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Abstract: In constrained Markov decision processes (CMDPs) with adversarial
rewards and constraints, a well-known impossibility result prevents any algorithm
from attaining both sublinear regret and sublinear constraint violation, when com-
peting against a best-in-hindsight policy that satisfies constraints on average. In
this thesis, we show that this negative result can be eased in CMDPs with non-
stationary rewards and constraints, by providing algorithms whose performances
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when C' is known. Then, in the case C' is unknown, we show how to obtain the
same results by embedding such an algorithm in a general meta-procedure. This
is of independent interest, as it can be applied to any non-stationary constrained
online learning setting. Finally we design an algorithm that under the same con-
dition, with known C, attains O(v/T) regret and O(v/T + C) positive constraint
violation.
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1. Introduction

1.1. Reinforcement Learning, MDPs, CMDPs and applications

Artificial intelligence and machine learning have become increasingly prevalent in recent years. In particular,
reinforcement learning has seen significant growth. As stated by [31], reinforcement learning problems involve
learning what to do—how to map situations to actions—so as to maximize a numerical reward signal. The
agent’s actions influence the environment, and the learner is not told which actions to take, as in many forms
of machine learning, but instead must discover which actions yield the most reward by trying them out. These
three characteristics—being closed-loop in an essential way, not having direct instructions on which actions to
take, and having consequences of actions, including reward signals, play out over extended time periods—are
the most important distinguishing features of reinforcement learning problems.



This definition of reinforcement learning encompasses a large part of the human experience. With the advent of
robotics, automatic systems, and similar technologies, it is becoming increasingly predominant in technological
advancements. The applicability of reinforcement learning is vast, ranging from daily use in recommendation
systems to life-saving medical procedures, from the everyday use of autonomous car driving to exceptional sci-
entific endeavors like rovers on Mars.

Markov Decision Processes (MDPs) ([24]) are a useful representation of sequential decision-making by an agent.
This model includes several important assumptions, such as the feedback on the agent’s utility (it can be a loss or
a reward) being immediately available, although not necessarily complete. Additionally, what happened in past
episodes and the history of the states visited before the current state during the same episode do not influence
the agent’s utility. The goal of the agent is to maximize (or minimize) their cumulative reward (or losses).
Taking, for example, the definition of [31], the MDP framework encompasses all cases of goal-directed decision
making that can be reduced to three signals passing back and forth between the agent and the environment:
one signal is actions and represents the choices of the agent, the second signal is states and represents the basis
on which the choice is made, and the third signal is rewards that define the agent’s goal.

This framework, however, does not always contain enough information to represent the reality of the decision-
making problem. For example, a notable component this type of framework leaves out is the limitations the
agent has to respect when making choices. More often than not, it would be helpful in real applications to intro-
duce a fourth signal that represents the limitations within which the agent makes their decisions. Constrained
Markov Decision Processes (CMDPs) do exactly that.

Constrained Markov Decision Processes (CMDPs) [2] are an extension of classical MDPs, where the agent,
aside from maximizing their utility, must keep the incurred cost under a certain threshold. This cost depends
on the agent’s decisions similarly to losses or rewards. This problem setting allows for the inclusion of safety
constraints in the decision-making environment, which can be crucial in real-world applications. Examples of
fields where CMDPs are valuable include autonomous driving (e.g. [16, 35]), where it is imperative to avoid
collisions, recommendation systems that must not suggest offensive materials (e.g. [28]), bidding agents in
auctions, where they must not deplete their budget (e.g. [15, 36]), robots with limited battery capacity, medical
procedures, and many others. In many of these cases, the environment is hardly static but can be better
represented by introducing non-stationarity. This thesis will deal with non-stationary CMDPs.

1.2. Related works

Online Learning in MDPs The literature on online learning problems [10] in MDPs is wide (see [3, 13, 23]
for some initial results on the topic). In such settings, two types of feedback are usually studied: in the full-
information feedback model, the entire loss function is observed after the learner’s choice, while in the bandit
feedback model, the learner only observes the loss due to the chosen action. [4] study the problem of optimal
exploration in episodic MDPs with unknown transitions and stochastic losses when the feedback is bandit. The
authors present an algorithm whose regret upper bound is @(\/T), thus matching the lower bound for this class
of MDPs and improving the previous result by [3]. Finally, online learning in MDPs has been studied form
the configurator perspective, namely, the agent whose actions are different possible transition functions of the
underlying environment (see, [21]).

Online Learning in Non-Stationary MDPs The literature on non-stationary MDPs encompasses
both works on non-stationary rewards and non-stationary transitions. As concerns the first research line, [26]
study the online learning problem in episodic MDPs with adversarial losses and unknown transitions when the
feedback is full information. The authors present an online algorithm exploiting entropic regularization and
providing a regret upper bound of @(\/T) The same setting is investigated by [27] when the feedback is bandit.
In such a case, the authors provide a regret upper bound of the order of O(T3/%), which is improved by [17]
by providing an algorithm that achieves in the same setting a regret upper bound of O(v/T). Furthermore, [6]
study adversarial MDPs where the bandit feedback depends on a different agent. Related to the non-stationarity
of the transitions , [32] study MDPs with adversarial corruption on transition functions and rewards, reaching
a regret upper bound of order (5(\/T + C) (where C is the amount of adversarial corruption) with respect to
the optimal policy of the non-corrupted MDP . Finally, [18] is the first to study completely adversarial MDPs
with changing transition functions, providing a @(ﬁ + C) regret bounds, where C is a corruption measure of
the adversarially changing transition functions.

Online Learning with Constraints A central result is provided by [20], who show that it is impossible to
suffer from sublinear regret and sublinear constraint violation when an adversary chooses losses and constraints.



[19] try to overcome such an impossibility result by defining a new notion of regret. They study a class of online
learning problems with long-term budget constraints that can be chosen by an adversary. The learner’s regret
metric is modified by introducing the notion of a K-benchmark, i.e., a comparator that meets the problem’s
allotted budget over any window of length K. [8, 9] deal with the problem of online learning with stochastic and
adversarial losses, providing the first best-of-both-worlds algorithm for online learning problems with long-term
constraints.

Online Learning in CMDPs Onuline Learning In MDPs with constraints is generally studied when the
constraints are selected stochastically. Precisely, [37] deal with episodic CMDPs with stochastic losses and
constraints, where the transition probabilities are known and the feedback is bandit. The regret upper bound of
their algorithm is of the order of @(T 3/ 4), while the cumulative constraint violation is guaranteed to be below
a threshold with a given probability. [34] deal with adversarial losses and stochastic constraints, assuming the
transition probabilities are known and the feedback is full information. The authors present an algorithm that
guarantees an upper bound of the order of @(ﬁ ) on both regret and constraint violation. [7] provide the
first algorithm that achieves sublinear regret when the transition probabilities are unknown, assuming that
the rewards are deterministic and the constraints are stochastic with a particular structure. [12] propose two
approaches to deal with the exploration-exploitation dilemma in episodic CMDPs. These approaches guarantee
sublinear regret and constraint violation when transition probabilities, rewards, and constraints are unknown
and stochastic, while the feedback is bandit. [25] provide a primal-dual approach based on optimism in the face
of uncertainty. This work shows the effectiveness of such an approach when dealing with episodic CMDPs with
adversarial losses and stochastic constraints, achieving both sublinear regret and constraint violation with full-
information feedback. [29] is the first work to tackle CMDPs with adversarial losses and bandit feedback. They
propose an algorithm which achieves sublinear regret and sublinear positive constraints violations, assuming
that the constraints are stochastic. [14] are the first to study CMDPs with adversarial constraints. Given the
well-known impossibility result to learn with adversarial constraints, they propose an algorithm that attains
sublinear violation (with cancellations allowed) and a fraction of the optimal reward when the feedback is full.
Finally, [11] and [33] consider the case in which rewards and constraints are non-stationary, assuming that their
variation is bounded, as in our work. Nevertheless, our settings differ in multiple aspects. First of all, we consider
positive constraints violations, while the aforementioned works allow the cancellations in their definition. We
consider a static regret adversarial baseline, while [11] and [33] consider the stronger baseline of dynamic regret.
Nevertheless, our bounds are not comparable, since we achieve linear regret and violations only in the worst
case scenario in which C' = T, while a sublinear corruption would lead to linear dynamic regret in their work.
Finally, we do not make any assumption on the number of episodes, while both the regret and violations bounds
presented in [33] hold only for large T. Finally, [5] study a generalization of stochastic CMDPs with partial
observability on the constraints.

1.3. Goal and Original contributions

The goal of this thesis is to develop an algorithm that performs on non-stationary CMDPs attaining performance
metrics - cumulative regret and positive cumulative constraints violation (for the formal definition see Section
2.2)- which are optimal in the stationary case ( both O(v/T) ) and that scales smoothly with the non-stationarity,
i.e. @(\/T + (), with C measure of non-stationaity. Notice that this type of bound is in the worst case
linear, which is perfectly coherent with a famous impossibility result of [20] that states that it is not possible
to achieve both regret and constraints violation that are sub-linear in 7" when both rewards and costs are
adversarial. In this thesis we propose first an algorithm designed to operate in environments where the extent of
adversarial corruption (measure of non-stationarity) is known, then we extend the results to an algorithm that
provably achieves similar results in the more challenging and broadly applicable scenario where the adversarial
non-stationarity is completely unknown a priori. Finally, we present a modified version of the algorithm for
uncostrained MDPs presented by [17] adapted to our constrained MDPs setting, tailored for situations with high
non-stationarity in the reward vectors, which would render the initial algorithm ineffective. This algorithm,
given prior knowledge of the corruption on the cost constraints, achieves sublinear regret and @(ﬁ + Cq)
constraint violations.

A preliminary version of the thesis can be found in the paper "Learning Constrained Markov Decision Processes
With Non-stationary Rewards and Constraints" ([30]). In addition to the results presented in the paper, this
thesis includes a minor result not covered in that work, which can be found in Section 5.

1.4. Thesis Structure

e Section 2 introduce the formal definition of the CMDPs, the notation and the performance metrics used



e Section 3 present an algorithm that deals with non-stationary CMDPs when the non-stationary C' is
known, with its theoretical results.

e Section 4 present an algorithm that deals with non-stationary CMDPs when the non-stationary C' is not
known, with its theoretical results.

e Section 5 present an algorithm that consider the rewards as purely adversarial when the non-stationary
on the costs Cg is known with its theoretical results.

e Section 6 contains all the results and future work.

2. Preliminaries

We study episodic constrained MDPs [2] (CMDPs), in which a learner interacts with an unknown environment
over T episodes, with goal of maximizing long-term rewards subject to some constraints. The CMDPs are

defined as tuples M = (X,A,P, {Rt}thl 7{gt}f=1 ,oz). X is a finite set of states of the environment, A is a

finite set of actions available to the learner in each state, P : X x A x X — [0, 1] is the transition function, with
P(z'|z,a) denoting the probability of going from state x € X to 2’ € X by taking action a € A.-Without loss of
generality this thesis considers loop-free CMDPs, i.e. X is partitioned into L layers Xy, ..., Xy such that the
first and the last layers are singletons ( Xo = {zo} and X = {z1}). Moreover, the loop-free property implies
that P(z'|x,a) > 0 only if 2’ € X141 and & € X}, for some k € [0... L—1]. Notice that any episodic CMDP with
horizon L that is not loop-free can be cast into a loop-free one by suitably duplicating the state space L times,
i.e., a state x is mapped to a set of new states (z, k), where k € [0...L]. At each episode t € [T],} a reward
vector r; € [0,1]X*4l is sampled according to a probability distribution R, with r;(z,a) being the reward of
taking action a € A in state z € X at episode t. Moreover, a constraint cost matrix G; € [0, 1]IX*Ax™ s
sampled according to a probability distribution G;, with g¢;;(z,a) being the cost of constraint ¢ € [m] when
taking action a € A in state z € X at episode t. We also denote by g;; € [0, 1]IX*4l the vector of all the costs
g¢.i(x, a) associated with constraint ¢ at episode ¢. Each constraint requires that its corresponding expected cost
is kept below a given threshold. The thresholds of all the m constraints are encoded in a vector « € [0, L]™
with «; denoting the threshold of the i-th constraint.

