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A c o n n e c t i o n i s t  m o d e l  o f  p h o n o l o g i c a l 

s h o r t - t e r m m e m o r y 

Gordo n D .  A .  B row n 
Departmen t  o f  Psycholog y 

Universit y Colleg e o f  Nort h Wale s 
Unite d Kingdo m 

ABSTRACT 

A connectionist model of phonological short-term memory is described. The 
model  make s us e o f  existin g connectionis t  techniques ,  develoj)e d t o accoun t  fo r  th e 
productio n an d perceptio n o f  speec h an d othe r  sequentia l  data ,  t o implemen t  a 
model  o f  th e articulator y rehearsa l  involve d i n short-ter m retentio n o f  verba l 
information .  Th e mode l  i s show n t o b e consisten t  wit h a  wid e rang e o f 
experimenta l  data ,  an d ca n b e interface d wit h existin g connectionis t  model s o f  wor d 
recognition .  Th e mode l  illustrates ,  withi n a  connectionis t  framework ,  ho w th e 
mechanism s o f  speec h perceptio n an d productio n ca n b e recruite d fo r  th e 
temporar y storag e o f  information .  Advantage s o f  thi s strateg y ar e discussed . 

INTRODUCTION 

The inclusion of some limited-capacity speech based temporary store is near-universal within 
cognitiv e model s o f  languag e processing ,  an d th e propertie s o f  thi s stor e hav e bee n extensivel y 
investigate d b y psychologist s ove r  th e pas t  thre e decades .  Recen t  connectionis t  modellin g wor k 
has naturall y bee n conceme d wit h th e temporar y storag e o f  information ,  bu t  a  larg e bod y o f 
existin g experimenta l  evidenc e fro m cognitiv e psycholog y canno t  readil y b e interprete d i n term s o f 
existin g connectionis t  models .  Thi s i s partl y becaus e o f  th e difficult y o f  dealin g wit h certai n type s 
of  tempora l  phenomen a i n connectionis t  models ,  an d als o becaus e earlie r  cognitiv e psychologica l 
model s hav e no t  alway s take n accoun t  o f  th e tempora l  dimensio n i n an y explici t  wa y (Elman , 
1988) .  Ther e i s a  need ,  then ,  fo r  a  psychologicall y well-motivate d mode l  o f  th e tempora l 
characteristic s o f  huma n short-ter m memory . 

Previous connectionist approaches to short memory have generally been concemed to characterize 
th e type s o f  architectur e tha t  ca n giv e ris e t o temporar y informatio n storage ,  eithe r  a t  a  neura l  leve l 
or  i n term s o f  a  cognitive-leve l  workin g memor y syste m (e.g .  Grossber g &  Stone ,  1986 ; 
Schneide r  &  Detweiler ,  1987) .  Schrete r  an d Pfeife r  (1989 )  describ e a  simpl e locaJis t  architectur e 
whic h give s ris e t o primac y an d recenc y seria l  positio n curv e effects ,  bu t  thei r  architectur e i s no t 
intende d t o accoun t  fo r  th e detaile d experimenta l  result s o f  th e typ e outline d below .  Ou r  ow n 
approac h focuse s specificall y o n th e phonologica l  short-ter m memor y store ,  whic h i s normall y 
viewe d a s jus t  on e subpar t  o f  a  mor e comple x workin g memor y syste m (e.g .  Baddele y &  Hitch , 
1974) . 

PSYCHOLOGICAL APPROACHES TO STM 

Many early theorists held the view that short-term memory contained a constant number of "slots" 
tha t  coul d b e fille d b y materia l  t o b e remembered .  Mor e tha n approximatel y seve n item s coul d no t 
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be held in short-term storage, but "item" came to be interpreted broadly, allowing for the 
possibilit y  tha t  larg e amount s o f  informatio n coul d b e chunke d togethe r  i n suc h a  wa y tha t  eac h slo t 
coul d hol d muc h information -  a  character ,  a  word ,  eve n a  well-learne d sentence . 

An alternative class of explanation of limited STM capacity comes from the time-limited trace 
deca y mode l  (e.g .  Baddeley ,  1986 ;  Schweicker t  &  Boruff ,  1986) .  I n thi s typ e o f  model ,  a  trac e 
i s registere d i n immediat e memor y whe n eac h stimulu s ite m i s encountered ,  an d thi s trac e i s subjec t 
t o deca y ove r  time .  Th e trac e ca n b e refreshe d b y usin g a  subvoca l  rehearsa l  procedure ,  bu t  i f  th e 
trace s o f  al l  th e item s ar e t o b e maintaine d the n i t  mus t  b e possibl e t o rehears e al l  th e item s t o b e 
remembere d withi n th e tim e take n fo r  th e trac e o f  an y ite m t o deca y t o threshold .  Thus ,  a s 
Schweicker t  an d Boruf f  mak e clear ,  th e probabilit y  tha t  a  lis t  wil l  b e correcd y recalle d wil l  b e equa l 
t o th e probabilit y  tha t  th e tim e take n t o recit e th e lis t  i s  les s tha n th e variabl e duratio n o f  th e trace . 
Many researcher s hav e suggeste d tha t  subjects '  immediat e memor y spa n fo r  familia r  material s suc h 
as word s an d digit s wil l  b e equa l  t o th e amoun t  o f  tha t  materia l  tha t  ca n b e rehearse d subvocall y i n 
a fixe d tim e interval .  Estimate s o f  thi s constan t  tim e interva l  vary ,  bu t  averag e ou t  a t  aroun d tw o 
seconds . 

