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P l a n n i n g i n a n O p e n W o r l d : 

A Pluralisti c A p p r o a c h . * 

Mitchell Marks, Kristian Hammond and Tim Converse 

Departmen t  o f  Compute r  Scienc e 

Universit y o f  Chicag o 

Chicago ,  I L 6063 7 

Abstrac t 

Recent  wor k i n plannin g ha s rejecte d th e assumptio n o f  a  closed ,  stabl e world ,  an d th e associate d 
paradig m o f  exhaustiv e preplanning ,  whic h encounter s seriou s problem s tryin g t o pla n i n a  worl d wher e 
tha t  assumptio n doe s no t  hold .  Severa l  alternativ e strategie s hav e bee n proposed ,  respondin g t o thes e 
ne w problem s i n a  variet y o f  ways .  W e revie w thi s spectrum ,  findin g th e variou s approache s i n par t 
incompatibl e bu t  no t  beref t  o f  som e commo n theme s an d complementar y strengths .  W e sugges t  factor s 
i n th e applicatio n domai n whic h shoul d influenc e th e appropriat e mix ,  an d describ e th e T R U C K E R 
projec t  t o illustrat e som e o f  th e problem s an d benefit s i n implementin g suc h a  mix . 

Problems with Traditional Planning 

The classical development of the theory of planning and problem-solving emphasized exhaustive preplanning, 

wit h th e goa l  o f  bein g abl e t o guarante e tha t  a n optima l  o r  near-optima l  pla n woul d b e foun d i f  on e existed . 

Planner s i n thi s paradig m require d certai n assumption s t o hold : 

• The world will be stable; it will behave as projected. 

• Time consumed in planning is independent of the time that can be devoted to execution, so that the 

efficienc y o f  th e planne r  ha s n o side-effect s o n th e feasibilit y o f  th e constructe d plan . 

• The information available to the planner is complete, and execution will be flawless. 

• Any initially correct plan will remain correct and can in fact be carried out. 

In the real world, however, these assumptions simply do not hold. The world is not stable; agents must 

trad e of f  plannin g tim e agains t  executio n time ;  an d planner s generall y hav e t o functio n unde r  condition s 

of  spott y rathe r  tha n complet e information .  T h e simplifyin g assumption s wer e m a d e i n orde r  t o initiat e 

progres s i n th e seriou s investigatio n o f  planning .  T h e hars h realitie s wer e consciousl y abstracte d ou t  o f  th e 

theorie s initially ,  no t  merel y overlooked .  Bu t  wit h advancin g theory ,  researcher s hav e recentl y begu n findin g 

i t  feasibl e t o explor e th e proble m o f  plannin g i n mor e realisti c situation s wher e thes e assumption s d o no t 

hold . 

New problems in planning 

In this paper we will attempt to classify the different kinds of issues that any planner must confront as we 

rela x thes e traditiona l  assumptions .  W e wil l  discus s th e differen t  theorie s o f  plannin g tha t  hav e arise n i n 

'Thi s pape r  wa s submitte d fo r  presentatio n a t  th e 19S 9 Meetin g o f  th e Cognitiv e Scienc e Society .  I t  wa s als o presente d a s 
a pape r  a t  th e 198 8 D A R PA Worksho p o n Case-base d Reeisoning .  Thi s wor k v/a a supporte d i n pai t  b y th e Defens e Advance d 
Researc h Project s Agency ,  monitore d b y th e Ai r  Forc e Offic e o f  Scientifi c  Researc h unde r  contrac t  F49620-88-C-0058 ,  an d th e 
Offic e o f  Nava l  Researc h unde r  contrac t  N0014-85-K-010 . 

749 



respons e t o thes e issues .  An d w e wil l  presen t  T R U C K E R,  a  planne r  tha t  combine s feature s o f  man y o f 

thes e theorie s i n a n attemp t  t o dea l  wit h th e complexitie s o f  combinin g plannin g an d actin g i n on e system . 

We no w giv e a  roug h classificatio n o f  th e majo r  sort s o f  problem s a  traditiona l  plannin g syste m ca n en -

counte r  whe n require d t o dea l  wit h a  mor e realisti c domain .  Thes e problems ,  i n turn ,  provid e a  basi s fo r 

understandin g wha t  motivate s th e departure s take n b y theorist s i n recen t  work . 

The Immediate Complexity Problem. This concerns the computational effort required in construct-

in g on e plan .  I f  th e planne r  searche s fo r  a  correc t  an d saf e pla n b y projectin g forwar d th e effect s 

of  earl y step s t o compar e wit h precondition s o f  late r  steps ,  goals ,  an d preservatio n conditions ,  th e 

computationa l  complexit y ca n ris e t o a  hig h order . 

