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Abstrac t 

Perseverative subgoaling, the repeated successful solution of 
subgoals ,  i s a  commo n featur e o f  muc h proble m solving ,  an d 
it s pervasiv e natur e suggest s tha t  i t  i s  a n emergen t  propert y 
of  a  proble m solvin g architecture .  Thi s pape r  present s a  se t 
of  minima l  requirement s o n a  productio n syste m architectur e 
fo r  proble m solvin g whic h wil l  allo w perseverativ e subgoalin g 
whils t  guaranteein g th e possibilit y  o f  recover y fro m suc h situ -
ations .  Th e fundamenta l  clai m i s tha t  perseverativ e subgoalin g 
arise s durin g proble m solvin g whe n th e result s  o f  subgoal s ar e 
forgotte n befor e the y ca n b e used .  Thi s prompt s furthe r  at -
tempt s a t  th e offendin g subgoals .  I n orde r  fo r  suc h attempt s t o 
be effective ,  however ,  th e productio n syste m mus t  satisf y thre e 
requirement s concernin g workin g memor y structure ,  produc -
tio n structure ,  an d memor y decay .  Th e minima l  requirement s 
ar e embodie d i n a  mode l  (develope d withi n th e COGENT mod -
ellin g software )  whic h i s explore d wit h respec t  t o th e tas k o f 
multicolum n addition .  Th e inter-relationshi p betwee n memor y 
deca y an d tas k difficult y withi n thi s tas k (measure d i n term s o f 
th e numbe r  o f  columns )  i s discussed . 

Introduction 

Sinc e th e wor k o f  Newel l  &  Simo n (1972) ,  productio n syste m 
model s hav e bee n successfull y use d t o accoun t  fo r  a  numbe r 
of  aspect s o f  huma n proble m solving .  M u c h o f  thi s wor k ha s 
been brough t  togethe r  withi n Soa r  (Laird ,  Newel l  &  Rosen -
bloom ,  1987 ;  Newell ,  1990) ,  a  researc h programm e aime d a t 
modellin g al l  aspect s o f  cognitio n withi n a  singl e productio n 
syste m architecture .  Centra l  t o th e Soa r  productio n syste m 
approac h i s  th e p m b l e m spac e computationa l  mode l  (Newell , 
1990) ,  a  mode l  o f  cognitiv e processin g whic h embodie s a 
number  o f  finding s concernin g h u m a n proble m solving .  Ac -
cordin g t o thi s model ,  proble m solvin g (an d cognitio n i n gen -
eral )  involve s th e sequentia l  applicatio n o f  operator s t o a  state , 
successivel y modifyin g tha t  stat e unti l  a  goa l  stat e i s reache d 
or  som e goa l  conditio n i s satisfied . 

Withi n th e proble m spac e computationa l  mode l  i t  i s  as -
sumed that ,  du e t o capacit y limitations ,  onl y a  singl e stat e ca n 
be represente d withi n workin g m e m o r y a t  a  time .  Thi s singl e 
stat e principl e i s hel d t o accoun t  fo r  on e strateg y c o m m o n 
i n searc h intensiv e proble m solving :  progressiv e deepenin g 
(see ,  e.g. ,  Newell ,  1990) .  Progressiv e deepenin g i s charac -
terise d b y th e initia l  shallo w investigatio n o f  alternativ e solu -
tio n paths ,  followe d b y th e eliminatio n o f  som e solutio n path s 
and th e furthe r  investigatio n o f  thos e remaining .  Criticall y 
t o th e curren t  work ,  progressiv e deepenin g typicall y involve s 
th e repeate d solutio n o f  th e sam e subgoal s a s th e searc h spac e 
i s explored .  W e refe r  t o th e proces s o f  solvin g a  subgoa l  re -

peatedl y a s perseverativ e subgoaling .  Not e that ,  a s define d 
here ,  perseverativ e subgoalin g i s no t  th e sam e a s progressiv e 
deepening .  Perseverativ e subgoalin g i s a  phenomeno n tha t  oc -
cur s a s a  consequenc e o f  progressiv e deepening ,  bu t  ther e i s 
mor e t o progressiv e deepenin g tha n perseverativ e subgoaling , 
and ,  crucially ,  ther e i s n o a  prior i  reaso n w h y perseverativ e 
subgoalin g shoul d b e restricte d t o situation s involvin g pro -
gressiv e deepening .  Wit h thi s i n mind ,  i t  i s clea r  that ,  despit e 
th e wel l  establishe d natur e o f  progressiv e deepenin g a s a  cog -
nitiv e searc h strategy ,  i t  ca n onl y accoun t  fo r  perseverativ e 
subgoalin g unde r  condition s whic h involv e s o m e degre e o f 
searc h o r  look-ahead .  Thoug h empirica l  evidenc e i s scarce , 
th e researc h reported ,  an d mode l  developed ,  her e ar e founde d 
on th e clai m tha t  perseverativ e subgoalin g occur s i n situation s 
whic h d o no t  involv e searc h (bu t  whic h ar e nevertheles s work -
in g m e m o r y intensive) ,  an d a s such ,  i n a t  leas t  s o m e cases , 
perseverativ e subgoalin g canno t  b e explaine d b y a n appea l  t o 
th e singl e stat e principle .  W h e n perseverativ e subgoaUn g oc -
cur s i n search-fi'e e tasks ,  a n alternat e explanatio n i s required . 