There is considerable experimental evidence for the trace decay model. A correlation between 
articulatio n rat e an d spa n ha s bee n observe d i n a  variet y o f  contexts ,  acros s an d withi n bot h 
language s an d individuals .  Developmenta l  increase s i n memor y spa n ar e parallele d b y a n increas e 
i n speec h rat e (Hulm e &  Muir ,  1985) ,  an d adul t  spa n correlate s wit h rat e o f  articulatio n (e.g . 
Baddeley ,  Thomso n &  Buchanan ,  1975) .  Memor y spa n fo r  lon g word s i s smalle r  tha n spa n fo r 
shorte r  word s i n th e sam e language ,  wher e "length "  i s measure d i n term s o f  articulatio n duratio n 
(Baddele y e t  al. ,  1975) .  Thi s wor d lengt h effec t  i s abolishe d whe n subject s ar e require d t o 
suppres s articulatio n an d ar e therefor e unabl e t o mak e us e o f  th e subvoca l  rehearsa l  procedur e 
(Baddele y e t  al. ,  1975 ;  Baddeley ,  Lewi s &  Vallar ,  1984) .  A  simila r  patter n o f  result s  i s observe d 
acros s languages :  subject s usin g language s i n whic h material s (usuall y digits )  ar e mor e slowl y 
articulate d sho w reduce d memor y spans .  Thes e ubiquitou s correlation s betwee n rat e o f  articulatio n 
and memor y spa n hav e bee n take n t o suppor t  som e versio n o f  th e verba l  trac e deca y model .  I n on e 
specifi c  version ,  Salam e an d Baddele y (1982 )  clai m tha t  th e "articulator y loop "  componen t  o f  th e 
workin g memor y syste m consist s o f  a  phonologica l  stor e (whic h give s ris e t o phonemi c 
confusabilit y  effect s i n S T M tasks )  an d a n articulator y rehearsa l  proces s (whic h give s rise  t o wor d 
lengt h effects) .  Informatio n i n th e phonologica l  stor e wil l  deca y unles s rehearsed .  Acces s t o th e 
stor e whe n materia l  i s presente d visuall y ca n onl y b e gaine d vi a th e articulator y rehearsa l 
procedure ,  an d us e o f  th e rehearsa l  procedur e wil l  b e prevente d b y articulator y suppression .  Th e 
connectionis t  mode l  w e repor t  her e ma y b e see n a s a n implementatio n o f  a  phonologica l  stor e an d 
speech-base d rehearsa l  process . 

It can be seen that these models, which have received a great deal of support from the 
psychologica l  literature ,  rel y heavil y o n th e tempora l  characteristic s o f  bot h informatio n deca y an d 
th e speech-base d articulator y rehearsa l  procedure .  I n orde r  t o implemen t  thi s type  o f  mode l  usin g 
connectionis t  methodology ,  i t  i s  therefor e necessar y t o hav e a  wa y o f  representin g th e tempora l 
flo w o f  information .  Ther e hav e bee n considerabl e recen t  advance s i n th e abilit y  o f  connectionis t 
model s t o accoun t  fo r  tempora l  phenomen a i n plausibl e ways .  Previou s attempt s involve d 
recodin g th e tempora l  dimensio n a s a  spatia l  on e (Elman ,  1988) ,  an d sometime s require d a 
reduplicatio n o f  th e entir e networ k fo r  eac h time-slic e o f  input .  However ,  a  differen t  approac h 
involve s makin g som e o f  th e inpu t  unit s t o a  networ k sensitiv e t o th e recen t  activatio n histor y o f 
th e networ k (McClellan d &  Rumelhart ,  1988) .  I n th e followin g sectio n w e sho w ho w thi s typ e o f 
architectur e ca n b e extende d t o produc e a  psychologicall y plausibl e mode l  o f  th e tempora l 
characteristic s o f  huma n short-ter m memory . 
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THE MODEL ARCHITECTURE 

The heart of the model of STM is a model of the articulatory rehearsal process used to refresh 
trace s i n th e phonologica l  store .  W e mode l  thi s b y takin g tw o separat e connectionis t  networks , 
one designe d fo r  speec h productio n an d on e designe d fo r  speec h perception ,  an d interfacin g thes e 
tw o nets .  Th e firs t  net ,  base d o n a n architectur e develope d b y Jorda n (1986) ,  ca n tak e a 
temporall y static ,  unordere d pla n (e.g .  a  representatio n o f  whole-wor d phonology )  an d translat e 
thi s unchangin g inpu t  int o a  tempor d sequenc e o f  output s (e.g .  a n ordere d lis t  o f  phoneme s o r 
articulator y commands) .  Thi s typ e o f  architectur e i s illustrate d b y th e lef t  hal f  o f  Figur e One :  th e 
"productio n ne t  pla n units "  ar e hel d constan t  throughou t  a  give n outpu t  sequence ,  an d th e 
"productio n ne t  stat e units "  o r  "contex t  units "  hav e thei r  activation s se t  o n th e basi s o f  th e previou s 
networ k output .  Thi s architectur e ha s bee n modifie d b y Norri s (1989 )  t o recogniz e tempora l 
sequence s a s singl e item s (a s occur s i n speec h perception) . 

