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Carnegi e Mello n Universit y 

Pittsburgh ,  P A 1521 3 
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Abstrac t 

As autonomou s agents '  interaction s wit h human s becom e 
richer ,  w e believ e i t  wil l  becom e increasingl y importan t 
fo r  som e o f  th e agent s t o hav e believabl e an d engag -
in g personalities .  I n previou s paper s w e hav e describe d 
Tok ,  a  broa d agen t  architectur e whic h integrate s reactiv -
ity ,  goal-directe d behavior ,  emotio n an d som e memor y 
and inferenc e fo r  agent s i n non-real-tim e worlds .  I n thi s 
pape r  w e discus s th e issue s raise d whe n w e exten d To k 
t o wor k i n real-time ,  animate d domains .  Convincin g 
animate d motio n pose s thre e challenge s t o th e architec -
ture :  multipleprimitiveaction s an d highe r  leve l  activitie s 
must  b e execute d simultaneously ;  futur e action s mus t  b e 
k n o w n befor e curren t  action s complete ,  t o enabl e smoot h 
animation ;  an d th e min d mus t  b e fas t  enoug h t o provid e 
th e impressio n o f  awareness .  Her e w e describ e Hap , 
th e reactiv e substrat e o f  Tok ,  an d it s approache s t o thes e 
challenges .  Th e describe d architectur e wa s use d fo r  th e 
creatio n o f  thre e agents ,  calle d woggles ,  i n a  worl d title d 
Edge o f  Intention ,  whic h wa s first  show n a t  th e A A A I - 9 2 
Al-base d Art s Exhibition . 

Introduction 

Artist s regularl y construc t  character s whe n the y creat e 
storie s i n noninteractiv e medi a suc h a s animate d films 
or  novels .  Ther e ar e know n technique s fo r  makin g th e 
constructe d character s believabl e an d engagin g wit h dis -
tinct ,  recognizabl e personalitie s (Thoma s &  Johnston , 
1981 ;  Gardner ,  1991) .  Compute r  scientist s als o creat e 
character s i n th e for m o f  autonomou s agent s fo r  interac -
tiv e worlds .  A s thes e agents '  interaction s wit h human s 
become richer ,  w e believ e i t  wil l  becom e increasingl y 
importan t  fo r  som e o f  the m t o hav e believabl e an d en -
gagin g personalities . 

To thi s en d w e ar e studyin g requirement s an d tech -
nique s t o construc t  believabl e agent s fo r  interactiv e 
worlds .  W e suspec t  on e requiremen t  fo r  believabl e inter -
activ e agent s i s tha t  the y hav e broa d thoug h perhap s shal -
lo w capabilities .  Thi s requiremen t  i s describe d i n (Bates , 
Loyal l  &  Reilly ,  1991) ,  an d ou r  eifort s towar d construct -
in g suc h broa d agent s hav e bee n describe d i n (Bates , 
Loyal l  &  Reilly ,  1992b ;  Bates ,  Loyal l  &  Reilly ,  1992a) . 
Thos e paper s describ e a n agen t  architecture ,  calle d Tok , 
tha t  integrate s reactivity ,  goal-directe d behavior ,  emotio n 

and som e memor y an d inferenc e fo r  agent s i n interactiv e 
fiction  worlds . 

I n thi s pape r  w e discus s th e issue s raise d whe n ex -
tendin g thi s wor k t o believabl e agent s fo r  a  real-time , 
animate d domain .  W e foun d thre e challenge s i n thi s ex -
tension .  First ,  whe n a n animate d creatur e i s performin g a 
sequenc e o f  actions ,  th e nex t  actio n mus t  ofte n b e know n 
i n advanc e t o determin e i n detai l  h o w t o animat e th e 
curren t  action .  Fo r  example ,  dependin g o n whethe r  th e 
agen t  i s immediatel y jumpin g agai n o r  stopping ,  th e wa y 
th e agen t  transfer s m o m e n t u m durin g th e final  par t  o f  a 
jum p i s different . 

Second ,  creature s w e normall y see ,  whethe r  rea l  o r 
animated ,  perfor m multipl e action s a t  on e time .  Dog s 
wag thei r  tail ,  an d mov e thei r  ears ,  hea d an d eye s whil e 
the y ar e barkin g t o ge t  you r  attention .  I f  w e wan t  ou r 
creature s t o hav e convincin g behavior ,  the y als o nee d t o 
be abl e t o perfor m multipl e action s an d pursu e multipl e 
highe r  leve l  activitie s concurrently . 

Third ,  creature s i n a  real-tim e domai n mus t  thin k fas t 
enoug h t o kee p up .  I n ou r  domai n primitiv e action s 
hav e duration s betwee n 10 0 an d 150 0 milliseconds .  Th e 
creature s mus t  b e abl e t o respon d t o thei r  o w n an d othe r 
creatures '  action s a s the y ar e occurting .  I n addition ,  t o 
appea r  activ e the y mus t  b e abl e t o produc e action s a t  th e 
same rat e the y ar e bein g complete d b y thei r  o w n bodies . 
Thi s deman d i s increase d becaus e multipl e action s ar e 
ofte n executin g simultaneously . 

