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Abstract

Reinforcement Learning (RL) is a Machine Learning area that aims at building
autonomous agents capable of learning to solve sequential decision problems,
such as automation control or robotics tasks. The learning process consists of a
sequence of interactions between the agent and the environment, in the presence of
a quantitative reward. The goal of the agent is to maximize a performance metric
by learning a suitable policy (strategy). This objective entails a critical aspect
of the learning process: the balance between the exploration of the environment,
which enables the discovery of new profitable actions, and the exploitation of the
most rewarding actions already learned. In this thesis, we address the exploration-
exploitation trade-off in Policy Search (PS), an effective approach to RL for
solving control tasks with continuous state-action spaces. PS explicitly models
policies as stochastic parametric functions and directly optimizes performance
against policy parameters. We design an innovative formulation of the Policy
Search problem as a suitable Multi Armed Bandit (MAB) problem. The MAB
problem is equivalent to an RL problem in which the environment has a single
state and the actions available to the agent are called arms. Such framework
readily lends itself to the study of the exploration-exploitation trade-off because
of its simplicity. In our formulation, the arm set is the policy parameter space.
This allows us to easily transfer some theoretically sound methods of the MAB
literature to the PS setting. We propose a novel class of algorithms that effectively
explore the parameter space, by leveraging Multiple Importance Sampling to
perform an estimation of performance. We also provide theoretical guarantees
on their regret w.r.t. the optimal policy. Specifically, we prove that the regret is
bounded by (5(\/? ) for both discrete and continuous parameter spaces. Finally,
we evaluate our algorithms on tasks of varying difficulty, comparing them with
existing MAB and RL algorithms.
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Chapter 1
Introduction

With the advent of the 21st century, worldwide economies have been profoundly
shaped by an ever-growing access to large amounts of data and fast computers.
These two events entailed a new dawn of Artificial Intelligence (Al), which today
represents a dominant field in the technological and scientific landscape, with
inevitable repercussions on the whole society. At the heart of this new dawn is
Machine Learning (ML) [Goodfellow et al., 2016], a branch of Al that aims at
building computers capable of learning from experience, i.e., from data. Since
computers gather knowledge from experience, there is no need for a human
computer operator to formally specify all the knowledge the computer needs to

solve complex and intelligent tasks.

Many real-world problems require the solver (the agent) to make a sequence
of decisions without knowing the dynamics of the environment in which it is
operating and, possibly, without receiving immediate feedback on the goodness
of its actions. This type of problems arises in many fields, such as automation
control, robotics, finance, operations management, and games. Reinforcement
Learning (RL) is a branch of ML that deals with such problems and has seen
significant advances in the last few decades [Sutton and Barto, 2018]. In RL,
an autonomous agent learns how to solve a task by repeated interaction with
an unknown environment, which may be only partially observable. The unique
information available to the agent is its internal representation of the environment
and a feedback (a numerical reward) that serves as an assessment of its actions.
Hence, the agent learns by trial and error, as humans would do when learning
a new skill without being instructed by a teacher. We refer to the strategy
adopted by the agent when interacting with the environment as its policy: a

mapping, possibly stochastic, that instructs the agent about what action to
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perform in each state. The goal is to learn a suitable policy to maximize the
cumulative sum of rewards collected until the end of the task. Since the rewards
received by the agent can be infrequent or even very sparse, the agent needs
sufficient exploration to improve the knowledge of the unknown environment.
Hence, the agent has to exploit the most rewarding actions learned, but also
has to explore in order to improve the action selection in the future. This trade-
off, called exploration-exploitation trade-off, arises at every decision step of the
learning process. Traditional exploration strategies, such as random walks, aim
to generate heterogeneous experiences by selecting actions randomly. This is
obviously extremely inefficient and quickly leads to unfeasible learning times as
the complexity of the problem grows. More advanced exploration techniques,
referred to as directed exploration [Thrun, 1992], leverage on the knowledge

acquired during learning to explore more efficiently.

One of the current challenges of RL is continuous control tasks, such as robotic
locomotion, in which states and actions are naturally modelled as real numbers.
Policy Search (PS) is a family of RL algorithms that are particularly suited to
this class of problems because they scale gracefully with dimensionality and offer
appealing convergence guarantees [Deisenroth et al., 2013]. In PS, the behaviour
of the agent, or policy, is explicitly modelled, typically as a stochastic parametric
function from states to actions. Learning corresponds to the optimization of a
performance measure, typically an estimation of the cumulative sum of rewards,

w.r.t. the policy parameters.

1.1 Motivation and Goal

The available literature on PS focuses mainly on the problem of finding the
optimal policy with the minimum amount of interaction [Sutton et al.; 2000,
Sehnke et al., 2008, Silver et al., 2014, Schulman et al., 2015, Mnih et al., 2016,
Espeholt et al., 2018]. This is well motivated, as interacting with some environ-
ments can be very expensive. However, in many cases, we are also interested
in the performance of the agent during the learning process. This goal is par-
ticularly relevant in applications where an agent must be deployed in the real
world to perfect its behaviour (e.g., robot learning) or to learn from scratch
(e.g., recommender systems). In such cases, the exploration-exploitation dilemma
arises naturally, as the agent must continually find the right trade-off between

complying with its current expertise or widening it by trial and error. In the
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context of PS, exploration is carried out in the space of policy parameters and this
makes exploration particularly necessary. In fact, the parameter space is often
characterised by multiple local optima and the common optimization strategies
such as gradient ascent frequently get stuck in sub-optimal solutions. To tackle
this problem, the scientific community has proposed various strategies, mainly
focused on random exploration through the maximization of the entropy of the
policy. These solutions do not exploit the information gathered by the agent
across iterations to guide exploration. Instead, they only push the agent to consis-
tently explore, in an experience-agnostic fashion, often without any convergence
guarantee [Ziebart et al., 2008, Haarnoja et al., 2017, Haarnoja et al., 2018]. At
the moment, the PS literature lacks directed strategies for exploring the parame-
ter space. This lack of direct exploration solutions for PS, which is of paramount
importance for nowadays challenges such as robotics, motivates the research

direction of this thesis project.

The goal of this thesis is to devise novel algorithms, backed by solid theoretical

guarantees, which aim at solving the problem of exploration in PS.

1.2 Original Contributions

The problem of maximizing online performance, i.e., performance during learn-
ing, is equivalent to minimizing the agent’s total regret w.r.t. an optimal
policy, i.e., a policy that maximizes performance. This problem has been
widely studied in the Multi Armed Bandit (MAB) field [Auer et al., 2002,
Lattimore and Szepesvari, 2019]. In a MAB problem, an agent has to repeatedly
select an action, called arm, in order to maximize an unknown, stochastic reward.
This problem can be seen as an RI. problem in which the environment has a
unique state. Since the problem of directed exploration is thoroughly investigated
in the MAB literature, we started our work by reviewing it to find exploration
methods that could be transferred to the PS setting.

The first contribution of this thesis is the direct result of this literature review,
namely a new formulation of the PS problem. Our new formulation looks at
PS as a peculiar MAB-like problem, where the set of available actions (arms) is
the parameter space of the agent’s policy. This allows us to apply some of the
theoretical and algorithmic ideas developed in the MAB literature to the problem
of exploration in continuous-action RI., whose solutions proposed so far have been

largely heuristic and undirected [Houthooft et al., 2016, Haarnoja et al., 2017,
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Haarnoja et al., 2018].

In particular, the Optimism in the Face of Uncertainty (OFU) principle
at the heart of the Upper Confidence Bound (UCB) [Lai and Robbins, 1985,
Agrawal, 1995b, Auer, 2002] family of MAB algorithms lends itself to a relatively
straightforward application to PS. The core idea of this principle is simply to over-
estimate the expected reward of arms, which, in our scenario, are the policies that
the agent can play. The overestimation is larger for those arms the agent knows
less about. To apply the OFU principle to policy optimization, we exploited
the structure in the way arms (policy parameters) concur to generate rewards.
This was both necessary, as the parameter space is typically continuous, and
desirable, as there exists an evident correlation between arms (different policies
can lead to similar performances) that we exploited in order to devise novel
algorithms with sub-linear regret. In practice, we used a statistical technique
called Multiple Importance Sampling (MIS) [Veach and Guibas, 1995] to capture
the information shared by different policies and we employed robust estimators
inspired by [Bubeck et al., 2013] to overcome the heavy-tail behaviour typical
of importance sampling. We adapted techniques from [Metelli et al., 2018] to
build confidence intervals for the expected performance of policy parameters via
robust MIS. We employed these tools to design two UCB-like algorithms for PS.

Furthermore, we show how these algorithms can be used both in discrete and
continuous parameter spaces and we prove that in both cases they attain a regret
bound of (7)(ﬁ ). Since the optimization problem can be challenging in the
continuous case, we propose a general discretization method that allows to trade

computational complexity with regret, preserving the sub-linearity of this latter.

Our final contribution consists of a set of numerical simulations that prove
the effectiveness of our algorithms in exploring the parameter space. We show
competitive results on the Linear Quadratic Gaussian regulation (LOG) and Con-
tinuous Mountain Car. Instead, the simulations on the Inverted Pendulum shed
light on the limitations of our approach and provided interesting considerations

for future developments.

In summary, our original contribution is threefold:

(i) an algorithmic contribution, consisting of two new algorithms for explo-

ration in PS, for both discrete and continuous parameter spaces;

(ii) an ample theoretical contribution, consisting of a novel formulation of the
PS problem, the definition of a new robust estimator for MIS, and high
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probability regret bounds for both our algorithms;

(iii) an experimental contribution, consisting of numerical simulations on three

RL benchmarking tasks of increasing difficulty.

1.3 Overview

In the following, we begin by providing the essential background in Chapter
2. We introduce the reader to the MAB problem, describing two settings of
particular interest to our research: the stationary stochastic bandits with finitely
many arms and the X-armed bandits. We proceed by outlining the Markov
Decision Process (MDP) problem and RI., which aims at solving it. Particular
attention is paid to PS techniques. We conclude by introducing the basic notions

of importance sampling and MIS, which will be used to devise our algorithms.

In Chapter 3 we present the highlights of our broad literature review on explo-
ration techniques for MABs and RL. In both cases, we start with presenting
undirected exploration techniques, then we proceed to analyse more directed
techniques, in greater details. This chapter will acquaint the reader with many

concepts and algorithms that inspired our work.

Our algorithmic and theoretical contributions are discussed in Chapter 4. We
start by devising a robust importance sampling estimator. Then we re-frame the
PS framework in a suitable and original fashion. In the second half of this chapter,
we derive our algorithms for exploration in PS5, for both discrete and continuous

action-spaces, backed by suitable theorems that guarantee their sub-linear regret.

In Chapter 5 we empirically evaluate the proposed methods on three continuous
control tasks: LOG, Continuous Mountain Car and Inverted Pendulum, and we

discuss several insights provided by the experimental results.

In Chapter 6, we conclude by summarising the results achieved along this thesis,

outlining the limitations encountered and possible directions for future work.

Finally, in Appendix A we present the proofs of our lemmas and theorems. Every
proof goes with comments and remarks to facilitate their understanding and to

shed light on the mechanisms underlying our algorithms.



Chapter 2
Preliminaries

In this chapter we provide an introduction to the Multi-Armed Bandit framework
and the Reinforcement Learning framework, which are the two frameworks of
reference of this thesis project. The Reinforcement Learning section is opportunely
preceded by an overview of Markov Decision Processes, which are the building
blocks of Reinforcement Learning. Then, we present a particular class of strategies
to solve the Reinforcement Learning problem: Policy Search methods. The aim

is to introduce concepts that will be used extensively in the following chapters.

2.1 Multi Armed Bandits

Consider a situation in which a gambler (the agent) is sitting in a casino, staring
at a number of slot machines from which he wants to pick the most profitable
one and play with it all night long. Each slot machine is characterized by a
certain mean reward. The objective of the gambler is to maximize the gains that
he will have won by the end of the night, but, unfortunately, he can not know
a priori the mean reward associated to each slot machine. Hence, the gambler
must find a suitable strategy in order to effectively explore his possibilities, by
testing the different slot machines, and, then, exploit the ones that prove to be
more profitable. In fact, the gambler would face an equivalent problem if he
was to play a single machine with as many arms (levers) as the number of slot
machines present in the casino, each with its own specific mean reward. Hence
the name MAB [Lai and Robbins, 1985] given to this problem, in homage to
the one-armed bandit, an old-fashioned name for a lever operated slot machine

("bandit" because it steals your money). In the artificial intelligence literature,
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MARB refers to a broad class of problems that can be formulated as this gambling
learning problem. Of course, MABs have other, more valuable, applications other
than gambling. Current applications span from web interfaces configuration,
news recommendation, dynamic pricing, ad placement, networking routing and

game design.

Definition 2.1.1. (Multi Armed Bandit) A MAB is a tuple (X, R), where:

1) X 1is the dy-dimensional set of possible arms, or actions, that the agent
g
can pick; X can be discrete or continuous, one dimensional or multi-

dimensional, finite or infinite.

(ii)) R : X — A(R) is an unknown function of rewards such that for every

x € X it assigns a probability measure R(-|x) over R.

One can think to the set of possible arms and reward functions associated to
them as the environment the learner interacts with. According to the specific
characteristics of the environment, there exist a broad taxonomy of MABs. For
our reader, it is sufficient to know that in this work we deal with stochastic
stationary bandits. In this case, the environment is restricted to generate the
reward in response to each action from a probability distribution R(-|z) that is
specific to that action, stationary along time and independent of the previous
action choices and rewards. For example, the reward distribution could be
Gaussian or Bernoulli. The expected reward of the stationary distribution
associated to arm x is noted u(x) = r~71?§.|m)[r]'

The MAB game is played sequentially by a learner over multiple rounds t =
1,2,...,T, up to the horizon T' € N, which depends on the problem at hand.
Evidently, the agent can have memory but can not foresee the future. Thus, the
current action x; should only depend upon the sequence of previous actions and
rewards, the history T = {xg,70, 21,71, ., Tt_1,Tt—1}. A policy is a mapping
from histories to actions which represents the behaviour of the agent, its strategy.
the first question which springs to mind is then: how can we evaluate the quality
of a policy? To this aim, the literature extensively adopts a performance measure

called the regret;

Definition 2.1.2. (Immediate Regret) The immediate regret suffered by a learner

at round t is:
Ay = p(z®) — plzy) (2.1)
where x* € arg max,ex p(x) is an arm with the highest expected reward i.e., an

optimal arm.
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Definition 2.1.3. (Regret) The regret of a learner is the cumulated sum of the

instantaneous regrets:

Regret(T) = » A (2.2)

=

t=0

The quality of a certain policy is then given by the rate of growth of the regret
as the horizon T" grows. A good learner achieves sub-linear regret, which means
that Regret(T) = o(T) or, equivalently, that limy_,., Regret(T)/T = 0. For
example, some state of the art policies for different bandit settings have regrets
close to O(+v/T) or O(log(n)) [Lattimore and Szepesvari, 2019]. The regret has
two characteristics that make it a good performance metric. First, it supplies
a degree of normalization because it is invariant under translation of rewards.
Second, it represents the price paid by the learner for not knowing the true
environment. Anyway, a crucial aspect for designing a sub-linear regret policy
is to carefully balance the trade-off between exploration and exploitation that

characterizes all bandits.

2.1.1 Exploration and Exploitation

In order to maximize its cumulative reward, a bandit agent must prefer high-
reward arms discovered in past rounds. But to discover such arms, it has to
spend a certain amount of rounds trying arms that it has not selected before. In
other words, the agent has to exploit the most profitable actions revealed in the
past, but it also has to ezplore in order to make better action selections in the
future. If the reward function is stochastic as in stationary stochastic bandits,
even more resources should be dedicated to exploration, because one trial is not
enough to have a good estimate of the expected reward of one arm. In fact, the
exploration-exploitation trade-off is a well known mechanism that goes back to
psychology and it affects us all in our daily lives. Take, for example, a typical
lunch break on a working day. Say that your favourite restaurant is right around
the corner. If you go there every day (ezploitation), you will be confident of
what you will get, but miss the chances of discovering an even better option.
On the contrary, if you try new places all the time (exploration), you are very
likely going to eat unpleasant food from time to time. The sweet spot is usually
in between these two extreme options and a crucial challenge for any bandit
algorithm is to properly balance between exploration and exploitation. As we
will see, this dilemma arises in reinforcement learning too and will be at the very

core of our discussion.
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Now, we proceed by briefly sketching out two bandit settings that are of central

interest to this work.

2.1.2 Stochastic Bandits With Finitely Many Arms

An important declination of the bandit problem, much studied in the literature
[Lattimore and Szepesvari, 2019], is the stationary stochastic bandit problem
with finitely many arms, i.e., stationary stochastic bandits whose action space
consists of a discrete arm set |X| = K € N,. This setting is particularly
important because of its semplicity, which makes it a perfect starting point for
understanding the exploration-exploitaiton trade-off and for designing algorithms
that can be extended to more complex settings afterwards. Also, many real world
applications can be modeled as finitely-armed stationary stochastic bandits.

In order to deepen our understanding of this setting, and of the bandit problem
in general, let’s discuss the most simple policy that one can imagine: the explore-
then-commit algorithm. Basically, this policy consists in choosing each arm a
certain number of times m and subsequently exploit by playing the arm that
appeared to be the best after exploration. Because there are K actions, the
algorithm will explore for mK rounds before choosing a single action for the
remaining rounds. The choice of the agent goes to the arm i with the highest

average pay-off received up to round ¢:

1 t
i (t) = Tiz,—i7s (2.3)
Ti<t>8§1{ }

where Tj(t) = 3 _, 1(,,—; is the number of times up to round ¢ the agent picks
action 7. Algorithm 2.1 shows the pseudo-code of the explore-then-commit policy.
Recall Ya,b e N*,a mod b = a — b|a/b|.

It suffices a quick glance to the algorithm to have a tangible demonstration of
the importance of the trade-off between exploration and exploitation. This is

confirmed by the analysis of the regret.

Theorem 2.1.1. [Lattimore and Szepesvari, 2019] The expected regret of the

explore-then-commit policy is bounded by:

Regret(T) < min (m,[%]) Z A;+max (T —mkK,0) Z A; exp (_mff) (2.4)

=1 i=1

where A; is the immediate regret of arm i as defined in 2.1.2.
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Algorithm 2.1 Explore-then-commit

1: Input: me N
2: fort=1,...,7 do
3: Choose arm
i, if (t mod K)+1=1iandt<mK

Ty =
argmax [1;(mK), ift>mK

4: end for

Evidently, if m is large the policy explores for too long and the first term
will be eventually too large. On the other hand, if m is too small, then the
probability that the algorithm exploits the wrong arm will grow and the second
term will become too large. Explore-then-commit is an evident case of undirected
exploration: during the exploration phase, all the arms are pulled uniformly
without leveraging any information that the agent collect in the process.

In the next chapter, we will present various techniques that tackle the exploration

problem in a more directed way.

2.1.3 X-armed Bandits

Another stationary stochastic bandit setting interesting to our scope is the
continuum-armed bandit setting [Agrawal, 1995a]. Here, the arms are chosen
from a subset of the real numbers X € R4, hence, the action space is infi-
nite. Moreover, the mean rewards are assumed to be a continuous function
of the arms. An example of such bandits are continuous Lipschitz bandits
[Magureanu et al., 2014], where the expected reward is a Lipschitz function of
the arm. This assumption is extremely useful because it implies that the informa-
tion obtained by selecting one arm can be shared to its neighbouring arms. Thus,
exploration can be made more efficient, and possibly directed, by exploiting
the correlation between arms. Indeed, when the set of arms is infinite it is
necessary to make some assumption on the correlation between arms. If arms
can not share any information, learning become unfeasible. X -armed bandits
[Bubeck et al., 2011] are a further generalization of this setting where the set
of arms, X, is allowed to be a generic measurable space and the mean-payoff
function is weak Lipschitz with respect to a dissimilarity function that is known

to the decision maker.
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By now, the reader should have noticed that a distinguishing feature of bandit
problems is that the learner never needs to plan for the future. More precisely,
in bandits we invariably make the assumption that the learner’s choices and
rewards tomorrow are not affected by its decision today. In the next chapter, we

discuss a more general framework that includes this kind of long-term planning.

