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Chi ldre n wit h dyslexi a acquir e skil l  m o r e slowly ^ 

Roderic k I .  Nicolso n an d Angel a J .  Fawcet t 
Departmen t  o f  Psycholog y 

Universit y o f  Sheffiel d 
Sheffiel d SI O 2TN ,  Englan d 

email :  R . N I C O L S O N @ S H E F F I E L D . A C . UK 

A b s t r a c t 

Two studies are reported in which a group of adolescent 
childre n wit h dyslexi a an d a  grou p o f  norma l  childre n 
matche d fo r  ag e an d I Q undertoo k extende d training .  I n 
Stud y 1 ,  whic h comprise d thre e phase s o f  learnin g ove r 
an 1 8 mont h period ,  th e childre n learne d t o navigat e 
vi a ke y presse s aroun d a  fixed  circui t  o f  a  compute r 
maze.  I t  wa s conclude d that ,  followin g extende d 
trainin g unde r  thes e optima l  conditions ,  th e childre n 
wit h dyslexi a ha d norma l  'strength '  o f  automatisatio n 
(a s assesse d b y resistanc e t o unlearning ,  b y eas e o f 
releaming ,  an d b y dua l  tas k performance )  bu t  tha t  thei r 
'quality '  o f  automatisatio n (a s assesse d b y spee d an d 
accuracy )  wa s impaired .  Stud y 2  investigate d th e 
blendin g o f  tw o compatibl e simpl e reactio n response s 
int o a  tw o choic e reaction .  Althoug h performanc e o n 
th e simpl e reaction s wa s equivalen t  acros s groups ,  th e 
childre n wit h dyslexi a ha d mor e difficult y combinin g 
th e tw o skill s a t  first  an d showe d significantl y les s 
learnin g ove r  th e cours e o f  th e trainin g period .  Th e 
estimate d learnin g rat e wa s aroun d 5 0 % slowe r  fo r  th e 
childre n wit h dyslexia ,  leadin g t o th e predictio n tha t  th e 
proportionat e slowin g i n acquisitio n tim e woul d 
increas e a s th e squar e roo t  o f  th e norma l  acquisitio n 
time .  A  connectionis t  framewori c m a y provid e a  natura l 
explanatio n o f  th e phenomena . 

I n t r o d u c t i o n 

Specific developmental dyslexia, or dyslexia for short, 
i s  formall y define d a s " a disorde r  i n childre n who , 
despit e conventiona l  classroo m experience ,  fai l  t o attai n 
th e languag e skill s o f  reading ,  writin g an d spellin g 
commensurat e wit h thei r  intellectua l  abilities "  (fro m 
th e defmitio n b y th e Worl d Federatio n o f  Neurologists , 
1968) .  I n othe r  words ,  childre n o f  norma l  o r  abov e 
norma l  intelligenc e w h o ,  fo r  s o m e otherwis e 
inexplicabl e reason ,  hav e sever e problem s learnin g t o 
rea d an d spell . 

^  Th e researc h reporte d her e wa s supporte d b y a  gran t 
fro m th e Leverhulm e Trus t  t o th e Universit y o f 
Sheffield . 