Our  approache s t o thes e challenge s largel y appea r  i n 
th e reactiv e substrat e o f  th e To k architecture ,  calle d Hap , 
so Ha p wil l  dominat e ou r  discussion .  Fo r  informatio n 
abou t  To k a s a  whol e se e (Bates ,  Loyal l  &  Reilly ,  1992b ; 
Bates ,  Loyal l  &  Reilly ,  1992a) .  Fo r  detaile d informatio n 
abou t  th e emotio n componen t  o f  To k se e (Reill y &  Bates , 
1992) . 

Th e architectur e describe d her e wa s use d fo r  th e cre -
atio n o f  thre e agents ,  calle d woggles ,  i n a  worl d ti -
tle d Edg e o f  Intention .  Thi s worl d wa s first  show n a t 
th e A A A I - 9 2 Al-base d Art s Exhibition ,  an d i s visitin g 
othe r  sites .  Th e architectur e i s par t  o f  th e O z projec t  a t 
Carnegi e Mellon ,  whic h develop s technolog y fo r  artis -
ticall y interesting ,  highl y interactive ,  simulate d worlds . 
Thes e world s ar e intende d t o giv e user s th e experienc e o f 
livin g i n (no t  merel y watching )  dramaticall y ric h world s 
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Figur e 1 :  Th e Edg e o f  Intentio n worl d 

tha t  includ e believable ,  engagin g agent s (Bates ,  1992) . 

Domain 

The woggle's  worl d i s show n i n Figur e 1 .  Th e physica l 
worl d i s designe d t o b e somethin g lik e a  child' s play -
groun d o r  on e o f  th e anima l  environment s i n a  zoo .  Th e 
styl e wa s intende d t o b e reminiscen t  o f  th e world s cre -
ate d b y Dr .  Seus s i n hi s popula r  children' s book s (Seuss , 
1975) .  Ther e ar e area s i n th e worl d whic h ar e conduciv e 
t o sleeping ,  playing ,  exploring ,  exercising ,  showin g of f 
and observin g th e world .  Th e thre e woggle s us e thes e 
area s a s wel l  a s th e res t  o f  th e worl d a s the y g o abou t 
thei r  norma l  behaviors .  The y pla y together ,  fight,  relax , 
explor e th e world ,  m o p e whe n the y ar e sad ,  tr y t o chee r 
up thei r  sa d friends ,  etc .  Figur e 3  list s additiona l  behav -
iors .  Th e use r  ca n tak e par t  i n man y o f  thes e activitie s b y 
controllin g a  fourt h woggle ,  whic h i s otherwis e inactive , 
wit h th e mouse . 

The thre e creature s themselve s wer e designe d t o hav e 
somewhat  stereotypica l  personalities :  Wol f  i s a n aggres -
siv e character ;  Shrim p i s a  friendly ,  mee k one ;  an d Bea r 
i s a  protector .  Thes e characterization s ar e reflecte d i n th e 
agents '  behavior .  Bea r  become s sa d whe n ther e i s strif e 
i n th e worl d an d wil l  ofte n tr y t o sto p it ,  whil e Wol f  see s 
i t  a s a n opportunit y t o amus e himself .  Shrim p i s ofte n 
afraid ,  an d almos t  neve r  doe s anythin g aggressive . 

Specifically ,  th e worl d i s modele d a s a  heigh t  field  wit h 
simpl e physics .  I t  i s a  rectangularl y bounde d plan e wit h 
eac h poin t  havin g a n associate d heigh t  representin g th e 
tenai n surfac e a t  tha t  point' .  Eac h agent' s bod y i s a n 
ellipsoi d wit h eyes . 

The agent s canno t  se e th e color s painte d ont o th e 
world ,  bu t  ca n sens e th e shap e o f  th e worl d b y query -
in g height s a t  individua l  point s i n th e x, y plane .  The y 
can als o sens e eac h othe r  t o determin e propertie s suc h 
as wher e a n agen t  i s located ,  wher e a n agent' s eye s ar e 
pointed ,  whic h primitiv e action s ar e bein g performed , 
etc .  Activ e sonar s ar e connecte d t o th e syste m s o tha t  th e 

actio n initiation . 
tcrminauon , 

timin g 
dependencie s 

activ e pla n lie e subgua J 
indemn g 

m e m o ry 

instanuate d 
plan s 

GGG 

actio n 
completio n 
statu s 

senso r 
(ue)actjvauo n 
qucne s 

selecuv c continuou s 
moto r  contro l pcrccpuo n 

motio n sensin g 

simulate d worl d 

Figur e 2 :  Th e Ha p Architectur e 

creature s ca n sens e th e presenc e an d locatio n o f  nearb y 
humans. 

I n eac h creature ,  action s ar e sen t  from  To k t o th e 
agent' s bod y t o b e executed .  Th e bod y notifie s th e min d 
when action s ar e actuall y starte d an d whe n the y finish. 
Multipl e action s ca n b e execute d simultaneousl y i f  the y 
do no t  requir e th e sam e bod y resources^ .  Th e primitiv e 
act s whic h ca n b e performe d ar e jump ,  turn ,  squash ,  puf f 
up,  slide ,  chang e color ,  m o v e eye s an d fac e a  poin t  o r 
trac k  i t  wit h eyes . 

The tas k facin g To k i s t o produc e a  serie s o f  potentiall y 
overlappin g action s tha t  mak e th e creatur e see m alive . 