The Asymptotic Complexity Problem. As a planner interacts with the world, it is confronted with a 

strea m o f  goals ,  o r  set s o f  conjunctiv e goaJs ,  rathe r  tha n independen t  problems .  I f  thes e ar e al l  treate d 

singly ,  independently ,  th e tota l  plannin g an d executio n effor t  woul d b e a t  leas t  th e su m o f  th e separat e 

cost s (possibl y worse ,  du e t o unfavorabl e interactions) .  Bu t  i f  th e planne r  ca n someho w conver t  th e 

interdependenc e fro m a  proble m t o a n advantage ,  the n th e averag e cos t  pe r  goa l  ca n b e reduce d i n th e 

lon g run ,  offsettin g th e Immediat e Complexit y Problem . 

The Execution-time Failure Problem. A plan which looked correct when it was constructed may turn 

out  t o b e incorrec t  durin g execution .  Thi s ma y b e becaus e condition s i n th e worl d hav e change d i n th e 

meantime ,  invalidatin g th e precondition s o f  a  pla n step ,  o r  becaus e th e pla n wa s incorrec t  i n th e first 

place ,  base d o n incorrec t  assumption s i n th e planner' s limite d world-knowledge .  T o cop e wit h this ,  a 

planne r  mus t  hav e som e facilit y  fo r  replanning ,  recovery ,  an d repair . 

The Planning/Execution Crowding Problem. If planning and execution are to be carried out by the 

same agent ,  essentiall y  withou t  parallelism ,  the n tim e consume d i n plannin g ca n deplet e th e tim e 

availabl e fo r  execution .  Thi s ca n creat e a  situatio n wher e som e serie s o f  action s woul d b e a  correc t 

respons e t o th e goal s an d th e worl d state ,  an d coul d b e feasibl y execute d withi n th e tota l  tim e available , 

but  becom e infeasibl e withi n th e tim e lef t  afte r  planning . 

The Costly Information Problem. The planner cannot count on having complete information about a 

domain ,  eithe r  it s underlyin g causa l  "physics "  o r  it s curren t  state .  T o minimiz e th e effect s o f  thi s 

informatio n shortag e (namel y inefficien t  pla n constructio n an d inaccurat e plans) ,  th e planne r  shoul d 

hav e information-gatherin g a s a  backgroun d goal .  Bu t  understandin g th e worl d correctly ,  an d storin g 

ne w informatio n i n a  usabl e form ,  ca n b e expensiv e operations . 

The Missed Opportunities Problem. A corollary to the Execution-time Failure problem is the Missed 

Opportunitie s problem .  Becaus e th e worl d doe s no t  necessaril y  matc h th e planner' s understandin g 

of  it ,  i t  i s  ofte n th e cas e tha t  opportunitie s t o satisf y goal s ar e misse d a t  plannin g tim e an d mus t  b e 

notice d an d exploite d a t  executio n time . 

NEW APPROACHES TO PLANNING 

Several new directions in planning have arisen in response to problems like those enumerated earlier. All 

of  the m addres s th e Immediat e Complexit y proble m i n on e wa y o r  another ,  bu t  diffe r  i n th e additiona l 

emphasi s the y giv e t o th e variou s othe r  problems .  Th e outloo k w e propos e her e i s tha t  i n mos t  realisti c 

environments ,  al l  o f  th e problem s wil l  hav e t o b e addressed ;  s o a n idea l  planne r  woul d combin e th e strength s 

of  thes e differen t  approaches ,  marshalle d agains t  th e respectiv e problem s the y mos t  directl y amehorate . 

One suc h ne w approac h ha s com e t o b e know n a s reactiv e plannin g (Agr e &  Chapma n 1987 )  o r  situate d 

activit y i n th e preferre d terminolog y o f  Agr e an d Chapman ,  followin g Suchma n (1986) .  Th e majo r  as -

sumptio n o f  th e traditiona l  paradig m challenge d b y thes e author s i s tha t  adequat e plannin g tim e i s alway s 

available ;  alon g wit h th e Immediat e Complexit y proble m the y ar e mos t  directl y concerne d wit h th e Plan -

ning/Executio n Crowdin g problem .  T o functio n i n a  fast-changin g world ,  a  planne r  ma y hav e t o pa y mor e 

attentio n t o executio n o r  interpretatio n o f  plan s an d les s t o constructio n o f  plans .  I n th e pures t  realization s 

of  thi s idea ,  th e planne r  wil l  en d u p workin g fro m reflex-lik e store d response s fo r  eac h immediat e situatio n 
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rathe r  tha n tru e goal-directe d plans .  Thes< > (ir e usefu l  ideas ,  eve n whe n complexit y o r  sensitivit y o f  th e 

proble m domai n dictate s tha t  the y canno t  b e applie d i n pristine ,  radica l  form . 

A key point from this line of thought is that planning and execution cannot be as neatly separated as 

traditionall y supposed .  Thi s i s no t  jus t  becaus e plannin g an d executio n shar e th e sam e poo l  o f  availabl e 

tim e (thoug h tha t  i s eu i  importan t  aspect) ;  rather ,  thi s represent s a  chang e i n th e ver y fundamental s o f  ho w 

t o thin k an d tal k abou t  planning .  Ther e isn' t  plannin g plu s execution ,  ther e i s on e combine d activity . 

