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Abstrac t 

An essential component of opportunistic behavior is oppor-
tunit y recognition ,  th e recognitio n o f  thos e condition s tha t 
facilitat e th e pursui t  o f  som e suspende d goal .  Opportunit y 
recognitio n i s a  specia l  cas e o f  situatio n assessment ,  th e pro -
ces s o f  sizin g u p a  nove l  situation .  Th e abilit y  t o recogniz e 
opportunitie s fo r  reinstatin g suspende d proble m context s (on e 
way i n whic h goal s manifes t  themselve s i n design )  i s crucia l 
t o creativ e design .  I n orde r  t o dea l  wit h rea l  worl d oppor -
tunit y recognition ,  w e attribut e limite d inferentia l  powe r  t o 
relevan t  suspende d goals .  W e propos e tha t  goal s suspende d i n 
th e workin g memor y monito r  th e interna l  (hidden )  represen -
tation s o f  th e currentl y recognize d objects .  A  suspende d goa l 
i s  satisfie d whe n th e curren t  interna l  representatio n an d a  sus -
pende d goa l  "match" .  W e propos e a  computationa l  mode l  fo r 
workin g memor y an d w e compar e i t  wit h othe r  relevan t  theo -
rie s o f  opportunisti c planning .  Thi s workin g memor y mode l  i s 
implemente d a s par t  o f  ou r  IMPROVISE R system . 

Introduction 

Durin g a  mechanica l  engineerin g projec t  a  grou p o f  student s 
wer e aske d t o desig n an d implemen t  a  mechanica l  devic e 
fo r  th e quic k an d saf e transportatio n o f  a  fragil e carg o (som e 
eggs) .  Th e student s wen t  t o a  H o m e Depo t  ( a hardwar e store) , 
wher e the y starte d b y choosin g spring s fo r  th e launchin g com -
ponent .  Durin g th e desig n proces s the y mad e th e followin g 
observations : 

Andy: ... hey, when I compress the spring it bends; 
thi s weaken s th e forc e o f  th e spring s .. . 

Mar y (wrappin g he r  han d aroun d th e spring) :  .. .  yes , 
we hav e t o enclos e i t  i n a  tub e .. . 

Bill :  .. .  th e tub e shoul d b e collapsible ,  otherwis e th e 
sprin g canno t  b e compresse d .. . 

The students began proposing mechanisms that fit this de-
scription .  O n e o f  the m suggeste d a  telescope ,  bu t  i t  wa s 
rejecte d b y th e grou p becaus e i t  wa s expecte d t o b e costl y an d 
i t  di d no t  fit  i n th e availabl e budget .  Anothe r  studen t  propose d 
a collapsibl e campin g tube ,  whic h unfortunatel y ha s a  wron g 
shape .  Th e designer s wer e unabl e t o thin k o f  wher e i n th e 
stor e the y migh t  loo k fo r  a  usefu l  collapsibl e tube ,  s o the y 
moved t o anothe r  par t  o f  thei r  problem .  The y starte d thinkin g 
abou t  loa d protection .  Sinc e sponge s ar e a  goo d wa y t o pro -
vid e cushioning ,  the y decide d t o g o t o th e store' s bathroo m 
section .  Durin g th e searc h fo r  sponges ,  on e o f  th e student s 
sa w a  toile t  pape r  holde r  an d exclaimed : 

Mary: Look! A collapsible tube! 

The whol e grou p agree d tha t  th e toile t  pape r  holde r  fulfille d 
th e requirement s o f  thei r  previousl y suspende d problem . 

The abov e exampl e illustrate s a  rathe r  mundane ,  bu t  com -
mon,  experienc e i n doin g design .  Th e student s starte d b y 
structurin g th e initia l  proble m (launching ,  cushioning )  an d 
the n the y trie d t o elaborat e th e subcomponents ,  on e a t  a  time . 
W h en the y wer e stuc k wit h on e subproblem ,  the y suspende d 
it ,  an d the y approache d anothe r  relate d subproblem .  W h e n 
the y sa w th e toile t  pape r  holder ,  however ,  the y recognize d 
tha t  a n opportunit y t o addres s th e suspende d subproble m ha d 
presente d itsel f  i n th e environment . 

What  processe s ar e responsibl e fo r  recognizin g suc h oppor -
tunities ? H o w ca n a  cognitiv e architectur e handl e thi s kin d o f 
processing ? Wha t  constraint s ar e there ,  i f  any ,  o n th e work -
ing s o f  thes e processes ? W e ar e studyin g thes e problem s i n th e 
contex t  o f  developin g a  cognitiv e mode l  fo r  creativ e design . 
Our  compute r  program ,  I M P R O V I S E R (Will s &  Kolodne r 
1994b) ,  wa s extende d i n orde r  t o hel p u s answe r  th e abov e 
questions . 

