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Causal Hierarchy [Pearl 2009, 2018] 

Most ML

Causality
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Causality vs Transfer learning
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• Transfer learning: 


• How can I predict what happens 
when the distribution changes?
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4

UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causality-inspired ML

• Transfer learning: 


• How can I predict what happens 
when the distribution changes?

• Causal inference:


• How can I predict what happens when 
the distribution changes after an 
intervention?


• Perfect intervention do(X): 


• do-calculus [Pearl, 2009]


•  Soft intervention on X  change 
of distribution of P(X| parents)


≈

https://uvadl2c.github.io/


5and many many more....

Causality allows us to reason systematically about distribution shifts
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and many more....

Causality allows us to reason systematically about distribution 
shifts, e.g. through graphs

https://uvadl2c.github.io/
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Even if unknown

Even we cannot 
reconstruct MEC

Causality allows us to reason systematically about distribution 
shifts, e.g. through graphs
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• Supervised multi-source domain adaptation


• Estimate  in Y = (X1, X2, X3, X4) from source domains and few labels in 
target domain

̂f ̂f
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A description of domain adaptation tasks:

C1 C2 X1 X2 X3 Y X4

1 0 1200 1000 1500 -0.1 9
1 0 1201 800 1500 ? 8
1 0 1195 200 1499 ? 7
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….
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A description of domain adaptation tasks:
• Unsupervised multi-source domain adaptation


• Estimate  in Y = (X1, X2, X3, X4) from source domains and by exploiting 
the knowledge of the change from the unlabelled data in target

̂f ̂f

{Source domains

{ Target domain

No labels in target

E.g. edges from 
C1 to X4

C1 C2 X1 X2 X3 Y X4

1 0 1200 1000 1500 ? 9
1 0 1201 800 1500 ? 8
1 0 1195 200 1499 ? 7
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….
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A description of domain adaptation tasks:
• Domain generalisation: required to work under any intervention


• Estimate  in Y = (X1, X2, X3, X4) from source domains, no idea about 
what happens in the target

̂f ̂f

{Source domains

{ Target domain

No data in 
target

C1 C2 X1 X2 X3 Y X4

1 0 ? ? ? ? ?
1 0 ? ? ? ? ?
1 0 ? ? ? ? ?
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….
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A description of domain adaptation tasks:

• We interpret the change in the target domain as a (soft) intervention 

• We assume Y cannot be intervened upon directly - P(Y) can still change
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Structural causal model - domain/environment variable

ANC seminar - 1st March 2022
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do(X2 = f′ 2(Y, ϵX2
))

do(X2 = 1)

https://uvadl2c.github.io/


Structural causal model - domain/environment variable
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do(X2 = f′ 2(Y, ϵX2
))

do(X2 = 1)
{Source 

domains

Target domain

https://uvadl2c.github.io/


Structural causal model - domain/environment variable
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Structural causal model - domain/environment variable
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Structural causal model - domain/environment variable
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Target domainSource domains
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Separating features intuition
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Separating features intuition
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X3

https://uvadl2c.github.io/


Which variables d-separate Y from D now?

ANC seminar - 1st March 2022
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Intervention on every variable except Y =   
domain generalisation

https://uvadl2c.github.io/
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A description of domain adaptation tasks:
• Domain generalisation: required to work under any intervention


• Estimate  in Y = (X1, X2, X3, X4) from source domains, no idea about 
what happens in the target

̂f ̂f

{Source domains

{ Target domain

No data in 
target

C1 C2 X1 X2 X3 Y X4

1 0 ? ? ? ? ?
1 0 ? ? ? ? ?
1 0 ? ? ? ? ?
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….
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Joint Causal Inference [Mooij et al. 2020]

BMRFC EC

WL

M

D

D Food 
Calories

Exercise 
Calories BMR Weight 

loss Motivation

0 1200 1000 1500 -0,17 9
0 1201 800 1500 -0,14 8
0 1195 200 1499 -0,07 7
0 …. …. …. …. ….
1 2000 600 3000 -0,21 7
1 2190 450 3000 -0,16 8
1 2000 200 2999 -0,16 8
1 …. …. …. …. ….
2 1200 1000 1500 -0,17 9
2 1201 800 1500 -0,14 10
2 1195 200 1499 -0,07 10
2 1340 900 1498 -0,14 ….

https://uvadl2c.github.io/
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FC EC

WL

M

C2

C1

Now we can learn the graph with standard causal algorithms for observational data - we can 
add additional knowledge (e.g. context variables don’t cause the system variables)

C1 C2 Food 
Calories

Exercise 
Calories BMR Weight 

loss Motivation

1 0 1200 1000 1500 -0,17 9
1 0 1201 800 1500 -0,14 8
1 0 1195 200 1499 -0,07 7
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….

