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ABSTRACT

We consider the problem of sequential decision making in non-stationary
environments. In order to avoid solutions that are too conservative, we cap-
ture the degree of non-stationarity in real-world problems through different
mathematical models for the environment. In the first model, we add to the
environment a state that follows Markovian dynamics subject to limited levels
of non-stationary uncertainty. In the second model, we add non-stationary
constraints to the environment. In the third model, we limit the frequency of
non-stationary changes. In each of these models, we provide efficient learn-
ing algorithms and prove corresponding performance guarantees that depend

critically on the degree of non-stationarity.
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ABREGE

Nous étudions le probleme de décisions séquentielles dans des environ-
nements non-stationnaires. Pour éviter des solutions trop conservatrices, nous
modelisons le degré de non-stationnarité a travers differents modeles mathéma-
tiques de ’environnement. Dans le premier modele, nous ajoutons a I’environ-
nement un état qui suit une dynamique Markovienne, sujet a des niveaux
limités d’incertitude non-stationnaire. Dans le second modele, nous ajoutons
des contraintes non-stationnaires a I’environnement. Dans le troisieme modele,
nous limitons la fréquence des changements non-stationnaires. Pour chaque
modele, nous présentons des algorithmes d’apprentissage efficients et prouvons

des guaranties de performance qui dépendent du degré de non-stationnarité.
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CHAPTER 1
Introduction

This thesis deals with the theory of learning for machines. The goal
is to develop algorithms for making good decisions on the basis of past ob-
servations. The models that we study are generalized versions of sequential
decision-making problems, the simplest of which consists of predicting the next
element in a sequence that is generated by an unknown source. The classical
solution of statistical learning assumes that this source is stationary and uses
past observations to predict all the subsequent elements of the sequence. This
approach works as long as the source is stationary, but many problem in prac-
tice are not stationary, e.g., stock markets, and power distribution and data
networks. To address this shortfall, so-called online learning methods have
been developed in order to deal with these non-stationary (or unpredictable)
settings. These methods, however, have short-comings of their own. Due to
their simplistic representation of the non-stationary source as an arbitrary in-
dividual sequence, they produce solutions that are excessively conservative or
prohibitively inefficient. This thesis introduces a set of flexible models that
capture the notion of varying degrees of non-stationarity, and hence allow us
to design better suited solutions.

The motivation for online learning methods comes not only from the field
of machine learning. A wide range of problems can be modelled as sequen-
tial decision making in non-stationary environments. These problems come
from different parts of science and engineering. One example is power man-

agement in wireless networks [100], where the objective is to trade-off energy



consumption and performance when service requests are unpredictable. An-
other example is routing packets of data in computer networks with unknown
traffic and demand [13, 14]. In information theory, the important problem of
compressing individual sequences [134] is also an instance of online learning.
In computer science, examples include the problem of caching data to mini-
mize memory access in the worst-case scenario [25, 61], and the construction
of data structures to minimize the worst-case access cost [26]. Online learning
methods can also be combined with other methods of machine learning in or-
der to select important features of high-dimensional data points and querying
for labelled training data points (active learning) [34].

The methods of online learning also have important applications in other
fields. Indeed, some of the early theoretical developments occurred in the
design of adaptive strategies for repeated games in game theory [64] and the
sequential design of experiments in statistics [85, 18]. These methods also have
a strong connection with strategies for playing adaptive games [55, 56, 52, 65].
Furthermore, these methods have led to applications in the design of clinical
trials in medicine [16], the pricing of commodities in economics [114], the se-
quential management of financial portfolios [38, 68|, and the exploration for
mineral and petroleum resources [17]. Recent applications include the design
of online auction mechanisms [27, 76], the prediction of diseases [132], the de-
tection of malicious Internet content [89], and the development of competitive
algorithms for playing complex board games (e.g., game of go [125]).

This thesis is written from a machine learning perspective, but the same
general problem appears in the fields of control theory, game theory, operations
research, and economics. The methods and results are therefore presented
through abstract models, instead of specific applications, so that they may

easily be employed in the wide variety of applications just mentioned.



The two common threads throughout the thesis are problems of sequential
decision and non-stationary settings. In Sections 1.1 and 1.2, we explain the
notion of non-stationary settings and the goal of sequential decision problems
in such settings. In Section 1.3, we illustrate these ideas with examples of
practical problems.

1.1 Non-stationary Environments

In statistical learning problems, the rewards to the decision maker, or
agent, form a stationary random process. In this thesis, we consider non-
stationary environments, i.e., where the sequence of observations from the
environment is non-stationary. This thesis considers a number of different
models for the environment—Markov decision processes and stochastic games,
sequential constrained optimization, and multi-armed bandits, each of which
has a notion of non-stationarity that is specific to the environment. In this
section, we present the common concepts and ideas, but we leave the specific
formalism to the respective chapters.

Statistical learning theory has brought significant improvements in im-
portant applications such as routing, classification, and speech recognition.
For these applications, the success of existing techniques, such as dynamic
programming [15], boosting [53], support vector machines [123] and LASSO
regularization [122], relies on the fundamental assumption that the observa-
tions are generated from a stationary source, which is fixed and does not
change over time. This simplifying assumption, however, does not accurately
reflect sources that change in an unpredictable fashion at unpredictable time
instants. In this thesis, our goal is to represent these sources with various
models of non-stationary environments.

In general, a non-stationary environment can be modelled as a source

that generates a deterministic sequence of observations. The elements of this



sequence take arbitrary values from a given set and these values are a pri-
ori unknown to the agent. We call these sequences arbitrary or individual
sequences, as in [134].

Non-stationary environments can also be represented from the game the-
oretic perspective. In this case, the agent interacts (as in a repeated game)
with a non-rational or arbitrary opponent that may not have a well-defined
preference, i.e., the sequence of actions of this opponent is an arbitrary se-
quence. This opponent may represent an aggregate of other agents or Nature.
This useful view gives us access to tools from game theory and will be adopted
in Chapters 3 and 4.

A major advantage of modelling non-stationary environments with arbi-
trary sequences is simplicity: there is no need to make assumptions on the
source of observations and estimate its parameters. A possible pitfall, how-
ever, is that the model may be too general, the assumptions too weak. By
making no assumption, we must consider the worst case in our solution, and
hence, the solution may be too conservative. This thesis addresses this pitfall
by introducing models of non-stationary environments where different degrees
of non-stationarity can be distinguished, and hence more suitable algorithms
can be designed.

We can capture the notion of degrees of non-stationarity in a number of
different ways. For example, we can limit the degree of non-stationarity by
bounding the frequency of unpredictable events, restricting the magnitude of
unpredictable changes, or making one component of the source stationary. We
can also increase the degree of non-stationary by extending the source with
additional components such as non-stationary constraint sequences, and non-
stationary state-transition dynamics. Specifically, in this thesis, we distinguish

degrees of non-stationarity in the following models:



e Markov decision processes where the state-transition dynamic is station-
ary but the rewards are non-stationary and may possibly adapt to the
actions of the agent (Chapter 2);

e Markov decision processes where both rewards and state-transitions are
non-stationary, but where the magnitude of changes is bounded (Chap-
ter 3), which may also be interpreted as stochastic games against an
arbitrary opponent;

e Repeated games with side constraints against an arbitrary opponent (cf.
Chapter 4), which can also be interpreted as sequential optimization
problems where both rewards and constraints are non-stationary (Chap-
ter 5);

e Multi-armed bandit problems where the rewards are non-stationary, but
the frequency of changes is bounded (Chapters 6).

We present motivations for these problems in Section 1.3. In the next section,
we define our objective in these problems.
1.2 Objective

The goal in non-stationary sequential decision problems differs in a sig-
nificant way from the goal of learning problems in stationary environments.
For instance, since the reward process is stationary in the case of reinforce-
ment learning, the challenge arises from building a representative model and
estimating the unknown parameters of the model. Moreover, the agent may
hope to perform (asymptotically) as well as every alternative policy. In con-
trast, for the case of online learning, the challenge is to deal simultaneously
with all possible instances of a non-stationary environment. Consequently, we
seek a policy that performs well against every individual sequence of reward
functions. A solution of such generality can only be fairly evaluated against

a restricted set of alternatives—the set of stationary (time-invariant) policies,



for instance. We also refer to sequential decision making in a non-stationary
environment as online learning, and refer to the decision maker as the agent.
1.2.1 Notion of Regret

Throughout this thesis, we compare the actual performance of the agent
with the performance of the best alternative policy in retrospect. The differ-
ence between these two competing quantities is the regret. For example, the
agent’s actual performance is the reward accumulated by following a learning
algorithm. The baseline is the maximum reward that can be accumulated by a
policy from a limited set of alternative policies and it is evaluated in retrospect
against the same instance of the environment as observed by the agent. In-
tuitively, these two competing quantities incarnate the notions of adaptability
and foresight. Our results show that it is asymptotically possible to trade-off
one for the other.

Although the objective is slightly different in each chapter of the thesis,
the general goal is the same and the performance is evaluated in the same
fashion. We illustrate this with a simple sequential decision problem. A de-
cision maker has a set of action choices A at each time instant ¢t = 1,2,.. ..
There is an arbitrary sequence of bounded reward functions r, : A — R for
t = 1,2,... that are initially unknown to the agent. At each time step t,
the decision maker takes an action a;, and then observes the reward function
r, and receives a reward ry(a;). An algorithm in this problem is a rule that
takes as input the history of observations available to the decision maker and
outputs an action. We will also consider randomized algorithms, which take
also as input a random variable. Suppose that the decision maker follows an

algorithm that dictates the sequence of actions aq,as,.... The average regret



of this algorithm is

T
1 1
max > ri(a) - 0 > i) (1.2.1)
t=1 =1
The agent’s accumulated reward is averaged over the time steps 1,2,...,7T

and compared to a baseline. We take as baseline the maximum average reward
accumulated by alternative policies that always picks a single action a € A.
The actual sequence of reward functions ry,rs,... observed by the agent is
also used to evaluate the baseline in retrospect.

Our main goal will be to describe the long-term behaviour of the regret.
We say that a policy minimizes regret, or is no-regret, if the average regret
vanishes almost surely as T' — oo for every possible sequence of reward func-
tions 71,79, .... Such algorithms are also said to be Hannan consistent [64]
and universally consistent [56]. The above regret notion arises naturally from
game theoretic considerations because a natural equilibrium is achieved if each
player in a repeated game plays a regret-minimizing strategy [34].

Just as we can apply regret minimization to different settings, different
notions of regret are suitable to different models: e.g., with different classes
of comparison, finite time-horizon or discounted rewards. For instance, when
the environment has a state and the accumulated reward depends on the
agent’s action-history as in Chapter 2, it is useful to consider the steady-
state regret. By introducing side-constraints to the online learning model
(Chapter 4), it is necessary to relax the baseline performance to its convex
hull. By restricting the frequency of non-stationary events in multi-armed
bandit problem (Chapters 6 and 7), it is more meaningful to extend the set of
comparison policies. In each chapter, we adapt the classical notion of regret

of (1.2.1) to the respective setting.



1.2.2 Uniform and Asymptotic Guarantees

When dealing with non-stationary components of the environment—for
which no model exists, we must account for the worst case. Therefore, the
objective is to guarantee a certain performance uniformly against all possible
instances of the non-stationary environment. In this thesis, we seek solu-
tions that adapt to the non-stationary environments and are robust to the
degrees of non-stationarity outlined in Section 1.1. Hence, the results that we
present hold uniformly over all the individual sequences of observations from
the environment. From the game theoretic perspective, we seek strategies with
performance guarantees that hold regardless of the opponent’s motivation or
behaviour.
1.3 Examples

By virtue of robustness to non-stationary environment changes, the online
learning approach is suitable for real-world problems. More examples relevant
to the specific model of each chapter will be presented in the respective chapter.
In this section, we present intuitive examples that do not require delving into
the details of mathematical models.

The following example is a Markov decision process with an arbitrary

sequence of reward functions.

Figure 1-1: Example 1.1: Multi-armed bandit with three arms and an idle
state.

Example 1.1 (Multi-armed Bandit with Restrictions). Consider a non-stochastic

multi-armed bandit problem (e.g., [10]) with k& arms and a special restriction

8



(see Figure 1-1). The sequence of reward functions is arbitrary. When choos-
ing an arm, the agent may repeat the previous arm or switch to a different
arm. If it switches to a different arm, it must go through an additional in-
termediate state before completing the switch. We have one state for each of
the k arms, each with two actions (“repeat” and “switch”), and one “idle”
state with k actions leading to the corresponding arms. An instance of such
a model is an electrical power distribution network where generators cannot
turn on or off instantaneously due to inertia, but instead must ramp up and
down gradually [36]. In this case, the arbitrary reward can model the revenue
to the operator, which depends on complex and hard-to-predict factors such
as power outages, the quantity of power supplied by competing operators, and
a non-stationary demand. In Chapter 2, we will show that, under reasonable
assumptions, it is possible to achieve asymptotically a reward as high as that
of the best arm, regardless of extra delays and transition costs.

A Markov decision process model may also add other features to the clas-
sical multi-armed bandit problem, such as costs to transition between arms,
forbidden transitions between some arms. Since the MDP model contains
multiple states and a reward process that depends on states and actions, it
can capture real dynamics of the investment process, such as delays in com-
pleting transactions and commissions. Therefore, our results on MDPs with
arbitrary reward processes (Chapter 2) provide a solution to an open problem
of sequential investment [38].

Stochastic games [116] (e.g., [108]) arise as natural models for problems
where an agent interacts with an opponent in a Markovian environment, where
the state evolution depends on the actions of both the agent and the oppo-
nent. The reward to the agent likewise depends on both players’ actions. In

the following example, the opponent is not rational and plays an arbitrary



sequence of actions. In this case, an online learning approach can be applied
to exploit the opponent that acts in a sub-optimal fashion.
Example 1.2 (Queuing System). As an example of a stochastic game, let
us consider a queueing system. At each time instant, the agent sends a job
to be serviced at one of several queues. A job incurs a delay in each queue
proportional to its congestion. Besides our agent, there are other agents send-
ing jobs to the same queues. If the other agents do not behave in a cohesive
manner, they can be aggregated into an arbitrary opponent. The congestion
pattern on all queues may be represented as a state that evolves according to
all the agents” action and the movement of jobs through the queueing system.
Similar problems are encountered in networks, e.g., admission control, routing,
and transmission rate control [6]. An additional application to communication
over arbitrarily varying channels is described in [86].
1.4 Literature Overview

In this section, we survey works in the literature on sequential decision-
making in non-stationary environments. Besides the distinction between sta-
tionary and non-stationary environments, in this section, we further divide
online learning problems into two types: expert problems—in which the entire
reward function is revealed after each action of the agent—and bandit prob-
lems, in which only the reward corresponding to the agent’s action is revealed.
Since each of the following chapters considers a different model and employs
different methods, each chapter will contain a more specific literature survey,
where we put the results of that chapter in perspective with other works that
share similarities.
1.4.1 Non-stationary Settings

The basic version of the online learning problem, described in Section 1.2,

has been a topic of great interest for over five decades and across various fields
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of research. Hannan presents the first regret-minimizing algorithm based on
perturbed fictitious play in his seminal paper [64]. He proposes a randomized
policy whose regret is of the order of O(|A|/T) after T plays, where |A| is the
number of actions available to the agent. The exponentially weighted average
forecaster algorithm, introduced in [87] and [124], reduces the regret to the or-
der of O(m ). A number of other no-regret algorithms have been intro-
duced, using methods such as Blackwell’s approachability-based scheme [23],
smooth fictitious play [56], calibrated forecasting [50], multiplicative weights
[54], and online gradient ascent [133].

The basic online learning problem has an equivalent repeated game formu-
lation, which assumes a reward function of the form r,(a) = R(a,b;), where b,
is the action chosen by an opponent, and R is a known payoff function. In this
case, observing the opponent’s action b, is equivalent to observing the reward
vector ;. Online learning in the two-player repeated game framework, without
any state dynamics, has been extensively studied in [64, 55, 56, 52, 65].

The online learning problem is also equivalent to the universal coding
problem in information theory, where the notion of regret is known as redun-
dancy. Algorithms for universal® prediction [96] and universal coding [111]
are regret-minimizing algorithms. For the problem of universal data compres-
sion, where the source is unknown a priori, [134] presents a regret-minimizing
algorithm that encodes every individual sequence of this source as well as
all finite-state encoders in the long run. Similarly to our objective (cf. Sec-
tion 1.2.2), this result holds even as the number of finite-state machines in the

comparison class is allowed to increase as the length of the sequence increases.

! This concept of universality refers to the fact that the regret bounds hold
uniformly over all sequences generated by a source.

11



Depending on the form of the agent’s reward function and the extent of the
comparison class within some hierarchy, different bounds on regret are ob-
tained [96]. Regret minimization also appears in the frameworks of sequential
gambling [49] and sequential investment [38].

There are two important variants of the basic online learning problem:
expert-type and bandit-type problems. Expert-type problems, such as the
formulation of Section 1.2, where the entire reward function is observed, are
related to the problem of prediction with expert advice [87]. In bandit-type
problems, only the component r;(a;) of the reward function, corresponding to
the taken action a;, is observed at each time step. This corresponds to the
nonstochastic or adversarial multi-armed bandit problem [10], Another model
of partial observation is studied in [35].

Another important distinction exists between an oblivious opponent (or
environment) and a non-oblivious or adaptive one [34]. In the former case,
the reward vector sequence is assumed fixed in advance but unknown. In the
latter case, it may depend on the actions previously taken by the agent. This
distinction is crucial to [41] and Chapter 2.

An exact but computationally prohibitive solution to the online learning
problem exists when the time horizon 7" of the problem is known in advance.
This solution is based on the dynamic programming approach [15, 19], but
quickly becomes intractable as 7" increases. In this thesis, we seek efficient so-
lutions with asymptotic bounds on the regret that do not require prior knowl-
edge of the time horizon T. The notion of discounted regret is treated in
[34].

1.4.2 Stationary Settings
The problem of regret minimization is also studied in the case of station-

ary environments. In this case, the regret is defined similarly to Section 1.2,
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except that the baseline is actually the optimal expected reward, instead of
the reward in retrospect of the best alternative policy. The classical instance
of this problem is the stochastic multi-armed bandit, which is a fundamental
problem to statistics [112] and exemplifies the trade-off between exploitation
and exploration in reinforcement learning [121]. In the basic bandit problem,
there is a finite set of arms, where each arm generates an independent sequence
of random rewards according to an unknown probability distribution. The ob-
jective is to pull the arms sequentially so as to maximize the total reward. Lai
and Robbins showed that the regret is at least of the order of Q2(log T") and pro-
vided a policy based on upper-confidence indices that achieves the lower bound
exactly in the limit [85]. This solution is an instance of the general method
of Gittins indices [59]. The UCB algorithm, with a uniform finite-time regret
bound of O(logT), is presented in [9].
1.5 Contributions
This thesis deals with different degrees of non-stationarity in three settings

of sequential decision-making:

e Markov decision processes and stochastic games,

e sequential constrained optimization problems and constrained repeated

games,

e and multi-armed bandits.
In each of these settings, we present new algorithms that adapt to non-
stationary changes, along with performance guarantees in the form of finite-
time expectation bounds or probabilistic bounds on the performance loss. Be-
sides these theoretical properties, our algorithms are also computationally ef-
ficient. We validate their performance through experiments in Chapters 4, 5,

and 6.
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In Chapter 22 , only one of the two components of the environment is non-
stationary. The decision-maker interacts with a version of Markov decision
processes, where the state transitions occur according to stationary dynamics
(as in standard Markov processes), but where the reward function may change
in a non-stationary fashion over time. We present a method to perform as
well—in retrospect—as every stationary policy against every possible sequence
of reward functions. Our approach uses an efficient online algorithm—in the
spirit of reinforcement learning—that ensures that the average performance
loss vanishes over time, provided that the environment is oblivious to the
decision-maker’s actions. This generalizes the classical no-regret result for re-
peated games. Moreover, it is possible to modify the basic algorithm to cope
with instances where the decision-maker has only limited observations of the
rewards. We also present approximation techniques to reduce the computa-
tional cost at the expense of performance, and we extend our baseline policies
to include a subset of non-stationary policies.

In Chapter 3% , we generalize the MDP model of Chapter 2 to a much
harder model, where both the rewards and the state-transitions may change
in a non-stationary fashion. This setting is a generalization of ordinary on-
line learning problems and corresponds to a one-sided stochastic game against

a non-rational opponent. In order to obtain tractable solutions, we restrain

2 This work is published in the journal Mathematics of Operations Research
[131].

3 Parts of this work are published in the Proceedings of the International
Conference on Game Theory for Networks (GameNets) [129] and the Proceed-
ings IEEE Conference on Decision and Control [128].
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the degree of non-stationarity by the magnitude of the changes in the state-
transition probabilities. As in Chapter 2, we propose online learning algo-
rithms and provide guarantees on their performance evaluated in retrospect
against alternative policies. We first use an approach based on robust dynamic
programming, and then present a computationally efficient simulation-based
algorithm (in the style of @-learning) that requires neither prior knowledge
nor estimation of the transition probabilities. The case of limited observation
of the rewards can also be handled with a modification. Unlike existing results
though, our guarantees depend critically on the magnitude of non-stationary
changes in the transition probabilities.

In Chapter 4* , we consider a sequential constrained optimization problem,
where the objective is to maximize the average reward subject to constraints
on the sample path. The challenge is that both the sequence of objective
functions and the sequence of constraints change in a non-stationary fashion.
Unlike the case where the sequence of constraints is stationary, it is not possible
to attain the average reward of the best stationary solution. The degree of
non-stationarity in this setting is such that it is necessary to relax the baseline
of our notion of regret. However, we identify the set of attainable average
rewards and present an algorithm using calibrated forecasting that attains
this set. We evaluate the performance of computationally efficient methods

based on non-calibrated forecasters in experiments.

4 This work is published in the Journal of Machine Learning Research [94].
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In Chapter 5° , we model a real-life power management problem as a
sequential optimization problem with non-stationary rewards and constraints.
The model is similar to that of Chapter 4, but the constraints and objective
are defined differently. For this setting, we provide a solution using prediction
with expert advice. In addition to theoretical guarantees, we validate its
performance through experiments.

In Chapter 6° , we consider a random source that is stationary over long
intervals, but may change distribution abruptly at unknown time instants. We
quantify the degree of non-stationarity by the frequency of changes from one
stationary distribution to another. This is the piecewise-stationary general-
ization of the classical multi-armed bandit problem. We evaluate the regret
with respect to the sequence of instantaneously optimal arms—which is more
competitive than the notion of regret for typical non-stationary settings, but
assume that side observations are revealed to the agent. We present an ef-
ficient solution that detects shifts in the mean of the reward function over
different windows. We show that the expected regret of this algorithm has
upper and lower bounds that match up to a constant factor.

In Chapter 7, we consider a different version of piecewise-stationary multi-
armed bandits than Chapter 6, where the set of arms is infinite—i.e., an
interval of the real line, but the arm rewards are related in an unimodal fashion.
In this setting, we provide an efficient algorithm that iteratively eliminates

subsets of arms based on samples of a small number of arms. We show that

® Parts of this work are published in the Proceedings of the AAAI Confer-
ence on Artificial Intelligence [81] and the Proceedings of the International
Symposium on Artificial Intelligence and Mathematics [80].

6 This work is published in the Proceedings of the International Conference
of Machine Learning (ICML) [130].
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this algorithm minimizes the regret without requiring any side observation in
contrast to Chapter 6. Moreover, in the case where there are no change-points,
the regret bound of our algorithm matches existing lower bounds for similar
continuum-armed bandit problems.

Throughout this thesis, for simplicity of notation, we sometimes reuse
the same symbol (e.g., €, d, k, n) to denote different quantities across different
chapters. For instance, r; represents a deterministic reward function in one
chapter; but in another chapter, r; denotes a stochastic reward vector. Within

each chapter, however, each symbol consistently refers to the same notion.
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CHAPTER 2
Markov Decision Processes with Arbitrary Reward Processes

2.1 Introduction

In this chapter, we consider a learning problem where the decision maker
interacts with a standard Markov decision process, with the exception that
the reward functions vary arbitrarily over time. We show that, against every
possible realization of the reward process, the agent can perform as well—
in hindsight—as every stationary policy. This generalizes the classical no-
regret result for repeated games. Specifically, we present an efficient on-
line algorithm—in the spirit of reinforcement learning—that ensures that the
agent’s average performance loss vanishes over time, provided that the envi-
ronment is oblivious to the agent’s actions. Moreover, it is possible to modify
the basic algorithm to cope with instances where reward observations are lim-
ited to the agent’s trajectory. We present further modifications that reduce
the computational cost by using function approximation and that track the
optimal policy through infrequent changes.

A common theme in the majority of existing works is that the decision
maker faces an identical decision problem at each stage. This falls short of
addressing realistic decision problems that often take place in a dynamic and
changing environment. Such an environment is commonly captured by a state
variable, which evolves as a controlled Markov chain. The model thus obtained
is that of a Markov decision process (MDP), augmented by arbitrarily varying
rewards and (possibly) transitions. Furthermore, by modelling the arbitrary
elements as the actions of an opponent (actual or virtual), the model takes

the form of a two-person stochastic game [116], played between the decision
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maker and an arbitrary opponent. In this chapter, we consider MDPs where
only rewards change arbitrarily. Such a model arises as a simple extension to a
standard online decision problem, as illustrated by the examples of Section 1.3.
2.1.1 Related Works

Various versions of MDPs have been studied in a large number of works.
A well-known setting is that of reinforcement learning, where the rewards are
i.i.d. random variables generated by a fixed, but unknown, source. For exam-
ple, [48] considers MDPs where the state and action spaces and the transition
function are fized but not known to the decision maker.

Regret minimization in such dynamic environments has been the topic of
only a handful of papers so far. This may seem surprising, given the prolifer-
ation of interest in no-regret algorithms, on the one hand, and the extensive
literature on MDPs and stochastic games, on the other hand. In [91], the
problem has been considered within the general stochastic game model, where
both the transition probabilities and the rewards are affected by the actions
of both players, the opponent is adaptive and the opponent’s actions are ob-
served at traversed states only. A central observation of that paper is that
no-regret strategies do not exist for the general model (where regret is defined
relative to the best stationary policy of the decision maker). An exception
is the case where the transition probabilities are controlled by the opponent
only, which can be treated by applying a no-regret algorithm at each state
separately and independently of other states. For the general model, a relaxed
goal was set and shown to be attainable by using approachability arguments.
We note that similar conclusions hold true for the (essentially simpler) model
of repeated games with varying stage durations, as reported in [93]. Merhav et

al. [97] have considered sequential decision problems where the loss functions
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have memory, which correspond to special MDPs, where every state is reach-
able from every other via a single action. They presented an algorithm using
piecewise-constant policies and provided regret-minimizing guarantees similar
to ours.

The paper [44], whose model is closest to the present one, focuses on
MDPs with arbitrarily varying rewards. Specifically, it assumes that (1) The
state dynamics is known, namely, the state transition probabilities are de-
termined by the decision maker alone; (2) Oblivious opponent: The reward
functions, while unknown to the decision maker, are fixed in advance; (3) Ob-
served reward functions: The entire reward function r, (for every state and
action) is observed after each stage t. As mentioned in [44], a simple-minded
approach to the problem could start by associating each deterministic station-
ary policy with a separate expert, and applying existing experts algorithms
in that setting. However, as the number of such policies is prohibitive for
all but the smallest problems, this approach is computationally infeasible and
slow to converge. Thus, more efficient algorithms must be devised. Under the
above assumptions, Even-Dar et al. propose an elegant no-regret algorithm,
and provide finite-time bounds on the expected regret. The suggested algo-
rithm places an independent experts algorithm at each state; however, the
feedback to each algorithm depends on the aggregate policy determined by
the action choices of all the individual algorithms and by the value function
which is computed for the aggregate policy.

Our chapter also relates to problems outside the regret minimizing frame-
work. Optimal control in MDPs with unknown, but stationary, reward pro-
cesses can be solved using reinforcement learning, e.g., model-based and -

learning algorithms [126]. In contrast to an ordinary stochastic game, the
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opponent in our model is not necessarily rational or self-optimizing. Our em-
phasis is providing the agent with policies that perform well against every
possible opponent. A max-min solution to a zero-sum stochastic game, such
as one produced by the R-max algorithm of [30], may well be too conservative
when the opponent is not adversarial. It may be in the agent’s interest to
exploit the non-adversarial characteristic of the opponent. Our model corre-
sponds to a stochastic game where an arbitrary opponent picks the reward
functions, but does not affect state transitions.

The basic model that we consider here is similar to [44]. We start by exam-
ining the above-mentioned assumptions, and show that the oblivious opponent
requirement is necessary for the existence of no-regret algorithms. This stands
is sharp contrast to the standard (state-less) problem of prediction with ex-
pert advice, where no-regret is achievable even against an adaptive opponent.
We then propose for this model a new no-regret algorithm in the style of [64],
which we call the Lazy follow-the-perturbed-leader (FPL) algorithm. This al-
gorithm periodically computes a single stationary policy, as the optimal policy
against a properly perturbed version of the empirically observed reward func-
tions, and applies the computed policy over a long enough time interval. We
provide a modification to this algorithm (the Q-FPL algorithm) that avoids
the exact computation of optimal policies by incorporating incremental im-
provement steps in the style of Q-learning [20]. Next, we extend our results
to the model where only on-trajectory rewards are observed; namely, only the
rewards along the actually traversed state-action pairs. Clearly, this is a more
natural assumption in many cases, and may be viewed as a generalization of
the bandits problem to the dynamic setting. Finally, we introduce a variant
of our basic algorithm that minimizes regret with respect to non-stationary

policies with infrequent changes, in the spirit of [70].
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Our emphasis in this chapter is on asymptotic analysis and almost-sure
convergence; namely, we show that the long-term average regret vanishes with
probability one. Explicit finite-time bounds on the expected regret are pro-
vided as intermediate results or as part of the proofs. To summarize, the main
contributions of this chapter are the following:

e Establishing the necessity of the oblivious opponent assumption in this
model.

e A novel no-regret algorithm for MDPs with arbitrarily varying rewards.
In contrast to [44], this algorithm is Hannan consistent and has dimin-
ishing average computational effort over time.

e The first reported no-regret algorithm for the MDP model when only
on-trajectory rewards are observed.

e The incorporation of @)-learning style incremental updates that alleviate
the computational load and spread out the load over time. Moreover,
the @Q-learning style updates eliminate the requirement of knowing the
state transition probabilities.

The rest of the chapter is organized as follows. We describe the model
in Section 2.2, and motivate our obliviousness and ergodicity assumptions in
Section 2.3. Section 2.4 describes and analyzes our main algorithm. The Q-
FPL variant and related approximation results are described in Section 2.5.
The extension to the case of on-trajectory reward observations is described
in Section 2.6. In Section 2.7, we consider regret minimization with respect
to a subset of non-stationary policies: the policies with a limited number of
changes from one step to another.

2.2 Problem Definition
We consider an agent facing a dynamic environment that evolves as a

controlled Markov process with an arbitrarily varying reward process. The
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reward process can be thought of as driven by an abstract opponent, which
may stand for the collective effect of other agents, or the moves of Nature. The
controlled state component is a standard Markov decision process (MDP) that
is defined by a triple (S, A, P), where S is the finite set of states, A is the finite
set of actions available to the agent, and P is the transition probability—that
is, P(s" | s,a) is the probability that the next state is ¢ if the current state is
s and the action a is taken.

The discrete steps are indexed by ¢t = 0,1,.... We assume throughout
the chapter that the initial state at step 0 is fixed and denoted sy. At the t-th
step, the following happen:

1. The opponent chooses a reward function r; : S x A — [0, 1];
2. The state s; is revealed;
3. The agent chooses an action ay;
4. The entire reward function 7y = {74(s, a)}(s,a)esx4 is revealed; the agent
receives reward r;(s;, a;);
5. The next state s;;1 is determined stochastically according to the transi-
tion function P.
Remark 1 (Notation). When confusion is possible, we will write the random
variables with a bold typeface (e.g., s;) to distinguish them from their realiza-

tions written with a normal typeface (e.g., s;).

In general, the opponent determines a sequence of reward functions rg, r1, . .

where r; may be picked on the basis of the past state-action history

(507 ag, ..., St—1, at—l)'

In most of the following development, we consider oblivious opponents that
pick the reward functions r{, 79, ... independently of the past state-action his-

tory. This assumption is made exact in the following section.
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We are interested in policies that respond to the observed sequence of
rewards. When choosing action a; at step ¢, we assume that the agent knows
the current state s;, as well as the past state-action history and the past
reward functions. Hence, we define a policy as a mapping from the reward
history (ro,...,r—1) and state-action history (so,ao,-..,S;_1,a;_1,5;) to an
action in the simplex A(A)! . A stationary policy is a function p : S —
A(A) that depends solely on the current state s,—and not on the history
of the rewards or states. We denote by ¥ the set of stationary policies. A
deterministic stationary policy is a mapping p : S — A from the current
state to an action. We first present in Section 2.4 a policy for the agent that
assumes that the transition probability function P is known. However, this
requirement is not crucial and we shall dispense with it via simulation-based
methods in Section 2.5.

Let us consider a sequence of state-action pairs (s;, a;)i—o1,... induced by
following a stationary policy p and starting from the initial state sg. Let
dy(1; s0) denote the probability distribution of (s;,a;). With respect to the
stationary policy u, if it admits a unique stationary state-action distribution,
we denote the latter by 7(u). Given an arbitrary reward function r : S X
A — [0,1], we introduce the following inner product notations to denote the
expected reward at time step t starting from state sq and following policy u,

and the expected reward according to the stationary distribution associated

L' A(A) denotes the set of all probability vectors over A.
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with policy pu:

>

(r,dy(p; o)) Z r(s,a)PM((st,at) = (s,a) | so), (2.2.1)

(s,a)eSxA

> r(s,a)m(p)(s, a).

