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Abstrac t 

To reason about a plan failure requires an ap-
propriat e explanatio n o f  th e failure .  Suc h expla -
nations ,  a s ha s bee n argue d elsewhere ,  ca n b e 
generate d b y instantiatin g an d adaptin g abstrac t 
knowledg e structures .  Bu t  th e tw o fundamenta l 
goal s i n reasonin g abou t  failure ,  recoverin g fro m 
th e failur e an d repairin g th e knowledg e tha t  le d t o 
th e failure ,  requir e qualitativel y differen t  type s o f 
explanation .  Thi s pape r  present s a n abstrac t  tax -
onomizatio n o f  failures ,  oriente d towar d th e latte r 
problem .  Eac h abstrac t  failur e typ e i n th e tax -
onomy i s tie d t o heuristic s fo r  recognizin g occur -
rence s o f  failure s o f  tha t  typ e an d fo r  identifyin g 
th e knowledg e tha t  ca n b e repaire d t o avoi d futur e 
occurrence s o f  th e sam e failure . 

Failures and explanations 

Autonomou s agent s operatin g i n comple x environ -
ment s wil l  inevitabl y experienc e failures .  A  robo t  ve -
hicle ,  fo r  example ,  m a y find  a n expecte d fue l  cach e 
missing ,  ru n lo w o n fuel ,  an d therefor e b e unabl e t o 
continu e operation . 

A standar d approac h t o handlin g failur e (see ,  fo r 
example ,  [Sussman ,  75] ,  [Hayes-Roth ,  83] ,  [Hammond , 
89] ,  [Birnbau m an d Collins ,  88] )  dictate s tha t  a n agen t 
experiencin g a  failur e mus t  bot h recove r  fro m th e im -
mediat e failure ,  an d repai r  it s  knowledg e s o a s t o 
avoi d simila r  situation s i n th e future .  Recover y an d 
repai r  ar e predicate d upo n buildin g a  goo d causa l  ex -
planatio n o f  th e failure . 

For  th e purpose s o f  reasonin g abou t  failure ,  a n ex -
planatio n i s a  patter n o f  inferenc e tha t  causall y con -
nect s th e anomalou s experienc e t o previousl y know n 
facts .  A  goo d explanatio n i s on e tha t  correctl y assign s 
blam e fo r  th e failure ,  an d tha t  assign s blam e t o som e 
conditio n unde r  th e planner' s control ,  therb y leadin g 
t o a n appropriat e recover y strategy .  I f  th e autonomou s 
vehicle ,  fo r  example ,  explain s it s predicamen t  a s bein g 
due t o it s ow n poo r  navigatio n an d inabilit y  t o find  th e 
cache ,  th e appropriat e recover y m a y involv e gatherin g 
more positio n information .  I f  th e explanatio n posit s 
tha t  th e fue l  cach e i s  actuall y missing ,  fo r  exampl e 

havin g bee n stolen ,  the n th e appropriat e recover y in -
volve s obtainin g fue l  fro m som e othe r  sourc e (turnin g 
back ,  callin g fo r  assistance) . 

Similarly ,  a n appropriat e explanatio n ca n lea d t o a n 
appropriat e repair .  Th e robot ,  fo r  example ,  coul d ex -
plai n it s curren t  predicamen t  i n term s o f  a  prio r  deci -
sio n no t  t o tak e o n extr a fuel ,  whic h wa s m a d e wit h 
th e expectatio n tha t  th e fue l  cach e woul d b e presen t 
and eas y t o find.  Th e explanatio n implicate s th e 
agent' s reasonin g abou t  th e persistenc e o f  fue l  cache s 
(" I  shoul d hav e know n someon e migh t  hav e stole n th e 
fuel.") ,  it s  prediction s o f  it s ow n navigatio n abilitie s 
(" I  shoul d hav e realize d i t  woul d b e har d t o find  th e 
fuel.") ,  an d it s  reasonin g abou t  resourc e reserve s (" I 
shoul d hav e take n o n a  ful l  tan k whe n i t  wa s avail -
able.") . 

M e m o r y - b a s e d exp lana t io n 

An obviou s wa y t o buil d a n explanatio n i s t o chai n 
throug h a  spac e o f  explanator y inferenc e rule s s o a s 
t o connec t  th e anomalou s experienc e t o know n facts . 
W o rk o n memory-base d explanatio n (e.g .  [Schank , 
86],[Kass ,  90] ,  [Leake ,  90] ,  [Owens ,  90a] )  ha s argue d 
tha t  a  bette r  wa y t o buil d explanation s i s t o retrieve , 
instantiate ,  an d adap t  knowledg e structure s tha t  char -
acteriz e familiar ,  recurrin g pattern s o f  causality .  Thes e 
knowledg e structure s ar e referre d t o a s explanatio n 
patterns ,  o r  XPs .  O n e advantag e o f  explanatio n 
by adaptatio n an d instantiatio n i s  that ,  give n a n in -
complet e an d imperfec t  domai n theory ,  explanation s 
derive d b y incrementa l  modificatio n o f  know n vali d 
causa l  pattern s ar e mor e likel y t o b e usefu l  tha n expla -
nation s buil t  b y chainin g throug h th e spac e o f  primi -
tiv e rules .  Anothe r  advantag e i s  tha t  storin g success -
fu l  explanation s fo r  re-us e provide s a  natura l  learnin g 
mechanism. ^ 

