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Abstract

In this thesis, we study sequential decision-making models where the feedback received
by the principal depends on strategic uncertainty (e.g., agents’ willingness to follow
a recommendation) and/or random uncertainty (e.g., loss or delay in arrival of
information). Such challenges often arise in Al-driven platforms, with applications
in recommender systems, revenue management or transportation. We model and
study this class of problems through the lens of multi-armed and contextual bandits
evolving in censored environments. Our goal is to estimate the performance loss due to
censorship in the context of classical algorithms designed for uncensored environments.
Our main contributions include the introduction of a broad class of censorship models
and their analysis in terms of the effective dimension of the problem — a natural
measure of its underlying statistical complexity and main driver of the regret bound.
In particular, the effective dimension allows us to maintain the structure of the original
problem at first order, while embedding it in a bigger space, and thus naturally
leads to results analogous to uncensored settings. Our analysis involves a continuous
generalization of the Elliptical Potential Inequality, which we believe is of independent
interest. We also discover an interesting property of decision-making under censorship:
a transient phase during which initial misspecification of censorship is self-corrected
at an extra cost; followed by a stationary phase that reflects the inherent slowdown of
learning governed by the effective dimension.
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Chapter 1

Introduction

1.1 Motivation and Focus

Bandit problems are prototypical models of sequential decision-making under uncer-
tainty. They are widely studied due to their applications in recommender systems,
online advertising, medical treatment assignment, revenue management, network
routing and control [29] [42]. Our work is motivated by settings in which the feedback
received by the decision-maker in each round of decision is censored by a stochastic
process that depends on the current action as well as past history of feedbacks and
actions. For instance, in typical missing data problems, the decision-maker needs to
deal with frequent losses of information (or delays in arrival of information) due to exo-
geneous failures such as faulty and/or unreliable communication. Missing observations
in dynamical interactions with the environment are a common concern in diverse fields
ranging from operations management to health sciences to physical sciences [48 23] 32].
In other settings, such as Al-driven platforms for health alerts, route guidance, and
product recommendations [6, 49], the reception of feedback depends on whether or
not the decision (or recommendation) is adopted by strategic agents (e.g. patients,
customers or drivers) with private valuations. Thus, from the platform’s viewpoint, the
adoption behavior of heterogeneous agents can be regarded as a stochastic censorship
process.

A typical application is dynamic decision-making in logistics systems where an
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operator (principal) aims to maximize a cumulative reward metric (e.g. timeliness or
fuel usage efficiency) by recommending routes to drivers (agents). At a given time
(stage), the principal can only revise estimates on specific routes based on the data
from agents who follow its recommendation to take those routes. The choice model
of the agents endogenizes the censorship process. Additionally, censorship can also
arise due to unreliable or insecure communication between principal and agents. The
“optimality” in this decision-making problem depends on how fast the underlying
latent condition of the network that governs the stage-wise rewards can be learned.
The challenge arises from the fact that the data generating process is mediated by
agents’ behavior and the data available is incomplete due to censorship. The question
then is to develop efficient algorithms that account for censorship and estimate the

performance loss (relative to no censorship benchmark).

Similar questions were also raised in the recent value alignment literature in order
to study the extent to which an artificial agent can infer a agent’s preferences and
beliefs from her choices or decisions i.e. the learning from human feedback question. A
variety of settings, ranging from pure learning |21} [11] to sequential and/or cooperative
games under partial information|20] [9], as well as the training of Large Language
Models were raised. This thesis contributes to this field by establishing some first
theoretical foundations for evaluating the statistical value of received feedback and by

providing model based insights to algorithmic designers in experimental settings.

In static environments, the bias induced by the presence of randomly missing
information has been thoroughly studied [32] 36]. However, in online settings, the
dynamics of learning and acting are inherently coupled: since censorship mediates
current information of the environment, it impacts the outcome of data-driven decision
process; this in turn conditions the future decisions and future censored feedback,
creating a complex and endogenous joint temporal dependency. Our work contributes
to the analysis of such phenomena for a broad classes of decision and censorship models.
Importantly, it is the first normative inquiry of how censorship impacts the statistical
complexity of bandit problems. We develop an analysis approach that is useful for both

estimating the performance loss due to censorship and refining the classical algorithms
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designed for uncensored environments. We also arrive at worst-case guarantees on the
performance of resulting strategies. This effort contributes to a systematic study of

sequential decision making problems in strategic and adversarial environments.

1.2 Related Work

Within the extensive bandits literature, well-surveyed in [29] 42|, our work is most
closely related to stochastic delayed bandits. Initially, this line of work focused on the
joint evolution of actions and information in settings where the reception of the latter
is delayed [17]. Of particular interest is the packet loss model recently introduced
in [27], which provides the regret bound O(%RT) where Ryp is the uncensored regret
and p the censorship probability. Analogous results have been shown in the context
of Combinatorial Multi-Armed Bandits with probabilistically triggered arms; see for
example, [10] and [46]. Our work provides a systematic approach to study more
general censorship models, and sheds light on how the impact of coupled feedback
and censorship realizations on the expected regret can be evaluated in terms of the
effective dimension of the problem.

Importantly, we also tackle the contextual bandit problems, where relatively few
results are available on the regret under missing or censored feedback. A notable
exception is the work of [45], who focus on a different information structure and
obtain a scaling of 1/p (see Remark [4]). A related contribution by [2] provides both a
potential-based analysis of UCB for multi-armed bandits and an algorithmic variant
leveraging Kaplan-Meier estimator, although their censorship setting is different than
ours. In particular, our results are applicable to settings when delay is significantly
large (possibly infinite). This is in contrast to prior results on bandits with delayed
information structure which assume either that the delay is constant, upper bounded,
has a finite mean, or simply provide regret guarantees that are linear in the cumulative
delays up to time T [17, 25, B3, 50, B7]. Under such assumptions on delay, one usually
gets an additive dependency of the regret in terms of delay parameters.

The abovementioned works primarily focus on modifying well-known bandit algo-
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rithms to account for delays, or propose new delay-robust algorithms which may be
difficult to implement in practice; a notable exception includes [47]. In our work, we
instead focus on estimating the performance loss due to censorship and derive insights
on the behavior of well-known UCB class of algorithms [30, [12] 1]. These algorithms
are widely used in practice; moreover, their theoretical study has been shown to be
useful for analysis of broader class of algorithms (notably Thompson Sampling [3], [40]

and Information-Directed Sampling [41] 26]).

Our work contributes to the Generalized Linear Contextual Bandits literature
[18) 31] in two ways: Firstly, through the use of these models in a sequential decision-
making framework on which the impact of censorship is assessed in Sec. {4l Secondly,
by showing that our multi-threshold censorship model induces, at first order, a
non-linear structure that closely mirrors such models. Our results provide new tools to
study this structure. It is useful to note that the notion of effective dimension has been
well-studied in the statistical learning and kernels literature [43]44] (where it is defined
for a Gram matrix K,, and regularization \ as d’(\) = tr(K, (K, + \[;)™')). Our
work shows that an analogous quantity governs the regret bound of bandit problems

in censored settings.

The literature on non-stochastic multi-armed bandit problems with delays prob-
lems [35] 8 24] also tackles multiplicative dependency, although in a different setting
than ours. Another related line of work is Partial Monitoring [5 28| which deals with
generic categorization of learnability, rather than a fine-grained analysis of dimension-
ality in relation to censorship. We also mention recent work on computational and
statistical properties of estimators that work under truncated or censored samples
[14, 15, [16]. Albeit the setting (mostly offline learning with Gaussian noise) and
the tools (variant of stochastic gradient descent on modified log-likelihood) are quite
different from our work, they showcase a growing interest in the study of censored

learning.

Finally, there is a rich literature on classical missing and censored data problems,
well surveyed in [32] or [36]. Our work contributes to this broad field since we deal

with endogenous and sequentially generated censorship process.
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1.3 Summary of Contributions

In Chap. |3} we consider Multi-Armed Bandit (MAB) models and prove that the regret
scales as O(dozv/T) (Thm. , where d.gz is the effective dimension with value
Zae[d] pia, mirroring the O(dv/T) for uncensored case. In doing so, we recover and
generalize related results from |27, [10] to more complex regularized settings and noise
models. In particular, we prove that the effective dimension results from characterizing
the so-called censored cumulative potential V,. Our proof methodology easily allows
to extend this result to the instance-dependence case, as demonstrated in Prop[3.1.2]
The second part of Chap. [3| focuses on a technical study of the adaptive nature of
censorship for V,. Interestingly, we show in Lemma and Prop. that the
adaptivity only plays a second order role, that is, impact of censorship can be treated
in an offline manner at first order. To the best of our knowledge, this set of results
brings considerably new insights on the statistical nature of the censorship.
Importantly, our study of MAB under censorship instantiates an analysis framework
which extends to Linear Contextual Bandits (LCB) (Chap. [4). Our main result
provides that regret is still governed by the effective dimension, but now with a
dependency of @(\/m\/T ) (Thm. , also mirroring the usual O(dv/T) for
UCB in uncensored case. To the best of our knowledge, these regret bounds provide
the first theoretical characterization in LCB with censorship, and contribute to the
literature by evaluating the impact of censorship on the performance of UCB-type
algorithms. Our second main contribution is identifying the effective dimension for
a broad class of multi-threshold models as well as a precise understanding of
the dynamic behavior induced by these models (Thm. . In particular, we find
that censorship introduces a two-phase behavior: a transient phase during which the
initial censoring misspecification is self-corrected at an additional cost; followed by
a stationary phase that reflects the inherent slowdown of learning governed by the
effective dimension. In extending our analysis from MAB to LCB, we also develop

a continuous generalization of the widely used Elliptical Potential Inequality (Prop.

4.2.2), which we believe is also of independent interest.
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Chapter 2

Preliminaries

In this chapter, we formally introduce the mathematical framework used throughout
this work, as well as key notations. We first formally introduce the classes of Multi-
Armed and Contextual bandit problems. We then give a generic definition of the
censoring model and instantiate it specifically in chapters [3] and [, We present the
design principle of the upper confidence bound (UCB). We conclude by presenting the

notion of regret, the performance criterion.

2.1 Bandit models

We successively consider stochastic multi-armed bandits (MAB) (Chap. [3) and Linear
Contextual Bandits (LCB) (Chap. [4)) in censored environments. In both settings, at
each round ¢ < T, the agent observes an action set A; C A. She then selects an action
a; € Ay (i.e. an arm) to which a noisy feedback r(a;) + € is associated, where r(a;) is
a bounded reward and ¢, is an i.i.d. sub-Gaussian noise of pseudo-variance o%. For
action a, the sub-optimality gap at time t is denoted A(a) = maxzc, 7(a) — r(a),

and the maximal gap A4, = max,; A;(a). We now recall the specifics of each model:

e MAB: There is a finite number of actions d, enumerated as A = [d], each having
a scalar reward 6%. Arms are independent: playing one arm gives no information

about the others.
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e LCB: The action set A; is a subset of the unit ball By, possibly infinite. Non-
stochastic contexts are modeled by the fact that A; is drawn by an oblivious
adversary. Here one does not need to rely on the typical i.i.d assumption on their
generating process [50, [18]. Unless explicitly mentioned, the reward is assumed

to be linear with respect to a latent unknown vector 6* € R4, i.e., r(a) = (a, 6*).

2.2 Information Structure and Censorship

In the classical uncensored setting, the noisy feedback is immediately observed post-
decision and utilized to make decisions in the next round. We introduce the following
censorship model: an independent Bernoulli random variable of parameter p,,
denoted as z,, is drawn after each decision a; and the feedback is observed, i.e.,
realized, if and only if x,, = 1; else the feedback is said to be censored. We recover the
uncensored setting when p, = 1. As briefly mentioned above, such censorship can also
be seen as an infinite delay. One of the main novelties of this work and a key factor of
difficulty is the fact that we allow the censoring probability to depend on the action,
i.e. we consider a heterogeneous censoring. We instantiate the precise relationship
between the censorship probability and the action chosen a in Chapf3|and 4, While
this has already been partially done for the MAB case [19], it is an open challenge in
the LCB case. Note also that this generic censorship model slows down the learning
but doesn’t introduce any bias in the estimation of the latent parameter [27].