O ne o f  th e fascination s o f  dyslexi a fo r  researchers  i s 
that ,  whateve r  one' s interes t  i n huma n behaviou r  an d 
performance ,  childre n wit h dyslexi a wil l  obligingl y 
sho w interestingl y abnorma l  behaviou r  i n precisel y tha t 
behaviour .  Researcher s intereste d i n readin g an d i n 
languag e formulate d a  genera l  'languag e deficit ' 
hypothesi s (Vellutino ,  1979 )  whic h ha s bee n refine d 
ove r  th e year s (Miles ,  1983 ;  Snowlin g e t  al ,  1986 ; 
Stanovich ,  1988 )  t o provid e wha t  i s  arguabl y th e 
consensu s theoretica l  belie f  o f  mos t  psycholog y 
researchers ,  namel y tha t  childre n wit h dyslexi a suffe r 
fro m a n earl y impairmen t  i n thei r  phonologica l  skills , 
and thi s impainnen t  prevent s the m fro m acquirin g th e 
wcx- d decodin g an d blendin g skill s  necessar y fo r  norma l 
acquisitio n o f  th e skil l  o f  reading .  B y contrast , 
however ,  man y America n researcher s hav e studie d th e 
biologica l  substrate .  Again ,  dyslexi a ha s provide d 
intriguin g abnormalities .  Larg e scal e twi n an d familia l 
studie s (e.g. .  Smit h e t  al ,  1983 )  ha s establishe d specifi c 
abnormalitie s bot h o f  ch romosom e 1 5 and ,  mor e 
recenUy ,  chromosom e 6  (Lub s e t  al ,  1991) .  Studie s o f 
brai n electrica l  activit y i n respons e t o differen t  type s o f 
stimulu s hav e show n abnormalitie s fo r  th e processin g 
of  linguisti c stimul i  (Duff y e t  al ,  1980 ;  H y n d e t  al , 
1990) .  Mos t  directly ,  comparativ e neuroanatomica l 
studie s o f  dyslexi c brain s hav e establishe d " a unifor m 
absenc e o f  left-righ t  asymmetr y i n th e languag e are a an d 
foca l  dysgenesi s referrabl e t o midgestatio n .. .  possibl y 
havin g widesprea d cytoarchitectoni c an d connectiona l 
repercussions .  .. .  Bot h type s o f  change s i n th e mal e 
brain s ar e associate d wit h increase d number s o f  neuron s 
an d connection s an d qualitativel y differen t  pattern s o f 
cellula r  architectur e an d connections "  (Galaburda ,  Rose n 
and Sherman ,  1989 ,  p383) .  O n e significan t  recen t 
developmen t  ha s bee n th e re-establishmen t  o f  visua l 
deficits ,  i n thi s cas e i n rapi d visua l  processing , 
specificall y th e threshol d fo r  th e detectio n o f  flicker 
(Lovegrov e e t  al ,  1990) ,  an d i n a n interdisciplinar y 
projec t  involvin g bot h psychophysic s an d 
neuroanatomica l  analysis ,  thi s defici t  ha s bee n linke d t o 
neuroanatomica l  abnormalitie s i n th e magnocellula r 
pathwa y linkin g th e ey e t o th e visua l  corte x vi a th e 
latera l  geniculat e nucleu s (Livingston e e t  al ,  1991) . 

Ther e is ,  therefore ,  a  wealt h o f  researc h evidenc e 
abou t  abnormalitie s i n dyslexia .  Unfortunately , 
though ,  man y o f  th e framework s adopte d fo r  dyslexi a 
researc h hav e difficult y i n accommodatin g th e result s 
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obtaine d fro m th e othe r  disciplines .  Th e objectiv e o f 
our  researc h ha s bee n t o fin d a  sufflcientl y broa d 
framework,  an d th e framework  w e investigate d wa s tha t 
of  learning . 

I t  i s eviden t  tha t  a  learnin g perspectiv e shoul d b e o f 
us e i n analyse s o f  problem s i n learnin g t o read . 
Furthermore ,  learnin g i s on e o f  th e majo r  framework s 
fo r  cognitiv e scienc e research ,  wit h bot h connectionis t 
and symboli c architecture s suc h a s Soa r  an d A C T * 
assignin g a  centra l  rol e t o learning .  Paradoxically , 
however ,  learnin g i s jus t  abou t  th e onl y framework  no t 
use d i n previou s dyslexi a research .  Th e reaso n tha t 
theorist s hav e no t  seriousl y considere d learnin g a s a 
viabl e framewcMi c i s tha t  i t  fail s  t o explai n th e apparen t 
specificit y o f  th e deficit s i n dyslexia .  I f  the y hav e a 
genera l  proble m i n learning ,  w h y d o childre n wit h 
dyslexi a no t  sho w problem s i n al l  skills ,  cognitiv e an d 
motor ? I n ou r  ̂ proac b t o thi s difficult y w e wer e 
encourage d fu^ t  b y th e observatio n that ,  whateve r  skil l 
theorist s ha d examine d carefull y (wit h th e singl e 
exceptio n o f  spatia l  skills) ,  a  defici t  ha d bee n observe d 
i n childre n wit h dyslexia .  Furthermore ,  carefu l 
observatio n o f  childre n wit h dyslexi a suggest s that , 
althoug h the y appea r  t o b e behavin g normally ,  the y 
sho w unusua l  lapse s o f  concentratio n an d ge t  tire d mor e 
quickl y tha n norma l  whe n performin g a  skil l  (Augur , 
1985) .  I n th e word s o f  th e paren t  o f  on e o f  ou r  pane l  o f 
childre n wit h dyslexia ,  i t  migh t  b e tha t  lif e fo r  a  chil d 
wit h dyslexi a migh t  b e lik e livin g i n a  foreig n country , 
wher e i t  i s  possibl e t o ge t  b y adequately ,  bu t  onl y a t 
th e expens e o f  continua l  concentratio n an d effor t  Thi s 
belie f  i n a  learnin g defici t  le d u s (Nicolso n an d Fawcett , 
1990 )  t o formulat e an d tes t  tw o linke d hypotheses : 
first ,  th e Dyslexi c Automatisatio n Defici t  ( D A D ) 
hypothesis ,  tha t  childre n wit h dyslexi a hav e unusua l 
difficult y i n automatisin g an y sldll .  whethe r  moto r  o r 
cognitive ,  an d second ,  th e '(Consciou s Compensation ' 
hypothesis ,  namel y tha t  childre n wit h dyslexi a ar e 
normall y abl e t o overcom e thei r  automatisatio n defici t 
by mean s o f  consciousl y compensatin g fo r  it ,  tha t  is , 
by tryin g harde r  and/o r  b y usin g strategie s t o minimis e 
or  mas k th e deficit .  Thes e hypothese s wer e supporte d 
by studie s showin g hithert o unexpecte d deficit s i n 
balanc e unde r  dua l  tas k condition s (Nicolso n an d 
Fawcett ,  1990 ;  Fawcet t  an d Nicolson ,  1992) . 

