend s earlie r  wor k b y Prevos t  an d Steedman ,  1993a ,  t o in -
clud e furthe r  distinction s o f  discours e information ,  allowin g 
gestur e an d mor e sophisticate d conversationa l  intonatio n t o 
be generate d alon g wit h speech .  W e believ e tha t  n o com -
putationa l  syste m tha t  automaticall y generate s conversation s 
betwee n tw o autonomou s human-lik e agents ,  wit h appropri -
at e an d synchronize d speech ,  intonatio n an d han d gestures , 
has bee n implemente d before .  I n th e remainde r  o f  th e in -
troductio n w e describ e researc h o n th e relationshi p betwee n 
gestur e an d speec h tha t  underlie s ou r  attemp t  t o simulat e th e 
behavior .  W e follo w tha t  wit h a  discussio n o f  intonatio n an d 
informatio n structure ,  an d giv e a  se t  o f  rule s fo r  gestur e gen -
eratio n wit h respec t  t o thos e tw o linguisti c variables .  W e the n 
describ e th e variou s module s o f  th e simulation :  th e dialogu e 

generatio n program ,  speec h an d intonatio n synthesis ,  gestur e 
integration ,  an d animatio n interface . 

Four  basi c type s o f  gesture s occu r  onl y durin g speakin g 
(McNeill ,  1992) ;  thes e fou r  type s o f  speech-associate d ges -
tur e hav e bee n th e focu s o f  th e majorit y o f  researc h o n th e 
cognitiv e basi s o f  th e gesture-speec h relationship ,  includin g 
our  own .  Iconic s represen t  som e featur e o f  th e accompanyin g 
speech ,  suc h a s sketchin g a  smal l  rectangula r  spac e wit h one' s 
tw o hand s whil e sayin g "Di d yo u brin g you r  CHECKBOOK?". 
Metaphoric s represen t  a n abstrac t  featur e concurrentl y spo -
ke n about ,  suc h a s formin g a  jaw-lik e shap e wit h on e hand , 
and pullin g i t  toward s one' s bod y whil e saying  "Yo u mus t 
W I T H D R AW money." .  Deictic s indicat e a  poin t  i n space .  The y 
accompan y referenc e t o persons ,  place s an d othe r  spatialize -
abl e discours e entities .  A n exampl e i s pointin g t o th e groun d 
whil e sayin g " D o yo u hav e a n accoun t  a t  Mello n o r  a t  thi s 
bank?" .  Finally ,  Beat s ar e smal l  formles s wave s o f  th e han d 
tha t  occu r  wit h heavil y emphasize d words ,  occasion s o f  turn -
in g ove r  th e floor  t o anothe r  speaker ,  an d othe r  kind s o f  specia l 
linguisti c work .  A n exampl e i s wavin g one' s lef t  han d briefl y 
up an d d o w n alon g wit h th e stresse d word s i n th e phras e " G o 
ahead. " 

Evidenc e fro m man y source s suggest s a  clos e relationshi p 
betwee n speec h an d gesture .  A t  th e prosodi c level ,  Kendon , 
197 4 foun d tha t  th e strok e phas e (mos t  effortfu l  part )  o f  thes e 
gesture s tend s t o co-occu r  wit h o r  jus t  befor e th e phonologi -
call y mos t  prominen t  syllabl e o f  th e accompanyin g speech .  A t 
a cognitiv e level ,  Cassel l  e t  al. ,  199 3 establishe d tha t  listener s 
rel y o n informatio n conveye d i n gestur e a s the y tr y t o compre -
hen d a  story ;  Alibal i  an d Goldin-Meadow ,  199 3 showe d tha t 
childre n m a y expres s i n gestur e informatio n tha t  the y canno t 
yet  expres s i n speech .  Othe r  evidenc e come s fro m th e shee r 
frequenc y o f  gesture s during  speech .  Abou t  three-quarter s o f 
al l  clause s i n narrativ e discours e ar e accompanie d b y gesture s 
of  on e kin d o r  anothe r  (McNeill ,  1992) ,  an d perhap s surpris -
ingly ,  althoug h th e proportio n o f  gestur e type s m a y change , 
al l  o f  thes e gestures ,  an d spontaneou s gesturin g i n general , 
ar e foun d i n discourse s b y speaker s o f  mos t  languages . 