The Norris model has the same basic architecture as the Jordan net, but is trained to associate a 
temporall y constan t  patter n o f  activatio n o n th e outpu t  unit s wit h a  time-varyin g sequenc e o f  input s 
t o th e "plan "  units .  Thu s a  sequenc e o f  item s ca n b e inpu t  t o th e network ,  whic h wil l  comput e a 
singl e appropriat e output .  Th e resultin g networ k ha s a  numbe r  o f  attractiv e characteristics , 
includin g th e abilit y  t o generaliz e i n th e tim e domai n (e.g .  t o recogniz e word s spoke n a t  varyin g 
rates )  an d th e abiUt y t o recogniz e item s withi n a  constan t  strea m o f  sequentia l  inpu t  withou t  th e 
need fo r  reduplicatio n o f  th e ne t  a t  ever y poin t  wher e a n ite m t o b e recognize d migh t  begi n (se e 
Norris ,  1989 ,  fo r  a  discussio n o f  thes e issues) . 

When a speech production net and a speech recognition net of the types discussed above are 
interfaced ,  s o tha t  th e outpu t  o f  th e productio n ne t  provide s a  sourc e o f  inpu t  t o th e perceptio n net , 
th e architectur e i n Figur e On e results .  Thi s ma y b e interprete d a s a  mode l  o f  th e subvoca l 
articulator y rehearsa l  proces s i n S T M ,  i n tha t  th e speec h productio n syste m ma y direc t  it s  outpu t 
int o th e sj)eec h perceptio n syste m withou t  over t  spoke n outpu t  eve r  resulting .  Not e tha t  no t  aJ l 
connection s t o othe r  part s o f  th e cognitiv e syste m ar e shown :  fo r  example ,  w e assum e tha t  inpu t 
and outpu t  lexic a ar e separat e bu t  connected ,  an d tha t  productio n an d perceptio n mechanism s ar e 
connecte d a t  variou s stage s (se e Elli s  &  Young ,  1988 ;  an d Monsell ,  1987 ,  fo r  discussio n o f 
relevan t  architectura l  issues) .  Inpu t  t o th e rehearsa l  procedur e i s provide d fro m a  se t  o f  inpu t 
node s (thos e i n th e bono m left-han d come r  o f  Figur e One) :  thes e represen t  knowledg e abou t  wor d 
pronunciation s an d coul d b e compute d fo r  exampl e fro m th e position-independen t  orthographi c 
trigra m unit s i n th e networ k discusse d b y Moze r  (1987) .  I n a  complet e mode l  ther e woul d b e 
inpu t  t o th e speec h productio n ne t  from  bot h high-leve l  an d low-leve l  spelling-to-soun d 
correspondence s (Brown ,  1987a) .  Not e tha t  ou r  "lexica l  inpu t  units "  ar e labelle d a s inpu t  unit s 
simpl y becaus e the y provid e inpu t  t o th e networ k w e ar e modelling ;  i n a  complet e mode l  o f  th e 
cognitiv e syste m the y woul d b e mor e properl y characterize d a s outpu t  units .  Al l  tha t  matter s fo r 
presen t  purpose s i s tha t  ther e i s a  se t  o f  unit s tha t  provide s inpu t  t o th e speec h productio n network , 
and tha t  i s  al l  tha t  i s  implemente d a t  present .  Thes e unit s woul d themselve s receiv e inpu t  from a 
number  o f  differen t  sources -  th e semanti c syste m an d visua l  short-ter m memor y a s wel l  a s th e 
spelling-to-soun d translatio n process . 

In the present small-scale version of the model, there are 10 nodes in each oval drawn in Figure 
One-  thu s i n eac h o f  th e perceptio n an d th e productio n net s ther e ar e 1 0 input/pla n units ,  1 0 
context/stat e units ,  1 0 hidde n unit s an d 1 0 outpu t  units .  Individua l  node s (othe r  tha n hidde n units ) 
i n th e presen t  mode l  represen t  singl e phonemes ,  althoug h i n som e o f  ou r  experimenta l  (an d 
psychologicall y mor e plausible )  version s o f  th e model ,  node s stan d fo r  individua l  articulator y 
features .  Finally ,  an d cruciall y fo r  th e presen t  model ,  ther e ar e 1 0 phonologica l  storag e node s 
whic h tak e a s thei r  (sequential )  inpu t  th e (sequential )  outpu t  from  th e speec h perceptio n networ k 
(th e right  hal f  o f  Figur e One) .  Thes e phonologica l  storag e node s ar e partl y responsibl e fo r 
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SPEECH INPUT 
sequentia l  inpu t  ^ 

Productio n ne t 
outpu t  unit s 

Perceptio n ne t 
stat e unit s 

perceptio n ne t 
inpu t  unit s 

Perceptio n ne t 
hidde n unit s 

Productio n ne t 
hidde n unit s 

Perceptio n ne t 
outpu t  unit s 

Productio n ne t 
pla n unit s 

Productio n ne t 
stat e unit s 

Phonologica l 
storag e unit s 

Auditor y Lexica l 
inpu t  lexico n inpu t  unit s 

semantic s 

Figur e O n e 

temporar y storag e i n th e model ,  bu t  the y canno t  b e accesse d directl y from  visua l  lexica l  input .  A s 

i n th e Salam e an d Baddele y (1982 )  account ,  i t  i s assume d tha t  th e phonologica l  stor e give s ris e t o 

phonemi c confusabilit y  effect s i n short-ter m memory ,  an d th e articulator y rehearsa l  proces s give s 

ris e t o wor d lengt h effect s (se e below) . 

