
G e n e r a t i n g N a t u r a l  L a n g u a g e E x p e c t a t i o n s 

f r o m a  R e a c t i v e E x e c u t i o n S y s t e m 

Charles E. Martin and R. James Firby 

Departmen t  o f  Compute r  Scienc e 

Universit y o f  Chicag o 

1100 Eas t  58t h Stree t 

Chicago ,  I L 6063 7 

martin@cs.uchicago.ed u 

Objective s 

We are developing an integrated system for planning, 
languag e understanding ,  an d learnin g throug h advice -
takin g (Marti n an d Firby ,  1991) .  Ou r  wor k bring s to -
gethe r  tw o reasonabl y matur e piece s o f  research :  th e 
Reactiv e Actio n Packag e (rap )  executio n syste m o f 
Firb y (1989) ,  an d th e Direc t  Memor y Acces s Parse r 
(dmap )  o f  Marti n (1991) .  Specifically ,  w e ar e refor -
mulatin g th e RA P pla n representatio n an d executio n 
algorith m i n term s o f  th e semanti c networ k architec -
tur e use d b y th e DMAP system .  Th e resul t  i s a  syste m 
wit h a  unifor m knowledg e representatio n an d process -
in g algorith m tha t  ca n bot h ac t  i n th e worl d an d pro -
cess natura l  language .  Furthermore ,  actin g an d under -
standin g us e a  singl e proces s s o th e syste m ca n chang e 
it s action s base d o n languag e inputs .  Tha t  form s a 
basi s fo r  learnin g ne w plan s an d action s b y bein g told . 

Althoug h "learnin g b y bein g tol d i n natura l  lan -
guage "  migh t  strik e on e a s a  natura l  are a o f  researc h 
i n machin e learning ,  a  loo k throug h th e proceeding s 
of  th e las t  thre e Machin e Learnin g Workshop s (M L 
1988,  1989 ,  an d 1990 )  an d Reading s i n Machin e Learn -
in g (Shavli k an d Dietterich ,  1990 )  wil l  demonstrat e 
tha t  ther e i s i n fac t  n o curren t  machin e learnin g re -
searc h i n thi s area .  Mos t  researc h o n "advice-taking " 
has concentrate d o n th e operationalizatio n o f  already -
interprete d input ;  a n excellen t  exampl e i s Mostow' s 
(1983 )  research .  Broadl y construed ,  thi s notio n coul d 
be expande d t o includ e an y syste m tha t  attempt s t o 
improv e it s decision-makin g dat a structure s usin g a n 
oracle ,  guide d examples ,  etc .  Thi s i s no t  ou r  goal . 

Instead ,  w e hav e tw o complementar y hypotheses : 

1. The natural language understanding process can be 
greatl y simplifie d b y embeddin g th e understande r  i n 
anothe r  task-oriente d system ,  wher e "embedding " 
refer s t o th e us e o f  identica l  dat a structure s an d a 
singl e algorith m fo r  bot h th e tas k an d th e natura l 
languag e understandin g process . 

2. The performance of a task-oriented system can be 
extende d b y learnin g specifi c  loca l  pla n modifica -
tions ,  derive d b y th e overal l  syste m o n th e beisi s o f 
high-leve l  "hints' '  supplie d i n natura l  language . 

I n ou r  research ,  th e reactiv e executio n syste m i s th e 
task-oriente d syste m i n whic h w e embe d th e natura l 
languag e understander ,  an d th e huma n exper t  provide s 
high-leve l  "hints "  tha t  ar e th e basi s fo r  extendin g th e 
reactiv e executio n system' s performance . 

Background 

The DMAP syste m i s designe d t o functio n withi n a  larg e 
bod y o f  existin g knowledge .  Rathe r  tha n determin e 
th e meanin g o f  a  text ,  dma p use s th e tex t  t o recogniz e 
relevan t  existin g knowledg e structure s an d the n modif y 
the m t o creat e specifi c  ne w instance s i n memor y tha t 
represen t  wha t  i s uniqu e abou t  th e give n text .  Ne w 
instance s remai n i n memor y t o ai d i n th e interpretatio n 
of  futur e texts . 