Our  exploratio n o f  creativ e desig n (Kolodne r  &  Will s 
1993a )  suggest s tha t  th e conceptua l  phase ,  i n whic h th e prob -
le m i s framed ,  play s a  ke y rol e i n designing .  I n thi s phase , 
whic h i s intersperse d throughou t  th e desig n process ,  th e prob -
le m situatio n i s assesse d an d th e give n proble m i s reformu -
late d an d restructured .  Whil e on e ca n organiz e th e subgoal s 
involve d i n conceptua l  desig n i n a  hierarchica l  structure ,  th e 
processin g o f  thes e subgoal s seem s fa r  mor e unstructured . 
Designer s ofte n begi n b y proposin g a  shallo w hierarchica l 
set  o f  subgoal s a s the y initiall y  formulat e th e wa y the y wil l 
solv e a  proble m (e.g. ,  th e artifac t  w e ar e designin g ha s thes e 
n part s o r  mechanisms ;  w e nee d t o desig n eac h one) .  The y 
continu e b y addressin g eac h o f  th e subgoals ,  on e a t  a  time . 
I t  i s  her e wher e th e organize d reasonin g break s down .  W h e n 
th e designe r  fail s t o solv e on e subproblem ,  he/sh e seem s t o 
suspen d i t  an d approac h anothe r  relate d subproble m (a s i n th e 
exampl e above) .  Sometime s th e nex t  subproble m i s simpl y a 
not-yet-considere d siblin g subgoa l  (a s whe n th e studen t  de -
signer s move d fro m designin g thei r  sprin g launc h mechanis m 
t o th e cushionin g fo r  th e eggs) ;  sometime s th e opportunit y t o 
go bac k t o a  suspende d subgoa l  i s recognize d (a s whe n th e 
toile t  pape r  holde r  wa s seen) . 

W h en w e conside r  th e incrementa l  an d recursiv e natur e o f 
thi s reasonin g process ,  w e ca n identif y on e wa y o f  recogniz -
in g tha t  a  previously-suspende d subgoa l  migh t  b e successfull y 
addressed .  Durin g consideratio n o f  a  ne w subproblem ,  th e de -
signe r  ha s t o conside r  interaction s wit h relate d subproblems , 
some o f  whic h hav e bee n suspende d previously .  Thi s ma y 
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provid e a  fres h vie w o f  th e suspende d proble m an d a  ne w wa y 
t o redescrib e it .  Redescriptio n o r  ne w insight s abou t  a  sub -
proble m gaine d durin g reasonin g trigge r  th e goa l  schedule r  t o 
unbloc k th e suspende d subproblem ,  allowin g already-know n 
solution s t o b e recalle d o r  ne w mean s o f  solvin g i t  t o b e rec -
ognized .  Thi s mean s o f  unblockin g a  suspende d goa l  i s  com -
pletel y unde r  th e contro l  o f  th e reasoner ,  whic h know s whic h 
subproblem s hav e bee n par t  o f  it s  mos t  recen t  reasoning . 

But  recognizin g i n th e toile t  pape r  holde r  th e opportunit y t o 
addres s a  suspende d goa l  require s additiona l  mechanism s tha t 
sca n th e environmen t  an d recogniz e whe n th e environmen t  i s 
providin g ne w insight s int o suspende d goals .  I f  th e numbe r 
of  suspende d goals ,  th e complexit y o f  th e environment ,  o r 
th e amoun t  o f  newnes s i n th e environmen t  i s high ,  suc h a 
mechanis m coul d easil y b e overwhelmed .  Th e mechanism s 
tha t  provid e thi s capabilit y  mus t  b e abl e t o dea l  wit h suc h 
complexity . 

Opportunity Recognition 

T h e P r o b l e m 

The prerequisit e fo r  opportunisti c behavio r  i s  th e existenc e o f 
suspende d goal s (problems) ,  goal s tha t  canno t  b e pursue d i n 
th e curren t  contex t  an d ar e postponed . 

An essentia l  componen t  o f  opportunisti c behavio r  i s  oppor -
tunit y recognition ,  recognitio n o f  thos e condition s tha t  facil -
itat e th e pursui t  o f  som e suspende d goal .  Bu t  opportunitie s 
see m t o appea r  whe n the y ar e no t  expected .  Th e studen t  de -
signers ,  fo r  example ,  ha d no t  previousl y though t  abou t  a  toile t 
pape r  holde r  functionin g a s a  collapsibl e tube .  Recognizin g 
th e opportunit y mean t  bot h noticin g th e toile t  pape r  holde r  an d 
recognizin g tha t  it s  mechanis m (whic h i s hidden )  include d a 
collapsibl e tube .  Mo r e tha n a  simpl e matchin g mechanis m i s 
needed . 

