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Cognitiv e Scienc e Laborator y 

Princeto n Universit y 

Terrenc e J .  Sejnowsk i 

Departmen t  o f  Biophysic s 

John s Hopkin s Universit y 

A B S T R A CT 

NETtalk is a massively-parallel network that leams to convert English text to phonemes. In 

NETtalk ,  th e memor y representations  ar e share d amon g man y processin g units ,  an d thes e 

representations  ar e learne d b y practice .  I n humans ,  distribute d practic e i s mor e effectiv e fo r  long -

ter m retention  tha n masse d practice ,  an d w e wondere d whethe r  learnin g i n NETtal k ha d simila r 

properties .  NETtal k wa s teste d o n cue d paired-associat e recal l  usin g nonword s a s stimuli . 

Retentio n o f  thes e targe t  item s wa s measure d a s a  functio n o f  spacing ,  o r  th e numbe r  o f 

intersperse d item s betwee n successiv e repetition s o f  th e target .  A  significan t  advantag e fo r  space d 

or  distribute d item s wa s foun d fo r  spacing s o f  u p t o fort y intervenin g item s whe n teste d a t  a 

retention  interva l  o f  6 4 items .  Conversely ,  a  significan t  advantag e fo r  masse d item s wa s foun d i f 

testin g immediatel y followe d study .  Thes e result s ar e strikingl y simila r  t o th e result s o f  man y 

experiment s usin g huma n subject s an d sugges t  a n explanatio n base d o n distribute d representations 

i n massively-paralle l  networ k architectures . 
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I n 1885 ,  Ebbinghau s note d tha t  "wit h an y considerabl e numbe r  o f  repetition s a  suitabl e 

distributio n o f  the m ove r  a  spac e o f  tim e i s decidedl y mor e advantageou s tha n th e massin g o f 

the m a t  a  singl e time "  (Ebbinghaus ,  1885/196 4 p.89) .  Sinc e then ,  th e spacin g effec t  ha s bee n 

foun d acros s a  wid e rang e o f  stimulu s material s an d tasks ,  semanti c a s wel l  a s 

perceptual/motor ,  an d ha s eve n bee n foun d whe n th e repetition s ar e acros s modality ,  o r  acros s 

languages ,  i f  biUngual s ar e employe d a s subject s (se e Hintzman ,  1974 ,  fo r  a  review) .  Th e 

ubiquit y o f  thes e result s suggest s tha t  spacin g reflect s somethin g o f  centra l  importanc e i n 

memory.  However ,  despit e ove r  a  hundre d year s o f  research ,  th e spacin g effect ,  a s genera l  a s 

i t  is ,  continue s t o def y adequate ,  o r  a t  least ,  simple ,  explanation . 

Perhap s th e mos t  popula r  accoun t  o f  th e spacin g effec t  i s  th e encodin g variabilit y 

hypothesi s (e.g .  Melton ,  1970 ;  Martin ,  1968 ;  Glenberg ,  1979) .  Thi s hypothesi s make s tw o 

majo r  assumptions :  (1 )  stimul i  ar e encode d relativ e t o th e context ,  o r  environment ,  i n whic h 

the y occur ,  an d (2 )  th e probabilit y  o f  retrieva l  i s  positivel y correlate d wit h th e similarit y o f 

th e contex t  a t  retrieva l  t o th e contex t  a t  encoding. ^  Give n a  continuousl y evolvin g 

environment ,  tw o trial s tha t  occu r  back-to-bac k wil l  ten d t o shar e mor e contex t  wit h eac h 

othe r  tha n tw o trial s widel y separate d i n time. ^  Distributin g practic e wil l  henc e b e 

advantageou s t o th e exten t  tha t  th e tw o repeat s o f  th e to-be-remembere d (TBR )  ite m ar e 

encode d mor e independently ,  thu s boostin g th e probabilit y  o f  th e item' s retrieva l  i n a 

randoml y chose n contex t  presumabl y b y increasin g th e numbe r  o f  possibl e retrieva l  routes . 

Overall ,  th e encodin g variabilit y  hypothesi s ha s foun d onl y limite d empirica l  suppor t 

(Hintzman ,  1976) .  On e recen t  failur e o f  th e hypothesi s i s th e stud y b y Postma n an d Knech t 

(1983 )  i n whic h th e encodin g context s o f  word s wer e varie d b y embeddin g the m i n differen t 

sentences ,  eithe r  on e sentenc e repeate d thre e time s o r  i n thre e sentence s eac h onl y onc e 

repeated .  I n th e cue d recal l  task ,  cuein g wa s wit h on e o r  thre e o f  th e sentenc e frames  (wit h 

th e T B R wor d deleted) .  Accordin g t o th e encodin g variabilit y  hypothesis ,  retrieva l  shoul d b e 

greate r  i n th e multipl e contex t  condition .  Nevertheless ,  the y foun d n o differenc e i n fre e recal l 

of  th e targe t  words ,  teste d eithe r  immediatel y o r  afte r  2 4 hours .  I n fact ,  cue d recal l  wit h a 

singl e sentenc e fram e le d t o highe r  recal l  rate s fo r  target s tha t  appeare d i n singl e context s tha n 

target s tha t  appeare d i n multipl e contexts ,  a  tren d i n a  directio n opposit e t o tha t  predicte d b y 

th e hypothesis . 

'  Th e notion s underlyin g th e encodin g variabilit y  hypothesi s wer e originall y derive d from  Estes' s stimulu s 

samplin g an d fluctuation  mode l  (1959) . 

