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Nature 358, 749 - 750 (27 August 1992); doi:10.1038/358749a0

Addition and subtraction by human infants

Karen Wynn Department of Psychology, University of Arizona, Tucson, Arizona 85721, USA

Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development



Revolutions in our understanding of cognitive development





How do scientists learn?

• Scientists learn from statistical evidence

• Scientists’ beliefs affect their interpretation of statistical evidence

• Scientists distinguish genuine causes from spurious associations

• Scientists selectively explore ambiguous or confounded evidence

• Scientists introduce unobserved variables to explain data otherwise 
anomalous with respect to their prior beliefs

• Scientists’ generalizations depend on how evidence is sampled

• Scientists infer the relative probability of competing hypotheses and 
choose interventions most likely to achieve desired outcomes

• Scientists isolate variables to distinguish competing hypotheses

• Scientists evaluate expert knowledge and decide whether to learn from 
instruction or exploration
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• Children’s beliefs affect their interpretation of statistical evidence

• Children distinguish genuine causes from spurious associations

• Children selectively explore ambiguous or confounded evidence

• Children introduce unobserved variables to explain data otherwise 
anomalous with respect to their prior beliefs

• Children’s generalizations depend on how evidence is sampled

• Children infer the relative probability of competing hypotheses and choose 
interventions most likely to achieve desired outcomes

• Children isolate variables to distinguish competing hypotheses

• Children evaluate expert knowledge and decide whether to learn from 
instruction or exploration

• Children learn from statistical evidence

How do children learn?



Today’s talk

•Children’s generalizations depend on how 
evidence is sampled

•Children infer the relative probability of 
hypotheses and choose interventions             
most likely to achieve desired outcomes.

•Children isolate variables to distinguish 
competing hypotheses

•Children evaluate expert knowledge to decide 
whether to learn from instruction or 
exploration

st
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Generalizing from samples

•Science requires generalizing properties from a small 
sample to a population.

•Can use feature similarity and category membership to 
infer that things that look alike or belong to the same 
category will share properties. 

• If you know that this sample of Martian rocks has a high 
concentration of silica, may infer that other Martian rocks 
have a high concentration of silica.

• If you know that this sample of needles from a Pacific 
silver fir lie flat on the branch, may infer other Pacific silver 
fir needles lie flat on the branch.



• But as scientists we may know something about the sampling 
process that affects our inferences.

• Do all Martian rocks have high concentrations of silica or only 
dusty rocks on the surface?

• Do all Pacific silver fir needles lie flat or just those low on the 
canopy? 

• How far we extend our generalizations depends on whether we 
think the sampling process was random or selective. 

• Do infants’ generalizations also take the sampling process into 
account?

Generalizing from samples



The yellow one 
probably doesn’t 

squeak

Looks a lot like 
others – should try 

squeaking it!

Consistent with sampling 
from the whole box

Mostly	  Yellow
B:Y	  =	  3:1

Unlikely to have been 
sampled from the whole box
more likely to have been sampled 

selectively
Prediction: 

(1) many children 
should try squeezing

(2) and should 
squeeze often

Prediction:
(1) fewer children 

try squeezing
 (2) squeeze less 

often

Mostly	  Blue
B:Y	  =	  3:1



Consistent with sampling from 
whole box

Unlikely to have been sampled 
from whole box

More likely that evidence was sampled 
selectively

Looks a lot like the 
other balls -- 

should try 
squeaking it

The yellow ball probably 
doesn’t squeak

Prediction: Many 
children try to 
squeak and 

squeak persistently

Prediction: Few children try to 
squeak and children do not 

squeak often



	  	  	  	  	  Results

Gweon, Tenenbaum, & Schulz, 2010 PNAS
*p	  <	  0.05

n	  =	  15/condi;on,	  mean:	  15	  months,	  15	  days,	  range	  13-‐18	  months



..not	  an	  improbable	  sample.	  	  Could	  
have	  been	  generated	  by	  sampling	  
randomly	  from	  the	  whole	  box.

Unlikely to have been sampled 
from the whole box

more likely to have been sampled 
selectively

Prediction:
(1) few children try 

squeezing
 (2) squeeze less 

often

Squeeze	  
once;	  
squeeze	  3	  x

Looks a lot like 
others – should try 

squeaking it!

Prediction: 
(1) many children 
should try squeezing

(2) and should 
squeeze often



	  	  	  	  	  Results

x	  3
Gweon, Tenenbaum, & Schulz, 2010 PNAS

n	  =	  16/condi;on,	  mean:	  15	  months,	  15	  days,	  range	  13-‐18	  months

*p	  <	  0.05



	  	  	  	  	  Results

Gweon, Tenenbaum, & Schulz, 2010 PNAS

r	  =	  .0.98,	  p	  <	  0	  .005



B:Y	  =	  1:3

• Explicit cue for random 
sampling process

Gweon, Tenenbaum, & Schulz, 2010 PNAS



	  	  	  	  	  Results

Gweon, Tenenbaum, & Schulz, 2010 PNAS
**p	  <	  0.005

n	  =	  16/condi;on,	  mean:	  15	  months,	  15	  days,	  range	  13-‐18	  months



•15-month-olds’ generalizations take into 
account more than category membership 
and the perceptual similarity of objects.