The RA P syste m i s designe d t o carr y ou t  vagu e goal s 
by waitin g unti l  executio n tim e an d the n expandin g 
th e goa l  int o primitiv e action s base d o n th e detail s o f 
th e situatio n actuall y encountered .  Possibl e pla n ex -
pansion s ar e store d i n a  hierarchica l  librar y o f  method s 
indexe d b y th e goa l  the y satisfy .  Th e RA P interprete r 
select s a  metho d fro m th e librar y base d o n existin g 
contex t  an d eithe r  instantiate s th e metho d a s a  ne w se t 
of  goal s t o achiev e o r  execute s th e metho d directl y i f 
i t  consist s o f  a  primitiv e action .  Whe n a  metho d com -
plete s (o r  fails )  th e interprete r  check s t o se e whethe r 
th e goa l  wa s actuall y satisfie d i n th e worl d and ,  i f  not , 
select s an d instantiate s anothe r  method . 

I n bringin g thes e tw o system s togethe r  w e ar e di -
recte d b y tw o "implementation "  constraints : 

1.  Ther e mus t  b e a  unifor m representatio n fo r  al l 
knowledg e i n th e system ,  regardles s o f  whethe r  i t  i s 
used fo r  natura l  languag e understandin g o r  plannin g 
and execution . 

2.  Ther e mus t  b e a  unifor m algorith m t o operat e ove r 
th e system' s knowledge ,  regardles s o f  whethe r  th e 
syste m i s engage d i n natura l  languag e understandin g 
or  plannin g an d execution . 

The first  constrain t  i s hardl y ne w t o devotee s o f  K R L 
and it s man y descendants ,  thoug h th e constrain t  i s 
honore d mor e ofte n i n th e breac h tha n i n th e obser -
vance .  Th e secon d constrain t  i s  mor e radical ;  i n ef -
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feet ,  i t  state s tha t  languag e understandin g an d plan -
nin g an d executio n mus t  b e th e sam e process .  Thi s 
i s ou r  hypothesis ,  wit h th e cavea t  tha t  difference s be -
twee n actin g an d understandin g d o exist ,  an d the y wil l 
manifes t  themselve s i n th e system' s representation . 

The RA P mode l  o f  executio n provide s a  single ,  coher -
ent  representatio n fo r  pl2uinin g an d executio n knowl -
edge wit h a  simpl e interpretatio n semantic s tha t  doe s 
not  requir e th e maintainenc e o f  comple x dependenc y 
structures .  Th e DMAP mode l  o f  languag e understand -
in g relie s o n expectation s abou t  languag e tha t  aris e a s 
a resul t  o f  movin g aroun d i n a  semanti c net .  T o com -
bin e th e two ,  w e hav e reformulate d th e ra p knowledg e 
representatio n i n term s o f  a  DMAP-styl e semanti c net -
wor k tha t  preserve s th e executio n semantic s whe n tra -
verse d i n accor d wit h th e dma p algorithm .  Th e resul t 
i s a  singl e representatio n an d processin g algorith m fo r 
bot h actin g o n goal s ein d processin g natura l  language . 

We hav e implemente d ou r  initia l  syste m i n th e 
robot-truc k simulato r  domai n describe d i n Firb y an d 
Hanks (1987 )  an d use d b y th e ra p syste m a s describe d 
i n Firb y (1989) .  W e ar e currentl y buildin g initia l  rep -
resentation s fo r  th e sam e RAPs use d i n tha t  wor k an d 
we anticipat e workin g i n thi s domai n fo r  som e tim e 
t o creat e a  Icirg e DMAP syste m an d refin e ou r  ideas . 
Ultimately ,  w e inten d t o demonstrat e thes e idea s o n 
th e roboti c platfor m bein g buil t  a t  th e Universit y o f 
Chicago . 