I n thi s pape r  ou r  primar y concer n i s wit h th e semanti c an d 
pragmati c relationshi p betwee n th e tw o media .  Gestur e an d 
speec h d o no t  alway s manifes t  th e sam e informatio n abou t 
an idea ,  bu t  fo r  adult s wha t  the y conve y i s alway s comple -
mentary .  Tha t  is ,  gestur e ma y depic t  th e w a y i n whic h a n 
actio n wa s carrie d ou t  whe n thi s aspec t  o f  meanin g i s no t 
depicte d i n speech .  I t  ha s bee n suggeste d (Kendon ,  1994 ) 
tha t  thos e concept s difficul t  t o expres s i n languag e m a y b e 
conveye d b y gesture .  Thu s simultaneit y o f  tw o events ,  o r  th e 
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respectiv e location s o f  tw o object s ma y b e expresse d b y th e 
positio n o f  th e tw o hands .  I n thi s sense ,  th e gesture-speec h 
relationshi p resemble s th e interactio n o f  word s an d graphic s 
i n th e generatio n o f  multimoda l  tex t  (Feine r  an d M c K e o w n , 
1991 ;  Wahlste r  e t  al. ,  1991) .  I n storytelling ,  narrativ e struc -
tur e m a y b e indexe d b y differentia l  us e o f  gesture :  iconi c 
gesture s ten d t o occu r  wit h plot-advancin g descriptio n o f  th e 
action ,  deicti c gesture s wit h th e introductio n o f  ne w charac -
ters ,  an d bea t  gesture s a t  th e boundarie s o f  episode s (Cassel l 
and McNeill ,  1991) .  Unti l  now ,  however ,  ther e ha s bee n n o 
attemp t  t o predic t  whe n an d wha t  kind s o f  gesture s wil l  occu r 
i n a  discourse . 

We propos e t o us e th e leve l  o f  informatio n structur e t o 
captur e th e regularitie s o f  gestur e occurrence .  Th e infor -
matio n structur e o f  a n utteranc e define s it s relatio n t o othe r 
utterance s i n a  discours e an d t o proposition s i n th e relevan t 
knowledg e pool .  Althoug h a  sentenc e lik e "Georg e withdre w 
fifty  dollars "  ha s a  clea r  semanti c interpretation ,  th e semantic s 
doe s no t  indicat e h o w th e propositio n relate s t o othe r  propo -
sition s i n th e discourse .  Fo r  example ,  th e sentenc e migh t  b e 
an equall y appropriat e respons e t o th e question s " W h o with -
dre w fifty  dollars, "  "Wha t  di d Georg e withdraw, "  "Wha t  di d 
Georg e do, "  o r  eve n "Wha t  happened. "  Whic h questio n i s 
aske d determine s whic h item s i n th e respons e ar e mos t  im -
portan t  o r  salient ,  whic h i n tur n determine s h o w th e phras e i s 
uttered .  Thes e type s o f  salienc e distinction s ar e encode d i n 
th e informatio n structur e representatio n o f  a n utterance . 

Followin g Hallida y an d other s (Halliday ,  1967 ;  HajiCov i 
and Sgall ,  1988) ,  w e us e th e term s them e an d rhem e t o denot e 
tw o distinc t  informatio n structura l  attribute s o f  a n utterance. ' 
Th e them e roughl y correspond s t o wha t  th e utteranc e i s about . 
Th e rhem e correspond s t o wha t  th e speake r  ha s t o contribut e 
concernin g th e theme .  Dependin g o n th e discours e context , 
a give n utteranc e ma y b e divide d o n semanti c an d pragmati c 
ground s int o themati c an d rhemati c constituent s i n a  variet y 
of  ways .  Fo r  example ,  give n th e utteranc e "Georg e withdre w 
fifty  dollars, "  w e migh t  conside r  th e them e t o b e ' H o w muc h 
money Georg e withdrew '  an d th e rhem e t o b e 'fift y  dollars. ' 

Withi n informatio n structura l  constituents ,  w e defin e th e 
semanti c interpretation s o f  certai n item s a s bein g either/o -
cuse d o r  background .  Item s ma y b e focuse d fo r  a  variet y o f 
reasons ,  includin g emphasizin g thei r  newnes s i n th e discours e 
or  makin g contrastivedistinctionsamon g salien t  discours e en -
tities .  Fo r  example ,  i n a  them e concernin g 'Ho w muc h mone y 
Georg e withdrew '  w e m a y sa y tha t  'George '  m a y b e th e focu s 
becaus e i t  stand s i n contras t  t o som e othe r  salien t  discours e 
entity ,  sa y 'Gilbert' .  W e als o mar k th e representatio n o f  enti -
tie s i n informatio n structur e wit h thei r  statu s i n th e discourse . 
Entitie s ar e considere d eithe r  ne w t o discours e an d heare r  (in -
definites) ,  ne w t o discours e bu t  no t  t o heare r  (definite s o n first 
mention) ,  o r  ol d (al l  others )  (Prince ,  1992) . 