Th e fac t  tha t  th e Soa r  researc h communit y appeal s t o th e 
singl e stat e principl e i n orde r  t o accoun t  fo r  progressiv e deep -
enin g indicate s tha t  the y ar e sensitiv e t o th e issu e o f  workin g 
m e m o ry capacity .  However ,  th e singl e stat e principl e oper -
ate s a t  th e leve l  o f  th e proble m spac e computationa l  model .  I t 
doe s no t  operat e a t  th e leve l  o f  th e productio n syste m archi -
tectur e whic h i s hel d t o implemen t  th e proble m spac e com -
putationa l  model .  Th e underlyin g productio n syste m archi -
tectur e i s assume d t o hav e a  workin g m e m o r y whic h i s no t 
capacit y bound .  Thi s assumptio n o f  a n unlimite d workin g 
m e m o ry withi n Soar' s productio n syste m bas e i s on e archi -
tectura l  assumptio n whic h ha s bee n challenge d o n th e ground s 
tha t  i t  lack s psychologica l  plausibilit y  (cf .  Coope r  &  Shallice , 
1995) . 

I n orde r  t o explor e th e exten t  t o whic h unlimite d work -
in g m e m o r y i s critica l  t o Soar' s performance ,  earlie r  wor k 
(Cooper ,  Fox ,  Farringdo n &  Shallice ,  i n press )  explore d 
a numbe r  o f  potentia l  mechanism s fo r  reducin g th e work -
in g m e m o r y requirement s o f  th e underlyin g productio n sys -
tem .  Severa l  sof t  constraint s o n workin g m e m o r y capac -
it y (generall y form s o f  m e m o r y decay )  wer e implemente d 
and th e resultin g performanc e compare d withi n a n empiri -
cal/computationa l  methodolog y (cf .  Cohen ,  1995) .  I t  wa s 
observe d tha t  on e suc h mechanis m (probabilisti c  deca y o f 
refractor y m e m o r y elements )  lea d t o a  syste m which ,  o n oc -
casions ,  exhibite d perseverativ e subgoaUn g (independentl y o f 
progressiv e deepening) .  However ,  unlik e h u m a n proble m 
solvers ,  onl y rarel y wa s th e modifie d Soa r  syste m abl e t o 
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recove r  fro m thi s subgoalin g an d solv e th e origina l  task .  In -
stead ,  proble m solvin g woul d ofte n breakdow n irrecoverably , 
wit h th e syste m resortin g t o it s defaul t  behaviour . 

Th e wor k reporte d her e fiuthe r  investigate s perseverativ e 
subgoalin g i n productio n syste m architectures .  However , 
rathe r  tha n adoptin g th e Soa r  researc h strateg y o f  develop -
ing ,  exploring ,  an d possibl y extending ,  a  comple x productio n 
syste m i n orde r  t o generalis e th e domain s tha t  i t  m a y accoun t 
fo r  ( a strateg y whic h ha s receive d substantia l  criticism :  se e 
Coope r  &  Shallic e (1995 )  an d reference s cite d therein) ,  a n 
alternat e strateg y — tha t  o f  attemptin g t o determin e mini -
mal  requirement s fo r  th e behaviou r  i n questio n — ha s bee n 
adopted .  Thi s strateg y i s founde d o n th e fac t  that ,  give n th e 
leve l  a t  whic h psychologica l  theorisin g take s place ,  an y com -
putationa l  mode l  wil l  necessaril y  includ e aspect s whic h ar e 
not  theoreticall y motivate d (i.e. ,  implementatio n details) .  I t 
i s  therefor e no t  sufficien t  t o simpl y demonstrat e tha t  a  par -
ticula r  mode l  m a y simulat e interestin g behaviour .  Rather ,  i t 
i s  necessar y t o k n o w whic h aspect s o f  tha t  mode l  lea d t o th e 
interestin g behaviour ,  an d whic h aspect s ar e necessar y onl y 
fo r  th e purpose s o f  implementation .  (Fo r  mor e detail s an d jus -
tifie d o f  thi s strategy ,  se e Coope r  e t  al .  (i n press). )  Th e ai m 
of  thi s work ,  then ,  i s t o determin e minima l  requirement s o n a 
productio n syste m architectur e (irrespectiv e o f  thei r  manifes -
tatio n i n an y particula r  productio n system )  whic h wil l  allo w 
recoverabl e perseverativ e error s withou t  substantiall y  increas -
in g th e likelihoo d o f  proble m solvin g failure . 

"Di e assumptio n o f  a  productio n syste m architectur e a s a n 
appropriat e startin g poin t  i s justifie d b y th e succes s o f  suc h 
architecture s i n modellin g othe r  aspect s o f  proble m solvin g 
behaviou r  (a s note d above) .  T w o obviou s competitor s t o thi s 
startin g poin t  ar e analogica l  approache s an d connectionis t  ap -
proaches .  Connectionis t  approaches ,  highl y popula r  i n othe r 
domain s o f  cognitiv e science ,  hav e offere d fe w insight s int o 
proble m solving ,  bein g limite d mainl y t o th e implementatio n 
of  productio n system s (e.g. ,  Touretzk y &  Hinton ,  1988 )  an d 
analogica l  model s (e.g. ,  Holyoa k &  Thagard ,  1989) .  Ana -
logica l  approache s t o proble m solvin g (e.g. ,  Centner ,  1983 ; 
Keane ,  1988 )  offe r  a  mor e seriou s alternative .  Thoug h the y 
hav e generall y onl y bee n applie d withi n proble m solvin g sit -
uation s wher e som e varian t  o f  case-base d reasonin g i s suf -
ficient  (i.e. ,  wher e a  sequenc e o f  proble m solvin g decision s 
i s no t  required) ,  perseverativ e subgoalin g shoul d fal l  withi n 
thei r  remit ,  an d ftiture  wor k m a y explor e h o w perseverativ e 
subgoalin g migh t  aris e i n suc h systems . 

Requirements for Perseverative Subgoaling 

In order to develop a minimal model of perseverative subgoal-
in g i t  i s necessar y t o understan d w h y thi s behaviou r  occurre d 
when Soa r  wa s modifie d a s mentione d above .  I t  i s als o nec -
essar y t o understan d w h y perseverativ e subgoalin g wa s onl y 
observe d relativel y rarel y i n th e modifie d system .  Eac h o f 
thes e issue s ca n b e understoo d i n th e contex t  o f  a  simpler , 
mor e standard ,  productio n system . 

