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Indexin g Case s fo r  Plannin g a n d Actin g i n D y n a m i c Env i r onmen ts : 

Exploitin g Hierarchica l  G o a l  Structures ^ 

Stephen Robinson 

Jane t  Kolodne r 

Colleg e o f  Computin g 

Georgi a Institut e o f  Technolog y 

Atlanta ,  Georgi a 30332-028 0 

E-mail :  robinson@cc.gatech.edu ,  jlk@cc.gatech.ed u 

Abstrac t 

We examine how acting in dynamic, complex, not entirely 
predictabl e environment s affect s th e indexing ,  storag e an d re -
uieva l  o f  case s i n a  memory-base d system .  W e discus s ho w 
a hierarchica l  goa l  sUiictur e ca n b e exploite d t o provid e in -
dice s fo r  searchin g an d storag e whe n plannin g an d actin g i n 
everyda y environment s unde r  tim e pressure .  Th e tradeoff s be -
twee n th e cost s an d utilit y  associate d wit h attemptin g t o pre -
vent  repeating  a  failur e o r  missin g a n opportunit y ar e briefl y 
examined .  Considerin g thes e tradeoff s lead s t o distinguishin g 
betwee n whe n failure s ca n b e allowe d t o recur  an d whe n the y 
shoul d b e anticipate d an d avoided .  Th e amoun t  o f  effor t  ex -
pende d whe n handlin g failure s differ s fo r  th e tw o situations , 
but  i n bot h case s a  hierarchica l  goa l  structur e ca n b e use d t o 
choos e effectiv e indice s efficiently .  Thi s pape r  describe s th e 
approac h take n i n ou r  EXPEDITER ^  syste m an d briefl y com -
pare s i t  t o othe r  approaches . 

A c t i n g i n C o m p l e x ,  D y n a m i c E n v i r o n m e n t s 

Conside r  th e followin g exampl e o f  actin g i n a  complex ,  dy -
namic ,  no t  entirel y predictabl e environmen t  an d th e difficul -
tie s fo r  indexin g an d retrievin g informatio n tha t  i t  highlights . 

Bob gets himself and his two children ready for work 
and schoo l  i n th e morning s th e sam e wa y ever y day . 
The routin e include s fixing  everyon e cerea l  fo r  break -
fast .  On e day ,  however ,  afte r  puttin g ou t  th e bowl s an d 
spoons .  Bo b finds  n o mil k i n th e refrigerator . 

At this point Bob is faced with a number of tasks: 

•  h e stil l  ha s t o fi x  somethin g t o eat ; 

•  h e m a y hav e t o und o som e wor k h e ha s alread y don e (e.g. , 
puttin g awa y unuse d utensils) ; 

•  h e m a y wan t  t o conside r  h o w t o avoi d runnin g ou t  o f  mil k 
again ; 

•  h e m a y wan t  t o conside r  h o w h e migh t  reus e th e alternativ e 
action s h e choose s i f  the y succeed . 

'Thi s research  i s supporte d i n par t  b y D A R PA conu-ac t  F49620 -
88-C-005 8 monitore d b y A F O S R an d i n par t  b y a  President' s  Fel -
lowshi p fro m Georgi a Tech . 

^Explorin g Plannin g an d Executio n i n Dynami c Environ -
ment s employin g Routines ,  a n explorator y syste m currentl y bein g 
developed . 

Bob canno t  jus t  sto p wha t  h e i s doin g an d tak e tim e t o deepl y 
analyz e th e situatio n an d generat e man y option s t o proceed . 
He ha s t o continu e t o ac t  whil e h e i s dealin g wit h th e failure . 
The amoun t  o f  effor t  h e ca n pu t  int o analyzin g th e futur e 
consequence s o f  wha t  h e choose s t o d o depend s upo n ho w 
much tim e h e ha s availabl e an d ho w muc h effor t  i t  take s t o 
repai r  th e cunen t  failure ,  t o analyz e cost s an d payoffs ,  etc . 

Continuin g wit h th e example ,  w e se e ther e ar e man y factor s 
t o b e considere d whe n decidin g no t  onl y wha t  t o d o immedi -
ately ,  bu t  ho w curren t  decision s ma y affec t  futur e actions . 

Bob sees no suitable substitute for milk and cannot think 
of  one .  H e decide s tha t  h e doe s no t  hav e tim e t o bu y 
mor e right  now .  H e need s somethin g els e t o ea t  tha t  i s 
as eas y an d nutritiou s a s cereal .  Seein g brea d i n th e re -
frigerator ,  h e decide s t o serv e toas t  wit h jell y  an d orang e 
juice . 

