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Abstrac t 

We present the results of a simple experiment in lower-
cas e lette r  recognition .  Unlik e mos t  psycholog y studie s 
of  lette r  recognition ,  w e includ e i n ou r  dat a se t  letter s 
at  th e extreme s o f  thei r  categorie s an d investigat e th e 
recognitio n o f  letter s o f  multipl e typefaces .  W e ar e in -
tereste d i n th e relationshi p betwee n th e recognitio n o f 
norma l  letter s an d th e recognitio n o f  non-standar d let -
ters .  Result s provid e empirica l  evidenc e fo r  top-dow n 
conceptua l  constraint s o n lette r  perceptio n i n th e for m 
of  role s an d relation s betwee n perceptually-base d struc -
tura l  subcomponents .  A  proces s mode l  base d o n th e 
hypothesi s develope d belo w i s  currentl y bein g imple -
mented . 

Letters and Concepts 

Literat e human s ar e adep t  a t  recognizin g letter s i n m a n y 
divers e forms .  Larg e variation s i n styl e — especiall y 
apparen t  i n advertisin g face s — d o no t  see m t o hinde r 
our  abilit y t o accuratel y identif y characters .  Characte r 
recognitio n b y peopl e i s stil l  vastl y superio r  t o tha t  o f 
machines .  W h y i s i t  tha t  peopl e ar e abl e t o quickl y an d 
easil y recogniz e letterform s whil e machin e recognitio n 
system s fail ? W e believ e wha t  i s require d i s a n approac h 
usin g abstrac t  conceptua l  representation s o f  letter s lik e 
thos e foun d i n th e h u m a n mind .  W e wil l  describ e suc h 
representation s an d empiricall y justif y thei r  existence . 

Letterform s ar e subtle r  tha n peopl e generall y realize . 
Most  peopl e thin k th e lette r  'a '  i s jus t  a  shape .  A  close r 
loo k reveal s a n interconnecte d we b o f  abstraction s tha t 
make u p th e ide a o f  'a '  itself .  I n on e c o m m o n form , 
th e concep t  lowercase-'a '  ca n b e though t  o f  a s a  mar -
riag e o f  tw o smalle r  ideeis :  (1 )  th e ide a o f  a  curve d 
umbrella-handle-lik e ba r  o n th e right ,  an d (2 )  th e ide a o f 
a smal l  c-lik e curv e nestle d belo w th e umbrella-handle . 
(Se e th e first  glyp h o f  Figur e 1. )  Thes e tw o conceptua l 
components ,  whic h w e cal l  roles ,  ar e no t  explici t  shape s 
per  s e bu t  ar e idea s abou t  wha t  th e acceptabl e bound s 
fo r  letter-par t  shape s are ,  ho w fa r  suc h shape s ca n b e 
stretche d befor e the y los e thei r  interpretation ,  an d ho w 
the y interac t  wit h othe r  role s t o for m a  complet e object. ^ 

Roles ,  lik e whole s (complet e letters) ,  ar e concept s i n 
thei r  o w n right ,  wit h s o m e w h a t  nebulou s boundaries . 
T h e differenc e i s  tha t  m e m b e r s h i p i n a  rol e i s  easie r 
t o characteriz e tha n m e m b e r s h i p i n a  whole ,  s o tha t 
reducin g whole s t o collection s o f  interactin g role s i s  a 

'(Blesser et al., 1973) discuss a related idea. 

ste p forwar d i n simplification. ^  (Palmer ,  1978 )  point s 
ou t  th e existenc e a n d utilit y o f  representation s o f  struc -
tura l  unit s large r  tha n line s and/o r  point s i n percep -
tua l  processing .  U n d e r  ou r  hypothesis ,  role s provid e 
top-dow n influenc e o n th e parsin g o f  figures  int o higher -
orde r  structure s tha t  hav e bee n s h o w n t o b e importan t 
fo r  m a k i n g similarit y judgements . 
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Figur e 1 :  A  pictur e o f  s o m e o f  th e m o s t  standar d set s 
of  role s fo r  6  lowercas e letters .  Role s ar e no t  themselve s 
shapes ,  instea d the y ar e set s o f  n o r m s a t  th e concep -
tua l  leve l  int o whic h part s o f  letter s ca n b e fit.  Thes e 
picture s s h o w h o w suc h role s wo r k together .  T h e blac k 
dot s represen t  between-rol e relations . 