(s,a)eSxA

lI>

(rym ()

2.2.1 Assumptions

Our main results require the following assumptions. Their necessity will
become clear from the counterexamples of Section 2.3. We begin with the
following ergodicity assumption.
Assumption 2.1 (Uniform Ergodicity). The induced Markov chain is uni-
formly ergodic over the set of stationary policies. This guarantees that there
exists a unique stationary distribution m(u) for each policy . Moreover, there
exists (cf. [28]) a uniform mixing time v > 0; i.e., there exists a finite v > 0
such that for every stationary policy p € X, every initial state s, and ¢t > 0,

we have

ld(ps s0) — 7 ()lly < 2e'74.

Remark 2. The ergodic assumption is quite weak as it only requires that
all recurrent states in the Markov chain communicate and that the chain is
aperiodic. However, there may exist transient states—which may depend on
the stationary policy employed.

The main results of this chapter hold when the opponent is oblivious; in
other words, the sequence of reward functions does not depend on the state-
action history. There are two justifications for this approach. First, from
a modelling perspective, the agent may interact with other agents that are
truly oblivious, irrational, or have an unspecified or varying objective. This

renders their behaviour “unpredictable” and seemingly arbitrary. Second, in
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the presence of many agents, a single agent has little effect on the overall
outcome (e.g., price of commodities, traffic in networks) due to the effect of
large numbers [12]. Moreover, as Example 2.1 shows, the regret can not be
made asymptotically small when the opponent is not oblivious. Formally, we
state the obliviousness assumption as follows.

Assumption 2.2 (Oblivious Opponent). The reward functions rq, 7y, ... are
deterministic and fixed in advance.

Remark 3. Alternatively, we may assume that the reward functions rq, 7y, ...

are random variables on the null o-algebra. Hence, for every random variable

X, measurable by the o-algebra generated by (sg,aq,...,s;, a;) satisfies the
following:
Elr(s,a)X;] = ri(s,a)E[X;], forall (s,a) € S x A. (2.2.2)

The following results can be shown to apply even when the reward functions
are randomly chosen at each step, independently of the state-action history,
so that (2.2.2) holds. This case can be handled similarly to the deterministic
one, at the expense of somewhat more cumbersome notation that we avoid
here.
2.2.2 Regret

In general, the goal of the agent is to maximize its cumulative reward
ZtT:_Ol ri(s¢, a;) over a long time horizon of T steps, where T need not be
specified a priori. We shall focus on policies that minimize the regret, which
measures how worse off the agent is compared to the best stationary policy in
retrospect. This regret arises from the lack of prior knowledge on the sequence
of reward functions picked by the opponent. We present three related notions
of regret that differ in how the sequence of reward functions is retained, and

in the choice of initial state. All three definitions of regret for our model
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collapse to the classical notion of regret for repeated games (cf. [34]). Our
basic definition for regret is the following.

Definition 2.1 (Worst-case Regret). The worst-case average regret, with re-

spect to the realization rg, ..., rr_; of the reward process, is
= =
LQVY é supE TZTt(ét,ét) — TZTt(St,at), (223)
e =0 =0

where E denotes expectation over the sequence (S;, a;) induced by the station-
ary policy p. It is implicitly understood that both sequences s; and s; start at
the initial state sy and follow the transition kernel P. This regret is a random
quantity since the trajectory (s;, a;) is random.

The above definition of regret is one possible extension of the concept
of regret introduced in [64]. However, it is not the only natural definition of
regret and we shall provide two additional notions of regret. An alternative
to defining the regret with respect to stationary policies is to take as basis
for comparison an agent that possesses only prior knowledge of the empirical
frequency of reward functions. In this case, it is natural to consider the MDP
where the states, actions, and transition probabilities are as before, but where

the reward function at every step t is

-1
er(s,a), for all (s,a) € § x A.

j=0

- 1
TT(‘S? CL) = f
With this concept, we present the following definitions.

Definition 2.2 (Steady-state and Empirical-frequency Regret). The steady-

state average regret is

h

L5 2 sup(Pp, w(p)) — (St ar). (2.2.4)

HEX

N =
-
]
o
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The empirical-frequency average regret is

T-1 =
LY £ supE | =) 7p(S,a)| — = Zrt(sta a). (2.2.5)
pex t=0 I'=

Under Assumptions 2.1 and 2.2, these three definitions are asymptotically
equivalent, as established in the following lemma. This result is independent
of the agent’s learning algorithm. The proofs of this and other lemmata are
provided in Section 2.8.

Lemma 2.1 (Asymptotic Equivalence). If Assumptions 2.1 and 2.2 hold, then
LT — L7| < 2ev/T,

and
LY — L| < 2ey/T.

This equivalence allows us to employ throughout our analysis the simpler
notion of steady-state regret ((2.2.4)). We say that an agent’s policy is a
no-regret policy, with respect to one of the three definitions of regret, if the
corresponding average regret tends to 0 with probability 1 as T" — oo.

2.3 Counterexamples

In this section, we present examples where vanishing average regret can
not be guaranteed. The first example considers a non-oblivious opponent that
modifies the reward function according to the agent’s action history. The
second example displays a periodic state trajectory.

Example 2.1 (Non-oblivious Opponent). Let the states S = {1,2,3} be
as in Figure 2-1. The agent has two actions to choose from: whether to
go left or right. The corresponding transition probabilities are shown in

Figure 2-1. The non-oblivious opponent assigns a reward of 0 to state 1
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S

(a) Transition model if the agent Transition model if the agent
chooses to go left. chooses to go right.

Figure 2—1: State transitions for Example 2.1. Taking the left action in state
1 leads to state 2 with probability 1 — p. There is a small probability p
of staying in state 1, regardless of the action taken; thus making the MDP
aperiodic. From state 2 or 3, the agent moves to state 1 deterministically.
at all steps. It gives a reward of 1 to state 2 if the agent took the ac-
tion leading to state 3 at the previous time step; otherwise, it gives zero
reward to state 2. Similarly, the opponent gives a reward of 1 to state
3 if the agent took the action leading to state 2, and a zero reward oth-
erwise. Consequently, for every policy, the reward attained by the agent
is Z?:_Ol ri(s;;a;) = 0. In contrast, by computing the stationary distribu-
tion for each fixed action, we have either limp_ . = T ZT 1E[rt(st,left)] >
(1—=p)/(2—p) or limy_.o 7 Zt:_() E[ry(s;,right)] > (1 —p)/(2 —p). As a
result, the average worst-case regret is always positive and bounded away
from 0. Since the MDP is ergodic, a similar argument shows that the same
holds true for the two other definitions of regret.

We note that this example is stronger than the counterexample presented
in [91], where the non-vanishing regret is attributed to lack of observation of

the reward.

w.p. 1

OO

W.p.

Figure 2-2: State transitions for Example 2.2.
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Example 2.2 (Periodic MDP). Consider an MDP with two states S = {1, 2}
as in Figure 2-2. The transition from state 1 to 2, and vice-versa, occurs with
probability 1. The agent has a number of identical actions (same transitions

and rewards). An oblivious opponent chooses the following rewards:

r(1)=1, m(2)=0, iftiseven,

r(1)=0, r(2)=1, iftisodd.

It follows that (1) — 1/2 as T' — oo, and similarly for 77(2). If the initial
state sg is 1, then the agent’s cumulative reward is T'; otherwise, if sq is 2,
the cumulative reward is 0. This implies that the regret is either negative if
sp = 1, or positive (and bounded away from zero) if sy = 2. Therefore, using
the empirical-frequency or steady-state notion of regret, zero regret can not be
achieved for periodic MDPs, even if the opponent is oblivious. Nonetheless,
in this example, the regret is zero if we adopt the notion of worst-case regret
(2.2.3). In this example, the value of the accumulated reward depends solely
on the initial state sg. Since we are interested in characterizing regret with
respect to policies, such pathological cases shall be excluded.

In light of these counterexamples, we preclude via Assumptions 2.1 and 2.2
periodic MDPs and non-oblivious opponents.
2.4 Follow the Perturbed Leader

In this section, we present the basic algorithm of this chapter and show
that it minimizes the regret under full observation of the reward functions.
2.4.1 Algorithm Description

The proposed algorithm is based on the concept, due to [64], of following
the best action so far subject to random perturbations that vanish with time.

The algorithm works in phases. We partition the time steps 0, 1, . . . into phases
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(i.e., intervals of consecutive steps? ), denoted by 79,7, .... We denote by M
the number of phases up to step 7. The phases are constructed long enough
so that the state-action distribution approaches stationarity. As a result, the
number of phases M also becomes sub-linear in 7'. The phases are nonetheless
short enough so that the agent adapts fast enough to changes in the reward
functions. This will be made precise in the results below. As a convention,
we let the index t denote a step, whereas m denotes the index of phase 7,,.
Moreover, we write 7., to denote the union of phases 7o U. ..U 7, and |7o.p,|
to denote its length. For ease of notation, we write the cumulative and average

reward over one or more phases as

R, (s,a) = Z (s, a),

teTm
- 1
TTm(S,CL) = mRTm(Sva)v
m
_ L1
TTO:m(‘S?a) = ‘7_0 | Tt(S,CL),
m

t€T0:m
for all (s,a) € S x A. The algorithm takes as input the step index t € 7,,, the
current state s;, and the average reward function 7, _,. It outputs a random
action a;. For the purpose of randomization, the algorithm samples a sequence
ni, Ny, ... of independent random variables in R4, The distribution of these
random variables will be specified later.

Remark 4 (Computational cost). The Lazy FPL algorithm, as well as the
other algorithms presented in this chapter, has clear computational costs. In

particular, the main step of the Lazy FPL algorithm solves a standard MDP

2 The partition is constructed such that the order between steps within each
phase is preserved.
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1. (Initialize.) For t € 7y, choose the action a; according to an
arbitrary stationary policy.

2. (Update.) At the start of phase 7,,, m = 1,2,..., solve the
following linear program for (A, hy,):

min A (2.4.6)
AER,hERISI
subject to: A+ h(s) > 7. (s,a) + Z P(s" | s,a)h(s),
s'esS

for every (s,a) € S x A,
h(s™) =0, for some fixed s* € S.

3. (Follow the perturbed leader.) For t € 7, m = 1,2,..., choose
the action

a; = arg max {?Tojmfl(st, a) + ng(a) + Z P(s"| s, a)hm(s')},

a€A
s'esS

(2.4.7)

where the element of A with the lowest index is taken if the max
is not unique.

Algorithm 2—-1: Lazy FPL

with the average-reward objective (2.4.6). This step can further be approxi-
mated by more efficient iterative methods such as )-learning. Moreover, we
can use the methods of dynamic programming to deal with large state spaces
[20].

Observe that the linear program (2.4.6) is a standard optimization prob-
lem for obtaining the optimal value function (and hence an optimal policy) in
an average-reward MDP [19]. The Lazy FPL algorithm perturbs the average
reward function 7., , with the random variable n;. Since the perturbing
random variables n; are identically distributed for all ¢t € 7,,, while the other
terms on the right-hand side of (2.4.7) are fixed, it follows that the actions a;
follow the same mixed stationary policy over the phase 7,,. We denote this

policy by ,,. The lazy aspect of this algorithm comes from the fact that it
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updates its policy only once each phase, similar to other lazy learning schemes
(e.g., [97]).

There are two ingredients to this solution: randomization and phases.
Randomization through small perturbations introduces continuity between
policies from one phase to the next; thereby averting the precedent of Buri-
dan’s ass. This approach is reminiscent of the regret minimization technique
in [64, 72] and smooth fictitious play in repeated games [55]. The motivation
of increasing phase lengths is twofold. Firstly, using a fixed policy over long
phases is computationally efficient. Secondly, in addition to vanishing ezpected
regret, we show that the regret vanishes almost surely, provided that the agent
does not change its policy too often. One intuition is that, on the one hand,
our bases for comparison are the steady-state rewards of stationary policies;
on the other hand, taking long phases ensures that the agent’s accumulated
reward in each phase approaches the steady-state reward of the corresponding
policy. At the same time, we ensure that these phases are also short enough
so that we may adapt to changes in the reward functions.

It is important to observe that prior knowledge of the time horizon T
is not necessary to run the Lazy FPL algorithm. The only prerequisite is a
pre-established scheme to partition every time interval into phases.

2.4.2 Results

In this section, we show that the Lazy FPL algorithm has the no-regret
property. Our main result shows that increasing phase lengths in the Lazy
FPL algorithm yields not only an efficient implementation, but also allows us
to establish almost-sure convergence for the average regret. The proof relies on
a probabilistic bound on the regret, which is derived using a modified version
of Azuma’s Inequality. The proof of this theorem will come after a number of

intermediate results.
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Theorem 2.2 (No-regret Property of Lazy FPL). Suppose that Assump-
tions 2.1 and 2.2 hold. Let the time horizon 0,1, ... be partitioned into phases
T0:T1s - .. such that |1,| = [m?], form =0,1,.... Further, suppose that the
random variables ng(a), fort =1,2,... and a € A, are independent and uni-
formly distributed® over the support [—1/Cm, 1/Cn], where Cp = \/m and
t € 7,,. Then, the average regret of the Lazy FPL algorithm vanishes almost
surely, i.e.,

limsup L)Y <0, w.p. 1.

T—o0

Remark 5. Theorem 2.2 makes no assumption about the sequence of reward

functions rg, ry, ... except for boundedness and obliviousness.

Remark 6. Observe that the partition of Theorem 2.2 can be constructed incre-

mentally over time, without prior knowledge of the time horizon T". Moreover,

having a slowly increasing phase length suffices for obtaining convergence.
Theorem 2.2 builds upon the following proposition that establishes the

rate of convergence of the expected average regret under the Lazy FPL algo-

rithm.

Proposition 2.3 (Expected Regret Bound). Suppose that the assumptions of

Theorem 2.2 hold. In particular, suppose that |7,,| = [m'/?], form =0,1,....

Then, the expected average regret of the Lazy FPL algorithm is bounded as

3 The random variable n;(a) has probability density function

fai(a)(2) = { Gn/2, if 2 € [=1/Gn, 1/Gm]

0, otherwise.
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follows:

4
E[L7] < 5 (207 + 2| A +4e+ 1+ 2(18] + 3) [A] ylog(T)) T™%. (2.4.8)

Remark 7. The bound of (2.4.8) is weaker than the O(T~'/2) bound that was
obtained for the algorithm of [44]. This can be attributed to the fact that
the Lazy FPL algorithm computes a single policy each phase and follows it
throughout increasingly long phases. It is a common feature of lazy learning
schemes (cf. e.g., [97]).

The proof of Proposition 2.3 relies on the following lemmata. The proofs
of the lemmata are postponed to Section 2.8. The first lemma gives a conve-
nient expression for expected regret.

Lemma 2.4. Let sy be an arbitrary state and p be an arbitrary stationary
policy. Let (sy,a;) be the state-action pair at step t following policy p and
starting at initial state sy. If the opponent is oblivious (Assumption 2.2), then

for every 7 =0,...,T — 1, we have

Elrj(s,a)] = (75, dips; 50)), (2.4.9)

where the expectation is taken over both the MDP transitions and the random-
1zation of policy .
Let t € 7,,,. We define the following unperturbed counterpart to the action
a; of (2.4.7):
a = arg max {?70:7%1(5,5, a) + Z P(s" | s, a)hm(s’)},
s'es
where h,, is part of the solution to the linear program (2.4.6). Note that a; is

a random variable whereas a; is deterministic given the reward sequence. We
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also define the following stationary policies, for all (s,a) € S x A,

om(a;s) = Pr(a; = a|s; = s),

ot (a;s) =Pr(af =a|s; =s).

Note that o, is a mixed policy, whereas o is a deterministic one. Both are
determined by the sequence of reward functions, and hence, independent of the
state-trajectory. The following lemma—a consequence of [19, Section 4.3.3]—
asserts the optimality of o .

Lemma 2.5 (Optimality). Suppose that Assumption 2.1 holds. In phase T,
the policy ot is optimal against the reward function 7o, _, in the sense that
(Promrs T(0)) = SUP(Pr,, s (1))

pes

where w(o;}) is the stationary state-action distribution corresponding to policy
ot

Next, we bound the rate of change of the empirical average reward func-
tion.

Lemma 2.6 (Difference in Partial Averages). Let n and { be non-negative

integers such that n >/, then

o

The following lemma quantifies the change in policy of the Lazy FPL
algorithm from phase to phase.

Lemma 2.7 (Policy Continuity). Suppose that the assumptions of Theorem 2.2

hold. Then, form =0,1,..., every s € S, and for every positive integer g,
Tim i1 — Com
[Omi1(558) — om(5 )|l < (1S]+3) |A]? <Cm+1 |71 i Cmt1 — G ) 7
| T0:m41] Cm+1
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and

[7(@met) = m(om)lly < (151 +3) AP (cmH Tnsal et = Cm) gt deio

|7'0;m+1| Cm+1

The following lemma characterizes the effect of randomization in the Lazy
FPL algorithm on the expected cumulative reward.
Lemma 2.8 (Effect of Randomization). Suppose that the assumptions of The-

orem 2.2 hold. For phases indexed m = 1,2, ..., we have

|7-0:m—1|

(Repunrs T(Om)) 2 (Rr, sy T(0)) — 2| A] 2

We now prove Proposition 2.3 and Theorem 2.2.

Proof. Proposition 2.3 The proof proceeds along the following lines. The obliv-
ious opponent assumption makes stationary policies as good as any other
within long phases. The ergodicity assumption allows us to concentrate on
the stationary distributions of the baseline policies, as well as the policies of
the sequence of phases. The perturbation noise enforces a certain continuity
between policies of consecutive phases, yet it vanishes quickly enough as not
to severely affect the optimality of the stationary policy computed at each
phase. Letting M denote the number of phases up to time step 7', we divide

the proof into the following sequence of bounds.

g E[re(se, ar)]
(Step 0) > - ((Rm,ﬂ(am)) — 267) (2.4.10)
(Step 1) > - ((Rrys m(0ms)) = 267 — de — 2(1S] + 3) [A[* v log(T))

(Step 2) > T -sup(Pr, w(p)) — (M — 1) (2ey + 4e + 2(|S| + 3) | A|* v log(T))

pEX

—2(M —1)|A| — M3, (2.4.11)

37



where the expectation E is over both the MDP transitions and the random-
ization through n; in Algorithm 2-1. (2.4.8) now follows from (2.4.11) by
Lemma 2.1 and the fact that since |7,,,| = [m!/?] for m = 0,...,M — 1, we
have M < (4/3)T%/4.

Step 0. Let s~ denote the state at the beginning of phase 7,,,. By Lemma 2.4

and Assumption 2.1, for every phase 7,,, we have

Z Elr(sea) | s7] = Z<Tt7dt(0m; )

tETM teETm
[7m|—1
> (rwom) — Y 2
tETM t=0

Z <R7'm? 7T(O_?n)> - 267?

as in (2.4.10).
Step 1. By Lemma 2.7 with (,, = v/|70.m| for m = 0,1,..., and by picking

9 = 71og(|To:m+11), we obtain

I7(0m) — 7(oma)l; < 9(1S] + 3) | AP (<m+1 il Gmia = Cm) t 4ei=oh

[Toim-+1| Cmt1
< 2(]S] + 3) |A|27|Tm+1‘ 10%(‘20/:;%1\) 4e ‘
|7_0:m+1| |T0:m+1|
It follows that
M-1
> (Bew(om)
m=0
M—-2
= |Tm| <?Tm>7r(0-m+1)>
m=0
— [rl [ 2081+ 3) 4 T o8 ome]) A
‘TO:m+1| |7_0:m+1|
M—-2
> 3~ (R wlomen)) = 2151 +3) |4 7 og(T) — de)
m=0
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where the second inequality follows from the construction of the partition.

Indeed, choosing |7,,,| = [m*/3] for m =0,..., M — 1 implies that

[Ton! 1711 108 ([Tom41]) < 1og(T) [T 1|

Step 2. In this step, we show that by taking into account rewards for
phases T,,41,...,7Tym—1, We cannot improve the expected reward for phases

Tiy--+,Tm—1. 1o this end, we show by induction on J =10,..., M — 2 that

M—2 M—2
Z <RTm7 Um-i-l Z Tm ) UM 1 > - 2(M - 2) |A| (2412)
m=0 m=0

For the base case of J = 0, we clearly have

<R7’0a 71-(0-1» Z <R7’0a 71—(0-1»'

Assume that for some J, we have

J J
S (Re 1(0min)) = Y Ry, m(055)) — 27 |A].

Then

J
Z Tm ) Um—i—l > Z <RT();Ja7T(0’J+1)> - 2J|A|

m=0

)
> (Roy o m(05,,)) — 2|4] ‘g”‘ 2714
J+1

> (Brp.ps m(042)) = 2(J + 1) |A4],

where the first inequality follows by definition, the second inequality follows
from Lemma 2.8, and the third inequality use the assumption that (,, =
v/ |70.m| and the optimality of the policy o7, ;. Finally, adding (R,,,,, 7(0,42))

to both sides of the above inequalities, we complete the induction step:

> (Re T(Omi1)) = D> (Re, w(0s42)) — 2(J + 1) |A]
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and (2.4.12) follows.

Finally, observe that

S (R, w(o)) — 2(M — 2) A
> SR, w(of)) — 20 — 2) | 4] — 2|4] - [y (2.4.13)

by Lemma 2.8 and the fact that o}, is an optimal policy in an MDP with

. ~ A o~
reward function rp = 7., ..

(2.4.13) uses the fact that the reward attained
in phase 737_; is bounded by |73;_1| < M'/3. The required result of (2.4.11)

follows by observing that

Z_ (R, w(oy)) =T{Pr,m(oy) =T - ilég%, (1)),

where the first equality is due to the linearity of the inner product and the

definition of 77, and the second equality is due to the optimality of o3, against

~

rr. |

Proof. Theorem 2.2 The proof relies on a modified version of Azuma’s Inequal-

ity [34, Appendix A.6]. We first define:

V,, = Z E[re(se, ar)] — re(se, &),

t€ETm
M-1
Wyi=> Vi
m=0
By Assumption 2.1, for all m, we have (with probability 1)

E[Vm | 8¢, @, fort € To;m_l] = 0.
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Next, observe that for every real-valued z,

E[€IWM71] _ E[exW]\/[72E[eSCVM—1 | St a, fort € To;M—2H

2
< E[exwhf*2} exp <%4 |7'M_1|2> ,

where the inequality follows from [34, Lemma A.1]. By recursion on M, we
obtain
- g2 M1 ,
E[e"™Wr-1] < exp (? n;) |7 ) .
By Chebychev’s Inequality, for every real x, we obtain

1 E[exWMﬂ}
Pr ?WM_l > 0 S T

< exp ( 22(6T)|Tm| ) (2.4.14)

where the second inequality is obtained by choosing z to minimize the ex-
ponent. Next, observe that the phase partition |7,,| = [m!/?] defined in
Proposition 2.3 implies that M < (4/3)T%*. Hence, we have "M |7,,|> <

(3/5)MP/3 < (4/5)T°/*. Following substitutions, we obtain

T-1 1T 1 (52T2
< ;E Tt St,at —TZT} St,at)>(5> <exp< W)

t=
Therefore, the right-hand side of (2.4.14) is summable over non-negative inte-

Nl =

= exp (—(5/8) 62 T%/*) .

gers T for every § > 0. An application of Proposition 2.3 and the Borel-Cantelli

Lemma completes the proof. m

2.5 Approximate Algorithms
In many cases of interest, computing the exact policy o,, at each phase
Tm Of the Lazy FPL algorithm might be intractable due to the size of the state

space. One solution is to compute an approximation p,, to o,. The policy

41



Pm is still computed once every phase, but using a computationally efficient
method. We consider the approach of approximating the optimal state-action
value function or @-function. Recall that in average-reward MDPs, the Q-
function ) : § x A — R represents the relative utility of choosing a particular
action at a particular state. Let (A, h,,) denote the optimal solution to the
linear program (2.4.6) at the start of phase 7,,,. The corresponding optimal
Q-function is therefore defined as
Qp(s.0) =Try,(s,0) + Y P(s' | 5,0) ().
s'eS

Definition 2.3. Let € and J be non-negative constants. Consider an algorithm
that computes an approximate Q-function @,, for each phase 7,,, and chooses

an action

a; = arg max {Qm(st, a) + nt(a)}

at every step t in phase 7,, with the random variable n; distributed as in
Theorem 2.2. Such an algorithm is an (e, §)-approzimation algorithm if there

exists an integer NN such that, for m > N,
Pr ( 1Qm(s,) — Q%(s,)l, <€ for every s € S) >1-0,  (2.5.15)

where @7, is the optimal @Q-function.

The following corollary (proved in Section 2.8) relaxes the need for an
exact optimization procedure.
Corollary 2.9. Let P, denote the matriz whose (s',s)-element is P(s" |
s,0(8)), i.e., the transition matriz induced by the stationary policy o : S — A.

Let Z, denote the fundamental matriz (cf. [115]) associated with the same
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transition kernel P(s' | s,0(s)). In other words,

K
1
A . oco1—1 0o A s k
Z,=1-P,+Pr|"", where Pr = I;lm kg_l P;.

Further, let the norm |[M||__ of a matriz M denote its maximum absolute row-
sum. Suppose that the assumptions of Theorem 2.2 hold. The average regret

of an (e, d)-approximation algorithm is bounded as follows:

limsup LYY < sup||Z,||, (€ +6), w.p. 1.

T—o0 oey

Remark 8. If an algorithm is an (e, §)-approximation for every pair of positive
numbers € and J, then the average regret tends to zero almost surely. It is
also possible to obtain almost-sure convergence of the average regret to zero
if the @Q-functions @, computed by an approximation algorithm improve in
accuracy from phase to phase, such that (2.5.15) holds for sequences ¢,, and
0., that decrease quickly enough to zero.

In the following algorithm, we use @-learning [20, Chapter 7] to compute
an approximation p,, to the policy o, of the Lazy FPL algorithm. In essence,
Q-learning is employed as a method of solving the linear program of the Lazy
FPL algorithm. It is well known that @-learning is an iterative simulation-
based method that does not need to keep track of the transition probabilities.
Let @), denote the sequence of Q)-functions, and (), , denote the ()-function
obtained at the last step of phase 7,,_1. During every step t of phase 7,
we choose our action to maximize the Q-function @),  _, obtained over the
previous phases, perturbed by a random term n;; simultaneously, we update
the sequence of Q-functions ); at every step.

Remark 9. As for the Lazy FPL algorithm, the reward function 7, is fixed

throughout phase 7,,.
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1. (Initialize.) For t € 19, set Q; = 0 and choose action a; according
to an arbitrary deterministic policy p: .S — A.

2. (Update.) At every step t € 7,,,, form =1,2,... set k,, = 1/y/m
and update @, iteratively as follows:

Qt(st—la at—l) = (1 - /‘fm)Qt—l(St—l, at—l)
+ Rm (?To;m,1 (St—1> at—l) + I;lea} Qt—l(8t7 a) - Qt—l(s/a a'/)> 3
(2.5.16)

where s’ and o' are fixed, and the term Q;_1(s’,a’) serves the
purpose of normalization.
3. (Perturb.) At every step t € 7, for m = 1,2, ..., choose action

a, = arg max {Qrp_i (s51,0) +14(a) }

where the random variables n; are distributed as in Theorem 2.2.

Algorithm 2-2: Q-FPL

The sequence k,, is selected such that it satisfies the conditions for stochas-
tic approximation (cf. Section 4.3 of [29]). Let Q7 ~ denote the optimal
Q-function against the fixed reward function 7, ,. By [29, Theorem 2.4],
within each phase where the reward function is fixed and the length is long

enough, for every 8 > 0 and v > 0, we have

Pr ([ Qu s = @i |, > 08) <, (2.5.17)

so that (2.5.15) holds? . We observe that the Q-FPL Algorithm is in fact an
(e, 0)-approximation algorithm for every positive € and ¢, which leads to the

following corollary by an argument similar to Theorem 2.2.

4 To be accurate, for the off-policy @-function evaluation in Step 2 of the
Q-FPL algorithm to converge at the end of each phase, we must ensure that
the policy induced by Step 3 performs sufficient exploration. Hence, we sample
an independent perturbation n; at every time step.
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Corollary 2.10. Suppose that the assumptions of Theorem 2.2 hold. Then,
the average regret of the Q-FPL algorithm tends to zero almost surely.

Other algorithms, especially some actor-critic algorithms that are equiv-
alent to @-learning [39], may be used as well, so long as they are (e,J)-
approximations for every pair of positive € and §.

Remark 10 (Computational Load). The @-FPL algorithm has a fixed compu-
tational load per step. This complexity is less demanding than that of [44],
although the latter is also fixed per step. In comparison, the Lazy FPL algo-
rithm requires solving an MDP at the beginning of every phase, but it has the
advantage of diminishing the per-step complexity.

2.6 Observing Rewards Only on Trajectory

In this section, we present a modification of the Lazy FPL algorithm
in the spirit of [10] to deal with instances where the reward functions are
partially observed. More precisely, we consider the case where the agent only
observes the value of the reward function sequence on the traversed state-
action trajectory. Consequently, we restrict the space of the agent’s policies to
those that map the observed reward-history ro(so, ag), ..., r—1(Si—1,a;—1) and
the current state s, to a mixed action.

Our approach is to construct an unbiased estimate of 7, at each phase
Tm. Following an initialization phase 7y, we construct a random reward func-
tion at every step t. The length of the phase 7y and the policy adopted therein
are such that, for ¢ > |7|, Pr ((s;,a;) = (s,a) | so) >0 for all (s,a) € S x A.

For all t > |7y| and (s,a) € S x A, we let

r¢(s,a)

Pr ((Styat):(sva) | so

, if (s, &) = (s,a),
zi(s,a) = )

0, otherwise.
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Observe that only the value of r; at the traversed state-action pair (s, a;) is
required to evaluate z,. The probability Pr ((s;,a;) = (s,a) | so) is readily
computed recursively using the transition probabilities associated with the
policy followed at step t—1. From the sequence z;, we construct 7 = " Z i=02Zj
as an estimate of 7, = 1 Z e oTJ In conformance with our notation, z,, _,

denotes z;, where ¢ is the first step of phase 7,,.

1. (Initialize.) Let the length of phase 7y be long enough that
Pr((s;,a;) = (s,a) | so) > 0 for t > |ro| and (s,a) € S x A.
For t € 1y, choose action a; uniformly at random over A.

2. (Estimate.) At every step t = 1,2, ..., compute the estimate z,
recursively.

3. (Sample.) At the start of phase 7, for m = 1,2,..., sample
an independent Bernoulli random variable x,, that takes value 1
with probability ¢,,.

4. (Lazy FPL.) If x,, = 0, by substituting z,,, , for 7., .,
solve the linear program (2.4.6) and follow the policy of (2.4.7)
throughout phase 7,),.

5. (Ezplore.) If x,,, = 1, for t € 7, and m = 1,2,. .., choose action
a; uniformly at random over A.

Algorithm 2-3: Exploratory FPL

The following corollary (see Section 2.8 for a proof outline) asserts a result
analogous to Theorem 2.2 for the Exploratory FPL algorithm (Algorithm 2-3).
Corollary 2.11 (No-regret Property of Exploratory FPL). Suppose that the
assumptions of Theorem 2.2 hold. Let M denote the number of phases up to
time step T. Suppose that the agent follows the Fxploratory FPL algorithm
with a sequence ¢, > 0, for m = 0,..., M — 1, ensuring infinitely many
exploration phases, and such that

M—

,_.

|| G = O(M). (2.6.18)

m=0
Then, the average regret of the Fxploratory FPL algorithm vanishes almost

surely.
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Remark 11. If ¢,, is set to a positive constant, then the Exploratory FPL
algorithm reduces to an approximation algorithm governed by Corollary 2.9.
Remark 12. Corollary 2.11 guarantees that the Exploratory FPL algorithm
minimizes regret in generalized multi-arm bandit problems with a state vari-
able.
2.7 Regret with Respect to Dynamic Policies

In this section, we consider a more general notion of regret that encom-
passes some dynamic policies. Consider a sequence of policies ji = (po, - - -, fir—1),
where every element p; of the sequence is a deterministic policy p; : S — A.

Let the number of switches in this sequence of policies be

T-1

K (i) = Z Lyt

j=1
Let Ky be a fixed integer. A more challenging baseline of comparison for the

cumulative reward is

T-1
Br(Ko) 2 sup E

(KOs b —1):
K ()<Ko

Tt(gtﬁﬂt(gt))] ) (2'7-19)

t=0

where (S, 10(80)), - - -, (87—1, ir—1(87_1)) denote state-action pairs induced by
the sequence of policies py, . .., ur_1, and the maximum is taken over all pos-
sible sequences of policies with at most K switches. If Ky = 0, then (2.7.19)
reduces to the baseline considered so far (cf. (2.2.3)). We present an algorithm
that guarantees a reward consistent with the above baseline. This algorithm
adapts the Fixed-share algorithm of [70] to the MDP framework.

Remark 13. Observe that, as before, the algorithm elects a single policy in each
phase and follows it throughout. The fixed-share scheme occurs once in each
phase—at the outset. Observe also that the uniformly random policy y,, can

be constructed efficiently. As in the Fixed-share algorithm of [70], the action
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1. (Initialize.) Fix o € [0, 1]. For t € 79, choose action a; according
to an arbitrary deterministic policy p: .S — A.