Basic Hap 

Hap i s th e reactiv e substrat e o f  th e To k architecture .  I n 
thi s sectio n w e describ e th e basi c Ha p architecture .  A n 
earl y versio n o f  basi c Ha p ha s bee n describe d i n (Loyal l 
& Bates ,  1991) .  Basi c Ha p develope d fro m ou r  desir e t o 
exten d th e idea s o f  situate d activit y an d reactivit y (Agr e 
& Chapman ,  1990 ;  Brooks ,  1986 )  wit h explici t  goals , 
whic h w e fel t  necessar y i n broa d agents .  Ha p ha s simi -
laritie s wit h othe r  reactiv e architectures ,  (Nilsson ,  1992 ; 
Simmons ,  1991 ;  Maes ,  1989 ;  Kaelbling & Rosenschein , 
1990) ,  bu t  i s mos t  simila r  t o Firby' s R A P s (Firby ,  1989 ) 
and Georgef f  an d Lansky' s P R S syste m (Georgef f  &  Lan -
sky ,  1987) .  Lik e severa l  o f  thes e systems .  H a p facilitate s 
hierarchica l  compositio n o f  behavior s fro m primitiv e ac -
tions . 

The Ha p architectur e i s show n i n Figur e 2 .  H a p di -
rectl y support s goal-directe d actio n producin g behaviors , 
and allow s th e encodin g o f  cognitiv e tasks .  I t  contin -
uousl y choose s th e agent' s nex t  actio n base d o n per -
ception ,  curren t  goals ,  emotiona l  stat e an d aspect s o f 
interna l  state .  Goal s i n Ha p contai n a n atomi c nam e 
and a  se t  o f  parameter s whic h ar e instantiate d whe n th e 

'Th e tw o funne l  shape d chute s ar e actuall y cylinder s wit h 
th e funne l  shap e painte d ont o th e surface .  Th e bushe s i n th e 
backgroun d ar e likewis e painted . 

^Eac h woggl e bod y ha s 2 7 resource s includin g suc h thing s 
as th e cente r  o f  th e woggle ,  whic h directio n i t  i s facing ,  etc . 
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goal  become s active ,  fo r  exampl e ( t e a s e < o t h e r > ) . 
Goal s d o no t  characteriz e worl d state s t o accomplish , 
and Ha p doe s n o planning .  Instead ,  set s o f  action s 
(whic h fo r  historica l  reason s w e cal l  "plans" )  ar e cho -
sen fro m a n unchangin g pla n library .  Thes e plan s 
ar e eithe r  ordere d o r  unordere d collection s o f  subgoals , 
physica l  action s an d menta l  action s whic h ca n b e use d 
t o accomplis h th e invokin g goal .  Fo r  example ,  on e 
pla n fo r  th e abov e t e a s e goa l  i s  th e sequenc e o f 
subgoals :  ( g o t o < o t h e r > ) ,  ( g ree t  < o t h e r > ) , 
( r u n -  f r o m < o t h e r > ) .  Subgoal s ar e constructe d b y 

th e author ,  primitiv e physica l  action s ar e give n b y th e 
domain ,  an d menta l  action s ar e give n b y th e underlyin g 
languag e (eithe r  Lis p o r  C ) ,  an d typicall y includ e suc h 
action s a s storin g a  fact ,  performin g calculations ,  etc . 

Plan s hav e testabl e precondition s whic h ar e tru e whe n 
th e pla n i s applicabl e fo r  a  goa l  i n th e curren t  stat e o f  th e 
world .  Multipl e plan s ca n b e writte n fo r  a  give n goal , 
wit h Ha p choosin g betwee n th e plan s a t  executio n time . 
I f  a  pla n fails ,  Ha p wil l  attemp t  an y alternat e plan s fo r 
th e give n goal ,  an d thu s perfor m a  kin d o f  backtrackin g 
searc h i n th e rea l  world . 

Hap store s al l  activ e goal s an d plan s i n a  structur e 
calle d th e activ e pla n tre e (APT) .  Thi s i s a  tre e o f  alter -
natin g layer s o f  goal s an d plans .  Th e firs t  laye r  o f  th e 
A PT i s th e collectio n o f  to p leve l  goal s fo r  th e creature . 
A goal' s child ,  i f  i t  ha s one ,  i s th e activ e pla n fo r  tha t  goal . 
A plan' s childre n ar e it s componen t  subgoals ,  physica l 
action s an d menta l  actions .  Th e A P T i s constantl y chang -
ing :  expandin g a s plan s wit h thei r  componen t  subgoal s 
ar e chose n fo r  god s an d shrinkin g a s goal s an d plan s suc -
cee d an d fail .  Physica l  action s succee d o r  fai l  dependin g 
on thei r  realizatio n i n th e world .  Menta l  action s alway s 
succeed .  Goal s succee d whe n a  pla n fo r  th e goa l  suc -
ceeds ,  an d fai l  i f  al l  o f  th e applicabl e plan s hav e failed . 
Plan s succee d i f  al l  o f  th e componen t  step s succee d an d 
fai l  i f  an y o f  th e step s fail . 