2.2 Markov Decision Processes

A MDP is a more powerful way to model the interaction between an agent, which
is the learner and the decision maker, and an environment. When the agent
performs an action a, the environment responds presenting a new state s to
the agent and rewarding the agent with a certain scalar signal called immediate
reward. Importantly, the environment dynamics of a MDP are stationary, i.e.,
they do not depend upon time. Moreover, the state s, 1 at time step h + 1
must depend only on the previous state s, and action a;. This property, called
Markovian Property, entails that the agent can forget the states and actions of
the past. Still, differently from what happened in bandits, the current state and
set of possible actions and subsequent rewards the agent faces, are determined
by his previous choice. This is a strong mechanism that encourages the agent
to take into account the consequences of its choices over time. On top of this,
there is another mechanism that makes the agent even more concerned by long
term consequences. In fact, the objective of the agent is to maximize over time
the cumulative reward or return, which is the cumulated sum of the immediate
rewards obtained after each action undertaken by the agent. Evidently, sometimes
it is more profitable to sacrifice immediate reward in order to reach a higher
cumulative reward in the long term. This mechanism pushes the agent to take
into account the future in its current decisions.

Hence, MDPs are a powerful tool capable of modelling many challenges that we
encounter in life, science and engineering. Take, for example, a hungry newborn
infant in his mother’s arms. Through various attempts, the infant moves around
his arms, head and mouth looking for food. In this way, he changes its state
until the moment he eventually receives a positive reward, the mother’s milk.
Little by little, the baby will learn the precise sequence of actions and states that
rewards him with milk. Having understood the general principles underlying

MDPs, we can now move to a formal definition.

Definition 2.2.1. (Markov Decision Process) A continuous MDP
[Puterman, 201/, Sutton and Barto, 2018] is a tuple M = (S, A, P, R,, i,
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h = 0 and sample sy ~ p

Y

Observe state sy,

Y \

Choose action a,, € A Increment h

A
Y

Receive reward 7, ~ R(:|an, sp)

Y

Update Sh+1 ~ P(-]sh,ah)

Figure 2.1: Interaction protocol for Markov decision processes

where:

(i) S € R s the ds-dimensional state space, i.e., the set of all possible

observable states of the environment.

(ii) A € R js the d4-dimensional action space, i.e., the set of all possible

(iii)

(iv)

actions that the agent can perform. Sometimes, not all the actions are

performable in all states. In such cases, we can define the set A(s) for all

se S, such as A =|J,.5A(s).

P:SxA— A(S) is a function called transition model such that, for
every s € S and a € A, it assigns a probability measure P(-|s,a) over
S. In general, we denote with A(X) the set of probability measures over

a measurable space X; The corresponding probability density function is
P(:]s,a).

R : Sx A — A[l—Ruax, Rmax] 7 a bounded reward function such that, every
time the agent chooses action a € A in state s € S, it assigns a probability
measure R(-|s,a) over [—Rmax, Rmax|- With little abuse of notation, we
will denote R(s,a) its expected return too. Ry is the mazimum absolute

reward that the agent can receive, i.e., sup|R(s, a)|.

v € (0,1] is a discount factor to apply to future rewards. From an economical

point of view, it accounts for the fact that an agent might be more interested

in a pay-off obtained in the near future rather than a pay-off obtained far
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in the future. From a statistical point of view the discount factor is related

to the probability that the process continues for another decision epoch.

(vi) pe A(S) is the initial state distribution, such that the initial state is drawn

as sop ~ MU.

In the more general case, the state space S and the action space A, which are
the sensor and actuator possibilities of the agent, respectively, can be both
continuous and discrete, finite or infinite. In what follows, we will focus on the
continuous case because it is the most relevant to our work. The time is typically
modelled as a discrete sequence of decision steps represented by the natural
numbers: H = {0,1,..., H}, where H € N is the horizon of a given task, which
can be either infinite (H = o) or finite. The agent-environment interaction
ends when either the horizon is reached or a terminal state is reached, i.e., a
state from which no other state can be reached. Tasks are called episodic when
there exists a terminal state. After having reached a terminal state, usually all
the rewards are considered to be zero. A trajectory is the sequence of states,

actions and rewards 7,41 ~ R(:|ap, sp) up to the last time step of the episode:

7 = {Sh, an, Thi1 iy -

2.2.1 Policies

The core of a MDP agent is the policy 7w, a mapping from perceived states of the

environment to possible actions.

Definition 2.2.2. (Policy) A policy is a stochastic function 7 : S — A(A), such

that the current action is drawn as a ~ m(-|s)

Hence, deterministic policies 7 : S — A, such that the current action is prescribed
as a = m(s), are a particular case. As for bandits, in the most general case a
policy takes as input the past history of states and actions, but in our work we
only consider memoryless policies. In fact, we can always find an optimal policy
that depends only on the current state. Moreover, we assumed that the agent’s

policy is stationary.

Remark 2.2.1. Note that we are adopting different notations for time steps in
bandits and MDPs, ¢ and h respectively. The reason is that we can think of a full

MDP episode performed with policy 7 as a unique decision epoch ¢ of a bandit.
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In other words, one could consider a bandit in which, at iteration ¢, the bandit
agent pulls a policy w. The MDP agent perform a trajectory by interacting with
its environment according to policy m. Then, the bandit agent obtains a reward
ry = Zthl rp. This is the modelling approach that we will adopt in our work.
For all details see Section 4.2.

2.2.2 Performance

A we stated above, the goal of an MDP agent is usually to maximize the total

discounted reward, also called return:

0

V= Z Y, (2.5)

h=0

where 7 € (0, 1] is the discount rate. Given this objective, how can we evaluate
the agent’s policy 7 We need to design a wtility function which represents the
performance of the agent’s policy with respect to its objective. There are two
common formulations of the performance J(m) in the reinforcement learning
literature [Sutton et al., 2000]. In the start state formulation the performance
is calculated as the long—term discounted reward obtained by starting from a

designated start state sg:

J(m) =E[v | so ~ p, 7). (2.6)

Note that v = 1 is allowed in episodic tasks only, otherwise the convergence
of the performance is not guaranteed. We can now conveniently introduce the

stationary distribution of states under :

0
d" (s Z Y Pr(s, = s | s ~ u,7), (2.7)

which is the probability induced by the policy 7 of having s, = s, discounted by
A", when t — co. This allows us to rewrite the performance measure as:

J(m) = L* d"(s) JAW(G|S)R(S, a)dads. (2.8)
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In the average reward formulation policies are ranked according to their long-term

expected reward per step:

Jwy=mn1E[§yﬂw] (2.9)

n—inf N,

:Lm@Lﬂmm@@mm

where d™(s) = lim,, o, Pr(s, = s | so ~ p, ). In this work, we mostly adopt the
first formulation of the performance utility function on episodic tasks, i.e., tasks

with an absorbing (terminal) state.

2.2.3 Value Functions

From the start state formulation of performance we can derive the value associated
to a state s by following policy 7, i.e., the state-value function V™(s) : S - R

defined recursively as:

V™(s) =E[v | so = s,7] (2.10)

- [ 7tels) (Resa) +4 [ Plssaveias a2

which allows to re write the performance as:

J(m) = Lu(s)\/”(s)ds. (2.12)

Equation 2.11 is known as Bellman’s equation of the state-value function. Thanks
to another Bellman’s equation we can define another value function, namely
Q™ : S x A — R. This value function is more practical for control problems, in
which we prefer to reason in terms of which actions are more valuable in a given

state. Thus, we define the action-value function Q™(s,a) as:

Q" (s,a) =E[v | so = s,a0 = a, 7|

=R(s,a) +~ L P(s'|s,a) L\ 7(d'|s")Q™(s',a')da'ds', (2.13)
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The difference between the two value functions is known as advantage function
[Baird 11, 1993]:

A"(s,a) = Q" (s,a) — V7 (s) (2.14)

Intuitively, the advantage function represents how much an action a is convenient
is a state s w.r.t. the average utility of the actions.

Value functions are useful for evaluating the quality of a given policy or in order
to define policies themselves. In fact, having an estimation of the value function
for every state (and possibly action) one can build a policy following a greedy
scheme. At each step we may choose the state-action pair that maximize the
action-value function, or an action that brings to the maximally valuable state

among those that are reachable from the current state.

2.3 Reinforcement Learning

The most basic way to solve MDPs is dynamic programming, which simply
consists in solving the Bellman equations presented in the previous chapter
through a fixed-point iteration scheme. Value iteration and Policy Iteration are
the most popular dynamic programming algorithms [Sutton and Barto, 2018],
which provide the basic structure for most of the value-based reinforcement
learning methods. However, these algorithms suffer of two major problems. First,
they require knowledge of the MDP transition kernel and of the reward function,
which is not available in many real world problems. Second, the update involves
an optimization with respect to all possible actions, which can be carried out
efficiently only in the case of finite (small) action spaces. RL is a subfield of
Machine Learning which aims at solving large-scale problems where the dynamics
of the MDP are not know, and thus dynamic programming algorithms can not

be employed.

2.3.1 Problem Formulation

RL is a branch of machine learning that aims at building learning agents capable
to behave in a stochastic and possibly unknown environment, where the only
feedback consists of a scalar reward signal. In order to maximize the long-run

reward, the agent must learn which state-action pairs are the most profitable by
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trial-and-error. Therefore, R, algorithms can be seen as computational methods
to solve MDPs by directly interacting with the environment, for which a model
may or may not be available. The RI. problem can be formulated as a stochastic

optimization problem aiming at finding the optimal policy 7*:

T = arg max J(m) (2.15)

Remarkably, it is guaranteed that every MDP admits an optimal policy when

the space of possible policies is unconstrained [Puterman, 2014].

Trial-and-error search and a delayed reward signal can be seen as the most
characteristic features of reinforcement learning. Compared to supervised learn-
ing, one of the main branches of machine learning, the feedback the learner
receives is usually less frequent and can be very sparse. In supervised learning,
the agent is provided with examples of the correct or expected behaviour by a
knowledgeable external supervisor and the agent’s goal is to learn how to replicate
these examples as well as possible, and possibly generalize this knowledge to
new examples. In reinforcement learning, the agent receives a numerical reward
that only represents a partial feedback about the goodness of actions taken. A
feedback system of this sort is said to be evaluative rather than instructive and it
makes it much more difficult for the agent to learn how to behave in uncharted
territory. Evidently, the exploration-exploitation trade-off is a substantial prob-
lem in RL as much as for bandits. An agent must exploit what is known of the
environment and the reward function in order to obtain rewards, but it also needs
to explore to select better actions in the future. On top of this, since rewards
might be delayed in time, it will be difficult for the agent to understand which
actions are mostly responsible for the received outcome. This represents another
characteristic problem of reinforcement learning known as credit assignement
problem [Sutton and Barto, 2018]. As we will see, R algorithms are based on
two key ideas: the first is to use samples to derive an approximate representation
of the unknown dynamics of the controlled system. The second idea is to use
function approximation methods to estimate value functions and policies in

high-dimensional state and action spaces.

2.3.2 Taxonomy

Along the years, many algorithms have been proposed to solve the RI problem

as presented above. The solutions proposed often display similar approaches
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that can be used to outline a rough taxonomy of the R algorithms. In our
taxonomy we consider the algorithms along four dimensions: model requirements,
policy-based sampling strategy, solution search, sample usage. The first dimension
refers to the requirements of the algorithm w.r.t. the model of the MDP. On the

two sides of this dimension we have:

e Model-based algorithms, which require an explicit approximation of the
model of the MDP. Not every model-based algorithm is equally demanding
on this matter: some of them might need information about every element
of the MDP (transition model, reward model, initial state distribution,
etc.) while others might require approximations only for a fraction of them,
e.g., the reward model only. Examples: DYNA [Sutton, 1991], contextual
policy-search [Kupcsik et al., 2013].

e Model-free algorithms, on the other hand, do not require any explicit
approximation of the model. Model-free algorithms usually have low
computational demands but require lots of data in order to get good
results; they are well-suited for problems in which computation is costly
but sampling is cheap. Examples: Q-learning [Watkins, 1989], SARSA
[Rummery and Niranjan, 1994], REINFORCE [Williams, 1992].

The policy-based sampling strategy dimension refers to the relation between the
policy that is being used to interact with the environment (behavioural policy)

and the policy that is being learned by the agent (target policy);

e in off-policy algorithms there is a clear distinction between the behavioural
policy, the one which collects samples and explore the environment, and
target policy, which is learned independently. This approach is often useful
to safely improve exploration but it is usually more cumbersome to analyse
theoretically. Examples: Q-learning [Watkins, 1989], off-policy actor-critic
[Degris et al., 2012].

e in on-policy algorithms there is no distinction between target and be-
havioural policy. Examples: SARSA [Rummery and Niranjan, 1994],
TD{A} [Sutton, 1988].

The solution search-space dimension refers to the space where the optimal solution

is searched:
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e in direct policy search methods the optimal solution is searched in the
space of policies, e.g., the space in which their parameters lie. These
methods are well-suited for large state or action spaces, produce smooth
changes in the policy during the learning process, and allow to introduce
prior expert knowledge in the policy; unfortunately, they often suffer from
a high variance and have optimization issues. Examples: REINFORCE
[Williams, 1992], G(PO)MDP [Baxter and Bartlett, 2001].

o Value-based methods rely instead on the computation of the value function
to learn the optimal policy indirectly. Value-based techniques have good
convergence properties under small state and action spaces and turn out
very suitable when there is insufficient or none prior knowledge about the
problem. However, changes to the underlying policy during the learning
process can be unstable, and the convergence properties disappear when
large (e.g., continuous) state and action spaces demand the use of function
approximation. Examples: value-iteration [Sutton and Barto, 2018], FQI
[Antos et al., 2008].

Differently from the other dimensions which are populated by sharp dichotomies,
policy and value-based methods can be combined, often with very successful
results. For example, actor-critic methods [Grondman et al., 2012] look for the
optimal policy in the policy parameter space while leveraging on the predictive
power of value-functions in order to guide the parameters update.

The fourth dimension of the taxonomy is the update frequency, which refers to
the degree of interleaving between learning and experience. Along this dimension,

we distinguish:

e continuing algorithms, which update the policy (directly or indirectly
through the value function) every time new information is available, possibly

at each time step;

e cpisodic algorithms, which divides experience into finite segments, called

episodes, and update the policy in between each episode;

e batch algorithms, which divide learning and experience in two distinct
phases. Typically, these are off-policy methods in which a set of behavioural
policies collects the data and the target policy is updated upon completion
of the batch.
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A finer classification of this dimension is presented in [Lange et al., 2012], where
the authors remark that the distinctions between the categories does not depend
on the actual formulation: almost any algorithm can fall in any of these three

categories depending on the implementation.

2.4 Policy Search

As mentioned in the introduction, this work focuses on improving the exploration
task in continuous state-action domains, possibly characterized by some noise in
the state as it happens for control tasks with noisy sensors. In such conditions,
value-based methods present numerous difficulties. First, they have no guarantees
of convergence to an optimal policy due to the need of function approximation for
large, continuous MDPs; second, value based methods are highly sensitive to small
perturbations in the state, which makes them useless in noisy control tasks. Hence,
direct PS methods represent the best alternative in such settings. Theoretical
guarantees are often available [Moré and Thuente, 1994], environment noise has
less impactful effects, and prior domain knowledge can be exploited to design
ad-hoc policies for specific tasks. Moreover, approximate value functions can
still be used to guide the search for the optimal policy, such as in actor-critic
methods. Indeed, PS has been successfully applied to complex control tasks,
as reported in [Deisenroth et al., 2013]: from robotic arms playing baseball to

simulated table tennis, from dart throwing to pan-cake flipping.

2.4.1 Overview

Given a predetermined class of policies ﬂ, PS aims at finding the policy whose

performance J(7) is as close as possible to the performance of the optimal policy

J(r*) = J*:

7 =argmin || J* — J(7)| (2.16)

mell P
When p = 2, this optimization problem can be interpreted as finding the policy
# e II whose orthogonal projection in the space of Markovian stationary policies
IT coincides with the optimal policy 7*.

A Variety of technique have been proposed in literature to solve the problem
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Figure 2.2: A taxonomy of PS methods [Deisenroth et al., 2013]

defined by Equation 2.16. As well as for value-based methods, we can distinguish
between model-free, which learn policies directly based on sampled trajectories,
and model-based approaches, which use the sampled trajectories to first build
a model of the state dynamics. A part from this macro distinction, a further
classification can be based on whether we predict trajectories deterministically
or generate them stochastically by sampling. In the case of stochastic trajectory
generation, trajectories are sampled from the interaction of the agent with the
environment, or a simulation of it. Deterministic trajectory prediction does not
sample trajectories, but analytically predicts the trajectory distribution pg (7).
Typically, deterministic trajectory prediction is computationally more involved
than sampling trajectories from the system. However, for the subsequent policy
update, deterministic trajectory prediction can allow for an analytic computation
of gradients, which can be advantageous over stochastic trajectory generation,
where these gradients can only be approximated. Moreover, we can classify policy
search methods according to their policy update strategies, as depicted in Figure
2.2. The policy updates in both model-free and model-based PS are based on
either policy gradients Policy Gradient (PG) [Sutton et al., 2000], expectation-
maximization-based updates [Dayan and Hinton, 1997, Kober and Peters, 2009],
or information-theoretic insights [Still and Precup, 2012]. In the followings, we

will focus on model-free PS with PG updates.

2.4.2 Policy Gradient

In the context of model-free PG, the agent’s behaviour is modelled as a differen-

tiable parametric policy mg : S — A(A), independent of time (stationary), such
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that the current action is drawn as ay, ~ mg(-|sp) = 7(:|sp, @), where 8 € © < R™
are the policy parameters. The most simple parametrization one could think of
is the linear one, where the policy only depends linearly on the policy parameters
and the action is drawn deterministically:

a=mg(s) = 0T p(s), (2.17)

where ¢(s) can be any state feature function. In stochastic formulations, typically,

a zero-mean Gaussian noise vector is added to mg(s), so that the policy becomes:

ro(als) = zlm exp <—; <‘H’:T%(S)>2> | (2.18)

In some cases, the covariance matrix is learnable too, and the parameter set

becomes {@;X}. In most cases, ¥ is diagonal, thus easing the complexity of
the learning task along with the theoretical analysis. Hence, Problem (2.16)

translates into finding the optimal policy parameters:

0" = arg max J(0). (2.19)

This new optimization problem can be solved by resorting to gradient ascent on
the policy parameters, which is guaranteed to converge to a local optimum at

least:

0" — 0' + aG 1 (0')VeJ(6"), (2.20)

where o = 0 is the learning rate, or step size, and G(0) is a positive definite
matrix, called preconditioning matriz. The quantity VJ(0) denotes the policy
gradient PG which gives the name to this method. Its expression is derived in
[Sutton et al., 2000].

Theorem 2.4.1. Policy Gradient Theorem Given a MDP M and a Markovian
stationary stochastic parametric policy g differentiable w.r.t. to @ for all state-

action pairs (s,a) € (S,.A), the gradient of the policy performance is given by:

Ve J(6) = f

d™(s) f Vome(a|s)Q™ (s, a)dads
S A
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me(s) is the stationary state distribution induced by policy 7y, as defined in
Equation 2.7. By applying a trivial differentiation rule, Vlog f = Vf/f, we can

rewrite Equation 2.21 in a way that will turn out extremely useful:

VoJ(6) = L d™(s) Lt oV log mg(als)Q™ (s, a)dads

= s~d’79,(£EL7rg(-|s) [Volog mg(als)@™ (s, a)]. (2.21)
This rephrasing is known as the REINFORCE trick [Williams, 1992] and gives
the name to an algorithm which is a milestone of RL. In practical applications it
can be inconvenient or impossible to compute the Q-function. One solution is to
leverage simple function approximators belonging to the class of compatible basis
functions, i.e., functions of the form f,, = w'Vglogme(als). Such approximators
can replace Q™ (s, a) in Equation 2.21 for the calculation of the policy gradient
as proven in [Sutton et al., 2000].
A second solution that prevent from calculating Q™ (s, a) explicitly is to resort
to a trajectory-based reformulation of Equation 2.21. By rephrasing the expected

performance under policy 7y defined in Equation 2.6 as:

J(0) = E [R(1)], (2.22)

where pg is the distribution over trajectories 7 € T induced by the policy g, and

R(T) = Zflf;ol Whrhﬂ, we can write:

VeJ(0) = TVgpg(T)R(T)dT (2.23)
= TE)H [V log pe(T)R(T)] (2.24)

This formulation of the PG turns out to be extremely practical. Not only because
it prevents from the calculation of the Q-function, but also because it does not
require any knowledge about the transition kernel of the MDP. In fact, log pe(T)
can be easily derived from the sheer knowledge of the trajectory and definition

of the policy:

H-1
Vo logpe(T) = Vg log (M(ST,O) 1_[ ﬂ-e(aT,h|8T,h)P(a/T,h+1|8T,h+1)> (2.25)

t=0
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ologme(arp|s,p), VT eT (2.26)

I Mm

At this point, the careful reader might have noticed that we have not yet discussed
the meaning of the G (@) in the parameters update Equation 2.20. The choice of
this matrix represent the direction we want to take when performing a gradient
update. The two most common direction choices in the RL literature are steepest
gradient ascent and natural gradient ascent. In the first case, it is sufficient
to set G(0) = I. However, this option might be ineffective in many cases
[Amari and Douglas, 1998]:

e when there are large plateaus where the gradient is very small and does

not point in the direction of the global optimum;

e when the performance function (or, in general, the loss function to optimize)

is multimodal;

e when the gradient is not isotropic in magnitude w.r.t. any direction away

from its maximum, creating troubles in the step size tuning.