Figure 1 is a graphical representation of some of the 
m o st  standar d set s o f  role s fo r  th e first  6  lowercas e ro-
m an letters .  Role s an d relationship s betwee n role s m a k e 
u p th e interna l  structur e o f  a  lette r  category .  Categor y 
m e m b e r s h i p a t  th e whole-lette r  leve l  i s  determine d b y 
categor y m e m b e r s h i p a t  th e lowe r  leve l  o f  roles .  T h e 
styl e o f  a  letterfor m i s a  functio n o f  h o w th e variou s 
role s ar e filled. 

role s leoerfonn s Tille d role* role s leoerfonn s fille d role s 
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Figur e 2 :  Parsin g letterform s int o high-leve l  part s occur s 
unde r  th e top-dow n influenc e o f  roles .  T h e to p t w o ex -
ample s s h o w straightforwar d parsing s (or,  role-fillings ) 
requirin g littl e slippage .  T h e b o t t o m t w o ar e m o r e c o m -
plicated ,  wit h role-slippag e performin g a  critica l  functio n 
i n recognition . 

^Th e facilitatin g effec t  o f  simila r  perceptua l  hierarchie s 
ar e discusse d i n (Palmer ,  1977) .  Suc h hierarchie s hav e rarel y 
bee n applie d t o machine-base d lette r  perceptio n (Mantas , 
1986) . 
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Figur e 2  show s h o w letterform s ar e comprise d o f  pajt s 
whic h correspon d t o a  lette r  concept' s roles .  Suc h part s 
ar e perceive d unde r  top-dow n pressur e fro m role s an d 
ar e sensitiv e t o context .  A s state d i n (Palmer ,  1978 ) 
(pag e 96) ,  "component s ente r  int o relationship s wit h 
othe r  components ,  resultin g i n large r  structura l  unit s 
whos e importanc e supercede s tha t  o f  it s  constituents. " 
We hol d tha t  mos t  o f  th e "importance "  attribute d t o 
th e emergin g part s stem s directl y fro m thei r  role-fillin g 
ability .  I n othe r  words ,  th e wa y i n whic h a  par t  fills  a 
rol e directl y determine s it s "goodness. " 

S o me aspect s o f  role s ca n b e slippe d t o accomodat e a 
letterform' s parts. *  "Slippage "  involve s allowin g certai n 
description s i n a  menta l  representatio n t o "slip, "  o r  b e 
replace d b y relate d description s accordin g t o contextua l 
pressure s brough t  t o bea r  b y th e situation .  S o m e o f  th e 
description s maJcin g u p th e representatio n o f  a  rol e ar e 
mor e slippabl e tha n others .  T h e fluid  natur e o f  h u m a n 
lette r  perceptio n i s a  consequenc e o f  slippabilit y  a t  th e 
role-level . 

The Gridfont Domain 
O ur  aii m i n thi s pape r  i s t o sho w tha t  role s pla y a n impor -
tan t  par t  i n lette r  perception .  Thi s become s especiall y 
apparen t  w h e n a  lette r  i s  complicate d o r  nea r  th e bound -
Mie s o f  it s  intende d category .  W e ar e motivate d b y th e 
nee d fo r  a  reasonabl e cognitiv e mode l  o f  lette r  percep -
tio n whic h w e wil l  us e a s par t  o f  th e Lette r  Spiri t  mode l 
of  creativit y i n lette r  design." * 
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Figur e 3 :  T h e Lette r  Spiri t  grid ,  wit h on e o f  th e possibl e 
set s o f  quant a instantiatin g a n 'a '  turne d on . 

In the Letter Spirit domain, letterforms are restricted 
t o shor t  lin e segment s o n a  fixe d 3 x 7 grid .  Ther e ar e 5 6 
possibl e lega l  lin e segments ,  calle d quanta ,  tha t  connec t 
a poin t  t o an y o f  it s  neares t  neighbor s (se e Figur e 3) .  Be -
caus e quant a ar e eithe r  o n o r  off ,  decision s o n th e gri d 
ar e coarse .  Surprisingly ,  th e variet y a m o n g letter s o f  a 
give n categor y i s stil l  hug e — hundred s o f  version s o f 
eac h lette r  an d aroun d 60 0 ful l  gridfont s hav e bee n de -
signe d b y humans .  Almos t  paradoxically ,  th e domain' s 
limitation s engende r  thi s diversity . 

T h e low-leve l  constraint s define d b y th e gri d provid e 
a ric h microdomai n tha t  focuse s attentio n o n cognitiv e 
issue s o f  lette r  perception .  O n e importan t  featur e o f  th e 

^Th e ter m •'slippability" ,  coine d b y Hofstadte r  (1979) ,  i s 
roughl y equivalen t  t o th e mor e pervasiv e psychologica l  ter m 
"mutability "  use d b y (Kahnema n an d Miller ,  1986) . 

*Se e (Hofstadte r  an d McGraw ,  1994 )  fo r  a  descriptio n o f 
th e Lette r  Spiri t  project . 

gri d i s tha t  i t  ca n bot h forc e letter s t o thei r  categorica l 
extreme s becaus e o f  it s sparsenes s an d ye t  stil l  contai n 
m a ny easil y identifiabl e letterforms .  Thi s make s i t  a n ex -
cellen t  vehicl e fo r  lette r  perceptio n researc h — on e tha t 
allow s s o m e attentio n t o b e focuse d o n issue s o f  style . 

