
The child as scientist

Learning as “theory building”, not “data analysis”.
Knowledge grows through hypothesis- and explanation-driven 
interpretations of sparse data, causal learning, learning theories, 
learning compositional abstractions, learning to learn, 
exploratory learning, social learning.  
[Carey, Karmiloff-Smith, Gopnik, Schulz, Feigenson…]

© AAAS. All rights reserved. This content is excluded from
our Creative Commons license. For more information, see
https://ocw.mit.edu/help/faq-fair-use/.

© Patrick Gillooly / MIT News. All rights reserved.This content
is excluded from our Creative Commons license. For more
information, see https://ocw.mit.edu/help/faq-fair-use/.

© Source Unknown. All rights reserved. This content is
excluded from our Creative Commons license. For more
information, see https://ocw.mit.edu/help/faq-fair-use/.

1

https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/


World state (t) World state (t+1)

Image (t) Image (t+1)

physics

graphics

…

Learning

Probabilistic programs for model building 

(“program-learning” programs)

© Proceedings of the National Academy of Sciences. All rights reserved. This content is excluded from
our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Battaglia, Peter W., Jessica B. Hamrick, and Joshua B. Tenenbaum. "Simulation as an engine
of physical scene understanding." Proceedings of the National Academy of Sciences 110, no. 45
(2013): 18327-18332.
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“tufa”

Learning and generalization for 
object concepts
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Handwritten characters
Standard machine 
learning: MNIST
100s (or more) 
examples/class

Our testbed: Omniglot
1623 simple visual concepts in 50 alphabets
20 examples/class

© Mixed National Institute of Standards and
Technology. All rights reserved. This content
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Sanskrit Tagalog

Latin BrailleBalinese

Hebrew

The omniglot dataset

© AAAS. All rights reserved.This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum.
"Human-level concept learning through probabilistic program induction." Science
350, no. 6266 (2015): 1332-1338.
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Angelic Alphabet of the Magi

FuturamaULOG

The omniglot dataset

© AAAS. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum.
"Human-level concept learning through probabilistic program induction." Science
350, no. 6266 (2015): 1332-1338.
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One-shot learning

© AAAS. All rights reserved. This content is excluded from our Creative Commons
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Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum.
"Human-level concept learning through probabilistic program induction." Science
350, no. 6266 (2015): 1332-1338.
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)LJXUH �� $	%� $ VLQJOH H[DPSOH RI D QHZ FRQFHSW �UHG ER[� FDQ EH HQRXJK LQIRUPDWLRQ WR
VXSSRUW WKH �L� FODVVL¿FDWLRQ RI QHZ H[DPSOHV� �LL� JHQHUDWLRQ RI QHZ H[DPSOHV� �LLL� SDUVLQJ DQ
REMHFW LQWR SDUWV DQG UHODWLRQV� DQG �LY� JHQHUDWLRQ RI QHZ FRQFHSWV IURP UHODWHG FRQFHSWV� &�
��� VLPSOH FRQFHSWV IRU FRPSDULQJ KXPDQ DQG PDFKLQH OHDUQLQJ� ,PDJHV FRXUWHV\ RI RSHQFOL�
SDUW�RUJ� 6HJZD\ ,QF�� /DUV/RWWUXS� DQG *OHQQ 5REHUWV DW 0RWRUF\FOH0RMR PDJD]LQH�

�

A multitude of tasks
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Bayesian Program Learning

(Lake, Salakhutdinov, Tenenbaum, NIPS 2013; in prep)

Character

Strokes

Sub-strokes

Primitives [e.g. basic movements or 
actions, shape elements (1D curvelets, 
2D patches, 3D geons), ...]...

connected 

connected at end
relation

relation

© AAAS. All rights reserved. This content is excluded from our Creative Commons license. For
more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum. "Human-level concept
learning through probabilistic program induction." Science 350, no. 6266 (2015): 1332-1338.
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Bayesian Program Learning
(Lake, Salakhutdinov, Tenenbaum, NIPS 2013; in prep)
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6DPSOH�QXPEHU�RI�SDUWV

