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Abstrac t 

Evidence suggests that an early representation in the visual 
processin g o f  orthograph y i s  neithe r  visua l  no r 
phonological ,  bu t  code s abstrac t  lette r  identitie s (ALIs ) 
independen t  o f  case ,  font ,  size ,  etc .  Ho w coul d th e visua l 
systea i  com e t o develo p suc h a  representation ? W e 
propos e that ,  becaus e man y letter s loo k simila r  regardles s 
of  case ,  font ,  etc. ,  differen t  visua l  form s o f  th e sam e lette r 
ten d t o appea r  i n visuall y simila r  context s (e.g. ,  i n th e 
same word s writte n i n differen t  ways )  an d tha t  correlation -
base d learnin g i n visua l  corte x pick s u p o n thi s similarit y 
among context s t o produc e ALIs .  W e presen t  a  simpl e self -
organizin g Hebbia n neura l  networ k mode l  tha t  illustrate s 
ho w thi s ide a coul d wor k an d tha t  produce s ALI s whe n 
presente d wit h appropriat e input . 

Abstract Letter Identities 

A growin g bod y o f  evidenc e suggest s tha t  a n earl y 
processin g stag e i n readin g involve s th e computatio n o f 
abstrac t  lette r  identitie s (ALIs) ,  tha t  is ,  a  representatio n o f 
letter s tha t  denote s thei r  identit y bu t  tha t  abstract s awa y 
fro m thei r  visua l  appearanc e (uppercas e vs .  lowercase ,  font , 
size ,  etc. )  (Coltheart ,  1981 ;  Besner ,  Coltheart ,  &  Devalaar , 
1984 ;  Bigsby ,  1988 ;  Mozer ,  1989 ;  Prinzmetal ,  Hoffman .  & 
Vest ,  1991) .  I t  appear s tha t  thi s representatio n i s no t  a 
phonologica l  code ,  bu t  i s  compute d muc h earlie r  b y th e 
visua l  syste m itsel f  (Bigsby ,  1988) .  Fo r  example ,  eve n 
when subject s ar e aske d t o classif y pair s o f  lette r  string s a s 
same o r  differen t  base d purel y o n physica l  criteria ,  lette r 
string s tha t  diffe r  i n cas e bu t  tha t  shar e th e sam e lette r 
identitie s (e.g. ,  HILE/hile )  ar e distinguishe d les s efficientl y 
tha n ar e string s wit h differen t  spelling s bu t  th e sam e 
phonologica l  cod e (e.g. ,  HILE/hyle )  (Besne r  e t  al. ,  1984) . 
Similarly ,  jus t  a s subject s ten d t o underestimat e th e numbe r 
of  letter s i n a  strin g o f  identica l  letter s (e.g. ,  D D D D) 
compare d wit h a  heterogenou s strin g (e.g. ,  G B U F ) ,  subject s 
als o ten d t o misrepor t  th e numbe r  o f  Aa' s an d Ee' s i n a 
displa y mor e ofte n whe n uppercas e an d lowercas e instance s 
of  a  targe t  appea r  tha n whe n on e o f  eac h targe t  appear s 
(Mozer ,  1989) .  Th e repetitio n o f  ALI s mus t  b e responsibl e 
fo r  thi s effec t  becaus e visua l  form s wer e no t  repeate d i n th e 
mixed-cas e displays .  Notic e tha t  non e o f  thes e effect s ca n b e 
due simpl y t o th e visua l  similarit y o f  differen t  visua l  form s 
fo r  a  give n lette r  becaus e the y als o sho w u p fo r  letter s 

whose visua l  form s ar e no t  visuall y simila r  (e.g. ,  A/a ,  D/d , 
E/e ,  etc.) . 