Various researchers have tried to address these same problems without completely abandoning the classical 

orientatio n tha t  view s activit y a s th e executio n o f  plans .  Reactiv e plannin g system s (Firb y 1987 ,  Georgef T 

k Lansk y 1987 )  ar e a n attemp t  t o combin e pla n constructio n an d pla n executio n unde r  a  singl e contro l 

structure ,  i n suc h a  wa y tha t  th e system s wil l  b e robus t  t o change s i n th e worl d whil e a t  th e sam e tim e 

leavin g roo m fo r  genuin e planning .  Th e syste m describe d b y Firb y (1987 )  work s wit h unit s o f  actio n calle d 

reactiv e actio n package s o r  raps .  A  ra p "i s essentiall y  a n autonomou s proces s tha t  pursue s a  plannin g goa l 

unti l  tha t  goa l  ha s bee n achieved. "  Eac h ra p ha s a  numbe r  o f  method s tha t  i t  know s abou t  fo r  achievin g it s 

goal ,  an d wil l  tr y method s unti l  i t  ca n verif y tha t  on e ha s succeeded ,  rap s tha t  ar e t o b e execute d wai t  i n a 

linea r  queue ,  an d executio n o f  a  ra p m a y involv e a  sequenc e o f  primitiv e action s o r  m a y i n tur n invok e othe r 

raps .  I n th e latte r  cas e thi s provide s som e hierarchica l  structur e t o th e plan s specifie d b y raps ,  withou t 

demandin g elaboratio n t o th e leve l  o f  primitiv e action s befor e executio n ca n begin .  T h e combinatio n o f 

multipl e method s an d verificatio n o f  succes s result s i n a  syste m tha t  i s ver y robus t  t o executio n failure . 

Th e procedura l  reasonin g syste m describe d b y Georgef f  an d Lansk y (1987 )  i s a n architectur e fo r  contro l  o f 

a mobil e robot ,  i n whic h th e goals ,  beliefs ,  plans ,  an d intention s o f  th e robo t  ar e separatel y an d explicitl y 

represented .  Th e curren t  goal s an d belief s abou t  th e stat e o f  th e worl d determin e whic h plan s ar e chose n t o 

be pu t  o n th e executio n stack .  Thes e plan s hierarchicall y structur e sub-plans ,  an d m a y b e addresse d eithe r 

t o action s i n th e worl d o r  t o manipulation s o f  goals ,  belief s an d intention s themselves .  T h e fac t  tha t  ne w 

goal s m a y b e constructe d i n respons e t o informatio n gaine d durin g execution ,  an d i n tur n pus h ne w plan s 

ont o th e "intention "  stack ,  make s possibl e a  "shif t  o f  focus "  i n executio n i n respons e t o ne w information .  I n 

particular ,  thi s permit s th e robo t  t o interrup t  th e performanc e o f  a  routin e tas k i n respons e t o th e detectio n 

of  a n emergency ,  an d the n resum e th e origina l  tas k onc e th e emergenc y ha s bee n deal t  with . 

An approac h generall y calle d case-base d reasonin g ha s becom e a n emergen t  paradig m i n severa l  area s o f  AI , 

includin g planning ,  natura l  languag e understanding ,  diagnosis/repai r  systenns ,  an d problem-solvin g (Ham -

mond 1989 ,  Kolodne r  e t  al .  1985) .  A s a n approac h t o planning ,  case-base d plannin g depart s fro m traditiona l 

method s vi a a n emphasi s o n th e rol e o f  memory ;  mor e specifically ,  a n episodi c m e m o r y o f  pas t  goal s an d 

th e plan s tha t  succeede d o r  faile d i n satisfyin g them .  Thi s emphasi s i s directe d a t  tamin g th e Immediat e 

Complexit y proble m an d especiall y th e Asymptoti c Complexit y problem . 

In the purest form of case-based planning, new plans are always derived from plans in old cases, and are 

neve r  compute d purel y fro m scratc h (worl d knowledg e an d inferenc e rules) .  A  pristin e case-base d plannin g 

approac h i s bes t  suite d t o a  domai n wher e executio n failure s o r  a t  leas t  suboptima l  executio n ca n b e tolerated . 

W h en a  les s fault-toleran t  domai n o r  tas k require s givin g u p thi s purit y o f  approach ,  th e correc t  response , 

we argue ,  i s no t  t o retrea t  t o a  full-scal e projectio n o f  th e plan' s effect s i n th e world .  I n th e first  place ,  tha t 

woul d mea n givin g u p th e efficienc y advantage s whic h for m par t  o f  th e motivatio n fo r  case-base d planning . 

Second ,  suc h a  cours e i s no t  i n genera l  possible ;  i t  depend s o n severa l  o f  th e assumption s w e ar e tryin g t o d o 

without—assumption s o f  a  stabl e worl d an d complet e knowledge .  W h a t  i s needed ,  instead ,  i s a  capabiht y 

fo r  pla n repair . 