6DPSOH�VXE�SDUWV

7UDQVIRUP�VXE�SDUWV

6DPSOH�SDUW�UHODWLRQV

+DQGOH�WR�VWRFKDVWLF�SURJUDP
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Learning to generate types

(“generative model for generative models”)

© AAAS. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum.
"Human-level concept learning through probabilistic program induction." Science
350, no. 6266 (2015): 1332-1338. 13
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Inferring a program from a single example
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:KLFK�FODVV�LV�LPDJH I LQ"

Classifying with probabilistic programs

� $$$6� $OO ULJKWV UHVHUYHG� 7KLV FRQWHQW LV H[FOXGHG IURP RXU &UHDWLYH &RPPRQV
OLFHQVH� )RU PRUH LQIRUPDWLRQ� VHH KWWSV���RFZ�PLW�HGX�KHOS�IDT�IDLU�XVH��
6RXUFH� /DNH� %UHQGHQ 0�� 5XVODQ 6DODNKXWGLQRY� DQG -RVKXD %� 7HQHQEDXP� �+XPDQ�OHYHO FRQFHSW
OHDUQLQJ WKURXJK SUREDELOLVWLF SURJUDP LQGXFWLRQ�� 6FLHQFH ���� QR� ���� ������� ���������� ��

https://ocw.mit.edu/help/faq-fair-use/


One-shot classification
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© AAAS. All rights reserved. This content is excluded from our Creative Commons
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Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum.
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Machine

Generating new examples
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Generating new examples

© AAAS. All rights reserved. This content is excluded from our Creative Commons
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Source: Lake, Brenden M., Ruslan Salakhutdinov, and Joshua B. Tenenbaum.
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Turing test: Can people tell the humans 
from the machine?
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Generating 

entirely new 

characters

10 Examples
Given

25 New
Instances
Generated

Machine
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Explaining the dynamics of 

development? (w/ T. Ullman, Spelke, others)

9 months

12 months

15 months

© Elsevier. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Skerry, Amy E., and Elizabeth S. Spelke. "Preverbal infants identify emotional reactions
that are incongruent with goal outcomes." Cognition 130, no. 2 (2014): 204-216.

© AAAS. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Onishi, Kristine H., and Renée Baillargeon. "Do 15-month-old infants
understand false beliefs?" science 308, no. 5719 (2005): 255-258.

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Sommerville, Jessica A., Amanda L. Woodward, and Amy Needham.
"Action experience alters 3-month-old infants' perception of others' actions."
Cognition 96, no. 1 (2005): B1-B11.

21

http://www.sciencedirect.com/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/


Explaining the dynamics of 

development? (w/ T. Ullman, Spelke, others)

9 months

12 months

15 months

3 months

5 months

6.5 months

12.5 months

Capture different knowledge 
stages with a sequence of 
probabilistic programs?

Explain the trajectory of stages 
as rational statistical inference 
in the space of programs?

Courtesy of Elsevier, Inc., http://www.sciencedirect.com.
Used with permission.
Source: Baillargeon, Renée."Infants' understanding of the
physical world." Journal of the Neurological Sciences 143,
no. 1-2 (1996): 199. 22

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Sommerville, Jessica A., Amanda L. Woodward, and Amy Needham. 
"Action experience alters 3-month-old infants' perception of others' actions." 
Cognition 96, no. 1 (2005): B1-B11.
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Unobserved properties:
(c.f. parameter learning)

e.g., mass, charge,
friction, elasticity, 
resistance…

New laws: 
(c.f. structure learning)

e.g., presence of forces
and their shape,
existence of hidden
objects, kinds of
substances …

Learning physics from dynamic scenes

(Ullman, Stuhlmuller, Goodman, Tenenbaum, 2014; under review)

