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Abstrac t 

Thi s pape r  i s abou t  th e interfac e betwee n contin -
uous an d discret e robo t  control .  W e advocat e en -
capsulatin g continuou s action s an d thei r  relate d 
sensin g strategie s int o structure s calle d situatio n 
specifi c  aciiviiies ,  whic h ca n b e manipulate d b y 
a symboli c reactiv e planner .  Th e approac h ad -
dresse s th e proble m o f  turnin g symboli c action s 
int o continuou s activities ,  an d th e proble m o f 
mappin g continuou s inpu t  int o discret e symbol s 
fo r  us e i n plannin g an d modeling . 

Introduction 

Plannin g i s generall y regarde d a s a  symboli c task .  A n 
abstrac t  mode l  o f  th e worl d i s use d a s th e startin g 
poin t  fro m whic h t o construc t  a  sequenc e o f  action s 
tha t  wil l  achiev e som e se t  o f  goals .  Goals ,  actions , 
states ,  an d th e argument s the y appl y to ,  ar e al l  treate d 
as discret e entitie s tha t  ca n b e give n name s fo r  identi -
fication,  representation ,  an d reasoning . 

I n contrast ,  rea l  roboti c system s ac t  ove r  tim e i n 
a complex ,  dynami c world .  Sensor s mus t  b e pointe d 
and thei r  dat a processe d quickl y an d continuousl y fo r 
use a s feedbac k t o contro l  motor s an d othe r  actua -
tors .  Continuou s contro l  i s  th e onl y wa y t o actuall y 
get  robot s t o d o things . 

Thi s pape r  discusse s th e problem s involve d i n con -
nectin g symboli c plannin g wit h continuou s control .  I n 
particular ,  th e issue s involve d i n realizin g discret e ac -
tion s usin g fas t  concurren t  behavior s ar e addressed . 
Task-specific ,  real-tim e perceptio n i s a  fundamenta l 
par t  o f  thes e behaviors .  Whil e researcher s hav e suc -
cessfull y use d primitiv e touc h an d sona r  sensor s i n suc h 
situations ,  i t  i s  mor e problemati c t o achiev e reasonabl e 
performanc e wit h comple x signal s suc h a s thos e fro m 
a vide o camera .  Activ e visio n routine s ar e suggeste d 
as a  mean s o f  incorporatin g visua l  dat a int o rea l  tim e 
contro l  an d a s on e mechanis m fo r  designatin g aspect s 
of  th e worl d i n a n indexical-functiona l  manner .  Fas t 
concurren t  behavior s couple d wit h real-tim e indexical -
functiona l  designatio n bridg e th e ga p betwee n sym -
boli c model s an d continuou s action . 

'Thi s wor k ha s bee n supporte d i n par t  b y th e Offic e o f 
Naval  Researc h unde r  contrac t  N0014-85-K-010 . 

Discret e Reactiv e Execut io n 

Symbol s giv e a  syste m th e powe r  t o buil d model s an d 
keep trac k o f  fact s abou t  th e worl d tha t  canno t  b e 
directl y sensed .  Fo r  example ,  a  mode l  migh t  contai n 
assertion s tha t  item-2 3 i s a  hamster ,  tha t  i t  i s  colore d 
white ,  an d tha t  i t  i s  i n box-3 .  Shoul d a  planne r  eve r 
need a  hamste r  o r  a  box ,  i t  ca n consul t  thes e assertion s 
and construc t  a n appropriat e plan .  Give n th e tas k "ge t 
a hamster" ,  a  robo t  coul d decid e t o (got o box-3 )  an d 
(picku p item-23) . 

Actuall y executin g suc h a  pla n require s filling  i n a 
grea t  dea l  o f  detai l  a t  executio n time .  Ther e ma y b e 
obstacle s nea r  th e box ,  ther e ma y b e thing s o n to p o f 
th e box ,  an d ther e ma y eve n b e mor e tha n on e hamste r 
i n th e box .  I n eac h o f  thes e cases ,  th e agen t  mus t  re -
fine  it s pla n t o includ e step s t o dea l  wit h th e difficultie s 
as the y arise .  Thi s refinemen t  i s ofte n calle d reactiv e 
planning ,  o r  reactiv e execution ,  an d a  larg e amoun t  o f 
wor k ha s bee n don e i n th e are a recentl y [Firby ,  1989a , 
Schoppers ,  1987] .  Whil e thes e approache s diffe r  i n 
philosoph y an d implementation ,  the y al l  agre e o n on e 
point :  plannin g an d reactiv e executio n botto m ou t  i n 
a se t  o f  discrete ,  symboli c actions . 