Owing to the online nature of the problem where the principal learns endoge-
nously about the environment while acting, the design of the information struc-
ture is paramount. More formally, in the case of uncensored bandits, the latter
is characterized by the filtration (FN),<r where FNC C F is the sigma algebra
generated by (ai,7(ay) + €,...,a;_1,7(a;_1) + €_1). Such actions are in turn gen-
erated by a (possibly randomized) policy ® = (m;);<r that is FNC-adapted. In
other word, m; can be seen as a distribution probability over actions conditioned
by FNC. In the censored case, the complete information structure can be charac-

terized by the filtration (FF);<r where F& C F is the sigma algebra generated by
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(ay,7(a1)+€1,Zay, .-y a1, 7(ar—1)+€—1, %4, ,). We introduce 1,44+ the set of policies
time-measurable with respect to this filtration and refer to them as adaptive policies.
Yet, as described above, our main focus is on the more realistic setting where a reward
is observed conditionally on realization and absence of realization i.e. censorship
doesn’t convey any information. In other words, we introduce the filtration (F;)i<r

where F; C F is the sigma algebra generated recursively by:

J—"t? if La, = 0
Fi

FirUo(ag,r(ag) +€), otherwise

and we shall note Il,¢; C ITyq4p the subset of policies time-measurable with respect

to this filtration.

2.3 Upper Confidence Bound Algorithms

To study the impact of censorship on bandit problems, we consider the class of
high-probability index algorithms based on the optimism under uncertainty principle,
commonly referred as UCB-algorithms. Beyond the fact that they are widely used in
practice, their theoretical study has proven to be intimately linked to that of a larger
class of algorithms (notably Thompson Sampling and Information Directed Sampling).
Algorithm [I] summarizes the generic UCB design framework. We detail bellow the
specific instances of UCB for MAB (resp. LCB) used in Chap[3] (resp. Chap[4]).
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Algorithm 1: Generic UCB
Input: Total time T, Regularization X\, Precision

fort=1,...,7T do
Provide reward estimator 7 verifying w.p. 1 — ¢:

Va € Ag,r(a) < 7} a);

Play action a; = argmax, 4, 77 (a) ;
if (a¢,r(at) + €) is realized i.e. x,, =1 then
Update 7;

end

end

e UCB-MAB: Following [29], the UCB algorithms for the MAB case with
homogeneous regularization A > 0 uses the following optimistic reward estimator

at time ¢:

. ; 6o log(T) A16* [l
A A A
7 (a) = 6;_4(a) + \/)\—G—Na(t— 0 + Nt N (- 1)

It is based on the use of the regularized empirical mean to estimate the reward

of action a at the end of round ¢:

t

0)(a) & AGES ;(r(aT) +7)1{a, = a,z,, =1}
_Nat) t _ _
= mﬁa + AGES) Zearl{aT =a,z, = 1}.

T=1

The high-confidence property of this algorithm is proven in Lemma [3.5.1}'Under

a-priori known heteroskedasticity, the reward estimator can be expressed as:

_ - 602 log(T") A0 || o
A FAP a
7 (a) = 6;_4(a) + \/)\—G—Na(t— 0 + LN —1)

!Typically, an upper bound on [|6*||o for MAB (resp. ||0*||2 for LCB) is used instead of this
unknown quantity. We keep ||0*]|oo (resp. ||6*||2) not to overload notations but our results immediately
extends to the use of the latter.
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e UCB for LCB Following [1} 29], the UCB algorithms for the LCB case with
homogeneous regularization A > 0 uses the following optimistic reward estimator

at time ¢:

a) & <a,éi\f1> + 51‘/71(5)“@HW$_177

where we introduced the random quantity:

C
B,1(0) 2 \/02 log (%) + 202 log(5) + VA

It is based on the use of the regularized least square estimator to estimate the

vector 6* at the end of round ¢:

¢
0} = (W)™ 3 (er + (ar, 0%))a, -
T=1
The high-confidence property of this estimator is proven in Lemma Ex-
tension to Generalized Linear Contextual Bandits is discussed in Sec. [4.6.6]
where a regularized MLE estimator is used instead of a regularized least square

estimator.

2.4 Performance Criterion

The frequentist performance of the agent is measured by the notion of pseudo regret,
i.e., the difference between the algorithm’s cumulative reward and the best total

reward. More formally, we introduce for any policy 7 € II:

T T T

R(T,7) = zré%(r(a) - Zr(at) = Z Ay(ay).

We aim to provide guarantees on E[R(T, 7)] with respect to the number of rounds
T and quantities that govern the complezity of the problem (for example number of

arms, ambient dimension d, parameters of censorship model or smoothness properties
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of the reward r). Here, the expectation is with respect to the noise induced by the
feedback, the censorship and a possibly randomized policy. This work provides both a

proof methodology and an an answer to the following open questions:

e How to assess the quantitative impact of the presence of censorship on the

expected regret for the UCB class of algorithms ?

e Are the dynamics of learning similar in Multi-Armed and Contextual Bandits
model 7 More precisely, how does the multiplicity of information acquisition

means interacts with the censorship during learning for the latter 7

e What is the normative relationship between the difficulty of the problem i.e. the
scaling of the regret and the parameters of the censorship model ? Stated differ-
ently, is there a way to characterize the class of censorship models corresponding

to a given level of effective dimension ?

2.5 Notations

Transpose of a vector u is denoted by u", classical Euclidean inner product by (.,.)
and trace operator by Tr. For positive semi-definite matrix ¥ € R%¢ and for any
vector u € R, notation ||ul|x refers to vuTXu. We use notation I, to denote the d x d
identity matrix. B, is the unit ball in R%. [n] is the set of integers {1,2,--- ,n}. For
a given function f, we note f® the i** derivative of f. To avoid confusion with the
dimension d, we use Jx instead of dr to denote an infinitesimal increase of x. We use
the asymptotic notations ~, @, © and O (O when log factors are removed). Finally,
for an event H, we use =H to denote its complement.

To help the reader, we recall the notations used throughout the paper in Tab[2.1][2.2)
and 2.3
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Table 2.1: Summary of Notations: Bandit Problem Variables

T
d

(A, A)

Qy

(et’ ‘72)

> [1>

1> 11>

> > >

>

Total number of rounds of the sequential decision-making problem.
Number of arms in Chap[3] Dimension of action feature vector in
Chapf]

Action set at time ¢; Union of all action sets A;.

Action picked at time t; selected by policy 7, seen as a function of
previous history.

Stochastic feedback noise a time t. Sub-Gaussian with pseudo-
variance parameter o2. If 02 depends on the action selected (het-
eroskedasticity), we use o2 instead.

Unknown reward function, maps action to scalar reward. Parame-
terized by unknown latent state 6*.

Sub-optimality gap of action a at time t, reward difference with
optimal decision of clairvoyant policy

If Ay(a) is independent of ¢, we use A, = A¢(a). Apax is an upper
bound of Ay(a) for all actions a and time t.

Pseudo regret of policy 7 over T" rounds.

Table 2.2: Summary of Notations: Censorship Variables

Da

(¢j7 uapj)

4

[I>

Probability that action a is censored if selected, used in Chap. [3|
Notation p(a) is used in Chap. to emphasize the dependency of p
on action a.

Parameters of the multi-threshold censorship model. Vector u defines
the direction of censorship, (¢;);<k+1 define the censorship regions
with fixed censorship probability and (p;);<) define the probability
of being censored for each region j.

Random variable indicating if feedback is censored as round ¢. Fol-
lows i.i.d Bernoulli distribution of parameter p(a;).
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Table 2.3: Summary of Notations: Algorithmic and Analysis Variables

A

A

1> 11>

> >

>

Regularization tuning parameter. A, is used if heterogeneous action-
based regularization.

High-probability upper bound on the sub-optimality gap, used in
UCB algorithms.

Random cumulative censored potential, seen as a function of policy
7 and number of rounds 7. First introduced in Chap[3]and extended
in Chap.

Primitive of the function x — 7%, for a given a > 0.

Total number of time action a is realized at the end of round t by
policy 7. Used in Chap[3|

Total number of time action a is played at the end of round ¢ by
policy w. Used in Chap..

Censored Design Matrix. Linear generalization of (N, (t))ac[q- Used
in Chap 4]

Expected Design Matrix. Linear generalization of (p,7,(t))aciq-
Used in Chap[4]

Continuous generalization of the expected design matrixW,.
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Chapter 3

Multi-Armed Bandits

In this chapter, we focus specifically on the seminal Multi-Armed Bandit model. To
evaluate the impact of censoring on decision making, we instantiate a proof framework
based on the study of the Cumulative Censored Potential which is naturally extended
in Chap /] for more complex parameters. Thanks to this new methodology, we derive a
precise estimate of the performance loss induced and introduce the notion of effective
dimension resulting from the characterization of this potential. Finally, we perform a
statistical analysis of the adaptive nature of censoring and derive precise asymptotic

guarantees on the adaptivity power.

3.1 Effective Dimension and Regret Bounds

The main result of this section is that censorship effectively enlarges the dimension

of the problem. We define the effective dimension as d .y = > acld p% and our result

(Thm. [3.1.1) shows that, at first order, the regret is guaranteed to be the same as the

uncensored problem with d.g arms instead of d.

Theorem 3.1.1. Under censorship, the UCB algorithm with regularization A has an

instance-independent expected regret of:

E[R(T, mycp)] < O(o+/degT).
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Furthermore, we obtain analogous regret guarantees for instance-dependent cases

o2

. . 2
where, at first order, the uncensored dimension }° . 2~ enlarges to >, . 2%
a a a

Proposition 3.1.2. For a fized action set A, = [d] and for a-priori known action gap
A, = maxg 0% — 0%, the UCB algorithm with regularization X has the instance-dependent

expected regret:

E[R(T, wyes)] < O log(T) Y iamax(z—i, A).
ata*

On one hand, a preliminary understanding of censorship posits an increase of the
average "regret per information gain" [26] (as it takes longer on average to get the
same amount of information) but does not change the underlying complexity of the
problem. One the other hand, our results (Thm. and Prop. postulate that
the censored problem is equivalent at first order to a higher dimensional problem but
explored with the same "regret per information gain".

The abovementioned results extends to a-priori known heteroskedasticity (see
SI). For this general setting, the effective dimension for instance-independent (resp.
dependent) case is given by ) ;—5 (resp. Dz paa—za), where o2 is the variance
proxy of arm a. Although the scaling in ), ﬁpa was already mentioned in [27] for

unregularized setting with homogeneous variance o and proven to be optimal, our

results generalize these findings.

3.2 Cumulative Censored Potential

We now provide a proof sketch of Thm. and in doing so, we instantiate an
analysis framework that will be extended in Sec. Fl This proof consists in the
successive elimination of the noise induced by the feedback and censorship. This leads
to regret guarantees on a resulting deterministic quantity by characterizing worst-case
learning conditions. The first step of the proof is a variant of the classical reduction
of the UCB regret to another quantity we refer to as the expected cumulative censored

potential. Before stating it, we define at the end of a round ¢ € [T}, the random
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number of times an arm a has been pulled as 7,(t) = 3,_, 1{a; = a}. Similarly,
the number of times an action a has been realized at the end of round ¢ is denoted

N,(t) 23 1{a; = a,z, = 1}. We then have:

Lemma 3.2.1. Given an uniform reqularization of A > 0, the UCB algorithm verifies:

2dAma:c
T

E[R(T, WUCB)] S 2 60’2 10g(T>E[V (T, WUCB)] + 2/\||9*||00E[V1 (T, WUCB)] +

1
2

where, for any o > 0 and w € 11, the cumulative potential under censorship is given

by:

=3 (Na(t = 1)+ 1)

t=1

In contrast to the classical non-regularized analysis or to the LCB case of Sec. [4]
we observe two different orders of « (1/2 and 1) coming from the use of the L.,-norm
instead of the Ly-norm. Taken independently, they lead to respective contributions

of O(d.glog(T)) and O(y/desT). To further study V,, we introduce the following
property:

Proposition 3.2.2. For all « > 0, § €0, 1] and given v, a primitive of x — x~%, we

have:

d A A + 24deﬁ log(T) 4deﬁr

max B[V, (T, 7)] < @/Ja( 1 — ) 1/}a( — 5) o g2 TIZE

rer 7 (1—d)°

The proof of this proposition involves two steps: firstly, we remove the stochastic
dependence induced by the censorship through concentration properties (See SI), and
we then solve the resulting policy maximization problem (Lemma [3.2.3). In the first

step, we consider for a given ¢ €]0, 1] the event:
Hepn(0) ={3a € [d],t € [T], Nu(t) < (1 —)pa7a(t) and 7,(t) > To(a)},

where Tpy(a) = 241og(T)/p, and claim that P(Hepn(9)) < 4§—§ﬁT*1252, improving a

result of [27]. Our second step makes use of the following lemma (also known as a
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water-filling process in information theory [13]):

Lemma 3.2.3. For ¢, a primitive of v — x~* where o €]0,1], regularization
(Aa)aciq € (Rso)? and censorship vector (pg)eepa), the solution of the optimization

problem.:

max Zi@a(paffr)\) Ya( a) CY =T

T Ta 20 a€ld] Pa aeld]

is given by TF = pia[C — Ad|", where C' ensures the total budget constraint 3.\ 7o =

T. In particular, with A5 = ﬁ acld] ;—Z and X0 = d.g(Ma — Aegg), the optimal
solution is given by T* = o dﬁ(T ) for T > max M and the optimal value is

eﬁ¢a< + /\eﬁ) Zae[d] Pa ——Ya(Aa).