2 Th e precis e us e o f  th e ter m "context "  ha s no t  alway s bee n consisten t  amon g investigators .  Se e Mak i  & 

Hashe r  (1975 )  fo r  a  discussio n an d empirica l  investigatio n o f  thi s issue . 
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Postma n an d Knech t  conclude d tha t  encodin g item s i n differen t  context s doe s no t 

necessaril y  improv e retention ,  an d may ,  i n fact ,  lea d t o diminishe d retention .  A n overridin g 

facto r  ma y b e th e strengt h o f  specifi c  cue-targe t  associations ,  buil t  u p b y repeatin g th e ite m i n 

identica l  contexts .  Tha t  is ,  man y wea k retrieva l  route s ar e no t  necessaril y  bette r  tha n on e 

stron g one . 

I f  w e assume ,  a s th e Postma n an d Knech t  stud y suggests ,  tha t  th e spacin g effec t  depend s 

t o som e exten t  upo n th e repetitio n o f  specifi c  items ,  an d no t  necessaril y  o n th e encodin g o f 

item s relativ e t o a  continuousl y varyin g context ,  the n th e followin g questio n arises :  Whic h 

repetitio n o f  th e item ,  th e first  o r  th e second ,  i s les s effectivel y processe d o r  encode d whe n 

th e tw o presentation s occu r  back-to-back ? Thos e theorie s tha t  clai m tha t  th e first  presentatio n 

i s deficien t  includ e th e rehearsal-buffe r  theor y (Atkinso n &  Shiffron ,  1968 ;  Rundus ,  1971 )  an d 

a versio n o f  consolidatio n theor y (Landauer ,  1969) .  I n eithe r  case ,  th e disadvantag e foun d fo r 

massed practic e i s th e resul t  o f  th e interruptio n o f  a n ongoin g encodin g proces s b y th e 

immediat e occurrenc e o f  th e secon d item .  Bjor k an d Alle n (1970 )  found ,  however ,  tha t 

interposin g a  mor e difficul t  tas k betwee n repetition s di d no t  disrup t  thi s encodin g process ,  a s 

bot h rehearsal-buffe r  theor y an d th e consolidatio n hypothesi s woul d predict .  T o th e contrary , 

the y foun d improve d retentio n i n th e difficul t  tas k condition. ^  Thi s resul t  i s  har d t o reconcil e 

wit h eithe r  theory . 

The othe r  alternativ e i s tha t  th e secon d masse d presentatio n i s mor e poorl y processe d o r 

someho w les s effective .  I t  ha s bee n propose d tha t  subject s habituat e (e.g .  Hintzman ,  Block ,  & 

Summers,  1973 )  an d therefor e canno t  proces s th e secon d masse d presentatio n a s effectivel y a s 

the y ca n th e first.  I t  i s  no t  clea r  ho w thi s proposa l  coul d explai n th e Bjor k an d Alle n result , 

unles s th e intervenin g difficul t  tas k i n som e wa y release s th e habituatio n fro m th e first  item . 

I n addition ,  attempt s t o overhabituat e t o a  targe t  ite m b y presentin g th e ite m fo r  longe r 

duration s hav e bee n unsuccessfu l  (Hintzman ,  Summers ,  &  Block ,  1975) . 

Anothe r  suggestio n i s tha t  subject s d o no t  atten d a s effectivel y (e.g .  Shaughnessy , 

Zimmerman ,  &  Underwood ,  1972 )  t o th e secon d occurrenc e o f  a n ite m i f  i t  closel y follow s a n 

identica l  first  ite m i n time .  Bu t  effort s t o forc e subject s t o atten d t o th e secon d occurrenc e i n 

variou s way s hav e indicate d n o reductio n i n th e spacin g effec t  (e.g .  Hintzman ,  Summers ,  Eld , 

& Moore ,  1975) . 

Jacob y (1978 )  ha s offere d a n accoun t  o f  spacin g i n term s o f  processin g effort .  Tha t  is , 

i n th e masse d presentatio n condition ,  subject s hav e th e first  ite m consciousl y availabl e whe n 

3 Thi s resul t  ha s bee n replicate d b y Tzen g (1973) . 
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the y ar e presente d wit h th e secon d ite m an d consequentl y d o no t  hav e t o proces s th e secon d 

ite m t o th e sam e degree .  A s a  result,  processin g o n th e secon d masse d ite m i s no t  a s grea t  a s 

tha t  o n th e first  an d doe s no t  for m a s rich a  code .  Thi s explanatio n seem s t o giv e a  coheren t 

accoun t  o f  al l  th e evidenc e thu s fa r  mentioned :  I t  doe s no t  depen d o n encodin g item s relativ e 

t o a  dynami c context ,  an d i t  account s fo r  th e Bjor k an d Alle n results ,  sinc e interposin g a 

difficul t  tas k coul d plausibl y mak e th e secon d ite m les s available ,  requiring  mor e processing . 

However ,  i t  leave s unclea r  wha t  "processin g effort "  (no t  t o mentio n "consciousness" )  involves . 

Al l  thes e theorie s attemp t  t o explai n spacin g i n term s o f  concept s suc h a s encoding , 

habituation ,  an d consolidation ,  whic h mak e littl e referenc e t o th e actua l  for m o f  th e memor y 

representation ,  althoug h implici t  i n som e o f  th e explanation s i s th e assumptio n tha t  individua l 

item s hav e loca l  representations .  Anothe r  approac h i s t o see k a n explanatio n a t  th e leve l  o f 

th e representation :  I t  ma y matte r  ho w th e informatio n i s store d i n th e system .  On e wa y t o 

explor e thi s possibilit y  i s  t o construc t  explici t  model s tha t  incorporat e particula r  memor y 

representation s an d learnin g mechanism s an d t o tes t  the m wit h th e sam e experimenta l 

paradigm s tha t  hav e bee n use d t o stud y huma n memory . 

