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The Bible Times
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The Bible, for example, tells us that just a few 
hours after tasting from the tree of knowledge, 
Adam is already an expert in causal arguments.  

When God asks: “Did you eat from that tree?”  

This is what Adam replies: “The woman whom 
you gave to be with me, She handed me the fruit 
from the tree; and I ate.” 

Eve is just as skilful: “The serpent deceived me, 
and I ate.”  

The thing to notice about this story is that God did 
not ask for explanation, only for the facts – it was 
Adam who felt the need to explain. The message is 
clear: causal explanation is a man-made concept.

Judea Pearl. Causality, 2009.



Recap on Causal Inference
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Association vs. Causation
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Independent Causal Mechanism

Credit: Elements of Causal Inference
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Confounder
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Credit: Elements of Causal Inference

P(R = 1 |do(T = 1)) = ∑
z={0,1}

P(R = 1 |T = 1,Z = z)P(Z = z)



Counterfactuals
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Let us consider a student named Joe, for whom we measure X = 0.5, H = 1, and Y = 1.5. 
Suppose we wish to answer the following query: What would Joe’s score have been had 
he doubled his study time?

One World  
vs.  

Two Worlds

Population  
vs.  

Individual

Judea Pearl. Causality, 2009.



A Simple Taxonomy
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Credit: Elements of Causal Inference



Identification
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• Identification in Causal Reasoning


Interventional prob.         Observational prob. 

• Identification in Causal Learning


Uniqueness of Causal Orientation  

• Identification in Latent Confounder Models


Uniqueness of Causal Strength



Recap on RL
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Reinforcement Learning (RL)
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Richard Sutton and Andrew Barto. Reinforcement Learning: An Introduction, 2018.



My Favourite
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“When life is only 
slightly dreary, the 

optimal policy takes 
no risks at all, even 
though this means 
banging its head 

against the wall quite 
a few times.”

“Life is positively 
enjoyable and the agent 

avoids both exits..”

“Life is so painful 
that the agent heads 

straight for the 
nearest exit, even if 
the exit is worth -1.”

“Life is quite 
unpleasant; the agent 

takes the shortest 
route to the +1 state 
and is willing to risk 

falling into the -1 state 
by accident.”

Artificial Intelligence: A Modern Approach  
Stuart J. Russell and Peter Norvig. 1995



Markov Decision Processes (MDPs)
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Richard Sutton and Andrew Barto. Reinforcement Learning: An Introduction, 2018.



MDPs
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MDPs
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Richard Sutton and Andrew Barto. Reinforcement Learning: An Introduction, 2018.



Value Functions
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Richard Sutton and Andrew Barto. Reinforcement Learning: An Introduction, 2018.



Terminology Comparisons
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• Model-based versus Model-free


• On-policy versus Off-policy 


• Online versus Offline/Batch Setting/Observational Setting


• Inverse RL (IRL) versus Imitation Learning (IL)


• Offline RL versus Imitation Learning (IL)


• POMDPs versus Predictive State Representations (PSRs)




What’s Wrong with RL?
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RL researchers all the time Legit RL research request

Exploration and Long Term Credit Assignment

Himanshu Sahni's Blog
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https://himanshusahni.github.io/


RL’s Fundamental Flaw

Andrey Kurenkov's Blog

Starting from Scratch
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https://thegradient.pub/author/andrey/


RL is a Cherry
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What is Causal RL?
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Causal RL I 
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Causal Inference Reinforcement 
LearningCausal RL

Causal Reasoning

Causal Learning

Confounding

Counterfactuals
Discovery

Model-free

Model-based
On-policy

Off-policy

State

Reward
Action

Causal Inference for RL

RL for Causal Inference



Causal RL II  [Credit to Elias]
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Causal RL III — Example
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RL

Causal Inference

Spatiotemporal Info

Confounding

Counterfactual

Discovery

State Action Reward

Deconfounding RL

Woulda, Coulda, Shoulda 
(DeepMind)

Causal Confusion 
(Berkeley)



Why is Causal RL?
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Why from RL
Is RL an exercise in causal inference? Of course! Albeit a restricted 
one. By deploying interventions in training, RL allows us to infer 
consequences of those interventions, but ONLY those interventions. 
A causal model is needed to go BEYOND, i.e., to actions not used in 
training. 

The relation between RL and causal inference has been a topic of 
some debate. It can be resolved, I believe, by understanding the 
limits of each. 

Question 1: why is RL on the original high-dimensional Atari games harder 
than on downsampled versions? 
Question 2: why is RL easier if we permute the replayed data?  

RL is closer to causality research than the machine learning mainstream in 
that it sometimes effectively directly estimates do-probabilities (on-policy 
learning). However, as soon as off-policy learning is considered, in particular 
in the batch (or observational) setting, issues of causality become subtle.