The adaptive planning approach of Alterman (1985), and the generate-test-dehug approach of Simmons and 

Davi s (1987 )  ar e directe d especiall y agains t  th e Execution-tim e Failur e problem ,  a s i s ( H a m m o n d 1987) . 

I n adaptiv e planning ,  failur e lead s t o replannin g usin g semanticall y Unke d features ;  i n generate-test-debug , 

replannin g i s guide d b y a  causa l  descriptio n o f  th e failure .  Case-base d plannin g als o use s a  causa l  descriptio n 

of  pla n failure ,  bot h t o repai r  th e curren t  pla n an d t o discove r  th e feature s tha t  wil l  predic t  th e proble m i n 

th e future . 

We hav e s o fa r  bee n treatin g th e issu e o f  failur e a s thoug h i t  exclusivel y mean t  failur e o f  a  singl e pla n t o 

wor k correctl y i n execution ,  eithe r  throug h simpl e ba d plannin g o r  throug h confrontatio n wit h unexpecte d 

condition s i n th e world .  A  planne r  deaUn g wit h multipl e goal s mus t  als o dea l  wit h possibl e failure s derivin g 
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fro m th e interaction s o f  th e plan s fo r  tw o o r  mor e goals .  Interaction s wher e plan s ma y interfer e wit h eac h 

othe r  hav e lon g bee n a  focu s i n plannin g research .  Her e w e wil l  plac e som e emphasi s o n anothe r  sor t  o f 

interactio n betwee n plans ,  interaction s i n whic h som e benefi t  coul d b e derive d fro m combinin g plans .  I f 

a usefu l  interactio n coul d b e obtained ,  bu t  th e planne r  doe s no t  tak e advantag e o f  thi s possibihty ,  i t  ha s 

falle n int o anothe r  sor t  o f  interactiv e failure .  Thi s failur e t o tak e advantag e o f  potentiall y  beneficia l  pla n 

interaction s constitute s th e Misse d Opportunitie s problem . 

Clearly ,  th e necessit y fo r  maikin g us e o f  opportunities—avoidin g th e Misse d Opportunitie s problem—spring s 

ultimatel y fro m consideration s o f  efficiency ;  tha t  is ,  fro m th e concern s w e hav e labele d th e Immediat e 

Complexit y an d Asymptoti c Complexit y problems .  Indeed ,  ou r  whol e taxonom y o f  problem s ha s bee n 

reveale d a s a  tangle d networ k o f  mutua l  dependencies .  Th e mora l  i s  obvious :  the y canno t  b e solve d singl y an d 

piecemeal .  Activ e plannin g i n a  realisti c domai n require s combine d wor k o n al l  thes e front s simultaneously . 

Strategy mix depends on domain 

In the previous sections we listed several fundamental problems encountered in the traditional approach 

of  ful l  preplannin g unde r  a  closed-worl d assumption ;  examine d severa l  recen t  direction s i n planning ,  eac h 

one aime d a t  amelioratin g selecte d item s fro m tha t  lis t  o f  problems ;  an d calle d fo r  effort s t o develo p a n 

integrate d approach .  Bu t  w e wil l  no t  ge t  ver y fa r  b y arguin g abou t  thes e issue s a t  th e leve l  o f  generalit y 

i n th e previou s sections .  Ther e i s n o bes t  (an d o f  cours e thi s coul d onl y mea n "currently-best" )  integrate d 

approac h t o plannin g i n general ,  fo r  th e simpl e reaso n tha t  ther e i s n o suc h thin g a s planning-in-general . 

As happen s almos t  anywher e i n A I  o r  compute r  science ,  w e hav e reache d th e poin t  o f  confrontatio n wit h 

trade-offs .  A  planne r  tryin g t o operat e i n a n unstabl e world ,  o f  whic h i t  ha s incomplet e knowledge ,  i s  force d 

t o trad e correctnes s fo r  efficiency ,  first-time  succes s fo r  long-ru n success ,  plannin g tim e fo r  executio n time .  I f 

th e planne r  i s tryin g t o solv e a n NP-har d proble m i n th e rea l  world ,  th e dilemm a ca n onl y becom e sharper . 

The best—o r  le t  u s onl y sa y th e leas t  unsatisfactory—resolutio n o f  thes e trade-off s i s no t  give n b y genera l 

consideration s bu t  instea d depend s o n th e domain ,  th e task ,  an d perhap s a n externally-decide d performance -

leve l  criterion .  T o mak e ou r  discussio n mor e concrete ,  w e wil l  focu s o n th e choice s stemmin g fro m th e domai n 

and tas k use d i n th e T R U C K E R project ,  whos e implementatio n i s describe d i n th e latte r  section s o f  thi s 

paper . 

TRUCKER is a planner operating in the domain of messenger-service scheduling. A dispatcher controls 

a fleet  o f  truck s whic h roji m a  cit y o r  a  neighborhood ,  pickin g u p an d droppin g of f  parcel s a t  designate d 

addresses .  (Ou r  implementatio n use s Chicag o an d it s Hyd e Par k neighborhood. )  Transpor t  order s ar e 

"phone d in "  b y customer s a t  variou s time s durin g th e simulate d busines s day ,  an d th e p^ce l  deliver y 

sequenc e an d truc k routin g ar e adjuste d t o efficientl y accommodat e th e ne w orders .  Th e relevan t  sens e o f 

efficienc y her e include s bot h th e cos t  o f  th e plauiner' s ow n effort s an d th e evolvin g deliver y sequenc e an d 

routing . 