2. (Sample.) At the outset of phase 7,,, for m = 1,2,..., sample a
Bernoulli random variable x,, with Pr(x,, =1) = a.

3. (Fized-share.) If x,, = 0, sample a policy y,, uniformly at ran-
dom from the set of deterministic policies {u : S — A}, then
follow the policy y,, throughout phase 7,,.

4. (Lazy FPL.) If x,, = 1, solve the linear program (2.4.6) and
follow the policy of (2.4.7) throughout phase 7,,.

Algorithm 2-4: Tracking FPL

at each step is equal to the previous action with probability 1 — a + «/ |A4],
and equal to each different action with probability a/ |A].

Remark 14. In the MDP setting, the most obvious extension of the Fixed-
share algorithm of [70] is to associate an expert to every deterministic policy
S — A. This creates an exponential number of such experts, which our
approach avoids.

The following analog of Theorem 2.2 guarantees that the regret with
respect to the reward achieved by the best sequence of policies with a finite
number of switches vanishes asymptotically if the agent employs the Tracking
FPL algorithm.

Theorem 2.12 (No-regret Property of Tracking FPL). Suppose that the as-
sumptions of Theorem 2.2 hold. Let Ky be a positive integer. Suppose fur-
ther that the agent follows the Tracking FPL algorithm with the parameter
a = Ko/([T/[T3]] —1). Then, the average regret with respect to the base-
line of (2.7.19) vanishes almost surely, i.e.,

1 =
h?jip {?BT(KO) 7 ;n(st, at)} <0, wp. 1

Remark 15. Although we only consider the case of a fixed number of switches

Ky and a fixed parameter «, it can be shown, by using doubling trick of [34,
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Section 3.2], that the result of Theorem 2.12 holds as long as the number of
switches K| increases slowly enough in 7'.

The proof of this theorem hinges on a bound on the rate of convergence
of the expected regret similar to Proposition 2.3. To derive this bound, we
first prove a bound for a different hypothetical—and less practical—algorithm.
Consider Algorithm 2-5: a modified version of the exponentially weighted av-
erage forecaster [34], which also resembles the algorithm of [44]. To every
deterministic policy u: S — A, we associate a weight w,, () that is updated
at every phase 7,,, for m = 0,1, .... Once at the start of every phase, the algo-
rithm picks a deterministic policy with probability proportional to its weight,
and follows this policy throughout the phase. The weights are adjusted in the
spirit of the Fixed-share algorithm [70] to track infrequent changes in optimal
policy.

Remark 16. The main problem with the Lazy Tracking Forecaster algorithm
is that the number of weight variables \A\w is exponential in the size of the
state space.

Remark 17. The term (R, ,,7(n)) in (2.7.20) approximates the expected
reward accumulated by following policy u over the course of phase 7,, 1. The
weights are updated recursively according to each policy’s reward over the
previous phase. The probability measure defined in (2.7.21) tracks the optimal
policy in the fashion of the Fixed-share algorithm [70].

Remark 18. In contrast to the algorithms presented in the previous sections,
the length of every phase is kept the same. By using the doubling trick of
[34, Section 3.2], we can adapt the Lazy Tracking Forecaster algorithm to
problems where the time horizon 7' is unknown. This technique partitions the
time horizon into periods of exponentially increasing length and runs the Lazy

Tracking Forecaster algorithm on each period independently.
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1. (Initialize.) Fix a € [0,1] and n € (0, 00). For every determinis-
tic policy pu: S — A, set
1

wo(p) = W

2. (Update weights & choose policy.) At the start of every phase
Tm, for m =1,2,..., evaluate

Win (1) = Wen—1 (1) exp (1 (Rr,_,, 7(10))) (2.7.20)
for every pu: S — A.

Sample a random variable q,, over the set of deterministic poli-
cies {i : S — A} and with the following probability measure® :

Wi (1) 1
Pr(qn,=p) =(1—« + o ,
( )= )Z,/:S_)A win(H) |A|S]
forall p:S — A. (2.7.21)

3. (Follow chosen policy.) For t € 1,,, and m = 1,2, ..., choose the
action a; = q,(8¢)-

® As in the Fixed-share algorithm of [70], the action at each step is
equal to the previous action with probability 1 —a+«a/ | A|, and equal
to each different action with probability «/ |A].

Algorithm 2-5: Lazy Tracking Forecaster

As asserted in the following proposition, the Lazy Tracking Forecaster
(Algorithm 2-5) minimizes the regret with respect to the new baseline of
(2.7.19). The proof (in Section 2.8) derives from existing results on the Fixed-
share algorithm of [70].

Proposition 2.13 (Expected Regret of Lazy Tracking Forecaster). Let the
length of all phases be |T| = [T*3]. Suppose that Assumptions 2.1 and 2.2
hold. If the agent follows the Lazy Tracking Forecaster algorithm with param-
eters n = T2 and o = Ko/([T/[T"3]] — 1), then the following cumulative
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regret bound holds for large enough T':

~
=

Br(Ko) — > E[r(s;,a)] < [S|log(|A|) (Ko + 1)T**

~+
Il
()

1
+ 2Ky log (T%3 ) K,) T** + 5T2/3 + (2e7)T?3.

Remark 19. Observe that this bound is tighter than the bound of Proposi-
tion 2.3.

We now prove Theorem 2.12.

Proof. Theorem 2.12 Consider the Tracking FPL algorithm (Algorithm 2-4)
and the Lazy Tracking Forecaster (Algorithm 2-5) with their parameters o
set equal. Let all phases for the Lazy Tracking Forecaster algorithm have
fixed length 7. Let M denote the number of phases for the Tracking FPL
algorithm. By their definition, at every given step ¢t and with probability «,
the two algorithms follow a policy p chosen uniformly at random. Hence,
the difference in their expected cumulative reward is 1 — a times the same
difference when the parameters « are set to 0. We will proceed to bound this
latter quantity.

Observe that the Tracking FPL algorithm with a = 0 is simply the Lazy
FPL algorithm. The Lazy Tracking Forecaster with o = 0 is just an expo-
nentially weighted average forecaster [34] with one phase as the fundamental
time step. Let a; and b; denote the actions generated by the Lazy Tracking
Forecaster and the Tracking FPL algorithms, respectively. By setting the ar-

gument K, to the baseline By to 0, we shall derive the following bounds on
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their respective cumulative regrets:

Q (\/ T'log(| Al ) < Br(0 ZE Tt St,at < |S|log(|A\) + n [T/1r1 ‘T|2,

n 2
(2.7.22)

T-1
0 (x/Tlog(|A ) < B (0 ;E ri(sr,by)]

Q| W~

(26 + 2 |A| + e + 1+ 2(|S| + 3) |A|* ylog(T)) T*/**<.
(2.7.23)

The upper bound of (2.7.22) follows from an argument similar to [34, Theo-
rem 2.1]; that of (2.7.23) follows from Proposition 2.3. Both lower bounds are
due to instances where the regret is no less than of the order of Q(7"/2) [34,

Theorem 3.7]. The above bounds combine to give

T-1 T-1
ZE[Tt(Staat)} - ZE[H(St,btﬂ
t=0 t=0
2
< I5]1og([A4]) L [T/ =] |7]
< ; 5
+ o (207 + 2|A| +4e + 1+ 2(]S| + 3) |[A]P v log(T)) T**<,  (2.7.24)

QH)&

since the lower bounds are superseded by the upper bounds for all phase-
partitions consistent with the assumptions of Proposition 2.3. By substituting
the values |7| = [T"/3] and n = T2/ and compounding the bound of (2.7.24)

to that of Proposition 2.13, we obtain the following bound:

S

Br(Ko) — Y E[ry(s,, a,)] <|S|log(|A|) (Ko + 2)T*? + 2K, log (T*? ) K,) T**

t

Il
=)

4
+ T3 4 (2e7) T3 + 3 (2e + 2 |A| + e + 14 2(|S| + 3) |A|* ylog(T)) T3/*+<.
(2.7.25)

At last, the claimed result follows by an argument similar to the proof of

Theorem 2.2. m
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Remark 20. The bound on expected cumulative regret of the Tracking FPL
algorithm (cf. (2.7.25)) is of the same order as that afforded by the Lazy FPL
algorithm (cf. Proposition 2.3). This indicates that the critical factor in the
convergence of the algorithm is its “laziness.”

2.8 Proofs

Proof. Lemma 2.4 By introducing indicator functions, we obtain

Elr(s.a)] =E Z 75 (8, @)1 [(s,,a0)=(s,)] (2.8.26)
(s,a)eSx A
= Z Tj(S, a) E 1[(St,at)=(s,a)} (2827)
(s,a)eSx A
= Z 7i(s,a)Pr ((Suat) = (S,CL)), (2.8.28)
(s,a)eSx A

where (2.8.26) follows by definition and the use of indicator functions, (2.8.27)

is justified by Assumption 2.2, and (2.8.28) follows again by definition. m

Proof. Lemma 2.1 By Lemma 2.4, for a stationary policy u € 3, we have

S
L
S

%ZE[T}(St,at)] = % (re, de(p; 50))-

t=0 t

Il
=)

By Assumption 2.1, and the summability of the sequence e!~*/7, we have

1 T-1 1 T—1 1 T-1
Z (re, di(ps 0)) Z Tty T T ZQel_t/V = 2ev/T.
'S 'S t=0
By definition, we have
=

=D mlp)) = (r ().

t

Il
o

Putting these pieces together, we obtain

!

-1

Elr(se, a)] — (Fr,m(w))| < 2ey/T.

)ﬂ|}_x
~
Il
o
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By a similar argument, we have

N

1
T

t

E[Pr(se, a)] — (Pr, m(p))| < 2ey/T.

Il
=)

The two claims follow from taking the supremum over the set of stationary

policies. m

Proof. Lemma 2.6 For non-negative integers n and m such that n > m, alge-

braic manipulation yields

1 n—1 1 {—1 1 {—1 1 n—1 1 {—1
g TJ_Z, ’/’j = g Tj"—g- Tj—z ’/’j
j=0 Jj=0 00 j=0 j=t j=0 00
n—1 {—1
1 n—/0||1
o = O
j=¢ 5=0
§2n—£
n
where the last inequality follows from the fact that rq, 7y, ... are bounded by

l.m

Proof. Lemma 2.7 Let t' € 7,,.1 and t € 7,,. By the assumption of Theo-
rem 2.2, the cumulative distribution functions of ny(a) and n(a) satisfy the
following bounds for all z, 2’ € R:

| Fay(@(2) = Faya) (2)] < %

| Py (@) (2) = Fay@)(2)] < @”2“ 1z — 2.

Likewise, for a,a’ € A, we have:

Cm 1 — Cm
| P, @)=ny (@) (2) = Fag@)—ni (@) (2)] < —", (2.8.29)
2Cm—i—l
Cm—l—l
| Fays(@)-ny (@) (2) = Fay(@-ng @) ()] < 5 12— (2.8.30)
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By Lemma 2.6, we have

H?TO:mﬁ»l - ?To;mHoo S 2 |7_m+1| / |7-0:m+1| . (2831)

Observe that the linear programs (cf. (2.4.6)) at the m-th and m+ 1-th phases
differ only in their right-hand constraint vectors, whose difference is bounded
by (2.8.31). It follows by [110, Theorem 1.1] that the optimal values \,, and

Ama1 satisfy

|)\m+1 - )\m| S HTTO:m+1 - TTO:mHOO ‘

Likewise, by [113, Corollary 3.1], the solutions h,,,; and h,, differ as follows:

||hm+1 - hm”oo S (|S| + 1) H?TOIW%H - ?TO:mHOO (2832)
<2(1S] + 1) [7ms1l / |T0ms1] - (2.8.33)

Starting from the definition of Algorithm 2-1, for every s € S, a € A and

m=20,1,...,

Om+1 (a7 8)

2 Pr(ay = a|sy = s)

— Pr (?+ (s.0) + 3 P(s' | 51, @)h(s') + mp(a) > (2.8.34)
s'esS
f / / / / / /
Tro:m+1(87 a ) + Z P(S | Sty @ )hm(s ) [hm-i-l(st—i-l)} + nt’(a' )a for all a 7& CI,)
s'es
= H Pr (nt’ (CL) - nt’(a,) > ?70:7n+1 (87 CLI) - ?70:7n+1 (87 CL) (2835)
a'#a
+ 3P | sty d)hin(s) = S P(s' | st a)hm(s')),
s'eS s'eS

where the probability measure is over the randomization n,, whereas the ex-
pectation is over the transition probabilities of the MDP. (2.8.34) is due to the

definition of Algorithm 2-1 ((2.4.7)). (2.8.35) is obtained by independence of
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the random variables ny(a), for a € A. By comparing Equations (2.8.35) ap-
plied to 0,41 and 7,,, and using Equations (2.8.31), (2.8.33), (2.8.29) and (2.8.30),

we obtain

lomi1(58) = om (-5 8) ]l

< (4] -1) (C";“(4+2(|SI+1)) [Tt +Cm+1—gm)’

| T0:m+1] 2Cm+1

for all s € S. For the 1-norm, we have

omea5) = a5l < (1514 3) A1 (1] = 1) (Guaa 222 4 =)

| To:m+1 | Cm-l—l

(2.8.36)

for all s € S.

For the second part of the lemma, let P, be the transition matrix asso-
ciated with a stationary policy p : S — A. The element of P, in row (s',a’)
and column (s,a) is the probability that the next state-action pair is (s, a’)
if the current one is (s,a) and policy p is followed. Let d € A(S x A) be a
probability vector specifying the initial state-action pair (sg, p(sg)). We first

show by induction that

P4, = Pl <0181+ 3) AP (G 22 4 22120 ) o557

amt |7-0:m+1| Cm—i—l
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for 5 = 1,2,.... Let e1,...,¢5x4 denote the elementary vectors in RIS*Al

For the base case 7 = 1, we have

P, d = Po,d|,

< _max  [Po,en = Po,el,

- <s,£§1§‘§§A ’ . a;e:SXAP(S/ | s,a)0m1(a’;s") — P(s' | s,a)0,,(d; s/)‘
B Singgch’Zps | s, a) ZOmHa ') — om(dss)

< max‘ E Omy1(a’;s") —om(dss')
s'es
a’ €A

= max o1 (55) = om( )y

< (IS +3) |4 (<m+1 [T 4 G T Cm) ,

‘T(]:m+1| Cm+1

where the last inequality follows from (2.8.36). Next, suppose that for some

7, we have

IP;

Um+1

=P d||, = (S| +3)|A] (cmﬂ vt +<m“_<’”>.

|7_0:m+1 | Cm—i—l

By the triangle inequality and the same argument as the base case, we obtain

1P d = Pold]],

Om+1

<|P,, . P} d-P, P, d| +|P,.P] d-P, P d

Om+1 Om+1 Im+1
Tm m - Sm
— (151 +3) |4° (cmﬂ‘ w1l G C)
‘TO:m—I—l‘ Cm+1

. Tm m - Sm
+](|S|+3) |A|2 (Cm+1l_ +1| +C +1 C )’

| 0:m+1| Cm—l—l
which establishes (2.8.37). At last, by the triangle inequality, (2.8.37) and

Assumption 2.1, it follows that for an every positive integer g, and every
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initial state so and corresponding distribution d,

||7T(Um+1) —7T(O'm ||1 HPUm+1d_Pg'de1
+ ‘}W(Um'i_l) Um+1dH + Hﬂ- Jm Pgmd ‘
< g(1S|+3) 4] (Cm+1 ||TZ’_”++11‘| + szl Hém) + e =9/,

Proof. Lemma 2.8 Let t € 7,,,; let action a; follow policy o;F, and action a,

m?

follow o,,. Recall that the action a; is an optimal action against an MDP with

fixed reward function 7, ,. Let us consider the following random variables,
for (s,a) € S x A,

Proms (5:@) + Y P(s | 8, 0) (") + my(a). (2.8.38)

s'eS
For ease of notation, we define, for (s,a) € S x A,
Em(s,0) =Tr i (s,0) + D P(s"| 51,0)hi(s).
s'eS

Observe that &,(s,a) > &.(s,a) for every a # a by definition. Let W
denote the interval over which the supports of the random variables n;(a;") +
En(s,af) and ny(a) + &n(s,a) overlap. This interval ¥ has length 2/¢,, —
(&m(s,a)—&n(s,a)). Combining this fact with the fact that n,(a;") and n,(a)

are independent and have uniform distributions specified by the assumption
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of Theorem 2.2, we have, for every s € 5,

Pr(a; = a s, = ) = Pr (ni(a) + u(s.a) > maf) + En(s,af))
= 2 Pr(nfaf) + Euls,al) € V.
ni(a) + &n(s, a) € V)

% (2/G— (nsa0) — 6nls,) )
if &n(s,a) — &Enls,a) <2/Cm, (2.8.39)

IN

0, otherwise.

Observe next that

‘ <R7—01m71 ) W(Um) - 7‘-(07—7’;» ‘
= |7_01m—1‘ ‘<?TO:77L7177T(0-m)> - <?7'0:77L7177T(0-7—7|—1)>‘

< [Tom-1[max 3 (€m(s,a) = &nls,0)) Pr(a = a| s = s)

a;éazr
< oot (1A] = 1)(2/G) 22/
<2|4 |T°%‘1|,

where the second to last inequality follows by (2.8.39). m

Proof. Corollary 2.9 (Outline) The desired result follows an approach similar
to Proposition 2.3 and Theorem 2.2. First, let p,, denote the policy induced
by the (e, §)-approximation algorithm for the m-th phase. Let P, and m(p.,)
denote the transition probability matrix and the stationary distribution asso-

ciated with p,,; and likewise for ,,. Observe that, by Definition 2.3,

1Ppn = Ponlloe < max|lon(ss) —om(s)ll < e+o.
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By [115, Section 6], the stationary distributions 7 (p,,) and 7(0,,) satisfy

|7 (om) — 7T(O-m)H1 < Z,,,

Hence, we have

T-1 M-1
E[re(se a)] > ((Rr,, T(pm)) — 2e7)
t=0 m=0
M-1
> (R, m(om)) — 2e7) — sup 1Zs || o (e +0)T,
m—0 oE

where the first inequality is justified by the same argument as Step 0 of the
proof of Proposition 2.3. This bound is similar to (2.4.10) of the proof of
Proposition 2.3 with one additional term. The claimed result follows by argu-

ments similar to the proofs of Proposition 2.3 and Theorem 2.2. m

Proof. Corollary 2.11 (Outline) By introducing exploration phases as described
above, we ensure that z; is an unbiased estimator for r;. Indeed, observe that

for every (s,a) € S x A and t large enough,

Pr ((s;,a;) = (s,a) | s9) = Pr(s; = s | so) Pr(a; = a|s; = s)

> Pr(s; = s | s0) &m/ Al

Next, observe that the ergodicity assumption (Assumption 2.1) guarantees

that there exists an € > 0 such that for every s € S and large enough t,
Pr(s; = s | s9) > e.

Moreover, we have ¢,, > 0 by assumption. Hence, if the opponent is oblivious

and for large enough ¢, we obtain

E[z(s,a)] =r(s,a), forall (s,a) € S x A,
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and in turn,

t

E

~+ | =

- zj(s,a)] =T1y(s,a), forall (s,a) €S x A.

j=0

Therefore, we conclude by Lemma 2.5 that the policy induced by the Ex-
ploratory FPL algorithm is still optimal against 7, _, +n;. All the remaining
steps of the proof of Proposition 2.3 hold unchanged, if we exclude the explo-
ration phases. Since these phases incur an overhead of the order of O(M) by

(2.6.18), we obtain a bound analogous to (2.4.8). Finally, the claim follows by

the same argument as the proof of Theorem 2.2. m

Proof. Proposition 2.13 For ease of notation, we write M = [T/ |7|] to denote
the number of phases of the Lazy Tracking Forecaster algorithm. Observe
that Lazy Tracking Forecaster is the same as the tracking forecaster of [70],
with the exception that the fundamental time step is an entire phase in our
new setting. Our claim follows from [34, Theorem 5.2 and Corollary 5.1] by
adjusting the time scale.

The crucial observation is that at Step 2 of Algorithm 2-5, the weights are
not updated according to the aggregate reward obtained by following policy
each u over each phase 7,,, but according to the expected reward in the station-
ary state-action distribution of each policy p in each phase 7,,,. Consequently,
[34, Theorem 5.2] gives the bound

M-1

~ S|log(|A
Brli) = 3 (R n(an)) < PREIE 11y
m=0
1. Ky nM |r?
(M 1)H<M_1)+ T

The required result follows by observing that we can approximate

> Elri(s,ay) | s7]

JETM
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where the actions a; follow policy q,, and s~ is the state of the MDP at the
beginning of phase 7,,, by
(Repo m(qm)) 2 D (rj, m(qm)).
J€Tm

As shown in Step 0 of the proof of Proposition 2.3, we have

> E[ri(sia) | 57] = (Reom(am))| < 2e7,

JETm
form=0,..., M — 1, which accounts for the term 2eyM. Finally, the claim
follows by substituting || = [T%/3] and n = T-2?/3, and observing that for
0 <p<1/2, we have

H(p) < 2plog(1/p),

so that, for large enough T,

" (ﬁ) <2 s (%'OH) |
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CHAPTER 3
Regret Minimization in Non-stationary Markov Decision Processes

3.1 Introduction

In this chapter, we consider decision-making problems in Markov decision
processes where both the rewards and the transition probabilities vary in an
arbitrary (e.g., nonstationary) fashion. We propose online learning algorithms
and provide guarantees on their performance evaluated in retrospect against
alternative policies. Unlike previous works, the guarantees depend critically
on the variability of the uncertainty in the transition probabilities, but hold re-
gardless of arbitrary changes in rewards and transition probabilities over time.
First, we use an approach based on robust dynamic programming and extend
it to observation of the reward is limited to the actual state-action trajectory.
Next, we present a computationally efficient simulation-based ()-learning style
algorithm that requires neither prior knowledge nor estimation of the transi-
tion probabilities. We show both probabilistic performance guarantees and
deterministic guarantees on the expected performance.

We consider a problem where an agent controls a system subject to un-
certainty. The system under control is modelled as a Markov decision process
(MDP). We consider a generalized version of the MDP model that captures
an additional feature of real-life problems: the rewards and transition proba-
bilities may change over time in an arbitrary and nonstationary manner (e.g.,
under the influence of an adversary or Nature). This generalized version is
reminiscent of stochastic games [116]. However, in stochastic games, one usu-
ally assumes that there is an adversary whose utility is well-defined. In our

setup, as in [44], [91], and more generally in the online learning setting [34],
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we do not assume that such an adversary exists, but rather that the reward
and transition processes are modulated! by arbitrary individual sequences.

Uncertainty can be intrinsic and unavoidable to the system (probabilistic
transitions, uncertainty principles), or may arise from measurements. In many
decision-making problems, uncertainty exists in the rewards and transition
probabilities (cf. [101] and references therein). When this uncertainty follows
a stochastic model ([10, 30]), sampling can give estimates on the parameters
of the transition model, but some residual uncertainty always remains as a re-
sult of limited samples. Under these circumstances, if it is imperative to take
precautions against the worst possible occurrence, then a standard approach
is to handle this uncertainty through robust optimization. This approach typ-
ically assumes that the uncertainty has a fired—albeit unknown—realization
and constructs a policy that performs well in the worst case. Since the uncer-
tainty evolves in a nonstationary fashion in our setting, the standard robust
approach does not offer a satisfying solution. In particular, it only guaran-
tees optimal performance against the worst realization of the environment. It
does not promise anything about the relative performance compared to the
best alternative policy in hindsight. The goal of this chapter is to address this
relative performance.

In this chapter, we distinguish between two notions of uncertainty: arbi-
trary variations in the reward function, and arbitrary, but constrained, varia-
tions in the transition probabilities. These notions have previously been studied

individually. Online learning yields solutions that are robust against arbitrary

1 This terminology refers to random processes whose parameters change
according to another process; e.g., a Markov modulated Bernoulli process is
a Bernoulli process whose success probability changes according to a Markov
chain [102].
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variations in the reward functions when the transition probabilities are fixed
([44] and Chapter 2). Robust dynamic programming has been used to control
MDPs where the transition probabilities may vary arbitrarily, but where the
reward functions may not [101]. In this chapter, we address both uncertainties
simultaneously.

It is important to note that, in contrast to most online learning settings,
the average regret (or performance-loss) does not vanish with time when the
transition probabilities can change arbitrarily over time. The regret actually
grows linearly with time for some sequences of transition probabilities [44].
Therefore, the setting of interest is where the uncertainty in the transition
probabilities is limited, whereas the uncertainty in the rewards is not. Our
results will quantify the extent to which the regret may grow as the transition
probabilities are given more leeway to change.

3.1.1 Related Works

Special cases of our model have been studied before. MDPs with fixed,
but unknown, reward functions and transition probabilities have been solved
using robust dynamic programming with finite- and infinite-horizon objectives
([101, 127]). In general, the models for nonstationary settings limit the non-
stationarity to either the rewards or the transition probabilities. The problem
of nonstationary MDPs where the reward and transition functions are known
a priori has been studied in [63]

MDPs where the reward functions may change arbitrarily, but the tran-
sition function is fixed, have been considered using regret-minimizing ap-
proaches. In ([91, 44] and Chapter 2), various notions of regret are introduced,
and solutions are proposed based on approachability theory, weighted-experts

forecasters, and perturbed dynamic programming. However, as we will show

65



with a counterexample, some of the regret-minimizing strategies fail to ob-
tain acceptable performance when the transitions probabilities are allowed to
change arbitrarily. These works generalize the standard online learning prob-
lem, which does not include a notion of state. Such a model is suitable when
the transitions are so arbitrary as to make the notion of states meaningless.
This model has been extensively studied in the context of repeated games
[64], prediction with expert advice [87], the adversarial multi-armed bandit
[10], and the online shortest path problem [72].

In MDPs with arbitrarily varying transition functions, but a fixed reward
function, the reference [101] proposes a solution using robust dynamic pro-
gramming. However, this method of robustifying only against variations in
the transition model does not guarantee good performance when reward may
also change arbitrarily.

To the best of our knowledge, our work is the first to propose a solution
that handles nonstationary uncertainty in both rewards and transitions in the
online setting. In order to do this, we employ a combination of methods from
robust dynamic programming and regret-minimization. Although our algo-
rithms are similar to those of Chapter 2, the analysis differs greatly because
our model assumes that the uncertainty extends to both rewards and transi-
tions. For instance, it is not possible in our setting to achieve the same optimal
values as in [101] and Chapter 2, even approximately. We show methods to
achieve approximate optimality when the variability of transition uncertainty
is restricted.

3.1.2 Stochastic Games

Nonstationary MDPs can also be presented from a game theoretic per-

spective, where the rewards and state-transitions are controled by the actions

of the agent and an opponent. Consider a one-sided infinite-horizon stochastic
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game [116] between two players. By “one-sided,” we mean that the oppo-
nent’s preference relation is left unspecified. This model comprises elements
reminiscent of both MDPs and repeated games:

1. a finite set of states S, as in an MDP,

2. a finite set A of actions available to the agent,

3. a set B of actions at the disposal of the opponent,

4. a probability kernel P governing state transitions, i.e., P(s' | s,a,b)
defines the probability that the next state is s’ if the current one is s
and the agent and opponent respectively play actions a and b.

5. a function r : S x A x B — [0,1] that specifies the reward or payoff
r(s,a,b) to the agent, based on the current state s and the agent and
opponent’s current actions—a and b, respectively.

If the opponent follows a stationary policy, then stochastic game reduces
to a standard MDP from the perspective of the agent. If there is only one
state in S, then the stochastic game reduces to the repeated game setting of
online learning. Under the standard game theoretic assumption of rationality,
solution concepts exist for stochastic games. These settings have solutions
that can be computed efficiently [20, 34, 50, respectively].

Mannor and Shimking [91] consider stochastic games where the opponent
is possibly non-rational. They introduce a notion of regret based on the joint
frequency of state traversed and opponent actions, and show the existence of
a no-regret policy. However, computing this policy is a challenging task. For
example, one possibility is to first identify a target set, and then approach this
set by solving a standard MDP [118]. However, computing each value of the
target set boils down to the difficult task of computing the value of a zero-sum

stochastic game [109].
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3.1.3 Hardness

Robustness against arbitrary changes in the transition function is fun-
damentally different from robustness against arbitrary rewards. The known
regret-minimizing techniques do not apply directly because some sequences of
transition functions may prevent ergodicity or create periodicity, which causes
non-vanishing average regret Chapter 2. With the regret notion that we will
adopt, arbitrary transition functions Py, P, ... present a significant challenge.
Whereas it is possible to obtain asymptotically vanishing average regret when
only the reward functions 71,79, ... are arbitrary, if both the transition proba-
bilities and rewards are arbitrary, as in our model, it is N P-hard to compute
a policy that comes close to the best stationary policy [44]. Hence, with-
out an assumption that constrains the magnitude of changes in the sequence
{P,}, it is unknown whether it is possible to obtain a tractable solution with
a non-trivial regret guarantee. Since vanishing regret can not be achieved,
we characterize the dependence of the regret on the variability of transition
uncertainty.
3.1.4 Contributions and Outline

In Section 3.2, we formulate a model for Markov decision processes with
arbitrarily modulated reward and transition functions. This model generalizes
existing models of time-varying MDPs; it also encompasses the general setting
of stochastic games, where both the agent and opponent affect the transitions,
but where the opponent may play an arbitrary sequence of actions. We show
by an example in Section 3.3 that standard online learning algorithms are not
robust against small but arbitrary changes in the transition function.

The following are our main contributions. In Section 3.4, we propose a so-

lution that uses online learning to adapt to time-varying reward functions and
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uses robust dynamic programming to deal with the range of possible transi-
tion models. We robustify a standard online dynamic programming algorithm
by solving an additional optimization over possible transition functions. In
Section 3.5, we extend the solution to the case where the agent’s observation
of rewards is limited to its state-action trajectory. In Section 3.6, we employ
a simulation-based method that eliminates the need to estimate the uncer-
tainty set of the transition probabilities. We take an approach that combines
an online learning solution for reward-uncertainty and a simulation-based (Q-
learning) solution that deals implicitly with the transition uncertainty. The
resulting algorithm has the benefit of being computationally efficient, and re-
quires neither the knowledge nor the estimation of the transition probabilities.
We give both a probabilistic bound on the regret and a bound on its expected
value. These bounds hold for finite time horizons and quantify the depen-
dence on the range of uncertainty in the transition probabilities. We give
comparisons and pose open problems in Section 3.7.
3.2 Setting

A Markov decision process is a standard sequential decision-making prob-
lem ([108, 20]). At each time step ¢ € {1,2,...}, an agent takes an action a,
from a finite set A. Starting from a fixed state s;, the agent occupies at each
time step t a state s; belonging to a finite set S. The sets S and A are known
to the agent. Given the current state-action pair (s;, a;), the probability that
the next state s;y; will be some state s’ € S is P,(s" | s, a;). The function
P, that determines these transition probabilities is the transition function. At
every time step, the agent also receives a reward 7,(s;, a;) depending on the
reward function r;, and its state s; and action a;. The agent’s objective is to

maximize a function of the rewards.
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In this chapter, we consider a general version of MDPs where the reward

functions 7, and transition functions P, are a priori unknown to the agent.
Furthermore, we do not assume—as is usually the case—that the sequences
ri,7o,...and P, P, ... are stationary. We treat these as individual sequences
that change arbitrarily (e.g., in a nonstationary manner) over time. This
model generalizes the models of [101] and Chapter 2. In turn, we look for
solutions and guarantees that hold universally against every pair of individual
sequences 11,79, ... and P, Py, .. ..
Remark 21. Another possible model for our setting is a one-sided stochastic
game with two players [116]. The opponent’s action b; at time ¢ determines r;
and P, but the actions b; are chosen arbitrarily—without regard to optimizing
a fixed payoff function.

We assume that every reward function r; : S X A — R takes values in the
interval [0, 1]. Let C denote a finite set of indices. Let each P°: S xS x A —
[0,1], for ¢ € C, denote a fixed transition function, where P¢(s’ | s,a) is the
probability that the next state is s’ given that the current state is s and that
the agent takes action a. The transition functions {P¢}.cc form a basis for
the sequence of transition functions P;, Ps, ... as follows:

Py(s' | s,a) = Zét VPe(s' | s,a), t=1,2,...,
ceC
where 01, 0, . .. is the modulating sequence, and each element 9§, lies in an un-
certainty set D that is a subset of the simplex of C—denoted A(C'). Hence, D
is a set of probability distributions over the basic transition functions { P}.cc.
For a fixed § € A(C), we also define the transition function P? as follows: for

(s,a) € Sx Aand s € 5,

P(s' | s,a) = Zé VPe(s' | s,a).

ceC
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Observe that P° is a convex combination of the base transition functions
{P}.cc. We assume that the uncertainty set D and the basis {P°}.cc are
known, whereas the sequences of reward functions ry,79,... and transition
functions P;, P, ... are unknown but do not depend on the history of states
or agent actions. This last point is in contrast to the model of two-player
stochastic games [116].

We assume that the agent observes the states, its actions, and the re-
ward functions. The exception is Section 3.5, where we consider the case
where reward observations are limited to the agent’s state-action trajectory.