In such cases, the natural gradient has been empirically proven to have faster
convergence and to avoid premature convergence to local maxima. Natural
gradient considers the parameter space as a Riemann manifold equipped with its
own norm HBHé(g) = 07G(0)0, which replaces the Euclidean norm, 0|3 = 76.
Such parametric space is a Riemann manifold whose points are probability
measures defined on a common probability space. Since G represents the local
Riemann metric tensor, in this context it is given by the Fisher Information
Matriz, i.e., G(0) = F(0):

F@)=E [Velogpe(1)Velogpe(r)"]. (2.27)

For more details on the advantages of the natural gradient over the
steepest ascent gradient we refer to [Amari and Douglas, 1998, Amari, 1998,
Peters and Schaal, 2008].
We are now ready to present the general setup for policy gradient methods,
showed in Algorithm 2.2.
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Algorithm 2.2 Generic PG algorithm

Input: initial policy parameters 8°, learning rate o

Initialize t = 0
while not converged do
Estimate G(8") with an estimator G(6")
Estimate Vg.J(0") with an estimator Vg.J(6")
Update the policy parameters 8! < 8 + aG~1(6!)V4.J (6")
t=t+1
end while

return an approximation of the optimal policy parameters 8*

2.4.3 Policy Gradient Estimation

As shown in the generic policy gradient algorithm, at each iteration an estimate of
the policy gradient is required. Indeed, finding a good estimator is one of the main
challenges of policy gradient methods. Since RL aims at solving MDPs whose
model is unknown to the agent, the sole mean to estimate the policy gradient
is by leveraging on the experience collected, i.e., the samples. Among several
techniques proposed in the literature over the last years, the most prominent
approaches to estimate the policy gradient from samples are Finite-Difference
and Likelihood Ratio methods [Glynn, 1990].

Finite differences

Finite difference methods aim at approximating the policy gradient as a quo-
tient of finite increments. The idea is to perform multiple perturbations
ABq, AB,,...,AOy of the policy parameters. Then, with each set of per-
turbed parameters collect a number of sample trajectories in order to calculate
AJ; = J(0 + AB;) — J(8). At this point, the policy gradient can be estimated

by regression as:

VoJ(0) = (AGTA®)'AJ, (2.28)

where A® = [AO;,AO,,... ,AO\] and AT = [AJ),AJs,...,AJy]. This
method is easy to implement and very efficient when applied to determinis-
tic tasks or pseudo-random number simulations. However, it becomes useless in
real control tasks, where a large number of trajectories is required and noise slows
down convergence. Moreover, the choice of the perturbation of the parameters

is a very difficult problem which may cause instability. For these reasons, the
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likelihood-ratio method is largely preferred in real control tasks.

Likelihood ratio

Likelihood ratio methods were among the first policy search methods introduced
in the early 1990s by Williams [Williams, 1992], and include the famous REIN-
FORCE algorithm. These methods build upon the policy gradient formulation
given by Equation 2.24, which, in the same way of Equation 2.21, has been
rewritten by applying the so called REINFORCE trick, also called likelihood ratio
trick. As we have seen in Equation 2.26, the policy gradient (Equation 2.24) can
be approximated by using a sum over the sampled trajectories. In a similar way,
we can estimate R(7) in a Monte-Carlo fashion. However, such estimates suffer
of very large variance. The variance can be reduced by introducing a baseline b

for the trajectory reward R(7), i.e.,

VoJ(8,) = E [Vologpe(r) (R(r) —b)] (2.29)
Remarkably, adding the baseline keep the estimator unbiased. The baseline can
be chosen arbitrarily in order to minimize the variance, with the sole condition of
being action-independent. The variance-minimizing baseline is usually referred
to as optimal baseline. Clearly, the optimal baseline depends on the specific

likelihood gradient estimation adopted.

2.4.4 Algorithms

The most popular sample-based estimate of the gradient is undoubtedly REIN-
FORCE [Williams, 1992], which uses the total return directly:

. 1 N H-1 H-1
V0J<07 b)RF = NZ (Z VO 10g 7T@(a‘rz’,h|$‘r«;,h>> (Z 7h7a7}fi+1 - b) ) (23())
i=1 h=0

h=0

based on N independent trajectories. The variance of such estimator is repre-
sented by a m x m covariance matrix, with m equals the number of parameters
of the policy. We can obtain an optimal baseline in two ways. Either we mini-
mize each element of the diagonal, obtaining a component-wise baseline made
of m elements [Peters and Schaal, 2008]. Or we can minimize the trace of the

covariance matrix, obtaining a scalar baseline[Zhao et al., 2011]:



Chapter 2. Preliminaries 27

Algorithm 2.3 Episodic REINFORCE with component-wise optimal baseline.

1: Input: policy parametrization 6

2: Initialize: n =0

3: while not converged do

4: collect a trajectory 7,
5: for every gradient component 7 =1,2,...,m do
6: Estimate the optimal baseline

izt (ZhH:_Ol Vo log We(an,h|5n,h)> (Zh 0 ’Vh@fl)

b;] - n H-1 2
Dlic1 (Zh:o Vg log ﬂe(a7i7h|8’7'i,h)>
7: Estimate the gradient element
A n — H
Z (2 Vo, log mg(ar, n|Sr n ) (2 Ppltl — ”)
1=1 h=0 h=
8: end for

9: n=n++1
10: end while

11: return gradient estimate Vo, J(6)V

TNPO

[(Zh Vo 10g7r9(a7h|3Th)> R(T]

(bkr); = 5 2,...,m;  (2.31)
TEE;JG [( Velogﬂe th\Srh ) ]
T S Ee———
RF = .
EN [HZ ' Vo log We(af,h’ST,h)HZ]

As for the REINFORCE estimator (2.30), these optimal baselines are estimated
simply by replacing the expectation with the empirical average. Algorithm 2.3
shows the full REINFORCE procedure with component-based optimal baseline
estimation. For sake of clarity, we underline that this algorithm, as well as the
others that we discuss in this section, is meant to carry out step (5) of the generic
policy gradient algorithm, i.e., Algorithm 2.2.

Another solution tackling the high-variance problem of REINFORCE is to lever-

age on the intuitive observation that future actions do not depend on past rewards
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(unless policy changes take place continuously along the trajectory). Hence, we
can derive two other well-know gradient estimators, Gradient of the average
reward in Partially Observable MDPs (GPOMDP) [Baxter and Bartlett, 2001]
and PGT [Sutton et al., 2000]:

VoJ(8,b)apompr = Z (Z (Z Vo log mg(ar, p|5s, h’)) (v"r ZH bh)) ,

(2.33)
. 1 & (& T
Ve J(0,b)par = NZ (Z 7"V g log me( Az, h|Srn) (Z AP hrﬁ_“ — bh>> )
i=1 \ h=0
(2.34)

In [Peters and Schaal, 2008] the authors show that these two estimators are
equivalent, despite their apparent difference. In the same paper, the authors
show how to derive the optimal baseline for GPOMDP, which, differently from
the REINFORCE case, can be time dependent. In the case b = 0 and under
mild assumptions, this gradient estimation has been proven to suffer from
less variance than REINFORCE [Zhao et al., 2011]. However, large variance
remains a common trait of these Monte Carlo PG techniques. In fact, being
trajectories generated by sampling at each time step according to a stochastic
policy mg, the estimators inherit the variance of the policy. To address this
issue, in [Sehnke et al.; 2008] the authors propose the Policy Gradient with
Parameter-Based Exploration (PGPE) method, in which the search in the policy
space is replaced with a direct search in the model parameter space. This
allows the use of a deterministic controller mg : 8 € © < R™ for sampling the
trajectories, i.e., mg(als) = d(a — vg(s)), where vg is a deterministic function
of the state s, e.g., [Sehnke et al.; 2010]. The policy parameters are sampled
from a distribution v € §(©), called hyper-policy, where £ € = < R? are the
hyper-policy parameters, or hyper-parameters. Thus, in episodic PGPE it is
sufficient to sample the parameters € ~ v¢ once at the beginning of the episode
and then generate an entire trajectory following the deterministic policy g,
with a consequent reduction of the gradient estimate variance. As an additional
benefit, the parameter gradient is estimated by direct parameter perturbations,
without having to back-propagate any derivatives, which allows to use non-

differentiable controllers. For what concern the hyper-policy parametrization
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Algorithm 2.4 Episodic PGPE

1: Input: initial hyper-parameters £°, learning rate «

2: Initialize t = 0
3: while not converged do
4: forn=1,2,...,N do
Sample controller parameters 8™ ~ Vg,
Sample trajectory 7 ~ pg under policy g
end for

Estimate optimal baseline b

Estimate the hyper-policy gradient:
. 1 & . .
Vel(6) =y 2 Velog (@) (R(r) )

10: Update the hyper-parameters &1 = & + aVeJ (&)
11: t=t+1
12: end while

13: return an approximation of the optimal policy parameters 8* ~ vgs

choice, the most typical one is Gaussian with diagonal covariance matrix, as it
happens in classical PG. Although the policy is deterministic, the exploration
is guaranteed by the stochasticity of the hyper-policy. The hyper-parameters
& are updated by following the gradient ascent direction of the gradient of the

expected reward, which can be rewritten as:

J(€) = L Lyg(o)pe(f)n(f)dme, (2.35)

where v¢(0)pg(T) = pe(6, T) because T is conditionally independent from & given
0. Applying the likelihood ratio technique, we obtain:

Ved(§) =, E  [Velogrg(0)R(7)] (2.36)

O~ve, T~pg

In order to further reduce the estimate variance, we can adopt an estimator with
baseline and compute the optimal one similarly to the REINFORCE case. The
episodic PGPE algorithm is reported in Algorithm 2.4.
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2.5 Multiple Importance Sampling

In the last section of this chapter we present a statistical tool which is an extension
of the well known importance sampling. Although this is not strictly related to
learning itself, we introduce this tool to the reader because our work leverages it
to enable off-line learning for the agent, in a way that is described thoroughly
in Chapter 4. We conclude this section with a lemma which represents the first
little contribution of this work to the literature and an essential building block

for further developments.

Importance sampling [Cochran, 2007, Owen, 2013] is a technique that allows
estimating the expectation of a function under some target or proposal distribution
with samples drawn from a different distribution, called behavioral. Let P and
@ be probability measures on a measurable space (Z,F), such that P « @
(i.e., P is absolutely continuous w.r.t. ). The importance weight wp/q is the
Radon-Nikodym derivative of P w.r.t. Q, i.e., wp/g = %. Let p and ¢ be the
densities of P and (@), respectively, w.r.t. a reference measure. From the chain
rule, wp/g = %. In the continuous case, p and ¢ are probability density functions
of absolutely continuous random variables having laws P and @), respectively,
and wp/q is a likelihood ratio. Given a bounded function f : Z — R, and a set

of i.i.d. outcomes z1, ..., zy sampled from @, the importance sampling estimator
of p=TE.-p[f(2)] is:

fis = = 3 Fzwrja(z), (2.37)

i=1
which is an unbiased estimator [Owen, 2013], i.e., E, i, [firs] = p.

MIS [Veach and Guibas, 1995] is a generalization of the importance sampling
technique which allows samples drawn from several different behavioral distri-
butions to be used for the same estimate. Let @q,...,Qx be all probability
measures over the same probability space as P, and P « Q. for k =1,..., K. Let
B1(2), ..., Br(z) be mixture weights, i.e., for all z€ Z, 51(2) + -+ + Bx(2) =1
and fOi(z) = 0 for k =1,..., K. Let z; denote the i-th sample drawn from Q.

Given Ny, i.i.d. samples from each @), the MIS estimator is:

K N
s = Z ]\1[ Z 5k(zik)wP/Qk(zik)f(Zik)a (2.38)
k=1""ki=1

which is also an unbiased estimator of u for any valid choice of the mixture

weights. A common choice of the mixture weights having desirable variance
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properties is the balance heuristic [Veach and Guibas, 1995]:

Niqr(2)
Z;il N;q;(z) 7

which yields the Balance Heuristic Estimator (BH):

Br(z) = (2.39)

K Ng

ST Y yp— L) i, (2.40)

k=1i=1 Zuj=1 N;qj(zix)

Since (2.39) are valid mixture weights, figyg is an unbiased estimator of p. More-
over, its variance is not significantly larger than any other choice of the mixture
weights [Veach and Guibas, 1995]. An appealing interpretation of the balance
heuristic is that we can look at figg as an importance sampling estimation in

which samples are drawn from the mixture ® = Kp(NZi’“)

i=1 75 (Zik)
To further characterize the variance of this estimator, we introduce the concept of
Rényi divergence. Given probability measures P and @ on (Z,F), where P « @
and @ is o-finite, the a-Rényi divergence is defined as [Rényi, 1961]:

DAPIQ) = = 1og | (wria)" @ (2.41)

for o € [0, 0]". We denote the ezponentiated a-Rényi divergence with:

da(P[Q) = exp{Da(P[Q)}. (2.42)

Of particular interest is ds, as the variance of the importance weight is
Var..q [wp/q(2)] = da(P|Q)—1, which is a divergence itself [Cortes et al., 2010].
For this reason, we always mean the 2-Rényi divergence when omitting the order
a. The Rényi divergence was used by [Metelli et al., 2018] to upper bound the

variance of the importance sampling estimator as:

Var_y [fis] < |fI5 d2(P|Q)/N. (2.43)

A similar result can be derived for the BH estimator:

Lemma 2.5.1. Let P and {Qy}5_, be probability measures on the measurable
space (Z,F) such that P < Qy and dy(P||Qr) < © for k = 1,...,K. Let

!The special cases & = 0,1 and oo are defined as limits.
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[+ Z — R be a bounded function, i.e., |f|l, < . Let fipy be the balance
heuristic estimator of f, as defined in (2.40), using Ny, i.i.d. samples from each

Qr. Then, the variance of figy can be upper bounded as:

2 da(P[P)

Var [fipu] < | f]

X2
Zik ~Qk

where N = Zszl Ny is the total number of samples and ® = Zszl %Qk is a

finite mizture.



Chapter 3
Exploration Techniques

In this chapter we present the state of the art of MABs and RL techniques that
focus on the exploration challenge arising in these learning frameworks. While
sketching a sort of taxonomy of the exploration techniques, we describe some
emblematic algorithms for each category, with particular attention to those that
inspired our work. Indeed, the exploration problem in the PS setting is the main
target of our thesis project. Our main contributions, described in Chapters 4-5,
have been designed after a careful literature review. In this chapter we try to
report the most relevant insights collected along this review. The reader may
notice that, despite this thesis project aims at solving the exploration problem in
the framework of PS, few references to PS algorithms will be given. In fact, to
the best of our knowledge, little research has been done so far on the exploration

problem in PS.

Following the taxonomy outlined by Sebatian Thrun in 1992 for the R framework
[Thrun, 1992], we divide both MABs and RL exploration techniques in two
families of exploration schemes: undirected and directed exploration. While the
former family is closely related to random walk exploration, directed exploration
techniques memorize exploration-specific knowledge which is used for guiding
the exploration search. In many finite deterministic domains, any learning
technique based on undirected exploration is inefficient in terms of learning
time, i.e. learning time is expected to scale exponentially with the size of the
state space [Whitehead and Ballard, 1991]. For all these domains, reinforcement
learning using a directed technique can always be performed in polynomial
time, demonstrating the important role of exploration in reinforcement learning
[Thrun, 1992]. However, an important remark is that we do not address the

problem of pure exploration, in which there is no price to be paid for exploration
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and the only objective is to find the reward-maximizing actions. Instead, we
investigate effective exploration in the more general context of learning described
in the previous chapter (2.1.1), where the agent faces the exploration-exploitation
dilemma all along its journey. How can the agent achieve a better balance
between exploration and exploitation? How can it explore more effectively? Can
it improve the effectiveness of its exploration while going through the learning
process? We will try to answer these questions in the two sections of this chapter.
Each of the sections will start with an overview on undirected exploration

techniques, then directed strategies will be investigated more thoroughly.

3.1 Exploration in Multi Armed Bandits

3.1.1 Undirected Exploration

The most uninformed and basic way of exploring an unknown environment is
to generate actions randomly with uniform probability. This method is often
applied if exploration costs do not matter during learning. Sometimes tasks
are divided into two phases, namely an exploration and an exploitation phase,
and costs are not considered during the exploration phase. This is the case of
the explore-then-commit algorithm (Algorithm 2.1) presented in the previous
chapter, which explores uniformly the finite number of arms m before starting the
exploitation phase, after mK steps. Another common algorithm with undirected
uniform exploration is the e-greedy algorithm [Lattimore and Szepesvari, 2019].
One can think of it as an extension of the explore-then-commit algorithm which
allows to continue exploring with probability € even during the performance
phase (i.e., the exploitation phase). The idea is, after a pure exploration phase of
mK steps, to exploit the estimated best arm x; = argmax ji;(¢) with probability
(1 — ¢), and explore uniformly the remaining set of arms with probability ¢, at
each step. In 2002, Auer et al. [Auer et al., 2002] analyzed the regret of e-greedy
with slowly decreasing € and showed its asymptotic convergence to the optimal
solution. These are just asymptotic guarantees, however, and say little about
the practical effectiveness of the methods.

Another approach to undirected exploration which is more effective when costs
are relevant during learning is non-uniform exploration utilizing the current
utility estimates to influence action-selection. The higher the expected utility of
action ¢, the more likely 7 gets selected. This ensures that the learning system

explores and exploits simultaneously, as it happens for the e-greedy algorithm, but
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in an intuitively more effective way since actions are not chosen uniformly during
exploration. An example of utility-driven non-uniform undirected exploration is
the Boltzmann-distributed exploration [Cesa-Bianchi et al., 2017]. By defining

the average reward of an arm as in Equation 2.3:

1 t
//lz(t) = 1 zs=i}Ts) (31)
Ti(1) 21 el

the probability for an action i to get selected is a non-linear function of ji;:

6&'1‘771

PT(Z) = W.
aeX

(3.2)
Here 7 is a gain factor, often called temperature, which determines the amount of
randomness in the action-selection procedure. With 7 — 0, pure exploitation is
approached, and with 7 — oo the resulting distribution approaches the uniform
distribution.

In the rest of this section, we present some techniques of directed exploration,
which memorize knowledge about the learning process itself and utilize this

knowledge to guide the exploration.

3.1.2 Count-based Exploration and Upper Confidence
Bound

Count-based exploration memorizes knowledge about the number of times T;(t)
action ¢ has been visited up to time-step ¢, for all 7+ € X. Strategies based on
counting usually evaluate actions by a linear combination of an exploitation term
and an exploration term, called the ezploration bonus, which is a (usually inverse)

function of T;(¢). Hence, action z; is selected in a deterministic fashion as:

T = arg m%?;{ﬁac + bonus(T,(t —1))}. (3.3)
e

Such strategy is at the core of the celebrated UCB algorithm
[Lai and Robbins, 1985, Agrawal, 1995a, Auer et al., 2002], that overcomes
many of the limitations of strategies based on exploration followed by commit-
ment. The algorithm has many different forms, depending on the distributional

assumptions on the noise. Here, we assume the noise is 1-subgaussian, i.e.,:
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Definition 3.1.1. Subgaussianity A random variable X is o-subgaussian if, for
all X € R, it holds that E [exp(AX)] < exp(\?0?/2).