A typica l  productio n syste m (see ,  fo r  example ,  Chamia k 
& McEtermott ,  1985 )  employ s tw o primar y m e m o r y compo -
nents :  a  productio n m e m o r y (whic h contain s schemati c con -
dition/actio n rule s correspondin g t o proble m solvin g knowl -
edge )  an d a  workin g m e m o r y (whic h contain s a  representatio n 
of  th e curren t  proble m solvin g stat e an d whic h ca n trigge r  in -

stance s o f  rule s i n productio n memory ) .  Processin g i s cycli c 
and consist s o f  repeatedl y selectin g a  rul e fro m productio n 
memory whos e condition s ar e satisfie d b y th e content s o f 
workin g memory ,  an d executin g tha t  rule .  Thi s typicall y re -
sult s i n th e additio n o r  deletio n o f  element s fro m workin g 
memory,  an d henc e lead s t o furthe r  productio n rule s becom -
in g applicable .  Mos t  productio n system s als o emplo y a  thir d 
memory component ,  a  refractor y memory .  Thi s memor y con -
tain s th e se t  o f  instance s o f  rul e whic h hav e alread y bee n 
employe d i n th e curren t  episod e o f  proble m solving ,  an d i s 
necessar y becaus e i t  prevent s a  singl e se t  o f  workin g memor y 
element s from  causin g a  singl e productio n rul e t o b e execute d 
mor e tha n once .  T o accommodat e a  refractor y memor y th e 
processin g cycl e mus t  b e modifie d slightly :  selectio n o f  a n 
applicabl e rul e from  productio n m e m o r y mus t  b e limite d t o 
instance s o f  rule s whic h hav e no t  previousl y bee n executed , 
and whe n a n instanc e o f  a  productio n rul e i s executed ,  ele -
ment s shoul d b e adde d t o an d delete d from  workin g memor y 
as usual ,  bu t  th e instanc e o f  th e rul e mus t  als o adde d t o re -
fractory  memory . 

Withi n Soar ,  thi s pictur e i s somewha t  mor e complicated . 
Variou s processe s exis t  whic h modulat e th e effect s o f  pro -
ductio n firing  o n workin g memor y (mos t  notabl y th e decisio n 
phase) .  Thes e complications ,  however ,  ar e no t  german e t o th e 
issu e o f  perseverativ e subgoaling ,  an d ar e avoide d her e i n th e 
interest s o f  clarity . 

Returnin g the n t o th e issu e o f  perseverativ e subgoaling , 
th e for m o f  memor y deca y i n Soa r  unde r  whic h lea d t o thi s 
phenomeno n consiste d o f  a  probabilisti c  deca y o f  refractor y 
memory elements ,  togethe r  wit h th e remova l  from  workin g 
memory o f  an y element s tha t  wer e adde d b y th e executio n 
of  th e decaye d refractor y memor y elements .  Thus ,  o n eac h 
proble m solvin g cycle ,  ther e wa s a  smal l  chang e (typicall y 
of  th e orde r  o f  1  chanc e i n 500 )  tha t  eac h refractor y memor y 
elemen t  woul d deca y (i.e. ,  vanis h from  refractor y memory) . 
I f  a  refractor y memor y elemen t  r  di d decay ,  the n al l  thos e ele -
ment s whic h wer e i n workin g m e m o r y a t  th e tim e o f  th e deca y 
and whic h ha d bee n adde d b y th e rul e firing  correspondin g t o 
r  wer e als o remove d from  workin g memory .  Thi s mechanis m 
was designe d t o enforc e som e kin d o f  deca y o n workin g mem-
or y element s (a s i s ofte n argue d fo r  o n psychologica l  grounds) , 
but  a t  th e sam e tim e t o allo w decaye d element s t o b e replace d 
i f  necessar y b y th e repeate d firing  o f  th e instantiatio n o f  th e 
productio n rul e whic h originall y lea d t o thei r  creation .  Th e 
constrain t  i s  a  sof t  constrain t  o n workin g memor y size .  I t 
doe s no t  strictl y limi t  th e capacit y o f  workin g memory ,  bu t 
shoul d effectivel y reduc e th e cardinalit y o f  workin g memor y 
by implementin g th e psychologicall y plausibl e assumptio n 
tha t  workin g memor y i s a n imperfec t  storag e device . 

I t  shoul d b e clea r  tha t  perseverativ e subgoalin g i s a  con -
ceivabl e consequenc e o f  refractor y memor y decay .  If ,  afte r 
a subgoa l  ha s bee n solved ,  th e refractor y memor y elemen t 
whic h lea d t o th e subgoal' s answe r  wer e t o decay ,  the n th e 
subgoal' s answe r  woul d disappea r  fro m workin g memor y an d 
i t  woul d b e necessar y t o repea t  th e proble m solvin g necessar y 
t o determin e tha t  answer .  Thi s woul d b e possibl e becaus e th e 
refractor y memor y element s whic h woul d normall y preven t 
repetitio n wil l  als o b e absent .  Perseverativ e subgoalin g wa s 
not ,  however ,  th e origina l  intentio n (o r  eve n a  prediction )  o f 
th e introductio n o f  thi s for m o f  decay .  I t  wa s observe d pos t 
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hoc t o aris e o n a  smal l  numbe r  o f  trails .  Mor e frequently , 
refractor y memor y deca y wa s observe d t o lea d t o complet e 
proble m solvin g breakdown .  Oetaile d analysi s o f  th e cause s 
of  suc h breakdown s indicate s tha t  tw o additiona l  propertie s 
ar e require d o f  a  productio n syste m i f  i t  i s t o b e subjec t  t o re -
coverabl e perseverativ e subgoaling :  firstly ,  productio n rule s 
must  b e "fine-grained "  (i n a  sens e t o b e elaborate d below) , 
and secondly ,  memor y deca y mus t  no t  resul t  i n disconnecte d 
subgoals . 