The evidenc e the n i s tha t  a  relativel y earl y representatio n 
i n th e visua l  processin g o f  orthograph y (befor e lexica l  acces s 
or  th e representatio n o f  phonology )  doe s no t  reflec t 
fundamenta l  visua l  propertie s suc h a s shape—stimul i  tha t 
hav e littl e o r  n o visua l  similarit y (e.g. ,  "A "  an d "a" )  ar e 
represente d wit h th e sam e code .  Thi s i s quit e surprising . 
Afte r  all ,  ho w coul d th e visua l  syste m com e t o develo p suc h 
a representation ? Readin g an d writin g ar e relativel y recen t 
development s i n evolutionar y term s s o a  geneti c explanatio n 
seems implausible .  Bu t  wha t  learnin g mechanism s woul d 
caus e th e visua l  syste m t o develo p suc h a  representation ? 

The Co-Occurrence Hypothesis 

We propos e tha t  th e statistic s o f  co-occurrenc e amon g letter s 
i n word s interac t  wit h correlation-base d Hebbia n learnin g i n 
th e visua l  syste m o f  th e brai n t o produc e ALIs . 
Specifically ,  becaus e man y letter s loo k simila r  regardles s o f 
case ,  font ,  etc. ,  w e assum e tha t  ther e i s ofte n a  hig h degre e 
of  visua l  similarit y amon g th e context s i n whic h differen t 
visua l  form s o f  th e sam e lette r  appear ,  an d tha t  th e visua l 
syste m pick s u p o n thi s correlatio n an d produce s 
representation s correspondin g t o ALI s a s a  resul t 
Durin g reading ,  peopl e ar e expose d t o th e sam e wor d writte n 
i n a  variet y o f  differen t  ways :  al l  cap s an d lowercase ,  i n 
differen t  fonts ,  i n differen t  sizes ,  etc .  A s a  result ,  th e 
context s i n whic h on e visua l  for m o f  a  lette r  appea r  ar e 
simila r  t o th e context s i n whic h othe r  visua l  form s o f  tha t 
same lette r  appear .  Fo r  example ,  i f  th e visua l  for m "a " 
occur s i n a  give n contex t  (e.g. ,  betwee n "c "  an d "p "  i n 
"cap" ,  befor e "s "  i n "as") ,  the n th e visua l  for m "A "  almos t 
alway s occur s i n a  simila r  contex t  (betwee n "C "  an d "P "  i n 
"CAP" ,  befor e "S "  i n "AS") .  Wha t  i s critical ,  accordin g t o 
our  explanation ,  i s no t  tha t  thes e context s involv e th e sam e 
letters ,  bu t  rathe r  tha t  thes e context s ar e visuall y simila r  ("c -
p"  an d "-S "  loo k simila r  t o "C-P "  an d "-S "  respectively) .  O f 
course ,  th e differen t  visua l  form s o f  som e letter s ar e fairl y 
differen t  (e.g. ,  "D "  vs .  "d" )  an d s o ther e wil l  b e som e 
context s tha t  ar e uniqu e t o on e visua l  for m o f  a  lette r  (e.g. , 
"a "  bu t  no t  "A "  occur s i n th e contex t  "d-d") .  Bu t  give n tha t 
18 ou t  o f  2 6 letter s hav e a  fai r  degre e o f  similarit y i n thei r 
uppercas e an d lowercas e form s (th e obviou s exception s are : 
Aa.  Bb ,  Dd ,  Ee ,  Gg ,  Nn ,  Ĉ q ,  an d Rr )  an d tha t  letter s i n 
differen t  font s an d size s ten d t o loo k similar ,  thes e case s 
shoul d b e th e exceptio n rathe r  tha n th e rule . 