Joint Causal Inference [Mooij et al. 2020]

BMR
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• Supervised multi-source domain adaptation


• Estimate  in Y = (X1, X2, X3, X4) from source domains and few labels in 
target domain

̂f ̂f
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A description of domain adaptation tasks:

C1 C2 X1 X2 X3 Y X4

1 0 1200 1000 1500 -0.1 9
1 0 1201 800 1500 ? 8
1 0 1195 200 1499 ? 7
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….
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Unsupervised domain adaptation

{Source domains

{ Target domain

No labels in target
C1 C2 X1 X2 X3 Y X4

1 0 1200 1000 1500 ? 9
1 0 1201 800 1500 ? 8
1 0 1195 200 1499 ? 7
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….

• Problem: Y is always missing in target, so we cannot test  etc.Y ⊥⊥ C1 |X1
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Unsupervised domain adaptation

{Source domains

{ Target domain

No labels in target
C1 C2 X1 X2 X3 Y X4

1 0 1200 1000 1500 ? 9
1 0 1201 800 1500 ? 8
1 0 1195 200 1499 ? 7
1 0 …. …. …. …. ….
0 1 2000 600 3000 -0,21 7
0 1 2190 450 3000 -0,16 8
0 1 2000 200 2999 -0,16 8
0 1 …. …. …. …. ….
0 0 1200 1000 1500 -0,17 9
0 0 1201 800 1500 -0,14 10
0 0 1195 200 1499 -0,07 10
0 0 1340 900 1498 -0,14 ….

X1 /⊥⊥ X2

X1 /⊥⊥ C1

X1 ⊥⊥ X2 |Y, C1 = 0
X1 /⊥⊥ X2 |C1

• Idea: Can we use all other in/dependences?

UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causality-inspired ML

https://uvadl2c.github.io/


Causality inspired ML: what can causality do for ML? ANC seminar - 1st March 2022

29

Inferring separating sets of features
• We can learn an equivalence class of the unknown single causal graph 

using conditional independence tests with Joint Causal Inference 

• We assume no extra dependences involving Y in target domain C1=1

C1 C2 X1 X2 Y
1 0 0,2 0 ?
1 0 0,3 0 ?
1 0 0,3 1 ?

C1 C2 X1 X2 Y
0 1 3,1 2 1
0 1 3,2 3 1
0 1 4 3 1

C1 C2 X1 X2 Y
0 0 0,1 1 0
0 0 0,2 1 0
0 0 1,1 2 1

X1 Y

C1C2

Y ⊥⊥ C2 |X1, C1 = 0

Y /⊥⊥ C2 |C1 = 0

X2 ⊥⊥ C2 |Y, C1 = 0

Perform allowed CI tests All possible compatible graphs

Y ⊥⊥ C1 |X1?

X2
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Inferring separating sets of features [Magliacane et al 2018]

Logic encoding of d-separation 
[Hyttinen et al. 2014]

     Query Y ⊥⊥ C1 |X1?

All testable conditional 
independences from data

Y ⊥⊥ C2 |X1, C1 = 0
X1 ⊥⊥ X3 |X4

X2 ⊥⊥ C2 |Y, C1 = 0
…

Assumptions

?

Y ⊥⊥ C1 |X1

Y /⊥⊥ C1 |X1
Theorem prover

Not identifiable

Provably separating

Provably not separating
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Application to feature selection

     Standard feature 
selection

List of combinations of features ordered 
by source domain loss in predicting Y


L=({X1, C2}, {X1, X2, C2} , {X1, X2}, …)

Source domains data
C1 C2 X1 X2 Y
0 0 0,1 1 0
0 0 0,2 1 0
0 0 1,1 2 1
0 1 3,1 2 1
0 1 3,2 3 1
0 1 4 3 1

Select new set S S= {X1, C2}

Logic encoding of d-separation 
[Hyttinen et al. 2014]

     Query Y ⊥⊥ C1 |S?

All testable conditional 
independences from data

Y ⊥⊥ C2 |X1, C1 = 0
X1 ⊥⊥ X3 |X4

X2 ⊥⊥ C2 |Y, C1 = 0
…

Assumptions

?
Y /⊥⊥ C1 |S

Theorem prover Not identifiable

Provably not separating

C1 C2 X1 X2 Y
0 0 0,1 1 0
0 0 0,2 1 0
0 0 1,1 2 1
0 1 3,1 2 1
0 1 3,2 3 1
0 1 4 3 1
1 0 0,2 0 ?
1 0 0,3 0 ?
1 0 0,3 1 ?

All data (including target)
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An alternative to JCI: CD-NOD

Simplifying assumption, no new edges in target domain

https://arxiv.org/abs/1903.01672
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Application of CD-NOD to fast adaptation (AdaRL)

https://arxiv.org/abs/1903.01672
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Causality-inspired ML and distribution shifts

• Causal graphs and d-separation [Pearl 2009] are a principled 
way to reason about invariances and distribution shift


• This is true even with:


• Unknown causal graph


• Missing data/CI (so unknown MEC)


• D-separation logic encodings [Hyttinen et al 2014]
and many many more....

UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causality-inspired ML

https://uvadl2c.github.io/

