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Abstract

We introduce causal Markov Decision Processes (C-MDPs), a new formalism for sequential de-
cision making which combines the standard MDP formulation with causal structures over state
transition and reward functions. Many contemporary and emerging application areas such as dig-
ital healthcare and digital marketing can benefit from modeling with C-MDPs due to the causal
mechanisms underlying the relationship between interventions and states/rewards. We propose the
causal upper confidence bound value iteration (C-UCBVI) algorithm that exploits the causal struc-
ture in C-MDPs and improves the performance of standard reinforcement learning algorithms that
do not take causal knowledge into account. We prove that C-UCB VI satisfies an O(H SV ZT) re-
gret bound, where 7T is the the total time steps, H is the episodic horizon, and S is the cardinality of
the state space. Notably, our regret bound does not scale with the size of actions/interventions (A),
but only scales with a causal graph dependent quantity Z which can be exponentially smaller than
A. By extending C-UCBVI to the factored MDP setting, we propose the causal factored UCBVI
(CF-UCBVI) algorithm, which further reduces the regret exponentially in terms of .S. Furthermore,
we show that RL algorithms for linear MDP problems can also be incorporated in C-MDPs. We
empirically show the benefit of our causal approaches in various settings to validate our algorithms
and theoretical results.

Keywords: Reinforcement learning; Causality; Markov Decision Process (MDP).

1. Introduction

In reinforcement learning (RL), the agent interacts with the environment sequentially aiming to
maximize its cumulative reward within a given time period. The environment is generally modeled
as a Markov Decision Process (MDP) that is not fully known to the agent. At every round ¢, the
agent observes the current state s; and performs an action a; according to the policy learned so
far. Then the environment returns a reward r(s;, a;) and transitions the agent to the next state sy
according to the underlying state transition dynamics. The performance is usually evaluated by
cumulative regret, i.e., the reward difference between the optimal policy and the agent’s policy.

Many RL algorithms have been developed for the tabular setting (Jaksch et al., 2010; Bartlett and
Tewari, 2012; Osband et al., 2013; Azar et al., 2017; Zhang and Ji, 2019; Wang et al., 2020; Zhang
et al., 2020) where the state and action spaces have small cardinalities. Their regret or sample
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complexity bounds all scale with the number of states S and actions A which can be very large in
practice.

In healthcare applications, the doctor adjusts several features to achieve some desirable clinical out-
comes (Liu et al., 2020). For example, different dose levels on medicines, types of exercises, amount
of exercises, sleeping time among other conditions may affect patients’ overall health condition. Pa-
tients in different states (as captured by, say, BMI, blood pressure, status of organs/body systems)
usually respond differently to a given treatment. As the treatment actions are taken, the state of pa-
tients will change accordingly. In digital marketing, online advertising companies aim at attracting
customers to buy products by sending marketing emails. Marketers adjust several variables such
as types of products, email content, the time of day to send the email, purposes (promotion, on-
line events, etc.) of the email, in order to improve the likelihood of a customer buying products.
Customer in different dynamic states, such as loyalty levels and willingness to shop, and different
intrinsic states, such as gender, age, and purchasing power, behave differently after receiving com-
mercial emails. These examples can be modeled as MDPs where the reward variable is the overall
health condition or the actual purchase. In both cases, the number of interventions and states are
exponentially large.

To circumvent the curse of dimensionality where A is enormous, we take a causal approach. In
the healthcare problem, the medical and life-style treatments do not affect the state transition or
reward directly but indirectly through a few key variables (that cannot be manipulated directly, e.g.,
micronutrient levels, blood oxygen level etc.) that have a direct causal effect on next states and
rewards. Similarly, in the digital marketing problem, interventions on email features affect the
state transition and the actual purchase (reward) through key variables such as interest/demand for
products, price performance, engagement and whether any product has been added to the cart or not.
The causal relations among manipulable variables, key variables and other variables in the system
can be represented by a causal graph. If we have such prior causal knowledge, we do not need
to treat all interventions independently as standard RL approaches do. Instead, we can connect the
intervention set with the low dimensional key variables in order to reduce the amount of exploration.
Based on the above idea, we introduce a new formalism: causal MDPs (C-MDPs), and prove that
the regret of our algorithm causal upper confidence bound (C-UCBVI) no longer scales with A,
however, it only scales with a causal graph dependent quantity Z. We show that there can be cases
where Z is exponentially smaller than A.

Furthermore, in order to deal with problems where both S and A are large, we propose two ap-
proaches under different assumptions on low-dimensional structures. Firstly, when the state space
can be factorized as S = S X - - - X Sy, we introduce causal factored MDPs (CF-MDPs). Structured
relations among states can be exploited when the agent has prior understandings on the environment.
For example, in the healthcare problem, we may know that at one time-step, the state of an organ
is usually influenced by the states of its closely related parts, not the entire body. Combining our
causal approach with factored MDP techniques, we propose causal factored UCBVI (CF-UCBVI)
algorithm. We analyze its regret and prove that the explicit dependence on the state size S can be
eliminated. In a nutshell, we deal with large A using causal relations while dealing with large S with
state factorizations. This approach is different from factored MDPs which directly factorize S x A.
In Section 2, we discuss the differences in more detail. We show that when A is exponentially large
but cannot be factorized with S, standard factored MDP approaches can fail and our causal approach
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is necessary. We emphasize that 1) neither factored MDP nor our causal approach can imply one
another and 2) the type of available prior knowledge on S and .4 should determine which method
one should use. Secondly, when the state transition and reward functions can be modeled linearly
with feature vectors over the state and key variable pairs, we show that RL algorithms for standard
linear MDPs (Jin et al., 2019) can be incorporated in C-MDPs.

Our Contributions. We summarize our main contributions below:

1. We study a new formalism: causal MDPs, in which we search for good interventions over an ex-
ponentially large space. In the bandit literature, causal bandits have been studied recently (Lat-
timore et al., 2016; Sen et al., 2017; Lu et al., 2019; Nair et al., 2020) where researchers have
used causal graphs to model the relations among interventions and the reward. In this paper,
we extend the idea behind causal bandits to MDPs. We propose causal upper confidence bound
(C-UCBVI) algorithm that enjoys O(H S \/ﬁ) regret. In our regret bound, Z is a causal graph
dependent quantity that can be exponentially smaller than the number of actions A. Our result is
superior to the guarantees available for standard RL algorithms whose regret scales with A.

2. Building on causal MDPs, we propose two approaches to deal with cases when the state space
is also enormous. In our first approach, we introduce causal factored MDPs. We propose causal
factored upper confidence bound (CE-UCBVI) algorithm that achieves O(H 37", \/S;S[L] ZT)
regret when we factorize S as S X - - - X Sy, In this result, S; and S[I;] denotes the cardinalities
for S; and S restricted to scope I; ', which can both be exponentially smaller than the number
of states .S. In the second approach, we show that existing linear MDP algorithm can be well
adapted to causal MDP problems and achieve O(\/ d3 H3T) regret, where d is the dimension for
features over the state and key variable pairs. Both approaches reduce S dependency from the
regret.