Remark 1. Note that by working with general o, our analysis naturally extends
beyond sub-Gaussian noise to more general assumptions about the Laplace transform
of noise (e.g., lighter or heavier tails). Indeed, we note that assuming tails distribution

for the reward noise € of the form:

—plta
P(ezx)gexp{ ¥ }
o

for a given q¢ > 0, as suggested for instance in [50], would lead the use of the confidence

mterval:

Hyby = {Fa € [t € [T], 10} (@) - 03] > (60°1og(T)) - (A+ Mo )>—11,, * %}

The same reasoning as in the proof of Lemma|3.5.1 would then yield:

P(;—%ilj | > (602 1og(T)) ™ (k + A) 777 ) =P ; al > (60°(k + A) log(T)) ™)

60%(k + \) log(T 2
pexpl ST AT 2

and therefore IP(HUCB) < 2% For ¢ = 1, we recover the sub-Gaussian case, which

in turns lead to the study of Vs, as done in Lemmal|3.2.1, For general ¢ > 0, we
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would would then consider Vg/11q), which lead to the upper bound O(dZJ/ﬁqu)Tl/(HQ))
through the use of Prop. |3.2.2.

For unregularized algorithms, this framework can be easily applied to provide
instances-dependent guarantees by adding constraints of type 7, < f(A,) within
Lemma Optimal guarantees under regularization such as the ones given in Prop.
require however to consider both orders of V,, (/2 and 1) simultaneously and not
independently, leading to slight variations as shown in the proof of Prop. [3.1.2 in SI.
Next, we further discuss the properties of V,, given its importance in our analysis and

therefore provide additional insights to the main result of this section (Thm. [3.1.1).

3.3 Evaluating Adaptivity Gain

In particular, we seek to gain intuition about how the policies that are adaptive to
the realization of censorship process would perform in expectation against a class of
non-adaptive (i.e. offline ) policies. In order to precisely derive asymptotic behavior of
such policies, we introduce and study a continuous counterpart of the discrete original
policy maximization problem max,c E[V, (T, 7)]. In fact, through the introduction
of Hepn(8) and for any a € [0,1], § €]0, 1], we showed in Prop. [3.2.2] the upper bound
ﬁ—’gwﬁba(% + 25) for max E[V,(T, 7)] where the maximum is taken over the class
of adaptive policies Il,4q4p¢, i.€., measurable with respect to the censorship. Note that
the exact value of such maximum is notoriously difficult to study due to the adaptive
nature of censorship induced by the decision-making process. Interestingly, we obtain a
surprising result that the gain due to adaptivity is not significant. Indeed, Lemma(3.3.1
provides the basis for continuous approach in the case of offline policies by leveraging
concentration inequalities for inverse Binomial distribution. We then extend this
approach in the proof of Prop. [3.3.2. This extension enables us to provide an exact
expression for the asymptotic gain of a policy class that monitors the censorship at a
single point in time, as well as estimate the gain from fully adaptive policies. More
precisely, we introduce Il,g, the class of policies that are not adaptive with respect to

the censorship and we prove that :
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T
Lemma 3.3.1. For a €]0,1] and A > 0, we have max E[V (T, )] ~ deﬁ¢a(d— + ).
mellog eff

In other words, restricting attention to offline policies is sufficient to obtain the

correct scaling. The next step to complete our claim is the asymptotic expansion:

1 1— ps
Proposition 3.3.2. For a €]0,1], by denoting v.(p) = % _<Z P )7
2d ﬁa Pa N2 Pa
el aeld] a#a
we have:
1 1
max E[V,(T,7)] — max E[V,(T,7)] = 7a(p) 7= + o). (%)

7€ gdapt 7€l o T T«

Moreover, if for a given B €]0, 1], we introduce Ilgy,u.(BT) the policy class whose

censorship information set has a single updating at time |ST], we have:

3 1
B[V, (T, )] — B[V, (T, 7)] = Va(p)— + o —
pert ™ [Vo(T, )] nax [Vo(T, )] v(p)TaJrO(Ta

)- (%)

Thus, we find that (]E[), the power of a single monitoring is sufficient to ensure
almost the same gain as adaptivity i.e. constant monitoring. The linear dependency in
Tt (due to the linear increase of variance in Binomial models) is also surprising. In non-
asymptotic regime, it is still true but for g verifying 0 < f_ < g < B, < 1 for given
(6—,B+). We also observe a more general concave property of the single monitoring
gain seen as a function of Tj, with limits equals to 0 on the borders on the interval. We
conjecture that this concavity is likely to turn in a submodular dependency for several
monitoring shots. Moreover, 7,(p) can be viewed as an adaptivity gain resulting from
the continuous correction of the cumulative variance induced by the action selection
process. Essentially, it is closely related to the Jensen Gap of an appropriate random
variable and the proof involves the study of the Taylor expansion of the potential
function v,. This shows that censorship in MAB can be treated in an offline manner

at first order.
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3.4 Conclusion of Chap. |3

In this chapter, we considered Multi-Armed Bandit (MAB) models and proved in
particular that the regret scales as O(dzv/T) (Thm. , where d.g is the effective
dimension with value »_ pia, mirroring the O(dv/T) for uncensored case. In
particular, we prove that the effective dimension results from characterizing the so-
called censored cumulative potential V,. Our proof methodology easily allows to
extend this result to the instance-dependence case, as demonstrated in Prop[3.1.2.
In the second part of the chapter, we focused on a technical study of the adaptive
nature of censorship for V,. Interestingly, we show in Lemma [3.3.1 and Prop. [3.3.2
that the adaptivity only plays a second order role, that is, impact of censorship can

be treated in an offline manner at first order.
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3.5 Proof of Chap. |3/ - Multi-Armed Bandits

In this section, we prove the results of Chap[3] We start by proving Lemmas

13.5.1} [3.5.2] [3.2.3] and Prop. [3.2.2 Thanks to those results, we then tackle Thm.
and Prop. To conclude the section, we further study the properties of
the adaptivity gain, by proving Lemma and Prop. [3.3.2. Recall that effective

dimension d.g is referring to zae[d] pi in this section.

3.5.1 Proof of Lemma [3.2.1]

Lemma 3.2.1. Given an uniform reqularization of A > 0, the UCB algorithm verifies:

2dAma:c

E[R(T, mvcp)] < 24/602log(T)E[V T

(T, mues)] + 2M|07 | B[V (T, mues)] +

1
2

where, for any a > 0 and © € 11, the cumulative potential under censorship is given

by:
Vo(T,7) =Y (N, (t = 1)+ )~

Proof. At a given round ¢ € [T, we have under the event ~Hg,op introduced in Lemma

B.5.1:

log(T') A6 ] o
A max 0 — 0 < 2,/602 2
@) = max b, — b, < \/6“ Noll—1) X T AEN(—1)

where the inequality comes from the definition of the UCB algorithm and the condi-
tioning on =Hcp. We find there the origin of the two different orders of N, (1/2 and
1). Taken independently, those lead to a contribution of respectively O(d.q log(T))
and O(y/d.yT) . More precisely, we have:

T
R(T 7TUCB|_‘7'[UCB) 60'2 10g

1

2\
— +)\+ | ||°°1;Nat(t—1)+>\
= 21/60210g(T)V 1 (T, 7ucs) + 2X[|6*[|oc V1 (T, 7ucs)-
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Therefore, thanks to Lemma |3.5.1, we deduce that:

R(T,myce) < (1 — P(Hpep))R(T, mucs|"Hices) + P(Hocs) AmaT

2dAmaa:
S 2\/ 60’2 log(T)V%(T, WUCB) +2>\||49*||00V1(T, TUCB) + T .
Finally, we conclude that:
2dAmax

E[R(T, WUCB)] S 2 60‘2 10g(T)]E[V (T, WUCB)] + 2)\||9*||OO]E[V1(T, WUCB)] +

1
2

T

3.5.2 Statement and Proof of Lemma [3.5.1]

The main step in this reduction from regret to cumulative censored potential is the

study of the failure of optimism event thanks to the following result:

Lemma 3.5.1. For a regularization A > 0 and 6 €]0, 1], we introduce the event:

602 log(T) AM0*| o }

Hben = {3a € 1)t € [T 1000 — 0 >\ [0 3 v

We then have P(H}qp) < 24.

Proof. Although this event is similar to the one introduced in the classical UCB proof
idea, the subtlety comes from the randomness induced by the censorship as well as
the impact of regularization. The main idea is adopt a worst-case agnostic approach.
First, let’s note that for a given t € [T], a € [d], we have:
. 1 i A
02(a) = 0] = |7 AOES ZeTl{aT ate =1} =
1

t

A
E 1 = =1 *
t) DY eHar = a,r,, = 1}| + Na(t) + A HQ [l oo-

Therefore, for a given a € [d], ¢ € [T], by introducing the event B q) = {|ég\(a) —6x >
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602 log(T) A60* ]| oo .
A+J€f§(t) + N0 }, we deduce:

1 ¢ A N 602 1og(T)
Biew < s 2 o Her = e = W1 sl e > 3R
Al
D + N, (t) }

1 ! 602 log(T)
~ v e =a,x, =1 :
C{|Na(t)+/\;€ {a; = a,x,. =1}| > —)\—i-Na(t)}

Then, we have:

acld] te[T)

MUU

602 log(T
‘Na )\E e1{a, =a,z,, =1} > H)\—i—N
d] te[T]

{ )
< Sr(U e Setter = o= 01> S0 )

_ p( | {|jzxgi;ixgégefl{a7::a,xm_zzl}F,> %?;%%é%%;ﬁﬂxt)::k}>

a€ld] ke[T)
t
1 602 1og(T)
P( { T1 T y La =1 2 ’Na = })
U e =ax M - (t) =k
te[T] T=
<ZZMU{i—zumwx—w>@@@M@wD
_ ]{3 + )\ T T — bl ar — )\ + k a -
a€ld] ke[T] te[T] T=1
k
=30 > p( B S lsly,
a€ld] ke[T) T ™

where we successively used union bounds over the action set and number of realizations
and conditioned over number of realizations k. We re-indexed the random sub-Gaussian

variables (¢) for last expression thanks to the i.i.d property. Then, for a given k, using
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Hoeffding inequality for sub-Gaussian variables, we have:

2 o) k
e () SN = ITe)
=1

602(k + \) log(T) <2

where the used that fact that Zle €; is sub-Gaussian of pseudo-variance parameter

ko? Therefore, this yields:

Zl 161 602 log(T) 2d
2.2 P(' k4 A ) =T

a€ld] ke[T)