Overview of the system 

I n keepin g wit h th e DMAP approach ,  th e combine d sys -
te m expresse s interpretation ,  planning ,  an d executio n 
as recognitio n tasks .  Intuitively ,  th e ide a i s tha t  th e 
syste m mus t  hav e somethin g simila r  t o wha t  i t  sup -
pose d t o b e doin g alread y i n it s knowledg e base .  Fo r 
natura l  languag e understanding ,  th e syste m mus t  al -
read y kno w a  concep t  simila r  t o tha t  bein g commu -
nicate d fo r  th e tex t  t o b e understoo d correctly .  Fo r 
tas k execution ,  th e syste m mus t  alread y kno w meth -
ods tha t  wil l  wor k fo r  th e curren t  goa l  i n commo n cir -
cumstances .  Naturally ,  ne w element s mus t  b e adde d 
t o accoun t  fo r  th e difference s betwee n wha t  exist s an d 
what  i s newl y expresse d o r  executed .  Fo r  interpreta -
tion ,  thes e element s represen t  th e conten t  o f  th e com -
munication ;  fo r  execution ,  thes e element s represen t  th e 
intentio n an d recor d o f  action . 

Representation 

Representatio n i s i n th e for m o f  a  semanti c network , 
organize d b y abstractio n an d labelle d packagin g rela -
tionships .  Thi s representatio n wa s chose n primaril y  fo r 
th e efficienc y o f  th e algorithm .  Extension s t o thi s ba -
si c framewor k includ e th e specificatio n o f  constraint s 
on th e packagin g relationship s o f  sub-structure s t o en -
sur e tha t  variabl e binding s mak e sense .  Ther e i s als o a 
syste m o f  indice s use d b y th e processin g algorith m a s 
a mean s o f  maintainin g orderin g relationship s betwee n 
concepts . 

For  example ,  th e followin g memor y unit s represen t 
a decompositio n o f  th e tas k o f  pickin g a n objec t  u p 
wit h a  robo t  arm .  Ther e tw o subtasks :  movin g th e 
ar m t o th e locatio n o f  th e objec t  an d graspin g th e ob -
jec t  wit h th e arm .  Constraint s (th e no n isa :  an d 
index :  forms )  assur e tha t  variabl e bindin g i s handle d 
correctly .  Th e inde x for m indicate s tha t  i n orde r  t o rec -
ogniz e (o r  satisfy) '  thi s unit ,  th e tw o sub-units ,  task l 
and task 2 mus t  b e recognize d i n th e give n sequence , 
followe d b y a  recognitio n o f  th e succes s conditio n fo r 
th e task .  Som e o f  thi s informatio n (suc h a s th e succes s 
condition )  i s inherite d fro m it s abstraction . 

(define-uni t  tas k 
(succes s state) ) 

(define-unit arn-pickup 
(isa :  task ) 
(ar m ?arm ) 
(objec t  ?object ) 
(succes s holdin g (ar m ?arin )  (objec t  ?obj)) ) 

(define-unit arm-pickup-simple 
(isa :  arm-pickup ) 
(task l  arm-mov e (ar m Tarn )  (objec t  ?obj) ) 
(ta8k 2 arm-gras p (ar m ?arm )  (objec t  ?obj) ) 
(index :  (taskl )  (ta8k2 )  (success)) ) 

The following is a more complex task to pick up an 
object ,  whic h involve s first  pickin g u p th e appropriat e 
too l  fo r  th e objec t  an d the n th e objec t  itself .  Not e th e 
use o f  th e inst r  constrain t  t o assur e tha t  th e ?too l  i s 
appropriat e fo r  th e ?obj .  Notic e als o tha t  thi s uni t  an d 
th e arm-pickup-simpl e uni t  bot h inheri t  th e sam e 
succes s conditio n fro m zom-pickup . 