Our key idea is that we use prior causal knowledge such as causal graphs to obtain conditional
independence relations among action, reward and state variables and use them to develop efficient
algorithms.

2. Related work

Our work on causal (factored) MDPs is directly inspired by recent work on causal bandit prob-
lems (Bareinboim et al., 2015; Lattimore et al., 2016; Sen et al., 2017; Lee and Bareinboim, 2018;
Luetal., 2019; Nair et al., 2020), where the arms of the bandit problem are interventions on a set of
variables and their relations with the reward are captured by a causal graph (Pearl, 2000). In causal
bandits, the causal graph is composed of manipulable/non-manipulable variables and the reward
variable. For causal (factored) MDPs, we need to consider two types of graphs: one is the reward
graph and the other is the state transition graph. Our proposed causal MDP algorithms that exploit
these two types of causal graphs in order to learn the MDP dynamics efficiently.

There is another line of work on causal reinforcement learning (Zhang and Bareinboim, 2016, 2019;
Namkoong et al., 2020; Zhang, 2020; Wang et al., 2021) studying MDPs or dynamic treatment
regimes with unobserved confounders. Our paper does not focus on confounding issues. We model
the related variables by causal graphs following the idea behind causal bandits.

1. We provide formal definitions in Section 3.



LU MEISAMI TEWARI

A classic approach to deal with exponentially large state and action spaces is to use factored MDPs.
Recent work has provided formal regret guarantees for factored MDPs (Osband and Van Roy, 2014;
Xu and Tewari, 2020; Tian et al., 2020). The key idea is to factorize the state set (S) and state-action
set(SXA):S=8x- xS, SXA=AX] Xx---xAX,. The state transition and reward dynamics
are generated based on these two factorization structures. However, in practice, actions do not
always have local effect on the outcomes and thus cannot always be factorized together with states
as described above. For example, it is almost impossible to directly factorize the Cartesian product
between the state of organs/BMI/etc. and the treatments (which serves as actions), because some
medical treatments, especially life-style treatments usually affect all of the organs/BMl/etc. Same
for email campaign, all the email features affect the loyalty building and the actual purchase to some
degree. In these cases, the state-action set can only be written as: S x A = §; X - - - xS, X A. Under
this condition, existing factored-MDP algorithms cannot avoid a dependence on A in their regret, so
our causal approaches are necessary. We emphasize that our causal approaches and factored MDP
approaches have their advantages under different assumptions. Causal approaches are preferred
when there is prior causal knowledge on S, A and the outcomes, while factored MDP approaches
are preferred when actions have local effect on the outcomes so that .4 can be factorized with S.

Function approximation methods (Jin et al., 2019; Yang and Wang, 2020; Zhou et al., 2020; Ayoub
et al., 2020) are also powerful tools to handle large state and action spaces when certain feature
maps are available. Our methods instead exploit a different type of side information: the underlying
causal graph, to address problems with large S and A. To reduce sample complexity, dynamic
Bayesian networks (DBN5) are also used to model state transitions for every action (Boutilier et al.,
2000), where an action may lead to sparse connections among state variables at consecutive time
steps. In contrast, in our setting each manipulable variable at time ¢ will connect with all other
manipulable variables at time ¢ + 1. We do have conditional independence between actions and the
reward, actions and state transitions at each time step, but not across different time steps. Outside
of RL, similar ideas of causal modeling in time-dependent systems have also been studied (Blondel
et al., 2017, Srinivasan et al., 2021).

3. Preliminaries

We follow standard RL/graphical terminology and notation in Azar et al. (2017) and Koller and
Friedman (2009) to state the casual (factored) MDP problems.

Causal Graph. A directed acyclic graph G is used to model the causal structure over a set of
random variables X = {X1,...,Xy}. We write the domain for variable X as Dom(X) and
the joint distribution over X along graph G at state s as P(-|s). The parents of a variable X,
denoted by Pax,, include all variables X; such that there is an edge from X to X; in G. A size m
intervention (action) corresponds to do(Xg,, = x) such that |X,| = m, which assigns the values
x = {x1,..., 2y} to the corresponding variables. For each variable X € X, the intervention
also removes all edges from Pax to X and the resulting graph defines a probability distribution
P(XS |8, do(Xgp = x)) over XS = X\ Xgup. We use | - | to denote the cardinality of a set.

sub -

MDP. A tabular episodic MDP is defined by a tuple (S, A, P, R, H), where S and A are the set
of states and actions with cardinalities |S| = S and |.A| = A, H is the planning horizon in each
episode, P is the state transition matrix such that P(+|s, a) gives the distribution over next state if an
action a is taken on state s, and R : S x A — [0, 1] is the deterministic reward function over a state
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action pair. The agent interacts with the environment in a sequence of episodes: an initial state s is
picked arbitrarily by an adversary. At each step h € [H], the agent observes state s, € S, picks an
action aj, € A and receives reward R(sj, ap,). The episode ends when sp 1 is reached.

The policy is expressed as a mapping 7 : S x [H] — A. Weuse V;" : S — R to denote the
value function at step h under policy =, so that V;"(s) gives the expected sum of remaining rewards
received under policy m, starting from s;, = s, until the end of episode:

H

> R(spr, w(sp, 1))|sn = s] .

h'=h

Vils) €

We use Q7 : S x A — R to denote Q-value function at step & under policy 7 so that Q7 (s, a) gives
the expected sum of remaining rewards received under policy m, starting from s, = s, a; = a, till
the end of the episode:

QZ(s,a)(izef R(s,a)+E Z R(spr,m(spry 1)) | sp=s,an = a

=h+1

An optimal policy 7* gives the optimal value V;*(s) := sup, V;"(s) forall s € S and h € [H].
The policy 7 at every step h defines the state transition kernel P} and the reward function rj as
€

P (yls) e P(y|s,m(s, h)) and 77 (s) e R(s,m(s,h)) for all s. Forevery V : S — R the right
linear operators P- and P7- are also defined as (PV')(s, a) e Y ooes P(s'[s,a)V(s") for all (s, a)
and (PTV)(s) = def Y oes Pr(s'|s)V (s) for all s, respectively.

Causal MDP (C-MDP). In causal MDPs, the actions are composed by interventions. At every
state s, we define two causal graphs: the reward graph G%(s) and the state transition graph G°(s).
We denote the reward and state variable by R and S. The learner can intervene on variables X/,
while the parent variables of R.: ZR .= Pag and the parent variables of S: 7S := Pag cannot be
intervened. 2 Precisely, the action (intervention) set is:

A = {do(Xgup = x) | Xgup € X!, x € Dom(Xgup)}-

At every state s, causal graphs G®(s) and GS(s) contain variables X® = X!/ U ZR U R and
XS = X! U ZS US, respectively. Note that the identity of variables on causal graphs does not
vary by state, but the underlying distributions can change. In Figure 1, we use a digital marketing
example to explain these notations.

