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Potential outcomes: intuition
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do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>
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<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual

Yi|do(T=1)

<latexit sha1_base64="ankFpkUc9naoITIsD9NjYr0YunY="></latexit>

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>
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<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment

Yi|do(T=1)
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<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>



Brady Neal / 41

Yi|do(T=1) , Yi(1)

<latexit sha1_base64="wHBl5SOG0FiXEwPvpVB6ZgvKM3g="></latexit>

Potential outcomes: notation

5

do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment

Yi|do(T=1)

<latexit sha1_base64="ankFpkUc9naoITIsD9NjYr0YunY="></latexit>

Yi|do(T=0)

<latexit sha1_base64="tcq7x+h5H1MVi9e74Wsj/KX91Xo="></latexit>

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>



Brady Neal / 41

Yi|do(T=1) , Yi(1)

<latexit sha1_base64="wHBl5SOG0FiXEwPvpVB6ZgvKM3g="></latexit>

Potential outcomes: notation

5

do(T = 1)
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do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
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Yi|do(T=1)

<latexit sha1_base64="ankFpkUc9naoITIsD9NjYr0YunY="></latexit>
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5

do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

Yi|do(T=1)

<latexit sha1_base64="ankFpkUc9naoITIsD9NjYr0YunY="></latexit>

Yi|do(T=0)

<latexit sha1_base64="tcq7x+h5H1MVi9e74Wsj/KX91Xo="></latexit>

Yi|do(T=0) , Yi(0)

<latexit sha1_base64="dZthWb4oBYLiMHMHcUuWJX6FBrI="></latexit>

Causal effect

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

Yi(1)� Yi(0)

<latexit sha1_base64="qHxz+IbAe3fX/QpP6FnXyGr2itM="></latexit>
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do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

Yi|do(T=1)

<latexit sha1_base64="ankFpkUc9naoITIsD9NjYr0YunY="></latexit>

Causal effect

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

Yi(1)� Yi(0)

<latexit sha1_base64="qHxz+IbAe3fX/QpP6FnXyGr2itM="></latexit>

Yi(0) = 0

<latexit sha1_base64="WfpAwrSe3NbrWyeSl211kioycO4="></latexit>
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do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>
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: used in subscript to denote a
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<latexit sha1_base64="WfpAwrSe3NbrWyeSl211kioycO4="></latexit>
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Yi(1)� Yi(0) = 1

<latexit sha1_base64="+uQ3sxdOdEq7LET+FFL7NQqyVAg="></latexit>
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do(T = 1)
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do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

Causal effect
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Yi(1) = 1

<latexit sha1_base64="BchGElSW5YZ4EvU3clhKDxkkCzM="></latexit>

Yi(0) = 0
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Yi(1)� Yi(0) = 1

<latexit sha1_base64="+uQ3sxdOdEq7LET+FFL7NQqyVAg="></latexit>

Fundamental problem of  causal inference

7

do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

Causal effect
Yi(0) = 0

<latexit sha1_base64="WfpAwrSe3NbrWyeSl211kioycO4="></latexit>

Yi(1) = 1

<latexit sha1_base64="BchGElSW5YZ4EvU3clhKDxkkCzM="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

Then, what does imply causation?
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<latexit sha1_base64="+uQ3sxdOdEq7LET+FFL7NQqyVAg="></latexit>

Fundamental problem of  causal inference

7

do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>
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Yi(1) = 1

<latexit sha1_base64="BchGElSW5YZ4EvU3clhKDxkkCzM="></latexit>

Factual

Counterfactual

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

Then, what does imply causation?
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Yi(1)� Yi(0) = 1

<latexit sha1_base64="+uQ3sxdOdEq7LET+FFL7NQqyVAg="></latexit>

Counterfactual

Fundamental problem of  causal inference

7

do(T = 1)

<latexit sha1_base64="PeOKuh2RY/b2tuD2rOSag28FZ40="></latexit>

do(T = 0)

<latexit sha1_base64="+Rktm3TlQFEu8Sf2KZ4iNZT7NFc="></latexit>

Causal effect
Yi(0) = 0

<latexit sha1_base64="WfpAwrSe3NbrWyeSl211kioycO4="></latexit>

Yi(1) = 1

<latexit sha1_base64="BchGElSW5YZ4EvU3clhKDxkkCzM="></latexit>

Factual

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

Then, what does imply causation?
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Missing data interpretation

8

i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 ? 0 ?
2 1 1 1 ? ?
3 1 0 0 ? ?
4 0 0 ? 0 ?
5 0 1 ? 1 ?
6 1 1 1 ? ?

<latexit sha1_base64="FSkNaui+guUCONR9/NkF2jubVLM="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>



Question:
What is the fundamental problem of  
causal inference?
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 ? 0 ?
2 1 1 1 ? ?
3 1 0 0 ? ?
4 0 0 ? 0 ?
5 0 1 ? 1 ?
6 1 1 1 ? ?