The requiremen t  o n th e granularit y o f  productio n rule s m a y 
be state d mor e formall y  a s th e requiremen t  tha t  n o productio n 
may ad d mor e tha n on e elemen t  t o workin g memory ,  an d tha t 
al l  production s mus t  explicitl y  lis t  i n thei r  condition s eac h 
workin g memor y elemen t  whic h mus t  b e presen t  fo r  thei r 
application .  Thes e restriction s m a y b e rationalise d informall y 
by notin g tha t  th e condition s o f  al l  rule s mus t  b e sensitiv e t o th e 
possibilit y  tha t  workin g memor y m a y no t  b e complete .  Rule s 
can therefor e no t  assum e tha t  th e presenc e o f  on e workin g 
memory elemen t  wil l  guarante e tha t  othe r  workin g memor y 
element s wil l  necessaril y  b e present .  Indeed ,  th e frequen t 
breakdow n o f  proble m solvin g withi n Soa r  wit h refractor y 
memory deca y ca n b e trace d t o suc h dependencie s i n Soar' s 
defaul t  production s (th e production s whic h contro l  standar d 
proble m solvin g heuristics) .  Thi s  i s no t  intende d a s a  criticis m 
of  Soar :  th e assumption s embodie d i n th e defaul t  rule s ar e 
vali d i n th e normall y functionin g system ,  althoug h leavin g 
the m implici t  doe s mea n tha t  eac h rul e canno t  b e understoo d 
i n purel y declarativ e terms . 

The prohibitio n o n disconnecte d subgoal s i s necessar y t o 
preven t  proble m solvin g fro m stallin g afte r  successfu l  com -
pletio n o f  a  disconnecte d subgoal .  Effectivel y th e constrain t 
state s tha t  th e syste m canno t  forge t  w h y i t  i s  attemptin g t o 
solv e a  subgoal. *  Withou t  thi s constrain t  (an d assumin g tha t 
proble m solvin g i s unde r  th e servic e o f  a  goa l  stack) ,  situa -
tion s coul d aris e i n whic h n o goa l  woul d b e withi n th e curren t 
focus .  Th e syste m coul d successfull y solv e a  subgoal ,  bu t 
the n b e lef t  no t  knowin g wha t  t o d o next .  I n Soar ,  wit h 
refractor y memor y decay ,  thi s constrain t  i s satisfie d becaus e 
goal/subgoa l  relation s ar e no t  create d b y productio n firing.  A s 
such ,  thos e relation s canno t  b e delete d whe n refractor y m e m-
or y element s decay .  However ,  i n mor e standar d productio n 
system s (i n whic h production s ca n explicitl y  se t  subgoals )  thi s 
constrain t  coul d b e violated . 

A Model of Perseverative Subgoaling 

C O G E N T:  T h e Model l in g Enviroimien t 

The mode l  presente d her e wa s develope d usin g th e cogen t 
modellin g software .  C O G E NT (previousl y know n a s GOOSE: 
cf .  Cooper ,  1995 )  wa s develope d firom  th e Scepti c executabl e 
specificatio n languag e (Hajnal ,  Fo x &  Krause ,  1989 ;  Coope r 
& Farringdon ,  1993 )  i n wor k aime d a t  improvin g th e method -
olog y o f  computationa l  modellin g (cf .  Cooper ,  etai ,  i n press) . 
I t  provide s a  se t  o f  cognitiv e "objects "  (i n th e object-oriente d 
sense )  an d a  graphica l  editor .  Together ,  thes e allo w th e spec -
ificatio n o f  executabl e model s i n th e box/arro w style .  Thi s 
style ,  i t  i s  argued ,  i s mor e aki n t o tha t  use d b y experimen -
ta l  psychologist s i n outlinin g thei r  theorie s o f  processin g tha n 
traditiona l  programmin g languages ,  an d a s suc h allow s a  mor e 

direc t  an d perspicuou s mappin g betwee n theor y an d imple -
mentation .  I n addition ,  CXXDENT i s a  ste p toward s reducin g th e 
compute r  skill s  require d o f  psychologist s w h o wis h t o develo p 
thei r  o w n computationa l  models . 

The specificatio n o f  a  mode l  i n C O G E NT involve s firstly 
drawin g th e appropriat e box/arro w diagra m (wit h th e ai d o f 
th e graphica l  editor )  an d the n specifyin g propertie s an d othe r 
detail s fo r  th e individua l  boxe s employe d i n th e diagram . 
The provisio n o f  a  se t  o f  basi c bo x classe s (represente d b y 
differen t  shape d boxes) ,  togethe r  wit h th e us e o f  technique s 
fro m object-oriente d programming ,  minimise s th e effor t  i n 
specifyin g propertie s an d standardise s th e definition s o f  th e 
fundamenta l  bo x classe s employe d i n a  mode l  (cf .  Cooper , 
1995) .  Apar t  fro m th e wor k reporte d here ,  th e environmen t 
has bee n employe d i n th e developmen t  o f  model s o f  concep t 
combinatio n (Coope r  &  Franks ,  1996) ,  prospectiv e m e m o r y 
(Ellis ,  ShalUc e an d Cooper ,  i n submission) ,  th e interactio n o f 
memory recal l  an d decisio n makin g (cf .  Fox ,  1980) ,  an d th e 
creatio n o f  lon g ter m m e m o r y record s (cf .  Morton ,  H a m m e r -
sle y &  Bekerian ,  1985) .  Detail s o f  C O G E NT availabilit y  an d 
syste m requirement s ar e availabl e fro m th e author . 