I f  th e toas t  satisfie s everyon e an d Bo b decide s th e extr a wor k 
of  puttin g awa y th e unuse d cerea l  utensil s i s no t  significant , 
he wil l  probabl y no t  b e concerne d wit h runnin g ou t  o f  mil k 
again .  Al l  h e need s t o b e concerne d wit h i s  rememberin g 
th e "toas t  substitution "  s o h e ca n us e i t  i f  th e sam e failur e 
happen s again .  H e i s  willin g t o fac e th e failur e o f  runnin g 
out  o f  mil k i n th e futur e becaus e i t  i s no t  wort h expendin g 
th e effor t  neede d t o consciousl y alte r  hi s routin e t o avoi d th e 
problem s tha t  arise . 

However ,  suppos e Bob' s childre n ar e upse t  abou t  havin g 
t o ea t  "boring ,  dr y toast "  i n plac e o f  cerea l  an d th e ensuin g 
commotio n make s Bo b late .  No t  bein g a  stric t  disciplinarian . 
Bob decide s tha t  h e woul d rathe r  mak e sur e tha t  h e ca n serv e 
cerea l  tha n dea l  wit h upse t  childre n o n anothe r  morning .  N o w 
Bob' s motivatio n t o avoi d th e failur e i s stronge r  s o h e ma y 
tak e som e tim e t o thin k o f  h o w h e ca n alte r  hi s routine s i n 
th e futur e t o avoi d thi s problem .  H e als o m a y thin k o f  way s 
t o remin d himsel f  t o mak e sur e h e ha s mil k availabl e a t  a 

tim e whe n h e ca n ge t  mor e i f  h e doe s not . 

Indexing Cases While Acting 

At  th e hear t  o f  memory-base d system s tha t  reus e plan s an d 
lear n fro m experienc e i s th e storag e an d retrieva l  o f  cases . 
Storin g informatio n abou t  experience s fo r  late r  retrieva l  re -
quire s tha t  th e episode s b e labele d i n suc h a  wa y tha t  the y 
wil l  likel y b e retrieve d whe n the y ar e mos t  usefu l  i n th e fu -
ture .  Th e proble m o f  labelin g memor y an d comin g u p wit h 
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label s durin g proble m solvin g t o retriev e usefu l  pas t  experi -
ence s i s ofte n referre d t o a s th e "indexin g problem. "  Whil e 
considerabl e researc h ha s bee n don e o n th e indexin g |)rob -
lem,  littl e ha s bee n i n th e contex t  o f  actin g i n dynami c en -

vironments .  Plannin g an d actin g i n complex ,  dynami c en -
vironment s add s additiona l  constraint s an d consideration s t o 
indexin g processes . 

• Time is a limiting factor since the environment may change 
whil e a n agen t  i s engage d i n reasoning . 

•  Repai r  o f  th e ongoin g situatio n i s necessary ;  ther e i s n o 
goin g back . 

•  A n agen t  i s concerne d no t  onl y wit h accomplishin g task s 
and satisfyin g goal s i n th e curren t  context ,  bu t  als o wit h 
continue d succes s i n th e future . 

•  Th e richness  o f  comple x environment s m a y requir e a n 
agen t  t o filter  throug h availabl e informatio n t o ge t  usabl e 
indices . 

While systems like CHEF (Hammond, 1989a), RUN-
N ER ( H a m m o n d e t  al. ,  1990) .  P L E X U S (Alterman ,  1988 ; 
Alterman ,  1986 )  an d F L O A B N / S C A V E N G ER (Zito-Wol f  & 
Alterman ,  1990 )  ar e concerne d wit h repairin g failure s an d 
wit h succes s i n th e futur e (throug h adaptation ,  anticipatio n o f 
failur e an d opportunity ,  etc.) ,  the y d o no t  balanc e th e cos t  o f 
indexin g m e m o r y t o enabl e suc h anticipatio n agains t  th e util -
it y  o f  doin g so .  A t  firs t  glance ,  i t  seem s tha t  a n agen t  woul d 
alway s wan t  t o avoi d repeatin g failure s an d t o tak e ever y op -
portunit y t o optimiz e it s activities .  However ,  i n environment s 
wher e change s ca n occu r  an d tim e t o ac t  i s  limited ,  expend -
in g effor t  t o carefull y augmen t  plan s fo r  futur e us e m a y caus e 
additiona l  failure s o r  misse d opportunitie s i n th e curren t  tim e 
frame .  Ther e ar e a  numbe r  o f  tradeoff s t o consider . 

• The time spent reorganizing memory takes time away from 
th e curren t  task ,  bu t 

•  reorganizin g memor y m a y resul t  i n improve d action s i n th e 
futur e b y contributin g t o 

- optimizing activity and 

-  avoidin g failures . 

• Knowledge may be gained by adding cases to memory but 
th e knowledg e m a y b e erroneous . 