Birnbau m (1986 )  suggest s tw o centra l  problem s tha t  mus t 
be addresse d b y a  theor y o f  opportunisti c behavior :  (1 )  h o w 
t o detec t  opportunitie s an d (2 )  h o w t o "activate "  th e goal s t o 
whic h the y pertain .  A n importan t  issu e her e i s identifyin g 
ho w muc h an d wha t  kin d o f  processin g i s require d i n orde r 
t o recogniz e th e presenc e o f  th e feature s tha t  constitut e a n 
opportunity . 

A Critical Review 

Hayes-Rot h &  Hayes-Rot h (1979 )  propose d th e firs t  signifi -
can t  cognitiv e mode l  o f  opportunisti c behavior .  Thei r  mode l 
of  opportunisti c plannin g wa s inspire d b y protocol s o f  sub -
ject s plannin g a  hypothetica l  day' s errands .  Bu t  the y wer e 
most  concerne d wit h plannin g method s an d gav e littl e atten -
tio n t o recognitio n processes .  I n fact ,  th e experimente r  alway s 
mentione d opportunitie s t o th e subject s whe n the y overlooke d 
them ,  an d th e subject s neve r  trie d thei r  plan s i n th e rea l  world , 
so the y neve r  reall y deal t  wit h genuin e opportunitie s an d th e 
proble m o f  recognizin g them . 

Birnbau m (1986 )  gav e mor e attentio n t o recognitio n issues . 
He propose d th e menta l  note s model ,  i n whic h wheneve r  a 
goal  canno t  b e immediatel y satisfied ,  i t  i s  indexe d i n term s o f 
th e unme t  precondition s tha t  prevente d it s satisfaction .  H o w -
ever ,  a s h e point s out ,  i f  th e goa l  i s  indexe d to o specifically , 
the n ther e wil l  b e man y case s i n whic h i t  wil l  no t  b e recalle d 
eve n thoug h a n opportunit y fo r  it s  satisfactio n i s present ,  an d 
i f  th e goa l  i s  indexe d i n term s o f  mor e abstrac t  features ,  w e 

canno t  assum e tha t  th e agen t  wil l  automaticall y generat e th e 
abstrac t  descriptio n tha t  wil l  activat e th e goal . 

I n orde r  t o solv e th e abov e dilemm a withi n th e framewor k o f 
th e menta l  note s model ,  Birnbau m suggests '  spendin g som e 
effort ,  whe n th e goa l  i s  formed ,  t o determin e th e rang e o f 
situation s i n whic h i t  migh t  easil y b e satisfie d -  fo r  example , 
by constructin g severa l  incomplet e plan s fo r  th e goa l  i n orde r 
t o identif y th e relevan t  precondition s -  an d the n indexin g th e 
goal  i n term s o f  th e feature s tha t  migh t  aris e i n suc h situa -
tions .  Birnbau m &  Collin s (1984 )  als o sugges t  a n activ e goa l 
framework ,  wher e al l  th e goal s hav e th e abilit y  t o examin e 
th e curren t  situatio n an d t o initiat e inferenc e t o tes t  thei r  o w n 
relevance . 

Patalano ,  Seifer t  an d H a m m o nd (1992 )  criticiz e th e us e o f 
activ e goal s propose d b y Birnbau m &  Collins ,  claimin g tha t 
thi s approac h t o opportunisti c behavio r  i s  a n unlikel y expla -
natio n o f  huma n cognitiv e processe s becaus e o f  it s  computa -
tiona l  demands .  However ,  Patalano ,  Seifer t  an d H a m m o nd d o 
pic k u p o n Birnbaum' s indexin g scheme ,  callin g i t  predictiv e 
encoding .  Predictiv e encodin g stresse s th e importanc e o f  en -
codin g blocke d goal s i n m e m o r y i n suc h a  wa y tha t  the y wil l 
be recalle d b y condition s favorabl e fo r  thei r  solutions .  Thei r 
experimenta l  result s sho w evidenc e o f  thi s process . 

However ,  th e predictiv e encodin g hypothesi s seem s incom -
plete ,  becaus e i t  doe s no t  enabl e a  cognitiv e agen t  t o recognize 
opportunitie s othe r  tha n thos e whic h i t  i s  abl e t o anticipate . 
I n particular ,  i t  doe s no t  enabl e a n agen t  t o recogniz e nove l 
opportunities ,  whic h b y thei r  ver y nature ,  canno t  b e easil y 
anticipated .  Recognitio n o f  th e toile t  pape r  holde r  a s a  col -
lapsibl e tube ,  fo r  example ,  i s  nove l  i n tha t  thi s i s no t  th e wa y 
a toile t  pape r  holde r  i s generall y though t  of .  Simila r  issue s 
cause d Birnbau m &  Collin s (1984 )  t o conclud e tha t  i f  a n op -
portunit y i s t o b e detecte d a t  all ,  inferentia l  resource s mus t  b e 
allocate d t o th e goa l  recognitio n task . 

