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Neura l  Networ k Model s o f  Memor y Spa n 

Richar d Schwaicker t 

Lawrence Guentert 

Lora Hersberger 

Department of Psychological Sciences 

Purdue University 

Abstrac t 

A model is presented in which short term memory is maintained by movement of 
vector s fro m on e laye r  t o another .  Thi s architectur e i s idea l  fo r 
representin g ite m order .  Tw o mechanism s fo r  accountin g fo r  seria l  positio n 
curve s ar e considered ,  latera l  inhibition ,  an d nois e fro m neighborin g items . 
Thes e als o accoun t  fo r  effect s o f  groupin g b y insertin g pause s durin g 
presentation .  Tw o othe r  effects ,  a  revers e word-lengt h effec t  an d th e effec t 
of  phonologica l  similarity ,  ar e attribute d t o th e reconstructio n o f  item s 
fro m partiall y  decaye d traces .  I f  al l  th e phoneme s i n a n ite m ar e intac t  a t 
recall ,  th e ite m i s recalle d correctly .  Otherwise ,  th e subjec t  guesse s 
accordin g t o a  mode l  develope d b y Pau l  Luc e fo r  identificatio n o f  word s 
presente d i n noise . 

Introductio n 

Several methods for short term memory storage have been proposed for neural 
networks ,  includin g quickl y decayin g weight s (Hinto n 6e Plaut ,  1987) , 
sustaine d activation ,  an d movin g activatio n (Hebb ,  1949) .  Fas t  weight s ar e 
usefu l  fo r  maintainin g temporar y learning ,  bu t  no t  fo r  th e roughl y 2  secon d 
duratio n o f  immediat e memor y (Mackworth ,  1963) .  Sustaine d activatio n i s 
possible ,  bu t  i t  seem s unlikel y tha t  i t  woul d no t  sprea d t o neighborin g 
units .  Activatio n movin g fro m laye r  t o laye r  i s no t  onl y likely ,  bu t 
account s fo r  severa l  phenomen a o f  shor t  terr a memor y i n a  natura l  way . 
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Memory span for a type of item, such as digits, is the number of items 
tha t  a  subjec t  ca n immediatel y recal l  i n orde r  hal f  th e time .  A  ke y findin g 
i s tha t  man y error s ar e transpositions ,  rathe r  tha n omission s o r 
substitutions .  Th e usua l  primac y an d recenc y effect s foun d i n fre e recal l 
ar e als o foun d i n immediat e recall .  Moreover ,  i f  ther e i s a n empt y tim e 
interva l  betwee n tw o item s a t  presentation ,  ther e i s a  recenc y effec t  prio r 
t o th e ga p an d a  primac y effec t  afte r  th e ga p (e .  g. ,  Huttenlocke r  &  Burke , 
1976) .  Thi s suggest s interferenc e betwee n item s presente d clos e togethe r  i n 
time . 

Interference could be explained by lateral inhibition of temporally adjacent 
items .  Primac y an d recenc y woul d occu r  becaus e item s a t  th e extreme s receiv e 
inhibitio n onl y fro m neighbor s o n on e side .  Recently ,  a  wa y o f  accountin g 
fo r  effect s suc h a s Mac h band s i n visio n withou t  latera l  inhibitio n ha s bee n 
propose d (Cornswee t  &  Yellot ,  1985) .  Wit h constan t  volum e operators , 
excitatio n spread s fro m eac h unit ,  wit h th e exten t  o f  th e spreadin g inversel y 
proportional  t o th e intensit y excitin g th e unit .  Edg e enhancemen t  i s on e 
result .  Ye t  anothe r  proposa l  fo r  interferenc e i s tha t  th e position s o f  item s 
ar e perturbed ,  s o item s ar e recalle d i n th e wron g orde r  (Le e &  Estes ,  1981) . 
Item s a t  th e extreme s ca n onl y mov e i n on e direction ,  an d s o ar e les s likel y 
t o move . 

If excitation spreads to neighboring items, excitation favoring an item could 
be stronges t  a t  a  positio n differen t  fro m th e on e th e ite m wa s presente d in . 
Hence,  perturbation s ca n b e explaine d i n term s o f  spreadin g excitation .  A 
furthe r  simplificatio n o f  th e possibilitie s i s tha t  whe n latera l  inhibitio n 
i s combine d wit h constan t  volum e operators ,  erroneou s prediction s ar e mad e 
fo r  visio n (Yellot ,  1989) .  Th e explanation s ar e likel y t o b e mutuall y 
exclusiv e fo r  memor y also .  I t  i s  difficul t  t o distinguis h th e effect s o f 
latera l  inhibitio n fro m thos e o f  constan t  volum e operators ,  eve n i n visio n 
(Yellot ,  1989 ,  p .  33) ,  s o w e wil l  presen t  a n exampl e o f  a  mode l  o f  eac h kind . 