The simulation of short-term memory processes in the model involves two quite separate phases. 

The mode l  i s firs t  give n "long-ter m memory "  abou t  th e sequence s o f  phoneme s tha t  mak e u p 

words ,  an d thi s informatio n i s assume d no t  t o chang e durin g th e late r  simulatio n o f  short-ter m 

memory fo r  list s o f  whol e words .  Thus ,  i n th e firs t  phase ,  th e learnin g phase ,  th e perceptio n ne t 

and th e productio n ne t  separatel y lear n t o recogniz e an d produc e th e sam e se t  o f  phonem e 

sequences .  Thi s learnin g take s plac e usin g th e standar d back-propagatio n algorith m describe d i n 

Rumelhart ,  Hinto n &  William s (1986) ;  th e precis e trainin g procedur e fo r  thes e net s i s describe d i n 

Jorda n (1986 )  an d Norri s  (1989) .  A t  presen t  th e net s ar e traine d wit h a  smal l  vocabular y o f  item s 

whic h var y i n lengt h from 2  t o 5  phonemes ,  wit h th e phoneme s bein g draw n fro m th e ver y limite d 

(du e t o computationa l  resourc e restrictions )  poo l  wit h whic h th e mode l  currentl y operates .  N o 

psychologica l  realit y  i s claime d fo r  thi s process . 

The main phase of the simulation is the retention in STM of a sequence of items represented at the 

lexica l  inpu t  level .  Th e inpu t  o f  th e sequenc e o f  item s t o b e remembere d i s give n b y clampin g o n 

set s o f  th e lexica l  inpu t  unit s i n sequence :  thi s i s analogou s t o th e presentatio n o f  a  sequenc e o f 

words .  Whil e i t  i s clampe d on ,  eac h wor d i n th e inpu t  sequenc e act s a s a  (temporall y constant ) 

inpu t  t o th e productio n ne t  sid e o f  th e articulator y rehearsa l  proces s i n Figur e One .  Thu s eac h ite m 
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in the list of material to be remembered can be input into the "production" network, emerging as a 
tempora l  outpu t  sequence ,  an d thi s sequenc e ca n the n b e directe d a s inpu t  t o th e sequenc e 
"recognition "  ne t  tha t  effectivel y re-recognizes  th e ite m i n questio n an d henc e re-activates ,  o r 
refreshes,  th e phonologica l  storag e node s ove r  whic h th e ite m i s represented .  Thi s proces s i s 
repeated  fo r  eac h wor d i n th e sequence ,  an d th e proces s fo r  eac h wor d take s a n amoun t  o f  tim e tha t 
depend s o n th e spoke n duratio n o f  th e ite m i n question ,  becaus e a  complet e pas s throug h th e 
productio n an d perceptio n syste m i s required  fo r  eac h time-slic e o f  th e ite m t o b e rehearsed . 

During the rehearsal of each word as described above, information in the non-ordered input nodes, 
and i n th e phonologica l  store ,  decays .  Thi s i s th e primar y caus e o f  forgettin g i n th e model .  Th e 
outpu t  o f  th e rehearsal  proces s ma y refresh  th e phonologica l  representatio n o f  th e rehearse d ite m i n 
th e phonologica l  store ,  a s describe d above ,  an d thi s i n tur n ca n refres h th e node s a t  th e lexica l 
inpu t  leve l  tha t  initiate d th e rehearsal  proces s an d henc e mak e th e ite m availabl e fo r  spoke n outpu t 
or  anothe r  rehearsal .  W e mak e n o commitmen t  a s t o whethe r  th e phonologica l  storag e unit s ca n 
gai n thi s acces s t o th e speec h productio n syste m directl y o r  onl y vi a th e semanti c syste m (no t 
Ulustrate d o r  implemented) .  I n th e curren t  versio n o f  th e mode l  th e phonologica l  storag e node s ca n 
excit e th e lexica l  inpu t  node s i n a  linea r  fashion .  Thi s i s a  unidirectiona l  link :  lexica l  inpu t  node s 
on th e lef t  han d sid e o f  Figur e On e ca n neithe r  excit e no r  inhibi t  th e phonologica l  storag e unit s 
directly .  Thi s i s consisten t  wit h th e experimenta l  evidenc e (Baddeley ,  Lewi s &  Vallar ,  1984) . 