Finally, we conclude that P(H{cp) < 2. O

3.5.3 Statement and Proof of Lemma [3.5.2]

Lemma 3.5.2. For any 6 €]0,1], A\ > 0 and censorship model, let’s introduce the

event:
HEn(0) = {Fa € [d],t € [T], No(t) < (1 — 8)paTal(t) and 7.(t) > Tola)},
where Ty(a) £ 241og(T) /pa. We then have P(HL;y(8)) < 4‘:]’;—;”'37’_1252,

Proof. First, we apply successively two unions bounds over the action set and the

number of realizations, mirroring the analysis of [27]:
P(Hben (9 ZP({ate alt) = To(a), Nalt) < (1= d)para(t) })
- Z P( g U { ) > To(a), Na(t) < (1 — 0)pata(t), ma(t) = k})

ka€|To(a),T] te[T
Ta(t) = k:})

<Z 3 (U{ No(t) < (1= 8)paa(t)

a€[d ke>To(a)  te[T)
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We then use a multiplicative Chernoff inequality for Binomial Distribution to deduce:

> Y (N0 <t -opmbnn=t) <Y ¥ exp{_a by

a€ld] ka>To(a) a€ld] ka>To(a

The novelty of our proof is to leverage a integral comparison to deduce the improved

control:
0%kapa 2 kapa 1™
Z Z expi— 2 p<2 Z 52 exp{— 9 }
a€ld] ko >To(a) aeld] @ To(a)—1
4.1 41 Pra()pay _ 4, 1
< ey ~ 5 > —GXP{—T} S 53lef iase
a€ld]
s . 1 - I 1 16deﬁ

Picking for instance ¢§ = 5 yields P(Hegn(5)) < — O

3.5.4 Proof of Lemma [3.2.3

Lemma 3.2.3. For ¢, a primitive of v — x~% where o €]0, 1], regularization
(Aa)acig € (Rso)? and censorship vector (pa)aeja), the solution of the optimization

problem:

max ) L (Yalpama +20) = 0alX)) st D=

acld ©° aeld]

is given by TF = pia[C — o], where C' ensures the total budget constraint 3 iy To =

T. In particular, with Xz = Lzae ;—“ and X0 £ d.g(M\a — Aegg), the optimal

A

solution is given by 7 = - dﬁ (T = X0 for T > max)\ and the optimal value is

eﬁ¢a< + Aeﬁ) Zae[d] p_awa( a)-

Proof. We first introduce the Lagrangian of the problem L(7, ..., 7, ) := Zae[d] pia <¢a (PaTat+
Aa) — @/JQ(AG)) + (T = 3 (g Ta)- Differentiating with respect to 7, for all a € [d]

yields the equations:



We then write it equivalently as:

However, since (7,) must be nonnegative, it may not always be possible to find a

solution of this form. We then verify using KKT conditions that the solution:

1
= —[C = X",
Pa

where C' ensures the total budget constraint Zae[ d 7x =T, is optimal. In particular,
whenever T > max, A, we recover the solution provided in the second part the

Lemma. O

3.5.5 Proof of Prop. [3.2.2]

Proposition 3.2.2. For all « > 0, § €]0, 1] and given v, a primitive of x — x~%, we

)

have:
degr A A 24d o5 log(T) Ad g
E T < .
rTrrlgﬁ( [Va( ,71')] S (1 ) wa( 1_ ) wa( _5) + e e §2T1262

Proof. For a given a €]0, 1], we condition on the event HLp\(d) introduced in Lemma
and consider the cases 7,(t) > To(a) and 7,(t) < Tp(a). This yields for any policy
m e ll:

T
Vo (T, 1 Hhex (6)) < Z“E“” S (= i = 1) 40
t=1
24d . log(T) 1 < A\
< 1 —
= o + (1=26) ; Pa;iTa (t — 1) + 13
24d o5 log(T) 1 /MT) ( A >‘“
< + patt+—=] Ou
24dcg log(T) 1 1 A A
= — T
e + (1_5)04 Zpa[woc(pa'ra< )+ 1— ) 1/Ja(1_6)]

a€ld]
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We then apply the Lemma [3.2.3 with constant X £ \/(1 — §) to deduce:

24d .5 log(T) d. T A A
g Va7, 7l=HEox (9) < 28+ T [ua (1 75) — Yl =)
Then, we conclude thanks to Lemma [3.5.2 that:
1
tnax B[V, (7, 7)] < B(~Hben(5)) ma Vo (T, wl =My (6)) + (1~ B(~Hly () 55
1 T A A 24d . log(T)
<= 4 Ay (| 2 PR
S Gt [Valgs +105) (3 —5)} T
4 1
+ ﬁdeﬁ N\a128%
In particular, for « =1 and 6 = %, this involves:
T 24d.4 1og(T) 1
ITIrlgr)[(E[Vl(T, 7T)] < 2deﬁ log(ﬁ + 1) + T + 16deﬁﬁ,
and for a = % and 0 = %, this yields:
T 24d.g log(T) 1
1 < — ¥ Mt S A S -
max B[V (T, )] < V2d o [,/ i + 2 \/2>\] + 7 + 16d. 55 Neic

3.5.6 Proof of Thm. 3.1.1]

Theorem 3.1.1. Under censorship, the UCB algorithm with reqularization \ has an

instance-independent expected regret of:

E[R(T, WUCB)] S @(0’\/ deﬁT).

Proof. We first apply Lemma |3.2.1 to deduce:

2dA mazx

T

2dA az

< 24/602log(T) maﬁ{E[V; (T, )] + 20" maﬁ(E[Vl(T, )]+ T
IS 2 IS

E[R(T, WUCB)] S 2 60’2 10g(T>E[V (T, WUCB)] —+ 2/\||9*||OO]E[V1(T, WUCB)] +

1
2
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We then apply proposition [3.2.2, with 6 = 1/2 in order to deduce:

T 24d,5 log(T |
E[R(T, ucs)] < 2v/607log(T) (V2deg | TN V)| + %"’“ + 16deﬁm)

. T 24d,.5 log(T) 1\ 24
+2)|6 Hoo<2deﬁ log (ﬁ + 1) + B 4 6d.y >\T2> +

By taking A = o(log(T")) and considering only the leading order, we conclude that:

E[R(T, mucs)] < O(o+/degT).

Note that our proof easily allows to get high-probability bounds on regret instead of

bounds on its expected value. O

3.5.7 Proof of Prop. [3.1.2]

Proposition 3.1.2. For a fized action set A, = [d] and for a-priori known action gap
A, £ max; 05— 0%, the UCB algorithm with regularization X\ has the instance-dependent

expected regret:

E[R(T, wyep)] < O(log(T) 3y lmax(g—,Aa)).

ata* a a

Proof. As in the proof of Lemma [3.2.2, for a given round ¢ € [T, we have under the

event = Hiop

log(T) 6%l
A = _Pr <2 2 2 :
o = maxbs =0, < \/60 Nl —D A AT N (—1)

It is as an inequality of the second degree and thus for any ¢ € [T, a € [d]:

2
1 1
L — = A, >
x1< /\—f—Na(t)) + 22 N+ N, (1) a>0,
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where z1 = 2M[|0*]|o and x5 = 24/602log(T"). Solving it yields:

1 1
> (—my+ \[22+ 4Ay),
A+ Ny(t) = 2:151( T2\ o+ AR

or equivalently:

A0l

2
-\
V2402 10g(T) + 8AN||60*]| 00 — /2402 log(T))

No(t) < (

Therefore, under ~H{py(3), we have:

2 AN6%]| oo

7alt) < max(Tola), = V2457 10g(T) + SAN [0l — /2407 1og<T>)

This yields a conditional regret of:

Rl (5) UHden) < 32 Auralt)

—A).

a€(d],a#a*
2A, AN160* | oo 2
= > tmax(2log(T), (—=— 17"l ),
wclllagar Do V2402 10g(T) + 8AN||0*]| 00 — /2402 log(T)
where a* £ argmax,, 4 0% and an expected regret of:
24, AN|0*]] 0o 2
E[R(T, wucs)) < max(121og(T), )
ae[%#a* Pa V2402 1og(T) + 8A N[00 — /2402 log(T)
dAmaa: 16deﬁ Ama:z:
Y ‘
)+ T + T2

In particular, for the regularization A = o(log(7")), we have the asymptotic:

N6 > 207 10g(T) | 8|6

<\/24<72 log(T) + 8AN||0*]|0e — /2402 log(T)) a A7 247,
And thus, we conclude that:

1 o?

E[R(T, ycp)] < O(log(T) Y p—maX(A—,Aa)).
a€ld),ata* © ¢ @
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Again, note that our proof easily allows to get high-probability bounds on regret

instead of bounds on its expected value. n

Remark 2. As in the instance-independent case, previous reasoning immediately

extends to a-priori known heteroskedasticity and yields the upper bound:

IE[R(T,WUCB)]§O<log(T) 3 piamax(z—i,Aa)).

a€ld],a#a*
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Chapter 4

Contextual Bandits

In this chapter, we study Linear Contextual Bandits under censorship. The regret
analysis for this general setting under censorship is significantly more complex than for
the MAB model. This is due among other to the multiplicity of information acquisition
means: observing the reward of a given action allows to partially learn the reward of
some others. Henceforth, this leads to a complex trade-off between the information
gain and censorship probability of an action. Nevertheless, by extending the analysis
of ChapJ3], we derive an equivalent notion of effective dimension for a broad class
of censorship models and characterize new insights on the impact of censorship on

sequential decision making.

4.1 Multi-threshold Censorship Models and Regret

Bounds

We now introduce the class of multi-threshold censorship models defined as:

k
pia€By Y 1fsin(g)) < (a,u) < sin(¢;n)}p;, (MT)
§=0
where (¢;);j<x+1 is an increasing sequence verifying ¢g = =5, 41 = 5 and u € R?

is a unit vector. We assume that (p;);<x is decreasing, i.e. the censorship is increasing
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w (a,u)

i j f —>
sin(¢o) sin(¢) sin(dy)  sin(¢s)

Figure 4-1: Example of a multi-threshold model for & = 2 (Green). Logistic censorship
model (Red).

with j in direction u. Henceforth, we refer to the interval [sin(¢;), sin(¢,41)[ as region
j. Note that simple models such as uniform censorship are subsumed by this family
(for k equals 0). Furthermore, can be seen as a piecewise constant approximation
of any generalized linear model [34]. Thus, we do not see this modeling abstraction as
an inherently limiting factor on the generality of our subsequent results.

Moreover, [MT]admits a natural behavioral interpretation: Such a distribution can
be seen as induced by a population model of heterogeneous random-utility maximizers
agents. A single threshold model (i.e. k equals 1) corresponds to a given agent
type, and the multi-threshold model naturally results from aggregate responses of

heterogeneous population [4]. We now state the main result of this section:

Theorem 4.1.1. For a giwen multi-threshold censorship model[MT], there exits d.z
such that the UCB algorithm with reqularization X has an instance-independent expected

regret of:

E[R(T, 7yes)] < O(o\/d - degV'T).

Note that the mapping from the original dimension d to the enlarged \/d - d.g
is more surprising than previous dilation d — d.z in the case of MAB problems.

An extension to Generalized Linear Contextual Bandits is provided in the SI where
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we show that the dimension is governed by \/m /k, with k corresponding to a
minimum of the derivative of the link function (encompassing the smoothness of the
generalized linear model at its maximum) [31} [I8]. We conjecture that this result and
the notion of effective dimension can be extended to more general censorship models
as long as the radial property of censorship is verified i.e. p only depends on the action

a through (a,u) for a given potentially time dependent vector w.

