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R e f e r e n c e feature s a s gu ide s t o reason in g a b o u t  opportuni t ie s 

Louis e Pryo r  an d Greg g Collins * 

Northwester n Universit y 
The Institut e fo r  th e Learnin g Science s 

1890 Mapl e Avenue ,  Evansto n I L 6020 1 
email :  pryor@ils.nwu.edu ,  collins@ils.nwu.ed u 

Abstrac t 

An intelligent agent acting in a complex and unpre-
dictabl e worl d mus t  b e abl e t o bot h pla n ahea d an d re -
act  quickl y t o change s i n it s surroundings .  I n particu -
lar ,  suc h a n agen t  mus t  b e abl e t o reac t  quickl y whe n 
face d wit h unexpecte d opportunitie s t o fulfil l  it s goals . 
We conside r  th e issu e o f  h o w a n agen t  shoul d respon d 
t o perceive d opportunities ,  an d w e describ e a  metho d 
fo r  determinin g quickl y whethe r  i t  i s  rationa l  t o seiz e 
an opportunit y o r  whethe r  a  mor e detaile d analysi s i s 
required .  O u r  syste m use s a  se t  o f  heuristic s base d o n 
referenc e feature s t o identif y situation s an d object s 
tha t  characteristicall y involv e problemati c pattern s o f 
interaction .  W e discus s th e recognitio n o f  referenc e 
features ,  an d thei r  us e i n focusin g th e system' s reason -
in g ont o potentiall y  advers e interaction s betwee n it s 
ongoin g plan s an d Ui e curren t  opportunity . 

1. Introduction 

An intelligent agent acting in a complex and unpre-
dictabl e worl d mus t  b e abl e t o bot h pla n ahea d an d re -
act  quickl y t o change s i n it s surroundings .  I n AI ,  agen t 
model s hav e generall y exhibite d on e o r  th e other ,  bu t 
not  both ,  o f  thes e capabilities .  I n particular ,  tw o op -
posin g school s o f  though t  hav e arisen :  classica l  plan -
ning ,  i n whic h a  sequenc e o f  action s tha t  th e agen t  in -
tend s t o execut e i s  produce d ahea d o f  tim e (e.^ . 
Newel l  &  Simo n 1963 ,  Fike s &  Nilsso n 1971 ,  Sacer -
dol i  1977 ,  Tat e 1977 ,  Wilkin s 1988) ,  an d reactiv e 
planning ,  i n whic h th e agen t  simpl y respond s t o it s 
surrounding s a t  an y give n moment ,  instea d o f  follow -
in g a n explici t  plan '  {e.g .  Brook s 1986 ,  Agr e & 
C h a p m an 1987 ,  Bee r  e t  a l  1990 .  Kaelblin g &  Rosen -
schei n 1990) .  I t  seem s clea r  tha t  a  competen t  agen t 
model  mus t  combin e element s o f  bot h approache s (c/ . 

'Thi s woi k wa s supporte d i n par t  b y th e AFOSR unde r  gran t  numbe r 
AFOSR-91-0341-DEF ,  »n d b y DARPA.  monitore d b y th e O N R 
under  contrac t  N00014-91-J-4092 .  Th e Institut e fo r  th e Learnin g 
Science s wa s esublishe d i n 198 9 wit h th e suppor t  o f  Anderse n 
Consulting ,  par t  o f  Th e Arthu r  Anderse n Worldwid e Organization . 
The Institut e receive s additiona l  suppor t  fro m Ameritech ,  a n 
Institut e Partner ,  an d fro m IBM . 
'Ther e ar e obviou s similaritie s t o behavioris m (Skinne r  1974) . 

Georgef f  &  Lansk y 1987 ,  Firb y 1989 ,  H a m m o nd e t  a l 
1990 ,  S immon s 1990 ,  McDermot t  1991) . 

Classica l  plannin g ha s principall y concerne d itsel f 
wit h th e constructio n o f  model s tha t  ar e complet e an d 
soun d {e.g .  C h a p m a n 1987 ,  McAlleste r  &  Rosenblit i 
1991) ,  bu t  proof s o f  thes e formal  propertie s depen d o n 
unrealisti c assumptions .  Fo r  example ,  i t  mus t  b e as -
sumed tha t  th e agen t  ha s ful l  knowledg e o f  th e condi -
tion s i n whic h th e pla n wil l  b e executed ,  tha t  al l  ac -
tion s hav e perfectl y predictabl e results ,  an d tha t  n o un -
predictabl e change s wil l  occu r  throug h cause s othe r 
tha n th e agent' s actions .  Suc h a n approac h lead s natu -
rall y t o model s i n whic h issue s o f  pla n executio n ar c 
ignored ,  sinc e withou t  unpredictabilit y  nothing  ca n 
happe n tha t  ha s no t  bee n foreseen ,  an d pla n executio n 
wil l  simpl y consis t  o f  performin g th e preordaine d 
steps .  Th e assumptio n o f  perfec t  foresigh t  severel y re -
duce s th e practicalit y o f  classica l  planners . 

