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• To predict the effect of actions and decide effective policies, we need to understand: 
1) what causes what and 2) how?
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A working definition of causality in machine learning

Representation: We can represent causal relations in causal graphs: nodes 
are random variables, edges causal relations

Chocolate Nobel 
prizes

Intervention

Challenge: estimate the causal effect of an intervention, when we do not 
have (all possible) interventional data (e.g. observational data)

Informal definition: A variable X causes another variable Y, if changing (the 
distribution of) X, e.g. by fixing its value, changes (the distribution of) Y
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Can we learn causal variables from unstructured high-dimensional data?
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Can we predict the effect of interventions 

if the causal variables are not directly 
observed and we do not have labels for 
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Can we predict the effect of interventions 

if the causal variables are not directly 
observed and we do not have labels for 
them, but we have high-dimensional 
observations of the system? Task 1: identify/disentangle 

the causal variables from 
observations
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Can we predict the effect of interventions 

if the causal variables are not directly 
observed and we do not have labels for 
them, but we have high-dimensional 
observations of the system? Task 1: identify/disentangle 

the causal variables from 
observations

Task 2: learn causal relations 
between them from data  

(causal discovery)
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How well can we actually recover these causal variables?

• A lot of work in CRL focuses on theoretical guarantees in learning high-level 
causal variables from low-level observations, under different assumptions 

• In general without any supervision, we cannot identify the exact causal 
variables, but we can identify them up to an equivalence class 
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CRL in temporal settings with actions
• Natural setting for learning from interventions/actions: “before” and “after”

• E.g. sequential decision making, RL, planning, robotics, … 


• Often we want to extract semantic features from images in an unsupervised way

• Causal representation learning (CRL) - learn high level causal variables and 

causal relations between them from low level observations
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Causality & DL - Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)
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1

≡
2t = 1…T 3

• Extension of Bayesian networks to temporal settings, a type of template graph.


• Common assumptions for Dynamic Bayesian Networks:


• 1-Markov assumption: only vars from t-1 (1 timestep back) can cause vars at t


• Stationarity: the transition model (edges) are the same across pairs of time steps


• No instantaneous effects: there are no edges between vars at same timestep
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Modelling causality in time series: Dynamic Bayesian Networks
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MDPs in RL are 
an example
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Goal: CRL in temporal settings
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Dynamic Bayesian Network
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• We want to learn the underlying causal 
process from temporal sequences of high-
dimensional data , e.g. images 

• We assume that the latent causal process is 
a Dynamic Bayesian network with K causal 
variables  

• We assume that (soft) interventions can 
happen on the underlying system and we 
observe the targets 
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• We want to learn the underlying causal 
process from temporal sequences of high-
dimensional data , e.g. images 

• We assume that the latent causal process is 
a Dynamic Bayesian network with K 
multidimensional causal variables  

• We assume that (soft) interventions can 
happen on the underlying system and we 
observe the targets 
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• We want to learn the underlying causal 
process from temporal sequences of high-
dimensional data , e.g. images 

• We assume that the latent causal process is 
a Dynamic Bayesian network with K 
multidimensional causal variables 

• We assume that (soft or perfect) 
interventions can happen on the system 
and we observe the binary targets 
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CITRIS: Causal Identifiability from TempoRal Intervened Sequences
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A variational autoencoder architecture: CITRIS-VAE
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CITRIS: Causal Identifiability from TempoRal Intervened Sequences

https://arxiv.org/abs/2202.03169

• We have multidimensional causal factors, so we need to learn an 
assignment function  that matches each  with the assigned latentsψ Ci

zΨiCi

zΨ0
“junk” variables
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A normalizing flow architecture: CITRIS-NF
• We can leverage a pretrained autoencoder to get a low-dimensional latent space 


• Can be trained on observational data


• Then we train a normalizing flow to disentangle the variables (with a transition prior)
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CITRIS: Simplified identification results

• TRIS setting, sufficient latent dimensions 


• Assumption 1: Each  is not a deterministic function of 


• [Simplification] Assumption 2: Interventions have an effect on all 
components of any multi-dimensional causal variable


• [Simplification] Assumption 3: There are “enough” different types of 
interventions (  )


• Then we can identify causal variables  up to unknown invertible 
element-wise transformations

It
i It

j

O(log2K)
C1, …, CK
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Experiments: Interventional Pong
• Train: We learn encoder  on a dataset with potentially dependent causal variables 

from images  and intervention targets  -> unsupervised 

• Test: We evaluate  on a dataset with independent causal variables and evaluate 
correlation with ground truth causal variables.

f
{Xt}T

t=1 {It}T
t=1

f
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Causal graph learnt with CITRIS-NF

Experiments: Temporal Causal3DIdent
colors + rotshape + spotlight
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Causal graph learnt with CITRIS-NF

Experiments: Temporal Causal3DIdent
colors + rotshape + spotlight
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Instantaneous effects: iCITRIS [Lippe et al 2023a]

• Soft interventions are not enough to disentangle 
instantaneous “components”

• Partially perfect interventions: a soft 

intervention that is perfect in terms of 
instantaneous parents


• Estimate jointly the causal variables and the graph
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Summary CITRIS & iCITRIS

• Pros:  
• Multidimensional causal variables

• No parametric assumptions

• Work with arbitrary graphs, even instantaneous effects 
• Identifiability up to component-wise transformations 