•Infants make graded inferences that are 
sensitive to both the amount of evidence 
they observe and the process by which 
the evidence is sampled.

Generalizing from samples
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•Children’s generalizations depend on how 
evidence is sampled

•Children infer the relative probability of 
hypotheses and choose interventions             
most likely to achieve desired outcomes.

•Children isolate variables to distinguish 
competing hypotheses

•Children evaluate expert knowledge to decide 
whether to learn from instruction or 
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?!%#@
#*@%&!

  It’s ME
  (agent)

   It’s THE 
   WORLD
   (object)

• Can	  16-‐month-‐olds…
– use	  minimal	  sta;s;cal	  data	  to	  make	  appropriate	  causal	  aIribu;ons?

– ra;onally	  choose	  to	  seek	  help	  vs.	  explore	  based	  on	  these	  inferences?	  



Look	  at	  
these	  
toys!

E1 E1 E2 E2
succeeds	  	  	  	  fails	  	  	  	  	  fails	  	  	  	  succeeds

Within	  Agents

Parent

Go	  ahead	  
and	  play!

Distribu;on	  of	  successes	  and	  failures

within	  &	  between	  different	  agents

“It’s	  probably	  the	  
toy…”

DEMONSTRATION ATTRIBUTION ACTION

Change	  the
Object

E2 E2E1 E1
succeeds	  	  	  	  fails	  	  	  	  	  fails	  	  	  	  succeeds

Between-‐Agents
“It’s	  probably	  

me…”

Change	  the
Agent

Gweon & Schulz, 2011, Science
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Within-‐Agent

Between-‐Agent	  

Results

Histogram showing number of infants performing each action first in each condition
N = 36 infants, mean: 16 months; range: 13-20 months

Gweon & Schulz, 2011, Science

* difference between conditions,
 p < .05 Fisher’s exact test

*



Rational causal inference in infants

• 16-‐month-‐olds…
– track	  the	  staLsLcal	  dependence	  between	  agents,	  
objects,	  and	  outcomes	  

– can	  use	  minimal	  data	  to	  make	  raLonal	  aQribuLons	  
about	  the	  cause	  of	  failed	  goal-‐directed	  acLons

• These	  dis;nct	  explanatory	  aIribu;ons	  (self	  vs.	  
world)	  help	  them	  choose	  between	  two	  different	  
strategies	  for	  learning
• seeking	  instrucLon	  from	  others

• self-‐guided	  exploraLon
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Children selectively engage in exploratory play when 
evidence fails to distinguish competing hypotheses 
(e.g., when evidence is confounded) 

Schulz & Bonawitz, 2007, Developmental Psychology







 

n = 16/condition
four & five-year-olds

mean: 57 months

Schulz & Baraff Bonawitz, 2007, Developmental Psychology
Study 1



Children assigned to one of two training conditions

all beads condition some beads condition

Cook, Goodman, & Schulz, 2011, Cognition



All children given the same test condition 

some beads conditionall beads condition

stuck pair separable pair

Some Beads B  
Some Beads AB  

Cook, Goodman, & Schulz, 2011, Cognition



Some beads trainingAll beads training

Histogram showing number of children generating each action in each condition
n = 20/condition, mean: 53 months; range: 46-63 months

Cook, Goodman, & Schulz, 2011, Cognition

** difference in responding between All and Some Beads conditions, 
p < .01 Fisher’s exact test

**



Children assigned to one of two training conditions

all beads condition some beads condition

Cook, Goodman, & Schulz, 2011, Cognition



stuck pair

All children given the same test condition 

Cook, Goodman, & Schulz, 2011, Cognition





All children given the same test condition 

some beads condition

stuck pair

Cook, Goodman, & Schulz, 2011, Cognition



All children given the same test condition 

stuck pair

some beads condition

Cook, Goodman, & Schulz, 2011, Cognition



Histogram showing number of children generating each outcome
n = 20/condition, mean: 54 months; range: 46-64 months

Cook, Goodman, & Schulz, 2011, Cognition

** difference in responding between All and Some Beads conditions, 
p < .01 Fisher’s exact test

**



• Preschoolers can use information about the base rate of 
candidate causes to distinguish the relative ambiguity of 
evidence.

• Given ambiguous evidence, children select -- and design 
-- potentially informative interventions that isolate relevant 
causal variables.