Reactiv e system s ten d t o th e opposit e extreme ,  per -
formin g n o lookahead ,  an d concomitantl y constructin g 
no plans .  A  reactiv e syste m i s instea d directe d b y a  se t 
of  rule s tha t  specif y h o w t o reac t  i n an y give n situa -
tion ,  an d it s competenc e thu s depend s entirel y upo n 
th e exten t  t o whic h it s rule s ar e abl e t o specif y th e pre -
cis e actio n t o tak e i n th e particula r  situatio n i n whic h i t 
finds  itself .  Thi s approac h lead s t o model s i n whic h 
projectio n i s ignored ,  a s a  reactiv e syste m i s incapabl e 
of  makin g us e o f  a  predictiv e mode l  o f  it s world ;  i t 
doe s no t  us e projectio n t o determin e whethe r  a  con -
template d actio n i s i n fac t  a  goo d on e t o take . 

A competen t  agen t  shoul d fal l  somewher e betwee n 
th e extreme s o f  classica l  an d reactiv e planning ,  makin g 
us e o f  projectio n wher e possible ,  ye t  bein g abl e t o re -
act  wit h minima l  forethough t  whe n necessary .  I n par -
ticular ,  suc h a n agen t  mus t  b e abl e t o reac t  quickl y i n 
th e fac e o f  unexpecte d opportunitie s t o fulfil l  it s 
goals ^  eve n i n situation s i n whic h i t  lack s th e tim e o r 
th e informatio n necessar y t o construc t  a  detaile d pla n 
befor e proceedin g {e.g .  B i m b a u m 1986 ,  H a m m o nd e t 
al  1988 .  Bran d &  B i m b a u m 1990) .  Th e issu e o f  engi -
neerin g a  compromis e betwee n classica l  an d reactiv e 
plannin g thu s come s d o w n t o th e proble m o f  respond -
in g t o opportunities :  whe n a n opportunit y arises ,  th e 

^Or  t o unexpecte d threat s agains t  it s goals ,  bu t  fo r  ou r  purpose s 
thes e ca n b e regarde d a s bein g th e sam e thing . 
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agen t  shoul d pu t  onl y a s m u c h effor t  a s i s rationall y 
justifie d int o projectin g th e consequence s o f  pursuin g 
tha t  opportunity .  I n thi s paper ,  w e shal l  concenu-at e o n 
th e issu e o f  h o w a n agen t  shoul d respon d t o perceive d 
opportunities ,  an d w e shal l  introduc e a  metho d fo r  de -
terminin g quickl y whethe r  i t  i s  rationa l  t o seiz e a n op -
portunit y withou t  firs t  acquirin g mor e information . 

2. Effective independence 

We are building a system, PARETO^, that operates a 
simulate d robo t  deliver y truc k i n th e T R U C K W O R LD 
domain *  o f  Firb y an d Hank s (1987) .  P A R E T O can ,  fo r 
example ,  recogniz e tha t  a  sac k o f  cemen t  mi x sittin g 
by th e sid e o f  th e roa d present s a n opportunit y t o 
achiev e th e goa l  o f  satisfyin g a  custome r  w h o ha s 
aske d fo r  cement ,  an d ca n reaso n abou t  whethe r  thi s 
particula r  opportunit y shoul d b e pursued .  P A R E T O 
migh t  choos e no t  t o tak e advantag e o f  a n opportunit y 
i f  doin g s o woul d b e detrimenta l  t o othe r  goal s i t  i s 
currentl y pursuing .  Fo r  example ,  i t  migh t  no t  wan t  t o 
pic k u p a  sac k o f  cemen t  tha t  i t  ha s c o m e acros s i f  i t  i s 
lo w o n fuel ,  o r  i f  i t  i s  lat e i n makin g anothe r  delivery . 

The decisio n t o pursu e a n opportunit y depend s o n a n 
analysi s o f  th e cost s an d benefit s o f  doin g so .  P A R E T O 
must  therefor e hav e a  wa y o f  determinin g wha t  th e 
cost s an d benefit s are .  an d h o w the y compare .  Fo r  op -
portunities ,  th e benefit s ca n b e measure d i n term s o f 
goal  achievemen t  an d beneficia l  sid e effect s o n othe r 
goals ,  an d cost s i n term s o f  forgoin g othe r  opportuni -
tie s an d harmfu l  sid e effect s o n othe r  goals .  A  theor y 
of  expecte d utilit y  ca n b e use d t o compar e th e result s 
of  takin g th e differen t  course s o f  actio n tha t  ar e avail -
abl e t o th e agen t  (Vo n N e u m a n n &  Morgenste m 1944 , 
Feldma n &  Sproul l  1977) .  Ther e i s a  well-define d the -
or y o f  h o w t o arriv e a t  th e expecte d utilities ,  give n cer -
tai n information ;  i n particular ,  th e agen t  require s th e 
prio r  an d conditiona l  probabilitie s fro m whic h i t  ca n 
calculat e th e probabilitie s o f  th e variou s outcomes ,  an d 
th e utilit y  value s o f  th e outcomes .  Unfortunately ,  pre -
cis e value s ar e ofte n no t  available ,  an d indee d i n mos t 
real-wori d situation s th e planne r  onl y ha s acces s t o a t 
most  crud e approximation s o f  th e necessar y probabili -
tie s an d utilitie s (Haddaw y &  Hank s 1990) . 

