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Abstrac t 

OOPS is a reactive planner which integrates sensory 
perceptio n an d actio n selection .  A  principa l 
featur e o f  th e OOPS architectur e i s th e us e an d 
discover y o f  cheap ,  diagnosti c feature s t o indicat e 
opportunities ,  whic h ar e the n verifie d i n mor e 
expensiv e computations .  Thi s diagnosti c rela -
tionshi p i s  establishe d analyticall y an d refine d 
usin g tool s fro m decisio n theory .  Th e us e an d 
refinemen t  o f  diagnosti c feature s depend s upo n 
assumption s o f  conditiona l  independence .  Howev -
er ,  i n th e cas e o f  a  multiplannin g agen t  (on e whic h 
simultaneousl y pursue s severa l  goals) ,  whil e con -
ditiona l  independenc e hold s tru e fo r  feature s vis-a -
vi s individua l  opportunities ,  plan s m a y interac t  i n 
th e world ,  an d conditiona l  independenc e m a y no t 
hold .  I n thi s pape r  w e discus s ho w th e knowledg e 
neede d t o avoi d detrimenta l  actio n interaction s 
can b e incorporate d int o OOPS' s inexpensiv e diag -
nosti c computations ,  wit h benefit s fo r  robustness , 
performance ,  an d learning . 

Realtime action and multiplanning 

The Optimizin g Opportunisti c Plannin g Syste m 
(OOPS)  i s a n actio n architectur e designe d t o prope l 
a purposefu l  agen t  throug h a n environmen t  tha t  i s 
ric h wit h opportunitie s an d threats .  I t  i s  designe d fo r 
realtim e perceptio n an d multiplanning :  a t  an y give n 
time ,  OOPS i s jugglin g severa l  ongoin g plans ,  eac h i n 
th e servic e o f  a  differen t  activ e goal ,  an d al l  selecte d 
by a n integrate d perception/decisio n system . 

Multiplannin g pose s challenge s t o an y planner ,  syn -
theti c o r  reactive ,  tha t  g o beyon d th e norma l  diffi -
cultie s o f  protectin g satisfie d subgoals .  Interaction s 
betwee n concurrentl y executin g plan s ca n demolis h 
any plan' s hop e fo r  success .  Thi s i s a  particula r  con -
cer n fo r  memory-base d an d reactiv e planners ,  whic h 
generall y substitut e pre-specifie d plan s wit h protec -
tion s alread y worke d ou t  fo r  th e machiner y whic h 
ensure s protections .  Suc h planner s ar e ill-equippe d t o 
deal  wit h resourc e conflict s betwee n unrelate d plans . 
Thi s i s a  particula r  concer n i n ou r  research ,  sinc e th e 

desig n o f  OOPS emphasize s th e productio n o f  behavio r 
fro m perceptua l  rathe r  tha n inferentia l  mechanisms . 

O ne o f  th e centra l  thrust s o f  th e desig n o f  OOPS 
i s finding  an d relyin g upo n ver y chea p perceptua l 
feature s tha t  ca n trigge r  action s wit h hig h potentia l 
utility ^  Thi s reflect s a  researc h assumptio n tha t  a n 
agen t  m a y b e successfu l  i n it s worl d wit h onl y a  limite d 
abilit y t o conside r  comple x interaction s betwee n state s 
an d actions .  I n orde r  fo r  thi s t o b e true ,  ther e 
must  exis t  a  wid e rang e o f  cheapl y compute d an d 
conditionall y independen t  features ,  whic h ca n accoun t 
fo r  th e greate r  par t  o f  th e agent' s usefu l  behaviors .  I n 
th e followin g discussion ,  w e discus s th e strength s an d 
apparen t  limitation s o f  thi s hypothesis ,  an d ho w t o 
deal  wit h th e fac t  tha t  multiplannin g violate s th e con -
ditiona l  independenc e assumption ,  withou t  departin g 
significantl y fro m ou r  perception-intensiv e framework . 