•  Reorganizin g m e m o r y m a y resul t  i n highe r  matchin g cost s 
when searchin g fo r  repairs ,  etc. ,  i n th e future . 

These tradeoffs should be considered when decisions about 
indexin g an d searc h ar e made .  I n particular ,  eas y way s o f  do -
in g th e require d indexin g mus t  b e foun d fo r  thos e situation s 
i n whic h th e harde r  wor k o f  blam e assignmen t  neede d t o 
anticipat e failur e situation s i s deeme d inappropriate .  I n thi s 
paper ,  w e loo k a t  th e way s indexin g an d searc h processe s ca n 
tak e advantag e o f  th e hierarchica l  goa l  structure s employe d i n 
plannin g t o generat e indice s an d annotat e m e m o r y whe n ex -
pectatio n failure s occur .  A n expectatio n failur e ca n b e eithe r 
a failur e o r  a  previousl y unnotice d opportunit y t o improve . 
We sho w h o w indexin g ca n b e accomplishe d quickl y whe n 
th e cos t  o f  repeatin g a  failur e i s no t  deeme d t o b e hig h an d 
tim e i s scarc e i n th e curren t  situation .  W e concentrat e o n 

everyda y environments '  wher e activit y  i s repetitive ,  allowin g 
an agen t  t o develo p habitua l  way s o f  accomplishin g goals . 

O ne o f  ou r  goal s i s t o sho w h o w "routines "  ca n b e ac -
quire d i n a  memory-base d plannin g an d actin g syste m vi a 
repairin g failure s an d noticin g opportunitie s fo r  optimization . 
A routin e i s a  se t  o f  action s ("primitive "  step s o r  operators ) 
specifi c  t o a  particula r  situatio n an d environmen t  whic h a n 
agen t  execute s t o achiev e a  se t  o f  goals .  Th e executio n orde r 
of  operator s i n a  routin e emerge s wit h experienc e a s failin g 
condition s an d interaction s ar e deal t  with .  Employin g a  rou -
tin e help s reduc e th e computationa l  loa d require d t o achiev e 
repeate d conjunct s o f  goal s b y allowin g th e agen t  t o ignor e 
preconditions ,  interactions ,  operato r  ordering ,  etc. ,  becaus e 
thos e detail s hav e bee n iterativel y irone d ou t  durin g th e evo -
lutio n o f  tha t  routine .  Whil e w e d o no t  addres s th e ful l  se t 
of  issue s associate d wit h learnin g routine s i n thi s paper ,  i t 
shoul d b e note d tha t  th e processe s describe d her e ar e par t  o f 
a large r  syste m tha t  aim s towar d tha t  capability . 

I t  i s  als o importan t  t o not e tha t  "routinization "  doe s no t 
simplif y a n agent' s interaction s wit h a  dynami c environment . 
Rather ,  i t  simplifie s h o w a n agen t  reason s abou t  it s environ -
ment .  A n agen t  ca n vie w a  familia r  dynami c environmen t 
as bein g mor e stabl e tha n i t  reall y i s becaus e th e agen t  ha s 
learne d t o reliabl y predic t  h o w th e aspect s i t  i s  concerne d 
wit h wil l  chang e an d interact .  A n agen t  ca n assum e tha t  it s 
expectation s abou t  a n environmen t  an d it s o w n action s wil l 
hol d withou t  checkin g thei r  validity .  W h e n expectation s fail , 
th e experience s ar e store d t o b e late r  retrieve d an d employe d 
t o avoi d o r  cop e wit h simila r  failures .  Thi s i s w h y routiniza -
tio n i s iterative .  Thi s pape r  present s a  metho d fo r  choosin g 
indice s an d organizin g cas e m e m o r y unde r  th e tim e pressure s 
of  a  dynami c environmen t  tha t  use s a  hierarchica l  goa l  struc -
tur e t o provid e readil y accessibl e context . 

E X P E D I T ER operate s i n a  smal l  simulate d wor k are a oc -
cupie d b y variou s object s suc h a s a n oven ,  clothes ,  washin g 
machine ,  dryer ,  bread ,  etc .  Objects ,  goal s an d operator s ar e 
represente d i n a  simpl e fram e syste m patterne d afte r  th e or -
ganizatio n use d i n P L E X U S (Alterman ,  1988) .  Eac h object , 
includin g th e agent ,  ha s associate d wit h i t  messag e handler s 
whic h gover n h o w th e objec t  interact s wit h th e res t  o f  th e 
environmen t  a t  eac h "time "  tick .  Th e agen t  i s limite d i n h o w 
much i t  ca n proces s a t  eac h tick ,  a n importan t  consideratio n 
we ar e workin g t o defin e mor e carefully . 