Eve n i f  th e necessar y informatio n wer e available ,  th e 
calculation s o f  th e expecte d utilitie s fo r  al l  possibl e 
course s o f  actio n an d al l  possibl e outcome s woul d i n 
genera l  b e extremel y comple x an d time-consumin g 
(Hank s 1990) .  Fo r  decision s abou t  whethe r  t o tak e ad -
vantag e o f  a n opportunity ,  aspect s tha t  migh t  b e rele -
van t  includ e anythin g tha t  migh t  bea r  o n h o w th e pur -
sui t  o f  a n opportunit y wil l  interac t  wit h ongoin g plan s 

P̂lannin g an d Actin g i n Realisti c Environment s b y Thinkin g abou t 
Opportunities . 
^ U C K W O R U)  simulate s a  worl d i n whic h item s ca n reac t  i n a  ric h 
variet y o f  way s an d ca n chang e stat e wit h th e passin g ( ^  time .  Th e 
action s performe d b y th e truc k ca n fai l  fo r  a  variet y o f  reasons , 
includin g chance ,  an d othe r  rando m event s ca n occur . 

tha t  ar e intende d t o achiev e othe r  goals .  Thi s cover s a 
grea t  dea l  o f  territory .  Fo r  example ,  th e decisio n o f 
whethe r  t o pic k u p a  sac k o f  cemen t  migh t  depen d o n 
whethe r  ther e i s a  ga s statio n nearby ,  i n th e cas e wher e 
th e truc k i s lo w o n gas ;  i t  migh t  depen d o n whethe r 
ther e i s a  bridg e wit h a  lo w weigh t  limi t  o n th e rout e 
tha t  th e truc k plan s t o lake ,  i f  th e loa d i s a  heav y one ; 
i t  migh t  depen d o n whethe r  cemen t  thieve s hav e bee n 
reporte d i n th e vicinit y recently ;  an d s o on .  I f  a  syste m 
consider s al l  th e informatio n tha t  coul d potentiall y  b e 
relevan t  t o a  decision ,  i t  wil l  b e unlikel y t o complet e 
th e reasonin g i n tim e fo r  i t  t o b e o f  an y use :  ther e ar e 
simpl y to o m a n y way s i n whic h plan s ca n interac t  wit h 
eac h other .  T h e calculatio n o f  expecte d utilit y  i s  thu s 
not  b y itsel f  a n adequat e theor y o f  h o w a n intelligen t 
agen t  shoul d reac t  t o opportunities .  Intelligen t  agent s 
must  hav e a  quic k an d eas y w a y t o decid e whethe r  th e 
detaile d reasonin g wil l  b e worthwhile . 

W h at  i s neede d i s focus :  i n additio n t o determinin g 
whethe r  th e pursui t  o f  a n opportunit y i s likel y t o inter -
act  significantl y wit h ongoin g plans ,  th e syste m mus t 
identif y th e area s i n whic h suc h interaction s ar e likel y 
t o occur .  Thes e decision s mus t  ofte n b e m a d e rapidl y i f 
an opportunit y i s t o b e seize d i n a  timel y fashion .  Be -
caus e o f  thi s i t  i s  impractica l  t o attemp t  t o m a k e suc h a 
determinatio n analytically ;  instead ,  th e syste m mus t 
reaso n heuristically .  A  majo r  simplificatio n tha t  woul d 
significantl y reduc e th e complexit y o f  th e reasonin g 
require d woul d b e t o assum e tha t  th e agent' s variou s 
goal s ar e independent ,  i.e .  th e pursui t  o f  on e goa l  doe s 
not  i n an y w a y interac t  wit h th e pursui t  o f  an y othe r 
goals .  Unfortunately ,  thi s assumptio n woul d den y th e 
possibilit y  o f  recognizin g thos e circumstance s i n 
whic h th e likelihoo d o f  advers e interaction s shoul d 
sugges t  tha t  th e opportunit y no t  b e pursued . 