OOPS' view of the world 

The world that OOPS is being designed for is not unlike 
th e worl d o f  a n animal :  changing ,  perceptuall y ric h 
an d noisy ,  requirin g constan t  monitorin g an d rapi d 
action .  A s previou s wor k i n reactiv e plannin g an d 
actio n architecture s [Brooks ,  Connell ,  &  Ning ,  88 , 
Maes &  Brook s 90 ,  Firb y 89 ,  H a m m o nd Convers e 
& Marti n 90 ,  Agr e &  C h a p m a n 87 ]  ha s shown ,  w e 
hav e foun d tha t  bein g tightl y couple d wit h suc h a 
demandin g environmen t  shift s th e emphasi s i n plan -
nin g fro m correctnes s an d completenes s t o concern s 
abou t  ecologica l  adequacy ,  flexibility,  an d reactio n 
speed .  Realtim e plannin g mean s tha t  quickl y iden -
tifyin g usabl e an d desirabl e action s i s  preferabl e t o 
synthesizin g an d verifyin g plans ,  an d tha t  th e com -
mitmen t  o f  resource s t o potentia l  actions—includin g 
computationa l  attention—mus t  reflec t  thos e actions ' 
applicabilit y an d utility .  Ther e i s a  premiu m o n th e 
abilit y t o rapidl y identif y an d execute ,  a s wel l  a s 
suspend ,  resume ,  o r  abando n usefu l  plan s i n respons e 
t o th e fac e o f  nove l  circumstances . 

'Fo r  simila r  view s o n th e significanc e o f  low-leve l  fea -
ture s i n representation ,  se e [Forbu s &c Centne r  90 ] 
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Integra l  perceptio n a n d actio n 

The tigh t  couplin g betwee n a n actio n agen t  an d it s 
worl d shoul d b e reflecte d b y a  tigh t  couplin g betwee n 
sensor y an d moto r  processing .  OOPS meshe s th e 
ethologica l  mode l  o f  driv e hierarchie s [Tinberge n 51 , 
Baerend s 76 ,  Dawkin s 76 ]  wit h connectionist-lik e per -
ceptio n network s [Rumelhar t  &McClellan d 86] ,  i n 
orde r  t o achiev e a  smoot h integratio n o f  perceptio n 
and actio n selection .  Th e architectur e embodie s th e 
ide a o f  computationa l  economy :  a n expecte d valu e 
can b e calculate d fo r  ever y predictio n o f  a  featur e 
or  actio n opportunity ,  an d the n use d t o determin e 
whic h feature s an d propose d action s shoul d receiv e 
computationa l  attention .  Thi s yield s a  unifor m an d 
principle d procedur e fo r  allocatin g resource s t o promis -
in g perceptua l  an d actio n hypotheses . 

OOPS epistemics: diagnostic features 

The COPS networ k include s a  hierarch y o f  "quic k an d 
dirty "  diagnosti c feature s an d mor e expensive ,  precis e 
features .  A  chea p feature ,  whe n signalled ,  ca n b e 
validate d b y a  mor e expensiv e featur e [Birnbau m 86 , 
Sussman 75] .  Feature s ca n b e mor e expensiv e i n thei r 
C PU requirements ,  th e large r  arra y o f  subfeature s the y 
depen d on ,  o r  i n tha t  the y tak e longe r  t o detec t  i n 
th e worl d an d thu s hav e les s predictiv e value .  I n 
OOPS th e mai n thrus t  o f  learnin g i s t o validat e existin g 
featur e relationships ,  an d t o find  eve r  cheape r  feature s 
tha t  detec t  situation s o f  utilit y  t o th e agent .  A s thi s 
proceeds ,  attentio n focusin g an d it s moto r  equivalent , 
actio n selection ,  becom e increasingl y efficien t  an d 
accurate . 

Actio n selectio n i s a  two-tiere d process .  First ,  value s 
ar e obtaine d fo r  al l  feature s an d drives ? the n use d 
t o identif y th e mos t  highl y applicabl e an d desire d 
actions .  Thi s computatio n i s ver y cheap ;  th e updat e 
cycl e i s constraine d t o yiel d a  resul t  i n tim e linea r 
i n th e siz e o f  th e OOPS network .  I n th e secon d 
phase ,  propose d action s ar e verifie d accordin g t o mor e 
elaborat e specification s o f  condition s o f  applicability , 
and the n effector s ar e allocate d t o selecte d actions . 
The specific s o f  attentio n focusing ,  representation ,  an d 
informatio n flow  ar e discusse d i n [Bran d &  Birnbau m 
90] . 

Conditional independence The use of cheap diag-
nosti c feature s t o rapidl y winno w th e rang e o f  actio n 
down t o a  fe w promisin g choice s i s a  respons e t o 
th e nee d fo r  a  agen t  t o b e "o n th e ball, "  abl e t o 
act  fas t  o n ne w information .  I n orde r  fo r  diagnos -
ti c feature s t o b e wort h thei r  costs ,  assumption s o f 
conditiona l  independenc e mus t  hold :  feature s mus t 