R a m &  Hunte r  (1992 )  suggeste d a  balanc e betwee n back -
war d chainin g a t  th e tim e o f  goa l  suspensio n an d forwar d 
chainin g a t  th e tim e o f  opportunit y recognition .  I n A Q U A ,  a 
set  o f  utilit y  metric s hav e bee n propose d i n orde r  t o m a k e a 
tradeof f  betwee n predictiv e encodin g an d activ e goals .  U n -
fortunately ,  thes e utilit y  metric s ar e ver y specifi c  t o stor y 
understanding . 

Thi s suggest s tha t  w e nee d activ e goal s i n orde r  t o recog -
niz e nove l  opportunities ,  bu t  w e nee d t o contro l  thei r  powe r 
and numbe r  t o mak e the m computationall y feasible .  W e nee d 
predictiv e encoding ,  bu t  w e als o nee d mor e powerfu l  infer -
entia l  capabilities .  W e hop e tha t  a n analysi s o f  th e exam -
pl e presente d previousl y ca n provid e insigh t  i n formulatin g a 
mechanis m wit h thes e properties . 

A Possible Solution 

W hy di d th e student s fai l  t o remembe r  th e toile t  pape r  holde r 
when the y wer e tryin g t o decid e wher e the y migh t  find a 
collapsibl e tube ,  an d wha t  allowe d the m t o recognize  i t  a s 
appropriat e whe n the y sa w it ? 

O ne possibl e reaso n w h y th e toile t  pape r  holde r  wa s no t  re -
calle d an d considere d whil e thinkin g abou t  collapsibl e tube s 
i s tha t  th e prob e tha t  ha d bee n constructe d (i.e. ,  th e ite m de -
scriptio n use d fo r  remembering )  wa s incompletel y specified . 
Consequently ,  the y retrieve d item s tha t  fulfille d primar y bu t 

'Birnbau m credit s Deh n (1989 )  wit h thi s idea . 
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not  secondar y characteristic s o f  th e prob e (e.g. ,  a  telescop e 
cost s to o m u c h an d a  campin g cu p ha s a  wron g shape) .  Af -
te r  ever y retrieva l  an d evaluatio n o f  a  n e w device ,  th e prob e 
was respecified ,  takin g int o consideratio n th e initiall y  ignore d 
constraint s (e.g. ,  w e wan t  somethin g lik e a  telescope ,  bu t 
cheaper) .  Thi s proces s wa s suspended ,  however ,  befor e th e 
toile t  pape r  holde r  wa s recalled . 

But  w h y wa s th e prob e inadequat e fo r  retrievin g suc h a 
c o m m on objec t  a s a  toile t  pape r  holder ? Ou r  explanatio n i s 
tha t  th e toile t  pape r  holde r  i s routinel y associate d wit h wha t 
it s purpos e i s i n th e bathroo m (holdin g toile t  pape r  rolls ) 
rathe r  tha n wit h h o w thi s functio n i s achieve d (b y mean s o f  a 
collapsibl e tub e wit h a  sprin g inside) .  I t  i s  no t  a  particularl y 
interestin g device ,  an d eve n thoug h w e se e i t  ever y day ,  mos t 
of  i t  i s  hidde n b y th e rol l  o f  paper .  Researc h show s tha t  i t  i s 
quit e difficul t  t o overcom e suc h functiona l  fixedness  (Maye r 
1970) ,  whic h associate s everyda y object s wit h thei r  obviou s 
functio n (holdin g a  pape r  rol l  i n th e cas e o f  th e toile t  pape r 
holder) .  Routinely ,  w e ignor e othe r  potentia l  use s tha t  ca n 
be derive d fro m th e structur e an d behavio r  o f  suc h everyda y 
objects .  O n c e w e hav e specifie d desire d criteri a i n a  probe ,  i t 
i s  eas y t o chec k the m agains t  a  specifi c  object .  Bu t  i f  thos e 
criteri a ar e differen t  tha n thos e use d t o describ e a n objec t  i n 
memory ,  recal l  won' t  happen . 

Case Index : 

Perceivable Properties: 

Prob e Description : 

Case Content : 

C2 

Functiona l  Properties : 

Use Hold Paper Roll 

I 

I 
I 
I 
I 
I 

.1 L . 

