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N o t i c i n g O p p o r t u n i t i e s i n a  R i c h E n v i r o n m e n t 

Matthew Brand and Lawrence Birnbaum 

Northwestern University 

The Institut e fo r  th e Learnin g Science s an d 

Departmen t  o f  Electrica l  Engineerin g an d Compute r  Scienc e 

Evanston ,  Illinoi s 

Abstrac t 

Opportunistic planning requires a talent 

fo r  noticin g plans '  condition s o f  applica -

bilit y i n th e world .  I n a  reasonabl y com -

ple x environment ,  ther e i s a  grea t  prolifer -

atio n o f  features ,  an d thei r  relation s t o use -

fu l  plan s ar e ver y intricate .  Thus ,  ''notic -

ing "  i s a  ver y complicate d affair .  T o com -

poun d difficulties ,  th e nee d t o efficientl y 

perceiv e condition s o f  applicabilit y i s  si -

multaneousl y tru e fo r  th e thousand s o f  pos -

sibl e plan s a n agen t  migh t  use .  W e examin e 

th e implication s o f  thi s proble m fo r  m e m-

or y an d plannin g behavior ,  an d presen t  a n 

architectur e develope d t o addres s it .  Tool s 

fro m signa l  detectio n theor y an d numeri -

cal  optimizatio n provid e th e mode l  wit h a 

for m o f  learning . 

1 Th e Proble m 

An agen t  operatin g i n a  ric h an d rapidl y changin g 

environmen t  mus t  constantl y monito r  th e environ -

ment  a s i t  acts ,  an d b e prepare d t o dea l  wit h oppor -

tunitie s an d obstacle s a s the y com e up .  Th e nee d t o 

interac t  wit h rathe r  tha n simpl y ac t  upo n th e worl d 

present s a  larg e variet y o f  constraint s o n th e com -

putationa l  behavio r  o f  a  planner .  W e hav e trie d t o 

use thes e a s guideline s fo r  th e desig n o f  a n architec -

tur e fo r  th e pusui t  o f  multipl e goal s an d plan s i n a 

realtim e environment . 

A convenien t  rout e t o th e issue s involve d i n real -

tim e multiplannin g lie s i n th e colloquia l  languag e 

of  opportunism .  Ou r  dail y lif e i s  filled  wit h myr -

ia d chance s t o satisf y o r  advanc e ou r  goals .  H o w w e 

far e i n th e worl d ha s m u c h t o d o wit h ou r  abilit y t o 

"notice "  opportunities ,  "seize "  them ,  an d m a k e us e 

of  the m befor e th e "window "  o f  opportunit y closes . 

Eac h o f  thes e idiom s point s t o som e o f  th e m a n y 

constraint s tha t  bea r  upo n th e desig n o f  a  realtim e 

multiplanner . 

I n particular ,  "noticing "  mean s recognizin g usefu l 

resource s i n th e complexe s o f  low-level ,  nois y sensor y 

feature s availabl e t o th e planner .  No t  al l  resource s 

ar e wort h attention ;  onl y thos e tha t  enabl e plan s 

whic h serv e activ e goals .  Thus ,  althoug h "noticing " 

appear s t o b e a  perceptua l  process ,  it s  operatio n de -

pend s o n decision s tha t  mus t  b e informe d b y th e 

hig h leve l  goal s o f  th e agent .  "Seizing "  refer s t o th e 

overhea d o f  selectin g a  pla n an d executin g it :  choos -

in g amongs t  competin g plan s an d goals ,  verifyin g 

th e opportunity ,  an d assignin g additiona l  resource s 

t o th e pla n execution .  "W indo w o f  opportunity " 

refer s t o th e transienc e o f  opportunities :  the y hav e 

t o b e discovere d an d acte d upo n a s suddenl y a s the y 

appea r  an d th e agen t  m a y hav e t o dea l  wit h thei r 

disappearin g jus t  a s suddenly . 

I n short ,  realtim e multiplannin g present s thre e 

genera l  constraints : 

•  Th e agen t  mus t  incorporat e a n opportunit y 

oriente d planner ,  rathe r  tha n a  one-sho t  o r 

agenda-oriente d planners .  However ,  bein g 

opportunity-drive n doe s no t  mea n tha t  it s be -

havio r  i s  determine d bottom-u p fro m percep -

tion :  action s an d indee d perception s nee d 

t o b e goal-motivated .  Thi s i s  th e integra -

tio n constraint :  T h e planne r  need s t o adju -

dicat e betwee n bottom-u p opportunitie s an d 

top-dow n desire s an d expectation s (see ,  e.g . 

[Birnbau m 86]) . 

•  Th e agen t  mus t  perfor m a  quic k an d efficien t 

mappin g fro m surfac e feature s t o applicabl e 

plans .  Thi s i s  th e tim e constraint :  T h e agen t 
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must  hav e a  fas t  an d fairl y constan t  reactio n 

tim e i n an y situation . 

•  Th e agen t  mus t  b e constantl y replannin g a s 

externa l  condition s an d interna l  goal s change . 

Thi s i s th e flexibility  constraint :  Th e agen t  mus t 

be prepare d a t  an y tim e t o execute ,  suspend , 

resume ,  o r  abando n a  pla n i n th e fac e o f  nove l 

circumstances . 

Thes e constraint s hav e guid e th e desig n decision s 

tha t  for m th e syste m describe d below . 