M e m o r y ,  recovery ,  a n d repai r 

I n [Owens ,  90a] ,  an d [Owens ,  90b ]  I  presen t  a n addi -
tiona l  argumen t  i n favo r  o f  memory-base d explanation . 
I  argu e tha t  abstrac t  explanator y knowledg e structure s 
know n a s pla n failur e explanatio n patterns ,  o r 

'Thes e argument s ar e mad e i n mor e detai l  i n [Kas s an d 
Owens,  88] . 
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P F X P s,  ca n pla y a  direc t  rol e i n bot h recover y an d 
repair .  Fo r  eac h know n categor y o f  failures ,  th e corre -
spondin g P F X P provide s a  plac e i n m e m o r y t o stor e re -
pai r  an d recover y strategie s appropriat e t o tha t  clas s o f 

failure .  Instea d o f  dynamicall y calculatin g a  repai r  o r 
recover y strateg y fro m th e explanation ,  a  pre-existin g 
strategy ,  store d i n m e m o r y wit h th e causa l  pattern , 
ca n b e instantiate d an d used .  Fo r  example ,  i f  a  P F X P 
store s th e causa l  patter n describin g situation s i n whic h 
some neede d objec t  i s  no t  foun d wher e expected ,  i t  ca n 
packag e th e recover y strategies : 

•  Gathe r  mor e informatio n abou t  you r  curren t  posi -
tion . 

•  Gathe r  mor e informatio n abou t  th e locatio n o f  th e 
neede d object . 

•  Fin d a n alternat e wa y t o obtai n th e object . 

A ke y questio n associate d wit h suc h explanator y 
pattern s i s indexing :  ho w shoul d structure s b e labeled , 
an d wha t  feature s shoul d th e syste m us e t o describ e 
th e world .  A  ste p toward s th e developmen t  o f  label -
in g feature s i s t o taxonomiz e th e type s o f  explana -
tion s th e syste m wil l  b e require d t o make .  T h e ap -
propriat e basi s fo r  suc h a  taxonom y i s functional :  th e 
syste m shoul d discriminat e betwee n differen t  abstrac t 
pattern s o f  causalit y occurrin g i n th e world ,  t o th e de -
gre e tha t  differen t  pattern s o f  causalit y sugges t  differ -
ent  recover y an d repai r  strategies . 

Taxonomizing for repair 

Recover y depend s upo n th e concret e particular s o f  th e 
situation .  Failure s involvin g a  resourc e shortfal l  sug -
ges t  on e clas s o f  recover y strategies ;  failure s involv -
in g bein g i n a n inappropriat e locatio n dictat e another ; 
failure s involvin g lackin g som e piec e o f  information ,  a 
third .  T h e appropriat e explanatio n fo r  selectin g a  re -
cover y strateg y i s on e tha t  attribute s blam e t o som e 
conditio n i n th e worl d tha t  i s  unde r  th e planner' s con -
trol . 

Repair ,  o n th e othe r  hand ,  require s a n explanatio n 
tha t  tie s th e curren t  failur e t o som e inappropriat e de -
cisio n m a d e b y th e planner ,  an d whic h i n tur n tie s 
tha t  inappropriat e decisio n t o eithe r  a  missin g piec e o f 
knowledg e o r  a n inappropriat e contro l  strategy .  Onc e 
th e appropriat e missin g knowledg e o r  inappropriat e 
contro l  strateg y ha s bee n identified ,  th e planne r  ca n 
lear n b y acquirin g th e knowledg e o r  modifyin g th e 
strategy . 

T h e remainde r  o f  thi s pape r  outline s a  taxonom y o f 
abstrac t  description s o f  pla n failures .  Thes e abstrac t 
description s ar e presente d a t  a  domain-independent , 
but  task-specifi c  leve l  o f  abstraction ,  an d ar e oriente d 
towar d repai r  rathe r  tha n recovery .  Thi s particu -
la r  taxonomizatio n break s failure s int o goal-related , 
task-related ,  resource-related ,  an d time-relate d 
failures .  Eac h failur e typ e i s briefl y described ,  alon g 
wit h strategie s fo r  recognizin g an d repairin g failure s o f 
tha t  type . 

G o a l - r e l a t e d failure s 

Runnin g ou t  o f  fue l  i s  o n th e surfac e a  resourc e man -
agement  problem ,  bu t  no t  necessarily .  I t  ca n als o 
be th e presentin g symp to m fo r  goal-relate d problems . 
Th e robot ,  fo r  example ,  m a y hav e faile d t o generat e th e 
goal  o f  preservin g it s fue l  supply ,  o r  i t  m a y hav e inap -
propriatel y le t  anothe r  goa l  tak e precedence .  Agent s 
mismanag e goal s b y neglectin g goals ,  b y pursuin g ir -
relevan t  goals ,  o r  b y inappropriatel y mediatin g amon g 
conflictin g goals .  M a n y o f  th e goa l  relationship s de -
scribe d i n [Schan k an d Abelson ,  77 ]  an d (Wilensky , 
83]  ca n b e usefu l  i n buildin g goal-relate d explanation s 
of  failures ,  an d i t  i s  i n th e contex t  o f  tha t  wor k tha t 
th e th e goal-relate d failur e explanation s belo w ar e de -
scribed . 