728 

mailto:polk@psych.upenn.edu


A Neura l  Networ k Mode l 

H ow coul d th e visua l  syste m pic k u p o n thi s correlatio n i n 
ib e environmen t  t o produc e representation s correspondin g t o 
ALIs ? Figur e 1  present s a  simpl e an d natura l  mechanisti c 
model  tha t  demonstrate s on e possibility .  Th e mode l  i s a  2 -
laye r  neura l  networ k tha t  use s a  Hebbia n learnin g rul e t o 
modif y th e weight s o f  th e connection s betwee n th e inpu t  an d 
outpu t  layers .  Hebbia n learnin g i s a  neurophysiologicall y 
plausibl e mechanis m tha t  generall y correspond s t o th e 
followin g rule :  I f  tw o unit s ar e bot h firin g the n thei r 
connectio n i s  strengthened ,  i f  onl y on e uni t  o f  a  pai r  i s 
firin g the n thei r  connectio n i s weakene d (Hebb ,  1949) .  Th e 
inpu t  laye r  represent s th e visua l  form s o f  inpu t  letter s usin g 
a localis t  representatio n (eac h uni t  represent s a  visua l  form , 
simila r  visua l  form s (e.g. ,  " C "  an d "c" )  ar e represente d b y 
th e sam e unit) .  Thi s representatio n doe s no t  cod e lette r 
positio n a s i t  doe s no t  pla y a  rol e i n ou r  explanatio n (th e 
same mechanis m woul d wor k fo r  a  representatio n tha t  di d 
cod e lette r  position) .  Initially ,  th e outpu t  laye r  doe s no t 
represen t  anythin g (sinc e th e connection s fro m th e inpu t 
laye r  ar e initiall y  random) ,  bu t  wit h trainin g i t  shoul d self -
organiz e t o represen t  ALIs .  Neighborin g unit s i n th e outpu t 
laye r  ar e connecte d vi a excitator y connection s an d unit s 
furthe r  awa y ar e connecte d vi a inhibitor y connections ,  i n 
keepin g wit h th e genera l  patter n foun d i n h u m a n cortex . 

The appendi x describe s th e model' s details . 
Th e figur e illustrate s th e model' s behavio r  whe n th e firs t 

wor d (sa y "cap" )  i s  initiall y  presented .  Th e patter n o f  ou^u t 
activit y i s  initiall y  rando m (Figur e 1 ,  left) ,  reflectin g th e 
rando m initia l  connectio n strengths .  T h e short-rang e 
excitator y connection s lea d t o cluster s aroun d th e mos t 
activ e unit s (Figur e 1 ,  middle )  an d these ,  i n turn ,  driv e d o w n 
activit y elsewher e vi a th e longer-rang e inhibitor y 
connection s leadin g t o a  singl e cluste r  (o r  a  smal l  number ) 
(Figur e 1 ,  right) .  Th e H e b b rul e the n strengthen s th e 
connection s t o thi s activ e cluste r  fro m th e activ e inpu t  unit s 
(th e letter s "c" ,  "a" ,  an d "p " ) ,  bu t  weaken s th e connection s 
fro m othe r  (inactive )  input s a s wel l  a s th e connection s fro m 
th e activ e inpu t  t o th e inactiv e outpu t  units .  Becaus e o f 
thes e weigh t  changes ,  "c" ,  "a" ,  an d "p "  wil l  subsequentl y b e 
biase d towar d activatin g unit s i n tha t  cluste r  whil e othe r 
input s (e.g. ,  "d" )  wil l  b e biase d awa y fro m tha t  cluster .  So , 
fo r  example ,  i f  th e wor d "dog "  wa s presente d next ,  the n i t 
woul d ten d t o excit e unit s outsid e th e cluste r  excite d b y 
"cap" . 

N o w suppos e w e presen t  th e sam e word ,  bu t  n o w i n 
uppercas e ("CAP" ,  Figur e 2) .  Becaus e " C "  an d "P "  ar e 
visuall y simila r  t o "c "  an d "p "  thei r  inpu t  representation s 
wil l  als o b e simila r  (i n thi s simpl e localis t  model ,  tha t 
means the y excit e th e sam e units ;  i n a  mor e realisti c 
distribute d model ,  th e representation s woul d shar e m a n y 

Inpu t  L a y e r  (presentin g "cap" ) 

Connec t i on s 

strengthene d 

s 
' v •v . 