Accordingly, the agent’s action a; at time ¢ is a function of the history

(81,01,7’1, <y St—bat—lﬂ’t—l,st)

up to time t, and, possibly, the agent’s individual randomization. In effect,
the agent adapts its policy in an online fashion. An algorithm for the agent is
a function that maps, at every time ¢, every history up to time t to an action
a € A. A stationary policy o : S — A for the agent assigns an action to each
state, irrespective of the time step and history.
3.2.1 Regret

To measure the performance of an algorithm, we shall compare its average
undiscounted reward to the reward that could have been obtained by follow-
ing alternative algorithms. To obtain meaningful results that hold for every
sequence of opponent actions, we restrict the class of comparison algorithms
to the set of deterministic and stationary policies {o : § — A} that assign

actions based solely on the current state. We define the objective

é max —ZE (S, 0 (5 )}

o:S—AT
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where the initial state 5y is fixed, each next state s;,; is distributed according
to Py(- | 5,0(5;)), and the expectation is taken with respect to the sequence
S1, 89, .. ..

Given the sequences 11,19, ..., P, Py, ..., and the sequence ay, as, . . . of ac-
tions generated by the agent’s algorithm, we define the ezpected time-averaged

regret—or simply called the regret—at time T as

T

~ ~ 1

LT £ JT - ? E E[Tt(St,CLtﬂ, (321)
t=1

where the initial state s; is assumed fixed throughout the paper, each next
state syy1 is distributed according to Pi(- | sy, 04(s;)), and where the expec-
tation is taken with respect to the probabilistic transitions and the agent’s
randomization. In this chapter, we seek a universal solution in the following
sense: the objective is to minimize the regret with respect to every pair of
individual sequences {r;}i—12  and {P}i—12..

3.3 Examples and Motivation

Our model is motivated by the following problem.

Example 3.1 (Advertising Problem). Consider the problem of deciding what
advertisement to display on a webpage. There is a (finite) set C' of types of
viewers. Each type of viewers behaves differently. For instance, some viewers
do not respond to advertisements, some respond to particular advertisements,
etc. The operator receives a payoff when viewers are redirected to an adver-
tiser. However, some of the redirected viewers may not return to the webpage.
This trade-off between the number of viewers and the payoff can be modelled
by an MDP. The instantaneous reward is the number of redirects. The state
captures the budgets of the advertisers, and the composition of viewers. A

similar problem is described in [1, 105].
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When there is a single viewer of type ¢, the state-transition function P¢(- |
-,a) depends on both the agent’s action a and the type c. In general, however,
the group of viewers is heterogeneous. The overall transition function is more
accurately captured by a mixture of the functions { P}.cc; each function P¢
being weighted by the proportion d;(c) of viewers of type c.

Furthermore, in real life, the composition of viewers depends on time of
day, day of the week, and unpredictable events. Hence, we model the com-
position of viewers J; as a process that may change over time in an arbitrary
fashion. The instantaneous payoff to the owner is also a quantity that is dif-
ficult to predict: it depends on external factors such as the quality of articles
on the webpage, the relevance of the advertisement to the viewers, etc. Hence,
we model the sequence of reward functions rq, 7, ... as an arbitrary sequence
as well.

Our model generalizes that of prediction with expert advice by adding
the notion of state. The state, which may specify the arm selected in the
previous step, evolves according to Markovian dynamics, but the transition
probabilities are uncertain, e.g., the next-state distribution following each arm-
selection is only specified within some range. This uncertainty may arise
from inaccurate measurement or estimation, from an uncertainty principle
[43], or from nonstationary variations in the probabilities. The latter occur, for
instance, in systems that rely on replaceable components whose specifications
fall within some e-tolerance range (e.g., battery life, physical dimensions).

Our model also encompasses MDPs where the transition function may
change abruptly at unknown time instants [57], e.g., as a result of a me-
chanical break-down, or triggered by an adversary. Consequently, the true

state-transition model may deviate unpredictably from the nominal model.
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In the next example, we show that arbitrary changes in the transition
probabilities can cause large regret for online learning algorithms that compute
policies based on a chosen transition function that differs—however slightly—

from the true transition function. Protection against such breakdowns moti-

vates the introduction of the algorithms presented in the following sections.

1—¢

(a) Transition model Pi(- | -, L) at even

time steps.
1—e€
€
€
) )
~
™ e/2
1 —e 1—e€ 1—e€
(b) Transition model P;(- | -, £) at odd time
steps.

Figure 3—1: Transition models for Example 3.2 when agent chooses the action
L. Edges are labelled with transition probabilities.

Example 3.2. Consider an MDP with states {1,2,3,4}. The choices of ac-
tions for the agent are £ and R. The rewards are constant over time. Taking
action L at state 3 gives a reward of 1. Taking action R at state 4 gives a re-
ward of 7/8. All actions in other states give zero reward. Figure 3-1(a) shows

the nominal state-transition model when the agent takes action £. However,
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(a) Transition model P;(- | -,R) at even

time steps.
1—e€
€
1—e€
) )
~
M1l—¢
1 —e €/2 €
(b) Transition model Pi(- | -,R) at odd time
steps.

Figure 3-2: Transition models for Example 3.2 when agent chooses the action
R. Edges are labelled with transition probabilities.

unknown to the agent, the transition model changes to that of Figure 3-1(b)
at odd time steps. This change is small in the sense that the probabilities
change by at most a fixed ¢ > 0. When the agent chooses the action R, the
transitions toward state 4 are more likely, as shown in Figure 3-2.

Suppose that the agent takes the transition model of Figure 3-1(a) as
the nominal model for all time steps in order to compute a regret-minimizing
policy by perturbing the optimal policy, e.g., using the Lazy FPL algorithm
of Chapter 2. The unperturbed optimal policy in this case is to take the L
action at every state. Since the random perturbation tends to zero, the regret-

minimizing policy also chooses the £ action with arbitrarily high probability
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1 7/8

Figure 3-3: Rewards for Example 3.2.

after enough time. However, choosing the £ action realizes an expected reward
of at most 1/2 per step when the actual transition model is that of Figure 3—
1(b), i.e., at the odd time steps. Since the expected average reward at even
time steps is at most 1, the overall expected average reward of this policy
is at most 3/4. In contrast, a policy that is robust with respect to the two
possible transition models (Figure 3—-1(a) and 3-1(b)) chooses the action R
at all times; hence, generating an expected average reward greater or equal to
7/8—e. The difference in average reward between the regret minimizing policy
and the robust policy can be made arbitrarily large by tuning the rewards.

One approach of minimizing the regret in this example is to combine
robust dynamic programming and online learning (Section 3.4). Another ap-
proach uses a simulation-based algorithm (Section 3.6), which eliminates the
need to observe or estimate the transition probabilities {P;} and the modu-
lating sequence {d;}.
3.3.1 Assumptions

First, we make a standard ergodicity assumption for Markov decision
processes. This assumption excludes sequences of transition functions that

create periodicity and prevent vanishing regret, as shown in Chapter 2. Recall
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that for a fixed Markov chain z1, x5, ... with state space S, the cover time is
Teoy = min{t : for every s € S, there exists j <t such that z; = s},

i.e., the smallest integer ¢ such that for every s € S, there exists j < t with

x; = s. In turn, the expected cover time is

max Eri=s [Teov],

where the maximum is over all possible values of the initial state x;. Let d;

denote the distribution of the state x; at time ¢, and 7 denote the stationary

distribution. The mixing time of the Markov chain x1, zs, ... is
I t ! |d() ()|<_1/4
min : E ™ .
2 ses " ’

Assumption 3.1 (Uniform Ergodicity). The sequence of transition functions
Py, P,, ... is non-periodic. There exist constants 7 and 7., such that for every
(mixed) policy ¢ : S — A(A) and every modulating vector 6 € A(C), the
Markov chain induced by the transition function P°(s’ | s,0(s)) is ergodic
with expected mixing time at most 7 and expected cover time at most 7oy .

Assumption 3.1 ensures that the Markov chain induced by every sequence
of transition functions P, P, ... and every policy o : S — A is ergodic: all
states in the induced Markov chain communicate and are aperiodic; moreover,
the Markov chain admits a unique stationary distribution.

In general, the state transition functions and the reward functions vary
quite differently. It may be appropriate to assume that the agent has more
control over the system’s state than the source of rewards (e.g., Nature). This
gives rise to some asymmetry in the extent of arbitrary uncertainty in the

rewards and transitions, as illustrated by the following game.
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Example 3.3 (AR-AT Games). Additive-reward additive-transition stochas-
tic games (cf. [50]) can provide natural examples where two players have
non-symmetric influence on the transition probabilities. In such games, the

agent’s reward and transition functions at each time ¢ can be decomposed as:

Pi(s' | s,a) = (1= NGi(s' | s,a) + ANGa(s' | s,b),

ri(s,a) = (1 —v)fi(s,a) + v fa(s, by),

where G; and f; are single-controller transition and reward functions in the
absence of an opponent. However, the opponent takes the action b;, and
influences the reward and state-transition through f, and G5. Hence, the
functions P; and r; depend on the opponent action b;, where the scalars A and
v control the extent of this dependence. An example of such a stochastic game
is the fishery game described in [50].

In light of the hardness of obtaining vanishing regret, we set out to quan-
tify the dependence of the regret on the variability in the transition probabili-
ties. To this effect, similarly to the role of the scalars A and v in Example 3.3,
we introduce the following assumption to limit the extent to which the tran-
sition functions {P; : i = 1,2, ...} may vary when modulated by the arbitrary
individual sequence {d; € A(C) :i=1,2,...}.

Assumption 3.2 (e-arbitrary Transition Functions). Let P° denote the ma-
trix whose (s', s)-element is P%(s’ | s,0(s)). Let Z° denote the fundamental
matrix (cf. [115]) associated with the same transition function P?, i.e.,

K
1
A [ 6 1—-1 AN T o\ k
Z° 2 [1-P + P!, where P 2 lim — Y (P,

K—oo
k=1

Further, let the norm ||M]||__ of a matrix M denote its maximum absolute row-

sum. We assume that there exists a finite constant Z such that HZ‘SHOO < Z
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for all 6 € D, and that there exists € > 0 such that

HP5 _ Pé’H <e

o0

for every § € D and ¢’ € D.
3.4 Full Observation Case

In this section, we present a solution that combines robust optimization
and existing minimum-regret algorithms for single-controller stochastic games
(e.g., [50, 44]). In particular, we employ implementations of these algorithms
that follow the best policy with respect to the empirical observations thus
far, while subject to small perturbations. Our approach uses robust control
of MDPs with infinite-horizon average-reward objectives, whereas robust con-
trol of MDPs with finite horizons and discounted rewards may be solved by
the robust dynamic programming method of [101]. This robust dynamic pro-
gramming method may be adapted to MDPs with the infinite-horizon average-
reward objective by using appropriate Bellman equations (cf. [19]).

For this section, we begin by making some additional assumptions that
will be relaxed in the following sections. First, we assume that the agent
observes the reward function r, at the end of every time step t. Second,
we assume that the set of basic transition functions {P° : ¢ € C'} and the
modulating sequence uncertainty set D are known to the agent. For ease of
exposition, we define the empirical average of reward functions observed from

time 1 to ¢t — 1:

1 <
7(s,a) = — ri(s,a), forall (s,a) € S x A.
=1

[y

(2

Consider the online robust dynamic programming (ORDP) algorithm of
Algorithm 3-1. This algorithm combines robust control of MDPs [101] with

regret-minimizing policies for single-controller stochastic games (e.g., [50, 44]).
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At every time step, the ORDP algorithm solves a robust dynamic program
with respect to the uncertainty set D, and with the average reward function
7;. The algorithm then acts according to a randomly perturbed version of the
optimal policy.

The ORDP algorithm uses the same ideas as the Lazy FPL algorithm of
Chapter 2, with the addition of a robust optimization step and the exception of
the time phases. However, the analysis differs significantly due to the changing

transition functions.

(Initialize.) At time step 1, output an arbitrary action a;.
At every time step t = 2,3, ...

1. (Robust dynamic program.) Solve the robust MDP with state
space S, action space A, an uncertainty set D C A(C'), and with
reward function 7. In other words, solve the following Bellman
equations for MDPs with infinite-horizon average-reward objec-
tive [19] (via linear programming or otherwise):

Vi(s) =max (ﬁ(s, a)

acA
: / cl .
+ inf SVils) D 0P | sia) = Vilso)), s €S,
s'eS ceC
(3.4.2)

where so € S is a fixed state and Vi(so) is a normalization term.

2. (Sample.) Sample a random variable n, uniformly over the sup-
port [—¢~1/2 ¢=1/2]14l
3. (Follow the perturbed leader.) Output the action

ay(s;) =arg max (ﬁ(st, a)

+ny(a) + inf V() Y0P | s a)). (3.4.3)

s'esS ceC

Algorithm 3-1: Online robust dynamic programming (ORDP) algorithm

Theorem 3.1. Suppose that Assumptions 3.1 and 3.2 hold. Then, for T >

det [€, the regret of the ORDP algorithm with respect to every sequence 11,74, . . .
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and Py, Py, ... is bounded as follows:

Ly < (Z 4+ Ve + /|S||A] /T + 47%\/10g(|A]) /T + 47/T.

3.4.1 Proof of Theorem 3.1

Let a stationary policy p : S — A and a modulating vector 6 € A(C)
be fixed, and let u be a state distributed according to the stationary state-
distribution 7(u, §) associated with the transition function P°(s’ | s, u(s)). We

first define a relaxed objective:

fTééelgf max, TZE (o) [re(u, ()], (3.4.4)

where the expectation E(, 5y makes explicit the dependence of the distribution
of u on the modulating vector §. Theorem 3.1 follows from two steps. First,
using the following Lemma 3.2, we relate the relaxed objective IAT and the true
objective jT. Then, through Lemma 3.3 and Proposition 3.4, we bound the
regret with respect to the relaxed objective.

Lemma 3.2. Suppose that Assumptions 3.1 and 3.2 hold. Then, for every

sequence 1,7y, ... and Py, P, . .., we have \jT—fT| < (Z+1)e, forT > 2et/e.

Proof. Let o* denote a stationary policy that achieves the true objective:

max—g Ertst o(s)
a:S—AT ’ ]

Let 6* denote a modulating vector that achieves the following objective:

dEA(C)

1 T
inf T E Eﬂ(o’*,é) [Tt(u, U*(u)>:| .
t=1

Recall that 7(u,d) denotes the distribution of u induced by the policy p and
the transition function P°. Observe that the policy o* and P? induce a Markov
chain with a unique stationary distribution 7(¢*, §) by Assumption 3.1. Since

the transition functions are e-arbitrary by Assumption 3.2, every such induced
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stationary distribution satisfies
|7(c*,8) — m(o™, 07|, < Ze (3.4.5)

by [115, Section 6]. Let d;(c*, ) denote the distribution of 5; when the agent
follows policy ¢* and the transition function is P°. By Assumption 3.1, every
Markov chain induced by * and P° has a mixing time bounded by 7. Hence,

we have
ldi(c*,0) — m(0",0)||, < 277, (3.4.6)

Let d;(c*) denote the distribution of state 5; following the transition func-
tions Py,..., P,_q, while the agent follows policy ¢*. Observe that, by er-
godicity assumption, every transition matrix P; has the spectral decompo-
sition P, = UD;U™* for i = 1,...,t — 1. Let 6 € A(C) be such that
P =U(Dy_;...Dy)Y® DU~ then we have

(") = (", )l < lldi(0™,0) = 7(0™,9)l

< 2e17UT, (3.4.7)

where the last inequality follows from (3.4.6).
By observing that the rewards take values in [0, 1], it follows from (3.4.5)

and (3.4.7) that

1 < 1 <
ZE (3,0 (31))] — - > Erger ) [re(u, 0% (0))] < Ze + 2er/T.
t:l

t=1

In turn, by definition of ¢* and §*, and for T' > 2e7 /e, we obtain

max —ZE ri(S,0(8))| — inf ZE’T(U* ri(u, o (u ))] <(Z+1e.

o:S—AT seac) T
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By replacing the policy ¢* in the negative term on the left-hand side by an

optimal one, we obtain:

T
) 1
s Bl 01— s, 73 B 0] < 251

The final result follows by observing that the relaxed objective is the value of
a game where the players’ actions are fixed policies. This value exists [101,

Theorem 4]; and hence,

sk u%iXAfZEW ru(u, ()] = o, il 75D B e, ()]

Lemma 3.3 ([45, Proposition 2]). Let an arbitrary 6 € A(C) be fized. Sup-
pose that the sequence of transition functions is P, = P° for all t. Let the
uncertainty set be reduced to the singleton: D = {§}. Then, the regret of the
policy sequence {0} induced by the ORDP algorithm is bounded as follows:

ZE[n(st, oi(s1))]

t=1

< /IS[TA[ /T + 472\/1og(JA])/T + 47/T.

1
“rgaﬂEw(u 5 [Pr(u, p(u))] — T

Proof. By [44, Theorem 6.2], for every §, we have

—_

T T
1
ZE 7(st,0¢(se))| — T ZEN(Ut,(S) [Tt(vtu Ut("t))}
t:l t=1
< 47%/log(|A])/T + 27/T,

where o, is the agent’s policy at time ¢, and v; is distributed according to the

stationary distribution 7 (oy,d). By [44, Theorem 6.1], for every agent-policy
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o:S5 — A, we have

1 T

D_E[ru(su0(s0)] < 5 D Erorsy [re(ve, o ()] +27/T.

t=1 t=1

N =

By [44, Theorem 5.2], for every o, we also have
1 « 1 «
T > Enorw) [re(ve, 0:(v))] = T > B [ri(vi,0(vi)] = VISITA[ /T
t=1 =1
The claim follows by combining these three inequalities, and recalling the

definition:

% Z Erua) [ (0, ()] = Ergus) [Pr(u, p(w))].

Proposition 3.4. Under the assumptions of Theorem 3.1, the regret of the

ORDP algorithm with respect to the relaxed objective TT 8

T

o — 2 S Elri(su,a0)] < VISTAT/T + 47 iog(TAN/T + 47/T, for ali T
t=1

(3.4.8)

Proof. Let {p;} denote the sequence of policies induced by the ORDP algo-
rithm with n; = 0 for all ¢£. The policy p; solves a robust dynamic program
with an undiscounted average-reward objective; it can be obtained as the solu-
tion of a robust linear program [127]. Hence, by an argument similar to [101,
Theorem 3], the policy p; inherits the following optimality property: at every

step ¢, and for every 6 € A(C),

Er(p0) [Tt (v, pe(V))] = max, Er (s [F(u, p(u))].

By replacing the optimality property for dynamic programming by the above
optimality property for robust dynamic programming, the claimed result fol-

lows by Lemma 3.3. m
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Since the ORDP algorithm solves a robust MDP at every time step, its
computational complexity increases linearly in time. However, the policies
computed by the ORDP algorithm change slowly in time, especially after a
long time period. This observation suggests the alternative of computing a
new policy only once in a while and following this policy in the meantime.
Choosing the length of the intervening intervals provides a mean of trade-off
between the regret bound and the computational complexity of the solution.
This approach is similar to other lazy algorithms [7].

The trade-off between regret and complexity can be achieved by modi-
fying the ORDP algorithm as follows. First, we partition the time horizon
1,2, ... into intervals of time steps, whose lengths increase over time. Next,
we compute a single stationary policy in each interval and follow it through-
out the interval. For instance, if only 7°%/* different policies are computed up
to time 7', the corresponding regret bound is of the order of O(T~/4) (cf.
Chapter 2).

3.5 Limited Observation of Rewards

In this section, we consider a limited-observation setting similar to the
multi-armed bandit setting [10]. At the end of every time step, instead of ob-
serving the full reward function r;, the agent observes only the reward r,(s;, a;)
that was received. This setting is representative of applications in sequential
clinical trials and sequential allocation of resources. Since the agent only ob-
serves the values of the reward functions on its state-action trajectory, our
solution maps the observed rewards r,(so, ag), ..., 7(S—1,a,—1) and the cur-
rent state s; to an action a;. We present an algorithm that uses estimates of
the reward functions as in [10].

Our approach is to construct an interval estimate of 7; at every t. To

this end, we construct a random interval [z; ,z; | at every step t as follows.
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Starting from the initial state s1, at every subsequent step ¢, we compute the

following lower and upper bounds for the state-distribution ds, of s;:

d, (s) = ggif)P (s|si—1,a,-1), forallses,

d(s) =sup P°(s | s4-1,a4-1), forallseS. (3.5.9)

6€D

Let o, denote the policy of the algorithm at time ¢, i.e., oy(a | s) is the
probability that its algorithm outputs a; = a provided that s; = s. Given a
fixed pair (s,a) € S x A, the probability that (s;,a;) = (s,a) is bounded from
above by oy(a | 5) df (s). For time steps t such that o,(a | s) d (s) is positive,

we define

_relsa) if (g ) = (s4,a
z; (s,0) = ) (50 = (o) (3.5.10)

0, otherwise.

Likewise, we define

_rsa) g _
2t (s,a) = { @) if (s,a) = (s, @),

0, otherwise.
To ensure that the probabilities are non-zero, we explore the state-action space
Sx A during the N initial time steps, where N is the earliest time step such that
d; (s) > 0and d/ (s) > 0forall s € S. Observe that only the value 74(s;, a;) of
the reward at the traversed state-action profile (s;, a;) is required to evaluate

z; and z]. From the sequences z;

; and z;, we construct z, £ 1 12] 1 Z;

j
and z = = Z i1 ] , which are lower and upper estimates of the empirical-
average reward function 7.

Next, we present an algorithm and its corresponding regret bound in the

limited-observation setting. Observe that since the algorithm follows a fixed

policy for ¢ < N, then N is bounded from above by the cover time of the
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Markov chain induced by the fixed policy. Since the worst-case expected cover

time is 7o, by Assumption 3.1, we have EN < 7, .

(Initialize.) Fix ¢ € (0,1). Let N denote the smallest ¢ such that
di(s)>0forallsesS.
1. (Estimate.) At every time step t > 1, compute the reward func-
tion lower-estimate z; recursively from (3.5.9) and (3.5.10).
2. At time steps t < N, output an action a; chosen uniformly at
random over A, i.e., with distribution oy(a | s) = |A|™" for all
a€c A
3. At time steps t > N:

(a) (Sample.) Sample an independent Bernoulli random vari-
able x; that takes value 1 with probability ¢.

(b) (Minimize regret.) If x; = 0, solve the robust MDP corre-
sponding to the Bellman equations (3.4.2) of Algorithm 3-1
with the reward function z, instead of 7;. Output the ac-
tion a; as in (3.4.3) of Algorithm 3-1 after replacing 7; by
zZ; .

(c) (Ezplore.) If x, = 1, output an action a, chosen uniformly
at random over A.

Algorithm 3-2: Exploratory ORDP

Observe that the fixed parameter ¢ > 0 ensures that each element of the
state-action space S x A is explored infinitely often as T" — oo. Similar results
may be obtained by decreasing the probability of exploration ¢ over time (cf.
[10]).

Theorem 3.5 (Exploratory ORDP). Suppose that Assumptions 3.1 and 3.2
hold. Let Puin > 0 denote a positive constant such that df (s) > Ppiyn and
d (s) > Puin for every s € S, initial state so € S, and t > Teov. If the agent
follows the Ezxploratory ORDP algorithm with a fivred ¢ € (0,1), then, for
every T > max{7.o, , 2e7/€}, the regret of the Exploratory ORDP algorithm

is bounded as follows:

A S[14] log [4] .
<P|2|¢+Z+1> +¢+\/—||| + 472 Og' 4+ X
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In particular, if ¢ = P—VW\/E, we obtain

-~ VIA] |S| |A] o [log|A|l 4T + Teoy
Ly < (Z+4+1 2v — +4 .
7 < (Z+1)e+ Pmin\ﬁﬂ/ i v T T

Remark 22. Compared to the full observation case (cf. Theorem 3.1), the

above regret bound for the limited observation model contains an additional

A

Pmin

component of 2

Proof outline. First, observe that, for all (s,a) € S x A, the true unobserved

average reward function 7; is bounded as follows:
E {/Z\t_(sv a’) | St—1, a’t—l} S ?t(sa a) S E {/Z\:_(S, Cl) | St—1, at—l}-

Next, observe that ||d;, — d,

e

< € by definition and Assumption 3.2. By

definition, we have

- —z/(s,a)| | si—1,a ri(s, a) (s)—df (s
E {‘Zt (S,CL) t( ) )‘ | t—1, t—l} < at(a ‘ s)d;(s)d;(s)(dst( ) dst( ))7

for all (s,a) € S x A.

By definition of the Exploratory ORDP algorithm, we have o.(a | s) > ¢/ |A|.
Also, for t > 7, we have the bounds d,(s) > Pui, and df (s) > Ppiy. It

follows that

~ ~ A
B {17 (5.0) = 3 (s.0)| s} < 4

for every (s,a) € S x A and t > N. Thus, by replacing 7, by z, —or an
arbitrary convex combination of z; and z;", the Exploratory ORDP algorithm
incurs at most an additional regret of |A| e/(P2;,¢) over the ORDP algorithm.
Further, observe that the first N initialization steps incur an overhead regret of

at most IV, whereas the recurrent exploration steps incur an expected overhead
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of ¢ T. Finally, we obtain the bound of Theorem 3.5 by combining these

additional terms with the bound of Theorem 3.1. m

3.6 Unknown Transition Probabilities

In this section, we consider the case where the agent does not observe the
state-transition probabilities, but only the state trajectory. As in the previ-
ous sections, we assume that the changes in the transition function, although
arbitrary, are limited. One method is to estimate the transition probabilities
(as in [30]), define an appropriate uncertainty set, and employ the methods
of Section 3.4. We adopt a different method in this section. By using the -
learning approach [126], we eliminate the need to know a priori or to estimate
the transition probabilities.

Recall that in Example 3.2, we show that any discrepancy, no matter how
small, between transition function used to compute the policy and the true
transition function can cause arbitrarily high regret. Unlike the dynamic pro-
gramming approach of the previous sections however, the ()-learning approach
is simulation-based: the policy is generated according to the true state-action
trajectory, which is induced by the true transition function. Hence, as a second
advantage, this approach does not require an additional robust optimization
over the uncertainty set D of the transition functions. As in the previous
sections, the regret is proportional to the variability of the uncertainty.

For simplicity, we assume in this section that the reward function is fully
observed at each time step, as in Section 3.4. However, the method for limited
observation described in the previous section can be readily applied here as

well.
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3.6.1 Algorithm

Consider the Q-FPL algorithm of Algorithm 3-3, where an appropriate
Q-function recursion replaces the Bellman equations (3.4.2) of the ORDP al-
gorithm. We partition the time horizon 1,2, ... into intervals of time steps,
denoted by ai,as,.... We denote by K, the length of each interval a,.
Within each interval «,,, we use a fixed learning rate +,, for the Q-function

iterations. Let t,, denote the first step of the interval a,,.

(Initialize.) For t € oy, choose the action a;(s;) according to an arbi-
trary deterministic policy u: S — A.
For every phase a,, where m = 2,3, ...
1. (Q-learning.) At the first step ¢ of interval a,, reset the Q-
function @Q); to a vector of zeroes. At every step t + 1 € ay,
recursively update the Q-function:

Qiy1(s,a) = Q(s,a) + Y (ﬂm(s, a) + max Qt(St11,d)

~ Quls.0) = Qulso, ). if (5,0) = (51, 00)
Qi+1(s,a) = Qi(s,a) otherwise,
where Q;(So, ag) is a normalizing term, and the learning rate is
Ym € (0,1/4).
2. (Follow the perturbed leader.) Let Q*m—' denote the @-function

computed at the end of the interval a,,_1. At every step t € a,,,
choose the action

a;(s;) = arg max {Qo‘mfl(st, a) + nt(a)}, (3.6.11)

a€A

where the element of A with the lowest index is taken if the
max is not unique, and where the random variable n; is sampled
uniformly over the support

Algorithm 3-3: @-Follow the Perturbed Leader (Q-FPL) algorithm

]

The main feature of the Q-FPL algorithm is that it uses the policy learnt

in the previous interval while learning a new policy in the current interval.
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The details are as follows. Observe the sequence of Q-functions {Q:}ica,, is
determined by the fixed reward function 7, and the sequence of transition
functions {P;}icq,,. The Q-FPL algorithm essentially performs standard Q-
learning within each interval. The Q-function computed at the final step of the
interval a,,—; is denoted by Q*™~' and used to derive a new policy (cf. (3.6.11))
for use throughout the next interval «,,. As in the ORDP algorithm, this
policy is computed according to the concept of “follow the perturbed leader”
([64, 72]), where continuity between successive policies is ensured by adding
a vanishing noise term n; to the @Q-function Q*"-'. However, the Q-FPL
algorithm is computationally more efficient: at each time step, we only iterate
the @-function instead of solving a robust dynamic program as in the ORDP
algorithm.

For the purpose of analysis, we consider the synchronous version of the
@-learning iteration in the Q-FPL algorithm and write it in the form of a

stochastic approximation algorithm (cf. [79]):

Qi1 = Qr + Y (he(Qr) + Miyr), t € iy,

m(Q)(s,0) =7i,,(s,0) + > Ps' [ 5,0) max Q(s', a") = Q(s, ) — Q(s0, a0),

s'eS

Mii(s,a) = max Qi(st41,a") — Z Pi(s' | s,a) mas Qu(s' "),

s'es
where the state s; is distributed according to P;(- | s,a). Our analysis of
synchronous ()-learning can be extended to the asynchronous version, as done
in [29]. In contrast to the convergence analysis for average-reward (-learning

([29, 2]), the function h; is not fixed, but may change arbitrarily in our setting.
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We also define the sequence Q¢ with the fixed transition function P° and

the following recursion:

Qf+1 = Qf + Vm(hé(Qf) + Nip1), tE€ am,

hé(Q)(& a) = ﬁ%n(& a) + Z Pé(sl | S, a) g}giQ(S,’ a”) - Q(S? CI,) - Q(SO> a0)>

s'eS

Neaa(s,0) = max Q) (51, ') = Y P(s' | 5,0) max Q(s', a”),

s'eS
where the state §;,; is distributed according to P°(- | s,a). Observe that, for
every fixed § € A(C), the function h° satisfies the sufficient conditions? for
the convergence of Q?. Furthermore, {N,} is a martingale difference sequence.
By [29, Theorem 2.2], the sequence Q9 converges almost surely; we denote this
limit by Q°.

In contrast to {Q%}, the sequence {Q;} does not converge to a single limit
point due to the arbitrary sequence of transition functions P, P,,.... In the
following section, we describe its convergence to a limit set.

3.6.2 PAC Regret Bound

In this section, we present a probably approximately-correct (PAC) bound
on the regret of the Q-FPL algorithm.

For every basic transition function P¢, for ¢ € C', we define

hEQ)(s,a) =T, (s,0) + ) P(s' | 5,0) max Q(s', a”) — Q(s,) — Q(so, o).
s'eS

Next, we define the convex hull in R*4:

G(Q) = conv({h°(Q) : c € C}).

2 The sufficient conditions are that h° is Lipschitz continuous and that there
exits a function he, such that lim; ., h?(jx)/j = heo(x) for all z [29)].
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We denote by dist(x,Y") the distance of the point x to the set Y: inf ey ||z — y| ..
Suppose that we write y(t) to denote 7, if t is a time step belonging to
ay,. For every sequence of Q-functions {Q;}, we construct an interpolation

function ¢ : R — R!S*4l such that for every integer t, we have

q (Z '7(0) = Q.

Finally, we denote the invariant set of the differential inclusion d‘é—g) € G(q(t))

by

wé{q;di—i’f)ec:(q(t))fomzo}.

The following lemma due to [29] asserts that every function belonging to
the set U of possible limit points is exponentially stable.
Lemma 3.6 ([29, Lemma 4.1]). Suppose that Assumption 3.1 holds. There ex-
ist constants Cy and Cy such that for every solution ¢* : R — RIS*4l belonging

to the set ¥, we have
l¢*(2)] < Cre™**[¢*(0)|,  for z > 0.

The following intermediary proposition describes the convergence of the

@-FPL algorithm during a single interval. This is not the focal point of this
work, but a detailed account appears in ([29, 2]).
Proposition 3.7 (Q-learning PAC Bound). Suppose that Assumption 3.1
holds. Consider an arbitrary interval o, during which the learning rate is
Ym- Let 1,..., K,, denote the time steps of cv,. Suppose that Cy and Cy are
as defined in Lemma 3.6. If v, € (0,1/4) and K,, > %, then for every
£€>0,

. . 16
Pr (leef@ |Qk,, — Q"|l > 5) < a2
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Remark 23. Proposition 3.7 requires that the length K, of each interval «,,
increases as v, \, 0. A small value of v, entails a tighter bound, but also

slower convergence.

Proof. First, observe that since the functions h; are continuous (in the argu-

ment () and non-expansive for all ¢:

1h+(Q) = he(Q )l < 1Q — @'l

Hence, the stochastic approximation sequence (), is stable without additional

constraints.

Observe that h(Q) € G(Q) for all ¢, so that we have

n+m—1
lim dist( Z hi( )) = 0.

Therefore, by [79, Theorem 5.6.3|, with probability 1, the limit points of Q)
are contained in the invariant set .
By [29, Theorem 2.1], there exists a constant v* = 1/4 such that if ~,, €

(0,~*), then
limsup E||Qkl% < oo
K—oo

Let 7%(K) = Z] L Ym = K9y, Since K > 105 %{Cl by assumption, we obtain

Cre= K < 1/2,
Finally, by taking =, € (0,7), the assumptions of [29, Theorem 2.3] are
satisfied, and the claimed result follows from it. m

The following theorem is the main result of this section.
Theorem 3.8 (PAC regret bound of Q-FPL). Suppose that Assumptions 3.1

and 3.2, and the the assumptions of Proposition 3.7 hold. Suppose that there
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exists x € (0,1/3) such that K,, = O(m®) for every m. Let M(T) denote
the number of intervals up to time step T'. Then, for every & > 0 and every
T > 2et/e, the regret of the Q-FPL algorithm with respect to every sequence

r1,79, ... and every sequence Py, Ps, ... is bounded as follows:

6 M@
(st ar) < (Z+2)e+E+ R(T)  with probability 1 — — Z Yy

fT—

IIMH

where R(T) is of the order of O(T /4 log(T)).