The Human Study 
T h e purpos e o f  ou r  experimen t  i s twofold :  t o gathe r  dat a 
fo r  compariso n wit h cognitiv e model s o f  lette r  percep> -
tion ,  an d t o she d ligh t  o n th e h u m a n perceptio n o f  lower -
cas e roma n letter s tha t  ar e non-standar d i n nature .  Ou r 
centra l  prediction s al l  relat e t o th e hypothesi s tha t  lette r 
concept s ar e comprise d o f  simple r  conceptua l  roles .  Be -
caus e o f  th e existenc e o f  roles ,  h u m a n lette r  perceptio n 
shoul d b e affecte d i n th e followin g ways : 
1.  Reactio n tim e shoul d b e longe r  an d recognitio n rat e 
lowe r  fo r  complicate d stimul i  i n whic h role s ar e eithe r 
ambiguousl y filled  o r  poorl y filled  tha n i t  shoul d b e fo r 
relativel y norma l  letter s wit h standar d role-fillers . 
2.  First-orde r  syntacti c proximit y (i.e. ,  proximit y o f  let -
te r  shape s considere d onl y a t  th e leve l  o f  quanta )  alon e 
shoul d no t  accoun t  fo r  error s i n h u m a n lette r  recogni -
tion .  Instead ,  error s shoul d b e explainabl e i n term s o f 
rol e slippages ,  part-rol e fillers,  an d role-se t  relations . 
3.  Categor y error s m a d e b y h u m a n subject s shoul d b e 
most  prevalen t  betwee n letter s wit h simil u set s o f  role s 
— role s whic h ar e relate d t o eac h othe r  spatiall y  i n a 
simila r  fashion .  Thus ,  'n' s an d 'r' s  o r  'q' s an d 'g' s shoul d 
be easil y confused ,  wherea s 'n' s an d *m'so r  eve n 'e' s an d 
's' s (whic h ar e syntacticall y simila r  bu t  no t  simila r  a t  th e 
rol e level )  shoul d not . 
4.  Error s shoul d reflec t  th e underlyin g rol e structur e o f 
letters .  T h e mor e ambiguou s a  letterform' s part s are , 
an d th e mor e tenuousl y the y fill  roles ,  th e longe r  an d 
les s accurat e th e cljissificatio n shoul d be . 

Method 
Stimuli .  A  blac k gri d wa s displaye d agains t  a  whit e back -
groun d o n a  Macintos h screen .  Th e 2 1 vertice s wer e draw n 
wit h a  uni t  distanc e o f  3 0 pixel s (1.31 1 c m )  makin g th e entir e 
gri d 7. 9 x  2. 6 cm .  A  3  x  3  pixe l  mar k wa s mad e a t  eac h vertex . 
Ever y quantu m i n th e gri d wa s draw n i n wit h a  thicknes s o f 
one pixel .  Thu s th e gri d provide d nois e fo r  eac h gridfon t  let -
te r  (or ,  token )  displayed .  A  toke n wa s displaye d b y drawin g 
it s activ e quant a wit h a  thicknes s o f  thre e pixek .  Subject s 
wer e seated ,  bu t  abl e t o maintai n whateve r  distanc e fro m th e 
monito r  the y foun d best . 

Procedure .  A  se t  o f  gridfon t  character s wa s show n t o eac h 
subject .  Th e token s wer e presente d individually ,  wit h th e 
scree n blan k fo r  tw o second s betwee n eac h trial . 

Th e ful l  dat a set ,  A L L ,  ma y b e meaningfull y separate d 
int o tw o exclusiv e subsets :  1 )  N O R M A LS — 38 9 uniqu e 
token s whic h represen t  eac h o f  th e 2 6 lowercas e lette r  cate -
gorie s fro m 9  t o 2 4 time s an d ar e intende d t o b e ver y centra l 
example s o f  eac h letter ;  and ,  2 ) F O N T S — consistin g o f  si x 
entir e gridfonts ,  eac h a  coheren t  se t  o f  2 6 token s ( a typeface ) 
meant  t o shar e th e sam e stylisti c identit y (o r  spirit) ,  rangin g 
fro m eccentri c an d style-saturate d t o reasonabl y normal . 