We consider a setting in which the sequences of probability distributions {R;}}_; and {G;}1_, are selected
adversarially. Thus, reward vectors ; and constraint cost matrices G; are random variables whose distributions
are allowed to change arbitrarily from episode to episode. To measure how much such probability distributions
change over the episodes, we introduce the notion of (adversarial) corruption. In particular, we define the
adversarial corruption C). for the rewards as follows:

min Z |Er:] — 7l - (1)

re[o 1]1X x4l

Intuitively, the corruption C, encodes the sum over all episodes of the distances between the means E[r;] of the
adversarial distributions R; and a “fictitious” non-corrupted reward vector r. Notice that a similar notion of
corruption has been employed in unconstrained MDPs to measure the non-stationarity of transition probabilities;
see [18]. In the following, we let 7° € [0, 1]'X*4l be a reward vector that attains the minimum in the definition
of C).. Similarly, we introduce the adversarial corruption Cg for constraint costs, which is defined as follows:

Ce = min ZmaXHEg“ — gl (2)

0 1]\X><A\

We let g° € [0, 1]1X*4l be the constraint cost vector that attains the minimum in the definition of Cg. Finally,
we introduce the total adversarial corruption C, which is defined as C' := max{Cg, C, }.In this thesis we derive
all results in terms of the total adversarial corruption C.

Tn this thesis, [a...b] denotes the set of all the natural numbers from a € N to b € N (both included), while
[b] :=[1...0] is the set of the first b € N natural numbers.



Algorithm 1 Learner-Environment Interaction

1: R: and G; are chosen adversarially

2: Choose a policy m; : X x A — [0, 1]

3: Observe initial state xg

4: for k=0,...,L—1do

5: Play ap ~ Wt("xk)

6:  Observe r(zk, ar) and g ;(xg, ai) for i € [m]
7. Observe new state xg41 ~ P(:|zg, ak)

8: end for

2.1. Occupancy measures

We introduce here occupancy measures, following the notation by [27]. Given a transition function P and a
policy 7, the occupancy measure ¢"™ € [0, 1]X*4*X| induced by P and 7 is such that, for every x € X}, a € A,
and 2’ € Xpq1 with k€ [0...L —1]:

g™ (

z,a,7') = Play = x,ar = a, 41 = 2’| P, 7, (3)

which represents the probability that, under P and m, the learner reaches state z, plays action a, and gets to
the next state x’. Moreover, we also define the following quantities:

" (w,0) = Y ¢""(w,0,2") and ¢"7(2) =) ¢""(x,a) (4)

' €EX k41 acA

The following lemma characterizes when a vector ¢ € [0, 1]|X xAxX| g a valid occupancy measure.

Lemma 1 ([26]). A vector q € [0,1]X*A%X| 4s a valid occupancy measure of an episodic loop-free CMDP if
and only if it satisfies the following conditions:

ZZ Z (z,a,2") =1 Vkel0...L—1]

ze€Xr a€Ax GXk+1

Z Z (x,a,x) Z Z 2,a,x) Vke[l...L—1],Vx e Xy

acA ' EXpy1 r'€Xp_1a€EA
pPi=p

where P is the transition function of the CMDP and P? is the one induced by q (see Equation (5)).

Notice that any valid occupancy measure g induces a transition function P? and a policy 7 as:

q(z,a,2’)

q(z,a)
Q(Iv a) (5)

Pz |z,a) = @)

and 7i(alz) =

2.2. Performance metrics to evaluate learning algorithms

In order to define the performance metrics used to evaluate our online learning algorithms, we need to introduce
an offline optimization problem. Given a CMDP with transition function P, we define the following parametric
linear program (Program (6)), which is parametrized by a reward vector r € [0, 1]IX*4l] a constraint cost matrix
G € [0, 1]X*AX™ and a threshold vector o € [0, L]™

T
_ Jmaxgeary T ¢ st
OPT, g, = { GTq<a (6)

where ¢ € [0, 1] IX> Al i5 a vector encoding an occupancy measure, whose values are defined for state-action pairs
according to Equation (4), and A(P) is the set of all valid occupancy measures given the transition function P
(this set can be encoded by linear constraints thanks to Lemma 1).

We also introduce a problem-specific feasibility parameter related to Program (6), denoted by p € [0, L] and
formally defined as p := sup, ¢ A(P) MiNje[m] [a — GTq] i.2 Intuitively, p represents by how much feasible solutions
to Program (6) strictly satisfy the constraints.

We say that an instance of Program (6) satisfies Slater’s condition if the following holds.

2@Given a vector y, we denote by [y]: its i-th component.



Condition 2.1 (Slater). There exists an occupancy measure ¢° € A(P) such that GT¢° < a.

Notice that Slater Condition (Condition 2.1) is equivalent to say that p, the feasibility parameter, is strictly
greater than 0.

We are now ready to introduce the notion of (cumulative) regret and positive (cumulative) constraints violation,
which are the performance metrics that we use to evaluate our learning algorithm. In particular the cumulative
regret measures the cumulative difference in terms of rewards from the optimal static solution, while positive
cumulative constraints violation measures the the violation on the costs constraints. We define the cumulative
regret over T episodes as follows:

Rr=1T- OPTF,@,& — Z E[Tt]TqP’m’,
te(T]

where 7 == £ > ter Elre] and G =+ > terr E[G¢]. In the following, we denote by ¢* an occupancy measure

solving Program (6) instantiated with 7, G, o, while its corresponding policy (computed by Equation (5)) is 7*.
Thus, OPT, &, =7 ¢* and the regret reduces to Ry = > te(T] E[r] " (¢* — ¢"™). Furthermore, we define the
positive cumulative constraint violation over T' episodes as follows:

Vr = max [E[Gy] "¢ — a]—.‘_ )
i€[m)] v
te(T]
where [-|T := max{0,-}. Notice that, in our definition of V7, constraint violations are not allowed to cancel

out across episodes. This is a much more demanding performance metric than those employed by [11, 33],
which instead allow for cancellations. For ease of notation, we compactly refer to ¢©™ as ¢, thus omitting the
dependency on P and 7.

2.3. Stochastic, adversarial and corruption robust, a mixed framework

Our setting encompasses both purely stochastic and purely adversarial scenarios. It is interesting to study
how the definitions of cumulative regret and positive cumulative constraint violation in our case relate to those
defined in the literature for stochastic and adversarial cases.

First, it is obvious that when C' = 0, the rewards and costs are completely stochastic, and Ry and Vp collapse
to the definitions of regret and violation for the stochastic case. However, in general, our definition is more
similar to the adversarial case since it is computed with respect to the best policy in hindsight. When the
adversary chooses a singleton distribution in each episode, our definitions of regret and positive constraint
violation become identical to those commonly used for the adversarial setting (e.g. [14]).

In MDP literature, aside from stochastic and adversarial settings, there is another setting known as the
corruption-robust one. In the corruption-robust field, a stochastic MDP is subjected to adversarial corrup-
tion, making it non-stationary. Note that our definition of non-stationarity through adversarial corruption is
inspired by this research field. However, in the corruption-robust literature, performance is computed with
respect to the uncorrupted MDP, which leads to weaker results than those achieved in this thesis.

Finally, it is interesting to underline that the optimal occupancy measure in hindsight ¢* has to satisfy the
constraints only on average and not in each episode, which is a stronger benchmark to confront.

3. CMDPs with known corruption

Section overview In this section we will introduce the pseudo-code for the non-stationary safe optimistic
policy search (NS-SOPS for short) algorithm, and we will prove that such algorithm, given previous knowledge
of the adversarial corruption achieves both regret and positive constraints violation @(\/T + C). Finally we
will analyze what happens to the performance of the algorithm when the adversarial corruption with which it is
initialized is only a guess on the true value of the corruption and it is not precise.

Algorithm non-stationary safe optimistic policy search (NS-SOPS), of which the pseudo-code is reported below,
is based on the idea of performing a simple linear optimization employing enough optimism on the estimator to
compensate for the uncertainty of the environment. In employing more optimism than the one usually applied
for the cost matrices in literature allows us to state that with high probability the optimization space contains
the optimal solution ¢*.

At each episode t € [T], the algorithm builds a confidence set P; for the transition function P by following
the same approach as [17]. By letting M;(x,a,2’) be the total number of episodes up to t € [T] in which
(z,a) € X x A is visited and the environment transitions to state 2’ € X, and N¢(z,a) the total number of



visits to the state-action (z,a) € X x A up to episode t (excluded), the estimated transition probability at ¢ for
(z,a,2') is:

Mi(z,a,z)
max {1, Ny(x,a)}

Then, the confidence set for P at episode t € [T] is defined as:

Py (2 |r,a) =

P, = {]3 : ‘ﬁt(xﬂx,a) — P(2'|z,0)| < &(2 |2, a),
V(w,a,w’) € X x Ax X}c+1,k S [OL — 1}},

where ¢ (2'|z,a) is defined as:

e 2 \/Pt (@) n (TX][A1/8) | 14In(T|X]4]/5)
! ’ max {1, N¢(x,a) — 1} 3max {1, N¢(x,a) — 1}’

for some confidence § € (0,1).

Instead, for rewards and constraint costs, the algorithm adopts novel enlarged confidence bounds, which are
suitably designed to tackle non-stationarity.
At each episode t € [T, for any state-action pair (z,a) € X x A and constraint ¢ € [m], these are defined as

follows:
ZTG[t] ]IT ($7 a)rT (33, a’) Zq—e[t] H7’ (l‘, Cl)gT’i(.I', a)
max{Ny(x,a),1} max{Ny(z,a),1} ’
where I, (z,a) = 1 if and only if (z,a) is visited during episode 7, while I,(x,a) = 0 otherwise. For ease of

notation, we let G, € [0, 1]1X%AIX™ he the matrix with components g; ;(x,a). Given § € (0,1), the confidence
bound for the reward r(z, a) is:

ri(x,a) = and gy i(z,a) =

¢t (2, a) = min {1’ \/QmaX{Nt(l'va)v 1} max{N(z,a),1} T

In (271X 114]/s) C c}

while the confidence bound for the constraint costs g; ;(x, a) is defined as:

. In (2mTIX[1Al/5) C C
§¢(@,a) = min {1’ \/2 max{N(z,a),1} * max{N(z,a),1} * T} ’

Algorithm 2 Non-stationary safe optimistic policy search (NS-SOPS)

Require: C, § € (0,1)
1: w1 ¢ select any policy
2: for t € [T] do
3:  Choose policy 7 in Algorithm 1 and observe feedback from interaction
Compute Py, 7, and G,
q < solution to OPT-CBA(p,) 7,.G, 0
if problem is feasible then
Qi1 < ¢
else
Gt+1 < take any q € A(Py)
10: end if
11: Tyl < T G
12: end for

Algorithm 2 applies an UCB-like approach including optimism in both rewards and constraints satisfaction,
following an approach similar to that employed by [12]. Specifically, at each episode ¢t € [T] and for any state-
action pair (z,a) € X x A, the algorithm employs an upper confidence bound for the reward r¢(z, a), defined as
7e(z,a) == Ti(x,a) + ¢1(x, a), while it uses lower confidence bounds for the constraint costs g; ;(x, a), defined as



9, ,(z,a) = Gri(z,a) — &(x, a) for every constraint i € [m]. Then, by letting 7, € [0, 1]1X*Al be the vector with
components 7¢(z, a) and G, be the matrix with entries g, i(m, a), Algorithm 2 chooses the policy to be employed
in the next episode ¢t 4+ 1 by solving the following linear program:

=T
arg max, . 5 g st
OPT_CBA(Pt),ﬂ,Qt,a = { qEA(Py) t (7)

Glq<a,

3.1. Validity of confidence sets

In this section we show some properties of the confidence interval used in Algorithm NS-SOPS.