Conclusions
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Rational pedagogy

• If you assume that an adult is helpful and 
knowledgeable …
– Can assume that evidence they show you is not 

only true
– But helps distinguish the target hypothesis from 

other hypotheses.

Bonawitz, Shafto, Gweon, Spelke, & Schulz, 2011, Cognition



Rational pedagogy

• Thus for instance, if a knowledgeable teacher shows 
you n properties of a toy, should assume that there 
are not n + 1.

• If the same evidence is demonstrated by a naïve 
learner (or discovered by the child herself), should 
be much less likely to make this assumption (could 
well be more than n).

• Pedagogy strengthens the inference that absence of 
evidence is evidence of absence.

Bonawitz, Shafto, Gweon, Spelke, & Schulz, 2011, Cognition



Learning from instruction and 
exploration

• If a knowledgeable teacher 
demonstrates properties of a toy, 
children should not engage in additional 
exploration.

• If a naïve learner demonstrates the same 
properties, children should make no 
such assumption and should explore 
broadly. 

Bonawitz, Shafto, Gweon, Spelke, & Schulz, 2011, Cognition



• Four interesting properties

squeaker

light music

mirror

    PEDAGOGICAL                     ACCIDENTAL                      NO DEMO              INTERRUPTED
“Watch this, I’m going           “Look at this neat toy           “Look at this neat   Identical to Pedagogical
  to show you my toy.”                  I found here.”                  toy that I have.”          except interrupted
[intentionally pull tube]     [accidentally pull tube]     [rotate toy for child]      immediately after
    “Wow, see that?”                   “Wow, see that?”               “Wow, see that?”           “Wow, see that?” 



Pedagogical Condition



67

*

*

* p < .05



• 	  When	  a	  teacher	  provides	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  insufficient	  informa;on	  ….
– do	  children	  recognize	  “sins	  of	  omission”	  as	  failures?

– do	  sins	  of	  omission	  affect	  children’s	  judgements	  of	  teachers?

– do	  children	  modulate	  their	  behavior	  depending	  on	  their	  evalua;on	  of	  the	  
teacher?

• Caveat:	  there	  are	  many	  good	  reasons	  for	  a	  teacher	  to	  provide	  
insufficient	  informa;on	  ...
– the	  evidence	  supports	  generaliza;on

– exhaus;ve	  evidence	  is	  too	  complicated	  or	  too	  extensive	  for	  the	  learner	  to	  
handle.

• Providing	  limited	  informa;on	  is	  not	  always	  a	  sin	  of	  omission.	  	  Here	  we	  
are	  going	  to	  focus	  on	  cases	  where	  it	  is	  and	  ask	  whether	  children	  
recognize	  it	  as	  such.	  

Func6on	  1

Func6on	  2?

Func6on	  3?

Func6on	  4?

Knowing	  when	  learning	  from	  others	  
isn’t	  enough…



One-‐Func>on	  Toy

Four-‐Func>on	  Toy

The	  toy	  does	  
one	  thing!

wind-‐up	  
mechanism

wind-‐up	  
mechanism

music

spin	  
globe

lights

Exp	  1.	  Design	  &	  Procedure

Teach	  1	  of	  1

Teach	  1	  of	  4

1. Explore
2. Observe
3. Rate

The	  toy	  does	  
four	  things!

N	  =	  40,	  6	  –	  7	  yrs	  (M	  =	  6.94) Gweon, Pelton, & Schulz, 2011, Cog Sci, and in prep



One-‐FuncLon	  Toy

Four-‐FuncLon	  Toy

wind-‐up	  
mechanism

Exp	  1.	  Design	  &	  Procedure

Teach	  1	  of	  1

Teach	  1	  of	  4

1. Explore
2. Observe
3. Rate

STUDENT

1.	  TOY	  TEACHER

This	  is	  how	  my	  toy	  
works!	  	  (teach	  the	  

wind-‐up	  mechanism)

wind-‐up	  
mechanism

N	  =	  40,	  6	  –	  7	  yrs	  (M	  =	  6.94) Gweon, Pelton, & Schulz, 2011, Cog Sci, and in prep



One-‐FuncLon	  Toy

wind-‐up	  
mechanism

Exp	  1.	  Design	  &	  Procedure

Teach	  1	  of	  1

1. Explore
2. Observe
3. Rate

“how	  helpful	  was	  
the	  teacher?”