Distinc t  intonationa l  tune s hav e bee n show n t o b e asso -
ciate d wit h th e themati c an d rhemati c part s o f  a n utteranc e 
fo r  certai n classe s o f  dialogu e (Prevos t  an d Steedman ,  1993a ; 
Prevos t  an d Steedman ,  1993b ;  Steedman ,  1991) .  I n partic -
ular ,  w e not e tha t  th e standar d rise-fal l  intonatio n generall y 

'Althoug h not e tha t  w e dro p Halliday' s assumptio n tha t  theme s 
occu r  onl y i n sentence-initia l  position .  Functionall y simila r  distinc -
tion s i n thi s contex t  ar e topic/comment ,  given/new ,  an d th e scal e o f 
communicativ e dynamism . 

occur s wit h th e rhemati c par t  o f  man y type s o f  utterances .  Th e 
rise-fal l  intonatio n i s realize d a s a  pitc h pea k o n th e primary -
stres s syllabl e o f  th e focuse d word ,  followe d b y a n immediat e 
fal l  t o a  lowe r  pitc h whic h i s the n sustaine d fo r  th e dura -
tio n o f  th e phrase .  Th e rhemati c par t  o f  yes/n o interrogative s 
i s ofte n accompanie d b y a  fall-ris e intonation ,  realize d a s a 
lo w pitc h targe t  o n th e primary-stres s syllabl e o f  th e focuse d 
word ,  followe d b y a n immediat e ris e t o a  sustaine d highe r 
pitch .  Themati c element s o f  a n utteranc e ar e ofte n marke d 
by a  rise-fall-ris e intonation ,  realize d b y a  ris e t o a  hig h pitc h 
targe t  o n th e primary-stres s syllable ,  followe d b y a n immedi -
at e fal l  t o a  lowe r  pitc h wit h anothe r  pitc h ris e occurrin g a t 
th e en d o f  th e phrase .  Th e followin g example s illustrat e th e 
couplin g o f  tune s wit h theme s an d rhemes . 

(1 ) 
Q:  I  kno w w h o withdre w thre e dollars , 

but  w h o withdre w fifty  dollars ? 
A:  (GEORGE)rhen, e (withdre w RFT Y dollars)ihem e 

(2 ) 
Q:  I  k n o w h o w man y dollar s Gilber t  withdrew , 

but  h o w man y di d Georg e withdraw ? 

A:  (GEORGE withdrew)ihenK :  (FIFT Y dollars)*em e 

We clai m tha t  that ,  jus t  a s intonationa l  feature s ar e associ -
ate d wit h informatio n structura l  aspect s o f  discourse ,  s o to o 
ar e gestures .  W e propos e th e followin g rule s t o predic t  th e 
locatio n an d type s o f  gesture s a s a  functio n o f  informatio n 
structure : 

• Non-beat gestures accompany verb phrases in the rheme, 
and heare r  ne w references ,  a s follows :  word s wit h literall y 
spatia l  conten t  ge t  iconi c gestures ;  thos e wit h metaphor -
icall y spatia l  conten t  ge t  appropriat e metaphorics ;  word s 
wit h spatializabl e conten t  ge t  deictics . 

•  Bea t  gesture s ar e generate d fo r  ver b phrase s i n th e rhem e 
and fo r  heare r  ne w reference s whe n th e semanti c conten t 
canno t  b e represente d spatially . 

•  Beat s accompan y discours e ne w definit e references . 

Generated gestures associated with a word are aligned with 
th e stresse d syllabl e o f  tha t  word .  Thi s i s a  straightforwar d 
tas k fo r  bea t  gesture s whic h ar e simpl y wave s o f  th e hand .  I n 
contrast ,  th e othe r  gesture s hav e a  preparatio n phas e whic h 
occur s befor e th e stroke ;  accordingly ,  gesture s wit h a  prepa -
ratio n phas e mus t  star t  a t  th e beginnin g o f  th e intonationa l 
phras e i n whic h th e associate d wor d occur s t o ensur e tha t  th e 
strok e ca n occu r  o n tha t  word . 

Implementation 

The objective of this project is to provide a testbed where 
predictiv e account s o f  gesture ,  suc h a s th e rule s give n above , 
ca n b e formalize d an d evaluated .  Thi s goa l  place s certai n 
demands o n th e generatio n o f  conten t  fo r  th e "computationa l 
stage "  (McNeill ,  1992 )  share d b y speec h an d gesture .  I n 
particular ,  th e generatio n proces s mus t  provid e precis e an d 
explici t  representation s o f  th e concepts ,  suc h a s informatio n 
structure ,  t o whic h th e theor y o f  gestur e refers . 