Choosing Indices Under Time Pressure 

The best indices are general enough to be applicable in a 
sufficientl y larg e numbe r  o f  situation s ye t  concret e enoug h 
t o b e recognized .  Choosin g goo d indice s i s har d becaus e 
i t  i s  difficul t  t o determin e feature s tha t  wil l  b e predictiv e i n 
futur e situations .  Par t  o f  th e difficult y i s i n no t  knowin g 
th e circumstance s i n whic h th e cas e coul d b e usefu l  i n th e 
future .  Th e indexin g proces s need s predictiv e informatio n a t 
a usefu l  leve l  o f  generalit y fro m whic h t o deriv e indices .  A n 
agen t  actin g i n everyda y environment s ha s som e advantages . 
Th e routines ,  failures ,  repair s an d opportunitie s i t  wil l  inde x 

'Se e Agre' s discussio n o f  everyda y environment s i n (Agre , 
1988) . 
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ar e al l  likel y t o b e importan t  i n th e futur e unde r  th e sam e 
circumstance s du e t o th e cycli c natur e o f  suc h environments . 

Th e questio n w e mus t  addres s i s wha t  "th e sam e circum -
stances "  means .  Conside r  B o b i n th e exampl e above .  H e m a y 
discove r  h e ha s n o mil k whe n h e goe s t o th e refrigerator ,  o r  h e 

m ay remember  ther e i s n o mil k a s h e walk s int o th e kitche n 
t o mak e breakfas t  o r  an y tim e u p t o th e tim e h e look s i n th e 
refrigerator.  H e m a y als o discove r  tha t  h e i s missin g utensil s 
or  cereal .  I n a  sense ,  al l  o f  thes e ar e th e sam e circumstance s 
(i t  i s  breakfas t  tim e an d cerea l  canno t  b e served) .  Certainly , 
al l  ca n b e repaire d wit h th e sam e fix  (serv e toas t  an d jelly) . 
I n othe r  senses ,  however ,  th e circumstance s ar e different .  I n 

th e firs t  situation .  B o b i s lookin g a t  th e plac e wher e th e mil k 
shoul d be .  I n th e othe r  situations ,  h e i s not .  Furthermore , 
he ha s complete d varyin g amount s o f  th e routin e leadin g u p 
t o gettin g th e milk .  Clearly ,  th e firs t  instanc e o f  no t  havin g 
mil k (th e on e wher e h e figured  ou t  tha t  toas t  an d jell y  wa s 
a goo d substitut e fo r  cereal )  mus t  b e indexe d s o tha t  i t  ca n 
be recalle d i n al l  o f  thes e circumstances .  A n d clearly ,  sinc e 
tim e i s o f  th e essence ,  th e metho d o f  choosin g indice s an d 
storin g case s mus t  b e fast .  Searc h throug h memor y need s 
t o b e efficien t  fo r  th e sam e reasons.  W h e n case s ar e sough t 
t o provid e repair s fo r  failures ,  a  quic k respons e i s neede d t o 
allo w actio n t o continue . 

Exploiting Hierarchical Goal Structure 

The organizatio n o f  a  hierarchica l  goa l  structur e ca n b e ex -
ploite d t o mee t  thes e needs .  I n thi s section ,  w e wil l  illustrat e 
h o w th e goa l  structur e ca n b e use d t o organiz e th e dynami c 
m e m o ry (Schank ,  1982 )  o f  whic h i t  i s  a  part .  Conside r  Bo b 
again .  Th e circumstance s unde r  whic h h e need s t o remem -
ber  substitutin g toas t  an d jell y  fo r  cerea l  ar e whe n h e ha s 
th e goa l  o f  havin g cerea l  fo r  breakfas t  an d cannot .  Whil e h e 
m ay no t  hav e bee n consciousl y considerin g tha t  goa l  a s h e 
was goin g throug h th e routin e o f  gettin g spoon s an d bowls , 
gettin g cereal ,  gettin g milk ,  etc. ,  i t  doe s organiz e tha t  se t  o f 
actions .  Usin g tha t  goa l  a s a n inde x t o th e "toas t  an d jelly " 
cas e make s i t  accessibl e n o matte r  whe n durin g th e actio n 
sequenc e th e agen t  discover s tha t  cerea l  canno t  b e served . 

Suc h a n inde x ca n b e chose n quickl y i f  memor y i s orga -
nize d i n goal/subgoa l  hierarchie s tha t  als o organiz e action s 
accordin g t o th e subgoal s the y achieve .  Figur e 1  show s par t 
of  on e o f  thes e hierarchies .  W h e n a n actio n fails ,  th e sub -
goal s i t  i s  instrumenta l  t o ca n b e foun d b y traversin g u p th e 
hierarchy .  Th e subgoal s foun d thi s wa y becom e indice s fo r 
th e ne w situation .  Thus ,  whe n Bo b look s i n th e refrigerato r 
and finds  n o milk ,  h e ca n quickl y choos e th e indice s "tryin g 
t o grasp-CEirto n an d ther e i s n o milk, "  "tryin g t o get-mi l k 
and ther e i s n o milk, "  "tryin g t o prepzire-cerea l  an d ther e 
i s n o milk, "  an d "tryin g t o have-cerea l  an d ther e i s n o 
milk. "  Th e "toas t  an d jelly "  cas e wil l  b e indexe d i n al l  o f 
thes e ways .  Th e figure  als o show s thi s configuration . 