P A R E TO therefor e use s a  weake r  versio n o f  th e inde -
pendenc e assumption .  I t  assume s tha t  it s variou s goal s 
ar e effectivel y independen t  o f  eac h other ,  i.e .  tha t  ther e 
ar e n o significan t  interaction s betwee n them ,  unles s i t 
ca n infe r  otherwis e (Pryo r  &  Collin s 1991) .  So ,  i n ou r 
example ,  i n th e absenc e o f  evidenc e t o th e contrar y th e 
syste m woul d assum e tha t  pickin g u p th e cemen t 
woul d hav e n o advers e effect s o n an y othe r  deliverie s 
th e truc k migh t  b e making .  I f  i t  i s  vali d t o assum e ef -
fectiv e independenc e o f  th e agent' s goals ,  th e decisio n 
abou t  whethe r  t o pursu e a n opportunit y become s m u c h 
simpler ,  sinc e al l  insignifican t  interaction s wit h othe r 
goal s ca n simpl y b e ignored .  However ,  i f  thi s assump -
tio n i s t o b e use d w e nee d t o b e abl e t o recogniz e po -
tentia l  violation s o f  effectiv e independenc e quickl y an d 
easily .  P A R E T O use s heuristic s tha t  indicat e potentia l 
violation s t o focu s it s attentio n o n thos e aspect s o f  th e 
decisio n tha t  ar e likel y t o repa y mor e detaile d analysis . 

P A R E TO pursue s plans *  i n orde r  t o achiev e it s deliv -
er y goals ,  an d whil e pursuin g the m m a y notic e oppor -

^PARETO i s base d o n Firby' s (1990 )  RAPs system ,  an d thu s use s a 
hierarch y o f  sketch y plans .  A t  an y tim e on e o f  thes e plan s i s active , 
and other s ar e dormant ,  awaitin g execution . 
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ODITOI 

Figur e 1 :  T h e truc k ha s a n opportunit y t o pic k u p 
s o me cinde r  block s 

tunitie s t o achiev e currentl y do rman t  goals .  W h e n a n 
opportunit y i s  recognized ,  a  two-stag e proces s i s e m -
ploye d t o determin e whethe r  o r  no t  tha t  opportunit y 
shoul d b e pursued .  T h e first  stag e o f  th e proces s in -
volve s th e us e o f  heuristic s wh ic h flag  potentia l  viola -
tion s o f  effectiv e independence .  I f  ther e ar e potentia l 
violations .  P A R E T O m o v e s o n t o th e secon d stag e an d 
perform s a  m o r e detaile d analysi s o f  th e advers e inter -
action s indicate d b y th e heuristics . 

2.1 An example 

The types of decisions that PARETO faces when decid-
in g whethe r  t o tak e advantag e o f  a n opportunit y ar e 
illustrate d i n th e followin g example .  Suppos e tha t  th e 
robo t  deliver y truc k i s i n th e proces s o f  deliverin g 
some roll s o f  insulatin g material ,  th e pla n fo r  whic h 
require s th e truc k t o cros s a  bridge .  Suppos e furthe r 
tha t  ther e ar e som e cinde r  block s nea r  th e truc k (figur e 
1) ,  an d tha t  th e truc k ha s a  currentl y inactiv e goa l  t o 
delive r  cinde r  block s t o a  customer .  Th e presenc e o f 
th e cinde r  block s thu s represent s a n c^portunit y t o pur -
su e a n existin g goal ,  an d th e agen t  mus t  determin e 
whethe r  t o pursu e tha t  opportunity . 

I n decidin g whethe r  c w no t  t o pursu e th e opportunity , 
th e agen t  migh t  i n principl e conside r  an y numbe r  o f 
possibl e interaction s betwee n it s existin g plan s an d th e 
pursui t  o f  th e opportunity .  Th e truc k woul d hav e t o 
sto p b y th e sid e o f  th e roa d t o pic k th e cinde r  block s 
up whic h migh t  involv e problem s wit h passin g traffic ; 
th e othe r  object s b y th e sid e o f  th e roa d migh t  obstruc t 
th e truc k durin g th e loadin g process ;  cinde r  block s ar e 
heavy ,  an d th e loa d migh t  excee d th e truck' s weigh t 
capacity ;  the y tak e u p spac e i n th e truck ,  whic h migh t 
not  b e available ;  the y ar e bot h har d an d abrasive ,  an d 
migh t  damag e othe r  object s i n th e truck' s load ;  othe r 
object s suc h a s aci d o r  iro n beam s migh t  damag e th e 
cinde r  blocks ;  i f  the y ar e no t  securel y fastene d t o a 
pallet ,  the y wil l  b e difficul t  t o handle ;  loos e cinde r 
block s migh t  ge t  damage d i n transit ;  th e tim e take n t o 
pic k the m u p migh t  caus e othe r  deliver y deadline s t o 
be missed ;  pickin g the m u p migh t  us e mor e fue l  tha n 
th e truc k ha s available ;  thei r  weigh t  migh t  affec t  th e 
fue l  consumptio n an d spee d o f  th e truck ,  an d henc e th e 

truck' s abilit y  t o mak e othe r  deliveries ;  an d s o on .  Th e 
number  o f  possibl e interaction s i s enormous . 

Unfortunately ,  an y on e o f  thes e interaction s coul d 
actuall y constitut e a  seriou s threat .  Fo r  example ,  le t  u s 
suppos e tha t  i n th e situatio n depicte d abov e th e com -
bine d weigh t  o f  th e truc k an d th e cinde r  block s i s 
greate r  tha n th e bridg e ca n bear .  Th e proble m con -
frontin g th e agen t  i s h o w t o spo t  thi s problemati c in -
teractio n withou t  considerin g al l  th e possibl e interac -
tion s i n detail . 