Ther e ar e variou s annotation s i n th e A P T t o suppor t  re -
activit y an d th e managemen t  o f  multipl e top-leve l  goals . 
T wo importan t  annotation s ar e contex t  condition s an d 
succes s tests .  Bot h o f  thes e ar e arbitrar y testabl e ex -
pression s ove r  th e perceive d stat e o f  th e worl d an d othe r 
aspect s o f  interna l  state .  Succes s test s ca n b e associate d 
wit h an y goa l  i n th e A P T .  W h e n a  succes s tes t  i s  true ,  it s 
associate d goa l  i s  deeme d t o hav e bee n accomplishe d an d 
thu s n o longe r  need s t o b e pursued .  Fo r  example ,  th e firs t 
ste p o f  th e t e a s e pla n describe d abov e ha s a  succes s 
tes t  associate d wit h i t  t o determin e i f  th e agen t  i s  alread y 
near  < o t h e r > .  I f  thi s tes t  i s  tru e whe n th e pla n begins , 
th e ste p ( g o t o < o t h e r > }  woul d b e skipped .  Also , 
i f  th e agen t  i s i n th e proces s o f  goin g towar d < o t h e r > 
when som e externa l  facto r  cause s th e tes t  t o b e true ,  th e 
succes s tes t  woul d enabl e Ha p t o recogniz e tha t  th e goa l 
has succeede d an d sto p pursuin g it . 

Analogously ,  contex t  condition s ca n b e associate d 
wit h plan s i n th e activ e pla n tree .  W h e n a  contex t  con -
ditio n become s fals e it s associate d pla n i s deeme d n o 
longe r  applicabl e i n th e curren t  stat e o f  th e world .  Tha t 
pla n fail s an d a  ne w pla n mus t  b e chose n t o accomplis h 

th e invokin g goal . 

Ever y goa l  instanc e ha s a  priorit y number ,  use d b y 
Hap whe n choosin g a  goa l  t o execute ,  an d a n importanc e 
number ,  use d b y th e emotio n syste m whe n considerin g 
th e significanc e o f  th e goal .  Thes e annotation s ar e as -
signe d t o instance s o f  goal s rathe r  tha n t o type s o f  goals , 
becaus e identica l  goal s coul d hav e differen t  priorit y o r 
emotiona l  importanc e dependin g o n th e contex t  i n whic h 
the y arise .  Fo r  example ,  th e goa l  o f  goin g t o a n are a a s a 
subgoa l  t o a  ru n awa y goa l  woul d likel y hav e a  highe r  pri -
orit y tha n th e sam e goa l  i n pursui t  o f  a n exploratio n goal . 

Any goa l  ca n b e annotate d a s persisten t  wit h respec t  t o 
success ,  failur e o r  both .  A  goa l  s o marke d remain s i n th e 
tre e upo n succes s o r  failur e rathe r  tha n bein g removed , 
and i s rese t  s o tha t  i t  i s  agai n availabl e t o b e pursued . 

Multipl e plan s fo r  a  goa l  ca n b e partiall y  ordere d b y 
specificit y usin g numeri c annotations .  Ha p use s thes e t o 
choos e mor e specifi c  plan s whe n multipl e plan s apply . 

Hap execute s b y firs t  modifyin g th e A P T base d o n 
change s i n th e world :  goal s whos e succes s test s ar e tru e 
and plan s whos e contex t  condition s ar e fals e ar e remove d 
alon g wit h an y subordinat e subgoal s o r  plans .  Next ,  on e 
of  th e lea f  goal s i s chosen .  Thi s choic e i s mad e b y a 
goal  arbite r  whic h prefer s hig h priorit y goal s and ,  amon g 
goal s o f  equa l  priority ,  prefer s continuin g th e activ e lin e 
of  expansion .  I f  th e chose n goa l  i s  a  primitiv e menta l 
action ,  i t  i s  executed .  I f  i t  i s  a  physica l  action ,  i t  i s  sen t 
t o th e bod y t o b e executed .  Otherwise ,  th e pla n librar y i s 
indexe d an d th e pla n arbite r  choose s on e pla n fo r  th e goa l 
fro m amon g thos e whos e precondition s ar e true .  Th e pla n 
arbite r  wil l  no t  choos e plan s whic h hav e alread y faile d 
t o achiev e thi s goa l  instance ,  an d prefer s mor e specifi c 
plan s ove r  les s specifi c  one s usin g th e specificit y anno -
tation .  Th e chose n pla n an d it s componen t  subgoal s ar e 
adde d t o th e APT ,  an d th e executio n loo p repeats . 

Hap include s a  specia l  typ e o f  goa l  calle d wai t  tha t  i s 
neve r  chose n b y th e goa l  arbiter .  Thus ,  whe n presen t  i n 
a sequentia l  pla n i t  suspend s tha t  pla n unti l  removed .  I t 
can b e remove d b y a n associate d succes s tes t  becomin g 
true ,  o r  b y succes s o r  failur e o f  on e o f  it s  ancestor s i n th e 
tree .  Arbitrar y demon s ca n b e encode d usin g wai t  goals . 

Goal s ca n hav e tw o additiona l  annotations :  ignore -
failurean d effect-only .  Goal s marke d wit h ignore-failur e 
trea t  failur e a s succes s thu s makin g th e attemp t  o f  th e 
goal  enoug h fo r  success .  Th e effect-onl y annotatio n 
cause s th e marke d goa l  t o b e irrelevan t  i n determinin g 
th e succes s o f  it s  paren t  plan .  Th e paren t  pla n the n suc -
ceed s whe n al l  o f  it s  othe r  subgoal s succee d regardles s 
of  whethe r  th e marke d goa l  ha s bee n attempted . 