Th e balanc e studie s ar e necessaril y  indirec t 
investigation s o f  learning ,  an d th e onl y wa y t o provid e 
direc t  evidenc e fo r  o r  agains t  D A D wa s t o undertak e a 
long-ter m trainin g stud y o n a  nove l  skill ,  an d t o 
attemp t  t o identif y i n whic h stage ,  i f  any ,  th e childre n 
wit h dyslexi a showe d impaire d performanc e an d 
consequentl y w e undertoo k tw o extende d studie s 
designe d t o investigat e th e microstructur e o f  learnin g i n 
norma l  an d childre n wit h dyslexia .  Befor e discussin g 
th e experiment s individually ,  i t  i s importan t  t o stat e th e 
basi s fo r  ou r  selectio n o f  subjects .  I n brief ,  w e wante d 
t o stud y "pure '  dyslexia ,  uncontaminate d b y factor s suc h 
as lo w IQ ,  economi c disadvantag e an d s o on . 

Consequently ,  w e use d th e standar d exclusionar y 
criterio n o f  'childre n o f  norma l  o r  abov e norma l  I Q 
(operationalise d a s I Q o f  9 0 o r  mor e o n th e Wechsle r 
Intelligenc e Scal e fo r  Children) ,  withou t  know n 
primar y emotiona l  o r  behavioura l  o r  socioeconomi c 
problems ,  whos e readin g ag e ( R A )  wa s a t  leas t  1 8 
month s behin d thei r  chronologica l  ag e (CA) . 

Our  subject s i n Stud y I  wer e 1 3 childre n wit h 
dyslexi a (mea n chronologica l  ag e 14.9 ,  rang e 13. 5 t o 
15.6 ;  mea n I Q 108.8 ,  rang e 9 0 t o 140 ;  mea n readin g 
age 11.9 ,  rang e 8. 1 t o 14.4 )  an d 8  norma l  childre n 
(mea n ag e 15. 1 years ,  rang e 14. 5 t o 15.9 ;  mea n I Q 
109.5 ,  rang e 9 2 t o 130 ;  readin g age s aroun d ceilin g 
[15.0 ]  o n th e Schonel l  tes t  used) ,  wit h group s matche d 
overal l  fo r  ag e an d IQ .  Th e sam e group s o f  childre n 
participate d i n Stud y 2 ,  thoug h b y the n the y wer e 
aroun d 1. 5 year s older . 