I t  wil l  b e demonstrate d tha t  th e spacin g effec t  i s  a  natura l  consequenc e o f  learnin g i n a 

networ k wit h distribute d memor y representations  an d a n incrementa l  learnin g procedure .  I n 

thi s framework ,  learnin g consist s o f  modifyin g connection s i n th e networ k s o tha t  thi s 

informatio n i s retained  a s accuratel y a s possibl e withi n th e constraint s impose d b y th e numbe r 

of  availabl e connections .  Thi s wa y o f  storin g informatio n i s fundamentall y differen t  fro m a 

loca l  representatio n wher e individua l  item s ca n b e store d independenti y o f  on e another ,  a s i n a 

compute r  memory .  I n a  distribute d representation  a  singl e connectio n ca n participat e i n th e 

storag e o f  man y items ,  an d conversel y a  singl e ite m i s store d i n man y connections . 

Approachin g memor y i n thi s wa y ha s alread y le d t o ne w insight s i n th e domain s o f 

categorizatio n an d concep t  formatio n (McClellan d &  Rumelhart ,  1985 ;  Anderson ,  Silverstein , 

Ritz ,  &  Jones ,  1977 ;  Eich ,  1982 ;  Amari ,  1977 ;  Kohonen ,  Oja ,  &  Lehtio ,  1981) .  Thes e model s 

of  memor y ar e inspire d b y th e paralle l  architectur e o f  th e brai n (Ballard ,  Hinton ,  & 

Sejnowski ,  1983 ;  Feldma n &  Ballard ,  1982) . 

NETtalk 

We hav e recenti y describe d NETtal k (Sejnowsk i  &  Rosenberg ,  1986) ,  a  massively -

paralle l  networ k tha t  learn s t o translat e letter s i n Englis h tex t  int o phoneme s an d associate d 

wor d stress .  I t  achieve s approximatel y 9 5 % accurac y pe r  lette r  withou t  acces s t o informatio n 

about  semantic s o r  syntax .  I n NETtalk ,  th e learnin g occur s b y modifyin g th e strength s o f 

connection s betwee n a  larg e numbe r  o f  simpl e an d identica l  processors ,  o r  units .  Thes e 
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Inpu t  Unit s 

Figur e 1 .  A  schemati c drawin g o f  th e NETtal k architecture .  Th e littl e circle s represen t  unit s (ther e ar e 

many mor e unit s tha n show n here )  an d th e arrow s represen t  bundle s o f  connections ,  o r  weights ,  betwee n 

th e group s o f  units .  Connectivit y i s complet e betwee n th e connecte d groups ,  s o eac h uni t  i n eac h o f  th e 

fiv e inpu t  group s show n ha s connection s t o al l  o f  th e unit s m th e hidde n layer ,  a U o f  whic h ar e i n tur n 

connecte d t o eac h o f  th e outpu t  units .  Fo r  th e presen t  experiments ,  ther e wer e 2 9 unit s i n eac h o f  th e in -

put  groups ,  6 0 unit s i n th e hidde n layer ,  an d 2 6 unit s i n th e outpu t  layer .  I n addition ,  al l  unit s hav e a 

connectio n t o a  specia l  uni t  tha t  i s alway s "on "  (no t  shown) ,  whic h serve s a s a  variabl e threshold . 

connections, which are real-valued and directional, determine how the activity of one unit 

affect s th e activit y o f  anothe r  unit .  I f  uni t  A  i s i n a n activ e stat e an d ther e i s a  positively -

value d (excitatory )  connectio n goin g fro m uni t  A  t o uni t  B ,  the n th e activit y leve l  o f  uni t  B 

wil l  b e drive n toward s one .  Conversely ,  a  negatively-value d (inhibitory )  connectio n betwee n 

th e tw o unit s wil l  driv e th e activit y leve l  i n uni t  B  toward s zero .  A  give n uni t  typicall y ha s 

connection s t o a  larg e numbe r  o f  othe r  suc h units .  T h e behavio r  o f  th e networ k i s th e 

collectiv e resul t  o f  a  larg e numbe r  o f  thes e simple ,  local ,  computation s tha t  ar e performe d i n 

parallel . 

NETtal k ha s acces s t o th e correc t  pronunciation s o f  th e word s durin g th e learning ,  s o i t 

i s  "supervised "  an d aki n t o learnin g wit h a  teacher .  T h e back-propagatio n o f  erro r  wa s use d 

t o adjus t  th e value s o f  th e connectio n strength s (Rumelhart ,  Hinton ,  &  Williams ,  1986) , 

whic h i s a  generalizatio n o f  th e perceptro n learnin g rul e (Rosenblatt ,  1962 )  t o multi-layere d 

networks . 
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Ther e ar e 23 1 unit s an d 10,34 6 connection s i n th e versio n o f  NETtal k use d i n th e presen t 

experiments .  A s show n i n Figur e 1 ,  th e unit s tha t  compos e NETtal k ar e arrange d i n a  layere d 

hierarchy ,  consistin g o f  thre e layers :  a n inpu t  layer ,  whic h encode s letters ,  a n outpu t  layer , 

whic h encode s phoneme s an d stress ,  an d a  hidde n laye r  tha t  connect s th e inpu t  laye r  t o th e 

outpu t  layer .  Eac h o f  th e layer s i s completel y connecte d t o th e laye r  jus t  abov e and/o r  jus t 

belo w it .  Letter s ar e "clamped "  a t  th e inpu t  layer ,  an d informatio n (i n th e for m o f  uni t 

activit y levels )  passe s u p throug h th e hidde n layer ,  finally  reachin g th e outpu t  laye r  wher e th e 

patter n o f  activit y o n th e outpu t  unit s i s interprete d a s a  phonem e an d stress . 