The solutio n adopte d her e i s t o simulat e th e worl d an d dis -
cours e action s o f  a n agen t  interactin g wit h anothe r  agen t  i n th e 
servic e o f  accomplishin g a  goa l  i n a  simpl e environment .  Fo r 
th e presen t  implementation ,  th e 'ban k domain '  wa s chose n 

154 



I  DiihUii t  PUmct  h --(wi«li l  M d Aic w Mode l  J 

[  iymkiiicaaamSrcdrtaaa m ]  {symbah c Imomlio o SpecificMni n J 

[  Speec h Synlhc*n « 

r  Phonem e Tuiujig B 

Geniii c  an d Uncranc c Synchniniulii m 

Gcsliii c  P»T-Ne l 

Movement  SpeciricAUo n 

Animauo n Syste m 

r  Graphi c Ouipu i  J 

Figure 1: Interaction of components 

becaus e i n i t  ther e ar e tw o agent s w h o mus t  interac t  linguis -
ticall y t o accomplis h a  goal .  Th e complexit y o f  th e domai n 
and th e step s followe d b y th e agent s ar e analogou s t o thos e o f 
Power ,  197 7 an d Houghto n an d Pearson ,  1988 ,  bu t  her e th e 
model  i s enriche d wit h explici t  representation s o f  th e struc -
tur e o f  discours e an d th e relationshi p o f  th e structur e t o th e 
agents '  domai n plans .  Th e followin g describe s th e dialogu e 
generatio n syste m i n thi s light .  W e the n tur n t o th e othe r 
element s o f  th e syste m represente d i n Figur e 1 . 

The selectio n o f  conten t  fo r  th e dialogu e i n ou r  syste m i s 
performe d b y tw o cascade d planners .  Th e first  i s th e domai n 
planner ,  whic h manage s th e plan s governin g th e concret e ac -
tion s whic h th e agent s wil l  execute ;  th e secon d i s th e discours e 
planner ,  whic h manage s th e communicativ e action s th e agent s 
must  tak e i n orde r  t o agre e o n a  domai n pla n an d i n orde r  t o 
remai n synchronize d whil e executin g a  domai n plan . 

The inpu t  t o th e domai n planne r  i s a  databas e o f  fact s de -
scribin g th e wa y th e worl d works ,  th e goal s  o f  th e agents ,  an d 
th e belief s  o f  th e agent s abou t  th e world ,  includin g th e belief s 
of  th e agent s abou t  eac h other .  Th e domai n planne r  execute s 
by decomposin g a n agent' s curren t  goal s int o a  serie s  o f  mor e 
specifi c  goal s accordin g t o th e hierarchica l  relationshi p be -
twee n action s specifie d i n th e agent' s belief s abou t  th e world . 
An agent' s goal s m a y b e o f  on e o f  tw o forms :  t o obtai n som e 
piec e o f  information ,  o r  t o ensur e tha t  som e stat e hold s i n th e 
world ;  question s ca n b e use d t o achiev e eithe r  kin d o f  goal , 
but  plannin g decomposition s ar e onl y appropriat e fo r  th e sec -
ond kind .  Onc e decompositio n resolve s a  pla n int o a  sequenc e 
of  action s t o performed ,  th e domai n planne r  cause s th e agent s 
l o execut e thos e action s i n sequence .  A s thes e goa l  expan -
sion s an d actio n execution s t^ e place ,  th e domai n planne r 
als o dictate s discours e goal s tha t  agent s mus t  adop t  i n orde r 
t o maintai n an d exploi t  cooperatio n wit h thei r  conversationa l 
partner . 

The domai n planne r  transmit s  it s instruction s t o tak e com -
municativ e action s t o th e discours e planne r  b y suspendin g 
operatio n whe n suc h instruction s ar e generate d an d relin -

quishin g contro l  t o th e discours e planner .  Severa l  stage s o f 
processin g an d conversationa l  interactio n m a y occu r  befor e 
thes e discours e goal s ar e achieved .  Th e discours e planne r 
must  identif y h o w th e goa l  submitte d b y th e domai n planne r 
relate s t o othe r  discours e goal s tha t  m a y stil l  b e i n progress . 
The n conten t  fo r  a  particula r  utteranc e i s selecte d o n th e basi s 
of  h o w th e discours e goa l  i s  decompose d int o sequence s o f 
action s tha t  migh t  achiev e it .  Th e followin g fragmen t  o f  di -
alogu e wa s produce d b y th e dialogu e planner .  Th e previou s 
segment  o f  discours e establishe d tha t  Gilber t  i s a  ban k teller , 
and Georg e a  customer ,  an d tha t  Georg e ha s aske d Gilber t  fo r 
hel p i n obtainin g $50 . 