Why from Natural Science 
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Reproducibility Crisis Flawed Patterns

Experiments Theory Symmetry



Why from Cognition 
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Humans summarise rules or experience from their interaction 
with nature and then exploit this to improve their adaptation in 
the next exploration.  

What Causal RL does is exactly to mimic human behaviours, i.e., 
learning causal relations from an agent that communicates with 
the environment and then optimising its policy based on the 
learned causal structures.



The Debate on AGI
Does AI Need More Innate Machinery?
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GOTO 2018 • On the Road to Artificial General Intelligence • Danny Lange
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Key Concepts in Causal RL
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State, Action, and Reward

Samuel J. Gershman. Reinforcement Learning and Causal Models, 2015

Policy is NOT a causal relationship.
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Soft vs Hard Intervention
Conditional Actions

P(Y |do(X = g(Z))) = ∑
Z

P(Y |do(X = g(Z)), Z)P(Z |do(X = g(Z)))

= ∑
Z

P(Y |do(X), Z) |X=g(Z) P(Z)

= 𝔼Z[P(Y |do(X), Z) |X=g(Z) ]

Stochastic Policies

P(Y |do(π(X |Z))) = ∑
X

∑
Z

P(Y |do(X), Z)P(X |Z)P(Z)
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Judea Pearl. Causality, 2009.



Challenges in 
Causal Inference for RL
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Z

X Y

Alex D’Amour’s Blog

Latent Confounding



Deconfounding RL

p(rt+1 |zt, at) p(rt+1 |zt, do(at))

Lu et al. Deconfounding Reinforcement Learning in Observational Settings, 2018
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Counterfactuals

Buesing et al. Woulda, Coulda, Shoulda: Counterfactually-Guided Policy Search, 2019
Chaochao Lu                                                                                                                                                              Cambridge Machine Learning Group



Where to Intervene and to See

Lee et al. Structural Causal Bandits: Where to Intervene, 2018
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Causal Representation
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Chaochao Lu. The Agnostic Hypothesis: A Unifying View of Machine Learning, 2020 



Opinion 1: Anticausal

Schölkopf et al. On Causal and Anticausal Learning, 2012
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P(X, Y ) = P(X)P(Y |X)

X Y

X → Y Y → X

Chaochao Lu. Is Image Classification a Causal Problem?, 2020 



Opinion 2: Causal

• predict human annotations  from images  in 
order to imitate the cognitive process (i.e., 
humans produce labels by following a causal 
and cognitive process after observing images.) 

•   should be stable across environments 
or domains. Hence, empirical risk minimisation 
(ERM) should work quite well.

P(Y |X)

• In the causal direction, Nature variables (e.g., 
colour, light, angle, animal, etc.) produce 
images through nature causal mechanisms. 

• In the anticausal direction, we attempt to 
disentangle the underlying causal factors of 
variation behind images (i.e., Nature variables). 

• Disentanglement vs. Inference 

• Hierarchy of Nature Variables vs. Occam’s Razor
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X Y

Arjovsky et al. Invariant Risk Minimization, 2019
Chaochao Lu. Is Image Classification a Causal Problem?, 2020 



The Agnostic Hypothesis

• Plato’s Theory of Forms (Credit to Hannes)

• Manipulability Theory 
• Principle of Common Cause 
• Theory of Linguistics (Credit to Rebecca)

image and label as two different 
representation spaces

X ← Z → Y

a feature extractor and a classifier
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X Y

Z

Chaochao Lu. The Agnostic Hypothesis: A Unifying View of Machine Learning, 2020 
Chaochao Lu. Is Image Classification a Causal Problem?, 2020 



Connections to ML
Supervised  
Learning

Unsupervised  
Learning

Reinforcement  
Learning

The 
Agnostic 

Hypothesis 
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Chaochao Lu. The Agnostic Hypothesis: A Unifying View of Machine Learning, 2020 



Independently Controllable Features 
(Bengio et al. 2017)
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Autoencoder Selectivity

Objective



Challenges in  
RL for Causal Inference
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Intractability
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Peters et al. Elements of Causal Inference. 2017



Neurath’s Ship
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Inference + Intervention
Neil Bramley. Constructing the world: Active causal learning in cognition. 2017



Inferring the World
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Neil Bramley. Constructing the world: Active causal learning in cognition. 2017



Intervening the World
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Neil Bramley. Constructing the world: Active causal learning in cognition. 2017



Connections to  
Machine Learning
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Causal RL in Transfer Learning
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https://youtu.be/hx_bgoTF7bs



Causal RL in Meta RL
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Causal RL in Multi-Agent RL
Challenge I: Joint Action Space 
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Multi-Agent Reinforcement Learning: A Report on Challenges and Approaches. 
(Sanyam Kapoor. 2018)