2 Real-World Constraints 

Most compelling in the design of a realtime planner 

ar e issue s o f  computationa l  efficiency .  Th e environ -

ment  wil l  tolerat e onl y a  narro w rang e o f  reactio n 

time s o n th e par t  o f  th e agent ,  an d th e shorte r  th e 

better .  Th e agen t  mus t  mov e fro m low-leve l  per -

ceptua l  feature s t o high-leve l  decisio n processe s i n 

as fe w step s a s possible .  Traditiona l  plannin g tools , 

especiall y thos e base d o n search ,  ar e undesirabl e be -

caus e the y requir e indeterminat e an d exponentia l 

tim e t o fin d o r  construc t  applicabl e plans .  A n an -

ima l  doe s no t  sto p t o thin k ho w i t  ca n relat e th e 

sightin g o f  pre y t o th e get-nourishmen t  goal .  A n ef -

ficien t  alternativ e t o searc h i s matchin g agains t  ric h 

librarie s o f  plannin g information .  Makin g thi s work , 

however ,  necessitate s unusua l  commitment s vis-a-vi s 

memory,  processing ,  an d architecture . 

2.1 Memory Issues 

I n orde r  t o b e abl e t o recogniz e whic h circumstance s 

constitut e a n opportunit y fo r  th e inceptio n o r  re -

sumptio n o f  a  plan ,  tha t  pla n mus t  alread y b e 

available-an d quit e som e detail-i n th e agent' s mem-

ory .  A t  th e ver y least ,  i t  mus t  b e presen t  i n enoug h 

detai l  fo r  it s  condition s o f  applicabilit y  t o b e quickl y 

consulte d an d compare d t o th e world .  Thi s i s es -

peciall y importan t  becaus e o f  th e larg e numbe r  o f 

potentiall y  usefu l  plans .  Th e typica l  rang e o f  ac -

tivitie s i n a n agent' s "everyday "  behavio r  wil l  likel y 

requir e hundred s o r  thousand s o f  precompile d plans . 

We cal l  th e nee d t o hav e plan s easil y consulte d th e 

accessibilit y  constraint . 

Give n tha t  w e wan t  plan s t o b e tightl y coordi -

nate d wit h th e perceptua l  apparatu s tha t  cue s them , 

i t  wil l  prov e usefu l  t o thin k o f  a  pla n couple d wit h 

th e computin g element s tha t  recogniz e it s condition s 

of  applicabilit y  a s a  unit :  a  behavior .  Whe n w e 

tal k o f  a  planne r  endowe d wit h sensor s an d effectors , 

we tal k o f  a  collectio n o f  behavior s whic h w e wan t 

t o combin e i n way s salutar y t o th e planner' s goals . 

As wit h [Agr e 88 ,  Agr e &  Chapma n 87 ,  Firb y 89 , 

Maes 89 ]  w e ar e intereste d i n th e consequence s o f 

reinterpretin g th e plannin g tas k a s a  matte r  o f  co -

ordinatio n o f  behavior s rathe r  the n th e synthesi s o f 

plans . 

How specifi c  shoul d behavior s be ? I n an y comple x 

environment ,  behavior s d o no t  hav e uniqu e condi -

tion s o f  applicability ;  ther e i s alway s som e generalit y 

whic h canno t  b e capture d i n simpl e list s o f  features . 

An anima l  i n a  fores t  nee d no t  hav e on e behavio r 

fo r  pickin g u p edible s an d anothe r  fo r  pickin g u p 

nestin g materials .  Havin g bot h i n memor y simpl y 

adds computationa l  cos t  t o th e tas k o f  pla n selec -

tion ,  probabl y mor e tha n i s save d b y simpl e featur e 

matching .  Th e plan s i n th e agent' s repertoir e shoul d 

be flexible,  eve n thoug h thi s make s recognizin g eac h 

plan' s condition s o f  applicabilit y  i n th e environmen t 

more expensive .  Ther e i s a  tradeof f  betwee n eas e o f 

opportunit y recognitio n an d generalit y o f  behaviors . 

Schemes fo r  flexible  plan s com e wit h a  numbe r  o f 

extr a burdens :  pla n synthesi s require s search ,  pla n 

modificatio n require s extensiv e knowledg e abou t 

planning ,  an d abstrac t  pla n role s requir e compli -

cate d typ e checking .  Al l  three ,  however ,  violat e th e 

accessibilit y  constraint .  Consequentl y th e planner' s 

memory i s strongl y biase d fo r  eas e o f  matchin g an d 

agains t  "abstract "  o r  "universal "  plannin g methods . 

2.2 Attention Issues 

Plan s exis t  fo r  man y difi"eren t  tim e scales .  Fe w ar e 

execute d e n ton s an d withou t  interruption .  Man y 

cove r  span s o f  tim e s o larg e tha t  a n agen t  canno t 

affor d t o execut e the m withou t  interruption .  Fo r 

example ,  on e canno t  follo w th e house-buildin g ple m 

withou t  break s t o entertai n th e eat-and-be-refreshe d 

plan .  Some plan s ar e s o long-term ,  suc h a s write -

thesis ,  o r  o f  suc h lo w priority ,  suc h a s pick-up -

money-from-sidewalk ,  tha t  mor e tim e passe s durin g 

interruption s tha n durin g execution . 

Proverbially ,  w e wan t  a n agen t  t o b e abl e t o "wal k 

and che w gu m a t  th e sam e time. "  Thi s mean s di -

vidin g attentio n betwee n man y plan s tha t  ar e con -

currentl y bein g executed ,  som e i n parallel ,  som e i n 

dovetaile d sequence . 

The ide a o f  precompile d plan s i s helpfu l  her e too . 