A Lateral Inhibition Model 

A model based on lateral inhibition is shown in Figure 1. It explains 
primac y an d recenc y effects ,  an d th e effect s o f  tempora l  gap s i n 
presentation .  When a  phonem e i  i s  presente d t o th e inpu t  layer ,  it s  strengt h 
i s s^ .  Afte r  tim e t  it s  strengt h decay s t o Sj ^  ex p (-t) .  Th e nod e i n th e 
outpu t  laye r  correspondin g t o phonem e i  receive s excitatio n fro m th e inpu t 
node fo r  phonem e i ,  an d receive s inhibitio n fro m al l  th e othe r  node s i n th e 
inpu t  layer .  Th e close r  th e tim e o f  presentatio n o f  phonem e j  i s  t o th e 
presentatio n o f  phonem e i ,  th e greate r  th e inhibitio n betwee n them .  Le t  t̂ A 
be th e tim e elapsin g fro m presentatio n o f  i  t o presentatio n o f  j  (regardles s 
of  whic h cam e first) .  Fo r  simplicity ,  assum e th e onse t  t o onse t  interva l  fo r 
eac h phonem e i s th e same ,  t .  I f  k  phoneme s interven e betwee n phoneme s i  an d 
j ,  the n t̂ j  =  kt .  Th e inhibitio n o f  ite m j  o n ite m i  i s  S j  ex p (-t^j) .  Th e 
outpu t  o f  th e nod e fo r  phonem e i  i n th e memor y laye r  a t  tim e t  i s  th e lo g 
odds o f  correctl y identifyin g phonem e i ,  base d o n th e trac e itself . 
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Ite m Node s 

O O o 

Inpu t  Phonem e Node s 

Figur e 1 .  Phoneme s i n th e botto m laye r  sen d excitatio n an d inhibitio n t o 
node s i n th e nex t  layer .  Inhibitio n betwee n tw o phoneme s decay s a s a 
functio n o f  th e tim e intervenin g betwee n them . 

Strength s i n th e memor y laye r  als o deca y exponentiall y  wit h time .  Thes e ar e 
th e inpu t  t o th e wor d laye r  a t  th e tim e o r  recall .  The n a t  a  tim e T , 

log [Pi(T)/(l - Pi(T))] = (Si sj exp (-tij))) exp (-T). 

Here p^CT) is the probability that phoneme i is recalled correctly at time T. 

For simplicity, suppose the time to read each word is the same as the time to 
recit e i t  durin g recall .  The n i t  i s  eas y t o se e tha t  th e tim e elapsin g 
betwee n presentatio n o f  phonem e i  an d it s recal l  i s  L ,  wher e L  i s th e tota l 
tim e t o pronounc e al l  th e item s i n th e list . 

A Spreading Excitation Model 

Consider an array of rows and columns of neural units. A phoneme is a column 
vector ,  wher e eac h componen t  i s th e strengt h o f  som e feature .  When a  phonem e 
i s inpu t  t o th e firs t  colum n o f  th e array ,  th e excitatio n i n a  ro w i s 
transferre d t o th e nex t  column ,  an d t o th e nex t  an d s o on .  Suppos e th e tim e 
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required for transfer is shorter, and has smaller variance, the stronger the 
excitation .  When excitatio n spread s fro m a  colum n t o a n adjacen t  column ,  th e 
origina l  excitatio n remains ,  bu t  decay s ove r  time .  Afte r  a  while ,  th e 
excitatio n fo r  a  give n featur e wil l  b e sprea d ove r  a  se t  o f  columns .  I f 
excitatio n fro m feature s o f  tw o o r  mor e phoneme s arrive s a t  th e sam e column , 
th e excitation s ar e summed.  Thi s mod e o f  spreadin g i s clos e enoug h t o tha t 
of  constan t  volum e operator s t o produc e th e "edg e enhancement "  analogou s t o 
primac y an d recency .  Item s a t  th e extreme s onl y hav e neighbor s o n on e side , 
so the y hav e les s nois e adde d t o thei r  representations . 