Î n actuality ,  on e o f  th e principa l  advantage s o f  th e 
notio n o f  computationa l  econom y i s tha t  onl y selecte d 
feature s ar e computed ,  accordin g t o thei r  expecte d utilit y 
and th e availabilit y  o f  C P U resources .  Nonetheless ,  value s 
ar e availabl e io i  al l  features ,  an d ar e accurat e i n proportio n 
t o th e agent' s interes t  i n ejic h feature . 

correctl y predic t  opportunitie s i n th e vas t  majorit y o f 
common situations ,  withou t  requirin g heavin g com -
putation .  Thi s mean s tha t  th e featur e shoul d b e 
computabl e wit h littl e regar d t o context ,  ye t  stil l  b e 
applicabl e i n man y contexts .  Fo r  example ,  innat e 
releasin g mechanism s i n animal s suc h a s th e re d breas t 
of  th e courtin g frigat e bir d ar e goo d conditionall y 
independen t  features ,  becaus e the y ar e easil y detected , 
yet  hav e th e sam e meanin g i n almos t  al l  context s [Eibl -
Eibesfeld t  75] .  A s wil l  b e discusse d below ,  assumption s 
of  conditiona l  independenc e ar e eve n mor e importan t 

t o learning . 

Conditional independence and learning For 
learning ,  a  thir d phas e follow s i n whic h th e result s 
of  th e tw o phase s ar e compared ,  an d th e resultan t 
informatio n i s incorporate d int o estimate s o f  th e pre -
dictiv e valu e o f  feature s usin g signal-detectio n theor y 
[Gree n & ;  Swet s 66] .  Th e diagnosi s o f  a  featur e wit h 
regar d t o an y othe r  featur e o r  actio n i s classifie d int o 
Tru e Hit ,  Fals e Alarm ,  Correc t  Rejection ,  o r  Misse d 
Opportunity ,  an d thi s i s use d t o deriv e th e expecte d 
valu e o f  th e featur e [Bran d 9l] .  Thi s informatio n i s 
the n incorporate d int o connectio n strength s betwee n 
them . 

Resourc e conflict s Th e rat e an d succes s o f  learnin g 
i s partl y determine d b y th e degre e tha t  feature s actu -
all y ar e conditionall y independent .  A  proble m i n th e 
operatio n o f  th e OOPS simulato r  i s  tha t  thoug h it s first 
pass correctl y choose s a  se t  o f  applicabl e actions ,  man y 
of  thes e action s fai l  t o execut e afte r  inspectio n becaus e 
of  conflict s ove r  effector s an d externa l  resources .  Tha t 
is ,  wit h regar d t o resourc e management ,  thes e action s 
ar e no t  conditionall y independent .  A t  first  blush , 
thi s merel y mean s a  wast e o f  computation ;  i t  woul d 
be preferabl e i f  th e first  pas s propose d fewe r  action s 
wit h likel y conflicts .  However ,  th e proble m i s mor e 
seriou s i n tha t  thi s generate s unwante d fals e alarms : 
Propose d action s fai l  eve n thoug h thei r  condition s 
of  applicabilit y  ar e satisfied .  Unwante d fals e alarm s 
retar d learnin g th e relationship s o f  predictiv e features , 
becaus e th e learnin g algorith m construe s fals e alarm s 
as incorrec t  diagnose s o f  opportunities ,  independen t 
of  othe r  plan s tha t  ma y b e executing .  Suc h fail -
ure s canno t  simpl y b e discounte d o r  re-interprete d a s 
semi-successes .  Discountin g mean s losin g informatio n 
importan t  fo r  learning .  Re-interpretin g mean s tryin g 
t o represen t  i n a  connectio n a  relatio n tha t  doe s no t 
hol d betwee n th e featur e an d actio n i t  connects :  tha t 
unde r  unknow n condition s som e othe r  propose d actio n 
may usur p effector s neede d t o execut e th e action . 

Multiplanning 

Insid e th e agent ,  th e primar y challeng e o f  multiplan -
nin g i s th e selection ,  execution ,  an d retiremen t  o f 
plans .  I n OOPS thi s i s achieve d throug h a  simpl e 
extensio n o f  th e attentio n focusin g system ,  whic h 
enforce s a n econom y o f  interna l  resources ,  notabl y 
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computatio n an d memory . 

Outside the agent, the primary challenges arise fioni 
th e nee d t o coordinat e actions :  th e planne r  mus t  avoi d 
conflict s ove r  resources .  Dependin g o n th e numbe r  o f 
effector s a n agen t  ha s unde r  independen t  moto r  con -
trol ,  i t  m a y b e pursuin g severa l  plan s simultaneously , 
interweavin g plans ,  o r  usin g differen t  plan s t o contro l 
separat e eff"ector s i n th e servic e o f  th e sam e goal . 