Subject s wer e tol d tha t  the y woul d se e a  serie s o f  stimuli , 
eac h o f  whic h wa s intende d t o represen t  a  roma n lowercas e 
letter .  Response s wer e t o b e promp t  keyboar d keypresse s 
whic h identifie d th e stimulu s a s on e o f  th e 2 6 roma n lowercas e 
letters .  Th e importanc e o f  correc t  identificatio n wa s stresse d 
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0 00 2 0.0 ( 
0.00 4 0.0 ( 
0.01 0 0.0 ( 
0.00 3 0.0 ( 
0.00 3 0.0 < 
0.00 2 O.O C 
0.00 0 0.0 2 
0.01 8 O.O C 
0.00 5 O.O C 
0 00 0 0.0 0 
0.00 4 0.0 0 
0 00 1 0.0 0 
0.02 6 0.0 0 
0.00 5 0.0 1 
0.01 0 0.0 0 
0.01 4 0.0 0 
0.00 0 0.0 0 
0.00 3 0.0 0 
0.00 3 0.0 0 
0.96 5 0.0 0 
0.03 1 0.7 9 

o U n 
0.00 3 
003 5 
0.01 3 
0.01 0 
000 5 
090 6 
000 8 
0.01 3 
0.00 8 
0.00 6 
0.00 4 
0.00 0 
0.00 4 
0.00 0 
0.01 7 
0.17 9 
0.0O 2 
0.0O 4 
0.01 0 
0.00 3 
0.00 1 
0.00 0 
0.00 0 
0.00 4 
0.00 8 

T o o o 
0.00 5 
0.00 0 
0.00 3 
0.00 0 
0.00 3 
0 00 0 
0.00 8 
000 1 
0.00 1 
0.78 6 
0.00 4 
0.00 1 
0.00 0 
0.00 3 
0.00 0 
0.00 0 
0.00 3 
0.00 0 
0.00 7 
0.00 6 
0.00 0 
0.01 0 
0.00 6 
0.00 0 
0.00 0 

0 00 0 0  00 0 0.00 0 
0 00 9 0  00 0 0.00 0 
0 00 6 0  00 0 0  00 0 
0 00 0 0.00 0 0.00 0 
0.00 0 0.00 0 0.00 0 
0.00 4 0.02 3 0.00 0 
0.00 0 0.00 0 0.00 0 
0.00 0 0.00 3 0.02 3 
0.00 1 0.00 3 0.00 1 
0.00 2 0.00 0 0.00 0 
0.00 6 0.00 3 0.00 3 
0.59 3 0.00 0 0.00 0 
0.00 1 0.92 8 0.01 2 
0.00 0 0.04 2 0.81 7 
0.00 0 0.00 0 0.00 5 
0.00 1 0.00 0 0.00 0 
0.00 0 0.00 0 0.00 2 
0.00 0 0.00 0 0.07 0 
0.00 1 0.00 0 0.00 5 
0.00 7 0.00 0 0.00 2 
0.00 1 0.00 0 0.00 1 
0.00 0 0.00 0 0.00 0 
0.00 1 0.00 1 0.00 0 
0.00 0 0.01 0 0.00 2 
0.00 0 0.00 0 0.00 0 
0.00 0 0.00 0 0.00 0 

Tabl e 1 :  Confusio n matri x o f  h u m a n performanc e o n A L L . 

over  tha t  o f  speede d response ,  althoug h subject s wer e awar e 
tha t  thei r  respons e time s wer e bein g recorded . 

For  2 1 o f  th e subjects ,  th e dat a se t  wa s N O R M A LS plu s 
fou r  o f  th e gridfont s fro m F O N T S (10 4 mor e tokens ,  fo r  a 
tota l  o f  493) .  T w o additiona l  gridfont s wer e adde d fo r  th e 
fina l  1 4 subject s onl y (fo r  a  tota l  o f  54 5 tokens) .  Th e orde r 
of  presentatio n wa s uniquel y randomize d fo r  eac h subject . 

Subjects .  3 5 subject s wer e draw n fro m th e Indian a Uni -
versit y communit y an d include d undergraduates ,  graduat e 
students ,  an d staff .  Non e wer e involve d i n wor k relate d t o 
font s o f  an y kind .  Al l  subject s wer e compensate d fo r  thei r 
participatio n an d wer e debriefe d afte r  th e experiment . 

Results 

Our  experimen t  invlove d th e presentatio n o f  17,98 3 trial s 
divide d ove r  th e 3 5 subjects .  Subject s varie d betwee n 
63.7 % an d 95 .6 % correc t  response s wit h a  m e a n o f  8 4 . 0 % 
correct . 

Tabl e 1  show s a  Stimulu s b y Respons e confusio n m a -
tri x generate d fo r  th e dat a se t  A L L b y averagin g ove r 
th e 3 5 subject s an d collapsin g token s int o thei r  respec -
tiv e categories .  Thi s confusio n matri x differ s consider -
abl y fro m other s lik e i t  i n th e psycholog y literatur e i n tw o 
ways .  First ,  th e letter s reporte d o n ar e les s typica l  exam -
ple s o f  thei r  categorie s tha n ar e usuall y used .  Second , 
th e matri x include s dat a abou t  a  variet y o f  typeface s 
instea d o f  jus t  one ,  s o m e o f  whic h hav e extremel y non -
standar d letters .  Thi s lead s t o a  mor e interestin g se t  o f 
error s tha n ha s bee n eviden t  i n pas t  work .  O u r  workin g 
assumptio n i s  tha t  th e confusabilit y  betwee n tw o letter s 
increase s a s a  measur e o f  thei r  representationa l  similarit y 
(Gilmoree t  al. ,  1979) . 