First, for what relates to the transition probabilities we used the confidence sets first proposed by [17] for which
the results of Lemma 19 and Lemma 20 hold. We refer to Appendix B for the complete statement. Here what
is of most important to notice is that, defining the event £p as the intersection for all episode t € [T] of the
events P € Py, then Ep, given ¢ € (0,1) use to build P;, is characterized by a probability at least 1 — 44.

Now we introduce the result on the confidence sets on costs and rewards that are original contributions of this
work. We start bounding the distance between the non-corrupted costs and rewards with respect to the mean
of the adversarial distributions.

Lemma 2. For all i € [m], fixing (x,a) € X x A, it holds:

ZE gr.i(z,a)]| < %
te[T
Similarly, fixing (x,a) € X X A, it holds:
r°(z,a) f—ZErtx a)) g%
te[T]
Proof. By triangle inequality and from the definition of Cg, it holds:
1 [e]
(000~ 1 3 Eloe.o)] = | 1 3 (67 (0.0) E[gt,xm,a)])\
te[T te[T]
<= Z Elgt,i(z,a)]
tE[T]
<%
- T

Notice that the proof holds for all i € [m] since ¢° and Cg are defined employing the maximum over ¢ € [m].
Following the same steps, it holds:

1 o
(z,a) — —ZETt (z,a)]| = T Z(r (z,a) — E[r¢(z, a)))
te[T te[T]
1
< = r°(z,a) — E[ri(z, a))
te(T)
ey
- T
which concludes the proof. O

In the following lemma, we bound the distance between the empirical mean of the constraints function and the
true non-corrupted value.

Lemma 3. Fizing i € [m], (x,a) € X X A, t € [T], for any ¢ € (0,1), it holds with probability at least 1 —§:

Gri(z,a) —g°(x,a)| <

1 2 Ca
\/2 max{N;(z,a),1} n (5) + max{Ny(z,a),1}



Proof. We start bounding the quantity of interest as follows:

. Zre[t] I-(z,a)g-,:(z,a) o
B ‘ ( max{N;(z,a),1} ) —g'(x,a)

g,i(x,a) — g°(x, a)

< max{Ntl }%;]]I x, a grz(l‘ CL) E[gm-(x,a)])
1
e Ny (2, ), 1 }T%;]H z,a)[Elgri(z,a)] — g°(, a)]|, (8)

where we employed the triangle inequality and the definition of g; ;(x, a).
We bound the two terms in Equation (8) separately. For the first term, by Hoeffding’s inequality and noticing
that constraints values are bounded in [0, 1], it holds that:

c 2¢?
F [A = max{N¢(z,a), 1}} < 2exp (  max{Ny(z,a), 1})’

where,

)

A= Z‘re[t] I-(z,a)gri(z,a) B Zre[t] I-(z,a)Elgri(z, a)]
N max{N¢(z,a),1} max{N¢(z,a),1}

Setting 6 = 2exp (—
1—6:

) 1}) and solving to find a proper value of ¢ we get that with probability at least

max{N,(z,a),

1 1 2
maX{Nt( ) }Z]I Z, a gT z(x a) E[gf,i(xaa)]) < \/2maX{Nt(x,a),1} In (5)

TE[t]

Finally, we focus on the second term. Thus, employing the triangle inequality and the definition of Cg, it holds:

‘maX{Ntl( a),1} ZH z,a) [Elgri(z,a)] — g°(z, a)]‘

TEt]
S > (¢,0)] ~ o°(z. )
z,a)|Elgri(z, a z,a

~ max{N¢(z, a), } Elg g
! z,a)] — ¢°(z,a)

~ max{Ny(z,a),1 Elgr T

< Cq ,

~ max{Ni(x,a),1}

which concludes the proof. O

We now prove a similar result for the rewards function.
Lemma 4. Fizing (z,a) € X x A , t € [T], for any 6 € (0,1), it holds with probability at least 1 — §:

<

1 2 Cy
- \/2 max{N(z,a),1} I (5) + max{Ny(z,a),1}

ri(z,a) —r°(z,a)

Proof. The proof is analogous to the one of Lemma 3. O

We now generalize the previous results as follows.
Lemma 5. Given any § € (0,1), for any (z,a) € X x A,t € [T], and i € [m], it holds with probability at least

1-9:
< 1 In 2mT| X || A] N Ca
— \ 2max{Ny(z,a),1} 5 max{Ny(x,a),1}

Gri(x,a) — g°(z,a)




Proof. First let’s define (;(z,a) as:

_ L n(2 Ce
Gelana) = \/2maX{Nt($,a)7 1} ! (5> - max{N;(z,a), 1}’

From Lemma 3, given §’ € (0,1), we have, fixed any i € [m], t € [T] and (x,a) € X x A:

P||(Gii(z,a) — ¢°(z,a)| < ((z,a)| > 1 -4

Now, we are interested in the intersection of all the events, namely,

P_(w{ﬁxm@—fwﬂﬂsg@ﬂgm

L z,a,,t
Thus, we have:

P[ﬂ{

T,a,,t

@A%@—f@wﬂ<@@ﬂﬁ]

—11}»[ U {

z,a,i,t

>1- ZIP’[{

x,a,t,t

@A%@g%awjggm@@ﬂ

@Am@f@ﬂﬂsguﬂﬁﬂ ©)
> 1 - |X]||AImTé,

where Inequality (9) holds by Union Bound. Noticing that ¢ ;(z, a) < 1, substituting ¢’ with ¢ := ¢'/| X||A|mT
in ;(z,a) with an additional Union Bound over the possible values of N;(x,a), we have, with probability at

least 1 — 6:
1 2mT|X || 4] Ca
< 1
- \/2 max{N;(x,a),1} . ( ) * max{N;(z,a),1}’

which concludes the proof. O

Gti(x,a) — g°(x,a)

We provide a similar result for the rewards function.
Lemma 6. Given any 6 € (0,1), for any (x,a) € X x A, t € [T], it holds with probability at least 1 — §:

< 1 ) 2T | X || 4] N C,
~ \ 2max{N¢(z,a),1} . 1) max{Ny(z,a),1}

ri(z,a) —r°(z,a)

Proof. First let’s define ¢ (z,a) as:

1 2 Cr
ez, a) = \/2 max{N;(z,a),1} n (5) - max{N;(z,a), 1}

From Lemma 4, given §’ € (0,1), we have fixed any ¢t € [T] and (z,a) € X x A:

|

Now, we are interested in the intersection of all the events, namely,

]P’[ ﬂ {‘?t(x,a) —ro(a:,a)’ < wt(x,a)}].

x,a,t

ri(z,a) —r°(z,a)

< wt(x,a)] >1-4.

10



Thus, we have:

]P’[ ﬂ {‘?t(x,a) — ro(a:,a)’ < z/)t(w,a)}l
~1 —]P’[ U {

File,a) = r°(z,0)| < wtu:,a)}cl

x,a,t
>1-Y P {rt z,a) (:c,a)‘ gm(z,a)}cl (10)
z,a,t
>1—|X[|A|Td,

where Inequality (10) holds by Union Bound. Noticing that r;(x,a) < 1, substituting ¢’ with ¢ := ¢'/|X||A|T
in ¢;(x,a) with an additional Union Bound over the possible values of N;(x,a), we have, with probability at

least 1 — d:
< 1 ) 2T X || Al N C,
~ \ 2max{Ny(z,a),1} . 5 max{N¢(x,a),1}’

which concludes the proof. O

ri(x,a) —r°(z,a)

In the following, we bound the distance between the empirical estimation of the constraints and the empirical
mean of the mean values of the constraints distribution during the learning dynamic.

Lemma 7. Given § € (0,1), for all episodes t € [T], state-action pairs (xz,a) € X x A and constraint i € [m)],it
holds, with probability at least 1 —§:

S gt((E,(I)7

./g\t,i(w7 a) - % Z E[gr,i(xva)]

T€[T]

where,

o 1 2mT|X||A| Co Co
§i(w, a) = min {1’ \/QmaX{Nt(%a), 1} o < Y > " max{N(z,a),1} i T } '

Proof. We first notice that if &(x,a) = 1, the results is derived trivially by definition on the cost function. We

prove now the non trivial case \/Qmax{]\flt(z,a)’l} In (2mT%X||AI) + maX{J\g?z D! + & = < 1. Employing Lemma 2

and Lemma 5, with probability 1 — § for all (z,a) € X x A, for all ¢ € [T] and for all i € [m], it holds that:

(z,a ——Z]Eg”xa

TE[T)

+ |g xa——Z]Egtzxa

te[T)

< 1 In 2mT|X|| A N Ca N Cq
~ \ 2max{N¢(z,a),1} ] max{Ny(z,a),1} T’

where the first inequality follows from the triangle inequality. This concludes the proof. O

< |9ri(x,a) — g°(z,a)

For the sake of simplicity, we analyze our algorithm with respect to the total corruption of the environment,
defined as the maximum between the reward and the constraints corruption. In the following, we show that
this choice does not prevent the confidence set events from holding.

Corollary 1. Given a corruption guess C>Cqand§ € (0,1), for all episodes t € [T, state-action pairs
(z,a) € X x A and constraint i € [m], with probability at least 1 — §, it holds:

< ft(mva)a

Guil, @) — 2 3 Elgri(a,0)]

TE[T]

where,

&z, a) Zmin{l,\/ ! ln(2mTX||A|) n C N
2max{N¢(z,a),1} ) max{N;(z,a),1}

11

N Q)
—



Proof. Following the same analysis of Lemma 7 for C > Cg, it holds

- 1
Gt,i (’JJ, a)fi Z E[QT,i(xv a)]
TE[T]

< 1 In 2mT| X || Al N Ca N
~ \ 2max{N(z,a),1} ] max{N;(x,a),1}

_ 1 o (ZPTIXIAL C N
~ V 2max{N;(z,a),1} ) max{N¢(z,a),1}

which concludes the proof. O

=&

Nl QY

)

Corollary 2. Taking the definition of & employed in Lemma 7 and defining Eg as the intersection event:

Eq = {|§t,i(z,a) —g°(:c,a)| <&(z,a), V(z,a) € X x AVt € [T],Vi € [m]} ﬂ

R 1
gri(w,a) — T Z Elg:,i(z,a)]
TE[T]

< &(wya), V(z,a) € X x AVt € [T],Yi € [m] p,

it holds that P[€g] > 1 — 6.

Notice that by Corollary 1, g includes all the analogous events where &; is built employing an arbitrary
adversarial corruption C' such that C' > Cg.
In the following, we provide similar results for the reward function.

Lemma 8. Given 6 € (0,1), for all episodes t € [T] and for all state-action pairs (x,a) € X x A, with probability
at least 1 — 0, it holds:

ile,a) = 3 Elre(2, )] < (e a),

T[T

. L (XA . .
¢e(x,a) = min ¢ 1, 2max{N¢(z,a),1} n( 5 ) * max{N;(x,a),1} T

Proof. Employing Lemma 2 and Lemma 6, with probability at least 1 — 0, for all (z,a) € X x A and for all
t € [T7, it holds:

where,

ilw,a) — 7 3 Blre(e,a)]

Te[T]

< ?t(‘raa) - ro(x,a) +

°(,0) = 7 3 Blru(e, )

te(T)

< 1 I 2T X || A N C, +g
— \ 2max{Ny(z,a),1} 5 max{Ny(z,a),1} T’

where the first inequality follows from the triangle inequality. Noticing that, by construction,

- 1
rt(x7a) T Z E[TT(LE,G)] <1,
Te(T]
for all episodes ¢ € [T] and (z,a) € X x A concludes the proof. O

We conclude the section, showing the overestimating the reward corruption does not invalidate the confidence
set estimation.

