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Northwester n Universit y 

189 0 Mapl e Avenue ,  Evansto n I L 6020 1 
pryor@ils.nwu.edu ,  collins @ ils.nwu.ed u 

Abstrac t 

Existin g planner s fal l  int o tw o broa d categories :  reac -
tiv e planner s tha t  ca n reac t  quickl y t o change s i n th e 

world ,  bu t  d o no t  projec t  th e expecte d result s o f  a  pro -
pose d sequenc e o f  actions ,  an d classica l  planner s tha t 
perfor m detaile d projections ,  bu t  mak e assumptions  tha t 
ar e unrealisti c whe n operatin g i n a  comple x an d dy -
nami c world .  Ideally ,  a  plannin g agent  i n suc h a  worl d 
shoul d b e abl e t o d o both .  I n orde r  t o d o this ,  th e agen t 
has t o b e abl e t o differentiat e betwee n thos e situation s 
i n whic h detaile d informatio n woul d ai d i t  i n makin g it s 
decisions ,  an d an d thos e i n whic h suc h informatio n 
woul d no t  materiall y  improv e it s  performance .  W e 
propos e a n approac h t o thi s problem ,  usin g well-charac -
terize d heuristic s t o decid e wha t  informatio n woul d b e 
useful ,  whethe r  t o gathe r  i t  an d i f  so ,  how . 

Introduction 

Ther e hav e bee n tw o mai n approache s t o th e proble m o f 
plannin g i n comple x worlds :  ignorin g th e complexit y o f  th e 
world ,  an d ignorin g th e complexit y o f  th e reasonin g require d 
t o operat e i n i t  So-calle d "classical "  planner s ar e designe d t o 
operat e i n ver y simpl e world s o f  whic h the y hav e certai n 
knowledge .  (Sussma n 1975 ,  Sacerdot i  1977 ,  C h a p m a n 
1987) .  Plannin g i s assume d t o occu r  i n advanc e o f  execu -
tion ,  an d t o b e subjec t  t o n o limitation s o n th e tim e allowe d 
t o produc e a  plan .  W h e n ther e ar e severa l  possibl e course s o f 
action ,  suc h a  planne r  ca n thu s predic t  th e result s o f  eac h an d 
choos e th e on e wit h th e bes t  pay-off .  Thes e planner s ca n 
produc e plan s tha t  ar e optimal ,  give n th e assumption s unde r 
whic h the y ar e working ;  however ,  thos e assumption s ar e 
highl y unrealistic .  So-calle d "reactive "  planner s ar e designe d 
t o operat e i n mor e comple x world s (Brook s 1986 ,  Agr e & 
C h a p m an 1987 ,  Firb y 1989) .  Rathe r  tha n plannin g i n ad -
vance ,  suc h system s decid e a t  executio n tim e o n th e action s 
t o b e undertaken ,  base d solel y o n th e curren t  circumstances . 
Of  course ,  suc h system s ar e no t  i m m u n e fro m th e problem -
ati c interaction s tha t  projectio n i s designe d t o discover ;  bu t  i t 
i s  assume d tha t  th e system' s actio n rule s hav e bee n writte n 
i n a  wa y tha t  largel y avoid s suc h interactions .  Th e issu e o f 
ho w thes e rule s ar e writte n ha s largel y gon e unaddressed . 

Thi s researc h wa s supporte d i n par t  b y DARPA,  monitore d b y AFOSR 
under  contrac t  F49620-88-C-OO58 ,  an d b y AFOSR unde r  contrac t 
AFOSR-89-0493 .  Th e Institut e fo r  th e Learnin g Science s wa s 
establishe d i n 198 9 wit h th e suppor t  o f  Anderse n Consulting ,  par t  o f 
The Arthu r  Anderse n Worldwid e Organization .  Th e Institut e receive s 
additiona l  suppor t  fro m Amentech ,  a n Institut e Partner ,  an d fro m IBM . 

Ideall y w e woul d lik e a  plannin g agen t  t o b e abl e t o mov e 
quickl y enoug h t o tak e advantag e o f  opportunitie s a s the y 
aris e i n th e world ,  whil e a t  th e sam e tim e decidin g wha t  t o 
do base d o n projectio n o f  th e expecte d consequence s o f  pro -
pose d actio n sequences .  I f  w e vie w th e tw o approache s t o 
plannin g describe d above—complet e projectio n o n th e on e 
hand ,  pur e reactivit y o n th e other—a s th e end s o f  a  specu-u m 
of  possibl e approaches ,  w e woul d thu s lik e a  plannin g agen t 
t o fal l  somewher e i n th e middle ,  an d t o b e abl e t o adjus t  it s 
positio n i n th e spectru m accordin g t o th e demand s o f  th e 
moment.  Suc h a n agen t  woul d thu s b e require d t o balanc e 
th e benefit s o f  projection ,  i n th e for m o f  makin g bette r  deci -
sions ,  agains t  th e costs ,  i n th e for m o f  th e tim e an d informa -
tio n required .  A  trade-of f  mus t  b e mad e betwee n increase d ac -
curac y i n projection ,  an d th e increase d cos t  o f  planning .  I n 
thi s pape r  w e discus s a n approac h t o thi s process ,  concentrat -
in g especiall y o n th e proble m decidin g unde r  wha t  circum -
stance s th e agen t  shoul d tr y t o gathe r  mor e information . 