Rigid-Tube : 
Shape =  Cylindrica l 
Length-Variabilii y  = 

varie s 
Radius-Variabilit y  = 

constan t 

Structura l  Properties : 
Pans.  Cylinder s C I  an d C2 ;  Spnn g S 
Fits-Inside(Cl,C2 ) 
CI :  Solidity(Hollow ) 
C2:  Solidity(Hollow ) 
Compositio n o f  Cylinder s (C1C2 ) 

Solidity(Hollow ) 
Lengt h =  Length(S )  +  delt a 
Shape =  Cylindrica l 

Enclosed(S ,  C1C2 ) 
Behaviora l  Properties : 

States :  Steady .  Squeezed .  Res t 
Steady : 

Length(S )  <  Rest-Length(S ) 
Ungth(ClC2 )  =  Width(Wall-Fixture ) 

Squeezed : 
L.ength(ClC2 )  <  Width(Wall-Fixture ) 
LengihCC/C2 j  <  LengthfC2 j 

Rest : 
Length(ClC2 j  >  Width(Wall-Fixture ) 
Length !  S )  =  Rest-Length(S ) 

Figur e 1 :  Th e m a n y representation s o f  a  toile t  pape r  holde r 

Figure 1 shows this mismatch. The collapsible tube, as 

describe d afte r  manipulatin g th e spring s (se e th e P rob e D E -
SCRIPTION i n Figur e 1) ,  ha s th e structura l  propert y tha t  it s 
shap e i s cylindrica l  an d th e behaviora l  propert y tha t  it s  lengt h 
ca n vary .  Th e toile t  pape r  holder ,  o n th e othe r  hand ,  i s indexe d 
i n m e m o r y b y a  combinatio n o f  it s  Functiona l  Propertie s an d 
Perceivabl e Properties ,  show n a s INDE X i n Figur e 1 .  Thus , 
we canno t  retriev e th e C a s e C o n t e n t ,  namel y th e Structura l 
Propertie s an d Behaviora l  Propertie s o f  th e toile t  pape r  holde r 
by usin g th e P rob e Description . 

W h at  facilitate s recognitio n o f  th e opportunit y i n th e envi -
ronment ,  i.e. ,  recognitio n tha t  th e toile t  pape r  holde r  ca n fulfil l 
th e rol e o f  collapsibl e tube ? O n th e store' s shelf ,  on e ca n se e 
th e shap e o f  th e device .  Recognitio n procedure s perceiv e tha t 
i t  i s  a  collapsibl e tube ,  whic h matche s th e descriptio n fro m 
th e retrieva l  prob e an d presumabl y th e labe l  tha t  designate s 
what  need s t o b e encountere d t o unbloc k th e suspende d goal . 

But  wha t  processe s direc t  recognitio n procedure s t o atten d 
t o th e toile t  pape r  holde r  o n th e store' s shelf ? A n d wha t 
mechanism s allo w matchin g o f  somethin g i n th e environmen t 
t o a  goa l  tha t  i s  n o longe r  active ? W e k n o w tha t  m e m o r y 
searc h i s incrementa l  an d tha t  w h e n ou r  memorie s can' t  re -
triev e wha t  w e ar e askin g the m for ,  w e redescrib e wha t  w e ar e 
lookin g fo r  an d tr y again .  Bu t  whe n w e aren' t  makin g head -
way,  w e postpon e additiona l  retrieva l  unti l  mor e informatio n 
i s gathere d an d pursu e othe r  retrieva l  strategie s o r  subgoal s 
(William s &  Hollan ,  1981 ,  N o r m a n &  Bobrow ,  1979 ,  Kolod -
ner ,  1984) .  Similarl y (an d implie d b y predictiv e encoding) , 
we suspen d reasonin g subgoal s an d subproblem s tha t  depen d 
on postpone d retrieva l  strategie s an d unmatche d probes ,  mark -
in g the m wit h criteri a that ,  i f  encountered ,  predic t  tha t  the y 
shoul d b e reopene d (Patalano ,  Seifer t  an d H a m m o nd 1992) . 

We propos e tha t  whe n a n activ e subgoa l  (subproblem )  i s 
suspended ,  th e subgoa l  an d it s criteri a remai n i n workin g 
memory' s workin g stor e fo r  som e limite d time .  W e furthe r 
propos e tha t  goal s suspende d i n th e workin g m e m o r y con -
tinuousl y monito r  th e environment ,  lookin g fo r  matche s i n 
th e environmen t  t o th e specifie d criteria .  Furthermore ,  w e 
sugges t  tha t  ther e ar e onl y a  smal l  numbe r  o f  thes e activ e 
goals .  A  computationa l  mode l  wil l  provid e mor e detai l  o n 
thes e limitations . 

A Memory Model 

The Memory Architecture 

The major component of our computational model (presented 
i n Figur e 2 )  i s a  workin g m e m o r y ( W M ) ,  whic h communi -
cate s wit h bot h long-tim e m e m o r y ( L T M )  an d perceptua l  pro -
cesse s an d keep s trac k o f  recen t  reasonin g context .  A s Barsa -
lo u (1992 )  suggests ,  th e workin g m e m o r y mediate s betwee n 
short-ter m m e m o r y ( S T M )  an d th e activate d par t  o f  L T M . 
But  w e ad d significantl y t o Barsalou' s conception .  First ,  w e 
giv e th e W M a  structure .  Second ,  th e structur e integrate s 
component s o f  S T M wit h activate d portion s o f  L T M an d wit h 
perceptua l  mechanism s an d stores .  Third ,  thi s integrate d com -
ponen t  act s a s a  buffe r  fo r  L T M .  I t  i s  th e plac e wher e LTM ' s 
component s ar e manipulate d an d adapted .  Fourth ,  w e ad d a 
contro l  uni t  (matcher) ,  whic h ca n matc h (1 )  th e curren t  arti -
fac t  bein g reasonin g abou t  o r  (2 )  al l  th e suspende d problem s 
agains t  th e L T M representatio n o f  th e curren t  ite m presente d 
t o th e Recognize r 
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Figur e 2 :  Th e M e m o r y Architectur e 