Corollary 3. Given a corruption guess C > Cy and § € (0,1), for all episodes t € [T) and for all state-action
pairs (x,a) € X x A, with probability at least 1 — ¢, it holds:

S ¢t(x7a)7

ri(z,a) — % Z E[r,(z,a)]

TE[T]

12



where,

NI

z,a) = min ! n 2 XJ\A ¢
or(w,a) : {1’ \/QmaX{Nt(w,a)al}l ( 0 ) i max{N;(z, a), 1} ! }

Proof. The proof is analogous to the one of Corollary 1. O

Corollary 4. Taking the definition of ¢, employed in Lemma 8 and defining &, as the intersection event:

£ = {|?¢t(m,a)?ﬂo(x’a)‘ < ¢i(z,a), Y(z,a) € X x AVt € [T]} n

Pilw,a) — 7 3 Elre(r,0)]| < du(a,a), Yiz,a) € X x A v [T] b,

TE[T]

it holds that P[] > 1 — 4.

Notice that by Corollary 3, &, includes all the analogous events where ¢; is built employing an arbitrary
adversarial corruption C' such that C' > C,..

3.2. Theoretical guarantees of NS-SOPS

To prove the theoretical guarantees of Algorithm NS-SOPS we decompose the proof in two main part: first prove
that the algorithm is optimistic enough in its confidence set to include in the optimization-space the optimal
occupancy-measure and second prove that the optimism is limited enough such that the error linked to the
excess of optimism concentrates to a reasonable bound.

First we state and prove that the optimization spaces chosen are large enough.

Lemma 9. For any 6 € (0,1), for all episodes t € [T, with probability at least 1 — 58, the space defined by linear
constraints {q eA(P):Glq< a} admits a feasible solution and it holds:

{qEA(P):@Tan}Q{qEA(Pt):Qthga}.

Proof. Under the event Ep, we have that A(P) C A(P,), for all episodes ¢t € [T]. Similarly, under the event &g,

it holds that {q : % S E[Gy]Tq < a} C {q : Q;rq < a}. This implies that any feasible solution of the offline
te(T]
problem, is included in the optimistic safe set {q € A(Py) : Q;r q < a}. Taking the intersection event Ep N &g

concludes the proof. O

The regret guaranteed by Algorithm 2 is formalized by the following theorem.
Theorem 3.1. Given any § € (0, 1), with probability at least 1 — 96, Algorithm 2 attains:

Rr=0 (L|X|\A|\/T1n (TIXTIAl5) + 1n(T)\X||A|C) .
Proof. First, we notice that under the event &, it holds that, for all (x,a) € X x A and for all ¢ € [T7]:

7oz, a) — 20 (z,a) < % > Elri(x, a)).
te[T]
Let’s observe that g; is optimal solution for 7;_; in {q € A(Py) :Qth < a}, so under £ N Ep the optimal
feasible solution ¢* is such that:
TG>T q"
Thus under the event &, it holds:

1 * — *
T Z E[r] ¢ <7 1q
]

te[T
<71
-
1 ~
< T Z Elrd + 201 | G-
te[T]

13



Thus, we can rewrite the regret (under the event E¢ NE, NEp) as

Rr = Z E[r:] " (¢" — q1)

te[T]
- Z Y Erd (@ —a)+ > Elrd -7) (a7~ a)
te[T) TG[T] te(T]
:Z Y B (@ —G+a—a)+ >, EBr]-r+r° =) (¢ —aq)
te([T] TE[T] te[T]
Z ZETT @ =@ |+ D @ —al+ D IErd =i+ D lIr° =7l
te(T] Te[T te[T] te[T] te[T]
<Y 200 a+ Y NG — aelh + 2C.
te([T] te[T]

By Lemma 19 with probability at least 1 — 65 under event & we can bound 3=, (1@ — @1 as:

TIx||A
Yol —alh = <L|X|\/|A|T1n <5H|)> ,
te[T)

Finally with probability at least 1 — § it holds:

ool <Dtz )i, a)+L\/2T1n5 (11a)

te[T] te(T) z,a

1 2T X]|A|
<ZZHtxa (\/2maX{Nt1($7a),l}ln< ; >+

plurd
* rnaX{NtC:(ac,a)7 1} * 23) + L\/E (110)
\/; In (2T|)§|A|)ZZL z,0) \/maX{Nt 11(33 T
z.ate[T]
+o. Y <max{£t(xl’(c;)7 PRV ;) + LMQTln%
< 3X||A|\/;T1n <2T)§HA|) +IX|A|(2 + In(T))Cy + | X||AIC, + L,/len% (11c)

1 2T | X||A 1
< 3X||A|\/2Tln <5”|) + B3+ I(D)|X[AIC, + Ly/2Tn 5
T|X]|A
0 <|X|A| Tln ('5|> +1n(T)|X|A|CT> :

where Inequality (11a) follows from Azuma-Hoeffding inequality, Equality (11b) holds for the definition of ¢,
and Inequality (11c) holds since 1+ Y N7 (*) \f <1+ 2/Nr(z,a) < 3y/Nr(z,a) and 1 4 S 05" 1 + <
2+ In(T). Thus, we observe that with probability at least 1 — 94 it holds:

Rp=0 <L|X\/A|T1n <T|§|A|> +|X||Al4/TIn (T)ZW) + 1n(T)X||A|C’T> .

Employing Theorem 3 and the definition of C, which is at least equal to C,., concludes the proof. O

IN

We study now the positive constraints violation guarantees of Algorithm 2.
Theorem 3.2. Given any § € (0, 1), with probability at least 1 — 85, Algorithm 2 attains:
Vi = (L|X\|A|\/T1n (mTIXTTAls) + In(T \X||A|C)

14



Proof. In the following, we will refer as £; to the event described in Lemma 20, which holds with probability
at least 1 — 66 . Thus, under £ N &; , it holds:

Vr = max [E[Gt]—rqt — a]:_

te[T]
[ oy T oT +
= Ig[%yx] Z Elgesl —9°) @ +9° a — Oéz}
i LtG[T] L
- T T +
< max Z (Elgeal —9°) @+ (gt_l .+ 2&—1) q — O‘i:| (12a)
Ze[m]te[T] !
- +
= iem] Z (Elged —9°)" @ + g:_l,i (@ — @) + Q:_Lﬂt +260 a4 - O‘z}
% mtE[T] L
- +
< e 3 |(Bloni] =)o+l o) ¢ 2%/ a1 (12b)
te(T]
Sirg[%z ‘ [914] — 9°) Qt‘+2maxz [ 1qt|+maxz 9., Qt_Qt)‘ (12¢)
te(T]
< s 2 Z [Elge.] - oIl +2max ol + max > llge — @l (12d)
velm tE[T] mte[T]
<Cg + 2,max] S&la+ > lla—ailh, (12e)

€ te[T] te[T]

where Inequality (12a) follows from Corollary 2, Inequality (12b) holds since Algorithm 2 ensures, for all ¢ € [T
and for all i € [m], that gT gt < a;, Inequality (12¢) holds since [a+b]* < |a|+]|b], for all a,b € R, Inequality (12d)
follows from Hélder mequahty since Hg J(7,0)]|o0 < 1 and [[ge(2,a)||sc < 1, and finally Equation (12e) holds
for the definition of Cg.

To bound the last term of Equation (12e), we notice that, under &, by Lemma 20, it holds:

T|X|A
> g —alh = <L|X|\/|A|T1n <§|||)> _
te[T]

To bound the second term of Equation (12e) we proceed as follows. Under & ,with probability at least 1 — 4,
it holds:

Yol <Y D Gz al(za +L\/2T1nf (13a)

te([T] te[T] z,a

2mT|X||A|
< I (
ZZ t(z, a) (\/Qmax{Nt 1(z, a), hl(
w0 te[T)
Ca Ca /
Ly/2T In —
+ max{N;_1(z,a),1} + ) + ln ) (13b)

1. (2mT|X||A| !
< \/2111 (5)22]1’5 z,a) \/max{Nt 1(z,a), 1}+

x,a te[T]
Li(z,a) 1 / 1
C = Ly/2T In -
+ G;tez[; (max{Nt 1(z,a),1} + T) + a

1 2mT| X || A 1
< 3|X|A|\/2Tln (W) + |X|A](2 + In(T))Co + | X||A|C + Ly /2T In (13¢)

< 3|X|A|\/;T1n (ML;X”A> + (34 In(T))|X||A[Cq + Ly /2T1n§
T
-0 <|X||A Tln (’”'?”A'> + 1n(T)|X||A|CG> ,
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where Inequality (13a) follows from the Azuma-Hoeflding inequality and noticing that > v.a St— 1z, a)q(z,a) <

L, Equality (13b) follows from the definition of & and finally, Inequality (13c) holds since 1 + ZNT(I Ve

1+ 2y/Nr(z,a) < 3\/Nr(z,a) and 1+ Ei\fl(w’a) 1 <2+ In(T). Finally, we notice that the intersection event
Ec N & N Eazuma holds with the following probability,

IA

P [EG N g{f N gAzuma] =1-P [55 U EZJQ U ggzuma]
>1— (PIEG]+P[ES] +P[ES uma))
>1— 8.

Noticing that, by Corollary 1, what holds for a & built with corruption value Cg, still holds for a higher
corruption (by definition, C' > C¢) concludes the proof. O

3.3. Theoretical result when the corruption is a guess

In this section, we focus on the performances of Algorithm 2 when a guess on the corruption value is given
as input. These preliminary results are "the first step" to relax the assumption on the knowledge about the
corruption.

First, we present some preliminary results on the confidence set.

Lemma 10. Given the corruption guess ég, where Cg = @G + €, with € > 0, and confidence & as defined in
Algorithm 2 using Cq as corruption value, for any 6 € (0,1), with probability at least 1 — &, for all episodes
t € [T), state-action pair (z,a) € X X A and constraint i € [m], the following result holds:

go(xva) < ?]\t,i(zya) Jr&(z,a) —+ <max{N:(g; a) 1} + ;) .

Similarly, recalling the definition of Gy, for all episodes t € [T], state-action pairs (x,a) € X x A and constraints
i € [m], it holds:

g°(x,a) < 9, (x a) + 2&(x,a) + <H1&X{N:(.r Y + ;) )

Proof. To prove the result, we recall that, by Corollary 2, with probability at least 1 — §, the following holds,
for all episodes t € [T, state-action pairs (z,a) € X x A and constraints i € [m]:

Gri(v,a)=g°(z,a)]| <

1 I 2mT|X|| Al N Ca N Cq
2max{N¢(z,a),1} 4] max{Ny(z,a),1} T’

which can be rewritten as:

< &(w,0) + : +7
=S max{Ny(z,a),1} T’

e 1 2mT|X]|A] Ce Ca
&(z,a) := min {1’ \/2 max{N;(z,a),1} . < 9 M max{N¢(z,a), 1} T

and Cg = ég + €, which concludes the proof. O

gri(w,a) — g°(z,a)]

where,

We are now ready study the regret bound attained by the algorithm when the guess on the corruption is an
overestimate.

Theorem 3.3. For any § € (0,1), Algomthm 2, when instantiated with corruption value C which is an overes-
timate of the true value of C, i.e. C> Cg and C> C,, attains with probability at least 1 — 84:

TIX||A ~
Rr=0 (L|X|A| Tln (|5||> +1n(T)|X|A|C> .
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Proof. By Corollary 1, it holds that the decision space of the linear program performed by Algorithm 2 contains
with high probability the optimal solution that respects to the constraints. Furthermore, employing Corollary
3 and following the proof of Theorem 3.1 concludes the proof. O

We proceed bounding the violation attained by our algorithm when an underestimate of the corruption is given
as input.

Theorem 3.4. For any § € (0,1), Algorithm 2, when instantiated with corruption value C which is an under-
estimate of the true value of Cq, i.e. C < Cgq, attains with probability at least 1 — 94:

mT|X||A|
5

Ve=0 (LX||A| Tln ( ) + 1n(T)X||A|CG> .