The hierarch y ca n als o b e exploite d durin g search .  I f  a 
routin e actio n fail s  an d ther e i s n o cas e indexe d unde r  it , 
traversin g u p th e goal/subgoa l  hierarch y wil l  quickl y find 
goal s unde r  whic h a  cas e migh t  b e found .  Thus ,  i f  Bo b 
remember s h e ha s n o mil k whil e h e i s gettin g cerea l  fro m th e 
pantry ,  h e ca n find  th e "toas t  an d jelly "  cas e b y traversin g u p 
th e hierarch y fro m grasp-cereal -bo x t o get-cerea l  t o 

prepsure-cereal ,  whic h serve s a s a n inde x alon g wit h "n o 
milk "  t o th e "toas t  an d jelly "  case . 

A goa l  hierarch y preserve s relationship s betwee n genera l 
and specifi c  goal s whic h ca n b e use d t o selec t  indice s perti -
nent  t o a  proble m solvin g situatio n a t  varyin g level s o f  gen -

erality .  W h e n a n agen t  i s executin g step s o f  a  routine ,  i t  i s 
not  concerne d wit h th e detail s o f  al l  th e goal s i t  i s  achiev -
ing .  I t  i s  onl y immediatel y priv y t o informatio n abou t  th e 
ste p i t  i s  executing .  However ,  i t  ca n follo w subgoa l  link s 
up th e hierarch y an d generaliz e it s knowledg e o f  th e curren t 
situatio n b y inspectin g th e goal s i t  finds  a t  th e highe r  levels . 
W h en i t  need s t o searc h fo r  o r  t o inde x a  wa y t o handl e a n 
exception ,  i t  ha s simple ,  directe d acces s t o indice s whic h ar e 
bot h generall y applicabl e ye t  pertinen t  t o th e curren t  context . 

I n th e followin g sections ,  w e discus s ou r  implementatio n 
of  thi s schem e i n E X P E D I T E R an d th e contro l  issue s tha t 
must  b e addresse d t o mak e i t  work . 

Implementin g th e Hierarchica l  M e m o r y .  EXPEDITER ' S 
memory ha s node s correspondin g t o goal s an d subgoal s tha t 
ar e connecte d t o eac h othe r  accordin g t o goal/subgoa l  de -
compositio n relationships .  Th e agen t  knows ,  fo r  exam -
ple ,  tha t  get-ready-for-Hor k ca n b e decompose d int o 
eat-breedclas t  an d get-dressed .  Goal/subgoa l  decom -
positio n link s ar e bidirectional .  The y ca n b e use d bot h t o 
find  subgoa l  decomposition s an d t o find  goal s a  subgoa l  i s 
instrumenta l  to .  Thes e connection s ar e illustrate d i n Figur e 1 
i n a  smal l  portio n o f  E X P E D I T E R ' S memory . 

The lowes t  leve l  goal s hav e actio n sequence s associ -
ate d wit h the m that ,  whe n carrie d out ,  achiev e th e goal . 

Get-cereal ,  fo r  example ,  i s  carrie d ou t  b y th e sequenc e 
goto-pantr y followe d b y grasp-cereed-boi .  Actio n 
node s ar e connecte d t o eac h othe r  b y sequencin g links . 
Goto-paintr y i s followe d b y grasp-cereal-bo x whic h i s 
followe d b y goto-cabinet ,  etc .  Subgoal s ar e connecte d 
t o eac h othe r  i n contex t  an d s o ar e actions .  Thus ,  be -
caus e get-cerea l  an d get-bowl s ar e bot h subgoal s o f 
prepare-cerea l  an d i n tha t  contex t  ar e carrie d ou t  i n a 
specifi c  order ,  th e sequencin g o f  th e action s o f  eac h on e i s 
specifie d i n tha t  context .  W e assum e tha t  thes e sequence s 
come from  case s i n whic h th e sam e sequenc e o f  action s i s 
carrie d ou t  ove r  an d ove r  again . 