Coupling this property with Markov’s inequality, we can prove that:

Theorem 3.1.1. [Lattimore and Szepesvari, 2019] If X is o-subgaussian, then,
for any e = 0,

2
P(X =€) <exp (—262)
o

From this theorem, we can derive a key corollary which gives us precious infor-
mation about the concentration of the sample mean around the true mean of

independent, o-subgaussian random variables:

Corollary 3.1.1. Assume that X; — u, for i = 1,2,....n are independent, o-
subgaussian random variables. Then, for any € = 0, with probability at least 1 — 9,

de[0,1]:

202 1og(1/0) - 202 1og(1/0)

< ji+
n n

where [i = 30 X,

When considering its options in round t, the learner has observed T;(t — 1)
samples from arm ¢ and received rewards from that arm with an empirical mean

of fi;. Then an optimist candidate for the unknown mean of the ith arm is:

21log(1/9)

Bi(t—1,0) = fu(t — 1 S

(3.4)

Great care is required when comparing (3.1.1) and (3.4) because in the former
the number of samples is the constant n, but in the latter it is a random
variable T;(t — 1). Apart from this technicality, the intuition remains that J is
approximately an upper bound on the probability of the event that the above
quantity is an underestimate of the true mean. In fact, by Corollary (3.1.1), for
any 0 € [0, 1]:

2
Pr (u >0+ MM) <. (3.5)

n
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Algorithm 3.1 UCB(6) algorithm
1: Input: K arms and 0

2: Choose each action once
3 fort=1,2,...,T do
4: if t < K then

5 Ty =1

6 else

7: x; = argmax; UCB;(t — 1,6)
8 end if

9: end for

After having picked all actions once, the UCB policy simply picks at each time
step t the action i whose UC B;(t—1, §) index is maximum, as shown in Algorithm
3.1.

The value of 1—¢ is called the confidence level, and different choices lead to differ-
ent algorithms, each with their pros and cons, and sometimes different analysis.
For example, Auer et al. [Auer et al., 2002], present an algorithm originating
in [Agrawal, 1995a] called UCBI which achieves asymptotic logarithmic regret
O(logT), for all reward distributions, with no prior knowledge of the reward
distribution. Equivalently, we say that UCB1 achieves asymptotic sub-linear
pseudo-regret (5(1) UCB1 takes § = 1/t, where t is the current time step,

resulting in:

UCB1;(t,d) = f;(t) + (3.6)
However, rather than considering 1-subgaussian noise, Auer et al.
[Auer et al., 2002] consider bandits where the payoffs are confined to the [0, 1]
interval, which are ensured to be 1/2-subgaussian. Better bounds have been
proven for modifications of the UCBI1 algorithm, for example Improved UCB
[Auer and Ortner, 2010] and Kullback-Leibler Upper confidence Bound (KL-
UCB) [Garivier and Cappé, 2011].

3.1.3 Optimism in the Face of Uncertainty

The family of UCB algorithms is of particular relevance because it represents

a successful implementation of the principle of OFU, which is applicable to
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various exploration problems, not only finite-armed stochastic bandits. The OFU
principle states that one should choose their actions as if the environment is as
nice as plausibly possible.

To illustrate the intuition imagine of being in the same situation depicted in
(2.1.1), i.e., a standard lunch break from work. You can choose between your
good old-fashioned favourite restaurant or sampling a restaurant that you never
visited before. Taking an optimistic view of the unknown restaurant leads to
exploration because without data it could be amazing. Then, after trying the
new option a few times you can update your statistics about each choice and
make a more informed decision. On the other hand, taking a pessimistic view of
the new option discourages exploration and you may suffer significant regret if
the local options are delicious. The UCB strategy assigns to each arm an upper
confidence bound that with high probability is an overestimate of the unknown
mean reward. The intuitive reason why this leads to sublinear regret is simple.
Assuming the upper confidence bound assigned to the optimal arm is indeed
an overestimation, then another arm can only be played if its upper confidence
bound is larger than that of the optimal arm, which in turn is larger than the
mean of the optimal arm. And yet this cannot happen too often because the
additional data provided by playing a suboptimal arm means that the upper
confidence bound for this arm will eventually fall below that of the optimal arm.
The next algorithm that we discuss will be useful to better understand the OFU

principle and its exploration power, with application to a wider set of arms.

3.1.4 Hierarchical Optimistic Optimization

In 2011, Bubeck et al. [Bubeck et al.; 2011] proposed a novel optimistic arm
selection strategy whose regret improved upon previous results on continuum and
Lipschitz bandits (e.g., [Kleinberg, 2005, Kleinberg et al., 2008]), extending and
generalizing the environment class of application to arbitrary topological spaces.
In particular, the setting is that of X-armed bandits, introduced in (2.1.3). This

algorithm is particularly interesting to us for two reasons:
(i) it applies the OFU principle to continuous action spaces, as we wish to do
in the context of RI. Policy Search;

(ii) it leverages the correlation between arms (expressed as a dissimilarity

function) to explore the environment more effectively.
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The functioning of the Hierarchical Optimistic Optimization (HOO) algorithm
is very similar to the UCB strategy, with application to a more general set of
arms. Consider for example a compact, two-dimensional continuous set of arms,
like a square plane in the euclidean space. The strategy is to recursively cutting
the square in rectangles, sub-rectangles and so on, building a binary graph of
sets and subsets. We start from the whole square, pull a random arm from it,
then divide it in two rectangles. These two rectangles become the new leaves of
the graph. Subsequently, we pick one of the two leaves, pull a random arm from
it, and spawn two new leaves by sectioning it. Then we repeat the procedure.
At each time step, the choice of the leaf (rectangle) depends on an upper bound
of the mean payoff of the arms laying within it. All the arms within the same
rectangle are considered to have a similar mean payoff because of the structure

imposed to the arm set.

Formally, the HOO strategy assumes that the decision maker is able to cover
the space of arms in a recursive manner, successively refining the regions in the
covering such that the diameters of these sets shrink at a known geometric rate
when measured with the dissimilarity metric. In particular, the authors define a

tree of coverings as:

Definition 3.1.2. (Tree of coverings) A tree of coverings is a family of mea-
surable subsets (Pn.i))1<icon n=0 0f X such that for all fived integer h = 0, the
covering | <;<on Pri = X holds. Moreover, the elements of the covering are

obtained recursively: each subset Py ; is covered by the two subsets Ppi192;—1 and

P2

Remark 3.1.1. A typical choice for the coverings in a cubic domain is to let the
domains be hyper-rectangles. They can be obtained, for example, in a dyadic
manner, by splitting at each step hyper-rectangles in the middle along their
longest side, in an axis parallel manner; if all sides are equal, we split them along

the first axis.

The number of visits of a node (h,7) up to time-step 7" is given by the number
of visits of every node belonging to C(h, 1), i.e., the set of the node (h,4) and its

descendants:

~

Thu(t) = Z Ly (hy,ineciniy (3.7)

=1
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where (hy, ;) are the coordinates of the node selected at time step [. Then, the
empirical average of the rewards received for the time-points when the path

followed by the algorithm has gone through (h,17) is:

M“

ﬁhz Thl & hl 7'l EC hl)} (38)

Thus, similarly to the UCB(9) algorithm, an upper confidence bound can be
defined as:

2logt
Th.i(t)

Un,i(t) = fin(t) + + ", (3.9)

where p € (0,1) and v, € R§ are parameters of the algorithm. Specifically, given
depth h, v;p" represents an upper bound of the diameter of each node Pini of
the three of coverings. The existence of such bound is a necessary assumption
for the functioning of HOO. Along with the nodes the algorithm stores what the

authors call B-values:

B}m(t) = I'IliIl{Uhﬂ' (t), maX{Bh+172i,1(t), Bh+1’2i<t)}} (310)

Finally, let us denote by T the infinite tree of coverings, by 7; the set of nodes of
the tree that have been picked in previous rounds and by S; the nodes which are
not in 7;. Now, for a node (h,7) in S;, we define its B-value to be By, ;(t) = +00 .
We now have everything we need to present the full HOO strategy in Algorithm
3.2.

The definition and use of B-values, that puts in relationship each node (subset of
AX') with all its children (subsets of the subset of X'), shows how the algorithm relies
on the correlation between the reward of an arm and that of its neighbours. Indeed,

the proof of the regret achieved by HOO relies on the following assumption:

Assumption 3.1.1. The mean-payoff function u is weakly Lipschitz w.r.t. a

dissimilarity metric £, i.e., Vxy,x9 € X,

W — (ws) <t — ) + max{p® — p(ar), O, a0)}. (3.12)
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Algorithm 3.2 HOO algorithm
1: Input: the infinite tree of coverings T, p € (0,1) and vy € R§
2. Initialize: t = 0, To = &, Sy = T, Bi.i(0) = +o0 ¥(h,i) € S
3: Choose the root node (hg,iy) = (0,1) and update t = ¢ + 1
4
)

cfort=1,2,...,T do

Choose a node according to the deterministic rule:

(he,iy) = arg max, By i(t) (3.11)
6: Choose, possibly at random, an arm x; € Py, ;,) and collect reward r;
7 Update By, ;(t) for (ht,i;) and all its parent nodes
8: Tivr = Te U (heyit), Sev1 = St/ (hay i)
9: end for

Note that weak Lipschitzness is satisfied whenever p is 1-Lipschitz, i.e., Vay, x5 €
X, (1) — p(xe)| < €(xq,x9). On the other hand, weak Lipschitzness implies
local (one-sided) 1-Lipschitzness at any maxima. Indeed, at an optimal arm z*,
Equation 3.12 rewrites as pu(x*) — p(xe) < 0(a*, 7).

By carefully choosing the tree of coverings and the algorithm parameters, the
authors show that the regret of the proposed approach is bounded by (5(\/? ) =
O(log v/T). For more details, refer to [Bubeck ct al., 2011].

3.1.5 Posterior Sampling

Another way to address the exploration-exploitation dilemma in MABs is by pos-
terior sampling. Particularly relevant is an heuristic called Thompson Sampling
(TS), firstly introduced by [Thompson, 1933], which has been thoroughly studied
in the literature for its good properties. This technique is considered to be close to
UCB algorithms because it also allocates exploratory effort to actions that might
be optimal i.e., it also builds upon the OFU principle [Russo and Van Roy, 2013].
Indeed, similarly to UCB, TS avoids the under-exploitation of actions that are
potentially good and prevents from wasting time on actions that are already
known to be bad. The Bayesian approach is what sets T'S apart from the tech-
niques previously mentioned. It requires a prior distribution for each arm as
input, which encodes the initial belief that a learner has on each arm reward.
Subsequently, at each round ¢, it samples from each arm distribution, chooses
the action with the best reward and updates its posterior distribution by means

of the Bayes’rule.
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The elements of T'S are the followings:

(i) a set © or parameters 6 of the distribution of r ~ Ry(-|x);

(ii) a prior distribution P(f) on these parameters;
(iii) the history Z; = {zo, 70, 1,71, ..., Tt—1,7:—1} of past observations;
(iv) a likelihood function P(Z;|0);

(v) a posterior distribution P(0|Z;)ocP(Z;|6)P(0).

TS consists in playing the action x € X according to the probability that it

maximizes the expected reward according to your belief, i.e.:

arg ma/@g(E[ﬂm] = argm%(JE[rw,x]P(ﬂIt)dH (3.13)
xE xe

Once having observed the reward from the chosen arm, the posterior distribution
can be updated using the Bayes’ rule. In practice, it is either impossible or
computationally expensive to compute the integral above. Therefore, usually
we resort to sampling 0, ~ P(0|Z;) at time ¢, and then play the arm z; —
arg maxXgey E[r|§t, x|. Conceptually, this means that the player instantiates their
beliefs randomly in each round, and then acts optimally according to them.

In [Agrawal and Goyal, 2013] the authors prove that for the K-armed stochastic
bandit problem, Thompson Sampling has expected regret of

E[Regret(T)] < (/KT logT), (3.14)

which is identical to the best known problem-independent bound for the expected
regret of UCB1 [Bubeck et al., 2012].

Example: Thompson Sampling for Bernoulli MAB Suppose that the
reward function of each arm i, ¢ = 1,2,..., K is a Bernoulli of parameter p;:
re, 1 ~ B(p;) i.e., the result of pulling an arm is either a success (with probability
pi) or a failure (with probability 1 — p;). We know that, given a uniform prior
over the parameter p ~ U(0, 1) = Beta(1,1), and having observed v — 1 successes
and [ — 1 failures, the posterior distribution of the parameter p of a Bernoulli

is a Beta distribution of parameters « and  (Beta distributions are frequently
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Algorithm 3.3 TS for Bernoulli MAB with Beta priors
1: Initialize: the prior distribution for each arm as Beta(1, 1)
2: fort=1,2,...,7T do
3: fori=1,2,..., K do

Sample p; ~ Beta(ay, 3;)

4

5: end for
6 Pull arm z; = arg max; p; and observe 1, € {0, 1}
7

Update distribution:

(v, Bi) = (0, ), ?f i Z (3.15)
(Oéi,ﬁz') + (Tt, 1—- rt), if g, =1

8: end for

adopted as priors because of their conjugacy properties). Hence, TS can be
performed as shown in Algorithm(3.3).

For a more extensive discussion on algorithms implementing TS refer to
[Russo et al., 2018].

3.1.6 Gaussian Process Upper Confidence Bound

We conclude by presenting an algorithm, Gaussian Process Upper Confidence
Bound (GPUCB) [Srinivas et al., 2010], of particular interest to us for three

reasons:

(i) it serves as a further example of application of the OFU principle and of
UCB variant;

(ii) it formalizes the broad problem of optimizing an unknown, noisy function,

that is expensive to evaluate, as a multi-armed bandit problem;

(iii) it deals with a continuous set of arms.

Indeed, our main contribution builds upon a similar formalization of the RL
continuous control problem. Moreover, it also represents a case of posterior
sampling different from T'S.

Consider the MAB problem presented in Chapter 2, where the reward distribution

can be seen as the sum of a reward function (e.g. the expected reward function
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w(x;), that here we note as f(x;)) and noise, i.e., y; = R(:|z¢) = f(x:) + .
As we already know, the goal is to maximize the sum of the rewards collected
by choosing a point of the domain x; € X at each round ¢ up to the horizon
T. For example, we might want to find locations of highest temperature in a
building by sequentially activating sensors in a spatial network and regressing
on their measurements. Each activation draws battery power, so we want to
sample from as few sensors as possible. In this context, as in many other MAB
problems; a natural performance metric is the cumulative regret as defined
in Definition (2.1.3). GPUCB explicitly encourages additional exploration in
a UCDB sense by choosing, at each step, the arm associated to the highest
upper bound of the mean return. Given an arm x this bound is calculated
by summing the mean and standard deviation of the estimator of f. In this
case, [ is sampled from a prior distribution with known mean and standard
deviation, whose posterior is updated in a Bayesian fashion at every step. In
order to enforce some implicit properties like smoothness without relying on
any parametric assumption, the authors of [Srinivas et al., 2010] model f as
a sample from a Gaussian Process (GP): a collection of dependent random
variables, one for each & € X, every finite subset of which is multivariate
Gaussian distributed [Williams and Rasmussen, 2006]. A GP is a stochastic
process GP(u(x), k(x,x")), specified by its mean u(x) = E[f(x)] and covariance
function k(x, ') = E (f(x) — p(x))(f(x') — p(x')). GPUCB generally adopts
GP(0, k(x, ")) as prior distribution over f. A major advantage of working with
GPs is the existence of simple analytic formulae for mean and co-variance of the
posterior distribution, which allow easy implementation of algorithms. For a
noisy sample yr = [y1, s, ...,yr|" at points Ay = {x|,xs, ..., @7} over f, the
posterior of f is a GP distribution again specified by mean ur(x), covariance

kr(x,x') and variance o2 (x):

pr(x) = kp(x)" (Kr + oI 'yr, (3.16)
kr(z, ') = k(z, z') — kr(x)" (Kt + o*I) 'k (2), (3.17)
o7 () = kr(z, x), (3.18)
(3.19)

where kr(x) = [k(x1, x), k(xe, @), ..., k(xr,x)] and Kr is the positive definite
kernel matrix [k(x, @')|z.aea,. The full GPUCB procedure, motivated by the
UCB algorithm, is shown in Algorithm 3.4.
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Algorithm 3.4 GPUCB

1: Input: GP prior ug =0, pg =0, 5; € Rt

2: fort=1,2,...,7T do

3 Choose x; = argmaxgey iti—1(x) + +/Bro_1(x)
4: Sample y; = f(x;) + €&

5 Perform Bayesian update to obtain u; and oy
6

. end for

Despite being a successful and easy-to-implement algorithm in many cases,
GPUCEB suffers of two main drawbacks. First, the assumption of f being
sampled from a GP prior is unrealistic in many cases. Furthermore, finding the
upper confidence index in line 3 of Algorithm 3.4 may be hard if the arm set X
is continuous (or generally infinite). Indeed, the bound is multimodal in general.
Although global search heuristics might be effective, no successful practical

applications have been registered in the continuous case to our knowledge.

3.2 Exploration in Reinforcement Learning

3.2.1 Undirected Exploration

The most classic undirected exploration strategies in R are the same of those
introduced earlier for M ABs. Indeed, the e-greedy policy is one of the most widely
used and known algorithm in reinforcement learning [Sutton and Barto, 2018].
In the same way, Boltzmann exploration, which uses the exponential of the
standard Q-function as the probability of an action, has been extensively stud-
ied [Thrun, 1992, Cesa-Bianchi et al., 2017]. Similar policy representations are
energy-based models, with the Q-value obtained from an energy model such as a
restricted Boltzmann machine [Sallans and Hinton, 2004]. An interesting family

of extensions to these techniques goes under the name of maximum entropy RL.

Maximum Entropy Reinforcement Learning

As stated in Chapter 2, Equation 2.15, the goal of RL is to find the optimal policy
7* which maximizes the performance J(7). Maximum entropy RL augments this
objective by introducing an entropy term, such that the optimal policy also aims

at maximizing its entropy at each visited state:
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= arg maXZ [R(sn,an) + aH(m(-|sn))], (3.20)

sh,ah~d"

where « is a convenient hyperparameter that can be used to determine the
relative importance of entropy and reward. This objective function entails a
novel approach to undirected exploration w.r.t. Boltzmann exploration. While
the latter greedily maximizes entropy at the current time step, maximum entropy
RL explicitly optimizes for policies that aim to reach states where actions
will have high entropy in the future. This distinction is crucial, since the
maximum entropy objective can be shown to maximize the entropy of the entire
trajectory distribution for the policy w, while the greedy Boltzmann exploration
approach does not. Optimization problems of this type have been covered in
a number of scientific papers, e.g., [Ziebart et al., 2008, Haarnoja et al., 2017,
Haarnoja et al., 2018]. In [Haarnoja et al., 2017], Haarnoja et al. extend the
objective presented above to infinite time horizons with the introduction of a

discount factor \:

sy,ap~d™

_al"gmaxzswhwdﬁ E’Ylfh B [R(si, ) + aH(7(-[s1))[sn, an]
’ I

(3.21)

his objective corresponds to maximizing the discounted expected reward and en-
tropy for future states originating from every state-action tuple (s, ap) weighted
by its probability d™ under the current policy. Then, they define a soft Q-value
(%, for any policy 7 as the expectation under 7 of the discounted sum of

rewards and entropy:

0

QT =11 + E D rher + aH(w(|sn)) | (3.22)

so=s.ao=a,~w | £
from which they derive the soft Bellman equation. The authors build upon this
novel setting an algorithm called Soft Q-learning, which has similar mechanisms
to traditional @-learning and adopts deep function approximation to compute
the Q-values over a continuous domain. Among the advantages presented over
other deep RIL. approaches, Soft Q-learning turns out to be more effective for

learning multi-modal policies for exploration. In fact, similarly to MABs, during
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the learning process it is often best to keep trying multiple available options
until the agent is confident that one of them is the best. However, deep RL
algorithms for continuous control typically use unimodal action distributions,
which are not well suited to capture such multi-modality. As a consequence, such
algorithms may prematurely commit to one mode and converge to suboptimal
behaviour, as it happens in the practice. One year later, the same authors of
Soft Q-learning [Haarnoja et al., 2017] proposed a powerful extension named
Soft Actor-Critic [Haarnoja et al., 2018], which combined off-policy updates

with a stable stochastic actor-critic formulation.