1.	  TOY	  TEACHER

This	  is	  how	  my	  toy	  
works!	  	  (teach	  the	  

wind-‐up	  mechanism)

STUDENT

Four-‐FuncLon	  Toy

wind-‐up	  
mechanism

Teach	  1	  of	  4

N	  =	  40,	  6	  –	  7	  yrs	  (M	  =	  6.94) Gweon, Pelton, & Schulz, 2011, Cog Sci, and in prep



• Exclusion	  criteria

– Correct	  Teacher	  <	  Incorrect	  Teacher	  	  (N=4)

– 	  No	  significant	  difference	  between	  condi;ons;	  mean:	  14.9	  (Correct)	  vs.	  3.4	  
(Incorrect)

• PredicLon
– Although	  the	  teachers	  provide	  iden;cal	  demonstra;ons	  in	  both	  
condi;ons,	  children	  should	  rate	  the	  teacher	  lower	  in	  the	  “Teach	  
1	  of	  4”	  condi;on

“how	  helpful	  was	  
the	  teacher?”

Duck!

CORRECT	  TEACHER

Cow!

INCORRECT	  TEACHER

Gweon, Pelton, & Schulz, 2011, Cog Sci, and in prep



Teach	  1	  of	  1 	  Teach	  1	  of	  4

TOY	  TEACHER

“how	  helpful	  was	  
the	  teacher?”

RaLngs	  for	  Toy	  Teacher

N=20 N=20

**:	  p	  <0.01	  (Mann-‐Whitney	  U)

**



We	  want	  the	  truth….
Duck! Cow!

Teach	  all	  there	  is Leave	  out	  a	  few..

…and	  the	  whole	  truth.

Does	  children’s	  evaluaLon	  of	  teachers	  affect	  
how	  they	  learn	  from	  them?



One-‐FuncLon	  Toy Four-‐FuncLon	  Toy

Exp	  2.	  Design	  &	  Procedure

Teach	  1	  of	  1 Teach	  1	  of	  4

TOY	  TEACHER

This	  is	  
how	  my	  
toy	  

works!

STUDENT
squeaker

light music

mirror

Now,	  here’s	  
another	  toy!
I’ll	  show	  you	  
show	  it	  works!

Free	  Play

6-‐year-‐olds	  (M	  =	  6.45	  yrs)	  	  	  N=20	  per	  condiLon

Four-‐FuncLon	  Toy

Teach	  4	  of	  4

Gweon, Pelton, & Schulz, 2011, Cog Sci, and in prep



Exp	  2.	  PredicLons

“the	  toy	  probably	  
does	  ONE	  thing”

“the	  toy	  probably	  
does	  MORE	  THAN	  ONE	  thing”

Teach	  1	  of	  4 Teach	  4	  of	  4Teach	  1	  of	  1

One-‐
FuncLon	  

Toy

Four-‐
FuncLon	  

Toy

Constrained
ExploraLon

Broader
ExploraLon

”the	  toy	  probably	  
does	  ONE	  thing”

“the	  toy	  probably	  
does	  FOUR	  things”

Four-‐
FuncLon	  Toy

Broader
ExploraLon

Constrained
ExploraLon



Free	  Play	  with	  the	  2nd	  Toy

Pairwise	  comparisons	  
*	  p<	  0.05,	  **	  p<	  0.005	  	  Mann-‐Whitney	  U

Teach-‐All-‐Parts

**

%	  >me	  spent	  on	  the	  demonstrated	  part	  (squeaker)
during	  the	  first	  30	  seconds	  of	  free	  play

Teach	  1	  of	  1 	  Teach	  1	  of	  4 Teach	  4	  of	  4

squeaker

*

constrained
explora;on

	  



• 	  When	  the	  teacher	  provides	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  “Not	  Enough	  InformaLon”	  ….
– do	  children	  recognize	  “sins	  of	  omission”	  as	  failures?

– evaluate	  others	  accordingly?	  	  

– modulate	  their	  learning	  based	  on	  such	  evalua;ons?
– i.e.	  more	  self-‐guided	  explora;on	  when	  in	  doubt

with	  Pat	  Shaio,	  ongoing

-‐ + -‐

Func6on	  1

Func6on	  2?

Func6on	  3?

Func6on	  4?

-‐ + -‐

Learn from 
Exploration

Piaget (1971)

Learn from 
Others

Vygotsky (1978)



Today’s talk

•Children’s generalizations depend on how 
evidence is sampled

•Children infer the relative probability of 
hypotheses and choose interventions             
most likely to achieve desired outcomes.

•Children isolate variables to distinguish 
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• Children learn from statistical evidence

• Children’s beliefs affect their interpretation of statistical evidence

• Children distinguish genuine causes from spurious associations

• Children selectively explore ambiguous or confounded evidence

• Children introduce unobserved variables to explain data otherwise 
anomalous with respect to their prior beliefs

• Children’s generalizations depend on how evidence is sampled

• Children infer the relative probability of competing hypotheses and 
choose interventions most likely to change target outcomes 

• Children isolate variables to distinguish competing hypotheses

• Children rely on expert knowledge and trade-off instruction and 
exploration

How do children learn?



“There is something fascinating about science, one gets such 
wholesale returns of conjecture out of such a trifling investment in 
fact” ( Mark Twain, 1883)
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