The decisio n o f  ho w eac h lette r  i s  t o b e pronounce d mus t  b e mad e o n th e basi s o f  th e 

surroundin g lette r  context ,  sinc e al l  letter s ca n b e pronounce d i n severa l  ways .  Usin g 

NETtalk ,  w e hav e bee n abl e t o examin e ho w performanc e varie s wit h windo w size .  I n thi s 

version ,  th e networ k "sees "  five  letter s a t  a  time:  th e curren t  letter ,  th e precedin g tw o letters , 

and th e followin g tw o letters. ^  Eac h o f  thes e five  letter s i s encode d simultaneousl y i n a  se t  o r 

grou p o f  twenty-si x dedicate d units ,  locall y representin g eac h o f  th e twenty-si x Englis h letters . 

Impose d o n th e networ k i s a  contro l  structur e tha t  step s thi s five-letter  windo w throug h th e 

corpus ,  letter-by-letter . 

Mor e specifically ,  th e valu e o f  eac h uni t  i s  a  functio n o f  th e value s o f  al l  th e unit s i n th e 

laye r  belo w i t  an d tiie  strengt h o f  th e connectio n betwee n th e tw o units .  Th e valu e o f  th e zt h 

uni t  i s  determine d b y first  summin g al l  o f  it s  input s 

Ei  =  Z^ijP i  (1 ) 

wher e P j  i s  th e valu e o f  th e yt h uni t  an d w ^  i s th e weigh t  valu e o f  th e connectio n betwee n th e 

tw o units ,  an d the n applyin g a  sigmoida l  transformatio n 

A =  /'(£i )  =  — " - r r  (2 ) 
1 +  «  ' 

The resultin g patter n o f  activit y produce d a t  th e outpu t  laye r  i s interprete d a s th e "guess "  o f 

ho w th e middl e lette r  i n th e windo w shoul d b e pronounced. ^  Thi s ou^u t  vecto r  i s the n 

compare d wit h th e "correct "  phonem e provide d it ,  an d th e connectio n strength s i n th e networ k 

^  Thi s windo w siz e ha s bee n reduce d from  seve n i n th e origina l  NETtal k i n orde r  t o spee d training . 

5 Thi s wa s don e b y computin g th e projectio n o f  th e ouQ>u t  vecto r  o n al l  th e possibl e phoneme s (ther e ar e 5 5 
of  them )  an d selectin g th e phonem e wit h th e highes t  overlap . 
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ar e recursivel y adjuste d t o minimiz e thei r  difference s (se e Rumelhart ,  Hinton ,  &  Williams , 

1986 ,  fo r  details) . 

Ther e wer e tw o adjustabl e learnin g parameter s i n th e model :  Th e rat e o f  learning ,  e ,  wa s 

set  t o 4.0 ,  an d th e smoothin g parameter ,  a ,  wa s se t  t o zer o (se e Sejnowsk i  &  Rosenberg , 

1986 ,  fo r  a n explanatio n o f  thes e parameters) .  Continuou s deca y o f  th e weigh t  value s toward s 

zer o ha s bee n experimente d with ,  bu t  wa s no t  use d i n th e presen t  experiments . 

The purpos e o f  th e presen t  experimen t  wa s t o investigat e th e spacin g effec t  i n NETtalk , 

a networ k wit h tw o layer s o f  modifiabl e weights .  Th e desig n wa s modele d afte r  Experimen t 

1 b y Glenber g (1976) .  I n thi s experiment ,  subject s wer e presente d wit h paire d associates , 

repeate d twic e a t  spacing s o f  approximatel y 0 ,  1 ,  4 ,  8 ,  20 ,  an d 4 0 intervenin g items ,  an d 

teste d a t  retentio n interval s o f  approximatel y 2 ,  8 ,  32 ,  an d 6 4 items .  Eac h pai r  wa s compose d 

of  tw o four-lette r  c o m m o n nouns ,  "constructe d t o avoi d c o m m o n pre-experimenta l 

associations ,  rhymes ,  an d orthographi c similarities "  (pg .  4) .  A t  test ,  jus t  th e stimulu s wor d 

was presented ,  an d th e subjec t  wa s t o recal l  th e associate d respons e term .  Glenberg' s result s 

ar e reproduce d her e a s Figur e 2 .  A  significan t  interactio n wa s foun d betwee n spacin g (lag ) 

and retentio n interval .  A t  shor t  retentio n intervals ,  masse d repetition s le d t o a  highe r 

probabilit y  o f  recall ,  wherea s a t  lon g retentio n intervals ,  distribute d repetition s wer e 

advantageous .  Glenber g als o note d tha t  retentio n a t  th e 64-ite m retentio n interva l  wa s a 

monotoni c an d negativel y acceleratin g functio n o f  spacing . 