S t u d y 1 :  E x t e n d e d T r a i n i n g o n a 

compute r  maz e 

The fu^t study involved learning of a complex eye-hand 
coordinatio n skill ,  typica l  o f  everyda y activit y o f  man y 
teenag e children ,  namel y performanc e o n an  arcade-typ e 
compute r  game ,  speciall y redesigne d t o allo w 
performanc e spee d an d accurac y t o b e monitore d 
continuously .  Th e subject s ba d t o navigat e a  'Pacman ' 
ico n roun d a  fixed  trac k o f  compute r  mazeusin g 
specifie d ke y presse s t o m o v e left ,  right,  u p and,down . 
The critica l  questio n wa s h o w th e skil l  develope d wit h 
practice ,  an d s o extende d trainin g wa s give n ove r  a 
perio d o f  abou t  6  month s unti l  eac h subjec t  appeare d t o 
hav e stoppe d improving .  Performanc e wa s monitore d 
thre e time s pe r  sessio n a t  2 0 minut e intervals ,  wit h th e 
intervenin g tim e take n u p wit h fre e pla y o n th e ful l 
game,  togethe r  wit h variou s othe r  test s a s par t  o f  ou r 
testin g program .  Followin g a  tw o wee k respit e from 
th e task ,  th e key -movemen t  mapping s wer e the n 
change d incompatibly ,  thereb y forcin g th e subject s t o 
unlear n thei r  initia l  finger-movemen t  pairing s an d t o 
relea m th e ne w pairings ,  an d performanc e wa s agai n 
monitore d unti l  n o noticeabl e improvemen t  wa s takin g 
place .  Finally ,  on e yea r  later ,  th e tas k wa s administere d 
again ,  thi s tim e wit h eigh t  fixed  session s o f  thre e trials , 
i n orde r  t o examin e th e amoun t  o f  forgettin g o f  th e 
skil l  ove r  on e year .  Furthermore ,  variou s perturbation s 
t o th e standar d procedur e wer e m a d e o n th e late r 
sessions ,  i n orde r  t o examin e th e susceptibilit y  o f  th e 
skil l  t o interference .  Ful l  detail s ar e presente d i n 
Nicolso n an d Fawcet t  (1992) . 
The result s fo r  th e completio n time s fo r  th e firs t  tw o 
phase s ar e show n i n Figur e 1 .  Th e childre n wit h 
dyslexi a wer e initiall y  ver y m u c h slowe r  tha n th e 
controls ,  an d eve n afte r  extende d trainin g the y wer e stil l 
significantl y slower .  O n th e othe r  hand ,  the y showe d 
goo d improvemen t  i n spee d wit h practice ,  an d als o 
showe d equivalen t  interferenc e t o th e control s whe n th e 
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Contro l 

Dyslexk -

5 1 0 1 5 
Tria l  No .  (Phas e 1 ) 

5 1 0 1 5 
Tria l  No .  (Phas e 2 ) 

Figur e 1 .  Completio n Time s i n Phase s 1  an d 2  o f  th e Pacma n Trainin g 
(emx '  bar s ar e th e standar d errors ) 

key mapping s wer e changed .  Simila r  result s wer e 
obtaine d fo r  error s (incorrec t  ke y presses) ,  wit h th e 
childre n wit h dyslexi a makin g significantl y mor e error s 
initiall y an d afte r  training ,  bu t  i n contras t  t o thei r 
completio n times ,  an d i n contras t  t o th e contro l 
children ,  th e childre n wit h dyslexi a showe d littl e 
reductio n i n erro r  rat e wit h training . 

I n orde r  t o obtai n mor e accurat e estimate s o f  th e 
learnin g rate s fo r  completio n time s an d errors ,  th e 
grou p dat a wer e fitted  usin g a  powe r  la w parametri c 
techniqu e whic h ha s bee n establishe d a s appropriat e fo r 
fittin g h u m a n dat a o n practic e (Newel l  an d 
Rosenbloom ,  1981) .  I n brief ,  th e curv e fitted  i s o f  th e 

for m P(n )  =  A  +  fln''^  wher e P(n )  refer s t o performanc e 
on tria l  n ,  A  i s th e asymptoti c performanc e a s n  - > » , 
B i s a  scalin g paramete r  linke d directl y t o iniUa l 
performance ,  an d a  i s th e learnin g rate .  Th e bes t  fit 
was derive d b y a  leas t  square s technique ,  an d th e 
parameter s ar e show n i n Tabl e 1 . 