Exception s t o routine s ar e indexe d from  thes e memor y 
structures .  I n essence ,  eac h nod e i n memor y ca n ac t  a s a 
"branc h point, "  providin g acces s t o bot h norma l  an d spe -
cialize d way s o f  carryin g ou t  th e actio n o r  achievin g th e 
subgoal .  Figur e 1  show s h o w th e "toas t  an d jelly "  cas e i s 
indexe d fro m thes e memor y structures .  A  pointe r  t o i t  i s 
place d a t  eac h appropriat e goa l  nod e i n th e memor y struc -
ture ,  an d th e pointe r  i s labele d wit h th e circumstance s un -
der  whic h tha t  branc h shoul d b e taken .  Fo r  example ,  whe n 
attemptin g t o grasp-carto n an d ther e i s n o milk ,  rathe r 
tha n goin g t o th e tabl e (th e norma l  routine) ,  th e have-toas t 
branc h i s followe d (it s sequenc e o f  event s i s no t  specifie d 
i n th e illustration ,  bu t  ca n b e easil y  imagined) .  Thi s sam e 
branc h i s attache d t o th e get-milk ,  prepaire-ceread ,  an d 
have-cerea l  nodes . 

Traversal of the Hierarchy under Normal Circumstances. 
Durin g norma l  activity ,  goal s aris e throug h a n agent' s inter -
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Figure 1: Simplified goal structure and routine with annotations for substituting toast. 

action s wit h th e environment .  Routin e method s fo r  achievin g 
thos e goal s ca n b e foun d b y usin g feature s o f  th e goal s an d 
th e curren t  contex t  a s indice s t o memory .  I n th e norma l  cas e 
of  gettin g u p i n th e morning ,  fo r  example ,  th e actor' s goa l 
of  ge t - ready- lo r -wor k an d th e fac t  tha t  h e i s i n hi s o w n 
home ge t  h i m t o th e norma l  mornin g routin e (beginnin g wit h 
goto-pantry) .  H e follow s th e routin e h e find s there .  W h e n 
he get s t o th e grasp-cairto n step ,  i f  h e ha s n o milk ,  h e 
follow s th e have- toas t  branch ,  otherwis e h e follow s th e 
norma l  sequencin g an d continue s wit h go to- tab le . 

Indexing a "New" Case. New cases must be placed in 
memory whe n a  failur e i s encountere d o r  whe n a n alternat e 
way o f  doin g somethin g i s found .  Indice s t o th e n e w cas e 
must  b e genera l  enoug h s o tha t  cas e ca n b e foun d i n a  va -
riety  o f  appropriat e circumstances .  A s discusse d above ,  thi s 
i s accomplishe d i n E X P E D I T E R b y placin g indice s o n ap -
propriat e goal s i n th e hierarch y designatin g tha t  a n alternat e 
branc h shoul d b e taken .  Indice s eithe r  describ e circumstance s 
unde r  whic h th e failur e ca n b e expected ,  describ e th e failur e 
itsel f  (e.g. ,  n o milk) ,  o r  describ e a n enablin g conditio n tha t 
allow s th e agen t  t o tak e advantag e o f  a n opportunit y t o im -
prov e (e.g. ,  "i f  a  goa l  t o d o was h i s active ,  the n branc h to...") . 
The y poin t  t o th e cas e tha t  provide s th e se t  o f  step s tha t  ha s 
previousl y repaire d th e failur e (o r  grabbe d th e opportunity) . 

Of  course ,  th e proces s mus t  sto p a t  som e poin t  m th e hier -
archy .  O n e w a y t o choos e a  stoppin g poin t  i s t o onl y g o a s fa r 
up a s th e goa l  tha t  wa s substitute d whe n repairin g a  failure . 
I n Figur e 1  tha t  poin t  i s a t  have-cerea l .  Goin g farthe r  u p i s 
not  warrante d becaus e ther e i s n o indicatio n tha t  goal s abov e 
have-cerea l  ar e affecte d sinc e mil k  i s neccessar y fo r  cereal , 
not  fo r  breakfas t  i n general .  W e ar e considerin g othe r  meth -
ods fo r  decidin g wher e t o stop ,  especiall y fo r  case s wher e a 
failur e shoul d b e anticipate d an d prevented . 

Searching for a Previous Repair. When EXPEDITER en-
counter s a  failure ,  i t  attempt s t o fin d way s i n whic h i t 

has previousl y repaire d simila r  failures .  I t  begin s b y 
lookin g fo r  indice s associate d wit h th e faile d actio n tha t 
migh t  poin t  t o repairs .  I f  n o appropriat e on e i s  found , 
i t  look s nex t  a t  th e paren t  goal' s indices ,  firs t  fo r  a  di -
rec t  matc h t o th e failure ,  an d the n fo r  othe r  branches .  I f 
g rasp-ca r to n fail s again ,  ther e wil l  b e a  direc t  matc h 
fo r  th e failur e annotate d a t  g rasp -ca r t o n s o n o fur -
the r  searc h i s  needed .  I f  E X P E D I T E R "recalls "  tha t 
i t  ha s n o mil k a t  g rasp -ce rea l -box ,  i t  finds  a  di -
rec t  matc h a t  p repare -ce rea l .  I f  grasp-cere2d.-bo i 
fails ,  E X P E D I T E R ca n find  th e "hav e toast "  branc h a t 
prepeire-cerea l  because ,  althoug h "n o milk "  i s  no t  a  di -
rec t  match ,  prepea-e-ceree d i s a  failin g goa l  share d wit h a 
previou s failure . 