Defining Symbolic Actions 

Symboli c action s ar e intende d t o b e th e interfac e be -
twee n discret e an d continuou s control .  Unfortunately , 
th e realizatio n o f  discret e action s a s rea l  continuou s 
processe s i s quit e complex .  I n ou r  exampl e above , 
(picku p item-23 )  mus t  b e lef t  a s a  singl e actio n be -
caus e i t  mus t  b e realize d i n continuou s motion s an d no t 
a sequenc e o f  finer  discret e tasks .  Grabbin g a  movin g 
hamste r  require s a  sophisticate d connectio n betwee n 
trackin g th e hamste r  an d movin g th e arm . 

I n fact ,  implementin g symboli c action s involve s tw o 
majo r  problem s i n general :  (1 )  Definin g contro l  algo -
rithm s tha t  wil l  implemen t  th e actio n o n rea l  hard -
ware .  (2 )  Mappin g th e symboli c argument s o f  th e ac -
tion s int o sensor y feature s tha t  ca n b e use d easil y b y 
th e contro l  algorithms .  A  reactiv e planner ,  suc h a s th e 
RAP syste m [Firby ,  1989a] ,  whic h use s symboli c action s 
must  addres s eac h o f  thes e problem s explicitly .  Rathe r 
tha n simpl y generat e a  symboli c primitiv e actio n wit h 
symboli c arguments ,  suc h a  syste m mus t  selec t  a  con -
tro l  algorith m an d appropriat e senso r  feature s instead . 
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Thi s pape r  discusse s th e issue s involve d i n construct -
in g contro l  algorithm s an d sensin g routiin- s s o tha t 
the y ca n b e combine d int o continuou s adivitif s  tha t 
appea r  discret e t o a  symboli c planner . 

Situation Specific Control 

Contro l  i s  typicall y situatio n specific ,  b y whic h w e 
mean tha t  inpu t  i s no t  interprete d i n comple x ways . 
Th e relevanc e o f  an y inpu t  t o th e system' s action s i s 
direc t  an d unambiguous ,  bein g compute d b y a  fixed 
functio n tha t  m a p s input s directl y int o outputs .  Th e 
behavio r  o f  th e contro l  syste m doe s no t  depen d o n th e 
contex t  i n whic h inpu t  i s receive d bu t  onl y o n th e in -
put  itself .  Thus ,  contro l  system s ar e usuall y designe d 
t o wor k i n a  single ,  well-define d situation . 

Controller s ar e structure d thi s wa y becaus e the y 
must  b e fast .  T o ensur e rapi d respons e the y ar e specif -
icall y constructe d t o avoi d relyin g o n th e recognitio n 
of  abstrac t  state s tha t  requir e an y significan t  senso r 
dat a processing .  Informatio n mus t  flow  directl y fro m 
inpu t  t o outpu t  withou t  dependenc e o n a  worl d mode l 
or  pas t  history . 

Th e mos t  successfu l  example s o f  implemente d situ -
atio n specifi c  contro l  system s fo r  rea l  robot s ar e or -
ganize d aroun d th e ide a o f  behaviors .  Rathe r  tha n 
generat e a  singl e functio n tha t  map s al l  input s int o 
al l  outputs ,  th e contro l  syste m i s broke n dow n int o 
relativel y independen t  processe s tha t  monito r  a  se t  o f 
input s an d produc e a  specifi c  result .  Thes e result s ar e 
the n combine d t o driv e th e output s i n a  coheren t  fash -
ion . 

Behavior-base d contro l  system s hav e bee n ver y suc -
cessfu l  o n quit e sophisticate d robots .  Brook s ha s mad e 
)articula r  progres s usin g hi s subsumptio n architectur e 
Brooks ,  1986J .  Usin g subsumption ,  eac h behavio r  i s 

describe d b y a  finite  automato n an d th e overal l  be -
havio r  o f  th e syste m arise s fro m th e interactio n o f  th e 
automat a wit h th e environmen t  an d eac h other .  Typ -
ica l  behavior s i n a  mobil e robo t  migh t  b e "mov e awa y 
fro m obstacles" ,  "mov e forward" ,  an d "tur n toward s 
th e light" .  Th e mor e comple x tas k o f  "mov e towar d a 
ligh t  withou t  hittin g anything "  i s achieve d b y runnin g 
thes e simpl e behavior s together . 