Proof. First, let’s define ¢ € Rt such that € := Cg — C. Then, with probability at least 1 — §:

Vr = max [E[Gt]—rqt — a]Jr

i

(14a)

= max Z {(E[gtz] - QO)T a+9° " q— al}+

(Elgeil = 9°) T +9,_, (00— @) + 9, @+ 261+

+
* ; (maX{Nt_l(x, a),1} + T) q(x,a) — ai] (14b)

<Co+2max &L q+ Y llos —@lh+
el te[T)

+ Z Z maX{Nt,el(;c a) 1}Qt($,a) + €L, (14c)

te[T] z,a

where Inequality (14b) follows from Lemma 10 and Inequality (14c) is derived as in the proof of Theorem 3.2,
and considering that ||¢:|1 = L, V¢ € [T]. Now, employing the Azuma-Hoeffding inequality, we can bound, with
probability at least 1 — ¢ the term >, >, , m%(% a) as follows:

€ 1 €
2 2 (NG a o g Y3 TR YR

te[T] =,a te[T] z,a

<1 /2T1n% + e[ XJAI(1 + In(T)),

where we applied Azume Hoeflding inequality and the fact that Zte[ Nr(2,a)] % <1+ In(7T). Finally, following
the steps of the proof of Theorem 3.2 to bound the first 3 elements of Inequality (14c) under & with probability
at least 1 — 4, and considering that ¢ < Cg and C< Cg, it holds, with probability at least 1 — 94,

T|X||A T|X||A
Ve =0 <L|X|\/|A|T1n ('”) +|X||Al4/T1n <m|5”> + 1n(T)|X|A|CG) ,

4]

which concludes the proof. O

Finally, we provide the violation bound attained by Algorithm 2 when an overestimate of the corruption value
is given as input.

Theorem 3.5. For any § € (0,1), Algorithm 2, when instantiated with corruption value C which is an overes-
timate of the true value of Cq, i.e. C > Cg, attains with probability at least 1 — 89:

Vp=0 <L|X||A Tln (Tpfs”A') + 1n(T)|X|A|6> :

Proof. The proof follows by employing Corollary 1 to the proof of Theorem 3.2. O
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4. CMDPs with unknown Corruption

Section overview In this section we propose the pseudo-code for the meta-algorithm Lag-FTRL that, Tun-
ning different instances of NS-SOPS initiated with different guesses on the amount of adversarial corruption
attains both regret and constraints violation O(V/T + C) whenever the amount of adversarial corruption C' is
not known a priori. The algorithm proposed use a Lagrangian function on an FTRL mechanism. We will then
state and prove the theoretical guarantees.

At a high level, the Lagrangified follow-the-regularized-leader (Lag-FTRL for short) algorithm works by instanti-
ating several different instances of Algorithm 2, with each instance Alg’ being run for a different “guess” of the
(unknown) adversarial corruption value C'. The algorithm plays the role of a master by choosing which instance
Alg’ to use at each episode. The selection is done by employing an FTRL approach with a suitable log-barrier
regularization. In particular, at each episode ¢ € [T] by letting Alg’t be the selected instance, the Lag-FTRL
algorithm employs the policy 77" prescribed by Alg’t and provides the observed feedback to instance Alg’t only.
This approach has also the advantage of lessen the computational burden of updating all the sub-algorithm at
each episode. In fact Lag-FTRL updates after each episode only the NS-SOPS Algorithm which proposed policy
has been selected at that episode.

Algorithm 3 Lagrangified follow-the-regularized-leader (Lag-FTRL)

Require: § € (0,1)
A B A [logy T

2.y \/ln M/5)/TM n <+ 2LmA\/ln(T)/T

3: for j € [M] do

4:  Alg’ + Algorithm 2 with C = 27

5: end for

6: wy,j < /M for all j € [M]

7. for t € [T] do

8:  Sample index j; ~ wy

9: {* < policy that Alg’t would choose

10:  Choose policy 7" in Algorithm 1 and observe feedback from interaction

11:  Let Alg’t observe received feedback

122 for j € [M] do

13: Build ¢; ; as in Equation (15)

14:  end for

15: Wy < argmin w' Z by + — 1 1
wEA N el

16: end for

The pseudocode of the Lag-FTRL algorithm is provided in Algorithm 3. At Line 4, it instantiates M = log, T
instances of Algorithm 2, with each instance Alg’, for j € [M], receiving as input a “guess” on the adversarial
corruption C' = 27. The algorithm assigns weights defining a probability distribution to instances Alg’, with
wy,; € [0,1] denoting the weight of instance Alg’ at episode t € [T]. We denote by w; € Ay the weight vector
at episode t, with Az being the M-dimensional simplex. At the first episode, all the weights w; ; are initialized

to the value 7; (Line 6). Then, at each episode ¢ € [T, the algorithm samples an instance index j; € [M ]

according to the probability distribution defined by the weight vector w; (Line 8), and it employs the policy m7*
prescribed by Alg’t (Line 9). The algorithm observes the feedback from the interaction described in Algorithm 1
and it sends such a feedback to instance Alg’t (Line 11). Then, at Line 13, the algorithm builds an optimistic
loss estimator for each instance Alg?. In particular, at episode t € [T}, for every j € [M] the optimistic loss
estimator is defined as:

H(jt = ]) tt i\ +
by j = ———t Z (1 —r(z},ap)) + A Z gii) @ —a ) (15)
Wej T ke[0...L—1] i€[m] ( )

where 7 is a suitably-defined implicit exploration factor, {(z},a})} ke[o...L—1] is the sequence of state-action pairs
visited at episode ¢, A is a suitably-defined upper bound on the optimal values of Lagrangian multipliers,? /g\gl

%Notice that, in the definition of A, p is the feasibility parameter of Program (6) for the reward vector 7, the constraint
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is the empirical constraint cost built by instance Alg’ of Algorithm 2 at episode t, while ng is the occupancy
measure computed by instance Alg’ of Algorithm 2 at episode t. Finally, the algorithm updates the weight
vector according to an FTRL update with a suitable log-barrier regularization (see Line 15 for the definition of
the update).

4.1. Theoretical guarantees of Lag-FTRL

Next, we prove the theoretical guarantees attained by Algorithm 3 . As a first preliminary step, we extend the
well-known strong duality result for CMDPs [2] to the case of bounded Lagrangian multipliers.

Lemma 11. Given a CMDP with a transition function P, for every reward vector r € [0, 1]‘X><A|, constraint

cost matriz G € [0, 1]X*AX™ " and threshold vector a € [0, L™, if Program (6) satisfies Slater’s condition
(Condition 2.1), then the following holds:

min mxr — A .= max min 7' q-— N [GTg—al.
H>\H1€[0 L//pl qEA(P 1 Z L q€A(P) [[All1€[0,5//p] I Z ' [ e L
= OPTT,G,O(
where A € RY is a vector of Lagrangian multipliers and p is the feasibility parameter of Program (6).

Proof. The proof follows the one of Theorem 3.3 in [9]. First we prove that, given the Lagrangian function
QN q) =779 = Y Ni (G ¢ — i), it holds:

min max Q(A,¢) = min max Q(\,q),
M1 €[0,L/ p] g€ A(P) AER™+ gEA(P)

with A € RY;. In fact notice that for all A € RT, such that [[Al1 > L/p :

max Q(\,q) > Q(\,¢°) > — Y N (G ¢° —ai) > [Al1ip > L,
9€A(P) i€[m]

where ¢° is defined as ¢° := arg max A(P) MiNje[m] [ai — G;rq}. Moreover since

max Q(A,¢q) < max Q(O )= max r' ¢<L,

H>\|I1€[0 L/p) g€ A(P) qEA(P qEA(P)
it holds:
min  max Q(X,¢q) = n{ min max Q(},q), ax Q(\, q)}
AER™T gEA(P) I €[0,L/p] g€A(P) H>\H1>L/p qGA(P)
= max 9(\,q).
I\Mllé[o L/p] g€A(P) *Aq)
Thus,
OPT, o= i A,
o = s ., Q0
< max min  Q()\q)
qGA(P) IM212L/p
< max Q(A,q)
II/\H1>L/P qEA(P)
= min max 9(}A,q)
XERT gEA(P)
= OPT’I”,G,OU
where the second inequality holds by the maz-min inequality and the last step holds by the well-known strong
duality result in CMDPs [2]. This concludes the proof. O

Intuitively, Lemma 11 states that, under Slater’s condition, strong duality continues to hold even when restricting
the set of Lagrangian multlphers to the A € R, having ||A||; bounded by L/p. Furthermore, we extend the
result in Lemma 11 to the case of a Lagrangian functlon suitably-modified to encompass positive violations. We
call it positive Lagrangian of Program (6), defined as follows.

Definition 1 (Positive Lagrangian). Given a CMDP with a transition function P, for every reward vec-
tor v € [0,1]X*Al constraint cost matriz G € [0,1]X*AX™ " and threshold vector a € [0, L]™, the posi-
tive Lagrangian of Progmm (6) is defied as a function L : Ry x A(P) — R such that it holds L(8,q) =

rquﬂZie[m][ qfa] for every >0 and g € A(P).

cost matrix G, and the threshold vector a. In order to compute A, Algorithm 3 needs knowledge of p. Nevertheless, our
results continue to hold even if Algorithm 3 is only given access to a lower bound on p.
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Notice that the offline optimization problem defining the positive Lagrangian does no admit Slater’s condition
since, by definition of the [-]* operator, it does not exist an occupancy measure such that ¢° s.t. [GT¢° — a] <0
for any i € [m]. Nevertheless, we show that a strong duality-kind of result still holds for £(Z 7 q), when Slater’s

condition holds for the optimization problem when the [-]T operator is not applied to the constraints, namely,
Program (6). This is done in the following result.

Theorem 4.1. Given a CMDP with a transition function P, for every reward vector r € [0, 1]‘XXA|, constraint

cost matriz G € [0, 1]X*AX™ " and threshold vector a € [0, L™, if Program (6) satisfies Slater’s condition
(Condition 2.1), then the following holds:

max L (L max r'q— — —a —OPTT @
JeA(P) (L/p,q) = JEA(P) Zez[::] q G,

where p is the feasibility parameter of Program (6).

Proof. Following the definition of Lagrangian function, we have:

L +
max L(L/p,q) = max r'q— — Glq—
qE€A(P) (L/p.0) q€A(P) 1 p iez[;n] (Gia ]

(]— Z)\ G q_OQ]

<
X)L/ Pt

< max r'q— by G — oy
I\/\II1€[0L/ﬂ]q€A(P 1 zez[;n] 1 "

max ' q— Z )\i(G;rqfai)

<
I €0/ 6] aEA(P) et
= OPTT,G,&

where A € RY}, is the Lagrangian vector, the second inequality holds by the maz-min inequality and the last step
follows from Lemma 11. Noticing that for all ¢ belonging to {q € A(P): GTq < a}, we have L(1/p,q) =1"q,
which implies that maxgea(py £(1/p,q) > OPT, G o, concludes the proof. O

Theorem 4.1 intuitively shows that a L/p multiplicative factor on the positive constraint violation is enough to
compensate the large rewards non-feasible policies would attain when employed by the learner. This result is
crucial since, without properly defining the Lagrangian function optimized by Algorithm 3, the FTRL optimiza-
tion procedure would choose instances with both large rewards and large constraint violation, thus preventing
the violation bound from being sublinear.