<latexit sha1_base64="FSkNaui+guUCONR9/NkF2jubVLM="></latexit>

Average treatment effect (ATE)

11

Yi(1)� Yi(0)

<latexit sha1_base64="bg29vTMGqhBy203y1BQJ/yjmYZM="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>



Brady Neal / 41

E[Yi(1)� Yi(0)]

<latexit sha1_base64="jOqD2SLongAgEpA+yGOtqvcVHIU="></latexit>

i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 ? 0 ?
2 1 1 1 ? ?
3 1 0 0 ? ?
4 0 0 ? 0 ?
5 0 1 ? 1 ?
6 1 1 1 ? ?

<latexit sha1_base64="FSkNaui+guUCONR9/NkF2jubVLM="></latexit>

Average treatment effect (ATE)

11

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 ? 0 ?
2 1 1 1 ? ?
3 1 0 0 ? ?
4 0 0 ? 0 ?
5 0 1 ? 1 ?
6 1 1 1 ? ?

<latexit sha1_base64="FSkNaui+guUCONR9/NkF2jubVLM="></latexit>

Average treatment effect (ATE)

11

E[Y (1)� Y (0)]

<latexit sha1_base64="0uWIM7EmbUiNEQbwXBnOxSr88co="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>
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<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>
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6 1 1 1 ? ?
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<latexit sha1_base64="0uWIM7EmbUiNEQbwXBnOxSr88co="></latexit>

: observed treatment
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: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

= E[Y (1)]� E[Y (0)]
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<latexit sha1_base64="RMPR9FH5dkW3I90m4IOyDU5t1DM="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>
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<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>
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: potential outcome under no treatment
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<latexit sha1_base64="RMPR9FH5dkW3I90m4IOyDU5t1DM="></latexit>
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: observed outcome
: used in subscript to denote a

specific unit/individual
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: potential outcome under no treatment

T
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1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Average treatment effect (ATE)

11

E[Y (1)� Y (0)]

<latexit sha1_base64="0uWIM7EmbUiNEQbwXBnOxSr88co="></latexit>

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="RMPR9FH5dkW3I90m4IOyDU5t1DM="></latexit>

: observed treatment
: observed outcome
: used in subscript to denote a

specific unit/individual
: potential outcome under treatment
: potential outcome under no treatment

T

<latexit sha1_base64="BVSS1cv+/BiNF1N0SRQkUw3wzFI="></latexit>

Y

<latexit sha1_base64="JQUulebzr/RKdwE8rIO+42c18YA="></latexit>

i

<latexit sha1_base64="35LYrIzCBcqde2ZQomHOlJF5E8s="></latexit>

Yi(1)

<latexit sha1_base64="/d+scwbDPiu9WShO9FsrOFq50c4="></latexit>

Yi(0)

<latexit sha1_base64="ilQ7lU+ssqi5Nob1MokD7r3y8Ug="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

associational difference
= E[Y (1)]� E[Y (0)]

<latexit sha1_base64="2fEdt7FdkgfwU2jYIDligNtIdwM="></latexit>
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Association is not causation

Sleeping with shoes on is strongly correlated with waking up with a headache
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Common cause: drinking the night before
1. Confounding 

X

T Y

<latexit sha1_base64="uGwb7/40FtxyqwMkvjDesmjJa3g="></latexit>
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Association is not causation

Sleeping with shoes on is strongly correlated with waking up with a headache

12

Common cause: drinking the night before
1. Confounding 
2. Shoe-sleepers differ from non-shoe-

sleepers in a key way

X

T Y

<latexit sha1_base64="uGwb7/40FtxyqwMkvjDesmjJa3g="></latexit>
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Why? Because the groups are not comparable

13

Went to sleep with shoes on Went to sleep without shoes on 
(T = 1)

<latexit sha1_base64="Wb7BH7Q3ruoixRloLuaiKRorrmQ="></latexit>

(T = 0)

<latexit sha1_base64="URwmej02i2AH9vdCN2XvjlTkL2s="></latexit>

E[Y (1)]� E[Y (0)] = E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="g+ReQUPJbhQVm33ZDK3s2eRN7Vk="></latexit>
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What would comparable groups look like?

14

Went to sleep with shoes on Went to sleep without shoes on 
(T = 1)
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<latexit sha1_base64="g+ReQUPJbhQVm33ZDK3s2eRN7Vk="></latexit>
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E[Y (1)]� E[Y (0)] = E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="g+ReQUPJbhQVm33ZDK3s2eRN7Vk="></latexit>
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What would comparable groups look like?