It is assumed that only those items whose activation in the input nodes is above a certain threshold 
wil l  b e availabl e fo r  recall .  I n assessin g th e performanc e o f  th e model ,  i t  i s  simpl y assume d tha t 
recallabl e item s ar e thos e whos e entrie s i n th e lexica l  inpu t  unit s ar e abov e threshol d a t  th e tim e o f 
recall .  Activatio n o f  a n ite m represente d i n th e inpu t  leve l  ma y b e reinforce d eithe r  b y incomin g 
activatio n fro m othe r  cognitiv e modules ,  suc h a s th e semanti c syste m o r  visua l  S T M ,  o r  b y 
activatio n fro m th e phonologica l  storag e units .  (A t  presen t  w e ar e no t  concerne d t o mode l  thes e 
cognitiv e modules ,  an d i n ou r  simulation s w e simpl y assum e a  smal l  bu t  constan t  amoun t  o f 
activatio n arrivin g a t  th e inpu t  t o th e speec h productio n syste m fro m othe r  sources ,  suc h a s visua l 
memory,  whil e item s ar e bein g rehearsed .  Onl y a  fixe d amoun t  o f  suc h activatio n i s assume d t o b e 
availabl e fo r  al l  th e item s t o b e remembered. )  I f  th e leve l  o f  activatio n fo r  a n ite m i n th e inpu t 
lexica l  node s decay s belo w a  certai n leve l  befor e th e ite m ca n b e rehearsed ,  tha t  ite m wil l  b e 
forgotten .  Thus ,  a s i n th e trac e deca y model ,  shon-ter m memor y spa n i s limite d i n capacit y t o 
thos e item s whos e activation s ca n b e refreshe d b y th e articulator y rehearsa l  proces s describe d 
abov e befor e thei r  activation s deca y t o belo w threshold .  Durin g th e continuou s sequenc e o f 
rehearsal ,  th e nex t  ite m t o b e rehearse d i s alway s selecte d o n th e basi s o f  whic h item' s 
representatio n i s mos t  decaye d whil e stil l  bein g abov e threshold .  Not e tha t  th e phonologica l  stor e 
i n thi s mode l  ca n b e viewe d a s bot h pre-productio n an d post-production ,  i n tha t  materia l  i n th e 
stor e ha s bee n processe d b y muc h o f  th e speec h productio n apparatus ,  bu t  ca n also ,  indirectly ,  b e 
par t  o f  furthe r  sequence s o f  speec h production .  Not e als o tha t  th e mode l  incorporate s bot h long -
ter m an d short-ter m storag e withou t  usin g bot h fas t  an d slo w weight s a s i n som e othe r  accounts . 