Following the same pattern adopted for MABs, we proceed now with
presenting some techniques that deals with the exploration challange in a more
directed way, i.e., by leveraging on relevant information collected during the

learning process to lead exploration more effectively.

3.2.2 Count-based Exploration and Intrinsic Motivation

The classic, theoretically-justified M A Bs exploration methods based on count-
ing state-action visitations and turning this count into a bonus reward have
been introduced in Section 3.1.2. Taking inspiration from the MADB liter-
ature, many similar count-based algorithms have been designed for tabular
RL. Tt is the case of the notorious E? algorithm [I[{carns and Singh, 2002], and
two other popular optimist algorithms: R, [Brafman and Tennenholtz, 2002]
and UCRL [Auer and Ortner, 2007]. In recent works [Bellemare et al., 2016,
Tang et al., 2017, Ostrovski et al., 2017, Choshen et al., 2018], they have also
been adapted to large, non-tabular RI. problems . A relevant exam-
ple is that of Bellamare et al. [Bellemare et al., 2016], later developed in
[Ostrovski et al., 2017], which proposes a novel algorithm for deriving a pseudo-
count from an arbitrary density model. Let p be a density model on a finite
space X and p,(z) the probability assigned by the model to x after being trained
on a sequence of stated x1,xs,...,x, € X. Assume p,(x) > 0 for all z,n. The
recording probability p) () is then the probability the model would assign to z

one more time. The prediciton gain of p is:

PG, (z) = log p. (z) — log p,(z). (3.23)

Note that PG, (z) = 0 for all z € X whenever the the density model p is learning-
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positive, i.e., if pl (z) = p,(z) for all x1,z,, ..., x,. For learning -positive p, the

authors define the pseudo-count as:

o @)= )
M) = 2 ) = pul®) (324)

derived from postulating that a single observation of x € X should lead to a unit

increase in pseudo-count:

N, (x)

pul) = 2D () < D L

i+ 1

, (3.25)

where 7 is the pseudo-count total. The pseudo-count generalizes the usual state
visitation count function N, (z). Moreover, under certain assumptions on p,,
pseudo-counts grow approximately linearly with real counts. Crucially, the
pseudo-count can be approximated using the prediction gain of the density
model:

No(z) = (7@ 1) (3.26)

Its main use is to define an exploration bonus that can be added to every extrinsic
reward r, received by the agent. For example, at step n, the agent would face a
total reward R, given by:

=

=1+ (No(2))72, (3.27)

which incentivize the agent to try to re-experience surprising situations. In
[Ostrovski et al., 2017] the authors adopt PixelCNN, an advanced neural
density model for images first introduced in [Oord et al., 2016], to supply a
pseudo-count. They manage to combine Pixel CNN pseudo-counts with different
agent architectures to dramatically improve the state of the art on several hard

Atari games, a popular set of R environments for benchmarking.

Interestingly, this notion of pseudo-counts and their application is closely re-
lated to the notion of intrinsic motivation. In fact, quantities related to pre-

diction gain have been used for similar purposes in the intrinsic motivation
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literature [Lopes et al.; 2012], where they measure an agent’s learning progress
[Oudeyer et al., 2007]. The concept of intrinsic motivation has been introduced
in the RL literature by Singh et al. in [Chentanez et al., 2005], who borrowed it
from psychology. Psychologists call behaviour intrinsically motivated when it is
engaged for its own sake rather than as a step toward solving a specific problem
of clear practical value. This concept builds on the one of curiosity, which has
been also extensively investigated in the RL literature after being introduced in
it by professor Jurgen Schmidhuber in 1991 [Schmidhuber, 1991]. The rationale
behind it is that, in some RL scenarios, as well as in human life, rewards are
supplied to the agent so sparsely that traditional techniques fails miserably in
the learning challenge. This is a problem as the agent receives reinforcement
for updating its policy only if it succeeds in reaching a pre-specified goal state.
Hoping to stumble into a goal state by chance (i.e. random exploration) is likely
to be futile for all but the simplest of environments. Intrinsic motivation / cu-
riosity have been used to instil the need to explore the environment and discover
novel states in the agent, regardless of the reward scheme. Most formulations of

intrinsic motivation can be grouped into two broad classes:

(i) encourage the agent to explore novel states;

(ii) encourage the agent to perform actions that reduce the error/uncertainty
in the agent’s ability to predict the consequence of its own actions, i.e., its

knowledge about the environment.

Measuring nowvelty requires a statistical model of the distribution of the
environmental states, as the one described above, whereas measuring prediction
error/uncertainty requires building a model of environmental dynamics that
predicts the next state s;,,1 given the current state s, and the action a; executed
at time h. Evidently, these mechanisms, particularly the first one, are closely
related to the concept of count-based exploration. Indeed, Bellamare et al.

showed in [Bellemare et al., 2016] the close relationship between the two.

Variational Information Maximizing Exploration

To help the reader grasping these concepts, we proceed by describing a suc-
cessful implementation of the principle of intrinsic motivation, the Variational
Information Maximizing Exploration (VIME) algorithm [Houthooft et al., 2016].
VIME makes use of the information gain about the agent’s internal belief of the

dynamics model as a driving force, as described in the following. The approach
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taken is model-based, where the agent models the environment dynamics via a
model p(sp11|Sh, an, #), parametrized by the random variable © with values § € ©.
Assuming a prior p(), it keeps a distribution over dynamic models through a
distribution over #, which is updated in a Bayesian fashion. The authors formalize
the intrinsic goal of taking actions that maximize the reduction in uncertainty
about the dynamics as taking actions that lead to states that are maximally
informative about the dynamics model. In other terms, the agent is encouraged
to maximize the mutual information between the next state distribution Sj1

and the model parameter O:

I(Sh+1; O&n, an) = 1D [Dicr[p(B1€n, an, sn+1)|[p(016)]],  (3.28)
sh+1~P(|€n,an)

where Dy (P||Q) is the Kullback-Leibler (KL) divergence between probabilities
P and @, P are the true environment dynamics and &, = {s1,ay, ..., S5} is the
history of the agent up until time step ¢. This KI. divergence can be interpreted
as information gain. Therefore we can add each term I(Sy.1;0|&,, an) as an
intrinsic reward to the standard reward rj, obtained by the agent at time step t.
The trade-off between exploitation and exploration can now be realized explicitly

as follows:

7, = Th + NDrr[p(0&n, an, sn1)||p(01&n)], (3.29)

with n € RT being a hyperparameter controlling the urge to explore. The biggest
practical issue with maximizing information gain for exploration is that the com-
putation of this equation requires calculating the posterior p(0|&p, an, Sp+1), which
is generally intractable. The practical solution adopted by the authors for calcu-
lating the posterior p(f|D) for a dataset D is to approximate it through an alterna-
tive distribution ¢(0; ¢), parametrized by ¢, by minimizing Dy [q(0; ¢)||p(0|D)].
This is done through maximization of the variational lower bound L|q(6; ¢), D],

also called evidence lower bound [Blei et al., 2017]:

Lla(6;0), D] = E 5 [log p(D|0)] — Dxrlq(6; ¢)|[p(6)]. (3.30)

~q(]

Rather than computing information gain in Equation 3.29 explicitly, we compute

an approximation to it, leading to the following total reward:
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Algorithm 3.5 VIME
1: for each epoch t do
for for h=1,2,...,H do

2

3 Generate action aj, ~ 7(s) and sample s, 1 ~ P(-|&h, an), get rp,

4 Add triplet (s, an, spy1) to FIFO replay pool R

5: Compute the approximated divergence D [q(0; ¢||q(6; ¢:)]

6 Construct ), = rp + nDkr[q(0; ¢||q(0; é¢)]

7 end for

8 Sample randomly D from R

9 Minimize —L[q(0; ¢;), D] and obtain the updated posterior q(6; ¢;11)

10: Use rewards 77,7}, ...,7y, to update policy 7 using any standard RL
method

11: end for

1, = Th + 1Dk r[q(0; onia)llq(0; on)l, (3.31)

with ¢y, 1 the updated and ¢; the old parameters representing the agent’s belief.
Natural candidates for parametrizing the agent’s dynamics model ¢(6;¢) are
Bayesian neural networks, whose weight distribution (q(6; ¢) itself) is given by the
fully factorized Gaussian distribution [Blundell et al., 2015]. This is particularly
convenient as it allows for a simple analytical formulation of the KL divergence,
that can be easily approximated. In fact, VIME approximates the KL divergence
between the former belief ¢, on the dynamics and the approximate updated
belief ¢;. Algorithm 3.5 outline the procedure. For more details about the
implementation the reader should refer to [Houthooft et al., 2016].

3.2.3 Posterior Sampling

The TS technique described in the previous section has been adopted and in-
vestigated in the framework of RL as well [Strens, 2000, Osband et al., 2013,
Osband and Van Roy, 2015, Osband et al., 2016]. Here, TS involves sampling a
statistically plausibly set of action values (or policies) and selecting the maxi-
mizing action (or best policy). These values can be generated, for example, by
sampling from the posterior distribution over MDPs and computing the state-
action value function of the sampled MDP. This approach, originally proposed

in [Strens, 2000], is called posterior sampling for reinforcement learning. In
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[Osband and Van Roy, 2017], the authors present theoretical and experimental
arguments to show that posterior sampling is better than optimism in synthe-
sizing efficient exploration with powerful generalization. Although we build our
work leveraging on the principle of optimism in the face of uncertainty, posterior
sampling appears to be an interesting option to further investigate. Indeed, as
we will see, the formalization of the RI. problem that we propose in this paper

seems to be a good testing ground for T'S.



Chapter 4

Optimistic Policy Search via

Multiple Importance Sampling

In this chapter, we present the main theoretical contributions of this thesis project.
In Section 4.1, we extend Section 2.5 to develop robust MIS estimators that
will play an essential role in the algorithms proposed. In Section 4.2 we provide
a formalization of the online policy optimization problem. The algorithms are
presented in Section 4.3 and analyzed in Section 4.4. The proposed algorithms,
called Optimistic Policy opTImization via Multiple Importance Sampling with
Truncation (OPTIMIST) and OPTIMIST2, are based on the OFU principle
and follows the UCB strategy, both introduced in Section 2.1 and covered with
practical implementations in (3.1). The idea is to leverage on these techniques
to deal with the problem of exploration in continuous-action R, for which the
solutions proposed so far have been largely heuristic, as we have seen in Chapter 3.
However, the solutions proposed here should not be interpreted as an application
of the MAB framework to PS but rather as a way to formulate exploration in

policy search as a MAB-like problem

4.1 Robust Importance Sampling Estimation

In this section, we discuss how to perform a robust importance weighting es-
timation. Recently, it has been observed that, in many cases of interest, the
plain estimator (2.37) presents problematic tail behaviors [Metelli et al.; 2018],
preventing the use of exponential concentration inequalities. In fact, unless
we require that d,(P|®) is finite, i.e., that the importance weight have finite
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supremum, there always exists a value a > 1 such that d,(P||®) = +o0. A
common heuristic to address this problem consists in truncating the weight
[lonides, 2008]:

1 &
firs = ;min {M,wpio(2:)} f(z), (4.1)
where M > 0 is a threshold to limit the magnitude of the importance weight.
Similarly, for the multiple importance sampling case, restricting to the BH, we

have:

fign = ~ min { M, =~ f(zik)- (4.2)
N Zj:l N (zir)

Clearly, since we are changing the importance weights, we introduce a bias
term, but, by reducing the range of the estimation, we get a benefit in terms
of variance. Below, we present the bias-variance analysis of the estimator [igy
and we conclude by showing that we are able, using an adaptive truncation,
to guarantee an exponential concentration (differently from the non-truncated

case).

Lemma 4.1.1. Let P and {Qy}_, be probability measures on the measurable
space (Z,F) such that P « Qy and there exists € € (0,1] s.t. di(P||Qx) < o
fork =1,...,K. Let f : Z — R, be a bounded non-negative function, i.e.,
| fll,, < oo. Let figy be the truncated balance heuristic estimator of f, as defined
in (4.2), using Ny i.i.d. samples from each Qy. Then, the bias of [igy can be
bounded as:

0<pu— E [isul < |floM“disc (P|O), (4.3)

iid
2ik ~ Qs

and the variance of fipgy can be bounded as:

~ dya (PO
Var [figs] < | = e lP12T

Zik ~Qk

(4.4)

where N = Zszl Ny is the total number of samples and ® = Zszl %Qk is a

finite mizture.

It is worth noting that, by selecting ¢ = 1, Equation 4.4 reduces to Lemma 2.5.1,
as the truncation operation can only reduce the variance. Clearly, the smaller
we choose M, the larger the bias. Overall, we are interested in mining the
joint contribution of bias and variance. Keeping P and & fixed we observe that

the bias depends on M only, whereas the variance depends on M and on the
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number of samples N. Intuitively, we can allow larger truncation thresholds M
as the number of samples N increases. The following result states that, when
using an adaptive threshold depending on N, we are able to reach exponential

concentration.

Theorem 4.1.1. Let P and {Qy}Y_, be probability measures on the measurable
space (Z,F) such that P « Q and there exists € € (0,1] s.t. di+(P|Qk) < 0
fork =1,....K. Let f : Z — R, be a bounded non-negative function, i.e.,

|fll, < oo. Let fipy be the truncated balance heuristic estimator of f, as defined

_1
in (4/.2), using Ny i.i.d. samples from each Q. Let My = (%W) " then
4

with probability at least 1 — §:

1\ /di. (P|®)log 1\ T
isn < i+ 1fls (ﬁ+)( e (] >°g5) , (4.5)

3 N

and also, with probability at least 1 — J:

= = 1l (Vo 5 ) (B EIEN T g

3 N

Our adaptive truncation approach and the consequent concentration re-
sults resemble the ones proposed in [Bubeck et al., 2013]. However, unlike
[Bubeck et al., 2013] we do not remove samples with too high value, but we
exploit the nature of the importance weighted estimator only to limit the weight
magnitude. Indeed, this form of truncation turned out to be very effective in

practice [lonides; 2008].

4.2 Problem Formalization

The online learning problem that we aim to solve does not fall within the
traditional MAB framework (not in its basic version, anyway) and can benefit

from an ad-hoc formalization, provided in this section.

Let X < R? be our decision set, or arm set in MADB jargon. Let (Q,F, P) be
a probability space. Let {Z; : Q@ — Z | £ € X'} be a set of continuous random
vectors parametrized by X, with common sample space Z < R™. We denote
with p, the probability density function of Z,. Finally, let f : Z2 — R be a
bounded payoff function, and p(x) = E.~p, [f(2)] its expectation under p,. For

each iteration ¢t = 0,...,T, we select an arm x;, draw a sample z; from p,,, and
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observe payoff f(z;), up to horizon T. The goal is to maximize the expected

total payoft:

T

max zZt)| = max x 4.7

wo,...,:ETEX;)ZtLEizt [f( t) ZQ,.. ,:ETEX Z M t ( )

Although we can evaluate p, for each € X', we can only observe f(z;) for the
z; that are actually sampled. This models precisely the online, episodic policy
optimization problem. Within this problem formulation, we distinguish between
two categories of policy optimization: action-based and parameter-based policy

optimization.

e In action-based policy optimization, X corresponds to the parameter space
O of a class of stochastic policies {mg | @ € O}; Z to the set of possible
trajectories; p, to the density pg over trajectories induced by policy 7g;
and f(z) to cumulated reward R(7).

e In parameter-based policy optimization, X corresponds to the hyperparam-
eter space = of a class of stochastic hyperpolicies {vg | £ € Z}; Z to the set
of possible trajectories collected with policy mg, with 8 € © ~ vg; p, to
hyperpolicy vg; and f(z) to performance J(8).

In both cases, each iteration corresponds to a single episode, and horizon T’ is
the total number of episodes (not to be confused with the trajectory horizon H).
With reference to the standard PS framework, the first category is closely related
to standard PG methods that perform a search in a parametric policy space
by following the gradient of the utility function. The second is more related to
methods searching directly in the space of parameters like PGPFE. From now on,

we will refer to (4.7) simply as the policy optimization problem.

Remark 4.2.1. In abstract terms, (4.7) is a sequential decision problem over a
functional space of random variables, and may have applications beyond policy

optimization.

The peculiarity of this framework, compared to the classic MAB one, is the
special structure existing over the arms. In particular, the expected payoff u of
different arms is correlated thanks to the stochasticity of the p,’s on a common
sample space Z. We could, of course, frame policy optimization as a MAB
problem, at the cost of ignoring some structure. It would be enough to regard

wu(x) as the expectation of a totally unknown, stochastic reward function. This
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would put us in the continuous MAB framework [Kleinberg et al., 2013], but
would ignore the special arm correlation. In the following, we will show how this
correlation can be exploited to guarantee efficient exploration. This insight stems

from the literature on X-armed bandits, as discussed in (2.1.3) and (3.1.4).

4.3 Algorithms

In this section, we use the mathematical tools presented so far to design a policy
search algorithm that efficiently explores the space of solutions. The proposed
algorithm, called OPTIMIST), is based on the OFU principle and follows the
UCB strategy.

To apply the UCD strategy to the policy optimization problem described above,
we need an estimate of the objective p(x) and a confidence region. We use
importance sampling to capture the correlation among the arms. In particular,
to better use all the data that we collect, we would like to use a multiple
importance sampling estimator like the one from (2.38). Unfortunately, the
heavy-tailed behavior of this estimator would result in an inefficient exploration.
Instead, we use the robust balance heuristic estimator figy from (4.2), which
has better tail behavior. To simplify the notation, we treat each sample x as a
distinct one. This is w.l.o.g. (as each sample is always multiplied by its number
of occurrences anyway) and corresponds to the case K =t — 1 and Ny = 1.

Hence, at each iteration t¢:

1L = S min Mt,l,M , 4.8
fir() k; { ZE_llpmj(Zk)}f(zk) (4.8)

1

e 1+e€
where M; = (ml“(pﬂ”@‘)) and &, = %22;10 Paz,,- According to Theorem

log 5

(4.1.1), the following indez:

d +e\May (I)t 1 1 %Jre
Bi(e.6) = i) + 111, (V2 + 5 ) ( =) >og5t> )

is an upper bound on p(x) with probability at least 1—4;, i.e., an upper confidence
bound. The OPTIMIST algorithm simply selects, at each iteration ¢, the arm
with the largest value of the index Bj(x), breaking ties deterministically. The
pseudocode is provided in Algorithm 4.1. The initial arm xq is arbitrary, as no

prior information is available. The regret analysis of Section 4.4 will provide a
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Algorithm 4.1 OPTIMIST

1: Input: initial arm @, confidence schedule (6;)7_,, order € € (0, 1]
2: Draw sample zy ~ p,, and observe payoft f(z)

3: fort=1,...,7 do

4: Select arm x; = arg maxgey B (x, d;)

5 Draw sample z; ~ p,, and observe payoff f(z;)

6

. end for

confidence schedule (6;)7_,. Knowledge of the actual horizon T is not needed.
Although we can use any € € (0, 1], we suggest to use € = 1 in practice, as it yields
the more common 2-Rényi divergence. To be able to compute the indexes (or to
perform any kind of index maximization), the algorithm needs to store all the a;
together with the observed pay-offs f(z;), hence O(T'd) space is required, where
d is the dimensionality of the arm space X (not to be confused with cardinality

|X|, which may be infinite).

The optimization step (line 4) may be very difficult when X is not discrete
[Srinivas et al., 2010], as the index Bj(x, d;) is non-convex and non-differentiable.
Global optimization methods could be applied at the cost of giving up theoretical
guarantees. In practice, this direction may be beneficial, but we leave it to future,
more application-oriented work. Instead, we propose a general discretization
method. The key intuition, common in the continuous MAB literature, is to
make the discretization progressively finer. The pseudocode for this variant,
called OPTIMIST?2, is reported in Algorithm 4.2. Note that the arm space X
itself is fixed (and infinite), as adaptive discretization is performed for optimiza-
tion purposes only. Implementing any variant of OPTIMIST to solve a policy
optimization problem, whether in the action-based or in the parameter-based

formulation, requires some additional caveats, discussed in Section 5.1.