In our causal MDP algorithms, a learner is given the intervention set A, the identity of parent
variables Z := ZR® U ZS and conditional distributions of z € Z given a (s,a) € S x A pair:
P(z|s,a), where Z denotes the domain set for Z. We use Z as the size of Z. At each step h €
[H], the learner observes a reward R(sp,ap) and the realizations of Z: zj. Using these causal

2. Otherwise, one can simply restrict the intervention set to those only intervening over Par U Pag, then the problem is
trivially reduced to a standard MDP problem.
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Figure 1: Reward causal graph (left) and state transition causal graph (right) at the current state s;
for the digital marketing problem. In each graph, all variables can be categorized into three layers:
the outcome variable on top layer corresponds to the green node, i.e. the reward variable (R) and
the state variable (S); the manipulable variables regarding to emails on bottom layer are in blue
(X1); direct parent variables of the outcome variables (Z® and ZS) are marked in orange between
the green and blue. We use grey arrows to describe the complex causal relationships between
any connected two layers. At every time ¢, marketers adjust the blue nodes and passively observe
the values of nodes in orange and green afterwards. Other than P(z|s,a) quantities, our causal
MDP algorithms only require the knowledge of the identity of manipulable variables, the outcome
variables and their corresponding direct parents, instead of the entire causal structures including all
graph edges.

information, one can re-write the state-transition and reward functions as follows:

P(s'|s,a) = Z P(s'|s,Z = z)P(Z = z|s,a),
z€Z
R(s,a) = Z R(s,Z =z)P(Z = zls,a),
z€EZ

def . .
where R(s,Z = z) = E[R|s, z] denotes the expected reward given a state and parent pair. We next

define a g-value function: ¢ : & x Z — R, such that ¢} (s, z) gives the expected sum of rewards
received under policy 7, starting from s;, = s, z;, = z, till the end of the episode:

H
q5, (s, 2z) &f R(s,z) + E Z R(spym(sp, 0)) | sn = 8,2n = 2
h'/=h+1

By definition, Q7 (s, a) can be written as ) > P(Z = z|s,a)qj (s,z). A causal MDP is then
defined as an MDP equipped with dynamic causal graphs G®, GS and can be represented by a tuple
Mce = (S,A, P, R, H, QR,QS).

Causal Factored MDP (CF-MDP). A causal factored MDP is a causal MDP whose reward and
state-transition dynamics have some conditional independence structures. To formally describe this
problem, we first present some related factored MDP definitions.

Definition 1 (Scope operation for factored set S = S x ... X S,;,) Forany subset of indices I C
{1,...,m}, define the scope set S|I| £ Q,.;Si. For any s € S, define the scope variable
s[I] € S[I] to be the value of the variables s; € S; with indices i € 1. For singleton sets I, we write
s[{i}] as sli] for simplicity.
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We use Py y as a set of functions mapping elements of a finite set X" to probability mass functions
over a finite set ).

Definition 2 (Factored state transition in CF-MDPSs) The transition function class P is factored
overS X Z =8 X XS, XxZandS = &1 X -+ X S, with scopes I, ..., 1, if and only
if, forall P € P,s,s' € S,z € Z, there exist some {P; € Pg|1,)xz,s,}i~ such that P(s'|s,z) =
[[2 Pi (s'[i]|s[ 3], 2).

Definition 3 (Factored deterministic reward functions) The reward function R is factored over
S X Z =38 x---x 8y x Z with scopes Ji,...,Jm, L.e. forall s € S,z € Z, we have
R(Sv Z) = 221 Ri(s[‘]i]7 Z)'

A causal factored MDP is then defined to be a causal MDP with factored rewards and factored transi-

tions. We can write itas a tuple Mcp = ({8}, A, {L} {P: ™ {0 m { R}y, H, GR, G9).
Notably, we do not factorize Z in the state transition and reward function classes.

Regret. We denote the number of episodes by K, starting state and policy by sy 1 and 7, for each
episode. We measure the performance of the learner over T' = K H steps by the total expected
regret:

K
Ry = Z(Vf‘(sk,l) - Vf’“(sk,l)).
k=1
The goal of learner is to follow a sequence of policies 71, . . ., Tx that minimizes Ry

In this paper, we focus on the setting where the reward functions R and {R;}]", are known. This
assumption is just used for simplicity, because reward estimation is not the main difficulty of RL
problems (Azar et al., 2017; Liao et al., 2021).

Assumption 1 (Causal (Factored) MDP Regularity) For C-MDPs, we assume S, A, Z are finite
sets with cardinalities S and A and Z, respectively. The immediate rewards R(s,z) = E[R|s,z] €
[0, 1] are known for s € S,z € Z. For CF-MDPs, S[I;] and S[J;] are finite sets with cardinalities
S[I;] and S|J;). The immediate rewards in every reward scope R;(s|J;],z) € [0, 1] are known for
S[Ji] S S[Ji],z eZi=1,...,m.

4. Causal UCBVI

In this section, we propose and analyze an efficient algorithm for causal MDPs. We generalize
upper confidence bound value iteration (Azar et al., 2017) algorithm (UCBV]) to its causal coun-
terpart and show that the regret bound of our causal algorithm only scale with a factor which can be
exponentially smaller than the size of interventions.

UCBVI is near-optimal when causal information is non-available. Azar et al. (2017) showed that
under conditions 77 > H3S3A and SA > H, using a Hoeffding “exploration bonus”, one can
achieve a high probability regret bound of O(H v SAT) while using a Bernstein-Freedman “explo-
ration bonus”, one can further achieve a minimax regret O(\/ HSAT), that matches the established
lower bound (v HSAT') of (Jaksch et al., 2010) up to logarithmic factors. However, in the causal
MDP setting, the intervention set is huge that makes UCBVI and other standard RL algorithms
impractical since their regret all scale with v/A.
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Algorithm 1 C-UCBVI

1: Input: action set .4, states S, identity of parent variables Z, P(z|s, a) terms.
2: Initialize data H = ¢, Qi1 (s,a) = H forall k, h, s, a.