Thi s architectur e hci s bee n use d b y Horswil l  t o buil d 
a robo t  whic h follow s arbitrar y movin g object s [Hor -
swil l  an d Brooks ,  1988 ]  an d b y Matari c t o buil d a  robo t 
tha t  doe s navigatio n an d learnin g i n hallway s [Mataric , 
1990] .  Ga t  ha s use d a  simila r  notio n o f  interactin g 
simpl e behavior s t o construc t  a  robo t  tha t  gather s u p 
smal l  toy s [Gat ,  1990 ]  an d Sold o use s interactin g sim -
)l e behavior s t o navigat e robustl y i n offic e hallway s 
Soldo ,  1989] . 

Th e advantage s o f  behavior-ba.se d situatio n specifi c 
contro l  system s are : 

• Bounded response time from change of input to 
chang e o f  output . 

•  Modula r  representatio n an d construction . 

•  Robustnes s i n th e fac e o f  smal l  uncertaintie s an d 
perturbation s i n th e world . 

Thes e advantage s ar e gaine d b y usin g specialize d 
sensin g strategie s an d a  singl e contro l  program .  A s 
a result ,  th e syste m a s a  whol e exhibit s behavio r  tha t 
migh t  b e ascribe d t o a  singl e plan . 

Our  goa l  i s  t o construc t  a  contro l  syste m tha t  re -
tain s th e advantage s o f  situatio n specifi c  contro l  bu t 
ca n b e use d t o implemen t  multiple ,  varie d an d chang -
in g plans .  W e wis h t o construc t  activitie s wit h th e 
m o m e nt  t o m o m e n t  characteristic s o f  continuou s con -
tro l  bu t  whic h hav e emergen t  discret e propertie s ove r 
longe r  timescales . 

Situation Specific Activities 

Usin g situatio n specifi c  contro l  system s fo r  multipl e 
plan s i n variou s context s require s a  shif t  i n viewpoint . 
Rathe r  tha n se e th e individua l  behavior s i n th e sys -
te m a s part s o f  a n immutabl e whole ,  on e ca n loo k a t 
the m a s th e buildin g block s fo r  m a n y differen t  contro l 
system s tha t  implemen t  m a n y differen t  tasks .  A  sym -
boli c actio n the n become s a  particula r  se t  o f  primitiv e 
behavior s tha t  ca n b e activate d togethe r  t o achiev e a 
specifi c  goa l  i n th e outsid e world .  Differen t  action s 
activat e differen t  set s o f  behaviors . 

Therefore ,  t o defin e a  symboli c actio n mean s t o con -
struc t  a  se t  o f  behavior s tha t  wil l  predictabl y achiev e 
a particula r  task .  Sometime s thes e definition s wil l  b e 
eas y becaus e th e desire d goa l  wil l  requir e onl y a  sin -
gl e behavior .  Usually ,  however ,  th e symboli c action s 
usefu l  i n plan s wil l  b e mor e comple x an d wil l  requir e 
a whol e se t  o f  behavior s fo r  thei r  definition .  Fo r  ex -
ample ,  a n actio n lik e "g o dow n th e hallway "  migh t 
requir e a  behavio r  t o mov e th e robo t  forward ,  anothe r 
t o direc t  th e robo t  awa y fro m obstacles ,  an d ye t  an -
othe r  t o kee p th e robo t  a  constan t  distanc e fro m th e 
right-han d wall .  Executin g "g o dow n th e hallway "  a s 
a singl e actio n mean s invokin g al l  o f  thes e behavior s 
together .  Onc e activated ,  thei r  interactio n wit h eac h 
othe r  an d th e worl d wil l  hav e th e emergen t  propert y o f 
satisfyin g th e desire d goal .  Moreover ,  durin g th e tim e 
i t  take s t o mov e dow n th e hallway ,  th e contro l  syste m 
doesn' t  chang e — th e sam e behavior s ar e runnin g do -
in g th e sam e thin g al l  o f  th e time .  A  shor t  ter m stabl e 
situatio n ha s bee n generated .  Fro m th e robot' s poin t 
of  view ,  a  singl e contro l  stat e persist s ove r  a n interva l 
of  tim e an d a  discret e actio n ha s bee n carve d ou t  o f 
th e continuou s world . 