The Functional Modules 

The basi c uni t  o f  COGENT i s th e cognitiv e object .  Thi s i s th e 
software' s equivalen t  o f  a  psychologist' s  functiona l  module . 
I n th e productio n syste m mode l  reporte d here ,  fou r  majo r 
functiona l  module s wer e employed :  Tas k Control ,  Workin g 
M e m o r y ,  Perceptua l  Buffer ,  an d M e m o r y Decay .  A  fifth  ob -
ject ,  Transcript ,  w a s use d t o recor d th e model' s behaviour . 
Figur e 1  show s th e connectivit y o f  th e modules . 

Bufft r  \ 
Perceptua l  J 

Task 
Contro l 

Transcrip t 

Workin g 
Memory 

Memory 
Decay 

CD 
<=̂  
O 

= buffe r 
= proces s 
= dat a sin k 

Legen d 
A —B =  A  sends/write s t o B 
A — <B =  A  read s fio m B 

M a m indebte d t o a n anonymou s reviewe r  fo r  thi s locution . 

Figur e 1 :  T h e simplifie d productio n syste m i n C O G E NT 

Refractory memory and refractory memory decay were not 
explicitl y  modelled .  Instead ,  a  simple r  alternativ e w a s e m -
ploye d i n whic h productio n rule s wer e no t  refracte d (an d s o 
an y instantiatio n o f  a  productio n rul e coul d fir e an y n u m b e r  o f 
times) ,  bu t  wer e modifie d s o a s t o includ e i n thei r  condition s 
th e logica l  negatio n o f  thei r  actions .  T h u s a  rul e whic h adde d 
an elemen t  t o workin g m e m o r y w a s modifie d t o includ e a n 
explici t  chec k tha t  th e elemen t  i n questio n w a s no t  alread y i n 
workin g m e m o r y .  Deca y w a s the n impose d o n workin g m e m -
ory .  Thi s scheme ,  whic h wit h th e productio n rule s emp loye d 
i n th e curren t  mode l  i s equivalen t  t o refractor y m e m o r y decay , 
lead s t o a  numbe r  o f  simplification s i n th e basi c productio n 
syste m architectur e (suc h a s removin g th e requiremen t  fo r  a 
refractor y m e m o r y an d a n associate d tes t  agains t  thi s m e m o r y 
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durin g th e selectio n o f  production s t o execute) ,  an d i s consis -
ten t  wit h th e goa l  o f  demonstratin g minima l  requirement s fo r 
perseverativ e subgoaling . 

Tas k Contro l  Mos t  o f  th e standar d productio n syste m pro -
cessin g i s performe d b y a  singl e COGENT object :  a  rule-base d 
process .  Thi s objec t  i s  a n instanc e o f  a  standar d objec t  clas s 
provide d b y COGENT,  an d it s behaviou r  i s full y  determine d b y 
a se t  o f  production-lik e rule s whic h rea d fro m an d writ e t o 
othe r  object s i n th e mode l  (i n particular ,  Workin g Memory) . 
Th e proces s operate s i n a  cycli c manne r  bu t  withou t  an y for m 
of  conflic t  resolution .  Thu s severa l  rule s may ,  i n principle , 
fire  o n a  singl e cycle . 

Task Contro l  contain s five  declarativ e rules ,  eac h o f  whic h 
i s tas k independent .  Togethe r  the y embod y a  genera l  approac h 
t o task s wit h a  fixed  (an d known )  goal/subgoa l  structure .  I n 
summary ,  th e function s o f  th e rule s are : 

1.  focu s o n th e firs t  unresolve d chil d o f  th e lowes t  unresolve d 
goal ; 

2.  directl y execut e a  childles s goa l  (i.e. ,  a  primitiv e operator) ; 

3. merge the results of a goal's subgoals to give the results of 
th e goal ; 

4.  delet e intermediat e subgoa l  result s i f  a  goal' s resul t  i s 
known ;  an d 

S.  delet e intermediat e subgoal s i f  a  goal' s resul t  i s  known ; 

Al l  rule s modif y Workin g M e m o r y b y addin g o r  deletin g in -
formatio n abou t  goal/subgoa l  relationship s o r  goal/resul t  rela -
tionships .  Th e rule s ar e no t  refracted ,  bu t  ar e full y  declarative , 
so fir e onl y unde r  appropriat e condition s (includin g whe n thei r 
consequen t  element s deca y fro m workin g memory ) . 

Thre e additiona l  piece s o f  informatio n ar e require d i n orde r 
t o execut e a  specifi c  task :  th e task' s goal/subgoa l  structure , 
th e mean s o f  effectin g al l  lowes t  leve l  goals ,  an d th e mean s 
of  assemblin g th e resolutio n o f  a  goal' s subgoal s int o th e 
resolutio n o f  tha t  goal .  Thi s additiona l  informatio n i s als o 
associate d wit h Tas k Contro l  i n th e for m o f  Prolo g conditions . 

Work in g M e m o r y Workin g m e m o r y i s modelle d b y a n un -
limite d capacit y (symbolic )  buffe r  — anothe r  standar d clas s 
of  objec t  provide d b y COGENT.  Element s ar e adde d to ,  an d 
delete d from ,  thi s buffe r  b y Tas k Control ,  whic h als o matche s 
informatio n i n th e buffe r  whe n determinin g whic h rule s t o 
fire.  Not e tha t  n o explici t  constrain t  i s  place d o n th e buffe r 
capacity .  A  fixed  capacit y workin g m e m o r y woul d b e n o mor e 
psychologicall y plausibl e tha n a n unlimite d capacit y workin g 
memory.  Th e curren t  wor k therefor e employ s a  sof t  constrain t 
derive d fi-om  workin g m e m o r y deca y (explicitl y  modelle d b y 
anothe r  process) .  Assumin g ̂ a t  element s ca n onl y b e adde d 
t o Workin g M e m o r y a t  a  finite  rate ,  a  hig h deca y rat e wil l 
naturall y lea d t o a  lo w (bu t  variable )  capacity . 