Th e workin g m e m o r y tha t  emerge s ha s thre e parts :  (1 )  Fo -
cal  Stor e (FS) ,  ( 2 ) W M Contro l  uni t  (th e onl y par t  o f  th e contro l 
uni t  currentl y relevan t  i s  th e Matcher) ,  an d (3 )  Workin g Stor e 
(WS) . 

The Foca l  Stor e (FS )  hold s thre e items :  (1 )  th e curren t 
goal  o f  th e reasone r  (this-PROBLEM-CONTEXT) ,  (2 )  th e curren t 
object ,  artifac t  o r  ide a bein g reasone d abou t  (this-SKETCHY -
SPEC,  whic h i s simila r  t o th e PROBE DESCRIPTIO N i n Figur e 
1) ,  an d (3 )  th e representatio n o f  th e curren t  ite m presente d t o 
th e Recognizer ,  modul e (THIS-SBF-SPEC) ,  whic h i s retrieve d 
fro m L T M accordin g t o th e specificatio n generate d b y th e 
Recognizer . 

The workin g stor e i s mor e interestin g an d ha s fou r  parts . 

1.  A  connecte d grap h o f  relate d unsolve d subproblems ,  rep -
resente d a s subgoal s an d th e context s i n whic h the y ar e 
applicable ,  calle d proble m context s (represente d a s smal l 
rectangle s i n th e figure).  Thi s grap h migh t  b e a  subse t  o f  a 
proble m decompositio n store d i n L T M whe n th e proble m 
was previousl y considered ,  i t  m a y hav e bee n create d dur -
in g th e reasonin g session ,  o r  i t  m a y b e a  combinatio n o f  th e 
two .  Th e goa l  o f  th e reasonin g sessio n i s t o find  a  solutio n 
fo r  th e whol e grou p o f  relate d problems . 

2.  Backgroun d cues ,  whic h provid e a  histor y o f  concepts ,  de -
scriptions ,  features ,  an d object s tha t  hav e bee n considere d 
durin g reasonin g 

3.  A  lis t  o f  Suspende d Problems ,  eac h represente d b y a  prob -
le m contex t  tha t  include s th e relevan t  subgoal ,  th e contex t 
i n whic h i t  i s  bein g considered ,  an d th e still-incomplet e 
solutio n descriptio n (SKETCHY-SPECS) .  M o r e specifically . 

th e representatio n o f  suspende d subproblem s i s  modele d 
afte r  th e conten t  o f  proble m context s i n design .  A  proble m 
contex t  i n design ,  an d a  suspende d subproble m i n workin g 
memory ,  include s (1 )  a  se t  o f  goal s an d partiall y  ordere d 
constraint s tha t  solution s shoul d satisfy ;  (2 )  a  se t  o f  op -
tions ,  o r  alternative s fo r  achievin g thos e goals ^  ;  an d (3 )  a 
set  o f  relationship s describin g h o w th e option s satisf y th e 
constraints .  Thes e set s ar e incomplet e an d contai n a s m u c h 
as ha s bee n considere d s o fa r  i n addressin g th e goals . 

4.  A  lis t  o f  Solve d Problems ,  consistin g o f  proble m context s 
fo r  whic h solution s (SBF-SPECs )  hav e bee n found .  Thes e 
proble m context s hav e th e sam e structur e a s d o suspende d 
subproblems ,  bu t  thei r  solutio n description s ar e complete . 

This working memory structure, in effect, keeps track of the 
par t  o f  L T M activate d durin g a  reasonin g session .  A t  most , 
then ,  th e retentio n tim e o f  workin g m e m o r y i s a  fe w hours , 
requirin g onl y a  limite d capacit y (mor e wor k i s neede d befor e 
speculatin g o n h o w big) . 