^ 

1 
K 

1 1 

^~ 

C h a n g e s i n O u t p u t  L a y e r 

Figure 1. A neural network model of the development of abstract letter identities. The input layer (top) represents the visual 
form s o f  inpu t  letters ,  bu t  doe s no t  cod e thei r  position .  Letter s whos e uppercas e an d lowercas e form s ar e visuall y simila r  ar e 
represente d b y a  singl e uni t  (e.g. ,  C ,  P ,  S) .  I n thi s example ,  th e wor d "cap "  i s presented .  Initially ,  th e outpu t  representatio n 
i s rando m (left) ,  bu t  eventuall y a  cluste r  o f  activit y develop s (right )  an d Hebbia n learnin g strengthen s th e connection s t o i t 
fro m th e inpu t  letters . 
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Inpu t  Laye r  (presentin g " C A P " ) 

Connection s 

strengthene d 

• 

M 
^ 

> s M 

• 

i m 

m ~ 
_ 

— 

Change s i n Outpu t  Laye r 

Figur e 2 .  Th e behavio r  o f  th e networ k fro m Figur e 1  whe n presente d wit h th e wor d "CAP" .  " C "  an d "P " 
excit e th e previou s cluste r  becaus e o f  thei r  visua l  similarit y t o tli e "c "  an d "p "  i n "cap" ,  bu t  a t  first  " A "  excite s 
a distinc t  se t  o f  unit s (to p o f  th e outpu t  layer) .  Thes e tw o region s o f  activit y compet e unti l  th e previou s 
cluste r  win s out .  Hebbia n learnin g the n strengthen s th e connection s fro m al l  th e activ e input s (includin g "A" ) 
t o th e cluster ,  biasin g "a "  an d " A "  towar d excitin g nearb y units . 

unit s rathe r  tha n bein g identical ,  bu t  th e sam e proces s 
shoul d work) .  A s a  result ,  " C "  an d " P "  wil l  b e biase d 
towar d excitin g som e o f  th e sam e outpu t  unit s tha t  "cap " 
excited .  Th e inpu t  "A" ,  however ,  ha s n o suc h bias .  Indeed , 
it s connection s t o th e "cap "  cluste r  woul d hav e bee n 
weakene d (becaus e i t  wa s inactiv e whe n th e cluste r  wa s 
previousl y active )  an d i t  excite s unit s outsid e thi s cluste r 
(to p o f  th e outpu t  laye r  a t  th e lef t  o f  Figur e 2) .  Th e cluste r 
inhibit s thes e unit s vi a th e long-rang e inhibitor y 
connection s an d i t  eventuall y win s ou t  (righ t  o f  Figur e 2) . 
Hebbia n learnin g agai n suengthen s th e connection s fro m th e 
activ e input s (includin g "A" )  t o th e cluster .  Th e resul t  i s 
tha t  "a "  an d " A "  ar e biase d towar d excitin g nearb y unit s 
despit e th e fac t  tha t  the y ar e visuall y dissimila r  an d initiall y 
excite d quit e differen t  units .  A n AL I  ha s emerged . 

I f  thi s wer e th e whol e stor y the n on e migh t  expec t  al l 
letter s t o converg e o n th e sam e outpu t  representation .  Bu t 
i n additio n t o strengthenin g th e connection s betwee n 
correlate d units ,  th e learnin g mechanis m als o weaken s 
connection s betwee n anti-correlate d units .  S o whe n tw o 
visua l  form s occu r  i n differen t  context s (e.g. ,  "a "  i n "cap " 
and "d "  i n "dog") ,  th e networ k wil l  b e biase d towar d usin g 
distinc t  outpu t  unit s t o represen t  them .  O f  course ,  th e sam e 
i s tru e o f  th e differen t  visua l  form s o f  an y give n letter : 
Becaus e th e tw o form s appea r  i n man y differen t  context s 
(e.g. .  "a "  i n "cap "  vs .  " A "  i n " B A T " ) ,  ther e i s pressur e o n 