3: forepisode k =1,..., K do

forsteph=1,...,H do

5 Take action ay, ;, = argmax,c 4 Q1 (s, a) and observe values of parent variables zy, .
6 Update H = H U (Sk,ha Qk.hs Zk,h, 3k,h+1)-

7:  end for
8

9

»

Qk,n(s,a) = C-UCB-Q-values(H).
: end for

To overcome this issue, we propose causal UCBVI (C-UCBVI) in Algorithm 1. At every episode k,
C-UCBVI calls Algorithm 2 to update the state transition probabilities P(s’|s, z) by the frequencies
of corresponding state-Z-state and state-Z tuples using past data. We then follow the idea of UCBVI
that updates the upper bounds of value functions and () functions at every level h by value iteration
using an empirical Bellman operator and a confidence bonus. However, instead of directly updating
the upper confidence bound of () functions over state-action pairs, our algorithm updates the upper
bounds of g-value functions using Hoeffding “exploration bonus” (Algorithm 3) over state-Z pairs
denoted by gj 1, (s,z). We then update the upper confidence bound of ) function for every (s, a)
pair as following:

Qin(s,a) =Y Plz]s,a)qin(s,2).

z€Z

Upper bound for value functions are then updated by V}, 5,(s) = maxae4 Qi (s, a).

Given these estimated value functions, the learner at state s performs the action that maximizes
Qk.n(s,a) among all @ € A. The environment reveals the values of variables Z denoted by zj, j,.
In summary, C-UCBVI only estimates the state transition probabilities and g-value functions for all
(s,z) € S x Z pairs.

We present our theoretical results for C-UCBVI in Theorem 4.

Theorem 4 With probability > 1 — 0, the regret of C-UCBVI (Algorithm 1) is bounded by:
Ry = O (HSVZT). (1)

We omit small order terms that do not depend onT’ = K H.

Above result shows that the regret of C-UCBVI does not scale with \/Z, instead scales with: \/Z .
Suppose X! and Z contain N and n variables, respectively, and for simplicity we assume every
variable in X7 UZ can take on k different values. In practical applications, NN is usually greater than
n, for example, in digital marketing, the number of email features can be a lot more than the number
of key variables such as price performance and demand. In this case, Z = k™ is exponentially
smaller than A = k. In summary, C-UCBVI outperforms standard RL algorithms as long as
Z < A. The whole proof is in Section A.
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Algorithm 2 C-UCB-Q-values

Input: Bonus algorithm (Algorithm 3), Data .
Ni(8,2,Y) = X (5w yyen 1(s' = 8,2' = 2,y = y) forall (s,2,y) € S X Z x S.
Ni(s,2) = > cs Ni(s,z,y) forall (s,z) € S x Z.
Let K = {(s,2z) € S x Z, Ni(z,z) > 0}.
Estimate Py (y|s,z) = % for all (s,z) € K.
Initialize Vj, r41(s) =0 forall s € S.
forh=H, H—-1,...,1do
for (s,z) € S x Z do
if (s,z) € K then
b h(s,2) = bonus(Ny(s, z))
qk.n(s,2) = min(H, R(s,2) + PV ht1(s,2) + by n(s,2))
else
Qk.n(s,z) = H
end if
end for
for (s,a) € S x Ado
Qin(s,a) =3 ,cz P(Pag = z[s,a)qrn(s, z)
end for
19: Vi p(s) = maxgeq Qi n(s,a)
20: end for
21: Output: Q-values Q1 (s, a) forall (s,a) € S x A.

A A A T o

ek ek e e
AN A A eal =

Algorithm 3 Bonus for C-UCBVI
1: Input: 6 > 0,Ny(s,z), L =log(bSHKZT/)).
_ /s
3: Output: b.

5. Causal factored-UCBVI

In this section, we study causal factored MDPs, where states s € & C R™ can be factorized
into scopes. We propose causal factored UCBVI (CF-UCBVI) in Algorithm 4 (Section C) whose
structure is similar to C-UCBVI. We mainly discuss their differences in this section.

CF-UCBVI builds on C-UCB VI in terms of incorporating causal graph with the UCB value iteration
idea. It calls CF-UCB-Q-values (Algorithm 5 in Section C) which returns upper confidence bounds
on the Q-values, however, we construct the UCB bonus terms differently. Since we have prior
knowledge of states factorization scopes, Algorithm 5 no longer needs to directly estimate P(s’|s, z)
by counts. Instead, at every episode k, we estimate the transitions in each scope P;(s'[i]|s[I;], z) by
Uskyi(s' [i]|s[1;], z) (see full definition in Algorithm 5). Using these scope-wise estimates, P(s’|s, z)
can be estimated by []", Pxi(s'[i]|s[L;],z). We calculate the confidence bonus terms for every
visited (s[I;],z) pair according to Algorithm 6 (Section C). The remaining procedures are quite
similar to C-UCBVI. We update UCBs on g-values computed by value iteration using an empirical
Bellman operator and the confidence bonus terms. See details in Algorithm 5 (Section C).
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Theorem 5 (Regret of CF-UCBVI) With probability > 1 — 0, the regret of CF-UCBVI is:
Ry =0 (HZ \/SiS[IZ»]ZT> :
i=1

We omit small order terms that do not depend on T = K H.

In Theorem 5, the regret bound consists a reduced term > ;" | /.5;S[I;] involving scope-wise state
space parameters. The bound reduces to (1) when m = 1, otherwise, it improves the regret expo-
nentially when § is high-dimensional. We provide the proof in Section B.

6. Causal linear MDPs

In this section, we consider function approximations on causal MDP dynamics. In particular, we
show that linear MDP algorithms for non-causal MDPs can be well-incorporated with causal MDPs.

In linear MDPs, P(s'|s, a) and R(s, a) are modeled by two linear functions and their corresponding
feature functions are assumed to be known (Jin et al., 2019). In causal MDPs, since we already know
the identity of parent variables Z that directly affect the state transition and reward, it is natural to
instead model P(s'|s, z) and R(s,z) via linear functions. We formally present the definition below.

Definition 6 (Causal linear MDP) A causal linear MDP is a causal MDP equipped with a feature
map ¢ : S x Z — R%, where there exists d unknown measures |1 = (u(l), . ,u(d)) over § and an
unknown vector w € R®, such that forany (s,z) € S X Z, we have

P(s'|s,z) = (¢(s,2), u(s")) and R(s,z) = (¢(s,z),w) .

Without loss of generality, we assume ||¢(s, )| < 1 for all (s, z), and max{||u(S)||, |lw||} < Vd.

One can re-write the state transition probability and the reward function for every (s,a) € S x A
using above features and the unknown linear coefficients in below.

= (D _ P(zls,a)¢(s,2),w) and P(s'|s,a) = (> _ P(z]s,a)é(s,2), u(s)).

zcZ zeZ

To this point, we demonstrate that linearly modeling the state transition and reward functions using
parent variables is a special case of standard linear MDPs where the feature vector for every (s, a) €
Sx Ais(s,a) =Y,z P(z]s,a)d(s,z). Thus, we can easily extend linear MDP algorithms to
our causal linear MDP setting. For example, applying Least-Squares Value Iteration with UCB (Jin
et al., 2019) algorithm with features t(s, a), one can achieve O(v/d> H3T)) regret.