T h e workin g stor e accommodate s severa l  subproblem s 
(PROBLEM-CTXs),  whic h ideall y ar e related ,  a t  th e sam e time . 
Thes e subproblem s ar e approache d on e a t  a  time ,  an d i f  th e 
curren t  on e canno t  b e solved ,  i t  i s  transferre d t o th e lis t  o f 
Suspende d Problems .  Solve d problem s ar e transferre d t o th e 
Solve d Problem s queue .  A  suspende d proble m i s character -
ize d b y a  no n elaborate d specificatio n (SKETCHY-SPEC) ,  whic h 

I n ou r  exampl e th e option s se t  include d a  telescope ,  a  campin g 
cu p an d a  slinky .  Thi s initia l  se t  o f  option s wa s gathere d b y probin g 
th e L T M wit h a  se t  o f  indexe s relevan t  t o th e contex t  goals . 
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Figur e 3 :  Th e Processin g Algorith m 

canno t  b e use d a s a  successfu l  inde x i n th e L T M .  A  proble m i s 
considere d solve d whe n th e Matche r  modul e recognize s tha t 
somethin g i n th e environmen t  o r  create d o n th e fly  fulfill s  th e 
requirement s formulate d i n a  SKETCHY-SPEC. 

Th e whol e syste m i s monitore d b y a  globa l  Contro l  module , 
whic h i s responsibl e fo r  th e flow  o f  proble m context s betwee n 
workin g memory ,  L T M ,  an d th e recognize r  module ,  whic h 
perceive s th e world .  W h e n a  reasonin g sessio n ends ,  th e 
contro l  modul e make s sur e tha t  relevan t  informatio n fro m th e 
W M update s th e structure s i n L T M . 

The Processing Algorithm 

Mediation between working memory, long-term memory, and 
perceptua l  processe s ar e ke y t o workin g memory' s function -
ing .  Fou r  contro l  component s (se e Figur e 3 )  ar e importan t 
t o usin g workin g m e m o r y well :  (1 )  Th e tas k schedule r  load s 
a grap h structur e ( a se t  o f  relate d subproblems )  i n th e Work -
in g Store .  (2 )  Th e goal-oriente d schedule r  use s th e grap h 
structur e an d th e set s o f  suspende d an d pendin g problem s t o 
choos e wha t  t o d o next .  A m o n g othe r  things ,  i t  suspend s 
subproblem s whe n n o headwa y i s bein g made ;  i t  reinstate s 
the m whe n thei r  indexe s (specs )  ar e matched .  (3 )  Opportu -
nit y recognitio n procedure s notic e opportunitie s t o reinstat e 
suspende d goal s an d sen d message s t o tha t  effec t  t o th e sched -
uler .  Thi s i s accomplishe d b y havin g perceptua l  function s 
(th e objec t  recognize r  i s  th e onl y on e o f  thes e i n th e schem e 
presented )  focu s thei r  attentio n base d o n th e sketch y spec s 
recorde d i n suspende d subproblems .  Fo r  example ,  th e ob -
jec t  recognize r  seek s t o identif y object s whos e description s 
partiall y  matc h th e sketch y spec s associate d wit h suspende d 
subproblems .  W h e n suc h a n objec t  i s  seen ,  th e recognize r 
ask s inferenc e procedure s i f  the y ca n quickl y determin e i f  th e 
objec t  ha s othe r  propertie s specifie d i n th e sketch y spec .  I f  so , 
th e opportunisti c componen t  notifie s th e goa l  schedule r  tha t 
a suspende d goa l  ough t  t o b e reinstated .  (4 )  Updat e mech -
anism s updat e th e structure s i n L T M base d o n recording s i n 

WM. 
W h en a  ne w proble m i s approached ,  a  hierarchica l  structur e 

i s propose d fo r  it .  Sometime s th e structur e i s alread y recorde d 
i n memory ;  sometime s i t  i s  o n paper ;  sometime s i t  mus t  b e 
constructe d -  w e don' t  conside r  tha t  issu e righ t  now .  A s a 

nex t  step ,  a  smal l  grou p o f  relate d subproblem s i s brough t  int o 
focu s an d loade d int o W M.  I t  i s  essentia l  tha t  thi s grou p i s kep t 
small ,  becaus e potentiall y  al l  o f  it s  component s ma y becom e 
activ e durin g reasonin g an d th e computationa l  deman d shoul d 
be limited .  Exactl y h o w thi s choic e o f  subproblem s i s mad e 
must  stil l  b e discovered ;  on e optio n i s t o brin g i n onl y th e 
most  connecte d se t  o f  relate d subproblem s an d onl y u p t o 
some smal l  threshold . 

I n ou r  example ,  w e assum e tha t  th e ful l  proble m (desig n o f 
a quic k transportatio n device )  ha s bee n considere d previousl y 
and tha t  ther e ar e a  se t  o f  subproblem s recorde d i n memory . 
I n th e sessio n w e focu s on ,  tw o subproblem s ar e brough t  t o 
attentio n an d loade d i n W M:  th e launchin g devic e proble m 
and th e cushionin g materia l  problem .  Th e grap h structur e i n 
W M ha s th e ful l  proble m a t  th e to p an d thes e tw o subproblem s 
hangin g of f  o f  i t  a s siblin g subproblems . 