I f  a  pla n ma y no t  b e execute d e n tons ,  the n con -

dition s o f  applicabilit y  nee d b e compute d no t  onl y 

fo r  it s  beginning ,  bu t  a t  an y poin t  wher e i t  ma y b e 

interrupte d an d late r  resumed .  Th e mor e concret e 
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th e descriptio n o f  th e plan ,  th e les s costl y thi s cal -

culatio n is . 

The possibilit y o f  interruptio n als o argue s fo r 

plan s tha t  ar e a s shor t  a s possible .  Rathe r  tha n 

tr y t o execut e a  ful l  pla n fo r  buildin g a  shelter , 

a agen t  wil l  fin d i t  easie r  t o hav e a  buildin g pla n 

broke n dow n int o it s  componen t  behaviors ,  whic h 

i t  ca n splic e togethe r  a s thei r  condition s o f  appli -

cabilit y  becom e tru e i n th e environment .  Thi s ha s 

a numbe r  o f  advantage s fo r  th e planner .  Breakin g 

a pla n int o fragment s provide s convenien t  interrup -

tio n point s wit h precompute d requirement s fo r  re -

sumption .  Pla n fragment s ca n b e recombine d an d 

reordere d accordin g t o th e vagarie s o f  environmen -

ta l  change. ^ 

3 Architecture 

In perceiving the world, the agent should calculate 

an optima l  se t  o f  feature s fo r  it s purposes-meanin g 

i t  shoul d comput e a s fe w feature s a s possibl e t o iden -

tif y applicabl e plan s an d choos e betwee n them .  Fea -

ture s shoul d onl y b e compute d whe n necessar y vts-a -

vt s likel y plans ,  an d whe n necessar y t o man y plans , 

a featur e shoul d onl y b e compute d once . 

An efficien t  architectur e whic h addresse s th e tw o 

prioritie s o f  share d computatio n o f  feature s an d ar -

bitrar y mapping s i s a  feed-forwar d network .  Low -

leve l  feature s pas s thei r  informatio n u p t o increas -

ingl y comple x feature s whic h i n tur n cu e an d re -

cue candidat e plans .  Thi s open s th e doo r  t o paral -

lelism .  However ,  w e canno t  assum e tha t  th e "magic " 

of  massiv e parallelizatio n wil l  someho w mak e thi s 

networ k tractable .  Limite d resource s mea n tha t  a 

limite d numbe r  o f  feature s ca n b e compute d a t  an y 

give n time . 

Optimizatio n i n thi s contex t  mean s makin g 

choice s abou t  whic h node s i n th e networ k wil l  re -

ceiv e computationa l  resources ,  an d whic h wil l  hav e 

t o remai n dormant .  Dormanc y mean s tha t  th e fea -

tur e retain s it s ol d value ,  an d i s increasingl y likel y t o 

become incorrec t  a s th e environmen t  changes .  W e 

wis h t o construc t  a  descriptio n o f  ho w efficientl y th e 

networ k i s usin g it s feature s (an d thu s retrievin g ap -

propriat e plans) .  An y networ k contro l  strateg y tha t 

'Thi s als o relieve s th e agen t  o f  muc h o f  th e memor y 
burde n involve d i n rememberin g it s plac e i n a  lon g pro -
cess .  Th e environmen t  i s exploite d a s a  mnemoni c de -
vice ,  lik e a  mechani c laying s ou t  piece s fro m a  machin e 
t o mar k hi s pla c i n th e disassembl y an d reassembl y o f  a 
machine . 

Schemati c o f  N e t w o r k 

Architectur e 

?,i .  V  V  V  ,  V  V  V 

Modes Q 
Contex t 
.Modes 

A A  A  A  A  A 

? —„  A  A  A  A  A 

A A  A  A A A 

A A  A  A  A 

Detector s 

'  Surtac e Feature s ' 

.  i 

>s 
U 3 
< 

1 
— 
' ^ (Z > 

< 

Informatio n flow :  ^ 
> 

Figur e 1 :  Connect iv i t y a n d informat io n flo w i n th e 

plainnin g n e t w o r k . 

optimizes that function will thus provide a means 

fo r  intelligen t  attentio n focusing . 

We hav e arrange d th e knowledg e source s o f  ou r 

planne r  i n a  networ k fo r  thi s purpos e (se e figur e 1) . 

Each nod e represent s a  kin d o f  computatio n th e 

planne r  ca n do :  eithe r  computin g a  featur e o f  ex -

ecutin g a  pla n step .  Th e link s betwee n node s ar e 

pathway s throug h whic h node s interact ,  passin g in -

formatio n an d competin g an d cooperatin g t o con -

tro l  th e effector s an d computationa l  resource s o f  th e 

agent . 

4 Representation 

Ther e ar e fou r  basi c type s o f  knowledg e i n th e agent : 

gocds ,  actio n sequences ,  featur e detectors ,  an d m e m-

or y pools .  Betwee n the m pas s thre e kind s o f  infor -

mation :  values ,  accurac y estimates ,  an d activation . 

4.1 Information Flow in the Planner 

Value s ar e scalar s tha t  ar e passe d u p fro m lower-leve l 

node s t o higher-leve l  nodes .  The y indicat e whethe r 

th e featur e compute d b y som e nod e wa s presen t  i n 

th e worl d las t  tim e th e nod e wa s computed . 

Accurac y estimate s ar e scalar s indicatin g ho w 

likel y i t  i s  tha t  a  featur e ha s bee n compute d usin g 
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obsolet e information .  Feature s ca n b e inaccurat e be -

caus e subfeature s the y depen d upo n m a y hav e bee n 

dorman t  whil e somethin g i n th e worl d ha s changed . 