Prediction 1 

Table 2 shows average accuracy and reaction time values 
fo r  som e o f  th e dat a subsets .  Fo r  al l  groups ,  wit h th e ex -
ceptio n o f  sabretooi h an d dose ,  accurac y an d spee d hav e 
correspondin g ranks .  Generally ,  a s R T get s longer ,  accu -
rac y decrease s (r=0.74 ,  p<0.0 1 fo r  a  correlatio n ove r  al l 
token s average d ove r  al l  subjects) .  Bot h o f  thes e meai -

sure s ca n b e understoo d i n term s o f  a n intuitiv e notio n 
of  difficulty ,  wit h R T risin g an d accurac y fallin g a s diffi -
cult y rises . 

Stimulu s 
ALL 
N O R M A LS 
FONTS 
bowti e 
doubl e backslas h 
floumoy  ranc h 
hin t  fou r 
clos e 
sabretoot h 

Accurac y 
84. 0 % 

90. 1 
68. 7 
52. 1 
66. 2 
57. 4 
85. 3 
74. 8 
76. 7 

Avg.  R T 
1.8 4 s 
1.4 6 
2.8 0 
3.7 9 
2.8 8 
3.4 4 
1.9 5 
2.1 2 
2.6 1 

quant a 
6.8 0 
6.9 7 
6.3 6 
7.6 5 
6.0 0 
7.5 4 
4.9 2 
5.3 1 
6.7 3 

Tabl e 2 :  Huma n recognitio n performanc e average d ove r 
35 subjects . 

Difficulty is directly determined by the ease with 
whic h a  letterfor m ca n b e broke n int o part s tha t  fill  roles . 
Complicate d letterform s tak e longe r  t o pars e int o roles , 
causin g R T t o rise .  Likewise ,  letterform s tha t  fill  role s 
poorl y o r  ambiguousl y caus e mor e error s tha n thos e tha t 
fill  role s easily .  Figur e 2  provide s a n exampl e o f  "good " 
rol e fillers  (th e to p examples )  vs .  "bad "  rol e fillers  (th e 
botto m examples) .  Th e rol e hypothesi s thu s explain s 
th e relationshi p betwee n R T an d accuracy . 

Ther e i s a  strikin g differenc e i n R T (an d accuraicy )  be -
twee n F O N T S an d N O R M A L S.  Figur e 4  show s a  his -
togra m o f  th e numbe r  o f  token s i n th e dat a se t  tha t  fel l 
int o certai n R T bins .  I t  show s tha t  mos t  o f  th e token s i n 
N O R M A LS ar e recognize d quickly ,  whil e mos t  o f  th e 
F O NT token s tak e longer .  Figur e 5  show s a  simila r  his -
togra m fo r  accuracy .  Clearly ,  mos t  N O R M A LS token s 
ar e recognize d mor e accuratel y tha n th e F O N T tokens . 
The N O R M A LS generall y hav e part s tha t  easil y fill 
roles ,  wherea s F O N T S hav e non-standar d role-fillers . 

The numbe r  o f  quant a i n a  gridlette r  doe s no t  alon e 
determin e it s difficulty .  A s a  result ,  R T doe s no t  corre -
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' ^  ^ 

4 0 % 5 0 % 
1.675 s 2.125 s 

e 
100 % 
0.94 s 

" ^ 
14.3 % 
2.856 s 

1 

64.3 % 94.3 % 
2.751 s 1.140 s 

37.1 % 71.4 % 100 % 
7.376 s 3.686 s 1.071 s 

^  ^  U 

45.7 % 78.6 % 97.1 % 
1.999 s 2.479 s 1.135 s 

Figur e 6 :  Standar d vs .  non-standar d role-filler s a s exhibite d i n doubl e backslas h (lef t  letterfor m o f  eac h triplet) , 
sabretoot h (middle) ,  an d token s fro m N O R M A LS (right) .  Startin g a t  th e lef t  o f  eac h triple t  wher e role s ar e poorl y 
filled ,  role s ar e fille d i n a  mor e standar d fashio n toward s th e right .  Role-relate d difficult y i s reflecte d i n th e percen t 
correc t  an d R T data . 

•  NORMAL 
• FONT 

a7S-l.0 6 1.06-l.J O 1.90-2.1 2 2123.0 0 3.004^ 4 A M * 
%1 (.ttccmik. ) 

Figur e 4 :  Th e numbe r  o f  tokens ,  separate d int o N O R -
M A L S an d F O N T S groups ,  tha t  occurre d withi n cer -
tai n R T ranges . 