Searching for a "New" Repair. If no particular repair is 
found ,  th e goa l  hierarch y ca n stil l  provid e clue s tha t  ca n 
hel p i n finding  a  repai r  somewher e els e i n memory .  Ac -
tiv e goals ,  alon g wit h thei r  constraints ,  reasons ,  an d neede d 
resource s ca n b e use d t o creat e a  mor e abstrac t  descrip -
tio n o f  th e situatio n needin g repair .  Thi s mor e abstrac t  de -
scriptio n ca n b e use d t o searc h mor e broadl y i n memory . 
For  example ,  i f  g rasp -ca r to n fail s an d E X P E D I T E R ca n 
find  n o repair ,  descriptiv e feature s o f  ge t - ready - f  or-work , 
eat -break f  ast ,  have -ce rea l ,  etc. ,  ca n b e use d t o describ e 
th e situation .  A  descriptio n includin g th e feature s "limite d 
time, "  "eas y t o fix,"  an d "breakfas t  food. "  woul d b e created . 
I n th e exampl e scenario ,  "hav e toast "  wa s chose n becaus e i t 
was suggeste d b y th e presenc e o f  brea d i n th e refrigerator , 
althoug h other s m a y b e equall y usable .  H o w thes e feature s 
ca n b e selecte d i s a n issu e w e ar e studying . 

I n al l  o f  this ,  th e goa l  hierarch y i s providin g a  w a y t o gen -
eraliz e a  situation .  I t  allow s th e choic e o f  indice s o f  varyin g 
degree s o f  generality ,  startin g wit h ver y concrete ,  whic h ar e 
likel y t o b e effectiv e i n bot h th e curren t  an d futur e contexts . 
Th e indice s ar e availabl e a t  littl e cos t  sinc e th e onl y wor k i s 
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followin g subgoa l  link s an d gatherin g feature s from  th e goals . 

Allowing and Avoiding Repeated Failure 

W h en cost/utilit y  tradeoff s ar e considered ,  no t  al l  exception s 
meri t  equa l  treatment .  Fo r  example ,  i n th e first  scenari o i n th e 
first  section ,  th e failur e i s deeme d t o b e a  mino r  proble m tha t 
coul d b e allowe d t o happe n again .  However ,  i n th e secon d 
scenari o wher e Bob' s childre n ge t  upset ,  th e failur e i s to o 
"costly "  t o allo w i t  t o recur . 

Our  discussion s s o fa r  hav e addresse d th e first  scenario . 
Th e agen t  decide s tha t  ther e i s n o nee d t o anticipat e a  failur e 
(i t  i s  willin g t o le t  th e failur e recur ,  o r  a t  leas t  no t  t o tak e 
actio n t o tr y t o preven t  i t  a t  th e curren t  time) ,  an d effor t  i s 
put  onl y int o recordin g th e way s i n whic h i t  wa s repaired .  Th e 
agen t  wil l  wan t  t o recal l  h o w th e curren t  failur e wa s handle d 
i f  i t  i s  encountere d again ,  bu t  onl y need s t o b e reminde d i f 
th e failur e actuall y recurs . 

However ,  w h e n a  failur e i s deeme d to o costl y t o allo w i t 
t o happe n again ,  i t  i s  no t  enoug h t o inde x onl y o n th e faile d 
goa l  an d it s immediat e parent s sinc e thos e annotation s wil l  b e 

encountere d onl y i f  th e failur e happen s again .  Indice s mus t 
includ e goal s tha t  wil l  b e activ e an d othe r  contex t  feature s 
tha t  wil l  b e presen t  whe n failure s an d opportunitie s nee d t o 
be anticipated .  Whil e thi s i s a  harde r  problem ,  w e believ e tha t 
th e hierarchica l  goa l  structure s ca n agai n b e use d t o advan -
tage .  Th e extr a ste p o f  blam e assignmen t  i s require d whe n a 
mor e costl y failur e occur s o r  a n importan t  opportunit y arises . 
B lam e o r  credi t  mus t  b e assigne d t o step s take n earlie r  tha t 
set  u p th e failur e o r  t o step s whic h coul d hav e bee n take n 
t o preven t  it .  W e ar e no t  investigatin g th e difficul t  credi t  as -
signmen t  proble m a t  thi s time ;  however ,  onc e a n assignmen t 
i s made ,  a  proces s simila r  t o tha t  describe d i n th e sectio n o n 
exploitin g goa l  hierarchie s ca n b e followed .  Limite d spac e 
doe s no t  allo w u s t o ad d details . 