Neglected goals 

Th e simples t  goal-relate d explanatio n fo r  th e out-of -
fue l  situatio n i s tha t  th e agen t  di d no t  hav e th e goa l 
of  preservin g it s fue l  supply .  Thi s coul d reflec t  suc h 
underlyin g flaws  i n th e agent' s knowledg e as : 

•  Havin g n o knowledg e abou t  th e consequence s o f  hav -
in g n o fuel . 

•  Failin g t o infe r  a  threa t  t o th e goa l  o f  preservin g fuel . 

Recogniz in g neglecte d goa l  failure s Recognizin g 
a failur e resultin g fro m a  totall y absen t  goa l  i s  diflficult . 
Sinc e th e vehicl e doe s no t  hav e th e goa l  o f  preservin g 
it s fue l  supply ,  i t  wil l  neve r  notic e no r  reaso n abou t 
threat s t o tha t  goal .  A  perso n w h o doesn' t  kno w tha t 
automobile s requir e gasoline ,  wil l  b e a t  a  los s t o explai n 
why hi s ca r  suddenl y stop s working .  Onl y onc e a n ex -
planatio n i s obtaine d — eithe r  b y consultin g a n exter -
nal  knowledg e sourc e or ,  les s likely ,  b y reasonin g fro m 
know n principles ,  ca n th e syste m buil d th e causa l  con -
nectio n betwee n havin g a n adequat e fue l  suppl y an d 
bein g abl e t o perfor m operations .  A t  tha t  poin t  i t 
ca n recogniz e tha t  preservin g a  fue l  suppl y i s goa l  tha t 
shoul d hav e bee n present . 

I f  th e agen t  ha s th e goa l  o f  preservin g it s fue l  sup -
pl y bu t  doe s no t  correctl y infe r  a  threa t  t o tha t  goal , 
th e failur e i s easie r  t o detec t  simpl y becaus e th e agen t 
alread y ha s a  goa l  structur e i n plac e agains t  whic h t o 
explai n th e failure :  " M y goa l  o f  preservin g m y fue l  sup -
pl y ha s bee n violated ,  an d I  hav e n o recor d o f  havin g 
reasone d abou t  an y threat s t o tha t  goal. "  Detectin g 
thi s clas s o f  neglecte d goa l  failure s require s maintain -
in g a  trac e o f  reasonin g abou t  threat s t o goals ,  indexe d 
by th e goa l  tha t  wa s threatened . 

Repair in g plan s tha t  neglec t  goal s I f  a  failur e 
result s fro m a  syste m totall y lackin g a  certai n goal , 
the n th e obviou s repai r  i s  t o ad d tha t  goal .  Bu t  goals , 
i n thei r  detailed ,  specifi c  instantiations ,  ar e no t  stati c 
object s i n a  system' s memory .  I f  on e wante d t o add , 
as a  stati c entity ,  th e goa l  t o preserv e one' s fue l  suppl y 
when operatin g i n uncertai n territory ,  i t  i s  no t  clea r 
wher e i n m e m o r y thi s stati c entit y shoul d resid e o r 
ho w i t  shoul d b e activate d a t  th e appropriat e time . 
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If ,  o n th e othe r  hand ,  a  syste m explain s it s failur e i n 
term s o f  failin g t o notic e a  threa t  t o a  goal ,  th e repai r 
involve s buildin g a  detaile d causa l  explanatio n o f  th e 
failure ,  an d usin g tha t  explanatio n t o lear n feature s 
tha t  ar e predictiv e o f  th e threat . 

I napp rop r ia t e goa l  prioritie s 

Mor e c o m m o n goal-relate d failure s involv e assignin g 
inappropriat e prioritie s t o conflictin g goals .  M a n y goa l 
prioritizatio n failure s resul t  fro m inappropriatel y re -
solvin g goa l  conflic t  o r  othe r  goa l  interrelationships . 

For  example ,  th e robo t  vehicl e migh t  hav e place d 
mor e emphasi s o n completin g it s missio n quickl y tha n 
on preservin g it s fue l  supply ,  an d therefor e decide d no t 
t o tak e o n additiona l  fue l  fro m a  know n suppl y an d 
chanc e th e availabilit y  o f  th e fue l  cache . 

De tec t in g goa l  prioritizatio n error s 

Jus t  a s th e syste m mus t  kee p a  trace ,  indexe d b y th e 
involve d goals ,  o f  al l  reasonin g abou t  inferre d threat s 
t o goals ,  i t  mus t  als o kee p a  trac e o f  al l  goa l  conflic t 
resolution s i f  i t  i s  t o detec t  goa l  prioritizatio n errors . 
I f  a  pla n fail s an d th e initia l  explanatio n relate s th e 
failur e t o a  violate d goal ,  an d th e syste m ha s a  recor d 
of  havin g mediate d a  conflic t  betwee n tha t  goa l  an d 
some othe r  goal ,  the n th e goa l  mediatio n i s suspect . 