Accurac y estimate s flow  u p th e networ k alon g wit h 

values ,  an d ar e reduce d a s the y pas s throug h eac h 

obsolet e node . 

Activation ,  als o a  scalar ,  flows  dow n throug h th e 

networ k ove r  weighte d connections .  I t  i s  use d t o de -

termin e wha t  part s o f  th e networ k shoul d b e com -

puted .  Essentially ,  th e activatio n a t  a  nod e i s a n 

indicato r  o f  ho w intereste d th e planne r  i s i n com -

mittin g computationa l  resource s t o it . 

4.2 Knowledge Structures in the Planner 

At  th e to p o f  th e network ,  goal s provid e th e impe -

tu s behin d th e agent' s choices .  The y ar e no t  pred -

icate s describin g worl d states ,  a s i s th e traditio n i n 

planning .  Rathe r  the y ar e generator s tha t  suppl y 

activit y t o th e actio n sequence s whic h satisf y the m 

an d th e feature s whic h recogniz e condition s i n whic h 

the y ar e satisfied . 

Featur e detector s ar e arbitrar y function s whic h 

rea d i n sensor y dat a and/o r  othe r  featur e value s an d 

outpu t  a  valu e indicatin g som e stat e o f  aflfair s i n th e 

environmen t  an d th e planner . 

Actio n node s encapsulat e plannin g knowledge . 

Movin g upwards ,  the y signa l  thei r  executio n statu s 

t o th e goal s tha t  the y serve ,  inhibitin g o r  satisfy -

in g them .  Movin g downwards ,  the y pas s activatio n 

on t o th e featur e detector s tha t  correspon d t o thei r 

preconditions ,  primin g them .  Fro m goa l  node s the y 

receiv e activation ,  an d fro m featur e detector s the y 

receiv e informatio n abou t  thei r  applicability .  A s th e 

agen t  monitor s th e world ,  eac h actio n nod e jockey s 

fo r  th e righ t  t o determin e th e nex t  action . 

Ther e i s n o basi c uni t  o f  pla n representatio n insid e 

an actio n nod e node .  Instead ,  thes e node s hol d pla n 

fragments ,  singl e operators ,  an d occcisionall y eve n 

entir e canne d plans . 

Plan s an d pla n fragment s ar e expresse d wholl y i n 

term s o f  effecto r  instructions .  Ther e i s n o explici t 

representatio n o f  subgoals ,  els e th e planne r  woul d 

hav e t o resor t  t o search .  Althoug h thi s woul d see m 

t o severel y limi t  th e potentia l  sophisticatio n o f  th e 

plan s th e agen t  ca n express ,  w e ar e tak e hop e fro m 

tw o hypotheses .  T h e first  i s  tha t  a  larg e rang e o f  in -

terestin g an d usefu l  behavior s ca n b e achieve d unde r 

thi s limitation-perhapseve n enoug h fo r  a  reasonabl e 

simulatio n o f  anima l  behavior . 

T h e secon d i s tha t  wher e subgoalin g reall y i s  nec -

essary ,  w e m a y expec t  subgoaling-lik e behavio r  i n 

th e wa y th e agen t  sequence s it s behaviors .  Th e rea -

so n wh y i s that ,  shoul d actio n nod e A  nee d a  pre -

conditio n achieved ,  i t  wil l  prim e th e featur e detec -

tor s tha t  ar e lookin g fo r  satisfyin g condition s i n th e 

world .  I f  actio n nod e B  ha s thos e featur e detector s 

as a  descriptio n o f  wha t  i t  achieves ,  an d the y ar e 

partiall y  true ,  nod e B  i s likel y t o b e execute d op -

portunistically .  Onc e thi s ha s happened ,  nod e A' s 

precondition s hav e bee n satisfied ,  an d i t  wil l  b e exe -

cuted .  Thoug h no t  dependable ,  thi s scenari o point s 

a wa y t o rudimentar y subgoaling . 

M e m o ry pool s ar e froze n contexts .  Eac h nam e 

a pla n i n execution ,  th e goa l  i t  serves ,  an d th e re -

source s tha t  ar e tie d t o th e variou s role s i n th e plan . 

The y poin t  t o th e featur e detector s tha t  recogniz e 

thei r  rol e fillers.  I n a  carpenter' s attac h plan ,  fo r 

example ,  role s migh t  b e Object! ,  Object2 ,  Support -

ingSurface ,  MeansOfAttachment ,  ClampingDevice , 

and Tool .  Thei r  fillers  coul d be ,  respectively ,  a  bro -

ke n chair ,  it s  leg ,  a  clea r  spac e o f  floor,  woo d glue , 

rope ,  an d th e righ t  hand . 

M e m o ry pool s ar e use d t o ensur e tha t  a  pla n ca n 

be continued .  The y ar e quit e expensive ,  an d ten d 

t o evaporat e afte r  time .  Thi s i s becaus e a n agen t 

must  hav e a  mean s o f  forgettin g thwarte d plan s afte r 

some passag e o f  time ,  i n orde r  t o b e reasonabl y fre e 

t o exploi t  ne w opportunities . 

5 Process Model 

Th e step s o f  a  typica l  plannin g cycl e are : 

•  Choos e th e feature s t o b e recomputed . 

•  Recomput e features . 

•  Propogat e informatio n through t  th e network . 

•  Choos e a n actio n nod e t o contro l  effectors . 

•  Execut e on e instructio n fro m th e node' s pla n 

fragment . 

•  Construction ,  update ,  o r  activat e a  memor y 

pool  t o hol d th e curren t  context . 