T R U C K E R 'S tcis k involve s receivin g request s fro m customers ,  makin g decision s abou t  whic h truc k t o assig n 

a give n reques t  to ,  decidin g i n wha t  orde r  give n parcel s shoul d b e picke d u p an d droppe d off ,  figuring  ou t 

route s fo r  th e truck s t o follow ,  an d monitorin g th e executio n o f  th e plan s i t  constructs .  A  numbe r  o f  limite d 

resource s mus t  b e managed ,  includin g th e truck s themselves ,  thei r  ga s an d carg o space ,  an d th e planner' s 

own plannin g time .  T R U C K E R start s of f  wit h ver y Uttl e informatio n abou t  th e worl d tha t  it s  truck s 

wil l  b e negotiating ;  al l  i t  ha s i s th e equivaJen t  o f  a  stree t  map ,  a n incomplet e an d potentiall y  inaccurat e 

schemati c o f  it s  simulate d world . 

Thus, this is the sort of domain and task where the problems contemplated in our earher list all naturally 

arise .  Traditiona l  approache s t o planning ,  wit h emphasi s o n exhaustiv e preplanning ,  woul d therefor e b e 

inaudequat e t o thi s tas k fo r  a  numbe r  o f  reasons : 

• TRUCKER lacks perfect information about its world. 

• TRUCKER does not know all of its goals in advance - new calls come in that must be integrated 

wit h currentl y runnin g plans . 
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•  Plannin g tim e i s limited .  T R U C K E R ' s worl d doe s no t  wai t  fo r  i t  t o complet e plan s befor e ne w event s 

occur . 

• Even given perfect aAv&nce information, an optimal solution to the problem TRUCKER faces is 

computationall y intractable .  Eve n schedulin g th e picku p an d dropof f  point s fo r  a  singl e truc k t o 

minimiz e trave l  tim e i s a  varian t  o f  th e travelin g salesma n problem ,  whic h i s know n t o b e NP-complete . 

To stave off the effects of the Planning/Execution Crowding problem, we might try a situated-activity 

approach .  Bu t  th e complexit y o f  th e domai n rule s ou t  a  pristin e situated-activity/reactive-plannin g approac h 

t o thi s task .  Ver y fe w pickup s an d deliverie s woul d ge t  don e i f  th e truck s wer e commande d b y a  freneti c 

dispatche r  constantl y issuin g ne w instruction s base d onl y o n th e curren t  location s o f  th e truck s an d th e las t 

transport-reques t  received . 

However ,  a n appropriat e modificatio n withi n th e reactive-plannin g schoo l  o f  thought ,  w e believe ,  ca n b e 

derive d cilon g th e line s take n i n (Firb y 1987) .  W e separat e ou t  classe s o f  action s whic h requir e temporally -

extende d contro l  (routing )  fro m thos e whic h ca n b e bu t  th e matte r  o f  a  moment  (navigation) ,  an d assig n 

executio n o f  th e latte r  t o semi-autonomou s agents . 

To dea l  wit h Asymptoti c Complexity ,  w e migh t  wan t  t o cas t  ou r  planne r  i n a  case-base d mold ,  storin g an d 

re-usin g plans .  Th e relevan t  plan s her e ar e th e route s fo r  drivin g fro m on e give n bloc k t o another .  That' s 

fine,  a s fa r  a s i t  goes ,  an d indee d T R U C K E R ha s a  route-memory .  Bu t  b y itsel f  thi s techniqu e doesn' t 

go nearl y fa r  enough .  A  deliver y truc k canno t  affor d t o wor k sequentiall y  throug h it s lis t  o f  orders ,  drivin g 

directl y fro m th e picku p poin t  o f  eac h reques t  t o th e correspondin g dropof f  poin t  befor e dealin g wit h th e 

next  request ,  eve n i f  th e lis t  ha s bee n pu t  i n som e rationa l  order .  Ther e wil l  b e a  clea r  cas e o f  interactio n 

failure ,  contributin g t o th e Misse d Opportunitie s problem ,  i f  th e planne r  i s no t  abl e t o combin e nearb y stops . 

On th e othe r  hand ,  th e planne r  wil l  b e swampe d i n th e Irrunediat e Complexit y proble m i f  i t  check s fo r  al l 

route-combinatio n possibilitie s ever y tim e a  ne w reques t  i s phone d in .  Clearly ,  i t  need s somethin g beyon d 

th e situated-activit y an d case-base d component s demande d s o far ,  somethin g t o hel p i t  selec t  reasonabl e 

occasion s fo r  makin g th e computationa l  effor t  t o detec t  advantageou s combinations . 