Repairin g goa l  prioritizatio n error s Explici t 
reasonin g abou t  conflictin g goal s i s ofte n expresse d i n 
term s o f  cost s — payin g to o hig h a  pric e t o obtai n 
some goal ,  o r  wrongl y failin g t o undertak e a  pla n whe n 
becaus e th e cos t  wa s (erroneously )  considere d to o high . 

But  characterizin g a n erro r  i n term s of ,  fo r  exam -
ple ,  bein g to o conservativ e abou t  costs ,  doe s no t  repai r 
th e incorrec t  knowledg e tha t  cause d th e error .  I f  th e 
prioritie s o f  tw o goal s ar e inappropriat e (e.g .  i f  th e ve -
hicl e inappropriatel y rate s th e tim e necessar y t o tak e 
on extr a fue l  a s mor e costl y tha n th e consequence s o f 
runnin g ou t  o f  fue l  fa r  fro m home ,  the n th e repai r  i s 
t o chang e th e prioritie s o f  thos e goals .  Bu t  on e canno t 
simpl y find  th e "preserv e fuel "  goa l  an d increas e it s 
weight ,  becaus e ther e i s n o preserv e fue l  goa l  excep t 
when th e goa l  i s  dynamicall y spawne d b y th e interac -
tio n o f  knowledg e abou t  fue l  suppl y an d th e knowledg e 
abou t  th e likel y fue l  utilizatio n o f  th e curren t  mission . 
I f  a  failur e result s fro m goa l  conflict s bein g resolve d in -
appropriately ,  tha n th e repai r  mus t  loo k a t  an d modif y 
th e sourc e o f  th e goals . 

Task-related failures 

The secon d majo r  categor y o f  plannin g failure s cap -
ture s th e error s tha t  aris e fro m choosin g a n inappro -
priat e actio n i n servic e o f  som e goal ,  fro m pursuin g a n 
otherwis e appropriat e cours e o f  actio n eithe r  to o vigor -
ousl y o r  no t  vigorousl y enough ,  fro m wrongl y combin -
in g tw o action s int o a  singl e plan ,  an d fro m splittin g a 
tas k int o subtask s inappropriately . 

T a s k selectio n 

Tas k selectio n error s involv e choosin g a n actio n tha t 
i s inappropriat e eithe r  becaus e i t  fail s  t o achiev e it s 

goal  o r  because ,  despit e achievin g th e goal ,  i t  ha s a n 
unacceptabl e sid e effect .  A  task-selectio n explanatio n 
of  th e out-of-fue l  situatio n woul d b e tha t  searchin g fo r 
a fue l  cach e wa s a n inappropriat e tas k i n servic e o f  th e 
goal  o f  obtainin g fuel . 

Althoug h th e actio n turne d ou t  t o b e inappropriate , 
th e agen t  ha d goo d reaso n t o expec t  th e approac h t o 
work :  searchin g fo r  a  cach e i s a  know n pla n fo r  ob -
tainin g fuel .  I t  jus t  didn' t  wor k her e — eithe r  becaus e 
anothe r  agen t  too k th e fue l  o r  becaus e th e locatio n 
of  th e fue l  cach e wa s no t  a s wel l  know n a s ha d bee n 
believed . 

Recogniz in g tas k selectio n failure s Wheneve r  a n 
actio n fail s t o achiev e it s intende d goal ,  b y definitio n 
th e actio n wa s a n inappropriat e choic e give n th e stat e 
of  th e worl d prio r  t o undertakin g tha t  action. ^  T h e 
question ,  fro m th e poin t  o f  vie w o f  repair ,  i s  whethe r 
th e choic e wa s inappropriat e give n th e k n o w n o r  in -
ferrabl e stat e o f  th e world .  Certai n condition s ca n 
strengthe n th e planner' s belie f  tha t  th e choic e o f  ac -
tion s wa s faulty ,  th e mos t  significan t  bein g th e plan -
ner' s knowledg e tha t  i t  m a d e a  difficul t  choice .  Jus t  a s 
wit h th e trace s o f  goa l  mediatio n describe d above ,  th e 
agen t  ca n kee p a  trac e o f  al l  decision s involvin g substi -
tutio n o f  on e actio n fo r  another ,  indexe d b y th e actio n 
tha t  wa s th e final  resul t  o f  th e choice .  Fo r  example , 
i f  th e standar d plan s fo r  obtainin g fue l  ar e t o tak e o n 
extr a a t  a  know n suppl y poin t  o r  t o rel y o n a  cache , 
and th e syste m m a d e a  clos e cal l  i n choosin g betwee n 
them ,  tha t  choic e become s suspec t  i n buildin g a  repair -
oriente d explanatio n o f  th e failure .  Keepin g trac k o f 
selection s tha t  wer e clos e call s ca n b e integrate d int o 
th e framewor k fo r  savin g th e justification s fo r  decision s 
describe d i n [Carbonell ,  83 ]  an d [Carbonel l  an d Veloso , 
88] . 

Repair in g tas k selectio n error s Merel y recogniz -
in g tha t  th e planne r  chos e a n inappropriat e actio n i s 
not  a  functionall y usefu l  explanatio n becaus e i t  doe s 
not  sugges t  a  repai r  t o th e planner' s knowledge .  A n y o f 
severa l  cause s migh t  underli e th e inappropriat e choic e 
of  actions : 

1.  I t  wa s th e onl y actio n know n t o satisf y tha t  goal . 

2.  I t  wa s on e o f  severa l  action s know n t o satisf y tha t 
goal ,  bu t  i t  wa s th e onl y on e withou t  know n unac -
ceptabl e side-effects . 