4.2 Generalized Cumulative Censored Potential

Analogous to the MAB case, we now introduce for LCB the random matrices cor-
responding to the effective realization W& £ I + Zfl:l Tq,a:a; and the expected
realization W, £ X, + 2! p(a;)aza, . We also introduce the continuous counterpart
of W, defined as W(t) £ A, + fizop(a(u))a(u)a(u)T(‘?u, where (a(u)),<7 is an inte-
grable deterministic path We emphasise that the use of continuous counterpart is
key in enabling our next results. As in the MAB case, we bound the regret although

now using a generalization of V:

Lemma 4.2.1. For all § €]0,1], there exists a constant 35(T) = ©(;/dlog(T)) such
that

E[R(T, wyes)] < 285(T)\/TE[VL(T, mye)] + 6T Amas,

where, for « > 0 and © € I, the linear extension of the cumulative censored potential

s given by:

T T
VolTom) 2 3 arlZge o = 3 T((WE ) aa)).
t=1 t=1

The proof idea is analogous (albeit more complex) than in the finite action case
(see SI). In order to get a handle on V,,, we again leverage a two-step approach: first

we eliminate the randomness due to censorship (here, we utilize matrix martingale

In this section, the generic notation X (t) is used for continuous time quantities and X; for
discrete time.
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inequalities) and then optimize the resulting deterministic quantity seen through a

continuous lens. The first step requires the following result:

Proposition 4.2.2. For any § €]0,1], A > 0, a > 0 and policy 7 € 11, we have:

E[VQ(T,W)]S% Tr / W(t ()Tat)

where C(§) = 8(\ + 1) max(log(d/§)) /A, 1)/\.

Remark 3. The key idea of this result is to observe that the telescopic sum on which
the classical Elliptical Potential lemma [1, (39, [l heavily relies on is, in fact, the
discrete approximation of an integral over a matriz path.ﬂ For the simpler case of

classical uncensored environment, we obtain for o > 0, # 1:

o IT fOTaW(t>1_a aTr l-a _ yyl—a
Zuatuwa_(“l) ( >:(A+1> Te(Wy — W)

1 —« A 1—«

For o = 1, a similar reasoning is applied using the formula Tr(log(A)) = log(det A):

_A+l T 9log det(W(t A+ 1
ZHC‘tHW p < i / °8 gt( ())825: ;i\_ Tr(log W — log W)
0

A+1 det W
< og .
A det Wy

A deeper study of the eigenvalues of WlT_a then yields the worst-case upper bound
d*(d\ + T) /(1 — a) for a < 1 and dN'""*/(a — 1) for a > 1, recovering more
naturally and extending the results of [7]. Thus, analogous to the water filling process
highlighted in the MAB case in Lemma we now consider a spectral water-filling
process [13] for the eigenvalues of Vo(Wr) with a slight abuse of notations ( Wi ®

and log Wy in this discussion).

One of the main challenge introduced by the censorship is therefore to identify

a suitable matrix operator on which the spectral maximization can be performed.

2Note that the rank 1 assumption is not needed in the continuous relaxation and therefore our
results still hold whenever a(t)a(t)” is replaced by any positive semi-definite matrix H (t).
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Motivated by Lemma we henceforth focus on the case of o = 1 for which Prop.

4.2.2 implies that for any policy:

1 /0 "W a(talt)Tor) - /0 ' - (al(t)) O1og AL (W11)

4.3 Effective Dimension in Linear Settings

Again, the notion of effective dimension naturally appears. We now highlight intuition
provided by this quantity, and then present its general study for the multi-threshold
model [MT]

Remark 4. Let us consider an uniform censorship model p : a — p. By leveraging
the case of equality in the Arithmetic-Geometric inequality applied to the eigenvalues

of Wr, we then simply deduce the associated effective dimension d.g 2 d/p:

Ot = d.g log(1 +

T
A / i 0log det(W(t))
0

L
mell p ot )\deﬁc .

We next illustrate the logarithmic scaling of this quantity in the general case as
well as the importance of the leading dimension factor, crudely upper bounded by

d/Pmin in the next lemma:

Lemma 4.3.1. For any censorship function p, by introducing lower and upper bounds

(pminapmax) Ofp, we have:

Pmin

log(1 + ) < max

mell

T 1 Ologdet(W(t)) d PmasT
ot < log(1 + )
[ a pon T Ty

pma:r

Related problems in the generalized linear models literature [50] 31l 18] are implic-
itly solved in the spirit of Lemma [4.3.1] where a minimum of the derivative of the link
function plays the role of p,.;, above. However, when the function p varies with action
a, a more careful analysis is required to derive useful dimensional bounds. Our next

major result addresses this gap in the literature by improving the bounds provided in

Lemma [4.3.1:
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Theorem 4.3.2. For a multi-threshold censorship model [MT], we have:

max
mell

/T _ L 0logdet(W(t)) o, _ 4 100(T) + o(log(T)), (P)

a(t)) ot

where d.g is the effective dimension. Furthermore, d.g is characterized by two cases:

e Case 1: Single region j effective dimension d .z = z%'
J

e Case 2: Bi-region (i,7) effective dimension, with i < j:

1 1= 1(i, j =11 d
dog = L |@-p i td)  wlig)=1) d (D)
pj E—Z(Z,j) U(Z,j) _p_J Dy
where 1(i, j) = zllzjéii and u(i, j) £ %&%

Before moving to a discussion of the proof idea behind Thm. 4.3.2, we mention a
few important remarks. First, a necessary condition for the bi-region (i, j) effective

dimension to arise is the constraint on £t:

by
di(i, j)u(i, 5) pi _ (d—1uli,j) +1(,J)
max(1l, —— — )< — <
S+ @—Gn) “w - d
245.7) £r*(0.4)

As summarized in Figure in the limit }’7’—; — 1*(4, ), deg goes again to d/p;. We
interpret this limiting case as locally hard in the sense that censorship in region j is
sufficiently important in comparison to all other regions to impose a maximal effective
dimension to the problem, irrespective of the values of p;, matching Lemma [4.3.1
On the other hand, for the other limiting case (under additional mild assumptions),
we find that d.y also goes to d/p;, but now for a uniformly hard reason: that is,
censorship is approximately constant and equal to p;, recovering the Remark [} Note
that in between these two extremes lies the minimum effective dimension for a given

value of £ .
pj
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The problem is The problem is

uniformly hard locally hard
pides pi = pj pi >> pj
A
d
o
! : I BN 7
3 1 d mn j * . . 4 -
I(ZJ]) 1 TT (7'7_]‘) " (J) r (2,]) u(z,])
Dual Reachability Reachability

Figure 4-2: Sketch plot of normalized effective dimension p;d.g with respect to g—;.
We recover the uniform and local hardness conditions mentioned in the discussion of
Thm. [4.3.2] as well as the existence of a minimum effective dimension for a certain
value of 2. The necessary conditions of reachability and dual reachability (Lemma

p
|4.4.2 and [4.4.1) verified by 5—;’_ impose that it belongs to the orange open interval.

4.4 Temporal dynamics of learning under censorship

We first summarize the dynamics of the optimal policy of through an algorithmic
description in Alg. 2| Two key notions of our analysis are the concepts of reachability
and dual reachability of a region 7 from a base region j, as described in Lemmas [4.4.1]
and and schematized in Fig[d-4J[4-3| and [4-5] Formally, they can be written as
two independent necessary constraints on the ratio 5—;’_: 5—;’_ < r*(i,7) for reachability

and 2 > r1(i, j) for dual reachability.

The categorization result provided in the statement of Thm. follows from the
two possible termination condition of the algorithm. We use as algorithmic invariant to

ensure the termination the fact that the set of reachable regions is strictly decreasing
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Algorithm 2: Algorithmic description of the dynamics of W(t)

Initalization: Set current region S < k
while a region is reachable from region S do /* Lemma |4.4. 1,Fig.4—3‘ */
play region S optimal policy until first reachable region ¢* is reached;
if region ©* is dual reachable from region S then /* Lemma m,
Fig.[a-4) */
Bi-region (i*, S5) effective dimension (case 2); /* Lemma */
play Bi-region (i*, S) optimal policy;

End;
else
‘ Update current region S < i*; /* Lemma , Fig. x/
end
end
Single region S effective dimension (case 1); /* Lemma */

play region S optimal policy;

for inclusion and finite. Hence, the while loop will terminate either because a dual
reachable region is reached or because no more regions are reachable. In order to not

overload the presentation, time aspect is not present in the algorithmic description

but is extensively covered in Lemmas [4.4.1] [4.4.2] [4.7.1] and Cor. [4.7.0.1], as well as in

what follows. One of our main finding is that the dynamics of the optimal policy of
are described through W(#) by two qualitatively different regimes. We emphasize
that our continuous approach to analyzing cumulative censored potential is key to

obtaining these results.

Transient Regime: From the while loop in the algorithmic description results
a so-called transient regime. More precisely, there exists a decreasing sequence of
censorship regions {i; = k,... 4} of length [ € [k + 1] and associated time sequence
{to £0,t1,...,4} such that whenever t; <t < t;,, for a given index j <1 — 1, the

evolution of W(t) is given by:

J
W(t) =i (t— ) Wiy, + W(t) = pi,, (t—t)Wi + > pi(tn — tao1) Wi, + M.
n=1

This result follows from a simple induction with repeated use of Lemma giving

the exact sequence of censorship regions, Moreover, closed-formed formula for the
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time sequence is provided in Cor. 4.7.0.11 We interpret this transient step as an
adversarial self-correction of the initial misspecification of censorship at an extra cost.
This characterization of transient regime highlights an important consequence of using

classical algorithms in censored environments.

Steady State Regime: Post-transient regime, the dynamics of W(t) enter a steady

state regime, where one of the two cases necessarily arise:

e Case 1: Single region i;. This case arises when the while loop ends because
no other regions are reachable. It is equivalent to have last element of the time
sequence t; is equal to +o00 and we have the single region evolution for all £ > ;4
thanks to Lemma [4.4.1:
1-1

W(t) = pi,(t — ti1) Wi, + W(t_1) = pi, (t — 1) Wy, + sz'n (tn — tn1)W;, + Alg.
n=1

The effective dimension corresponding to this dynamics is d/p;,, with the following

equality for T > t;_:

T 1 Ologdet(W(t)) 1 1 1
ot = — logdet(W(T)) + — log det W(¢,,),
[ o p, (B et + 3 (- = o) log det W)

where the closed-form formula for W(¢,,) is provided in Cor. [4.7.0.1] for all

n<{-—1.

e Case 2: Bi-region (i;,1,%;). This case arises when the while loop ends because
dual reachable region 7;,; is reached from region ¢;, with ;. < 4;. For all t > ¢;,

Lemma 4.4.2 yields the evolution:

cos® (i, ) (i, ir) — pz; Mg (0)

W(t) X Pipq (t + )‘*) i
(0) sin® (¢, ) (52 — Ui, 1))

where A\* and the proportionality factor are specified in the proof. The corre-

sponding effective dimension is given by @ and the following equality holds
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for all T > t; thanks to Lemma |4.7.1:

T
Ot = d g log(1 +
7 log t + “— Din Pinn

) log det W(t,,),

/T 1 Ologdet(W(t))
o pla(t)) ot

where the closed-form formula for W(¢,,) is provided in Cor. 4.7.0.1|for all n < 1.

Remark 5. F z'g. and provide further insights on formula @ for deg. Through-

out the proof and as illustrated on Fz'g. we see that for @ to arise, g—; must

belong to a certain interval J =] max(1,77(i,7)),r*(i,5)[. As r*(i,j) < u(i,j) and

ri(i,5) > 1(i,7), we see @ as a weighted average of the relative distance of ;’—; to

u(i,j) and 1(i, 7). F@'g.@ provides a sketch of the variations of deg as % evolves in
J

this interval.

Then, we formally present the key notions of reachability and dual reachability,
used in the study of and illustrate possible behaviors thanks to sketch plots.
In what follows, we show that the optimal policy adopts a greedy-like behavior by
selecting in a specific way actions in a sequence of decreasingly censored regions.
Reachability is a binary directed relation from a highly censored region ¢ to a less
censored region j. The latter is said to be reachable from the former if the playing only
the highly censored region i leads to a point in time where region ¢ and j are equally
attractive from a greedy perspective. This happens whenever playing only region ¢
create a potential gap between different actions that can be exploited to compensate
the gap in censorship. Dual reachability is the symmetric relation: a highly censored
region ¢ is said to be dual reachable from a less censored region j if the playing only
the weakly censored region i leads to a point in time where region 7 and j are equally
attractive from a greedy perspective. For effective dimension of case 2 to arise, it is
necessary to have two regions ¢ and j such that j is both reachable and dual reachable

from 1.