As i n Glenberg' s experiment ,  th e retentio n o f  targe t  stimul i  repeate d a  certai n numbe r  o f 

time s a t  variou s spacin g interval s wa s measure d a s a  functio n o f  retentio n interval .  I f 

NETtal k exhibit s th e spacin g effect ,  the n long-ter m retentio n o f  thes e item s shoul d b e bette r 

when a  larg e numbe r  o f  othe r  item s interven e betwee n successiv e repeat s o f  th e targe t 

(distribute d practice) .  Conversely ,  short-ter m retentio n o f  th e targe t  item s shoul d b e bette r 

when fewe r  item s ar e presente d betwee n repeat s (masse d practice) . 

METHOD 

Pre-Experimental Training 

The networ k wa s first  traine d t o pronounc e a  se t  o f  commonl y occurrin g Englis h words . 

Thes e word s wer e obtaine d b y selectin g th e on e thousan d mos t  frequen t  word s fro m th e 

Webster' s Pocke t  Dictionary ,  base d o n frequency  count s i n th e Brow n corpu s (Kucer a & 

Francis ,  1967) .  Th e networ k cycle d throug h thi s on e thousan d wor d corpu s a  tota l  o f  eleve n 

times .  Th e performanc e o f  th e networ k a t  thi s poin t  i n training ,  a s determine d b y th e 

percentag e o f  th e correc t  phoneme s "guessed" ,  wa s 8 5 % ,  an d coul d hav e bee n improve d wit h 
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40 

Figur e 2 .  Th e proportio n o f  respons e term s recalle d a s a  functio n o f  spacin g interva l  an d retentio n inter -

va l  (Afte r  Glenberg ,  1976. ) 

further practice. 

Th e weigh t  value s o f  th e networ k wer e store d followin g thi s initia l  training ,  an d serve d 

as a  c o m m o n startin g poin t  fo r  al l  o f  th e subsequen t  experimenta l  trials . 

Targe t  Stimul i 

I n orde r  t o forc e n e w learnin g t o tak e place ,  rando m characte r  string s o f  lengt h si x wer e 

employe d a s targe t  stimuli .  Thu s ther e wa s n o orderl y relatio n betwee n th e cu e an d response . 

Whateve r  performanc e leve l  NETtal k wa s abl e t o reac h o n thes e item s coul d no t  hav e bee n 

du e t o th e utilizatio n o f  rule s acquire d eithe r  prio r  o r  subsequen t  t o study . 

Twent y six-lette r  cue s wer e generate d b y choosin g si x letter s a t  rando m (wit h 

replacement )  ou t  o f  th e twenty-si x letter s o f  th e Englis h alphabet .  Likewise ,  th e respons e 

term s associate d wit h eac h o f  thes e cue s wer e randoml y generate d phonem e an d stres s strings , 

als o si x character s eac h i n length .  Ther e wer e 5 3 possibl e phoneme s an d five  possibl e stres s 

characters. ^  T h e frequenc y o f  occurrenc e o f  th e character s i n natura l  languag e wer e no t  take n 

int o accoun t  i n thi s selectio n process .  S o m e o f  thes e item s an d severa l  item s fro m th e 

^  I n generatin g th e targe t  stimuli ,  tw o "phonemes" ,  th e spac e betwee n word s (_ )  an d di e perio d (.) ,  wer e no t 

possibl e choices . 
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Tabl e 1 .  Example s o f  som e trainin g (distractor )  an d targe t  item s used . 

letter s 

fil e 

al l 
secon d 

tak e 

togethe r 

nec k 

atmospher e 

D I S T R A C T O RS 

phonemes 

fAl -
cl -
sEkxn d 
tek -
UgED-- R 
nEk-
@tmxsf-Ir -

stres s 

> 1 « 
1 « 
> 1 < 0 « 
> 1 « 
> 0 > 1 « 0 < 
> 1 « 
1 < > 0 » > 2 « 

letter s 

fozepd 
sccfy k 
bmyqcl 
grtuf h 
eqhxx u 
ncssv r 
wxsal e 
djzxd e 
lonfjq i 

R A N D OM T A R G ET I T E M S 

phonemes 

WdicnK 
p-UdS p 
bzgTl z 
K C c z OL 
ANT Iv M 
zTSdWg 
RKpfl l 
Yby'̂ y l 
W G e n GN 

stres s 

1<121> 
>202< 1 
0 » « > 
>1<01 0 
>01<> 2 
« 1 2 > 2 
U l l l O 
2 0 » 2 > 
1 x 1 0 2 

trainin g corpu s ar e presente d i n Tabl e 1 . 

Procedur e 

The twenty target items were tested individually on separate trials. A trial consisted of 

first reading in the pre-experimental weights (described above), presenting a target item either 

two, ten, or twenty times, and then measuring the retention of the target as it was interfered 

with by subsequent learning. Furthermore, each target was presented at each of six spacing 

intervals, with either 0 (massed), 1, 4, 8, 20, or 40 (distributed) intervening items. Thus, 

eighteen trials were devoted to each target item (3 repetition groups x 6 spacing intervals). 

Between successive repeats of the target, words were presented from the original training 

corpus. Following the last repeat, the training corpus was again presented, and retention of the 

response terms of the target item was assessed after every item by presenting the cue term and 

measuring the mean squared difference between the ouQjut of the network and the correct 
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respons e 

i ( p ; - p f 

erro r  = ^ ^ — J (3 ) 

for  the / units in the output layer, where p> * is the target activation of the yth ouQ)ut unit, and 

Pj  i s  it' s  actua l  value .  Respons e accurac y wa s define d a s on e minu s th e mea n erro r  fo r  th e 

wor d 

N 
'Y,  ̂ ffo r 

accurac y =  1  -  " ^  „ — (4 ) 
yv 

wher e N  i s th e numbe r  o f  letter s i n th e word .  Learnin g wa s turne d of f  (achieve d b y settin g 

th e learnin g rat e t o zero )  fo r  thes e tests ,  s o tha t  n o change s wer e mad e t o th e strength s o f  th e 

connection s i n th e network . 