Where there is a concurrency of action, interactions 
betwee n plan s unde r  executio n becom e a  seriou s con -
cern .  On e m a y wal k an d che w g u m successfully ,  bu t 
whistlin g an d chewin g g u m i s a n uncertai n proposition . 
Thi s i s a  simpl e conflic t  ove r  a n effector .  Mor e subtl e 
conflict s aris e ove r  resource s frequentl y manipulate d 
by separat e effectors :  A  musicia n ca n certainl y sin g 
and pla y a t  th e sam e time ,  bu t  doin g vocal s ove r 
a sol o i s a  ba d ide a becaus e on e m a y drow n ou t 
th e other ,  o r  bot h m a y b e to o complicate d t o liste n 
t o simultaneously .  Ther e i s limite d spac e i n th e 
dynamica l  an d informationa l  bandwidt h o f  a  listener' s 
hearing .  Thi s mus t  b e learne d b y musician s jus t  a s 
toddler s lear n tha t  bangin g pot s obscure s th e conten t 
of  thei r  scream s fo r  attention . 

Interactions are an equally difficult problem for 
classica l  planners .  Conside r  a  case-base d classica l 
planne r  whic h mus t  pursu e multipl e plans .  Usin g a 
memory stor e o f  usefu l  plan s instea d o f  synthesizin g 
ne w one s become s les s an d les s advantageous ,  sinc e 
th e overhea d o f  checkin g interaction s betwee n know n 
plan s i s jus t  a s ba d a s th e cos t  o f  doin g suc h checkin g 
when synthesizin g ne w plans .  No r  wil l  simpl e solution s 
help .  A s pointe d ou t  above ,  i t  i s  no t  satisfactor y 
t o simpl y bloc k action s tha t  requir e alread y allocate d 
resources .  I t  i s  entirel y reasonabl e t o interrup t  a  wal k 
t o kic k a  socce r  bal l  bac k t o th e gam e i t  rolle d ou t  of , 
but  somewha t  les s reasonabl e t o d o s o whe n jogging , 
and no t  ver y wis e t o d o s o whe n bein g chased .  Th e 
proces s o f  resourc e allocatio n mus t  accoun t  fo r  varyin g 
priorities . 

The fact that plans have different resource usages 
ove r  thei r  executio n cours e furthe r  complicate s th e 
matter :  O n e canno t  loc k u p ever y effecto r  tha t  a n 
actio n wil l  requir e ove r  it s  executio n lif e righ t  fro m th e 
outset .  S o m e action s hav e ver y lon g executio n courses , 
and wil l  ru n concurrentl y with ,  o r  b e punctuate d by , 
mor e staccat o actions .  Th e effector s a  pla n use s nea r 
th e en d o f  executio n shouldn' t  b e reserve d fro m th e 
beginning .  Fo r  example ,  runnin g dee p t o catc h a 
footbal l  shoul d no t  preclud e usin g one' s hand s t o repe l 
opposin g player s o n th e way .  No r  shoul d resource s 
be completel y availabl e t o b e usurpe d b y a n unrelate d 
plan :  whil e i n th e worksho p gluin g wood ,  on e doe s no t 
want  t o "notice "  a n opportunit y t o fi x  a  tabl e usin g 
nearb y clamps ,  onl y t o fin d tha t  non e ar e lef t  t o tak e 
th e plac e o f  one' s han d holdin g th e woo d together . 

R e c o g n i z i n g R e s o u r c e Confl ict s 

The scop e o f  thi s proble m ha s ha d a  substantia l 
impac t  o n ou r  assumption s abou t  wha t  make s fo r  a n 
adequat e epistemolog y o f  th e dynamic s o f  a n agent' s 
world .  I t  i s  prohibitivel y expensiv e t o inferentiall y 
predic t  th e consequence s o f  actio n interactions ,  ye t 
ther e i s a  stron g motivation  t o incorporat e som e sor t  o f 
knowledg e abou t  conditiona l  dependenc e int o th e ou r 
planner . 

Notin g tha t  th e greate r  rang e o f  h u m a n activit y 
doe s no t  requir e provabl y correc t  planning—peopl e 
routinel y mak e plannin g error s an d actio n slips ^  [Nor -
m an 88 ]  an d survive—on e plausibl e hypothesi s i s tha t 
much o f  th e knowledg e abou t  conditiona l  dependencie s 
i s brough t  t o bea r  o n plannin g i n a  manne r  mor e 
associative ,  an d les s accurate ,  tha n truth-preservin g 
inferentia l  reasoning .  Tha t  is ,  u p t o a  point ,  a  planne r 
benefit s fro m fro m knowledg e abou t  ho w it s action s 
loc k u p an d consum e resources ,  bu t  tha t  poin t  doe s no t 
exten d a s fa r  a s costl y inferentia l  reasonin g i n al l  cases . 
Thu s w e hav e focuse d o n movin g suc h knowledg e ou t  o f 
th e expensiv e action-validatio n proces s an d pushin g i t 
down int o th e computation-efficien t  proces s o f  action -
proposal . 