160 . p 

•  NORMAL 
PONT 

140-
120-
100-

50-7S *  7$-«7 « 17-»« » 94-99 * 
Accvacy 

99* + 

Figur e 5 :  Th e numbe r  o f  tokens ,  separate d int o N O R -
M A L S an d F O N T S groups ,  tha t  occurre d withi n cer -
tai n accurac y ranges . 

lat e highl y wit h th e numbe r  o f  quant a (r=0.59 ,  p=0.16) , 
nor  doe s accurac y (r=0.55 ,  p=0.19). ^  Tha t  difficult y i s 
mor e tha n jus t  quant a numbe r  i s apparen t  fro m th e dat a 
shown i n Tabl e 2  (not e especiall y clos e an d hin t  four) . 
Th e rol e hypothesi s ca n accoun t  fo r  thi s resul t  a s follows : 
some gridletter s wit h a  highe r  tha n averag e quant a coun t 
stil l  hav e well-fille d role s whil e other s havin g a n averag e 
number  o f  quanta ,  o r  possibl y eve n a  lowe r  tha n averag e 
quant a count ,  hav e troublesom e role-fillers .  Thi s effec t 
i s  als o apparen t  withi n th e F O N T S group ,  wit h sabre -
toot h havin g fairl y stron g bu t  heav y role-filler s (makin g 
i t  relativel y eas y t o recognize )  an d doubl e backslas h hav -
in g role s fille d i n les s standar d way s (makin g i t  harde r 
t o recognize) .  Mos t  N O R M A LS tokens ,  havin g ver y 

norma l  rol e fillers ,  ar e eve n easie r  t o recogniz e tha n th e 
sabretoot h tokens .  Figur e 6  show s som e specifi c  token s 
(a s wel l  a s accurac y an d R T data )  t o illustrat e thi s point . 

Prediction 2 

Figur e 7  display s th e tre e resultin g fro m a  hierarchica l 
cluste r  analysi s o f  th e datase t  A L L .  Th e clusterin g i s 
meant  t o provid e som e insigh t  int o th e first-orde r  syntac -
ti c similaritie s betwee n lette r  categories .  I t  i s  base d o n 
quanta-leve l  informatio n alon e an d i s thu s ver y low-level . 
Th e clusterin g i s mad e usin g th e euclidea n distance s be -
twee n th e blurre d prototype s o f  A L L .  Thes e prototypes , 
graphicall y represente d i n Figur e 8 ,  wer e create d b y av -
eragin g th e binar y quant a list s o f  al l  o f  th e letter s i n a 
give n categor y together ,  resultin g i n a  5 6 dimensiona l 
vecto r  fo r  eac h category . 

^Again ,  correlation s ar e fo r  al l  token s average d ove r  al l 
subjects . 

Figur e 7 :  A  hierarchica l  cluste r  analysi s o f  th e 56 -
dimensiona l  blurre d prototype s o f  A L L providin g a  low -
leve l  syntacti c vie w o f  th e dataset . 

It is interesting to contrast the clustering shown in Fig-
ur e 7  t o th e huma n categor y error s i n Tabl e 3 .  Althoug h 
some huma n error s see m t o b e relate d t o euclidea n prox -
imit y betwee n lette r  shapes ,  man y ar e not .  Th e huma n 
error s tha t  ca n b e explaine d o r  predicte d i n term s o f 
euclidea n proximit y (considerin g onl y pair s i n th e clus -
terin g a s trul y close )  ar e g<-+q ,  i<-̂ j ,  f*-̂ t ,  an d t o a  lesse r 
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exten t  h«-+ k an d y*-̂ v̂ .  Note ,  however ,  tha t  al l  o f  thes e 
lette r  pair s shar e m a n y c o m m o n role s a s wel l  — espe -
ciall y th e firs t  three :  'g '  an d 'q '  bot h shar e a  bow l  o r  a 
circl e i n th e centra l  zon e an d hav e a  descende r  o n th e 
right ,  'i '  an d 'j '  diffe r  onl y i n tha t  'j '  ha s a  descender , 
' f  an d 't '  bot h shar e th e crossba r  rol e an d hav e closel y 
relate d stems .  I n fact ,  w e sugges t  tha t  i t  i s  th e rol e sim -
ilaritie s tha t  giv e ris e t o th e shap e proximitie s i n thes e 
cases ,  an d tha t  confusio n i n thes e case s i s a  resul t  o f 
higher-leve l  rol e similarities . 

Figur e 8 :  Th e blurre d prototype s o f  A L L .  Thicke r  mark s 
indicat e th e prevalenc e o f  a  give n quantum . 