7. Experiments

In this section, we conduct several experiments to validate the theoretical findings of our causal
approaches. We compare our causal algorithms C-UCBVI and CF-UCBVI with two standard non-
causal MDP or factored MDP algorithms: UCBVI (Azar et al., 2017) and F-UCBVI (Tian et al.,
2020). Throughout, we use a causal factored MDP environment that allows us to compare the
performance of all four algorithms The state space is consisted of ds-dimensional binary vectors,
ie. § =381 x...x8g,,S; ={0,1}. There are n manipulable variables X1, ..., X, taking values

10
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Figure 2: Cumulative regret v.s. number of episodes. m = n = 3, H = 5. We plot the averated
cumulative regret in red, blue, green and black curves, and 1-standard deviation for each method
within the yellow shadow area.

from {1,...,m}, n non-manipulable parent variables of the reward and state variables Z1, ..., Z,,
taking values from {1,2}. The reward variable and the state transition variable directly depends
on their parent variables 71, ..., Z,. In each experiment below, we set H differently and always
guarantee that Z = 2" <=m" = A.

Intervention set: An intervention is denoted by a = do(Xy = i1,..., X, =iy), where iy, ... i, €
{1,...,m}. This means only non-parent variables can be intervened, while the parent variables of
the reward are not under control.

Reward generation. We generate reward for every scope-wise state-Z pair R(s;, z) uniformly
from [0, 1]. By factored MDP assumption, we calculate the state-Z pair rewards by R(s,z) =
Z?;l R(s;,z) and the state-action pair rewards by R(s,a) = ), > R(s,z)P(z|s, a), where P(z|s, a)
quantities are sampled from dirichlet distribution Dir(1) for every (s, a) pair.

State transition. We generate the scope-wise state-Pa-state transition probabilities from Dirichlet
distribution Dir(12). By factored MDP assumption, we calculate the state-action-state transition
probabilities by P(s'|s,z) = H?;l P(s}|si,z). In this example, I; = {i},i = 1,...,ds.

Experiment 1: We begin with a simple case where m = 4 and n = 3. In this setting, we
set the horizon H = 5, the dimension of state variable d; = 3 and compare the performance of
all four algorithms: UCBVI, C-UCBVI, F-UCBVI and CF-UCBVI over K = 5000 episodes. We
repeat every algorithm for 10 times and calculate the averaged regrets and their 1-standard deviation
confidence intervals at every episode. Regret comparison plot is displayed in Figure 2.

In this causal factored MDP environment, the regret plot shows that the only algorithm that uses
causal knowledge and factored state space structure: CF-UCB VI outperforms other three algorithms
while UCBVI has the highest regret. C-UCBVI and F-UCBVI use one of the structure properties,
so their regret curves lie in the middle. It is hard to compare C-UCBVI and F-UCBVL. In general,
when the causal relations are stronger than factored state structure relations, C-UCBVI outperforms
F-UCBVI and vice versa. In this environment, it happens that C-UCBVI performs better.

Experiment 2: m = 3,4,5,6,7;n = 3. In this experiment, we fix n = 3 while changing the
domain range of non-parent variables m from 3 to 7. The number of interventions increases ex-

11
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Figure 3: Cumulative regret v.s. m, n = Figure 4: Cumulative regret v.s. d =
3 fixed, H = 2, number of episodes 2,3,4,5, ix m = 2,n = 3, horizon
K = 5000. H = 2, number of episodes K = 5000.

ponentially as m increases, however, the number of parent variables value assignments Z does not
vary. For each algorithm, the cumulative regret after X' = 5000 episodes is averaged over 10
simulations. Regret comparison plot is displayed in Figure 3.

As we increase the number of interventions, the regret curves show that the performances of C-
UCBVI and CF-UCBVI are stable. The other two algorithms incur higher regrets when the inter-
vention size becomes bigger. At every fixed m value, the performance rank is the same as Figure 2.

Experiment 3: vary state dimension d; = 2,3,4,5. In this section, we fix m = 3 and n = 3 and
compare three algorithms: C-UCBVI, F-UCBVI and CF-UCBVI across different state dimension
settings: ds = 2,3,4,5. We set K = 5000 and repeat every algorithm for 10 times and compute the
final averaged regret. We do not plot the regret curve for UCB VI because it does not converge until
the end of 5000 episodes and thus the cumulative regret v.s. state dimension curve for UCBVI can-
not reflect the true relation between ds and the regret of UCBVI. We can observe this phenomenon
in Figure 2 where d; is only 2 and the UCBVI curve (in black) is almost straight up to X = 5000.
Since we increase ds from 2 to 5 in this experiment, UCBVI converges even slower. Thus, we
present the regret comparison among remaining three algorithms in Figure 4.

We observe that the regrets of F-UCBVI and CF-UCBVI algorithm do not vary too much, however,
the regret of C-UCBVI increases significantly as ds increases. This phenomenon matches with
our theories. C-UCBVI is the only algorithm out of the three who does not exploit the factored
MDP environment, so its performance is the most sensitive to ds. Due to the ignorance of causal
knowledge in F-UCBVI, the regret curve of F-UCBVI stays at a higher value comparing to the other
two methods.

8. Discussion

In this paper, we studied the causal (factored) MDPs. We proposed C-UCBVI and CF-UCBVI
algorithms for the causal and causal factored MDP settings. Their regret bounds offer potentially
exponential improvements over that of standard RL algorithms. In addition, we extended the causal
MDP problem to its linear MDP variation.

12
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There are several interesting directions we left for future work. First, we note that our approach
can be easily adapted to an action hybrid setting, where some actions .4; lead to factored structure
together with states and others .42 do not factorize with states, instead form a causal graph with small
cardinality of total combinations for key or parent variables. One can combine F-UCBVI and CF-
UCBVI by separately estimating the two types of state transition probabilities P(s|s, a) where a €
Aj and a € Aj using factored MDP techniques and our causal approach. Secondly, when the prior
knowledge expressed in causal graphs and other causal quantities is mildly violated, a sensitivity
analysis for our results can provide useful guidance to practitioners. Finally, our causal algorithms
need background knowledge of certain conditional probabilities associated with the causal graphs.
It will be promising to develop a causal algorithm that can learn the causal information and the MDP
environment simultaneously and achieve lower regret than standard non-causal RL algorithms.
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Appendix A. Proof for Theorem 4
A.1. Main Proof
Proof

The regret of C-UCBVI up to episode K is:
K
R =) (Vi'(sk1) = Vi (ska1))-
k=1
Define the value function difference terms at level h in episode k by Ay, j := V" — V}f k and ﬁhh =
Vi — Vi*. Define their realizations at state sy 5, by 0x, := Ag p(sk,n) and gk,h = ﬁ;@h(sk,h).
Under these notations, the regret can be written as:

K
Rk = b1
k=1

At first step, we show that the optimism property, i.e. V}, ,(s) term upper bound the optimal value
function V}*(s) for all (k, h, s) tuples, holds with high probability. Since we have no knowledge on
the optimal value functions appearing as a key term in regret, it is hard to directly bound terms oy, 1.
Lemma 7 shows that we can instead bound Sk,l, which depends mostly on the information provided
by the algorithm.