We defin e a  situatio n specifi c  activit y a s a  collectio n 
of  situatio n specifi c  behavior s tha t  wor k togethe r  ove r 
an interva l  o f  tim e t o achiev e a  clea r  symboli c goal . 

Guarded Situation Specific Activities 

Situatio n specifi c  activitie s ar e no t  enoug h t o defin e 
symboli c action s b y themselves .  A  critica l  featur e o f 
symboli c action s i s tha t  the y ar e discret e an d finite. 
Each actio n mus t  b e implemente d a s a  stabl e contro l 
stat e wit h a  well-define d beginnin g an d end .  W h e n a 
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situatio n specifi c  activit y i s use d t o defin e a n action ,  i t 
begin s whe n i t  i s invoke d bu t  th e constituen t  behavior s 
wil l  ru n happil y forever . 

T o b e useful ,  activitie s mus t  b e finite;  the y mus t 
signa l  whe n the y hav e successfull y complete d o r  whe n 

the y discer n tha t  the y ca n n o longe r  achiev e thei r  in -
tende d goal .  W h e n th e activitie s involv e hardwar e ac -
tion s wit h wel l  define d completion s thi s requiremen t  i s 
fulfille d simpl y b y havin g th e hardwar e signa l  whe n th e 
operation s ar e complete .  T h e en d o f  a  sona r  readin g 
or  a  camer a motio n i s unambiguou s an d clear . 

However ,  whe n th e purpos e o f  a n activit y i s emer -
gent ,  ther e i s n o clea r  sig n tha t  i t  ha s bee n achieved . 
Movin g forward ,  avoidin g obstacles ,  an d stayin g a  con -
stan t  distanc e fro m th e wal l  ha s th e efi'ec t  o f  movin g a n 
agen t  dow n th e hallway ,  bu t  whe n i s tha t  actio n com -
plete ? Completio n m a y m e a n m a n y things :  havin g 
travele d a  specifi c  distance ,  havin g reache d th e en d o f 
th e hall ,  o r  havin g passe d thre e doorways .  Regardles s 
of  whic h o f  thes e goal s i s desired ,  noticin g tha t  i t  ha s 
bee n achieve d require s monitorin g state s i n th e worl d 
beyon d thos e neede d jus t  t o carr y i t  out .  Thes e ad -
ditiona l  monitorin g behavior s mus t  b e include d i n an y 
situatio n specifi c  activit y tha t  implement s a  symboli c 
action . 

T h e activitie s tha t  defin e action s mus t  no t  jus t  sig -
nal  completion ;  the y mus t  als o signa l  reliabl y whe n 
the y fail .  Fo r  example ,  suppos e a  robo t  i s executin g 
a se t  o f  behavior s designe d t o mov e i t  dow n a  hal l  1 0 
ft .  W h a t  happen s i f  th e hallwa y i s onl y 5  ft .  long ? 
Presumabl y i t  wil l  eventuall y com e t o a  hal t  unde r  th e 
directio n o f  it s  variou s obstacl e avoidanc e behavior s 
but  it s completio n monito r  wil l  no t  ye t  b e satisfied . 
At  tha t  poin t  somethin g shoul d happe n o r  th e robo t 
wil l  jus t  si t  ther e forever ,  secur e i n th e fac t  tha t  it s 
situatio n specifi c  behavior s wil l  mov e i t  reliabl y dow n 
th e hall ,  no t  realizin g tha t  the y hav e bee n stymie d b y 
th e contex t  th e robo t  unwittingl y finds  itsel f  in . 