Rock delivery 

T o se e wha t  issue s ar e involve d i n performin g pla n projec -
tio n o n th e fly ,  let' s  conside r  th e robo t  deUver y truc k domai n 
use d b y Firb y (1989 )  an d Hank s (1990) .  Suppos e tha t  th e 
truc k i s parke d nex t  t o a  re d roc k an d a  gree n rock ,  an d ha s a 
goa l  t o delive r  a  re d roc k t o th e re d roc k store ,  an d anothe r 
goa l  t o delive r  a  gree n roc k t o th e gree n roc k store .  Shoul d i t 
pic k u p bot h rock s now ,  o r  shoul d i t  pic k u p onl y one ? 
Ther e ar e opportunitie s t o furthe r  bot h deliver y goals ,  an d i t 
must  b e decide d whethe r  t o tak e advantag e o f  eithe r  o r  bot h 
of  them .  If ,  fo r  example ,  th e u-uc k ha d anothe r  goal ,  involv -
ing ,  say ,  blu e rocks ,  tha t  coul d no t  b e achieve d i f  th e tim e 
wer e spen t  o n pickin g u p re d o r  gree n rocks ,  i t  migh t  b e a 
goo d decisio n t o pic k u p neithe r  rock .  I f  th e truc k wer e run -
nin g ou t  o f  fuel ,  pickin g u p bot h rock s (whic h use s littl e 
fuel )  the n goin g of f  t o refil l  it s  tank s woul d mak e sense . 

W h en a  plannin g agen t  ha s recognize d a n opportunit y t o 
achiev e a  goal ,  i t  mus t  conside r  whethe r  takin g advantag e o f 
th e opportunit y woul d b e worthwhile .  I f  takin g advantag e o f 
th e opportunit y woul d b e relativel y costl y compare d t o othe r 
possibl e method s o f  pursuin g th e goa l  whos e achievemen t  i s 
facilitate d b y th e opportunity ,  i t  m a y b e bes t  t o ignor e it . 
On th e othe r  hand ,  i f  ther e i s a n opportunit y t o d o some -
thin g ver y cheapl y tha t  woul d provid e a  larg e pay-off ,  thi s 
opportunit y m a y b e wort h pursuin g eve n a t  th e cos t  o f  sus -
pendin g othe r  ongoin g plans . 
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utilit y 

Traditionally ,  a  goa l  i s  a  logica l  expressio n describin g iw o 
region s o f  th e outcom e space :  tha t  i n whic h th e goa l  i s  satis -
fie d (th e se t  o f  state s wit h hig h utility )  an d tha t  i n whic h i t 
i s  no t  (th e se t  o f  state s wit h lo w utility) .  Haddaw y &  Hank s 
(1990 )  exten d thi s notio n b y viewin g a  goa l  a s describin g a 
partitio n o f  th e outcom e spac e suc h tha t  withi n eac h regio n 
of  th e partition ,  al l  utilit y  value s fal l  withi n give n bounds . 
Usin g thi s view ,  w e ca n expres s th e ide a tha t  man y out -
comes,  whil e failin g t o achiev e th e slate d goa l  completely , 
nonetheles s hav e a  hig h utilit y  wit h respec t  l o tha t  goal .  Th e 
mor e comple x characterizatio n allow s a  plannin g agen t  t o 
conside r  th e effect s o f  differen t  way s o f  failin g t o achiev e a 
goal ,  a s wel l  a s providin g a  simpl e wa y o f  expressin g goal s 
tha t  ma y no t  hav e absolut e criteri a fo r  achievemen t  (suc h a s 
a goa l  t o delive r  a s m a n y rock s a s possible) ,  an d weighin g 
the m agains t  othe r  goal s i n a  rationa l  manner . 

Althoug h th e decisio n procedur e ca n b e summarize d b y 
sayin g "choos e th e cours e o f  actio n wit h th e highes t  ex -
pecte d utility "  (Feldma n &  Sproui l  1977) ,  th e calculatio n o f 
th e expecte d utilitie s i s ofte n n o simpl e matter ,  a s th e fol -
lowin g example s demonstrate . 

Deadlines 

I f  ou r  deliver y planne r  ha s t o decid e whethe r  t o pic k u p th e 
re d rock ,  th e gree n rock ,  o r  both ,  i t  shoul d compar e th e util -
it y  value s arisin g fro m th e expecte d deliver y lime s fo r  bot h 
rock s i n al l  thre e cases ,  an d choos e th e actio n wit h th e high -
est  associate d value .  Th e notio n o f  a  deadlin e ca n b e ex -
presse d b y sayin g tha t  al l  stale s i n th e outcom e spac e whic h 
involv e deliverin g th e roc k befor e a  certai n tim e hav e a  hig h 
utilit y  associate d wit h them . 