14

Went to sleep with shoes on Went to sleep without shoes on 
(T = 1)

<latexit sha1_base64="Wb7BH7Q3ruoixRloLuaiKRorrmQ="></latexit>

(T = 0)

<latexit sha1_base64="URwmej02i2AH9vdCN2XvjlTkL2s="></latexit>

sober

drunk

sober sober

sober
sober

drunk

drunk

drunk

drunk

sober

drunk

sober sober

sober
sober

drunk

drunk

drunk

drunk

E[Y (1)]� E[Y (0)] = E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="g+ReQUPJbhQVm33ZDK3s2eRN7Vk="></latexit>



Question:
Why is association not causation?



What assumptions would make 
the ATE equal to the 

associational difference? 
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Ignorability:

17

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>
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Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>
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Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 ? 0 ?
2 1 1 1 ? ?
3 1 0 0 ? ?
4 0 0 ? 0 ?
5 0 1 ? 1 ?
6 1 1 1 ? ?

<latexit sha1_base64="FSkNaui+guUCONR9/NkF2jubVLM="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

X

T Y

<latexit sha1_base64="uGwb7/40FtxyqwMkvjDesmjJa3g="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

X

T Y

<latexit sha1_base64="uGwb7/40FtxyqwMkvjDesmjJa3g="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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i T Y Y (1) Y (0) Y (1)� Y (0)

1 0 0 0 ?
2 1 1 1 ?
3 1 0 0 ?
4 0 0 0 ?
5 0 1 1 ?
6 1 1 1 ?

<latexit sha1_base64="6UZUlUoNAMm3rBUqYGrWy8+y6ow="></latexit>

Ignorability:

17

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

2/3 � 1/3 = 1/3

<latexit sha1_base64="3+xP5vsR1L6LLDmNEnY+okJIMjY="></latexit>

X

T Y

<latexit sha1_base64="wt2lCE4iu6jp6hQfvYVw6vDRF60="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="8HLHS2O4Ueq6yvnfYygFxEsT8no="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>
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Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>

Group BGroup AGroup A
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Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>

Group B Group AGroup A
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Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>

Group B Group AGroup A



Brady Neal / 41

Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>

Group B

E[Y (1) | T = 1] = E[Y (1) | T = 0] = E[Y (1)]

<latexit sha1_base64="gTr4smGTrhcKjcTg6MmgOZTfxMo="></latexit>

Before switch After switch

Group AGroup A



Brady Neal / 41

Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>

Group B

E[Y (1) | T = 1] = E[Y (1) | T = 0] = E[Y (1)]

<latexit sha1_base64="gTr4smGTrhcKjcTg6MmgOZTfxMo="></latexit>

Before switch After switch
E[Y (1) | T = 1] = E[Y (1) | T = 0] = E[Y (1)]

<latexit sha1_base64="gTr4smGTrhcKjcTg6MmgOZTfxMo="></latexit>

Group AGroup A
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Another perspective: exchangeability

18

T = 1

<latexit sha1_base64="hsz8RjcljbDBaGAYNVc09xwW9nw="></latexit>

T = 0

<latexit sha1_base64="+csBynRxFr6koeweOUGm1ZEASRU="></latexit>

E[Y | T = 0] = y0

<latexit sha1_base64="u9JVBphx7MmuBVj2PHmsIIsdN7Y="></latexit>

E[Y | T = 1] = y1

<latexit sha1_base64="B6SDsM+n6ge+raWORAaVSuAj6XE="></latexit>

E[Y (0) | T = 0] = E[Y (0) | T = 1] = E[Y (0)]

<latexit sha1_base64="WFFjqyGlwAAO5sBmjjhLTYUe7gk="></latexit>

Group B

E[Y (1) | T = 1] = E[Y (1) | T = 0] = E[Y (1)]

<latexit sha1_base64="gTr4smGTrhcKjcTg6MmgOZTfxMo="></latexit>

Before switch After switch
E[Y (1) | T = 1] = E[Y (1) | T = 0] = E[Y (1)]

<latexit sha1_base64="gTr4smGTrhcKjcTg6MmgOZTfxMo="></latexit>

E[Y (0) | T = 0] = E[Y (0) | T = 1] = E[Y (0)]

<latexit sha1_base64="WFFjqyGlwAAO5sBmjjhLTYUe7gk="></latexit>

Group AGroup A
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Aside: identifiability

19

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>
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Aside: identifiability

19

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

Causal quantities
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Aside: identifiability

19

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

Causal quantities

Statistical quantities (accessible, since we 
have              )P (x, t, y)

<latexit sha1_base64="UoUCDRHX5dtoKTKNpV9W/EGob3o="></latexit>
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Aside: identifiability

19

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

E[Y (1)]� E[Y (0)] = E[Y (1) | T = 1]� E[Y (0) | T = 0] (ignorability)

= E[Y | T = 1]� E[Y | T = 0]

<latexit sha1_base64="o5h8fSm3fvImYsQ6hSHHyW6nG6A="></latexit>

Causal quantities

Statistical quantities (accessible, since we 
have              )P (x, t, y)