Erro r 
u<-> v 

g^ q 
î l 
i H 
f̂ t 
v<-> w 
h^ k 
n*-+ r 
c<-̂ r 

Percen t 
16.3 0 
10.9 5 
7.9 5 
7.4 5 
5.7 5 
4.7 5 
4.5 0 
4.0 5 
4.0 5 

Tabl e 3 :  Th e to p nin e bi-directiona l  categor y error s 
made b y humans . 

The cases where cluster proximity differs from human 
error s ar e mor e interesting .  First ,  conside r  th e cluster s 
i n Figur e 7  tha t  d o no t  correctl y predic t  error s i n hu -
man perception .  T h e followin g cluster s hav e ver y clos e 
proximit y i n blurred-prototyp e spac e bu t  onl y rarel y oc -
cur  a s error s (show n i n parenthesis) :  e<-> s (0.20%) ,  c<-+ o 
(0.65%) ,  u ^ w (0.85%) ,  b ^ h (1.30%) ,  x<- z (2.35% )  an d 
m*-> n (2.70%) .  Clearly ,  peopl e d o no t  m a k e thes e error s 
eve n thoug h th e letter s ar e simila r  a t  th e lowes t  o f  levels . 

Our  result s corroborat e th e wor k o f  (Goldston e e t  al. , 
1991 )  wh o sho w tha t  litera l  physica l  propertie s ar e ofte n 
les s importan t  i n similarit y judgement s tha n ar e higher -
leve l  relations .  Thi s resul t  i s  compatibl e wit h al l  ac -
count s o f  categorizatio n tha t  conside r  emergen t  feature s 
{e.g .  closure )  (Treisma n an d Paterson ,  1984) ,  includin g 
th e rol e hypothesi s discusse d here . 

Prediction 3 

We hypothesiz e tha t  ther e ar e salien t  difference s i n th e 
rol e set s o f  thes e letter s tha t  preven t  peopl e fro m confus -
in g them .  Th e differenc e betwee n 'b '  an d 'h '  i s a  matte r 

of  closur e a t  th e bottom .  Thi s differenc e i s ver y salien t 
t o peopl e sinc e the y kno w o f  th e existenc e (an d th e con -
ceptua l  proximity )  o f  th e competin g category .  T h e ge -
ometri c similaritie s o f  th e rol e set s forc e peopl e t o pa y 
specia l  attentio n t o suc h closur e whe n the y ar e catego -
rizin g 'b' s an d 'h's .  Simila r  storie s ca n b e tol d abou t  'c ' 
and 'o' ,  'm '  an d 'n' ,  an d 'x '  an d *z' .  Thes e letter s ar e 
rarel y confuse d b y peopl e becaus e higher-orde r  concep -
tua l  difference s ar e to o great . 

Next ,  conside r  a  fe w o f  th e mos t  c o m m o n error s m a d e 
by peopl e tha t  ar e no t  represente d i n th e clustering .  T h e 
error s include :  u*-̂ v ,  i«-+l ,  n+->r ,  an d c*-»r .  Conside r  th e 
role s fo r  'r '  an d *n' .  Bot h hav e a  ste m o n th e lef t  tha t 
goes fro m th e baselin e t o th e x-height .  Bot h als o hav e a 
rol e tha t  attache s t o th e ste m nea r  it s to p o n th e lef t  an d 
arche s ove r  t o th e right .  I t  i s  thi s rol e tha t  ca n caus e a n 
ambiguity .  Dependin g o n ho w clos e i t  get s t o th e base -
line ,  th e amoun t  o f  'n'-nes s o f  th e letterfor m wil l  vary . 
Simila r  storie s ca n b e tol d fo r  th e remainin g thre e com -
m on error s no t  foun d i n th e clustering .  Becaus e som e 
aspect s o f  role s ar e slippable ,  h u m a n lette r  perceptio n 
i s ver y flexible.  Thi s slippabilit y  come s a t  th e pric e o f 
occasiona l  error-making . 

Not e tha t  al l  o f  th e mos t  c o m m o n h u m a n categor y er -
ror s show n i n Tabl e 3  ca n b e understoo d i n term s o f  rol e 
slippage s cause d b y poo r  role-fillers .  First-orde r  syntac -
ti c proximit y doe s no t  provid e a s powerfu l  a n explana -
tio n o f  th e results .  Tha t  error s ar e easil y explaine d b y 
th e rol e hypothesi s become s eve n mor e apparen t  whe n 
specifi c  error s ar e considered . 

M ; 3 1 

vas w vas u las t  qas g gas q qas g 

b J < i 7 i > 

ras x das a das J eas p ias j  bas s 

Figure 9: Exampless of some commonly "miscatego-
rized "  tokens .  Not e ho w reasonabl e thes e error s are . 