Lemma 7 (Optimism) Define optimism events as follows:
£ = {Vkﬁ(s) > Vi(s),Vk, h, s},
we have P(E) > 1 — .

This can be proved by backward induction over h for every k such that {qx, (s, 2) > ¢; (s, 2), Yk, h,s,z}

holds with high probability, where ¢; (s, z) def maxy ¢y (s,z). By the construction way of Qp p
functions in Algorithm 1, Lemma 7 can then be proved using definitions of value functions ¢, ) and
V. See proof details in Section A.2.

According to Lemma 7, the regret is upper bounded by:

K K _
R =) k1<) 6ka, @)
k=1 k=1

with probability 1 — §. In order to divide each ng into several pieces, we bound every Skﬁ in a

recursion way in terms of gk n+1- At every episode k, level h, we define the state transition kernel,
weighted bonus and useful martingale terms as follows:

Pt Wlskn) = Y Pr(ylskn, 2) P(2l sk, Ti(skn, b))
zeZ

bin = > bk (skn2) P(askn, Th(skps b))

. _
ek = PP A ny1 — Agnr1(Skhr1)

€kh = €k n(Skn),
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where by, 1, (sp.p,2) = THL, /ﬁ denotes the output of Algorithm 3 with input Ny (sj 1, 2) >

Sk,hyZ
0 and § > 0. See definition for L (a logarithmic term) in Algorithm 3. In particular, we set
[Pk(y\skﬁ, Z) = 0 and bhh(sk,h, Z) = H\/g when Nk<3k,h7 Z) =0.

Using above definition and procedures in Algorithm 1 and Algorithm 2, we bound Sk,h recursively
as follows:

Sm < gk,h—&-l +éern + bpp + [(ﬂsﬁh - sz)vh*-i-l} (8k,1)
+ |75, = PR (Vi = Vitya) | (skn): 3)
Thus, it remains to bound each term separately in above inequality.

We bound the estimation error term in Claim 1.

Claim 1 For § > 0, with probability at least 1 — 0, the error term in (3) can be bounded by:

)(USZf“h - W)VJH(%D‘ < bkn(skns 2) P2l sk, (S0 h)) = bipe
z€EZ

Proof [Proof for Claim 1] We first use Lemma 2 in Osband and Van Roy (2014) to show an L1 bound
for the empirical transition function. It ensures that for any s,z € S x Z such that Ni(s,z) > 0,

’[P(-|s,z) — [}Sk(-|3, z) ) < \/ 25 __log (51,) with probability at least 1 — ¢, Simply set
k

we have N (5:2)

&}, = 6/2SZk?, by a union bound over k, s, z we have

A 25 2
|5, z) — Pp(- </ log (= t.
P (H[P( |s,z) — Pg( \s,z)”l < \/Nk(s,z) log <5;€>,Vk eN,se S,z e Zs.t Ng(s,z) > 0)

>1-—4. “)

Next, we bound the estimation error term, which is the main interest of this claim. By writing out
the expression and above inequality, with probability at least 1 — ¢, for all &, h we have:

(USZfCh - sz)v};k+1(3k,h)’ = Z (”D(ylsk,h,ﬂk(sk,m h)) = Pr(ylskn, m(skn, h))) Vi (y)
yeS

= 13" (Plskn2) — Prlylonn 2)) Plalsin, milsin 2)Viie: (v)
yeS z€Z

< H ) P(z|skn mr(skn, 1)) H[P(‘|5k,haz) - DSlc('|81<;,h,Z)H1
zEZ

28 2
<H Z P(ZSk,hmk(Sk,h,h))\/]Vk() log (5,) from (4)

S Z
z:Nk(sk,h,z)>0 ko k

+H Z \/§P(z|sk7h, Tk(Sk,h, h)) (by Cauchy-Schwarz on 1-norm)

2: Ny (s,n,2)=0
< b s
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where the last inequality can be seen from the definition of b, . |

In Claim 1, the only information about value function V' we use is its upper bound . Thus, under
exact the same approach, we bound in higher-order error term as follows: with probability at least
1 — 4, for all k£, h we have

(ﬂsgfh = P ) Vi1 = Vi) (@rn) | < bgope

Combining the recursion in (3) and above two claims, we have

Skﬁ < Ze;w' + 3bk’j. )
j=h

‘We bound the summation on bonus terms in Claim 2.

Claim 2 For any 6, with probability at least 1 — §, we have:

K H
Z Z ben < 1AHLV2STL + 14HSILVZT + HVSSZ. (6)

k=1h=1
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Proof [Proof for Claim 2]

K H
— HL,| ——P h
ZZ Z 7 A (2]Sk,hs i (Sk,hs 1))

K H
+ZZ Z H\/EP(Z’Skyh,TFk(Sk,hvh»

k=1 h=12:Ny(sk,pn,2)=0

K H
1
“THINEY SN S ekt
k=1h=1 s€S 2:Ny,(s,2)>0 v

K H
—i—H\/gZZZ Z P(zls, m (s, h))1s, ,=s)
_ 2)=0
K H 1
—7H \/gz Z Z Z mﬂ{sk,hZS} (P(Z|577Tk(37 h)) - ]]'{Zk,h:Z})

K H
+H\/§ZZ Z (P(Z|877Tk(sah)) - ]]-{zkyh:z})]l{shh:s}

We bound term (a) and (a’) in above using Azuma inequality, with probability 1 — 6 we have

(a) < THLV'S 2T10g< ) < THLV2STL,

) < HVS, /2T 1og < TH\V2STL
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We bound term (b) using pigeon-hole theorem,

(b) <THLVSY Y /O e \/zdx

seES zeZ
=THLVSY Y 2\/Nk(s,z)
SES ZeZ

< 14HLSVZT (by Cauchy-Schwarz).

We bound term (') by H+v/SSZ due to its indicator function’s property. Combine (a), (a’), (b) and
(b') we conclude the result. |

Now we bound the summation over €y, ;, terms, which are the only terms in (3) remaining to bound
to this point. By Azuma inequality we have:

K H H

K
ein =Y > | D PWlskn mr(skn D) Arpi1(y) = Depgr (sep1)
k=1h=1 \yeS

< 2H,|KHlog ((15) < 2HVTL.