Th e importan t  step s i n thi s cycl e ar e th e selectio n 

steps .  Thes e choice s gover n th e agent' s externa l  an d 

interna l  attention ,  an d ar e governe d b y th e parame -

ter s whic h flow  throug h th e network . 

I n additio n t o th e thre e parameter s describe d 

above-value ,  activatio n an d accuracy-eac h nod e ha s 

a stationar y parameter :  cost .  I t  represent s th e com -

putatio n expens e associate d wit h tha t  node ,  an d i s 

use d t o determin e whe n th e featur e i s wort h recom -

puting .  Low-leve l  features ,  whic h ar e wort h comput -
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in g ofte n becaus e the y ar e clos e t o sensor y informa -
tio n an d ar e th e basi s fo r  al l  othe r  computation ,  ar e 
assigne d lo w costs .  High-leve l  features ,  whic h ar e i n 
a sens e mor e speculative ,  ar e assigne d hig h costs .  I n 
thi s wa y th e networ k i s biase d t o pa y clos e attentio n 
t o th e environment . 

How i s th e distributio n o f  computatio n questio n 
decided ? I n th e cas e o f  featur e detecto r  nodes ,  th e 
featur e i s recompute d i f 

acttvation „  -  cost n 
f(n )  =  — >  I f 

1 — accuracy n 
wher e T p i s a  globa l  threshhold.' ^  Thi s equatio n 
expresse s th e mai n econom y o f  featur e computation . 
I t  simpl y ensure s tha t  th e feature s ar e recompute d 
when the y receiv e larg e amount s o f  activatio n o r  ar e 
ver y likel y t o b e obsolete .  A  simila r  functio n F{n) , 
govern s actio n node s an d memor y nodes . 

The purpos e behin d thes e parameters ,  beside s 
providin g th e basi s fo r  interactio n betwee n knowl -
edge sources ,  i s  t o allo w th e planne r  t o judg e wha t 
i s  wort h computing .  Th e basi c premis e i s tha t  som e 
kind s o f  computatio n ar e mor e expensiv e tha n oth -
ers .  Passin g th e parameter s aroun d th e networ k an d 
calculatin g f{n )  an d F{n )  ar e cheap ;  w e preten d 
tha t  the y ar e propertie s o f  som e imaginar y compu -
tationa l  substrate .  Mor e importantly ,  the y happe n 
i n constan t  time ,  regardles s o f  th e agent' s circum -
stances .  Actuall y computin g th e feature s als o take s 
constan t  time ,  becaus e a  fixed  fractio n o f  th e net -
wor k i s considered . 

Computin g th e feature s i s hel d t o b e mor e expen -
siv e tha n propagatin g information ,  an d thu s w e limi t 
th e numbe r  tha t  ar e compute d eac h cycle .  Thi s i s 
not  jus t  t o conserv e computation :  i f  to o man y fea -
tur e node s ar e active ,  to o man y actio n node s tha t 
wil l  meri t  consideration .  Thu s a s feature s receiv e 
inadequat e activatio n the y repor t  increasingl y obso -
let e information ,  an d deca y t o a n off-state ,  i n whic h 
the y ar e incapabl e o f  supportin g an y actio n node' s 
bi d fo r  execution . 

An actio n nod e i s queue d fo r  evaluatio n i f  F{n )  = 
f{n )  +  K s { n )  >  Ta ,  wher e K  i s a  globa l  coefficient, ^ 

^Tf  control s wha t  fractio n o f  th e network' s feature s 
ar e recompute d i n an y give n cycle .  A  highe r  thresh -
hol d make s th e agen t  lik e a  panicke d animal ;  i t  need s 
t o respon d ver y quickl y an d thu s ca n onl y atten d t o it s 
most  immediat e goal s an d sensations .  A  lowe r  thresh -
hol d make s th e agen t  slower ,  bu t  mor e aler t  t o uncom -
mon opportunities . 

^ K allow s u s t o balanc e th e relativ e importanc e 
of  need ,  expresse d b y activation ,  an d opportunity ,  ex -

s(n )  i s a  weighte d vot e o f  preconditio n feature s fo r 
tha t  node ,  an d T a i s anothe r  globa l  threshhol d lik e 
Tf .  Th e nod e wit h greates t  F{n )  i s picke d ou t  o f 
th e queue ,  it s rol e binding s verified ,  an d th e first 

unexecute d operato r  i n i t  i s  use d t o contro l  th e ef -
fectors .  I f  th e rol e fillers  fai l  t o verify ,  tha t  nod e ca n 
be "suspended "  b y constructio n o f  a  memor y pool , 
or  a  differen t  nod e ca n b e take n of f  th e queue .  Onl y 
a fixed  numbe r  o f  node s ar e checked ,  an d th e queu e 
i s discarde d afte r  eac h cycle . 

Actio n selectio n i s als o constan t  i n tim e relativ e 
t o th e input ,  an d i s logarithmi c i n th e siz e o f  th e 
network .  Cycl e tim e i s thu s constant ,  an d adjustabl e 
vi a th e tw o globa l  threshhold s T f  an d T a • 

W h en th e curren t  actio n nod e i s usurpe d b y a 
nod e wit h greate r  F{n) ,  i t  i s  suspended .  A  m e m-
or y poo l  i s  se t  u p fo r  i t  whic h save s th e contex t  a t 
tim e o f  suspension .  Thi s memor y poo l  i s  treate d 
lik e a n actio n nod e i n subsequen t  cycles :  i t  receive s 
activatio n fro m th e actio n node' s sponso r  goal ,  i t  i s 
queue d an d evaluate d lik e actio n nodes ,  an d whe n i t 
i s  selecte d th e actio n nod e i t  i s  attache d t o resume s 
execution .  Memor y pool s hav e a  deca y ter m i n thei r 
F{n )  whic h grow s increasingl y negativ e wit h time , 
makin g thei r  resumptio n les s an d les s likely .  W h e n 
thei r  F{n )  itsel f  become s negative ,  the y "evaporate " 
and th e planne r  lose s an y trac e o f  havin g bee n i n th e 
mids t  o f  thei r  plans . 