(define-uni t  arm-pickup-s/too l 
(isa :  arm-pickup ) 
(inst r  instrtimen t  (too l  ?tool )  (objec t  ?obj) ) 
(task l  arm-pickup-simpl e (ar m ?arm )  (objec t  ?tool) ) 
(task 2 arm-pickup-simpl e (ar m ?arm )  (objec t  ?obj) ) 
(index :  (taskl )  (task2 )  (success)) ) 

(define-unit instrument 
(too l  tool ) 
(objec t  object) ) 

Algorithm 

The basi c dma p algorith m i s quit e simple : 

Recognize (.concept): 

'Processin g i n th e D M AP memor y i s drive n b y memor y 
uni t  indices .  I n languag e understanding ,  indice s represen t 
expectection s fo r  particula r  words ,  phrases ,  an d abstrac t 
concepts .  Processin g thu s consist s o f  recognizin g words , 
phrases ,  an d concept s a s the y arriv e fro m a  text .  I n ex -
tendin g D M AP t o includ e execution ,  indice s represen t  in -
tention s a s wel l  a s expectations .  Processin g thu s consist s 
of  bot h recognizin g expectation s an d satisfyin g intentions . 
The algorith m remain s th e same ,  bu t  th e intuitiv e nomon -
clatur e shift s a  little .  We wil l  us e th e word s recogniz e 
and satisf y interchangabl y whil e discussin g th e processin g 
edgorithm . 
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I f  concep t  i s a  primitiv e operatio n 
the n appl y i t  an d proces s pendin g senso r  inputs ; 
els e gathe r  indice s t o recogniz e concept , 

fo r  eac h inde x i n indices , 
fo r  eac h elemen t  o f  th e index , 

cal l  Recogniz e (element) . 

Primitive operations can be either sensor expectations 
(suc h a s measurement s o r  words )  th e robo t  mus t  wai t 
fo r  o r  effecto r  action s tha t  th e robo t  ca n execute .  Ef -
fecto r  action s includ e movement s an d activ e percep -
tion .  Whe n a  senso r  expectatio n i s par t  o f  a  memor y 
uni t  index ,  recognitio n o f  tha t  uni t  i s  blocke d unti l 
dat a matchin g th e expectatio n i s generate d b y a  sen -
sor .  Whe n a n effecto r  actio n i s par t  o f  a n index ,  i t  i s 
execute d immediatel y an d tha t  executio n ma y gener -
at e senso r  data . 

Successfu l  executio n o f  a n effecto r  operatio n o r  th e 
satisfactio n o f  a  senso r  expectatio n bot h resul t  i n 
th e "recognition "  o f  th e correspondin g <element > o f 
th e <index> \  i f  al l  suc h <elements > hav e bee n rec -
ognized ,  th e correspondin g <concepi > i s recognized . 
Recognitio n o f  a  uni t  cause s al l  othe r  unit s wit h th e 
recognize d uni t  a s a n inde x elemen t  t o specialize d th e 
next  elemen t  i n thei r  index .  Specializin g a  uni t  in -
volve s movin g dow n th e isa :  hierarch y t o fin d th e 
most  specifi c  memor y uni t  tha t  satisfie s existin g bind -
in g constraints .  An y newl y discovere d specialization s 
ar e instantiate d b y creatin g ne w version s o f  the m i n 
memory wit h variable s boun d accordin g t o th e con -
straints .  Unit s withou t  indice s ar e alway s special -
ize d whe n instantiate d an d tha t  i s wha t  move s acti -
vatio n o f  arm-picku p t o eithe r  arm-pickup-simpl e 
or  arm-pickup-w/too l  dependin g o n th e bindin g o f 
?obj . 

When "gatherin g indices, "  al l  indice s associate d 
wit h th e <concept > an d an y o f  it s  abstraction s ar e 
collected .  Th e syste m attempt s t o recogniz e al l  suc h 
indice s throug h "recursive "  call s t o RECOGNIZE.  I f  a 
complet e uni t  inde x i s recognize d a t  an y leve l  o f  ab -
straction ,  tha t  uni t  an d al l  o f  it s  subunit s ar e recog -
nize d together .  Tha t  way ,  goal s an d concept s ca n b e 
recognize d whe n the y occu r  eve n i f  n o specifi c  metho d 
or  expectatio n se t  produce s th e require d result . 