4.4 Regret Analysis

In this section, we provide high-probability guarantees on the quality of the
solution provided by Algorithm 4.1. First, we rephrase the optimization problem
(4.1) in terms of regret minimization. The instantaneous regret, as defined in
(2.1.2), is:

Ay = p@®) — p(y), (4.10)
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where x* € arg maxgey p(x). Let Regret(T) = Y1, A; be the total regret, as in
(2.1.3). As p(x*) is a constant, problem (4.7) is trivially equivalent to:
wo,wlrry'lngeX Regret(T). (4.11)
In the following, we will show that Algorithm 4.1 yields sublinear re-
gret under some mild assumptions. The proofs combine techniques from
[Srinivas et al., 2010] and [Bubeck et al., 2013] and are reported in Appendix

A. First, we need the following assumption on the Rényi divergence:

Assumption 4.4.1. For allt =1,...,T, the (1 + €)-Rényi divergence is uni-
formly bounded as:
sup d1+e(pthcI)t) = Ve < 00,
2O, &L ,..., LTEX
where &, = %22;10 Dy
which can be easily enforced through careful policy (or hyperpolicy) design, as

discussed in 5.1.2.

4.4.1 Discrete arm set

We start from the discrete case, where |X| = K € N,. This setting is particularly
convenient, as the optimization step can be trivially solved in time O(Kt) per
iteration," where ¢ is from evaluation of (4.8) via clever caching. This sums up to
total time O(KT?). This setting is also of practical interest: even in applications
where X is naturally continuous (e.g., robotics), the set of solutions that can be
actually tried in practice may sometimes be constrained to a discrete, reasonably
small set. In this simple setting, OPTIMIST achieves @(T ﬁ) regret:

Theorem 4.4.1. Let X be a discrete arm set with |X| = K € N.. Under As-
sumption (4.4.1), Algorithm /.1 with confidence schedule §; = 23— guarantees,

t2m2 K

with probability at least 1 — §:

1 7T2K ﬁ
Regret(T) < Ag + CT'T+ lve (2 logT + log a5 )] ;

where C' = (1 +¢€) (2v2+ 2) | f|l.., and Aq is the instantaneous regret of the

nitial arm xg.

This yields a O(+/T) regret when ¢ = 1.

'We consider the evaluation of pdf’s, payoffs and Rényi divergences in (4.8) atomic, as its

complexity is heavily problem-dependent.
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4.4.2 Compact arm set

Now, we consider the more general case of a compact arm set X € R%. This
case is also more interesting as it allows to tackle virtually any RL task. We can
assume, w.l.o.g., that X is entirely contained in a box [—D, D]¢, with D € R,.

We also need the following assumption on the expected payoft:

Assumption 4.4.2. The expected payoff u is Lipschitz continuous, i.e., there

exists a constant L > 0 such that, for every x,x’' € X':

(@) — p(x)| < Lz — '), .

This assumption is easily satisfied for policy optimization, as shown in the

following:

Lemma 4.4.1. In the policy optimization problem, Assumption /./.2 can be

replaced by:

sup E [|Velogmg(als)|] < u, (4.12)

s€8,0€0 A~To

in the action-based paradigm, and by:

sup E [|Velogre(0)|] < us, (4.13)
ge= O~p¢
in the parameter-based paradigm, where w; and us are d-dimensional vectors and

the inequalities are component-wise.

In the proof (Appendix A), we show how to derive the corresponding Lipschitz
constants, and show how (4.12) and (4.13) are satisfied by the commonly-used
Gaussian policy and hyperpolicy, respectively. This is enough for OPTIMIST to
achieve @(dﬁTﬁ) regret:

Theorem 4.4.2. Let X be a d-dimensional compact arm set with X < [—D, D]?.
Under Assumptions (/.4.1) and (/.4.2), Algorithm /.1 with confidence schedule

0y = j guarantees, with probability at least 1 — 0

66
w212 (1+ddt2d

2 Tte 21.D
Regret(T) < A + CTT lve (Q(d + 1)logT + dlogd + log ;)] + 2 5

where C = (1 +¢€) (2v2+ 2) | fl.., and Ag is the instantaneous regret of the

nitial arm xg.



Chapter 4. Optimistic Policy Search via Multiple Importance Sampling 61

Algorithm 4.2 OPTIMIST2
1: Input: initial arm @, confidence schedule (6;)L,, discretization schedule
(1¢)L,, order € € (0, 1]

: Draw sample 2y ~ p,, and observe payoff f(zg)

cfort=1,...,T do

Discretize X with a uniform grid )?t of 7 points

Select arm x; = argmax_ 3 Bf(x,d;)

Draw sample z; ~ p,, and observe payoff f(z;)

L A

end for

This yields a (5(\/d7T ) regret when e = 1. Unfortunately, the optimization step
may be very time-consuming. In some applications, we can assume the time
required to draw samples to dominate the computational time. In fact, drawing
a sample (Algorithm 4.1, line 2) corresponds to generating a whole trajectory of

experience, which may take a long time, especially in real-world applications.

4.4.3 Discretization

When optimization over the infinite arm space & is not feasible, Algorithm 4.2
can be used instead. This variant restricts the optimization to a progressively
finer grid X, of (74)¢ vertices. A reasonably coarse discretization schedule can be

used at the price of a worse (but still sublinear) regret:

Theorem 4.4.3. Let X be a d-dimensional compact arm set with X < [—D, D]?.
For any k = 2, under Assumptions (4./.1) and (].].2), Algorithm /.2 with confi-
_ 60
dence schedule 6, = ﬂ2t2(1+[t%]d>
with probability at least 1 — §:

and discretization schedule 7, = [t+] guarantees,

Regret(T)
11 1 7l'2 ﬁ
< AO + ClT( _;)d + CQTlT'E : lUE ((2 + d/m) lOgT + d10g2 + log %>] s

where C1 = 25LD, Cy = (1 +€) (2v2+ 2) | f| .. and Aq is the instantaneous

regret of the initial arm xg.

Let us focus on the case ¢ = 1, which is the only one of practical interest in
the scope of this paper. For k = 2, we obtain regret (5(d\/T ). Unfortunately,
the time required for optimization is exponential in arm space dimensionality

d, ie., O([t=]%). For d = 2, we can break the curse of dimensionality by taking
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k = d. In this case, the regret is O <dT(1_%)>. On the other hand, the time
per iteration is only O(#?). Note that the regret is sublinear for any choice of k.

Going further: for any ¢ > 0, k = % grants O(t'7¢) time per iteration at the cost
of O (dT(17§)> regret.

Remark 4.4.1. The worse dependency (5((1) of the regret on the arm space
dimensionality (w.r.t. O(v/d) of Algorithm 4.1) is also necessary to prevent the

time per iteration from being exponential in d.



Chapter 5

Numerical Simulations

In this chapter, we start by discussing two practical aspects related to the
experimental applications of the algorithms described in Chapter 4. Then,
we proceed by showing the results of our numerical simulations on three RIL
benchmarking challenges: the [.LQ G, the Continuous Mountain Car problem and
the Inverted Pendulum task.

The programming language chosen for implementing the numerical simulations
discussed in this chapter is Python. The code is publicly available on GitHub',
and it is built upon the OpenAl Baselines library [Dhariwal et al., 2017].

5.1 Practical Aspects

In the numerical simulations that will be presented in the following sections we
place ourselves in the parameter-based PS setting (see Section 4.2 for details).
We adopt Gaussian distributions as target and behavioural hyperpolicies vg =
N(u,X), from which the policy parameters 8 are drawn. In particular, we will

adopt hyperpolicies vg, with hyperparameters £ = {6, X}, where X is diagonal:

L
(2m)™ (%]

1 1 <A (0; — ps)?
R T (‘22( 7 ) o2

Thttps://github.com/T3p/baselines/tree/exploration /baselines

e(6) - oxp (50~ w50 - ) 5.1)
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This allows the use of a deterministic controller mg : @ € © < R™ for sampling
the trajectories, that we define as mg(als) = d(a — 0s). This parameter-based
setting follows the one adopted in PGPE, as described in (2.4.4).

This distribution choice for our target and behavioural hyperpolicies allows a
comfortable computation of the robust balance heuristic estimator fi;(x) defined
in Equation 4.8. Unfortunately, that is not enough for the computation of the
upper bound Bf(x,d;) (4.9) that we need to optimize in each iteration ¢ of
OPTIMIST.

5.1.1 Divergence Between Gaussian Multivariate Distri-

butions

Indeed, OPTIMIST also requires to compute the exponentiated Rényi divergence
between the target hyperpolicy p, and the mixture &, i.e., diic(p|P:) =
di+c(ve|Ps), at each iteration. Even for Gaussian distributions, this quantity
cannot be obtained in closed form, while the Rényi divergence between Gaussians
can be computed exactly. In this section, we provide an upper bound for
computing the exponentiated Rényi divergence between a generic distribution

and a mixture.

Theorem 5.1.1. Let P be a probability measure and ® = Zszl GrQy, with
Br € [0,1] and Zszlﬁk = 1, be a finite mizture of the probability measures
{Qr},. Then, for any a > 1, the exponentiated a-Rényi divergence can be
bounded as:

1

do(P[®) < (5.3)

ZK Br ’
k=1 do(P|Qk)

The proof can be found in Appendix A. We can easily compute this upper bound
of the exponentiated Rényi divergence between the target distribution and the
mixture of behavioural distributions. In fact, all the hyperpolicies employed
are multivariate diagonal Gaussian distributions, and the Rényi divergence
between multivariate Gaussian distributions is known [Gil et al.. 2013]. Let
P~N(pup,Xp), Q@ ~N(pg,Xg) and «a € [0, w0]:

1 det(X,)
2a—1) ®det(Sp) o det(Sq)"’
(5.4)

Du(PlIQ) =~ — 11g) S5 (p — 1) —

(07

where ¥, = aXg + (1 — @)X p under the assumption that X, is positive-definite.



Chapter 5. Numerical Simulations 65

5.1.2 Uniformly Bounded Rényi divergence

The other concern about the exponentiated Rényi divergence between the target
and the mixture of behavioural hyperpolicies is to make it compliant with
Assumption (4.4.1), i.e., uniformly bounded. Without this assumption, the
results on OPTIMIST regret (Theorems (4.4.1),(4.4.2) and (4.4.3)) are no more
guaranteed. This assumption can be easily respected by careful hyperpolicy
design. First, note that the results on the regret are provided for a compact
continuous (or finite discrete) arm set, hence the maximum distance among the
parameters is bounded. Additionally, we must ensure that the Rényi divergence is
bounded. As showed in Theorem (5.1.1), it is enough that the divergence is finite
between the target and one of the components of the mixture to guarantee a bound
on the divergence between a target distribution and a mixture of behavioural
distributions. Hence, we will focus on the constraints between behavioural /target
pairs. As an example, for multivariate diagonal Gaussian distributions with
fixed covariance Assumption (4.4.1) is easily guaranteed. In fact, the Rényi
divergence is a continuous function of the mean parameter [Gil et al., 2013] and
a continuous function on a compact set is bounded. If the standard deviation
(or covariance matrix) is also part of the parameter set, additional constraints
are needed, as one can understand by examining Equation 5.4. For € = 1, the
standard deviation op of the target distribution must not be larger than twice
that of the behavioural (o) for the divergence to be finite. Hence, given a
minimum oy > 0, it is enough to constrain the search within [0, 2 - 0¢]. We also
suggest initializing the first behavioural distribution with o9 = 2 - 0, so that
the algorithm will move towards smaller standard deviations. This will result in
a less stochastic behaviour. Similar constraints can be defined for other kinds of
policies [Gil et al., 2013].

5.2 Linear Quadratic Gaussian Regulator

The goal of our numerical simulations on LO)G is twofold. First, we need a simple
continuous control problem to understand the functioning of our algorithms.
Second, we want to compare OPTIMIST (Algorithm 4.1) with two classical MAB
algorithms presented in Chapter 3: UCB1 (3.1.2) and GPUCB (3.4), in the case
of discrete parameter space =.

The LQG problem [Peters and Schaal, 2008] is a continuous state-action space

MDP that represents a useful testing ground for control algorithms, mainly
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because of its simplicity. At each time-step h, the transition kernel and reward

function are given by:

Spy1 = As, + Bay, + Nh (55)

rh = 51 Qs;, + ai Ray, (5.6)

where A, B, Q and R are coefficient matrices and m;, is a noise process assumed
to be a Gaussian white noise 1, ~ N (0, X,0¢) with uncorrelated components
Yroc = orgel. The reward 7, has to be intended as a cost for the agent,
something it wants to avoid. Intuitively, in this problem the agent has to bring
its state to zero, while facing a cost proportional to the magnitude of its state
and action. The optimal control policy in steady state conditions is the linear
controller a;, = K s;,, where matrix K can be found by solving a Riccati equation
[Dorato et al.. 1995]. We conducted our experiments on one-dimensional LQ)G.
For implementation reasons, we consider the case in which the state space is
limited to & = [—4,4], the action space is A = [—4,4] and the horizon is
limited to H = 20. At the beginning of the episode, the start-state is initialized
randomly sq ~ U([—4,4]). The agent samples H = 20 steps-long trajectories
with a discount factor of v = 0.99, for a total of T" = 5000 iterations.

As mentioned in the previous section, in all our experiments we employ diagonal
Gaussian hyperpolicies. In this case the hyperpolicy is univariate v = N (u, 0?),
where p1 is the mean parameter to be learned and o can be either fixed or learnable
as well. On the other hand, the policy my adopted by the agent is a deterministic
linear controller a;, = my(sp) = 0- sy, with § ~ ve. Since UCB1 requires a positive
return 7, € [0, 1], we standardized the trajectory return R(&;) = Zf;ol Vrp

associated to the arm &; pulled at iteration ¢:

re = R(&)/Rmaz (5.7)

where R,,q. 1S the maximum achievable cumulated return:

H

(5.8)

1
1_
Rmaszvh-lz 7.
h=0 L=y

All algorithms are run with the confidence schedule proposed in Theorem (4.4.1),

38

oo, with § = 0.2 (similar results have been obtained with different

i.e. 5t =
)
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a b q r ‘ v~ H T O’LQg‘

1.00 1.00 0.90 0.90‘0.99 20 5000 0.10 ‘0.20

Table 5.1: Environmental coefficients (left-side), task coefficients (center) and
OPTIMIST input parameters (right-side) for the LQO)G experiments.
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Figure 5.1: Cumulative regret in the LG experiment. Comparison between
OPTIMIST, UCBI and GPUCB when learning the hyperpolicy mean. (30 runs,
95% c.i.)
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Figure 5.2: The gain parameter p selected at each iteration of GPUCB (left)
and OPTIMIST (right) in the LQOG experiment.

values of 0). The parameters used in the LQOG experiments are summarized in
Table (5.1).
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—0.9 —08 —0.7 —0.6 —05 —0.4
gain
Figure 5.3: Mean return of arms p € [—0.9, -0, 5], calculated by averaging the

return collected over 2000 trajectories in the LOG experiment.

5.2.1 Gain only

In order to benchmark OPTIMIST with both UCB1 and GPUCBE on a discrete
set, we first consider the case in which the only learnable parameter of 1 is the
gain p. To this end, we consider a uniform discretization of the interval [—1, 1]
made of 100 arms (every arm is a possible choice of ;). The hyperpolicy standard
deviation is fixed to o = 0.15. We experimented with different values of o and
this turned out to be a good choice for making the task noisy, but not too noisy

to prevent learning.

In Figure 5.1, we show the cumulative regret of the three algorithms, averaged
over 30 runs. We can see that our algorithm significantly outperforms UCBI1.
Indeed, OPTIMIST is able to exploit the structure of arms, i.e., hyperpolicies,
by means of the MIS estimation, whereas UCB1 does not make any assumption
on arm correlation. In other words, OPTIMIST performs a more informed
(directed) exploration, leveraging what the agent has experienced in past episodes
more effectively. On the contrary, GPUCB shows a better performance w.r.t. to
OPTIMIST. We point out that GPUCB requires to specify, at the beginning
of learning, the kernel of the Gaussian process from which the payoff function
is sampled. We employed the default scikit-learn” kernel, i.e., the radial basis

function kernel:

kp(z, ') = exp (—)\ Iz — a:’|\2> , (5.9)

where A is a free parameter. However, as it often happens in control tasks, our

2A popular library for data mining and data analysis. Available at: https://scikit-
learn.org/stable/
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y H T | k

1.00 500 5000 | 0.20 3

Table 5.2: Task parameters (left side) and OPTIMIST input parameters (right

side) for the Continuous Mountain Car experiment.

payoff is not actually sampled from a Gaussian process. This invalidates all
theoretical guarantees of GPUCE and may be at the root of its strong commitment
to exploitation, contrary to UCB1 and OPTIMIST. We can visualize the amount
of exploration carried out by the three algorithms by looking at Figure 5.2, which
depicts, the arm p pulled by GPUCE and OPTIMIST at every iteration. Indeed,
OPTIMIST explores the set of arms around the optimum much more extensively
then GPUCB, which, in the very first steps, commits to a near-optimal set
of arms (the neighbourhood of 1 = —0.5 interval) and sticks to it all along.
This explains the lower regret of GPUCEB w.r.t. OPTIMIST. In fact, the LQG
task presents a pretty wide set of optimal or near-optimal arms spanning in
[-0.9,—0.5], as shown in Figure 5.3. Therefore, exploitation is a rewarding

strategy in this setting.

5.2.2 Gain and standard deviation

In the second experiment on LOG, we learn both the mean and the variance
parameter of the Gaussian hyperpolicy: ve = N (i, exp(2p)), where & = (u, p)* =
(£1,&)T. The parameters used in the experiment are the same as before, reported
in Table (5.1). In Figure 5.4, we show the cumulative regret averaged over 5 runs
comparing OPTIMIST, UCB1 and GPUCB. We see a trend similar to the case in
which we learn the mean parameter only. While OPTIMIST is able to exploit the
structure of the arms induced by the fact that hyperpolicies share information,
beating UCB1, GPUCB still displays a better performance. The wider confidence
intervals are a direct consequence of the wider spectrum of variances adopted
by the hyperpolicy, bringing to very different choices of policy parameters and,

subsequently, very difference performance from one run to another.
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Figure 5.4: Cumulative regret in the L.LOG experiment, comparing OPTIMIST,
UCB1 and GPUCB when learning both the mean and the standard deviation
hyperparameters. (30 runs, 95% c.i.)

Figure 5.5:  Graphical representation of the Mountain Car problem
[Brockman et al., 2016].

5.3 Continuous Mountain Car

The second experiment, illustrates the behaviour of OPTIMIST2 when the
parameters of the hyperpolicy belong to a compact (continuous) space, on the
Continuous Mountain Car task [Brockman et al.,; 2016]. We chose the Continuous
Mountain Car because it is a simple, well known, continuous problem and because

it constitutes a relevant exploration challenge w.r.t. other simple tasks such as
LQG.

In this problem, graphically represented in Figure 5.5, the agent has to control

the engine of an under-powered car in order to reach a target. The target is on
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Figure 5.6: Cumulative regret in the Continuous Mountain Car experiment.
Comparison between OPTIMIST, PGPE and Parameter-Based Policy Optimiza-
tion via Importance Sampling (PBPOIS) when learning the two-dimensional

hyperpolicy mean. (5 runs, 95% c.i.)

top of a hill on the right-hand side of the car. If the car reaches it or goes beyond,
the episode terminates. On the left-hand side, there is another hill. Climbing this
hill can be used to gain potential energy and accelerate towards the target. On
top of this second hill, the car cannot go further than a position equal to -1, as
if there was a wall. Reward is 100 for reaching the target of the hill on the right
hand side, minus the squared sum of actions from start to goal. This reward
function raises an exploration challenge, because if the agent does not reach the
target soon enough, it will figure out that it is better not to move, and won’t
find the target eventually. The state space & = [—1.20,0.60] x [—0.07,0.07]
is constituted by a bi-dimensional vector with current position and velocity of
the car. The action space A € R is continuous: positive values correspond to
a forward engine traction, negative values to backward engine traction. Every
episode starts with the car in a random position between —0.6 and —0.4, with
null velocity. The agent samples H = 500 steps-long trajectories with a discount
factor of 7 = 1.00 (the rationale of this choice is discussed in Remark (5.3.1)),
for a total of T' = 5000 iterations.