The dialogu e i s repetitiv e an d explici t  i n it s goal s exactl y 
becaus e th e tw o agent s hav e t o specif y i n advanc e eac h o f  th e 
goal s the y ar e workin g towards ,  an d step s the y ar e following . 
Th e dialogu e generatio n progra m ha s non e o f  th e conversa -
tiona l  inference s tha t  allo w human s t o follo w leap s o f  reason -
ing .  Tru e conversationa l  inferenc e greatl y complicate s th e 
conversationa l  plannin g componen t  o f  dialogu e generation . 
Moreover ,  th e explici t  expressio n o f  al l  conversationa l  move s 
ca n b e viewe d a s a  trac e o f  th e step s tha t  mor e sophisticate d 
conversationa l  inferencer s woul d hav e t o follow . 

Gilbert: Do you have a blank check? 
George :  Yes ,  I  hav e a  blan k check . 
Gilbert :  D o yo u hav e a n accoun t  fo r  th e check ? 
George :  Yes ,  I  hav e a n accoun t  fo r  th e check . 
Gilbert :  Doe s th e accoun t  contai n a t  leas t  fifty  dollars ? 
George :  Yes ,  th e accoun t  contain s eight y dollars . 
Gilbert :  Ge t  th e chec k m a d e ou t  t o yo u fo r  fifty  dollar s 

and the n I  ca n withdra w fifty  dollar s fo r  you . 
George :  Al l  right ,  let' s  ge t  th e chec k m a d e ou t  t o m e 

fo r  fifty  dollars . 

The domain planner and the discourse planner offer a num-
ber  o f  explici t  representationa l  structure s whic h coul d serv e 
as inpu t  i n formulatin g rule s o f  gestur e an d intonation .  A t 
any point ,  o f  course ,  eac h agen t  ha s a  representatio n o f  th e 
domai n pla n tha t  i s bein g executed ,  an d o f  th e constituent s o f 
discours e tha t  g o int o discussio n o f  th e plan .  Explici t  link s 
betwee n thes e tw o structure s indicat e wha t  par t  o f  th e pla n 
eac h discours e segmen t  concerns ;  thes e link s ensur e tha t  con -
versatio n i s coordinate d an d understood .  Thes e thre e kind s 
of  informatio n for m th e basi s fo r  tw o additiona l  level s o f 
representation ,  whic h ar e maintaine d solel y fo r  thei r  possibl e 
relevanc e t o linguisti c processes .  First ,  a  mode l  o f  attentio n 
(th e attentiona l  state )  indicate s whic h entitie s ar e k n o w n t o 
th e participants ,  whic h entitie s hav e bee n referre d to ,  an d 
h o w salien t  thos e entitie s  are .  Th e attentiona l  stat e fo r  som e 
utteranc e i n th e discours e consist s o f  a  lis t  tha t  contains ,  fo r 
eac h discours e segmen t  whic h dominate s tha t  utterance ,  th e 
set s o f  entitie s mentione d i n tha t  segment .  Thes e set s ar e 
ordere d s o tha t  th e entitie s referre d t o i n large r  segment s ar e 
les s salien t  tha n th e entitie s referre d t o i n segment s the y dom -
inate .  Second ,  a  recor d o f  th e purpose s generate d b y th e 
planne r  whic h initiate d discours e action s i s kept .  O f  course , 
i t  ma y happe n tha t  onl y th e agen t  w h o initiate d a n actio n 
know s thi s purpos e exactly .  Accordingly ,  bot h partie s als o 
separatel y recor d th e mos t  specifi c  purpos e fo r  a  segmen t  fo r 
whic h evidenc e ha s bee n given .  Thi s architectur e o f  inten -
tiona l  structure ,  attentiona l  state ,  an d discours e purposes ,  an d 
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th e relationshi p betwee n the m wa s first  propose d b y Gros z 
and Sidner ,  1986 ;  th e implementatio n o f  thes e notion s her e 
follow s thei r  suggestion s a s closel y a s possible .  W e us e thes e 
representation s t o reconstruc t  th e informatio n structur e o f  th e 
dialogu e a s follows . 

• Material is classified as thematic if it occurs in some part of 
th e speaker' s discours e purpos e i n th e curren t  constituen t 
or  it s ancestor s fo r  whic h evidenc e ha s bee n given . 

•  Materia l  i s  classifie d a s rhemati c i f  i t  occur s onl y i n tha t  par t 
of  th e speaker' s discours e purpos e i n th e curren t  segmen t 
or  it s ancestor s fo r  whic h evidenc e ha s no t  bee n provided . 

• Information not meeting either of these criteria constitutes 
linguisti c formulae ,  whic h ar e irrelevan t  t o th e speaker' s 
purpose ,  an d ar e als o labelle d a s thematic . 