T h e solutio n t o thi s proble m i s t o augmen t  th e be -
havior s implementin g th e actio n t o includ e monito r  be -
havior s fo r  failur e state s a s wel l  a s fo r  succes s states . 
Thi s procedur e i s mandator y fo r  ever y activit y tha t  i s 
t o defin e a  reliabl e symboli c action .  I n th e hallway , 
thi s m a y involv e somethin g simpl e lik e signalin g tha t 
th e robo t  ha s bee n stationar y fo r  1 0 seconds ,  o r  some -
thin g mor e complicate d lik e signalin g tha t  th e robo t 
movin g bac k an d fort h t o g o aroun d th e obstacl e mak -
in g u p th e en d o f  th e hal l  bu t  i s  makin g n o measur -
abl e progress .  T h e importan t  poin t  i s  tha t  th e activit y 
must  alway s signa l  tha t  i t  i s  wedged. ^  Onl y wit h suc h 
assurance s ca n th e plannin g syste m trus t  tha t  it s  sym -
boli c action s wil l  interac t  wit h th e worl d i n a  sensibl e 
fashion . 

We defin e a  guarde d situatio n specifi c  activit y t o 

^Thi s requiremen t  ma y see m mor e stringen t  tha n i t  ac -
tuall y  is ;  takin g longe r  tha n expecte d t o complet e a n activ -
it y ca n alway s b e use d a s a  defaul t  signa l  tha t  thing s ar e 
goin g wrong . 

be a  se t  o f  situatio n specifi c  behavior s tha t  togethe r 
achiev e a  particula r  goa l  an d alway s signa l  whe n th e 
goal  ha s bee n achieved ,  o r  whe n i t  ha s becom e impos -
sible .  A s th e symboli c syste m know s whic h behavior s 
i t  ha s activate d t o signa l  success ,  an d whic h i t  ha s ac -
tivate d t o signa l  failure ,  i t  ca n tel l  whethe r  a n activit y 
has complete d normall y o r  bee n interrupte d simpl y b y 
knowin g whic h behavio r  i s signaling .  Ther e i s n o nee d 
fo r  th e contro l  syste m t o understan d th e implicatio n 
or  purpos e o f  it s constituen t  behavior s i n orde r  fo r  th e 
symbo l  syste m t o understan d wha t  ha s occurred . 

Situation Specific Sensing 

Developin g guarde d situatio n specifi c  activitie s i s onl y 
hal f  th e stor y i n definin g realizabl e symboli c actions . 
Author s o f  contro l  system s fo r  rea l  robot s routinel y 
make th e clai m tha t  thei r  system s wor k becaus e sens -
in g i s restricte d t o precisel y thos e feature s o f  th e worl d 
tha t  ar e relevan t  t o th e tas k a t  han d [Horswil l  an d 
Brooks ,  1988 ,  Soldo ,  1989] .  Underlyin g thi s clai m i s 
th e realizatio n tha t  processin g al l  availabl e .senso r  dat a 
i s bot h to o slo w t o suppor t  contro l  an d unnecessar y 
i n mos t  cases .  Sensin g strategie s ca n an d shoul d b e 
specialize d t o th e particula r  need s o f  th e situatio n spe -
cifi c  behavior s tha t  us e them .  Buildin g a  worl d model , 
or  matchin g senso r  reading s agains t  a n existin g worl d 
model ,  i s  typicall y no t  a  bounde d tim e procedur e an d 
woul d endange r  behavio r  respons e time . 

However ,  th e interpretatio n o f  m a n y form s o f  sen -
sor  dat a depend s heavil y o n context .  I n particular , 
compute r  visio n algorithm s hav e typicall y require d a 
significan t  applicatio n o f  previou s knowledge ,  expecta -
tion s abou t  wha t  i s bein g viewed ,  an d comple x pro -
cessin g directe d b y thi s knowledg e an d thes e expecta -
tions .  Thi s woul d sugges t  tha t  visio n canno t  b e use d 
as a  reliabl e senso r  i n behavior-base d contro l  systems . 
However ,  recen t  researc h i n activ e visio n ha s suggeste d 
that ,  i n fact ,  i t  can . 

Active Vision 

Activ e visio n algorithm s ar e designe d specificall y t o b e 
par t  o f  situatio n specifi c  activitie s [Aloimono s e t  ai , 
1988 ,  Ballard ,  1989 ,  Swai n an d Ballard ,  1991] .  The y 
ca n tak e advantag e o f  th e constraint s provide d b y th e 
motio n o f  th e observer ,  an d ar e designe d t o extrac t 
precisel y th e knowledg e tha t  i s require d fo r  th e activ -
it y t o functio n successfully ,  withi n th e tim e constraint s 
require d b y th e agen t  an d it s environment . 