3.  I t  wa s on e o f  severa l  apparentl y equall y appropriat e 
action s know n t o satisf y thi s goal ,  an d th e planne r 
chos e arbitrarily . 

4.  Ther e wa s n o actio n know n t o satisf y thi s goal ,  bu t 
th e planne r  selecte d thi s actio n becaus e i t  i s  know n 
t o satisf y a  simila r  goal . 

T h e repai r  consist s o f  augmentin g o r  refinin g thos e 
specifications .  T h e planne r  can ,  fo r  example ,  repai r  it s 

Barring ,  o f  course ,  th e explanatio n tha t  th e failur e re -
sulte d fro m som e unforseeabl e fluke  beyon d th e contro l  o f 
th e agent . 
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knowledg e o f  th e domai n b y addin g ne w side-effect s o r 
constraint s t o th e descriptio n o f  a  particula r  action , 
suc h a s "Searchin g fo r  a  cach e i s unreliabl e i f  th e ter -
ritor y i s know n t o b e use d heavil y b y othe r  agents ,  o r 
i f  th e descriptio n o f  th e locatio n o f  th e cach e i s know n 
t o b e approximate. " 

Task scaling 

A differen t  clas s o f  task-relate d failure s result s fro m 
pursuin g a  cours e o f  actio n to o vigorousl y o r  fro m no t 
pursuin g i t  vigorousl y enough .  Fo r  a  robo t  vehicle , 
a clea r  exampl e o f  performin g a n actio n to o intensel y 
i s travelin g to o quickly .  Th e actua l  failur e ca n tak e 
th e for m eithe r  o f  a  ba d sid e effec t  o f  th e actio n tha t 
woul d no t  b e a  proble m a t  a  reduce d degre e o f  intensit y 
(runnin g of f  th e road )  o r  fro m th e wast e o f  resource s 
tha t  i s entailed . 

Failin g fro m insufficien t  intensit y i s a  mor e obviou s 
typ e o f  failure .  T h e critica l  questio n i n thi s latte r  clas s 
of  situatio n i s w h y th e agen t  faile d t o perfor m th e ac -
tio n wit h sufficien t  intensit y — whethe r  th e require d 
leve l  o f  intensit y wa s beyon d th e agent' s capabilities , 
whethe r  th e agen t  di d no t  asses s th e require d leve l  cor -
rectly ,  o r  whethe r  th e agen t  wa s overl y conservativ e 
abou t  a  potentia l  sid e effect . 

Recogn iz in g tas k scalin g failure s Ther e ar e tw o 
differen t  kind s o f  situation s i n whic h tas k scalin g fail -
ure s occur .  I n th e first,  th e syste m m a d e a n explici t 
decisio n abou t  th e degre e o f  intensit y wit h whic h t o 
pursu e th e tas k (suc h a s decidin g t o trave l  faste r  tha n 
th e "normal" ^  spee d i n orde r  t o accomplis h som e mis -
sio n mor e quickly) .  I n th e second ,  th e origina l  "nor -
mal "  leve l  o f  intensit y wit h whic h th e actio n wa s per -
forme d wa s inappropriat e — fo r  exampl e th e norma l 
rat e o f  trave l  fo r  a  give n roa d i s inappropriat e i f  i t  i s 
snowing . 

I n th e forme r  case ,  wit h a n explici t  decisio n t o mod -
if y th e leve l  o f  intensity ,  tha t  decisio n ca n b e remem -
bere d an d use d a s a  startin g poin t  fo r  explanation s o f 
failure s involvin g tha t  task .  I n th e latte r  case ,  failure s 
ar e difficul t  t o notice .  "Overload "  failure s resultin g 
fro m increasin g th e intensit y o f  a  particula r  actio n (e.g . 
runnin g of f  th e roa d fro m excessiv e speed )  ten d t o hav e 
distinctiv e presentin g symptoms ,  bu t  failure s tha t  re -
sul t  fro m no t  performin g a n actio n intensel y enoug h 
do no t  hav e thei r  ow n se t  o f  presentin g symptoms . 

Repai r in g tas k scalin g error s Obviousl y th e re -
pai r  t o a  pla n causin g a  tas k scalin g failur e i s t o chang e 
th e intensit y wit h whic h th e tas k i s pursued .  But ,  a s 
was th e cas e wit h goa l  prioritizatio n errors ,  tha t  dodge s 
th e issu e o f  knowin g w h e n th e chang e shoul d b e ap -
plied .  I f  th e vehicl e run s of f  th e road ,  doe s tha t  mea n 
tha t  th e vehicl e shoul d trave l  mor e slowl y i n general ? 
Probabl y not . 