Looking to ethology 

Animal s avoi d th e potentia l  proble m o f  ambiva -
lence ;  stimul i  appropriat e fo r  mor e tha n on e 
behavio r  ma y b e presen t  bu t  th e anima l  usuall y 
ca n onl y perfor m on e behavio r  a t  a  <ime.[Toate s 
80] 

W h at  make s a n anima l  s o goo d a t  pickin g a  workabl e 
behavio r  fo r  eac h situation ? T h e knowledge-poo r 
answer  i s tha t  thing s ar e stacke d s o tha t  al l  possibilitie s 
ca n b e considere d i n parallel .  T h e knowledge-ric h 
answer  i s tha t  thing s ar e arrange d s o tha t  th e mos t 
appropriat e possibilitie s ar e considere d first.  Cog -
nitiv e scientist s migh t  attribut e thi s t o priming ,  A I 
researcher s migh t  sa y indexing .  Ethologist s ten d t o 
tal k abou t  suppression :  Give n th e kin d o f  situatio n 
th e anima l  i s in ,  a  whol e rang e o f  behavior s wil l  b e 
suppressed .  Fo r  simpl e animals ,  ther e ar e perhap s 
10-5 0 kind s o f  situations :  feeding ,  predation ,  fight, 
flight,  courtship ,  mating ,  gestation ,  sleep ,  birthing , 
patrolling ,  etc .  Eac h o f  thes e ha s characteristi c 
resourc e needs ,  an d behavior s wit h inimica l  resource -
consumptio n pattern s ar e suppressed . 

Avoiding resource conflicts 

Conside r  a  ver y simpl e exampl e fro m th e lo w en d o f 
th e foo d chain :  Th e gastropo d Pleurobranchae a i s a 
voraciou s eater .  I t  wil l  routinel y abando n matin g 
i f  foo d appear s nearby .  I n it s evolutionar y history , 
energ y intak e probabl y wa s it s greates t  challenge . 
W h en layin g eggs ,  however ,  i t  mus t  suppres s feedin g 

^Planning errors and action slips correspond to failures 
t o preserv e externa l  an d interna l  state ,  respectively . 
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t o protec t  it s  o w n progeny .  I n it s ver y simpl e world , 
th e short-ter m resourc e strateg y o f  energ y intak e (ea t 

everythin g withi n range )  mus t  b e subordinate d t o th e 
long-ter m resourc e strateg y o f  propagatin g it s gene s 
(stabiliz e th e environmen t  unti l  th e egg s hatch) . 

T o tak e anothe r  example ,  mobilit y  i s  a  resourc e 
tha t  m a n y animal s wil l  temporaril y  sacrific e fo r  extr a 

manipulativ e capacit y (e.g .  woodpecker s wedg e nut s 
int o corner s s o tha t  the y ca n pec k them ,  beaver s 
wedge themselve s agains t  branche s t o gai n leverag e i n 
fitting  togethe r  ne w d a m parts) .  W h e n frightened , 
woodpecker s wil l  avoi d place s i n thei r  environmen t 
tha t  hav e bee n usefu l  fo r  wedging ,  bu t  the y wil l  g o nea r 
othe r  place s tha t  ar e significan t  fo r  them .  Presumably , 
fear-relate d behavior s suppres s behavior s tha t  relat e t o 
reductio n o f  mobility . 

Th e ke y observatio n her e i s tha t  suppressio n inhibit s 
behavior s wit h incompatibl e resourc e usag e patterns . 
Usually ,  thes e riva l  behavior s fai l  t o becom e sufficientl y 
activ e t o clai m efi"ectors .  Mappin g thi s ont o th e two -
tiere d operatio n o f  OOPS,  i t  i s  likel y tha t  suppressio n 
operate s i n th e cheape r  computation s whic h find  appli -
cabl e actions ,  rathe r  tha n th e mor e expensiv e valida -
tio n o f  propose d actions .  I n thi s view ,  suppressio n 
operate s i n th e real m o f  m e m o r y mor e tha n i t  doe s 
i n real m o f  reasoning .  Althoug h thi s provide s onl y a 
weak protectio n fro m detrimenta l  interactions ,  i t  m a y 
suffic e t o accoun t  fo r  enoug h successe s t o m a k e a n 
agen t  environmentall y viable . 