<latexit sha1_base64="UoUCDRHX5dtoKTKNpV9W/EGob3o="></latexit>

A causal quantity (e.g.            ) is identifiable if  we can 
compute it from a purely statistical quantity (e.g.            ) 

E[Y (t)]

<latexit sha1_base64="GppiC0li5hK0qCF5QjyXzo8lM54="></latexit>

E[Y | t]

<latexit sha1_base64="5auZG6jeoPm4ozoeNTO2B0vpb7k="></latexit>
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Randomized control trial (RCT)

20

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>
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Randomized control trial (RCT)

20

Went to sleep with shoes on Went to sleep without shoes on 
(T = 1)

<latexit sha1_base64="Wb7BH7Q3ruoixRloLuaiKRorrmQ="></latexit>

(T = 0)

<latexit sha1_base64="URwmej02i2AH9vdCN2XvjlTkL2s="></latexit>

sober

drunk

drunk sober

drunk

drunk
drunk

drunk

drunk

drunk

drunk

drunk

drunk

drunk

sober
sober

sober

sober

sober
sober

sober

sobersober

sober
sober

sober
sober

sober

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>
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Randomized control trial (RCT)

20

Went to sleep without shoes on 
(T = 1)

<latexit sha1_base64="Wb7BH7Q3ruoixRloLuaiKRorrmQ="></latexit>

(T = 0)

<latexit sha1_base64="URwmej02i2AH9vdCN2XvjlTkL2s="></latexit>

sober

drunk

drunk sober

drunk

drunk
drunk

drunk

drunk

drunk

drunk

drunk

drunk

drunk

sober
sober

sober

sober

sober
sober

sober

sobersober

sober
sober

sober
sober

sober

Slept with shoes on 

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>
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Randomized control trial (RCT)

20

(T = 1)

<latexit sha1_base64="Wb7BH7Q3ruoixRloLuaiKRorrmQ="></latexit>

(T = 0)

<latexit sha1_base64="URwmej02i2AH9vdCN2XvjlTkL2s="></latexit>

sober

drunk

drunk sober

drunk

drunk
drunk

drunk

drunk

drunk

drunk

drunk

drunk

drunk

sober
sober

sober

sober

sober
sober

sober

sobersober

sober
sober

sober
sober

sober

Slept with shoes on Slept without shoes on 

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>
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Randomized control trial (RCT)

20

(T = 1)

<latexit sha1_base64="Wb7BH7Q3ruoixRloLuaiKRorrmQ="></latexit>

(T = 0)

<latexit sha1_base64="URwmej02i2AH9vdCN2XvjlTkL2s="></latexit>

sober

drunk

sober sober

sober
sober

drunk

drunk

drunk

drunk

sober

drunk

sober sober

sober
sober

drunk

drunk

drunk

drunk

Slept with shoes on Slept without shoes on 

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>
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Graphical interpretation of  RCT

21

X

T Y

<latexit sha1_base64="uGwb7/40FtxyqwMkvjDesmjJa3g="></latexit>
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Graphical interpretation of  RCT

21

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>

X

T Y

<latexit sha1_base64="uGwb7/40FtxyqwMkvjDesmjJa3g="></latexit>
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Graphical interpretation of  RCT

21

T

<latexit sha1_base64="5Vsktr4ZwYPyL447pIvpl3RGjrY="></latexit>

X

T Y

<latexit sha1_base64="wt2lCE4iu6jp6hQfvYVw6vDRF60="></latexit>



Question:
What important property does an RCT 
give us?
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Conditional exchangeability

23

(Y (1), Y (0)) ?? T

<latexit sha1_base64="vdhnOVYCs5M1CLTr9/rvuY12bRc="></latexit>

Exchangeability:
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Conditional exchangeability

23

X

T Y

<latexit sha1_base64="DuN46LKiETzH5PvG/Zwp4JQMaEA="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="vdhnOVYCs5M1CLTr9/rvuY12bRc="></latexit>

Exchangeability:
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Conditional exchangeability

23

X

T Y

<latexit sha1_base64="DuN46LKiETzH5PvG/Zwp4JQMaEA="></latexit>

X

T Y

<latexit sha1_base64="nx+h6pLGXoiKdS8RQWDjcXaAg8c="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="vdhnOVYCs5M1CLTr9/rvuY12bRc="></latexit>

Exchangeability:
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Conditional exchangeability

23

X

T Y

<latexit sha1_base64="DuN46LKiETzH5PvG/Zwp4JQMaEA="></latexit>

X

T Y

<latexit sha1_base64="nx+h6pLGXoiKdS8RQWDjcXaAg8c="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="vdhnOVYCs5M1CLTr9/rvuY12bRc="></latexit>

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Exchangeability:

Conditional exchangeability:
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Conditional exchangeability

23

X

T Y

<latexit sha1_base64="cNh0Io/0qaIFOZ30xwVEGc7NFQg="></latexit>

X

T Y

<latexit sha1_base64="DuN46LKiETzH5PvG/Zwp4JQMaEA="></latexit>

(Y (1), Y (0)) ?? T

<latexit sha1_base64="vdhnOVYCs5M1CLTr9/rvuY12bRc="></latexit>

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Exchangeability:

Conditional exchangeability:
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Identification of  conditional average treatment effect

24

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:
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Identification of  conditional average treatment effect

24

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>
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Identification of  conditional average treatment effect

24

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>
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Identification of  conditional average treatment effect

24

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>
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Identification of  conditional average treatment effect

24

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>

E[Y (1)� Y (0)]

<latexit sha1_base64="IEVzZeIvoVhRVqcfD9j+mZoxK7U="></latexit>

What about the ATE?

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>

E[Y (1)� Y (0) | X] = E[Y (1) | X]� E[Y (0) | X]

= E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]

= E[Y | T = 1, X]� E[Y | T = 0, X]

<latexit sha1_base64="LhuXP2DgGQYEdijlu1KsvMEUwFw="></latexit>
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The Adjustment Formula (identification of  ATE)

25

E[Y (1)� Y (0)] = EXE[Y (1)� Y (0) | X]

= EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="QBQ/SlmBKmhrRqHJ9awVHyCWcFA="></latexit>
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The Adjustment Formula (identification of  ATE)

25

E[Y (1)� Y (0)] = EXE[Y (1)� Y (0) | X]

= EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="QBQ/SlmBKmhrRqHJ9awVHyCWcFA="></latexit>

X

T Y

<latexit sha1_base64="nx+h6pLGXoiKdS8RQWDjcXaAg8c="></latexit>
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The Adjustment Formula (identification of  ATE)

25

E[Y (1)� Y (0)] = EXE[Y (1)� Y (0) | X]

= EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="QBQ/SlmBKmhrRqHJ9awVHyCWcFA="></latexit>

X

T Y

<latexit sha1_base64="nx+h6pLGXoiKdS8RQWDjcXaAg8c="></latexit>
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The Adjustment Formula (identification of  ATE)

25

E[Y (1)� Y (0)] = EXE[Y (1)� Y (0) | X]

= EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="QBQ/SlmBKmhrRqHJ9awVHyCWcFA="></latexit>

X

T Y

<latexit sha1_base64="cNh0Io/0qaIFOZ30xwVEGc7NFQg="></latexit>
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Unconfoundedness is an untestable assumption

26

unconfoundedness = conditional ignorability = conditional exchangeability
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Unconfoundedness is an untestable assumption

26

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:
X

T Y

<latexit sha1_base64="FMceB2bvnNRFSdNMmZr3kBrYbDo="></latexit>

unconfoundedness = conditional ignorability = conditional exchangeability
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X

W

T Y

<latexit sha1_base64="scTUzun65HT2V+LQc0j8eCnQLVY="></latexit>

Unconfoundedness is an untestable assumption

26

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:

unconfoundedness = conditional ignorability = conditional exchangeability
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X

W

T Y

<latexit sha1_base64="scTUzun65HT2V+LQc0j8eCnQLVY="></latexit>

Unconfoundedness is an untestable assumption

26

(Y (1), Y (0)) ?? T | X

<latexit sha1_base64="0tMjNEcGwa0vylA0lax0f94I2P0="></latexit>

Conditional exchangeability:

unconfoundedness = conditional ignorability = conditional exchangeability



Brady Neal / 41

Positivity
For all values of  covariates     present in the population of  interest (i.e.     
such that                       ),

27

P (X = x) > 0

<latexit sha1_base64="aafL0UnvDSwkcy1lHux/FsyzfNw="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

0 < P (T = 1 | X = x) < 1

<latexit sha1_base64="o1kf12pCvIOg/4bko++da+MBwjY="></latexit>
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Positivity
For all values of  covariates     present in the population of  interest (i.e.     
such that                       ),

27

P (X = x) > 0

<latexit sha1_base64="aafL0UnvDSwkcy1lHux/FsyzfNw="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

0 < P (T = 1 | X = x) < 1

<latexit sha1_base64="o1kf12pCvIOg/4bko++da+MBwjY="></latexit>

Why? Recall the adjustment formula:
E[Y (1)� Y (0)] = EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="ydoKVBKyQ3Zu/6r67BeB6UJhAek="></latexit>
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Positivity
For all values of  covariates     present in the population of  interest (i.e.     
such that                       ),

27

P (X = x) > 0

<latexit sha1_base64="aafL0UnvDSwkcy1lHux/FsyzfNw="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

0 < P (T = 1 | X = x) < 1

<latexit sha1_base64="o1kf12pCvIOg/4bko++da+MBwjY="></latexit>

Why? Recall the adjustment formula:
E[Y (1)� Y (0)] = EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="ydoKVBKyQ3Zu/6r67BeB6UJhAek="></latexit>

X

x

 
X

y

y P (Y = y | T = 1, X = x)�
X

y

y P (Y = y | T = 0, X = x)

!