Back to (5), combining above bound with Claim 2, we have

k=1 h=1

K K H
R < ng71 < Zzghh—i_Sbk’h =0 (HS\/ﬁ) ,
k=1

k=1h=1

with probability at least 1 — §. (after replacing original § by dividing some constant number C.) We
ignore small order terms which do not have non-logarithmic dependency on 7T'.

A.2. Proof for Lemma 7
Proof We start from proving below lemma:

Lemma 8 Forany § > 0, with probability at least 1 — 0, we have:
‘(([P - I]Sk)vi;k—i-l) (Saz)‘ < bi,n(s,2).

Proof [Proof for Lemma 8] We follow the proof for Claim 1 and use Inequality (4) and definition
of by, n(s,2) to get

P () <([P - ﬂsk)V/erl) (s, Z)‘ > bin(s,2z), Yk, h, z)

. 5
< . — P(. [ — 1. < o.
<P (H[P( 1s,2) — P ]5,z)H1 > T\ Ny TR 7 st Nels,2) > o) <5
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Define g; (s, z) by maxr ¢}, (s, z), which is the maximal ¢ value that can be achieved by any policy.
We use induction to prove {q ,(s,2) > ¢j (s,z)} holds with high probability.

Forh = H, q,. 1 (s,2z) > min{H, R(s,z)+by u(s,2z)} > R(s,z) = qj;(s,2). Suppose g ' (s,2) >
i/ (s,z) holds for b’ = h+1,..., H, and we know

Vi (8) — Vii(s) = max Qrp(s,a) — Qp(x, 7 (s, 1))
> Qk,h’(sv 77*('7;7 h,)) - Q;kz’(‘g? U (57 h,))
— Z P(z|z,7*(s, b)) (qk,h/(s,z) — q;;,(s,z))

z€Z
> 0(by induction).

Now we show at h, {q; 1(s,2) > ¢} (s, z)} also holds with high probability.
If g1 (s,2) = H, it trivially holds. So we consider the case
qk.n(S,2) = R(s,z) + (ﬂskaﬁH) (s,2) + brp(s,2).
Then we have
PrVi h+1) $,2) + by n(s,2) — (PVyy) (s, 2)

(( Vh+1) (s,2) + br 1 (s, z) (by induction)
> 0 (hold with probability at least 1 — § by Lemma 8).

Qk,n(5,2) — q4(5,2)

Up to here we show that with probability at least 1 — &, {qx.1(s,2) > ¢} (s,2)} holds. Using the
same argument above we have {V}, ;,(s) > V;*(s), Vk, h, s} holds with probability 1 — 6.

|
Appendix B. Proof for Theorem 5
Proof Throughout the proof, define Py (s'|s, z) & 17, Pri(s'ld]|s[L], z) for all (s',s,2) €
S x S x Z. When Ny(s[I;],2) = 0, we set Py ;(s'[i]|s[[;],z) = 0. We define the scope-wise

bonus function by by, ,(s[I;],z) = THL, /W when Ny (s[;],z) > 0 in Algorithm 6 and
bin(s[L;],z) = H\/S; when Ni(s[;],z) = 0fori=1,...,m

The regret of CF-UCBVI up to episode K is:

K
= (Vi (k1) — V™ (s81)) -
k=1
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Define the value function difference terms at level h in episode k by Ay, j, := V" — V,;T k and ﬁhh =
Vi — Vi'*. Define their realizations at state si 5 by Opp = Ap p(skn) and 0 p 1= Ap p(Skn)-
Under these notations, the regret can be written as:

K
Ry = b1
k=1

Similar to the proof for Theorem 4, at the first step, we show that the optimism property, i.e. Vi ,(s)
term upper bound the optimal value function V}*(s) for all (k, h, s) tuples, holds with high proba-
bility. Since we have no knowledge on the optimal value functions in the regret, it is hard to directly
bound terms dy ;. Lemma 9 shows that we can instead bound Skz,l’ which depends mostly on the
information provided by the algorithm.

Lemma 9 (Optimism (Factored)) Define optimism events as follows:
&= {Vk’,h(s) > Vh*(s)v vk, h, 8},
we have P(E) > 1 — .

Proof [Proof for Lemma 9] We start from proving below lemma.

Lemma 10 For any § > 0, with probability 1 — §, we have:

((P—Pe) Vit ()

< Z i,k (s[L;],z).
i=1

Proof [Proof for Lemma 10:] Following the same idea of Claim 1 by using Lemma 1 and Lemma 2
in Osband and Van Roy (2014), we have

P <’ ((IP - ”Sk) Vif+1> (Saz)’ > Zm:bk,h (S[IiLZ))
=1
<P <H[P(-|S7Z) - ﬂsk(‘|8,Z)H1 > ;If:bkvh(s[li]’z)> (by ‘V}:‘+1(y)‘ < H,VyeS)
i=1

sZP(]

1€[m]

PR

1€[m]: Ny (s[I;],z

Pi(-[s[1i), 2) — Pri(:|s[L], z)

. > %bk,h(S[IiL Z))

Pi(-|s[L], 2) — Pri(-|s[L], 2)

Si
T Nk(s[lz»],z)>

> SZ»>

Pi(-[s[1:],2) — Pri(-|s[L], ) )

—=m——=7=95[1i]Z = ¢ (Union bound over (s[I;],z)).
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The remaining proof for Lemma 9 simply follows the proof for Lemma 7 using Lemma 10. |

At every episode k, level h, we define the state transition kernel, weighted bonus and useful martin-
gale terms as follows:

Pk, (yls) = Pr(ylsen, 2) P(zlskn, m(skn, b))

zeZ

m
= [ PriWlsknllil, 2) P(zlskn, wi(skn, 1))

zcZi=1

m
b =3 3 brn(sk L], 2) P(zlskn, mk(skn b))
z€Z i=1

€ih =Py A 1 — Dpn1 (Skht1)
kb = € (Skh)-

Using above definition and procedures in Algorithm 4 and Algorithm 5, we again bound b k,h TECur-
sively as follows:

Ok < Oat + En + br + [(@Zf’h - [PZA’)V;TH} (5k,1)

+ |75, = PR (Vi = Vitya)| (skn): )
We bound the estimation error term in above decomposition in Claim 3.
Claim 3 For § > 0, with probability at least 1 — 0, the error term can be bounded by:

‘(”ngh — PRV (Skn ‘ > Zbkh VP (2|sk,hs Tk (Sk,ny R)) = bk e
zeZ 1=1

Proof We have P (H[P('|S,Z) - ﬂsk(‘\s,z)Hl >3 Lo n(s[Ll, )) < ¢ from the proof of Lemma 10
(the first inequality to the end), then with probability > 1 — 9, we have

(”SZf"h - sz)vﬁﬂ(sk,h)’ = Z (P(y|3k,ha77k(5k:,ha h)) — Pr(ylsk.n, T (5K 1, h))) Vi (y)
yeS

= ZZ( (Ylsk,h. 2 ”Sk(ylsk,h,z)> P(z|sk,n, Tr(Sk,n: 1) Vi1 (y)

yeS z€Z

< H Y Plalsin milskn ) |PCls 2) = PeCls,2)||
zZEZ

" 1
<HY Y P(zlskn, sk, 1)) g7 O (s[Li], 2) = b

z€Z 1=1
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In Claim 3, the only information about value function V' we use is its upper bound H. Therefore,
under exact the same approach, we bound the higher-order error term as follows: with probability
at least 1 — 6, for all k, h we have

(B = P (Visn = Viren) ) ()| < B

due to the fact that [Vj, ny1(y) — Vi ()| < H,Vy € S.