6 Learning 

Optimizatio n i s plausibl e i n ou r  architectur e becaus e 
th e flow  o f  informatio n i s restricte d t o specifi c  path -
ways betwee n knowledg e structures ,  greatl y simpli -
fyin g credi t  assignment ,  an d becaus e informatio n 
i s restricte d t o scalars ,  allowin g u s t o construc t  a 
mathematica l  characterizatio n o f  th e network' s per -
formance . 

I n th e network ,  goal s ar e serve d bot h b y featur e 
detectors ,  whic h repor t  goa l  satisfactio n an d actio n 
nodes ,  whic h attemp t  goa l  satisfaction .  Usin g th e 
featur e detector s a s referenc e signals ,  i t  i s  eas y t o 
collec t  statistic s o n a n actio n node' s succes s vis-d -
vi s it s sponsorin g goal .  Th e first  optimizatio n ope n 
t o u s i s t o strengthe n th e weight s o n activatio n link s 
betwee n goal s node s an d th e actio n node s tha t  mos t 
reliabl y serv e them .  Thi s allow s loca l  improvement s 
i n th e abilit y  t o selec t  plans . 

A mor e subtl e an d importan t  optimizatio n ap -
plie s t o th e relationshi p betwee n actio n node s an d 

presse d b y sensor y information . 
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th e featur e node s tha t  detec t  thei r  condition s o f  ap -

plicabihty .  Her e i t  i s  importan t  t o lear n whic h fea -

ture s bes t  cu e a n actio n node ,  an d thu s ar e mos t 

deservin g o f  th e activatio n tha t  th e actio n nod e ca n 

distribute .  Her e w e us e som e simpl e tool s fro m 

signa l  detectio n theor y [Tanner ,  Swets ,  i i  Gree n 56 , 

Gree n &c Swet s 66 ]  t o provid e a  platfor m fro m whic h 

we ca n d o numerica l  optimization . 

By comparin g record s o f  featur e nod e firings  wit h 

th e statistic s describe d above ,  w e ca n tabulat e th e 

feature' s utilit y  (vi a th e pla n fragment )  t o th e goa l 

i n term s o f  hit s p{ F •  A ) ,  fals e alarm s p{-' F •  A ) , 

misse s p{ F •  ->A) ,  an d correc t  rejection s p{-^ F •  -<A) . 

F refer s th e th e presenc e o f  th e featur e an d A  refer s 

t o th e decisio n t o tak e a n actio n o n th e basi s o f  tha t 

feature . 

Fro m th e cost s an d activatio n assigne d t o eac h 

nod e w e ca n construc t  a  payof f  matrLx .  Usin g thes e 

an d th e statistic s describe d above ,  w e ca n adap t 

fro m sign2i l  detectio n theor y th e equatio n describ -

in g th e expecte d valu e o f  relyin g upo n tha t  feature : 

EV =  \V^^rp{ F A )  +  Cap{F-^A )  + 

Cfp{-^FA )  +  Capi^ F -̂ A )  (1 ) 

I n thi s notation ,  W ^ ^ p i s th e weigh t  o n th e activa -

tio n lin k fro m th e actio n nod e t o th e featur e node , 

Ca i s th e fixed  cos t  o f  evaluatin g th e actio n node , 

C f  i s th e fixed  cos t  o f  th e featur e node ,  an d C o i s 

a globa l  cos t  assesse d fo r  missin g opportunities . 

By togglin g W ^ ^ p betwee n tw o clos e value s an d 

collectin g statistic s o n th e relativ e value s o f  EV ,  w e 

discove r  loca l  informatio n abou t  th e first  derivativ e 

of  th e actua l  probabilit y  curv e relatin g featur e firing 

t o pla n appropriateness.' '  Fo r  loca l  hillclimbing ,  w e 

ca n simpl y choos e t o remai n wit h th e valu e o f W ^ ^ p 

tha t  produce s th e greate r  E V 

Mor e interestin g i s th e cas e whe n w e ap -

pl y a  globa l  optimizatio n technique .  W e ar e 

investigatin g th e us e o f  simulate d annealin g 

[Kirkpatrick ,  Gelat t  &  Vecch i  83 ]  i n th e selectio n o f 

weights .  Unde r  simulate d annealing ,  on e choose s 

on e valu e o f  W'^^ p ove r  anothe r  W a ^ f  wit h th e 

probabilit y 

e T — 

fo r  som e temperatur e T  whic h determine s th e 

"volatility "  o f  th e decision .  Thi s i s  a  particularl y 

*Ther e i s a  stron g assumptio n o f  Gaussia n nois e i n th e 
functionin g o f  th e networ k i n orde r  fo r  thi s t o work .  W e 
can rel y o n th e obsolescenc e o f  som e feature s fo r  noise , 
but  i t  i s  no t  clea r  tha t  i t  wil l  approximat e a  Gaussian . 