Finally ,  i n busines s planning ,  time-sensitiv e behav -
ior s shoul d suppres s th e consideratio n o f  behavior s 
tha t  trea t  tim e a s a  limitles s o r  fre e resource .  A n 
exampl e lie s i n th e reactio n o f  liquo r  retailer s t o 
th e alcoho l  sale s ta x impose d a t  th e beginnin g o f 
1991 .  A n owne r  o f  a  larg e chai n o f  liquo r  store s i n 
Milwauke e wa s interviewe d a  fe w month s prio r  t o th e 
date .  H e wa s stockin g u p i n Septembe r  fo r  a  sal e 
i n December .  T h e reporte r  aske d hi m wh y no t  hav e 
a long ,  hug e sal e t o bea t  th e deadline .  T h e retaile r 
answere d tha t  sale s tak e a n unpredictabl e amoun t  o f 
tim e t o unloa d inventory ;  i t  wa s bette r  t o ren t  a 
warehouse ,  stoc k i t  u p wit h pre-ta x beer ,  an d sel l  i t 
of f  whe n consume r  awarenes s o f  th e ta x wa s a t  it s 
highest .  I n thi s case ,  a  sal e wit h specifi c  tim e cost s 
i s preferabl e t o on e wit h indeterminat e tim e costs , 
becaus e th e latte r  m a y no t  satisf y it s goa l  befor e th e 
deadline .  T h e latte r  pla n wil l  als o fai l  becaus e i t  tie s 
up m a n y othe r  resources ,  includin g stor e space ,  fo r 
it s  duration .  Althoug h th e retailer' s explanatio n m a y 
refe r  t o mor e sophisticate d reasonin g abou t  resourc e 
tradeoffs ,  suppressio n o f  inimica l  resource-strategie s i s 
sufficien t  t o produc e th e preference . 

Suppressing resource competitors 

Most  behavior s ca n b e characterize d i n term s o f  th e 
resource s tha t  the y conserv e an d th e resource s tha t 
the y expend .  Fo r  example ,  hoardin g conserve s th e 
potentia l  energ y o f  foo d a t  th e expens e o f  th e tim e 
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Figur e 1 :  A  schemati c o f  a  subnetwor k fro m a n 
OOPS simulatio n o f  a n anima l  tha t  mus t  kee p u p bot h 
it s territor y an d it s foo d supply .  T h e circle s represen t 
featur e nodes ;  flee ,  challenge ,  an d hoar d ar e actio n 
nodes ;  mout h an d leg s represen t  effectors .  Fea r  an d 
hunge r  ar e driv e node s tha t  boos t  th e chance s o f  thei r 
servan t  action s threshholding . 

spen t  scavenging ,  retrieving ,  an d hiding .  Onc e thes e 
characterization s ar e available ,  mutuall y inhibitor y 
relation s shoul d hol d betwee n behavior s wit h incom -
patibl e resourc e characterizations .  Thi s wil l  reduc e th e 
likelihoo d o f  conflict ,  an d thu s faile d actions . 

Resourc e characterization s ca n i n m a n y case s b e 
deduce d fro m th e effector s tha t  ar e involved .  I n th e 
curren t  se t  o f  OOPS simulations ,  wher e th e domai n i s 
anima l  behavior ,  al l  th e neede d resourc e characteri -
zation s thu s fa r  hav e bee n availabl e thi s way .  Eac h 
effecto r  i s goo d fo r  manipulatin g a  particula r  kin d 
of  resource .  A  plan' s resourc e consumptio n ca n b e 
derive d fro m th e span s o f  tim e tha t  i t  monopolize s 
variou s effectors .  Fo r  example ,  conside r  th e pla n 
carry-back-to-nest .  Thi s monopolize s th e ja w fo r  th e 
duratio n o f  th e trip ,  an d thu s block s acces s to ,  an d 
use of ,  resource s associate d wit h th e mouth :  dexterity , 
weaponry ,  food .  I n simpl e animals ,  wher e al l  efi'ector s 
ar e jus t  bodil y parts ,  on e ca n produc e a  resourc e 
analysi s purel y b y examinin g al l  th e behavior s tha t 
compet e fo r  th e sam e effectors .  I n m a n y huma n 
domains ,  ther e ar e resource s tha t  ar e no t  explicitl y 
manipulate d b y effectors ,  thu s th e analyse s ar e mor e 
complicated . 