Give n th e expecte d utilit y  value s fo r  ih e variou s course s 
of  action ,  choosin g th e on e tha t  result s i n th e highes t  ex -
pecte d utilit y  valu e i s a  simpl e oplimizalio n problem . 
Unfortunately ,  th e specifi c  utilit y  function s for ,  say ,  th e de -
liver y o f  th e re d an d gree n rock s wil l  no t  usuall y b e explic -
itl y  available .  I n orde r  t o calculat e th e expecte d utilit y  o f  a 
particula r  cours e o f  action ,  w e mus t  calculat e th e probabilit y 
of  eac h possibl e outcom e associate d wit h tha t  cours e o f 
action ,  an d th e associate d utility .  Suc h calculations ,  whic h 
ar e base d o n Bayesia n theorie s (Hank s 1990) ,  depen d i n tur n 
on man y value s o f  bot h prio r  an d conditiona l  probabilities . 

I n orde r  t o decid e wha t  l o do ,  a  planne r  mus t  formulat e a 
set  o f  possibl e course s o f  action ,  the n projec t  th e conse -
quence s o f  each .  Eac h suc h projectio n require s informatio n 
abou t  th e possibl e result s o f  al l  th e componen t  actions .  Th e 
rea l  proble m i n choosin g a  pla n i s therefor e on e o f  informa -
tion .  I f  sufficien t  informatio n i s available ,  th e decision-mak -
in g proces s become s simple . 

Resources 

M a ny o f  th e conditiona l  probabilitie s involve d i n evaluatin g 
a propose d actio n sequenc e ar e base d o n reasonin g abou t  th e 
resource s tha t  wil l  b e consume d i n performin g th e sequence . 
For  example ,  i f  th e re d an d gree n rock s ar e l o b e delivere d l o 
differen t  locations ,  th e relativ e position s o f  thos e location s 

ca n influenc e th e decisio n a s t o whic h rock s t o pic k u p now . 
I f  on e destinatio n i s directl y o n th e w a y t o th e other ,  o r  re -
quire s onl y a  sligh t  detour ,  pickin g u p bot h rock s a t  onc e i s 
likel y t o provid e significan t  saving s i n time ,  fue l  consump -
tion ,  an d wea r  an d tea r  o n th e truc k ove r  deliverin g on e roc k 
befor e returnin g t o pic k u p th e other .  If ,  o n th e othe r  hand , 
th e tw o location s ar e fa r  apar t  an d a  goo d rout e betwee n the m 
passe s throug h th e plac e a t  whic h th e decisio n i s bein g 
made,  i t  m a y b e bette r  t o delive r  on e an d the n retur n fo r  th e 
other . 

I n suc h case s ther e ar e m a n y factor s t o b e balanced ,  al l  in -
volvin g a  detaile d domai n theory .  Th e knowledg e tha t  i s 
neede d include s fact s suc h as : 

•  Highe r  speed s us e mor e fuel ,  bu t  m a y hel p mee t  a  dead -
line . 

•  A  ba d hill y  roa d m a y b e shorte r  tha n a  goo d fla t  road . 
•  Speed s ar e lowe r  o n hill y  road s tha n o n fla t  roads . 

•  Ther e i s mor e wea r  an d tea r  o n th e truc k o n ba d roads , 
and fragil e content s m a y b e damaged . 

Again ,  w e ca n se e tha t  th e mor e information ,  i n th e for m o f 
a detaile d domai n theory ,  tha t  th e agen t  has ,  th e bette r  it s  de -
cision s ca n potentiall y  be . 

Alternative achievement 

W h en decidin g whethe r  t o tak e advantag e o f  a n opportunit y 
t o achiev e a  goal ,  th e agen t  mus t  als o conside r  othe r  avail -
abl e opportunitie s t o achiev e tha t  goal ,  an d whethe r  the y 
woul d hav e highe r  overal l  utility .  Fo r  example ,  i f  th e plan -
nin g agen t  know s tha t  ther e i s a  re d roc k a t  th e gree n roc k 
store ,  a n effectiv e cours e o f  actio n migh t  b e t o delive r  th e 
gree n rock ,  the n pic k u p a  re d roc k a t  th e tim e o f  delivery , 
rathe r  tha n pic k u p a  re d roc k n o w an d carr y i t  around . 

T h e factor s tha t  shoul d b e take n int o consideratio n i n 
case s lik e thes e include : 

•  Likelihood s o f  othe r  opportunitie s existin g a s expected , 
and unexpecte d opportunitie s arising . 

•  Cost s o f  takin g advantag e o f  th e variou s opportunities . 
•  Creatio n o f  opponunitie s throug h substitution :  i f  th e 

to p leve l  goa l  i s  t o fill  a  containe r  wit h re d objects ,  fo r 
example ,  th e extr a benefi t  obtaine d b y deliverin g a 
(large )  re d roc k instea d o f  a  (small )  re d appl e migh t  no t 
be wort h th e extr a costs . 