I t  ma y b e see n tha t  i n neithe r  Phas e 1  no r  2  wa s 
ther e a  significan t  differenc e i n learnin g rate ,  an d tha t 
th e majo r  differenc e fo r  learnin g rat e wa s th e paramete r 
B,  initia l  performance .  B y contrast ,  th e learnin g rat e 
fo r  erro r  eliminatio n wa s markedl y lowe r  fo r  th e 
childre n wit h dyslexia ,  t o th e exten t  tha t  th e mode l 
predict s tha t  th e childre n wit h dyslexi a woul d b e 
makin g mor e error s afte r  10,00 0 trial s tha n th e norma l 
childre n afte r  10 0 trials !  Performanc e i n phas e 3  (on e 
year  post-training )  indicate d tha t  bot h group s showe d 
good skil l  retentio n ove r  th e intervenin g year ,  an d als o 
good releaming ,  i n tha t  afte r  onl y tw o session s o f  thre e 
trial s bot h group s wer e performin g aroun d th e leve l  o f 

thei r  previou s bes t  performance .  Furthermore ,  th e 
childre n wit h dyslexi a appeare d t o b e abl e t o cop e a s 
wel l  a s th e control s wit h change s o f  layout ,  wit h 
presentatio n o f  whit e noise ,  an d wit h th e nee d t o 
undertak e a n auditor y detectio n tas k whil e navigatin g 
roun d th e maze . 

Table 1. Learning Parameters Estimated for 
Phase s 1  an d 2  usin g th e Powe r  L a w mode l 

T(n)=A+Bn- " 

II 

Time s 

j A 
B 
a 

r 
T(100 ) 
T(1,000 ) 

T(10,000 ) 

Error s 

A 
B 
a 

\moo ) 

E(l.OOO ) 

EdO.OOO) 

Phase 1 

Contro l 

20 
33.7 1 

0.58 6 

0.80 7 

22. 3 

20. 6 
20. 2 

0 
21.9 0 

0.22 1 

0.69 3 

7. 9 

4. 8 

2. 9 

Dys 

20 
91.9 8 

0.5 1 

0.88 1 

28. 8 

22. 7 

20. 8 

0 
26.0 6 

0.11 1 

0.58 2 

15. 6 

12. 1 

9. 4 

Phase 2  I 

Contro l 

20 
77.9 6 

0.5 7 

0.85 9 

25. 6 

21. 5 
20. 4 

0 
25.6 4 

0. 2 

0.52 5 

10. 2 

6. 4 

4. 1 

Dys 

20 
176.2 5 

0.57 5 

0.89 0 

32. 5 
23. 3 
20. 9 I I 

0 
38.6 5 

0.20 8 

0.79 9 

14. 8 

9. 2 

5. 7 
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We conclude d fro m thi s stud y that ,  unde r  thes e near -
optima l  condition s fo r  th e developmen t  o f 
automatisation ,  th e childre n wit h dyslexi a ha d a  norma l 

'strength '  o f  automatisation ,  a s evidence d b y difficult y 
of  unlearning ,  b y retentio n ove r  on e year ,  an d b y 
resistanc e t o interferin g tasks ,  bu t  tha t  the y showe d a 
lowe r  'quality '  o f  automatise d performance ,  i n term s 
bot h o f  spee d an d accuracy .  Learnin g rat e showe d som e 
dissociation ,  wit h nonna l  rat e o f  improvemen t  i n speed , 
but  impaire d rat e o f  improvemen t  i n accuracy .  Ove r 
and abov e thes e difference s i n learnin g parameters , 
however ,  wa s th e marke d differenc e i n initia l 
performance ,  presumabl y reflectin g difficultie s i n 
proceduralisin g th e task ,  sinc e th e declarativ e natur e o f 
th e tas k i s ver y simple .  Interestin g thoug h thes e 
results  are ,  thei r  theoretica l  interpretatio n i s cloude d b y 
th e fac t  tha t  th e tas k wa s actuall y quit e clos e t o severa l 
rea l  worl d tasks .  I t  m a y be ,  fo r  instance ,  tha t  th e 
result s underestimat e th e potentia l  o f  th e childre n wit h 
dyslexia ,  wit h par t  o f  thei r  initia l  performanc e deficit s 
bein g attributabl e t o th e well-know n problem s childre n 
wit h dyslexi a hav e discriminatin g righ t  fro m lef t 
(Miles ,  1983) ,  o r  mayb e t o a  comparativ e lac k o f  prio r 
practic e o n som e o f  th e componen t  skills .  O n th e othe r 
hand ,  i t  m a y b e tha t  thes e result s overestimat e th e 
learnin g potentia l  o f  th e childre n wit h dyslexia . 
Perhap s thei r  near-norma l  rat e o f  improvemen t  i n spee d 
i s partl y atbibutabl e t o th e fac t  tha t  the y ha d muc h 
mor e roo m fo r  improvemen t  tha n th e contro l  children . 
Thes e issue s coul d onl y b e resolve d b y a  furthe r 
experiment ,  on e i n whic h w e attempte d t o ensur e tha t 
th e childre n wit h dyslexi a ha d n o impairmen t  o n th e 
componen t  skill s  underlyin g th e tas k t o b e learned . 