M e m o ry Deca y Eac h C O G E NT objec t  ha s a  se t  o f  proper -
tie s whic h determin e it s precis e behaviour .  Symboli c buffers , 
suc h a s Workin g Memory ,  hav e tw o propertie s whic h gover n 
deca y (on e specifyin g a  deca y function ,  an d on e specifyin g a 
deca y rate) .  However ,  thi s built-i n functionaUt y doe s no t  tak e 
accoun t  o f  structur e o n th e content s o f  th e buffe r  i n question , 
and s o specifyin g deca y from  Workin g M e m o r y i n thi s wa y i n 
th e curren t  mode l  coul d lea d t o disconnecte d subgoals .  There -

fore ,  i n th e mode l  reporte d her e deca y o f  Workin g Memor y i s 
explicitl y  effecte d b y a  separat e rule-base d process ,  Memor y 
Decay .  O n eac h productio n cycle ,  thi s proces s m a y randoml y 
delet e som e termina l  workin g memor y elements .  Thi s be -
haviou r  i s programme d b y a  singl e rul e whic h generate s a 
rando m numbe r  (uniforml y distribute d betwee n 0  an d 1 )  fo r 
eac h termina l  workin g memor y element ,  and ,  i f  tha t  numbe r 
i s les s tha n a  prese t  threshold ,  delete s th e correspondin g ele -
ment  from  Workin g Memory .  Th e probabilit y  o f  deletio n (i.e. , 
th e prese t  threshold )  i s independen t  o f  th e workin g memor y 
elemen t  (provide d i t  i s  a  termina l  element )  an d give n b y a 
separat e paramete r  o f  th e process . 

Th e us e o f  a  separat e proces s governin g th e deca y o f  work -
in g memor y i s a n unsatisfactor y aspec t  o f  th e model ,  an d 
reflect s a n inadequac y i n th e cogen t  modellin g environment . 
Ideally ,  memor y deca y shoul d b e a n intrinsi c propert y o f  th e 
buffe r  concerned ,  no t  th e resul t  o f  som e explici t  decay  pro -
ces s actin g o n th e buffer .  Thus ,  i t  shoul d b e possibl e t o stat e 
th e appropriat e for m o f  deca y a s a  propert y o f  th e buffe r  (a s 
discusse d i n th e precedin g paragraph) .  Thi s coul d b e don e 
wit h cogen t  i n it s curren t  for m i f  1 )  refractor y memor y wa s 
explicitl y  modelle d (a s i n Soar) ,  2 )  subgoal s wer e create d 
by som e mechanis m othe r  tha n productio n syste m firin g (a s 
i n Soar) ,  an d 3 )  deca y wa s impose d o n refractor y memor y 
(contrar y t o Soar) . 

Perceptua l  Buffe r  I n mos t  proble m solvin g situation s i t  i s 
possibl e t o distinguis h betwee n tw o sort s o f  information :  in -
formatio n generate d an d maintaine d b y interna l  processe s (i n 
thi s cas e th e content s o f  Workin g Memory) ,  an d perceptua l 
information .  Perceptua l  informatio n i s alway s immediatel y 
availabl e t o th e proble m solver .  A s suc h ther e i s n o clea r  sens e 
i n whic h i t  decays .  Th e curren t  mode l  therefor e make s us e 
of  on e furthe r  unlimite d capacit y symboli c buffer .  Perceptua l 
Buffer ,  whic h contain s a  representatio n o f  informatio n avail -
abl e i n th e externa l  world .  Th e precis e content s o f  thi s buffe r 
wil l  depen d o n th e externa l  environmen t  o f  th e proble m solv -
in g agent ,  bu t  th e buffer s existenc e i s crucia l  t o th e agent' s 
proble m solvin g behaviour . 
TVanscrip t  Th e las t  functiona l  modul e employe d i n th e 
model  i s Transcript ,  a  dat a sin k whic h i s use d t o recor d th e 
model s behaviour ,  includin g th e element s whic h deca y from 
workin g memor y an d th e model s final  solutio n t o it s proble m 
solvin g task .  Thi s modul e ha s n o theoretica l  import . 

The Task: Multicoliunn Addition 

Th e origina l  wor k o n refractor y memor y deca y i n Soa r  wa s 
base d o n tw o version s o f  a  standar d A I  task ,  th e monke y an d 
banana s task .  Thi s tas k ha s man y interestin g features ,  bu t  i s 
mor e comple x tha n necessar y t o sho w recoverabl e persevera -
tiv e subgoaling .  A  differen t  tas k i s therefor e considere d here . 
Th e multicolum n additio n tas k (see ,  e.g. ,  Anderson ,  1993 , 
pp.  4-6 )  involve s addin g tw o "large "  integer s usin g th e stan -
dar d algorith m taugh t  i n mos t  Wester n schools :  firs t  su m th e 
unit s column ,  recordin g th e unit s digi t  o f  th e su m an d carryin g 
th e ten s digi t  (i f  any )  t o th e nex t  column ,  the n su m th e ten s 
column ,  recordin g th e unit s digi t  o f  th e su m an d carryin g th e 
ten s digi t  (i f  any )  t o th e nex t  column ,  an d s o on .  Th e tas k ha s 
th e advantag e o f  havin g a  clea r  goal/subgoa l  structure ,  viz : 
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Goal 
multicolumn-ad d 

process-column(N ) 

Subgoab 
pn>cess-column (  1 ) 
pn)cess-column(2 ) 

pmcess-remaimng-carr y 

get-digits(N) 
add-digit s 
add-previous-carr y 
split-answer-units-and-can y 

Furthermore ,  th e tas k ca n b e mad e t o plac e heav y demand s 
on workin g memor y b y requirin g tha t  intermediat e result s 
(i.e. ,  th e sum s o f  individua l  columns )  b e remembere d durin g 
th e computatio n (rathe r  tha n bein g writte n dow n a s th e com -
putatio n progresses) ,  an d thos e demand s wil l  increas e a s th e 
number  o f  column s i n th e su m increases .  A s discusse d below , 
thi s make s th e tas k idea l  fo r  empirica l  investigation . 