I n suc h case s th e typ e o f  informatio n tha t  help s i n th e deci -
sion-makin g proces s i s informatio n abou t  th e stat e o f  th e 
world ,  includin g informatio n abou t  th e probabilitie s o f  vari -
ou s fact s bein g true . 

Information and decisions 

Althoug h th e specificatio n o f  factor s relevan t  i n decisio n 
makin g i n th e example s give n abov e i s no t  nearl y complete , 
i n mos t  case s w e woul d no t  nee d t o conside r  th e decisio n i n 
eve n thi s m u c h detail .  Typicall y w e woul d believe ,  fo r  ex -
ample ,  tha t  th e extr a loa d o n th e truc k fro m a  singl e roc k 
woul d affec t  it s  performanc e ver y little ,  tha t  th e tim e take n 
t o pic k u p on e roc k i s unlikel y t o affec t  ou r  abilit y  t o delive r 
th e othe r  roc k o n time ,  an d tha t  ther e ar e fe w gree n rock s i n 
th e worl d s o w e shoul d tak e advantag e o f  th e opportunit y t o 
acquir e thi s one .  I f  thes e belief s ar e true ,  performin g mor e 
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detaile d reasonin g wil l  no t  improv e th e decision .  I n man y 
cases ,  then ,  i t  appear s tha t  a  decisio n ca n b e mad e withou t 
considerin g man y o f  th e detail s o f  th e situation . 

However ,  i n case s wher e decision s ar e mor e finel y bal -
anced ,  performin g mor e detaile d reasonin g coul d mak e al l  th e 
difference .  Detaile d estimate s o f  timings ,  route s t o b e take n 
an d s o on ,  ar e neede d w h e n th e deadline s ar e tight ,  fo r 
example .  I n orde r  t o decid e o n a  cours e o f  actio n an d b e sur e 
tha t  i t  i s  th e bes t  on e available ,  al l  possibl e course s o f 
actio n mus t  b e considere d an d thei r  possibl e outcome s pro -
jected .  I n a n uncertai n world ,  thi s projectio n canno t  b e per -
forme d deterministically ,  bu t  mus t  us e probabilisti c  reason -
ing .  Th e projectio n proces s need s informatio n abou t  proba -
bilitie s fo r  a  wid e rang e o f  possibl e events ,  abou t  th e actua l 
stat e o f  th e worl d a s observe d b y th e plannin g agent ,  an d 
abou t  th e utilitie s o f  al l  th e action s an d outcome s t o b e con -
sidered .  Th e projectio n proces s als o require s time . 

A n agen t  operatin g i n a  complex ,  dynami c worl d fre -
quentl y ha s t o m a k e decisions ,  an d ofte n crucia l  informatio n 
i s unavailabl e an d tim e i s severel y limited .  Ther e ar e there -
for e m a n y occasion s whe n th e agen t  simpl y canno t  perfor m 
th e detaile d projection s neede d i n orde r  t o mak e th e bes t  deci -
sion .  Ther e m a y wel l  b e occasion s o n whic h th e benefi t 
gaine d fro m makin g th e righ t  decisio n i s les s tha n th e cos t 
of  makin g th e decision .  I n suc h cases ,  ther e i s n o ne t  benefi t 
derive d fro m th e effor t  tha t  i s  pu t  i n t o makin g th e decision , 
and overal l  a  bette r  resul t  woul d b e achieve d b y simpl y pick -
in g a  cours e o f  actio n a t  random . 

Gathering information 

A plannin g agen t  ca n choos e action s i n th e servic e o f  th e 
goal  t o decid e whic h actio n t o perfor m nex t  a s wel l  a s thos e 
i n direc t  servic e o f  it s  explici t  goals .  A m o n g thes e action s 
ar e method s o f  gainin g mor e usefu l  informatio n abou t  th e si -
tuation .  Fo r  instance ,  suppos e th e agen t  ha s decide d t o de -
live r  th e re d roc k an d i s n o w tryin g t o decid e whethe r  t o pic k 
up th e gree n one .  I f  ther e wer e a  telephon e availabl e a t  th e 
destinatio n o f  th e re d rock ,  i t  migh t  b e wort h callin g ahea d 
t o find  ou t  whethe r  ther e i s a  gree n roc k there ,  too .  Usin g 
th e telephon e present s a n alternativ e t o cogitatin g abou t  th e 
possibl e presenc e o r  absenc e o f  gree n rock s base d o n th e 
agent' s prio r  knowledge .  O f  course ,  th e plannin g agen t  prob -
abl y doe s no t  wan t  t o cal l  al l  possibl e place s i n th e worl d t o 
see i f  ther e ar e gree n rock s available ,  bu t  shoul d confin e it s 
call s t o thos e place s whic h fit  i n wit h it s othe r  plans .  I t 
need s t o hav e a  characterizatio n o f  th e typ e o f  informatio n 
tha t  wil l  b e usefu l  i n makin g th e decision ,  an d th e likelihoo d 
of  gainin g i t  throug h performin g variou s actions ,  s o tha t  i t 
ca n decid e which ,  i f  any ,  t o perform . 