For  mor e detail s o f  th e algorithm ,  se e Marti n (1990) . 
For  mor e backgroun d o n thi s research ,  se e Marti n an d 
Firb y (1991) . 

Execution Problems and Advice 

Consider the following situation: The robot has task 
(1 )  "pic k u p a  rock. "  I t  decompose s thi s tas k int o 
tw o subtasks :  (lA )  "releas e anythin g currentl y hel d i n 
th e arm, "  an d (IB )  "pic k u p th e roc k wit h th e arm. " 
The latte r  tas k i s i n tur n decompose d int o th e tw o 
subtasks :  (IBl )  "mov e th e ar m t o th e rock, "  an d (1B2 ) 
"gras p th e rock. "  Unfortunately ,  th e graspin g actio n 
(1B2 )  fail s  whe n execute d becaus e th e ar m i s no t  wel l 
constructe d fo r  pickin g u p rocks . 

A friendl y huma n wander s b y an d see s th e robot' s 
plight .  Th e huma n instantl y see s th e problem ,  an d 
knows tha t  th e graspin g actio n woul d hav e succeede d 
i f  th e robo t  ha d previousl y attache d th e shove l  too l 
t o it s arm .  Ther e i s preceden t  fo r  thi s i n th e robot' s 
memory;  ha d th e origina l  tas k bee n t o pic k u p a  fuel -
drum ,  th e robo t  woul d hav e decompose d tas k (2 )  "pic k 
up a  fue l  drum "  int o (2A )  "releas e anythin g currentl y 
hel d i n th e arm, "  an d (2B )  "pic k u p th e fuel-dru m wit h 
th e arm. "  Th e decompositio n o f  (2B )  woul d hav e bee n 
int o thre e tasks :  (2B1 )  "attac h refuelin g tool, "  (2B2 ) 
"mov e th e ar m t o th e fuel-drum, "  an d (2B3 )  "gras p 
th e fuel-drum. " 

I n othe r  words ,  th e genera l  pla n fo r  (IB )  an d (2B) , 
"pic k u p <object > wit h th e arm "  i s abl e t o discrimi -
nat e betwee n tas k decomposition s o n th e basi s o f  th e 
<object> .  Thi s discrimination ,  o f  course ,  i s repre -
sente d i n th e vocabular y o f  pla n descriptions .  Fro m 
th e poin t  o f  vie w o f  th e robot ,  wha t  i s require d t o fix 
th e roc k proble m i s fo r  someon e t o si t  dow n an d re -
progra m th e pla n librar y s o tha t  th e genera l  pla n fo r 
(IB )  an d (2B )  know s abou t  rock s (an d thei r  associate d 
gripper )  a s wel l  3i s fuel-drums . 

Unfortunately ,  th e huma n wh o wander s b y i s no t  a 
robo t  programmer !  (Perhap s th e huma n build s robo t 
gripper-tools. )  Fro m th e poin t  o f  vie w o f  th e human , 
what  i s require d i s fo r  th e robo t  t o someho w compre -
hend tha t  thi s hand y shove l  too l  shoul d b e use d t o 
pic k u p rock s i n th e sam e wa y tha t  th e refuelin g too l 
i s  use d t o pic k u p fuel-drum s withou t  havin g t o hav e 
i t  hand-code d int o th e pla n library .  Wha t  th e huma n 
woul d lik e t o do ,  o f  course ,  i s t o simpl y say ,  "us e th e 
shovel. " 

Our  goa l  i s  a  syste m tha t  let s th e huma n d o jus t 
that . 