Conside r  a  do g carryin g a  tast y bone .  Anothe r  do g 
approaches .  Normall y th e first  do g woul d approac h 
t o inspec t  an d challenge ,  ou t  o f  territoriality .  I n 
thi s case ,  i t  make s mor e sens e t o ru n awa y wit h th e 
bone .  W h y ? W h a t  i s i t  tha t  cause s th e fle e actio n t o 
threshol d befor e th e challeng e action ? W e ca n tak e 
figure  1  t o b e a  simplifie d mode l  o f  th e drive s an d 
behavior s involved .  Normally ,  whe n fea r  i s activ e an d 
a foreig n do g i s perceived ,  challeng e woul d threshhol d 
highe r  tha n flee .  I t  woul d b e validate d first  an d gain s 
contro l  o f  th e legs .  Fle e woul d als o b e validated ,  bu t 

94 



the n fai l  t o clai m th e legs ,  an d thu s signa l  a  fals e 
alarm .  Bu t  i n thi s case ,  challeng e i s bein g suppresse d 
by hoard ,  becaus e th e tw o action s ten d t o hav e resourc e 
conflicts .  I t  fail s  t o threshhold .  Fle e threshhold s an d 
th e th e syste m choose s t o run ,  withou t  th e additiona l 
overhea d o f  considerin g challenge .  I n thi s example , 
th e conditionalit y expresse d i n th e latera l  inhibitio n 
betwee n action s suffice s t o bia s th e networ k i n favo r  o f 
flight. 

Generalized resource analyses 

I n animals ,  eff"ector s ar e synonymou s wit h bod y parts , 
and i t  i s  eas y t o propagat e information  abou t  th e ful l 
catalo g o f  effector s bac k int o th e network ,  wher e i t 
take s th e for m o f  suppressio n link s betwee n actions .  I n 
modellin g mor e abstrac t  h u m a n tasks ,  th e us e o f  tool s 
expand s th e rang e o f  potentia l  effectors .  I n thes e cases , 
th e networ k mus t  b e update d a s ne w tool s becom e 
available .  However ,  thi s i s probabl y a  lo w overhea d 
operation ,  compare d t o saving s i n computatio n gaine d 
fro m suc h additiona l  knowledge . 

fo r  eac h behavio r  B 
fo r  eac h effecto r  E  use d b y behavio r  B 

fo r  eac h resourc e R  consume d b y effecto r  E 
fo r  eac h effecto r  £ '  indexe d unde r  resourc e i Z 

fo r  eac h behavio r  B '  whic h use s effecto r  E ' 
i f  i Z i s a  {  monopolizable ,  exhaustable , 

core ,  tim e }  resourc e 
increas e inhibitio n betwee n B  an d B ' 

i f  i J  i s  a  {  replenishable , 
self-replenishing ,  sharahle , 
renewable ,  }  resourc e 

decreas e inhibitio n betwee n B  an d B ' 

Figure 2: A simple heuristic for establishing a priori 
resourc e conflict s whe n constructin g a n actio n net -
work .  Thi s algorith m depend s o n a n abstrac t  char -
acterizatio n o f  resourc e depletio n an d replenishment . 
Renewable ,  replenishable ,  an d self-replenishin g refe r 
t o resource s tha t  ca n b e restore d instantaneously , 
willfully ,  an d automatically ,  respectively .  A n exampl e 
of  eac h i s rive r  water ,  foo d stores ,  an d foo d crop s i n 
th e managemen t  o f  a  town .  A  preliminar y typolog y o f 
resource s appear s i n [Bran d 90] . 

For  a  mode l  o f  a n agen t  i n th e financial  industry , 
effector s ar e wha t  economist s cal l  financial  "instru -
ments. "  Options ,  contracts ,  holds ,  votin g blocks ,  etc. , 
ar e al l  instruments .  A n interestin g aspec t  o f  instru -
ment s i s tha t  the y ar e largel y understoo d b y thos e 
who us e the m a s device s fo r  exchangin g resources .  I n 
any newspape r  discussio n o f  device s an d thei r  use , 
the y ar e discusse d almos t  exclusivel y i n term s o f  th e 
resourc e trade-off s tha t  the y embody .  Option s preserv e 
opportunitie s a t  th e los s o f  cas h o r  credit .  Votin g 
block s ar e nonliqui d asset s tha t  reduc e opponents ' 
contro l  o f  othe r  companies . 

Conside r  tw o corporation s i n a  takeove r  battle , 
predato r  an d prey .  T w o o f  th e m a n y plan s fo r 
fighting  a  takeove r  ar e (1 )  rais e one' s o w n stoc k pric e 
throug h buy-backs ,  an d (2 )  achiev e a  votin g blo c o f 
th e predator' s stock ,  an d lea d a  shareholde r  vot e t o 
challeng e th e takeove r  internally .  T h e instrument s 
use d her e ar e votin g block s an d options ,  particularl y 
option s o n one' s o w n stoc k an d o n tha t  o f  potentia l 
predators . 