Remark 24. By setting § = € and v, = 15709 for all m, Theorem 3.8 gives

M

the following PAC bound:

~

1 o log(T)
Jr — = Zﬁ(st,at) <(Z+3)e+0 ( & ) with probability 1 — e.

T T1/4
t=1

Observe that we may also let v,, \, 0 and K,, — 0o as m — o0.

Proof. Using Lemma 3.2, our task is to bound the regret with respect to the
relaxed objective fT. We first bound the distance, at the end of each interval
., between the Q-function @)y generated by the Q-FPL algorithm and the
limit Q° of the sequence {Q?}. The claimed result then follows from the bound
on the regret associated with the policy induced by Q°.

Observe that (° is a limit point belonging to this invariant set ¥. Observe
also that by definition and Assumption 3.2, for every pair h(Q) € G(Q) and
h(Q) € G(Q), we have

1(Q) — M(Q)| < e

Hence, for every limit point Q* belonging to the invariant set ¥, we have

1" - @l

<e.
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By Proposition 3.7, we obtain

16
Pr([|Qurc. = @l > € 4+8) < 5.

Let o,, denote the policy generated by Q. . , and o° denote the policy
induced by Q°—the optimal policy in a standard MDP with transition function

P%. By the definition of the Q-functions, it follows that, with probability

1-— 2_gf>/m7
1 R 1 o~ i~
7 Z Tt (St: Om(st)) = ' Z Tty (St,0°(51) — e — &,
™ team, ™ tcam
1 o e
> max, o— > T (Gop(E) —e—¢  (36.12)

team
where s; is the true state trajectory, whereas 5; and §; are induced by agent
policies ¢° and p with the fixed transition function P?. The second inequality
is due to the fact that ¢° is an optimal policy when the transition functions
are fixed to P, = P?° for all ¢ during interval ay,.

Finally, by Proposition 2.3, while the transition function is fixed, the

expected average regret due to the arbitrary reward sequence r; is bounded

by
R(T) = [16 4 3(|S| 4+ 7) |A|> T log(T)|T~V/4.

The claim follows by combining the above bound with Lemma 3.2 and (3.6.12).

3.6.3 Expected Regret Bound

In this section, we show a bound on the expected regret of the Q-FPL
algorithm.
Theorem 3.9 (Expected regret of Q-FPL). Suppose that Assumptions 3.1

and 3.2 hold. Further, suppose that 0 < 7,, < min(1/4,€3/16) and K,, =
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% for allm. Then, for T > 2et /e, the regret of the Q-FPL algorithm with
respect to every sequence 11,7s, ... and every sequence Py, Py, ... 1s bounded as

follows:
o1&
Jr — T ZE[Tt(Sta atﬂ < (Z +10g(2C1)/Cs + 3)6 + R(T),
t=1

where R(T) is of the order of O(T~'/*1log(T)).
Remark 25. Compared to the regret bound for the ORDP algorithm (cf. The-

orem 3.1), the asymptotic regret has a larger leading factor.

Proof. Using Lemma 3.2, our task is to bound the regret with respect to the
relaxed objective TT. In Step 1, we show that, at the end of each interval «,,,
the @Q-function generated by the @Q-FPL algorithm is within a distance of € (in
expectation) from the limit @Q° of the sequence {Q%}. In Step 2, we apply a
bound on the regret associated with the policy induced by @Q°.

(Step 1.) We define P as the matrix whose (s', s)-element is P;(s" | s, a),
and P%¢ as the matrix whose (s, s)-element is P°(s’ | s,a). Let the norm
| M|, of a matrix M denote its maximum absolute row-sum. For simplicity,

let 1,..., K + 1 denote the set of time steps of interval . Let (s,a) € S x A
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be an arbitrary state-action pair. Observe that

‘E QK-l—l(Saa) —E Q(;{_H(S,CL)‘

<(1=9m) ‘E Qk(s,a) — E Q% (s, a)‘ + Ym ‘E Qx (50, a0) — E Q% (s0, ao)‘

+ Y |E ZPK(S' | s,a) {lr}gicQK(s',a') —-E Z Po(s" | s,a) g}gﬁ@‘;{(s”,a”)

s'eS s"eS

< (1= ) [E Qx(s,a) = E Qi (s, a)| + 7 [P = Pic| , |E Q..

E maXQK(s a') —E max Q% (s',a" }P&aHOO

+ max
m a’€eA a’€eA

s'eS
S (1 - ’Ym) }E QK(S’Q) —E Q(;((S,CL)} + Tm HP&G B P;('Hoo 1

+ Y maxmax [E Qg (s, a') — E Q5% (s, a')} (3.6.13)

s'eS a’€A
< (1 - ’}/m) }E QK(S’Q) —E Q(;((S’a)} + Ym HP&G - P?(HOO
+9m |E Qx (s, a") — E Q% (s™, a)

S }E QK(S*, a*) —E Q%(S*a CL*)

- Pyl (3.6.14)

where s* and a* denote the solutions to the maximizations of (3.6.13). The
first inequality is due to taking expectation over the next-state variables.
For the second inequality, we use the triangle inequality and assume with-
out loss of generality that there exists a state-action pair (sg,ag) such that
E Q,(s0,a0) = E QY(s0, ao) for all t. The third inequality follows by algebra
and the fact that HE Q‘;(Hoo < 1 since the rewards take values in the inter-
val [0,1]. For the final inequality, we assume without loss of generality that
E Qi(s.0) ~E Q(s.0)| < [E Qu(s'.a") ~E Qk(s",a")

terchange (s,a) and (s*,a*). By carrying on the recursion of (3.6.14), we

; otherwise, we in-
obtain

‘E Qr11(s,a) = E Qicy1(s, a) Z m HPM P?Hoo

] €am
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By the e-arbitrariness assumption (Assumption 3.2), there exists a fixed € > 0
such that ||P? —P§ || < € for every pair of time instants ¢ and t'. Therefore,
there exists a 0 € A(C) such that HP‘S’“ — P?HOO < ¢, for all j € a,,. Moreover,

we have sup,,_; 5 Kmym > ) ican, Ym Dy definition. Hence, we obtain

geee

log(2Ch)

B Qusr = E Q| < — 5
2

The sequence QY converges to a limit that we denote Q°. By Jensen’s

Inequality, Chebyshev’s Inequality and Proposition 3.7, we obtain

IE Qhcir = @l < B[ @k — @)l
< ePr([|Qhcis = @l < O + Pr((| Qb = @l > ©

16
S €+ _Qf)/m S 267
€

where the final equality follows by the assumption that v,, < €3/16. It follows

that

B Qi = @ < B Qreir =B Qi || + |[E Qein — @

< (log(2C1)/Ca + 2)e. (3.6.15)

(Step 2.) Let ok denote the policy generated by Qx1, and o° denote
the policy generated by @Q°. As shown in [29], ¢° is an optimal policy when
the transition functions are fixed to P, = P? for all ¢ during interval ay,.

From (3.6.15), it follows that the average reward of policy ok differs from the
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optimal average reward as follows:

1 ~
T Z E /rtm(st? UK(St))

m teEam

> S ER, (R0 (3) — (108(201)/Cs + 2)e

m tEam

> max —— S E, (5o p(5)) — (08(2C1)/Ca + 2)e,

piS=A Ko tea

where s; is the true state trajectory, whereas 5; and §; are induced by agent
policies ¢ and p with the fixed transition function P°. The rest of the proof

follows the same line as the proof of Theorem 3.8 m

3.7 Discussion

It is useful to compare the ORDP and Q-FPL algorithms. The ORDP
algorithm requires not only knowledge of the transition probabilities P¢(s’ |
s,a)—for all ¢, §'; s, and a, but also of the uncertainty set D of the modulating
sequence {J;}. The Q-FPL algorithm requires only knowledge of the bound e of
Assumption 3.2. Moreover, the Q-function iteration of the Q-FPL algorithm
is computationally more efficient than solving the robust dynamic program
of the ORDP algorithm. The only drawback is in the weaker bound on the
regret.

Our results clearly extend to the case where the transition functions are e-
arbitrary over subintervals of the entire time horizon, provided that the agent
estimates the modulating term J; at each time ¢ and resets the ()-learning
sub-algorithm when a sufficiently large shift in the modulating sequence is
detected. The uncertainty set D of the ORDP algorithm can also be regularly
updated to reflect the estimates {gt} Effectively, this allows us to replace the
e-arbitrariness assumption of Theorem 3.1 by a more general assumption on

the accuracy |5At — O] of each estimate 5.
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CHAPTER 4
Online Learning for Sequential Optimization with Constraints

4.1 Introduction

In this chapter, we study online learning when the objective of the de-
cision maker is to maximize her long-term average reward subject to certain
sample path average constraints. We define the reward-in-hindsight as the
highest reward the decision maker could have achieved, while satisfying the
constraints, had she known Nature’s choices in advance. We show that in
general the reward-in-hindsight is not attainable. The convex hull of the
reward-in-hindsight function is, however, attainable. For the important case
of a single constraint, the convex hull turns out to be the highest attainable
function. Using a calibrated forecasting rule, we provide an explicit strategy
that attains this convex hull. We also measure the performance of heuristic
methods based on non-calibrated forecasters in experiments involving a CPU
power management problem.

The model of this chapter is a repeated game from the viewpoint of a
decision maker (player P1) who plays against Nature (player P2). The op-
ponent (Nature) is “arbitrary” in the sense that player P1 has no prediction,
statistical or strategic, of the opponent’s choice of actions. This setting was
considered by [64], in the context of repeated matrix games. Hannan intro-
duced the Bayes utility with respect to the current empirical distribution of the
opponent’s actions, as a performance goal for adaptive play. This quantity, de-
fined as the highest average reward that player P1 could achieve, in hindsight,
by playing some fixed action against the observed action sequence of player

P2. Player P1’s regret is defined as the difference between the highest average
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reward-in-hindsight that player P1 could have hypothetically achieved, and
the actual average reward obtained by player P1. It was established in [64]
that there exist strategies whose regret converges to zero as the number of
stages increases, even in the absence of any prior knowledge on the strategy
of player P2. For recent advances on online learning, see [34].

The objective in this model is to minimize the regret under sample-path
constraints. That is, in addition to maximizing the average reward, or more
precisely, minimizing the regret, the decision maker has some side constraints
that need to be satisfied on the average. In particular, for every joint action
of the players, there is an additional penalty vector that is accumulated by
the decision maker. The decision maker has a predefined set in the space of
penalty vectors, which represents the acceptable trade-offs between the differ-
ent components of the penalty vector. An important special case arises when
the decision maker wishes to keep some constrained resource below a certain
threshold. Consider, for example, a wireless communication system where the
decision maker can adjust the transmission power to improve the probability
that a message is received successfully. Of course, the decision maker does
not know a priori how much power will be needed (this depends on the be-
haviour of other users, the channel conditions, etc.). Still, a decision maker is
usually interested in both the rate of successful transmissions, and in the aver-
age power consumption. In an often considered variation of this problem, the
decision maker wishes to maximize the transmission rate, while keeping the
average power consumption below some predefined threshold. We refer the
reader to [92] and references therein for a discussion of constrained average
cost stochastic games and to [5] for constrained Markov decision problems.

This chapter is organized as follows. In Section 4.2, we present formally

the basic model, and provide a result that relates attainability with the value
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of the game. In Section 4.3, we provide an example where the reward-in-
hindsight cannot be attained. In light of this negative result, in Section 4.4
we define the closed convex hull of the reward-in-hindsight, and show that
it is attainable. Furthermore, in Section 4.5, we show that when there is a
single constraint, this is the maximal attainable objective. In Section 4.6,
we provide a simple strategy, based on calibrated forecasting, that attains
the closed convex hull. Section 4.7 presents heuristic algorithms derived from
an online forecaster, while incorporating strictly enforced constraints. The
application of the algorithms of Section 4.7 to a power management domain
is presented in Section 4.8.
4.2 Problem Definition
We consider a repeated game against Nature, in which a decision maker
tries to maximize her reward, while satisfying some constraints on certain
time-averages. The underlying stage game is a game with two players: P1
(the decision maker of interest) and P2 (who represents Nature and is assumed
arbitrary). For our purposes, we only need to define rewards and constraints
for P1.
A constrained game with respect to a set 7 is defined by a tuple (A, B,R, C,7T)
where:
1. A is the set of actions of P1; we will assume A = {1,2,...,|A|}.
2. B is the set of actions of P2; we will assume B = {1,2,...,|B|}.
3. R is an |A| x |B| matrix where the entry R(a,b) denotes the expected
reward obtained by P1, when P1 plays action a € A and P2 action
b € B. The actual rewards obtained at each play of actions a and b
are assumed to be i.i.d. random variables, with finite second moments,
distributed according to a probability law Prr(- | a,b). Furthermore, the

reward streams for different pairs (a, b) are statistically independent.

103



4. Cis an |A| x | B| matrix, where the entry C(a, b) denotes the expected d-
dimensional penalty vector incurred by P1, when P1 plays action a € A
and P2 action b € B. The actual penalty vectors obtained at each play
of actions a and b are assumed to be i.i.d. random variables, with finite
second moments, distributed according to a probability law Prc(- | a, b).
Furthermore, the penalty vector streams for different pairs (a,b) are
statistically independent.

5. T is a set in R? within which we wish the average of the penalty vectors
to lie. We assume that 7 is convex and closed. Since the entries of C
are bounded, we will also assume, without loss of generality, that 7 is
bounded.

The game is played in stages. At each stage ¢, P1 and P2 simultaneously
choose actions a; € A and b; € B, respectively. Player P1 obtains a reward ry,
distributed according to Prg(- | a;, b;), and a penalty ¢, distributed according

to Pra(- | ag, by). We define P1’s average reward by time ¢ to be

t

1
= > o, (4.2.1)

j=1

and P1’s average penalty vector by time ¢t to be

1Y
b= ;cj. (4.2.2)

A strategy for P1 (respectively P2) is a mapping from the set of all pos-
sible past histories to the set of mixed actions on A (respectively B), which
prescribes the (mixed) action of that player at each time ¢, as a function of the
history in the first ¢ — 1 stages. Loosely, P1’s goal is to maximize the average

reward while keeping the average penalty vector in 7, path-wise:

limsup dist(¢;,7) — 0, a.s., (4.2.3)

t—o0
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where dist(-) is the point-to-set Euclidean distance, i.e., dist(z,7) = inf e7 ||y—
x||2, and the probability measure is the one induced by the policy of P1, the
policy of P2, and the randomness in the rewards and penalties.

We will often consider the important special case where 7 = {c € R : ¢ <
co}, for some given ¢y € RY, with the inequality interpreted component-wise.
We simply call such a game a constrained game with respect to (a vector) co.

For that special case, the requirement (4.2.3) is equivalent to:

limsup ¢ <cyp, a.s. (4.2.4)

t—o00

For a set D, we will use the notation A(D) to denote the set of all prob-
ability measures on D. If D is finite, we will identify A(D) with the set of
probability vectors of the same size as D. If D is a subset of Euclidean space,
we will assume that it is endowed with the Borel o-field.

4.2.1 Reward-in-Hindsight

We define ¢; € A(B) as the empirical distribution of P2’s actions by time

t, that is,

. 1¢
G(b) = - ; Lip—sy, b€ B. (4.2.5)

If P1 knew in advance that ¢; will equal ¢, and if P1 were restricted to using
a fixed action, then P1 would pick an optimal response (generally a mixed

action) to the mixed action ¢, subject to the constraints specified by 7. In
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particular, P1 would solve the convex program®

max ;p(a)q(b)R(a,b), (4.2.6)
st. Y pla)g(b)C(a,b) € T.

By playing a p that solves this convex program, P1 would meet the constraints
(up to small fluctuations that are a result of the randomness and the finiteness
of t), and would obtain the maximal average reward. We are thus led to define
P1’s reward-in-hindsight, which we denote by r* : A(B) — R, as the optimal
objective value in the program (4.2.6), as a function of g.

For the special case of a constrained game with respect to a vector ¢y, the
convex constraint ), , p(a)q(b)C(a, b) € T isreplaced by »_,, p(a)q(b)C(a,b) <
¢o (the inequality is to be interpreted component-wise).

4.2.2 The Objective

Formally, our goal is to attain a function r in the sense of the following
definition. Naturally, the higher the function r, the better.

Definition 4.1. A function r : A(B) — R is attainable by P1 in a constrained
game with respect to a set 7 if there exists a strategy o of P1 such that for
every strategy p of P2:

(i) iminf; .o (7 —7(@)) >0, a.s., and

(ii) limsup, . dist(¢,7)—0, a.s.,
where the almost sure convergence is with respect to the probability measure

induced by o and p.

LIf 7 is a polyhedron (specified by finitely many linear inequalities), then
the optimization problem is a linear program.
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In constrained games with respect to a vector ¢y we can replace (ii) in the
definition with

limsup ¢ <c¢y, as.

t—o0

4.2.3 The Value of the Game

In this section, we consider the attainability of a constant function r :
A(B) — R, i.e., r(q) = a, for all ¢. We will establish that attainability
is equivalent to having a < v, where v is a naturally defined “value of the
constrained game.”

We first introduce the assumption that P1 is always able to satisfy the
constraint.
Assumption 4.1. For every mixed action ¢ € A(B) of P2, there exists a

mixed action p € A(A) of P1, such that:
> p(a)q(b)Cla,b) € T. (4.2.7)
a,b

For constrained games with respect to a vector ¢y, the condition (4.2.7)
reduces to the inequality _, , p(a)q(b)C(a,b) < co.

If Assumption 4.1 is not satisfied, then P2 can choose a ¢ such that for
every (mixed) action of P1, the constraint is violated in expectation. By
repeatedly playing this ¢, P1’s average penalty vector will be outside 7', and
the objectives of P1 will be impossible to meet.

The following result deals with the attainability of the value, v, of an
average reward repeated constrained game, defined by

v = inf sup p(a)q(b)R(a,b). (4.2.8)
1€AB)  peA(A):Y, ,p(a)a(b)C(ab)eT b

The existence of a strategy for P1 that attains the value was proved in [117]

in the broader context of stochastic games.
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Proposition 4.1. Suppose that Assumption 4.1 holds. Then,
(i) P1 has a strategy that guarantees that the constant function r(q) = v is
attained with respect to T .
(i1) For every number v' > v there exists 6 > 0 such that P2 has a strategy
that guarantees that either liminf, 7, < v'—0 orlimsup,_, . dist(¢;, 7) >
0, almost surely. (In particular, the constant function v' is not attain-

able.)

Proof. The proof relies on Blackwell’s approachability theory [24]. We con-
struct a nested family of convex sets in R4*! defined by S, = {(r,c) € RxR% :
r > a,c € T}. Obviously, S, C Sp for @ > (3. Consider the vector-valued
game in R associated with the constrained game. In this game, P1’s vector-
valued payoff at time ¢ is the d + 1 dimensional vector m; = (r,¢;) and P1’s
average vector-valued payoff is m; = (73, ¢;). Since S, is convex, it follows from
approachability theory for convex sets [24] that each S, is either approachable
or excludable. If S, is approachable, then Sj is approachable for every 3 < a.
We define vy = sup{ | Ss is approachable}. It follows that S,, is approach-
able (as the limit of approachable sets; see [120]). By Blackwell’s theorem, for
every ¢ € A(B), an approachable convex set must intersect the set of feasible
payoff vectors when P2 plays ¢q. Using this fact, it is easily shown that v
equals v, as defined by (4.2.8)), and part (i) follows. Part (ii) follows because

a convex set which is not approachable is excludable. m

Note that part (ii) of the proposition implies that, essentially, v is the
highest average reward P1 can attain while satisfying the constraints, if P2
plays an adversarial strategy. By comparing (4.2.8) with (4.2.6), we see that

v = inf, r*(¢). On the other hand, if P2 does not play adversarially, P1 may
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be able to do better, perhaps attaining 7*(¢). Our subsequent results address
the question whether this is indeed the case.
Remark 26. Tt can be shown that in order to attain the value of the game,
P1 may have to use a non-stationary strategy. This is in contrast to standard
(non-constrained) games, in which P1 always has a stationary strategy that
attains the value of the game.
Remark 27. In general, the infimum and supremum in (4.2.8) cannot be in-
terchanged. This is because the set of feasible p in the inner maximization
depends on the value of q. Moreover, it can be shown that the set of (p,q)
pairs that satisfy the constraint »_ ,p(a)q(b)C(a,b) € T is not necessarily
convex.
4.2.4 Related Works

Notwithstanding the apparent similarity, the problem that we consider is
not an instance of online convex optimization [133, 67]. In the latter setting,
there is a convex feasible domain F C R", and an arbitrary sequence of convex
functions f; : F — R. At every step j, the decision maker picks z; € F based
on the past history, without knowledge of the future functions f;, and with

the objective of minimizing the regret
t t
> filwy) - E%igz:fj(y) (4.2.9)
j=1 Jj=1

An analogy with our setting might be possible, by identifying z; and f; with
a; and b;, respectively, and by somehow relating the feasibility constraints
described by F to our constraints. However, this attempt seems to run into
some fundamental obstacles. In particular, in our setting, feasibility is affected
by the opponent’s actions, whereas in online convex optimization, the set F

is fixed a priori. For this reason, we do not see a way to reduce the problem
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of online learning with constraints to an online convex optimization problem,
and given the results below, it is unlikely that such a reduction is possible.
4.3 Reward-in-Hindsight Is Not Attainable

As it turns out, the reward-in-hindsight cannot be attained in general.
This is demonstrated by the following simple 2 x 2 matrix game, with just a
single constraint.

Consider a 2 x 2 constrained game specified by

(1,—-1) (1,1)
(0,-1) (—1,-1)

where each entry (pair) corresponds to (R(a,b), C(a, b)) for a pair of actions a
and b. At a typical stage, P1 chooses a row, and P2 chooses a column. We set
co = 0. Let ¢ denote the frequency with which P2 chooses the second column.
The reward of the first row dominates the reward of the second one, so if the
constraint can be satisfied, P1 would prefer to choose the first row. This can
be done as long as 0 < ¢ < 1/2, in which case r*(¢q) = 1. For 1/2 < ¢ < 1,
player P1 needs to optimize the reward subject to the constraint. Given a
specific ¢, P1 will try to choose a mixed action that satisfies the constraint (on
the average) while maximizing the reward. If we let a denote the frequency

of choosing the first row, we see that the reward and penalty are:
T(Oé,q) =& — (].—Oé)q, C(aaQ) ZQOéq— ]-7

respectively. We observe that for every ¢, r(a) and c(a) are monotonically
increasing functions of a. As a result, P1 will choose the maximal « that

satisfies c(a) < 0, which is a(q) = 1/(2¢), and the optimal reward is 1/2 4
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2x2 R-C game
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~—~ 06

04

0.2

Figure 4-1: The reward-in-hindsight of the constrained game. Here, 7*(q) is
the solid line, and the dotted line connects the two extreme values, for ¢ = 0
and ¢ = 1.

1/(2q) — q. We conclude that the reward-in-hindsight is:

1, if0<qg<1/2,
a)=9 1 1
§+2—q—q, if 1/2<q¢<1.
The graph of 7*(¢) is the solid line in Figure 4-1.
We now claim that P2 can make sure that P1 does not attain r*.

Proposition 4.2. If ¢y = 0, then there exists a strateqy for P2 such that r*

cannot be attained.

Proof. Suppose that the opponent, P2, plays according to the following strat-
egy. Initialize k£ to 1. Set € > 0 be a fixed small constant. Let a; be the
empirical frequency with which P1 chooses the first row during the first ¢ time
steps. Similarly, let g; be the empirical frequency with which P2 chooses the
second column during the first ¢ time steps.
1. While £ < 1/e or ay—1 > 3/4, P2 chooses the second column. Set
k:=k+1.

2. For the next k times, P2 chooses the first column.
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3. Reset k := 1, and go back to Step 1.

We now show that if

limsup ¢ <0, as., (4.3.10)

t—o00

then a strict inequality holds for the regret:

liminf (7 —7"(@)) <0, as.

t—o0

Suppose that Step 2 is entered only a finite number of times. Then, after some
finite time, P2 keeps choosing the second column, and ¢; converges to 1. For
P1 to satisfy the constraint limsup,_ . ¢ < 0, we must have lima; < 1/2.
But then, the condition a;_1 > 3/4 will be eventually violated. This shows
that Step 2 is entered an infinite number of times. In particular, there exist
infinite sequences t; and t; such that ¢; < t, < t;4, and (i) if t; < t < ¢, P2
chooses the second column (Step 1); (ii) if ¢, < ¢ < t;41, P2 chooses the first
column (Step 2).

Note that Steps 1 and 2 last for an equal number of time steps. Thus,
we have ¢q;, = 1/2, and r*(¢;,) = 1, for all i. Furthermore, t;,; — t; < t., or
t; > tir1/2. Note that oy < 3/4, because otherwise P2 would still in Step 1
at time ¢, + 1. Thus, during the first ¢;,1 time steps, P1 has played the first
row at most

3t /4 + (g — ) = tip1 — /4 < Tti1 /8.
This implies that 7., < 7/8, and liminf, (7 —7*(q;)) < 7/8 =1<0. m

Intuitively, the strategy that was described above allows P2 to force P1 to
move, back and forth, between the extreme points (¢ = 0 and ¢ = 1) that are
linked by the dotted line in Figure 4-1. Since r*(g) is not convex, and since

the dotted line is strictly below 7*(¢q) for ¢ = 1/2, this strategy precludes P1

from attaining 7*(¢). We note that the choice of ¢y is critical in this example.
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With other choices of ¢y (for example, ¢ = —1), the reward-in-hindsight may
be attainable.
4.4 Attainability of the Convex Hull

Since the reward-in-hindsight is not attainable in general, we have to settle
for a more modest objective. More specifically, we are interested in functions
f : A(B) — R that are attainable with respect to a given constraint set 7.
As a target we suggest the closed convex hull of the reward-in-hindsight, r*.
After defining it, we prove that it is indeed attainable. In the next section, we
will also show that it is the highest possible attainable function, when there
is a single constraint.

Given a function f : X — R, its closed convex hull is the function whose
epigraph is

conv({(z,r) : 7> f(x)}),

where conv(D) is the convex hull, and D is the closure of a set D. We denote
the closed convex hull of 7* by r¢.

We will make use of the following facts. Forming the convex hull and then
the closure results in a larger epigraph, hence a smaller function. In particular,
r°(q) < r*(q), for all ¢q. Furthermore, the closed convex hull is guaranteed to
be continuous on A(B). (This would not be true if we had considered the

convex hull, without forming its closure.) Finally, for every ¢ in the interior

of A(B), we have:

k
r(q) = inf ) Z ;" (q;) (4.4.11)

41,9259k EA(B),a1 5.,



where k can be taken equal to |B| + 2 by Caratheodory’s Theorem.

The following result is proved using Blackwell’s approachability theory.
The technique is similar to that used in other no-regret proofs (e.g., [23, 91]),
and is based on the convexity of a target set in an appropriately defined space.
Theorem 4.3. Let Assumption 4.1 hold for a given convex set T C R:. Then

r¢ is attainable with respect to T .

Proof. Define the following game with vector-valued payoffs, where the payofts
belong to R x R x A(B) (a |B|+ d+ 1 dimensional space, which we denote by
M). Suppose that P1 plays a;, P2 plays b;, P1 obtains an immediate reward
of r, and an immediate penalty vector of ¢;. Then, the vector-valued payoff

obtained by P1 is

my = (Ttu Ct, €(bt)) )

where e(b) is a vector of zeroes, except for a 1 in its bth component. It
follows that the average vector-valued reward at time ¢, which we define as
m; = %23:1 my;, satisfies: m; = (7, ¢, q;), where 74, ¢, and @ were defined in

Equations (4.2.1), (4.2.2), and (4.2.5), respectively. Consider the sets:
By ={(r,c,q) e M : 7 >71%q)}, By ={(r,c,q) e M : c€T},

and let B = By N By. Note that B is a convex set. We claim that B is
approachable. Let m : A(A) x A(B) — M describe the expected payoff in a
single stage game, when P1 and P2 choose actions p and ¢, respectively. That
is,

m(p,q) = (Zp(a)q(b)R(aa b), Y pla)q(b)C(a,b), q)-

Using the sufficient condition for approachability of convex sets [24], it suffices
to show that for every ¢ there exists a p such that m(p, q) € B. Fix ¢ € A(B).

By Assumption 4.1, the constraint »_, , p(a)q(b)C(a,b) € T is feasible, which

114



implies that the program (4.2.6) has an optimal solution p*. It follows that
m(p*, q) € B. We now claim that a strategy that approaches B also attains r°
in the sense of Definition 4.1. Indeed, since B C By we have that Pr(d(c;, 7) >
¢ infinitely often) = 0 for every € > 0. Since B C B; and using the continuity
of r¢, we obtain liminf (7; — 7°(q;)) > 0. m

Remark 28. Convergence rate results also follow from general approachability

theory, and are generally of the order of t~/3; see [99]. It may be possible,

perhaps, to improve upon this rate and obtain ¢~1/2

, which is the best possible
convergence rate for the unconstrained case.
Remark 29. For every ¢ € A(B), we have r*(¢) > v, which implies that
r°(q) > v. Thus, attaining r¢ guarantees an average reward at least as high as
the value of the game.
4.4.1 Degenerate Cases

In this section, we consider the degenerate cases where the penalty vector
is affected by only one of the players. We start with the case where P1 alone
affects the penalty vector, and then discuss the case where P2 alone affects
the penalty vector.

If P1 alone affects the penalty vector, that is, if C(a,b) = C(a,t’) for all

a € Aand b, 0 € B, then r*(q) is convex. Indeed, in this case, (4.2.6) becomes

(writing C(a) for C(a,b))

<

* — b R ’b |
0 P€A<A>:Zn:apﬁ>c<a)gzp(a)Q( )R(a,b)

which is the maximum of a collection of linear functions of ¢ (one function for
each feasible p), and is therefore convex.
If P2 alone affects the penalty vector, that is, if c¢(a,b) = c¢(a’,b) for all

b€ Band a,d € A, then Assumption 4.1 implies that the constraint is always
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satisfied. Therefore,
r*(q) = max > p(a)q(b)R(a,b),
ab

which is again a maximum of linear functions, hence convex.

We conclude that in both degenerate cases, if Assumption 4.1 holds, then
the reward-in-hindsight is attainable.
4.5 Tightness of the Convex Hull

We now show that r¢ is the maximal attainable function, for the case of
a single constraint.
Theorem 4.4. Suppose that d = 1, T is of the form T = {c | ¢ < ¢}, where ¢y
is a given scalar, and that Assumption 4.1 is satisfied. Let 7 : A(B) — R be a

continuous attainable function with respect to the scalar cy. Then, °(q) > 7(q)

for all ¢ € A(B).

Proof. The proof is constructive, as it provides a concrete strategy for P2
that prevents P1 from attaining 7, unless 7°(q) > 7(q) for every ¢g. Assume,
in order to derive a contradiction, that there exists some 7 that violates the
theorem. Since 7 and r¢ are continuous, there exists some ¢ € A(B) and
some € > 0 such that 7#(q) > r°(¢q) + ¢ for all ¢ in an open neighbourhood of ¢°.
In particular, ¢° can be taken to lie in the interior of A(B). Using (4.4.11), it
follows that there exist ¢',...,¢* € A(B) and ay,...,q (with k < |B| + 2,
due to Caratheodory’s Theorem) such that

k

> airt(q) <r(e”) + % <7(¢’) - g;
=1
k k
Y aid()=¢"(h), YbeB; D w=1; ;>0 Vi
i=1 =1

Let j be a large positive integer (j is to be chosen large enough to ensure

that the events of interest occur with high probability, etc.). We will show
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Figure 4-2: For a fixed ¢, the triangular area shown is the set M (q). Further-
more, the shaded region corresponds to reward and cost pairs (7, ¢) associated
with feasible vectors p; cf. Equations (4.5.12) and (4.5.13).

that if P2 plays each ¢’ for a;j time steps, in an appropriate order, then either
P1 does not satisfy the constraint along the way or r; < 7(g;) — €/2.

We let ¢, i = 1,..., k, be fixed, as above, and define a function f; : R —

RU{—o0} as:
file) = max > p(a)d (b)R(a,b), (4.5.12)
subject to > pla)g'(h)C(a,b) <c, (4.5.13)

where the maximum over an empty set is defined to equal —oo. Observe that
the feasible set (and hence, optimal value) of the above linear program depends
on ¢, as illustrated in Figure 4-2. By viewing Equations (4.5.12)-(4.5.13)
as a parametric linear program, with a varying right-hand side parameter c,
we see that f;(c) is piecewise linear, concave, and non-decreasing in ¢ [22].
Furthermore, f;(co) = r*(q"). Let f;" be the right directional derivative of
fi at ¢ = ¢, note that f;= > 0. From now on, we assume that the ¢’ have
been ordered so that the sequence f;" is non-increasing (e.g., as in Figure 4-
3). To visualize the ordering that we have introduced, consider the set of
possible pairs (r,c), given a fixed q. That is, consider the set M(q") = {(r,¢) :
p € A(A) st r = Y, (@) (DR(a,b), ¢ = 3, ,pla)g’(b)C(a,b)}. The
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Figure 4-3: An example of functions f;, fo, and f3 ordered according to f;'.

set M(q') is the image of the simplex under a linear transformation, and is
therefore a polytope. (In Figure 4-2 we show two such sets.) The strategy
of P2 is to first play ¢* such that the p that maximizes the reward (4.5.12))
satisfies (4.5.13) with equality. (Such a ¢' results in a set M(q") like the one
shown in Figure 4-2(b).) The ordering of such ¢’ is set according to their slope
at ¢ (i.e., f;t). After all these ¢' are played, P2 plays those ¢' for which the
p that maximizes the reward (4.5.12)) satisfies (4.5.13) with strict inequality
(and f;" = 0). (Such a ¢’ results in a set M(q) like the one shown in Figure
4-2(a).)