Lemma 4.4.1. [Reachability Analysis| Let’s assume we start at a given time t1 in
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transient censored region j, with a matriz

Xola—1 (0)
) A

W(t1) =

where Ay > Ny. We introduce I; = {i;i < j and B <r*(i,5)}, the set of reachable

regions from region 7 and affirm that we have the two possible cases:

o IfI; =, i.e. no region is reachable from region j, we switch to a steady state

regime with single region j effective dimension deg = d/p;.

o Otherwise, next region added to the transient sequence is i* = argminielj (i, 3, Aa, Ao),

at time ty = t1 + Z%p*(i*,j, Ao, \p) and we have:
J

_ (A= D) sin’(¢) A, — cos’ (@),
W(ty) = d cos?(¢;) sin®(¢;) (r*(i*, ) — 2)

W™, 7).
Lemma 4.4.2. [Dual Reachability Analysis| Let’s assume we are currently playing
transient region j and we reach the region i at time t;. We then have the following

two possible cases:

o If % > r1(i, ), we say that regions i is dual reachable from region j, leading to
J
a steady state regime with bi-region (i, j) effective dimension. In such case, for

t > t;, the potential increase is of the form:

W(t) = 1 u—1

- d___ m(6j)=pi/p; — o — i (G q
pl/p] + ut(d—1)! pi/pj—TT(i,jJ) u+ (d 1)lp2/pj r (7‘7.7)

pi(t + X )W(4, ).

o Otherwise, we switch from base region j to base region i and continue in the

transient regime.
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bi
Pk

d—1
d cos? (¢,

A 4

0 sin?(¢y) sin®(¢) sin® (¢ 1) sin® (¢r) 1

Figure 4-3: Illustration of the set of reachable regions from a base region k, as a
function of I’;—}i. Black dots and lines correspond to censorship regions defined by |M
In this figure, we see that a region is reachable if and only if the black dot is below
the red reachability line. As time increases, the green line rotates with region £ as
pivot and asymptotically approaches to the red line. Hence, the first reachable region
is the one first reached by the green line.

To conclude this section, we present our results in the context of the canonical
single-threshold model and effectively witness the full range of variation of the effective
dimension between the local and uniform hardness edge scenarios. This variation is

parameterized by the ratio of the censorship values and the value of the threshold.

Corollary 4.4.2.1. For the single threshold model with two regions 0 and 1 and

associated censorship probabilities py < py1, our main theorem yields:

° fi—(l) < #2@1), then we reach bi-region steady state regime and have the effective

dimension:

d—1 1 in? d d
B P sin ((;521) et 4
Po Po - — COS (¢1) Do D1

Ppo

o Otherwise, we are from t = 0 in single-region steady state regime and have the
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Pi

cos®(¢) |

d—1 7
dcos?(gx)

Reachability
i7" (i, k)

Dual Reachability

i rl(i, k)

sin” (¢y,) 1

o
= e e Ll et

Figure 4-4: Sketch plot of reachability and dual reachability conditions from base
region k associated with the black dot (Lemma |4.4.2‘ and |4.4.1P as a function of z-;.
For a region ¢ to be reachable, ]’:—; has to be below the red line. For a region i to be
dual reachable, g—; has to be above the blue line. Henceforth, the red dot here is a
censorship region that is both reachable and dual reachable whereas the purple dot is
a reachable but not dual reachable region. Orange lines represent the functions u(i, k)

and [(i, k) introduced above in Sec[4.7.1.

effective dimension d.g = d/p;.

4.5 Conclusion of Chap. 4

The main result of this chapter yields that regret of LCB with censorship is still
governed by the effective dimension, but now with a dependency of @(m VT )
(Thm. . To the best of our knowledge, these regret bounds provide the first
theoretical characterization in LCB with censorship, and contribute to the literature
by evaluating the impact of censorship on the performance of UCB-type algorithms.

In proving this result, we derive the value of the effective dimension for a broad class
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Figure 4-5: Sketch plot of the evolution of reachability and dual reachability conditions
after a region j is reached from region k£ but is not dual reachable (Else condition in Alg.
2)). Doted red (resp. blue) line is reachability (resp. dual reachability) condition for
previous region k and full red (resp. blue) lines is reachability (resp. dual reachability)
condition for new region j. Instead of starting from horizontal line at t = 0 to find
new reachable state, rotation with region j as pivot is initialized at the green line

associated with ¢ = Z—Z. Note that the y-axis is not normalized here.

of multi-threshold models [MT] as well as a precise understanding of the dynamic
behavior induced by these models (Thm. . In particular, we find that censorship
introduces a two-phase behavior: a transient phase during which the initial censoring
misspecification is self-corrected at an additional cost; followed by a stationary phase
that reflects the inherent slowdown of learning governed by the effective dimension.
Moreover, in extending our analysis from MAB to LCB, we also develop a continuous
generalization of the widely used Elliptical Potential Inequality (Prop. , which

we believe is also of independent interest.
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4.6 Proof of Chap. |4 - Contextual Bandits

In this section, we prove Thm. of Chapld] extending the results of MAB to LCB.

To do so, we prove Lemmas and Prop. [4.2.2] Note that the proof of Thm.
4.3.2 is differed to next section. We conclude the section by discussing the extension

of our analysis to Generalized Linear Contextual Bandits.

4.6.1 Proof of Lemma 4.2.1]

Lemma 4.2.1. For all § €]0,1], there exists a constant 35(T) = O(+/dlog(T)) such
that

E[R(T, wyes)] < 285(T)\/TE[V(T, 7ye)] + 6T Amas,

where, for « > 0 and © € I, the linear extension of the cumulative censored potential
s given by:
T

T
Vo(T,m) £) laelfwe y-a = > Tr(Wi ) aa) ).
t=1

t=1

Proof. We have under the event =H 5 (8) introduced in Lemma and thanks to

Holder inequality:

Ay(a) £ max (0%, a) — (0", a;) < 205(t — 1)||at||(WC(t,1))71.

acAy

Therefore, the conditional regret is upper-bounded by:

T
R(T|=H{icp(8)) < B5(T) ) llarllweu-1yy+ = Bs(T) V(T m),
t=1

1
2

where we introduced @%(T, ) = Zthl l|lat||we¢—1)-1. Cauchy Schwartz inequality

then allows to make the junction v%(T, 7) < VT+/V1(T, 7). We then introduce Ss(T)
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a deterministic upper bound on 55(T):

ot (WC
Bs(T) = \/02 log (deLVVZ)) + 202 log(%) + \/X||9*||2

— ©(y/dlog(T)).

Using the concavity of square root and Jensen’s inequality, we have E[y/V(T,7)] <

VE[V,(T,7)]. Finally, thanks to Lemma [4.6.1, we conclude that:

E[R(T, rycs)] < 285(T)\/TE[VL(T, 7ycs)] + 0T Amas.

4.6.2 Statement and Proof of Lemma [4.6.1

Analogous to Lemma for the MAB case, one key step in the proof is introduction
of the failure of optimism event. Nevertheless, note the difference with the choice of

norm.

Lemma 4.6.1. For any § €]0, 1], uniform reqularization X > 0 and censored action

generating process (WS ),<r, let’s introduce the event:

. N det(W¢ 1 .
Miop(®) 2 {32 0,18 = 0lg > \/02 o (S ) + 20 1ox(5) + VAIFL: ).

-~

285(t)
We then have P(HH 5(5)) < 4.
Proof. The proof closely mirrors the self-normalized bound for vector-valued martin-

gales of Thm.1 from [I]. The main subtlety is to apply the results to the censored

measurable vectors (z,,a;) instead of classically (a;). This yields that with probability
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1—4, forall t > 0:

t
1D entia,anlfye < o”log

n=1

det(W¢)

+ 2l0g(2)
det(\Lp) O8NS

Thus, still on this event, for any ¢ > 0 and action a € R?, we have by definition of ét)‘
A t
<a’ 9t>\> - <a’ 0*> = <a’v (Wtc)_l Z Enwanan> - )\(CL, (W?)_19*>7
n=1
and therefore, thanks to Cauchy-Schwartz inequality:
X t
(@, 8) = (a0} < llallwgy-1 (I 3 ewasallmg + X267

n=1

Using previous result, for all a € By, ¢t > 0, with probability 1 — , we have:

- det(W¢) 1
A\ N < t - 1/211 p*
(0.6 <a,e>r_o—\/log(—dewd))+2log<5>+A 6711

To conclude, we classically plug-in the value a = W¢ (éi‘ — 6*) and divide both sides

by ||6) — 0*[lwe to get that for all ¢ > 0, with probability 1 — 4, we have:

A det(W¢) 1
A px < SEWYVE ) - 1/211 %
167 9||Wg~_a\/log(demd))+2log<5>+A 16712

and therefore, by definition P(H{5(5)) < 4.

4.6.3 Proof of Prop.

Proposition 4.2.2. For any § €]0,1], A > 0, a > 0 and policy 7 € 11, we have:
) T
E[Va(T,m)] < o+ C(0)° T ( / W) “alt)a(t) or).
0

where C(8) 2 8(\ + 1) max(log(d/8)) /A, 1) /.
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Proof. First, we use Lemma [4.6.2 to deduce that under HIy(9):

T T
Vo T, w[Hiex(8) = Y Tr((WE) " ava]) ?Z Wi ara; )
t=1 t=1

For all ¢ > 1, we then use the fact that W, < (14 $)W,_; to deduce Tr(W, % a,a, ) <

(14 5)*Tr(W; *a,a/ ). The last and most important step is the integral comparison:

XT:Tr(W;aataJ)g /OTTr(W() at)a(t)")ot = Tr / W(t)“a(t)a(t) 0).

In the previous result, the continuous extension (a(t), W(t));<r of (as, Wy)se[r) for a

given policy 7 is defined for any time ¢ > 1 as:

a(t) £ ay and W(t)é/:1pa(u)a( wa(u) u = Wiy + (¢ — |t))plarn)arqaly.

This yields the result:

V(T ln(8) < 1+ 7 T ([ 900" a(tya(t)" o).

Finally, we conclude thanks to Lemma [4.6.2 that:

E[V,(T,7)] < % +C(6)° T ( /0 W(t)—aa(t)a(tfat).

]

Remark 6. The main tour de force of the continuous approximation we employ s to
relax the maximization problem by considering the class of continuous deterministic
integrable policies, which is considerably more tractable from an analysis perspective.
On the one hand, it allows to get closed-form solution for the maximization problem
whereas the discrete approach can only deal with approzimations and upper bounds. On
the other hand, it clearly reveals the underlying matriz function the discrete approach
1s approximating and henceforth allows to leverage powerful integration results. We

leverage again this idea in the context of Chapl{ to tackle impact of censorship.
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To illustrate the abovementioned points, we remark that for the simpler case of

classical uncensored environment, we obtain for o > 0, # 1:

R e

For a < 1, we then have thanks to Lemma the worst case bound Tr(W;_a) <
d*(d\ + T)'= and henceforth:

A ad*(dA e gat-a
ZHatHW . < ( +1) (d\N+T)

l—«

On the other hand, for a > 1, we deduce:
i Jarll - < () A
— Hiwye, = A a—1"

Finally, for a = 1, we use the formula Tr(log(A)) = log(det A) to deduce:

A+1 [T ologdet(W(t A+1
}:mel_ + /“8ong ®) ¢ — j Tr(log W1 — log W)
0

A+1, detWp A+1
= og <
A det Wy A

T
log(1 + —
og( +—Ad)

where we used again Lemma to obtain the last (worst-case) upper bound. In

doing so, we recover and extend the recent results of [ in a more natural way.

4.6.4 Statement of Lemma [4.6.2]

In order to prove previous property on V,, a key step mirroring the MAB case is the
use of high confidence lower bound on the censorship process, proven using anytime

matrix martingale inequalities:

3Yet, we conjecture that the preliminary use of Cauchy Schwartz inequality in the case o > 1 to

affirm Z?:l ||at||W;a1 < \/T Zle ||at||§wf__01 is suboptimal in this case as it imposes a O(v/T) scaling.
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Lemma 4.6.2. ([39]) For any § €]0,1], A > 0 and policy 7, let’s introduce the event:
1
Hid(9) 2 {3t > 0,WE < —w, },
Cs
where c5 = 8max(w, 1). We then have P(HH,y(5)) < 6.