• Cons:  
• Need (sufficiently diverse) interventional data

• Need known intervention targets -> can we get rid of this?
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BISCUIT: Causal Representation Learning from Binary Interactions

https://phlippe.github.io/BISCUIT/

Binary Interactions for Causal Identifiability

Causal representation learning in temporal settings with actions HDSI Causal Seminar - Oct 2024 Causality & DL - Neural causal discovery UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Graphical models UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal Discovery UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal Representation Learning UvA Deep Learning 2 (https://uvadl2c.github.io)Causal vs Causality-inspired Representation Learning Sara Magliacane (UvA, MIT-IBM Watson AI)Causality & DL - Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Graphical models UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causal representation learning in temporal settings AI seminar series at ORNLCausal vs Causality-inspired Representation Learning Sara Magliacane (UvA, MIT-IBM Watson AI)Causality & DL - Neural causal discovery UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Graphical models UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal Discovery UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal Representation Learning UvA Deep Learning 2 (https://uvadl2c.github.io)Causal vs Causality-inspired Representation Learning Sara Magliacane (UvA, MIT-IBM Watson AI)Causality & DL - Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Graphical models UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal graphs UvA Deep Learning 2 (https://uvadl2c.github.io)Causal representation learning in temporal settings PGM 2024 NijmegenCausal vs Causality-inspired Representation Learning Sara Magliacane (UvA, MIT-IBM Watson AI)Causality & DL - Neural causal discovery UvA Deep Learning 2 (https://uvadl2c.github.io)Causality & DL - Causal graphsDL2 Causality: Causal Discovery UvA Deep Learning 2 (https://uvadl2c.github.io)DL2 Causality: Causal Representation Learning UvA Deep Learning 2 (https://uvadl2c.github.io)Causal vs Causality-inspired Representation Learning Sara Magliacane (UvA, MIT-IBM Watson AI)Causality & DL - Causal graphsCausal representation learning in temporal settings with actions Sara Magliacane (UvA)

https://phlippe.github.io/BISCUIT/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/
https://uvadl2c.github.io/


31

• The binary intervention variables are unobserved, but we observe an action/regime  

• The regime  can be caused by the previous state  and previous regime 


• We assume the effect of  can be encoded in binary interaction variables 

Rt

Rt Ct−1 Rt−1

Rt It = f(Rt, Ct−1)

An extension of TRIS: the BISCUIT model
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Assumption 1: Action/Regime can be encoded in binary interactions

No interaction

p(Ct

i |Ct−1, It
i = 0)

Interaction

p(Ct

i |Ct−1, It
i = 1)

Time step t

Time step t+1

• Assumption 1: interactions between the regime and each causal variable can be described 
by a binary variable (although the binding can change across timesteps based on state) 

• Each causal variable has exactly two mechanisms (same as CITRIS)

Causal representation learning in temporal settings with actions HDSI Causal Seminar - Oct 2024 

Another example: 
collisions between 

agent and objects that 
change dynamics of 

objects 
  

These can depend on 
previous state (position 

of objects)
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Assumption 2: Distinct interaction patterns

• A causal variable  has a distinct interaction pattern, if  is not 

a function of any other interaction variable  

• Intuitively: if we always intervene and perturb two objects at the same time, we 
will not get enough information from the perturbation to distinguish them. 

• If  are independent of  (as in CITRIS), we only need  distinct values 

of  for full identifiability

Ci It
i = fi(Ct−1, Rt)

It
j

It
i Ct O(logK)

Rt
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• Assumption 2: distinct interaction patterns with “enough” types of interactons 


• Assumption 3: the mechanisms vary sufficiently either over interactions or time
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BISCUIT - identifiability 

• Assumption 1: binary interactions

 Maximising likelihood allows for identifiability up 
to permutation and component-wise transformations 
⟹

C1
C2
⋮

CK

Ĉ1

Ĉ2
⋮

ĈK

h̃1

h̃2

h̃K

Causal representation learning in temporal settings with actions HDSI Causal Seminar - Oct 2024 

Δ(Ct
i |Ct−1) = log

p(Ct
i |Ct−1, It

i = 1)
p(Ct

i |Ct−1, It
i = 1)

similar to ICA

Effect of interaction 
given previous state 
is different across 
causal variables
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BISCUIT architectures
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BISCUIT-VAE

BISCUIT-NF
Leverage pretrained autoencoder 

+ normalizing flows

Transition prior:
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• CausalWorld - three finger robot manipulating objects

• Variables: object position, frictions, colors, etc.

• Action: 9-dimensional motor angles (3 per finger)


• iTHOR - kitchen environment, action is (x,y) position of click

BISCUIT on CausalWorld and iTHOR
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BISCUIT on CausalWorld -  metricR2
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Here we assign the 
permutation based on 
the most correlated 

latent variable
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BISCUIT on iTHOR -  metricR2
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Here we assign the 
permutation based on 
the most correlated 

latent variable
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BISCUIT on iTHOR - Generating new images
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BISCUIT on iTHOR - dynamic interaction map
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Conclusions & Future work
• Causal representation learning (CRL) is an exciting new field that allows us to 

extract causal semantics from images with provable guarantees


• CRL can work on realistic images/simulators in temporal settings with actions

• CITRIS does not have parametric or graphical assumptions, but requires 

knowing the intervention targets

• BISCUIT overcomes this limitation, requiring only a labelled action


• Future work:  
• Gap between theory and real-world data -> working on CRL without actions

• Downstream tasks for CRL -> combination with RL, XAI
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