To dea l  wit h thes e combinations ,  then ,  w e woul d wan t  t o giv e th e planne r  a n opportunisti c component ,  whos e 

jo b i t  i s  t o detec t  apparen t  opportunitie s fo r  route-combination .  Bu t  i f  hammere d togethe r  i n isolation ,  suc h 

a facilit y  woul d introduc e it s ow n ne w computationa l  costs .  I t  woul d b e a t  leas t  problematic ,  an d perhap s n o 

net  gai n a t  cdl ,  i f  thi s componen t  wer e introduce d a s a  ne w plannin g expens e o n to p o f  everythin g else—say , 

as a  collectio n o f  daemon s attache d t o eac h pendin g deliver y request . 

Thi s consideratio n take s u s fro m opportunis m i n genera l  t o th e mor e specifi c  mode l  o f  opportunisti c memory . 

A pendin g deUver y goa l  get s attache d t o memor y structure s whic h wil l  b e use d o r  activate d anywa y whe n 

an appropriat e opportunit y fo r  deaUn g wit h tha t  goa l  arise s i n th e norma l  cours e o f  othe r  activity .  I n th e 

T R U C K ER domain ,  th e relevan t  norma l  activit y i s  simpl y tha t  o f  (simulated )  driving .  Wit h tha t  step ,  w e 

have aske d fo r  anothe r  component ,  a n observing/understandin g componen t  whic h "parse s th e world "  fro m 

th e ra w strea m o f  incomin g information .  I n th e cours e o f  interpretin g th e presenc e o f  a  certai n recognizabl e 

buildin g o r  othe r  landmar k a s meanin g tha t  th e truc k ha s reache d a  now-identifiabl e location ,  i t  mus t  find  an d 

acces s a  memor y structur e correspondin g t o tha t  location .  Waitin g i n tha t  memor y structur e i s a  notatio n 

abou t  othe r  deliver y goal s associate d wit h tha t  place—bu t  waitin g quietly ,  a s a  notation ,  no t  waitin g busily , 

as a  daemon .  Thu s ou r  respons e t o th e Misse d Opportunitie s proble m ha s demande d tha t  w e dea l  wit h th e 

Costl y Informatio n proble m a t  th e sam e time . 

When a n opportunit y fo r  route-combinatio n arises ,  th e planne r  mus t  b e abl e t o tak e advantag e o f  i t  b y 

reorganizin g th e dehver y plans .  (An d o f  cours e i t  shoul d stor e th e combinatio n fo r  late r  re-use. )  Beside s 

th e potentia l  interactio n failure s represente d b y misse d opportunities ,  T R U C K E R mus t  als o b e prepare d 

t o dea l  wit h direc t  executio n failures .  Fo r  bot h thes e reasons ,  i t  require s a  replannin g component . 

Structure of the TRUCKER Program 

The TRUCKER planner is embedded in a demonstration program consisting of three modules: the world 

simulation ,  th e map ,  an d th e planne r  itself .  Truck s mov e throug h th e world ,  alon g route s constructe d b y th e 
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planner ,  assumin g tha t  th e direction s ax e valid ,  tha t  ther e i s ga s i n th e tank ,  an d s o o n (the y ma y find  ou t 

otherwise) .  Th e ma p i s a  schemati c o f  th e simulate d world ,  bu t  wit h considerabl y les s information ,  lackin g 

buildings ,  "visual "  cues ,  one-wa y street s an d othe r  features .  Th e simulate d world ,  o n th e othe r  hand ,  doe s 

contai n cue s o f  thos e sorts ,  whic h pla y a n essentia l  rol e i n navigation .  Thoug h th e progra m ha s t o kno w 

wher e al l  th e truck s ar e a t  an y give n moment ,  thi s informatio n i s no t  directl y availabl e t o th e planner ; 

instead ,  i t  mus t  construc t  an d maintai n thi s informatio n a s i t  goe s along ,  "parsin g th e world. "  Thi s intimat e 

connectio n wit h locaht y provide s th e basi s fo r  havin g place s remin d th e planne r  o f  possibl e opportunities . 

The high-leve l  agend a fo r  a  truc k i s a  sequenc e o f  instruction s abou t  wher e t o trave l  an d wha t  t o d o there . 

Typicall y i t  consist s a t  an y on e tim e o f  alternatin g instruction s fo r  travel-step s an d parce l  transactions : 

(GOTO (5802 S-WOODLAWN)) 

(PICKU P PARCEL-3 ) 

(GOTO (92 0 E-55TH) ) 

(DROPOFF PARCEL-5 ) 

Plans  of this sort are created as needed, and consumed piecemeal as each portion is executed. Each truck 

has suc h a  plan .  Portion s no t  ye t  execute d ar e availabl e fo r  reordering ,  cancellation ,  additio n o f  ne w step s 

alon g th e way ,  o r  transfe r  t o anothe r  truck . 

The planne r  als o provide s specifi c  plan s fo r  th e route s tha t  truck s follo w whe n executin g a  G O T O step . 