In our experiments we use a Gaussian hyperpolicy with a two-dimensional
learnable mean p = &€ = (£1,&)7, within a box p € [—1, —1] x [0, 20], and a fixed
covariance 3 = diag(0.15% 3%). Concerning the confidence and discretization
schedules for OPTIMIST2, we adopted those suggested in Theorem (4.4.3), i.e.,

e _ oyt : _ _ .
- 7r2t2(1+[t1/n]d) and 7 [tx], with 6 = 0.2 and & = 3. The choice of k
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influences the granularity of the discretization. Since 7, = [t%] the granularity is
non-decreasing with time, but smaller values of k allow for a finer granularity at
a given iteration ¢. For more information about the choice of k, refer to Remark
(5.3.2). The parameters used in the Mountain Car experiments are summarized
in Table (5.1).

We compare OPTIMIST2 (4.2) against parameter-based policy optimization
algorithms PGPE (2.4) and PBPOIS [Metelli et al., 2018].  The latter is a
parameter-based off-policy policy search algorithm which optimizes a lower
bound of the performance estimator. Similarly to OPTIMIST, this estimator
is built upon single importance sampling. We chose to compare OPTIMIST
with PBPOIS not only because of this similarity, but also because of their
intrinsic difference. In fact, despite being both off-policy algorithms based on
importance sampling, PBPOIS optimizes a lower bound on the performance,
which implies a very limited exploration. By contrast, OPTIMIST optimizes an
upper bound on performance, accordingly to the OFU principle. OPTIMIST
and PBPOIS are also compared with PGPE, which laid the foundations for both
of them. Moreover, PGPE too is known to lack exploration of the parameter
space. Finally, note that, unlike OPTIMIST, both PGPE and PBPOIS adopt
natural policy gradient ascent to optimize their hyperpolicies. The best learning
rate a for PGPE was searched in the set {3,2,1,0.1,0.01,0.001}. For PBPOIS,

we used the suggested hyperparameters.

Results are shown in Figure 5.6. We can notice that OPTIMIST?2 is able to learn
a good policy in a very short time thanks to its better exploration capabilities.
However, the policy gradient methods outperform it on the long run. In fact, the
exploitative behaviour of the other two algorithms results in a better performance
w.r.t. OPTIMIST, which continues to explore even after having found suitable
parameters in few iterations. Even though these results might not be satisfactory
from a performance point of view, our primary goal was to develop a PS algorithm
that would explore effectively the space of parameters. From this point of view,
the results turn out to be successful. To convince ourselves of this claim, we
refer to Figure 5.7, in which we show the density estimation of the probability
distribution induced over the arm set &€ = p by PGPE (left) and OPTIMIST
(right) during learning. The estimation has been carried out by means of the
Gaussian kernel density estimator [Scott, 2015] implemented in the SciPy library.”

Intuitively, this represents the likelihood of each two-dimensional arm to be pulled

3https://docs.scipy.org/doc/
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M 1

Figure 5.7: Gaussian kernel density estimation [Scott, 2015] of the probability
distribution of the arm set & = p induced by PGPE (left) and OPTIMIST
(right).

State-space dimension ‘ k=2 k=3 k=4 k=5 k=6

d=2 5041 324 81 36 25
d=4 2541168 104976 6561 1296 625

Table 5.3: Number of points in the discretized state space, following discretization
schedule 7 = [t%], where d refers to the number of space dimensions and £ is a

free-parameter.

by either PGPE or OPTIMIST.

Remark 5.3.1. The rationale behind the choice of undiscounted (y = 1.00)
rewards lies in the design of the reward system of the Continuous Mountain Car
task. During learning, the car usually does not manage to reach the target before
a few hundred iterations, while collecting rewards equal to minus the squared
sum of actions in all previous steps. In such scenario, the agent would barely
distinguish between a successful episode (that ended by reaching the target) and
an unsuccessful one. For the sake of clarity, we will illustrate this situation with
an example. Say that, after driving up and down the hills for 300 episodes, the
agent finally manages to reach the target. Also, imagine that we are slightly
discounting rewards with v = 0.99. In this situation, the positive reward received
would be 7391 = 0.993% . 100.00 = 4.90, while the negative reward cumulated
in previous steps (h = 1,2,...,299) would at least be numbered in tens. This
means that the return of the episode would still be negative and numbered in
tens, because |r301| « | S0t ¥*rp41|. Hence, the agent would not learn from this
successful episode, because it could not tell it from an unsuccessful episode. This

problem is solved by setting v = 1.
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'Zmax

Figure 5.8: Graphical representation of the Inverted Pendulum task

[Wawrzynski, 2005].

y H T | 4§ k

0.99 500 10000‘0.20 5

Table 5.4: Task parameters (left side) and OPTIMIST input parameters (right

side) for the Inverted Pendulum experiment.

Remark 5.3.2. Considering that OPTIMIST needs to evaluate bound (4.9) for
every arm, at each iteration, the finer the discretization schedule the longer the
time required by numerical simulation. Indeed, the optimization of the bound is
much more computationally demanding than any other operation undertaken by
OPTIMIST. In Table (5.3) we report the total number of arms resulting from
different choices of k, according to the state-space dimension d, at final time
step T' = 5000. As a reference, with the computing capacity at our disposal
during this thesis project ?, the time needed for optimizing the bound over 5000

iterations was:

e approximately 4 hours with d = 2 and k£ = 3;

e approximately 39 hours with d = 4 and k = 4.
Evidently, our limited time and computing capacity did not allow for the finest of
the discretization schedules. However, we think that the discretization adopted

in the Mountain Car and Inverted Pendulum (discussed next) experiments was

appropriate to the task at hand.

5.4 Inverted Pendulum

As third comparative experiment, we attempted to run OPTIMIST on the
Cart-Pole Swing-Up task [Tornio and Raiko, 2006], also referred to as Inverted

420 cores of an Intel Xeon Processor E7-8880 v4 (55M Cache, 2.20 GHz, 126 GB of memory).
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Pendulum task. Unfortunately, in this case OPTIMIST was not able to learn
any performant policy, neither optimal nor near-optimal. However, we present
the experiment and some considerations on what could have gone wrong as a
starting point for future developments. This problem is a classic benchmark for
non-linear control”, which requires a thorough exploration for finding the optimal
policy. The system consists of a pole attached to a cart, depicted in Figure 5.8).
The force applied to the cart can be controlled, and the goal is to swing the pole
to an upward position and stabilise it. This must be accomplished without the
cart crashing into the walls of the track. The state space S € R* consists of four
observed variables. The position of the cart u (constrained in [—3, 3]), the angle
of the pole measured from the upward position ¢, and their first derivatives v’
and ¢'. Control input is the force applied to the cart. The reward system is
designed in a way that the agent receives a non-positive reward except when it

manages to achieve an upward position:

—100, if |u| > 3
R(as;) = [ (5.10)
cos(¢) if ug| <3

This task is known for requiring a thorough exploration of the parameter space
because it is easy to encounter local optima which are far from the global optimum
in terms of performance. An example would be a policy that continuously
rotates the pole in order to receive a close-to-zero return, spending half of the
time downwards and half upwards. The detailed dynamics and constraints for
the simulated cart-pole system can be found in [Kimura, 1999], while for the
implementation details (including the bounds applied to the position and the
force) the reader can refer to the rllab implementation®. Before every trajectory,
the system is initialized to a random state taken from the uniform distributions
ue[-1,1], v € [-2,2], p € [ — 1,7+ 1], ¢ € [-3,+3]. The agent samples
H = 500 steps-long trajectories with a discount factor of v = 0.99, for a total of
T = 1000 iterations.

In our experiments we used a Gaussian hyperpolicy with a four-dimensional
learnable mean g = {1, pto, pi3, pta}, within a box p € [-0.2,0.2]*, and a fixed
covariance ¥ = o021, with o = 0.001. Concerning the confidence and discretiza-
tion schedules for OPTIMIST2, we adopted those suggested in Theorem (4.4.3),

. . 66 _ % . _ _
ie., 0; = T AT <1+[t1/"~]d) and 7, = [t%], with § = 0.2 and k = 4. The summary of

A broad benchmarking study on Inverted Pendulum is discussed in [Duan et al., 2016].
Shttps://github.com /rll/rllab
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the parameters used in the Inverted Pendulum experiments is reported in Table
(5.4).

Unfortunately, OPTIMIST?2 failed to learn a good policy in this task. This is
clearly visible by looking at the hyperparameters curve over decision epochs: even
after 10000 iterations the algorithm is still exploring (more or less) uniformly
the parameter space. We report the curve of y; in Figure 5.9. The reason for
this behaviour is likely to be o. Indeed, for very small values of sigma, such as
o = 0.001, the behavioural hyperpolicies adopted during learning do not share
information with the target hyperpolicy. In other words, the Rényi between the
target and the mixture of behaviourals becomes very large and dominates the
OPTIMIST bound (4.9). We report the bound here for the sake of clarity:

1
. 4\ [ d2(pa, | ®:)log 5, \ *

B/ (x,6;) = () + | f]l, <\/§+ 3) < ' ; ) I (5.11)
Evidently, when the Rényi divergence is very high the second half (the ezploration
bonus) dominates the bound, and obliges the agent to explore disregarding the
estimated performances of the arms. This intuition is confirmed by looking at the
very irregular plots of the truncated MIS estimator fi;(x;) and the exploration

d2(pe, | 1) log &\ 2
bonus || f]., (vV2+ 3) (M for the arms x; selected at iterations

t =1,2,...,T, reported in Figure 5.10. The bonus (whose value is frequently
over 10000) largely dominates the performance estimator (whose value is mostly
negative). The intuitive counter-measure would be to adopt bigger values of o.
Unfortunately, the Inverted Pendulum has a very narrow set of near optimal arms
and higher variances hinder learning, as confirmed by our numerical simulations.
Indeed, this knot could represent another interesting starting point for further

developments.

5.5 Action-based setting

The reader may wonder why we did not carry out numerical simulations in the
action-based setting. Actually, we did make some experiments, but we briefly
understood that there was a major obstacle represented by the computation
of the Rényi divergence. In fact, although what has been discussed in Section

5.1 also applies to policies (not only hyperpolicies), the loss function cannot be
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Figure 5.9: The hyperpolicy mean parameter selected at each iteration of OPTI-

MIST in the Inverted Pendulum experiment.
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Figure 5.10: Truncated MIS estimator (left) and exploration bonus (right) of
the arms selected by OPTIMIST at each iteration of the Inverted Pendulum

experiment.

directly optimized since computing dy(ps|®P:) requires the approximation of
an integral over the trajectory space and, for stochastic environments, to know
the transition model P, which is unknown in a model free setting. For the sake
of clarity, we report here the definition of the Rényi divergence between the
distributions pg(7) and pg(7), induced over trajectories 7 € T by the target g

and behavioural mg:

do(per|lpe) = (Lpo(r) <p (1) ) ) dT> - . (5.12)

po(T)

Simple bounds to this quantity, like d,(per||pe) < sup.es da(me(:|8)||7a(:|s))H,

besides being hard to compute due to the presence of the supremum, are extremely
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conservative since the Rényi divergence is raised to the horizon H. In our
experiments, we tested action-based OPTIMIST over the LOG problem by
estimating the exponentiated 2-Rényi divergence between a proposal () and a
target P distribution as follows:

BPIQ) = =, (5.13)

where t is the number of samples available, which in our case corresponds
to the iteration step number, wpy is the importance weight, and ESS

[Martino et al., 2017] is a well known estimator of the effective sample size
(ESS) [Kong. 1992], given by:

2
ESS = M. (5.14)
[wesal,

Indeed, the effective sample size is defined as [[Kong, 1992]:

t t

B9 = s olumo@] 11 da(PlQ)

(5.15)

However, its estimator ESS is very rough due to its high (possibly infinite)
variance, and turned out to be useless in our case. The main problem of dy( P|Q)
(5.13) is that it is consistent with the true Rényi divergence only for close enough
target and behavioural policies (P and ()). This means that the estimator does
not allow to share the information obtained by a behavioural () with distant target
distributions P. Moreover, by estimating the Rényi from the samples we would
lose OPTIMIST theoretical guarantees on the regret. Therefore, this estimator
proved to be impractical for the implementation of action-based OPTIMIST and
we decided to focus on the parameter-based setting. For future works, a study of

a good estimator for the Rényi would be another interesting research direction.
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Conclusions

In this chapter, we revisit our original contributions to the RIL literature. Then,
we summarize the limitations of our work and suggest some possible directions

for future research that stem from these limitations.

6.1 Recapitulation

In this thesis we studied the exploration-exploitation problem in PS by leveraging
MARB techniques. After a thorough literature review of both MAB and RL, we

developed a threefold contribution to the existing work.

In Section 4.2, we provided an ad-hoc formalization of the online, episodic policy
optimization problem. This formulation does not fall within the traditional MAB
framework, but builds upon it. At every decision epoch, the agent selects a
parametrization of its policy (or hyperpolicy) as it would pull a bandit arm,
draws a trajectory with it, and observes its payoff, i.e., the cumulative return of
the trajectory. The goal is to maximize the expected total payoff. The peculiarity
of this framework w.r.t. the classic MAB one, is the special structure existing
over the arms, induced by the common sample space of the stochastic arms (the

agent’s policy parametrizations).

In Section 4.3 we exploited the correlation between arms to guarantee efficient
exploration by leveraging the OFU principle and multiple importance sampling.
In particular, we devised OPTIMIST, a suitable algorithm capable of learning
within a discrete set of arms. An intuitive extension of it is discussed in Section

4.4: OPTIMIST?2 allows learning within a compact set of arms, by means of
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iterative discretization of the continuous space. Both algorithms have been
backed by theoretical guarantees on the convergence of their cumulative regret,
i.e., sub-linear regret, under assumptions that are easy to meet in practice. Also,
they have no equivalents in the PS literature, which strongly lacks studies on

both exploration and convergence properties of the existing algorithms.

In Chapter 5, we carried out several numerical simulations to test the proposed
algorithms on multiple tasks, and to compare them with other classical MAB
and RL algorithms. As we hoped, OPTIMIST (and its extension) proved to be
very effective in exploring the (hyper)parameter space by leveraging its structure.
In particular, its exploitative behaviour revealed to be more efficient than similar
MARB algorithms such as UCB1, and more effective than policy search algorithms
such as PGPE and PBPOIS. Nonetheless, numerical simulations shed light on

several limitations of the proposed algorithms.

6.2 Limitations and Future Works

The most evident limitation of OPTIMIST, revealed by numerical simulations,
consists in the inefficient way it optimizes its upper bound index (4.9). Taking
the argmaz over a discrete set is very expensive and becomes unfeasible for large,
multidimensional state spaces. This problem showed up clearly in the Mountain
Car and Inverted Pendulum experiments. Given our limited computing capacity
and time, we could neither experiment with finer discretization schedules (smaller
k), nor optimize the covariance parameters, which would have meant to double
the number of arms (the covariance being diagonal). Another limitation has
been already discussed in Section 5.5. Computing the exploration bonus is
unfeasible because we lack proper estimators for the Rényi divergence between
a target and a mixture policy. To the best of our knowledge, the estimators
available in the literature are insufficient for modelling the Rényi distance between
probability distributions, as they suffer of high variance and generate numerical
instabilities during numerical simulations. Finally, comparative experiments
on LG and Continuous Mountain Car showed that OPTIMIST struggles to
keep pace with the performances of more exploitative algorithms whenever an
extensive exploration is not required. In particular, after having performed many
epochs and extensively explored the parameter space, it would be desirable to
start exploiting more heavily. However (we should say, as expected), OPTIMIST

consistently sticks to the OFU principle, which inherently brings to continuous
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exploration even in tasks in which little exploration is enough.

The limitations discussed above constitute a natural starting point for future
developments. Future works should focus on finding more efficient ways to
perform optimization in the infinite-arms setting. The authors of GPUCB, facing
a similar optimization problem, suggest the adoption of global search heuristics.
Instead, the RI. community generally favours gradient descent. However, the
latter displays bad performances when optimizing multimodal functions, like
our upper confidence bound. Nonetheless, there exist many different variations
of this technique (natural gradient, stein variational gradient, gradient with
momentum etc.), and some of them could reveal effective. On an other track,
parallel to the first one, future work could investigate appropriate estimators for
the exploration bonus in the action-based setting. Also, they could study how
to mitigate the strong exploration drive of OPTIMIST whenever it proves to
be excessive. Finally, an interesting line of research would be to study suitable
integrations of our problem formalization and bounds with posterior sampling.
Indeed, exploiting the sample efficiency that characterizes T'S seems promising,
and already proved to be a more powerful solution than optimism in some R

scenarios, as discussed in Section 3.2.3.

To sum up, we have proposed an innovative method to perform directed explo-
ration in PS and we have studied it thoroughly. Hopefully, our results will pave
the path for further improvements on this important challenge that remains

inadequately studied.
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Proofs

Lemma 2.5.1. Let P and {Qi}X | be probability measures on the measurable
space (Z,F) such that P « Q and da(P|Qk) < o© for k = 1,...,K. Let
[+ Z — R be a bounded function, i.e., |f|l, < . Let fipy be the balance
heuristic estimator of f, as defined in (2.40), using Ny, i.i.d. samples from each

Qr. Then, the variance of figy can be upper bounded as:
N do(P|P
var [igs) < |2, 212 (2.44)

sz“‘Qk

where N = Zszl Ny is the total number of samples and ® = 21{;(:1 %Qk is a

finite mizture.

Proof. The proof is similar to Lemma 4.1 of [Metelli et al., 2018]:

1 K N p(20)
Nl;; Z] 1 NqJ(ZkZ>]

Var [figu] = Var

Zik ~ Qr, Zig ~ Qk
1 5 & | p(Zkz)
= — Var | f(zri) = : (A.1)
N? I;Ii—l i | pIa- %Qj(zki)
[ 2
1 5 & p(»’«’m’)
N? ;;Zw% ( 21 75 (2ki)

1 & & p(zki) 2
<Wloym 2. 2 E,, (2” % -<zki>>

j=1 N 4

- Ifl%y E, (%) (A2)

j=1 N 1]
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AL

where (A.1) follows from the independence of the z; and (A.2) is obtained by

the definition of ® and observing that for an arbitrary function g:

]ifk_lgzm@@k[g(zik)] Z ]]V\; zlk@Qk [9(z11)] = Z@@[g(z)]. (A.3)

]

Lemma 4.1.1. Let P and {Qi}}_, be probability measures on the measurable
space (Z,F) such that P « Q and there exists € € (0,1] s.t. di(P|Qk) < 0
fork =1,...,K. Let f: Z — R, be a bounded non-negative function, i.e.,
|fll, < oo. Let fipy be the truncated balance heuristic estimator of f, as defined
in (4.2), using Ny i.i.d. samples from each Q. Then, the bias of ipy can be
bounded as:

0<p— E [fipn] < | floM ™ dise (P|P), (4.3)

22
2ip ~ Qk

and the variance of fipy can be bounded as:

P|®)¢
Var [fign] < | 00— e P1D)

_ (4.4)
2k CQy N

where N = Zszl Ny, is the total number of samples and ® = Zszl %Qk is a

finite mizture.