3 .  R e f e r e n c e feature s 

An agent operating on the assumption that its various 
goal s ar e effectivel y independen t  mus t  b e abl e t o rec -
ogniz e whe n thi s assumptio n i s inappropriate .  Thi s in -
volve s th e abilit y  t o pic k ou t  th e fe w genuinel y prob -
lemati c interaction s fro m th e potentiall y  enormou s 
number  o f  harmles s interaction s i n a  give n situation , 
and doin g s o quickl y enoug h tha t  th e opportunit y  i s no t 
los t  befor e th e computatio n i s complete .  A s th e exam -
pl e abov e make s clear ,  thi s i s b y n o mean s a  trivia l 
task .  O n e approac h i s t o ta g element s o f  situation s tha t 
ar e frequentl y involve d i n problemati c interactions , 
and the n t o concentrat e resource s o n detectin g interac -
tion s involvin g th e tagge d elements . 

Thi s strateg y ca n b e see n a s a  simpl e applicatio n o f 
c o m m on sense .  Fo r  example ,  w e migh t  expec t  a  nurs -
er y schoo l  teache r  t o tak e not e o f  a  chil d w h o i s ofte n 
involve d i n fights  an d disagreements ,  an d t o mar k thi s 
chil d a s a  potentia l  troublemake r  t o b e watche d closel y 
i n th e future .  I n a  simila r  way ,  ou r  agen t  ca n ta g po -
tentiall y  problemati c element s i n it s plannin g environ -
ments ,  an d us e thes e label s t o hel p i t  spo t  potentia l 
problems .  B y usin g differen t  label s t o designat e differ -
ent  type s o f  potentia l  problems ,  th e agen t  ca n i n addi -
tio n us e thes e tag s t o focu s subsequen t  analysi s aime d 
at  determinin g whethe r  th e proble m wil l  actuall y aris e 
i n th e curren t  situation .  Fo r  instance ,  i f  object s m a d e o f 
a certai n substanc e frequentl y brea k w h e n the y ar e in -
volve d i n impact s wit h othe r  objects ,  th e agen t  ca n 
tak e not e o f  tha t  fac t  an d m a r k suc h object s a s fragile . 
W h en handlin g fragil e objects ,  th e agen t  shoul d recog -
niz e tha t  breakage s ar e likely .  Similarly ,  heav y object s 
ofte n caus e supportin g structure s t o collapse ,  an d bulk y 
object s fill  larg e vo lume s o f  space . 

Object s ar e no t  th e onl y element s o f  situation s tha t 
ca n lea d t o unwante d interactions .  Fo r  instance ,  w h e n 
i t  i s  importan t  tha t  a  goa l  b e achieve d withi n a  shor t 
tim e period ,  ther e ar e ofte n tim e conflict s wit h othe r 
tasks .  B y markin g suc h goal s a s urgent ,  th e agen t  ca n 
us e tha t  knowledg e t o avoi d undertakin g task s tha t  wil l 
interfer e wit h thei r  timel y achievement . 

We us e th e ter m referenc e feature s t o denot e tag s 
suc h a s disruptive ,  fragile ,  an d urgen t  tha t  hel p t o direc t 
an agent' s attentio n t o interestin g functiona l  aspect s o f 
th e situation .  I n thi s pape r  w e ar e primaril y concerne d 
wit h thei r  us e i n indicatin g problemati c interactions , 
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1 Figur e 2 :  S o m e referenc e feature s | 

but  the y als o facilitat e detectin g a  specifie d object ,  an d 
ca n b e use d i n plannin g t o achiev e goals . 

P A R E TO use s heuristic s base d o n referenc e feature s 
t o indicat e potentiall y  problemati c interaction s in -
volve d i n th e pursui t  o f  opportunities .  Ther e ar e sev -
era l  requirement s tha t  mus t  b e me t  i n orde r  fo r  thi s 
strateg y t o b e effective : 
•  Th e referenc e feature s mus t  b e easil y recognizable . 
•  Th e agen t  mus t  b e abl e t o determin e quickl y whic h 

element s o f  th e situatio n m a y hav e referenc e feature s 
tha t  indicat e potentiall y  advers e interactions . 

•  Th e agen t  mus t  b e abl e t o us e th e referenc e feature s 
t o indicat e th e typ e o f  th e potentiall y  problemati c 
interaction . 

Ther e ar e m a n y way s o f  meetin g thes e requirements . 
I n th e curren t  implementatio n o f  P A R E T O w e ar e ex -
perimentin g wit h a  simpl e algorith m tha t  look s fo r  ref -
erenc e feature s indicatin g simila r  interactio n types . 