A rout e i s represente d a s a  serie s o f  turns ,  usin g stree t  neime s aui d compas s direction s (wit h a  star t  an d 

sto p instructio n a t  th e beginnin g an d end) .  I n particular ,  i t  i s  no t  a  serie s o f  step-by-ste p o r  block-by-bloc k 

instructions ;  a  truc k drivin g unde r  th e guidanc e o f  a  rout e ca n trave l  severa l  block s withou t  usin g a  ne w 

portio n o f  th e route ,  unti l  i t  mus t  tur n o r  mak e a  stop .  Th e rout e expandin g th e trave l  ste p (GOT O (92 0 

E-55TH) )  i n th e deliver y pla n give n abov e woul d b e th e following : 

(START NORTH (5802 S-WOODLAWN)) 

(TURN EAST E-57TH ) 

(TURN NORTH S-CORNELL) 

(TURN EAST E-55TH ) 

(STOP (92 0 E-55TH) ) 

These pieces of knowledge are indexed by the place in the world with which they are associated. 

Together ,  thes e provid e th e materia l  o n whic h th e severa l  activ e component s demande d i n th e previou s 

sectio n d o thei r  work . 

Reactive-planning component: central planning agenda 

At the center of the TRUCKER implementation lies a "main loop" planning and execution supervisor, 

correspondin g t o th e dispatche r  i n th e domai n model .  Th e implementatio n i s intende d t o connec t  wit h th e 

idea s o f  (Firb y 1987) .  Th e basi c tas k o f  thi s componen t  i s t o answe r  th e phone ,  examin e eac h ne w deliver y 

order ,  an d eithe r  assig n i t  t o a  truc k immediatel y o r  els e decid e t o temporaril y  la y i t  aside . 

The planne r  control s it s ow n agend a b y mean s o f  a  request-base d actio n queue ,  ordere d b y predefine d 

prioritie s fo r  variou s type s o f  tasks .  Th e centra l  plannin g componen t  i s treate d a s time-bound .  Tha t  is , 

almos t  al l  o f  th e action s i t  ca n take ,  bot h thos e involvin g it s ow n stat e an d thos e involvin g th e domai n 

more directly ,  hav e cost s i n th e simulate d time-stream .  A s a  consequence ,  i t  i s  designe d t o ac t  i n unit s 

of  atomi c action s tha t  requir e Uttl e tim e singly ;  th e atomi c component s o f  a  comple x actio n ar e place d i n 

a priorit y queue ,  t o b e carrie d ou t  whe n tim e allows .  Th e content s o f  thi s queu e a t  an y give n moment 

constitute s a  tentativ e pla n fo r  th e planner' s Jiction s i n th e nea r  term .  T o achiev e thi s atomization ,  mos t  o f 

th e action-type s buil t  int o th e planne r  ar e molecular . 

The mos t  importan t  molecula r  actio n i s t o tr y assignin g a  deliver y reques t  t o a  truc k whic h wil l  b e abl e t o 

handl e i t  well .  Thes e ar e "or "  packets .  Whe n a  ne w orde r  i s received ,  th e planner' s onl y immediat e respons e 

i s t o plac e suc h a n assign-delivery-tĉ truc k actio n somewher e i n it s queue .  A t  som e poin t  tha t  actio n i s 

interpreted ,  an d th e resul t  o f  tha t  interpretatio n i s t o plac e fou r  ne w packet s int o th e queue . 
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handle-new-req-expansion : 

try-assign-to-truck-going-nea r  ;  i f  reminde d 

try-assign-to-idle-truc k 

try-combine-with-unassigned-req s ;  i l  reminde d 

dump-in-unassigned-req s 

By keeping the atomic actions generally inexpensive individually, even at the cost of multiplying their 

number ,  w e preven t  th e planne r  fro m bein g tie d u p an d uninterruptibl e whe n i t  shoul d b e noticin g event s 

i n th e world ,  a  particula r  versio n o f  th e Planning/Executio n Crowdin g problem .  Bu t  th e mai n contributio n 

of  thi s architectur e i s agains t  th e Immediat e Complexit y problem ,  b y avoidin g projectio n o f  effect s an d 

enforcin g a n earl y (indeed ,  immediate )  linearizatio n o f  implicitl y  hierarchica l  structures . 

Case-based component: route and combination memory 

When a truck, working through its delivery agenda, completes one pickup or dropoff and prepares to drive 

on t o th e next ,  i t  require s a  drivin g rout e fro m th e dispatcher .  I f  necessary ,  th e dispatche r  wil l  consul t  th e 

m ap an d it s m e m o r y o f  roa d condition s an d typica l  speed s ( a memor y quit e distinc t  fro m th e m a p )  i n orde r 

t o compute ,  b y two-wa y best-firs t  search ,  a  near-optima l  rout e fro m th e truck' s curren t  locatio n t o it s nex t 

stop .  Thi s computatio n i s on e o f  th e tw o inherentl y expensiv e operation s i n T R U C K E R,  an d th e planne r 

wil l  avoi d undertakin g i t  i f  possible .  Th e computatio n ca n b e skippe d i f  th e planne r  alread y know s th e 