4.1.1 Preliminary results
In the following sections we will refer as:
wt, (Je =17) T35 +
-y y wllmd) s (g )" 19
te[T] je[M] Weg T i€[m]
to the estimated violation attained by the instances of Algorithm 3. Furthermore, we will refer as:

‘7T,j* = Z M Z [gtjZ Tc'[tj — air_, (17)

te[T] Weje T i€[m]

to the estimated violation attained by the optimal instance j*, namely, the integer in [M] such that the true
corruption C' € [27° 71,277

Furthermore, we will refer as ¢] to the occupancy measure induced by the policy proposed by Alg’ at episode
t, with j € [M],¢ € [T], and we will refer as:

Zre[t] I (z,a)l(j; = j)g'r,i (7,a)
max{N7 (x,a),1}

jq\g,i (z,a) =

)

to the estimate of the cost computed for j-th algorithm, where th (z,a) is a counter initialize to 0 in ¢ = 0, and
which increases by one from episode ¢ to episode ¢t + 1 whenever I;(z,a)l(j; = j) = 1.
We start providing some preliminary results on the optimistic estimator employed by Algorithm 3.
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Lemma 12. For any ¢ € (0,1), given v € Rx¢, with probability at least 1 — ¢, it holds:

Rr<0O (yTLM+L1 [2T In <(15)> :
where Ry = Zte[T] Zje[M] (wt,j (L - E[”F‘I?) - Wtuft ﬁ»y] Z(z ,at) ( — 1 (2}, az)))

Proof. We first observe that by construction:

Z Z ’wt,J (¢ = 7) Z (l_rt(x}twaz)) :Z

te[T] j€[M] Wej (2t ,al) te[T] je[M]

2
——t_ (L —Er J’) .
W Jr,}/ ( [ t] 4q;

Moreover, still by construction, for all episodes ¢ € [T, it holds:
wi1Gi = ) o
> PR ST (1 (ahal)) < D0 1Gi=0) Do (1w (oh.oh)) < L.
jepny M («foat) ey («hoat)

Thus, employing Azuma-Hoeffding inequality, with probability at least 1 — 4, it holds:

> Y | LBl Te) - we 10t = J) S (U relahal)) | < Ly)2T | ).
_ wej+7 wej J
te[T] je[M] ' (h-ak)

Finally we notice that:

> 30w (LoETd) - 3 3 Tk (1ol

te[T) jE[M] te[T] je[M Wt.j Jr v
w . .
5 5 () ()
rerr)jepn) N T
<~TLM.
. . we,;1(J¢

Adding and subtracting E [Z reim) Djep) et ?ﬂ” ) (wtal) y (1— (xk,ak))] to the quantity of interest and
employing the previous bound concludes the proof. O

We provide an additional result on the optimistic estimator employed by Algorithm 3.

Lemma 13. For any ¢ € (0,1), given v € R>q, with probability at least 1 — 9§, it holds:

S UET S (k) - Y (2B Td ) =0 (£ (3))

terr) "t (zt,at) te[T]

Proof. The proof closely follows the idea of Corollary 5. We define the loss ¢; = Z(Ik at )(1 re(xh, at)), the opti-

mistic loss estimator ¢, := "J=1") 2wt ap) (1= r¢(zt, al)) and the unbiased estimator £, := H(fﬂ’i) D et at) (1
t,J )

Wy, 5 i* Tty
re(x,; af))-
Employing the same argument as [22] it holds:
~ I(4, = %) - Iy =4*) - L 244 i L L 2y~
b= =g W=7 g o L Dhfwsl g o Ly (”74),
Wy = + wy j= + vl /L 29 1+l Jwy j+ L 2y L

since <In(1+ 2),z € RT. Employing the previous inequality, it holds:

2y ~ 2y L 2y~
exp (I:Y&) exp (I:y2'y In (1 + g£t>)

ft—l]

1+z/2

E

ft—l] <E

-

2y~
=E |1+ —¢
+ 7 t

2y | I(je = §*)
=1LH BT Y (e al)| Fo
T el
2
103 (e
2 -k
<e ( ( [re] "q ))
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where F;_; is the filtration up to episode t. We conclude the proof employing the Markov inequality as follows:

o5 2 (o)) =)

te[T)

<E |exp 22%(& (L E[r] " q )) exp(—e)
te[T]

< exp(—¢).

Solving 6 = exp(—e) for € we obtain:

e (L—E[n]Tq{*))>Lln<§) <s.

te[T)
This concludes the proof. O

We are now ready to prove the regret bound attained by FTRL with respect to the Lagrangian underlying
problem.

Lemma 14. For any § € (0,1) and properly setting the learning rate n such that n < m, Algorithm 8
attains, with probability at least 1 — 20

i, Im+15 Lm + 1
I
te[T] te[T] je[M P P
MInT 1 L 1
<o 22 4y mALATM + ATLM + Ly [Tln (= )+ ZIn( =) .
U o) v \0
Proof. First, we define ¢; ;, for all ¢t € [T, for all j € [M] as:
I(j: = j) Lm 41 T~ +
tyi= =22 | 3 (1 -rmileh,af) + >[50 —ail
Wt + Y T P ,
(2} ,at) 1€[m]
Since it holds that nwy ;|0 ;| < w < g forallj € [M], forallt € [T]aslongas n < g oy <

m, if n S m, Algorlthm 3 attains, by Lemma 17 :

> [ S el =905~ 4y - D= 5 <1Tt(xg,a;>>] pLmrly

Wt ; + Wi, j+ +
te[T] Ljie[M] g T (xt,al) b T (z},,a},) P
MInT TM(Lp+ L?*m?+Lm)2 Lm+1~
S =t (Lo 7 4 5 Vr j=, (18)

- + 2,2 m
where we used that (Z(xfc,a;)(l re(zh,al)) + Lm+1 Y icim [gtfithj _ Cm} ) < w and > Y e w} 02

TM(LptLom* +Lm)” - g with probability at least 1 — 24, it holds:

P
Z ]E[Tt Z Z wy ;B[] '+ me+ 117T

te[T) te[T] je[M]
Z Z ’LUtj(L ]E?"t qt) Z (L Ert )+Lm—|—1‘7T (19)
te[T) je[M) te[T] r

MInT / 1 L 1 L 1~

where Equation (19) holds since 3y, we,; = 1, Vt € [T], and Inequality (20) holds, with probability at least
1 — 20, by Lemma 12, Lemma 13 and Equation (18). This concludes the proof. O
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In order to provide the desired bound Rp and Vr for Algorithm 3, it is necessary to study the relation between
the aforementioned performance measures and the terms appearing from the FTRL analysis in Lemma 14.
Thus, we bound the distance between the incurred violation and the estimated one.

Lemma 15. For any v € R>q, given ¢ € (0,1), with probability at least 1 — 100, it holds:

i (T

Vo —Vpr=0 <mL|X|A| 5

) +mln(T)|X||A|C+’yTLM> .

Proof. We start defining the quantity Etvj (z,a) — for all episode t € [T, for all state-action pairs (z,a) € X x A,
for all instance j € [M] — as in Theorem 3.2 but using the true value of adversarial corruption C, considering
that the counter N/ (x,a) increases on one unit from episode ¢ to ¢ + 1, if and only if 1(j; = j)I;(x,a) = 1, and
by applying a Union Bound over all instances j € [M] namely,

1

B 2mMTIX][A c c
&.i(x,a) = {1, \/Qmax{th(x’a)’ 5 ( ] ) + T T + T} , (21)

By Corollary 2, and applying a Union Bound on instances j € [M] simultaneously V¢ € [T],Vi € [m],V(x,a) €
X x A,Vj € [M], with probability at least 1 — d, it holds:

?f,i(ac, a) + é,j(x,a) > g(z,a). (22)

Resorting to the definition of IA/T, we obtain that, with probability at least 1 — §, under &5:

wt,j jt —.7 |:A] T~ :|+
_y oy e v,

te[T) je[M) i€[m]
wy ;1(j :J) ~ o7 > ~ +
= > % > [(gifqi+§t}qg—ai)—€t}qt -9, (d _Qt)}
ey jepn VT icim)
wy ;10 = J) [~ 7 j to2 i
>y Z il T ( Gl +&5)"dl _Oéz} —&ial =gl gl —qil) (23a)
temjenn VT igm N
wt,‘H(Jt:]) o toor g P,
> Y LN ([0Td -] -~ & -l @l (23D)
. t,7 Y .
te[T] jE[M] i€[m]
S wy i 1(jr = j) Eio 1Tad — ol — &7 wy i 1(jr = j)
=Y Ziw_Jr S |Elgedl Tal —ai| =& ) - > Ziw_Jr
te[T] j€[M] L3 T e N te[T] je[M] g T
. q+ T|X||A
Y [to° -~ Bl )l —0<mL|X|\/|A|T1n ('(J")) (230)
1€[m]

where Inequality (23a) holds since [a — b]* > [a]" — b, a € R,b € R>0, Inequality (23b) follows from Inequal-
ity (22) and since, by definition, g/ ;(z,a) < 1,V(z,a) € X x A,Vi € [m],Vt € [T],Vj € [M] and, finally, Inequal-
ity (23c) holds under event &; by Lemma 20 after noticing that 3=, ¢ 2 c(a wrUe=j) >icpm) gl — @1 <

wy,j+
Yierr Zgenn e = 5) (wrets ) Siepmlldl = @1 < m i llal* — @7 Il
(7] [(M] Gty [m] (7]
We will bound the previous terms separately.

. . . +
we jH t=
Lower-bound to > .7y > e # > ielm] [E[gm‘]TQf - ai]
We bound the term by the Azuma-Hoeffding inequality. Indeed, with probability at least 1 — §, it holds:

> 5 walli=9) 5 fgy g7 o]

te[T] je[M] W, T i€[m]

. + 1
ET]jelM i€[m)
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where we used the following upper-bound to the martingale sequence:

we ;1(j: = 7) Z T j + o wh
P Elged "al —ai| < Y I(jr =) > |Elge] " df
jepry Wi T ic[m] { } je[M] Wi+ ic[m] [ }
> 1G=3) > ld I
JE[M] i€[m]
<mllg*|lh
< mlL.

Moreover, we observe the following bounds:

Z Z w, Z { il _al} Z Z wis Z []E[Qt,i]qu—ai}+

te[T) je[M] i€[m) te[T) je[M Wej i€[m)
<ATLm,
and,
+ ; +
DB IRED o) CARLTEA N oE D or | AR R
te[T] je[M J€E[M] tE[T]

Combining the previous rebultb we obtain, with probability at least 1 — §:

= . +
Z Z wegllie = 9) G: =3) [E[gt,i]—rqg —Olz}
Wt

teT) jE[M JTY e

> Z max Z Wy, j [ Gt.i) j —airr — <7TLm+Lm”2T1n (;)) .
e[M te[T

we j1(je=
Upper-bound to 3=, 7 > e —on gjﬂj) > ic[m] 5,57] q.
We bound the term noticing that, with probability at least 1 — ¢, it holds:

Z Zwt,j (Je = J) thth

remenn Y Y g
we i 1(je =J) o1 5
< 3 mme 3 MUCIE Ty
jep S iem tg T
N [ 1
< Z m max Z Zﬂ(jt = j)l(z,a)é j(z,a) + L 2T1ng
jepn e va

=0 <m|X|A| Tln (m]WT(lX|A|) +mInT|X||A|C + L\/TIn ;) ,

where we employed the Azuma-Hoeffding inequality and where the last step holds following the proof of Theo-
rem 3.2.

_ q+
Upper-bound to 3=, (7 > e tuftﬂgjfrvj) > ic[m] [( E[gt,i])T CI{} .
We simply bound the quantity of interest as follows:

SE SRl

te[T] jeM] ’JJ” ic(ml
<mmax S5 160 = )l — Elgullls
i€lm ]te[T 1j€[M]

< mC.