23

See the lecture video to 
view these video clips 



Metatheory

(define (next-position objects forces dt)
(let ((masses       (get-mass objects))

(position0    (get-position objects))
(velocity0    (get-velocity objects))
(a (/ forces masses)))

(numerical-integration position0 velocity0 a dt)))

Inertial 
dynamics

Objects

(define (construct-particle size position velocity mass)
(list size position velocity mass))

(define (construct-barrier size elasticity position)
(list size elasticity position))

Theories
(define (attraction object1 object2)

(let ((r  (euclidian-dist objects))
(m1 (get-mass object1))
(m2 (get-mass object2)))

(/ (* C m1 m2) (power r 2)))) 

Different forces
Coupling
Global

Different masses

Different frictions

(define (heavy-mass 9.0))

(define (smooth-surface 0.0))

Events (define world-5 (create-world
(create-forces (collision rr-attract global-left))
(create-particles (draw-random-particles 3))
(create-friction (draw-friction-surfaces 1))))

F =m×a

(x1,v1,t1)m

m

m
F =

C×m1 ×m2

r2

m

mm m

� 3URFHHGLQJ RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV� $OO ULJKWV UHVHUYHG�7KLV
FRQWHQW LV H[FOXGHG IURP RXU &UHDWLYH &RPPRQV OLFHQVH� )RU PRUH
LQIRUPDWLRQ� VHH KWWSV���RFZ�PLW�HGX�KHOS�IDT�IDLU�XVH��
6RXUFH� 8OOPDQ� 7RPHU� $QGUHDV 6WXKOP�OOHU� 1RDK *RRGPDQ� DQG -RVKXD
%� 7HQHQEDXP� �/HDUQLQJ SK\VLFV IURP G\QDPLFDO VFHQHV�� ,Q 3URFHHGLQJV
RI WKH WKLUW\�VL[WK DQQXDO FRQIHUHQFH RI WKH FRJQLWLYH VFLHQFH VRFLHW\� �����
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Comparing models and humans

Friction

Pairwise forces Global forces
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A really hard problem…

• What’s the right hypothesis space?

• What’s an effective algorithm for searching the 
space of theories, as fast and as reliably and as 
flexibly as we see in children’s learning?

Learning the form of domain theories?

26



Learning the form of domain theories?
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© Elsevier. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.
Source: Ullman, Tomer D., Noah D. Goodman, and Joshua B. Tenenbaum. "Theory
learning as stochastic search in the language of thought." Cognitive Development 27,
no. 4 (2012): 455-480.
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F: form

S: structure

D: data
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Features

…

Tree Space

X1
X2
X3
X4
X5
X6

Chain

X1

X3

X4

X5

X6

X2

Hierarchical Bayesian Framework

(Kemp & Tenenbaum, Psych Review, 2009)
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Form FormProcess Process

Hypothesis space of structural forms

(Kemp & Tenenbaum, PNAS 2008)
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Discovering the structural form of a domain
(Kemp & Tenenbaum, PNAS 2008; Psych Review, 2009)
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Development of structural forms 
as more data are observed
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Conclusion

What makes us so smart?
1. How we start: Common-sense core theories of intuitive physics and 

intuitive psychology. 
2. How we grow: Learning as theory construction, revision and 

refinement.  

The tools of probabilistic programs and program induction are beginning 
to let us reverse-engineer these capacities, with languages that are:
– Probabilistic.
– Generative.
– Causally structured
– Compositionally structured: flexible, fine-grained dependencies, 

hierarchical, recursive, unbounded

We have to view the brain not simply as a pattern-recognition device, but as a 
modeling engine, an explanation engine – and we have to understand how 
these views work together. 

Much promise but huge engineering and scientific challenges remain… full of 
opportunities for bidirectional interactions between cognitive science, 
neuroscience, developmental psychology, AI and machine learning.
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