Multicolum n additio n wa s therefor e modelle d i n C O G H^ 
by th e inclusio n o f  tas k specifi c goal/subgoa l  informatio n i n 
th e Tas k Contro l  object .  I n addition ,  th e Perceptua l  Buffe r 
was initialise d wit h th e stimulu s informatio n ( a representa -
tio n o f  th e integer s t o b e summed) .  A s note d above ,  n o deca y 
was specifie d fo r  thi s buffer ,  modellin g th e fac t  tha t  thi s infor -
matio n woul d alway s b e availabl e throughou t  th e task .  T w o 
experimenta l  condition s wer e examine d i n th e simulations .  I n 
th e first ,  intermediat e result s wer e no t  adde d t o th e Perceptua l 
Buffer ,  bu t  wer e instea d store d i n Workin g Memor y fo r  th e 
duratio n o f  th e task ,  thu s modellin g th e situatio n wher e th e 
subjec t  i s  require d t o perfor m th e entir e calculatio n withou t 
th e ai d o f  a n externa l  memory .  I n thi s condition ,  intermediat e 
result s ar e subjec t  t o potentia l  decay .  I n th e secon d condition , 
th e result s o f  summin g individua l  column s wer e adde d t o th e 
Perceptua l  Buffer ,  an d Tas k Contro l  wa s abl e t o freel y consul t 
thi s buffer .  Thi s conditio n model s th e tas k wer e th e subjec t  i s 
abl e t o recor d his/he r  result s a s proble m solvin g progresses . 

An additiona l  rul e wa s adde d t o Tas k Contro l  t o detec t 
when th e tas k wa s complet e an d prin t  th e answe r  containe d i n 
Workin g Memory . 

Simulation Results 

We conside r  firs t  th e result s o f  th e "difficult "  conditio n i n 
whic h intermediat e result s ar e store d i n Workin g Memory . 
Figur e 2  show s a  trac e o f  th e primitiv e operator s invoke d b y 
th e mode l  o n on e particula r  tria l  whe n workin g wit h a  deca y 
rat e o f  0.03 .  Th e mode l  wa s attemptin g th e sum : 

89 5 + 
26 7 

Of  principa l  concer n i s th e perseverativ e subgoalin g occur -
rin g betwee n cycl e 2 5 an d cycl e 31 .  Durin g thi s period ,  th e 
model  i s solvin g th e fou r  subgoal s whic h compris e process -
column(l) .  Thes e subgoal s wer e originall y solve d durin g 
cycle s 4-10 ,  afte r  whic h thei r  result s wer e assemble d t o pro -
duc e a  resul t  fo r  process-column(l) .  However ,  b y cycl e 25 , 
thi s resul t  wa s n o longe r  i n Workin g Memor y (du e t o Workin g 
Memory decay) ,  promptin g th e mode l  t o automaticall y repea t 
it s  prio r  proble m solving .  Th e mode l  recover s afte r  thi s bou t 
of  perseverativ e subgoaling ,  an d produce s th e correc t  answer , 
althoug h it s solutio n tim e (measure d i n numbe r  o f  cycle s t o 
completion )  i s  sub-optimal . 

Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 
Cycl e 

4 
6 
8 

10 
15 
17 
19 
22 
25 
27 
29 
31 
36 
38 
40 
42 
47 
49 

get-digits(column(l) ) 
add-digits(column(l) ) 
add-previous-carry(column(l) ) 
split-answericolumn (  I) ) 
get-digits(column(2) ) 
add-digits(column(2) ) 
add-previous-caiTy(column(2) ) 
splil-answer(column(2) ) 
get-digits(column (  I) ) 
add-digits(column(l) ) 
add-previous-catTy(column(J) ) 
split-answer(column (  1) ) 
get-digits(column(3) ) 
add-digits(column(3) ) 
add-previous-carry(column(3) ) 
split-answer(column(3) ) 
process-carry(column(4) ) 
S T O P:  answe r  =  116 2 

Figur e 2 :  Perseverativ e subgoalin g i n 3-colum n additio n 

Figur e 2  shows ,  then ,  tha t  th e mode l  i s indee d subjec t  t o 
perseverativ e subgoaling .  Perhap s surprisingly ,  i t  i s  robus t 
agains t  substantiall y  greate r  deca y rate s tha n Soa r  wa s i n th e 
origina l  experiments .  A  deca y rat e o f  0.0 3 (whic h lea d t o th e 
transcrip t  i n Figur e 2 )  i s thre e time s greate r  tha n th e highes t 
rat e fo r  whic h Soar' s behaviou r  wa s examine d (an d foun d 
wanting) ,  an d ye t  performanc e i s onl y moderatel y impaired , 
showin g slowin g bu t  no t  error . 