desire d route ,  havin g previousl y compute d i t  an d store d it .  This ,  o f  course ,  i s th e cor e ide a o f  case-base d 
plajinin g an d w e emplo y i t  ver y directl y here :  th e planne r  canno t  entirel y avoi d thi s expensiv e search ,  bu t 

i t  ca n avoi d repeatin g i t  fo r  th e sam e locations .  ̂ 

When two delivery requests are opportunistically combined and their routes are merged, the merged route 

i s stored ,  alon g wit h th e fac t  tha t  thes e tw o pickup-dropof f  locatio n pair s prove d combinable .  Thi s provide s 

some interestin g challenge s i n memor y indexing ,  bu t  otherwis e th e basi c ide a i s stil l  th e same ,  an d addresse s 

especiall y th e Asymptoti c Complexit y problem . 

Opportunistic memory and replanning components: detecting and constructing plan combi-

nation s 

TRUCKER merges requests in an effort to optimize over travel time. But it does so only when it encounters 

an opportunit y t o satisf y on e reques t  whil e i t  i s  actuall y runnin g th e rout e fo r  a  previou s one ,  o r  i f  i t  ha s 

learne d fro m a  previou s suc h opportunit y tha t  tw o request s ar e combinable .  Initially ,  th e effec t  o f  th e 

queue d actio n packet s i n th e dispatche r  i s tha t  T R U C K E R run s request s i n orde r  o f  "call-in, "  assignin g 

the m singl y t o idl e truck s unti l  al l  truck s ar e occupied .  I t  als o hnk s eac h ne w reques t  wit h th e m e m o r y 

node s i n it s representatio n associate d wit h th e location s tha t  woul d serv e a s opportunitie s fo r  satisfyin g th e 

request ,  i.e. ,  th e picku p an d deliver y location .  A s th e planne r  execute s eac h stag e o f  it s  plan ,  recognizin g 

locations ,  i t  sometime s find s request s associate d wit h location s tha t  i t  i s  passing .  W h e n thi s happens , 

T R U C K ER consider s th e possibilit y  tha t  th e ne w reques t  coul d b e merge d wit h th e curren t  plan—a s wel l 

as th e possibilit y  tha t  th e resultin g rout e shoul d b e store d an d re-used . 

Situated-activity and Understanding components: driving and navigating 

Like these real drivers, TRUCKER cannot preplan all the driving steps involved in carrying out a sequence 

of  deliveries .  I t  firs t  supplie s th e truck s wit h highest-leve l  plans ,  a  sequenc e o f  th e location s wher e the y 

ar e t o sto p fo r  pickup s an d dropoffs .  Onl y whe n suc h a  ste p i s read y fo r  executio n i s i t  expande d int o a 

pla n a t  th e nex t  lowe r  level ,  a  sequenc e o f  majo r  trave l  leg s punctuate d b y turn s o r  chang e o f  stree t  name . 

^Thi s aspec t  wa s no t  ou r  mai n theoretica l  emphasi s i n T R U C K E R,  s o w e di d no t  implemen t  certai n interestin g variation s 
whic h sugges t  themselve s a s additiona l  time-savin g measures .  Ne w routes ,  fo r  extimple ,  coul d b e constructe d b y extendin g ol d 
ones ;  o r  th e planne r  coul d mode l  th e cit y i n term s o f  neighborhoo d centers ,  majo r  intersections ,  cin d loca l  "feeder' '  streets ,  an d 
tr y t o adap t  ein y rout e foun d i n memor y whic h ha s th e sam e star t  an d en d neighborhood s a s th e desire d ne w route ,  o r  th e sam e 
nearb y majo r  intersection . 
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Thi s give s th e planne r  th e flexibility  t o regurang e th e higher-leve l  plan s a s neede d fo r  repai r  o r  opportunity , 

withou t  wastin g th e effor t  o f  repeatedl y changin g th e expansion s a t  th e lowe r  leve l  whe n th e majo r  step s ge t 

interleave d differently . 

Summary 

Recent developments in planning have separately addressed various of the major problems that arose when 

traditiona l  plannin g idea s wer e presente d wit h domain s an d task s fo r  whic h th e assumption s o f  a  close d 

worl d an d complet e knowledg e d o no t  hold .  Th e ne w theorie s hav e show n considerabl e succes s i n tamin g 

some o f  thos e problems ,  b y regardin g pla n constructio n an d executio n a s intimatel y tie d together ,  an d thu s 

monitorin g an d guidin g th e executio n o f  thei r  plans .  Bu t  eve n wit h thi s measur e o f  success ,  n o on e o f  thes e 

theorie s ca n clai m complet e success ,  an d non e ca n b e take n a s th e uniqu e bes t  directio n i n whic h plannin g 

researc h shoul d go .  W e cad i  fo r  a  pluralisti c spiri t  an d clos e attentio n t o th e dictate s o f  th e particula r  domain s 

aui d task s a s a  wa y o f  developin g suitabl e plannin g systems . 
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