3.1 Availability 

Reference features are useful only insofar as they pro-
vid e chea p heuristic s tha t  indicat e th e desirabilit y  o f 
mor e detaile d reasoning .  Referenc e feature s mus t 
therefor e b e easil y inferabl e i n mos t  situation s i n 
whic h the y ar e applicable ,  an d mus t  b e inferabl e i n 
fe w o f  th e situation s i n whic h the y ar e not .  P A R E T O 
ca n lin k referenc e feature s t o individua l  object s (i t  m a y 
know ,  fo r  example ,  tha t  a  specifi c  bridg e i s rickety) ,  t o 
description s tha t  m a y appl y t o object s (th e descriptio n 
cinder-bloc k ha s th e referenc e featur e heav y attache d 
t o it) ,  t o sketch y plan s an d action s (whic h m a y be ,  fo r 
example ,  lengthy) ,  an d t o goal s {e.g .  urgent) .  I n 
T R U C K W O R LD i t  i s  easy ^  t o observe ,  fo r  example , 
tha t  a n objec t  i s  a  stac k o f  cinde r  blocks :  th e fac t  tha t 
th e objec t  ha s th e referenc e featur e heav y ca n the n b e 
inferred .  Figur e 2  show s som e o f  th e referenc e feature s 
i n ou r  example . 

32 Situation elements 

Since reference features are associated with elements 
of  th e situatio n i n whic h P A R E T O finds  itself ,  P A R E T O 
must  b e abl e t o determin e whic h element s o f  th e situa -

Goal 

Pla n step s 

Curren t  pla n 
Variable s 

Opportunit y 
Variable s 

(delive r  ?ite m ?de«t ) 

(travel-t o ?item-loc ) 
(loa d ?item ) 
(travel-t o 7dest ) 
(unloa d 7item ) 
(?ite m insmat-2 ) 
(?destinat)o n cust-A ) 

(7ita m cblocks-6 ) 
(?destinat)o n cust-B ) 

(travel-t o ?dest ) 

(travers e ?road1 ) 
(travers e ?road2 ) 
(travers e ?road3 ) 

(7destinatio n cust-A ) 
(?road 1 road-42 ) 
(?road 2 bridge-23 ) 
(?road3road-31 ) 
(?destinatio n cust-B ) 
(?road 1 road-45 ) 
(?road 2 road-57 ) 
(?road 3 road-76 ) 

1 Figur e 3 :  Sketch y plan s I 

P̂erceptio n i n TRUCXWORLD ground s ou t  a t  th e leve l  o f  objec t  de -
scriptions ,  an d thu s ignore s th e man y importan t  problem s o f  objec t 
recognition. 

tio n ar e relevant .  P A R E T O use s sketch y plan s (Firb y 
1989 )  tha t  comprise ,  a m o n g othe r  things ,  a  lis t  o f 
action s t o b e execute d an d th e goa l  tha t  th e pla n 
serves .  Actio n description s consis t  o f  a n actio n 
predicat e applie d t o a  se t  o f  object s (se e figur e 3) .  Th e 
set  o f  situationa l  element s associate d wit h a  give n pla n 
thu s consist s o f  al l  th e object s tha t  pla y a  rol e i n an y 
primitiv e action ,  th e action s themselves ,  an d th e goa l 
tha t  th e pla n serves . 

W h en P A R E T O i s considerin g whethe r  t o pursu e a n 
opportunity ,  i t  examine s bot h th e pla n i t  i s  currentl y 
executin g an d th e pla n tha t  woul d b e use d t o pursu e 
th e opportunity ,  collectin g th e relevan t  situationa l  el -
ement s fro m each .  I t  the n check s t o se e whethe r  an y o f 
thes e element s i s associate d wit h a  referenc e feature . 
and ,  i f  so ,  i t  flag s tha t  element . 

I n ou r  example ,  P A R E T O ' s curren t  pla n i s t o delive r 
some insulatin g materia l  t o customer-A .  A n outlin e o f 
th e sketch y pla n fo r  thi s tas k i s show n i n figure  3 .  Th e 
sketch y pla n (travel-t o cust-A) ,  fo r  example ,  consist s o f 
th e thre e steps :  (travers e road-42) ,  (travers e bridge-23 ) 
and (travers e road-31) .  Similarly ,  th e pla n fo r  pursuin g 
th e opportunit y ,  involvin g th e goa l  (delive r  cbiocks- 6 
cust-B) ,  i s  a  differen t  instantiatio n o f  th e sam e sketch y 
plan .  Th e referenc e feature s o f  bridge-2 3 (rickety )  an d 
cblocks- 6 (heavy ,  rough )  ar e therefor e a m o n g thos e 
tha t  ar e relevan t  t o th e decisio n o f  whethe r  t o pursu e 
th e opportunit y t o delive r  th e cinde r  blocks . 