<latexit sha1_base64="Y/ukjpRzHniw/h2+NHNH2mT60Ic="></latexit>
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Positivity
For all values of  covariates     present in the population of  interest (i.e.     
such that                       ),

27

P (X = x) > 0

<latexit sha1_base64="aafL0UnvDSwkcy1lHux/FsyzfNw="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

0 < P (T = 1 | X = x) < 1

<latexit sha1_base64="o1kf12pCvIOg/4bko++da+MBwjY="></latexit>

Why? Recall the adjustment formula:
E[Y (1)� Y (0)] = EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="ydoKVBKyQ3Zu/6r67BeB6UJhAek="></latexit>

X

x

 
X

y

y P (Y = y | T = 1, X = x)�
X

y

y P (Y = y | T = 0, X = x)

!

<latexit sha1_base64="Y/ukjpRzHniw/h2+NHNH2mT60Ic="></latexit>

X

x

 
X

y

y
P (Y = y, T = 1, X = x)

P (T = 1 | X = x)P (X = x)
�
X

y

y
P (Y = y, T = 0, X = x)

P (T = 0 | X = x)P (X = x)

!

<latexit sha1_base64="4WlC4JTEIuF4sohnAP8I4JakSaw="></latexit>
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Positivity
For all values of  covariates     present in the population of  interest (i.e.     
such that                       ),

27

P (X = x) > 0

<latexit sha1_base64="aafL0UnvDSwkcy1lHux/FsyzfNw="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

0 < P (T = 1 | X = x) < 1

<latexit sha1_base64="o1kf12pCvIOg/4bko++da+MBwjY="></latexit>

Why? Recall the adjustment formula:
E[Y (1)� Y (0)] = EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="ydoKVBKyQ3Zu/6r67BeB6UJhAek="></latexit>

X

x

 
X

y

y P (Y = y | T = 1, X = x)�
X

y

y P (Y = y | T = 0, X = x)

!

<latexit sha1_base64="Y/ukjpRzHniw/h2+NHNH2mT60Ic="></latexit>

X

x

 
X

y

y
P (Y = y, T = 1, X = x)

P (T = 1 | X = x)P (X = x)
�
X

y

y
P (Y = y, T = 0, X = x)

P (T = 0 | X = x)P (X = x)

!

<latexit sha1_base64="4WlC4JTEIuF4sohnAP8I4JakSaw="></latexit>
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Positivity
For all values of  covariates     present in the population of  interest (i.e.     
such that                       ),

27

P (X = x) > 0

<latexit sha1_base64="aafL0UnvDSwkcy1lHux/FsyzfNw="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

x

<latexit sha1_base64="aM3aSP9LjoYOsJR+sMuF3WkuA0s="></latexit>

0 < P (T = 1 | X = x) < 1

<latexit sha1_base64="o1kf12pCvIOg/4bko++da+MBwjY="></latexit>

Why? Recall the adjustment formula:
E[Y (1)� Y (0)] = EX [E[Y | T = 1, X]� E[Y | T = 0, X]]

<latexit sha1_base64="ydoKVBKyQ3Zu/6r67BeB6UJhAek="></latexit>

X

x

 
X

y

y P (Y = y | T = 1, X = x)�
X

y

y P (Y = y | T = 0, X = x)

!

<latexit sha1_base64="Y/ukjpRzHniw/h2+NHNH2mT60Ic="></latexit>

X

x

 
X

y

y
P (Y = y, T = 1, X = x)

P (T = 1 | X = x)P (X = x)
�
X

y

y
P (Y = y, T = 0, X = x)

P (T = 0 | X = x)P (X = x)

!

<latexit sha1_base64="4WlC4JTEIuF4sohnAP8I4JakSaw="></latexit>
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Positivity: intuition

28

Total population
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Positivity: intuition

28

Total population

X = x

<latexit sha1_base64="TqNSi0f1VqIQdlVHxw2PMjib5/0="></latexit>
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T = 0