Causal RL in Multi-Agent RL
Challenge II: Common Knowledge of Rationality 
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Foerster et al. Counterfactual Multi-Agent Policy Gradients, 2017
Jaques et al. Social Influence as Intrinsic Motivation for Multi-Agent Deep Reinforcement Learning, 2019

Pastine et al. Introducing Game Theory, 2017



Causal RL in Multi-Agent RL
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Challenge III: Game-Theoretic Effect 

Challenge IV: Non-Markovian Nature of Environments 

Multi-Agent Reinforcement Learning: A Report on Challenges and Approaches. 
(Sanyam Kapoor. 2018)

Pastine et al. Introducing Game Theory, 2017



Potential Applications
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Computer Vision I 
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Learning Perceptual Causality from Video 
(Fire et al. 2015)



Computer Vision II
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Causal Induction from Visual Observations for Goal Directed Tasks 
(Nair et al. 2019)



Loving Vincent
Chaochao Lu                                                                                                                                                              Cambridge Machine Learning Group

https://youtu.be/47h6pQ6StCk



Robotics

Video Pixel Networks  
(Kalchbrenner et al. 2016)
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Self-driving I

de Hann et al. Causal Confusion in Imitation Learning, 2018
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Self-driving II

Zhang et al. Causal Imitation Learning with Unobserved Confounders, 2020
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𝔼[Y |do(π)] = ∑
Y

Y ⋅ P(Y |do(π))

= ∑
Y

Y∑
X,Z

P(Y |do(x), Z)P(X |Z)P(Z)



Recommendation Systems

Bottou et al. Counterfactual Reasoning and Learning Systems: The 
Example of Computational Advertising, 2013
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Healthcare/Medicine

When and How to Lift the Lockdown?  
Global COVID-19 Scenario Analysis and Policy Assessment  

using Compartmental Gaussian Processes 
(Qian et al. 2020)
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Conclusion & Discussion
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The Take-home Message

Causal RL 
was born for 

AGI.
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Recommendation
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arXiv:1911.10500
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https://arxiv.org/abs/1911.10500
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The Bitter Lesson 
Rich Sutton

March 13, 2019 

The biggest lesson that can be read from 70 years of AI research is that general methods that 
leverage computation are ultimately the most effective, and by a large margin. The ultimate 
reason for this is Moore's law, or rather its generalization of continued exponentially falling cost per unit of 
computation. Most AI research has been conducted as if the computation available to the agent were constant (in 
which case leveraging human knowledge would be one of the only ways to improve performance) but, over a 
slightly longer time than a typical research project, massively more computation inevitably becomes available. 
Seeking an improvement that makes a difference in the shorter term, researchers seek to leverage their human 
knowledge of the domain, but the only thing that matters in the long run is the leveraging of computation. These two 
need not run counter to each other, but in practice they tend to. Time spent on one is time not spent on the other. 
There are psychological commitments to investment in one approach or the other. And the human-knowledge 
approach tends to complicate methods in ways that make them less suited to taking advantage of general methods 
leveraging computation.  There were many examples of AI researchers' belated learning of this bitter lesson, and it is 
instructive to review some of the most prominent.

http://incompleteideas.net/IncIdeas/BitterLesson.html



“Panel”
“The essence of intelligence is while only being able 
to observe a world of things, try to come up with a 
world of ideas.”               — Vladimir Vapnik 

“Life/evolution is a process of compression.” 
                         —Jürgen Schmidhuber

“A low-dimensional thought or conscious state is analogous 
to a sentence: it involves only a few variables and yet can 
make a statement with very high probability of being true.” 
                                                      —Yoshua Bengio
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Mathematical Problem versus Intelligence Problem
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Vladimir Propp’s Predicates

https://youtu.be/bQa7hpUpMzM
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Vapnik’s Challenge
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Communications in Pure and Applied Mathematics, Vol. 13, No. I (February 1960)
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“Nature” vs “Nurture”

“Does time has an order?”
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Behind The Scene
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Foundations and New Horizons for Causal Inference 
Mathematisches Forschungsinstitut Oberwolfach, 26 May - 1 Jun, 2019 
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Foundations and New Horizons for Causal Inference 
Mathematisches Forschungsinstitut Oberwolfach, 26 May - 1 Jun, 2019 

Bernhard Schölkopf

James Robins

Elias Bareinboim

Kun Zhang

Aapo Hyvarinen

Jonas Peters

Thomas Richardson

Bin Yu
David Sontag Jin Tian

Leon Bottou

David Blei
Dominik Janzing

Nicolai Meinshausen

Peter Bühlmann
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Credit to Petra Lein, MFO



Thank You. 
Q&A
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