Note that picking as in the MAB case § ~ d/T? would lead to a constant c;5 =
©(log(T)), that is a worsening confidence interval, except if we manage to control the
initialization. One interesting technical question for future work would be to allow an

initialization condition as in Lemma [3.5.2 ensuring W(7y) counterbalance log(d/d).

4.6.5 Proof of Thm. 4.1.1]

Theorem 4.1.1. For a given multi-threshold censorship model[MT], there exits d g
such that the UCB algorithm with reqularization \ has an instance-independent expected

regret of:

E[R(T, 7ues)] < O(o+/d - degVT).

Proof. Analogous to the MAB case, we use Lemma [4.2.1 to deduce:

E[R(T, mucn)] < 265(T) v/ TEV1(T, wycs)] + 0T Amac,

where we have:

~ T 1
Bs(T) = \/a2dlog(1 + ﬁ) + 202 log(g) + V62

We then pick § = %, which yields:

E[R(T, myc)] < 2(\/U2d108(1 + z) + 207 10%(%2) + \/X||9*||2> VTENV(T, mycp)]

dX
+ dAmax
T
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We then apply Lemma 4.2.2 with o =1 and § = % to deduce:

d A+1 2 log T
<
E[Va(T,m)] < 5 + 87— max( Tr / W(t a(t) 8t>
d A+1 2 log( -
< .
S + 8 3 max ) I;lgﬁ( Tr / W(t a(t) 815)

By applying Thm. [4.3.2, we deduce the two possibilities:

e Case 1: Single region ;. The effective dimension corresponding to this

dynamics is d/p;,, with the following equality for 7" > ¢,_;:

-

—_

1 1
p pln«!»l

( ) log det W(t,,),

maXTr / Wit )T8t> = ilog det(W(T)) +

mell il

IIM

where we have for ' > t;_y W(T') = p;, (T — t;—1)W;, + W(¢;_1). Explicit formula
of (t,, W(t,)) are given for all n <[ in Cor. 4.7.0.1. We then note that:

1 1
— log det(W(T')) = — log det(p;, (T" — ti—1)W;, + W(t1-1))
1] 2]

ti—1

1
= deg log(T') + — log det(p;, (1 — T — )W;, + TW(tl 1))-
i
For T' > t;_;, we then write this in the form:
meal_)IcTr / W(t )T0t> = dglog(T) + f(T),

where f(T") = o(log(T)).
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e Case 2: Bi-region (i;41,7). Similarly, for 7" > ¢;, we have:

T —
rilgﬁ(Tr / W(t )T8t> = dg log(1 +t n ;l*)
!
1 1
(— — ) log det W(¢,,)
n=1 pin pin«l»l

_ b

1
= degy log(T) + degy 10g(f + P )\*)

+ — = ) log det W(t,,
Z pln pzn+1 ( )

= deff log(T) + f(T>7

where f(T') = o(log(T)).

Therefore, for given d.g, f and ¢y, we know that the following holds for all T" > ty:

E[V,(T, )] < % +8¥ max(mOi(T),l)T ( Wy et o)
< 37+ S max(EE 1) tog(r) + ()

Putting the pieces together yields for T > tg:

E[R(T, mycg)] < 2(\/ 2dlog(1 + %) + 202 log( ) + V6% )\/_<)\;l,2
80 e 28T 4y gr0n(my + ) e

A A
By imposing regularization of order A = o(log(7T)) only considering the leading order

this yields:

E[R(T, mucg)] < O(V/(d + 4)02\/dgV'T).
Finally, by working in large d regime, we finally conclude that:

E[R(T, mucg)] < O(o\/d - degVT).
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Again, we note that our proof easily allows to get high-probability bounds on regret

instead of bounds on its expected value.

4.6.6 Extension to Generalized Linear Contextual Bandits

On what follows, we provide a sketch of the extension our results to Generalized Linear
Contextual Bandits (GLCB) but differ the complete treatment to future work. In this

model, the reward of a given action a is assumed to be of the form:

r(a) = p((a,0%))

for a given function p strictly increasing, continuously differentiable and real-valued.
Notable instances of such a problem include the Logistic bandit and the Poisson
bandit. Of particular importance in the dimensionality study of the problem are the

constants:

L,= sup pV({a,6")) and w= inf puM((a,6)).

acUA, a€UA:

An important requirement of GLCB is the assumption £ > 0 needed to ensure
identifiability of 6* and asymptotic normality. Given this, the suited definition of

pseudo-regret considered is:

Zmax,u a,0%)) — p({as, 0%))

acA
t_

Note that this regret can be easily mapped to the one studied above thanks to the
fact that L, is a Lipschitz constant for p: for all a,a € UA,, |u({(a,0%)) — p({a, 0*))| <
L,|{a,0*) — (a,0*)|. Mirroring the proof of [31], we use a Maximum Likelihood

Estimator (MLE) instead of a Least-Square Estimator for 8*. More precisely, we define
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é{WLE as the solution of the equation:

t

Z(am e + p({an, 0)) — p({an, 0)) =0

n=1

A minor difference between the approach of [31] and what precedes is the use of a
period of initial random sampling (e.g. exploration) instead of the regularization to
ensure inversibility of the design matrix WY. More precisely, the initial sampling
ensures that with high-probability, Apin(W¢) > 0 in a finite time Ti,;. To be possible,
this requires the assumption that there exists o2 > 0 such that for all + > 1, we
have A\pin (Eae A, [aaTD > 02, where the expectation E is associated with an uniform
sampling of actions. Under the same assumption, the impact of censorship on this
initialization step is at worst an increase of the sampling time to Ti;it 2 T /Drmins
which is still constant. Following Lemma 9 of [31], we then consider the censored

high-probability confidence set for any 6 € [, 1]:

~ d t
HI(0) & {gt > 0, ||MEE — 0" |lwe > %\/5 log(1 + 2c_l) +1log(1/6) and Ay (WC) > 1}.

and a direct extension of their results allows us to conclude P(H{5()) < 4. Note
that the constant x appears when upper bounding in the Loewner order the Fischer
Information Matrix of the MLE by the matrix W¢. Post-initialization, the conditional

regret is then upper bounded by:

T
. o |d t
R(T, WUCBlﬁHIIjIéB((S)) < ﬂnitAmaz + E L#E\/§ log(l + 23) + 10g(1/5)\|at||(Wt0)71

t=Tinit

- d
< Tiit Apas + L“%\/§ log(1 4+ 27T'/d) + log(1/0)\/TV1(mucs, T),

Combining these elements and taking § = 7, we conclude that:

1
T

E[R(T, mycr)] < @<%\/g\/T]E[V1(7TUCBaT)]> < @<LMMﬁ>a

K

where we used Thm. to control E[V;(mycs,T)] as done in the proof of Th
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4.7 Proof of Chap. 4 - Temporal Dynamics for Multi-
Threshold Models

In this section, we prove Thm. and discuss its implications. In doing so, we
introduce and prove Lemmas [4.4.1], [4.4.2] [4.7.1] and Cor. [4.7.0.1l We conclude the
section by illustrating results for the single-threshold model, through Cor. [4.4.2.1.

4.7.1 Supplementary Notations

Without loss of generality (i.e. up to an orthogonal transformation), we can consider

that u = ey, the d** basis vector. Given this, for two regions 7 < j, we introduce the

notations:
ase) s cos(p)
l(z’j)_sin%m) 4 ult.j) cos?(p;)
T*i N A (d_l)u(zvj)—{_l(Z?j) an T‘TZ' N A 1 _ dl(z,])u(z,])
(i-7) d $rD =G T W) + - i)
Wié %Hdil ©
(0) sin®(p;)
wips (TONEI P 0
(0) sin®(p;) (£ — 1(4, 7))

Whenever i and j are clear from context, we use in u (resp. [) as abbreviation for

u(i, j) (resp. l(i,7)).

4.7.2 Proof of Lemma [4.4.1]

Lemma 4.4.1. [Reachability Analysis| Let’s assume we start at a given time ty in

transient censored region j, with a matriz

Aolly—1 (0)
W(t1) =
0) X
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where Ay > Ny We introduce I; = {i;i < j and Be<r*(i,5)}, the set of reachable
J

regions from region 7 and affirm that we have the two possible cases:

o [fI; =, i.e. no region is reachable from region j, we switch to a steady state

regime with single region j effective dimension d.g = d/p;.

o Otherwise, next region added to the transient sequence is i* = argmin, ¢ 1 (iy 3, Aoy Ao),
at time ty £t + pijpf(z'*,j, Ao, \p) and we have:
(d — 1) sin®(¢;)Aa — cos®(¢;) N

W) = G oo o) () - B) )

Proof. First, we note that the initial starting point is recovered for t; = 0, base
censored state k and A\, = A\, = A but this Lemma allows to go beyond the first step
in the study of the behavior of the system. We know the temporal evolution for

normalized budget p = p,(t — t;) is of the form:

COS2 ;
(p&= 02 2, (0)

W(t) =
(0) psin®(6;) + Ay

= IMWJ + W(tl)

We recall that the set of actions associated with region j is {a € By, sin(¢;) < (a,eq) <
sin(¢;+1)}. Therefore, the use of Kiefer-Wolfowitz theorem [29] combined with the
fact A\, > Ay yields that the optimal policy while evolving in region j only plays unit
action vector v; = (cos(¢;)/(d — 1)Y/2, ... cos(¢;)/(d — 1)}/2 sin(¢;)). By noting that

T
’Uj’U

; = W;, we obtain the formula announced. Reachability of a given state ¢ < j

from state j after time ¢; is then defined as:

1 1
3t >ty o Tr(W(t)"'W,) = o Tr(W(t) "W).
i J

We interpret this as a classical a first-order optimally condition for convex maximization

problems, where the matrix W, is weighted by the censorship probability representing
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the speed of increase in region j. We then rewrite this condition as:

>o, LEIWtO) by, gy e pSR0) A

> = 1.
L+ f(u)cos?(¢5)  pj Pl gy,

We know that f is increasing in p and the LHS of the equation above is decreasing in
f(u) as i < j. Hence, the reachability condition than be stated by looking at the limit
of f in +oo. By using the fact that lim,, . f(y) = %ﬁ;);l

J

reachability condition is equivalent to looking at the position of % with respect to:
J

, we deduce that the

oo o oa LHudsin®(¢) — 4 (d—Du+1 1 _
% I B

On the one hand, if ;’—; > 1r*(7,7), the state in never reachable in a finite time. On
the other hand, whenever % < r*(i,7), the state is reachable by investing a budget
J

1 (i, 7, Aa, Ap) such that:

bi

1 )
* [ - )\a )\ — pj
f(ﬂ (Z,], ) b)) COSQ(gbj)U—g—;’
which in turn involves:
‘i i %) d—1 (sin®(¢;)Aa + cos®(d;) M) B — (sin®(d:) Aa + cos®(d3) Av)
WG das o) = dsin®(¢;) cos?(¢;) (i, j) — & '

pj
In particular, at t; = 0 whenever \, = A\, = X and j = k, this gives:

(d—1)A e
dsin?(¢y) cos?(oy) (i, k) — 22

Pk

10 kA N =

The first reachable region from region j is then defined as i* £ argmin,.; p*(i, j, A, Ao,
where I = {i;i < j and Be<r*(i,7)}. Note that at the moment ¢, =t +
J

z%,u*(i*, J» Aas Ap) When this region is reached, we have:
J

W(ty) = (d — 1) sin?(¢;) Ny — cos?(d;) N

B dCOSQ(¢j) Sin2(¢j>(7’*(i*’j) . %>W(l7])
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On the other hand, whenever the set [ is empty, by definition, the process reaches case
1 steady-state regime and only plays optimal policy of region j for remaining budget.
To be fully general, we note that two or more regions can be reached simultaneously.
In this case, the optimal policy tie-breaks by taking the region with maximal index

i.e. higher censorship, as further described in Lemma |4.4.2. O

4.7.3 Statement and Proof of Cor. [4.7.0.1]

More generally, this allows us to deduce the next technical corollary:

Corollary 4.7.0.1. For a sequence of censored regions {iy = k,..., i, 441,...}, we
have for the I'" region of the transient sequence, with starting time t;_, and ending

time 1;:

!
W(t) —)\Hd+ZM (ing1, iy A =) /\ (tn-1) YW,

n=1

-1

\ (41 s (g0)—cor? ()
cos? (i) sin? (#4))

—

(T’T(in-‘rla Zn) - p;n'H )

W (irs,4r),

=~
| |

l 1

dl H (r*(inJrla 7/71) N %) (U(in+1, Zn) + dl(inJrl’ Zn))
in 1

n=1

3
Il

where t; 1s characterized by:

l
Z Zn-i-laZm)\W n1) AZV(tnil))a

1
1 Pin

and where A0 and )\zw(t") refer respectively to the upper and lower coefficient of the

diagonal matriz W(t,,).