Hap a s describe d i n thi s sectio n i s implemente d i n Lis p 
and i s currentl y bein g use d t o develo p agent s fo r  th e O z 
project' s tex t  interfac e interactiv e fictio n worlds . 

Real-Time Hap 

To respon d t o th e challenge s o f  a  real-time ,  animate d 
domain ,  a  numbe r  o f  refinement s t o thi s basi c architec -
tur e ar e necessary :  (1 )  paralle l  executio n o f  multipl e 
action s an d goals ,  (2 )  earl y productio n o f  nex t  action s t o 
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allo w smoot h animation ,  (3 )  automati c managemen t  o f 
selectiv e sensors ,  an d (4 )  incrementa l  evaluatio n o f  th e 
continuousl y monitore d conditions . 

Parallel Execution of Goals and Actions 

As mentione d earlier ,  fo r  agent s t o appea r  realistic ,  the y 
must  d o mor e tha n on e thin g a t  a  time .  Basi c Ha p allow s 
agent s t o hol d multipl e paralle l  goal s throug h th e to p leve l 
paralle l  se t  o f  goal s an d throug h paralle l  plan s whic h aris e 
durin g execution .  Lik e othe r  goal-directe d reactiv e archi -
tecture s (Firby ,  1989 ;  Georgef f  &  Lansky ,  1987) ,  basi c 
Hap manage s thes e multipl e goal s b y concentratin g o n 
th e mos t  critica l  accordin g t o it s arbitratio n mechanism , 
and fo r  th e mos t  par t  onl y attend s t o othe r  goal s afte r  th e 
curren t  goa l  complete s o r  a s event s trigge r  demons . 

I n real-tim e Hap ,  al l  o f  a n agent' s activ e goal s ca n 
be attende d to ,  potentiall y  producin g multipl e action s o r 
performin g paralle l  cognitiv e processing .  H a p use s a 
greed y approac h b y attendin g t o th e mos t  critica l  goal s 
first  an d mixin g i n other s a s tim e allows .  I n eac h deci -
sio n cycl e Ha p choose s th e mos t  critica l  o f  th e availabl e 
lea f  goals .  Thi s threa d o f  behavio r  i s  attende d t o unti l  i t 
i s  interrupted ,  a s i n basi c Hap ,  o r  i t  become s suspended . 
For  example ,  whe n a  j um p actio n i n a  sequentia l  pla n i s 
sent  t o th e bod y t o b e executed ,  th e pla n canno t  continu e 
unti l  th e actio n completes .  W h e n a  threa d i s suspende d 
Hap use s th e availabl e processin g tim e (i n thi s cas e ap -
proximatel y 120 0 millisecond s o f  rea l  time )  t o atten d t o 
th e other ,  perhap s unrelated ,  availabl e goals .  A  threa d 
of  behavio r  coul d als o b e suspende d i f  it s  curren t  goa l  i s 
th e specia l  for m wai t  o r  i f  it s  curren t  goa l  i s  incompatibl e 
wit h a  mor e critica l  executin g thread . 

Thi s notio n o f  incompatibl e goal s deserve s furthe r 
comment .  T w o action s ar e considere d incompatibl e i f 
the y us e th e sam e bod y resources .  Fo r  exampl e th e 
jum p an d slid e action s bot h m o v e th e bod y an d s o can -
not  execut e simultaneously .  Similarly ,  goal s ca n b e in -
compatibl e wit h othe r  goal s o r  wit h actions .  Thes e goa l 
incompatibilitiesexis t  independentl y o f  an y primitiveac -
tio n resourc e conflict .  Fo r  example ,  while  sleepin g th e 
primitiv e action s bein g execute d ar e rathe r  spars e an d d o 
not  b y themselve s preclud e concurrentl y executin g othe r 
primitiv e actions .  I n th e woggles ,  however ,  th e goa l 
of  sleepin g i s incompatibl e wit h action s o r  goal s whic h 
significantl y m o v e th e body . 

Hap allow s author s t o specif y pair s o f  goal s o r  action s 
whic h ar e incompatible .  Th e woggle s hav e a n averag e o f 
49 pair s each .  Durin g processing .  Ha p wil l  no t  allo w tw o 
incompatibl e goal s t o b e pursue d a t  th e sam e time .  Th e 
mor e critica l  on e accordin g t o th e goa l  arbite r  i s  pursue d 
whil e th e othe r  i s temporaril y  suspended . 

Early Production of Next Action 

To allo w th e moto r  contro l  par t  o f  th e animatio n syste m 
t o provid e smoot h motion ,  H a p attempt s t o provid e th e 
nex t  actio n fo r  eac h threa d befor e th e curren t  actio n fin-
ishes .  O n e hundre d millisecond s prio r  t o th e completio n 
of  a n actio n H a p assume s tha t  th e actio n wil l  complet e 
successfully .  I t  the n ca n us e thi s tim e t o comput e th e nex t 

actio n alon g tha t  thread .  I f  a n actio n i s produced ,  i t  i s 
sent  t o th e moto r  syste m t o b e execute d afte r  th e curren t 
action .  Al l  o f  Hap' s reactiv e mechanism s appl y t o thes e 
pendin g action s a s wel l  a s t o norma l  H a p execution ,  s o 
i n th e even t  tha t  H a p choose s t o abor t  a  pendin g action , 
a messag e i s sen t  t o th e moto r  syste m an d i t  i s  removed . 