<latexit sha1_base64="oOFqfCJv0SR1842hu4ydP7ex1wo="></latexit>

T = 0

<latexit sha1_base64="oOFqfCJv0SR1842hu4ydP7ex1wo="></latexit>

T = 0

<latexit sha1_base64="oOFqfCJv0SR1842hu4ydP7ex1wo="></latexit>

T = 0

<latexit sha1_base64="oOFqfCJv0SR1842hu4ydP7ex1wo="></latexit>

T = 0

<latexit sha1_base64="oOFqfCJv0SR1842hu4ydP7ex1wo="></latexit>

T = 0

<latexit sha1_base64="oOFqfCJv0SR1842hu4ydP7ex1wo="></latexit>

Positivity: intuition

28

Total population

X = x

<latexit sha1_base64="TqNSi0f1VqIQdlVHxw2PMjib5/0="></latexit>

No one treated
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T = 1

<latexit sha1_base64="kbRhybPi26q5OYvFPI/UMZkp66Q="></latexit>

T = 1

<latexit sha1_base64="kbRhybPi26q5OYvFPI/UMZkp66Q="></latexit>

T = 1

<latexit sha1_base64="kbRhybPi26q5OYvFPI/UMZkp66Q="></latexit>

T = 1

<latexit sha1_base64="kbRhybPi26q5OYvFPI/UMZkp66Q="></latexit>

T = 1

<latexit sha1_base64="kbRhybPi26q5OYvFPI/UMZkp66Q="></latexit>

T = 1

<latexit sha1_base64="kbRhybPi26q5OYvFPI/UMZkp66Q="></latexit>

Positivity: intuition

28

Total population

X = x

<latexit sha1_base64="TqNSi0f1VqIQdlVHxw2PMjib5/0="></latexit>

Everyone treated
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Another perspective: overlap

29

P (X | T = 1)

<latexit sha1_base64="N6Nw/aBYuje2GoKubtzxyC3IdE0="></latexit>

P (X | T = 0)

<latexit sha1_base64="+/D+3db9FGrDUzrXonWfslHu3tc="></latexit>

Overlap between and
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>

P (X | T = 1)

<latexit sha1_base64="N6Nw/aBYuje2GoKubtzxyC3IdE0="></latexit>

P (X | T = 0)

<latexit sha1_base64="+/D+3db9FGrDUzrXonWfslHu3tc="></latexit>
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>

P (X | T = 1)

<latexit sha1_base64="N6Nw/aBYuje2GoKubtzxyC3IdE0="></latexit>

P (X | T = 0)

<latexit sha1_base64="+/D+3db9FGrDUzrXonWfslHu3tc="></latexit>

No overlap means severe positivity violation
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>
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Another perspective: overlap

29

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

P (x | t)

<latexit sha1_base64="0SkVzTkGxggOQ8BiOaXG9hYgJg4="></latexit>

Complete overlap means 
no positivity violation



Question:
What goes wrong if  we don’t have 
positivity?
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The Positivity-Unconfoundedness Tradeoff

31

P (X | T = 1)

<latexit sha1_base64="N6Nw/aBYuje2GoKubtzxyC3IdE0="></latexit>

P (X | T = 0)

<latexit sha1_base64="+/D+3db9FGrDUzrXonWfslHu3tc="></latexit>

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>



Brady Neal / 41

The Positivity-Unconfoundedness Tradeoff

31

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>
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The Positivity-Unconfoundedness Tradeoff

31

50% overlap
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The Positivity-Unconfoundedness Tradeoff

31

50% overlap
1-dimensional
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The Positivity-Unconfoundedness Tradeoff

31

50% overlap

x1

<latexit sha1_base64="ZrfV7M0is2Fa3VMJGxbs79tj3cg="></latexit>

x2

<latexit sha1_base64="uLZzxakHV5MPEKLdMOVBpZ7PLrM="></latexit>

1-dimensional

2-dimensional
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The Positivity-Unconfoundedness Tradeoff

31

50% overlap

25% overlap

x1

<latexit sha1_base64="ZrfV7M0is2Fa3VMJGxbs79tj3cg="></latexit>

x2

<latexit sha1_base64="uLZzxakHV5MPEKLdMOVBpZ7PLrM="></latexit>

1-dimensional

2-dimensional
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The Positivity-Unconfoundedness Tradeoff

31

50% overlap

25% overlap

x1

<latexit sha1_base64="ZrfV7M0is2Fa3VMJGxbs79tj3cg="></latexit>

x2

<latexit sha1_base64="uLZzxakHV5MPEKLdMOVBpZ7PLrM="></latexit>

1-dimensional

2-dimensional

3-dimensional – 12.5% overlap
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The Positivity-Unconfoundedness Tradeoff

31

50% overlap

25% overlap

x1

<latexit sha1_base64="ZrfV7M0is2Fa3VMJGxbs79tj3cg="></latexit>

x2

<latexit sha1_base64="uLZzxakHV5MPEKLdMOVBpZ7PLrM="></latexit>

1-dimensional

2-dimensional

3-dimensional – 12.5% overlap

… and so on
(curse of  dimensionality)
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

Adjustment formula:

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

and

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

and

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

and

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

and

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

and

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

?
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Extrapolation

32

x

<latexit sha1_base64="uQxfvZd1xKNwqX5fOYzX3UVq0Zk="></latexit>

X

x

(E[Y | T = 1, x]� E[Y | T = 0, x])

