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A Generativ e Neura l  N e t w o r k Analysi s o f  Conservat io n 

Thomas R .  Shult z 
L N S C.  Departmen t  o f  Psychology ,  McGil l  Universit y 

1205 Penfiel d Avenu e 
Montreal ,  Qu6bec .  Canad a H 3 A IB l 

s h u l t z @ p s y c h . m c g i l l . c a 

C o n s e r v a t i o n 

One of the most well studied phenomena in cognitive 
developmen t  i s conservation .  Conservatio n involve s th e 
belie f  i n th e continue d equivalenc e o f  tw o physica l 
quantitie s ove r  a  transformatio n tha t  appear s t o alte r  on e 
of  them .  A n exampl e o f  conservatio n presoit s a  chil d wit h 
tw o identica l  row s o f  evenl y space d objects .  Onc e th e 
chil d agree s tha t  th e tw o row s hav e th e sam e numbe r  o f 
objects ,  th e experimente r  transform s on e o f  th e rows ,  e.g. , 
by pushin g it s  item s close r  together .  The n th e 
experimente r  ask s th e chil d whethe r  th e tw o row s stil l 
hav e th e sam e amoun t  o r  whethe r  on e o f  the m no w ha s 
more .  Piage t  (196S )  an d othe r  researcher s found  tha t 
childre n belo w abou t  si x year s o f  ag e respon d tha t  on e o f 
th e tw o rows ,  usuall y th e longe r  row ,  no w ha s mor e tha n 
th e other .  I n contrast ,  childre n olde r  tha n si x year s respon d 
tha t  th e tw o row s stil l  hav e equa l  amounts ,  i.e. ,  the y 
conserv e th e equivalenc e o f  th e tw o amount s ove r  th e 
compressin g transfcxrnation . 

Despit e th e man y empirica l  studie s o f  conservation ,  th e 
cognitiv e mechanism s underlyin g conservatio n acquisitio n 
remai n obscure .  O n e wa y t o explor e suc h cognitiv e 
mechanism s i s wit h compute r  simulation s i n whic h th e 
detail s o f  knowledg e representation s an d processin g 
mechanism s mus t  b e full y specified . 

Cascade-correlation 

A successful modeling algorithm for cognitive 
developmenta l  phenomen a i s cascade-correlation .  Thi s i s a 
generativ e algorith m fo r  learnin g i n feed-forwar d neura l 
network s (Fahlma n &  Lebiere .  1990) .  I t  build s it s o w n 
topolog y a s i t  leams ,  b y recruitin g ne w hidde n unit s int o 
th e networ k a s i t  need s them .  Suc h network s underg o no t 
onl y quantitativ e adjustment s i n connectio n weight s bu t 
als o qualitativ e adjustment s i n networ k topology .  Ther e 
hav e bee n cascade-correlatio n model s o f  balanc e scal e 
phenomena ,  causa l  prediction s o f  potenc y an d resistance , 
sedation ,  integratio n o f  velocity ,  time ,  an d distanc e cues , 
and acquisitio n o f  persona l  pronoun s (Shultz ,  Schmidt , 
Buckingham ,  &  Mareschal ,  1995) . 

Simulations 

Here I report on the simulation of five well known 
conservatio n phenomen a wit h neura l  network s constructe d 
by th e cascade-correlatio n algorithm :  (1 )  shif t  fro m 
nonconservatio n t o conservatio n belief s (acquisitio n 
effect) ,  (2 )  emergenc e o f  correc t  conservatio n judgment s 
fo r  smal l  quantitie s befor e large r  quantitie s (proble m siz e 
effect) ,  (3 )  conservatio n o f  discret e quantitie s befor e 

continuou s quantitie s (discret e advantag e effect) ,  (4 ) 
nonconservers '  choic e o f  th e longe r  ro w a s havin g mor e 
item s tha n th e shorte r  ro w (lengt h bia s effect) ,  an d (5 ) 
younge r  childre n conservin g unti l  the y se e th e result s o f 
th e transformatio n (screenin g effect) . 

Training 

Networks were trained in an environment with very few 
constraints .  Input s describe d equivalenc e conservatio n 
problem s i n whic h row s o f  object s wer e describe d i n term s 
of  thei r  perceptua l  characteristics ,  namel y lengt h an d 
density .  Targe t  feedbac k supplie d t o th e networ k concerne d 
relativ e equalit y judgment s comparin g th e tw o rows . 
Transformation s include d thos e tha t  alte r  numbe r  (additio n 
an d subtraction )  an d thos e tha t  preserv e numbe r 
(elongatio n an d compression) .  Additio n an d subtractio n 
transformation s eac h altere d a  ro w b y on e item . 
Elongatio n an d compressio n transformation s decrease d o r 
increase d th e densit y o f  th e ro w b y on e level ,  respectively . 
See Tabl e 1  fo r  som e exampl e transformations .  I n th e 
standar d rows ,  ther e wer e thre e level s o f  length ,  rangin g 
from  2-6 ,  an d tw o level s o f  density ,  rangin g fro m 2-4 . 
Conservatio n experiment s typicall y presen t  onl y a  fe w 
densit y level s bu t  severa l  level s o f  length .  Th e quantitie s 
fo r  numerica l  comparison s wer e compute d a s numbe r  = 
lengt h x  density .  I n thi s way ,  network s coul d lear n abou t 
number  fro m th e perceptua l  characteristic s o f  item s 
arrange d i n row s wit h a  constan t  within-ro w density . 