S t u d y 2 :  E x t e n d e d C R T trainin g 

In related research (Nicolson and Fawcett, 1993a), 
we ha d establishe d tha t  thi s grou p o f  childre n wit h 
dyslexi a ha d norma l  spee d o f  simpl e reaction  (tha t  is , 
pressin g a  butto n a s soo n a s the y hear d a  hig h tone) , 
but  tha t  thei r  spee d o f  choic e reaction  wa s impaire d 
compare d wit h sam e ag e controls .  Interestingly ,  thi s 
impairmen t  obtaine d eve n fo r  a  selectiv e choic e 
reaction ,  i n whic h th e targe t  ton e an d th e respons e wa s 
identica l  t o tha t  o f  th e simpl e reaction ,  bu t  a n 
alternativ e lo w ton e (fo r  whic h th e subjec t  ha d t o mak e 
no response)  wa s presente d o n hal f  th e trials .  Wit h th e 
intentio n o f  furthe r  probin g thi s intriguin g dissociation , 
whil e studyin g th e tim e cours e o f  th e automatisatio n 
proces s fo r  a  primitiv e skill ,  w e conducte d a  furthe r 
long-ter m trainin g study ,  i n whic h w e examine d th e 
tim e cours e o f  developmen t  o f  choic e reactio n speed .  I n 
orde r  t o avoi d an y problem s o f  left-righ t  confusion s o r 
of  stimulu s discriminability ,  w e use d tw o stimul i  o f 
differen t  modalitie s (ton e an d flash )  an d differen t 

effector s (han d an d foot )  fo r  th e tw o stimuli .  Twenty -
tw o subject s participated :  1 1 dyslexi c childre n aroun d 
16 year s ol d (mea n ag e 16.4 ,  I Q 107.6 ,  wit h rang e 16: 1 

t o 17: 0 years ,  92-13 0 respectively) ,  an d 1 1 non-dyslexi c 
childre n matche d fo r  ag e an d ful l  I Q (mea n ag e 16.3 ,  I Q 
105.4 ,  wit h rang e 15: 0 t o 17: 1 years ,  88-12 8 
respectively),  wit h th e bul k o f  the m bein g th e tireles s 
participant s i n th e earlie r  studies .  I n brief ,  followin g 
baselin e performanc e monitorin g o n simpl e reactio n t o 
eac h stimulu s separatel y (counterbalance d s o tha t  hal f 
th e subject s ha d th e hand-butto n paire d wit h th e tone , 
and th e foot-butto n paire d wit h th e flash ,  an d th e othe r 
hal f  vic e versa) ,  th e tw o simpl e reactio n task s wer e 
combine d int o a  choic e reactio n tas k i n whic h hal f  th e 
stimul i  wer e tone s an d hal f  flashes ,  an d th e subjec t  ha d 
t o pres s th e correspondin g button ,  usin g th e m o p i n g 
establishe d i n th e simpl e reactions .  Eac h sessio n 
comprise d thre e runs ,  eac h o f  10 0 stimuli ,  an d a s i n th e 
previou s stud y subject s kep t  returnin g ever y fortnigh t 
or  s o unti l  thei r  performanc e stoppe d improvin g (i n 
term s o f  spee d an d accuracy) . 

The result s ar e show n i n Figur e 2 .  Analysi s o f  th e 
simpl e reactio n performanc e indicate d tha t  ther e wer e n o 
significan t  difference s betwee n th e group s eithe r  fo r  foo t 
or  hand ,  ton e o r  flash.  B y conuast ,  initia l  performanc e 
on th e choic e reactio n wa s significantl y slower ,  an d 
final  performanc e wa s bot h significantl y slowe r  an d les s 
accurat e fo r  th e childre n wit h dyslexia .  A  parametri c 
learnin g rat e analysi s wa s the n performe d usin g th e 
power  la w equatio n outline d above .  Th e bes t  fit  curve s 

fo r  han d response s wer e C R T = 5 3 . 9 n"^-^^ ^  for  th e 

childre n wit h dyslexi a an d C R T =  39. 4 n'O-̂ '* !  f w th e 
controls .  Fo r  th e foo t  response s th e correspondin g bes t 

fit  curve s wer e C R T =  62. 3 n-0086 ;  C R T =  50.4n " 