Of  course ,  i f  th e agen t  i s  currentl y attendin g t o some -
thin g mor e critica l  tha n thi s thread ,  i t  wil l  continu e t o b e 
attende d t o an d th e nex t  actio n wil l  likel y no t  b e com -
puted .  Th e moto r  contro l  syste m wil l  assum e tha t  actio n 
fo r  thi s se t  o f  muscle s i s temporaril y  ending .  Also ,  i f 
th e curren t  actio n fail s  afte r  i t  ha s bee n assume d t o finish 
successfully ,  th e agen t  mus t  recove r  fro m it s incorrec t 
assumptio n usin g it s variou s reactiv e mechanisms ,  suc h 
as succes s test s an d contex t  conditions . 

Selective Sensing 

Sensin g i n a  real-time ,  animate d worl d mus t  b e efficient . 
To thi s end ,  H a p creature s emplo y task-specifi c  sensor s 
whic h ca n b e turne d o n o r  of f  a s needed .  Eac h senso r 
observe s a  lo w leve l  aspec t  o f  th e worl d an d notifie s th e 
min d whe n tha t  aspect' s valu e changes .  Typica l  sensor s 
ar e "ca n I  se e woggl e X  jumping "  an d "wha t  i s th e posi -
tio n o f  woggl e X" .  Th e aspect s o f  th e worl d whic h mus t 
be know n t o evaluat e a n agent' s preconditions ,  succes s 
test s an d contex t  condition s ar e note d whe n thes e condi -
tion s ar e writte n b y associatin g a  lis t  o f  sensor s fo r  eac h 
condition .  H a p automaticall y manage s th e sensor s b y 
turnin g the m o n an d of f  whe n appropriate .  A s a  lea f  sub -
goal  i s  chose n t o b e executed ,  sensor s neede d t o evaluat e 
th e precondition s fo r  tha t  goal' s plan s ar e automaticall y 
turne d on ,  an d the n turne d of f  agai n afte r  a  pla n i s chosen . 
Likewise ,  whe n a  particula r  goa l  o r  pla n i s presen t  i n th e 
A P T,  th e sensor s relevan t  t o evaluatin g an y succes s test s 
or  contex t  condition s ar e turne d on .  W h e n tha t  goa l  o r 
pla n i s remove d fro m th e tre e becaus e o f  success ,  failur e 
or  irrelevance ,  th e sensor s ar e turne d off .  Becaus e th e 
same senso r  m a y b e neede d fo r  severa l  differen t  con -
dition s a t  a  time ,  th e sensor s ar e share d an d referenc e 
counted .  I n th e woggle s w e observe d roughl y a  facto r  o f 
tw o reductio n i n activ e sensor s a s a  resul t  o f  thi s sharing . 

Incremental Evaluation of Conditions 

Typicall y a  Ha p agen t  ha s a  numbe r  o f  continuousl y mon -
itore d condition s (contex t  condition s an d succes s tests ) 
activ e a t  an y give n time .  I n orde r  fo r  thes e agent s t o 
ru n fas t  enoug h fo r  a  real-tim e animatio n system ,  w e be -
liev e i t  i s  usefu l  t o evaluat e the m incrementally .  Thu s 
character s writte n i n th e H a p languag e ar e compile d t o 
R AL (Forgy ,  1991) ,  a  productio n syste m extensio n o f  th e 
C programmin g languag e tha t  include s a  R E T E (Forgy , 
1982 )  incrementa l  matche r  implementation .  Th e charac -
ter' s A P T i s represente d i n workin g memory ,  wit h con -
tex t  conditions ,  succes s tests ,  an d precondition s compile d 
t o rules .  Thes e rule s fire  t o prun e an d expan d th e tree , 
wit h additiona l  runtim e suppor t  rule s include d t o com -
plet e th e architecture .  I n Edg e o f  Intention ,  th e real-tim e 
Hap agent s execut e approximatel y 5 0 time s faste r  tha n 
basi c Ha p agents . 
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Actio n 
follow-the-leade r 
lead-lhe-followe r 
freok-ou l 
go-to-plac e 
go-to-woggl e 
help-frien d 
jump-in-chut e 
m o pe 
watch-nervousl y 
res t 
roll-eye s 
nin-awa y 
sig h 
console-frien d 
do-fun-acrobatic s 
greet-humu n 
hey 
wander-explor e 
thrtaten-for-fu n 

Behavior s 
save-frien d 
seek-out-woggl e 
sleep-until-reste d 
stay-in-vie w 
release-aggressio n 
tease-woggl e 
watch-huma n 
dance-on-pedestal s 
trembl e 
dart-eye s 
watch-a-woggl e 
look-for-huma n 
blin k 
threate n 
fight-back 
proiect-frien d 
gang-up-o n 
amuse 