Planners and information gathering 

Purel y reactiv e planner s choos e action s base d o n feature s o f 
thei r  environment ,  wit h n o explici t  projection .  I n effect , 
the y hav e a  se t  o f  rule s tha t  gues s wha t  th e resul t  o f  th e pro -
jectio n woul d b e i f  i t  wer e done ,  i n tha t  th e rule s ar e intende d 
t o m a k e th e agen t  reac t  appropriately .  Firby' s R A P s 
(reactiv e actio n package )  syste m (1989) ,  fo r  example ,  ha s n o 
explici t  knowledg e o f  an y probabilitie s tha t  migh t  affec t  it s 

behavior .  Instea d o f  knowin g tha t  a n actio n i s especiall y un -
reliable ,  th e R A P s syste m simpl y doesn' t  tr y on e tha t  ha s 
faile d ofte n i n th e recen t  past .  Agr e &  Chapman' s Peng i 
(1987 )  als o perform s n o explici t  projection .  Th e syste m ha s 
no preconceive d notio n o f  th e result s o f  performin g a n ac -

tion ,  bu t  ha s rule s tha t  arbitrat e betwee n possibl e actions . 
Th e resul t  o f  thes e rule s i s intende d t o b e tha t  th e mos t  ap -
propriat e actio n i s chosen ,  bu t  n o representatio n o r  searc h o f 

futur e worl d state s i s performe d whe n applyin g them .  Instea d 
th e system' s designe r  ha s buil t  th e result s o f  suc h reasonin g 
int o th e rules .  Classica l  planners ,  o n th e othe r  hand ,  explic -
itl y  projec t  th e result s o f  al l  th e action s tha t  the y consider . 
However ,  i t  i s  assume d tha t  al l  th e require d informatio n i s 
availabl e t o th e syste m a t  n o cost .  Gatherin g informatio n i s 
thu s no t  a n issu e fo r  eithe r  o f  thes e type s o f  systems . 

Deciding to gather information 

We nee d som e w a y o f  lookin g a t  th e utilit y  obtaine d fro m 
gatherin g informatio n i n term s o f  th e rol e playe d b y infor -
matio n i n improvin g decisions .  W e als o nee d t o b e abl e t o 
estimat e th e cost s involve d i n gatherin g it .  Horvit z e i  a l 
(1989) ,  hav e looke d a t  th e possibilit y  o f  controllin g deci -
sion-theoreti c inferenc e b y considerin g th e expecte d valu e o f 
suc h inferenc e i n relatio n t o th e decisio n t o b e made .  Thei r 
metho d use s th e propertie s o f  belie f  network s (Howar d & 
Matheso n 1981 ,  Pear l  1986) ,  an d i n particula r  th e propertie s 
of  th e algorith m the y us e t o evaluat e th e networks . 

Unfortunately ,  relianc e o n a  particula r  algorith m fo r  eval -
uatin g belie f  network s i s unlikel y t o b e ver y usefu l  i n mor e 
dynami c domains ,  wher e th e agen t  ca n find  itsel f  i n totall y 
n e w situations .  A s w e discusse d earlier ,  ther e i s a  larg e 
amount  o f  informatio n required  i n orde r  t o mak e goo d projec -
tion s o f  th e expecte d utilit y  o f  th e possibl e outcomes .  I f  be -
lie f  network s ar e use d t o perfor m th e projection ,  a  ne w net -
wor k woul d hav e t o b e constructe d fo r  eac h decisio n i n orde r 
t o tak e th e relevan t  influence s int o account .  Constructin g 
th e necessar y dependencie s woul d b e prohibitivel y expensive , 
especiall y a s th e decision s mus t  b e mad e a t  executio n lime . 

An alternativ e approac h i s suggeste d b y viewin g informa -
tio n gatherin g a s jus t  on e o f  th e man y possibl e task s tha t 
ca n b e performe d a t  an y particula r  time ,  an d lookin g a t  h o w 
existin g planner s decid e betwee n tasks .  M a n y system s us e 
heuristic s t o mak e decision s w h e n the y canno t  perfor m a 
complet e analysis .  W o r k ha s als o bee n don e o n approximat e 
analysi s (Hank s 1990 ,  Wel lma n 1990) .  Th e succes s o f  thes e 
system s suggest s tha t  heuristic s an d approximation s ca n 
provid e usefu l  informatio n tha t  ca n hel p i n makin g a  deci -
sion .  I f  w e vie w informatio n gatherin g a s a  plannin g task ,  i t 
i s  reasonabl e t o as k whethe r  th e sort s o f  decisio n heuristic s 
employe d b y planner s ca n als o b e applie d t o th e proble m o f 
decidin g whe n t o gathe r  mor e information .  W e believ e tha t 
th e answe r  i s yes . 