Final result. To conclude we employ the Azuma-Hoeffding inequality on the violation definition, obtaining,
with probability at least 1 — §:
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Thus, plugging the previous bounds in Equation (23c), we obtain, with probability at least 1 — 104:

Vo —Vp
w10t = j) -~ +
< Z max Z .]t —] [ gt, l] _az:| Z Z tj :_ [ngth z:|
sepn €™ e e jepn VR T i)
+

Wy, wy ;1(5e = J) 1 ;

<m Y Y Wl A oy Ll =) = > (Elgri] — Elge)) Tdf
W, + Y wyj+ Y T
te[T] je[M] te[T] je[M] i€[m] TE[T]
1 T|X||A
+TLm + 2Lmy 2T (6> +0 (mL|X|\/|A|T1n <|6||)>
MT|X||A
=0 <mL|X|A| Tln (malll) +mIn(T)|X||A|C +7TLM> .
This concludes the proof. O

We proceed bounding the estimated violation attained by the optimal instance j*.
Lemma 16. For any ¢ € (0,1), with probability at least 1 — 146, it holds:

R MT|X||A In (%
g =0 (g (I e 12

0

Proof. We start by observing that with, probability at least 1 — ¢ under &, the quantity of interest is bounded
as follows:

i B AL S

tem Yt T e
I(j, = j* S P + A
<> L =) > ([gi,f(qi —qg )49, d —&jal —az} +&5-q ) (24a)
te[T) Weje 1€[m]

Jt =7j%) B P .
< Z Py Z ([E[gt,i]'rqg _ai] +gt}q§ +

te[T 1€[m]

T —ElgTd | +1d - 24b
+ 9% qf 9t @ | +@ —aq Ik (24b)

<> m > ([E[gt,i]qu* - ai]+ +&5d + (6"~ Elg)" qﬁ*]+>

te[T] 1€[m)]
o <L|X|\/|A|Tln (TP?A')) , (24c)

where Inequality (24a) holds since [a + b]" < [a]t + [b]T, Va,b € R and by the definition of 5” (see Equa-
tion (21)) which implies that all its elements are positive, Inequality (24b) holds with probability at least 1—§ by
Corollary 2 and by union bound over M, and since that ||g;; |l < 1 and Inequality (24c) holds with probability
at least 1 — 60 by Lemma 20. .

Upper-bound to Zte[T] %ifig Zie[m] [(go - E[Qt,z‘])T al }

It is immediate to bound the quantity of interest employing the definition of corruption C' and by Lemma 18.
Indeed, with probability at least 1 — §:

I(j, = 4* 1t 1
Z M Z {(g" —E[gt’i])—rqi } < Lmy /2T In (5) + mC.
te[T) Wejr i€[m]

—; - +
Upper-bound to 3=, 7 37 ,*er) > icim] [E[gtﬁi]—'—q{ - a,} .
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We bound the quantity of interest as follows. With probability at least 1 — 104, it holds:

ST S (Rl T -]

te[T) Wi, +71€[m]

. + In (M

<3 Y [ElolTd -] 4L 2(5) (25a)
te[T) ie[m] v

In(4F)
<mVp -+ L 2y (25Db)
mT | X||A| In(4)
= O [ m|X||A|Ly /T In s +mIn(T)|X||A|C + L—2= 2 , (25¢)

where Inequality (25a) holds by Corollary 5 with probability at least 1 — d, and where Vp ;« in Inequality (25b)
is the positive cumulative violation of costs constraints that Algorithm 2 would attain when instantiated with
value of corruption C' = 277, if it were to run on its own, and thus Equality (25c) holds by Theorem 3.2 and
Corollary 3.5 with probablhty at least 1 — 95 conuderlng that, by definition of j* , 27" is at most 2C.

Upper-bound to 3, o :i,a il ]ft]*qt .
First, notice that, with probablhty at least 1—4, it holds:

I(je =
Z%Z&tﬁqt —mZHjt—j)ft]*qt <L“2Tln(5>
telr] 7 icm) telr]

where we employed Lemma 18. Now we observe that, with probability at least 1 — ¢, it holds:

Z &L Al Z th 15+ (z,a )q! (55 a)l(je = j*)

te[T] te[T) =,a
~ ' . 1
S f;m ;&*1,]'* (x,a)ly(z,a)l(j; = j*) + L1/ 2T In 5

_0 <|X|A| T (mMT(lX”AQ + n(T)|X||AIC + Ly/T1n ;) ,

where employed the same steps as in the proof of Theorem 3.2, considering that the counter increases if and
only if It(z, a)I(je = j*) = 1.
Combining the previous bounds concludes the proof. O

4.1.2 Main Results

Theorem 4.2. Given any 6 € (0,1), with probability at least 1 — 266, Algorithm 3 attains:

Rr=0 (m2L2|X|\A|\/Tln (mTIX[1Al/5) In(T") + mQLln(T)|X||A\O> .
Proof. We first decompose the regret as follows:

Ry = Z 7 (g —a)

te[T]
= > Er] -7 (@ —q)+ Y Elrd"q" = > Elr]"
te[T) te[T] te[T]
< D B =7+ Y (B Elr:]" q) (26a)
te[T] te[T)
<20+ > (E Elr " q:) (26b)
te[T]
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where Inequality (26a) holds since |g;(z,a) — ¢*(z,a)| < 1, ¥(x,a) € X x A, and where Inequality (26b) holds
by definition of C. Moreover, by Lemma 14, with probability at least 1 — 24, it holds:

Y ErdTq" = > Elr] g

te[T] te[T]
=Y E[r" (q*—qf*) > Efr" (qf*—ﬂt)
te[T) te[T)
L 1+ L 1~
<R+ S Y wiBlr) g - 3 B Tq - 2 2R g
te[T] je[M] te[T] P P

+0<MIHT+ 4ML4T+7TLM+L1n<§)>, (27)
0

where Equation (27) holds by Lemma 14, with probability at least 1—20, and where RJ; is the regret Alg’ " would
incur in. Now, employing the Azuma-Hoeffding inequality t0 > ;¢ 7 > eiug wy ;E[r] Tq] — > telm) E[r gt

Theorem 3.1 to bound R{; with high probability and Lemma 16 to bound IA/TJ* with high probability, we
observe that with probability at least 1 — 244, it holds:

; Lm+1+
RJ + Z Z wt] Tt — Z E[Tt]—rqgt’ + VTJ*
te[T] je[M] te[T] P

mMT|X||Al

<0 <m2L2|X||A| Tln ( 5

) +m2L1n(T)|X||A|C+L2mm(’:‘S4)>. (28)

Finally, combining the previous results and by Union Bound, with probability at least 1 — 266, it holds:

L 1~ MT|X||A
Rr+ g < 0( 212|X||A]4 /T n (W) +m2LIn(T)| X||A|C+
In(¥) MinT
) MIT s T ), (29)
Y
which concludes the proof after observing that Vp > 0, by definition, and setting v = ln(T]\ﬁé), n =
In(T)

T 2Lm(£m+1)' O

Theorem 4.3. Given any § € (0,1), with probability at least 1 — 306, Algorithm 3 attains:

T|X||A
Vi =0 <m2L2|X|A| Tln (m|§”|> In(T) + mlen(T)|X|A|C> .

Proof. By Equation (29), which holds with probability at least 1 — 264, we obtain:

Lm+15 mMT|X||A]

Rr + 3

Vr < (9( 212X || A Tln( ) +m2LIn(T)|X||A|C+

In(%) MInT
({s)JrnJr

+ L*m m*MLAT + fyTLM) .

In order to obtain the final violations bound, it is necessary to find an upper bound for —Rp. We proceed as
follows,

7lq* =OPT; ¢, (30a)
L —T +
=T
= max [T q— — G, qg— o 30b
qEA(P) ( ¢ P ig;ﬂ [ 1 } ( )
_ L —T +
>7 g —— {Gi a az} :
P i€[m]



where Equality (30a) holds since ¢* is the feasible occupancy that maximizes the reward vector 7 and Equal-

+
ity (30b) holds by Theorem 4.1 . This implies 7' ¢, — 7' ¢* < L Zze[m] [G:(h — ai] . Moreover, it holds:

> > [el —a]’

te[T] i€[m
< Z Z []E[gt,i]TQt - 041 —|— Z Elg:: ) T_ (31a)
te[r) \iclm] il
<SS [Bloed e —a] "+ Y |G —Elgedl|, (31D)
te[r] \ilm] iepm]
< Z Z [E[gt,i]TQt - (Jéi]+ + Z (Hél — g°H1 +1lg° = E[Qt,i]”1)
te[r] \ielm] iepm]

where Inequality (31a) holds since [a + b]" < [a]* + [b]1,a € R,b € R, Inequality (31b) holds since g;(x,a) <
1Vt € [T],Y(z,a) € X x A, and finally Inequality (31c) holds by definition of C' and Vp and noticing that
MmmaXe(m] @i > Zle a;, V{ai}iem) € R™. Thus, combining the previous bounds we lower bound the
quantity of interest as follows:

Im+1 . Lm+1
Ry + Ve =Y E[r]" (¢ —a)+ Vr
te[T]
* T o Im+1
=D B -7 (¢ —a)+ DT (¢ —a)+ Vr
te[T] te[T)
Lm+1
> = > B =Tl + DT (¢ —a) Vr (32a)
te[T) te[T) p
L L 1
> =20~ 2 (mVr +2mC) + mily, (32D)
2L L 1 L
e m0+VT( mt _m)
p p
1 2L
i 7 (2C+ mc) : (32¢)
p p

where Inequality (32a) holds since v'w > —|jv|1]|w|lc, Vv, w € RP,p € N, and where Inequality (32b) holds
" +
since 7' (¢* — q;) > f% Zie[m] [G;rqt — al} > — (mVp +2mC) and by definition of C. Thus, rearranging

Inequality (32c), we finally bound the cumulative violation as follows:

VT S Qpc + 2L mC + pRT + (Lm + I)VT

- Lm+1
= 2pC +2LmC + (Lm +1) (Ve = V) + p <RT + mp VT)

< O<m2L2|X||A Tln <mMT|X|A|

)
ln(%)

v

) +m?LIn(T)|X||A|C+

m M1In(T)

+ +pm*MLAT + fymTL2M> ,

where the last inequality holds by Equation (29) and by Lemma 15, with probability at least 1 — 46 under &;.
Employing a Union Bound, setting v = % and n = 4/ lnng) m concludes the proof. O

5. Adversarial loss and corrupted cost with known corruption

Section Overview In this section we will consider a peculiar case in which the adversarial corruption on
the rewards is expected to be almost linear and the corruption on the cost Cg is known a priori. First, we will
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expand on when and how this particular algorithm is useful, then we will state its theoretical guarantees.

The algorithm 3 (Lag-FTRL) performs well when the adversarial corruption value is low enough (sublinear,
ideally C = O(VT )) and very poorly when the adversarial corruption is linear. This result, as stated in the
introduction, is perfectly coherent with the impossibility result of [20].

In the field of non-stationary CMDPs, it may be useful to consider an environment where only one of the two
adversarial corruptions is potentially linear, while the other remains sublinear. Specifically, we consider the
case where the adversarial reward corruption is potentially linear and the adversarial corruption on the cost
constraints is known (or at least an overestimation of it is known) and sublinear. In this section, we propose an
algorithm that treats the rewards as purely adversarial and achieves a regret of @(\/T ) and positive cumulative
constraint violations of at most O(VT + Cg).

First, we expand on the setting considered in this section. The environment remains the same as in Section
1, with the only difference lying in how we represent the reward vectors. In the introduction, the rewards are
analyzed and considered with respect to a theoretical non-corrupted reward vector r°, fixed in all episodes.
In this section, we ignore the non-corrupted reward vector and consider the rewards in each episode as purely
adversarial. Note that this is merely a difference in approach and perspective and does not impact the structure
of the CMDPs.

In this scenario, we use an approach based on Online Mirror Descent (OMD), inspired by the unconstrained
algorithm proposed by [17], which deals with adversarial losses, unknown transition probabilities, and bandit
feedback. In this thesis, we consider the CMDPs problem as one of maximizing rewards, which can be easily
converted to a problem of minimizing losses by taking the losses as 1 — r(z, a).

Our main contribution in this case lies in the choice of the optimization space for the occupancy measures. This
space is adapted to the non-stationarity of the costs and, with high probability, contains the optimal occupancy
measure at each episode, while still guaranteeing constraint violations of at most @(ﬁ +Cq).