th e networ k t o represen t  the m usin g differen t  outpu t  units . 
Indeed ,  give n tha t  th e networ k wil l  b e expose d t o fa r  mor e 
pair s o f  differen t  word s tha n pair s o f  word s tha t  diffe r  onl y i n 
visua l  appearanc e (e.g. ,  uppercas e vs .  lowercase) ,  on e migh t 
thin k tha t  th e bia s towar d usin g distinc t  outpu t  unit s wil l  fa r 
outweig h an y tendenc y towar d ALIs .  Bu t  becaus e th e 
networ k ha s a  limite d amoun t  o f  spac e i n th e outpu t  laye r  i n 
whic h t o represen t  th e visua l  forms ,  i t  wil l  b e force d t o pu t 
some o f  thes e representation s close r  togethe r  tha n others . 
Th e critica l  questio n i s  whic h representation s wil l  th e 
networ k prefe r  t o pu t  nearby ,  give n tha t  i t  canno t  kee p the m 
al l  widel y separated .  Th e answe r  i s tha t  i t  wil l  ten d towar d 
movin g togethe r  thos e visua l  form s whos e context s ar e th e 
most  similar .  A n d thos e visua l  forms ,  fo r  th e reason s 
discusse d above ,  wil l  correspon d t o th e sam e absyac t  lette r 
identity . 

Simulation Results 

Figur e 3  show s th e result s o f  presentin g a  networ k lik e 
thi s wit h simpl e stimul i  tha t  satisf y th e constraint s outline d 
above .  Th e stimul i  consiste d o f  a  rando m sequenc e o f  3 6 3 -
lette r  w o r d s — 1 2 i n uppercas e an d 2 4 i n lowercas e (th e sam e 
12 word s tha t  appeare d i n uppercas e wer e presente d i n 
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Lette r 

Visua l 

F o r m 

Figur e 3 .  Th e pattern s o f  outpu t  activit y whe n presentin g tw o differen t  visua l  form s fo r  eac h o f  thre e letter s t o 
th e traine d networ k model .  I n al l  thre e cases ,  th e tw o differen t  visua l  form s activat e virtuall y identica l  outpu t 
representations ,  tha t  is ,  ALls .  Als o not e tha t  th e thre e letter s eac h hav e distinc t  representations . 

lowercas e twic e i n th e rando m sequence)^ .  Eac h wor d 
containe d on e lette r  fro m a  se t  o f  thre e AL I  candidat e 
letters—eac h o f  thes e letter s ha d tw o possibl e visua l  form s 
(e.g. ,  uppercas e an d lowercase)—an d eac h suc h lette r 
appeare d i n fou r  o f  th e 1 2 words .  Th e othe r  tw o letter s wer e 
randoml y chose n fro m a  se t  o f  2 0 whos e visua l  form s wer e 
simila r  i n uppercas e an d lowercase .  Th e figur e show s th e 
outpu t  activit y whe n presentin g eac h o f  th e thre e candidat e 
ALI  letter s i n eac h o f  thei r  visua l  forms .  I n al l  thre e case s 
th e outpu t  representation s fo r  th e tw o differen t  visua l  form s 
ar e virtuall y identical—th e outpu t  representatio n correspond s 
t o a n AL I  fo r  th e letter .  Als o not e tha t  th e outpu t 
representation s o f  th e thre e differen t  letter s wer e distinct . 