0.11 6 respectively .  A s i n th e Pacma n experiment ,  th e 
paramete r  B  wa s highe r  fo r  th e childre n wit h dyslexi a 
tha n th e control s (aroun d 3 0 % o n average) .  Thi s i s a 
particularl y interestin g resul t  i n vie w o f  th e near -
equalit y o f  th e baselin e simpl e reaction  performanc e o n 
whic h th e C R T wa s founded .  Eve n mor e interesting , 
however ,  i s  th e differenc e i n learnin g rat e i n thi s 
experiment .  I t  ma y b e see n tha t  a  i s twic e a s larg e fo r 
th e control s tha n th e childre n wit h dyslexi a fo r  manua l 
response s (0.14 1 v s 0.073 )  an d on e thir d large r  fo r  th e 
foo t  response s (0.11 6 v s 0.086) .  Thi s i s a  hug e 
difference .  Bearin g i n min d tha t  th e learnin g varie s a s a 
functio n o f  th e tim e t o th e powe r  a ,  i f  a  skil l  take s a 
norma l  chil d 1(X )  hour s t o master ,  i t  would ,  takin g a n 
averag e rati o o f  th e learnin g rate s a s sa y 1.5 ,  tak e a 

chil d wit h dyslexi a 100^- 5 i.e .  100 0 hour s (1 0 time s 
as long )  t o lear n th e skil l  t o th e sam e criterion .  Not e 
tha t  th e longe r  th e tim e take n fo r  a  norma l  chil d t o 
acquir e a  skill ,  th e greate r  th e predicte d decremen t  -  fo r  a 
skil l  takin g a  norma l  chil d sa y 40 0 hours ,  i t  woul d tak e 
a chil d wit h dyslexi a 2 0 time s a s long ,  an d s o on . 
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C R Ts mad e 

Figur e 2 .  Media n Latencie s ove r  th e perio d o f  C R T trainin g 

Overal l  Discussio n 

The availability of data from training on two quite 
differen t  skill s  strengthen s th e possibl e interpretatio n o f 
th e results .  I n particular ,  i t  seem s reasonabl e t o ascrib e 
th e initia l  performanc e decremen t  foun d i n bot h 
experiment s t o a  rea l  difficult y i n th e initia l 
proceduralisatio n o f  skill .  Furthermor e lowe r  'quality ' 
of  automatisatio n (indexe d b y spee d an d b y errors )  wa s 
foun d i n bot h smdies .  I t  seem s reasonable ,  therefore ,  t o 
argu e tha t  thi s grou p o f  childre n wit h dyslexi a hav e 
difficultie s wit h th e initia l  proceduralisatio n o f  skill , 
and wit h th e 'quality '  o f  skil l  post-training ,  bu t  tha t  th e 
'strength '  o f  skil l  automatisatio n (a s assesse d b y 
resistanc e t o unlearning ,  b y eas e o f  releaming ,  an d b y 
dual  tas k performance )  i s  normal .  Th e rat e o f 
improvemen t  wit h practic e (a )  appeare d norma l  i n th e 
Pacman stud y bu t  wa s markedl y impaire d i n th e C R T 
Gainin g study .  Thi s stud y doe s no t  addres s th e 
interestin g issu e o f  h o w th e learnin g performanc e o f 
childre n wit h dyslexi a compare s wit h tha t  o f  younge r 
norma l  childre n o f  equivalen t  readin g age .  W e woul d 
speculat e that ,  fo r  norma l  children ,  althoug h baselin e 
spee d increase s wit h ag e ove r  th e perio d sa y 8  t o 2 0 
years ,  th e learnin g rat e i s relativel y invariant .  I f  th e 
C RT tfaining  result s appl y t o childre n wit h dyslexi a 
generally ,  an d appl y t o task s othe r  tha n choic e 
reactions ,  w e ar e le d t o a  radicall y n e w predictio n fo r 
dyslexi c performance ,  namel y tha t  rathe r  tha n bein g a t 
th e leve l  o f  childre n thei r  o w n age ,  o r  even ,  a s i s ofte n 
considere d th e apfffopriat e contro l  group ,  childre n o f  th e 
same readin g age ,  th e performanc e o f  childre n wit h 
dyslexi a o n an y tas k wil l  (i n th e absenc e o f  opportunit y 
t o exploi t  thei r  mor e matur e metaskills ,  strategie s an d 
knowledge )  b e comparabl e wit h tha t  o f  m u c h younge r 
children ,  wit h th e amoun t  o f  impairmen t  increasin g a s 
th e squar e roo t  o f  th e necessar y learnin g time . 