The Context of Advice-Taking 

There are a number of extra-sentential elements that 
ar e importan t  t o understandin g "us e th e shovel "  a s 
usefu l  advice .  Chie f  amon g thes e i s th e fac t  tha t  th e 
robo t  i s activel y engage d i n a  specifi c  tas k whic h i t  i s 
failin g t o accomplish .  Thi s i s a  crucia l  piec e o f  infor -
mation ;  imagin e th e interpretatio n o f  "us e th e shovel " 
when th e robo t  i s no t  havin g a  problem :  "fo r  what? " 
migh t  wel l  b e th e mos t  appropriat e response .  However , 
i n thi s case ,  th e clea r  implicatio n i s tha t  th e shove l  wil l 
be o f  us e fo r  th e curren t  task . 

Thi s i s essentiall y  a  statemen t  o f  th e advice-takin g 
proble m ou r  syste m i s designe d t o address .  Th e re -
mainde r  o f  th e pape r  describe s th e wa y w e hav e ap -
proache d th e proble m o f  establishin g th e situationa l 
contex t  fo r  th e interpretatio n o f  a n utterance ,  involv -
in g a s i t  doe s task s o f  bot h interpretatio n an d execu -
tion .  Th e contex t  w e wil l  discus s i s th e interna l  stat e 
of  th e robo t  an d no t  th e externa l  stat e o f  th e world , 
excep t  fo r  knowledg e tha t  a  curren t  actio n i s no t  suc -
ceeding . 
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Execut io n Failure s 

I n ou r  example ,  a n executio n failur e occur s whe n th e 
robo t  attempt s t o gras p th e roc k withou t  th e appro -
priat e tool . 

(define-uni t  primitiv e 
(isa :  task ) 
(primo p $pri«itive ) 
(index :  (primop )  :o k (success)) ) 

(define-unit arm-grasp 
(isa :  task ) 
(ar m ?arm ) 
(objec t  ?object ) 
(succes s holdin g (ar m ?arm )  (objec t  ?object) ) 
(primo p $arm-gras p (ar m ?arm )  (objec t  ?object)) ) 

The goa l  o f  pickin g u p th e roc k result s i n a n attemp t 
t o recogniz e arm-gras p whic h result s i n a n attemp t 
t o recognize ,  i n sequence ,  th e primitiv e $arm-grasp , 
th e :o k messag e fro m th e effector s statin g tha t  th e 
primitiv e ha s bee n execute d correctly ,  an d th e succes s 
conditio n o f  th e task .  I f  th e robo t  hasn' t  picke d u p 
th e appropriat e gripper ,  th e sequenc e o f  activit y wil l 
approximat e th e following : 

1.  Th e attemp t  t o recogniz e $aa-m-gras p succeeds , 
sinc e a n attemp t  a t  a  primitiv e actio n alway s suc -
ceeds . 

2.  Th e attemp t  t o recogniz e :o k fails ,  sinc e th e resul t 
fro m th e primitiv e actio n i s a  notificatio n tha t  th e 
gras p faile d .  I n thi s case ,  th e failur e occur s becaus e 
robo t  di d no t  hav e th e prope r  tool s fo r  success . 

Al l  recognitio n attempt s whic h fail—whethe r  fro m 
an attemp t  t o recogniz e a n executio n sequenc e o r  a 
natura l  languag e utterance—resul t  i n th e automati c 
recognitio n o f  a  failur e structure .  Thi s wil l  resul t  i n 
th e specializatio n o f  concept s tha t  hav e th e appropriat e 
failur e a s a n inde x an d th e eventua l  instantiatio n o f  a 
repai r  memor y unit . 

The failur e hierarch y parallel s ever y hierarch y 
whic h ha s indices ;  tha t  i s  t o say ,  virtuall y ever y hierar -
chy i n th e system .  Ever y failur e ha s a  source ,  whic h 
i s th e structur e whos e recognitio n failed .  Moreover , 
becaus e eac h recognitio n tas k i s th e resul t  o f  a  "recur -
siv e call "  t o Recognize ,  th e failur e o f  on e suc h tas k 
implie s th e failur e o f  it s  paren t  an d s o on ,  u p th e chai n 
of  calls .  Thus ,  th e failur e o f  th e arm-gras p operatio n 
result s i n th e recognition—an d henc e construction—o f 
multipl e failur e structures . 
Assume tha t  th e specifi c  instance s o f  th e activ e picku p 
unit s involve d i n ou r  failur e ar e th e following : 