It is plausible that excitation would spread, and at different rates for 
differen t  features .  Thi s give s a  mechanis m fo r  assumption s o f  som e model s i n 
th e literature .  First ,  th e perturbation s o f  Le e 6e Este s (1981 )  occu r  becaus e 
excitatio n fo r  on e ite m ma y sprea d faste r  tha n tha t  fo r  another ,  s o a  late r 
ite m may overtak e a n earlie r  one .  Second ,  accordin g t o Glenber g an d Swanso n 
(1986) ,  visuall y presente d item s ar e les s distinc t  i n term s o f  tempora l  orde r 
tha n auditoriall y  presente d items ,  resultin g i n bette r  recal l  fo r  th e 
auditor y item s (th e modalit y  effect) .  Th e differenc e i n tempora l 
distinctivenes s ma y b e du e t o difference s i n th e exten t  o f  th e sprea d o f 
excitement .  Finally ,  th e TRACE mode l  fo r  speec h recognitio n b y McClellan d 
and Elma n (1986 )  propose s tha t  th e activatio n fo r  entitie s i s sprea d ove r 
neighborin g units .  Thei r  mode l  i s static ,  bu t  a  snapsho t  o f  th e mode l 
sketche d abov e woul d loo k lik e th e neura l  arra y i n th e TRACE model . 

Primacy, recency, and grouping effects are due to the mechanisms by which 
trace s deteriorate .  A  subjec t  processin g a  partiall y  degrade d trac e wil l  tr y 
t o reconstruc t  th e origina l  item .  Th e nex t  tw o effect s t o b e discusse d ar e 
explaine d i n term s o f  reconstruction . 

The Reverse Word-Length Effect 

Ordinarily, memory span is shorter for items taking longer to pronounce (the 
word-lengt h effect) .  A s a  rule ,  th e memor y spa n fo r  a  typ e o f  ite m i s th e 
lengt h o f  a  lis t  o f  suc h item s tha t  ca n b e pronounce d i n abou t  2  second s 
(Baddeley ,  Thomson ,  &  Buchanan ,  1975 ;  Mackworth ,  1963 ;  Schweicker t  &  Boruff , 
1986) .  Th e spa n i s slightl y greate r  fo r  familia r  items .  T o lear n abou t  th e 
rol e o f  familiarity ,  w e investigage d memor y spa n i n highl y practice d 
subjects . 

Two subjects completed 30 sessions in a memory span experiment. There were 
twent y item s i n eac h o f  fiv e type s o f  item .  Th e length s o f  th e list s wer e 
fro m 3  t o 9  items .  A t  th e beginnin g o f  eac h trial ,  a  lis t  appeare d o n a  CRT. 
Subject s rea d th e lis t  aloud ,  an d speakin g duration s wer e measured .  Subject s 
the n trie d t o recal l  th e lis t  i n order . 

Each subject produced a reverse word length effect, that is, the slower the 
speakin g rat e i n item s pe r  second ,  th e mor e item s tha t  coul d b e recalle d i n a 
give n tim e period .  Th e dat a fo r  subjec t  1  ar e i n Tabl e 1 ,  th e othe r 
subject' s dat a ar e similar . 
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Table 1. 

Material letters words prepositions colors shapes 

Rate 3.11 2.77 2.75 2.62 1.94 
Recal l  50 % 60 % 69 % 78 % 90 % 

The Phonologica l  Similarit y Effec t 

In a pronunciation task, Chase (1975) found that subjects pronounce 
phonologicall y simila r  item s mor e slowl y tha n dissimila r  ones .  Th e 
differenc e i n speec h rat e raise s a n interestin g question .  Doe s th e rat e 
differenc e accoun t  fo r  th e effec t  o f  phonologica l  similarit y o n span ? 

We carried out an experiment to investigate this question. Phonologically 
simila r  list s wer e mad e o f  item s fro m th e se t  {b ,  c ,  d ,  g ,  j ,  k ,  p ,  t ,  v ,  z} . 
Dissimila r  list s wer e mad e fro m th e se t  (b ,  d ,  f ,  h ,  k ,  1 ,  m,  q ,  r ,  z ) . 
Names o f  letter s i n th e firs t  se t  al l  en d i n lon g e  o r  lon g a ,  makin g the m 
more simila r  tha n thos e i n th e secon d set . 

Eighteen subjects served individually for one hour. The session began with a 
practic e bloc k o f  digits ,  followe d b y tw o block s eac h o f  simila r  an d 
dissimila r  items .  Subject s wer e randoml y assigne d t o si x groups , 
correspondin g t o th e si x possibl e ordering s o f  tw o simila r  an d tw o dissimila r 
blocks . 