For  example ,  Ballar d an d Ozcandarl i  [Ballard ,  1988 ] 
showe d ho w a n observe r  tha t  maintain s it s gaz e o n a n 
objec t  i n th e worl d whil e movin g perpendicula r  t o th e 
lin e o f  sit e ca n easil y tel l  wha t  wa s i n fron t  an d behin d 
th e plan e o f  fixation.  Th e algorith m require s onl y loca l 
imag e computation s an d therefor e ca n b e execute d i n 
real-time .  Similarly ,  Nelso n [Nelson ,  1989 ]  showe d tha t 
divergenc e (expansion )  o f  imag e flow  vector s ca n b e 
use d t o detec t  object s tha t  th e agen t  i s i n dange r  o f 
collidin g with .  Thes e computation s d o no t  involv e th e 
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intermediat e ste p o f  calculatin g th e tliroc-diiiKMisiona l 
positio n o r  relativ e velocit y o f  th e object s 

Activ e visua l  routine s shar e man y similarilii- s  wit h 
UUman's ide a o f  visua l  routine s [Ullman ,  1984 ]  (se c 
als o [Chapman ,  1990]) ,  whic h hav e bee n propose d a s 
computationa l  model s o f  huma n intermediat e visua l 
processing .  Ullman' s visua l  routine s ar e a  se t  o f  basi c 

task-specifi c  operation s functionin g o n low-leve l  repre -
sentation s generate d fro m th e imag e arra y whic h can , 
i n theory ,  b e compose d t o extrac t  a n unbounde d vari -
et y o f  shap e propertie s an d spatia l  relations . 

The dat a generate d b y activ e visio n routine s ca n b e 
used directl y b y behavior s withou t  complex ,  contex t 
dependen t  interpretation .  Fo r  example ,  th e cente r  o f 
an objec t  bein g tracke d ca n b e use d a s a  positio n fo r 
th e robo t  t o trave l  towards .  Th e resultin g emergen t  be -
havio r  ha s th e robo t  follo w th e objec t  eve n thoug h fol -
lowin g i s no t  explicitl y  represente d an d neithe r  recog -
nitio n no r  interpretatio n o f  th e objec t  i s  required . 

Extracting Functional Attributes 

Attribute s o f  a n objec t  lik e it s center ,  direction ,  o r 
spee d ar e importan t  becaus e the y ar e usefu l  i n man y 
differen t  situation s fo r  accomplishin g man y differen t 
tasks .  Fo r  example ,  th e directio n t o a n objec t  ca n b e 
used b y behavior s designe d t o approac h th e object ,  t o 
avoi d th e object ,  an d t o poin t  i n th e object' s direction . 
As lon g a s th e directio n i s known ,  thes e activitie s ca n 
proceed .  I t  i s  th e directio n attribut e tha t  ha s a  func -
tiona l  us e i n th e behaviors ,  no t  th e objec t  itsel f  o r  th e 
way tha t  th e attribut e i s extracted . 

Functiona l  attribute s ar e th e feature s o f  th e worl d 
tha t  nee d t o b e compute d i n rea l  tim e fo r  us e i n feed -
back loops .  Eac h attribut e tha t  a  robo t  ca n extract , 
correspond s t o a  particula r  interpretatio n o f  it s  sen -
sor  dat a tha t  i s  relevan t  t o som e activit y tha t  i t  migh t 
pursue .  Whe n behaviora l  contro l  re.searcher s sugges t 
addin g a  ne w senso r  whe n a  ne w behavio r  i s  t o b e en -
coded ,  wha t  the y reall y mea n i s t o ad d a  ne w real-tim e 
functiona l  attribut e extractor .  Activ e visio n routine s 
ar e a  particularl y usefu l  ide a i n thi s respec t  becaus e 
the y ar e designe d t o extrac t  differen t  attribute s fro m 
th e worl d usin g th e sam e sensor . 

I n fact ,  ther e wil l  ofte n b e man y differen t  activ e 
visio n routine s fo r  extractin g th e sam e functiona l  at -
tribut e fro m th e world .  Thi s allow s a n agen t  substan -
tia l  leewa y t o instantiat e it s activitie s i n differen t  way s 
under  differen t  circumstance s usin g differen t  activ e vi -
sio n routines .  Fo r  example ,  trackin g th e locatio n o f 
an obstacl e migh t  b e don e usin g color ,  shape ,  o r  mo -
tion ,  dependin g o n wha t  i s mos t  reliabl e i n th e specifi c 
context . 