Focus is assigned to references according to the theory of 
contras t  i n Prevos t  an d Steedman ,  1993a ,  whil e th e discours e 
statu s o f  entitie s i s  determine d fro m th e agents '  knowledg e 
of  eac h othe r  an d fro m th e attentiona l  state .  Finally ,  th e 
semanti c clas s o f  constituent s i s  retrieve d fro m a  dictionar y 
associatin g semanti c representation s wit h possibl e gesture s 
tha t  migh t  represen t  them. ^ 

Thes e structure s permi t  applicatio n o f  th e rule s fo r  gen -
eratio n o f  gesture s an d intonatio n give n above .  A  varian t 
of  Prevos t  an d Steedman' s algorith m i s use d t o d o this ,  thu s 
generatin g Englis h tex t  annotate d wit h intonationa l  cue s an d 
gestura l  instruction s fro m informatio n structures .  Thes e in -
tonationa l  an d gestur e feature s ar e attache d t o word s i n th e 
dialogu e an d m a y alternativel y b e interprete d a s occurrin g a t 
th e star t  o f  th e associate d word ,  o n th e stresse d syllabl e o f 
th e word ,  o r  a t  th e en d o f  th e word ,  dependin g o n th e feature . 
I n orde r  fo r  th e gesture s t o appea r  a t  th e prope r  time s i n th e 
animation ,  th e tw o stream s mus t  b e synchronize d wit h th e 
synthesize d speech . 

Th e intonatio n strea m provide s a n abstrac t  representatio n 
whic h i s  automaticall y translate d t o a  for m suitabl e fo r  in -
put  t o th e speec h synthesi s component .  W e currentl y us e th e 
A T & T Bel l  Laboratorie s T T S synthesize r  t o produc e th e ac -
tua l  speec h wav e an d phonem e timing s (Liberma n an d Buchs -
baum,  1985) .  T h e followin g exampl e demonstrate s th e into -
nationa l  tune s specifie d b y th e dialogu e planne r  an d sen t  t o 
th e speec h synthesizer . 

Get the check made OUT to you for fifty dollars 
rise  rise  fal l 

and THE N lea n withdra w fifty  dollar s fo r  you . 
rise-fall-rise  rise  fal l 

After transforming the utterances into proper input for the 
synthesize r  an d generatin g th e speec h wav e an d phonem e 
timings ,  th e durationa l  output s fro m th e synthesi s ar e merge d 
by rul e wit h th e abstrac t  intonationa l  an d gestura l  notations . 
Thi s detaile d timin g informatio n (t o th e centisecond )  allow s 
synchronizatio n o f  th e gestura l  animation s wit h th e speech , 
as describe d below . 

^Thi s solutio n i s provisional :  a  richer  semantic s woul d includ e 
th e feature s relevan t  fo r  gestur e generation ,  s o tha t  th e for m o f  ges -
ture s coul d b e generate d algorithmicall y fro m th e semantics .  Not e 
also ,  however ,  tha t  followin g Kendon ,  199 4 w e ar e le d t o believ e 
tha t  gesture s ma y b e mor e standardize d tha n previousl y thought . 

G e s t u r e In teg ra t io n a n d A n i m a t i o n 

I n th e researc h presente d her e th e interactio n betwee n speec h 
and gestur e i s modele d i n suc h a  for m tha t  i t  ca n driv e a n an -
imatio n system^ .  Th e inpu t  t o th e animatio n syste m doe s no t 
specif y ever y smal l  movemen t  o f  th e hands ,  i n orde r  t o creat e 
a flexible  syste m tha t  separate s issue s o f  semantic s fro m phys -
iology .  Th e syste m does ,  however ,  tak e int o accoun t  tempora l 
deformation s o f  gesture s du e t o th e demand s o f  synchronizin g 
gesture s wit h speec h an d wit h on e another . 

Gestur e productio n i s  carrie d ou t  b y a  grou p o f  Paralle l 
Transitio n Network s (PaT-Nets) ,  finite  stat e machine s severa l 
of  whic h ca n b e ru n i n tande m (Becket ,  1994) .  PaT-Net s 
gover n thre e processes ,  tw o o f  whic h concer n th e direc t  pro -
ductio n o f  gestur e throug h th e animatio n system .  Th e first, 
parse-net ,  i s a  contro l  networ k whic h parse s th e outpu t  o f  th e 
speec h synthesi s modul e describe d above .  Thi s finite  stat e 
machin e parse s phonem e representation s on e utteranc e a t  a 
time ;  i n th e curren t  domain ,  thi s mean s als o tha t  on e speake r 
tur n i s parse d a t  a  time . 