However ,  i n genera l  th e heuristic s use d b y existin g plan -
ner s ar e a t  bes t  a d hoc ,  an d ar e ofte n implici t  i n th e contro l 
structure .  W e inten d t o characteriz e usefu l  heuristic s an d ap -
proximation s i n a  mor e principle d way ,  s o tha t  w e ca n un -
derstan d whe n an d ho w the y shoul d b e used .  Thi s characteri -
zatio n wil l  hav e t o specif y th e result s produce d b y th e 
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heuristic s i n term s o f  th e qualit y o f  th e decision s tha t  us e 
them ,  an d th e cost s o f  usin g the m i n term s o f  tim e an d otJic r 
resources .  W e wil l  investigat e thei r  us e i n th e conicx i  o f 
plannin g i n a  comple x an d dynami c domai n s o tha t  thei r  ap -
plicabilit y  ca n b e demonstrated . 

Effective independence 

W h en a  planne r  i s considerin g whethe r  t o perfor m a n action , 
i t  shoul d conside r  th e benefit s an d cost s associate d wit h th e 
action .  Th e benefit s o f  th e actio n ca n b e measure d throug h 
it s (positive )  effec t  o n th e goa l  tha t  i t  directl y further s an d o n 
othe r  goals .  Th e cost s ca n b e measure d throug h it s (negative ) 
effect s o n it s o w n an d othe r  goals .  Th e resource s tha t  ar e 
consume d b y performin g th e actio n affec t  goal s inasmuc h a s 
the y canno t  the n b e use d b y othe r  actions .  Th e calculatio n o f 
thes e benefit s an d cost s require s information ,  a s w e hav e dis -
cusse d above ,  an d w e inten d t o investigat e method s o f  judg -
in g wha t  informatio n woul d b e useful ,  h o w tha t  informatio n 
can b e gathered ,  an d whethe r  i t  i s  wort h gathering .  W e hav e 
not  ye t  considere d h e questio n o f  wha t  effec t  a n actio n ha s o n 
th e goa l  tha t  i t  directl y furthers ,  an d th e informatio n require d 
i n orde r  t o judg e tha t  effect ,  bu t  hav e starte d b y lookin g a t  a n 
action' s effect s o n othe r  goals . 

Our  firs t  ste p i s t o c o m e u p wit h heuristic s tha t  indicat e 
when th e action' s effect s o n goal s tha t  i t  doe s no t  directl y 
furthe r  ca n b e ignored .  I n thi s cas e th e planne r  doe s no t  nee d 
informatio n enablin g i t  t o calculat e thos e component s o f  th e 
utilit y  o f  th e action .  O n th e othe r  hand ,  i f  th e effect s o n 
othe r  goal s ar e significant ,  th e informatio n relatin g t o the m 
i s require d i n orde r  t o mak e a  goo d decision . 

Clearly ,  i f  a n actio n i s independen t  o f  al l  goal s tha t  i t  doe s 
not  directl y further ,  th e planne r  ca n indee d ignor e it s effect s 
on othe r  goals .  Mos t  action s ar e not ,  unfortunately ,  indepen -
dent  o f  al l  othe r  goals .  I n ou r  deliver y example ,  fo r  instance , 
th e goal s t o delive r  th e re d an d gree n rock s interac t  i n impor -
tan t  ways .  Thes e interaction s ar e responsibl e fo r  mos t  o f  th e 
complication s w e discuss .  However ,  i n man y case s suc h in -
teraction s ar e insignificant .  W h e n w e sa y tha t  th e exac t  tim e 
take n t o pic k u p th e gree n roc k i s unimportan t  becaus e i t  i s 
ver y shor t  compare d t o th e tim e availabl e fo r  th e deliver y o f 
th e re d rock ,  an d tha t  th e weigh t  o f  th e gree n roc k ca n b e ig -
nore d a s bein g negligibl e compare d t o th e overal l  weigh t  o f 
th e truck ,  w e ar e sayin g tha t  w e ca n trea t  th e actio n o f  pick -
in g th e gree n roc k u p a s thoug h i t  wer e independen t  o f  th e 
goal  t o delive r  th e re d rock .  I n thi s cas e w e sa y tha t  th e 
actio n o f  pickin g th e gree n roc k u p i s effectivel y independen t 
of  th e goa l  t o delive r  th e re d rock .  W h e n action s ar e no t  ef -
fectivle y independent ,  w e nee d t o reaso n mor e abou t  th e in -
teractions .  Heuristic s t o decid e whe n action s ar e effectivel y 
independen t  woul d therefor e b e ver y usefu l  i n determinin g 
whethe r  w e nee d mor e informatio n abou t  th e situation . 

Violations of effective independence 

At  presen t  w e ar e considerin g tw o principa l  way s i n whic h 
independenc e m a y b e violated :  throug h precondition s an d 
throug h post-conditions . 

T wo o f  th e mor e c o m m o n type s o f  precondition s ar e tha t 
th e agen t  ha s sufficien t  resource s t o carr y ou t  a  pla n tha t 

woul d achiev e th e goal ,  an d tha t  certai n state s o f  th e worl d 
ar e tru e befor e a  tas k i s performed .  I n m a n y cases ,  th e 
resource s neede d i n orde r  t o achiev e a  goa l  ar e plentiful . 
However ,  conflict s ca n aris e whe n the y ar e limited : 

•  I f  th e truc k wer e nearl y full ,  pickin g u p th e gree n roc k 
woul d leav e n o roo m fo r  anythin g else .  Thi s ha s n o ef -
fec t  o n th e goa l  t o delive r  th e re d rock ,  whic h i s alread y 
i n th e truck ,  bu t  woul d mea n tha t  othe r  deliver y task s 
coul d no t  b e undertaken . 