Combining the recursion in 7 and above two claims, we have

H
5k,h < ZEkJ + 3bk,j~ (8)
i=h

Claim 4 For any 9§, with probability at least 1 — 6, we have:

K H m m m
> k=0 (HL\/ﬁZ VS + HLVTLY \/Si+ HZY ﬁs) .
=1 =1 =1

k=1h=1
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Proof

DD b

B
Il
—
>
Il
—

M=
NE

bie,n (Sk,n L], 2) P (2| Sk, by T (Skyhs 1))

T
_
N
m
N
~
|
_

S;
! Ni(sk,nllil, 2) (25t (550 POV L (N (31 11:):2)>0)

>
Il
MR
N
m
N
~
I
—

M= T T
M= 71
M: 11

+

H\/S; P(2|sk,h 7 (S, 1)) LN, (850 [1:],2)=0)

K H
Z Z ZZZPZ‘S ™k (s, 1)) Ni(s [IZ]7 )I]'{Skh =s,N},(s[1:],2)>0}

1 [1]@3[113[ L)ES|-I;] k=1 h=12€Z

+HZ\F > > ZZZP (s, (5, 7))L sy =5, Ny (s11,),2)=0}

s[L]ES[L] s[— I]eS[ I]k 1h=1z€Z

1
=THL Z \/7 Z Z Z Z mﬂ{sk,h=5} (P(Z‘S’ k(s h)) — IL{ZMFZ})

s[1;1€S[I; k=1 h= 1
LSS Ni(s[l:)2)>0

b
Il
fa
>
Il
N
N
m
AN
-
Il
A

=THL

Ms

7

(a)

1
+THL Z \/> Z Z Z Z Z mﬂ{sk,h:&zk,hzz}

s[L)€S[L] s[~1;)€S|~1;] k=1 h=1 2:Ny,(s[1;],2)>0

(0)

+HZ \/7 Z Z ZZ Z ﬂ{skh =s,Nk(s[I;],z)=0} (P(Z|S77Tk(87h)) - ]]-{zk’h:z}>

(L;]€S[L] s[—L)eS[—1;) k=1 h=1z€Z

(a')
+HZ\/> Z Z Zzzﬂ{m—szw =2,Ny(s[1;],2)=0}
(1)ES[L] s|-Ti|€S[~1,] k=1 h=12€Z

(v)

We bound terms (a) and (a’) using Azuma inequality, with probability 1 — § we have

<7HLZ\F 2T10g<><7HLZJ2ST
<Hz\f 2Tlog<><Hzm
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We next bound term (b) as follows.

<7HLZ\f > ZZZ N (ol 2) e ll=slt e =z}

s|L;)€S[L;) k=1 h=12z€Z

<7HLZf > Z/ et \/71‘

s[I;)eS[I;]) ze 2

—7HLZ\f > Y 2y/Nk(s[I], )

s[;)eS[I;) z€2

< 14HL Z \/S;S[I;]ZT (by Cauchy-Schwarz).
=1

Term (b') can be bounded by H Y /", \/S;S;Z by its indicator function. Combine (a), (a’) and
(b), (b) we conclude the result. [ |

Now we bound the summation over €y, j, terms, which are the only terms in (7) remaining to bound
to this point. By Azuma inequality,

K H K H
S ekn =D D Pk Tr Sk ) Ak n1 (1) — Dkt (Skpsr)
k=1 h=1

k=1 h=1 \yeS

<2H,/KH log (5> <2HVT

Back to (8), we have

K K H m
€3 £33 eun s = 0 (Y VESIIET ).
k=1 Lh=1 i=1

ignoring small order terms which do not have non-logarithmic dependency on 7T'. |

Appendix C. Algorithms
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Algorithm 4 CF-UCBVI

1: Input: action set A, states S and its scopes 1T, ..., I’ identity of parent variables Z, P(z|s, a)
terms.

2: Initialize data H = ¢, Qi 1 (s,a) = H forall k, h, s, a.

3: forepisode k =1,..., K do

4. forsteph=1,...,H do

5: Take action ay, j, = argmax,c 4 Qk 1 (s, a) and observe values of parent variables zj, j,.

6: Update H = H U (Sk,ha Ok, hs Zk,h Skz,h—l—l)-

7. end for

8:  Qpn(s,a) = C-UCB-factored-Q-values(#).

9: end for

Algorithm 5 CF-UCB-Q-values
1: Input: Bonus algorithm, Data .

2: fori=1,...,mdo
3 Nk’(s[[l]azvy[l]) = Z(s’[[i],z’,y’[i]) :I]'(S,[I’L] = S[Ii]’zl = Zay/[i] = y[lb’ for (S[Il]azvy[l]) €
S[L] x Z x S;.

4 Ni(s[li],z) = 22 s, V(s z, y[i]), for (s[Li],z) € S[L;] x Z.
5: Let ; = {(S[IZ],ZS S S[IZ] X Z,N]AS[L’],Z) > 0}

6 Estimate Py ;(yli][s[F], z) = Y524l forall (s[1), 2) € K.

7: end for

8: Initialize Vj, r11(x) = Oforall s € S.

9: forh=H,H—1,...,1do

10: for (s,z) € S x Zdo

11: fori=1,...,mdo

12: if (s[I;],z) € K; then

13: bi n(s[1;], z) = bonus(Ny(s[L;],z))

14: else

15: Qrn(s,z) = H

16: break

17: end if

18: end for )

19: Qen(s,z) = min{H,> " R(s[J;],2) + PpVinrt1(s,2) + iy ben(s[l].2)} if

qk,h (s, z) has not been assigned a value.
20:  end for
21:  for (s,a) € S x Ado
22: Qrn(s,a) =3 cz Plzls, a)qrn(s, 2)
23:  end for
24: Vin(s) = maxgea Qru(s, a)
25: end for
26: Output: Q-values Q, 5 (s,z) forall (s,z) € S x Z.
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Algorithm 6 Bonus for CF-UCBVI

1: Input: § > 0, Ni(s[L;],z), L =1log(5> " S{LIHK ZT/9).

Si
2 b=THL\/ 55— ('S[[LLZ).

3: Output: b.
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