D i s c u s s i o n 

Thi s mode l  i s  relativel y simpl e an d tha t  i s  bot h a n advantag e 
and a  disadvantage .  O n th e positiv e side ,  i t  i s  eas y t o 
understan d an d henc e illustrate s th e theor y muc h mor e 
clearl y tha n a  mor e complicate d mode l  would .  Bu t  i t  als o 
has a  numbe r  o f  limitation s tha t  futur e model s wil l  nee d t o 

I  Th e tw o visua l  form s wer e presente d wit h differen t  frequenc y 
i n orde r  t o preven t  th e tw o form s fro m balancin g ou t  an d 
possibl y cancelin g th e effect s o f  competitio n (e.g. ,  i f  "cap "  an d 
"CAP"  occu r  wit h th e sam e frequency ,  the n th e networ k wil l  no t 
be biase d towar d on e cluster) .  O f  course ,  lowercas e word s occu r 
fa r  mor e frequentl y tha n uppercas e word s i n rea l  tex t  a s well . 

address :  I t  use s a  simple ,  localis t  inpu t  representatio n rathe r 
tha n a  mor e realisti c distribute d code ,  i t  only.addresse s a 
specialize d subse t  o f  word s (three-lette r  word s i n whic h on e 
lette r  i s a n AL I  candidat e an d th e othe r  tw o ar e not) ,  an d i t 
does no t  mode l  th e position s o f  letter s withi n words .  Th e 
theor y itsel f  doe s no t  depen d o n thes e assumptions , 
however ,  an d the y coul d thu s presumabl y b e relaxe d i n 
futur e work .  I n an y case ,  th e mode l  provide s th e first 
hypothesi s t o accoun t  fo r  th e developmen t  o f  ALIs ,  namely , 
tha t  the y aris e fro m a n interactio n betwee n th e co-occurrenc e 
of  letter s i n word s an d a  correlation-base d learnin g 
mechanism . 
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Appendix: Details of the Neural Network 

The networ k ha s 19 5 tota l  units .  2 6 ar e input s ( 3 AL I 
candidat e letter s x  2  visua l  form s eac h +  2 0 othe r  letters )  an d 
th e othe r  16 9 ar e output s i n a  13x1 3 2- D arrangement .  Al l 
inpu t  unit s ar e connecte d t o al l  outpu t  unit s wit h plasti c 
connections .  Outpu t  unit s ar e connecte d t o neighbor s (i n 2 -
D)  b y fixed  excitator y connection s (weigh t  =  0.2 )  an d t o 
othe r  outpu t  unit s b y fixe d inhibitor y connection s (weigh t  = 
-0.02) .  Th e min imu m an d m a x i m u m uni t  firing  rate s ar e 
fixe d a t  0. 0 an d 100. 0 whil e th e min imu m an d m a x i m u m 
connectio n weight s ar e fixed  a t  0. 0 an d 3.0 . 

Initially ,  th e activit y o f  outpu t  unit s i s unifor m rando m 
betwee n 0. 0 an d 10. 0 an d th e connectio n weight s fro m 
input s t o output s i s unifor m rando m betwee n 0. 0 an d 0.6 . 

The followin g Hebbia n learnin g rul e base d o n firing  rat e 
i s use d afte r  ever y cycl e t o updat e connectio n strength s 
betwee n inpu t  an d outpu t  units :  I f  bot h pre -  an d post -
synapti c unit s ar e firing  abov e threshol d (50.0) ,  increas e 
connectio n weigh t  b y 0.08 ;  i f  bot h unit s ar e belo w 
threshold ,  m a k e n o change ;  otherwise ,  decreas e th e 
connectio n weigh t  b y 0.02 . 

The outpu t  unit s us e a  sigmoi d transfe r  function : 

100. 0 
o u t p u t  =  ^_^^_(,^„,_4o.o ) 

The total input to each output unit is multiplied by a 0.9 
gai n facto r  befor e passin g throug h th e transfe r  function .  Th e 
inpu t  unit s ar e clampe d t o thei r  value s an d d o no t  decay . 
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