•  I f  pickin g u p a  roc k use s a  larg e amoun t  o f  fuel ,  an d th e 
truck' s tan k i s nearl y empty ,  ther e m a y no t  b e enoug h 
t o pic k u p th e gree n roc k an d delive r  th e re d roc k with -
out  refillin g th e tank .  Thu s th e goa l  t o delive r  th e re d 
roc k coul d b e affecte d i n a  coupl e o f  ways :  th e truc k 
coul d ru n ou t  o f  fuel ,  s o preventin g th e delivery ,  o r 
coul d refue l  alon g th e way ,  thu s delayin g th e delivery . 

Anothe r  typ e o f  independenc e violatio n throug h precondi -
tion s arise s fro m th e fac t  tha t  performin g a n actio n ca n 
sometime s chang e th e expecte d stat e o f  th e worl d i n a  wa y 
tha t  interfere s wit h th e achievemen t  o f  anothe r  goal . 
Element s o f  th e worl d stat e tha t  ca n b e affecte d includ e th e 
weigh t  o f  th e truck ,  time ,  an d location : 

•  Suppos e tha t  th e truck' s bein g unde r  a  certai n weigh t  i s 
a preconditio n o f  bein g abl e t o cros s a  bridg e whic h i s 
on th e rout e t o delive r  th e re d rock .  I f  th e gree n roc k i s 
ver y heavy ,  pickin g u p th e gree n roc k woul d violat e 
tha t  preconditio n b y changin g th e stat e o f  th e truc k s o 
tha t  th e bridg e woul d n o longe r  bea r  it . 

•  I f  ther e i s a  deadlin e fo r  th e deliver y o f  th e re d rock ,  a 
preconditio n fo r  th e deliver y i s tha t  th e transportin g 
tas k shoul d no t  star t  to o late .  Pickin g u p th e gree n roc k 
woul d dela y th e tim e a t  whic h th e truc k coul d star t  o n 
th e tas k o f  takin g th e re d roc k t o it s destination ,  possi -
bl y violatin g th e preconditio n i f  th e deadlin e i s tight . 

•  Eve n i f  ther e i s n o gree n roc k a t  th e sam e plac e a s th e 
re d rock ,  ther e i s alway s a n opportunit y t o m o v e else -
wher e t o collec t  a  gree n roc k befor e continuin g wit h th e 
tas k o f  deliverin g th e re d rock .  Th e chang e o f  locatio n 
woul d normall y significantl y affec t  th e tas k o f  trans -
portin g th e re d rock ,  whic h woul d hav e t o star t  fro m a 
plac e othe r  tha n tha t  whic h wa s expected . 

A n actio n ca n affec t  anothe r  goa l  b y changin g th e stat e o f 
th e worl d b y makin g i t  impossibl e t o achiev e th e goal : 

•  Suppos e tha t  ther e i s onl y on e gree n rock ,  bu t  tha t 
ther e ar e als o som e gree n apples .  Th e truc k ha s goal s t o 
delive r  a  gree n roc k an d a  gree n objec t  t o separat e loca -
tions .  I f  i t  trie s t o achiev e th e secon d goa l  b y deliverin g 
th e gree n rock ,  i t  ha s mad e th e first  goa l  unachievable . 

Of  course ,  i n th e las t  example ,  i t  i s  stil l  possibl e t o achiev e 
th e goa l  o f  deliverin g a  gree n rock .  I n orde r  t o d o this ,  how -
ever ,  th e goa l  o f  deliverin g a  gree n objec t  woul d becom e un -
satisfied :  a  post-conditio n o f  th e goa l  i s  tha t  th e gree n objec t 
shoul d b e lef t  a t  th e locatio n t o whic h i t  i s  delivered ,  an d no t 
m o v ed awa y fro m tha t  place .  I n thi s situatio n th e agen t 
woul d nee d t o acquir e informatio n abou t  th e way s i n whic h 
bot h goal s ca n b e satisfied ,  b y usin g a  gree n appl e t o achiev e 
th e goa l  t o delive r  a  gree n object ,  fo r  example . 
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Detectin g threat s t o i ndependenc e 

Ther e ar e thre e mai n way s i n whic h ih e threat s t o indepen -
denc e tha t  w e hav e discusse d ca n b e detected : 

•  A n actio n ma y b e know n t o b e liabl e t o hav e a  certai n 
effec t  o n goals .  Fo r  example ,  movin g t o anothe r  loca -
tio n wil l  alway s caus e a  chang e o f  state ,  an d shoul d 
promp t  th e agen t  t o loo k fo r  possibl e conflicts . 