Testing 

A randomly selected 1/4 of the problems were excluded 
from  trainin g fo r  us e a s tes t  patterns .  Mos t  assessment s 
wer e performe d o n tes t  pattern s rathe r  tha n trainin g 
pattern s i n orde r  t o insulat e networ k performanc e fro m th e 
particular s o f  training . 

Acquisition 

Networks learned the training problems and generalized 
wel l  t o th e tes t  problems ,  no t  merel y memorizin g th e 
problems ,  bu t  abstractin g a n underlyin g function . 

Problem Size 

Networks showed a problem size effect by performing 
bette r  o n problem s i n whic h th e numbe r  o f  th e smalle r 
ro w wa s les s tha n 9  tha n o n problem s i n whic h th e 
number  o f  th e smalle r  ro w wa s greate r  tha n 15 .  Thi s wa s 
eviden t  a t  al l  phase s o f  training ,  excep t  ver y early ,  wher e 
network s ha d no t  learne d enough ,  an d ver y late ,  wher e 
network s ha d reache d a  ceilin g o f  performanc e o n al l 
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proble m sizes .  Proble m siz e effect s ar e pervasiv e i n 
human quantitativ e judgments ;  simulation s sugges t  tha t 
the y resul t  fro m a n analo g representatio n o f  number . 

Discrete Advantage 

The discrete advantage effect was captured by adding small 
amount s o f  rando m nois e t o output s i n th e trainin g an d 
tes t  pattern s fo r  continuou s quantities ,  whic h ar e 
considere d difficul t  t o estimat e accurately .  I t  too k longe r 
fo r  network s t o lear n wit h nois y tha n wit h noiseles s 
outputs .  Also ,  excep t  earl y an d lat e i n training ,  network s 
performe d wors e o n nois y tha n o n noiseles s problems . 
Thus ,  th e network s wer e sensitiv e t o noise ,  bu t  no t  fatall y 
so.  Th e absenc e o f  a  nois e effec t  a t  th e beginnin g o f 
trainin g reflect s inabilit y  t o solv e eithe r  typ e o f  problem . 
The disappearanc e o f  th e nois e effec t  a t  th e en d o f  trainin g 
reflect s ceilin g level s o f  performance . 

Length Bias 

The network s showe d biase s lik e thos e observe d i n 
children .  The y learne d t o us e th e dominan t  dimensio n o f 
length ,  an d the n notice d th e compensatin g dimensio n o f 
density ,  befor e correctl y integratin g th e tw o dimensions . 

The initia l  lengt h bia s wa s du e t o learnin g tha t  longe r 
row s ofte n hav e mor e item s tha n shorte r  rows ,  particularl y 
i n additio n an d subtractio n transformation s whe n densit y 
i s hel d constant .  Thi s explanatio n i s consisten t  wit h th e 
ide a tha t  ver y youn g childre n d o no t  sho w a  lengt h bia s 
becaus e the y hav e no t  ye t  learne d tha t  lengt h i s a  correlat e 
of  numbe r  (Miller ,  Grabowski ,  &  Heldmeyer ,  1973) . 
Lengt h bia s di d no t  occu r  i n a n alternat e environmen t  i n 
whic h length ,  rathe r  tha n density ,  wa s hel d constan t 
durin g transformations .  Thes e bia s result s underscor e th e 
tensio n betwee n perceptio n an d cognitio n i n conservatio n 
tasks .  Wha t  th e chil d know s (e.g. ,  tha t  a  transformatio n 
does no t  chang e a  quantity )  appear s t o conflic t  wit h wha t 
she see s (e.g. ,  tha t  on e ro w i s longer ,  an d thu s seem s 
mor e numerou s tha n th e other) . 

Screening 

The screening effect refers to young children conserving 
onl y unti l  the y se e th e result s o f  a  transformatio n (Mille r 
& Heldmeyer ,  1975) .  A s lon g a s th e effect s o f  th e 
transformatio n ar e screene d fro m view ,  the y conserve ,  bu t 
w h en th e scree n i s removed ,  the y rever t  t o 
nonconservation .  Thi s wa s simulate d b y removin g 
informatio n abou t  th e appearanc e o f  th e transforme d ro w 
afte r  i t  wa s transformed ,  causin g mor e conservatio n earl y 
i n training . 

Networ k Analysi s 

T o determin e th e role s o f  particula r  hidde n units , 
informatio n critica l  t o perceptua l  an d cognitiv e solution s 
was delete d firom  th e tes t  problems .  Missin g inpu t  critica l 
t o a  perceptua l  solutio n involve d th e lengt h an d densit y o f 
th e post-transformatio n row ,  wherea s missin g inpu t 
critica l  t o a  cognitiv e solutio n involve d th e natur e o f  th e 
transformation .  Analysi s o f  error s cause d b y thes e 
deletion s indicate d tha t  mos t  hidde n unit s playe d a  rol e i n 
eithe r  perceptua l  o r  cognitiv e solution s an d a  fe w o f  the m 
playe d a  rol e i n bot h solutio n types . 

Conclusions 

Thes e simulation s capture d a  variet y o f  effect s i n th e 
conservatio n literatur e an d supporte d th e correlation -
learnin g explanatio n o f  lengt h bias .  The y achieve d bette r 
and mor e comprehensiv e coverag e o f  natura l  conservatio n 
phenomena tha n hav e previou s simulations . 
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Transformatio n Lengt h Densit y Row 
Pre-transformatio n 
Add 
Subtrac t 
Elongat e 
Compres s 

2 
2. 5 
1.5 
4 
1.3 3 

2 
2 
2 
1 
3 

G O O 
G O G 
G G  G 
O G 
O O  G  G 

G 
G 

Tabl e 1 :  Exampl e transformations . 
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