The framewor k als o ha s interestin g implication s fo r 
remediation .  I t  woul d appea r  fro m th e trainin g studie s 
tha t  childre n wit h dyslexi a ca n automatis e skill s an d 
that ,  onc e a  skil l  ha s bee n automatised ,  i t  show s th e 
highl y desirabl e qualitie s whic h characteris e norma l 
automati c performance ,  namel y greate r  speed ,  reductio n 
i n effort ,  resistanc e t o unlearning ,  an d long-ter m 
retention ,  althoug h ther e m a y b e greate r  intrinsi c 
variabilit y i n th e performance .  However ,  slowe r  an d 
mor e error-pron e initia l  performanc e militate s agains t 
th e developmen t  o f  automaticit y i n childre n wit h 
dyslexia .  Additionally ,  i f  inappropriat e method s ar e 
acquired ,  th e hig h resistanc e o f  automatise d skill s t o 
unlearnin g wil l  mak e i t  particularl y difficul t  fo r  childre n 
wiU i  dyslexi a t o recove r  fro m thes e earl y ba d habit s an d 
lear n t o perfor m th e skil l  efficiently .  Furthermore , 
give n th e reduce d learnin g rate ,  i t  i s  crucia l  t o ensur e 
tha t  th e learnin g i s o n th e right  lines .  Consequently ,  i t 
woul d appea r  appropriat e t o concentrat e resource s o n 
earl y diagnosi s an d suppor t  fo r  childre n wit h dyslexia , 
wit h th e suppor t  concentratin g particularl y o n ensurin g 
consistenc y o f  expositio n togethe r  wit h rapi d an d 
appropriat e feedbac k i n orde r  t o foste r  skil l 
automatisation .  I n othe r  words ,  i t  seem s likel y tha t 
traditiona l  teachin g method s ca n prov e effectiv e fo r 
childre n wit h dyslexia ,  bu t  the y nee d t o b e ̂ plie d mor e 
carefull y an d systematically .  Thi s conclusio n i s o f 
cours e consisten t  wit h m u c h recen t  researc h (e.g. , 
Bradle y an d Bryant ,  1983 ;  Lundber g an d H0ien ,  1989 ; 
Olson ,  Wis e an d Rack ,  1989 )  whic h ha s demonstrate d 
lastin g benefit s o f  earl y intervention . 

I t  remain s t o conside r  th e Uieoretica l  interpretatio n 
of  th e results .  Th e learnin g framewor k lead s naturall y 
t o connectionis t  modellin g techniques ,  an d indee d 
connectionis t  model s o f  spellin g error s ar e n o w 
appearin g (Brown ,  1993) .  T h e framewor k als o 
integrate s wel l  wit h hybri d cognidv e architecture s suc h 
as A C T *  (Anderson ,  1983 )  o r  C A P 2 (Schneide r  an d 
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Detweiler ,  1987) .  Fro m a  neurologica l  viewpoint , 
genera l  difncultie s o f  learnin g fi t  i n wel l  wit h th e 
finding s o f  diffus e microscopi c neuroanatomica l  damag e 
and th e widesprea d anomalie s i n brai n electrica l  activit y 
data .  W e hav e earlie r  speculate d tha t  th e abnonnaUtie s 
m ay b e attributabl e t o 'nois y neura l  networks ' 
(Nicolso n an d Fawcect .  1992 )  o r  t o cerebella r  problem s 
(Fawcet t  an d Nicolson ,  1992) .  I n truth ,  though ,  despit e 
th e strikin g natur e o f  th e suppor t  fo r  som e learnin g 
defici t  framework ,  th e result s reporte d her e rais e a s 
many question s a s the y resolve .  A t  leas t  the y ar e ne w 
questions ,  providin g fruitfu l  researc h agend a spannin g 
cognitiv e psychology ,  neuroscienc e an d connectionis t 
modelling ,  capabl e o f  illuminatin g th e cause s o f 
abnorma l  informatio n processing ,  an d mayb e als o 
facilitatin g deepe r  understandin g o (  th e base s o f  norma l 
cognition . 
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