•  A  goa l  ma y b e know n t o b e sensitiv e t o certai n type s 
of  interference .  I f  th e re d roc k i s particularl y fragile ,  fo r 
instance ,  th e agen t  shoul d bewar e o f  action s involvin g 
object s tha t  migh t  damag e it .  Th e principl e involve d i s 
ver y simila r  t o th e notio n o f  protection s use d i n classi -
cal  plannin g (Sussma n 1975 ,  Sacerdot i  1977) .  Instea d 
of  a  violatio n bein g fatal ,  however ,  i n thi s cas e i t  sim -
pl y mean s tha t  ther e ma y b e a  proble m an d tha t  th e 
matte r  shoul d b e investigate d further . 

•  A  resourc e o r  stat e ma y b e pron e t o conflicts .  Fo r  ex -
ample ,  i f  ther e i s littl e fuel ,  o r  an y othe r  resourc e i s i n 
shor t  supply ,  th e agen t  shoul d b e o n th e loo k ou t  fo r 
action s tha t  affec t  tha t  resource . 

A plannin g agen t  ca n us e thes e strategie s i n a  two-stag e pro -
ces s t o determin e i f  ther e i s effectiv e independence .  Th e first 
stag e use s heuristic s t o decid e whethe r  t o perfor m th e second , 
more detailed ,  stage . 

I n orde r  t o judg e whethe r  a n actio n an d a  goa l  ar e effec -
tivel y independent ,  th e plannin g agen t  shoul d conside r 
aspect s o f  th e action ,  goal ,  an d worl d state .  Th e agen t  shoul d 
perfor m mor e detaile d analysi s i n th e followin g cases : 

•  Action-drive n 
» Ther e i s a  resourc e whic h th e actio n use s heavily . 
°  Ther e i s a  worl d stat e whic h th e actio n change s 

significantly . 
•  Goal-drive n 

"  Th e achievemen t  o f  th e goa l  relie s o n a  resourc e use d 
by th e action . 

» Ther e ar e an y world-state s tha t  ar e fata l  t o th e 
achievemen t  o f  th e goal . 

•  World-drive n 
°  Ther e ar e an y resource s tha t  ar e i n shor t  supply . 

Conclusion 

An intelligen t  agen t  mus t  b e abl e t o differentiat e betwee n 

importan t  decision s an d thos e tha t  hav e fe w o r  unimportan t 
consequences .  Th e complexitie s involve d i n suc h reasonin g 
i n a  dynami c world ,  i n whic h exactl y th e sam e situatio n wil l 
probabl y neve r  aris e twice ,  ar e enormous .  A  decision-make r 
therefor e mus t  b e abl e t o reaso n abou t  th e typ e o f  decisio n 
require d i n a  particula r  se t  o f  circumstance s an d th e informa -
tio n tha t  i s neede d i n orde r  t o b e abl e t o mak e tha t  decisio n 
effectively . 

Thi s typ e o f  decisio n behavio r  depend s o n th e abilit y  t o 
estimat e h o w goo d w e expec t  a  decisio n t o be ,  an d th e ex -
pecte d benefit s o f  makin g i t  better .  Thi s mean s tha t  w e nee d 
ways o f  characterizin g th e qualit y o f  decisions ,  ho w th e in -
formatio n use d i n the m affect s tha t  quality ,  an d th e availabil -
it y  o f  relevan t  information .  Al l  thes e estimate s mus t  i n tur n 
be relate d t o th e expecte d cos t  o f  gatherin g th e information . 

An agen t  reasonin g i n thi s wa y abou t  decisio n makin g mus t 
be abl e t o s o efficiently ,  otherwis e th e cost s o f  th e reasonin g 
wil l  outweig h th e benefits . 

As w e discusse d above ,  th e reasonin g involve d i n makin g 
decision s abou t  plannin g ca n b e ver y comple x an d time-con -
suming ,  an d rel y o n larg e amount s o f  informatio n whic h 
may no t  b e readil y available .  On e approac h t o carryin g ou t 
thi s reasonin g i n a  timel y manne r  i s t o develo p heuristic s 
and approximation s tha t  ca n b e use d whe n detaile d reasonin g 
i s inappropriate .  Suc h heuristic s mus t  als o b e use d whe n 
considerin g whethe r  i t  i s  wort h gatherin g mor e information , 
eithe r  b y performin g mor e reasonin g o r  b y othe r  method s o r 
whethe r  th e les s exac t  method s wil l  b e mor e appropriat e i n 
th e circumstances . 

We inten d t o continu e ou r  investigatio n o f  effectiv e inde -
pendenc e a s on e approac h t o th e proble m o f  characterizin g 

usefu l  informatio n i n th e contex t  o f  plannin g decisions . 
Effectiv e independenc e concern s th e relationshi p betwee n a n 
actio n an d a  goa l  i t  doe s no t  directl y further ,  an d w e wil l 
loo k a t  othe r  aspect s o f  tha t  relationshi p a s wel l  a s th e wa y 
i n whic h a n actio n affect s th e goa l  tha t  i t  serves . 
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