Indexical-Functional Designation 

Guarde d situatio n specifi c  activitie s defin e emergen t 
symboli c action s tha t  ca n b e carrie d ou t  i n th e world . 
Activ e visio n routine s comput e th e functiona l  at -
tribute s o f  item s i n th e worl d tha t  ar e use d withi n ac -

tivities .  Thus ,  i f  w e thin k o f  a n activit y a s describin g a 
symboli c action ,  w e ca n thin k o f  activ e visio n routine s 
as describin g th e argument s t o tha t  action . 

Conside r  ou r  robot' s desir e t o fetc h a  hamster .  Th e 
robo t  move s itsel f  int o positio n s o tha t  i t  ca n reac h int o 
th e bo x containin g th e hamster ,  an d i t  refine s it s pla n 
t o th e actio n (picku p item-23 )  wher e item-2 3 i s th e 

hamster .  T o instantiat e thi s action ,  th e robo t  look s u p 
it s guarde d activit y descriptio n fo r  picku p an d find s 
behavior s t o mov e it s han d t o a  locatio n r ,  t o war n 
i f  locatio n x  i s ou t  o f  reach ,  t o signa l  whe n motio n i s 
complete ,  etc .  Thes e behavior s al l  refe r  t o a  locatio n 
but  d o no t  defin e it . 

The robo t  no w examine s it s worl d mode l  an d de -
termine s tha t  item-23 ,  th e hamster ,  i s  whit e an d th e 
box holdin g i t  i s  brown .  Therefore ,  fro m th e man y 
possibl e activ e visio n routine s fo r  trackin g th e ham -
ster ,  th e robo t  choose s a  routin e t o trac k th e positio n 
of  a  colore d objec t  (i n thi s cas e white) .  Th e outpu t 
of  thi s trackin g routin e designate s th e positio n o f  th e 
hamster .  Puttin g thes e al l  together ,  th e robo t  set s x 
t o b e th e outpu t  o f  th e a  sensin g behavio r  tha t  gen -
erate s constan t  update s o f  th e hamster' s locatio n an d 
activate s actio n behavior s tha t  mov e it s han d towar d 
tha t  location .  Wit h luck ,  th e han d wil l  eventuall y en d 
up a t  th e hamste r  an d th e picku p wil l  succeed . 

[Agr e an d Chapman ,  1987 ]  describ e attribute s o f 
th e worl d lik e th e hamster' s positio n a s functional -
indexica l  references .  Th e robot' s choic e o f  a n activ e 
visio n routin e t o extrac t  a n attribut e fro m th e worl d i s 
precisel y th e generatio n o f  a  functional-indexica l  des -
ignatio n fo r  th e symboli c descriptio n o f  tha t  attribut e 
i n th e robot' s worl d model.  Th e activ e visio n rou -
tin e operationalize s exactl y wha t  i s neede d t o reli -
abl y refe r  t o an d us e a n abstrac t  symboli c propert y o f 
th e world .  Th e hamste r  become s "the-position-I-am -
tracking "  an d th e picku p activit y take s "the-position -
I-am-tracking "  a s it s argument . 

Previous Work in Robotic Control 

Severa l  researcher s hav e designe d architecture s fo r 
robo t  control ,  bu t  fe w bridg e th e ga p betwee n sym -
boli c an d continuou s control .  I f  the y do ,  the y d o no t 
conside r  th e problem s o f  interactin g wit h th e worl d 
wit h high-bandwidt h sensor s tha t  requir e contex t  de -
penden t  interpretation . 