U p on th e signallin g o f  a  particula r  gesture ,  parse-ne t  wil l 
instantiat e on e o f  tw o additiona l  PaT-Nets ;  i f  th e gestur e i s a 
beat ,  th e finite  stat e machin e representin g beat s ("beat-net" ) 
wil l  b e called ,  an d i f  a  deictic ,  iconic ,  o r  metaphoric ,  th e 
networ k representin g thes e type s o f  gesture s ("gest-net" )  wil l 
be called .  Thi s separatio n i s  motivate d b y th e "rhyth m hy -
pothesis "  (Tuite ,  1993 )  whic h posit s tha t  beat s aris e fro m th e 
underlyin g rhythmica l  puls e o f  speaking ,  whil e othe r  gesture s 
aris e fro m meanin g representations .  I n addition ,  beat s ar e of -
te n foun d superimpose d ove r  th e othe r  type s o f  gestures ,  an d 
suc h a  separatio n facilitate s implementatio n o f  superposition . 
Finally ,  sinc e on e o f  th e goal s o f  th e mode l  i s t o reflec t  differ -
ence s i n behavio r  a m o n g gestur e types ,  thi s syste m provide s 
fo r  contro l  o f  freedo m versu s boundednes s i n gesture s (e.g . 
an iconi c gestur e o r  emb le m i s tightl y constraine d t o a  par -
ticula r  standar d o f  well-formedness ,  whil e beat s displa y fre e 
movement) ;  fre e gesture s m a y mos t  easil y b e generate d b y a 
separat e PaT-Ne t  whos e parameter s includ e thi s feature . 

Gestur e an d bea t  finite  stat e machine s ar e buil t  a s necessar y 
by th e parser ,  s o tha t  th e gesture s ca n b e represente d a s the y 
arise .  Th e newl y create d instance s o f  th e gestur e an d bea t 
PaT-Net s d o no t  exi t  immediatel y upo n creatin g thei r  respec -
tiv e gestures ;  rather ,  the y paus e an d awai t  furthe r  command s 
fro m th e callin g network ,  i n thi s case ,  parse-net .  Thi s i s t o 
allo w fo r  th e phenomeno n o f  gestur e coarticulation ,  i n whic h 
tw o gesture s m a y occu r  i n a n utteranc e withou t  intermediar y 
relaxation ,  i.e .  withou t  droppin g th e hand s or ,  i n som e cases , 
withou t  relaxin g handshape .  Onc e th e en d o f  th e curren t  ut -
teranc e i s reached ,  th e parse r  add s anothe r  leve l  o f  control :  i t 
force s exi t  withou t  relaxatio n o f  al l  gesture s excep t  th e ges -
tur e a t  th e to p o f  th e stack ;  thi s final  gestur e i s followe d b y a 
relaxatio n o f  th e arms ,  hands ,  an d wrists . 

Th e animatio n itsel f  i s  carrie d ou t  b y Jack® ,  a  progra m 
fo r  controllin g articulate d objects ,  especiall y h u m a n figures. 
Th e figures  hav e joint s an d behavior s designe d t o generat e 
realisti c motion .  Additiona l  module s ca n b e adde d t o dea l 
wit h ne w domains ,  suc h a s gesture . 

^Anothe r  mode l  currentl y i n progres s generate s gaz e an d hea d 
movements ,  an d synchronize s gesture s wit h thes e facia l  parameter s 
as wel l  a s wit h movement s o f  th e lip s (Pelachau d e t  al. ,  1991 ;  Cassel l 
etal. ,  1994) . 
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Figur e 2 :  Example s o f  symboli c gestur e specificatio n 

The PaT-Ne t  syste m issue s gestur e request s t o th e animatio n 
system ,  tellin g th e figure  t o eithe r  rest ,  mak e a  bea t  motion , 
or  mak e a  gestur e involvin g th e hand ,  wrist ,  and/o r  arm .  Fou r 
motio n module s hav e bee n adde d t o th e Jac k system :  han d 
motion ,  wris t  motion ,  ar m motion ,  an d bea t  motion ,  eac h 
whic h ma y b e specifie d separatel y fo r  eac h sid e o f  th e body . 
The animatio n syste m isolate s th e highe r  leve l  PaT-Ne t  syste m 
fro m th e detail s  o f  th e huma n figure  geometry ,  biomechanica l 
modeling ,  an d join t  contro l  functions . 

The han d motion s ca n b e specifie d i n term s o f  a n expand -
abl e librar y o f  han d shapes ,  an d th e curren t  syste m i s base d 
on th e America n Sig n Languag e alphabet .  A n additiona l 
paramete r  control s th e laxnes s o f  th e handshape .  Th e anima -
tio n syste m move s th e fingers  fro m on e positio n t o another , 
attemptin g t o ge t  a s clos e t o th e goa l  position s a s possibl e 
withi n th e contraint s o f  th e tim e allote d an d th e velocit y lim -
it s o f  th e finger  joints .  Th e resul t  i s  tha t  a s th e spee d o f  th e 
gestur e increases ,  th e gesture s wil l  'coarticulate '  i n a  realisti c 
manner . 