A noteworth y aspec t  o f  th e failure s resultin g fro m 

•'A great deal has been swept under the representational 
ru g here . 

performin g a n actio n to o intensel y i s tha t  the y resul t 
fro m takin g a  goo d pla n ( a trave l  plan) ,  an d applyin g a 
goo d pla n transformatio n t o i t  (ge t  th e jo b don e faste r 
by travelin g faster. )  Despit e th e desirabl e pla n trans -
formatio n strategy ,  th e resulting ,  transforme d plan ,  i s 
inappropriate .  Th e proble m i s analogou s t o th e prob -
le m wit h tas k selection :  eithe r  tha t  th e applicabilit y 
condition s fo r  tha t  pla n transformatio n wer e no t  wel l 
enoug h defined ,  o r  tha t  th e descriptio n o f  th e cur -
ren t  situatio n wa s no t  ric h enough .  Th e repai r  i s  t o 
lear n feature s tha t  mak e sharpe r  discrimination s be -
twee n situation s i n whic h th e transformatio n i s appli -
cabl e an d thos e i n whic h i t  i s  not . 

T a s k c o m b i n a t i o n a n d splittin g 

Th e final  clas s o f  task-relate d plannin g failure s involve s 
splittin g an d combinin g tasks .  Severa l  transformation s 
tha t  ar e normall y desirabl e ca n hav e ba d result s i f  ap -
plie d indiscriminately .  Thes e are : 

•  Mak e m a x i m u m us e o f  you r  tim e b y workin g o n mor e 
tha n on e tas k a t  a  time .  W h e n thi s fails ,  symp -
tom s includ e missin g deadline s an d failin g t o com -
plet e subtask s becaus e on e lack s th e capacity .  Th e 
failur e come s fro m th e system' s inabilit y  t o predic t 
th e interactio n o f  th e tw o tasks ;  th e repai r  i s  t o en -
ric h th e description s o f  eac h o f  th e task s involve d s o 
tha t  ba d interaction s ca n b e mor e easil y predicted . 

•  Subdivid e a  tas k an d wor k o n par t  o f  i t  a t  a  tim e 
suc h tha t  th e entir e tas k i s don e mor e slowly .  No t  al l 
tcisk s ca n b e subdivide d becaus e som e task s requir e 
continuity .  O n e cannot ,  fo r  example ,  stri p th e ol d 
pain t  of f  a  hous e on e seaso n an d pain t  i t  th e next , 
becaus e th e intervenin g weathe r  wil l  destro y th e ex -
pose d surfaces .  Again ,  thi s failur e come s fro m a n 
inadequat e representatio n o f  th e interactio n o f  th e 
tw o tasks . 

Resource-related failures 

Th e thir d majo r  categor y o f  plannin g failure s reflect s 
t o error s i n resourc e management .  Onc e a  planne r  ha s 
identifie d a  worthwhil e goa l  an d chose n a  pla n t o sat -
isf y thi s goal ,  error s aris e i n choosin g th e resource s an d 
th e scal e o f  th e resource s tha t  wil l  b e use d i n servic e 
of  thi s plan . 

R e s o u r c e selectio n 

Ther e ar e tw o fundamenta l  resourc e selectio n failures ; 
the y ar e analogou s t o th e tcis k selectio n failure s de -
scribe d above .  Th e first,  inappropriat e resourc e 
failure ,  occur s whe n a n agen t  use s a n inappropriat e 
resourc e i n servic e o f  a n otherwis e acceptabl e plan . 
T h e failur e result s fro m inadequat e representation s o f 
th e resource s involve d an d inadequat e specification s o f 
th e relationshi p o f  th e resource s t o th e task .  I f  it s 
knowledg e abou t  fue l  an d vehicle s wer e underspecified , 
th e robo t  vehicle ,  unabl e t o obtai n it s usua l  fue l  (diese l 
fuel) ,  migh t  inappropriatel y appl y th e transformatio n 
substitut e simila r  resourc e an d generat e a  pla n t o 
fill  it s  tank s wit h som e othe r  kin d o f  fue l  (gaisoline) ,  or , 
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i f  it s  knowledg e wer e eve n les s rich ,  wit h som e othe r 
liqui d tha t  i s  pu t  i n tank s i n othe r  situation s (water) . 
Th e proble m i s tha t  th e system' s representation s o f 
it s  fue l  needs ,  o f  gasoline ,  an d o f  diese l  fue l  wer e no t 
sufficientl y rich . 

Th e second ,  resourc e substitutio n conservatis m 
occur s whe n a n agen t  fail s  t o recogniz e tha t  on e re -
sourc e i s a n acceptabl e substitut e fo r  another .  Fo r  ex -
ample ,  th e vehicl e migh t  hav e avoide d filling  it s tank s 
wit h a n acceptabl e substitut e (winterize d diese l  fuel )  i f 
it s  norma l  fue l  (straigh t  diese l  fuel )  wer e unavailable . 

Recognizin g resourc e selectio n failure s Re -
sourc e selectio n failure s ar e somewha t  difficul t  t o sep -
arat e fro m tas k selectio n failures .  I f  a n agen t  choose s a 
particula r  tas k an d a  resourc e t o implemen t  tha t  tas k 
and th e tas k fails ,  i t  i s  difficul t  t o sa y whethe r  th e tas k 
or  th e resourc e wa s inappropriate . 