Extensiv e experimentatio n ha s show n tha t  th e mode l  i s  abl e 
t o recove r  fro m an y failur e excep t  prematur e deca y o f  th e roo t 
of  th e goa l  stack .  Provide d tha t  deca y doe s no t  occu r  ove r  th e 
first  cycl e o f  proble m solving ,  th e mode l  wil l  alway s solv e 
th e task ,  thoug h th e numbe r  o f  cycle s require d t o solv e th e 
proble m wil l  var y dependin g o n th e deca y rat e an d th e com -
plexit y o f  th e tas k (whic h i s her e determine d b y th e numbe r 
of  columns) .  However ,  an d i n spit e o f  thi s apparen t  robust -
ness ,  th e syste m i s pron e t o error .  I n particular ,  th e operato r 
add-previous-carr y assume s tha t  i f  a  carr y shoul d b e added ,  i t 
wil l  b e i n Workin g Memory .  Deca y o f  carr y informatio n ca n 
therefor e lea d t o errors. ^ 

Als o worth y o f  not e i s tha t  th e effec t  o f  deca y o n solutio n 
tim e increase s super-linearl y wit h th e numbe r  o f  column s i n 
th e sum .  A  deca y rat e o f  0.1 0 workin g m e m o r y element s pe r 
cycl e le d o n averag e t o a  1. 6 time s increas e i n solutio n tim e 
fo r  tw o colum n sums .  Thi s gre w t o 3. 2 fo r  thre e colum n sum s 
and 13. 5 fo r  fou r  colum n sums .  Th e numbe r  o f  incorrec t 
solution s (du e t o failur e t o carry )  increase s i n a  simila r  wa y 
wit h th e numbe r  o f  colunm s i n th e sum . 

W ît h regar d t o th e secon d experimenta l  condition ,  wher e 
th e sum s o f  column s wer e store d i n th e Perceptua l  Buffe r 
(an d henc e no t  subjec t  t o decay) ,  solutio n time s a s measure d 
i n numbe r  o f  cycle s were ,  a s expected ,  generall y shorte r  tha n 
i n th e firs t  condition ,  an d ther e wa s substantiall y les s variance . 

*Thi s sourc e o f  error ,  deca y o f  carr y information ,  i s no t  a  nec -
essar y aspec t  o f  th e model .  Th e rule s coul d b e designe d t o trea t 
a missin g can y a s a  decaye d subgoa l  result .  However ,  thi s erro r 
appear s t o b e consisten t  wit h huma n performanc e o n th e task ,  an d s o 
no attemp t  wa s mad e t o avoi d it . 
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Over  te n trial s o f  a  4-colum n tas k wit h a  deca y rat e o f  0.03 , 
th e averag e numbe r  o f  cycle s t o solutio n wa s 47. 1 (s.d .  =  2.5) . 
Thi s compare s wit h 59. 1 (s.d .  =  12.5 )  fo r  th e equivalen t  tas k 
i n th e difficul t  condition . 

Future Developments 

The simulatio n result s sugges t  tha t  perseverativ e subgoalin g 
wil l  occu r  mos t  frequentl y whe n workin g memor y capacit y 
i s stretche d (e.g. ,  i n multicolum n additio n involvin g man y 
columns) .  Futur e wor k wil l  empiricall y explor e th e natur e 
of  perseveratio n i n proble m solvin g wit h differen t  workin g 
memory requirements .  Multicolum n additio n i s a n idea l  tas k 
fo r  thi s wor k a s th e demand s o n workin g memor y ca n b e 
easil y varie d b y varyin g th e numbe r  o f  column s i n th e sum . 
Alternately ,  th e tas k ca n b e couple d wit h som e othe r  concur -
rent ,  workin g memor y intensive ,  tas k i n orde r  t o investigat e 
th e effect s o f  workin g memor y load . 

One hypothesi s t o b e addresse d b y thi s wor k i s tha t  perse -
verativ e subgoalin g wil l  b e greate r  whe n memor y resource s 
ar e i n hig h demand .  Thi s hypothesi s i s motivate d b y a 
strengthenin g o f  th e putativ e relationshi p betwee n workin g 
memory loa d an d workin g memor y deca y — tha t  th e rat e o f 
deca y i s dependen t  o n th e load ,  bein g greate r  whe n th e loa d i s 
greater .  Shoul d empirica l  wor k confir m thi s hypothesis ,  th e 
COGENT modellin g softwar e wil l  facilitat e th e exploratio n o f 
capacit y sensitiv e alternative s t o th e rule s governin g workin g 
memory deca y presente d here . 

A secon d are a o f  futur e wor k concern s use s o f  th e un -
derlyin g mechanis m whic h lead s t o recoverabl e persevera -
tiv e subgoaling ,  i.e. ,  non-refracte d fine-grained  production s 
alon g wit h refractor y memor y decay .  Together ,  thes e produc e 
a mechanis m whic h effectivel y refreshe s workin g memor y 
when critica l  element s decay .  On e clea r  theoretica l  domai n 
wher e suc h a  refreshin g mechanis m ma y b e appropriat e i s th e 
articulator y loo p (see ,  e.g. ,  Baddeley ,  1986) ,  a n are a i n whic h 
networ k model s (notabl y tha t  o f  Burges s &  Hitch ,  1992 )  hav e 
shown som e success .  Th e mechanis m presente d her e of -
fer s th e promis e o f  a  symboU c alternativ e t o suc h networ k 
approaches .  Mor e generally ,  th e introductio n o f  stochasti c 
element s int o symboli c model s ma y allo w th e developmen t  o f 
semanticall y perspicuou s model s wit h sufficien t  plasticit y t o 
rival  thei r  connectionis t  counterparts . 

Conclusions 

We hav e isolate d thre e requirement s whic h wil l  lea d a  pro -
ductio n syste m t o exhibi t  recoverabl e perseverativ e subgoal -
ing :  refractor y memor y decay ,  fine-grained  productions ,  an d 
a decay-fre e goa l  stack .  Non e o f  th e thre e requirement s alon e 
i s sufficien t  i f  th e resultan t  syste m i s t o exhibi t  th e effect .  Th e 
conjunctio n o f  th e three ,  however ,  canno t  b e claime d t o b e 
necessar y conditions .  Wit h sufficien t  ingenuity ,  alternat e sys -
tems coul d undoubtabl y achiev e th e sam e effect .  Th e clai m 
her e i s tha t  n o simple r  syste m coul d d o so . 
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