S y m m e t r y o n a  4-uni t  Retin a 

cycle s 

Figur e 2 :  Erro r  curv e o f  a  primitiv e varian t  o f  th e 

optimizatio n algorith m applie d t o learnin g symme -

tr y i n a  4-bi t  vector . 

interesting prospect because we may be able to reg-

ulat e th e temperatur e o f  th e annealin g decision s a s 

a functio n o f  th e accurac y reporte d a t  th e node s in -

volved . 

Simulate d annealin g i s  appropriat e her e becaus e 

i t  allow s u s t o globall y optimiz e th e interaction s be -

twee n "opaque "  functions .  B y "opaque "  w e mea n 

tha t  th e function s i n th e node s ar e arbitrary ,  an d w e 

canno t  expec t  t o hav e informatio n abou t  thei r  first 

derivative s (especiall y i f  the y ar e symbolic! )  a s i n 

backpropagation ,  o r  hav e th e tim e t o reaso n abou t 

thei r  interna l  structur e (sinc e w e hav e n o search) . 

We hav e bee n experimentin g wit h thi s optimiza -

tio n schem e i n miniatur e systems ,  a s a  prelud e t o 

committin g t o i t  wit h a  ful l  realtim e multiplan -

ner .  Ou r  first  miniatur e merel y teste d th e abil -

it y o f  th e algorith m t o selec t  connection s betwee n 

node s computin g miscellaneou s function s i n orde r 

t o detec t  symmetr y i n a  vecto r  o f  bit-values .  Th e 

networ k wa s seve n layer s deep ,  an d include d bot h 

numeri c an d logica l  (symbolic )  function s indiscrim -

inatel y connecte d a s start .  Th e learnin g curv e i s 

show n i n figure  2 . 

We ar e currentl y workin g o n a  miniatur e which , 

give n th e operator s toggle-bi t  an d swap-bits ,  wil l 

lear n ho w t o mak e th e vecto r  symmetrica l  wit h a 

minima l  numbe r  o f  operators . 

7 Determining the Content of the 

N o d e s 

AI  system s tha t  mov e awa y fro m "universal "  meth -

ods suc h a s searc h depen d heavil y o n well-chose n an d 

well-organize d knowledg e t o compensat e fo r  thei r 
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limite d power .  Especiall y crucia l  i n ou r  variet y o f 

planne r  ar e th e repertoir e o f  plans ,  ho w the y ar e 

broke n u p int o plannin g fragment s fo r  storag e i n ac -

tio n nodes ,  an d feature s whic h serv e thes e nodes . 

The plemne r  designe r  mus t  stee r  a  cours e betwee n 

pla n fragment s tha t  ar e to o genera l  t o b e serve d b y 

any reasonabl e se t  o f  features ,  an d pla n fragment s 

tha t  ar e s o specifi c  tha t  eac h on e require s it s ow n 

specia l  se t  o f  features .  Ideally ,  w e woul d lik e t o hav e 

moderatel y genera l  pla n fragment s tha t  ca n b e cue d 

by relativel y low-leve l  features . 

How t o organiz e an d mediat e betwee n behav -

ior s i s a n ope n questio n i n agent-base d archi -

tectures .  Architecture s suc h a s th e Societ y o f 

Min d [Minsk y 86 ]  an d Subsumptio n Architecture s 

[Brooks ,  Connell ,  &  Pete r  Ning ,  88 ]  rel y upo n th e 

ide a o f  increasingl y sophisticate d layer s o f  behavior , 

each highe r  laye r  handlin g circumstance s tha t  ar e 

to o subtl e o r  complicate d fo r  th e laye r  below .  W e 

have avoide d thi s layerin g approac h fo r  tw o reasons . 

First ,  th e low-leve l  proces s mode l  o f  ou r  architec -

tur e alread y mediate s betwee n competin g behaviors . 

Second ,  layerin g cloud s th e prospect s o f  a n implici t 

idea l  o f  thes e systems :  tha t  behavior s ca n b e adde d 

or  altere d withou t  havin g t o modif y al l  othe r  behav -

ior s alread y i n th e system . 

I n lookin g fo r  a n organizin g principl e fo r  th e con -

structio n o f  ou r  behavio r  corpus ,  w e ar e mor e con -

cerne d wit h th e retrieva l  issue s discusse d above .  A n 

insigh t  tha t  w e find  usefu l  i n th e selectio n o f  pla n 

fragment s i s th e followin g lin e o f  reasoning : 

•  Pla n fragment s ca n b e classifie d b y strategy ,  fo r 

example ,  hoard ,  assum e availabilit y  o f  item ,  o r 

wai t  unti l  ite m i s mor e accessible . 

•  Strategie s i n tur n ca n b e organize d b y resourc e 

types ,  fo r  example ,  perishable ,  permanent ,  core , 

or  self-rephcating . 

•  Resourc e type s ofte n correlat e wit h relativel y 

low-leve l  features ,  fo r  exampl e is-foo d wit h per -

ishabl e resources ,  is-movin g wit h time-specifi c 

resources ,  o r  is-anchore d wit h location-specifi c 

resources . 

Consequently ,  ther e i s a  usefu l  lin k betwee n rel -

ativel y low-leve l  feature s an d highl y abstrac t  char -

acterization s o f  plans .  T o exploi t  thi s i n th e desig n 

of  ou r  planner ,  w e ar e collectin g a  se t  o f  low-leve l 

feature s whic h effectivel y organiz e a  lis t  o f  strategy -

type s w e woul d expec t  a  fores t  anima l  t o use .  Thes e 

feature s ar e the n use d t o grou p a  corpu s o f  pla n frag -

ments .  Withi n eac h grou p w e the n determin e whic h 

middle-leve l  feature s woul d b e necessar y t o distin -

guis h betwee n pla n fragments ,  an d whic h additiona l 

feature s ar e necessar y t o identif y possibl e fillers  fo r 

pla n preconditions .  Thu s w e ar e abl e t o produc e a 

ful l  specificatio n o f  th e feature s a n agen t  woul d nee d 

t o compute ,  give n a n environment . 