One heuristi c solutio n i s t o loo k a t  whic h choic e (ac -
tio n o r  resource )  wa s mor e questionabl e a t  th e tim e i t 
was m a d e (e.g .  whic h involve d a  substitutio n o r  sec -
ond choice ,  o r  whic h wa s decide d arbitrarily) .  I f  th e 
choic e o f  task s wa s les s problemati c tha n th e choic e 
of  resources ,  the n an y subsequen t  pla n failur e ca n tr y 
t o implicat e th e resourc e choic e a s a  possibl e expla -
nation .  A s wit h tas k selection ,  resourc e selectio n fail -
ure s involvin g inappropriat e conservatis m ar e difficul t 
t o detect . 

Repairin g resourc e selectio n error s I n a  manne r 
analogou s t o tas k selectio n errors ,  th e repai r  o f  a  re -
sourc e selectio n erro r  depend s upo n a n explanatio n o f 
why th e syste m m a d e tha t  selection : 

• If the resource was the only possible choice (if no 
substitut e wa s available )  ther e i s n o repair . 

•  I f  th e resourc e wa s chose n arbitraril y  fro m a m o n g 
severa l  apparentl y equa l  possibilities ,  the n th e re -
fine  th e descriptio n o f  th e resource .  Fo r  example , 
i f  gasolin e an d diese l  fue l  ar e bot h describe d a s fue l 
fo r  runnin g engines ,  an d i f  th e syste m faile d becaus e 
i t  chos e gasolin e t o fill  th e tank s o f  a  diese l  vehi -
cle ,  the n th e selectio n criteri a fo r  fuelin g nee d t o b e 
modifie d t o reflec t  vehicl e engin e typ e a s a  discrim -
inator . 

•  I f  th e resourc e wa s chose n a s a  substitut e fo r  anothe r 
unavailabl e resource ,  the n th e substitutio n proce -
dur e need s t o b e modified . 

Resource scaling 

Resourc e shortfall s  provid e a  a  goo d exampl e o f  ho w 
explainin g towar d repai r  diff"er s fro m explainin g towar d 
recovery .  I f  a  vehicl e i s lo w o n fuel ,  th e recover y strate -
gie s involv e eithe r  finding  mor e fue l  o r  alterin g th e op -
eratio n s o a s t o reduc e th e rat e o f  fue l  consumption . 
The repai r  strategies ,  however ,  requir e a  differen t  kin d 
of  explanation : 

• The agent might have mis-estimated the amount of 
th e resourc e necessar y t o complet e th e task ,  eithe r 

by mis-estimatin g th e scal e o f  th e tas k o r  b y mis -
estimatin g th e rat e a t  whic h th e tas k consume s th e 
resource . 

•  Th e agen t  migh t  hav e mis-estimate d th e availabl e 
stoc k o f  resourc e befor e commencin g th e task . 

•  Th e agen t  migh t  hav e starte d th e tas k withou t 
enoug h o f  th e resourc e o n hand ,  unde r  th e mistake n 
assumptio n tha t  mor e woul d b e available . 

Recognizing resource scaling failures A resource 
shortfal l  i s  eas y t o detect .  W h e n a  syste m goe s t o us e a 
particula r  resourc e an d finds  i t  unavailable ,  th e curren t 
pla n wil l  block .  Thi s conditio n wil l  b e th e s y m p t o m 
by whic h th e failur e i s m a d e know n t o th e planner . 
Unfortunately ,  a s see n above ,  a  resourc e shortfal l  ca n 
ofte n b e th e symp to m fo r  othe r  failure s a s well . 

A resourc e surplu s i s mor e difficul t  t o detec t  becaus e 
ther e i s n o reaso n fo r  a  syste m t o chec k it s suppl y o f 
a resourc e tha t  i t  i s  no t  currentl y using .  A  resourc e 
surplu s ca n b e detecte d i f  i t  i s  explicitl y  searche d fo r 
(whe n finishing  a  trip ,  chec k t o se e i f  ther e i s excessiv e 
reserv e fuel )  bu t  i t  doe s no t  presen t  itsel f  a s a  failur e 
as doe s a  resourc e shortfall . 

Repair in g resourc e scalin g error s Repairin g re -
sourc e scalin g error s i s ver y m u c h lik e repairin g tas k 
scalin g errors :  th e obviou s repai r  i s  t o appl y mor e o r 
les s o f  thi s resourc e t o th e tas k nex t  time .  Analogousl y 
t o tas k scalin g repairs ,  ther e i s a  proble m wit h situat -
in g th e repai r  a t  th e appropriat e leve l  o f  generality . 
If ,  fo r  example ,  th e vehicl e finds  tha t  i t  di d no t  tak e 
on enoug h fue l  t o complet e th e ful l  rang e o f  planne d 
activities ,  i t  shoul d no t  alway s tak e o n mor e fue l  i n 
th e future .  T h e syste m mus t  explai n w h y i t  predicte d 
th e require d amoun t  o f  th e resourc e incorrectly ,  an d i t 
must  modif y th e erroneou s knowledg e tha t  le d t o tha t 
prediction . 

Time-related failures 

T h e fourt h majo r  categor y o f  pla n failure s relate s 
broadl y t o t o time .  Alon g wit h scalin g error s involvin g 
decision s abou t  ho w m u c h tim e t o spen d o n a  particu -
la r  tas k (whic h loo k ver y m u c h lik e resourc e scalin g er -
rors) ,  time-relate d error s includ e error s resultin g fro m 
decision s abou t  tas k schedulin g an d tas k ordering . 