Brooks' s subsumptio n architectur e [Brooks ,  1986] , 
Maes' s competenc e module s [Maes ,  1989] ,  an d Kael -
bling' s Gapp s architectur e [Kaelbling ,  1988 ]  contai n n o 
symboli c pla n o r  model ,  an d therefor e ar e restricte d i n 
th e task s the y ca n carr y ou t  an d th e flexibility  o f  thei r 
responses .  O n th e othe r  hand ,  Robo-Soa r  [Laird ,  1990 ] 
contain s n o continuou s control ,  an d ofte n ha s lethar -
gic ,  coarse-graine d response s t o event s i n th e world . 
Theo [Mitchell ,  1990 ]  i s  a n exampl e o f  on e syste m tha t 
does attemp t  t o bridg e th e gap ,  usin g a  se t  o f  contro l 
rule s t o defin e th e continuou s syste m augmente d b y 
a planner ,  whic h i s invoke d whe n ther e i s n o appro -
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priat e rule .  However ,  th e simplicit y o f  Theo' s sensor s 
( a pai r  o f  sona r  dept h sensors )  an d action s (rotat e a 
sonar ,  mov e th e robot )  m a k e th e discrete/continuou s 
interfac e relativel y straightforward . 

Dean' s recen t  surve y o f  contro l  theor y an d A I  plan -
nin g technique s fo r  robo t  contro l  show s a  clea r  di -
chotom y betwee n technique s fo r  continuou s an d sym -
boli c contro l  [Dean ,  1991] .  W e believ e tha t  th e di -
chotom y i s no t  a  historica l  accident ,  bu t  tha t  i t  i s  a 
resul t  o f  differin g requirement s o f  spee d an d flexibility 
at  differen t  level s o f  representation .  Onl y b y buildin g 
an architectur e tha t  span s th e ga p wil l  intelligen t  ye t 
nimbl e robot s b e built . 

Summary and Future Work 

This paper proposes a model of symbolic action that 
include s a  realisti c translatio n betwee n symboli c an d 
continuou s contro l  regimes .  Symboli c action s m a p int o 
guarde d situatio n specifi c  activitie s whic h take n to -
gethe r  hav e th e emergen t  propert y o f  achievin g th e de -
sire d stat e i n th e world .  Th e behavior s makin g u p th e 
activit y refe r  t o th e world ,  no t  directl y throug h sensors , 
but  rathe r  throug h functional-indexica l  attribute s tha t 
ca n b e compute d quickl y an d easily . 

T h e argument s t o action s m a p int o activ e perceptio n 
strategies ,  suc h a s activ e visio n routine s  ̂ ,  designe d t o 
comput e functional-indexica l  attribute s i n rea l  time . 
T h e choic e o f  bot h th e activit y fo r  th e actio n an d th e 
sensin g strategie s fo r  designatin g it s argument s ar e u p 
t o th e robot' s symboli c o r  reactiv e executio n system . 
As lon g a s th e executio n syste m ha s a  reasonabl e ide a 
of  th e contex t  surroundin g th e agent ,  i t  wil l  b e abl e t o 
assembl e situatio n specifi c  strategie s tha t  wil l  achiev e 
appropriat e results . 

Adoptin g th e approac h t o plannin g an d contro l  ad -
vocate d i n thi s pape r  emphasize s researc h area s a t 
th e boundar y betwee n symboli c an d continuou s actio n 
tha t  hav e traditionall y bee n ignore d i n bot h th e plan -
nin g an d visio n communities .  W e mus t  defin e situa -
tio n specifi c  activitie s an d functional-indexica l  strate -
gie s tha t  ca n b e use d togethe r  t o achiev e semanticall y 
meaningfu l  discret e goal s i n th e world .  I n othe r  words , 
we mus t  defin e a  reasonabl e se t  o f  primitiv e action s fo r 
rea l  lif e — a  languag e fo r  describin g th e step s w e tak e 
t o d o ordinar y things . 

We believ e tha t  th e idea s w e hav e outline d i n thi s 
pape r  provid e a  framewor k fo r  developin g suc h a  lan -
guage .  Ou r  curren t  wor k i s aime d a t  definin g th e 
activitie s neede d t o mov e a  simpl e robo t  aroun d ou r 
laborator y an d searc h fo r  specifi c  item s usin g visua l 
feedback .  Definin g suc h a  languag e wil l  brin g u s sig -
nificantl y close r  t o understandin g adaptable ,  reliabl e 
behavior ,  an d buildin g usefu l  robots . 

^Or  an y othe r  fas t  metho d fo r  extractin g specifi c  inter -
pretation s o f  data .  A s w e mentioned ,  touci i  sensor s an d 
sonar s comput e som e attribute s o f  th e worl d directly . 
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