3.3 Focusing reasoning 

In addition to flagging potential violations of effective 
independence ,  referenc e feature s pla y a  rol e i n fo -
cusin g th e agent' s reasonin g ont o th e particula r  aspect s 
of  th e situatio n tha t  shoul d b e considere d i n determin -
in g whethe r  th e violatio n wil l  actuall y occur .  I n th e 
exampl e describe d above ,  fo r  instance ,  ther e i s a  po -
tentiall y  problemati c interactio n involvin g th e ricket y 
bridg e an d th e heav y cinde r  blocks .  P A R E T O ' s analy -
si s shoul d concentrat e o n th e questio n o f  whethe r  th e 
bridg e i s likel y t o collaps e unde r  th e weigh t  o f  th e 
blocks . 

Th e knowledg e tha t  P A R E T O need s i n orde r  t o guid e 
th e analysi s proces s i s associate d wit h referenc e fea -
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1 Figur e 4 :  Referenc e feature s an d interaction s 1 

lure s t h e m s e l v e s .  E a c h referenc e featur e predict s a 
particula r  typ e o f  p rob lemat i c interactio n (se e figur e 
4 ) ,  w h i c h i s  represente d b y a n interactio n descript io n 
consistin g o f  thre e i tems :  th e configuratio n tha t  i s  re -
qui re d i n orde r  fo r  th e interactio n associate d w i t h th e 
featur e t o occu r ,  th e potentiall y  p rob lemat i c o u t c o m e 
o f  th e interaction ,  a n d a  lis t  o f  variable s designat in g 
th e e l e m e n t s tha t  p la y a  rol e i n th e interactio n (se e fig -
ur e 5 ) .  W h e n a  situationa l  elemen t  i s flagge d wit h a 
referenc e feature ,  P A R E T O mus t  determin e whethe r  th e 
interactio n descriptio n associate d wit h tha t  featur e ap -
plie s t o tha t  elemen t  i n th e curren t  situation . 

I n orde r  t o determin e whethe r  a n interactio n descrip -
tio n applies ,  P A R E T O mus t  firs t  determin e whic h othe r 
element s o f  th e situatio n coul d b e involve d i n suc h a n 
interactio n wit h th e flagge d element .  Fo r  instance ,  th e 
pil e o f  cinde r  block s i n th e exampl e create s th e poten -
tia l  fo r  a n interactio n i n whic h a n objec t  supportin g th e 
block s collapses ,  bu t  thi s doe s no t  tel l  u s which ,  i f  any , 
specifi c  object s ar e i n dange r  o f  collapsing .  O n e ap -
proac h migh t  b e t o examin e ever y elemen t  o f  th e sit -
uatio n t o determin e i f  an y ar e likel y t o b e involve d i n 
thi s interaction ;  i n effect ,  thi s woul d b e lik e asking ,  fo r 
ever y element ,  whethe r  i t  i s  eve r  likel y t o suppor t  th e 
cinde r  blocks ,  and ,  i f  so ,  whethe r  i t  ca n bea r  thei r 
we igh t  W h i l e thi s i s possible ,  i t  involve s a  s o m e w h a t 
unfocuse d search . 

A m o r e focuse d solutio n i s base d o n th e observatio n 
tha t  differen t  referenc e feature s m a y b e use d t o desig -
nat e object s tha t  pla y differen t  role s i n th e s a m e typ e 
o f  interaction .  Fo r  example ,  heav y m e a n s tha t  a n ob -
jec t  i s  likel y t o m a k e th e objec t  tha t  support s i t  col -
lapse ,  whil e ricket y m e a n s tha t  a n objec t  i s  likel y t o 
collaps e unde r  a n objec t  i t  i s  supporting .  T h e feature s 
heav y an d ricket y thu s for m a  natura l  pair .  Thi s knowl -
edg e ca n b e use d t o focu s th e analysi s b y considerin g 
interaction s onl y w h e n a t  leas t  on e objec t  ha s bee n 

Interactio n type : 

Roles : 

Configuration : 

Outcome : 

load-bearin g 

?bas e ?loa d 

(bear s ?bas e ?load ) 

(collaps e ?base ) 

surface-damag e 

?abrade r  ?hur t 

(mb s ?abrade r 
?hurt ) 

(scratche d ?hurt ) 

Figur e 5 :  Interaction s | 

flagge d fo r  eac h rol e i n th e interaction .  I n ou r  example , 
P A R E TO consider s th e possibilit y  tha t  somethin g wil l 
collaps e onl y w h e n i t  recognize s tha t  bot h a  heav y ob -
ject—th e b locks—an d a  ricket y object—th e b r i d g e — 
hav e bee n flagged . 

O n c e P A R E T O k n o w s th e typ e o f  problemati c inter -
actio n i t  i s  lookin g for ,  an d th e element s tha t  ar e in -
volve d i n tha t  interaction ,  i t  mus t  determin e whethe r 
th e interactio n wil l  actuall y occur .  Thi s involve s tw o 
steps :  determinin g whethe r  th e configuratio n de -
scribe d i n th e interactio n descriptio n wil l  arise ,  an d de -
terminin g whethe r  th e problemati c outcom e wil l  resul t 
i f  i t  does .  P A R E T O mus t  therefor e b e abl e t o perfor m 
inferenc e ove r  th e causa l  theor y o f  th e plannin g envi -
ronment ,  whic h mus t  includ e a  theor y o f  actio n projec -
tio n i n additio n t o th e causa l  relationship s a m o n g th e 
object s i n th e world .  W e ar e assumin g tha t  thi s infer -
enc e i s performe d b y a  genera l  purpos e quer y syste m 
sinc e w e hav e no t  ye t  addresse d th e proble m o f  a  a 
mor e specialize d syste m fo r  pla n projection . 