(instanc e arm-pickup-simple- 1 
(isa :  arm-pickup-simple ) 
(ar m arm-2 ) 
(objec t  rock-3 ) 
(task l  arm-move-4 ) 
(task 2 eurm-grasp-B) ) 

(instance arm-grasp-5 
(isa :  arm-grasp ) 

(ar m arm-2 ) 
(objec t  rock-3) ) 

I n thi s case ,  th e failure s tha t  ar e generate d an d recog -
nize d are : 

(instanc e failure- 6 
(isa :  failure ) 
(sourc e arm-grasp-5) ) 

(instance failure-7 
(isa :  failure ) 
(sourc e arm-pickup-simple-l) ) 

Generating Expectations from Failures 

The recognitio n o f  thes e failur e structure s may ,  a s wit h 
any successfu l  recognition ,  caus e th e refinemen t  an d 
activatio n o f  furthe r  structures .  Th e onl y structure s 
tha t  mak e referenc e t o failure s i n thei r  indice s ar e 
thos e i n th e repai r  hierarchy .  Whe n a  failur e struc -
tur e i s recognized ,  th e DMAP syste m attempt s t o refin e 
th e correspondin g repai r  structures .  On e suc h can -
didat e fo r  refinemen t  i s repair-task/advice ,  give n 
below : 

(de f  ine-vini t  repai r 
(failur e failure) ) 

(define-unit repair-task 
(isa :  repair ) 
(failur e failur e (sourc e task)) ) 

(define-imit repair-task/advice 
(isa :  repair-task ) 
(failur e failur e (sourc e Told-tas k (succes s Tsuccess ) 
(advic e mtran s (inf o ?new-tas k (succes s ?8uccess)) ) 
(attemp t  Tneo-task ) 
(index :  (failure )  (advice )  (attempt)) ) 

The inde x t o thi s structur e implie s tha t  thre e recog -
nitio n task s tak e place .  Th e first,  recognitio n o f  th e 
failur e whic h ha s happene d already ,  result s i n creatin g 
a contex t  tha t  include s a  constrain t  definin g a  commu-
nicatio n event ,  signifie d her e b y mtrans ,  i n whic h th e 
conten t  o f  th e communicatio n i s a  tas k tha t  share s th e 
succes s conditio n o f  th e origina l  task—tha t  is ,  a  piec e 
of  advice . 

Thi s secon d elemen t  o f  th e inde x i s no t  a n actio n 
tha t  ca n b e undertake n b y th e robot ,  bu t  instea d rep -
resent s a  predictio n tha t  natura l  languag e inpu t  migh t 
be forthcomin g an d tha t  i t  wil l  satisf y th e advic e con -
straint .  I n othe r  words ,  upo n th e robot' s failur e t o 
execut e a  task ,  i t  wil l  alway s expec t  tha t  i t  ma y re -
ceiv e a  communicatio n o f  a  tas k sharin g th e succes s 
conditio n o f  th e tas k tha t  failed .  Thi s communicatio n 
wil l  b e a  piec e o f  advic e o n ho w t o achiev e th e succes s 
conditio n anothe r  way . 

Interpretating Advice 

I n ou r  example ,  th e advic e "us e a  shovel "  i s  mean t 
t o conve y t o th e robo t  tha t  th e shove l  i s  a  too l  whic h 
th e robo t  shoul d pic k u p befor e tryin g t o pic k u p rocks . 
Not e tha t  th e "tool-nature "  o f  th e shove l  i s  no t  explici t 
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i n th e utterance ,  no r  i s th e fac t  tha t  i t  i s  t o b e use d fo r 
rocks .  Th e expectation s se t  u p b y refinin g failur« s t o 
repair s set s u p th e contex t  necessar y fo r  th e robo t  t o 
understan d tha t  th e phrase ,  "us e a  shovel "  implie s thi s 
advice .  Conside r  th e followin g memor y structures : 