How EXPEDITER Relates to Other Approaches 

Hammond's stud y o f  agenc y (Hammond e t  al. ,  1990 ; 
Hammond,  1989b )  i s als o base d o n a  dynami c memor y repre -
sentatio n an d th e acquisitio n o f  "well-tuned ,  defaul t  plans "  fo r 
particula r  conjunct s o f  goals .  Lik e E X P E D I T E R ,  th e R U N -
N ER syste m i s designe d t o ac t  i n a  changin g environment , 
t o lear n from  failur e an d t o recogniz e opportunities .  Ou r  ap -
proac h differ s i n a t  leas t  tw o importan t  aspects :  i t  provide s a 
metho d tha t  allows  i t  t o choos e effectiv e indice s rapidl y an d 
i t  recognize s th e variabl e importanc e o f  analyzin g an d pro -
cessin g exceptions .  R U N N E R ' S spreadin g activatio n i s goo d 
fo r  recognitio n an d recal l  bu t  i t  i s  no t  clea r  h o w it s indexin g 
and searc h woul d b e affecte d b y considerin g cost/utilit y  trade -
offs .  Also ,  i n H a m m o n d ' s systems ,  actio n i s alway s take n t o 
attemp t  t o preven t  failur e from  happenin g agai n an d ever y 
blocke d goa l  result s i n markin g memor y t o se t  u p a  possibl e 
opportunit y t o satisf y th e goal .  I t  i s  no t  clea r  tha t  i t  i s  alway s 
desirabl e t o d o thi s sinc e th e effec t  o n curren t  activit y m a y 
be deleterious .  Ou r  approac h ha s a  w a y t o choos e usefu l  in -
dice s from  knowledg e o f  it s  goal s quickl y an d ca n adjus t  th e 
amount  o f  effor t  i t  expend s o n indexin g repair s t o reflec t  th e 
usefulnes s o f  doin g so . 

Alterman' s wor k o n adaptiv e plannin g an d "ad-hoc "  learn -
in g (Alterman ,  1988 ;  Zito-Wol f  &  Alterman ,  1990 )  i s simila r 

t o ou r  wor k a s well .  P L E X U S adapt s situate d plan s i t  alread y 
know s t o simila r  situation s i n orde r  t o avoi d a  mor e com -
ple x plannin g problem .  Th e F L O A B N / S C A V E N G ER syste m 
als o adapt s situate d plan s bu t  i n additio n learn s discrimina -
tio n point s an d ad-ho c categorie s whic h allo w i t  t o appl y th e 
adaptation s i t  develop s whe n i t  encounter s th e sam e situation s 
again .  S C A V E N G ER addresse s choosin g indice s from  fea -
ture s salien t  t o th e system' s curren t  knowledg e an d expend -
in g effor t  o n reorganizin g th e plan s use d th e most .  S C A V -
E N G E R 'S metho d o f  generatin g indice s seem s effectiv e bu t 
E X P E D I T ER goe s farthe r  b y providin g a n efficien t  wa y t o 
choos e effectiv e indice s alon g a  rang e o f  generality .  I n addi -
tion ,  E X P E D I T E R addresse s th e placemen t  o f  discriminatio n 
point s t o suppor t  anticipatio n o f  exception s an d reusin g re -
pair s fo r  relate d failures . 

Conclusions 

The computationa l  loa d require d fo r  indexin g an d retriev -
in g case s place d o n a  memory-base d syste m i n a  comple x 
domai n ca n b e high .  Reducin g thi s loa d become s mor e im -
portan t  whe n th e additiona l  constraint s place d o n a  syste m 
by dynami c environment s ar e take n int o account .  However , 
when everyday ,  cycli c activit y i s considered ,  th e hierarchica l 
goal  structure s use d i n plannin g an d routin e activit y ma y b e 
exploite d t o lesse n th e hig h load . 

Our  approac h addresse s difficul t  problem s fo r  indexin g 
case s i n dynamic ,  comple x environments .  I t  allow s choosin g 
from  a  broa d spectru m o f  concret e t o mor e genera l  indices , 
directe d b y goa l  knowledg e pertinen t  t o curren t  contex t  I t 
allow s goo d choice s t o b e mad e whe n tim e i s  limite d an d 
bette r  choice s t o b e mad e a s mor e tim e i s allowed .  I t  i s  lim -
ite d t o know n goa l  knowledg e an d m a y b e to o closel y tie d 
t o goa l  hierarchie s bu t  w e ar e workin g t o bette r  understan d 
thes e issues . 
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