THE EXPERIMENTAL DATA 

There is a wide range of empirical data relevant to evaluation of the model, not all of which can be 
covere d her e (se e Baddeley ,  1986 ,  fo r  a  review) .  Mos t  o f  ou r  investigation s t o dat e hav e 
examine d th e model' s abilit y  t o remembe r  variou s sequence-length s o f  items ,  wher e th e item s 
themselve s ca n var y i n length .  Th e performanc e o f  th e mode l  wit h simulate d visua l  an d auditor y 
inpu t  ca n readil y b e tested ,  wit h an d withou t  portion s o f  th e articulator y rehearsa l  procedur e bein g 
made unavailable .  Fo r  th e sak e o f  simplicit y i t  i s  assume d tha t  al l  possibl e phoneme s tak e th e sam e 
lengt h o f  tim e t o produce ,  an d tha t  a  wor d containin g si x phoneme s wil l  tak e twic e a s lon g t o 
articulat e a s word s wit h onl y thre e phonemes .  Thes e simplifyin g assumption s ar e no t  critica l  t o th e 
operatio n o f  th e model . 
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There are widely-observed word length effects in STM tasks (Baddeley, Thomson & 
Buchana n 1975) :  subject s ca n rememh« r  mor e item s whe n th e item s t o b e remembere d hav e a  shor t 
spoke n duration .  Lik e th e Salam e an d Baddele y (1982 )  model ,  ou r  connectionis t  mode l  behave s 
i n th e sam e wa y a s huma n subject s becaus e o f  th e tempora l  characteristic s o f  th e rehearsa l 
procedure :  lon g item s (thos e wit h man y phonemes )  tak e longe r  t o rehearse ,  fo r  rehearsa l  tim e i s 
proportiona l  t o th e numbe r  o f  phoneme s (on e pas s throug h th e networ k i s necessar y fo r  eac h time -
slic e o f  th e materia l  t o b e remembered) .  An d th e longe r  th e rehearsa l  tim e befor e a n ite m ca n b e 
refreshed ,  th e mor e likel y i t  i s  tha t  th e trace s o f  earlie r  item s wil l  hav e decaye d t o th e exten t  tha t 
the y canno t  b e retrieved .  Th e experimenta l  manipulatio n articulator y suppression ,  whic h 
require s subject s t o recit e irrelevan t  materia l  alou d a t  th e sam e time  a s rememberin g a  sequenc e o f 
auditoril y  o r  visuall y presente d items ,  ha s it s effec t  i n th e mode l  b y makin g th e speec h productio n 
net  unavailable .  Thu s th e wor d lengt h effect ,  reflectin g th e rehearsa l  procedure ,  i s abolishe d b y 
articulator y suppression .  Ther e i s som e residua l  memor y capacit y eve n unde r  suppressio n 
conditions ,  arisin g fro m visua l  an d semanti c coding ;  w e hav e no t  ye t  modelle d thes e source s o f 
capacit y  i n an y detail .  (Ther e i s a  need ,  fo r  example ,  t o accoun t  fo r  th e fac t  tha t  articulator y 
suppressio n ha s differentia l  effect s acros s varyin g seria l  position. )  Phonemi c confusabilit y 
effects ,  whic h ar e widel y assumed ,  a s here ,  t o reflec t  th e operatio n o f  th e phonologica l  stor e 
rathe r  tha n th e articulator y rehearsa l  procedure ,  ar e als o abolishe d b y suppressio n whe n materia l  i s 
visuall y presented ,  becaus e visuall y presente d materia l  ca n onl y gai n acces s t o th e phonologica l 
stor e vi a th e rehearsa l  procedure .  I n contrast ,  auditoril y  presente d materia l  ca n sho w phonemi c 
confusabilit y  effects ,  becaus e thi s materia l  ca n gai n acces s t o th e phonemi c stor e vi a th e recognitio n 
sid e o f  th e rehearsa l  procedure .  Thi s modality-dependen t  behaviou r  o f  th e mode l  i s consisten t 
wit h th e observation s an d mode l  o f  Baddele y e t  al .  (1984) .  W e hav e no t  ye t  examine d th e 
mechanism s o f  confusabilit y  effect s i n th e mode l  i n detail ,  du e t o computationa l  resourc e 
constraint s an d th e nee d fo r  a  large r  vocabulary ,  bu t  the y ar e assume d t o aris e du e t o interferenc e i n 
th e phonologica l  store .  A s i n th e interactiv e activatio n mode l  o f  wor d recognition ,  th e probabilit y 
of  bein g abl e t o identif y a n ite m i s assume d t o reflec t  th e leve l  o f  activatio n o f  tha t  item' s unit s 
relativ e t o th e activatio n o f  unit s  fo r  othe r  items .  An d whe n item s shar e phonemes ,  thei r  tota l 
level s o f  activation s ove r  phoneme s ar e relativel y mor e similar ,  leadin g t o difficult y i n 
identification .  Th e retentio n o f  orde r  informatio n i s generall y believe d t o b e a n importan t 
functio n o f  S T M (Healy ,  1974) ;  i n ou r  mode l  (a s i n othe r  model s o f  S T M )  orde r  informatio n i s 
represente d simpl y i n term s o f  th e exten t  t o whic h th e activatio n i f  a n ite m cod e ha s decaye d i n th e 
phonologica l  store .  Th e mode l  ha s read y acces s t o thi s informatio n fo r  othe r  purposes ,  an d ca n 
use th e deca y level s a s orde r  marker s withou t  th e nee d fo r  furthe r  mechanism s insid e th e 
phonologica l  store .  Thi s appear s t o provid e a  relativel y efficien t  metho d o f  encodin g orde r 
informatio n fo r  humans ,  fo r  suc h informatio n i s mor e likel y t o b e los t  wheneve r  phonologica l 
S TM i s mad e unavailabl e (bu t  cf .  Grossber g &  Stone ,  1986) .  Effect s o f  lexicality , 
imageabilit y  an d visua l  confusabilit y  o n S T M capacit y ar e assume d i n th e mode l  t o resul t 
fro m non-phonologica l  source s o f  activatio n tha t  hel p t o maintai n th e activatio n leve l  o f  lexica l 
inpu t  units .  Thus ,  the y simpl y provid e a n alternativ e sourc e o f  inpu t  i n additio n t o refreshmen t  b y 
th e outpu t  o f  th e articulator y rehearsa l  procedure .  Chunkin g effect s hav e a  simila r  source ,  i n tha t 
the y ar e assume d t o aris e fro m th e (a s ye t  underspecified )  coalition s o f  unit s tha t  ca n b e brough t  t o 
bear  o n th e recal l  process .  I t  ha s bee n suggeste d tha t  ite m identificatio n tim e ma y b e 
independentl y relate d t o memor y spa n fo r  thos e item s (Dempster ,  1981) :  Ou r  implementatio n 
assumes tha t  th e inpu t  t o th e rehearsa l  proces s ca n b e see n a s th e outpu t  o f  a  wor d identificatio n 
process ,  an d s o i f  item s tak e a  lon g time  t o loa d int o th e rehearsa l  procedure ,  ther e wil l  b e 
correspondingl y mor e time  fo r  th e code s o f  othe r  to-be-remembere d item s t o decay .  Indeed ,  th e 
model  reporte d her e wa s designe d a s a n extensio n an d developmen t  o f  a n earlie r  computationa l 
model  o f  singl e wor d readin g (Brown ,  1987a ,  1987b) . 