T a s k o r d e r i n g 

"Goa l  Clobber s Brothe r  Goal "  an d relate d characteri -
zation s i n [Sussman ,  75 ]  an d [Sacerdoti ,  77 ]  ar e th e pro -
totypica l  tas k orderin g failures .  T w o specialization s 
of  tas k orderin g failure s ar e failur e t o establis h precon -
ditio n an d prematurel y establishin g precondition .  The y 
describ e th e potentia l  result s o f  decision s abou t  whe n 
t o schedul e th e tas k tha t  wil l  establis h a  preconditio n 
fo r  som e large r  goal .  Th e syste m ca n establis h thi s pre -
conditio n a s soo n a s possible ,  whic h guarantee s tha t 
th e preconditio n wil l  b e enable d i n tim e t o satisf y th e 
large r  goa l  bu t  whic h risk s wastin g resource s — es -
tablishin g tha t  preconditio n fo r  nothin g i f  th e large r 
goal  i s  deferred .  O n th e othe r  hand ,  th e syste m ca n 
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defe r  enablin g a  preconditio n unti l  i t  become s neces -
sary ,  whic h avoid s th e ris k o f  wastin g th e effort ,  bu t 
whic h risk s th e preconditio n no t  bein g enable d i n tim e 
t o mee t  th e need. . 

Recogniz in g tas k orderin g failure s Failur e t o es -
tablis h a  preconditio n i s it s o w n presentin g symptom . 
Consider ,  fo r  example ,  arrivin g a t  a  doo r  an d bein g 
unabl e t o ope n i t  becaus e on e lack s a  key .  Thi s failur e 
ca n b e a  s y m p t o m o f  a n imprope r  tas k ordering ,  e.g . 
i  shoul d hav e stoppe d b y th e hardwar e stor e t o pic k 

up th e key s tha t  wer e bein g copie d befor e goin g h o m e 
fo r  lunc h rathe r  tha n o n th e wa y bac k t o work. "  W h e n 
th e syste m i s blocke d becaus e som e preconditio n ha s 
not  bee n met ,  i t  ca n chec k t o se e i f  i t  eve r  explicitl y 
planne d t o achiev e tha t  precondition .  I f  so ,  the n th e 
failur e resulte d fro m havin g schedule d tha t  pla n inap -
propriately .  If ,  o n th e othe r  hand ,  th e syste m neve r 
planne d t o achiev e th e precondition ,  th e proble m i s 
not  on e o f  tjis k orderin g bu t  rathe r  o f  a  neglecte d goa l 
describe d above . 

Repair in g tas k orderin g error s A s wit h othe r 
failur e types ,  th e correc t  repai r  t o a  tas k orderin g erro r 
depend s upo n ho w th e task s cam e t o b e misordered . 
For  example ,  i f  th e task s ar e mis-schedule d becaus e 
some transformatio n pu t  the m ou t  o f  orde r  (see ,  e.g . 
[Collins ,  87 ]  fo r  a  taxonom y o f  teis k reorderin g trans -
formations) ,  the n th e transformatio n wa s insensitiv e t o 
th e dependenc e o f  on e o f  th e task s o n th e other .  A s 
wit h tas k selectio n an d resourc e selectio n errors ,  th e 
proble m i s eithe r  tha t  th e description s o f  th e task s be -
in g reordere d i s underspecified ,  o r  tha t  th e applicabil -
it y  criteri a fo r  th e re-orderin g transformatio n i s under -
specified .  Th e repai r  i s  t o ad d discriminatin g feature s 
t o eithe r  o f  thes e descriptions . 

O t h e r  schedulin g error s Othe r  type s o f  schedulin g 
error s includ e makin g plan s contingen t  upo n a n even t 
whose occurrenc e ha s no t  bee n ascertaine d (countin g 
on th e availabilit y  o f  th e fue l  cache) ,  fo r  whic h th e 
repai r  i s  t o patc h th e knowledg e use d t o predic t  th e 
likelihoo d o f  th e event . 

Conclusions 

The purpose behind taxonomizing plan failures is that 
certai n abstractl y define d failure s ten d t o recur .  I f  a 
syste m possesse s a  canonica l  se t  o f  abstrac t  descrip -
tion s o f  pla n failures ,  i t  ca n us e thos e description s 
t o recogniz e occurrence s o f  familia r  failures ,  an d ca n 
use th e recognitio n a s a  basi s fo r  selectin g appropriat e 
recover y an d repai r  strategies .  Accordingly ,  th e ap -
propriat e basi s fo r  taxonomizin g pla n failure s i s func -
tional :  i t  mus t  b e informe d b y a  mode l  o f  recover y an d 
repair . 

Example s o f  plannin g failure s ar e importan t  dat a 
tha t  ca n serv e tw o purposes .  Usin g recover y a s a  func -
tiona l  basi s fo r  taxonomizatio n ca n driv e th e develop -
ment  o f  domain-leve l  knowledg e abou t  th e relationshi p 
betwee n a n agent ,  it s  actions ,  an d th e environment . 

Usin g repai r  a s a  functiona l  basis ,  o n th e othe r  hand , 
ca n driv e th e developmen t  o f  a  domain-independen t 
model  o f  th e agent' s interactio n wit h it s ow n knowl -
edge . 
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