I n ou r  example ,  then ,  P A R E T O shoul d quer y whether . 
i f  th e opportunit y i s pursued ,  th e cinde r  block s wil l  a t 
s o me stag e b e supporte d b y th e bridge .  I n thi s cas e i t 
wil l  discove r  tha t  thi s configuratio n conditio n wil l  in -
dee d occur .  P A R E T O mus t  therefor e decid e whethe r 
th e pursui t  o f  th e opportunit y wou l d resul t  i n th e 
problemati c o u t c o m e o f  th e interaction ,  o r  i f  tha t 
ou tcom e ca n b e avoided . 

I n orde r  t o answe r  thi s query ,  P A R E T O applie s infer -
enc e rule s describin g th e causalit y o f  th e domain ,  fo r 
exampl e tha t  th e bridg e wil l  collaps e i f  th e tota l  loa d 
o n th e bridg e i s greate r  tha n it s weigh t  limit .  I n orde r 
t o us e thi s particula r  rule ,  P A R E T O wil l  nee d t o k n o w 
th e weigh t  limi t  o n th e bridge ,  an d th e weigh t  o f  th e 
tota l  loa d o n th e bridg e a t  th e tim e w h e n th e configura -
tio n condition s ar e met .  Furthe r  inferenc e rule s wil l 
enabl e i t  t o recogniz e tha t  th e tota l  loa d o n th e bridg e 
wil l  consis t  o f  th e truck ,  it s  curren t  contents ,  an d th e 
cinde r  blocks ,  w h o s e weight s mus t  b e adde d together . 
Thes e individua l  weight s ar e therefor e piece s o f  infor -
matio n tha t  wil l  b e usefu l  t o P A R E T O i n mak in g th e 
decision .  H o w e v e r ,  ther e m a y b e cost s involve d i n ac -
quirin g thi s informatio n (fo r  furthe r  discussio n o f  thi s 
poin t  se e Pryo r  &  Collin s 1992) .  P A R E T O mus t  there -
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for e conside r  th e valu e an d acquisitio n cost s o f  eac h 
piec e o f  information .  Fo r  example ,  i f  th e weigh t  limi t 
on th e bridg e i s ver y hig h compare d t o th e weigh t  o f 
any loa d th e truc k woul d carry ,  informatio n abou t  th e 
weigh t  o f  th e truck' s loa d woul d no t  chang e th e deci -
sio n a s t o whethe r  t o pic k u p th e cinde r  blocks ,  an d s o 
i s no t  wort h acquiring . 

4. Discussion 

We have described the design of a system, PARETO, 
tha t  reason s efficientl y abou t  whethe r  t o pursu e a n op -
portunity .  Th e key s t o P A R E T O ' s approac h are ,  first, 
tha t  i t  assume s tha t  it s variou s goal s ar e effectivel y in -
dependen t  o f  eac h other ,  and ,  second ,  tha t  i t  use s refer -
enc e feature s t o fla g situation s i n whic h thi s assump -
tio n o f  effectiv e independenc e i s likel y t o b e violated . 
By usin g referenc e feature s t o indicat e potentiall y  ad -
vers e interaction s betwee n a n opportunit y an d it s cur -
ren t  plans ,  P A R E T O i s abl e t o ignor e th e man y in -
significan t  interaction s tha t  m a y b e present . 

I t  i s importan t  t o not e tha t  referenc e feature s ar e no t 
infallible :  clearl y ther e m a y b e a  problemati c interac -
tio n tha t  i s no t  indicate d b y an y referenc e features .  A s 
a result ,  P A R E T O wil l  occasionall y produc e incorrec t 
plans .  W e believ e tha t  suc h a n outcom e i s unavoidabl e 
fo r  an y planne r  tha t  i s  intende d t o operat e i n a  com -
plex ,  an d unpredictabl e environmen t  th e upsho t  o f  thi s 
i s tha t  suc h a  syste m mus t  b e abl e t o recove r  fro m er -
ror s an d unforesee n failures ,  an d t o lear n fro m it s mis -
takes .  O n e wa y i n whic h suc h a  syste m migh t  b e ex -
pecte d t o lear n fro m mistake s i s b y positin g n e w refer -
enc e feature s indicatin g problemati c interaction s tha t 
th e syste m ha s observed .  Referenc e feature s thu s for m 
a natura l  basi s fo r  a  theor y o f  learnin g t o plan .  W e wil l 
pursu e thi s issu e furthe r  i n futur e work . 
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