While the model can account for a wide range of data as it stands, it is assumed that a more 
complet e model ,  whic h include s mor e sub-component s o f  th e workin g memor y system ,  wil l  b e 
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required to account for suffix effects and aspects of retroactive and proactive inhibition as well as 
th e us e o f  retrieva l  cues .  Thos e part s o f  th e seria l  positio n curv e tha t  ar e sometime s assume d 
t o reflec t  rehearsa l  an d transfe r  t o L T M ar e consisten t  wit h th e curren t  versio n o f  th e model ,  an d i t 
i s assume d tha t  ther e i s a n additional ,  passiv e storag e mechanis m responsibl e fo r  recenc y effects . 
The mode l  a s i t  stand s als o assume s a n outsid e sourc e o f  strategi c contro l  (decidin g whe n t o 
rehearse),  an d som e bindin g mechanis m s o tha t  th e mode l  ca n distinguis h differen t  token s o f  th e 
same word .  I n addition ,  w e not e tha t  th e mode l  build s o n speec h processin g mechanism s tha t  hav e 
been criticize d fo r  requirin g a  segmente d inpu t  stream . 

DISCUSSION 

The model provides a connectionist, psychologically plausible account of the way in which 
mechanism s o f  speec h perceptio n an d productio n ca n b e recruite d t o serv e a s a  temporar y storag e 
system .  Th e suggestio n tha t  temporar y phonologica l  storag e capacit y i s availabl e a s a  by-produc t 
of  th e languag e processin g syste m i s a  well-establishe d on e (Ellis ,  1979) ,  bu t  computationall y 
explici t  mechanism s hav e bee n lacking .  Th e mode l  i s  essentiall y  a  connectionis t  implementatio n o f 
th e Baddele y mode l  o f  th e articulator y loo p (Baddeley ,  1986 ;  Salam e &  Baddeley ,  1982 ;  cf .  als o 
Schneide r  &  Detweiler ,  1987) .  Ou r  mode l  account s i n a  simila r  wa y fo r  th e limite d capacit y o f 
human short-ter m memory ,  i n tha t  i t  i s onl y possibl e fo r  a  temporall y limite d amoun t  o f  materia l  t o 
be rehearse d b y th e networ k befor e informatio n decay s beyon d recall .  Simila r  reasonin g ca n b e 
use d t o explai n th e developmenta l  increase s observe d i n temporar y memor y capacity ,  a s wel l  a s 
providin g a n explanatio n o f  wor d lengt h effect s an d th e abilit y  o f  S T M t o encod e orde r 
information .  W e ar e currentl y extendin g th e mode l  an d investigatin g it s abilit y  t o accoun t  fo r 
developmenta l  phenomen a i n particular .  Th e mode l  i s bein g traine d wit h a  large r  vocabulary , 
represente d i n term s o f  acousti c feature s rathe r  tha n phoneme s a s a t  present ,  fo r  empirica l  evidenc e 
demonstrate s tha t  confusion s i n S T M ca n occu r  a t  sub-phonem e levels . 

Our approach is motivated by the belief that rehearsal processes, as characterized in current 
cognitiv e models,  ar e a  ubiquitou s featur e o f  huma n cognition ,  an d ther e ar e goo d reason s fo r  thi s 
whic h ar e illustrate d b y referenc e t o ou r  model .  I f  a  trac e i s refreshe d vi a th e norma l  perceptio n 
and productio n mechanisms ,  whic h ar e availabl e a t  n o extr a cos t  t o th e organism ,  th e maintenanc e 
of  th e trac e ca n tak e advantag e o f  wha t  i s  kno w abou t  th e perceptua l  structur e o f  th e world ,  fo r 
thes e regularitie s ar e encode d i n th e perceptio n an d productio n mechanisms .  Thi s contrast s wit h 
th e cas e o f  simpl e resonance ,  wher e unit s ca n remai n activ e simpl y b y passin g activatio n 
backward s an d forward s withou t  makin g us e o f  perceptio n an d productio n mechanism s an d th e 
regularitie s implici t  therein . 

ACKNOWLEDGEMENTS 

This research was supponed by grants from the Medical Research Council (U.K.) 
(1989 )  an d th e Leverhulm e Trus t  (1988-1990) .  I  than k Denni s Norri s fo r  usefu l 
discussions . 

REFERENCES 

BADDELEY, A.D. (1986). Working memory. Oxford: OUP. 
B A D D E L E Y,  A.D .  &  H ITCH ,  G.J .  (1974) .  Workin g memory .  I n G .  Bowe r  (Ed.) ,  Advance s i n 

th e psycholog y o f  learnin g an d motivatio n 8 ,  N e w York :  Academi c Press . 
B A D D E L E Y,  A.D. ,  T H O M S O N,  N .  &  B U C H A N A N,  M .  (1975) .  Wor d lengt h an d th e structur e 

of  short-ter m memory .  Journa l  o f  Verba l  Learnin g an d Verba l  Behavior ,  14 ,  575-589 . 
B A D D E L E Y,  A.D. ,  L E W I S ,  V .  &  V A L L A R ,  G .  (1984) .  Explorin g th e articulator y loop . 

Quarterl y Journa l  o f  Experimenta l  Psychology ,  36A ,  281-289 . 

578 



B R O WN 

BROWN, G.D.A. (1987a). Resolving inconsistency: A computational model of word naming. 
Journa l  o f  Memor y an d Languag e ,  23,1-23 . 

B R O W N,  G.D.A .  (1987b) .  Constrainin g interactivity :  Evidenc e from  acquire d dyslexia . 
Proceeding s o f  th e Nint h Annua l  Conferenc e o f  th e Cognitiv e Scienc e Societ y ,  779-793 . 
Hillsdale ,  NJ :  Lawrenc e Erlbau m Associates . 