Proof. We leverage a simple induction reasoning using for [ > 1 the formula given
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within the proof of lemma |4.4.1:

r ...
ty =111+ p_,M*<Zl+1> 1, )\Xv(tl—l)’ )\zw(tl_l))

i
(d — 1) sin?(¢)Aa ) — cos?(dy ) Ay Y

d cos?(¢,) sin® (¢, ) (r* (ia1, i) — p}f—tl)

W(il-‘rl) il)a

W(t) =

and the initialization conditions typ = 0 and W(0) = Al,. O

4.7.4 Proof of Lemma [4.4.2]

Lemma 4.4.2. [Dual Reachability Analysis| Let’s assume we are currently playing
transient region j and we reach the region i at time t;. We then have the following

two possible cases:

o If Z’:—; > ri(i, ), we say that regions i is dual reachable from region j, leading to
a steady state regime with bi-region (i, j) effective dimension. In such case, for

t > t;, the potential increase is of the form:

W(t) = 1 u—1

N d___ (i) —pi/p; _ T — (i q
Pi/P; + iy s vt (d = Dpi/pj — 1 (i. )

pi(t + X )W(3, ).

e Otherunse, we switch from base region j to base region i and continue in the

transient regime.

Proof. Using previous section, we know that W(¢;) oc W(i, j) where we recall that the

matrix W(z, j) has the strong property that the gains in regions ¢ and j are equal i.e.:

1 Lo 1 Lo
;TT(W(%J) W) = ]TTY(W(%J) W)
) J

One of the main result we show in the multi-threshold censorship model is that for

t > t;, we have:
W(t) —W(h) oc (t —t)W(i,j),
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which involves in particular that for ¢ > ¢, W(¢) o W(4, j). This is possible thanks to
the fact that the optimal policy produces a combination of p;W; and p;W; proportional
to W(i, 5) so that optimally of both regions ¢ and j is maintained while maximal first-
order gain is simultaneously ensured. The proportionality condition is then written as

the existence of p;, p; > 0 such that p;p;W; + p;p;W; oc W(4, j) or equivalently as:

T [pipti cos? (¢4) + pjpuj cos? ()] cos®(6;)(uli, j) — 1) s p

El[,bi, i > 0, - B - . )
! pipti sin®(¢;) + pjp; sin®(6;) sin®(¢) (2 — (i, 7))

where f1; and p; are the infinitesimal time increase in regions ¢ and j. It leads in turn

to the ratio equality:

pipi  sin®(¢;)(d — 1)R — cos®(¢; (d—1Du+1- dpi d re(i,g) — B
-1

)
pit;  cos?(¢y) —sin?(¢;)(d — )R (u+ (d— 1)l)pl — dlu u+ (d—1)l g—; —rf(i, j)

Thus, we see that bi-region stationarity is possible if and only if % > rf(i, ) where
J

we introduced the dual reachability condition:

~

d—1 1
dl(i. i P i + i\ L 1 -1 1
i g) & - Sbdend) (MDY = (S m(wWW)) =
U(Z,])—l—(d—l)l(l,j) r (372)
Hence, the use of the term dual reachability comes from the fact that region 7 is dual
reachable from region j if and only if region j is reachable from region j. In such case,
further algebraic calculation then lead to the instantaneous potential increase OW for

infinitesimal time Ot = y; + p;:

u—1 1
u+(d—1)l§—;’_— ri(i, j

8W(8t) =S pjujo + piuiWi = )p]ﬂjw(iaj)'

We then note that:

patp g1 d () —
w0 Prud (d= DR =i )
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Therefore, we conclude that:

1 u— 1

d r*(i,9)=pi/pj _ e (s g
PilP; + e ¢ 4= Dip/py =i, )

1 u—1 1 .
= —p; OtW (i, 7).

- d  r*(i,5)=pi/pj _ . — T (5 4
Pi/P; + et (@ Ve = ri)

oW (dt) = pi(py + ) W(i, j)

We then introduce \* defined such that:

U _ P N (3. 1) — v: /1.
() 2 L0 D0 <,y>>(pi/pj+u+(j_l>l ¢ ,z>ﬂ(fzj/)pa)w<m.

Given the previous two results, we conclude that for all t > #;:

W(t) = 1 u—1

- d 7 (i,)—pi /p; — ] Y
Pi/ s + i G (@ Ve =)

pit + AW (i, j).

Note that entering the bi-region stationary regime impedes new regions to be reachable.
Indeed, going back to the initial definition of reachability, region n is said to be

reachable from region j after time ¢; if and only if:

1 1
It > ¢, o Tr(W(t)'W,,) = o Tr(W(t) " "W;).
n J

Yet, using previous result on the evolution of W(t), we know that the ratio of those

two quantities remain equal for any ¢t > ¢; i.e. no new regions can be reached.

Moreover, using the optimality criterion of Lemma when several regions
are reached simultaneously, the tie-breaking is performed by considering the most
censored region, i.e. the one with the highest ¢ index. If the chosen region is not dual
reachable, then the next one is considered. In the case where none of them is dual
reachable, the base region becomes the maximally censored region and we immediately

reiterate the procedure described in Lemma |4.4.2.
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4.7.5 Proof of Lemma 4.7.1]

Lemma 4.7.1 (Bi-Region Effective Dimension). Let’s assume we reach a bi-region

(i,7) steady state regime at time t; < T. Then, we have:

T ] T—
/ = dlog det(W(t))at ~ dyp log(1 +
t

t
(I(t)) ot ) ~ dEﬁ log(T>7

)\*

] and N* 1s given in the proof of Lemma

Pi/pi—1(3.] .3)—Ppi/P;
4.4.2. Moreover, we have the cumulative transient potential:

where d oy = pij [(d _ )Ll o+ u(y(;,i)_l

“ 1 Ologdet(W(t), =1 [" e - 1, det(W(t,))
/0 pla(t)) ot at_z “ Pin Ju,_ 181 gdt(w(t))_; pinl & det(W(t,_,))

) log det W(t,,).

!
Z Piy, pzn+1
Proof. For t > t;, we have the infinitesimal two-step increase G during the infinitesi-

mal time Ot £ p1; + p;:

OG(t) = i Te(W(8) ™' W;) + p; Te((W(E) + pipiWi) ~ W)
= 1; Tr(W(t)"'"W,) + p; Te(W(t)T"W,) + o(0t)

- W Te(W(t)"W,) + o(d%),
J

where we used the property of W(7, j). Invoking lemma we know the evolution
of W(t) for t > t;:

1 u—1 1
W(t) = ~p;(t+ A )W(, j)
1 d r*(zj) pz/p d—Dlp; — ot J 1

as well as the relations between p; and p;:

pikitpi; d__ r(3)—pi/p;
P Mf(l + u+(d—1)lpz'/Pj—7"T(i7j))
Pitiy =1+ d T*(‘iﬂj)—Pi/pj
1 pz/pg ut+(d—1)! %—TT(Z‘J) '
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We invoke the fact that Tr(W(i, j)"'W,) = ——— + —2— to conclude that:

u—p;/pj pi/pi—l

11 = Dl u— d]Z — [l — ((d— Dut D] (14 5 ey m0opdy,

oG (o) = — - pi/pj ut(d=1)l pi/p;—r1(i,)
=5 (- E)(E 1) e
1 1—1 u—1 ot
= @d-1
%b %¢4+u—%t+»
ot
—dy
T

Given that Ot is an infinitesimal time increase, we have in the steady state regime:

T T ot T+ \* T-—t
oG = d, —d.yl — d.p log(1 .
Z; ﬁLt+» g log(77 ) = deg log(L+ 7——0)

We finally note that the cumulative potential coming from the transient period is

equal to:

/ 0G = — 6log det(W zl: M

l
Z ) log det W(t,,),
_ pln pln+1
where the closed-form expression of W(t,,) is given in Corollary [4.7.0.1. [

4.7.6 Special case: Single-threshold model

Corollary 4.4.2.1. For the single threshold model with two regions 0 and 1 and

associated censorship probabilities py < py1, our main theorem yields:

o If g—(l) gs L then we reach bi-region steady state regime and have the effective

dimension:

d—1 1 in’ d d
= + — 5 o (gb;) el—, =]
Do Do 4, — CO8 (1) o

o Otherwise, we are from t = 0 in single-region steady state regime and have the
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effective dimension d.g = d/p;.

Proof. Using Lemma [4.4.2] in the case of the single threshold model, we note that
if region 0 is reachable, it is necessarily dual reachable given that r7(0,1) = 0 and
henceforth, we always have py/p; > r7(0,1). Thanks to the results of Lemma m
we also note that r*(0,1) = £2 < #2@1) and that if region 0 is reachable, it is done

in a time:

1 (d—1)\ B —

tl - . —
p1 dsin?(¢y) cos?(¢;) #2(;1) - g—(lj
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Chapter 5

Conclusion and Future Directions

In this work, we demonstrate that the complexity of bandit learning under censorship
is governed by the notion of effective dimension. To do so, we developed a novel
analysis framework which enables us to precisely estimate this quantity first for general
censored MAB bandits and then for a broad class of censorship models in the CB
case. From a methodological viewpoint, the key contributions are the analysis of the
dynamics of learning through a continuous lens, the characterization of the adaptivity
gain and the fruitful introduction of the multi-threshold models. An important future
work would be to extend our approach to Bayesian settings, which will likely provide
us with useful insights on the cumulative censored potential V,, as initiated by [22].
Future work also includes the study of time-dependent censorship models such as
exponential counting processes or Markov Decision Processes. Moreover, we believe
that our new perspective can be exploited to design robust algorithms operating
efficiently in unknown (and possibly adversarial) environments. To conclude this work,
we further detail two directions deemed of particular relevance with respect to our

initial questioning;:

e Towards a generic assessment of the value of information in sequential
settings: More generally, modelling relations between user preferences (i.e.
latent state) and perceived feedback(s) as a Dynamic Choice Structural Models

[4] allows to extend our approach to more complex behavioral processes. Building
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blocks of this structure include sequences of nested interdependent decisions
(censorship process in what precedes) and of feedback (realized reward). On
the one hand, regarding decision modeling, a first degree of variability is to be
introduced in terms of amount of randomness present in the decision making
process, ranging in term of difficulty from deterministic utility maximization
to uniformly random decisions. Another one degree deals with identifiability
of the underlying latent state driving the output. For instance, the multi-
threshold decision model doesn’t allow direct identifiability of the latent state
in the neighborhood of the optimal action as the derivative with respect to
such latent state is null. On the other hand, feedback analysis also presents
similar complexity of randomness and identifiability issues but usually under
a different class of parametric models. A complete and normative study of
the resulting difficulty of decision making under uncertainty arising from the
Graphical structure of the Dynamic Choice Model is to the best of our knowledge

an open and fascinating challenge.

Some connections with Information Directed Sampling and Partial
Monitoring: Finally, we believe that this work sketches some deeper connections
between online statistical learning literature and information theory. Indeed, it is
possible to see the effective dimension as a form of measure of the communication
capacity between the principal and the environment and this raises several
fascinating questions. Firstly, it would seem very relevant to further investigate
the links between adaptativity in the MAB framework and the impact of feedback
in non-asymptotic channel coding [38]. Secondly, and more related to the recent
literature on Information Directed Sampling (IDS) and partial monitoring, our
work allows us to study in a tractable way the evolution of information flows
through a continuous lens. An open challenge would be to extend the analysis
of IDS to allow for the adoption of this methodology as well, thus unlocking

more subtle dimensional estimates for a larger class of problems.
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