Suppose that P1 knows the sequence ¢',...,¢* (ordered as above) in
advance, and that P2 follows the strategy described earlier. We assume that
j is large enough so that we can ignore the effects of dealing with a finite
sample, or of a;j not being an integer. Let p’ be the average of the mixed

actions chosen by P1 while player P2 plays ¢*. We introduce the constraints

)4 )4
Zazzpl(a)ql(b)c(avb) S COZ%‘, (= 1727"'7k'
=1 a,b i=1

These constraints must be satisfied in order to guarantee that ¢; has negligible
probability of substantially exceeding ¢y, at the “switching” times from one

mixed action to another. If P1 exploits the knowledge of P2’s strategy to
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maximize her average reward at time j, the resulting expected average reward
at time j will be the optimal value of the objective function in the following
linear programming problem:

k
max Z Q; Zpi(a)qi(b)R(a, b) (4.5.14)

pl.p?,....pF

¢ ¢
s.t. Zai Zpi(a)qi(b)C(a, b) < C()ZO(,', (=1,2,...,k,
=1 ab i=1
preENAA), (=1,2,... k.

Of course, given the value of Za,b p'(a)q'(b)C(a,b), to be denoted by ¢;, player
P1 should choose a p* that maximizes rewards, resultingin }, , p(a)¢’(b)R(a,b) =

fi(c;). Thus, the above problem can be rewritten as

max Y a;filc;) (4.5.15)

Clyeesy Ck

¢ ¢
s.t. Zaicigc()Za,-, (=1,2,... k.
i=1 i=1

We claim that letting ¢; = ¢, for all 7, is an optimal solution to the
problem (4.5.15). This will then imply that the optimal value of the objective
function for the problem (4.5.14) is S_F | a; fi(co), which equals S2F_ ayr*(gf),
which in turn, is bounded above by 7(¢°) —€/2. Thus, 7; < 7(¢°) —€/2+4(3),
where the term §(j) incorporates the effects due to the randomness in the
process. By repeating this argument with ever increasing values of j (so that
the stochastic term 0(j) is averaged out and becomes negligible), we obtain
that the event 7, < 7(¢") — €/2 will occur infinitely often, and therefore 7 is
not attainable.

It remains to establish the claimed optimality of (co, . .., cy). Suppose that
(€1,...,¢) # (co, - - -, Co) is an optimal solution of the problem (4.5.15). If ¢; <

¢p for all i, the monotonicity of the f; implies that (co, . .., ¢) is also an optimal
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solution. Otherwise, let j be the smallest index for which ¢; > ¢y. If f;’ =0
(as in the case shown in Figure 4-2(b)) we have that f;(c) is maximized at cq
for all ¢ > j and (co, ..., co) optimal. Suppose that f;r > 0. In order for the
constraint (4.5.15) to be satisfied, there must exist some index s < j such that
Cs < ¢o. Let us perturb this solution by setting § = min{a,(co—¢s), a;(¢j—co)},
increasing ¢, to ¢; = ¢ + 0/as, and decreasing ¢; to ¢; =¢; — §/c;. This new
solution is clearly feasible. Let f; = lim.o(fs(co) — fs(co — €)), which is the
left derivative of f, at ¢y. Using the concavity of f,, and the earlier introduced
ordering, we have f > fI > f, from which it follows easily (the detailed
argument is omitted) that f,(¢s) + f;(¢;) > fs(Gs) + f;(¢;). Therefore, the
new solution must also be optimal, but has fewer components that differ from
¢o. By repeating this process, we eventually conclude that (co,...,co) is an

optimal solution of (4.5.15). m

To the best of our knowledge, this is the first tightness result for a perfor-
mance envelope (the reward-in-hindsight) different than the Bayes envelope,
for repeated games. On the other hand, we note that our proof relies crucially
on the assumption of a single constraint (d = 1), which allows us to order the
i
4.6 Attaining the Convex Hull Using Calibrated Forecasts

In this section, we consider a specific strategy that attains the convex
hull, thus strengthening Theorem 4.3. The strategy is based on forecasting
P2’s action, and playing a best response (in the sense of (4.2.6)) against the
forecast. The quality of the resulting strategy depends, of course, on the
quality of the forecast; it is well known that using calibrated forecasts leads
to no-regret strategies in standard repeated matrix games. See [51, 34] for

a discussion of calibration and its implications in learning in games. In this
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section we consider the consequences of calibrated play for repeated games
with constraints.

We start with a formal definition of calibrated forecasts and calibrated
play, and then show that calibrated play attains r¢ in the sense of Definition
4.1.

A forecasting scheme specifies at each stage k a probabilistic forecast
qr € A(B) of P2’s action by. More precisely a (randomized) forecasting scheme
is a sequence of maps that associate with each possible history hj_; during the
first k£ — 1 stages a probability measure py over A(B). The forecast g, € A(B)
is then selected at random according to the distribution ;. Let us clarify that
for the purposes of this section, the history is defined to include the realized
past forecasts.

We shall use the following definition of calibrated forecasts.

Definition 4.2 (Calibrated forecasts). A forecasting scheme is calibrated if

for every (Borel measurable) set @) C A(B) and every strategy of P1 and P2

1
lim - ) "1 eqe(b;) — q;) =0, as, (4.6.16)
7j=1

t—>oot -

where e(b) is a vector of zeroes, except for a 1 in its bth component.
Calibrated forecasts, as defined above, have been introduced into game
theory in [51], and several algorithms have been devised to achieve them (see
[34] and references therein). These algorithms typically start with predictions
that are restricted to a finite grid, and gradually increase the number of grid
points.
The proposed strategy is to let P1 play a best response against P2’s

forecast play while still satisfying the constraints (in expectation, for the single
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stage game). Formally, we let:

p'(q) = arg max, > apP(@)q(D)R(a,b) (4.6.17)

s.t. > apP(@)q(b)C(a,b) € T,

where in the case of a non-unique maximum we assume that p*(q) is uniquely
determined by some tie-breaking rule; this is easily done, while keeping p*(+)
a measurable function. The strategy is to play p; = p*(¢), where ¢ is a
calibrated forecast of P2’s actions? . We call such a strategy a calibrated
strategy.

The following theorem states that a calibrated strategy attains the convex
hull.
Theorem 4.5. Let Assumption 4.1 hold, and suppose that P1 uses a calibrated

strategy. Then, r¢ is attainable with respect to T .

Proof. Fix € > 0. We need to show that by playing the calibrated strategy,
P1 obtains liminf, (7 — 7°(q;)) > 0 and limsup,_, ., dist(¢;, 7) < 0, almost
surely.

Fix some € > 0. Consider a partition of the simplex A(B) to finitely many
measurable sets Q1, Qs, ..., Q) such that ¢,¢ € Q; implies that |[¢ — ¢'|| < €
and ||p*(¢) —p*(¢')|| < €. (Such a partition exists by the compactness of A(B)
and A(A). The measurability of the sets (); can be guaranteed because the
mapping p*(-) is measurable.) For each i, let us fix a representative element
q¢' € Q;, and let p' = p*(¢’).

Since we have a calibrated forecast, (4.6.16) holds for every @Q;, 1 < i <

(. Define T'y(i) = 22:1 l{g,eq,} and assume without loss of generality that

2 When the forecast p, is mixed, ¢ is the realization of the mixed rule.
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I'y(i) > 0 for large t (otherwise, eliminate those i for which I';(i) = 0 for all ¢,
and renumber the @;). To simplify the presentation, we assume that for every
i, and for large enough ¢, we have I';(i) > et. (If for some 7, and ¢ this condition

is violated, the contribution of such an 7 in the expressions that follow will be

O(e).)

By the strong law of large numbers, we have

(s g
tlirglo <ct — Zl C(aj,bj)> =0, a.s. (4.6.18)
J:

By definition, we have

1 o IM0) 1 <
n > Clajb) =) n > C(a, b)m > gse0i Hay=a) Lipy=n)-
=1 ab =1

Observe that whenever ¢ € Q;, we have ||p; — p'|| < €, where p; = p*(¢;) and
p' = p*(q') because of the way the sets @Q; were constructed. By the strong
law of large numbers, the frequency with which a will be selected whenever

¢;j € Q; and b; = b, will be approximately p’(a). Hence, for all b,

1

t t
. 1 Z-
lim sup | =5 ;:1 Ligseqiy L ay=a L=ty — P (a)m ;:1 LigseqiyLin;=n)

t—o0

<,

a.s. By the calibration property (4.6.16) for @) = @;, and the fact that when-

ever ¢,q € @Q;, we have ||¢ — ¢'|| <€, we obtain

1 < .
limsup |=—— Lig.corlip. =y — ¢ ()] <, a.s.
t—>oop ['y(2) ; wean =~ ¢'0)
By combining the above results, we obtain
im [ - 3 2 S o i@ ()] < ke, as (4.6.19)
t—o0 — ¢ - ’ -7 ’

for some absolute constant K.
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Note that the sum over index ¢ in (4.6.19) is a convex combination (be-
cause the coefficients I';(7)/t sum to 1) of elements of 7 (because of the def-
inition of p'), and is therefore an element of 7 (because 7 is convex). This
establishes that the constraint is asymptotically satisfied within O(e). Note
that in this argument, whenever I';(i)/t < €, the summand corresponding to i
is indeed of order O(e) and can be safely ignored, as stated earlier.

Regarding the average reward, an argument similar to the above yields

lim inf 7 > lim mfz Z R(a )q'(b) — K'e, a.s.,

t—o00

for some absolute constant K’. Next, observe that

SO R @) = 3 ) 2 00 (3 Ty,

i i
where the equality is a consequence of the definition of p’, and the inequality

follows by the definition of ¢ as the closed convex hull of r*. Observe also

that the calibration property (4.6.16), with @ = A(B), implies that
t
- 1
ar — n Z qj
7j=1
In turn, since ||g; — ¢'|| < € for a fraction I';(i)/t of the time,

G —Zrtt(i)d qu Z L) s

i i

lim
t—o0

lim sup = hm sup

t—o00

<€, a.s.

Recall that the function r¢ is continuous, hence uniformly continuous. Thus,
there exists some function ¢, with lim, o g(¢) = 0, such that when the argument
of r¢ changes by at most €, the value of r¢ changes by at most g(e€). By

combining the preceding results, we obtain

liminf7; > r%(q;) — K'e — g(e), a.s.

t—o0
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The above argument involves a fixed €, and a fixed number ¢ of sets @),
and lets ¢ increase to infinity. As such, it establishes that for any ¢ > 0 the
function ¢ — K’e — g(e) is attainable with respect to the set 7¢ defined by
7¢ = {z | dist(x,7) < Ke}. Since this is true for every ¢ > 0, we conclude

that the calibrated strategy attains r¢ as claimed. m

4.7 Algorithms

The results in the previous section motivate us to develop algorithms for
online learning with constraints, perhaps based on calibrated forecasts. For
practical reasons, we are interested in computationally efficient methods, but
there are no known computationally efficient calibrated forecasting algorithms.
For this reason, we will consider related heuristics that are similar in spirit,
even if they do not have all the desired guarantees.

We first consider a method based on the weighted average predictor [34].
The algorithm in Algorithm 4—1 keeps track of the performance of the different
actions in the set A, updating a corresponding set of weights accordingly at
each step. The main idea is to quantify “performance” by a linear combina-
tion of the total reward and the magnitude of the constraint violation. The
parameter A > 0 of the algorithm, which acts similar to a Lagrange multiplier,
determines the trade-off between these two objectives. When the average
penalty is higher than ¢y (i.e., there is a violation), the weight of the cost term
increases. When the average penalty is lower than ¢y, the weight of the cost
term decreases. The parameters M and M are used to bound the magnitude
of the weight of the cost term; in the experiments reported in Section 4.8, they
were set to 1000 and 0.001, respectively.

The second algorithm uses the tracking forecaster [90] as the forecasting
method. This forecaster predicts that the distribution of the next action as a

weighted average of previous actions, weighing recent actions more than less
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1. Set A >0, wy, M, and M.
2. Fort=1,2,..., compute

wi(a) = wi—1(a) exp (n (R(a,b;) — AC(a, b)), a€ A,
(4.7.20)

sample an independent random variable a; distributed so that

wy(a)
ZaeA wt(a)

3. Fort =1,2,..., update A as follows:

a; = a, with probability forae A, (4.7.21)

) min(2\, M), if ¢ > co,
| max(\/2, M), otherwise.

Algorithm 4-1: Exponentially weighted average predictor.

recent ones others. For the special case of only two actions, it is calibrated,
but not calibrated in general. There are, however, some special cases where
it is calibrated, in particular if the sequence it tries to calibrate comes from
a source with some specific properties; see [90] for details. The algorithm is
presented in Algorithm 4-2. If there is a current violation, it selects an action
that minimizes the immediate forecast cost. If the current average penalty
does not violate the constraint, it selects a best response to the forecast action
of P2, while satisfying the constraints.
4.8 Experimental Setup

Our experimental testbed addresses the problem of minimizing power
consumption minimization in a computer with a human user. The agent is
a low-level software controller that decides when to put the central processor
(CPU) into a low-power state, thereby reducing power expenditures during
periods when the user is idle. The system is driven by a human user, as well
as different hardware processes, and can be realistically assumed to be non-
stationary. The actions of the system correspond to hardware interrupts (most

interrupts are generated by hardware controllers on the motherboard such as
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1. Set v € (0,1), ¢y, and fy = (1/|B|)1.
2. Fort=1,2,...
e If ¢, > ¢y, choose an action that minimizes the worst-case
cost:

a, € argmin (C(a, b) £ (b)),
e Otherwise (if ¢; < ¢p), solve

max > " pla)R(a,b) fi(b),
a,b

peEA(A

subject to Zp(a)C(a, b) f:(b) < co.

a,b

and choose a random action distributed according to the
solution to the above linear program.
3. Fort =1,2,..., update the forecast f; on the probability distri-
bution of the next opponent action b;,; by letting

frr1=fi + (HLI) (en, — [ft),

where ¢, is a unit vector in RIZl with the element 1 in the com-
ponent corresponding to b € B.

Algorithm 4-2: Tracking forecaster.

direct memory access, hard disk interrupts and networking interrupts) and
the ongoing running processes. In the particular application at hand, there is
a software interrupt (generated by the Windows operating system) every 16
milliseconds. The times of these interrupts are the decision epochs, at which
the software controller can decide if and when to put the CPU to sleep before
the next scheduled periodic interrupt.

However, saving energy by putting the processor in the low-power state
comes at a cost. In the low-power state, a delay is incurred each time that the
processor moves back into the high-power state in response to user-generated
interrupts. We wish to limit the delay perceived by the human user. For

this purpose, we assign a cost to the event that an interrupt arrives while
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the processor is in the low-power state, and impose a constraint on the time
average of these costs. A similar model was used in [81], and we refer the
reader to that work for further details.

We formulate the problem as follows. We divide a typical 16 millisecond
interval into ten intervals. We let P1’s action set be A = {0,0.1,0.2,...,1},
where action a corresponds to turning off the CPU after 16a milliseconds (the
action a = 1 means the CPU is not turned off during the interval while the
action @ = 0 means it is turned off for the whole interval). Similarly, the
action set of P2 is B = {0,0.1,0.2,...,0.9}, where action b corresponds to an
interrupt after 16 x b milliseconds. (Note that the action b = 0 means there is
no interrupt and that there is no point in including an action b = 1 in B since
it would coincide with the known periodic interrupt.) The assumption is that
an interrupt is handled instantaneously so if the CPU chooses a slightly larger
than b it maximizes the power savings while incurring no penalty for observed
delay (it is assumed for the sake of discussion that only a single interrupt is

possible in each 16 millisecond interval). We define the reward at each stage

as follows:
( 1—a, ifa>0b,
R(a,b) = ¢ 1, if a =b=0,
\b—a, ifb>a>0.
The cost is:

, ifa<bandb>D0,
C(a,b) =
0, otherwise.
In “normal” operation where the CPU is powered throughout, the action is
a = 1 and in that case there is no reward (no power saving) and no cost (no

perceived delay). When a = 0 the CPU is turned off immediately and in this

case the reward will be proportional to the amount of time until an interrupt
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Figure 4-4: Plot of average reward against constraint violation frequency from
experiments in power management for the MMO05 data.

(or until the next decision). The cost in the case a = 0 is zero only is there is
no interrupt (b = 0).

We used the real data trace obtained from what is known as MobileMark
2005 (MMO05), a performance benchmark that simulates the activity of an av-
erage Microsoft Windows user. This CPU activity trace is 90 minutes long
and contains more than 500000 interrupts, including the periodic scheduled
interrupts mentioned earlier. The exponentially weighted algorithm (Algo-
rithm 4-1) and the tracking forecaster (Algorithm 4-2) were run on this data
set. Figure 4-4 shows the performance of the two algorithms. The straight
line shows the trade-off between constraint violation and average reward by
picking a fixed action over the entire time horizon. The different points for
the exponential weighted predictor (Algorithm 4-1) or the tracking forecaster
(Algorithm 4-2) correspond to different values of ¢y. We observe that for
the same average cost, the tracking forecast performs better (i.e., gets higher
reward).

We selected ¢y = 0.3 and used both algorithms for the MMO5 trace. Fig-
ures 4-5(a) and 4-5(b) show the instantaneous cost incurred by the tracking

forecaster and the weighted average forecaster over the same short period. It
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Figure 4-5: Instantaneous cost incurred by the tracking forecaster and
weighted average predictor with target constraint ¢y = 0.3 for the MMO05
data.

should be observed that the cost of the algorithms is different, reflecting the
fact that different policies are employed. Figures 4-6(a) and 4-6(b) show the
time evolution of the average reward and average cost for the same experi-
ment. In spite of not being calibrated, the tracking forecast based algorithm

outperforms the exponentially weighted based algorithm.
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CHAPTER 5
Constrained Online Learning for Power Management

5.1 Introduction

In this chapter, we demonstrate an application of a model of online opti-
mization with side constraints similar to that of Chapter 4. The objective is
to maximize the average reward accumulated over time subject to side con-
straints. Side constraints are common in real-world problems. For instance,
power management problems are often formulated as maximizing power sav-
ings subject to an average performance criterion. This criterion restrict the
rate of actions that impede the intended purpose of the system. In a com-
puter system for example, power savings can be obtained by turning down the
processor at appropriate moments. This also has the negative side effect of
introducing delays in the performance of useful computations. A performance
criterion in this example can be represented by a constraint on the average
delay.

Online learning methods [34] have been studied extensively and have also
been successfully used to solve many real-world problems, such as adaptive
caching [62] and power management [69, 42, 82]. The novelty of our model
is that in addition to nonstationary reward functions, the constraints are also
nonstationary, e.g., controlled by an opponent.

Our goal is to solve our problem in an efficient manner. To achieve this,
we consider a solution concept different from the notion of attainability of
Chapter 4. We present an efficient expert-algorithm with a guarantee that the
average regret vanishes over time while the frequency of constraint violations

remains bounded. The performance of this algorithm is further demonstrated
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on a real-world power management problem. Our results suggest that non-
stationary online optimization with constraints can be done successfully in
practice.

This work makes two contributions. First, we apply prediction with ex-
pert advice to solve online optimization problems with nonstationary rewards
and constraints efficiently. Our solution is based on mixing policies with a
bounded number of constraint violations. Based on our knowledge, this is the
first online solution to our problem that is efficient and has performance guar-
antees. This solution is suitable for real-world optimization problems, where
we need to adapt to the environment over time without making any statistical
assumptions on the environment. To support this claim, we demonstrate the
performance of our solution in a real-world power management domain. This
is our second contribution.

This chapter is structured as follows. First, we formulate our optimization
problem and relate it to existing works. Second, we propose and analyze
a practical solution to the problem based on prediction with expert advice.
Third, we evaluate our solution on a real-world power management problem.
5.2 Online Constrained Optimization

In this chapter, we study an online learning problem, where an agent
wants to maximize its total reward subject to temporal constraints. At every
time instant ¢, the agent takes some action 6; from the action set A, and
then receives a reward r,(0;) € [0,1] and a cost ¢;(6;) € [0,1]. We assume
that our agent has no prior knowledge on the sequence of reward and cost
functions 71,79,... and ¢y, ¢, ... except that they are bounded. Therefore,
they can be generated in a non-stationary or even adversarial way. The agent
may consider only the past reward functions rq,...,7r,_; and the past cost

functions ¢y, ..., ¢;_1 when deciding what action 6; to take.
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To situate our online learning problem and its challenges, we first define
an offline version of the problem. This offline version simply assumes that
our agents knows all reward and cost terms in advance. In such a setting, the

optimal strategy of the agent is a solution to the optimization problem:

1
max T;n(@) (5.2.1)
1 t
subject to: ¢,(0) £ = Z co(0) < ¢y forteg, (5.2.2)
Té:t—'r-i-l
where we seek a sequence of actions @ = (6y,...,0r) that maximizes the

average reward over T time steps subject to a set of constraints indexed by a
subset G of the time horizon 1,...,T. Observe that each constraint function
9+(0) is an average of the instantaneous cost functions over a window of 7 time
instants ending at time ¢t. Note that 7, ¢y and G are given parameters of this
problem.

Instances of the above problem are common in the field of engineering.
For example, most power management problems can be formulated as maxi-
mizing power saving subject to some performance criteria. These criteria are

represented by the sequence of constraints
1(0) < ¢y, fortegd.

The scalar ¢j is a strict bound on the tolerable range of average cost.

The offline version of our online optimization problem (5.2.1) can be
solved by standard optimization techniques [21]. In this chapter, however,
we solve this problem in an online fashion. Similarly to the settings of the pre-
vious chapters, we assume that the time horizon 7" is unknown and we make
no statistical assumption about the reward functions r1, 7, ... and cost func-

tions ¢y, ¢9,. ... As a result, we can not expect to learn a policy that achieves
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the optimal solution of the offline setting. Our objective is more modest: We
want to learn a policy that performs over the long-term as well as the best
policy from a limited set of alternative policies. Moreover, at the same time,
our policy must also satisfy a given fraction of the constraints.
5.2.1 Objective

Suppose that we have access to set of experts &;,...,&y. Each expert &,
is a policy that outputs an action &, () at every time instant ¢ (based on the
same observations as the agent). We seek an online algorithm that generates
a sequence of actions 61,6, ... such that the regret is sub-linear, i.e.,

, 1 & 1 &
lim sup { max ; r&n(®) — 7 ; Ert(ﬁt)} <0; (5.2.3)

T—o00 =

moreover, the frequency of constraint violations' is bounded:
lim sup 1 Z L (0)5c] < € a.s. (5.2.4)
T | teg

In other words, we want to achieve close-to-optimal rewards as T — oo
while violating a vanishing number of constraints. These two objectives are
optimized independently instead of being combined. This allows us to provide
separate guarantees on the regret and constraint violation of learned policies.
Therefore, our approach is suitable for constrained optimization problems,
where the trade-off between the two objectives is hard to quantify, or it cannot
be established at all.
5.2.2 Related Works

The model of this chapter is similar to that of Chapter 4, and hence

share the same literature of related works. The difference of this chapter

1 This work can be extended to other constraint violation metrics, such as
the magnitude of violated constraints ), . [g:(8) — ol
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are the solution concept and the solution approach. Instead of the notion
of attainability, we consider the solution concept of Section 5.2.1. Another
difference is in terms of the constraints: our goal is to satisfy a sequence of

finite-horizon constraints
1 t
— Z 05(95) <¢ fortedgd,
(=t—7+1
rather than a sequence of terminal constraints (cf. Section 4.2)

1 t
ZZCZ(HZ)SCO’ t:1,2,....
=1

5.3 An Online Learning Solution

We propose a solution by modifying the exponentially weighted forecaster
[34]. This solution is based on a set of experts &, ...,&n, each of which is
a policy that produces a solution to the constrained optimization problem
(5.2.1) that satisfies a specified fraction of constraints. These experts are
often available in practice. For instance, in the power management domain,
these experts may represent heuristic policies that are conservative enough to
satisfy the specified fraction of constraints.
5.3.1 Non-overlapping Constraints and Ideal Experts

First, let us assume that we have access to a pool of experts &, ..., &y that
never violate the constraints (5.2.2). Moreover, we assume that the constraints
of (5.2.2) are non-overlapping, i.e., if g(0) < ¢y and gy (0) < ¢y are two
constraints with ¢ and ¢’ belonging to G, then |t —¢| > 7. An example of
such a sequence of constraints is shown in Figure 5-1a. Observe that each
constraint span 7 time steps and consecutive constraints occur at intervals of
T time steps (i.e., at time instants t = 7,27, 37,.... We shall forgo these two

assumptions in later sections.
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Figure 5-1: a. An online optimization problem with non-overlapping con-
straints. The example involves expert policies & and &5, side constraints, and
the sequence of actions 0 generated by the lazy learner algorithm. The actions

are listed chronologically. The temporal span of each constraint is illustrated

by arrows. Time steps at which the lazy learner may switch between experts
are denoted by dotted lines. b. An online optimization problem with overlap-

Constraints that may be violated when switching between
two experts at the instants depicted by jagged arrows.

ping constraints.
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(Initialize.) Fix the learning window L, learning rate 7, expert policies
&1, ..., &N Initialize the expert weights w;_1(1),...,w;_1(N) to 1/N.
Fort=1,2,...
1. If (t (mod L) =1), randomly choose an expert e; according to
the distribution

P(et:j):]\?}t_¢7 .]:177]\[7
D n—1 We-1(n)
2. Otherwise, set e; = e;_1.
3. Play an action 0; = &, (t).
4. For every n =1,..., N, update:

wy(n) = w1 (n) expnr(&a(t))].

Algorithm 5-1: The lazy learner algorithm.

Consider the lazy learner algorithm (Algorithm 5-1). We choose an inte-
ger L that is a multiple of the constraint span 7, then we partition the time
steps 1,...,T into intervals P, ..., Pr/r of the length L each. Observe that,
as a consequence, every constraint belongs to a single interval (cf. Figure 5—
la). The lazy learner algorithm is a modification of the exponentially weighted
forecaster [34] where the algorithm may switch between experts at the begin-
ning of each interval, i.e., once every L time steps. The learning window L is
the main parameter of the algorithm.

The following proposition bounds the regret and frequency of constraint
violations for the lazy learner algorithm.

Proposition 5.1. Suppose that the constraints do not overlap. Let &, ..., &N
be expert policies that satisfy all constraints. Then the regret of the lazy learner

(Algorithm 5-1) is bounded as follows:

log(N) nTL
+ .
n 2

Jmax S r(6a(t) = D_Er(6r) < (5.3.5)

Moreover, the lazy learner does not violate any constraint.
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Proof. Our first claim is proved by an analysis similar to the exponentially

weighted forecaster with a convex reward function Er,(6;) = > ._

.....

n=bes m=0 t=mL+1
T/L-1
log(N) 7
< + =
>
(m+1)L 2
,max Z (re(&n(t)) — Ere(6:))
t=mL+1
< log(N) _ 1T 5
n 2L
_ log(N) nTL
- = 5

The first step of the proof follows by algebra, the second step is based on
Theorem 2.1 [34], and the third step results from the reward terms r; being
bounded on the interval [0, 1].

Our second claim follows from two assumptions. First, no constraint is
violated by the experts. Second, no constraint is violated due to switching
between the experts. Since our constraints do not overlap, and every expert

satisfies all the constraints, the lazy learner also satisfies all the constraints. m

The parameters nn and L can be set such that the regret bound in Propo-
sition 5.1 is sub-linear in 7. From now on, we set the learning rate to n =

V/21log(N)/(TL). For instance, if we set L=T"? and n = /2log(N)T~%/4,

the bound is of the order of O(T3/*). Therefore, the average regret of the lazy

learner vanishes as 7" increases.
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In the rest of the chapter, we study the lazy learner in a more general
context. Specifically, we relax the assumptions that constraints do not overlap
and that the experts do not violate any constraint. It turns out that the
parameter L has an important role in this new setting. It allows a trade-off
between the regret and the frequency of constraint violation.

5.3.2 Experts with Bounded Constraint Violation Frequency

Building of expert policies that satisfy all constraints may be too difficult
in practice. In this section, we relax this assumption.

We construct experts that violate a bounded fraction e of constraints
as follows. First, we assume that there exists an action #° that guarantees
c(6°) = 0 for every time step t. This action is called the arbitration action.
For a fixed € > 0, we can modify every expert so that it does not violate more
than a fraction e of the constraints by taking the action #° when the empirical
frequency of constraint violations is about to exceed €. We refer to this process
as e-arbitration.

The existence of an arbitration action is standard in most real-world do-
mains. In the power management domain, for instance, it corresponds to tak-
ing no power management action. It is conceptually equivalent to requiring
that the feasible set be non-empty for an optimization problem. The drawback
of the arbitration action #° is that it yields low reward.

From the preceding discussion and Proposition 5.1, we obtain the follow-
ing guarantees on the regret and the frequency of constraint violations for the
lazy learner.

Corollary 5.2. Suppose that the constraints do not overlap. Suppose that

the experts &1, ...,&n are e-arbitrated. Then the regret of the lazy learner is
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bounded as in (5.3.5) while its constraint violation frequency is bounded as

1
@ Z 1[gt(9)>co] <€ as

teg

5.3.3 Overlapping Constraints

Constraints have been assumed to be non-overlapping up to this point.
In this section, we remove this assumption. A simple example of constraints
that overlap is depicted in Figure 5—1b. Observe that the constraints span
7 time steps. When the lazy learner switches between two experts, it may
violate a constraint because the corresponding costs depend on the policies of
two different experts.

Fortunately, if the number of overlapping constraints at the boundary of
two consecutive intervals P, and Py is bounded, the following proposition
holds. This is the case in application domains where the constraints occur
periodically
Proposition 5.3. Suppose that the experts &1, ...,&n are e-arbitrated. Then

the lazy learner has regret bounded as

TL
2 Y

T 3 log(N)
Jmax ST r(&(t) = D Erif) < <
= t=1

and constraint violation frequency

1 T

— Z 1[gt(9)>00] § €+ 57 a.s.

1G] 2 L[g]

Proof. The regret bound is proved as in Proposition 5.1. The first term in
the constraint violation bound comes from Corollary 5.2. The second term

accounts for constraint violations due to switching between experts. Observe

that at most 7 constraints overlap between any two intervals P, and Pyi1. m
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Observe that if we set L=T"2 and n = /2log(N )T~/ the regret bound
is of the order of O(T3/*). Moreover, if the number of constraints is |G| = T7//C
for some constant C', then the constraint violation frequency is bounded by
€ + CtT~'/2 which converges to e asymptotically. In addition, observe that
the value of the learning window L allows a trade-off between the regret and
the constraint violation frequency.

In the rest of the chapter, we evaluate the performance of the lazy learner
in a power management problem. The nature of the problem is not adversarial
as typically assumed in other works in online learning. Therefore, the actual
performance of the lazy learner is better than the bounds in our guarantees.
5.4 CPU Power Management

We evaluate the proposed solution on the challenging real-world problem
of power management in a central processing unit (CPU) including multi-core
processors, L1 and L2 caches, and associated circuitry. Solving this power
management problem is important because the CPU may account for as much
as 40 percent of the power consumed in a mobile computer.

The primary goal of CPU power management is to minimize the power
consumption without impacting the performance, i.e., without increasing the
perceived latency. This objective can be stated as maximizing the power saving
(or residency) of the CPU in low power states subject to constraints on the
latency in serving hardware interrupts. The latency is a delay incurred when
waking up the CPU from low power states. Some interrupts are generated
periodically by the OS. Hardware interrupts, e.g., generated by key strokes or
other hardware, are uncertain. If an unpredicted interrupt occurs when the
CPU is in a low power state, the CPU must wake up in order to serve it; hence,

incurring a latency cost. The power management predicts whether the next
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interrupt will occur sufficiently far away to power down the CPU for an period
without affecting the latency. This prediction is made at regular periods.

The existing solutions to CPU power management consist of static time-
out policies. A static timeout policy [73] is a simple strategy parametrized
by a timeout parameter: if the CPU remains idle for more than the timeout
parameter, the policy puts the CPU into a low power state. In the following
sections, we employ the lazy learner algorithm with a pool of experts composed
of adaptive timeout policies.
5.5 Experiments

The main goal of this section is to demonstrate online learning with con-
straints in practice—specifically, in power management problem. First, we
collect data, or traces, of CPU activity from two experiments. The power
savings and the interrupts are recorded by external measurement devices con-
nected to the CPU. Then, we evaluate our algorithm on these traces through
simulation in MATLAB. It should be noted that the lazy learner algorithm
keeps track of a single index for each expert. Hence, it can be efficiently
implemented and run online without affecting the overall performance of the
system.
5.5.1 Setting

The first trace is recorded by running MobileMark 2005 (MMO05), which is
a performance benchmark simulating the activity of a Microsoft Windows user.
The corresponding CPU activity trace is 90 minutes long and contains more
than 500000 operating system (OS) interrupts. The second trace is generated
by running in real-time the following applications: Adobe Photoshop, Mi-
crosoft Windows Explorer, Microsoft WordPad, and Microsoft Media Player.
We refer to this trace as the heavy workload trace; it reflects 30 minutes of

human activity and contains over 200000 OS interrupts.
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In the model of online constrained optimization, each action #; represents
the time instant when the CPU is put in its low power state, the instantaneous
reward 7,(6;) represents the power saving (or residency), whereas the cost ¢;(6;)
represents the latency. In order to guarantee an acceptable perceived latency,
our latency constraints average the latency costs over periods of 10 seconds or
7 = 640 time steps.