The wris t  positio n goal s ar e specifie d i n term s o f  th e han d 
directio n relativ e t o th e figure  (e.g .  fingers  forwar d an d pal m 
up) .  Th e animatio n syste m automaticall y limit s th e wris t  t o 
a realisti c rang e o f  motion .  Bea t  motion s ar e a  specialize d 
for m o f  wris t  motion .  Rathe r  tha n havin g th e goa l  specified , 
th e goa l  i s  automaticall y generate d base d o n th e curren t  po -
sitio n o f  th e wrist .  Th e animatio n syste m select s th e mos t 
comfortabl e wa y fo r  th e figure  t o gestur e i n tha t  situatio n an d 
moves th e wris t  accordingly .  Th e ar m motion s ar e specifie d 
i n a  manne r  simila r  t o tha t  o f  th e wrists ,  excep t  tha t  relativ e 
spatia l  position s (e.g .  nea r  t o th e body ,  fa r  left ,  an d ches t 
high )  ar e give n instea d o f  orientations . 

Gesture Output 

I n Figur e 2 ,  w e se e example s o f  ho w gesture s ar e generate d 
fro m th e discours e conten t  illustrate d b y th e fragmen t  o f  dia -
logu e reproduce d above . 

1.  "D o yo u hav e a  B L A N K C H E C K r 
•  I n th e first  frame ,  a n iconi c gestur e (representin g a 

rectangula r  check )  i s  generate d fro m th e first  men -
tio n (ne w t o hearer )  o f  th e entit y 'blan k check' . 

2.  "Wil l  yo u H E L P m e ge t  fifty  dollars? " 
•  I n th e secon d frame ,  a  metaphori c gestur e (th e com -

m on propos e gesture ,  representin g th e reques t  fo r 
hel p a s a  proposa l  tha t  ca n b e offere d t o th e listener ) 
i s  generate d becaus e o f  th e first  mentio n (ne w t o 
hearer )  o f  th e reques t  fo r  help . 

3.  "Yo u ca n W R I T E th e check. " 
•  I n th e thir d frame ,  a n iconi c gestur e (representin g 

writin g o n a  piec e o f  paper )  i s  generate d fro m th e 
first  mentio n o f  th e concret e actio n o f  'writin g a 
check' . 

4.  " I  wil l  W A I T fo r  yo u t o withdra w fifty  dollar s fo r  me. " 
•  I n th e fourt h frame ,  a  bea t  gestur e ( a movemen t  o f 

th e han d u p an d down )  i s generate d fro m th e first 
mentio n o f  th e concep t  'wai t  for' ,  whic h canno t  b e 
represente d spatially . 

Conclusion 

Most  researc h o n gestur e ha s bee n descriptiv e an d distribu -
tional .  Wit h thi s descriptiv e infrastructur e i n place ,  i t  i s no w 
possibl e t o attemp t  forma l  an d predictiv e theorie s o f  gestur e 
use .  Th e theor y o f  gesture-speec h interactio n describe d abov e 
allowe d u s t o specif y rule s an d writ e algorithm s tha t  driv e a n 
animate d mode l  o f  verba l  an d non-verba l  behavior s i n conver -
sationa l  interaction .  Th e shortcoming s o f  th e implementatio n 
ar e a s interestin g a s it s successes .  I n particular ,  whil e th e 
theor y quit e successfull y specifie d whe n gesture s migh t  b e 
expecte d i n a  discourse ,  an d wha t  th e tempora l  relationshi p 
betwee n thos e gesture s an d speec h is ,  i t  lacke d a  basi s fo r  dis -
tributin g communicativ e loa d amon g gesture ,  speec h content , 
and intonation .  Tha t  is ,  th e discours e mode l  migh t  generat e 
turn-takin g phrase s suc h a s "G o ahead "  an d tils o generat e bea t 
gesture s t o accompan y thos e phrases .  I n natura l  huma n inter -
action ,  i t  i s  mor e likel y tha t  eithe r  gestur e o r  speec h tak e o n 
suc h a  linguisti c function ,  bu t  no t  th e tw o system s simultane -
ously .  W e expec t  t o retur n t o th e paralle l  establishe d abov e 
wit h automaticall y generate d coordinate d multimedi a presen -
tation s a s a  wa y o f  improvin g ou r  model .  I n th e meantime , 
we hav e demonstrate d tha t  gestur e an d speec h ca n b e gen -
erate d fro m on e singl e underlyin g semanti c representation , 
reflectin g a n integrate d conceptua l  system .  An d i n s o doing , 
we hav e implemente d autonomou s animate d conversationa l 
agents ,  an d a  testbe d t o explor e furthe r  theorie s o f  gesture . 
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