O ne o f  th e subproblem s i s chose n fo r  focus ,  an d i t  i s  loade d 
int o th e Foca l  Stor e a s th e curren t  proble m (this-problem -
CTX) .  Here ,  th e launchin g devic e proble m i s chose n first. 
Reasonin g procedure s wor k o n thi s proble m unti l  i t  i s  solved , 
i n whic h cas e i t  i s  pu t  int o th e solve d problem s queue ,  o r  unti l 
no progres s ca n b e easil y made ,  i n whic h cas e i t  i s  adde d 
t o th e queu e o f  suspende d problems .  W h e n th e nee d fo r 
a collapsibl e tub e emerge d i n solvin g th e launchin g devic e 
problem ,  n o usefu l  devic e wa s recalle d fro m L T M ,  no r  wa s 
on e see m immediatel y o n th e shelve s o f  th e store .  Thus , 
thi s subproble m i s suspended .  Th e descriptio n create d o f  th e 
collapsibl e tub e (th e prob e i n Figur e 1 )  i s  use d a s th e SKETCHY-
SPEC fo r  thi s suspende d problem .  W h e n a  subproble m i s 
suspended ,  a  ne w proble m i s chose n t o wor k on .  Here ,  th e 
cushionin g subproble m i s selected ,  an d reasonin g procedure s 
begi n workin g o n it . 

At  th e sam e time ,  perceptua l  function s ar e scannin g th e en -
vironment ,  lookin g particularl y fo r  thing s tha t  partiall y  matc h 
sketch y spec s o f  suspende d problems ^  I n ou r  case ,  th e objec t 
recognize r  notice s th e toile t  pape r  holde r  o n th e shel f  o f  th e 

Î n fact ,  th e sketch y spec s ar e relate d wit h th e visua l  image s o f 
th e option s considere d s o fa r  (telescope ,  campin g cu p an d slink y i n 
our  example) .  Primin g processe s recogniz e som e o f  thes e option s 
when th e visua l  recognize r  i s  scannin g th e environmen t  (sometime s 
spuriously) .  Indirectly ,  th e associate d sketch y spec s ar e remembered . 
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store .  Th e T P H matche s th e collapsibl e tub e specificatio n 
becaus e i t  i s  cylindrica l  an d a  rigid  tube .  Thi s i s enoug h o f  a 
partia l  matc h t o th e recorde d sketch y spe c tha t  i t  ask s infer -
enc e procedure s whethe r  th e T P H als o ha s variabl e length .  A 
simpl e sca n o f  th e ful l  representatio n o f  a  T P H (i.e. ,  th e on e 
i n L T M tha t  include s behaviora l  an d structura l  information ) 
supplie s a  positiv e answe r  (w e kno w tha t  a  T P H ha s t o b e 
compresse d i n orde r  t o b e assemble d t o provid e support) . 

W h en a  subproble m become s unblocke d du e t o ne w infor -
matio n becomin g available ,  th e goa l  schedule r  unblock s th e 
suspende d proble m an d ask s reasonin g mechanism s t o pro -
cee d i n reasonin g abou t  it .  Thi s i s wha t  happen s wit h th e 
launchin g devic e problem . 

Status and Open Issues 

The workin g memor y mode l  discusse d her e i s implemente d a s 
par t  o f  th e I M P R O V I S E R syste m (Will s &  Kolodne r  1994a , 
1994b) .  Ou r  origina l  inten t  wa s t o exten d I M P R O V I S E R t o 
allo w i t  t o handl e an d maintai n multipl e pendin g proble m 
contexts .  However ,  w e soo n realize d tha t  handlin g multipl e 
proble m context s wa s a  memor y proble m an d tha t  th e mech -
anis m tha t  woul d allo w tha t  coul d als o b e use d t o explai n a t 
leas t  som e case s o f  opportunit y recognition .  W e suspec t  tha t 
thi s approac h wil l  als o provid e u s wit h way s o f  explainin g for -
gettin g durin g a  lon g reasonin g sessio n an d th e "freshness " 
tha t  reasoner s fee l  whe n comin g bac k t o a  proble m afte r  let -
tin g i t  res t  fo r  severa l  hour s o r  days .  Bu t  mor e exploratio n i s 
neede d befor e w e hav e goo d explanatio n fo r  eithe r  o f  thes e 
phenomena .  Indeed ,  w e don' t  ye t  hav e a  ful l  explanatio n o f 
th e constraint s o n memor y i n handlin g multipl e context s an d 
i n maintainin g contro l  o f  th e activ e goal s involve d i n oppor -
tunisti c recognition .  W e d o believe ,  however ,  tha t  w e hav e 
propose d a  framewor k withi n whic h thes e question s ca n b e 
answere d quit e nicely .  W e loo k forwar d bot h t o continue d 
computationa l  modelin g an d continue d experimentatio n o n 
peopl e t o answe r  thes e questions . 
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