8 Problems and Acts of Faith 

A realtime multiplanner is capable of acting in con-

stan t  tim e becaus e o f  th e sever e limitation s w e hav e 

place d o n it s mean s o f  computation .  Man y o f  thes e 

ar e inspire d b y th e challenge s o f  a  real ,  volatil e 

world .  Other s ste m fro m th e nee d t o wor k aroun d 

th e lac k o f  a  "universal "  computationa l  mechanism . 

Althoug h thi s planne r  ma y prov e t o b e a  goo d se t  o f 

commitment s i n vie w o f  th e environmenta l  demands , 

i t  i s  no t  ideal .  Ther e ar e severa l  usefu l  propertie s 

of  search-base d projectiv e planner s whic h realtim e 

multiplannin g lacks . 

8.1 Labelling is Hard 

Naming i s har d fo r  a n agen t  tha t  doesn' t  hav e la -

bel s supplie d t o i t  b y th e environmen t  o r  tuto r  (e.g . 

"th e re d block") .  Namin g no t  onl y presume s tha t 

th e agen t  ha s a  categor y fo r  a n objec t  i t  encounters , 

but  tha t  i t  ha s som e basi s fo r  distinguishin g th e ob -

jec t  fro m othe r  categor y exemplar s i t  ma y encounter , 

even i f  thi s i s th e first  suc h objec t  i t  ha s eve r  seen . 

Thi s mean s i t  ha s t o kno w wha t  i s uniqu e abou t  th e 

objec t  wit h respec t  t o othe r  possibl e exemplar s o f 

th e category .  Withou t  thi s abilit y  t o discriminat e 

withi n categories ,  th e agen t  i s incapabl e o f  power s 

suc h a s objec t  permanence .  Th e agen t  ma y ofte n 

begi n a  tas k wit h on e object ,  b e interrupted ,  an d 

continu e th e tas k wit h anothe r  objec t  i n th e sam e 

role ,  obliviou s t o th e change .  Thi s i s disastrou s if , 

fo r  example ,  th e agen t  i s  buildin g it s shelter ,  stops , 

and resume s i n anothe r  place ,  completin g th e shelte r 

of  a  rival . 

One possibl e solutio n lie s i n mor e detaile d descrip -

tion s o f  context s i n a  memor y pools .  Presumabl y 

ther e ar e som e feature s whic h ar e no t  importan t  t o 

an object' s rol e i n th e plan ,  bu t  distinguis h i t  bot h 

fro m othe r  object s i n th e sam e categor y an d fro m 

th e large r  scen e i n whic h i t  wa s noticed .  A  fairl y re -

liabl e exampl e o f  thi s kin d o f  distinguishin g featur e 

i s location . 
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8. 2 Plannin g withou t  Protection s 

Most  conspicuou s o f  ou r  planner' s shortcoming s i s 

a lac k o f  protections .  Th e extrem e parsimon y i n 

use o f  variables ,  th e difficult y o f  labelling ,  an d th e 

shee r  numbe r  o f  plan s tha t  ma y b e simultaneousl y 

activ e al l  mak e checkin g fo r  protectio n violation s 

prohibitive .  Ever y tim e th e planne r  select s a  pla n 

i t  i s  maikin g resourc e commitments :  effector s i n th e 

shor t  ter m an d object s i n th e environmen t  i n th e 

lon g term .  Whe n th e pljinne r  suspend s a  pla n i t 

does no t  forfei t  thos e commitments .  Bu t  i t  doesn' t 

chec k t o se e i f  an y o f  thos e commitment s ar e vio -

late d b y subsequen t  pla n inceptions .  Thi s woul d b e 

to o expensive ,  checkin g ever y resourc e agains t  ever y 

plan .  I t  i s  eas y t o imagin e a n agen t  pickin g u p a 

too l  an d the n promptl y puttin g i t  dow n becaus e i t 

sa w another ,  an d the n pickin g u p th e firs t  again . 

Ther e ar e tw o reason s wh y a  lac k o f  protection s 

may no t  b e a  stumblin g block .  Th e first  i s  a  vari -

atio n o n th e Friendl y Worl d Assumption :  i n mos t 

environment s th e rang e o f  usefu l  plan s make s littl e 

use o f  protections ,  an d wher e protectio n violation s 

lea d t o trouble ,  th e environmen t  wil l  soo n chang e s o 

tha t  onl y on e o f  th e plan s competin g fo r  th e resourc e 

i s stil l  applicable . 

The secon d w e ma y cal l  th e Underspecificatio n As -

sumption :  man y goal s whic h see m t o requir e protec -

tion s nee d the m onl y becaus e the y contai n to o littl e 

informatio n i n thei r  specification .  Th e classi c exam -

ple ,  stac k bloc k A  o n bloc k B  an d bloc k B  o n bloc k 

C,  woul d b e beyon d ou r  agent .  Th e stac k tw o block s 

pla n fragmen t  woul d pu t  A  bac k o n B  ever y tim e th e 

agent  figured  t o clea r  B  t o pu t  i t  o n C  .  However ,  a 

plausibl e real-worl d alternative ,  stack-the-blocks-in -

size-order ,  i s  easil y handle d b y repeate d execution s 

of  th e put-the-biggest-free-block-on-the-pil e pla n frag -

ment . 
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