D E M P S T E R,  F.N .  (1981) .  Memor y span :  Source s o f  individua l  an d developmenta l  differences . 
Psychologica l  Bulletin ,  89 ,  63-100 . 

ELLIS ,  A.W .  (1979) .  Speec h productio n an d short-ter m memory .  I n J .  Morto n &  J.C .  Marshal l 
(Eds.) ,  Psycholinguisti c serie s Vo l  2 :  Structure s an d processes .  Cambridge,  Mass :  M I T 
Press . 

ELLIS ,  A.W. ,  &  Y O U N G,  A.W .  (1988) .  Huma n cognitiv e neuropsychology .  Hillsdale ,  NJ : 
Lawrenc e Erlbau m Associates . 

E L M A N,  J.L .  (1988) .  Findin g structur e i n time .  C R L Technica l  Repor t  8801 ,  Universit y o f 
California ,  Sa n Diego . 

G R O S S B E R G,  S. ,  &  S T O N E,  G .  (1986) .  Neura l  dynamic s o f  attentio n switchin g an d tempora l 
orde r  informatio n i n shor t  ter m memory .  Memor y &  Cognition ,  1 4 (6) ,  451-468 . 

H E A L Y,  A.F .  (1974) .  Separatin g ite m from  orde r  informatio n i n short-ter m memory .  Journa l  o f 
Verba l  Learnin g an d Verba l  Behavior ,  13 ,  644-655 . 

H U L M E,  C .  &  MUIR ,  C .  (1985 )  Developmenta l  change s i n speec h rat e an d memor y span :  A 
causa l  relationship ? Britis h Journa l  o f  Developmenta l  Psychology ,  3 ,  175-181 . 

J O R D A N,  M.I .  (1986) .  Attracto r  dynamic s an d parallelis m i n a  connectionis t  sequentia l  machine . 
Proceeding s o f  th e Eight h Annua l  Conferenc e o f  th e Cognitiv e Scienc e Society ,  Hillsdale , 
NJ:  Lawrenc e Erlbau m Associates . 

M c C l e l l a n d ,  J.L. ,  &  R U M E L H A R T,  D.E .  (1988) .  Exploration s i n paralle l  distribute d 
processing :  A  handboo k o f  models ,  program s an d exercises .  Cambridge ,  Mass :  M I T 
Press . 

M O N S E L L,  S .  (1987) .  O n th e relatio n betwee n lexica l  inpu t  an d outpu t  pathway s fo r  speech .  I n 
A.  Allport ,  D .  MacKay ,  W .  Prin z &  E .  Scheere r  (Eds.) ,  Languag e Perceptio n an d 
Production .  N e w York :  Academi c Press . 

M O Z E R,  M.C .  (1987) .  Earl y paralle l  processin g i n reading :  A  connectionis t  approach .  I n M . 
Colthear t  (Ed.) ,  Attentio n an d performanc e X U :  Th e psycholog y o f  reading .  Hillsdale ,  NJ : 
Lawrenc e Erlbau m Associates . 

NORRIS,  D .  (1989) .  Dynami c ne t  mode l  o f  huma n speec h recognition .  I n C.T .  Altman n (Ed. ) 
Cognitiv e model s o f  speec h processing :  Psycholinguisti c an d computationa l  perspectives . 
Cambridge ,  Mass :  M I T Pres s (i n press) . 

R U M E L H A R T,  D.E. ,  H I N T O N ,  G.E. ,  &  W I L L I A M S ,  R.J .  (1986) .  Learnin g interna l 
representation s b y erro r  propagation .  I n D.E .  Rumelhar t  an d J.L .  McClellan d (Eds.) , 
Paralle l  Distribute d Processin g Vo l  L  Cambridge ,  Mass :  M I T Press . 

S A L A M E,  P. ,  &  B A D D E L E Y,  A.D .  (1982) .  Disruptio n o f  short-ter m memor y b y unattende d 
speech :  Implication s fo r  th e structur e o f  workin g memory .  Journa l  o f  Verba l  Learnin g an d 
Verba l  Behavior ,  21 ,  150-164 . 

SCHNEIDER,  W. ,  &  D E T W E I L E R,  M .  (1987) .  A  connectionist/contro l  architectur e fo r  workin g 
memory.  I n G.H .  Bowe r  (Ed. )  Th e psycholog y o f  learnin g an d motivatio n vo l  2 L N e w 
York :  Academi c Press . 

S C H R E T E R,  Z. ,  &  PFEIEER ,  R .  (1989) .  Short-ter m memory/long-ter m memor y interaction s i n 
connectionis t  simulation s o f  o f  psychologica l  experiment s o n lis t  learning .  I n L .  Personna z 
and G .  Dreyfu s (Eds.) ,  Neura l  networks :  Fro m model s t o applications .  Paris :  I.D.S.E.T . 

S C H W E I C K E R T,  R. ,  &  B O R U F F,  B .  (1986 )  Short-ter m memor y capacity :  Magi c numbe r  o r 
magi c spell ? Journa l  o f  Experimenta l  Psychology :  Learning ,  Memor y an d Cognition ,  1 2 
(3) ,  419-425 . 

579 


	cogsci_1989_572-579