We apply the lazy learner (Algorithm 5-1) to this online constrained opti-
mization problem. For the component experts &, ..., &y, we employ adaptive
timeout policies [82]. Each such policy adapts its timeout parameter period-
ically (at every OS interrupt) based on the empirical frequency of interrupts
and according to the fixed-share algorithm [71]. Moreover, these policies are
arbitrated to satisfy the latency constraints.

Unless specified otherwise, our experiment settings are as follows. The
side constraints are defined at intervals of 7 = 640 time instants, such that
G = {640,1280,1920,...}. The latency threshold ¢, is set to 0.03 and the
learning window L is set to the same value as 7. Since the lazy learner is a
randomized algorithm, we report empirical results that correspond to averages
over ten simulations.

5.5.2 Results

Figure 5-2 shows that the lazy learner performs almost as well as the best
expert in hindsight. Here, we assume non-overlapping constraints (Figure 5—
la) that are satisfied by every expert. The expected regret of the lazy learner
is less than 2 percent. The lazy learner clearly performs better static timeout
policies, which are currently the only employed methods of CPU power man-
agement. On the heavy workload trace with ¢y = 0.06, for instance, none of
the static timeout policies yield more than 5 percent power saving, whereas

the lazy learner algorithm achieves over six times more power saving.
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Figure 5-2: Comparison of the lazy learner and the pool of experts (E1, ...,
E6). The power saving (residency) of the policies are plotted for different la-
tency thresholds cq: 0.02 (black bars), 0.04 (dark grey bars), and 0.06 (light
grey bars). We also show the lower bounds (LB) on the power saving (resi-
dency) of the lazy learner according to Proposition 5.1.
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Figure 5-3: The instantaneous power saving (residency) of the lazy learner
for three versions of e-arbitration: € = 0 (light grey lines), e = 0.5 (dark grey

lines), and € = 0 (black lines). The power saving is depicted as a function of
the time in minutes.
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Figure 5-4: Constraint violation frequency (dark grey line) and power saving
(residency) regret (light grey line) of the lazy learner as a function of the
learning window L = k7 for different values of k.

Figure 5-3 shows the instantaneous power saving of the lazy learner with a
pool of e-arbitrated experts for different values of e. We also assume here non-
overlapping constraints (Figure 5-1a). We set the learning window to L = 107.
As expected, by relaxing the e-arbitration process, the corresponding power
saving increases.

Figure 5-4 shows the effect of the learning window L on the regret and
constraint violation of the lazy learner algorithm. Here, we assume overlapping
constraints (Figure 5-1b) defined at intervals of 1 second. As guaranteed by
Proposition 5.3, the parameter L trades off regret and constraint violation. A

higher value of L causes higher regret but lower constraint violation frequency.
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CHAPTER 6
Piecewise-Stationary Bandit Problems with Side Observations

6.1 Introduction

In this chapter, we consider a sequential decision problem where the re-
wards are generated by a piecewise-stationary distribution. However, the dif-
ferent reward distributions are unknown and may change at unknown instants.
Our approach uses a limited number of side observations on past rewards, but
does not require prior knowledge of the frequency of changes. In spite of the
adversarial nature of the reward process, we provide an algorithm whose re-
gret, with respect to the baseline with perfect knowledge of the distributions
and the changes, is O(klog(T')), where k is the number of changes up to time
T. The baseline of the notion of regret in this chapter is much more general:
it including every sequence of policies.

In some learning scenarios, the agent is confronted with an adversarial
opponent that can be very general and difficult to model, and is therefore
modelled as an arbitrary non-stochastic process. In other scenarios, the oppo-
nent is stochastic, which may be characterized and adapted to. What about
opponents that fall between these two extremes? An instance of the adversar-
ial scenario is the expert problem [87], where the agent observes sequentially
the performance of a number of experts, and (choosing one expert at each
time step) tries to match the performance of the best expert in retrospect.
An instance of the stochastic scenario is the multi-armed bandit problem [85],
where each of n arms has a fixed reward distribution, and where the agent
tries to obtain the performance of the best arm by picking and observing one

arm each time step—without observing the reward of any other arm.
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We consider a model that combines the bandit and expert models, and
shall refer to the arms of the bandit and the experts interchangeably. The
reward process of the arms is non-stationary on the whole, but stationary
on intervals. This piecewise-stationary reward process is similar to that of the
non-stationary bandit problem of [66, 58], or that of the multiple change-point
detection problem of [4].

In our variant of the non-stationary bandit problem, the agent has the
benefit of querying and observing some of the past outcomes of arms that have
not been picked. This is the same benefit available to the agent in the expert
problem (cf. [70]). The following examples motivate our model.

Example 6.1 (Investment options). Consider the problem of choosing every
day one of n investment options, say mutual funds. Our model assumes that
the outcomes of these investments undergo changes reflecting changes in mar-
ket conditions. Otherwise, the outcomes remains stationary over the periods
between two changes, e.g., they follow bearish or bullish trends. Suppose that
the outcomes of the previous day’s investment options are revealed today, e.g.,
in the newspaper. Suppose that observing the outcome of each option requires
a query (looking up a price history), which incur a querying cost. By limiting
the number of queries allowed at each step, we can model the trade-off between
the cost of observations and the regret due to insufficient observations.

Example 6.2 (Dynamic pricing with feedback). As a second example, we
consider a vendor whose task is to sell commodity X. Potential customers
arrive sequentially, one after the other, and the demand for commodity X
(for various prices) is modelled as a stationary process that may nonetheless
change abruptly at unknown instants. To each customer, the vendor offers one
of n possible prices. If the customer accepts, a corresponding profit is made.

Bargaining is not an option, but after each transaction, the vendor has the
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leisure to ask the customer if the outcome would have been different had a
different price been offered (e.g., through a short survey). A partial goal is to
achieve as much profit as if the distribution of the demand were known at all
times (even though unknown changes occur at unknown instants). A second
goal is to minimize the cost associated with conducting surveys for feedback.
A similar problem of dynamic pricing with partial-monitoring is also described
in [34].

We present the setting in Section 6.2, followed by a survey of related
works in Section 6.3. We present a solution and its guarantee in Section 6.4.
In Section 6.6, we compare our solution with other solutions via simulation.
In Section 6.7, we conclude with a discussion.

6.2 Setting

We consider the following sequential decision problem. Let {aq,..., a,}
denote the n arms of a multi-armed bandit—or n experts of an online learning
problem. Let r1,79,... be a sequence of reward vectors in R™. The element
ri(i) of ry, fori =1,...,nmand t = 1,2,..., represents the reward associated
with the i-th arm «; at time t. For clarity of notation, we shall sometimes
write (i) instead of r(c;). We assume that the rewards take values in the
unit interval [0, 1], i.e., r(7) € [0, 1] for all ¢ and ¢.

6.2.1 Reward Process

In our model, the source of rewards is piecewise-stationary: i.e., it changes
its distribution arbitrarily and at arbitrary time instants, but otherwise re-
mains stationary. The reward process 11,79, ... is an independent sequence of
random variables that undergoes abrupt changes in distribution at unknown
time instants vy, v, ..., which are called change-points. By convention, we
let 1y = 1. Let f; denote the distribution (probability density function) of

ry. Hence, r,,,...,7,,-1 are i.i.d. with common distribution f,,, as is the case

149



for stochastic learning problems (cf. [85]). Likewise, 7,,,7,,41,...,7y,,-1 are

iid. with distribution f, , for j = 1,2,.... The intervals are illustrated as
follows:
7’1,7’2,...,Tyz_l,ryz,...,Tyg_l,...,Tyj,...,TVj+1_1
. AN / Y
Vv Vv N
distribution fi, distribution fu, distribution ij

Similarly to adversarial learning problems (cf. [34]), both the change-
points vy, v, ... and the distributions f,,, f.,, ... are unknown. We can think
of an opponent deciding the time instants (and frequency) of the changes, as
well as the distribution after each change.

Remark 30. It is important that the changes occur at arbitrary instants. Oth-
erwise, we only need to reset an algorithm for the multi-armed bandit problem
at the appropriate instants.

The model of piecewise-stationary rewards combines two important mod-
els. If there are no changes, then we recover the stochastic source of the multi-
armed bandit problem. If there is no constraint on the number of changes,
we obtain the source of rewards adopted by the oblivious adversarial model
of prediction with expert advice. We consider the interesting case where the
frequency of changes is between these two extremes, i.e., where the number of

change-points

T—-1
E=kT) 2> Ljnp,
t=1

up to time 7' increases with 7. To simplify notation, we shall simply write k
in place of k(7).
6.2.2 Decision-Maker

At each time step ¢ > 1, the agent picks an arm a;, € {aq,...,q,}

and makes ¢ (where 1 < ¢ < n) observations on the individual arm-rewards
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ri—1(1),...,r—1(n) of the previous step. This is captured in the following
assumption.

Assumption 6.1 (Partial observation). At time 1, the agent chooses an action
a; and an ¢(-subset S; of the arms {a, ..., a,}. At every time step t > 1, the
agent chooses (deterministically) an (-subset S; and takes an action a; that is

a function of the reward observations
{r;G@)[j=1,...,t=1, o €S}

Partial observation allows us to capture querying costs associated with
observations, and to quantify the total query budget.
6.2.3 Notion of Regret

At each time instant ¢, the agent chooses and activates an arm a; €
{aq,...,a,} and receives the corresponding reward r,(a;). Let p, = Er; de-
note the mean of the reward vector r;. The agent’s baseline—or objective—is
the reward accumulated by picking at each instant ¢ an arm with the max-
imal expected reward. Letting k£ denote the number of changes in reward

distribution up to time 7', the baseline is

T
E nllax pu(i max E Elr(a;)]
1=

=1 yees al,...,aT k changes

where the maximum is taken over sequences of arms with only as many changes

as change-points in the reward sequence ry,...,rp, i.e., over the set

{(ay,...,ap) @, =...=a,  _, forj=1,... k}

Despite the appearance, this objective is reasonable when the number of
changes k is small; it is also the same objective as in the classical stochas-

tic multi-armed bandit problems. Hence, for a given reward process ry, 7o, .. .,
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we define the expected regret of the agent at time 71" as

T T
S Z max pui) = > Elry(ay)] (6.2.1)
t=1 t=1

where the expectation E is taken with respect to the sequence rq, 79, .. ..
6.3 Related Works

In this section, we survey results concerning related models. The different
models are distinguished by the source of the reward process, the observability
of the rewards, and the baseline for the notion of regret.

6.3.1 Stochastic Multi-Armed Bandit

In stochastic multi-armed bandit problems [85, 9], the reward sequence

r1,79,... 18 a sequence of i.i.d. random vectors from a common unknown dis-
tribution p; = ps = .... The reward observations are limited to rewards
r1(a1),r2(az), ... corresponding to the arms chosen by the agent. This invites

the agent to trade-off exploring the different arms to estimate their distribu-
tions and exploiting the arms with the highest empirical reward. The notion
of regret is the same as ours (6.2.1). However, the optimal reward of the base-
line can be obtained by a single fixed arm. In such problems, a number of
algorithms, e.g., [85, 9, 78|, achieve the optimal expected regret of the order
of O(nlog(T)/A), where A denotes the difference in mean between the best
and second-best arms.
6.3.2 Adversarial Expert Problem

Many learning problems take the adversarial setting, e.g., prediction with
expert advice, etc.—see [34] for a comprehensive review. The sequence of
rewards achieved by the experts is arbitrary; i.e., no assumption is made
regarding the joint distribution of rq,79,.... This approach essentially makes
provisions for the worst-case sequence of reward. At time ¢, the past reward

vectors ri,...,r;_1 are observable by the agent. In this case, the notion of
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adversarial regret is adopted, whose baseline is the reward accumulated by
the best fixed expert, i.e., max;—__, Ethl (7). For every sequence 11,79, . . .,
the (expected) adversarial regret

T

Jmax ; re(i) — ; Elri(a)]

is of the order of O(y/T log(n))—see [34] for a detailed account. A bound of
O(+/Tnlog(n)) holds when the observations are limited to the chosen arms:
ri(a1), ra(az), ... [10].

The baseline in the adversarial case is limited to a single fixed expert,
whereas our baseline in (6.2.1) is the optimal expected reward. Our base-
line, which contains as many switches as changes in distribution, is similar
to the baseline defined by appropriately chosen shifting policies in [70]. The
fixed-share algorithm or one of its variants [70, 10] can be applied to our
setting, if the number of changes k is given in advance, yielding a regret of
O(\/nkT log(T)) [8]. We present an algorithm with a regret of O(nklog(7))
without prior knowledge of k. It should be noted that when k is of the same or-
der as T, it is hopeless to minimize the regret of (6.2.1): consider an adversary
that picks the new distribution after each change-point.

6.3.3 Non-stationary Bandits

Our problem is reminiscent of the non-stationary bandit problem of [66,
58]. The reward process and the notion of regret are similarly defined, as
in Section 6.2. However, in those works, observation of the past rewards is
limited to the chosen arms; hence, at time ¢, the agent’s choice a; is a function
of ri(ay),ra(ag), . ... Using a statistical change detection test, Hartland et al.
present a partial solution for instances where the best arm is not superseded

by another arm following a change. In the event that an oracle reveals a-priori
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the number of changes k£ up to time T', Garivier and Moulines provide upper-
confidence bound algorithms that achieve a regret of O(nv/kT log(T)/A), and
show a lower-bound of Q(+/T) for the regret.

With respect to the above non-stationary bandit model, the distinguishing
feature of our model is that, in addition to activating an arm at each time
instant, the agent may query the current reward of one or more arms. We
show that with 7" queries in total, the regret is bounded by O(nklog(T")/A).
Hence, queries reduce significantly the regret with respect to the results of
[58].

6.3.4 Change-Detection

A classical problem in statistics is that of detecting an abrupt change of
distribution in an otherwise i.i.d. sequence of random variables (see [84] for a
survey).

A standard assumption in change-detection problems is that the initial
distribution is known, whereas the distribution after the change can be either
known or not. Another common feature is the assumption that the distribu-
tions belong to one parametric family.

Methods based on CUSUM [103] and Shiryayev-Roberts (SR) rules solve
the change-point detection problem optimally according to the expected run
length criterion (in a minmax sense and in the asymptotic limit) [88]. The
Shiryayev-Roberts method has the advantage that it can be used when the
post-change distribution is not specified [107]. The unknown post-change dis-
tribution is usually specified up to an unknown parameter (parametric case).
The method of generalized likelihood ratio with supremum over the unknown
parameter 6, but no efficiency guarantee. If the unknown distribution after the
change is from an exponential family with parameter 6, the method of assign-

ing a distribution to # [107] works. For nonparametric unknown post-change
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distribution and the sequential nonparametric likelihood ratio approach, an ad-
ditional assumption that the post-change distribution is stochastically larger
than pre-change is required [60].

We consider a more general setting where in addition to the post-change
distribution, the pre-change distribution (before every individual change) is
also unknown. Moreover, both pre-change and post-change distributions are
assumed to non-parametric. The case of pre-change and post-change distri-
butions both unknown but parametric is considered in [95], however, with a
special notion of optimality.

Another problem related to ours is that of fault detection-isolation [84].
In that problem, the goal is to detect the change, and classify the post-change
distribution within a finite set of possibilities. In our problem, the distribution
after the change can be arbitrarily different. Moreover, we do not classify;
instead, we apply a minimum-regret learning algorithm. In contrast to the
change-detection literature, we consider a more complex setting, where the
sequence 11, 79, . .. may have multiple (arbitrarily many) changes. The problem
of joint-detection of multiple change-points is addressed in [4] and references
therein.

Since our notion of expected regret considers the expected rewards, our
approach is to detect changes in the mean. Moreover, for some families of
distributions (e.g., Bernoulli, Geometric, etc.), a change in distribution results
in a change in mean. In the special case of a sequence of normal random
variables, changes in the mean can be detected using a moving-average method
as in [83]. In nonparametric settings, limit theorems for detecting changes in

the mean is studied in [40, Chapter 2].
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6.4 Multi-armed Bandits with Queries

In this section, we present an algorithm for our setting and provide its
performance guarantee. We begin with two assumptions. We shall use as a
component of our solution a typical multi-armed bandit algorithm described
in the first assumption. The second assumption describes a limitation of our
algorithm.
Assumption 6.2 (MAB algorithm for £ = 1). Consider a multi-armed bandit
where there are no distribution changes (except at time 1). Let the i.i.d. reward
sequence 11,79, ... have mean 7. Let o;n) and oy denote, respectively, the
arm with the highest and second-highest mean. Let A denote their mean

difference:
A = 7(iY) — 7(1?).

Let A be an algorithm that guarantees a regret of at most Cnlog(7)/A, for
some constant C. At each step t > 1, algorithm A receives as input the
reward r;_1(a;—1) obtained in the previous step, and outputs a new arm choice
a;. Examples of candidate algorithms include those of [85, 9.

In this chapter, we are concerned with detecting abrupt changes bounded
from below by some threshold; we exclude infinitesimal changes in the following
assumption.

Assumption 6.3. Recall that p, (i) and p, (i) denote the pre-change and
post-change means of the arm «; at the change-point v;;;. There exists a
known value € > 0 such that, for each j = 1,2, ..., there exists an arm «; such

that

‘ij (1) = pujis (ZM > 2e.
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6.4.1 The WMD Algorithm

Our algorithm (Algorithm 6-1) detects changes in the mean of a pro-
cess, in the spirit of statistical methods for detecting an abrupt change of
distribution in an otherwise i.i.d. sequence of random variables (see [84] for

a survey). The algorithm partitions the time horizon into intervals of equal

length 7. Hence, for m = 1,2,..., the m-th interval is comprised of the time
instants (m—1)7+1, (m—1)74+2,...,m7. The algorithm computes iteratively
empirical mean vectors 71,7, ... over intervals (windows) of length 7, in the

following fashion:

7"1,7’2,...,7’7—,7"7+1,...,7"27—,...,T(m_1)7—+1,...,7"m7....
(- -~ \a -~ ,

v~ ' ~~

1 T2 Tm

The algorithm follows a multi-armed bandit algorithm A with a regret guaran-
tee in the absence of changes (Assumption 6.2). When it detects a mean shift
with respect to a threshold given by Assumption 6.3, it reset the sub-algorithm
A.
6.4.2 Regret Bound

The following theorem bounds the expected regret of the WMD algorithm.
Theorem 6.1 (WMD regret). Suppose that Assumption 6.1 holds. Suppose
that the agent employs the WMD algorithm with a sub-algorithm satisfying

Assumption 6.2, a threshold € satisfying Assumption 6.3, and intervals of

length T = | %] - Lloi(gT)J. Then, for every sequence of change-points vy, vs, . . .
and every choice of post-change distributions f,,, fu,, ..., the expected regret is

bounded as follows:
6
Ly < < —log(T) + —knlog(T) + ——n~, (6.4.2)
€

where C' s the constant of Assumption 6.2.
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Input: interval length 7 > 0, threshold € > 0, and ¢ queries per step.
Initialize r := 1.
At each step t:

1. (Follow A.) Follow the action of an algorithm A satisfying As-
sumption 6.2.

2. (Querying policy.) If ¢ belongs to the m-th interval except its
first step, i.e., ift € [(m—1)7+2,...,m7], let ¥;_;(7) denote the
number of queries arm «; has received since the start of the m-th
interval until step t—1. Order the arms {aq, .. ., a,} according to
Yi1(1),...,51(n). Query the set S; of arms that received the
fewest queries. Update the following elements of the empirical

mean 7y,
~ Y 1(1) T (i —1(2 :
() = = (i) Pm (@) + 7101 () for every i € &;.

Y1(i) +1 ’

(Detect change.) At the start of the m-th interval, i.e., if t =
(m —1)7 + 1 for some m = 3,4,.... If H?m - ?THOO > ¢, reset
(i.e., re-instantiate) algorithm A and set r := m. The index r
denotes the last interval at which the algorithm A was reset.

Algorithm 6-1: Windowed mean-shift detection (WMD) algorithm

Remark 31. The WMD algorithm requires as input the threshold e and the
time horizon T, but it does not require prior knowledge of the number of
distribution changes k.

Remark 32 (Query-regret trade-off). The bound of Theorem 6.1 indicates a
way to trade-off the number of queries ¢ per step and the expected regret per
step. Suppose that an increasing function C¢ assigns a cost, in the same unit
as the rewards and the regret, to the rate of queries ¢. The corresponding new
objective thus becomes the sum of two components: query cost and regret.
This overall expected cost-per-step at time 1" is Cq(¢) + Ly/T. With the
implicit assumption that the bound (6.4.2) is tight in the duration T, the
number of changes k, and the query rate ¢, this cost can be optimized with

respect to £. If each query is assigned a constant cost ¢,, i.e., Cg(¢) = ¢,-¢, then
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the (non-discrete) optimal query rate is ¢* = \/(7kn/Cq)log(T)/(eT). This

is the type of optimization problem that has to be resolved in Example 6.2.

Proof of Theorem 6.1. The proof is composed of five steps. In the first step,
we identify the components of the regret. In the second step, we analyze the
empirical means computed by the WMD algorithm. In the successive steps,
we bound the components of the regret. The components are combined in the
final step.

Step 1. Let M(T') denote the expected number of intervals after a change-
point v; occurs before it is detected by the WMD algorithm (i.e., algorithm A
is reset). Let N(T') be the expected number of false detections up to T, i.e.,
instances when the algorithm A resets when no change-point has occurred
since the last time A was reset. Observe that the total number of times
the algorithm resets is bounded from above by k + N(T). Hence, over a
T-step horizon, there are at most k + N(T') interval-periods during which
the algorithm resets once and the source distribution does not change. By
Assumption 6.2, during each such period, the expected regret is of the order
of Cnlog(I")/A, where T is the length of the period. Since log is a concave
function and I' < T, the expected regret over all such periods is at most
(Cn/A)(k+ N(T))log(T).

The algorithm may also incur regret during the delay between distribution
change and its detection. Since there are k distribution changes, each occurring
at most [M(T)]7 time steps before the algorithm A resets. Hence, the total

regret of this algorithm is at most

K(M(T) + 1)7 + %(k; + N(T)) log(T). (6.4.3)

Next, we bound N(T') and M(T), starting with N (7). Observe that the

term k7 accounts for the regret within intervals during which a change occurs.
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Hence, for the remainder of the proof, we consider only the intervals that do
not contain a distribution change.

Step 2 (Empirical means). Consider the empirical mean over each interval
that does not contain a change. Let v = 7/[%] = L%J Observe that by
the construction of the WMD algorithm, after the end of the m-th interval,
spanning time steps (m — 1)7 4+ 1,...,m7, every arm is queried either v or

v+ 1 times. In the former case, the empirical mean for an arm «; is the mean

of v i.i.d. random variables

mT

1 :
Tm(l) = — Z 7¢() - 1jies,)-

t=(m—1)r+1
The expression for the latter case (of v + 1 queries) is similar, and is omitted
in this proof.

Step 3 (Number of false detections). Suppose that in the opponent action
sequences during the m-th and r-th intervals are generated from the same
distribution with expected value denoted, with an abuse of notation, by p,,.

Observe that
N(T) < [T/T1P ([t — Tl > €)

<n[T/r] min P ([r,(i) —7.(i)] > €),

1=1,..
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since there are at most [71'/7] intervals. Observe that, for every i = 1,...,n,

P ([rm (i) =7 (1)] > €)
= P ([rm (i) =7 ()] > € [P (i) = pm (i) <€)
+ P ([rn(i) =7 (0)] > € [Fm(i) = pm(i)] > €)
< P([rn(@) =7 ()] > € [ [Pn(2) = pm(2)] <€)
+ P ([7m(i) = pm(2)] > €)
< P([7(0) = pm(D)] > 2€) + P ([rm(i) = pm(0)] > €) (6.4.4)

< exp (—8”)/62) + exp (—2”)/62> ,

where the last inequality follows by Step 2 and Hoeffding’s Inequality (recall

that 7,.(z) and 7,,(7) have the same distribution). Hence, we have
N(T) < 2nexp (—2v€*) (T'/7 +1). (6.4.5)

Step 4 (Delay in change detection). Next, we bound M (T"). Suppose that
there is a reset at the s-th interval. The WMD algorithm compares successively
the empirical means 7,,1,7s12,... to 7s. Suppose that the following change
occurs during the (m — 1)-th interval. Let p,, and ps; denote the expected
reward vectors during m-th and s-th intervals, respectively. By the same
argument as the first occurrence of an event in an i.i.d. random sequence, we

have

M(T) < 1/P ([ — Tl > €). (6.4.6)
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Observe that, for every i =1,...,n,
P ([T =Tl > €)
> P ([fnli) = 7(0)] >

> P ([7(t) = pm(0)] > 3€/2, [P (i) — pm (i) < €/2)

= P (@) = ol > 5 ) P (In0) = i) < 5)
> p (m(i) — pml(@)] > %) (1 - e—%m) , (6.4.7)

where the equality is due to independence, and the final inequality follows by
Hoeffding’s Inequality. Next, we bound the first term of (6.4.7). Suppose,
without loss of generality, that ps(i) > pn(i); let § denote ps(i) — pm(i); we

obtain, for some 7:

P([rs(i) — pm(i)| > 3€/2)

= P (|75(1) — ps(i) + 6] > 3¢/2)
=1-P(6—3¢/2 <7y(i) — ps(i) < 6+ 3¢/2)
>1—P (6 —3¢/2 <Ty(i) — ps(2))

> 1 —exp(—27(6 — 3¢/2)%) > 1 — exp(—v¢€*/2), (6.4.8)

where the last two inequalities follows from the fact that 6 = ps(i) — pm (i) > 2¢

for some i by Assumption 6.3. Hence, (6.4.7), (6.4.8) and (6.4.6) give
M(T) <2/ (1 —exp (—v€?/2)). (6.4.9)

Step 5 (Tying up). By combining (6.4.3) with (6.4.5) and (6.4.9), we find

that expected regret is at most:

(1— 6X5?1762/2)) + kT + % (k + 2nexp (—2762) (T/T+ 1)) log(T)),
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from which (6.4.2) follows by substituting the values 7 = | %] - |20 | and

22
v =% .
6.5 A Lower Bound

In the previous section, we showed an upper bound on the regret using a
simple mean-shift detection scheme. In this section, we present a lower bound
on the regret for a class of algorithms. This class consists of algorithms where
the expected number of changes in the sequence of selected arms is bounded
by the number of distribution changes up to an additive constant. This class
encompasses algorithms that detect changes and reset, such as the WMD
algorithm. Another example of algorithm of this class uses a combination
of optimal change-point detection (e.g., the Shiryayev-Roberts scheme) and
optimal sampling in multi-armed bandits. We show that the lower-bound for
this class of algorithms matches the upper-bound for the WMD algorithm.

More precisely, we consider the class of algorithms that generate an action

sequence aq, as, . . . satisfying the following constraint:

T-1

> 1[%#%]] <k+e, (6.5.10)

t=1

E

for all T" and some constant c¢. This constraint is motivated by the fact that
if the entire sequence of expected reward vectors py, po, ... is known a priori,
then the optimal algorithm also satisfies the constraint of (6.5.10).
6.5.1 Lower Bound for Change-Detection

In this section, we present a result (cf. [107]) on the expected run lengths
of the SR method for change-detection that will be used subsequently. Con-
sider a sequence of random variablesry, ..., 7, 1,7, 7,41, ..., where ry, ... 7,1
are i.i.d. with distribution fy, whereas ,r,,r,.1,... are i.i.d. with distribution
fo. We assume that v is unknown, as well as fy. However, we assume that f

is known and that fy and fy belong to an exponential family of distributions.
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Assumption 6.4. Every element of the random vectors ry, rs, . . . is distributed

according to a distribution belonging to the exponential family of distributions:
) = e,y eq,

where (2 is some interval of R, and ¢(0) = ¢'(0) = 0.

Examples of distribution families satisfying Assumption 6.4 include Bernoulli,
geometric, and beta distributions.

The following theorem states that in order to have an average run-length
(ARL) to a false detection of at least V, the ARL to detection is of the order
of ©(log V). This result is a consequence of [107, Theorem 1 and 4] and [106].
Theorem 6.2 (Average run-lengths [106, 107]). Suppose that a change-detection
algorithm raises an alarm at time U and that E[U] > V when there is no
change-point, i.e., v = oco. Then, if v =1, i.e., a change occurs at time 1, and

0 s in the interior of 2, then
E,[U] > CillogV +loglog V + (), (6.5.11)

where Cy is a constant, Cy = 1/D(fp; fo), and D denotes the Kullback-Leibler
divergence.

Let G be a probability measure on €2 such that G({0}) = 0, and its
first derivative G’ exists, is positive and continuous in the interior of Q2. The
following change-detection stopping-time satisfies the lower bound (6.5.11)

with equality:
U(V,G) = min {t : /Zexp <y2ri —(t—k+ 1)¢(y))dG(y) > V} , V>0.
k=1 i=k

6.5.2 Lower Bound for the Regret
Theorem 6.3 (Regret lower-bound). For every fized algorithm of our class

(fized ¢ and query mechanism), there exists a piecewise-stationary source such
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that detect-and-react algorithm has a regret of at least
Ly > C’lk%[logT +loglog T + Cb).

where Cy and Cy are the same constants as in Theorem 6.2.

Proof. We consider a Bernoulli-distributed piecewise-stationary sequences of
reward vectors, so that detecting changes in the mean is equivalent to detecting
changes in distribution. Hence, Theorem 6.2 holds.

Consider an arbitrary interval from v;_; to vj4y for j = 1,...,k — 1.
We denote the length of this interval by 7, = v;41 — v;_1. Let X; denote
the expected delay in detecting the change-point v;. We can easily construct

examples where the expected regret is at least

Ed

-1
Lr>Y X
1

<.
Il

By Theorem 6.2, if an algorithm satisfies the constraint of (6.5.10) (a
constant expected number of false detections over a horizon of T time steps),

the expected delay to detection Xj is at least

n

X7 £ Ci~[logT +loglog T + Cb).

(S

where the factor n/¢ comes from the fact that we sample only ¢ of the n arm
rewards at each time step whereas Theorem 6.2 assumes that all n arms are

observed at each time step. Hence, the result follows. m

6.6 Simulations
In this section, we present an empirical comparison of the WMD algo-
rithm with other algorithms for multi-armed bandit problems. As reference,

we consider two algorithms based on upper confidence bounds: the UCBI1
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algorithm of [9], and the Discounted-UCB algorithm of [78, 58]. For com-
parison purpose, we employ the UCB1 algorithm as the component A of the
WMD algorithm. The resulting combination is referred to as the WMD-UCB

algorithm.

1
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g ' \
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Figure 6-1: Expected reward of the arms of a 4-armed bandit.

For our setting, we take a bandit with 4 arms, whose rewards are piecewise-
stationary with Bernoulli distributions. The sequence of expected rewards
pi(i) for each arm ¢ is illustrated in Figure 6-1. The Discounted-UCB algo-
rithm is provided with prior knowledge of the number k of changes to come in
the reward sequence, and its parameters are accordingly set to optimal values
[58]. Neither the UCB1, nor the WMD-UCB algorithm require this prior in-
formation. However, the WMD-UCB algorithm has the privilege to query the
previous rewards of some of the arms.

Figure 6-2 shows the evolution of the average reward of the three algo-
rithms. In this experiment, the WMD-UCB algorithm queries only one arm
per step; its average reward is close to optimal with respect to the baseline of
(6.2.1). Figure 6-3 illustrates the benefit of increasing the number of queries

per step of the WMD-UCB algorithm (with the interval length 7 held fixed).
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Figure 6-2: Average expected regret of UCB, Discounted-UCB, and WMD-
UCB against the bandit of Figure 6-1. The WMD-UCB uses the threshold ¢ =
0.3 and makes 1 query per step. Changes in the reward sequence distribution
are indicated by vertical lines, whereas instants at which the WMD-UCB
algorithm resets are indicated by diamonds. The baseline of our notion of
regret (6.2.1) is also plotted.
6.7 Discussions

The WMD algorithm uses a very simple scheme to detect changes in
the mean. In its place, we may employ more sophisticated change-detection
schemes, e.g., CUSUM [103] and the Shiryayev-Roberts rule [119]. Modifica-
tions are nonetheless required to make them applicable to our problem: the
reward distributions must be parametrized; and the pre-change distribution
is unknown and must be estimated (cf. [95]). There also exist schemes that
detect changes when the reward process follows one of many Markovian pro-
cesses [57], as is the case for restless bandit problems. Despite the drawback
of complexity, these schemes detect changes with optimal delay, and do not

require prior knowledge of the parameter € of Assumption 6.3. Yet, they also

incur a regret of the order of log(7") due to an inevitable logarithmic delay to
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Figure 6-3: Average expected regret of the WMD-UCB algorithm with 1, 2,
and 3 queries per step against a 4-armed bandit. The threshold parameter €
is 0.2.

detection [88, 107]. This is the basis of the lower-bound on the regret of the
class of algorithms described in Section 6.5, which includes algorithms that
detect the unknown changes and then react.