Figure 9 shows a number of commonly misperceived 
token s fro m A L L .  T h e first  thin g t o not e i s tha t  al l  o f  th e 
"errors "  ar e fairl y  reasonable .  I n fact ,  i t  i s  no t  clea r  tha t 
some o f  the m ar e reall y errors .  I n an y case ,  mos t  error s 
ca n b e easil y explaine d i n term s o f  conceptua l  proximity . 
Al l  o f  thes e error s involv e perceptua l  slippage s wher e un -
clea r  rol e fillers  caus e miscategorization .  I n th e exampl e 
shown ,  th e role s o f  a  'w '  ar e filled  quit e nicel y b y wha t 
was suppose d t o b e a  'v '  — wit h th e kin k o n th e righ t 
sid e being  see n a s formin g th e botto m h u m p o f  a  'w' . 
I n som e case s th e perceive r  allow s role s t o sli p to o m u c h 
i n orde r  t o m a k e sens e o f  weir d shapes ,  resultin g i n mis -
categorization .  Thi s usuall y occur s wit h complicate d o r 
otherwis e non-standar d letterform s an d i s probabl y mag -
nifie d unde r  tim e pressure .  I n th e cas e o f  '1 '  see n a s 'i' . 
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slippin g th e defaul t  heigh t  o f  '1 '  i s throw n ou t  i n favo r  o f 
slippin g th e do t  o f  'i '  ou t  o f  existenc e o r  perceivin g th e 
seri f  o f  th e '1 '  a s th e do t  o f  a n 'i' . 

Prediction 4 

Figur e 1 0 show s a  plo t  o f  th e numbe r  o f  categorie s i n 
whic h eac h toke n o f  A L L wa s foun d (includin g th e cor -
rec t  category )  vs .  it s  averag e reactio n time .  Ther e i s 
a stron g correlatio n her e (r=0.85 ,  p<0.01) .  Lo w RT' s 
occu r  whe n ther e ar e fe w possibl e categor y bins .  A s 
th e numbe r  o f  possibl e answer s increases ,  R T become s 
longer . 
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Figure 10: Number of categories in which each token 
of  A L L w a s foun d (includin g th e correc t  answer )  vs . 
reactio n time . 

This result can be used to classify the tokens into two 
sets :  thos e wit h ambiguou s rol e fillers  an d thos e wit h 
strang e rol e fillers.  A m b i g u o u s token s ar e thos e tha t 
hav e a  smal l  n u m b e r  o f  possibl e categorie s bu t  m o r e tha n 
one .  T h e y ar e foun d o n th e lef t  o f  Figur e 10 .  O n th e 
othe r  hand ,  strang e token s hav e m a n y possibl e categorie s 
an d ar e foun d o n th e righ t  sid e o f  th e graph .  Ther e i s a 
cont inuu m betwee n ambiguit y an d strangeness . 

ambigxKHi s 

1 l i 

^  q g 

^  v u 

1 4 3 

le o 

1.5 7 

3-gUOI B 

^  ab d 

2.  zt x 

2.7 0 

2.3 3 

14-gUOI B 

^  abcefg n 
**  oqrsvx z 
^  bceijm o 
^  stuvwy z 

Figur e 11 :  Ambiguou s an d strang e letterform s (14-gou s 
bein g th e stranges t  o f  all) .  Besid e eac h gridlette r  ar e th e 
categorie s peopl e guesse d an d th e averag e reactio n time . 

When a token is ambiguous, its parts can fill two or 
more set s o f  role s al l  i n a  fairl y  reasonabl e fashion .  Thi s 

i s illustrate d b y th e first  tw o column s o f  dat a i n Fig -
ur e 11 .  A  choic e mus t  b e mad e betwee n th e poflflibilities . 
Thi s choic e seem s t o tak e longe r  a s mor e competin g cate -
gorie s ar e considered .  Whe n a  toke n i s strange ,  it s part s 
do no t  reall y fit  an y set s o f  role s wel l  (althoug h clearl y 
the y wil l  fit  som e letter-conceptualization s bette r  tha n 
others) .  N o answer s com e t o min d eve n afte r  a n ex -
tende d perio d o r  time ,  an d finally  a  gues s o f  som e sor t 
i s  made .  Th e tw o token s i n th e "14-guous "  colum n o f 
Figur e 1 1 ar e ver y strang e token s indeed ,  eac h elicitin g 
14 possibl e categorizations . 

Conclusion 

Result s fro m ou r  experimen t  i n huma n lette r  recognitio n 
provid e evidenc e fo r  th e existenc e o f  conceptual-leve l 
representation s o f  lette r  part s whic h w e cal l  roles .  W e in -
ten d t o incorporat e suc h representation s int o a  compute r 
model  o f  lette r  recognition .  A  mor e complet e repor t  o n 
thi s researc h i s availabl e i n (McGra w e t  al. ,  1994) . 
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