Bot h o f  thes e instrument s consum e liquidity .  I n fact , 
t o b e effective ,  bot h device s consum e indeterminat e 
amount s o f  liquidity ,  sinc e i t  i s  no t  clea r  i n advanc e 
ho w m u c h one' s o w n shar e pric e mus t  b e drive n u p 
t o driv e of f  a  suitor ,  no r  ho w m a n y votin g share s 
ar e necessar y t o lea d a  shareholde r  revol t  agains t  th e 
suitor' s takeove r  plans .  Eve n i f  sufficien t  liquidit y i s 
availabl e fo r  exercisin g bot h option s a t  th e outset ,  sinc e 
bot h plan s m a y requir e mor e cas h o r  credit ,  i t  woul d 
be foolis h t o pursu e bot h tracks . 

An analysi s o f  eithe r  instrumen t  show s tha t  the y 
bot h requir e larg e amount s o f  liquidity .  Thi s informa -
tio n ca n b e propagate d bac k t o bot h plans ,  wher e th e 
lac k o f  a  specificatio n o f  ho w m u c h liquidit y i s neede d 
shows tha t  bot h plan s requir e indeterminat e amount s 
of  money .  Thu s labelled ,  a n inhibitor y connectio n i s 
adde d s o tha t  i n th e future ,  the y ar e les s likel y t o 
undermin e eac h othe r  throug h concurren t  execution . 
Not e tha t  thi s i s no t  a  conflic t  ove r  instruments ,  bu t 
th e underlyin g resource s tha t  the y consume . 

Althoug h bot h plan s consum e a  resourc e o f  genera l 
universality—financia l  liquidity—th e sam e treatmen t 
applie s t o mor e specifi c  resources .  Alternativ e plan s 
fo r  takin g lega l  actio n shoul d hav e th e sam e mutuall y 
inhibitor y relationshi p becaus e o f  possibl e conflict s 
ove r  th e resource s o f  th e lega l  department ,  money ,  an d 
intra-offic e informatio n flow. 

Summary 

OOPS i s a n actio n architectur e designe d wit h a n empha -
si s o n th e perceptio n o f  opportunities .  I t  reflect s 
th e belie f  tha t  inferentia l  mechanism s ar e no t  effi -
cien t  enoug h t o produc e realtim e behavio r  ove r  a 
cours e o f  situation s routinel y encountere d i n a  robot' s 
world .  T h e syste m attempt s wher e eve r  possibl e 
t o substitut e inexpensiv e computation s fo r  expensiv e 
computations ,  withou t  los s o f  utility .  Chea p diagnosti c 
feature s yiel d probablisti c indication s o f  opportunities , 
an d the n mor e expensiv e mechanism s ar e invoke d t o 
verif y th e opportunitie s an d selec t  a m o n g propose d 
actions .  Decision-theoreti c method s ar e use d t o lear n 
th e probablisti c valu e o f  eac h feature' s diagnosis ;  th e 
result s ar e use d t o allocat e computatio n t o hypothese s 
abou t  opportunitie s i n th e world .  Bot h th e utilit y 
an d th e learnabilit y  o f  thes e feature s depend s upo n 
assumption s o f  conditiona l  independence .  Conditiona l 
relation s betwee n feature s ar e onl y handle d afte r  th e 
winnin g hypothese s hav e thresholded .  However ,  th e 
conditiona l  independenc e o f  hypothese s doe s no t  nec -
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essaril y  hold ;  frequently ,  viabl e plan s ar e considere d 
tha t  hav e conflictin g requirements .  The y ma y nee d 
th e sam e eflfectors ,  o r  nee d differen t  effector s tha t 
usur p th e sam e resources .  Anticipatin g an d handlin g 
suc h conflict s i s fa r  t o expensiv e t o d o inferentially . 
Rathe r  tha n leav e i t  u p t o expensiv e actio n validatio n 
t o protec t  agains t  suc h conflicts ,  i t  i s  muc h mor e 
economica l  t o "pus h down "  thi s knowledg e int o th e 
chea p pre-thresholdin g computation ,  wher e inhibitor y 
connection s betwee n actio n hypothese s bia s perceptio n 
agains t  seein g conflictin g opportunities .  Thi s insulate s 
th e multiplanne r  agains t  th e twi n problem s o f  ambiva -
lenc e an d overextension . 
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