Emotio n Behavior s 
handle-goal-failur e 
handle-goal-succes s 
infer-blam e 
infer-credi l 
fear-being-hur t 
react-to-threa t 
react-to-threat-to-othe r 
rcact-to-falling-behind-in -

follow-the-leade r 
clean-u p 
decay-emotion s 

Sensin g Behavior s 
recognize-aggressio n 
recognize-escap e 
recognize-he y 
recognizc-threat-to-othe r 
recognlze-teasin g 
recognlze-mopin g 

Figur e 3 :  Woggl e Behavior s 

B u i l d i n g H i g h e r  Funct iona l i t y o n H a p 

Hap was initially designed to be a reactive architecture 
fo r  action .  A s w e hav e continue d t o buil d creatures ,  it s 
rol e ha s broadene d somewhat .  I n additio n t o th e actio n 
producin g behaviors ,  aspect s o f  sensin g an d emotio n ar e 
implemente d usin g H a p behaviors .  S o m e o f  th e behav -
ior s fo r  th e woggle s ar e liste d i n Figur e 3 .  ( A complet e 
woggl e contain s abou t  25 0 goa l  type s an d 50 0 plans. ) 

Th e task-specifi c  sensor s provid e sensor y informatio n 
at  a  lo w level ,  includin g primitiv e actio n events .  T o b e 
effective ,  agent s nee d t o b e abl e t o recogniz e abstrac t 
composite s o f  thi s sensor y informatio n suc h a s agent s 
fighting,  playin g game s o r  moping .  Originall y w e en -
visione d constructin g ne w task-specifi c  sensor s fo r  eac h 
of  thes e highe r  leve l  events ,  bu t  w e realize d tha t  Hap' s 
norma l  mechanism s coul d convenientl y b e use d t o cre -
at e recognizer s usin g onl y th e low-leve l  sensors .  Th e 
constructe d behavior s us e paralle l  an d sequentia l  plans , 
combine d wit h succes s tests ,  contex t  conditions ,  men -
ta l  actions ,  etc .  t o activel y loo k fo r  pattern s i n th e lo w 
leve l  perception s a s the y ar e perceived .  Fo r  example ,  a 
sensin g behavio r  migh t  infe r  tha t  a  woggl e i s tryin g t o 
anno y anothe r  becaus e ove r  tim e th e first  i s  stayin g ver y 
clos e an d performin g quick ,  jerk y actions ,  eve n thoug h 
th e secon d i s tryin g t o m o v e away . 

Tok' s emotio n architecture ,  E m (Reill y  &  Bates , 
1992) ,  i s als o implemente d usin g H a p behaviors .  E m cre -
ate s emotion s b y matchin g particula r  pattern s o f  event s 
i n th e worl d wit h th e agent' s goa l  state .  H a p provide s 
flexible  acces s t o th e goa l  stat e becaus e i t  i s represente d 
i n workin g memory .  E m i s implemente d b y combinin g 
thi s reflectio n o f  th e goa l  stat e wit h abstrac t  even t  recog -
nitio n behavior s a s abov e t o recogniz e event s suc h a s 
another  agen t  causin g thi s agent' s goa l  t o fai l  whic h the n 
cause s anger .  E m als o periodicall y decay s it s emotio n 
state ,  an d perform s variou s interna l  clean-u p task s usin g 
H ap behaviors . 

By implementin g thes e capabilitie s a s H a p behaviors , 
the y inheri t  th e processin g propertie s o f  th e architecture . 

The y ar e manage d a s som e o f  th e multipl e thread s o f 
behavior ,  wit h Ha p attendin g t o severa l  o f  the m simulta -
neousl y whe n th e tim e availabl e t o thin k allows ,  o r  other -
wis e onl y attendin g t o th e one s mos t  critica l  t o thi s agent . 

Example of Processing 

To bette r  illustrat e th e flow  o f  Ha p processing ,  w e presen t 
her e a  brie f  excerp t  o f  on e creature' s processing ,  wit h 
specia l  attentio n t o th e concept s w e hav e describe d 
above .  Th e ful l  excerp t  last s roughl y on e secon d o f 
real-tim e i n th e runnin g system . 

At  th e beginnin g o f  th e excerp t  Bea r  i s pursuin g hi s 
amuse goa l  b y goin g towar d a  hil l  i n th e worl d t o watc h 
th e othe r  woggles .  H e ha s sen t  th e nex t  j um p actio n t o hi s 
bod y an d i s waitin g fo r  i t  t o finish.  A t  thi s poin t  h e notice s 
th e possibilit y  tha t  th e user-controlle d woggl e i s intimi -
datin g Shrimp .  H e notice s thi s becaus e th e use r  i s clos e t o 
Shrim p an d ha s jus t  performe d a  quic k movement .  Thi s 
combinatio n o f  sensation s i s recognize d b y th e firing  o f 
a succes s tes t  i n on e o f  hi s persisten t  sensin g behaviors . 
Thi s behavio r  i s highe r  priorit y tha n th e amus e threa d s o 
i t  woul d interrup t  i n an y case ,  bu t  sinc e i t  doe s no t  conflic t 
and th e amus e behavio r  i s waitin g fo r  th e actio n t o finish, 
i t  i s  pursue d concurrently .  A s i t  i s  pursued ,  i t  verifie s 
whethe r  th e use r  i s i n fac t  threatenin g Shrim p b y watch -
in g thei r  action s unfold .  I f  th e behavio r  wer e t o determin e 
tha t  n o threatenin g i s takin g place ,  i t  woul d b e aborte d b y 
a contex t  conditio n firing,  an d th e persisten t  goa l  woul d 
be rese t  s o tha t  i t  i s read y t o notic e suc h a  situatio n again . 
I n thi s instance ,  however ,  th e behavio r  observe s th e use r 
slid e i n fron t  o f  Shrimp' s fac e agai n an d puf f  up .  Thi s i s 
enoug h t o recogniz e tha t  th e use r  i s intimidatin g Shrimp . 