The span for the similar items was 5.62, that for the dissimilar items was 
7.06 ,  a  significan t  differenc e i n a n analysi s o f  varianc e ( p <  .001) .  Th e 
pronunciatio n rate s wer e almos t  identical ,  3.0 1 item s pe r  secon d fo r  th e 
simila r  items ,  an d 2.9 2 fo r  th e dissimilar .  I n short ,  whe n th e tas k i s 
no t  onl y t o pronounc e th e items ,  bu t  t o recal l  the m a s well ,  speakin g rate s 
ar e th e sam e fo r  th e simila r  an d dissimila r  items .  Th e conjectur e tha t  th e 
effec t  o f  phonologica l  similarit y o n memor y spa n i s du e t o a  slowe r 
pronunciatio n rat e fo r  phonologicall y simila r  item s i s no t  supported . 

Redintegration 

If the phonemes in item are not all recalled, a guess is made from the set 
of  possibl e items .  Identifyin g a n ite m fro m a  nois y memor y trac e i s 
analogou s t o identifyin g a n auditoriall y  presente d wor d i n noise .  A  mode l 
fo r  th e latte r  tas k wa s develope d b y Pau l  A .  Luc e (1986) .  I n thi s model ,  th e 
probabilit y  o f  correc t  recal l  o f  al l  th e phoneme s i n a  wor d i s th e produc t  o f 
th e probabilitie s o f  correctl y recallin g th e phoneme s individually .  Further , 
th e probabilit y  o f  a  correc t  gues s depend s o n th e phonologica l  similarit y o f 
item s t o thei r  neighbors ,  an d o n wor d frequency .  Th e mode l  seem s wel l  suite d 
t o th e presen t  situation ,  an d wil l  b e use d her e a s th e mechanis m whereb y a 
gues s i s mad e a t  recal l  o f  a  nois y memor y trace . 

According to the Luce model, if all the phonemes of a word w are not 
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recalled ,  the n 

hww K 
6w 

I  ^w v b V 

Here ,  g „  i s th e probabilit y  o f  guessin g wor d w  correctl y an d h,, ^  i s a 
paramete r  whic h increase s a s th e phonologica l  similarit y betwee n word s w  an d 
V increases .  Th e bia s b.̂; ^  i n favo r  o f  respondin g wit h wor d v  i s influence d b y 
wor d frequency . 

Learning 

The subject will improve his ability to guess considerably if he can tune his 
bia s t o matc h th e actua l  presentatio n rate s o f  th e item s i n th e experiment . 
Bush,  Luc e &  Ros e (1963 )  propose d a  learnin g rul e wit h tw o desirabl e 
propertie s i n th e limi t  a s th e numbe r  o f  trial s approache s infinity .  First , 
th e probabilit y  o f  respondin g w  approache s th e valu e give n i n th e formul a 
abov e accordin g t o th e rati o rule .  Second ,  th e biase s becom e proportiona l  t o 
th e presentatio n rate s actuall y use d i n th e experiment . 

For every v and w, let g^,^^ i ^® ^^^ probability of guessing w on trial i, 
give n tha t  v  wa s presented .  Suppos e o n tria l  i ,  v '  wa s presented .  The n o n 
tria l  i  +  1 ,  fo r  ever y v  an d w 

gwv,i+l gwv,i = chw'[dw' gwv,i]. 

where c, a constant, is the learning rate, and d^^< is 1 if v = v' and 0 
otherwise . 

Matters would be more complicated if the guessing probability depended 
on wor d length .  However ,  th e firs t  an d las t  phoneme s ar e th e mos t  crucia l 
fo r  identifyin g a  wor d (Garner ,  1962 )  s o th e numbe r  o f  phoneme s i n th e middl e 
may no t  hav e muc h influence .  Empirically ,  Luc e an d Pison i  (1986 )  foun d a 
ver y lo w correlatio n betwee n wor d lengt h an d accurac y o f  wor d identification . 

Correct recall of item i occurs either from the trace directly, with 
probabilit y P;̂ (L )  ,  or ,  b y guessing .  Tha t  is , 

P(recall w) = p^(L) + [1 Pw(L)]gw 

Note that Pw(L) is influenced by word length and g^^ by phonological 
similarity .  I n thi s way ,  th e mode l  use s differen t  mechanism s fo r  th e effect s 
of  similarit y an d wor d length . 

The subject can control the spoken duration of each item, and L is the 
sum o f  th e duration s o f  al l  th e item s o n th e list .  Laughert y (1969 )  report s 
tha t  immediat e memor y performanc e i s no t  monotoni c wit h presentatio n rate . 
The valu e o f  L  whic h optimize s th e probabilit y  o f  recal l  o f  ite m i  doe s no t 
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depend on phonological similarity, however. Therefore, phonologically 
simila r  item s wil l  b e pronounce d a t  th e sam e rat e whe n immediat e recal l 
follows . 
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