RESULTS 

Accuracy ,  a s define d above ,  wa s average d ove r  th e twent y targe t  item s an d plotte d a s a 

functio n o f  retentio n interva l  fo r  eac h repetitio n grou p (Figur e 3) .  Followin g Glenber g (1976) , 

value s wer e selecte d fro m thi s curv e a t  retentio n interval s o f  2 ,  8 ,  32 ,  an d 6 4 item s an d re -

plotte d a s a  functio n o f  spacin g interva l  (Figur e 4) . 

A 6  (spacin g intervals )  x  4  (retentio n intervals )  analysi s o f  varianc e wa s performe d o n 

thes e selecte d values ,  treatin g targe t  item s a s subjects .  Th e mai n effec t  o f  retentio n interva l 

was highl y significan t  i n al l  repetitio n groups ,  F  (3 ,  57 )  =  32.82 ,  58.50 ,  an d 48.29 ,  al l  / ? < 

0.001 ,  fo r  th e two ,  ten ,  an d twent y repetitio n groups ,  respectively ,  indicatin g tha t  a 

considerabl e amoun t  o f  forgettin g o f  th e targe t  item s di d tak e place .  Th e mai n effec t  o f 

spacin g wa s highl y significan t  onl y i n th e twent y repetitio n condition ,  F  (5 ,  95 )  =  5.10 ,  p  < 

0.001 ,  an d marginall y significan t  i n th e te n repetitio n condition ,  F  (5 ,  95 )  =  3.02 ,  p  <  0.05 . 

Of  interest ,  however ,  wa s th e interactio n betwee n spacin g an d retentio n interval .  Thi s 

interactio n wa s significan t  fo r  al l  thre e repetitio n groups :  F  (15 ,  285 )  =  27.6 8 an d 37.29 ,  bot h 

p <  0.001 ,  fo r  th e te n an d twent y repetitio n conditions ,  respectively ,  an d F  (15 ,  285 )  =  2.73 ,  p 

< 0.03 ,  i n th e tw o repetitio n condition . 

A trend s analysi s o f  th e accurac y measure s wa s performe d acros s spacing s fo r  retentio n 

interval s o f  0  (short-term )  an d 6 4 (long-term )  items .  Th e downwar d tren d i n retentio n fo r 

immediat e retentio n a s spacin g increase d wa s highl y significan t  followin g te n an d twent y 

repeat s o f  th e target ,  F  (5 ,  95 )  =  17.1 4 fo r  th e ten ,  an d F  (5 ,  95 )  =  6.7 0 fo r  th e twent y 

repetitio n groups ,  bot h p  <  0.001 .  I n bot h cases ,  th e linea r  tren d wa s highl y significant ,  F  (1 , 
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a. 

c. 

o.ss e 

0.8S 0 

o.sa s 0 84 8 

0.87 5 0.84 4 

A 
C 
C 
V 
R 
A 
C 
Y 

0.84 2 

0.90 S 

0.90 0 • 

OSes 

o.ae o -

0.88 S -

0.88 0 

10 2 0 3 0 4 0 s o 6 0 
RETENTION INTERVA L (TFEMS ) 

70 
0.87 0 

10 2 0 3 0 4 0 S O 6 0 
RETENTION INTERVA L (TFEMS ) 

70 

10 2 0 3 0 4 0 5 0 6 0 
RETENTION INTERVA L (ITEMS ) 

70 

F i g u r e 3 .  M e a n respons e a c c u r a c y ove r  al l  targe t  i tem s plotte d a s a  functio n o f  retentio n interva l  followin g 

t w o (a) ,  te n (b ) ,  a n d t w e n t y (c )  repetition s o f  th e targe t  i tem .  O n l y spac in g interval s o f  zer o (solid )  a n d for -

t y (dots )  item s ar e shown . 

19) = 38.43, p < 0.(X)1, and F (1, 19) = 11.80, p < 0.001, for the ten and twenty repetition 

groups ,  respectively .  Thi s downwar d tren d wa s no t  significan t  afte r  onl y tw o repeats , 

however ,  F  (5,15 )  <  0.5 .  Neithe r  th e quadrati c no r  th e cubi c trend s reache d significan t  level s 

i n an y o f  th e thre e repetitio n groups . 

The upwar d tren d a t  th e 64-ite m retentio n interva l  wa s significan t  fo r  al l  repetitio n 

groups ,  F  (5 ,  95 )  =  2.31 ,  p  =  0.05 ,  fo r  tw o repeats ,  an d F  (5 ,  95 )  =  8.9 2 an d 22.40 ,  bot h p  < 

0.00 1 fo r  th e te n an d twent y repetitio n groups .  Th e shap e o f  th e curv e varied ,  however .  A s 

th e numbe r  o f  repetition s increase d fro m tw o t o te n t o twenty ,  th e tren d varie d fro m cubic ,  F 

(1 ,  19) ,  p  <  0.05 ,  t o linear ,  quadratic ,  an d cubic ,  F  (1 ,  19 )  =  6.06 ,  24.94 ,  an d 6.12 ,  p  <  0.05 , 

0.001 ,  an d 0.05 ,  respectively ,  t o onl y linea r  an d quadratic ,  F  (1 ,  19 )  =  16.2 1 an d 66.63 ,  bot h p 

< 0.001 . 