Thi s recognitio n give s ris e t o a  numbe r  o f  goals :  tw o 
emotio n producin g goal s an d a  goa l  t o protec t  Shrimp . 
The protec t  goa l  conflict s wit h th e existin g amus e goa l 
and ha s a  highe r  priority ,  s o th e amus e goa l  an d it s sub -
goal s ar e temporaril y  suspended .  Th e j um p actio n itsel f 
canno t  b e aborte d a s Bea r  i s flying  throug h th e air ,  s o 
i t  i s  allowe d t o complet e normally .  W h e n th e protec t 
behavio r  i s elaborate d an d a  j um p towar d th e fight  i s 
chose n a s th e nex t  act ,  i t  conflict s wit h thi s orphane d 
jump ,  bu t  agai n ha s a  highe r  priority .  Sinc e th e ac t  can -
not  b e aborted ,  th e nex t  j um p i s queue d afte r  i t  enablin g 
th e moto r  syste m t o creat e a n appropriat e landin g fo r  th e 
curren t  jump .  Afte r  thi s decision ,  Ha p agai n ha s tim e t o 
mi x i n othe r  behaviors .  Th e tw o emotio n goal s ar e pro -
cesse d resultin g i n Bea r  becomin g sa d becaus e ther e i s a 
fight  i n th e worl d an d angr y a t  th e use r  fo r  pickin g o n a 
frien d o f  his .  Th e ange r  the n increase s hi s energ y behav -
iora l  featur e whic h affect s h o w h e pursue s hi s behaviors , 
suc h a s th e spee d o f  jumpin g towar d th e fight. 

Conclusion 

We hav e describe d th e Ha p architectur e includin g exten -
sion s fo r  convincing ,  real-time ,  animate d motion .  W e 
believ e a  numbe r  o f  qualitie s o f  th e architectur e hav e 
contribute d t o ou r  attempt s t o creat e believabl e agents . 
Thes e includ e improvin g th e spee d o f  th e architecture . 
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providin g task-specifi c  sensing ,  permittin g multipl e ac -
tion s an d goal s t o b e pursue d concurrently ,  an d providin g 
earl y productio n o f  action s t o enabl e smoot h animation . 
I n addition ,  Ha p provide s a  common computationa l  en -
vironmen t  fo r  othe r  part s o f  th e To k architecture ,  namel y 
sensin g an d emotion ,  schedulin g the m alon g wit h othe r 
goal s o f  th e agent . 

Thi s architectur e ha s bee n use d t o creat e thre e ani -
mated creature s whic h wer e first  show n a t  th e AAAI-9 2 
Al-base d Art s Exhibitio n i n th e exhibi t  Edg e o f  Inten -
tion .  Th e syste m run s a t  1 0 frame s pe r  secon d o n a 
Silico n Graphic s Indig o XS24-H Z wit h a n R300 0 proces -
sor .  Eac h min d use s approximatel y 2 0 millisecond s o f 
each 10 0 millisecon d vide o fram e fo r  it s  processing ;  th e 
remainde r  i s use d fo r  graphics . 

Precisel y evaluatin g th e degre e t o whic h w e hav e suc -
ceede d i n ou r  goa l  o f  buildin g believable ,  engagin g char -
acter s i s o f  cours e problematic .  Ultimately ,  believabilit y 
must  b e a  subjectiv e judgmen t  base d o n observation s o f 
and interaction s wit h th e constructe d creatures .  A t  th e 
tim e o f  thi s writin g severa l  thousan d peopl e hav e see n 
Edge o f  Intentio n an d anecdota l  evidenc e suggest s tha t 
we hav e mad e som e progres s towar d believability .  Th e 
syste m ha s bee n chose n fo r  displa y a t  th e curate d SIG -
Graph 199 3 Ar t  Sho w an d a  th e Carnegi e Mello n Hewlet t 
ar t  gallery .  I t  i s  o n displa y i n th e Bosto n Compute r  Mu -
seum' s permanen t  collection ,  an d wil l  b e show n i n th e 
ARS Electronic a '9 3 exhibitio n i n Austria . 

The specifi c  behaviors ,  emotion s an d personalitie s o f 
th e woggle s wer e create d i n les s tha n si x week s o f  work . 
We suspec t  tha t  furthe r  artisti c effor t  workin g withi n ex -
istin g To k wil l  yiel d correspondingl y mor e believabl e 
creatures .  Wor k i s continuin g t o exten d To k i n th e area s 
of  emotion ,  model s o f  othe r  agents ,  integratio n o f  natura l 
languag e understandin g an d generatio n includin g prag -
matic s an d emotiona l  speech ,  an d Ha p i s evolvin g t o 
suppor t  ne w demand s o f  thes e systems . 
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