The side information obtained through queries can be applied to two pur-
poses: detecting changes and improving the performance of the multi-armed
bandit algorithm of Assumption 6.2. In this work, the queries serve only
the purpose of change detection. Because of the aforementioned lower regret-
bound intrinsic to change detection schemes, we have neglected the question
of accelerating the exploration of the sub-algorithm of Assumption 6.2. The
action elimination method of [47] presents another possible improvement to
the sub-algorithm of Assumption 6.2. As a further improvement to the detec-
tion component of the WMD algorithm, it is sufficient, when the distribution
changes are not adversarial, to limit detections to changes where the current

best arm is no longer the best.
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CHAPTER 7
Unimodal Piecewise-Stationary Bandits

7.1 Introduction

In this chapter, we consider another version of the piecewise-stationary
bandit problem of Chapter 6. The main differences are the following. First,
we allow the set of arms to be an interval of the real line. Second, we employ a
new strategy of detecting change-points that does not require queries for side
observations. The notion of regret, the objective, and the presence of abrupt
changes in the reward distribution at unknown time instants, remain the same
as in Chapter 6.

In order avoid a regret dependent on the number of arms, it is necessary
to offset the infinite number of arms by an assumption of dependence between
the reward distributions of the arms. In addition to a standard Lipschitz
(or Holder) continuity condition (e.g., [3]), we also assume that the expected
reward function is unimodal over the set of arms. However, we do not require
convexity or differentiability as is the case in [75, 37]. In this setting, we
present an algorithm with a finite-time regret bound that is tight up to a
logarithmic factor of the time.

An additional consequence of the unimodality assumption is the possibil-
ity of detecting abrupt changes in the arms’ reward distributions efficiently.
We present a method that simultaneously detects change-points occurring at
unknown instants and minimizes the regret. This method chooses arms in the
neighbourhood of the optimal arm so as to trade-off the regret due to choosing

suboptimal arms and the regret due to the delay in detecting abrupt changes.

169



We consider a model that is partly more general in the sense that the
sequence of change-points dictates whether the environment is more stochastic
or more adversarial. Our model is also partly more specific because we assume
that the expected reward is unimodal on the continuum of arms. Beside
bandit problems with intrinsic unimodality, this model also suggests a new
solution method when the set of arms can be partitioned into subsets where
the unimodal condition holds.

We organize this chapter as follows. In Section 7.2, we motivate our model
and survey related works. We present the details of our model through as-
sumptions and an example in Section 7.3. In Section 7.4, we present a solution
for the setting of unimodal bandits without change-points, using a sampling
scheme that finds an approximately correct arm with high probability. We give
both a bound on the expected regret and a probably approximately correct
(PAC) guarantee. In addition to a continuum set of arms, we also consider
finitely many arms (Section 7.4.4). and arms represented by vertices in a graph
(Section 7.4.5). We define in Section 7.5 the notion of changes in the reward
distributions and present an algorithm that simultaneously minimizes regret
and detects changes.

7.2 Related Works and Motivation

Multi-armed bandit problems are central to machine learning and have
numerous applications. With a finite set of arms, index-based solutions ex-
ist, whether the rewards are stochastic or adversarial [9, 10]. The case of a
continuum of arms has become the object of great interest due to applica-
tions, such as the design of auction mechanisms [27, 76] and routing [14]. The
one-dimensional case was first studied in [3] with a Holder condition. With
similar conditions, Kleinberg presents an algorithm based on discretization

that achieves a regret of O(T%/3), which is optimal up to a logarithmic factor
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[75]. In this work, we obtain a regret of the order of O(v/T log(T)) under an
additional unimodality assumption. This regret is of the same order as [11],
which also considers the model of [75] with additional assumptions. The case
of arms in more general metric spaces and topological spaces is studied in
[77, 31]. The critical assumption in bandit problems with an infinite number
of arms is dependence between the rewards of nearby arms. The notion of de-
pendence between arm rewards also helps in the case of bandits with finitely
many arms, as shown in [104, 98].

Our model is a special case of the model of [75], where we assume that
the expected reward is unimodal over the set of arms. This is similar to
one of the assumptions of [37], with the notable difference that we do not
require the expected reward function to be three-times differentiable. Cope
considers a multidimensional unimodal expected reward function and shows
that the Kiefer-Wolfowitz stochastic approximation algorithm achieves a regret
of the order of O(T"/?). It is however well-known that Kiefer-Wolfowitz type
algorithms require suitable differentiability assumptions and no convergence
rate result is available for these algorithms [3]. Correspondingly, the regret
guarantees of [37] are asymptotic. In contrast, we show finite-time bounds with
explicit constants using a particularly efficient algorithm based on a simple
one-dimensional line search method combined with an appropriate sampling
method. Our algorithm iteratively eliminates subsets of arms. This approach
is reminiscent of algorithms such as the successive elimination algorithm for
the case of finite bandit problems [46].

Bandit problems with abrupt changes at unknown time instants of the re-
ward distributions is a generalization of two important models. The stochastic
bandit corresponds to case without changes, whereas the adversarial bandit

corresponds to the case of changes at each time instant. This generalization
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is similar to the non-stationary bandit problem of Chapter 6. However, our
model differs in having a continuum of arms and the unimodality of expected
rewards. Our solution technique is completely different, relying on a simple
and efficient sampling scheme. We do not require additional assumptions such
as side observations (as in Chapter 6), or knowledge of the frequency of changes
[58].

7.3 Assumption of Unimodality

Because of the infinite number of arms considered in our model, we need a
dependence assumption between the arms’ expected rewards. In this section,
we state and motivate our assumption of unimodal rewards. The notion of
change-points in the sequence of reward distribution functions is the same as
in [130]. For simplicity, we only introduce change-points in Section 7.5.

We consider a bandit problem where the set of arms is the interval [0, 1]
of the real line. As an example, consider a sequential pricing problem with the
goal of maximizing the total revenue from the sale of a sequence of identical
items. We may think of the arms as the possible prices for an item. At each
time instant ¢, the agent chooses a price x; from an interval [0, 1]. The reward

of the arm z € [0, 1] at time ¢ is a random variable
ri(T) = & Wy .

For a fixed z, the sequence w; 5, W, . . . is a sequence of i.i.d. Bernoulli random
variables. Each Bernoulli random variable w; ,, corresponds to whether an item
is sold at time t. Hence, for a fixed z, the sequence r(z),r2(x),... is also an
i.i.d. random sequence. The expected reward of a fixed arm x at every time ¢

18

7(z) 2 Elx wy,) = 2 Pr(w,, = 1), z€]0,1]
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Figure 7-1: Cases to avoid: sharp peak and flat plateau.

which is independent of t. The function 7 is the expected reward function over
the set of arm [0, 1].

We do not know the probability Pr(w,, = 1) of sale of the item (i.e.,
success) for each price x. However, we assume that the success probabilities are
monotonously decreasing in the price. Hence, these probabilities are ordered:

if we have two arms x and y such that = < y, then
Pr(w., =1) < Pr(w,, =1).

This leads to the following unimodality property on the expected reward func-
tion 7, which is the main assumption of this chapter.
Assumption 7.1 (Unimodal). The expected reward function 7 is unimodal,
i.e., there exists an optimal arm z* € [0,1] such that 7 is monotonically
increasing in the interval [0, 2*], and monotonically decreasing in the interval
[z*,1].

Observe that Assumption 7.1 also ensures the uniqueness of the optimal
arm x*.

We also need the following assumption to avoid the situations depicted
in Figure 7-1. First, we need an upper bound on the rate of increase of 7
to avoid sharp peaks that induce high regret even when we choose arms very

close to the best arm. Second, we need a lower bound on the rate of increase
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of 7 to avoid intervals where there is too little separation between expected
reward values.

Assumption 7.2 (Strong max). Suppose that 7 is unimodal with the max-
imum at x*. The function 7 has a strong mazimum at x*, i.e., there exist

positive Lipschitz constants C, > 0 and C'y > 0 such that
Crlz—y| <|r(x) =7(y)| < Cu |z —yl,

for all pairs x,y € [0,2*] or z,y € [z*,1].
Remark 33. Assumption 7.2 is a strong assumption that excludes functions
that are smooth around the maximum.

Suppose that an algorithm generates the sequence of actions 1, xo, .. ..
The corresponding total expected reward is S, 7(x;). The unimodal regret

of this algorithm is

T

Ly £y (r(a") = Er(w,)).

t=1
This notion of average expected regret is similar to that of [85, 9]. We use this
notion of regret in Section 7.4.

When the sequence of reward distributions contains change-points, we do
not have a fixed expected reward function 7 for all time instants. In that case,
we use the following notion of regret:

T T
LgPS 2 (t_l :;(2[%7)%} Ft(x)> — (; Eft(xt)> ,

where 7, denotes the expected reward function at time t. The baseline of
comparison for the above regret is the average of optimal expected rewards,
which differs entirely from the baseline used in the adversarial bandit problem
(cf. [10]). We call this the unimodal piecewise-stationary regret and use it in

Section 7.5.
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7.4 Unimodal Bandit Without Changes

In this section, we consider the bandit problem when there are no change-
points. First, we present a simple algorithm for the stochastic multi-armed
bandit problem with a probably approximately correct (PAC) guarantee. The
sampling algorithm (Algorithm 7-1) works on a finite set of arms {1,...,m}.
It takes two parameters € and ¢ as input and samples the arms sequentially in

the order

arm 1, arm 2,..., arm m, arm 1, arm 2,...,

2m

and stops after 22 log(%*) time steps.

(Initialization.) Fix ¢ > 0 and § > 0.
1. Sample all arms 1, ..., m sequentially, until each arm has been
sampled 5 log(%*) times.
2. Let the sample-average reward of arm i be denoted by 7(7). Out-
put the arm arg max;_; ., (7).

Algorithm 7-1: Sampling algorithm

Theorem 7.1 (Theorem 1 of [46]). With probability 1 — 6, the sampling algo-

rithm outputs an arm j that is e-optimal, i.e., which has average reward

7(j) > max 7(i) —e.

i=1,....m

We also say that the output arm of the sampling algorithm is (€, 0,)-PAC.
Next, we present our algorithm for the unimodal bandit problem, along
with its performance guarantees.
7.4.1 The LSE algorithm
Consider the LSE algorithm (Algorithm 7-2). At every iteration of the
main loop, it narrows down the sampling interval [x*, "] in which the true

optimal arm z* lies with high probability. During each iteration, the LSE

algorithm runs the sampling algorithm over four arms a¥, 2™, 2™, 2", These
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xt M v xf!

Figure 7-2: The four sampled arms and their expected rewards during one
iteration. The interval [z, 2] is eliminated with high probability at the end
of this iteration. If [z — L] = 1, then the distances between the points are:
‘xM - xL| = ()0_27 ‘xN - xM| = 30_3 = (2/30 - 1)7 and ‘xH - xN| = ()0_2'

four arms are chosen as in Kiefer’s golden section search algorithm [74]. Three
of these arms are kept from one iteration to the next; the fourth arm is new.
At the end of each iteration, the algorithm narrows down the sampling interval
by a constant factor 1/¢, where ¢ is the golden ratio. Figure 7-2 illustrates
the four arms and their true expected rewards during one iteration. Over time,

the goal is to eliminate intervals that do not contain the optimal arm with high

probability, such as [#V, z#] in Figure 7-2, at the end of each iteration, and
hence narrow down to smaller and smaller sampling intervals what contain the
optimal arm x* with high probability.

Remark 34 (Notation). Although the arms x¥, 2™ 2™ 2 change from one
iteration to another, for simplicity of notation, we shall sometimes omit the
subscript n. Hence, we write z¥ instead of zZ when the n-th iteration is
implicitly understood.

Remark 35. Observe that, from one iteration of the LSE algorithm to the next,
three of the four arms do not change. These arms have samples from previous
iterations, and hence, we can save on sampling by reusing these samples.
Unfortunately, however, we can not detect change-points at the same time as

recycling samples. This will become clear in Section 7.5.

176



(Initialization.) Set [z%, 2] = [0,1]. Set # such that 2527 = ¢ (cf.
Figure 7-2), where ¢ is the golden ratio. Set % in [z 2] such that
Z‘N —SCL

TH_ N — P-

For iterations n =1,2,.. .

1. (Find (e, 0,)-PAC arm.) Use the sampling algorithm (Algo-
rithm 7-1) on the arms {z¥, 2 2™ 2} with parameters €, and
dn, returning the (e, d,)-PAC arm z7.

2. (Interval elimination.)

o If 2 =2V or 27, = x| then eliminate the interval [z, zM].
Update the points z¥ := 2™ and 2 = 2V, and 2"V =
(@" + z™) /(1 + o).

e Else, eliminate [zV,z]. Update the points zf = 2V,

oV =M and 2™ = (pzt + 2) /(1 + ).

Algorithm 7-2: Line search elimination (LSE) algorithm

7.4.2 Regret Bound

Next, we show that the regret of the LSE algorithm is of the order of
O(vVTlog(T)).
Theorem 7.2 (Expected regret of LSE). Suppose that Assumptions 7.1 and 7.2
hold. Let T be fized and known. Let 6, = 8/T and €, = (2/¢ — 1)CL/¢™ for

every interval n. Then the expected regret of the LSE algorithm is

32(,0 CH
U o “H 2
Ly < /o= (o -1)C3 1+ C3Tlog(T)

+2log’(1+ C}T),

where p = (14 +/5)/2 is the golden ratio.

Remark 36. Other algorithms exist that have similar or better performance
guarantees. For example, in a more general setting that does not assume
unimodality, the HOO algorithm of [31] achieves a regret of the order of
O(\/TlogT) without prior knowledge of the time horizon T

Remark 37. This upper bound is independent of the number of arms and the

difference between the best and second-best distributions, but depends on the
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Lipschitz constants. Moreover, it matches the lower bounds of [11, 37] up to
a logarithmic factor.

Remark 38. For this and the subsequent results, we assume that the time
horizon T' is known. This assumption can be easily removed by employing the
doubling trick [34]. This trick consists of starting with an arbitrary horizon,
then, at the end of that horizon, we reset and restart our algorithm with a
new horizon twice as long.

First, we prove the following lemma.
Lemma 7.3. Suppose that the assumptions of Theorem 7.2 hold. Then, at

the n-th interval of the LSE algorithm, we have:

Pr(* & ok, 2T < 34,
i=1
Proof. We can write the above probability recursively:

Pr(z* & [y, x;])
= Pr({x* ¢ [xﬁ_pr—ﬁ} N {x* ¢ [55571’5]})
+Pr({z* € [zt 2l )} Ao & [2h, 2]]})

=Pr(a" ¢ [fL 1a1'H—1])

+ Pr({a:* S [:L'ﬁ_l,:zf_l]} A {:E* ¢ [:Eﬁ,:zf]}) (7.4.1)

Let 7, denote the length of the n-th iteration. During the n-th iteration,
we employ the sampling algorithm to find an €,-optimal arm with probability
1 — 0, denoted z. Since 7, > g log(8/6,), by Theorem 7.1, the sampling
algorithm outputs an €,-optimal arm with probability 1 — 9,,.

Observe that, by definition of the golden section search algorithm of [74],

min{al — ok, 2l — o, 2f — N} = (2/p— 1)/

no n n
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Suppose that the arm 2% is 2 or 2, then by Assumption 7.2 and the fact

that e, = (2/¢—1)CL/¢™, the true optimal arm z* lies in the interval [z, 2]
with probability at most d,. Similarly, if the arm z7 is ¥ or x| then the

optimal arm z* lies in the interval [x¥, 2] with probability at most ¢,. Hence,

the LSE algorithm eliminates the optimal with probability at most §,, i.e.,

Pr({az* € [z}, x|} AM{a* & [z, 2l11}) <6,

n'n

Substituting this in (7.4.1) and carrying-out the recursion, we obtain the claim.

7.4.3 PAC Guarantee
Observe that the LSE algorithm continues exploration (narrowing down
the sampling interval [z, z#]) until the end of the time horizon T. A nat-

ural alternative is the following: once the sampling interval [z%, 2] is small

enough, we may cease the sampling and elimination process and exploit arms
from that interval. Hence, we have a modified version of the LSE algorithm,
which follows the LSE algorithm until the beginning of the n-th iteration, and

thereafter, picks one of the arms in the interval [z We call this modified

T, T |-
algorithm the stopped LSE algorithm. Next, we present a PAC guarantee for
the performance of the stopped LSE algorithm, in the spirit of [46].

Theorem 7.4 (PAC arm). Suppose that we run the LSE algorithm with pa-
rameters €, < (2/¢o — 1)CL/¢™ and 0,. forn =1,2,.... Let 1, = i—glog(%)
denote the length of the n-th iteration. Then, after Y . | 7; time steps, every

arm in the interval [zl x| has SD——optzmal expected reward with probability
s

Proof. Since €, < (2/p — 1)CL /™, by Theorem 7.1, we have enough samples

at the n-th iteration to find the best arm from the four arms {al, 2M N 2

n? 77/’ n’»In

with probability d,,.
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By Lemma 7.3, we have

Pr(z* & [z 2] <Z5

Hence, after " | || time steps, with probability 1 — " | d;, we have

7" € [y, 2]
in which case, by Assumption 7.2, every arm in the interval [z zH] is an
CH
"

Corollary 7.5. Suppose that the assumptions of Theorem 7.4 hold. Let T be

a fized and known integer. After

S02n+2 -1 16
?—1 (2/¢—1)2C}

log(T')

time steps, every arm in the interval [xk

T, |

with probability 1 —n/T.

Proof. Observe that if we let €, = (2/¢p — 1)C/¢™ and 6,, = 8/T, then we

have
T, = —QpnlOgT
Z Z e —necy? )
2n+2
© —1 16
_ log(T).
-1 @jp—1pc 8D
| |

7.4.4 Unimodal Bandit with Finitely Many Arms
We consider in this section a special case of the unimodal bandit with a
finite ordered set of arms (vy, ..., v,,). Accordingly, we modify the unimodality

assumption as follows.
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Assumption 7.3 (Finite unimodality). The expected reward function 7 over

(v1,...,0m) is unimodal with a maximum at vy, i.e.,

7(v;) <7(vy) foralli<k

and 7(v;) > 7(v) forall j > k.

With finitely many arms, we also need a version of the strong maximum
assumption that does not depend on distances. The following assumption
bounds on the separation in expect rewards of adjacent arms.

Assumption 7.4 (Finite strong max). There exist positive constants D and

Dy such that
Dy, <|r(vi) = 7(vit1)| < D,

for every pair of adjacent arms v; and v; .

The LSE algorithm can be modified for finitely many arms as follow.
To each arm wv; of (vq,...,v,), we assign the interval [%, L) c [0,1], for
¢t = 1,...,m. Then, we replace every reference in the LSE algorithm to an
arm z in the interval [=1, L) by the arm v;. With this modification, we can
show the following O(logT’) bound on the regret.
Theorem 7.6 (Finite unimodal bandit). Suppose that Assumptions 7.3 and 7.4
hold. Let T be fixed and known. Suppose that we run the LSE algorithm (mod-
ified for m arms) with parameters €, = Dy and 6,, = 8/T for all n. Then, the

expected regret is at most

IF < 16Cy 2 N 8log” (m)
- D2 \1-1/p T

) log(T') + 8Cy log,(m).
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Proof. As in the proof of Theorem 7.2, the regret of the n-th iteration is
bounded by

C n
Ljn S 2—H’7'n + CHTnZ(Sz
"

i=1

is 1/¢™ at the n-th iteration, the sampling

Since the sampling interval [z, z2] i

interval is at most 1/m wide after log,(m) and hence contains a single arm.
Therefore, the LSE algorithm continues picking the same arm after log,,(m)
iterations.

Observe that, by Assumption 7.4 and Lemma 7.3, this final arm is the
optimal arm with probability at least 1 — Zlog”(m 0;. Observe also that the
length of the n-th iteration of the LSE algorithm is 7,, = 5—% log(%) for all n.

Hence, the total regret is

log,, (m) C log,, (m)
p< > <2(p—HTn+CHTn25) +TCh Z 0

n=1

1ogw (m)

Z ( log(T)) (% + 8n/T) +8Cp log,,(m)

16 2 8log? (m)
< P
Cu— D? log(T") (1 _—y + T + 8Cy log,,(m),

where the second inequality follows by setting 6, = 8/7". =

7.4.5 Bandit on Unimodal Graphs

In addition to having an unimodal structure, the expected reward function
may have other interesting structures. A particularly interesting one arises in
the context of networks, e.g., social networks, communication networks. Here,
the arms of the bandit correspond to vertices in a graph and their relation is
captured by the edges of the graph. It is possible to take advantage of this
structure, especially when the number of edges is relatively small (as in sparse

graphs), in order to find the best arm.
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Bandit problems on graphs has only recently begun. In the case of
stochastic rewards on tree-structured arms, a variant of the UCB algorithm
has been proposed in [78]. For graphs where the rewards are nonstochastic
(adversarial), but the agent fully observes the rewards, the online learning
problem has recently been studied in [32, 33]. In this section, we consider
graphs where vertices have stochastic rewards and with limited observation
(the bandit setting). First, we make the following unimodality assumption.
Assumption 7.5 (Unimodality on graphs). Let G = (V, ) be a graph, and
7 :V — [0,1] be an expected reward function that assigns a value to each
vertex. We assume that 7 is unimodal along every path of G, as defined in
Assumption 7.3.

A heuristic solution is to combine the modification of the LSE algorithm
for finitely many arms with a greedy search method, we obtain the following
algorithm (Algorithm 7-3) for bandits with unimodal rewards on a graph. Al-
though the performance of the component LSE algorithm has clear guarantees,
the performance of the GLSE algorithm as a whole, however, depends criti-
cally on the characteristics of the graph that affect the number of iterations
of the main loop.

7.5 Unimodal Bandit with Changes

First, we define the notion of abrupt changes in the reward distributions.
We assume that there is a sequence of change-points 14, s, ... such that be-
tween consecutive change-points v; and v;,1, the rewards of the arms are i.i.d.
random variables. Similarly to adversarial learning problems (cf. [34]), both
the change-points 14,15, ... and the reward distributions are unknown. We
are interested in the case where the change-point occur with small frequency.

In this section, we show that with the strong maximum assumption, there

exists an efficient way to detect changes when the expected reward function
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(Initialization.) G; = G. Fix the pivot v;". The vertex set of G is the
set of arms.
Construct a minimal spanning tree for the graph.
Fori:=1,2,...
1. Pick an arbitrary maximal path P on the spanning tree through
vt
2. Run the LSE algorithm on this path until only one vertex is left:
this vertex is v;". Let P\ v;” denote the eliminated vertices.

3. Eliminate P \ v;" from the G;:

Gir1 =G \{P\ v}

4. If G, is a single vertex, then stop and output G; 1.

Algorithm 7-3: Graphical line search elimination (GLSE) algorithm

after each change-point is also unimodal. One approach is to use the windowed
mean-shift detection scheme of Chapter 6. Another method is to detect when
the current best arm is no longer the best: i.e., by sampling the current best
arm, an arm to its left and an arm to its right. We take the second approach
in this chapter.

Our objective is to detect changes, but we exclude infinitesimal changes
in the following assumption.
Assumption 7.6. Suppose that Assumptions 7.1 and 7.2 hold. Let v denote
a change-point. Let 7,_; and 7,1 denote the expected reward functions before
and after the change-point v. Let 2*(v — 1) and 2*(v 4 1) denote the optimal
arms for 7,_; and 7,.;. We assume that there exists a constant 5 > 0 such

that

lz*(v —=1) —2"(v+1)| >0

for every change-point v.
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Remark 39. By Assumption 7.2, if we do not detect a change-point v where
|z*(v — 1) —a*(v + 1)| < [, then we incur a regret of at most Cy/8 per time
step, where (3 can be chosen appropriately small.
The following lemma gives the main idea of our method.

Lemma 7.7. Suppose that Assumptions 7.1 and 7.2 hold. Let the three arms
21 < 23 < z3 be given, such that zo = (23—21)/2 and |23 — z1| = 33/2. Suppose
that the true optimal arm x* belongs to the interval [zo— /4, 2o+ (/4] before a
change-point v satisfying Assumption 7.6. Suppose that, after the change-point
v, we run the sampling algorithm on {z1, z2, 23} with parameters e = Cp3/4
and § = 7y, and obtain the output z*. Then, we have P(z* # z) > 1 — 1, i.e.,

we detect the change-point v with probability 1 — ~ after ;% log(%") time steps.

Proof. First, observe that since z* € [z0 — 3/4, 2o + (/4] before the change-

point v, we have

Ty_1(22) > Ty_1(21) + CLB/2

and fy_1(22> Z 7:,/_1(23) + CL6/2

Observe also that, by Assumption 7.2, after a change-point where |z*(v —1) —

z*(v +1)| > 3, we have either

Tuy1(21) 2= Togi(22) + CLB/2

or

Tur1(23) > Tug1(22) + CLB/2.

Therefore, since € = C3/4, the (e,7)-PAC arm z* is not z; with probability

1 —~ by Theorem 7.1. m
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21 29 Z3 2 ) Z3
(a) Expected reward (b) Expected reward

function 7,_; before function 7. after v.

v.
Figure 7-3: Typical expected reward of arms 21, 25, 23 before and after change-
point v.

Lemma 7.7 gives a new method of change-detection when the average
reward functions before and after the change-point satisfy the assumptions:
we repeatedly use the sampling algorithm on the three arms zq, 25, 23 to find
the appropriate PAC arm, and raise and alarm when this arm is no longer
z5. Figure 7-3 shows an example where the best arm changes from 25 to z3,
indicating that a change-point has occurred.

7.5.1 The LCD Algorithm

Piecewise-stationary bandit problems are hard. Even with a linear num-
ber of additional queries for side observations, the delay for detecting changes
is logarithmic Chapter 6. With the assumptions of this chapter, we show that
piecewise-stationary bandits can be solve efficiently without side observations.

Our approach combines regret minimization and change-detection, as de-
tailed in Algorithm 7-4. The LCD algorithm employs the stopped LSE algo-
rithm to narrow down the sampling interval and the sampling algorithm to
detect changes.

7.5.2 Regret Bound

By combining Theorem 7.4 and Lemma 7.7, we obtain the following bound

on the expected regret of the LCD algorithm. Our notion of expected regret

LYFS is similar to Chapter 6.
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(Initialization.) Fix u. Set ' =0 and 2% = 1.

(Phase 1. Stopped LSE.) Run the LSE algorithm for u iterations.

After u iterations, pick three points 21, 20, 23 as follows?® : z; = zZ —

1/, 2 = (28 — 2L)/2, and 23 = 2 + 1/ "
(Phase 2. Change-detection.) Run the sampling algorithm on z1, 29, 23
Cr

with parameters ¢ = P and 0 = 7. If the output 2* is not 25, then

a change is detected: reset ¥ = 0 and 2 = 1, and go to Phase 1.
Otherwise, repeat Phase 2.

“ We allow the arms z; and z3 to take values outside [0, 1], but such
arms are artificial and always generate zero reward.

Algorithm 7-4: The LSE with change-detection (LCD) algorithm

Theorem 7.8 (Regret of LCD). Suppose that Assumptions 7.1 and 7.2 hold.
Suppose also that every change-point v satisfies Assumption 7.6. Suppose that
we run the LCD algorithm with the parameters €, = (2/¢p — 1)CL/¢"™, 6, =
6/T, v = 6/T, and the parameter u is set to u = %logw (g%) and such
that u > log,(2/3). Then, the regret of the LCD algorithm when there are k

changes up to time T is at most

48 1/3
LYPS < (2k 4 1)CyT?? (E log T) + (k + 7)L7
L
Cc*T
481logT )’

1
+ 8CH§ log,, (

for T > 12 + 16u.

Remark 40. This upper bound is of the order of O(T?3logT), as that of
[75]. However, our notion of regret LYFS is different. It includes, as basis for
comparison, policies that may change arms at the change-points.

Remark 41. The unimodal bandit problem with change-points presents a
trade-off in the width of the sampling intervals. On the one hand, a small
sampling interval [zl zf] ensures smaller regret. On the other hand, the

sampling interval [z;, z3] must be large enough so that changes are detected

quickly.

187



CHAPTER 8
Conclusion

In this thesis, we considered the problem of sequential decision making in
non-stationary environments. We introduced models that capture various de-
grees of non-stationarity that better reflect real-world problems. In particular,
we increase the degree of non-stationarity with the addition of non-stationary
state-transition dynamics and non-stationary constraints. We limit the degree
of non-stationarity by limiting the magnitude and frequency of non-stationary
changes. These models allow us to provide more competitive solutions than
generic regret-minimizing algorithms for worst-case non-stationary environ-
ments. In each of these models, we provide efficient learning algorithms and
prove corresponding performance guarantees that depend critically on the de-
gree of non-stationarity. We conclude this thesis by repeating the main ideas
and mentioning some open problems.

For the case of Markov decision processes with non-stationary rewards and
stationary transitions (Chapter 2), we considered no-regret policies within the
extended model of MDPs with arbitrarily varying rewards. We showed that
a simple reinforcement learning algorithm achieves diminishing average regret
against any oblivious opponent. In contrast to most of the online learning
literature, the obliviousness of the opponent plays a key role in character-
izing the performance that the agent can achieve. Various techniques were
introduced to deal with possible challenges. The Lazy FPL algorithm deals
with the Markovian dynamics and an unknown time horizon T'. The Q-FPL
algorithm circumvents the need to calculate the exact value functions. The

Exploratory FPL algorithm overcomes partially observable reward functions.
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The Tracking FPL algorithm surmounts a more ambitious comparison baseline
of regret composed of dynamic policies with infrequent changes. The salient
features of all these algorithms can be combined to deal with combinations of
the mentioned challenges.

Observe that an oblivious environment (cf. Assumption 2.2) and a com-
pletely non-oblivious one are two opposite extremes. An interesting alternative
notion for the degree of non-stationarity is to model the opponent’s level of
obliviousness and study the effect on the achievable regret. For example, one
can consider opponents that have limited memory, or that have delayed in-
formation or imperfect observations of the history (e.g., opponents that only
observe visits by the agent to particular states). Optimizing the convergence
rate of the regret remains another open problem.

In Chapter 3, we considered the more general case where both rewards
and state-transitions are subject to non-stationary changes. Although a van-
ishing regret is not possible in this case, we present algorithms whose regret
is bounded in terms of the magnitude of the non-stationary changes. One ap-
proach is robust dynamic programming, another more efficient approach uses a
simulation-based method. An open problem is quantifying the degradation of
the regret of the ORDP algorithm when the uncertainty set D is mismatched,
i.e., when the ORDP algorithm is robustified with respect to an uncertainty
set that is slightly different from the true uncertainty set.

In Chapter 4, we showed that in sequential convex optimization with
non-stationary constraints, it is necessary to relax the notion of regret. Our
formulation of sequential optimization is only a first step in considering multi-
objective problems in online learning. Other formulations, such as considering
the number of times that the constraints are violated, are of interest. The

first open question that remains is the issue of convergence rate. We noted
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that there exists an algorithm based on approachability that converges at the
rate of t~1/3, and that the usual lower bound of ¢~/2 holds. The algorithm
that is based on calibration suffers from potentially even worse convergence
rate, as we are not aware of of any approximate calibration algorithm with
comparable convergence rates. Second, the complexity of the online learning
algorithms we presented leaves much to be desired. The complexity of a policy
based on approachability theory is left undetermined because we do not have
a specific procedure for computing the agent’s action at each stage. The per
stage complexity is unknown for calibrated forecasts, but is exponential in the
approximation level for approximately calibrated schemes [34]. Moreover, it is
not clear whether online learning with constraints is as hard computationally
as finding a calibrated forecast. Third, we only established the tightness of
the lower convex hull of the Bayes envelope for the case of a one-dimensional
penalty function. While this is a remarkable result because it establishes
the tightness of an envelope other than the Bayes envelope, and we are not
aware of any such results for similar settings. However, it is not clear whether
such a result also holds for two-dimensional penalties. In particular, the proof
technique of the tightness result does not seem to extend to higher dimensions.

We considered another sequential constrained optimization problem in
Chapter 5, with temporal constraints that have not been studied before. We
proposed a efficient expert-based algorithm and provided guarantees in the
form of bounds on the regret and the frequency of constraint violation. Ex-
periments show that this solution brings significant improvements over existing
methods in real-world power management problem. An interesting general-
ization of this solution is to minimize the regret with respect to policies that

switch between experts over time. An open question is whether constraint
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violation can be limited by other techniques than arbitration, such as penalty
methods.

In Chapter 6, we present efficient method to minimize the regret in bandit
problem where the rewards undergo abrupt changes at unknown time instants,
but remain otherwise stationary. This method queries for side observations to
detect changes in the empirical mean. Its logarithmic regret is optimal up to
a constant factor due to the unavoidable delay in change-detection. It would
be interesting to consider different models of querying for side information:
for instance, the case when queries may succeed or fail according to an i.i.d.
random sequence, or the case where the agent queries two arms and then
receives the reward of the better of the two.

In Chapter 7, we also consider bandits with a limited number of non-
stationary changes, but with an unimodality assumption and a continuum of
arms. We provide algorithm that minimizes the regret and detects change-
points at the same time. One important advantage of the unimodal setting
is that no side observations are necessary to detect non-stationary changes.
This algorithm is also of independent interest in the case of unimodal bandits
without change-points, in which case, its regret bound matches the known
lower bound (up to a logarithmic factor). One interesting open problem is
to generalize our results to higher dimensions. Another open problem is to
modify our algorithms into so-called anytime bandit algorithms—which do no
require prior knowledge of the time horizon T—without the doubling trick.
This algorithm also has a promising application in large-scale optimizations
with uncertain parameters—e.g., where the objective function is prohibitively

difficult to evaluate or observed through noisy measurements.
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