DISCUSSION 
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Figur e 4 .  Mea n respons e accurac y plotte d a s a  functio n o f  spacin g interva l  a t  2 ,  8 ,  32 ,  an d 6 4 ite m reten -
tio n interval s fo r  th e tw o (a) ,  te n (b )  an d twent y  (c )  repetitio n groups . 

A significan t  spacin g effec t  wa s observe d i n NETtalk :  Retentio n o f  nonword s afte r  a  64 -

ite m retentio n interva l  wa s significantl y bette r  whe n presente d a t  th e longe r  spacing s 

(distribute d presentation )  tha n a t  th e shorte r  spacings .  I n addition ,  a  significan t  advantag e fo r 

massed presentation s wa s foun d fo r  short-ter m retentio n o f  th e items .  Althoug h stimulu s 

materials ,  respons e measures ,  an d procedur e diffe r  sufficientl y t o mak e direc t  compariso n 

impossible ,  th e overal l  patter n o f  thes e result s resemble s tha t  foun d b y Glenber g (1976) ,  i n a n 

experimen t  usin g huma n subjects .  W e obtaine d ou r  result s withou t  makin g additiona l 

assumption s o r  includin g additiona l  mechanism s suc h a s consolidation ,  rehearsal ,  o r  attention . 

Nor  wer e explici t  assumption s mad e abou t  a  continuousl y changin g contex t  othe r  tha n th e 

contex t  implicitl y  provide d b y th e network . 

Recenc y effects ,  simila r  t o thos e reporte d here ,  ar e commo n i n th e huma n literatur e an d 

hav e bee n reporte d i n spacin g experiment s (e.g .  Peterson ,  Wampler ,  Kirkpatrick ,  &  Saltzman , 

1963 ;  Sperber ,  1974) .  Thi s short-ter m advantag e fo r  masse d practic e i s commonl y discusse d 

wit h referenc e t o a  limited-capacit y memor y buffer .  Th e presen t  experiment s indicat e tha t 

some o f  th e effect s suc h a  mechanis m wa s designe d t o accoun t  fo r  ca n b e produce d withou t 

suc h a  device . 
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W hy shoul d NETtal k exhibi t  thes e characteristics ? Th e answer ,  a s w e attemp t  t o show , 

depend s o n th e wa y i n whic h learnin g an d th e resultin g knowledg e i s represente d i n NETtalk . 

An intuitiv e understandin g o f  learnin g i n NETtal k ca n b e obtaine d b y thinkin g o f  th e se t 

of  n  weigh t  values ,  th e man y site s o f  learnin g i n th e network ,  a s specifyin g a  poin t  i n a n n -

dimensiona l  hyperspace .  Th e goa l  o f  learnin g i s t o mov e o n a  trajector y throug h thi s 

hyperspac e toward s a  poin t  wher e th e erro r  o n th e entir e trainin g corpu s i s minimized .  Th e 

directio n i n whic h t o mov e a t  an y on e poin t  i s  determine d b y estimatin g th e erro r  gradient .  I f 

a globa l  min imu m fo r  a  give n corpu s ca n b e reached ,  n o furthe r  learnin g (i.e .  weigh t 

adjustments )  i s required .  A  minimu m i s consequentl y a  poin t  o f  hig h stability ,  unti l  a  ne w 

ite m i s presente d tha t  i s irregular ,  o r  i s  fo r  som e othe r  reaso n no t  lik e th e othe r  item s i n th e 

trainin g corpus .  Ou r  hypothesi s i s tha t  distributin g practic e lead s t o a  mor e stabl e positio n i n 

thi s hyperspac e upo n th e re-presentatio n o f  th e trainin g corpus . 

For  th e sak e o f  simplicity ,  suppos e tha t  NETtal k ha s onl y thre e connections ,  s o tha t  it s 

stat e a t  an y on e tim e ca n easil y b e represente d i n a  3-dimensiona l  spac e (se e Figur e 5) . 

Suppos e furthe r  that ,  a s i n th e presen t  simulations ,  thi s networ k ha s bee n traine d o n a  larg e 

pre-experimenta l  trainin g corpu s an d tha t  i t  ha s reache d a n optimu m (wher e th e erro r  i s a t  a 

globa l  minimum )  fo r  thes e item s (Poin t  A ) .  N o w a  ne w an d unusua l  targe t  ite m i s presente d 

i n eithe r  a  masse d o r  space d conditio n t o ou r  mini-network .  I f  th e targe t  i s presente d severa l 

time s back-to-back ,  a s i n th e masse d condition ,  minimizin g th e erro r  followin g eac h 

presentatio n wil l  lea d u s dow n a  pat h towar d a  poin t  tha t  i s  optima l  fo r  thi s targe t  item , 

perhap s eve n reachin g thi s optimu m (Poin t  B) .  Bu t  becaus e thi s voyag e wil l  hav e take n u s 

quit e ou t  o f  th e wa y fro m ou r  startin g poin t  (A) ,  thi s ne w positio n i s no t  likel y t o b e stabl e t o 

th e re-presentatio n o f  th e trainin g corpus ,  an d s o th e masse d learnin g o f  th e ne w ite m wil l  b e 

los t  quickly . 