Proof. Let us start with the bias term. The first inequality 0 < —E_ iy, [,uBH]
derives from the fact that figy = fign, being f(z) = 0 for all z and observmg that
{1 is unbiased, i.e., Ezikiiwko [iga] = p. For the second inequality, let us consider
the following derivation:

p— E [A]
Ti~q;
= E [iga]— E [fign]
sz%iQk Zikl’l‘c’le
K Ng
_ 722 |: 2 ( Kpg\'fzzk) mm{M Kpgfzk) })]
i1 #ik~Qk Z] 1 qu(sz) Z] 1 qu<zzk)

. p(2) M1 A5
z@b I )(Zjil %QJ(Z) ) {p‘z?zM} (8.5

N
K e
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< E f(z)( )]l (A.6)
z2~® j 1 N ] p(z) M}
w4, (2)
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where (A.
M >

the bound holds or at most M ~¢. For the variance the argument is similar:

) is an application of Equation A.3, (A.6) derives from recalling that

0 and (A.7) is obtained by observing that ™1, is either 0 and thus
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dyi (P ®)°
N )

where (A.8) is again an application of Equation A3 and A.9 derives from

= [ I

observing that min{z,y} < x and also min{z, y} < O

Theorem 4.1.1. Let P and {Qy}2_, be probability measures on the measurable
space (Z,F) such that P « Q and there exists € € (0,1] s.t. di(P|Qk) < 0
fork =1,....K. Let f : Z — R, be a bounded non-negative function, i.e.,

|fll, < oo. Let fipy be the truncated balance heuristic estimator of f, as defined

in (4.2), using Ny i.i.d. samples from each Q. Let My = (M> , then

log &
with probability at least 1 — §: '

1\ [dise (P|®)logt\ T
o < i+ e (V2 1) (B85 ) 7 (45
3 N
and also, with probability at least 1 — §:
_ 4\ (dise (P|®)log L\ T
= - 11 (V24 3 ) (OO T g

Proof. Let us start with the first inequality. Observing that all samples z;; are
independent and that figy < M||f|., we can state using Bernstein inequality
[Boucheron et al., 2013] that with probability at least 1 — ¢ we have:

Mlog%

+ 1l gt

- - 1
fipn < E_[figu] +, /2 Var [fign]log <
Zik~ Qo Zik Qi 0

2M1~<d; . (P||®)  log Mlog
<p+ !foo\/ = ’ ||fHoo ? (A.10)

N

— 1+ 1o (ﬁ s ;) (d e logé) | (A11)

where (A.10) is obtained by substituting the variance with its bound (4.4) and
(A.11) is from the choice of M. For the second inequality we just need to consider
additionally the bias.

- - 1 M log &
fpu = E |[fiBu]| — \/ Var [/iBH] 1085* — [ fleo E:

T 2 Qy 3N
i Mlog
= U — <,U— E [NBH]) — \/2 Var [fiBH] 10g5 1l 5
ZikNQk sz“’Qk
— ‘ 1Y [ dise (P|®)log 1\ T
[ flloo M drse (P[®)" = [l (x@+ 3)( -

(A.12)
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4Y (e (P|®)log ) 7
-1l (Va3 ) (PR

where (A.12) comes from substituting the bias with its bound (4.3). O

(A.13)

Theorem 4.4.1. Let X be a discrete arm set with |X| = K € N_. Under As-
sumption (/.4.1), Algorithm /.1 with confidence schedule 6, = % guarantees,
with probability at least 1 — 0

K
Regret(T)) < Ag + CT+ l’ue (2 log T + log —— 25 )] ;

where C' = (1 +¢€) (2v2+ 2) | fll.., and Aq is the instantaneous regret of the

nitial arm xg.

Proof. Fix an € > 0. To ease the notation, let ¢= = |f], (\/§+ %), ¢t o=

di+e(pa log L\ 1+e
1 fly (V2+3), and Bi(x) = (w{%)og%) . We start by showing that,

t
with probability at least 1 — 9:

— " Bi(x) < py(x) — pw(x) < ¢ fi(x) forallze Xandt=1,...,7. (A.14)

Indeed:

k=1t=1
>1—K ) P (@) — p(@1) > ¢ Bi(my)) (A.15)
T
>1-K) 6, (A.16)
>1- g, (A.17)

where (A.15) is from a double union bound (over time and over the finite elements
of X) (A.16) is from Theorem 4.1.1, and (A.17) is by hypothesis on §; and

2 ..
Zt 1 t2 Zt 1 t2 = % Slmllarly:

< ﬂ p(xy) = —c+ﬂt(azk)]>

t=1

EDN
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—P (U U [ (ar) — ) < —c+ﬁt(mk)]>

1= K Y P (fy(z1) — p(@1) < —c* (1))

Hence, by union bound over the two inequalities, (A.14) holds with probability

at least 1 —¢. This allows to lower bound the instantaneous regret with the same

probability:
Ay = p(a*) = p(e) < fin(2*) + 7 By(x") — p(wy) (A.18)
< (@) + " By(@y) — pi(y) (A.19)
< (¢ +c")p(xy) forallt =1,...,7, (A.20)

where (A.18) and (A.20) are from (A.14), while (A.19) is by hypothesis, as
x; = arg maXgex ([ (x) + ¢t G (x)). Note that the union bound over the elements
of X in (A.14) was necessary for (A.18) as the optimal arm «* may not be unique.

Finally, with probability at least 1 — §:

T
Regret(T) = Z Ay

t=0
T
= Do+ DA
t=1
T
< Ao+ (¢ +¢7) > Bilmy) (A.21)
t=1
e I (log L T
< Ag+ (¢7 + 7 )ude Z (i&) (A.22)
t=1
N o 2logt + log e
= Ao+ (¢" + )l )] . (A.23)
t=1

2K\ | T+ 1
<A0+(C++c‘)[ (210gT+10g 25 )] ' (14 ) TT+, (A.24)

where (A.21) is from (A.20) and holds with probability no less than 1 — 4§, (A.22)
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is from Assumption 4.4.1, (A.23) is by definition of §;, and (A.24) is from:

T T+1 1 Tl—a
Zt‘o‘ < J t~dt = . ((T + 1) — 1) < forall 0 < a <1,
t=1

1 —« 1l -«
(A.25)
with a = $%. The proof is completed by renaming C' « (1 + ¢€)(c" +¢7) =
(14 @v2+ ) |fl, m

Lemma 4.4.1. In the policy optimization problem, Assumption /./.2 can be
replaced by:
sup E [|Velogme(als)|] < uy, (4.12)
s€8,0€0 A~ To
in the action-based paradigm, and by:
sup E [|Velogre(0)|] < us, (4.13)
£eZ O~p¢
in the parameter-based paradigm, where wy and wy are d-dimensional vectors and

the inequalities are component-wise.

Proof. We consider the infinite-horizon case (H = 00,y < 1), as the finite-horizon
case is w.l.o.g. under mild assumptions. To show Lipschitz continuity in the
action-based paradigm, it is enough to bound ||VgJ||, under (4.12). From the
Policy Gradient Theorem [Sutton et al., 2000]:

VoJ(8) = 1 |, [Vologmo(als)Qa(s,a)]. (A.26)

where pg is the discounted state-occupancy measure under policy mg and Qg is
the action-value function [Sutton et al.. 2000], modeling the reward that can be
obtained starting from state s, taking action a and following 7g thereafter. From
(A.26), for every 0 € ©:

Rmax
|V9J(9)| < W 8@9 [|V9 log7r9(s,a)|] (A27)
a~Tg

< sup E ||Vaglo s,a
(1— )2 se£a~7re[’ ologmo(s,a)l]

_ ulRmax <A28>

(1 =)

where the inequalities are component-wise, (A.27) is from the trivial fact |Qg|| , <
(}ff?y"), and (A.28) is from assumption (4.12). It follows that L = % is a
valid Lipschitz constant under the /; norm. The commonly used Gaussian policy:

rolals) = N(67¢(s), 0?) — — exp{—l (“_9‘1’(5)) } (A.29)

2ro 2 o
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where ¢(s) is a vector of component-wise bounded state features, i.e.,

SUDses |D(8)| € @Pmax, satisfies assumption (4.12):

|p(s)(a — 9T¢(8))|]

o2

E, [Votogma(als)] = 5 |

a~Tg

< 196) g [ja=0"00)]
g a~Tg o

< [6(5) e |z|dx (A.30)
2mo Jr

< 2Prmax = Uy, (A.31)
2mo

where inequalities are component-wise and (A.30) is by the substitution z «
@. Even when o must be learned, proper parametrization (e.g., ooc exp{0}),

together with the compactness of ©, allows to satisfy assumption (4.12).

To show Lipschitz continuity for the parameter-based paradigm, it is enough to
bound |Ve Eg~r,[J(0)]],, under (4.13). For every £ € E:

Ve & [0)] - | E [Velozre(6)7(0)]
< B [[Veloze(6)] (4.3
< ?fjfmfy;‘ (A.33)

where the inequalities are component-wise, (A.32) is from the trivial fact J(0) <
%@", and (A.33) is from assumption (4.13). It follows that L = % is a
valid Lipschitz constant under the /; norm. A Gaussian hyperpolicy v¢(0) =
N (&, diag(o)) satisfies assumption (4.13) with uy = ﬁ The proof of this
fact is analogous to that of (A.31). Even when o must be learned, proper
parametrization (e.g., oocexp{&}), together with the compactness of =, allows

to satisfy assumption (4.13). O

Theorem 4.4.2. Let X be a d-dimensional compact arm set with X < [—D, D]%.
Under Assumptions (/.4.1) and (4.4.2), Algorithm /.1 with confidence schedule
0y = 675) guarantees, with probability at least 1 —§:

w212 (1+d4¢24

1 2\1™  72LD
Regret(T) < Ag + CT7+ lve (Z(d + 1)log T + dlogd + log ;)] + 5

where C = (1 +¢€) (2v2+ 2) | fl., and Ag is the instantaneous regret of the

nitial arm x.
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Proof. Fix an € > 0. Let ¢, ¢* and f;(x) be defined as in the proof of Theorem
4.4.1. The finite cardinality of X allowed to perform a union bound over the
arms that was crucial for the proof of Theorem 4.4.1. We cannot do the same
here as X has infinite cardinality. To overcome this problem, we follow the line
of reasoning proposed by [Srinivas et al., 2010]. First, we can say something
about the arms that are actually selected by the algorithm, which are finite.
From Theorem 4.1.1, by a union bound over ¢t = 1,...,T, we have that, with
probability at least 1 — ZtT:1 O

,Jt(wt) — M(wt) < Ciﬁt(wt) for all t = ]., . ,T. <A34)

We also need a specular inequality for the optimal arm. Unfortunately, we cannot
assume there exists a unique optimal arm z*." Even worse, a dense set of optimal
arms may exist. To overcome this problem, we introduce, only for the purposes
of the proof, a discretization of the arm space. Let .ft be a d-dimensional regular
grid of ¢ vertexes, where (1, € N, )L, is a discretization schedule. Let [z]; be
the closest vertex to « in X;. From Assumption 4.4.2:

ju(w) = ()] < Ll ald, < =2, (239
as each voxel of the grid has side % and no point can be further from a vertex
than d half-sides according to the [ norm. Now fix a ¢ > 1 and an optimal arm
x*. With probability at least 1 — d;:

p(x”) = fu([2*]e) = p(e®) = p((2*]e) + pl(z*]e) — (]

< pllz*]e) = fu([2*]e) + [u(x™) — p([27]:)]

< B + 224 (A.36)

Tt

where the inequality (A.36) is from Theorem 4.1.1 and (A.35). Since any voxel
may contain an optimal arm, we must perform a union bound over the [7]¢
vertexes of XNt, and a subsequent one over t,...,T. Hence, with probability at
least 1 — Y17 786,

u(z*) — fi[a],) < i) + 22

Tt

fort=1,...,T,Vx* € argma%,u(m).
xe
(A.37)

We can now proceed to bound the instantaneous regret. With probability at
least 1 — 307, 6,(1 + 7):

Ay = (@) — ) < fulla]) + e B[], + Z20

Tt

— p() (A.38)

"nstead, p(x*) is always unique.
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< il + ¢t ) + 22 — e (A.39)
< (¢4 e + T (A.40)

where (A.38) is from (A.37) and holds with probability at least 1 — Zthl T
(A.39) is by hypothesis, as @; = arg maxgex (fiz(x) + ¢t 5i(x)), and (A.40) is from
(A.35) and holds with probability at least 1 — Y, ;. Hence, (A.40) holds with
probability no less than 1 — 3 786, — 37 6, = 1 =37 6,(1 + 7%). Let us
pick as a discretization schedule 7, = dt2. This has no impact whatsoever on
the algorithm, as the discretization is only hypothetical. With this 7; and the
confidence schedule proposed in the statement of the theorem, it is easy to verify
that (A.40) holds with probability at least 1 — 4.

Finally, we can bound the regret. With probability at least 1 — d:

Regret(T)
T
<Ao+ DA
t=1
T T
1
< Ao+ (¢ +¢7) Y Bilm) + LD ) - (A.41)
t=1 t=1 't
T 2
LD
<(ct+c) Z By(we) + = : (A.42)

i( 51) 2gD (A.43)

<Ag+ (cm+c ) T
T d2d T+e
log(1 + d“t 2logt +1
< Ao+ (¢t +¢) 1+€Z<0g i +t og! + 108 65 ) (A.44)
t=1
2D
T (A.45)
6
T 4g2d) T
log(2d%t 2logt +1
<A+ (c"+e) 1+€Z<Og = Og toes ) (A.46)
t=1
2
m LD (A.47)
6
T T
2(d+ 1)logt + dlogd +1
=ANg+ (c¢" + ¢ 1“2( ) log ; °8 08 55 > (A.48)
t=1

2 LD
6
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71—2 1~EF6 T e
<Ag+ (¢ +¢) [ve (Q(d + 1)logT + dlogd + log 35>] Z t T
=1
(A.49)
72 LD
6

€

2 T+e 1
<Ag+ (¢ +¢) lve (2(d + 1)logT + dlogd + log ;)] (14 €)TT+

(A.50)

LD

6

where (A.41) is from (A.40) and holds with probability at least 1 — §, (A.42) is
from the choice of 7, and 3| [ t72 < 30 72 = %2, (A.43) is from Assumption
4.4.1, (A.45) is from the choice of d;, (A.47) is from log(1 + z) < log(2z), which
holds for every x > 1, and (A.51) is from (A.25) with @ = —. The proof is

1+e
completed by renaming C' « (1 4+ ¢€)(ct +¢7) = (1 4+ €)(2v2 + 2) | f]... O
p y g 3 0

(A.51)

Theorem 4.4.3. Let X be a d-dimensional compact arm set with X < [—D, D]<.

For any k = 2, under Assumptions (/./.1) and (}.4.2), Algorithm J.2 with confi-
60
n2t2<1+[t1/ﬂ]d>

with probability at least 1 — §:

dence schedule 6, = and discretization schedule 7, = [t%] guarantees,

Regret(T)
1 1 7'('2 1+e
< Ao + ClT(lfﬁ)d + OQTTJre . lve <(2 + d/,{) 10gT 4 d10g2 + 10g 3(5)] ’

where Cy = LD, Cy = (1+€) (2v2+ 2) | f[,, and A is the instantaneous
regret of the initial arm xg.

Proof. The proof follows the one of Theorem 4.4.2 up to (A.37), except from the
fact that the discretization is actually performed by the algorithm. That is, with
probability at least 1 — 31| 8,(1 + 7):

~ — * ~ * * LDd
fir(x:) — pu(xe) < ¢ Bi(@e) and  p(x™) — G ([2*]:) < " Bil[27]:) + -
t
(A.52)
fort =1,...,T and every &* € arg maxgey p(x). This is enough to bound the

instantaneous regret. With probability at least 1 — > 6,(1 + 78):
LDd

Tt

Ay = p(x") = () < fi([27]e) + " Bel[7]e) +

— pul:) (A.53)
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LDd

Tt

LDd

< (¢ 4 c)Bi(my) + o
t

< Jir () + ¢ By(2) + — p(xe)

(A.54)

(A.55)

where (A.51) and (A.54) are from (A.52) and hold simultaneously with prob-
ability at least 1 — 3;1 6:(1 + 78), and (A.53) is by hypothesis, as x; =
argmax,_y (fir(z) + ¢ Bi(x). Note that the latter is true only by virtue of

the fact that both [x*]; and @, belong to Q?t, as the optimization step of Algo-

rithm 4.2 is restricted to /\N,’t.

Finally, we can bound the regret. With probability at least 1 — 4:

T
Regret(T) = Ao + Z Ay

t=1

1
< Ao+ (¢ +¢7) Y Bl + LDd ) —
t=1 =1 Tt
T 1
< Ao+ (¢ + 7)) Bulm) + LpT(-%)d
I{/ J—
t=1

K —

T 10 1 1+e L
< Ao+ (¢ + )l )] g‘”) +— 1LDT(17)d

t

2logt + dlog (t% 4 1) +log =

t=1 t
+ " ppr(-Hg
K_
e 24+ N ogt + dlog?2 + log ™=
<A+ (C+ +C—)UE1+EZ (( n) 0og og 08 35
t
t=1
+ " ppr(-H)g
k—1

(A.56)

(A.57)

(A.58)

4 L\ T
2logt + log (1 + [tﬁ] ) —|—log76r6)

(A.59)
(A.60)

1+e

€
) 1+e
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d 2 1+e
<Ag+ (¢ +c¢7) [Ue ((2 + K) logT + dlog2 + log )]

(1-%)a,

Zt Tre

2\ 1%
< Ao+ (¢ +¢7) [ve(< d)logT+dlog2+log35)]

(1 —i—e)Tl%re +

" ppr(-a,
k—1

(A.67)

where (A.56) is from (A.55) and holds with probability at least 1 — ¢ with
the proposed ¢; and 7, (A.57) is from the proposed 7, and (A.25) with
a = 1k, (AB8) is from Assumption 4.4.1, (A.60) is from the proposed &,
(A.62) and (A.64) are from the fact log(x + 1) < log(2x) for z > 1, and
(A.64) is from (A.25) with o = ;5. The proof is completed by renaming

Cr—A+e(ct+c)|fl,=0+e)2v2+3)|f|, and Co — £ LD. O

Lemma A.0.1. Let ¥ = Y (P and ® = Y4 | BQx, with ¢ € [0,1],
ZZL (G =1, Brel0,1] and Zk 1 Br =1, be two finite miztures of the probability

measures { P}, and {Qp}X_ | respectively. Let {1/@}1 ~12e L and {¢i;}i- L2 L
..... Jj=12,..,

be two sets of variational parameters s.t. ¢;; = 0, zb” 0, Zk:1 ¢i; = ¢ and
Zle Yij = Br. Then, for any o = 1, it holds that:

L K
do (V[ @)~ ZZ i “da(P Qi)™
1=1k=1

Proof. The proof follows the idea of the variational bound for the KL-divergence
proposed in [Hershey and Olsen, 2007]. Using the variational parameters we can

express the two mixtures as:
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L K o
(blkpl wlek
<Zzwlek o ) @
K
> ’(“I)’“ (i’:gk> dd (A.68)
n m P
- 5,5 nice | (c;) “

= Z 2 QSMDZII@ “dq (PZHQk) )

where (A.68) is obtained by Jensen inequality observing that % is a distribu-
tion over {1,...,L} x {1,..., K}. O

We now consider the case in which f has just one mixture component, i.e., n = 1.
In this case, we have that Y  ¢;; = ¢; = b;, therefore the result reduces to:

m

do(f]9)*~ Z @by da(f]g;)" " (A.69)

We can now minimize the bound over the ¢;, subject to 2511 ¢; = 1, we get the

following result.

Theorem 5.1.1. Let P be a probability measure and = Z,{;lﬁka, with
B € [0,1] and Zszlﬂk = 1, be a finite mixture of the probability measures
{Qr},. Then, for any a > 1, the exponentiated a-Rényi divergence can be
bounded as:

0a(PI®) < g (5.3)

Zk 1 da(PHQk)

Proof. We now consider the case in which ¥ has just one mixture component, i.e.,
L =1 and we abbreviate W = P. In this case, we have that Zlel Ve = Y = Pk,
therefore the result reduces to:

K
do(P|®)* Z O da(PlQu) (A.70)

We can now minimize the bound over the ¢y, subject to 25:1 ¢r = 1. We use

the Lagrange multipliers.

L({dr}r=12,.,1s A 2 BB A (P Q)™ (Z b1 — 1)
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We take the partial derivatives w.r.t. the ¢, and the Lagrange multiplier A.

oL —1 91— -1 )‘ﬁﬁ'
—— =ady B da(P|Qr)T —A=0 = ¢ = o
o~ O PPl a=1d,(P|Qx)
We now replace the expression of ¢, into the constraint.
K 1L
AT Bk (e
Do =", =1 = A= —.
; a1 do(P|Q K B @
j=1 a k=1 (PQk) (Zk:l da(PﬁQk)>
And finally we get the expression for ¢:
B
Zh 1 da P”Qh)
We can now compute the bound value:
S & alar
D BB da(P Qi) = Z U7 B (P Qr)
k=t =1 (Zh 1, Pucm)
_ Zk:l da(PHQk)
K 8 @
<2h=1 da(P}HLQh)>
1
= a—1"
(Zk 1 do P||Qk)>
As a consequence the bound becomes:
o 1 1
do(P|®)* 7 < —— T do(P[®) < SR
(Zkzl da(P]ﬁQk)> k=1 da(P|Qk)

which is the weighted harmonic mean of the exponentiated divergences. O]
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