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A Neura l  Networ k M o d e l  o f  N o r m a l  an d Impaire d Calculatio n 

Ala n Sanfe y (ASANIKVC-PSYCH.COL0RAD0.EDU) 
Akir a Miyak e (MIVAKi:(")PSYCH.COLORADO.EDU ) 

Universit y o f  Colorad o a t  Boulde r 
Dept .  o f  Psychology ,  C B 345 ,  Boulde r  8030 9 U S A 

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

I n recen t  year s a  variet y o f  computationa l  model s o f 
arithmeti c fac t  retrieva l  hav e bee n proposed ,  primaril y 
associativ e networ k models .  Mos t  o f  thes e propose d model s 
hav e no t  bee n implemented ,  an d thos e tha t  hav e utiliz e 
complicate d networ k design s i n a n effor t  t o simulat e 
experimenta l  data .  Th e initia l  ai m o f  thi s stud y wa s t o 
desig n a  simpl e neura l  networ k mode l  o f  single-digi t 
additio n an d multiplicatio n tha t  woul d exhibi t  a  patter n o f 
performanc e i n lin e wit h th e behaviora l  dat a o f  norma l 
subjects .  Th e prominen t  finding s fro m thi s dat a ar e a 
problem-siz e effect ,  tha t  is ,  arithmeti c problem s ge t  mor e 
difficul t  a s th e operand s increas e i n value ,  an d als o a n 
apparen t  alternat e representatio n fo r  problem s containin g 0 
or  1  a s operands . 

Anothe r  goa l  o f  thi s researc h wa s t o tak e int o 
consideratio n findings  fro m cognitiv e neuropsychology .  O f 
particula r  interes t  wer e finding s fro m acalculi a a 
disturbanc e i n calculatio n an d numbe r  processin g du e t o 
brai n injury .  Afte r  th e mode l  showe d a  typica l  'normal ' 
patter n o f  performance ,  i t  woul d b e systematicall y damage d 
and it s  outpu t  compare d t o th e empirica l  result s o f 
acalculic s o n simpl e arithmeti c problems . 

A simpl e three-laye r  feedforwar d networ k wa s utilize d i n 
thi s study ,  wit h backpropagatio n o f  erro r  use d a s th e 
learnin g algorithm .  3 0 hidde n unit s wer e full y connecte d t o 
al l  1 9 inpu t  unit s ( 9 unit s fo r  eac h o f  th e operand s an d 1 
uni t  fo r  th e operator )  an d 1 8 outpu t  unit s ( 9 unit s 
representin g th e first  digi t  o f  th e answe r  an d 9  representin g 
th e second) . 

Experiment 1 

The first  stud y examine d th e performanc e o f  th e norma l 
model  o n single-digi t  additio n an d multiplicatio n problems . 

Method 

The networ k wa s traine d o n single-digi t  additio n an d 
multiplicatio n facts ,  proportionat e t o thei r  frequenc y i n 
popula r  children' s mathematic s textbooks .  Pattern s o f 
performanc e wer e examine d a t  differen t  point s i n training . 

Results and Discussion 

Substantial training was needed to achieve perfect 
performance .  A n analysi s o f  th e eno r  rate s durin g trainin g 
indicate d that ,  a s expected ,  additio n problem s wer e learne d 
much faste r  tha n multiplicatio n problems .  A  disfinc t 

problem-siz e effec t  wa s observed ,  wit h problem s wit h large r 
operand s requirin g mor e trainin g t o achiev e perfec t 
performanc e tha n thos e wit h smalle r  operands ,  mimickin g 
th e performanc e o f  norma l  subjects ,  an d supportin g th e 
vie w tha t  th e problem-siz e effec t  i s  du e t o frequenc y o f 
presentation .  Problem s wit h large r  operand s wer e typicall y 
les s frequen t  i n trainin g tha n thos e wit h smalle r  operands . 
However ,  thi s i s no t  th e cas e fo r  problem s containin g 0  o r 
1 a s a n operand .  Despit e th e relativ e scarcit y o f  thes e 
problem s i n th e trainin g set ,  th e networ k quickl y achieve s 
excellen t  performance ,  suggestin g tha t  th e networ k i s abl e 
t o exu-ac t  a  separat e rul e fo r  thes e typ e o f  problems . 

Experiment 2 

The secon d stud y examine d th e type s o f  error s mad e b y a 
lesione d model ,  an d compare d thes e error s t o thos e mad e b y 
acalculics . 

Method 

The mode l  wa s damage d t o variou s degree s i n thre e 
location s -  th e hidde n units ,  th e connection s betwee n inpu t 
and hidde n units ,  an d t o th e connection s betwee n hidde n an d 
outpu t  units . 

Results and Discussion 

An examination of the error rates of the three different 
form s o f  damag e indicat e tha t  damag e t o th e hidde n unit s 
produce d th e mos t  'acalculic-like '  symptom s o f  th e three . 
W h en thes e hidde n unit s ar e damaged ,  th e type s an d 
proportion s o f  error s produce d bea r  clos e similarit y t o th e 
type s an d rate s o f  calculatio n error s typicall y mad e b y 
acalculics .  Anothe r  patter n whic h emerge d i s tha t  problem s 
involvin g 0  o r  1  a s operand s wer e ver y resistan t  t o damage , 
a dissociatio n whic h ha s bee n observe d i n acalculi c patients . 

Conclusions 

The model ,  despit e it s simplicity ,  displaye d a  patter n o f 
result s ver y simila r  t o thos e exhibite d b y experimental 
subjects ,  bot h norma l  an d impaired .  Thes e result s sugges t 
tha t  i t  i s  plausibl e t o posi t  a  simpl e associativ e networ k a s 
a basi s fo r  arithmeti c fac t  retrieval .  I t  als o provide d possibl e 
explanation s fo r  som e empirica l  phenomena ,  suc h a s th e 
problem-siz e effec t  an d th e differentia l  erro r  rate s fo r  0  an d 1 
operan d problems ,  a s wel l  a s suggestin g tha t  acalculic s 
suffe r  fro m damag e i n th e representatio n o f  arithmeti c facts , 
as oppose d t o damag e i n th e connection s betwee n inpu t  an d 
outpu t  nodes . 
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