We define a loss estimator function fi(z,a) as :

Ii(x,a)

fi(xz,a) == m(l —r(z,a)), (33)
where /
w(r,0) = sup g (z,a). (34)

Algorithm 4 Bounded Violation Optimistic Policy Search for Non-stationary Constraints (known C¢)
Require: Cg,6 € (0,1)

Lln(L‘X(SHA‘)
Loy A\ —rpxqiar

e s ~ 1
Initialize s q1(x,a,1'/) — WM, V(x,a,.r/) S Xk x A x Xk-+1, ke [O,L — 1]

mp <
for t € [T] do
Choose policy m; in Algorithm 1 and observe feedback from interaction
Compute Py, f;, and G,
Giy1 «— argmin Y fi(x,a)q(x,a) + D(ql(G)
qE€A(PL):GY q<a z,a
Update policy m4q = wdt+!
9: end for

®

5.1. Theoretical Results

We start by discussing the positive cumulative constraints violation. Notice that Algorithm 4 has the exact
same optimization space as Algorithm 2, so the same results as in Theorem 3.2 holds, thanks to an completly
analogous proof..

Theorem 5.1. For any § € (0,1), Algorithm 4 attains, with probability at least 1 — 89
Ve=0 <L|X\|A|«/Tln (mTIX]Al/5) + 1n(T)\X||A|C) .
Proof. The proof is completly analogous to the one of Theorem 3.2. O
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Looking now at the achieved regret, to prove that algorithm 4 achieves sub linear regret, it is fundamental to
prove that the optimal policy ¢* is with high probability in the optimization space of the OMD in each episode
1.€.
¢ €{geA(P):Glq<a}, Vte[T]

This result is given by Lemma 9. Now, given that with high probability the optimal solution is contained in
the gradually restricting convex optimization spaces at each episodes, the problem of bounding the regret can
be re conducted to the problem of binding the regret of an OMD with bandit feedback and unknown transition
probabilities in the equivalent unconstrained MDP. Thank to this the result presented in [17] holds.

Theorem 5.2. For any § € (0,1), with probability at least 1 — 99, Algorithm 4 attains:

e =0 (1t (7))

Proof. The proof is completely analogous to the one of [17]. First we decompose the Regret similarly to [17]

Rp = Z E[r:]" (4" — at)

te[T]
= > > (1 -Eln(,a))( (v, a) - g(z,a))
te[T] x,a
= > > (1 —Elr(e,a))@ —a)+ Y Y (f( = Elri(2,0)])) gi(z, )
te[T] z,a te[T) z,a
ERROR BIAS1
+Zfoa )@ (z,a) — q* (2, a) —|—ZZ 1—E[ri(z,a)]) — f(z,a)) ¢*(z,a) .
te[T] z,a te[T] z,a
REG BIAS2

Bound On ERROR
ERROR =Y > (1 -E[ri(x,a)))(@ — )

te[T] z,a

<D (@@a) - ala))
te[T] z,a

Z g — atllx

te[T)

—0 <L|X\/A|T1 T|X|A|)> :

since 1 — E[ry(z,a)] <1 for all (z,a) in X x A, and by applying Lemma 20.

Bound on BIAS1 First we observe that f:(x,a)g:(z,a) < %(1 —r¢(z,a)) <1 under Ep thanks to the

definition of u;. Thus, by applying Azuma’s inequality with probability at least 1 — § it holds:

2 YU Bl gm.

Finally we bound ;.71 >_, , (1 = E[ri(z, a)]) — E[fi(2, a)]) @i (2, a) under Ep as

> ¥ (1 Blne,a)) - (o)) i) = 3 3 HEAED LI iy, )

te[T) z,a te[T) z,a a)—i—w
< 3 llue = gills +2TIX1 A
te(T]

TIX||A
=0 <L|X|\/|A|Tln< ‘(SH |)+77T|X|A|>,

since by definition under £p we have that u.(z,a) > qi(z,a) and ui(x,a) > q:(x, a) for all episode ¢t € [T] and
for all couple state-action (z,a) € X x A, and finally by applying Lemma 20.
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Bound on REG Thanks to Lemma 9 we can employ the same exact reasoning as the one employed by [17],
from which it holds the following with probability at least 1 — 5§

Lln (%)

Lin (L
REG <O +nX||A|T+":m

Bound on BIAS2 With probability at least 1 — §

BIAS2= )" > (fi(z,a) = (1 = E[ry(z,a)])) ¢"

te[T] z,a

< 3 (4201 nea) - (- Bt o))

Pt u(z,a) +

In (XAl
:(9(275>

i

which holds by applying 5 with f; as Zh M as | X x A| dimension of the vectors f;.

Lln(L‘X(SHA‘

XA e conclude the proof.

Finally substituting n and v with

6. Conclusion

6.1. Results

In conclusion, we presented an innovative algorithm that operates in non-stationary CMDPs and achieves regret
and positive constraint violation of order O(vVT + C) when C' is known. Additionally, we introduced a meta-
procedure that attains the same guarantees when C' is not known a priori. Finally, we proposed a hybrid
algorithm combining the NS-SOPS designed in this thesis and UOB-REPS from [17], which is effective in scenarios
with high corruption on the rewards, extending beyond the intended use cases of the previous algorithms.

6.2. Future work

A significant limitation in achieving better results in non-stationary CMDPs is the impossibility result of [20],
which greatly restricts the potential for improvement when dealing with adversariality in CMDPs. Nonetheless,
even though sublinear regret and positive violations are unachievable, there is still room for improvement for
our algorithm when C' is linear. One promising direction could be the use of meta-procedures, such as the one
proposed in [1], to bound the worst-case scenario (C' = O(T)) by introducing an arm algorithm specifically
designed for handling completely adversarial rewards and costs, potentially through the use of primal-dual
techniques.

Finally, to apply these new algorithms to practical cases, it is essential to analyze their computational re-
quirements and potentially improve their efficiency. Some steps towards efficiency have already been taken in
this work, given that lag-FTRL updates only one instance of a sub-algorithm per episode, but there remains
significant room for improvement.
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A. Event Dictionary

In the following, we introduce the main events which are related to estimation of the unknown stochastic
parameters of the environment.
e Event £p: for all t € [T], P € P;. Ep holds with probability at least 1 — 4§ by Lemma 19. The event is
related to the estimation of the unknown transition function.
e Event &: for all ¢t € [T],i € [m], (z,a) € X x A:

~ 1
Gri(z,0) = = Y Elgri(z,a)]| < &(x,a).
TE€[T)
Similarly,
/g\t,i(xa a) - go(x7a’) S gt('x? (1).

Ec holds with probability at least 1 — & by Corollary 2. The event is related to the estimation of the

unknown constraint functions.
e Event &,: for all t € [T],(z,a) € X x A:

1

ri(z,a) — T Z E[r;(z,a)]| < ¢i(z, a).
TE[T]
Similarly,
ri(x,a) —r°(z,a)| < ¢z, a).

&y holds with probability at least 1 — § by Corollary 4. The event is related to the estimation of the
unknown reward function.
e Event & : for any P’ € P;:

DY \”“’”xa)—qt@c,a)\so(L|X|\/|A|T1n(“f5M))-

te[T) z€X,a€A

& holds with probability at least 1 — 65 by Lemma 20. The event is related to the convergence to the
true unknown occupancy measure. Notice that P [£5 NEp] > 1 — 60 by construction.

B. Auxiliary Lemmas from Existing Works
In the following section, we provide useful lemma from existing works.

B.1. Auxiliary Lemmas for the FTRL master algorithm

In the following, we provide the optimization bound attained by the FTRL instance employed by Algorithm 3.
Lemma 17 ([18]). The FTRL algorithm over a convex subset 2 of the (M — 1)-dimensional simplex Ay :

1 1
Wyy1 = arg min Z éTw + - Z In () ,
we | ey " emn NI

ensures for all u € Q:

ZZT MlnT ”Z Z wt] tw

te[T] te[T] je[M]

as long as nwy ;| ;| < % for allt,j.

B.2. Auxiliary Lemmas for the optimistic loss estimator

In the following, we provide some results related to the optimistic biased estimator of the loss function. Notice
that, given any loss vector ¢, € [0,1]™, the following results are provided for ¢; ; := wtﬂ‘ i)% £, j, where j € [M],
¢y ; is the j-th component of the loss vector, I;(j) is the indicator functions which is 1 when arm j is played

and ~y; is defined as in the following lemmas.
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Lemma 18 ([22]). Let () be a fized non-increasing sequence with v > 0 and let oy ; be nonnegative Fy_1-
measurable random variables satisfying oy ; < 2y, for allt and j. Then, with probability at least 1 — 9,

> 5 ang (- ) <1 (3).

te[T] je[M]

Corollary 5 ([22]). Let vw =~ > 0 for all t. With probability at least 1 — 9,
Z (gtj Et,]) = Ma
te[T) 2y

simultaneously holds for all j € [M].

B.3. Auxiliary Lemmas for the Transitions Estimation

Given the estimated transition function space P, the following result can be proved.
Lemma 19 ([17]). With probability at least 1 — 46, we have P € P, for all t € [T].

Notice that we refer to the event P € P, for all ¢t € [T] as Ep.
We underline that the estimated occupancy measure space by Algorithm 2 is the following:

vk, > q(z,a,2") =1
r€X,a€A,x' €X 41
Yk, Ve, > q(z,a,2") = > q (2, a,x)
(ZEA T EXk+1 ' EXK_1,aEA
A(Py) == (Vk,V (z,a,2"), q(z,a,2") < [Py (2" |z,0)+ e (2 [z,0)] Y qlz,ay).
YEXk+1
(z,a,2') > [Py (2’ | 2,0) =€ (¢ | w,0)] 2 q(z,a,y)
YEXk+1
q(z,a,2') >0

To conclude, we restate the result which bounds the cumulative distance between the estimated occupancy
measure and the real one.

Lemma 20 ([17]). With probability at least 1 — 64, for any collection of transition functions {P¥},cx such that
PP € Py, we have, for all x,

>y ‘Pf””:ﬂa)fqt(x a)‘<O<L|X\/A|T1 <T|§”A|)>

te[T) zeX,a€A
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Abstract in lingua italiana

Nei Processi Decisionali di Markov Vincolati (Constrained Markov Decision Processes or CMDP) con ricom-
pense e vincoli avversari, un noto risultato di impossibilitd impedisce a qualsiasi algoritmo di ottenere sia un
regret sublineare che una violazione dei vincoli sublineare, quando si compete contro una politica ottimale in
retrospettiva che soddisfa i vincoli in media.

In questa tesi, mostriamo che questo risultato negativo puo essere attenuato nei CMDP con ricompense e
vincoli non stazionari, fornendo algoritmi le cui prestazioni degradano gradualmente con I’aumentare della non
stazionarieta.

In particolare, proponiamo algoritmi che ottengono un regret di (5(\/7 + C) e una violazione dei vincoli positiva
con un feedback di tipo bandit, dove C é un valore di corruzione che misura la non stazionarieta dell’ambiente.
Nel peggiore dei casi, questo valore puo essere ©(T), in coerenza con il risultato di impossibilita per i CMDP
avversari.

Innanzitutto, progettiamo un algoritmo con le garanzie desiderate quando C ¢é noto.

Successivamente, nel caso in cui C sia sconosciuto, mostriamo come ottenere gli stessi risultati incorporando
tale algoritmo in una meta-procedura generale.

Questa é di per sé interessante, poiché puo essere applicata a qualsiasi contesto di apprendimento online vincolato
non stazionario.

Infine, progettiamo un algoritmo che, nelle stesse condizioni, con C' noto, ottiene un regret di (5(\/7) e una
violazione positiva dei vincoli di O(v/T + C).

Parole chiave: Online Learning, Markov Decision Processes, Markov Decision Processes Vincolati,

Adversarial Online Learning, non-stazionarieta
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