(define-uni t  mtran s 
(inf o mobJGCt) ) 

(define-unit mtrana-task-w/tool 
(isa :  mtrans ) 
(inf o task-w/too l  (inst r  instminen t  (too l  ?tool)) ) 
(index :  us e th e (inf o inst r  tool)) ) 

(define-unit task-w/tool 
(isa :  task ) 
(inst r  instrument) ) 

The task to recognize the (advice) of the earlier re-
pai r  structur e result s i n instantiatio n o f  (amon g othe r 
things )  mtrcins-task-w/too l  an d a n attemp t  t o rec -
ogniz e it s index .  Th e natur e o f  thi s inde x an d memor y 
uni t  i s  tha t  th e wor d "shovel "  i s  interprete d a s a  spec -
ificatio n o f  th e ?too l  i n th e tas k structure . 

Havin g interprete d "shovel "  a s a  tool ,  recognitio n o f 
th e mtrems-task-w/too l  i s  complet e whic h complete s 
recognitio n o f  th e advic e elemen t  i n th e repai r  struc -
tur e index .  Th e nex t  elemen t  i s attemp t  whic h mus t 
be instantiate d a s a  specialize d memor y uni t  wit h th e 
followin g constraints : 

1.  I t  mus t  b e a  task . 

2.  It s succes s conditio n mus t  b e tha t  o f  th e origina l 
task . 

3.  I t  mus t  hav e a n inst r  rol e whos e too l  i s  a  shovel . 

Thes e condition s ar e satisfie d b y th e 
arm-pickup-w/too l  structure ,  s o th e recognitio n al -
gorith m create s a  specifi c  instanc e o f  thi s structure . 

Using Advice 

Now tha t  a  tas k ha s bee n instantiate d fo r  th e 
attemp t  elemen t  o f  th e inde x associate d wit h 
repair-task/advice ,  th e nex t  ste p i s t o recogniz e it . 
Thi s tas k i s a n instanc e o f  aurm-pickup-w/tool ,  an d 
wil l  requir e pickin g u p th e too l  (th e shovel )  first,  fol -
lowe d b y pickin g u p th e object .  Presumeably ,  thi s at -
temp t  wil l  succeed . 

The genera l  recognitio n algorith m describe d abov e 
operate s b y creatin g specifi c  instance s o f  recognize d 
memory structures .  Man y o f  thes e ar e to o specifi c  t o 
be o f  late r  us e t o th e system ;  fo r  example ,  thos e tha t 
deal  wit h pickin g u p rock-38 .  A s a  consequenc e o f 
instantiatin g thes e specifi c  structures ,  however ,  mor e 
genera l  concept s suc h a s th e fac t  tha t  shovel s ar e use -
fu l  instrument s fo r  pickin g u p rock s ar e als o created . 

At  thi s point ,  no t  onl y ha s th e helpfu l  human' s ad -
vic e cause d th e robo t  t o chang e t o a  mor e successfu l 
subtask ,  th e proces s o f  interpretin g "us e a  shovel "  ha s 
instantiate d a n instrumen t  relatio n i n memor y whic h 
can b e use d anytim e i n th e future .  Specifically ,  th e 

syste m ha s learne d tha t  shovel s ar e use d fo r  pickin g 
up rocks . 

(Not e tha t  too-specifi c  memor y structure s migh t 
as wel l  b e garbage-collected ,  excep t  tha t  determinin g 
whic h concept s ar e to o specifi c  i s  no t  a  trivia l  task .  A 
consequenc e o f  th e recognitio n algorith m i s tha t  i t  wil l 
alway s us e th e mos t  specifi c  concep t  tha t  i s  relevan t 
t o it s  inputs ,  bu t  i t  i s  difficul t  t o determin e i n advanc e 
what  tha t  leve l  wil l  be .  Sinc e performanc e doe s no t 
degrad e i f  thes e extr a structure s remai n i n memory , 
no attemp t  i s mad e t o remov e them. ) 
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