Assuming ,  however ,  tha t  ther e i s a  poin t  tha t  i s  optima l  fo r  bot h th e trainin g corpu s an d 

th e targe t  ite m (Poin t  C  i n th e figure),  alternatin g presentation s o f  th e targe t  wit h item s fro m 

th e trainin g se t  i s on e wa y o f  movin g close r  t o thi s highl y stabl e point. ^  Upo n th e first 

presentatio n o f  th e targe t  item ,  th e erro r  gradien t  fo r  tha t  ite m i s estimate d an d th e erro r  i s 

reduce d b y adjustin g th e weight s i n th e directio n o f  th e steepes t  descen t  (t o positio n 1) .  S o 

far ,  thi s procedur e ha s bee n identica l  t o tha t  fo r  th e masse d condition ,  an d s o th e networ k i s a t 

"̂  Anothe r  w a y i s t o updat e th e weigh t  value s les s frequently .  Instea d o f  learnin g i n smal l  increments ,  a s i n 

NETtalk ,  whic h update s afte r  ever y word ,  on e coul d als o collec t  dat a ove r  m a n y trial s an d the n tak e on e bi g 

jump .  Althoug h thi s procedur e (withi n it s resolution )  overcome s th e problem s associate d wit h presentatio n orde r 

(suc h a s th e spacin g effect) ,  i t  m a y b e a  hazardou s one ,  sinc e n e w informatio n i s integrate d a t  a  slo w rate . 
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Figur e 5 .  Movement s i n weight-spac e durin g learnin g fo r  masse d (solid )  an d distribute d (textured )  condi -

tions .  Poin t  A  i s a  globa l  optimu m fo r  th e pre-experimenta l  trainin g corpu s (th e assume d startin g poin t 

fo r  al l  experimenta l  trials) ,  Poin t  B  i s a n optimu m fo r  th e targe t  item ,  an d Poin t  C  i s a n optimu m fo r  bot h 

th e targe t  an d th e tramin g corpus .  (Se e tex t  fo r  explanation. ) 

th e sam e poin t  i n hyperspace .  N o w ,  however ,  instea d o f  presentin g th e targe t  again ,  a n ite m 

fro m th e origina l  trainin g corpu s i s presented .  Again ,  th e weight s ar e adjuste d t o minimiz e 

th e erro r  o n th e ite m (t o positio n 2) ,  onl y thi s tim e th e directio n o f  m o v e m e n t  i s mor e likel y 

t o b e toward s Poin t  A  tha n Poin t  B ,  sinc e A  wa s a  globa l  m i n i m u m fo r  th e trainin g corpus . 

Presentin g th e targe t  agai n wil l  caus e a  movemen t  bac k toward s B  (t o positio n 3) ,  an d s o on . 

We se e tha t  distributin g practic e cause s th e networ k t o weav e bac k an d fort h i n thi s 

hyperspace ,  allowin g i t  t o perfor m a  mor e complet e searc h o f  th e erro r  spac e fo r  bot h th e 

trainin g corpu s an d th e targe t  item .  T h e networ k therefor e ha s a  bette r  chanc e o f  findin g th e 

optima l  positio n (Poin t  C )  tha n i t  woul d i f  practic e wer e massed ,  an d it s encodin g o f  th e 

targe t  ite m wil l  consequentl y b e mor e abl e t o withstan d interferenc e du e t o furthe r  trainin g o n 

bot h type s o f  material . 

T h e explanatio n o f  th e spacin g effec t  tha t  w e offe r  her e i s no t  mean t  a s a n alternativ e t o 

previou s suggestions ;  i t  i s  a  differen t  typ e o f  explanation ,  relyin g a s i t  doe s o n th e underlying 

structur e o f  th e representations .  T h e declin e i n learnin g rat e a s loca l  optim a ar e approache d i s 

reminiscen t  o f  th e proces s o f  habituation :  les s i s effectivel y learne d eac h tim e th e ite m i s 
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repeated .  Othe r  aspect s o f  ou r  mode l  bea r  a  resemblanc e t o encodin g variabilit y  t o th e exten t 

tha t  item s ar e encode d relativ e t o th e curren t  stat e o f  th e network ,  whic h i s i n a  stat e o f 

continua l  flux.  An d i f  w e identif y Jacoby' s processin g effor t  wit h th e degre e o f  chang e 

require d t o construc t  a  distribute d representation ,  the n ou r  simulation s ca n b e considere d 

suppor t  fo r  thi s proposa l  a s well .  Nevertheless ,  whil e thes e concept s o f  habituation ,  encodin g 

variability ,  an d processin g effor t  ma y b e reinterprete d withi n th e framewor k o f  connectionis t 

model s suc h a s ours ,  the y ar e a t  a  differen t  leve l  o f  explanation . 

Our  result s ar e limite d t o a  particula r  networ k architectur e i n a  particula r  domain .  T o 

what  exten t  i s thi s conclusio n dependen t  o n th e detail s o f  ou r  model ? I f  th e spacin g effec t  i s 

a direc t  consequenc e o f  incrementa l  learnin g i n memor y system s tha t  us e distribute d 

representations ,  a s w e suspect ,  the n th e sam e effect s o f  masse d an d distribute d learnin g shoul d 

occu r  i n othe r  tas k domain s an d wit h othe r  networ k architecture s tha t  als o hav e learnin g 

algorithm s wit h distribute d representations ,  suc h a s Boltzman n machine s (Hinto n & 

Sejnowski ,  1983 ;  Ackley ,  Hinton ,  &  Sejnowski ,  1985) .  W e predic t  a s wel l  tha t  th e sam e 

genera l  principle s ma y underli e th e spacin g effec t  i n huma n learning . 
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