<latexit sha1_base64="TVbcIo0JFbdlxUUxbQhp21tg+ro="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

Adjustment formula:
Model

with

Model

with

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

f0(x)

<latexit sha1_base64="nvWTwC8pc53TVvF/AbsnXFNGPWU="></latexit>

f1(x)

<latexit sha1_base64="eqKzMTJNYcAzBm0nNcofZNK9byM="></latexit>

and

T = 1

<latexit sha1_base64="kLKZ2jo7/QbZRh9nU7lICIchQMg="></latexit>

T = 0

<latexit sha1_base64="g12YZKV+YXyW+ekw/iz64lDD4lU="></latexit>
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Recall:
1. What were the four main assumptions?
2. Why do positivity violations require extrapolation?
3. Can you test if  unconfoundedness is satisfied?
4. What is identifiability?
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Tying it all together
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E[Y (1)� Y (0)] = E[Y (1)]� E[Y (0)] (linearity of expectation)

= EX [E[Y (1) | X]� E[Y (0) | X]]
(law of iterated expectations)

= EX [E[Y (1) | T = 1, X]� E[Y (0) | T = 0, X]]
(unconfoundedness and positivity)

= EX [E[Y | T = 1, X]� E[Y | T = 0, X]] (consistency)
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What are potential outcomes?

The fundamental problem of  causal inference

Getting around the fundamental problem of  causal inference

A complete example with estimation
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• Estimand - any quantity we want to estimate
• Causal estimand (e.g.                        )
• Statistical estimand (e.g.                                                           ) 

• Estimate: approximation of  some estimand, using data
• Estimation: process for getting from data + estimand to estimate
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Identification-Estimation Flowchart
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Causal Estimand Statistical Estimand Estimate
Identification Estimation

<latexit sha1_base64="G+ZL/zJdAqxXUEJgeC2Mfl0MdCU="></latexit>

• Estimand - any quantity we want to estimate
• Causal estimand (e.g.                        )
• Statistical estimand (e.g.                                                           ) 

• Estimate: approximation of  some estimand, using data
• Estimation: process for getting from data + estimand to estimate

The Identification-Estimation Flowchart

E[Y (1)� Y (0)]
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https://academic.oup.com/ije/article/48/2/640/5248195
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Problem: effect of  sodium intake on blood pressure
Motivation: 46% of  Americans have high blood pressure and high blood 
pressure is associated with increased risk of  mortality

Data:
• Epidemiological example taken from Luque-Fernandez et al. (2018)
• Outcome Y: (systolic) blood pressure (continuous)
• Treatment T: sodium intake (1 if  above 3.5 mg and 0 if  below)
• Covariates X: age and amount of  protein excreted in urine
• Simulation: so we know the “true” ATE is 1.05

39
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Estimation of  ATE

40

True ATE: E[Y (1)� Y (0)] = 1.05

<latexit sha1_base64="+nYNRhz3G+N4I4F0WnsW/KewqGA="></latexit>
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<latexit sha1_base64="P+G/iVcJ8SD2xt8Y3T0juo4NW9g="></latexit>

E[Y (1)� Y (0)] = 1.05

<latexit sha1_base64="+nYNRhz3G+N4I4F0WnsW/KewqGA="></latexit>



Brady Neal / 41

Estimation of  ATE

40

Identification:

Estimation:

True ATE:
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1.05

⇥ 100% = 407%
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Estimation:

Naive:

True ATE:

Model (linear regression)

Estimate: 0.85

Naive estimate: 5.33
E[Y | T = 1]� E[Y | T = 0]
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Using coefficient of  linear regression
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Assume linear parametric form: Y = ↵T + �X
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Using coefficient of  linear regression

41

Assume linear parametric form:

Run linear regression:

Y = ↵T + �X
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Y = ↵̂T + �̂X
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Assume linear parametric form:

Run linear regression:

Y = ↵T + �X
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E[Y (1)� Y (0)]
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Using coefficient of  linear regression
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Assume linear parametric form:

Run linear regression:

Continuous treatment:

Y = ↵T + �X
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Assume linear parametric form:

Run linear regression:

Continuous treatment: E[Y (t)]
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Severe limitations: the causal effect is the same for all individuals
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Yi(t) = ↵t+ �xi
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Using coefficient of  linear regression
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Assume linear parametric form:

Run linear regression:

Continuous treatment: E[Y (t)]
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Severe limitations: the causal effect is the same for all individuals
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�↵ · 0� �xi = ↵
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Assume linear parametric form:
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Severe limitations: the causal effect is the same for all individuals

See Sections 6.2 and 6.3 of  Morgan & Winship (2014) for more complete critique
�↵ · 0� �X = ↵
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